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Newton has shown that a law is only a
necessary relation between the present
state of the world and its immediately
subsequent state. All the laws
discovered since are nothing else; they
are in sum, differential equations.

H. Poincaré

Part 1
Introduction

1 Systems of ODEs
A general system of ordinary differential equations (ODE) can be written

7 (6) = £(a().) )

x(0) = o, '

whose solution is a continuous function x : [0, 7] — R? that satisfies the first equation for all

times ¢ in the interval (0,T"), together with x(0) = xg, where ¢ is a given nitial condition.

The state x(t) at time t is a vector that lives in R%. (More generally we can consider a
nonzero initial time.)

We can alternatively use the Newton dot notation %(t) = &(t) for the time derivative.
For the p-th order derivative we can write %(t) = z®)(t).

1.1 Reduction to autonomous case

In (1.1), f: RY x R — R is a function of state and time. If in fact f(x,t) = g(z) for some
g, i.e., f does not depend directly on time, then we can write (L.1)) as

() = g(z(t)).
In this case, the ODE is autonomous, otherwise non-autonomous.
In fact we can always reduce to the autonomous case by adding one dimension to the
state variable! To see this, let y € R4t! be an augmented state variable. y1.q will correspond

to the original state  and y441 will be an extra variable which simply tracks the progress
of time. Then define a function g : R“+! — R? by

9(v) = f(y1:d, Ya+1)

and consider the system



Since the last variable solves y441(0) = 0, y,,(t) = 1 for all ¢, we must have yq11(t) = t,
and we can recover a solution z(t) of the original system via z(t) = y1.q4(t).

1.2 Reduction to first-order case

What about higher-order time derivatives? More generally we could consider a system of
the form

2P (t) = F(x(t), 2 (t), 2" (1), ..., 2P~V (t),1).
For such a system we need initial conditions for each derivative of order less than equation:
z(0) = zo, 2'(0) = xél), o, z2PTH(0) = xép_l).

Actually this can be reduced to the form (1.1)).

We will consider the augmented variable y € RP? corresponding to the stack of variables

P~ (t)

Correspondingly consider the stacked initial condition

and define
Yd+1:2d
Y2d+1:3d

f(y7t) =

Y(p—-1)d+1:pd
F(y1.d, Yas1:2ds - - - Y(p—1)d+1:pd> t)

Then our solution can be recovered by solving

y'(t) = fy(t),1),
y(0) = vo.

2 Existence and uniqueness: Picard iteration

When does there exist a unique solution to ((1.1)? There is a standard sufficient condition.
The proof by Picard iteration is standard issue mathematics that you must know, and it
conveys something important about life.

Suppose for a moment that we wanted to solve instead

{ a'(t) = h(t),
z(0) = xo,



Figure 2.1: “Someone once told me that time was a predator that stalked us all our lives.
But I rather believe that time is a companion who goes with us on the journey and reminds
us to cherish every moment...because they’ll never come again.” QOops, wrong Picard!

where h is some known function. This is easy! The fundamental theorem of calculus
guarantees (under mild integrability conditions on h) the existence of a unique solution as

x(t) = xo —I—/O h(s) dz. (2.2)

Now suppose we already knew the solution z(¢). Then we could define

h(t) := f(x(t),1) (2.3)

and recover z(t) again as the solution of . Of course this is not yet a very practical in-
sight because it requires us to already know the solution z(t¢) in order to furnish the solution
once again as a solution of . But it suggests the important insight that the difficulty of
solving a general ODE is self-consistency, i.e., finding a (or the?) function z : [0,7T] — R,
which maps to a function & : [0,7] — R? via , which in turn maps back to the same

function z via (2.2).

Define ® to be the composition of the maps (2.3) and (2.2), so ® is a map x — P[z]
from functions to functions defined by

Bla](t) = o + /0 F@(s), s) da. (2.4)

The self-consistency discussion is precisely saying that we are looking for fized points of this
map, i.e., z such that ®[z] = .

In order to proceed we need to be a bit more rigorous and define the domain of ®, which
is going to be a function space.

Definition 1. Let C([0,T]; R?) denote the space of continuous functions [0, 7] — R?. Let
|l - |l denote the uniform (or sup) norm on C([0,T];R?), defined by

19lloc = sup {lg(#)] : ¢ < [0,T1}.
Here | - | denotes the Euclidean norm on R?, which will be our convention throughout.

Remark 2. Recall that C([0,T];R?) is a Banach space with respect to the uniform norm,
i.e., it is a complete metric space with respect to the metric d(g,h) = ||g — h|co-



2.1 Banach fixed point theorem

The key theorem for proving the existence of fixed points is the Banach fixed point theorem.
Note that the proof is constructive via an iterative scheme, which even comes with a rate
of convergence.

Theorem 3 (Banach fixed point). Let X denote a complete metric space with metric d.
Suppose that @ : X — X is a contraction map, i.e., there exists o € [0,1) such that

d(®(x), D(y)) < ad(z,y)

for all x,y € X. Then there exists a unique fized point for the map @, i.e., a unique x*
such that ®(x*) = a*. Moreover, for any x € X, if we define the sequence {x}7°, via
xog =z and x, = P(xp_1) for all k > 1, then limg_,oo x, = 2*. In other words, the result of
repeated application of ® converges to x* for arbitrary initial input.

Remark 4. In fact, the proof recovers a convergence rate for the limit x; — z*. To wit, we

have d(z,z*) = O(a¥).

Proof. First we show existence. Let zg € X be arbitrary. Then define successively x; =
O(xp—1) for k=1,2,.... We claim that the sequence {zj} converges. Since X is complete,
it suffices to show that the sequence is Cauchy. Let ¢ > 0. We want to show that there
exists K sufficiently large such that for any [ > k > K we have d(xg,z;) < e. Note that if
[ > k> K, then

xkv le Z Ty, xl-‘rl
i=k
by the triangle inequality. Moreover, for any 4, by the contraction property we have that
d(zi,iv1) < ad(wio1,3;) < - < o' d(zg, 21).

Therefore

-1 l—k—1 k K
d(xg,x;) < Za d(xg,71) < @ d (g, 1) Z al < d(mmxl) < —
i=k =0

The Cauchy claim evidently follows by taking K sufficiently large.

It follows direclty from the definition of continuity that a contraction map is continuous.
Now let z* be the limit of {z}}. Then taking the limit of both sides of x = ®(xk_1), we
have by continuity that z* = ®(z*), i.e., the limit point is a fixed point as desired. This
establishes existence.

Now suppose there are two fixed points z and x’. We want to show that x = 2/, from
which uniqueness follows. Note that

d(z,z2") = d(®(z), ®(z")) < ad(z,2),

which can only hold if d(z,z’) = 0, i.e., x = 2’. This completes the proof of uniqueness.
The final part of the statement of the theorem follows from uniqueness together with
the fact that xy was arbitrary in the existence proof. To see the convergence rate claimed
k
in the remark, take the limit as | — oo of the inequality d(zy,z;) < % d(zo,21) proved
above. O



2.2 Picard-Lindelof theorem

The key sufficient condition establishing existence and uniqueness of solutions of (|1.1) is
phrased in terms of Lipschitz functions.

Definition 5. A function f : R™ — R is Lipschitz (or Lipschitz continuous) if there exists
L > 0 such that |f(u) — f(v)] < Llu — v| for all u,v € R™. In this case we can say more
specifically that f is L-Lipschitz, and L is a Lipschitz constant. (Here | - | denotes the
Euclidean norm as always.)

Theorem 6 (Picard-Lindelof). Suppose that f is Lipschitz. Then the system , i.e.,

2'(t) = f(x(t),1),
x(0) = o,

admits a unique solution on [0,T] for any T > 0.

Proof. Suppose that f is L-Lipschitz where L > 0. We want to claim that ¢ as defined in
(2.4) is a contraction map with respect to the uniform norm on C([0, T]; R%), but it is not
quite true. Indeed, we can compute that:

- flo(s)s) o]}

w0 {/ |f( ((s),s)|da:}
tes%pT{ /'x da:}
t:ng{ / ||xy||oodx}

Ylloo-

@[] — By]floc = sup {

te[0,7

IN

IN

IN

If we had LT < 1, then we would have a contraction map. Unfortunately this cannot be
guaranteed a priori.

We sidestep the difficulty in the following way. Let h = T/N, where N is sufficiently
large such that Lh < 1, and consider dividing the interval [0, 7] into the N subintervals

Io:=[0,h), I := [h,2R], ..., In_1 :=[(N — 1)h,T].

We are going to construct a solution for ([1.1) on each of these intervals individually and
then argue that together they constitute a solution on [0, T7.

Indeed let us first define ®¢ : C(Ip; RY) — C(Ip; RY) via

Dyly —xo+/f

Our preceding calculation ensures that @ is a contraction mapping, hence admits a unique
fixed point in C(Ip; RY), which is therefore the unique solution of (1.1 on I,. As this solution
is continuous up to the boundary of [0, h], the final state z1 := x(h) is well-defined.

Then we can consider x; as the initial condition of (L.1) on the interval [h,2h]. By
shifting the time variable appropriately, the same argument suggests that we can extend x

10



continuously to the interval [0, 2h] such that x solves on both [0, h] and [h, 2h], and we
define zo := x(2h).

More concretely, given the preceding final state ,,, we inductively define ®,, : C(I,,; R?) —
C(I,;RY) via

o, [y] (t) =T+ \ f(y(8)7 8) ds

This is a contraction mapping, and we can extend z continuously to [0, (n+1)h] by appending
its unique fixed point. Then we define z,4+; = x((n + 1)h) to complete the inductive
procedure.

In summary the construction yields = € C([0, T]; R?) with x,, = x(nh), solving (1.1) on
each of the individual subintervals I,,, n = 0,..., N — 1 in the sense that the restriction x|y,
is the unique fixed point of ®,, for each n. Note that we do not yet know that x actually
solves on [0, 7], since we have not established that z'(t) = f(z(t),t) is satisfied at the
subinterval boundaries h, 2h, ..., (N — 1)h. We will do so somewhat indirectly.

Let ® once again denote the original map C([0, T]; R?) — C(]0, T]; R%) as in . Then
let ¢ € [0,7], and let m be the value of n such that t € I,,, defaulting to the smaller value
in the case of boundary points.

¢
Blal(t) =m0+ [ lals), ) do
0
t m (n+1)h
—oot [ fds+ Y [ fas).s) ds
mh n=0 h
(n+1)h
=1z + f s)ds + Z / f(z(s),s)ds| —xn
@ To + f s)ds + Z Tpt1 —
=Zm + f(CC(S),S) ds,
mh
where in (x) we have used the fact that x|, is the fixed point of of ®,, forn =0,...,m—1

and in the last step have simplified the telescoping sum. But note that the final expression
is precisely ®,,[z|r, ](t), which is equal to z(t) by the fact that x|;,, is the fixed point of
®,,. Therefore ®[z](t) = z(t), and our candidate z € C([0, T]; R?) is in fact a fixed point of
®, hence a solution of on [0,77.

To see uniqueness, suppose that there is another solution y of on [0,T]. By the
uniqueness of the solution on [0, k], we know that y must agree with = on [0,h]. Then by
uniqueness of the solution on [h,2h], since  and y have the same intial condition on this
interval, we know that « and y in fact agree on [0, 2h], etc. It follows that = and y coincide
on all of [0,77]. This completes the proof. O

Remark 7. Note that the most famous counterexample to global-in-time existence, the scalar
equation 2’/(t) = x(t)?, does not satisfy the Lipschitz condition. Solutions of this ODE blow
up in finite time, as can be checked by direct solution via separation of variables.

3 Discretization

Unfortunately (1.1) can rarely be solved in closed form. (But when closed-form solutions
exist, they're as good as gold!) The main point of this class is to obtain approximate

11



solutions in the generic unforunate case.

An approximate solution is represented via discretization. We will consider a step size
h =T/N and discrete times 0, h, 2h, ..., Nh. We will represent the solution z : [0,7T] — R¢

by its values x,, as these discrete times t¢,, := nh for n =0,..., N. When N is not fixed, we
use the notations :z:%N) and tLN) to disambiguate if the meaning is not clear from context.
A numerical scheme is a tractable computational recipe furnishing a collection of states

xéj\;\; = (xéN), .. ,:Z?S\va)) that approximate the true solution states (x(0),...,z(Nh)) at our

discrete times, i.e., achieving ng) ~ x(nh). Ideally we can control the approximation error,

and to have much regard for a scheme at all, it must be the case that the error can be made
arbitrarily small by advancing to the limit N — oo, in the sense that

lim  max [z(™) —z(nh)| = 0.
N—o0o n=0,...,N

In this case we say that the scheme is convergent.

4 Euler’s method

Recall the system (|1.1), which we reproduce here for convenience

{ i((ot)) _:;Cfo(x(t)a t)v (41)

The simplest approach to solving it is Euler’s method. It is not such a bad old method (and
it is in particular convergent), but a large part of the course can be viewed as exploring the
ways in which it is not really adequate for all purposes.

4.1 Explicit Euler
Consider the difference quotient approximation of the derivative

t —x(t
ZIII(tn) ~ I( n+1>h JC( TL)
The first line of (4.1)), evaluated at the time t = ¢,,, then suggests

I(tn—&-l) - x(tn)

) Fota) ), (42)

(tnt1) ~ x(ty) + hf(x(tn), tn).

This suggests that we adopt the equation for our discrete approximation
xn-{-l :l‘n+hf(l‘n,tn), n:O,...,N—l, (43)

which defines Euler’s method. (We may alternatively call this the explicit Euler method,
by contrast with implicit Euler to be defined later.) Note that x,, determines x,,11 uniquely,
hence there is a unique solution vector xN) solving 1)

For concision we will denote
fn = f(‘rnatn)u

in which case Euler’s method reads as

Tpy1 =Zp+hfn, n=0,...,N—1. (4.4)

12



Theorem 8. Let f be Lipschitz continuous. Then Euler’s method is convergent, and more-
over MaX,=q,.. N |x£LN) —a(nh)| = O(h) = O(N~1).

Remark 9. If we assume that a unique solution exists, for convergence we don’t really need
to additionally assume that f is Lipschitz. In this case it need only be locally Lipschitz
(which follows in particular from being C'). In the proof, wherever we use the Lipschitz
constant for f, it is possible to replace with a local Lipschitz constant on a neighborhood of
the true solution of the ODE. For simplicity we just adopt the stronger assumption.

Proof. Let f be L-Lipschitz. By Theorem@ we know that a unique solution exists for (4.1).
We define at each time an error

E, = |z, — x(tn)].

We want to bound the propagation of error from one time step to the next.
Note that

B(tsr) = 2(tn) + /t (), ) dt,

n

and recall (4.3). Subtracting both equations we obtain

Tnst = 2ltns1) = [0 — o(ta)] + [hf(xmm - / 7 pat, 0 dt]

n

o — ()] + / T @ te) — Fa(),0)] d.

n

Now taking the norm of both sides and applying the triangle inequality we obtain

By < By +/f " Fan ) — f@(t).0)] dt. (4.5)

20

Then

|f(@n,tn) = f(2(t), )] = |f(zn, tn) = flzn, ) + fan, t) — f(2(1),1)]
< |f@n,tn) = f(zn, O] + [f(2n, t) — f(2(2),1)]
< Lt — tp] + Llx, — 2(t)|
< Lh+ Lizn — x(tn) + 2(tn) — ()]
< Lh+ Llzy — x(tn)| + Lz (tn) — 2(t)]
= Lh+ LE, + L|z(t,) — z(t)|.

Now we want to get a bound on |z(t,) — x(t)| that is independent of n. Now

" / F(a(s),5) ds

so after subtracting x(t,,) from both sides and taking norms, we may derive that
|lz(tn) — =(t)| < Bh,
where

B .= ®),1)].
tg[lg>;]\ (z(t),1))]

13



Hence we have derived
|f(@n,ta) = f(2(t),0)] < LE, + Bh,
where B := L(B + 1). Substituting into we obtain
Ept1 < (14 Lh)E, + Bh2. (4.6)
If we recursively define the sequence c¢,, n =0,..., N, via
cny1 = (14 Lh)e, + Bh?,

where ¢, = 0, we can prove inductively using (4.6) that F,, < ¢, foralln=0,..., N.

Then by computing ¢, explicitly we obtain a bound on the error E,, for all n. For
simplicity rewrite
Cna1 = aCy + B,

where a := 1 + Lh and 8 := Bh2. Note
c0=0,c1=8 ca=aB+B, cs=a’B+aB+5, ...

and it is easy to show by induction that

a™ —1
cn_aflﬁ
1+LhA)"—1 =
:%.Bh% (4.7)

Now 1+ 2 < e” for all x € R (by the convexity of z — €”) | so

> Lhn __
By <en< 2L - )hg(B+1)(eLhN—1)h.
Now recall h =T/N, so
E, < (B+1)T(6LT—1)%,

and moreover this bound holds for all n = 0,..., N. Therefore letting
C=(B+1)T (" —1),

we have

E, < C/N.

In particular, the scheme is convergent. O

14



4.2 Error estimation and Richardson extrapolation

Note that the proof of Theorem [§] furnishes an explicit error bound on the approximate
solution x(()]\j\; In practice this error bound can be extremely pessimistic, although though the
order of convergence is sharp! By order of convergence, we mean the largest exponent p
such that the error is O(h?) = O(1/N?), and we say for p so defined that a scheme is p-th

order accurate. In the case of Euler’'s method, p = 1.

Unfortunately, the optimal preconstant C such that the error at some time ¢ is bounded
asymptotically by Ch? may be very hard to estimate a priori. In order to save as much
computation as possible, we want to take h only as small as necessary to achieve a desired
error tolerance, so getting a sharper estimate, even if a posteriori, is quite desirable.

In the sequel we will want to compare our discrete solutions x(V) solutions for dif-
ferent values of N. Note that the N-th discrete solution is only defined at grid points
(0,h,2h,...,T), where h = T/N, so in general for N’ # N, x(()]\lf\; and mél\][\;z may not be
directly comparable. They can be compared after suitable interpolation to the entire inter-
val [0,7T]. However, such interpolation is rarely performed in practice, and moreover, care
must be taken so that the interpolation preserves the order of accuracy of the scheme! In
the simple case of Euler’s method, linear interpolation is sufficient to preserve first-order
accuracy.

For the purposes of this discussion it is more elegant/convenient to assume that such an
interpolation exists (though as we shall see, we will not need to construct it in practice),
so for a general p-th order accurate scheme, we assume that we have an interpolant z(¥) :
[0, T] — R? such that

[o™) — ]l = O(1/NP),

where z( - ) is here the true solution. (In this section, the superscript does not indicate
repeated differentiation!) In particular, we have for every time ¢ € [0,T],

e () = z(t) + O(1/NP).

We postulate the more detailed error expansion, consistent with p-th order accuracy:

C(t
M (1) = 2(t) + o) + O(1/NPTh).
NP
Plugging in 2N in the place of N (in practice, solving the scheme on a grid that is twice as
fine), we have

2N () = x(t) + ;g\tf)p

Then observe that be taking the linear combination

+ O(1/NPTh),

P (2N) (3) — £ (N)
Lﬁ(N)(t) — 2Px (t) £ (t)
2r —1

= z(t) + O(1/NPT1)

we cancel the leading-order contribution to the error.

Then not only is (") a more accurate solution, but also we can use it to estimate the
error of our original solution (V). Indeed our error E(N) as a function of time satisfies

EM (1) = 2™ (1) — a(t)] = [¢™(1) - 2N (0)] + O(L/NPH),

and in the last expression the first term is only O(1/N?), hence dominates the second term.
Therefore the N-point scheme error at time ¢ can be estimated as

EM (1) ~ ™M (t) — 2 (1))
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In practice, let’s fix some N and h = T/N and say we are interested in estimating the

accuracy of the solution on the fixed grid ¢, := t%N), n=0,...,N,ie,on (0,h,2h,....T).
We can do this by also solving the ODE on the finer grid th), n = 0,...,2N, which
includes the original grid as a subgrid. Then we can simply perform the above procedure

at the grid points t,, instead of the entire interval, defining an extrapolated solution

2N N
V) 2ag,” — )
ne ow—1

which is (p+1)-th order accurate. This procedure for determining the extrapolated solution
is called Richardson extrapolation.

4.3 Implicit Euler

In retrospect, the specification of Euler’s method makes a seemingly arbitrary choice in the
difference quotient approximation (4.3]), which we could alternatively approximate as

M ~ f(@(tnt1), tnt1)-

The resulting scheme
Tn+1 :$n+hf(xn+1atn+1)7 n:07---aN_1 (48)

is called the implicit (or backward) Euler method. The reason it is called implicit
is that given xg,...,x,, in order to determine x,4+1 we must solve a system of (possibly
nonlinear) equations, since the right-hand side of (4.8 depends on ;.

Note that it is not even obvious a priori that a solution exists! However, concern about
this obstacle vanishes as h goes to zero. The general intuition for why this concern vanishes
comes from the implicit function theorem. Indeed, observe that if h = 0, there exists a
(unique) trivial solution 1 = x,. The implicit function theorem guarantees precisely that
if we perturb h by a sufficiently small amount, then we can perturb our solution accordingly
to maintain satisfaction of .

More concretely, rearranging , we must solve
F(h,z)=0 (4.9)
for z, where F': R x R — R? is defined by
Fu,z) ==z —uf(z,ty, +u) — z,.

Here u is a dummy variable for the step size h, whose value has already been fixed in our
discussion. Note that F(0,z,) = 0, i.e., (0,z,) solves the equation F(u,z) = 0. We want
to say that as we perturb u away from zero, we can deform z to maintain F(u,z) = 0.

Indeed, as long as F' is continuously differentiable, the implicit function theorem guar-
antees that under one additional condition (to be specified below), there exists an interval
(—d,0) about 0 and a function g : (—6,8) — R¢ with g(0) = x,,, which you can think of as
mapping a step size u to the corresponding solution x. More concretely, for any u € (=9, d),
we have F(u,g(u)) = 0. The condition is that the Jacobian of F' with respect to z is
invertible at the solution (z,,0), i.e., that

D, F(0,z,) = ( g—ﬁ gTF”)
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is invertible. (Note that the partial derivatives gTi are vector-valued.) But

D, F(u,z) =1—uD,f(x,t, + u),

so D, F(0,x,) = I is the identity matrix, which is of course invertible.

Therefore, for 0 < h < J, there exists a solution = of . There is a catch, however! We
don’t know that we can use the same h for every n. Moreover, as we take h smaller, there
infinitely many equations to solve as N — oco. In order to guarantee a uniform choice of h,
one needs to sort through the innards of the implicit function theorem to determine what
the choice of § actually depends on. A sufficient (but certainly not necessary condition) that
covers most cases of interest is that f is C2.

If one adopts the simplifying assumption that f is L-Lipschitz, then the idea of Picard
iteration quite easily guarantees the existence of a unique solution to the implicit Euler
method for h < 1/L. To see this, observe that solving for x € R? is equivalent to
finding a fixed point of ¢ : R? — R? defined by

o(x) :=xp + hf(z,t, + h).

But
[¢(z) — o(y)| = hlf(z,tn + h) — fy,tn + h)| < Lhlz —yl,
so ¢ is a contraction map for h < 1/L, as claimed, and there exists a unique solution.

This argument, together with a simple modification of our proof of Theorem |8 yields the
following.

Theorem 10. If f is Lipschitz, then for h sufficiently small the implicit Fuler method
admits a unique solution xé{\]f\;, which is convergent with max,—g,... N |x£LN)fx(nh)| =O0(h) =

ON-Y.

Why consider an implicit method as opposed to an explicit one, given the hassle? A
large part of the course seeks to address this question, and we defer it for now. We also
remark that for any implicit method, considerations regarding the existence of solutions are
quite similar to those made above.

5 Taylor series methods

This section is conceptually significant but not practical useful, at least not directly. It is a
first attempt to systematically derive schemes of arbitrary orders of accuracy.

In order to derive Euler’s method we substituted the difference quotient approximation

tnt1) — x(tn)

(1) = Lord 2 20) o),

neglecting the O(h) remainder term, into the ODE (4.1). Equivalently we may write
2(tny1) = x(tn) + ha'(t,) + O(h?).

The error term in this last expression can be expanded more systematically via Taylor series.
For instance, increasing the order of approximation by one, we obtain

2

2(tni1) = x(ty) + ha'(t,) + %z"(tn) + O(h3).
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The remainder term is called the local truncation error (LTE), which term has slightly
different meanings dependent on the context. The general gist is that it is the amount by
which the equations for z,, defining our scheme fails to hold when the true solution value
z(t,) at time ¢, is plugged in for x,,.

The key in our derivation of Euler’s method is that z’(¢,) is known in terms of z(t,)
and t,, alone via the ODE , which we reproduce here as

a'(t) = f(z(t),1). (5.1)

To get an expression for z”/(t,) in terms of z(t,) and ¢, alone, we must differentiate the
ODE. Indeed, differentiating both sides of (|5.1) we obtain

2" (t) = Vaf(x(t),1)) - 2'(t) + Ocf (2(t), 1)
= Vaf(x(t), 1) - f(2(t),t) + O f (x(t), 1)

Given an analytic expression for f, assuming it is differentiable, we may typically derive
analytic expressions for V., f and 0;f. Then we can write the Taylor series method of
order 2, or TS(2) for short, as

2

where D, denotes the Jacobian matrix (with respect to the x variables) and the dot indicates
matrix-vector multiplication. Note that this is an explicit method.

The general Taylor series method of order p, or TS(p), can be derived similarly by
repeated differentiation of . By differentiating p times, we express the p-th derivative
2P)(t) in terms of z(¥) (t) for k =0,...,p—1. One can then recursively replace the derivatives
up to (p — 1)-th order with expressions in terms of derivatives up to (p — 2)-th order, etc.,
in order to obtain an expression for z(®)(¢) in terms of z(t) alone. It is tedious, however, to
write a detailed expression for the scheme.

Abstractly we may write
h? hP
Tntl = Tpn + hf(xnvtn) + ?f@) (xn;tn) +F Ef(p)(xnvtn)v

where the f®) k=2, ..., p are the appropriate functions, e.g.,

f(Q)(xat) = Dxf(l‘,t) ’ f(JC,t) + atf(mvt)a

as derived above. More generally each function f*)(x,t) satisfies the condition that for the

true solution z(t),
dk

- P, 0] = FE D @ (), 1), (5.2)
For ease of notation we further define f() := f, so the TS(p) scheme may be written
compactly as
p hk .
Top1 =Tn+ Y Hf( N, tn). (5.3)
k=1

Theorem 11. Suppose that f is C? and f*) is Lipschitz for k =1,...,p. Then TS(p) is

convergent, and moreover ||xN) — xgi\;)eHoo = O(h?).
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Remark 12. We don’t really need to additionally assume that the f*) are (globally) Lips-
chitz. Assuming that a unique solution exists, it suffices for them all to be merely locally
Lipschitz, which is in particular guaranteed by the assumption that f is CP. In the proof,
wherever we use Lipschitz constants, it is possible to replace them with local Lipschitz con-
stants on a neighborhood of the true solution of the ODE. For simplicity we just adopt the
stronger assumption.

Proof. Let L be sufficiently large so that f*) is L-Lipschitz for k = 1,...,p. We will
reason by analogy to the convergence proof for Euler’s method (Theorem . Recall the key
equation

Tt — 2(tnsn) = [on — 2(ta)] + [hf(:cn,tn) - /t ), 1) dt] .

n

in the proof of Euler’s method, where the key idea was that the first bracketed term is
bounded in terms of E, and the second is bounded by (1 + B1h)E, + Bsh? for some
constants Bi, By independent of n.

