Chapter 7

Numerical ordinary differential equations

Introduction

This chapter concerns the numerical solution of ordinary differential equations (ODESs) of the

following form:

{m’(t) = f(t, (1)), (7.1)

w(to) = Xy.

Here f: R x R® — R and xg is the initial condition. Equations of this type are the building
blocks of a plethora mathematical models in science and engineering. They have applications in
celestial dynamics, molecular simulation and fluid mechanics, to mention just a few. Ordinary
differential equations also arise after discretization of time-dependent partial differential equa-
tions, which are also ubiquitous in science. More often than not, it is not possible to find an
explicit solution of (7.1), and so one has to resort to numerical simulation. The rest of chapter

is organized as follows:

e In Section 7.1, we define the concepts of local and global solutions for the continuous-time
problem (7.1), and we recall fundamental results concerning the existence and uniqueness

of a solution.

o In Section 7.2, we analyze the so-called one-step numerical methods to solve (7.1). We

emphasize in particular the concepts of consistency, stability and convergence.

o In Section 7.3, we present multistep methods to solve (7.1), and discuss their drawbacks

and advantages compared to one-step methods.

e Finally, in Section 7.4, we introduce the concept of absolute stability and discuss its rele-

vance in the context of stiff differential equations.

7.1 Analysis of the continuous problem

A differentiable function @: I — R", where I denotes an interval of R containing ¢y, is a solution
of (7.1) if x(t9) = xp and the equation (7.1) is satisfied for all ¢ € I. The solution is called
global if I = R, and local otherwise.
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Chapter 7. Numerical ordinary differential equations
Integral formulation. If x is a solution to (7.1), then it holds that

vVtel, x(t) = zo + /t f(s,@(s)) ds. (7.2)

to

The converse statement is not true in general, because a solution to (7.2) need not necessarily be
differentiable everywhere. However, if the integral formulation (7.2) holds, then necessarily « is
absolutely continuous and (7.1) is satisfied for almost every ¢. Additionally, if (7.2) is satisfied
and the function f is continuous, then the function s — f(s, a:(s)) is continuous, and so (7.1)
is satisfied for all t € I by the fundamental theorem of analysis. We now focus on the integral

formulation (7.2), and begin by establishing existence of a local solution.

Theorem 7.1 (Existence of a solution). Let ¢y € R™ and let Qg denote the set
{(t, @) e RxR": [t —to| < T and ||x — zo|| < R},

Assume that the following conditions are satisfied for some T >0 and R > 0:

o The function f is uniformly bounded on Q1 Rr:

v(t,x) € Qrr,  [[f2)| <M. (7.3)

o The function f satisfies the following Lipschitz condition: there is L > 0 such that
V((t, 1), (t,22)) € QT X AR, [|F(t,®1) = f(t,22)|| < Lllzy —®2f|.  (7:4)

Then there exists T € (0,7 depending on R, M and L such that the differential equation (7.2)
has a local solution x: [to — T, to +T] — R™.

Proof. Fix T € (0, 7] and let I = [top — T,to + T]. Let also X denote the following subset of

continuous functions defined from I to R™:

X = {az € C(I,R") : sup||z(t) — @o|| < R}
tel

The set X endowed with supremum metric is a closed subset of C'(I,R™). Since X is a closed

subset of a complete metric space, it is itself complete. Let ®: X — C(I,R") denote the
mapping
t
O(x): t > a0+ / f(s,z(s)) ds.
0

The right-hand side, being the integral of a bounded function, is indeed a continuous function.

We will show that, for T sufficiently small,
e the mapping ® maps X into X’;

e the mapping ® is a contraction.
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Chapter 7. Numerical ordinary differential equations
From (7.3), it follows that

Vee X, vtel,  ||®(x)(t) - x| = ‘ < MT.

/ F (s () ds

to

On the other hand, from the Lipschitz condition (7.4), it holds that
Viz,y) e X x X,  [@(z) - (y)|| < LT(|@(z) — (y)]|

Therefore, it suffices to take T' < min {T, %, %} to ensure that the above conditions are satisfied.

For a value of T in this range, the Banach fixed point theorem, Theorem A.3, gives the existence
of a unique fixed point x, € X of ®. Since a fixed point of ® is a solution to (7.2) in view of

the definition of ®, the statement is proved. O

It may seem at first glance that uniqueness of the solution to (7.2) follows from the uniqueness
of the fixed point guaranteed by Theorem A.3. However, this theorem implies uniqueness only
in the set X, a property known as conditional uniqueness. In order to prove that the solution
is unique over the full space C([to — T, to + T],R™), additional assumptions and arguments are

required. A simple approach is to rely on Gronwall’s lemma.

Lemma 7.2 (Gronwall’s lemma, simplified integral form). Suppose that w: [to — T, to+T] —

R is continuous, nonnegative, and satisfies
t
Vit € [to, to + 17, u(t) <a+ [ B(s)u(s)ds, (7.5)
to
where o > 0 and B: [to,to + T] — Rso is continuous and nonnegative. Then
t
Yt € [to,to + T, u(t) < aexp < B(s) ds) . (7.6)
to

Proof. Assume first that o > 0, so that the logarithm in (7.7) is well-defined. By the funda-

mental theorem of calculus and (7.5), it holds that

% (a + t: B(s) u(s) ds> < B(t) (oz + t: B(s) u(s) ds>

Therefore we have

%bg <a + [ Beputs) ds> < B(1), (7.7)

and after integrating and exponentiating, we obtain
t t
a+ [ B(s)u(s)ds < aexp < B(s) ds)
to to

