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Preface

In this volume, we present a pedagogic overview of the freedom one has in
choosing the coeflicients in explicit Runge-Kutta integration schemes. We limit
ourselves to the simple cases in which there are at most two new evaluations of
the right-hand side of the differential equation per time step. We start with first-
order differential equations, to explain the general procedures, but then we limit
ourselves to the type of second-order differential equation that occurs in classical
mechanics, where the forces are dependent only on positions, and independent
of the velocities. In that case we derive some of the classical Runge-Kutta-
Nystrém schemes, and generalize this to include a first evaluation that does not
take place at the beginning of a time step. We show how such a generalized
approach naturally leads us to the leapfrog-Verlet-Stormer-Delambre scheme,
as a particular form of a generalized explicit Runge-Kutta scheme.

0.1 XXX

We thank Kristin Cordwell and xxx for their comments on the manuscript.

Piet Hut, Jun Makino, and Douglas Heggie
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Chapter 1

First-Order Differential
Equations

1.1 Starting at Square One

Bob: It has been a lot of fun, to derive so many different algorithms and to
implement them all in our two-body code.

Alice: Yes, I enjoyed it too, and I must admit, I learned a lot in the process.
But I still have the feeling that I'm missing some basic pieces of insight. Do you
remember how we struggled, trying to prove that the Abramowicz and Stegun
formula was correct, the fourth-order Runge-Kutta-Nystrom scheme that had a
misprint in it?

Bob: But you figured it out, didn’t you?

Alice: Well, yes, after a false start. And it was a bit alarming that at first
I didn’t even realize that it was a false start. And to be completely honest,
even now I'm not a full hundred percent sure that we got things right. Let
me put it this way, I feel that I haven’t yet gotten a finger-tip feeling for what
Runge-Kutta schemes are, and how they really tick.

Bob: There must be several text books that you can look at. Surely they will
explain things in more depth than you want to know.

Alice: I did look at some books on numerical methods, but none of them gave
me what I really wanted to see. Some of them were just too mathematical
in their concern and notation, others didn’t provide the type of real detail
that I wanted to see, yet others specialized on particular approaches. What I
really would like to see is a pedestrian approach, no attempt to design special
improvements. While I'm interested in all the extras, from embedded higher-
order schemes to using extrapolation methods and symplectic schemes and what

7



8 CHAPTER 1. FIRST-ORDER DIFFERENTIAL EQUATIONS

have you, I really would like to first understand the basics better.

Bob: You mean, just the straightforward Runge-Kutta schemes of relatively
low order, without any extra bells and whistles?

Alice: Exactly. Here is an idea. If we limit ourselves to performing at most
two new force calculations per time step, things can’t possibly get too complex.
Our Abramowicz and Stegun formula already had three force calculations per
time step, and I'm not suggesting that we explore explicitly the whole landscape
around that formula, at least not yet.

Bob: So you want to explore a smaller landscape, just to see in front of your
eyes how everything works. And while the simplest schemes, like forward Euler
and leapfrog, use only one new force calculation per time step, you want to
explore the full landscape of two new force calculations per time step. Hmm, I
like that. And I'm sure it would be good for our students too, to see such an
explicit survey.

Alice: I think so, but really, right now my main motivation is just for myself to
see exactly how those classical Runge-Kutta derivations are done, from scratch,
without taking anything on faith.

Bob: I like the idea, and I'm game. Where shall we start?

1.2 Keeping it Simple

Alice: One problem for astronomers using books on numerical solutions to dif-
ferential equations is that most books focus on first-order differential equations.
In contrast, we typically work with second-order differential equations, and of-
ten ones with special properties. The gravitational equations of motion for the
N-body problem, for example, have a force term that is independent of time
and velocity.

This suggests to me that we should divide our work into two stages. First we
try to figure out how to solve a general first-order differential equation, using
up to two force calculations per step. This will reproduce the results from the
standard text books, no doubt, but it will give us experience and will allow us
to establish a notation and a systematic procedure.

Then, in the second stage, we can cut our teeth on the gravitational N-body
system, to see what special methods will work there, and why, and how. The
Abramowicz and Stegun formula, for example, is tailored already to second-
order differential equations, albeit a general one in which there is still a possible
velocity dependence present in the force calculations. We can go one step fur-
ther, specializing to position dependence only, and just see what spectrum of
methods we will find.

Then, with a bit of luck, we will have gained enough experience to be able to
look over the horizon, to get an idea what you could do with, say, three new
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force calculations per step, which is the landscape within which the Abramowicz
and Stegun formula was grown.

Bob: A somewhat ambitious project, but still quite doable, I think. You ba-
sically want to take the next step beyond forward Euler and leapfrog, in any
possible direction, and see the dimensionality of the space of possible directions.

Alice: Something like that, yes. But let us restrict ourselves, at least at first,
to Runge-Kutta methods. This will mean no multi-step methods, such as the
original Aarseth scheme. It also means that we won’t use higher derivatives,
such as the Hermite scheme. In addition, we will exclude the use of implicit
methods, which require iteration.

Bob: You could argue that, with two new force calculations per time step, you
should allow implicit schemes that have just one new force calcuation per time
step.

Alice: You could, even though it is not immediately clear that one iteration will
provide you sufficiently rapid convergence. Also, the resulting class of implicit
schemes is rather restricted. Perhaps we can look at that later. For now, I really
want to be austere and stay to the absolute basics.

Bob: Okay: explicit Runge-Kutta methods using up to two new force calcula-
tions per time step, and no evaluations of jerks or anything else.

1.3 Notation

Alice: Let us start by choosing a specific notation. For the simplest form of
differential equation, we can write:

dx

i@ (11)
where we will call the variable z the position and the variable ¢ the time. The
solution of this equation is given by z(t). When we solve this equation numeri-
cally, we use a finite time step 7. For now, we will analyze the properties of the
first time step. We choose ¢ = 0 at the beginning of the first time step, and we
denote the positions at the beginning and end of the first time step by zy and
x1 , respectively:

xo=z(0) ;  x1=x(1) (1.2)

We can introduce the usual notation where a dot over a variable indicates the
time derivative and a prime indicates the space derivative:

t=— = —uz(t) (1.3)
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f(@) (1.4)
If we now want to determine the time derivative of the force, we can use the

chain rule, differentiating the force first with respect to its argument z, and
multiplying the result with the time derivative of z:

f= o) =T =i (15)

For the various derivatives of the position, we can introduce the historical nota-
tion in terms of velocity, acceleration, jerk, snap, crackle and pop, respectively:

. . 2 . 8
v=d=ga(t) ; a=iv=fzxt) ; j=a=gma)
(1.6)
. 4 . 5 . 6
szj:fll?x(t) ; CESZ%JZ(Q ; pEc:j?x(t)

These expressions are especially useful for the type of second-order differential
equation encountered in classical mechanics:

. d%x B
i=—n = flx) (L.7)

which can be written as a system of two first-order differential equations:

Le 2 e -

However, for now we will stick to the first-order differential equation, using the
general expression that we started with, but without any explicit time depen-
dence.

1.4 A Matter of Interpretation

Bob: Even though this is just a warming-up exercise, it would be nice to give
a physical interpretation to the first-order differential equation that you wrote
down:

dx

_— = 1.9
= i@ (19)
You have been calling f(z) a force, but that doesn’t seem right. This equation
tells us that the velocity is prescribed, and equal to f(z). A true force would
give rise to an acceleration, not a velocity.
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Alice: In principle that is correct, but in practice, if we have a lot of resistance,
it is the velocity that is proportional to the force. If you move a spoon through
molasses, you have to push twice as hard to go twice as fast.

Bob: But even in that case, the initial acceleration must still be proportional
to the applied force.

Alice: Yes, but only very briefly. As soon as you pick up a very small amount
of speed, friction starts to resist, canceling part of your force. So after the initial
transients die out, the velocity settles to a constant value, proportional to the
force you use. From than on, in the limit of changes that are slow with respect
to the duration of the transients, the acceleration is proportional to the rate of
change of the force, not to the magnitude of the force.

Bob: I don’t like the idea of posing a problem, and then neglecting the inter-
esting part of the solution, namely the transients.

Alice: So for once you are looking for a more clearly abstract model; I thought
you would like a quick and dirty physics example!

Bob: Molasses may indeed be too dirty for me. Why don’t we stick with
considering f(x) as a velocity.

Alice: But the left hand side of the differential equation is a velocity. The right-
hand side has to be something else. In Newtonian dynamics we have f = ma,
which means that the acceleration is proportional to the net force acting on the
body. You now want to have a velocity, but you have to specify what it is that
is imposing itself on your particle to produce that velocity.

Bob: Well, yeah, hmmm, let’s see, that’s not so clear.
Alice: Forgive the pun, but why don’t we stick to molasses?

Bob: Ah, I got it! Hey, elementary, my dear Watson. If a particle would be
rolling down a potential well, without any friction, the total energy would be
constant. If we write ®(x) for the potential energy per unit mass, and F for the
total energy per unit mass, then the velocity can be expressed as:

o(t) = /2E — 3(x(t)) (1.10)

Alice: Bravo, that works. Interesting. I hadn’t even considered such a possi-
bility, probably because I started out calling f(z) a force from the beginning.

Bob: Okay, so we're talking now about a particle in a potential well.

Alice: You may, but I still prefer to talk about molasses, since in that case we
can make a more smooth transition to the case of a second order differential
equation.
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1.5 Taylor Series

Bob: I still prefer my interpretation. Let’s just agree to disagree.
Alice: Fine with me, since, after all, the math will be the same.

Bob: Exactly. Okay, let’s get to work. You have struggled with these things a
lot more than I have. How do we get started?

Alice: We want to check the quality of any given numerical approximation
scheme to the solution of our differential equation. In order to do so, we can
compare such a scheme with a Taylor series development of the true solution,
around the starting point of our one integration step.

In other words, we can express the position at the end of one time step in the
following Taylor series:

r1 = xo + VT + %aoTZ + %jm’3 + ismﬁl +0(7%) (1.11)

The velocity at time zero is given directly by the differential equation. The
higher derivatives of the position, starting with the acceleration, can be found
by differentiating both sides of the differential equation, one or more times. This
leads to expressions such as:

vo = [f(z(0) = f(xo) = fo

_d _d _ df(=) de| .,
ag %U(t) . dtf(x(t)) o dr |, dt) fovo = fofo
jo = a0 = fof)+ fo(f5)?
so = Jo = oI ARSI+ (f0)° fo (1.12)

The last two lines can be derived in the same way as the second line, by fully
writing out the differentiations, using the chain rule.

