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Abstract

Some expressions for the solution of an ordinary differential equation (ODE) are derived. The
method used involves Taylor expanding the vector field defining the ODE. A generalization of a
known result is derived taking this approach. Consequences of this generalization are elaborated
upon, and are shown to produce further insights into the solution of a related set of partial differ-
ential equations. Two physical applications of the results are presented. The first is a method for
evaluating Feynman integrals, the second is a method for finding the path of swimming microbes.
The results of this thesis have applications in many fields of Physics.




Sammendrag

Noen uttrykk for lgsningen pa en ordinger differensiallikning utledes ved hjelp av en metode som in-
nebaerer Taylor-rekkeutvikling av vektorfeltet som definerer differensiallikningen. En generalisering
av et kjent resultat utledes ved hjelp av denne fremgangsmaten. Fglger av denne generaliseringen
droftes, og det vises hvordan disse gir ytteligere innsikt i lgsningen pa en beslektet mengde partielle
differnsiallikninger. To fysiske anvendelser av resultatene presenteres. Den fgrste er en metode for
a evaluere Feynman-integraler, og den andre er en metode for a finne svgmmebanen til mikrober.
Resultatene i denne oppgaven kan anvendes i mange fysiske fagfelt.
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1 Introduction

Many problems in physics and mathematics boil down to solving a linear ordinary differential
equation with initial value,

U(t) =H(U(t), U(0) =1, (1)

where U takes values in some Lie group G, and H is a time dependent function that takes values
in Lie G, the Lie algebra of G. 1 is the identity of G. A typical example of this situation is when
U is the time-evolution operator in quantum mechanics. Eq. (1) is then a reformulation of the
Schrédinger-equation: Given an initial state |1)), the Schrodinger equation 0|i) = H|y) can be
solved using the initial value problem (1), by posing |¢) = Ultyg).

In this thesis, we will develop and present a particular way of representing the solution of equations
like (1). Namely, we wish to find some (t) € Lie G such that U(t) = exp(2(¢)). Our starting
point is reformulating eq. (1) as an integral equation,

Ut)=1 —l—/o drH(T)U(1). (2)

The integral equation (2) can be solved by Picard iteration, yielding the Dyson-Chen series

U=1+H+HH+HHH+ -, (3)

where H(t) = fot drH(7), and HH(t) = fot dr [ dr’H(T)H(7'), etc." This is only a formal
expression at this point, since we do not know whether the sum converges.? If H commutes with
itself evaluated at different times, that is, if H(¢)H(t') = H(t')H (t) when t #t', then HH = HH,
and so

solves eq. (1).

Now, if H(t)H(t') # H(¢')H(t), it is not obvious that U can be written as the exponential of some
Lie element. If the Dyson-Chen series does not terminate, a closed expression for U may not be
obtainable, and when approximating U by truncation of eq. (3), group properties may be lost,
giving an expression not suitable for calculation.® Therefore, it is often convenient to express U as
the exponential of some Lie element.

In quantum mechanics, eq. (1) appears as the Schrodinger equation, U(t) = H(t)U(t), where H(t)
is anti-Hermitian, meaning H'(t) = —H(t), where H(t) is the conjugate-transpose (adjoint) of
H(t). The anti-Hermiticity of H(t) implies that U(t) is a unitary operator. A truncation of the
Dyson-Chen series (3) does not necessarily yield a unitary operator, and so is not a desirable way of
obtaining approximate solutions. It would be better to approximate solutions by the exponential of
some anti-Herimitian matrix. It turns out that €2 defined above can be defined as an infinite sum of
iterated brackets of H. This sum can be truncated to yield approximate solutions to the problem,
which at all orders of truncation yield an operator with the desired anti-Hermitian property.

The quest for finding an efficient scheme of calculating € such that U = exp(f2), started a long
time ago, the first paper providing a thorough investigation being that of Magnus in 1954 [37],

IThe bar (-)-notation meaning time integration is common in the literature. See e.g.[45]

2For instance, if H is a bounded operator on a Banach space, the sum converges: if |H(t)| < M for some bound
M, then |U(t)| < 1+ [H|+ |HH| +--- <1+tM + $12M? + ... = etM < o0.

3If we are so lucky that the solution to our problem lies in the image of the exponential map, then we might be
able to solve for Q2 such that exp(2) = U. This is for instance not always the case for G = SL(2,C), whence the
exponential map is not surjective although SL(2, C) is simply connected.




soon followed by important contributions by Chen and others. In this thesis, we shall be concerned
with finding ways of expressing () as a means to solving eq. (1).

Magnus obtained in his seminal paper a scheme for calculating €2, producing to the third order in
H,

(7, H], H + 4 [ (L H]) 4+ (W

commonly called the Magnus expansion. Higher order terms will be of a similar form: They consist
of different combinations of iterated Lie brackets of H which are iteratively time integrated, with
some rational coefficients. Iserles & Norsett [23] give a thorough review and exposition of methods
to calculate the terms in eq. (4).

The fact that the problem of effectively approximating the solution of eq. (1) has remained a topic
of active research for over eighty years reveals the complexity of the problem at hand. The fruits
of this research is a wealth of iterative schemes and expressions for §2, with properties suited for
different versions of the problem. An extensive review of this is given by Blanes et al. [9].

We will in particular be concerned with calculating €2 in the context of gauge theories. In this case,
H in eq. (1) appears as a connection on a principal bundle depending on time through a loop on
the base space. This context is the main motivation for this thesis, and so we now state precisely
what we mean by this. We suppose the reader to be familiar with some concepts from the theory
of Lie groups and differential geometry. More precise definitions of the terms are given in appendix
A. Relevant sources on this topic are classic texts on differential geometry, like [54] and [26], the
well-known physics-directed work by Nakahara [43] and Frankel [16], and the very detailed work
by Kolar et al. [27] containing proofs of most of the relevant results.

Let G be a Lie group with Lie algebra g. Let M be a manifold with tangent bundle TM, and
suppose (W, z) is a chart! on M. We call a connection one-form w a map w : TM — g. Let
w: [0,1] = W be a path in W C M such that u(1) = u(0). We call this a closed path or a loop.
We express w in the local coordinates x as

w = A;dzt,

where A; : W — g. In the above equation, the Einstein summation convention is used, and it will
be used throughout the thesis with the rule that repeated indices are summed over. If we evaluate
w on the path u, we get

w(a(t)) = @' (t) A;(u(t)).

We shall call the problem

g(t) = —g(t)a' (t) Ai(u(t)), 9(0) =1 ()

the holonomy problem corresponding to the loop u. Evaluating g at ¢ = 1 then gives a group
element which we call the holonomy element corresponding to the loop u. The holonomy element
corresponding to a loop is a purely geometric quantity depending on the loop and the connection.

The definition of the holonomy problem seems unmotivated at this point, but it has vast application
in differential geometry and physics. We now mention a couple of examples. Berry showed in 1984
that a periodic variation of the parameters of a particular type of quantum mechanical problem
yields an overall change in phase of the state of the system [5]. This phase can be expressed as
the solution to an appropriately defined holonomy problem, in which the relevant gauge group is
G = U(1), and the connection one-form then comes from the Schrédinger equation. Guichardet

LW C M is an open subset and x : W — RIm(M) ig 4 homeomorphism onto it’s image, an open subset of
R4m(M) - The components of z are called local coordinates on M.




remarked in 1984 that vibrational motion in molecules generate an overall rotation [17], whence
the gauge group is G = SO(3), the rotation group, and the connection one-form is a reformulation
of conservation of angular momentum. The same principle can be used to predict rotation of free
floating objects, and is extensively used in control theory [42] [41]. We mention lastly the case of
deformable bodies floating in a viscous fluid. This situation can also be reformulated as a holonomy
problem, as was done by Shapere and Wilczek [50] [49]. In this case, the gauge group is SE(3), the
3D-Euclidean group, and the connection comes from some boundary conditions on the fluid.

We now introduce the notion of curvature of a connection, which is key to the main result of the
thesis. Let g and u and w be as defined before. Let

Fij = 8iAj — 8]‘141' — [Ai; Aj], (6)

where A;, as before, are the components of w with respect to the coordinates z and 9; := 9/0x".
We call F' := Fijdxi A dz? the curvature 2-form of the connection, and we can regard F as a
2-nd order covariant antisymmetric tensor with components Fj;, which we call the curvature. The
name “curvature” is justified in the following sense that on a Riemannian manifold, the holonomy
problem appears as the problem of parallel transport involving a Riemannian connection, and F
can be identified with Riemannian curvature. As per intuition, we expect parallel transport along
a contractible loop on a zero-(Riemannian)-curvature manifold to be trivial. Analogously, the
holonomy element corresponding to a connection with F' = 0 is trivial for contractible loops.*

It was shown by Radford and Burdick that the solution to the holonomy problem, eq. (5) can be
expressed entirely in terms of the curvature F. The fact that F' = 0 yields a trivial holonomy
element then follows immediately from this expression. It is know that F' = 0 implies path
independence of the holonomy problem, that is, eq. (5) is independent of the path chosen between
u(0) and u(1) whenever F' = 0. This path independence only holds for homotopic paths; two
non-homotopic paths might well produce different holonomy elements even though F = 0.

We now state the result of Radford and Burdick, which is the starting point of our discussion. Let
I = (i1,...,i,) be a tuple of indices ranging from 1 to dim M. The n-fold iterated integral of w is
defined by

1

t t 7t "
/ dyioin = / dr! / dr?. .. / drmat (rhy -t (), (7)
0 0 0 0

where ¢ is the i-th component of 7 with respect to the coordinates z.

An important fact is that these integrals are independent of reparametrization of u [13], and so
the above iterated integral really only depends on the geometry of the path.

Radford and Burdick showed in [45] that the solution to the holonomy problem, eq. (5), for a closed
path u, is g(1) = g(0) exp(Q2), where?

1 | b
0= —3Fyu(0) [ du = 39Fu(a(0) [ Q

Here, F' is as defined in eq. (6), and Vf : M — g: V,f = 0;f — [A;, f]. We shall refer to
the expansion on the right hand side of eq. (8) as the Radford expansion. For illustration, we
only present the first two terms of this expansion here. The full expression will be presented in

Theorem 4.1. The only path-dependent components of this expansion are the iterated integrals.
The coefficients are all of the form V;, ---V,; F; _,; (u(0)).

Although this expression did not appear before Radford & Burdick’s paper [45], similar expressions
have been alluded to earlier. Loos gives a similar expression in [34] for a special case of loops in
his proof of a theorem by Chow (Theorem 4 in Loos’s paper).

IThis is theorem 9.1 in [26].
2 A minus sign error in the original paper is often repeated when cited. Compare [38] and [36].




Curiously, this “covariant” version of the Magnus expansion has not gained a lot of attention
outside the realm of control theory. The problem of finding the holonomy element corresponding
to a path on the base space is ubiquitous in its physical application, so we believe that the Radford
expansion (8) deserves to be put to use in physics proper. However, the derivation of eq. (8) as
conveyed in [45] remains obscure, and leaves little room for deducing any relevant generalization.
We will therefore find it useful, to provide a detailed explanation of how eq. (8) is derived, and
then show that it can be derived from a more general theorem.

The traditional approach to the Magnus expansion is to work out and evaluate the terms in the
expansion (4). In this thesis we shall take the approach of Radford, and work out ways of evaluating
the Magnus expansion by Taylor expanding H. The reason this has not been a popular approach
in practice is that H is not analytic in general, which is required for a Taylor expansion. However,
if an analytic expression for H is obtainable, our approach seems the most suited for analysing the
problem. By inspiration of how eq. (8) is derived in Radford & Burdick’s paper [45], the program
of this thesis will be to produce solutions to differential equations of the form of (1) in terms of
exponentials of Taylor expansions of H.

This thesis is organised as follows: In Section 2 we present and clarify the notation that will be
used and present some preliminary remarks. In Section 3, we review some basics on vector fields
and flows. In Section 4, a new proof of Radford’s theorem is presented. In Section 5 a couple
of consequences of the new proof are elaborated upon. In Section 6, we review the theorems and
expansions of Magnus, Dynkin, Fer and Wilcox. In Section 7, we rewrite these expansions in terms
of products of Lie brackets and iterated integrals. In Section 8, the results of Section 7 are used
to produce a new Radford-like expansion by means of the technique of the proof of Section 4. In
Section 9, we present some applications of our results. In Appendix A we give a review of some
notions from differential geometry, and in Appendix B, the original proof by Radford is presented
in its differential geometric context.

2 Notation and preliminary remarks

2.1 Notation

Let f be a time dependent quantity, then we will often denote its time dependence by subscript f;
or superscript f?.

d .
%f:f

F.= /O Lar,.

Iterated overlines shall denote time-iterated integrals:

t 1 72
.= / dr? / dr? / dr3foifrafrs,
0 0 0

77, = /Ot g /0 02 /0 " d7° fra fra fra,

Let G be a Lie group. We denote the Lie algebra of G by Lie G or g. The Lie brackets on Lie G
are denoted [+, ], and we shall assume to be able to express the Lie bracket as [A, B] := AB — BA.

denotes the time derivative of f, and

~

Ir

and

etc.

Let M be a manifold. Then T'M denotes the tangent bundle of M. X (M) denotes the set of vector
fields on M. C*°(M) denotes the set of smooth functions on M.

We shall use the following abbreviations: “RHS” will mean “Right hand side”, and “LHS” will
mean “Left hand side”. “IVP” will mean “Initial value problem”. “ODE” will mean “Ordinary




differential equation”. “PDE” will mean “Partial differential equation”. “iff” will mean “if and
only if”

2.2 Iterated integrals of operator-valued functions

The inverse of U, as defined in eq. (3) is?

and satisfies

Ul=-U"H (10)

From this follow several identities. From the requirement that U—'U = 1, we can infer

HHH — HHH (11)

These can equally be shown by integration by parts. It is custom to define the time ordering
operator T' by

TH(H() = { R (12)

and analogous operations on higher order terms. Its adjoint T* is defined by opposite ordering.
Then,

U =Texp(H)

U™ =T*exp(—H). (13)

The time ordering operator 1" was first introduced by Feynman [15]. For reasons that will become
clear later, we will adopt the notation Evy = T exp(H).

2.3 Iterated integrals and Taylor series

As mentioned in the introduction, we shall be concerned with the special case of eq.(3), where
H(t) = H(t,u(t)), and that w : [0,1] — M is a path on some manifold M. If further, H(t) =
u*(t)H;(u(t)), where @/ are the components of 4 with respect to some chart on M, then finding €2 in
eq. (4) becomes the “holonomy problem”, where H is interpreted as a connection on M. Ultimately,
our goal is to express 2 in terms of derivatives of the H/s and iterated integrals, defined by eq. (7).

In anticipation of how eq. (8) is ultimately derived, note that we can Taylor expand H as

H(t ult)) = (8 Hy (u(0)) + 0 (£): H, (u / dui + i ()9:0; Hy (u / du'
(14)

t
+ﬂa(t)aiajakHa(U(0))/ du* 4 ...
0

This follows from $UU =0= U~ =-U-10U~! =-U"'H.




