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P Teface. The purpose of these lecture notes is to provide an introduction to computational methods
for the approximate solution of ordinary differential equations (ODEs) and parabolic partial differential
equations (PDEs). Only minimal prerequisites in differential and integral calculus, differential equation
theory, complex analysis and linear algebra are assumed. The notes focus on the construction of numerical
algorithms for ODEs and parabolic PDEs, and the mathematical analysis of their behaviour.

The notes begin with a study of well-posedness of initial-value problems for a first-order differential
equations and systems of such equations. The basic ideas of discretisation and error analysis are then
introduced in the case of one-step methods. This is followed by an extension of the concepts of stability and
accuracy to linear multi-step methods, including a brief excursion into numerical methods for stiff systems
of ODEs and symplectic methods. The final section is devoted to an overview of classical algorithms for
the numerical solution of initial-boundary-value problems for the simplest parabolic equation: the linear
heat equation in one space dimension.

S yl labus. Approximation of initial-value problems for ordinary differential equations: one-step methods
including the explicit and implicit Euler methods, the trapezium rule method, and Runge-Kutta methods.
Linear multi-step methods: consistency, zero-stability and convergence; absolute stability. Stiffness. Error
control and adaptive algorithms. Symplectic methods.

Numerical solution of initial-boundary-value problems for parabolic partial differential equations:
explicit and implicit methods; accuracy, stability and convergence, use of Fourier methods for analysis.

Reading List:

[1] A. ISERLES, A First Course in the Numerical Analysis of Differential Equations. Cambridge Uni-
versity Press, 2nd ed., 2009. ISBN 978-0-521-73490-5 [Chapters 1-6, 16].

[2] R. LEVEQUE, Finite Difference Methods for Ordinary and Partial Differential Equations. STAM,
2007. ISBN 978-0-898716-29-0 [Chapters 5-9].

[3] E. SULI AND D.F. MAYERS, An Introduction to Numerical Analysis. Cambridge University Press,
2006. ISBN 0-521-00794-1 [Chapter 12].

Further Reading:

[1] E. HAIRER, S.P. NORSETT, AND G. WANNER, Solving Ordinary Differential Equations I: Nonstiff
Problems. Springer-Verlag, Berlin, 1987.

[2] P. HENRICI, Discrete Variable Methods in Ordinary Differential Equations. Wiley, New York, 1962.

[3] H.B. KELLER, Numerical Methods for Two-point Boundary Value Problems. SIAM, Philadelphia,
1976.

[4] J.D. LAMBERT, Computational Methods in Ordinary Differential Equations. Wiley, Chichester,
1991.

[5] A.M. STUART AND A.R. HUMPHRIES, Dynamical Systems and Numerical Analysis. Cambridge
University Press, Cambridge, 1996.

Note: These lecture notes will be updated regularly during Michaelmas Term.

Note about the exercises: There will be 6 problem sheets and 6 classes, the first class being held
in Week 3 of Michaelmas Term.



1 Picard’s Theorem

Ordinary differential equations frequently occur as mathematical models in many branches of science, Lecture 1
engineering, and economics. Unfortunately it is seldom that these equations have solutions that can be
expressed in closed form, so it is common to seek approximate solutions by means of numerical methods;
nowadays this can usually be achieved very inexpensively to high accuracy and with a reliable bound on
the error between the analytical solution and its numerical approximation. We shall be concerned with
the construction and the analysis of numerical methods for first-order differential equations of the form

y/:f(xvy) (1)

for the real-valued function y of the real variable x, where y' = dy/dz. In order to select a particular
integral from the infinite family of solution curves that constitute the general solution to (II), the differ-
ential equation will be considered in tandem with an initial condition: given two real numbers zy and
Yo, we seek a solution to (Il) for = > xg such that

y(zo0) = Yo- (2)

The differential equation (Il together with the initial condition () is called an initial-value problem.
The motivation for this terminology is that in applications the variable z usually plays the role of time,
and the initial value, yg, of the process whose evolution is modelled by the differential equation over an
interval of time [z, Xj/] is then known at the initial time, .

In general, even if f(-,-) is a continuous function, there is no guarantee that the initial-value problem
(), @) possesses a unique Solution Fortunately, under a further mild condition on the function f, the
existence and uniqueness of a solution to (dI), (2)) can be ensured: the result is encapsulated in the next
theorem.

Theorem 1 (Picard’s Theorenﬂ) Suppose that f(-,-) is a continuous function of its arguments in a
region U of the (x,y) plane which contains the rectangle

R={(v,y) : z0 <z < Xun, |y—wol<Yu},

where X > xg and Yas > 0 are constants. Suppose also, that there exists a positive constant L such that

[f(z,y) = f(,2)] < Lly — 2| 3)

holds whenever (x,y) and (x, z) lie in the rectangle R. Finally, letting

M =max{|f(z,y)| : (z,y) € R},

suppose that M(Xpr — xo) < Yar. Then, there exists a unique continuously differentiable function x —
y(z), defined on the closed interval [z, X ], which satisfies (1) and (2).

The condition (@) is called a Lipschitz conditiorﬁ, and L is called a Lipschitz constant for f. We
shall not dwell on the proof of Picard’s Theorem; for details, the interested reader is referred to any good
textbook on the theory of ordinary differential equations (see, for example, P. J. Collins, Differential and
Integral Equations, Oxford University Press, 2006). The essence of the proof is to consider the sequence
of functions {y,}5°, defined recursively through what is known as the Picard Iteration:

Yo(x) = yo,

(@) =+ [ e (€) e, n=12,.... )

!Consider, for example, the initial-value problem 3’ = y?/3, y(0) = 0; this has solutions: y(z) = 0 and y(z) = z/27.
*Emile Picard (1856-1941)
SRudolf Lipschitz (1832-1903)



and show, using the conditions of the theorem, that {y,}7°,, as a sequence of continuous functions,
converges uniformly on the interval [xg, X3/] to a continuous function y defined on [xg, X /] such that

y(r) = yo + /x f(&y(§))dE.

This then implies that y is continuously differentiable on [z, Xas] and it satisfies the differential equation
(@) and the initial condition (2)). The uniqueness of the solution follows from the Lipschitz condition.
Picard’s Theorem has a natural extension to an initial-value problem for a system of m differential
equations of the form
y/ = f($7y)7 Y($0) =Yo, (5)

where yo € R™ and f : [x0, Xa7] x R™ — R™. On introducing the Euclidean norm || - || on R™ by

m 1/2
o]l = (ZIU@F) , vERT,
i=1

we can state the following result.

Theorem 2 (Picard’s Theorem) Suppose that £(-,-) is a continuous function of its arguments in a
region U of the (z,y) space R'T™ which contains the parallelepiped

R={(z,y) 1 20 <2< Xm, [y —yoll <Yu},
where Xy > xg and Yy > 0 are constants. Suppose also that there exists a positive constant L such that
[£(z,y) —f(z,2)[| < L|ly — 2| (6)
holds whenever (x,y) and (x,z) lie in R. Finally, letting
M = max{||f(z,y)|| : (z,y) € R},

suppose that M(Xpr — xo) < Yar. Then, there exists a unique continuously differentiable function x —
y(z), defined on the closed interval [xo, Xar], which satisfies (3).

A sufficient condition for (@) is that f is continuous on R, differentiable at each point (z,y) in int(R),
the interior of R, and there exists an L > 0 such that

Hg—;(x,y)u <L  forall (z,y) € int(R), (7)

where 0f /0y denotes the m x m Jacobi matrix of y € R™ — f(z,y) € R™, and ||-|| is a matrix norm sub-
ordinate to the Euclidean vector norm on R™. Indeed, when (7)) holds, the Mean-Value Theorem implies
that (B)) is also valid. The converse of this statement is not true: the function f(y) = (ly1l,..., [ym|)T,
with g = 0 and yo = 0, satisfies (6]) but violates (7)) because y — f(y) is not differentiable at the point
y =0.

As the counter-example in the footnote on page 1 indicates, the expression |y —z| in @) and ||y —z|| in
([6) cannot be replaced by expressions of the form |y — z|* and ||y —z||%, respectively, where 0 < o < 1, for
otherwise the uniqueness of the solution to the corresponding initial-value problem cannot be guaranteed.

We conclude this section by introducing the notion of stability.



Definition 1 A solution 'y = v(z) to ([{) is said to be stable on the interval [z, Xpr] if for every e >0
there exists a 0 > 0 such that for all z satisfying ||v(xo) —z|| < § the solution y = w(x) to the differential
equation 'y’ = f(z,y) satisfying the initial condition w(xo) = z is defined for all x € [z, Xpr] and satisfies
|v(z) —w(z)|| < e for all x in [zo, Xn].

A solution which is stable on [xg,00) (i.e. stable on [xg, Xps] for each Xy and with ¢ independent of
Xar) is said to be stable in the sense of Lyapunov.

Moreover, if

Tim_[[v(2) - w(@)] =0,

then the solution y = v(z) is called asymptotically stable.
Using this definition, we can state the following theorem.

Theorem 3 Under the hypotheses of Picard’s Theorem, the (unique) solution y = v(x) to the initial-
value problem (3) is stable on the interval [xg, Xps], (where we assume that —oo < xo < Xjpy < 00).

PROOF: Since

T

v(z) = v(zo) + / £(6.v(€)) de

zo
and

w(z) =2+ / “E (e, wi(o)) de,

0

it follows that

Vi) ~wie)l < Iviro) —2l+ [ I Vi) - K& w(e))ag
< Ivteo) 2l v - wie ac (5)
Now put A(x) = ||v(z) — w(z)|| and @ = |[v(zo) — z|; then, (8) can be written as
A(a:)éaJrL/x:A({)dg, wo < < X 9)

Multiplying (@) by exp(—Lz), we find that

£l fos] <o

Integrating the inequality (I0)), we deduce that

o Lx /: A(€) de < % (e_LxO . e—Lx) 7

0

that is -
L/ A)dE < a (e”x—xo) - 1) . (11)

Now substituting (II]) into ([@]) gives
A(z) < ael@=w0), xo <z < Xy (12)

The implication “[@) = ([I2))” is usually referred to as the Gronwall Lemma. Returning to our original
notation, we deduce from (I2) that

Iv(z) = w(x)|| < [lv(zo) — 2]l "=, zp <z < Xy (13)



Thus, given € > 0 as in Definition [Il we choose § = e exp(—L(Xyr — x0)) to deduce stability. <

To conclude this section, we observe that if either xy = —oc0 or Xy = 400, the statement of Theorem
is false. For example, the trivial solution y = 0 to the differential equation 3’ = y is unstable on [z, 00)
for any zg > —oo. More generally, given the initial-value problem

v =Xy,  ylzo) =yo,

with A a complex number, the solution y(x) = yoexp(A(z — x)) is unstable for Re A > 0; the solution is
stable in the sense of Lyapunov for Re A < 0 and is asymptotically stable for Re A < 0.

In the next section we shall consider numerical methods for the approximate solution of the initial-
value problem (), ([2). Since everything we shall say has a straightforward extension to the case of
the system (@), for the sake of notational simplicity we shall restrict ourselves to considering a single
ordinary differential equation corresponding to m = 1. We shall suppose throughout that the function f
satisfies the conditions of Picard’s Theorem on the rectangle R and that the initial-value problem has a
unique solution defined on the interval [xg, X)], —00 < xo < X < 0o. We begin by discussing one-step
methods; this will be followed in subsequent sections by the study of linear multi-step methods.

2  One-step methods

2.1 Euler’s method and its relatives: the 0-method

The simplest example of a one-step method for the numerical solution of the initial-value problem
@), @) is Euler’s method

Euler’s method. Suppose that the initial-value problem (), (2] is to be solved on the interval
[0, Xar]. We divide this interval by the mesh-points z,, = xg +nh, n = 0,..., N, where h = (X; —
x9)/N and N is a positive integer. The positive real number h is called the step size. Now let us suppose
that, for each n, we seek a numerical approximation y, to y(z,), the value of the analytical solution at
the mesh point z,,. Given that y(x¢) = yo is known, let us suppose that we have already calculated y,,
up to some n, 0 <n < N — 1; we define

Yn+1 = Yn + A f (T, Yn), n=0,...,N—1.

Thus, taking in succession n =0,1,..., N — 1, one step at a time, the approximate values y,, at the mesh
points x, can be easily obtained. This numerical method is known as Euler’s method.

A simple derivation of Euler’s method proceeds by first integrating the differential equation () be-
tween two consecutive mesh points x, and x,+1 to deduce that

Tn+1

Y(@Tpi1) = y(zy) + / f(z,y(x)) de, n=0,...,N—1, (14)

Tn

and then applying the numerical integration rule

Tn+1
/ g(x) dz = hg(x),

n

called the rectangle rule, with g(z) = f(z,y(z)), to get

y(l'n—i-l) ~ y(l'n) + hf($nyy($n))7 n=0,...N—1, y(:L'O) = Yo-

This then motivates the definition of Euler’s method. The idea can be generalised by replacing the
rectangle rule in the derivation of Euler’s method with a one-parameter family of integration rules of the
form

/ " @) de ~ R [(1 - 0)g(en) + 0g(eni)]. (15)

“Leonard Euler (1707-1783)
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with 6 € [0, 1] a parameter. On applying this in (I4) with g(z) = f(z, y(z)) we find that
y(@ns1) ~ ylen) + (1= 0)f(2n,y(2n)) + 0 (@nt1,y(2ns1))], n=0,....N -1,
y(zo) = wo.

This then motivates the introduction of the following one-parameter family of methods: with yo supplied
by (2)), define

Yn+1 :yn+h[(1 _e)f(l'nvyn)+0f($n+17yn+1)]7 nZO,...,N—l, (16)
parametrised by 6 € [0, 1]; (16) is called the §-method. Now, for § = 0 we recover Euler’s method. For
6 = 1, and yo specified by ([2)), we get

yn+l :yn+hf(xn+1uyn+1)7 n:O,...,N—l, (17)

referred to as the implicit Euler method since, unlike Euler’s method considered above, (I7) requires
the solution of an implicit equation in order to determine y,.1, given y,. In order to emphasize this
difference, Euler’s method is sometimes termed the explicit Euler method. The scheme which results
for the value of § = 1/2 is also of interest: yq is supplied by (2)) and subsequent values y,,11 are computed
from

1
Yn+1 = Yn + §h [f(xnayn) + f($n+17yn+1)] ) n= O, v 7N - 1;

this is called the trapezium rule method.

Remark 1 The trapezium rule method involves the arithmetic average of f(xyn,yn) and f(Tni1,Ynt1)-
Another possibility would have been to evaluate f at the arithmetic averages of x, and xn,11 and y, and
UYn+1 respetively. The resulting implicit one-step method:

yn+1:yn+hf<$n+$n+1 yn+yn+1>, n=0,...,N—1, yo= given,

2 ’ 2
is called the implicit midpoint rule.

The #-method is an explicit method for & = 0 and is an implicit method for 0 < 6 < 1, because
in the latter case (16) requires the solution of an implicit equation for y,4+1. Further, for each value of
the parameter 6 € [0,1], (16) is a one-step method in the sense that to compute y,11 we only use one
previous value y,. Methods which require more than one previously computed value are referred to as
multi-step methods, and will be discussed later on in the notes.

In order to assess the accuracy of the #-method for various values of the parameter 6 in [0, 1], we
perform a numerical experiment on a simple model problem.

Example 1 Given the initial-value problem y' = x — y?, y(0) = 0, on the interval of x € [0,0.4], we
compute an approximate solution using the 6-method, for 6 =0, § = 1/2 and 6 = 1, using the step size
h = 0.1. The results are shown in Table[d. In the case of the two implicit methods, corresponding to
0 =1/2 and 6 = 1, the nonlinear equations have been solved by a fized-point iteration.

For comparison, we also compute the value of the analytical solution y(x) at the mesh points z, =
0.1xn, n =0,...,4. Since the solution is not available in closed form we use a Picard iteration to

5Using MAPLE, we obtain the solution in terms of Bessel functions:
> dsolve({diff (y(x),x) + y(®@*y(x) = x, y(0)=0}, y(x));

-2 2
V3 BesselK(—, = x3/2) _9 9
NG 3 3 —Bessell(?,gaz?’/z)
T

1 2
\/gBesselK(g, 3 23/2)

™

1 2
Bessell(=, = x3/2
+ Besse (3, 3% )



k| xp | ypfor 0 =0 | yp for 6 =1/2 | yx for 0 =1
0| 0 0 0 0
1101 0 0.00500 0.00999
210.2 0.01000 0.01998 0.02990
3103 0.02999 0.04486 0.05955
4104 0.05990 0.07944 0.09857

Table 1: The values of the numerical solution at the mesh points

k| x| y(og)
0] O 0

11 0.1] 0.00500
21 0.2 | 0.01998
3| 0.3 | 0.04488
41 0.4 ] 0.07949

Table 2: Values of the “exact solution” at the mesh points

calculate an accurate approximation to the analytical solution on the interval [0,0.4] and call this the
“exact solution”. Thus, we consider

yol) =0, yk<:c>=/:(£—y,%_1<s>> a k=19

Hence,

yo(z) = 0,
(@) = 527
yi\xr) = Qwa

_ 1o 15
@) = 5= 55

1 1 1 1

ys(r) = —a? — a4 ——a® — —— gl

27 T 20 1607~ 4400

It is easy to prove by induction that

1 1 1 1
y(z) = 5952 — 2—0365 + ﬁxg — I()Oxll +0 (z"),
Tabulating ys(x) on the interval [0,0.4] with step size h = 0.1, we get the values of the “exact solution”
at the mesh points shown in Table [2.

The “ezact solution” is in good agreement with the results obtained with § = 1/2: the error is < 5x1075.
For® =0 and 0 = 1 the discrepancy between vy, and y(zy) is larger: it is < 3x1072. We note in conclusion
that a plot of the analytical solution can be obtained, for example, by using MAPLE, by entering the
following at the command line:

> with(DEtools):
> DEplot (diff (y(x),x)+y(x)*y(x)=x, y(x), x=0..0.4, [[y(0)=0]11,
y=-0.1..0.1, stepsize=0.05);

So, why is the gap between the analytical solution and its numerical approximation in this example
so much larger for § # 1/2 than for § = 1/27 The answer to this question is the subject of the next
section.



2.2 Error analysis of the #-method

First we have to explain what we mean by error. The exact solution of the initial-value problem (),
@) is a function of a continuously varying argument = € [z, Xj/], while the numerical solution y,, is
only defined at the mesh points x,, n = 0,..., N, so it is a function of a “discrete” argument. We can
compare these two functions either by extending in some fashion the approximate solution from the mesh
points to the whole of the interval [z, X/] (say by interpolating between the values y,,), or by restricting
the function y to the mesh points and comparing y(z,) with y, for n = 0,...,N. Since the first of
these approaches is somewhat arbitrary because it does not correspond to any procedure performed in a
practical computation, we adopt the second approach, and we define the global error e by

en = Y(Tn) — Yn, n=20,...,N.

We wish to investigate the decay of the global error for the #-method with respect to the reduction of
the mesh size h. We shall show in detail how this is done in the case of Euler’s method (6 = 0) and then
quote the corresponding result in the general case (0 < 6 < 1) leaving it to the reader to fill the gap.

So let us consider Euler’s explicit method:

Yn+1 = Yn + hf(ﬂfmyn)a n = 07 cee 7N - 17 Yo = given'

The quantity

1, = W) V), (13)

obtained by inserting the analytical solution y(z) into the numerical method and dividing by the mesh
size is referred to as the consistency error (or truncation error) of Euler’s explicit method and will
play a key role in the analysis. Indeed, it measures the extent to which the analytical solution fails to
satisfy the difference equation for Euler’s method.

By noting that f(zn,y(z,)) = ¥'(z,) and applying Taylor’s Theorem, it follows from (IR]) that there
exists a &, € (zp,Tn+1) such that

T, = shy' (), (19)

where we have assumed that that f is a sufficiently smooth function of two variables so as to ensure that
y” exists and is bounded on the interval [zg, Xas]. Since from the definition of Euler’s method

0= w _f(:En)yn)v

By subtracting this from (I8]), we deduce that
ent1 = en + h[f (@n,y(zn)) = f(@n, yn)] + hT,.
Thus, assuming that |y, — yo| < Y from the Lipschitz condition (B]) we get
lent1] < (14 hL)|e,| + h|Th], n=0,...,N—1.
Now, let T' = maxo<p<n—1|Ty|; then,
lent1] < (14 hL)|ey| + AT, n=0,...,N—1

By induction, and noting that 1 + hL < e,
lenl < (A +AhL)" = 1]+ (1 + hL)"|eol

<

SIS

(eL(wn—wo) _ 1) + el@n=a0)|eg| n=1,...,N.

7



This estimate, together with the bound

1
IT| < ith’ My = max |y’ ()],

z€x0,X ]

which follows from (I9)), yields

Msh
< oL(@n—m0) 2720 ((L(zn—w0) _ =0,...,N.
len] < e leo| + 5T (e 1) ) n=0,....,N (20)

To conclude, we note that by pursuing an analogous argument it is possible to prove that, in the
general case of the #-method,

eal < leolexp <an _%)

1—6Lh
h 1 1 Tn — 20
for n = 0,...,N, where now Mz = max,c[z x,, [¥"(z)]. In the absence of rounding errors in the

imposition of the initial condition (2]) we can suppose that ey = y(z¢) — yo = 0. Assuming that this is
the case, we see from (2I)) that |e,| = O(h?) for § = 1/2, while for # = 0 and # = 1, and indeed for any
0 #1/2, |ep,| = O(h) only. This explains why in Tables [l and 2] the values y,, of the numerical solution
computed with the trapezium-rule method (§ = 1/2) were considerably closer to the analytical solution
y(xy,) at the mesh points than those which were obtained with the explicit and the implicit Euler methods
(0 =0 and 6 = 1, respectively).

In particular, we see from this analysis, that each time the mesh size h is halved, the consistency error
and the global error are reduced by a factor of 2 when 6 # 1/2, and by a factor of 4 when 6 = 1/2.

While the trapezium rule method leads to more accurate approximations than the forward Euler
method, it is less convenient from the computational point of view because it requires the solution of
implicit equations at each mesh point x,41 to compute y,+1. An attractive compromise is to use the
forward Euler method to compute an initial crude approximation to y(x,+1) and then use this value
within the trapezium rule to obtain a more accurate approximation for y(x,+1): the resulting numerical
method is

1 .
Yn+l = Yn + §h [f(xnyyn) + f(xn—i-layn + hf(xnayn))] , n= 07 cee 7N - 17 Yo = glven,

and is frequently referred to as the improved Euler method. Clearly, it is an explicit one-step scheme,
albeit of a more complicated form than the explicit Euler method. In the next section, we shall take this
idea further and consider a very general class of one-step methods.

2.3 (General one-step methods

Definition 2 A one-step method is a function ¥ that takes the triplet (§,n;h) € R x R x Ryg and a
function f, and computes an approzimation W(E,m; h, f) € R of y(§+h), which is the solution at x = {+h
of the initial-value problem

y'(x) = flz,y(x),  y)=n (22)

Here, we tacitly assume that [22)) has a unique solution, and therefore y(& + h) exists. Additionally, the
step size h may need to be assumed to be sufficiently small for ¥ to be well-defined.

Lecture 3



For example, in the case of the implicit Euler method the function ¥ is defined implicitly, by

W&, m;h, f) =n+hf(E+h, V(& n;h, f)).

Assuming that f satisfies the Lipschitz condition with Lipschitz constant L, one can use the Contraction
Mapping Theorem to show that, given a pair (¢,7) € R?, and h € (0,1/L), there exists a unique
U (&, m;h, f) € R satisfying this implicit relationship, and therefore for such a “sufficiently small” h the
function ¥ associated with the implicit Euler method is well-defined.