By the way, here the acceleration comes out nicely as the rate of change of the
force applied, as would happen for a spoon moving slowly through molasses.

Bob: That would take a lot of getting used to! For me, the acceleration is just
the rate of change of the velocity.

Alice: But isn’t that a tautology? After all, the acceleration is by definition
the rate of change of the velocity, as a mathematical construction. I thought we
were trying to come up with a physical system as an example.

Bob: But a potential well is surely a physical system! And what I thought is
that we had agreed to disagree.
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Alice: I agree!

1.6 New Force Evaluations

Bob: Me too. Coming back to our task, I like the systematic approach idea,
of using up to two new force evaluations per time step. Well, this gives us two
choices: either one or two force evaluations.

Alice: Actually, there are four choices. In each case, we can try to recycle a
previous force calculation in the next step, or we don’t.

Bob: You mean that you use the last force calculation, at the end of a given
step, as the first force value that you use for the next step?

Alice: Exactly. And this will put rather strict conditions on the nature of that
force calculation.

Bob: It means, of course, that a force calculation needs to take place at the
boundary of two steps, otherwise you can’t recycle it. But that doesn’t seem to
be a particularly severe restriction to me.

Alice: In principle, you could even recycle a force that is used in the middle,
if you would be willing to used the remembered values of the previous step,
you could still recycle. However, that would mean that we would go beyond
Runge-Kutta methods, and enter the area of multi-step methods.

Bob: Let’s not get into that, at least not know. I'd be happy to first explore
the landscape of Runge-Kutta algorithms. Okay, as long as we let our last force
calculation occur at the end of a step, we can recycle that calculation for the
next step.

Alice: Oh, no, it’s not that simple. In a general Runge-Kutta approach, you
compute a few forces here and there, and only after doing that, you combine
those forces in such a way as to get a combination of them, to give you a value
of the new position accurate to high order.

Now the force that you would evaluate at that new position, at the beginning
of the next time step, will in general not be the same as the force that you have
calculated at the end of the current time step. Even though it was evaluated at
the same time, it will in general be evaluated at a slightly different place. The
reason is that at the time of evaluation, you didn’t yet have in hand the most
accurate estimate for the new position.

Bob: Hmm, that’s tricky. I hadn’t thought about that.

Alice: T hadn’t either, until I started playing with some of those schemes in
detail. All the more reason to take a really pedestrian approach, and just write
everything out, to make sure we’re not overlooking something or jumping to
conclusions!

To start with, let us not try to recycle any forces. Within that category of
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attempts, we will first investigate what can happen when we allow just one
force evaluation per step, and then we will move on to two force evaluations per
step. After that, we’ll look at recycling.

Bob: Fair enough!

1.7 One Force Evaluation per Step

Alice: At the start of a time step, the only evaluation of the right-hand side of
the differential equation that is possible is the one at ¢ = 0:

k1 = f(z0) (1.13)
This leads to the following dimensionally correct expression:

T, = x9 + o1 k1T (114)

Combining the last two equations, we have

@1 =20 + a1 for (1.15)

We can compare this expression with our Taylor series:

T1 = X + voT + %CLQTQ +0(7%) (1.16)

Using Eqgs. (1.12) we can write this as

x1 =z + foT + %fof67'2 +0(7%) (1.17)

How accurate is our new value z; after we take one step? Let us see how well we
can match Eq. (1.15) with Eq. (1.17), in successive powers of 7. The constant
term xy matches trivially, and our first condition arises from the term linear in
T

aifo = fo (1.18)

hence

(119

Equation 1.19 looks ok.

We have no free parameter left, so this leads us to the only possible explicit
first-order integration scheme
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r1T = X +k17‘
(1.20)
ki = f(zo)

which is the forward-Euler algorithm. This scheme is only first-order accurate,
since it cannot possibly reproduce the O(72) term in Eq. (1.17): such a match
would require % fofs =0, which is certainly not true for general force prescrip-
tions.

Bob: Of course, forward Euler is the simplest possible scheme. It is what
anyone would have guessed, if they had guessed any scheme at all

Alice: That may be true, but I, for one, like to see a derivation for any integra-
tion scheme, even the simplest and humblest of them all. It is all nice and fine
to say that something is intuitively obvious, but I am much happier if you can
prove that something is not only simple, but actually the simplest, and under
certain plausible restrictions, the only one of its kind.

Bob: Can’t argue about taste. I can see your point, but any good point can be
pressed to extremes. Well, as long as you do the calculating, I'll sit back and
relax.

1.8 Two Force Evaluations per Step

Alice: Now we can move to more interesting venues, when we allow two force
evaluations per step. After a first evaluation of the right-hand side of the differ-
ential equation, we can perform a preliminary integration in time, after which
we can evaluate the right-hand side again, at a new position:

kv = f(zo) (1.21)
ke = f(a?()-‘r’nk‘lT) (1.22)

We can now use a more general expression for the new position, in which we
rely on the preliminary information that has been gathered in the two force
evoluations. Since each force evaluation has the dimension of a time derivative
of the position, we have to multiply each one with a single power of 7. The
coefficient for each term is, as yet, arbitrary, so let us parametrize them as
follows:

1 = 2o + (Oélk‘l + Ck2k2) T (123)

We can combine these equations, and write them as

x1 = xo + {1 fo + o f(zo +nfor)} T (1.24)
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Bob: Our strategy is again to compare this expression with a Taylor series
defined at the start of the time step, right?

Alice: Yes. And since that Taylor series for z; is defined as a series in 7 , we
must somehow translate the above expressions, too, a series in 7 , around 7 = 0.

Bob: The main obstacle here is ko , which itself involves an expression that
depends on 7.

Alice: The solution here is that we can develop ks itself in a Taylor series
around 7 = 0. In general, for any function of , we can write the Taylor series
for a position x + € near x as:

flx+e) = flx)+ef () + %szﬂ(l‘) +0(e®) (1.25)

In our particular case, this gives us:

ks = F(@o + nfor) = fo+ (nfo) for + Lnfo)? Fi7 + O(%) (1.26)

We thus find for the new position, at the end of our time step:

z1 =20 + (a1 + a2) for + aonfo fir* + Saon® f3 fi 7% + O(%) (1.27)

We can now compare this expression with the Taylor series expansion of the
true orbit:

T1 = xo + voT + %aoTQ + %jor?’ +0(h) (1.28)
Using Eq. (1.12), we can write this as

Tr1 = Xo + foT =+ %fof(lﬂ'z + % {fg 6/ + fo(f(l))Z} TS + 0(7'4) (129)

To what order can we make Eqs. (1.27) and (1.29) compatible? Starting with
terms to first order in 7 , we have to insist that

(a1 +a2)fo = fo (1.30)

which leads to the condition

(1

To second order in 7 , we would like to satisfy:

azxnfofy = 5fofs (1.32)
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which can be done through the condition

n=— (1.33)

Would it be possible to match Eqgs. (1.27) and (1.29) also to third order in 7 ?
This would require

g0 f3 £ = g {LF3 15 + fo(f5)?} (1.34)

While we can match the first term on the right-hand side, by choosing apn? =
1/3 , this would require that fo(f3)? = 0 , which is not true for general force
prescriptions.

1.9 A One-Parameter Family of Algorithms

Bob: So we have to conclude that our scheme is only second-order accurate.
That makes sense: with one force evaluation, we got a first-order scheme, and
with two force evaluations, we get a second-order scheme. Presumably with p
force evaluations, you get a scheme that is accurate to order p.

Alice: I would have guessed so too, but this is not so. Your guess is correct for
order 3 and 4, but it turns out that you need 6 force evaluations to build an
algorithm that is accurate to order 5!

Bob: That is surprising!

Alice: It is, until you realize that you get more and more equations that you
have to satisfy. The number of such conditions grows quite a bit faster than the
the number of force calculations. This is not yet obvious in what we have done,
but if will become obvious pretty soon. In general, there are a lot of complicated
combinatorial surprises in Runge-Kutta derivations.

Bob: Fascinating. But for now, at least, it seems that going to higher order
gives us more freedom, rather than less. Unlike the first-order case, we now
have an extra parameter to play with.

We started with three free parameters, a; , as , and 7. Since we only have the
two boxed conditions above, we can expect to be left with one degree of freedom
in choosing the coefficients in our algorithm.

Alice: Well, let’s check. If we define a = ay , we find:

o 11—«
an = o« (1.35)
n = 1/Q2q)
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We thus obtain the following one-parameter family of algorithms:

1 = mo+ ((1 —a)ks +ake)T
kr = f(zo) (1.36)
ky = f(zo+ ikﬂ')

Bob: Ah, this is nice. I recognize some of the algorithms that I’ve been using
in the past. One classical choice for a second-order Runge-Kutta is o = % ,
leading to:

I = $0+%(k1+k2)7
1.37
ki = f(zo) (1.37)
ko = f(zo+ki7)
This one goes under the name ‘improved Euler scheme.’
Another classical choice is @ = 1 , which gives:
r1 = xo+ kot
1.38
ki = f(=xo) ( )
kQ = f(xo + %le)

This integration scheme is called the ‘midpoint scheme.’

Alice: Yes, and now we have given a derivation for why they work. In general,
for higher-order algorithms, you have to follow such a derivation to convince
yourself that the recipe has the order that is claimed for it. However, in this
second-order case, you can still use your intuition to convince yourself that the
expressions are okay.

For a = % , we effectively average the evaluations at the beginning and at the
end of the trial step, and you can imagine that this gives you one extra order of
accuracy, since you effectively cancel the types of error you would make if you

were using a force calculation only at one end of the step.

Similarly, for a = 1 , we use the evaluation at the end of a smaller trial step
that brings us approximately mid-way between the beginning and the end of
the step. Then, at that point, we again obtain an estimate for the average of
the forces at begin and end of the time step.



Chapter 2

Recycling Force Evaluations

2.1  One Force Evaluation per Step

Alice: So far, we have used up to two force calculations per time step, indepen-
dently of what has been done in the previous time step. As we discussed before,
there are situations in which we can recycle a previous force calculation.

To be specific, taking the result from the previous section, Eq.(1.36)

I = (E(]-|-((]. —Ck)kl +O[]€2)’7'
ki = f(zo) @1)
ky = flzo+ 35ki7)

would it be possible to use the force evaluation ko of the first step, and to recycle
its use, to let it function as the ki contribution to the second step?