Inserting this into the Magnus expansion, eq. (4) does indeed yield an expression of 2 in terms of
derivatives of H and iterated integrals, but it seems prima facie impossible to regroup the terms
in order to obtain eq. (8). We shall show that there is indeed a more transparent approach.

3 Vector fields, flows and evolution operators

In this chapter, we provide preliminaries on vector fields and flows, and address some concerns
about the validity of our approach. The basic concepts presented here are largely well-established,
and I have taken inspiration from some lecture notes by Schmeding [48].

3.1 Taylor expansions

We will represent the solution to ¢ = Hg in terms of a Taylor expansion of H. This requires H to
be analytic with respect to the parameter in which we Taylor expand. It also requires the manifold
in question to be analytic. We shall always assume that we are allowed to Taylor expand, and so
we guard this as an implicit assumption whenever Taylor expansion is performed. Let ¢ : RN — R.
Let 29 € RY, then the Taylor expansion (;NS of ¢ around z is defined by

o(z) == exp((z — 20)"0;) p(x0). (15)

The RHS represents the infinite sum

Z (l‘ — ‘TO)il n' (x - xo)in 8i - 8%(;5(330)
n=0 :

such that exp( (r—20)"0;) represents the corresponding power series of partial differential operators.
Notably, for ¢ to be well-defined, we require a certain regularity on the derivatives of ¢ at x5. We
shall throughout this thesis assume ¢(x) = ¢(z), carrying the implicit assumption of analyticity.

Taylor expansions can be generalized to represent the solutions to ODEs in RV. Let f : RN — R,
and define the ODE

z = f(x), z(0) = xo. (16)
We call the solution to this ODE the flow of f and denote it by ®% () := 2(t). The Picard-Lindelsf

theorem guarantees that @ is well defined and smooth in some neighborhood of (0,z) € R x RV
as long as f is smooth.! Let ¢ : R — R. Under sufficient assumptions on analyticity for ¢ and f,

exp(tf'0;)p(wo) = ¢ o D (o) = B(x(t)).

We call the LHS the evolution operator Evy of f, and it is defined as the time dependent power
series of differential operators acting on smooth functions ¢ : RV — R:

Evig(wo) = exp(tf'0;)(wo) = Y gfilail < 85, (o).
n=0

We shall solve ordinary differential equations like (16) by manipulating the evolution operator of
the particular vector field in question. We present a typical argument using this technique in the
following.

IThis is a classic result. See e.g. [20], pg. 100.




Let f,g: RY = RY and ¢ : RN — R. Let D(f) := f'0; and D(g) := ¢'0;. By derivations, we
mean operators on C°°(R) that satisfy the Leibniz rule. D identifies a map f : RV — RY with
a derivation D(f). It can be shown that this map is one-to-one and that the commutator of two
derivations is again a derivation.

Let Y(D(f),D(g)) = BCH(D(f)+D(g),—D(g)), where BCH denotes the Baker-Campbell-Hausdorff
formula, defined by
BCH(A, B) := log(exp(A) exp(B)).

BCH can be expressed as an infinite series of iterated commutators. For later reference, the first
few terms in BCH are [10]

BCH(A, B) = A+ B+ 5[4, Bl + 15 (A, [4, B + [B,[B, Al - o2 (B, A4, B + - (1)

Since commutators of derivations are derivations, Y (D(f), D(g)) is a derivation. Define by X (f, g) :
RN — RY the map with components defined by D(X(f,g)) = X(f,9)0; := Y(D(f), D(g)). Since
Y (D(f),D(g)) is a derivation, X(f, g) is well defined. Performing a Taylor expansion,

¢ o ®f,  (x0) = exp(D(f) + D(g))p(xo).
In order for this equality to hold, we assume that @} g xists, and that f, g and ¢ are sufficiently

analytic at z( for the power series exp(D(f)+D(g))®(zo) to converge. We can formally manipulate
this power series to obtain

exp(D(f) + D(9))d(x0) = exp(Y(D(f), D(9))) exp(D(g))d(xo0)-

However, it is not a given that the RHS of this equality is well-defined as an operator on C*(R™).
For instance, f + g might be analytic while neither f nor g alone is. Furthermore, it is not obvious
whether the analyticity of X (f,g) can be inferred from the analyticity of ¢ and f. Next, by
assumption of analyticity we use the Taylor expansion

exp(Y (D(f), D(g))) exp(D(9))¢(x0) = exp(D(X(f,9)))d 0 By(wo) = ¢ 0 By o (54 (0).

Thus, we have obtained the equality

1 . 1 1
poPsiy =00l 0lx ).

Since ¢ is an arbitrary analytic function, this implies
1 _ gl .al
Qg =0y Px(sg): (18)
The critical reader may think that we can do away with the notions of flows and simply deal
with evolution operators as formal objects. This would simplify arguments and would relieve us

of carrying assumptions of analyticity. A paper by Kostonov is a good example of how this can be
done [28]. Essentially, it relies on the observation that the evolution operator formally satisfies

d
%EVf = EVfD(f)

The above equation holds in the sense that for analytic ¢ : RN — R,

9By s0 = By D(f)o, (19)




where D(f)¢ = fi9;¢. This follows from the chain rule:

L Bvto(n) = 560 ®y(x) = DK (x) = By D(/)o(a),

Formal manipulations like

exp(D(f) + D(g)) = exp(X(D(f), D(g))) exp(D(g))

make perfect sense, and so we shall assume such arguments to hold. However, when inferring
the equality of flows, as in eq. (18), we are making several assumptions on the analyticity and
convergence of the objects involved. Hence, the convergence of solutions obtained this way has to
be checked.

3.2 Generalizing to manifolds

The diffeomorphism group Diff (M) of a manifold M is the group of all diffeomorphisms M — M
with product defined by composition of diffeomorphisms. Denote the set of vector fields on M
by X(M), sections of the tangent bundle TM — M.! The flow ®x € Diff(M) of a vector field
X € X(M) is defined by ®x () being the solution of

& = X(x); z(0) = xo,

ie., P4 (zo) = x(t). In this sense, the flow is a map @' : X(M) — Diff(M). X (M) with the
Lie-Jacobi bracket [-,-] is the Lie algebra of Diff (M) in the sense that ® takes the role of the
exponential map.? Let ¢ : M — R. Then, we have by the chain rule

d
0P = Xpo . (20)

Thus, using the fundamental theorem of calculus,

t
¢ o :¢>+/ drX ¢ o ®%
0
t T
:¢+/ dT(X¢+/ dr' XX o D).
0 0

Repeating the iteration gives

2
$odl = (1+tX+%X2+~'~)¢:€XP(tX)¢~

In this sense, we relate % with the power series in X. From (20), we have

%exp(tX) =exp(tX)X = X exp(tX). (21)

The above equation holds in the sense that V¢ € C*°(M):
d
7 exp(tX )¢ = exp(tX)X ¢ = X exp(tX)o.

LxX(M) is a module over the ring C>°(M) of smooth functions on M, and a Lie algebra with respect to the
Lie-Jacobi commutator of vector fields.

2Tn fact, for general Lie groups, the exponential map is usually defined in terms of the flow [27]. Choosing
GL(N,R), which is a subgroup of Diff(RY), and co-restricting the flow map to gl(N,R), we get the usual definition
of the Lie algebra exponential as matrix power series.




3.3 Time dependent vector fields

For time dependent vector fields, the exponential has to be replaced by the time oredered expo-
nential. A time dependent vector field is a map X : R — X(M). Denote the set of time dependent
vector fields on M by TX(M). We define the flow map ®¢ : TX (M) — Diff (M) by writing the
solution to

#(t) = Xi(2(1)); (0) = xo (22)

as D% (o) := x(t). We note the ¢-dependence of vector fields by subscript, X;, and we note the
t-dependence of flows by superscript, ®%. Let ¢ € C°°(M). Then, by definition of the flow map,

%gboq)t = X, 0 By (23)

For clarity, the RHS of this equation can be more unambiguously written (X;¢)o®%, As mentioned
in the introduction, we can integrate eq. (23) by Picard iteration:

pod =+ Xip+ XXip+ XXX+ ---

=(1+X;+ XX, + XXX, +-)¢ (24)
= T*exp(X¢)p := Eviy ¢

The evolution operator satisfies

d
%Evtx = BEvi Xy, (25)

and is defined as the formal solution to this equation with initial condition Evg( = 1, the identity
operator. Magnus’s theorem states that we can find a time dependent vector field €2 such that
Evly = exp(Q;). We present Magnus’s theorem in a form which will be demonstrated in section
6.3.

Theorem 3.1. Magnus/Dynkin. The solution to Y = YX; Y(0) = 1 is Y(t) = exp(Q(X)),
where

oo 1 J (71)l+1 t ) t o N t et o )
— _ PRRRPLLAY ni sees 1 TNM2 ny1T-TNni—1 seeen]
) =33 3 /OdT /OdT /OdT

Jj=1 =1 ni+-4+n;=j
[ [ X, Xpiot], ey X,
(26)

where , )

t t 7' Tin—1

/ dritein = / dr® / dr’ .. / drin.

0 0 0 0

The first few terms of €2 are

We will review proofs of this and other formulas in section 6, all rendering the same idea: We are
trying to find a way to express the time ordered exponential as a true exponential. Due to the
symmetry of the problem, we have the following




Corollary 3.2.

Evx = exp(Q(X))
EVJ?X =exp(—Q(X))
Ev_x = exp(Q(—X))

(

Corollary 3.3. The solution to Y = XY is Y = e 2X) . This simply reverses the order of the
brackets, such that

1,...,n1 ni+1,...,n1+no . ni+--n;—1+1,...,

J=1 =1 ni+---4n;=j
[XTI, ceey [Xfrjfl,XTj] “e ]7

and the first few terms are

_ _— 1 ——7/7—= 1, — —_ —
Proof. This follows from the fact that
[ X, =X i)y e, =X = ()T [ X, X 1]y e, Xt ] = [ Xt o, [X s, X ]

O
Lemma 3.4. Let X and Y be time dependent vector fields. Then,
Evxiy = Evade, , vEvx,

where Adgy, Y = EVXYEV)_(l

Proof. We will prove the lemma by showing that Ev AdEVXyEV x satisfies the same IVP as Evxy.
Applying the Leibnitz rule,

d d
%EVAdEvX vEvy = % (EVAdEvX y)EVX + EVAdEvX Y %EVX.
By definition,

T (Evadg, ,v) = Evadg, , v Adgy, Y,

and p
%EVX = EVXX.

Inserting these into the equation above, we get

d
aEvAdEvXYEVX = EVAdEvaEVXY -+ EVAdEVXYEVXX = EVAdEVXYEVX (X + Y)

We thus have that EVAdEVXyEV x satisfies the same IVP as Evxy, which is

d
%EVXJrY = BEvxiy(X +Y). Evi,y =1,

As a consequence of Lemma 3.4,

-1
EVAdEvXY = EVX+yEVX ,
and so, using Magnus’s theorem,

exp(Q(Adgy Y)) = exp(Q(X +Y)) exp(-Q(X)),

and taking the logarithm gives

10



Proposition 3.5.

where
BCH(A, B) = log(exp(A) exp(B)).

Lastly, we derive an expression that will be useful in the next section. We present it as a lemma:

Lemma 3.6.

Ad(Evfx)_ly =Y+ [ya Y} + [Xa [XVYH + [Xa [X’ [Y’ Y]H +
Proof. Recall that by definition, the operator Evy satisfies

d
%EVX = EVXX.

Composing Evx with its inverse must yield the identity:
(Evyx) 'Evx = 1.
Differentiating this expression with respect to time must then yield zero

d d
%((EVX)*)EVX + (EvX)*%EvX =0.

Rearranging this equation, we find that (Evy)~! satisfies

%((EVX)*) = —X(Bvyx) "

Ad is defined by the composition of operators
AduB:= ABA™.
Using this, we have

d d T — T
EAd(EVZX)AY = E((EV_X) 'YEVT )

= X (Ev7 ) 'WEVT y + (Ev7 ) 'YEV (—X)
= [XTaAd(Ev’;X)*lyL

Using the fundamental theorem of Calculus and the above result, we have

t d t
Ad(EviX)*ly =Y -I—/O dTEAd(EVT_X)—ly =Y -I—/O dT[X-,—,Ad(EV:X)—l}/}.

This is a recursive equation for Ad gyt )-1Y. Iterating it yields the infinite series in the lemma. [J

The idea of Lemma 3.6 can be used to derive an identity that is useful in quantum mechanics.
Recall that the evolution operator in quantum mechanics is defined as the solution to

where H(t) is anti-Hermitian. This makes U a unitary operator. A quantum state |1 (t)) whose
dynamics is governed by the Schrédinger equation,

d
Z00) = H®Ol(t),

can be given in terms of the evolution operator as |1(t)) = U(t)|to), where |1)) is the initial state of
the system. We suppose the reader familiar with the terms “Schrodinger picture” and “Heisenberg

11



picture” in this context. Let Ag be an operator in the Scrodinger picture. It’s Heisenberg picture
equivalent is

Ay = UAsUil.

By doing the same trick as in the lemma,

An(t) = As(t)+ [ arLU@AOU () = As(o)+ [ arlH (). U AsOU (7).

Iterating this equation gives

Ay = As + [H, As] + [H, [H, As]) + [H, [H, [H, As]]] + - .

A truncation of this expansion gives an approximation for Ag.

4 Radford’s theorem

In this section, We present the result from Radford & Burdick’s paper [45] as a theorem, which we
will call Radford’s Teorem. We will show that it can be derived as a corollary of Proposition 3.5.

Theorem 4.1 (Radford). Let G be a Lie group and M a manifold, and (W, z) a chart on M. Let
w: [0,1] = W be a path in W C M such that u(1l) = u(0). Let A: TM — Lie G be an analytic
connection one-form, that is, A(u(t)) = u'(t)Ai(u(t)), where A; : W — Lie G is analytic.® Then,
the solution to

g =—gA;(u)i’
is given by
s 1 Li/2] (71)1 t +
9(t) = 9(0) exp <Z~ > > / dult - / du"V Fy,..q, (u(on), (28)
=27 = I+ =5 7 0

where Fz‘j = &»Aj — (%Az — [Ai,Aj], Vl = [A“ ] — (1‘, 82 = 6/8$i, VFil...i" = Vil e Vi'rl.fZFinflin
and I; is a multi-index of size |I;|. |j/2] denotes the largest integer less than or equal to j/2

The first few terms in the expansion above are

g(t) = g(0) exp ( - %Fij(u(())) /t du® — éViij(u(())) /Ot du'* 4. )

0

This is the main theorem we wish to prove. It turns out that it can be derived from Proposition
3.5, and that it is possible to generalize the theorem to non-closed loops. These new results are
what we will show in the following.

We will do this in steps. Proposition 3.5 is a general statement, and the equality holds for all
vector fields, as long as the quantities involved are well defined. The vector fields we will put
into the formula given in the proposition will be elements of TX (M x G), that is, time dependent
vector fields on M x G. The functions involved in Theorem 4.1 are w : [0,1] - W C M, and
A:TM — Lie G. We will construct some time dependent vector fields U,LA € TX(M x G) out
of u and A respectively, put these into the formula in Propostion 3.5, and show that this gives
a generalized identity that holds for non-closed loops u. We next show that Radford’s theorem
follows from this, and finally, we consider the special case of zero curvature, that is, if F' = 0.

