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Preface

Geometric numerical integration is a rather important research topic in numerical
analysis of differential equations. In the introductory chapter of this volume, two
distinguished mathematicians, Arieh Iserles and Reinout Quispel, explore recent
and ongoing developments, as well as new research directions in geometric inte-
gration methods for differential equations. The collection of manuscripts following
Iserles’ and Quispel’s contribution display a combination of research and overview
chapters including detailed presentations of many of the mathematical tools nec-
essary in the areas of geometric integration theory, nonlinear systems theory, and
discrete mechanics. The scope and high quality of this volume is maybe best
exemplified by briefly mentioning the topics it contains. Many mechanical systems
evolve on Lie groups, that is why Lie group integrators are essential for numerically
solving differential equations. A comprehensive overview on Lie group integrators
is provided by Brynjulf Owren. The algebraic, geometric, and computational
aspects relevant to numerical integration methods, such as Lie—Butcher series and
word series algorithms, are described extensively in the following chapters by
Munthe-Kaas and Foellesdal, Murua and Sanz-Serna, Ebrahimi-Fard and Mencattini,
and Casas. The contribution by Duffaut Espinosa, Ebrahimi-Fard, and Gray
explores interconnections of nonlinear systems with a view towards discretisation.
The following chapters by Bogfjellmo, Dahmen, and Schmeding, Barbero Lifidn
and Martin de Diego, Vermeeren, and Verdier are shorter and address more specific
research questions, with the exception of the paper by Bogfjellmo et al., which also
includes a timely overview of Lie theoretic and Hopf algebraic aspects relevant to
geometric numerical integration. Indeed, a common thread underlying those works
is the fruitful use of modern algebraic and combinatorial structures common to
those topics.

The contributions are written in a self-contained style to make the volume
accessible to a broader audience, including in particular researchers and graduate
students interested in theoretical and applied aspects in geometric integration
theory, nonlinear control theory, and discrete mechanics.
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These chapters are based on extended lectures and research talks presented at the
international “Brainstorming Workshop on New Developments in Discrete
Mechanics, Geometric Integration and Lie—Butcher Series”. The event took place at
the Instituto de Ciencias Matematicas (ICMAT) in Madrid, Spain, and was one
of the main activities organised by the Norwegian—Spanish NILS-ABEL
2014-2015 research project “Discrete Mechanics, Geometric Integration and Lie—
Butcher Series”. The two partners of the NILS—ABEL project (Bergen—Madrid)
were very eager to consult with experts (Elena Celledoni and Brynjulf Owren) from
the Norwegian University of Science and Technology (NTNU) in Trondheim. In
fact, we were convinced that combining the expertise from researchers from these
three institutions and including other invited participants would certainly lead to a
substantial boost of the perspectives of this mathematics research project. This was
one of the main motivations to organise this brainstorming workshop back in 2015.
The meeting brought together senior experts as well as young researchers, from
Germany, Norway, Spain, and the USA. Its central aim was to provide a platform
for discussing theoretical and applied aspects of computational solutions of dif-
ferential equations describing dynamical systems in natural sciences and technology
as well as nonlinear control systems. We particularly appreciate Profs. Iserles and
Quispel for their valuable contribution to this volume. Although they could not join
us in the workshop, they were very enthusiastic in preparing the introductory
chapter.

Last but not least, this volume would not have been possible without the
commitment of all the speakers in the workshop. They prepared excellent exposi-
tions which made this event rather successful. The event received funding from the
EEA grant provided by Norway, Iceland, Liechtenstein, and Spain (NILS), as well
as from the Fundacion BBVA, the ICMAT Severo Ochoa Excellence Programme,
and Universidad Carlos IIT de Madrid. We also thank the referees for helping us in
preparing this volume and the ICMAT for providing the facilities and the human
resources to make the event a success.

Trondheim, Norway Kurusch Ebrahimi-Fard
Madrid, Spain Maria Barbero Lifian
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Check for
updates

Arieh Iserles and G. R. W. Quispel

Abstract Geometric numerical integration (GNI) is a relatively recent discipline,
concerned with the computation of differential equations while retaining their geo-
metric and structural features exactly. In this paper we review the rationale for GNI
and review a broad range of its themes: from symplectic integration to Lie-group
methods, conservation of volume and preservation of energy and first integrals.
We expand further on four recent activities in GNI: highly oscillatory Hamilto-
nian systems, W. Kahan’s ‘unconventional’ method, applications of GNI to celestial
mechanics and the solution of dispersive equations of quantum mechanics by sym-
metric Zassenhaus splittings. This brief survey concludes with three themes in which
GNI joined forces with other disciplines to shed light on the mathematical universe:
abstract algebraic approaches to numerical methods for differential equations, highly
oscillatory quadrature and preservation of structure in linear algebra computations.
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1 The Purpose of GNI

Geometric numerical integration (GNI) emerged as a major thread in numerical
mathematics some 25 years ago. Although it has had antecedents, in particular the
concerted effort of the late Feng Kang and his group in Beijing to design structure-
preserving methods, the importance of GNI has been recognised and its scope delin-
eated only in the 1990s.

But we are racing ahead of ourselves. At the beginning, like always in mathemat-
ics, there is the definition and the rationale of GNI. The rationale is that all-too-often
mathematicians concerned with differential equations splitinto three groups that have
little in common. Firstly, there are the applied mathematicians, the model builders,
who formulate differential equations to describe physical reality. Secondly, there are
those pure mathematicians investigating differential equations and unravelling their
qualitative features. Finally, the numerical analysts who flesh out the numbers and the
graphics on the bones of mathematical formulation. Such groups tended to operate
in mostly separate spheres and, in particular, this has been true with regards to com-
putation. Discretisation methods were designed (with huge creativity and insight) to
produce rapidly and robustly numerical solutions that can be relied to carry overall
small error. Yet, such methods have often carried no guarantee whatsoever to respect
qualitative features of the underlying system, the very same features that had been
obtained with such effort by pure and applied mathematicians.

Qualitative features come basically in two flavours, the dynamical and the geo-
metric. Dynamical features—sensitivity with respect to initial conditions and other
parameters, as well as the asymptotic behaviour—have been recognised as impor-
tant by numerical analysts for a long time, not least because they tend to impinge
directly on accuracy. Thus, sensitivity with respect to initial conditions and pertur-
bations comes under ‘conditioning’ and the recovery of correct asymptotics under
‘stability’, both subject to many decades of successful enquiry. Geometric attributes
are invariants, constants of the flow. They are often formulated in the language of
differential geometry (hence the name!) and mostly come in three varieties: conser-
vation laws, e.g. Hamiltonian energy or angular momentum, which geometrically
mean that the solution, rather than evolving in some large space RY, is restricted
to a lower-dimensional manifold M, Lie point symmetries, e.g. scaling invariance,
which restrict the solution to the tangent bundle of some manifold, and quantities
like symplecticity and volume, conservation laws for the derivative of the flow. The
design and implementation of numerical methods that respect geometric invariants
is the business of GNI.

Since its emergence, GNI has become the new paradigm in numerical solution of
ODEs, while making significant inroads into numerical PDEs. As often, yesterday’s
revolutionaries became the new establishment. This is an excellent moment to pause
and take stock. Have all the major challenges been achieved, all peaks scaled, leaving
just a tidying-up operation? Is there still any point to GNI as a separate activity or
should it be considered as a victim of its own success and its practitioners depart to
fields anew—including new areas of activity that have been fostered or enabled by
GNI?
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These are difficult questions and we claim no special authority to answer them in
an emphatic fashion. Yet, these are questions which, we believe, must be addressed.
This short article is an attempt to foster a discussion. We commence with a brief
survey of the main themes of GNI circa 2015. This is followed by a review of recent
and ongoing developments, as well as of some new research directions that have
emerged from GNI but have acquired a life of their own.

2 The Story So Far

2.1 Symplectic Integration

The early story of GNI is mostly the story of symplectic methods. A Hamiltonian
system
_ _0H(p.q) j= dH(p.q)

= % op (2.1)
where H : R* — R is a Hamiltonian energy, plays a fundamental role in mechanics
and is known to possess a long list of structural invariants, e.g. the conservation of
the Hamiltonian energy. Yet, arguably its most important feature is the conserva-
tion of the symplectic form ZZ:, dp, A dgq, because symplecticity is equivalent to
Hamiltonicity—in other words, every solution of a Hamiltonian system is a sym-
plectic flow and every symplectic flow is locally Hamiltonian with respect to an
appropriate Hamiltonian energy [33].

The solution of Hamiltonian problems using symplectic methods has a long his-
tory, beautifully reviewed in [32], but modern efforts can be traced to the work of
Feng and his collaborators at the Chinese Academy of Sciences, who have used
generating-function methods to solve Hamiltonian systems [21]. And then, virtually
simultaneously, [46, 77, 83] proved that certain Runge—Kutta methods, including the
well-known Gauss—Legendre methods, preserve symplecticity and they presented an
easy criterion for the symplecticity of Runge—Kutta methods. GNI came of age!

Symplectic methods readily found numerous uses, from particle accelerator
physics [23] and celestial mechanics [47] to molecular dynamics [49] and beyond.

Subsequent research into symplectic Runge—Kutta methods had branched out
into a number of directions, each with its own important ramifications outside the
Hamiltonian world:

e Backward error analysis. The idea of backward error analysis (BEA) can be traced
to Wilkinson’s research into linear algebra algorithms in the 1950ties. Instead of
asking “what is the numerical error for our problem”, Wilkinson asked “which
nearby problem is solved exactly by our method?”. The difference between the
original and the nearby problem can tell us a great deal about the nature of the
error in a numerical algorithm.



4 A. Iserles and G. R. W. Quispel

A generalisation of BEA to the field of differential equations is fraught with diffi-
culties. Perhaps the first successful attempt to analyse Hamiltonian ODEs in this
setting was by [70] and it was followed by many, too numerous to list: an excellent
exposition (like for many things GNI) is the monograph of [33]. A major technical
tool is the B-series, an expansion of composite functions in terms of forests of
rooted trees, originally pioneered by [7]. (We mention in passing that the Hopf
algebra structure of this Butcher group has been recently exploited by mathemati-
cal physicists to understand the renormalisation group [15]—as the authors write,
“We regard Butcher’s work on the classification of numerical integration meth-
ods as an impressive example that concrete problem-oriented work can lead to
far-reaching conceptual results”.) It is possible to prove that, subject to very gen-
erous conditions, the solution of a Hamiltonian problem by a symplectic method,
implemented with constant step size, is exponentially near to the exact solution of
a nearby Hamiltonian problem for an exponentially long time. This leads to con-
siderably greater numerical precision, as well as to the conservation on average
(in a strict ergodic sense) of Hamiltonian energy.
B-series fall short in a highly oscillatory and multiscale setting, encountered fre-
quently in practical Hamiltonian systems. The alternative in the BEA context is
an expansion into modulated Fourier series [29], as well as expansions into word
series [68], to which we return in Sect. 4.1.

e Composition and splitting.
Many Hamiltonians of interest can be partitioned into a sum of kinetic and poten-
tial energy, H(p, q) = p' M p + V(q). It is often useful to take advantage of this
in the design of symplectic methods. While conventional symplectic Runge—Kutta
methods are implicit, hence expensive, partitioned Runge—Kutta methods, advanc-
ing separately in p and ¢, can be explicit and are in general much cheaper. While
perhaps the most important method, the Stormer—Verlet scheme, has been known
for many years, modern theory has led to an entire menagerie of composite and
partitioned methods [79].
Splitting methods' have been used in the numerical solution of PDEs since 1950s.
Thus, given the equation u, = £1(u) + L, (u), where the L;s are (perhaps nonlin-
ear) operators, the idea is to approximate the solution in the form

ut +h) ~ ealhﬁleﬂlhﬁzeazhﬁl . eavhﬁleﬁxﬁzu(t) (2.2)

where v(ty + h) =: e"“1v(ty) and w(ty + h) =: e"“>w(ty) are, formally, the solu-
tions of ¥ = L£;(v) and w = L,(w) respectively, with suitable boundary condi-
tions. The underlying assumption is that the solutions of the latter two equations
are either available explicitly or are easy to approximate, while the original equa-
tion is more difficult.

A pride of place belongs to palindromic compositions of the form

ealhﬁleﬂlhﬁzeazhﬁl . e(th[,leﬁqhﬁzeaqh[,] . eazh[,leﬁlhﬁzealh[,] , (23)

1Occasionally known in the PDE literature as alternate direction methods.
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invariant with respect to a reversal of the terms. They constitute a time-symmetric
map, and this has a number of auspicious consequences. Firstly, they are always
of an even order. Secondly—and this is crucial in the GNI context—they respect
both structural invariants whose integrators are closed under composition, i.e.
form a group (for example integrators preserving volume, symmetries, or first
integrals), as well as invariants whose integrators are closed under symmetric
composition, i.e. form a symmetric space (for example integrators that are self-
adjoint, or preserve reversing symmetries). A basic example of (2.3) is the second-
order Strang composition

1 1
eihﬁ]eh[/zeihﬂl — eh(£1+£z) + O (h3) .

Its order—and, for that matter, the order of any time-symmetric method—can be
boosted by the Yoshida device [88]. (Cf. also [85].) Let @ be a time-symmetric
approximation to e’“ of order 2P, say. Then

21/(2P+1) -1

D1+ a)h)P(—(1 + 2a)h)P((1 + a)h), where o = 3 avarm
is also time symmetric and of order 2 P + 2. Successive applications of the Yoshida
device allow to increase arbitrarily the order of the Strang composition, while
retaining its structure-preserving features. This is but a single example of the huge
world of splitting and composition methods, reviewed in [4, 57].

e Exponential integrators.

Many ‘difficult” ODEs can be written in the form y = Ay + b(y) where the matrix
A is ‘larger’ (in some sense) than b(y)—for example, A may be the Jacobian
of an ODE (which may vary from step to step). Thus, it is to be expected that
the ‘nastiness’ of the ODE under scrutiny—be it stiffness, Hamiltonicity or high
oscillation—is somehow ‘hardwired’ into the matrix A. The exact solution of the
ODE can be written in terms of the variation-of-constants formula,

h
y+h) =e"y) + / e Dbyt + £)) dg, (24)
0

except that, of course, the right-hand side includes the unknown function y. Given
the availability of very effective methods to compute the matrix exponential, we can
exploit this to construct exponential integrators, explicit methods that often exhibit
favourable stability and structure-preservation features. The simplest example, the
exponential Euler method, freezes y within the integral in (2.4) at its known value
at ¢, the outcome being the first-order method

Vo1 =€y, + AT " — Db(y,).

The order can be boosted by observing that (in a loose sense which can be made
much more precise) the integral above is discretised by the Euler method, which
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is a one-stage explicit Runge—Kutta scheme, discretising it instead by multistage
schemes of this kind leads to higher-order methods [35].

