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Chapter 1

Initial Value Problems and their
Properties

1.1 Modeling with ordinary differential equations

Example 1.1.1 (Exponential growth). Bacteria are living on a substrate with ample
nutrients. Each bacteria splits into two after a certain time At. The time span for splitting
is fixed and independent of the individuum. Then, given the amount ug of bacteria at time
to, the amount at t1 = tg + At is u1 = 2ug. Generalizing, we obtain

up, = u(ty,) = 2"uyp, t, = to + nAt.

After a short time, the number of bacteria will be huge, such that counting is not a good
idea anymore. Also, the cell division does not run on a very sharp clock, such that after
some time, divisions will not only take place at the discrete times ¢y + nAt, but at any
time between these as well. Therefore, we apply the continuum hypothesis, that is, u is
not a discrete quantity anymore, but a continuous one that can take any real value. In
order to accommodate for the continuum in time, we make a change of variables:

t—tg
u(t) = 274t uyg.

Here, we have already written down the solution of the problem, which is hard to generalize.
The original description of the problem involved the change of v from one point in time
to the next. In the continuum description, this becomes the derivative, which we can now
compute from our last formula:

In2 t—to In2
d i O
aru(t) = Jp2 o = ).

We see that the derivative of u at a certain time depends on w itself at the same time
and a constant factor, which we call the growth rate a. Thus, we have arrived at our first
differential equation

W (t) = au(t). (1.1)
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Figure 1.1: Plot of a solution to the predator-prey system with parameters a = %, 8= %,
0 =7 =1 and initial values u(0) = 3, v(0) = 1. Solved with a Runge-Kutta method of
order five and step size h = 107°.

What we have seen as well is, that we had to start with some bacteria to get the process
going. Indeed, any function of the form

u(t) = ce™

is a solution to equation (1.1). It is the initial value ug, which anchors the solution and
makes it unique.

Example 1.1.2 (Predator-prey systems). We add a second species to our bacteria ex-
ample. Let us replace the bacteria by sardines living in a nutrient rich sea and add
sardine-eating tuna. The amount of sardines eaten depends on the likelihood that a sar-
dine and a tuna are in the same place, and on the hunting efficiency 8 of the tuna. Thus,
equation (1.1) is augmented by a negative change in population depending on the product
of sardines u and tuna v:

v = au — Buw.
In addition, we need an equation for the amount of tuna. In this simple model, we will
make two assumptions: first, tuna die of natural causes at a death rate of 7. Second, tuna

procreate if there is enough food (sardines), and the procreation rate is proportional to the
amount of food. Thus, we obtain

v = duv — .

Again, we will need initial populations at some point in time to evolve them to later times
from that point.

Remark 1.1.3. The predator-prey system (a.k.a. Lotka-Volterra-equations) have peri-
odic solutions. Even though none of these exist in closed form, solutions can be computed



numerically (simulated): Volterra became interested in this system when trying to under-
stand why the amount of predatory fish caught in the adriatic sea had increased during
World War I, even though during the war years there was a strong decrease of fishing effort.
His conclusion, backed by his mathematical model, was that the reason was the abundance
of prey, caused by the reduced fishing effort.

A (far too rarely) applied consequence is that in order to diminish the amount of, e.g.,
foxes one should hunt rabbits, since foxes feed on rabbits.

Example 1.1.4 (Graviational two-body systems). According to Newton’s law of universal
gravitation, two bodies of masses mi and meo attract each other with a force

mimsa

F.=G
1 ?”3

ry,

where F' is the force vector acting on my and r; is the vector pointing from m; to mgy and
r = |I'1| = |I'2|.

Newton’s second law of motion, on the other hand, relates forces and acceleration:
Fi = mix;’, 1= 1,2,
where x; is the position of the ith body in space.

Combining these, we obtain equations for the positions of the two bodies:

m3—i

X/-/ =G (Xi - X3_i), 1= 1, 2.

3
This is a system of 6 independent variables. However, it can be reduced to three, noting
that the distance vector r is the only variable to be computed for:

mi + ms
—r.

!
r =-G
3

Intuitively, it is clear that we need an initial position and an initial velocity for the two
bodies. Later on, we will see that this can actually be justified mathematically.

Example 1.1.5 (Celestial mechanics). Now we extend the two-body system to a many-
body system. Again, we subtract the center of mass, such that we obtain n sets of 3
equations for an n + 1-body system. Since forces simply add up, this system becomes

M
X;’ =-G Z ﬁrij. (1.2)
VES

Here, r;; = x; — x; and r;; = |ry;].

Initial data for the solar system can be obtained from

https://ssd.jpl.nasa.gov/7horizons



1.2 Introduction to initial value problems

.

Definition 1.2.1 (Ordinary differential equations): Let wu(t) be a function
defined on an interval I C R with values in the real or complex numbers or in the
space R? (C?%). An ordinary differential equation (ODE) is an equation for u(t)
of the form

F(t,ut), o (t),"(t), ..., u™(t)) = 0. (1.3)

Here F(...) denotes an arbitrary function of its arguments.

The order n of a differential equation is the highest derivative which occurs. If
d > 1, we talk about systems of differential equations.

J

Remark 1.2.2. A differential equation (DE), which is not ordinary, is called partial.
These are equations or systems of equations, which involve partial derivatives with re-
spect to several independent variables. While the functions in an ordinary differential
equation may be dependent on additional parameters, derivatives are only taken with re-
spect to one variable. Often, but not exclusively, this variable is time. This manuscript
only deals with ordinary differential equations, and so the adjective will be omitted in the
following.

Definition 1.2.3: An explicit differential equation of first order is a equation
of the form

u'(t) = f(t,u(t)) (1.4)
or shorter: u' = f(t,u).

A differential equation of order n is called explicit, if it is of the form

wWM(t) = f (t, (), w'(8), . .. ,u<"*1>(t))

Lemma 1.2.4: Every differential equation (of arbitrary order) can be written as
a system of first-order differential equations. If the equation is explicit, then the
system is explicit.

Proof. We introduce the additional variables ug(t) = u(t), u1(t) = u'(t) to up—1(¢)
w1 (t). Then, the differential equation in (1.3) can be reformulated as the system

ug(t) — ua(t) 0
u) (t) — ua(t) 0
: =\|:1. (1.5)
Up_o(t) — tn—1(t) 0
F(t,uo(t),ui(t), ..., un—1(t), ul_4(t)) 0



In the case of an explicit equation, the system has the form

ug(t) ua (t)
uf () us(t)
: = : : (1.6)
Uy, _o(t) Un—1(t)
u%*l(t) f(t,’LLO(t),U]_(t), s ,Un_l(t))
0
Example 1.2.5. The differential equation
u” + wiu = f(t) (1.7)
can be transformed into the system
ug —ug = 0, (1)

uy + wiug = f(1).
The transformation is not uniquely determined. In this example, a more symmetric system
can be obtained:
/
uy —wug = 0,
, B (1.9)
uy +wug = f(t).

From a numerical perspective, system (1.9) should be chosen over (1.8) to avoid loss of
significance or overflow, i.e. if |w| < 1 or |w| > 1.

Definition 1.2.6: A differential equation of the form (1.4) is called autonomous,
if the right hand side f is not explicitly dependent on t, i.e.

u' = f(u). (1.10)

Each differential equation can be transformed into an autonomous differential equa-
tion. This is called autonomization.

U= <7§> . FU)= (f(tl’ “)> . U =FO)

A method that provides the same solution for the autonomous DE as for the original
IVP, is called invariant under autonomization.

Differential equations usually provide sets of solutions from which we have to choose a
solution. An important selection criterion is setting an initial value which leads to a well-
posed problem (see below).
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Definition 1.2.7: Given a point (tg, ug) € R x R? and a function f (¢, u) with values
in R?, defined in a neighborhood I x U C R x R? of (tg,ug). Then, an initial value
problem (IVP) is defined as follows: find a function u(t), such that

u'(t) = f(t,u(t)) (1.11a)
u(to) = Up (1.11b)




Definition 1.2.8: A continuously differentiable function w(t) with u(ty) = ug is
called a local solution of the IVP (1.11), if there exists a neighborhood J C R of
to, such that u(t) and f(t,u(t)) are defined and equation (1.11a) holds for all ¢t € J.

Remark 1.2.9. We introduced the IVP deliberately in a “local” form because the local
solution term is the most useful one for our purposes. Due to the fact that the neighborhood
J in the definition above can be arbitrarily small, we will have to deal with the extension
to larger intervals below.

Remark 1.2.10. Through the substitution of ¢ — 7 with 7 = ¢ — tg it is possible to
transform every IVP at the point ¢y to an IVP in 0. We will make use of this fact and
soon always assume tg = 0.

Lemma 1.2.11: Let f be continuous in both arguments. Then, the function u(t)
is a solution of the initial value problem (1.11) if and only if it is a solution of the
Volterra integral equation (VIE)

u(t) = uo + / f(s,u(s)) ds. (1.12)

to

\.

Remark 1.2.12. The formulation as an integral equation allows a more general notion of
solution, because the problem is well-posed for functions f(¢,u) that are merely integrable
with respect to t. (In that case, the solution u would be just absolutely continuous and
not continuously differentiable.) Both the theoretical analysis of the IVP and the numer-
ical methods in this lecture notes (with the exception of the BDF methods) are in fact
considering the associated integral equation (1.12) and not the IVP (1.11).

Theorem 1.2.13 (Peano’s local existence theorem): Let o, 5 > 0 and let the
function f(¢,z) be continuous on the closed set

D= {(t=z) eRxRY||t—ty| < a, [z —uo| < B} (1.13)

There exists a solution u(t) € C1(I) of (1.11) on the interval I = [to — Tty + T
with

T = min <a, B) , M = max |f(t,z)|
M (t,x)eD

The proof of this theorem is of little consequence for the remainder of these notes. For
its verification, we refer to textbooks on the theory of ordinary differential equations or to
[Ranl7b, Satz 1.1].

Remark 1.2.14. The Peano existence theorem does not make any statements about the
uniqueness of a solution and guarantees only local existence. The second limitation is
addressed by the following theorem. Uniqueness will be discussed in Section 1.4.



Theorem 1.2.15 (Peano’s continuation theorem): Let f(¢,z) be continuous
on the open set D C R x R% For every (tg,up) € D, there exists an interval
I = (t_,t4) such that the local solution u from Theorem 1.2.13 can be extended to
the left and to the right of ¢y to a continuously differentiable solution u € C*(I) of
(1.11) as long as the graph of u does not touch the boundary of D. The interval
I may be unbounded and the graph {(¢,u(t)) : ¢ € I'} may also be unbounded for
t—tyort—t_.

Proof. W.l.o.g. we only focus on the extension of the local solution from Theorem 1.2.13
to the right, i.e. to [to,t+). Since D is open, there exist ag, Sy > 0 such that

EQ = {(t,x) GRXRdiyt—to‘ < ap, |$—UQ| S,Bo} c D.

It follows from Theorem 1.2.13 that there exists a local solution u" of (1.11) on [to, to + T
with
To = min(ag, fo/Mp) >0 and My= max |f(¢,z)|
(t,x)eDg
Now, let (t1,u1) := (to + To,u’(to + Tp)) € Do C D. We can apply Theorem 1.2.13 again
to show the existence of a local solution u! of (1.11) with initial condition u!(t;) = u; on
[tl, tg], where to = t1 + 11,

T) = min(aq, f1/M;) >0 and M; = max |[f(t,2)],
(t,ac)EDl

for a1, f1 > 0 and the cylinder
Dy = {(t,x) eR x R?: It —t1] < o, |x — uq| Sﬁﬁ} c D.

Due to the continuity of f(¢,2) on D, the local solution pieces u® on [tg,#;] and u! on

[t1,t2] can be combined to a continuously differentiable solution u € C[tg.ta] of (1.11).

Obviously, this process can be continued until the graph of the solution approaches the
boundary of D. In fact, if the sequence (tx,ur) € D converges to an interior point
(te,u(ts)) € D, it is possible to apply Theorem 1.2.13 again to extend the interval be-
yond t, until the boundary of D is reached. O

Example 1.2.16. The IVP

u = 2+/|ul, u(0) =0,

has solutions u(t) = t? and u(t) = 0 that both exist for all + € R (global existence, but no
uniqueness).

Example 1.2.17. The IVP

has the unique solution 1/(1 + ¢). This solution has a singularity for ¢ — —1 (no global
existence, but uniqueness). However, it exists for all ¢ > —1 and thus in particular for all
t > 0 = tg, which is all that matters for an IVP.



1.3 Linear ODEs and Gronwall’s inequality

1.3.1. The study of linear differential equations turns out to be particularly simple and
results obtained here will provide us with important statements for general non-linear
IVPs. Therefore, we pay particular attention to the linear case.

Definition 1.3.2: An [VP according to Definition 1.2.7 is called linear if the right
hand side f is an affine function of u and the IVP can be written in the form
u'(t) = A(t)u(t) + c(t) vVt € R (1.14a)
u(to) = Up (1.14b)

with a continuous matrix function A : R — C*4,

If in addition ¢(t) = 0, we call the IVP homogeneous.

Definition 1.3.3: Let the matrix function A : I — C%*9 be continuous. Then the
function defined by

t

M(t) = exp (- A(s) ds> (1.15)

to
is called integrating factor of the equation (1.14a). (See Appendix A.2.1 for a
definition and properties of the matrix exponential in (1.15).)

\. .

Corollary 1.3.4. The integrating factor M(t) has the properties

Lemma 1.3.5: Let M(t) be the integrating factor of the equation (1.14a) defined
in (1.15). Then, the function

t

u(t) = M(t)™* <u0 + [ M(s)c(s) ds) (1.18)

to

is a solution of the IVP (1.14) that exists for all ¢t € R.

Proof. We consider the auxiliary function w(t) = M (t)u(t) with the integrating factor
M (t) defined as in eqn. (1.15). It follows by using the product rule that

w'(t) = M(t)u' (t) + M'(t)u(t) = M(t)(u'(t) — A(t)u(t)). (1.19)

Using the differential equation (1.14a), we obtain



This can be integrated directly to obtain

t
w(t) =up+ | M(s)c(s)ds,
to
where we have used (1.16) such that w(tg) = M (to)u(to) = uo.

According to Lemma A.2.3 about the matrix exponential, M (t) is invertible for all ¢. Thus
we can apply M (t)~! to w(t) to obtain the solution u(t) of (1.14) as given in equation (1.18).

The global solvability follows since the solution is defined for arbitrary ¢ € R. O

Example 1.3.6. The equation in Example 1.2.5 is linear and can be written in the form

of (1.14) with
Alt) = A = <_0w %’) and  co(t) = ( f?t)> .

Let now f(t) =0, top = 0 and u(0) = up. It is easy to see A has eigenvalues iw and —iw,

so that we can write
A=ct (¥ 03¢
0 —we

with a suitable transformation matrix C . Using the properties of the matrix expo-
nential, the integrating factor is

—twt .
M(t) = oAt _ o1 (e 60 ) - ( cos wt smwt) .

—sinwt coswt

Thus, the solution is

u(t) = <coswt sinwt) o |

sinwt coswt

The missing details in this argument and the case for an inhomogeneity f(t) = cosat are

left as an exercise .

Remark 1.3.7. If the function ¢(¢) in (1.14a) is only integrable, the function u(¢) defined
in (1.18) is absolutely continuous and thus differentiable almost everywhere. The chain
rule (1.19) is applicable in all points of differentiability and w(t) solves the Volterra integral
equation corresponding to (1.14). Thus, the representation formula (1.18) holds generally
for solutions of linear Volterra integral equations.

Lemma 1.3.8 (Gronwall): Let w(t), a(t) and b(t) be scalar-valued, nonnega-
tive, integrable functions, such that a(t)w(t) is integrable. Furthermore, let b(¢) be
monotonically non-decreasing and let w(t) satisfy the integral inequality

w(t) < b(t) + /t a(s)w(s)ds, t > to. (1.20)

to

Then, for almost all ¢ > tg there holds:

w(t) < b(t) exp < /t:a(s) ds> . (1.21)

11



Proof. Using the integrating factor

mi(t) = exp (- /t:a(s) ds> , ml(t) — exp </t:a(s) ds> ,

we introduce the auxiliary function

v(t) = m(t)/t a(s)w(s)ds,

This function is absolutely continuous, and since m/(t) = —a(t)m(t), we have almost
everywhere

V() = m(t)a(t) [w(t) - /t:a(s)w(s) ds} .

Using assumption (1.20), the bracket on the right can be bounded by b(t). Thus,
V'(t) < m(t)a(t)b(t)

and since by definition v(tg) = 0, it follows that
t
o) < [ m(s)a(s)bis) s,
to

which implies, using the definition of v(t), that
1 I

v(t) <
"= i@y Jy

Finally, since b(t) is nondecreasing we obtain almost everywhere

m(s)a(s)b(s) ds.

[ atsutsyas =

to

b(#)

= m—(m(to) —m(t)) = ) b(t).

Combining this bound with the integral inequality (1.20), we obtain

w(t) < b(t) + / a(s)w(s) ds = 28

to m<t) ’
which proves the lemma. O

Remark 1.3.9. As we can see from the form of assumption (1.20) and estimate (1.21),
the purpose of Gronwall’s inequality is to construct a majorant for w(t) that satisfies a
linear IVP. The bound is particularly simple when a,b > 0 are constant.

Corollary 1.3.10: If two solutions wu(t) and wv(t) of the linear differential equa-
tion (1.14a) coincide in a point tg, then they are identical.

12



Proof. The difference w(t) = v(t) — u(t) solves the integral equation

w(t) = [ A(s)w(s)ds.

to

Hence, for an arbitrary vector norm ||-|| (and induced matrix norm also denoted by ||-||),
we can obtain the following integral inequality

[ (@)l S/t HA(S)w(S)IIdSS/t [A(s) [l lw(s)] ds

Now, applying Gronwall’s inequality (1.21) with a(t) = ||A(¢)|| and b(t) = 0, we can
conclude that ||w(t)|| = 0 and therefore u(t) = v(t), for all t. O

Corollary 1.3.11. The representation formula (1.18) in Lemma 1.3.5 defines the unique
solution to the IVP (1.14). In particular, solutions of linear IVPs are always defined for
allt € R.

Example 1.3.12. Let A € C%*? be diagonalizable with (possibly repeated) eigenvalues
A1, ..., \g and corresponding eigenvectors ¢, ... (@ The linear IVP
u = Au,
u(0) = uyp.
A

has unique solution u(t) = e?ug. Using the properties of the matrix exponential (see
Appendix A.2.1), with ¥ € C%*¢ denoting the matrix with ith column ¢®, we get

71 . _ .
u(t) = eV diag(A, AWty - =l diag (e>‘1t, ol e/\dt) Wyg.

Lemma 1.3.13: The solutions of the homogeneous, linear differential equation
u'(t) = A(t)u(t) (1.22)

with 4 : R — R¥>? and u : R — R?, define a vector space H of dimension d.

Let {1/1(7;)}@:1,_“761 be a basis of R?. Then the solutions (¥ (t) of the equation (1.22)
with initial values ¢ (0) = ¢(® form a basis of the solution space H. The vectors
{cp(i) (t)}i=1,...a are linear independent for all ¢t € R.

Proof. At first we observe that, due to linearity of the derivative and the right hand side,
for two solutions u(t) and v(t) of the equation (1.22) and for o € R, au(t) + v(t) is also
a solution of (1.22) with initial condition au(0) + v(0) € R?. Therefore, the vector space
structure follows from the vector space structure of R%,

Let now {go(i) (t)}i=1,...a be solutions of the IVP with linearly independent initial values
{1/1(1')}@:1,“.761. As a consequence the functions are linearly independent as well.

Assume that w(t) is a solution of equation (1.22) that cannot be written as a linear com-
bination of the functions {¢® (t)};=1. 4. Then, w(0) is not a linear combination of the
vectors {1#(1')}1-:17_”,(1. Because otherwise, if there exists {a;}i=1,_._q with w(0) =) a ),
then w(t) = 3 o™ (t) due to the uniqueness of any solution of equation (1.22) proven
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in Corollary 1.3.10, which would lead to a contradiction. However, since {Q/J(i)}z‘:l,.__,d was
assumed to form a basis of RY, that implies w(0) = 0 and thus w = 0. It follows that the
solution space has dimension d and that {¢®(¢)},=;, 4 forms a basis.

Since t € R was arbitrary above, the (%) (t) are linearly independent for all ¢ € R. O

Corollary 1.3.14: Let A: R — R%9 and ¢ : R — R? be continuous and let wu,(t)
be the particular solution of the inhomogeneous, linear ODE

u'(t) = A(t)u(t) + c(t) (1.23)

given by (1.18) with initial condition u,(0) = 0 (i.e., with ¢y = up = 0). Then every
other solution of (1.23) is of the form wu(t) = u,(t) + v(t) with v € H.

Proof. Let u be another solution of (1.23). Then v := u — u, satisfies
v = —u, = Au+ ¢ — Aup, — ¢ = Av

and thus v € H (cf. Lemma 1.3.13). O

1.4 Well-posedness of the IVP

Definition 1.4.1: A mathematical problem is called well-posed if the following
Hadamard conditions are satisfied:

1. A solution exists.
2. The solution is unique.

3. The solution depends continuously on the data.

The third condition in this form is purely qualitative. Typically, in order to characterize
problems with good stability properties, we will require Lipschitz continuity, which has a
more quantitative character.

Example 1.4.2. The IVP
W =Y, u(0)=0,
has infinitely many solutions of the form
0 for ¢t € [0, ¢,
u(t) =9 /, 3/2
(5(15 - c)) for t > ¢,

with ¢ € R. Thus, the solution is not unique and therefore, the IVP is not well-posed.
)3/2

Let now the initial value be nonzero, but slightly positive. Then, the solution u(t) ~ (%t
is unique. In contrast, when the initial value is slightly negative, no real-valued solution
exists. Hence, a small perturbation of the initial condition has a dramatic effect on the
solution; this is what Condition 3 for a well-posed problem in Definition 1.4.1 excludes.

14



Definition 1.4.3: The function f(t,y) satisfies a uniform Lipschitz condition on
the domain D = I x Q C R x RY, if it is Lipschitz continuous with respect to y, i.e.,
there exists a constant L > 0, such that

Vtel;z,yeQ : |f(t,z) - f(t,y)| < Lz —y| (1.24)

It satisfies a local Lipschitz condition if (1.24) holds for all compact subsets of D.

Example 1.4.4. Let f(t,y) € C*(R x R?) and let all partial derivatives with respect to
the components of u be bounded such that

max
teR
yeR?
1<i,j<d

'(t,y)‘ < K.

Then, f satisfies the Lipschitz condition (1.24) with L = Kd. Indeed, by using the Fun-
damental Theorem of Calculus, we see that

1
filty) — £t ) = / ffj(tx+s<y—:r>)ds

/ itz +s(y — 2)) (yi — i) ds.

Now, exploiting the fact that |Az| < ||A| z|z|, where [|A]| 5 := ij 1 ” is the Frobenius
norm of the matrix A, we get
1] d
F(t) — £(2,2)] </ > ) (s — )| s
i=1
4 112

tx—i—sy—x)) ly — z|ds < Kdl|y — z|.

Theorem 1.4.5 (Stability): Let f(t,y) and g(¢,y) be two continuous functions
on a cylinder D = I x € where the interval I contains ¢y and {2 is a convex set in
R?. Furthermore, let f admit a Lipschitz condition with constant L on D. Let u
and v be solutions to the IVPs

u' = f(t,u) Vtel, u(to) = o, (1.25)
v =g(t,v) Vtel, v(to) = vo. (1.26)
Then
t
) — o0 < M juo =l + [ w5, 0) =gl ds| . @2
to pAS
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Proof. Both wu(t) and v(t) solve their respective Volterra integral equations. Taking the
difference, we obtain

u(t) —v(t) = up — vo +/t [f(s,u(s)) — g(s,v(s))] ds

=up —vo + / [£(s,u(s)) = f(s,v(s))] ds + / [£(s,0(s)) — g(s,v(s))] ds.

to to

Thus, its norm admits the integral inequality

[ut) = v@)] < Juo —vol + | |F(s,v(s)) = g(s,v(s))ds+ | |f(s,uls)) = f(s,v(s))|ds

t t
< Juo — wol + [ max|f(s,2) — g5, )| ds + / Llus) — v(s)|ds.

to T to

=:b(t)

This inequality is in the form of the assumption in Grénwall’s lemma with ¢ = L and
w(t) := |u(t) — v(t)|, and its application yields the stability result (1.27). O

Theorem 1.4.6 (Picard-Lindel6f): Let f(¢,y) be continuous and satisfy the
Lipschitz condition (1.24) with constant L on a domain D that contains the closed
set

Do ={(t,y) eERxR%: |t —to| < a, |y — uo| < B}
Then f is also bounded on Dy with M := max, 15,1/ (¢, )| < oo and the IVP
u' = f(t,u), u(ty) =

is uniquely solvable on the interval I = [to — T',to + 1] where T' = min{«, %}

Proof. W.l.o.g., we assume ty = 0 and let

I:=[-T,7T] and Q= {yeR?: |y —uo| < B}.

The Volterra integral equation (1.12) allows us to define the operator

t
F(u —ug—i—/f (1.28)
0

Obviously, u is a solution of the Volterra integral equation (1.12) if and only if u is a fixed
point of F, i.e., u = F(u). We can obtain such a fixed-point by the iteration k1) =
F(u®)) with some initial guess u(®) : T — Q.

From the boundedness of f, we obtain for all ¢ < T that

/fsu ))ds
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k+1

/\fsu N|ds < TM < B.

’U,o‘ =




Thus, it follows by an inductive argument that u®) : I — € is well-defined for all k € N.

We now show that under the given assumptions, F' is a contraction and then apply the
Banach Fixed-Point Theorem. We follow the technique in [Heu86, §117] and choose on the
space C(I) of continuous functions defined on I, the weighted maximum-norm

lull, = max e u()].

Then, for all u, v € C(I),

wmw—mew-w—m+/w@wm—ﬂwmmw
0

— f((s,v(s s u(s) — v(s)| e 2%l ds
sz/u@m@» F((s.0(s))] d s}/ﬂ() @

2Lt_1

t
2L € L o
< Lu-ol, [ ds = Lol < 3 u-ul,
0

and by multiplying both sides with e =2/ it follows that

[£(u) = F(v)]]

e

1
< -,

Thus, we have shown that F' is a contraction on C(I) with respect to the norm ||||..
Therefore, we can apply Theorem A.3.1, the Banach Fixed-Point Theorem, and conclude
that F' has exactly one fixed-point, which completes the proof. O

Remark 1.4.7. The norm |-||, has been chosen with regard to Gronwall’s inequality,
which was not used explicitly in the proof. It is equivalent to the norm |- because e =2t
is strictly positiv and bounded. One could have performed the proof also with respect to
the ordinary maximum norm ||-|| ., (with some extra calculations).

Remark 1.4.8. As in Theorem 1.2.13, the Theorem of Picard-Lindel6f again only gives
local existence and uniqueness of the solution on Iy = [tg — T,to + T]. However, as in
Theorem 1.2.15 this local solution can be extended (uniquely) beyond ¢ty — T and tg + T
if f is bounded and Lipschitz on a larger time interval. Since T is chosen in such a way
in Theorem 1.4.6 that the graph of u does not leave the domain, the local solution always
ends at an interior point (t1,u1) € D with ¢; := to+7. Thus, one can apply Theorem 1.4.6
again to obtain a unique solution of the IVP «' = f(¢,u) with initial condition w(t1) = uq
on an interval I} = [t1,ts] with to > ¢;. Continuing in this way, one obtains a solution on
IpU I U Iy U.... Similarly, the solution can also be extended to the left of tg — T'.

If f satisfies a Lipschitz condition everywhere then this leads to the following corollary.

Corollary 1.4.9. Let the function f(t,y) admit the Lipschitz condition (1.24) on all of
R x C?®. Then, the IVP has a unique solution for all t € R.

Proof. In the proof of Theorem 1.4.6, the boundedness of f was used in order to guarantee
that u(t) € Q for any ¢t. This is not necessary anymore, since = C% The fixed point
argument does not rely on boundedness of the set. (A more detailed proof will be part of
one of the Ezxercise Sheets.) O
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Chapter 2

Explicit One-Step Methods and
Convergence

2.1 Introduction

Example 2.1.1 (Euler’s method). We begin this section with the method that serves as
the prototype for a whole class of schemes for solving IVPs numerically.

(As always for problems with infinite dimensional solution spaces, numerical solution refers
to finding an approximation by means of a discretization method and the study of the
associated discretisation error.)

Consider the following problem:

Given an IVP of the form (1.11) with ¢, = 0, calculate the value w(7") at time T' > 0.

