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Chapter 1

Preface

Many phenomena in nature can be described by mathematical models which consist of
functions of a certain number of independent variables and parameters. In particular, if
some phenomenon is given by a function of spatial positions and time, then its description
gives a handle to a wealth of (mathematical) models, which often consist of equations,
usually containing a large variety of derivatives with respect to the variables. Apart from
the spatial variable(s), which are essential in the problems to be considered, the time
variable plays a special role. Indeed, many processes exhibit gradual or rapid changes
as time proceeds. They are said to have an evolutionary character and an essential
part of their modelling is therefore based on causality; i.e., at any time the situation is
dependent of the past. Mathematical modelling of such phenomena leads to the so-called
time-dependent partial differential equations, i.e., to equations that involve time t as a
variable. The analysis of mathematical models of this kind is the topic of this dissertation.

Since we are not typically able to give the solution of the mathematical model in a
closed (analytical) form, we construct some numerical and computer models that are useful
for practical purposes. The ever-increasing advances in computer technology has enabled
us to apply numerical methods to simulate plenty of physical and mechanical phenomena
in science and engineering. As a result, numerical methods do not usually give the exact
solution to the given problem, they can only provide approximations, getting closer and
closer to the solution with each computational step. Numerical methods are generally
useful only when they are implemented on computer using a computer programming
language.

The study of the performance of numerical methods is called numerical analysis. This
is a mathematical subject that considers estimating/controlling of the error in the process-
ing of numerical methods and the subsequent re-design of the methods.

We note that applied mathematics started in the 17th century. Numerical aspects
found a natural place in the analysis but the expression “numerical mathematics” did not
exist at that time. However, numerical methods invented by Newton, Euler, and at a later
stage by Gauss, still play an important role even today. In that time fundamental laws
were formulated for various sub-domains of physics, like mechanics and hydrodynamics.
These took the form of simple looking mathematical equations. To the disappointment of
the many, these equations could be solved analytically in a few special cases only. For this
reason the technological development was only loosely connected with mathematics. The
appearance and availability of the modern digital computer has changed this situation.
Using a computer, it is possible to gain quantitative (and later qualitative) information
with detailed and realistic mathematical models and numerical methods for a multitude
of phenomena and processes in physics and technology. Application of computers and



numerical methods has become ubiquitous. Computations are often cheaper than ex-
periments; experiments can be expensive, dangerous or downright impossible. Real-life
experiments can often be performed on a small scale only and that makes their results
less reliable.

The present dissertation was motivated by two main objectives.

e The above modelling process of real-life phenomena

real-life problem N mathematical

+ physical model model :>’ numerical model ‘:>’ computer model‘

can qualitatively deform the models: those qualitative properties which are inherent
in the original real-life process are not preserved for the other models. Therefore,
the first goal is to guarantee quality preservation during all the above steps. (We
note that the first and the last step in this modelling process are out of the scope
of the dissertation.)

e [t is almost obvious that the complexity of a model defines its tractableness: for
structurally simple models, usually, it is easier to give qualitative characterization
and /or define its solution. (For complex problems, in general, it is even impossible.)
The operator splitting method is a powerful tool to decompose a complex time-
dependent problem into a sequence of simpler sub-problems. The construction of
such methods, their thorough analysis and application to different real-life problems
are important issues of the applied mathematics.

The structure of the dissertation follows the above formulated aims.

The first chapter deals with the qualitative properties of linear parabolic problems. After a
short overview, we analyze the qualitative properties in continuous models. Then we define
the discrete analogues of the basic continuous properties. In both cases, the connections
between the different basic qualitative properties are shown. We examine the two-level
discretizations in detail, and review the finite difference and linear finite element schemes
in different space dimensions. For the heat equation we examine the special scheme,
known as the Crank-Nicolson method. We analyze its qualitative properties and we
point out those exact bounds for the time-step under which the Crank-Nicolson scheme
is qualitatively adequate. However, with a suitable modification of the Crank-Nicolson
method we suggest a method which allows us to get rid of such a barrier.

The second chapter gives a systematic analysis of the operator splitting theory. We discuss
the traditional methods and we present new results for their behaviour. We formulate
some new operator splitting methods and analyze them. We investigate the error analysis
of the operator splitting both in the cases where the split sub-problems are solved exactly
and where we apply different numerical methods for the time integration of the split
sub-problems.

The theoretical results are confirmed by several numerical (computer) results, a part of
which is related to real-life applications.

The dissertation is based on the author’s several decades of work in the field of numer-
ical analysis. A major part of the results has already been published. Nevertheless, the
other part is still unpublished, either because it has just been submitted or because it is
under preparation. The author is grateful to everyone who contributed to the achievement
of the results and the preparation of the dissertation. It would be a hopeless attempt to



list all the names, therefore I only mention some of them. From my teachers my first
supervisor, Igor Nikolayevich Molchanov and later Laszl6 Czach are those who have been
motivating me during all my career as a mathematician. I am also grateful to those out-
standing scientists with whom I had the opportunity to work as a co-author, especially
Owe Axelsson, Cesar Palencia and Zahari Zlatev. However, my greatest thanks are to
those young people, in whose careers I could actively participate in the beginning, and
with whom I could work together, with some of them up to now. To my pride, several
of them are recognized scientists not only in Hungary, but also abroad. I am glad and
lucky to have such a long list that I would not be able to present it here. I do not want
to mention any name because this could rightly hurt the remaining ones.

I thank Agnes Havasi, Robert Horvath and Sergey Korotov for their assistance in the
preparation of the dissertation.

My last thanks are of course to my family. It is not only this dissertation that could
not have been written without them: their presence and constant assistance gave me the
power to achieve the results of the dissertation.

Budapest, February 2008



Chapter 2

Qualitative properties of linear
parabolic problems - reliable models

Time-dependent partial differential equations are involved into mathematical models of
phenomena, like heat conduction or diffusion processes, reaction-diffusion problems (such
as air pollution models, e.g., [157]), problems of electrodynamics ( Maxwell equations,
see e.g., [138] ), option pricing models (Black-Scholes models [13, 103]), and many others
arising in different fields of biology, chemistry, economy, sociology, etc. It is true that
the state of the art in the solution of partial differential equations has not been advanced
to the level that allows the researchers to obtain close-form analytic solutions of a large
number of systems. This involves the need of using numerical approach.

When we construct mathematical and/or numerical models in order to model or solve
a real-life problem, these models should have different qualitative properties, which typ-
ically arise from some basic principles of the modelled phenomena. In other words, it
is important to preserve characteristic properties of the original process, i.e., the models
have to possess the natural equivalents of these properties. E.g., many processes, varying
in time, have such properties as the monotonicity, the non-negativity preservation and
the maximum principles. We will examine these qualitative properties in this part of the
dissertation. We note that, even if we consider most simple problems, like the so-called
heat equation, they can be viewed as a sub-problem, obtained by using the operator split-
ting for a more complex reaction-diffusion-advection equation. (This is the topic of the
next chapter.) Hence, for such a simple problem, the conditions of the preservation of the
main qualitative properties of the continuous problem play an important role, too.

2.1 History, motivation

The classical theory of partial differential equations investigates general issues such as
the analytical form, existence and uniqueness of the solutions, and also propose some
methods which can produce exact solutions, see, e.g., [55, 59, 83, 124]. Qualitative inves-
tigations came into being from the mid-fifties. Researchers assumed that the solution of
the problem is at hand and tried to answer the questions: What kind of special properties
does the solution have? What class of functions does the solution belong to? The most
representative result in this field is the well-known maximum principle. A comprehensive
survey of the qualitative properties of the second order linear partial differential equations
can be found, e.g., in [34, 55, 110, 128, 149].

Real-life phenomena possess a number of characteristic properties. For instance, let
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us consider the non-stationary heat conduction process in a physical body. When we
increase the strength of the heat sources inside the body, and also the temperature on
the boundary and the temperature in the initial state, then it is physically natural that
the temperature does not have to decrease inside the body. Such a general property is
called monotonicity. Clearly, when there is a certain heat source inside the body, the
temperature on the boundary and the temperature in the initial state are non-negative,
then the temperature inside the body is also non-negative at any fixed time. This property
is called non-negativity. Mazximum principles express the fact of existence of natural lower
and upper bounds for the magnitude of temperature in the body. These bounds are defined
by the (known) values of the temperature at the boundary, the initial state and the source.
The simplest form of them maximum principle states that, if there are no heat sources
and sinks present inside the body, then the maximum temperature appears also on the
boundary of the body or in the initial state.

As an illustration, we present several simple numerical examples for the source-free
heat conduction problem.

In the first one we solve two-dimensional heat equation with a homogeneous boundary
condition in the unit square. The material parameters are set to be constant one. We
apply the finite element method with bilinear elements on a rectangular mesh with mash-
spacing Az = 1/10 and Ay = 1/12. For the time discretization, the so-called Crank-
Nicolson method is used with a fixed time-step At. A non-negative discretization of a
non-negative initial function is depicted in Figure 2.1.1.

Temperature

Figure 2.1.1: Approximation of the initial function.

Let us choose the time-step At = 0.1 and compute the approximation of the tem-
perature at the fixed time level t = 1, i.e., at the 10-th time level. The result is shown
on the left-hand side of Figure 2.1.2. The full time history of the approximation to the
temperature at the fixed spatial point (1/2,1/6) on the interval [0,2.5] (i.e., during the
first 25 timesteps) is displayed on the right-hand side of the same figure. We can observe
that the non-negativity property of the initial temperature is not preserved. Naturally,
negative values are impossible from the physical point of view, because both the initial
temperature and the boundary temperature are non-negative. Moreover, the solution
produces strange spurious oscillations, which are not present in the real physical process.
Thus, the time-step At = 0.1 results in a qualitatively incorrect numerical solution. This
observation can lead to the thought that the time-step has to be decreased.

Let us choose the time-step At = 0.005 and execute the same calculations like above.
The result can be seen in Figure 2.1.3. The numerical solution seems to be qualitatively
correct and we can be led to the false conclusion that small time-steps make the numerical
solution better from the qualitative point of view.
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Figure 2.1.2: Approzimation by the Crank-Nicolson method of the temperature at the 10th
time level with At = 0.1 and the time history of the temperature at the spatial point

(1/2,1/6).
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Figure 2.1.3: Approzximation by the Crank-Nicolson method of the temperature at the 10th
time level with At = 0.005 and the time history of the temperature at the spatial point

(1/2,1/6).

In order to demonstrate that it is not correct in general, let us choose even smaller time-
step At = 0.0001. The obtained result is shown in Figure 2.1.4. This numerical solution
has again negative values, and it breaks the so-called maximum-minimum principle and
the maximum norm contractivity property, too. This indicates that, most probably, the
time-step has to be chosen within a certain interval, that is it should be neither too small,
nor too large.

In the second numerical example, we solve the same problem with the implicit Euler
method. Choosing the same time-steps, the time histories of the temperature are displayed
in Figure 2.1.5. As we can see, in the case of the implicit Euler method, only small time-
steps produce qualitative deficiency (negative values).

Let us turn now to the finite difference methods. We solve the problem considered
above with the implicit Euler method using finite difference spatial discretization. Cal-
culating with the same time-steps as in the previous two examples we obtain the time
histories depicted in Figure 2.1.6. The results obtained demonstrate that there seems that
no restrictions on the time-step are needed when the finite difference spatial discretization
is combined with the implicit Euler time discretization.

Finally, we consider an example in three dimensions. We show that the suitable choice
of the time-step is essential in this case, too. Thus, let us consider the three-dimensional
heat equation in the unit cube. The material parameters are set to be constant one again.
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Figure 2.1.4: Approzimation of the temperature at the 10th time level with At = 0.0001
and the time history of the temperature at the spatial point (1/2,1/6).
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Figure 2.1.5: Time histories of the approzimated temperature at the point (1/2,1/6) with
the time-steps At = 0.1, At = 0.005 and At = 0.0001, respectively, using the implicit
Euler method and finite element spatial discretization.

The boundary points are at constant temperature zero. We apply the finite difference
method with the equidistant step sizes Ax = Ay = Az = 1/10 combined with the
Crank-Nicolson time discretization method. Let us suppose that an approximation of a
continuous non-negative initial function is zero in every grid point except for 27 grid points
in the middle of the region, where the temperature is approximated by one. The time
history of the temperature at the point (4/10,4/10,4/10) using the time-step At = 0.05
can be seen in Figure 2.1.7. The time-step At = 0.05 results in both positive and negative
temperatures, which contradicts to the non-negativity preservation property. Choosing
the time-step to be At = 0.003, we obtain a qualitatively adequate time history indicated
on the right-hand side of Figure 2.1.7.

The above examples illustrate the fact often observed in real calculations that certain
time-steps of some numerical schemes result in qualitatively adequate numerical models,
while the others do not (e.g., [48, 65]). It is apparent that not only relatively large time-
steps cause problems but small ones too. Moreover, unconditionally stable schemes, like
the Crank-Nicolson or the implicit Euler scheme, can also produce qualitative deficiencies.
These observations rise the demand for figuring out such time-step choices that result in
numerical models that mirror the characteristic nature of the original phenomenon.

The above examples show that when we construct a mathematical model of a phenom-
enon, it is important to investigate whether the mathematical model (continuous/discrete)
possesses the same properties as the modelled process. In the sequel we investigate the
subject for the second order linear parabolic partial differential operator and for its dis-
cretizations, and reveal the connections between the various qualitative properties. The
results of the qualitative theory of differential equations and their discrete analogues,
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Figure 2.1.6: Time histories of the temperature at the point (1/2,1/6) with the time-steps
At = 0.1, At = 0.005 and At = 0.0001, respectively, using the implicit Euler method and
finite difference spatial discretization.
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Figure 2.1.7: Time history of the temperature at the point (4/10,4/10,4/10) using the
time-steps At = 0.05 and At = 0.003, respectively.

albeit they have the importance on their own, help us to show that the qualitative prop-
erties of a mathematical model correspond to the qualitative properties of the modelled
phenomenon.

The discrete version of the maximum-minimum principle is commonly called the dis-
crete maximum-minimum principle (or DMP in short). The topic of construction and
preserving the validity of various discrete maximum principles arose already 40 years ago
and was first investigated for elliptic problems (see, e.g., [23, 24, 77, 118]). Sufficient con-
ditions for the validity of the DMP were given in [144] in terms of the matrix appearing
in the finite difference discretization. Recently, this question for the elliptic problems is
intensively investigated in many works, see, e.g., [77, 81, 125, 146]. The paper [76] inves-
tigates nonlinear problems. The discrete maximum principle is generally guaranteed by
some geometrical conditions for the meshes. The discrete maximum principle for parabolic
problems was originally discussed discussed about 25 years ago, see, e.g., [57, 83, 131].
In [57], based on the acuteness of the tetrahedral meshes, a sufficient condition of the
DMP was obtained for the Galerkin finite element solution of certain parabolic problems,
including both the lumped and the non-lumped approaches. The lumped mass method
and some hyperbolic prolems are considered in [10]. Actually this topic is considered in
the works [36, 46, 47, 48]. In paper [46], a necessary and sufficient condition of the DMP
was derived for Galerkin finite element methods and sufficient conditions were given for
hybrid meshes. A comprehensive survey on DMPs can be found in papers [18, 19].

The conditions of the discrete non-negativity preservation was discussed in [43, 64] for
linear finite elements in one, two and three dimensions, and in [38] in one dimensional case
with the combination of the finite difference and finite element methods. The discrete
non-negativity preservation is investigated for nonlinear problems in [145].
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The discrete maximum norm contractivity was analyzed for one-dimensional parabolic
problems in [69, 80, 131, 132]. In the papers [69, 80] the necessary and sufficient condi-
tions were given. In the first one, the dependence on the spatial discretization was also
discussed. In the papers [131, 132] sufficient conditions were given.

For one-dimensional problems, we can deduce some other remarkable qualitative prop-
erties such as the preservation of the shape and the monotonicity of the initial function,
and the sign-stability (see, e.g., [52, 70, 71, 72, 107]).

2.2 Qualitative properties of the continuous models
- reliable continuous models

In this part we define the main qualitative properties for the continuous models, namely,
the maximum-minimum principle, the monotonicity, and the maximum norm contractiv-
ity. First we consider the general setting, then we analyze the second order linear partial
differential operator. We also demonstrate various interrelations between these properties.

Let © denote a bounded, simply connected domain in IR? (d € INT) with a Lipschitz-
continuous boundary 9€2. We introduce the following sets

Q- =0x(0,7), Q.=0x[0,7], Q-=Qx(0,7], T,=(02x][0,7])U(Qx{0})

for any arbitrary positive number 7. The set I'; is usually called parabolic boundary. For
some fixed number T" > 0, we consider the linear partial differential operator

L 0 o1 0 D¢ 2.2.1
= — — Gg—— = — — a.D*, 2.
ot Z COxy ... 0%x,; Ot Z N ( )
0<[s|<8 0<[¢|<é
where 0 is the order of the operator, ¢, ... ,¢; denote non-negative integers, |¢| is defined
as |¢] = ¢ + -+ + ¢4 for the multi-index ¢ = (¢1,...,¢4), and the coefficient functions

ac : Qr — IR are bounded in the set Q7. For the sake of simplicity, in what follows, the
coefficient function a,. ) will be simply denoted by ag. We define the domain of the
operator L, denoted by dom L, as the space of functions v € C(Qr), for which all the
partial derivatives Dv (0 < |¢| < §) and dv/0t exist in Q7 and they are bounded. It can
be seen easily that Lv is bounded in Qg for each v € dom L and ¢* € (0,7"), which means
that infg,, Lv and sup, Lv are finite values.

2.2.1 Qualitative properties of the linear operators for the con-
tinuous models
Operator (2.2.1) appears in the mathematical models of many physical phenomena ([73,

82]). In these phenomena, the following quantities, often called input data, can be observed
and measured, and hence they are supposed to be known (or easily computable):

e the values of the unknown investigated physical quantities on the parabolic boundary
of the solution domain,

e the source density of the quantities inside the solution domain.

Our task is to determine the physical quantities inside the given domain. It can be
usually observed in practice that the increase of the input data implies the increase of the
quantities inside the solution domain for the physical phenomena described by (2.2.1).
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In the mathematical models of the physical phenomena, the function v € dom L
describes the values of the physical quantity in the domain Qr, that is the dependence of
the quantity on place and time. The above mentioned physical property can be connected
by the following definition.

Definition 2.2.1 Operator (2.2.1) is said to be monotone if for allt* € (0,T) and vy, vy €
dom L such that vi|r,. > va|r,. and (Lv1)|g,. > (Lvs)|g,., the relation vi|g,. > va|q.
holds.*

Clearly, the monotonicity property of the linear operator (2.2.1) is equivalent (due to
its linearity) to the widely used non-negativity preservation property.

Definition 2.2.2 The operator L is called non-negativity preserving (NP) when for any
v € domL and t* € (0,T) such that v|r,, > 0 and (Lv)|g,. > 0, the relation v|g,, > 0
holds.

The physical quantities inside the solution domain can be obtained by computation of
the function v with given initial data. Often we may need only certain characterization
of v, which does not require the knowledge of v in the whole domain. It is typical that we
are interested in range(v) over Q7. From the practical point of view, only such estimates
are suitable which include only the known initial data. This kind of estimations is called
mazrimum-minimum principles.

For different operators different maximum-minimum principles are valid. These are
widely used in literature, because they well characterize the operator L itself (cf. [34,
55, 83, 110, 124, 128] and references therein). Now we list four possible variants of the
maximum-minimum principles.

Definition 2.2.3 We say that the operator L satisfies the weak mazimum-minimum prin-
ciple (WMP) if for any function v € dom L and any t* € (0,T) the inequalities

min{0, min v} +¢*-min{0, inf Lv} < minv < maxv < max{0, maxv}+t*-max{0,sup Lv}
Dx Qix Q> Qy* [yx Qp+
(2.2.2)

are valid.

Definition 2.2.4 We say that the operator L satisfies the strong maximum-minimum
principle (SMP) if for any function v € dom L and any t* € (0,T) the inequalities

minv + t* - min{0, inf Lv} < minv < maxv < maxov + t* - max{0,sup Lv}  (2.2.3)
Dyx Qpx Qx Qx Dix Qz*

are satisfied.

When the sign of Lv is known, then it is possible that the estimates involve only the
known values of v on the parabolic boundary. These types of maximum-minimum princi-
ples are called boundary maximum-minimum principles. (Boundary maximum-minimum
principles are frequently used in proofs of the uniqueness theorems.)

! This property is also known as the comparion principle.
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Definition 2.2.5 We say that the operator L satisfies the weak boundary maximum-
minimum principle (WBMP) if for any function v € dom L and any t* € (0,T) such
that Lv|g,. > 0 the inequalityies

min{0, minv} < minv < maxv < max{0, maxv} (2.2.4)
Ft* Qt* Qt* Ft*

hold.

Definition 2.2.6 We say that the operator L satisfies the strong boundary maximum-
minimum principle (SBMP) if for any function v € dom L and any t* € (0,T) such that
Lvl|g,. > 0 the realtions

minv = minv < maxv = maxv (2.2.5)
Ft* Qt* Qt* Ft*

hold.

Remark 2.2.7 To show the validity of the relations (2.2.4) and (2.2.5), it is enough to
show only one relation in each of them: the relation either for the minimum or for the
mazimum. This is true, because v € dom L implies —v € dom L and the maximum of a
real valued function v is minus one times the minimum of —v, we obtain that if an operator
L satisfies the WBMP, then Lv|q,. <0 implies max{0, maxr,, v} > maxq , v. Similarly,
if an operator L satisfies the SBMP, then maxr,, v = maxg,, v whenever Lv|g, <0.

Although the left-hand side inequalities in (2.2.2) and (2.2.3) also imply the inequalities
on the right-hand side, for practical reasons, we wrote out both the upper and the lower
estimates for the function v.

The WMP and the SMP generally do not disclose the place of the maximum or min-
imum values of v. The WBMP (resp. SBMP) implies that the non-negative maximum
(resp. maximum) and the non-positive minimum (resp. minimum) taken over the set Q-
of the functions v € dom L for which Lv|g,, < 0 (or Lv|g,, > 0), can be found also on
the parabolic boundary I's.

Remark 2.2.8 We could pose the natural question of whether it is possible to define
another mazimum-minimum principle that is somewhat stronger than the SMP. This could
be done in the form

minv + ¢t - inf Lv < minv < maxv < maxwv + t* - sup Lo, (2.2.6)
Ty Qi Qi Qe Dy Qe

i.e., without the zero values in (2.2.3). It is easy to see that there is no sense in defining
such a maximum-minimum principle because the simplest one-dimensional heat conduc-
tion operator

0 0?

ot Ox?
on Qr = (0,7) x (0,T) does not possess this property. To show this, let us consider the
function v(z,t) = e *(sinx — 2) € dom L, for which

0%

(Lv)(z,t) = %(x,t) - @(x,t) =2¢e7 ",

For a fized t* € (0,T), we have

minv +t* - inf Lv = =2 + 2 et > —9.

Ft* Q{*
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On the other hand, we have

minov = (min(sinx - 2)) - (maxe™") = -2,
Qu (0,7] (0,%]

which shows the uselessness of such a definition. The explanation of this phenomena is
the following. The different maximum principles based on the comparison of the unknown
solution with a function, about which we a priori know that it takes bigger values on the
parabolic boundary. Then we use the monotonicity property. (We investigate the relation
between the different qualitative properties in the next section in more details.) If we
choose

v; = min{0, H%‘tn v} +t - min{0, 1651f Lo},
t

which stands on the left side of (2.2.2) at t = t*, and vy = v, then the conditions of the
monotonicity in Definition 2.2.1 are valid. However, with the choice

vy = min{0, minov} + ¢ - inf Lv
I Qf

1t 15 not true anymore.

The maximum-minimum principles are in close connection with the maximum norm
contractivity, which can be formulated as follows.

Definition 2.2.9 The operator L is called contractive in the maximum norm (MNC) if
for any two functions v, v € dom L and any t* € (0,T) such that Lv|g,, = Lv|q, and

U)oax(or] = Vlaaxowm], the property

18 valid.

2.2.2 Connections between the qualitative properties

In the next theorem, the logical implications between the qualitative properties defined
in Section 2.2.1 are proved. In order to see the analogy between the qualitative properties
of operator (2.2.1) and its discrete versions, the conditions of the theorem are formulated
for the function L1, where 1 : (x,t) — 1 is the identically one function. Naturally, for
operator (2.2.1), L1 = —ay.

Theorem 2.2.10 The implications between the qualitative properties are shown in Figure
2.2.1. The solid arrows mean the implications without any additional condition, while the
dashed ones are true under the indicated assumptions on the sign of ag.

PROOF.

Implications I and II: These implications follow from the relations min{0, minp,, v} <
minr,, v and max{0, maxp,, v} > maxr,, v.

Implication III: Due to the inclusion 'y« C Qt*, the trivial relation minrp,, v > mith* v
holds. The reverse relation follows from the left-hand side relation of (2.2.3) and the non-
negativity of Lv in Q.

Implication IV: For functions v with Lv|g,. > 0, the left-hand side relation of (2.2.2)
ensures the required relation (2.2.4).
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viIL e, 1120
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Figure 2.2.1: Implications between the qualitative properties.

Implication V: This statement is a direct consequence of the definition of the WBMP.

Implication VI: Let ¢ and © € dom L be two arbitrary functions with Lt|q,, = L?|g,.
and 0lpoxp] = Ulsaxo)- We consider the functions vy = ¢ £ (0 — 0) with ¢ =
max,cq |0(x,0) — 0(x,0)|. For these functions, in view of the non-positivity of ag and
non-negativity of ¢, the estimations Lvi|g,, = (—ao()|g,, > 0 and minp,, v+ > 0 are
true, which implies the non-negativity of v+ on Q. Thus, we have

max |@(X’ t*) - 6<X7 t*)| < max |@(X7 0) - @(X7 0)|
x€§) x€e)

Implication VII: We suppose that ag < 0. We choose an arbitrary function v € dom L
and apply the operator L to the function ¥ = v — min{0, minr,, v} —¢-min{0, infq, Lv}.
Clearly, 0|r,, > 0. Moreover, we obtain that

Lv|g,. = (Lv — min{0, i?qf Lv} 4 ag - min{0, rllgin v} + ag - t - min{0, gﬁ Lv}) o, >0,

which implies that © is non-negative on Qz by virtue of the non-negativity preservation
assumption. Thus

min{0, rrrlin v} 4+ t* - min{0, ian Lv} < min{0, rrrlin v} 4+t - min{0, iQI}f Lo} < w(x,t)

for all x € Q and ¢t € [0, t*].

Implication VIII: We suppose that ay = 0. We choose an arbitrary function v € dom L
and apply the operator L to the function © = v — minp,, v — ¢ - min{0, inf,, Lv}. Clearly,
U|p,. > 0. Moreover, we obtain that

Lv|g,. = (Lv — min{0, iq)qf Lv})|g. >0,

which implies that v is non-negative on Q)& by virtue of the non-negativity preservation
assumption. Thus

minv + t* - min{0, inf Lv} < minv + ¢ - min{0, inf Lo} < v(x, )
Ty Qix [yx Qp

forallx € Qandt € [0,t*]. m

An important and direct consequence of the above theorem can be formulated for
non-negativity preserving operators as follows.

Theorem 2.2.11 For a non-negativity preserving operator (2.2.1) with ag < 0, the weak
mazrimum-minimum principles and the mazimum norm contractivity properties are also
satisfied. If, in addition ag = 0, then the non-negativity preserving operator possesses all
the other defined qualitative properties.
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2.2.3 Qualitative properties of the second order linear operators

The second order linear operators (i.e., § = 2) of the form (2.2.1) have a great practical
importance. Such a type of operators appears in parabolic partial differential equations,
which serve as mathematical models of several important real-life problems such as heat
conduction, advection-diffusion, option pricing, etc. Based on the results of the previous
section, we investigate qualitative properties of the following operator

B d 92 d )
r=2_ S 9 2.2.7
ot mzk;a * o, O mzla oz, (2.2.7)

where the coefficient functions and dom L are defined as before (cf. introduction of this
Section). The maximum principle for some special case is investigated e.g., in [34, 35, 83,
110, 128]. Let S(x,t) be the matrix of the coefficients of the second derivative terms at
the point (x,t), i.e.,

S(x,t) = [amr(x, )]0, - (2.2.8)

A sufficient condition for the operator (2.2.7) being non-negativity preserving can be
formulated as follows. (We note that, with a similar approach, analogical results are
proved for some more special cases in [83] and [35].)

Theorem 2.2.12 Assume that the matriz S(x,t) is positive semi-definite at each point
of Qr. Then the operator (2.2.7) is non-negativity preserving.

ProoF. First we prove a lower estimation for the functions v € dom L, which will
show the non-negativity preservation of the operator immediately. Thus, let v € dom L
an arbitrary fixed function. Then the function

o(x,t) = v(x, t)e ™ (2.2.9)

also belongs to dom L for any real parameter \. Expressing v from (2.2.9) and applying
operator (2.2.7) to it, we get

d

0v %0 o0v
_ At~y AL § : § : A~
Lv = L(e U) =e E — o am,km - 2 A= 1+ ()\ - CL())U . (2210)

Let us fix the parameter t* € (0,7). Since ¥ is a continuous function on Qy, its
minimum exists on Q4 and it is taken at some point (x%,t%) € Q.

e First we assume that this point belongs to the parabolic boundary, i.e., (x%, %) € T's..
Then, due to the obvious relation

o(x,t) > 0(x%1%) = rlglin@
t*

for all (x,t) € Qy, we get the estimation

inf 0 > min . (2.2.11)
Qp Dy
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e Assume now that (x°,¢°) € Qp. Then we get the relations

o0
ot

ﬁ(xojtﬁ) =0, (2.2.12)

09 <0
(%) " Ox,

and, because (x°,t") is a minimum point, the second derivative matrix

is positive semi-definite.
Let us denote by S(x°,2°) o V(x°,1°) € R¥*¢ the Hadamard product

2/\
S(x°, 1% o V(xo,to)} = A (x°,1°) - o (x",19). (2.2.13)

mk 0%, 0%k

Due to the assumptions, both the matrices S(x°,t") and V(XO, t") are positive semi-
definite, hence, according to the Schur theorem (e.g., Theorem 7.5.3 in [68]), the
matrix S(x", %) o V(x°,¢°) is also positive semi-definite.

We investigate (2.2.10) in the rearranged form

o R~ 0%
—)\tL " —(\ = N = — m 2.2.14
¢ mzla D AT W= m; O TR (2.2.14)
Using the notation e = [1,1,...,1]" € IR%, the relation
a %0
S a0 1) =L (x0,19) = (S(x,19) o V&, 19))e,e) 2 0. (2.2.15)
e~ 02 0%k

is valid. On the base of (2.2.12) and (2.2.15), the right-hand side of (2.2.14) is
nonpositive at the point (x°,¢°). Hence, the inequality

e (L) (x%, 1) — (A — ag(x°, 1°))8(x°, %) < 0 (2.2.16)

holds. Let us introduce the notations aj,s := infg, ag and ag,, := supg,. ag, which
are well-defined because of the boundedness of the coefficient function ag. For any
A > Ggyp, We have

-xt? 0 10 —xt? 0 40
e M (L) (x, ") S € (L) (x,t") S

5(x0. 10) >
o, 8 2 A —ap(x0,t0) — A — Qint -

(2.2.17)
> pR—— iQrg(e_’\t(Lv)(x, t)).

Since the function ¢ takes its minimum at the point (x°,#°), therefore estimation
(2.2.17) implies the inequality

inf o > inf(e ™ (Lv)(x,1)). (2.2.18)

Qp* A — Qing Qi
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Clearly, the estimates of the two different cases, namely (2.2.11) and (2.2.18) together,
imply that

1
gi*ff} > min{irrtl*fﬁ; N gf (e M(Lu)(x,t))}. (2.2.19)
From (2.2.19) and from the definition of the function ¢ in (2.2.9), we obtain that
x 1
v(x,t*) > sup {e)‘t min {min(ve_”), inf(e_)‘t(Lv)(X,t))}} . (2.2.20)
A>asup Dyx A — Ainf Qix

The statement of the theorem follows from the definition of the non-negativity preservation
and the estimation (2.2.20). m

Remark 2.2.13 Let us consider the d-dimensional heat conduction operator

0~ 2
L=o - mz:; R (2.2.21)

In this case S(x,t) = I, where I denotes the d x d unit matriz, which is obviously positive
definite. Thus, for this operator the NP property holds and, according to Theorem 2.2.11,
if ag = 0 it satisfies all the above discussed qualitative properties.
For the more general operator,
K0 )
— _ — (b (x,t)=—) — t 2.2.22
7~ 2 i (o 050 ) = ) (22.22)

m=

L

the condition of the positive semi-definitness reads, obviously, as

km(x,t) > 0 for all (x,t) € Qr and m =1,2,...,d. (2.2.23)

2.2.4 On necessity of the conditions

In this section we show that certain implications in Theorem 2.2.10 are strong in the
sense that they cannot be reversed or sharpened. Namely, let us investigate whether the
condition —ag = L1 > 0 can be changed to —ag = L1 > =, with some constant v # 0
such that the implications indicated in Figure 2.2.1 remain valid.

Theorem 2.2.14 The infimum of those values v for which Implications VI and VII in
Theorem 2.2.10 are valid, under the condition —ag = L1 > v, is zero. Similarly, for the
Implication VIII the given condition of is also necessary in the same sense.

PROOF. Let v be an arbitrary negative number (i.e., ag = —y > 0) and we consider
the one-dimensional operator
p=24,09 (2.2.24)
“o 202 T o

where dom L is defined similarly as for operator (2.2.1) and Q7 = (0, 7) x (0, 7). Naturally,
based on Theorem 2.2.12, operator (2.2.24) is non-negativity preserving as a;; = —vy/2 >
0. Moreover L1 =~ = —ag and hence ag > 0 .

We show that operator (2.2.24) does not possess the WMP and the MNC. Let us choose
the function v(z,t) = (—v/2)e™"/2sinz, for which function the relation Lv(z,t) = 0 is
true. Thus, we have

X2 = max v > max{0, maxv} + t* - max{0,sup Lv} = —%
t*

2 Qx r Qi+
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for any t* € (0,7)). This shows that the WMP does not hold for the operator defined by
(2.2.24). Due to Implication I, the SMP cannot be valid, either. Let us set 0 = v and
0 = 0. The relations Ld|g,, = Lv|g,. = 0 and 0|saxjo,+] = ?]saxjor] = 0 obviously hold
for these functions and we have

_16_’%*/2 = max |@(.Z‘, t*) - 77(ZE, t*)l > max |?AJ<J], 0) - 6(‘7:7 0)| -~
2 e e
This shows that the operator (2.2.24) does not have the MNC property.
Now let v be an arbitrary positive number and consider the non-negativity preserving

operator

7
5

o v 0
ot 2022
We set v(x,t) = 0.5ve72(sinz — 2) and Qr = (0,7) x (0,7T), for which Lv(z,t) =
0.572e~"/2(sinz — 1) < 0. For this function v, we get the relation

max v = —%e’”t*ﬂ > max{—ye "2 —~/2} = Max v = max v + t* - max{0,sup Lv}
t* t*

Qix Qs+

L

+. (2.2.25)

for any t* € (0,7), showing that the SMP is not satisfied in this case. This completes the
proof. m

Remark 2.2.15 The operator (2.2.24) with the function v(x,t) = age™* sinx also demon-
strates that Implication V cannot be reversed for ag > 0. Namely, max{0, maxp,, v} =

ay < age™t = maxg , v. Similarly, operator (2.2.25) and the function v(z,t) = —age®"(sin r—
2) show that Implications I and II are not reversible, provided ag # 0.

Finally, we note that a more general setting of the problem and other counterexamples
can be found in [49)].

2.3 Discrete analogs of the qualitative properties -
reliable discrete models

In this part we present the natural discrete analogs of the qualitative properties formulated
in Section 2.2 for the continuous models.

2.3.1 Qualitative properties of discrete mesh operators

Let us assume that the sets P = {x1,%2,...,xy} and Py = {Xni+1,XN+2,- s XN1N, |
consist of different vertices in © and on 012, respectively. (The bounded domain 2 and
its boundary 02 were defined in Section 2.2.)

We set N =N+ Ny and P =P UPy. Let T and At < T be two arbitrary positive
numbers. Moreover, let us suppose that the natural number M satisfies the condition
MAt <T < (M+1)At and introduce the set R = {t, = nAt|n=0,1,...,M}. For any
values 7 from the set R we introduce the notations

R,={teR|0<t<T},
R={teR|0<t<T}, (2.3.1)
RO={teR|0<t<T}

and the sets

Q =PxR,, O =PxR! Q=PxRs; G =(PsxRYU(P x{0}).
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Definition 2.3.1 Linear mappings that map from the space of real-valued functions de-
fined on Q.,, to the space of real-valued functions defined on Q,,, are called discrete
(linear) mesh operators.

As we will see later, finite difference or finite element solution methods for time-
dependent (parabolic) partial differential equations can be written in a discrete mesh
operator form.

The domain of a discrete mesh operator £, that is the space of real valued functions
defined on Q;,,, is denoted by dom £. We define the qualitative properties of the discrete
mesh operators in an analogous way to those in the linear partial differential operator
case in Section 2.2.1.

Definition 2.3.2 We say that the discrete mesh operator L is monotone if for all t* €
Ry, and vy, v € dom L such that vi|g,. > 1alg,. and (Li1)|o,. > (Lin)|g,., the relation
V1’Q{* 2 VQ’Q{* hOldS.z

Similarly to the continuous case, the monotonicity of a discrete mesh operator is
equivalent to the non-negativity property, defined below.

Definition 2.3.3 The discrete mesh operator L is called non-negativity preserving (DNP)
if for any v € dom L and any t* € Ry,, such that ming,, v > 0 and Lv|g,, > 0, the relation
V|g, > 0 holds.

The discrete maximum-minimum principles can be formulated as follows.

Definition 2.3.4 We say that a discrete mesh operator L satisfies the discrete weak
mazimum-minimum principle (DWMP) if for any function v € dom L and t* € Ry,,
the inequalities

min{0, min v }+¢*-min{0, min Lr} < minv < maxv < max{0, max v}+t*-max{0, max Lv}
Gx Qpx Qi) Qi) Gy O
(2.3.2)
hold.

Definition 2.3.5 We say that a discrete mesh operator L satisfies the discrete strong
mazximum-minimum principle (DSMP) if for any function v € dom L and t* € Ry,, the
mequalities

minv + t* - min{0, min Lr} < minv < maxv < maxv + t* - max{0, max Lr} (2.3.3)
Gy o o, Quy Gy ;-

hold.

Definition 2.3.6 We say that the discrete mesh operator L satisfies the discrete weak
boundary mazimum-minimum principle (DWBMP) if for any function v € dom L and
t* € Ry, such that Lv|g,, > 0 the inequalities

min{0, min v} < minv < maxv < max{0, maxv} (2.3.4)
gt* Qt* Qt* gt*

hold.

2The ordering relations for vectors and matrices are always meant elementwise.
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Definition 2.3.7 We say that the discrete mesh operator L satisfies the discrete strong
boundary maximum-minimum principle (DSBMP) if for any function v € dom L and
t* € Ry, such that Lv|g,, > 0 the relations

minv = minv < max v = maxv (2.3.5)
gt* Qt* Qt* gt*

hold.

Remark 2.3.8 If a discrete mesh operator L satisfies DWBMP (or DSBMP) then, for
the vector v € dom L with the reverse inequality, i.e., under the condition Lv|o,, <0, the
analogous implications for the mazimum are valid. Obviously, these two properties are
equivalent and hence it is enough to assume only one of them.

The definition of the discrete maximum norm contractivity is as follows.

Definition 2.3.9 The discrete mesh operator L is called contractive in maximum norm
(DMNC) when for any arbitrary two functions v, v € dom L and t* € Ry,, such that
Lo, = LV|g, and ﬁ\pang* = i)"anRtQ*, the relation

max |V(x,t*) — v(x,t*)| < max |(x,0) — (x,0)]
xeP xeP

18 valid.

2.3.2 Connections between the qualitative properties for the
discrete operators

Let us introduce two special mesh functions, 1 and #, defined on Q;,, with the following
equalities 1(x;,t,) = 1, #(x;,t,) = nAt for all (x;,t ) € Q;,,- These mesh functions are
the discrete analogue of the continuous functions v(x,t) = 1 and v(x,t) = t, respectively,
associated with the mesh Q,,.