I. Constructing U and LA

Suppose dim M = d. We shall assume for simplicity of the argument and without loss of generality
that W = M, that is, that the chart (W, x) covers M. We can construct a time dependent vector

1We require A; to be analytic in a neighborhood containing the path u.
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field U out of u in the following way. Let {0;}%, be the coordinate frame induced by the chart
(W,z) on M. These can be extended to define vector fields on M x G in a canonical way. Recall
from differential geometry, that

T(MxG)=TM&TG.

This means that there is a canonical injection iy, : TM < TM & TW, such that iy 0 9; :
M — TM & TG. Extend this to define a function on M x G by composing with the projection
v M xG— M, (z,g) — x. Then,

Oi:=iyodiomy : MxG—->TMeTG2T(M x G)

defines a vector field on M x G. We do this to all the basis vectors J; in the frame {0;}, and
define the linear combination Uy := @'(¢)d;. U is then a time dependent vector field on M x G.
An important fact about this vector field, that we can note straight away, is that

Y € OX(M x G) : Ud(u(t), ) = i (18.0(u(t), ) = “So(ult). ).
where ¢(u(t),-) denotes the map G — R, g — ¢(u(t), g).

In Theorem 4.1, A : TM — Lie G was defined as a Lie algebra valued one-form. This means that
it can be written as the linear combination

A= A;dx* : TM — Lie G,

where dz’ are the unit one-forms associated with the frame {9;}. These are defined precisely by
their action on the 8;’s: dx'(9;) := 5;, where 6; is the Kronecker delta symbol.

The linear combination A;dz’ is dependent on the chart = and so, is really only defined on the
open subset W where x is defined. As mentioned before, we assume M = W. This is without loss
of generality, since the theorem supposes the path u to be contained in W. A coordinate domain
is by definition contractible, and it is a fact that a tangent bundle T'M where M is contractible is
trivializable [26], meaning TM = M x RY, where R¢ parametrizes the tangent vectors. Precisely,

A;dz' - M x R? = Lie G,
(p,V) —~ A;i(p)V".

Now, we can fix the second coordinate of this map by evaluating it at u(t):
Agit(t) : M — Lie G,
p = Ai(p)a' (¢).

By composing this map with mp;, as we did before, we get a map

(A0t (t)) omas : M x G — Lie G. (29)

We wish to extend this to define a vector field on all of M x G.

Let £ € Lie G. We will define a map L : Lie G — X(G), such that £ can be identified with a vector
field on G. Let

L(§)(g) = dg:&,

where dg; is the differential of the map G — G : h — gh evaluated at 1. The map L is a Lie
isomorphism with respect to the Lie-Jacobi bracket. We elaborate on the map L in Appendix A.2.
If we are working with matrix Lie groups, the application £ — dg:£ is simply the left matrix product
g€, and so we shall simply denote dg1£ = g€. If a vector field X € X lies in the image of L, we call
it left-invariant. The inverse of L, taking a left-invariant vector field and giving the corresponding
Lie element, simply amounts to evaluating the vector field at 1 € G: L='X = X (1) € Lie G.

13



We can compose the map in eq. (29) with L and then the injection ig : TG — TM & TG =
T(M x G) to get a vector field defined on M x G, which we will call LA:

LA:MxG—=T(M x G),
(z,9) = ic(L(Ai(2)d' (1)) (9))-

We have defined time dependent vector fields U and LA in M x G. We will put these into the
formula in Proposition 3.5, and show that it produces the result of the theorem. However, first we
need to show that this indeed gives the solution to the ODE defined in the theorem.

I1. Showing that LQ;(—A;(u)u') = Q(—Adgy, LA(u(0),))

By Theorem 3.1, we wish to find €;(—A;(u)d?). This gives the solution to the ODE defined in
Theorem 4.1 by

g(t) = g(0) exp(Qe(—~A;(u)i")).

Here,

—A;(u)a :[0,1] — Lie G
t s — A (u(t))ud(t).
It is worth noting for later reference that since L : Lie G — X(G) is a Lie isomorphism when
restricted to its image, and since 2 is a Lie element,
L (— A (w)i?) = Qp(L(— A (w)i?)),

or more intuitively stated, 2 commutes with L: Lo = Qo L. Note that the Q on the LHS of the
equality above consists of iterated brackets of Lie elements, and that the {2 on the RHS consists
of iterated brackets of left-invariant vector fields. It is safe to suppress this distinction since L is
a Lie isomorphism onto its image, and so the identification is unambiguous.

Recall from eq. (14) that we can express the Taylor expansion of A;(-)u(t) : M — Lie G in terms
of iterated integrals as

t

Ap(u(t)) ¥ () = Ap(u(0))a" (t) + /0 du’ 0; A, (u(0))a" (t) + /0 t du' 0;0; A (w(0))a" (t) + -+ . (30)
We will show that this corresponds to the action of Adg,: on LA.
Firstly, since U; is constant with respect to coordinates, we have LA;Upy = 0, and so,
[Up, LAy = Uy LAy — LAUy = Up LA, = 0 (¢')0; (L () A (+)) = L' (£)0; (0F (£) Ak ().
We used the fact that L commutes with the action of the 9;’s:
Vi:M —LieG:Vpe M : LO;f(p) = 0; Lf(p),
where Lf is understood to mean the map Lf : M — X(G) : p— L(f(p)).

Now if we integrate [Uy, LA;] with respect to t', we get

Uy, LAy = /0 dt'[Uy, LA, :L/Ol dt'"ut (t") 0y (aF () Aw(-)) :L/Ol du'0; A ()i (t).

Taking the bracket again and integrating gives

" "
t

t"’ t
U0 Al = [ a' [ ativowezal =z [ dasoo,nito.
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Repeating the same argument then gives the general formula

n times

t/
U, (U [Ty, LA -] = L / A0, s Aw(-)iE (b),
0

where 0;,...;, := 0, - -+ 0;, . Since L commutes with the 0’s, this is equal to

n times

t/
U, [U,[0,,LA]---] = / dui i, . LA,
0

Thus, applying L to the Taylor expansion (30), and evaluating at «(0), we have

LA (u(t),") = LA(w(0), ) + [Us, LAJ(w(0),) + U, [U,, LA (w(0),-) + -+ . (31)

By Lemma 3.6, this sum of iterated brackets is equal to
LAt(’LL(t), ) = Ad(EviU)*lLAt(U(O); )

Since the components of U are constant with respect to coordinates, we have [U:,Uy] =0, and as
remarked in the introduction, this implies (Ev’ ;;)~! = Ev}; = exp(U;). Using this, we get

LA(u(t),") = Ad i, LA(u(0), ).

exp(Ut

Recall that in this subsection, we wish to show that LQ;(—A;(u)d?) = Q(—Adgy, LA(u(0),-)). As
remarked before,

L (— A (w)i?) = Qp(—L(A; (u)ih)).
By definition of L and LA, L(A;(u)u?) = LA(u,-), and so, we have

L (—A;(w)i') = Q(—Adgy, LA(u(0),-)),

which is what we set out to prove.

ITI. Showing that Q(—Adgy, LA(u(0),-)) = Q(—Adgy, LA)(u(0),)

Recall that LA is defined as the vector field
M x G > (p,g) = gAi(p)i'(t) € T,G C T,M & T,G =T, (M x G).
This vector field is by definition tangent to G. We will now use the following fact:

Let P,Q be manifolds, and suppose X,Y € X(P x Q) are tangent to Q. Let p € P and denote
X(p,-): Q@ = TQ the map g — X(p,q). Then,

(X (p,-), Y (p, )] = [X, Y](p, ),
that is, it does not matter whether we fix the first coordinate before or after taking the bracket.
Now, since LA is tangent to G, we indeed have
Q(—Adgv, LA(u(0),-)) = Q(=Adgy, LA)(u(0), ),

as we wanted to show. The fact that LA is tangent to G implies that Adg,: LA is also tangent
to G.
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IV. The new result

We have shown that _
L (—A;(w)a') = Q(—Adgy, LA)(u(0), ).

The RHS of this equation is now of a form such that we can invoke Proposition 3.5:

Q4(~Adpy, LA)(u(0), -) = BCH(Qu(~LA + U), =24 (U)) (u(0), ).

This expression then solves § = —gA; (u)u':

Qi (—A;(u)i') = LTVLQ (— A (w)a') = L7 (—Adgy, LA)(u(0), )
= L7'BCH(Q:(=LA + U),2:(U))(u(0), -).

We thus have

9(t) = 9(0) exp(L™'BCH(2(~ LA + U), =2,(U)) (u(0),-)).

The map L~! amounts to the same as evaluating the left-invariant vector field at 1 € G, so

9(t) = 9(0) exp(BCH(Q (=LA + U), =2 (U))(u(0), 1)). (32)

This is the main result of this section. It is a generalized version Radford’s Theorem that holds
for all ¢, whereas the original theorem only held for ¢ = 1 with the requirement u(1) = u(0). We
next show how to produce the terms in the expansion in the exponential above.

As remaked before, Evyy = exp(U), and so Q(U) = U. The terms in Q;(—LA + U) can be found
using the Magnus expansion, given in Theorem 3.1. We write out the first couple of terms:

1 i——
W (—LA+U) = fLA+U+§[fLA+U, —LA+U]+§[[—LA+U, —LA+U],-LA+U]+---.

Now, recall that LA; = Li*(t)A;. Since L is a Lie algebra isomorphism,
[LA;, LAy] = L[A, Ap] = L' (t)? (¢')[As, A

From before, we know that [U;, LAy] = Lu'(t)u? (t')0;A;, and [Uy, Uy ] = 0. Combining these facts,
we have that A ‘
[~LAy + Uy, —LA; + U] = —Li* ()0 () F,

where, as defined before, F;; = 0;A4; — 0;A; — [Ai, A;]. Using the same argument, we get
[[~LAy + Upr, —LAy + Up], —LA; + U] = — L' ()@ (¢ )a* (¢ Vi Fyu.,
where V; = [4;, ] — 0;, and it is straightforward to deduce that

[ [~LAm + U, —LApm—1 + U], ..., =LA +Up] = =0 (t1) - -4 (t")LVy, --- Vi, F;

In—2t in_1%n"

Performing an iterated integral. we get

n—1%n*

t
[--[-LA4+U,-LA+U],...,—LA+ U}, = —/ dunV; -V, L F;
0

Inserting these results into the expansion in Theorem 3.1, we have
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t t
/ du® - / du"V Fy, .1, (33)
0

l Jo
=17 1= L1 |+t 11| =

where VF;

Q1 in

= LV, -V,

In—2

Fin—lin7 VFl = 7LA7 + 31', L is a multi-index of size ‘Ii|
The first few terms of Q.(—LA + U) are

O (—~LA+U) = (—LA; + 8;) /du —fL /dw

—gLviij(/ du'i* — /du/ du® + /dx”/ du®)

Recall that €;(—LA + U) and U are defined as vector fields on M x G. Thus, BCH(Q(—LA +
U),—U) is also a vector field on M x G. We can evaluate the first few terms in this expansion by
using the expression (17) for BCH. The first few terms are

_ o o L
BCH(Qt(fLA + U)7 *Ut) = LAZ/ du' — §LF1] / du" + §L82AJ / dum“
0 0 0
1 to 1 to (34)
- gLViij / du”k — 5L8¢ij / duzu'l]k + -
0 0

We denote the product of two iterated integrals by

t t t
/ du!’ ::/ duI/ du’,
0 0 0

where I and J are multi-indices. Notice that all the terms in eq. (34) are in the image of L, such
that
L_lBCH<Qt(_LA + U)u _Ut)(u(0)7 ) = BCH(Qt<_LA + U)7 _Ut)(u(0)7 1)

is an element of the Lie algebra, as we would expect for eq. (32) to make sense:

BCH(Q (—LA + U), —T,)(u(0), 1) = As(u(0) /0 dui — %Fij(u(O)) /0 duij—l—%aiAj(u(O)) /0 dui

t t
- %VZFJIC(U(O))/ duijk - %&F]k(u(O))/ duiu'ljk + e
0 0
(35)

V. The special case U = 0 implies Radford’s theorem

If we assume that u(1) = u(0), we have U; = 0, and so only the first term in the BCH expansion
survives:

BCH(Q (~LA + U), —U;) = Q (~LA + U),

such that
9(t) = g(0) exp(21 (=LA + U)(u(0), 1)). (36)
We can use eq. (33) to evaluate 3 (—LA + U)(u(0),1):

Q(-LA+U 01—001’J 1dh ldl’VF 0 37
LA+ D@y =32 Y S S [t [l R o), @)

1=1 JARS AR
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which is indeed Radford’s expansion as given in Theorem 4.1. We have used the fact that fol du? =0
to reduce the number of terms in the sum over . The first few terms of eq. (37) are

1
Q(~LA+U)(u(0), 1) = = S Fyj(u / du'l — fv Finlu / du'i*

—ZVZ-VJ-FM(U(O))(/ du'* — /du”/ dukl

(38)

VI. What if FF =07

The expression for Q;(—LA 4+ U), given in eq. (33) depends linearly on F to all orders. If F' = 0,
then all higher order terms vanish, and we are left with

OV (~LA+U) = —LA; + U,.

This provides a corollary to our generalized Radford theorem: If F* = 0, then the solution to
g = —gA;(u)d* is given by

9(t) = 9(0) exp(BCH(~LA; + Uy), —U¢)(u(0),1)). (39)

As will be elaborated upon in the next section, this is a path-independent expression: It only
depends on the endpoints u(t) and u(0) of the path u. This means that if curvature vanishes, then
the solution to ¢ = —gA;(u)d’ is path independent, consistent with the fact that for a manifold
with vanishing curvature, the holonomy elements corresponding to two homotopic paths are the
same.

5 Magnus expansion for vanishing curvature

In this section we provide some notes on the special case of F' = 0 for the main result of the
previous section.

Let G be a Lie group, and suppose we have the set of n PDEs

8x1g = gAi7 i=1,..,n, (40)

where ¢ = 1,--- ,n, g : R" - G and A4; : R — Lie G. This set of PDEs comes up in several
applications, notably in evaluating master integrals [21] and in the teory of moving frames in

variational calculus [58]. Let u be a path in R™. Then, multiplying by %, summing over i and
evaluating at « = u(t) gives

%g(U(t)) = u'(t) aiig(“(t)) = g(u(t))a' () Ai(u(t)) =: g(u(t)) Au(t)), (41)

an ODE which is typically solved in practice using the Magnus expansion. Using eq. (40), we have

0= (3z'5’j - 8]‘3@)9 = 3z’Aj - 3jA [AuA ] Fij. (42)

Since F' vanishes, Radford’s expansion simplifies to eq. (39), giving a path independent expression.