This time, referring to (5.3)), we have instead the analogous equation

P

k tn41
Z %f(k) (xna tn) - /t f(:I}(t), t) dt] ) (5'4)

k=1 : n

Tpt1 — T(tns1) = [Tn — z(tn)] +

and we want to bound the second term by (1+ B1h)E, + ByhPt! for some constants By, Bs.
Inside the integral within the second bracketed term, we expand f(z(t),t) by Taylor series,
i.e., as

=1 \k gk
fo.) =3 I B, o)
k

=0
where the O(hP) term is bounded independently of n and N.
But by the defining property 1) of the f*), we can equivalently write
S (= )"
F@®).6) = Y- == D (@lta), 1) + O(Y),

k=0

where we additionally define f(!) := f. After performing the exact integration

/tnﬂ(t_t g (nt =)™ T
. " (k+1) E+1

n

and shifting the summation index we have

/ 0, = 30 (), ) + O,
tn k=1

Then (5.4) can be rewritten as

P ik
Tyl — (tny1) = [xn — 2(tn)] + Z % [f(k) (Znstn) — FE (2(tn), tn) | + O(RPTY).
k=1 "
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Taking norms of both sides, using the triangle inequality and the Lipschitz property for each
of the f*)| we obtain

Pk
h

EnJrl S En + Z yLEn + O(hp-‘rl)
k=1 "

p hk .
= 1+LZH E, + O(hP*h).
k=1

Note that for small h (say concretely for h < 1), there exists some universal By > 0 such
that
Pk
L Z 7 < Bih,
k=1
and there exists also some By > 0 such that then

Bui1 < (14 Bih) B, + Boh?™!

for all h sufficiently small.

By analogy to (4.7) and the reasoning that follows (with B; in the place of L and By in
the place of B), we nowobtain

g oo 0+ Byh)"tt —

1
- BohPTt < ORP
= Blh 2 >

for an appropriate constant C' independent of n and N. This completes the proof. O

Taylor series methods have a drawback that is often fatal: they require us to compute
all the p-th order partial derivatives of f, which, depending on the practical context may
not be readily available or may be very expensive to evaluate. Still they serve as a useful
starting point and inspiration for thinking about higher-order schemes.
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As the sun eclipses the stars by its
brilliancy, so people of knowledge will
eclipse the fame of others in assemblies
of the public if they propose algebraic
problems, and still more if they solve
them.

Brahmagupta

Part 11
Linear multistep methods

Given the solution z(t) at time ¢ of (|l.1), we already encountered two different ways of
approximately advancing the solution by one increment h of time. The first was

x(t+h) = z(t) + hf(x(t),t),
which led to the explicit Euler method, and the second was
z(t + h) = x(t) + hf(x(t + h),t+ h),
which led to the implicit Euler method.
One can readily imagine a mixture of the two, approaches:

ot 4 B) % (t) + 3 L), 0) + e+ ), 0+ )],

which in fact has one higher order of accuracy, as we shall see.

The resulting numerical schemes were written compactly as

Tn+l — Tn = hfn (Explicit Euler)
Tna1l — Tn = hfni1 (Implicit Euler) (5.5)
Tpt1 — Tn = A(fn + frn+1) (Trapezoidal rule)

where as always f,, = f(zn,t,) implicitly depends on x,,.

Linear multistep methods (LMMs) generalize these schemes considerably. The gen-
eral form of an r-step LMM is

T T
Y aznri =h)_ Bifuss (5.6)
j=0 j=0
Assuming that z,, is known for m = 0,...,n+r— 1, this equation can in principle be solved

for the next value x,, 4. Note that the schemes in (5.5)) are one-step LMMs. We will discuss
the necessary construction of starting values later on.

We will always have «,. # 0, so by rescaling both sides of (5.6)) we can assume without
loss of generality that «, = 1 unless otherwise noted.
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6 Local truncation error and consistency

In order to check how accurate we expect a method to be, it makes sense to plug the true
solution x(t) (evaluated at the discrete times ¢,) into both sides of and measure the
size of their discrepancy, which we call the local truncation error (LTE), similarly as
in the setting of Taylor series methods. Here as well, an LTE of size O(hP*!) will induce a
scheme of order p.

To wit, take x, := x(t,), and since x(t) solves the ODE (1.1), we have 2/(t,) =
f(z(tn),tn) = fn. Then the difference of the LHS and RHS of (5.6), namely the LTE,
is given by

Tn = Zaj:v(th) — hZBja:’(th).
Jj=0 j=0

We can define the LTE more generally as a function of continuous time via
T(t) ==Y _oja(t+jh) — hY_ Bl (t + jh).
j=0 §=0

More generally we can think of the function 7(-) as the result of the application of a linear
operator Ly, (fixed for a given scheme) to the solution z( - ), where for a differentiable function
z, £z is defined by

Lna(t) =Y az(t+jh) —hY B2 (t+ jh). (6.1)
j=0

=0

6.1 One-step methods

Let us now consider the simple cases of the one-step LMMs of ([5.5).

6.1.1 Explicit Euler
We begin with explicit Euler. In this case
Lnz(t) = z(t + h) — 2(t) — hz'(t).

The trick for analyzing LTE is to plug in Taylor series about ¢ everywhere we can. Here
there is only one opportunity

Lnz(t) = 2(t) + h2'(t) + O(h?) — 2(t). — hZ/'(t) = O(h?)
Note that by the Lagrange error bound, the preconstant in the O(h?) term is bounded by

"
t
wp 200

h* <
uelt,t+h] 2

12"l oo 2?

N | =

In general, we will need one more derivative than our order of accuracy in order to get a
quantitative bound on the LTE. If the order of the scheme is p, a quantative bound can
typically be phrased in terms of || 2P| .

By Taylor-expanding to one higher order (assuming an extra derivative), we obtain a

more detailed estimate )

Lnz(t) = %z”(t) O3,
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From this estimate we can see that we do not (in general) have O(h3) LTE, i.e., O(h?) is
the sharpest possible bound.

We will just assume henceforth that our test function z is smooth and not comment
further on how many derivatives are needed.
6.1.2 Implicit Euler
In the case of implicit Euler, we have
Lnz(t) = [2(t + h) — 2(t)] — h2'(t + h).

Here we must also expand the 2/(t 4+ h) term, yielding

Lz(t) = [hz'(t) + %22”(25) + O(h3)] — hZ'(t+ h)
= [hz'(t) + %22”(1?) + O(h3)] — h[2(t) + h2"(t) + O(h?)]

= 7%22”@) + o).

From this estimate we can see that the LTE is O(h?) but not O(h3) in general.

6.1.3 Trapezoidal rule
For the trapezoidal rule we have

ZLoa(t) = [2(t + ) — 2(8)] — gz'(t +h) - gz’(t)
= |hZ'(t) + %22”(0 +O(h?)| — g [2/(t) + h2"(t) + O(h?)] — %z’(t)
— O(h¥),
More detailed calculation shows that the terms of order h* do not cancel.

Therefore in fact the trapezoidal rule is second-order accurate, though it is only a one-
step method like explicit/implicit Euler.

6.2 Consistency

We say that an LMM is consistent of order p or order-p consistent if £,z(t) = O(hPT1)
for every smooth z. In particular, we say that it is consistent if it is order-p consistent for
some p > 1.

In general, there exists for every p some formal expansion
Lhz(t) = Coz(t) + C1hz' (t) + Coh?2P () + - - - |

where the constants Cj are independent of z. If an LMM is order-p consistent, then we
know that Cp =--- = C}, =0, and

Lz(t) = Cpy hPTL2PHD (1) + O(hPH2),

where C},41 # 0. This nonzero coefficient Cp; is called the error constant of the LMM.
Note for example that the error constants of explicit and implicit Euler are 1/2 and —1/2,
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respectively. In general, the error constant can in principle be computed analytically, and it
may be useful to do so! Indeed, Milne’s device (to be discussed later) uses error constants
to estimate the error of an LMM and possibly improve it.

It is not hard to derive necessary and sufficient conditions for the consistency of (5.6 .
Recall (6.1) and expand up to O(h?) error as

Zz(t) Zaj (t + jh) — hZﬁjz'(t + jh)

7=0

_Zaj t) + jha'(t hZﬂJ )] + O(h?)

Za] t)+h Zjozj Bi | #(t) + O(h?),

SO

Zaw €= Z (o — Bi) s (6.2)

7=0

and we have consistency if and only if both quantities are zero.

Theorem 13. An LMM 45.6) is consistent if and only if
Z% *Z (o = B;) =0
7=0

It is useful for later purposes to define the first and second characteristic polyno-
mials of the LMM (j5.6)) as, respectively

w) = Zajwj, o(w) = Zﬂjwj.
j=0 j=0

We can then see that consistency is equivalent to the conditions that

As we shall later see, consistency does not imply convergence! There is an addi-
tional stability requirement that we shall treat later.

6.3 Starting values

Note that to solve an r-step LMM, we need r starting values z,...,x,._1 in order to
initialize the scheme. This is annoying! We are only given zy = x(0) from the initial
condition of (L.1)).

The most naive option is to simply take x; = zo for j = 1,...,r—1. However, this might
sacrifice the order of accuracy of our scheme. Let us try to get some heuristic understanding
of what we require.

In general we have z(t;) = zo + O(h) for j =0,...,r — 1, since x(¢) is differentiable at
t = 0. Therefore under the naive approach, our error e; := x; —xz(t;) is already O(h) by time
step j = r — 1. If our scheme is order-p consistent in the sense that the LTE is O(hP*!), we
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will accumulate an additional error that is O(hP*!) at each of the remaining O(h~1) time
steps (cf. the proof of Theorem conceptually), i.e., we will accumulate additional error of
O(h?). However, this additional error accumulation is dominated by our ©(h) initialization
error, and the entire method is really only first-order consistent. If p = 1, this is no worse
than expected, and we can adopt the naive approach without too much regret.

More generally, the preceding argument suggests that we need to initialize z; = x(¢;) +
O(hP) in order to fulfill the dream of order-p accuracy for an LMM with O(hP*1) LTE. We
could determine these intitial values, for example, by running r — 1 steps of the order-(p—1)-
accurate Taylor series method TS(p—1). Since the number of steps needed for initialization
is independent of the step size h, despite the disadvantages of Taylor series methods this may
be a reasonable practical approach. In order to solve the ODE up to time T', we will need
to run ~ h~! steps of the LMM, so as h — 0, the initialization cost should be negligible.

Still, it may be more practically efficient to use Runge-Kutta methods, which do not
require starting values, for initialization. (Runge-Kutta methods will be the subject of the
next unit of the course.)

7 Families of LM Ms

At this point we introduce several important families of LMMs that go beyond r = 1 to
achieve higher orders of accuracy. Later on we will discuss the stability and convergence of
these methods, but for now we focus only on the local truncation error.

7.1 Integral-based methods

Recall we are essentially trying to predict x(¢,4,) based on the values z(t,4;) for j =
0,...,7 — 1. Also recall that the solution of (1.1 satisfies

E(tnir) = 2(tnsro) + / ). (7.1)

tngr—1

Can we use the preceding values z(t,;) to approximate the integral term more accurately?
Note that explicit Euler, implicit Euler, and the trapezoidal rule follow, respectively, from
applying the left endpoint, right endpoint, and trapezoidal rules for approximating the
integral.

In particular, the trapezoidal rule can be interpreted as replacing f(xz(t),t)) with a linear
interpolation over the interval of integration. But to begin with, we will focus on developing
a higher-order explicit approachg. As such we will first generalize the left endpoint rule.
This can be seen as replacing f(z(t),¢) with the ‘trivial polynomial interpolation’ which
matches the value at the left endpoint with a constant polynomial.

7.1.1 Adams-Bashforth methods

More generally, we can use all r of the values fn,1; = f(2(tntj) tnts), 3 =0,...,7 =1,
to construct a more accurate polynomial interpolation over the interval [t,4r—1,tnir]. We
expect our interpolation to then achieve O(h") accuracy pointwise, so our LTE will be
O(hP*1), and we will have a method that is order-p consistent. In fact as we shall see
the resulting r-step Adams-Bashforth method will be a LMM, since the interpolation
depends linearly on the fi,;.
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Note that, provided we can construct the interpolation with such accuracy, we have
verified our LTE of O(h™1) by a rather different approach compared to the ‘plug in Taylor
series and cancel terms’ approach suggested above! Indeed, the order of accuracy is ensured
by Corollary [74] of Appendix[A]

The formula suggests that the a; as in for this method are
a=1, a1 =—-1, ap_o=---=0ag =0.
Then in order to determine the 3;, we can ease the notation by setting n = 0. Let
t = (to,t1,... tr—1) = (0,h, ..., (r — 1)),

and let ;(¢;t) be the Lagrange basis polynomials as in Appendix

Li(t;t) = H t.—z'h’ j=0,...,7—1.
i€{0,...,r—1}\ {4} (7 = h
Note moreover that
I[I G-9=En""7-1-jL
i€{0,...,r—1}\{s}
o)

Gtht ) = U

A1) i

iE{O,...,Tfl}\{j}

Then we plug the approximation

into ([7.1)) to obtain

Il
~
<
—~
>
s*
-+
~
U
Sy

(1 |
RRIGEr e AT | S
" i6{07...,7”—1}\{j}
-1 r—1—j T )
M/ H (tf(Tflfl))dt
’ CIr=licro, e 1\ {r—1—j}
-1 r—1—j 1 .
Sy AR | SR G I
: "0 {0, r— 1\ {r—1—4}
or equivalently:
1) 1 ) .
ﬂrlj:.'(r(_l)_.)'/ H (t+id)dt, 7=0,...,7r—1. (7.2)
J: JVJo e il gy

(Note that 8, = 0, which ensures that the method is explicit).

The integrals in ([7.2)) can be evaluated analytically, but there does not seem to be a neat
formula. Of course, once they are worked out a single time, they never need be computed
again!
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7.1.2 Adams-Moulton methods

If we allow ourselves to additionally use the right endpoint of our interval of integration
(as in the trapezoidal rule), then we can get a polynomial interpolation with one additional
order of accuracy. Specifically, the LTE is O(h"*?), and the method is now of order 7 + 1.
However, beware that this so-called Adams-Moulton method is now implicit!

Here once again
Qp = 1a Apr—1 = _1a Qp_2 == Qo = Oa

but we take
t= (t(lvtlu"'7t7“) = (0,h,...,7‘h)7

and now we have

—1)r=J ‘
((ht; t) = ]('(T)_”, I -9
‘ "ie{0,r N}

which ultimately implies

(=17 ! _ .
ﬁ,-_j:m H (t""l—l)dt, jZO,...,T.
' 0 {0, r )

7.1.3 Nystrom methods

The (explicit) Nystrém methods are based on the identity

tn+7‘
(tntr) = x(tppr—2) + / fx(t),t)dt. (7.3)
tn+772
The data (tn, fn)s-- -, (tntr—1, fantr—1) can be used to construct a Lagrange interpolating

polynomial which may then be substituted for f(z(t),t) in the preceding expression to
derive the r-step Nystrom method. The order of accuracy is r, same as that of the r-step
Adams-Bashforth method. For such methods we always have

ar=1 a,_1=0, ap_2o=-1, ap_3=---=0ap=0.

Further general details are left as an exercise.

Let us illustrate the special case of the 2-step explicit Nystrom method. In this case we
insert into (|7.3) the linear interpolation

Pt~ (1255 )  fn 5

yielding

2
/30:/0 (1—t)dt=0

2
/3'1:/ tdt = 2.
0

Hence the 2-step explicit Nystrom method is given by

and

Tn+2 — Tp = 2hfn+17
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or equivalently
Tn42 — Tp _
T
This is called the midpoint method or leapfrog method. It can of course be derived
more simply by substituting the second-order accurate difference quotient approximation
_x(t+h)—x(t—h)

2 (t) = = +O(h?)

into the ODE ({1.1)). (We leave the verification of O(h?) error here as an exercise.)

7.1.4 Milne-Simpson methods

The Milne-Simpson methods are to the Nystrom methods as the Adams-Moulton meth-
ods are to the Adams-Bashforth methods, using the full data (¢,, fn), ..., (tntr, frntr) for
polynomial interpolation. Sometimes these are called (implicit) Nystrom methods, and the
order of accuracy is r + 1 in general. Again

ar=1, a,_1 =0, ap_2o=-1, ap_3=--- =09 =0,

and further details are left as an exercise.

We illustrate the special case of the 2-step Milne-Simpson method. Here the substitu-
tion of the interpolating polynomiali is equivalent to approxmating the integral in (7.3)) by

Simpson’s rule,
b 4q (et b
/ g(t)dmg(aH 9(3°) +4( )<b_a)7

6

which yields the method that we also call Simpson’s rule:

2h
Tn+2 — Tn = ? (fn + 4fn+1 + fn+2)-

In fact Simpson’s rule (due to it’s high symmetry about the (n 4 1)-th time step) enjoys
one higher order of accuracy than is guaranteed a priori by its status as the 2-step Milne-
Simpson method, i.e., it is order-4 consistent. The verification of this is left as an exercise.

7.2 Backward differentiation formulas

The LMMs of Adams and Nystrom type considered above adopt the approach of taking
only a few of the o; nonzero and then guaranteeing higher orders of accuracy by integral
approximation within an integral formulation of the ODE (|1.1), as in (7.1)).

An alternative approach is to take the differential formulation

a'(t) = f(x(t),t) (7.4)

and simply plug higher-order accurate finite difference approximations into the left-hand
side. In the resulting scheme, only one of the ; will be nonzero, but perhaps many of the
a; will be nonzero, depending on the order of the method.

We already have some examples that can be interpreted this way: explicit Euler, im-
plicit/backward Fuler, and the midpoint method are based on substitution of the backward,
forward, and central finite difference formulas

x(t)—x(t—h) xt+h)—2x(@) x{t+h)—2z(@-—nh)
h ’ h ’ 2h
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into ([7.4)) at time ¢.

At the same time, we can also think of backward Euler as the result of substituting a
backward finite difference formula into at time ¢+ h. This perspective is generalized by
the backward differentiation formulas (BDFs), which are of interest for their stability
properties to be considered later.

Concretely, we seek coefficients c¢; such that

2(t) ~ % S ez (t - jh) (7.5)
7=0

for smooth z. In fact it will be possible for the approximation in (7.5) to hold with O(h")
error.

Then the resulting BDF is derived by substituting the approximation (7.5) into (7.4)
at time ¢ + rh, resulting in a LMM with coefficients a; = ¢,—; for j = 0,...,7 and 8, =
1, ﬁOZ"':Brflz(l

Note that by considering Z(¢) = z(—t), it is equivalent to find a; such that

2(t) = %Zvjz(lH—jh) + o) (7.6)
=0

for all smooth z, i.e., to determine a higher-order forward differentiation formula, and then
set ¢; = —v; for 7 =0,...,7.
Simply expand

T

Zvjz(t +jh) = ivj (i Z(k)(t)j]%k + O(h7'+1)>
k=0 .

j=0 j=0
T T hk
=3 Xt | w7 + 0w,
k=0 \ j=0 ’

where we interpret 0° = 1 for notational compactness. Note that to guarantee (7.6) we need

T 0, k=0,
> =11, k=1,
j=0 0, k=2,...,m

forall k=1,...,r, and we need z;}j:ojvj
We can view this is a linear system of equations for the v;. Define the (r +1) x (r+1)

matrix A = (4;;) = (j%), where we have adopted a zero-indexing convention for the indices
i,7 =0,...,r. We can also write out

1 1 1 1 --- 1
o 1r 2 3 - r
A= 02 12 22 32 .. T2
OT 17" 2T 3T . ,r,T
If we let v = (vg,...,v,)" € R"T! be the vector of unknown coefficients, then we are seeking
to solve the linear system
Av = ey, (7.7)
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where e; = (0,1,0,...,0)T.

In fact V := AT is a Vandermonde matriz, i.e., a matrix of the form

2 3 T

1 ap ag ag ceeoag

1 a1 a% aé al

; T
V=(a])= L ay a3 a; s
2 r

1 a a; a --- a,

The classical formula

det(V) =det(A) = [ (a5 —ai)

0<i<j<r

guarantees in particular that A is invertible if and only if the a; are all distinct. In our case
a; =i fori=0,...,7,s0 A is invertible and (|7.7) has a unique solution v, which uniquely
specifies a unique BDF scheme of order r via aj = —v,—; for j =0,...,r.

8 Solving implicit methods

Recall the form (5.6) of the general LMM, which we reproduce here:

T T
Y =hY Bjfarj.
j=0 j=0

Without loss of generality, assuming «, # 0 (which it always is in methods we consider),
we can assume o, = 1 and rearrange as

r—1 r—1
Tn+tr = Z(*aj)l'n—&-j + hﬂrf(xn—&-rv tn+r) + Z hﬂjfn—&-j-
§=0 =0
For fixed z,,...,Tp r_1, define the function g : R? — R¢ by
r—1 r—1
(I)(u) = Z(_O‘j)xn+j + hﬁrf(u,thrr) + Z hﬁjfnJrj'
§=0 §=0
Then to solve the implicit scheme for x, ., given all preceding values z,, ..., Zptr—1, We

must solve the (generally nonlinear) system of equations
u= ®(u). (8.1)
Or, defining F(u) := u — ®(u), we may write even more abstractly

F(u) = 0. (8.2)

General approaches to solving such systems of equations are iterative, in the sense that
a solution v* is furnished as a limit

v = lim u®,
k—o0

where each successive iterate u(*+1) can be feasibly computed from the last iterate u(*).
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We say that an iterative method converges linearly with rate a € (0,1) if
[u®) — | = O(ak).

You might think that we should say that such a method converges ‘exponentially,” but in fact
it is much less classy to do so. It is the logarithm of the error that converges linearly, and it
is important to stay humble, especially since, as we shall see it is always possible in principle
to do much better (though perhaps at great cost). Indeed, if a method converges linearly,
this means precisely that each successive digit of accuracy is just as costly to produce as
the last digit. If a method converges superlinearly, then each successive digit comes more
easily, and once we are close to a solution, we tend to get to machine precision in a hurry.

8.1 Fixed-point / Picard iteration

We take the perspective of solving (8.1), which is equivalent to looking for a fixed point of
®. Hopefully this should recall Picard iteration!

8.1.1 Globally Lipschitz case

Recall our friend the Banach fixed point theorem (Theorem [3), which says that a solution
u* can be furnished as the limit limy_, o u®) of the fixed-point iteration defined by

uF D = o),

for arbitrary initialization u(?), as long as ® is a contraction mapping.

Note that for our integral-based LMMs, this approach is a very literal attempt to nu-
merically implement our construction of the solution of 41,1) via Picard iteration on short
subintervals of [0,T], as in the proof of Theorem [6]

Now if f is L-Lipschitz, as in the proof of Theorem [6] then we have

|<I>(u) - ¢(U)| = hlﬂr| |f(u>tn+r) - f(”vtn+r)|
< L|Br‘ h |U‘ - ’U‘,

so if h < 1/(L|B,]), then indeed ® is a contraction mapping with a unique fixed point.

8.1.2 General case

The global Lipschitz assumption on f is a bit strict, so let us explain why it is not really
necessary for obtaining a canonically defined solution (once h becomes sufficiently small).

Unfortunately, there is no way to guarantee in general that ® is a contraction mapping.
However, for small step size h, ® is locally a contraction mapping near z, ~ -+ &~ Tpy,r_1,
all of which differ only by O(h) provided our solution is so far consistent.

Indeed, by Theorem we know that Z;;(l) a; =—1, 50
®(u) = Tpyr—1 + O(h),

and x, is ‘nearly fixed’ by ®. The same argument via the implicit function theorem as in
Section implies that for h sufficiently small there exists a (locally unique) fixed point
w* =u*(h) = xpir—1 + O(h).
Moreover,
D@(u) = hBerf(u, t7z+r)7
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and in particular ||[D®(u*)| = O(h), where || - || indicates the Euclidean operator norm.
Suppose h is sufficiently small such that o’ := [|[D®(u*)|| < 1.

We can use D® to control the local Lipschitz constant near u*. Indeed, note that by the
fundamental theorem of calculus,

&‘Q‘

®(tu+ (1 —t)v)dt

O(tu+ (1 —t)v) (u —v)dt,

E
| A

O(tu+ (1 —t)v) (u—v)|dt

IN

| D®(tu + (1 — ¢)v)|| |u — v| dt

=]
[
s 1o
[

<< sup ||D‘I’(w)||> lu—l,
wE B, (u*)

provided w and v are contained in the ball
B.(v*)={u: Ju—u*| <r}

of radius 7 about u*. Note that if f (hence also ®) is C!, then for any a € (o/, 1), there
exists > 0 sufficiently small (independent of ) such that |D®(u) — D®(u*)|| < o — o’ on
B,.(u*). Henceforth assume that r is taken to guarantee this, so

|P(u) — P(v)] < a|u—v| (8.3)

for all u,v € B,(u*).

We could apply Banach’s fixed point theorem to the space B,.(u*) if we knew that it
was actually preserved by @, i.e., that for u € B,.(u*),the image ®(u) € B,.(u*) as well. But
actually we do know this, because by applying (8.3) with «* in place of v, we have

[P(u) —u*| = |P(u) — P(u")| <alu—u*|<ar<r

for all u € B,(u*).

Since u*(h) = xpyr—1 + O(h), we have for h sufficiently small that z,4,—1 € By(u*),
so in practice we can compute z,., := u* by applying fixed-point iteration intialized at
Lytr—1-

As in the discussion of Section , some extra work (given that the method is conver-
gent) can be used to guarantee that given a fixed choice of a < 1, there exists a choice of r
that is independent of n and NV in the limit A — 0, but we will not get into this.

8.2 Newton’s method

In this section we concern ourselves with the solution of a general system of d nonlinear
equation sin d unknowns. We have put the problem of solving an implicit method in this
form via (8.2)), which we reproduce here as

F(u) =0, (8.4)



where F': R — R%. We have argued above via the implicit function theorem that for the
equations of interest to us, we can easily pick an initial guess uy which lies close to a true
solution u* of (8.4) in the sense that u* = ug + O(h).

The idea of Newton’s method (or the Newton-Raphson method) is to iterate the
following steps until convergence is achieved.

1. Linearize the equations (8.4) about our current guess.

2. Solve the linearized equations to get a new guess.

More concretely, given k-th iterate u, € R? which is our current guess, the (k4 1)-th iterate
is furnished by forming the linearized equations

F(ug) + DF (ug) - (u —ug) = 0.

Then the unique solution (provided invertibility of the Jacobian at uy) defines our next
iterate as
Uk4+1 = Uk, — DF(uk)_lF(uk). (8.5)

The global convergence of Newton’s method is very tricky to understand, but locally it
is not. First of all, if we assume that DF(u*) is invertible (as is guaranteed to be the case
for h sufficiently small), then DF(u) will remain invertible in some small neighborhood of
u*, and our concerns about invertibility go away.

If we initialize sufficiently close to the true solution u* (as can be guaranteed in the
h — 0 limit), can we understand the rate of convergence of uy — u* as k — co? Yes:

Theorem 14. Let F : R? — R4 be C?-smooth and u* € R? such that F(u*) = 0 and
DF(u*) is invertible. There exists p > 0 such that if lug — u*| < p, then Newton’s method,
as defined by the iteration

Uk4+1 = Uk — DF(uk)_lF(uk)

or k >0, converges to u* and moreover there exist constants a > 0 and 3 € R such tha
k>0 to u* and th ist tant 0 and 8 € R such that
log |uy, — u*| < —a2 4 3.

Remark 15. We shall see in the proof that there exists M > 0 such that

lup1 — u*| < Mlug — u*|?
for all £ > 0, which implies the stated result. This inequality is the defining condition for
quadratic convergence.

Proof. Without loss of generality (just be translating the objective and vertical shift), we
can assume that u* = 0. For any r > 0, define B, := B,.(0) to be the ball of radius  about
the solution. Choose R > 0 sufficiently small such that DF is invertible on Br. Now for
any v € Bg, we can define

I(v) =v— DF(v) ' F(v)

to be the image of v under one iteration of Newton’s method.

There are two notions of error relevant to the problem. For a point v € R?, we say that
its corresponding ‘equation error’ is |F'(v)|, which measures the amount by which v fails to
solve the target equation F'(u) = 0. Meanwhile, the ‘true error’ of v is simply |v|, which
measures the amount by which v differs from the true solution u = 0.
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Let v € Bg, and let w = Z(v). We will plug w back into F' and determine the equation
error |F(w)| for w. We will bound |F(w)| in terms of |F(v)| to show that the equation error
is decreasing as we iterate.

