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Abstract

Geometric integrators are numerical methods for the approximate solution of differential
equations with invariants. The main aim of geometric integrators is to produce numerical
solutions with the correct qualitative behavior as possed by differential equations.

If the domain of the differential equation is Euclidean space, standard numerical methods
work, however if the domain is manifold or in particular a Lie group which is a differential
manifold then method of choice will be special geometric integrators known as Lie group
methods.

In this thesis, we shall look at some of the basic concepts behind the two main classes of
Lie group methods, Magnus series expansion and Runge-Kutta—Munthe-Kaas (RKMK)
methods. These Lie group methods are applied to solve differential equations on manifold.
The results of the Lie group integrators are then compared with the standard numerical
methods such as the classical Runge-Kutta methods. Results indicate that Lie group
methods are able to produce numerical solution which mimic the qualitative features of

exact solution of differential equation which we initially solve.
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Chapter 1

Introduction

Geometric integrators are those numerical methods which are used for computing the
solution of differential equations with invariants. The aim of a geometric integrator is
to produce numerical solutions with correct qualitative behavior as possessed by the flow
of differential equation. If the differential equation models a dynamical system then it
is important to preserve its phase space. A first aspect of a dynamical system that is
important to preserve is its phase space. If the phase space is R”, numerical solution
can easily be achieved by using any one-step numerical method, and the solution remains
in R™. If, on the other hand, phase space is a more complicated manifold, then more
sophisticated methods are called for. If, for example, the phase space is a Lie group,
traditional one step numerical methods for example Runge-Kutta methods generally do
not work, and one must use a Lie group integrator.

In this thesis we have employed Lie group methods to solve differential equations on
manifold. In this regard the main tool is to find associated Lie algebra of particular Lie
group G, then finding the solution in Lie algebra setting and map the solution back from
Lie algebra to its Lie group by appropriate map. This is because Lie group is a nonlinear
space, while Lie algebra is linear space.

The plan of thesis is as follows: Chapter 1 contains a review of the relevant background of
the work presented in this thesis. In Chapter 2, our main emphasis is on the study of some
of the Lie group methods such as Magnus series expansion and Runge-Kutta—Munthe—
Kaas methods. In Chapter 3, Lie group methods are used to solve differential equations
evolving on a manifold and numerical results are displayed. The last chapter of this thesis

is about the conclusion of our work.

1.1 Differential Manifold

e A manifold is a topological space which resembles Euclidean space locally. Thus
for an n-dimensional manifold M, every point p € M has a neighborhood Q C M
that is homeomorphic to an open subset @ C R”, such that

©:Q—Q,
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is a homeomorphism.
A chart on a manifold M, is a pair (Q;, ;).
An Atlas on a manifold M, is a collection of all charts on a manifold M.

A differential manifold is a manifold such that, for any two charts (Q;, ¢;) and
(Qj, ;) such that the @; N Q; is nonempty, the map,

Yij = @0 <p;1 cei(UiNUj) = (U N UY),

is infinitely differentiable for all pairs of 7, j.

1.1.1 Examples

1.2

Any open subset O of R™ is a manifold of dimension n.
The unit circle ST = {(z,y) € R? | 2% + y? = 1} is a manifold of dimension two.

The set O(N) of all N x N orthogonal matrices is a manifold.

Lie Group

A Lie group is a group G which is a differentiable manifold, and for which the
product is a differentiable mapping G x G — G. Since a Lie group G is a group, then
there is a group operation, - : G x G — G, satisfying the following properties

1. g.(h.k) = (g.h).k ¥ g,k € G, (Associativity)

2. e.g=g=g.e, Vg € G, (Identity element)

3. g7'g=99"!' Vg € G. (Inverse)
Lie groups which are subgroups of general linear group GL(n), the group of invertible

n X n matrices with the usual matrix product as the group operation are called

matrixz Lie Groups.

1.2.1 Examples of Matrix Lie Group

The general linear group of all n X n matrices, given as

GL(n) = {Y|detY # 0}.

The special linear group of all n x n matrices, given as

SL(n) = {Y|detY = 1}.

The orthogonal group of all n x n matrices, given as

On)={Y|YTy =1}.
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1.3

Lie Group Action

Let M be a differential manifold and G be the Lie group. A left Lie group action on M is

a smooth mapping A : G x M — M such that [1],

1.

2.

N(e,p) =e.p=p, Vp€ M and the identity element e € G,

Ag1-92,p) = Ng1, A\ (g2,p)), Yp € M, and g1,92 € G.

A: G x M — M is a local Lie group action. Moreover A is a transitive action on M [2].

That is for every pair mi,mo € M, there exists at least one element g € G such that

/\(ga ml) = ma.

1.4

1.5

1.6

Tangent Bundle

Let M be a d-dimensional manifold and suppose that p(t) € M is a smooth curve
such that p(0) = p. A tangent vector at p is defined as

The set of all tangents at p is called the tangent space at p and is denoted by T'M |p.
It has the d-dimensional linear space structure, as if a,b € T M| v then a+b e TM ‘p

and aa € TM |p for any real number a.