In the case of the explicit Euler method the situation is simpler:

V(& m;h, f) =n+hf(&mn),

and in the case of general explicit one-step methods, to be investigated in the next section,

W& m;h, f) =0+ h®(&,m;h, f),

where ®(&,n;h, f) can be explicitly computed (without solving implicit equations) in terms of &, n, h,
and f. In what follows, for the sake of notational simplicity, we shall not indicate the dependence of
®(&,m;h, f) on f, and will write ®(&,n; h) instead. For example, in the case of the explicit Euler method

®(&,m;h) = f(&,n), for all h.
2.4 General explicit one-step method

A general explicit one-step method may be written in the form:
Yn+t1 = Yn + A (xp,yn;h), n=0,...,N—1, yo=1y(xo)[= specified by @])], (23)

where ®(-,+;+) is a continuous function of its variables. For example, in the case of Euler’s method,
O (2, Yn; h) = f(zn, yn), while for the improved Euler method

(I)($nyyn§ h) = % [f($nayn) + f(xn +h,yn + hf(:pmyn))] .

In order to assess the accuracy of the numerical method (23]), we define the global error, e,, by
en = Y(Tn) — Yn-
We define the consistency error, T,,, of the method by

Y(@n+1) — y(on)
h

The next theorem provides a bound on the global error in terms of the consistency error.

T, = — O(zp, y(xn); h). (24)

Theorem 4 Consider the general one-step method (23) where, in addition to being a continuous function
of its arguments, ® is assumed to satisfy a Lipschitz condition with respect to its second argument; namely,
there exists a positive constant Lg such that, for 0 < h < hg and for the same region R as in Picard’s
Theorem,

|®(xz,y; h) — ®(x, z;h)| < Laly — 2|, for (xz,y), (z,2z) in R. (25)

Then, assuming that |y, — yo| < Yas, it follows that

ele(@n—m0) _q

len] < eLé(mn—fEO)‘eO’ +
Lg

T, n=0,...,N, (26)

where T = maXp<n<N-1 |Tn|



PROOF: Subtracting (23] from (24) we obtain:
En+1 = €p + h[q)(xna y(xn)§ h) — O (2, Yn; h)] + Wy,

Then, since (z,,y(z,)) and (x,,y,) belong to R, the Lipschitz condition (25) implies that

len+1| < len| + hLs|en| + h| T, n=0,...,N—1.
That is,
len+1| < (14 hLa)|en| + h|Ty|, n=0,...,N—1.
Hence
‘61’ < (1+th>)‘60’ +hT,
lea] < (14 hLg)?|eo| + Al + (1 + hLle)|T,
les] < (1+hLg)3|eo] +h[l+ (1+hLe)+ (1+hLle)?|T,
etc.
len] < (14 hLg)"|eo|+[(1+ hLle)" —1]T/Lg.

Observing that 1 + hLe < exp(hLg), we obtain (26]). ¢
Let us note that the error bound (20]) for Euler’s explicit method is a special case of (26]). We highlight
the practical relevance of the error bound (26) by focusing on a particular example.

Example 2 Consider the initial-value problem 3’ = tan™'y, y(0) = yo, and suppose that this is solved
by the explicit Euler method. The aim of the exercise is to apply (26) to quantify the size of the associated
global error; thus, we need to find L and My. Here f(x,y) = tan™'y, so by the Mean-Value Theorem

Fery) — fo,2)| = 1g—§<m,m w-2),

where 1 lies between y and z. In our case
of 2\—1
i<

and therefore L = 1. To find My we need to obtain a bound on |y"| (without actually solving the initial-
value problem!). This is easily achieved by differentiating both sides of the differential equation with
respect to x:

d _ _1 dy
n_ 94 1,y 2y-19Y _
y' = dx(tan y)=(1+y°) e

Therefore |y"(x)| < My = 3. Inserting the values of L and M, into (Z0),

(1+y*) Ttanly.

1
len| < € |eo] —I—Zﬂ(em” —1)h, n=0,...,N.

In particular if we assume that no error has been committed initially (i.e. eg = 0), we have that

1
len| Szﬂ(ex"—l)h, n=0,...,N.

Thus, given a positive tolerance TOL specified beforehand, we can ensure that the error between the (un-
known) analytical solution and its numerical approzimation does not exceed this tolerance by choosing a
positive step size h such that

4
h < =(eX™ —1)"!TOL.
s

10



For such h we shall have |y(x,) — yn| = |en| < TOL for each n =0,..., N, as required. Thus, at least in
principle, we can calculate the numerical solution to arbitrarily high accuracy by choosing a sufficiently
small step size. In practice, because digital computers use finite-precision arithmetic, there will always
be small (but not infinitely small) pollution effects because of rounding errors; however, these can also
be bounded by performing an analysis similar to the one above where f(xy,yy) is replaced by its finite-
precision representation.

Returning to the general one-step method (23]), we consider the choice of the function ®. Theorem [
suggests that if the consistency error ‘approaches zero’ as h — 0 then the global error ‘converges to zero’
also (as long as |eg| — 0 when h — 0). This observation motivates the following definition.

Definition 3 The numerical method (23) is consistent with the differential equation (1) if the consis-
tency error defined by (24)) is such that for any € > 0 there exists a positive h(e) for which |T,| < e for
0 < h < h(e) and any pair of points (xn,y(xn)), (Tnt1,y(Tnt1)) on any solution curve in R.

For the general one-step method (23]) we have assumed that the function ®(-,-;-) is continuous; also
y' is a continuous function on [zg, Xys]. Therefore, from (24)),

lim T, =y (z) — ®(x,y(x);0) Vo e [zo, Xm].
h— 0, n— o0
Tn = T € [zo, XM]

As ¢/ (z) = f(z,y(x)), this implies that the one-step method (23] is consistent if, and only if,
O(z,y;0) = f(z,y). (27)
Now we are ready to state a convergence theorem for the general one-step method (23)).

Theorem 5 Suppose that the solution of the initial-value problem (), (2) lies in R as does its approxi-
mation generated from (23) when h < hg. Suppose also that the function ®(-,-;-) is uniformly continuous
on R x [0, ho| and satisfies the consistency condition (27) and the Lipschitz condition

|®(x,y; h) — ®(x, 2, h)| < Laly — 2| on R x [0, hy]. (28)

Then, if successive approximation sequences (y,), generated for x, = xo+ nh, n = 1,2,... N, are
obtained from (23) with successively smaller values of h, each less than hy, we have convergence of the
numerical solution to the solution of the initial-value problem in the sense that

|y($n)_yn|_>0 a5h_>0) $n_>$€[$OaXM]'

PROOF: Suppose that h = (X — x9)/N where N is a positive integer. We shall assume that N is
sufficiently large so that h < hg. Since y(z¢) = yo and therefore ey = 0, Theorem Ml implies that

Xpm—wo) _ 1
Ly

max |1y, n=1,...,N. (29)

eLd>(
— <
y(zn) = yn| < o IAX_

From the consistency condition (27)) we have

T - |:y($n+l)h_ y(@n) f($n’y($n)):| + [® (2, y(20);0) — ®(xp, y(zn); h)].

According to the Mean-Value Theorem the expression in the first bracket is equal to y/'(£) — y/'(x,,), where
€ € [xn, Tpa1]- Since ¥’ (1) = f(-,y()) = @(-,y(-); 0) and ®(-,+;-) is uniformly continuous on R x [0, hg], it

follows that ¢ is uniformly continuous on [zg, Xj/]. Thus, for each € > 0 there exists an hq(e) such that

1
1Y/ (&) — ¥ (zn)| < 3¢ for h < hi(e), n=0,1,...,N — 1.

11



Also, by the uniform continuity of ® with respect to its third argument, there exists an ha(e) such that
|P(zp, y(xn);0) — B(an, y(x,); h)| < %E for h < ho(e), n=0,1,...,N — 1.
Thus, defining h(e) = min(hq(g), h2()), we have
IT,| <e for h < h(e),n=0,1,...,N — 1.
Inserting this into (29]) we deduce that |y(x,) — yn| — 0 as h — 0. Since

’y(x) - yn‘ < ‘y(‘r) - y(xn)‘ + ’y(xn) - yn‘y

and the first term on the right also converges to zero as h — 0 by the uniform continuity of y on the
interval [zg, Xj/], the proof is complete. ¢

We saw earlier that for Euler’s method the absolute value of the consistency error 7, is bounded
above by a constant multiple of the step size h, that is

|T,| < Kh for 0 < h < hy,

where K is a positive constant, independent of h. However there are other one-step methods (a class
of which, called Runge-Kutta methods, will be considered below) for which we can do better. More
generally, in order to quantify the asymptotic rate of decay of the consistency error as the step size h
converges to zero, we introduce the following definition.

Definition 4 The numerical method (23) is said to have order of accuracy p, if p is the largest positive
integer such that, for any sufficiently smooth solution curve (x,y(x)) in R of the initial-value problem
(1), (2), there exist constants K and hy such that

|T,,| < KRP for 0 < h < hg
for any pair of points (xn,y(zy)), (Tnt+1,y(Tni1)) on the solution curve.

Having introduced the general class of explicit one-step methods and the associated concepts of
consistency and order of accuracy, we now focus on a specific family: explicit Runge-Kutta methods.

2.5 Explicit Runge-Kutta methods

In the sense of Definition [4] Euler’s method is only first-order accurate; nevertheless, it is simple and
cheap to implement because to obtain y,4+1 from ¥, we only require a single evaluation of the function f
at (z,,yn). Runge-Kutta methods aim to achieve higher accuracy by sacrificing the efficiency of Euler’s
method through re-evaluating f(-,-) at points intermediate between (z,,,y(x,)) and (zy+1, y(zn+1)). The
general form of the R-stage explicit Runge—Kutta family is as follows:

Yn+l = Yn+ h(I)(l'n, Yn; h),

R
O(z,y;h) = Z crkr,
r=1

kl = f(xay)y
r—1

kr - f<x+har7y+hzbrsks>7 T:27"'7R7 (30)
s=1

r—1
ar = Ebm, r=2...,R.
s=1

12
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where e = (1,...,1)T e RE-1,

Figure 1: Butcher tableau of a Runge Kutta method: a € Rf=1, B € RE-Dx(R-1) ¢ c RE In the
case of an explicit Runge-Kutta method B € RFE-1DX(E-1) ig 4 strictly lower-triangular matrix, i.e. the
diagonal and superdiagonal entries of B are all equal to zero. For the sake of simplicity we focus on
explicit Runge-Kutta methods only.

In compressed form, the information about the coefficients of a Runge-Kutta method is usually displayed
in the so-called Butcher tableau shown in Fig. [l

One-stage explicit Runge—Kutta methods. Suppose that R = 1. Then, the resulting one-stage
explicit Runge-Kutta method is simply Euler’s explicit method:

Yn+1l = Yn + hf($n, yn) (31)

Thus, in the language of Runge-Kutta methods, y,+1 = yn + h® (x4, Yn; h) with &(x,y;h) = 271,:1 crky,
cp =1and k1 = f(z,y).

Remark 2 The implicit Euler method yp+1 = Yn + hf(Tnt1,Ynt1) is an example of a one-stage implicit
Runge-Kutta method: it can be written as Ynt+1 = Yn + h®(xy, yn; h), where ®(z,y;h) = k1 and ky =
f(xz+ h,y+ hky) (note that, unsurprisingly, ki is now defined through an implicit relationship). For the
sake of simplicity we shall continue to concentrate here on explicit Runge—Kutta methods only.

Two-stage explicit Runge—Kutta methods. Next, consider the case of R = 2, corresponding to the
following family of methods:

Ynt1 = Yn + h(cikr + c2ka), (32)
where

kl = f($na yn)7 (33)

ke = f(zn+ a2h,yn + barhky), (34)

and where the parameters ci, ca, as and by are to be determinedﬁ Clearly ([B2)—(34]) can be rewritten
in the form (23]) and therefore it is a family of one step methods. By the condition (27]), a method from
this family will be consistent if, and only if,

c1+cog=1.

Further conditions on the parameters are obtained by attempting to maximise the order of accuracy of
the method. Indeed, expanding the consistency error of ([B2)—(B4) in powers of h, after some algebra we
obtain

1 1
Tn — 5hy//(gjn)_1_6}122/1/(33”)

1 1
—cahlag fr + bo1 fy f] — cah® §a§f:c:c + agboi foy f + §b§1fyyf2 + O(h%).

SWe note in passing that Euler’s explicit method is a member of this family of methods, corresponding to ¢; = 1 and
c2 = 0. However we are now seeking methods that are at least second-order accurate.

13



Here we have used the abbreviations f = f(zp,y(zn)), fo = %(mn,y(azn)), etc. On noting that y” =
fz + fyf, it follows that T,, = O(h?) for any f provided that

1
ascy = baicy = >

which implies that if by = a9, co = 1/(2a2) and ¢; = 1 — 1/(2a2) then the method is second-order
accurate; while this still leaves one free parameter, ao, it is easy to see that no choice of the parameters

will make the method generally third-order accurate. There are two well-known examples of second-order
explicit Runge-Kutta methods of the form (32), (34):

a) The modified Euler method: In this case we take as = % to obtain
1 1
Yn+1 =Yn +h f (ﬂsn + 5l yn + §hf(xn,yn)> ;
b) The improved Euler method: This is arrived at by choosing a; = 1 which gives

Yn+1l = Yn + %h [f($nayn) + f(l‘n +h,yn + hf(fnmyn))] .

For these two methods it is easily verified by Taylor series expansion that the consistency error is of the
form, respectively,

1 1
T, = EhQ [fyFl + ZF% + O(R?),

1

1
T, = 6h2 [fyFl — 51«3} + O(R?),

where
Flzfm+ffy and F2:fxx+2ffmy+f2fyy-

The family (32)—(B4) is referred to as the class of explicit two-stage explicit Runge-Kutta methods.

Exercise 1 Let a be a nonzero real number and let x, = a +nh, n =0,...,N, be a uniform mesh on
the interval [a,b] of step size h = (b — a)/N. Consider the explicit one-step method for the numerical
solution of the initial-value problem y' = f(x,y), y(a) = yo, which determines approzimations y, to the
values y(xy) from the recurrence relation

h h
Yn+l = Yn + h(l - O‘)f(fnmyn) + haf (xn + %yyn + %f(fnmyn)) .

Show that this method is consistent and that its consistency error, Ty, (h,«), can be expressed as

T,(0.0) = 1o [(2a = 1) (@) + o) 2L 0, ylan) | + OB
n Y 8a 3 n n 8y ny n .
This numerical method is applied to the initial-value problem y' = —yP, y(0) = 1, where p is a positive

integer. Show that if p = 1 then T),(h,a) = O(h?) for every nonzero real number . Show also that if
p > 2 then there exists a nonzero real number ag such that T,,(h, o) = O(h3).

SOLUTION: Let us define

Bo.gih) = (1= a)f(a9) + af (4 gm0+ 5o 1))

14



Then the numerical method can be rewritten as

Ynt+1 = Yn + h(I)(:En, Yn; h)
Since
®(z,y;0) = f(z,y),
the method is consistent. By definition, the consistency error is
T,(h,a) = L= 000) g e,
We shall perform a Taylor expansion of T;,(h, ) to show that it can be expressed in the desired form. Indeed,
2

h h
Y (@) + iyﬂ(x") + Fy”/(xn)

—(1—a)y (zn) — af(z, + %,y(mn) + %y’(mn)) + O(h%)

Tn(h, @)

2

h h
o on n-
= y(zn)+ 2y (zn) + 6

~a| o) + 5

y" (xn) — (1 — )y’ (2n)

m%wmm+i@mw@mwmﬂ

2 2

e [(%)2 Foa(ns y(@n)) + 2 (%)2 Foy(@n, y(@n))y (2n)

+(55) fwten vl @2 | +00)
= y'(za) = (1 =)y (zn) — oy (zn)
) = 2 1 @) + oy ()
h? h?
+Fy“/(xn) - 8_04 [fmm(xnu y(xn)) + 2fmy($na y(xn))yl(xn)

+ fyy(xm y(xn))[y/(xn)]ﬂ + O(hg)
h_2 1 _ h_2

= 6 y" (zn) 3a [y" (2n) — y”(xn)fy(xmy(xn))] + O(hg)

= g_oz [(ga — 1) y/”($n) + y//(xn)g_‘;;(xm y(xn)) 4 O(hg),

as required.
Now let us apply the method to y' = —yP, with p > 1. If p = 1, then v/ = —y” =3’ = —y, so that

h2
To(h,a) = —gy(:vn) +O(r?).

As y(x,) = e 7 #£0, it follows that

for all (nonzero) a.
Finally, suppose that p > 2. Then,

and

and therefore

Choosing «a such that



namely

gives
Tn(h, ) = O(h?).

We note in passing that for p > 1 the exact solution of the initial-value problem y' = —y?, y(0) = 1, is
y(@) = [(p— D+ 1707 o

Three-stage explicit Runge—-Kutta methods. Let us now suppose that R = 3 to illustrate the
general idea. Thus, we consider the family of methods:

Un+1 = Yn + h[ciki + caka + c3ks],

where

ki = f(z,y),

ky = f(xz+ hag,y+ hbaiky),

ks = f(xz+ has,y + hbsik; + hbsaks),
az = bo1, az= b3 + b32.

Writing bo; = ao and b3y = ag — bso in the definitions of ky and k3 respectively and expanding ko and ks
into Taylor series about the point (x,y) yields:

B = fohaa(fet kufy) + 5P (far + 260 oy + K i) + O
= f+ ha2(fac + ffy) + %h2a%(fmc + 2ffacy + f2fyy) + O(hg)
- f + hCLQFl + %h2a%FQ + O(hg),

where
Iy :fm+ffy and Iy :fxx+2ffmy+f2fyy,
and
ks = f+h{asfe+ (a3 — bs2)k1 + bsaka] £y}
1
—|—§h2 {a3 fo + 2a3 [(as — bs2)k1 + bsaka] fuy
+ [(as — bya)kr + byoks]? fiy | + O(R?)

1
= f+4+ hasF) + h? <a2632F1fy + §a§F2> + O(hg).

Substituting these expressions for ky and k3 into ([B0) with R = 3 we find that
®(z,y,h) = (c1+ca+c3)f + h(cas + c3a3)Fy
+%h2 [2¢3a2b32F' fy + (203 + c3a3) Fa] + O(h?). (35)
We match this with the Taylor series expansion:

y(z+h) —y()
h

1 1
= (@) +hy (@) + 6h2ym($) +0O(h%)

1 1
= f+ §hF1 + 6h2 (Flfy + Fg) + O(hs).
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This yields:

ci+co+ecz = 1,
1

C2a2 + c3a3 = 5
1

CQCL% + c;;ag = 3’
1

c3ash = —.
302032 6

Solving this system of four equations for the six unknowns: ¢y, o, c3, as, as, bsa, we obtain a two-parameter
family of 3-stage explicit Runge-Kutta methods. We shall only highlight two notable examples from this
family:
(i) Heun’s method corresponds to
1 3 1 2 2

Zv 62:07 3 = —, CL2:§, (1325, b32:§7

Cc1 = 4

yielding

1
Ynt+l = Yn+ Zh (kl + 3k3) ’
kl = f(:Envyn))

1 1

k2 = f<$n+§h7yn+§hkl> )
2 2

ks = f wn+_hayn+_hk2 .
3 3

(ii) Standard third-order explicit Runge—Kutta method. This is arrived at by selecting
1 2 1 1
61:67 62257 63267 (12:5, (13:1, b32:27

yielding

1
Untl = Yn+ gh (ky + 4ko + k3) |

kl = f(ﬂfmyn)a
o= f (m i+ lhkl> ,
2 2
ks = f(l’n + h,yn — hky + 2hk‘2) .

Four-stage explicit Runge—Kutta methods. For R = 4, an analogous argument leads to a two-
parameter family of four-stage Runge-Kutta methods of order four. A particularly popular example
from this family is:

1
Yn+1l = Yn + Eh (k1 + 2ka + 2ks + k4),
where
kl = f(xn7yn)7

1 1
ko = n+=h,yn+ =hki |,
2 f(x +2 y+2 1)

1 1
k3 = f (33'” + §h7yn + §hk72> s
k74 = f(xn + h, Yn + hk3)'
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Here ko and ks represent approximations to the derivative 3/(-) at points on the solution curve, in-
termediate between (z,,y(z,)) and (Tn41,y(Tns1)), and ®(x,,yn;h) is a weighted average of the k;,
i =1,...,4, the weights corresponding to those of the Simpson rule method (to which the fourth-order
explicit Runge-Kutta method reduces when g—g =0).

In this section, we have constructed R-stage explicit Runge—Kutta methods of order of accuracy
O(hf), R =1,2,3,4. Tt is natural to ask whether there exists an R stage method of order R for R > 5.
The answer to this question is negative: in a series of papers John Butcher showed that for R = 5,6,7,8,9,
the highest order that can be attained by an R-stage Runge-Kutta method is, respectively, 4,5,6,6,7,
and that for R > 10 the highest order is < R — 2.

2.6 Absolute stability of explicit Runge—Kutta methods

It is instructive to consider the model problem

Y =Xy, y(0)=yo (#0), (36)

with A real and negative. Trivially, the analytical solution to this initial value problem, y(z) = yg exp(Ax),
converges to 0 at an exponential rate as © — 400. The question that we wish to investigate here is
under what conditions on the step size h does a Runge-Kutta method reproduce this behaviour. The
understanding of this matter will provide useful information about the adequate selection of h in the
numerical approximation of an initial-value problem by an explicit Runge-Kutta method over an interval
[0, Xar] with X7 > 2. For the sake of simplicity, we shall restrict our attention to the case of R-stage
methods of order of accuracy R, with 1 < R < 4.

Let us begin with R = 1. The only explicit one-stage Runge—Kutta method is Euler’s explicit method.

Applying [BI) to (B6]) yields:

Yn+1 =14+ h)yn, n >0,

where h := Ah. Thus, B
Yn = (1 4+ h)"yo.

Consequently, the sequence {y,}>°, will converge to 0 if, and only if, |1 + k| < 1, yielding h € (—2,0);
for such h the explicit Euler method is said to be absolutely stable and the interval (—2,0) is referred
to as the interval of absolute stability of the method.

Now consider R = 2 corresponding to two-stage second-order explicit Runge-Kutta methods:

Ynt1 = Yn + h(c1k1 + c2kz),

where
kl = f(:L'nvyn)) k2 = f(:En + a2h7yn + b21hk1)

with 1

c1+co=1, agCy = byrcg = 5
Applying this to ([B0]) yields,

1.
Yn+1 = <1+h+§h2> Yn,s n >0,
and therefore . .
Yn = <1 +h+ §B2> Yo-

Hence the method is absolutely stable if, and only if|

_ 1=
‘1+h+§h2 <1,

18
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namely when h € (—2,0).
In the case of R = 3 an analogous argument shows that

_ 1= 1-
Ynt1 = <1+h+ Sh* + 6h3> Yn-

Demanding that

- 1= 1-
1+h+-h>+ =R <1
+hd Sht 4 b <

then yields the interval of absolute stability: h € (—2.51,0).
When R = 4, we have that

. 1- 1-
=(1+h+ A%+ _h3+ —h*
Yn+1 < + +2 +6 +24 Yn,
and the associated interval of absolute stability is h € (—2.78,0).
For R > 5 on applying the explicit Runge-Kutta method to the model problem (36]) still results in a
recursion of the form )
Yn+1 = AR(h)yn7 n 2 07
however, unlike the case when R = 1,2,3,4, in addition to h the expression Ar(h) also depends on
the coeflicients of the explicit Runge-Kutta method; by a convenient choice of the free parameters the
associated interval of absolute stability may be maximised. For further results in this direction, the reader
is referred to the book of J.D. Lambert.