Many Hamiltonian systems of interest can be formulated as second-order systems
of the form ¥ 4+ Q?y = g(y). Such systems feature prominently in the case of
highly oscillatory mechanical systems, where 2 is positive definite and has some
large eigenvalues. The variation of constants formula (2.4) now reads

ye+n] [ costh) Q 'sin(h) ][y
yi+h |~ | —Qsin(hQ)  cos(hf) y(1)
N /“fh [ cos((h —&)Q)  Q Lsin((h — g)sz)M 0 ]dg
. —Qsin((h —£)Q)  cos((h —§)2) gyt +8))

and we can use either standard exponential integrators or exponential integra-
tors designed directly for second-order systems and using Runge—Kutta—Nystrom
methods on the nonlinear part [87].

An important family of exponential integrators for second-order systems are
Gautschi-type methods

Yon+1 — Zyn + Y1 = hz\y(hgz)(gn - szn)v (25)

which are of second order. Here W (x) = 2(1 — cos x)/x while, in Gautschi’s orig-
inal method, g, = g(y,) [35]. Unfortunately, this choice results in resonances
and a better one is g, = g(P(h2)y, ), where the filter ® eliminates resonances:
®(0) =1 and ® (k) =0 for k € N. We refer to [35] for further discussion of
such methods in the context of symplectic integration.
Variational integrators. Lagrangian formulation recasts alarge number of differen-
tial equations as extrema of nonlinear functionals. Thus, for example, instead of the
Hamiltonian problem Mg + VV (g) = 0, where the matrix M is positive definite,
we may consider the equivalent variational formulation of extremising the positive-
definite nonlinear functional L(q, ¢) = %qTM q — V(q). With greater generality,
Hamiltonian and Lagrangian formulations are connected via the familiar Euler—
Lagrange equations and, given the functional L, the corresponding second-order
system is

iL@g.q) d [auq, q)} o

dq dr Y o

The rationale of variational integrators parallels that of the Ritz method in the theory
of finite elements. We first reformulate the Hamiltonian problem as a Lagrangian
one, project it to a finite-dimensional space, solve it there and transform back.
The original symplectic structure is replaced by a finite-dimensional symplectic
structure, hence the approach is by design symplectic [64]. Marsden and West [54]
review the implementation of variational integrators.
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2.2 Lie-Group Methods

Let G be a Lie group and M a differentiable manifold. We say that A : G x M — M
is a group action if

a. A(t,y) = yforall y € M (where ¢ is the identity of G) and
b. A(p,A(g,y)) =A(p-q,y)forall p,qg € Gand y € M.

If, in addition, for every x, y € M there exists p € G such that y = A(p, x), the
action is said to be transitive and M is a homogeneous space, acted upon by G.

Every Lie group acts upon itself, while the orthogonal group O(n) acts on the
(n — 1)-sphere by multiplication, A(p, y) = py. The orthogonal group also acts on
the isospectral manifold of all symmetric matrices similar to a specific symmetric
matrix by similarity, A(p, y) = pyp'. Given 1 < m < n, the Grassmann manifold
G(n, m) of all m-dimensional subspaces of R" is a homogeneous space acted upon
by SO(m) x SO(n — m), where SO(m) is the special orthogonal group—more pre-
cisely, G(n, m) = SO(n)/(SO(m) x SO(n — m)).

Faced with a differential equation evolving in a homogeneous space, we can
identify its flow with a group action: Given an initial condition yy € M, instead of
asking “what is the value of y at time ¢t > 0” we might pose the equivalent question
“what is the group action that takes the solution from y, to y(#)?”. This is often a
considerably more helpful formulation because a group action can be further related
to an algebra action. Let g be the Lie algebra corresponding to the matrix group G, i.e.
the tangent space at ¢ € G, and denote by X (M) the set of all Lipschitz vector fields
over M.Let : g — X(M)anda : R, x M — gbe both Lipschitz. In particular,
we might consider

d
)\.((l, y) = EA(IO(Sv y)7 y) ?:()’

where A is a group action and p : Ry — G, p(s, y(s)) = t + a(s, y(s))s + O (s?)
for small |s|. The equation y = A(a(t, y), ¥), y(0) = yo € M represents algebra
action and its solution evolves in M. Moreover,

y() = A(v(t), yo) where v =ua(t, A(v,y))v, v(0)=1€§G (2.6)

is a Lie-group equation. Instead of solving the original ODE on M, it is possible to
solve (2.6) and use the group action A to advance the solution to the next step: this
is the organising principle of most Lie-group methods [42]. It works because a Lie-
group equation can be solved in the underlying Lie algebra, which is a linear space.
Consider an ODE? y = f(y), y(0) € M, such that f : M — X—the solution y(t)
evolves on the manifold. While conventional numerical methods are highly unlikely
to stay in M, this is not the case for Lie-group methods. We can travel safely between
M and G using a group action. The traffic between G and g is slightly more compli-
cated and we need to define a trivialisation, i.e. an invertible map taking smoothly a

2Qr, for that matter, a PDE, except that formalities are somewhat more complicated.
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neighbourhood of 0 € g to a neighbourhood of ¢ € G and taking zero to identity. The
most ubiquitous example of trivialisation is the exponential map, which represents
the solution of (2.6) as v(t) = e“"), where w is the solution of the dexpinv equation

oo
: B, .,
o=) e ey, @0)=0¢eg (2.7)

m=0 :

[42]. Here the B,, s are Bernoulli numbers, while ad}) is the adjoint operator in g,
adgc =c, ad)'c = [b, ad;,"*lc], m e N, b,ceg.

Because g is closed under linear operations and commutation, solving (2.7) while
respecting Lie-algebraic structure is straightforward. Mapping back, first to G and
finally to M, we keep the numerical solution of y = f(¢) on the manifold.

Particularly effective is the use of explicit Runge—Kutta methods for (2.7), the so-
called Runge—Kutta—Munthe-Kaas (RKMK) methods [65]. To help us distinguish
between conventional Runge—Kutta methods and RKMK, consider the three-stage,
third-order method with the Butcher tableau®

—_——= O
=

—

(2.8)

2
12
6 3

Applied to the ODE y = f(¢, ), y(t,) = y» € M, evolving on the manifold M C
R?, it becomes

ki = f(ta; yn)s
ky = ft, 1, yn+ 1hky),
ks = f(tas1, yo — hky + 2hk3),
A =h(ik + 2k + Lk3),
Ynl = Yn +A.
Since we operate in R?, there is absolutely no reason for y,.; to live in M. However,

once we implement (2.8) at an algebra level (truncating first the dexpinv equation

2.7,

3For traditional concepts such as Butcher tableaux, Runge-Kutta methods and B-series, the reader
is referred to [34].
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kl = Cl(tn, L)’

k) = a(anr% s ehl“/z),

—hk+2hk
k3 =a(tn+l’e i 2)9

A = h(3ki + ko + £k3),
Wy = A+ %h[Aa kil
Yar1 = AE, yn),

the solution is guaranteed to stay in M.

An important special case of a Lie-group equation is the linear ODE v = a(t)v,
where a : Ry — g. Although RKMK works perfectly well in a linear case, special
methods do even better. Perhaps the most important is the Magnus expansion [53],
v(t) = e®®Dvp(0), where

t 1 t &
w(t>=/ a(E)dS—E// (&), a(E)] de, dé,
0 0 JO
1 t & b
+g f / [[a(&s), a(E)], a(e)] dé; d&, d&, 2.9)
0 JO 0
1 t rE &
+E/// [a(&), [a(E). a(e)]] dé: A&, &y + - |
0 JO 0

We refer to [6, 40, 42] for explicit means to derive expansion terms, efficient computa-
tion of multivariate integrals that arise in this context and many other implementation
details. Magnus expansions are important in a number of settings when preservation
of structure is not an issue, not least in the solution of linear stochastic ODEs [51].

There are alternative means to expand the solution of (2.7) in a linear case, not
least the Fer expansion [22, 38], that has found recently an important application in
the computation of Sturm-Liouville spectra [76].

Another approach to Lie-group equations uses canonical coordinates of the second
kind [72].

2.3 Conservation of Volume

An ODE x = f(x) is divergence-free if V - f(x) = 0. The flows of divergence-
free ODEs are volume-preserving (VP). Volume is important to preserve, as it leads
to KAM-tori, incompressibility, and, most importantly, is a crucial ingredient for
ergodicity. Unlike symplecticity, however, phase space volume can generically not
be preserved by Runge—Kutta methods, or even by their generalisations, B-series
methods. This was proved independently in [13] and in [43]. Since B-series methods
cannot preserve volume, we need to look to other methods.
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There are essentially two known numerical integration methods that preserve
phase space volume. The first volume-preserving method is based on splitting [20].
As an example, consider a 3D volume preserving vector field:

X =ux,y,2)
y=v(x,y,2) (2.10)
z=w(x,y,2)

with
uy +vy, +w, =0.

We split this 3D VP vector field into two 2D VP vector fields as follows

X =u(x,y,2), =0,
ﬁ:-/ux(x,y,z)dy, y':v(x,y,z)+/ux(x,y,z)dy, (2.11)
£=0; z=w(x,y,2).

The vector field on the left is divergence-free by construction, and since both vector
fields add up to (2.1), it follows that the vector field on the right is also volume-
preserving.

Having split the original vector field into 2D VP vector fields, we need to find
VP integrators for each of these 2D VP vector fields. But that is easy, because in 2D
volume-preserving and symplectic vector fields are the same—this, of course, holds
also for symplectic Runge—Kutta methods.

The above splitting method is easily generalised to #n dimensions, where one splits
into n — 1 2D VP vector fields, and integrates each using a symplectic Runge—Kutta
method.

An alternative VP integration method was discovered independently by Shang
and by Quispel [74, 80]. We again illustrate this method in 3D.

We will look for an integrator of the form

x1 = gi1(x}, X2, x3)
Xy = g2(x], x2, x3) (2.12)

xy = g1(x], x5, x3)

where (here and below) x; = x;(nh), and x] = x;((n + 1)h). The reason the form
(2.12) is convenient, is because any such map is VP iff

% - a_xga_xg (2.13)
0x} xy 0x3 ’

To see how to construct a VP integrator of the form (2.12), consider as an example
the ODE
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X1 =x+ xl2 + xg’
X2 = x3+x1x2 + Xf (2.14)

X3 =x; — 3x1x3 + x;
It is easy to check that it is divergence-free.
Now consistency requires that any integrator for (2.14) should satisfy

x{ = X + h(.X2 —|—x12 +X§) + O (hz)
Xy = x4+ h(xs +x100 + x7) + O (h?) (2.15)
Xy =x3+ h(x; — 3x1x3 + xg) + 0O (hz)

and therefore

X1 =x1—h(x2+x12+x§)+(’)(h2) (2.16)
x5y = X3+ h(xs + xjx; + xi4) +0 (hz) (2.17)
Xy = x3 + h(x] — 3x}xs +x5) + O (h?) (2.18)

Since we are free to choose any consistent g, and g3 in (2.12), provided g; satisfies
(2.13), we choose the terms designated by O (hz) in (2.15) and (2.16) to be identically
zero. Equation (2.13) then yields

8)C1 ; ’

— = L+ hx)(1 = 3hx)). (2.19)
ax;

This can easily be integrated to give

x; = x| — hx? — B?x? 4 k(xa, x3; h). (2.20)

where the function k& denotes an integration constant that we can choose appropriately.
The simplest VP integrator satisfying both (2.14) and (2.20) is therefore:

X1 = x| — h(xg + x4+ x3) — hxp
xh = xa 4+ h(xz + xjx2 + x}H) (2.21)
x5 = x3 4+ h(x] — 3x|x3 + x5)

A nice aspect of the integrator (2.21) (and (2.12)) is that it is essentially only implicit
in one variable. Once x| is computed from the first (implicit) equation, the other two
equations are essentially explicit.

Of course the method just described also generalises to any divergence-free ODE
in any dimension.
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2.4 Preserving Energy and Other First Integrals

As mentioned, Hamiltonian systems exhibit two important geometric properties
simultaneously, they conserve both the symplectic form and the energy. A famous
no-go theorem by Ge and Marsden [25] has shown that it is generically impossible to
construct a geometric integrator that preserves both properties at once. One therefore
must choose which one of these two to preserve in any given application. Particularly
in low dimensions and if the energy surface is compact, there are often advantages
in preserving the energy.

An energy-preserving B-series method was discovered in [75] cf. also [59].

For any ODE x = f(x), this so-called average vector field method is given by

x' —x
=

1
/0 fEX + (1 —&)x)d&. (2.22)

If the vector field f is Hamiltonian, i.e. if there exists a Hamiltonian function H (x)
and a constant skew-symmetric matrix S such that f(x) = SV H (x), then it follows
from (2.22) that energy is preserved, i.e. H(x') = H(x).

While the B-series method (2.22) can generically preserve all types of Hamilto-
nians H, it can be shown that no Runge—Kutta method is energy-preserving for all
H. (In other words, this can only be done using B-series methods that are not RK
methods.) For a given polynomial H however, Runge—Kutta methods preserving that
H do exist [37]. This can be seen as follows.

Note that the integral in (2.22) is one-dimensional. This means that e.g. for cubic
vector fields (and hence for quartic Hamiltonians) an equivalent method is obtained
by replacing the integral in (2.22) using Simpson’s rule:

! 1
/(; g&)ds ~ 3 [2(0) +4¢(3) + g(D)]. (2.23)
yielding the Runge—Kutta method
x—x 1 x+x ,
LI [f(x) vy (—2 ) e )}, (2.24)

preserving all quartic Hamiltonians.

We note that (2.22) has second order accuracy. Higher order generalisations have
been given in [27]. We note that the average vector field method has also been applied
to a slew of semi-discretised PDEs in [9].

While energy is one of the most important constants of the motion in applications,
many other types of first integrals do occur. We note here that all B-series methods
preserve all linear first integrals, and that all symplectic B-series methods preserve
all quadratic first integrals. So, for example, the implicit midpoint rule
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x' —x x +x’
i ‘f< 2 )

(which is symplectic) preserves all linear and quadratic first integrals. There are
however many cases not covered by any of the above.