Let Au(t) = u(t) — u(0) and

1

Y(A,B) = BCH(A+ B,—B) = A — %[A, B~ =

4,4, B - %[B, [A,B]+---.  (43)
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We can use eq. (39) to obtain an explicit expression for g(t). Using U = Au’d; and A = Au‘A;,
we have (39).

g(u(t)) = g(0) exp(BCH(A¢ + Uy, —U¢)(z0) = 9(0) exp(Y (Ar, Up) (wo))- (44)

Here, we have taken the liberty of dropping the L in eq. (39). It is understood that combinations
like [0;, A;] mean 0;A;, while [A;, A;] is the Lie algebra bracket of the two lie elements A; and A;.
The expansion obtained this way is then evaluated at zq:

9(u(t)) =g(0) exp (¥ (Au* (1) Ay, A (1)9;) (o))
=g(0) exp (A (1) As(o) + 5 A (1) M (1)0; A o) (45)

+ éAul(t)Auj (t)Auk(t) (%[A’La a]Ak](Io) + 818]Ak(x0)) + - )

The expansion in the exponential above depends only on the endpoints of the path u, and so makes
g path independent. If we choose a path wu : [0,1] — R™ such that u(1) = 2 and u(0) = xg, then

g(x) = g(u(1)) = g(wo) exp (Y (A;Az", Az’ 0;)(x0)), (46)

where Az’ = 2° —x{. The exponent in eq. (46) is an infinite sum of iterated brackets. For instance,
the second term is

1 ; ; 1. . .
_i[AiA$Z7 Axlai](l‘o) = §A$ZA$381'AJ‘(Z‘0).
At this point, a sanity check is in order. Suppose we are faced with the ODE

9(t) = g(t)A(),

where A : R — Lie G, then we can regard this as a special case of eq. (40), using ¢ as the only
coordinate A and g depend on (i.e. setting n =1 in eq. (40)). This amounts to substituting ¢ for
Au’ and A’ for 9;A; in (45). We get

t3

ol0) = 9(0) exp(tA©) + 5 4/0) + £ 470) + L (a0 40 + ) ()

The expression in the exponential should match the usual Magnus expansion when A is Taylor
expanded around zero. We can check this by Taylor expanding A around zero, inserting it into the
Magnus expansion and performing the integrals. Let

A(t) = A(0) +tA(0) + gA”(o) +

Then, inserting into the Magnus expansion and performing the integrals, we get

1 1
+ 3 A A+ A AL AL+

A+
/ ( )+ TA'(0) + T;A”(O)er)

BN

%/ dT/OT dr’ [A(O)+T'A'(O)+~~~ JAO) +7A(0) + - | + -+ (48)
I tS 1 1 tS / t3 !
= 1a0) + La0)+ L)+ L(E 1), a0 + £ ae), 40)

t3 ,
HAO, A0+

giving the same terms as eq. (47). This gives a neat expression for the Taylor expanded Magnus
expansion:

t? 3
=tA(0) + EA,(O) + EAH(O) +
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d

Qt = Y(tA(T)’ t% |'r:())

(49)

This can be derived independently from the result in the previous section, and so we present it as
an independent theorem:

Theorem 5.1. Let A: R — Lie G be analytic, and suppose g : R — G is the solution to
9(t) = g(t)A(t). (50)

Then, g(t) = g(0) exp(Q(t)), where

d

Q) = Y(tA(T),th

) .
7=0
where Y (A, B) = BCH(A + B, —B).

The above formula means the following: Calculate Y (tA(7),td/dr) using the BCH formula and
[d/dr, A] = A’, and evaluate at 7 = 0. This produces up to fourth order in ¢:

t2 I t3 !/ ts " t4 " t4 "
9(t) = goexp (FA(0) + T A(0) + 5[4, A(0) + = A”(0) + A, A”)(0) + T-A"(0) + )
Theorem 5.1 is a consequence of eq. (39), however it is possible to prove it directly:

Proof. Let X := A+ d/dr be the vector field on R x G defined by

d d
X(T7g) = gA(T) + == LA(Ta g) + =
dr dr
where d/dr is the unit vector in the R-direction in Rx G, and LA(7, g) := gA(7). Then X generates
the solution to (50) in the sense that

This assertion comes from the following lemma:

Lemma 5.2. Let u : [0,1] — R™ be a path in R™ and suppose f : R™ x R™ — R™. Then let
y : [0,1] = R™ be the solution of the IVP in R™

y(t) = fut), y(t)), y(0) = o (52)

Now, define the time dependent vector field Uy := ' (t)0;, where 0;, i = 1,...,n are the first n unit
vectors on R™ x R™. Then, let (Z,7) be the solution of the IVP on R™ x R™

y(t) = f(@(@),5(1),  5(0) = yo,
i(t) = Uy, #(0) = u(0).

Then, (&(t), (1)) = (u(t), y(t))-

(53)

Generalizing this to products of manifolds, gives the lemma used to obtain the above assertion. In
the particular case of the above assertion, u is simply the identity map R — R.

Let ¢ : R x G — R. Then, by Taylor expanding,

o(t, g(t)) = ¢(®% (0, 90)) = exp(tX)p(0, go).
Using the BCH-formula on the operator exp(tX),
d d d
exp(X)0(0, 90) = exp(Y (FLA, 1) exp(t-0)6(0, o) = exp(LY (A, 4-))6 o (¢ x i) (0, 90).

where ¢ xid : R x G — R x G denotes the map (u,g) — (u+t,g). This is the flow map of the
vector field d/dr. LA is a left invariant vector field, and so is Y (¢LA, td/dr) = LY (tA,td/dr). We
will use a lemma from differential geometry:
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Lemma 5.3. Let X € X(G) be a left-invariant vector field. Then, ®% (g) = gexp(t&), where &
is the Lie algebra element associated with X by the isomorphism L defined in the previous section
and exp : Lie G — G 1is the Lie exponential.

Using this fact, we have

d
exp(LY (b4, t==))¢ o (¢ x id)(0, 90) = ¢ o (¢ x id) o (id x élLy(tAJ%))(o,go)

d
= ¢(t7go exp (Y(tA, t% ’7:0)))'
We thus have

g(t) = goexp (Y (tA, t%}Tzo))’ (54)

where go = ¢(0). O

The above theorem is of great utility if an analytic expression for A is known. We immediately
obtain a corollary of the above theorem.

Corollary 5.4. Let A: R — Lie G be analytic, and suppose g : R — G is the solution to
g(t) = A(6)3(t). (55)
Then, §(t) = exp(2(t))g(0), where

d

Q@y——Y<—tAﬁL2h

) (56)
=0
where Y (A, B) = BCH(A + B, —B).

The corollary produces up to fourth order in ¢:

2 3 3 4 4
9(t) = go exp (LA(0) + S A'(0) = 5[4, A)(0) + T A"(0) = [A, 4")(0) + - A"(0) + )

Proof. The proof mirrors that of the previous theorem, with minor change in details. Let X :=
A+ d/dr be the vector field on R x G defined by

d d
X =A — = RA il
(r.9) = A(T)g + - = RA(T, 9) + -,
where d/dr is the unit vector in the R direction in R x G, and RA(r,g) := A(r)g. Then X
generates the solution to (55) in the sense that

(bg((ov gO) = <t7 g(t))'

This assertion is clear by the same reasoning as in the proof of the previous theorem. The main
difference to proof of the previous theorem is that R : Lie G — X(G) is not a Lie isomorphism,
rather, as known from differential geometry, and shown in appendix A, R satisfies

R[A, BlLie ¢ = —[RA, RB],

where [+, ‘]Lic ¢ is the Lie bracket of the Lie algebra of G and [-, ] is the bracket of vector fields on

G. It can be shown that J J
—)=—-RY(-A, —).
dT) RY (-4, dT)

Basically, R “flips” all the Lie brackets around in the same manner as was remarked in the proof
of Corollary 3.2. We state this as a lemma:

Y (RA,
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Lemma 5.5. Let X1,...,X,, € Lie G, and suppose P(X1, ..., X},) is a Lie polynomial in the Lie ele-
ments X1, ..., X,,. By this, we mean that P consists of Lie brackets of X ’s. Then, P(RX4,...,RX,,) =
—RP(—X1,....,—X,).

It’s straightforward to prove the above lemma by considering the action of R on monomials:
[RXq,....,[RXpn-1, RX,]...] = =[RX1, ..., [RXn—2, R[Xpn—1, X»]].-]
= (=D"'R[Xy, ..., [ X1, Xpn]] = —R[~X1, oo, [~ X1, — X))

As mentioned in Corollary 3.2, this is the same as flipping all brackets, which is precisely what
happens when we use R.

Let ¢ : R x G — R. Then, by Taylor expanding,

é(t, 9(t)) = ¢(% (0, 90)) = exp(tX)$(0, go)-
Using the BCH-formula on the operator exp(¢X),

xp(LX)6(0,g0) = exp(¥ (HRA, 1)) exp(t-1-)6(0, g0) = exp(~RY (~4,t-2-))6 0 (¢ x ) 0, go),

Next we have a lemma on the flow of a right-invariant vector field:

Lemma 5.6. Let X € X(G) be a right-invariant vector field. Then, ®% (g) = exp(t&)g, where &
is the Lie algebra element associated with X by the anti-isomorphism R and exp : Lie G — G is
the Lie exponential.

Using this fact, we have
d . . .
exp(—RY(—tA,t%))qS © (t X ld)(O,go) = QS © (t X ld) © (ld X (I)l_RY(_tAvt%))((LgO)

d
= o(texp (=Y (1A t=—| _))90)-

We thus have

g(t) :exp(—Y(—tA,td%_L:O))go, (57)

where go = ¢(0). O

For completeness, we restate and make explicit the main result of this section as a theorem:

Theorem 5.7. The solution to the set of n PDFEs

2 gl@) = g()Ai(o), 9(z0) = g0, =1, 59)
s given by
) = 9(0) exp (¥ (A2 41(6), Ar'Di|e—, ) 59)

where Y (A, B) = BCH(A 4+ B,—B) and Ax = x — x.
The solution to the set of n PDEs

s given by

(@) = exp (= Y (=Az'A;(€), Ax'Dyl¢=s,)) §(0) (61)
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We evaluate the expansion in (59) up to fourth order in Az:

9(2) = glwo) exp (Aw' Ai(wo) + 5 A0 AaT0; Ay (o) + 15 A Aad Ax*[Ai, ;A (o)
T 1.
+ észijAxkaiajAk(xo) + ﬂAJElAa?]AJJkAJSl[Ai, 0;0; A)(w0)
1 S
+ ﬂAxleijkAzl&@j@kAl(950) +0)

Evaluating the second expansion, (61) just flips the sign of some of the terms:

) 1 . ) 1 ) .
f](if) = exp (szAi(fL'()) + iszAa:JBiAj (.’Eo) — EA{EZAQL'JA(EIC[AZ', 8jAk](a:0)
1 ) . 1 . )
+ éAx’Ax]AxkaiajAk(xo) - g A A AzF Azl [A;,0;0;Ax] (20)

1 S
+ ﬂAa:’Aa:]AxkAxlaiajakAz(l‘o) + - )9(930)

Proof. Suppose x,xg € R™ and let w : [0,1] — R™ be any path connecting u(0) = xg with u(1) = «.
Let v : R — G be the solution to .

¥ =i Ai(u)
Then the solution to (58) is g(z) = (1). This follows from the chain rule: g o u satisfies the same
IVP as v, and so

g(x) = g(u(l)) =~(1).
Since Fj; = 0, we can invoke the result from the previous section, (39). In this case,
mt = LA’U,l(t)A“
and - _
Ut = Aul(t)ﬁz

Inserting this into eq. (39) gives a time dependent left-invariant vector field on M xG. Evaluating at
(x0,1) gives the corresponding Lie algebra element, given in the exponential in eq. (45). Evaluating
at t = 1, then gives y(1) = g(z), which by eq. (46) gives the result of the theorem.

The analogous formula for g can be infered from that of g by using Corollary 3.2. O

We can deduce a nice corollary from the theorem above:

Corollary 5.8. Let M,,,xm(R) denote the set of m x m real matrices. Suppose I : R — R™
satisfy

or® u )
37 = [Aj ()21, I(z0) = Io, j = 1,..,m, (62)
where A : R™ = M, xm(R) is analytic. Then, the solution is given by
I(z) = exp(=Y (A" A;(€), Az’ 9 /I |e=y)) o, (63)

where Ax = x — xg.
Proof. Suppose g : R — GL(m,R) is the solution to

99 oy -
9 Aj(x)g(x), g(0) = 1.
Then, I(xz) = §(x)Ip. From Theorem 5.7, we know that

g = exp(=Y (= Az'Ai(€), Az’ 0/0€ |¢=s));

which by I(z) = g(z)I implies the result. O
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Something particular to note about the solutions in Theorem 5.7 is that they provide analytic
expressions for the exponent to arbitrary accuracy, as long as the derivatives of A are sufficiently
well behaved. This creates new possibilities for analysis in problems where (59) has to be solved.
To the best of my knowledge, the expressions provided here are new.

I do not claim to have proven the results of this section to absolute mathematical rigor, that would
be beyond the scope of my abilities. I am however confident that these results are true, and that
the details needed to complete the proofs amount to technicalities that can be overcome. The
“sanity check”, showing the validity of Theorem 5.1 up to third order can be done to arbitrary
order on a computer. I have not yet had time to do this, however.

5.1 Zassenhaus expansion for vanishing curvature

By a similar idea to the previous section, we can produce solutions to (40) based on the Zassenhaus
formula, which we introduce next. The Zassenhaus formula presents the exponential of the sum of
two operators as an infinite product of exponentials.

The left Zassenhaus formula is given by [11]
exp(H(X +Y)) = -exp(t* Z4(X,Y)) exp(t? Z3(X, Y)) exp(t* Z2(X, Y)) exp(tY) exp(tX),

where

1 dr

Zn(X, Y) = ﬁ% o

The terms constituting the analogous right Zassenhaus formula,
exp(t(X +Y)) = exp(tX) exp(tY) exp(t>Zo(X,Y)) exp(t® Z3(X, Y)) exp(t* Z4(X,Y)) - - -
are related to the Z,’s simply by Z, = (—=1)"*1Z,.

Let g be the solution of

7
519 = 94i(2), g(z0) = 1. (64)
We know from before that the solution to (64) is

g(x) = exp (BCH(Az' 4;(€) + Az'0/0E |e=sy, —A2' 0/ OE' |¢=s,)) (65)
= exp(AT 44(€) + ATD/OE e—ay) XD(— AT D0E ey,

Using the left Zassenhaus formula by substituting Az'0/9¢%|¢—,, for X and Az?A;(€) for Y, eq.
(65) can be rewritten as

glx) =---exp (Zg(Aa:ja/a{j ,AxiAi(f))) exp(Zg(A:I:ja/afj ,AmiAi(g))) exp(AmiAi(xo)),

(66)

|§:mo ’E:mg

an infinite left product of exponentials of homogeneous polynomials in Az = = — x.