Then we will show that the equation error and the true error are essentially equivalent
in that they are each bounded by a constant multiple of the other. Therefore the rate of
convergence of the equation error implies the same rate of convergence of the true error.

For the first task, it is useful to rewrite F'(u) for arbitrary u via Taylor expansion about

v as
F(u)=F(v)+ DF(v) - (u—v) + ¥, (u), (8.6)

where 1, (u) is simply defined as the necessary remainder
() i= F(u) — [F(v) + DF(v) - (u— )],
and Taylor’s theorem implies that there exists C' > 0 independent of v € Bpg such that
[y (u)] < Clu —v|? on Bg.
Then observe that if we plug w = Z(v) into , we obtain precisely
F(w) = ¢y (w),
SO
|F(w)| < Clw—vf?
= C|DF(v) ' F(v)]?
< C||DF(v)~H?|F (v)[?
< CIF(v),

where C' > 0 is a suitably large constant independent of v € Bp, which exists by the
continuity of DF~! on Bg.

In summary, we have shown that
|F(Z(v))] < C|F(v)[? (8.7)

for all v € Bp.

Now we turn to the second task: showing the equivalence of the equation error and the
true error. Specifically, we will show that there exist a, A, > 0 such that

alul < |F(u)] < Alul

for all u € B,.

To see this we Taylor-expand about the origin (true solution) as
F(u) = DF(0) - u + ¢(u), (8.8)
where |¢(u)| < C’'|u|? for suitable C' > 0. Note that then
|F(u)| < [DF0)|| [u] + C"|uf* = (| DF(0)]| + C"[ul) [ul,

IDEO)||
r S o

so as long as , we have

|F(u)| < Al
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for u € B,, where we have defined A := 2||[DF(0)]|.
Meanwhile, we can rearrange (8.8)) to obtain

uw=DF(0)~" [F(u) — ¢(u)],

so then
ol < 5 [F ()] + C"JuP
g 2a )
where a := W and C” := |[DF(0)7||C’. Therefore as long as r < 52, then we
have for u € B, that
1 1
< —|F -
jul < oo P ()] + 3l
which implies that |u| < (1/a)|F (u)|.
In summary, we have constructed a, A, > 0 such that
alu] < |F(u)] < Alul (8.9)

for all u € B,., as was to be shown. We can always reduce the size of r if necessary to ensure
that » < R'.

Then recall (8.7)), which implies that
|F(Z(v))| < CIF(v)]?
for all v € B,.. But then implies that
Z(v)| < Mlv|?, (8.10)

where M := % for all v € B,.

Then by taking p < min (r, ﬁ) we have
|Z(v)] < =|v] (8.11)

for all v € B,, so in particular Z maps B, into itself.

Since Z maps B, into itself, it follows that if our initial guess ug € B,, then u;, € B, for
all £ > 0, and by (8.10)), we have

lukg1] = 1Z(up)| < Mlug?, (8.12)
i.e., quadratic convergence.

We will now see why quadratic convergence in this sense implies the stated rate of
convergence of the sequence uy, i.e., the stated bound on |uy — u*|.

By taking logarithms of (8.12)) we have
log |ug+1] < b+ 2log |ugl,

where b = log M.

Defining a by the recursion
ag+1 = b+ 2ay

and ag := log |ug|, we have inductively that log |ux| < ax, so we need only concern ourselves
with the ay.
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In fact we can solve for a exactly as
01:b+2a0, a2:b+2b+4ao, a3:b+2b+4b+8a0,

or in general,

k-1
ap = 2%ag + (Z 2l> b

=0
=2Fag+ (2F - 1)b
= Qk(ao + b) —b.

Therefore, if ag + b < 0 we are in good shape.

1 1

Indeed, note that since ug € B, and p < 55, we have in particular that |ug| < 537, so
log |ug| < log (1/2) — log M, which implies
ap + b <log(1/2),
SO
ap < —log(2)2% —b.
Taking o = log(2) and 8 = —b concludes the proof. O

What are the drawbacks of Newton’s method? First observe that computing the Jacobian
DF(u), if we retrace our steps back to the ODE z/(t) = f(z(t),t) that we’re trying to solve,
actually requires us to compute derivatives of f, which is undesirable in general. However,
even more fundamentally, the computational scaling of Newton’s method with respect to the
state dimension d is in general O(d®) due to the cost of the linear solve DF (uy) ™' F(ug).
Depending on the problem structure, it may or may not be possible to do better, with
varying amounts of effort. You should roughly think of Newton’s method as unbeatable
for small d but less and less practical as d becomes large. Even when Newton’s method is
completely impractical, it is conceptually important as an ideal that one can wishfully (if
imperfectly) strive to attain by other, scrappier methods.

8.3 Anderson acceleration / DIIS

Consider the general problem of finding a fixed point of some map ® : R? — R?. Assume
even that ® is a contraction map, so a unique fixed point can be constructed in principle
via fixed-point iteration. Since we have been talking a lot about fixed-point iterations, I
want to tell you about a more sophisticated approach of great generality that is not widely
known in applied math. Indeed I am not confident about the use of it in implicit integrators
for ODEs, but this is a good chance to learn it nonetheless!

Define g : RY — R? by g(u) = ®(u) — u, which returns a ‘residual’ vector, satisfying the
condition that g(u) = 0 if and only if ®(u) = u, i.e., if and only if u is a fixed point. For
this choice of residual, the following method is known as Anderson acceleration. The
ideas have appeared independently in quantum chemistry, where the framework is known as
direct inversion in the iterative subspace (DIIS) or Pulay mizing and can involve
a more general notion of residual.

This also will be an iterative method, furnishing a sequence of iterates uy — u* satisfying
®(u*) = u*. However, unlike ordinary fixed-point iteration, DIIS will use the history of
previous iterates as well in the computation of the next iterate.
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Suppose inductively that wuq,...,u; have been furnished, and let m < k be a ‘history
parameter’ dictating how many previous iterates will be used. Therefore in practice m must
be k-dependent, and we should really write m = my, := min(k, mmax ), where mp,ay is fixed.
However, we will omit the k-dependence of m from the notation. It is also useful before
proceeding to define residual vectors v; := g(u;) for all j.

Consider the (m — 1)-dimensional affine subspace generated by the m vectors

{q)(uk—m-i-l)? sy q)(uk)}a

e., the ‘suggestions’ made by ordinary fixed-point iteration for the m previous iterates.
Concretely this affine subspace, can be defined as

m

S = {Z aP(Uk—m+1)
1=1

We are going to take ‘best’ composite suggestion, based on the last m iterates, from this

affine subspace.

HMg

How to define best? Supposing that we are near u*, we are inspired by the first-order
approximation of ® , which we write as

D(u) =~ Alu —u*) + b,

where A = D®(u*) and b = ®(u*) = u*. Note that if };" , ¢, = 1, then this approximation
yields

m

m
Z Cl(I)(Uk—m-i-l) ~ Z clA(uk_m_H — u*) +b
=1 =1

=A <Z ClUk—m+1 — ’U,*> +b

=1

~® (Z Cluk—m+l> )

=1

i.e., linear combination according to the ¢; can be passed through ® approximately as
Z a®(uk—m+1) (Z - 7n+l> (8.13)
Consider the problem

, subject to ch =1, (8.14)
=1

m 2
minimi _

R ze Z ClUk—m+l1
1=1
which is a constrained least squares problem that can be solved exactly by a suitable (m +
1) x (m + 1) matrix inversion.

Now

m m m
E ClUk—mtl = E P (Up—m1) — g ClUk—m 1
=1 =1 =1

ztij(d)— 7
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where 4 := Y " | cjuk—_m+1, S0 by solving (8.14) we are approximately solving the problem
of finding ®(4) in the (generally nonlinear) submanifold

S~ = {(I) (chukarl) : ch = 1},
=1 =1

which is very close to its preimage 4. (Locally near u*, the map ® is invertible, as is
guaranteed provided D®(u*) is invertible. If this is not the case, then our intuition is in big
trouble.) Near u*, we have already argued that S and S can be identified closely via .
Therefore we propose as our next iterate

m
uki1 =Y ®(Uk—mi1),
1=1
which completes the specification of the method.

In summary, for each k, given previous iterates uq,...,u; and residuals vy, ..., vg, we
perform the following;:

1. Set m = my = min(k, Mmax)-
2. Determine cq, ..., ¢, € R with sum equal to 1 by solving (8.14)).

3. Define next iterate ugy1 := > -1 1P (uk—m+i) and next residual vig1 := g(up1)-

Note that the evaluations ®(u;) can be stored, so we only need to perform one additional
evaluation of @ per step of this method, no worse than a single step of ordinary fixed-point
iteration. Usually computing ® will be the bottleneck, unless m is allowed to become very
large, which often is not a great idea anyway due to stability concerns.

Unfortunately, there aren’t really any clean theorems about the convergence of Ander-
son acceleration in practice, and the results can be somewhat difficult to predict, but the
practical speedup can be quite dramatic for many significant problems.

9 Zero-stability

As we warned earlier and shall now see concretely, consistency does not imply conver-
gence! Let’s see what can go wrong.

All of the methods we introduced above had a natural motivation, but we can write
down consistent methods that look kind of silly. Consider for example the two-step method

Tn42 + 4.’En+1 - 5.’En = h(4fn+1 + 2fn) (91)

Here we have r = 2, ag = =5, a1 =4, a2 =1, fy =2, f1 = 4, and 2 = 0, so the
conditions of Theorem [13] are satisfied, and the LMM is consistent. We’ll see later that this
method is not convergent!

9.1 Difference equations

Besides consistency, another necessary condition for convergence can be understood by ex-
amining the trivial ODE 2/(t) = 0 defined by f = 0, which admits the constant solution
x(t) = xg for all t. Here it is convenient to consider the equation over the complex numbers,
i.e., to think of x(t),z, € C%.
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Applying a general LMM (55.6) to this ODE yields the difference equation

T
Zajxn+j20, n=0,...,N —r. (9.2)
§=0
Consider the ansatz
Tp = we; (9.3)
for a solution, where w is a scalar and e; € R? is the i-th standard basis vector, i = 1,...,d.

Plugging into the difference equation (9.2))yields
T
0= Z ogw"“ e;
j=0

j n
ajw! | we;

I
.
-
[}

= p(w)w"e;,

where we recall that p is the first characteristic polynomial of the LMM. Note that if w is
a root of p, then we have a solution. Note that even in the case where w = 0 is a root
(i.e., ag = 0), if we adopt the convention that 0° = 1 so that z,, = J,0e;, we still obtain a
nontrivial solution of .

In fact, provided that p has N distinct roots, linear combinations of solutions of the form
define the general solution of , as can be verified by a dimension counting argu-
ment. Indeed, note that the set of x = (xg,...,2x) solving is a subspace. Moreover,
once Ty, ..., Z,_1 are fixed, the rest of the z; are determined linearly in terms of these. (Each
x; can be determined from the r preceding values just by noting x4, = — Z;;é QjTngj-)
However, the values zq, ..., z,_1 are themselves unconstrained. It follows that the solution
space is 7 x d dimensional, and since the vectors (1, wg, w?, ..., wl ) are linearly independent
(cf. Vandermonde!) for distinct k, the claim follows.

For completeness, what about the case of repeated roots? Suppose that w is a repeated
root, so p(w) = p'(w) = 0. For simplicity let d = 1, and consider a solution of the form

T, = nw”.

Then
i T
D ajangy =Y+ ju
j=0 §=0

T T
- n§ apd n§ Fevsand
= nw a;w’ +w Jojw
J=0 Jj=0

wn+1

=nw"p(w) + w™ " p'(w)

=0.

Similarly, if w is root of order at least 3, then p”’(w) = 0 as well, and

Ty = n2wn
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also diﬁnes a solution. Indeed, using the fact already shown that Z;:o ajwl = Z;:O jojwl =
0, we have

s T

_ N2, n+j
g aj:cn_‘_jfg a;(n+j) w"™
j=0

=0

T
:wng jzozjwJ

=0

=w" Y j(j — Dajw
7=0

— wn+2p//(w)

=0.

More generally, if w is a root of order m, then z,, = nFw™ defines a solution for each
k=0,....,m—1.

Note that in the annoying case where w = 0 is a repeated root, our formula x,, = n"w"™ =
dn0 does not furnish any new solutions. Let us inspect this case more closely. Observe that
if 0 is a root of order m, then it must be the case that ag = --- = «,,,_1 = 0. In fact, for
any k =0,...,m — 1, then the formula x, = J,; evidently furnishes a solution of .

k

Theorem 16. A general complex solution of d9.2) is a complez linear combination of the
r X d basis solutions of the form

nFwme;, w#0
Tp =

, n=0,...,N,
Onk€i, w =0

wherei =1,...,d, w is an order-m root of the first characteristic polynomial p of the LMM,
and k=0,...,m—1.

Remark 17. To complete the proof of this theorem, we would have to establish that the r
vectors (nfw™)N_, . where w is an order-m root of p and k = 0,...,m—1, are in fact linearly

independent. Note that it suffices to check that they are linearly independent in the case
N =1 —1. We omit a proof of this fact.

9.2 Root condition

Note that if we perfectly initialize (9.2) with 9 = --- = x,_; = 2(0), then by inspection of
r—1
Tptr = — Z A Tn4j
§=0

together with the fact that — Z;;é o = 1, we can inductively deduce the solution

In = 20

for n =0,..., N, which perfectly agrees with the exact solution of the ODE z/(¢) = 0.

This corresponds to a linear combination of basis solutions z, = nfw"e;, where k = 0

and w = 1. (Indeed, note that 1 is always a root of p for a consistent LMM!)

However, if we make even a vanishly small initialization error x,, = xo + O(h?), we will
in general pick up contributions to our solution of size ©(n*w™h?), where k > 1 or w # 0,
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corresponding to a coefficient of size ©(hP) for some basis solutions n*w"e;. Observe that
the contribution at time N will amount to ©(N*~Pw). This will not be o(1) unless either
|lw| < lor|w =1, k<p.

Now writing :1:7(1N) to emphasize dependence of the solution on the time step, we normally
say that an LMM is convergent if we have ||x(()1\2 — 2(to.n)||oo — O provided that the
start values are merely consistent in that |x£«LN) —z(nh)] = o(1) for n = 0,...,7r — 1 as
h — 0. Evidently, given such a loose assumption on the starting value accuracy, we cannot
accommodate a repeated root with |w| = 1. Even with tighter assumptions on the starting
values, we can see that in general a repeated root with |w| = 1 would mess up the order of
accuracy of the method, which is not cool.

Definition 18. We say that the first characteristic polynomial of an LMM satisfies the
root condition if all roots w have modulus at most 1 and all repeated roots have modulus
strictly less than 1. An LMM that satisfies the root condition is called zero-stable.

It can be shown (but we won’t bother to do so formally) that zero-stability is necessary
for an LMM to converge in general. (Just look at the trivial system considered above.) What
we want to prove is that zero-stability, together with consistency, implies convergence. But
first we consider a few examples.

9.3 Examples
9.3.1 Silly example

Let’s show that the silly example ((9.1) fails to be zero-stable. Note that in this case
pw) = w? + 4w — 5= (w+ 5)(w — 1),

hence w = —5 is a root! Evidently | — 5] > 1, so the method is not zero-stable.

9.3.2 Adams-type methods

Next, observe that the Adams-type methods all yield
plw) =w" —w ' =w " w-1),

with roots w = 0 (multiplicity » — 1) and w = 1 (multiplicity 1). Hence the Adams-type
methods are all zero-stable.

9.3.3 Nystrom-type methods

Meanwhile, the Nystrom-type methods all yield
p(w) =w" —w 2 =w2(w? = 1) =w" " 3(w+ 1)(w — 1),

with roots w = 0 (multiplicity » — 2), w = 1 (multiplicity 1), and w = —1 (multiplicity 1).
Hence the Nystrom-type methods are all zero-stable.

9.3.4 Backward differentiation formulas

The zero-stability of the remaining family of methods introduced above, the BDFs, is more
difficult to ascertain. It can be shown that r-th order BDF is zero-stable for r = 1,...,6,
but not zero-stable for > 6. This is one of those weird accidental facts, and there does not
appear to be an elegant way to justify it. The best way is probably just to see for yourself
by root-finding.
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9.4 Dahlquist’s first barrier theorem

We already have some intuition for how increasing the number of steps of a LMM can allow
us to improve the order of accuracy. If we additionally insist on zero-stability (which is
an essential requirement as we have seen), what is the best of order of accuracy possible
for a given number of steps? Dahlquist’s first barrier theorem tells us some fairly tight
constraints.

Theorem 19 (Dahlquist’s first barrier theorem). The order p of an r-step zero-stable
LMM is constrained by the following conditions:

1. p<r+42ifr is even,
2. p<r+1ifr is odd,
3. p <rif B <0 (in particular whenever B, = 0, i.e., whenever the LMM is explicit).

Remark 20. Recall that the r-step Adams-Moulton method has order of accuracy r + 1,
hence saturates the bound for odd r, and the r-step Adams-Bashforth method has order of
accuracy r, hence saturates the bound for explicit LMMs. Meanwhile, Simpson’s rule is a
2-step method with order-4 accuracy, hence saturates the bound in the even case. I am not
sure whether in general there exists an implicit method saturating the bound for arbitrary
even r.

10 Convergence theorem

Our goal in this section is to prove the following important theorem (due essentially to
Dahlquist).

Theorem 21 (Dahlquist). Suppose that f CP-smooth with uniformly bounded first and
second derivatives and that the r-step LMM @ is both order-p consistent and zero-stable,
furnished with start values x; = x(jh) + O(h?) for j = 0,...,7 — 1, where x = z(t) is
the exact solution of @ For h = 1/N sufficiently small, there exists a unique solution
(zo,...,zN) to the LMM (@, and

— z(tn)| = O(hP).
x|z — a(tn)| = O(h?)
Remark 22. Given smoothness, having uniformly bounded first derivative is equivalent to
being globally Lipschitz (cf. the manipulations in Section [8.1.2). By similar considerations
as mentioned in earlier theorems, such global boundedness assumptions can be relaxed with
extra effort.

Remark 23. Note that the existence and uniqueness of a solution of the for h suf-
ficiently large follows from the discussion of Section Moreover, the CP-smoothness
of f guarantees, via repeated differentiaton of the equation 2'(t) = f(x(t),t), that x is
CP*+l_smooth. Order-p consistency and the Lagrange error bound then together imply that
|Lhx(t)| < Csupgepo,rp [#PTD(€)] for some C.

For notational simplicity we will simply consider the scalar case d = 1. There is no
essential difference in proving the case of general d.
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10.1 The step map

It’s useful to consider the linear map 7' : R"™ — R" defined by
r—1

T(.’Eo,...,a)‘rfl): xl,...,mr,l,—Zajxj 5
j=0

which sends a solution of at times n,...,n+r—1 to the solution at times n+1,...,n+r.
(We will use a zero-indexing convention for vectors in this section!) We'll call
this the ‘step map’ (not a standard name!) since it steps forward the solution of by
one increment of time.

In fact the basis solutions introduced in Theorem earlier furnish a generalized eigen-
basis for T. Indeed, let w be a nonzero root, and consider x = (xg,...,2,—1) defined
by

x]-:wj, 7=0,...,7—1.
Following Theorem x defines the first r values of a solution z; = w’ for . Then
[T(x)],—1 simply fills in the next value of this solution, i.e., [T'(x)],—1 = w", and in general
we have
[T(x)]; =w ™ =wz;, j=0,...,7r—1,

o
T(x) = wx,

i.e., x is an eigenvector with eigenvalue w.

In the case where w = 0 is a root, repeated with order m (so that ag = -+ = ap—1 = 0),
it is clear that for any £k =0,...,m — 1, the vector x defined by

Tj = 0jk, j:07...,’l“—1

isk=0,...,m—11is anull vector for T, i.e., T(x) = 0.

Meanwhile, if w is a repeated root with order m > k and
x; =i, j=0,...,r—1,
then again following Theorem [T (x)],—1 fills in the next value of this solution for (9.2),
ie., [T(x)],—1 = r*w", and
. kok A
760l = G+ D = w3 ()il G=or -

At this point it is helpful to label our basis vectors. If w is a root of multiplicity m, then
for k=0,...,m— 1, we let x(*¥) be defined by

) ik 0
x(.“”")—{J whowA0 o1 (10.1)

J 6jka sz’

Then we have precisely shown that

"k
T (xR = Z <l)x(w’l).

=0
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In other words, the basis {x(*’®)} block-diagonalizes the operator T', and the m x m block
of the matrix associated with the root w can be written

L@ 6 ¢ ("5

NG IN) ("

B _ L) ("
1 (")

i

Note that B() — wI is nilpotent, implying in particular that the x(*:¥) are generalized
eigenvectors, and the eigenvalues of T' are precisely the roots of p.

If p satisfies the root condition, all such blocks B(*) are either 1 x 1 matrices with |w| < 1
or possibly larger matrices with |w| < 1. In the latter case, it can be shown (though we
leave this as an exercise) that [B(“)]? — 0 as p — co. In particular, there exists some p
sufficiently large such that ||[B()| < 1 for all roots w of p. Accordingly, the matrix of TP
with respect to the generalized eigenbasis has operator norm bounded by 1.

It is useful to introduce a new norm on C” that is adapted to the generalized eigenbasis.
Indeed, define |||x||| to be the Euclidean norm of the vector coefficients of x in the generalized
eigenbasis. Then let ||| - ||| denote also by extension the associated operator norm. Then
the preceding discussion guarantees that |||T?]|| < 1 for all p sufficiently large. That’s the
upshot of this whole subsection! In summary, we have proved:

Theorem 24. The eigenvalues of the step map T are precisely the roots of the first char-
acteristic polynomial p of the LMM (5.6). The vectors x(“*) where w is a root of p of
multiplicity m and k = 0,...,m — 1, form a generalized eigenbasis for T, each associated
to the eigenvalue w. If p satisfies the root condition, then there exists a norm ||| - ||| on C"
and an associated operator norm (denoted the same) such that for all p sufficiently large,
i)l < 1.

10.2 Warm-up: inhomogeneous linear difference equation

Let us now consider the following inhomogeneous generalization of the difference equation

p2):
Zajxn+j =0gn, n=0,...,N—r (10.2)
3=0

where g, is some fixed right-hand side, independent of the z,. We can solve (10.2)) using
the step map. Indeed, note that given all preceding values, we can solve for z,, as

r—1
Tn+r = Gn — Z QjTntj = gn — [T(X(n))]r—la
§=0
where x(™ := (z,,...,Znir—1). More compactly, we have

x( D = 7(x(M) 4 gD,

where we define
gt = (0,...,9n), n=0,....,N—r.
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It is convenient also to define
g(0) — x(0)

Then given an initialization of starting values g(® = x() = (xq,...,2,_1), we obtain
sequentially:
< — T(g(o)) +gW,

x® =1(g) + T(g") + g,
x® =T13(g) + (™) + T(g®) + g,

and in general we have
x ="k (g™), n=0,...,N-r+1, (10.3)
k=0

which defines an exact solution for (10.2).

Now is the time to remember the hidden mesh-dependence (i.e., N-dependence or h-
dependence) of the scheme. Suppose

- P = p+1
max_ [on| = O(R?), max |ga| = O(R")

.....

=0,...,

as h — 0. We have perturbed the equation (9.2) by adding an O(h?*1)-small right-hand
side, and we are considering an O(hP)-small initialization. The goal is to show that the
solution is also O(hP)-small.

Indeed, note that from (10.3) that

< > =11 - 1Hg™ 11
k=0

Suppose p satisfies the root condition, so by Theorem

C:= sup [||T"]|

syl

is finite. (The fancy norm is not really necessary here, but it will be useful later.)

It follows by triangle inequality that

M) < 0) N ®) || — O(hP
Joax [l < Clll[+CON - max - llg™ ] = O(),

where we have used the fact that all finite-dimensional norms are equivalent. Indeed, said
fact then further implies that

max |z™] = O(hP),
0,..,N

as desired.

10.3 Getting warmer: linear case

Now consider the case of a linear ODE defined by f(z,t) = Az. We want to show that the
LMM (5.6) is convergent in this case, given consistency and zero-stability. More specifically,
given order-p consistency we want to show order-p accuracy of the solution.
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Recall the defining equation for the LMM (/5.6):
Zozjxn+j = AhZﬁjan, n=20,...,N —r,
§=0 §=0

let © = z(t) be the true solution, and suppose |z, — z(nh)| = O(h?) for n = 0,...,r — 1.
(Note that there is a hidden dependence of the solution z, on the mesh, i.e., on N or
equivalently on h.)

Now the whole point of (order-p) consistency is that if we plug in the true solution to the
defining equation for the LMM, it holds with vanishingly small error, specifically O(hP*1)
error. To wit

> aa(tnrg) =AY Bia(tnts) + gn,
j=0 §=0

where max,—o . N—r |gn| = O(hPT1).

Now define an error displacement ¢, := x,, — x(¢,). (Note that €, is to be distinguished
from the absolute error notation E, = |e,| considered earlier in the course. We'll still
call it the ‘error.”) Observe that the error satisfies a linear difference equation with small
right-hand side, namely:

r

> (a;—AhBj) € =gn, n=0,....N-r
=0

This is a small variation on (10.2)) in that the shift map itself has been perturbed by O(h).

Indeed define a perturbed a shift map 7}, associated to the perturbed polynomial pp,(w) =

Zgzo(aj — AhBj)wi. Tt is easy to see that Tj, = T + By, where By, = O(h) is a linear map.
Following (10.3]), we have a solution

€™ :ZT}?fk(g(k)% n=0,...,N—r+1, (10.4)
k=0
where €™ ;= (€ns- s €nyr—1), and

(n) _ (Ow”:gn—l), n=1,...,N—r+1
g =
(€0y---s6r1), M=

Now by Theorem there exists some m, which shall now remain fized (even as h is
changed), such that |||T™||| < 1. Then expand

m m __ m - m m—k nk
Ty = (T + By) _z‘-+g;<k>z‘ BE,

and note that the remainder term of the sum is O(h), so there exists some ¢ > 0 such that
TR < 1+ ch

for all h sufficiently small.

Then for any nonnegative integer M, we can always write M = gm + 1, where ¢ < M/m
and the remainder ! € {0,...,m — 1}. Therefore

=T, ("),
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SO
TR < (T 1 T3 .

Since I € {0,...,m — 1} and m is fixed, |||T}]||' is bounded by some constant A for all h
sufficiently small. Then

| TM]]| < A(1 4 ch)? < A(1 + ch)M/™ < A(eh)yM/m = Ae*Mh

where we have defined a new constant a := ¢/m.
This bound is key because as long as M < N, we still have a constant bound

T < C = AeT.

Then plugging into (10.4)), we obtain

n
™ 1< T 11 Mg+ D Iz 11 - g™ l]
k=1

.....

By norm equivalence and our bounds on €g,...,€._1 as well as our uniform bound over
9o, - - - s gn, We have in turn that

O] — P F) | = p+1
sl = 0(),  max [l = O(hr*),

yeeey

and it follows that
max_ [l = O(h?).

By norm equivalence we conclude that

max E, = O(hP),
N

n=0,...,

which is precisely convergence of order p, as desired.