Bob: Not really, no. At least, I don’t think so. The first force calculation
for the second step will be evaluated at x; , the end point of the first step.
However, the last force calculation for the first step was not evaluated at that
exact point. Rather it was evaluated at the point that was reached by using
only the information given by k;.

Alice: In general, you must be right. But let’s not jump to conclusions; the
whole point of our systematic approach is to really make sure that our hunches
are correct, by deriving everything to the point of reaching absolute certainty.

Bob: what you call systematic others may call tedious, or worse.

Alice: So be it; I just want to be sure. So, for recycling to work in the strict
sense, the position at which ks is calculated during the first step should coincide
with the position at which k1 needs to be calculated during the second step. Let
us define that first position as Z; , which means that ks = f(21) , which implies

19
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- 1
1 = X + %le (22)

Recycling the last force calculation from the first step, in order to use it for the
second step, requires that 7, = x7:

1
Zo + %le =z + (1 —a)ky + aky) T (2:3)
or
k1 =2a((1 — a)ky + aks) (2.4)
or
202 (k1 — ks) = (20 — 1)ky (2.5)

Since our algorithm should work for any force f(x) , this expression should hold
for arbitrary values of k1 and ky. If we first look at the dependence on ko , we
find 202k, = 0 and therefore o = 0. But this then implies that k; = 0 , which
is not true in general.

So here is the formal check that your hunch was right!

Bob: This result is not surprising, when we reflect on what it means: if the
equality £; = x7 would hold exactly, there would be no reason to compute the
last force evaluation. For this reason, there should not be any Runge-Kutta
scheme that allows strict recycling of a force evaluation, come to think of it.

2.2  What is Good Enough?

Alice: That must be right. The best we can hope for is that Z; is reasonably
accurate as a predicted value, good enough, so to speak. Now the question is
whether we can find a precise meaning for ‘good enough.” What does it mean
for 1 not to differ too much from the corrected value x; 7

Bob: Lookinging at Eq. (2.5) as a physicist, rather than a mathematician, I
would start by noting that ki = ko , at least in the limit of a small time step.
This suggests that the best we can do is to let the right hand side disappear,
through the choice a = % In that case, the left-hand side will still not be
exactly zero, but it will be small.

Alice: Even though you’re a physicist, you should at least show that this choice
brings  and x close together. Handwaving alone is certainly not good enough!

Bob: Okay, if you insist. For a = % we can determine the difference between

the two force evaluations as:
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kl — kg = f(.’L‘Q) — f(.”L'O + le)
= —fikiT+O(r%) = —fi for + O(1?) (2.6)

This translates into a difference between the two recycle points of:

T —r1 = {$0+k17}—{$0+%(7€1+k2)7'}
= % (kl — kQ) T
= —1fifor* +0(?) (2.7)
Alice: That strenghtens your argument quite a bit, I'd say. Still, I sometimes

like to play the mathematician. While your result is a good one, it is not yet
fully clear that it is the optimal one.

Bob: It’s clear to me. What else could be better?

Alice: I think I agree, but for future reference, I would like to give a formal
derivation. Soon we will get to much more complicated situations, where we
can’t use intuition anymore, and I would like to see exactly how I can prove that
this is the best choice. So bear with me, while I try to minimize the difference
between Z; and x; directly, starting from the most general form:

1
J'le — X1 = {I0+2ak’17} 7{1’0+((1701)k1+04k'2) T}

1
= %le —+ (O[ — 1)k1T — akng

1
= (a — 1+ 2a> ki — akoT (2.8)

As before, we can write k1 = fy and use the expansion

]fg = f((EO =+ ikl’T) = fo —+ ifoféT + 0(7'2) (29)

which gives for Eq. (2.8):

i’l — X1 = <Oé1+21a> ng*Oé <f0+21af0f(/)7'>7'+0(7'3)

= (55 1) for - bfir? + O (2:10)

In order to let the first order term vanish, we regain our previous results: o =

2
is the best approximation, and the remaining term is second order in 7.
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Bob: I told you so! And for good measure, let me give you another physical

intuition derivation. At the beginning of the second step, we can only recycle a

previous force if that force was performed at the end of the previous step. In first

approximation, given the force fy at x¢ , we can write 2y = x¢ + for + O(72).

Comparing this with Eq. (2.1), we see immediately that 1/(2a) = 1 , hence
1

Alice: Yes, I fully agree that it is helpful to look at the results from several
angles, to get more of a fingertip feeling of what it all means. Still, I wouldn’t
have been fully happy without a formal derivation. But let’s move on.

2.3 Approximate Recycling

Bob: The question is, can we use our buest guess, or in your case, best deriva-
tion, for recycling?

Alice: At first sight, the second-order offset in Egs. (2.7) and (2.10) may seem
problematic, since we are aiming at developing a second order algorithm, with
third-order errors. However, when we recycle the last force calculation in the
next step we will always use it in multiplication with an extra power of 7. This
means that the slight offset will cause only third order errors, on the same level
of the truncation errors we are making anyway.

To show this explicitly, let us extend our notation, using k; ; to denote k; for the
step starting at x; , and let us use tildes to indicate the approximate solution
that we obtain when we recycle the previous force evaluation. Here are the
expressions for the first step:

z1 = zo+ 5 (kog+ko2)T
kop = f(wo) (2.11)
koo = f(xo+ko1T)

Here is the correct second step without recycling:

v = xi+g(kiit+ki2)T
kg = fle) (2.12)
k1o = f(xy+kia7)

And here is the approximate second step when we use recycling:

To = @1+ % (7%1,1 + /;1,2> T
ki = ko2 (2.13)
kio = flzr+kia7)

More generally, we can express step number 4 without recycling as:
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Tip1 = X+ % (kig +kio)T
kivn = f(zi) (2.14)
ki = flowi+kiiT)

and with recycling as:

(2.15)

{ Tin = xi+3 <l~€i—1,2 + l~€i,2) T
kio = flz:+ ]~€z‘—1,27')

At each step, the difference between %;41 and z;41 is of third order in 7 , as we
can illustrate by evaluating down the differences in position at the end of the
second step:

To — Tog = % <];31,1 — k171) T+ (];1,2 — k172)) T (216)
Using Eq. (2.10), we can expand the first term on the right hand side as follows
kii—kig = f(@)— fz1) = (@1 —21)f (21) + O(%)

—Sfofof (w0 + (ko + ko2)T)T% + O(?)
= —3fo(fo)’* +O(7?) (2.17)

This result can in turn be used to expand the second term on the right-hand
side of Eq.(2.16):

kio—Fkio = fl@14kiar)— f(@1+kia7)
= </~€1,1 - kl,l) f(x)7T +O0(r)
= —%fo(fé)Qf/(xo + %(ko,l + ko,z)T)T?’ +0(mh)
= —3fo(fo)’r® +O(") (2.18)

This means that in Eq. (2.16) the first term on the right-hand side dominates,
and we find:

By — 0 = —2 fo(f0)*m* + O(%) (2.19)

This is the promised result: recycling the force calculation at the end of one
step introduces an extra error in the next step which is third order in 7. Since
our basic algorithm is only second-order accurate in 7 per step, the only effect
is to change the magnitude of the leading error term, without affecting the
second-order nature of the algorithm.
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2.4 Summary

Bob: Great! So there is a place for recycling, after all. And the scheme we have
found, for o = 1/2 is just one of the classic second-order Runge-Kutta schemes,
the one we already wrote down in Eq. (1.37). T had no idea that that algorithm
could be used in a recycling fashion.

Alice: I didn’t either. Normally, it is presented in the text books as a scheme
where you simply have to evaluate the force two times in every step.

Bob: Most likely, the accuracy will be less per time step. However, if force
evaluation is the most expensive part of the calculation, as it certainly is for the
N-body problem, switching to recycling allows us to take a step size that is two
times smaller, for the same number of force calculations.

Alice: That probably means that it depends on the particular application
whether recycling is a good idea or not. Making the step size two times smaller
means that the error per step will become eight times smaller, and the error
for a fixed time interval four times smaller, at least approximately. If the extra
error introduced by recycling makes the calculation error more than four times
larger, it is not a good idea.

Bob: At least we have an extra tool in our toolbox. I like gathering extra
algorithms! It would be fun to see under which circumstances we get a better
result.

Alice: But not right now. I prefer to continue first our systematic investigation
with paper and pencil, before we start coding things up again.

Bob: Fine.

Alice: Let us summarize what we have learned so far.

e If we use only one force calculation per step, without recycling any force
evaluation results, we have to settle for a first-order scheme, the forward-
Euler algorithm, Eq. (1.20).

o If we use two force calculations per step, without recycling any force eval-
uation results, we find a one-parameter family of second-order scheme, the
classical second-order Runge-Kutta algorithms, given in Eq. (1.36).

o If we use only one new force calculation per step, but in addition we recycle
the last force calculation from the previous step, we have the best of both
worlds: we obtain a second-order scheme for the same price in terms of
number of force evaluations as the first-order scheme. This clever scheme
is given in Eq. (2.15), as the recycled version of what otherwise be Eq.
(2.14), which is the same as Eq. (1.36) for a = 1 , also given above as Eq.
(1.37).
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2.5 Two Force Evaluations per Step

Bob: You would think that we can now add a third force calculation per step,
while recycling the last one. This would mean to new force calculations and
one recycled one per step. And just as we found a second-order scheme when
using one old and one new force, I seems pretty clear that we can now find a
third-order scheme, using one old and two new forces.

Alice: I agree that that seems likely, but there is no guarantee. Remember that
you can obtain a fourth-order scheme with four forces, but that a fifth-order
scheme requires six forces. These combinatoric questions cannot be derived by
analogy; I'm afraid we just will have to do the hard work of deriving them.

Our first task is to write the form of a general Runge-Kutta scheme with three
force calculations per time step. Once we have this form, we can insist on the
extra condition that the position of the final force calculation coincides with the
position at the beginning of the next time step, at least to within second order
in 7.