The statement then follows by using (7.5) again. Assume next that o = 0. If (7.5) is satisfied
for a = 0, then this condition is also satisfied for all aw > 0. Therefore the conclusion (7.6) holds

for all & > 0, and taking the limit o — 0 in this equation, we obtain the statement. ]
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Chapter 7. Numerical ordinary differential equations
Note that the estimate (7.6) is sharp, since the function v: [tg,to + T given by

o(0) = aexp t:6(8) as)

satisfies (7.5) with equality. We are now ready to prove uniqueness under an appropriate

condition.
Theorem 7.3 (Uniqueness of the solution). Let xyp € R™ and let
Qrr{(t, ) e RXR": |t —to| < T and ||l — x| < R},
Assume that for all T € Rso and R € Rsq, there is L+ r such that
V((t, 1), (t,22)) € Qrr X Q7 R, [£(t,z1) — f(t,z2)|| < L7 rllT1 — 22| (7.8)

Then if x1 and x5 in C’([to — T, to +T]7R”) are local solutions to (7.2), it holds that 1 = x2.

Proof. Suppose that &1 and @2 are solutions to (7.2). Let I = [tg — T, to + T'] and
R := max {sup|x1(t) — xgl|, sup||xa(t) — m0||} < 00,
tel tel
Since x1 and x5 are solutions, it holds that

Vt € [t — T,to + T, :1:1(75)—:1:2(75):/ (/(s,21(5) = f (5, 2(5)) ) s

to
Taking the norm and using (7.8), we obtain

t
Vit € [to, to + T, |lx1(t) —z2(t)|| < L7 [ ||21(s) — x2(s)| ds

Using Gronwall’s lemma, we deduce that @1 (t) = xo(t) for all t € [tg, to+T]. A similar argument
can be employed to show that @; = @2 on [tg — T, to. O

Corollary 7.4 (Maximal solutions). Assume that f is continuous in t and satisfies the local
Lipschitz condition (7.8). Then there exists —oo < T < Ty < oo such that tg € (T-,T4)

and the following properties are satisfied.
o there exists a solution x,: (T_,T4) — R" to (7.2);

o if x: I — R™ is a local solution of (7.2), then I C (T_,T}) and x(t) = x.(t) for
allt € I.

o If T, is finite, then limtﬁTJer(t)H = oo, and if T_ s finite, then limy_,7 Hm(t)” = 0.
The solution ., is called the mazimal solution of (7.2).

Proof. Let T denote the union of all the open intervals I such that there exists a solution
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Chapter 7. Numerical ordinary differential equations

in C(I,R™) to (7.2). The open set Z is connected and, by Theorem 7.1, it contains a neigh-
borhood of ty. Therefore Z is of the form (7_,T,), where —oco < T_ < t9p < T4 < oo. In
view of Theorem 7.3, all the local solutions coincide where they are defined, and so they can
be patched together in order to construct a solution x,: (T_,7}) — R. It remains to prove
the third item. To this end, suppose for contradiction that T, was finite and that there was

(tn)nen such that ¢, — T4 in the limit n — oo and

K := sup||z.(t,)] < oo.
neN

Since f is continuous, there is M such that | f(¢, )| is uniformly bounded from above by M for
all (t,x) € [T- —1,T4 + 1] X Bg+1(0). Furthermore, by the assumption (7.8), there is L such
that for all t € [T_ — 1,7y + 1], the following Lipschitz condition holds:

V(w1 22) € Br41(0) X Br41(0),  [[f(t,z1) — f(t, z2)|| < L1 — 22|
Consequently, Theorem 7.1 with 7 = R = 1 implies for all n the existence of a solution to
z'(t) = f(t,=(t)),
T(tn) = u(tn).

over the time interval [t,, — T, t, +T], where T > 0 depends only on M and L, and not on n. But
then, for n sufficiently large, this solution extends beyond 7'y, which contradicts the maximality

of Z. An analogous reasoning can be employed for 7T_. O

Ezxample 7.1. Consider the ODE
2'(t) = 2(1)*,
z(0) = 1.

The maximal solution is z,: (—oo,1) — R given by

Existence of a unique global solution. In certain settings, it is possible to prove the maximal
solution to (7.2) is globally defined for any initial condition. We discuss a few important

examples.

e The first case is when f: R x R is globally Lipschitz in its second argument, with a

Lipschitz constant that depends continuously on the first argument.

o The second case, generalizing the first, is when the growth of f(t,¢) is at most affine:
V(t,z) e R xR, |[f(t,2)] < C@)+ L)z,

with continuous constants C(t) and L(t).
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e The third case is when f is independent of ¢ and there is a function W € C'(R") such
that W (x) — oo in the limit as ||z|| — oo and

Ve € R", VIW(x) - f(x) <c< oo

Such a function is called a Lyapunov function.

The strategy of proof for global existence usually relies on an argument by contradiction. Con-
sider for example the third setting. Since the assumptions of Corollary 7.4 are satisfied, there
exists a maximal solution x,: (T—,T) — co. Assume for contradiction that 7' is finite. Then
the third item in Corollary 7.4 implies that limy_7, [|&.(t)|| — oo, and so W (. (t)) blows up
as t approaches 7. On the other hand, we have

%W(m*(t)) = VW (2.(8) - F(aa() < c.

Therefore limy_, 7, W (@ (t)) < W (2«(to)) + |¢|(T — to), which is a contradiction.

7.2 One-step methods

From now on, we assume for simplicity that fy = 0 and that the initial value problem (7.1)
admits a unique solution over the interval [0,7]. Most numerical methods for ODEs construct

an approximation of the solution at discrete points:
Ty, ~ x(ty), n=20,1,2,....

