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BUTCHER SERIES FOR EVOLUTIONS ON
CLIFFORD ALGEBRAS

Alzbéta Hakova *

Abstract

Numerical solution methods for dynamical systems are known to be
organized by the algebra of rooted trees which also allows to manipulate
them due to its Hopf algebra structure. The particular case of evolution
on Clifford algebras is discussed.

1 Introduction

The aim of this paper is to discuss the solution of the differential equation
dx(s)/ds = F[z(s)] which is known as a flow of a vector field. There is a special
numerical method which solves this differential equation and it is known as
the Runge-Kutta method. In 1972 John Butcher published an article where he
analysed general Runge-Kutta methods on the basis of the algebra of rooted
trees. He also defined sums over trees which form another type of algorithms
solving our differential equation. These sums are now called B-series in honour
of Butcher.

We assume that the function F in the equation is a commutator in generators
of the Clifford algebra and we compare the solution that provides Runge-Kutta
methods and B-series.

The paper is organized as follows. In Section 2 we introduce notations and
necessary concepts concerning Clifford algebras, rooted trees and Butcher series.
In Section 3 we show that B-series and Runge-Kutta methods coincide in the
case of a second order commutator on the right hand side and in Section 4 we
discuss the situation in the fourth order case.
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2 Definitions and known results

2.1 Clifford algebras

Let V be an arbitrary real vector space upon which g : V xV — R is a positive-
definite inner product. By a Clifford map on V' we shall mean a real-linear map
f:V — B into a unital associative complex algebra B such that if v € V' then
f(w)? = g(v,v)1. We define a complex Clifford algebra over V to be a unital
associative complex algebra A together with a Clifford map ® : V' — A satisfy-
ing the following universal mapping property: if f : V — B is any Clifford map,
then there exists a unique algebra map F' : A — B such that Fo® = f. We
denote CI(V, g) a complex Clifford algebra over V.

Theorem 2.1.1([6], Theorem 1.1.1) The complex Clifford algebra Cl(V,g) is
generated by its real subspace V' satisfying the Clifford relations

x,yeV = zy+yx=2¢9(z,y)l. (1)

2.2 Rooted trees

A rooted tree is a graph with a designated vertex called a root such that there
is a unique path from the root to any other vertex in the tree (see [7]). In what
follows, we will use several operations and functions on trees.

If t1,ta, ..., tg are trees, t = BV (ty,ta,...,t;) is defined as the tree obtained
by creating a new vertex r and by joining the roots of ¢1,ta, ..., tx to r, which
becomes the root of t. This operation is called merging of trees.

We denote by [t| the number of vertices of a tree t.

The tree factorial t! is defined recursively as

ol = 1, (2)
BT (t1,ta, .., tx)! = |BY(t1,ta, ..., k)|t ta). tx . (3)
a(t) is defined as the number of times tree t appears in N (1).
Assume we want to solve the equation
dx(s)
ds

= Fla(s)], (4)

where z(sg) = zo, s is a real, z is in RY and F is a smooth function from RY to
RY with components f%(z). This is the equation of flow of a vector field.
If we use the following notation

o= fla(s)] (5)
i _ ok fi
hdeds = m[ﬂc(s)] (6)



we can write the derivatives of the i-th component of z(s) with respect to s:

d'(s) .

— = I'=o (7)
d2 i o

G = 40 ®)
Bt o o
T i st = /\+¥ 9)
TO) = P PSSR R R = (0

AL 3{\ + /K + T (11)
This one-to-one relation between a rooted tree with n vertices and a term
d"z(s)/ds™ was established by Arthur Cayley in 1857 (see [4]).

We call elementary differentials (see [3])the d; defined recursively for each
rooted tree ¢ by

& - F (12)
6 = [l 01 602..6]F  where t=BT(t1,t,...,t5). (13)

2.3 Butcher series

To solve a flow equation dz(s)/ds = F[z(s)], some efficient numerical algorithms
are known as Runge-Kutta methods. They are determined by an m x m matrix
a and an m-dimensional vector b. At each step a vector x, is defined as a
function of the previous value z,,—1 by:

Xi = Tpa+h ZaijF(Xj)v (14)
j=1

Tn = Tpo1t+h Y biF(X;), (15)
j=1

where ¢ ranges from 1 to m.

In [2] Butcher proved that the solution of the corresponding equations

Xi(s) = xo+(s—50>zaijF(Xj(s>>, (16)
z(s) = x0+(s—so)ijF(Xj(s)) (17)



is given by

It\

Xl(S) = 9+ Z S — SO Z azg(b] 615 30 (18)

]!

2(s) = xo+z (=500 tyt10(8)61 (s0). (19)

]!

These series over trees are called B-series in honour of John Butcher (see
[5]). The homomorphism ¢ is defined recursively as a function of a and b, for

1=1,...,m:

di0) = 1, (20)
¢i(BT (t1, . 1)) = Z Wijy -+ ijy, gy (E1) .- Djy (te), (21)

o(t) = Z bigi(t). (22)
For more see [1].

3 An example in the second order case

In this section, we assume that the right hand side of (4) is a commutator
in generators of the Clifford algebra and show that in this case Runge-Kutta
methods and B-series coincide.