How does one preserve a cubic first integral that is not energy? And what about
Hamiltonian systems whose symplectic structure is not constant? It turns out that
generically, any ODE x = f(x) that preserves an integral / (x), can be written in
the form

&= Sx)VIKx), (2.25)

where S(x) is a skew-symmetric matrix.*
An integral-preserving discretisation of (2.25) is given by

x' —

h

Y S )V, X)), (2.26)

where S(x, x') is any _consistent approximation to S(x) (e.g. S(x,x") = S(x)), and
the discrete gradient VI is defined by

' —x) VI, x) = I1(x)—1(x) (2.27)
and B
lim V7 (x, x') =VI(x). (2.28)

There are many different discrete gradients that satisfy (2.27) and (2.28). A partic-
ularly simple one is given by the Itoh—Abe discrete gradient, which for example in

3D reads ,
I(x}, x2, x3) — I (x1, X2, x3)

X\ —x
1
ﬁl(x x/)_ I(-xiv-xéax?))_l(-xiv-xZ’x?))

- (2.29)
Xy — X2
1 (xj, x5, x3) — I (xy, x5, X3)

Xy —x3

Other examples of discrete gradients, as well as constructions of the skew-symmetric
matrix S(x) for a given vector field f and integral 7 may be found in [59].

We note that the discrete gradient method can also be used for systems with any
number of integrals. For example an ODE x = f(x) possessing two integrals / (x)
and J (x) can be written
al(x)aJ(x)

an Bxk

Xi = Sijr(x) ) (2.30)

“#Note that in general S(x) need not satisfy the so-called Jacobi identity.
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where the summation convention is assumed over repeated indices and S(x) is a
completely antisymmetric tensor. A discretisation of (2.30) which preserves both 1
and J is given by

/
X; — X

h

= § e, )V (x, X)) JVJ(x,x’)|k 2.31)
with S any completely skew approximation of S and VI and VJ discrete gradi-

ents as defined above. Discrete gradient methods have recently found an intriguing
application in variational image regularisation [26].

3 Four Recent Stories of GNI

The purpose of this section is not to present a totality of recent research into GNI, a
subject that would have called for a substantially longer paper. Instead, we wish to
highlight a small number of developments with which the authors are familiar and
which provide a flavour of the very wide range of issues on the current GNI agenda.

3.1 Highly Oscillatory Hamiltonian Systems

High oscillation occurs in many Hamiltonian systems. Sometimes, e.g. in the inte-
gration of equations of celestial mechanics, the source of the problem is that we wish
to compute the solution across a very large number of periods and the oscillation is an
artefact of the time scale in which the solution has physical relevance. In other cases
oscillation is implicit in the multiscale structure of the underlying problem. A case in
point are the (modified) Fermi—Pasta—Ulam (FPU) equations, describing a mechan-
ical system consisting of alternating stiff harmonic and soft nonlinear springs. The
soft springs impart fast oscillation, while the hard springs generate slow transfer of
energy across the system: good numerical integration must capture both!

A good point to start (which includes modified FPU as a special case) is the
second-order ODE

§+q=g(q, >0, g0 =uy ¢0)=uvy, 3.1)

where g(q) = —VU(q) and

_ 0 0 _ 90 no ni
Q_[Owl]’ o> 1, q_[ql], qo € R™, g, e R".

An important aspect of systems of the form (3.1) is that the exact solution, in addition
to preserving the total Hamiltonian energy



Why Geometric Numerical Integration? 15

1 1
H(p.q) =5 (Ip) 1>+ o?llg1?) + Enpon2 +U(q0. 9. (3.2)

where ¢ = p, also preserves the oscillatory energy

1 w?
I(p,q) = Enpln2 + 7||q1||2 (3.3)

for intervals of length O (a)N ) for any N > 1. This has been proved using the mod-
ulated Fourier expansions

gy =Y "z, (0).

m=—0o0

The solution of (3.1) exhibits oscillations at frequency O () and this inhibits the
efficiency of many symplectic methods, requiring step size of O (a)’l), a situation
akin to stiffness in more conventional ODEs. However, by their very structure, expo-
nential integrators (and in particular Gautschi-type methods (2.5)) are particularly
effective in integrating the linear part, which gives rise to high oscillation. The prob-
lem with Gautschi-type methods, though, might be the occurrence of resonances and
we need to be careful to avoid them, both in the choice of the right filter (cf. the
discussion in Sect. 2.1) and step size h.

Of course, one would like geometric numerical integrators applied to (3.1) to
exhibit favourable preservation properties with respect to both total energy (3.2) and
oscillatory energy (3.3). Applying modulated Fourier expansions to trigonometric
and modified trigonometric integrators, this is indeed the case provided that the step
size obeys the non-resonance condition with respect to the frequency w,

|sin(Amhw)| = ch'?,  m=1,...,N, N =2,
cf. Hairer and Lubich [30].

All this has been generalised to systems with multiple frequencies, with the Hamil-
tonian function

oscillatory slow
s ,—/\—
1 2 2 2 1 2
H(p.q) =53 (Ip; I + 3 lg;1%) + 5 12> + U ),
j=1
where
Py 90
P q )
p=|. L g=| . [ 0< mno, I mx o

ps q
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for both the exact solution [24] and for discretisations obtained using trigonometric
and modified trigonometric integrators [14].

Further achievements and open problem in the challenging area of marrying sym-
plectic integration and high oscillation are beautifully described in [28] and [31].

3.2 Kahan’s ‘Unconventional’ Method

A novel discretisation method for quadratic ODEs was introduced and studied in [44,
45] and analysed first from the GNI standpoint in [78]. This new method discretised
the vector field

X = Zaijkxjxk + Z bijxj+c; (3.4)
J.k J
as follows,

X! —x, _Za”k (xjxk—i-x Xk> sz/<

Kahan called the method (3.5) ‘unconventional’, because it treats the quadratic terms
different from the linear terms. He also noted some nice features of (3.5), e.g. that it
often seemed to be able to integrate through singularities.

) +c. (3.5)

Properties of Kahan’s method:

1. Kahan’s method is (the reduction of) a Runge—Kutta method.
Celledoni et al. [12] showed that (3.5) is the reduction to quadratic vector fields
of the Runge—Kutta method

x' —x x+x 1 1 ,
A 2f( ) 2f(x) 2f(x) (3.6)
The RK method (3.6) (which is defined for all vector fields f), once applied to
quadratic vector fields, coincides with Kahan’s method (which is only defined
in the quadratic case).
This explains inter alia why Kahan’s method preserves all linear first integrals.
2. Kahan’s method preserves a modified energy and measure.
For any Hamiltonian vector field of the form

x=f(x)=SVH(x), (3.7
with cubic Hamiltonian H (x) and constant symplectic (or Poisson) structure

S, Kahan’s method preserves a modified energy as well as a modified measure
exactly [12].
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The modified volume is
dx; A -+ A dx,

det(7 — 1hf'(x))’ 68

while the modified energy is

-1
H(x) = H(x) + %hVH(x)T (1 - %hﬁ(x)) f(x). (3.9)

3. Kahan’s method preserves the integrability of many integrable systems of
quadratic ODEs.
Beginning with the work of Hirota and Kimura, subsequently extended by Suris
and collaborators [73], and by Quispel and collaborators [10, 12, 86], it was
shown that Kahan’s method preserves the complete integrability of a surpris-
ingly large number of quadratic ODEs. In most cases this means that, in n
dimensions, Kahan’s method preserves a (modified) volume form, as well as
n — 1 (modified) first integrals.

Here we list some 2D vector fields whose integrability is preserved by Kahan’s
method:

e Quadratic Hamiltonian systems in 2D:
The 9-parameter family

X bx> 4 2cxy +dy* + fx+gy+i
. == 2 2 5 (310)
y —ax”~ —2bxy —cy"—ex — fy—h

e Suslov systems in 2D:
The 9-parameter family

' 01
[ﬂ =1(x,y) [—1 O]VH(x,y), 3.11)

where I(x, y) = ax + by +c; H(x,y) = dx> +exy + fy> 4+ gx + hy +1i;
e Reduced Nahm equations in 2D:
Octahedral symmetry:

¢ 2x% — 12y?
[ﬂ - [_sz _4yy2} (3.12)
Icosahedral symmetry:
X 2x2 — y?
HEE=A o
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The modified energy and measure for the Kahan discretisations of these 2D systems,
as well as of many other (higher-dimensional) integrable quadratic vector fields are
given in [10, 12, 73].

Generalisations to higher degree polynomial equations using polarisation are pre-
sented in [11].

3.3 Applications to Celestial Mechanics

GNI methods particularly come into their own when the integration time is large
compared to typical periods of the system. Thus long-term integrations of e.g. solar-
type systems and of particle accelerators typically need symplectic methods. In this
subsection we focus on the former.’

In those studies where dissipation can be neglected, a common approach to solar
system type dynamics is to split the N-body Hamiltonian H in the form

H = H] ~|—SH2, (314)

where H|, representing the Keplerian motion of the N — 1 planets, is integrable, H,
represents the interaction between the planets and ¢ > 0 is a small parameter. In this
manner, special methods for near-integrable Hamiltonian dynamics can and have
been used, cf. e.g. [56].

One of the first symplectic integrations of the solar system was done in [84] where
it was confirmed that the solar system has a positive Lyapunov exponent, and hence
exhibits chaotic behaviour cf [47].

More recently these methods have been improved and extended [5, 17, 48]. Sev-
eral symplectic integrators of high order were tested in [19], in order to determine
the best splitting scheme for long-term studies of the solar system.

These various methods have resulted in the fact that numerical algorithms for solar
system dynamics are now so accurate that they can be used to define the geologic
time scales in terms of the initial conditions and parameters of solar system models
(or vice versa). For related work cf [82].

3.4 Symmetric Zassenhaus Splitting and the Equations
of Quantum Mechanics

Equations of quantum mechanics in the semiclassical regime represent a double
challenge of structure conservation and high oscillation. A good starting point is the
linear Schrodinger equation

3 A very readable early review of integrators for solar system dynamics is [63], cf also [62].
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2
g—b; = is% —ie7 'V (x)u (3.15)
(for simplicity we restrict our discourse to a single space dimension), givenin [—1, 1]
with periodic boundary conditions. Here V is the potential energy of a quantum sys-
tem, |u(x, t)|? is a position density of a particle and 0 < & < 1 represents the differ-
ence in mass between an electron and nuclei. It is imperative to preserve the unitarity
of the solution operator (otherwise |u(-,¢)|? is no longer a probability function),
but also deal with oscillation at a frequency of O (8’1). A conventional approach
advances the solution using a palindromic splitting (2.3), but this is suboptimal for
a number of reasons. Firstly, the number of splittings increases exponentially with
order. Secondly, error constants are exceedingly large. Thirdly, quantifying the qual-
ity of approximation in terms of the step-size & is misleading, because there are three
small quantities at play: the step size s, N~! where N is the number of degrees of
freedom in space discretisation (typically either a spectral method or spectral collo-
cation) and, finally, & > 0 which, originating in physics rather than being a numerical
artefact, is the most important. We henceforth let N = O (8_ 1) (to resolve the high-
frequency oscillations) and &7 = O (¢”) for some o > 0—obviously, the smaller o,
the larger the time step.

Bader et al. [1] have recently proposed an alternative approach to the splitting of
(3.15), of the form

. 2 -1
eif€i=e71V) y @RoaRi |, oRsoTit1gRs . gRi1gRo (3.16)
such that Ry = O (%), 7;_“ = O (g*+), where ap < a1 < ar < a3 < ---—the

symmetric Zassenhaus splitting. Here 0, = 9/0x.

The splitting (3.16) is derived at the level of differential operators (i.e., prior to
space discretisation), applying the symmetric Baker—Campbell-Hausdorff formula
to elements in the free Lie algebra spanned by 32 and V. For o = 1, for example,
this yields

Ro=—-tre7'Vv=0Q)),
Ry = L1red =0 (1),
Ry = 241 e (0 V) 4 STl V)3 + 0107 V) - 1} = O (),
Ry =—57 e 07V, V) — 57607 V) + 57°¢ ({0 V)?0;
FO2(O2V)2 1+ ((3V) (3, V)32 + a2 [(2V)(3: V) - 1))
+os e @V + 9@ V) 1k = O ().
where T = ih. Note that all the commutators, ubiquitous in the BCH formula, have
disappeared: in general, the commutators in this free Lie algebra can be replaced by

linear combinations of derivatives, with the remarkable property of height reduction:
each commutator ‘kills’ one derivative, e.g.
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[V,02] = —(32V) = 2(0, V)3,  [[V,02],8%] = (02V) +4(33V)d, + 4(82V)d>.

Once we discretise with spectral collocation, Ry becomes a diagonal matrix and
its exponential is trivial, while e”'v can be computed in two FFTs for any vector v
because R is a Toeplitz circulant matrix. Neither R, nor R 3 possess useful structure,
except that they are small! Therefore we can approximate e’**v using the Krylov—
Arnoldi process in just 3 and 2 iterations for k = 2 and k = 3, respectively, to attain
an error of O (56) [1].

All this has been generalised to time-dependent potentials and is applicable to a
wider range of quantum mechanics equations in the semiclassical regime [2].

4 Beyond GNI

Ideas in one area of mathematical endeavour often inspire work in another area. This is
true not just because new mathematical research equips us with a range of innovative
tools but because it provides insight that casts new light not just on the subject in
question but elsewhere in the mathematical universe. GNI has thus contributed not
just toward its own goal, better understanding of structure-preserving discretisation
methods for differential equations, but in other, often unexpected, directions.