The discretization points (t,)nen are commonly equidistant, i.e. ¢, = nA where A is the
discretization step. Sometimes, it is useful to employ a variable time step, but we assume
throughout this section that the time step is fixed, for simplicity. We begin in Section 7.2.1
and Section 7.2.2 by studying the simplest one-step methods, namely the forward and backward
Fuler methods. Then, in Section 7.2.3, we present a general approach to the analysis of one-
step methods. Finally, in Section 7.2.4, we present other widely used one-step methods in

applications.

7.2.1 Forward Euler method

Assume that (7.1) has a unique solution @(t) over the interval [0, T]. If x(t) is twice continuously

differentiable, then by Taylor’s formula, we have

x(t+A)=z(t)+Af(t,x) + A;:n"(r), TE(t,t+ A). (7.9)

This motivates a method known as the forward or explicit Euler method:

Tn+1 = T + Af(tny a’n)a
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with the same initial condition as for the continuous equation (7.1). The convergence of this

method can be proved under a global Lipschitz assumption on the function f.

Theorem 7.5 (Convergence of the forward Euler method). Assume that there is L € Rsg
such that
v(t,z,y) e RxR" xR", |f(t,z) - f(t,y)l < Llz -y (7.10)

Suppose in addition that there exists a unique, twice continuously differentiable of (7.1) over
the interval [0,T], and let

M = sup [z"(t)|
te[0,T

Then the following error estimate holds:

T AM (eltn —1
= D —mal| <2 (). .
e ot |x|b le) —el < S () (.11)

Proof. By Taylor’s theorem, it holds that

A2

1
(tn) = @(tn-1) + Af (o1, @(tn1)) + S-an,  ani= 2/0 (1 — s)a" (t, + As)ds.

Notice that that ||a,|| < M. Therefore, it holds that

x(ty) —x, = (w(tn_l) + A f(tn_l,m(tn_l)) + A20(,1) — (:cn_l + Af(tn_l,wn_1)>

2
A2
- (w(tn_l) o x"_l) + A(-f(t"—l?x(tn—l)) - f(tn—lamn—l)) + 7C¥m
Let e, = z(t,) — x,, and &, = %20%. The first term is the error at iteration n — 1, and the

second may be bounded from (7.10), which gives
len]| < (1+AL)|len1]l + llenl]-

The structure of this equation is important, as it appears in the analysis of all one-step methods
for ODEs. The first term is an amplification of the error at the previous iteration, and the second
term is an upper bound on the additional error introduced at step n. Applying this inequality

to the previous time steps, we obtain
leall < (1 +AL)((1+ AL)len-2ll + len-1ll) + llen]

< <L+ AL eoll + Y (1 + AL ei)- (7.12)
=1

Since ||e;]| < A2M /2, we have by using the formula for geometric series that

lenll < (1+ AL)"[leoll +

(1+AL)™ -1 (A*M
AL 2 )

The first term is zero because ||eg|| = 0. Using the bound (1 + AL)" < (exp(AL))" = eltn in
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the second term and rearranging, we finally obtain the statement (7.11). O

7.2.2 Backward Euler method

If we apply the Taylor expansion (7.9) backward around ¢ + A, instead of forward around ¢,
then we obtain
z(t) =x(t+A)— Af(t+ A, x) + O(A?).

This motivates the so-called backward or implicit Euler method:

Tyl = Tn + Af(tng1, Tng1)- (7.13)

Observe that the right-hand side depends on @,y1. Therefore, given t, and x,, this is a
nonlinear equation for the unknown 41, which can be solved by using any of the methods
studied in Chapter 5. Finding a solution to (7.13) amounts to finding a fixed point of the

function
Y = F(y) =y + Af(tmy)'

A priori, the existence and uniqueness of such a fixed point is not guaranteed. We proved
in Theorem 5.2 that a sufficient condition for these two properties to hold is that F' is globally
Lipschitz with a constant strictly less than 1, which holds if and only if the function y — f(¢,,y)
is globally Lipschitz with a constant strictly less than 1/A. If the condition (7.10) holds, for
example, then the backward Euler method (7.13) is guaranteed to be well defined for A < %
Theorem 5.2 also ensures that, if F' is globally Lipschitz with a constant less than 1, then the

fixed point can be approximated by using the iteration

Y1 = F(yp)- (7.14)

and there is exponential convergence y;, — @,41 in the limit as k& — oo. A natural starting
point for (7.14) is yy = @®,. An alternative approach to the fixed point iteration (7.14) is to
use the Newton—Raphson method for (7.13), which is faster in principle but must be initialized
sufficiently close to the fixed point.

Using a reasoning similar to that employed for proving Theorem 7.5, we can prove the

following result.

Theorem 7.6 (Convergence of the backward Euler method). If the assumptions of Theo-
rem 7.5 hold and A < %, then the following error estimate holds:

1 n
T AM ( A ) —1
Vn € {o, ... {AJ } D) = all < S ! LL . (1.15)
Proof. The proof is left as an exercise. O
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Remark 7.1. Note that, if A < i, then

1
1-AL

=1+ AL+ (AL + (AL + (AL)*. ..
= SRV AV 2 %(AL)Q - E(ALV R
<1+ AL+2(AL)? <exp(AL + (AL)?),

and so the error estimate (7.15) gives

[&(tn) — @] <

AM (exp(Lt, + AL*,) — 1
2 L ’

which makes it clear that the right-hand side of (7.15) is close, in absolute and relative terms,
to that of (7.11) when A < 1.

At this point, the reader may be wondering why one would use the backward Euler method
instead of the forward Euler method, given that both methods have same order of convergence
but iterations of the former are more computationally costly. The reason is that the backward
Euler method, like many implicit methods, is more stable than its forward counterpart. Implicit
methods are especially attractive in the context of stiff differential equations. We shall elaborate

on this subject in Section 7.4.