The Zassenhaus elements Z,, can be worked out in a systematic fashion, as shown in a paper by
Casas et al. [11]. The first few are

ZZ(Av B) = %[Av B]
Zo(A, B) = 3[B, (4, B]| + 5[4, [4, B]

Z4(A, B) = (B, (B, A, BI] + [B.[4,[4, BI]) + 5[4, 14,4, B]]
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such that, we have explicitly to fourth order in Ax:

g(z) = exp (AxiA:chx’“Axl(é([Ai, [A;, O A (o) + [As, 050k Al (w0)) + iaiajaml(xo)))

S 1 1 o1
exp (Az' Az’ Az* (g[Ai’ 0; Ak (xo) + éaiajAk (z0))) exp (Az* A’ iaiAj (20))

exp (AxiAi (xo))
(67)
We can make analogous use of the right Zassenhaus formula to obtain a solution to
0 . <
519 = Ai(@)g; g(zo) =1. (68)
We know the solution to (68) to be
G(z) = exp(—BCH(—Az" A;(€) + Az 0/ ¢y — AT D) OE e—sry )
Making use of then fact that BCH(A, B) = —BCH(—B, —A), we have
() = exp(~BOH(- A0 4i(€) + Ar'0/08 sy ~Aa'0/0E e, o)

= exp(Az'0/0E e=ry ) exp(Az" A; (&) — AT'D/OE e=ry)-

By using the right Zassenhaus expansion, we thus get

g(x) = exp(Aa’ Ai(wo)) exp(Za(~Aa?0/0¢7 |, Az Ai(€))) exp (Z3(~Aa79/0¢7|_ , AxAi(€))) -+~

(70)

|§:CEQ

It is possible to produce a Zassenhaus-like expansion for the solution of an ODE. Let g be the
solution of

9(t) = g(t)A(t); 9(0) = 1. (71)
Then, by the same idea as above,

g(t) =---exp (Zg(t%“:o, tA(T))) exp (Zg(t%h:o, tA(T))) exp (tA(())). (72)

Explicitly, to fourth order in ¢, this gives

g(t) =---exp (%([A, [A, A']](0) 4 [A, A"](0)) + ;—4A”’) )
3 3 2
exp (514, A”](0) + S A7(0)) exp( 5 A'(0)) exp (14) o,

For the problem § = Ag there is a corresponding solution in terms of the right Zassenhaus formula.

The expressions (66), (70) and (72) are to my knowledge new. Again, I do not claim to have proven
these expressions to absolute mathematical rigor.

6 Theorems of Magnus, Dynkin and Fer

In this section, we revert to the general problem defined in the introduction in eq, (1). This is a
well studied problem, and most of the results presented in this section are known. I provide an
exposition of different approaches to the problem, and supply some of my own insights along the

25



way. As well as containing the proof of Theorem 3.1, the results presented here are important for
the discussion in Sections 7 and 8.

Let G be a Lie group with Lie algebra Lie G. Let A : R — Lie G, then the IVP
Y (t) = Y()A(t), Y(0) =1 (74)

defines a path Y : R — G. The equation (74) can be Picard iterated to yield a power series
expression for Y. Magnus’s theorem states that it is in general possible to find formal expressions
for © such that Y = exp(Q) [37]. First, we present Magnus’s theorem.

6.1 Magnus expansion

This exposition and proof sketch of Magnus’s theorem is my own. My conceptual contribution here
is that the Magnus expansion itself can be understood as the time ordered exponential of a vector
field, as illustrated in eq (85), although it is unclear whether this method has any computational
benefit.

By hypothesis, we are seeking € such that exp(2) =Y. In consistence with Theorem 3.1, we note
Q = Q(A), but omit explicitizing the dependence on A here. Inserting exp(2) =Y into eq. 74,

exp(fﬁ)% exp(2) = A. (75)

We will show that

= exp(—adg) — 1

O (76)

i ) =

exp(—Q) —exp
Jj= O

where adg () = [Q,Q], adl, = adg o ... o adgq is the n-fold composition of adg. We sketch a proof
of eq. (76). Following Snider [53], we have

%exp ):/O davexp((1 — )Q)Qexp(af),

such that

1
eXp(—Q)%eXp ):/ dacexp(—af)Qexp(aQ).
0

It can be shown that!

. > (—a)” iy
exp(—a)Qexp(a) = Z:O (s n!) adg €2, (77)
such that
> JH . exp(—adg) — 1,
exp(—Q) —ex = Q), 78
b(—2) ¢ exp(@ Z R (1 (78)
Then, inverting eq. (76) gives
a'dQ ~ (_1)an n
=—  ——(4)= ————adg(4), Q) =
exp(—adg) _ 1( ) nZ::O n! a Q( )7 (0) 07 (79)

1See B. Hall [18], pg. 64.

26



where B,, is the n-th Bernoulli number.! We thus have an IVP for €. Define

- adQ
FQ) = o (A) (50)
such that
Q(t) = £(Q(1)). (81)

Now, f; : Lie G — Lie G, and if we interpret f as a time dependent vector field on Lie G, we can
define its differential action on Lie polynomials by

)= G| pe0) (52)

Let p’4 be the Lie monomial
: § n times
pa(Q) :=adi(A) = [Q, ..., [Q, A(T)]...]-
Then the action of f; on p™ is by the Leibniz rule

Fops(9) = [Fr (), [ o [ A] + oo+ [ e [£(2), AL, (83)
such that
fort@) =3 EV By ). (34)
n=0

By the same idea as in eq. (24),

/dTQ /deT
¢ /0 [0+ [ ar dd’f (@)
@ /0 P[0+ [ arpep@e)

where in equality (1), we used the fundamental theorem of calculus and ©(0) = 0. In equality (2),
we used eq. (81). Repeating the iteration yields a power series in f which can be used to evaluate
the Magnus expansion:

= f(0 )+ff( )+fff( )+ - (85)
= A+ (A A+ 1A AL Al + (A T4 Al +
Here, By, are the Bernoulli numbers, defined by
exp(:) —1- ;) %Zﬂ
The first few Bernoulli numbers are
Bo=1, By = —%, By = %, B3 =0, By = —%, ete.

In particular, Bap4+1 =0 forn=1,2,3,....
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Several schemes exist for effectively calculating the terms in the Magnus expansion. Notably, the
work of Iserles & Ngrsett provide a good example [23].

6.2 Fer expansion
Fer [14] showed that Y can be expressed as an infinite product of exponentials. Here, we expose a
scheme for deriving this expansion, by inspiration of [8].

Suppose Y = Y A. Let Fy := A and define Y; exp(F}) := Y. Then,

) ) d
Y1 =Yexp(—F1) + Y% exp(—F1)
d
=V [exp(Fl)A exp(—Fy) + eXp(Fl)a exp(—Fl)] =Y Ay

Using eqs. (77) and (78),

= [1 1 : = [1 1
=3 |t A= et = 30— i
n=0 n=0
00 (86)
n
= ————adp A
— (n+1)!
Let Fl 41 := A, and Y, =: exp(Fy+1)Yn41. Then, define by the same procedure as above
A =S " ar 4 87
nt1 —;ma Fpyr Ane (87)
Fer showed that Y is expressible as the infinite product of exponentials
Y = ---exp(F}3) exp(F2) exp(F1). (88)
Suppose }7 = ASN/, and let Fnﬂ = Zn, where
1 — n(_l)n n 1
A=) o 1)!abdmﬂAn, (89)

n=1

and Ag := A. Then, as shown in [8], Y can be expressed as the right infinite product of exponentials

Y = exp(F1) exp(F2) exp(F3) - - . (90)

6.3 Dynkin expansion

The approach taken here is known in the literature, and is elaborated upon in [45] amongst other
places. My contribution is the rewriting of the Dynkin expansion to the form of equation (94),
which to my knowledge has not appeared explicitly before.

Q(A) can be calculated directly by taking the logarithm of the power series produced by Y =YA.
Let

Y =1+A+AA+ AAA+ - = exp(Q(A)). (91)
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Y is seen to satisfy Y = Y A by term-wise differentiation of (91). For ease of notation, T"A :=
A A the n-fold left iterated integral. Taking the logarithm of Y,

Q::bg(l%—z:T”A>::§:(_?H4 S (THA)- (T A). (92)

n=1 =1 N1,e.ny n;=1

By Magnus’s theorem, (A) is a Lie element.!. Next, we make use of Dynkin’s theorem [46]: Let
P be a homogenous polynomial of Lie elements order n. Then, (1/n)[P] = P, where [-] is the
left-iterated Lie bracket defined on monomials by [X7 --- X,,] = [- - [X1, X3, - - X,], and extended
linearly to Lie power series.

Making use of Dynkin’s theorem, and the fact that € is a Lie element,

oy =3 EUM (T (T

(93)
= l =1 ny+...+n
The sum can be rewritten as®
21 (—1)HH . .
mmzzfz(g > [(TMA).(T™A)] (94)
j=1 J =1 ni+...+n;=j
The first few terms are
— 1= 1. = 1, — = _—
Q(A) = A+ 5[4 A)+ 5[4, 4], 4] - ¢ (A7, A + [, 4, 4+ (95)
This demonstrates Theorem 3.1. By Corollary 3.2, the solution to
Y = AY, YV(0) = 1,
is given by ¥ = exp(—Q(—A)), which by Corollary 3.3 is given by
- 1 (_1)l+1 ny ny
—Q(-4) =) 7 > / Yo (TRA(THA)]R, (96)

=1 ni+...+n;=j

where T, A is the right-iterated integral TRA = A--- A, and [ -] is the right-iterated Lie bracket,
defined by [X; -+ X,|r = [X1, -y [Xn—1, Xy]...]. The first few terms in the expansion (96) are

[A,A] + (A [A,A] + [A,[AA)]) + - -

1
2
6.4 Mielnik-Plebanski-Strichartz formula

It was shown by Mielnik and Plebanski [39], and later elaborated by Strichartz [56] that the Magnus
expanison can be rewritten as,

=3 5 A0 [t fa(r®) A, (97)

=1 nes!

IThe fact that Q(A) is a Lie element can also be shown by using Friedrich’s criterion [56]
2This is shown in section 3.1.4.1 in [10].




where S' is the set of permutations of n symbols, and

1

t t Tt ™
/ drlom ::/ d7'1/ dTQ.../ dar”, (98)
0 0 0

A(m) _ (=)
N 2l (99)

and

where d(7) is the cardinality of the descent set D(w) defined by D(w) := {i € (1,...,1—-1)| w(i+1) <

(i)}

6.5 Wilcox expansion

Wilcox introduced in a 1967 paper [57] a method of expressing Y as an infinite product of exponen-
tials, much like the method of Fer. Wilcox actually attributed his infinite product of exponentials
to Fer, although it was in fact a novelty [25]. Here, we present Wilcox’s product expansion.

If we scale A by a variable X, such that Y = YAA, then Q(AA) becomes a power series in A:

QAA) = X2 (A) + N2 (A) + N3Q3(A) + ..., (100)
where
1 d»

Eq. (101) produces the terms in the Magnus expansion. In a similar idea to this, one can construct
S1,52, 83, ... such that

Y = exp(A3S3) exp(A\?S) exp(\S)) (102)
Then,
d
= — Y. 1
Sl dA N ) ( 03)
and
L8 (A8 exp(—A 1S, ) (104
"onldAn |, P ' Xp nil.
Using _
Y =1+ M+ \2AA + NVAAA + - - (105)

The prescription produces
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S =A
fr— 1
Sy = AA 55?
= 1
S3 = AAA — S8, — gsf
TA Lo 1 2 1y
Sy = AAAA — S35, — 552 — 55251 — ISl (106)
n times
= S ... g
—AA---A— e
Sn Z nil---my!

1>2;41n1++in=n
n—1>i1>->i;>1

It is possible to construct an analogous left-infinite product for the problem

Y = MY, Y(0) =1,

such that
Y = exp(AS)) exp(A25y) exp(A3S3) - - -, (107)
where S; = 4, and
n times
- — Sm... G
S,=A---AA— Z Th Th (108)

) , nil---ny!
1>2; iiny+-+in;=n
1<ii < <ip<n—1

Wilcox gives another procedure in his paper [57]. Observe that

V — AV — (e’\él)’e’\z“%eASSS I (6A2§2)16A3§3 o

. . . . y ~ 109
_ [(6,\51)/6451 Jr6,\31(e,\"’sz)xef,\QSQBﬂ\s1 +]5~, (109)
Using identities (76) and (77),
o \ntl o O \nt2(m+1) o am
M= 2 Gt s 2 Sl (H0)

By equating powers of A, one verifies by induction that the S’s are indeed Lie elements. By an
analogous approach, the S’s defined above are also Lie elements. The expression (110) is a bit too
implicit to give a transparent idea of how to produce the S’s, so we will prefer egs. (106).

The following is an idea for evaluating the Magnus expansion that can be useful. We can evaluate
Q,, by comparing powers of A:

co=3 0 ¥ BgSeeSeles 3 S

n=0 I>1; i1n1+-+in=n =0 1>2;i1n1++in=n
(111)

Equating powers in A,
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n times

—— n n
= Qill cee Qill
Q, =AA-- A— > —— (112)
[>2; i1ny+-+ign;=n
The first few ,,’s are
O =A
_— 1 9
QQ - AA 5 1
S 113
ngAAA—%(Qz§21+Ql§22)—%Qf (113)
= 1 1 1
Q= AAAA - (0 + 00+ 03) — g(Qfo +020,) — EQ‘}.

By Magnus’s theorem, these 2,,’s are guaranteed to be Lie elements.

7 Iterated integrals

In many applications, it will suffice to consider the case where we are working with a Lie algebra
with finite basis,{ X;}%_, so that A can be written as

A(t) = o' (t) X;. (114)

By the summation convention, this is a sum over 7 from 1 to d. Then, expanding the iterated
integrals, the solution of Y = AY can be written as

o'} d t
Y(t)=1+> > /daXX (115)
n=141,...,in=1"0
where
n—1

t t 1 T
/ datrin ::/ dTla“(Tl)/ dTQai2(72)~-~/ dr"do’ (™). (116)
0 0 0 0

The iterated integrals are interesting objects in their own right and were extensively investigated
by Chen [13, 12]. For instance, as a consequence of eq. (9),

o) t
Yh=14+) ()" > / da™ "X e X (117)
n=1 i1yeenyin

and thus, from the requirement Y'Y = 1, we have

Jae — [aatveis fan s s [aan— o zo, g

so (=1)" [ dai» " is in some sense the inverse of i da® i for an appropriately defined product.
The iterated integrals do indeed turn out to have a group structure as well as many other interesting
features. One important feature worth mentioning is the property
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/dal/da‘] = /do/u‘], (119)

where I = (i1 --+i,) and J = (j1 -+ jm) are multi-indices and [ da’™’ is a sum over iterated

integrals where each integral is indexed by a “shuffle” of I and J. We refer to [24] for details on
this.

For now, consider

= (1) ; .
Q=log(Y)= do't - [ do" Xy, ..q,, (120)
s =3 3 faat [t

=1 Iy,....I;

where X; = X;, .., Using Dynkin’s theorem,

.....

o0 1)I+1
Qzlog(Y):Z( 11) > /dah---/daﬁm. (121)

A priori, there is nothing to suggest that the series in eq. (120) should be a Lie element. However,
Ree showed [46] that the condition (119) on the coefficients in eq. (120) precisely means that 2 is
a Lie element, so the use of Dynkin’s theorem is justified.