10.4 Lipschitz case

Once again we want to obtain a difference equation for the error ¢, = x,, — z(nh). Order-p
consistency (cf. Remark [23)) implies that

D aja(tneg) =hY B f(@(tngs)tnrs) + Gns n=0,...,N—r.
Jj=0 j=0
where max,, |§,| = O(h?*1). Subtracting from the LMM ([5.6) we have
> ajeny; =hY Bidny;+Gn,, n=0,...,N—r. (10.5)
=0 =0

where
dn = f(xnythrj) - f(x(t’ﬂ)’tn)

In Section [10.3] we were able to simplify the expression for d,, dramatically using the
linearity of f. We will mimic this as best as we can via linearization! Indeed, for all
n=20,...,N, we can approximate

dp = Apen + by,
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where
Ap 1= aa:f(x<tn)7tn)a bn 1= dp — Apén,

and )
[bn] < 5102 flloe fen]® (10.6)
by the Lagrange error bound.
Then we can rewrite (10.5) as
> (= AngiBih) engi =gh, n=0,...,N—r, (10.7)

=0
where

I 12h25jbn+j +gn, n=0,...,N—1.
j=0

Now the inhomogeneous difference equation is ‘non-autonomous’ in the sense that our
perturbation to the step map T depends on n via A,. This is not actually a significant
issue. The more annoying thing is that the RHS of now includes a garbage term b,
that depends on the solution {z,} (or, equivalently, on {e,}), via the dependency z, —
{dn, An} — bp, and we have no a priori control over it. The fact that the that the b,, are
quadratically small (cf.) in the error will allow us to massage away this difficulty via
fixed-point iteration.

We will define a map that takes in a candidate solution {y,} and spits out an updated
candidate {y/,} such that the map has fixed point {z,}. First the map defines g,, in terms of
{yn} as we defined ¢/, terms of {z,,} above. Then the map solves the appropriate difference
equation for an error displacement {4, }, which in turn determines a new candidate solution
{yn}. We want to obtain control over both stages of this map. This is accomplished in the
following two lemmas.

Lemma 25. The map G = G . Yo:N > go:N—r defined by
In = hZBJ yn-‘r]v n+J) f(x(tn-&-j) n+3) O f(w(t n+]) n+j) : (yn—i-j —z(t n+]))] + gn

is Lipschitz with respect to the infinity norm. If we restrict the map G to the ball
BT = Bv(”N) = {yO:N : ||y0:N - x(tOIN)HOO S T’},

the Lipschitz constant, which we call Ly, ,, is O(rh).

Proof (of lemma). First compute

[g<y0:N) zO N)ln = hZBJ yn+Ja n+]) f(z’ﬂ+j? n+g) Oy f( ( n+j> n+j> : (yn+j - zn+j)] .

In order to apply Lagrange error bounds we rewrite as

[G(yo:n) — G(z0:n)]n = hz B lf Wntsstnts) = f(zntjs tnss) = Onf (znsjs tnts) - (Unts — Znss)]

+ hZﬂj 8 f n+]) n+j) - awf(zn-l-jvtn-l-j)] : (yn-‘rj - Zn+j)'

7=0
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Now
f(ynytn) - f(znatn) - awf(z’rutn) : (yn - Zn) - O(|yn - Zn‘2)

and

8If(m(tn)vtn) - amf(zn»tn) = O(|$(tn) - ZTLD
by the assumption of uniform boundedness on 92 f, so it follows that

||g(y0N) - g(ZON)”oo S Ch (”yON - ZO:N”oo + ||$(t0N) - ZO:NHOO) HyO:N - ZO:NHOO
for a suitable constant C' independent of n, N. Now
HyO:N - ZOZNHOO S ||yO:N - :L'(tO:N)Hoo + ||ZO:N - x(tO:N)”oov

so if yo.n, 20.n € By, then

1G(yo:n) — G(20:8) |loo < 3Chr|[yo.n — 20:N || oo

and the lemma is proved. O

Lemma 26. Suppose that A\, = AN = O(1) uniformly in n and N. (Superscript de-
pendence on N will be omitted from the notation for visual clarity.) Then the linear map
S =8W) from the starting values and RHS (80:r—1, go:N—r) to the full solution dg.n of

T

Z(Oéj */\n+j/3jh) 6n+j = Gn, TLZO,...,Nf’I’ (108)
j=0

is bounded uniformly in N in the sense that there exists C indpendent of N such that
H8[601T717901N7T]||00 S C (H(SO:rfl ||<>o + NHgO:Nfr‘loo) .

Proof (of lemma). The solution of proceeds by analogy to , except that the
perturbed step map is now time-dependent, T}, := T + B,,, where the B,, are linear maps
(implicitly h-dependent) with max,, || B, | = O(h). Indeed, with notation as in the preceding
(mutatis mutandi) we obtain

8 = Tu- ThyoTipa (™), n=0,...,N—r+1,
k=0

and we can straightforwardly generalize our preceding analysis to obtain the bound

| < AEle@ (| + & (k)
61 < Cllg |+ N max g™l

for some C indpendent of n, N. Recall the notation g(© = (6, ...,d,_;). By norm equiva-
lence the lemma follows. O

Proof of Theorem[21. Define the map
O =M s yo.n — z(ton) + S [eor—1, G(Yo:n)] -
From the preceding two lemmas it follows that

CI)(y();N) - (P(Zo;N) = S[EO:T‘—lv g(yO:N)] - 8[6027”—1’ g(ZO5N)]
= S[O, g(yO:N) - g(ZOIN)]a
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SO

12 (yo:n) — (20:n)[|oo < CN|G(yo:n) — G(20:n) o0
S CNLT,}LHZ/O:N - ZO:NHOO?

as long as yo.n, 20:n € Byr. Now CNL,;, = O(r), so let r be sufficiently small (independent
of N) such that ® is Lipschitz on B, with Lipschitz constant 1/2.

We claim that then for h sufficiently small, ® maps B, into itself. To see this, suppose
Yo:n € By. Then we want to show that || ®(yo.n) — 2(to.n)||co < 7. First we can apply the
triangle inequality:

1@ (yo:n) = z(to:n)lloo < [|R(yo:n) — P(2(to:n))lloo + [|R(2(to:n)) — 2(to:n) [loo
< Sl — ltou)l| + 18(a(ton)) — (i)l
< 2 + |19((to.n)) = o{to.n) oo (10.9)
But
@ (@ (t0:)) = 2(t0:5) low = Slevir—1, G(a(to:n)) o
< C (leor—1lloo + Nnlloe)

from which it follows that

Then by plugging into (10.9), we see that || ®(yo.n) — z(to:N)|lo < 7, i€, P(yo:n) € By,
provided h is sufficiently small, and the claim that ® maps B, into itself is proved.

Then the Banach fixed point theorem (Theorem [3) furnishes the existence of a unique
fixed point z}. 5 of ® in B,.. But such a fixed point is precisely a solution of (5.6), hence by
uniqueness is is our LMM solution xg.n.

Moreover, since z(to.n) € B;, Banach’s fixed point theorem allows us to write
To:N = lim @k(fﬂ(to;]\/)),
k—o00

and by applying the triangle inequality to a telescoping sum obtain

lzo.v = z(tow)lloe < D 195 (@(to)) — & (2(ton))lloc
k=0

<3 e lB(aton)) — wlton)ll
k=0

= 2[|®(2(to:n)) — 2(to:N) [l oo

which controls the distance between our LMM solution and the true solution in terms of the
error incurred by a single application of the map ®. We have already bounded this error in

(10.10), which implies
[zo:n — z(to:n)[loe = O(RP),

completing the proof of the theorem. O
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11 Milne’s device and predictor-corrector methods

Milne’s device refers to a trick that allows us to use two LMMs of the same order of accuracy
to obtain an a posteriori estimate of the local truncation error, which may be far tighter
than any a priori bound we could derive on paper. The device also allows us to extrapolate
a better solution of one higher order of accuracy. The idea of Milne’s device can be applied
in the specific context of a predictor-corrector method, which can also be viewed as an
approximation to the full solution of an implicit method, equipped via Milne’s device with
an a posteriori estimate on the local error.

11.1 Milne’s device

Suppose we have two r-step LMMs defined via coefficients o, 8; and &, Bj , respectively,
for j =0,...,r. (As we shall see, sometimes it is convenient to view an (r — 1)-step LMM
as an r-step LMM by padding the coefficients with zeros for j = 0.) We will denote the
solutions of these by {z,} and {Z,}, and for the purpose of estimating the error that we
accrue in a single step of the LMM, assume that z; = Z; = z(¢;) for j=n,...,n+r — 1.

Then using the fact that
Za(t) = chPTLa®HY () + O(hPT?),

where ¢ := Cp41 # 0 is the error constant of the first LMM, and subtracting equations from

the , we see that
T(tnsr) = Toor = R [F(@(tntr)s tnsr) = F(@ngrs b)) + chP 2T (1) + O(RPF2),
but since x(t,4,) = Tnir + O(APTY), the first term is merely O(hP*2), and we have
T(tnir) — Tnar = chP 2@ (1) + O(WPH2),

SO
—chp+1$(p+1)(t)7

Entr =

3

where from now on, ‘~’ indicates equality up to O(h?*?) error.

Note that even though we can compute the error constant ¢ a priori, we cannot compute
2PtV (t) a priori since we don’t know the exact solution! So the leading order contribution
to the error is unknown to us, practically. However, if we let ¢ denote the error constant of
the second LMM, we also have

Ttngr) — Fngy A ERPTI2PT (1),

and we can subtract equations to obtain

i~ s % = ORI (0 = e ) (2227,
C

Assuming that ¢ # ¢, we can then solve for

c ~
6n-i-r ~ E (xn-‘rr - -rn-i-r) )

and likewise N
c -
=~ C(xn-&-r - xn-i—r)-

Entr =
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We can use these formulas to estimate the error accumulated in one time step of either
LMM. A natural criterion to meet is

Entr < h57

where ¢ is some target tolerance for the error accumulation per unit time. If we do not meet
the tolerance, we decrease h until we do. Adjusting the step size on the fly is annoying for
LMMSs but can be achieved via polynomial interpolation of previously computed values.

Note that since z(ty1r) = Tnir — €ntr We can extrapolate an improved solution which
now enjoys one order higher of LTE via

N c ~
Tntr = Tnyr + c_¢ (anrr - xn+r) .

This procedure, known as local extrapolation, is harder to analyze and may be a bit risky
from the point of view of stability.

11.2 Predictor-corrector methods

Now for something completely different (but not really). Suppose we want to implement an
implicit LMM such as the r-step Adams-Moulton method but we are lazy and don’t want
to solve a bunch of nonlinear equations. Suppose this method is p-th order accurate, and
recall we need to solve

r—1 r—1
Tptr = — Z QjTnyj + hZﬂjfnvLj + hﬂjf(anrrv tnir)
Jj=0 j=0

for z,4,. The difficulty is the z,, appearing on the right-hand side. If we just swapped it
out for a different p-th order accurate guess Z,, 1, for 2(¢,,), obtained by alternative means,
then the implicit method would become explicit. If our original LMM is the (r — 1)-step
Adams-Moulton method, we could use, for example, the r-step Adams-Bashforth method
to obtain the guess Z,1,. In this case, the Adams-Bashforth method would be playing the
role of predictor, and the update

r—1 r—1
Tptr = — Z QjTnyj + hz ijn+j + hﬂjf(jn-i-rv tn+7”)
j=0 7=0

defines a so-called predictor-corrector method.

Although the resulting method is not an LMM, we can still define the LTE as the
amount by which the true solution {z(t,)} fails to the satisfy the scheme. By exchanging
f(@nirstnar) = f(Znirstnir), since the LTE for 7, is already only O(hPT1), we see that
the predictor-corrector method has an LTE that differs from that of the original implicit
LMM by O(hP*2). Therefore, both the order and the error constant of the original method
and the predictor-corrector method are the same!

It follows that Milne’s device (applied to the pair of predictor and predictor-corrector
methods) can be used just as in the preceding subsection, furnishing a local error estimate
for the predictor-corrector method.

It’s nice to have an error estimate, but why bother with an implicit method at all? So
far we don’t really have any theoretical tools to distinguish between methods with the same
order of accuracy. The notion of absolute stability, which addresses this gap, will be the
topic of the next section. (Implicit methods can offer better stability properties than explicit
methods, and predictor-corrector methods can split the difference.)
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12 Stiff systems and absolute stability

Consider the scalar ODE
2/ (t) = a(cos(t) — x(t)), (12.1)

where @ > 0. Intuitively we can think of the equation as driving z(t) toward the fixed
pattern cos(t), and the time it takes for the solution to relax to this pattern become smaller
as a — 0o.

In fact, we can solve the ODE exactly as

asin(t)  a?cos(t)
a?+1 a?+1

—at
)

x(t) =

where ¢ is a constant determined by the initial condition. If the initial condition is z¢y = 0,

2
__a*
=TT hence

a(t) =

Evidently as t — oo, the solution relaxes with exponential rate a to a sinusoidal pattern with
fixed frequency. Moreover, in the limit a — oo, the time scales of oscillation and relaxation
separate, and we see that x(t) — cos(t).

then we can solve for ¢ =

cﬁ;il (sin(t) + acos(t) — ae=*).

As we approach the limit a — oo, this becomes a prototypical example of a stiff system.
Colloquially such systems are systems with several internal time scales of different orders
of magnitude. Many schemes (and all explicit schemes) collapse completely when presented
with a stiff system, unless the time step is taken to be as small as the fastest time scale
inherent to the system. But if we really don’t care about resolving the fastest time scales,
we may be able to get away with a much longer time step. The notion of absolute stability
addresses this capacity.

I lied....The real prototypical example of a stiff system is a poorly conditioned linear
system, let’s see how it relates to (12.1). Consider the y(t) = x(t) — cos(t), which satisfies
the ODE

y'(t) = —ay(t) + sin(t),
with an inhomogeneous contribution sin(t) that is now independent of a. As we have seen
conceptually in the proof of the Dahlquist theorem, to understand the propagation of error
for a linear ODE with an inhomogeneous contribution, it really suffices to consider the
homogeneous ODE

y'(t) = —ay(t).
The general study of linear systems of ODEs can essentially be reduced to this scalar case
via diagonalization, as we now describe.

12.1 Linear systems of ODEs
Consider a general linear system of ODEs
2/ (t) = Ax(t).
In fact an explicit solution is available as
1(t) = exp(At)zo,
where exp( - ) denotes the matrix exponential. This solution can be verified by term-by-term

differentiation of the power series expansion for the matrix exponential.
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A more concrete representation of the solution can be obtained by considering a Jordan
decomposition for A. For simplicity, let’s just assume the generic condition that A is diag-
onalizable (though possibly only over the complex numbers), so A = PAP~!, where P is
invertible and A = diag(\q, ..., Ag) is diagonal, though both are possibly complex. Then by
considering the transformation y(t) = P~1z(t) (which operation also commutes with any
reasonable scheme), we obtain

Y (t) = P12/ (t) = Pt Ax(t) = AP 'a(t) = Ay(t),

- Y (1) = Ay(t).

Note that the dynamics for y,...,yq decouple entirely after this transformation as

yi(t) = Niya(2),

which can be solved exactly as
yi(t) = e 'y;(0).

It follows that lim; o 2(t) = 0 if and only if Re(\;) < 0 for all i = 1,...,d. In general,
even if A is not diagonalizable, it can be verified that lim;_, o z(t) = 0 if and only if Re(\) < 0
for all eigenvalues A of A.

12.2 Absolute stability

Ideally we want numerical schemes that conserve this long-time behavior. We can always
imagine the solution of a LMM as being defined for arbitrarily many time steps with no
final time. As such we can view any r-step LMM as furnishing a sequence {z,}22, given
only the start values xg, ..., _1.

Definition 27. We say that a LMM is absolutely stable (for given h, \) if the solution
{zn}52, satisfies lim,,_, o z, = 0 whenever the LMM is applied with time step h to the
scalar ODE 2/(t) = Ax(t) with arbitrary starting values. We will say that an LMM is
weakly absolutely stable if the sequence {z,}22, remains bounded.

We can unpack this a bit. The LMM in this case reads as

T T
E QjTpgj = hA E BiTn+s,
j=0 j=0

or equivalently
.

Z (ozj — ﬁﬁj) Tntj =0,

=0
where we have defined h = h\.

Remark 28. In our discussion of absolute stability A and A will always appear together
jointly within the expression hA, so it is useful to think of h as the essentially important
quantity, rather than h and A individually. Hence we will say that an LMM is absolutely
stable for given h in the future.
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Our previous analysis of this kind of difference equation yields the result that lim,, o x, =
0 for all choices of starting values if and only if the ‘step map’

r—1

Tra(0, - s Tp1) = | D150, Tpq, — E
Jj=0

Oéj 7flﬂjx'
1-hB

has eigenvalues strictly less than one in magnitude.

Note that this step map is the same as the one considered before, with coeflicients

in the place of the a; defining 7.
Hence the eigenvalues are precisely the roots of the polynomial Z;:o djwj, which are

the same (multiplying through by 1 — ﬁﬁr) as the roots of the stability polynomsial p = p;,
defined by

r

p(w) := Z(aj — hBj)w.

=0

Hence we have shown:

Theorem 29. An LMM is absolutely stable for given h if and only if all the roots of the
corresponding stability polynomial are strictly less than one in magnitude. Meanwhile it is
weakly absolutely stable if the stability polynomial satisfies the root condition.

Definition 30. The region of (weak) absolute stability for an LMM is the set of values
h e C for it is (weakly) absolutely stable. The interval of absolute stability for an LMM
is the largest interval of the form (ilo,O) where hg < 0 such that the LMM is absolutely
stable on the entire interval.

Remark 31. Note that an LMM is zero-stable if and only if the region of weak absolute
stability contains the origin.

Exercise: compute the absolute stability regions for explicit and implicit Euler, the
trapezoidal rule, and the midpoint/leapfrog method.

12.3 Computing arbitrary absolute stability regions

Although absolute stability regions can be computed analytically for a few methods (cf. the
preceding exercise), in general it is not possible to do so. There is nonetheless a foolproof
computational approach for determining absolute stability regions called the boundary
locus method. This approach, as the name suggests, directly seeks the boundary of the
absolute stability region, which is defined by the condition that at least one of the roots w
of the stability polynomial p; has modulus |w| = 1. Any such root can be written w = e'?
for 6 € [0,27).

Therefore, sweeping over 6 € [0, 27), we plug w = € into p; (w) = 0 and then solve for
h = h(#), which we can view as a function of §. The map @ — h(0) defines a curve in C,
called the boundary locus. The curve may self-intersect, dividing the complex plane into
possibly several connected components. For h in the interior of each connected component,
no roots of p; have modulus |w| = 1, and we can check whether that component belongs to
the absolute stability region just by testing a single point.
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Figure 12.1: The solid curve is the boundary locus for |l i.e., the set of points h such
that the stability polynomial p; has a root of modulus 1. The shaded region is the absolute
stability region.

For example, consider the LMM

Tn42 — Tp4+l = hfn (122)

The stability polynomial is

p;,(w) = w?* —w — h.

Plugging w = €' into the equation pj,(w) = 0 and solving for h:

h() = e — ¢,

This is already something we can plot (se? Figure , though it is of course possible to
write out the real and imaginary parts of h(f) separately.

Note: In general, since p;(w) depends linearly on fl, it is always possible to solve
uniquely for h = h(0).

Evidently the curve 6 +— ﬁ(@) depicted in Figure divides the complex plane into

three connected components, so to determine the absolute stability region is suffices to
check one point in the interior of each for absolute stability and then shade accordingly.

Remark 32. Note that determining weak absolute stability regions is technically a bit more
subtle, since each point on the boundary locus must be checked for the presence of repeated
roots of modulus 1.

12.4 A-stability

Definition 33. An LMM is A-stable if its region of absolute stability includes the entire
(strict) left half plane {h € C : Re(h) < 0}.

A-stability is desirable because it implies (for a linear system of ODEs) that if the true

solution satisfies x(t) — 0 as ¢ — oo, then the scheme solution satisifies the analogous
condition that x,, — 0 as n — oc.
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We have seen (through exercises above) that implict Euler and the trapezoidal rule are
both A-stable. (Their absolute stability regions are {h : |h — 1| > 1} and {h : Re(h) < 1},
respectively.)

A-stability is actually an extremely restrictive condition! To wit:

Theorem 34 (Dahlquist’s second barrier theorem).

1. Any explicit LMM is not A-stable.
2. The order of accuracy of an A-stable LMM is at most 2.

Remark 35. As verified in our above exercise, the absolute stability region of the trapezoidal
rule is precisely {fz : Re(il) < 0}, hence the trapezoidal rule is in particular A-stable. Also
recall that the trapezoidal rule is order-2 accurate. It is not the unique order-2 accurate
A-stable LMM, but it is the best one in a sense that is also clarified by Dahlquist’s second
barrier theorem, though omitted here. In summary, if you demand A-stability and second-
order accuracy, use the trapezoidal rule. In the setting of PDEs, the trapezoidal rule defines
the Crank-Nicolson scheme, which is essentially the default approach for parabolic PDE
such as the heat equation. A-stability is an important requirement in this case because the
discretization of the heat equation becomes infinitely stiff as it is refined.

The proof is outside the scope of the course.

12.5 Ag-stability

Definition 36. An LMM is Ag-stable if its region of absolute stability includes the entire
(strictly) negative real axis {h € C : Re(h) < 0, Im(h) = 0}.

The condition of Ag-stability is looser than A-stability and Dahlquist’s second barrier
theorem does not preclude higher-order Ag-stable schemes. Indeed, as you can verify using
the technique introduced below, the zero-stable BDF methods (i.e., the BDF methods of
order up to 6) are all Ag-stable, though they are only A-stable up to order 2.

12.6 Absolute stability and linear systems of ODEs

The following theorem guarantees that the notion of absolute stability for the scalar test
problem can be lifted to linear systems of ODEs.

Theorem 37. Assume that A is diagonalizable, and let {x,}>2, be furnished by a LMM
with step size h such that h\ lies in the region of absolute stability for all eigenvalues A of
A. Then lim, s x, = 0.

Proof. Write our LMM as
Y aar; =0y Bjifurs
§=0 §=0

In our case we have

Yo ajrney=hYy  BiAva;. (12.3)
=0 =0

Diagonalize A = PAP~!, where A = diag(\1, ..., \q). By assumption h); lies in the region
of absolute stability.
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Then left-multiplying (12.3) by P and writing I = P~ P yields

Zaij,H_j = hZﬁjPAP71P$n+j,

§=0 §=0
ie.,
T T
Z AjYn+j = h Z BiAyn+;
§=0 3=0
where y,, := Px,. It is useful further to define the entries via y, = (yn,1,.--,Yn,d)-

We see that {y,}>2, solves the same LMM applied to the system y'(¢t) = Ay. It follows
that {yn,i}52, solves the same LMM applied to the scalar ODE yj(t) = A;y; for each i. But
since hA; lies in the region of absolute stability, it follows that lim, o ypn,; =0 as n — oo
for each 4, hence lim,, o ¥y = 0, hence lim,, .., z,, = 0. O

12.7 Stiff systems

The theorem suggests that in order to guarantee absolute stability for a given linear
system of ODEs (defined by the matrix A), we must choose h sufficiently small such that
hA lies in the region of absolute stability region for all eigenvalues A of A.

Consider the case, for example, where all the eigenvalues A of A satisfy Re(A) < 0. In
this case we hope for our scheme to be absolutely stable for the corresponding linear system
of ODEs. If we order the eigenvalues increasingly (with multiplicity) by real part, we see
that the fastest timescale present in the problem is 1/Re(—A;), while the slowest timescale
is 1/Re(—Aq). In the case where the stiffness ratio

L Re()\l)
"~ Re(\a)

> 1,

then we say that our system is stiff (though for general nonlinear systems, such a notion
is tricky to define precisely), due to the simultaneous presence of timescales that differ by
many orders of magnitude.

If our scheme is not A-stable, then in general we will have to scale h ~ m, ie.,
on the order of the smallest timescale of the problem, in order to guarantee stability, while
we might for example only care about features of the solution on the longest timescale
T~ m. In this case, we will need to run our scheme for N ~ S time steps in order to
resolve the features of interest without sacrificing stability.
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Differential equations won’t help you
much in the design of aeroplanes—not
yet, anyhow.

N. Shute

Part 111
Runge-Kutta methods

Runge-Kutta (RK) methods are the major alternative to LMMs. They are all one-step
methods in the sense that the next value x,,41 is produced using only z,, and none of the
preceding values x,_1,Z,_o,....

However, RK methods are multi-stage methods in that several ‘intermediate values’
for f(z(t)), t € [tn,tnt1] are produced before the ultimate value x,; is computed using a
weighted average of them.

13 The general RK method

In general, a RK method can be expressed as

Tpt1 = Ty + h Z bik;, (13.1)
i=1
where s is the number of stages, and ki, ..., ks € R? are defined via the equations
kiz'f xn"'hzaijkjy tn+CZh 5 ’L':L...,S. (132)
j=1

Thus an RK method is completely specified by the number s of stages, the s x s RK matrix
A = (ai;), the s-dimensional vector of weights b = (b;), and the s-dimensional vector of
nodes ¢ = (¢;). The data specifying an RK method can be collected in a Butcher tableau
as:

c| A

bT
Intuitively the values z,; = z, + thZl ai;k; can often be viewed as intermediate
guesses for the value of z(t) at intermediate times ¢, ; := ¢, + ¢;h. Under this view the

values k; are guesses for the slopes f(x(t)) at intermediate time ¢, ;.

13.1 The Runge-Kutta iteration map

Assuming the existence of a unique or canonically defined solution of (13.2) (a system of
s X d nonlinear equations in s x d unknowns), the RK method (13.1)-(13.2) can be thought
of as specifying a map R : R? — R? (not a standard notation!) which sends x,, — 2,4 1.
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Technically, we can view the map as depending on the parameters h (the step size) and
t (the current time) as Ry, ¢, so

Tn41 = Rh,tn (l‘n)

In the autonomous case, the depenence on t is trivial. In most of our discussions of RK meth-
ods, the dependence on h and t will be omitted from the notation for notational simplicity,
as the meaning shall be clear from context.

13.2 Sum rule

It is natural (but not necessary) to impose the condition

¢ = Zaij, or c= Al (13.3)

j=1

because this guarantees that the answer yielded by the RK method for a non-autonomous
system is independent of whether we choose to

1. solve directly, or

2. first reduce to the autonomous case via the reduction described in Section (exercise),
then solve the resulting autonomous system, and finally recover the solution to the
original system from this solution.

Indeed, imagine for the sake of argument that k; = k for some k and all j =1,...,s. Then
under the condition , Tn,i = Tn, + (c;h)k, which makes intuitive sense if we view x,, ; as
the solution at time ¢, ; = t, + c;h.

13.3 Explicit RK methods

In general specifies a system of s X d nonlinear equations in s X d unknowns. Note that
when h is small, the equations are a small perturbation of the trivial system of equations
ki = f(zn),i=1,...,s, and implicit function theorem arguments should reassure us.

However, it is worthwhile to consider the special case of explicit RK methods, where it
is not necessary to solve equations at all because each k; can be computed directly in terms
of only the k; for j < 4. Evidently, to ensure this, we must have a;; = 0 for j > 14, i.e., the
RK matrix must be strictly lower tm’angular (Technically the RK matrix only needs
to be strictly lower triangular after some permutation of the indices, but we can assume this
WLOG.)

In this case, if we insist on the sum rule [13.3] we must have ¢; = 0. This is not a
necessary requirement for explicit methods, but we will always assume it.

13.4 Local truncation error, consistency, and convergence

The local truncation error (LTE) for a RK method can be defined like before as the
discrepancy in the defining equations that occurs when we plug in the true solution z(t).
The precise definition here is more reminiscent of the case of Taylor series methods since
those are also one-step methods.

IThe case where the RK matrix is merely lower triangular corresponds to the category of diagonally
implicit RK, or DIRK, methods, which are implicit but only require the solution of a sequence of s
systems of d equations, rather than a fully general system s X d equations.
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Indeed, consider taking x,, := x(t,), and then determine z,,11 = R(x,) from z, accord-
ing to the RK method —. The LTE 7,, at the n-th time step is then defined as
the discrepancy between the true solution z(¢,41) and the computed solution z,1 at time
tn+17 i-e'a

Tn = T(tnt1) — R(z(tn))- (13.4)

We say that a RK method is consistent if the LTE satisfies

_ 2
max |Tn| = O(h*)

as h — 0 and more generally order-p consistent if

odnax [Tn| = O(RP™7)

as h — 0.

In fact, since RK methods are one-step methods, consistency implies convergence, and
moreover order-p consistency implies order-p accuracy. The proof is analogous to the proof
for Taylor series methods and is left as an exercise. In other words, there is mo concern
about zero-stability analogous to the concern for LMMs. On the other hand, absolute
stability remains an important concept and can be defined similarly. We shall return to
this later.

