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1. INITIAL-VALUE PROBLEMS FOR ORDINARY DIFFERENTIAL SYSTEMS

1.1. Introduction. We will study initial-value problems for first-order systems of N ordinary
differential equations that are in the normal form

(1.1) ' = f(t,x),

where 2 € ) for some domain Q@ C RY and f: (t1,tg) x Q2 — R is a vector field. Such system
arise naturally in science and engineering. They also arise from building approximations to
partial differential equations. In many settings N can be very large. For example, N can be 10%
or more for a model of a complex physical system like the climate, a combustion engine, or parts
of the human body. Indeed, if a three dimensional region is partitioned into 200 x 200 x 100 cells
and there are 25 variables per cell in the model then N is 10%. Many models are much larger.
Usually the best we can hope to do is approximate the solution of such models numerically.

Before we present any numerical methods for approximating solutions of (1.1), we give an
overview of some basic theory of those solutions. We will see that good numerical methods are
built upon a firm theoretical foundations.

Many higher-order systems can be recast as a larger first-order system in the form (1.1). For
example, this can be done for every m'* order system in the normal form

(12) y(m) = g(t7 Y, y/a e >y(m_l)) :

There is more than one way to do this. One way is to set

X1 o)
) I3
(1.3) xr = : , f(t,z) = : ,
Tm—1 Lm
Tm g(t7x1>$27"' axm)
where x1, xs, - - -, T,, each have the same dimension as y, so that the dimension of x is m times
the dimension of y. Then a solution x(t) of (1.1) is related to a solution y(¢) of (1.2) by
x1(t) y(t)
210 y'(t)
(1.4) a(t) = : = E
xm—l(t) y(m—2) (t)
T (t) y(m_l)(t>

Therefore the numerical methods for first-order systems can be used to approximate solutions
of higher-order systems in the form (1.2) with the transformation (1.3).

Exercise. Suppose that g(¢,x1, 29, -+ ,2,,) is jointly continous in all of its variables. Show
that if y(¢) is a m-times continuously differentiable solution of (1.2), and z(t) is defined by (1.4)
then x(t) is a continuously differentiable solution of (1.1) given by (1.4). Show conversely that
if z(t) is a continuously differentiable solution of (1.1) given by (1.4) and y(t) = z1(¢) then y(t)

is a m-times continuously differentiable solution of (1.2).
1
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1.2. Motivating Examples. Before developing the theory of solutions for first-order systems
in the form (1.1), we motivate different aspects of that theory through a sequence of examples.
These examples often appear in elementary courses on differential equations.

1.2.1. Solutions of Explicit Systems. The system (1.1) is said to be explicit when f(t,x) is
independent of x, in which case it has the form

(1.5) = f(t).
We see that x = F(t) is a solution of this equation if and only if F' is a primitive of f. If this

equation has one solution then it has a family of solutions given by the indefinite integral of f
— namely, by

x = /f(t) dt = F(t) + ¢, where F'(t) = f(t) and c is any constant .

Moreover, there are no other solutions. This family is called a general solution of the equation.
In order to pick a unique solution from this family we must impose an additional condition
that determines ¢. We do this by imposing a so-called initial condition of the form

S(Z(t[) =2y,

where t; is called the initial time or initial point, while z; is called the nitial value or initial
datum. The combination of the differential equation with the above initial condition is the
so-called initial-value problem given by

x/:f(t), S(Z(t[):x[.
1.2.2. Solutions of Linear Systems.
1.2.3. Solutions of Nonlinear Equations that Blow-Up. Solution of

Example. Find all solutions to the equation
2= 2

Solution. This equation has the stationary solution = = 0. Nonstationary solutions are given
implicitly by

We can solve for x explicitly to find the family of solutions
1
c—t’

Tr =

Notice that this solution is not defined at ¢ = c¢. Therefore it is really two solutions — one for
t < c and one for t > c¢. Because

. ) 1
lim =+o00, lim = —00,
t—ec—Cc—1 t—et c—1
we say that the solution for t < ¢ “blows-up” to oo as t — ¢~ while the solution for ¢t > ¢
“blows-up” to —oo as t — c¢*. (Here t — ¢~ means that ¢ approaches ¢ from below while
t — ¢ means that ¢t approaches ¢ from above.) Also notice that none of these solutions ever
hits the stationary solution x = 0.

Remark. The above example shows that solutions of nonlinear equations can “blow-up” even
when the right-hand side of the equation is continuous everywhere. This is in marked contrast



3

with linear equations where the solution will not blow-up if the coefficients and forcing are
continuous everywhere.

1.2.4. Initial-Value Problems with Nonunique Solutions. Example. Find all solutions to the
initial-value problem

2
x' = 3x5, z(0)=0.
Solution. We see that x = 0 is a stationary point of this equation. Therefore x(t) = 0 is

a stationary solution whose interval of definition is (—oo,00). However, let us carry out our
recipe for nonstationary solutions to see where it leads. These solutions are given implicitly by

t—/ /dex—x3+c

2

xr3
Upon solving this for  we find 2 = (¢t — ¢)® where ¢ is an arbitrary constant. The initial
condition then implies that

0=(0—c)?=—c,
whereby ¢ = 0. Hence, we have found two solutions of the initial-value problem: z(¢) = 0 and
z(t) = t3.
In fact, as we will now show, there are many more solutions of the initial-value problem. Let
a and b be any two numbers such that a < 0 < b and define x(t) by
(t—a)® fort<a,
z(t) =10 fora <t <b,
(t—0) forb<t.
This function is continuously differentiable with
3(t—a)* fort<a,
2(t) =<0 fora <t <b,
3(t—0)* forb<t,
whereby it clearly satisfies the initial-value problem. When a = b = 0 this reduces to z(t) = 3.
Similarly, for every a < 0 we can construct the solution

o(t) = {(t—a) fort <a,

0 fora <t,

while for every b > 0 we can construct the solution

o(t) = 0 fort <b,
S l(t—0b)? forb<t.

The interval of definition for each of these solutions is also (—o0, 00).



2. ExprLicIT ONE-STEP METHODS

2.1. Numerical Approximations. Suppose we are interested in the solution z(t) of the
initial-value problem

(2.1) = f(t,z), x(t;) = xy,

over the time interval [t;,tp] — i.e. for t; <t < tp. Here t; is called the initial time while tp
is called the final time. A numerical method partitions the time interval [¢;,tr| by selecting
times {t,}.£, such that

=ty <ty <ty < -+ <tpp_1 <tp, =tp,
and computes values {z,}", such that

Ty = LL’(to) = S(Z(t[) =xr,

x, approximates z(t,) forn =1,2,--- ng.

For good numerical methods, these approximations will improve as the partition is refined.
So for a sufficiently refined partition we can plot the points {(t,,z,)}nE, in [t7,tr] x RY and
“connect the dots” to get an accurate picture of how x(t) behaves over the time interval [t;, t5|.

When numerical methods are introduced in elementary courses it is common to use uniform
time steps. This means that for a given number of time steps ng we pick the times {t,}'F; to
partition [t7, tp] uniformly as

tp — 15

(2.2) t,=tr+nh forn=0,1,--- ,np where h= )
ng

Here h is called the step size. If we want a more accurate numerical solution then we simply
rerun the method with a smaller step size by picking a larger ng.

However, in sophisticated software packages neither the times {¢,}.%, nor ng are chosen
beforehand. Rather, the step size h,, = t,+1 — t, is chosen adaptively to meet certain criteria.
These criteria might include:

e keeping some estimate of the error below a prescribed tolerance,

e keeping the relative change in entries of x below a prescribed fraction,

e requiring the dyanamical stability properties of the numerical method to be consistent
with the dyanamical stability properties of the equation 2’ = f(t, z),

e maintaining the positivity of those entries of x which would remain positive under the
evolution governed by the equation 2’ = f(t, ).

There are other possible criteria. Each criterion gives an upper bound on the step size h,,.
For example, the criterion that the method stop at tg is h,, < tp —t,. Then h, is taken to
be the minimum of these upper bounds. Developing such criteria requires a firm theoretical
understanding of numerical methods.

We will begin with the study of so-called one-step methods. Given f(t,z) and h,, a one-step

method computes the value of x,,1 forn =0,1,--- ,ngp — 1 from (¢,,z,). Later we will study
so-called multi-step methods. Given f(t,z) and h,, an m-step method for some integer m > 2
computes the value of z, . forn =m —1,m,--- ,np — 1 from (t,,x,), (tn_1,Tn-1), -+, and

(tn—m+1> In—m-ﬁ-l)-
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2.2. Explicit and Implicit Euler Methods. The simplest (and least accurate) numerical
methods are the Euler methods. These can be derived many ways. Here we give a simple
approach based on the definition of the derivative through difference quotients.

If we start with the fact that

jim 20 )~ pr,ar))

h—0

then for small positive h we have

ot + h})l =20 o fta(t)).

Upon solving this for z(¢ + h) we find that
z(t+ h) =~ x(t) + hf(t,z(t)).
If we set t = t, and t + h = t,,41 in this relation (so that h = h,,) then it is equivalent to
T(tny1) = x(tn) + hn f(tn, (t,)) .

Because x,, and x,; approximate x(t,) and x(t,,1) respectively, this suggests setting

(2.3) Tps1 = Ty + hpf(tn,x,) forn=0,1,--- np—1.

This so-called Euler method was introduced by Leonhard Euler in 1768.
Alternatively, we could have started with the fact that

. x(t)—x(t—h) =
lim 7 ='(t) = f(t,2(1)) -
Then for small positive A we have
x(t) — z(t — h)

; ~ f(t,z(t)).

Upon solving this for z(t — h) we find that
x(t —h) = z(t) — hf(t,z(t)).

If we set t = t,,1 and t — h = t,, in this relation (so that h = h,,) then it is equivalent to
T(tny1) = hnf(tnsr, 2(tnsr)) = 2(t,) .

Because x,, and x,; approximate x(t,) and x(t,,1) respectively, this suggests setting

(2.4) Tl — hnf(tnst, Tny1) =2, forn=0,1,--+ np—1.

This method is called the implicit Fuler or backward Fuler method. It is called the implicit
Euler method because equation (2.4) implicitly relates z,, 41 to z,. It is called the backward
Euler method because the difference quotient upon which it is based steps backward in time
(from t to t — h). In contrast, the Euler method (2.3) sometimes called the ezplicit Euler or
forward Euler method because it gives z,,1 explicitly and because the difference quotient upon
which it is based steps forward in time (from ¢ to t + h).