Note first that at the initial point 0, not only the value u(0) = ug of u, but also the
derivative u/(0) = f(0,up) are known. Thus, near 0 we are able to approximate the
solution u(t) (in blue in Figure 2.1) by a straight line y(¢) (in red in Figure 2.1, left) using
a first-order Taylor series expansion, i.e.

u(t) ~ y(t) = u(0) + tu'(0) = ug + tf(0,up) -

The figure suggests that in general the accuracy of this method may not be very good for
t far from 0. The first improvement is that we do not draw the line through the whole
interval from 0 to 7T'. Instead, we insert intermediate points and apply the method to each
subinterval, using the result of the previous interval as the initial point for the next. As a
result we obtain a continuous chain of straight lines (in red in Figure 2.1, right) and the
so-called Euler method (details below).

18



t T t T

Figure 2.1: Derivation of the Euler method. Left: approximation of the solution of the
IVP by a line that agrees in slope and value with the solution at ¢ = 0. Right: Euler
method with three subintervals.

Definition 2.1.2: On a time interval I = [0,7], we define a partitioning in n
subintervals, also known as time steps. Here we choose the following notation:

[ I 1]

0 T
I I Iy, I 1,

T — "

to ty to thk—1  tk thn—g tn-1t,=T

The time steps I = [tx_1, ;] have step size hy = tj — tx_1. A partitioning in n
time steps implies t,, = T'. The term “k-th time step” is used both for the interval
Ij; and for the point in time t; (which one is meant will be clear from the context).
Very often, we will consider uniform time steps and in that case the step size is
denoted by h and hy = h, for all k.

Definition 2.1.3 (Notation). In the following chapters we will regularly compare the
solution of an IVP with the results of discretization methods. Therefore, we introduce the
following convention for notation and symbols.

The solution of the IVP is called the exact or continuous solution. to emphasize that it
is the solution of the non-discretized problem. We denote it in general by u and in addition
we use the abbreviation

up = u(ty).

If u is vector-valued we also use the alternative superscript u*) and write ugk) for the ith
component of the vector u(ty).

The discrete solution is in general denoted by y and we write yj, or y¥) for the value of
the discrete solution at time ¢;. In contrast to the continuous solution, y is only defined
at discrete time steps (except for special methods discussed later).
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Definition 2.1.4 (Explicit one-step methods): An explicit one-step method
is a method which, given ug at t9 = 0 computes a sequence of approximations
Y1 ...,Yn to the solution of an IVP at the time steps ti,...,t, using an update
formula of the form

Yk = Yh—1 + P Fh, (-1, Yr—1)- (2.1)

The function F}, () is called increment function.® We will often omit the index
hi, on Fp, () because it is clear that the method is always applied to time intervals.
The method is called one-step method because the value y; explicitly depends
only on the values y;_1 and f(tx—1,yk—1), not on previous values.

“The adjective ‘explicit’ is here in contrast to ‘implicit’ one-step methods, where the increment
function depends also on y; and equation (2.1) typically leads to a nonlinear equation for yy.

Remark 2.1.5. For one-step methods every step is per definition identical. Therefore, it
is sufficient to define and analyze methods by stating the dependence of y; on yg, which
then can be transferred to the general step from y,_1 to y,. The general one-step method
above then reduces to

y1 = yo + h1Fp, (to, vo)-

This implies that the values y, with £ > 2 are computed through formula (2.1) with the
respective hy and the same increment function (but evaluated at tx_1,yr—1)-

Example 2.1.6: The simplest choice for the increment function is Fj, (t,y) =
f(t,y), leading to the Euler method

y1 = yo + hf(to, o). (2.2)
Consider, for example, the (scalar, homogeneous, linear) IVP
u = u, u(0) =1,

which has exact solution u(t) = e’.

time steps) reads

In that case, the Euler method (with uniform

y1 = (1 + h)yo.

The results for h =1 and h = 1/2 are:

exact h=1 h=1/2
t u®) |k oyk |uwe—wkl | Kk Ye  uk — vkl
0 1 0 1 0 1
1 271828 |1 2 0.718 2 225 0.468
2 7.38906 |2 4 3.389 4 5.0625 @ 2.236
k 2.71828% | k 2F 2k  2.25F

The error is growing in time. The approximation of the solution is improved by
reducing h from 1 to 1/2. The goal of the following error analysis will be to establish
those dependencies.
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Figure 2.2: Local and accumulated errors. Exact solution in black, the Euler method in
red. On the left, in blue the exact solution of an IVP on the second interval with initial
value y1. On the right, in purple the second step of the Euler method, but with exact
initial value u;.

2.2 Error analysis

Remark 2.2.1. In Figure 2.1, we observe that, at a given time ¢;,;, the error consists
of two parts: (i) due to replacing the differential equation by the discrete method on the
interval Ij; and (ii) due the initial value y; already being inexact. This is illustrated more
clearly in Figure 2.2. Therefore, in our analysis we split the error into the local error and
an accumulated error. The local error compares continuous and discrete solutions on a
single interval with the same initial value. In the analysis, we will have the options of
using the exact (right figure) or the approximated initial value (left figure).

Definition 2.2.2: Let u be a solution of the differential equation v’ = f(¢,u) on
the interval I = [to,t,] = [0, T]. Then, the global error of a discrete method Fj,,
is

’u(tn) - y(tn”’ (2'3)

i.e., the difference between the solution u,, of the differential equation at ¢, and the
result of the one-step method at ¢,.
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Definition 2.2.3: Let u be a solution of the differential equation v’ = f(¢,u) on
the interval Ij, = [ty_1,t;]. Then, the local error of a discrete method F},, is

e = Me(w) = wg — [uk—1 + hFp, (b1, up—1)], (2.4)

i.e., the difference between uy, = u(tx) and the result of one time step (2.1) with this
method with exact initial value ug_1 = u(tg_1).

The truncation error is the quotient of the local error and hy:

Mk Uk — Ug—1

hk = hk — Fhk(tk_l,uk_l). (25)

T = Ti(u) =

The one-step method F, (t,y) is said to have consistency of order p, if for all suf-
ficiently regular functions f there exists a constant ¢ independent of h := max}}_; hy
such that for h — 0:

r]?%i( ITe| < chP (2.6)

Example 2.2.4 (Euler method). To find the order of consistency of the Euler method,
where Fy, (t,y) = f(t,y), consider Taylor expansion of u at t_1:

u(ty) = ultp—1) + hgu' (t— 1)+ 3 h2 "(¢), for some ¢ € I.

As a result the truncation error reduces to:

U — Ul _—
= % — Fiy (th-1, u(tp—1))
(b ) + SRR () L

hk: - f(tk:—la uk—l) = EUH(C) hk .

If f € CY(D) on a compact set D around the graph of u, we can bound the right hand
side:

O~ Sl 2 w0+ .50 00

% ‘615 ty) + Vyf(t, y)f(uy)‘hk.

=:C

Here, we use the assumption that f is sufficiently smooth to conclude that the Euler
method is consistent of order 1 (slightly more than Lipschitz continuous).

Next we consider stability of explicit one-step methods. To prove this, we first need a
discrete version of Gronwall’s inequality.
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Lemma 2.2.5 (Discrete Gronwall inequality): Let (wg), (ax), (bx) be non-
negative sequences of real numbers, such that (bg) is monotonically nondecreasing.
Then, it follows from

n—1
wo < by and w, < Zakwk + by, forall n>1, (2.7)
k=0

that

n—1
wy, < exp (Z ak> by (2.8)

k=0

Proof. Let k € N and define the functions w(t), a(t), and b(t) such that for all ¢t € [k—1,k)
w(t) = wr_1, a(t)=ag_1, bt)=>by_1.

These functions are bounded and piecewise continuous on any finite interval. Thus, they
are integrable on [0,n]. Therefore, the continuous Gronwall inequality of Lemma 1.3.8
applies and proves the result. O

Theorem 2.2.6 (Discrete stability): If F}, (¢,y) is Lipschitz continuous in y for
any t = tg, k < n, with constant L, then the corresponding one-step method is
discretely stable in the following sense: Suppose (zj) and (zx) are two arbitrary
sequences, e.g. from two numerical approximations of the IVP with F},, with differ-
ent initial conditions ug and vg, or the approximate and the exact solution at t = ;.
Then

|Tn — 2| < €T (!xo — 20| + Y _|mk(x) — Uk(z)\)

k=1

Proof. Subtracting the equations

e(x) = o — Tp—1 — hFyy (te—1, Th—1),
Me(2) = 2k — 2k—1 — hiFpy, (tk—1, 26—1),

and exploiting the Lipschitz continuity of Fj, , we obtain

ok — 2] = |zh—1 — 21 + (@) — Me(2) + hig (Fay, (te—1, Tr—1) — Fay (te—1, 25-1)) |
< zp—1 — 21| + (@) — me(2)| + Lhg|zp—1 — 251]-
Recursive application yields
n n
[ — 2| < |20 — 20| + Y k(@) = mk(2)| + D> Lhalwr—1 — 251,
k=1 k=1
The estimate now follows from the discrete Gronwall inequality in Lemma 2.2.5, choosing

Wy = ‘xn - Zn’a an—-1 = Lhn and bn = |.’L’0 - ZO| + Z?:kh]k(x) - nk(2)| O
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Corollary 2.2.7 (One-step methods with finite precision): Let the one-step
method Fj, be run in finite precision floating-point arithmetic on a computer, yield-
ing a (perturbed) sequence (zj). Let (yx) be the mathematically correct solution
of the one-step method. Then, the difference equation (2.1) is fulfilled only up to
machine accuracy eps, i.e., there exists a ¢ > 0:

lyo — 20| < c|z0| eps,
Ik (y) — mk(2)] = Ik(2)] < clzx] eps.

Then, the error between the true solution of the one-step method y,, and the com-
puted solution z, is bounded by

T

|yn — 2n| < cel nril%édzk] eps.

Theorem 2.2.8 (Convergence of one-step methods): Let the one-step method
F}, be consistent of order p and Lipschitz continuous in its second argument, for all
t = tg, k < n. Furthermore, let yo = ugp and let h = maxj_, hy. Then, the global
error of the one-step method converges with order p as h — 0 and

|t — Yn| < cTe" TR, (2.9)

where the constant c is independent of h.

Proof. Since Fy, is consistent of order p, we have, for all k =1,...,n,
e (w) — e (y)| = Pyl T (w)| < ch? by, (2.10)
——

=0
where ¢ is the constant in (2.6), which is independent of h.

Now, since Fj, is Lipschitz continuous in its second argument, we can apply the discrete
stability result in Theorem 2.2.6 with xj = y; and zx = uy and use the bound in (2.10) to
obtain

n n
Jtn — yn| < TN () — mi(y)| < €M eh?> " hy = T e ThP.
k=1 k=1

O

Corollary 2.2.9. If f is in C' in a compact set D around the graph of u over [0,T)], then
the convergence order of the global error in the Fuler method is one.

Important! General approach:

CONSISTENCY + STABILITY — CONVERGENCE (2.11)

24



2.3 Runge-Kutta methods

2.3.1. Since the IVP is equivalent to the Volterra integral equation (1.12), we can consider
its numerical solution as a quadrature problem. However, the difficulty is that the integrand
is not known. It will need to be approximated on each interval from values at earlier times,
leading to a class of methods for IVP, called Runge-Kutta methods.

We present the formula again only for the calculation of y; from gy on the interval from tg
to t1 = to + h. The formula for a later time step k is obtained by replacing yo, o and h by
Yk—1, tk—1 and hy, respectively to obtain yi. (The coefficients a;;, b, ¢; remain fixed.)

Definition 2.3.2: An explicit Runge-Kutta method (ERK) is a one-step
method that uses s evaluations of f with the representation

i—1

9 =yo+hY aik;, i=1,...,s, (2.12a)
j=1

ki = f (to + cih, gi) i=1,...,s, (2.12b)
S

yi=yo+h> biki, (2.12¢)
i=1

i.e., with increment function

Fr(t,yo) = > _bif (to+ cih, gi)
i=1

The values g + ¢;h are the quadrature points on the interval [tg,¢;]. The values g;
are approximations to the solution wu(ty + ¢;h) at the quadrature points, obtained
via recursive extrapolation using the evaluations of f at previous quadrature points.
Since the method uses s intermediate approximations of u on [tg, 1], it is called an
s-stage method.

\.

Remark 2.3.3. In typical implementations, the intermediate values g; are not stored
separately. However, they are useful for highlighting the structure of the method.

Definition 2.3.4 (Butcher tableau): It is customary to write Runge-Kutta meth-
ods in the form of a Butcher tableau, containing only the coefficients of equa-
tion (2.12) in the following matrix form:

0
C2 | 21
C3 | 31 (32 (2 13)
Cs | Gs1 As2 - Qss—1
bl bQ te bs—l bs

\.

Remark 2.3.5. The first row of the tableau should be read such that ¢; =0, g1 = yg and
that k; is computed directly by f(to,y0). The method is explicit since the computation of
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k; only involves coefficients with index less than ¢. The row below the line is the short form
of formula (2.12c) and lists the quadrature weights in the increment function Fy (¢, yo).

Considering the coefficients a;; as the entries of a square s x s matrix A, we see that A is
strictly lower triangular. This is the defining feature of an explicit RK method. We will
later see RK methods that also have entries on the diagonal or even in the upper part.
Those methods will be called “implicit”, because the computation of a stage value also

involves the values at the current or future stages. We will also write b = (b1, ..., bs)” and
c=(0,ca,...,cs)T, such that the Butcher tableau in (2.13) simplifies to
c| A
b

Example 2.3.6. The Euler method has the Butcher tableau:

0
1
That leads to the already known formula:

y1 = yo + hf(to,v0)

The values by = 1 and ¢; = 0 indicate that this is a quadrature rule with a single point
at the left end of the interval. As a quadrature rule, such a rule is exact for constant
polynomials and thus of order 1.

e ~

Example 2.3.7 (Two-stage methods): The modified Euler method is a vari-
ant of Euler’s method of the following form:

kl - f(t()ay())
1 1 0
k2=f<t0+2h1,yo+h12/€1> 13
0 1
y1 = yo + hiks

The so-called Heun method of order 2 is characterized through the equation

kl - f(t()uyO)
ko = f(to + h1,yo + hik1)

1 1
y1=1yo+h <2k’1 + 2k‘2>

. J

Remark 2.3.8. The modified Euler method uses one quadrature node at to—i—% = % and
an approximation to f(to+ %, u(to + %)) in F},, corresponding to the midpoint quadrature
rule. The Heun method of order 2 is constructed based on the trapezoidal rule. Both
quadrature rules are of second order, and so are these one-step methods. Both methods
were discussed by Runge in his article of 1895 [Run95|.

~

Lemma 2.3.9: For f sufficiently smooth, the Heun method of order 2 and the
modified Euler method have consistency order two.®

“Here and in the following proofs of consistency order, we will always assume that all necessary
derivatives of f exist and are bounded and simply write “f is sufficiently smooth”.
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Proof. The proof uses Taylor expansion of the continuous solution u; and the discrete
solution y; around tg with yg = ug. W.l.o.g. we choose tg = 0. Considering first only the
case d = 1 and the abbreviations

ft = atf(t()a UO) and fy = ayf(th UO)

and replacing u/(tg) = f(to,ug) = f, we obtain

2
wr = u(h) = wo + R f(to,u0) + 5 (o + Fy)
3
+ %(ftt +2fu f + fyyf2 + fuft + fy2f) +.... (2.14)

For the discrete solution of the modified Euler step on the other hand, Taylor expanding
f around (g, up) leads to

h h
y1 =ug + hf (to + 5 U0 + 2f(750,UO)>

2 3
:u0+hf+%(ft+fyf) +%(ftt+2ftyf+fyyf2) +....

Thus, |71| = A~ us — 1| = O(h?). Since the truncation error at the kth step can be
estimated identically, the method has consistency order two. The proof for the Heun
method is left as an exercise.

For d > 1, the derivatives with respect to y are no longer scalars, but tensors of increasing
rank, or equivalently multilinear operators. Thus, to be precise in d dimensions, 9, f (to, uo)
is a d x d matrix that is applied to the vector f(to,uo) and we should write more carefully

Ty(f) = Oy f(to, uo) f(to, uo)-

Similarly, Oy, f(to, uo) is a d x d x d rank-3 tensor, or more simply a bilinear operator and
to stress this we write fy, (f, f) instead of fy, f2. (However, we will not dwell on this issue
in this course.) O

Example 2.3.10: A suitable three stage Runge-Kutta method is
kl - f(t()a Z/O)
1 1
kz = f t() + *h,yo ol *hkl
2 2
ks = f(to + h,yo — hk1 + 2hk2)

1 4 1
y1 =y +h <6k1 + 6k2 + 6/€3>

== O
DO

SR DO

ol
ol

This method is obviously based on the Simpson rule.

\.

Remark 2.3.11. These Taylor series expansions become tedious very fast. For au-
tonomous ODEs «' = f(u) the analysis simplifies significantly. The Runge-Kutta method
(2.12) reduces to
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i—1

gizyoJthaz’jf(Qj), i=1,...,s
=1

yi=yo+h> bif(g;)

Jj=1

(2.15)

Each (non-autonomous) ODE can be autonomized (see Def. 1.2.6) using the transformation
/
U = <"t‘,) _ (f(tl’“)> — F(U). (2.16)

Lemma 2.3.12: An ERK is invariant under autonomization, i.e. its coefficients
remain unchanged, if and only if

i—1 s
Zaij:ci, i:l,...,S, and Zb]:]_ (217)
J=1 j=1

Proof. Considering the last components of the vector g; in (2.15) when applied to the
autonomized ODE (2.16) with right hand side F(-), we obtain

1—1
to + hz Qjj -
7=1

For the ERK to be invariant under autonomization, we require that f is evaluated at tg+hc;
in the ith stage leading to the first condition in (2.17). Similarly, the second condition in
(2.17) follows from the last component of y;, when applying (2.15) to (2.16). O

Lemma 2.3.13: An ERK that is invariant under autonomization with s stages is
consistent of first order, if and only if

b1+ - +bs=1; (2.18a)
it is consistent of second order, if and only if in addition we have
bicg + -+ bses = 1/2 (2.18b)
it is consistent of third order, if and only if in addition we have

bici + -+ bsc? =1/3, (2.18c)
Zm:l byapey = )8 (2.18d)

it is consistent of fourth order, if and only if in addition we have

bici + -+ bsed = 1/4, (2.18¢)
szzl biaijc; =1/12, (2.18f)
z:,j,kzl biasjajrcr = 1/24, (2.18g)
Zj _, biciagje; = 1/8. (2.18h)

)
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Proof. We consider the autonomous ODE v = f(u) and u(tg) = ug, where we assume
w.l.o.g. again ty) = 0. As in the proof of lemma 2.3.9, we first expand u; = u(t1) around ¢,
using u'(tg) = f(ug) = f. Also, since f now only depends on one argument, we abbreviate

2
SI@)| = V) o) = S i), = D+ P,
Thus, we obtain
2 3
ur = o+ hf 4 ) (£ D)+ FG) (2.19)
4
b (PG5 038G D) + PG D) + ) + O,

To expand y; around ty = 0 we consider it as a function y; (h) of the stepsize h. The stage
values g; are also considered as functions g;(h) of h. (Carefull The g;, and thus also y1,
depend implicitly on h and are not affine!)

First note that
y1(0) =up and g¢;(0) =wup, forall i=1,... s. (2.20)

To compute the derivatives of y; and g; at h = 0, let ¢ > 1 and note that for an arbitrary
function ¢ = ¢(h), applying Leibniz’s rule (the product rule for higher derivatives), gives

ara (1910)

_ (q) q 1 (g—1) Y\ pr  (¢-2)
= [hgp (h) + (1> hop (h) + (2> ' o (h)+0
— 40T (0). (2.21)

Using (2.21) and the definition of an ERK for an autonomous ODE in (2.15) we get

D)= 045 b0, (hf(a I L

70 =0+ S ()| =S hgsam)| e
s d s da-1

0900 =0+ 3 iy (00| = 0> g s 0) (229
= h=0 j=1 h=0

(where for simplicity we have set a;; = 0, for j > i).

Finally, we need to apply the chain rule to compute the derivatives of f(g;(h)) needed in
(2.22) and (2.23). First for ¢ = 1, it follows from (2.17), (2.20) and (2.23) — using again
the shorthand notation for the higher derivatives of f as above — that

d

%f(gi(h))

e V£(9i(0))g:(0) = f' (Z az‘jf(gj(o))> = ayf'(f) =af'(f)
= j=1 j=1

Similarly, for ¢ = 2, we get

2
S f@)| = [, g0) + F )] |

h=0 h=0

= 1" | s 0,0, s 0,00 | + 1| 23 a5 oy ()
j=1 j=1 =1

h=0

=c2f"(f, f)+ QZaijij/(f,(f))'

Jj=1
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Substituting these formulae into (2.22), we finally obtain

y1(0) = (Z m) f,
=1
yi(0) =2 (Z b) £,
i=1

y1'(0)=3 (Z bicg> D +6 D baage; | F1(F().
i=1

ij=1
Considering now the Taylor series expansion of y1(h) around h = 0, i.e.,

h? h? Rt
(0) + o' (0) + 508"

o 6 ﬂ?ﬂ (0) + O(h5)

y1(h) = y1(0) + hy1 (0) +
and comparing coefficients with the coefficients in the expansion of u; in (2.19), we obtain
the order conditions in (2.18a-d).

The case ¢ = 3 and thus the 4th derivative y§4) (0) can be derived in a similar way. Compar-
ing the coefficients in front of the 4th-order term we then also obtain the order conditions
in (2.18e-h). This is left as an exercise . O

Remark 2.3.14. Butcher introduced a graph theoretical method for order conditions
based on trees. While this simplifies the process of deriving these conditions for higher
order methods considerably, it is beyond the scope of this course.

Example 2.3.15 (The classical Runge-Kutta method of 4th order):

k1 = f(to,vo)

1 1
k2:f to—i-*h,yo-i-*hkl 0

2 2 1)1

1 1 2|2
k3—f(t0+h,yo+hk2> % 0 %

2 2 110 0 1

_ 7 7 T

k4 = f(to + h7y0 + hk3) ‘ 6 6 5 6

1 2 2 1
Y1 = Yo + h(ékl + 6k2 + 6/63 + 6k4)

Like the 3-stage method in Example 2.3.10, this formula is based on Simpson’s
quadrature rule, but it uses two approximations for the value at the midpoint of the
interval and is of order 4.

Remark 2.3.16 (Order conditions and quadrature). The order conditions derived by
recursive Taylor expansion have a very natural interpretation via the analysis of quadrature
formulae for the Volterra integral equation, where ¢;h, @ = 1,...,s, are the quadrature
points on [0, k] and the other coefficients are quadrature weights.

First, we observe that

s h
h Z bif(cih,g;) approximates /0 f(s,u(s))ds.
i=1
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In this view, conditions (2.18a)—(2.18c) and (2.18e¢) state that the quadrature formula
> bif(cih) is exact for polynomials f of degree up to 3. This implies (see Numerik 0) that
the convergence of the quadrature rule is of 4th order.

Equally, we deduce from formula (2.12a) for g; that

i—1 Cih
h Z a;jf(cjh,gj) approximates / f(s,u(s))ds.
0

Jj=1

The condition (2.17), which guarantees that the method is autonomizable, simply translates
to the quadrature rule being exact for constant functions.

For higher order, the accuracy of the value of g; only implicitly enters the accuracy of the
Runge-Kutta method as an approximation of the integrand in another quadrature rule.
Thus, we actually look at approximations of nested integrals of the form

/Oh ) /08 Y(r)drds.

Condition (2.18d) for 3rd order states, that this condition must be true for linear poly-
nomials ¢ (r) and constant ¢(s); thus, after the inner integration again any polynomial
of second order in the outer rule. Equally, conditions (2.18h) and (2.18f) for fourth order
state this for linear polynomials v (r) with linear ¢(s) and for quadratic polynomials ¢ (r)
with constant ¢(s), respectively. Finally, condition (2.18g) states that the quadrature has
to be exact for any linear polynomial ¢(7) in

/Oh/os/orgo(T)derds.

Remark 2.3.17 (Butcher barriers). The maximal order of an explicit Runge-Kutta method
is limited through the number of stages, or vice versa, a minimum number of stages is re-
quired for a certain order. The Butcher barriers state that in order to achieve consistency
of order p one requires s stages, where p and s are related as follows:

p 112134 5 6 7 8
S PP p|pt+l|p+l| p+2 | p+3
#cond. | 1] 2 8 17 37 85 200

=~ |'T

The Butcher barriers for p > 9 are not known yet.

Lemma 2.3.18: Let f(¢,y) admit a uniform Lipschitz condition on [0, 7] x 2 with
{u(t) : t € [0,T]} € Q. Then every ERK that is invariant under autonomization
admits a uniform Lipschitz condition on [0, 7] x €.

Proof. The increment function of an ERK is

Fa(t,y) =Y bif<t + cih, gi(y; h))v (2.24)

=1
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with g; defined recursively by
i—1
giy;h) =y +h> az‘jf<t +¢jh, 9;(y; h))-
j=1

Let Lo be the Lipschitz constant of f and let ¢ := hLy and assume for the moment that
a;j >0,1<1i,j <s. Then, for any z,y € §, using (2.17), we get

l91(y3h) — gr(@; )| =1 |y — o =: Ly — x|

lg2(y; h) — g2(; h)| = ‘y — z + hag (f(t + coh, g1(y; h)) — f(t+ c2h, g1 (x; h))))
< (1+hanLo)ly — | = (1 +qe2)|y — x| = Laly — x|

193(y; h) — g3(z; h)| < <1 + hLo(as + as2(1 + hamLo))) ly — x|
< (1 +ges(1+ge2))ly — 2| = Lsly — |

95y 1) = gu(@i )] < (14 ges (14 (L +ge2))... )ly —al = Lly — o]

Since ¢; < 1, for all i = 2,...,s, we can bound

s

1—g¢q
1—g¢q

Li<Lg< (1+q(1+...(1+Q))...):1+q+q2+...+q8_1:

Moreover, if ¢ = hLy < 1 we have Ly < s and if ¢ < 1/2 we have L, < 2.
Using the Lipschitz conditions for the g; together with (2.24) and (2.17) we finally get

S
[Fu(ty) = Fu(t, )] <Y bjLoLylz — y| < LoLslz — y-
j=1

Thus, the increment function Fj, admits a Lipschitz condition with constant
1 - (hLo)*

1—hLy

for general step size h and with constant L = 2L for h < (2Lg) .

L::Lo

In general, i.e. when there exist 4, j such that a;; < 1, the Lipcschitz constant for g; has to
be changed to L} = (1 +qdi(1+...(1+ gdb)).. ) with ¢ = Z;;ll lai;| and the Lipschitz
constant for Fy, to L) L. O

Corollary 2.3.19. Let f(t,y) admit a uniform Lipschitz condition on [0,T] x Q with
{u(t) : t € [0,T]} C Q and let Fp,(.,.) be an ERK that is invariant under autonomization.
Then consistency of order p implies convergence with order p and

|t — | < celThP, (2.25)
where L is the Lipschitz constant of Fy, from Lemma 2.3.18 and the constant c is indepen-

dent of h.

Proof. Follows directly from Lemma 2.3.18 and Theorem 2.2.8. 0l

f LIPSCHITZ = Fj LIPSCHITZ = F; LOCALLY STABLE
CONSISTENCY + STABILITY = CONVERGENCE
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2.4 Estimates of the local error and time step control

2.4.1. The analysis in the last section used a crude a priori bound of the local error based
on high-order derivatives of the right hand side f(¢,u). In the case of a complex nonlinear
system, such an estimate is bound to be inefficient, since it involves global bounds on the
derivatives. Obviously, the local error cannot be computed exactly either, because that
would require or imply the knowledge of the exact solution.

In this section, we discuss two methods that allow an estimate of the truncation error
from computed solutions. These estimates are local in nature and therefore usually much
sharper. Thus, they can be used to control the step size, which in turn gives good control
over the balance of accuracy and effort.

The idea is to use two numerical estimates of u that converge with different order, so as
to estimate the leading order term of the local error of the lower-order method. Given
this estimate for the local error, we can then devise an algorithm for step-size control that
guarantees that the local error of a one-step method remains below a threshold ¢ in every
time step.

Nevertheless, in these estimates there is the implicit assumption that the true solution u is
sufficiently regular and the step size is sufficiently small, such that the local error already
"follows’ the theoretically predicted order.

Algorithm 2.4.2 (Adaptive step size control). Let y; and yi be two approximations of
ug, of consistency order p and p > p + 1, respectively, and let € > 0 be given.