7.2.3 Analysis of general one-step methods
In general, one-step methods to solve differential equations are of the abstract form

Tpi1 = Ty + APA(Ly, ). (7.16)

where ®A: R x R™ — R" is a function such that

1 t+A t,x A) —
@A(t,a:)%A/t Fs, @ (s)) ds = = (HA )—z (7.17)

Here x%® denotes the solution to the differential equation (7.1) with initial condition x(s) = x.
The main goal of this section is to establish general conditions, known as consistency and
stability, under which the numerical scheme (7.16) is convergent. As we observed in the proof
of Theorem 7.5 — specifically in equation (7.12) — the error at the final iteration for the forward
Euler method is a sum of local errors, each amplified by a factor depending to the number of
iterations left to reach the final time. Consistency of a numerical method enables to control the
size of local errors when they arise, while stability enables to control their growth.

We emphasize that both the forward and the backward Euler methods can be recast in the
form (7.16). For the forward Euler method ®a(t,x) = f(¢,x), while for the backward Euler
method, the function ®, is defined implicitly as the function which to (¢, ) associates the

solution ¢ € R to the equation

o=ft+Ax+ Ap).
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Local truncation error and consistency

The local truncation error is the residual error obtained when substituting the exact solution

of the differential equation in (7.16):

Moiy = m(tn+1)A— m(tn) . @A(tn,w(tn))

Since there is a division by A, the local truncation error has the same physical dimension as

that of ', and so it should be viewed as an error per time unit.

Definition 7.1 (Consistency). A numerical method is consistent if

T
li =0 N=|—|.
tim () = B
It is consistent with order p if there exists C' such that

VA >0,  max |n,| <CAP.
1<n<N

INS

Proving the consistency of a numerical method is usually achieved on a case-by-case basis by

application of Taylor’s formula.

Stability

The stability of a numerical method qualifies its sensitivity to perturbations. Roughly speaking,
it expresses that small perturbation of the right-hand side of (7.16) lead to small perturbations

of the numerical solution.

Definition 7.2 (Stability). A numerical method of the form (7.16) is stable if there exists a
constant S(7T") > 0 independent of A such that for all sequence (y,,)1<n<n satisfying

Yni1 = Yo + APA(tn, y,,) + Adpy1, Yo = To, (7.18)
it holds that
N
— < . .
a5l = vall < ST)A 315 | (7.19)
=

It is convenient to introduce the following norms for sequences of vectors (wy)1<n<n:

N
leelly =D llunll, el =  max [z,
n=1
With these notations, equation (7.19) may be rewritten compactly as follows:
@ — .l < ST)AJS. ]Iy,

One could argue that this equation is neater than (7.19); it bounds a norm of just one math-
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ematical object, namely the sequence (x, — ¥y,,)1<n<n, by a norm of another object, namely
the sequence (8,)1<n<n. Arguments for proving that a numerical scheme is stable often rely
on some form of Lipschitz continuity. If the function ®a(¢,y) is globally Lipschitz continuous

with respect to y, then stability is particularly simple to prove, as we now demonstrate.

Proposition 7.7. Assume that there is Ly > 0 such that for all t € [0,T] and A > 0,
the function ®a(t, ) is globally Lipschitz continuous with constant Lg. Then the one-step
method (7.16) is stable.

Proof. By (7.16) and (7.18), it holds that
Ty —Yp =Tn-1—Yp_1 + A<(I)A(tn—17mn—1) — ®a(tn-1, yn—l)) — Ady,.
Taking the Euclidean norm and employing the Lipschitz continuity assumption, we obtain
2, — y,ll < (1 + ALs)[@n—1 — yps ]| + Al 0n]|.

By a reasoning similar to that in the proof of Theorem 7.5, we then obtain
n ) n
2 =yl < (1+ ALs)"llzo — yoll + D (1 + ALa)" "Al|&i]| <0+ ™A |16
=1 =1

We conclude that (7.19) is satisfied with S(T) = eFe™. O

Convergence

We are now ready to prove that consistency and stability of the numerical (7.16) together imply

convergence, in the sense that

T
I t)—xal) =0, N=|=|
tim (o, f(e,) ~ @) =0 5]

This result is an instance of the Lax equivalence theorem, a pillar of numerical analysis with

far-reaching applications.

Theorem 7.8 (Consistence and stability imply convergence). Assume that the one-step nu-

merical method (7.16) is consistent and stable. Then the method is also convergent.

Proof. By definition of the local truncation error, it holds that
Z(tni1) = @(tn) + APA (tn, T(tn)) + ANy

Therefore, the sequence (x(ty)) satisfies (7.18) with 8,, = m,,, and so the stability esti-

mate (7.19) implies that

1<n<N

1<n<N

N
max [@(t,) — @] < S(T)AD |n,]-
n=1
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By consistency, the right-hand side converges to zero in the limit as A — 0, which concludes
the proof. O

Remark 7.2. If we assume in Theorem 7.8 that the method is consistent with order p, then

by adapting the proof, we find that the error satisfies

_ p
I<na<XNHm(tn) || < CS(T)AP.

1<n<

In this setting, the numerical scheme is said to be convergent with order p.

7.2.4 Widely used one-step methods

In this section, we motivate and describe some of the other widely-used one-step methods,
namely methods of Taylor and Runge-Kutta type. We assume in this section that the equa-

tion (7.1) admits a unique smooth solution over the interval [0, 7).

Taylor methods

In order to construct a method with a smaller local truncation error than that of the forward

Euler method, a Taylor expansion of higher order than (7.9) can be employed:
AP
x(t+A) =x(t) + Ax'(t) +--- + Fa:(p)(t) + O(APHY), (7.20)

Since x: [0,7] — R is a smooth solution to (7.1) by assumption, the time derivatives of & can
be obtained by differentiation of (7.1):

(0) = f(ba), @) =af (L) + (f b)) Vo) £t (),

In general, it is immediate to show inductively that x® () = f@~1 (t,x(t)), where the func-

tions f (P): R x R" — R are defined recursively from the following equation:

FrD) — g, @) (t,a:(t)) + (f (t, z(t)) - Vm>f(P) (t,a:(t)).