3 Linear multi-step methods

While explicit Runge-Kutta methods present an improvement over Euler’s method in terms of accuracy,
this is achieved by investing additional computational effort; in fact, Runge-Kutta methods require
more evaluations of f(-,-) than would seem necessary. For example, the fourth-order method involves
four function evaluations per step. For comparison, by considering three consecutive points x,_1, T, =
Tp—1+ h, Tpy1 = xp—1 + 2h, integrating the differential equation between z,_1 and z,1, and applying
Simpson’s rule to approximate the resulting integral yields

Tn4+1

y(Ens1) = y(En_1) + / f(y(@) da

Tn—1

~y(Tn_1) + %h f(xn—1,y(xn-1)) + 4f (@n,y(zn)) + f(@nt1, y(@ng1))]

which leads to the method

Yot = 91+ Lo ) 45w yn) + Fnsa,vni)]- (37)

In contrast with the one-step methods considered in the previous section where only a single value y,,
was required to compute the next approximation y,1, here we need two preceding values, y, and y,_1
to be able to calculate y,,11, and therefore (37) is not a one-step method.

In this section we consider a class of methods of the type (B7) for the numerical solution of the
initial-value problem (I), (), called linear multi-step methods.

Given a sequence of equally spaced mesh points (z,) with step size h, we consider the general linear
k-step method

K K
D aynei =hY Bif(Tnij Unis)s (38)

J=0 J=0
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where the coefficients ag, ..., a and By, ..., B are real constants. In order to avoid degenerate cases, we
shall assume that oy, # 0 and that ag and Sy are not both equal to zero. If B = 0 then y,, is obtained
explicitly from previous values of y; and f(z;,y;), and the k-step method is then said to be explicit.
On the other hand, if 5; # 0 then y,4+, appears not only on the left-hand side but also on the right,
within f (2,4, Yntk); because of this implicit dependence on y,, 1 the method is then called implicit.
The numerical method (B8)) is called linear because it involves only linear combinations of the {y,} and
the {f(zn,yn)}; for the sake of notational simplicity, henceforth we shall write f,, instead of f(zy,yn).

Example 3 We have already seen an example of a linear 2-step method in ([{37); here we present further
examples of linear multi-step methods.

a) Euler’s method is a trivial case: it is an explicit linear one-step method. The implicit Euler
method

Yn+l = Yn + hf($n+1, yn+1)

is an implicit linear one-step method.

b) The trapezium method, given by

1
Yn+1 = Yn + gh[fn—i-l + fn]

is also an implicit linear one-step method.

¢) The four-step AdamaﬁfBashforth method

1
Yn+4 = Yn+3 + ﬁh[55fn+3 - 59fn+2 + 37fn+1 - 9fn]

is an example of an explicit linear four-step method; the four-step Adams—Moulton method

1
Yn+4 = Yn+3 + ﬂh[gfn—ﬂ + 19fn+3 - 5fn+2 - 9fn+l]

is an implicit linear four-step method.
The construction of general classes of linear multi-step methods, such as the (implicit) Adams—Bashforth
family and the (explicit) Adams—Moulton family will be discussed in the next section.
3.1 Construction of linear multi-step methods

Let us suppose that u,, n =0,1,..., is a sequence of real numbers. We introduce the shift operator Start of
E, the forward difference operator A, and the backward difference operator A_ by optional

material
E : uy > Upyq, Ay o oup = (Uppr — Up), A up = (Uy — Up—1).
Further, we note that E~! exists and is given by E~! : Up+1 > Up. Since
A, =E—-T=EA_, A.=TI-E' and FE=(I-A_)"1
where [ signifies the identity operator, it follows that, for any positive integer k,

M = (B~ Dfun = 31 =

J=0

7J. C. Adams (1819-1892)
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and

k
A* oy, = (1 — E7Yeu, =) (-1) < k > Up—j.
— J
7=0
Now suppose that u is a real-valued function defined on R whose derivative exists and is integrable on
[xg, x,] for each n > 0, and let u,, denote u(z,) where x,, = xo + nh, n = 0,1,..., are equally spaced
points on the real line. Letting D denote d/dz, by applying a Taylor series expansion we find that

1
(E°u)p = u(zy + sh) = up+ sh(Du), + E(sh)z(D%)n +--

B k! ((shD)*u)n = (" u)y,

and hence

Thus, formally,
hD =InE = —In(I — A_),

and therefore, again by Taylor series expansion,
/ 1 2 1 3
hu'(zy,) = A_+§A_+§A_+--- Uy,

Now letting u(z) = y(x) where y is the solution of the initial-value problem (Il), (2] and noting that
u'(x) =y (z) = f(x,y(x)), we find that

hf (2, y(20)) = <A_ + %A% + %A?i + - ) y(xy,).

By successive truncations of the infinite series on the right, we find that
y(xn) - y(xn—l) ~ hf(xn,y(xn)),
3 1
SU(@n) = 2y(zn—1) + 5y(zn—2) = hf(za,y(wn)),

2
%y(wn) — 3y(wn_1) + gy(a:n_z) - %y(wn_g) ~ hf(zn,y(xn)),

and so on. These approximate equalities give rise to a class of implicit linear multi-step methods called
backward differentiation formulae, the simplest of which is Euler’s implicit method.
Similarly,

E™YhD)=hDE™' = (I —A_)(~In(I = A_)) = —(I — A )In(I — A_),
and therefore

h'(x,) = <A_ — %A% — éA?i + - > Upt1-

Letting, again, u(x) = y(x) where y is the solution of the initial-value problem (), (2] and noting that
u'(x) =y'(x) = f(x,y(x)), successive truncations of the infinite series on the right result in

Y(@n1) —y(@n) = hf(zn,y(2n)),
lZ/(‘/En+1) - l:U(er—l) ~ hf($nyy($n))y

2 2
SU@n1) + 30(n) — y@nn) + gylans) & bf (g,
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and so on. The first of these yields Euler’s explicit method, the second the so-called explicit midpoint
rule, and so on.

Next we derive additional identities which will allow us to construct further classes of linear multi-step
methods. Let us define

Tn

D u(zy) = ulzo) + / ul€) de

o

and observe that

(E-DD () = [ u()de

Now,

(E-DD™ = A,D'=EA_D'=hEA_(hD)™
= —hEA_[In(I-A_)"". (39)

Furthermore,

(E-I'D™! = EAD'=A_ED'=A_(DEYH'=hA_(hDE™H!
= —hA_[(I—A_)n(I—-A_)]". (40)

Letting, again, u(x) = y(x) where y is the solution of the initial-value problem (), (), noting that
u'(x) =y (x) = f(z,y(x)) and using ([B9) and ([@0) we deduce that

Y(Ensr) — ylen) = / ") de = (B - DD (@) = (B~ D f(zn,y(wn))

n

_ { —hEA_ [ln([ - A—)]_l f(xmy(xn))v (41)
—hA_[(I = A )In(I = A7 f(n, y(wn))-

By expanding In(I — A_) into a Taylor series on the right-hand side of (41]) we find that

N onlr I Lt Las 19,4
Y(Tni1) — y(zn) ~ h [1 SAL - SA2 - AT - At } F(@n, y(an)) (42)
and 1 5 3 251
_ ~ 1 O A2 | OA3 L aa
Y(@nt1) —y(zn) = h [I + 50+ AL+ AL 4 oA+ ] f(@n,y(wn)). (43)

Successive truncations of ([@2) yield the family of Adams—Moulton methods, while similar successive
truncations of (@3] gives rise to the family of Adams—Bashforth methods. Next, we turn our attention End of

to the analysis of linear multi-step methods and introduce the concepts of stability, consistency and zf;zg;‘izll
convergence.
3.2 Zero-stability

As is clear from (38) we need k starting values, yo,...,yx—1, before we can apply a linear k-step Lecture 6
method to the initial-value problem (II), [)): of these, yy is given by the initial condition (2]), but the
others, y1,...,yr_1, have to be computed by other means: say, by using a suitable Runge-Kutta method.

At any rate, the starting values will contain numerical errors and it is important to know how these will
affect further approximations y,,, n > k, which are calculated by means of ([38]). Thus, we wish to consider
the ‘stability’ of the numerical method with respect to ‘small perturbations’ in the starting conditions.

Definition 5 A linear k-step method for the ordinary differential equation y' = f(x,y) is said to be
zero-stable if there exists a constant K such that, for any two sequences (y,) and (Jp), which have
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been generated by the same formulae but with different initial data yo, y1,.--,Yk—1 and Yo, Y1, - - - Yk—1,
respectively, we have

[Yn — On| < Kmax{|yo — Jol, [y1 — 91l,-- -, [Ye—1 — Jr—1[} (44)
for x,, < Xy, and as h tends to 0.

We shall prove later (cf. the first line of the proof of Theorem [0]) that whether or not a method is
zero-stable can be determined by merely considering its behaviour when applied to the trivial differential
equation ¢y = 0, corresponding to (1) with f(x,y) = 0; it is for this reason that the kind of stability
expressed in Definition [ is called zero stability. While Definition [ is expressive in the sense that it
conforms with the intuitive notion of stability whereby “small perturbations at input give rise to small
perturbations at output”, it would be a very tedious exercise to verify the zero-stability of a linear multi-
step method using Definition [l only; thus we shall next formulate an algebraic equivalent of zero-stability,
known as the root condition, which will simplify this task. Before doing so we introduce some notation.

Given the linear k-step method (B8] we consider its first and second characteristic polynomial,
respectively

k

p(z) = Z Oéjzj7

=0
k
o(z) = Y B,
=0

where, as before, we assume that
ap #0, af+ 55 #0.

Now we are ready to state the main result of this section.

Theorem 6 A linear multi-step method is zero-stable for any ordinary differential equation of the form
(1) where f satisfies the Lipschitz condition (3), if, and only if, its first characteristic polynomial has
zeros inside the closed unit disc, with any which lie on the unit circle being simple.

The algebraic stability condition contained in this theorem, namely that the roots of the first charac-
teristic polynomial lie in the closed unit disc and those on the unit circle are simple, is often called the
root condition.

PROOF: Necessity. Consider the linear k-step method, applied to 3’ = 0:

OkYntk + U 1Ynt+k—1 + - + QA1Yn+1 + yn = 0. (45)

The general solution of this kth order linear difference equation has the form
Yn = Zps(n)zgv (46)
S

where zg is a zero of the first characteristic polynomial p(z) and the polynomial p(-) has degree one
less than the multiplicity of the zero. Clearly, if |z5| > 1 then there are starting values for which the
corresponding solutions grow like |z5]" and if |z5] = 1 and its multiplicity is ms > 1 then there are
solutions growing like n™s~!. In either case there are solutions that grow unbounded as n — oo, i.e. as
h — 0 with nh fixed. Considering starting data yo, y1,...,yr—1 which give rise to such an unbounded
solution (y,), and starting data gy = g1 = - -+ = gr—1 = 0 for which the corresponding solution of ({@3) is
() with g, = 0 for all n, we see that ([44]) cannot hold. To summarise, if the root condition is violated
then the method is not zero-stable.

Sufficiency. The proof that the root condition is sufficient for zero-stability is long and technical, and
will be omitted here. For details, see, for example, P. Henrici, Discrete Variable Methods in Ordinary
Differential Equations, Wiley, New York, 1962. ¢
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Example 4 We shall consider the methods from Ezample [3.

a) The explicit and implicit Euler methods have first characteristic polynomial p(z) = z—1 with simple
root z = 1, so both methods are zero-stable. The same is true of the trapezium method.

b) The Adams—Bashforth and Adams—Moulton methods considered in Example [3 have the same first
characteristic polynomial, p(z) = z3(z — 1), and therefore both methods are zero-stable.

¢) The three-step (sizth order accurate) linear multi-step method

11yp43 + 27yny2 — 27yny1 — 11yn = 3h[fnt3 + 9fnt2 + 9fnt1 + fnl

is not zero-stable. Indeed, the associated first characteristic polynomial p(z) = 112342722 —272—11
has roots at z1 = 1, z9 &~ —0.3189, z3 ~ —3.1356, so |z3| > 1.

3.3 Consistency

In this section we consider the accuracy of the linear k-step method (38]). For this purpose, as in the case
of one-step methods, we introduce the notion of consistency error. Thus, suppose that y(x) is a solution
of the ordinary differential equation (). Then the consistency error of (B8] is defined as follows:

k
ijo [0y (Tntj) — hBjY (Tn+j)]
- .
hy. j=0 Bj
Of course, the definition requires implicitly that o(1) = Z?ZO Bj # 0. Again, as in the case of one-step
methods, the consistency error can be thought of as the residual that is obtained by inserting the solution

of the differential equation into the formula (38]) and scaling this residual appropriately (in this case
dividing through by h Z?:o B;) so that T;, resembles y' — f(z,y(x)).

T, = (47)

Definition 6 The numerical scheme (38) is said to be consistent with the differential equation (1) if
the consistency error defined by ([{7) is such that for any € > 0 there exists an h(e) for which

|T.| <e for0<h<he),
and for any (k+ 1) points (xn,y(zn)), -, (Tntk, Y(Tnir)) on any solution curve in R of the initial-value

problem (1)), (3).

Now let us suppose that the solution to the differential equation is sufficiently smooth, and let us
expand y(z,4;) and /(x4 ;) into a Taylor series about the point x,, and substitute these expansions into
the numerator in (47)) to obtain

_ ; / 2,1 .
T, = ha(l) [Coy(xn) + C1hy (xn) + Coh*y (a:n) + ], (48)
where (1) # 0,
k
Co = Zozj,
j=0
k k
Ci = > jaj—> B
j=1 =0
k j2 k
6 - Y i3
j=1 j=1
etc.
k k
B j° j!
“ = ;q' j_;(q i



For consistency we need that T,, — 0 as h — 0 and this requires that Cp = 0 and C; = 0; as Cp = p(1)
and C; = p'(1) — o(1), in terms of the characteristic polynomials p and o this consistency requirement
can be restated in compact form as

p(1)=0 and p/'(1)=0(1) #0.

Let us observe that, according to this condition, if a linear multi-step method is consistent then it has a
stmple root on the unit circle at z = 1; thus the root condition is not violated by this zero.

Definition 7 The numerical method (38) is said to have order of accuracy p if p is the largest positive
integer such that, for any sufficiently smooth solution curve in R of the initial-value problem (1), (3),
there exist constants K and hg such that

|T,| < KhP  for 0 < h < hy
for any (k + 1) points (xn,y(xn)), .- (Tntk, Y(@nik)) on the solution curve.

Thus we deduce from (@8] that the method is of order of accuracy p if, and only if,
C():Cl:"': pZO and Cp+1750.

In this case,

T, = %hpy(pﬂ)(%) + O(hPThY;
o(1)

the number Cpiq (# 0) is called the error constant of the method.

Exercise 2 Construct an implicit linear two-step method of mazximum order of accuracy, containing one
free parameter. Determine the order of accuracy and the error constant of the method.

SoLUTION: Taking cg = a as parameter, the method has the form

Ynt2 + Q1Ynt1 + ayn = MB2frre + Bifnr1 + Bofn),

with as = 1, g = a, P2 # 0. We have to determine four unknowns: ag, 82, 51, 8o, so we require four equations;
these will be arrived at by demanding that the constants

Co = ap+a+ay,
Ci = a1 +2—(Bo+pP1+P2),
1 1 »
Cq = a(al + 2qa2) - m(ﬂl + 21 52)5 q= 2537

appearing in ([@8)) are all equal to zero, because we wish to maximise the order of accuracy of the method. Thus,

OO = CL+O&1+1:O,
Ci, = a1 +2—(Bo+pB1+pP2)=0,
1
Cy = §(a1+4)—(51+2ﬁ2)=0=
1 1
C; = g(a1+8)—5(51+452)20.
Hence,
a; =—1—a,
fo=—g5(14+50), fi=2(1-a), f=15(+a)
0 — 12 a), 1_3 a), 2_12 a),
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and the resulting method is

1
Ynt2 — (1 + @)ynt1 + ayn = ﬁh (5 +a)fuiz2+8(1 —a)futr — (1 +5a)fn]. (49)
Further,
1 1 1
Cy = E(Oﬂ +16) — 5(51 +882) = _I(l +a),
1 1 1
Cy = a(041 +32) — I(ﬁl +1602) = —ﬁ(n"‘ 13a).

If a # —1 then Cy # 0, and the method ([@9) is third order accurate. If, on the other hand, a = —1, then C4y = 0
and C5 # 0 and the method (@9) becomes the Simpson rule method: a fourth-order accurate two-step method.
The error constant is:

Cy = —%(14—(1), a# -1, (50)
4
C5 = —m, a=-—1. (51)

o
Exercise 3 Determine all values of the real parameter b, b # 0, for which the linear multi-step method

Yn+3 + (2b —3)(Ynt2 — yn—i-l) —Yn = hb(fn+2 + fat1)

is zero-stable. Show that there exists a value of b for which the order of accuracy of the method is 4. Is
the method convergent for this value of b? Show further that if the method is zero-stable then its order of
accuracy 1s 2.

SOLUTION: According to the root condition, this linear multi-step method is zero-stable if, and only if, all roots of
its first characteristic polynomial
p(2) =22+ (20—-3)(2%2 —2) -1
belong to the closed unit disc, and those on the unit circle are simple.
Clearly, p(1) = 0; upon dividing p(z) by z — 1 we see that p(z) can be written in the following factorised form:

p(z)=(2—1) (2> =21 =b)z+1) = (z — 1)p1(2).

Thus the method is zero-stable if, and only if, all roots of the polynomial p;(z) belong to the closed unit disc, and
those on the unit circle are simple and differ from 1. Suppose that the method is zero-stable. Then, it follows that
b # 0 and b # 2, since these values of b correspond to double roots of p;(z) on the unit circle, respectively, z = 1
and z = —1. Since the product of the two roots of p1(z) is equal to 1 and neither of them is equal to £1, it follows
that they are strictly complex; hence the discriminant of the quadratic polynomial p;(z) is negative. Namely,

4(1 -0 —4<0.

In other words, b € (0,2).
Conversely, suppose that b € (0,2). Then the roots of p(z) are

z1=1, 2973 =1—=b+1/1—(b—1)2

Since |zg/3] = 1, 223 # 1 and 23 # 23, all roots of p(z) lie on the unit circle and they are simple. Hence the method
is zero-stable.

To summarise, the method is zero-stable if, and only if, b € (0, 2).

In order to analyse the order of accuracy of the method we note that upon Taylor series expansion its consistency
error can be written in the form

1 b 1 1
To==[(1—=) A" (@) + (6 — b)A*y"V (25) + —= (150 — 23b)h*y" (2, h)| .
i | (1= 8) 120 + 56 = 013" (02) + 135150 = 23001y () + O
If b = 6, then T}, = O(h*) and so the method is 4th order accurate. As b = 6 does not belong to the interval
(0,2), we deduce that the method is not zero-stable for b = 6.
Since zero-stability requires b € (0,2), in which case 1 — % # 0, it follows that if the method is zero-stable then
T, =0O(h?). o
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3.4 Convergence

The concepts of zero-stability and consistency are of great theoretical importance. However, what Lecture 7
matters most from the practical point of view is that the numerically computed approximations ¥, at the
mesh-points x,,, n = 0,..., N, are close to those of the analytical solution y(z,) at these point, and that
the global error ¢, = y(z,) — y, between the numerical approximation y,, and the exact solution-value
y(xy,) decays when the step size h is reduced. In order to formalise the desired behaviour, we introduce
the following definition.

Definition 8 The linear multistep method (38) is said to be convergent if, for all initial-value problems
(), (2) subject to the hypotheses of Theorem [, we have that
lim gy, = y(x) (52)
nh=xz—xg
holds for all x € [xo, Xpr] and for all solutions {yn}_, of the difference equation (38) with consis-
tent starting conditions, i.e. with starting conditions ys = ns(h), s = 0,1,...,k — 1, for which
limy, ,ons(h) =yo, s=0,1,...,k— 1.

We emphasize here that Definition § requires that (52) holds not only for those sequences {y, }2_, which
have been generated from (B8] using ezract starting values ys = y(zs), s = 0,1,...,k — 1, but also for
all sequences {y,}_, whose starting values 7s(h) tend to the correct value, yo, as the h — 0. This
assumption is made because in practice exact starting values are usually not available and have to be
computed numerically.

In the remainder of this section we shall investigate the interplay between zero-stability, consistency
and convergence; the section culminates in Dahlquist’s Equivalence Theorem which, under some technical
assumptions, states that for a consistent linear multi-step method zero-stability is necessary and sufficient
for convergence.

3.4.1 Necessary conditions for convergence

In this section we show that both zero-stability and consistency are necessary for convergence.

Theorem 7 A necessary condition for the convergence of the linear multi-step method (38) is that it be
zero-stable.

PROOF: Let us suppose that the linear multi-step method (38]) is convergent; we wish to show that it is
then zero-stable.

We consider the initial-value problem y' = 0, y(0) = 0, on the interval [0, X)s], Xas > 0, whose
solution is, trivially, y(z) = 0. Applying (B8] to this problem yields the difference equation

QkYntk + U—1Yntk—1 + -+ aoyn = 0. (53)
Since the method is assumed to be convergent, for any x > 0, we have that

lim y, =0, (54)
h—0
nh=x

for all solutions of (B3) satisfying ys = ns(h), s=0,...,k — 1, where

lim ns(h) =0, s=0,1,...,k—1. (55)
h—0
Let z = 7', be a root of the first characteristic polynomial p(z); 7 > 0, 0 < ¢ < 27. It is an easy matter
to verify then that the numbers

UYn = hr" cosng
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define a solution to (B3] satisfying (B5)). If ¢ # 0 and ¢ # 7, then

Yo — Ynt1Yn-1 _ p2p2n
T anle T
sin® ¢
Since the left-hand side of this identity converges to 0 as h — 0, n — oo, nh = x, the same must be true
of the right-hand side; therefore,
2
lim <£) r2 = 0.

n—oo \n
This implies that » < 1. In other words, we have proved that any root of the first characteristic polynomial
of (B8)) lies in the closed unit disc.

Next we prove that any root of the first characteristic polynomial of (38]) that lies on the unit circle
must be simple. Assume, instead, that z = 7e'®, is a multiple root of p(z), with |z| = 1 (and therefore
r=1) and 0 < ¢ < 2m. We shall prove below that this contradicts our assumption that the method (G3))
is convergent. It is easy to check that the numbers

Y = W0 cos(ng) (56)
define a solution to (B3]), which satisfies (B5]) for
ns(h)| = lysl <HV2s <HV2(k—1),  s=0,...k—1
If $ =0 or ¢ =, it follows from (B6) with h = x/n that
lyn| = z'/2n1/2p7, (57)

Since, by assumption, |z| = 1 (and therefore r = 1), we deduce from (57)) that lim,_ |y,| = oo, which
contradicts (4.
If, on the other hand, ¢ # 0 and ¢ # 7, then

22— Zng1Zn-1 _ opn
2o =re (58)
where z, = n='h~12y, = K12z~ 1y,,. Since, by (B4), lim, o 2, = 0, it follows that the left-hand side of
(8) converges to 0 as n — oco. But then the same must be true of the right-hand side of (58]); however,
the right-hand side of (58] cannot converge to 0 as n — oo, since |r| = 1 (and hence r = 1). Thus, again,
we have reached a contradiction.
To summarise, we have proved that all roots of the first characteristic polynomial p(z) of the linear
multi-step method (B8] lie in the unit disc |z| < 1, and those which belong to the unit circle |z| = 1 are
simple. By virtue of Theorem [0l the linear multi-step method is zero-stable. ¢

Theorem 8 A necessary condition for the convergence of the linear multi-step method (38) is that it be
consistent.

PROOF: Let us suppose that the linear multi-step method (38]) is convergent; we wish to show that it is
then consistent.
Let us first show that Cy = 0. We consider the initial-value problem 3’ = 0, y(0) = 1, on the interval
[0, Xps], Xar > 0, whose solution is, trivially, y(z) = 1. Applying (38]) to this problem yields the difference
equation
QkYntk + Wk—1Yntk—1+ - + aoyn = 0. (59)
We supply “exact” starting values for the numerical method; namely, we choose ys =1, s=0,...,k — 1.