1. Given yi_1, compute y; and i with time step size hg
(both starting from the value yx_1 at tx_1).

2. Compute

1

h h< < )pﬂ (2.26)
P Ty — ol ' '

3. If lyr — Yk| > €, and thus hept < hyg, the time step is rejected: Choose hy = hopt and
recompute y, and .

4. If the time step was accepted, let hyi1 = min(hopt, T — k).

5. Increase k by one and return to Step 1.

Remark 2.4.3. When t;, is close to T', then the choice hj1 = hopt in Step 4, may lead to
hito =T — tx41 ~ eps (machine epsilon) in the following step. To avoid round-off errors,
it is advisable to choose hy1 =T — t}, already for T — ¢, < chopt, where ¢ is a moderate
constant of size around 1.1. This way we avoid that hiio =~ eps.

Remark 2.4.4. This algorithm controls and equilibrates the local error. It does not control
the accumulated global error. The global error estimate still retains the exponential term.
Global error estimation techniques involve considerably more effort and are beyond the
scope of this course.

The algorithm does not provide an estimate for the leading-order term in the local error
of 1. However, since it is a higher order approximation than y, we should use y; as the
approximation of u at ¢; and as the initial value for the next time step.

Let us now discuss two techniques to compute higher-order approximations ¥ of uy.
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2.4.1 Extrapolation methods

2.4.5. Here, we estimate the local error by a method called Richardson extrapolation (cf.
Numerik 0). It is based on computing two approximations with the same method, but
different step size. In particular, we will use an approximation yo with two steps of size
h and an approximation Y7 with one step of size 2k, both starting with the same initial
value at tg.

Theorem 2.4.6: Let yy be the approximation of us = u(tg + 2h) obtained after
two steps of an ERK with step size h and let Y7 be the approximation of uy after
one step of the same method with step size 2h, both starting from ug at ¢g. If f is
sufficiently smooth and the ERK is consistent of order p, then we can define

- 2Py -V
and have
lug — o| = O(RPT2). (2.28)

Proof. The exact form of the leading-order term in the local error of an ERK of order p
can be obtained by explicitly calculating the leading order term in the Taylor expansion

in Lemma 2.3.13, i.e. there exist constant vectors (x = (i (fk_l, Jrqse- s f,g]:)l) e R?, for
k = 1,2, independent of h such that

() = GhPT + O(RPH?),
where f,gj_)l denotes the jth derivative of f evaluated at (tx_1,yx—1), for k =1,2.

Moreover, since t; = to + h and y1 = yo + O(h), we can also deduce via Taylor expansion
that fl(]) = féj) + O(h) so that (2 = (1 + O(h) and thus

ne(u) = GRPH + O(WPT2), k=12 (2.29)

Furthermore, we can also use Taylor series expansion of F,(t1,y1) around (¢1,u1) to obtain
Byt 1) = Fi(tu) + V, Byt w)m () + O (I (w))

= Fi(t1,u1) + hP TV Fy(t, ua) G+ O(RPT2). (2.30)

Thus, following the same proof technique as in Theorem 2.2.6, we obtain for the error after
two steps of size h,

2

uy — Y2 =up— Yo+ Y {nk(U) — nk(y) +hEp(te—1, uk—1) — hFp(tk-1, ykfl)} (2.31)
=0 k=1 iyl

2
= m(w) + h[Fy(ts, w) — Fy(t, )]
k=1

= 2G P + O(WPT2) + b [RPTIV By (ty, un) G+ O(RPT2)] = 2 RPH! + O(RPF?)
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On the other hand,
uy — Y1 = L (2R)PTE + O(RPT2) = 2PFL pPHE o+ O(RPT2). (2.32)

Taking 2P times equation (2.31) and subtracting equation (2.32), we can eliminate the
leading order term and obtain

O(RP*?) = 2P(ug — ya) — (ug — Y1) = (2° = Dug — (2792 — V1) = (2% — 1) (ug — )
which completes the proof. O

Remark 2.4.7. Thus, y2 provides an approximation of us with consistency order p+1 > p
and can be used in Algorithm 2.4.2 above to control the step size in each step. In particular,
Uk+1 can be computed cheaply from yy11 and Y}, via formula (2.27) (with index k+1 instead
of 2). As mentioned in Remark 2.4.4, in practice we expect a better global accuracy, if we
use Yr_1 instead of yx_1 as the initial value at tx_1 for computing yi4+1 and Y.

However, in general the computation of Y] requires s — 1 additional evaluations of f, since
the stage values will differ from those of y; and y9, leading to a total of 3s — 1 function
evaluations for two time steps for this p + l-order method. An alternative, that uses the
optimal number of stage values s for a p + 1-order method and reuses all stage values of
the lower-order method will be discussed in the next section.

2.4.2 Embedded Runge-Kutta methods

Instead of estimating the local error by doubling the step size, embedded Runge-Kutta
methods use two methods of different order to achieve the same effect. The key to efficiency
is here, that the computed stages g; are the same for both methods, and only the quadrature
weights b; differ.

Definition 2.4.8 (Embedded Runge-Kutta methods). An embedded s-stage Runge-Kutta
method with orders of consistence p and p computes two approximations yi and 3 of wuy
with the same function evaluations. For this purpose, the stage values g; and k; at tg+c;hg
are identical for all 7 = 1,..., s, i.e. both methods have the same coefficients a;; and ¢;. To
compute the final approximations at time step ¢, we use two different quadrature rules,
ie.

Yk = Yk-1+hi »_ biki,
Uk = Yk-1 +hi > biki,

such that y; and g are consistent of order p and p > p, respectively. Typically, p =p+ 1.

(2.33)

Definition 2.4.9: The Butcher tableau for the embedded method has the form:

0
C2 | G21
C3 | a31  G32

Cs | s1 Qg2 -+ Qgs—1
g1 Z2 : 5571 gs
bl b2 e bs—l bs
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Remark 2.4.10. For higher order methods or functions f(¢,u) with complicated eval-
uation, most of the work lies in the computation of the stages. Thus, the additional
quadrature for the computation of ¥, is almost for free. Nevertheless, due to the different
orders of approximation, 3 is much more accurate and we obtain

uk — Yk = Yk — Yk + O(RP). (2.34)

Thus, yr — Y& is a good estimate for the local error in y;. This is the error which is used
in step size control below. However, as in the Richardson extrapolation above, we use the
more accurate value gy, as the final approximation at ¢; and as the initial value for the
next time step, even if we do not have a computable estimate for its local error.

Definition 2.4.11 (Dormand-Prince 45): The embedded Runge-Kutta method
of orders 5 for y; and 4 for y; due to Dormand and Prince has the Butcher tableau

0
1/5 | 1/5
3/10 | 3/40  9/40

4/5 | 44/45 —56/15 32/9

8/ | 19372 25360 Gidds 212
6561 2187 6561 729

1 9017 355 46732 49  —5103
3168 33 5247 176 18656

1 35 0 500 125  —2187 11
384 1113 192 6784 84

~ 35 0 500 125 2187 11

Yk 384 1113 192 6784 84
5179 0 7571 393 —92097 187 1

Yk | 57600 16695 640 339200 2100 40

It has become a standard tool for the integration of IVP and it is the backbone of
ode45 in Matlab.
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Chapter 3

Implicit One-Step Methods and
Long-Term Stability

In the first chapter, we studied methods for the solution of IVP and the analysis of their
convergence with shrinking step size h. We could gain a priori error estimates from con-
sistency and stability for sufficiently small h.

All of those error estimates are based on Grénwall’s inequality and contain a term of the
form e, This increases fast with increasing length of the time interval [0, 7] and thus,
the analysis is unsuitable for the study of long-term integration. The exponential term will
eventually outweigh any term of the form hP.

On the other hand, for instance our solar system has been moving on stable orbits for
several billion years and we do not observe an exponential increase of velocities. Thus,
there are in fact applications for which the simulation of long time periods is worthwhile
and where exponential growth of the discrete solution would be extremely disturbing.

This chapter first studies conditions on differential equations with bounded long term
solutions, and then discusses numerical methods mimicking this behavior.

3.1 Monotonic initial value problems

Example 3.1.1. We consider for A € C the (scalar) linear initial value problem

u = u
u(0) = 1. 3.1)

Splitting A = Re(A)+¢ Im()\) into its real and imaginary part, the (complex valued) solution
to this problem is

u(t) = eM = eRe()‘)t(cos(Im()\)t) + i sin(Im(A)t)).

The behavior of u(t) for ¢ — oo is determined by the real part of A:

Re(A) <0: u(t) — 0
Re(A\) =0: lu(t)| =1 (3.2)
Re(A) > 0: u(t) = oo

Moreover, the solution is bounded for A with non-positive real part for all points in time ¢.
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Remark 3.1.2. Since we deal in the following again and again with eigenvalues of real-
valued matrices and these eigenvalues can be complex, we will always consider complex
valued IVP hereafter.

Remark 3.1.3. Due to Gronwall’s inequality and the stability Theorem 1.4.5, the solution
to the IVP above admits the estimate |u(t)| < el**u(0)|. This is seen easily by applying the
comparison function v(t) = 0. As soon as A # 0 has a non-positive real part, this estimate
is still correct but very pessimistic and therefore useless for large t. Since problems with
bounded long-term behavior are quite important in applications, we will have to introduce
an improved notation of stability.

7

Definition 3.1.4: The function f(t,y) satisfies on its domain D C R x C? a one-
sided Lipschitz condition if the inequality

Re(f(t,y) — f(t,z),y —z) < vly — | (3.3)

holds with a constant v € R for all (¢, ), (¢t,y) € D. Moreover, such a function is
called monotonic if v = 0, thus

Re(f(t,y) — f(t,2),y —x) <O0. (3.4)

An ODE ' = f(u) is called monotonic if its right hand side f is monotonic.

. J

Remark 3.1.5. The term monotonic from the previous definition is consistent with the
term monotonically decreasing, which we know from scalar, real-valued functions. We can
see this by observing that, for f : R — R and y > x:

(ftt,y) — ft,x))(y—2) <0 < flt,y) — f(t,x) <0,

Theorem 3.1.6: Let u(t) and v(t) be the solutions of the equations
' = f(t,u) and v = f(t,v)

with initial values u(tg) = ug and v(ty) = vg in C¥, respectively. Let the function
f:RxC% — C? be continuous and let the one-sided Lipschitz condition (3.3) hold.
Then we have for ¢ > tg:

[o(t) = u(t)] < T u(to) — ulto)]. (3.5)

Proof. We consider the auxiliary function m(t) = |v(t) — u(t)|* and its derivative
m/(t) = 2Re(v'(t) — '(t),v(t) — u(t))
= 2Re(f(t,v(t)) — f(t u(t)),v(t) — u(t))
< wlo(t) - u(t)?
= 2um(t).
According to Gronwall’s inequality (Lemma 1.3.8 on page 11) we obtain for ¢ > t:
m(t) < m(ty)e? o),

Taking the square root yields the stability estimate (3.5). O
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Remark 3.1.7. As in example 3.1.1, we obtain from the stability estimate, that for the
difference of two solutions wu(t) and v(t) of the differential equation v = f(t,u) (with
different initial conditions) we obtain in the limit ¢ — oo:

v<0: |v(t) —u(t)] — 0

v=0: [o(t) — u(t)] < |v(to) — u(to)] 30

Lemma 3.1.8: Let A(t) € C%¢ be a diagonalizable matrix function with eigen-
values \j(t), 7 = 1,...,d. Then the linear function f(¢,y) := A(t)y admits the
one-sided Lipschitz condition (3.3) on all of R x C¢ with the constant

v = max Re(\;(1)).
j=1,...d
teR

Furthermore, the linear differential equation « = Awu with u(t) € C? is monotonic
if and only if

Re(A;(t)) <0, forallteR. (3.7)

(This is the vector-valued form of Example 3.1.1.)

Proof. For the right hand side of the ODE, we have

<A<t)(y - IE),y - .%'>
ly — af?

Re(A(t)y — A(t)xz,y — x) = Re ly —z|* < Enadee()\j(t))\y — )

=1l,...,

This shows that v < maxj—i g ter Re(A;(t)). If we now insert for y — 2 an eigenvector
of eigenvalue \;(t) for which the maximum is attained, then we obtain the equality and
therefore v = max;_1, 4 ter Re()j). a

3.1.1 Stiff initial value problems

Example 3.1.9. We consider the IVP

-21 19 =20 1
W =Au with A:= | 19 -21 20 and w(0)=1| 0 |. (3.8)
40 —40 —-40 —1

The eigenvalues of A are A\; = —2 and Ay 3 = —40 £ 407. The exact solution is

te72t 4+ 1e40tcos 40t + sin 40¢]
u(t) = %e*% — %6*40’5[605 40t + sin40t] | — 0 as t— oo.
—e1%cos 40t — sin 40¢]

For small time 0 < ¢ < 0.2 all three components are changing rapidly due to the trigono-

metric terms, since the factor e 4% in front of them is still fairly big. Thus, it is necessary

to choose small time step sizes h < 1.
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For t > 0.2, we have u3 =~ 0 and u; &~ u9, and both those components change fairly slowly,
so we could choose a larger time step size h > 0.1.

However, if we consider the explicit Euler method applied to (3.8) we get
Y =y 4 p 4y
and thus
y™ = (I +hA)"uq.

Now, if we choose a time step size of h = 0.01 the matrix I + hA has eigenvalues p; =
0.98,0.6 + 0.47,0.6 — 0.4¢, so that

ly™ | = |(I + hA)  uo| < ||I + hA|"uo| = 0.98"V2 — 0 as ¢ — oo,
which is, at least qualitatively, the correct behaviour.

For h = 0.1, I+ hA has eigenvalues p; = 0.8, =3 +44, —3 —44. It is easy to see that the first
eigenvector is v; = %(17 1,0)T; the other two eigenvectors are orthogonal to v1. Thus, if

we apply (I + hA)™ to the second or third eigenvector, vy or vs, we get
(I + hA)"v;| = |-3 £ 4i|"|vj] =5" — 0o as n—oo, for j=23.

Since ug contains components in the direction of vo and vs, this means that \y(")| — 00 as
n — oo, very much in contrast to the behaviour of the exact solution u(t) — 0 for t — oo.

So, even when ug =~ 0 and us —u; =~ 0 and the perturbations are very small, the instability
of the explicit Euler method with time step size h = 0.1 will lead to an exponential increase
in these perturbations.

Remark 3.1.10. The important message here is that from a point of view of approxi-
mation error (or consistency), it would be possible to increase the time step significantly
at later times, but due to stability problems with the explicit Euler method we cannot
increase h beyond a certain stability threshold.

This phenomenon only arises for monotonic ODEs, or for ODEs that satisfy a one-sided
Lipschitz condition with constant 0 < ¥ <« L and that are monotonic for all ¢ > t*, for
some t* > tg. The consistency error is closely linked to the Lipschitz constant L of f,
while the stability is linked to the ratio of L and the constant v in the one-sided Lipschitz
condition. In the following definition, we will only focus on monotonic IVPs.

r

Definition 3.1.11: Let f be Lipschitz continuous with constant L > 0 and one-
sided Lipschitz continuous with constant ¥ € R. An initial value problem is called
stiff, if it has the following characteristic properties:

1. The right hand side of the ODE is monotonic.

2. The time scales on which different solution components are evolving differ a
lot, i.e.,
L>|v|.

3. The time scales which are of interest for the application are much longer than
the fastest time scales of the equation, i.e.,

eT>e T x0. (3.9)
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Remark 3.1.12. Note that for the linear IVP in Lemma 3.1.8 and when f is monotonic,
we have

L= max (0] 2 max [Re(\i(t)] and [v]:= min [Re(\;(t))].

teR’ teR’ teR’
Remark 3.1.13. Even though we used the term definition, the notion of “stiffness of an
IVP” has something vague or even inaccurate about it. In fact that is due to the very nature
of the problems and cannot be fixed. Instead we are forced to sharpen our understanding
by means of a few examples.

Example 3.1.14. First of all we will have a look at equation (3.8) in Example 3.1.9.
Studying the eigenvalues of the matrix A, we clearly see that v = —2 and thus the problem
is monotonic. We can also find that the Lipschitz constant is L = ||A|| ~ 72.5 so that the
second condition holds as well.

According to the discussion of example 3.1.9, the third condition depends on the purpose
of the computation. If we want to compute the solution at time 7" = 0.01, we would
not denote the problem as stiff. On the other hand, if one is interested on the solution
at time 7" > 1, on which the terms containing e 4°7" are already below typical machine
accuracy, the problem is stiff indeed. Here, we have seen that Euler’s method requires
disproportionately small time steps.

Remark 3.1.15. The definition of stiffness and the discussion of the examples reveal that
numerical methods are needed, which are not just convergent for time steps h — 0 but
also for fixed step size h, even in the presence of time scales clearly below h. In this case,
methods still have to produce solutions with correct limit behavior for t — oco.

Example 3.1.16. The implicit Euler method is defined by the one-step formula

y1 =y +hf(ti,y1) <  y1—hf(t,y1) =yo, (3.10)

which in general involves solving a nonlinear system of equations. Applied to our linear
example (3.8), we get

y™ = (T —nA) Ty =y = (= hA) g

For all A > 0, the real part of the eigenvalues of the matrix I — hA is

R( ) 1 1 1
e(u;) =
Hi) = T o 1+ 400" 1+ 408

which are all strictly less than 1, such that we get

ly™| =0 as n— oo,

independently of h. Thus, although the implicit Euler method requires in general the
solution of a nonlinear system in each step, it allows for much larger time steps than the
explicit Fuler method, when applied to a stiff problem.

For a visualization see the programming exercise on the last problem sheet and the ap-
pendix.
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3.2 A-, B- and L-stability
3.2.1. In this section, we will investigate desirable properties of one-step methods for stiff
IVP (3.11). We will first study linear problems of the form

u = Au u(to) = uo. (3.11)

and the related notion of A-stability in detail. From the conditions for stiffness we derive
the following problem characteristics:

1. All eigenvalues of the matrix A lie in the left half-plane of the complex plane.
With (3.2) all solutions are bounded for ¢ — oo.

2. There are eigenvalues close to zero and eigenvalues with a large negative real part.

3. We are interested in time spans which make it necessary, that the product h\ is
allowed to be large, for an arbitrary eigenvalue and an arbitrary time step size.

For this case we now want to derive criteria for the boundedness of the discrete solution
for t — oco. The important part is not to derive an estimate holding for h — 0, but one
that holds for any value of AA in the left half-plane of the complex numbers.

' ")

Definition 3.2.2: Consider the (general) one-step method
Y1 = Yo + hE(to, Yo, v1),
applied to the scalar, linear test problem u'(t) = Au(t). Then
y1 = R(h\)uo, (3.12)

and
y™ = R(hA)"uy, (3.13)

for some function R : C — C, which is denoted the stability function of the
one-step method Fj. The stability region of the one-step method is the set

S={z€C||R(z)| < 1}. (3.14)

Example 3.2.3 (explicit Euler).

= 4o+ hAyo = (1 + h)
Y1 = Yo Yo = ( )0 (3.15)
= R(z)=1+=

The stability region for the explicit Euler is a circle with radius 1 and centre (-1,0) in the
complex plane (see Figure 3.1 left).

Example 3.2.4 (Implicit Euler).
yi=yo+h y1 < (1—-hNy1 =y

1 (3.16)
= R(z)=
(2) 1—-=2
The stability region for the implicit Fuler is the complement of a circle with radius 1 and
centre (1,0) in the complex plane (see Figure 3.1 right).
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Figure 3.1: Stability regions for explicit and implicit Euler (blue stable, red unstable)

Definition 3.2.5 (A-stability): A method is called A-stable, if its stability region
contains the left half-plane of C. Hence,

{z€eC|Re(z) <0} CS (3.17)

Theorem 3.2.6: Consider the linear, autonomous [VP
u = Au, u(to) = wo

with a diagonalizable matrix A and initial value y(©) = ug. The stability of a one-step
method with stability region S applied to this vector-valued problem is inherited
from the scalar equation.

In particular, let (y(k))gozo be the sequence of approximations, generated by an A-
stable one-step method with step size h for this IVP. If all eigenvalues of A have a
non-positive real part, then the sequence is uniformly bounded for all h.

Remark 3.2.7. The term “A-stability” was deliberately chosen neutrally by Dahlquist. In

particaluar, note that A-stability does not stand for asymptotic stability.

Proof. Since A is diagonalizable, there exists an invertible matrix V' € C%*¢

matrix A € C¥? guch that A = V1AV. Let w := Vu. Then

and a diagonal

w'=Vu) =Vu' =VAu=AVu=Aw (3.18)

and wy = w(tg) = Vu(ty), and so the system of ODEs decouples into d independent ODEs

U)Z = Nwy, we(to) = (wo)e, £=1,...,d.

Similarly, the stage values of a Runge-Kutta (RK) method decouple into d independent,
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decoupled components:

S
gi=w+hY a;V'AVg =
i=1

vi:=Vg =Vyo+h Z ai;AVg; = wo+h Z ai; Ay
j=1 j=1

or equivalently (Vi)e = (wo)e + h Z aijhe(vj)e, L=1,...,d.
j=1

Finally, if we denote by 7; := Vy; the transformed numerical solution at the jth time step,
we get for the next iterate

m=Vyr=Vyo+hY bVgi=no+hY b
i=1 i=1

Thus, the RK applied to a vector valued problem decouples into d decoupled scalar prob-
lems solved by the same RK. But for each of the scalar problems, the definition of A-
stability implies boundedness of the solution, if Re(Ay) < 0 for all £ =1,...,d, and thus

ly® | = V| < [V]In™] < e

[ Theorem 3.2.8: No explicit Runge-Kutta method is A-stable.

Proof. We show that for such methods R(z) is a polynomial. It is known for polynomials
that the absolute value of their value goes to infinity, if the absolute value of the argument
goes to infinity. Thus, there exists z € {z € C | Re(z) < 0} such that |R(z)| > 1 and thus
z ¢ S which implies the result of the theorem.

Consider an arbitrary ERK applied to the scalar problem u' = Au, u(tg) = up. From
equation (2.12b) it follows that k; = Ag;, for all ¢ = 1,...,s. If we insert that into the
equation (2.12a), we obtain

i—1

9i = Yo+ hA Z @ijgj-
j=1

With g1 = yp and z = h\ one has
92 = Yo + a2 2y0 = (1 + a212)yo

g3 = Yo + az1z2g1 + azezge = Yo + az12yo + az2z(1 + a212)yo
= (1 + a3z + a32z(1 + aglz))yo.

Therefore, one shows easily per induction that g; is a polynomial of order j — 1 in z.
Substituting into formula (2.12¢) it follows that R(z) is a polynomial of order s — 1. [

Remark 3.2.9. The notion of A-stability is only applicable to linear problems with di-
agonalizable matrices. Now we are considering its extension to nonlinear problems with
monotonic right hand sides.
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Definition 3.2.10: A one-step method applied to a monotonic initial value problem
v = f(t,u) with arbitrary initial values yo and g is called B-stable if

ly1 — 711 < [yo — ol (3.19)

independent of the time step size h.

Theorem 3.2.11: Consider the IVP
u' = f(t,u) with wu(tg) = ug

with f monotonic and such that f(¢,0) = 0, for all t € R. Let (y(k));‘;o be the

sequence generated by a B-stable one-step method Fj, with initial value y(© = g
that satisfies Fj,(¢,0) = 0, for all ¢ € R. Then the sequence is uniformly bounded
for kK — oo independent of the time step size h.

Proof. The theorem follows immediately by setting ¢jp = 0 and iterating over the definition
of B-stability, since the assumptions of the theorem guarantee that gy, = 0, for all k. O

Note that f(¢,0) = 0 implies F},(¢,0) = 0 for all Runge-Kutta methods.

[ Corollary 3.2.12: Any B-stable method is A-stable.

Proof. Apply the method to the scalar, linear problem u' = Au, which is monotonic for
Re(A) < 0. Now, the definition of B-stability implies |R(z)| < 1, and thus, the method is
A-stable. O

An undesirable feature of complex differentiable functions in the context of stability of
Runge-Kutta methods is the fact, that lim,_,o, R(z) is well-defined on the Riemann sphere,
independent of the path chosen to approach this limit in the complex plane. Thus, for any
real number x, we have
lim R(z) = lim R(iz). (3.20)
T—r 00 Tr—r00
Thus, a method, which has exactly the left half-plane of C as its stability domain, seemingly
a desirable property, has the undesirable property that components in eigenspaces corre-
sponding to very large negative eigenvalues, and thus decaying very fast in the continuous
problem, are decaying very slowly if such a method is applied.

This gave rise to the following notion of L-stability. However, note that L-stable methods
are not always better than A-stable ones. Similarly, it is also not always necessary to
require A-stability. Judgment must be applied according to the problem being solved.

Definition 3.2.13: An A-stable one-step method is called L-stable, if

lim |R(z)| = 0. (3.21)

Re(z)——o0

Some authors refer to L-stable methods as strongly A-stable.
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3.3 General Runge-Kutta methods

3.3.1. According to theorem 3.2.8, an explicit Runge-Kutta method cannot be A- or B-
stable. Thus, they are not suitable for long term integration of stiff IVPs. The goal of
this chapter is the study of methods not suffering from this limitation. The cure will be
implicit methods, where stages may not only depend on known values from the past, but

also on the value to be computed and future stage values.

We point out immediately that the main drawback of these methods

is the fact that they

typically require the solution of nonlinear systems of equations and thus involve much
higher computational effort. Therefore, careful judgment should be applied to determine
whether a problem is really stiff or whether it is better to use an explicit method.

Definition 3.3.2: A (general) Runge-Kutta method is a one-step method of the
form
S
gi:yo—l—hZaijkj 1=1,...,s (3.22&)
j=1
ki = f(to+ hci, gi) 1=1,...,s (3.22b)
S
yi =yo+hY biki (3.22¢)
i=1
where a;; # 0 for all 4, j in general. The method is called
Explicit (ERK) if a;; =0, for all j > ¢,
Diagonal Implicit (DIRK) if a;; = 0, for all j > i,
Singly Diagonal Implicit (SDIRK) if DIRK and a1 = age = ... = ass,
Implicit (IRK) in all other cases.
Remark 3.3.3. The corresponding Butcher tableaus are
0 ]ann an ais 0] an 0 |an
C2 | G21 (22 azs C2 | G21 Q22 C2 | G21 QA11
Cs | Gs1 ass—1 Qs Cs | Gs1 Qs s—1 UAss Cs | Qs1 ass—1 a1l
bl bsfl bs bl . bsfl bs bl bsfl bs
IRK DIRK SDIRK

Example 3.3.4 (Two-stage SDIRK).

The following two SDIRK methodsare of order three:
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Lemma 3.3.5: Let I be the s x s identity matrix and let e := (1,...,1)T € R®.
The stability function of a (general) s-stage Runge-Kutta method with coefficients

ail - Gis by
A= : 5 and b=

Gs1 -+  QOss bs
is given by the two expressions

- I-zA T
R(z) = 14207 (I 24) e = det Eiet(]f— :—Az)be ) (3.24)

Proof. Applying the method to the scalar test problem with f(u) = Au, the definition of
the stages g; leads to the system of linear equations

S
gi:y0+hzaij)\gj, i=1,...,s.
=1

In matrix notation, with z = h\, we obtain (I—2zA4)g = (o, ..,%0)’, where g is the vector

(g1,-..,9s)". Equally, we obtain

R(z)yo =11 =yo+h Z biAgi

i=1
—yo+2b'yg
Yo
=yo+ 20T (I—2A)"" | ¢ | = (142" (I—24)""e) wo.
Yo

In order to prove the second representation, we write the whole Runge-Kutta method as a
single system of equations of dimension s + 1:

1
I—zA 0\ (g)\ _
b7 1) \y ) Yol
1
Applying Cramer’s rule yields the result. O

Example 3.3.6: Stability functions of the modified Euler method, of the classical
Runge-Kutta method of order 4 and of the Dormand-Prince method of order 5 are

Rg(z)zl—i—z—i—%
R4(z):1+z+§+§+§
Rs(z)=1+z2+2 +2 + 5+ &5+ &5

respectively. Their stability regions are shown in Figure 3.2.
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2 4 -4 2 0 2 4

Figure 3.2: Stability regions of the modified Euler method, the classical Runge-Kutta
method of order 4 and the Dormand/Prince method of order 5 (blue stable, red unstable)

Definition 3.3.7: The ¥-scheme is the one-step method, defined for ¥ € [0, 1] by

y1 =0+ h((1 —9)f(yo) +9f(11)). (3.25)

It is an RKM with the Butcher Tableau

o] 0 0
1/1-9 9. (3.26)
1-9 v

Three special cases are distinguished:

¥ =0 | explicit Euler method
¥ =1 | implicit Euler method
¥ =1/2 | Crank-Nicolson method

Theorem 3.3.8: The ¥-scheme is A-stable for ¥ > 1/2.