The general three-stage Runge-Kutta scheme looks like this:

ki = f(xo)

ky = f(xo+ n21ki7)

ks = f(xo+ n31kiT + n32ka7)

r1 = Xo + (Ollkl + Ckgkz + Ckgkg) T (220)

Our analysis proceeds as before, but with more complex terms. Instead of Eq.
(1.24), we now have

1 = x0 + {aifo+ aaf(xo+ nafor)+
asf(xo 4+ n31 for +n32f(xo +n21for)T)} 7 (2.21)

Instead of Eq. (1.26) we have

ka = flzo+nafor) =
fo+nafofor + s [ 15T + O(%) (2.22)

The expression for the next force evaluation can be derived similarly:

ks = fo+ (ns1k1 + naeks) for +
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3 (arks +m2ka)? f/ 72 + O(72)

= fo+ (n31 + n32) fofor + n32m21 fo (f(/))Q ™+
L (ns1 +m32)” F2 1172+ O(7%) (2.23)

We thus find for the new position, at the end of our time step, as the general-
ization of Eq. (1.27)

1 = xo+ (a1 + s+ as)for +
aona fofor* + Saami [T +
as (31 + 1s2) Jofor? + asmsanen fo (£)° 7° +
Ta (31 +n32)” fR YT+ O(r%)
= xo+ (1 + a2+ asz) for +
(aamor + s (n31 + M32)) fofor” +
3 (0‘27731 +az (n31 + 7732)2) fRfr +

asnzamon fo (f0)° 7+ O(r%) (2.24)

As we did in Egs. (1.28) and (1.29), we have to equate this expression term for
term with the corresponding expressions in the Taylor series expansion

X1 :,To-i-’l}oT—‘r%aoTQ—f— %j0T3+O(T4) (225)
Using Egs. (1.12), we can now write this as

Tr1 = Xo + foT =+ %fof(lﬂ'z + % {fg 6/ + fo(f(l))Z} TS + 0(7'4) (226)

Equating the coefficients for the various terms in Eqgs. (2.24) and (2.26), we find
for the first order in 7 the relation

’ a1 +as+az=1 ‘ (2.27)

For the second order terms in 7 we find

agna1 + az (n31 +M32) = % (2.28)

For the third order terms in 7 involving the second derivative of the force, we
find

oy + o (31 +m32)” = 3 (2.29)
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while for the third order terms in 7 involving the square of the first derivative
of the force, we find

Qa3MN32T21 = % (230)

2.6 Two Examples

Bob: This is all nice and fine, but I’d like to see some concrete examples. Since
we have four equations for six unknown variables, we expect to have a two-
parameter freedom of choice. Let’s use that freedom, and write down a few
examples, to get a feeling for the type of algorithms we have at our hands.

Alice: A natural choice would be to require that the second force evaluation
takes place in the middle of the time step (121 = %) , while the third force
evaluation takes place at the end of the step (31 + m32 = 1). With these
two extra conditions, barring unforeseen complications, we can expect to find a
unique solution.

Let’s check that. By substituting our two conditions into the four boxed equa-
tions we found above, we get:

(&3] —+ (6] + Q3 = 1
%062 + Q3 = %
(2.31)
Loy +a = 1
102 3 3
Q3732 = %

The second and third equations above can be solved readily to find ay = 2/3
and ag = 1/6 , after which the first equation yields a; = 1/6. The last equation
then gives 132 = 2 which implies 7731 = —1. We thus arrive at the following
third-order scheme:

I = CEO+%(1€1 +4k2+k3)7’

]{?1 = f(aio) (232)
ko = f(a?o + %k’lT)

k‘3 = f(l‘o — k‘lT + 2]€27’)

Bob: Good! This is indeed one of the classical third-order Runge-Kutta algo-
rithms.

Alice: Another natural choice is to spread the force calculations evenly over
the interval, at times 0 , 7/3 , and 27/3 , before starting the calculations for
the new step at time 7.
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Bob: Such a scheme obviously cannot be used for our current purposes. You
need the third force calculation at the very end of the step, otherwise there is
nothing to recycle.

Alice: That is true, but you asked for example algorithms, and I expect this
to lead to another well-known scheme, so let us derive it here on the side. If
nothing else, it can function as a check on our calculations. We require that
N21 = % and 731 +1732 = % Plugging this into the four conditions we have found
before leads to:

(5] + a9 + Q3 = 1
bt oy = b
(2.33)
bootgos =
Q3732 = %

The second and third equations imply as = 0 and a3 = 3/4 , and whith the
first equation we find ay = 1/4. The last equation yields 132 = 2/3 which then
determines 7731 = 0. We thus arrive at:

r1 = xo+ i (k‘l + 3k3) T
ky = f(zo+ 3ki7)
ks = f(wo+ 5kaT)

Bob: Right you are: an alternative classical third-order Runge-Kutta scheme.
I agree, it is good to know that we can reproduce this.

2.7 Recycle Conditions

Alice: It is time to return to our original objective, to find a third-order scheme
that uses three force calculations per time step, two of which are computed anew,
while the third one is being recycled from its use in the previous step. With
two free parameters, we seem to have a good chance to find such a scheme.

As in Egs. (2.8) and (2.10), we have to calculate the difference between the
position 7 at which the last force calculation of the previous step took place
and the actual position z; at the end of that step. In Eq. (2.10) we only needed
to let the term linear in 7 vanish, in order to obtain a consistent second-order
scheme. In the present case, for a third-order scheme, we need to let both the
linear and quadratic terms in 7 vanish. Using Eq. (2.22), we have:
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T1 = zo+n31kiT + na2kaT
= o+ (31 +132) foT +
ns2m21 fofom> + O(T%) (2.35)

Comparing this with Eq. (2.24), we have to the same order in 7:

Ty = x4+ (1 + g+ az)for +
(ama1 + asz (31 +n32)) fofor? + O(?) (2.36)

Requiring the coefficients of 7 and 72 to match in the last two equations gives
us two extra conditions:

’ a1+ ag + az =31 + 132 ‘ (2.37)

and

’ asma1 + as (n31 + 132) = 32721 ‘ (2.38)

Bob: You see, I guessed right! The six boxed equations here will allow us to
determine the six variables {a, a2, a3, m21,m31, 32}

Alice: Not so fast. Don’t count your chickens before they are hatched!

Bob: I haven’t heard that expression in a long time. Well, hatching shouldn’t
be too difficult.

Alice: Gathering all six equations, we get:

art+astaz = 1
O2M21 + 3 = %
a3 + = %
(2.39)

Qs = %
731 + 732 = 1

_ 1
1327)21 = 3

where we have already simplified the expressions somewhat by substituting, for
example, one earlier relation a; + as + a3 = 1 and another one in simplified
form as aono1 + ag = % into the last two boxed equations.
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Bob: So far, so good.

Alice: Or so it seems. Look, when we substitute the fourth relation into the
second and third one, we obtain:

Q2721

2 _
Qal2p =

S ol

(2.40)

There is no way that we can satisfy these two equations simultaneously!

The last line implies that either ag = 0 or 197 = 0. Either case would imply
aon1 = 0, in contradiction with the requirement that asns = 1/6.

Bob: I guess hatching was unsuccessful. That’s a disappointment!

Alice: We have to conclude, somewhat surprisingly, that there just is no third-
order recycling scheme. Whether we use two new force calculations per time
step, or whether we recycle an additional force calculation from the previous
time step, in both cases we wind up with a second-order algorithm.

Bob: That’s a pity.

2.8 Remaining Freedom

Alice: However, not all is lost: our scheme is still second-order, and has more
freedom than our non-recycling scheme. Specifically, let us gather the set of con-
ditions necessary to guarantee at least second-order behavior for our recycling
method. These are, from Eqgs. ((2.27), ((2.28), and ((2.37):

ay+az+az=1
o1 + 3 (131 + 132) = 5 (2.41)

a1 + ag + az =n31 + 132

which simplifies to

ay+azt+ag=mn31 +n32 =1

(2.42)

1
QoM21 + 03 = 5

These are three equations for six unknown variables. If we introduce a = as
N =2 , and { = nss , we get the following parametrized solutions:
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o = 53—« +an
(65) = «
a3 = % —an
(2.43)
21 = 1N
n1 = 1—¢
n2 = (¢
This gives:
1 = xo+ %((1 —2a+ 2am)ky + 2aks + (1 — 20577)]63)7‘
ki = fxo) (2.44)
ko = f(:L'O +?7]€1’7’)
ks = flzo+ (1 =)k + Ckor)

2.9 Summary

Bob: I'm not sure whether we’ve gained anything, by getting extra free param-
eters. I had hoped for a third-order scheme.

Alice: We haven’t gained anything, but neither have we lost anything. Later,
when we will apply these various algorithms, we can check to see whether any
of the new parameters allow choices that give us more accurate results.

We can compare Eq. (2.44) with the non-recycling schemes, where we also
perform two force calculations per step, and for which we obtained a second-
order scheme as well. We found there, as Eq.(1.36):

1 = mo+ ((1—a)ks +ake)T
ki = f(zo) (2.45)
ke = f(wo+ ile)

Bob: Ah yes, that is interesting. Let us see whether we can obtain Eq. (2.45)
from Eq. (2.44). In that case, we’d better not use the third force calculation ks
in the calculation of the new position. This means:

(1-2an)=0 (2.46)
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or

2an =1 (2.47)

Plugging this back into the first line of Eq. (2.44), we get for the new position:

I :;’170+((1704)k1+04k2)7' (248)

just as in Eq. (2.45. Since n = 1/(2«a) , the expression for the second force
becomes:

k2 = f(iL’() + ikﬁ') (249)

We conclude that, for the choice n = 1/(2a) , Eq. (2.44) becomes Eq. (2.45).
It all hangs together! The third force calculation in Eq. (2.44) effectively drops
out, for this choice of parameters.

Alice: It is also instructive to compare this scheme with the second-order
scheme we found based on one new force calculation and one recycled force
calculation:

rT = "E0+%(l€1+k2)7’
ki = f(zo) (2:50)
k‘g = f(afo + le)

Bob: which in fact is exactly the previous set, Eq. (2.45), with the further

restriction that o« = %

Alice: Let us sum up. We conclude that we have found three different ways of
constructing a second-order Runge-Kutta method:

1. Without recycling, we have Eq.(2.45), with two new force calculations per
time step, and one free parameter;

2. With recycling, we have Eq.(2.50), with one new force calculation per time
step, and no free parameters;

3. With recycling, we have Eq.(2.44), with two new force calculations per
time step, and three free parameters.

Bob: Well done! Now it’s time to leave this first-order differential equation
behind us. I think we’ve learned enough, and I would prefer to go to the more
realistic case of a second-order differential equation.



Chapter 3

Second-Order Differential
Equations

3.1 Formulating the Problem

Alice: Now that we know how to solve a first-order differential equation, we
can extend our methods immediately to treat the case of a general second-order
differential equation

d?z dx
w=! (%) (3

Here the force per unit mass f(x) exerted on a particle depends explicitly on
both the position and the velocity of that particle. An example of such a
force is the motion of a mass point under the influence of friction. Indeed, our
physical interpretation of the case of a first-order differential equation followed
from the above form in the limit of infinitely strong friction, where the velocity-
dependent term dominated completely. Another example would be the force
that is felt by an electron moving in an electromagnetic field (where x would
have be interpreted as a three-dimensional vector, a point we will come back to
later in this chapter).