It is in fact not too hard to see (exercise) that consistency is equivalent to the condition
that Y°_, b; = 1, which shall henceforth be assumed.

13.5 Simple example: modified Euler

One-stage RK methods are not very exciting, so our introductory example is 2-stage RK
method, namely the modified Euler method. As an explicit RK method satisfying the
sum rule ([13.3)), it must be specified by a Butcher tableau of the form:

0 0 0
a a 0
1-b b

Specifically it corresponds to the choice a =1/2, b= 1:

0] 0 o
12 11/2 0
0 1

Concretely, this yields the update equations

k1= f(xn,tn)
ko = f(xn + hki/2,t, + h/2)
'rn"rl = Tn + hk27

which allow us to determine x,,y; directly, given x,,.

You can think of modified Euler as attempting to get an estimate of f(z(t)) at t = t,,+h/2
and then using this estimate at the midpoint of the interval [t,, t,+1] to advance the state.

We will see shortly that modified Euler is second-order accurate, and moreover that given
the choice a = 1/2, the further choice b = 1 is the unique choice guaranteeing second-order
accuracy.
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14 Designing higher-order explicit schemes

We are going to get a taste of how to derive explicit RK schemes of arbitrary orders of
accuracy. Since we will assume the sum rule (13.3)), by the preceding remarks it will suffice
to consider the case where f does not depend on ¢, i.e., where (abusing notation slightly)

[z, 1) = f(z).

14.1 One-stage methods
Any explicit one-stage method is simply of the form
T+l = Tp + bhfn

However, consistency demands that b = 1, hence we have simply recovered Euler’s method,
which we know to be first-order accurate.

14.2 Two-stage methods

Let us leave a and b undetermined in our preceding discussion of the modified Euler method
in Section [13.5

In order to estimate the LTE (13.4)), it is useful to write z(¢,,+1) via Taylor series expan-
sion of z(t) about t = t,,, truncating at order high enough to detect the order of consistency.

2

(tny1) = x(ty) + ha'(t,) + %x"(tn) + O(h3).

Now recall
() = f(x(t)),
so differentiating through the ODE we obtain
a”(t) = Df(x(t)) - 2'(t) = Df(x(t)) f (x(t)),

and we can substitute to obtain
h2
m(thrl) =z +hfn+ ?fr(zl)fn + O(h3)

where ﬂgl) := Df(x,) and we have defined z,, = z(t,).

Meanwhile our general consistent explicit RK method reads as

kl = f(xn)
kz = f(l’n —+ ahkl)
Tpt1 = Tn + R [(1 —b)ky + bks],

or, all in one line:
Tnsr = T+ B[(1 = b) f + bf (20 + ahf)]
=2+ b [(L=0)fu + b (fu + ahf D S+ O(2))]
= @+ b [fu+ abh D fa] + O)
= 2 + hfn 4 abh2 fV f,, + O(h®)
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Subtracting equations yields
Tn = x(tn—i—l) — Tp41

= n? (; - ab) FV £, +O(h3).

Therefore 7, = O(h3) in general (i.e., we have second-order accuracy) if and only if ab = 1/2.
Otherwise we have only first-order accuracy.

Thus the most general possible second-order accurate 2-stage explicit RK method (sat-
isfying the sum rule) is specified, for b # 0, by the Butcher tableau:

0
(2v) "

0 0
2n-t o
| 1-b b

The case b = 1 corresponds to the modified Euler method, but we can see there is an
entire continuous family of choices.

14.3 Three-stage methods

Performing a Taylor series expansion to one higher order we find

h? h?
2tan) = a0+ hE0 + o FOFD + S [FOLO A0 + FV D O] + 0,

where we have now defined fflk) := DF f(x,), so in particular fr(LO) = fn. Note that in general
*) is a (k 4+ 1)-index tensor, and when d > 1, we need to disambiguate how to ‘multiply’
or contract tensors in the above expression.

Concretely we have, for example,
2
[fr(z )]i,jljz = 6jlaj2fi<xn>v
and in general we write
2
S Niguege = Oy - g filn).
Note that (by commutation of partial derivatives) ék) is symmetric with respect to permu-
tation of the last k indices.

We define the contraction fr(?) fr(LO) 7(10) € R%in particular via

P FO L = 1 PYigusn L
J1,d2

and VDAY € RY via

DS FO] = S Ui P L0

i —
J1,J2

The most general possible Butcher tableau for an explicit 3-stage RK method satisfying
the sum rule is the following;:

63



One can check (exercise) that order-3 consistency is equivalent to the following nonlinear
equations being satisfied:

by +by+b3 =7 (order 1 condition)
bac + bsd = 7 (order 2 condition)
boc? + b3d®> = 7 (order 3 condition)
bsac = 7 (order 3 condition)

The values of the 7’s are constants left to be determined by the reader.
Why do we get four equations? Let us consider order-by-order.

When we compute the LTE, we will get an expansion of the following form
T = CfOh+ Cofh? + (CofP £ £ + Cuf DD £ ) 1+ O,

where the constants C} are defined in terms of our RK data. We need

In order to guarantee the cancellation of first-order terms, we need C; = 0. For second-
order terms, we need Cy = 0. But for third-order terms we need both C'3 = 0 and Cy = 0.
This yields four nonlinear equations. Notice that we have 6 free parameters, hence we expect
that there are many solutions to these equations.

14.4 Beyond third order

It seems that with three stages, we have a bit of extra wiggle room and perhaps can ask for
the cancellation of one additional order. Let us evaluate this possibility.

The fourth-order contribution will involve the following four terms:

f(3)jr(O)f(O)f(O)7 f(2)f(1)f(0)f(0), f(l)f(2)f(0)f(0)7 f(l)f(l)f(l)f(o)’

where we now omit the n from the subscript for notational clarity. The convention for
evaluating these tensor contractions generalizes our earlier convention, as we shall illustrate

in the case of f(1) f(2) £(0) £(0).

e Write out all the indexed expressions in order with no repeated indices:

{f(l):|i1,j1 |:f(2):|i2,j2j3 [f(O)L3 [f(O)L4

e Reading from left to right after the first tensor, sequentially replace each newly ap-
pearing index with the first index that remains unpaired among the preceding factors,
unless no unrepeated indices remain:

io < J1, 134 Jo, 4 ¢ J3

o] @] 0] 0]
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Figure 14.1: Rooted trees of order 4, corresponding, left to right, to the expressions

@) £(0) £(0) £(0) - #(2) £ (1) £(0) £(0) - (1) £(2) £(0) £(0) " and (1) (1) ¢(1) £(O),

e The first index of the first tensor will be the index for the contracted tensor. Sum
over the rest of the indices:

f<1>f<2)f(o>f<o>]: Z {fu)]. [f@)}

J1.J2,73

f(o)} {f«))} ‘

71,3273 [ J2 Js
Notice importantly that
f(2)f(1)f(0)f(0) £ J«?(l)f(2)f(0)f(0)7

in general for d > 1,s0 the order conditions for general systems are more restrictive than
they would be for scalar equations!

In general such expressions are in one-to-one correspondence with rooted trees of order
4, cf. Figure . Each node in the tree corresponds to one of the factors of f*). The
edge connecting each node to its parent corresponds to the first index of the tensor, while
the edges connecting it to its children correspond to the remaining k indices. The root of
the tree corresponds to the first factor, whose first index remains uncontracted in the final
expression.

The contraction convention outlined above corresponds to a depth-first search through
the tree. It can be seen (by symmetry of the tensors with respect to permutation of the
child indices) that any depth-first search yields an equivalent expression, e.g., for the second

tree in Figure (14.4)), we have
f(Q)f(l)f(O)f(O) — f(2)f(0)f(1)f(0)7

corresponding to two different possible depth-first searches through the tree.

For completeness, we illustrate in Figure Figure (14.4) all rooted trees of order at most
3, which correspond to the lower-order terms considered earlier.

In summary, to get to fourth-order accuracy, we need to solve four additional equations,
but we only have 6 degrees of freedom among 3-stage RK explicit methods satisfying the
sum rule. Therefore we do not expect this to be possible, and indeed it is not.

14.5 Attainable order?

What order of accuracy can we expect from an s-stage explicit RK method satisfying the
sum rule. In general, such a method is specified by a Butcher array of the following form,
where b is unconstrained and A is unconstrained besides the requirement that it is strictly
lower triangular:
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Figure 14.2: Rooted trees of order at most 3, corresponding, left to right, to the expressions

FO @) £(0) - £(2) £0) £(0) “and fO () £(0),

Table 1: Number of rooted trees of order k as a function of k.

Al | A
bT

Note that A yields s(s — 1)/2 degrees of freedom, and b yields another s degrees of
freedom, so we have in total

s(s+1)

2 degrees of freedom.

How many equations do we need to solve to guarantee p-th order accuracy? Our pre-
ceding discussion suggests that we need to solve as many equations as the number of rooted
trees of order at most p. The number of rooted trees T} of order k grows quite quickly, cf.
Table[[l In fact it is known that

lim Tt ~ 3,

k—oo T}
and in particular the limit exists. Therefore, one expects asymptotic growth that looks
roughly like T} o< 3*.

In Table We report Z£:1 Ty as a function of p, i.e., the number of equations that must
be satisfied to guarantee p-th order accuracy. We also report s = s(p), the ‘naive’ number
of stages one needs to guarantee at least as many unknowns as equations. We say ‘naive’ to
emphasize that some equations may be redundant and moreover that existence of a scheme
is not guaranteed by having ‘enough equations.” The precise number of stages needed is
only known rigorously up to order 8.

[ p J1J2[3[4]5]6]7[ 8] 910 ] 11 [ 12 |
heyTe [1[2[4[8]17[37]85]200 [ 486 [ 1205 [ 3047 [ 7813
s(p) [1[2[3]4]6 9 [13[20 31 ] 49 | 78 [ 125

Table 2: Number of rooted trees of order at most p as a function of p, i.e., the number of
equations to solve to guarantee p-th order accuracy, as well as s(p), the ‘naive’ number of
stages one needs to guarantee at least as many unknowns as equations.
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In practice the most widely-used RK method, commonly called RK4, is a four-stage
method with fourth-order accuracy, specified by the Butcher array

0] o0

12 1/2 o0

121 0 1/2 0

10 o0 1 0
1/6 1/3 1/3 1/6

Historically, many popular RK methods were devised before the era of computers, and
sparse Butcher arrays with nice-looking numbers were therefore favored. However, there is
not any obvious a priori reason to favor the RK4 method among the many possible explicit
fourth-order accurate four-stage RK methods. That said, it seems to have withstood the
test of time rather well!

15 Absolute stability

The study of absolute stability for RK methods is similar to that of LMMs. As in the case
of LMMs, we can reduce from the general linear setting to the scalar setting

7' (t) = \x(t)

by diagonalization. We will now study the result of applying an explicit RK method to this
scalar ODE. Along the way we will define some general notions pertaining to the absolute
stability of RK methods that are relevant in the general (possibly implicit) case.

15.1 The stability function

Consider what happens when we apply an s-stage explicit RK method to the case f(z,t) =
Az. Equation ([13.2) reduces simply to

i—1
ki:)\xn—i—iLZaijkj, 1= 1,...787

Jj=1

where h := h\ as before.

To simplify expressions, we can define ki = k; /A and moreover fix z = x,, since n will
remain fixed throughout the discussion. (Note that the case A = 0 is trivial.) This yields

the recursion
i—1

l%izx—l—fLZaijfcj,i:l,...,s. (15.1)

j=1
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If we compute sequentially, we have
ki==
= Dz
ko = x + ﬁamiﬁ
= (1 + a21ﬁ> T
ks =x+h <a31ff1 + aszkz)

= <1 —+ aglil + (132?1(1 + (l21il)> x

(1 + (CL31 + agg)ib + aggaglilz) X

It is not hard then to see that in general we can write
k; = Pi(h)z, (15.2)

where P; is a polynomial of order 7 — 1.

Now (15.2), together with (13.1)), implies that the image of  under the RK iteration
map is simply

i=1

In summary,

R(z) = R(h)z, (15.3)

where .
R(z)=1+2) biPi(2). (15.4)

=1

Note that we have removed A, h from the discussion as separate entities, appearing now only
jointly via h = h.

The function R(z) is called the stability function of the RK method. In general, the
stability function is defined as the function that makes @ hold in general for the scalar
equation x'(t) = Ax(t). We will see later that for general (possibly implicit) RK methods,
the stability function R(z) is always a rational function. However, in the explicit case, we
have just established that it is a polynomial and, moreover, that it is of order s. In the
explicit case, we may then also refer to it as the stability polynomial of the RK method,
for emphasis.

15.2 Deriving the stability polynomial

In fact we can compute the stability function in the explicit case fairly explicitly. Plugging

(15.2) into (|15.1), the polynomials satisfy the recursion

i—1
PZ(h)m = ];‘7; = |14+ ﬁZaiij(ﬁ) x,
=1
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from which we deduce that

We have already computed
P1 (Z) =1
PQ(Z) =1 “+ aog12
Py(z) = 1+ (as1 + as2)z + asaas 2°,

from which we deduce next that
Py(z) = 14 (aa1 + aa2 + aa3)z + (aa2a21 + aa3a31 + aa3as2) 22+ (a43a32a21)z3.

In general we can define a matrix c;; of coefficients via
i—1
Pi(z) =) 7,
J=1

where ¢;o = 1, and (speculatively) ¢;; consists for j > 1 of a sum of terms, one for each
decreasing sequence of positive integers of length j + 1, starting at .

For example, when ¢ = 4 we have 3 such sequences for j = 1:
(4,1), (4,2), (4,3);
3 such sequences for j = 2:
(47 2’ 1)7 (47 37 1)’ (47 37 2);

and 1 such sequence for j = 3:
(4,3,2,1).

These correspond to the terms
41, A42, (43;

42021, 043031, A43032;
43032021;
respectively.

The sums of each row of terms can be written, respectively, as

where 1 € R? is the vector of all ones.
Indeed, observe that

[A71]; = E Qiky Ak by " Ok 1Ky s
S

but since A is strictly lower triangular, the only remaining terms in the sum correspond to
decreasing sequences (i, k1, ...,k;). Therefore we reckon that ¢;; = [A71];, which in fact
also recovers c¢;g = 1 conveniently.
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In summary, we conjecture
i—1

Pi(z) =Y [A71];4, (15.6)
j=0
and we can check the claim by induction.

It is helpful first to note that in general, [A71]; = 0 if j > i. To see this, observe that
[A71]; consists of sum of terms in correspondence with decreasing sequences (i, k1, ..., k;)
of positive integers. There is no such sequence if j > 4, so the claim follows.

Now to prove ([15.6), suppose inductively that it hols for all j < i. We want to show
that it holds for i. From ((15.5)), we have

i—1
z) = 1+zZaijPJ(z)
—1+ZZCLWZA 1};

Jj=1
i—1j—1
— ]_ —|— Z aij[Akl]jzkH
j=1k=0
Now [A*1]; = 0 whenever k > j. Therefore we can extend the summation over k up to the
upper limit ¢ — 2 without changing the expression, obtaining
i—1 i—
SR>
j=1

2
Q5 [Akl]j2k+l.
=1k=0

This allows us to exchange the order of summation and compute

i—2 [i—1
Z) =1+ Z Zaij [Ak].b Zk+1
k=0 \j=1
=1+ Z A(AF1)] M

as was to be shown.
In summary, we have shown.
Lemma 38. With notation as in the preceding,

i—1

Pi(z) =) [A1];2

Jj=0

Note in particular that [A71]; = 0 whenever i < j.
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Now let’s get back to the discussion of the stability polynomial. Plugging the result of
the lemma into (15.4), we derive:

s 1—1
R(z)=142» by [A1];2).
i=1  §=0

Once again, the sum over j can be extended to the upper limit s — 1 since [A71]; = 0 for
j > 1, yielding

S

s—1
R(z)=1+2z) by [A1];2

i=1 ;=0

s—1 s

=1+) <Z bi[Ajl]Z) 21
7j=0 \i=1
s—1

=1+ (b7 A1) 201,

j=0
or equivalently,
R(z)=1+) (b A1)z
j=1

Evidently the linear term in R(z), corresponding to the index j = 1 in the summation, is
(b-1)z. Hence the linear term is z if and only if the RK method is consistent.

Theorem 39. For an explicit s-stage RK method with RK matrix A and weights b, the
stability polynomial R is a polynomial of order s, given by the formula

R(z) =1+ (b"AT7'1)20.
j=1

The linear term in the polynomial is z if and only if b'1 = 1, i.e., if and only if the method
18 consistent.

15.3 Digression on the order of accuracy

Order-p consistency more generally places constraints on the stability function, but these
constraints are only necessary, not sufficient, for order-p accuracy! Indeed, notice that
order-p consistency requires that

R(z) — eMa = O(hPH)
for arbitrary z, i.e., that
R(z) — e* = O(2PTh)

as z — 0. In the explicit case, we can match terms order-by-order against the Taylor series
of e# about the origin to obtain:

Corollary 40. Consider an explicit s-stage RK method with RK matriz A and weights b.
If the method is order-p accurate, then
pTA1 = L
4!
forj=1,....p.
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Remark 41. Recall that for second-order accuracy of an explicit RK method satisfying
the sum rule, there was only one equation to be satisfied, besides the order 1 condition
that 571 = 1. The preceding corollary furnishes one necessary equation for second-order
accuracy, so in fact this equation is also sufficient. However, each successive higher order
of accuracy demands more than one extra equation, while the corollary only furnishes one
new equation per order.

In other words, an s-stage explicit RK method satisfying the sum rule ¢ = A1 is second-
order accurate if and only .
5"
This isn’t really a proof, but the claim can be verified directly (exercise). Alas we cannot
make such a simple statement for higher orders.

bT1=1, b A1=

For any s-stage, s-order accurate explicit RK method, the stability polynomial R(z) is
of order s and must match the Taylor series of e* exactly up to order s, hence is completely

determined as
S

1 .
R(z) = Z ﬁzj .
j=1
Recall that there are only four cases s = 1,2, 3,4 where the construction of such a method

is possible, and though there may be many s-stage, s-order accurate explicit RK methods,
they all have the same stability polynomial.

15.4 Absolute stability regions

We make a definition of absolute stability analogous to the definition in the setting of LMMs.

Definition 42. An RK method is absolutely stable (for given h) if the solution {z,}%,
produced by applying the method with step size h to the scalar ODE 2/(t) = f(x,t) satisfies
lim,, o x, = 0 for all initializations. The region of absolute stability is the set of all
h for which the method is absolutely stable. Other definitions are assumed to be similar
without comment.

Since p11 = R(zy) = R(h)xy, it is easy to see that the RK method furnishes the
solution .
zn = (R(h))"x0,
and therefore:

Theorem 43. The region of absolute stability for an RK method is {z € C : |R(z)| < 1}.

Remark 44. The weak region of absolute stability is simply the set {z € C : |R(z)| < 1},
and there are no complications due to repeated roots as in the case of multistep methods.

Observe that consistency implies that
R(z) =1+ 2+ O(z%).

Therefore, in a neighborhood of the origin, the absolute stability region should resemble the
absolute stability region induced by R(z) = 1 + z, which is the stability function for the
explicit Euler method. With some menial work, it is possible to conclude:

Theorem 45. The region of absolute stability of any consistent RK method contains some
interval (—ho,0), where hg > 0, and in fact contains some open set in C containing this

interval. Moreover, the region of absolute stability does not contain any interval of the form
(0,hq) for hy > 0.
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Figure 15.1: Absolute stability regions for the s-stage, s-order accurate explicit RK methods,
s=1,2,3,4.

Note that this conclusion is not true of LMMs; cf. the midpoint/leapfrog method.

For the s-stage, s-order accurate explicit RK methods, the absolute stability regions in
all four cases are depicted in Figure (15.4]).

Note that none of the methods are A-stable, and indeed since R(z) — z as z — —oo:

Theorem 46. No explicit RK method is A-stable or even Ag-stable.

How can we compute arbitrary absolute stability regions? We can again adopt the
boundary locus perspective. Sweeping across 6 € [0, 27), solve

R(z) = "

for z. Since R(z) is an order-s polynomial, this is now a root-finding problem with s
solutions, yielding s values of z on the boundary locus associated to the each value of 6.

15.5 Implicit stability functions

In the general (not necessarily explicit) case, we still have

]ACiZQI—FiLZGij];Ij, 1=1,...,s,

j=1
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and letting k= (12:17 ..., k)T, we can repackage these equations in vectorized form as
k = 21 + hAKk,
which we can solve as R .
k=2(1-hA)"'1.
Then

=1

—z+hb'k
= (14T - ha) ") e,
from which it follows that the stability function can be written
R(z)=142b"(1—24)711,

which is evidently a rational function.

A-stability can be assessed in terms of the stability function R(z). Since it is a rational
function, unlike the explicit case, we cannot rule out the possibility of A-stability. It is hard
to predict in advance whether an RK method will be A-stable, but we will see examples
that are (even to arbitrary order of accuracy). A posteriori, A-stability can be checked by
locating the poles of R(z) and bounding R(z) on the imaginary axis alone.

Theorem 47. An RK method is A-stable if and only if all of the poles of the stability
function lie in the right half-plane and |R(z)| < 1 for all z on the imaginary axis.

Proof. Use the maximum modulus principle for holomorphic functions. (If you don’t know
this, don’t worry about it.) O

16 Runge-Kutta-Chebyshev methods

Our goal in this section is do design an s-stage explicit RK method whose stability polyno-
mial yields an interval of (weak) absolute stability that is as long as possible. Our target is
the polynomial

z
ro=n (14 2).
where T is the s-th Chebyshev polynomial, defined by
T,(t) = cos(scos™1(t)), te[-1,1].

The choice of the s-th polynomial is required since the order of the stability polynomial must
be s, the number of stages. Refer to Appendix[B for background on Chebyshev polynomials.
Furthermore, note that by construction

T,(1) =1, T.(1)=s%

where the second equation can be confirmed via elementary calculus and application of
L’Hospital’s rule.
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The shifting and scaling in our definition of the target R are designed to ensure that
R(0) =1, R'(0)=1,
which is equivalent to consistency of the corresponding RK method, and moreover that
|IR(t)| <1, te[-25%0],

so that the interval of (weak) absolute stability is [~2s%,0]. The remarkable property of
Runge-Kutta- Chebyshev methods is that this interval grows quadratically (as opposed
to linearly) with the number s of stages.

How can we define an RK method that yields this stability polynomial? We will do so
somewhat obliquely. As with any computation involving orthogonal polynomials, the key is
to exploit their three-term recurrence relation, which for Chebyshev polynomials is (B.1)),
reproduced here as

Ty (t) = 2T5(t) — Ty (1) (16.1)
for j =1,2,.... Recall moreover that Tp = 1 and T} (t) = t.

Suppose that we are given a value z = zy and want to compute R(x), the image under
the Runge-Kutta map for a time step h. We will consider only the autonomous case f(z,t) =
f(z), which we can pass to from the non-autonomous case as usual. (For simplicity we will
avoid the time step index n in the presentation. Accordingly, the subscripts in the following
do not indicate the time step index.) We will produce R(z) over the course of several
stages.

First define L
r1 = Xo + 872']0(1‘0)
and then recursively define

2h
Tj+1 = 20j —wj-1+ 5 f(25)

for j=1,...,s — 1. Then return
R(x) = xs.

The reader should verify (exercise) that this algorithm in fact defines an explicit, con-
sistent RK method. (How should the recursive construction be defined directly in the
non-autonomous case so that, when the algorithm is interpreted as an RK method, the sum
rule (13.3)) is satisfied?)

To confirm that R(z) = T, (1+ %), we need only consider the scalar case f(z) = Az
and verify that

R(z) =Ts <1 + SZ) x. (16.2)

Evidently in this case we have

h h
x1<1+2>xT1 <1+2>x.
s 5

We claim that in general



To see this, inductively assume that it holds for all j < i and then compute

2h
Tip1l = 2T — Tj—1 + ij(fﬂz)

:2<1+h2>]}i—l‘i_1
S
h h h
=2<1+82>Ti<1+82>—Til <1+S2>
h
=Tin1 <1+52>,

which follows by applying the 3-term recurrence (|16.1) at t = 1 + S% By induction, the
claim is proved, from which (16.2]) immediately follows.

17 Collocation methods

The idea of collocation methods is based once again on the integral form of our ODE:

t+h
z(t+h) =xz(t) + /t f(z(r),7)dr. (17.1)

We want to replace the integral in the right-hand side with a quadrature formula, possibly
of high order in h.

17.1 Basic motivation

By shifting and scaling, we can reduce the problem of designing quadrature formulas to the
interval [0, 1]. If we choose nodes ci, ..., cs and weights by, ..., b, for this interval such that

/O §u)du~ Y big(er), (17.2)

then we have the approximation of the integral form (17.1):
z(t+h) mat) +hY bif (@t +cih),t+ch).
i=1

Consider the nodes and weights as being now fixed in the discussion that immediately
follows.

Consider the time ¢ = t,, define x,, ~ x(t,) as usual as our discrete solution, define
intermediate times t,, ; := t,, + ¢;h following our earlier convention, loosely define

ki ~ f(x(tn,l)7tnz)7

and define a time-stepping scheme

Tpy1 = Tp + hz bik;, (17.3)
i—1

inspired by (17.1)), of the form of an RK method as in (|13.1).
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17.2 Defining equations for the slopes

How can the k; be determined? The idea is to replace z(t) by a polynomial p(t) of order s
which satisfies

p(tn) = Tn, p/(tn,i) = f(p(tn,l)’tn,l)7 1= 17 ceey S, (174)
matching the value of z(t) at time ¢ = ¢, and satisfying the differential equation
exactly at the intermediate times t,, ;.

Then we will more concretely define

ki = f(p(tni), tni), (17.5)
which in turn specifies the numerical scheme via ([17.3)).

Note that (17.4) demands a self-consistency condition on p, which will translate to a
system of nonlinear equations defining the k;, of the form (13.2)).

To see this, note that instead of looking for p satisfying (17.4)), we can look for ¢(t) := p'(¥)
of order s — 1 satisfying

q(tn)j):kj, jZl,...,S
and then recover

p(t) =z + /t q()dr. (17.6)

But ¢ can be recovered as a linear combination of Lagrange basis polynomials subordinate
to the interpolation points

th = (tn1s---,tns) =tn 1+ he,

where c is the (fixed) vector of nodes. Concretely,
S
q(t) =Y 4(tta)k;.
j=1

(Note: Here we follow a one-indexing rather than zero-indexing convention for the inter-
polation points, by contrast with the convention of Appendiz [A] used in the discussion of
interpolation in the context of LMMs.)

Plugging into (17.6) and evaluting at ¢ = t,, ;, we obtain

S tn,i
p(tn,i) = an“erj/ éj(T;th) dr.
j=1 Jin
= Tn —I—thj/‘ Li(T5¢)dr
j=1 70

=, + hZaijkj,
j=1
where C.
a;; = / Li(T;e)dr.
0
Then to satisfy (17.5), we must have

S
ki=flen+h) aiky, tai |,

Jj=1

which, together with (17.3), precisely defines an RK method of the general form ((13.1)-
([32).
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17.3 Defining the weights, given the nodes

We will imagine for now that the nodes 0 < ¢; < ... < ¢s < 1 are fixed and return later
to the question of defining the ‘optimal’ nodes. For now we ask ourselves: given the nodes,
how to define appropriate quadrature weights by, ..., bs, guaranteeing (17.2), i.e.,

| a3 nee)

in some appropriate sense?