2.3. Methods Based on Taylor Approximation. The explicit (or forward) Euler method
can be understood as the first in a sequence of explicit methods that can be derived from the
Taylor approximation formula.
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2.3.1. Explicit FEuler Method Revisited. The explicit Euler method can be derived from the
first-order Taylor approximation, which is also known as the tangent line approximation. This
approximation states that if x(¢) is twice continuously differentiable then

(2.5) z(t+ h) = z(t) + ha'(t) + O(h?).

Here the O(h?) means that the remainder vanishes at least as fast as h? as h tends to zero. It
is clear from (2.5) that for small positive h we have

z(t +h) = z(t) + ha'(t) .
Because z(t) satisfies (2.1), this is the same as
z(t+ h) =~ x(t) + hf(t,z(t)).
If we set t = t, and t + h = t,,41 in this relation (so that h = h,,) then it is equivalent to
(tn1) = x(ty) + ho f(tn, 2(t,)) .
Because z,, and x,1 approximate z(t,) and z(t,.1) respectively, this suggests setting
(2.6) Tpt1 = Tp + by f(tn, ) forn=0,1,--- ,np—1,
which is exactly the Euler method (2.3).

2.3.2. Local and Global Errors. An advantage of viewing the Euler method through the tangent
line approximation (2.5) is that we gain some understanding of how its error behaves as we
decrease the step size h. The O(h?) term in (2.5) represents the local error, which is error the
approximation makes at each step.

If we use uniform time steps given by (2.2) and halve the step size h by doubling the number
nr of time steps taken to get to time ¢ then by (2.5) the local error will be reduced by a factor
of roughly one quarter. If we assume that errors add (which is often the case) then the error
at trp will reduce by a factor of roughly one half. In other words, doubling the number of time
steps will reduce the error by about a factor of one half. Similarly, tripling the number of time
steps will reduce the error by about a factor of one third. Indeed, we will show that the error of
the explicit Euler method is O(h) over the interval [t7,¢p]. The best way to think about this is
that if we take np steps and the error made at each step is O(h?) then we can expect that the
acummulation of the local errors will lead to a global error of O(h?)np. Because (2.2) states
that hnp = tp — t7, which is a number that is independent of h and ng, we see that global
error of the explicit Euler method is O(h). This was shown by Cauchy in 1824. Moreover, the
error of the implicit Euler method behaves the same way.

Global error is a more meaningful concept than local error because it tells us how fast a
method converges over the entire interval [¢;,tg|. Therefore we identify the order of a method
by the order of its global error. In particular, methods like the Euler methods with global errors
of O(h) are first-order methods. By reasoning similar to that given in the previous paragraph,

methods whose local error is O(h™%!) will have a global error of O(h™™)np = O(h™) and
thereby are m!"-order methods.

Higher-order methods are more complicated than the explicit Euler method. The hope is
that this cost is overcome by the fact that its error improves faster as you increase np — or
what is equivalent by (2.2), as you decrease h. For example, if we halve the time step h of a
fourth-order method then the global error will reduce by a factor of 1/16. Similarly, tripling
the number of time steps will reduce the error by about a factor of 1/81.
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2.3.3. Higher-Order Taylor-Based Methods. The second-order Taylor approximation states that
if (t) is thrice continuously differentiable then

(2.7) a(t+ h) = x(t) + ha'(t) + $h*2" (t) + O(h®).

Here the O(h?®) means that the remainder vanishes at least as fast as h® as h tends to zero. It
is clear from (2.7) that for small positive h one has

(2.8) o(t + h) ~ x(t) + ha'(t) + $h*2"(t).
Because x(t) satisfies (2.1), we see by the chain rule from multivariable calculus that
d d

(1) = 5 (') = 3 (. 2(0)) = O f (8, 2(8)) + '(2) - 0o f (1, (1))
= 0 f (8, 2(t) + [, x(tn)) - O (£, (1)) -
Hence, equation (2.8) is the same as
a(t+h) = x(t) + hf(t,x(t) + 5h* (0 f(t,2(t) + fltn, 2(tn)) - Do f(t, (1)) -
If we set t =t, and t + h = t,,; in this relation (so that h = h,,) then it is equivalent to
2(tns1) = (tn) + o f (o, (tn) + 5y (0f (tn, 2(ta)) + f(tn, 2(ta)) - Ouf (tn, 2(t0))) -
Because z,, and x,1 approximate z(t,) and z(t,. 1) respectively, this suggests setting

2.9
(29) forn=0,1,--- ,np—1.
We call this the second-order Taylor-based method.

Remark. We can generalize our derivation of the second-order Taylor-based method by using
the m!-order Taylor approximation to derive an explicit numerical method whose error is
O(h™) over the interval [t;,tr] — a so-called m'™-order method. However, the formulas for
these methods grow in complexity. For example, the third-order method is

Tpi1 = Ty + ho f(tn, Tn) + 202 (0uf (tn, 20) + [ (tn, 20) - Ouf (tn, @)
+ %hng [attf(tna lﬁ) + 2f(tn> lﬁ) : axtf(tna In) + .f(tna xn)®2 : a:c:cf(tna xn)

+ (atf(tm Tn) + f(tn, 70) - Ouf(tn, xn)) - Op f(tn, xn)}

form=0,1,--- ,np—1.

(2.10)

This complexity of these methods makes them far less practical for general algorithms than the
next class of methods we will study.

2.4. Methods Based on Quadrature. The starting point for our next class of methods will
be the Fundamental Theorem of Calculus — specifically, the fact

(4 h) — 2(t) :/t 2(s)ds.

Because x(t) satisfies (2.1), this becomes

(2.11) x(t+h) =x(t / f(s,z(s
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In 1895 Carl Runge proposed using quadrature rules (numerical integration) to construct ap-
proximations to the definite integral above in the form

(2.12) /Hh f(s,2(s))ds = K(h,t,xz(t)) + O(h™),

t
where m € Z,. The key point here is that K (h,t, z(t)) depends on x(t), but does not depend
on x(s) for any s # t. When approximation (2.12) is placed into (2.11) we obtain

z(t+h) = x(t) + K(h, t,z(t)) + O(h"™).
If we let t =1, and t + h = t,,,1 above then this is equivalent to

T(tny1) = 2(tn) + K(hp, tn, 2(t,)) + O(h ).

Because z,, and x,1 approximate z(t,) and z(t,.1) respectively, this suggests setting
(2.13) Tpi1 = Tp + K(hp, tp,x,) forn=0,1,--- np—1.

Hence, every approximation of the form (2.12) yields the m'-order explicit one-step method
(2.13) for approximating solutions of (2.1). Here we will present methods associated with
four basic quadrature rules that are covered in most calculus courses: the left-hand rule, the
trapezoidal rule, the midpoint rule, and the Simpson rule.

2.4.1. Explicit Fuler Method Revisited Again. The left-hand rule approximates the definite
integral on the left-hand side of (2.12) as

/t f(s,2(s))ds = hf(t,z(t)) + O(h?).

This approximation is already in the form (2.12) with K(h,t,x) = hf(t,z). Method (2.13)
thereby becomes

Tpi1 = Tp + Ay f(tn, z,) forn=0,1,--- ,np—1,
which is exactly the explicit Euler method (2.3).

In practice, the explicit Euler method is implemented by initializing xq = x; and then for
n=0,---,nrp — 1 cycling through the instructions

k= hyf(tn, z,), Tpp1 = Tp + k.

2.4.2. Runge-Trapezoidal Method. The trapezoidal rule approximates the definite integral on
the left-hand side of (2.12) as

t+h
/t f(s,x(s))ds = g[f(t, x(t)) + f(t+ h,x(t + h))} +O(h?).

This approximation is not in the form (2.12) because of the (¢t + k) on the right-hand side. If
we approximate this z(t + h) by the explicit Euler method then we obtain

/t ’ f(s,z(s))ds = g[f(t, x(t)) + f(t + h,z(t) + hf(t, x(t)))] +O(h?).

This approximation is in the form (2.12) with

K(h,t,z) = g[f(t,x) + f(t+h,a+hf(t,z))].



Method (2.13) thereby becomes

Fn
2

This is often called the improved FEuler method. However, that name is sometimes used for other
methods and is not very descriptive. Rather, we will call this the Runge-trapezoidal method
because it was proposed by Runge based on the trapeziodal rule. This name makes the origins
of the method clear.

Tnt1 = Ty + — [ [(tns T0) + f(tog1, T + hof(tn, 20))] forn=0,1,--- ,np—1.

In practice, the Runge-trapezoidal method is implemented by initializing o = x; and then
forn =0,--- ,ng — 1 cycling through the instructions

ki = hof(tn, xa)
ko = honf(tn + hn,xn + k1),
Tnt1 = T + 2k + ko) .
The so-called working variables ki and ky are overwritten each cycle.

2.4.3. Runge-Midpoint Method. The midpoint rule approximates the definite integral on the
left-hand side of (2.12) as

t+h
/t f(s,2(s))ds = hf (t+ $h,z(t + 1h)) + O(h®).

This approximation is not in the form (2.12) because of the z(¢ + $h) on the right-hand side.
If we approximate this z(t + %h) by the explicit Euler method then we obtain

t+h
/ F(s,2(s)ds = hf (£ + Y, a(t) + Lhy(t, 2(t)) + O(h®)
t
This approximation is in the form (2.12) with
K(h,t,x) = hf(t+ h,z+ shf(t, z)).
Method (2.13) thereby becomes
Tpi1l = Tp +hnf(tn + %hn,:cn+ %hnf(tn,xn)) forn=0,1,---,np—1.

This is often called the modified Fuler method. However, that name is sometimes used for
other methods and is not very descriptive. Rather, we will call this the Runge-midpoint method
because it was proposed by Runge based on the midpoint rule. This name makes the origins
of the method clear.

In practice, the Runge-midpoint method is implemented by initializing xy = x; and then for
n=20,---,nrg — 1 cycling through the instructions

ki = hnf(tm xn) )
ko = hnf(tn + %h’nvxn + %kl) ’

Tptl = T, -+ ]{32 .