Given that by hypothesis the method is convergent, we deduce that
lim y, = 1. (60)

h—0
nh=x
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Since in the present case y, is independent of the choice of h, ([60) is equivalent to saying that

lim y, = 1. (61)

n—oo

Passing to the limit n — oo in (B9), we deduce that
ap+ap_1+---+ay=0. (62)

Recalling the definition of Cy, (62)) is equivalent to Cp =0 (i.e. p(1) = 0).
In order to show that C; = 0, we now consider the initial-value problem y’ = 1, y(0) = 0, on the
interval [0, Xps], Xpsr > 0, whose solution is y(x) = x. The difference equation (38]) now becomes

OkYntk + U 1Ynt+k—1 + -+ QYn = W(Br + Br—1 + - -+ Bo), (63)

where Xy —xog = Xy — 0= Nhand 1 <n < N — k. For a convergent method every solution of (63])
satisfying

lim ns(h) = 0, s=0,1,...k—1, (64)
h—0

where ys = ns(h), s =0,1,...,k — 1, must also satisfy
lim y, = . (65)

h—0
nh=x

Since according to the previous theorem zero-stability is necessary for convergence, we may take it for
granted that the first characteristic polynomial p(z) of the method does not have a multiple root on the
unit circle |z| = 1; therefore

pl(l) =kap+ -4+ 2as + a3 #0.

Let the sequence {y,}_, be defined by y,, = Knh, where

Br+ -+ B1+ Bo

_ : 66
kag + -+ 200 + 1 (66)
this sequence clearly satisfies (64)) and is the solution of (63)). Furthermore, (63l implies that
x=y(x) = lim y, = lim Knh= Kz,
h—0 h—0
nh=x nh=x
and therefore K = 1. Hence, from ([66l),
Cr = (kay + -+ 202+ a1) = (Be + -+ B + fo) = 0;
equivalently, p'(1) = o(1). ©
3.4.2 Sufficient conditions for convergence
We begin by establishing some preliminary results. Start of
optional
material

Lemma 1 Suppose that all roots of the polynomial p(z) = a2’ + --- + a1z + aq lie in the closed unit
disk |z| < 1 and those which lie on the unit circle |z| = 1 are simple. Assume further that the numbers
v, 1=0,1,2,..., are defined by

1

— 2
ap+ -+ a2 + o2k =Y +71%2+ Y2+

Then, T' = sup;>q || < oo.
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PROOF: Let us define p(z) = z¥p(1/2) and note that, by virtue of our assumptions about the roots of

p(z), the function 1/5(z) is holomorphic in the open unit disc |z| < 1. As the roots z1, 22, ..., z, of p(z)
on |z| =1 are simple, the same is true of the poles of 1/p(z), and there exist constants Ay, ..., A,, such
that the function 1 4 4
1
f&) = o~ A (67)
p(z)  z— e Z— 3=

is holomorphic for |z| < 1 and |f(z)| < M for all |z] < 1. Thus by Cauchy’s estimatdl the coefficients of
the Taylor expansion of f at z = 0 also form a bounded sequence. As

A; > ,
- —Aiz,zzl-zl, i=1,...,m,
1=0

- =
S

7

and |z;| < 1, we deduce from (67)) that the coefficients in the Taylor series expansion of 1/5(z) form a
bounded sequence, which completes the proof. <
Now we shall apply Lemma [ to estimate the solution of the linear difference equation

Qpemik + h—1€mik—1 + - + aoeo = A(Bememtk + Br—1,memtk—1 + - -+ + Bomem) + Am. (68)
The result is stated in the next Lemma.
Lemma 2 Suppose that all roots of the polynomial p(z) = agz® 4+ --- + a1z + ag lie in the closed unit
disk |z| <1 and those which lie on the unit circle |z| = 1 are simple. Let B* and A denote nonnegative
constants and B a positive constant such that

’/Bk,n‘ + ’/Bk—l,n’ + -+ ‘BO,n’ < B*,
|5k,n|§ﬁv |A1’L|§A7 ’I’LZO,l,...,N,
and let 0 < h < |og|B~1. Then every solution of (68) for which
les| < E, s=0,1,...,k—1,
satisfies
len| < K*exp(nhL®), n=0,1,..., N,
where
L*=T*B*, K*=T*(NA+ AEk), T*=T/(1— hlax|™'B),

I is as in Lemmald, and

A= o] + |ag—1] + - + |ao].

PRrROOF: For a fixed k we consider the numbers v, [ = 0,1,...,n — k, defined in Lemma [l After
multiplying both sides of the equation (68]) for m =n —k —1 by v,1=0,1,...,n — k and summing the
resulting equations, on denoting by .S, the sum, we find by manipulating the left-hand side in the sum
that
Sn = (agen + ag—16n—1+ - + @pen_k)0
+(agen—1 + ap_16n—2 + - + app_g—1)71 + -
+(ager + ag_1eg—1 + - + apeo) Yk
= agyoen + (a1 + ak-170)€n—1+ -
U Yn—k + Wk—1Yn—k—1 + **+ + Q0 Yn—2k) ek
- 1Vn—k + -+ + Q0 Yn—2k41)€k—1 + -
+00Yn—k€0-

8Theorem (Cauchy’s Estimate) If f is a holomorphic function in the open disc D(a, R), centre a and radius R, and
|f(2)] < M for all z € D(a,R), then |f™(a)] < M(n!/R"), n = 0,1,2,.... [For a proof of this result see, for example,
Walter Rudin: Real and Complex Analysis. 3rd edition. McGraw-Hill, New York, 1986.]
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Defining v; = 0 for [ < 0 and noting that

1 forl =0,

QR+ Qg—1Y—1 + -+ Y-k = { 0 forl>0

we have that
Sn = en + (h—1Yn—k + - + W Vn—2k41)€k—1 + - - + A Yn—k€0-

By manipulating similarly the right-hand side in the sum, we find that

en + (Qk—1Vn—k + -+ AVn—2k41)ek—1 + - + AW Vn—k€0
= h [Brn—rr0n + (Br—1,n-£70 + Brn—k—171)€n—1 + -
+ (Bon—ky0 + -+ + Brn—2kVk)en—k + -+ - + Bo,0Yn—ke0]
(A7 + Ank—171 + -+ A0Vn—k)-

Thus, by our assumptions and noting that by (69]) 7o = a;l, we have that

n—1
len| < hBlag | len| + BUB* > Jem| + NTA + ATEE.

m=0

Hence,
n—1

(1= hBlog ")len| < ALB* > |em| + NTA + AT EF.

m=0

Recalling the definitions of L* and K* we can rewrite the last inequality as follows:

n—1
lenl S K" +hL* Y Jeml,  n=0,1,...,N. (70)

m=0

The final estimate is deduced from (Z0) by induction. First, we note that by virtue of (69), AT" > 1.
Consequently, K* > TAFEk > Ek > E. Now, letting n = 1 in ([70),

ler] < K* 4+ hL*|eg]| < K*+ hL*E < K*(1 + hL").
Repeating this argument, we find that
lem| < K*(14+hL*)™, m=0,....,k—1.

Now suppose that this inequality has already been shown to hold for m = 0,1,...,n — 1, where n > k;
we shall prove that it then also holds for m = n, which will complete the induction. Indeed, we have
from (7Q) that

1+hL*)" -1
len] < K* + hL*K*% = K*(1 + hL*)™. (71)
Further, as 1 + hL* < """ we have from (7T that
len| < K*ehE™m, n=0,1,...,N. (72)

That completes the proof of the lemma. We remark that the implication ({0 = (72]) is usually referred
to as the Discrete Gronwall Lemma. ¢

Using Lemma [2] we can now show that zero-stability and consistency, which have been shown to be
necessary are also sufficient conditions for convergence.
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Theorem 9 For a linear multi-step method that is consistent with the ordinary differential equation ()
where f is assumed to satisfy a Lipschitz condition, and starting with comsistent starting conditions,
zero-stability is sufficient for convergence.

PROOF: Let us define
0 =06(h) = h) — R
(h) = max  [ns(h) —yla+sh)l;
because the starting conditions ys = ns(h), s =0,...,k — 1, are assumed to be consistent, we have that
limy, 9 0(h) = 0. We have to prove that
lim gy, =y(x)

n—o0
nh=x—xg

for all  in the interval [z, Xas]. We begin the proof by estimating the consistency error of (38):

k
1 /
T, = = jzzjoajy(:cnﬂ) — By (nyj) | - 73)

As ¢ € Clzg, Xp], it makes sense to define, for £ > 0, the function

@)= max W6 -y )
z, z*E€[z0, X 0]

For s =0,1,...,k — 1, we can then write

Y (Tnss) = Y (wn) + Osx(sh),

where |fs| < 1. Further, by the Mean-Value Theorem, there exists a £ € (2, Zn+s) such that

Y(Tn+s) = y(zn) + shy/(ﬁs).

Thus,
Y(Tmts) = y(@m) + sh [y (xm) + 0,x(sh)]
where |0.| < 1.
Now we can write
o) < |hHea + a2+ + aw)y(an) + (a1 + 200 + -+ + kay)y/ (z5,)
— (Bo+ B+ + By ()]
+(lea| + 2]ao| + -+ - + Elag]) [x (k)| + (18] + |Br] + -+ - + [BeDIx(kR)|.

Since the method has been assumed consistent, the first, second, and third terms on the right-had side
cancel, giving

o) To| < (lonf 4 2lag| + - - + Klar])[x(kh)| + (|Bo] + [B1] + - - - + [BrIx(kR)].

Thus,
lo(1)Tn| < Kx(kh), (74)

where
K = o] 4 2]ag| + - + E|log| + |Bo| + |B1] + - + | Brl-

Comparing ([B8) with (73]), we deduce that the global error e,, = y(x,,) — yn, satisfies

Qpemik + -+ apeyg = h (5k9m+kem+k +- 509mem) + J(l)Tnha
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where

_ [f(xm,y(xm)) - f(xmaym)]/en"w em # 0,
gm = { 0, em = 0.

By virtue of (74]), we then have that

Qpemik + -+ qpeg = h (5k9m+kem+k +- 509mem) + HKX(kh)h

As f is assumed to satisfy the Lipschitz condition (B]) we have that |g,,| < L, m =0,1,.... By applying
Lemma Rl with E = 6(h), A = Kx(kh)h, N = (Xpr —x0)/h, B* = BL, where B = |Bo| + |81] + - + | Bk,
we find that

len| < T [Ak6(h) + (X — 20) Kx(kh)] exp[(zn — 20) LT B, (75)

where

r
A= ol +loal - Flaxl, T
1 — hlay, el L

Now, ¢/ is a continuous function on the closed interval [xg, X)/]; therefore it is uniformly continuous
on [zg, Xps]. Thus, x(kh) — 0 as h — 0; also, by virtue of the assumed consistency of the starting values,
d(h) — 0 as h — 0. Passing to the limit h — 0 in (5], we deduce that

lim |e,| =0;

equivalently,
lim [y(e) — yal = 0
r—xo=nh
so the method is convergent. ¢ End of
By combining Theorems [7] [8 and [0, we arrive at the following important result. ;’f;zg;‘iill

Theorem 10 (Dahlquist) For a linear multi-step method that is consistent with the ordinary differential
equation (1) where f is assumed to satisfy a Lipschitz condition, and starting with consistent initial data,
zero-stability is necessary and sufficient for convergence. Moreover if the solution y(x) has continuous
derivative of order (p + 1) and consistency error O(hP), then the global error e, = y(zn) — yn is also
O(hP), i.e. the method is p-th order convergent.

According to Dahlquist’s theorem, if a linear multi-step method is not zero-stable its global error
cannot be made arbitrarily small by taking the mesh size h sufficiently small for any sufficiently accurate
initial data. In fact, if the root condition is violated then there exists a solution to the linear multi-step
method which will grow by an arbitrarily large factor in a fixed interval of x, however accurate the starting
conditions are. This result highlights the importance of the concept of zero-stability and indicates its
relevance in practical computations.

3.5 Maximum order of accuracy of a zero-stable linear multi-step method

Let us suppose that we have already chosen the coefficients «j, j = 0,. .., k, of the k-step method (38]). Start of
The question we shall be concerned with in this section is how to choose the coefficients ;, j =0,...,k, ;’f;:gg‘;ll
so that the order of accuracy of the resulting method (B8]) is as high as possible.

In view of Theorem [I0] we shall only be interested in consistent methods, so it is natural to assume
that the first and second characteristic polynomials p(z) and o(z) associated with ([B8)) satisfy p(1) = 0,

p'(1) —o(1) = 0, with o(1) # 0 (the last condition being required for the sake of correctness of the
definition of the consistency error (47)).
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Consider the function ¢ of the complex variable z, defined by

p(2)
_ _ . 76
6() = L2 — o) (76)
the function log z appearing in the denominator is made single-valued by cutting the complex plane along
the half-line Re z < 0. We begin our analysis with the following fundamental lemma.

Lemma 3 Suppose that p is a positive integer. The linear multistep method (38), with stability polyno-
mials p(z) and o(z), is of order of accuracy p if, and only if, the function ¢(z) defined by (76) has a zero
of multiplicity p at z = 1.

PROOF: Let us suppose that the k-step method (B8]) for the numerical approximation of the initial-value
problem (l), [2)) is of order p. Then, for any sufficiently smooth function f(z,y), the resulting solution
to (), (@) yields a consistency error of the form:

_ Cp+1 p, (p+1) p+1
T, = —0(1) hPy (xn) + O(RPTH),

as h — 0, Cpt1 # 0, x,, = o + nh. In particular, for the initial-value problem

we get

enh

ho(1)
as h — 0, Cp41 # 0. Thus, the function

Ty

[,o(eh) - ha(eh)} - e"h%hp + O(hPHY), (77)

1

f(h) = 3 |p(e") = ho(e)]

is holomorphic in a neighbourhood of A = 0 and has a zero of order p at h = 0. The function z = e”

is a bijective mapping of a neighbourhood of h = 0 onto a neighbourhood of z = 1. Therefore ¢(z) is
holomorphic in a neighbourhood of z = 1 and has a zero of multiplicity p at z = 1.

Conversely, suppose that ¢(z) has a zero of multiplicity p at 2 = 1. Then f(h) = ¢(e”) is a holomorphic
function in the vicinity of A = 0 and has a zero of multiplicity p at h = 0. Therefore,

k
g(h) = (a; — hB;)e"

j=0
has a zero of multiplicity (p+1) at h = 0, implying that g(0) = ¢/(0) = - -- = ¢®)(0) = 0, but g+ (0) # 0.
First,
k
9(0)=0=> a;=Cy
5=0
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Now, by successive differentiation of g with respect to h,
k
g0)=0=> (ja; —B;) = Ci,
g"(0)=0=") (j%a; —2jB;) = 2Cs,

k
g"(0) =0="> (j%a; — 3528;) = 6Cs,

7=0
etc.
k
gP(0) =0=> (" —pi""'Bj) = P Cp.
§=0
We deduce that Cy = C; = Cy = --- = C), = 0; since g(pH)(O) # 0 we have that Cp11 # 0. Consequently

([B8)) is of order of accuracy p. <
We shall use this lemma in the next theorem to supply a lower bound for the maximum order of a
linear multistep method with prescribed first stability polynomial p(z).

Theorem 11 Suppose that p(g) is a polynomial of degree k such that p(1) = 0 and p'(1) 7{ 0, and let
k be an integer such that 0 < k < k. Then, there exists a unique polynomial o(z) of degree k sucAh that
p'(1) —o(1) = 0 and the order of the linear multi-step method associated with p(z) and o(z) is >k + 1.

PROOF: Since the function p(z)/log(z) is holomorphic in the neighbourhood of z = 1 it can be expanded
into a convergent Taylor series:

rz)

log = =ctalz—1)+e(z -1+

By multiplying both sides by log z and differentiating we deduce that ¢y = p'(1) (# 0). Let us define
o(z) =co+ci(z—1)+ - +cp(z — 1)];.
Clearly o(1) = ¢y = p/(1) (# 0). With this definition,

sz = 22

= ];+1_|_...
log =

- J(Z) = C];+1(Z - 1) )
and therefore ¢(z) has a zero at z = 1 of multiplicity not less than k+1. By Lemma [ the linear k-step
method associated with p(z) and o(z) is of order > k -+ 1.

The uniqueness of o(z) possessing the desired properties follows from the uniqueness of the Taylor
series expansion of ¢(z) about the point z =1. ¢

We note in connection with this theorem that for most methods of practical interest either k=k—1
resulting in an explicit method or k = k corresponding to an implicit method. In the next example we
shall encounter the latter situation.

Example 5 Consider a linear two-step method with p(z) = (z—1)(z—\). The method will be zero-stable
as long as A € [—1,1). Consider the Taylor series expansion of the function p(z)/log(z) about the point
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p(z) =D -A+(z-1))
log 2 log[1 + (2 — 1)]

= [1—A+<z—1>]><{1—Z‘1+<z—1>2 (= —1)* -

_ 4
5 3 1 +0((z—1)%)
B z—1 (z2—-12 (2-1)3 4
= [1—/\+(z—1)]><{1—|— ST + 2 +0O((z —1)%)
3—A 5+ A 5 14+A
= 1-— AU I LI AOUR O

A+ 5 (z—1)+ 1 (z—1) 51

A two-step method of maximum order is obtained by selecting
- A A
o(z) = 1—/\—1—37(,2—1)—1-5f2 (z —1)?
_1+5)\+2—2)\Z+5+)\Z2
12 3 12 7

If X # —1, the resulting method is of third order, with error constant

14+ A
Ci=——=

}
|

(z—124+0((z = 1)%).

whereas if A = —1 the method is of fourth order.
In the former case the method is

5+ A 2 =2\ 1+5)\f>

Yn+2 — (1 + /\)yn—l—l + Ayn =h (Tfn+2 + 3 fn+1 - 12

with X\ a parameter contained in the interval (—1,1). In the latter case, the method has the form

h
Yn+2 — Yn = g(fn+2 +4fnr1 + fa),
and is referred to as the Simpson rule method.

By inspection, the linear k-step method (B8]) has 2k + 2 coefficients: o, 8, j =0,...,k, of which ay,
is taken to be 1 by normalisation. This leaves us with 2k + 1 free parameters if the method is implicit
and 2k free parameters if the method is explicit (because in the latter case fj is fixed to have value 0).
According to (@48)), if the method is required to have order p, p+ 1 linear relationships Co =0,...,C, =0
involving «, B8, j = 0,...,k, must be satisfied. Thus, in the case of the implicit method, we can impose
p+ 1 =2k + 1 linear constraints Cy = 0, ..., Co,yr1 = 0 to determine the unknown constants, yielding
a method of order p = 2k. Similarly, in the case of an explicit method, the highest order we can expect
is p = 2k — 1. Unfortunately, there is no guarantee that such methods will be zero-stable. Indeed, in a
paper published in 1956 Dahlquist proved that there is no consistent, zero-stable k-step method which is
of order > (k + 2). Therefore the maximum orders 2k and 2k — 1 cannot be attained without violating
the condition of zero-stability. We formalise these facts in the next theorem.

Theorem 12 There is no zero-stable linear k-step method whose order exceeds k+ 1 if k is odd or k + 2
if k is even.

PRrROOF: Consider a linear k-step method (B8]) with associated first and second stability polynomials p
and o. Further, consider the transformation

(-1
CGC#—)C?GC,
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which maps the open unit disc |(] < 1 of the {-plane onto the left open complex half-plane Rez < 0 of
the z-plane; the circle |(| = 1 is mapped onto the imaginary axis Re z = 0, the point ( = 1 onto z = 0,
and the point ( = —1 onto ( = oo.

It is clear that the functions r and s defined by

() - (59(2).

are in fact polynomials, deg(r) < k and deg(s) < k.

If p(¢) has a root of multiplicity p, 0 < p < k, at { = {9 # —1, then r(z) has a root of the same
multiplicity at z = (o — 1)/({o + 1); if p(¢) has a root of multiplicity p > 1, 0 < p < k, at ( = —1, then
r(z) is of degree k — p.

Since, by assumption, the method is zero-stable, ¢ = 1 is a simple root of p({); consequently, z = 0 is
a simple root of r(z). Thus,

T(Z)=a12+a222—|—~-+akzk, a1 # 0, a; € R.

It can be assumed, without loss of generality, that a; > 0. Since by zero stability all roots of p(() are
contained in the closed unit disc, we deduce that all roots of r(z) have real parts < 0. Therefore, all
coefficients a;, j = 1,...,k, of 7(z) are nonnegative.

Now let us consider the function

10 = (157) o (H2) = gz 6o

11—z

The function ¢(z) has a zero of multiplicity p at z = 0 if, and only if, ¢({) defined by (76]) has a zero of
multiplicity p at ¢ = 1; according to Lemma B] this is equivalent to the linear k-step method associated
with p(¢) and o(¢) having order p. Thus if the linear k-step method associated with p(z) and o(z) has
order p then

s(2) = by + brz +bo2® + -+ by_12P 71,

where
z  r(z
R ():bo+512+5222+”'-
log 1% 2

As the degree of s(z) is < k, the existence of a consistent zero-stable k-step linear multistep method of
order p > k+1 (or p > k + 2) now hinges on the possibility that

bk+1::p—1:07 (Orbk+2::p—1:0)

Let us consider whether this is possible.

We denote by c¢q, c1, co, ..., the coefficients in the Taylor series expansion of the function
z
log % ’
namely,
oo 2 :co+62z2+64z4+--- .
og 1=
Then, adopting the notational convention that a, = 0 for v > k, we have that
bo = coao,
b1 = coaz,
etc.
by = coazy41 + 2021 + -+ Copan,
bovy1 = o042 + C2a2, + -+ + capa9, v=12,....
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It is a straightforward matter to prove that cg, < 0, v = 1,2,... (see also Lemma 5.4 on page p.233 of
Henrici’s book).

(i) If k is an odd number, then, since a,, = 0 for v > k, we have that
bry1 = coay + caap_o + -+ + Cpyr107.
Since a1 > 0 and no a, is negative, it follows that by, 1 < 0.

(ii) If £ is an even number, then
bp+1 = coay + cgap—o + - - - + cras.

Since ¢, < 0, v =1,2,...,and a, > 0, p = 2,3,...,k, we deduce that by = 0 if, and only if,
ag =ag = --- = a =0, i.e. when r(z) is an odd function of z. This, together with the fact that
all roots of r(z) have real part < 0, implies that all roots of (z) mush have real part equal to zero.
Consequently, all roots of p(¢) lie on || = 1. Since a; = 0, the degree of r(z) is k — 1, and therefore
—1is a (simple) root of p(¢).

As cg, <0, a, >0 and a; > 0, it follows that
bpy2 = caap_1 + ceag—3 + - + cpr201 <0,
showing that byyo # 0.

Thus if a k-step method is zero-stable and k is odd then b1 # 0, whereas if k is even then bgo. This
proves that there is no zero-stable k-step method whose order exceeds k + 1 if k£ is odd or k + 2 if k is
even. ¢

Definition 9 A zero-stable linear k-step method of order k + 2 is said to be an optimal method.

According to the proof of the previous theorem, all roots of the first characteristic polynomial p
associated with an optimal linear multistep method have modulus 1.

Example 6 As k+ 2 = 2k if an only if k = 2 and the Simpson rule method is the zero-stable linear
2-step method of mazrimum order, we deduce that the Simpson rule method is the only zero-stable linear
multistep method which is both of maximum order (2k = 4) and optimal (k+ 2 = 4).

Optimal methods have certain disadvantages in terms of their stability properties; we shall return to
this question later on in the notes.