One way to think about quadrature rules is to ask for them to be exact for polynomials
up to some order p. This motivates replacing £ with its interpolating polynomial for the
data

(6175(01)), ey (0535(65»7

which exactly matches £ as long as £ is a polynomial of order at most s—1, by the uniqueness
property of the Lagrange interpolating polynomial. Concretley, we replace

/0 £(u) du ~ / >t du =30,

1
b; :/ li(u;c) du
0

We know that the corresponding quadrature rule is exact for polynomials of order up to
s — 1, and moreover by Corollary the error more generally satisfies

du—becl

where p = s, and the constant C' > 0 depends on the nodes ¢ but is otherwise universal and
independent of &.

where

< C sup [P (u)|, (17.7)
u€(0,1]

In general, if a quadrature rule is exact for polynomlals of order up to p — 1, even if

p # s, then l-b holds by replacing ¢ in the integral fo u) du with a (p — 1)-th order
polynomial interpolation through p points, e.g., the Chebyshev nodes.

Such a bound in terms of the p-th derivative ensures that if we plug our quadrature rule
into ([17.1)), appropriately shifting and scaling the integration interval from [t,,t, + h] to
[0, 1], we introduce the discrepancy

t+h S
/ g(r)dr — 1y big(t + cih)
t

i=1

1 s
:h/ g(t+uh)du—2big(t+cih)
0

i=1

< O+t sup @ (7))
T€[0,T)

into the integral form of the ODE. This is strongly suggestive of an LTE of size O(hP*1),
hence an order of accuracy of O(hP). This is in fact the case, as we shall discuss below.

Thus far our discussion has held for an arbitrary choice of nodes cy,...,cs, which we
have found induce an order-s accurate implicit RK method. Somewhat remarkably, we shall
see that for a special choice of nodes ¢, we can define a quadrature rule that is exact for
polynomials up to order 2s — 1 and more generally satisfies with p = 2s, yielding an
order-(2s) accurate implicit RK method!
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17.4 Digression on solving implicit methods

Now that we are encountering our first implicit RK methods, it is worthwhile to think about
when these schemes admit (unique) solutions. Moreover, given an RK method specified by
matrix A, weights b = (b;), and nodes ¢ = (¢;), we may ask in practice how to solve for the

slopes k; defined by (13.2).
Let z = z,, and t = t,, be fixed. We can repackage the equations ([13.2) in vectorized
form as

K = F(X 4+ hAK, ty), (17.8)
where X and K are s X d matrices and t; is an s X 1 defined by
x’ k{ t+cih
X = : , K= : , tp= : ,
x’ k] t+csh

and F : R®¥4 x R**4 — R**? ig a vectorized extension of f. Concretely, for

T

U T1
V=] : |eR>* 1= : |eR,
y;F Ts
we can define
f(y1,71)
F(Y,7)= : € R*4,
f(Wa,7a)

If we endow R**? with the Frobenius norm, it is worthwhile to see that L-Lipschitzness
of f (in the first slot, which is all the really matters) extends to F' as follows:

I1F(Y,7) = F(Z,7)p < LIY = Z]lg.
We can view the problem of solving as a fixed-point problem for the map
PR 5 R B(K) = F(X + hAK, ty,).
Evidently, if f is L-Lipschitz, then
|9(K) — @(K')||p < LhJAK — AK'||p < (LI[A]|R) [ K = K'|[F,

where || - || indicates the ordinary operator norm as usual. Therefore ® is (L||A|/h)- Lipschitz,
hence the entire scheme admits a unique solution for all h < (L||A||)~!, which can be
found by simple fixed-point iteration and accelerated once again by Anderson acceleration.
Alternatively, we can view K = ®(K) as a generic system of nonlinear equations to be solved
by Newton’s method. Considerations such as those discussed in Section [8.1.2]are enough to
pass more broadly to the locally Lipschitz case, provided that the underlying system admits
a solution.

17.5 Summary up to determining the nodes

We summarize our discussion so far in the following theorem, which also formalizes the order
of accuracy and the situation with regard to the sum rule (13.3)).
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Theorem 48. Fiz arbitrary nodes 0 < c¢; < ... < c¢cs <1, and define

Cj 1
Qi :/0 ti(rse)dr, b :=/0 li(Tyc)dr.

Then the s-stage RK method defined by matriv A = (a;;), weights b = (b;), and nodes
¢ = (¢;) satisfies the sum rule ¢ = Al and is order-p accurate, where p is the order of
accuracy of the quadrature rule induced by b, c, in the sense that the quadrature rule is exact
for polynomials up to order p — 1 (or equivalently that holds). In particular, p > s
regardless of the choice of nodes.

Remark 49. (Subtle!) We will only sketch the proof of the order of accuracy, which is
fairly technical, but the work that we leave out will be similar to work we’ve done in the
proof of Dahlquist’s theorem, Theorem (If you only want order-s accuracy—which is
not sharp in the most important case of Gauss-Legendre quadrature where p = 2s, to be
discussed below—then the proof is significantly easier. In fact, p = 2s is optimal, i.e., p < 2s
always.) The key ingredient for the more powerful proof is that the discrete solution of the
RK method can be viewed as being produced from a polynomial solution p on [t,, t,+1] that
satisfies the differential equation exactly at the nodes, cf. . The reason why it is easier
to get order-s accuracy is that this polynomial is actually not generally O(hP*1)-accurate
pointwise! It is only accurate up to O(h**!). But magically its value at t,, 41 is accurate up
to O(hP*1), even when p > s. This motivates the following lemma, which identifies the RK
method’s discrete solution x,+1 = R(z,) with the value p(t,,+1) of this polynomial.

To get merely order-s accuracy, it is sufficient to first show that the RK slopes k; satisfy
ki = f(x(tn:),tn,:) + O(h®), which can be verified by plugging in the true slopes kgo) =
f(x(tn,i),tn,:) as the initial guess for the RK slopes in a fixed-point iteration, then verifying
that the entire fixed-point iteration does not move them by more than O(h®), since it
only moves them by O(h®) in the first iteration, since they nearly already satisfy the RK
equations. Then they can be swapped out for the true slopes in the quadrature formula
defining x,, 11 at the cost of only O(h**t1). But according to the preceding claims,
this approach throws away a lot of important information.

Lemma 50. With notation as in the preceding, the value p(t,+1) of the polynomial p defined
via (117.4) coincides with the solution Tp41 = Tn + hZ§:1 bik; of the RK method at time
step n+ 1, defined as in 41’7.5’).

Proof. Recall p(t,) = x, and p'(t,;) = k; by construction. Therefore
Tn41 = p(tn) +h Z bip/(tn,i)-
i=1

Now p’ is a polynomial of order s — 1, so the quadrature formula defined by b, ¢ is exact for
it, and

S , tn+1 ,
DY bl tns) = [ B ) dr = pltasn) ~ plt).
i=1 t

n

from which it follows that x,11 = p(t,,+1), as was to be shown. O

Proof of Theorem[48. First we see to the sum rule. Compute
Zaij = / Z@(T;c) dr.
j=1 0 =1
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Now 25:1 ¢;(7; ¢) is literally the Lagrange interpolating polynomial for the data (¢q,1), ..., (cs, 1).
Since the constant function 1 is a zero-th order polynomial, the Lagrange interpolating poly-
nomial recovers it exactly by uniqueness, i.e., Z‘;:l £;(-;c) = 1. This implies

Z A5 = / ldr = Ci,
j=1 0
as desired. ]

17.5.1 Proof of order of accuracy: autonomous linear case

For the order of accuracy, consider first the linear case
f(z) = Ax.

Let x(t) denote the true solution, and consider for simplicity the time step n = 0. The
LTE is the size of the difference between 2:(h) and R(x), where R is the RK iteration map
for step size h. Let y(t) denote the polynomial solution furnished by the collocation method
on [0, k], so by construction y'(t) = f(y(t)) at intermediate times ¢t = to1,...,%0,s. It is
convenient to define the ‘defect’

o(t) =/ (t) = fy(t),
so by construction §(¢p;) =0 fori =1,...,s, and
y'(t) = fly(®) + (1)
for all ¢ € [0, h]. Moreover, define an error displacement
e(t) == y(t) — x(t)
as a function of continuous time. We want to show that e(h) = O(hP*1).
Then by subtracting ODEs we obtain an ODE

€(t) = Ae(t) +5(t)
This ODE can be solved ezxactly by Duhamel’s principle:

t
e(t) = eAte(O) + / €A(t77)5(7') dr,
0

as can be verified directly by differentiation, and remembering that the initial condition for
the displacement is ¢(0) = 0, we have in fact that

h
e(h) = / B(h,7)8(r) dr, (17.9)
0 ———
=:¢(7)
where ®(t,7) := eA*=7) ‘and ¢(7) is defined as indicated
We can replace this integral with the quadrature formula at the cost of only O(hPT1)
error, i.e.,

e(h) =h> bi((cih) + O(hPH).
i=1
But by construction
C(Cih) = (I)(h, Cih)(S(to,i) = O7
so in fact
e(h) = O(h**),

as was to be shown.
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17.5.2 Proof of order of accuracy: non-autonomous linear case
Now consider more generally the case
[z, t) = A)z(t) + b(t).

Here we obtain, mutatis mutandi, the same equation m where now ®(71,79) denotes the
matrix that sends an initial condition u(79) at time 74 to the solution of u'(t) = A(t)u(t) at
time ¢ = 7.

In fact ®(¢,7) can be defined as the solution of a matrix-valued differential equation

Z0(t,7) = A(H)®(t, T)
O(r,7) =1,

in which we view 7 as fixed, defining the initial time. One can then check directly that
indeed u(t) := ®(¢t, 7)u(r) satisfies v’ (t) = A(t)u(t).

Moreover, for a general inhomogeneous linear system
v'(t) = A(t)u(t) + g(t),

there is still a general Duhamel principle:

v(t) = ®(¢,0)v(0) —I—/O @(t,7)g(7) dT,

which can likewise be verified directly by differentiation.

17.5.3 Sketch in general case

In the case of general f, first let us reduce for simplicity to the autonomous case

a'(t) = f(a(t),

which we can do guilt-free via the sum rule. We again have

y'(t) = fy(t) +0(t)

As we did for the proof of Dahlquist’s theorem (Theorem , we will try to reduce to the
non-autonomous linear case (even when the underlying equation is autonomous).

Indeed, subtracting equations we obtain
€'(t) = A(t)e(t) + g(t) +6(1),

where A(t) := Df(z(t)), 6(to;) = 0, and ||g|| = O(||€||?), with || - || here denoting the L
norm on the interval [0,h]. Although ||| is not O(hP*1); it is possible still to show that
lle]l = O(h*Tt). Therefore after squaring, we see that ||g|| = O(h**2). But p < 2s, so
llg]l = O(hP*2), and the contribution is negligible for our purposes.

17.6 Gauss-Legendre methods

The orthogonal polynomials (see Appendix with respect to the weight function w = 1
on the interval [—1, 1] are called the Legendre polynomials. Let —1 < t; < -+ < t; <
1 be the zeros of the s-th Legendre polynomial, which are called the Gauss-Legendre
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quadrature nodes. Gauss-Legendre methods are derived by choosing nodes ¢; = (¢; +1)/2,
i.e., shifting and scaling the Gauss-Legendre nodes to the interval [0, 1].

From Theorem [79] Gauss-Legendre quadrature is exact for polynomials of order up to
2s — 1. Likewise the quadrature rule on [0, 1] induced by the nodes cy,...,c; is exact for
polynomials up to order 2s — 1, and we have:

Theorem 51. Let ¢; = (t; +1)/2 fori=1,...,s, where t; € (—1,1) is the i-th zero of the
Legendre polynomial of order s. Define

¢ 1
aij:/o Ej(T;C)dﬂ b; ::/O 4i(T;¢)dr.

Then the s-stage RK method defined by matrizc A = (a;;), weights b = (b;), and nodes
¢ = (¢;) satisfies the sum rule ¢ = A1 and is order-(2s) accurate.

Remark 52. These methods are called the Gauss-Legendre methods. Remarkably, the
Gauss-Legendre methods are A-stable for all s = 1,2,.... The stability function is in fact
the (s, s)-Padé approximant of e?*. The Wanner-Hairer-Ngrsett theorem in turn guarantees
that this Padé approximant satisfies the condition for A-stability. However, we will prove
the A-stability of the Gauss-Legendre methods by different means in the next part, where
we shall see that they satisfy a stronger condition called algebraic stability.
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My methods are really methods of
working and thinking; this is why they
have crept in everywhere anonymously.

E. Noether

Part IV
Geometric numerical integration

Besides some order-p accuracy and absolute stability, what more could we possibly ask of
a numerical method for ODEs? A lot more, it turns out. Many differential equations of
interest exhibit certain monotonicity or conservation properties, and the study of numerical
integrators that preserve such structure exactly is called geometric numerical integra-
tion. We will consider case studies for certain properties of major interest. In all of these
case studies, we are only scratching the surface of deep conversations.

18 Monotone systems

We have seen that linear systems of the form
2/(t) = —Ax(t),

where A is symmetric (or more generally Hermitian) positive definite are dissipative in
the loose sense that small perturbations are exponentially damped over time.

We can think of such systems as falling into a more general category of gradient flows
2/ (t) = =VU(z(t)),

where U : R? — R is a convex function. Indeed, note that the linear case is recovered by

taking .
U(z) = ixTAx,

which is a convex function with gradient VU (z) = Az. Such a system is also dissipative,
and the globally attractive fixed point is the minimizer of U, which is unique as long as U
is strictly convex.

The choice f(x,t) = VU (x) can be generalized considerably to a category of functions
of possibly non-gradient type called monotone mappings. We motivate their definition
in the following way.

Suppose that U is convex, and let x,y € R?. Then by the definition of convexity
Uly) 2U(z) + (VU (z),y — x),
U(z) 2U(y) + (VU (y),z —y).

Here and in the sequel (-, -) denotes an inner product on R?, though the space itself can
of course be generalized. We will also use || - || to denote the norm induced by this inner
product via ||z]|? = (z, z).
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By adding both inequalities we can cancel all the non-gradient terms, yielding
(VU(z) =VU(y),z —y) = 0.

Accordingly, we make the following definition (which accommodates dynamics in both real
and comple inner product spaces):

Definition 53. If V is an inner product space, we say that T : V — V is monotone if
Re (T'(x) = T(y),x —y) = 0
for all x,y € V. We say that the system
a'(t) = f(z(t), 1)

is monotone if for every fixed ¢, the map —f(-,¢) is monotone. Concretely, this means
that

Re (f(z,t) = f(y,1),z —y) <0
for all 7,y € F? and t € [0, T], where either F € {R, C}.

The big deal about monotone equations is that their flow is contractive, in the following
sense:

Theorem 54. Suppose that ©'(t) = f(x(t),t) is a monotone system, and consider two
solutions u(t) and v(t) induced by initial conditions ug and vg. The function

t = u(t) — o)

18 monotone non-increasing.

Proof. Simply compute

d

d
Zle@® = vl = = {u(t) = v(t), u(t) - v(®))

— (W (1) — 0 (8),ult) — v(®) + (u(t) — v(t), o () — ' (1)
= 2Re (u(t) — v(t),u'(t) — v'(t))
= 2Re (u(t) — v(t), f(u(t),t) = f(v(t),1))
S 07
which implies the desired result. O

What are some interesting monotone systems, besides gradient flows? Consider, for
example,

T(z) = VU(x)+ Bz, (18.1)

where U : R? — R is strictly convex and B is real skew-symmetric (read: normal with
imaginary eigenvalues) and the inner product is the ordinary dot product. Then

(Bx — By,z —y) = (x —y) Bz —y) =0,

which in turn implies that T is monotone. Note however that such T is not of gradient type!
Here the gradient term VU (x) is strictly dissipative, while the Bz term alone induces
length-preserving (isometric) dynamics. Indeed, note that the solution of z'(t) = Bz, is
z(t) = eBlzy, and P! is an orthogonal matrix as long as B is skew-symmetric.
For the rest of this section, we concern ourselves with the design of numerical integrators
that, for monotone systems, preserve the structure of Theorem

2For complex inner product spaces, we adopt the convention that the inner product is linear in the second
slot and conjugate-linear in the first slot.
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18.1 Algebraic stability

Motivated by Theorem we make the following definition:

Definition 55. We say that an RK method is algebraically stable if
[Ront(w) = R (v)]| < [Ju— vl

holds for any u,v € F¢ and any h > 0, t € [0,T], where Ry is the RK iteration map for
step size h starting from time ¢ for a monotone system.

In fact algebraic stability is stronger than A-stability:
Theorem 56. An algebraically stable RK method is A-stable.

Proof. Suppose A € C with Re(A) < 0. Then 2'(t) = Az(t) is a monotone system (check
this!), following the same reasoning as in our justification that (18.1) is monotone, since it
is of ‘convex gradient plus isometric’ type.

Therefore Definition applied to the case u = x # 0, v = 0, yields

IR()[ < [l=]].

But R(z) = R(\)z, so we have that |[R(Ah)|||z|| < ||z||. Since this holds for all z # 0 and all
A with Re(\) <0, it follows that |R(z)| < 1 on the left half-plane. The maximum modulus
principle (cf. Theorem in turn implies strict inequality on the strict left half-plane, and
A-stability follows. O

An important object called the M matrix emerges from the study of algebraic stability:

Definition 57. For an RK method with RK matrix A and weights b, define the M matrix
as
M = diag(b) A+ A" diag(b) —bb".

We will always assume that A and b are purely real, so notice that M is real symmetric by
construction. Remarkably, if it is positive semidefinite, then the corresponding RK method
is algebraically stable:

Theorem 58. If the M matrix for a consistent RK method is positive definite and the
weights by, ...,bs > 0, then the corresponding RK method is algebraically stable.

Proof. The proof is, well...completely algebraic. But it requires a lot of notation.

Consider u,v € F™ and fix a current time ¢. We will compare R(u) and R(v) for a step
size h. Let ki,...,ks denote the slopes for the first of these RK steps and r1,...,7s the
slopes for the second. Define ‘intermediate values,’

ui:u—l—hZaijkj, vi:v—i—hZaijrj, (182)
j=1 j=1
SO

ki = f(ui, i), ri= flvi,ti),

where the intermediate times are defined ¢; =t +c¢;h, i =1,...,s. (Note that these are not
the ‘usual’ discrete times t,,, as we have already implicitly fixed a time step n in the context
of this discussion.)
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Finally,
R(u) :u—i—thiki, R(v) :v—i—thiri,
i=1 i=1

and with the notation set up we can finally compute:

2
IR(u) = R(v)]* =

(u—v) +h2bz(k‘L —7"1‘)

= <(U—U) +hzbz‘(/€i — i), (u—v) +hzbi(ki —?“i)>

> bi(ki =)

i=1

2

i=1

= |lu —v||* + 2k Re <u—v,Zbi(/€i —ri)> 4+ K2

Therefore, defining z; := k; — r;, to show algebraic stability it is equivalent to show

2Re <u -, i bizi> +h i b;z;
i=1 i=1

2
<0.

<u—v,ibizi> = ibi (u—v,2),
i=1 i=1

and for any 7, from (|18.2)we have

hence by plugging in and taking real parts we obtain: .
Re <u -, Z bizi> = ZbiRe (u; —vi,2i) — h Z baijRe (z;, ) .
i=1 i=1 i,j=1

The point of these manipulations is precisely to extract the expressions Re (u; — v;, 2;),
to which we can directly apply the definition of monotonicity, as

Re (ui — vi, zi) = Re (u; — vi, f(ui, ti) — f(vi ) <0,
and by nonnegativity of the b; as well as the fact that Re (z;, z;) = Re (z;, 2;), it follows that
Re <u -, Zbizi> < —h Z bia;;Re (2, ;) ,
i=1 ij=1

hence it now suffices to show that

S
E biz;
i=1

2 s
-2 Z biaine <Zi,Zj> S 0

ij=1
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Let us expand the left-hand side as

S
E biz;
i=1

2 S
= Z bibjRe <Zi,2j>7

i,7=1

hence it suffices to show that

S

Z (lea” - blbj) Zij Z 0, (183)

i,j=1
where Z = (Z;;) is a real symmetric matrix defined by
Zi; = Re(2;,25) .
Then we can rewrite as the condition that
Tr [(2diag(b) A—bb") Z] > 0.

Moreover, since Z is real symmetric, we can replace (2diag(b) A— bbT) in the left-hand side
by its symmetrization

% [(Qdiag(b) A—bbT) + (2diag(b) A — bbT)T} — diag(b)A + AT diag(b) — bbT = M,

which in fact coincides with the M matrix.

Therefore our sufficient condition is that Tr[MZ] > 0. But in fact Z is a positive
semidefinite matrix, as can be observed by computing

S S S
w' Zw = Z w;w;Re (2, z;) = Re <Z wlzl,Zw,zl> >0,
i=1 i=1

i,j=1

and the trace of the product of real symmetric positive semidefinite matrices, so it suffices
that M is positive semidefinite, as was to be shown. [

Note that no explicit RK method can be algebraically stable, because then it would be
A-stable, which we know to be impossible! But more directly, the diagonal of A is zero
for any explicit RK method, which implies that the diagonal of the M matrix is in fact
My, = —b3. Since the weights must add up to 1, they cannot all be zero, and M has a
negative diagonal entry, which precludes it from being positive semidefinite.

18.2 Alegbraic stability of Gauss-Legendre methods

In fact, our good friends the Gauss-Legendre methods are all algebraically stable, hence in
particular A-stable, as we claimed earlier when we presented them. In fact, the M matrix
of a Gauss-Legendre method is in fact M = 0, which is in particular positive semidefinite.
Moreover the weights b can be shown to be nonnegative.

Lemma 59. For the Gauss-Legendre methods, the M matriz is M = 0.

Remark 60. I'm proud of this proof. It is a lot better than the one in Iserles’ book. This
remark is my victory lap.
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Proof. Recall
c; 1
aij:/ Li(T;¢)dr, bi:/ Li(T5¢)dr.
0 0

We want to show that the matrix M = diag(h)A + A diag(h) —bb" is zero. It is equivalent
to show that for any w = (w1, ...,ws)" € R®, we have w' Mw = 0. (To see this, note for
example via the spectral theorem that this would impy that all the eigenvalues of M are
7€ero.)

Now observe that

w' Mw = 2w diag(b) Aw — (w ' b)?

s s 2
=2 Z wibiaijwj — <szbl> s
i=1

i,j=1

so we want to show that

s s s 2
want
2 E biwi E aijWw; = E biwi 5
=1 j=1 =1

=L =R

where we have defined L and R as the left- and right-hand sides, respectively, and we want
to show that L = R.

Now abusing notation slightly, let w(t) be the interpolating polynomia for the data
(¢i,w;), i =1,...,s, which can be writen

w(t) = 3 witi(t0),

attaining the values w(c;) = w;. Note that w is of degree s — 1.
Then

Zaijwj = / l w;l;(T;¢)dr = / 1 w(r)dr = W(),
j=1 0 0

where W is the antiderivative of w with W(0) = 0. Note that W is a polynomial of degree
S.

Then
L=2 i b,wZ i Qi Wj
=1 J=1
i=1
i=1

=23 bigler),
=1

3This function has nothing to do with the weight function w in the theory of orthogonal polynomials.
I’'m just running out of letters.

89



where ¢(7) := w(T)W (1) is a polynomial of degree 2s — 1. Therefore the Gauss-Legendre
quadrature integrates it exactly, and we have

1
Lzz/zmﬂWﬁyh
0
Now since w = W', observe that (W?)" = 2wW, from which it follows that
1
L= [ W) dr =Wy - Wy,
0

but W(0) = 0, and
W(1) :/0 w(T) dr.

L:(Aﬂuﬂm)

Meanwhile, since w is a polynomial of degree only s — 1, we have

s 1
Z byw; = / w(r) dr,
i=1 0

so L = R, as was to be shown. O]

Therefore )

Lemma 61. For the Gauss-Legendre methods, the weights by, ...,bs are nonnegative. In
fact they can be alternatively written as

1
0

m:AZm@m:/wmmfm

Proof. Note that £;(-;c)? is a polynomial of order 2s — 2, hence is integrated exactly by
Gauss-Legendre quadrature, and

1 s s s
/ [ (u; ) du =" "b; [lilcji))* = bi(0i5)> =D bidiy = by,
0 j=1 j=1 j=1
as was to be shown. O

As a consequence of the previous two lemmas we our desired result.

Theorem 62. The Gauss-Legendre methods are algebraically stable, hence also A-stable.

19 Quadratic invariants

In this section, we discuss the conservation of quadratic forms, which, when conserved,
can be referred to as quadratic invariants. A quadratic form is a funcion of the form

Qz) = ix*Sx.
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Without loss of generality, the matrix S can be assumed to be Hermitian because the
replacement S < (S + S*)/2 does not affect the quadratic form. In the real case, we can

write more specifically,

Q) = 5o 51,

where S is real symmetric. It is useful to observe once again that
VQ(x) = Sz.

For simplicity, we will assume the real case from now on.

We are interested in systems 2'(t) = f(z(t),t) that conserve Q, i.e, for which Q(z(t))
is constant with respect to ¢t. Of course such conservation is equivalent to

0= %Q(iﬂ(t)) =VQ(x(t) - 2'(t) = f(=(t),t) - (Sz(t)),
hence such a conservation law requires
flz,t)- (Sz)=0 (19.1)

for all z € R? and t € [0, T).

The case S = [ is probably the most interesting as it corresponds to dynamics that
preserve the length of z(t), i.e., fix the trajectory to lie within some sphere in R?. If the
signature of S (i.e., the number of positive eigenvalues of S) is d, then it is possible to reduce
the case S = I by a change of coordinates (cf. Sylvester’s law of inertia). Other choices for
S, such as the Minkowski metric, might be motivated by considerations in special/general
relativity.

19.1 The M matrix returns!

We are interested in RK methods that respect the structure of a quadratic invariant. In
fact, as long as the familiar M matrix

M = diag(b)A + AT diag(b) — bb"
satisfies M = 0, such invariants are conserved!

Theorem 63. Suppose that a system admits a quadratic invariant induced by a real sym-
metric matriz S in the sense of . Then an RK method whose M matriz satisfies
M = 0 preserves this structure in the sense that

Rii(x)T SRy (x) =" Sz
for any x € RY and any h > 0, t € [0,T], where Ry, is the RK iteration map for step
size h starting from time t. In particular, the Gauss-Legendre methods conserve quadratic

movariants.

Proof. Fix a current state x, current time ¢, and step size h > 0, and write

R(x) =z +h) bk
i=1
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Then compute
R(x)" SR(x) =" Sz +2h Y bik] Sz+h> > bpbik] Sk;.
i=1 i,j=1
Therefore we want to show that

2> bk Sz "= —h Y bibik] Sk,
i=1

i,7=1

=:L =R

where we have defined L and R as the left- and right-hand sides, respectively, and now want
to show that L = R.

As in our proof of algebraic stability (Lemma , let
S
xi:x—&—hZaijkj, 1=1,...,s,
j=1

o)
ki = f(x,t;),
where t; :=t 4+ ¢;h, and

r = T; — hZaijk‘j.
j=1
Then we can substitute this formula to obtain
S S S
D bk Sw = "bik] Sz —h Y aibik] Skj.
i=1 i=1 i,j=1
Now the first of the terms in the right-hand side is zero by (19.1)), as
k‘:Sl‘] = f(]?i,ti) . (SJ?Z) =0.

Meanwhile the second term can be packaged as —Tr[diag(b)AZ], where Y = (k,' Sk;) is real
symmetric.

Then it follows that
L = —2Tr[diag(b)AY]
= — Tr[diag(b)AZ] — Tr[(diag(b)A) Y]
= —Tr [(diag(b)A + A" diag(b)) Y] .

Now

0= M = diag(b)A + A diag(b) —bb",
SO

diag(b)A 4+ AT diag(b) = bb",
and .
2> bk Sz =—Tr[bb' Z] = —b" Zb =R,

=1

as was to be shown. O
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19.2 Unitary flows

The criterion (19.1) for a quadratic invariant can be viewed as a manifold constraint for the
dynamics. More generally, for a submanifold M C F”, if

flx,t) € T,M,
ie., f(z,t) lies in the tangent space T, M to the manifold M at the point x € M, for

arbitrary z € M and ¢ € [0, T], then the dynamics can never leave M.

In general, it is not possible to define a single integrator that preserves all possible
manifold constraints. However, there is another important category of manifold constraints
preserved by the Gauss-Legendre methods.