The Taylor expansion (7.20) motivates the so-called Taylor methods for integrating (7.1) nu-

merically, which are based on the following iteration:
Tpi1 = Tp + ATR (tn, Tn), (7.21)

where A =
—
Ti(ta $) = f(ta $) + Ef(l)(tm) et Tf(p_l)(t7w)'
Note that, for any p, the Taylor scheme (7.21) may be rewritten as

dxtmxn AP dpwtnywn
¢ =25
dt (bn) + -2+ pl  dep

(tn)-

Tpt1 =Ty + A
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For p = 1, this scheme coincides with the forward Euler scheme.

Runge—Kutta methods

Runge-Kutta methods resemble Taylor methods, but they do not require to calculate the deriva-
tives of the function f. This is achieved by approximating the derivatives in Taylor methods

by difference quotients. Consider for example the Taylor method of order p = 2:

dmt"’w" A2 d2$tn,wn
(tn) + =———(tn)-
dt 2! de?

Tp+1 = xp + A (7.22)

Substituting the approximation

detn,mn 1 datn ®n daln®n
T(tn) N <dt(t" +A4) - 1 (tn)>
1

L (fes a3 )

~ X (f(tn + Ay + Af(tn, ) — f (tn, a:n)> (7.23)

in (7.22), we obtain an explicit method known as Heun’s method:
A A
Tpi1 = Ty + 5f(tn,:cn) + 5f(tn + A, x, + Af(tn,zcn)).

It is possible to show that the local truncation error for this method also scales as A2. Heun’s
method is a particular instance of a Runge-Kuta method. In general, an explicit Runge-Kutta

method with s stages is of the form

s
Ln+1 = Ty, + A Z bikiz‘
i=1

kl = .f(tnamn)a
ko = f(tn + CQA, T, + A(aglkl)),
ks = f(tn + 3 A,z + A(a31k1 + aggkg)),

s—1
ks:.f tn+CsAa$n+AZasjkj s
i=1

with appropriate coefficients ¢; and a;;. Heun’s iteration can be recast in this form as follows:

A
Tptl = Ty + §(k1 + k2)

k1 = f(tn, xn)
ko = f(tn+Aumn+Akl)

The approach we employed to construct Heun’s method may be generalized to higher orders.

For example, the most widely known Runge-Kutta method approximates the Taylor method of
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order p = 4 with the following iteration:

A
Tnt1 = T + (k1 + 2k2 + 2ks + ka),

A k
A k
kszf(tn+2,wn+A22), k4=f(tn+A,a:n+Ak3).

The local truncation error for this method scales as A* and, when f(¢,x) = f(t), this method
coincides with Simpson’s formula (3.6) for the approximation of the integral in (7.17). The
systematic derivation of Runge—Kutta methods is cumbersome, and so we do not address this

issue in this course.

Remark 7.3. Explicit Runge-Kutta methods of a given order are not uniquely defined. For

example, if we employ instead of (7.23) the approximation

d2 mtn,:cn

A A
de2 (tn) ~ z <f <tn + nyn + 2.f(tna$n)> - f(tnvmn)> )

A

then we obtain by substitution in (7.22) the so-called explicit midpoint method, which is also

a Runge-Kutta method of order 2:

1 A
Tpi1 =Xy + Af <tn + iA’m" + 2f(tn,:1:n)> }

Implicit methods

To conclude this section, we mention two common implicit methods with a better order of

convergence than that of the backward Euler method.

e The Crank—Nicolson method:

Tptl = Tn + %(f(tm xn) + f(tn + A, mn—&—l))- (7.24)

When f is independent of  and depends only on ¢, this method coincides with the

trapezoidal rule for numerical integration.

e The implicit midpoint method:

é Ty + anrl)

wn+1:wn+Af<tn+ 97 9

Similarly to the backward Euler method, each iteration of these methods requires the resolu-
tion of a nonlinear equation. Implicit methods often enjoy better stability than their explicit

counterparts. This subject is further discussed in Section 7.4.
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7.3 Multistep methods

The idea of multistep methods is to use, in the construction of a new iterate, information from
not only the current but also previous iterations. This degree of freedom enables to construct
more economical numerical methods than one-step methods for the same order of convergence,
at the cost of a more difficult initialization. In this section we focus on linear multistep methods

of the form

Tyl = Ty + A1 Tp—1 + - + ATy

+ A(bflf(tn+17 anrl) + bO.f(tru "-Bn) + -+ bkf(tn—kv mn—k)) . (725)

This equation defines an explicit method if b_; = 0, and an implicit method if b_; # 0.
Note that explicit methods of the form (7.25) require only one additional evaluation f(¢,,x,)
per iteration, in contrast with Runge-Kutta methods. When b_; # 0, the iteration (7.25)
is a nonlinear equation for the unknown x,1, which must itself be solved by resorting to a

numerical method.

Initialization. In order to initiate the numerical method (7.25), the values xy, ..., xy are re-
quired. These can be calculated by using a one-step method with an order of convergence

matching that of the multistep method.

Local truncation error. Consistently with the setting of one-step methods, the local truncation
error for (7.25) is defined as the residual error left when the exact solution is substituted in the

numerical scheme:

AN,y =ty + A) —aox(ty,) — arz(ty — A) — - — apx(t, — kA)
- A(b,lw’(tn FA) 4 bz (b)) + -+ by (b — k:A)). (7.26)

The multistep method (7.25) is said to be of order p if the maximum local truncation error
over all the discretization points, in norm, scales as O(AP). The following result is useful for

estimating the order of consistency of a linear multistep method.