We can rephrase other expressions defined in the previous section in terms of iterated integrals.
Let

Q=M +Q+Q+--- (122)
be the usual Magnus expansion. Then, from eq. (94), we get
Q= X1} + [Xo, X005 + (X4, (X5, X[ I* 4 - - (123)

where

TR
Iy =

z": (*1l)l+1 > /dan--~in1 .../dainl---in (124)

=1 1<n;<---<ny<n

3=

or equally, from eq. (112)

I, = % Uda” - > %Igl 1] (125)

1>2;591n1+-+iing=n

or, following the Mielnik-Plebanski-Strichartz formula (97),

=Y @/daow. (126)

TeS™
Similarly, for the Wilcox formula (102)
1 i1
S, = E[Xil’m’ (X1, 1, X, ] ]I, (127)
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where g gm
_ n __ i i
In —/da > R (128)

1>2;41n14+iin=n
1120 20

8 Covariant Magnus and Wilcox expansions

The idea presented in the last chapter provides a way to separate expansions of iterated Lie
brackets into series of right iterated brackets multiplied by some iterated integral. In the proof
of Radford’s theorem, we used Dynkin’s expansion to produce Radford’s expansion, essentially by
the substitutions

Bl

[ X, X], ..., X] = —Vﬂl.‘.in/dui"”'“

and

(X, ., [ X, X]]— _VFil_”i”/duumin

In this section, we remark that this works in general: We can transform expressions derived in the
previous section into covariant Radford-like expressions essentially by this substitution. I have not
had time to write out the proof of this in detail; this chapter only contains the sketch of a proof.

As in Section 5, let _
g = —gu' (t)Ai(u(t)),
where g(t) € G and u(t) € M, and let U be the time dependent vector field U, = u'(t)d; on

M x G. Let X = —LA+ U, the same time dependent vector field as defined in Sect. 5. Suppose
u(1) = u(0). Then, U = 0, and we have equation (36),

9(t) = 9(0) exp( (=LA + U)(u(0), 1)). (129)
The map G — G : g — gexp(Q1(—LA + U)(u(0),1)) is the flow map of the left-invariant vector

field
L(Ql(—LA + U)(u(0), 1)) = (=LA +U)(u(0),-).

evaluated at t = 1.

X =—LA+ U is a time dependent vector field on M x G, and we have

D' (u(0), 9(0)) = (u(t), g(t)).
This is essentially another application of Lemma 5.2. Let ¢ € C*°(M x G). Then,

¢(u(t), g(t)) = Eviy¢(u(0),9(0)).
Using Wilcox’s expansion on the operator Ev’, we have from eq. (102),
Evly = - -exp(S5(X)) exp(93(X)) exp(S(X)).

Applying this to ¢, we have

Evie = ¢ 0 gy (x) © Py x) © Py x) O+

Evaluating at t = 1, we have U = 0, and S}(X) = 0. The higher order S’s will become left-invariant
vector fields, such that

90 Py (x) © Py () © Pz ) © - (u(0), 9(0)) = G(u(0), g(0) - - exp(S5(X)) exp(S;(X)).
As was noted in Ch. 5,

(X, ., [X,X]--]= —LVFil...in/du“”'i". (130)




We can use the Wilcox expansion, eq. (102) and eq. (128) to obtain

g(1) = g(0) - - - exp(—V;V; Fiy (u(0)) JZM) exp(— Vs Fji (u(0)) J2*) exp(— Fy; (w(0))J37)  (131)

as the solution to 4
g = —gu'(t)A;(u(t)). (132)

2

This “covariant” version of the Wilcox expansion is new. Regrettably I have not had the time to
write out the details of the proof in a proper way.

9 Applications

In this section, we present two applications of our results.

9.1 Feynman diagrams and master integrals

The first application presented here is a method of evaluating Feynman integrals, called the Method
of Differential Equations. This method, first proposed by Kotikov [29] has recently received sub-
stantial attention as a general algorithm for evaluating Feynman integrals. A nice review and
exposition of this method is given in a Review paper by Argeri [2]. My contribution here is the
application of the results of Section 5 to this method.

We first provide the general idea of evaluating Feynman integrals by the master integral approach.
The main source of the exposition is [52].

Suppose we have a Feynman integral on the form

F(Cll, / d kl / d kL Da1 K DG.N7

o= Adqi-q; —mi,
q= (kh "'7kL7p17 ~~'7pE)»

(133)

where F is the number of external momenta, L the number of independent internal momenta and
N = E + L. F depends on the space-time dimension n, external momenta p;, the masses m; and
exponents a; of the propagators. We shall be concerned the dependence of F' on the exponents
ai,...,an. The goal of the differential equations approach, is to express F(aq,...,a,) = F(a) in
terms of simpler integrals. The starting point are the so-called integration by parts (IBP) identities,

00 0 B 1
Iy | dk S 134
/,oo ! /,oo Lok, U piw =0 (134)

1 =1,...L; 7 =1,.., E+ L. These follow from Stokes’ Theorem, provided that the integrand
vanishes quickly enough at infinity. Carrying out the differentiation inside the integral gives

n, n, Aia + Aai)qj “Qa
nF(a) a“/ d"k / "k Dm .. .Dguj—l ... DN =0. (135)

Next, we need to assume that (A% + A%)q; - g, can be written as a linear combination of the D’s,
that is, (A + A%)q; - q, = Bi*Dy,. This can be assumed in general (See [52], sect. 6 for details).
The B’s will in general be rational functions of the masses m?. We have
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N
nF(a)(S;- — Z auBIPF(ay,...;ap —1,...;a, +1,...,ax) =0

u,b=1
AR (136)
= [nd = > BI*(mn, —1+4du)utb”|F(a) =0
u,b=1
= O”F(a) = 0,

where we have defined the operators n,, ut,u™ by n,F(ai, ...,an) = auF(a1,...,an) and u* F(ay, ...,an)
F(ay,...,a, £ 1,...;ay). This relates the value of F' at a € Z" to values at neighboring points in
ZN.

Let A be the algebra generated by the operators {n,,u",u=}»_, acting on F. Then, the operators
O,; generate a left ideal 7 C A.! Let

F(ay,..,ay) = (1)~ (2"t (NT)yw= P, 1) = Y@~ bewav =@ 1), (137)

It is a fact that ,A/7 is finite dimensional.? This means that there is a finite (non-unique) basis
Y, ..., Y!s such that

S S
F(ay, ... ch ai,....,an)YLF ZCZ ay,...,an)I! (138)
i=1 =1

for all (ay,...,an) € N¥. The I"’s defined here are called Master Integrals. They are all of the
form I' = F(a’) for some a/ € N¥. Hopefully, one is able to find a basis such that the master
integrals are simpler to evaluate that the original problem. The choice of basis is largely arbitrary.
There exist several algorithms for reduction to Master Integrals, and several computer codes for
this purpose have been produced, notably by Laporta [31].

Master integrals form a basis for {F(a)la € NV}, and there is a particularly neat way of evaluating
them exploiting this fact: Let a/ € NV such that I/ = F(a’). Then, since {I*}7_, is a basis,

o S , ,
%P = —alF(a],...,a] +1,...a))
s 4 , s _ (139)
=— Zafcu(aj, @l + 1, d )M = Z(Ai)ilu.
u=1 u=1

We have obtained a set of PDE’s satisfied by the master integrals exactly on the same form as eq.
(62). We can thus use Corollary 5.8 to evaluate them. Let = = (m?,...,m%), and let o € RY be
arbitrary. Then, by Corollary 5.8,

. 1 . . 1 . .
I(z) = exp (Az"A;(zo) + iAxle]@Aj (o) — EAmzAw]Axk[Ai(xo), 0; Ax(z0)]
1 . . 1 . .
+ g Az’ Ar! Az*9;0; Ay (20) — T AP Azl [Ai(x0),0;0; Ar(0)]

1 . .
+ ﬂmmxmkal@ajaﬁl (zo) + -+ )1 (z0).

Hn fact, the O also span a Lie algebra in \A, but this is not relevant for the discussion here.

2The proof of this is nontrivial: It means that it is in general possible to find a finite basis of master integrals
for F. Smirnov proves this in [51], but I have not been able to understand the proof, and so the exact conditions on
F' for this to hold remain unclear to me. Smirnov remarks that it is an empirical fact that a finite master integral
basis can be found by use of algorithms based on the ideas presented here.
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Henn and Smirnov show in detail in [22] how I(z) can be evaluated by parametrizing a path
between xg and x, and evaluating the time ordered exponential. I conjecture that my approach
here may give the same results. One way to check is to perform the same calculations as Henn
and Smirnov in [22] and compare. This would be a very algebra-heavy exercise, which has yet to
be done.

9.2 Deformable body in a low Reynolds number fluid

In this section, another application is presented. We will discuss how Radford’s expansion can be
used to analyze the dynamics of a deformable body immersed in a fluid. Much of this section is
my own contribution, but should be taken with a grain of salt, as I'm not an expert. My main
conceptual contribution is that the type of constraint given in eq. (143) gives an expression for
a connection sought by Shapere and Wilczek. This has probably been remarked before in the
literature, though I have not found a reference for it.

It has long been understood that fish propel themselves in water by constantly transferring mo-
mentum to the water by beating with tails and fins. This is the mechanism of any propulsion in
a high-Reynolds number medium; propellers on boats and aircraft work by the same principle.
However, at low Reynolds number, transfer of momentum to the fluid is not possible, as there is no
self-sustained movement of the fluid. Serious investigations into the mechanisms of propulsion at
low Reynolds number was not conducted until the seminal work of Lighthill in 1952 [32] and Saff-
man in 1967 [47] demonstrating that it is possible for a body immersed in a perfect low Reynolds
number fluid to self-propel, i.e. bacteria can indeed swim. The problem received sporadic attention
over the subsequent two decades. Blake showed in a 1971 paper [7] that a spherical microswimmer
can self-propel by surface distortions that do not change the overall shape of the body. Purcell’s
1977 lecture [44] introduced the famous scallop theorem, stating that a body with one trivial degree
of freedom cannot propel itself at low Reynolds number. In 1987, Shapere and Wilczek, [50, 49]
reframed the problem in terms of the holonomy of a gauge potential. Miloh and Galper [40, 30]
derived in 1993 a set of relations connecting instantaneous body deformations with the euclidean
movement of the body (i.e. the Lie algebra of the euclidean group) which turn out to constitute
the connection sought by Shapere and Wilczek. In this chapter, we will attempt to make this
connection explicit, by means of a set of boundary conditions introduced by Stone [55]. The main
observation connecting this problem to the earlier discussion of the thesis is that the movement
through the fluid of a body going through a sequence of deformations is the holonomy element of
the Shapere-Wilczek connection, with respect to the path in the some space parameterizing the
deformations.

The starting point of our discussion here will be Stone’s paper [55]. We will consider a near-
spherical body immersed in a low-Reynolds number fluid and show how the Shapere-Wilczek
connection arises from the boundary conditions on the flow of the fluid.

A low-Reynolds number flow, or Stokes flow u models the velocity field of a fluid moving at low
Reynolds number. We suppose the fluid to be incompressible. Then, the fluid flow is governed by
Stokes’s equations

—Vp+ puVu =0,
Pl (140)
V-u=0,
where p is the pressure and p is the viscosity of fhe fluid. These equations are well established and
have been studied for a long time.! A deformation of an immersed body will induce a Stokes flow
around it by means of the boundary condition on the interface between the body and the fluid.

By a deformation of a spherical body, we will mean the following. Let r : S? < R? be a orientation
preserving immersion that preserves the centroid of the sphere,

!Many textbooks cover Stokes flows. A classic reference is [19] and a modern one is [4].
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/ dSr =0, (141)

where dS is an area element. We call r a deformation of the sphere. By a sequence of deformations,
we will mean a map r : [0,1] x S> — R? such that r; is a deformation. Denote the image of S?
under r; by dB;. The immersed body, whose movement we seek to study, will be identified with
the volume enclosed by the boundary 0B;.

As defined, we call any orientation preserving immersion that preserves the centroid of the sphere
a deformation. A sequence of deformations induces a flow around the body. This flow obeys
egs. (140), and is defined by a boundary condition on dB. Following [55], we impose a non-slip
boundary condition, meaning

d

ut‘é)Bt = %rt|a}3t'

(142)

By this boundary condition, the sequence of deformations r; affect a net force and torque on the
fluid. As our body floats freely in the fluid, this implies a net translation and rotation of the
body, counteracting the force and torque exactly. We can model this translation and rotation as
a path (R,V) : [0,1] — SE(3) in the Euclidean group. Let z € S%.. Then, under the sequence of
deformations ry, the point x follows the path (R(t),V(t)) - r¢(z) = R(t)ri(z) + V(t) in R®. Let

d ) }
vi= %(R,V)-r:Rr+RI"+V.
Stone showed that using the Reciprocal theorem for Stokes flow, conservation of linear and angular

momentum implies that (R, V') obeys
/ vdS =0,
B,

Rr x vdS =0,
9B,

(143)

where n is the outward unit normal on 0B, dS is a surface element and x is the cross-product.’
The equations (143) constitute the Shapere-Wilczek connection, defining the path (R, V) for a
given sequence of deformations r.