Bob: Wouldn’t it be simpler to restrict ourselves immediately to the type of
equations we are dealing with in stellar dynamics, without any velocity depen-
dence in the forces?

Alice: T would prefer to hold off just a bit, because the simplest way to treat
second-order equations is by following the same recipe as we did before. In that
case, velocity dependence does not pose any problems.

The second-order equation above can be rewritten as a system of two first-order

33
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differential equations:

S (3.2)
v = f(x,v)

In principle we can look at this as a single first-order differential equation for a
two-component vector.

Bob: Ah, that is a nice short-cut. Let’s do that, and then we should be able to
use all the results from the previous chapters immediately!

3.2 Vector Notation

Alice: We'll think have to put in some thought, since not all scalar equations
generalize in an obvious way to the vectorial case, but I agree that it would
probably be a good guide line.

Okay, to introduce vector notation, let us define:

§= (Z) (3.3)

and

9= (f(;),v)> 34

We can then write our second-order differential equation as a single first-order
equation in terms of vectors:

§=7 (3.5)

or simply:

When written out, this leads to the two equations implicit in:

(i) - (f(;, v)) (3.7)

Bob: In our case of interest, classical mechanics, we will drop the velocity
dependence, and study instead the simpler equation:
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d2x
=) (3.8)

(6)= () 69

Alice: As we will see in the next chapter, we can exploit the simple form of
these two equations to get an extra order of accuracy, seemingly for free, using
what is called a partitioned Runge-Kutta algorithm. However, in order to put
that clever trick in a clear context, in the current section we will be less clever.
Rather, we will simply apply the same treatment that we have developed in the
previous chapters.

or, equivalently

Bob: Fine, but let’s not linger too long! And please, let us drop the velocity
dependence in the forces. Life is complicated enough as it is.

3.3 One Force Evaluation per Step

Alice: Okay, okay, we’ll work with f(z) then. Now, everything we have done
so far carries over directly to the case of two coupled differential equations. To
show this, let us repeat the same derivation, but now in vector form. At the
start of a time step, we evaluate the right-hand side of the differential equation
at t =0:

ki =go = (1}2) (3.10)

This leads to the following dimensionally correct expression:

— —

| =50+ ki (3.11)

Combining the last two equations, we have
§1 =80+ a1goT (3.12)
We can compare this expression with the Taylor series:
51 =8y + §0T + %?07’2 + O(TS) (313)

where we use the shorthand notations
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(22) (3.14)

5 = (jg) (3.15)

to avoid introducing yet another set of new symbols for the various derivatives
of § at time 0.

g
|

and

In order to compute

. d
S0 = —q 3.16
S0 dtgo ( )

we will need to determine the time derivative of g.

3.4 Not So Fast

Bob: presumably that is simply

d _
— o = G 3.17
dtgo go9o ( )

in analogy to what we did in the first chapter, where we used % f(zo) = fof-

Alice: Not so fast! You have not specified what you mean with that notation.
The left-hand side is a vector, while the right-hand side suggests the product of
two vectors. What does it mean?

Bob: Hmm. I hadn’t thought about that. Good question.

Alice: If it would be an inner product, the left hand side should be a scalar. If,
however, it is a tensor product, the left hand side should be a tensor. In neither
case does it produce a vector.

Bob: Again, good point. Wel, in case of doubt, write it out! What does it look
like in components?

Alice: Let us check. The most intuitive approach would be to start with a
small variation in ¢ , which can be expressed as

7=a{ 1)) = (1oy0s) (319

This implies:
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i, (f
pril (Uf’> (3.19)

Bob: Good! So we do get a vector, after all.

Alice: Yes. And even if you would have allowed me to retain a velocity depen-
dence in the force, we would still have wound up with a vector, but in this case
we would have:

9= d(ff@) - (fx(x)dchfv(x)dv) (3:20)

where now f, = f' = 9f/0x and f, = 0f/dv. This would give us

d._( f
@’ <vfx - ffv> 20

Bob: Nice to know, but no thanks, let’s stick with position-dependent forces
only.

Alice: If you insist. At least the notation above will point the way for further
generalizations, whenever we want to go that route.

Bob: Thanks!

3.5 Forward Euler in Vector Form

Alice: Let us introduce the symbol kg for the right-hand side of Eq. (3.19), at
time 0:

» _( fo

We can then write Eq. (3.13) as

51 =350+ goT + %HOTQ + O(1%) (3.23)
We demand that Egs. (3.12) and Eq. (3.23) should be equal. The constant

term Sy matches trivially, and the first condition arises from the term linear in
T

o150 = Go (3.24)

hence
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We have no free parameter left, so this leads us to the only possible explicit
first-order integration scheme

51 = S+ ElT
(3.26)
kv = g(50)

which is the forward-Euler algorithm, now in vector form. If we write this out
in components, we get:

(xl) _ (xo + oqvm') (3.27)
U1 vo + a1 foT

Let us define

ko= (ZZ’) (3.28)

where we will use the same symbol & for the vector and the last componenent,
again to avoid introducing yet more new letters. With this notation, we can
write Eq. (3.24) in a more traditional form as:

xr1 = Xg-+ VT
v1 = wvo+kiT (3 29)
kr = f(xo)

We thus recover the forward-Euler algorithm. As before, this scheme is only
first-order accurate, since it cannot possibly reproduce the O(72) term in Eq.
(3.23).

Bob: Quite a bit of work to regain Forward Euler!

3.6 Two Force Evaluations per Step

Alice: Yes, and we might have guessed the result, but when we move on to
using two force evaluations per step, things will undoubtedly get messier.

As before, after a first evaluation of the right-hand side of the differential equa-
tion, we can perform a preliminary integration in time, after which we can
evaluate the right-hand side again, at a new position:
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ki = g(5) (3.30)
ky = §(5o+nkiT) (3.31)

We can now use a more general expression for the new position, in which we
rely on the preliminary information that has been gathered in the two force
evoluations. Since each force evaluation has the dimension of a time derivative
of the position, we have to multiply each one with a single power of 7. The
coefficient for each term is, as yet, arbitrary, so let us parametrize them as
follows:

§1 =89+ (Q1E1 + 012/;;2> T (332)
We can combine these equations, and write them as

51 = 80 + {a1Go + @2G(50 + ngor)} T (3.33)

We want to determine

ks = §(50 + d3) (3.34)

where

ds = ngor (3.35)

We have already seen that

i5=4y0) = (piaris) (3:36)

5 = (Zi) = n(;Z)T (3.37)

The two results that are encoded here, dr = nvgT and dv = nfy7 , can now be
plugged back into the definition of dg

5= (pionae) ="y )" (3:38)

and we can also write

We finally get
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EQ = g'(go + dg) = g(go) +dg= El + ’r]ﬁ()T (339)

where we use again the notation

)
S
Il

(&)

Bob: A useful function, obviously.

3.7 Putting Everything Together
Alice: To sum up: developing Eg in a Taylor series around 7 = 0 gives:

ks = §(50 +ngot) = Go + nhot + O(7?) (3.41)

Using this result in Eq. (3.33), we find for the new position, at the end of our
time step:

$1 =38y + (0[1 + Ozg)ﬁoT + CYQT]HOTZ + O(T3) (342)

We can now compare this expression with the Taylor series expansion of the
true orbit, as we did in the previous section:

_'1 = §0 + '_’OT + %§0T2 + O(TS) (343)
We can write this, as we saw in Eq. (3.23), in terms of ho as follows:
81 = 50+ Gor + Lhot? + O(7%) (3.44)

Starting with terms to first order in 7 in Eqgs. (3.42) and (3.44), we have to
insist that

—

(a1 + a2)go = go (3.45)

which leads to the condition

340

To second order in 7 , we would like to satisfy:

asnho = %ﬁo (3.47)



3.8. SUMMARY 41

which can be done through the condition

- 4
"= S (3.48)

We conclude that when we allow two force evaluations, we again are left with
one free parameter a.

Bob: So, now we’re done, and we can move on!

3.8 Summary

Alice: Yes, but let us put all our results on the table first.

To summarize, we can write:

§1 = §0 —+ ((1 — Q)El -+ O[EQ) T

. . (3.49)
kro= gs)

ke = g(5 + %le)

Notice that this is exactly the vector generalization of the expressions we found
in the case of a first-order differential equation:

1 = zo+((1—a)ks + aks)T
ki = f(zo) (3:50)
ky = f(wo+ 5kiT)

Bob: I'd like to see our vector expressions written out in components. That
way it will be easier to make contact with the previous chapters.

Alice: My pleasure! Starting with
- o - x v
k1 = g(5) = g( (U;)) ) = (J%) (3.51)
we find
Bo= g (") 2(")- (3.52)
Vo 2 fo

- ZTo + 217)07> ( vo + QifoT )
_ g o - a 3.53
( (’Uo + 5 for f(@o+ 5=vo7) (3.53)
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which leads to the expression for §7:

r1\ (7o (1 — a)vor + a(vo + o foT)T )
<U1> B (UO) + ((1 - Oé)f()T + af(UO + ﬁfOT)T (3.54)
zo + voT + % for? )
(Uo + (1 —a)for + af(zo + 55v07)T (3.55)

We can write this in components as

r1 = Xo+ VT + %fo’]’2
v = v+ ((1 — a)k1 + Ozk‘g)’i’
(3.56)
ki = f(zo)
ky = f(zo+ 35v07)

3.9 Two Examples

Bob: I find this a lot more understandable that the vector notation. And for
practical application, let’s look at a couple special case. For @ = 1 we find

T = To+vT + 5ki7?
U1 = + ]CQ’/"
(3.57)
ki = f(=xo)
ke = f(zo+ zvoT)
and for a = % we find
1 = o+ VT + %k17'2
v = vy -+ %(lﬁ + k‘g)T
(3.58)
ki = f(zo)
ka = f(xo+voT)

Alice: Ah, that is interesting! This is almost our leapfrog scheme.
Bob: How so?

Alice: The expression for x; is exactly the same as what we have used when
we implemented the leapfrog.

Bob: And so is the expression for v;. The whole idea of leapfrogging is to
advance the velocity with an acceleration that is the exact average of the force
calculation at the beginning and at the end of the step.
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Alice: Ah, the word ezact is important here! While it is true that ki is the
force evaluation at the beginning of the step, the ezact force calculation at the
end of the step would be f(x1) = z¢ + voT + %k17’2. However, in our scheme
above, ko = xg + vo7 , and the last term is missing.