Proof. (The stability regions for different ¥ are shown in figure 3.3.) O

3.3.1 Existence and uniqueness of discrete solutions

While it was clear that the steps of an explicit Runge-Kutta method can always be exe-
cuted, implicit methods require the solution of a possibly nonlinear system of equations.
The solvability of such a system is not always clear. We will investigate several cases here:
First, Lemma 3.3.9 based on a Lipschitz condition on the right hand side. Since this result
suffers from a severe step size constraint, we add Lemma 3.3.10 for DIRK methods based on
right hand sides with a one-sided Lipschitz condition. Finally, we present Theorem 3.3.11
for general Runge-Kutta methods with one-sided Lipschitz condition.

Recall the definition of the usual maximum row-sum norm of a matrix A:
S
Al = max > lagl.
1=1,...,8 4
Jj=1
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Figure 3.3: Stability regions of the ¥-scheme with ¥ = 0.5 (Crank-Nicolson), ¥ = 0.6,
¥ =0.7, and ¥ = 1 (implicit Euler).
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Lemma 3.3.9: Let f : R x RY — R? be continuous and satisfy the Lipschitz
condition with constant L. If

hL||A, <1 (3.27)

then, for any o € R?, the Runge-Kutta method (3.22) has a unique solution y; € R%.

Proof. We prove existence and uniqueness by a fixed-point argument. To this end, given
yo € R, we define the matrix of stage values K = [k, ..., ks] € R¥ in (3.22).

Civen some initial K(?) € R¥* we consider the fixed-point iteration K™ = ¥(Km=1))
m=1,2,..., defined columnwise by

k:gm) = ;(km=V) = f(to +cih,yo + hzaz‘jkg('m_l)>a i=1,...,s,
j=1

which clearly has the matrix of stage values K as a fixed point. Using on R%** the norm
| K|l = max;—1,_s|ki|, where |.| is the regular Euclidean norm on R?, it follows from the
Lipschitz continuity of f in its second argument that

() ~ W) < (ke max, S las )16 - K]
..... 2

Under assumption (3.27), the term in parentheses is strictly less than one and thus, the
mapping ¥ is a contraction. Then the Banach fixed-point theorem (cf. theorem A.3.1)
yields the unique existence of y; . O

Lemma 3.3.10: Let f : R x C* — C¢ be continuous, differentiable in its sec-
ond argument and satisfy the one-sided Lipschitz condition (3.3) with constant v.
Consider an arbitrary DIRK method with a; > 0. If foralli=1,...,s

hva; < 1, (3.28)

then, for any yo € C?, each of the (decoupled) nonlinear equations in (3.22a) has
a solution g; € C%. In particular, the solution exists unconditionally if the IVP is
monotonic, i.e. if v < 0.

Proof. The proof simplifies compared to the general case of an IRK, since each stage
depends explicitly on the previous stages and implicitly only on itself. Thus, we can write

i—1
9;i = Yo +v; + ha”f(gz) with v, =h Z aijf(gj). (3.29)
j=1

For linear IVPs with f(¢,y) := My with diagonalizable system matrix M, we have

(I = hayiM) g; = yo + v; .
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Since v = max;—;__qRe(A\;(M)) (cf. lemma 3.1.8), assumption (3.28) implies that all
eigenvalues of (I — ha;; M) have positive real part. Thus, the inverse exists and we obtain
a unique solution.

In the nonlinear case, we use a homotopy argument. To this end, we introduce the param-
eter 7 € [0,1] and set up the family of equations

9(7) = yo + 7vi + ha f(g(7)) + (7 — Dhaii f (o).

For 7 = 0 this equation has the solution g(0) = yo, and for 7 = 1 the solution g(1) = g;.
Now, provided ¢’ is bounded on [0, 1], we can conclude that a solution exists, since

1
o) =5(0)+ [ d(s)as. (3.30)

To show that ¢’ is bounded, note first that since f was assumed to be differentiable in the
second argument

(fy(ty)h+o(hl),h) = (f(t,y +h) = f(x), h) < v|h]?
Dividing by |h|? and taking the limit as |h| — 0, we obtain with h = h/|h| that
<fy(t, y)ﬁ,ﬁ> <v & (fy(t,y)h k) <v|h®, forall heC
Hence, with
g'(r) =i + haiify(t, 9(r))g' () + haii f (yo)
we obtain
19 (M) = (i + haii f(y0), 9/ (1)) + haii( fy (¢, 9(7))g (7). (7))
< Jvi + haii f(yo)llg'(7)| + hagvlg' (7).

Now subtracting the second term on the right hand side and dividing by 1 — ha;;v, which
by assumption is positive, it follows that

12 it hag f(yo)l,
< I T ) A9/
o) < LRl
which implies that ¢’(7) is either zero or bounded for all 7 € [0, 1].

Thus, we have proved existence of the stage values g;. O

If the DIRK method in lemma 3.3.10 is A- or B-stable, then the g; are unique.
Theorem 3.3.11: Let f be continuously differentiable and let it satisfy the one-
sided Lipschitz condition (3.3) with constant v. If the Runge-Kutta matrix A is
invertible and if there exists a diagonal matrix D = diag(dy,...,ds) with positive
entries, such that

<x,A*1x>D

hv <
<fL‘, x>D

, Vx eR® (3.31)

then the nonlinear system (3.22a) has a solution (g1, ..., gs), where (z,y) , = (Dz, y).

Proof. We omit the proof here and refer to [HW10, Theorem IV.14.2] O
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3.3.2 Considerations on the implementation of Runge-Kutta methods

3.3.12. As we have seen in the proof of lemma 3.3.9, implicit Runge-Kutta methods require
the solution of a nonlinear system of size s - d, where s is the number of stages and d the
dimension of the system of ODEs. DIRK methods are simpler and only require the solution
of systems of dimension d. Thus, we should prefer this class of methods, weren’t it for the
following theorem.

[ Theorem 3.3.13: A B-stable DIRK method has at most order 4. ]

Proof. See [HW10, Theorem IV.13.13]. O

Remark 3.3.14. In each step of an IRK, we have to solve a (non-)linear system for the
quantities g;. In order to reduce round-off errors, it is advantageous to solve for z; = g; —yo.
Especially for small time steps, z; is expected to be much smaller than g;. Thus, we have
to solve the system

s
Zp = hZaijf(to—i—cjh, yo—i-Zj), 1=1,...,s. (3.32)
j=1

Using the Runge-Kutta matrix A, we rewrite this as

Z1 hf(to +cih,yo + 21)
Ll =A : (3.33)
Zs hf(tO + esh, yo + 25)
We can avoid further function evaluations by then computing
Y1 = Yo + bTA_lz, (3.34)

which again is numerically much more stable than evaluating f (with a possibly large
Lipschitz constant).

3.4 Construction of Runge-Kutta methods via quadrature

We finish our discussion of Runge-Kutta methods by describing a systematic way to con-
struct stable, high-order implicit Runge-Kutta methods.

Definition 3.4.1 (Simplifying order conditions):
> 1
B(p) : Z bicgfl = p g=1,...,p (3.35a)
i=1
- o g=1,...,p
. B q_l _ 7 = 1,...,
C(p) : > aidf = , N (3.35b)
7=1
- b g=1,....p
. o q_l o 7] _4a =1,...,
D(p) : z;bla”ci - (1—c?) i1 (3.35¢)
=
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Theorem 3.4.2: Consider a (general) Runge-Kutta method that satisfies condition
B(p) in (3.35a), condition C(§) in (3.35b), and condition D(n) in (3.35¢) with £ >
p/2—1and n > p— & — 1. Then the method has consistency order p.

Proof. For the proof, we refer to [HNWO09, Ch. II, Theorem 7.4]. Here, we only observe,

that
1 ci q
1 4 Cc!
/ 7 dr = =, / 7 tdr = £,
0 q 0 q

Thus, condition B(p) in (3.35a) simply states that the quadrature rule with quadrature
points c1,...,cs and quadrature weights by, ..., bs for the integral fol f(r)dr is exact for
all polynomials f up to order p — 1. Similarly, condition C(§) in (3.35b) states that the
quadrature rule with quadrature points ¢; and quadrature weights a;;, for j = 1,...,s, for
the integral foci f(r)dr is exact for all polynomials f up to order £ — 1. O

3.4.1 Gauss-, Radau-, and Lobatto-quadrature

3.4.3. In this subsection, we review some of the basic facts of quadrature formulas based
on orthogonal polynomials (cf. Numerik 0 for details).

Definition 3.4.4: Let p,(x) be the (shifted) Legendre polynomial of degree n on
[0, 1], up to scaling. These can be compactly defined by
dn
pn(x) = @x”(x - 1"
A quadrature formula for fol f(x)dz that uses the n roots of p, as its quadrature
points and the integrals of the Lagrange interpolating polynomials at those points
as its weights is called a Gauss rule.

Lemma 3.4.5: The Gauss quadrature formula Q%_b}l( f) with n points for approxi-

mating the integral f; f dx is exact for polynomials of degree 2n—1. If f € C*"[a, b]
and h := b — a then

@) - / b f da| = O ).

Proof. See Numerik 0. (Please note that in Numerik 0 we numbered the quadrature nodes
xg,...,Tn—1 and thus n here is n — 1 in the notes to Numerik 0.) O

Remark 3.4.6. An important alternative set of quadrature formulae are the Radau and
Lobatto formulas.

The Radau quadrature formulae are similar to the Gauss rules, but they use one end
point of the interval [0, 1] and the roots of orthogonal polynomials of degree n — 1 as their

93



abscissas. We distinguish left and right Radau quadrature formulae, depending on which
end is included. Lobatto quadrature formulae use both end points and the roots of a
polynomial of degree n — 2. The polynomials are

dn—l

Radau left pn(z) = W(m”(w — 1", (3.36)
dn—l

Radau right pn(z) = ey (z" (- 1)"), (3.37)
dn_2 n—1 n—1

Lobatto pn(z) = e (2" Mz —1)"1). (3.38)

A Radau quadrature formula with n points is exact for polynomials of degree 2n — 2. A
Lobatto quadrature formula with n points is exact for polynomials of degree 2n — 3. The
quadrature weights of these formulae are positive.

3.4.2 Collocation methods

3.4.7. An alternative to solving IVP in individual points in time, is to develop methods,
which first approximate the solution function through a polynomial.

However, as we have seen in Numerik 0, polynomials are not suited for high-order interpola-
tion over large intervals. Therefore, as for composite quadrature rules, we use polynomial
interpolation over subintervals in the form of Runge-Kutta methods. The subintervals
correspond to the time steps and the quadrature points are the stages.

Definition 3.4.8: The collocation polynomial y(t) € P, of an s-stage colloca-
tion method with pairwise different support points cy,...,cs is defined uniquely
through the s 4+ 1 conditions:

y(to) = o (3.39a)
y'(to + cih) = f(to + cih,y(to + cih)) i=1,...,s. (3.39b)

The value at the next time step is then defined as

y1 =y(to+ h). (3.39¢)

Lemma 3.4.9: An s-stage collocation method with the points ¢; to c¢s defines a
Runge-Kutta method, as defined in definition 3.3.2, with the coeflicients ¢; and

ci 1
Qij = /0 Lj(r)dr, b = /0 Li(7)dr, (3.40)

where
S
1 T — Ck .
L;(7) :Lg-s )(7') = H o = 1,....,s,
k=19 “k
k#j
are the Lagrange interpolation polynomials associated to the point set {ci, ..., cs}.
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Proof. The polynomial y'(7) is of degree s — 1 and thus uniquely defined by the s interpo-
lation conditions in equation (3.39b). Setting v'(tp + ¢;h) = f(to + cih,y(to + cih)) = k;
we obtain

Y (to + 7h) Z ki Ly (3.41)
where L1, ..., Ls are the Lagrange interpolation polynomials. By integration we obtain:
ci s o
gi = y(to+ cih) = yo + h/y’(to +7h)dr=yo+h Z k:j/ Lj(r)dr, (3.42)
- 0
0 J=1

which, by comparison with (3.22a), defines the coefficients a;;. Integrating (3.41) from 0
to 1 instead, we obtain the coefficients b; by comparison with (3.22c). O

Lemma 3.4.10: An implicit s-stage Runge-Kutta method, with pairwise differ-
ent support points ¢;, is a collocation method if and only if simplifying conditions
B(s) (3.35a) and C(s) in (3.35b) are satisfied. Thus, an s-stage collocation method
is of order (at least) s

Proof. Consider an s-stage RK method. Condition B(s) leads to a system of s conditions
for the s coefficients by, ...,bs. The system matrix is the transpose of the Vandermonde
matrix V' with entries V; , := cgfl which (for pairwise different ¢;) is invertible. Therefore
these coefficients are defined uniquely. Similarly, for each i = 1,..., s, condition C(s) leads
to a uniquely solvable system of s conditions for the s coefficients a; ;, j = 1,...,s, with

the same system matrix. Thus, all the coefficients are defined uniquely.

On the other hand, (3.35b) yields for g < s:

q+1 c;
Zal]c = :/ t?dt.
0

As a consequence of linearity we have

Zaijp(Cj)Z/ p(t)dt,  Vp € Ps-r.
i=1 0

Applying this to the Lagrange interpolation polynomials L;(t), we obtain the coefficients
of equation (3.40), which were in turn computed from the collocation polynomial, proving
the equivalence.

It follows from theorem 3.4.2 that a Runge-Kutta method that satisfies B(s) and C(s) has
consistency order (at least) s. O
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Theorem 3.4.11: Consider a collocation method with s pairwise different support
points ¢; and define

s

n(r)=]](r - ). (3.43)

i=1

If 7 is orthogonal on [0,1] to all polynomials of degree r — 1 for r < s, then the
collocation method (3.39) is of consistency order p = s + r.

Proof. We have already shown in the proof of Lemma 3.4.10, that for any collocation
method with s stages, B(s) and C(s) hold.

The condition on 7 implies that on the interval [0, 1] the quadrature rule is in fact exact
for polynomials of degree s + r — 1 (cf. Numerik 0 for the case r = s), so that we have
B(s + ). Therefore, to prove conistency order p = s + r it remains to show D(r).

First, we observe that due to C(s) and B(s + r), for all p < s and ¢ < r, we have
S

i ( ; biaijcg_1> c§_1 = ibicg_li — lzbicg-‘rq—l _ 1
1

jzl = =1 p p i=1 p(p + Q)
Furthermore, since B(s + r) we have for the same p and ¢:

- 1 1 q

(1 Pl = NS (bl ety _ L _ |
Jz::lj( CJ)] Jz::l(ﬁj 75 ) p ptyq p(p+q)

Subtracting % times the second result from the first we get

plp+q) plp+q

j=1
This holds for p = 1,...,s and thus amounts to a homogeneous, linear system in the
variables (; with system matrix VT, Thus, ¢; = 0 and the theorem holds. O

Corollary 3.4.12. The consistency order p of an s-stage collocation method satisfies

s <p<2s.

Proof. The polynomial 7(t) in (3.43) is of degree s. If m = p;, the Legendre polynomial of
degree s on [0, 1], then 7 is orthogonal to all polynomials of degree s — 1 by construction
(cf. Numerik 0 for details). Thus, it follows from theorem 3.4.11 that there exists an s-stage
collocation method of order p = 2s.

On the other hand, we know from Numerik 0 that there exists no quadrature rule such
that B(2s+ 1) is satisfied. Hence, it is clear the conistency order of an s-stage collocation
method satisfies p < 2s.

The lower bound has already been proved in lemma 3.4.10. 0l
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In particular, if we consider the scalar model equation v’ = Au with exact solution u(t) =
eM = Z;’;O()\t)j/j!, the best we can hope for is that the collocation polynomial y(t)

matches the first 2s — 1 terms in this infinite sum, such that

ur = yi| = O(R*).

Definition 3.4.13: An s-stage Gauss collocation method is a collocation
method, where the collocation points are the set of s Gauss points in the inter-
val [0, 1], namely the roots of the Legendre polynomial of degree s.

Example 3.4.14: (2- and 3-stage Gauss collocation methods)

3—V3 1 1_ V3 5—/15 5 2 V15 5 V15
6 4 1 6 10 36 9 5 36 30
343 1 s @ 1 1 5 L V15 2 5 15
6 1 6 1 2 36 24 9 36 24

1 1 5415 | 5 + Y15 2 V15 5

2 2 10 36 30 9 15 36

5 4 5

18 9 18

Theorem 3.4.15: The s-stage Gauss collocation method is consistent of order 2s
and thus of optimal order.

Proof. Follows immediately from the proof of Corollary 3.4.12. O

Theorem 3.4.16: Gauss collocation methods are B-stable. The stability region of
Gauss collocation is exactly the left half-plane of C.

Proof. Let f be monotonic and let y(t) and z(¢) be the collocation polynomials according
to (3.39) with respect to initial values yo or zg. Analogous to the proof of theorem 3.1.6 we
introduce the auxiliary function m(t) = |z(t) —y(¢)|?. In the collocation points & = to+c;h
we have

m' (&) = 2Re (2 (&) — ¥/ (&), 2(&) — y(&))
= 2Re (f(&, 2(&)) — f(&,y(&)), 2(&) —y(&)) <0. (3.44)

Since Gauss quadrature is exact for polynomials of degree 2s — 1 and m/’ is a polynomial
of degree 2s — 1, we have:

to+h
|21 — y1|? = m(to + h) = m(to) + / m/(t) dt
to

=mo+hY_ bim'(&) < mlto) = |20 — yol,
=1
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10 5 0 5 10 -10 5 10 5 0 5 10

Figure 3.4: Stability domains of right Radau-collocation methods with one (implicit Euler),
two, and three collocation points (left to right). Note the different scaling of coordinate
axes in comparison with previous figures.

which establishes B-stability.

To show that the stability region is exactly the left half-plane of C we refer to the problem
sheet. O

Remark 3.4.17. Similarly, we can construct collocation rules based on Radau- and
Lobatto-quadrature. As in the proof of theorem 3.4.15, it can be shown that the s-stage
Radau- and Lobatto-collocation methods are of orders 2s — 1 and 2s — 2, respectively.

Also as in the case of Gauss-quadrature it can be shown that collocation methods based
on Radau- and Lobatto quadrature are B-stable (cf. [HW10]). In fact, Radau-collocation
methods with right end point of the interval [0,1] included in the quadrature set are L-
stable.

The first right Radau collocation method with s = 1 is simply the implicit FKuler method.
The definitions of the next two are given in example 3.4.18. The stability regions of the
first three are shown in Figure 3.4.

Observe that the stability domains are shrinking with order of the method. Also, observe
that the computation of 1 coincides with that of g,, such that we can save a few operations.

Example 3.4.18 (2- and 3-stage right Radau collocation methods):

4—/6 88—76 296—169v6  —2+3v6
10 360 1800 225
446 | 296+1696 88476 —2-3V6
10 1800 360 225
1 16—/6 16+v6 1

36 36 9
16—/6 16+v6 1
36 36 9
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3.5 Symplectic integration of Hamiltonian Systems

So far we have mainly been concerned with stability of numerical integrators for systems
with longterm behaviour u(t) — 0 as ¢ — oo. In this section, we will now consider a very
important class of ODEs where certain integrals of the solution are preserved over time.

The following section is based on [Lub].

3.5.1 Hamiltonian Systems

Hamilton’s equations appeared first, among thousands of other formulas, and inspired by
previous research in optics, in [Hamilton, 1834]. The next mile-stones in the exposition of
the theory were the monumental three volumes of Poincaré (1892,1893,1899) on celestial
mechanics. Beyond that, Hamiltonian systems became fundamental in many branches of
physics, e.g. in the context of particle accelerators.

Linking back to Examples 1.1.4 and 1.1.5, we start following [Lagrange, 1760 & 1788] and
suppose that the position of a mechanical system with d degrees of freedom is described
by ¢ = (q1,...,q4)" as generalized coordinates (this can be for example Cartesian
coordinates, angles, arc lengths along a curve, etc). The theory is then built upon two

pillars, namely an expression
T=T(q,q)

which represents the kinetic energy (and which is often of the form %(q’)TM (q)q¢' where
M (q) is symmetric and positive definite), and by a function

U="U(q)
representing the potential energy. Then, after denoting by
L=T-U (3.45)

the corresponding Lagrangian, the coordinates qi(t), ..., qq(t) obey the differential equa-

tions 4 /oL oL
— (=) = 2= A4
dt (8(1’) dq (3.46)

which constitute the Lagrange equations of the system. A numerical (or analytical) inte-
gration of these equations allows one to predict the motion of any such system from given
initial values.

Example 3.5.1. For a point of mass m in R with Cartesian coordinates z = (1, 2, :1:3)T
we have T'(z') = Ima’|2. If the point is assumed to move in a conservative force field
F(z) = —VU(z), the Lagrange equations (3.46) become mx” = F(x), which is Newton’s
second law. The equations (1.2) for the planetary motion in Example 1.1.5 are precisely
of this form.

Example 3.5.2 (Pendulum). Another simple and common example is the mathematical
pendulum of a mass m swinging (friction-less) on a (weight-less) string of length ¢, subject
only to gravitational acceleration g. Here, the coordinate is the angle o and the position
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of the mass at time ¢ is uniquely determined by the initial release position at ¢ = 0. The
kinetic and potential energies are given by

1
T(d) = §m|x/|2 = §m€2(o/)2 and U(a) = mgre = —mglcosa,
respectively. The Lagrange equations reduce to
—mglsina —mb?a" =0 < o= —% sin q.

Hamilton (1834) simplified the structure of Lagrange’s equations and turned them into a
form that has remarkable symmetry, by

e introducing Poisson’s variables, the conjugate momenta

L
Pr = 87/(q7ql)7 fOI' k = 17""d’ (347>
dq,

e and considering the Hamiltonian
H:=p'qd - Lg,q) (3.48)

as a function of p and ¢, i.e., taking H = H(p,q) obtained by expressing ¢’ as a
function of p and ¢ via (3.47).

This requires of course that (3.47) defines, for every ¢, a continuously differentiable bijection
¢’ < p. This map is called the Legendre transform.

Theorem 3.5.3: Lagrange’s equations (3.46) are equivalent to Hamilton’s equations

OH OH
/ — 4 = —_— ==

Proof. The definitions (3.47) and (3.48) for the momenta p and for the Hamiltonian H
imply that, for all k =1,...,d,

OH dq 0L dq

A=A D 5~ A = G

Op Opr, 0q' Opg

OH _ cod oL _oLof _ oL

Ik 9qr  Oqr  Oq'Oqr.  Ogi
The Lagrange equations (3.46) are therefore equivalent to (3.49). O

One crucial property of a Hamiltonian system (3.49) is that any solution of the system
preserves the Hamiltonian.

Theorem 3.5.4: Let (p(t),q(t)) be the solution of the Hamiltonian system (3.49)
with initial condition (pg,qo) at ¢ = 0. Then

H(p(t), q(t)) = H(pg, qo), for all t> 0.

In other words, H(p, q) is a so-called first integral (or a conserved quantity) of
the ODE system (3.49).
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Proof. Using (3.49), we have

d
d OH OH
7H t , t = ! —4 — O
O
Example 3.5.5 (The case of quadratic T). Let T = 1(¢')"M(q)q', where M(q) is a
symmetric and positive definite matrix. For a fixed ¢, we have p = M(q)q' so that the

existence of the Legendre transform is established. Further, by replacing the variable ¢’ by
M(q)~!p in the definition of H(p,q) in (3.48), we obtain

H(p,q) = p" M(a)"'p ~ L(a,M(a) ')

1

=p'M(q) 'p— ipTM(Q)*lp +U(q) = %pTM(Q)”p +Ul(q)

and the Hamiltonian is H = T + U, which is the total energy of the mechanical system.
Thus, the total energy of the system is conserved.

We have now seen several examples of Hamiltonian systems, e.g., the Kepler problem
in Example 1.1.4, the problem of celestial mechanics in Example 1.1.5 or the pendulum
in Example 3.5.2. In the following, we consider Hamiltonian systems (3.49) where the
Hamiltonian H(p, q) is arbitrary and not necessarily related to a mechanical problem.

3.5.2 Symplectic transformations

In addition to the property in Theorem 3.5.4 that the Hamiltonian is preserved, Hamilto-
nian systems have another important property, namely the symplecticity of its flow.

The basic objects to be studied are two-dimensional parallelograms lying in R2¢. We
consider all parallelograms in the (p, ¢)-space spanned by the two vectors

(&) (%)
with €P,€9,mP, n? € R?, i.e. the set
P={s¢+rm:0<s<1, 0<r <1}
For d = 1, we consider the oriented area

area(P) = det < gz ZZ ) =Pyt — ¢in? (3.50)

(see left picture of Fig. 3.5). In higher dimensions, we replace this by the sum of the
oriented areas of the projections of P onto the coordinate planes (p;, g;), i.e., by

d
&
w(&,n) = det( Y )—
; & i :

? 7

(&mi — &) (3.51)

d
=1
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This defines a bilinear map acting on vectors of R?¢, which will play a central role for
Hamiltonian systems. In matrix notation, this map has the form

wEn) =¢"Jn with J= ( _OI é > (3.52)

where [ is the identity matrix of dimension d.

e B

Definition 3.5.6: A linear mapping A : R?¢ — R?? is called symplectic if
ATJA=1J

or, equivalently, if w(AE, An) = w(€,n) for all &, € R?,

In the case d = 1, where the expression w(&, n) represents the area of the parallelogram P,
symplecticity of a linear mapping A is therefore equivalent to the area preservation of A
(see Fig. 3.5).

A€

Figure 3.5: Symplecticity (area preservation) of a linear mapping.

In the general case d > 1, symplecticity means that the sum of the oriented areas of the
projections of P onto (p;, ¢;) is the same as that for the transformed parallelograms A(P).

We now turn our attention to nonlinear mappings. Differentiable functions can be locally
approximated by linear mappings. This justifies the following definition.

Definition 3.5.7: A differentiable map ¢ : U — R?? (where U C R?? is open) is
called symplectic if the Jacobian matrix Dg(p, q) is everywhere symplectic, i.e., if

Dg(p,q)" JDg(p,q)=J  or  w(Dg(p,q)& Dy(p,q)n) = w(&,n),

for all p,q € U and all £,n € R??,

Let us give a geometric interpretation of symplecticity for nonlinear mappings. Consider
a 2-dimensional sub-manifold M of the 2d-dimensional set U, and suppose that it is given
as the image M = v(K) of a compact set K C R? where v(r,s) is a continuously
differentiable function. The manifold M can then be considered as the limit of a union of
small parallelograms spanned by the vectors

a—wdr and a—wd

or ds 0
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For one such parallelogram we consider (as above) the sum over the oriented areas of its
projections onto the (p;, g;)-planes. Summing over all parallelograms and taking the limit

gives the expression
' oY oy
QM) = // w <8T (r,s), Bs (r, 5)) drds . (3.53)

The transformation formula for double integrals implies that (M) is independent of the
parametrization v of M.

Lemma 3.5.8: If the mapping ¢ : U — R?? is symplectic on U, then it preserves
the expression Q(M), i.e.,
Qg(M)) = QM)

holds for all 2-dimensional manifolds M that can be represented as the image of a
continuously differentiable function .

Proof. The manifold g(M) can be parametrized by g o 1. We have

Q(g(M)) = //Kw (agac;w(r, s), 398081/1(7,7 s)) drds = Q(M)

because D(g o) (r,s) = Dg(u(r,s))Dy(r,s) and g is a symplectic transformation. O

For d = 1, M is already a subset of R? and we choose K = M with v the identity map. In
this case, Q(M) = ffM drds simply represents the area of M. Hence, Lemma 3.5.8 states
that all symplectic mappings (also nonlinear ones) are area preserving.

We are now able to prove the main result of this section. We use the notation y = (p, q),
and we write the Hamiltonian system (3.49) in the form

Y = J 'WVH(y), (3.54)

where J is the matrix defined in (3.52) and VH(y) = DH(y) .

Definition 3.5.9: The flow ¢; : U C R?? — R2? of a first-order ODE (in particular,
of a Hamiltonian system) is the mapping that advances the initial condition yy by
time ¢t > 0 along the solution of the ODE | i.e.,

©t(yo) = y(t),

where y(t) is the solution of the system (3.54) with initial value y(0) = yo.

Definition 3.5.10: The variational equation of the autonomous IVP 3/ = f(y)
with initial condition y(0) = yo is the linear differential equation

U'(t) = Vo f (0¢(y0)) ¥ (1),

whose solution ¥ is the derivative with respect to the initial condition gy of the
solution y(t) of the IVP.
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Figure 3.6: Area preservation of the flow of Hamiltonian systems.

Theorem 3.5.11: (Poincaré, 1899): Let H(p,q) be a twice continuously differ-
entiable function on U C R2?. Then, for each fixed ¢, the flow ¢; is a symplectic
map wherever it is defined.