The collection of all tangent spaces at all points p € M is called the tangent bundle
of M and is denoted by T'M = |J,c ), TM‘p.

Vector Field

A vector field F is simply a map F' : M — TM, such that for a point p € M,
F(p) € T,M. The set of all vector field on M is denoted by x(M).

Differential Equations on Manifold
Matrix differential equations of the form
y(t) = A(t,y)y, t>0, y(0)=yo € O(n),
where A: RT x O(n) — so(n), are called orthogonal matriz flows.

Matrix differential equations of the form

y(t) = B(t,y)y —yB(t,y), t >0, y(0) =1yo € s(n),

where B : RT x s(n) — so(n), are called isospectral matriz flows.
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1.7 Left and Right Trivialization

Most of the definitions given in this thesis are based on the right trivialization, for example
differential equations on Lie group given by 9(t) = A(t)yo, where A(t) € g and y € G. One
important difference between the left and right trivialization is that the left trivialization
denotes calculations done in the space coordinates of a moving object, while the right
trivialization denotes that of the body coordinates of the object. The space coordinate is
a frame fixed in space, while the body coordinates is a frame fixed within the body, so
that this frame is moving with the body, observed with respect to the space coordinates.

Right trivialization can be calculated by

R,(b)=ba R:GxG— G.

/

R,(b)=ba R:GxG—G, R :g—T,G.

1.8 Lie Algebra

e Given a particular Lie group G, it has an associated Lie algebra g = T.G, which
is the tangent space at the identity e of the Lie group G. In particular, if G is

finite-dimensional, then its Lie algebra g is a linear space of the same dimension.

e Lie algebra g is closed under the bilinear and skew-symmetric operation given by the

Lie Bracket, [.,.] : g X g — g, defined as,
[u,v] = uv —vu Yu,v € g.

This Lie bracket must satisfy the following axioms for all u,v,w € g, and o, € R

as constants

1. [au + fv,w] = aju,w] + Blv, w],
2. [u,v] = —v,ul,

3. [u, [U’ w“ + [U’ [wqu + [wv [u’ UH = 0.
For a € G, v € g = T.G, using right trivialization we get the following
R (v) =v.a, (1.1)

where / denotes derivative. Hence, the tangent space at any point a € G can be
found with ¢g € T.G using R),, as follow for all a € G [6]

T,G = R (v) where v € g.
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1.8.1 Example

Consider the following rotation matrix,

cost —sint
Y=1. ;
sint cost
differentiate Y with respect to ¢
/ —sint —cost
Y = ) ,
cost —sint

att=20
/ 0 -1
Y |i=0 = ,
le=0 [1 0 ]
which is a skew symmetric matrix and is the associated Lie algebra so(2) of Lie group

SO(2).

1.9 Lie algebra action

The Lie algebra action on manifold M is denoted by a smooth function A\ : g x M — M.
Each fixed element v € g generates a vector field on M, denoted by A.(v) : M — T M,

(Av)(p) = %)\(tv,p)‘tzo, Vp e M. (1.2)

Where v € ¢ corresponds to the vector field A.(v), and vector field is known as the
infinitesimal generator, then the infinitesimal generator of the action corresponding to
v € g is denoted by [3],

Um = (A0).

Definition 1. If A : G X M — M s a left Lie group action, then the Lie algebra action
Aigx M — M is given by
A(v, p) = Alexp(v), p), (1.3)

for v € g close to identity, and p € M.

This is a connection between Lie algebra action and Lie group action.

Corollary 1. Let A : G x M — M be the Lie group action, with Lie algebra g on the
manifold M. Then the infinitesimal generator of the action corresponding to v € G 1is

given by

vm(p) = % A (exp(tv),p)‘tzo, Vp e M. (1.4)

This infinitesimal generator is the vector field F(p) on M.
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1.10 Equivariant Map

Let M and N be two manifolds, and let G be a Lie group acting on a point x € M, by the
Lie group action A1 : G x M — M, and also acting on a point y € N by Ae : G x N — N.
A smooth map f: M — N is an equivariant map with respect to the actions Ay and Ag
if, for all g € G

f(A1(g,x)) = Nalg, f(x)), where x € M andy = f(x) € N.

1.11 Exponential Map

One of the link between Lie group G and its associated Lie algebra g is the exponential

map exp. it is defined as the map exp : g — G, such that for all matrices v € g

k

2 v
exp(v) = Z o
k=0

The exponential map is a local diffeomorphism (smooth map with inverse) in the neigh-
borhood of 0 € g, by the inverse function theorem [4]. Also, given the nature of the
exponential map, it maps 0 € g to the identity element e € G.

1.12 Linear Adjoint operator
The Adjoint representation of the Lie group, Ad, : ¢ — G for all a € G is defined as

Ady(v) = ava™l, for a€ G, and v € g,

while the adjoint operator ad,, : ¢ — g is the derivative of the adjoint representation Ad,,
with respect to the element a € G at the identity e € G, in the direction of u € ¢ [5]. The
adjoint operator ad, : g — g is the Lie bracket

ady,(v) = [u,v] = wv —vu, Yu,v € g.