Bob: Tricky! So we are dealing with an almost-leapfrog scheme, where the last
force calculation is based on a predicted value for the new position, instead of
the corrected value.

Alice: Yes, that’s a good way of putting it. And all this can serve as an in-
vitation to go beyond the straightforward generalizations of the Runge-Kutta
schemes for first-order differential equations. It is time to look at more imagi-
native schemes, that treat position and velocity in different ways!
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Chapter 4

Partitioned Runge-Kutta
Algorithms

Bob: You promised a better approach to solving second-order differential equa-
tions, using Runge-Kutta schemes. What did you call such an algorithm again?

Alice: It is called a partitioned Runge-Kutta algorithm. The idea is to combine
the force calculations in different ways for the position and for the velocity.
The word ‘partitioned’ here means that separate the treatment of x from the
treatment of v. We already saw an example at the end of our previous discussion,
where we had found a scheme that was almost, but not quite, a leapfrog scheme.
If we would have tinkered with that scheme, we could have turned it into a
leapfrog, but it would then no longer be a vector generalization of a Runge-
Kutta scheme.

Bob: So you're saying that we have a lot more freedom, when we allow separate
ways to update position and velocity, after first calculation a number of force
evaluations.

Alice: Exactly. And we have already done this, for our fourth-order integrator,
the one we plucked from Abramowitz and Stegun.

Bob: Does this mean that we can write our good old leapfrog as a partitioned
Runge-Kutta scheme? That would be interesting! I have always thought about
Runge-Kutta methods and the leapfrog scheme as two completely different ani-
mals, pardon the pun. Do you think that the leapfrog can be view as a type of
Runge-Kutta algorithm?

Alice: I'm not sure. One reason to do this systematic landscape exploration
is to find the answers to that type of question! And I'm sure we’ll find out
soon. By exploring all possible schemes with up to two new force calculations
per step, we're bound to encounter the leapfrog, if indeed it is a citizen of the
Runge-Kutta world.

45



46 CHAPTER 4. PARTITIONED RUNGE-KUTTA ALGORITHMS

So let us return to our special second-order differential equation

d?z
ez f(x). (4.1)

Let us first gather some useful expressions, starting with the two first-order
equations

dr

E = v

. (4.2)
v

o f(@)

As before, we expand the position and the velocity of the orbit in Taylor series:

r1 = Xo+ VT + %a(ﬂ'2 + éjoT?’ + iSOTAL + ﬁCoT5 + ﬁlop(ﬂ'ﬁ + 0(77) (43)

vi = wvg+agT+ %joTQ + %807'3 + 2—14607'4 + ﬁpm’5 + O(T6) (4.4)

and when we differentiate the set of differential equations several times, we
obtain the following equations:

ap = [f(z(0)) = flzo) = fo

o= o] =greey| =TE S g

So = jo = fé’v§+f6fo

co = S0 = [+ 3f fovo + (f5)*vo

po = ¢o = [f"vo+6f" foud + fo {35 +5fvg} + (f0)*fo  (4.5)

The last three lines can be derived in the same way as the second line, by
fully writing out the differentiations, using the chain rule. This derivation is
completely analogous to what we did for our first-order differential equation.

4.1 One Force Evaluation per Step

Bob: I guess we will forget about force recycling, at least for now.
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Alice: Yes. To keep things simple, let us look at a single integration step. But
we have another choice to make.

In the case of a first-order differential equation, at the start of our integration
we can only evaluate the right-hand side at time zero, at the beginning of the
integration time step. If we simply follow that example, we start with:

ki = f(zo) (4.6)

This leads to the following dimensionally correct expressions:

r1 = Zg+ qoUoT + a1k172 (47)
v1 = v+ kT (4.8)

We can write the expression for the position, substituting &, as
T, = xo + aguoT + oy foT> (4.9)

We have to compare this with the Taylor series

T1 = X0 + voT + %a07'2 + %jng +0(th) (4.10)

Using Egs. (XXXXX) we can write this as

T1 =20 +voT + & for? + %voféTS +O(1%) (4.11)

Comparing Eqs. (4.9) and (4.11), we find:

e

and

(4.13)

1
2

a1 =

We cannot satisfy the third order term in 7, so as far as the expression for the
position is concerned, we can make our scheme second-order accurate.

Looking now at the velocity, we have

V1 = 1V + ﬂlfOT (414)

We have to compare this with the Taylor series
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v1 = v + agT + %jm’2 + %807_3 +0(m) (4.15)

Using Egs. (XXXXX) we can write this as

v, = vg + foT + %’UoféTQ +0(mh) (4.16)

Comparing Eqs. (4.14) and (4.16), we find from the terms that are first order
inT:

)

Going to second order in 7 would require that

jo = fovo =0 (4.18)

which cannot be true for general f and vg. Even though we can construct a
second-order algorithm for the position, we can only find a first-order algorithm
for the velocity.

Bob: And I presume that there is no point in using a higher-order algorithm
for the position than for the velocity, since the overall order of the integration
scheme must be the lowest order of that of the components. Hmmm. Is that
so?

Alice: Yes, that is correct. For the very first step, it is possible in this case to
find a new position that is second-order accurate. But as soon as we take the
second step, we use the velocity that we arrived at in the first step, which is
only first-order accurate. The same is true for each subsequent step: we always
use the velocity value from the previous step.

Bob: But each time we multiply the velocity with 7. So even though the
velocity is first-order, the product of the velocity with 7 must be second-order
correct, leading to an error term that is third-order in 7.

Alice: Yes, that is formally correct. However, \dots

We have to conclude that our approach only leads to a first-order correct algo-
rithm, which is of course the forward Euler algorithm:

r1 = Xo+voT
v1 = vy kiT (4.19)
ki = f(xo)

% \subsubsubsection{A Delayed Force Evaluation}
{\bf 4.1.1.2. A Delayed Force Evaluation}
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Given the special form of our second-order differential equation, it is not nec-
essary to start with a force evaluation at time zero. The first equation in the
set

dx
— = v
dt
(4.20)
dv
a f(@)
allows us to make a first-order prediction of the position, as:
z(t) = 0 + vot + O(t?) (4.21)

which in turn allows us to postpone the first force evaluation to this non-zero
time:

o(t) = f(t) = f(zo +vot + O(t%)) = f(zo + vot) + O(t?). (4.22)

Note that this trick is not possible for a general force term that would depend
on velocity as well. In that case, the last equation would read

0(t) = f(z(t),v(t)) = f(zo + vot,vo + aot) = f(xo + vot,vo + for)  (4.23)

which would mean that we need an initial force evaluation fy at time zero,
before we can perform a subsequent force evaluation at time ¢.

4.2 XXX

Let us exploit this extra freedom, for our special differential equation, by re-
peating our previous analysis for a delayed force evaluation. Our first force
evaluation can now take place at time ¢ = n7 where 7, is a free parameter.
Using the linear extrapolation of the position, as sketched above, we obtain:

k1 = f(xo +muvor) (4.24)

This leads to the following dimensionally correct expressions:

T1 = To+voT + ark T (4.25)
v1 = v+ BikiT (426)
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If we expand & to first order in 7 , we obtain:

k1 = fo+mfovor (4.27)

Eq. (4.25) can thus be written as:

T = mg+voT + oy for? + arm fovem® + O(14) (4.28)
v = vo+ Pufor + Bim fovor® + O(T?) .
Comparing this with
T1 =20 + V0T + 2aoT® + %joTS +O(1%) (4.29)
EXPAND
let us first consider the O(72) terms, which leads to the requirement:
ap = fo = 2a1 fo (4.30)
which leads to
o =1 (4.31)
Similarly, we can use the Taylor series for v:
V1 =vo 4 aoT + 3jor> + £som° + O(7?) (4.32)
EXPAND
Considering the O(7) term, we have:
ap = fo = Pifo (4.33)
which leads to
B1=1 (4.34)
Considering the O(7?) terms, we have:
Jo = fovo = 2B1m fovo (4.35)
This implies:
m= % (4.36)
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In this way, all three free parameters are fixed, by requiring the algorithm to be
second-order in O(7) in both position and velocity.

Could it be that we are in luck, and that this fixed solution can give us expres-
sions for x and v that are also third-order correct in O(7) ? Let us start with
the position equation. This would require:

Jo = fovo = 6aam fovo (4.37)

Alas, since we are forced to use a3 =mn; = % , the coefficient on the right-hand
side is 3/2 while the one on the left-hand side is 1. We have no freedom left,
so this equation has no solutions for a general function f and a general initial
velocity vg.

%\subsubsubsection{ Verlet-St\” ormer-Delambre Scheme}
{\bf 4.1.1.3. Verlet-St\” ormer-Delambre Scheme}

Using one evaluation of the right-hand side of the differential equation, we have
thus arrived at the following second-order integration scheme:

1 = o+ vT+ %leg
v = wvo+ kT (438)
kv = f(zo+ %'UOT)

Even though the equation for the velocity looks first-order, it is actually second-
order accurate, through the clever choice of time at which the right-hand side
of the differential equation is evaluated, namely in between the times at which
vo and vy are determined.

In fact, this scheme is nothing else than the good old leapfrog algorithm, also
known as the Verlet-St\” ormer-Delambre scheme, as we will show now.

Define

T1/2 =0 + 2voT (4.39)
and
U1/2 = vy + %fl/g’r (440)
where
f1/2 = f($1/2) = f(wo + %UoT) (4.41)

Our new scheme can then be written as



52 CHAPTER 4. PARTITIONED RUNGE-KUTTA ALGORITHMS

T1 = To+Uy/eT
4.42
{ v = v+ fij2T (4.42)
Alternatively, we can express the first of these equations in terms of
T3pp = T14guiT
(960 + voT + %f1/27'2) + % (Uo + f1/27') T

= T12+ (110 + f1/27') T

= Ty tuT (4.43)

We have thus derived at expressions that show the leapfrog nature of the algo-
rithm most clearly:

Ty = Ty +U0IT 444
{’Ul = Uo+f1/27' ( )

This representation shows clearly that the equations are fully time symmetric.
This fact was rather hidden in the original formulation, eqs. (4.38). However,
if we explicitly take a step forward and then another step backward, using
egs. (4.38), we can recover the time symmetry inherent in these equations, as
follows. Let us denote the resulting position and velocity by {z_g,v_¢} , which
are obtained from {z1,v;} by taking a time step with size —7. Our task is to
show that {z_q,v_¢} actually coincide with {zg, v} , not only to second order,
as would be guaranteed in any second order scheme, but in fact to all orders in
T.