Proof. The derivative Dyy = Dy, of the flow ¢; with respect to yo = (po,qo) is a
solution of the variational equation of the Hamiltonian system (3.54). This is of the form
U = J7IV2H (¢(yo)) ¥, where V2H (p, q) is the Hessian of H(p,q), which is symmetric
by definition. Therefore, we obtain

d - _/d T - [d
= (Dgpt JDcpt) - (aDcpt) JDgi + Dyl J (aD%)
= Do/ V2H(pi(y0))J~ " T Dy + Do) V2H (4(y0)) Dipr = 0,

because J' = —J and thus J~"J = —I. Since @o(yo) = wo is the identity map, the

relation
Do/l JDg; = J (3.55)

is satisfied for ¢ = 0. Thus, it follows from above that (3.55) is satisfied for all ¢ and for
all yo = (po,qo) and ¢; is symplectic, as long as the solution remains in the domain of
definition of H. O

Example 3.5.12. We illustrate this theorem for the pendulum problem in Example 3.5.2
with m =¢ =g =1. We have ¢ = o, p = o and the Hamiltonian is given by

H(p,q) = p*/2 — cosq.

Fig. 3.6 shows level curves of this function, and it also illustrates the area preservation of
the flow ;. Indeed, by Theorem 3.5.11 and Lemma 3.5.8, the areas of A and ¢;(A), as well
as those of B and ¢;(B) are the same, although their appearance is completely different.
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Symplecticity of the flow is in fact a characteristic property for Hamiltonian systems.

Definition 3.5.13: We call a differential equation y' = f(y) locally Hamiltonian,
if for every yo € U there exists a neighbourhood where f(y) = J~ 'V H(y) for some
function H.

Theorem 3.5.14: Let f : U — R?? be continuously differentiable. Then, 3’ = f(y)
is locally Hamiltonian if and only if its flow ¢;(y) is symplectic for all y € U and for
all sufficiently small.

\.

Proof. The necessity follows from Theorem 3.5.11. See [Lub] for a proof of the converse. []

An important property of symplectic transformations, which goes back to Jacobi (1836),
is that they preserve the Hamiltonian character of the differential equation. Such trans-
formations have been termed canonical since the 19th century. The next theorem shows
that canonical and symplectic transformations are the same.

Theorem 3.5.15: Let ¢ : U — V be a change of coordinates such that ) and ¢!
are continuously differentiable functions. Let 1 be symplectic and 3 = J~'VH (y)
be a Hamiltonian system. Then, the transformed coordinates z = ¢ (y) satisfy the
Hamiltonian system

= JWK(z) with K(¥(y)) = H(y). (3.56)

Conversely, if ¢ transforms every Hamiltonian system to another Hamiltonian sys-
tem via (3.56), then ¢ is symplectic.

Proof. Since 2/ = Dy(y)y and Dy (y) VK (¢(y)) = VH(y), the Hamiltonian system
y' = J-'VH(y) becomes
&' = Di(y)J ' Dy(y) VK (2) (3.57)

in the transformed variables. It is equivalent to (3.56) if
Dy(y)J ' Dip(y) " =Tt (3.58)

Multiplying this relation from the right by Y(y)~ " and from the left by Dv(y)~!, and
then taking its inverse yields J = D (y) T JDw(y), which shows that (3.58) is equ1valent
to the symplecticity of .

For the inverse relation, we note that (3.57) is Hamiltonian for all K (z) if and only if (3.58)
holds. O

3.5.3 Examples of symplectic integrators

Since symplecticity is a characteristic property of Hamiltonian systems (cf. Theorem 3.5.14),
it is natural to search for numerical methods that share this property. Pioneering work on
symplectic integration is due to de Vogelaere (1956), Ruth (1983), and Feng Kang (1985).
A good book on the subject is Leimkuhler & Reich [LRO5].
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Definition 3.5.16: A numerical one-step method is called symplectic if the one-
step map
y1 = Pu(yo),

the so-called numerical flow, is symplectic whenever the method is applied to a
smooth Hamiltonian system.

Remark 3.5.17. It follows directly from Definition 3.5.16 that the composition of (two
or more) symplectic transformations is again symplectic.

In the following, we show the symplecticity of various numerical methods when applied to
the Hamiltonian system

p'=—Hy(p,q) and ¢ = Hy(p,q),

where H, and H, denote the column vectors of partial derivatives of the Hamiltonian
H(p, q) with respect to p and ¢, respectively. As above, we can also write equivalently
y = J 'VH(y) for y = (p, q).

7

Theorem 3.5.18: (de Vogelaere, 1956): The so-called symplectic Euler meth-
ods

P+l = Pn — hHy(Pry1,qn) Prt1 = Pn — hHy(pn, Gnt1)
and (3.59)
n+1 = Qn + th(pn+la Qn) dn+1 = Qn + th(pm Qn+1)

are symplectic methods of order 1.

Proof. See Exercise Sheet. [Hz'nt: Using the Implicit Function Theorem, we can com-
pute Dy, (Pn(yo)) = 0y1/0yo for the two methods in (3.59). It then suffices to verify the
symplecticity condition Dy, (®p,(yo)) " J Dy, (Pr(yo)) = J.] O

Next, we consider the most popular symplectic numerical integrator, the Stérmer-Verlet
scheme (also called Leapfrog method).

Theorem 3.5.19: The Stormer—Verlet schemes

Pnt1/2 = DPn — %Hq(pn+1/27 Gn)
ani1 = G+ 5 (Hy(Psr/2,0) + HyPngr /2 Gns) (3.60)
Pn+1 = Pny1/2 — %Hq(pn—l—l/% Gn+1)
and
Gni12 = n+ 3 Hy(Dn, dnt1)2)
Prnr1 = DPn — 2 Hp(Pn, Gnr1/2) + Hp(pnt1, qn+1/2)) (3.61)
Gnd1 = Gnt1/2 + 2Hy(Prst, Gni1/2)

are symplectic methods of order 2.
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Proof. This is an immediate consequence of the fact that the Stormer—Verlet scheme is the
composition of the two symplectic Euler methods in (3.59). The order of the method can
be verified as usual by Taylor expansion of the exact solution. O

The symplectic Euler methods in (3.59) and the Stormer-Verlet schemes in (3.60) and
in (3.61) are in general implicit. However, for separable H(p,q) = T(p) + U(q), all four
variants turn out to be explicit.

Theorem 3.5.20: The implicit midpoint rule

(3.62)

Yntl = Yn 4 hJ71VH (yn-i-l +F yn)

2

is a symplectic method of order 2.

Proof. The order follows from Theorem 3.4.15, since (3.62) is the 1-stage Gauss collocation
method, and thus of order 2s = 2. To show symplecticity we consider

(o) + yo)

Flyo, ®(0)) = ®p () — yo — hJ 'V H ( )

It follows from (3.62) that F(yo, ®,(yo)) = 0 and thus, using the Implicit Function Theo-
rem, that

Dyy®u(yo) = (I —J7'B) " (I+J7'B), where B:= gVQH <yl ;?/0> .

It remains to verify that Dy, ®,(yo)  JDyy®n(vo) = J. Recall that J~! = JT = —J.
Thus, multiplying from left and right with (I — J B) and (I — JB )71, respectively, and
inverting both sides we have

-T

(I+J'B) (1-J'BY " J(I-=J"'B) (I+J7'B)=J

s (I+JB)TJju+JB '=1-JByTgua-JB)*!
& (I+JB)JU+JB =1—-JB)J(I-JB)"
& (I+JB)(J—-JBJ)=(I-JB)(J+JBJ),
which holds true. This completes the proof. O

Example 3.5.21. To demonstrate the effects of symplecticity of a numerical method,
we consider again the pendulum problem of Example 3.5.12 with the same initial sets
as in Fig. 3.6. We apply six different numerical methods to this problem: the explicit
Euler method (2.2), the symplectic Euler method (3.59), and the implicit Euler method
(3.10), which are all of first order, as well as a second-order explicit method by Runge, the
Stormer—Verlet scheme (3.60), and the implicit midpoint rule (3.62). For two sets of initial
values (pg, qo) we compute several steps with step size h = /4 for the first order methods,
and h = 7/3 for the second order methods.

One clearly observes in Fig. 3.7 that the explicit Euler, the implicit Euler and the second
order explicit method of Runge are not symplectic (not area preserving). As shown above,
the other methods are symplectic. They are not exact, so the sets are slightly perturbed,
but the area of the sets is preserved for all three methods.
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Figure 3.7: Area preservation of numerical methods for the pendulum problem using the
initial sets of Fig. 3.6: first order methods (left column) with A = m/4; second order
methods (right column) with A = 7/3. The exact flow is shown with dashed lines.

We finish this section by stating two important results about higher-order symplectic
Runge-Kutta methods, which we will not prove (see [Lub] for details).

Theorem 3.5.22: The Gauss collocation methods of Section 3.4.2 are symplectic.

Theorem 3.5.23: If the coefficients of a Runge-Kutta method satisfy
biaij + bjaji = bibj , for all 1,7 =1,...,8, (3.63)

then it is symplectic.

\.

Example 3.5.24. We can verify that indeed the symplectic Runge-Kutta methods we
have already discussed all satisfy conditon (3.63). Clearly the explicit and implicit Euler
methods do not satisfy (3.63) and, as we have seen in Example 3.5.21, they are not sym-
plectic. Another method that is not symplectic is the Crank-Nicolson method, which has
a1; = ajz2 = 0 and ag; = age = by = be = 1/2 and thus does not satisfy (3.63).

Symplectic integration is a rich and active research area, especially in the context of imaging
— see, e.g., the research in Christoph Schnérr’s and Stefania Petra’s groups in Heidelberg.
For more details see [Lub| or [LRO5].
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Chapter 4

Newton and quasi-Newton methods

4.1 Basics of nonlinear iterations

4.1.1. The efficient solution of nonlinear problems is an important ingredient to implicit
timestepping schemes. Without attempting completeness, we present some important facts
about iterative methods for this problem. We introduce the two generic schemes, Newton
and gradient methods, discuss their respective pros and cons and combine their features
in order to obtain better methods.

Consider the problem of finding = € R? such that

f(z) =0, for f:R?— R% (4.1)

Definition 4.1.2: An iteration
2B+ — \p(m(k))
to find a fixpoint z* = ¥(z*) is said to be convergent of order p > 1 if
l2® — 2| < g l«® —a*|1P.

For p = 1, in addition we require that ¢ < 1. In that case, ¢ is called the conver-
gence rate.

We have already seen in the proof of Lemma 3.3.9 that the fixpoint iteration, e.g. for the
implicit Euler method:

™ = (") =g+ hf (b, ™), with 1@ =,

converges to y; provided hL < 1, but the convergence is only of order p = 1 (linear) and
the convergence rate is g := Lh, which may be close to 1. Moreover, it may fail if hL > 1.

In Numerik 0, we have already seen a faster converging algorithm, the Newton method,
and proved there that it converges with order p = 2, for sufficiently good initial guess.
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Definition 4.1.3: The Newton method for finding the root of the nonlinear
equation f(x) = 0 with f : R? — R reads: given an initial value z©® e RY,
compute iterates z*¥) € R? k=1,2,... as follows:
G(x(k)) = Df(x(k)),
sk — _G($(k))—1 Fz®), (4.2)
kD) — (k) 4 (k)

We denote by the term quasi-Newton method any modification of this scheme
employing an approximation Gy of the Jacobian G(x(k)).

Theorem 4.1.4: Let U € R? and f : U — R? be continuously differentiable with
IDf(z) = Df ()l < Lllz —yll, forall z,yeU (4.3)
and for some L > 0. If there exists a * € U such that f(z*) =0 and
I(Df @)~ < M, (4.4

then there exists a 0 < R < 575+ such that for all z(0) € {z € U : ||l2* — z|| < R},
we have £*) — 2* with order p = 2.

Remark 4.1.5. The proof of this theorem can be found in the lecture notes for Numerik 0.
There are also versions that do not require the existence of the root a priori, such as the
Newton-Kantorovich Theorem |[Ranl7a, Satz 5.5, but we will only discuss some of the
main assumptions and features.

The Lipschitz condition on D f can be seen as the deviation of f from being linear. Indeed,
if f were linear, then L = 0 and provided M # 0 the method converges in a single step for
any initial value.

The larger the constant M, the smaller one of the eigenvalues of the Jacobian G = Df.
Therefore, the function becomes flat in the direction of the corresponding eigenvector and
the root finding problem becomes unstable. In the limit as M — oo, the convergence
reduces to linear order (p = 1).

Most importantly, for an arbitrary initial guess, the method may fail to converge entirely,
but close enough to the solution the convergence is very fast, much faster than the fixpoint
iteration above.

4.2 Descent methods

Nonlinear root finding of a vector-valued functions f : R — R? — as required in implicit
timestepping schemes — is closely related to optimisation of scalar functions F : R — R,
and the following problem is equivalent to (4.1) whenever f = VF:

x = argmin F(y), for F:R? = R. (4.5)
yER?
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While we assume for most of this discussion that F'is known, we will see at the end that
the Newton method with line search does not require it.

Obvisously, by choosing f = VI, Newton’s method also solves the optimsation problem
(4.5). An alternative family of methods for (4.5) are the following:

Definition 4.2.1: A descent method is an iterative method for finding minimizers
of the functional F : R? — R that, starting from an initial guess (9 e R?, computes
iterates =), k =1,2. .., by the following steps:

1. If VF(2®)) £ 0, choose a descent direction
s e R? such that <VF(x(k)),s(k)> <0 (4.6)

and a positive parameter a(®) > 0; otherwise terminate.

2. Update: z*+D = z(®) 4 (k) g(k)

Lemma 4.2.2: Let F : R? — R be continuously differentiable. For a given point z,
assume VF(x) # 0. Then, there is a constant ¥ > 0 such that for any descent
direction s satisfying (4.6) and for any stepsize 0 < av < ¥ there holds

F(z + as) SF(m)—%|VF(x)]. (4.7)

In particular, a positive scaling factor « for the descent method, and thus a strict
decrease in the function value, can always be found.

Proof. Skipped. (See, e.g., [NW06].) O

The most prominent member of this family of methods is the following.

Definition 4.2.3: The gradient method for finding minimizers of F(x) reads:
Given an initial value 2(*) € R?, compute iterates z*), k =1,2,... by the rule

s = _VF(zR),

(k) — ] (k) (k)
o\’ = argmin F' ( 2\"/ 4+ ~vs

It is also called the method of steepest descent.
The minimization process, called line search, to compute oy is one-dimensional
and therefore simple. It is sufficient to find an approximate minimum &®*).
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Theorem 4.2.4: Let F(x) : RY — R be continuously differentiable and let z(®) € R?
be chosen such that the set

K = {z e RYF(z) < F(2©)}

is compact. Then, each sequence defined by the gradient method has at least one
accumulation point and each accumulation point is a stationary point of F(z).

Proof. First, we observe that in any point *) with VF(z*)) £ 0, it follows from Lemma 4.2.2
that there exists v > 0 such that

F(z®) > F(z® 4 ~sH0),

We conclude, that for such z(¥)| the line search obtains a positive value of a¥). Thus, the
sequence of the gradient iteration is monotonically decreasing and stays within the set K.
Since K was assumed to be compact the sequence z(*) has at least one accumulation point
x*. However, the preceding discussion implies that VF(z*) = 0. O

Remark 4.2.5. However, we can also choose s*) = —B,;1VF(x(k)) in (4.8), for any
positive definite matrix By, leading to generalised steepest descent methods that
minimise the descent direction in (4.6) in the weighted inner product (z,y)p, = x By
instead of the Euclidean inner product (z,y) = 27y.

In particular, if the Hessian V2F(z(®)) is positive definite we can choose By = V2F(z(¥)
and o®) = 1, which reduces to the Newton method. This link is derived ina different way
in the next section.

In fact, we also have the following result.

Lemma 4.2.6: Under the assumptions of Theorem 4.1.4, Newton’s Method applied
to the root finding problem f(z) = 0 for f : R? — R? is a descent method applied
to the functional F(z) = |f(z)|*.

Proof. The (multivariate) product rule gives
VE(z) =2(Df(z)) f(x)
The search direction of the Newton method applied to f(z) is
s = —(Df(™)) " )
Now, assuming that f(z*)) # 0, we have
(VF.s®) = 27 @)D f(a®) (Df (™)) " f@®) = ~2) (PP <o,

and thus s*) is a descent direction that satisfies (4.6). Here, we used the fact that for z(¥)
sufficiently close to z* we have H(Vf(x(k)))_lH < o0. (It follows from the Perturbation

Theorem in Numerik 0.) Finally, choosing a®) := 1 we have established the equivalence.
O
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4.3 Globalization of Newton

4.3.1. The convergence of the Newton method is only local, and it is the faster, the closer
to the solution we start. Thus, finding good initial guesses is an important task.

A reasonable initial guess for finding y; in a one-step method seems to be yg, but on
closer inspection, this is true only if the time step is small. The convergence requirements
of Newton’s method would insert a new time step restriction, which we want to avoid.
Therefore, we present methods which guarantee global convergence while still converging
locally quadratically.

As a rule, Newton’s method should never be used without some globalization strategy!

Definition 4.3.2: The Newton method with line search for finding the root
of the nonlinear equation f(z) = 0 reads: given an initial value z(®) € R?% compute
iterates z*) € R?, k =1,2,... by the rule

G(x(k)) — Df(x(k)),
sk) — ,G(x(k))—lf(x(k)),
o® = argmin ‘f(m(k) + VS(k))‘Q

>0
2D — (k) 4 (R) (k).

(4.9)

Definition 4.3.3: A practically most often used variant is the Newton method
with step size control (backtracking line search): given an initial value z0) e
R¢, compute iterates ) e R, k =1,2,. .. by the rule

G(a:(k)) — Df(a;(k)),
s® = —G(a®) 7 £ (=), (4.10)
k) — (k) 4 9=i (k)

Here, j € Ny is the smallest non-negative integer, such that

£ (@® + 27950 < |f(&W))]. (4.11)

\.

Remark 4.3.4. The step size control algorithm can be implemented with very low over-
head. In fact, in each Newton step we only have to monitor the norm of the residual
| £ (z®) 4 s,))|, which is typically needed for the stopping criterion anyway. If the residual
grows, i.e. |f(z®) 4+ s0))| > |f(z®)|, we halve the stepsize, recompute the residual norm
and check again. A modification to the plain Newton method and additional work are only
needed, when the original method was likely to fail anyway.

Under certain assumptions on f it can be shown [NWO06| that this backtracking line search
algorithm terminates after a finite (typically very small) number of steps. Also, the step
size control typically only triggers within the first few steps. After that, condition (4.11)
holds for j = 0 and the quadratic convergence of the Newton method kicks in.
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4.4

Practical considerations — quasi-Newton methods

4.4.1. Quadratic convergence is an asymptotic statement, which for any practical purpose
can be replaced by “fast” convergence. Most of the effort spent in a single Newton step
consists in setting up the Jacobian G = D f and solving the linear system in the second
line of (4.2). Therefore, we will consider techniques here, which avoid some of this work.
We will have to consider two cases

1.

Small systems with d < 1000. For such systems, a direct method like LU- or QR-
decomposition is advisable in order to solve the linear system. To this end, we
compute the whole Jacobian and compute its decomposition, an effort of order d°
operations. Comparing to d? operations for applying the inverse and order d for all
other tasks, this must be avoided as much as possible.

. Large systems, where the Jacobian is typically sparse (most of its entries are zero).

For such a system, factorising the matrix at a cost of order d® is typically not afford-
able. Therefore, the linear problem is solved by an iterative method and we avoid
the computation of the Jacobian when possible.

Remark 4.4.2. In order to save numerical effort constructing and inverting Jacobians,
the following strategies have been successful:

(i)

(iif)

Fix a threshold 0 < 7 < 1 which will be used as a bound for error reduction. In each
Newton step, first compute the update vector d*) using the approximation Gj,_1 of
the Jacobian from the previous step. This yields the modified method

8)
1
K
=
|
o)
|
L
kﬁ
—
IS
=

If |£(@)] < nlf (a®)] 2P+ =2 (4.12)

Else G = Df(:r(k)) g+ — k) _ é;lf(x(k)).

Thus, an old Jacobian and its inverse are used until convergence rates deteriorate.
This method is a quasi-Newton method which will not converge quadratically. How-
ever, we can obtain linear convergence at any rate 7.

If Newton’s method is used within a time stepping scheme, the Jacobian of the last
Newton step in the previous time step is often a good approximation for the Jacobian
of the first Newton step in the new time step. This holds in particular for small time
steps and constant extrapolation. Therefore, the previous method should also be
extended over the bounds of time steps.

An improvement of the method above can be achieved by so called low rank updates,

e.g. for the rank-1 update: Let Go = Df(z©) or Go = I. Then, at the kth step,
k—1)

given z®) and z( , compute
s = pF) _ p(k=1)
q=f(@®) = fz*V) (4.13)
Gr=Gro1+ |31|2 (q - ék—ﬁ) s'
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The fact that the rank of ék — ék—l is at most one can be used to avoid computing
and storing matrices at all. The inverse of such a matrix can be computed via the
Sherman-Morrison formula.

The practically most efficient and used methods use rank-2 updates, such as the
Broyden methods [NWO06].

Remark 4.4.3. For problems leading to large, sparse Jacobians (e.g., space discretizations
of PDEs), it is often too costly or infeasible to compute inverses or LU-decompositions.
These matrices typically only feature a few nonzero elements per row, while the inverse and

the LU-decomposition are fully populated, thus increasing the amount of memory from
O(d) to O(d?).

Linear systems like this are often solved by iterative methods, leading for instance to so
called Newton-Krylov methods. In an iterative method, the solution of a linear system

Gs=1b

is approximated using only multiplications of a vector with the matrix G. On the other
hand, for any vector v € R?, the term Guv denotes the directional derivative of f in direction
Gv. Thus, it can be approximated easily by

o ~ f(z® +ev) — f (ac(k))'

e

The term f (x(k)) must be calculated anyway as it is the current Newton residual. Thus,
each step of the iterative linear solver requires one evaluation of the nonlinear function,
and no derivatives are computed.

The efficiency of such a method depends on the number of linear iteration steps which is
determined by two factors: the gain in accuracy and the contraction speed. It turns out
that typically gaining two digits in accuracy is sufficient to ensure fast convergence of the
Newton iteration. The contraction number is a more difficult issue and typically requires
preconditioning, which is problem-dependent and as such must be discussed when needed.
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Chapter 5

Linear Multistep Methods

Instead of using only the one initial value at the beginning of the current time interval to
the next time step, possibly with the help of intermediate steps, we can also use the values
from several previous time steps. Intuitively, this could be more efficient, since function
values at these points have been computed already.

Such methods that use values of several time steps in the past in order to achieve a higher
order are called multistep methods. We will begin this chapter by introducing some of
the common formulae, before studying their stability and convergence properties.

5.1 Examples of LMMs

Basically, there are two construction principles for the multistep methods: Quadrature and
numerical differentiation.

Example 5.1.1 (Adams-Moulton formulae). Here, the integral from point ;1 to point
ti is approximated by an interpolatory quadrature rule based on the points t;_s to tx, i.e.,

s the
Ue = Uh—1+ Y frr / L(t) dt, (5.1)
r=0 t

k—1

where f; denotes the function value f(¢;,y;) and L1(ns) (t), r=0,...,s, the Lagrange inter-

polation polynomials associated with the s + 1 points tx_,., r =0, ...,s.

Since the integral involves the function evaluated at the time step that is being computed,
these methods are implicit. Here are the first four in this family:

Yk = Yr—1 + hfk (implicit Euler)
1

Yk = Yr—1 + §h(fk + fk;—l) (trapezoidal rule)
1

Yk = Yk—1 + Eh(5fk: + 8fk—1 — fr—2)

1
Yk = Yk—1 + ﬂh(ka + 1951 — 5fe—2 + fre-3)
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Example 5.1.2 (Adams-Bashforth formulae). With the same principle we obtain explicit
methods by omitting the point in time £ in the definition of the interpolation polynomial.
This yields quadrature formulae of the form

te—1

s ty
Yk =Yk + Y fk—r/ LEY () at. (5.2)
r=1

Here, Lﬁf‘”(t) are the Lagrange interpolation polynomials associated with the s points
t_r, 7 =1,...,8 Again, we list the first few:

Yk = Yk—1 + hfe— (explicit Euler)
1

Yk = Yk—1 + ih(3fk:—1 — 1fr—2)
1

Yk = Yp—1 + ﬁh(23fk—1 — 16 f—2 + 5 fr—3)

1
Yk = Yk—1 + ﬂh(55fk—l — 59 fk—2 + 37 fr—3 — Ifr—4)

Example 5.1.3 (BDF methods). Backward differencing formulas (BDF) are also based
on Lagrange interpolation at the points t_s to tx. However, in contrast to Adams formu-
lae they do not use quadrature for the right hand side, but rather the derivative of the
interpolation polynomial in the point ¢; for the left hand side.

Using the Lagrange interpolation polynomials Lészr(t), we let

S

y(t) = wr LY (8),

r=0

where yy, is yet to be determined. Now we assume that y(t) satisfies the ODE at ¢;. Thus,

L,
> ks 3 (tk) =Y (te) = (e ye)
r=0

leading to the following schemes:

Yk — Yk—1 = hf (implicit Euler)
Yk — 3Yk—1 + 3Yk—2 = 3hfi
Yk — ToYk—1 + T Yk—2 — ZYk—3 = hfk
Yk — %yk—l + %%—2 - %yk—fﬂ + %:%-4 = %hfk

For an example on how to derive these schemes see the appendix.

Remark 5.1.4. Recall from Numerik 0 (or any other introductory course in numerical
analysis) that numerical differentiation and extrapolation of interpolation polynomials (i.e.
the evaluation outside the interval which is spanned through the interpolation points) are
both unstable numerically. Therefore, we expect stability problems for all these methods.

Secondly, recall that Lagrange interpolation with equidistant support points is unstable for
higher degree polynomials. Therefore, we also expect all of the above methods to perform
well only at moderate order.
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5.2 General definition and consistency of LMMs

Definition 5.2.1: A linear multistep method (LMM) with s steps is a method
of the form

Zas—ryk—r = hZIBS_Tfk—T) (53)
r=0 r=0

where fr = f(tr,yr) and tx = to + hk, and where we assume |ag| + |5p| # 0 and
as = 1. There are explicit (85 = 0) and implicit (85 # 0) methods.
It is convenient to define the generating polynomials

o@) =Y a st =N 0 o@) =Y BT = fiad. (54)
r=0 j=0 =0 j=0

for each of these methods.

Remark 5.2.2. The LMM was defined for constant step size h. In principle it is possible
to implement the method with a variable step size but we restrict ourselves to the constant
case. Notes to the step size control can be found later on in this chapter.

Definition 5.2.3: As for one-step methods, we use the abbreviation uy := u(tg),
where u(t) denotes the exact solution of v’ = f(t,u), u(ty) = uo.

The local error of a linear multistep method (LMM) at the kth timestep is again
defined by

Ug — Yk »

where yy, is the numerical solution obtained from (5.3) using the exact initial values
Yp—r = Up_p for 7 =1, ..., 8.
The truncation error of an LMM, on the other hand, is defined as

me(u) == h™Y(Lpu)(ty), (5.5)

using the linear difference operator

S

(Lpu)(ty) := Z(asfruk—r — hBs—r f (tk—r uk—r))- (5.6)

r=0

Lemma 5.2.4. For h sufficiently small, the two local errors satisfy the following relation

up —yp = (T—hB,Df )~ (Lnu)(ty), (5.7)

where
o 1
Df, = / Df(tk,uk + Ik — ug)) dI.
0
and Df(t,y) is the Jacobian of f with respect to the second argument.
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Proof. Sinc we assumed yg_, = ug_,, for r = 1,...; s, in the definition of the local error
and as =1, (5.3) is equivalent to

0=yr — hf(tka yk) + Z AOg_pUf—y — hz Bs—rf(tkfra kar)'
r=1 r=1

Subtracting this from (5.6), we obtain

(Lpu)(te) = (ug — yr) — hBs (f(tk; ug) — f(tr, yk))-

Finally, the result follows by applying the Integral Mean Value Theorem (see, e.g., [Nu-
merik 0, Hilfssatz 5.8]) and the fact that for h sufficiently small I—hS3sD f,, is invertible. [

Remark 5.2.5. Note that it follows from lemma 5.2.4 that
wr =y = (h+ O ) ()

and that the higher-order term is exactly zero for explicit LMMs.

Definition 5.2.6: An LMM is consistent of order p, if for all sufficiently regular
functions f and for all relevant k there holds

|7 (u)] = O(hP), (5-8)

or equivalently, that the local error is O(hPT1).

Theorem 5.2.7: A LMM with constant step size h is consistent of order p if and
only if

S S
Z as—» =0 and Z (as_rrq + qﬁs_wq_l) =0, g=1,...,p (5.9)
r=0 r=0

Proof. We start with the Taylor expansion of the ODE solution u around tg:

P @ L)
)= 3 - w4 -

=: R, (t)

q=0

where £ is a point between t and t; that depends on ¢. It follows from f(¢,u) = v that
the corresponding right hand side can be expanded as

(¢ u®+h ()
p!