1.13 The Differential of the Exponential Map and its Inverse

For u € G, the derivative of the exponential map is given by exp(u +1t) : g — Towp(u)G,
such that when applied to v € g

d
7 exp(u + tv) ‘t:o = exp(u + tv)"t:O = R;xp(u) o dexp,(v). (1.5)
Where R/ ep(u) P9 Torp(u)G- The differential of the exponential map dexp, : g — g is

the linear map, such that when applied to v € ¢

dexp,(v) = W(v) = kz_o (k%l- 1)!adfj(v), (1.6)
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and the inverse of d exp,, is

ad,

-1 .
dexp, (v) = exp(ady) — Id

(v) = 3 —rads(o)

where Bj, are the Bernoulli numbers.

12



Chapter 2

Lie Group Methods

2.1 Runge-Kutta-Munthe-Kaas Methods

Runge-Kutta-Munthe-Kaas Methods are important class of methods that allow to use the
classical Runge-Kutta (RK) methods to indirectly solve the differential equations evolving
on Lie groups. Runge-Kutta-Munthe-Kaas methods, were first developed by Munthe-Kaas
and Zanna [2]. On linear spaces, standard classical integrators will produce solutions that
reside thereon. In general, a Lie group is not such a space. Its Lie algebra, however, is
linear. We can exploit this fact by translating the differential equation on the Lie group,
which we want to solve, to a corresponding equation on its Lie algebra. On the Lie algebra,
we use classical integrators and translate the solution back to the original space, the Lie
group. By these means, we assure that the solution will reside in the Lie group. A good

candidate for the translation from a Lie algebra to a Lie group is the exponential map.

2.2 The RKMK Class

The main idea behind the RKMK class of integrators is to rewrite a differential equation
evolving on M, into one that evolves on g. This is because g has structure of a vector space,
and classical RK method can be applied to numerically solve this equivalent differential

equation on g. To do this, an equivariant map will be constructed
ANY(-),p) > M for pe M,

where g is a Lie algebra associated with the Lie group G acting on M, and the ¥ : g — G,
is coordinate map, then elements of v € g, can be found such that infinitesimal generater
can be constructed (Section 1.8), which describes the original differential equation in terms
of the Lie group action

N:GxM— M.

We want to solve the differential equation on M

y:F(y)7 tZO,y(O):yOEM,

13
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where at each point y(t) € M for ¢ € R, the vector field F(y(t)) can be written in terms

of the infinitesimal generator vy

F(y) = omly) = 5 A lexp(t).v),

for some v € g which relates to the differential equation on M. Once v is found, the
transformation to an equivalent system on g is done by solving the differential equation
given by

w=d¥U; (v), u(0)=up.

Where ¥ : ¢ — G is a coordinate map and u € g with respect to the infinitesimal generator
UM -

Hence u(t), for t € R, is the solution of the equivalent differential equation evolving on
g. Once u(t) is approximated using the classical integrators like the RK methods, then
the corresponding solution y(t) € M can be found by Lie group action with respect to the
known point say yg € M

y(t) = AT (u(t)), yo)-
To relate the element v € g to the original differential equation on M, v is defined as the

map f : R x M — g, with respect to point y(t) on M, given by the Lie group action
A:Gx M — M [1]. That is

o(t) = f(t AN (P (u(t),y(t)) forte R.

This differential equation evolves on the homogeneous space M and can be described in

terms of as an infinitesimal generator vy,.

2.3 Canonical Coordinates of First kind

Consider the equation

Y = At,Y)Y, Y(0)=Yo. (2.1)

The map
A €g— expm(A)Y, € G, (2.2)

is called canonical coordinates of the first kind. This defines a smooth invertible map
between a neighborhood 0 € g and Yy € G by the inverse function theorem generalized
for manifolds. If we identify the Lie algebra g with a subset of R, the inverse of this map
gives us a chart that is centered about Yy € G.

In [6], it is given that for small ¢ > 0 the solution of eq (2.1) is given by

Y{(t) = expm(O(t))Yo, (2.3)
where O(t) € g satisfies the differential equation

Theta(t) = de:vpé%t (A(t,Y)), ©(0)=0. (2.4)

)
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This can be seen as follows.

Y (t) = expm(O(t))Yo,
as a solution of eq (2.1). Now differentiate eq (2.3) to get
Y (t) = dexpg(y (Theta(t)) exp(O(t)) Yo = d expg sy (Theta(t))Y (t). (2.5)
Compare eq (2.5) and eq (2.1) we get
Alt,y) = dexpog (Theta(t))

= Theta(t) = de:r:p(:)%t) (A(t,Y)).

The map dexp, ' : g — g is expressed in terms of commutators through the infinite series

as follows

_ 1 1
dexpul(v) = ﬁadﬁ(v) =v—= 5[”77}} + ﬁ[u7 [u7UH +

where ad)(v) = v and ad®(v) = [u,ad*"1v] and By are Bernoulli numbers. The idea of
Munthe-Kass is to approximate the solution of eq (2.4) by means of classical RK methods,

and then transform the results back to M by setting

yn +1) = exp(9'(t))yn,

where y, and y,11 € G.