Now we are able to formulate the discrete analogue of Theorem 2.2.10.

Theorem 2.3.10 The tmplications between the discrete qualitative properties are shown
in Figure 2.3.1. The solid arrows mean the implications without any condition, while the

DWMP:..... .L’]1>O Lit>1

/ \ Vi’ . 2120

& / M VI
“.. DSBMP
1 |
L1=0, Lit>1

Figure 2.3.1: Implications between the various discrete qualitative properties.

dashed ones are true only under the indicated assumptions.
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ProOF. Implications I-V can be proved similarly as in the continuous case in Theorem
2.2.10.

Implication VI: Let © and # € dom £ be two arbitrary functions with L7|g,, = L7|g,.
and Dlp,xro, = Vlp,xro,. We consider the functions vy = ¢+ (¥ — ») with ¢ =
max,cp |V(x,0)—7(x,0)|. For these functions, the estimations Lv. |g,, = (((£1))|g,, >0
and ming,, v+ > 0 are true, which implies the non-negativity of v4 on Qp. Thus, we have

max |(x,t*) — (x,t")| < max|v(x,0) — v(x,0)].
xeP xeP

Implication VII: We choose an arbitrary function v € dom £ and apply the operator £
to the function v(x;,t,) = v(x;,t,) — min{0, ming,, v} — nAt - min{0, infg,, Lv}. Clearly,
V|g,. > 0. Moreover, we obtain that

Lo, = (Lv —min{0, Igin v}(L1) — min{0, igqf Lv}(Lt))|o, >
> (Lv — min{0, quf Lv})|g, >0,

which implies that 7 is non-negative on Qz by virtue of the non-negativity preservation
assumption. Thus

min{0, Hglti*n v} + t* - min{0, 1QI§ Lr} < min{0, Hglti*n v} +t - min{0, 1Qr£ Lv} <wv(x,t)

for all x € P and t € RY..

Implication VIII: We choose an arbitrary function v € dom £ and apply the operator £
to the function v(x;,t,) = v(x;, t,) —ming,, v —nAt-min{0, info,, Lv}. Clearly, 7g, > 0.
Moreover, we obtain that

Li|g,, = (Lv — Hglinl/ - (L1) — min{0, quf Lv}(Lt)) g, >
> (Lv — min{0, igqf Lv})|g,. >0,

which implies that 7 is non-negative on Qg by virtue of the non-negativity preservation
assumption. Thus

Irglin v+ t* - min{0, ian Lv} < IIgliIl v+t - min{0, ian Lr} <wv(x,t)
t* t* t* t*

forallx e Pandt € RY. m

Remark 2.3.11 Let us consider operator (2.2.1). If L1 > 0, then the relation Lt =
1 —apt > 1 is valid. Comparing Figure 2.3.1 with Figure 2.2.1, we observe that the
relations between the qualitative properties of the continuous and the discrete operators
have the same structure.

It is worth mentioning that the DWBMP and the DSBMP qualitative properties are de-
fined only for mesh functions with the properties Lv|g,, < 0 and Lv|g,. = 0, respectively.
This information relaxes the required conditions in the implications VII and VIII. Namely,
introducing the notation

Hy={vedomZL; Lv|g, <0}, (2.3.6)
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for the mesh function from Hj the condition L£# > 1 is not necessary, because for such
mesh functions min{0, infg,, L} = 0. We also note, that, on the subset

Hy={vedomZL; v|g, >0; Lv|g, <0} (2.3.7)

the properties DSBMP and DSMP are equivalent.

The above considerations can be summarized in the following theorem.

Theorem 2.3.12 Assume that the mesh operator L is DNP and the relation L1 > 0 1is
satisfied. Then, on the set Hy the operator L has the DWMP, and hence the DWBMP
properties. If L1 = 0, then for the functions v € Hy the operator L has the DSMP, and
hence the DWMP, DSBMP and DWBMP properties, too.

Finally we note that similar statements can be formulated for the minimum on the subsets
Hy = {v € dom L; Lv|g, >0} (2.3.8)

and
Hi = {v e dom L;v|g,. <0; Lv|o, >0}, (2.3.9)

respectively.

2.3.3 Two-level discrete mesh operators

In the sequel, the values v(x;, nAt) of the function v defined in Q;,, will be denoted by
vl'. Similar notation is applied to the function Lr. We introduce the vectors

vt =, vl ve =N V= [V VR

In many numerical methods, the discrete mesh operators have a special form, namely,
they are defined as

(cv)r = (XM - XMy, i=1,...,N, n=1,..., M, (2.3.10)

where X{, X" € RV*N are some given matrices.® In order to give the connections
between the qualitative properties of such a type of mesh operators, we reformulate the
conditions in Theorem 2.3.10, see Figure 2.3.1. We have already introduced the notation
e=[1,...,1] € RY. The N-element and the (N — N)-element version of this vector will
be denoted by ey and ey, respectively, i.e., € = [ey]| es]. Then the conditions £1 = 0 and
L1 >0 read as

X{Me - XMe= (X" = X{Me=0 and (X" =X{"e>0 (n=1,..., M),
respectively, while condition £# > 1 means that
X" (Atne) — X (At(n — 1)e) = At(n(X” — X{M)e + X{Ve) > .

If (X" —X{e =0 (n=1,..., M), then the above condition reduces to AtX{"e > e.
Hence, we have

3The term “two-level method” refers to the fact that two discrete time levels are involved into the
definition of the mesh operator. Sometimes such a method is also called “one-step method”.
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Theorem 2.3.13 If a non-negativity preserving discrete mesh operator of type (2.3.10)
has such a structure that the conditions (X&”) - Xg")) e >0 and At(n(Xgn) — Xgn)) e+
X;n) e) > ey hold, then the discrete weak mazximum-minimum principles and the discrete
mazimum norm contractivity properties are always satisfied. If, in addition, (Xﬁ") —

Xgn))e = 0 and Athn)e > e, then the operator possesses all the discrete qualitative
properties introduced in Section 2.3.1.

As we can see from (2.3.10), the values (Lv)(x;,t,) (i =1,..., N) depend only on the
values of the function v taken from the sets P x {t,} and P x {t,,_;}. This suggests that
the discrete qualitative properties can be written in such a form where only two levels
in ¢t are involved instead of all the levels from 0 to t*. In order to define the qualitative
properties in such a two-level form, we introduce the vector Ay = [(Lv)}, ..., (Lv)%].

Let us consider the following property (denoted by DNP2) of a discrete mesh operator
L: For any v € dom £ and n € {1,..., M} such that

n—1 n—1 n n
vy vy V5, Ay >0,

the relation vg > 0 holds.
The two-level forms of the maximum-minimum principles can be formulated similarly
as this is done in [46, 47, 57].

Theorem 2.3.14 For a discrete mesh operator L in the form (2.3.10), the DNP property
15 equivalent to the DNP2 property.

ProoF. First we prove that the DNP2 implies the DNP. Let v € dom £ and t* =
n*At € Ry,, such that ming,, v > 0 and EV’Q{* > 0. Thus we have the relations

o 0 1 n* 1 2 n*
Vo, Vg, Vg, ... V5 s N, Ags - -5 Ay = 0.

We need to show that v|g, > 0. Based on the property DNP2, v v9 v5 Aj > 0
imply vl > 0. Similarly, v¢, v}, v3 A5 > 0 imply v2 > 0, and so on. At last,
v Ll T ur A > 0 imply v > 0. Thus, v),...,v3" >0 and v|g, > 0.

Now let us suppose that the DNP property holds, and for a function v € dom £ and
n* € {1,..., M} the conditions 1/0 I/g 1 I/g*, )\g* > 0 are valid. Let us define the
function 7 as follows: 70 = v ' 7! = 1" and 7 is chosen arbitrarily if 1 < n < M

(i=1,...,N). Applying the DNP property for the function v with t* = At, we obtain
that } = v§" > 0. This completes the proof. =
The two-level form of the discrete non-negativity preservation property makes possible

the formulation of its necessary and sufficient conditions. In order to give this condition
in a linear algebralc form, we introduce the following convenient partitions of the matrices

X" and X"
X" =[x xw], x5 = x5 x5,

where X%) and ng) are square matrices from IRV, and ng), ng) c RV*No,

Theorem 2.3.15 Let us suppose that the matrices X%) (n=1,...,M) of the discrete
mesh operator L defined in (2.3.10) are regular. Then L possesses the discrete non-
negativity preservation property (DNP or DNP2) if and only if the following relations
hold for alln=1,..., M,

(P1) (X))~ >0,

(P2) ~(X4) X5 > 0,

(P3) (X{M-1x{ > o.
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Proor. With the above notations and based on (2.3.10), we can write an identity in
the following linear algebraic form

XPwr = X L XMt A (n=1,..., M). (2.3.11)
Supposing the regularity of the matrix X;q, we arrive at the iteration form
no__ _ X(") —1x(n) n (X(n))—lx(n) n—1 4 X(n) —1)\n ( -1 M
Vo (Xio) ™ Xipvs + (X 2V (Xio) " Ag, (n=1,....M).

According to the DNP2 property (which is equivalent to the DNP), the vector v is non-
negative for all non-negative vectors "', % and A{ if and only if the coefficient matrices

(X%))*l, —(X%))*ngg) and (X%))”Xén) are non-negative matrices. This completes the
proof. m

Summarizing the results of the above three theorems, we can conclude the following.

Theorem 2.3.16 Let us assume that the non-negativity assumption (conditions (P1)-
(P3)) is satisfied. Then, besides the DNP property,

e under the conditions
(XMW —xXMe>0, and At(n(X" —X!"e+X[Ve) > e (2.3.12)
the qualitative properties DWMP, DWBMP and DMNC;

e under the conditions
(X - X{Me=0 and AtX{Ve > ey (or AtX{V e > e) (2.3.13)
the qualitative properties DWMP, DSMP, DWBMP, DSBMP and DMNC

are valid.

According to Theorem 2.3.12, for the mesh functions from H, and H; the conditions
can be relaxed, namely, the second condition in (2.3.12) and (2.3.13) can be neglected.
Hence, we get

Theorem 2.3.17 Let us assume that the non-negativity assumption (conditions (P1)-
(P3)) is satisfied. Then, besides the DNP property,

e under the conditions
(x{™ —x{Me >0 (2.3.14)

the qualitative properties DWMP, DWBMP and DMNC};

e under the conditions
XM —x{Me =0 (2.3.15)

the qualitative properties DWMP, DSMP, DWBMP, DSBMP and DMNC

are also valid for any mesh function from Hy and H;.
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The operator £ on the n-th time level is completely defined by the matrices Xgn) and
Xg"), see (2.3.10). In the typical numerical applications, as also in our work, (cf. Section
2.3.5), they are derived from the approximation of the concrete continuous operator L.
When we use a one-parameter family of the approximation (which is called the §-method),
these matrices are defined by the matrices M(™ | K™ (called mass and stiffness matrices,
respectively), and a real parameter 6, as follows

1
X&") = A_1\/[(71) + K™,

( . (2.3.16)
X = —M®™ — (1 — ) K™,

The matrices M and K have the size N x N. Hence, the discrete mesh operator £
in (2.3.10) can be written in the following (so-called canonical) form:

v — anl

At
Therefore, conditions (2.3.12) and (2.3.13) in Theorem 2.3.16 can be formulated as follows:

(Lv)f = (M™ F KMy 4 (1 — 0)K™pm 1, (2.3.17)

K™e>0 and At(n—1+0)K™e+MMe > e; (2.3.12")

and
KWe =0 and M®™e > e, (2.3.13)

Thus, we have

Theorem 2.3.18 Let us assume that the discrete mesh operator L, defined by (2.3.10)
and (2.3.16), is non-negativity preserving and the relation

M™e > e, (2.3.18)

holds. Then, beyond the DNP property, under the condition K™e > 0, the operator L is
DWMP, DWBMP and DMNC; while in the case K™e = 0 it obeys each of the DWMP,
DSMP, DWBMP, DSBMP and DMNC properties.

Remark 2.3.19 Let us note that, according to Theorem 2.53.12, the assumption is simpler
for the mesh functions from Hy: if L is a discrete non-negativity preserving operator and

the condition
K™e >0 (2.3.19)

18 satisfied, then it possesses all the other qualitative properties, too.

Remark 2.3.20 The above consideration is a special case of the following general ap-
proach. For the pair of the matrices (Xﬁn), Xén)) (which define the two-level operator)
we define a mapping ¢ : RN x RV*N — RM*N x RY*N which is assumed to be a

bijection. Then, we write the conditions, obtained for the matrices X§") and Xgn), for the

matrices @*1(X§”), X(zn)), denoted by (M™ K™).
For the 0-method, as one can see from (2.3.16), the inverse of this bijection is

1 _ (L RN
07 (A,B) = (AtAwB, LA (1-0B), (2.3.20)
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where 0 is any fized number. Hence,
vo(A,B) = (At((1 —0)A +6B), A — B). (2.3.21)

This means the following. The above approach (knowing M™ and K™ and selecting
the mapping, i.e., by fixing 6, we define X§") and X;n)) can be reversed: when the matrices

X§") and Xé") are a priori given, and we know that the discretization was obtained by use
of the 8-method, we proceed as follows. We introduce the matrices

M® = At (19X +6X{7) . KO =X - X, (2.3.22)

and use the same conditions. However, as we will see later, the first approach is more
natural, because, as it was already mentioned, we define the matrices M™ and K™ ¢
priori from the approximation of the continuous operator.

2.3.4 Matrix maximum principles and their relations

In the literature, for partitioned matrices with a certain structure some qualitative prop-
erties have been introduced (e.g., [23, 57, 132]). In this section we analyze their relation
to our notions.

We consider the block-matrix H € IR¥** and the block-vector y € IR¥ in the form

- H, H, A
o () () 2323

where submatrices H; € IR¥>* T ¢ IRF2*F2 H, € RM**2 0 ¢ R*?*" y; € IR™ and
yo € IR* with k = ki + ke. In the sequel, for arbitrary vectors v,w € IR¥, we will use
the following notations:

max{v} := max{vy, va,...,vx}, max{0,v} :=max{0, max{v}},
(2.3.24)
max{v, w} := max{max{v}, max{w}}.

According to Ciarlet’s and Stoyan’s works (see [23], [131], [132]) we introduce the
following definitions.

Definition 2.3.21 We say that a matrix H satisfies the Ciarlet matriz maximum princi-
ple (CMMP) if for arbitrary vectors y; € R¥ and y, € IR*?, such that Hyy, +Hyy, < 0,
the inequality max{y, } < max{0,y2} holds.

Definition 2.3.22 We say that a matriz H satisfies the Stoyan matriz mazimum princi-
ple (SMMP) if for arbitrary vectors y, € R and y, € R*?, such that Hyy, + Hoy, = 0
and yo > 0, the inequality max{y;} < max{ys} holds.

Remark 2.3.23 We note that in [131] the SMMP was originally formulated for general,
un-partitioned matrices as follows: a quadratic matriz H is said to satisfy the maximum
principle if the relation Hy > 0 implies that y > 0, moreover, when max{y} = v,
(i.e., the mazimum is taken on the ig-th component) then (Hy);, > 0. An application of
this principle to the structured matriz H of the form (2.3.23) yields the definition of the
SMMP in Definition 2.3.22.
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The above definitions give information about the location of the maximum components
of the unknown vector y € IR*, using some a priori information: for the CMMP the non-
negative maximum, while for the SMMP the maximum is taken over the last indices
1=k + 1,k +2,...,k, ie., on the sub-vector ys.

Remark 2.3.24 If a matrix H satisfies the CM M P, then it is necessarily reqular. To
show this, it is enough to prove that the relation Hyy, = 0 implies that y; = 0. By the
choice yo = 0, the application of the CMMP implies the inequality y1 < 0. Repeating this
argument for —y1, we obtain —y, < 0, which shows the validity of the required equality.
The similar statement holds for the SMMP, too.

The CMMP and SMMP properties can be guaranteed in the following way.

Theorem 2.3.25 ([23]) The matriz H satisfies the CMMP if and only if the following
two matriz conditions hold:

(C1): H is monotone, i.e.,

-1 gyl
H! = ( H& Hll H, > > 0; (2.3.25)

(C2): as before, using the notation ey,, € R (m = 1,2) for the vectors with all coordi-
nates equal to one, we have
—H,'Hyey, < ey,. (2.3.26)

The condition (C2) can be relazed by the following sufficient condition

(C2’): the row sums of the matriz H are all non-negative, i.e.,

Hlekl + ngkQ Z 0. (2327)

The following statement gives an equivalent condition for the CMMP.
Lemma 2.3.26 A matriz H satisfies the CMMP if and only if the implications

Hyy: +Hyy, <0, andy, <0 =  max{y:} <0; (2.3.28)
H,y: + Hyy, <0, and y, >0 = max{y;} < max{ys} (2.3.29)

are valid.

PROOF. It is obvious that CMMP implies both (2.3.28) and (2.3.29). Therefore have
to show only the converse implication. From the assumption (2.3.28) it follows that the
vector Hy is also non-positive for any non-positive y. This yields the monotonicity of H,
i.e., H™! > 0 is valid. On the other side, let us choose y; = —Hl_ngek2 and ys = ey,.
Then H;y; + Hyys = 0 and y, > 0. For these vectors we can use (2.3.29) and obtain
the relation max{—H; 'He;,} < max{ey,} = 1. Hence, —H;'Hse,, < ej,. Hence,
according to the Theorem 2.3.25, we have showed the CMMP property for the matrix H.
|
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Remark 2.3.27 The CMMP obviously implies the SMMP. Therefore, the above condi-
tions also guarantee the SMMP property. It is worth mentioning that for the un-partitioned
matriz H the monotonicity and the condition He > 0 (which is, in fact, the analogue of
the condition (2.3.27)) are necessary conditions for validity of the SMMP. When H is an
M-matriz*, then these conditions are necessary and sufficient ([131]).

We can combine the CMMP and the SMPP as follows: we require that under the
CMMP condition the implication in the SMMP is true, i.e., we introduce

Definition 2.3.28 We say that a matriz H satisfies the Ciarlet-Stoyan matriz maximum
principle (CSMMP) if for arbitrary vectors y; € R¥ and y, € R*?, such that Hyy, +
Hyy, < 0, the relation max{y;} < max{yy} holds.

Obviously, the CSMMP implies both the CMMP and SMMP properties. This property
can be guaranteed by the following statement (cf. [76]).

Lemma 2.3.29 Assume that H s monotone and the condition
Hlek1 + ngk2 =0 (2330)
holds. Then H has the CSMMP property.

PROOF. Let y; € IR* and y, € IR* be arbitrary vectors with the property Hyy; +
H,y, < 0. Since H is monotone, therefore H;' > 0 and —H;'Hy > 0 (cf. (2.3.25)).
Therefore we have

y1 < —H;'Hyy, < —H;'Hy(max{y»}ex,) = —(max{y,})H; 'Haey,. (2.3.31)
Due to the assumption (2.3.30), the relation (2.3.31) implies that

y1 < (max{ya})e,, (2.3.32)

which proves the statement. m
In the next statement, we show that the conditions in the Lemma 2.3.29 are not only
sufficient but they are necessary, too.

Lemma 2.3.30 Assume that H has the CSMMP property. Then H is monotone and the
relation
Hlekl + H2ek2 =0 (2333)

holds.

PRroOOF. Since the CSMMP property implies the CMMP property, therefore, due to
the Theorem 2.3.25, H is monotone.

In order to show the second condition, first, let us put y; = —H; 'Hyey, and y, = ey,
(as in the proof of the Lemma 2.3.26). Since for this choice the CSMMP is applica-
ble, we get the estimation max{—H;'He;,} < max{e;,} = 1. Let us put now y; =
H;'H,e;, and y; = —ej,. The CSMMP is again applicable and we get the estimation
max{H; 'Hyey, } < max{—ey,} = —1.

1A Z-matrix (a square matrix with all off-diagonal entries are less than or equal to zero) A is called
an M-matrix if the relationAv > 0 implies that v > 0. There are many equivalent definitions, see e.g.,
[9]-
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The above two estimations clearly result in the equality —H;'Hse,, = ey,, which
yields the required (2.3.33). m

In the sequel we apply the above theory to a linear algebraic system of a special form.
Namely, we use the notation b for the vector Hy € IR, i.e., we consider the system

Hy = b. (2.3.34)

b= < E; ) : (2.3.35)

where b; € IR* and b, € IR*2, respectively. Moreover, let

H = ( 0 1 ) , Y= ( u(n—l) ) s b= ( u(n_l) ) ) (2336)
with

Ay Ay By Bp n u(()n) Fn £
a=(B ) e (W) we=(0h) ()
(2.3.37)
Here Ag, By € RY*N, Ay By € RV*M ul” £® ¢ RY and ul”, £" € RY. Then
in the problem (2.3.34),(2.3.36),(2.3.37) H € R*2N y b € R?N. (As before, N =
N + Ny.) Let us notice that the problem (2.3.34),(2.3.36),(2.3.37) is equivalent to the
system of linear algebraic equations of the form

Hence, b has the partitioning

Au™ = Bu* ™V 4 f™), (2.3.38)

(Notice that fé") = uén) - u(anfl).) We will refer to this problem as the canonical algebraic
problem (CAP). The qualitative properties of this problem can be defined as follows.

Definition 2.3.31 We say that the CAP is non-negativity preserving, when b > 0 results
i the relation 'y > 0, that is, the implication

£ > 0; ugl) — ugkl) > 0; uénil) >0 and ugﬂhl) >0 = ué") >0 and ué") >0,
(2.3.39)

which is the same as
£ >0; uf" >0 and uf’ >uy V>0 = u’ >0 (2.3.40)
15 true.

Definition 2.3.32 We say that the CAP satisfies the Ciarlet maximum principle, when
the corresponding matriz H defined in (2.3.36),(2.3.37) has the CMMP property, i.e., the
implication

£ <0 and u’ —ul"™" <0 = max{u]”, ul’} < max{0,u"V ulV}, (2.3.41)
or, equivalently, the implication
£ <0 and u’ <ul"" = max{u{”} < max{0,u" " uV M} (2.3.42)

18 true.
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Analogically, we introduce the following

Definition 2.3.33 We say that the CAP (2.3.34),(2.3.36),(2.3.37), (or equivalently, the
problem (2.3.37)- (2.3.38) ), satisfies the Stoyan mazimum principle, when the correspondig
matriz H by (2.3.36),(2.3.37), has the SMMP property, which yields that the implication

£ =0, ui" M >0 u=ul"" >0 = max{ul” ul’} < max{u] " ul "},
(2.3.43)
1.€.,
£ =0, ul"" >0, u=ul"" >0 = max{u{”} < max{ul"" ui uM}
(2.3.44)
18 true.

It follows from the definitions that the validity of the Ciarlet maximum principle implies
the validity of the Stoyan maximum principle.

First we investigate the non-negativity preservation property of the CAP. Since, according

to (2.3.25),
o g (A A'B (2.3.45)
Lo 1 ) -2

we need the monotonicity of the matrix H, which is valid only under the conditions
A7'>0;, AT'B>o0. (2.3.46)

(This yields that the matrices A and B must form a weak regular splitting of the matrix
A — B.) Using (2.3.37), we get that (2.3.46) is valid if and only if the relations

At >0, —Aj'A; >0, A;'Bp>0, A;'(Bs—Ap) >0 (2.3.47)
are true. Hence, the following statement is true.

Lemma 2.3.34 The CAP is non-negativity preserving if and only if the conditions in
(2.3.47) are satisfied.

We pass to the investigation of the Ciarlet maximum principle property of the CAP. Due
to Theorem 2.3.25, it is sufficient to require the monotonicity of the matrix H and the
relation

(A—-B)e>0. (2.3.48)
Substituting (2.3.37), the condition (2.3.48) yields the condition
(AO — Bo)eo + (Ad - Ba)@a Z 0. (2349)
Hence we get

Lemma 2.3.35 The CAP satisfies both the Ciarlet and Stoyan maximum principle prop-
erties if the conditions (2.3.47) and (2.3.49) are satisfied.
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In typical applications we a priori know the vectors uén_l), u(an_l), ugn) and f™ and
we want to guarantee some qualitative properties of the only unknown vector u(()n). (We

recall the relation ff()n) = u(an) — ugn_l), which means that f5 is not a free parameter in the

CAP.) This means that we investigate the problem
Aou(()n) _ Boll(()n_l) + B(’)u,(an_l) _ A@ué") + f(n)’ (235())

where the “input vectors” on the right-hand side are arbitrary, given vectors, i.e., they
are chosen from the set

H={ul"" ™ ecRY, o u’ e R}, (2.3.51)

We will refer to the problem (2.3.50) as iterative algebraic problem (IAP). If we define

X" = A and X{” = B in the two-level mesh operator £ defined in (2.3.10), we can
establish a direct connection between the qualitative properties of £ and the IAP. (We

note that, due to the above choice, ng) = Ay, X%) = Ay, X%) = By and ng = By.)
The following definitions are straightforward.

Definition 2.3.36 We say that the IAP (2.3.50) is non-negativity preserving if the im-
plication

£ >0, u"™>0; "V >0and u/V>0 = u’>0 (2.3.52)

18 true.

Definition 2.3.37 We say that the IAP (2.3.50) satisfies the discrete weak boundary
mazximum principle (DWBMP) when the implication

£f") <0 = max u(()n) < max{0, u(()n_l), ugl_l), ugl)} (2.3.53)

18 true.

Definition 2.3.38 We say that the IAP (2.3.50) satisfies the discrete strong boundary
mazximum principle (DSBMP), when the implication

f <0 = maxu(()n) < max{u(()n_l),ugl_l),ugl)} (2.3.54)
18 true.

In the sequel, we analyze the relation between the qualitative properties of the CAP and
the TAP.

First of all, we introduce some subsets in H, defined in (2.3.51). Namely, we define

H,=HNO{f® >0, u{"" >0, u" >0, o}’ >0},

(2.3.55)
HY = HO {f™ >0, uf™” >0, uf” > uf™" >0},
Hppyp = HN {f™ <0}, HSywuyup = Hosur N { ugl_l) > u(an)}, (2.3.56)

Hispyp =HN{f™ =0, uf™" >0, uf =u)’ > 0}. (2.3.57)
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The inclusions
H, > HY; Hppupr D Howpyvr Hpeup D Hpspur (2.3.58)

are obvious. For the CAP the different qualitative properties (non-negativity preserva-
tion, Ciarlet maximum principle, Stoyan maximum principle) are defined on the sub-sets
HY Hp¢pyp and HSgpyp, respectively. For the IAP, the corresponding qualitative
properties (non-negativity preservation, DWBMP, DSBMP) are defined on the wider sub-
sets H, and Hpgyp, respectively. Moreover, if some qualitative property is guaranteed
for the TAP, then the corresponding CAP also possesses this qualitative property on the
smaller subset, where it is defined. In the following we compare those conditions that
guarantee these qualitative properties.

We start with the non-negativity preservation property. Based on Theorem 2.3.15, the
following lemma holds.

Lemma 2.3.39 The [AP (2.3.50) is non-negativity preserving if and only if the condi-
tions
Aj'>0; A;'Bs>0, A;'Bp>0, —-A;'A;>0 (2.3.59)

are satisfied.

We can see that the conditions (2.3.59) imply the conditions (2.3.47), i.e., the non-
negativity preservation property of the IAP implies the non-negativity preservation prop-
erty of the CAP. To analyze the validity of the converse implication, we consider an
example.

ExXAMPLE 2.3.40 We choose N = Ny, Ag = kI, By =1, Ay = =21 and By = —1,
where k > 0 is an arbitrary number. Then the conditions in (2.3.59) are not satisfied,
while the conditions (2.3.47) are true. For this case we have

IBI —121 —OI II %01 %II %OI %II

_ - . -1 _

H=19 o 1 o | =10 01 0 (2:3.60)
0 0 0 I 0 0 0 I

This shows that the conditions in (2.3.59) are not necessary for the conditions (2.3.47),
i.e., the non-negativity preservation property of the CAP does not imply automaticall
the non-negativity preservation property of the IAP. However, in the case uén) = u(an_1
the conditions (2.3.47) and (2.3.59) are the same, i.e., the non-negativity preservation

properties of the CAP and [AP are equivalent.

We pass to the investigation of the maximum principles.

Comparing the implications (2.3.42) and (2.3.53), the implication “DWBMP =- Ciarlet
maximum principle” is obviously true. Similarly, based on (2.3.44) and (2.3.54), the
implication “DSBMP =- Stoyan maximum principle” is also valid. Due to Theorem
2.3.17, under the non-negativity preservation property, the condition (2.3.14) guarantees
the DWBMP property and the condition (2.3.15) results in the DSBMP for the IAP. As we
have seen, the condition (2.3.59) implies the conditions (2.3.47), and the condition (2.3.14)
coincides with (2.3.48). Therefore, the conditions of DWBMP guaranties the Ciarlet
maximum principle. However, as the following example shows, the relaxed conditions
(2.3.47) and (2.3.48) cannot guarantee the DWBMP property on the whole Hpwpap.
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(This shows that the Ciarlet maximum principle is guaranteed not by the exact condition
of the DWBMP but by a sufficient condition of it.)

EXAMPLE 2.3.41 We consider Example 2.3.40 with the choice k = 2. This means that
(2.3.47), i.e., the monotonicity of H holds. (However, since (2.3.59) is not valid, the AP
method is not non-negativity preserving.) Moreover, the row sums of the matriz H are
non-negative. Hence, the corresponding IAP satisfies the Ciarlet maximum principle, i.e.,
the DWBMP on HSy 5y p- However, for arbitrary element from Hpwpyp the DWBMP
does not hold. To show this, let us choose

ug%l) — %, ul"V = uén) —fm _ . (2.3.61)

Since the equation has the form

20l = w20+ £, 2562)

we get uén) = e. Hence, for this choice the DWBMP is not true, i.e., the implication
“Ciarlet maximum principle = DWBMP” is not valid.

As we have seen, the Stoyan maximum principle of the CAP can be guaranteed by
the conditions (2.3.47) and (2.3.48). On the other hand, the DSBMP of IAP follows from
(2.3.59) and from the condition

(A—B)e=0, (2.3.63)

which follows from (2.3.15) in Theorem 2.3.17. Let us notice that on the subset H3¢p,,p
the DSBMP and DWBMP properties are equivalent, thus the conditions of DWBMP
are sufficient for the DSBMP property on HP¢p,p- Therefore, the condition (2.3.63)
can be relaxed by (2.3.48). However, as Example 2.3.41 shows, the implication “Stoyan
maximum principle = DSBMP” is not true.

In conclusion, in Table 2.3.1 we give the conditions of the applicability of the different
qualitative properties on an initial first boundary value problem for a time dependent
linear PDE. (We assume that the discretization preserves the qualitative properties of
the continuous functions.) We use the following notations: f(x,t) is the source (forc-
ing) function, wuy(x) is the initial function and uy(x,t) the boundary function. We may
observe that the applicability of the Ciarlet and Stoyan maximum principles is rather
restrictive: the first one can be applied only for a problem with sign-determined source
function and to boundary conditions decreasing in time (e.g., time-independent). The
Stoyan maximum principle gives some information about the maximum (minimum) only
for a homogeneous equation with non-negative initial and time-independent, non-negative
boundary conditions. If one of the above conditions does not hold, we must apply another
principle.

2.3.5 Basic conditions for the finite difference and finite element
approximations

As it was mentioned in Section 2.3.3, the discrete mesh operators are derived via the
discretization of the partial differential operators. Therefore, £ is usually some approx-
imation to L, which means the following. Let P denote the projection operator from
the space domL to dom £ defined as follows. For v € dom L, (Pv)(x;,t,) = v(x;,tn)
(i=1,...,N; n=0,...,M). (We note that dom £, and hence £, depends on the choice
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| I u
DNP non-negative | non-negative non-negative
NPCAP | non-negative | non-negative | non-negative and time-decreasing
DWMP any any any
DSMP any any any
DWBMP | non-positive any any
Ciarlet | non-positive any time-decreasing
DSBMP | non-positive any any
Stoyan Zero non-negative | non-negative and time-independent

Table 2.3.1: Conditions for the given data of the continuous problem providing different
qualitative properties.

of the mesh Q;,,, i.e., on the discretization parameters h and At. Therefore, for refined
meshes they denote a family of the operators.)

Definition 2.3.42 We say that L locally approximates the operator L if for all functions
v € dom L and for all points (x*,t*) € Q7 we have

(Lo)(x", %) = (L(P)) (x5, Tar) = 0, (2.3.64)
when x5 — x* and th, — t* as h, At — 0.

The expression on the left-hand side in (2.3.64) is called local approxzimation error and
the rate of its convergence to zero defines the order of the approximation. This will be
denoted by the symbol O(g(At, h)), where g is some function (typically polynom) of At
and h. °

Aiming at preserving the qualitative properties, we want to use Theorem 2.3.18.
Therefore, first we should analyze validity of the conditions (2.3.12) and (2.3.13'). In
what follows, we consider the differential operator in the standard form

0 <9 B d P
% mZ_a— >%>—;am(x,t>% — ag(x, 1), (2.3.65)

which will be discretized by two popular numerical techniques - the finite difference and
finite element methods. Henceforward we assume that k,, are positive functions and ag
is a non-positive function.

a. The finite difference discretization

In the following we approximate the operator L in (2.3.65) with sufficiently smooth co-
efficient functions on a rectangular mesh by the usual finite difference method according
to Figure 2.3.2. (See e.g., [73, 116, 133]). The interior points of the mesh are denoted

®The “Big Oh notation” (it is also called as Landau notation, Bachmann-Landau notation, asymptotic
notation) first appeared in the second volume of Bachmann’s treatise on number theory [2], and Landau
obtained this notation in Bachmann’s book [85]. This symbol means the following. Let g, be a vector
function defined on an interval Z C IR, g, : Z — IR", with 7 being a scalar parameter. We write
g-(t) = O(7P) if there exists a constant Cy > 0 such that for sufficiently small values of |7| the inequality

lg- @) < Colrl?

holds uniformly with respect to t € Z and || - || is any vector norm on IR™.
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X2A

Xi-x1 X Xi-*-xl

T\ > X
hi—x1 hi+x1 !

Figure 2.3.2: A grid of a two-dimensional rectangular domain.

by xi,...,xy and the boundary ones by xy.1,...,Xy5. For the sake of simplicity, we
also use the notation X;,,, (X;_,, ) for the grid point adjoint to x; in positive (negative)
xy-direction. The lengths of the segments [x;, X;1,,,] and [x;_,, ,X;] are denoted by h; .,
and h;_., , respectively. Furthermore, let us denote the uniform temporal discretization
step size with At > 0, and we will use the notation ¢,, = t, — 0.5A¢. The integer number
M is defined by the property MAt < T < (M + 1)At.

Using the notation 1" for the value of v(x;,t,), the finite difference approximation
results in the discrete mesh operator £ defined in the canonical form (2.3.17), where for
the entries of M(™ (= M) we have

L i
MY =n, =40 NPT . _ (2.3.66)
7 ’ 0, ifi#y, i=1,...,N; j=1,...,N.

Applying the central difference approximation for the first order derivatives, the nonzero
elements of the i-th row of K™ are K™ K™ (m=1,....d) and K", where

i —Tm " i+ Tm 1,0 7

k)05, (am)”

(n)
ol _ 2.3.67
1,i—Tm hi—xm (hz‘—wm + hi+zm) hi—wm + hi-l—:vm ( )
—2(ky) ") ()"
4,0+ Tm hi-‘rJ?nL (hl—l'm + hz—f—xm) hi—$7n + hi“l‘ﬂ?'m ( )
and
d (n) (n)
2 (Km ) (Fm )i
K.(’.l) _ m)i+0.5 m)i—0.5 | (n) 2.3.69
" mZ::I hz’—xm + hi+zm ( hz‘—l—rm * hi—mm (aO)z ’ ( )

where (k)5 = 0.5(km (i, T) 4l (Ti1, 1)), (@) = apn (24, %) and (ag)™” = ag (a4, 7).
Hence, for the finite difference discrete mesh operators £, defined by (2.3.17) and
(2.3.66)—(2.3.69), the relations

Me = e (2.3.70)
and
> if <0
Kme{ =% Han=0; (2.3.71)
=0, ifag=0

hold. Hence, we have
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Theorem 2.3.43 Let us assume that the finite difference discrete mesh operator L, de-
fined by (2.3.17) and (2.3.66)-(2.3.69), is non-negativity preserving. Then, beyond the NP
property, when ay < 0, the operator L is DWMP, DWBMP and DMNC, too; while in the
case ag = 0 it has each of the DWMP, DSMP, DWBMP, DSBMP and DMNC' properties.

Let us replace the central difference approximation with the upwind (upstream) ap-
proximation. In this case the matrix M does not change and the elements of K have the
following form

K ~2(kn)i"5 (am)™ = |(am);")|

= 2.3.72
P hi—azm<hi—xm + hi—f—xm) 2hi—a:m ( 3 7 )

(n) n n
o 2kt (@) ()]
bitEm hi-l—:cm(hi—:):m + hi—i—xm) 2h’i+ﬂ?m

d (n) (n)
2 (Kp)! (k)"
K 2 : ™m)i+0.5 m)i—0.5

m=1 hi+mm

(2.3.73)

and

+

2hisa, 2h;_

(n) (n)
[ 2 ((km)z‘+0.5 n (km)i0.5> i

()" + lam)(] (a)i” ~ |<am>§">|] ~ (ag)®

(2.3.74)

d
m=1

hi—a:m + hi—i—acm hi—}—xm hi—xm

()™

(n)

+
hiJrsign((am)i

] — (ao){™,
)Tm

respectively. One can directly check that for the finite difference discrete mesh operators
L, defined by (2.3.17) and (2.3.72)-(2.3.74), the relations (2.3.70) and (2.3.71) are satisfied
and, hence, all the results of Theorem 2.3.43 remain valid.

b. The finite element discretization

We consider again the operator L (with homogenous first boundary condition) in (2.3.65)
with sufficiently smooth coefficient functions. Then L can be written in the weak form as
follows

ov
/Q(Lv)(x,t)w(x) dx = i §<X’ Hw(x) dx+
/ [Z (o0 ) 05 ) 93 = ), ) ) = o ). )|

where w(x) € H}(Q) are the test functions and the solution v(x,t) is assumed to be
continuously differentiable w.r.t. ¢ and belongs to H'(2) for any fixed t.

In order to define a discrete finite element mesh operator, let ¢, ..., @5 be finite element
basis functions from H'(€) with the property

> ok =1 (2.3.75)
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in 2. Applying these functions to the space discretization and the #-method to the time
discretization, we arrive again at the discrete mesh operator in the canonical form (2.3.17).
Now the matrices M € RV*Y and K™ € RV*V | respectively, have the elements

(n) _ n
K7 = (K( ))

*

2, */i,g fQ (bz(X) dX’ i,J fQ ¢z(x) dX7

where M, and K are, respectively, the so-called mass and stiffness matrices with the
entries

(2.3.76)

(M*)i,j = Q¢j(x)¢z(x) dx, (2.3.77)
K, = [ (; b, ) 52 () 22 >) e
) (2.3.78)
d 8%
_/Q <Z am (X, ty )8 (x)¢i(x )+a0(x7tn>¢j(x)¢i(x)> dx

Therefore, we can use Theorem 2.3.18.
For the row-sums of the matrix M, by using the relation (2.3.75), we get:

:iM" ‘fm (/¢ )il dx):

Jj=1

=1

_ -
= T ¢ / Z dx) =1 (2.3.79)

for all i = 1,..., N. Hence, (2.3.18) is satisfied.

For the row-sums of the matrix K™, we get

K®e), __ v S o
Z Jo ¢i(x) dXZ(K* Jid
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N
ot o )00+ o) Za% sl

1
T o0 dx /Q a(; tn)i(x) dx

for all i = 1,..., N. Therefore, when ay = 0 then K(™e = 0. When q; is non-positive
and it is independent of x, then K™e > 0. If aq is non-positive and it depends on x,
then additionally we assume that the finite element basis functions are non-negative, i.e.,
the condition

¢i(x) >0 (2.3.80)

is satisfied. Then fQ —ap(x,t,)¢;(x)dx > inf(—ag fQ ¢;(x)dx. Hence, for this case
K™e > 0. We can summarize our results as follows.