Proposition 7.9. The linear multistep method (7.25) is consistent with order p for any
smooth x: [0,T] — R™ if and only if the local truncation error (7.26) is everywhere zero

when x(t) is of the scalar form
z(t) =9, q€{0,...,p}. (7.27)

Proof. Assume that the method is consistent with order p, fix ¢ € {1,...,p}, and let z(t) = t9.
Fix also t € [0,7T] and consider the function &: {A : /A € N5} — R given by

AE(A) = Angyaysr = 2(t+A) —arz(t) — aga(t — A) — -+ — apz(t — (k= 1)A)
- A(box’(t ) A by (1) + -+ b (t— (k — 1)A)).
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The quantity £(A) should be understood as the local truncation error at ¢ for time step A. It is
a polynomial in A of degree at most p and scaling as O(APH1). Therefore, it holds necessarily
that £(A) = 0.

Conversely, assume that the right-hand side of (7.26) is equal to zero for any function of the
form (7.27). If x(t) denotes a smooth solution of (7.1), then by Taylor’s theorem there is C' > 0
independent of ¢,, such that

| < C|t — t, [P P ‘
|| < ) y(t) = m(tn) + Z e’L(t - tn)zv

Clt — tnl? i=1

l(t) — y(t)
I’ (t) — o/ (t)

for appropriate vectors e; € R" depending on t,. Substituting (t) = y(t) + (z(t) — y(t)) in
the right-hand side of (7.26), we obtain

Allm, ]l = OAPT) + AO(AP) = O(APT),

with the constant implicit in the big O notation independent of n. This concludes the proof. [

Example 7.2. In the one-dimensional setting, we wish to find parameters ag, a; and b; such

that the order of consistency of the following multistep scheme is as high as possible:
Tnt1 = ATy + a2Tp—1 + boAf(tn, ).
Substituting z(t) = 1 in the formula (7.26) for the local truncation error, we obtain
a1 = T(ty + A) — agz(ty) — a1x(ty, — A) — Az (t,) =1 — ag — a;.
Therefore a; = (1 — ap). Next, substituting x(t) = ¢t — ¢, in (7.26), we obtain
M1 = A(2 — ag — bo),
which gives by = 2 — ag. Finally, substituting =(t) = (¢ — t,)?, we obtain
M1 = Aag,

and so ap = 1. We conclude that the best parameters, leading to a local truncation error

scaling as O(A?), are given by ap = 0, a; = 1 and by = 2. The resulting method reads
Tn+l = Tp—1 + 2Af(tn’ xn)a
and is known as the multistep midpoint method.

We now present two widely used systematic approaches for constructing multistep methods,

known as the Adams—Bashforth and Adams—Moulton approaches.
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7.3.1 Adams—Bashforth methods

Let «: [0,7] — R" denote the exact solution to the differential equation (7.1). Integrating this

equation between t,, and t,,4+1, we obtain

x(tni1) = x(ty) +/tn+l f(t,o(t)) dt. (7.28)

The key idea of the Adams—Bashforth method is to approximate the function ¢ — f (t, az(t)) by
the interpolating polynomial jA" of degree k at the nodes t,,_g,...,tn:

k k
-~ t—tn—;
FO = fltnswltni))Li(t),  Li(t) =[] —— (7.29)
i—0 . ln—i — tn—j
= 7=0
J#i
Substituting this approximation in (7.28), we obtain
k tn+1
T(tni1) = T(tn) + > F(tnis @(tn_i)) / Li(t) dt.
i=0 tn
This motivates the following Adams—Bashforth numerical scheme:
i L +37
Lp+l1 = Tp + A Z bif(tnfi, mn,i), bi = / H " ; dS. (7.30)
: 0 = -1+
1=0 7=0
J#i

Since the Lagrange polynomials (L;)o<i<r depend on k, so do the coefficients b;. However, these
are independent of A, and so they can be tabulated. The value of these coefficients for the first
few Adams—Bashforth methods are collated in Table 7.1.

1 0 1 2 3
k=011
k=133

=2 B84

Table 7.1: Coefficients (b;)o<i<k of the Adams—Bashforth methods.

Local truncation error. Assuming x € Ck+2([0,T],Rn) and applying Theorem 2.3 for the

interpolation error component-wise, we obtain

~

(1) -F0)_ <

vt € [0,T7, ‘

[t —tn—k| |t —tal H (k+2)
sup ||x t H ,
(k+ 1) te[0,T) ) o0
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where f is the function defined in (7.29). Since

k

tn+1 , ~
ANy = x(tn1) — x(tn) — A Z bi f (tn—i, @(tn—i)) = / (w (t) — f(t)) dt,
i=0 tn
we deduce that
1Mpg1ll < CeMy2AM Mo = sup H (k+2) (t)H , (7.31)

te[0,T) o0

for an appropriate numerical constant C} independent of n and of the problem data. Therefore
the Adams-Bashforth method (7.30) is consistent with order k + 1.

Convergence. By using a reasoning similar to that in the proof of Theorem 7.5, we can prove

a convergence result of the Adams—Bashforth method.

Theorem 7.10. Assume that the solution x: [0,T] — R™ to (7.1) is k+2 times continuously
differentiable and that the global Lipschitz condition (7.10) is satisfied. Suppose also that

Vie{0,...,k},  |lz(t) — x| <6

Then the following error estimate holds for the Adams—Bashforth method (7.30):

T LB w1 (€55 —1
Vn € 0,1,..., K s Hﬂ:(tn)—wnn §5e +C]ng-+2A T s

where Cy, and Myo are the constants from (7.31), and with B := |by| + - - - + |b|.