2.4 Magnus Series Expansions

Consider the matrix Lie group equation

y(t) = A)y(@), y(0) = o, (2.6)

where y(t) € G, the Lie group and A(t) € g, corresponding Lie algebra. In the general
non-commutative case, we want to search for a matrix function (¢) such that the solution
y(t) for eq (2.6) is described as

y(t) = exp((t))yo. (2.7)
To find the explicit expression for €(t), another differential equation will be solved

Qt) = dexpgly (A1), Q(0) =0, (2.8)

1

where dexp™" is differential of inverse of exp function as given in Section 1.13.

To derive eq (2.8), let us assume eq (2.7) holds and we differentiate it with respect to t.

%y(t) = %(eajp(ﬁ(t))yo)a

T at)) 40,

9(t) = Ry © dexpoy (o
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= dexpey (1)), exp(@D).40. (2.9)

Where R’ is right trivialization. Comparing eq (2.6) with eq (2.7) and eq (2.9), it is found
that

A(t) = dexpq (t)(Q(t)).
Inverting the above yields the desired relationship in eq (2.7).

eq (2.8) can further be expanded by the definition given in (Sectionl.13)

1 1

Q(t) = A(t) - 5[9(0), AW)] + 5[0, [20), A + . (2.10)

an explicit approximation to 2(¢) can be found by applying Picard iterations [11]. This
approximation is called the Magnus series expansion [7], and is derived according to
the steps below.

Let Q be the initial estimate to the solution €(¢), we can let our initial estimate be
Qo = 0. After substituting this into eq (2.10), we are left with

and integrate with respect to ¢

Aﬁmﬁzllwﬁ

So, the first iteration, denoted by €2 (t) yields the following approximation to (t)

mm—mmzéA@@

) = [ A +a0) = [ A (2.11)
Now, after substitution eq (2.11) into eq (2.10)
(t) = A(H) — S[0(1), AW + 5[0 D), [90(), AD]] . (2.12)

where [ ] denotes Lie brackets as given in Sectionl.8.
Integrate eq (2.12) to find the second iterate Qqo(t)

0u(t) = [ A =3 [ 10100 4@ + 15 [ 100 2000 A©N e+ (213)

Similarly, substitution of eq (2.13) in eq (2.10) will be required to find third iterate Q3(t).
Hence, the Magnus series expansion can be rewritten as a summation of terms Hy/(t),
where each Hy, is a linear combination of terms that include exactly k + 1 integrals and k&

commutators

Q) = > Hylt), (2.14)
k=0
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where the first few terms in eq (2.14) are given by

Hy(t) :/0 A(&)déq,

mi=-4 [ [ [" aeie ae)]de.

mo-; [ t [ / - [ 052 A(&)d&ﬂ(&)} d&A(&)] a(e)

" % Ot [ /0& A<fz>] déz, [ /0 "’ A(&s)dﬁs,A(&)Hd&.

The terms in the Magnus series expansion are becoming increasingly complex for terms
involving high values of k£ and each term is made out of integrals and commutators on the
matrix function A(¢). A shorthand notation using rooted binary trees has been extensively
developed by A. Iserles [6] to represent each term in the Magnus expansion. The idea is
similar to the idea of John Butcher for representing order conditions of an RK methods

by rooted trees as given in [6].

2.5 Rooted Trees

Some important terminologies of graph theory are,

e Graph: The pair G = (V| E), where V = vy, ..., v, are vertices and E C V x V are
the edges, represents a graph.

A graph is connected if all vertices are connected by a path and it is a tree if such

path is unique.

Rooted tree: The pair T' = (G, w), where G is a tree and w (the root) is one of its

vertices.

A rooted tree admits a natural partial ordering of ancestor/successor and par-

ent/child. Root has no parent. Vertices with no children are called leaves.

A Dbinary tree is a tree in which each vertex has at most two children. A strictly

binary tree is a binary tree, where each vertex has exactly two children or is a leaf.

Each term in Magnus series expansion can be grouped together by k commutators and
(k + 1) integrals. if we, for a moment, ignore the outer most integral from 0 to t in eq
(2.13) then each term in the expansion has equal number of commutators and integrals.
Such terms will be denoted as C;(§), their scalar constants as a(t), and the binary tree
as 7 € T}, where set T}, includes all trees with the same number of £ commutators and &

integrals. After splitting the expansion once more, functions will have exactly k integrals
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and k commutators. Hence, approximation in eq (2.14) can be rewritten as

t)=> Hy(t)= / C,( (2.15)
k=0

k 0 'reT]C

From the Picard iteration, it follows that every C. can be constructed by the following

composition rules.
1. To =170 and CTO(t) = A(t)

2. It € T),, and 7o € T, then there exists a 7 € T}, ym,+1 such that

(2.16)

¢
Ce = [/O Cr1(§1)dé1, Cra(€) |-

The index sets become sets of rooted binary trees. In general, T} represent different terms.
Pictorially, vertical branch represents an integral and two branches joined by a common

root represents commutator.