Theorem 2.3.44 Let us assume that the finite element discrete mesh operator L, de-
fined by (2.3.17) and (2.3.76)-(2.3.78) for arbitrary finite element basis functions, is non-
negativity preserving. For ag = 0 it has each of the DNP, DWMP, DSMP, DWBMP,
DSBMP and DMNC properties. When aq is a non-positive, independent of X, function,
or, when it varies in X and non-positive and for the basis functions the condition (2.3.80)
15 satisfied, then L has the DNP, DWMP, DWBMP and DMNC properties.

In the sequel we deal with the problem of how the non-negativity of the discrete mesh
operator can be guaranteed for the above cases.

2.3.6 The non-negativity preservation of the discrete heat con-
duction mesh operator in 1D case

We start with the investigation of the one-dimensional heat conduction operator with a
constant coefficient, which is assumed, for simplicity, to be equal to one, i.e.,

_9_9 (2.3.81)

On a fixed uniform mesh we define a one-step discrete mesh operator £ in the form (2.3.10)
with Ng =2, N = N + 2 and matrices

e for the finite difference method

1 . 0 1 0 0 NxN

X0 = 3710 + 0K = tridiag {—pgﬁ?ﬁ’_ﬁ] S
1 - 1-0 1 1-601-6 NxN
XQOZEIO_(l_Q)KOZtHdIag {77Kt_2 2 R2 ]EIR xN
. 1_0 10 .. 00\ _ oy
Xio = =58 Xap = =58, where BE={ 01) €M

(2.3.82)
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e for the linear finite element method

1 1 9 2 9 1 0
X_ pu— _I K pr— 1 1 — — — — — — — —
10 = 7lo +6Ko = tridiag {GAt 2 3A TR 6AL h2]

A 6A: T hZ U3AE 2 AL w2
1 1 1-9
X1o (6At h2>E’ 2 (6At+ B >E

We have to guarantee the conditions (P1)-(P3) in Theorem 2.3.15.

1 1 1-— 2 1— 1 1—

(2.3.83)

Lemma 2.3.45 For the finite difference scheme (2.3.82) the conditions (P1)-(P3) in
Theorem 2.3.15 are satisfied if and only if

X0 >0 and X, := X7 Xy > 0. (2.3.84)
Under the additional assumption
At 1
> 2.3.85
TRy (2:3.85)

the assumptions (2.3.84) are also necessary and sufficient for the validity of (P1)-(P3)
for the finite element scheme (2.3.83).

The proof follows directly from the non-negativity of the matrices —X;5 and Xsg.

Remark 2.3.46 Lemma 2.53.45 yields that L is non-negativity preserving if and only if
the matrices X1g and Xog form a weak reqular splitting for the matriz X9 — Xog = K.

Let us notice that the matrices in (2.3.82) and (2.3.83) have special structure: only the
entries of the main-, super- and sub-diagonals differ from zero and the elements standing
on the same diagonal are equal. Moreover, these matrices are symmetric, too. This
kind of matrices, i.e., a matrix of the form tridiag|a, b, a] is called uniformly continuant,
symmetrical tridiagonal matriz, [114]. (Clearly, these matrices are symmetric, tridiagonal
Toeplitz matrices.) These matrices have some special qualitative propertiess, which will
be considered in the sequel.

a. Non-negativity of uniformly continuant, symmetrical tridiagonal matrices

Hereafter we investigate the conditions (2.3.84) for special matrices, namely we consider
the real, uniformly continuant, symmetrical tridiagonal matrices

X = tridiag[—z, 2w, —z]; Xgo = tridiag]s, p, s]. (2.3.86)

We may assume that z > 0 and s > 0.

The simplest way to satisfy the conditions (2.3.84) is to guarantee the monotonicity
of Xjo and the non-negativity of Xgg. (L.e., X9 and Xy form a regular splitting for the
matrix Ky.) However, as it is known, in several cases the condition of the non-negativity
of Xy can be relaxed. As it was showed in [91] and [131], the condition X, > 0 in
(2.3.84) is valid for certain negative p’s, too. Our aim is to give the exact bounds.
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When z = 0 then Xy = 2w 1. Hence, for this case the exact conditions are
w>0 and Xy > 0. (2.3.87)
When s = 0, then X5y = p Iy. Hence, for this case the exact conditions are

p>0 and Xj is a monotone matrix. (2.3.88)

We pass to the case when z > 0 and s > 0. Then, we can consider the equivalent form of
the matrices,

Xy = z - tridiag[—1, 2w, —1]; Xgo = s - tridiag[1, p, 1], (2.3.89)

where w = w/z and p = p/s. First we introduce the following one-pair matrix G = (G;),°

depending on the parameter w:

vy, i<y
Gia = { viar  ifj<i (2.3.90)

(1,7 =1,2,...,N), where

( sh(iv)sh(N +1 — 5)9

shosh(N + )9 U = arch(w), if w > 1;
%’ if w=1,
Yid = Sin(sii)ﬂsl?ié\]fv++l1)_ﬁjw7 U = arcos(w), if |w| < 1; (2.3.91)
(—D”ﬁl%, e

yirjo1Sh()sh(N +1 — j)d _ , B
\ (—=1) Ssh(N£1)0 Y = arch(w), if w< -1

In case z # 0 we have the relation X;) = (1/2)G (see [114]), thus a direct computation
verifies the validity of the following

Lemma 2.3.47 For the matrices Xy and Xoo of the form (2.3.89) the matriz X, =
X g Xao can be expressed as

X, =

pr

STV

(2w +p)G — L] (2.3.92)

Hence, one of the conditions offdiag(G) > 0 and offdiag(G) < 0 is necessary’. Using
the formula (2.3.91) for the elements of the matrix G, this implies the following

A matrix is called one-pair matrix if its (i, j)-th elements have the representation s; - t;, for i < j,
and s; - t;, for j <4. See [58], [114].

"The symbol offdiag(G) denotes the matrix with zeros in the main diagonal and with the off-diagonal
elements of the matrix G, i.e., offdiag(G) = G — diag(G).
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Lemma 2.3.48 The condition X, > 0 may be satisfied only if the relation

w=>1, or

|lw| < 1 and arcos(w) < (7/N) (2.3.93)

holds.

Since the condition, imposed for |w| < 1, can be guaranteed only for small values N, and
in our applications N becomes arbitrarily large, this case is negligible. Hence, if we intend
to get the result for arbitrary large dimension, then it can be achieved for w > 1, only.
That is, the matrix X,,, may be non-negative for arbitrary dimension only in the case Xj,
is a positive definite M-matrix.

We can summarize our results as

Lemma 2.3.49 Let us suppose that w > 1. Then, X, € RN 4s non-negative for an
arbitrary fized N if and only if the conditions

2w+p>0 (2.3.94)
and .
i > , ':1,2,...,N 2.3.
Y, 2w s i (2.3.95)
are fulfilled.

We note, that, for the case ws + p = 0, the non-negativity of X implies the relation
X2 = 0, which is out of our interest.

Now we analyze the expression on the left-hand side in condition (2.3.95).

Lemma 2.3.50 When w > 1, then for the diagonal elements of the matriz X,, the
relation
min{v;;, i=1,2,...,N} =v1 =N (2.3.96)

holds.

PRrOOF. Introducing the functions hi(y) = K;ish(Cy) sh(C(N + 1 —y)) and ho(y) =
Kyy(N +1—y) on the interval [1, N|, (where K; , K5 and C are some positive constants),
one can check that both functions take their maxima at the same point y = (N + 1)/2.
Moreover, on the interval [1, (N + 1)/2) they are monotonically increasing, while on the
interval ((N + 1)/2, N| they are monotonically decreasing. Using this fact and the ex-
pressions for v;;, we get the statement. m

Combining Lemma 2.3.49 and Lemma 2.3.50, we obtain

Theorem 2.3.51 Assume that z > 0, s > 0 and w > 1. Then, X,, € RN is non-
negative for arbitrary fivred N if and only if the conditions (2.3.94) and

_ sh(NW) 1
N = N 0D 2 2wt p

(2.3.97)

are satisfied.
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Obviously, (2.3.94) and (2.3.97) are necessary and sufficient conditions of the non-negativity
for some fixed dimension N. Let us turn to the examination of a varying N. Due to the
relations

sh(NV)
N gy = B0 — coth(N + 1)0)sh(o), (23.98)
we have
sh(NJ) B B
Sup {Mv N e ]N} = ch(¥) — sh(¥) = exp(-9). (2.3.99)

Since the sequence a(N) is monotonically increasing, it converges to its limit (which is
its supremum) monotonically. Thus, the conditions (2.3.94) and (2.3.97), that is, the
necessary and sufficient conditions for some fixed NN, serve as sufficient condition for the
non-negativity of the matrices X,, € RM*M for all Ny > N.

Let us observe that

exp(—1) = exp(—arch(w)) = exp (ln [w + M} _1>
(2.3.100)

_ [wwm]‘l.

Therefore, from some sufficiently large Ny € IN the relation X,,, > 0 may be true only

if the condition 1 1
[w CVar o1 1] > , (2.3.101)
20+ p

i.e., the condition
p>—w+vw? -1 (2.3.102)

is fulfilled. This proves the following

Theorem 2.3.52 Assume that z > 0, s > 0 and w > 1. If, for some number Ny € IN,
the conditions (2.3.94) and (2.3.97) are satisfied, then, all matrices X, € RN*N with
N > Ny, are non-negative. Moreover, there exists such a number Ny, if and only if the
condition (2.3.94) (2.3.102) holds.

Remark 2.3.53 Since
shy 1 1

1) = = = —
W)= 360 " 200~ 2w
therefore, (2.3.97) results in the condition

p>0. (2.3.103)

Hence, the matriz X, € RY*Y is non-negative for all N = 1,2, ..., if and only if Xy is
an M-matriz and Xy — Xog s a reqular splitting of the matriz K.
Remark 2.3.54 Due to the relation
2) sh(29) 2ch(9) 2w
a = = =
sh(30)  4ch?*(9) —1 4w’ -1

condition (2.3.97) results in the assumption

1
>_ 2.3.104
Pz ( )
That is, X, € RY*N is non-negative for all N = 2,3,..., if and only if X0 is an

M-matriz and (2.3.104) is valid.
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Remark 2.3.55 The conditions (2.3.103) and (2.3.104) (corresponding to the cases N =
1 and N = 2, respectively) are sufficient conditions for the non-negativity of the matriz
X,r @n any larger dimension. For increasing N, the new obtained conditions are ap-
proaching the necessary condition of the non-negativity. Using (2.3.98) and (2.3.99) we
can characterize the rate of the convergence: it is equal to the rate of convergence of the
sequence {coth(Nv), N =1,2,...} to one. Clearly,

coth(NJ) =1+ exp ()N — 1

Therefore, introducing the notation in (2.3.100) as

exp(d) = w+ vw? — 1 =: j3, (2.3.105)

we get that the sequence of the bounds of the sufficient conditions converges linearly with
the ratio 1/3° to the bound of the necessary condition.

Remark 2.3.56 The consideration of the case w = 1 is obvious. As an easy computation
shows, in this case a(N) = N/(N + 1) and, hence, X, > 0 for all N = 1,2,... if and
only if p > 0. (Le., Remark 2.5.53 remains true for this case.) The above relation holds
for all N =2,3,..., if and only if p > —1/2. The necessary condition of the existence of
some dimension for the non-negativity is p > —1.

b. Non-negativity of difference schemes

The results of the previous part can be used in the qualitative analysis of the finite
difference and linear finite element mesh operators in 1D, given by the formula (2.3.82)
and (2.3.83), respectively. We will use the notation ¢ = At/h?.

First we investigate the finite difference mesh operator. According to (2.3.82), the cor-
responding matrices are uniformly continuant, they can be written in the form (2.3.86)
with the choice

0 11— ~_1_|_9 1 21—0
T T YTan T P AT T
Therefore, in case § = 0, due to (2.3.87), the condition is p > 0, which results in the
bound

(2.3.106)

z

1
q< 3 (2.3.107)
For the case # = 1 the condition (2.3.88) must be satisfied. Since in our case w > z,
therefore Xy is a diagonally dominant Z-matrix,® and hence it is an M-matrix. This
yields that for this case we do not have any condition for the choice of the parameters h

and At.

In what follows, we pass to the analysis of the case when z > 0 and s > 0. Then we can
use the form (2.3.89) with the choice

fq S_(l—é’)q ~ 1+20q _1-2(1-10)q

At At T 20 0 PT T 120y

z =

(2.3.108)

8A matrix is called Z-matrix if its off-diagonal elements are non-positive [9], [56]. (Cf. footnote on
p-29).
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The positivity of z and s means that § € (0,1). Let us notice that under the choice
(2.3.108) 2w + p = 1/6(1 — 0)q, hence the condition (2.3.94) is always satisfied.

Using (2.3.103), we directly get that the condition of the non-negativity preservation for
all N =1,2,... is the condition

< —. 2.3.109
1=51—-9) ( )
However, the non-negativity preservation for all N = 2,3,... should be guaranteed by
the weaker condition (2.3.104), which, in our case, yields the inequality
1—-2(1—-46)q fq
> — . 2.3.110
(1—-0)g — 1+26q ( )
Solving this problem, we get the upper bound
. < —1+20+ 1—0(1—9)7 (2.3.111)
- 30(1—0)

which is larger than the bound in (2.3.107).

Our aim is to get the largest value for ¢ under which the non-negativity preservation for
sufficiently large values N still holds. Therefore we put the values w and p from (2.3.108)
into the necessary condition (2.3.102). Then we should solve the inequality

1—2(1—9)q2_1+29q+\/1+49q' (2.3.112)
(1-0)q 20q 20q

The solution of (2.3.112) results in the bound

1—v1-06

T (2.3.113)

q<

We can summarize our results as follows.

Theorem 2.3.57 The finite difference discrete mesh operator L, which is defined by
(2.3.82), is non-negativity preserving for each N > 1 if and only if the condition (2.3.109)
holds. It is non-negativity preserving for each N > 2 only under the condition (2.3.111).
There exists a number Ny € IN such that L is non-negativity preservation for each N > Ny
if and only if the weaker condition (2.3.113) is satisfied.

EXAMPLE 2.3.58 We demonstrate our results on some special choices of 6. Namely,
we define upper bounds for

o cxplicit Euler method (0 =0);
e fourth order method 0 = 1/2 —1/(12q), q > 1/6;
e Crank-Nicolson method (6 = 0.5);

o implicit Fuler method (0 = 1).
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| 0 [ N=1|N=2| N=oo |
0 0.5 0.5 0.5
0.5— (12¢)~1 | 0.8333 [ 0.9574 | 0.9661
0.5 1 [2v3/3]2(2—-V2)
(0.8}

1 00 00

Table 2.3.2: Non-negativity providing upper bounds for ¢ in the different finite difference
mesh operators.

The results are shown tn Table 2.3.2.

We pass to the investigation of the linear finite element mesh operator. According to
(2.3.83), the corresponding matrices are also symmetrical, uniformly continuant, tridiag-
onal and they can be written in the form (2.3.86) with the choice

1 0 1 1-6 1 0 2 1-46
p=———2 .

e 1 _ e 9.3.114
A R ST At T e YT aar T 3AL e ( )

First we consider the special choices # = 0 and 6 = 1.

For 0 = 0 we get X;o = (1/6At)tridiag|[1,4,1], i.e., X9 > 0. Therefore we cannot guar-
antee the monotonicity of X;9. When 6 = 1, then Xy = (1/6At)tridiag[1, 4, 1], hence,
the monotonicity of X;q is the necessary and sufficient condition of the non-negativity
preservation of the mesh operator £. For this ¢ > 1/6 is the condition.

In the sequel we consider the case 6 € (0, 1).

When g = 1/(66), then X9 = (1/At)Iy, hence the only condition of the non-negativity
preservation is Xy > 0. This can be guaranteed only by the condition ¢ < (3(1 — 6))~L.
When g = (3(1—0))7", then Xy = (1/6At)tridiag[1, 4, 1], hence the only condition is the
monotonicity of X;o. As we can see, for this case this matrix is an M-matrix, therefore,
there is no additional condition for the non-negativity preservation.

In what follows we assume

! <q< ! (2.3.115)
60 =1 31-0) e
i.e., 8 € (1/3,1). Then we can use the form (2.3.89) with the choice
10 L 10 St 3+0q
=X T 15 ST — ., W= 7] = 19
6At  h? 6At  h? e Pa—g
(2.3.116)

pzi—zlizg—zﬂ—e)q
At (Ot

For this choice 2w + p = [(0g — 1/6)((1 — 0)q + 1/6)]7" > 0, therefore (2.3.94) is always
satisfied. Let us notice that under the condition (2.3.115) the condition z > 0 is also
satisfied.

The condition of the non-negativity preservation for all N = 1,2,... is (2.3.103). There-
fore, using (2.3.116), we obtain the upper bound

1

1< 375 (2.3.117)
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0] N=1 | N =2 | N=oo |
0 not allowed not allowed not allowed
05]1/3<¢<2/3|1/3<q<+5/3[1/3<q<0.748
1 1/6 <¢q 1/6 <q 1/6 <q

Table 2.3.3: Non-negativity providing upper and lower bounds for ¢ in the different finite
element mesh operators.

The non-negativity preservation for all N = 2,3, ... should be guaranteed by the weaker
condition (2.3.104), which, in our case, yields the upper bound
_3(=1+20) + V9 —160(1 — 0)
= 120(1 — 0) ’
which is larger than the bound in (2.3.117).

Our aim is to get the largest value for ¢ under which the non-negativity preservation for
sufficiently large values N is still valid. Therefore we put the values w and p from (2.3.116)
into the necessary condition (2.3.102). Hence, we obtain that for any fixed 6 € (0,1) the
suitable ¢ are the positive solutions of the inequality

0(1—0)g> —1/6(0 +4)g+ A <0;

A= /g0 +1/12[1/6 + (1 — 0)q].

We can summarize our results as follows.

(2.3.118)

(2.3.119)

Theorem 2.3.59 The linear finite element discrete mesh operator L, which is defined by
(2.3.83), is non-negativity preserving for any 6 € [0, 1]

e for each N > 1 if and only if the condition
1

1
—<g< —; 2.3.12
60 == 31-0) (2.3.120)
e for each N > 2 if and only if the condition
1 3(—=1+260) + /9 — 160(1 — 0)
—<qg< 2.3.121
60 = 1= 120(1 — 6) (2.3.121)

holds. There exists a number Ny € IN such that L is non-negativity preservation for each
N > Ny if and only if the condition (2.3.119) is satisfied.

(In the bounds (2.3.120) and (2.3.121) we mean 1/0 := oo.) The bound (2.3.120) shows
that the non-negativity preservation property can be guaranteed only for the values 6 €
[1/3,1].

EXAMPLE 2.3.60 We demonstrate our results again on some special choice of 6.
The results are shown in Table 2.3.5.

Finally we note that the above results can be successfully applied to the qualitative
analysis of several iterative methods for solving a system of linear algebraic equations
with special structure (with tridiagonal and block tridiagonal Stieltjes-Toeplitz matrices)
[53, 54]. The investigation is based on the matrix splitting method, and for a particular
case it is proven that only those SOR methods are qualitatively good that are based on
regular splittings.
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2.3.7 Non-negativity preservation for more general discrete mesh
operators

In this section we analyze the non-negativity preservation of discrete mesh operators
obtained by the discretization of the partial differential operators in a general form. We
should guarantee the validity of conditions (P1)-(P3) in Theorem 2.3.15. The following
statement gives a sufficient condition for this in terms of the matrices M and K™

Theorem 2.3.61 Under the following conditions

(P1) K <0, z’;éj, i=1,. N, j=1,...N,
(P2)) (X(")) = +0AtK <0, i#j i=1.,N,j=1,..,N, (23122
(P3) (X{M)y = dl )AtK >0, i=1,..,N,

the non-negativity assumptions (P1)-(P3) in Theorem 2.3.15 are satisfied.

PROOF. According to (P1’), the elements of (Xg"))m for each ¢ # j are non-positive.
Moreover, by using the basic estimations in Section 2.3.5, we obtain

n n n n ]'
XVep > XPep + X{Hey = XMe = (EM + 9K<”>) e>0.
——

<0

Thus, the matrices X%) are regular M-matrices and as such they are regular and their
n)

inverses are non-negative ([9]). Hence, (P1) is satisfied. Due to (Pl) Xga < 0, hence

P2) is obvious. Finally, (P3’) guarantees the non-negativity of X ")
Y g g y

with (P1), is sufficient for (P3). This completes the proof. m

, which, together

First we investigate the finite difference approximations, and then the linear /bilinear finite
element discretization.

a. The non-negativity preservation property of the finite difference mesh
operators

Let us consider the finite difference approximation of the differential operator in the
general form (2.3.65). In the next theorem an a priori sufficient condition of the non-
negativity preservation is given for the upwind finite difference operators.

Theorem 2.3.62 The upwind finite difference discrete mesh operator L, defined by (2.3.17)
with (2.3.72)-(2.3.74) possesses the discrete non-negativity preservation property if the

condition {
At < (2.3.123)

(1 — 9) maxi<;<nN Kz(jzl)

18 satisfied.

PrROOF. The non-negativity preservation can be guaranteed by the Theorem 2.3.61.
The conditions (P1’) and (P2') are obviously true. The assumption (2.3.123) guarantees
(P3). m
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Remark 2.3.63 By using the coefficient functions in the continuous operator L in (2.3.65),
the condition (2.3.123) can be guaranteed by the assumption

1 h2.
At < = Al , (2.3.124)
(1= 0) (B e o) (= O @ i — iy,

* d . * d
where k* = SUPx yeor D met km(X,1)}; and a* = sup neop 12 e lam (X, 1)[}.°
Next we pass to the consideration of the finite difference discrete mesh operator L

defined by (2.3.17) with (2.3.66)-(2.3.69) (central difference approximation). For such an

approximation the non-positivity of the elements (Xg"))” for each 7 # j is not automati-
cally satisfied, only if the condition

h < 2(Fm) 1.0.35ign((am) ")
i+SZ‘g7’l((a7n)§n) )an - ‘ (am) (n) |

(2.3.125)

holds. Then, by repeating the proof of Theorem 2.3.62, we arrive at the following state-
ment.

Theorem 2.3.64 The finite difference discrete mesh operator L, defined by (2.3.17)
and (2.3.66)-(2.3.69), under the condition (2.3.125), possesses the discrete non-negativity
preservation property if the condition (2.3.123) is satisfied.

Remark 2.3.65 By using the coefficient functions in the continuous operator L in (2.3.65),
the condition (2.3.125) can be guaranteed by the assumption

2 minlgmgd ianT km (X, t)

Pz < : 2.3.126
maxi<m<d SUPg,. | (%, 1)] ( )
The condition (2.3.123) can be guaranteed by the assumption
1
At < . (2.3.127)

(1= 0) (7 — o)

It is worth characterizing the sharpness of the estimates (2.3.124) and (2.3.127) on the
heat conduction operator, for which we know the exact bounds. For this operator ky = 1,
ass = 0 and aj,r = 0, hence, both the estimations (2.3.124) and (2.3.127) result in the
bound (2.3.109), which is the exact bound for all N =1,2,....

b. The non-negativity preservation property of the linear finite element mesh
operators

In the sequel we analyze the discrete mesh operator obtained by linear finite element
space and the #-method time dicretization. First we investigate the one dimensional case,
and then the higher dimensional case will be considered.

b1. Non-negativity preservation property in 1D case
In this part we give the conditions of the non-negativity preservation for the linear finite
element discretization on uniform mesh of the operator
0 0

B ) B
L= = oo (k(xt)5-) —a(x.t) 5 — an(x.1), (2.3.128)

9We recall that a,s = infg, ag, according to the proof of Theorem 2.2.12.
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We assume again that the bounds k* > k(x,t) > k. > 0; a* > |a(x,t)| and a;nf <
ap(x,t) <0 are finite.

The non-negativity preservation can be guaranteed again by the use of Theorem 2.3.61.
Due to (2.3.78), for the operator L in (2.3.128) the entries of the stiffness matrix are defined
from the relation

(Kin))i’j = /Q (k(x,t@%(m)%(@) do—
(2.3.129)

‘/Q (““’ ) 2)6lz) + ao<x,tn>¢j<x>¢i<x>) d.

Since in case [i — j| > 1 we have supp (¢;) ) supp (¢;) = 0 therefore, for these indices we

get (K*("))m. = 0. For the values = € supp (¢;)\{x;} we have

dpi, 1
(@) ==*5. (2.3.130)

Hence, for the values j = ¢ £ 1, due to the non-positivity of ag, we have the upper
estimation

k a* a;
KW« 2 Tnf 2.3.131
i = T2 9 T g ( )

Hence, under the assumption

k., a°  ap
—33 T op Tf <0 (2.3.132)
(P1’) is satisfied. Due to the positivity of k,, for sufficiently small h, this condition can
always be satisfied. Then, (P2') can be satisfied by the condition
h2
At > T = (2.3.133)

T 60 (& — 2+ L) 0 (6k, — 3ha* + h2aimy)

—_

In order to satisfy (P3'), we need an upper estimation for KZ»(ZL ).

2k*  a* 20,
Ki(,?) <o % _ a3 i (2.3.134)

Hence, for (P3') the condition reads as

oh?
At < . 2.3.1
= 1= 0) (6k* 1 3ha* — 21Zayy) (23.135)

Hence, we can summarize our results as follows.

Theorem 2.3.66 The discrete mesh operator L, obtained by linear finite element dis-
cretization of the operator L in (2.3.128), possesses the discrete non-negativity preserva-
tion property if, according to (2.3.132), the space discretization parameter h is sufficiently
small, and the time discretization parameter At satisfies both the lower and upper bounds,
given in (2.3.133) and (2.3.135), respectively.

Remark 2.3.67 We note that for a special case, namely, for the heat conduction operator
L in (2.3.81), the bounds (2.3.133) and (2.3.135) turn into the exact bound (2.3.120),
which is valid for all N.
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Remark 2.3.68 Naturally, the lower bound should not exceed the upper bound. This
results in certain restrictions for the possible choice of the parameter 6. Namely, if we
introduce the notation pu = u(k) := k*/k, for the oscillation of the function k(z,t), then,

under the condition "

2+ p
for sufficiently small h we can always find suitable values for At. Since u > 1, therefore
0o > 1/3 and 6y = 1/3 only for a(z,t) = ap(z,t) = 0 and k(x,t) = constant. Since Oy(1)
in (2.3.136) tends to one monotonically as p tends to infinity, therefore, for any linear
finite element discretization with sufficiently small h, there always exists suitable 0y, such
that for any 6 € (6o, 1], under the conditions (2.3.133) and (2.3.135), the discrete mesh
operator is mon-negativity preserving. It is worth mentioning that the Crank-Nicolson
scheme (6 = 0.5) belongs to this interval only when p < 2, which corresponds to the
condition k* < 2k,.

0 > 6o(1) (2.3.136)

b2. Non-negativity preservation property in higher dimensions

To give the exact condition for the non-negativity preservation property of the discrete
mesh operator, obtained by the finite element method, for dimensions d > 2 is a diffi-
cult task, even the simplest case L = Ay, where A, denotes the d-dimensional Laplace
operator. (The problem is the inversion of the block tridiagonal matrices.) The prob-
lem turns into more complex task when we consider the discretization of the operator
L in the general form (2.3.65). In this part we analyze this problem for a special case:
am(x,t) = ap(x,t) = 0 and ky,(x,t) = constant. (Without loss of generality we as-
sume that this constant equals one.) We give sufficient condition for the non-negativity
preservation property.

Hence, we consider the operator

|

L

o5

L 0
- > 5.7 = o~ D (2.3.137)
m=1

First we assume that d = 2 and  is a polygonal domain in IR? with a boundary 99,
T > 0. Let Q be covered by a hybrid mesh 7, (see Figure 2.3.3), where h stands for the
discretization parameter. (We note that in extremal cases the hybrid mesh covers two
special types of meshes - a triangular one and a rectangular one.) Let Py, ..., Py denote the
interior nodes, and Py, ..., Py the boundary ones in 7;,. We also define Ny := N — N.

Let ¢1,...,¢x5 be basis functions defined as follows: each ¢; is required to be contin-
uous piecewise linear (over triangular elements) and bilinear (over rectangular elements)
such that ¢;(P;) = &;5, 4,5 =1,... , N, where d;; is the Kronecker symbol. For these basis
functions we have

iJ

¢;>0,i=1,...,N, (2.3.138)
N
d ¢i=1inQ, (2.3.139)
=1

i.e., the assumptions (2.3.75) and (2.3.80) are satisfied. As before, we will apply Theorem
2.3.61 to prove the non-negativity preservation property of such a linear/bilinear finite
element discrete mesh operator.
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Figure 2.3.3: An example of a hybrid mesh.

To do this, we give some preliminaries. The hybrid unstructured mesh 7;, consists of
triangles T; and rectangles R;, which together cover the solution domain € (see Figure
2.3.3).

Definition 2.3.69 Let T be a triangle with interior angles oy, oo, and ag. Let the number
or be defined as opr = min{ctg ay, ctg as, ctg az}. We say that the triangle is non-obtuse
if or > 0. We say that the triangle is of acute type if or > 0. We also introduce the
following parameters:

o = min o, A2, = min meas,T, A2, = maxmeas,T, (2.3.140)

TeTh man TETh TETh

where measyT denotes the area of the triangle T

Definition 2.3.70 Let R be a rectangle with the length of edges a and b. Let us define

the number
~ 2min*{a, b} — max*{a, b}

ab

We say that the rectangle is non-narrow if ug > 0. We call the rectangle strictly non-
narrow type if pr > 0. We also introduce the following parameters:

(2.3.141)

KR

7, = Min meass R, )\fm = max meass R, (2.3.142)

: #
= min pugr, A
H RET,;, R RET;, RET,

where meass R denotes the area of the rectangle R.

Remark 2.3.71 A rectangle is non-narrow if its longest edge is not greater than /2
times the shortest one.

Definition 2.3.72 We say that the hybrid mesh T, is of compact type if both o > 0 and
1w >0. We say that the hybrid mesh 7y, is of strictly compact type if o > 0 and p > 0.

In fact, any nonzero entry K;; of the stiffness matrix K, and any nonzero entry M;; of
the mass matrix M, presents a sum of several contributions calculated over triangles and
rectangles forming the intersection of the supports of basis functions ¢; and ¢;. In what
follows, we find what these contributions are equal to.

The contributions to the mass matrix M over the triangle 7"

T
(i #j), Milr= meZSQ : (2.3.143)
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The contribution to the stiffness matrix K over T' (with the vertices denoted by e.g., P,
P;, and Py) is equal to

1 S
Kij|T = —§Ctg Qjj (Z # j), (23144)
where «;; is the interior angle opposite the edge P;FP;. If the triangle T is non-obtuse,
then, obviously, K;;|r is non-positive. Further,
4

Kijlr = ———
4 measyT’

(2.3.145)

where [; is the length of the edge of the triangle T opposite the vertex P;.

Now we pass to the investigation of the contributions from the rectangular elements, i.e.,
form the rectangular element R with the edges ar and br. We can easily show that

meases R measy R . . measy R
Further,
2b% — a2 a% + b2 2a2, — b2

Kijlped——£2 & __R_R R _TRAL (L), 2.3.147
| { 6measy R’ 6Gmeass R’ 6measy R (i 7#7) ( )

If the rectangle R is non-narrow, then Kj;;| is non-positive. Also,

a% + b2

Ki|lp= 2 —£ 2.3.148
[n 3measy R ( )

In the following we formulate three lemmas which give sufficient conditions for the
requirements (P1’)-(P3") in Theorem 2.3.61, respectively.

Lemma 2.3.73 Let the hybrid mesh T}, be of compact type, then K;; <0 for i # j, i =
1,.,N, j=1,...,N.

PrROOF. We denote supp¢; Nsupp¢; by S, then for K;;, i # j, we have

Ki; = /grad@ -gradg; dr =
Q

= Z /gradqu - grade; dr + Z /gradqu - grade; dx (2.3.149)

RCS 'y TCS 3,

= ZKU|R+ ZKij|T S 07

RCS TCS

because the values K;;|r and K;;|r are non-positive for any non-narrow rectangle and any
non-obtuse triangle, respectively. m

Lemma 2.3.74 Let the hybrid mesh Ty, be of strictly compact type, i.e., p >0 and o > 0,
then Az’j = Mij + 0At Kij < 0, 7 §£ j, 1= 1, ...,N, j = 1, ...,N, prom'ded that

1
At > . — (2.3.150)
66 min{_—5—, =}

# 9
3)\7710,23 max
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PrOOF. We denote supp¢; N suppg; by S, then
Mij + OALKj = 37 peg(Mijlr + 0ALKGj | R) + 35 g(Mijlr + ALK |r) <

measy R R measy T or
< — OAt— —OAt— | <
<3 (MR ey ) e X (M o) <

RCS

measy R measy T’ o
<Z< o 0At ) Z( 5 —0At§>§

RCS TCS
< Z measp R oA Fmeass R meass R Z meang N measyT < (2.3.151)
12 6 meass R 2 measyT’
RCS
measy R 0 meaSQR meang o measyT’
< — 0At OANt———— | <
%( 12 6 Mnax ) Z( 2 \mar /

1 At 1 o
< measyS (E — 07 min{ TEIREY }) <
This completes the proof. m

Lemma 2.3.75 Let the hybrid mesh Ty, be of strictly compact type, i.e., p > 0 and o > 0,
then By = M;; — (1 —0)At K;; >0, i=1,....,N, provided that

1
At < . : (2.3.152)
9 (1~ 0) max{ 2=, T )

main

— max { ma:L‘

where v, .. = max{ CosT

In the formulation of the lemma we have used the notation [,,,, for the length of the

longest edge in T" and
+ b%,
#  — max{ 2B
Tmaz RET, { meang}

PrROOF. We have the following lower estimations:

= Z(Mii|R — (1 = 0)AtKy|r) + Z(Mu|T — (1 =0)AtKy|r) >

RCS TCS
measy R a3, + b%, measy T’ 12
> — (1 -0)At————-- —(1—-0)At—2— | =
- R;S < 9 ( ) 3measy R + TZCS 6 ( ) 4meas, T

meass R ’Viax measy T’ %%ax
22( 3 _(1_9)AtT)+Z< 5 —(1—«9)AtT >

RCS TCS

> measyS ! (1 — 0)At max{ Vioe  Vimas }
m - —(1- max
-\ BAE, AN,

min mwn
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This completes the proof. m
From Lemmas 2.3.73-2.3.75 it follows immediately

Theorem 2.3.76 The linear / bilinear finite element heat conduction discrete mesh oper-
ator on a hybrid mesh of strictly compact type is non-negativity preserving if the conditions

1
At > - = (2.3.153)
60 m1n{—3)\gaz, m}
and 1
At < ” — (2.3.154)
9(1— 0) mac{ o=, e
are fulfilled.

Remark 2.3.77 For pure rectangular meshes we have the weaker lower bound for At in

the form
#

A
At > B2 2.3.155

because in (2.3.151) we can apply a weaker estimation [44]. For a square mesh with the
step-size h the sufficient condition of the non-negativity preservation is

B2
At > 30 (2.3.156)

and 12
At < m, (2.3.157)

respectively. This shows that in this case the non-negativity preservation can be guaranteed
only (with our sufficient condition) for methods with 0 > 2/3, i.e., the Crank-Nicolson
scheme is not included.

Now we consider the operator L, defined by (2.3.137), in higher dimensions i.e., for
d > 3. We assume again that Q C IR? is a polytopic domain with a boundary 9.1 Let
Q2 be covered by a simplical mesh 7. For this case we are also able to define the elements
of the local mass and stiffness matrices [20].

The contributions to the mass matrix M over the simplex 7"

1 . . 2
Mol =gy et U7 Ml =iy

The contribution to the stiffness matrix K over the simplex 7' is equal to

measgT.  (2.3.158)

(measq_1S;) (measq_15;) (measd_lsi)2

Kij|T = - COS 74, (Z # j)7 Kii’T = . (2-3-159)

d?measyT d?measyT

Here T' is a simplex with vertices Py, ..., Pyy1, S; is the (d — 1)-dimensional face opposite

to the vertex F;, and cos~;; is the cosine of the interior angle between faces S; and Sj.

In the following we formulate those conditions which guarantee the requirements in The-
orem 2.3.61.

10Mostly we assume that  is a d-dimensional rectangle, which is also called as orthotope, hyperrec-
tangle, or d-dimensional box.
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(P1") When the condition

holds, then clearly K;;|r < 0.

(P2') Based on (2.3.158) and (2.3.159), we have

TCT},
(measq_1S;)(measq_1S;)
= - T — 0 At ) i
Z { d+1) d + 2>measd d’measqT eO8 g

TCT,
(2.3.161)
Hence, a sufficient condition of (P2') is that each term in the above sum is non-
positive, i.e.,

d? 1 (measyT)?

At > . 2.3.162
~ (d+1)(d+2) 0 cosy;; (measq_1S;)(measq_1S;) ( )
(P3’) Based also on (2.3.158) and (2.3.159), we also get
My — (1= 0) AtKy; = Y (M — (1 0) AtK;) =
TCT,
(2.3.163)

(measd_ISi)Q
- T — (1 — ) Ap 28151
=2 d+1 @ niar ) measT — (=0 A saT

TCT,

A sufficient condition of (P3') is that each term in the above sum is non-negative,

ie.,
2 2
Ats Ty 12)C(ld+ %) 1 . g <$§§§fs)>2 (2:3.164)
Let us introduce the notations:
S, = mingpcy, (measq_1S;), S* = maxrcr, (measq—15;), (2.3.165)
T, = minpcz, (measgT;), T* = maxycr, (measqT)), (2.3.166)
D = min cos ;. (2.3.167)

We can summarize our results as follows.

Theorem 2.3.78 Let us assume that the simplical mesh 7, is of the strictly acute type,

e., the geometrical condition (2.3.160) is satisfied. Then, for At chosen in accordance
with the upper and lower bounds (2.3.162) and (2.3.164), the linear finite element discrete
mesh operator L is non-negativity preserving.

Corollary 2.3.79 Under the condition

d? 1 /T*\? 2 2 1 [/T.\?
) <A< > 2.3.1
(d+1)(d+2) g4 (S*) = A= (d+1)(d+2) 1-6 (S*) (2.3.168)

the linear finite element discrete mesh operator on the strictly acute simplical mesh is
non-negativity preserving.
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In practice, we apply the condition (2.3.168). Therefore, it is worth analyzing when it
is applicable.

Definition 2.3.80 For an acute simplical mesh 7}, the number

1S\ (T*\°
Md(Th):W (S_*) (f) (2.3.169)

*

15 called the uniformity number of the partition.

Clearly, pq(7,) > 1 and the sufficient condition (2.3.168) can be applied only when

20

is true. Let us notice that (2.3.170) can be written as

(d) 2 p1q(7n)
> =
0= % 2+ pq(7y)

Remark 2.3.81 We note that on the uniform mesh 7, we have S* = S, and T* = T,.
Hence, for this case

(2.3.171)

1 @ 1
wa(7p) = — and 6y = ———. (2.3.172)
,%((d) 0 27£d) 1

In the 2D case this implies the following. Since min(max-~y;;) = m/3, therefore 79) =0.5.
Therefore, on the uniform mesh, according to (2.3.172), we get 9(()2) = 0.5, which means
that the Crank-Nicolson scheme is applicable. However, as one can see, for the other
cases 0(()2) > 0.5, w.e., the Crank-Nicolson scheme is not included. In the 3D case for
the uniform partition we get 7£3) = cosv;; = 1/3. Therefore, on the uniform mesh,
according to (2.3.172), we get 0 = 0.6. This means that the Crank-Nicolson scheme is
not applicable. Finally we remark that with the increase of the uniformity number of the
partition, the interval of the admissible values 0 is getting shorter and it is approaching
the only possible choice 6 = 1.

2.4 The Crank-Nicolson scheme to the heat equation

In what follows we apply our results to solving the homogeneous heat equation with some
prescribed initial condition. (We assume that the boundary conditions, if they exist, are
included into dom L.) Applying some approximation to the operator L, we obtain the
discrete mesh operator £, and hence we get the equation

Lv=0. (2.4.1)

This yields the following algebraic problem: knowing the values of the mesh function
v at the points of the discrete parabolic boundary, using (2.4.1), we seek its values at
the interior mesh points. When L is a two-level discrete mesh operator, then the above
algebraic problem leads to the one-step iterative method of the form

V" = o (q, MY K1 (2.4.2)

for n = 1,2,... with given v°, which is defined from the initial condition.
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Remark 2.4.1 For simplicity, for bounded (), we assume that the boundary conditions
are homogeneous. When ) is unbounded, then M(()") and K(()n) are infinite matrices.