=: Ry (1)

S

)!(t — 1)+ (t—t1)P .

Fltu®) ="

q=1

) (t,
q—1)

—

with 1 again a point between ¢ and ¢; that depends on t.
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Substituting the two expansions into (5.6) we get:

ul@
Lhu(tk) = Zas T Z q(!tk) (—T’h)q + Ru(tkfr) -

q=0

P @
- /Bs—rh Z ! (tk) (_rh)qil + Rf(tkfr)

= (g1
- 3 u(q)(tk) - -1 1
= u(lk) (Z asr) + 4 (—1)7 <Z sl + qBs 1t > h® 4+ ChPH,
r=0 q=1 r=0
where i »
C = > W (aHr uP (&) + (p+ 1)Bsr u(p""l)(m))
and &, 1y € [tg—p, tx], for r =0,... s, which in general may all be different.

Since the right hand side f was arbitrary, Lpu(t;) = O(hP*1) if and only if the conditions
n (5.9) hold. In that case we have

Hu P+1

[ Lnu(te)| < ( n 1 <Zas P (p 1) s rrp>> hP
v O

Remark 5.2.8. A consistent LMM is not necessarily convergent. To understand this and
to develop criteria for convergence we diverge into the theory of difference equations.

5.3 Properties of difference equations

5.3.1. The stability of LMM can be understood by employing the fairly old theory of
difference equations. In order to keep the presentation simple in this section, we use a
different notation for numbering indices in the equations. Nevertheless, the coefficients of
the characteristic polynomial are the same as for LMM.

Definition 5.3.2: An equation of the form

> ayngr =0 (5.10)
r=0

is called a homogeneous difference equation. Assume that asap # 0 (such that
(5.10) does not reduce to a lower order difference equation). A sequence (yn)n>0
is solution of the difference equation, if the equation holds true for all n > s. The
values y,, may be from any of the spaces R, C, R? or C%.

The generating polynomial of this difference equation is

S
=> . (5.11)
r=0

Lemma 5.3.3: The solutions of equation (5.10) form a vector space of dimension s.
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Proof. Since the equation (5.10) is linear and homogeneous, it is obvious that if two se-
quences of solutions (yn)n>0 and (gn)nZO satisfy the equation, then (ay, + Un)n>0 also
satisfies (5.10), for any a € R (or C).

As soon as the initial values yg to ys_1 are chosen, all other sequence members are uniquely
defined. Moreover it holds

Yyo=y1=-=yYs—1=0 = y,=0,n>0.

Therefore it is sufficient to consider the first s elements. Since those can be chosen arbi-
trarily, they span an s-simensional vector space. O

Lemma 5.3.4: For each root £ of the generating polynomial x(z) the sequence
yn = &" is a solution of the difference equation (5.10).

Proof. Inserting the solution y, = £” into the difference equation results in

Z aré-n-‘rr gn Z aTé-r én ) _
r=0

Theorem 5.3.5: Let {{;};—1,.. s be the roots of the generating polynomial y with
multiplicity p;. Then, the sequences of the form

y§) = nf et =100 k=1,..., (5.12)

form a basis of the solution space of the difference equation (5.10).

Proof. First we observe that the sum of the multiplicities of the roots has to result in the
degree of the polynomial:

J
SZZIU,J‘.
j=1

Moreover, we know from Lemma 5.3.3, that s is the dimension of the solution space.
However, the sequences (yr(lj ’k))n>0 are also linearly independent. This is clear for sequences
of different index j. It can also be easily shown for multiple roots. (Please check this

yourself.)
(4:k

It remains to show that the sequences (yn ))n>0 are in fact solutions of the difference
equations. For k = 1 we have proven this already in lemma 5.3.4. We prove the fact here
for k = 2 and for a double zero ;; the principle for higher order roots should be clear then.

Equation (5.10) applied to the sequence (ngn)nzo results in

ZaT TL—I—T‘ £n+r — ngnZaTgr +£n+1 ZaTrgr 1

r=0 r=0
=n&ix (&) + 6}7“%(&) =0.

Here, the term with ag vanishes, because it is multiplied with » = 0. Moreover, x(§;) =
X' (&) = 0, because §; is a double root. O
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Corollary 5.3.6 (Root test): All solutions (yn)n>0 of the difference equa-
tion (5.10) are bounded for n — oo if and only if: -

e all roots of the generating polynomial x(z) lie in {z € C | |z| < 1} (closed
unit circle) and

e all roots on the boundary of the unit circle are simple.

Proof. According to theorem 5.3.5 we can write all solutions as linear combinations of the
sequences (%)) in equation (5.12). Therefore, for n — oo,

1. all solutions with |§;| < 1 converge to zero
2. all solutions with [£;| > 1 diverge to infinity
3. all solutions with [£;| = 1 stay bounded if and only if §; is simple.

This proves the statement of the theorem. O

5.4 Stability and convergence

In contrast to one-step methods, the Lipschitz condition (1.24) for the RHS f of the
differential equation is not sufficient to ensure that consistency of a multistep method
implies convergence. As for A-stability, stability conditions will again be deduced by
means of a simple model problem.

Remark 5.4.1. In the following we investigate the solution to a fixed point problem in
time ¢ with a shrinking step size h. Therefore we choose n steps of step size h = t/n and
let n go towards infinity.

Definition 5.4.2: An LMM is zero-stable (or simply stable) if, applied to the
trivial ODE

u=0 (5.13)

with arbitrary initial values yp = ug to ys—1 = us—1, it generates solutions y; which
stay bounded at each point in time ¢ > 0, if the step size h converges to zero.

Theorem 5.4.3: A LMM is zero-stable if and only if all roots of the first generating
polynomial g(x) of equation (5.4) satisfy the root test in corollary 5.3.6.

Proof. The application of the LMM to the ODE (5.13) results in the difference equation

S S
Z Qs Yh—r = Z jYnt; =0 (5.14)
r=0 =0
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with n = k — s. Thus, the generating polynomial o(x) is equivalent to the generating
polynomial x(z) of the difference equation in (5.10) which is independent of h.

If asag # 0, the result than follows directly from corollary 5.3.6. Otherwise, (5.14) reduces
to a finite difference equation with generating polynomial g,,(z) of order s — m, for some
1<m < s—1,and o(z) = 2™om(x). Thus, g satisfying the root test is equivalent to oy,
satisfying the root test and the result follows again from corollary 5.3.6. O

Corollary 5.4.4: Adams-Bashforth and Adams-Moulton methods are zero-stable.

Proof. For all of these methods the first generating polynomial is o(x) = x° — 2571, It has
the simple root & = 1 and the s — 1-fold root 0. O

Theorem 5.4.5: The BDF methods are zero-stable for s < 6 and not zero-stable
for s > 7.

Proof. See [HNW09, Theorem 3.4]. O

7

Definition 5.4.6: An LMM is convergent of order p, if for any IVP with suf-
ficiently smooth right hand side f there exists a constant hg > 0 such that, for all
h < h07

‘u(tn) - y(tn)| <ch?, n>0, (5-15)
whenever the initial values satisfy
lu(ts) —y(ti)| < coh?, i=0,...,s—1. (5.16)

Here, u is the continuous solution of the IVP and y is the LMM approximation.

To prove convergence, we will for simplicity only consider the scalar case d = 1. The case
d > 1 can be proved similarly.

Lemma 5.4.7: Let d = 1. Every LMM can be recast as a one-step method

Y., =AY, | + hFh(tk_l, Yk—l) (5.17)
where
—Qg_1 —Qg—2 ° —Q
o 1 0 0
Y = 5 €ER’, A= o | € RS (5.18)
Yk—s+1 ' 1 0

and Fy(tg, Yi) = (¥1,0,...,0)T € R® with v, implicitly defined as the solution of

wk = Zﬁs—rf(tk—ry yk—'r) o /Bsf (tka hwk - Z as—ryk—r) . (519)

r=1 r=1
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Proof. From the general form of LMM we obtain

s s—1
Z As—rYk—r = h Z BS—Tf(tkav ykfr) + hﬁsf(tka yk)
r=0 r=0
We rewrite this to

s
Yk = — Z Qs—pYr—r + hwkv

r=1

where this formula is also entered implicitly as the value for y; in the computation of
f(tr,yx). This is the first equation in (5.17). The remaining equations are simply shifting
the entries in the vector Y;_1, i.e. (Yi)it1 = Yeo1)i = yp—i, fori=1,...,s— 1. O

Lemma 5.4.8: Let d = 1 and let u(t) be the exact solution of the IVP. Suppose Y
is the solution of a single step

Y, = AUj_1 + hFy(ts_1Uk_1),

with correct initial values Ugp_1 = (Ug_1, Up_2, .-, Uk—_5)" .
If the multistep method is consistent of order p and f is sufficiently smooth, then

there exist constants hg > 0 and M > 0 such that for h < hg there holds

Uy — V3| < MRPHL, (5.20)

Proof. The first component of U — ?k is the local error ug — yi of step k, as defined in
definition 5.2.3, which is of order h?*! by the assumption. The other components vanish
by the definition of the method. O

Lemma 5.4.9: Assume that an LMM is zero-stable. Then, there exists a vector
norm ||-|| on C*® such that the induced operator norm of the matrix A satisfies

|All < 1. (5.21)

Proof. We notice that o(x) = > as_,z" is the characteristic polynomial of the matrix A.

By the root test we know that simple roots, which correspond to irreducible blocks of
dimension one have maximal modulus one. Furthermore, every Jordan block of dimension
greater than one corresponds to a multiple root, which by assumption has modulus strictly
less than one. Let &; be such a multiple root with multiplicity p;. Such a block admits a
modified canonical form

Ai 1T— |\
J; = Ai c CHiXHi
1 — [\
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Thus, the canonical form J = T~'AT has norm ||J||, < 1. If we define the vector norm
Izl = |1 T~ 2|,
it follows that

1Az|| = |77 Azl = ITT" 2]l < 1T 2] = 2.

Theorem 5.4.10: Let f be sufficiently smooth. If a linear multi-step method is
zero-stable and consistent of order p, then it is convergent of order p.

Proof. As already stated, we only prove the case d = 1 explicitly. See the original notes
by Guido Kanschat for the general proof. Since f was assumed to be sufficiently smooth,
F}, satsifies a uniform Lipschitz condition with Lipschitz constant L.

We reduce the proof to the convergence of the one-step method
Y, =AY, + hFh(tk_l, Yk—l) = G(Yk_l). (5.22)

Let Y1 and Z;_1 be two initial values for the interval I. By the previous lemma, we
have in the norm defined there, for sufficiently small A, that

|GV 1) — G(Ze 1)l < (14 AL)|[Yer — Zo . (5.23)

By lemma 5.4.8, the local error n;, = ||Uy — Yi|| at step k is bounded by MhPT! (where
M also contains the equivalence constant v between the Euclidean norm and the norm
defined in the previous lemma). Thus:

1Ur =il < (1 + L) Uo — Yo + MAPH
|Us = Ya| < (1+ hL)?||Uy — Yo| + MRP*(1+ (1 + hL))

|Us = Yall < (1+RL)*[Uo = Yol + MR (1+ (14 hL) + (1 + AL)?)

1Un = Yol < (14 hL)™|Up — Yo|| + Mhp+1(1 b (A+RL) 4+ ..+ (1+ hL)")
MhP
< e ||Uy — Yol + T(e”’”LL —1) <Ch?
where we recall that U, = u(t,) and t, = tg + T where T" = nh and where

C = coyel™ + —(eTF - 1)

with ¢ as defined in (5.16). O
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5.5 Starting procedures

5.5.1. In contrast to one-step methods, where the numerical solution is obtained solely
from the differential equation and the initial value, multistep methods require more than
one start value. An LMM with s steps requires s known start values yg_s, ..., yr_1. Mostly,
they are not provided by the IVP itself. Thus, general LMM decompose into two parts:

e a starting phase where the start values are computed in a suitable way and

e a run phase where the LMM is executed.

It is crucial that the starting procedure provides a suitable order corresponding to the
LMM of the run phase, recall condition (5.16) in Definition 5.4.6. Possible choices for the
starting phase include multistep methods with variable order and one-step methods.

Example 5.5.2 (Self starter). A 2-step BDF method requires yo and y; to be known. yq
is given by the initial value while g is unknown so far. To guarantee that the method has
order 2, y; needs to be at least locally of order 2, i.e.,

|u(t1) — y1] S Coh2. (5.24)
This is ensured, for example, by one step of the 1-step BDF method (implicit Euler).

However, starting an LMM with s > 2 steps by a first-order method and then successively
increasing the order until s is reached does not provide the desired global order. That is
due to the fact that a one-step method cannot have more than order 2, limiting the overall
convergence order to 2. Nevertheless, self starters are often used in practice.

Example 5.5.3 (Runge-Kutta starter). One can use Runge-Kutta methods to start LMMs.
Since only a fixed number of starting steps are performed, the local order of the Runge-
Kutta approximation is crucial. For an implicit LMM with convergence order p and stepsize
h one could use an RK method with consistency order p — 1 with the same step size h.

Consider a 3-step BDF method. Thus, apart from yg, we need start values yi,y» with
errors less than coh®. They can be computed by RK methods of consistency order 2, for
example by two steps of the 1-stage Gaufs collocation method with step size h since it has
consistency order 2s = 2, see theorem 3.4.15.

Remark 5.5.4. In practice not the order of a procedure is crucial but rather the fact
that the errors of all approximations (the start values and all approximations of the run
phase) are bounded by the user-given tolerance, compare Section 2.4. Generally, LMMs
are applied with variable step sizes and orders in practice.

Thus, the step sizes of all steps are in practice controlled using local error estimates.
Hence, self starting procedures usually start with very small step sizes and increase them
successively. Due to their higher orders RK starters usually are allowed to use moderate
step sizes in the beginning.
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5.6 LMM and stiff problems

To study A-stability of LMMs we consider again the model equation u’ = A\u. Applying a
general LMM (5.3) to this model equation leads to the linear model difference equation

S

Z(asfr - Zﬂsfr)yk—r =0. (525)

r=0

with z = Ah.

Definition 5.6.1 (A-stability of LMM): The stability region of an LMM is the
set of points z € C, for which all sequences ()52, of solutions of the equation (5.25)
stay bounded for n — oo. An LMM is called A-stable, if the stability region
contains the left half-plane of C.

Note that this definition is equivalent to the definition of A-stability for one-step methods
in definition 3.2.5.

Definition 5.6.2: The so-called stability polynomial of an LMM is obtained by
inserting y, = ™ to obtain

S

Ry(z) =) (0ts—r — 2Bs—r)z”". (5.26)

r=0

\.

Remark 5.6.3. Instead of the simple amplification function R(z) of the one-step methods,
we get here a function of two variables: the point z for which we want to show stability
and the artificial variable x from the analysis of the method.

Lemma 5.6.4: Let {£1(2),...,&s(2)} be the set of roots of the stability polynomial
R, (x) as functions of z. A point z € C is in the stability region of a LMM, if these
roots satisfy the root test in corollary 5.3.6.

Proof. The proof is analog to that of theorem 5.4.3. O

Theorem 5.6.5 (2nd Dahlquist barrier): There is no A-stable LMM of order
p > 2. Among the A-stable LMM of order 2, the trapezoidal rule (Crank-Nicolson)
has the smallest error constant.

Proof. See [HW10, Theorem V.1.4]. O

5.6.1 A(«a)-stability

5.6.6. Motivated by the fact that there are no higher order A-stable LMMs people have
introduced relaxed concepts of A-stability.
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Figure 5.1: Boundaries of the stability regions for BDF(1) to BDF(6); the unstable region
is right of the origin. The right figure shows a zoom near the origin.

Definition 5.6.7: A LMM is called A («)-stable, for « € [0°,90°], if its stability
region contains the sector

{Z eC ’ Re(z) <0 and 'Eﬁgg

It is called A (0)-stable, if the stability region contains the negative real axis.

It is called stiffly stable, if it contains the set {Re(z) < —D}.

. J

< tana}.

Remark 5.6.8. The introduction of A(0)-stability is motivated by linear systems of the
form v/ = — Au with symmetric positive definite matrix A. Only stability on the real axis is
required in that case, since all eigenvalues are real. Any non-negative angle « is sufficient.

Similarly, A(«a)-stable LMM are suitable for linear problems in which high-frequency vi-
brations (large Im\) decay fast (large —Re]).

LMMs behave similarly for nonlinear problems if the Jacobian matrix D, f satisfies corre-
sponding properties.

Example 5.6.9. The stability regions of the stable BDF methods are in Figure 5.1. The
corresponding values for A(«)-stability and stiff stability are in Table 5.1. (Recall from
theorem 5.4.5 that BDF(7) is not even zero-stable.)

k| 1 2 3 4 5 6
a | 90° 90° 86.03° 73.35° 51.84° 17.84°
D| 0 0 008 0667 2327 6.075

Table 5.1: Values for A(«)- and stiff stability for BDF methods of order k.
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Chapter 6

Boundary Value Problems

This chapter deals with problems of a fundamentally different type than the problems we
examined in Chapter 1, namely boundary value problems. Here, we have prescribed values
at the beginning and at the end of an interval of interest. They will require the design of
different numerical methods.

6.1 General boundary value problems

Due to Lemma 1.2.4 we know that every ODE can be written as a system of first-order
ODEs. Thus, we make the following definition (restricting our attention to explicit ODEs).

Definition 6.1.1: A boundary value problem (BVP) is a differential equation
problem of the form: Find u : [a,b] € R — R?, such that

u'(t) = f(t,u(t)) t € (a,b) (6.1a)
r(u(a),u(b)) = 0. (6.1b)

Definition 6.1.2: A BVP (6.1) is called linear, if the right hand side f as well as
the boundary conditions are linear in u, i.e.: Find u : [a,b] — R? such that

u'(t) = A(t)u(t) + c(t) vt € (a,b) (6.2a)
Byu(a) + Byu(b) = g. (6.2b)

with A : [a,b] — R4, ¢:[a,b] = R?, B,, B, € R¥*¢ and g € R%.

\.

Remark 6.1.3. Since boundary values are imposed at two different points in time, the
concept of local solutions from Definition 1.2.8 is not applicable. Thus, tricks, such as
going forward from interval to interval, as is done in the proof of Péano’s theorem using
Euler’s method, are here not applicable. For this reason, nothing can be concluded from
the local properties of the solution and from the right hand side f. In fact, it is hard in
general even to establish that a solution exists.
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Example 6.1.4. Consider the linear BVP
ui(t)] [0 1] Jui(2) 0 :
[uw)] B [0 0} Lm(t) R

0 0
(i) u1(0) =0, u1(1) =0,
(iii) u2(0) =0, ug(1) =0

By substitution, we can easily see that this first-order system of ODEs is in fact equivalent
to the second-order ODE w} = 1, which can be explicitly solved by integration to give

2

t
us(t) =uj(t) =t+c; and ul(t):5+c1t+c2.

But the BVP is not solvable for each of the three choices of boundary conditions (BCs).
In fact, we get

(i) c2=0and ¢; = —1, i.e, u(t) = (¢(5 —1),t — l)T,
(i) c2=0and ¢; = —1/2, ie., u(t) = (Lt —1),t — %)T,
(iii) but here the two BCs lead to ¢; = 0 and ¢; = —1, respectively, which cannot be

satisfied simultaneously.

Remark 6.1.5. Note that due to Lemma 1.3.13 we know that the solution space of the
linear ODE in (6.2a) is d-dimensional. Hence, we need d additional pieces of information
to determine the solution uniquely. However, whether the d boundary conditions in (6.2b)
are sufficient is more subtle than in the case of an IVP, as we have just seen.

However, for linear BVPs we have the following existence an uniqueness result.

Theorem 6.1.6: Let ¥(t) € R4 be the solution of the variational equation
(cf. Definition 3.5.10)
W'(t) = A®)(1),

of the ODE (6.2a) with initial condition ¥(a) = I. The linear BVP (6.2) has an
unique solution wu(t) if and only if the d x d matrix

B, + By (b)

is regular.

Proof. See Rannacher [Ranl7b, Satz 8.2]. O

We will not discuss this further and instead consider an important subclass of linear BVPs,
as well as the most important numerical methods for them. For more details on the general
solution theory, see chapter 6 in the original notes by G. Kanschat or [Ran17b, Chap. §|.
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6.2 Second-order, scalar two-point boundary value problems

Let us consider following linear, second-order BVP of finding « : [a,b] — R such that
—u"(x) + B(x)u (z) + y(x)u(z) = f(x), u(a) = uq, u(b) = up. (6.3)

for some functions 3,7, f : [a,b] — R and two boundary values u,, up € R. (As is common
in practice, we use x instead of ¢ to denote the independent variable here.)

We introduce the set

B = {u € C%*(a,b) N Cla,b] | u(a) = u, and u(b) = ub}.

Then, we can see the LHS of (6.3) as a differential operator applied to w, mapping B to
the set of continuous functions. Namely, we define

L:B— Cla,b]

6.4
ur —u” + Bu + yu. (6.4)

To simplify our life we can (without loss of generality) get rid of the inhomogeneous bound-
ary values u, and up. To this end, let

b—=x T —a

w(x):b—aua—i_ b—a

up ,

and introduce the new function ug := u — %. Then, ug solves the BVP

Up — Uq

() + Blaup(x) + A (@uolz) = f(x) — B) D (w)(a),
up(a) = ug(b) = 0. =: fo(2)
Thus, it is sufficient to consider the boundary value problem:
' Definition 6.2.1: Given an interval I = [a, b], find a function 1
wev = {u € C%(a,b) N Cla,b] | u(a) = u(b) = o}, (6.5)

such that for a differential operator of second order as defined in (6.4) above and a
right hand side f € C|[a, b] there holds

Lu=f. (6.6)

6.3 Finite difference methods

We subdivide the interval I = [a,b] again into subintervals, as in Definition 2.1.2, and
consider the solution only at the partitioning points a = 9 < z1... < x, = b. As with
one-step and multistep timestepping methods, we denote the approximate solution values
at those partitioning points by yi, K =0,...,n.
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While one-step methods directly discretize the Volterra integral equation in order to com-
pute the solution at every new step, finite difference methods discretize the differen-
tial equation on the whole interval at once and then solve the resulting discrete (finite-
dimensional) system of equations.

Thus, we have accomplished the first step and decided that instead of function values u(x)
in every point z of the interval I, we only approximate u(xy) in the points of the partition
by yr, k = 0,...,n. What is left is the definition of the discrete operator that approximates
the differential operator L in (6.4).

Definition 6.3.1 (Finite differences): To approximate first derivatives of a
function u, we introduce the operators

Forward difference Difu(z) = b h})L — u() , (6.7)

Backward difference D, u(z) = wz) = Z($ — h), (6.8)
Central difference Dju(x) = ek h)2—hu(a; — h). (6.9)

For second derivatives we introduce the
3-point stencil Diu(zx) = R E) S IREL h). (6.10)

h2

Remark 6.3.2. Note that the 3-point stencil is the product of the forward and backward
difference operators:

Dju(z) = D;f (D;u(x)) =Dy (D;{u(:n))

For simplicity, we only present finite differences of uniform subdivisions. Nevertheless, the
definition of the operators can be extended easily to h changing between intervals.

Definition 6.3.3: A finite difference operator Dj is consistent of order p with
the ath derivative, if there exists a constant ¢ > 0 independent of h and a subset
I C [a,b], such that for any u € C**P(a,b) and for any x € I:

|Dfu(z) — ul®(z)| < ch? (6.11)

Lemma 6.3.4: The forward and backward difference operators D;{ and D" in
definition 6.3.1 are consistent of order 1 with the first derivative, i.e. for any = €
[a,b — h] (resp. = € [a + h,]),

|D;fu(z) —u/(z)| < ch and |Dj; u(z) —u'(z)] < ch. (6.12)

The central difference operator Dj and the 3-point stencil D,?L are consistent of
order 2 with the first and second derivative, respectively, i.e. for any = € [a+h,b—h],

|DSu(z) —u'(z)] < ch? and |Diu(z) —u’(z)| < ch?. (6.13)
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Proof. Taylor expansion: Let x € [a,b — h]. Then there exists £ € (x,z + h) such that

Difu(z) —u'(z) = u(@ + hf)L —u(@) _ u'(z)

u(z u'(x hjU” —ulw
_ ul@) (@) + FuO) Z @)y ome),

Thus, the result for D} holds with ¢ := %maxxe(mbﬂu” (x)|. The same computation can
be applied to D, u(x).

For D§, let « € [a+ h,b— h]. Then, there exist {~,£T € (z — h,z + h) such that

fu(e) — o (2) =

u(@) + bt (z) + B (z) + B (€4) — (u(e) — b (z) + B (z) — Bu(€7))
2h

2 _
— % (UIII(§ )+u//l(§+)) )
The final result for the 3-point stencil D% follows in a similar way . O

—u'(x)

Remark 6.3.5. When applied to the equation u’ = f(¢,u) the solutions obtained by
forward and backward differences correspond to the explicit and implicit Euler methods,
respectively.

Definition 6.3.6: The finite difference method (with uniform subdivisions) for
the discretization of the BVP Lu = f on the interval I = [a,b] with homogeneous
boundary conditions, i.e., for v € V' as in definition 6.2.1, is defined by

1. choosing a partition a =z < 1 < --- < x,, = b with n € N,

h:=({b-a)/n and xp=a+kh, k=0,...,n,

2. replacing all differential operators in L by finite differences, evaluated at xy,

3. considering and computing the approximations yy of the solution u(xy) at the
discrete points xg, ..., Ty.

Example 6.3.7. Using the 3-point stencil for v” and central differences for u’, the BVP

—u"(z) + B(x) (z) + y(2)u(z) = f(2),  ula) =u(b) =0,

and the abbreviations Sy = S(zk), & = v(zk) fr = f(zk), we obtain the discrete system
of equations

et 4 20 — Yee e
Ykl hf’“ yk1+ﬁkyk+12hyk1+’ykyk:fk, for k=1,...,n—1, (6.14)

with yo = ¥, = 0, or in matrix notation
Ao

A
Lhy _ w2 . 2 . : = : = fh‘ (615)

Hn—1 An—1



where

2 1 B I

Ak TRz o

Remark 6.3.8. Like our view to the continuous BVP has changed w.r.t. IVPs, the discrete
problem is now a fully coupled linear system which has to be solved by methods of linear
algebra, rather than time stepping. In fact, we have n — 1 unknown variables y1,...,yn—1
and n — 1 equations, such that existence and uniqueness of solutions are equivalent.

6.3.1 Existence, stability and convergence

6.3.9. Since the solution of the discretized boundary value problem is a problem in linear
algebra, we have to study properties of the matrix Ly. The shortest and most elegant
way to prove stability is through the properties of M-matrices, which we present here very
shortly. We are not dwelling on this approach too long, since it is sufficient for stability,
but by far not necessary and particular to low order methods.

The fact that Ly is an M-matrix requires some knowledge of irreducible weakly diagonal
dominant matrices, which we have already come across in the last chapter in Numerik 0,
in the context of stationary iterative methods.

Definition 6.3.10: A quadratic n x n-matrix A is called an M-matrix if it satisfies
the following properties:

ai; > 0, Qij <0, 1,5 =1,...,n, ]752 (6.17)
The entries of A~1 = (cij)i j=1 satisty

Cij ZO, i,j:1,...,n. (618)

Lemma 6.3.11: The matrix L, defined in (6.5.4) above is an M-matrix provided
that

2
%20 and |G <. (6.19)

Proof. Tt is easy to verify that the two conditions in (6.19) are sufficient for the first M-
matrix property. The proof of positivity of the inverse is based on irreducible diagonal
dominance, which is too long and too specialized at this point and thus we will omit it.
See, e.g., [Ran17b, Hilfssatz 10.2]. O

Remark 6.3.12. The finite element method, intorduced in Section 6.4 below and discussed
in more detail next semester in “Numerik 2 — Finite Elements”, provides a much more
powerful theory to deduce solvability and stability of the discrete problem.
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Lemma 6.3.13: Let A be an M-matrix. If there is a vector w such that for the
vector v = Aw there holds

v, >1, 1=1,...,n,
then

147 oo < llelloc- (6.20)

Proof. Let x € R” and y = A~'z. Then,

n n n
D e < eiglagl < lzlly D vy
j=1 j=1 j=1

lyi| =

Thus,
[yil < el (A710), = [l (A7 Aw); < 2| o wi]-

Taking the maximum over all ¢ and dividing by ||z||,, we obtain

- |A™ |
A7 = sup " < |
o reR”™ ||x||oo >
O
Theorem 6.3.14: Assume that (6.19) holds and that there exists a constant 6 < 2
such that
61l < 52 (6:21)
k| > b — a. °
Then, the matrix L, defined in (6.5.4) is invertible and
b—a)?
) < ¢ : 6.22
Proof. Consider the function
p(z) = (x — a)(b—x) = —2® + (a + b)x — ab,
with derivatives p/(r) = a + b — 2z and p”(z) = —2, and a maximum of (b — a)?/4 at

x = (a+b)/2. Choose the values pp = p(zx). Due to the consistency results in Lemma 6.3.4,
we know that Dp = p” and D§p = p’ are exact, such that, forall k=1,...,n—1,

(Lup)k = 2+ Bip (x) + yep(@r) > 2 — |Bel(b—a) > 2 — 4.