Linear k-step methods for which the first characteristic polynomial has the form p(z) = 2% — 2¥~1 are
called Adams methods. Explicit Adams methods are referred to as Adams—Bashforth methods,
while implicit Adams methods are termed Adams—Moulton methods. Linear k-step methods for
which p(z) = 2¥ — 272 are called Nystréom methods if explicit and Milne-Simpson methods if
implicit. All these methods are zero-stable.

3.6 Absolute stability of linear multistep methods

Up to now we have been concerned with the stability and accuracy properties of linear multistep
methods in the asymptotic limit of h — 0, n — oo, nh fixed. However, it is of practical significance to
investigate the performance of methods in the case of h > 0 fixed and n — oco. Specifically, we would
like to ensure that when applied to an initial-value problem whose solution decays to zero as x — oo, the
linear multistep method exhibits a similar behaviour, for A > 0 fixed and z,, = g + nh — oo.
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The canonical model problem with exponentially decaying solution is

y =Xy, >0,  y(0)=yo (#0), (78)
where Re A < 0. Indeed,
y(x) — yoez:clm)\eacl:{e)\7
and therefore,
[y(@)| < [yo| exp(—z|ReA|),  z =0,

yielding lim, oo y(z) = 0 . Thus, using the terminology introduced in the last paragraph of Section 1,
the solution is asymptotically stable.

In the rest of the section we shall assume, for simplicity, that A is a negative real number, but
everything we shall say extends straightforwardly to the general case of A complex, with Re A < 0.

Now consider the linear k-step method (B8]) and apply it to the model problem (78]) with A real and
negative. This yields the linear difference equation

k
> (0 = hAB;}) ynsj = 0.

=0

Since the general solution ¥, to this homogeneous difference equation can be expressed as a linear com-
bination of powers of roots of the associated characteristic polynomial

7'('(2; h) = p(Z) — ho(z), (E = h\), (79)

it follows that y, will converge to zero for h > 0 fixed and n — oo if, and only if, all roots of 7(z;h) have
modulus < 1. The kth degree polynomial 7(z;h) defined by (79) is called the stability polynomial
of the linear k-step method with first and second characteristic polynomials p(z) and o(z), respectively.
This motivates the following definition.

Definition 10 The linear multistep method (33) is called absolutely stable for a given h if, and only
if, for that h all the roots rs = 1(h) of the stability polynomial 7(z,h) defined by (T9) satisfy |rs| < 1,
s =1,...,k. Otherwise, the method is said to be absolutely unstable. An interval («, () of the real
line is called the interval of absolute stability if the method is absolutely stable for all h € (a, ). If
the method is absolutely unstable for all h, it is said to have no interval of absolute stability.

Since for A > 0 the solution of (78) exhibits exponential growth, it is reasonable to expect that
a consistent and zero-stable (and, therefore, convergent) linear multistep method will have a similar
behaviour for A > 0 sufficiently small, and will be therefore absolutely unstable for small h = Ah.

According to the next theorem, this is indeed the case.

Theorem 13 Every consistent and zero-stable linear multistep method is absolutely unstable for small
positive h.

PROOF: Because the method is consistent, there exists an integer p > 1 such that Cp = Cy =--- = C, =0
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and Cpy1 # 0. Let us consider

7=0
k i 0o 7 00
(h])q hq+1]q
= Z O‘J'Z g _ﬁﬂz q!
7=0 | q=0 q=0
k i oo 47 . o)
(hj)? hij1!
AL — B>
el R q! = (-1
k k oo 7 oo 7
(hj)? 511
= Do) o> S8y
= S| TE e = (¢-1)
Jj= Jj= q q
k 00 k j k ]‘1_1
= Do+ WD ey =) B
=0 - — ¢ = (q—-1)
Jj= q Jj= =
= Co+ Y _hiC,
q=1
= ) Cpi=00m. (80)
q=p+1

On the other hand, noting that the polynomial 7(z; h) can be written in the factorised form
7(z,h) = (g — hBp)(z —7r1) -~ (2 — 13)

where r, = r4(h), s = 1,..., k, signify the roots of m(-; h), we deduce that

(e k) = (ag, — hB) (" —ri(R)) -~ (e — ry(h)). (81)

As h — 0, o, — hB, — o # 0 and 74(h) — (s, s = 1,...,k, where (s, s = 1,...,k, are the roots of
the first stability polynomial p(z). Since, by assumption, the method is consistent, 1 is a root of p(z);

furthermore, by zero-stability 1 is a simple root of p(z). Let us suppose, for the sake of definiteness that
it is {7 that is equal to 1. Then, (s # 1 for s # 1 and therefore

lim (" — ry(h)) = (1 — ¢) #0, s # 1.

h—0

We deduce from (8I)) that the only factor of m(e/; k) that converges to 0 as h — 0is " —ry(h) (the other
factors converge to nonzero constants). Now, by [&0), w(e;h) = O(hPt1), so it follows that

e —ri(h) = O(RPTY).
Thus we have shown that ~ _ -

ri(h) = ¢ + O(R"+).
This implies that

_ 1-
ri(R) > 1+ 5h

for small positive h. That completes the proof. o
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According to the definition adopted in the previous section, an optimal k-step method is a zero-stable
linear k-step method of order k + 2. We have also seen in the proof of Theorem [12] that all roots of the
first characteristic polynomial of an optimal k-step method lie on the unit circle. By refining the proof of
Theorem [13]it can be shown that an optimal linear multistep method has no interval of absolute stability.

It also follows from Theorem [I3] that whenever a consistent zero-stable linear multistep method is
used for the numerical solution of the initial-value problem (II), (2] where g—g > 0, the error of the method
will increase as the computation proceeds.

3.7 General methods for locating the interval of absolute stability

In this section we shall describe two methods for identifying the endpoints of the interval of absolute
stability. The first of these is based on the Schur criterion, the second on the Routh—Hurwitz criterion.

3.7.1 The Schur criterion
Consider the polynomial
o(r)=cprf+ - +ar+c, o #0, co#0,

with complex coefficients. The polynomial ¢ is said to be a Schur polynomial if each of its roots
satisfies |rs| < 1, s =1,...,k.
Let us consider the polynomial

n k—1

o(r)=cor* + e -+ G + &,

where ¢; denotes the complex conjugate of ¢;, j = 1,..., k. Further, let us define

61(r) =+ [3(0)6(r) ~ 6(0)5()]

Clearly ¢1 has degree < k — 1.
The following key result is stated without proof.

Theorem 14 (Schur’s Criterion) The polynomial ¢ is a Schur polynomial if, and only if, \(5(0)\ >
|p(0)| and ¢y is a Schur polynomial.

We illustrate Schur’s criterion by a simple example.

Exercise 4 Use Schur’s criterion to determine the interval of absolute stability of the linear multistep
method

h
Yn+2 — Yn = 5 (fn—i—l + 3fn) .
SOLUTION: The first and second characteristic polynomials of the method are
9 1
p(z) =2 —1, o(z) = 5(24—3).

Therefore the stability polynomial is

7(ri k) = p(r) — ho(r) =12 — %BT - <1 + gh> .

Let us restrict ourselves to the case when A € R with A < 0, and therefore h := h\ is also a (negative) real number.
Now,

_ 3_ 1-
7(r;h) = — (1+§h) r? — Fhr+1.
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Clearly, |7(0; h)| > |7 (0, )| if, and only if, h € (—3,0). As

mi(r, h) = _%B<2+ gh> (3r+1)

has the unique root —% and is, therefore, a Schur polynomial, we deduce from Schur’s criterion that m(r; B) is a
Schur polynomial if, and only if, h € (—%, 0). Therefore the interval of absolute stability is (—%, 0). o

3.7.2 The Routh—Hurwitz criterion

Consider the mapping

r—1

r+1
of the open unit disc |r| < 1 of the complex r-plane to the left open complex half-plane Re z < 0 of the
complex z-plane. The inverse of this mapping is given by

1+z
1=z

T

Under this transformation the function

becomes

142 5 142
— ho .
P 1-=2 1—2
By multiplying this with (1 — 2)*, we obtain a polynomial of the form

ao? +ar1ZF N+ 4 . (82)

The roots of the stability polynomial 7(r, k) lie inside the open unit disk |r| < 1 if, and only if, the roots
of the polynomial (82) lie in the left open complex half-plane Re z < 0.

Theorem 15 (Routh—Hurwitz Criterion) The roots of (82) lie in the left open complex half-plane if,
and only if, all the leading principal minors of the k X k matrix

[ a1 a3z a5 - age—1 |
ap a2 G4 --c A2k—2
Q= 0 a a3 -+ agk-3
0 ap az -+ agk_4
00 0 - ap

are positive and ay > 0; we assume that a; = 0 if j > k. In particular:
a) fork=2:a9>0,a; >0, a2 >0;
b) fork=3:a9>0,a; >0, as>0,a3>0, ajaz — azag > 0;
c) fork=4:ay>0,a,>0,a3>0, a3 >0, a4 >0, ajasag — aoag - a4a% > 0;

represent the necessary and sufficient conditions for ensuring that all roots of (82) lie in the left open
complez half-plane.

We illustrate this result by a simple exercise.
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Exercise 5 Use the Routh—Hurwitz criterion to determine the interval of absolute stability of the linear
multistep method from the previous exercise.

SOLUTION: By applying the substitution
1+z2

T 1—2

in the stability polynomial

1- 3-
N=r®—Zhr—|(1+=h
w(r,h) =r ) r ( —|—2 )

and multiplying the resulting function by (1 — 2)?, we get

1+2\> 1. /1+2 3. )
(12) 3 (122) - (14 39) | oot e

ag = —h, a; = 4 + 3B, as = —QB.
Applying part a) of Theorem [I5 we deduce that the method is zero-stable if, and only if, h € (—%, 0); hence the
interval of absolute stability is (—%,0). o
We conclude this section by listing the intervals of absolute stability (v, 0) of k-step Adams—Bashforth
and Adams—Moulton methods, for & = 1,2,3,4. We shall also supply the orders p* and p and error
constants Cp«41 and Cpy1, respectively, of these methods. The verification of the stated properties is left
to the reader as exercise.

(1-2)

with

k-step Adams—Bashforth (explicit) methods:

(1) ]{7:1, p*:17 Cp*—l—l:%v a= -2
Y1 — Yo = hfo;

(2) k:27 p*:27 Cp*—l—l:%va:_l)

h
Y2 — Y1 = 5(3f1 — fo):

—~
w
S—
RA
I
w
i
*
I
w
9
*
+
—
|
oolw
Q
I
_
—_

h
Y3 — Y2 = 5(23f2 —16f1 + 5f0);
(4) k= 47 p* :47 Cp*—l—l = %7 a = _13_07
h
Y4 — Y3z = ﬁ(55f3 —59f2 4+ 37f1 — 9fo).

k-step Adams—Moulton (implicit) methods:

(1) k:17p2270p+1:_%7a:_007

h
Y1 — Yo = §(f1 + fo);
(2) kzzap:?’u Cp+1:_i7a:_67
h
Y2 —y1 = E(5f2 +8f1 — fo);
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(3) k:3ap:47 Cp+1:_%7a:_37
h
Y3 — Y2 = ﬁ(gfg +19f2 = 5f1 + fo);
(4) k:4ap:57 Cp+1:_%7a:_%u

h
Ys— Y3 = %(251f4 + 646 f3 — 264 f5 + 106 f1 — 19f)).

We notice that the k-step Adams—Moulton (implicit) method has larger interval of absolute stability and
smaller error constant than the k-step Adams—Bashforth (explicit) method.

3.8 Predictor-corrector methods

Let us suppose that we wish to use the implicit linear k-step method Start of
optional
material

k k
Zajyn+j = h25jfn+ja ag, Br #0.
=0 =0

Then, at each step we have to solve for y,, 1 the equation

k—

Ytk — BT (@nihs Ynsk) = O (hBjfats — jynss)
=0

—_

<

If h < |ag|/(L|Bk|), where L is the Lipschitz constant of f with respect to y (as in Picard’s Theorem
), then this equation has a unique solution, y,x; moreover, y, 1 can be computed by the fixed-point
iteration

k—1 k—1
1
akyr[zsj-_k} + Zajyn—l—j = hﬁkf(fvn-i-kay,[f_},_k) + hZﬁjfn+j, s=0,1,2,...,
J+0 j=0
(0]
n+k

Theoretically, we would iterate until the iterates y

n+
criterion such as |y£fj_'kl] — yr[i]rk| < € is satisfied, where ¢ is some preassigned tolerance). We would then

regard the converged value as an acceptable approximation g, to the unknown analytical solution-value
y(zpak). This procedure is usually referred to as correcting to convergence.
Unfortunately, in practice, such an approach is usually unacceptable because of the amount of work

with y a suitably chosen starting value.

s , have converged (in practice, until some stopping

involved: each step of the iteration involves an evaluation of f (:En+k,y7[ﬂrk), which may be quite time-

consuming. In order to keep to a minimum the number of times f (:En+k,yﬂ_k) is evaluated, the initial

guess yﬂ_k must be chosen accurately. This is achieved by evaluating yﬂrk by a separate explicit method

called the predictor, and taking this as the initial guess for the iteration based on the implicit method.
The implicit method is called the corrector.

For the sake of simplicity we shall suppose that the predictor and the corrector have the same number
of steps, say k, but in the case of the corrector we shall allow that both ag and Sy vanish. Let the linear
multistep method used as predictor have the characteristic polynomials

k k—1
PR =Yg, ap=1 o)=Y f, (83)
j=0 3=0
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and suppose that the corrector has characteristic polynomials

k

k
p(z) = Zajzj, ar =1, o(z) = Zﬂjzj. (84)
=0

J=0

Suppose that m is a positive integer: it will denote the number of times the corrector is applied; in
practice m < 2. If P indicates the application of the predictor, C' a single application of the corrector,
and F an evaluation of f in terms of the known values of its arguments, then P(EC)™E and P(EC)™
denote the following procedures.

a) P(EC)™E
Wt Do = n A,
= f<:cn+k,y,£ik>,
1::,3@%1/;@ = RSB, = omet
j=0
= @y,
forn=0,1,2,....
b) P(EC)™
n+k+za*y,ﬁ"ﬂj = hZﬁ B,
Al = f<wn+k=y,2ik>
7[13-7-_191 Z%ym = hﬁkf +hZﬁ] nﬂ ! s=0,...,m—1,
forn=0,1,2,....

3.8.1 Absolute stability of predictor-corrector methods
Let us apply the predictor-corrector method P(EC)™E to the model problem

Y =Xy, y(0)=uyo (#0), (85)

where A\ < 0, whose solution is, trivially, the decaying exponential y(z) = ypexp(Ax), x > 0. Our aim
is to identify the values of the step size h for which the numerical solution computed by the P(EC)™E
method exhibits a similar exponential decay. The resulting recursion is

k—
[m]
yn+k+za*ynﬂ - Z J n+J’
j=0

k-1
s+1] m - s - m
1[1—:% +Z%?J£L+]j = hﬂky,[@ik—l—hZﬁijJj, s=0,...,m—1,
=0
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for n =0,1,2,..., where h = Ah. In order to rewrite this set of equations as a single difference equatlon
involving yn ', Yy, 115 - - - Y4y, Only, we have to eliminate the intermediate stages involving y, " -+, Y, 44
from the above recursion.

Let us first take s = 0 and eliminate y

(0]

nar form the resulting pair of equations to obtain

k-1 k-1 k-1
Yt + Z syt = hBi [ B Y Bty — gy | +R> By

§=0 §=0 §=0
Now take s = 1 and use the last equation to eliminate ygik, this gives,
B B B k—1
TSI Z ajunty = BBk (W | BYBiul - Z ST
§=0
k-1 - k-1 ) k—
7 m m
Y Al - Sl B3 gl
j=0 j=0 §=0

Equivalently,

—1
y,ﬂk + (1 + hBy) Z ajymj
=0

k—1
= (hBy)? hZB*yL”l]] Za i |+ RBR Y Bl
J

=0

By induction,

k—1
i (L RB 4+ (BB)™ ) Y g
=0

k—1
= (RB)™ hZB*ynﬂ Za gt (LRG8O R B

j=0

For m fixed, this is a kth order difference equation involving y,[Lm], ... ,ygi}k In order to ensure that the
solution to this exhibits exponential decay as n — oo, we have to assume that all roots to the associated

characteristic equation

k—1
P (LBt (WP Dy

J=0

N

-1

k— k—1
= (hB)™ Z = ok |+ (L hBe+-+ (RB)™ ) R DY B
7=0

7=0 i

¥
=)

have modulus < 1. This can be rewritten in the equivalent form
AF 4+ (1 +hB+ -+ (Eﬂk)m_l) (p(2) — ho(2)) + (hBL)™ (p*(z) — Ea*(z)) =0,

where

A=1+ (1+hBs+ -+ (AB)™ ") (hBk — ar) + (BBR)™ (BB}, — aj),
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Now, since aj, = aj, = 1 and 8 = 0, we deduce that A = 0, and therefore the characteristic equation of
the P(EC)™FE method is

Tpmoyn (2 h) = p(2) — ho(2) + My (h)(p"(2) — ho™(2)) = 0,

where 7
M, (h) = = (hBs) = ) m > 1.
L+ hfy + -+ ()™
Here, mppcym 5 (z; h) is referred to as the stability polynomial of the predictor-corrector method P(EC)™E.

By pursuing a similar argument we can also deduce that the characteristic equation of the predictor
corrector method P(EC)™

_ B M. (T
Tpcyn (2 h) = p(z) — ho(z) + ]_16(1C )

Here, 7p(gcoym (2 h) is referred to as the stability polynomial of the predictor-corrector method P(EC)™
With the predictor and corrector specified, one can now check using the Schur criterion or the Routh—
Hurwitz criterion, just as in the case of a single multi-step method, whether the roots of mpgc)m g(z;h)
and 7ppcym(2;h) all lie in the open unit disk |z| < 1 thereby ensuring the absolute stability of the
P(EC)™E and P(EC)™ method, respectively.
Let us suppose, for example, that |8 < 1, i.e. that 0 < h < 1/|ABg|; then, lim,, oo My (h) = 0,
and consequently,

(p"(2)a(2) = p(2)0”(2)) = 0.

ml,gnoo WP(EC)"LE'(Z; h) = 7'('(22, h), ml,gnoo WP(EC)"L( h) = 7T(Z, h),
where 7(z;h) = p(z) — ho(z) is the stability polynomial of the corrector. This implies that in the mode
of correcting to convergence the absolute stability properties of the predictor-corrector method are those
of the corrector alone, provided that |hfg| < 1.

3.8.2 The accuracy of predictor-corrector methods

Let us suppose that the predictor P has order of accuracy p* and the corrector has order of accuracy p.
The question we would like to investigate here is: What is the overall accuracy of the predictor-corrector
method?

Let us consider the P(EC)™FE method applied to the model problem (85) with m > 1. We have that

mp(eh) = p(e") — ho(e") + My (B)(p* (") — ho* ("))
= 0<ﬁ Y+ My, (R)O(RP™ )
(9( p+1 _|_hp +m+1)
O(hPTL + hPt2) ifp*>p
hp“ ifp*=p—q,0<g<pandm>gq

hp+1—|—hp “mtl) ifp*=p—q,0<g<pandm<q-— 1.

Consequently, denoting by TP(EC the consistency error of the method P(EC)™E, we have that
O(h?) if p*>p
Tf(EC)mE: O(h?) ifp*=p—q,0<g<pandm>q

O(hP~2t™) ifp* =p—q,0<g<pand m < q— 1.

This implies that from the point of view of overall accuracy there is no particular advantage in using a
predictor of order p* > p. Indeed, as long as p* + m > p, the predictor-corrector method P(EC)™E will
have order of accuracy p.
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Similar statements can be made about P(EC)™ type predictor-corrector methods with m > 1. On
writing

p*(2)o(2) — 0" (2)p(2) = (p"(2) — ho™ (2))o(2) — 0 (2)(p(2) — ho(2)),
we deduce that B
Wp(Ec)m(eh; h) = O(RPTY  pP"Hm 4 pptmy,

Consequently, as long as p* + m > p + 1 the predictor-corrector method P(EC)™ will have order of End of

accuracy p.

4 Stiff problems

Let us consider an initial-value problem for a system of m ordinary differential equations of the form:

y, = f(l‘, Y)v y(a) =Yo, (86)

where y = (y1,...,¥m)". A linear k-step method for the numerical solution of (86]) has the form

K K
> aynri =hY Bifuis, (87)
=0 =0

where f,,; = f(zyn+j,Ynt;). Let us suppose, for simplicity, that f(z,y) = Ay + b where A is a constant
matrix of size m x m and b is a constant (column) vector of size m; then (87)) becomes

k
> (I = hBjA)yny; = ho(1)b, (88)
j=0
where o(1) = Z?:o B; (# 0) and I is the m x m identity matrix. Let us suppose that the eigenvalues \;,
i=1,...,m, of the matrix A are distinct. Then, there exists a nonsingular matrix H such that
A0 0
HAH =p=| " AQ ; (89)
0 O Am
Let us define z = Hy and ¢ = ho(1)Hb. Thus, (88) can be rewritten as
k
> (o] = hBiA)znyj = c, (90)
j=0
or, in component-wise form,
k
> (e = hBiA)znji = ¢,
§=0
where z,,;; and ¢;, ¢ = 1,...,m, are the components of z,,; and c respectively. Each of these m

equations is completely decoupled from the other m — 1 equations. Thus we are now in the framework
of Section 3 where we considered linear multistep methods for a single differential equation. However,
there is a new feature here: because the numbers \;, i = 1,...,m, are eigenvalues of the matrix A, they
need not be real numbers. As a consequence the parameter h = h\, where \ is any of the m eigenvalues,
can be a complex number. This leads to the following modification of our earlier definition of absolute
stability (cf. Section 2.6l and Definition [I0]).
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Definition 11 1_4 linear k-step method is said to be absolutely stable in an open set R4 of the complex
plane if, for all h € Ra, all roots rs, s = 1,...,k, of the stability polynomial 7(r,h) associated with the
method, and defined by (79), satisfy |rs| < 1. The set R4 is called the region of absolute stability of
the method.

Clearly, the interval of absolute stability of a linear multistep method is a subset of its region of
absolute stability.

Exercise 6  a) Find the region of absolute stability of Euler’s explicit method when applied to y' = Ny,
y(z0) = yo, A € C, Re A < 0.

b) Suppose that Euler’s explicit method is applied to the second-order differential equation
y// + (1 - A)y/ - )‘y = 07 y(O) = 17 y/(O) =—-A- 27

rewritten as a first-order system in the vector (u, U)T, withu =y andv =19y, A€ C, Re A <0, and
let |A\| > 1. What choice of the step size h € (0,1) will guarantee absolute stability in the sense of
the last definition?

SoLUTION: a) For Euler’s explicit method p(z) = z — 1 and o(z) = 1, so that

m(z;h) = p(2) —ho(z) =(z—1)—h=2z—(1+h), h:=h\
This has the root 7 = 1 + h. Hence the region of absolute stability is
Ra={heC:|1+h|<1},

which is an open unit disc centred at —1.
b) Now writing u = y and v = 3 and y = (u,v)T, the initial-value problem for the given second-order
differential equation can be recast as

y' = Ay, y(0) = yo,

0 1 1
A—<)\ )\_1> and y0—<_)\_2>.