The function 74 (q, 1\/1[()")7 K(()n)) is called the stability function of the method and it is
derived in the following way: for the numerical solution of the semidiscretized problem

1

MYy (1) = 55K y(0: MY y(0) = o, (24.3)

we apply some one-step numerical integration method, which is based on the rational
approximation 7(z) of the exponential function exp(z).! When

1+ (1-0)z

r(z) =ro(2) = —F 5 (2.4.4)

with 6 € [0, 1], then the corresponding stability function is
-1
Palq, MY, K(V) = 1y (q(Mé”)) Kg">) — (M — oK) (M) 4 (1-0)K) (2.4.5)

for n =1,2,.... Let us notice that (2.4.2) and (2.4.5) are equivalent to (2.4.1) with the
choice £ as in (2.3.17).

The Crank-Nicolson method!? corresponds to the choice # = 0.5, i.e, for the finite
difference approximation its stability function reads as

ren(qgKo) = (I — 0.5¢Ko) (I + 0.5¢K,), (2.4.6)

where, for simplicity, we omit the notation of the dependence of the matrix Kq on n.

In what follows we consider this method in more details. As it is known, due to its
higher time accuracy, it is of a special interest. It is well known that this method is
absolute stable, therefore it is convergent for any choice of the discretization parameters.
In this part we analyze the usage of this method for the simplest heat equation operator
(2.3.81) in 1D.

According to Table 2.3.2, the condition g < 1 is a necessary and sufficient condition of the
discrete non-negativity preservation, for any number of space partition. Due to Theorem
2.3.10, this condition also guarantees the discrete maximum norm contractivity property.
However, this is not a necessary condition for it. As it is shown in [80] and [69], the exact
condition in this case is ¢ < 1.5.

Corollary 2.4.2 According to the above observation, the implication DNP = DMNC
i Figure 2.3.1 cannot be reversed. We note that the necessary condition of the discrete
non-negativity preservation for all numbers of partition (q < 2(2—+/2)) is more restrictive
than the above exact condition of the discrete maximum norm contractivity.

Hence, we can summarize the results as follows.

HWe attract attention, that, inspite of the previous notation in (2.3.67) and later, here the matrix Kg
does not depend on At and h.

12John Crank (1915 - 2006) originally worked in industry on the modelling and numerical solution of
diffusion in polymers. In 1943, working with Phyllis Nicolson (1917-1968) on finite difference methods for
the time dependent heat equation, he proposed the Crank-Nicolson method which has been incorporated
universally in the solving of time-dependent problems since then. Their first result on this method was
published in [29].
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Theorem 2.4.3 The finite difference Crank-Nicolson mesh operator, which corresponds
to the one-dimensional continuous differential operator L in (2.3.81), has the following
qualitative properties:

e [t satisfies the discrete strong mazximum principle (and hence all other qualitative
properties) for any number of the uniform space partition if and only if the condition
q € (0,1] holds.

e [t satisfies the discrete strong mazximum principle (and hence all other qualitative
properties) for a sufficiently large number of the uniform space partition if and only
if the condition q € (0,2(2 — /2)] holds.

e For the values q € (0,1.5] it is contractive in the mazimum norm.

In the sequel, we analyze the qualitative behaviour of the operator “after the death”, i.e.,
in the case ¢ > 1.5.

2.4.1 Some preliminaries for the Crank-Nicolson scheme

To our theoretical investigation, we consider the initial value problem for the heat equation
in an infinite space domain. Then the numerical solution of the one-dimensional heat
equation

ou  0%u

Lu=Zr—o5=0 2R, 120, u(,0)=u(z), R, (2.4.7)

by the Crank-Nicolson scheme leads to the one-step iterative method
v =ron(@Ko)" ! n=1,2,.... (2.4.8)
We recall that here K is the infinite tridiagonal matrix
K, = tridiag[1, —2, 1]. (2.4.9)

According to the usual theoretical investigations, the approximations are sequences v" =
{v7}120 0 ~ {u(jh,nAt)};2°  of complex numbers and v° is defined from the initial
function wuyg.

For 1 < p < +o00, let [, be the Banach space of all the p-summable sequences of

complex numbers z = {z;}1°° | endowed with the standard norm

j=—o00"
+00 1/p
||z||p=h””(2 |zj|p> . 1<p<+ox,
Jj=—00
and
|z lo=sup |zl
—oo<g<+00

It is also well known (see, e.g., [139]) that for all 1 < p < 400 the numerical method
is stable independently of the step-sizes, i.e., independently of ¢g. This means that there
exists Cp, > 0 such that

I e (Ko) < Cp (2.4.10)

for all ¢ > 0. As a consequence of the stability, it turns out that for sufficiently smooth
initial data ug the Crank-Nicolson discretization attains the second order accuracy without
any restriction on gq.



2.4. The Crank-Nicolson scheme 60

Remark 2.4.4 Let us point out that if ug s a non-smooth initial data, i.e., uy is merely
in L,, the above accuracy requires certain restrictions on q [140], which spoils the use of
an implicit method. However, if we use the implicit FEuler method for the first two steps,
vt and v?, and the Crank-Nicolson scheme (2.4.8) for n > 3, then the usual second order
is also attained for non-smooth initial data, without any restriction on q [63, 92]. Further
analysis of this combined method can be found in Section 2.4.4 and in [50].

Henceforth C), denotes the smallest possible constant fulfilling (2.4.10), which is called the
stability constant in the corresponding norm. Since (2.4.8) is absolute contractive in the
lo-norm, we have Cy = 1. In [120] (see also [139]) it is proved that Co, < 23 (see [121] for
a related result). Due to Lemma 2.4.3, the method (2.4.8) is contractive in the maximum
norm only for the values 0 < ¢ < 1.5. Therefore, clearly C, > 1.

Our aim is to sharpen the upper bound for the constant C,. (In the sequel we follow
the analysis of the paper [51].)

In our consideration we make use of a resolvent estimate for the operator Ky. Let us
set ¢ = arg(z), then, for |p| < 7, the resolvent

R(z,Ko) = (2 — Kg)*

exists'® and the following estimate (see [37])

| Rz, Ko) [l 2212 (2.411)

E

holds. moreover,we note that the factor sec(p/2) in the above estimate is sharp (see [4]
for related results). Consequently, the theory of sectorial operators can be employed.

Remark 2.4.5 In practice, very often we have to consider the initial-value problem for
the heat equation, posed in a bounded interval, along with either Dirichlet or Neumann
boundary conditions. Notice that after a suitable extension of the initial function (i.e.,
a periodic one that is either odd or even with respect to the extremes of the interval),
the problem is transformed into a pure initial value problem on the whole IR. Then it is
straightforward to prove that the constant Cy is an upper bound of the stability constant
for the original initial boundary value problem.

2.4.2 Lower and upper bounds for C

In this section, first we derive the exact value of || 7oy (¢Ko) || for any g > 0. Clearly,

this value serves then as the lower bound for C,,. (For some related results we refer to
[80] or [139].)

Theorem 2.4.6 The equality

| rex(qKo) | ! for 0<g<3/2, (2412)
Ten\g co— 4.
0 3— 1i2q for ¢ >3/2,

holds.**

I3For the resolvent we use the conventional notation in the semigroup theory, omitting the notation of
the identity operator.

14The relation (2.4.12) shows that the Crank-Nicolson method is contractive in the maximum norm
really only for ¢ < 1.5.
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PROOF. Let now E : [, — I denote the shift operator {z;}32  — {z;41}32 .
Since Ko = E7! — 21 + E (where I, as before, denotes the identity operator), then, at

least formally, we have
o

ren(Ko) = > ¢F,

j=—o0

where the coefficients ¢, j are the ones of the Laurent expansion of the function

p(z) =ron(g(zt =2+ 2)) = > 2.

j=—00
Moreover, the relation
| ren(9Ko) llo= Z el (2.4.13)
j=—o00
holds [139]. Thus, we have to develop the rational function

4z
22 =2(1+q)z+q

p(z) = —1—

Obviously, the roots of the denominator are o and (3, where § = 1/« and « can be
expressed as a = (1+¢—+/1+2q)/q < 1. Using the decomposition into simple fractions,
an easy computation results in

i%s" 4o > i _j
go(z):—l—f—q(l_az)—i—q(l_aQ)Zoz(z +277).

Since
a 1 B q
1—a?2 f—a 2J1+2¢
and

+oo ‘&‘
> led|=

using (2.4.13) leads to

2 ’ LA+ g— VT 29) (2.4.14)

VI+2q 1+2¢—+1+2q
If the expression in modulus is non-negative, that is if ¢ < 3/2, then the right-hand side

is equal to one and the first part of the statement in (2.4.12) is proved. For ¢ > 3/2 the
second equality in (2.4.12) follows easily after writing

I rox(aKo) e \—1 ;

2 2
1+ 1-

JTr2q| VIt 2g

Corollary 2.4.7 Since the right-hand side of (2.4.12) is an increasing function of q, the
relation
i | ron (aKo) o= 3 (2.4.15)

yields that || ron(qKo) ||eo< 3 and the number 3 is the smallest one with this property.
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In the sequel, using the resolvent estimate (2.4.11), we give upper bounds for
| 728 (GKo) ||oos m > 1. To this aim the basic point is the Cauchy integral representation

(see [106])

1

rén(@Ko) = rén(00) + —/ ren(2)R(z,¢Ko) dz, (2.4.16)
2177' Fn(aﬂp)

where T',,(a, ) is the positively oriented boundary of the domain
{z€C :a/n<|z| <4n/a, |arg(z)| <¢p}.

This path I',, depends on n and on the two parameters 0 < ¢ < 7 and 0 < a < 2. From
this representation and by the resolvent estimate (2.4.11) we get,

e (0Ko) oo <14 lren(2)

dz|.
27 e "N T eostarg )72 1!

Noticing that the integrand is symmetric with respect to conjugation, the above integral is
twice the contribution due to the part of I',,(a, ¢) lying in the upper half plane. Moreover,
for n = 4/~ we have

1 1
" dn| = " dz|.
e costarat 72 11 = T N o ara 1727 1
Therefore,
2 n n
It (@Kol <1+ = (17 (0, 0) + 1§(a,9))
where
(n) ’ iy P
0.0) = selof) | rentoen)
and

<p .
1(ae) = [ Irewtaet )" sects/2) do.
0
On the other hand, for p > 0 and 0 < 0 < 7, we have

8pcos b
4+ p2—4pcost’

lron(pe®)? =1+ (2.4.17)

and therefore
(a) dlren(pe)] /00 < 0,if 0 <0 < m,
(b) dlren(pe®)|/dp > 0,if 0 < 0 < 7/2,
(c) Olren(pe®)|/Op <0, if T/2 <6 < 7.

Hence, the integrand in Il(")(a,go) is the product of two monotonic mappings w.r.t.

the variable p, while the one in [én)(a, ) is the product of two monotonic functions w.r.t.
the variable f. Thus, the upper Riemann sums of these integrals can easily be estimated.
By means of a simple MATLAB program, for a given n we can minimize the estimations
of the upper Riemann sums corresponding to a grid of values of a and ¢. We do not
take these numerical estimates till the limit, since with this approach we do not expect
to achieve an optimal estimate of C,, but rather bounds of a reasonable size. In this way
we can construct Table 2.4.1. (The upper Riemann sums corresponding to the indicated
values of the parameters a and ¢ are overestimated by using the package INTLAB [115].
For this reason the displayed bounds for ||rcn(¢Ko)" || are fully reliable.)
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a \ © \ bound for ||7en(¢Ko)™||co ‘
1.9100 | 0.0460 3.24470834246243
0.7396 | 1.8538 4.25470131010134
0.7630 | 2.0537 4.32262088486189
0.7702 | 2.0901 4.31834433976687
0.7702 | 2.0901 4.30073678468435
0.7720 | 2.0940 4.28502942256316
0.7720 | 2.0940 4.27311136432081
0.7720 | 2.0901 4.26439687442123

ol | O] Ut iIx| W o]~ 3

Table 2.4.1: Bounds of stability constants for the fixed time levels.

It is worth noticing the accurate estimate for n = 1 (recall Corollary 2.4.7). Clearly,
from Table 2.4.1 we obtain

lren(@Ko)floo <4323,  1<n<8. (2.4.18)

Next we are going to show that (2.4.18) is valid for arbitrary values of n. To this end

we first derive upper bounds for [ fn)(a, ¢) and Ién) (a, ) that are independent of n > 9.
For 0 <0 <mand 0 <p <2, (24.17) implies

, 4pcos
0| < 2.4.19
[ron(pe”)| < exp (4_|_102_4p(:059>7 ( )

and hence we also get

. 4 0
rentpe)" <exp (5200 0o (24.20)
—p
and
, 4np| cos |
i0y|n < _ > 2<0<m.
rentpe)" S exp (<L) pzan wjpse<n
(2.4.21)
Therefore, forn > 1,0 < a < 2, and 7/2 < ¢ < 7, by (2.4.21) we have
() ’ ioyn 4P
177 (a,0) = sec(p/2) / [ren (pe'?)| n
2 dnp| cos ¢ dp
Ssecg02/ exp(— >_
W2 ], ST @ + aameos ) o
+o0 e U
< — au.
< sec(p/2) o " du
4+(a/n)2+4(a/n)| cos ¢
Now, recalling the formula (see, e.g., [105])
© -0 +oo k-1 .k
-1
/ e—daz—lnp—7+z( ) p—', p >0, (2.4.22)
» O P k k!
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where 7 denotes the Euler constant (y = 0,57721...), we deduce the following bound for
I(n)( )

1 a, SO
(_1)k—1 k

il
koKD

3
I"(a, ) < J"(a,0) = —Inp—y+ > (2.4.23)
k=1

with
4al| cos ¢|

T4+ (a/n)?+4(a/n)| cosp|
On the other hand, again by (2.4.19)-(2.4.20), we can bound

D

IQ(n) (CL7 SO) S ‘]2n) (a’a 90)7

where

I (a, ) = /Oﬂ/zsec(Q/Z)eXp (%) 4

¢ 4a| cos )|
* /m sec(8/2) exp (‘4 T (afn)? + A(a/n)] coser) .

Noticing that both I}n) (a, ) and Jén)(a, ¢) are decreasing in n, we finally conclude
that forn > ng > 1

Iren(@Ko)le < 1+ 2/m) (17(@.0) + 1§”(a. )
< 1+2/m) (1", 0) + 1 (0, ¢)
<

L+ (2/m) (S (a.0) + I (a,9))

Now we take ng = 9. A simple calculation shows that each integrand in the two
integrals defining Jég)(a, ) is a product of two monotonic functions. Therefore, JQ(Q) (a, )
can be easily estimated by an appropriate upper Riemann sum. Thus, we can proceed as
we did before when obtaining the table: Jl(g)(a, ©)+ J2(9)(a, ) is estimated over a discrete
grid of values of a and ¢, and then we minimize these estimations in a and ¢ over the
grid. In this way, by using again the INTLAB package, we can prove that for a = 0.6675
and ¢ = 2.0200 we have

2
1+ = (Jl(g)(a, ) + J9(a, gp)) < 4.32360575826713,
T

which establishes the validity of (2.4.18) for n > 9.

Finally, we can summarize our results as follows.

Theorem 2.4.8 The finite difference Crank-Nicolson scheme is stable and contractive
in the la-norm for any choice of the mesh sizes. In lo-norm (the maximum norm) it is
also stable for any step sizes. However, in this space it is contractive only for the values
q € (0,1.5]. Howewver, for any choice of the step sizes it is not necessarily contractive, and
the mazimum norm of the initial function can increase by a factor of Cs al most, where

Cw € [3,4.324).
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2.4.3 Maximum norm contractivity and accuracy of the Crank-
Nicolson scheme

Applying the Crank-Nicolson discretization to the heat conduction problem, our aim is
to get reliable numerical model. This means that we have to guarantee the maximum
norm contractivity, too. However, as we have already seen, this requires a bound for the
discretization step-sizes. In this section we consider this condition and analyze its effect
to the numerical accuracy.

For one-step finite difference methods which are based on some rational approximation
of the exponential function, Spijker has shown in [129] that there is an order barrier:
only methods with first order of accuracy can be contractive in the maximum norm for
all ¢ > 0. (Such a method is the backward Euler method with the stability function
ree(qKo) = (I — qKy)™L.) For higher order methods it is necessary to restrict the choice
of ¢ (from above) in order to preserve the maximum norm contractivity. As we have seen in
the previous section, in Theorem 2.4.8, for the second order Crank-Nicolson scheme, when
ren(qKo) = (I + 1K) (1 — %KO)_1 is applied to the one-dimensional heat equation, then
the sharp restriction is ¢ < 1.5. Therefore, the use of the Crank-Nicolson scheme requires
the choice of a very small time step 7 in the case of a small space discretization parameter
h if we want to preserve the maximum norm contractivity. One of the main problems when
using the Crank-Nicolson scheme is that it preserves the maximum norm contractivity
only for ¢ < 1.5. This means that if we have a fine mesh for the space variable, we
must choose the time step 7 < 1.5h% in order to have maximum norm contractivity. For
large values of N (where N denotes the number of the partition in space, i.e., h = 1/N) it
would mean very small (even useless) T and it requires considerable computational efforts.
Moreover, this also results in an essential loss of accuracy: the computational error, as the
result of the large number of iteration steps, might cause an essential loss in the accuracy,
i.e., the scheme may loose its second order accuracy.

We illustrate this problem on the numerical solution of the initial-boundary value
problem

ou  0*u
o5 "z =0 t>0 ze(0D),

u(0,t) =u(l,t) =0, t>0, (2.4.24)

u(z,0) = up(x), x€]l0,1].

We demonstrate the behaviour of the numerical solution on two examples, namely, one
with a smooth initial function and one with a non-smooth initial function. In the examples
we compare the errors at the same fixed time level T' = 1.

EXAMPLE 2.4.9 The first model problem is (2.4.24) with the smooth initial function
up(z) = sin(wz). The exact solution is u(x,t) = sin(mx) exp(—m2t).

EXAMPLE 2.4.10 The second model problem is (2.4.24) with the non-smooth initial
function

(1 ifxze0.25,0.75)
uo(2) = { 0 otherwise .
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q 100 50 40 20 10 8
CN-error | 6.35(—5) | 4.14(—5) |3.10(=5) | 8.79(—6) | 1.53(—6) | 6.04(—7)
BE-error | 6.90(—3) | 1.60(—3) | 1.00(—3) | 2.81(—4) | 9.83(—5) | 7.29(—5)
q 7 6 5 1 2 15
CN-error | 2.22(—7) | 1.147(=7) | 4.05(=7) | 6.40(—7) | 9.54(—7) | 9.89(—7)
BE-error | 6.27(=5) | 4.86(—5) | 407(=5) | 3.15(5) | 1.50(=5) | 1.20(=5)
q 1 0.4 0.1 0.05 0.01 0.005
CN-error | 1.03(=6) | 1.06E(—6) | 1.06(—6) | 1.06(—6) | 1.06(—6) | 1.06E(—6)
BE-error || 7.75E(—6) | 3.67(—6) | 1.70(—6) | 1.38(—6) | 1.12(—6) | 1.09(—6)

Table 2.4.2: The maximum norm error for A = 0.05 for the CN and BE methods.

q 4000 2000 1500 1000 500
CN-error || 3.16(—5) | 9.70(—6) | 5.12(—6) | 2.54(—6) | 6.35(—7)
BE-error || 9.91(—4) | 2.76(—4) | 1.58(—4) | 9.59(—5) | 3.91(—5)
q 400 200 100 40 20
CN-error | 4.03(—7) | 9.30(—8) | 1.54(—8) | 6.35(—9) | 9.46(—9)
BE-error || 3.00(—5) 1.38(—5) 6.59(—6) 2.58(—6) | 1.28E(—6)
q 10 1.5
CN-error || 1.02(—8) 105( 8) 105( 8) | 1.05(—8) | 1.05(—8)
BE-error || 6.43(—7) | 2.63(—7) | 1.37(=7) | 1.05(—7) | 7.35(—8)

Table 2.4.3: The maximum norm error for A = 0.005 for the CN and BE methods.

The exact solution is

21 3
- Z — (cos —— — COS Zm) sin(mrz) exp(—m*n?t).
m

>1

First we consider the maximum norm error of the Crank-Nicolson (CN) and the backward
Euler (BE) methods, applied to the numerical solution of Example 2.4.9, on different
meshes. Table 2.4.2 and 2.4.3 show that by refining the mesh under the maximum norm
contractivity condition, the Crank-Nicolson scheme loses its higher accuracy with respect
to the backward Euler method and in limit they result in the same accuracy.

The following Tables 2.4.4 - 2.4.6 serve to demonstrate the behavior of the maximum
norm error of the Crank-Nicolson scheme with further different discretization parameters.
These results show that the optimal accuracy of the Crank-Nicolson scheme is attained
at some value ¢opt = qopt(h) which is greater than 1.5. Moreover, by decreasing h (that

q 10 5 2 1.5 1
error || 2.93(—5) | 5.93(—6) | 2.62(—6) | 3.23(—6) | 3.92(—6)
q 0.5 0.1 0.05 0.01 0.005
error || 4.25(—6) | 4.35(—6) | 4.36(—6) | 4.36(—6) | 4.36(—6)

Table 2.4.4: The maximum norm error of the Crank-Nicolson scheme for h = 0.1.
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q 1000 500 250 160 80 40 20
error | 0.245 | 0.014 | 9.54(—5) | 3.14(—5) | 9.48(—6) | 2.29(—6) | 3.84(—7)
q 16 43 1.6 1.5 1 0.8 0.16
error | 1.52(—7) | 1.57(=7) [ 2.59(=7) | 2.59(—7) | 2.61(—7) | 1.85(=7) | 1.86(—7)
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Table 2.4.5: The maximum norm error of the Crank-Nicolson scheme for h = 0.025.

q 1000 500 100 50 40 30
error || 3.16E(=5) | 9.67(—6) | 3.72(—7) | 6.16(—8) | 2.43(—8) | 4.61(—9)
q 20 10 5 L5 1 0.5
error | 2.54(—8) |3.79(—8) | 4.10(—8) | 2.96(—8) | 2.97(—8) | 2.97(—8)

Table 2.4.6: The maximum norm error of the Crank-Nicolson scheme for h = 0.01.

is, by refining the mesh), the values ¢, are increasing. Table 2.4.7 shows the loss in
the accuracy. The fifth column in this table shows how much more CPU-time is used to
obtain the less accurate result (with ¢ = 1.5). The accuracy with the choice ¢ = 1.5 is
attained with some g,y > 1.5, too. The approximate values of these parameters and the
corresponding CPU ratios are included in the last two columns.

Let us compare the above numerical methods on the non-smooth problem, i.e., on the
Example 2.4.10 by using the Crank-Nicolson and the backward Euler methods.

Table 2.4.8 summarizes the errors in maximum norm for the Crank-Nicolson and back-
ward Euler methods. The behaviour of the Crank-Nicolson scheme is similar as for the
smooth initial function. However, the smoothing property of the backward FEuler method
is considerable. We remark that the same conclusions can be made for the other choices
of h.

The Crank-Nicolson scheme has a local error O(7? + h?). Therefore, the optimal accuracy
(i.e., second order), is achieved when 7 ~ 1/N, (i.e., 7 ~ h) and not at 7 ~ 1/N? which
is required by the contractivity condition. (The latter implies that for a fixed h the order
of the error is defined only by 7.)

’ h H Qopt ‘ error H error for ¢ = 1.5 H CPU ratio H Qbig ‘ CPU ratio ‘

0.1 | 2 [262(—6) 3.23(—6) 1.266 10 3.07
0.05 | 4 [6.40(=7) 9.87(=7) 2.71 8.7 5.80
0.025 | 16 | 1.52(—7) 2.59(=7) 10.81 18 12.00
0.01 | 30 | 4.61(—9) 119(—8) 20.5 15 30.00
0.005 || 40 | 6.35(—9) 1.05(—8) 27.6 04 62.67
0.004 [ 62.5 | 2.57(—9) 6.71(—9) 29 [ 1125] 75.00

Table 2.4.7: Comparison of the accuracy and consumed CPU time.



2.4. The Crank-Nicolson scheme 68

q 4000 2000 400 200 100

CN-error || 0.4765 0.4438 0.2397 | 7.86(—2) | 2.30(—3)

BE-error || 8.99(—4) | 2.51(—4) | 2.76(—5) | 1.29(—5) | 6.35(—6)
q 75 60 50 45 40

CN-error || 8.18(—5) | 1.48(—6) | 3.68(—7) | 3.69(—7) | 3.71(—7)

BE-error || 4.83(—6) | 3.88(—6) 3.30(—6) 2.99(—6) | 2.70(—06)
q 20 10 1.5 1

CN-error || 3.73(=7) | 3.74(—=T7) | 3. 74( 7) | 3.74(=7) | 3.74(=T)

BE-error || 1.53(—6) | 9.48(—=7) | 6.61(—7) | 4.60(—=7) | 4.31(=7)

Table 2.4.8: The maximum norm error for A = 0.005 for the CN and BE methods for a
non-smooth initial function.

2.4.4 Maximum norm contractivity for the modified Crank-Nicolson
scheme

In order to guarantee the maximum norm contractivity, for any fixed space discretization
parameter h we can select only such time discretization step-size At which is bounded from
above by 1.5h%. As we have seen, this makes the Crank-Nicolson method less attractive.
Our aim is to construct such a method which eliminates this requirement. We construct
such a second order method for the one-dimensional heat equation which is contractive
in the maximum norm, however, in fact, does not impose any condition for A and 7.
(Clearly, due to the result of Spijker [129], such a method cannot be based solely on one
rational approximation of the exponential function.)

Our approach follows that of Luskin and Rannacher, who introduced a second order stable
approximation method with optimal convergence properties by combining the robust sta-
bility and approximation property of the backward Euler method with the second order
accuracy of the Crank-Nicolson scheme (see [92], [112]). This result was generalized by
Hansbo in [63] to Banach spaces. However, in these works, qualitative properties (such
as the maximum norm contractivity) were not considered.

Because we will select the time discretization parameter 7 for a fixed h, we will make a

distinction in our notations. Let operator A be a generator of the semigroup 7'(¢) in a

normed space X. (We recall that the stability functions of the Crank-Nicolson and the
backward Euler method for this operator read as

T T

TCN(TA) = (I + §A)(I - §A>_1, T’BE(TA)

=(I—-7A)" (2.4.25)

respectively.)
Let us assume that the strongly continuous semigroup 7°(¢) is bounded, i.e., the relation

Tl < M (2.4.26)
holds for some M > 1 and all ¢ > 0. (For the heat equation (2.4.24) M = 1.) We say
that an approximating operator family {V,,(7A)}>°, is unconditionally bound preserving
(in the Banach space X), if

IVa(rA)|| < M (2.4.27)
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for all 7 > 0 and n € N and for all M with the property (2.4.26). If (2.4.27) holds
only for the values 7 < 7* with some 7 > 0, we say that the approximating operator
family {V,,(1A)}°°, is conditionally bound preserving. By the Hille-Yosida theorem, the

backward Euler scheme
Voi(TA) =rip(TA)

is unconditionally bound preserving. Whereas, as we have seen, the Crank-Nicolson

scheme
Vo(TA) = rin(TA)

is not bound preserving in an arbitrary Banach space.

In the next theorem we show how to construct second order unconditionally bound pre-
serving schemes for exponentially decaying contraction semigroups.

Theorem 2.4.11 Let A be a sectorial operator which generates the strongly continuous
semigroup T(t). Assume that ||T(t)|| < e for some w > 0 and allt > 0. Let ro(TA) be
a conditionally bound preserving scheme for 0 < 7 < 7*. Then there exists a positive inte-
ger ng such that ry” " (TA)rys(TA) is unconditionally bound preserving with the optimal
second order error estimation.

PROOF. According to Proposition 1 in [50], the scheme 75 " (T7A)rj,(7A) has the
optimal second order error estimation. Since 75(z) is A(6)-stable, it satisfies

|5 (TA)]] < M,y (2.4.28)

for all m = 1,2, ... with some M; > 0 [140]. By the Hille-Yosida theorem
1

J Al < —— 2.4.29
Irs(r A < (2.4.29)
foralln=1,2,... and 7 > 0. Now, let ng be such that
T * 1
||1rgs (T A)|| < i (2.4.30)

For 7 > 7* by (2.4.29),(2.4.30) and (2.4.28) we have:

n—m n n—mny n 1

[lry ™" (T Ay (TA)| < [[ry ™ (TA)|] [|rgp(TA)]] < Mg =1
If 0 <7 < 7% then ||r5 " (7A)|| <1 since r9(z) is conditionally bound preserving. Also,
Irgp(TA)|| < Grrgme < 1forall 7> 0. Thus, [[ry " (TA)rgp(TA)|| < 1. m
In the following we construct such a second order method for the one-dimensional heat
equation (2.4.24), for any h > 0, which is contractive in the maximum norm for any
7 > 0. In order to apply the above general results, we discretize first the space variable.
We denote by y;(t), (i = 0,1, ..., N) the approximation of u(ih,t), where h := % and N is
the dimension of the space discretization. Let the Banach space be X := (R || - ||o0)-
Then the equation for the semidiscrete solution can be written as

g(t) = Qu(t) =0, t>0, y(0)=y’ (2.4.31)

where Q = (1/h?)K, = (1/h?)tridiag[1, —2, 1] is sectorial and generates an analytic con-
traction semigroup on X with a growth bound w less than zero.
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Theorem 2.4.12 The combined scheme ry"(TQ)rEs(TQ) has second order accuracy.
Moreover, for a suitable ng, it is unconditionally bound preserving, i.e., contractive in the
mazimum norm for all T > 0 and n > ny.

PROOF. It is shown in [140] that ||rZy(7Q)|| < M for all n, N € N and 7 > 0. (In
particular, for ¢ := 7/h* < 3/2 we have ||[r%y(7Q)|] < 1 for all n € N (see Theorem
2.4.8). Therefore, the statement follows from Theorem 2.4.11. m

In the sequel we examine the question: how to define a suitable ny in Theorem 2.4.12 for

some arbitrary fixed 7 and h, i.e., for any ¢7. The backward Euler scheme satisfies

1
ch[XHch(1+ 2]

rBe(TQ)|le =1 — = g(7). (2.4.32)

for all 7 > 0 (see [69]). According to Theorem 2.4.8, ||7Zn(TQ)||co < 4.325 for all 7 > 0.
Therefore, if we fix the dimension of the space discretization N (or, equivalently, fix h) we

seek mgy such that the estimation g(7*)™" < 4.325 is true. Then g(7) < 432577 = B
for all 7 > 7*. Using the notation 8 := (1 — 4;)~!, the inequality g(7) < 3, is equivalent
to

N +1 h?

> J—
B > ch| 5 arch(1 + 27_)],
or
2arch( h?
> arch(1 + —).
N1 2 a4 o)
This yields
h2
T > .
~ 2[ch(22) — 1]

Finally, using the identity ch2y — 1 = 2sh®y, we have

h2
> _ (2.4.33)
— 2 archg’
4sh™5r
or, equivalently,
1
q Z Tchﬁ' (2434)
4sh™ 53y

It is easy to see that for a fixed N the sequence

1 1

4Sh2w - Qarch[(l—(#)%)*l}
N+1 4sh j\?ff

tends to zero as ng tends to infinity. Therefore, there exists ng such that (2.4.34) holds.
Using this formula ny can be determined. m

Although (2.4.34) allows us to define ng = no(7, N) such that the method is contractive
in the maximum norm, if we choose the dimension of the space discretization N to be
large, the value of ng becomes extremely big. Therefore, from the practical point of view
it is reasonable to choose some smaller but fixed nfj. In this case we select a suitable
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’ Hnozl‘n0:2‘n0:3‘n0:4\n0:5‘n0:10\n0:50‘
No=1 1.743 | 0.616 | 0.388 | 0.291 | 0.238 0.139 0.055
Ny =50 0.453 | 0.160 | 0.100 | 0.0076 | 0.0062 | 0.0036 | 0.0014

Ny = 10000 || 0.436 | 0.154 | 0.0097 | 0.0073 | 0.0060 | 0.0035 | 0.0014

Table 2.4.9: The values of 7 uniform for all N > Nj.

7 at a fixed N and nf. In this case we cannot use an arbitrary 7 > 0, but only those
T > 75(N,n§), where 74 can be computed via (2.4.33). Then we have a choice. Either
we use 7 < 1.5h2 (the uniform contractivity condition for the Crank-Nicolson scheme) or
T > Ty

For a fixed N and fixed ng, using (2.4.33) we obtain a lower bound
1

2.1.2archf
AN?sh™

7(N,ng) = (2.4.35)

for 7. This means that if we take any time step larger than 7, the combined method
is contractive in the maximum norm. If we look at the relations (which can be checked
directly)

1 N+1 1
4 h2 ( ];[F )2 4N2 h2 archf3 (2436)
arch”f3 sh™
1 1
darch?3 (202 )2sh? R

then it is easy to see what is going to happen with this lower bound 7(N, ng) if we increase
N by a fixed ng; i.e.,

1
lim 7(N,ng) = lim = .
N—00 ( 0) N—oo 4N25h2% 4arch?3

(2.4.37)

We can also see that the sequence of the upper bounds in (2.4.36) decreases monotonically
towards 1/(4arch?3). Therefore, we can give an upper bound, uniform in N > N, by
taking some fixed value Ny in 7(Ny, ng).

Table 2.4.9 shows the uniform lower bound for 7 for different values of Ny. The
indicated discretizaton parameters (i.e., h = 1/N and 7 > 7 in the table), by using
ng times the backward Euler method and n — ngy times the Crank-Nicolson method, we
guarantee the maximum norm contractivity of the combined method. The method allows
us to select much bigger 7 for some fixed h. (E.g., according to the usual contractivity
condition of the Crank-Nicolson scheme, in case N = 10000 for the maximum norm
contractivity we must choose 7 < 1.5 x 1078.) However, we can get low accuracy due to
the large local error. Therefore, in what follows, we aim to get sharper uniform sufficient
condition (e.g., smaller lower bound) for 7.

First we examine the monotonicity of the sequence of lower bounds in (2.4.35), i.e., in-
troducing the notation b = archf3, we want to define such an interval [0, b) on which

b
iy = 4N%sh? ——— 2.4.38
an S N—|— 1 ( )
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is a monotonically increasing sequence. Clearly, this is equivalent to the question of the
monotonicity of the sequence

b
= Nsh . 2.4.39
an S N1 ( )

Since

sh——| (2.4.40)

we introduce a new function

1 1
o(x) = —shx — Eth’ (2.4.41)
T

and we analyze its monotone decrease on (0,b/2). After computing its derivative, we

arrive at the condition )

the >z — :% (2.4.42)
The Taylor expansion of the function thx is
23 220 1727 L 227(227 — 1) By, 2?7}
thr=0— — 4+ — — cee = 2.4.43
CTPT T T ; (2n)! ! (2.4.43)

where B, denotes the Bernoulli number, defined as

nt16(2n) (2n)!

Bon = 2110

(2.4.44)

and
=1
C(S) - Ev

n=1

s> 1 (2.4.45)

is the Riemann zeta-function. Obviously, ¢ is a monotonically decreasing function.

Due to the estimates
Bonta  ((2n+2) 2n+2)! (2m)*" < (2n+1)(2n + 2)

= 2.4.46
By, ¢(2n) (2n)!  (2m)2nt+2 — 472 ( )
and
22n+2 -1
- =4 < 244
221 — 1 o =P (2.4.47)
the Taylor series for the function th is of Leibniz type whenever
™
r < —. 2.4.48
7 ( )
Hence, for such values we have the estimate
23
the > x — 3 (2.4.49)
The relations (2.4.42) and (2.4.49) show that under the assumption
3v5
b3V o3 (2.4.50)
7r

the function ¢ is monotonically decreasing on the interval (0,5/2). This yields the re-
quirement archff < 2.13, i.e., ny < 5.48.

Hence we get the following
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’ Hnozl‘n022‘n0:3‘n0:4‘n0:5‘
No=1 1.662 | 0.540 | 0.315 0.221 0.170
Ny =50 0.453 | 0.160 | 0.101 | 0.00759 | 0.0062

Ny = 10000 || 0.436 | 0.154 | 0.0097 | 0.0073 | 0.0060

Table 2.4.10: Sharper lower bounds for the values of 7 uniform for all N > N,.

1o 0 1 2 3 5
¢=5 | 4.92(=5) | 4.91(—5) | 4.78(=5) | 2.87(—5) | 4.51(—3)
g=1 | 1.01(=5) | 1.49(=5) | 1.91(=5) | 2.36(—5) | 3.34(—5)
¢=0.1] 1.85E(—5) | 1.86(—5) | 1.86(—5) | 1.86(—5) | 1.87(—5)
1o 10 25 50 100 250
g=>5 — — — - —

¢=1 | 6.41(-5) - — — —
q=0.1] 1.90(=5) |1.97(=5) | 2.10(=5) | 2.35(=5) | 3.18(—5)

Table 2.4.11: Maximum norm errors for h = 0.2 for the damped method for a smooth
initial function

Theorem 2.4.13 For some fized Ny we select T > 7(Ng,ng), where 7(Ng,ng) is chosen
according to (2.4.35). If we execute ng = 1,2,3,4,5 steps by the backward Euler method,
and n — ng steps by the Crank-Nicolson scheme, then the combined method is contractive
in the maximum norm on each mesh (h,7) where h =1/N and N > Ny.

The different values of 7(Ny, ng) can be found in Table 2.4.10.

2.4.5 Numerical experiments with the modified Crank-Nicolson
scheme

In the following we give numerical results for the damped method.

First, we analyze the behavior of the damped method on the problem with a smooth initial
function, i.e., on the Example 2.4.9. Tables 2.4.11 - 2.4.13 show the numerical results for
the damped method with different space discretization steps. Each table contains the
maximum norm error for different numbers of smoothing steps ng and time discretization
steps, (the values in the columns ny = 0 correspond to the Crank-Nicolson scheme and
the errors with bold numbers are the results of the backward Euler method). We observe
that with the increase of ny the damped method loses its accuracy and the “almost best”
choice is ng = 2. Table 2.4.14 shows the results for this fixed choice with the small space
discretization step size h = 0.002.

For a non-smooth initial function, i.e., for the Example 2.4.10, the behavior of the damped
method for ng = 1,2, 3 damping steps is given in Table 2.4.15.