Here again k; and ko are overwritten each cycle. In fact, k; can be overwritten by ks.
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2.4.4. Classical Runge-Kutta Method. In 1901 Wilhelm Kutta presented the family of explicit
numerical methods that are now called the explict Runge-Kutta methods. We will study this
family in Section 4. Kutta favored one member of this family that is based of the Simpson rule.
The Simpson rule approximates the definite integral on the left-hand side of (2.12) as

/t f(s,2(s))ds = %[f(t, o(t)) +4f(E+ 2h,x(t+1h) + F(E+ hz(t + )]+ O(R°).

This approximation is not in the form (2.12) because of the z(t + 3h) and z(t + h) on the
right-hand side. If we approximate these with the explicit Euler method as we did before then
we will degrade the local error to O(h?). Kutta found an approximation that is consistent with
the O(h®) local error of the Simpson rule. This led to a method that became so widely used
that it became known as the Runge-Kutta method. We will call it the classical Runge-Kutta
method. We will derive this method later. Here we give its basic algorithm.

In practice the classical Runge-Kutta method is implemented by initializing zo = x; and
then for n = 0,--- ,ng — 1 cycling through the instructions

ki = hof(tn, ©,),
P f (tn 4 5P, Tn + 5k1)
ks = hof(tn + $hn, @y + 3k2)
B f (tn + B, Ty + k3)
Tpa1 = T + § [k1 + 2ky + 2ks + Ky .

The variables kq, ks, k3, and k4 are overwritten each cycle. In fact, we can be more efficient with
storage by overwriting k; by k;1 after adding the k; contribution to z,4,. The psuedocode is

k= h,f(tn, z,), Tpi1 1= Tn + 3k,

k= hof(tn + Shy, x + 3k), Tpt1 1= Tpt1 + 3k,
k= hof(tn + 3hn, 20+ 35k), Tnt1 = Tpy1 + 3k,
k= h,f(ty + hp,zp + k), Tpi1 1= Tni1 + k.

Here := means that the variable on the left is assigned the value of the expression on the right.

Remark. This Runge-Kutta method requires four evaluations of f(¢,x) to advance each time
step, whereas the second-order methods each required only two. Therefore it requires roughly
twice as much computational work per time step as those methods.

Remark. Notice that if we set h,, = h above then because

Ty =~ x(ty), ki~ hf (tn, z(tn))
Tp+ ki~ x(t, +3h), ke &~ hf(t, + ih,z(t, + 1h)),
Ty + ko ma(t, +30), ks~ hf(t, + 2h,z(t, + 1h)),
Ty + ks ~ x(t, +h), ko~ hf(t, + h,z(t, + h)),

we see that

h
s [f(tn, x(tn)) + 4 (tn + 2h,2(ty + 3h)) + f(tn + h, z(t, + h))] .
This Runge-Kutta method thereby looks consistant with the Simpson rule approximation. This

argument does not prove that this method is fourth order, but later we will show that it is.

Tpt1 ~ x(t,) + =
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3. ANALYSIS OF ExpPrLiciT ONE-STEP METHODS

Let z(t) be the solution of the initial-value problem
(3.1) = f(t,x), z(t;) = x5.
We consider numerical approximations to x(t) over an interval [t;,tp] that are generated by
explicit one-step methods of the form
(3.2) Tpt1 = Tp + hpy®(hp, b, xy) .

We will prove that these approximations converge by first establishing a stability bound and

then a consistency estimate. Let the discretization error D(h,t, x(-)) be defined by

t+h)—a(t)
h

3.1. Cauchy Stability Lemma. In 1824 Cauchy proved that the Euler method converges.
His basic stability estimate applies to any one-step method of the form (3.2).

(3.3) Dt () = —®(h,t,a(t)).

Lemma 3.1. Let Q C RY be a bounded domain such that x(t) € Q for every t € [t;,tr] and
Ty € Q for everyn € {1,--- ;np}. Let A > 0 such that ®(h,t,z) satisfies the Lipschitz estimate

(34> H(I)(h,t,l’)—q)(h,t,y)n S‘/\Hx_yH fOT €U€7’yh€ [071]? te [t17tF]? xuyEQ'

Let e, = x, — z(t,) and d,, = D(hy,t,, z(-)). Then we have the Cauchy stability bound
e(tn_tO)A _

(3.5) |len|l < et leg + A max{|d;|| : j=0,---,n—1} foreveryn € Z, .

Proof. By definition (3.3) we have
(tns1) = x(tn) + hpn®(hy, tn, ©(t,)) + had, .
By subtracting this relation from (3.2) and using the fact e, = x,, — x(t,,) we find that
ent1 = €n + o [®(hns tn, 20) — P, b, 2(t0))] — Bndy, -
By the triangle inequality and the Lipschitz estimate (3.4) we obtain the bound
lentall < (1 +hn)l[enll + hnlldnll -

Upon working out the first three cases we see that

lexl] < (14 hoA)l[eoll + holldol|,

leall < (L+haA)[lex]| + hallda
1+ hiA)(1 + hoA)l[eof| + (1 + haA)ho||dol| + ha|[di] ,
L+ haA)llea]| + ha||da|
(1 + R A)(1 + R A)(1 + hol)|eol]
+ (14 hoA)(1 + hiA)ho||dol| + (1 + haA)ha||ds]| + ha|da]| -

The pattern seen above suggests that for every n € Z, we have the iterated bound

o~~~ o~

<
<
lesll <
<

n—1 n—2 n—1
36l < [T+ M) ol + 30 [T (1R illdl + s
=0 =0 i=j+1

where the summation is zero when n = 1. This bound can be verfied by induction.
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Now we need a couple of elementary inequalities. The first is obtained by using the facts
that t,, —tg = hg+ -+ h,_1 and that e > 1+ y for every y € R to get

n—1 n—1
(3.7a) eltn=to)d — plhotthn-D)A H it > H(l + i) .

The second requires more work. Because the function s — e™** is strictly decreasing over R,

the right-hand quadrature rule gives a lower bound to its definite integral over any interval.
Therefore we can use the fact that ¢, —tg = hg + - - - + h,,_1 to obtain the inequality

tn—t
/ Oe—sA ds > e_hOAho + 6_(h0+h1)Ah1 et 6_(h0+"'+h”’2)Ahn_2 + 6_(h0+"'+h"’1)Ahn_1 )
0

Upon multiplying this inequality by e*»~%)* and again using fact that ¢, —to = hg+- - -+ hpn_1,
we see that
tn—to)A tn—t
eltn=to)A _ 7 _ 6(t”_tO)A/ ’ M ds
A 0
> (h1+"'+hn—1)Ah0 + 6(h2+‘“+hn71)Ah1 4+t ehn—lAhn_2 + h’n—l

n—2 n—
:E:H M Ry 4 By

1=0 1%

where the summation is zero When n = 1. Then using the fact that e > 1+ y for every y € R
we obtain the inequality

e(tn—tO)A — n—2 _

N ZH1+hAh+hn1

(3.7b)

Finally, the Cauchy stability bound (3.5) is obtained by combining the iterated bound (3.6)
with the elementary inequalities (3.7). O

Exercise. Use induction to verify the iterated bound (3.6).

Exercise. Derive the Cauchy stability bound (3.5) by combining the iterated bound (3.6) with
the elementary inequalities (3.7).

Remark. The significance of the Cauchy stability bound (3.5) is that it estimates the size of
the error at the n'™ step ||e,| by the sum of the sizes of the intial error ||eg|| and the maximum

discretization error max{||d;|| : j =1,---,n} times respectively the coefficients
(tn—to)A _ 1
_ e
eltn—to) and —
which are independent of the choice of time step sizes hi, ha, -+ -, h,. This independence was

a consequence of the elementary inequalities (3.7).

Remark. In order to apply this lemma to a particular method we have to extablish the
Lipschitz estimate (3.4) for some A. If ®(h,t,z) is differentiable with respect to = and the
matrix of partial derivatives 0,®(h,t,x) is bounded over [0, Ayayx] X [tr, tr] x  and Q is convex
then we can take

A = [0,]|oe = sup {[|0s®(h, £, 2)|| + (hyt,3) € [0, ha) X [t1, 1] x Q).

Here ||0,®(h,t, x)| denotes the matrix norm of 9,P(h,t,z) induced by the vector norm that
appears in the Lipschitz estimate (3.4).
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Remark. Cauchy considered the explicit Euler method, for which ®(h,t,z) = f(t,x). In that
case if f(t,x) is continuously differentiable over [t;,tr] x 2 where Q is convex and compact
then we can take

A= L= [0l = sup {05 (1. 2)]| : (t.2) € [tr,t6] x Q).

Remark. For Runge-Kutta methods a Lipschitz constant A for ®(h,t,z) can be obtained in
terms of L and hy,y, which are the Lipschitz constant for f(¢,z) and the maximum value of h.
For example, because for the Runge-trapezoidal method we have

O(h,t,x) = %[f(t,x) + ft+h,x+hf(t,z))],
we see that
[@(h,t,2) — @(h,t,y)|| < 3l f(t,2) = Ft )l
+5llft+ha+hf(t2) = f(t+hy+hf(ty)]

< gLllz =yl + 3Lllx +hf(t,x) —y — hf(t,y)|

< 3Lllz =yl + 5Lllw — yl + LAl f(t 2) — f(ty)]

< Lljz =yl + 3L hmaxllz — y

= L(1 + 5Lhwas) [l =y -
Therefore we can take A = L(1+ %Lhmax). Notice that A approaches L as hpax — 0. This will
always be the case for Runge-Kutta methods whenever f(¢, ) is continuous because of the way
®(h,t,x) is constructed and because ®(0,t,z) = f(¢, z).
Exercise. Give a Lipschitz constant A for ®(h,t,x) in terms of L and Ay, for the classical

Runge-Kutta method, where L is a Lipschitz constant for f(¢,z) over R x RY and Ay, is the
maximum value of h.

3.2. Convergence Theorem. Proving the convergence of any numerical method usually has
three steps. The first is to establish a stability bound. The second is to show that a consistancy
condition is satisfied. The third is to show that “stability plus consistancy impiles convergence.”
In the present setting the stability bound is provided by the Cauchy stability bound (3.5) that
was established by Lemma 3.1. The consistancy conditions will have the following form.