The eigenvalues of A are the roots of the characteristic polynomial of A,

where

det(A —21) = 2% 4+ (1 — Nz — )\,

whose roots are r1 = —1 and ro = A, and we deduce that the method is absolutely stable provided that |[1+h\| < 1.
Indeed, Euler’s explicit method for this system has the form y,+1 = (I + hA)y,, n = 0,1,2,..., with yo given,
where I denotes the (in this particular case 2 x 2) identity matrix. By diagonalising the matrix I+ hA, we have that
(I+hA)=S"1DS | where D is a diagonal matrix containing the eigenvalues of the matrix I + hA on its diagonal,
and S is a nonsingular (in this particular case 2 x 2) matrix. Hence, Sy, +1 = D(Sy,) forn =0,1,..., and therefore
Syn = D™(Syo). Now, lim,, .o, y, = 0 if, and only if, lim, . Sy, = 0; on the other hand, lim,,_,~, Sy, = O if,
and only if, the sequence of matrices (D™)52 ; converges to the zero matrix. Since D is diagonal, the same is true
of D™ for each n =1,2,..., and the diagonal entries of D™ are (1 — h)™ and (1 + h\)™, which will converge to 0 as
n — oo if, and only if, |1 —h| < 1 and |14+ hA| < 1. Since we are interested in the case when Re A < 0 and |[A| > 1,
the first of these two requirements automatically follows from the second requirement. Hence we deduce the stated
requirement for absolute stability, that |1 + hA| < 1.
It is an easy matter to show that

u(z) = 2% — 7, v(z) = =277 4+ N,

The graphs of the functions u and v are shown in Figure [ for A = —45. Note that v exhibits a rapidly varying
behaviour (fast time scale) near = 0 while u is slowly varying for z > 0 and v is slowly varying for z > 1/45.
Despite the fact that over most of the interval [0, 1] both u and v are slowly varying when A = —45, we are forced
to use a step size of h < 2/45 in order to ensure that the method is absolutely stable. o
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Figure 2: The functions u and v plotted against  for x € [0, 1].

In the example the v component of the solution exhibited two vastly different time scales; in addition,
the fast time scale (which occurs between = 0 and = ~ 1/(—X\)) has negligible effect on the solution
so its accurate resolution does not appear to be important for obtaining an overall accurate solution.
Nevertheless, in order to ensure the stability of the numerical method under consideration, the mesh size
h is forced to be exceedingly small, h < 2/(—\), smaller than an accurate approximation of the solution
for x > 1/(—)\) would necessitate. Systems of differential equations which exhibit this behaviour are
generally referred to as stiff systems. We refrain from formulating a rigorous definition of stiffness.
Indeed, stiffness of an ODE is a concept that lacks a rigorous definitionl] A historic and pragmatic
‘definition’ by Curtis and Hirschfeldex{ﬁ (adapted to our setting) reads: stiff equations are equations
where the implicit Euler method works significantly better than the explicit Euler method. The idea
behind this definition is that for a ‘stiff system’ stability of the explicit Euler method requires the choice
of a very small step size, much smaller than the one required by accuracy.

4.1 Stability of numerical methods for stiff systems

In order to motivate the various definitions of stability which occur in this section, we begin with a simple
example. Consider Euler’s implicit method for the initial-value problem

y =Xy,  y(0) =yo,

where A is a complex number. The stability polynomial of the method is (2, h) = p(z) — ho(z) where
h =h\, p(z) = z—1 and o(z) = z. Since the only root of the stability polynomial is z = 1/(1 — h), we

9See G. Séderlind, L. Jay, and M. Calvo, Stiffness 1952-2012: Sizty years in search of a definition. BIT Numerical
Mathematics, June 2015 55(2), 531-558.
10 Integration of stiff equations. Proceedings of the National Academy of Sciences, March 1, 1952 38 (3) 235-243.
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deduce that the method has the region of absolute stability
Ra=1{heC:|1-h|l>1}.

In particular R 4 includes the whole of the left open complex half-plane. The next definition is due to
Dahlquist (1963).

Definition 12 A linear multistep method is said to be A-stable if its region of absolute stability, R4,
contains the whole of the left open complex half-plane Re(hA) < 0.

Thus, for example, according to the discussion preceding Definition 2] the implicit Euler method
is A-stable. As the next theorem by Dahlquist (1963) shows, Definition is unfortunately far too
restrictive.

Theorem 16
(i) No explicit linear multistep method is A-stable.

(i) The order of accuracy an A-stable implicit linear multistep method cannot exceed 2.

(iii) The second-order accurate A-stable linear multistep method with smallest error constant is the
trapezium rule.

This motivates us to consider the following, less restrictive notion of stability, due to Widlund (1967).

Definition 13 A linear multistep method is said to be A(a)-stable, a € (0,7/2), if its region of absolute
stability R 4 contains the infinite open wedge in the complex plane

Wo=1{he€C|m—a<arg(h) <7+ a}.

A linear multistep method is said to be A(0)-stable if it is A(«)-stable for some o € (0,7/2). A linear
multistep method is Ay stable if R 4 includes the negative real axis in the complex plane.

Let us note in connection with this definition that if Re A < 0 for a given A then h = h\ either lies
inside the wedge W, or outside W, for all positive h. Consequently, if all eigenvalues A of the matrix
A (cf. the sentence starting two lines above equation (89)) happen to lie in some wedge W, then an
A(«)-stable method can be used for the numerical solution of the initial-value problem (86]) without any
restrictions on the step size h. In particular, if all eigenvalues of A are real and negative, then an A(0)
stable method can be used. The next theorem (stated here without proof) can be regarded the analogue
of Theorem [I6] for the case of A(a) and A(0) stability.

Theorem 17
(i) No explicit linear multistep method is A(0)-stable.

(i) The only A(0)-stable linear k-step method whose order exceeds k is the trapezium rule.

(11i) For each o € [0,7/2) there exist A(a)-stable linear k-step methods of order p for which k =p =3
and k=p=4.

A different way of loosening the concept of A-stability was proposed by Gear (1969). The motivation
behind it is the fact that for a typical stiff problem the eigenvalues of the matrix A which produce the
fast transients all lie to the left of a line Reh = —a, a > 0, in the complex plane, while those that are
responsible for the slow transients are clustered around zero.
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Definition 14 A linear multistep method is said to be stiffly stable if there exist positive real numbers
a and ¢ such that R4 D R1 URy where

Ri={he€C : Reh< —a} and Roy={heC: —a<Reh<0, —c<Imh<c}.

It is clear that stiff stability implies A(«)-stability with o = arctan(c/a). More generally, we have the
following chain of implications:

A-stability = stiff-stability = A(«)-stability = A(0)-stability = Ag-stability.

In the next two sections we shall consider linear multistep methods which are particularly well suited
for the numerical solution of stiff systems of ordinary differential equations.

4.2 Backward differentiation methods for stiff systems

Consider a linear multistep method with stability polynomial 7 (z, h) = p(z) — ho(z). If the method
is A(a)-stable or stiffly stable, the roots r(h) of m(-,h) lie in the closed unit disk when h is real and
h — —oo. Hence,

0= S5 = olo(R) = (R

in other words, the roots of 7 (-, h) approach those of o(-). Thus it is natural to choose o(-) in such a way
that its roots lie within the unit disk. Indeed, a particularly simple choice would be to take o(z) = B2k
the resulting class of, so-called, backward differentiation methods has the general form:

k

Zann+j = hfBifntk,
=0

where the coefficients «; and f, are given in Table Bl which also displays the value of a in the definition
of stiff stability and the angle o from the definition of A(«) stability, the order p of the method and the
corresponding error constant Cj41 for p =1,...,6. For p > 7 backward differentiation methods of order
p of the kind considered here are not zero-stable and are therefore irrelevant from the practical point of
view.

4.3 Gear’s method

Since backward differentiation methods are implicit, they have to be used in conjunction with a predictor.
Instead of iterating the corrector to convergence via a fixed point iteration, Newton’s method can be used
to accelerate the iterative convergence of the corrector. Rewriting the resulting predictor-corrector multi-
step pair as a one step method gives rise to Gear’s method which allows the local alteration of the
order of the method as well as of the mesh size. We elaborate on this below.

As we have seen in Section 4.1, in the numerical solution of stiff systems of ordinary differential
equations, the stability considerations highlighted in parts (i) of Theorems and [I7] necessitate the
use of implicit methods. Indeed, if a predictor-corrector method is used with a backward differentiation
formula as corrector, a system of nonlinear equations of the form

Yotk — hWBkE(Tnik, Yntk) = Sntk

will have to be solved at each step, where

k—1

Snt+k = — Z AjYn+j
Jj=0
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E|las| as ay as as aq ag | Bk | p| Cpt1 | Gmin | Qmaz
1 1 -1 | 1|1 =3 1| 0 | 90°
2 1 —3 3 2 12| -2 0 90°
3 1 | -2 & | -& &35 01| 88
4 1| =2 2 | -8 2 | 24| -F] 07| 13
5 1 | =30 30 2 B 12 80 )5 10 24 | 520
JREE A N R A AR A AR

Table 3: Coefficients, order, error constant and stability parameters for backward differentiation methods

is a term that involves information which has already been computed at previous steps and can be
considered known. If this equation is solved by a fixed-point iteration, the Contraction Mapping Theorem
will require that

LhlBy] < 1 (91)

in order to ensure convergence of the iteration; here L is the Lipschitz constant of the function f(z,-). In
fact, since the function f(x,-) is assumed to be continuously differentiable,

%(:ﬂ,y)H -

L = max
(z,y)eR

For a stiff system L is typically very large, thus the restriction on the steplength h expressed by (@I)) is
just as severe as the condition on h that one encounters when using an explicit method with a bounded
region of absolute stability. In order to overcome this difficulty, Gear proposed to use Newton’s method:

-1
s+1 S of s s s
yﬁk] = yﬂk — I — hﬁk@(wnm yﬂk)} [yﬂk — hBkt (Tt yﬂk) = gn+k] : (92)
for s =0,1,..., with a suitable initial guess yﬂrk. Even when applied to a stiff system, convergence of

the Newton iteration (O2) can be attained without further restrictions on the mesh size h provided that
we can supply a sufficiently accurate initial guess yﬂrk (by using an appropriately accurate predictor, for
example).

On the other hand, the use of Newton’s method in this context has the disadvantage that the Jacobi

matrix 0f /0y has to be reevaluated and the matrix I — hﬂk%(xmrk, yﬂrk) inverted at each step of the
iteration and at each mesh point x,,, .

One aspect of Gear’s method is that the matrix [ —hﬁk%(wmrk, yi]r ;) involved in the Newton iteration

described above is only calculated occasionally (i.e. at the start of the iteration, for s = 0, and thereafter
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only if the Newton iteration exhibits slow convergence); the inversion of this matrix is performed by an
LU decomposition.

A further aspect of Gear’s method is a strategy for varying the order of the backward differentiation
formula and the step size according to the intermediate results in the computation. This is achieved by
rewriting the multistep predictor-corrector pair as a one-step method (in the so-called Nordsieck form).

For further details, we refer to Chapter II1.6 in the book of Hairer, Norsett and Wanner. We shall End of

therefore confine ourselves here to a brief discussion of adaptive one-step methods for stiff systems. Iorf’:tigg*;ll
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5 Adaptivity for stiff problems

Ideally, we would like to compute an approximate solution of the following initial-value problem for Lecture 10
a system of first-order ordinary differential equations:

y/ = f(xvy)v y(a;o) =Yo, (93)

for all x € [xg, Xas], and make sure that this approximation is accurate up to a certain (absolute/relative)
precision. In addition, we would like to achieve such a precision in the fastest/cheapest way possible.
How should this be done? We shall describe two attempts, the first attempt being conceptually simpler,
while the second attempt being the one preferred in practice for reasons which we shall explain.

First attempt: A simple strategy could be to:
1. choose a one-step method of order p;

2. choose a natural number N € N and compute the approximate solution {yn}iyzo using the step size
h = (X — 20)/N;

3. choose a large natural number N e N with N > N and compute the approximate solution {S’n}gzo
using the step size h = (X — x9)/N.

This way, we obtain two approximations yy and y 5 of y(Xas), which we may use to estimate the error.
To be more precise, we may use the (computable) difference ||y 5 — yn|| to estimate the (noncomputable)
error |ly(Xar) —ywll- If [|[¥5 — vl is smaller than a target absolute tolerance TOL, then we finish the
computation. Otherwise, we

1. increase N so that N > N;
2. compute the approximate solution {y,}N_, using h = (Xps — x9)/N;
3. check whether ||y — y~|| < TOL.

If ||y 5z —yn|| is smaller than the target absolute tolerance TOL, then we finish the computation. Otherwise,

we select a new N such that N > N, and compute {y, }2_, using the step size h = (Xy; — z0)/N. This
procedure is repeated until convergence (alternating N and N ). The following argument suggests that
the (computable) difference ||y — yn|| can be used to estimate the error ||y (Xar) — ynl||-

The idea to use ||y 5 — yn|| to estimate ||y(Xas) — yn/|| is based on the following calculations. Let us
assume that N > N, and define o := h/h = N/N < 1. For h sufficiently small,

175 = ynll = 175 — y(Xnr) + y(Xar) = ynl < C(WP + BP) = (1 + a?)CR?,
and thus,

ly(Xar) —ywll = ly(Xnm) =¥z +¥5 — vl
< ly(Xm) =yzll+llyg —ywll
< ChP + (1 + o?)ChP
< aP(ChP) + (1+ o) (ChP),
For o < 1, o < 1+ P (in relative terms). Therefore, the term |y (Xas) — ¥ 5| has a minor contribution,
and ||y 5 — yn~|| may be used to estimate ||y(Xar) — yn|-

This first adaptive strategy could deliver an accurate solution, but it is likely to be computationally
inefficient, because whenever the target tolerance is not met we need to compute another solution from
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scratch on a finer computational mesh over the entire interval [xg, Xjs] (i.e. a global mesh-refinement
needs to be performed, and a new numerical approximation has to be computed on such a globally refined
mesh).

Second attempt: To improve efficiency, we can try to control the consistency error for each mesh point
Zp. Indeed, Theorem [ states that the global error is bounded by the maximum of the consistency error
up to a constant factor (however, note the exponential term in the constant factor!). Therefore, the
hope is that we may compute a sufficiently accurate solution by choosing a suitable h or, better still, by
adapting the step size locally, that is, by selecting a suitable h,, for every x, to control the local size of
the consistency error.

To estimate the consistency error at x = x,,, in addition to the one step method

Ynt1 = Yn + h®(@n, yn; h) = ©(2n,yn;h),  n=0,1,..;
of order p being used, we consider an additional one-step method
Vnt1 = Yn + h® (20, ¥n; h) = ©(2n,¥0:h), n=0,1,...,
of order p, with p > p, and we compute
ERR(2n; h) = ¥ (2n, ¥ni h) = ¥ (n, yn; h)| (94)

The idea behind using (94]) to estimate the consistency error 7T), is that, if the error has been controlled
from z¢ up until x,, for some n > 1, then the difference between y(x,) and y, is “negligible”, and
therefore y, can be assumed to be equal to y,, (both being “equal” to y(x,)). Hence,

th Y(xn—l—l) - ‘I’($nay(xn)

;h)
= Y(xn—i-l) - ‘I’(‘Tna Y(xn); h) + ‘P(‘TTHY(‘TTL); h) - ‘Il(xMY(xn); h)
~ Y(xn—l—l) - ‘i’("vmywjn); h) =+ lI’($nyYn§ h) - lI’(men; h)

~ CRPT 4+ W (2, ynh) — (20, yn; h). (95)

Since the left-hand side of (@5) is of the order O(h x h?) = O(hP*!) and p > p, it follows that the term
~ ChP*! on the right-hand side is “negligible” compared to the “leading term” W (x,,, yn; h)—¥ (2, Yn; h).

Hence, hT, = ¥(xp,yn; h) — ¥(zp,yn: h).

Summing up, the locally adaptive strategy proceeds as follows: at every step x,
1. select an initial local step size hy;
2. compute ERR(zy; hy);

3. if this is smaller than a target tolerance, we set y,+1 = ¥(Zn, yn; hn);
otherwise, we choose a smaller h, and return to step 2.

To make this algorithm more efficient, it is common to increase the step h, every time this step has
been accepted, that is, to select Sh,, for a suitable g > 1.

Remark 3 Let TOL be a target absolute error tolerance and let ERR(zy,; hy) < TOL. Then, the “optimal”
B is

B=pBn= (”“\)/TOL/ERR(a:n; hy). (96)

Indeed, if ERR(x; hy) < TOL, we could have chosen a larger h,, and still satisfied the tolerance criterion.
Let B, be such that ERR(zy, Bphy) = TOL, so that Byhy, is the ideal step size. Then, we deduce (9G],
because

ERR(2,; Buhn) = C(Bnhy )P = BETICHPTY ~ BPHIERR (2; hyy ).
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To further improve the efficiency of this adaptive algorithm, it is convenient to use embedded Runge—
Kutta methods, which limit the number of function evaluations.

Definition 15 Two Runge—Kutta methods are embedded if they use the same stages. The Butcher
tableau of two embedded Runge—Kutta methods can be written as

a| B
T a| B a| B

Ca
,  where T and T
Co ¢

T

C1

are the Butcher tableaux of the two Runge—Kutta methods, respectively.

Example 7 The Heun—FEuler method has the Butcher tableau:

?‘ ? g 0| 0 0 o0 0
,  where 1 1 0 and 111 0
‘Jf 162 | 1/2 1/2 1 0

are the Butcher tableauz of Heun’s method yp41 = yn + %(f(:nn, Yn) + f(@n+h,yn +hf(xn,yn))) and the
explicit Euler method yn+1 = Yn + hf(zn, yn), respectively.

Example 8 MATLAB integrators for ODEs (such as the functions ode45, ode23, etc.) are based on
embedded Runge—Kutta methods[!]

6 Structure-preserving integrators

Many physical phenomena are modeled by initial-value problems and, by analyzing these, one can Lecture 11
show that certain relevant physical quantities, such as energy, mass, volume, etc., are preserved during
the course of evolution, that is, they are constant in time. The goal of this section is to study numerical
methods that preserve some of these quantities also at the discrete level[d To begin with, we clarify the
concept of solution to an ODE to allow generic initial values. For simplicity, we restrict ourselves to the
autonomous ODE
y' =f(y), where f:D — R (97)

(where now y is considered to be a function of ¢ € [0,00), and y' := dy/dt), subject to the initial
condition

y(0) =x,
where x € D, and D is a nonempty open subset of R%.
Definition 16 Fort > 0, let ®' : D — R? denote the function that maps an initial datum x € D into
y(t) € R?, where y(t) is the solution at time t to y' = £(y), y(0) = x (tacitly assuming that the solution

t € [0,00) = y(t) € R? to this initial-value problem, for each x € D, exists and that it is unique). The
family {®'};>0 is called the flow of (@7) (defined on D C RY).

Remark 4 The function t — ®'(x) is the solution to y' = f(y), y(0) = x.

"See L. F. Shampine and M. W. Reichelt, The MATLAB ODE suite (1997).

12We could have named this section Geometric numerical integration, a term introduced by J.M. Sanz-Serna; see his
article Geometric integration in the proceedings The State of the Art in Numerical Analysis, 1.S. Duff and G.A. Watson,
eds., Clarendon Press, Oxford, 1997, pp. 121-143.
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Using the concept of flow, we can clarify what is a “preserved quantity”.

Definition 17 A first integral of (@7) is a function I : D — R that satisfies I(®'(x)) = I(x) for every
x € D and every admissible t > 0.

Lemma 4 [ is a first integral of (@) if, and only if, %I(@t(x)) = 0 for every x € D and every
admissible t > 0. This is equivalent to: DI(x) - f(x) = 0 for every x € D, where DI := grad I.

PRrROOF. The first part of the lemma is trivial. The second part follows by applying the chain rule on the
left-hand side of the equality %I (®'(x)) = 0. Indeed,

d d

0= ZI(®'(x)) = = I(v(t) = DI(y(t) -¥'(t) = DIy(1) - £(y(1)  Vt=0,

where y is the solution of the initial-value problem y’(t) = f(y(t)), y(0) = x € D. Thus in particular
0=DI(y(0)) - f(y(0)), and the assertion follows, because y(0) =x € D. ¢

For a systematic investigation, we consider first integrals that can be expressed as polynomials. Note
that, according to Lemma ] for such first integrals the solution y(¢) remains on the zero level-surface of
the first integral (which could be a plane, or a sphere, or an ellipsoid, etc.) for all ¢ > 0 provided that
the initial datum x = y(0) belongs to the zero level-surface of the first integral.

Definition 18 We shall say that a first integral I of an autonomous system is a polynomial of degree
n € N if
Ix)= > Bax® (98)

aeNg, |a|<n

where Bo € R, a = (a1,...,aq) € N, |a| = ch'l:1 a;, and x* = a{* - z5?; in other words, I is a
multivariate polynomial of degree n in x € R%. Here, Ny denotes the set of all nonnegative integers, and
N4 signifies the d-fold Cartesian product Ng x - -- x Np.

Example 9 Linear first integrals are of the form I(x) = bYx + ¢ (with b € RY, and c € R).

Example 10 Quadratic first integrals are of the form I(x) = x"Mx + bTx + ¢ (with M = MT € R4,
b € R?, and c € R).

The following theorems summarize a few key facts about structure-preserving Runge-Kutta methods.

Theorem 18 Every Runge—Kutta method preserves linear first integrals.

Theorem 19 Gauss-collocation methods (i.e. Runge—Kutta methods based on function-evaluations at
points of Gaussian quadrature rules) preserve quadratic first integrals.

PROOF: (of Theorem [8) Clearly, using the same notation as in Example[d the equality I(x) = bTx + ¢
implies that DI(x) = b; thus, by applying Lemma [, we have that 0 = DI(x) - f(x) = b - f(x) for
all x € D. Hence, for all n > 0, and y,11 computed from y, using an R-stage Runge-Kutta method
Yn+1 =Yn + h(ciki + -+ 4+ crkgr), we have that

I(Yns1) = I(yn) =b" (Yns1 — yn)
=hbT(e1ky + - +crkr) =04 ---+0=0,

because each of the functions k;, i = 1,..., R, is defined by evaluating f at a certain point x € D, whereby
bTk; = b-k; = 0 for i = 1,..., R. Therefore I(y,) = I(yo) = I(x) for all all n > 0, all x € D, and
yo = x. That completes the proof. o
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Simple examples of Gauss-collocation methods are the Gauss—Legendre-Runge—Kutta methods, based
on function-evaluations at points of Gauss—Legendre quadrature rules. The Gauss—Legendre method of
order two is the implicit midpoint rule,

1 1
Yn+1 = Yn+hf< Yn+2Yn+l>

which has Butcher tableau
/2] 1/2

The Gauss—Legendre method of order four:

1 1
Ynt1 =Ynth <§k1 + §k2> , where
1 1 1 1 1
ki=f(t¢ — — V3 lh,y,+ -k - —=v3lka |,
1 <+<2 6¢j Y +41+<4 6¢j Q
1 1 1 1 1
kl_f<t+<§+6\/§>h7yn+<Z+6\/§>k1+1k2>
has Butcher tableau
IR
3+gV3|i+5V3 1
‘ 1 1
2 2

Unfortunately, there is no consistent Runge-Kutta method that preserves polynomial first integrals
of degree higher than 2; more precisely, the following negative result holds.

Theorem 20 Ifn > 3, then there is no consistent Runge—Kutta method that preserves every polynomial
first integral of degree n for every autonomous ODE.

We conclude this section with a few results concerning the conservation of a structure that is at
the heart of classical mechanics: conservation of the symplectic product. First, we recall the notion of
Hamiltonian differential equation from classical mechanics.

Definition 19 A Hamiltonian differential equation is an ODFE of the form
p, = _DqH(p7 q)7 q, = DpH(p7 q)7 99)

(
where p(t) == (p1(t),...,pa(t)T, at) == (@1 (t),...,qa(t))T, Dp := (8%1, cee %)T, Dy = (6%1, cee %)T.
The function H : R x R — R is called the Hamiltonian.

Theorem 21 The Hamiltonian H is a first integral of ([Q9).