4.1 GNI Meets Abstract Algebra

The traditional treatment of discretisation methods for differential equations was
wholly analytic, using tools of functional analysis and approximation theory. (Lately,
also tools from algebraic topology.) GNI has added an emphasis on geometry and
this leads in a natural manner into concepts and tools from abstract algebra. As
often in such mathematical dialogues, while GNI borrowed much of its conceptual
background from abstract algebra, it has also contributed to the latter, not just with
new applications but also new ideas.

e B-series and beyond. Consider numerical integration methods that associate to
each vector field f a map ¥,(f). A method ¥, is called g-covariant® if the
following diagram commutes,

6 Also called equivariant.
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x =g

= f(x) y=f

Y

Y Y
x = ~
F= YN0 £ - F=v(Hw)
It follows that if g is a symmetry of the vector field f and i is g-covariant, then ¥
preserves the symmetry g. It seems that this concept of covariance for integration
methods was first introduced in [55, 60].
It is not hard to check that all B-series methods are covariant with respect to the
group of affine transformations. A natural question to ask then, was “are B-series
methods the only numerical integration methods that preserve the affine group?”.
This question was open for many years, until it was answered in the negative by
[66], who introduced a more general class of integration methods dubbed “aro-
matic Butcher series”, and showed that (under mild assumptions) this is the most
general class of methods preserving affine covariance. Expansions of methods in
this new class contain both rooted trees (as in B-series), as well as products of
rooted trees and so-called k-loops [43].
Whereas it may be said that to date the importance of aromatic B-series has been
at the formal rather than at the constructive level, these methods may hold the
promise of the construction of affine-covariant volume-preserving integrators, cf
also [58].

e Word expansions. Classical B-series can be significantly generalised by expanding
in word series [69]. This introduced an overarching framework for Taylor expan-
sions, Fourier expansions, modulated Fourier expansions and splitting methods.
We consider an ODE of the form

=) A f,(x).  x(0)=xo, (4.1)

acA
where A is a given alphabet. The solution of (4.1) can be formally expanded in
the form
[o.¢]
x() =YY ay(t) fulxo),
n=0 weW,

where W, is the set of all words with 7 letters from A. The coefficients «,, and
functions f,, can be obtained recursively from the A,s and f s in a manner similar
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to B-series. Needless to say, exactly like with B-series, word series can be inter-
preted using an algebra over rooted trees.
The concept of word series is fairly new in numerical mathematics but it exhibits
an early promise to provide a powerful algebraic tool for the analysis of dynamical
systems and their discretisation.

e Extension of Magnus expansions. Let YV be a Rota—Baxter algebra, acommutative
unital algebra equipped with a linear map R such that

R(X)R(y) = R(R(x)y + xR(y) +0xy), x,yeW,
where 6 is a parameter. The inverse d of R obeys
A(xy) = d(x)y + xd(y) +600(x)d(y)

and is hence a generalisation of a derivation operator: a neat example, with clear
numerical implications, is the backward difference d(x) = [x(t) — x(t — 0)]/6.
[18] generalised Magnus expansions to this and similar settings, e.g. dendriform
algebras. Their work uses the approach in [40], representing individual ‘Magnus
terms’ as rooted trees, but generalises it a great deal.

e The algebra of the Zassenhaus splitting. The success of the Zassenhaus splitting
(3.16) rests upon two features. Firstly, the replacement of commutators by simpler,
more tractable expressions and, secondly, height reduction of derivatives under
commutation. Singh [81] has derived an algebraic structure JJ which, encoding
these two features, allows for a far-reaching generalisation of the Zassenhaus
framework. The elements of JJ are operators of the form (f); = f o af; + ajg of,
where k € Z, and f resides in a suitable function space. JJ can be endowed with a
Lie-algebraic structure and, while bearing similarities with the Weyl algebra and
the Heisenberg group, is a new and intriguing algebraic concept.

4.2 Highly Oscillatory Quadrature

Magnus expansions (2.9) are particularly effective when the matrix A(#) oscillates
rapidly. This might seem paradoxical—we are all conditioned to expect high oscil-
lation to be ‘difficult’—but actually makes a great deal of sense. Standard numer-
ical methods are based on Taylor expansions, hence on differentiation, and their
error typically scales as a high derivative of the solution. Once a function oscillates
rapidly, differentiation roughly corresponds to multiplying amplitude by frequency,
high derivatives become large and so does the error. However, the Magnus expansion
does not differentiate, it integrates! This has an opposite effect: the more we inte-
grate, the smaller the amplitude and the series (2.9) converges more rapidly. Indeed,
often it pays to render a linear system highly oscillatory by a change of variables,
in a manner described in [39], and then solve it considerably faster and cheaper.
Yet, once we contemplate the discretisation of (2.9) for a highly oscillatory matrix
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function A(¢), we soon come up another problem, usually considered difficult, if not
insurmountable: computing multivariate integrals of highly oscillatory functions.

In along list of methods for highly oscillatory quadrature (HOQ) circa 2002, rang-
ing from the useless to the dubious, one method stood out: [50] proposed to calculate
univariate integrals by converting the problem to an ODE and using collocation. This
was the only effective method around, yet incompletely understood.

The demands of GNI gave the initial spur to the emergence in the last ten years to
a broad swath of new methods for HOQ: Filon-type methods, which replace the non-
oscillatory portion of the integrand by an interpolating polynomial [41], improved
Levin-type methods [71] and the method of numerical stationary phase of [36]. The
common characteristic of all these methods is that they are based on asymptotic
expansions. This means that high oscillation is no longer the enemy—indeed, the
faster the oscillation, the smaller the error!

Highly oscillatory integrals occur in numerous applications, from electromagnetic
and acoustic scattering to fluid dynamics, quantum mechanics and beyond. Their role
in GNI is minor. However, their modern numerical theory was originally motivated
by a problem in GNI [16]. This is typical to how scholarship progresses and it is only
natural that HOQ has severed its GNI moorings and has become an independent area
on its own.

4.3 Structured Linear Algebra

GNI computations often lead to specialised problems in numerical linear algebra.
However, structure preservation has wider impact in linear algebraic computations.
Often a matrix in an algebraic problem belongs to an algebraic structure, e.g. a specific
Lie algebra or a symmetric space, and it is important to retain this in computation—
the sobriquet “Geometric Numerical Algebra” might be appropriate! Moreover, as in
GNI so in GNA, respecting structure often leads to better, more accurate and cheaper
numerical methods. Finally, structured algebraic computation is often critical to GNI
computations.

e Matrix factorization is the lifeblood of numerical algebra, the basis of the most
effective algorithms for the solution of linear systems, computation of eigenvalues
and solution of least-squares problems. A major question in GNA is “Suppose
that A € A, where A is a set of matrices of given structure. Given a factorization
A = BC according to some set of rules, what can we say about the structure
of B or C?”. [52] addressed three such ‘factorization rules’: the matrix square
root, B = C, the matrix sign, where the elements of B are *1, and the polar
decomposition, with unitary B and positive semidefinite C. They focussed on sets
A generated by a sesquilinear form (-, - ). Such sets conveniently fit into three
classes:
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(a) Automorphisms G, such that (Gx, Gy) = (x, y), generate a Lie group,

(b) Self-adjoint matrices S, such that (Sx, y) = (x, Sy), generate a Jordan algebra;
and

(c) Skew-adjoint matrices H such that (Hx,y) = —(x, Hy), generate a Lie
algebra.

It is natural to expect that conservation of structure under factorization would
depend on the nature of the underlying inner product. The surprising outcome of
[52] is that, for current purposes, it is sufficient to split sesquilinear forms into just
two classes, unitary and orthosymmetric, each exhibiting similar behaviour.

e Many algebraic eigenvalue problems are structured, the simplest example being
that the eigenvalues of a symmetric matrix are real and of a skew-symmetric are
pure imaginary: all standard methods for the computation of eigenvalues respect
this. However, many other problems might have more elaborate structure, and this
is the case in particular for nonlinear eigenvalue problems. An important example,
with significant applications in mechanics, is

(MM +21G+ K)x =0, 4.2)

where both M and K are symmetric, while G is skew symmetric. The eigenvalues
A of (4.2) exhibit Hamiltonian pattern: if X is in the spectrum then so are —X, A
and —1.7 As often in numerical algebra, (4.2) is particularly relevant when the
underlying matrices are large and sparse.

Numerical experiments demonstrate that standard methods for the computation
of a quadratic eigenvalue problem may fail to retain the Hamiltonian structure of
the spectrum but this can be obtained by bespoke algorithms, using a symplectic
version of the familiar Lanczos algorithm, cf. [3].

This is just one example of the growing field of structured eigenvalue and inverse
eigenvalue problems.

e The exponential from an algebra to a group: Recall Lie-group methods from
Sect. 2.2: a critical step, e.g. in the RKMK methods, is the exponential map from
a Lie algebra to a Lie group. Numerical analysis knows numerous effective ways
to approximate the matrix exponential [61], yet most of them fail to map a matrix
from a Lie algebra to a Lie group! There is little point to expand intellectual and
computational effort to preserve structure, only to abandon the latter in the ultimate
step, and this explains the interest in the computation of the matrix exponential
which is assured to map A in a Lie algebra to an element in the corresponding Lie
group.

While early methods have used structure constants and, for maximal sparsity, Lie-
algebraic bases given by space-root decomposition [8], the latest generation of
algorithms is based upon generalised polar decomposition [67].

7To connect this to the GNI narrative, such a pattern is displayed by matrices in the symplectic Lie
algebra sp(2n).
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Abstract In this survey we discuss a wide variety of aspects related to Lie group
integrators. These numerical integration schemes for differential equations on man-
ifolds have been studied in a general and systematic manner since the 1990s and the
activity has since then branched out in several different subareas, focussing both on
theoretical and practical issues. From two alternative setups, using either frames or
Lie group actions on a manifold, we here introduce the most important classes of
schemes used to integrate nonlinear ordinary differential equations on Lie groups and
manifolds. We describe a number of different applications where there is a natural
action by a Lie group on a manifold such that our integrators can be implemented.
An issue which is not well understood is the role of isotropy and how it affects the
behaviour of the numerical methods. The order theory of numerical Lie group inte-
grators has become an advanced subtopic in its own right, and here we give a brief
introduction on a somewhat elementary level. Finally, we shall discuss Lie group
integrators having the property that they preserve a symplectic structure or a first
integral.
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1 Introduction

Leonhard Euler is undoubtedly one of the most accomplished mathematicians of
all times, and the modern theme Numerical methods for Lie groups can be traced
back to Euler in more than one sense. Indeed, the simplest and possibly mostly
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used numerical approximation method for ordinary differential equations was first
described in Euler’s work (Institutionum Calculi Integralis (1768), Volumen Primum,
Ch VII) and bears the name Euler’s method. And undoubtedly, the most used test case
for Lie group integrators is the Euler’s free rigid body system, which was derived in
his amazing treatise on Mechanics in 1736.

In the literature on structural mechanics, Lie group integrators have been around
for along time, but general, systematic studies of numerical integrators for differential
equations on Lie groups and homogeneous manifolds began as recent as the 1990s.
Some notable early contributions were those of Crouch and Grossman [25] and Lewis
and Simo [41]. A series of papers by Munthe-Kaas [53-55] caused an increased
activity from the late nineties when a large number of papers appeared over a short
period of time. Many of these early results were summarised in a survey paper by
Iserles et al. [35]. The work on Lie group integrators has been inspired by many
subfields of mathematics. Notably, the study of order conditions and backward error
analysis uses results from algebraic combinatorics, Hopf algebras, and has more
recently been connected to post Lie algebras by Munthe-Kaas and coauthors, see
e.g. [56]. In connection with the search for inexpensive coordinate representations of
Lie groups as well as their tangent maps, the classical theory of Lie algebras has been
put to use in many different ways. The theory of free Lie algebras [68] has been used to
find optimal truncations of commutator expansions for general Lie algebras, see e.g.
[57]. For coordinate maps taking advantage of properties of a particular Lie algebra,
tools such as root space decomposition [66] and generalised polar decompositions
[38] have been applied. Also there is of course a strong connection between numerical
methods for Lie groups and the area of Geometric Mechanics. This connection is
often used in the setup or formulation of differential equations in Lie groups or
homogeneous manifolds where it provides a natural way of choosing a group action,
and in order to construct Lie group integrators which are symplectic or conserve a
particular first integral.

In this paper we shall discuss several aspects of Lie group integrators, we shall
however not attempt to be complete. Important subjects related to Lie group integra-
tors not covered here include the case of linear differential equations in Lie groups and
the methods based on Magnus expansions, Fer expansions, and Zassenhaus splitting
schemes. These are methods that could fit well into a survey on Lie group integrators,
but for information on these topics we refer the reader to excellent expositions such
as [4, 34]. Another topic we leave out here is that of stochastic Lie group integra-
tors, see e.g. [43]. We shall also focus on the methods and the theory behind them
rather than particular applications, of which there are many. The interested reader
may check out the Refs. [10, 11, 20, 36, 71, 73].

In the next section we shall define a compact notation for differential equations
on differential manifolds with a Lie group action. Then in Sect. 3, we discuss some
of the most important classes of Lie group integrators and give a few examples of
methods. Section4 briefly treats a selection of group actions which are interesting
in applications. Then in Sect.5 we shall address the issue of isotropy in Lie group
integrators, in particular how the freedom offered by the isotropy group can either
be used to reduce the computational cost of the integrator or be used to improve the
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quality of the solution. We take our own look at order theory and expansions in terms
of a generalised form of B-series in Sect. 6. Finally, in Sects. 7 and 8 we consider
Lie group integrators which preserve a symplectic form or a first integral.

2 The Setup

Let M be a differentiable manifold of dimension d < oo and let the set of smooth
vector fields on M be denoted 2" (M). Nearly everything we do in this paper is
concerned with the approximation of the i-flow of a vector field F € 2 (M) for
some small parameter £ usually called the stepsize. In other words, we approximate
the solution to the differential equation

. d
y:Ey:Fb, FeZM). (D
Crouch and Grossman [25] used a set of smooth frame vector fields Eq, ..., E,,

v > d on M, assuming
span(Ey|y, Ea2lx, ..., Ey]y) = TyM, foreachx € M.
It can be assumed that the frame vector fields are linearly independent as derivations

of the ring .# (M) of smooth functions on M, and we denote their R-span by V. Any
smooth vector field F € 2 (M) can be represented by v functions f; € .% (M)

Fle =) fX)El )

i=1

where the f; are not necessarily unique. We then have a natural affine connection

ViG =Y F(g)E;

which is flat with constant torsion T(}_; f;E;, 3, & Ei) = >, ; fi&lE:, E;]. For
later, we shall need the notion of a frozen vector field relative to the frame. The freeze
operator Fr : M x Z° (M) — V is defined as

Fr(x, F):=F, =Y fi(0)E;

We note that the torsion can be defined by freezing the vector fields and then take
the Lie-Jacobi bracket, i.e.

T(F, G)|, = [Fr(x, F), Fr(x, G)]
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Another setup is obtained by using a Lie group G acting transitively from the
left on M [55]. The Lie algebra of G is denoted g. Any vector field F' can now be
represented via amap f : M — g and the infinitesimal action p : g — 2 (M)

d
Fli=pofWl, p:1g—>2M), p®l:= 3| expud)-x ()
=0

We note that the map f is not necessarily unique.

3 Types of Schemes

There is now a large variety of numerical integration schemes available, typically
formulated with either of the setups of the previous section. In what follows, we
assume that a finite dimensional Lie group G acts transitively on a manifold M and
the Lie algebra of G is denoted g.

3.1 Schemes of Munthe-Kaas Type

Using the second setup, a powerful way of deriving numerical integrators devised
by Munthe-Kaas [55] follows these steps:

1. In a neighborhood U C g of 0 introduce a local diffeomorphism ¢ : U — G,
such that
v(0)=1¢€egG, Toy =1dg4

2. Observe that the map A, (v) = ¥ (v) - yp is surjective on a neighborhood of the
initial value yy € M.

3. Compute the pullback of the vector field F' = p o f along A,,.

4. Apply one step of a standard numerical integrator to the resulting problem on
U.

5. Map the obtained approximation back to M by A, .

Even though the idea is very simple, there are several difficulties that need to be
resolved in order to obtain fast and accurate integration schemes from this procedure.