We will now consider C**? matriz-valued systems of the form
U'(t) = F(UHU(2),

where F(U,t) takes values in the set of skew-Hermitian matrices. Aficionados of Lie group
theory will notice that the right-hand side defines the most general element of the tangent
space of the unitary group

Uy :={UecC™ . yUu* =1}

at the point U(t). These are called unitary flows, and the real case of orthogonal flows
can be recovered by similar considerations. Unitary flows are, for example, fundamental to
the Schrédinger picture of quantum mechanics, where F(U,t) = —--H(t), and H(t) is a
(possibly time-dependent) Hamiltonian, which is always a Hermitian matrix.

Indeed, one can check directly that for U € Uy
(UU*)/ _ U/U* + U(U/)* —
=FUHUU* + U (F(U,t)U)"
=FUH)UU* +UU*F(U,t)*
=F(U,t)+ F(U,t)",
by the skew-Hermiticity of F(U,t), so unitarity is preserved by the dynamics.
In fact, the following theorem holds, as can proved similarly to Theorem

Theorem 64. The Gauss-Legendre methods (and more generally any method with M =0)
conserve the unitarity / orthogonality constraint of unitary / orthogonal flows.

20 Hamiltonian systems

A Hamiltonian system is a system of ODEs with a state variable
p(t) ) 2d
z(t) = eR
) ( q(t)
that has important internal structure. The variable p(t) € R? is often called the momentum

and ¢(t) € R? the position, and we shall see the motivations for these names later. (Note
carefully that p is not for ‘position’!)

The dynamics are defined by

p'=-VH(p,q), ¢ =V,H(pq), (20.1)

where H(p, q) is a function called the Hamiltonian (energy).
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20.1 Separable Hamiltonians

A Hamiltonian system is specified by a choice of Hamiltonian. The most significant (but
not only) examples of Hamiltonians are separable Hamiltonians, which can be written

H(p,q) = K(p) + U(q), (20.2)
where K is a kinetic energy (which depends only on momentum) and U is a potential

energy (which depends only on position)ﬁ
Often K (p) is a positive definite quadratic form

1 _
K(p) = ipTM 'p,

where M is a mass matriz, which is always symmetric positive definite. (We use the bold
notation to distinguish from the M matrix associated to an RK method, which will make
further appearances!) It is often further the case that M = mlI, where m is a scalar mass,
and in this special case, the Hamiltonian dynamics reduce to
p'=-VU(q), ¢ = L
m

If the position variable is ¢, then indeed ¢’ denotes the velocity, which should intuitively
correspond to p/m. In this case, we can view the Hamiltonian system as a second-order
equation for the position

mq" = —VU(q),

from which the momentum can be recovered as p = mgq’. Observe that this equation carries
the interpretation of Newton’s second law: force (—VU) equals mass times acceleration.

Often U is convex or even strongly convex, and in the simplest such case U(q) = %q—'—Aq7
where A is symmetric positive definite, and we have the further simplification
mq" = —Aq.
After diagonalization, we can even pass to the scalar case,
/!

mqg = —Kq,

where x > 0 gains the interpretation of a spring constant.

Even for separable Hamiltonians, the abstraction of the more general Hamiltonian struc-
ture provides a productive point of view, as we shall see.

20.2 Energy conservation

Energy is conserved by Hamiltonian systems:

Lemma 65. H(p(t),q(t)) is constant for a solution p(t),q(t) of a Hamiltonian system

420.1 ).

Proof. Simply differentiate

%H(p(tm(t)) = VpH(p(t), q(t)) - p'(t) + Vo H (p(t),q(t)) - ¢'(¢)
= VpH(p(t),q(1)) - [V H (p(t), a(t))] + Vo H(p(t), (1)) - [V, H(p(1), ¢(1))]
=0.
O

4A common alternative notation for the kinetic energy is T'(p), and meanwhile V(q) is a common alter-
native for the potential energy.

94



20.3 Symplectic structure

In fact, although energy conservation is an important feature of Hamiltonian systems, they
exhibit a more complicated structure that is more important (and more generally tractable)
to preserve.

Let ¢ : R?® — R2? be the flow map for the Hamiltonian system (20.1), i.e., the map

which sends an initial condition ( 2 ) to the value of the solution of (20.1) at time ¢.

Definition 66. Let J denote the matrix 2d x 2d matrix

0 I
= (50)
Given a domain Q C R?? and a map ¢ : Q — R??, define ® := Dy, which is a map

Q — R24%2d_ Then ¢ is called symplectic if @7 (y)J®(y) = J for all y € R?%.
As in this definition, we will adopt the notation y = ]; going forward. In this

vectorized notation, we can write the Hamiltonian system (20.1)) more compactly as
y() = JIVH(y), (20.3)

where VH (y) is the full gradient

and we observe that

le(? _OI):JT:—J.

Theorem 67 (The Poincaré theorem). If H is C?, then the flow map @; of the Hamiltonian
system is symplectic.

Proof. Define ®, := Dy,. Evidently ¢o = Id, hence &3 = Igd, and ®] (y)J®o(y) = J for all
y. Therefore it will suffice to show that for any fixed y, % [@T( JP(y) ] 0.

First it is useful to observe directly from (20.3) that

d

dt%(y) J- 1VH(<Pt( ))s

hence we can compute (by commutation of partial derivatives)

d

%‘I’t( y) =

Dy%%(y)
=Dy [J7'VH(p(y))]
= J7'Dy [VH(pu(y))]
= J'V2H (p1(y)) Dy (y)
=J 1V2H(80t(y))‘1>t( )
or in summary
d®(y)

dt

= J'V2H (i (y)) P4 (y).
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Now compute

.
i [0l e = |G| ) + o7 0%
_ &7 2 -1 T T —1 w2
=@/ (y)V*H(ei(y)) [J]I J@4(y) + @, (y)J{?_,V H(p(y))®:(y)
= =@/ (y)VZH (0 (y))®:(y) + @/ (y) V' H (01 (y)) P+ (y)
=0,
as was to be shown. O

Let us examine the notion of symplecticity in a bit more detail. Take the case d = 1

®1

first for simplicity. Then if ¢ = ( o : R? — R? is symplectic, this means that ® = D¢
2

satisfies

0 1 — ayl ¥1 ayQ P2 0 1 ayl ¥1 8@2 #1
-10 892 $1 a?JQ P2 -1 0 ay1 P2 892 P2
_ 8Z/l ¥1 ayl P2 8’!!1 P2 8@!2 P2
ayz ©1 ay2 Y2 78@/1 ¥1 76@/2 ©1
_ < 0 [ay1@18y2502 - 8?/1()0281/2901] )
- [8211 9018112 P2 — ayl 90281/2 901] 0

<ﬂwa(m?@)

_ ( _dé)t(q)) deto(cp) )

Hence symplecticity in this case is equivalent to area (and orientation) conservation of the
map ® = Dy, i.e., det(®) = 1. In higher dimensions d > 1, symplecticity corresponds to
conservation of a sum of oriented areas.

However, in general, if we consider the symplecticity condition ®'.J® = J and take
determinants of both sides, we see that we must have det(®)? = 1, i.e., |det(®)| = 1, and
symplectic maps always conserve (2d)-dimensional volume. (Note that symplecticity is a
much stronger condition in general than mere volume preservation!)

Amazingly, the same M = 0 criterion on a RK method is a sufficient condition for
preserving symplectic structure.

Theorem 68. The Runge-Kutta iteration map of an RK method satisfying M = 0 is
symplectic for Hamiltonian systems.

A proof, similar in style to the proof of Theorem[63], etc., can be found in Iserles’ textbook
(Theorem 5.7).

When an integrator has a symplectic iteration / numerical flow map for Hamiltonian
systems, we simply say that the integrator is symplectic.

20.4 Partitioned Runge-Kutta methods for separable Hamiltonian
systems

Unfortunately, as we have discussed earlier, then sufficient condition M = 0 for preserving
symplecticity cannot be satisfied by any explicit method. However, for separable Hamil-
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tonian systems, a generalization of the typical RK method can yield explicit symplectic
integrators.

20.4.1 General partitioned RK methods

To this end, we introduce the notion of a partitioned Runge-Kutta method. Given a
splitting of our state variable
(v)
xr =
v

into two blocks, we can view an arbitrary system as being defined by the equations
u'(t) = F(u(t),v(t),t), v'(t) =G(u(t),v(t),?)

for appropriately defined F' and G.

A partitioned RK method is defined by two RK matrices A = (a;;) and A = (), two
vectors of weights b = (b;) and b = (b;), and two vectors of ndoes ¢ = (¢;) and ¢ = (¢&;).
We will assume for simplicity the natural sum rule ¢ = A1 and ¢ = A1 which allows us to
reduce from the general case to the autonomous case as before.

Note that we can think of a partitioned RK method as being specified by two independent
Butcher tableaus:

Then given a state u,, v, a partitioned RK method requires us to solve the simultaneous
equations

k;i=F un—l-hZaijkj, 'Un'i'hzdij]%jv t, + cih
j=1 =1

(20.4)
I%z:G u"+hzaijkj’ /Un_‘_hz&ijlz‘lﬁ thtCh), i=1,...,n,

j=1 j=1
in terms of which the next values w1, v,41 are determined as
S S
Upt1 = Up + hz biki, Uny1=v,+ hzm’w
i=1 i=1
We can associate to a partitioned RK method an appropriate numerical flow map

Rh,t (U, U) such that (un—f—h Un—i—l) - R}L,t" (Un, Un)-

20.4.2 Consistency conditions

It is not hard to verify that the condition for a partitioned RK method to be consistent
(equivalently, first-order accurate) is

bT1=0"1=1.

Meanwhile, the condition for second-order accuracy is

1

bT A1 =b"A1 = >
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which again resembles the second-order accuracy condition for ordinary RK methods.

Finally, we remark that if an extended sum rule ¢ = A1 = A1 = ¢ is satisfied, then the
condition for third-order accuracy is simply

A ~ 1
bTA21=0b"A4%1= R

20.4.3 Symplecticity

Consider the following notion of an M matrix for a partitioned RK method,
M = diag(b)A + A" diag(b) — bb". (20.5)

Remarkably, this matrix yields a simple sufficient condition for an integrator to be symplec-
tic.

Theorem 69. If the matrix M defined in (120.5) is the zero matriz and b = I;for a partitioned
RK method, then the method is symplectic. Restricting to the case of separable Hamiltonians,
the condition M = 0 alone is sufficient for symplecticity of the integrator.

Proof. See the textbook of Hairer, Lubich, and Wanner (Theorem 4.6). O

20.4.4 Separable Hamiltonian case
Of particular interest is the case where
F(u,v,t) = f(v), G(u,v,t) = g(u), (20.6)

which covers the case of separable Hamiltonian systems (20.2) by identifying v = p, v = ¢,
and f(q) = —VU(q), g(p) = VK (p), defining the system

p'(t)=-VU(q(t)), d'(t)=VE(p(t))

In the important special case K (p) = $p" M™'p of quadratic kinetic energy, we have ¢/(t) =
M~1p, and even more specifically when M = mI, we have ¢'(t) = p/m.

Note that in the case of quadratic kinetic energy, we can view the dynamics as defined
by the second-order system of ODEs

¢'(t) = M VU (g(t)) (20.7)

for ¢ alone.

In the case (20.6), the RK equations (20.4) simplify to

kzif ’L}n+hZ(A1U];ZJ
Jj=1

S
];11:‘(] un+h2aijk:j y ’L':L...,S,
j=1
or in the case of separable Hamiltonian systems we may write more suggestively

kii =-VU qn + hzaijl%j

j=1

ki =VK pn—i—hZaijkzj , t=1,...,s.
j=1
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20.4.5 Symplectic Euler

Consider the case s = 1, specified by the following pair of Butcher tableaus:

1)1 00

1 1
Note that these are precisely the Butcher tableaus for the implicit and explicit Euler
methods, respectively. However, together they define a partitioned RK method satisfying
M =0 (with M defined as in (20.5))). Moreover, it is easy to verify that the first-order but

not second-order consistency conditions are satisfied. Thus the method, which is called the
symplectic FEuler method, is first-order accurate and indeed symplectic.

In the case of a separable Hamiltonian, the method is in fact explicit, as we can verify by
writing out the RK equations. Simply write & = k; and k = ky for simplicity, since s = 1.
Then we have A

k=-VU(qn), k=VK(pn+hk),

P+l =P+ hE, Gny1=qn+ hk.

Note that k is determined explicitly, and in terms of k£ now fixed, we have that k is now also
determined explicitly.

Given py, g,, we can write the symplectic Euler pseudocode simply as:
® Dnt+1 =Pn — hVU(Qn)

® (n+1 = (4n + th(anrl)

20.4.6 Stormer-Verlet

In the case s = 2, the Stérmer- Verlet method is specified by the pair of Butcher tableaus:

12 11/2 0 0] 0 0
12 1/2 0 1]1/2 1/2
12 172 12 1/2

It can be readily verified that again M = 0 (hence the method is symplectic) and that
moreover the method is second-order accurate.

In the case of a separable Hamiltonian, the method is again explicit. Let us write out the
RK equations:

h - h
kl = _VU(Qn>7 k2 = _VU(qTL + §k1 + §k2)7
. h . h
k1 = VK(p, + §k1)7 ko = VK (qn + 579‘1),

h h h~ h~
Dntl = Pn + §k1 + 5162, Gn+1 = Gn + Ekl + 5162-

Then observe that (1) k; is determined explicitly, (2) k := ky = ky is determined explicitly
once ky is fixed, and (3) ko is determined explicitly once kq, ko are fixed.

Given py, g,, we can write the Stérmer-Verlet pseudocode simply as:

o ki =—-VU(qn)
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] ]%: VK(pn + %k‘l)

® gnt1 =(qn + hk
o ko= _VU(qTL-‘rl)

® Pui1 =Pp+ 2 (k1 + ko)

It is sometimes conventional to define p,,1/2 := pn — %VU(qn) =pn + %kl, yielding the
alternative, more suggestive implementation:

® Puiij2 =Dn— 2VU(qn)
® ¢ni1 = Gn +hVEK(pyi1/2)
® Dn+1 = Pn41/2 — %VU(QnJrl)

Further observe that (substituting n <+~ n — 1 in the pseudocode), we obtain the equations
Pn—1/2 = Pn—1 — %VU(qn—l)v Gn = gn-1 + hVK(pn—l/Q)a and p, = Pn—1/2 — %VU(qn).
Solving these for p,_1, ¢,—1, and p,,_1 /2, respectively, and then reversing the order of the
equations, we see that we can integrate ‘backward in time’ explicitly as

® Pu_1/2 =DPn — 2VU(qn)
® Gn-1=qn — th(pn—l/Z)

® Dpn—1= pn—1/2 - %VU((]nq)

In the setting where K is a quadratic form, i.e., K(p) = %pTM_lp7 the method simplifies to

the original (historical setting) of Verlet integration in the following fashion. First note
that in this case, VK (p) = M~ !p. , so we have k = M_lpn+1/2.

Tnt1 = 2Gn + qn—1 = hVK(ppy1/2) — AV K(pp_1/2)
=hM ™ (pns1/2 — Pr—1/2)
= —h*M'VU(qn),

or more compactly
dn+1 — QQH + dn—1 = _hQM_1VU(Q7l)a

which can be viewed as a linear multistep method for the second-order system . By
analogy to the LMM that we called the leapfrog/midpoint method for first-order systems,
this method and the Stérmer-Verlet method by extension are often referred to as the leapfrog
method /integrator. Note the distinction with caution! Moreover, note with further caution
that the leapfrog integrator as an interpretation of Stormer-Verlet only makes sense in the
setting of quadratic kinetic energies.
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If I have had any success in
mathematical physics, it is, I think,
because I have been able to dodge
mathematical difficulties.

J. W. Gibbs

Part V

Stochastic differential equations and
Monte Carlo sampling

In this part we will primarily be interested in Ité diffusion processes which can be
denoted

dX(t) = b(X (1)) dt + o(X (1)) dB(t) . (20.8)
—_— —
"drift term" "diffusion term"

This is a stochastic differential equation (SDFE), the meaning of which we shall now try
to make clear. We comment that the notation X; and B; are much more common, but we
want to maintain the subscript notation for indexing temporal discretization, to maintain
consistency with our treatment of ordinary differential equations.

Here, for each ¢t > 0, X (t) is a random variable taking values in a state space R?. The
collection {X (¢) : ¢t > 0} is a stochastic process, which can be understood concretely as
a recipe for producing any joint random varibable of the form (X (t1),..., X (t;)) € RZ¥k,
Meanwhile b : R? — R? is a vector field on R?, and o : R — R%*¢ is a matrix field on R%.
Finally, B; is a Brownian motion, which is a stochastic process whose meaning in this
context we will clarify below.

We will only worry about ‘autonomous SDEs’ in the sense that b and o do not have any
additional dependence on the time variable t.

21 Understanding the SDE

Formally, dividing by the infinitesimal dt, the equation (20.8)) is meant to evoke the differ-

ential equation
dX dB ’

o () =b(X (1) + (X (1) (1),

If we view the Brownian motion B(t) as an ordinary function (by drawing a sample path
from the stochastic process that is the Brownian motion), this has the appearance of an
ordinary differential equation that we can solve for X;. However, the sample paths of a
Brownian motion B(t) are not in fact differentiable, so such an interpretation does not
directly make sense.

The meaning of can best be understood concretely from the point of view of
numerical discretization. Consider a step size h > 0, and define

Xn+1 = b(Xn) h+ O'(Xn) Zn—i—l \/Ea (211)
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where the Z,,, n = 1,2,..., are independent and identically distributed standard multi-
variate normal random variables, i.e., Z, ~ N(0,I;). This expression defines a discrete-
time stochastic process {X, : n = 0,1,2,...}. This in fact defines the so-called Euler-
Maruyama scheme for solving . In a certain sense, the solution of can be
defined as a limit of the discrete-time solution in the limit h — 0, where we view
X(tn) = X(nh) = X,,.

Consider first the case b =0 and ¢ = I, yielding the SDE dX (t) = dB(t). The notation
suggests that the solution ought to be the Brownian motion B;, and we can in fact take
the Euler-Maryuama scheme for in this case as defining the Brownian motion on a
discrete time grid. To wit, we can construct

B(t,) = B, = \/EEW: Z;.
j=1

Then as a sum of independent normal random variables, we can compute By, ~ N(0,nhly).
Moreover, the increments B(t,+1) — B(ty,) satisfy B(t,+1)— B(tn) = Zpt1 ~ N (0, hly), and
more generally, for m > n we have B,,, — B,, ~ N (0, (m—n)hly). 1t is for this reason that we

can discretize (20.8) by replacing dX (t,,) + Xp+1—Xn, dt < h, dB(t,) < Bpy1—Bn = Zy,
yielding precisely (21.1)).

22 What is the goal?

In principle, we can imagine solving by first ‘setting a random seed for the universe,’
which amounts to fixing a deterministic sample path of the Brownian motion B(t). Then
we can pick a small step size h > 0, define Z, 1 := B(t,y1) — B(ty,) for all n = 1,2,. ..,
construct a discrete-time solution of via , interpolate as needed to extend to
continuous time, and then finally take a limit of this procedure as h — 0 to construct a
continuous-time solution X (¢) for this fixed random seed.

This actually makes sense, but if we ask ‘how accurate is our discretization’ from this
point of view, we will be disappointed. As mentioned above the Brownian motion is not
differentiable, and in fact it is only a-Holder continuous for o € [0,1/2). At the end of
the day, this means that after setting a random seed, for a fixed sample path, the order
of accuracy of numerical integration is going to be at best O(h'/?), and the notion of a
higher-order scheme does not make sense from this point of view.

In discretizing an SDE, the most productive goal is not to approximate individual sample
paths with high orders of accuracy, but rather to treat the stochastic process more holistically
and preserve its statistics to higher orders of accuracy. This leads us to the discussion of
the infinitesimal generator, which is fundamental to the understanding of diffusions.

23 Infinitesimal generator

The infinitesimal generator of a continuous-time stochastic process is an operator A on
functions f : R? — R, meaning that for any such f, the object Af is also a function
R? — R, defined specifically by

Af(z) = lim E f(X(h))_f(x)’X(O):x].

h—0+ h

The conditioning on the event X (0) = z can alternatively be understood as viewing our
stochastic process as being deterministically initialized with X (0) = . The generator can
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be viewed in some sense as a limit of stochastic difference quotient, but importantly the
limit takes place after we take an expectation value!

Going forward, to simplify the calculations we will focus on the case in which the noise
term of the SDE is uniformly isotropic, i.e., abusing notation somewhat ¢ = oI, where o is
a scalar.

In this case, the generator can be computed using a second-order Taylor expansion of f
about x:

(X () = f2) + V() (X(h) —x) + %(X(h) —a) V2 f(2)(X(h) —2) + O(h*?), (23.1)

where in bounding the remainder we have crucially used the fact that X (h) —z = O(h'/2).
Then we can substitute via (21.1) and the fact that Xy = z,

X(h) = X1 4+ O(h¥'?) = &+ hb(z) + oVhZ + O(h3/?),

where we use without proof the fact that the LTE of the Euler-Maruyama scheme is O(h®/?),
and Z ~ N(0,1y).
Substituting into (23.1), we find that

2

JXW) = fz) Vi) bla)+ —=Vf(z) Z+ =2 V2f(z)Z + O(Vh),
h vVh 2

and importantly, after taking an expectation, the divergent (second) term on the right-

hand side as h — 0 drops out due to the fact that E[Z] = 0. Meanwhile Z V2f(z)Z =

Tr[V2f(2)ZZ "], and E[ZZ "] = I, by the definition of the standard normal random variable,

so we obtain

E {f(X(h)})Lf@f)} = b(z) - Vf(z)+ %zTr [V2f(@)] + O(Vh),

and consequently
2

Af(2) = bx) - Vf(2) + T Af (@), (23.2)

d 2, . . . .
where A =370 | % is the Laplacian operator. Sometimes one might write A more com-

pactly as
o2

More generally, for general diffusion terms o(z), one can compute

Af(@) = b(a) - V() + 5T [5(2) 9 f ()]
d 0 1< 02
= ;bz( )8;2( )+ §i;12ij T 8@(5;3'

where () := o(z)o(z) .

24 Fokker-Planck equation

For every time ¢, the random variable X (t) has a probability density function p(z,t), which
satisfies p(z,t) > 0 and [ p(z,t) dz = 1. How does this probability density evolve over time?
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In fact it satisfies a partial differential equation called a Fokker-Planck equation, which
can be understood by means of the infinitesimal generator.

Note that for arbitrary smooth f with sufficient decay at infinity, we have

Ol = [ f@pla.t)do
Then it follows that

E[f(X(Hh)})L ] /f “*h) Pt g (24.1)

We can write

E [f(X(tJrh)) - f(X(t))] _ /]E {f(X(tJrh)) — f(z)

h h

(t)= x] plx,t) dx.
Note that
B [fXUH =10 ) g [HE0) =110 ]
since the SDE is autonomous, so taking the limit A — 0 of we obtain accordingly
that
/.Af(a:)p(z, 1) di = /f(x)%(a:, 1) d.
If we let A* denote the adjoint operator of A, i.e., the operator such that

[ Ao vt o= [ o) A v(a) ds

for all smooth functions ¢, with sufficient decay at infinity, then it follows that

/f(x)A*pt(x)dx:/f(x)@

where we define p;(z) = p(x,t) to view p; as a function R? — R for each fixed time ¢.

Recalling that f was arbitrary, it in turn follows that

3pt
ot

and this is the abstract form of the Fokker-Planck equation.

= A*p, (24.2)

It remains to compute A* explicitly as a differential operator in the case of a diffusion.
For simplicity again let us restrict to the case ¢ = o1, so recall from (23.2)) that

Af() = bla) - Vf(a) + T Af (@)

for all f.

Let us compute the adjoint as follows, letting ¢, be arbitrary with sufficient decay at
infinity:

Aot vwrde = [b) o) vieydr + G [ Aot v de

- [ o)V ()dw+—/¢> ) A(r) da

= [ o [—v byl + 2A¢<x>] dz
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where we have integrated by parts in the second line (once in the first term, twice in the
second term), using the fact that the boundary terms drop out by decay at infinitity. Here
V- denotes the divergence of a vector field.

We deduce that the formula for the adjoint is

0_2
Atg(z) = =V - (bz)g(2)) + 5 Ag(2),

and the Fokker-Planck equation can be written concretely as

2

%(x) ==V (pi(x)b(z)) + %Aﬂt@)’

ot

or

dps o?
9 y. A
9 (peb) + 5 Apu

for short. Note that the Fokker-Planck equation is a parabolic PDE.

Note that the first term alone describes the transport of probability density due to
the drift term b(X (t)) dt, and the second term describes the diffusion of probability due
to the diffusion term o dB(¢). If o = 0, we are left with a transport equation which can
be solved directly by the method of characteristics in terms of the original deterministic
ordinary differential equation. If b = 0 and ¢ = 1, we are left with the heat equation, which
describes the diffusion of probability in a Brownian motion without drift.

Generically, if the drift term traps trajectories within a compact region (with high prob-
ability) one expects the limit po, = limy_, o, p; to exist, and this is the probability density
function of the so-called stationary distribution or invariant measure of the stochas-
tic process. In fact one even expects that % — 0 as t — oo, as the rate of change of the
converging distribution also slows down. This establishes formally that p., should satisfy
the elliptic PDE

2
— V- (poob) + %Apoc =0 (24.3)

with zero boundary condition at infinity.

24.1 Overdamped Langevin dynamics

Of very special interest is the case of a conservative vector field b(z) = —VU(x). In
this case, assuming again o = o1, the describe the so-called overdamped Langevin
dynamics.

In this case, the stochastic process is reversible (a notion that we will not define in
this course), and the PDE for the invariant distribution p., can be solved ezplicitly.
In order for the solution to be integrable (so that it can be normalized to have a total
probability mass of 1), we will see that U must grow sufficiently fast at infinity, which
intuitively means that the force —VU it traps trajectories within a compact region with
high probability.

In the case b = —VU, denoting p = po for simplicity, becomes

2
%Ap+vp-VU+pAU: 0.
Plugging in the ansatz p = e~" and solving for V, we obtain

o o’ 2 -V
—?AV+7|VV| - VV.-VU+ AU e " =0.
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Observe that if we take V = %U , everything cancels, therefore a solution is given by

_2

p=e 2.

S

IS

Observe that scalar multiplication preserves satisfaction of (24.3), so we can take p to be
the unique normalized solution
672U/cr2

p= Te 2077 dz

Typically, in the context of Langevin dynamics, one adopts the convention o = /2/8,
where 8 € (0, 00) is a quantity known in statistical mechanics as the inverse temperature.
This way, the SDE reads as

dX(t) = -VU(X(t)) + /2/8dB(t),
and the stationary distribution reads as

—BU(z)
plx) = £ 7 Z:/e_ﬁU(z) dx.

Here the normalizing constant Z is called the partition function.

We will return to the overdamped Langevin dynamics later from the point of view of
Markov chain Monte Carlo sampling, where they can be used as a tool for sampling from
arbitrary probability densities.

25 How to construct higher-order schemes

We have already seen an example of a scheme for solving SDEs, but now we will return
to the subject from the point of view of the Fokker-Planck equation. As we said, it is not
reasonable to expect high orders of accuracy pathwise.

However, for fixed h > 0, we can view our numerical integrator itself as defining a
stochastic process {X,, : n = 0,1,...,}. Assume that Xy and X(0) are identically dis-
tributed, so the numerical and exact stochastic processes share the same initial distribution.
(Often the initial distribution is simply deterministically X, = o for some x¢ € R%.) Then
while we cannot ask that X,, = X(¢,) + O(h?) almost surely, we can ask, for arbitrary
f:R? = R, that

ELf(Xa)] — BLf (X ()] = O(h?).