PROOF. By applying the chain rule and noting (99), we have

S H(p(1), alt) = DpH(p(1), at) - p(1) + DaH(p(1),a0) o
— Dy H(p(t). () - DaH (p(t),a(t) + DaH(p(t).a(t)) - DpH(p(t), a(t)) = 0.

which implies the assertion by recalling the definition of first integral. <
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Lemma 5 The ODE [@9)) is equivalent to

I
y =3 'DH(y), where J= (_2 0> e R gng  y = <2> € R¥, (100)

PROOF. The ODE system ([@9) is equivalent to Jy’ = grad H(y). Indeed,

(3 ) -(4)- (e o

which directly implies the assertion of the lemma. <
The next definition is inspired by the previous lemma.

Definition 20 The bilinear map
w:R¥ xR 5 R, (a,b)—w(ab):=atJb
is called the symplectic product of a and b.
Definition 21 A continuously differentiable map ® : D C R?4 — R2? is called symplectic if
w(D®(x)a, DP(x)b) = w(a,b)

for every x € D and every pair (a,b) € R?? x R??. Here D®(x) denotes the Jacobian matriz of ®
evaluated at x € D, i.e. the 2d x 2d matriz whose (i,7) entry is 09;/0x;, i,j =1,...,2d.

Remark 5 A map is symplectic if its Jacobian matric D®(x) (evaluated at a generic point x) preserves
the simplectic product. This concept is similar to the property of orthogonal matrices that they preserve
the Euclidean inner product, i.e. if O € R¥% is an orthogonal matriz then (Oa, Ob) = (a,b) for every
pair (a,b) € R? x RY, where (-,-) is the Euclidean inner product in R

The following result, due to Poincaré, asserts that a Hamiltonian flow is a symplectic map, which
explains why the concept of symplectic map is so relevant.

Theorem 22 (Poincaré) Suppose that H is a twice continuously differentiable Hamiltonian. Then, the
flow ®' of (IO0) satisfies the following property: for each x € D there exists a 6 > 0 such that

w(D®!(x)a, D®!(x)b) = w(a,b) for every (a,b) € R*! x R* and all t € [0,6),
where D®'(x) denotes the Jacobian matriz of ®' evaluated at x € D.

PROOF. Let y be the solution of the initial-value problem y'(t) = J"'DH (y(t)), y(0) = x € D for
t € 10,9), and let ®'(x) := y(t), with y(0) = x € D. Thanks to Lemma [§ and the chain rule, we have
that

%D(I)t(x) = %Dy(t) = D% =DJ lgrad H(y(t)) = I 'D(grad H(y(t)))

=J"'D*H(y(t)) Dy(t) = I~ (D*H (' (x))) (D@’ (x)),

where D?H denotes the Hessian of H, i.e. the 2d x 2d matrix whose (i, j) entry is the second partial
derivative of H with respect to its ith and jth arguments, for ¢,7 = 1,...,2d. Thanks to the assump-
tion that H is twice continuously differentiable, the matrix D?H is symmetric, i.e. (D?H)T = D?H.
Therefore, by the product rule and because J is a constant matrix, for any x € D, we have

T
%((D(I)t(x))TJ(DCI’t(x))) = (%D«F(@) J(Dd!(x)) + (D®!(x))TT (%D@%))
= (D®'(x))" (D*H(®'(x))) I~ "I (D®'(x)) + (D®'(x))"IT ! (D*H(®'(x))) (DP'(x))

= —(D%®'(x))" (D?H(®'(x))) (D®'(x)) + (D®'(x))" (D*H(®'(x))) (D' (x)) = 0,
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where we have used that J=TJ = —I and JJ~! = I. This implies that for any x € D and any t € [0,6),
(D®'(x))"J(D@'(x)) = (DB’ (x))"I(DS’(x)) = J

as an equality between 2d x 2d matrices, where in the last equality we have used that ®’x = x (and
therefore D®°(x) = I). Hence, for any a,b € R?? we have that

w(D®!(x)a, D®!(x)b) = aT (DP!(x))TI(D®!(x))b = aTJb = w(a, b),

and that completes the proof. ¢
Since Hamiltonian flows are symplectic, we are interested in symplectic one-step methods, in the sense
of the following definition.

Definition 22 Consider ([I00) subject to the initial condition y(0) = x, forx € D, and let x — ¥(0,x; h)
be a one-step method for ([I00), which maps the initial datum x € D into a numerical approrimation
W(0,x;h) € R of y(h) € RY over a single time step of length h > 0. The one-step method x — ¥(0,x; h)
is said to be symplectic if x — W(0,x;h) defines a symplectic map on every compact subset K C D,
whenever H is twice continuously differentiable and h > 0 is sufficiently small.

The following theorem provides a convenient sufficient condition for a Runge—Kutta being symplectic,
although for an arbitrary one-step method one would still need to appeal to Definition 22] to verify that
the method in question is symplectic.

Theorem 23 Every Runge—Kutta method that preserves quadratic first integrals is symplectic.

We conclude by mentioning that there exist also explicit numerical methods that are symplectic. The
most important example for an ODEs with a “separated” right-hand side is the Stérmer—Verlet method.
For furter details, we refer to E. Hairer, C. Lubich, and G. Wanner, Geometric Numerical Integration,
Springer Series in Computational Mathematics, (2006).

7 Finite difference approximation of parabolic equations

The final section of these lecture notes is concerned with the construction and mathematical analysis of Lecture 12
finite difference methods for the numerical solution of parabolic equations. As a simple yet representative
model problem we shall focus on the unsteady diffusion equation (heat equation) in one space dimension:

ou_ o
ot 0x2’

which we shall consider for = € (—o0,00) and ¢ > 0, subject to the initial condition

(101)

u(z,0) = up(z), x € (—00,00),

where ug is a given function.

The solution of this initial-value problem can be expressed explicitly in terms of the initial datum ug.
As the expression for the solution of the initial-value problem provides helpful insight into the behaviour
of solutions of parabolic partial differential equations, which we shall try to mimic in the course of their
numerical approximation, we shall summarize here briefly the derivation of this expression.

We recall that the Fourier transform of a function v is defined by

0O = Fl©) = [ vla)etda.

— 00

We shall assume henceforth that the functions under consideration are sufficiently smooth and that they
decay to £oo sufficiently quickly in order to ensure that our manipulations make sense.
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By Fourier-transforming the partial differential equation (I0I]) we obtain

8u ® 92y
—2m§ —x€
/ dz o (z,t)e " da.

After (formal) integration by parts on the right-hand side and ignoring boundary terms at +o00, we obtain
oLa(E1) = (€ al&, ),
whereby

a(g 1) = e € a(€, 0),
u(z,t) = F~1 <e_t§2a0) .

The inverse Fourier transform of a function is defined by

o) = Ffole) = 5= [ otepe e

and therefore

Thus, after some lengthy calculations whose details we omit, we find that

u(a;,t) = F_l (e—t§2a0(§)> = / w(m - y7t)u0(y) dy7
where the function w, defined by
1
w(x,t) = i e /()
is called the heat kernel. So, finally,
u(z,t) =9/ 0 (y) dy. (102)

\/zF

This formula gives an explicit expression of the solution of the heat equation (I0I) in terms of the
initial datum ug. Because w(x,t) > 0 for all z € (—o0,00) and all ¢ > 0, and

/ w(y,t)dy =1 for all t > 0,

—00

we deduce from (I02) that if ug is a bounded continuous function, then

Supxe(—oo,-i-oo)‘u(xvt)‘ < Supxe(—oo,oo)‘uo(x)lv t>0. (103)

In other words, the ‘largest’ and ‘smallest’ values of u(-,t) at ¢ > 0 cannot exceed those of ug(-). Similar
bounds on the ‘magnitude’ of the solution at future times in terms of the ‘magnitude’ of the initial datum
can be obtained in other norms as well, and we shall focus here on the L? norm in particular. We will
show, using Parseval’s identity, that the L? norm of the solution, at any time ¢ > 0, is bounded by the
L? norm of the initial datum. We shall then try to mimic this property when using various numerical
approximations of the initial-value problem for the heat equation.

Lemma 6 (Parseval’s identity) Let L?(—0o,00) denote the set of all complex-valued square-integrable
functions defined on the real line. Suppose that u € L?>(—o0,00). Then, 4 € L*(—00,00), and the

following equality holds:
.
u —o0,00) — == ||U —00,00)"
[l £2(~00,00) mll [l 22(~00,00)

() 1/2
ol 2oy = ( / |u<:c>|2dx) .
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PrRoOOF. We begin by observing that

[ e = [ ([T uwertar) e

We then take (where, for a complex-valued function w, we denote by w the complex cunjugate of w)

v(€) = a(§) = 2nF'[@)(§), €€ (~o00,00),
and substitute this into the identity above to complete the proof. <

Returning to the equation (I01]), we thus have by Parseval’s identity that

1 .
u(s )l 22 (—o0,00) = \/—2_7r (s )l L2 (—o0,00)s t>0,

and therefore

1 —t§2 ~
u(-,t —o0,00) — =1l Uol- —00,00
(s D)2 (—c0,00) N | 0( )l 22(~00,00)
1
< —a —00,00
= \/%H 0HL2( ,00)
= Hu0||L2(—oo,oo)7 t>0.
Thus we have shown that
Hu('vt)HLQ(—oo,oo) < Hu0||L2(—oo,oo) for all ¢ > 0. (104)

This is a useful result as it can be used to deduce stability of the solution of the equation (I0I]) with
respect to perturbations of the initial datum in a sense which we shall now explain. Suppose that ug
and g are two functions contained in L?(—o0, 00) and denote by u and @ the solutions to (I01]) resulting
from the initial functions ug and g, respectively. Then u — % solves the heat equation with initial datum
ug — Ug, and therefore, by (I04]), we have that

Ju( ) = @l )l L2 (—o0,00) < lluo — ol L2(-00,00)  for all £> 0. (105)

This inequality implies continuous dependence of the solution on the initial function: small perturbations
in ug in the L?(—o00, 00) norm will result in small perturbations in the associated analytical solution u(-, )
in the L?(—o0, 00) norm for all ¢ > 0.

The inequality ([I04) is therefore a relevant property, which we shall try to mimic with our numerical
approximations of the equation (I0I]).
7.1 Finite difference approximation of the heat equation

We take our computational domain to be Lecture 13
{(z,1) € (—00,00) x [0, ]},

where T' > 0 is a given final time. We then consider a finite difference mesh with spacing Az > 0 in
the x-direction and spacing At = T'/M in the t-direction, with M > 1, and we approximate the partial
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derivatives appearing in the differential equation using divided differences as follows. Let z; = jAx and
tm = mAt, and note that

ou w(xj, tmg1) — u(xj,tm)
_(:L'mtm) ~ !
ot At
and
a2u(x ¢ ) ~ U($j+17 tm) - 2U($j7 tm) + U(ij_h tm)
ox2 VY (Az)? '

This then motivates us to approximate the heat equation (I0I]) at the point (xj,t,,) by the following
numerical method, called the explicit Euler scheme:

1
Ut —upr _ U, 20U+ U

At (Ax)? ’

j=0,41,42,...

U =ug(x;),  j=0,+1,42,...

Equivalently, we can write this as
Ut = U+ p(Ufy — 207" + ULy,

U = ug(x;), j=0,+1,42,...

where p = (AA—t)z. Thus, U;”H can be explicitly calculated, for all j = 0,£1,42,..., from the values
1, U™, and U from the previous time level.
Alternatlvely, if instead of time level m the expression on the right-hand side of the explicit Euler
scheme is evaluated on the time level m + 1, we arrive at the implicit Euler scheme:

m—+1 m—+1 m+1 m+1
Ui -0t Ui S0+ U

At N (A:L") ’

j=0,41,42,...

U = uo(x;), j=0,41,+2,....

The explicit and implicit Euler schemes are special cases of a more general one-parameter family of
numerical methods for the heat equation, called the #-method, which is a convex combination of the
two Euler schemes, with a parameter 6 € [0, 1]. The #-method is defined as follows:

m-+1 m
At

+1 +1 +1
—oUur U, UMt —2umt U

Jj+1
U BaP Az :

Ul = ug(xy), §=0,+1,42,...,

where 6 € [0, 1] is a parameter. For § = 0 it coincides with the explicit Euler scheme, for § = 1 it is the
implicit Euler scheme, and for # = 1/2 it is the arithmetic average of the two Euler schemes, and is called
the Crank—Nicolson scheme.

7.1.1 Accuracy of the #-method

Our aim in this section is to assess the accuracy of the #-method for the Dirichlet initial-boundary-value
problem for the heat equation. The consistency error of the #-method is defined by

i +1 +1 +1
Tm:u_(l_e)“ﬁl_%?”'”?ll euﬁ-l 2U;-n +u7-n1
’ At (Az)? (Ax)? )
where
u;n = u(xjvtm)



We shall explore the size of the consistency error by performing a Taylor series expansion about a suitable

point. We begin by noting that
m+1/2

m+1

U

1 1/1.\? /1. \?
“Atug 4+ = [ ZAt “(za
u—|-2 ut+2<2 >utt+6<2 t> Uttt + |

J

m+1/2

1 1/1.\? 1/1 . \°
= [u—iAtut+§<§At> utt—6<§At> Ut + -+ -

J

Therefore,
m+1/2

Similarly,

_ m m m+1 m+1 m+1
2uj + (A Lo Uy Zuj —I—uj_l

(Az)? (Az)?

1 2

um
(1 o 9) j+1
:|m+1/2
J
:|m+1/2

1 1 )

+ <9 — 5) At [umt + ﬁ (Aaz) Urrrat + - ;
1 m
+§ (At)2 [umtt + - ]j +1/2 .

Combining these, we deduce that

1/2
ij = | [us — umm];n—‘r /

2l 1 m+1/2
+ (— — > At Uggr — ﬁ (A$)2 U:c:c:c:c:|

m+1/2

[\

J
1
51
1 2 m+1/2

1 5 .y
+ _E <§ — 9> At (AZ’) Uggrzat — 6! (Aa;) uxxxxxx:|j I

1
(At)z Ut — 3 (At)z u:c:ctt:|

J

Note however that the term contained in the box vanishes, as u is a solution to the heat equation. Hence,

™ —

{ O ((Az)? + (At)?) for 6 =1/2,
j

O ((Az)* + At) for 6 #£ 1/2.
Thus, in particular, the explicit and implicit Euler schemes have consistency error

T =0 ((Az)* + At),

J
while the Crank—Nicolson scheme has consistency error
T/" = O ((Az)® + (At)?) .
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7.2 Stability of finite difference schemes

In order to be able to replicate the stability property (I04]) at the discrete level, we require an Lecture 14
appropriate notion of stability. We shall say that a finite difference scheme for the unsteady heat equation
is (practically) stable in the ¢ norm, if

U™ ey <NU°eyy m=1,..., M,

where
1/2

U™l = | Az Y U
j=—00

We shall use the semidiscrete Fourier transform to explore the stability of finite difference schemes.

Definition 23 The semidiscrete Fourier transform of a function U defined on the infinite mesh x; =
jAx, j=0,+£1,42 ..., is:

U(k) = Az Z U; e~ ki, ke [-n/Azx,m/Ax].

j=—o0

We shall also require the inverse semidiscrete Fourier transform, as well the discrete counterpart of
Parseval’s identity that connect these transforms, analogously as in the case of the Fourier transform and
its inverse considered earlier.

Definition 24 Let U be defined on the interval [—m/ Az, 7/Az]. The inverse semidiscrete Fourier trans-

form of U is defined by
1 ™/ Az

U U(k) ™A% d.

B % —7/Ax
We then have the following result.

Lemma 7 (Discrete Parseval’s identity) Let

1/2

o . w/Ax 1/2
U, = Az Y U1 and U]z, = </ \U(k)Pdk) ~

j=—00 T/ R8T

If |U|lg, is finite, then also |U| L, is finite, and
1
V2T

The proof of this result is very similar to the proof of Lemma 6] and we shall therefore leave it to the

1Ulle, = —==1U]|L,-

reader as an exercise.

7.2.1 Stability analysis of the explicit Euler scheme
We are now ready to embark on the stability analysis of the explicit Euler scheme. By inserting

1 w/Ax

um

? ezij:cUm(k) dk

B % —7/Az
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into the Euler scheme we deduce that

1 /A kil [jm—l—l(k) _ Um(k) 1 w/Ax ek(G+1)Az _ 9kjAx + ek(G—1)Az -
o ¢ N dk = - A U™ (k) dk
—n/Ax —/Ax
Therefore, we have that
i w/Ax ezijm ﬁm"'l(k‘) _ Um(k,) G — i /W/Aac hjAz kAz _ 9 + e thAz U‘m(k) "
- 2
2m —7/Ax At 27 —7/Ax (Agj)

By comparing the left-hand side with the right-hand side we deduce that
Um+1(k) — Uvm(k) + M(ezkAgc — 24+ e—zkAgc)Um(k)

for all wave numbers k € [—7/Az, 7/Ax], and we thus deduce that

A

U (k) = Mk)U™ (),

where
Ak) =14 p(e3* — 24 e7*AT)

is the amplification factor and
At
HT ey
is called the CFL number (after Richard Courant, Kurt Friedrichs, and Hans Levy, who first performed
an analysis of this kind) By the discrete Parseval identity stated in Lemma [l we have that

U™ le, = 1™ L,

-

™
1 .
= =A™,

< \/—Q—wmgXIA(k‘)l 1T™ )1
= max [AK)] [[U™ e,

5

In order to mimic the bound (I04]) we would like to ensure that
U™ |, < |U™e,  m=0,1,...,M—1.
Thus we demand that
m]?x\)\(k;)\ <1,

i.e., that
ml?xu + M(ezkAx —24 e—zkA:c)| < 1.

Using Euler’s formula
e'¥ = cosp +1siny

and the trigonometric identity

1—cosgpz2sin2§

13Richard Courant, Kurt Friedrichs, and Hans Lewy (Uber die partiellen Differenzengleichungen der mathematischen
Physik. Mathematische Annalen, 100:32-74, 1928).
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we can restate this as follows:

max
k

kA
1 — 4y sin? <T$>‘ <1.

—1 <1 — 4pusin® (kATw> <1 Vke|[-n/Az,m/Az]

Equivalently, we need to ensure that

This holds if, and only if, y = %g % Thus we have shown the following result.
Theorem 24 Suppose that Ujm is the solution of the explicit Fuler scheme

m+1 m m
Ut Uy U, - 20 4 U
At (Az)? ’

j=0,%+1,42,...,

U = ug(x;), j=0,+1,%£2,...,

NT™ e, < 1U°le,, m=1,2,..., M. (106)

In other words the explicit Euler scheme is conditionally practically stable, the condition for
stability being that 4 = At/Ax? < 1/2. One can also show that if 4 > 1/2, then (I06) will fail. In other
words, once Az has been chosen, one must choose At so that At/Az? < 1/2 in order to ensure that the
bound (I06) holds.

7.2.2 Stability analysis of the implicit Euler scheme

We shall now perform a similar analysis for the implicit Euler scheme for the heat equation (I0I]),
which is defined as follows:
+1 +1 +1 +1
untt —um _ Uﬁl UJm + Uj”il
At (Azx)? ’

j=0,%+1,42,...

U9 = up(z;), j=0,+1,£2,....

Equivalently,
Uttt — Uit —2umtt Uiy = U
Uj = up(xj), j=0,£1,4+2,...,
where, again,
At
" G
Using an identical argument as for the explicit Euler scheme, we find that the amplification factor is

now
1

14 4psin (kAx)

A(k) =

Clearly,
max IA(k)| <1

for all values of

Thus we have the following result.
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Theorem 25 Suppose that Ujm is the solution of the implicit Euler scheme

Um-i-l _ym Um+1 _ 2Um+1 + Um+l
I R ! =l i =0,41,42, ...,
At (Az)?

UY = ug(x;), j=0,+1,42,....

Then, for all At >0 and Az > 0,
1U™ e, <NU°Meny  m=1,2,..., M. (107)

In other words, the implicit Euler scheme is unconditionally practically stable, meaning that the
bound (I07) holds without any restrictions on Az and At.

7.3 Von Neumann stability

In certain situations, practical stability is too restrictive and we need a less demanding notion of Start of

stability. The one below, due to John von Neumann, is called von Neumann stability.

Definition 25 We shall say that a finite difference scheme for the unsteady heat equation on the time
interval [0,T] is von Neumann stable in the {y norm, if there exists a positive constant C = C(T)
such that

T
U™y < CIU|les, m=1.... M=+,
where
- 1/2
U™, = [ Az > U7
j=—00

Clearly, practical stability implies von Neumann stability, with stability constant C' = 1. As the
stability constant C in the definition of von Neumann stability may dependent on T, and when it does
then, typically, C(T') — +oo as T — +o0, it follows that, unlike practical stability which is meaningful
for m =1,2,..., von Neumann stability makes sense on finite time intervals [0, 7] (with 7" < o) and for
the limited range of 0 < m < T'/At, only.

Von Neumann stability of a finite difference scheme can be easily verified by using the following result.

Lemma 8 Suppose that the semidiscrete Fourier transform of the solution {U;n}(j?ib m=20,1,..., %,

of a finite difference scheme for the heat equation satisfies
U™ (k) = A(k)T™ (k)
and
IA(E)| <1+ CoAt Vk € [-w/Ax, w/Ax].

Then the scheme is von Neumann stable. In particular, if Cy = 0 then the scheme is practically stable.

PRrROOF: By Parseval’s identity for the semidiscrete Fourier transform we have that

1 .

U™ e, = EHUmHHLz
1 X

= EH)‘UmHLz

1 .
< ——max [\(k)] |[U™
S AR U™ L,
= max AK)] [0,
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Hence,
U™ e, < 1+ CoAD|IU™ g, m=0,1,...,M ~1.

Therefore,
U™ ey < (14 CoA)™|U°|lg,,  m=1,..., M.

As 1+ CoAt < 08 and (1 4 CoAt)™ < eComAt < ¢CoT for all M = 1,..., M, it follows that

N1T™ e, §eC°THU0H52, m=1,2...,M,
meaning that von Neumann stability holds, with stability constant C' = e“07, o
End of
optional
material

7.4 Stability of the #-scheme

The explicit and implicit Euler schemes are special cases of a more general one-parameter family of
numerical methods for the heat equation, called the #-scheme, which is a convex combination of the two
Euler schemes, with a parameter 6 € [0,1]. The 6-scheme is defined as follows:

m+1 m m m m m—+1 m+1 m+1
At (Az)? (Ax)? ’

U = ug(x;), j=0,+1,%2,...,

where 6 € [0,1] is a parameter. For § = 0 it coincides with the explicit Euler scheme, for § = 1 it is the
implicit Euler scheme, and for # = 1/2 it is the arithmetic average of the two Euler schemes, and is called
the Crank—Nicolson scheme.

To analyse the practical stability of the §-scheme in the £5 norm, we shall use Lemma [§ with Cy = 0.
Suppose that

U™ = [A(k)]™ 5.

Substitution of this ‘Fourier mode’ into the #-scheme gives the equality

Mk)—1 = —4(1—0)p sin® (%ﬂ — 46 p \(k) sin® (%ﬂ .

Therefore,
1 —4(1 — 0)usin? (252)
Ak) = 2 (kAz :
1+ 40y sin (T)

For practical stability, we demand that
IA(E)| <1 Vk € [-n/Ax,m/Ax],

which holds if, and only if,
2(1—20)pu < 1.

Thus we have shown that:
e For 0 € [1/2,1] the -scheme is unconditionally practically stable;
e For 6 € [0,1/2) the f-scheme is conditionally practically stable, the stability condition being

that
1

< — .
M= 51— 20)
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7.5 Boundary-value problems for parabolic problems

When a parabolic partial differential equation is considered on a bounded spatial domain, one needs to Lecture 15
impose boundary conditions on the boundary of the domain. Here we shall concentrate on the simplest
case, when a Dirichlet boundary is imposed at both endpoints of the spatial domain, which we take
to be the nonempty bounded open interval (a,b). We shall therefore consider the following Dirichlet
initial-boundary value problem for the heat equation:

ou  0%u
— =, <zx<b 0<t<T,
ot o220 ‘7
subject to the initial condition
u(x,0) = ug(z), x € la,b],

and the following Dirichlet boundary conditions at £ = a and x = b:
u(a,t) = A(t), wu(b,t) = B(t), t e (0,7].