1. We identify Ty with a rooted tree consisting of one vertex only, e , and

o — A(t)
2. If T, 1 and Ty, 2 — C,, then,

t
T tmyet 5 [ /0 C, (9)de, €,y (1),

this construction will give all terms of the Magnus expansion. Also, the constant «(7) can
be defined by the rooted tree theory. Generally, a binary rooted tree T representing the

terms in the Magnus series expansion has the form, for u > 1,

T3
T2 o

with eq (2.16), the constant a(7) is calculated by [6]
a(r) = a(.) =1,

B S
a(r) = s—‘sHa(Ti),s €z,
Ti=1
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where By are the Bernoulli numbers. Hence, higher order terms in the Magnus series
expansion eq (2.15) can be derived with the help of rooted trees. Furthermore, for smooth
matrix function A(t), for t € Z1

/t C,(€)de = O(tF ) = 1 € Ty, (2.17)
0

In eq (2.15), C-(&) is integrated once more from 0 to t. Hence, to accurately represent the
terms in the Magnus series expansion, we need to add a vertical branch to the bottom root
of each tree. Now Magnus series expansion can be written in terms of the rooted trees, so

eq (2.15) is given by,

QU= -1/2 +1/4

+1/12 ~1/24 N

2.5.1 Power m of a Rooted Tree

We have the rooted tree theory for the construction of terms in the Magnus series expansion
up to any k number of commutators. Now we need to construct an approximation €2, (¢)

of a specific order p, such that
Q) =~ Q,(t) + O(tP™™).
From eq (2.16),
cro=| [ (@), Cn(e)]|

If a tree 7 € T}, is of power m, where m > 0 is the smallest integer such that for a smooth
matrix function A(t) then,

Cr(t) = O(t™).
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If we denote F), as the set of all rooted trees of power m, then the truncated Magnus

series expansion of order p is given by,

p—1 t
(0= > 3 alr) [ Cede) (218)
m=0r€Fy, B
In the eq (2.18), the largest value of the power m is not equal to order p. This is because
power m represents the order of the rooted tree associated with C (&), and not the integral
of C-(€). Another integration from 0 to ¢t must be done in eq (2.18), so that the actual
order p of Q(t) = ,(t) is given by,

p=m+1.

From eq (2.18), we know that 7 € Tk, then the same tree 7 is in the set F,, for the power
m > k. To find m for the tree 7, we need to find the relationship between the power m
for C7(t) and the powers m; and mo with respect to Cr, (t) and C-,(t) in eq (2.16). This

can be done by writing C~,(t) as a series in power O(t™), such that
Cr, (t) = a;t™ + bit™Ht + it 2 4+ . for i=1,2,..,

and then substitute this series into eq (2.16). If C, (¢) is of power mq, such that Cr, (t) =

O(t™), then the integral inside the commutator in eq (2.16) becomes

t t
[ ent@e= [ + b+ agm v )ig
° 0 (2.19)
= Ltmﬁrl + biltm1+2 + ciltmﬂr?)m.

my +1 m1+ 1 m1+ 1

In this way, we can find the expansion for eq (2.16), given that C7, (t) is of power m; and

Cr,(t) is of power mg

aw—[fcd&@aﬂﬂ

S R e L B S
my + 1 my + 1 my + 1

*)

ast™? 4 bgtm2+1 + Cgtm2+2 + :|

= ( a1, as] )tm1+m2+1 ( [ay, bo] [b1, as] )tm1+m2+2
mq +1 mi+1 mp+2

( la1,ca] | [b1,02] | [c1,a9] Jemmatd L o(gmitmatl
mi+1 mi+2 mi+3

That is, for 7 # 79, power m of C(t) is given by

m=my+ma+1, (2.20)
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when 71 = 79, the power m of C;(t) can be improved by performing a similar substitution
into eq (2.16)

cio-| [ Cn (e, ]

S DL NS L S
my + 1 my + 1 m1+ 1

)

ast™? + b2tm2+1 + Cgtm2+2 + :|

_ a% - a% s2mi+1 arby —bhay 2m1+2 2(a1c1 — cra1) 2ma43
my + 1 (my +1)(mq +2) (my 4 1)(m1 + 3)

_ la1, b1] f2mi+2 2[a1, c1] 2t L O(2mit?),
(m1 + 1)(m1 + 2) (m1 + 1)(m1 + 3)

That is, for 71 = 79 the power m of C;(t) is given by,
m = 2my + 2. (2.21)
The tree of a single vertex representing A(§) has power m = 0,
T =e¢c Fy, where m =0.

Starting with £k = 1, we have the tree 7 with subtree 7 and 7o.

In this case, 71 = 19 and the powers m; = mgy = 0. So by eq (2.21), the power m of C,(t)
when 7€ Ty ism =2mq + 2 = 2.
When k = 2, there are two trees in T5. The first one is given by,



CHAPTER 2. LIE GROUP METHODS 22

Tl = K/ T2 = =

so that the power m of Tis 7ism=mj +mo+1 =2+ 0+ 1 = 3. Similarly, the second

tree in 15 is,

hence, for power m up to m = 4, the set F}, contains the following trees, which are of

order p = m + 1 in the Magnus series expansion,
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2.6 Time Symmetry and Order of the Magnus Series Ex-

pansion

Rooted trees belonging to the set F,, 1 of power m+ 1 are also of order p = m+ 1. Hence,
all the terms associated with trees from all sets of power up to F,4+1 will be included to
construct a Magnus series expansion of order p. Number of terms can further be reduced
by considering time symmetry of the method [6].