1 2

T_g = x1—unT+5f(r1— o)
= {0+ o7+ 5o + geor)r} = {uo + flwo + joor)r) 7+
3/ ({wo +vor + 5. (w0 + 3007)7°} = 3{vo + (w0 + voT)T}7) 7
= 2o — %f(l’o + %1}07)72 +
3 F(@o + vor + 3 f (0 + Jv07)T
= x0— 1f(zo+ 3vor)T? +
1 f(zo + Svor)T?
- (4.45)

2 2

— %’Uo’r - %f(mo + %1107’)7’2)7'

v = v — f(x1— %1)17')7'
= {vo+ f(zo+ Fvo7)T}
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—f({mo +vo7 + & f(z0 + Fvo7)7%} — 2{vo + f(2o + Fvo7)T}T
~ (4.46)

Finally, we can also write

T3/2 = T2 +U1T

T1/2 + voT + f1/2T2

= Il/g + ’01/27’ + %f1/27'2 (447)
and
Vg2 = U1+ %f3/2T
vo + fieT + %f3/27'
= Ui+ % (f1/2 + fs/z) T (4.48)
We thus find
1 2
T3 = Typ+ V12T + 5f127 4.49
{ Vg2 = U2+ % (f1/2 + f3/2) T (4.49)

We can now shift our zero point in time by half a time step, to arrive at the
more convenient notation:

T = X —+ VT —+ %fg’l’2
4.50
{ v = v+ 3(fo+ fi)T (4.50)
Comparing this with our starting point, eqs. (4.38):
_ 17. .2
xr1 = Xo+ V9T + leT
vy = vo+kiT (451)
kv = f(zo+ %1)07')
we have arrived at the alternative formulation:
x|y = Xo+ VT + %k1T2
v = vg+ (]{31 + ]{?2)7'
(4.52)
ki = f(xo)

ky = flzo+uvo+ 5ki7?)
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The second formulation seems rather different, in that it requires two force cal-
culations. Note, however, that the position at which the second force calculation
takes place is exactly the same position at which the first force calculation for
the next step will take place. Therefore, the second force calculation of each
step can be recycled as the first force calculation of the next step. Effectively,
we thus use only one force calculation per step. This trick is known in the liter-
ature as FSAL, short for First-Same-As-Last. We will come back to this point
below.

%\subsubsubsection{An Historical Note}
{\bf 4.1.1.4. An Historical Note}

Almost everywhere in the literature, Runge-Kutta methods are assumed to start
with k1 = fo: letting the first evaluation of the right-hand side of the differential
equation take place at the very beginning of the step. This is necessary in the
general case, but not for the special case of a second-order differential equation
where there is no velocity dependence in the force term. The only place we have
found so far in the literature, which mentions the possibility of starting with
the force evaluation already at a later time is a paragraph in Nystrom (1925),
the original paper introducing what is now known as the Runge-Kutta-Nystrom
algorithms.

In his section 2, p. 7, near the bottom, he remarks that, to be consistent, we
should allow the freedom to write a general expression of the type we have done
above in Eq. (4.24). He then adds that he decided against considering this extra
freedom, for two reasons, both pragmatic, the first related to speed of execution
of the algorithms, the second related to speed of derivation of the expressions
fot the algorithms. Here are his arguments.

First of all, we often know already the force evaluation at the beginning of
the step, from the last stage of the calculation of the previous step (at least
approximately; and using even earlier force calculations, we can further improve
the accuracy, without having to perform new force evaluations). Secondly, he
adds, starting from such a general expression has led him to such unwieldy
expressions that he was more or less forced to put 773 = 0 in his equivalent to
our Eq. (4.24).

Of course, current availability of algebraic manipulation programs have now
invalidated his second argument. Curiously, all text books seem to propagate
the simplifying assumption 77 = 0 without questioning what the basis for this
assumption may have been.

4.3 Two Force Evaluations per Step

%\subsubsubsection{ General Form}

{\bf 4.1.2.1. General Form}
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If we allow two evaluations of the right-hand side of the differential equation,
we can work with the following general expression that is dimensionally correct

ki = flzo+muvoT) (4.53)
ke = [f(zo+mo1v0T + n22kiT”) (4.54)

which leads to the following expressions for position and velocity steps:

x1 = mo+voT + (arks + agky) 77 (4.55)
v = v+ (Bik1 + Boka) T (4.56)

Substituting the k; values, these equations expand into

Ty = x0 + vor + aif(zo+ni1veT)T? +
s f(zo + n21v0T + M2 f (xo + MrveT)T?) 7>
(4.57)
vl = vy + Bif(xo+nuver)T +

B2 f(xo + no1voT + naz f (o + M1voT)T2)T

So far, everything is still the exact prescription, given in the original algorithmic
scheme. If we now expand the expressions in powers of 7 , we get:

vy = x0 + vor + (o1 +a)for? +
(cami + aonar) fovor + O(14)
(4.58)
vl

vo + (B1+B2)for + (Bim1 + Banz1) flvor? +
(5(B1niy + Ban3) [ 03 + Banaafofo) ™ + O(r*)

This should be equal to the Taylor series:
1 = To+voT + %am’2 + %jm"?’ + ism‘l +0(7°) (4.59)
v = vo+aoT+ Ljor + %SOTS + gcom + O(77) (4.60)

EXPAND

This leads to the following conditions:
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1
041—|-Oé2=§

ai1mi + el =

S| =

BL+B2=1
(4.61)

N[

Bimi + Penzr =

1
Binty + Bam3y = 3

1
Banaz = 8

These can be solved in terms of 717 , as follows:

37711 -2

L 32, — 1)

o — 2(3n%) — 3m1 + 1)
9(4n?, — 4ma +1)

—7]11 + ].
4(3nf; — 3m1 +1)

a1 =
(4.62)
6n7; — 51 + 1
4(377%1 —3n11 +1)

g =

1
43 =3+ 1)

b1

By = 3(4nty — 4m1 +1)
430ty — 3m1 +1)

%\subsubsubsection{ Examples}
{\bf 4.1.2.2. Examples}
If we take the standard assumption 717 = 0 , we get:

{mi=0smu=3me=3%;a=5;0m=7; bi=1; =3} (463)

This produces exactly what Nystrom (1925) gives this as his simplest algorithm:
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T

$0+U0T+%(k1+k2)7’2

U1 Vo -+ % (kl + 3k2) T

(4.64)
k1 f(@o)
ko f(l‘o + %1}0’7' + %k1T2)

Henrici (1962) also lists this algorithm, refering back to Nystrom (1925). How-
ever, Henrici’s expressions contain a typo: he lists the last coefficient as %leQ.
Nystrom does list the term correctly, as %kﬁ'z.

If we try the other obvious choice 117 = % , we find that some of the coefficients
diverge: 191 = 121 = co. With two force evaluations, it seems not to be possible
to let the first one start right in the middle.

There is a natural choices that leads to relatively simple expressions for the
coefficients: 71 = % Here the first force evaluation takes place after one third
of the duration of the time step. In this case we get:

{fmi=3inma=1;nn=3%3;0=5;0=0;/=2; =1} (465
This leads to the following equations:
X = 1'0+Uo7'+ %]{31’7'2
U1 = Vo —+ % (3]61 + kz) T
(4.66)
ki = f(zo+ 3vor)
kg = f(ZL'O +1)0T+ %lez)

A complementary choise is 17117 = % , for which the first force evaluation takes
place after two third of the duration of the time step. In this case we get:

{7711=§;7721=0§ 77222%; OélZi; a2=i;51:%;ﬁ2=i} (4.67)
This leads to the following equations:
X1 = X0 + VT =+ %(/ﬂl + k2)7—2
U1 = g+ % (Skl + kz) T
(4.68)
kh = f({L‘O + g7)07')
]€2 = f({L‘O + §k1T2)

There seem to be no other sets of simple coefficients. We might be tempted to
try, say, mi1 = % , but in that case we get the much more complicated looking
set:
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Tia=tias kiAot ho?) (16)

This leads to the following equations:

x
U1

k1
k2

XXX

= £0+’U0’T+ﬁ(6k1+k2)’r2
= U0+%(4k1+3k2)7
(4.70)
f(zo + %UOT)
f(@o + Svor + 15k17?)



Chapter 5

Recycling Force Evaluations

5.1 One Force Evaluation per Step

%\subsubsubsection{General Form} {\bf 4.2.1.1. General Form}

ki = f(=zo) (5.1)
k2 = f(il’() +?}0T+77k17'2) 5 2
r1 = Xg+ VT + (qu‘l + 042]{;2) 72 (53)
vy = v+ (ﬁlkl + ﬁgkz) T (5.4)

3rd order not possible: in Eq. (4.63) we see that starting the first force calcu-
lation at time zero implies that the coefficient for vy in ko should be 2/3 , and
not 1 as we insist upon above. [EXPAND THIS]

This means that we only have to expand up to powers in 72.

with
ko = fo+ vofor +O(7?) (5.5)
we get
1 = xo+veT + (a1 + az) for? + 0(7'3)
v = v+ (B1+ B2) for + Pavo fom° + O(7°) (5.6)

99
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This has to be equal to the Taylor series expansions:

1 = o+ VT + % 02+ 0(73)
v1 = v+ for + %UoféT2 +0(7%) (5.7)
This implies:
a1 +oag = % (5.8)
and
P+ P2 =1 (5.9)
and

o = (5.10)

N[—=

From the last two, we get 5, = % Two parameter freedom, with a = as:

r = $0+U07+%((1—a)k1 +OZ]€2)T2
v, = Uo+%(k1+k2)7’
(5.11)
ki = f(zo)
ky = f(zo+vor +nki17?)
%\subsubsubsection{Second Order Recycle Conditions}
{\bf 4.2.1.2. Second Order Recycle Conditions}
Now insist that #; — 21 = O(7?):
1 = Ty -l—’l}()T—‘rnlez
1 = zo+voT + 5 ((1— a)ks + aks) 72 (5.12)

Already okay. So we are left with a two-parameter freedom.
For o« =0 and n = % , simplest choice: leapfrog.