Sketch of proof. Let e, := @ (tp4+1) — Tpe1. From the equation

:I)(tn_H) — Tpt1 = :I) — T, + A Z b < tn—i, @(tn— z)) - f(tn—iy a3n—z)) + Arln-i-h

which is valid for n > k, we deduce that

max{lleoll ., lens1ll } < (1+ ALB)max{fleol,. ., llen] } + CpMy A%
Since max{ leoll,- -, HekH} < 0 by assumption, the statement easily follows. O

7.3.2 Adams—Moulton methods

The Adams—Moulton methods are very similar to their Adams—Bashforth cousins. The only
difference is that the former are obtained by interpolating the function t — f (¢, (t)) in (7.28)
at nodes shifted forward by A, i.e. at the nodes ¢,,_x+1,...,tp+1. This leads to the method

k—1 1 k-1

Tpyl = Ty + A Z bif (tn—is Tn—i), b = / ar +] ds. (7.32)

i=—1
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Unlike the Adams—Bashforth methods, which are explicit, the Adams—Moulton methods are
tmplicit. The value of the coefficients for the first few Adams—Moulton methods are collated
in Table 7.2. Notice that, for k = 0, the Adams—Moulton method coincides with the backward

Euler method, and for k£ = 1 it coincides with the Crank—Nicolson method.

7 -1, 0 1 2
k=0| 1
SOEAE

=2 % &%
EIEEIEIE

Table 7.2: Coefficients (b;)o<i<r of the Adams—Moulton methods.

7.4 Absolute stability

To conclude this chapter, we introduce the notion of absolute stability and explain its relevance.

Absolute stability is a property of a numerical method in relation to the model equation

2/ (t) = \x(t),
() 2 (7.33)
z(0) = 1.
A numerical scheme for approximating (7.33) is called absolutely stable if
|zn| — 0 in the limit as n — oo. (7.34)

where (25 )n=0,1,.. denotes the numerical solution to (7.33). Whether a numerical method is

absolutely stable or not depends on the parameters A and A.

Ezample 7.3. The forward Euler method for (7.33) reads
Tnt1 = Tn + Adzy = (1 4+ ANz,
Therefore z,, — 0 if and only if |1 + AX| < 1.

As Example 7.3 illustrates, whether absolute stability holds for the forward Euler methods
depends only the value of the product A\ € C. This dependence on A and A only through
the product A\ holds in fact generally. Indeed, all the numerical schemes we considered in
this chapter are invariant under linear time rescaling of the ordinary differential equation: the
numerical solution of the rescaled equation, when the time step is rescaled by the same factor,
coincides with the discrete function obtained by linear rescaling of the numerical solution to the

original equation. This motivates the definition of absolute stability region as

A:={z¢€ C:(7.34) holds when AX =z} C C.
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The exact solution to the model equation (7.33) diverges to oo as t — oo if R(A) > 0, and it
converges to 0 if ®(A) < 0. Numerical schemes which exhibit a similar property at the discrete
level are called A-stable. More precisely, a numeric method is A-stable if the absolute stability

region A contains the left half-plane, i.e. if
{zeC:R(z) <0} C A

Before investigating whether the numerical schemes introduced previously in this chapter are
absolutely stable, we address the following natural question: why focus on the simple model

equation (7.33)? We provide a couple of motivations:

o First, note that equations of the form (7.33) are more relevant in science than might appear
at first glance. Indeed, when discretizing in space a linear parabolic partial differential

equation, one often obtains a linear differential equation of the form
z'(t) = Az,

where A € C™*™. If the matrix A = QDQ* is diagonalizable, then the vector z(t) := Q*x(t)
satisfies the differential equation
Z'(t) = Dz.

In other words, each component of z satisfies an ordinary differential equation of the same
form as the model equation (7.33). In applications, the components of z often encode the
amplitudes of Fourier modes of the solution to the partial differential equation, and for
dissipative equations all the eigenvalues of A have a negative real part. However, the
spectral radius of A usually diverges as the number of discretization points increases.
In this context, A-stability is particularly attractive, as it ensures that the numerical

approximation remains well-behaved as the number of discretization points increases.

o Second, the model equation (7.33) may be viewed as a linearized approximation of a more
interesting equation. Consider, for example, the following one-dimensional autonomous

differential equation:

{x/(t) = f(z(1)), (7.35)

z(0) = xo.
Assume that f(z.) = 0 for some x, € R. Such a point is called a critical point of the
differential equation. If f’(x,) < 0, then x, is an attractor of the equation, in the sense
that z(t) — x, provided that x(0) is sufficiently close to x.. This result, which is the
counterpart of Proposition 5.5 for differential equations, is a particular case of a theorem
due to Poincaré and Lyapunov; see [16, Theorem 7.1]. If |xg — x| is sufficiently small,

then the solution to (7.35) is expected to be close to that of the linearized equation

{y’(t) = f'() (y(#) — ). (7.36)

y(O) = X0,
which is of the form (7.33). Often, studying the linearized equation (7.36) enables to gain
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insight into the behavior of the original equation (7.35), and analyzing the performance
of a numerical method for the linearized equation (7.36) is useful to inform the choice of

a numerical scheme for (7.35).

o More generally, if z(t) and z.(t) are respectively the solutions to

{l‘/(t) = f(t?l'(t))’ and {x;(t) = f(t,l’s(t)), (737)
z(0) =x0 +¢, 2e(0) =z + ¢,
then the difference e(t) := z.(t) — x(t) satisfies the equation

e(t) = f(t,z(t)) — f(t,z(t)) = O f(t, z(t))e(t), (7.38)

e(0) =e,

which looks similar to (7.33) with 0, f (¢, z(t)) in place of A. At a given time ¢, the solutions
tend to converge to each other as time increases if 0, f (t, :L'(t)) < 0, and diverge from each
other if 8,f(t,z(t)) > 0. Testing absolute stability with A = 8,f(¢,2z(¢)) enables to
determine whether this property holds true also at the discrete level. Although the latter
statement is difficult to state precisely and prove generally, we illustrate its validity for

the forward Euler method in Example 7.4.