Remark 6 We note in passing that the Neumann initial-boundary-value problem for the heat equation
18:

ou  0%u
— = b, 0<t<T
ot 922 a<x <o, <t< 1,
subject to the initial condition
u(z,0) = up(z), x € [a,b],

and the Neumann boundary conditions

ou ou
—(a,t) = A(t —(b,t) = B(t t 0,T].
St =AW, S0 =B@), teT]
An example of a mized Dirichlet—-Neumann initial-boundary-value problem for the heat equation is
ou  0%u
- = - <
% = 92’ a<zxr<b 0<t<T,
subject to the initial condition
u(z,0) = up(z), x € [a,b],

and the mized Dirichlet—-Neumann boundary conditions

u(a, ) = A(l), %(b,t):B(t), t e (0,T].

7.5.1 0-scheme for the Dirichlet initial-boundary-value problem

Our aim in this section is to construct a numerical approximation of the Dirichlet initial-boundary-value
problem based on the #-scheme. Let Az = (b —a)/J and At =T /M, and define

zj:=a+jAz, j=0,...,J, tm i =mAt, m=0,..., M.
We approximate the Dirichlet initial-boundary-value problem with the following #-scheme:

m o —2UrUn,  UmAt—2utt Ut
(Az)? (Az)? =

m+1 _ m
Uj Uj

At =(1-0)

fory=1,...,.J -1, m=0,1,...,. M — 1,

U) =uo(z;), j=1,....0—1,



Ug™*h = A(tmgn), UFH = Bltmyr), m=0,... M~ 1.

In order to implement this scheme it is helpful to rewrite it as a system of linear algebraic equations to
compute the values of the approximate solution on time-level m + 1 from those on time-level m. We have
that

[1—0us* UM = [1+(1—0)us’|U}",
U} = wo(z;), 1<j<J—1,

UMt = Altyy1),  UPT =B(tme), 0<m <M -1,

where
52Uj =Ujy1 — 2Uj + Uj—l-

The matrix form of this system of linear equations is therefore the following. We consider the sym-
metric tridiagonal (J — 1) x (J — 1) matrix:

-2 1 0 0 0 0 0 O
1 -2 1 0 0 0 0
A= 0 1 -2 1 0 0 0 O
o o0 o0 o0 o0 ... 1 =21
o o0 o0 o0 o0 ... 0 1 =2

Let Z be the (J — 1) x (J — 1) identity matrix Z = diag(1, 1, 1,..., 1, 1). Then, the #-scheme can be
written as

(T — 0p AU = (T + (1 - 0)pA)U™ + uF™ ! 1 (1 — 0)uF™
form=0,1,...,M — 1, where

U™ = (Ulma U2m7 teey U;n_27 Uﬁl)T

and
F™ = (A(tn), 0, ..., 0, B(t))".

Matlab code for the Crank—Nicolson scheme

% cn.m - Crank--Nicolson scheme for the heat equation.
% Save this file as cn.m
% Run this by typing cn at the Matlab command line, and choose the value of N when prompted.

N = input(’°N? ’);

dx = 1/N; x = dx:dx:1-dx; N1 = N-1;
dt dx/2; mu = dt/dx"2;

% u = max([1-2.*abs(0.5-x); 0*x])’;
u = (sin(pi*x).*exp(3*x))’;

x1 [0, x, 1]1;

ul = [0, u’, 0];

hold off; plot(xl,ul,’linewidth’,2)
text(0.71,0.75,’t = 0’,’fontsize’,15)
A= (-2.) * eye(N1);

for i = 1:N1-1

AGi,i+1) = 1; AGi+1,i) = 1;

end
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Al = eye(N1) - (1/2) * mu * A;
A2 = eye(N1) + (1/2) * mu * A;
grid;

hold on;

pause;

for i = 1:50

u = AI\N(A2 * u);

ul = [0, u’, 0];
plot(x1l,ul,’b’,’linewidth’,2);
text(.41,0.45,°t=20*%dt’, ’fontsize’,15)
end

7.5.2 The discrete maximum principle

We shall now try to prove a bound, analogous to (I03)), for the #-scheme Lecture 16

Theorem 26 (Discrete maximum principle for the #-scheme)
The 0-scheme for the Dirichlet initial-boundary-value problem for the heat equation, with 0 < 8 <1 and
w(l—0) < %, yields a sequence of numerical approrimations {U;n}j:()7___7j; m=0,...M Satisfying

Umin < Ujm < Umax

where
Umin = min {min{Ugn}%zo, min{UjQ};-]:O, min{Uf,n}%:O}

and
Umax = max {max{Ué”}%[:O, max{UjO}}]:O, max{UT}n]\f{:O} .

PROOF: We rewrite the 6-scheme as

(1+20p) U = 0p (U}T{l + Uj"ﬁtl) + (1 =0 (U + U ) + 1 =201 — 0)u UJ", (108)

and recall that, by hypothesis,
O >0 (I1-6)u >0, 1-21-60)p>0.

Suppose that U attains its maximum value at an internal mesh point U ;”H, 1<5<J-1,0<m< M-1.
If this is not the case, the proof is complete. We define

* m+1 m+1 m m m
Ur = maX{U— U'—l y Uit Uj }

J+1 0 ¥ j=Db
Then,
(1420p) U™ < 20pU" +2(1 — 0)uU" + [1 = 2(1 — 0)p]U* = (1 + 20p) U*, (109)
and therefore
Uttt <u.
However, also,
Ut < Ut

as UjmJrl is assumed to be the overall maximum value. Hence,
m+1 __ *
U; =U™.
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Thus the maximum value is also attained at the points neighbouring (z;,t,,+1) present in the scheme

The same argument applies to these neighbouring points, and we can then repeat this process until
the boundary at * = a or x = b or at t = 0 is reached, and this will happen in a finite number of
steps. The maximum is therefore attained at a boundary point. Similarly, the minimum is attained at a
boundary point. ¢

In summary then, for

p(l—0) <

N =

the f-scheme satisfies the discrete maximum principle. This is clearly more demanding than the fo-
stability condition:

u(l—20) < for 0<6<

N | =
l\DI»—l

For example, the Crank-Nicolson scheme is unconditionally stable in the £5 norm, yet it only satisfies the
discrete maximum principle when p := (AA—;)Z <1
7.5.3 Convergence analysis of the f-scheme in the maximum norm

We close our discussion of finite difference schemes for the heat equation (I0I]) in one space-dimension
with the convergence analysis of the #-scheme for the Dirichlet initial-boundary-value problem. We begin
by rewriting the scheme as follows:

(1+20p) UM = 6p (U;Tll + Uj”1+11) +(1=0)p (U +U) + 1 =201 = 0)] U™

The scheme is considered subject to the initial condition
U =up(z;), j=1,....0—1,
and the boundary conditions

UMt = A(tys1), UPH = B(timgr1), m=0,...,M — 1.

The consistency error for the #-scheme is defined by

+1 +1 +1 +1
— wp™t — g _ a-s) ully — 2ult - ult iy wity = 2ulT +ult
J At (Az)? (Az)? ’

where " = u(z;,tm), and therefore

(1 +204) u] ml — gy (u;'fil + um+1) + (1= (ul'y +ufy) + 1 —2(1 — O)pu]' + ALT}.

Let us define the global error, that is the discrepancy at a mesh-point between the exact solution
and its numerical approximation, by

el" = u(zj, ty) — U™

T see that the maximum value U;.”H = U" is attained at each of points neighbouring (x;, tm+1) present in the scheme,
first observe that if: (a) @ = 0, then U’iﬁl and U’”+1 are absent from the right-hand side of (I08)); (b) if # = 1 then Uj%,
and U™, are absent from the right-hand side of (IﬂEI) (c) if 2(1 — @)p = 1, then U;" is absent from the right-hand side of
(109, and (d) if 6 ¢ {0,1,1 — 2#}7 then U’T{17 Umﬂ7 i1, Utq, and UJ" are all present on the right-hand side of (I0S).
There are therefore four different cases to be dlscussed (a), (b), (c) and (d). Suppose that we are in case (d) (the cases (a),
(b) and (c) being dealt with identically); if one of Uﬁﬁl, U'”H, 1, UMy, and U™ were strictly smaller than U]m“ =U",
then, by returning to the transition from (I08) to (I09)), we would deduce (I09) from (O8], but now with the < symbol in
(109D replaced by <, which would then imply that U;" 1 < U*. This would, however, contradict the equality U ;"H =U"

we have already proved. Thus the value U™ = U* is attained at each of the five point neighbouring (z;, tm+1)-
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It then follows that

6n+1 =0, egn+1 =0, 62:0’ ji=0,...,J,
and
(1420p) et = oy < e+ e;n+11) + (=0 (] +ef ) +[1—2(1 = 0)ulef + AtT}".
We define,
E™ = max |ef'| and T™ = max |T}".
0<5<J 0<5<J

As, by hypothesis,
Op>0, (1-0)pu>0, 1-21-0)pu>0,

we have that
(14 20p)E™ < 20puE™ L 4 E™ 4+ AtT™.

Hence,
EmtL < E™ 4 AtT™.

As E° = 0, upon summation,

m—1
E™ < At T"
n=0
< mAt max T"
0<n<m—1
< T max 73",
0<m<M 1<j <J 1
which then implies that
max max |u(zj,ty) —U"| <T max  max |T7"].
0<j<J 0<m<M 1<j<J—1 0<m<M
Recall that the consistency error of the #-scheme is
m O ((Az)* + (At)?) for 6 =1/2,
I O((Az)? + At) for 6 #£ 1/2.

It therefore follows that for the explicit and implicit Euler schemes, which have consistency error

Tm =0 ((Az)* + At),

J

one has the following bound on the global error:

max max |u(zj,t,) — Uj"| < Const. ((Az)* + At),
0<j<J 0<m<M

while for the Crank—Nicolson scheme, which has consistency error

Tj" = O ((Ax)* + (A1)7)

one has

. U™ < . 2 2 )
ogljang onax |u(xj,tm) — U;"| < Const ((Az) + (At)?)

The results developed in this section can be easily extended to multidimensional axiparallel domains,

such as rectangular or L-shaped domains in two space-dimensions whose edges are parallel with the x and
1y, axes, or cuboid-shaped domains in three space-dimensions whose faces are parallel with the co-ordinate
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planes. For more complicated computational domains, such as those with nonaxiparallel or curved faces,
finite difference meshes with uneven spacing need to be used for points inside the computational domain
that are closest to the boundary of the domain, or if a mesh with even spacing is used, then ‘ghost-points’,
which lie outside the computational domains, need to be introduced. For further details, we refer, for
example, to R. LeVeque, Finite Difference Methods for Ordinary and Partial Differential Equations.
SIAM, 2007. ISBN: 978-0-898716-29-0; or to K.W. Morton and D.F. Mayers, Numerical Solution of
Partial Differential Equations: An Introduction, 2nd Edition, CUP, 2005. ISBN: 978-0-521607-93-3.

In the next section we shall confine ourselves to discussing the construction of finite difference schemes
for the unsteady heat-equation in two space-dimensions on a rectangular spatial domain.

8 Finite difference approximation in two space-dimensions

Consider the heat equation Start of
optional
ou o%u o%u material
a3, - 9.9 .92 ) GQ:: ,bX 7d7t€ 07T7
G =gt g @0 EQ= (@b x(ed), te ©.1]

subject to the initial condition

w(@,y,0) =uo(z,y),  (z,y) € [a,b] x ¢, d],
and the Dirichlet boundary condition

ulyq = B(z,y,t), (x,y) € 09, t e (0,T],

where 0f) is the boundary of 2. We begin by considering the explicit Euler finite difference approximation
of this problem.

8.1 The explicit Euler scheme

Let
52Uij »= Upy1,j — 2Uij + Ui—r,

and
5§Uij = Ui,j+1 — QUZ']' + Ui,j—l-
Let, further, Az := (b—a)/Jy, Ay = (d —¢)/Jy, At := T /M, and define

T, = a + iAx, 1=0,...,Jz,
yj:b+JAy7 jZO,...,Jy,
tm = mAt, m=0,...,M.

The explicit Euler finite difference approximation of the unsteady heat equation on the space-time domain
2 x [0,T] is then the following:

uptt—up stum 62U

— 1) Yy

At (B2 " (Ay)?
fori=1,...,J; —1,5=1,...,J,—1,m=0,1,..., M — 1, subject to the initial condition

Uy =uo(zi,y;), i=0,...,0p, 5=0,...,Jy,
and the boundary condition

Ui = B(%i,yj,tm), at the boundary mesh points, for m =1,..., M.
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8.2 The implicit Euler scheme
The implicit Euler scheme is defined analogously. Let Az := (b—a)/J;, Ay := (d —¢)/Jy, At :=T/M,
and define

x; = a+iAx, 1=0,...,Jz,

yj:b+JAy7 jZO,...,Jy,

tm = mAt, m=0,...,M.

The implicit Euler finite difference scheme for the problem under consideration is then

m+1 m 2rrm~+1 2rrm~+1
At Ao (A7

fori=1,...,J; —1,5=1,...,J,—1,m=0,1,..., M — 1, subject to the initial condition
U =uo(xs,y;), i=0,...,J0p, j=0,...,Jy,
and the boundary condition
UZ-LH = B(24,Yj,tm+1), at the boundary mesh points, for m =0,...,M — 1.

8.3 The #-scheme

By taking the convex combination of the explicit and implicit Euler schemes, with a parameter 6 € [0, 1],
with 6 = 0 corresponding to the explicit Euler scheme and 8 = 1 to the implicit Euler scheme, we obtain
a one-parameter family of schemes, called the f-scheme. It is defined as follows.

Let Az := (b—a)/Jy, Ay :=(d—c)/Jy, At:=T/M, and, for § € [0, 1], consider the finite difference
scheme

Uyt -up Ry sUy guptt  sumtt
:(1_9) Iy y—ig +0 J + yig :
At (A2 " (Ay)? @A) T (Ay)?

fori=1,...,J, —1,5=1,...,J,—1,m=0,1,..., M — 1, subject to the initial condition
Uy =uo(xi,y;), i=0,...,0p, 5=0,...,Jy,
and the boundary condition
UZ-IH = B(xi,Yj,tm+1), at the boundary mesh points, for m =0,..., M — 1.

The practical stability of the #-scheme (in the absence of boundary conditions now, i.e. for the pure
initial-value problem rather than the initial-boundary-value problem) in the £2 norm is easily assessed by

inserting the Fourier mode
Ul = (kg by )™ eeritons)

into the scheme. This gives

A—1=—4(1—0) [,umsinz <k7rTAx> +,uysin2 (ky$y>] — 40\ [,uxsin2 (km2A$> —I—,uySin2 <k‘y2Ay>} )

where

At At
He= Az M= (ay?
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Hence,
1—-4(1-9) [,um sin? (k’”—?x) + py sin? (kyTAy”
1446 [,ux sin? (—kIQAm) + 1, sin® (_I@?y)} ‘

For practical stability in the /5 norm, we require that

A\ =

s T ™ ™
< - = S
Ak, Byl < 1 9 (ks By) € [ Am’Am] X { Ay’Ay}

Thus, we demand that
LA 0) [+ )
1+46 [pe + py]

which can be restated in the following equivalent form:

<1

9

21— 20)(sta + 1) < 1.

For example, the implicit Euler scheme (# = 1) and the Crank—Nicolson scheme (§ = 1/2) are
unconditionally stable, while the explicit Euler scheme (6 = 0) is only conditionally stable, the stability
condition being that Az, Ay, and At satisfy the following inequality:

+ py = At ! + L <1
Ho Ty =20\ T (ag2) = 2

Under a suitable condition the 8-scheme for the initial-boundary-value problem also satisfies a discrete
maximum principle. To see this, we rewrite the #-scheme as

(1+ 20(ue + p))UZH = (1= 2(1 = 0)(p + p1) U}
+ (1 = N (U ; + U )
+(1— H)Ny(Uz?,ZL‘H + UiT:]L'—l)
+ Oua (UL + UMY
+ 0y (U1 + UL,

fori=1,...,J; —1,5=1,...,J,—1,m=0,1,...,M — 1, subject to the initial condition
Uioj =uo(xs,y;), 1=0,...,Jp, j=0,...,Jy,
and the boundary condition
Ui = B(zi,yj,tm), at the boundary mesh points, for m =1,..., M.

Theorem 27 Suppose that
, 0 €10,1].

N —

(o + py) (1 —0) <
Then, the 0-scheme satisfies the following discrete mazimum principle:
Umin < UZT < UmaX7

where L
Umin = min {mln{Ug}z;’zgv min{Uir]r'L}%:(]‘(mi,yj)Eaﬁ}

and
Jo,J.
Upnax = max {maX{U?j}i;:g, max{Ug}%zo\(%yj)eaQ} .
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PRrROOF: The proof proceeds by an obvious modification of the proof of the discrete maximum principle
for the 6-scheme in one space-dimension. [J

In summary, then, for
1

(o + py)(1 = 0) < 2

the #-scheme satisfies the discrete maximum principle. This condition is more demanding than the one
for the fo-stability of the scheme, which requires that

for 0<6<

(I

(ta + py) (1 —20) <

N | —

For example, the Crank—Nicolson scheme is unconditionally stable in the ¢ norm, but for the discrete
maximum principle to hold we had to assume that

LA A
e T T Ay T

We close our discussion of the #-scheme with its error analysis. The starting point is to rewrite the
scheme as follows:

(1+ 20(ue + p))UZH = (1= 2(1 = 0)(p + p1) U}
+ (1 = N (U ; + U )
+(1— H)Ny(Uz?,ZL‘H + UiT:]L'—l)
+ 0 (U5 + UZTS)

+ Oy (U551 + UTEY),

fori=1,...,J, —1,57=1,...,J,—1,m=0,1,...,M — 1, subject to the initial condition
UZ-Oj =uo(xi,y;), 1=0,...,Jp, j=0,...,Jy,
and the boundary condition
Uji = B(zi,yj,tm), at the boundary mesh points, for m =1,..., M.

Suppose further that
1
(ot i) -6) < 3, 6E0.1]

The consistency error of the #-scheme is defined as follows:

1 1 1
— ug - -0 <5gu;fg . 5§u;fg> iy <5§uy;+ . Spupi* )
1y T )

At (Az)? ~ (Ay)? (Az)? — (Ay)?

where
By performing some elementary but tedious Taylor series expansions, one can deduce that

™ { O ((Az)? + (Ay)? + (At)?) 6=1/2,
9 O ((Az)? + (Ay)? + At) 0 #1/2.
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It follows from the definition of the consistency error 777" for the #-scheme that

(1420 + py) )y ™ = (1= 2(1 = 0) (1 + pa))uf}

+ (1 = O (uiy j +uwiy )

+ (1= 0)py(uiljr +uily 1)

+ O (i + ui )

+ Hﬂy(umill + uzn;tll)

+ At T},
fori=1,...,J, —1,7=1,...,J, —1,m=0,1,...,M — 1. We define the global error as
Z.L
Then, e?j =0 and €} =0 for (xi,y;) € 09, and

(14 26010+ i)™ = (1= 200 = 0)(te + 1))l

+ (1= Opaleffy; + €1 ;)

+ (1= 0)py(efy 1 +ei-1)

+ Opa ey + e )

+ Hﬂy(e?,ljtll + e?fjtlﬂ

+ AT

er; = u(xi, Yj, tm) — U}

We further define,
E™:=max|ef}| and T := max|T}"|.
i7j i7j

As, by hypothesis,
1= 2(1— ) (e + py) > 0,

we have
(14 20(p1z + 1)) ™ < 20(p1 + py ) E™ 1 + E™ 4+ AT,

Hence,
E™TL < E™ 4 AtT™, m=0,1,...,M —1.

As E° = 0, upon summation we deduce that

m—1
E™ < At) T"
n=0
< mAt max T"
0<n<m-—1
< T max max |[TJ7,
0<m<M 1<j<J—1 ' Y

and we have that

max max |u(z;,yi, ty) — UT| <Tmax max |T77].
i 0<m<M | ( Zvij m) zg| — i OSmSM| 1)

The explicit and implicit Euler schemes therefore satisfy:

max  max [u(wi, yj, tm) — Uj;| < Const ((Az)* + (Ay)” + At),

where in the case of the explicit Euler scheme we are assuming that p, + p, < %, while for the Crank—
Nicolson scheme we have that

-y _qm 2 2 2
max max lu(zi, yj, tm) — Uf7| < Const. ((Ax)* 4 (Ay)® + (At)?),

assuming that p, + pu, < 1.
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8.4 The alternating direction (ADI) method

Except for § = 0 corresponding to the explicit Euler scheme, for all other values of 6 € (0, 1] the #-scheme
is an implicit scheme, and its implementation therefore involves the solution of large systems of linear
algebraic equations. This is true, in particular, for the Crank—Nicolson scheme corresponding to 6 = %
Our objective here is to propose a more economical scheme, which replaces the tedious task of solving
such large systems of algebraic equations with the successive solution of smaller linear systems in the x
and y co-ordinate directions respectively, alternating between solves in the x and y co-ordinate directions.
The resulting finite difference scheme is called the alternating direction (or ADI) scheme. We describe
its construction starting from the Crank—Nicolson scheme, which has the form:

<1 — %mg - uy%ﬁ) Uit = <1 + %uxag + uy%@g) Uy,
fori=1,...,J; —1,5=1,...,J,—1,m=0,1,..., M — 1, subject to the initial condition
U =uo(xs,y;), i=0,...,J0p, 5=0,...,Jy,
and the boundary condition
Ui = B(%i,yj,tm), at the boundary mesh points, for m =1,..., M.

Let us modify this scheme (subject to the same initial and boundary conditions) to:

1 15\ m 1 15\ m
(1 — Wag) <1 - uy§5§> Ut = <1 + 5Mz5§> (1 + uy§5§> U

By introducing the intermediate level U™11/2_ we can rewrite the last equality in the following equivalent
form:

1 2 m+1/2 1 2 m
<1 - §M:v5x> Ui = <1 + §My5y Uij (1)
Lo\ rmet L0\, mt1/2
<1 - Euy(sy> Ut = <1 +omo? ) USTE(2)

The equivalence is seen by applying
L o L
1+ §Nx5m toeq. (1) and (1— E,uxém to eq. (2).

The stability in the ¢2 norm of the ADI scheme (for the pure initial-value problem now, i.e. with no
boundary conditions assumed) is easily seen by substituting the Fourier mode

UZ = [k, by it hons)
into the scheme. Hence,

(1 — 21, sin? %k‘an:) (1 — 2ty sin? %k‘xAy)
(1 + 2ty sin? %k,‘mAJE) (1 + 2py sin? %krmAy) )

Mkg, ky) =

Clearly,

T T L
< o _—— — | .
(A(kz ky)l <1 V(kas ky) € [ Az’ Ax] 8 [ Ay’ AT‘J
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Consequently, the ADI scheme is unconditionally stable in the 5 norm. The consistency error of the ADI
scheme can be shown (again, after tedious Taylor series expansions) to be

T = O ((Az)® + (Ay)® + (AL)?) .

The ADI scheme satisfies a discrete maximum principle for p,, < 1 and p, < 1. The proof of this is
similar to the case of the #-scheme in one space-dimension (cf. the textbook by K.W. Morton and D.F.
Mayers, Numerical Solution of Partial Differential Equations: An Introduction, 2nd Edition, CUP, 2005.

ISBN: 978-0-521607-93-3. pp. 64-65).

End of
optional
material
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