Observe that the derivative of i can be trivialised by right multiplication of the
Lie group, such that

Tuw - TRI/I(M) o qu, qu ‘g—9.

With this in mind we set out to characterise the vector field on U C g, this is a simple
generalisation of a result in [55].
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Lemma 1 Let M be a smooth manifold with a left Lie group action A : G x M —
M and let g be the Lie algebra of G. Let  : g — G be a smooth map, ¥ (0) = 1.
Fix a point m € M, and set A,, = A(-, m) so that

PE)lm = Ti Ap(8)

Suppose F € 2 (M) is of the form
Fly = p(Em)|m, forsome§ : M — g.

Define A, (u) = A(Y(u), m). Then there is an open set U C g containing 0 such
that the vector field n € 2 (U) defined as

N = dy, (€ 0 A (u))

is Ay, -related to F.

The original proofin [55] where ¢ = exp was adapted to general coordinate maps
in [66]. One step of a Lie group integrator is obtained just by applying a classical
integrator, such as a Runge—Kutta method, to the corresponding locally defined vector
field n on g. A Runge—Kutta method with coefficients (A, b) applied to the problem
y = n(y) in a linear space is of the following form

s
Y,:yo—i—hZa,jkj, r=1,...,s,
j=1
kr=mnly , r=1,...,s,

Y1 =Y +h2brkr
r=1

Here yj is the initial value, / is the step size, and y; =~ y(ty + h) is the approximate
solution at time 7y 4+ h. The parameter s > 1 is called the number of stages of the
method. If the matrix A = (a,;) is strictly lower triangular, then the method is called
explicit. The application of such a method to the transformed vector field of Lemma 1
can be written out as follows

wp=hy aki, k=Eok,,), k=dy, (k) r=1...5 (@)
j=1

vEhY bk 3=y, O) 5)
r=1

A major advantage of this approach compared to other types of Lie group schemes is
its interpretation as a smooth change of variables which causes the convergence order
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to be (at least) preserved from the underlying classical integrator. As we shall see
later, one generally needs to take into account additional order conditions to account
for the fact that the phase space is not a linear space.

3.1.1 Choosing the Exponential Map as Coordinates, ¥ = exp

The first papers by Munthe-Kaas on Lie group integrators [53-55] all used ¢ = exp
as coordinates on the Lie group. In this case, there are several difficulties that need to
be addressed in order to obtain efficient implementations of the methods. One is the
computation of the exponential map itself. For matrix groups, there are a large number
of algorithms that can be applied, see e.g. [50, 51]. In [17, 18] the authors developed
approximations to the exponential which exactly map matrix Lie subalgebras to their
corresponding Lie subgroups. Another issue to be dealt with is the differential of the
exponential map
dexp, := exp(—u) Rexp(—uy © Ty €Xp

Lemma 2 (Tangent mapofexp:g — G) Letu € g, v € T,g >~ g. Then

exp(u + sv) = T Rexp() © dexp, v = dexp, (v) - exp(u)
s=0

d
T,exp(v) = e

where
Z

1
dexp, (v) =/ exp(rad,)(v)dr = ¢
0

Proof Let y;(t) = exp(t(u + sv)) such that

d
T, exp(v) = R

ys(D)
0

s=

But for now we differentiate with respect to ¢ to obtain

. d
Vs = Eys(t) = (u + sv)ys(1) (6)
We also note that y, () = exp(tu) + O(s) as s — 0. From (6) we then get
y —uy, = sve' + O(s?)

and the integrating factor e~ yields

E (eftuyx) — Seftuvetu + ﬁ(s2)
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Integrating, and using that y;(0) = Id, we get
t
ys(t) — o +S/ eMye el dy 4 ﬁ(SZ)
0

and so

d 1 1
ys(1) = / eMve M dre" = / e M (v)dr e
dS s=0 0 0

where we have used the well-known identity Adexpw) = exp(ad,) in the last equality.
Formally, we can write

1 ! et —1
/ e y)dr = / €| maa, (V) dr =
0 0 Z

It is often useful to consider the dexp-map as an infinite series of nested commu-
tators

)

z=ad,

dexp, (v) = ( 21 ad, +31 ad2 )(v) =v4+ - [u v+ = ! [u, [u, v]] +

In (4) it is the inverse of dexp which is needed. Note that the function

_

91(2) =

is entire, this means that its reciprocal

Z
et —1

is analytic whenever ¢;(z) # 0. In particular this means that m has a converging
Taylor series about z = 0 in the open disk |z| < 2. This series expansion is

Z Z >
o173 kz(z

)l

where By, are the Bernoulli numbers, the first few of them are: B, = -, By = — =

B = ﬁ, Bg = 30, By = .The map

V= dexp;1 w) (whenever w = dexp,, (v))
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is given precisely as

1 B,
W) =w—z[u,wl+ 5[% [w,wl]+--- (7

dexp, Yw) = 5

z
e 1 z=ad,

We observe from (4) that one needs to compute dexp,; '(k,) and that each u, = O(h).
This means that one may approximate the series in (7) by a finite sum,

1 “. B
dexpinv(u,w,m) =w — z[u, w] + ; (Z_Iik)' adik(w).

One has dexpinv(u, w, m) € g for every m > 0 and furthermore
ClCXpu_r1 (kr) — deij_nv(ur7 kr’ m) — ﬁ)(hz"H'l)

As long as the classical integrator has order p < 2m + 1, the resulting Munthe-Kaas
scheme will also have order p. There exists however a clever way to substantially
reduce the number of commutators that need to be computed in each step. Munthe-
Kaas and Owren [57] realised that one could form linear combinations of the stage
derivatives k, in (4) such that

0= Zo'r,j];j = O(h")

j=1

for g, as large as possible for each r. Then these new quantities O, were each given
the grade ¢, and one considered the graded free Lie algebra based on this set. The
result was a significant reduction in the number of commutators needed. Also Casas
and Owren [15] provided a way to organise the commutator calculations to reduce
even further the computational cost. Here is a Runge—Kutta Munthe—Kaas method
of order four with four stages and minimal set of commutators

ky = hf(yo),

ky = hf (exp(3k1) - o),

ks = hf (exp(5ka — glki. k2]) - yo).

ks = hf (exp(k3) - yo),

yi = exp(L(ky + 2ka + 2k3 + ks — 1[k1, kD) - yo.

For later reference, we also give the Lie-Euler method, a first order Lie group inte-
grator generalising the classical Euler method

y1 = exp(hf (o)) - yo ¥



Lie Group Integrators 37
3.1.2 Canonical Coordinates of the Second Kind

The exponential map is generally expensive to compute exactly. For matrix Lie
algebras g C gl(n, F) where F is either R or C, standard software for computing exp
numerically has a computational cost of 7 to the leading order, and the constant in
front of n? may be as large as 20-30. Another, yet completely general alternative to
the exponential function is constructed as follows: Fix a basis for g, say ey, ..., eq
and consider the map

Yoivier + - +vgeq = exp(vier) - exp(vaer) - - - exp(Vaeq) )

Although it might seem unnatural to replace one exponential by many, one needs
to keep in mind that if the basis can be chosen such that its exponential can be
computed explicitly, it may still be an efficient method. For instance, in the general
linear matrix Lie algebra gl(m, IF) one may take the basis to be ¢;; = eieIT where e;
is the ith canonical unit vector in R". Then

exp(aeij) =1 +(X€ij, i # j, exp(aeii) =1 4+ (e"‘ — l)eii

So computing (9) takes approximately nd operations which is much cheaper than
computing the exponential of a general matrix.

The difficulty lies however in computing the map dy, ! in an efficient manner.
A method for this was developed in [66]. The methodology is slightly different for
solvable and semisimple Lie algebras. We here outline the main idea, for details we
refer to the original paper [66]. Differentiate (9) to obtain

d

dyr, (v) = vie + Z Vi Adeuier 0+ - - 0 Adeuiziei-1 (&)
i=2

The main idea is to find an equivalent expression which is a composition of cheaply
invertible operators. For this, we introduce a projector onto the span of the lastd — k

basis vectors as follows
d d
P E vie; E vie;
i=1 i=k+1

where we let Py and P, equal the identity operator and zero operator on g respectively.
We may now define a modified version of the Ad-operator, for any u = Y u;e; € g,
let

meukek = (Id — Pk) + Ade“kfk Pk

This is a linear operator which acts as the identity operator on basis vectors ¢;, i < k,
and on basis vectors ¢;, i > k it coincides with Adeue .



38 B. Owren

Definition 1 An ordered basis (eq, ..., ey) is called an admissible ordered basis
(AOB) if, for each u = Zujej € gand foreachi = 1,...,d — 1, we have

Adenes 0 -+ 0 Adewe; P, = Adgner 0 - - 0 Adeue P; (10)

This definition is exactly what is needed to write di, as a composition of operators.

Proposition 1 If the basis (ey, . .., e;) is an AOB, then
dyr, = Aaeu,el 0---0 meuded

Another important simplification can be obtained if an abelian subalgebra h) of dimen-
sion d — d* can be identified. In this case the ordered basis can be chosen such that
h = span(es+1, - - -, €q). Then Adeuiei |y fori > d* is the identity operator and there-
fore Adeui« is the identity operator on all of g. Summarizing, we have the following
expression

Ay = Adheee 0+ 0 Adrs

Choosing typically a basis consisting of ad-nilpotent elements, the inversion of each
Adcue; can be done cheaply by making use of the formula

Kk
Ades = 14+ )" 2had,, adf* =0,
k=1 """

For choosing the basis one may, for semisimple Lie algebras, use a basis known as
the Chevalley basis. This arises from the root space decomposition of the Lie algebra

=00 ]] g (11)

aed

Here @ is the set of roots, and g, is the one-dimensional subspace of g corresponding
to the root @ € h*, see e.g. Humphreys [33]. h is the maximal toral subalgebra of g
and it is abelian. In the previous notation, the number of roots is d* and the dimension
of his d — d*. The following result whose proof can be found in [66] provides a tool
for determining whether an ordered Chevalley basis is an AOB.

Theorem 1 Let {B1, ..., Ba}, di =d — £, be the set of roots @ for a semisimple
Lie algebra g. Suppose that a Chevalley basis is ordered as

(epys.-rep, hi, ..., he)

where eg, € gg,, and (hy, ..., hy) is a basis for b. Such an ordered basis is an AOB
if
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kﬁj+/35=ﬂm,m<i<sfd*,k€N = ﬂm+ﬂn¢5am<n§l_1
B (12)
Here ® = @ U {0}.

Example 1 As an example, we consider A, = sl(£ + 1, C), commonly realized as
the set of (£ + 1) x (£ + 1)-matrices with vanishing trace. The maximal toral sub-
algebra is then the set of diagonal matrices in sl(¢ + 1, C). The positive roots are
denoted

By l<i<j=<e).

Letting e; be the ith canonical unit vector in C**!, the root space corresponding to
Bi.j has a basis vector
T .
ee; | €gp; Il<i<j<t?¢
whereas the negative roots are associated to the basis vectors
T
€ 1€ €9-p -

As a basis for h, one may choose the matrices e,-eiT — ei+le,'T+1, 1 <i<¥ The
remaining difficulty now is to choose an ordering of the basis so that an AOB
results. As indicated earlier, the basis for h may be ordered as the last ones, i.e.

with indices ranging from d* 4+ 1 = ¢%> + £ + 1 tod = ¢ + 2¢. With the convention
eg € 9p, B €D, h=span(ey,,...,eyp,),let

B = (6‘5,.”1 g ey eﬂim-jm , e_ﬂil»jl yee ey e_ﬂim_jm » €y v e em),

where i} <ip <---<i, and m = {({ + 1)/2. One can then prove by using
Theorem 1 that B is an AOB.

Similar details as for A, were also given for the other classical Lie algebras,
By, Cy, Dy and the exceptional case G, in [66]. Also the case of solvable Lie algebras
was considered.

3.1.3 Other Coordinate Maps and Retractions

We have discussed two ways to choose coordinates on a Lie group as an ingredient
in the Lie group integrators, these are canonical coordinates of the first and second
kind. These choices are generic in the sense that they can be used for any finite
dimensional Lie group with a corresponding Lie algebra. But if one allows for maps
¥ : g — G thatmay only work for particular Lie groups there might be more options.
Considering subgroups of the general linear group, a common type are those that can
be embedded in G L (n, R) via quadratic constraints, i.e. matrix groups of the form

G={AeGL(nR): ATJA =1},



40 B. Owren

for somen x n-matrix J.If J = Id, the identity matrix, then G = SO (n, R) whereas
if J equals the constant Poisson structure matrix, then we recover the symplectic
group SP(2d, R). The Lie algebra of such a group consists of matrices

g={acgln,R):a’J+ Ja=0}.

As an alternative to the exponential map, while still keeping a map of the form A =
x (a) where x (z) is analytic in a neighborhood of z = 0 is the Cayley transformation

_1+2z/2
C1—z/2°

x(2)

In fact, for any function x (z) such that x (—z)x (z) = 1 one has
alJ+Ja=0 = x@ Jx@) =J.

General software for computing y (a) for an n x n-matrix has a computational cost
of &'(n?), but the constant in front of #* is much smaller than what is required for
the exponential map. The computation of the (inverse) differential of the Cayley
transformation is also relatively inexpensive to compute, the right trivialised version
is
N Vi1 Yi-1 —1,N _ y y
dyy () = (1 - 5) u(l + 5) s dxy, =AU - E)V(l + 5).

Retractions

In cases of Lie group integrators where the Lie group has much higher dimension
than the manifold it acts upon the computational cost may become too high for doing
arbitrary calculations in the Lie algebra which is the way the Munthe-Kaas methods
work. An option is then to replace the Lie algebra by a retraction which is a map
retracting the tangent bundle 7 M of the manifold into M

¢:TM—> M.

We let ¢, be the restriction of ¢ to T, M and denote by 0, the zero-vector in T, M.
Following [1] we impose the following conditions on ¢

1. ¢, is smooth and defined in an open ball B, (0,) C T, M of radius r, around O,.
2. ¢(v) = x if and only if v = 0.
3. To,¢x = 11, m.
Thus, ¢, is a diffeomorphism from some neighborhood % of 0, to its image # =
(%) C M.
In a similar way as for the Munthe-Kaas type methods, the idea is now to make a
local change of coordinates, setting for a starting point Yy,

y(@) = ¢y, (c(1)), o(0)=0.
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This implies
5) = T(r¢yod— =Fo ¢)'0(U)-

In some neighborhood of 0y, € T;, M we have

& = (Togpy,) ' F 0 ¢y, (0). (13)

The ODE on the vector space Ty, M can be solved by a standard integrator, and the
resulting approximation over one step o to (13) is mapped back to y; = ¢y, (o) and
the succeeding step is taken in coordinates from the tangent space T\, M etc. This
way of introducing local coordinates for computation is in principle very simple,
though it does not take into account the representation of the vector field as is the
case with the Munthe-Kaas and Crouch—Grossman frameworks. Several examples
of computationally efficient retractions can be found in [21], for instance in the
orthogonal group by means of (reduced) matrix factorisations.