Definition 3.1. An explicit one-step method in the form (3.2) is said to be consistent with the
differential equation ©' = f(t,x) over [t;,tr| X Q if for every solution x(t) of x’ = f(t,x) such
that x(t) € Q for every [t;,tr] the discretization error D(h,t,x(-)) defined by (3.3) satisfies

(3.8a) fllin%] |D(h,t,z(-))|| =0 wuniformly in t over [tr,tr).

Moreover, the method is said to be consistent through order m for some m > 0 if for every
solution z(t) of ' = f(t,x) such that x(t) € Q for every [t;,tp| there exists C > 0 such that

(3.8b) ID(h,t,x(-))|| < Ch™  for every [t,t + h] C [t;,tF].

Remark. We will show how to establish such consistancy conditions later. At this point we
remark that to do so for m > 1 generally requires additional regularity assumptions on f(¢,x).
For example, we will show that (3.8b) holds for the classical Runge-Kutta method with m = 4
when f(t,z) is four times continuously differentiable over R x RY.

We now show that “stability plus consistancy impiles convergence.” This will be relatively
easy because the hard work was done when we established the Cauchy stability bound (3.5).
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Theorem 3.1. Let x(t) be the unique solution of the initial-value problem (3.1) over [t;,tF].
Let {t,},£, a partition of [t;,tr| such that

tr=ty <ty <o <ty <-oo<tn, =tp.

Let hy, = tpyq — t, for everyn € {0,--- ngp — 1}. Let xg = x; and {x,}2, be generated by
the one-step method (3.2). Let Q C RY be a bounded domain such that x(t) € Q for every
t € [tr,tr] and x,, € Q for everyn € {0,--- ,np}. Let ®(h,t,x) satisfy the Lipschitz estimate
(8.4) for some A > 0. Let e, = x, — x(t,) for everyn € {0,--- ,np}. If the discretization
error D(h,t,z()) defined by (3.3) satisfies the consistency condition (3.8a) then we have the
convergence

(3.9a) max {|le,|| : n=1,---,np} =0 as hpax — 0,

where hyaxy = max{h, : n=0,--- np — 1}. Moreover, if D(h,t,x(-)) satisfies the m™-order
consistency condition (3.8b) for some m > 0 and some C' > 0 then we have the convergence
rate estimate

eltr—t)A _ 1
(3.9b) max {|le,|| : n=1,-++ ,np} <C—-r——h

A max °
Remark. The convergence rate estimate (3.9b) says that a sequence of applications of the
one-step method (3.2) with smaller and smaller hp,., will produce errors that will vanish at
least as fast as h/™

Proof. We will only prove that the convergence rate estimate (3.9b) follows when D(h,t, z(-))
satisfies the consistency condition (3.8b). The proof that the convergence (3.9a) follows when
D(h,t,z(-)) satisfies the consistency condition (3.8a) is left as an exercise.

Because xg = xy, tg = t;, and x(t;) = x; we see that eg = zo—x(tg) = x;—x(t;) = x;—x; = 0.
Because z(t) € 2 for every t € [t;,tr| and z,, € Q for every n € {0,--- ,np}, and because
®(h,t,z) satisfies the Lipschitz estimate (3.4), Lemma 3.1 yields the stability bound

(tn—tO)A —
A
where d,, = D(hy,t,, x(-)) for every n € {0,--- ,np — 1}. Because D(h,t,z(-)) satisfies the

( .
consistency condition (3.8b), we have the inequality

;1] = DRy £, 2 ()| < Chi" < Chyy

max

leall < max{||d;]| : j =0,---,n—1} forevery ne{l,--- nr},

for every j € {0,--- ,np — 1}.
When this inequality is placed into the stability bound above it, we see that

e(tn—tO)A — 1

len|| < C hpe foreveryne{l,--- ,ngp}.

The convergence rate estimate (3.9b) follows from this by using the fact that ¢, —ty < tp —t;
and taking a maximum. ([

Exercise. Prove that if D(h,t, z(-)) satisfies condition (3.8a) then convergence (3.9a) holds.

Remark. In order to apply this theorem to obtain a convergence estimate for the one-step
method (3.2) given by a particular ®(h,t,x), we have to establish the Lipschitz estimate (3.4)
and the consistency condition (3.8). Earlier we discussed how to obtain the Lipschitz estimate.
We will establish consistency conditions by Taylor expanding D(h,t,z(-)) in h.
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3.3. Taylor Expansions. The discretization error D(h,t,z(-)) that was defined by (3.3) for
the one-step method (3.2) given by a particular ®(h,t,x) can be expressed as

Frx(t) — h®(h,t,x(t))
= - ,
where Fy, is the forward difference operator defined by F,z(t) = x(t + h) — x(t). Therefore the
Taylor expansion of D(h,t,z(-)) in h is simply the Taylor expansion of F,z(t) in A minus the
Taylor expansion of h®(h,t,z(t)) in h, all divided by h. The first expansion is the same for all
methods, so we carry it out here.

From advanced calculus we know that if () is m-times continously differentiable over [ty , tg|
for some m € Z, then for every t € [t1,tg] and every h # 0 such that ¢t + h € [t1,tg] we have

(3.11a) x(t+h) =T x(t) + Ry'x(t),
where 7,z(t) and Rj'z(t) are given by
(3.11Db) Tx(t) = x(t) + ha'(t) + h2%2" () + -+ L™ (@),
1 t+h
11 mp(t) = — ) (207 () — ) ‘

(3.11c¢) wa(t) 1) /t (t+h—s)™ (2™ (s) — 2™ (¢)) ds
Moreover, it can be shown that R}'z(t) = o(h™) — i.e. that

tim 220

h—0  h™

This result implies that R}z (t) becomes smaller than every nonzero term in 7,"x(t) as h — 0.
We call 7,™x(t) the m'"-order Taylor polynomial for z at ¢ and call R7*x(t) the m'-order Taylor
remainder for z at t.

If z(t) has more regularity then we can obtain alternative forms for the remainder R} z(t)
that allow better estimates on it. For example, if x(t) is (m+ 1)-times differentiable over [t , tg]
then the Lagrange Remainder Theorem states that

1
(m+1)!

Similarly, if x(t) is (m + 1)-times continuously differentiable over [ty tg] then the usual Cauchy
Remainder Theorem states that

(3.12a) ma(t) = AL mAD ()

,  where r lies between t and t + h.

1 t+h
(3.12b) wa(t) = %/ (t+h — )™z (s) ds.
cJt
In either case if 2™V (t) is bounded over [t,tz] then we have the bound
m 1 m m
(3.13a) IR < gy I 1]l

A similar bound can be obtained if we assume that 2™ () is only Lipschitz continuous over
[tr,tr] — i.e. that there exists A such that ||2(™(s) — 2™ (t)|| < A|s —t| for every s,t € [ty tg].
In that case we can derive directly from (3.11c) the bound

1
(3.13b) IRy (1) < R A"

In each case of (3.13) we see that Rz (t) = O(h™!). This is what arises in most applications.
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Now let x(t) be any solution of ' = f(¢,x). If f(¢,z) is m times continuously differentiable
then z(t) will be (m + 1) times continuously differentiable. In that case by (3.11) we have the
Taylor expansion

(3.14) ot + h) = x(t) + ha'(t) + %" (t) + -+ Lhma ™ (1) + Rita(t),
where R}z (t) satisfies (3.13a). In order to use this expansion we must use the fact 2/ = f(¢, z)
to express z”(t) through 2™V (¢) in terms of f(¢,z) and its derivatives evaluated at x = x(t).
By differentiating the relation ' = f(¢, x) four times with respect to ¢ we find that
" =0 f+ - 0.f,
2" = Ouf + 22" Opf + 2% Opuf + 2" Ouf,

LU//// — 8tttf "‘ 325/ ‘ 81‘,1€:vf + 335/@2 : atx:vf _'_ Jf/®3 8$$5Bf
+ 31’H : (atx.f + ZL'/ : axxf) + lﬂ/ : a:c.fa

2" = Opu f + 42" - Outa f + 62'%% Ovtaa f + 42'% o —
+ 62" - (attmf + 27 - 8tmmf + Jf/®2 . ammmf) + 33://@2 . ammf
+ 42" (O f + 2" Opuf) + 2" - O f .
Here we have suppressed the (¢, x) dependence of f(t, z) and its derivatives and the ¢ dependence

of z(t) and its derivatives. Therefore we can express z”, 2/, ", and 2 in terms of f and its
derivatives through fourth order as

(3.15a) & = hf + f - Ouf,

(3.15b) 2" = Ouf +2f  Ouf 4+ [%°: Opuf + (Ouf + f - 0uf) Ouf,
" = atttf + 3f : 8tt:vf + 3f®2 : atxwf + f®3 axwxf

(3.15¢) T30S + [ 0uf) - (Ouf + [+ Ouaf)

+ (Ouf +2f - O f + %% 1 Onaf) - Ouf

""" = O f +4Af - Outa f + 6f®2 D Obtae f + 4f®3  Opeea f + f®4 R —
+6(0f + [ 0uf) - (Ouaf 4 2f + Ouwaf + [P : O f)
+3(0f + f -0 ) Opuf
+40uf +2f O f + [ : Onaf) - O f + [ Oraf)
(3.15d) +4(Of + - 0uf) - 0uf) - Ouaf + f+ Orcf)

+ (O f +3f - Ouaf + 3% : Oauf + f®3;0x:c:cf) O f
+3((0uf + [ 0uf) - Ok + [ Ouaf)) - Ouf

+ (O f +2f - O f + %22 Opaf) - Ouf) - Ouf

+ (((Ouf + f-0uf) - 0uf) - Ouf) - Ouf -

Such calculations become much messier when carried out to higher orders, so we will stop here.
These suffice for us to recover many classical results. We will illustrate with some examples.
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Example. Let f(¢,z) be once continuously differentiable. Show that the explicit Euler method
is indeed first order.

Solution. For the explicit Euler method we have ®(h,t,x) = f(t,x), so that by (3.14) and
(3.13a) with m =1

ID(h,t, () < 5lhlllz"llo -

h
Because x” = (O,f + f - 0.f) by (3.15a), if z(¢) remains within a compact convex set {2 then
2" loo < N10ef lloo + Nl fllooll 02 f lloo »
where for our given vector norm || - || we have
1flloo = max {||f(t,2)|| : (t,x) € [ts,tr] X Q},

100 flloe = max {[|0:f (¢, 2)|| : (t,2) € [tr,tr] x Q},

102 flloo = max { |0, f(t, )| : (t,2) € [t;,tr] x Q} .
Therefore the explicit Euler method is first order. OJ

) = Hfhx — hf(t,z(t))

_ Hsz@)

Here |0, f(t, z)|| denotes the induced derivative norm, which is defined in terms of our given
vector norm by

ax )
10, £(t,2)] =max{W .y eRY, y#O} .