Finally, we compare the damped method, the Crank-Nicolson scheme, and the backward
Euler method on a mesh where the maximum norm is preserved for the damped method,
that is, the mesh is chosen according to the condition (2.4.34). Clearly, on such a mesh
the BE method is also maximum norm contractive, while the CN method is usually
not. Tables 2.4.16-2.4.18 contain the results for the smooth initial function (Example
2.4.9), while Tables 2.4.19-2.4.21 contain the results for the non-smooth problem (Example
2.4.10). Especially remarkable is the advantage of the damped method on the non-smooth
problem.
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ng 1 2 3 )
=125 9. 57(
7 =50 | 1.48(=6) | 5.70(=7) | 3.53(—
(=5 | 152(—
no 10 25 d
q =125 6.60(— ( -
¢ =50 | 8.36(—6) | 201(=5) |7.11(—5)| = -
q=5 [252(—7)| 3.52(—7) | 6.54(—7) | 2.71(—6) | 5.40(—6)

Table 2.4.12: Maximum norm errors for h = 0.02 for the damped method for a smooth
initial function.

o 0 1 2 3 5
¢ = 50000 || 5.17(=5) | 5.17(—5) | 5.01(—5) | 3.22(—5) | 4.20(—3)
¢ =5000 | 1.64(—6) | 7.35(—7) | 1.85(—7) | 1.12(—6) | 3.05(—6)
¢ =125 ||6.43(—10) | 1.27(—9) | 1.90(—=9) | 2.53(—=9) | 3.78(-9)
1o 10 50 100 500 2000

¢ = 50000 - - - - -
¢=5000 | 8.17(=6) | 7.07(=5)| — = —
g=125 | 6.93(=9) | 3.21(—8) |6.53(—8) | 3.16(=7) | 1.27(—6)

Table 2.4.13: Maximum norm errors for h = 0.002 for the damped method for smooth
initial function.

q 50000 37500 25000 15000 10000
max. error || 5.17(=5) | 1.95(—5) | 7.38(—6) | 8.39(—7) | 1.74(—7)

q 5000 4000 3000 2000 1500
max. error || 1.85(—=7) | 1.60(—=7) | 9.72(—8) | 4.69(—8) | 2.79(—8)

q 1000 500 375 250 125
max. error || 1.44(—8) | 5.06(=9) | 3.59(—=9) | 2.55(—9) | 1.90(—9)

Table 2.4.14: Maximum norm errors for h = 0.002 and ny = 2 for the damped method
for a smooth initial function.

q 4000 2000 400 200 100
no =1 | 3.10(=3) | 1.40(=3) | 2.76(— (—4) [ 6.77(=6)
no = 2 || 1.42(—4) | 2.43(=5) | 1.20(—6) 524( 7) 1 3.79(=7)
no =3 | 2.10(=5) | 5.76(—6) | 6.54(— (=7) 3.93(—7)
q 75 50 40 10
(=

(=

(=

no =1 5.55(—7) | 3.72(=7) | 3.72(=
no = 2 3.79(=7) [ 3.76(—7) | 3.75(=7) | 3.75
no =3 || 3.87(—7) | 3.79(—7) | 3.77(—

7 374( 7)
7) | 3.74(=7)
7) | 3.75(=7)

Table 2.4.15: Maximum norm errors for A = 0.005 for the damped method for a non-
smooth initial function.
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| ¢ J1058] 372 | 232 [ 1722 | 1.39% |
no 1 2 3 4 5
DM [ 0.064 | 1.01(=5) | 2.97(=5) | 3.32(—5) | 4.58(—5)
CN [10.3216 | 2.83(=5) [ 1.32(=5) | 1.72(—6) | 4.17(—6)
BE | 0.037 | 0.0019 |8.54(—4)[4.49(—4) | 3.89(—4)

Table 2.4.16: Maximum norm errors for h = 0.2 for the different methods on a maximum

norm contractive mesh for a smooth initial function.

| ¢ [ 1066 | 380 | 240 | 8 | 35 |
no 1 2 3 10 50
DM [ 0.0685 | 1.79(=5) | 2.38(=5) | 2.70(=5) [ 2.99(—5)
CN [0.1262[2.63(—5) [ 4.29(—5) [ 4.70(=6) [ 6.77(—7)
BE | 0.037 | 0.0016 | 0.0012 [1.56(—4) [ 4.75(=5)

Table 2.4.17: Maximum norm errors for h = 0.02 for the different methods on a maximum

norm contractive mesh for a smooth initial function.

| ¢ [/ 106000 38000 | 24000 | 8620 [ 3460 |
ng 1 2 3 10 50
DM [ 0.0684 | 1.80(—5) | 2.34(—5) | 2.63(=5) [ 2.82(-5)
CN [0.1245 [2.63(—5) [ 4.30(=5) [ 4.78(=6) [ 8.13(=7)
BE | 0.037 | 0.0016 | 0.0012 [1.53(—4) | 4.56(—5)

Table 2.4.18: Maximum norm errors for A = 0.002 for the different methods on a maximum

norm contractive mesh for a smooth initial function.

| ¢ J1058] 372 [ 232 [ 1722 | 1.39% |
no 1 2 3 4 5
DM | 0.057 | 4.75(—4) | 2.03(=5) | 2.03(=5) | 2.83(—5)
CN [[0.2894 | 0.0242 [2.32(—4) | 6.42(—6) | 3.40(—6)
BE | 0.0286 | 0.0015 |6.37(—4) [ 3.37(—4) | 2.89(—4)

Table 2.4.19: Maximum norm errors for h = 0.2 for the different methods on a maximum

norm contractive mesh for a non-smooth initial function.

| ¢ [ 1066 | 38 | 240 | 8 | 35 |
no 1 2 3 10 50
DM [ 0.0667 | 3.66(—4) | 2.54(=5) | 2.43(=5) [ 2.70(—5)
CN [0.4970] 0.4256 [ 0.3905 | 0.2057 | 0.0220
BE [0.0332] 0.0015 | 0.0011 [1.40(—4) |4.28(—5)

Table 2.4.20: Maximum norm errors for h = 0.02 for the different methods on a maximum

norm contractive mesh for a non-smooth initial function.
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| ¢ [ 106000 38000 | 24000 | 8620 | 3460 |
ng 1 2 3 10 50

DM [ 0.0667 | 3.63(—4) [ 2.53(=5) | 2.39(=5) | 2.56(—5)
CN [ 0.5210 | 0.4941 [ 0.4927 [ 0.4673 | 0.4192
BE [/ 0.0336 | 0.0015 | 0.0011 |[1.38(—4)|4.14(-5)

Table 2.4.21: Maximum norm errors for A = 0.002 for the different methods on a maximum
norm contractive mesh for a non-smooth initial function.

2.5 Summary

In the Sections 2.2- 2.4 we have analyzed various qualitative properties of the linear
parabolic problems. We have considered three (in our opinion, the most important) qual-
itative properties, namely, the non-negativity preservation, the maximum principle, and
the maximum norm contractivity. First we examined these qualitative properties for the
linear continuous models. We pointed out the connection between these properties for the
general parabolic case. Then we have defined the discrete analogues of these basic contin-
uous properties and also established their connection. As a result, it was shown that the
discrete non-negativity preservation, under some conditions implies all the other qualita-
tive properties (Theorem 2.3.10). We considered the special, two-level discretizations in
detail, and we have specified the above general conditions to this case (Theorems 2.3.16
and 2.3.17). The conditions were also formulated in terms of the mass and the stiffness
matrices (Theorem 2.3.18), which are more natural during the practical applications. In
Section 2.3.4 we have compared the different matrix maximum principles with our notions
of maximum principle, pointing out the advantages of our approach. Then we have defined
the conditions for two well-known and widely used approximations: for the finite differ-
ence and the linear finite element schemes. We have proven that these approximations
automatically satisfy those conditions that guarantee that the non-negativity preserva-
tion implies all the other qualitative properties (Theorems 2.3.43 and 2.3.44). Hence, the
whole investigation led to the analysis of the non-negativity preservation property. We
gave the conditions in different space dimensions. For the heat equation in 1D, we gave
the exact bounds for both kinds of discretizations (Theorems 2.3.57 and 2.3.57). In higher
dimensions, we have formulated such sufficient conditions that, besides the the conditions
for the ratio of the discretization step sizes, also includes some geometrical condition for
the mesh (Theorems 2.3.76 and 2.3.78). In Section 2.4 we analyzed the stability constant
of the Crank-Nicolson method, proving the existence of a lower bound and improving the
known upper bounds. In Section 2.4.4 we suggested a new method, which is the combi-
nation of the backward Fuler and the Crank-Nicolson method. We gave the algorithm of
the method which guarantee both the second order of accuracy and the maximum norm
contractivity, without any restriction to the choice of the mesh size (Theorem 2.4.4). The
theoretical results are confirmed by numerical experiments.



Chapter 3

Analysis of operator splittings

Complex physical processes are frequently modelled by systems of linear or non-linear
partial differential equations, which, as it was discussed in the previous chapter, implies
the construction of a numerical model, too. Due to the complexity of these equations,
typically, there is no numerical method which can provide a numerical solution accurate
enough for such models, while taking reasonable integration time. Moreover, as we have
also seen in the previous chapter, for a simpler problem we can formulate more easily
those conditions which guarantee the preservation of the different qualitative properties
in the mathematical (continuous/discrete) models, which makes the modelling process
reliable.

Operator splitting means that the spatial differential operator appearing in the equations
is split (decomposed) into a sum of different sub-operators having simpler forms, and the
corresponding equations can be solved more easily. The sub-operators are usually chosen
with regard to the different physical processes or geometric directions. Then instead of
the original problem, a sequence of sub-models is solved, which gives rise to the splitting
error.

Splitting techniques are commonly used when large-scale models, which appear in differ-
ent fields of science and engineering, are treated numerically. In the treatment of large
scientific and engineering problems splitting procedures are an excellent tool (and, very
often, the only tool) by which huge computational tasks can be made tractable on the
available computers by dividing them to a sequence of “smaller” and “simpler” tasks.
This chapter is devoted to the investigation of this method.

3.1 History, motivation

Operator decomposition is perhaps the most widely used technique for solving multiscale,
multiphysics problems. The general approach is to decompose a model into components
involving simpler physics over a relatively limited range of scales, and then to seek the
solution of the entire system by using numerical solutions for the individual components.
According to our knowledge, the first simple operator splitting procedure for partial dif-
ferential equations was proposed, as an example, in 1957 by Bagrinovskii and Godunov
in [3]. This was probably the first attempt to apply a splitting procedure. Different split-
ting procedures have been developed and/or studied in many scientific papers; see, for
example, Csomés et al. [25], Dynatron, [33], Lanser and Verwer, [86], Marchuk, [93], [96],
Penenko and Obraztsov, [108], Strang, [135], Tikhonov and Samarski, [142], Yanenko,
[150]. A detailed theoretical study and analysis of some splitting procedures can be found

7
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in [94, 97] and [158].

Results related to the use of splitting procedures in the field of air pollution modelling
can be found in [8], [95] and [101]. Splitting procedures for air pollution models are also
discussed in [73]. Basic description of the models and the possibilities of using some
splitting technique can be found in [157, 158].

Splitting techniques are, to our knowledge, used in all large-scale air pollution models,
which are run operationally with many scenarios (emission scenarios, climatic scenarios,
etc.). In order to simplify the task, the operator splitting procedure has been introduced
([135, 93]), which is widely used for solving advection—diffusion problems (see e.g., in
[78, 99]), Hamilton — Jacobi equation (see e.g., in [75, 79]), and Navier —Stokes equation
(see e.g., in [22]), including modelling of turbulence and interfaces (see e.g., [104]). More
applications can also be found in [78].

Splitting schemes are also useful from the point of view of the preservation of qualitative
properties (also called as geometric integration), which was in the focus of the previous
chapter. The classical operator splittings preserve structural features of the flow as long
as the split sub-problems also share these properties. Important examples include sym-
plecticity, volume preservation, symmetries, etc. In this sense, the splitting schemes can
be considered as geometric integrators, and as such, they show smaller error growth than
standard integrators. It is not surprising then that a systematic search for splitting meth-
ods of higher order of accuracy has taken place during the last two decades and a large
number of them exist in the literature (see [62, 100, 119] and references therein) which
have been specifically designed for different families of problems.

In what follows, we pass to the mathematical motivation and description of the op-
erator splittings. According to the previous general description, we consider the Cauchy
problem in the Banach space X as follows

dwlt) _ NS A .
S =A (t)_;A, (t), te(0,t .

w(0) = wy,

where w : [0,t*] — X denotes the unknown function, wy € X is a given element and
A;: X — X (i=1,2,...d) are given operators. (We note that the boundary conditions,
if they exist, are included into the domains of definition of the operators.)

The exact solution of problem (3.1.1) can be given directly when the operator A is gen-
erating a Cy-semigroup. Then the solution can be written as

w(t) = exp(tA)w(0), (3.1.2)

where exp(tA) (t > 0) denotes the semigroup generated by A. In this work we always
assume that the operators A; and A are generators, that is, they generate semigroups,
which will be denoted by exp(tA;) and exp(tA), respectively. (We note that when A;
or A is a linear bounded operator, then the corresponding semigroup can be obtained
by substitution of the operator tA; or tA into the Taylor series of the scalar exponential
function exp z. For more details see e.g., [37]. )

Since the representation of the solution in the form (3.1.2) is formal, typically we must
apply some numerical method. In fact, this means that we approximate the exponential
function (semigroup) by some rational function, i.e., we use formulas

exp(z) ~ r(z). (3.1.3)
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Then the algorithm of the numerical method reads as
Yyt =r(rA)y", (3.1.4)

where 7 > 0 denotes the discretization parameter (step size) and y" is the approximation
at the time level t = nr.

EXAMPLE 3.1.1 Let us define the approzimation function r(z) as the stability function
of the 8-method, (cf. (2.4.4) in Section 2.4), i.e.,

:1+(1—9)z

3.1.5
1—0z ( )

r(z) = re(2)
Then, for d =2 we have
Yy =r(T(Ar+ A2))y"

where
ro(T(A1 + Ag)) = (I —071(A; + Ag))*l( I+ (1-0)1(A; + Ay))

and I denotes the identity operator.

The major imperfection of this approach is that we do not use the special structure
of the operator A, namely, that it is the sum of simpler operators. Operator splitting is
such a method which overcomes this problem.

Remark 3.1.2 Let us notice that the scheme (3.1.4) yields a time-discretization method
on the mesh w, = {t, = nt,n =0,1,... N; N7 = t*}. Hence, when we apply it directly
to a time-dependent PDE of parabolic type, then at each time level this results in a PDE
of elliptic type. However, when (3.1.4) means a semi-discrete problem (obtained by the
method of lines) and A, denotes the discretized operator, then the problem

Yyt =r(TAp)y" (3.1.6)

means a vector iteration process (however, it requires the solution of the system of linear
algebraic equations for the implicit methods), which can directly be used as a computational
algorithm.

When for the solution of the problem (3.1.1) we apply the approximation (3.1.3), then,
in fact, we should approximate the function exp(zcll z;) in a suitable way.
We have different possibilities.

e First we approximate the exponential function by some computationally simpler
(typically rational) function r(z), and then we replace z by the operator sum multi-
plied by 7. Example 3.1.1 shows that this way is not effective for our aims because
it does not separate the operators A;.

e We use the approximation exp(zglzl zi) ~ ®(p1(21), p2(22), . .. pa(zq)), where the
one-variable functions ¢; correspond to some approximations of the exponential
function, and ® : IR? — IR is a given function. After this step, we replace ¢;(z;) by
the operator ¢;(T4;), so, the approximation means the following:

exp (Z TAi) ~ B(p1(TAL), 0a(TA), ... a(TAg)). (3.1.7)
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The idea of the basic operator splittings is that — at least, in the first stage of
the approximation process, — we select ¢; as the exponential function, i.e., ;(s) =
exp(s). Hence, the approximation reads as

exp(3L tA;) ~ B(exp(TA;), exp(TAy), ... exp(TAg)). (3.1.8)

The operator splittings are defined by the specification of the function ®. As we will see,
the major part of those operator splittings that will be investigated in this work can be
identified by some given function ®.

Remark 3.1.3 Sometimes we distinguish the cases when we apply the operator split-
ting to the original (usually rather complex) partial differential operators or to its semi-
discretized form. The first is called differential splitting, while the second one is called
algebraic splitting. Hence, for the differential splitting: the discretization ordering is time
— space; the separate operators usually represent physical phenomena (like convection,
diffusion, reaction etc.); and boundary conditions are needed for each subproblem. Our
objective is decoupling the physical effects in the complex initial- boundary value prob-
lems. For the algebraic splitting: the discretization ordering is space — time; the separate
operators represent discrete operators (usually sparse matrices of arbitrary origin); and
boundary conditions are built into the operators beforehand. Our objective is segregated so-
lution of the semi-discretized equations. We would like to emphasize that in both cases our
subject is an (abstract) Cauchy problem, where the time derivative is still un-discretized.
In the sequel we do not make a distinction between these approaches and we will use the
unified notation “operator splitting”. Hence, at this level, our approach is in contrast to
the one where the decomposition is done for the already fully discretized schemes. This
latter, (like Alternating Direction Implicit (ADI) method, Douglas-Rachford scheme, a lot
of useful finite difference schemes in the Russian literature as predictor-corrector schemes,
Iliin’s generalization of the Douglas-Rachford scheme, locally one-dimensional (fractional
step) schemes, and many others) has a vast literature and is widely examined in the dif-
ferent monographs. For the details we refer to [73, 133, 116, 151, ?]. Clearly, when
we discretize the split sub-problems in the above split (abstract) Cauchy problems, we get
again fully discretized schemes, which, in many cases, coincide with the second above listed
group of the methods. This question will be investigated in Section 3.5.1 in more detail.

The operator splitting can be considered as a special time-discretization method. There-
fore, in analogue with the local approximation error, (see Definition 2.3.42 in Section
2.3.5), we can introduce the following notion.!

Definition 3.1.4 For a given splitting process, the error after the first step, that is the
ETPTESSION
Err5p1<w07 T) = Errspl(T) = 'lU(T) - w(N) (T> (319)

spl

is called local splitting error of the given splitting method?.

IThis term is also called local truncation error, widely used in the theory of numerical methods for
ODE’s.

2The upper case index in the split solution wiﬁ) refers to the number of the time sub-intervals in
the splitting. Since, as we will see later, the splitting procedure is a time discretization process, for its

(N N=1,2,....

convergence we analyze the sequence {wsp1
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We assume that the split sub-problems can be solved exactly. When the operators A;
in (3.1.1) are pairwise commuting, the operator splitting results in the exact solution, i.e.,
the local splitting error vanishes. However, this is not usually the case and Errg, differs
from zero. Then it is quite natural to require its convergence to zero when 7 tends to
zero. This motivates the introduction of the following

Definition 3.1.5 We say that a given operator splitting is of order p when Errg, (1) =
O(7PTY). The operator splitting method is called weakly consistent when p > 0.3

Remark 3.1.6 The above notion of weak consistency of a splitting method differs from
the traditional notion of consistency of a numerical time discretization method used in
the Lax-Richtmyer theory. (C.f. Definition 3.4.6 in the Section 3.4.3.) We note that
the latter is a stronger one. However, they are in close relation: the weak consistency
of a splitting method is a necessary condition of its consistency as a numerical method.
Moreover, the order of the weak consistency influences the order of the convergence of the
method, since it cannot be higher than p. Therefore a higher-order splitting, as a rule,
results in faster convergence. (For more details see Section 3.4.3, [89] and [113].)

3.2 Classical operator splittings: the sequential split-
ting and the Strang-Marchuk splitting

In this part we introduce and analyze the sequential splitting and the Strang-Marchuk
splitting which are the most traditional and widely used operator splitting methods.

Definition 3.2.1 The operator splitting corresponding to the choice

®(Sla327"'a8d) = Hsd-i-l—i (321>

15 called sequential splitting. The operator splitting obtained by the choice

D (s1,59,...8q4) = (1:[ %) (54) (1:[ Sd2—i> (3.2.2)

i=1 i=1

1s called Strang-Marchuk splitting.

If we apply the above approximations on the mesh w,, then the one step method (3.1.4)
reads as

wi (0 +1)7) = rg(rA)wl (n7), n=0,1,...N, (3.2.3)
where
Tspl(TA) = Tseq(TA) Hexp TAdr1-i) (3.2.4)
=1

for the sequential splitting*, and

Tepl(TA) = rsm(TA) (H exp( TA ) exp(TAy) (H exp( TAd ; > (3.2.5)

3When the operator splitting is exact, i.e., the local splitting error is zero, then we set p = oo.
41t is also called Lie-Trotter or Yanenko splitting.
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for the Strang-Marchuk splitting®.

In the realization of the operator splitting algorithm (3.2.3) the central query is the
computation of the exponential, namely, the computation of w := exp(7A;)v with some
given element v. Since clearly w = w(7), where w(t) is the solution of the Cauchy problem
defined by the operator A; and the initial value v on the time interval [0, 7|, therefore the
algorithm for the split solutions in the sequential splitting and Strang-Marchuk splitting
are the following.

1. Sequential splitting [3]. For each n = 1,2,..., N we successively solve the Cauchy
problems:

d;Ui (t) = Aywi(t), (n—1)71 <t <nr,
t (3.2.6)

wi ((n = 17) = wily (n7),

where 1 = 1,2,...,d. The split solution is defined as

wN) (nr) = wl(nT). (3.2.7)

seq

Here w{(nt) = wéé\é)((n — 1)7), and wéé\cfl)(O) = w(0) is known from the original
continuous problem (3.1.1).

That is, the algorithm is the following:

A1—>A2—>"'AC£=>A1—>A2—>"'Ad:>"'$A1—>A2—>"'Ad.

~
step 1 step 2 step N

2. Strang-Marchuk splitting [93, 135]. For each fixed n = 1,2,..., N we solve the
following Cauchy problems:

For the values : = 1,2,...,d — 1 we solve the problems

dw!" (1) = A (t), (n—171 <t<(n—05),
o (3.2.8)

wi((n = 1)7) = wi’s((n = 0.5)7).

Then we define the solution of the problem

dt N (3.2.9)

Finally, at a fixed n for the values i =d+ 1,d+ 2,...2d — 1 we solve the problems

dw?
;UZ (t) = Agg_qwi'(t),  (n—0.5)T <t <nT,
t (3.2.10)

wi((n—0.5)1) =w! | (nT).

5Tt is also called second order leapfrog, Stérmer, Verlet splitting.
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The split solution is

wlny (n7) = why_y (n7). (3.2.11)

Here w2 ((n — 0.5)7) = wiy;((n — 1)7), and wéjl\\?(O) = w(0) is known from (3.1.1).
That is, the algorithm is the following:

1 1 1 1 1 1
SAL = 2 Ay = Ay A “Agr = = Agg — A =
21—>22—> 2d11_> d_>2d1_>2d2_> 21}
v step 1b ~~
step la step 1c
1 1 1 1 1 1
= —A —A s =Ag A — A4 — A4 S = Ay
21—>22—> 2d1—> d —>2d1—>2d2—> 21}
N~ step Nb N~
step Na step Nc

In the following we analyze the order of the sequential splitting and the Strang-
Marchuk splitting for d linear bounded sub-operators. (For d = 2 and d = 3 similar
results can be found in [73].)

Theorem 3.2.2 For linear and bounded operators A; (i = 1,2,...,d) the sequential split-
ting has first, while the Strang-Marchuk splitting has second order of accuracy.

PRroOOF. The exact solution of (3.1.1) at ¢t = 7 is

o

1 1
w(r) = exp(TA)w(0) = ) | — " At = (I +7A+ 572142)100 +0O(r%),  (3.2.12)
n=0

where, as before, O denotes the Landau symbol (see p.35). Since A = Zle A;, we get
d 2
wr)=(I+71 A+ — A A | wo + O(T3). 3.2.13
0= (173 '> )0t 82.13)

For the sequential splitting the split solution at ¢ = 7 is

d d )
wéé\é) (1) = HGXP(TAi)wo = H <I +7A;i + %Af) wy + O(72). (3.2.14)
i=1 i=1
Hence
d 2 d

wl(r) = [T+7Y A+ T3 A +7 30 A | wy+ O(). (3.2.15)

i=1 i=1 ij=1

i<j

Using the expressions (3.2.13) and (3.2.15), for the local splitting error we obtain

2

d d
Erreq(T) = % Z AA; — Z A A | wy + O(T%) =
ij=1 ij—=1
e i< (3.2.16)

7_2

d
= ? Z (AZA] — AJAZ) Wo + 0(7'3).
i,j=1
i>7
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Hence, for arbitrary chosen operators A; the right-hand side of (3.2.16) is O(7?), which
yields that the sequential splitting is of first order.

In order to prove the statement for the Strang-Marchuk splitting, we have to show
that the operator rey(7A) in (3.2.5) approximates the operator exp(rA) in third order.
Since

- T 72 T2
TSM(TA) :H (I+§AZ—|——A3) . ([—FTAd—FEAZ) .

i=1 8
(3.2.17)
d—1
(I—|— Ad i+ SAd )+O(T3>,
i=1
we can write
rsm(TA) = By ByBs + O(7?), (3.2.18)
where
d—1 L2 ! 22 &
&ZHO+fH—AﬁfH ZA+ ZAA+ ZM+O
=1 'sz<]1
(3.2.19)
2
32=1+¢Aw+%¢ﬁ; (3.2.20)
and
d—1 . -2 o2 ! sz
_ 2 _ 2 3
&_110+§&H+§A%J I+— §}4+ ;;AA+ ;;&+Oh
= ZJ<] =
(3.2.21)
After some simple but tedious computation we get
d
2
BiByBy = 1+7% A+ §}4+—§:AA+0 (3.2.22)
=1 3,j=1
i#£]

which proves the statement. m
In the following we give the conditions under which the order of the sequential splitting
and the Strang-Marchuk splitting are higher.

The error formula (3.2.16) can be rewritten as

9 d
.
Errseq(T) - ? [A’LJ AJ] Wy + 0(7—3)7 (3223)
i%j>:jl
where
Ai A = AA; — A, A, (3.2.24)

denotes the commutator of the operators A; and A;. Hence, we have
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Theorem 3.2.3 The sequential splitting has higher than first order accuracy if and only

if the condition
d

> A Al=0 (3.2.25)

ij=1
i>j

18 satisfied.

Theorem 3.2.3 shows that the pairwise commutativity of the operators is a sufficient
condition for (3.2.25). (This is quite natural because in this case the sequential splitting
is exact.) Moreover, for d = 2 the commutativity is a necessary and sufficient condition.
Therefore, when there are only two operators in the operator sum in (3.1.1), then there
are only two cases: either the sequential splitting is exact or it has first order accuracy.
However, it is not yet clear whether

e the pairwise commutativity is a necessary condition of the higher-order for d > 2;

e the local splitting error vanishes only under the pairwise commutativity condition.

We analyze these problems for d = 3 in a simple matrix case. We consider the matrix

4 2
A= [ 0 3 } (3.2.26)
and let us split it into the sum A; + Ay + Az with
31 -2 0
Then 4t 3t (et )
e* 2e’(e' —1
et = { 0 ot 1 : (3.2.28)
3t 20t _ —2t
etAl = etAg = |: 60 ‘ <662t 1> :| 5 and GtAQ = |: 60 e(zt :| . (3229>
In this example A; and Ay do not commute, since
0 1
but
eTAreTAzeTAs — 74, (3.2.31)

and so the sequential splitting is exact. Hence, the above example implies the following
fact:

Theorem 3.2.4 In the sequential splitting the commutation of each pair of sub-operators
18 not necessary for vanishing of the local splitting error or for achieving higher order
when the number of sub-operators is greater than two

As before, for the Strang-Marchuk splitting the commutativity of the sub-operators is
sufficient for zero splitting error. However the necessity of the commutativity condition
is unclear even for d = 2. Let us observe that the Strang-Marchuk splitting with two
operators A; and A, is the same as the sequential splitting for three operators 0.5A4;, A,
and 0.5Ay, respectively. Hence, by use of Theorem 3.2.4, we get
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Theorem 3.2.5 The commutation of the sub-operators in the Strang-Marchuk splitting
s not a necessary condition for vanishing local splitting error.

In the following, for d = 2 we give a condition under which the Strang-Marchuk
splitting has third order of accuracy.
We have to analyze the O(73) term for the difference

exp(7T(A; + Ay)) — exp (%/h) exp (TAs) exp <£A1> :

For the first exponential we have

2 3

exp(r(Ay + Ap) = T +7 (A + Ap) + o (A + Ap) + = (A1 + 4)° + O(),

6
(3.2.32)
For the second expression we obtain

T T T T2 T3
exp <§A1> exXp (TAQ) exXp <§A1> = <I + §A1 + gA% + EA?) .

7'2 7'3 T T2 T3
-(I+TA2+5A§+EA§) : <J+§A1+§A§+EA§’> +0(rh) =

2

=T T(A+ Ay + %(Af FAZ LA A+ AyAL)

1 1 1 1 1 1 1
—|—7'3 (—A? + —A% + —A%AQ + —AgAl -+ ZAlA% + ZAgAl + ZAlAQAl) + 0(7'4).

6 6 8 8
(3.2.33)
Then, by use of the expressions (3.2.32) and (3.2.33), the local splitting error of the
Strang-Marchuk splitting can be expressed by the commutators, namely we have

3 /1
Erren(T) = I—2 <§A§A2 + AgA? — AJAS — ASA) — AL AR AL+ 2A2A1A2) wo + O(14) =
1 4
= §A1 + Ay, [Ar, Aol | wo + O(T7).
(3.2.34)

Hence, we have the following

Theorem 3.2.6 The Strang-Marchuk splitting is of third order if and only if the operator
0.5A; + Ay commutes with the commutator [Ay, As], i.e., when the condition

[0.54; + Ay, [Ay, As]] = 0 (3.2.35)

holds.

Remark 3.2.7 With some cumbersome computation, one can show that under the con-
dition (3.2.35) the coefficient of not only 72, but also of T* vanishes, i.e., the condition
(3.2.35) guarantees the fourth-order accuracy [41].
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3.3 New operator splittings and their analysis

The traditional operator splittings are widely used, but they have some drawbacks.
Namely, the sequential splitting is computationally simple, but it has low accuracy; the
Strang-Marchuk splitting is more accurate but it requires more computational work, and
its algorithm cannot be parallelized in a natural way (on the operator level). Moreover, for
practical problems the condition of the higher order is rather unrealistic (c.f. [8, 31, 32]).
This gives the motivation to define new operator splitting methods.

3.3.1 Weighted sequential splitting

The algorithm of the sequential splitting depends on the ordering of the operators. We can
construct a further type of splitting techniques by symmetrizing the sequential splitting
in the following manner. In each time step we apply the sequential splitting both in the
order Ay — Ay — -+ — Agand Ay — Ayg_1 — --- — A, and at the end of the time
steps we combine the obtained solutions by taking a weighted average of the results. This
means that the function ® in (3.1.8) is defined as

d d
@(81,82,...8(1) = QHSz_'_(l —9)H8d+1_i, (331)
=1

=1

where 6 € [0, 1] is some fixed weighting parameter.
If we apply the above approximations on the mesh w,, then (3.1.4) reads as

WM ((n+1)7) = ryss(rAWN (n7), n=0,1,...,N, (3.3.2)

where ] .
Twss(TA) =0 H exp(T4;) + (1 —0) HeXP(TAdJ,-l—i)- (3.3.3)

i=1 i=1

Obviously, the values 8 = 0 and 6 = 1 are not interesting because these values result in
the usual sequential splitting, however, as we shall see later, the value 8 = 0.5 is of special
interest.

Definition 3.3.1 The operator splitting method corresponding to the algorithm (3.3.2)
15 called weighted sequential splitting. The weighted sequential splitting with the choice
0 = 0.5 is called symmetrically weighted sequential splitting.

Remark 3.3.2 As an interesting historical fact, we note that the symmetrically weighted
sequential splitting was already mentioned in the work [134], as a symmetrized version
of the sequential splitting. However, this method was neither theoretically investigated,
nor applied. (Perhaps due to the increased computational work on traditional computers.)
The first theoretical investigation was done in [25], and later the method was successfully
applied, among others, in air pollution modelling [16].

The realization of the weighted sequential splitting is the following. For each fixed
n=1,2,..., N we solve the Cauchy problems:

do™
;@ (t) = Ap?(t),  (n—1)7 <t<nr,
t (3.3.4)

vi((n = 1)7) = vy (n7),
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and Ju
5@' (1) = Agp_a(t),  (n—1)r <t <nr
t (3.3.5)

ui ((n = 1)7) = wi’y (n7),

where 1 = 1,2,...,d. The split solution is defined as
wN) (n7) = Qu(nt) + (1 — O)0% (n7). (3.3.6)

WSS

Here v2(n7) = uf(nt) = wi ((n — 1)7), and w‘(,vjsvs?(O) = w(0) is known from (3.1.1).

That is, the algorithm can be schematically given as

Ay — Ay — - Ay Ay — Ay — - Ag
Ad—>Ad,1—>--~A1 :>"':>Ad—>Ad,1—>"'A1 . (337)
(step 1) (step N)

In the following we determine the order of the weighted sequential splitting. Using
(3.2.15), for the split solution we get

d 5 d d

wM(r)=(1—0) [T+ A+ %ZA? +72 Y A4, | wot
i=1 i=1 t,j=1
1<J

(3.3.8)

d oy d d
+0 I—l—TZAH— %ZA?+T2 Z A A | wo + O(T?).
1=1 i=1 z,i]>:j1
Using the expressions (3.2.13) and (3.3.8), for the local splitting error of the weighted
sequential splitting we obtain

d d
Errye(r) =72 | (05—0) > A+ (0—05) Y AA; | wo+ O(r%) =
i,j=1 i,j=1
1<J i>7

(3.3.9)

d
=72(0.5—-0) Y sign(j — i) A Awy + O(7°).
ij=1
i)
Hence we have

Theorem 3.3.3 For arbitrarily chosen operators, the weighted sequential splitting has
first order accuracy for any 0 # 0.5, and only the choice 8 = 0.5 (symmetrically weighted
sequential splitting) has second order accuracy.

Let us analyze the higher-order of the weighted sequential splitting. The local splitting
error, according to (3.3.9), can be rewritten with the commutators as

d
Erryss(t) = 72(0.5 - 0) Z [Ai, Ajlwy + O(7%). (3.3.10)

1,7=1

1<J
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Therefore, for § # 0.5 the method has second order accuracy if and only if the condition

d

> AL A]=0 (3.3.11)

ij=1
1<)

holds. As we have already seen for the sequential splitting, the pairwise commutativity is

only a sufficient, but not a necessary condition for (3.3.11). For the vanishing of the local

splitting error, the pairwise commutativity is not necessary, either. In order to show this,

we consider the symmetrically weighted sequential splitting for two operators. Namely,

we choose the matrices

5 1] 31 2 0
[ a2 a2 een
Then )
| expdt 0.5expdt — 0.5exp 3t
exptA = 0 exp 3t : (3.3.13)
exptA; = [ exg 3t exp ?)ei;;;(p 2t ] , and exptAy = l exg 2t ex(;t ] . (3.3.14)

It is easy to check that [A;, Ag] # 0, but ress(7A) = exp TA.

Theorem 3.3.4 The commutation of the sub-operators in the symmetrically weighted
sequential splitting is not a necessary condition for vanishing local splitting error, neither
for the higher order.

For two operators (d = 2) we can give a condition for the sub-operators under which
the symmetrically weighted sequential splitting has third order accuracy. According to
(3.3.3), for the symmetrically weighted sequential splitting we have

72 73 72 73
o) = 03 (T s+ T4 Tt ) (1t D )+

72 2 7 3 72 2 7 3 4
(3.3.15)

2 3
= (I +7(Ay + Ay) + %(Al + Ap)* + %(Ai” + A%)) +

3
-
+Z(A§A2 + Aj AL+ ASA, + A AT) + O(Th).

Comparing (3.3.15) with the expression for exp(7(A; + A)) in (3.2.32), for the local
splitting error we get

3 1 1 1 1
E’I“?“SWSS(T) = % <—§A%A2 — 5141143 — 5143141 — 514214% + A1A2A1 + A2A1A2) U}0—|—
4 7 4
—l—O(T ) = —E[Al — Ag, [Al,AQHIUQ + O(’T )

(3.3.16)

Hence, we get
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Theorem 3.3.5 Assume that the difference of the operators commutes with the commu-

tator of the operators, i.e.,
[A; — As, [Ay, As]] = 0. (3.3.17)

Then the symmetrically weighted sequential splitting has third order accuracy.

Remark 3.3.6 Using some cumbersome computation, one can show that under the con-
ditions (3.3.17) and
[Al, A2]2 - 0 (3318)

the symmetrically weighted sequential splitting has fourth order accuracy [25].

3.3.2 Additive splitting

The split solutions that we have considered before are weakly consistent at the mesh
points of the fixed mesh w,. When we solve the split sub-problems numerically (which is
almost always necessary), for the step-size of the numerical method we can use smaller
values than the splitting step-size. Our aim is to use this intermediate values as the
approximation to the unknown function. (We discuss this question in Section 3.5 in more
details.) Therefore, to investigate the consistency, we have to compare the split solution
with the exact solution at any point of the split time-interval, i.e., on the whole [0, 7].
First we should extend the split (discrete) solution to this interval. It is rather plausible
to do it, e.g., for the sequential splitting, as follows:

w) (1) = exp(tAsy) exp(TA;)wp. (3.3.19)

seq

Hence, for the local splitting error at any time ¢ € [0, 7] we get

w(t) —wlN () = (t — 1) Aywy + O(t?). (3.3.20)

seq

This shows that Errg.,(7) = O(7), i.e., the method is not weakly consistent for arbitrary
t — 0 and a fixed 7, only in the case where t = 7 — 0.

Remark 3.3.7 For the Strang-Marchuk splitting and symmetrically weighted sequential
splitting it is quite natural to define the extension of the split solution to the whole interval
0,7] as

wig (£) = exp(0.5tAy) exp(TAz) exp(0.57 Ay )wp. (3.3.21)
and
Wi (t) = 0.5 (exp(tA;) exp(7As) + exp(tAz) exp(TAy)) wo. (3.3.22)

An easy computation shows that they are weakly consistent only att = 1.
Hence, it is reasonable to introduce the following definition.

Definition 3.3.8 A splitting method with a fized step-size T is called continuously weakly
consistent when

Errg(t) = w(t) —wd)(t) = O +) (3.3.23)

for all t € (0, 7] with some p > 0.

The algorithm of the additive splitting is based on the following idea. Simultaneously
(in a parallel way) we solve the Cauchy problems consisting only of one operator A;
and using the same initial value for each sub-problem, namely, the split solution at the
previous time level. Then, by special averaging of the results (in order to ensure the weak
consistency), we define the split solution at the next time level.
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Definition 3.3.9 The operator splitting corresponding to the choice

O(s1,82,...,50) = »_ s — (d—1) (3.3.24)

i=1

15 called additive splitting.

If we apply the above approximations on the mesh w,, then the iteration (3.1.4) reads as

w™M((n+1)7) = ras(rAwN (n7), n=0,1,...,N, (3.3.25)

where .
Tas(TA) 1= Zexp(TAi) —(d—=1)I. (3.3.26)

i=1

In order to define the required exponentials in the algorithm, we solve the corresponding
Cauchy problems, namely the realization is the following.

1. For each n =1,2,..., N we solve the Cauchy problems:

dw??

p (t) = Awl(t), (n—171 <t <nr,
t (3.3.27)
wi((n = 1)7) = wl((n — 1)7),
where 1 =1,2,...,d.
2. The split solution is defined as

d
w(nr) =Y wp(nr) = (d— Dwl((n - 1)7). (3.3.28)

i=1

Here wgév)(O) = w(0) is known from the original continuous problem (3.1.1).

That is, the algorithm is as follows:

Ay A Ay
Ad Ad Ad
(step 1) ( step 2) ( step N)

In the following we compute the order of the additive splitting. For the split solution

we get
d 2
wM (1) = Z (I +7A; + %A?) wy + O(7%) — (d — Dwy =

=1

d 9 d
i=1 i=1
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Using the formula (3.2.13) for the solution of the un-split problem, for the local splitting
error of the additive splitting we obtain

5 d
-
Erras(T) = 5 > Aidjug+O(7%). (3.3.29)
ij=1
z
Let us notice that (3.3.29) also holds for an arbitrary t € (0, 7], i.e.,

-
Erras(t) = > Adjuo + O(F). (3.3.30)
ij=1
ijséj
Hence we have

Theorem 3.3.10 For arbitrary operators the additive splitting is continuously consistent,
and it has first order accuracy.

As opposed to the sequential splitting, the Strang-Marchuk splitting and the weighted se-
quential splitting, the order of the additive splitting is not influenced by the commutativity
of the operators. However, if any pair A; and A; anticommute, i.e., if A4;4; + A;A; =0,
then the local splitting error has second order. We note that in contrast to the previous
splittings, where the pairwise commutativity resulted in the exactness of the splitting, for
the additive splitting the anticommutativity of the operators does not imply higher than
second-order accuracy.

To check the theoretically obtained order, we applied the additive splitting to two
systems of simple ordinary differential equations with constant coefficients, where both
the original problems and the sub-problems were solved exactly. In the first case the
sub-matrices did not anticommute. Figure 3.3.1 shows the results on a log-log diagram.
The points are located along a line with slope close to 2, which means that the method
has first order.

In the second case we chose anticommuting matrices (so-called Pauli matrices, well-
known in quantummechanics [102]). Here, as Figure 3.3.2 shows, second-order accuracy
was achieved.

The subtraction in the second step of (3.3.27) - (3.3.28) causes significant theoretical
difficulties in order to show the stability. Therefore we modify the method. We execute
the separate splitting steps with the sub-operators multiplied by d, and then we compute
the splitting approximation as an average of these results. Namely, the algorithm reads
as follows:

1. For each n =1,2,..., N we successively solve the Cauchy problems:

dw}
dt

(t) = dAw (), (n—1)71 <t<nr,
(3.3.31)

wit((n = 1)7) = wid((n — 1))

mas
where i1 =1,2,...,d.

2. The split solution is defined as

d
1
wia(n) = 5 ; wy'(n). (3.3.32)



3.3. New operator splittings 93

T

Theoretical error
Fitted line

10 10

Figure 3.3.1: The local error of the additive splitting on a log-log diagram, when the
sub-problems are solved exactly. The slope of the fitted line is 2.025.