Retractions on Riemannian Manifolds

Geodesics can be used to construct geodesics on a Riemannian manifold. We define

¢:(v) = exp,(c) = yu(D),

where y, (¢) is the geodesic emanating from x with y (0) = v. The map exp, is defined
and of maximal rank in a neighborhood of 0, € T, M. The derivative of ¢, is related
to the Jacobi field satisfying the Jacobi equation, see e.g. [24, p. 70-82]. Let V be the
Levi—Civita connection with respect to the metric on M and let R be the curvature
tensor. Consider the vector field Y defined along the geodesic y, y (0) = x, y(0) = v
satisfying the boundary value problem

VY +R(y,Y)y =0, Y(0)=0, Y(I)=w.

Then
(Typx) ' (W) = (V,Y)(0).

Of particular interest in many applications is the case when there is a natural embed-
ding of the Riemannian manifold into Euclidean space, say V = R". In this case,
one has for every x € M a decomposition of V = T, M & N, M, where N, M is the
orthogonal complement of 7, M in V. We may define a retraction

(V) =x+v+n,(v),

where n,(v) is defined in such away that ¢,(v) € M for every v belonging to a
sufficiently small neighborhood of 0, € T, M. The derivative can be computed as

W =T, W) =w+Tn,(w), Tn,(w)LT:M
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so the image of the derivative in T} (,) M is naturally split into components in T, M
and N, M. Now we can just apply the orthogonal projector Pr, 3 onto 7, M on each
side to obtain

w=(Ty¢:)"'W =P,y W.

3.2 Integrators Based on Compositions of Flows

3.2.1 Crouch-Grossman Methods

What characterises the Munthe-Kaas type schemes is that they can be represented via
a change of variables. But there are also Lie group integrators which do not have this
property. Crouch and Grossman [25] suggested method formats generalising both
Runge—Kutta methods and linear multistep methods which they expressed in terms
of frame vector fields, Eq, ..., E, as follows. Using the notation of [65] we present
here the Runge—Kutta version of Crouch—Grossman methods.

Y, = exp(har,st) 0---0 exp(har,lFl) Yo, (14)

F, =Fu(Y,, F) =) fi(V,)E;, (15)
i=1

y1 = exp(hb, Fy) o exp(hbs_1 Fs_1) o - - - o exp(hb; Fy) yo, (16)

where we have assumed that the vector field on M has been written in the form
(2). Here, the method coefficients a,,; and b; correspond to the usual coefficients of
Runge—Kutta methods. In fact, whenever the frame is chosen to be the standard basis
of R”, the method reduces to the familiar Runge—Kutta methods. Note that regardless
of the ordering of exponentials in (14, 15) the method will reduce to the same method
whenever the flows are commuting. But in general a reordering of flows will alter the
behaviour from order 43 on, this indicates that it is not sufficient to enforce only the
standard order conditions for Runge—Kutta methods on the a,, ; and b, coefficients.
For classical explicit Runge—Kutta methods it is possible to obtain methods of order
p with s = p stages for p = 1, 2, 3, 4, but for order p > 5 itis necessary thats > p.
For Crouch—Grossman methods one can obtain p = s for p = 1,2, 3, butfor p = 4
itis necessary to have at least five stages. Crouch and Grossman [25] devised Runge—
Kutta generalisations of methods of orders up to three, and Owren and Marthinsen
[65] gave also and example of an explicit method of order four. We here give a third
order method with three stages

Y1 = Yo, F1 =FI‘(Y1,F),
Y, = exp(GhFy) yo, F> = Fr(Y», F),
Ys = exp(1kh F) exp(Heh Fy) yo, F3 =Fr(Ys, F),

y1 = exp(3hF3) exp(—2h Fy) exp(3h Fy) yo.
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3.2.2 Commutator-Free Lie Group Integrators

A disadvantage of the Crouch—Grossman methods is that they use a high number of
exponentials or flow calculations which is usually among the most costly operations
of the method. In fact, for an explicit method with s stages one needs to compute
(s + 1)s/2 exponentials. To improve this situation, Celledoni et al. [19] proposed
a generalisation of the Crouch—Grossman Runge—Kutta style method which they
called commutator-free methods

Y, = exp (Za’;,,thk> .. exp (Zaﬁﬁ) .,  F =F,F), (17
k k

Y = exp (Zﬂﬁth> -exp (Zﬁ{‘Fk). (18)
k k

The intention here was to choose the number of flow calculations as small as possible
by minimising the J,, J. One may also here conveniently define

J

J
afzzar]f.j’ bk:Z'B.];’ (19)
j=1

j=1

which will be the corresponding classical Runge—Kutta coefficients used when M is
Euclidean space. There are actually commutator-free methods of order four with four
stages which need the calculation of only five exponentials in total per step. In fact,
the fourth order method presented in [19] needs effectively only four exponentials,
because it reuses one exponential from a previous stage. Writing as before F, =
Fr(Y,, F) the method reads

Y1 = yo,
Y, = exp(3hFy) - yo,
Ys = exp(3hF2) - yo
Yy = exp(hF3 — 1hF)) - Vs, (20)
y1 = exp(y5h(3F +2F, +2F; — Fy)) - Yo,
y1 = exp(f5h(—F) + 2F, + 2F; + 3Fy)) - yi-
Note in particular in this example how the expression for Y, involves Y, and

thereby one exponential calculation has been saved. Details on order conditions
for commutator-free schemes can be found in [64].
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4 Choice of Lie Group Actions

The choice of frames or Lie group action is not unique and may have significant
impact on the properties of the resulting Lie group integrator. It is not obvious which
action is the best or suits the purpose in the problem at hand. Most examples we
know from the literature are using matrix Lie groups G € GL(n), but the choice of
group action depends on the problem and the objectives of the simulation. We give
here some examples of situations where Lie group integrators can be used. Some
more details are given in [20].

4.1 Lie Group Acting on Itself by Multiplication

In the case M = G, it is natural to use either left or right multiplication

L,(m)=g-m or Rg(m)zm-gfl, g,mea@q.

are both left Lie group actions by G on G. The corresponding maps o, and pg
defined in (3) are

oL@y =TiRy(E)=8&-m, pr¢)l,, = -T1Ln,§)=-m-§&

Foravector field ' € 2°(G) we use functions f or M — g. Using matrix notation
we have Fl, = f(g)-g or Flg =—g - f(g). Note that f(g) is related to f(g)
through the adjoint representation of G, Ad: G — Aut(g),

(@) =—Ad, f(g). Ad;=TLgoTiR;".

4.2 The Affine Group and Its Use in Semilinear PDE
Methods

Consider the semilinear partial differential equation
u, = Lu + N(u), 21

where L is a linear differential operator and N (u) is some nonlinear map, typically
containing derivatives of lower order than L. Discretising (21) we obtain a system of
ng ODEs, for some large n,, L becomes an ny; X ng-matrix, and N : R" — R" a
nonlinear function. We follow [55] and introduce a Lie group action on R" by some
subgroup of the affine group represented as the semidirect product G = GL(ny4) X
R™ . The group product, identity 1, and inverse are given as
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(A1, b1) - (A2, b2) = (A1 A2, Aty +b1), 16 = (I, 0), (A,b)" = (a7}, —A7"b).
where 15, is the ny x ny identity matrix, and 0 € R™. The action on R™ is
(A,b) - x = Ax + b, (A, D) € G, x e R™,
and the Lie algebra and commutator are given as

g=(,0), & egling), ceR", [(&,c1), (&, )] = (&, &] &y — &y +cp).

In many interesting PDEs, the operator L is constant, so it makes sense to consider
the n,; + 1-dimensional subalgebra g; of g consisting of elements («¢L, c¢) where
a € R, ¢ € R, so that the map f: R" — g, is given as

f ) =(L,N®)).

One parameter subgroups are obtained through the exponential map as follows

exp(t(L, b)) = (exp(tL), ¢ (tL)tb).

Here the entire function ¢ (z) = (exp(z) — 1)/z familiar from the theory of expo-
nential integrators appears. As an example, one could now consider the Lie—Euler
method (8) in this setting, which coincides with the exponential Euler method

up = exp(h(L, N(up)) - ug = exp(hL)ug + h¢(hL)N (ug).

There is a large body of literature on exponential integrators, going almost half a
century back in time, see [32] and the references therein for an extensive account.
A rather general framework for exponential integrators were defined and studied in
terms of order conditions in [3].

4.3 The Coadjoint Action and Lie—Poisson Systems

Lie group integrators for this interesting case were studied by Engg and Faltinsen
[29]. Suppose G is a Lie group and the manifold under consideration is the dual
space g* of its Lie algebra g. The coadjoint action by G on g* is denoted Adz defined
forany g € G as

(Ad 1, &) = (n, Adg§), VéEeg neg, (22)

for a duality pairing (-, -) between g* and g. It is well known (see e.g. Sect. 13.4 in
[46]) that mechanical systems formulated on the cotangent bundle 7*G with a left
or right invariant Hamiltonian can be reduced to a system on g* given as
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fu=tadiy u,
au

where the negative sign is used in case of right invariance. The solution to this system
preserves coadjoint orbits, which makes it natural to suggest the group action

g m=Ad

so that the resulting Lie group integrator also respects this invariant. For Euler’s
equations for the free rigid body, the Hamiltonian is left invariant and the coadjoint
orbits are spheres in g* = R3.

4.4 Homogeneous Spaces and the Stiefel and Grassmann
Manifolds

The situation when G acts on itself by left of right multiplication is a special case of a
homogeneous space [60], where the assumption is only that G acts freely, transitively
and continuously on some manifold M. Homogeneous spaces are isomorphic to the
quotient G/ G, where G, is the isotropy group for the action at an arbitrarily chosen
pointx € M

G,=heG|h-x=x}.

Note that if x and z are two points on M, then by transitivity of the action, z = g - x
for some g € G. Therefore, whenever & € G, it follows that g=' - /. g € G, so
isotropy groups are isomorphic by conjugation [12]. Therefore the choice of x € M
is not important for the construction of the quotient. For a readable introduction to
this type of construction, see [12], in particular Lecture 3.

A much encountered example is the hypersphere M = S?~! corresponding to the
left action by G = SO(d), the Lie group of orthogonal d x d matrices with unit
determinant. One has S¢~! = SO(d)/ S0 — 1).

The Stiefel manifold St(d, k) can be represented by the set of d x k-matrices
with orthonormal columns. An action on this set is obtained by left multiplication
by G = SO(d). Lie group integrators for Stiefel manifolds are extensively studied
in the literature, see e.g. [22, 37]. An important subclass of the homogeneous spaces
is the symmetric spaces, also obtained through a transitive action by a Lie group
G, where M = G/G,, but here one requires in addition that the isotropy subgroup
is an open subgroup of the fixed point set of an involution of G [61]. A prominent
example of a symmetric space in applications is the Grassmann manifold, obtained
as SO(d)/(SO(k) x SO(d — k)), which can alternatively be interpreted as the set of
k-dimensional subspaces of a d-dimensional linear space.
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4.5 Isospectral Flows

In isospectral integration one considers dynamical systems evolving on the manifold
of d x d-matrices sharing the same Jordan canonical form. Considering the case of
symmetric matrices, one can use the transitive group action by SO(d) given as

g-m=gmg".

This action is transitive, since any symmetric matrix can be diagonalised by an
appropriately chosen orthogonal matrix. If the eigenvalues are distinct, then the
isotropy group is discrete and consists of all matrices in SO(d) which are diagonal.

Lie group integrators for isospectral flows have been extensively studied, see for
example [13, 14]. See also [16] for an application to the KdV equation.

4.6 Tangent and Cotangent Bundles

For mechanical systems the natural phase space will often be the tangent bundle 7 M
as in the Lagrangian framework or the cotangent bundle 7*M in the Hamiltonian
framework. The application of Lie group integrators in this setting is often done by
using a prolongation of a group action on M to an actionon 7 M or T*M . The seminal
paper by Lewis and Simo [41] discusses several Lie group integrators for mechanical
systems on cotangent bundles, deriving methods which are symplectic, energy and
momentum preserving. Engg [28] suggested a way to generalise the Runge—Kutta—
Munthe-Kaas methods into a partitioned version when M is a Lie group. Marsden and
collaborators have developed the theory of Lie group integrators from the variational
viewpoint over the last two decades. See [47] for an overview. For more recent work
pertaining to Lie groups in particular, see [8, 39, 70].

5 Isotropy

In Sect. 2 it was pointed out that when using frames to express the vector field F' €
Z' (M), the functions f; : M — M in the expression F|, = ), f;(x) E;|, were not
necessarily unique. Similarly, usingamap f : M — gin the group action framework
towrite ' = p o f where p is the infinitesimal action, we also remarked that f is not
generally unique. In fact, taking any other map z : M — g satisfying p(z(x))[x = 0,
then F|, = p(f(x))|x = p(f(x) + z(x))|, hence f + z represents the same vector
field as f. So even though adding the map z to f does not alter the vector field F,
it does generally alter any numerical Lie group integrator. A typical situation with
isotropy was described in Sect. 4.4 with homogeneous manifolds.
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An interesting example is the two-sphere $2~S0Q@3) /S0 (2). If we represent
elements of s0(3) as vectors in R? and points on the sphere as three-vectors of unit
length, we may express (3) by using the cross-product in R?

Fly=f)xy=(Q) +a(y)y) xy

where o : S - R is any smooth function. The Lie—Euler method (8) with initial
value y(0) = y would read for the first step

yi =exp(h(f(y) +a(y)y)y

We may assume that (f(y), y) = 0 forall y € S? with the Euclidean inner product.
Then, by using Rodrigues formula [69] for the exponential and simplifying, we can
write

5,1 —cosf sin & 5,1 —cosf
yi=(1-h — y+hTf(y)><y+h Q—er(y)f(y)

where 6 = h\/||f(y)||2 + |a(y)|?. For small values of the step size & this can be
approximated by

1 1
yi~ (- 5h2>y +hf(y) x y+ Ehza(y)ﬂy)

so we see that by choosing « = 0 one moves from y in the direction of the vector
field f(y) x y whereas any nonzero « will give a contribution to the increment in
the tangent plane orthogonal to the vector field. Lewis and Olver [40] pursue this
analysis much further and show how the isotropy parameter «(y) can be used to
minimise the orbital error by requiring that the curvatures of the exact and numerical
solution agree.