Ezample 7.4. Let (z,,) and (z5,) denote the numerical solutions obtained by applying the
forward Euler method to the differential equations in (7.37). If € < 1, then

xi—i—l — Tn+l = E; — Tp + Af(tnv Ilﬁi) - Af(tna xn)
o

~xh — T+ A0y f(tn, xzn) (25, — ) = (1 + Aazf(tn,xn))(xfl — Tp).
Therefore, the numerical solutions (z5,) and (z,) tend to become closer as n increases if
A0y f(tn, zy) € A. (7.39)

The absolute stability regions of the forward and backward Euler methods are illustrated
in green in Figure 7.1. For the forward Euler method, absolute stability holds if and only
if |1+ AN < 1, as we proved in Example 7.3. A similar reasoning gives that the absolute
stability region for backward Euler method is given by {z € C: |1 — z|~! < 1}. The backward
Euler method is A-stable but the forward Euler method is not. Notice that, if the time step is
sufficiently large, then the backward Euler method is absolutely stable even for values of A with

a positive real part, for which exact solutions to the model equation are divergent.

Ezample 7.5 (Absolute stability region of the Taylor methods). When applied to (7.33), the
Taylor method of order p given in (7.21) reads

A2)2 AP )P
xn+1—<1+A)\+ S 900 SF )ZUn

p!
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Stability region for the forward Euler method Stability region for the backward Euler method
2 2

1 1
a4 0 a0
) U ) \_/

1

o
—
|
—
o

-5 —4 -3 -1

—92 2
R(AN) R(AN)

Figure 7.1: Absolute stability regions for the forward (left) and backward (right) Euler methods.

Thus, the absolute stability region is given by

<1}.

This region is illustrated for various values of p in Figure 7.2. We observe that the absolute

2 P
2€C: 14245 4.+ 2
2 p!

stability region grows as p increases.

Stability regions for the Taylor methods

3

—6 —4 —2
R(AN)

Figure 7.2: Stability regions for the first few Taylor methods.

Stiff differential equations

In the context of ordinary differential equations, stiffness is not a precisely defined concept, but
rather rather a generic term employed to describe equations with widely separated time scales.
Roughly speaking, a differential equation of the form (7.1) is called stiff if the Jacobian matrix
of f, with respect to the variable x, has at least one eigenvalue with a large negative real part.
In the one-dimensional setting, the solutions to stiff differential equations which are close at
the initial time tend to converge quickly to each other, in view of (7.38). This is illustrated

in Example 7.6.
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Ezample 7.6 (Stiff differential equation). Consider the following equation [7, Chapter 4]:

The exact solution to this equation is given by

z(t) = sin(t) + xge ™.

When a € R is large, the distance between the solution and the function ¢ +— sin(t) con-
verges to zero very quickly, regardless of the initial condition. This behavior is illustrated

in Figure 7.3.

Solutions to a stiff differential equation for o = 5

Solutions to a stiff differential equation for o = 2
T T

T T
Vol
\ \‘\ \\ \ \\‘ \\

\\ \ \ \\
\\ \\‘ \“ \ \

s’f [
NN ‘ ‘
) 8 10 0 2
t

Figure 7.3: Solutions to (7.40) for various initial conditions when oo = 2 (left) and o = 5 (right).

In the rest of this section, we use the differential equation (7.40) as a guiding example. For

this problem, we have 0, f(t,z) = a. Therefore, in view of (7.39), we expect that the forward

Euler scheme is non-divergent if |1 — aA| < 1, i.e. if
2
A<A, = —.
o

It turns out that this prediction is precise, as depicted in Figure 7.4. Note that if the equation
is very stiff, that is to say if a > 1, then a very small time step is required to ensure stability.
In contrast with the forward Euler scheme, the backward Euler scheme is stable regardless

of the time step. Since the right-hand side of (7.40) is linear in x, the value of the iterate x,1
can be calculated explicitly from z,, for the backward scheme:

Tn + Aasin(t,41) + A cos(tni1)
Tntl = 1+ A

Numerical approximations obtained using this scheme are illustrated in Figure 7.5. We observe

that the method is stable even for the large time step A = 2A,.
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Forward Euler method with A = 0.7A , Forward Euler method with A = 0.97A ,
10
0.5
0.0
—0.5
—1.0 ¢ I I i L
0 2 4 6 8 10

t
Forward Euler method with A = A,

Figure 7.4: Numerical approximations of the solution to (7.40) with o = 10 obtained with the
forward Euler method, for four different values of A.

7.5 Exercises

&% Exercise 7.1. Show that the absolute stability region of the Crank-Nicolson method (7.24)
is given by the left half-plane; see Figure 7.6.

£ Exercise 7.2. Calculate the absolute stability region for Gear’s method.
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Backward Euler method with A = 0.5A , Backward Euler method with A = 2A

1.0 1.0

0.5 0.5

0.0 0.0
—0.5 1 —0.5
—1.0 1 1 1 1 —1.0 b

0 2 4 6 8 10 0 2 4 6 8 10
t t

Figure 7.5: Numerical approximations of the solution to (7.40) with ae = 10 obtained with the
backward Euler method, for two different values of A.

Stability region for the Crank-Nicolson method

2
1
=
4 0
)
—1
—92 L
-3 —2 —1 1 2 3

0
R(AN)

Figure 7.6: Absolute stability regions for the Crank Nicolson method.
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