Theoretical error
Fitted line

Figure 3.3.2: The local error of the additive splitting on a log-log diagram, when the
sub-matrices anticommute, and the sub-problems are solved exactly. The slope of the
fitted line is 3.002.

Here wfn]ii(O) = w(0) is known from the original continuous problem (3.1.1).

We will refer to this method as modified additive splitting (mas).

Remark 3.3.11 [t is possible to replace the operators dA; with A; in (3.3.31). If such
a replacement is performed, then the integration should be carried out on the interval
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(n—1)7 <t < (n+d—1)7, and (5.5.32) should be replaced with wmas(nT) 3 LS wr((n+
d—1)7). If the operators are linear, then the two approaches sketched above are equwalent
However, for non-linear operators the results obtained by using these two approaches will
i general be different.

The investigation of the local splitting error (for bounded linear operators) for the modified
additive splitting (3.3.31)-(3.3.32) is similar as it was done in Theorem 3.3.10.

Theorem 3.3.12 For bounded linear operators the modified additive splitting is a first
order accurate, continuously consistent method.

PROOF. The solution of the modified additive splitting at ¢ € (0, 7] can be given as

wN( Z exp(dAit)w (3.3.33)

Hence, we get

wip(t)

&I'—‘

Z <I+dAt+ 1(dAt) >w0+0(t3) —
. (3.3.34)

d d
- <[ + Z;Ait + g Z;A?t2>wo + O).

Comparing this expression with the similar Taylor expansion of the exact solution, we get
the local splitting error

Erras(t) = ZAA +(1-d ZAQ wo + O(t%), (3.3.35)
1,7=1 =1
i#]

which proves the statement. m
We note that for d = 2 (3.3.35) can be rewritten as

Erros(t) = —% (A — A9)*) wo + O). (3.3.36)

3.3.3 Iterated splitting

As we have seen, the sequential splitting is not continuously consistent. The reason for
this is the fact that on each sub-problem we passed through the time sub-interval by
using one operator only. This observation gives the inspiration to modify the sequential
splitting in such a way that each operator is involved in the sub-problems, but only one of
them is applied to the unknown function, the other operators are applied to some known
(previously defined) approximation. Then, we iterate consecutively on the same time
interval m € IN times. The method, which will be called iterated splitting, is defined for
two operators, (i.e., d = 2in (3.1.1)) and was introduced in [39]. On some fixed split time
interval [(n — 1)7, n7] the algorithm of the iterated splitting reads as follows:
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dw!(t
wfzt( ) _ Ayl () + Asw? (1), with wP((n — D7) =wM((n—1)7) (3.3.37)
dw?
12?1 — Ayl (t) + Ayl (1), with wl,((n—1)7) = wV((n—1)7) (3.3.38)
for i = 1,3,5,...,2m — 1, where wy is an arbitrarily chosen fixed starting function for

the iteration and the index 7 refers to the number of the iteration on the fixed n-th time
sub-interval. (We will discuss the suitable choice of the initial guess later.) Then the split
solution at the mesh-points is defined as

(N)

wy,  (nT) = wy, (nT).

For m = 1 the method can be viewed as the continuous variant of the well-known ADI
method (e.g., [94]).

Remark 3.3.13 The iterated splitting can be written in a more compact way as follows:

dw!(t
“Z—t() = [pA1+ (1= p)AJwf () + [(1 = )AL+ pAs]uwp (), t € ((n—1)r,n7],
wi(n—1)7) = w (0 = 1)r),
(3.3.39)
where i =1,2,...,2m, p= mod (i,2) and the split solution is
wi(SN)(nT) = wj,, (nT). (3.3.40)

This formulation has the advantage that it reveals the fact that the iterated splitting algo-
rithm can be terminated not only after the second step (3.3.38).

We note that this method can be considered as an operator splitting method because we
decompose the original problem into a sequence of two simpler sub-problems, in which
the first sub-problem involves the first operator, while the second sub-problem the second
operator.

Theorem 3.3.14 Assume that on the time interval [0, 7] the starting function wi(t) for
the iterated splitting satisfies the condition

wy(0) = wp. (3.3.41)
Then the iterated splitting is continuously consistent.

PROOF. For i = 1 the exact solution of (3.3.37) is
t
wi(t) = exp(tA;)wo —|—/ exp((t — s)A1)Aswy(s)ds, t€[0,7]. (3.3.42)
0

Using the obvious relation

wy(s) = wy(0) + O(s) = wy + O(s), (3.3.43)



3.3. New operator splittings 96

for the second term on the right-hand side of (3.3.42) we have

t t o0 1 o
/ exp((t — 5)A;) Aqwg(s)ds = / [Z f'(t — 8) A7 | Aa(wo + O(s))ds =
0 0 =0/’ (3.3.44)
= fot AQUJ(]dS + O(tQ) = tAQwO + O(t2>
On the other hand,
exp(tA;)wo = (I + tA)wy + O(t?). (3.3.45)
Hence, putting the relations (3.3.44) and (3.3.45) into (3.3.42), we get
wi(t) = (I +tA; +tA)wy + O(t?), (3.3.46)

which proves the continuous consistency. m

Corollary 3.3.15 Under the condition (3.3.41) the iterated splitting is consistent already
after the first iteration. We can also observe that condition (3.5.41) is not only a sufficient,
but also a necessary condition for the consistency in the first iterated step.

Next we examine the order of the local splitting error when we apply the second step of
the method, i.e., we solve (3.3.38) for ¢ = 1, using wj (¢) from (3.3.37).

Theorem 3.3.16 On the time interval [0, 7] one complete step (3.3.37)-(3.3.38), under
the condition (3.3.41) results in second order accuracy of the iterated splitting method.

PROOF. Clearly, the exact solution of the problem (3.3.38) can be written as
t
wh(t) = exp(tAs)uwo + / exp((t — 5)As) Arw! (s)ds. (3.3.47)
0

Now, using the expression (3.3.46) for w{(s), we get

exp((t — S)AQ)AN.U%(S) =1 —(t—s)As] (A + A%s + A1 Ags)wo + 0(52) =
(3.3.48)
= (A + (t — 5)AA; + sAT + sA1 Ax)wy + O(s?).

Hence, integrating on [0, ¢], we get
¢ 1
/ exp((t — S)AQ)Al’LU% (S)dS = |:A1t + §t2<A2A1 -+ A% + AlAg):| wWo + O<t3> (3349)
0
Using the Taylor series for exp(tAy) and (3.3.49), we obtain the statement:

1 1 1 1
wy(t) = (I +tAy + §t2A§)w0 + (Agt + 5tQAQA1 + §t2A§ + 5152,41142)100 + Ot =

1
— {[ + (A + Ay) + 5152(141 + AQ)Q} wo + O(t?).

This completes the proof. m
The choice of the initial iteration function has strong influence on the accuracy of the
iterated splitting method. We pointed out that, when the initial guess function wg(t)
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satisfies the condition (3.3.41), then after the first complete step we obtain a higher
(second) order accurate method.
It is quite natural to expect that we are able to increase the local order of the splitting
with a more precisely chosen initial iteration function.

To show this conjecture, first we give the exact solution of problem (3.3.37) on the
interval [0, 7], under the assumption that w} ;(¢) is an analytical function on [0, 7]. (For
convenience, we omit the superscript, i.e., we will use the notation w;(¢) instead of w; (t).)

Theorem 3.3.17 The solution of problem (3.3.37) for an analytical function w;_1(t) has
the form

w;(t) = exp(Art)wy + Z (Z %A”Agw (0 )) : (3.3.50)

where w( 1(0) denotes the s-th derivative at the point t = 0.

PROOF. According to the assumption, w;_;(t) can be written as

[e.e]

(s
wina(t) = Y 5w (0). (3.3.51)
s=0
On the right-hand side of (3.3.50), the second term can be estimated in norm:
tn+1+s
AT A, (0
X;Z% n+1+8 1 2wz—1<)
e tn+1+s
<2 Al e el (3.3.52)

s=0 n=0
tn+1

o0 2',‘5
<X i HZ "< oo,

(Here, we have used the inequality (n+1+s)! > (n+ 1) sl and the convergence of (3.3.51)
in norm.)

Therefore, by the derivation of w;(t) in the sum (3.3.50) we can compute the derivatives
elementwise. Hence,

doilt) _ 4, eXP(Alt)UJO‘f‘i (i — AT A 1(0)> - (3.3.53)

dt s=0 \n=0 (Tl T )
On the other hand, by using (3.3.53) and (3.3.51) we obtain

o0 OO n+1+s
Aywi(t) = Ay exp(Aitywo + 3 (Z T e (0))

—~\= (n+1+s)!
[ele} oo tn+s " s) ts (s)
= Ayexp(Ait)wo + Y Z A P A7) (0) = — Az (0) (3.3.54)
s=0 0 ’
Cdwi(t) =t (o) dwi(t)
= dt — EAQwi—l(O) = 7 — Agwi_1<t>,

s=0

which proves the statement. m
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Remark 3.3.18 The solution (3.53.50) can be rewritten in a more compact form, namely

oo o tk s
wilt) = exp(Aitywo + 3 D AT A (0). (3.3.55)
s=0 k=s+1

Remark 3.3.19 Since the solution (3.5.50) is an analytical function, therefore this the-
orem also shows that in the iteration process (3.3.37) (and similarly in (3.3.38)) the ana-
lyticity property is preserved. Therefore, it is enough to require that on each time-interval
the starting function of the iteration is analytical.

Now we will show that we can increase the order of the local splitting error by a
suitable choice of the initial guess.

Theorem 3.3.20 Assume that for the analytical starting iteration function wo(t) the
condition
wi(0) = (A; + A)*w(0); s=0,1,....m (3.3.56)
1s satisfied. Then, after the first iteration, the order of the local splitting error is equal to
m+ 2.
PrOOF. We will show that for any ¢ € [0, 7] the relation
exp(t(A; + A2))w(0) — wy(t) = O(™?) (3.3.57)

holds. In order to do this, we take into account the assumption of the theorem and
formula (3.3.55), and hence we have to prove the relation

m+1 m+1 m  m+l

1 S—
> Htff'(A1 + AP =) —tpAer > ‘A’“ 14,. (3.3.58)
p=0 p= O 5s=0 k=s+1

For the proof, we use the mathematical induction.
For m = 0 the formula (3.3.58) is obviously true.
Let us introduce the notation

m+1 m  m+l1
S = Z—tpAp+Z Z Ak 1A, (3.3.59)
s=0 k= s+1 !

Obviously, we have to show that

m—+2
1
Sme1 =Y Htp(Al + Ay)P. (3.3.60)

p=0

According to (3.3.60), we have the relation

m+2 m+1 m+1 yme+2
m Ap Ak s— 1A - —Am+2
+1 = Z +SZ(:)]€§1 ' 2 — S + <m+2)| 1 +
m tm+2 . tm—|—2 .
+ (m + 2)1/4717hL T A(AL+ Ag)” (m—+2),142(/11 + Ag)" = (3.3.61)
5=0 : :
m+1 P tm+2 ) m—+1 ,
= D A A+ e AP S AT A+ Ay
p=0 ) s=0
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One can directly check the validity of the following identity:

me+1 m—+1
Z A7171+175A2<A1 + Az)s = Z ATJrl*S(Al + A2 — A1>(A1 + AZ)S =
s=0 s=0
o - (3.3.62)
_ Z AT+178(A1 + A2)3+1 . Z A;n+2fs(A1 + AQ)S —
s—0 s=0

_ (Al +A2)m+2 _ A;TH_Q.

Substituting (3.3.62) into (3.3.61), we get (3.3.60), which proves the theorem. m
How can we guarantee the condition (3.3.56)7 Let us choose such a starting function
wo(t), which is continuously consistent in order m on the interval [0, 7], i.e.,

w(t) — wo(t) = O™, (3.3.63)

Hence, the relation
w®(0) = wi(0) (3.3.64)

holds for s = 0,1,...,m. On the other hand, w(t) = exp((A; + As)t)w(0), therefore
w®(0) = (A; + Ay)® w(0), for s =0,1,....

Clearly, the same results can be formulated for the equation (3.3.38), too. Because the
iterated splitting is continuously consistent, therefore each iterated step in the algorithm
(3.3.37)-(3.3.38) the order of the local splitting error increases by one. So, we get

Theorem 3.3.21 Assume that we execute the iteration (3.5.37)-(3.3.38) with a suitably
chosen initial function on the time interval [0,7]. Then each iterative step increases the
order of the local splitting error by one.

As a main consequence, we can define the order of the iterated splitting when the start-
ing iterated function wy(t) is obtained as a result of some other continuously consistent
splitting method. Clearly, we have the following

Theorem 3.3.22 Assume that the function w(t) is a split solution of the Cauchy problem
(3.1.1), obtained by using a continuously consistent operator splitting method of order p.
Then, after m steps by the iterations (3.3.37) and (3.3.38), the local splitting error is
O(rm+v 1),

3.4 Further investigations of the operator splittings

In Sections 3.2 and 3.3 we introduced and analyzed the different operator splittings for lin-
ear bounded operators. In this part we give a more comprehensive analysis and extensions
for those results.

3.4.1 Operator splittings for Cauchy problems with a source
function

In this part we consider splitting methods for a linear system of differential equations
w'(t) = Aw(t) + f(t), A € R"" and t € Z (where Z C IR is an interval), split into two
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subproblems w (t) = Ajw (t)+ f1(t) and wh(t) = Aswo(t)+ fo(t), A = A1+ As, f = fi+ fo.
This problem is motivated by many practical problems, e.g., the semi-discretization of the
Maxwell equations leads to such a kind of problems. (See Appendix C.) We will analyze
the second order methods. Namely, expressions for the leading term of the local error are
derived for both the Strang-Marchuk splitting and the symmetrically weighted sequential
splittings.

Using the power series representation of the matrix exponential, the following estimates
clearly hold:

(expTA)V(t) = Z lAjv(t) + O(r™ ), VteZ, Vm e N, (3.4.1)

(expTA-exprB)v(t)= (I +7(A+ B) + %2(142 + B* +2AB))v(t) + O(7%), (3.4.2)

(expTA-exptB-exptC)v(t) = (I +7(A+ B+ C)+
L (3.4.3)
+5(A2 + B> 4+ C? 4+ 2(AC + BC + AB)))v(t) + O(?),

forall t € Z. Let v: Z — IR"™ be a p + 1 times continuously differentiable function
(v € CP™(Z)). Then the Taylor expansion of the function v can be defined as

Jj oo p+1
v(t+71) = Z LV(])(t) +— vPD (¢ 4 07), Vr>0(t+71€el), (3.4.4)

VO =[Pl eRY =1,
VO 4 0r) = V(L € R, Bi€(0.1), i=1...n.

Using the Landau notation of O(7P), we can rewrite the Taylor series (3.4.4) as

j

t—l—T Vv

)+ O(rPth). (3.4.5)

M@

.

Jj=0

For a function v : Z — IR™ with integrable coordinate functions v; : Z — IR, the integral
fI t)dt is defined elementwise, i.e.,

/Iv(t)dt = {/Ivi(t)dt]jl eR".

We will need the following result:

Lemma 3.4.1 Assume that the interval Z is of length |Z| = O(1™), that is, there exists a
constant Cy > 0 such that for sufficiently small values |T| the relation |Z| < Cy|7|™ holds.
Assume also that 7 > 0 and 7 € T and that £,(t) = O(7P) and g,_(t) = O(1 —s)?. Then

/IfT(s)ds = O(77"™), and /IgT_s(s)ds = O(7™tmP), (3.4.6)
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PRrROOF. There exist constants Cy > 0 and C5 > 0 such that
£ ()| < Cor?, [Igr—s ()] < Cslm — 57,

uniformly for all ¢ € Z. Hence, the coordinate functions f.;(t), g-—si(t), i =1,...,n, are
also bounded as | f;;(t)| < Cot?, |gr—s,i(t)] < Cs|7 — s[P. Thus we have

/If‘r,i(s)ds
/IgTs,i(S)dS

Let f : [0,7] — IR™ be a given vector function and A € IR™*". The solution of the
initial value problem

S / ’fTﬂ'(S)’dS S CQTp/dS S CngTp+m,
A 7

< / |gr—s.i(s)|ds < Cg/ T — 5P ds < C1C37™ / ds < C2Csr™Pt™,
7 I 7

S‘I|p§017—mp

w(t) = Aw(t) + £(t), t €[0,7],
{W(O) is given, (3:4.7)
reads .
w(t) = exp (tA)w(0) + /0 exp((t — s)A)f(s)ds, te[0,7]. (3.4.8)

In the following, we split (3.4.7) into the following two ODE systems:
Wll = A1W1 + fl, W/2 = A2W2 + fg, with Al + AQ = A, f1 + fg =f. (349)

First, we consider the Strang-Marchuk splitting scheme. Assuming that the time
integration is performed exactly for each split step, we can write the solution of this
splitting scheme after one time step as

wanm(T) = exp(%Al) {eXp(TAz)W1<T/2) + /OT exp((T — S)AQ)fQ(S)dS} +
(3.4.10)

+ /T/T2 exp((T — s)Aq)f1(s)ds,

where wy(7/2) is the solution of the first sub-step for the first sub-problem:

w1 (7/2) = exp(0.57A;)w1(0) + /0 | Texp((0.5r — 5)Ay)fi(s)ds,

with wy(0) = w(0) being the initial data of the original problem (3.4.7). Substituting the
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last expression for wy(7/2) into (3.4.10), we obtain:

T T /2
wom(T) = eXp(iAl) {exp(TAg) <eXp(§A1>W(O) +/O exp((1/2 — S)Al)fl(s)ds> +
Tex T — 5)A2)fs(s)ds Tex T —s)A)fi(s)ds =
= [ e >)<>}+/ﬁ2 p((7 — 5) A1) ()

= exp(5 Ay) exp(rAy) exp(5 Ar)w(0)+

T T/2
+exp(Z Ay exp(ry) /0 exp((7/2 — 5) Ay (5)ds+

T

A) /O " exp((7 — 5)Ao)Ea(s)ds + / exp((7 — 5) A1) (s)ds.

/2

-
+exp(=

[\]

(3.4.11)

Theorem 3.4.2 Assume that the functions f, fy are three times continuously differen-
tiable vector functions: f; : [0,T] — ", f; € C3([0,T]), i = 1,2. Then the Strang-
Marchuk splitting scheme (3.4.11) applied to the inhomogeneous ODE system (3.4.7) with

splitting (3.4.9) has third order local error, i.e., the scheme has second order accuracy
and for the local splitting error we have

3 1
ET’T’SM(T) = W(T) — WSM(T) = % { |:§A1 + AQ, [Al, AQ]:| W(O) +
1 1
+ (§A2A1 A Ay — Ag) f, (g) + <2A2A1 A A, §A§) f, (%) — (34.12)

~utf (3) + gt (3) | + 00,

where, as before, w is the exact solution of (3.4.7) defined by (3.4.8) and [Ay, A3, as
before, denotes the commutator of Ay and A,.

PrOOF. Comparing (3.4.11) and (3.4.8), using (3.2.34) we have

(exp(TA) — exp(%Al) exp(TAy) eXp(;‘h)) w(0) =

, (3.4.13)

T

- = (BAl + Ao, A, AQ]D w(0) + O(rh).

The rest of the proof consists of estimating the differences in the terms containing f; and
f; in (3.4.11) and (3.4.8). We first rewrite the terms of (3.4.11) containing f; as

T

T /2
exp(§A1) exp(TAy) /0 exp((7/2 — s)Ay)f1(s)ds + //2 exp((T — s)A1)f1(s)ds

T

/2 T
= / eXp(gAl) exp(TAz) exp((7/2 — s)Ar)f1(s)ds + / exp((1 — s)A1)fi(s)ds
0 T/2
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and, using (3.4.6) and (3.4.1), we arrive at

T T T - 2
= / fi(s)ds + / (1 —s)Aifi(s)ds + / r 5 s) A3 (s)ds (3.4.14)
0 0 0
T/2 ,7_2
+ / (TAQ + ? (Ag + A1A2 + AzAl) — TSAQAl) fl(S)dS + O(T4). (3415)
0
We now introduce the notations
f@o = fZ(T/Q) - IRn, fi,l = fZ/(T/2> - ]Rn, fi,? = f;/(7/2) - ]:Rn Z = 1,2,

and define the Taylor expansions of f; and f5:

o 2
fi(s) = fi0+ (s — 7/2)fi1 + %fm L O(s—7/2°  i=12  (3.4.16)

Replacing f; in (3.4.15) by its Taylor expansion (3.4.16) and taking into account (3.4.6),
we obtain

’ fi(s)ds = ’ fio+ (s —7/2)f11 + wﬂ2 ds + O(t%)
a1 z

T T T — 2 2
0 0 P 0

=0

3

:Tflo—Fﬂflz—i‘O( )

Similarly, we have

7_2 7_3
/ T — S A f1 )dS = —A1f1 0 — —A1f1 1 + O<T4),
0 PR b R

I

/ TAQfl dS = —Agfl 0~ _AQfl 1+ O( )

3
A2f1( )ds = T—Affl,0 + O,

o

3
/ 24 A Ay + As A (s)ds = %(Ag + A Ay + Ay Ay,

3
/ TSAQA f1 )d = %A2A1f1,0-

[en]

Hence, we get

T

T/2
exp gAl - exp TAQ/ exp (7/2 — s)Afi(s)ds + / exp (7 — s) Aifi(s)ds
0 /2

2

= Tf10 + — (Al +A2)f10 (3417)

/1 3 3
+E (§f1,2 —Af 1+ QA%fLo + 3(143 + A1 Ay + Ay Ay o — §A2f1,1 - §A2A1f1,0) .
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Next, we estimate the term with f; in (3.4.11):

exp %Al/ exp (1 — s)Axfy(s)ds :(3'4'2)/ f2(s)ds+
0 0

i /O (T (- 9)4) (st (3.4.18)

+/OT (§A§+ (7~ . o a2 (72 5 4 A2> £,(s)ds + O(+).

Replacing here f5(s) by its Taylor expansion (3.4.16), we have

T 3
/ fg( )d5_3417 Tf 0+—f22+0( )
; 24

. -3
/ <gA1 + (1 — S)A2> fy(s)ds =346 %(Al + Ag)fo o — —A2f2 1+ O,
0

T 2 _ e)\2 _
/ (%A§+ r 23) A2 4 7(72 5)A1A2) £, (s)ds
0

—(3.4.6) 7—8 (A2f2 0+ 3A2f2 0+ 2A1 Ao 0) +0(r).

Thus, the fo-term in (3.4.11) can be estimated as

T 72
exXp %Al / exXp (7' — S)AQfQ( )dS = Tf2 0 + = (Al + Ag)fQ 0 (3419)
0

7_3

12
This, together with (3.4.17), yields

3
( f22 — A2f21 + = A f20 —|—2A2f20 +3A AQng) —|—O(T4)

2
T T T
WSM(T) = eXp §A1 exp TA2 exp —A1W<O) + T(fl 0 + fQ 0) + _(Al + Ag)(fl 0 + f2 0)

1 1
—|—7’3 (24f12 — <12A1 -+ gAg) fl 1 + — o1 (4A2 + 6142 + 6A AQ + 3A2A1)f10

1 1 1
ﬁfg 2 — 12 Agfg 1 + (3142 + 4A2 -+ 6A1A2)f2 0) -+ 0(7'4).
(3.4.20)
Consider now the exact solution w(7) given by (3.4.8). Using again the Taylor series of

f(s), we can rewrite the integral term in (3.4.8) as

/oT exp((T — s)A)f(s)ds =341)(3:46) /OT [I +(r—s)A+ - _2 5)2,42] f(o)ds 0

2
-
=7(f10+f0) + 7(141 + Ao)(f1 0+ fo0)+

1 1 1
+73 (EAQ(fl,O +f20) — EA(fl,l +151) + ﬂ(fm + f272>) +0(7Y),

(3.4.21)
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so that

2
-
W(T) = exXp TAW(O) + T(fl,() + f270) + E(Al + AQ)(fl,O =+ f270)

. ) . (3.4.22)
+ 73 (EAQ(fLo + 1) — EA(fl’l +£1) + ﬁ(ﬁ,z + fm)) + 0(74)-

Subtracting the last expression from (3.4.20) and taking into account (3.4.13), we arrive
at the required statement given by (3.4.12). m
For the symmetrically weighted sequential splitting a similar result holds, namely

Theorem 3.4.3 Assume that the functions fi, f5 are three times continuously differen-
tiable vector functions: f; : [0,T] — R", f; € C3([0,T]), i = 1,2. Then the symmetrically
weighted sequential splitting scheme, applied to the inhomogeneous ODE system (3.4.7)
with splitting (3.4.9) has third order local error, i.e., the scheme has second order accuracy
and for the local splitting error we have

i [Al - AQ, [Al, AQ” W(O) - g ((AQAl - 2A1A2 + Ag)f1(7/2)

T

W(T) — Waypss(T) = T
+ (A1 4s — 245A1 + ADE(1/2) + Aof((7/2) + Aify(7/2)) + O(77).
(3.4.23)

The proof of this statement is also very technical and we refer to [17].

3.4.2 Local error analysis

In Section 3.2 we gave the conditions under which the local splitting error vanishes for
the sequential splitting. As it was proven, for two operators the commutativity was a
necessary and sufficient condition. In other words, the operator norm of the commutator
should equal zero to get zero local splitting error. In the following we analyze whether
the dependence of the magnitude of the local splitting error is continuous on the norm of
the commutator. (Is it true that to a small commutator norm corresponds a small local
splitting error?)

When the order of the local splitting error is p, then this means the following: for
sufficiently small values of 7 the magnitude of Errg,(7) is defined by the leading term of
the error, i.e., by the coefficient of 777, We observed that for the operator splittings under
investigation this coefficient can be expressed by the commutators of the operators. This
implies the direct dependence of the splitting error on the commutator norm. However, we
should emphasize that this is true only for a sufficiently small 7. The following example
shows that the magnitude of the norm of the commutator does not define the magnitude
of the local splitting error in any case.

EXAMPLE 3.4.4 Assume that
0

A = (3.4.24)

o O O
S O O
O O O
Okri—= O O
&=
Il
o O OO
S O O
O OoONvE O
Orlw O© O
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L7 [ 37?4y Aell | gr° [ Racll |
1 1.25(—1) 6.25(—2)
0.1 1.25(—3) 6.25(—5)
0.01 1.25(—5) 6.25(—8)

0.001 1.25(—7) 6.25(—11)

Table 3.4.1: The second and third terms in the splitting error for A.

1
A= A1+A,p € R (p#0) arbitrary , By = pAy, By = ~Ay, B= B1+B,, vo = (1,1,1,1)
p

and T = 1. We consider the following problems:

' (t) = Au(t), te (0,1]
w(0) = v } (3.4.25)
" ) = Bu(t), te(0.1]
w'(t) = Bw(t), € (0,
0(0) = v, } . (3.4.26)
Then .
1[A1, Aol = 1B, Balll . = T

that is the norm of the two different commutators are equal.
Let us select p = 1000, and apply the sequential splitting for both problems (3.4.25) and
(3.4.26). Then for the local splitting error we get

HETT’iq(l)”OO = H(e(AlJrAQ) — €A26A1)U0HOO =0.125

and
B _ B1+B3 By ,B1 —
= 0 —_— . .
| ErrZ (V)| = [[(ePriP2) — eP2ePryyg|| = 20.8334

seq

One can see that in the second example we got a much (166.67 times) bigger local splitting
error than in the first example. What is more, choosing bigger values of p, we can obtain
arbitrarily big differences. This example suggests that the size of the splitting error is not
completely determined by the commutator norm.

The reason is that in this example the value 7 = 1 is still quite big, and the contribution
of the higher-order terms in the local splitting error is still important. When we decrease
the value of 7, then the difference between the local splitting errors disappears. In order
to analyze this phenomenon, we compute the coefficient at 73 for the error. The direct
calculation shows that

2 3
Erryeq(T) = %[Am AsJwo + %RAwO +O(m), (3.4.27)

where the operator R4 has the form
RA - A1A2A1 + A2A1A2 + A%AQ + AlAg - 2A§A1 - 214214? (3428)

(The same expression is valid for B.) In our example, for the two different splittings, the
second and the third order terms in the local splitting error for the operators A and B
are shown in Table 3.4.1 and Table 3.4.2, respectively.

The total splitting errors for the different values of 7 are shown in Table 3.4.3.
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[ [[37°1[B:, Bilell [ 571 Rpell |
1 1.25(—1) 20.833
0.1 1.25(—3) 2.08(—2)
0.01 1.25(—5) 2.08(—5)
0.001 1.25(—7) 2.08(—8)

Table 3.4.2: The second and third terms in the splitting error for B.

’ T H splitting error for A ‘ splitting error for B ‘

1 1.25(—1) 20.833
0.1 1.25(—3) 2.08(—2)
0.01 1.25(—5) 2.08(—5)

0.001 1.25(—7) 1.25(—7)

Table 3.4.3: The total splitting errors for A and B.

We can see that the local splitting error for the operator A is determined by the second
order term for each 7; however, for the splitting of B it does only for the last value
(1 =0.001), for the bigger values the third order term defines the error.

The above example raises the question of a suitable choice of the splitting time dis-
cretization parameter 7: when it is too big, we lose the order; otherwise, when it is too
small, we have to execute too many computations in order to get an approximation at
some fixed time level. One can get a good hint by using the magnitude of ||R4||. However,
formula (3.4.28) shows that the expressions for the coefficients at 7% become more and
more complicated with increasing k. To avoid this problem, i.e., to write operator R4 in
a more compact form, we can use the Baker-Campbell-Hausdorff (BCH) formula [143],
which is very useful for the sequential splitting with two operators. The idea is to write
the product of two matrix exponentials as a matrix exponential of one matrix.® We seek
such C,, = C,,(As, A1),n = 0,1, ... for which the relation

POO n
eTA2oTA1 — o nZoT"Cn (3.4.31)

6The Baker-Campbell-Hausdorff formula is the solution to Z = log(eXe¥) for non-commuting X
and Y. It was first noted in print by Campbell [21], elaborated by Poincaré [109] and Baker [6], and
systematized by Hausdorff [66]. The formula below was introduced by Dynkin. For an arbitrary Lie
algebra the formula is cumbersome and in practice it is not perspicuous. However, for a matrix Lie group
we obtain a simpler formula:

E (_1)n—1 X"yst... XY Sn

7= 2 : 3.4.29

n>0 n ritsis0 rilsyl-rplsy! ( )
Zlg‘ilgn

The Zassenhaus formula [155] is

HXAY) X Y~ B (XY B YOV XY gt (3.4.30)

which shows the necessity and sufficiency of commutatitivity of the operators for the relation e!X e?¥ =

e!Y etX. For some more details we refer to [60].
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holds. It is not difficult to show that, for the first coefficients, we have

Co=Cy(Az, A1) =0, C;=C1(Ay, A1) = Ay + Ao,
(3.4.32)
Cy = Co(As, A1) = 5[4z, A1), O3 = C5(Az, Ar) = ¢[As — Ay, 5[A2, A].

For the further values n (n = 4,5...) for the matrices C,, = C,(Aa, A;) there is a recursion
formula, see (3.4.29) in the footnote. We remark that from this formula follows also
the fact that the sequential splitting error for two operators vanishes if and only if the
operators commute. According to the definition of the exponential of operators, and using
the formulae (3.4.32) in (3.4.31), we obtain

1 1
er At — T (A + Ay) + §TQ(A1 + Ag)* + §TS(A1 +4:)° +0(7Y),  (3.4.33)

and

P. o0
eTA2eTAL — or(AitAo)t L0 1 T(A; + Ay) + Z TCh+

n=2

1 - n 2 1 = n 3 4
o7 [T(Ar + A2) + ;T Cul? + glr(Ay + A2) + 3 7"Cul’ +O(r). (3.4.34)

n=2

It is easy to see that expressions (3.4.33) and (3.4.34) are equal up to the first order in 7.
Moreover, the coefficient of the second order term in the difference (3.4.34)-(3.4.33) reads

1
o [Ag, Al . (3.4.35)
The resulting difference operator at 72 can be written as
1 1
Ra=0Cs5+ 5(,41 + A3)Cy + ECQ(Al + Ay).

Applying the corresponding expressions for Cy and C3, we get

1

Ry—= —
A7 19

1 1
[Ay — Ay, [Ag, Au]] + 1 (As + Ay) [A2, A1) + Z[AZ’ A (A + Ay). (3.4.36)
Using the trivial upper bound of the norm for the commutator, we get

1 1

[Rall < (6 |42 — Asll + 3 | Al o) I[A2, Al - (3.4.37)
From the above formula one can draw the following conclusions. In any non-trivial case,
the estimating expression vanishes only if the operators commute. However, if the norm of
the original operator or the norm of the difference of the split operators are big, then the
obtained upper bound can also be big. Therefore the error may be (but not necessarily

is) significant, even if the commutator norm is relatively small. This is in accordance with
the results of our numerical experiment, since

1
|All, =1, [ Bl =500.0005 |A;— Al = 5 | B2 — Bil|,, = 749.99925,

80 || By — Bl >> || A2 — Aill and || Bl >> [|A]l -
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The dominance of the second order term, by using the estimation (3.4.37) means the
condition

3
T < )
[A2 — Al + 3 1Al

In our example, for the splitting of operator B, this gives the bound 7 < 1.33 - 1073,
However, we can give another estimation, since, R4 can be rewritten as

(3.4.38)

1
Ry = 5{ (242 + Ay) [Az, A] + [Az, Ai] (24, + Ay) }. (3.4.39)
Hence, the condition (3.4.38) can be modified as

T< 3 .
2{ 124 + Aill o + 1241 + A3 . }

In our example, for the splitting of operator B, this gives the bound 7 < 1.0-1073, which
is sharper (c.f. numerical results in Table 3.4.3).

(3.4.40)

3.4.3 Consistency and convergence of the operator splitting dis-
cretization methods

In this section we consider again the abstract Cauchy problem (3.1.1), but in a more
general setting: the boundedness of the linear operator A will not be assumed.
We consider the Cauchy problem

uw'(t) = Aogu(t) t e (0,t1],
u(0) = uo,

in a Banach space X, where A : X — X is a closed, densely defined linear operator with

the domain of definition D(Aj). Assume that Ay generates a Co-semigroup {So(t) }icpo,i+-

Then, according to the so-called growth estimation condition, there exist constants wy € IR
and My > 1 such that

(3.4.41)

1So(t)|| < Moe**t, t e [0,t*]. (3.4.42)
Moreover, for any uy € D(Ap), (3.4.41) has the unique classical solution (see e.g., [37])
u(t) = So(t)ug, t € [0,t7]. (3.4.43)
Assume that
Ay = Ay + Ay, (3.4.44)

where A; and A, are generators of such Cy-semigroups {S; () }+>o and {Sa(t) }+>0, which
can be approximated more easily than {Sy(¢)};>0 (Details about the approximation of
semigoups can be found in [5].) Furthermore, let

Dy, = D(A}) () D(AS) (| D(Af), k=1,2,3 dense in X
and Afbk,z' =0,1,2, k=1,2,3 closed operators. (3.4.45)

We will use the notation D = ()>_, Dy.

Remark 3.4.5 If we assume that the operators Ay, A1 and Ay are bounded, then the above
conditions are automatically satisfied. If the operators are unbounded, but the assumption
D(AY) = D(A5) = D(A}), k =1,2,3, holds and the resolvent sets p(4;), i = 0,1,2 are
not empty, as it is assumed for k = 1,2 in [11], then (3.4.45) are automatically satisfied.
(See [677] and also [37], Appendiz B, B.14).



3.4. Further investigations of the operator splittings 110

As before, we divide the time interval (0, ¢*] of the problem into N sub-intervals of equal
length 7 = t,.1 — t,, defining the mesh w,. Then, on each sub-interval (¢,,t,.1], n =

0,1,...,N — 1 the approximate solution I/Q;Tl of u(t,11) is computed as
Vil = Sept(T) Vi, (3.4.46)

where Sg,1(7) is one of the operator splitting methods, introduced before. For the most
classical operator splittings they are clearly defined as

1. sequential splitting: Sgeq(7) = S2(7)S1(7),
2. symmetrically weighted sequential splitting: Sewss(7) = 5(S1(7)S2(7) 4+ S2(7)S1(7)),
3. Strang-Marchuk splitting: Ssy(7) = S1(7/2)S2(7)S1(7/2).

Since the operator splitting is a time-discretization method, therefore it is quite rea-
sonable to investigate its convergence as the discretization parameter 7 tends to zero.
In order to do this, we will use the basic concept of such problems, namely, the Lax-
Richtmyer theory, which leads the question of convergence to the investigation of the
consistency and stability. Therefore, we start with recalling three definitions from [11].

Definition 3.4.6 Let T, : X x [0,t* — 7] — X be defined as
T (ug, t) = So(T)u(t) — Ssp(T)u(t). (3.4.47)

For each ug and t, T, (ug,t) is called the local truncation error of the corresponding splitting
method.

Hence, the meaning of the local truncation error is the following: if we start from the exact
solution u(t) at any fixed point ¢ € [0,¢*], then T (ug, t) shows the difference between the
exact and split solutions at time ¢ + 7, i.e.,

T (ug, t) = Errsp(u(t), 7). (3.4.48)

(C.f. notation in (3.1.9).) Therefore, at t = 0 the local truncation error is the local
splitting error, i.e., T;(ug,0) = Errg, (7).

Definition 3.4.7 The splitting method is called consistent on [0,t*] if

T (o, t,
lim  sup It (3.4.49)

T=00<t, <t*—7 T

whenever uy € B, B being some dense subspace of X.
Definition 3.4.8 If in the consistency relation (3.4.49) we have

TT 7tn
sup 177 (uo, tn) | =O("), p>0, (3.4.50)

0<t, <T—t* T

then the method is said to be (consistent) of order p.
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In the following we analyze the local truncation error, which from (3.4.47) can be
rewritten as

T, (ug, t) = (So(r) — Sep (7)) u(t). (3.4.51)

First we assume that the operators Ag, A1, A : X — X are bounded and they are defined
on the entire space. Then we have estimations for the local splitting error, and on the
base of (3.4.51), we can write:

1T (uo, )| = [[Errsp(u(t), )| < E()[[u(®)] (3.4.52)

with E(7) = O(7P™!) (p is the order of the given splitting). Using (3.4.43) and (3.4.42),
we have
| T (g, t)|| < E(7)Moel o™ |Jug|| = const - E(7). (3.4.53)

This proves

Theorem 3.4.9 For bounded operators all the considered operator splitting methods are
consistent and their order of consistency equals to the order of the operator splitting.

The analysis of the consistency for unbounded operators is much more complicated.
For the sequential splitting it is proven in [11] that it is consistent in first order. In
the following we give the results for the higher-order operator splittings, namely, for the
Strang-Marchuk splitting and the symmetrically weighted sequential splitting.

The following formula will play a basic role in our investigations.

Theorem 3.4.10 For any Cy-semigroup {S(t)}i>o of bounded linear operators with cor-
responding infinitesimal generator A, we have the Taylor series expansion

n—1 tj

J=0

t
Alug + ﬁ/ (t — 5)""1S(s5)A™ugds for all ug € D(A™), (3.4.54)
n—1!J

see [67], Section 11.8. Particularly, for n = 3,2 and 1 we get the relations

2 1 T
S(T)ug = ug + TAug + %Azuo + 5 / (1 — 5)%9(s) A3uq ds, (3.4.55)
0

S(T)ug = up + 7 Auy + / (7 — 8)S(s)A%uq ds (3.4.56)

0

and -
S(r)uo = uo + / S(s) Aug ds, (3.4.57)

0

respectively. The following lemmas will also be helpful (see [154], Chapter 11.6, Theorem
2).

Lemma 3.4.11 Let A and B be closed linear operators from D(A) C X and D(B) C X,
respectively, into X. If D(A) C D(B), then there exists a constant C' such that

| Buo|| < C(||Aug|| + ||uol|) for all uy € D(A). (3.4.58)
This implies that there exists a universal constant C by which for ug € Dy, k=1,2,3
1AFuoll < C(l|A¥uoll + lluoll) 7,5 =0,1,2, (3.4.59)

where Dy, are according to (3.4.45).
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Lemma 3.4.12 Let A be an infinitesimal generator of a Cy-semigroup {S(t)}i>0. Let
t* >0 and n € IN arbitrary. If ug € D(A™), then u(t) = S(t)ug € D(A™) for 0 <t < t*,
and we have

sup [|[A*u(t)| < Cu(t*), k=0,1,...,n, (3.4.60)

[0,¢4]
where Cy(t*) are constants independent of T.