Below we will use the induced second derivative norm, which is defined by

X :axx ta
||ammf(tvx)|| = max{ ||(y1 ﬁ{;in ||y2|{( x)H Y1, Y2 € RNa Y1 % 07 Y2 % 0} .

Example. Let f(¢,x) be twice continuously differentiable. Show that the second-order Taylor-
based method is indeed second order.

Solution. For the second-order Taylor-based method we have
O(h,t,x) = f(t,x) + 5h(0f(t, ) + f(t,2) - 0. f(t,2)),
so that by (3.14) and (3.13a) with m = 2

Frx(t) — h®(h, t, z(t Riz w
N N e B

1D t,( )] = \

Because by (3.15Db)
"= Ouf +2f Ok + [ Opuf + (O f + - 0uf) - Ouf
if x(t) remains within a compact convex set (2 then
2" oo < 1100 f lloo + 211 Flloo |0 Flloo + 126118z flloo + (102 lloo + | Flloo 10 Flloc) 102 flloo

where || flloo, |0¢f]|c0, and ||0, f|s are defined as in the previous problem while

10sf]|oo = max {0 f(t, 2)|| : (t,2) € [tr,tr] X Q},

10k flloo = max {[|0: f (. 2)]| = (t,2) € [tr,tp] x O},

1020 f ||loo = max {[|0p, f (£, 2)|| : (t,2) € [tr,tr] X Q}.

Therefore the second-order Taylor-based method is second order. O
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Remark. The proof that the m! order Taylor-based method is m** order is essentially the

same because in that case by (3.14) we have Frx(t) — h®(h,t,z(t)) = Rj'x(t).

Example. Let f(¢,x) be twice continuously differentiable. Show that the Runge-trapezoidal
method is indeed second-order.

Solution. For the Runge-trapezoidal method we have
O(h,t,x) = %[f(t,x) + ft+h,x+hf(t,z)).
Because
n®(h,t,x) =30 f(t+ h,x + hf(t,x)) + f(t,z) Ouf(t + b,z + hf(t, x))),
O ®(h, ,h) = 2 (Ouf(t+ h,x + hf(t,z)) + 2f(t,x) - O f(t + h,x + hf(L, x))
+ f(t,2)%: O f(t + by + hf(t,2))),
the Taylor expansion of ®(h,t,z) in h at h =0 is
®(h,t,z) = ®(0,t, ) + h0L®(0,t,2) + R ®(t, z)
= f(t,z) + 1R(0,f(t,2) + f(t, ) - O, f(t, @) + Rp®(¢,2),
where .
R} ®(t,z) = / (h — 8)Onn®(s,t,7)ds.
We have the bound "
IR, (t, )] < 5h°[[Onn®l|oo ,
where
|0 P00 < max{H&hh(I)(h,t, )| = (hyt,x) € [0, hmax] X [t1,tr] X Q}
By (3.14) and (3.13a) with m = 2
Fra(t) — h®(h,t, z(t)) H B H Rix(t) — hR}®(t, z(t)) H
h h

D, 1) = '

IRz ()]
< TEEIE R0 2] < $h%a" o + $H2 00D o

This shows that there exists C' > 0 such that
ID(h,t,z(-))|| < Ch?,

which shows that the Runge-trapezoidal method is second order. O
Remark. We can obtain an upper bound on C' from the bounds

10w f +2f - Bua f + 22 O f| oo < 101 lloo + 20 flloo /Ot Flloo + 1 F 112N fll oo
[Ouf + f - 0uf) - Ouf| oo S N0ef lloollOn flloo + [1Fllool1 O f1I% -

By adding the error bounds of the Taylor expansions we obtain

C < & (100 oo + 20 flocllOre Flloc + LFI2 1020 llc) + 2 (190 locllOn o + 110112
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4. EXprrIiCIT RUNGE-KUTTA METHODS

The one-step methods presented in this section are the explicit members of the family of
Runge-Kutta methods. The implicit members of this family will be presented later.

4.1. Runge, Heun, and Kutta. Carl Runge had described just a few methods in his 1895
paper, including the Runge trapezoid and midpoint methods. In 1900 Karl Heun presented a
family of explicit methods that included all of those studied by Runge as special cases. In 1901
Wilhelm Kutta enlarged this family to what we now call the explicit Runge-Kutta methods.
Here we give an overview of these early results, which were for the case N = 1.

Heun characterized the computational effort of these methods by how many evaluations of
f(t,z) are needed to compute K(h,t,z). A method that requires s evaluations of f(¢,x) is
called an s-stage method. The explicit Euler method, for which K (h,t,z) = hf(t,z), is the
only consistent one-stage method.

4.1.1. Two-Stage Methods. Heun considered the family of two-stage methods in the form
(4.1a) K(h,t,z) = arky + agks with a3 +as =1,

where k; and ko are given by two evaluations of f(t,z) as

(4.1b) ki =hf(t ), ky = hf(t + Bh,z + Bky), for some > 0.

Heun showed the two-stage method (4.1) is second-order for every f(¢,z) if and only if

1 1

257 T 28

These include the Runge trapeziodal method, which is given by a3 = ag = % and # =1, and
the Runge midpoint method, which is given by a; = 0, as = 1, and § = 5. Heun also showed
that no two-stage method (4.1) is third-order for every f(¢,x).

Remark. Second-order, two-stage methods are often called Heun methods in recognition of
his work. Of these Heun favored the method given by a; = i, g = %, and § = %, which is
third order in the special case when 0, f = 0.

(42) a1 = 1-—

1
3

4.1.2. Three-Stage Methods. Heun also considered families of three- and four-stage methods in
his 1900 paper. However in 1901 Kutta introduced families of s-stage methods that where more
general when s > 3. For example, Kutta considered the family of three-stage methods in the
form

(4.3a) K(h,t,x) = ajk; + asks + asks, with a;+as+az3=1,
where k1, ko, and k3 are given by three evaluations of f(t,z) as
ki =hf(t,z),
(4.3b) ky = hf(t+ Boh, x + ynki), with 2 = 01,
ks = hf(t+ Bsh,x + y31k1 + Y32k2) , with 03 =31 + 732.-
Kutta showed the three-stage method (4.3) is second-order for every f(t¢,x) if and only if
(4.4a) agfy + asfs = 3;
and is third-order for every f(t,y) if and only if in addition
(4.4b) 235 + o35 = % ; a3Y32s = é .

Kutta also showed that no three-stage method (4.3) is fourth-order for every f(¢,x).
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Remark. Heun had shown the analogus results restricted to the case vy3; = 0. He favored the
third-order method given by

—_

a1:Z> Oé2:0, a3 =

52:721:%7 53:732=§7 Y31 =

Y

o >

(4.5)

)

which is the third-order method requiring the fewest arithmetic operations. Kutta favored the
third-order method given by

win

Y

=

) Qg = 3, Q3 =

=

] =
(4.6) T B B -
52—721—57 Bz=1, vy1=-1, 732=2,

which agrees with the Simpson rule in the special case when 9, f = 0.

4.1.3. Four-Stage Methods. Kutta also considered the family of four-stage methods in the form
(47&) K(h, t, [L’) = Oélk‘l + Oégk‘g + Oégk’g + Oé4k’4 s with o]+ g+ g+ g = 1 s

where ky, ko, k3, and k4 are given by four evaluations of f(¢,x) as

= hf(t,z),
(4.70) = hf(t + Boh,x + y21k1), with By = 721,
= hf(t+ Bsh,x + va1k1 + Ya2k2) , with O3 = y31 + 732,
= hf(t+ Bah, x4+ yark1 + Yazks + Yasks) | with 34 = Ya1 + Va2 + Va3 -

Kutta showed the four-stage method (4.7) is second-order for every f(¢,x) if and only if
(4.8a) s + asfs + ufy = 5 ;

is third-order for every f(¢,x) if and only if in addition

(4.8b) asfy 4+ asfs + o = %, a2 + g (Ya2P2 + asBs) =

and is fourth-order for every f(¢,x) if and only if in addition

042/62 + asﬁg + 04454 ) a3732622 +ay (742/522 + 743632) = % )

(4.8¢) |
3373202 + s (74252 + 74353) =3 QuYa3Y3202 = by

Kutta also showed that no four-stage method (4.7) is fifth-order for every f(t,z).

Remark. Heun had shown the analogus results restricted to the case v31 = Y41 = 742 = 0.
Kutta favored the classical Runge-Kutta method presented earlier, which is given by

Y

=

ay =

Wl

) Q3 =

Wl

Qg =

Bo =21 =3, Bys=v2=13%, 1 =0, Bi=y3=1, Y1=7=0.

D=

o] =

(4.9)

This is the fourth-order method that both requires the fewest arithmetic operations and is
consistent with the Simpson rule.
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4.1.4. General Multi-Stage Methods. More generally, Kutta considered the family of s-stage
methods in the form

(4.10a) K(h,t,x) = Zajkj : with Zaj =1,
j=1 Jj=1
where k; for j =1,---, s are given by s evaluations of f(¢,z) as
kl = hf(t> :L') ’

(4.10b) i1 ' i1 ‘
kj=hf t+/5jh>17+2%'iki ,  with @-:Z%i, forj=2---s.
i=1

i=1

Kutta showed that no five-stage method (4.10) is fifth order for every f(¢,z). This result might
be surprising because for s = 1, 2, 3, and 4 there were s-stage methods that were s order.
Kutta then characterized those six-stage methods (4.10) that are fifth-order for every f(¢,x).
We will not give the conditions he found here.

Remark. Programmable electrionic computers were invented over fifty years after Runge,
Heun, and Kutta carried out their work. Early numerical computations had less precision
than they do today. Higher-order methods suffer from round-off error more than lower-order
methods. Because round-off error is larger on machines with less precision, there was little
advantage to using higher-order methods on early machines. As machines became more precise,
the classical Runge-Kutta method became widely used to solve differential equations because
it offers a nice balance between order and round-off error.