Let V be a vector space, y',y%,y3,y* its orthonormal basis. By CI(V, g) we
denote a Clifford algebra over V, g(y%,y7) = 5; We want to solve the following
equation:

dy’

1,2 2.1 7
_ _ 23
s W'y — vy, v’ (23)
= 1yl y") — iy, y). (24)
Therefore
dy' o dy? 1 dy* _ dy*
ds v ds y an ds ds (25)

The classical 4-th order Runge-Kutta method is given by

kl - f(xn; yn)7 (26)

hn hn

k
2 2 2



hn, hp,
k3 = f Tn+ 5 Yn + — k2 ’ (28)

2 2
k4 = f(InJrl; Yn + hnkB)a (29)

k14 2ko + 2ks + K
Yn+1 = Yn + hn ! 2 6 3 : (30)
Using this algorithm we receive the solution

y(s) = y'(cos(4s)) — y*(sin(4s)). (31)

Now, we want to know what trees may appear in sums for B-series:

dy?
1 2
. = —:—4
© f ds Y
dy?
2 1
= —:4_
f s Yy
fo= =0
R
A

./a\,/f\_: Yy = [l =0 forallijke{l,23,4}

It turns out that in B-series will be only following trees

o 1 1 T

The B-series for initial conditions y!(0) = y*, ¥*(0) = y* and a;;, b; repre-
senting the classical 4-th order Runge-Kutta method are

5)2 s)* s)3
y(s) = o (1 — (42!) + (44—!)) + 92 (—4s+ (43!) ) : (32)
45)3 4s)? 45)*
y(s) = y1(4s—(3—3)+y2<1—%+(4l)>. (33)
Therefore
y(s) = yl(cos(4s)) — y2(sin(4s)), (34)
ys) = y'(sin(4s)) + y?(cos(4s)). (35)

We see that B-series and Runge-Kutta methods coincide.



4 The 4-th order case

In this section we discuss the solution of our differential equation in the case
that function F is a 4-th order commutator in generators of the Clifford algebra.

Let y', 4% ...,y™ be an orthonormal basis of V, g(y*,y’) = d;. We want to

solve the equation

dy’

_ 1,23 4 4
5 = wvyyyl
Then
dyl 2 3 4 dy2 1,3 4
ds vyyy, ds vyy,
dy3 1,2, 4 dy4 1,2 3
ds vyyy, ds vyyy,
di
CA— for all i > 4.
ds
Trees available in B-series are
i dyi
o: f 15

T ==y =ty =2yt
== fi=2h =2y
fi=-2% fl=2%,  fi=-2'y
fr==20'y",  fi=2"0 fi =2

= fi=—f for i,5€{1,2,....,n}.

./6\ : f213 = 2y4= f312 = _23/47
f314 = 2y27 fiS = _2y27
far=2y", [ty = —2y* ete.

= f;k = _f;k for i,j€{1,2,...,n}.

We conclude that these trees have the following surprising proposition

SR8

(36)



because

./’3\ — P (51)
f\ = FRFIF = PR (52)
(53)

Now, we want to compute the Runge-Kutta method so first of all it is nec-
essary to look for a Taylor expansion of a function on generators of a Clifford
algebra

n

y = Z Qirig..ix Y Y2y (54)
i1 <¢f§0<1,€

It’s easy to prove that

dy' ; dy’
i 55
ds 4 4 ds (55)
Using (55) and (36)-(38) we conclude that

dy

o = Ay =y =ty Ry R, (56)
d?y

= = AW Y N T eyt TR, (5T)
d3y

-7 = Sy =yt = Nyt TR, (58)
dy

T = 60y R )R (59)

where
R = Z Qiyiy.i, Y'Yyt (60)
k=0

4<iy <ig<...<ip

A 4-th order Runge-Kutta method is given by

y(s+h) = y(s)+biki + baka + bsks + baka, (61)
where kv =hf(y), (62)
=hf(y+ ar1k1), (63)

= hf(y + a2ki + asks), (64)

ks = hf(y + asks + asks + agks). (65)



In our case is

dy
= <. 66
fw) P (66)
Therefore
d
d2y 2
2 h*(a1bz + azbs + agbs + asbs + asby + agbs) +  (68)
dgy 3
e h?(bsaias 4+ byaras + byasag + byasae) + (69)
d4
—ds?j h*(bsarasag). (70)

If we compare this with the Taylor expansion

dy R?>d*>y R3d3y htdYy

y(s+h) = y(s)+hd_s+id_.92+§d_83 I dst (71)
we conclude
1) 1=0b1+by+bs+by (72)
1
2) 3= a1ba + agbs + azbs + asbs + asbs + agbs (73)
1
3) 6 = bzaias + bgaias + byasag + baaszag (74)
1
4) ﬂ = b4a1 aszQe (75)
This leads to a classical 4-th order Runge-Kutta method
1 1 1 1
bi==, ba=—=, b3=—=, by=—
1 6 ) 2 3 ) 3 3 ) 4 6 ) (76)
=l =1 m—ai=as=0 (77)
a1_2; CL3—2, asg = 1, az = a4 = as = U.
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