Suppose we restrict to surface deformations that do not alter the overall area of the body B, which
we suppose to be 47 for convenience. Then, eq. (141) together with the first equation in (143)

imply
) 1 )
V= ——R/ rdS. (144)
T JoB,
By eq. (141), [rdS = 0, and so, the second equality in (143) implies

/ Rr x RrdS = — Rr x RidS. (145)
OB OBy

We can define the angular velocity matrix 2 by Q := R~!R. Then, using the property of the cross
product Ra x Rb = R(a x b), eq. (145) can be rewritten as

/ r X QrdS = —/ r x rdS. (146)
OBy 0Bt

IThese relations have been used in other in-depth analyses of the problem of swimming at low Reynolds number,
see [6].
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Let M and N be the matrices defined by

MY = / r'rldS
OBy
N7 = f/ (r'i? — r1i)dS
9By

M is then symmetric and invertible, and N is antisymmetric. Let i : R® =5 50(3) be defined by

0 —z3 22
i(z) = | 23 0
—z2 gl 0

1 is a Lie algebra isomorphism with respect to the cross product and Lie bracket respectively. In
particular, i satisfies i(a x b)Y = a/b’ — a't’, i(a)b = a x b and i(a x b) = [i(a),i(b)]. By a direct
calculation, it can be shown that

z/ r x QrdS = QM + MQ (147)
aB;

We assume the application M : s0(3) — s0(3) : Q — QM + M to be invertible,! such that

Q=-M"N, (148)

which implies

R=-RM™'N (149)

If we restrict to spherical deformations, then M = 4?”1, such that M~ = %1. This is consistent
with the results of Stone [55]: If we restrict to spherical deformations, i.e. deformations that stretch
and contract the surface without changing the overall shape, then eq. (145) can be rewritten as

R = RA(¥), (150)
where A(r) is the antisymmetric matrix
Al (§) = 2 / (riid — 1959)ds. (151)
87T OB;

In order to get an intuition about how Radford’s theorem is relevant for solving eq. (150), we will
invoke a specific model for a swimming bacterium, considered in a paper by Blake [7]. Suppose, for
simplicity, that we have deformation that does not alter the radius of the body. Such a deformation
can be modeled by a change in spherical coordinates, (6, ¢) — (0, ®). Suppose € a small parameter,
and let

e l
0:(0,0) =0+¢d> Y cam®)Y"(0,0),

=0 m=—1

oo l
(0,0)=d+ed Y dn(t)Y"(0,0),

=0 m=—1

(152)

11 do not know whether this holds generally, as I have not been able to find an inverse for this map. For spherical
deformations, M is indeed invertible, and so, deformations that deviate only little from a spherical deformation will
be invertible.
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where 0 < 0 < m; 0 < ¢ < 27 are the usual spherical coordinates parameterizing the sphere. Y7 ,,
are real spherical harmonics defined by

P, (0) cos(me), ifm>0

o= {Pz,mw) sin(mo). if m <0,

where P/™ is the associated Legendre polynomial, defined as the solution to

d m2

- [(1 — xQ)GZJle(x)] + {l(l +1) - | A" =0

Any small O(e) deformation that leaves the overall shape of the body spherical can be approximated
to arbitrary accuracy by a truncation of the series (152). Say, we use n terms in the sums, such
that

n 1
Ou0,0) =0+€> . > am®Y™(0,0),

=0 m=—1

n l
0(0,0) = 6+¢>° S dm®Y'(0,0),

=0 m=—1

Then, the configuration depends on the N := (n + 2)(n + 1) coordinates ¢ := {¢jm,dim} € RY.
Using O and @, we can write r at time ¢ as

¥ = cos(P;) sin(Oy)
r¥ = sin(®;) sin(O;)

r? = cos(0y).

The connection in eq (150) can then be expanded by order in e:

R = R(eA1(c) + €2 As(c) + 3 A5(c) + - -+) (153)

A sequence of such deformations can be described by a path c(t) € RY. Radford’s theorem can
then be invoked to evaluate R(¢). Obtaining the terms in (153) is a lengthy calculation, and has
yet to be done.

We can demonstrate that a bacterium can make itself rotate about any axis by means of the type
of surface deformation described above. Suppose

©(0,¢) =90,
D(0, ) = ¢ + ecos(ng — wt).

This is a periodic surface deformation around the z-axis. We can expand the terms in the integral
(151) by order in €, up to second order:

dS = dSp + edS1 + O(€?),
r=rg+er; +O(e?),
P = ery + 2ty + O(e).
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Using this, to expand A by order in ¢,

AY = 8—%/d8’0(n6r{ —ndry),

3 o o o (154)
A5 = o [ asiid — i) + do(rid = wli?) + S, - i),
Explicitly,
dS = d¢sin(0)dh(1 — en cos(ng — wt)),
cos ¢ sin f —sin¢sinf
r= | singsin® | +ecos(ng —wt) [ cosgsing | +O(e?),
cos 6 0
—sin¢sinf —cos ¢sinf
I = ewsin(ng —wt) | cospsin® | 4 € cos(ng — wt)sin(ng — wt) [ —singsind | + O(e?).
0 0

Using these to preform the integrals in eq. (154), we get Aij =0, and

) 0 1 0
Ao=—-nw|-1 0 0],
2 0 00
such that
) 0 1 0
Q:—iean -1 0 0

o
o
o

This means that the deformation induces a rotation around the z axis. Stone showed that a similar
periodic surface deformation in the #-direction allows the organism to propel itself forward with
speed oc €2nw. Our result here shows that the organism can rotate by the same mechanism around
any axis with angular velocity o e2nw. The combination of these two results imply that the path
of the organism in the fluid is completely controllable; it can follow any path in SE(3) by a com-
bination of rotations and translations. An investigation into the controllability of microswimmers
has already been done in a paper by Lohéac and Munnier [33].
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10 Conclusion

The main result of this thesis is the generalization and (arguably) simplified proof of Radford’s
Theorem given in Section 4. This was derived by use of a formalism of evolution operators vector
fields. This formalism is known, yet as the approach is unpopular, the literature is sparse. Several
of the ideas surrounding the proof are therefore developed here. Some of the consequences in
Section 5 of the generalization of Radford’s Theorem are new, yet are expected: The fact that
zero curvature implies path independence for iterated integrals is known, but I have not been able
to find explicit formulas exhibiting this elsewhere. Sections 6 and 7 contain many things already
known, but I provide my own insights and ideas along the way. In Section 8, I presented an
idea for generalizing Radford’s theorem to produce other expansions, such as the one based on
Wilcox’s expansion. I did not have time to complete the proof. The physical applications of the
results are relevant, but Subsection 9.2 failed to provide a direct application. Rather, Subsection
9.2 presents an idea of how to apply the results of Section 4, supplied with a result about how
spherical microswimmers can self-rotate.

Further work

Much of the derivations and proofs provided here are not mathematically rigorous enough to
proclaim that the main results of this thesis should be accepted without scrutiny. A proper proof
of the result would need more care and detail than provided here. This remains to be done.
Convergence analyses of the results remain to be done. One could devise algorithms to produce
the terms in the generalized Radford expansion (35), and the expansions provided in Theorem 5.7
and eq. (66). Numerical convergence analyses of these results remain to be done. As mentioned at
the end of Subsection 9.1, the results and numerical efficacy of the method could be compared to
the work done by Henn & Smirnov by means of the application to Master Integrals. The validity of
the analysis of Subsection 9.2 needs to be checked by an expert on low Reynolds number dynamics,
as I am not an expert myself. The terms in eq. (153) remain to be calculated, and it would be
nice to supply a proper numerical simulation of a moving deformable body using this method.
Otherwise, I have not had time to double-check all the calculations in this thesis, so there may be
some errors.
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A Notes on differential geometry and Lie groups

I decided to include this chapter on differential geometry and Lie groups in order to neatly sum-
marize some of the results and facts used in the thesis. The material presented here is well-known,
and can be found in many classic textbooks. The textbooks most familiar to me, which serve as
sources for this material, are classic texts on differential geometry, like [54] and [26], the well-known
physics-directed work by Nakahara [43] and Frankel [16], and the very detailed work by Kolar et al.
[27]. Arnold & Khesin’s book [3] contains a very nice review of Lie groups. Abraham & Marsden’s
book [1] is also a useful source taking the mechanics-perspective.

This section is not meant as a pedagogical introduction to differential geometry, but serves to
establish notation and present some important results used in the thesis. Firstly, we introduce basic
notions from differential geometry. This is mainly in order to establish notation and definitions,
such that this section is as self-contained as possible. Secondly, we review some notions from the
theory of Lie groups. Lastly, we review notions on principal bundles and how they relate to notions
in gauge theory, as a physicist might know it.

A.1 Differential Geometry
A.1.1 Definition of Manifolds and Atlases

We define a d-dimensional real manifold M to be a second-countable Hausdorff topological space
that is locally homeomorphic to R?. Such a local homeomorphism is called a chart, noted as a pair
(U,z), where U C M is the domain of the homeomorphism z : U = x(U) C R¢ . A collection
of charts such that their domains cover M is called an atlas. Let A be an atlas of M. Then, if
Vz,y € A:yoz~t € C®(RYRY), we call A a smooth atlas. We define two smooth atlases to
be compatible if their union is again a smooth atlas. Compatibility of smooth atlases defines an
equivalence relation on atlases. We define a smooth manifold to be a manifold M equipped with a
smooth atlas A and define charts on M to be any chart compatible with a chart in A. Equivalently,
we can define a smooth manifold to be a manifold with a prescribed equivalence relation of smooth
atlases. For clarity of notation, C>°(M, N) denotes smooth functions between manifolds M and
N. Amap f: M — N is called smooth if it is smooth in charts, that is, if y o f o 27! is smooth
for all charts z in M and y in N.

A.1.2 The Tangent Space of a Manifold

We will now introduce the notion of tangent space of a manifold. The details here are not important,
but a noteworthy point is that tangent vectors are defined in terms of equivalence classes of
derivatives of some path. Tangent vectors are thus readily identified with directional derivatives,
which can act on smooth functions. This is an important point.

Let (U, z) be a chart, and let p € U C M. We say x is a chart at p if z(p) = 0. In the following,
we shall for simplicity denote functions (¢ — ~(t)) by v(¢). Let

Co (R, M) = {y € C*(R, M)|7(0) = m, },
and let v ~ 4 iff there is a chart ¢ at m such that
(¢07)'(0) = (¢079)'(0).
CP (R, M)/~ =: T,, M comes with a natural vector space structure. This comes from the fact that
¢~ ((¢07) (0)t + (¢ 07)(0)) ~ 7,

such that addition can be defined by

]+ ] = [ (9 07) (0)t + (6 07) (0))t + (¢ 0 7) ()],
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and scalar multiplication by

afy] = [~ (ald 0 y) (0)t + (¢ o) (0)].

It can be shown that these definitions of addition and scalar multiplication on T,,M are well
defined, by showing that they are independent of the choice of chart ¢.

We denote the projection of a path into it’s equivalence class by d/dt|;=o:

4 O (R,M) = Ty M -y — [4] (155)
dt|,_,

For X € T,,M, we shall denote by vx an arbitrary element of X. It is a classic result that T, M
with it’s vector space structure is equivalent to the derivations on C2° (M, R), such that any element
of T,, M can be regarded as a first order linear differential operator. This motivates the following
notation.

Let (U,z) be a chart at p € M. Let e; := (0,...,1,0, ...,0) be the i-th unit vector in R?. We denote
VgqeU:

0 d

5 (0) = | @7 e+ 2(0) (156)

As before, “te; + z(q)” really means (t — te; + x(q)). Then, the tangent vectors {9/0x%(q)|i =
1,2,...,d} span T,M, and we call U — TM? : g — {9/92°(¢)}, a coordinate frame on U. Let
f e C=(RM,RN), then we denote by D f the M x N matrix, whose i, j’'th entry is D fi := 9 f7 /7.
Let ¢ € C*°(M, N), and p € M. The differential of ¢ at p is a map d¢,, : Tn M — Ty N defined
by VX € T, M:

dpp,X = 4

7 poyx.

t=0
Given two charts x,y with nonempty intersection of domains, we have

5 @) = S @55 (@), (157)

where 927 /0y (q) := D(27 o y~1);(y(q)). This generalises naturally to higher order tensors.

A.1.3 The Tangent Bundle of a Manifold

Next, we are ready to define the important notion of tangent bundle of a manifold. The tangent
bundle of a manifold M if dimension d will be denoted T'M and is itself a 2d-dimensional manifold
equipped with a projection map onto M.

Let
T™ = | | T,M.
qeM

T'M has an obvious vector space structure inherited from 7, M, and we give T'M a manifold struc-
ture by declaring that any chart (U, x) of M induces a chart R?? — TM : (z',...,z% at,...,a%) —
a'9/0x (x7 (2!, ..., 2%)). The map m : TM — M: a'0/0z'(p) — p is well defined and smooth.
We call the combination of manifolds and maps TM =+ M the tangent bundle of M.

A wvector field X is a section of the tangent bundle, that is, X : M — T'M such that 7o X = idy,.
Let X (M) denote the set of vector fields on M.

Next we remark a lemma that identifies derivations with vector fields. This is from section 3.3 in
Kolar et al. [27].
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A derivation D on M is a map D : C®(M) — C*°(M) satisfying the Leibiniz rule: V¢,¢ €
C>(M) : D(¢pyp) = ¢D(3p) + D(¢)1p. There is a one-to-one correspondence of vector fields and
derivations on M.

A.2 Lie groups

A Lie group G is a manifold with group structure such that G — G : g — ¢~ ! is smooth and
G xG — G:(g,h) — gh is smooth. Let 1 € G denote the unit element. Let A € T1'G. Then, A
generates a vector field on G by the action of G on itself. Define the left-invariant vector field LA

on G generated by A by

LA(g) = dg1 A,

where dg is the differential of the map G — G : h — gh. We call A € X(G) left-invariant if
Vg€ G:g*LA =LA,

meaning
Vg, h € G : dg,, LA(gh) = LA(h).

This allows us to define a Lie bracket on T1G, turning it into a Lie algebra. Let A, B € T1G, and

[A, B]Lie := dg, '[LA, LB](9g).

This is independent of g, since, in fact,

[LA,LB] = L[A, B)Lic - (158)

Denote by £(G) the Lie algebra of left-invariant vector fields on G. By eq. (158), L(G) is closed
under the vector field bracket. Denote Lie G := (T1G, [, "]Lic ), the algebra formed by the tangent
space at identity with product defined by the Lie bracket. From any X € L£(G), we obtain an
element of 771G by evaluating at 1 € G. This provides an inverse for the map L : Lie G — L(G),
which becomes a Lie algebra isomorphism. This is a classic result, and can be found in many
textbooks on Lie groups.

Proposition A.1. L :Lie G — L(G) is a Lie algebra isomorphism.

Proof. Let X € Lie G. Then, LX (1) = X. Let = € L(G), then, Z(g) = dg1E(1), and L(Z(1))(g) =
dg1E(1) = E(g). This shows that L is bijective. It remains to shown that L respects the
brackets. By definition, VA, B € T\G, [LA,LB] = L[A,B]rie. Let Z,H € L(G). Then,

[E,H](1) = L[E(1), H(1)]Lie (1) = [E(1), H(1)]Lie - O

What is so special about the Left action? We could equally define the Lie bracket in terms of
the Right action, defined analogously. Suppose A € T1G, and let RA(g) := dR(g)1A4, where
R(g) : G — G, h+— hg is the right action of G on itself. Note dR(g)1A = Adg, for simplicity. Let

[A, Bliie, Right := [RA, RB] (g)dgg_l

It is a fact that [A, Blric, Right = —[A, BlLic (see Kolar et al. [27], 4.11).

How does the Lie bracket defined above give rise to the matrix Lie bracket used when we have a
finite-dimensional representation of our Lie group? Matrix Lie groups in finite dimension appear
as subgroups of GL(n,R). The Lie bracket defined above then exactly coincides with the usual
matrix bracket. We now show how to make this identification. GL(n,R) is an open subset of

]R”z, since GL(n,R) := det ' R*, the preimage of the open set R* := R — {0} by a continuous
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function det : R*° — R. The embedding GL(n,R) < R thus defines a global chart, whose
components we use as coordinates. In the usual matrix notation, we note these coordinates as g; :

GL(n,R) = R, i,j = 1,...,n. Now, let A € gl(n,R) := TyGL(n,R). Then, LA(g) = g} A.0/0g}. It
is straightforward to calculate the brackets using standard calculus rules:

5 0 0 i 0 0 g ,,.; 0
LA,LB)(9) = ¢} A} =, ga B’ =giA] —giBl— — g Bl gl A} —
[ ’ ](g) [gj kagz»gb cagg] J kagzkgb cagg 9p caggg] kag]lf
i ; 7] ; ;0
=g:| AlBy — BJ A} - =g'[A, Bl —
g]( ak a k‘> aglzg g][ ) ]kaglka
where [A, B] is the matrix bracket of A and B. An analogous calculation results in
;5 0 0 ;5 0
RA,RB](g9) = [Algl ., Bi'g" = =—[ABligl —.
[ 9 ](g) [ jgk 89]2’ bgcagg} [ 9 }]gk ag}c

A.3 Principal bundles
Since our exposition and proof of Radford’s theorem in appendix C relies on the formalism of
principal bundles, we will here define some concepts and state some result that are used later.