4.2. Butcher Tables. We encode the s-stage explicit Runge-Kutta method (4.10) by its
Butcher table:

0

Ba | Y21

Bs Y31 V32

/68 Vs1 Ts2 1t Ts(s—1)
1oy ay -+ s ag

Notice that each entry in the first column is the sum of the entries to its right. For example,
the Runge-trapezoidal, Runge-midpoint, second-order Heun methods have the Butcher tables

== O
(e} ST
—_

O wl—

— o lhowl—= O
—| == O
wing DO

[Nl
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The Kutta three-eighths and classical Runge-Kutta methods (both singled out by Kutta) are
fourth-order and have the Butcher tables

1
-1

W=

I

8

I

6

oluy =

olH O Owi-
wWiH Ol
ol =

—| R wihhwl= O
Q0| = o=
= oY= O

The Kutta three-eighths method is based on the Simpson three-eighths quadrature rule. Kutta
prefered the classical Runge-Kutta method because it has fewer arithmetic operations and
because the Simpson rule is generally more accurate than the Simpson three-eighths rule.

[eeJ[o%

Remark. One of the most important developments in Runge-Kutta methods since their inven-
tion is embedded methods, which emerged in the 1950s. These methods maintain a prescribed
error tolerance by selecting a different A for each time step based upon an error estimate made
by compairing related Runge-Kutta methods of orders m and m + 1. By “related” we mean
that the methods are built from the same evaluations of f(¢,x), so that they can be computed
simultaniously. The MATLAB command “ode45” uses a Runge-Kutta embedded method to
select its step size. Originally it used a fourth-order method invented by Fehlberg in 1969,
sometimes denoted RKF45. Currently it uses a fifth-order method invented by J.R. Dormand
and P.J. Prince in 1980, sometimes denoted RKDP54. This method might be replaced by a
higher-order embedded method as faster machines with smaller round-off error become more
common. One candidate to fill this role is an eighth-order method invented by Dormand and
Prince in 1981, a seventh-order/eighth-order Runge-Kutta embedded method sometimes de-
noted RKDP87. There are other candidates.

4.3. Order Conditions. In this subsection we derive and analyze the order conditions given
in the previous subsection 4.1. The family of s-stage explicit Runge-Kutta methods (4.10) can
be put into the form

(4.11) K (h,t,x) = ki + aaloy + -+ - + asAg

where Aj; = k; — ky and the first six k; = k;(h, t,z) are

(4.12a) ki =hf(t,x),

(4.12Db) ke = hf(t+ Goh,x + [oky),

(4.12¢) ks = hf(t + Bsh,x + Bski + y32091)

(4.12d) k= hf(t+ Bah, © + Baky + 42001 + Ya3031)

(4.12¢) ks = hf (t + Bsh, x + Bski + 15201 + V53431 + 754A41) ;

(4.12f) ke = hf (t + Bsh, v + Bsk1 + Ye2Ao1 + V6331 + YeaDa1 + 765A51) .

Here we have suppressed the dependance of each k; on (h,t, ).

The discretization error for these methods are given by

(413) Ds(h,t,l'( )) _ th(t) - is(hat7$(t)) :

where z(t) is any solution of ' = f(¢,x). We will derive the order conditions for the two,
three, and four-stage methods by computing the Taylor expansion of Dy(h,t,z(-)) in h and
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seek conditions on the parameters that must be satisfied for the method to satisfy a consistency

condition of order m.
If we assume that f(t, ) is five times continuously differentiable then by combining relations
(3.14) and (3.15) we see that the Taylor expansion of F,x(t) in h has the form

Fnt =hf+ sh*(Ouf + f - 0uf)
+ LB [(Ouf +2f - 0ot + [ Opuf) + (Ouf + f - 0uF) - 0uf]
+ ﬁhﬁt [(atttf + 3f : 8ttx.f + 3f®2 . atxxf + f®3 : axxxf)
+3(0if + [+ 0uf) - Oraf + [ Ouaf)
+ (Onf +2f - O f + [ Opaf) - O f
+(Of + f-0uf) - 0uf) - 0:f]

+ ﬁhs [atttt.f +Af - Ouiaf + 6% : Opanf + A4S Orawaf + % 1 Onanf
+6(0f + [ 0uf) - (Ouaf +2f - O f + %%+ Oraaf)
+3(0f + [ 0uf)*? 2 Ouuf
+A40uf +2f O + [ 1 Ouaf) - (Ooaf + f - Osaf)
+A4((0uf + - 0uf) - 0uf) - Of + [ - Ouaf)

+ (attt.f +3f - Ouaf 4+ 3f% : Opauf + [2° axxxf) O f
+3(Of + [ 0uf) - Ot + f0uf)) - Ouf
+ (Ouf +2f - Oraf + [5: Ouaf) - Ouf) - Ouf
+ (B f + [ -0uf) - Ouf) - Ouf) - Ouf]
+ O(h®).

We see from (4.11) that the Taylor expansion of K, can be computed from the Taylor
expansions of Aj; = k; — k; for j =2, ---, 5. We will obtain these expansions from the Taylor

expansion of f(t+ Bh,x + (k) in h and k given by
ft+ Bh,x+ k) = f(t,2) + Bhf + k- 0p f) + 38°(h?0uf + 20k -0 f + k¥2: 0y f )

+ 28 (W0 f + 3h%k - Oua f + 3k™* < Opu f + k%% O f)
(4-15) + ﬁﬁél (h4attttf + 4h3k5'8ttt:cf + 6k Oga [+ 4k Oraaa f + k&4 8xxxx.f>
+O(h° + ||k]P) .

(4.14)

4.3.1. Stage Two. By setting § = (y and k = k; = hf in (4.15), we see from (4.12a) and
(4.12b) that

Doy = Boh*(Of + f - Ouf) + 5050° (Ouf +2f - O f + FO2 : Ouaf)
+ 5050 (Ounf +3f - Ouef + 312 Owaf + F%° O f)
+ 51050 (O f +4f - Oupra f 4+ 6% 2 Qe f + 4% Oz S + [¥! 22 Orawa )
+ O(h®).

(4.16)
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4.3.2. Stage Three. By setting § = 5 and k = ki + v32Q91 /03 in (4.15), we see from (4.12a)
and (4.12¢) that

Agy = Bsh?(Ouf + f - O0uf) + hysaDoy - On f
+ 3850°Ouf +2f - O f + %% : Oraf)
+ Bsh* 32801 - (O f + [+ Ouaf) + 5hY5p A5 < Ona f
+ %/633h4 (8tttf + 3.f ) att:cf + 3f®2 . at:c:cf + f®3 a:c:c:cf)
+ %632h3732A21 : (attmf + 2f : &mmf + f®2 : ammmf)
+ iﬁ;hs (attttf + 4f ’ atttﬂc’f + 6f®2 : attxx.f + 4f®3 atxxx.f + f®4 - a:c:c:c:cf)
+ O(h®).

Upon placing the expansion of Ag; given by (4.16) into this we obtain

Agy = Bsh*(Ouf + f - Ouf) + 752020 (Of + [ - Ouf) - Ouf
+ %532h3(8ttf +2f O f + [%2 1 Onaf)
+ 5752050 (Ouf + 2 - O f + [% 1 Ouaf) - Ouf
+ B3y5202ht (04 + [ - 0uf) - (Oraf + [ - D)
+ 3850 (Ouef + 3f - Onaf +3F%% : Oraaf + % Oz f)
(4.17) t+ 593205 0° (O f +3F - O f + 3F%% 2 O f + £ O f) - Ouf
+ Bsv32850° (Ouf +2f - O f + [% : Onaf) - (Oaf + [+ Onaf)
+ 57505020 + [ - 00 f)*? 2 Onu f
+ 5057320:0° (0 + [ - Ouf) - (Outaf +2f - Oraaf + [Z% 2 Onacf)
+ 5 BB (O f + A4S - Ot f + 6% 2 O f + A% Oz f + [Z* 22 O f)
+ O(h®).

4.3.3. Stage Four. By setting 8 = (4 and k = k1 + (742Q01) +743A31) /64 in (4.15), we see from
(4.12a) and (4.12d) that

Ay = Bh*(Ouf + f - 0uf) + h(va2Do1 + 143l31) - O f
+ 500 Ouf +2f - O f + [%% 1 Onaf)
+ Bib® (va2 a1 + Ya3Ds1) - (Orof + [+ Ouaf) + Sh(ya2Da1 + Ya3031) % 2 O f
+ %6f’h4(8tttf +3f - Ouaf + 3% : Opu f + &3 Ovaaf)
+ %/642}13(742A21 + 743A31) ’ (att:cf + 2f ' atxx.f + f®2 : 8xxxf)
+ iﬁfhs (attttf + 4f ’ atttﬂc’f + 6f®2 : attxx.f + 4f®3 atxxx.f + f®4 - a:c:c:c:cf)
+ O(h®).
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Upon placing the expansions of Ag; and Agy given by (4.16) and (4.17) into this we obtain

Agy = Bal*(Oif + f - Ouf) + 5B870° (O f +2f - O f + [5% 1 O f)
+ (VazB2 + Ya303)h> (Ouf + f - O f) - Orf
+ 500 (O f +3F - O f +3F% : O f + [ O f)
+ 1 (74287 + a3 BV R (O f +2f - O f + %2 Ouuf) - Ouf

(4.18) + Bu(vazBa + Ya30)h (0 + f - Ocf) - (Buaf + f - Oraf)

+ Yasvs22h (O f + f - 0uf) - Ouf) - Ouf
+ 53850 (Ounef +4f - O f + 6% 2 Opaa f + A4S Opaa f + [&* 1 Onaaa f)
+ O(h®).

4.3.4. Stage Five. By setting 8 = 5 and k = ki + (752Q21) + V53431 + ¥54441)/05 in (4.15),
we see from (4.12a) and (4.12e) that
Asy = Bsh?(Ouf + f - 0o f) + h(v52D01 + 53031 + V54A1) - Oy f

+ 5020 (Ouf +2f - O f + [%% 1 Ouuf)

+ Bsh?(v52801 + V530831 + V54801) - (O f + [+ O f)

+ 2h(52201 + V53031 + Y5ula1) %% 1 Oy f

+ %653h4 (&tttf _'_ 3f : 8ttmf + 3f®2 : 8tmmf _'_ f®3 8:E:Emf>

+ 30203 (52801 + V53031 + 154801) - (Outa f + 2f - Otwaf + F%° 2 Oneaf)

+ iﬂ;hs (attttf +4f - O f + 6% 1 Opaa f + ALZ POy f + f&* ammmmf)

+ O(h®).