Let y(t) = ¥4(yp) is a flow of differential equation of eq (2.6). The flow is time symmetric
if W_4 oW, = I, means that integrating from 0 to ¢ and back to 0 yields the original initial
value.

If
Uy (yo) = exp(Qp(t))yo, for t>0,

then
\I’—t [e) ‘I]t == I

Magnus series expansion that is truncated by order p also respects time symmetry [9].

Analytical time symmetric map S; can be represented in the form S; = exp(C(t)), where
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C(t) is an expansion in the odd powers of ¢ only [6]. This fact will also reduce the number

of terms in the Magnus series expansion.

Theorem 1. The function Q,(t) can be expanded in odd powers of t and

Qt) = Qg1 (t) + O™, g€ Zy.

Theorem 1 implies that for a Magnus expansion of order 4, only the terms in the sets up to
F3 are needed. This is because the linear combination of trees from F3 is actually O(t°),

and hence does not affect an order 4 approximation of Q(t). For ¢ = 2 in the Theorem 1
Q) = Q3(t) + O(t°).

So Q3(t) is in fact an order 4 approximation.

2.7 Multivariate Quadrature

To solve the multiple integrals in Magnus series expansion 2,(t), some sort of quadrature

technique will be used.

2.7.1 Gauss-Legendre Quadrature

The Legendre polynomial of degree n, denoted by P, (x), is usually defined on the symmet-
ric interval [—1, 1]. However, if we shift the interval to [0, 1], then the Legendre polynomial,
now denoted by P} (z) is shifted by 2z — 1, so that P}(z) = P,(2x — 1). The first few
P (x) are defined as

Fy(z) =1,

P(x) =2z -1,

Py(z) = 62% — 62 + 1,

Pj(z) = 202 — 3022 + 122 — 1,

Lemma 1. There exist polynomials Pf(x) : [0,1] — R, of degree n, for n =0,1,2, ... with
the properties that,

/1 P (2) P (z)dz = 0, m #n.
0

Pr(x) has n distinct real zeros in the open interval (0,1) forn =0,1,2, ...
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Theorem 1. Suppose that c;, for i = 1,2,...;s are the roots of an s-degree Legendre

polynomial P} (x), and that for each i =1,2,...,s the weight b; are defined by,

1 S

= [T 2

C Cc
O j=1j#i

If ¢(x) is any polynomial of degree less than 2s, then the Gauss-Legendre quadrature is
given by,

1 s
/ pla)de =3 bi(cr).
0 i=1

Methods having s stages and 2s order are called Gauss methods, an example of such Gauss

method where s = 2 (2 stages) and order is 4 is presented as

1_ V3 1 1_ V3
2 \6[ 4\[ 4 6
1 3 1 3 1
2t |1t 1 o
‘ 1 1
2 2

where ¢; are zeroes of shifted Legendre polynomial P5(z) which are equals to %i %. And

b; are the weight functions calculated by Langrange interpolating polynomials as follows,

1 5 Xr — Cj

bi:/ || L dzx.

C; — Cj
O g1+

1 xr — C1
b1: )
0 ¢2—C

1 X — C9
by = )
0 ¢1—C

After substituting the values of ¢;, from above, we have

It can be seen that

1 1
by == by = —.
1 2a 2 2

2.7.2 Multivariate Gauss-Legendre Quadrature

In most realistic cases, practical implementation of Magnus series requires the replacement
of integrals by quadrature. So the numerical values of the terms in the truncated Magnus
series expansion of order p can be found by applying multivariate quadrature. Similarly to
the one dimensional integration, the quadrature for the multiple dimensional integration
is given by the weighted sum of the multiple variable function evaluations. As a result,
the weight b; is also given by the multiple integration of the product of the Langrange
interpolation polynomials. Let that each integral in the Magnus series expansion is of the

form,

1) = [ DAG), A). s Al (2.22)
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where L is a multiple variable function, s is the number of integrals in the expression, and

h is the stepsize. S is the integration region which is of the form polytope,

S={(,&,..,)eR: & €0h],§€[08,,],1=2,3,...,5,}

where m; € 1,2, ..., — 1, for [ = 1,2, ..s. For example,
h
Il = / A(&)d& : Sl = {0 S 61 S 1}, (OVGI‘ a line)
0
h r&
p= [ [ A aceds Sy = {0< 6 <1,0< & < &), (Over a trianglo)
0 0

h pé&1 ré
I = / / / A1), A(€2)), A(Es)|desdéade = Ss = {0 < & < 1,0 < &,& < & .(Over a sphere)
0 0 0

Moreover, the integrand is, in each case, a function of the form

L(A(&1), A(&2), --A(&m)),

where L is multilinear. It has been proposed in [6] to use the quadrature formula