[check for which values time symmetry; presumably only for a = 0 and n = %}
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5.2 Two Force Evaluations per Step

% \subsubsubsection{ General Form} {\bf 4.2.2.1. General Form}

ki = f(xo)

ky = f(mo+ moavor + nookiT?)

ks = f(xg+vor + 7732](117'2 + 7]33]€27'2) (5.13)
T1 = To+voT + (Oélkl +Oé2k'2+043k3) 72
vi = v+ (Bik1 + Boka + Bsks) T (5.14)

Let us expand up to powers in 75.

ke = fo+ no1vo fom + {moafo fo + 33108 i} 72+ O(7?) (5.15)
ks = fo+vofor + {(ns2 + ms3) fofo + 3v3fo } 72 4+ O(%) (5.16)
we get
1 = o+ veT + (a1 + s + a3) for?
+ (a2m21 +a3)v0f67'3 +O(T4) (5.17)

This has to be equal to the Taylor series expansions:

x1 =20 +voT + 1 for* + Fuo for* + O(1) (5.18)
which implies
a1 + o + gz = % (519)
Q2721 =+ a3 = % (520)
v = vo+ (BL+ B2+ B3) for + (Bamer + Bs) vo fir°

+ { (527722 + B3(n32 + 7733))f0f6 + 2 (B2m31 + Bs) Ugf(l)/} 7
+O(T4) (5.21)
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This has to be equal to the Taylor series expansions:

vr =vo + for + svofom* + & {fofo + 3£} 7+ O(Y) (5.22)

which implies

| BitBtfs=1| (5.23)
Bano1 + B3 = 3 (5.24)
Bomzy + B3 =1 (5.25)

Banaz + B3(n32 + m33) = § (5.26)

%\subsubsubsection{Third Order Recycle Conditions}
{\bf 4.2.2.2. Third Order Recycle Conditions}

Now insist that #; — 21 = O(73):

1 = 20+ voT + (n32k1 + n33ks) 72 + O(7?)
r1 = Xo+ VT + %fQTQ (527)
32 + 133 = 3 (5.28)

seven equations for ten variables.

From the last two:

Banz + 303 = & (5.29)
Combining that with the equation above the two we just used:

Ba (373, —m22) =0 (5.30)

Two possibilities: G2 = 0 or 720 = %7]21. In the first case, B3 = % and (3 = %

from the next to last equation and the one above that. Contradiction. Hence:

a2 = 3721 (5.31)
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Introduce o = as and 1 = 121 , and use { = 733 as the third parameter. Then

So in general:

r1 =

U1 =

kw =
ko
ks =

Example: fora=(=0,n= %:

ar = sz+an-1)
(6%} = «
az = é —an
3n—1
o=
1
B2 =
On(1 —n) (5.32)
2—3n
Bz =
6(1—n)
21 = 1N
N22 = %772
N32 = % -¢
M3 = (
2o +vor + (3 + a(n — 1)k + aks + (L — an)ks) 72
3n-1 2-3
vo + ( o bt Gn(ll—n) k2 + 5 k3) T
(5.33)
f(xo)
f(@o +nuot + §12k17?)
f(zo+vor + (5 — Qk1 + Cho)7?)
1 = o+ veT + % (2ky + k3) T2
— v0+é(k1+4k2+k3)7
5.34
ki = f(zo) (5:54)
ke = f(zo+ %’U()T + %leQ)
ks = f(xo + vo7 + %k1T2)

Like Simpon’s rule for velocity integration.
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Another example: fora=(=0,n= %:

xo +voT + § (2ky + k3) 72
Vo + i (3k2 + ]€3)7’

%\ subsubsubsection{Exact Recycling}

{\bf 4.2.2.3. Exact Recycling}

So far, only pseudo-FSAL, or better: pseudo Runge Kutta!

Can we make it really FSAL Runge Kutta, to all orders?

With the first two:

combining this with the third:

leading to

but alas:

o) (5.35)
flzo+ %’UoT + %leZ)
f(xo +vo1 + %kﬂj)
(=« (5.37)
F—an=0 (5.38)
I+ an =2« (5.39)
o= % (5.40)
(=35 (5.41)
n=1 (5.42)

So this doesn’t work: the coefficients for the ko and k3 terms in the expression

for v1 in Eq. (5.33) blow up.

% \subsubsubsection{A Search for a Fourth Order Scheme}
{\bf 4.2.2.4. A Search for a Fourth Order Scheme}
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Given that we have three free parameters left in our construction of a recycling
scheme that is third order correct, it is tempting to search for a fourth-order
scheme, based on only two new force calculations per time step.

Repeating the previous analysis to one order higher in 7 , we get

ky = fo+maavofr + {meafofy+ smn1v5 f5 } T
+ {m2amazvofofy + gmnvo fo'} 0+ O(7Y) (5.43)

ks = fo+ ’UOféT + {(7732 + 1733) fofcl) + %,Ugfél} 72
+ {77217733120 (£8)° + (132 + msa) vofo £y + %vgf(/)//} 3
+ () (5.44)

1 = x0+vT + (a1 + s + az) for? + (azna + az) vo for°
+ (aam22 + as (n32 + 133)) fofor + 5 (cemdy + as) vg fim*
+ O(7?) (5.45)

This has to be equal to

1 = Xo + VT + %f(ﬂ'2 + évoféTB + ifof{ﬂ'él + iv(z)f(/)/T4 + 0(7'5) (546)

In addition to the previous conditions, we get the following two additional re-
quirements:

agmaz + oz (32 + 1m33) = o (5.47)
2 1
QoMy + Q3 = 15 (5.48)
Now:
v1 = vo+ (B + B2+ B3) for + (Ban21 + 53) Uof(l)T2

+ { (52?722 + B3(m32 + nsg))fof(l) + 5 (Bom3y + B5) Ugftl)/} 3
+ {537721?73300 (fé)2 + (5277217722 + B3(n32 + 7733))Uof0f(/)l

+ § (B + Bs) v fo ) 7
+0(7°%) (5.49)
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This has to be equal to

vi = v+ for+guofor + g {fofo +uifi} T
+ 4 {vo ()% + 3vo fo fl + v 5“}74 +O() (5.50)

We get the additional equations:

Bompy + Bs = 1 (5.51)
Banaimaz + B3(ns2 + n3s) = & (5.52)
Bsna1nss = o (5.53)

We have thus eleven conditions gathered so far for the ten unknown parameters

{on, g, a3, B1, Ba, B3, 021, 122, M32, M3} A priori we would expect to find no
solutions in such an overdetermined system. However, let’s see how far we get
when we try. Let us list the conditions here together:

Ot1+012+053:%
_ 1
QoMo + a3 = =
2 _

Qaljy; + Q3 = 13

a2z + s (132 4 133) = o

Br+ 0B+ p0s=1

Bomo1 + 3 = § (5.54)
Bampy + O3 = é

Bam3y + Bs = 1

Banaz + Bs(ns2 +133) = &

Banaimzz + B3(ns2 + 133) = §

B3n21733 = i

Subtracting the 6th and 7th equation, we find
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Bonor (L —1m21) = ¢ (5.55)

and subtracting the 7th and 8th equation, we find

Bamiy (1 —121) = 15 (5.56)

Together, these two expressions imply

N21(1 = 121) = 2031 (1 — n21) (5.57)

There are three solutions: 721 = 0,721 = 1, and 791 = % The first two solutions

can be discarded, because they would imply that the left-hand side of the 6th,
7th, and 8th equations above would all have the same value, contradicting the
fact that their right-hand sides have different values. We thus find

M1 =3 (5.58)

With this result, we can use the remaining information in the 6th, 7th, and 8th
equations above to determine the other two values:

B2=3 (5.59)
Bs = (5.60)
The 5th equation gives us
Br=g (5.61)
Subtracting the 9th and 10th equation, we find
Banaa(1 —n21) = 51 (5.62)
and plugging in the values we have found so far gives us
2 = § (5.63)
The 9th and 10th equation then give us:
32 + 133 = 3 (5.64)

Since the 11th equation gives us
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N33 = 3 (5.65)

we conclude that

N32 = 0 (566)

We can now write the 2nd and 3rd equations as

%OLQ + a3 = é (567)

T+ az =15 (5.68)

Subtraction those expressions gives us

iag = % (5.69)
or
=3 (5.70)
and plugging this back in the expressions above gives
as =0 (5.71)
The 1st equation then gives
ay = % (5.72)

Remarkably, we have been able to solve the eleven equations for the ten un-
knowns and found a consistent solution! To summarize:

=3 ; a=3% ; a3=0
bi=% i =2  f(s=¢ (5.73)
M=% 3 me2=4% 5 m2=0 ; npm=1

Not only that, it turns out that we get an additional bonus: these solutions
solve the previous relation for demanding the T1 = x1 + O(T?’) , which was

32 + 133 = 3 (5.74)
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We have thus found a consistent set of solutions for ten variables satisfying
twelve equations. Could we be really lucky? Could it be that in fact z; =
x1 + O(7%) 7 If that were true, our fourth-order scheme would allow us to
recycle the last force calculation, and we would really have obtained a fourth-
order scheme with an effective costs of only two new force calculations per step.
This does sound too good to be true, but let’s just check.

r—a1 = {(ns2k1 +maske) — (arky + aoks + asks)} 72
= {gk2 = (§hk1 + 3hk2)} 7
= (k2 —k1)7?
= gpuofer’ +0() (5.75)

It was too good to be true!

We thus have:

1 = @0+ vT + § (k1 + 2ks) 72

v = U0+é(k1+4/€2—|—/€3)7'

ko= f(zo) (5.76)
ky = f(wo+ gvoT + §k172)

kg = f(fEO -|— VoT + %kQTQ)

Looking at the equations this way, we can in fact see directly that a fourth-order
scheme doesn’t work ('directly’ once you have become sufficiently familiar with
all these expressions). For the scheme to be fourth order, the position where
the last force calculation is computed should agree to third order with the new
position at the end of the time step. However, the latter has a k; term which
the former lacks, and since the difference k1 — ko is of first order in 7 , there
is a real third-order difference between the two positions, hence between the
forces computed in these two positions. The upshot is that this will introduce a
fourth-order error in the velocity in the next step, when we recycle the last force
calculation. Our scheme is thus only third-order accurate when we recycle, even
though it is fourth-order accurate if we decide to compute all three new forces
anew at each step.

By the way, as a fourth-order scheme, it is listed in Abramowitz and Stegun’s
welknown Handbook of Mathematical Functions as eq. 25.5.22, but with a typo:
the error in the position is listed as being O(74) , while it really should be O(7?)
; in addition no error is listed for the velocity. As we have seen, for the velocity,
too, the error is O(79).

nil nil nil nil nil
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