4.3.5. Stage Siz. By setting § = s and k = k1 + (V62221) + V63831 + V6421 + Y65451)/ 6 in
(4.15), we see from (4.12a) and (4.12f) that
Ae1 = Bsh?(Ouf + [ 0uf) + (V6221 + V63031 + Y641 + Yo5A51) - O f
+ %ﬁ(?hg(attf + 2f . 8t:cf + f®2 . a:c:c.f)
+ Beh* (V62021 + V63231 + V64Da1 + V54251) * (S + [+ O f)
+ %h(%‘zﬁm + 763031 + Y611 + 151 851) %% ¢ O f
+ %ﬁ§h4(8tttf +3f - O f + 3% Opguf + [ 8:v:v:vf>
+ 30507 (Vo201 + V63231 + Y641 + V54051) - (Ot f + 2 - Oraaf + [ 2 Oz f)
+ iﬂém (&ttttf +Af - Outaf + 6% : Oppoaf + 4% Oraaa f + [¥ = 8xxxwf)
+ O(R°).
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4.3.6. Two-Stage Methods. The family of two-stage explicit Runge-Kutta methods given by
(4.11) has two parameters: oy and (2. From (4.16) we obtain the expansion

Kg(h,t, .Z’) = ]fl + OégAgl
= hf + aofoh®(Oif + [ 0uf) + 502851 (O f + 2f - O f + 5% 1 Ouuf) + O(RY).

Upon comparing this with expansion (4.14) for Fj,z(t) we see that this method is second order
for every f(t,z) if and only if

(419) agﬁg = %

There is no two-stage explicit Runge-Kutta method that is third order for every f(t,x) because
there is no term in the Ks(h,t,x) expansion to match the $h3(0,f + f - 9, f) - 8, f term that
appears in the expansion (4.14) of Fpx(t).

4.3.7. Three-Stage Methods. The family of three-stage explicit Runge-Kutta methods given by
(4.11) has five parameters: w9, a3, (2, 3, and y32. From (4.16) and (4.17) we obtain the
expansion

Ks(h,t,z) = k1 + asAoy + a3Asz
= hf + (02 + 3fB3)h* (0o f + f - Ouf)
+ 5 (285 + asB3) h* (Ouf +2f - O f + [%% : Ouaf)
+ agys202h®(Ocf + f - 0uf) - Ouf

+ %(OQﬁQg + Oé3/633)h4 (8tttf + 3.f : 8ttxf + 3.f®2 : at:c:c.f + f®3 8xxxf)
+ %Oé3’)/32622h4 (&ttf + 2f ’ atacf + f®2 : ammf) ' 8acf
+ s Bay3202h* (O + f - 0uf) - (O f + f - Opuf) + O(R®) .

Upon comparing this with expansion (4.14) of F,x(t) we see that this method is second order
for every f(t,z) if and only if

(4.20a) agfy + asfs = 3;
and is third order if and only if in addition
(4.20Db) Oé2/522 + a3/532 = % ) Q33202 = é .

There is no three-stage explicit Runge-Kutta method that is fourth order for every f(t,x)
because there is no term in the K3(h, ¢, x) expansion to match the ih‘l((@tfjtf-@xf) O f)-Opf
term that appears in the expansion (4.14) of Fpz(t).

4.3.8. Four-Stage Methods. The family of four-stage explicit Runge-Kutta methods given by
(4.11) has nine parameters: o, as, oy, Ba, O3, Ba, V32, Va2, and v43. From (4.16), (4.17), and
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(4.18) we obtain the expansion
Ky(h,t,x) = k1 + aoQo + a3Agz + ayA gy
= hf + (a2 + asfs + aufa) D> (Of + f - 0 f)
+ 5 (B3 + asBi + aufB) WP (Ouf +2f - Oruf + f%% 2 Ouaf)
+ (agy202 + auyaef2 + avasBs) WP (Ouf + [ - Ouf) - Ouf
+ (205 + asfy + aufl) W (Ouf +3f - Ouaf + 3% : Oraa f + [2° O f)
+ 2 (asys285 + a2 + auvasB3) Wt (Ouf +2f - O f + [%2 : Onaf) - Ouf
+ (30373202 + QufBivazfa + ufBuyasBa) b (O + f - 0uf) - (O + f - Ouaf)
+ sy Bo b ((Ouf + f - 0uf) - Ouf) - Ouf + O(R°) .

Upon comparing this with expansion (4.14) for F,z(t) we see that this method is second order
for every f(t,z) if and only if

(4.21a) oy + asfs + aufly = % ;

is third order if and only if in addition

(4.21b) sy + asfs + auflf = %, agys202 + Quyanfa + auyasfs = ¢ ;

and is fourth order if and only if in addition

(4.210) a2y + asf5 + aufy = i ) 373205 + auaafs + auyasfy = % ;
30373202 + Qufayanfs + ufBavasfs = 3, s ys2le = 5 -

There is no four-stage explicit Runge-Kutta method that is fifth order for every f(t,z) because
there is no term in the Ky (h, ¢, z) expansion to match the osh®(((Ouf + f - 0pf) 0o f)-0uf) - O f
term that would appear in the expansion (4.14) of Fpz(t) if it were carried out to one more
order.
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5. CONSISTENT DYNAMICAL STABILITY

In this section we consider autonomous first-order systems in the form

(5.1) ¥ = f(z).

Dynamical stability theory has to do with the study of whether two solutions that are close to
each other will either approach each other, repell each other, or stay about the same distance
apart as time increases. In this section we develop a theory that determines when an explicit
one-step method exhibits the same dynamical stability behavior as (5.1) for the special case
when one of the solutions is stationary. This is a property of the numerical method as ¢ increases
for fixed h. It is not addressed by the convergence theory developed in Section 3, which studies
the numerical method as h decreases for fixed ¢.

5.1. Dynamic Stability for Linear Systems. We specialize to linear systems in the form

(5.2) ¥ = Ax.

Solutions of (5.2) are given by z(t) = ez where e is the matrix exponential. Recall that

the matrix A is diagonalizable if and only if it has a complete set of eigenpairs {(\;, v;) }Y,.
We will assume that this is the case. Then we can write

etA — VetDv—l 7

where V is the matrix whose i*" column is v; and D is the diagonal matrix whose i** diagonal

entry is )\;, whereby e!” is the diagonal matrix whose i* diagonal entry is e

The matrix 4 has the following dynamical stability properties.
e When z; lies in the subspace spanned by the eigenvectors of A whose eigenvalues have
negative real part then x(t) = e"x; will remain in this span and will decay to zero as
t — 0o. We call this span the attracting subspace of et4.
e When z; lies in the subspace spanned by the eigenvectors of A whose eigenvalues have
positive real part then x(t) = e/4z; will remain in this span and will grow unboundedly
as t — 0o. We call this span the repelling subspace of e**.
e When z; lies in the subspace spanned by the eigenvectors of A whose eigenvalues have
zero real part then z(t) = ez will remain in this span and will move in a quasiperiodic
orbit. We call this span the center subspace of e*“.
Here we charaterize when a large class of explicit one-step methods applied to system (5.2)
respect these properties.

We will consider explicit one-step methods that for step size h take the form
(5.3) Tpi1 = g(hA)x,,
where ¢g(¢) is a polynomial with ¢g(0) =1 and ¢'(0) = 1.

Exercise. Show that every m'-order explicit Taylor-based method applied to system (5.2)
has the form (5.3) with

9O =14+ 5C + -+ (™.
Exercise. Show that the Runge-trapezoidal and Runge-midpoint methods applied to system
(5.2) has the form (5.3) with
9(Q) =1+ ¢+ 3¢

Remark. We will find ¢(¢) for general explicit Runge-Kutta methods in the next subsection.
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The matrix g(hA) is an appoximation to 4. Because A is diagonalizable we can write
g(hA) =Vg(hD)V 1,
where V and D are as before. Then g(hA) has the following dynamical stability properties.

e When z; lies in the subspace spanned by the eigenvectors of A whose eigenvalues A
satisfy |g(h\)| < 1 then z,, = g(hA)"z; will remain in this span and will decay to zero
as n — o0o. This span is called the attracting subspace of g(hA).

e When z; lies in the subspace spanned by the eigenvectors of A whose eigenvalues \ sat-
isfy |g(h\)| > 1 then z, = g(hA)"x; will remain in this span and will grow unboundedly
as n — o0o. This span is called the repelling subspace of g(hA).

e When z; lies in the subspace spanned by the eigenvectors of A whose eigenvalues \ sat-
isfy |g(hA)| = 1 then z,, = g(hA)"z; will remain in this span and will be a quasiperiodic
orbit. This span is called the center subspace of g(hA).

Motivated by the foregoing discussion, you might think that the explicit one-step method
(5.3) with step size h should be consistent with the dynamical stability of (5.2) in the sense that
the attracting, repelling, and center subspaces of g(hA) should coincide with the attracting,
repelling, and center subspaces of e respectively. However this objective is unrealizable when
e'4 has a nontrivial center subspace because the polynomials g({) generally will not map points
on the imaginary axis to the unit circle. Therefore we adopt a less stringent notion.

Definition 5.1. The explicit one-step method (5.3) with step size h is said to have consistent
dynamical stability with (5.2) when:

e the attracting subspace of g(hA) contains the attracting and center subspaces of e';
o the repelling subspace of g(hA) coincides with the repelling subspace of et

Remark. The reason that we require the center subspace of !4 to be contained within the
attracting subspace of g(hA) is to dampen the discretization and round-off errors that otherwise
would accumulate proportional to the number of time steps.

The following lemma is a consequence of the above definition and the foregoing discussion.

Lemma 5.1. The ezplicit one-step method (5.3) with uniform step size h has consistent stability
with (5.2) if and only if A satisfies the spectral condition

(5.4a) A€ Sp(A) and Re(A) <0 = lg(hA)| < 1,
(5.4b) A€ Sp(A) and Re(A) >0 = lg(hM\)| > 1.
Proof. Exercise. U

5.2. Stability Regions. In order to use Lemma 5.1 we need to know something about the
spectrum of A and the region in the complex plane given by

(5.5) Stab={¢ e C : [g(¢)] < 1}.