PROOF. Let 2(t) = A" tu(t) = A" 1S(H)ug = S(t)A" ' ug. Clearly, ug € D(A")
implies A" 'ug € D(A). It is known from the theory of Cy-semigroups (see [37], Chapter
I, Lemma 1.3) that then S(¢t)A" 'ug € D(A), ie., A" lu(t) € D(A). Consequently,
u(t) € D(A™). Moreover,

sup ||Aku(t)H = [sup] ||AkS(t)u0|| = [sup} HS(t)AkUOH < Mel“"t*HAku()H (3.4.61)
0,t* 0,t*

[0,¢%]
fork=0,1,....,n.m

Now we will consider the symmetrically weighted sequential splitting. Our aim is to
show its second-order consistency for generators of Cy-semigroups. By using (3.4.54) for
n = 3, for ug € D we have

2
SQ(T)Sl(T)’LLO = Sl(T)UO + TAQSI(T)UO —+ %A%Sl(ﬂuo +
1

3 | = 954351 (yug s (3462

and similarly,

2
Sl<T>SQ(T)’LLO = SQ(T)UO + TAlsg(T)UO —+ %A%SQ(T)UO +
1

3 | 7= PSS ds (34.63)

Applying (3.4.55), (3.4.56) and (3.4.57) for the semigroups {S;(t)}+>0 and {Sa(t)}+>0 and
substituting the corresponding expressions into the first, second and third terms on the
right-hand side of (3.4.62), we get

1
5[52(7')51(7’)160 + Sl(T)SQ(T)uO] =
2
Uo + T(Al + AQ)UQ + %(Al + A2)2u0

+1/ (1 — 5)291(5) Aug ds + i/ (7 — 5)2S,(s) Adug ds
0 0

4
1 T 1 T
5Ty / (r = 9)S1(5) Aug ds + L74, / (r— 9)Sa(s) A2ug ds  (3.4.64)
0 0
1 T 1 T
+172A%/ S1(s)Arug ds+ZTzA3/ Sa(s)Asug ds
0 0
1 [ 1 [
45 [ =S ASS T ds + 5 [ (= 5P Si(6) ALSa(r)un ds.
0 0

On the other hand, we have

2 1 T
So(T)ug = up + TAgug + %Aguo + 3 / (7 — 5)%Sy(5) Aduyg ds, (3.4.65)
0
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so the difference is

3[52(7')51(7)% + 51(7)S2(T)uo] — So(T)uo = (3.4.66)
‘i& /OT(T — 5)2S1(s)Afuo ds + i /OT(T — 5)%Sy(s) Adug ds (3.4.67)
1

1 T T
+—7'A2/ (7 — 5)S1(5)A%ug ds + 57‘141 / (7 — 5)Sy(5) A2ug ds (3.4.68)
0 0

2
1 T 1 T
+ZT2A§/ 51<S)AIUO ds + 17'214%/ 52(8)A2U0 ds (3469)
0 0
1 [ 1 [
Wj/ (7 — 5)%S5(s) A58 (T)uo ds + Z/ (7 — 5)251(5) A3, (T)ug ds (3.4.70)
0 0
1 T
—5/ (T — 5)*So(s) AGuo ds. (3.4.71)
0

Lemma 3.4.13 Let Ay, Ay and Ay be infinitesimal generators of the Cy-semigroups

{So(t) }i>0, {S1(t)}i>0 and {S2(t) }i>0, respectively. Assume that (3.4.44) and (3.4.45)
are satisfied, and let t* > 0. Then for all uy € D the relation

< T C() (| Aguo |+ Aguoll+ | Aouoll+luol)
(3.4.72)

5152715170+ $u(7) (] = St

holds for T € [0,t*], where C(t*) is a constant independent of T.

PROOF. We estimate the terms on the right-hand side of (3.4.66)—(3.4.71). We will
often exploit the fact that the semigroups under consideration are Cp-semigroups, and so
the growth estimation condition (3.4.42) is valid for each of them:

1S;(t)]| < Mge*, Vte|0,t], i=0,1,2, (3.4.73)

where M; > 1,w; € IR are given constants. In the two terms under (3.4.67) and that
under (3.4.71) we can make the following estimate:

For the first term in (3.4.68) by using Lemma 3.4.11 we can write

< Mie‘“’i‘T

| AZu HT—3 =0,1,2 3.4.74
i03 1 =VU, 1, 2. ( )

/ (7 — 8)2S;(s) Ajug ds
0

'%TAQ / (r — 5)S1 (s) AZug ds| < % A / ( — 5)S1(s) A2uo ds|| (3.4.75)
0 0
+§7‘ i (1 — 5)S1(s)Ajup ds|| . (3.4.76)

Using (3.4.56) twice and the fact that all semigroups commute with their generator, we
get

Al/ (7' - S)Sl(S>A%’U/0 ds = A1<51(T)UO — TA1U0 — 'Ll,()) =
0

= S1(1) Ayug — TAug — Ayug = / (1 — 5)S1(s)A3ug ds. (3.4.77)
0
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Hence, for term (3.4.75) we obtain the estimate

3

C .
—T < Mle‘“’l‘THA:fuoHTZC.

2

Ay / (7 — 8)S1(s)A2ug ds
0

Term (3.4.76) can be estimated by

C
—T

2 T
5 S M16|w1|THA1UOHZc.

/O (= 881 (5) AZug ds

So,

3

Similarly, for the second term in (3.4.68) the following relation is valid:

%TAQ/ (7 — 5)S1(s)A3ug ds
0

7.3

< Moe 27 (|| AJuo| + || A3uol|)

1 T
§TA1/ (T — 5)Sa(s)Asug ds
0

~
< Myl ([[ATuo | + [[Afuoll) -

1
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(3.4.78)

(3.4.79)

(3.4.80)

(3.4.81)

For the estimate of the first term of (3.4.69) on the base of Lemma 3.4.11 we can write

‘}LTQA%/ Si(s)Ajug ds|| = %7’2 A%/ S1(s)Ajug ds
0 0
+ 97'2 / S1(s)Aqug ds|| ,
4 0

where for term (3.4.82) we have

C
;2 _ 22

4

A% / 51(8)A1U0 ds
0

/ S1(s)Alug ds
0

and for term (3.4.83):

C

C
1 S ZT3M1€|w1|T||A1UQH.

/ S1(s)Aug ds
0

Consequently,
3

A~ T
< MyeI"C(]| Aduo|| + HAluoH)Z-

1 T
HZTQA% / Sl(s)Aluo ds
0

In a similar way, the second term of (3.4.69) is estimated by

For the first term of (3.4.70) one can write

3

1 T R T
17'214%/ Sa(s)Aqug ds|| < Mge"”?'TC'(HAguoH + HAQU/OH)Z.
0

3

1 T
HZ/ (T — S)QSg(s)AgSl(T)uo ds|| < M26|w2|7—||A351(7‘)u0||I—2 <
0

w

T

< Mpe PO (| ALSy (m)uo|| + 1Sy (7)uol) 75 < Mael ! Moel2mC (|| Afuo | + [fuol))

1

+

(3.4.82)

(3.4.83)

C
< ZT3M16|W1|T||A:£’U0||, (3.4.84)

(3.4.85)

(3.4.86)

(3.4.87)

(3.4.88)

-
12
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Here we have used that
| A3Sy (T)uo|| < C(|ATS1(T)uol| + [|S1(7)uol]).- (3.4.89)

Finally, in a similar manner, the second term of (3.4.70) is estimated by

7_3

12

1

HZL/ (1 — )28, (5) A3 Sy (T)ug ds|| < MyelI" Myel“2ImC (|| Aduo|| + [|uo||) (3.4.90)
0

|
To prove the second-order consistency of the symmetrically weighted sequential split-
ting, we need a uniform bound, proportional to 73 on

H% [S2(7) Sy (F)ult) + S1(7)Sa(r)u(t)] — SO(T)u(t)H (3.4.91)

as ¢t runs from 0 to t* — 7, where u(t) = Sp(t)ug is the exact solution of the original
problem (3.4.41).

Lemma 3.4.13, (3.4.59) and Lemma 3.4.12 imply the following

Theorem 3.4.14 Let the conditions of Theorem 3.4.13 be satisfied. Then for any uy € D
we have a uniform bound

1
Hﬁ[SQ(T)Sl(T)U(t) + S1(7)Se(T)u(t)] — SO(T)u(t)H < O, (3.4.92)
where C(t*) is a constant independent of T. Hence, the symmetrically weighted sequential
splitting has second order consistency for unbounded generators, too.

For the Strang-Marchuk splitting we can prove a similar result.

Theorem 3.4.15 Let the conditions of Theorem 3.4.13 be satisfied. Then for any ug € D
we have a uniform bound

1151 (0.57)S5(7)S1(0.57)u(t) — So(T)u(t)]| < 73C(t*), (3.4.93)

where C(t*) is a constant independent of T. Hence, the Strang-Marchuk splitting has
second order consistency for unbounded generators, too.

The proof of Theorem 3.4.15 is similar to the proof of Theorem 3.4.14 and can be found
in [42].

According to the Lax-Richtmyer concept, to show the convergence of a consistent
operator splitting method, we have to show the stability, which is defined as follows.

Definition 3.4.16 A splitting method is called stable on [0, t*], if the relation
| (Sspr(T))" | < Cipr, (3.4.94)

holds for all nT < t*, where Cyp s a constant independent of 7.
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To prove the convergence for the sequential splitting, the Strang-Marchuk splitting and
the symmetrically weighted sequential splitting, we have to show the stability, i.e., the
property (3.4.94). Let us assume that for the semigroups Si(¢) and Ss(t), generated by
the operators A; and As, respectively, (3.4.73) holds with M; = M, = 1. Then, for the
sequential splitting we have

1 (Sea(™)" [ = [ (S1(7) - Sa(m)" [| < NSUT)II" - [[Sa(r) " < elrteninr

_ e(wl Fwo )t*

(3.4.95)
= const,

which proves the stability of the sequential splitting.

To get the same result under such a growth condition for the Strang-Marchuk splitting is
obvious.

For the weighted sequential splitting under the above assumption we have

[ (Swss (M) Il = 11(0 - S1(7) - S2(7) + (1 = 6) - Sa(7) - Si(7))" || <
<10 Si(7) - Sa(r) + (1 =) - Sal7) - Sa(7)|" < (3.4.96)

< ||Sl<7-)||n . ||52(7-)||n < 6(w1+w2)n‘r — €(w1+w2)t* = const,

which proves the stability of both the weighted sequential splitting and the symmetrically
weighted sequential splitting.
For the modified additive splitting we have:

| (S I—H{ (1(27) + 5a(27)) }”|¢<H{ (S1(27) + Sa(27)) }H

n

usieni+isean) < (e o) < gormty

*
= e maxwiwt — onst,

(3.4.97)
which proves the stability of the modified additive splitting.

When a semigroup S(7) is generated by the bounded operator A then, due to its repre-
sentation as S(7) = exp(7A) the estimation

IS(T)II < exp(r[|Al]) (3.4.98)

holds, i.e., for bounded generators the growth bound holds with M = 1. Hence, we can
summarize our results as

Theorem 3.4.17 Assume that in the Cauchy problem (3.4.41) the operators A; and A,
are bounded. Then the sequential splitting, the Strang-Marchuk splitting, the weighted se-
quential splitting, the symmetrically weighted sequential splitting and the modified additive
splitting are all convergent.

When the growth estimation (3.4.73) holds with M; = 1 and w; = 0, then the semigroups
are called contractive. Many important unbounded operators generate such semigroups,
e.g., under some assumptions the diffusion operator and the advection operator. (For
more details, see [37].) When A is a matrix, then, using the notion of the logarithmic
norm, we can show that (3.4.73) holds with M = 1 and w < 0 for many important
discretizations, i.e., the generated semigroup is contractive. Hence, we have
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Theorem 3.4.18 Assume that in the Cauchy problem (3.4.41) the operators Ay, A1 and
Ay are generators of contractive semigroups. Then, under the required smoothness of
the initial function, the sequential splitting, the Strang-Marchuk splitting, the weighted se-
quential splitting, the symmetrically weighted sequential splitting and the modified additive
splitting are all convergent and have the same order as for the bounded generators.

Based on the work [28], we note that the above splittings are convergent under rather
more general assumptions, too. Let us assume that the following General Assumptions
are satisfied:

(a) The operator (A; D(A)) generates the strongly continuous semigroup 7'(t):>o on the
Banach space X.

(b) The operator (B; D(B)) generates the strongly continuous semigroup S(t):>0 on X.

(¢) The sum A + B, defined on D(A + B) := D(A)() D(B), generates the strongly
continuous semigroup U (t)¢>o on X.

Moreover, let us assume that the stability condition
I[S(t/n)T(t/n)]"|| < Me** for all + >0 and n € N (3.4.99)

holds with some constants M > 1 and w € IR. Then, based on the Chernoff theorem
(e.g., [37]), the following statement can be proven.

Theorem 3.4.19 Under the General Assumptions the sequential splitting, the Strang-
Marchuk splitting, the weighted sequential splitting, and the symmetrically weighted se-
quential splitting are convergent at a fized time level t > 0 for any initial function in X,
if the stability condition (3.4.99) is satisfied.

At the same time, we emphasize that for this case the convergence might be extremely
slow.

3.4.4 Higher-order convergence of operator splittings

The use of higher-order time discretization methods is useful, because, in case of stability,
typically they result in a higher-order of convergence. Since operator splitting is a time
discretization method, this question has a great importance for splitting methods, too.
There are several operator splitting methods of higher accuracy obtained directly from
the comparison of exponential series. The general one-step splitting scheme (3.2.3) for
two operators can be defined by the operator

repi(TA) = Z Q; (H exp(7/3i; A1) 'eXp(T%jAz)> ; (3.4.100)
i=1 j=1

where Y7, a; = 1 [73]. One could try to find suitable parameter choices that give higher-
order procedures. But, as it is shown in [123], for order p > 2, some of the coeflicients
must be negative. This result was refined in [61], that under the non-negativity condition
for o; at least one of the parameters 3;; and ;; is negative, which, due to the problem of
stability, makes the splitting less attractive.
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A well-known fourth-order splitting method is the Yoshida-Suzuki method [153], [136].
Here, in the general one-step splitting scheme (3.2.3), the operator is defined as

Tys(TA) = TSM(QTA) : TSM((l — 29)7’14) . T’SM(QTA), (3.4.101)

where rgy is the operator of the Strang-Marchuk splitting, defined in (3.2.5), and 6 =
(2 — \3/5)_1. Since 1 — 260 < 0, therefore in the second subproblem a negative step size is
taken, which usually makes the sub-problem ill-posed. (The time is reversed.) So, this
approach seems to be of limited value.

Remark 3.4.20 We emphasize that the presence of the negative time step does not mean
that the numerical method is unstable in any case. Let us consider the following example
[127]

ou  d(zu)  Ou

ot~ or oz
(here the two operators do not commute, however, we can define the particular exact
solution.) Denoting by (Aq)n the fourth order discretization of the operator O,z and
by (A, the fourth order discretization of the operator 0%, respectively, by the notation
Sp(T) for the sequential splitting, we can introduce splittings with different orders. (Then
(Sn(7))T denotes the sequential splitting with the other ordering.) Namely,

(3.4.102)

o Sy(7): first order,
o Su(T)(Sn(1))T: second order,
o (Su(t)T-Su(T)-Sh(T)-Sp(T)- (Sh(T)T - (=2S1(7)) - Sp(7) - Sp(7) - Sp(7): third order.

(There are very complicated expressions for the fourth and higher order splittings, too
[126].) 1t is shown that these higher order schemes are stable with the indicated orders
of accuracy. In [156], a semi-implicit finite difference operator splitting Padé method is
applied for solving the higher-order non-linear Schrodinger equation, which describes the
optical solution wave propagation in fibers. The method achieves fourth order of accuracy
i space and has been proven to be stable by linear stability analysis.

It is known from the literature (e.g., [122]) that applying the same ODE solver by using
two different step sizes and combining appropriately the obtained numerical solutions at
each time step we can increase the convergence order of the method. Moreover, this
technique allows us to estimate the absolute error of the underlying method. In this
part we apply this procedure, widely known as Richardson extrapolation, to the operator
splittings.

Consider again the Cauchy problem

du(t) = Au(t), t>0;

dt (3.4.103)
u(0) = up.
Assume that we apply some convergent discretization method of order p to solving the

problem (3.4.103). Let y.(t*) denote the numerical solution at a fixed time level ¢* on a
mesh with step size 7, denoted again by w,. Then we have

u(t*) = yo () + a(t*) + O+, (3.4.104)
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Then on the meshes w,;, and w,, with two different step sizes 7y < 7 and 75 < 7, the
equalities

u(t') = yn, () + a(t*)] + O(r7) (3.4.105)
and

u(t') = yn, (t°) + at*)my + O(7FH) (3.4.106)
hold, respectively. We assume that w := w,, Nw,;, # 0 and our aim is to get a mesh

function on w with higher accuracy O(7P™'). We define a mesh function yeomy(t*) as
follows:
Yeomb (") = C1yn () + coyry (1°). (3.4.107)

Let us substitute (3.4.105) and (3.4.106) into (3.4.107). Then we get
Yeomb(t*) = (c1 4+ c)u(t*) — (c17] + comd)a(t*) + O(7P1). (3.4.108)

From (3.4.108) one can see that a necessary condition for the combined method to be

convergent is that the relation
c1+ cy = 1 (34109)

holds. Moreover, we will only have a convergence order higher than p if
ol + cemh = 0. (3.4.110)

The solution of system (3.4.109)—(3.4.110) is ¢; = —73 /(74 —74), co = 1 —¢;. For example,
if 79 = 71/2, then w = w,, and, for p = 1 we have ¢; = —1 and ¢y = 2, and for p = 2 we
have ¢; = —1/3 and ¢ = 4/3 (c.f. [73], p. 331).

The application of the same method by using two different time steps allows us to
estimate the global error of the underlying method, see e.g., [111], p. 513. Formulas
(3.4.105) and (3.4.106) allow us to determine the coefficient «(t*) approximately. Let us
subtract (3.4.105) from (3.4.106). Then we get

0= yn, (t) = yr, () + () (7 — ) + O(=").

Expressing a(t*) gives

* Yro (t*) Yr (t*) 7—P+1
a(t™) = +O0——]. 3.4.111
) =Ty T =Ty ( )

The second term on the right-hand side is O(7), so the ratio &(t*) := (yr, (t*)—yr, (t*))/ (7 —
75) approximates «(t*) to the first order in 7. Then the absolute errors of the methods
(3.4.105) and (3.4.106) can be approximated by the expressions &(t*)77 and &(t*)75, re-
spectively, to the order O(7P*1) (a posteriori error estimates).

In what follows, we apply the Richardson extrapolation to the operator splittings.

For the case p = 1, we apply this approach to the sequential splitting, since it is a first-

order time discretization method. By the choice 5 = 71/2, we put ¢; = —1 and ¢; = 2
and the Richardson-extrapolated sequential splitting for wgi\;Lq(nT) reads as follows
Wi (1 + 1)7) = {=S2(7)S1(7) + 2(Sa(7/2)S1(7/2)) Ywpgng (), (34112)

for n = 0,1,...,N. According to our result, the method (3.4.112) has second order
convergence.
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For the case p = 2, clearly, we can extend our method if we use more numerical
approximations. As a simple example, we consider the case where we have three numerical
results on three different meshes with step-sizes 7,,, (m = 1,2, 3). Due to the relation

u(tn) = yr(tn) + aq(tn) 78 + ag(t,) TP 4+ O(7P72), (3.4.113)
on the mesh with step-size 7,,, < 7 we have
u(tn) = yr(tn) + o1 (tn)7h 4+ ao(t,)TE 4+ O(7772). (3.4.114)

Then on w, which is the intersection of the above three meshes, we define a mesh-function
y, as follows:

Yeomb(tn) = C1Yr, (tn) + C2Yr, (tn) + C3Yr, (tn) (3~4~115)

By substitution into the above relations, for the unknown coefficients ¢, ¢y and c3 we
obtain the conditions

C1+Cy+cC3= 0, (34116)
Cle + C2T2p + C3T§) =0 (34117)

and
o’ et ettt =0, (3.4.118)

The solution of system (3.4.116)—(3.4.118) yields the values of the coefficients in the
approximation (3.4.115). For example, when 73 = 75/2 = 71 /4, which is the most typical

choice, and p = 1, we get
1 8
C1 = g, Cy = —2, C3 = g, (34119)

which results in third order convergence for the approximation in (3.4.115).

It is also possible to construct new methods by changing both the step size and the
splitting method. This is the case if we apply the Richardson extrapolated sequential
splitting in such a way that during the calculation with the halved time step we swap the
sub-operators:

wie ((n+1)7) = {e182(7)S1(7) + e2(S1(7/2)Sa(7/2))* Yt (n7). (3.4.120)

Rssos

Note that (3.4.120) is not a special case of (3.4.107), where y,, and y,, belong to the same
method, because changing the ordering of the sub-operators usually changes the splitting
method. In this way, for the first method we have

u(ty) = y1(tn) + a(ty,)h + O(rPFh), (3.4.121)
and for the second one, with time step 7
u(ty) = yo(ty) + B(ta) 75 + O, (3.4.122)
Then the combined method
Yeomb(tn) = (€1 + c2)u(ty) — cra(ty) T8 — coff(ty)T8 + O(rP)
has a convergence order higher than p if

e 1 (34123)
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and
cra(ty) 1 + cof(t,) 15 = 0. (3.4.124)

Let us give expressions for a(t,) and (3(t,) for the sequential splitting in case of bounded
operators. We have

Y1 (tn) = (e27eM7) My, (3.4.125)

Computing the operator product under (3.4.125) by induction and comparing it with the
exact solution

1
u(ty) = erug = (I + At, + §A2n272 + O(T*))uo, (3.4.126)
we obtain n
u(ty) — yi(t,) = E[Al’ Ao)m?ug + O(7%). (3.4.127)
Hence n
The solution of the sequential splitting with a reverse operator sequence will be
ya(tn) = (e2711e2742)%M g, (3.4.129)
from which n
u(ty) — ya(ty) = Z[Ag, AT ug + O(T%),
ie.,

B(tn) = %[A% Ai]uo. (3.4.130)

Therefore the condition (3.4.124) has the form

Clg[Ala AQ]TZUO -+ CQ%[AQ, A1]7'2U0 = 0,
which holds for all ug if and only if ¢; = ¢5/2, which, together with condition (3.4.123),
implies the coefficients

1 2
- = —. 3.4.131
37 62 3 ( )

C1 =

Hence, the iteration is

wlgs)os((” +1)7) = {%52(7)51 (1) + §(51 (7/2)52(7/2))2} wgs)os(nT) (3.4.132)

and it is called Richardson-extrapolated sequential splitting with operator swap (Rssos).

Finally, some numerical experiments are presented in order to confirm our theoretical
results. We will check the convergence order of the Richardson-extrapolated sequential
splitting in matrix examples by exact solution of the sub-problems. (The case where we
use numerical methods to the solution of the sub-problems will be discussed later.) We
consider the Cauchy problem

w'(t) = Aw(t), te€]0,1]
(3.4.133)
w(0) = wy
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with
-7 4
A= 6 —4 and wy = (1,1). (3.4.134)
We decompose the matrix A as
—6 3 -1 1
A_A1+A2_[_4 1]+{_2 _5} (3.4.135)

and we apply second-order splitting methods: the Richardson-extrapolated sequential
splitting, the symmetrically weighted sequential splitting and the Strang-Marchuk split-
ting with decreasing time steps 7. In the case of the Richardson-extrapolated sequential
splitting each result was obtained by solving the problem by the sequential splitting both
with 7 and 7/2 and combining the results by using the weight parameters -1 and 2, respec-
tively. The obtained error norms at the end of the time interval are shown in Table 3.4.4.

’ T Riseq Rssos SWSS SM
1 9.6506(-2) | 9.2331(-2) | 1.0301(-1) | 7.8753(-2)
0.1 || 5.8213(-4) | 6.0287(-4) | 1.2699(-3) | 3.3685(-4)
0.01 | 5.9761(-6) | 6.0031(-6) | 1.2037(-5) | 3.3052(-6)
0.001 || 5.9823(-8) | 5.9853(-8) | 1.1974(-7) | 3.3046(-8)

Table 3.4.4: Comparing the errors of the solutions obtained by the Richardson-
extrapolated sequential splitting, without and with operator swap, the symmetrically
weighted sequential splitting and the Strang-Marchuk splitting in example (3.4.133).

One can conclude that while all the methods have second order, the Richardson-extrapolated
sequential splitting (with as well as without operator swap) gives a smaller error for each
time step than the symmetrically weighted sequential splitting, and performs almost as
well as the Strang-Marchuk splitting.

If we assume that the sequential splitting has already been applied for some time step 7,
then to complete the Richardson-extrapolated sequential splitting (one sequential split-
ting with halved step size) practically takes equally as much time as the symmetrically
weighted sequential splitting. However, both methods require more CPU time for the
same time step than the Strang-Marchuk splitting. (Here we assumed that all compu-
tations are performed sequentially.) Since it is more correct to compare the accuracy of
equally expensive methods, therefore some of the further comparisons will be restricted
to the symmetrically weighted sequential splitting.

The Richardson-extrapolated sequential splitting (3.4.115) with (3.4.119) gives a third-
order method. To check this theoretical result, we solved the problem (3.4.133) by use of
this method. Table 3.4.5 convinces us about the expected third-order convergence.

In (3.4.111) we saw that the error of the Richardson-extrapolated sequential splitting
can be estimated by using the solutions obtained by two different time steps 71 and 7.
Applying this result to the sequential splitting, which is a first-order method, its global
error at some time ¢, can be estimated as &(t,)7, where

~ . y7/2<tn) - y’T(tn)
a(tn) = T—7/2 ’

(3.4.136)

and we used the time steps 71 = 7 and 7, = 7/2. The results are shown in Table 3.4.6.
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K | Example (3.4.133) |
1 7.0792(-2)
0.1 | 4.4186(-6)
0.01 || 6.4643(-9)
0.001 || 7.5281(-12)

Table 3.4.5: Errors obtained when the Richardson-extrapolated sequential splitting is
applied with three different time steps for example (3.4.133).

’ T H Exact error norm ‘ Estimated CITOr Nnorm ‘
1 0.0215 0.1168
0.1 | 0.0012 0.0011
0.01 | 1.4966(-4) 1.4792(-4)
0.001 || 1.5281(-5) 1.5264(-5)

Table 3.4.6: Comparing the exact and estimated error norms of the solutions obtained by
the Richardson-extrapolated sequential splitting in the example (3.4.133).

3.5 Numerical solution of the split sub-problems

In all our previous analysis, we assumed that after the application of the investigated
operator splitting the split sub-problems were solved exactly. Clearly, this assumption is
mostly unrealistic: we have to apply some numerical method to their solution.

In this approach two important questions can be formulated:

e The combination “operator splitting + numerical methods to the sub-problems”
results in numerical methods suitable for the practical computations. How can these
combined discretized methods be characterized? Which methods do they result in?

e These numerical methods are approximation in themselves therefore they have own
approximation error. Clearly, this error is added to the splitting error and we should
analyze the interaction of these error sources. Hence, for the total error analysis of
the combined method, we arrive at a complex problem. Our task is to give the error
analysis of these methods.

3.5.1 Combined discretization methods

Let us apply some numerical method to the solution of the split sub-problems with dis-
cretization parameter At. Clearly, the condition At < 7 should be satisfied. Aiming at
finishing the numerical solving process at the endpoint of the time intervals where the
sub-problems are imposed, we select At = 7/K, where K is some positive integer.

In this manner, for the different sub-problems different numerical methods can be chosen
with different discretization parameters. Hence, assuming the use of the same numerical
method at each splitting step, the total discretization operator depends on the choice
of the splitting, the splitting step, the applied numerical methods and their step sizes.
For instance, for the sequential splitting, by the choice of some numerical method NM1
with step size At; = 7/K; for the first sub-problem, and a numerical method NM2 with
the step size Aty = 7/K, for the second sub-problem, the total numerical discretization
operator (which is, in fact, the stability function, considered in Section 2.4, see p.58) can
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be defined as 1o = ot (7, NM 1, K1, NM2, K5). (For simplicity, we will use the notation
r(7) when NM1, Ky, NM2 and K, are fixed. )

As an example, let us consider the sequential splitting applied to the Cauchy problem
(3.4.41) with (3.4.44). We solve each problem with the explicit Euler (EE) method and
we choose At = 7 for both sub-problems. (L.e., 74y = ri¢(7, EE, 1, EE,1)). If we denote
by y" and y% the approximations to ng)(nT) and wéN)(nT), respectively, the numerical
schemes are

ntl _ .n ntl _ om
Y1 - b _ A, Yo - Y2 _ Aoy® (3.5.1)
and y§ = y**. Hence
Yot = (I + 1A (I +7A)y}. (3.5.2)
Consequently,
r(T(A1 + A2)) = (I + 7A2)(I + TAy). (3.5.3)

If we choose now At = 7/K for both sub-problems, i.e., 1y = 10(7, EE, K, EE, K),
then - -

Obviously, in order to prove the convergence of the combined numerical discretization, we
can apply the Lax-Richtmyer theorem. In a simple case we illustrate this by the following
statement.

Theorem 3.5.1 Assume that the operators Ay, Ay are bounded. Then the sequential
splitting with the explicit Euler method by the choice At = T is convergent for the well-
posed Cauchy problem (3.4.41) with (3.4.44) at t = t*].

PROOF. To prove the consistency, we use the concept of Definition 3.4.7, valid for any
numerical method. By the use of (3.5.3), we get

exp(7(A1 + Ag)) — r(7(As + Ay))

T

u(t)H < 7 const, (3.5.5)
which yields the consistency of the combined method.

As for the stability, we put nT = t*, and for (3.5.3) we get the relation

1(r(7 (A1 + A2)))" | = [[ (T + TA2) (I + 741))" || <
< (147l Aaf)" (1 +7[[Au]])" < (3.5.6)

< exp(n7|[Ay]) exp(n7[|Agf]) = exp (| Ax]| + [[A2]])) ,

which proves the stability. m
Now we fix some special parameter choices in the combined schemes, which result in
widely known and used numerical schemes.

1. Crank-Nicolson method. For the Cauchy problem (3.4.41), let us use the trivial
1 1
splitting Ag = §A0 + §A0, then the sequential splitting reads as follows:

dwi(t) 1
dlt< ) = §A0wi(t), 0<t<r

w% (0) = wy

(3.5.7)
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dwi(t) 1
; ::EAMQ@% 0<t<rT

wy(0) = wy (7)
(For simplicity, we wrote out only the first step). Applying the explicit Euler method

for the sub-problem (3.5.7) and the implicit Euler (IE) method for (3.5.8) with
At = 7, we obtain

(3.5.8)

1 0
B — U 1 0 0
- 2 0y17 yl Wo,
1 0
Yo — Yo 1 1 0 1
— . = .
- = 2A0y2, Yo =M

This implies that for the above special decomposition the discretization operator for
the sequential splitting is 7y, = 740t(7, EE, 1,1 F, 1) and has the form

r(r(A + Ag)) = (I = ZA0) (I + S Ao), (3.5.9)

i.e., we obtained the operator of the Crank-Nicolson method (“trapezoidal rule”).
In this example, the discretization error of the method consists of only the numerical
integration part because obviously the splitting error equals zero.

2. Componentwise split Crank-Nicolson method. Let us consider the Cauchy problem
(3.4.41)-(3.4.44) and use the sequential splitting and the Crank-Nicolson method
with 7 = At, i.e.,

PN/ i
T Yo (3.5.10)
vi=y
Mt R Mt
T 22 (3.5.11)
v =yt
where ¥ = wg and n = 1,2,...; nt < t*.
An easy computation shows that
T T T 1 T
r(7(A; + A2)) = (I — §A2) (I + §A2)(I — §A1) (I + §A1). (3.5.12)

Obviously, in the above algorithm the inverse operators always exist for sufficiently
small values of 7. Using the Neumann series we have

T 41 T o 3
for © = 1,2. Hence,
2
F(r(Au+ Ap) = T+ 7(A1+ Ag) + 5 (A7 + A3+ 24,41) + O(7),

which shows the consistency (in first order) of this combined method. (If the oper-
ators A; and Ay commute, then the order is higher.)

This method requires the solution of only two systems of linear equations, with
(hopefully) simple linear operators I — 0.57A;, for i = 1,2.
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3. Second order Yanenko method. The following method is known as the second-order
Yanenko method [151]:

y1+1 =y +TA1%,
y?ﬂ N ySH (3.5.14)
vt =y T A, 5

As an easy computation shows, this method corresponds to the sequential splitting
by use of the middle-point numerical integration rule with 7 = At.

4. Sequential alternating Marchuk scheme. Let us denote the Yanenko scheme (3.5.14)
as Y"1 = ®4,4,(y"). In order to restore the symmetry, we interchange the order
of A; and A, in each step. This leads to the modification

Y =Dy, (y"); YT = Pupa, (V) n=10,2,4. . (3.5.15)

This method was defined by Marchuk [98] and it corresponds to the case of the
Strang-Marchuk splitting with the middle-point numerical integration method and
T = At.

5. Parallel alternating scheme. Let us consider the method defined as

1 1
yn+1 = §(I)A1A2 (yn) + _q)A2A1 (yn> (3516)

2
[137]. One can easily see that this method corresponds to the symmetrically weighted
sequential splitting with the middle-point numerical integration method with 7 =

At.

6. Local one-dimensional schemes. We consider the heat conduction equation in 3D.
The Yanenko scheme has the form:

n+l . n n+1 n+1

U vy _ Amy?ﬂ, Y =% _ AynyH,
yn—i-lT_ yn—l-l T (3517)
3 - 2 — Azzy;?Jrl, yn+1 — yg+1

for n = 0,1... with 4° = wy. In this scheme Ayzy Ay, and A, denote the usual
discretizations of the one-dimensional differential operators 9%/0z?, 9%/9y?, and
0%/02*, respectively. (For more details, see [98], [116].)

Clearly, this scheme corresponds to the sequential splitting with implicit Euler
method and 7 = At.

Obviously, many other methods can also be investigated in this framework. (E.g., when

in the iterated splitting we use the usual finite difference approximations, and we execute
only one iteration step with 7 = At, then we obtain the ADI method.)

3.5.2 Error analysis of the combined discretization methods

Now we sketch the second problem, namely, the error analysis of the combined method.
The naive approach suggests two “principles”:
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a. If the operator splitting is exact (the splitting error vanishes), then a given numerical
method with the same step-size gives the same result without and with splitting;

b. The “principle of the weakest chain link” is valid, i.e., when we apply an operator
splitting method and a numerical method of given orders, then the order of the
combined method is determined by the lower order.

We show that both conjectures are false.

First we examine the question a. by illustrating the interaction between the splitting
procedure and the numerical method on a simple problem applying the sequential splitting
and the explicit Fuler method.

Let (2(t),y(t))" denote a function of type R — IR?, and 0 < ¢ < t*. The time-
evolution of the harmonic oscillator is described by the following equation (see, e.g., [84]):

&(t) = y(t) } .
. te|0,t 3.5.18
i10) = =2 () o 8515)
with z(0) = zg € R and y(0) = yo € R. The exact solution of system (3.5.18) reads

x(t) = yosint + xg cost }

y(t) = yocost — zosint (3.5.19)

where z(t) and y(t) represent the amplitude and the velocity of the oscillator, respectively.
The simplest example of an oscillating system is a mass connected to a rigid foundation
with a spring.

Equation (3.5.18) can be written as:

S -5 DG w520

We use the decomposition (splitting) of the matrix appearing in (3.5.20)7 :

(—01(1)):((1)(1))+(j _11> (3.5.21)

Since the first matrix is the identity matrix, clearly the commutator is zero, i.e., there is
no splitting error. If we apply the sequential splitting, the split solution in the points k7
(k=0,1,...,m) with 7:= £ (m € IN) are

Zopt (K +1)7)
Yspi (K +1)7)

for k = 0,1,...,m, where z4,(0) = zo and ys,1(0) = yo. From (3.5.19) and (3.5.22) one

can easily check that
Tpl(kT) = x(kT) }
Ysp1(k7) = y(kT),

for Kk =0,1,...,m, hence the splitting, as it is expected, does not cause any error in this
case.

(k1) sin T + @ (kT) cos 7 } (3.5.22)

= Yspl
= Yspi(kT) cOS T — Xepi (kT) sin 7,

"The stability of the sequential splitting for this decomposition is proven in [90]. For the more general
equation with function coefficients the stability is considered in the recent paper [14].
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Let us apply the explicit Euler method with step size 7 for (3.5.18). Then the numerical
solution has the form:

k+1 _ ok k
T =x"+TY
e 3.523)
for k =0,1,...,m, where 2° = xy and ° = y,.

If the explicit Euler method is applied to the split problems, the numerical split solution
has the following form:

k+1
ISJ - x§p1 + Tyk — 72 (xfpl — yfpl) } (3.5.24)
k+1 _ ok ok 2 (. k k 0.
yspl - yspl T T (xspl + yspl) )
for k=0,1,...,m, where a:gpl = x9 and ygpl = 1q.

Since the split and the exact solutions do not differ, we expect that if we use the same
numerical method for both the split and the unsplit problems, then the numerical solution
and the numerical split solution do not differ, either. However, by comparing (3.5.23) and
(3.5.24) it can be seen that a certain error appears in the numerical split solution. Hence,
we can see that there is a certain interaction between the splitting procedure and the
numerical method.

In our numerical experiments we used 7 = 2% while integrating system (3.5.18) on
the time interval [0, 47| with and without applying splitting (the period of the harmonic
oscillator is 27). In the left panel of Figure 3.5.1 the effect of the numerical error can
be seen: the numerical solution is spiraling outwards compared to the exact solution.
In the right panel of Figure 3.5.1 the effect of the interaction of the errors can be seen:
the numerical split solution is spiraling inwards compared to the exact solution (which
coincides with the split solution in this case). Hence, in this case the interaction between
the numerical method and the splitting procedure causes the “turn” of the spiral.

Effect of the numerical error Effect of the interaction error

T T T T — T T T — T
15 L exact solution B 15 F exact and split solution
numerical solution ——— } numerical split solution ———

y()

Figure 3.5.1: Effects of the numerical error (left panel) and interaction error (right panel).

To show that the conjecture b. is not true, it is enough to refer to the analysis of
the Crank-Nicolson method, written by splitting+ numerical method in Section 3.5.1 on
p.124: first order numerical methods were applied, however, the combined method had
second order accuracy.

The above facts show how complex the error mechanism is in the combination “op-
erator splitting 4+ numerical methods to the sub-problems”. Next, we give the way how
to choose an appropriate numerical method and its discretization parameter for a given
operator splitting.
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Theorem 3.5.2 Let us apply an operator splitting procedure of order p < oo together
with a numerical method of order r, and set At = 7° (s > 1, 7 < 1). Then the order of
the local total error is: o = min{p,rs}.

This means that in order to preserve the accuracy, we can control it through the parame-
ters p, r, and s for a given p. In practice, we apply a given splitting procedure, i.e., p and
7 are fixed, and we want to preserve the order p to the local total error (0 = p). Hence,
in this case we can estimate it, as well.

From Theorem 3.5.2 it follows that the interaction error causes a reduction in the
order of Fi(7) unless rs > p.

Corollary 3.5.3 From Theorem 3.5.2 it follows that o = p if rs > p.

Therefore, we shall answer the following two questions for given values of p and 7.
1. How to choose At for a given numerical method of order r?
2. Fixing At = 7, how to choose the order r of the numerical method?

From Theorem 3.5.2, the following answers can be stated.

Theorem 3.5.4 When a given splitting procedure of order p is applied together with a
giwen numerical method of order r < p, and the numerical step size is set as At = 77,
then the exponent s has to be chosen as s = £ in order to keep 0 = p. For r > p the

identity o = p holds independently of the choice of At.

Remark 3.5.5 From an algorithmical point of view, it will be much easier to select the
case r > p. For this case, clearly, the choice At = T is optimal, because in this case the
integration of the model needs the least computational work.