It is natural to define a notion of accuracy as the worst-case discrepancy between these
two expectations over a sufficiently rich class of f, suitably bounded so that the worst case
discrepancy is not unbounded. If we restrict to f € Lip, (R¢), the set of 1-Lipschitz functions
on R%, then this worst-case discrepancy is in fact the 1-Wasserstein distance

Wip(-sta)opn) = sup {E[f(Xn)] —E[f(X(tn))]}

f€ELip, (R)

between the exact density p(-,t,) and the density p,, associated to the numerical solution
X, at the n-th time step. (This is the dual formulation of the usual definition of the 1-
Wasserstein distance in terms of optimal transport, the details of which are beyond the
scope of this course.)
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One can then hope for

sup Wi(p(-,tn), pn) = O(hP) (25.1)
n=0,...,N

as h — 0, and this will generalize the notion of the order of accuracy for deterministic ODEs.
We may call the exponent p in (25.1) the weak order of accuracy.

25.1 Suzuki-Trotter expansion of the Fokker-Planck equation

One systematic approach to getting higher orders of accuracy is based on the Suzuk-Trotter
expansion of a matrix exponential. Again we will focus only on the case o0 = o1.

Abstractly, the solution of the Fokker-Planck equation (24.2)) is given by the expression

tA*
Pt =¢€"" po

involving an operator exponential.
We can split
A* = Ajig + Advise
into two terms, corresponding to the drift and diffusion components of the SDE (20.8]).
Evidently we have
o2
Agigeg(z) = =V - (b(z)g(2)), ALigg(z) = 3A9<$)

for arbitrary g.

The first-order Suzuki-Trotter expansion (ST1) rewrites a general operator exponential
of a sum as

h(A+B) — ghAchB | O(p2), (25.2)

where the O(h) has to be interpreted carefully in the operator setting. (We will ignore such
detailed considerations). Correspondingly one can write

etn(A+B) _ H 6hAehB + O(h)
k=1

In general, higher-order Suzuki-Trotter expansions can be constructed involving products
of factors only of the form e and e™® for carefully chosen scalar values of 7. We will only
mention the next highest order, ST2, which is the most commonly used:

MA+B) — o(M/2AB (/A 4 O(p3), (25.3)
yielding the approximation
otn(A+B) _ H e(/DARB (h/2)A | O(hZ).
k=1

We will take A = A%y and B = Aj;; in the following, and the key point is that
emAairr and e Aanin are easy to simulate directly because they correspond, respectively, to
Fokker-Planck evolution according to the dynamics

dX(t) = o dB(t),
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which is simply a (scaled) Brownian motion, and
dX(t) = b(X(¢)) dt,

which is a deterministic evolution according to the ODE z/(t) = b(z(t)).

Therefore, given X ~ p for some p, we can draw Y ~ ™4 p by simply setting ¥ =
X +o+/7Z, where Z ~ N(0, ;) independent of X. Likewise, given X ~ p, we can draw
Y ~ e At p by simply setting Y = ¢, (X), where ¢, is the deterministic flow map for the
ODE z/(t) = b(x(t)). For probabilists, this means precisely that e7artep = o #p, where
‘#’ indicates the pushforward of probability measures/densities.

In general the flow map ¢, cannot be evaluted directly but it can be replaced with
the flow-map of a one-step integrator (such as a Runge-Kutta method or even a Taylor
series method), ¢, ~ R, and the discrepancy of this replacement is essentially the LTE of
the integrator. If the LTE is O(hP*1), then for suitably regular drift term, it follows that
Wi (‘Prl% RTP) = O(hp+l)'

25.2 Euler-Maruyama revisited

By taking the ST1 expansion (25.2) and using explicit Euler as our one-step integrator, we
obtain precisely the Euler-Maruyama scheme (21.1)),

X1 = Xn +b(Xp)h 4+ oVhZyi1,
where the Z1, Za, ... ~ N(0, ) are i.i.d.

From this point of view, the Euler-Maruyama method is then seen to have a weak order
of accuracy of 1.

25.3 A higher-order example

To get a higher weak order of accuracy, we need one higher order of accuracy in the Suzuki-
Trotter expansion and one higher order of accuracy of the one-step integrator. We can
choose, for example, ST2 to obtain the following method:

X1 = Ra [Xn o2 Zn+1] o /h2 W,
where R, is the iteration map of a second-order RK method such as improved Euler, and
the Z1, W1, Zo, Wa, ... ~ N (0, I4) are i.i.d.
The paper [Leimkuhler and Matthews (2013)] uses similar ideas in the special setting of
underdamped Langevin dynamics to derive widely used schemes such as BAOAB.
Of course, one might ask for various desiderata besides a higher weak order of accuracy

(e.g., absolute stability and geometric structure preservation), and we are only scratching
the surface here!

26 Markov chain Monte Carlo sampling

Suppose that you know how to evaluate a probability density p(x) pointwise, up to sum
unknown normalization constant. Equivalently, suppose you can evaluate U(z) and want to
sample from the probability density proportional to e~Y, i.e.,

—U(x)
p(x) = c 7 Z:/e*U(m) dzx.
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If p is a density on R? and d > 1 roughly, it is difficult to draw samples from p due
to the curse of dimensonality, which prevents us from dealing with p directly by accurate
numerical quadrature.

The most generic and widely used approaches to sampling from such a known density fall
under the umbrella of Markov chain Monte Carlo (MCMC) methods. In MCMC, the
goal is to design a Markov chain whose stationary distribution is exactly or approximately
equal to p. Then we can get a sample from p by running the Markov chain for a sufficiently
long time.

There are two major points of view on MCMC sampling: that of the Metropolis-Hastings
algorithm and that of the integration of (stochastic) ordinary differential equations. As we
shall see, they can also be fruitfully combined.

26.1 Metropolization

A Markov chain can be specified by a transition probability kernel ¢(y|x), which specifies
a procedure for producing a stochastic process X,, n =0,1,2,..., given some initializaion
Xo ~ po. Here, for any z, ¢(-|z) is a probability density, and given that X,, = x, the
procedure is defined by drawing X,,+1 ~ ¢(-|z). Generically, a Markov chain tends to have
a unique stationary distribution p. The stationary distribution evidently must satisfy

p(y) = / 4yle)p(e) dx (26.1)

for all y.

One sufficient (but not necessary) condition for (26.1)) is called detailed balance, which
is a ‘pointwise’ property that is easier to guarantee:

q(ylz)p(z) = q(=|y)p(y). (26.2)

One can observe that (26.2) implies (26.1) simply by integrating with respect to x and
observing that [ ¢(z|y)dz =1 for all y.

The remarkable idea of the Metropolis-Hastings algorithm is that for any target
p(x), any Markov chain g(y|z) can be corrected in a simple way to produce a Markov chain
q(y|x) satisfying detailed balance with respect to p. In particular, we get a Markov
chain whose stationary distribution is the target p(z). The Metropolis-Hastings algorithm
can then be used to draw samples from p(z) by running this Markov chain.

Given X,, = z, the modification works by first proposing an update y ~ g(-|z) and
then accepting this update with an acceptance probability that can be easily computed. If
we accept the update, this means that we set X,,11 = y. If we reject the update, this means
that we set X,,11 = z.

The acceptance probability is simply

i (1. PW) 9(zly)
Aly.2) = (1’ p(x) g(@/l%)) ' (26.3)

As long as we can evaluate g and p (up to normalization), it is possible to compute A(y, z).

The transition kernel ¢ of the modified Markov chain can be written

q(ylz) = Ay, )g(ylz) + (1 — Ay, x))d(z — y),

where ¢ denotes the Dirac delta function. It can be verified that ¢ satisfies detailed balance
with respect to p, regardless of the choice of g. Indeed,
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q(ylz)p(z) — q(z|y)p(y) = Ay, 2)g(y|z)p(x) — Az, y)g(z|y)p(y),
and therefore it susffices to show that

Ay, ) g(zly)p(y)

A(z,y)  g(ylz)p(z)

)

which can be checked directly.

26.2 Overdamped Langevin as MCMC and MALA
As we have seen in Section the continuous time (Markov) process defined by
dX(t) = —VU(X(t))dt +V2dB(t) (26.4)

has p(z) o< e~V (*) as its invariant distribution.

Therefore we can attempt to sample from p by integrating the SDE (126.4) approxmately
(via, for example, the Euler-Maruyama scheme) to produce a Markov chain {X,,}°2 , with
invariant distribution p =~ p.

If we use a small step size h to integrate , then the discrepancy between p and
the target p will be small, yielding a small bias in sample expectations. But note that
we always have the option of viewing the Markov chain furnished by Euler-Maruyama as
a proposal in the sense of Metropolis-Hastings and then correcting it according to the
acceptance probability , which can in this case be explicitly computed. This approach
is called the Metropolis-adjusted Langevin algorithm (MALA). (Whether or not one
actually wants to Metropolize is a subtle matter!)

26.3 Hamiltonian Monte Carlo
To draw a sample X ~ p(z) < e~V we could jointly sample
(W, X) ~ P(w,z) ezl -U@)

where w, x € R? and then simply forget about the W component. (One could choose, more
generally, a quadratic form %wTM_lw within the exponent, but the rationale for doing this
brings us beyond the scope of the course.)

Here we identify (w,x) with the joint momentum-position variable (p,¢) appearing in
the discussion of Hamiltonian systems of Section but we ditch this notation now to
avoid clashing with the notation for probability densities. Let us still identify y = (w, x)
and define the Hamiltonian

H(y) = Hlw,z) = g ul* - U(x).

Observe that we can always draw a perfect sample W from the appropriate marginal
of P simply as W ~ N(0, I3). Meanwhile, the low map ; of the Hamiltonian dynamics
according to H is volume-preserving, satisfies time reversal symmetry (cf. homework), and
conserves energy. It follows that

Theorem 70. Given Y, = (W,, X,), independently draw W, ~ N(0,14) and let Y1 =
1(Wy, X)), where t € R. The Markov chain Yy,Y1,... so defined has P as its invariant
distribution.
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In practice, we cannot apply the flow map ¢, exactly. Instead we must apply an ap-
proximate numerical flow map F;. A numerical flow map cannot be counted on to conserve
energy! But it can be counted on to be volume-preserving (if symplectic) and satisfy time
reversal symmetry. Usually one takes

-Ft :Rho...oRl_“ (26.5)
——_— ——

n times

where ¢t = nh and Ry, is the (one-step) iteration map of Runge-Kutta method. Typically,
the Stormer-Verlet (or ‘leapfrog’) integrator is used since this choice guarantees that F; is
symplectic and time-reversal-symmetric.

If we replace the flow map in the statement of Theorem [70] with a numerical flow map
Fi , then the invariant measure of the resulting Markov chain should approximate P
for a small choice of h. However, if in fact F; is symplectic and time-reversal-symmetric,
then the Metropolis-Hastings acceptance probability can be computed as

Al y) = e HE)=HW), (26.6)

where 1y’ is the proposed state according to the Markov chain of Theorem and y =
(Wy, X,) as in the statement of the same theorem.

Theorem 71. GivenY, = (W,, X,,), independently draw W, ~ N(0,1,), let Y = (Wn, Xn),
and let Y’ = ]-'t(f/), where t = nh and F; is defined as in in terms of a symplectic in-
tegrator Ry, that satisfies time reversal symmetry. With probability A(Y',Y), let Y41 =Y,
otherwise let Y41 = Y, where A is defined as in The Markov chain Yy, Y1, ... so

defined has P as its invariant distribution.

The method of Theorem [71]is called Hamiltonian Monte Carlo or hybrid Monte
Carlo (either way, HMC'). In practice we want to choose t = nh large enough so that the
Markov chain mixes rapidly but not so large that the acceptance probability doesn’t vanish.
Many further details can be explored, in particular regarding the proper balance of n and
h, but this is the basic picture.
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Appendices

Appendix A Lagrange interpolation

Let tg < ... < t;, € R (not necessarily evenly spaced), and let xq,..., T, € R4, We
will discuss general vector-valued interpolation (d > 1), but this is completely equivalent to
scalar-valued interpolation performed componentwise. Our goal is to find a polynomial P(t)
such that P(t;) = x; for i = 0,...,m. We need to consider a polynomial of order at least m
in order to do so in general, and in fact there exists a unique such interpolating polynomial
of order m, sometimes called the Lagrange (interpolating) polynomial.

Usually we have in mind a scenario in which there exists a ‘ground truth’ function g for
which ¢(¢;) = z; for all 4, and we hope that the polynomial ¢ interpolating the data (¢;, z;),
1=0,...,m, is a good approximation for g.

In general, Lagrange interpolation is an extremely dangerous thing to do in the sense
that the ground truth ¢g and the interpolation P can differ dramatically even as the size m
of the dataset is increased, due to Runge’s phenomenon |

However, if g is sufficiently smooth, the number of interpolation points m is fized, and
the range [tg,t,,] shrinks, then in fact ¢ approximates g with pointwise O(|t,, — to|™T?)
error, regardless of the choice of interpolation points t;. First we discuss how to construct
P, and then we present the proof of this error bound.

A.1 Construction and uniqueness

Consider the Lagrange basis polynomials subordinate to the choice of interpolation
points t = (tg, ..., tm)

Gty = I S i=o0..m (A1)

i€{0,.,mN\GY T

We will omit the dependence on t henceforth since the interpolation points will be fixed.
Note that ¢; is a polynomial of order m, and moreover observe that

i(ti) = 04, (A.2)

where 9;; is the Kronecker delta.
Therefore if we simply define the Lagrange interpolating polynomial £ : R — RY via

{= Zm: ejl‘j,
7=0

then by construction ¢(t;) = ijo x;0;; = x;, achieving the desired interpolating property.
Note that the delta property @) implies that the ¢; are linearly independent as
functions, hence form a basis for the space of polynomials of order m. (Indeed, suppose
ZT:O cjl; = 0 is the zero polynomial. Then in particular, plugging in ¢; to both sides, we
have ¢; =0 for all i =0,...,m. This guarantees linear independence.)
In fact, the basis property implies that ¢ is the unique order-m polynomial interpolant,
i.e., the unique polynomial P of order m achieving P(t;) = x; for all ¢ = 0,...,m. Indeed,

5Such pathologies can be avoided if the ¢; are chosen to be the Chebyshev nodes for the interval [to, tm],
but in general, e.g., for equispaced grids, beware.
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any such P can be written as P = Z;'n:() Ly, for some y; € R? by the basis property of the
¢; (applied componentwise). Then plugging ¢; into both sides we see that P(t;) = y;, but
P(t;) = x; by the interpolating property, so in fact P = Z;"ZO Lijz; = ¢. This establishes
uniqueness as claimed.

Theorem 72. Given distinct interpolation points tg,...,t,, € R, the Lagrange basis poly-
nomials £;(-;t) defined as in form a basis for the space of polynomials of order m.
Moreover, given xg, ..., T, € R*, the Lagrange interpolating polynomial

Lt) == Zéj(t;t)xj
j=0
is the unique polynomial of order m achieving £(t;) = x; fori=0,...,m.

A.2 Error bound

Next we establish the approximation property that is of use to us.

Theorem 73. Suppose g € C™F([a,b]), and let to, ..., t, € [a,b] be distinct interpolation
points. Let x; = g(t;) for i =0,...,m, and let £ denote the Lagrange interpolating polyno-
mial for the data (t;,x;), 1 = 0,...,m, as in the statement of Theorem @ Then for every
t € [a,b] there exists & = £(t) € [a, b] such that

g(t) — 0(t) = gt (e ﬁ(t —t).

|
(m+1)! bl
Proof. Define the remainder
R:=g—V/.
We know that R has zeros at tg, .. ., t;,, and we want to ‘compare’ it with the degree-(m+1)

polynomial P with the same zeros, namely
m
P(t) =[]t - ta).
i=0
Now R and P both have zeros at the t;, hence any linear combination of them does as well.
But for any fixed t € [a,b]\{to,...,tm}, we can find a linear combination of R and P that
has an additional zero at t, namely the function

Then h, has (at least) m+ 2 zeros on [a, b], hence by Rolle’s theorem, h/, has m+ 1 zeros

on this interval, and by repeated application of Rolle’s theorem, we see that hgmH) has a
zero on [a, b], which we call £ = £(¢). Then by construction
R(t)
0— h(erl) _ (m+1) _ 1)!
where the last equality follows from the fact that P(™m+1) = (m + 1), since P is a monic
polynomial of degree m + 1, and ¢(m+1) = 0, since ¢ is a polynomial of degree m. Solving
for the remainder we have

(m+1)
g E)
R(t) = P(t),
0 (m+1)! ®)
as was to be shown. (Note that the theorem holds trivially for ¢ € {to,...,tm}.) O
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The preceding theorem immediately implies the desired O(|t,, — to|™*!) approximation
property of the Lagrange interpolating polynomial. We turn to proving a sharp formulation
of this bound.

Corollary 74. Suppose g € C™F([a,b]), and let a = tog < -+ < t,, = b be distinct inter-
polation points. Let x; = g(t;) for i =0,...,m, and let ¢ denote the Lagrange interpolating
polynomial for the data (t;,x;), i = 0,...,m, as in the statement of Theorem @ Further
define

A= gy e =t
to be the mazimal distance between adjacent interpolation points, and let |||-||| denote the
uniform norm |[|h]|| := sup,c(q ) [R(2)] on [a,b]. Then

g™ I st

| <
g =€l <

Proof. Let t € [a,b]. By the preceding theorem, we know that there exists £ € [a,b] such
that .
_ g

ey L=,

=0

g(t) = £(1)

Then we only need to show that

[11—til < —-amtt

i=0 4
Note that for any t ¢ [a, b]\{to,...,tm}, there exists j such that ¢t € [t;,¢;11]. These values
t;,tj+1 are the closest of the t; to the given ¢. The next closest value must be within a
distance of 2A, then the next next closest within a distance of 3A, etc., with the furthest
being within a distance of mA. Moreover, the product of (¢ — ¢;)(¢;4+1 — t;) is maximized
at the midpoint (t; + ¢;41)/2, hence bounded by A%/4. Therefore the product of all the
distances is bounded as

}ilt —ti| < (A%/4)(2A)(3A) -+ (mA) = mZ!AmH’

as was to be shown. O

Appendix B Chebyshev polynomials

The Chebyshev polynomialsﬁ constitute an extremely useful gadget in numerical analysis,
due to their equioscillation property on the interval [—1, 1], which can be transferred to
arbitrary intervals via apprropriate shifting and scaling.

The n-th Chebyshev polynomial is defined for ¢ € [—1, 1] by
T, (t) = cos(ncos 1 (t)).

It is not immediately obvious from the definition that T, is actually a polynomial! However,
this fact is guaranteed by the three-term recurrence

Toy1(t) = 26T (£) — Toos (1), (B.1)

6 To us, the terminology ‘Chebyshev polynomials’ will always indicate ‘Chebyshev polynomials of the
first kind’ unless otherwise specified.
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together with the obvious identities Top = 1 and T3 (t) = t.
To see (B.1)), we use the classic trigonometric identity

cos(a + b) = cos(a) cos(b) — sin(a) sin(b).
Substituting —b in for b and adding identities yields another identity
cos(a + b) + cos(a — b) = 2 cos(a) cos(d),

. cos(a + b) = 2cos(a) cos(b) — cos(a — b).

We can then compute
Tri1(t) = cos(ncos™ (t) + cos™1(t))
= 2cos(ncos™!(t)) cos(cos ™1 (t)) — cos((n — 1) cos(t))
= AT (t) — Ty (1),
verifying .

Note that the zeros of T, (called the Chebyshev nodes) are therefore
(o).
cos ), j=1...,n,
2n

IT,(t)] <1, te[-1,1].

Moreover, the local extrema of T,,, attained at

cos(JW), =1,...,n—1
n

and moreover

are all +1 (as are the values at the interval endpoints —1 and 1). This is the equioscillation

property.

Then we have the following corollary of Theorem which clarifies the advantage of
using Chebyshev nodes (as opposed to equispaced points) as the interpolation points in

Lagrange interpolation.

Theorem 75. Suppose g € C™T([—1,1]). Let tog,...,tm be the zeros of the Chebyshev

polynomial of degree m + 1, i.e.,

. 2i+1 0
i — COS y =U,...,m.
(O] 2m+27r 2 m

Let x; = g(t;). Then the Lagrange interpolating polynomial £ as in Theorem@ satisfies

o gD
||| <27
o=l <2 B,
where ||| - ||| denotes he uniform norm on the interval [—1,1].

Proof. Note that the polynomial P(t) = [~ (t — ¢;) must coincide with a scalar multiple
of Ty,+1 by the fundamental theorem of algebra. The three-term recurrence (B.1) implies

that the degree-n part of T}, is 2"~ 1¢" for all n > 1. Therefore

[10 1) = 5 Tes(0).

But |T+1] <1 on [—1,1], so the result follows from Theorem
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The next corollary follows simply by shifting and scaling the interval of interpolation.

Theorem 76. Suppose g € C™VL(I), where I := [c—r,c+r] with c € R and r > 0. Define

interpolation points
2i+1 .
t; = c—+rcos T, 1=0,...,m,

2m+ 2
and let x; = g(t;). Then the Lagrange interpolating polynomial £ as in Theorem@ satisfies

m-+1 (m+1)
g — el < T g™ 1L
27 (m+1)!

where ||| - ||| denotes he uniform norm on the interval I.

Appendix C Orthogonal polynomials and Gauss quadra-
ture

Given an interval [a,b], possibly with a = —o0, b = +00 and a weight function w : [a,b] —
[0,0), Gauss quadrature concerns the estimation of integrals of the form

b
[ owuta
with quadrature rules of the form

Z big(tz)

We will ask for an integration rule that is exact when g is a polynomial, up to whatever
order we can achieve. Note that if the interval is infinite or semi-infinite, we must demand
that the weight function w(t) has sufficient decay. For example, the choice w(t) = e~t/2
for the interval (—oo, 00) will induce the so-called Gauss-Hermite quadrature.

In this course, Gauss quadrature is relevant via the study of collocation methods (cf.
Section , where the Gauss-Legendre quadrature induced by the choice w = 1 on the
interval [—1, 1] will be relevant, after suitable post-processing by shifting and scaling of the
interval.

C.1 Orthogonal polynomials

Gauss quadrature is intimately linked to the theory of orthogonal polynomials. For a
given interval and weight function, orthogonal polynomials are defined to be a sequence of
polynomials py, of ascending degree k = 0,1,2,... (usually fixed uniquely by the constraint
that they are monic) that are orthogonal with respect to the weighted inner product

b
(9.h) = / g(t)h()w(t) dt.

In our discussion we will fix our orthogonal polynomial sequence to be the unique monic
orthogonal polynomial sequence.

In principle py = pi(t) can be constructed by applying the Gram-Schmidt procedure to
the monomial sequence of polynomials 1,¢,t2,¢3,..., i.e., recursively constructing them via

kz: <tk7pl

—0 plvpl
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By construction it should be clear that the pi are monic orthogonal polynomials. Moreover
note that as monic polynomials of ascending order, po,...,p; form a basis for the set Py
polynomials of degree k, for any k.

C.2 Three-term recurrence

One important feature of orthogonal polynomial sequences, which we don’t really need, is
the three-term recurrence, which always permits stable evaluation of orthogonal polynomi-
als. The derivation of the three-term-term recurrence comes from noticing that tpy(¢) is
a polynomial of order k + 1, hence can be expanded in the orthogonal basis po, ..., Pk+1-

Hence we can write
k+1

tpr(t) = Z 7<tpk’pl>pl(t)-

—o (p1,p1)

However, interestingly, many of these terms vanish, as we can compute:

(tpr, pr) = / pe(®) [tpe (D] w(t) dt.

SPr41

When | < k — 1, p is orthogonal to a basis for P;41, hence orthogonal to all of P41, and
these terms go away, yielding

Mpk—&-l(t) = <t - M) pr(t) — Mpk‘l(t)’

(Dk+1,Dh+1) (D> PI) (Pr—1,Pk—1)

after suitable rearrangement of terms. Note that tpy — pr+1 € Pk, hence using orthogonality

(tPks Prt1) = (Drt1,Prt1) + (EPk — Pkt1, Pht1) = (P41, Pht1)

and similarly (tpg,pr—1) = (tpr—1,Pk) = (Pk, Pk), and in turn we have

paalt) = (1= S2B )y - D)y

(Pr, Px) Pk—1,Pk—1)
or
Prt1(t) = (t — ar)pr(t) — Brpr—1(t),
where
ap = (tpK, Pk) B, = (ks D) > 0.

) k
<pk7pk> <pk717pk71>

This is the classic three-term recurrence, and in fact any three-term recurrence specified
by a sequence of a; € R and S > 0 corresponds to a weight function, and in some sense
measures on R are equivalent to such sequences. (This is the content of Favard’s theorem.)
In Section we see the utility of the three-term recurrence in the context of Chebyshev
polynomials.

C.3 Zeros of orthogonal polynomials

In the last subsection, we essentially proved a useful lemma, which we’ll state here now
formally:

Lemma 77. For anyl < k, px is orthogonal to every polynomial in P;.
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In fact the zeros of orthogonal polynomials will be the Gauss quadrature nodes. The
following lemma characterizes some of their key properties:

Lemma 78. All m zeros of p,, are simple, hence distinct, and lie in (a,b).

Proof. We only need to consider m > 1. In this case

b
(P 1) = / P(E)u(t) dt = 0,

so we know that p,, changes sign at least once in (a,b).

Let 71,...,7s denote the distinct points in (a,b) where p,, changes sign. Suppose for
contradiction that & < m, and define

k
q(t) == [[t - 7)) € .
j=1

Since p,, and ¢ both change sign at 7;, it follows that p,,q never changes sign on (a, b), from
which it follows that

b
{(Pm> Q) =/ Pm(t)q(t)w(t) dt # 0.

But p,, L Py so this is a contradiction.

We conclude that p,, has at least m zeros in (a,b). Since p,, has degree m, by root
counting, they must all be simple, and p,, cannot admit any zeros outside of (a, b). O

C.4 Gauss quadrature

In Section given nodes c1, ..., cs we explain how to choose weights by, ..., bs such that

the quadrature rule
1 s
| ewau Y bigien
0 i=1

is exact for polynomials £ € P;_;. The weights were derived by exactly integrating the
Lagrange interpolant of the data (c;,&(¢;)), i = 1,...,s, yielding the exact formula

1
b; :z/ 4i(u;¢) du
0
fori=1,...,m.

Given t = (t1,...,ty), the exact same procedure yields more generally a quadrature rule

b m
[ stouteyat=>"bg(e)
@ i=1
that is exact for polynomials g € P,,,_1, with weights defined by

fori =1,...,m. (Note: Here we follow a one-indexing rather than zero-indexing convention
for the interpolation points, by contrast with the convention of Appendiz [A] used in the
discussion of interpolation in the context of LMMs.)

The remarkable thing is that if ¢1,..., ¢, € (a,b) are the zeros of the m-th orthogonal
polynomial p,, with respect to the weight function w on the interval [a,b], then in fact this
quadrature rule is exact for all polynomials g € Ps,,_1.
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Theorem 79. Leta <ty < ... <ty <b bethe zeros of p,,, the m-th orthogonal polynomial
with respect to the weight function w on the interval [a,b], and let t = (t1,...,t). Define
weights

b
fori=1,...,m. Then

b m
[ stutyar =" biglt

for all g € Py, 1.

Proof. Let g € Py,,—1. Since the degree of p,, is m, by polynomial long division we can
write
g =Dpmq+r,

where ¢ € P,,,_1, and deg(r) < deg(q), hence also r € P,,,_1. Then
m m m
D big(ti) =D bipm(t)a(t:) + Y bir(t).
i=1 i=1 i=1
But py,(t;)) =0 foralli=1,...,m, so in fact
D big(ti) = bir(ts).
i=1 i=1

But since r is a polynomial of degree at most m — 1, the quadrature rule defined by weights
b; and quadrature points ¢; is exact, and in fact we have shown

m b
> bigt) = / r(t)w(t) di. (1)
Meanwhile, we can compute
b b b
/ g(Bw(t) dt = / pon(D)a(yw(t) dt + / r(Ew(t) dt
= (Pm, q) + Z big(ts)
= Z big(t:),

where we have used (C.1)) and the fact that p,, L P,,_1. O
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