Another situation in which special care should be taken in choosing the freedom
left by isotropy is the case when M is a homogeneous manifold and the acting
group G has much higher dimension than that of M as may be the case for instance
with Stiefel and Grassmann manifolds discussed in Sect. 4.4. Typically, a naive
implementation of a Lie group integrators has a computational cost of order d*
whenever G is represented as a subgroup of GL(d, R). But it is then useful to
choose the map f : M — g C gl(d, R) in such a way that the resulting Lie algebra
element has the lowest possible rank as a matrix. In [22] this idea was applied
to Stiefel manifolds St(d, k) >~ SO(d)/SO(d — k) and it was shown that a clever
choice of isotropy component in f(y) results in rank f(y) = 2k, and then it was
shown that the complexity of the Lie group integrator could be reduced from &'(d?)
to 0 (dk?). Krogstad [37] suggested a similar approach which also leads to €(dk?)
complexity algorithms. Recently Munthe-Kaas and Verdier [58] considered isotropy
in the context of equivariance.



Lie Group Integrators 49

6 Order Theory for Lie Group Integrators

Order theory is concerned with the convergence order in terms of the step size for
numerical integrators. In the setting of manifolds one can define the concept precisely
as follows: Let &, r : M — M be a numerical flow map applied to F € 2 (M) in
the sense that the numerical method is defined through y,;1 = @), r(y,). We shall
say that this method has order p if, forany F € 2 (M), ¥ € #(M),and y € M it
holds that

Y(exp(hF)y) — Y (D4 (y)) = O(h")

where here and in what follows write simply @, for @, r. The order theory amounts
to writing the exact and numerical solutions to the problem in powers of the step-
size h and comparing these term by term. A systematic development of the order
theory for Crouch—Grossman and commutator-free Lie group was done in [64, 65]
respectively, but the theory is now well established and founded on an advanced
algebraic machinery much thanks to Munthe-Kaas and coauthors [27, 42, 56, 59]
and Murua [62, 63]. We skip most of the details here, and remind the reader that
what we refer to as “Munthe-Kaas like” schemes in Sect. 3.1 are relatively easy to
deal with in practice since they can be seen as the application of a standard “vector
space” Runge—Kutta schemes under a local change of variables. The schemes based
on compositions of flows are less straightforward, one here needs to use the theory of
ordered rooted trees. A key formula is the series giving the pullback of an arbitrary
function ¥ € .% (M) along the flow of a vector field

h2
exp(hF)*y = Y oexp(hF) =y + hF () + 5F2(1/f) +---
Note also that by Leibniz’ rule
F?> =Fr(-, F)> + Vp(F) = Y (f LEEi + [iE;(f})E:)
i

The two terms can be associated to ordered rooted trees, each having three nodes.

\/

j
) |
] i i
\
r r

) ’

The reader may find it unnatural to include the fictitious root node r, the alternative is
to represent the terms by means of ordered forests of rooted trees, but we shall stick
with this notation, used for instance by Grossman and Larson [31], since it simplifies
parts of the presentation.
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Similarly, one can compute F>

F? = (fufi [iExESEi + fi [ Ex(f)EE; + feEx(f)) fiE, Ei

i,j.k

+ i [P E;(DEE: + fi fiERE; (fDE: + fr Ex (f)E; () E; (23)

where each term is associated to ordered trees as follows
k
\
kK k i kg
\
1
\
r

k j ‘i j i j i
NI/ \/ \/ \/ \
r , Ir , Ir , r , r , . (24)

Going from F? to F3 amounts to the following in our drawing convention: For every
tree in F? run through all of its nodes and add a new node with a new label (k) as a
new ‘leftmost’ child. Assuming the labels are ordered, say i < j < k, each labelled,
monotonically ordered tree appears exactly once. In the convention used above the
children of any node will have increasing labels from right to left. Also they must
necessarily increase from parent to child. With this convention, it is transparent that
the only difference between the second and the fourth term is that the summation
indices j and k have been interchanged so these two terms are the same. In general, we
have an equivalence relation on the set of labelled ordered trees. Let the set of ¢ + 1
labelled nodes with a total order on the labels be denoted 27,1 . To an ordered tree
with g + 1 nodes, we associate a child-to-parent map t : o7, 11 \{r} = 27+i. Now
we define two labelled forests with child-to-parent maps u and v to be equivalent if
there exists a permutation o : &%, — 7,41 such that

l.o(r)=r
2. uoo =0 ovond,\{r}
3. Forall zy, 2 € #/,+1\{r} such that u(z;) = u(z») one has

0(z1) <0(z2) =21 <22

The ordered rooted trees are from now on taken to be equivalence classes of their
labelled counterparts.

Notation summary.

To is the set of ordered rooted trees.
Fo is the set of ordered forests, i.e. an ordered set of trees, t1, 2, . . ., t,, €ach
ti €To.
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|t| is the total number of nodes in a tree (resp. forest).

To is the set Ty augmented by the ‘empty tree’, @ where || = 0, similarly
Fo = Fo U, i.e. Fp augmented with the empty forest.

B, is a map that takes any ordered forest into a tree by joining the roots of
each tree to a new common node, |By (t1, ..., t,)| =1+ |t1, ..., t,], we
also let B, () = .

B_ isamap B_: Ty — F, that removes the root of a tree and leaves the
forest of subtrees. By o B_ is the identity map on 7.

Jo The R-linear space having the elements of Ty as basis.

‘We may now define «(#) to be the number of elements in the equivalence class which
contains the labelled ordered tree ¢. A formula for «(¢) for ordered rooted trees was
found in [65].

Proposition 2 Set a(e) = 1. Foranyt = By (t;, t2,...,t,) € To
12 Vi
Do il = 1>
a(t) = 1= al(t
®) E( PR IO

where |t| is the total number of nodes in the tree t.

Example 2 'We can work out the coefficient for a couple of examples. For instance

ad) = a(B, () = (8) (o) = 1

For the tree X} we get

a(VI) - <8> (?)a(o)(x(I) —1.2-1-1=2,

whereas

a({/)z (}) ((2)>a(1)a(.)=1-1-1.1= 1.

Foranytreet = B, (i, ...,t,),|t| > 1,and vector field F' we can associate operators
F(¢) acting on functions of M, defined in a recursive manner, setting

Fo) = 1,
F() =Y F)(f) - Fe)(f)E: ... E,

iy
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Note in particular that according to the definition
Fd=> fE=F.

Similarly, there is a counterpart to the frozen vector fields relative to a point x € M

F. () = Z F)(fidlx - F@)(fi)lEi ... Ej,

i1y

The formal Taylor expansion of the flow of the vector field F is

o0

]’lk
Y oexphF)y =3 - F'()
k=0 "

Ve F(M)

y ’

and in view of the above discussion we can therefore write the formal expansion

plil-1
Yoexp(hF)y =) ———a@FOW)I, (25)
2 (= D)
o
This infinite series is in fact a special instance of what we may call a Lie-Butcher
series, in which the coefficient «(¢)/|¢|! is replaced by a general map a : Fp — R.
We define the operator series

B(a, x) = Z W1 =a(@)F, (1) (26)

teTo

At this point it is convenient to consider the free R-vector space .7 over the set of
ordered rooted trees Ty and to extend the map F to a linear map between .7, and the
space of higher order derivations indicated above. The algebraic structures on g
are by now well-known from the literature, see e.g. [2, 42, 56], and they originate
from the algebra on higher order derivations under composition by requiring F to be
a algebra homomorphism. We will not pursue further these issues here, but instead
consider briefly how the commutator-free methods of Sect.3.2.2 can be expanded
in a series with the same type of terms as the exact flow, the details can be found in
[64]. We introduce the concatenation product on .7 which is linear in both factors
and on single trees u and v defined as

w-v=>Bi(uuy...uyvi...v,), u=B(uwuy...u,), v=5B,(viva...v,)
(27)
This is a morphism under F, since obviously F, (u) o F,(v) = F,(u - v).
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6.1 Order Conditions for Commutator-Free Lie Group
Integrators

We now provide a few simple tools which we formulate through some lemmas with
easy proofs which we omit, consult [64] for details.

Lemma 3 Suppose ¢, and ¢ are maps of M with B-series B(a, -) and B(b, -)
respectively, such that a(e) = b(e) = 1. This means that formally, for any smooth
function

V(da(y) = B@, )W)y,  ¥(dp(y) = B(b, (¥,

The composition of maps ¢, o ¢y has a B-series B(ab, y) with coefficients

ab(e) = 1,
and fort =tit...t,
"
ab(t) = Y aWb) = Y a(tepr ... 4,)b(t ... ).
u-v=t k=0

Lemma 4 Suppose a = ¢,(x) has a B-series B(a, x). Then the frozen vector field
F, = Zi fi(@)E; € V has the B-series hF, = B(F,, x) where

Fy(e) =0
FLI(B+(tl .. tu.)) =0, "= 2
F.(B.(1)) =a(1), Vi € Ty

Lemma 5 Let G € V be any vector field with B-series of the form

hG =Y WTIGOF.(B(1),  G(e) =0.

teTo
Then its h-flow exp(hG) has again a B-series B(g, x) where
gW) =1,

1
gBi(tr...1.) = EG(II) G

To obtain a systematic development of the order conditions for the commutator-free
schemes of Sect. 3.2.2, consider the definition (17)—(18), and define
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Yoo=x €M and Y,,j:exp<2afijk) Yojo, j=1,....J,
k

in this way Y, ; = Y, in (17). For the occasion, we unify the notation by setting
O‘fﬂ,/‘ = /3;? for] <k <sand 1 < j < J. Then we may also write Y, for y; in
(18) and we can write down the order conditions for the commutator free Lie group

methods.

Theorem 2 With the above definitions, the quantities Y, ;, 1 <r <s+1, 1 <j <
J all have B-series B(Y,,j, x) defined through the following formulas

Y, () =1,
Y, 0(t) =0, Vi:lt]>1,

I
Yo (Bt ) =Y Yo (Bt 1) - by j(By (tegr - 1)),
k=0

b, je=1, 1<r<s+1,1<j=</,

1
br,j(B+(t1 cee tu)) = mGr,j(tl) t Gr,j (tu)’

G.j() =Y af Ye (1)
k=1

We now have a B-series for the numerical solution, and the B-series of the exact
solution is given by (25), so it follows that

Corollary 1 A commutator-free Lie group method has order of consistency q if and

Y ( ) H{(l) St - |t| < 1
s+1,J t (|t| ])'7 t: q .

Here Y, ; is found from Theorem 2 and a(t) is given in Proposition 2.

A usual strategy for deriving methods of a given order of consistency is to first
consider the classical order conditions for Runge—Kutta methods since these of course
must be satisfied for the classical Runge—Kutta coefficients defined in (19). Since
the computation of flows (exponential) is usually the most expensive operation, one
next seeks the smallest possible number of exponentials per step, i.e. let each J, be
as small as possible while leaving enough free parameters to solve the remaining
non-classical conditions aﬁ i and ,3;?.
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6.2 Selecting a Minimal Set of Conditions

The conditions arising from each ordered rooted tree are not independent. The B-
series (26) we consider here are representing objects of different kinds, such as maps
and vector fields. This means that the series representing these objects are subsets
of Jp and we briefly characterise these subsets here in a purely algebraic fashion.
Then we can better understand how to select a minimal set of conditions to solve.

Let A_={teTp:t=Bi(u),u cTp} and set A = A_U {e}. Any tree t =
B, (t;...1,) can be considered as a word of the alphabet A in the sense that it
is formed by the finite sequence B (f), ..., B, (#,). With the concatenation prod-
uct (27) we get all of Ty as the free monoid over the set A with identity element e.
This structure is then extended to 9 as an associative R-algebra. The elements of
o are the formal series on Tp and we denote by (P, t) € R the coefficient of the
tree ¢ in the series P. The product of two series S and T is defined to be the series
with coefficient

(ST, 1) = Z (S, u)(T, v).

=u-v

Next, notice that the commutator-free methods considered here are derived by com-

posing flows of linear combinations of frozen vector fields. From Lemma 4 we see

that these linear combinations (scaled by &) have expansions whose coefficients van-

ish on trees not belonging to A_. On the other hand, the composition of exponentials

can be written as a single exponential of a series via the Baker—Campbell-Hausdorff

formula, and the resulting series belongs to the free Lie algebra on the set A_ C Tp.
There are three important subsets of 7y

e the subspace g € .7 which is the free Lie algebra on the set A
e V C gis the subspace of g consisting of series S such that

(S,1) =0 wheneverr ¢ A_

e G is the group of formal exponential series T = exp(S), S € g. These series are
such that (T, e) = 1.

The combinatorial properties of ordered rooted trees and free Lie algebras are by now
well understood, and many results hinge on the Poincare-Birkhoff-Witt theorem, see
e.g. [33, Chap. 5]. The space 7, has a natural grading arising from the number of
nodes in each ordered rooted tree, and we can define

T4 =span{r : |t| =q + 1} thus Jp = ]_[9”,

n>0

and similarly

s=][¢" o' =9uTy.

n>0
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The dimension of 95‘ is the Catalan number

1
dimﬁ”:—(zn).
n+1\n

The next result is well-known, and its proof can be found for instance in [64].

Theorem 3

R § 2n/d
dlmgn—vn—Zn%Md)(n/d)

where p(d) is the Mobius function defined for any positive integer as (1) =1,
u(d) = (—1)? when d is the product of p distinct primes, and ((d) = 0 otherwise.
The sum is over all positive integers which divide n, including 1 and n.

We present a table over the numbers .7}, g" and ¢, the last one being the dimensions
of the graded components of the unordered trees, that count the number of order
conditions for classical RK methods

n (121314 |5 |6 7
Ty |1 |2 |5 |14 |42 |132 |429
g" |1 (1 |3 |8 |25 |75 (245
c (1 (112 {4 |9 [20 |48

So in fact, the numbers g" give the number of order conditions to be considered
for each order for commutator-free methods and a possible strategy would be to
pick g" independent conditions out of the .7 found from Theorem 2. It should be
observed that the dependency between conditions corresponding to ordered rooted

trees arise amongst trees that share the same (unordered) set of subtrees, such as Kf

and \}, in fact the condition corresponding to precisely one of these two trees can be
discarded given that conditions of lower order are included. Using classical theory
of free Lie algebras, one may characterize this dependency by a generalized Witt
formula counting, for a given tree t, the dimension of the subspace of g spanned by
the set of trees obtained from permuting the subtrees of ¢. Consider the equivalence
class [¢] characterized by a set of v distinct subtrees, t; € Tp, i = 1,..., v, where
there are exactly «; occurrences of #;. The dimension of the subspace spanned by
trees in [¢] can be derived from a formula in Bourbaki [9].

(Ixl/d)!
(k/d)!