This is called the stability region of the explicit one-step method (5.3). The spectral condition
(5.4) in Lemma 5.1 can be recast as

(5.6a) A€ Sp(A) and Re(N) <0 — h\ € Stab,
(5.6Db) A€ Sp(A) and Re(A) >0 = hA € (C — Stab)?,

where (C — Stab)? denotes the interior of the complement of the set Stab. Here we consider how
(5.6) is verified when the set Stab is associated with certain polynomials ¢g(¢) of low degree.
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For the explicit Euler method we have g(¢) = 1 + (, so its stability region is given by
(5.7) Stab; = {( € C : 1+ (| <1}.
If we let ¢ = & +in with (£,7) € R? then the boundary of this region satisfies
L= ]1+¢P=0+&*+77.

Clearly Stab; is the unit ball centered at ( = —1. Because this region does not intersect the
imaginary axis, this shows that the explicit Euler method can never have consistent stability
with (5.2) when e has a center subspace. When e has no center subspace, condition (5.6)
will be satisfied if and only if A\ € Stab; for every A € Sp(A) with Re(\) < 0. This gives an
upper bound on h whenever e*4 has an attracting subspace, and no restriction on h whenever
e has only a repelling subspace.

For the second-order Taylor-based method or a second-order, two-stage explicit Runge-Kutta
method we have g(¢) =1+ ( + %C 2. 50 the associated stability region is given by

(5.8) Staby = {( € C : |1+ (+ 3% < 1}.
If we let ¢ = & +in with (£,7) € R? then the boundary of this region satisfies
L=|1+¢+ 32
= (L+E+3€ = 37)" + (n+ )
= 1426420+ 8+ 38+ (E+ 30 + '

For the third-order Taylor-based method or a third-order, three-stage explicit Runge-Kutta
method we have g(¢) = 1+ ¢ + 3¢* + £¢3, so the associated stability region is given by

(5.9) Stabs = {¢ € C : |1+ (+ 3+ 37| <1}
If we let ¢ = & +4n with (£,7) € R? then the boundary of this region satisfies
L=[1+¢+5¢+5¢°
= (1+€+38 - WP+ 18— La))" + (n+ en + 3¢ — W)’
For the fourth-order Taylor-based method or a fourth-order, four-stage explicit Runge-Kutta
method we have g(¢) = 14 ¢+ 3¢* + $¢% + 5;¢*, so the associated stability region is given by

(5.10) Staby = {C€C : |1+ ¢+ i+ 313+ LY < 1}.
If we let ¢ = & +4n with (£,7) € R? then the boundary of this region satisfies
L= 1+ + 3+ + 5¢
2
= (L+ 6+ 38 =g+ 58 —3&n” + 58" = 380" + 3m')
2
+ (n+&n+38n— i’ + 30— 16n°)

‘ 2

}2

Example. For example, if A is Hermitian then we know that Sp(A) is real. Suppose an
explicit one-step method with uniform step size h for solving (5.2) has the form (5.3) with
9(¢) = 1+ ¢+ 1% Suppose that Sp(A) is real with Sp(A4) C [Amin, Amax]. Then the method
will have consistent stability if and only if —2 < hA,;,. This gives a bound on the step size
when A, is negative.
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5.3. Linearized Stability for Nonlinear Systems. We say that x, € RY is a stationary
solution of system (5.1) if f(z,) = 0. Now let z, be a stationary solution of (5.1). Then any
other solution z(t) can be written as x(t) = x. + y(t) where y(t) satisfies

(5.11) Y = flz.+y).
When f(z) is twice differentiable near z, we have the expansion

fla+y) = fl@) +y-0uf(z)+O(yf).

Because f(x,) = 0, when y is small we can hope that solutions of (5.11) are approximated well
by the solutions of the so-called linearized system

U =7 0uf(2:).
This system can be written in the usual matrix-vector form

axlfl(x*) T afol(x*)
(5.12) g = Ay, where A= : : :

Onifr() - O f(a)

The theory of linearized stability for ordinary differential systems applied to system (5.1)
tells us that the solutions y(t) of system (5.11) behave “like” solutions g(t) of the linearized
system (5.12) provided

e the eigenvalues of A are distinct,
e cvery eigenvalue of A has a nonzero real part.

We will restrict our attention to such matrices. Below we will explain what we mean by the
solutions of system (5.11) behave “like” solutions of the linearized system (5.12).

The theory of linearized stability for ordinary differential systems applied to system (5.11)
tells us that there exists an invariant stable manifold through y = 0 whose tangent space is
the stable subspace of A such that every y(¢) on this manifold will decay to zero as t — oo.
Similarly, it tells us there exists an invariant unstable manifold through y = 0 whose tangent
space is the unstable subspace of A such that every y(¢) on this manifold will move away from
Zero as t — oo.

The picture for the solutions of system (5.1) is obtained from the above picture for the
solutions of system (5.11) by translating the origin to z,. In particular, when the matrix A has
distinct eigenvalues that lie in the left-half plane then every solution of (5.1) that are sufficiently
near x, will decay to x, as t — oo. In that case z, is said to be attracting. Similarly, when the
matrix A has distinct eigenvalues that lie in the right-half plane then every solution of (5.1)
that are sufficiently near x, will move away from z, as t — oo. In that case z, is said to be
repelling.

5.4. Linearized Stability for Explicit One-Step Methods. Now we consider solving the
autonomous system (5.1) numerically by an explict one-step method in the form
(5.13) Tpi1 = Ty + K(hp,x,) .

We will assume that K (h, z) preserves all stationary solutions of system (5.1). This means that
K (h,x) has the property

(5.14) fla)=0 =  K(haz)=0 Yh>0.

In other words, if z, is a stationary solution of (5.1) then it is a stationary solution of (5.13).
All reasonable explicit first-order methods for system (5.1) have this property.
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Exercise. Show that every explicit Taylor-based method for system (5.1) in the form (5.13)
has property (5.14).

Exercise. Show that every explicit Runge-Kutta method for system (5.1) in the form (5.13)
has property (5.14).

Now let x, be a stationary solution of (5.1). By property (5.14) z. is also a stationary
solution of (5.13). Then any other solution x,, of (5.13) can be written as x,, = x, + v, where
Y satisfies
When K (h, x) is twice differentiable near x, we have the expansion

K(h,x. +y) = K(h,2.) +y - 0K (h,2.) + O(ly[*) .

Because K(h,z,) = 0, when y is small we can hope that solutions of (5.15) are approximated
well by the solutions of the so-called linearized equation

gn+1 = gn + gn : amK(hm ZL’*) .
This equation can be written in the matrix-vector form
Opy K1(hyz) -+ Oy Ki(h,xy)
(5.16)  Gnp1 = (I + B(hn))Pn, where B(h) = : :
O, Kn(hyxy) -+ Oun Kn(h,zy)
We will see for explicit one-step methods that B(h) is a polynomial of hA where A is the matrix
given in (5.12). Moreover, this polynomial is independent of =, and h.

Exercise. Show that every m'-order explicit Taylor-based method for system (5.1) in the
form (5.13) we have
B(h) = hA + %thz 4 LATA™
Exercise. Show that for the Runge-trapezoidal and Runge-midpoint methods for system (5.1)
we have
B(h) = hA + %hQAQ.

Remark. We will find B(h) for general explicit Runge-Kutta methods in the next subsection.

We will assume that the linearized equation (5.16) has the form

where ¢g(z) is a polynomial with ¢g(0) = 1 and ¢’(0) = 1. The theory of linearized stability for

mappings applied to the mapping in the nonlinear equation (5.15) tells us that the solutions
Y, of equation (5.15) behave “like” solutions ¢, of the linearized equation (5.17) provided

e the eigenvalues of A are distinct,
e every eigenvalue of g(hA) lies off the unit circle.

Below we will explain what we mean by the solutions of equation (5.5) behave “like” solutions
of the linearized equation (5.17).

The theory of linearized stability for nonlinear mappings applied to the mapping in equation
(5.15) tells us that there exists an invariant stable manifold through y = 0 whose tangent space
is the stable subspace of g(hA) such that every ¥, on this manifold will decay to zero as n — oo.
Similarly, it tells us there exists an invariant unstable manifold through y = 0 whose tangent
space is the unstable subspace of g(hA) such that every y, on this manifold will move away
from zero as n — oo.



33

The picture for the solutions of equation (5.13) is obtained from the above picture for the
solutions of equation (5.15) by translating the origin to z,. In particular, when the matrix A has
distinct eigenvalues A that satisfy |g(hA)| < 1 then every solution of (5.13) that are sufficiently
near z, will decay to z, as n — oo. In that case x, is said to be attracting. Similarly, when
the matrix A has distinct eigenvalues A that satisfy |g(hA)| > 1 then every solution of (5.13)
that are sufficiently near x, will move away from z, as ¢t — oo. In that case z, is said to be
repelling.

Motivated by the foregoing discussion, we make the following definition.

Definition 5.2. The explicit one-step method (5.13) with step size h is said to have consistent
linearized stability with (5.1) at a stationary solution x, when the stable and unstable subspaces
of g(hA) coincide with the stable and unstable subspaces of A respectively. If it has consistent
linearized stability with (5.1) at every stationary solution then it is said to have consistent
linearized stability with (5.1).

When a numerical method has consistent linearized stability with (5.1) then the solutions it
generates will behave like the solutions of (5.1) near every stationary solution. This does not
mean that the stable and unstable manifolds of the numerical method will coincide with the
stable and unstable manifolds near every stationary solution. Indeed, generally they will not.
However it does mean they will have the same tangent space at every stationary solution.

The following lemma follows from the above definition and the foregoing discussion.
Lemma 5.2. The explicit one-step method (5.13) with step size h has consistent linearized

stability with (5.1) if at every stationary solution the coefficient matriz A satisfies the spectral
condition

A€ Sp(A) and Re(N) <0 — lg(hA)| <1,
A€ Sp(A) and Re(N\) >0 = lg(hA)| > 1,
where g(hA) is the coefficeint matriz of the linearization of method (5.13) with step size h.

(5.18)

Proof. Exercise. O

In order to use this lemma we need to know something about the spectrum of A. For example,
if we know that A is Hermitian then Sp(A) is real.

Example. Suppose that system (5.1) has the property that the coefficient matrix A of the
linearization at every every

5.5. Linearized Stability for Explicit Runge-Kutta Methods.