Since Lj, is a M-matrix, the vector w = Tiap can then be used to bound the inverse of L;,
using Lemma 6.3.13. O
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Remark 6.3.15. The assumptions of the previous theorem involve two sets of conditions
on the parameters 85 and 7. Since
) 2 2n

9
< i
b—a “b-a-b—a K’

condition (6.21) actually implies the second condition in (6.19). It is in fact not necessary
in this form, but a better estimate requires more advanced analysis.

The condition on 7y in (6.19) is indeed necessary, as will be seen when we study partial
differential equations. The second condition in (6.19), on the other hand, relates the
coefficients §; to the mesh size and can be avoided, as seen in the next example.

Example 6.3.16. By changing the discretization of the first order term to an upwind
finite difference method, we obtain an M-matrix independent of the relation of 85 and h.
To this end define

Dy if >0
B(z) Dlu(z) = ble) 1“(”3) if bla) > 0 (6.23)
B(x)Dyu(x) if f(xz) <0
This changes the matrix L, to a matrix L; with entries
2 |Bk’ 1 maX{O7 Bk} 1 Il’lil’l{o, /Bk}
k h2+ h + Y%, Hk h2 h ) Vi h2+ h ( )

As a consequence, the off-diagonal elements always remain non-positive and the diagonal
elements remain positive provided only that v, > 0, for all k. Thus, L; is an M-matrix with
a bounded inverse, independent of the values of 8. However, crucially, the consistency
order is reduced from two to one.

Theorem 6.3.17: Consider the boundary value problem defined in definition 6.2.1
with 8,7, f € C*(a,b) and y(z) > 0 for all € [a,b]. Let y € R"! be the finite
difference approximation for this problem in Example 6.3.7. If there exists a § < 2
such that max,cp,4|8(z)| < /(b — a), then there exists a constant ¢ independent
of h such that

— .| < ch?. 6.25
Ofgnlfgnfuk yk|_C ( )

For the solution yT € R*~! of the upwind finite difference approximation in Exam-
ple 6.3.16 there exists a constant ¢ independent of A such that

— o1 < ch. 6.26
Jmax |ug —yy| < e (6.26)

without any additional assumptions on the function 5.

Proof. Let n € N (and thus h > 0) be arbitrary but fixed and let U = (ug)7—] be the
vector containing the values of the exact solution at z1,...,z,_1. Considering first the
discretisation in Example 6.3.7 and denoting by

Tk — (LhU)k—(Lu)(a:k), k:l,...,n—l,
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the consistency errors at the interior grid points. Then
(LU =), = (LaU)r — (Lu)(zx) + (Lu)(xr) — (Lay)k = T, + fe — frx = T
and it follows from (6.13) that
IZA(U = 9)lloe = 17l < ch?

with ¢ independent of h. Since 3, satisfy the assumptions of theorem 6.3.14 (for arbitrary
h > 0), we can conclude that there exists a ¢’ > 0 independent of h such that

U = ylloo = IL3 LU = 9)ll oo < IL5 e lITlloo < €2,

The proof for the upwind discretisation in Example 6.3.16 is identical, but as discussed
does not require any boundedness of 8 to guarantee stability and due to the use of the
forward /backward difference quotients, the consistency error is only of O(h). O

Remark 6.3.18. Finite differences can be generalized to higher order by extending the
stencils by more than one point to the left and right of the current point. Whenever we
add two points to the symmetric difference formulas, we can gain two orders of consistency.

[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]
——— ——
w'+O(h?) w+O(h2)
u'+0O(h?) u”’+O(h*)

W/ +O(ho) W' +O(hS)

Similarly, we can define one-sided difference formulas, which get us close to multistep
methods. The matrices generated by these formulas are not M-matrices anymore, although
you can show for the 4th order formula for the second derivative that it yields a product
of two M-matrices. While this rescues the theory in a particular instance, M-matrices do
not provide a theoretical framework for general high order finite differences anymore.

Very much like the starting procedures for high order multistep methods, high order finite
differences can lead to difficulties at the boundaries. Here, the formulas must be truncated
and for instance be replaced by one-sided formulas of equal order.

All these issues motivate the study of different discretization methods in the next course.

6.4 Finite element methods

To describe this alternative numerical method for BVPs, we onsider the problem
—(ku')(x) = f(x), forall z€0,1], u(0)=u(l)=0, (6.27)
where f € C[0,1] and k € C'[0,1] are given functions and k is assumed to be uniformly

positive, l.e.

k(xz) > ko >0, x€]l0,1].
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Remark 6.4.1. Note that (6.27) may also be written in the form
—ku" — K = f, (6.28)

i.e. a second order ODE of the form (6.3) with 8 = —k’/k, but the so-called divergence-
form of the ODE in (6.27) is preferable. As for finite difference methods, we could also
add a nonzero zero-order term and the analysis would remain the same provided v(z) > 0,
for all z € (0,1), but we choose not to for simplicity.

A solution of (6.27) can be found by integrating the equation twice and by building in
the boundary conditions. This requires integrals of £ and f which often can not be found
explicitly. So numerical methods are needed even in this simple case.

The idea of the finite element method (FEM) now is:

Step 1. Rewrite (6.27) in a "weak form’ only involving first derivatives of w.

Step 2. Approximate the weak form.

6.4.1 Weak form of the differential equation
To find the weak form of (6.27) we start by defining the following set of functions on [0, 1]:
V := {v e C[0,1] : v is bounded & piecewise continuous on [0,1] and v(0) =0= (1) }

Notation. A function v is called piecewise continuous on [a,b], if there exist a = ap <
ay < -+ < apy = bsuch that v € C(a;—1,a;) foralli=1,...,m.

Now suppose u solves (6.27). Then multiplying (6.27) by an arbitrary function v € V' and
integrating over [0, 1] we obtain

—/01 (k') vdzr = /Olfvd:c

Integrating by parts and applying the boundary conditions v(0) = 0 = v(1) leads to

/1 ku'v' de — [k‘u’v]é = /1 fvdx
0 —— 0
Since v € V was arbitrary, u is a solution of the problem: Find v € V such that
a(u,v) = £(v), VoeV (6.29)
where

1 1
a(u,v) = /0 ku'v'dz and f(v) := /0 fodx (6.30)

The problem (6.29) is called the weak form of (6.27).

[ Lemma 6.4.2: The problem (6.29) has a unique solution in V.
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Proof. There exists a solution u of (6.29), namely, the solution u of (6.27) and u € V.
DIY

Before proving uniqueness, note that for all v € V

1 1
a(v,v) = / ko' dz > ko/ |v|? da
0 0

since ko > 0. Hence, a(v,v) = 0 implies fol [v'|? dz = 0 and thus v/ (z) = 0 for all 2 € [0, 1].
Using the boundary conditions that implies

a(v,v) =0 = wv=0 on [0,1]. (6.31)

Now if uy,ug € V are two solutions of (6.29) then for all v € V,
0="~(v) —L(v) = a(ur,v) — a(uz,v) = a(u; — ug,v) (6.32)

by linearity of (6.30) with respect to its first argument. Since V' is a vector space then
up —ug € V, so putting v = u; — ug in (6.32) and using (6.31) it follows that u; = ug. 0O

Let us now proceed to Step 2, i.e., to approximate (6.29). We choose any finite dimensional
space V;, C V and introduce the approximate weak form: Find wuy € Vj, such that

a(up,vp) = £(vp) Yo, € Vj,. (6.33)
The notation ’subscript’ h typically indicates the stepsize of a mesh on [0, 1] (see below).

Let {¢1,...,¢n} be a basis for V3. Then we can write
n
up = Y Ui (6.34)
j=1

for some unknown coefficients y; € R. Since a is linear in its first argument, (6.33) is

equivalent to
n

Y alej o)y = Lon) Yoy € Vi (6.35)
j=1

Furthermore, the linearity of ¢ and of a (in its second argument) imply that (6.35) is in
fact equivalent to

n
j=1
Thus, the vector of coefficients y = (y;)7_; € R" is the solution of the (algebraic) system

Ay =b (6.37)
where
A = alyj, i) and by = L(p;) .

Hence, by solving (6.37) for y € R and substituting the solution into (6.34) we obtain the
solution of (6.33).

Lemma 6.4.3: The matrix A in (6.37) is non-singular and so (6.37) has a unique
solution.
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Proof. Since A is a square n X n matrix we only have to check whether the following

property holds
Az=0 = 2z=0 (6.38)

Indeed, if (6.38) is true, A is non-singular and the columns of A are linearly independent,
which ensures that Ay = b has a solution for all right hand sides b € R™.

So suppose Az = 0. Then

n n n
0222’1 (AZ)Z:ZZ% Aij zj
i=1 i=1 j=1 ~
= a(SOja SOZ)
So by linearity of a with respect to both arguments
n n n
0=a Z 2iPj, Z 2i V5 = a(vh, Uh) where Vp = Z ZiPq -
j=1 i=1 i=1

Hence, v, = 0 by (6.31) and thus z = 0, since {¢;} is a basis and thus linearly independent.
O

6.4.2 Piecewise linear finite elements

This is a practical method which corresponds to a special choice of V}, in (6.33).

Definition 6.4.4: Let
O=20<21 < - <2y <Tps1 =1

be a mesh on [0, 1] with A := max;—1,_n+1 (x; — xi—1). Then the piecewise linear
finite element space is defined by

Vi == {veC0,1] : v .4, is linear and v(0) =0=1ov(1)}. (6.39)

A basis for V}, is given by the hat functions {p; : i =1,...,n}, defined by

(T — i1
) HARS [x’i—la xl] )
Ti — Ti—1
() — Tig1— T
pilx) — =z e [m,wi),
Tit1 — T4
0, for all other x .

\

The graphs of two hat functions ¢; and ¢; (j # i) are shown in Figure 6.1.

In the special case of a uniform mesh, where x; = th and h = n%rl, the hat functions are
given by

( T — T;—1
T’L7 HARS [mi—laxi]7
pi(r) = LH}L_ ° ) T € [Ti, Tiy1],
0, for all other .
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Ti-1 i Titl Tj1 Tj Tjyr 1

Figure 6.1: Two hat functions ¢; and ¢; (j # 1).

Note. Clearly, ¢; € Vj, for alli =1,...,n. We do not include ¢g and ¢, 41, since they do
not satisfy the boundary conditions in V},.

Exercise. It can be shown that {¢1,...,p,} forms a basis for V},. DIY
Now considering the problem (6.33) with V}, as defined in (6.39), or equivalently
Vi, = span {¢;:i=1,...,n}.
Then, by the definition of ¢; and a(.,.), the matrix in (6.37) has entries
0, if [i—j]>1

x;
/ k@;—l@édxv if Jj=1—1,
Ti—1

A= Tit1 6.40
" / ki @ide, i =i+, (640
x;
Tit1
/ ko) dr if j=1.
Ti—1

If k constant or if the integral of k is known explicitly, all matrix entries can be computed
exactly . Otherwise, we may need numerical integration.

We observe that the so-called stiffness matrix A is tridiagonal:

x 0 O ... ... 0
* ok % 0O ... ... 0
* o ... 0
A=
00 ... O * ¥k
00 ... ... O * x|

where * denotes a non-zero entry. It can be solved very efficiently, e.g. using the Thomas
Algorithm (Gaussian elimination for tridiagonal systems, see Numerik 0).
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6.4.3 Abstract error analysis

7

Definition 6.4.5: Let V be a real vector space.

(a) A function a : V x V — R that is linear in each argument is called a bilinear
form.

(b) A bilinear form is called an inner product on V' if it is symmetric,
a(v,w) = a(w,v) Yo, w €V,

and if
a(v,v) > 0 YveV

with equality iff v = 0.

\.

If @ is an inner product, we can define the (induced) energy norm
1
[ollq == a(v,v)z,
which satisfies the Cauchy-Schwarz inequality

aw)| < foll ol,  Ve,weV. (6.41)

Now, consider the abstract problem (6.29) of finding u € V such that
a(u,v) = £(v) YvoeV
and its approximation (6.33) of finding u; € Vj, such that
a(up,vp) = L(vp) Vo, €V

(By “abstract” we mean that a(.,.) and £(.) are not neccessarily as defined in (6.30).)

Theorem 6.4.6: Assume a is a bilinear form and ¢ is linear. Let u solve problem
(6.29) and let uyp, solve problem (6.33). Then

a(u —up,vp) = 0 Yoy, € W, (6.42)

i.e. the error u — uy is orthogonal to the approximating space V} with respect to
the bilinear form a(-,-). If in addition a is an inner product on V, then

lu—wnll, < lu—vall,  Von € Vi (6.43)

i.e. uyp is the best approximation to u contained in Vj,.

Proof. Since V3, C V, (6.29) implies

a(u,vy) = L(vy) Yup € V.
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Subtracting (6.33) from this and using the linearity of a, it follows that
a(u —up,vp) =0 Yo, € Vj.

Hence, if a is an inner product it follows, for all v, € V},, that

2
o= unl? = a(u—un,u— )
eV,
—_—
= a(u—up,u—ovp)+alu—up,vy —up) < |lu—up|,llv—oml,
~0

using the Cauchy-Schwarz inequality (6.41). Now either ||u — ||, = 0 and (6.43) holds
trivially, or we can divide by ||u — up]|, to obtain the result. O

6.4.4 Application

Returning to the differential equation (6.27) and its weak form (6.29) and (6.30) on the
space

V = {v e C[0,1] : v bounded & piecewise continuous on [0,1] and v(0) =0=v(1)}

with . .
a(u,v) = / ku'v'dr and f(v) = / fvdx.
0 0
It is easy to show (similarly to (6.31)) that @ is an inner product on V. DIY

Let (6.33) be the approximation of (6.29) in the (finite-dimensional) space V}, of piecewise
linear finite elements in (6.39). Then, Theorem 6.4.6 implies

lu —unlly < llu—wvnl, — Von € Va,

that is
1/2 1/2

{/Olkl(u—uh)’ﬁ} < {/01k|(u—vh)’2} Yoy, € Vi . (6.44)

The LHS of (6.44) is a measure of the error u — uy, where u is the unknown exact solution.
To prove up, — u as h — 0 we need to pick a clever vy, so that the RHS can be estimated in
terms of some power of h. For this we typically make use of the piecewise linear interpolant
of u. For any v € C[0, 1] we introduce

n

(o) = Y v(@i) @i

i=1

with ¢; the hat functions given in Section 6.4.2. Then IIv € V}, and Ipv(x;) = v(x;) for
Jj=1,...,n,ie. IIv interpolates v at the points x;, j =1,...,n.

Definition 6.4.7: For any v € C|0, 1], we define the uniform (or infinity) norm

v = max |vlx)|.
lollos = max fo(z)
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Lemma 6.4.8: Suppose u solves (6.29) and suppose u € C2[0,1]. Then

1w = Thu) g < Rollu”lo -

o0

Before we prove this lemma, let us note the consequence:

Theorem 6.4.9: Let u solve problem (6.29) and let wuy, solve problem (6.33) in the
piecewise linear subspace V}, defined in (6.39). Then

1/2
lu—upll, < h|EIZ? u] -

Proof. Squaring (6.44) and choosing vy, = IT,u, it follows from Lemma 6.4.8 that

1
lu—unl? < /0 k()] (u — Ty () P

IN

1
el 12 { [ o < 2o
Taking the square root yields the result. O

Remark 6.4.10. Theorem 6.4.9 shows that if u has two continuous derivatives then u; —
u as h — 0. It follows immediately by rearranging (6.28) that u” is continuous under
the assumptions on the data k and f made at the beginning of Section 6.4. In the norm
induced by a, the convergence is linear. In the infinity-norm it can in fact be shown that

lu — unl o = O(h?) .

(Note that IT,u is used for theoretical reasons only. In general we do not know u or Il,u.)

\ \ \ \
Ti—1 xX; 1

Proof of Lemma 6.4.8.

Let d, = (u — IIu) and let 7; := (x;—1,2;). Applying the Mean Value Theorem (MVT)
on 7; (see Numerik 0), there exists some & € (z;_1, ;) such that

=0 =0
d d
Ti — Tj—1

Hence, for x € 7;\ {£}, using the MVT again, it follows that there exists 7; between z and

&; such that 0

—_——
&y, () — dj, (&)

T dp(n;) = " (m:),
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since IT,u is linear on 7; and thus (IT,u)”(n;) = 0. So, we have shown that for any = € 7;
there exists 1;,&; € (x;—1,2;) such that

dy(z) = (2 = &)u" (ns).

In particular, this implies that

max | (u — yu) (z)| = (max l — &-l) ()| < hmax |u(2)].
TET; TET; TET;
Taking the maximum over ¢ = 1,...,n leads to the desired result. O

Remark 6.4.11. (a) This completes the basic description and analysis of piecewise lin-
ear finite elements in one dimension.

(b) However, the real power of the finite element method is the fact that the analysis
extends straightforwardly also to higher-order methods, by simply exchanging the
space Vj, of piecewise linear functions in (6.39) by a space of piecewise polynomial
functions of higher order.

(¢) Furthermore, it is also easier to extend the finite element method to boundary value
problems for partial differential equations (PDEs) in two or three spatial dimensions.
More about that in Numerik 2 - Finite Elements next semester.

6.5 Iterative methods for discretised linear BVPs

As we have just seen, the discretisation of linear BVPs with finite difference or finite
element methods leads to a (sparse) linear equation system to be solved for y € R™:

Ay =b. (6.45)
To finish this section, let us discuss how to iteratively solve such a system using the gradient

method in Definition 4.2.3, as well as the significantly more efficient conjugate gradient
method (introduced already in Numerik 0, Section 6.5).

We restrict ourselves to symmetric positive definite (SPD) A € R™*" | i.e.
A=A" and (Ay,y) >0 forall yecR™{0}.

Recall (again from Numerik 0) that all eigenvalues A\; € o(A) of such a SPD matrix A
are real and positive, i.e.
0<)\1§)\2§...§>\n<00, (6.46)

and
|zl] 5 o= (A, z)'/?

defines a norm on R".
Now, consider the quadratic functional

F(z) = {(Az,z) — (b,z), forall z €R". (6.47)

Theorem 6.5.1: The vector y € R" is the unique solution of (6.45) with SPD
system matrix A if and only if

F(y) < F(z), forall x e R", x#y. (6.48)
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Proof. Let y € R™ be such that Ay = b. Since A was assumed to be SPD, it follows for

any x # y that
F(z) - F(y) = 5({Az,2) - 2(b,2) - (Ay, ) + 2(b,1))

(¢Az,2) = 2(Ay,2) + (Ay,y) ) = H{A@@ ~ ), (z — y)) > 0.

N[ =

N[ —

Conversely, if F(y) < F(z) for all x # y, i.e. y is a minimum of the quadratic function F'
on R™ it is necessary that VF(y) = 0. Thus, since

n

OF d - -
Oz (l’) = O % Z :L‘jAjka‘k — ijl’j = ZAij{L‘j — bi, for all 7 = 1, ey Ny
t ¢ Gk=1 j=1 j=1

this implies Ay = b. O

6.5.1 Gradient method

Let us now apply the gradient method in Definition 4.2.3 to the quadratic function in (6.47),
i.e. a descent method with search direction s*) = —VF(z(*)) =: —¢(*) and with line search
parameter o) = argmin, o F (ac(k) — yg(k)) in the kth iteration.

Note that since VF(z) = Az — b we have
VE(z*t)) = A(x(k) _ a(k)g(k)) —b=g® ok gg®

and the minimum o® of F (a:(k) — ’yg(k)) is attained when ~ satisfies

0
- (k) _ n (k)
B F(x Y9 )

= <v F(2®) — 7g®), g®)

= (b — Az, g®) 4 4(Ag®, g®)) = (), g®)) 4 (Ag™), g¥)).
This leads to the following iteration for finding the solution y € R™ of Ay = b.

0

7

Definition 6.5.2 (Gradient method): Given an initial value z(®) € R™ and
g(o) = Az — b, compute iterates z*), k = 1,2, ... such that

o — (g™, g*))
(Ag®), g(k))

g * D) — 2 (B) _ (k) o) (6.49)

gD Z k) _ o) 4g0)

Theorem 6.5.3: Suppose A is SPD. Then, the gradient method in Definition 6.5.2
converges for any z(®) € R” to the solution of (6.45) and the error in the A-norm
satisfies the following bound:

)\n"i’)\l

M= A
l=®) — g, < < 1> 2@ —y||,, forall keN. (6.50)
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Proof. Let e®) := z(®) — 4y Then, it follows that
eI — D (Ae®), ) (A — o), o) — o)
I (a0
a® (Agk) W) — (a(k))2< Ag®), g®))
<Ae(k)7 e(k‘)>
200 (k) gk)) — (a®)?(Agk) g0
<A—1g(k)7 g(k)>

k) g(k)\?
<Ag <9k)><194 1> g(k)> =: Q(g

(k))

Y

where we have used the fact that Ae®) = Az(®) —p = ¢*¥) Rearranging this, we can

conclude that
e D)2 = (1 _ Q(g(k)))He(k)HZ; (6.51)

Since
Allz)? < (Az,2) < Aalzl* and A Mz]? < (A7 e 2) < A7)

it follows immediately that
o(x) > A\i/A\, forall 0#xzeR"

Together with (6.51) this is in fact sufficient, to prove convergence for any 20 € R", since
0 < Ai/A, < 1. However, to obtain the error bound (6.50) we need the sharper lower

bound
4\

xr)> —m—

o(x) = O+ \1)2

which can be proved by first expanding the vector x in the eigenbasis. It is referred to as
the Kantorovich Inequality, but we will skip its proof (see e.g. [Ranl17a, Hilfssatz 6.4]).

for all 0# x € R", (6.52)

Now, using the bound (6.52) in (6.51) we get

AN\ A=A\
eI < (1- 0 ) 1e®)% = le™1%,
(An + A1) An + M1

which implies (6.50). O

Example 6.5.4. Let us consider the finite difference system from Example 6.3.7 with
[a,b] = [0,1] and B = v, =0, i.e.

2 -1 Y1 f1

Lyy=h={ "~ = =] =
. =1 : :
-1 2 Yn—1 fnfl

with h = 1/n. Note that the finite element stiffness matrix A in (6.40), on the same
uniform mesh as in Example 6.3.7 and with k& = 1, satisfies A = hL,.
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Using the trigonometric identities, it can be shown that the eigenvalues and eigenvectors
of Ly are given by DIY

-
A = 4h ™% sin? (gkh) and v = (sin(ﬂkh), sin(2wkh), ..., sin((n — l)wkh)) ,
fork=1,...,n—1.

Using the identity 2sin?(9) = 1 — cos(21), we can then compute the convergence rate for
the gradient method in (6.50) as

6
An—1— A1 2sin? (5 (n — 1)h) — 2sin? (5h)
A1+ XM 2sin® (3(n — 1)h) + 2sin® (Zh)
cos(mh) — cos(m — mwh) 2 cos(mh)

T 2_ cos(mh) — cos(m — mwh) T o2- cos(mh) + cos(wh) = cos(mh).

Taylor expanding cos(mwh) around 0, we can finally deduce that

An— Y 2h2 3h3
Znml 7 21— cos(0) — sin(0) wh — cos(0) UL sin(0) Tr . O(h*)
A—1+ M \T \ja./ \j,l_/ \16-/ 6

7T2
=1- ?h2 +O(hh)

Thus, the convergence rate of the gradient method applied to the finite difference system
becomes quickly very poor: For h = 1/10 the convergence rate is 0.951, but for h = 1/40
the convergence rate is already 0.997 and over 700 iterations are necessary to reduce the
error just by a factor 1/10 (indeed 0.99774% ~ 0.1).

6.5.2 Conjugate gradient method

The gradient method only uses the structure of the quadratic functional F(-) (i.e. the
distribution of the eigenvalues of A) only locally from one iteration to the next. It would
be better to incorporate the already gained information by orthogonalising the descent
directions with respect to previous directions. This is the basic idea of the conjugate
gradient (CG) method by Hestenes & Stiefel [HS52].

Note first that
2F (x) = (Az,x) — (b,x) — (Ay, z)
= (Az = b,z —y) — (b,y) = llz — % — Iy,
so that minimising F' is equivalent to minimising ||z — y|| 4.

To derive the CG-method consider a general descent method, as in Definition 4.2.1, such
that

k—1
z®) — 20 4 ZQ(J)S(J)7
j=1
where the stepsizes al?), j = 1,...,k — 1, are chosen such as to minimise F(zx) over the
subspace
20 4 By =20 + span{s(o)7 e ,s(kfl)} (6.53)
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with yet to be specified, linearly independent search directions s, i.e.

(*)y = i (k) _ — i —
Fe) = min F@) e e®—yly= min ooyl (659

By setting the derivatives of F' with respect to the parameters a to 0, we can derive
the following (necessary and sufficient) orthogonality conditions for the gradient g =
Az®) — b at the kth iteration:

: , OF
(k) )\ = (k) _p g0\ = (k)y — - _
<g .S > = <Aac b, s > = 520 (')y=0, j=0,...,k—1. (6.55)

A natural choice for the space By, is the so-called Krylov-subspace
B = Ki(s'9; A) := span{s® As© . AF 1OV with s :=b— 42 (6.56)

The motivation for this choice is the following lemma.

[ Lemma 6.5.5: AFs©) ¢ K;(s©: A) implies g =0 (i.e. z®) =y).

Proof. Tf A¥s(©) € K, (5(0); A) then
g®) = A2® — 20) — 5O ¢ O L AK(s©; A) c Ki(s©); 4).

However, since (6.55) implies (%), s) = 0, for all s € K;(s(©); A), we get ¢i¥) = 0. O

In the CG method, given a starting vector (%), the search directions s¥) are now con-
structed by inductively building an A-orthogonal basis of K k(s(o); A):

We set 50 = b — Az(©),
Let {s(0, ..., s*=1} be an A-orthogonal basis of Kj(s(®; A) and let 2(¥) £ y,

such that g®) # 0 (otherwise we are finished). Then we construct s*) € K 1(s(?); A)

such that A
(As®) sy =0, forall j=0,....k—1, (6.57)
using the following ansatz:
k—1 '
sk = —g® +3 " 8;50) € Kppa (s 4), (6.58)
§=0
for some Sy, ,...,Br_1. Note that ¢ & K (s(9); A), since otherwise g¥) = 0 (as in

the proof of Lemma 6.5.5). Substituting in (6.57) we get for all ¢ =0,...,k — 1 that
0=(s®, A5y = <_g(k) + Zﬁjs(]),As(Z)> = — (g™, As®Y 4 Bi(sD AsD)
j=0

From (6.55) it follows that (¢*), As(®) = 0 and thus 8; = 0, for all i = 0,..., k — 2.
For i =k — 1 we get

= : and s®) = —g*) 4 gh=D)g(k=1) (6 59)



For the next stepsize () it follows from (6.55) that

0= <Ax(k+1) — b, s(k)> = <Ax(zjk>— b+a®) A, s(k)> = <g(k), S(k)> + a(k)<As(k), s(k)>

and thus D = 20 4 oK) k) and g+ = ¢k) 1 o) A5(k) with

(k) o(k)
o) (g™, s)

= _7<3(’f),As(k)> . (6.60)
Finally, we can exploit the orthogonality relations
(gF D) gy =0 and (g*+D Uy = (s*HD A5y =0, 0<j <k,
to deduce
a<k><s<kz>, A5<k>> _ <3<k)’a<k> Ask) _ g(k+1)> _ <s<k> _ /Bik)S(k_l)7 _g<k>> _ <g(k)7 g<k>>

=—gk) =—g(k)

a<k>< Ash) g<k+1>> _ <g(k) + 450 g(k+1>> _ <g<k+1>, g<k+1>>

which allows to simplify the formulae for a*) and for 8 in (6.60) and (6.59) to arrive at
the following algorithm.

Definition 6.5.6 (Conjugate Gradient (CG) method): Given an initial value
£ e R™ and s(0 = —¢(® = Az —p, compute iterates (), k = 1,2, ... such that

S0 9™ g®)
(A5, )y
gD = ) 4 o0 450, (6.61)
gty — (g0 g D)
(g), gk}
S+ ) 4 (k) g(8).

. J

By construction, unless the algorithm finishes early with z(¥) = y for some k < n, the
directions s, ..., s produced by the CG method are A-orthogonal and thus linearly
independent. Hence, they form a basis of R™ and we can collect all the properties derived

so far in the following theorem.