/hS L(A<51)7 A(€2)7 A(gs))dgsdgl ~ h™ Z blL(A(hch)v A(hclz)7 "'A(hcls))7 (2'23)

lecy,

where ¢y, ¢, ...c,, are distinct points in [0, 1] and CY is the set of all the combinations of

s-tuples from the set {1,2,...v}. The weights b; can be evaluated explicitly by the formula,

bl:/H/\i(tli)dtm...dtl, leC?,
S =1

where A\, € P,_1[t] is the kth cardinal polynomial of Lagrange interpolation at the nodes

c1,Co,...C,. Suppose that
1
/ t*le(t)dt =0, k=1,2,..s,
0

where
14

c(t) =[]t - e

i=1
Then the quadrature formula eq (2.23) is of order v + s. In other words, the order of the
above multivariate quadrature is exactly the same as of the classical univariate quadrature
with the same nodes. In other words, choosing c1, co, ...c, as Gauss Legendre quadrature
points in [0, 1] results in order 2v in eq (2.23) for all integrals necessary for the evaluation

of truncated Magnus series. As an example, let
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be the value of matrix A evaluated at the nodes of the fourth-order Gauss Legendre

quadrature in [0, 1], hence we obtain

I h(A1 + Ag),

Q

N

IQ ~ 7h2[142, Al],

I3 ~ hP[[Ag, A1), (% + TG) 1— (% - E) 2],
Iy ~ _h3{(% - \(g)Al - (% + *1/65)142, [A2, A]].

Although the quadrature formula (2.23) leads to remarkable savings in the number of
function evaluations, it might result in considerable cost of linear algebra, since the number
of terms in the sum behaves like " and the computation of each such term requires m —1
commutators. However, very considerable reduction in the expense of linear algebra takes
place when the special structure of the Lie algebra ¢ is taken into account. To conclude
this section, we combine the Magnus expansion (2.14) with the multivariate quadrature

to present a fourth-order method for the solution of the differential equation,

A= At + (5= Do),
A= Altn + (5 + f)m,

1
Qg =5(A1+ A2) +

Yn+1 = exp(Q4)yn.



Chapter 3

Numerical Experiments

This chapter deals with the applications of the Lie group integrators namely Magnus series
expansion and the Runge-Kutta-Munthe-Kaas (RKMK) methods, to solve matrix differ-
ential equations on the manifold also known as Lie group equation. The result from the
Lie group integration are then compared with the results from explicit Runge-Kutta (RK)
methods, the Gauss methods, and the built in integrator ODE45 from MATLAB. All ex-
periments in this chapter are performed using a fixed stepsize h. All numerical methods

considered in this chapter are of order 4.

3.1 Differential Equation on the Sphere

Consider differential Equation on the sphere is given by,

p 0 t —0.4cost 0
dit/ = 0 0.1t | y(t) =A®)y), y(0)= |0
0.4cost —0.1t 0 1

We solve this differential equation by the Magnus series expansions, Gauss, and explicit
RK method. The solution y(t) € R? in eq (3.1) is a vector of unit length, evolving on
the unit sphere. That is the solution vector y(t) that rotates around the spherical surface
with respect to its origin, and naturally, the homogeneous manifold in this case is the unit
sphere. In this differential equation Lie algebra is defined by the matrix A(¢), which in
this case is so(3).

We want to integrate eq (3.1) for numerical experiments with the given initial condition
y(0), over the time interval ¢ = [0,64] with a constant stepsize of h = 1/20 for the 3
integrators explicit RK, Gauss and Magnus. Then we will integrate the same problem
with MATLAB’s ODE45 for comparison.

The results are shown in Figures 3.1, 3.2, and 3.3,

28
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RK4

Figure 3.1: Solution of eq (3.1) from RK4 plotted on the surface of a unit sphere.

IRK

0.5

Figure 3.2: Solution of eq (3.1) from Gauss plotted on the surface of a unit sphere.
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Magnus

Figure 3.3: Solution of eq (3.1) from Magnus plotted on the surface of a unit sphere.

ODE 45

0.5

Figure 3.4: Solution of eq (3.1) from ODE45 plotted on the surface of a unit sphere.

From the Figures 3.1, 3.2, and 3.3, it is clear that solutions from explicit RK integrator
drift away from the surface of the sphere, while solutions from the Gauss and Magnus stay
on the sphere.