A left principal G-bundle P = X consists of a manifold P called the total space, a manifold X
called the base space, a submersion 7, a Lie group G and a smooth right action on P, which is a
smooth map u: G x P — P, such that u(g,-) o u(h, ) = u(-, gh). We will denote u(g,p) = gp. We
require that Vg € G : w(gp) = w(p)

Let p € P and p(-,p) : G — P, g — gp. The vertical subspace of P at p is defined as
V, i= im d(u(-, p))1 C TP,

This identifies the Lie algebra of G' with a subspace of T, P. A vector field on P is called vertical
if is contained in the vertical subspace at every point of P.

A connection w : TP — Lie G is defined pointwise as a right-inverse to d(u(,p)1:

wp o d(u(+,p))1 = idLie ¢

B Radford’s proof

In this section, we quote and present the proof of Radford’s theorem in the context of principal
bundles. This appendix presents the original statement by Radford [45], and it’s original proof. I
have provided the details to the proof ginven in Radford’s paper.

B.1 Statement of the Theorem

We quote the original statement by Radford [45]:

Let G be a Lie group, M a manifold, TM its tangent bundle, and A : TM — Lie G a Lie algebra
valued one-form. Suppose u : [0,1] = M is a loop (u(1) = u(0)). Then, the solution to

g=—gA(u(t); g(0) =1 (159)

VE,..1, (160)




where Fij = 81‘14]‘ — 8JA1 — [Ai,Aj], Vz = [A“ ] — Bi, 8,‘ = 8/81‘1, VFi]win = Vh -V
and I; is a multi-index of size |I;|.

7;77,72}7‘7:71—17;77,

A priori, the only condition on A is that it be a Lie G-valued one-form on M, A € T* M ®Lie G, and
no principal bundle has been mentioned. The proof in terms of the language of principal bundles
is convenient, since we can canonically construct one that fits the situation. This however obscures
the proof somewhat for the untrained eye. A proof not involving this superfluous formalism might
be more enlightening, and was given in section 4.

In this appendix, we follow Radford, and present a detailed proof of the above in the principal
bundle language.

The product @ := M x G can be given a principal bundle structure by defining the left action
h(z, g) := (z, hg) and projection 7(x,g) = x. A connection w : TQ — Lie G can be constructed in
terms of A: Let v @y € T(; Q. Then,

wv®y) =Av)+g 'y

Here, g~ 17 := 75 (y), where I is the Maurer-Cartan form on G and 7 : Q — G is the projeciton
(z,g) — g. The horizontal lift h : X(M) — X(Q) can be defined by

h(X)(z,y) = X"(x,9) == X(z) — gA(X(z)). (161)

One verifies immediately that wo h = 0:

Let U be the time dependent vector field on M defined by U(x) = 4'9;. Now, the problem of
finding ¢ as defined in eq. (159) can be restated as solving

i=U"(q), 4(0) = u(0). (162)

Then, g(1) is the unique element in G such that ¢(1) = ¢(0)g(1).

We proceed with a general statement for finding the holonomy element corresponding to a loop in
the base space of a principal bundle.

B.2 Derivation of Radford’s expression

Let @ — M be a principal bundle with connection one-form w. Let w : [0,1] — M be a path
in M. By the horizontal lift induced by w, we define a time-dependent vector field on @ by
Ub .= al = 40P, where §; = 9/0x!, where z is a chosen chart on M.} Our goal is to integrate
4 = X}'(q), giving a path ¢ : [0,1] — @ such that 7(q(t)) = u(t). Let o be a local section of the
principal bundle, o : M — Q. Define the holonmy path g : [0,1] — G by ¢(t) = g(t)o(u(t)). Since
o(u(t)) is known, finding ¢(t) is then equivalent to finding ¢(t), which obeys the ODE g = —gA. In
the particular case that u is a loop in M, then g(1) gives us the corresponding holonomy element.
Then, we are able to identify Lie brackets in the Magnus expansion with covariant derivatives of
the curvature, yielding Radford’s expansion in terms of geometric invariants.

Let ¢ : [0,1] — @ be the path defined by ¢ = U}, and let ¢ € C>°(Q). Since

2 6(a(t)) = Ulolal0)

we have

IThe horizontal lift (-)* : TM — TP is a family of linear maps uniquely defined by w, such that im (-)* = kerw
and o ()" =idyy.
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Repeating this argument for U"¢, we have

(XE0)(a(r) = WENaO) + [ dr' (RN atr)
—UI0)a) + [ UL ),

such that

Halt)) = 6(a(0)) + / dr(Ut) / dr / ar' (UL UL 6) (g(r')).

Repeating this iteration yields the time ordered exponential:

Bq(t) = +Z / ar. / U, U6)(q(0) = Evind(q(0).  (163)

Equivalently, Evy;, : C(Q) — C*(Q) can be defined by Evin¢(q0) = ¢(®L,,(q0)), where ® :
X(Q) — Diff(Q) is the flow of map.

We wish to express Ev';]h as the formal exponential of some vector field ;. We suppose @) to be
regular, meaning that we suppose exp : X(Q) — Diff(Q) to be well defined. Chen [13] showed that
Q, is given by

Q= f(ado,)UY, (164)

where f(z) :=xz/(1 —e™*). The first few terms are

— 1= el 1] ————
Q = U, — S [UP, U, + [[U, U], UM, + (U, [UF, U] + .. (165)

-

At this point, we have not required anything of U” or made any assumption other than that the
expressions involved are well defined.

Using the fact that U* = 4! (¢)0”, we have

n—1

o0 t T
Evi, =1+ Z/ drta (Tl)"'/o it (7)ol - O

(166)
_1 Y Y / du! o}
n=1|I=
The coefficients [ du’ satisfy Ree’s theorem [46], which we render here:
Theorem B.1. Let {X;} be a finite number of indeterminates. The series
Si=1+4Y a*""X,;, - X;, (167)

n=1

is the exponential of a Lie series iff the coefficients a satisfy the shuffle algebra, e.g., a®a’*"i» =
@it in 4 gitaizin 4L 4 giteina

o1



For the first few a’s this means a’a? = a¥ + a/%, a'a?® = aV* + a7 + a7%. In our case, the
coefficients in (166) indeed satisfy Ree’s theorem, such that log Ev},, is indeed a Lie series.

10g EV%},, = Z l+1 |:Z/ du161:|

=1

_1)z+1 (168)
S E Y fan [ana,
I=1 |1;1>1
Since we know that this to be a Lie series, we can invoke Dynkin’s theorem [35]:
Theorem B.2. Let {X;} be a set of indeterminates. The series
Sim 30, (169)

5 a LZe series Zﬁ |IS]] = S, ’LUhe’f'e II]] 18 deﬁned termuwise by [[X'Ll .. Xln]] — (]_/n)[X“ .. Xln} —
(1/n)[Xi17 ceey [Xin,l 5 Xln]]

Applying this to 168, we finally get,

l+1 ]
Q= log Evjy = /dh- /d’l _ra] 170
t 0g VUh Z |Il‘+ +|Il‘ ( )

1=1 |I;|>1

Writing out the first few terms, we get unsurprisingly the same as in (165). Combining terms
again,

(-t UL, - U]
Q, = logEvah = Z Z L L. (171)
= l o1 ki+--+k
where
n times
Uh:=uh...UuUr
The first couple of terms are
_ 1 — 1 1, — — e
=T+ 500 + 510,00 - 5 (T, 0.0 + (010 00) (172)

We have found a vector field €2; such that Ev’z]h(b = exp(2:)¢. We have the following theorem

Theorem B.3. Let Q be a manifold, Z a time independent vector field on Q and ¢ € C*(Q).
Then,

(exp(tZ)¢)(a) = (2% (a)), (173)
where we denote the flow of Z by ®,. If Z is time dependent,
Texp(Z)¢(a) = o(P%(q)) (174)

where T exp(Z) is the time ordered exponential.

If Z is time dependent, we take Z; to mean the time independent vector field obtained by evaluating
Z at time t.
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Proof. The LHS of (173) is ¢(q) + (Z¢)(q) + (Z(Z¢))(q)/2! + .... The RHS is ¢(®%(q)) = #(q) +
fol dt(Z¢) (D4 (q)), since d/dtd (DY (q)) = (Z¢)(P%(q)). Reiterating gives the desired result. O

We have shown that ¢(¢(t)) = (Ev}n6)(a(0)) = exp(9)6(q(0)) = 6(®h, (q(0)), implying q(t) =
<I>}2t (¢(0)). Let e : Lie G — G denote the Lie exponential, mapping the Lie algebra of G into G. It

will turn out that when u(1) = u(0) then ®, (¢(0)) = e%¢(0) for some lie algebra element ¢ whose
expression we seek to find. On our way there, some crucial facts need to be established.

Proposition B.4. Q, is G-equivariant, meaning that Vg € G,q € Q : Q:(gq) = gQ%(q).

In order to establish the above, we need to return to the language of connections on principal
bundles.

Let A € Lie G. Then, Ag denotes a vector field on @ defined by Ag(q) := d/dt|;—oet"q.
We next quote the following theorem from Radford:
Theorem B.5. Let X and Y be vector fields on M, W the curvature 2-form on Q, defined by

VXY € X(Q) : W(X,Y) = dw(X,Y) — [w(X),w(Y)]. Let f: Q — Lie G an Ad-equivariant
function, meaning Vg € G,q € Q : f(9q9) = Adyf(q). Then,

(X" Y = [X,Y]" = Wo(x",Y")

7
(X", fol = (X" flq 1)

This means in particular that [8?,8;?] = fWQ(a?,G;?). Let f: Q@ — LieG. We call f Ad-

equivariant if f(gq) = Adgf(q). Let X € X(Q). We call X G-equivariant if X (gq) = dgeX(q).
One important property of W is that it is Ad-equivariant. By the following lemma,

Lemma B.6. f:Q — Lie G is Ad-equivariant iff fo is G-equivariant.

Theorem B.5 together with the above lemma and the fact that W is Ad-equicariant, imply that
[07] = —(oF ..o Q(dh_,,00))q, and that all the brackets [0}] are in fact G-equivariant vector
fields. In particular 9! is G-equivariant, and since €; then is a sum of equivariant vector fields,

this establishes that §2; is equivariant.

Let X € X(Q). We call X vertical if dm o X = 0. We call X horizontal if dn(X — wq(X)) =0. It
can be shown that, for a vertical vector field X, wgX = X.

In the case that u(1) = u(0), 21 gains the key property, that it is vertical. This will allow us to
identify €, with a unique £ € Lie G.

Proposition B.7. If u(1l) = u(0), then Q; is a vertical vector field.

Proof. In the expansion of ; in equation (165), the only horizontal part is the terms UJ*. This is
because the bracket of any two horizontal vector fields is vertical, and the bracket of a horizontal
and a vertical vector field is again vertical. When u(1) = u(0), the horizontal terms become zero,
and € is purely vertical. O

If Q is equivariant, then w(f2) : @ — Lie G is Ad-equivariant: w(Q(gq)) = w(gZ(q)) = Adyw(Z(q)).
Now, if f : @ — Lie G is Ad-equivariant, then fg is a G-equivariant vertical vector field: fo(gq) =
djdt et 99 gq = d/dt A9t (D gq = d/dt getV Dg = gfo(q).

Theorem B.8. Let f: Q — Lie G be Ad-equivariant. Then, @}Q (q) = ef(@gq.

Proof. Let ¢ € C*(Q). Taylor expanding the LHS gives

(Psqo(a:1)) = ¢(q) + (foo)(9) + (fo(fed))(9)/2 +-- -,
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and Taylor expanding the RHS gives
¢! Dlq) = @(q) + -+ d"/dt"|o p(e/ D) /nl + -

By definition of the vector field fg, we have d/dt|o ¢(e/D'q) = (fo¢)(q), and the higher derivatives
are d"/dt" |y ¢p(efDtq) = (fo - fod)(q), which equates the two sides. O

This then implies the following fact: Let €, be a G-equivariant vertical vector field, then there
is a unique Ad-equivariant function £ : Q@ — Lie G s.t. ) = &. In that case, ®f (q) =
e¢@gq. The desired Lie element ¢ is then given by w(Q:1(¢(0))). By theorem B.5, w([}])
—8?1...8{; L0k, 0m).

n—1"%n

Suppose h : M — Lie G. We can define the covariant derivative of h as Vh :=dh — [A4, h]. If X is
a vector field on M, then, denote Vxh = Vi(X) = dh(X) — [A(X), h].

Lemma B.9. Let f : Q — Lie G be Ad-equivariant and X a vector field on M. Then, o*(X"f) =
an*f

Proof. Vxo™f = o*df(X) — [A(X),0" f] = 0™ (df (0.X) — [w(0X), f]) = 0" (0 X - f —wq(0X)- f) =
c*((6X — wo(oX)) - f) = o*X"f, were we denote 0 X := (¢ — g(q)do.(yX(m(q)). We used
the fact that for f Ad-equivariant, [w(X), f] = wo(X) - f. This follows from [w(X), f](¢) =
d/dtlo Ad{e* X)) f(q) = d/dto f(e*X)q) = wo(X) f(g). D

Let F := ¢*W. The previous lemma then immediately implies
o* OO W(Oh_1,00) =V Vi a1,

2

such that o*w[07](¢(0)) = —V;,...Vi, _, Fn_1,(u(0))! The Lie element we seek to find is

l 1 h
§=LU(ZT(q(O))):wZ ’ /d I, /d 1, 10,..1,](a(0))

=1 1|21 [+ + 1]
(1)t / . / s w[d? . 1(q(0))
N du - | dofv =i s .
l+1
:Z Z /duh,../duhw’
=1 |I;1>1 ||+ -+ |1

where VF; = —-V;, -V, F,_1,. Using the fact that we are integrating over a closed path, we

have
/ du’ =0,

so all first order integrals vanish. The sum can then be rewritten as

) U/QJ l+1
€= Z* Z z ‘ /duh -~-/duIlV811...Il(a:(0)). (177)
J= =7 1o [I|=3; |1:|>2
Note U" = X. Then,
1 1 1 = 1 — —
where [X, X] = fOT dr[X;, ] dr'X;/] etc. The corresponding Lie algebra series & = w(€2y) is

1 L1 . 1 - 1 -
¢ = f§Fij/du” - gviij/dw’“ - 4V¢Vijl</du”kl - 5/du” /dukl> +o (179)

IThis is lemma 2, Ch. II1.9, in [26].
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