Theorem 6.5.7: Suppose A € R™" is SPD. In exact arithmetic, the CG method
terminates for any z(?) € R™ after K < n iterations with () = y. In each iteration,
we have
(k) _ - i _
75 = min 7
| vlla= _min llz=yla

with K}, := span{s(®, ..., s*=D} = span{s®, ..., Ak-1s0)}
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Remark 6.5.8. As we have just seen, the CG method is in fact a “direct method” and
provides an explicit solution in at most n iterations. However, in practice it is always used
as an iterative method, since the A-orthogonality may not be guaranteed due to rounding
errors and the method leads to good approximations already after significantly fewer than
n iterations for large matrices.

Finally we can also establish an error bound and a convergence rate in the A-norm as for
the gradient method.

e

Theorem 6.5.9: Suppose A € R™*" is SPD and z(°) € R™. Then, the iterates
produced by the CG method in Definition 6.5.6 satisfy the following bound in the

A-norm:
Vo — v \”
(k) _ < ("1> © _ forall ke N 6.62
T z , fora e N. :
” y”A = \/E‘i‘\/x H yHA ( )
Proof. See |[RanlT7a, Satz 6.10] (not examinable). O

As for the gradient method, the convergence rate becomes very poor when A, > 1.
However, the number of iterations grows significantly slower than for the gradient method
and in contrast to the bound for the gradient method in Theorem 6.5.3, which is attained
in practice, the bound for the CG method in Theorem 6.5.9 is often rather pessimistic.

Example 6.5.10. As for the gradient method, we can also compute the convergence rate
for the CG method in Theorem 6.5.9 for the finite difference system in Example 6.5.4
explicitly. Using the eigenvalues derived there and Taylor expanding, we get DIY

VAot — VA1 sin(§ —ZSh) —sin (5h)  cos (Fh) —sin (5h)
m-# VA sin (% - %h) + sin (gh)  cos (gh) + sin (gh)

2
= 1—7h+ 7h2 + O(h?).
Thus, the rate degenerates significantly slower with h — 0.

Finally, in Table 6.1, let us compare the rates for the two iterative methods on the problem
in Example 6.5.4, as well as the actual numbers of iterations to reduce the error in the
A-norm by a factor of 1074, starting with z(®) = 0. The right hand side is chosen to be
f(z) = %2 sin(5z), so that the exact solution is given by u(z) = sin(§z) — .

In the second and third column in the table we present the discretisation errors in the
energy norm and in the uniform norm, respectively. In Columns 4 and 5, we see the rate
of convergence and the iterations for the gradient method. As predicted, the convergence
is extremely slowly, even for the smaller systems. The CG method converges in exactly
n = 1/h — 1 iterations for h = 1/10,1/20,1/40. For the larger two systems the iteration
terminates for K < n.
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Error Gradient Method CG Method
1/h| |lu—wupnl, |lu—un|. | rate # iterations rate # iterations
10 [4.36 x 1072 2.98 x 1073 | 0.9511 174 0.727 9
20 | 2.18 x 1072 7.58 x 1074 | 0.9877 722 0.854 19
40 | 1.09 x 1072 1.91 x 10~ | 0.9969 2935 0.925 39
80 | 5.45x 1073 4.80 x 1075 | 0.9992 11829 0.962 78
160 | 2.73 x 1073 1.20 x 10° | 0.9998 47486 0.981 156

Table 6.1: Discretisation errors in energy and uniform norm for the Poisson problem in
Example 6.5.4 (Columns 2-3). Comparison of the convergence rates and the numbers of
iterations to reduce the error by a factor 10~ for the gradient method (Columns 4-5) and
for the CG method (Columns 6-7).

Remark 6.5.11.

(a) In practice, the CG method is typically used in conjunction with a

so-called preconditioner, a matrix M that is a “cheap” approximation of the inverse
of A, such that the system matrix M A of the preconditioned system M Ay = Mb
has a narrower spectrum, i.e.

(b) The symmetry and the positive definiteness of A was not essential. There are other
Krylov subspace methods, such as the Generalised Minimal Residual (GMRES)
method, that are extensions of CG to general nonsymmetric systems with invertible,
square matrices A.
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Chapter 7

Outlook towards partial differential
equations (not examinable)

Finite difference methods for two-point boundary value problems have a natural extension

to higher dimensions. There, we deal with partial derivatives 8%1, 8%2, 6%3 and %.

As an outlook towards topics in the numerical analysis of partial differential equations, we
close these notes by a short introduction by means of some examples.

7.1 The Laplacian and harmonic functions

Definition 7.1.1: The Laplacian in two (three) space dimensions is the sum of
the second partial derivatives

0? 0? 0?
Au=— — — 7.1
u aﬁu%- 835%“ <+8x§u> (7.1)
The Laplace equation is the partial differential equation

—Au=0. (7.2)
The Poisson equation is the partial differential equation

—Au=f. (7.3)

Solutions to the Laplace equations are called harmonic functions.
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Theorem 7.1.2 (Mean-value formula for harmonic functions): Let Q C R?
and let u € C?(Q2) be a solution to the Laplace equation on §2. Then, u has the
mean value property

1
u(x) = T To(d) /E)Br(x) u(y) ds, (7.4)

where 0B, (x) C Q is the sphere of radius r around x and w(d) is the volume of the
unit sphere in R

Proof. First, we rescale the problem to

1 1
U0 = 0T " G

Then, it follows by the Gauf theorem for the vector valued function Vu that

1
o' (r :/ Vu(x +rz) - zds,
(r) w(d) Jop (o) ( )

1 y—X
- . d
rd=Tw(d) /83T(x) Vu(y) r Sy

= —— A =
Td_lw(d) /Br(x) u(y) dy

Therefore, ®(r) is constant. Because of continuity, we have

. ) 1
li () = lip e [ ) ds = ),
which proves our theorem. O

Theorem 7.1.3 (Maximum principle): Let a function u € C?(£2) be a solution
to the Laplace equation on an open, bounded, connected domain Q C R¢. Then, if
there is an interior point xg of €2, such that for a neighborhood U C Q of xq there
holds

u(xg) > u(x) Vx e U,

then the function is constant in €.

Proof. Let xo be such a local maximum. Then, there exists a R > 0 such that B, (xg) C
and u(xg) > u(x) for all x € B,(x0) and for all 0 < r < R. Assume that there is a point
x on 0B, (xp), such that u(x) < u(xg). Then, this holds for points y in a neighborhood of
x. Thus, in order that the mean value property holds, there must be a subset of 0B, (xq)
where u(y) > wu(xg), contradicting that xg is a maximum. Thus, u(x) = u(xg) for all
X € 0B, (xp). Since r < R was arbitrary this implies u(x) = u(xg) for all x € Br(xo).
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Let now x € 2 be arbitrary. Then, there is a (compact) path from xg to x in 2. Thus, the
path can be covered by a finite set of overlapping balls inside 2, and the argument above
can be used iteratively to conclude u(x) = u(xp). O

Corollary 7.1.4. Letu € C?(2) be a solution to the Laplace equation. Then, its mazimum
and its minimum lie on the boundary, that is, there are points x,X € 082, such that

u(x) <wu(x) <uxX) Vxe.

Proof. If the maximum of w is attained in an interior point, the maximum principle yields
a constant solution and the theorem holds trivially. On the other hand, theorem 7.1.3 does
not make any prediction on points at the boundary, which therefore can be maxima. The
same holds for the minimum, since —u is also a solution to the Laplace equation. O

Corollary 7.1.5. Let u,v €€ C%(Q) be two solutions of the Poisson equation (7.3) with
homogeneous boundary conditions u =v =0 on 2. Then u = v on €.

Proof. Assume there are two functions u,v € C?(Q) with u = v = 0 on 99 such that

—Au=—-Av=f.
Then w = u — v solves the Laplace equation, i.e. —Aw = —Au+ Av =4, and w =0 on
09. Due to the maximum principle, w = 0 and thus u = v. 0

The proof of existence of a solution of the Poisson equation is more involved and we will
not address it here.

7.2 Finite difference methods in higher dimensions

7.2.1. Let us now study how to apply the finite difference method to solve the Poisson
equation in (7.3). We consider Dirichlet boundary conditions

u(x) = up(x), for x € 0. (7.5)

As for two-point boundary value problems, we can reduce our considerations to homoge-
neous boundary conditions up = 0 by changing the right hand side in the Poisson equation.

Example 7.2.2. The notion of an interval I can be extended to higher dimensions by a
square © = I? or a cube Q = I3.

(a,b,b) (b,b,b)

(a,b) (b, b)

(a,a,b) (b,a,b)

(a, b, a) .................................... (b, b, a)

(a,a) (b,a) (a,a,a) (b,a,a)
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Definition 7.2.3: A Cartesian grid on a square (cube) domain 2 consists of the
intersection points of lines (planes) parallel to the coordinate axes (planes).

The grid is called uniform, if all lines (planes) are at equal distances.

For the remainder of this discussion let us restirct to the two-dimensional case, d = 2, and
to uniform Cartesian grids.

Definition 7.2.4: The vector y of discrete values is defined in grid points which
run in x1- and xo-direction. In order to obtain a single index for every entry of this
vector in linear algebra, we use lexicographic numbering.

[n—1][n—2H1  |[n—1][n—2+2 | [n—1]2-1 [n—1]2

[n—1][n—3]+1 [n—1][n—3]+2 [n—1][n—2]-1 [n—1][n—2]

n—1+1 n—1+42 2[n—1]-1 2[n—1]

1 2 n—1—1 n—1

Definition 7.2.5: The 5-point stencil consists of the sum of a 3-point stencil in
x1- and a 3-point stencil in xo-direction. Its graphical representation is

For a generic row of the linear system, where the associated point is not neighboring
the boundary, this leads to

_u(x(k—n+1)) . u(x(k—l)) + 4u(X<k)) _ u(x(k+1)) _ U(X(k—i—n—l))
h2

Diu(x™®)) = (7.6)

If the point x*) is next to the boundary, the entry corresponding to the neighboring
boundary point can be omitted, since the value is assumed to be zero there.
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Example 7.2.6. The matrix L; obtained for the Laplacian on Q = [0, 1]? using the 5-
point stencil on a uniform Cartesian mesh of mesh spacing h = 1/n with lexicographic
numbering is in RV*Y with N = (n — 1) and has the structure

D I 4 -1
I D -I -1 4 -1

I D -I -1 4 -1

I D] 1 4

Theorem 7.2.7: The matrix Lj; obtained by discretising the Laplace operator via
the 5-point stencil formula is an M-matrix and the solution of the discrete problem

Lyy = f
is stable in the sense that there is a constant ¢ independent of h such that

L5 o < .

Proof. The proof is identical to the proof for 2-point boundary value problems. To show
boundedness of ||L,:1HOo we can use in a similar way the function

p(x1,xe) = x1(1 — x1)22(1 — 22).

Theorem 7.2.8: The finite difference approximation in Example 7.2.6 for the Pois-
son equation in (7.3) on the unit square Q = [0,1]? with homogeneous Dirichlet
conditions is convergent of second order, i.e.

®)) — | < ch?.
k:l,?%f,l)z |U(X ) yk;’ <c

Proof. We apply the consistency bound in (6.13) in the x1- and zo-direction separately,
obtaining

0?2 u(zy + h,z2) — 2u(z1, x2) + u(z1 — h, 22) 9
ai_j[;%u(x) — h2 S ch

0? u(x1,x2 + h) — 2u(zy, x2) + u(x1, 22 — h) 9
—ax%u(x) - 72 < ch?,

and deduce the second-order consistency of the 5-point stencil by the triangle inequality.
The remainder of the proof is identical to the proof of theorem 6.3.17. 0l

Theorem 7.2.9: Let y be the solution to the finite difference method for the Laplace
equation with the 5-point stencil. Then, the maximum principle holds for y, namely,
if there is k € {1,...,(n — 1)%} such that y; > y; for all j # k and y < yp for any
boundary value, then y is constant.
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Proof. From equation (7.6), it is clear that a discrete mean value property holds, that is,
yr, is the mean value of its four neighbors. Therefore, if y;, > y;, for all neighboring indices
J of k, we have y; = y;. We conclude by following a path through the grid points. O

7.3 Evolution equations

After an excursion to second order differential equations depending on more than one spa-
tial variables, we are now returning to problems depending on time. But this time, on time
and space. As for the nomenclature, we have encountered ordinary differential equations
as equations or systems depending on a time variable only, then partial differential equa-
tions (PDE) with several, typically spatial, independent variables. While the problems
considered here are covered by the definition of PDE, time and space are fundamentally
different. Therefore, we introduce the concept of evolution equations.

While the problems in Definition 7.1.1 are PDEs of elliptic type. The following problems
can be either parabolic or hyperbolic.

7

Definition 7.3.1:
(a) An equation of the form

ou
a(t, x) = Lu(t, z), (7.7)

where u(t,.) is in a function space V on a domain Q C R?, d > 1, for all time
teR,and L:V — C(Q) is a differential operator with respect to the spatial
variables x only, is called a linear evolution equation of first order (in time).

(b) Considering for simplicity only the case Q = (a,b) C R of one spatial variable,
the existence and uniqueness of solutions of such evolution equations can be
guaranteed by specifying suitable conditions

u(0, ) = up(x) ASRY) (7.8)
Bau(t,a) + Byu(t,b) = g(t) t>0. (7.9)

This is then referred to as an initial boundary value problem (IBVP).

7.3.1 Parabolic PDEs

Example 7.3.2. Consider the case of one spatial variable, i.e. Q = (a,b) C R, and the
differential operator —L as defined in (6.4), i.e. a general, linear second order differential
operator with respect to the spatial variable x, for simplicity with 5 = (z) and v = v(x)
independent of ¢. Furthermore, let u(t,a) = u(t,b) = 0.

This PDE is parabolic and for 8 =« = 0 it is called the heat equation.

We can now discretise the right hand side of (7.7), for every fixed ¢ > 0 on a spatial grid
xo,...,Tn, as in Example 6.3.7, to obtain a system of ODEs

y'(t) = —Lpy(t)
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for the unknown (semi-discrete) vector y(t) € R"~! of approximations to the solution u(t, -)
of (7.7) at time ¢t. By choosing as the initial condition

ye(0) = up(xg), k=1,...,n—1

we obtain an autonomous linear IVP for y : [0, 7] — R"~! that we can now solve with our
favourite time stepping method.

For 7 > 0 and || sufficiently small, the eigenvalues of —L; have negative real part
and vary strongly in size, e.g. for 3 = v = 0 we have \; = —4n?sin(7/2n) ~ —72 and
A1 = —4n?sin(m(n — 1)/2n) ~ —4n?. Thus, the problem is stiff, especially for n large,
and we should use a stable time stepping method.

From Theorem 6.3.17 we know that the spatial discretisation is of second order. Thus, a
common time stepping method to use is the Crank-Nicolson method (cf. Definition 3.3.7),
which is the second order A-stable LMM with the smallest error constant. To distinguish
between spatial grid points and time steps, choose m € N and let At = T'/m be the time
step size. We denote the approximation of y(¢;) at the jth time step t;, j = 1,...,m,
by YU) € R*1. Applying the Crank-Nicolson method we finally obtain the fully discrete
System

O =y 0B (Ly0 4 Ly ) e <1 + A;Lh) y ) — (1 . A;Lh>y<j—1>

for the jth time step. Since the real part of the spectrum of Ly is positive, the matrix on
the left hand side is SPD and thus invertible, so that we can solve this system uniquely,
for any At > 0.

We finish by stating the convergence result for this example.

Theorem 7.3.3: Consider the problem in definition 7.3.1 in one space dimension,
ie. Q= (a,b) C R, and the differential operator —L as defined in (6.4) with g =
B(x) and v = y(x) independent of ¢. Furthermore, let u(t,a) = u(t,b) = 0. Then,
with central finite difference discretisation of L with mesh width A and applying the
Crank-Nicolson method to discretise in time, as described in Example 7.3.2 with
step size At < h, there exists a constant ¢ > 0 independent of h such that

max max Y,C(J)—u(tj,xk) < ch?.
7=0,...,m k=0,....,n

7.3.2 Hyperbolic PDEs

Example 7.3.4. Finally, consider (7.7) with Lu = —a% and a > 0, i.e. the linear
advection equation
ou ou
7 = 1
ot +a893 0 (7.10)

which models (spatially) one-dimensional transport or advection of a substance (e.g., by a
fluid) from left to right with constant advection speed a > 0. (The case a < 0 is similar,
but the advection is from right to left.)
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t=20
a
— » T
U
0 t=1t >0
a
> T
AU
t=1ty > 1
a
> U

Figure 7.1: Traveling wave solution to the advection equation.

This PDE is hyperbolic and solutions behave very differently to those of parabolic evo-
lution equations, such as the heat equation in Example 7.3.2 above, which approach a
steady state (without further perturbations). As an important consequence, after a spatial
discretisation of Lu the resulting system of ODEs is not stiff and explicit time stepping is
typically sufficient.

Given an initial condition u(0,x) = ug(x), for all x € R at ¢t = 0, the solution of (7.10) can
in fact very easily be seen (by inspection) to be

u(t,z) = uo(x —at), forall zeR, t>0, (7.11)
i.e. a traveling wave (cf. Fig. 7.1. The shape of the solution does not change over time.

We can easily translate this also into an initial boundary value problem, as in Definition
7.3.1. Consider (w.l.o.g. that) Q = (0,1) and assume that the initial condition ug(z) =0
on § for simplicity. Then choosing the boundary condition u(t,a) = g(t) := uo(0 — at) for
t > 0, leads again to the traveling wave solution (7.11).

Note that since the spatial operator L in (7.10) is of first order, we only need one boundary
condition and it needs to be “upstream”; for ¢ < 0 the boundary condition needs to be
specified at x = 1. For any ¢ > 0, the solution only depends on values of the solution
upstream at earlier times. This gives an analytical domain of dependence. Thus, for
any numerical approximation we have the following necessary condition found by Courant,
Friedrichs and Lewy.

Definition 7.3.5 (CFL Condition): For any approximation of the solution of
(7.10), the numerical domain of dependence must contain the analytical domain of
dependence. In particular, given a spatial discretisation of (7.10) with mesh size h,
we have the following time step restriction

At< 2. (7.12)

SIS
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It is beyond the scope of this course to explain this condition in detail in terms of charac-
teristics.

Let us now consider discretisation of Lu in (7.10) by a central difference and an explicit
Euler time discretisation, i.e.

. . At . -
R (V= vY). (7.13)

Let ug(z) be 2m-periodic, so that it can be expanded in a Fourier series

ug(z) = Z Bee'™”

f=—00
and thus -
Y =ug(ar) = > Be™, k=0,+1,%2,...
{=—00

Applying (7.13) with j = 1 we get

(1) > alt >

1 ilkh ilh —ilh ilkh

Yy :éz Bee' (1—2}l(€z —e’ )) :ez YeBee'
=—00 =—00

with At
=1 aTisin(Eh).

Thus, proceeding recursively, yields

o
Yk(y) _ Z Vgﬁzezékh‘

f=—00

The number -, is called the amplification coefficient of the ¢th frequency at each time

step. Since

a’At?

vel? =1+ 2 sin?(¢h) > 1, if th #mm, m € Z,

the nodal values |Yk(j )] continue to grow as j — oo and the numerical solution “blows up”,
whereas the exact solution satisfies

lu(t,z)| = |up(x — at)| < |lugll,, forall zeR, t>0.

Thus, the central discretisation scheme (7.13) is unconditionally unstable, i.e. unstable
for any choice of h > 0 and At > 0.

A simple remedy is to use the upwind difference quotient again (as before at the expense
of a lower consistency order), i.e. to use instead

v =yl - %a (Y,j”l) - Y,{f{;”) = (1 - Ahta) v 4 %ay,j{;” L (T14)

Since the right hand side is just a convex combination of two neighbouring grid values, we

can easily see that

inf {ug(zm)} < Yk(j) < sup{uo(xm)}
meZ mez

121



and thus '
YD) < 1Y .

The upwind difference scheme is stable and the time step is only constrained by the CFL
condition in (7.12).

It is possible to also define stable schemes that are of higher-order in A and At, but we
will not discuss this any further.
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Appendix A

Appendix

A.1 Comments on uniqueness of an IVP

For a first order differential equation, Lipschitz continuity of f is only a sufficient and not, as
one might think, a necessary condition for uniqueness of a first order differential equation.
The following theorem and proof show that it is indeed possible to have uniqueness without
assuming Lipschitz continuity.

Theorem A.1.1 (Non-necessity of L-continuity): Let f be a continous function
satisfying f(z) > 0 for all z € R. Then, the solution to the (autonomous) IVP

u'(t) = f(u(t)) (A.1a)
u(to) = uo (A.1b)

is globally unique for all (tg,ug) € R2.

Proof. Assume two solutions ¢, 1): I — R on an open intervall I with ¢ty € I. Then,

ey
Y= 7 6) T Fwi) forall ter (4.2)

Define the function F': R — R through

T ds

F is continously differentiable since

srio-a ([ 1)

Obviously, F' is also stricly increasing, hence injective on R: Take z, y € R and assume
without loss of generality that @ < y. Then we have F'(z) < F(y) and thus F(x) # F(y).
Thus, F' is an injection.
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Also, for all t € I, it follows from (A.2) that
A C) Loy(s)

ds = d
w PG / Fs)

Thus, since F' is injective, we have ¢(t) = 1 (¢t) for all ¢ € I. In conclusion, the IVP (A.1)
has a unique solution. O

F(p(t) =

= F(y(1)).

A.2 Properties of matrices

A.2.1 The matrix exponential

Definition A.2.1. The matrix exponential e? of a matrix A € R%? is defined by its
power series

o k
eh=>" A (A.3)
kI

Lemma A.2.2. The power series (A.3) converges for each matriz A. It is therefore valid
to write

m o
Ak Ak
= D =2 (A4)
Proof. Let |-|| be a submultiplicative matrix norm on R?. We want to show that the
sequence of partial sums (Sn)nen, With Sy, given as limy, 00 Y pe, Ak—f converges to S =
e = limy,_yoo Yoo k, . Consider therefore
m m
. AF . AP
15 = Sl = || lim_ > 2o || = > =l (A.5)
k=n+1 k=n+1
Using the triangle-inequality and the fact that ||-|| is submultiplicative yields
i 5[ < 3 Lar o
=n+1 =n+1
Considering the limit n — oo concludes the proof. O

Lemma A.2.3 (Properties of the matrix exponential). The following relations hold true:

e =1 (A7)

eAefA = elathA VA € R™?Vq, B € R, (A.8)
ete™ =1 VA € R4, (A.9)
TTAT _ p-leAT VA, T € R4 jnvertible, (A.10)
ediag(A,Aa) — diag(eAl, e e)‘d) VNeR,i=1,...,d. (A.11)

A

Moreover, e? is invertible for arbitrary quadratic matrices A with (e4)™t = e=4.
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Proof. The equality (A.7) follows directly from the definition.

For (A.8) consider the function p(«) given by

(,0(0&) _ eaAe,BA _ e(oz-i-ﬁ)A.

Then
¢'(a) = A(e*ePA — e(‘”ﬁ)A) = Ap(a) and ¢(0) =T — P4 =0,

giving us an IVP for ¢(a) with unique solution () = e*4p(0) = 0, and the identity in
(A.8) follows.

Equation (A.9) is a special case of (A.8) with parameters « = 1 and f = —1, which in
combination with (A.7) leads to the result.

For (A.10) note that R4*? forms a ring and is thus associative. Then, for k € Ny, we have

(T7YAT)E = (T YAT)(TYAT) - - (T YAT)(TLAT)
TYATT YA - - T HATT YHAT = T AFT

and thus

T-1AT 001 -1 001—1k_ -1 Oolk o -1 A
ZE AT)F Z/? AFT = T -(Zk!A>-T = T leAT,
k=0 k=0

k=0

To prove (A.11), let D = diag(\1,...,\q) € R¥™9 where \; € R, i = 1,...,d. Then,
= diag(\}, ..., AF), for any k € Ny, and we have

W}l_rgoz o diag(AF, ..., AF) (A.12)
1
L . k k
—n%gr})okzodlag (MAI,...,HAH) (A.13)
= lim dia, f:lxe ilxk (A.14)
_Vn—ﬂn g X Toeees %l n .
k=0 k=0

= di li 3 L\ li 3 L\ A.15
=diag mﬂo;k' 1,...,mgrcl>0k_ Ry (A.15)
= diag(e™, ..., eM) (A.16)

Here, we have used the absolute convergence of the series and that these matrices are
elements of the ring R4

The final property follows immediately from (A.9). O

Example A.2.4. We will perform an exemplary calculation of a matrix exponential. Con-

sider
0 1
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As the matrix exponential of a diagonal matrix is simply a diagonal matrix with the
exponential of the entries, we diagonalize A.

To diagonalize A, note that the eigenvalues A1, Ay of A are Ay = k and Ao = —k. Let
D = diag(A1, \2) = diag(k, —k). The corresponding eigenvectors are ¢; = (l,k)T and
Y2 = (1, —k). The matrix ¥ = (¢1|¢)2) € R?*? satisfies

A=9"1Dy,

w3 )

and with the above lemma we can now calculate

. L[ eFde ™  1pek —eF) cosh(k)  1/ksinh(k)
et = TePT = 2 <k(ek —e k) ek ek ) - <k sinh(k)  cosh(k) > ’

The inverse of W is given as

A.3 The Banach fixed-point theorem

Theorem A.3.1 (Banach fixed-point theorem): Let Q C R be a closed set and
f: Q@ — Q acontraction, i.e. there exists v € (0, 1) such that |f(z)— f(y)| < v|z—yl.
Then, there exists a unique z* € €2 such that f(z*) = z*.

Proof. Let xg € Q and define 41 = f(xr). First, we prove existence using the Cauchy-
criterion. Let k,n € Ny and consider

|2k — Thgom| = | f(h—1) = f(@rsm—1)| < V|Th-1 — Thym—1)|-

Iteratively, we get

| — | < V|0 — Tl

We now write g — xp, = 29 — 21 + 21 — 22 + -+ + Tyy—1 — T The triangle-inequality
then yields the estimate

Tk — Tpam| < o (|Jzo — w1| + |21 — 22| + - + |21 — Tin)

<AFlzo =@ (L+y+972 4+ 44" <

1_7|x0—x1.

As k gets larger this estimate goes to zero.
Concerning uniqueness, let z* and y* be fixpoints. Then,
2% =y = [f(2x) = f(y")] < Ala" — o7

Since v € (0,1) we immediately obtain |z* — y*| = 0. Using that |a| = 0 if and only if
a = 0 yields y* = x*. This concludes the proof. 0l
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A.4 The implicit and explicit Euler-method

The explicit resp. implicit Euler is given by the one-step method

y1 = Yo + hf(vo) resp. Y1 =yo + hf(y1)

Clearly, the explicit Euler is a rather easy calculation since all one needs are f, h and yq.
The implicit Euler is more difficult to compute since for calculating y; we need the value of
f at y1. The goal of this section is to visualize and give an intuition for the two algorithms.

Consider the following visualizations.

' (t1)
u/(to)
t t
For the explicit Euler we take ug and w,. For implicit Euler we go backwards. On
Y1, our approximated solution for uq, is the t1-axis we are looking for an the affine
chosen as the intersection point of ¢; and function ¢ that fulfills ¢(0) = up and
g(t) = yo +t-u'(to). g'(t1) = f(t1). Then we set y1 = g(t1).

A.5 Derivation of a BDF-scheme

The BDF formulae use the approximations of the solution at the previous time steps
ty — sh,...,ty — h and the unkown value y; at t; that we would like to determine. With
the Lagrange polynomial given by L;(t) = [[_¢ ;. ttj_%gl we let y(t) = 327 o Yr—jLs—j ()
Then, we will assume that y solves the IVP in the point t; and obtain a linear system from
which we derive the desired value yy.

We now aim to derive the scheme for BDF(2): Let the points ¢t — 2h, tx — h and t; be
given.

—@ L 4 o—>1{
tk—2h tk—h 12

For the corresponding Lagrange polynomials we have, resp.,

Lo(t) _ (t—tk-gzg(t—tk) ’ Ll(t) _ (t_tk)(th_gtkj_2h) and LQ(t) _ (t—tk+2g%gt—tk+h) )

By assumption the interpolation polynomial fulfilles the IVP in the point ¢z, i.e. there
holds fi := f(tk, y(tk)) = y'(tk) = >_5—1 Yk—jLy_;(t). Since
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Ly(t) = 25+ (1) = —254F20 and Ly(1) = 25050
evaluation at ¢ = ¢, yields
Jr= Tlhykq - %ykq + %yk-

The final BDF(2)-scheme is obtained by multiplication with %:

Yk — 3Yh—1 + 3Yk—2 = 2 Sk
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