One of the advantage of using the Lie group methods such as the Magnus series expansion,
for solving this type of differential equations on the sphere is that the Lie group action
A produces special orthogonal matrices, which, when multiplied to the vector y(t) € R3,

preserves its length in the rotation, so that solution y(t) will always remain on the sphere.
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3.2 Lorenz Equation

The Lorenz equation describes a complex, 3 dimensional dynamical system with 3 param-

eters o, p and B. This system has the form

t=o(y—x), (3.1)
y=pr—y—xz, (3.2)
Z=uxy— Bz (3.3)

These equations are nonlinear with two quadratic terms zy and zz. Solutions in the Lorenz
equation are sensitive to initial conditions, and slight changes to the values of the solution
in any one of the 3 components can cause drastic difference in the solution at a later time.
For solving the Lorenz equations, when using the RKMK method, the manifold M is
defined as the domain of groups acting on themselves, the Lie Group G is simply ", and
the Lie algebra is also ®™ and abelian. The Lie algebra action A is given by the standard
vector addition, A(v,y) = v +y for v and y € R", and so the mapping f: R" x M — g
is simply f:R™ — R” for this setting,

where F' : " — R

So the Lorenz equations can be solved by the RKMK method in its present form in eq
(3.1) to eq (3.3). Also, because the Lie algebra is abelian, the adjoint operator ad’(v) = v
and ad;l(v) = 0 for n > 1. Then, the inverse of the differential of the exponential map
dexp, ! (v) = v Hence, the entire RKMK reduces to the classical Runge-Kutta method.
Now, we will follow the approach of Lorenz [8] and will use particular case when o =
10, 3 = 8, and p = 28. With initial condition Y (¢) as Y (0) = (17, —21, 54), and integrate
over the interval ¢t = [0,10] with a constant stepsize of h = 1/20. The integrators used
for solving this example are explicit RK method, Gauss method, the RKMK method, and
ODEA45.

Famous Lorenz butterfly appears with all the four methods after plotting the results.
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-50 -40

Figure 3.5: 3 dimensional graph showing the Lorenz attractor from explicit RK4, when
solving eq (3.1) to (3.3).

-40 -20

Figure 3.6: 3 dimensional graph showing the Lorenz attractor from Gauss, when solving
eq (3.1) to (3.3).

RKMK

-40 20

Figure 3.7: 3 dimensional graph showing the Lorenz attractor from RKMK, when solving
eq (3.1) to (3.3).
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-40 -20

Figure 3.8: 3 dimensional graph showing the Lorenz attractor from ODE45, when solving
eq (3.1) to (3.3).

Although all four attractors have the same form in three dimensions, the behavior of

trajectories from different methods is not the same.

3.3 Harmonic Oscillators

Unforced harmonic oscillators can be modeled by the second order homogeneous differen-

tial equation,
Py o dy
— +b—+ky=0 3.4
my T+ ky =0, (3.4)
where m,k > 0, and b > 0. If b = 0 then the system is undamped. However, if b > 0,
then different types of behavior are possible. For the harmonic oscillator equation, the

characteristic equation is

—b+Vb? —4dmk

2m
There are three different cases for the roots of the characteristic equation [8],

e if b2 —4mk < 0, then there will be complex roots and the harmonic oscillator is
said to be under damped. In this case, the system oscillates about its equilibrium

position.

o if b> —4mk = 0, then there will be repeated roots and the oscillator is critically

damped.

e if b> —4mk > 0, then the roots are real and distinct, and the oscillator is said
to be over-damped and system will move to its equilibrium position without any

oscillations.

Consider the second order homogeneous differential equation as an initial value problem

given by,
d?y dy
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with m =1, k = 1, b = 0.01¢. To solve eq (3.5) with numerical integrators, this second
order differential equation as a system of first order differential equations can be solved
by using the substitution dy/dt = v, and a vector Y (t) = [y(t), v(t)]

where the matrix A(¢) and the initial condition Y (0) are given by,

A(t) = !0 ! . Y(0)= [_21]

-1 —0.01¢t
This system will be solved with the explicit RK4, Gauss method and Lie group methods

like Magnus series expansion method, with fixed step size h = 1/20.

Figure 3.9: Solution of underdamped system in eq (3.5) for the interval ¢ € [0,40] using
RK4.

Gauss
T

Figure 3.10: Solution of underdamped system in eq (3.5) for the interval ¢ € [0, 40] using

Gauss.
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Magnus

Figure 3.11: Solution of underdamped system in eq (3.5) for the interval ¢ € [0, 40] using
Magnus.

If we compare results from the 3 integrators and that of ODE45, the accuracy archived
from the Magnus method is higher than that of the Runge-Kutta or the Gauss methods

of same order.



Chapter 4

Conclusions

Chapter 1 introduces the basic concepts of manifolds, Lie groups and Lie algebra. It
also includes Lie group actions and exponential map. Chapter 2 presents a discussion of
the Magnus series expansion and Runge-Kutta-Munthe-Kaas (RKMK) method for solving
linear matrix differential equations. RKMK is an important class of methods, because it
allows to use the classical Runge-Kutta methods to solve differential equations on mani-
folds, while preserving the group structure of the manifold associated with the underlying
dynamical system.

Chapter 3 contains three numerical experiments using the Magnus series expansion and
RKMK method for solving Lie group equations. Observations were made regarding
their performance in comparison to the classical integrators such as explicit Runge-Kutta
method, and the implicit Gauss method.

In Chapter 2, the Magnus series expansion was introduced to solve the linear matrix dif-
ferential equation of the form g(t) = A(t)y, where the matrix A is dependent on time ¢
only. However, when A = A(t,y), then the problem becomes nonlinear and collocation
methods must be used to solve such differential equations. It is something on which future

work can be done.

36
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