Theorem 3.5.6 When a given splitting procedure of order p is applied together with a
certain numerical method of order r, and the numerical step size is set as At = 7° (s > 1),
then r has to be chosen as r = [g] + 1 € IN in order to keep o = p.

Remark 3.5.7 Higher-order numerical methods could be chosen as well, but it would not
lead to a higher-order total time discretization. It would only need more computational
work.

3.5.3 Richardson-extrapolated sequential splitting with numer-
ical solution methods

Finally, we analyze the Richardson extrapolation when the sub-problems are solved nu-
merically. Clearly, when the combined method is convergent, all results given in Section
3.4.4 are applicable, but now S; and S5 are numerical solution operators.

In our experiments we compare the Richardson-extrapolated sequential splitting and the
symmetrically weighted sequential splitting.

The results obtained by the explicit Euler method in the case of problem (3.4.133) are
shown in Table 3.5.1. (Here and in the following tables the second numbers in the boxes
are the ratios by which the errors decreased in comparison with the error corresponding

8For the proof of Theorem 3.5.2, a more detailed analysis and numerical examples we refer to [27] and
[28].
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to the previous step size.) In this case the Richardson-extrapolated sequential splitting
shows second-order convergence, while the symmetrically weighted sequential splitting has
only first order. This is understandable, since the sequential splitting applied together
with a first-order numerical method has first order, and the application of this method by
use of the Richardson extrapolation must have second order. However, the symmetrically
weighted sequential splitting applied together with a first-order numerical method has
only first order.

’ T H Riseq \ SWSS ‘
1 2.7494e(+1) 1.2657(+1)
0.1 || 2.6149(-3) (9.511(-5)) | 5.4703(-3) (4.322(-4))
0.01 || 1.2927(-5) (4.944(-3)) | 7.2132(-4) (1.319(-1))
0.001 || 1.2322(-7) (9.531(-3)) | 7.3991(-5) (1.026(-1))

Table 3.5.1: Comparing the errors of the solutions obtained by the Richardson-
extrapolated sequential splitting and the symmetrically weighted sequential splitting in
example (3.4.133), when the sub-problems are solved by the explicit Euler method.

The results for the implicit Euler method are presented in Table 3.5.2. The conclusions
are the same as for the explicit Euler method. We should stress: these results show that
at the computer cost of a first order method we are able to get a second order method.
This might be one of the biggest advantages of using the Richardson extrapolation.

If the sub-problems are solved by using a second order numerical method, then the
order achieved by the symmetrically weighted sequential splitting will be two. Since
the sequential splitting combined with any numerical method will only have first order,
therefore the Richardson-version is also expected to have second order when combined
with a second-order method. All this is confirmed by the results presented in Table 3.5.3.

’ T H Riseq \ SWSS ‘
1 1.0896(-1) 1.0859(-1)
0.1 | 9.7726(-4) (8.969(-3)) | 9.2969(-3) (8.561(-2))
0.01 || 1.8353e-5 (1.878(-2)) | 7.6176(-4) (8.194(-2))
0.001 || 1.9900(-7) (1.084(-2)) | 7.4394(-5) (9.766(-2))

Table 3.5.2: Comparing the errors of the solutions obtained by the Richardson-
extrapolated sequential splitting and the symmetrically weighted sequential splitting in
example (3.4.133), when the sub-problems are solved by the implicit Euler method.

’ T H Riseq \ SWSS ‘
1 2.9505(+1) 4.0007(+1)
0.1 || 4.4780(-4) (1.533(-5)) | 9.0087(-4) (2.252(-5))
0.01 | 2.4508(-6) (5.473(-3)) | 4.8727(-6) (5.409(-3))
0.001 || 2.3227(-8) (9.478(-3)) | 4.6428(-8) (9.528(-3))

Table 3.5.3: Comparing the errors of the solutions obtained by the Richardson-
extrapolated sequential splitting and the symmetrically weighted sequential splitting in
example (3.4.133), when the sub-problems are solved by the midpoint method.
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3.5.4 Model for a stiff problem: reaction-diffusion equation

When the operator splitting theory is applied to the numerical solution of partial differen-
tial equations, it is usually assumed that in the first step we semi-discretize (in the space
variable) the problem in order to get a Cauchy problem. Then we can use different split-
tings. Consequently, for this case, the operators that appear in the split tasks depend on
the space discretization parameter. Typically they result in a stiff problem, which, due to
the stability, has special features and requires the use of special numerical methods [30].
Therefore it is worth considering the different operator splitting and numerical methods
for such problems separately.

Consider the diffusion-reaction equations with linear reaction [73]:

ou 0%u
E :Dlﬁ—k1u+kzv+sl(:ﬂ)
(3.5.25)
v v
E :D2@+k31u—k20+82(I),

for the unknown concentration functions u(x,t) and v(z,t), where 0 <z < land 0 <t <
T = %, and the initial and boundary conditions are defined as follows:

u(x,0) =1+ sin(0.57x), u(0,t) =1,
(z,0) + sin( ) v(0,t) = ky/ko, (3.5.26)
o(2,0) = (k1 /ky)u(x, 0), M= 2w =0

We used the following parameter values:
e diffusion coefficients: D; =0.1; Dy =0,
e reaction rates: ky =1; ko = 10%,
e source terms: s1(x) =1; so(x) =0.

After second-order finite-difference space discretization, a two-stage diagonally implicit
Runge-Kutta (DIRK) [74] method was used for time discretization. Table 3.5.4 shows the
coefficients of the method (with the notations of the Butcher tableau). For v =1 — 11/2

g Y 0
=7 1-2v «
| | 12 1/2]

Table 3.5.4: Coefficients used in the two-stage DIRK method.

the method is L-stable and second-order.

The reference solution for the discretized problem was computed by the Matlab’s
ODEA45 solver and is plotted in Figure 3.5.2.

In the different operator splittings the difference operator on the right-hand side of the
semi-discrete problem was split into the sum D + R, where D contained the discretized
diffusion and the inhomogeneous boundary conditions, and R the reaction and source
terms. The spatial discretization of the diffusion terms and the big difference in the
magnitude of the reaction rates give rise to stiffness, also indicated by the big operator
norms || D|| = O(10%) and ||R|| = O(10%).
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Figure 3.5.2: The reference solution of the reaction-diffusion problem.

First we compare the operator splittings of second order accuracy. We emphasize on the
fact that here both sub-operators are stiff, while most studies are restricted to the case
where one of the operators is stiff, the other is non-stiff. E.g., in [147] it is shown that in
that case the ordering of the sub-operators in the sequential and Strang-Marchuk splitting
can affect the accuracy considerably, and moreover, always the stiff operator should be
put to the end. In our example, however, two stiff operators are present, so both sequences
D-R and R-D should be tested for the Richardson-extrapolated sequential splitting and
both D-R-D and R-D-R for the Strang-Marchuk splitting. (Obviously, the symmetrically
weighted sequential splitting does not require ordering considerations.)

The sub-problems were solved by four different time integration methods: 1) the
implicit Euler method, 2) the explicit Euler method, 3) the midpoint method and 4) the
two-step DIRK method. During the experiments, the Richardson-extrapolated sequen-
tial splitting proved to be unstable for methods 2) and 3). Tables 3.5.5-3.5.6 show the
maximum norms of the errors at the end of the time interval for methods 1) and 4).
Note that the time steps were halved in these experiments, therefore a factor around
0.5 (in parentheses) corresponds to first-order convergence, while a factor around 0.25 to
second-order convergence.

’ T H Riseq. D-R ‘ Riseq. R-D ‘ SWSS ‘ SM ‘
1/10 | 7.07(-3) 5.86(-4) 4.80(-2) 1.26(-2)
1/20 || 3.67(-3) (0.52) | 1.78(-4) (0.80) | 2.40(-2) (0.50) | 7.52(-3) (0.60)
1/40 | 1.86(-3) (0.51) | 4.96(-5) (0.28) | 1.20e(-2) (0.50) | 4.28(-3) (0.57)
1/80 | 9.21(-4) (0.50) | 1.31(-5) (0.26) | 6.02(-3) (0.50) | 2.35(-3) (0.55)
1/160 || 4.59(-4) (0.50) | 3.22(-6) (0.25) | 3.01e(-3) (0.50) | 1.26(-3) (0.54)
1/320 || 2.22(-4) (0.48) | 6.52(-7) (0.20) | 1.50(-3) (0.50) | 6.63(-4) (0.53)

Table 3.5.5: Comparing the errors of the solutions obtained by the Richardson-

extrapolated sequential splittings, symmetrically weighted sequential splitting and Strang-
Marchuk splitting (D-R-D) in the reaction-diffusion problem (3.5.25)—(3.5.26) for the im-
plicit Euler method.

For the implicit Euler method the Richardson-extrapolated sequential splitting shows
the expected second-order convergence in the sequence R-D. The errors obtained in the
sequence D-R are one magnitude higher, moreover, here we only obtained first-order
convergence (order reduction). The worst results were produced by the symmetrically
weighted sequential splitting, which behaves as a first-order method, just like the Strang-
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Marchuk splitting. (This is not surprising, because a second-order splitting method was
combined with a first-order numerical method.) For the Strang-Marchuk splitting we only
give the errors for the sequence D-R-D, which generally produced better results.

Table 3.5.6 illustrates that it is not worthwhile combining the Richardson-extrapolated
sequential splitting with a second-order numerical method. The theoretically derived
consistency order is still only two, furthermore, the obtained errors are bigger than for
the first-order implicit Euler method. Note that the order of the symmetrically weighted
sequential splitting and Strang-Marchuk splitting did not increase to two. This is the
result of order reduction caused by stiffness.

’7’ H Riseq. D-R \ Riseq. R-D \ SWSS \ SM ‘
1/10 || 2.13(-2) 3.86(-3) 8.43(-2) 1.91(-2)

1/20 || 1.06(-2) (0.50) | 1.86(-3) (0.48) | 3.99(-2) (0.47) | 9.48(-3) (0.50)

1/40 | 4.86(-3) (0.46) | 8.95(-4) (0.48) | 1.86(-2) (0.47) | 4.42(-3) (0.47)

1/80 | 2.51(-3) (0.52) | 3.47(-4) (0.39) | 8.55(-3) (0.46) | 2.25(-3) (0.51)

1/160 || 1.10(-3) (0.44) | 9.50(-5) (0.27) | 3.92(-3) (0.46) | 1.01(-3) (0.45)

1/320 || 3.71(-4) (0.34) | 2.04(-5) (0.21) | 1.80(-3) (0.46) | 3.76(-4) (0.37)

1/640 || 9.42(-5) (0.25) | 8.54(-6) (0.42) | 8.45(-4) (0.47) | 1.15(-4) (0.31)

Table 3.5.6: Comparing the errors of the solutions obtained by the Richardson-

extrapolated sequential splittings, symmetrically weighted sequential splitting and Strang-
Marchuk splitting (D-R-D) in the reaction-diffusion problem (3.5.25)—(3.5.26) for the two-
step DIRK method.

We have also tested the additive splitting and the iterated splitting on this example.
(The iteration number in the iterative splitting was m = 2.)

The errors were computed in the maximum norm for different values of 7, see Ta-
ble 3.5.7. The first column contains the values of the splitting time step. In the second
column we can see the errors of the DIRK method without splitting; apparently we have a
stable, second-order method. The third column gives the errors of the iterative splitting.
One can see that even if an L-stable numerical method was used, the errors grow ex-
tremely fast. This instability can also be observed in Figure 3.5.3. The iterative splitting
was also run with preconditioning. As the fourth column shows, this did not stabilize the
method. The fifth column contains the errors of the additive splitting, which behaves as
a stable, first-order method.

] T \ DIRK \ Iterative \ Precond. iterative \ Additive ‘
- | 2.3052(-4) 3.9243 3.5312 0.0843
% 5.6682(-5) 5745.9 5191 0.0398
% 1.4207(-5) | 2.0694(+10) 1.8572(+410) 0.0185

Table 3.5.7: Global errors at 7' = 1/2 for different values of 7.

Remark 3.5.8 We found that taking into account the intermediate values of the stages
in the DIRK method stabilized the results. We applied preconditioning in several different
ways, namely: i) by using the additive splitting on the whole interval, ii) by using the
result of the additive splitting only at the endpoint of each splitting time interval, iii) by
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Figure 3.5.3: The solution of the iterative splitting for the two components at T" = 1/2
(1 = 1/40).

using the result of the sequential splitting at the endpoint of each splitting time interval.
The best results, shown in Table 3.5.8, were obtained in case ii).

] T \ Iterative \ Precond. iterative ‘
= | 3.2904(-4) 2.9508(-4)
5 | 6.7570(-5) 6.2572(-5)
2 | 1.5476e(-5) 1.4767(-5)

Table 3.5.8: Global errors at T = 1/2 for different values of 7. The preconditioning was
done by using the result of the Richardson-extrapolated sequential splitting only at the
endpoint of each splitting time interval.

3.6 Air-pollution modelling - Danish Eulerian Model
(DEM)

The operator splitting theory can be successfully applied to many real-life problems. The
author of this dissertation has applied the operator splitting technique in air-pollution
modelling and in the numerical solution of the Maxwell equations. Due to the limitation
of the volume of this work, we consider only the first topic in more details in this section,
and we will touch upon the Maxwell equation briefly in the Conclusion. Our investigation
serves also for the analysis of some special features in the computer realization of the
methods.

An air-pollution model containing Ny chemical species is normally described by a
system of partial differential equations (see [157]):
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de(x,t) _ 9I(uc) O(ve)  O(wc) n
ot N or dy 0z
0 dc 0 dc 0 Jc
— | Kp— — | K,— — | K,— 6.1
+3x ( m@x) i Jy ( y@y) i 0z ( Z@z) i (3:6.1)

+E+Q(c) -k c,

where x = (x,y,2),¢c = (c1,¢0,...,cn), E=(E, By, ..., Ex)T, Q = (Q1,Q,...,Qn.)"
and  is a diagonal matrix the diagonal elements of which are k11+ko1, K12+ K22, - . ., KiN, +
kon,. For s = 1,2, ..., N, the different quantities that are involved in the mathematical
model have the following physical meanings:

e the concentration of the s-th pollutant is denoted by cy;

e u,v and w are the components of the wind velocities and u = u(z,y, z,t),v =
v(z,y, z,t) and w = w(x,y, z,t);

o K, K, and K, are the diffusion coefficient functions and they are assumed to be
non-negative;

e the emission sources in the space domain are described by the functions F, =

Es(x7 y’ Z? t);

e 11 and ko, are the deposition coefficients (dry and wet, respectively) and ks >
07 Ras Z Oa

e the chemical reactions are described by the non-linear functions Q(cy,ca, ..., cn,).

(We note that in some models @ also depends on z,v, 2, t.)

The PDE system (3.6.1) is in fact describing the Danish Eulerian Model (DEM; see
[157] and [158]), but all other large-scale air pollution models are described mathematically
in a similar way. So far, the model has been mainly used with a chemical scheme containing
35 species (it may be necessary to involve more species in the future; experiments with
chemical schemes containing 56 and 168 species have recently been carried out).

3.6.1 Examples of splitting procedures for air pollution models

During the application of the operator splitting, one of the most challenging problems
is the following: how to split the original problem into sub-problems. In the air pol-
lution model (3.6.1) we can do it in several ways. In the following we describe those
decompositions which are used in the different program packages.

1. DEM splitting

The first example for a splitting procedure for air pollution models is based on
dividing the operator on the right-hand side of (3.6.1) into five simpler operators to
obtain the following five simpler sub-models:
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(1] (1] (1]
octt(x,t) _ ~O(uc)  O(ve )7 (3.6.2)
ot ox oy
ocll(x,t) 0 ocl? 0 ocl?
(3]
97t gy g(el), (3.6.4)
ot
ocll(x, 1)
el e AN
% K¢ (3.6.5)
ocbl(x, 1) O(wchl) o och!
= Tt (KZW) . (3.6.6)

Five physical and chemical processes (the horizontal advection, the horizontal dif-
fusion, the chemistry, the deposition and the vertical exchange) are described with

the systems (3.6.2)-(3.6.6).

. Physical splitting

The partition of operator A to a sum of sub-operators is not unique. An example
that illustrates how the operator on the right-hand side of (3.6.1) can be split to
the same number of operators (five), but in another way, is given below:

ocl(x, 1) _ _8(uc“]) _ A(velt)) B @(wc[l])7 (3.6.7)
ot Dz dy 0z

% ) (3.6.9)

W _ g (3.6.10)

% _ Q) (3.6.11)

Let us notice that each operator on the right-hand sides describes different, geomet-
rically independent physical processes (advection, diffusion, etc.). Therefore such a
kind of operator splittings is called physical splitting.

. UNI-DEM splitting

The original air pollution model (3.6.1) can also be divided into three simpler sub-
models:
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dell(x, 1) Owel) 0 (. ocl
bot) e &(KZW) (3.6.12)
dcl? (x, 1) A(uc?)  d(vcl?)
- - 5 Ts (3.6.13)
P dcl2] o ocl
o <Kw%) " oy (Kya_y>
3
dc a(tx,t) — B+ Q) — ko, (3.6.14)

The first of these sub-models, (3.6.12), describes the vertical exchange. The second
sub-model, (3.6.13), describes the combined horizontal transport (the advection)
and horizontal diffusion. The last sub-model, (3.6.14), describes the chemical reac-
tions together with emission sources and deposition terms.

3.6.2 Some comments on the examples

The DEM (Danish Eulerian Model) splitting was used in a previous version of the software
system called DEM. A pseudospectral method has been used in the discretization of the
spatial derivatives in this version. This method is based on using a truncated expansion of
the unknown function c in Fourier series. When the first-order derivatives are discretized,
an expansion containing both sines and cosines is to be used. When the second-order
derivatives are discretized, an expansion containing only cosines is to be used. Therefore
it was worthwhile to split the advection and the diffusion processes. Moreover, very simple
rules were used in the deposition process, which allowed to treat the sub-model arising in
this part exactly. This is why the deposition was considered as a separate sub-model.

In the new versions of DEM finite elements are used instead of the pseudospectral
method. Therefore, there is no need to split the advection and the diffusion processes
(these could be treated together). More advanced rules for the deposition have been
introduced. Therefore the deposition must be treated numerically and, thus, there is no
need to split the chemistry and the deposition. A straightforward exploitation of these
ideas led to the splitting procedure used in UNI-DEM; [1].

The sequential splitting procedure based on the formulae used in the physical splitting
(3.6.7) - (3.6.11) was used by Dimov et al. [31] in the derivation of some important
theoretical results for splitting procedures that are applicable in air pollution modelling.

Introduction of boundary conditions in the sub-models obtained by using splitting
procedures is causing difficulties. This is especially true for the splitting procedures used
in the DEM and physical splittings. The boundary conditions can be treated in a natural
way when the splitting procedure used by UNI-DEM, (3.6.12) - (3.6.14), is used. The
implementation of the boundary conditions is performed as follows:

e The boundary conditions on the top and the bottom of the space domain are treated
in (3.6.12), where the computations are carried out along the vertical grid-lines.

e The lateral boundary conditions are handled in (3.6.13), where the computations
are carried out in each of the horizontal grid-planes.



3.6. Air-pollution modelling - Danish Eulerian Model 138

e The computations related to (3.6.14) are carried out by performing the chemical
reactions at each grid-point. It is clear that the computations at any of the grid-
points do not depend on the computations at the remaining grid-points. Therefore,
no boundary conditions are needed when (3.6.14) is handled.

Finally, it should be mentioned that it is easy to use the splitting procedures defined
by DEM and UNI-DEM also in the case where (3.6.1) is used as a two-dimensional model.
If this is the case, then only the first four sub-models from DEM or the second and the
third sub-models from UNI-DEM are to be handled. UNI-DEM can be used both as a
two-dimensional (1-layer) model and as a three-dimensional model with 10 layers (see [1]).

3.6.3 Numerical results obtained by running UNI-DEM

To demonstrate the methods on a real application, we present several runs with UNI-DEM.
The space domain covers the whole of Europe. Results obtained when a 2D version of
the model is run on a 480 x 480 grid (which corresponds to 10 km x 10 km surface cells)
are given in Table 3.6.1 (computing time obtained by using 8 processors) and Table 3.6.2
(comparison of observations taken in different European countries with results calculated
with the sequential splitting procedure and with the Strang-Marchuk splitting procedure).

Process seq. spl. SM
Advection 18.96 | 40.17
Chemistry 25.94 | 26.65
Total 56.01 | 82.05

Table 3.6.1: Computing times, measured in hours, for the major sub-models (advection-
diffusion, referred to as “advection” in the table, and chemistry-emission-deposition, re-
ferred to as “chemistry” in the table) and for the whole run when the sequential splitting
and the Strang-Marchuk splitting techniques are used to treat UNI-DEM.

Annual mean Correlation
Compound | Observations | Sequential SM | Sequential | SM
NOq 2.36 2.719 | 2.42 0.83 | 0.81
SO, 1.51 1.61 | 1.55 0.83 | 0.83
SO, 0.87 0.76 | 0.59 0.76 | 0.77
O3 59.39 66.05 | 59.53 0.37 | 0.40

Table 3.6.2: Comparing the results calculated by the sequential splitting and the Strang-
Marchuk splitting procedures with results obtained at observation stations located in
different European countries.

The results shown in Table 3.6.1 indicate that the major increase of the computing
time when the Strang-Marchuk splitting procedure is used is caused by the fact that the
advection model is to be called twice per splitting time step (the computing time for the
advection part is approximately doubled).

Potentially, the second order Strang-Marchuk splitting procedure should be more ef-
ficient than the first order sequential one. The results shown in Table 3.6.2 indicate that
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the improvements from using the Strang-Marchuk splitting procedure are not very con-
siderable. An explanation of this fact are perhaps the dominating errors from the input
data and/or from the numerical methods. The use of more accurate input data and more
accurate numerical methods in the future will probably require to reduce the errors caused
by the splitting procedure and, thus, to use the more accurate Strang-Marchuk splitting
procedure.

3.6.4 A simplified air pollution model of one air column

For testing the performance of the basic splitting methods we chose a simple one-column
model with only vertical mixing, chemistry and emission operators.

The vertical mixing involves vertical diffusion and cumulus convection according to
the TM3 global transport-chemistry model [141]. Cumulus convection represents vertical
transport resulting from large-scale instabilities in the atmosphere. This process is of
particular importance for short-lived gases, which would have no chance to reach the
upper troposphere if only mean and eddy motions were considered. In the TM3 code the
convection operator is defined as

V(s a(z) = / (M (2, Q)es(€) — M(C, 2)es(2)]dC. (3.6.15)

where M (z, () gives the rate at which mass is transported from height ¢ to height z, and
H is the column height. The first term of the integrand expresses the gain at height z
by transport from other heights, while the second term describes the loss at height z to
other heights. In such a way the convection operator directly couples each vertical level
to all others. This was done because the coupling along the vertical directions takes place
on much shorter time scales than the time steps used for the numerical integration.

The chemical scheme is CBM-IV (Carbon Bond Mechanism V), involving chemical
reactions of 32 species. Emissions are set according to the CBM-IV urban scenario [117],
which means that the emissions are high. The number of vertical layers is 19.

For our purpose, it is enough to consider the semi-discrete model, which has the form

y=Vy+r(y)+E, y(0)=yo (3.6.16)

where V is the vertical mixing matrix, r is the semi-discrete chemical operator, E is the
emission and the vector y with 32 times 19 entries approximates the concentrations at
the model layers. The way matrix V is computed and described in detail in [12].

For the numerical integration we have used the ROS3-AMF+ method, which can be
described shortly as follows. Consider the autonomous ODE system

u="F(u). (3.6.17)

The main point in the Rosenbrock methods is the use of the Jacobian matrix of F instead
of applying a Newton-type iteration process [30]. The third-order Rosenbrock method
[87, 88| reads as

ut = u” 4 2k + ks

(I — vAtd)k; = AtF(u™) (3.6.18)

where J denotes the Jacobian matrix F/(u™) and v = %%—‘/?g. We remark that this specific y
yields A-stability, which is a desirable property if stiff problems are to be solved [88]. In our
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case vector u, approximating the concentration function, has mn. entries, where m is the
number of species and n, is the number of vertical layers. Further, F(u) = Vu+r(u)+E,
where V is the vertical mixing matrix, r is the semi-discrete chemical operator, E is
emission, and J = V + R with R = Z(u®). There exist modifications of the above
scheme in which J is replaced by an approximate matrix. When standard AMF is used,

(I —~At)) = (I — yAtR)(I — yAtV). (3.6.19)

Such types of decompositions are advantageous because they simplify the solution of the
linear system (3.6.18) with respect to k; and ko. The error of the above approximation
is (yAt)?RV, which may be large. Therefore, an improved version of this scheme was
developed, which is called ROS3-AMF+. Here the approximation

is used, with the LU factors of  —vAtV = Ly Uy, diagUy = I. This approximation still
has an error of O(At#?), but it often can be shown to be bounded by vAt||R/|. Numerical
experiments also show that this method is more accurate than standard AMF, while it
requires the same computational costs [15].

In our experiments the model was run for a period of five days, starting from an initial
concentration vector that had been obtained after a one-day integration of the model
with a realistic initial concentration field as a starting vector. The vertical mixing matrix
was updated in every six hours. The reference solution in our experiments was obtained
by using a very small time step size. The sub-problems in the splitting schemes were
the vertical mixing sub-problem and the chemistry sub-problem. Emission was treated
together with the chemistry operator. The sub-problems were solved by the ROS3 method.
The splitting time step was equal to the time integration step for all splitting schemes.
Since the errors were largest in the surface layer, our observations are mostly based on
this layer.

The first group of experiments was done with the sequential splitting. The order of the
sub-operators in the sequential splitting can be chosen in two ways: we can begin the
process either with the vertical mixing or the chemistry problem (V-R or R-V). Sportisse
[130] suggests that whenever a stiff and a non-stiff operator are present, it is advisable
to end the process always with the stiff one. This suggests that in our case the chemical
operator should be put to the end.

The numerical results confirmed this suggestion. For time step 7 = 15 min splitting V-
R performed significantly better than splitting R-V, the latter one producing unacceptable
results, see a typical case in Figure 3.6.1. We can conclude that the chemistry operator
must end the splitting process when the sequential splitting is used.

In the next group of experiments we compared the ROS3-AMF+, the symmetrically
weighted sequential splitting and the Strang-Marchuk splitting. In our comparisons we
used time step 7 = 15 min for all the methods. To get equal computational costs for all
the methods compared, we modified the Strang-Marchuk splitting according to [12]: the
middle operator was applied twice over half the time integration step. (This modification
does not change the consistency order of the Strang-Marchuk splitting.)

Similarly to the sequential splitting, in the Strang-Marchuk splitting we can also choose
two orders of the sub-operators: V-R-R-V or R-V-V-R, and the solution depends consid-
erably on the order. Indications in the literature concerning which order should be taken
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Figure 3.6.1: Solutions of sequential splittings V-R and R-V for trace gas HCHO on layer
1.

are ambiguous in this case: Sportisse [130] advocates ending the process with the stiff
operator, while Verwer et al. [148] suggest the other way for the Strang-Marchuk splitting.
Therefore, both Strang-Marchuk splitting, SM V-R-R-V and SM R-V-V-R were included
into the experiments.

We can conclude that generally all the methods, ROS3-AMF+, symmetrically weighted
sequential splitting, SM V-R-R-V and SM R-V-V-R give good results. The relative errors
remain below 10% in most of the integration time and for most species. The most accurate
method is unquestionably ROS3-AMF+ for all of the tracers. The fact that the method
which is not based on splitting appeared to be the best one, conjectures the crucial role
of the splitting error in the global one. Among the other three methods, which all are
based on splitting, it is difficult to find a clear winner. The Strang-Marchuk splitting V-
R-R-V method could be preferred to the symmetrically weighted sequential splitting and
the other Strang-Marchuk splitting method. The quality of the symmetrically weighted
sequential splitting solutions can be placed between those of the two Strang-Marchuk
splitting solutions. A typical case is shown in Figure 3.6.2 for layer 1 and in Figure 3.6.3
for layer 5.

More precisely, SM V-R-R-V was better than SM R-V-V-R for 20 tracers and than the
symmetrically weighted sequential splitting for 18 tracers. The symmetrically weighted
sequential splitting was better than SM R-V-V-R for 21 tracers. It is interesting to
examine also the number of those cases where the errors were significant:

e Comparing SM V-R-R-V versus the symmetrically weighted sequential splitting
we see 10 tracers for which one of the schemes gave large errors (from which the
symmetrically weighted sequential splitting is more accurate for 7 tracers).

e Comparing SM R-V-V-R versus symmetrically weighted sequential splitting we see
11 tracers for which one of the schemes gave large errors (from which symmetrically
weighted sequential splitting is more accurate for 8 tracers).

We can state that for the most problematic stiff species the symmetrically weighted se-
quential splitting performs remarkably well. For three radicals, OH, HO5 and NOj, the
symmetrically weighted sequential splitting gave much better results than any of the SM
splittings. Figure 3.6.4 shows the results obtained for OH.
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Figure 3.6.2: Solutions of ROS3-AMF+, SM V-R-R-V, SM R-V-V-R and symmetrically
weighted sequential splitting for trace gas isoprene on layer 1. The dotted line in the
left-hand side panel cannot be distinguished from the reference line, which demonstrates
the remarkable accuracy of the ROS-AMF+ method for the chosen tracer.
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Figure 3.6.3: Solutions of ROS3-AMF+, Strang V-R-R-V, Strang R-V-V-R and SWS
splitting for trace gas isoprene on layer 5.
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Figure 3.6.4: Solutions of ROS3-AMF+, SWS splitting, SM V-R-R-V and SM R-V-V-
R for trace gas OH on layer 1. The dotted line in the left-hand panel can be hardly
distinguished from the reference line.
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Figure 3.6.5: Solutions of SWS splitting and Strang R-V-V-R for trace gas NO3 on layer
1.

In the experiments made with SM R-V-V-R we found two cases where the results were
unacceptable: for NoOs and NOjs, where the correct trend of the concentration changes
was not reflected: there was no sign of the high peaks shown by the reference solution.
Meanwhile, the symmetrically weighted sequential splitting was able to describe these
peaks, see Figure 3.6.5. We can conclude that the symmetrically weighted sequential
splitting is not only generally better than SM R-V-V-R, but, being free from some big
errors produced by that method, is also more reliable. This feature should be appreciated
all the more because, as we already mentioned, in many cases it is not possible to decide,
which SM method would give better results.

Returning to the question of a proper ordering of the sub-operators in the Strang-
Marchuk splitting, we note that in our case the choice proposed in [148], namely V-R-R-V,
was better than the other one, advocated in [130].
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3.7 Conclusion

Splitting methods are frequently used in practice to integrate differential equations numer-
ically . They suggest a natural choice when the vector field associated with the differential
equation can be split into a sum of two or more parts that are each simpler to integrate
than the original problem.

We have introduced different operator splitting methods and investigated their nature.
Section 3.2 treated the classical operator splittings, which are widely used in the different
applications. We analyzed the local splitting error and we have shown that the commu-
tativity of the operators is usually not necessary for the vanishing of the local splitting
error (Theorems 3.2.4 and 3.2.5). We also gave the conditions under which the Strang-
Marchuk splitting has higher order accuracy. In Section 3.3 we introduced new operator
splittings and we examined their properties. The symmetrically weighted sequential split-
ting, which is based on the symmetrization of the sequential splitting, has higher (second)
order accuracy, while the additive splitting is advantageous in the computer realization.
The iterated splitting (which is, in some sense, the extension of the ADI method) differs
from the other splitting methods in its high accuracy. We pointed out that the additive
splitting and the iterated splitting have an extra qualitative property: both are continu-
ously consistent approximation methods. In Section 3.4 we have done further analysis of
the different operator splitting methods. We have shown the possibility using the second
order operator splitting for the abstract Cauchy problems with inhomogeneous right-hand
side (Theorems 3.4.2 and 3.4.3). We also examined the relation between the magnitude of
the norm of the commutator and the local splitting error (Section 3.4.2). The consistency
of the different operator splittings for unbounded operators is an important and less ana-
lyzed question. We have done it for the second order methods (Strang-Marchuk splitting
and symmetrically weighted sequential splitting), proving the preservation of the order
for this case, too (Theorems 3.4.14 and 3.4.15), and also the convergence of the different
splittings for the contractive generators. In Section 3.4.4 we have shown the possibility
of using the Richardson extrapolation method in order to increase the accuracy. Section
3.5 is devoted to the question of the choice of the suitable numerical integration method
for the split sub-problems, in order to preserve (or, in several cases, to increase) the or-
der of the operator splitting. In Section 3.6 we considered one of the most important
applications of the operator splitting methods, namely, their application to the air pollu-
tion modelling. We have used the Danish Eulerian Model for the computer experiments.
The numerical results confirmed well the theoretical results and the previous computer
experiments on the model problems.

Finally, we finish this chapter with some generalizations.

e The rigorous theory that we have developed in this chapter for the operator splittings
has serious limitations in their application for practical problems. Namely, we have
assumed that the operators are linear and they are time-independent. However, as
we have seen in Section 3.6, for some operators, arising from mathematical models
of real-life problems, this is not the case. Although, due to practical need, the
applicants are using the operator splitting also for these cases, however there is no
well-based rigorous mathematical background behind them. In our opinion, the
Magnus method is such an approach that makes possible to treat this problem. In
the Appendix A. we sketch the main idea of this method.

e Although the non-linear problems are not the topic of this dissertation, due to the
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practical need (see DEM model, chemical part) we touch this question in Appendix

B.

e One of the benefits of using the operator splittings is their computer realization on
parallel computers. The computational properties of three selected basic splitting
procedures (sequential splitting, Strang-Marchuk splitting and weighted sequential
splitting) are compared in the DEM computer program in the paper [26]. In this
paper those conditions are formulated which can help the users in choosing the
optimal splitting scheme.

e As it was mentioned, the operator splitting method can be applied to the numerical
integration of the Maxwell equations, too. Namely, it was successfully applied to
the 3D Maxwell equations, which describe the behaviour of time-dependent electro-
magnetic fields, in the absence of free charges and currents. Some results are given
in Appendix C.
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Appendix A

The Magnus method

We consider an example of the Cauchy problem

dy *
=AMy te (1] (A1)
y(O) = Yo,

where yo € R?, and A(t) € R¥? is a time-dependent matrix function. If d = 1, then the

solution is given as
t
o) = o ([ at1as)
0

If d > 1, then this formula does not hold any more, however we will see that the solution
can still be written formally in the form

y(t) = exp(Q(2))yo-

Our aim is to define Q(¢) in this formula.

It is known that the exact solution of (A.1) is y(t) = Y (t)yo, where Y'(¢) is the fundamental
solution, i.e., it is the matrix-function satisfying

Y/(t) = AQ)Y (1), te€ (0,¢%), with Y(0) = I.

Therefore, it is enough to restrict ourselves to the expression of the fundamental solution.
Integrating (A.1) we get

Y(t) -1 = /0 A(s)Y (s)ds. (A.2)

The right-hand side can be considered as an operator K applied to Y at time t:

Hence Y = KY +1, which implies the relation (I—K)Y = I. Thisyields Y = (I— K)™'I,
which can be written as the sum of the Neumann series )~ K™(I). Therefore

Y(t) =Y K"I)(t) =1+ /0 A(s)ds + /0 /0 " A(s) A(s1)dsadsy + ..
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We formally need the logarithm of Y'(¢), since by the choice 2(¢) := log Y (t) we obtain the
unknown Y (¢) = exp(£2(¢)). We use the matrix equivalent of the known scalar equality

1og(1+x):x—%x2+%x3—...
with z := K(I)(¢t) + K*(I)(t) + . ... Hence,
logY(t) = (K(I)(t)+K*()(t)+...)— %(K(I)(t) + KX +..)% + ...
= K(I)(t)+ K*(I)(t) - %(K(I)(t))Q +...

_ /OtA(s)dsnL/Ot/OSlA(SQ)A(sl)dSstl —%(/OtA(s)ds>2+...

With the following simple manipulation

</ ) / / 81 82 d82 d81 / / 81 82 d82 d81+
// (s1)A(s2) dsg ds; = // (s1)A(s2) dsy d51+// (s2)A(s1) dsy dsy

we get
Q(t) = log Y (1) — /0 A(s)ds—% /0 /O Alss), A(si)] dso dsy ... (A.3)

where [, ] denotes again the commutator. The series (A.3) is called the Magnus series.
(We remark that the Magnus series can be used to derive the Baker-Campbell-Hausdorff
formula for the product of two matrix exponentials, mentioned already in Section 3.4.2.)

The Magnus series can be used to construct a numerical method for solving problems
of the form (A.1) in the following way.

1. First we truncate the series (A.3) as

/OtA(S)dS - %/Ot /081 [A(s), A(s1)] dsy dsy. (A.4)

2. Further, we replace A(t) in (A.4) by interpolant at the Gauss-Legendre points t; =

cit;1=1;2, where ¢; = % — \/?g and ¢y = % + ‘/Tg, and evaluate the integrals. In this

way we obtain the fourth-order approximation

y(t) = exp <%t(A(t1) + Alts)) — \1/—3752[,4@1), A(t2)]> w+OE). (A5

The operator splitting methods can be successfully applied to the Magnus method, too.



Appendix B

Operator splittings for non-linear
operators

In the general non-linear case the splitting error is related to the notion of L-commutativity,
which can be defined in the following way. Let F' and G : X — X be linear or non-linear
differentiable mappings. (As before, X denotes a Banach space.) We define the operator
{F,G}:S — S as follows:

{F,G}(s) :== (F'(s) e G)(s) = (G'(s) 0 F)(s),
where the symbol ’ stands for the derivative. The operators F'(s) and G’(s) are in Lin(X).

Definition B.1 The operator {F, G} is called the L-commutator of the mappings F' and
G.

Remark B.2 When F' and G are linear operators, then the L-commutator is equal to
the traditional commutator operator, denoted before as [F, G].

Definition B.3 We say that the operators F' and G L-commute if their L-commutator is
zero, that is {F, G} = 0.

For this case the error analysis is similar as that for the linear operators ([8, 40, 73,
119]). E.g., for sequential splitting with two operators we obtain the following. When the
operators do not L-commute, then the splitting error is O(72). Hence, for two non-linear
operators the sequential splitting is exact if they are L-commuting, otherwise it has first
order accuracy. (These results coincide with the results obtained for the linear operators.)
Analogous results can be obtained for the other splitting methods.
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Appendix C

Operators splittings for the Maxwell
equations

The Maxwell equations can be written in the following form!:

-V xH+¢e0,E =0, (C.1)
V xE+ uo,H =0, (C.2)
V(cE) = 0, (C.3)
V(uH) =0, (C.4)

where E and H are the electric field strength and the magnetic field strength, respectively;
¢ is the electric permittivity and p is the magnetic permeability. In [17] we have presented
some numerical experiments with different (sequential, Strang-Marchuk, symmetrically
weighted) splitting methods. In the experiments, both the finite difference and the finite
element space discretizations are used. The numerical results demonstrate the following
phenomena. For the Maxwell equations discretized in space with staggered central finite
differences, the Strang-Marchuk splitting has been shown to be equally or more efficient
(in terms of accuracy/ computational times) than the classical Yee method [152]. The
symmetrically weighted sequential splitting, ideally suited for parallel implementation on
two processors, outperforms the Yee method when implemented in parallel.

For the Maxwell equations discretized in space with edge vector finite elements, we
have tested the Gautschi-Krylov scheme applied without splitting and with both the
Strang-Marchuk splitting and the symmetrically weighted sequential splitting where the
inhomogeneous source term was split. The time integration error of these two splitting
schemes consists solely of the splitting error. The comparisons show that the Gautschi-
Krylov scheme with splitting is slightly less accurate than without splitting. This can be
explained by the fact that splitting off the source term, though it makes the scheme exact
per split step, moves the error to the splitting level. This error can be significant since the
time step size in the experiments is chosen large with respect to the characteristic time
scale of the source term and the CFL restriction. The loss in accuracy due to splitting is,
however, marginal. The computational costs of the unsplit Gautschi-Krylov scheme and
the Gautschi-Krylov scheme with the Strang-Marchuk splitting are nearly the same. The
costs of the Gautschi-Krylov scheme with the symmetrically weighted sequential splitting
are twice as large. (Note again that the parallel symmetrically weighted sequential split-
ting has the same costs as the other schemes.) The connection between the traditional

'We use those notations that are common in the Maxwell theory.
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numerical methods for the Maxwell equations and the operator splitting is investigated
in [45].