’

1
c() = 77D u(d)
d|x

in other words, the dimensions depends only on the number of copies of each subtree
and not on the subtrees themselves. For convenience, we give a few examples
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c(n) =0, n>1

c(n, 1) =1, n >0,

cn,1,1) =n+1, n>0, (28)
c(n,2) =] n>o0.

c(l,...,1) = (r — 1)!, (r distinct subtrees)

A detailed analysis of how methods of orders up to four are constructed can be found
in [64]. Schemes of order 4 with 4 stages can be constructed with two exponentials in
the fourth stage and the update stage as in (20). In this example, there is also a clever
reuse of an exponential such that the total number of flow calculation is effectively
5. Yet another result from [64] shows that in the case of two exponentials, i.e. J, = 2
the coefficients of stage r is only involved linearly in the order conditions.

As far as we know, no explicit commutator-free method of order five or higher
has been derived at this point. A complication is then that one needs to have stages
(including the final update) with at least three exponentials, and no simplification of
the order conditions similar to the J, = 2-case has been found.

7 Symplectic Lie Group Integrators

It is not clear whether there exist Lie group integrators of Munthe-Kaas or
commutator-free type which are symplectic for an arbitrary symplectic manifold.
Recently, McLachlan et al. [48] found an elegant adaptation to the classical mid-
point rule to make it a symplectic integrator on product of 2-spheres. It is however
relatively easy to find symplectic integrators on cotangent bundles of manifolds, an
by looking at the special case where M = T*G for a Lie group G one can obtain
symplectic integrators which are rather similar in form to partitioned Munthe-Kaas
methods as defined by Engg in [28]. The approach we described here was intro-
duced by Celledoni et al. [20] and by using ideas from Bou-Rabee and Marsden
[8], Bogfjellmo and Marthinsen [7] extended it to high order partitioned symplectic
Lie group integrators both in the Munthe-Kaas and Crouch—Grossman formats. We
briefly describe the setting for these symplectic integrators.

The first step is to replace 7*G by G := G X g* via right trivialisation, meaning
that any p, € T,;G is represented as the tuple (g, u) where . = R; p,. We use the
notation Rg.v = T Rgv for any v € TG and similarly Ry for the adjoint operator
such that (R;,‘p, V) = (p, Rgwv) for any p € T*G, v € TG. Next, we lift the group
structure from G to G through

(g1, 1) - (g2, 2) = (g1 - &2, M1 —i—Aer] w2),  lg = (1g, 0g),

where AdZ, is defined in (22). Similarly, the tangent map of right multiplication
extends as
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TRy (Rhi &, v) = (Rpgs £, v — ad’g Ad;_ ), g heG, teg, nveg
Of particular interest is the restriction of TR, ) to T/G = g x g*,
TiR(g,1)(§,v) = (Rgug, v — ady p).
The natural symplectic form on 7*G is defined as
2(4.pp) (81, 871), (8v2, 872)) = (872, 8v1) — (8711, 8V2),
and by right trivialisation it may be pulled back to G and then takes the form

W(g.u) ((Rgx81,8V1), (Rgsb2, 812)) = (8v2, §1) — (dv1, &2) — (., [61, 621),  (29)

where &, & € g. The presentation of differential equations on 7*G as in (3) is
now achieved via the action by left multiplication, meaning that any vector field
F € Z(G) is expressed by means of amap f: G — T|G,

F(g. ) = TiRgu (g, 1) = (R f1, f2 — ad’; ), (30)

where f1 = fi(g, n) € g, f» = fo(g, n) € g* are the two components of f. We are
particularly interested in the case that F is a Hamiltonian vector field which means
that F satisfies the relation

F 1w=dH, 3D

for some Hamiltonian function H: T*G — R and _ is the interior product defined
as F Jw(X) := w(F, X) for any vector field X. From now on we let H: G — R
denote the trivialised Hamiltonian. A simple calculation using (29), (30) and (31)
shows that the corresponding map f for such a Hamiltonian vector field is

oH LOH
7 g

7.1 Variational Integrators on Lie Groups

A popular way to derive symplectic integrators in general is through the discretisation
of a variational principle, this was first done by Veselov in [72] and Moser and Veselov
[52], and further developed for Lie groups in [5, 6, 44, 45] For an extensive early
review of variational integrators, see Marsden and West [47]. The exact solution to
the mechanical system is the function g(#) which minimises the action

Slgl = / L(g,g)dr. (33)

to
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The function L : TM — R is called the Lagrangian. Taking the variation of this
integral yields the Euler—Lagrange equations

daL oL
dr dg  dg’

It is usually more conventient to trivialise L by defining £(g, &) = L(g,Rg.&), £ :
G x g — R. In this case it is an easy exercise to derive the corresponding version
of the Euler-Lagrange equations as

*

d a¢ 3¢ 3¢
= =R —adi .
dr 9t fag 9E

At this point it is customary to introduce the Legendre transformation, defining

hl4
Mzﬁ(g’g)eg* = £=1(g,u)where:: G x g* — g, (34)

assuming that the left equation can be solved for &. The corresponding differential
equations for g and u would be

) ) Lot .
&= Rg(g, ), p= Rg@(g, u(g, w) —ady, ) 1,

which agrees with the formulation (30) with

Gl
fi(g, ) =u(g, ) and fz(g,u)=R§@(g,t(g,u))- (35)

Variational integrators are derived by extremising an approximation to (33),

N-1

Se({gihizy) =h Z La(8k, 8k+1),
k=0

with respect to the discrete trajectory of points g & g(#;). The function L, (x, y) is
called the discrete Lagrangian. We compute the variation

N-1

8Sq =h ) (D1Ly(gk, gk+1) + D2La(gr—1, &), 38k)
=1

+ h{D1La(8o, g1),680) + h{D2La(gn—1,8&n), 88N).

Leaving the end points fixed amounts to setting go = gy = 0 and this leads to the
discrete version of the Euler—Lagrange equations (DEL)
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DiLg(gk, 8k+1) + DoLy(gk—1,8) =0, k=1,...,N—1.

We now present an example of how L,(gx, gx+1) can be defined. Let gl g—> G
be a map which satisfies

1. €71 is alocal diffeomorphism
2. £0) =1
3. Tyt = Id,.

For any 7 € g define the curve g(t) = £~!(tn)gx on the Lie group. Clearly, we get
g(0) = g and by choosing

n=E(gng) = E(AYD, Avi= g8

we get g(1) = gi+1- As for the second argument of the continuous Lagrangian, we
compute g(t) = Ry, o T;y€ ! o n. Taking ¢(0) as an approximation to the argument
g of L, we find by 3. the approximation g(0) = ng*é(gkﬂgk’l) = Rg.£(Ay) =
Ry, &k So a possible approximation L,(gk, gk+1) could be

La(8ks 8k+1) = L(8k» Rgxbr) 1= £(gk, &k)-
We can compute the variation of the action sum

N-1

36 * *
8Sa=h Z ( —g(gk &) — R Ady, dEAk 0F (gk &), 8gk)
k=0

. . 0L
+ (ngjldémg(gk, 98 58k+1)>-
The DEL equations are thus

R;ka*(gk &) — AdzkdéAkag(gk &) +déj, lag(gk 1,E-1) =0, 1<k=<N-L

The trivialised discrete Legendre transformations can be seen as maps IFLj G x
G — G xg"

FL} (g.8) = (¢, Ry DyLa(s. g = d%@(é’ £(A)), (36)
FL, (g, &) = (¢, —RgD1La(g, g)) = (g, — R**(g £(4)) + Ad}, déAg(g £(A))),

(37)

A=ggl. (38)

One way of interpreting a method on the trivialised cotangent bundle G x g* is the
following
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1. Assume that (g, ty) is known. Then compute gi41 by solving the equation

FL; (g, k+1) = M-

2. Next solve for pug4 explicitly by

i1 = FLJ (ks ger1)-

What we would like is to replace the occurrences of the Lagrangian £(g, £) by the
functions used in the RKMK formulation (30), (32). A plausible start is to define the

variable [i; by
ol

fix = g(gk, E(girigr )

The continuous Legendre transformation (34) yields

E(grgr ) = (A = gk, i) = f1(gks ),

thus
i1 = &gk, i) - &k

To find an equation for (i, we need to consider FL (g«, gk+1) as described in point
1 above. Note, again from (35) that

al

Ry, o (86 E(AD) = folge, f1o)-
8

From (37) with g = g; and g’ = gz we get

ik = — f2(gk, i) + Ad,, dEX fux.

Finally, we need only use (36) to get ux+1. All equations for one step can be sum-
marized as

g1 = £ (filgr, i) - g
Mk = — fa(gk, ) + Ad,, dEX fix,
Pk = A€}, fk,

where as before Ay = gr18;, !, We could use the map v = £ instead, recalling
that for u = £(g) one has d§, = (d§ 1=, One way of writing the resulting method
would be

g1 = T(f1(gk, A5 tic+1)) - 8k

' 39)
it = AdY 1 Gu o+ falgie T ). (
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where & = £(Ap), i.e. Ay = 1(&). It is already well-known that a scheme derived
from such a variational principle leads to a symplectic method, see e.g. Marsden
and West [47]. By replacing the discrete Lagrangian and action sum by other more
advanced approximations, one can obtain various different variants of symplectic
integrators on Lie groups, see e.g. [7, 20].

8 Preservation of First Integrals

There has been a significant interest over the last decades in constructing integrators
which preserve one or more first integrals, such as energy or momentum. The reader
who is interested in this topic should consult the pioneering paper by Gonzalez [30],
but also McLachlan et al. [49] and the more recent work [67] and for preserving
multiple first integrals simultaneously, see [26]. A key concept in integral preserving
methods is that of discrete gradients, and in [23] these concepts were extended to
Lie groups and retraction manifolds.

We shall begin by considering the case of a Lie group G and define a first integral
to be any differentiable function H : G — R which is invariant on solutions

d
3 0@ = (dH, F) =0,

where we have introduced a duality pairing (-, -) between vector fields and one-forms.
To any differential equation on a Lie group having a first integral H, there exists a
bivector (dual two-form) w such that

y=F(y)=w(dH,)=dH Jo. (40)

An explicit formula for w can be given in the case when M is a Riemannian manifold.
The gradient vector field is defined at the point x through the relation (dH, v), =
(grad H|,, v), for every v € T, M where (-, -) is the Riemannian inner product. An
example of a bivector to be used in (40) is then given by

grad HAF
0= "
|l grad H |2

One should note that the bivector w used to express the differential equation is not
unique for a given ODE vector field F, but the choice of bivector will affect the
resulting numerical method. The formulation (40) can easily be generalised to the
case of k invariants, Hy, ..., Hy. In this case we replace the bivector by a (k + 1)-
vector and write the equation as

.).):F(y)zw(dHh""dey')a
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and again, for Riemannian manifolds, we can define w as

@A F h dH A ---Agrad H
w = where wop = gra ra .
wo(dH,. ... dHy) 0 = g grad M

Integral preserving schemes on Lie groups

Let G be a Lie group with Lie algebra g, and define for each g € G, the right
multiplication operator R, : G — G by Rg(h) =h - g.

Definition 2 Let H € .Z(G). We define the trivialised discrete differential dH :
G x G — g* as any map that satisfies the conditions

H®) — H@u) = (dH (u, v), log(v - u_l)),
dH(g.g) = R;dH,, Vg eG.

We also need a trivialised approximation to the bivector @ in (40). For every pair
of points (u#,v) € G x G, we define an exterior 2-form on the linear space g*, o :
G x G — A%(g*), satisfying the consistency condition

C?)(gv g)(R;:aa RZ,B) = wg(aﬂ ﬂ)a Vg € Gv vaa :3 € Tg*G
For practical purposes, @ needs only to be defined in some suitable neighborhood

of the diagonal subset {(g, g) : g € G}. We can now write the numerical integral
preserving method as

g =exphs (s’ gt g’ ¢(gh g =dH(g ¢t sag' g").
That the integral H is exactly preserved is seen through the simple calculation

(dH(g', g, log(g" 1 (¢ ™1)) = nidH (&', ¢, (g, 1)
a(g', ¢ TH@AH ', ¢, dH (g, gt = 0.

H(g'th — H(gh

Examples of trivialised discrete differentials

The first example has a counterpart on Euclidean space sometimes referred to as the
Averaged Vector Field (AVF) gradient. It is defined as

1
aH(u,v)zfo R} dHye dg,  £(&) = exp(§ log(v - u™"). 41)

Note that dH (u, v) = dH (v, u). This trivialised discrete differential has the disad-
vantage that it can rarely be computed exactly a priori for general groups, although
when G is Euclidean space it reduces to the standard AVF discrete gradient which
has a wide range of applications.
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Gonzalez [30] introduced a discrete gradient for Euclidean spaces which is often
referred to as the midpoint discrete gradient. In the setting we use here, we need to
introduce an inner product (-, -) on the Lie algebra to generalise it to arbitrary Lie
groups. We apply “index lowering” to any element 1 € g by defining 1” € g* to be
the unique element satisfying (n”, ¢) = (1, ¢) for all ¢ € g. We let

H(v) — H(u) — (R:dH]|., n) . 0 =log(v-u-b).
(m,m)

(42)
where ¢ € G, is some point typically near u and v. One may for instance choose
¢ = exp(n/2) - u, which implies symmetry, i.e. dH (u, v) = dH (v, u).

dH(u,v) = R*dH|. +

Integral preserving schemes on a manifold with a retraction

What we present here is a basic and straightforward approach introduced in [23], but
clearly there are other strategies that can be used. We use retractions as introduced on
page xxx. Recall that the retraction restricted to the tangent space 7, M is denoted ¢,
and is a diffeomorphism from some neighborhood %, of 0, € T, M into a subset #;
of M containing x. We tacitly assume the necessary restrictions on the integration
step size & to ensure that both the initial and terminal points are contained in #; for
each time step. We also assume to have at our disposal a map ¢ defined on some open
subset of M x M containing all diagonal points (x, x), for which c(x, y) € M. The
differential equation is written in terms of a bivector w and a first integral H as in
(40). We introduce an approximate bivector w(x, y) such that

ox, x)(v,w) = o|,, VxeM.

Contrary to the Lie group case we no longer assume a global trivialisation, so we
introduce the discrete differential of a function H. To any pair of points (x, y) €
M x M we associate the covector dH (x, y) € TC*(X y)M satisfying the relations

H(y) — H(x) = (dH(x, ), ¢, () — ¢, (x)),
dH(x,x) = dH|,, Vx e M.

where ¢ = c¢(x, y) is the map introduced above. The integrator on M is now defined
as

Y = ge WOy ) WO Y = o M+ RAHG YD Sa0" Y.
One can easily see that this method is symmetric if the following three conditions

are satisfied:

1. The map ¢ is symmetric, i.e. c(x, y) = c¢(y, x) for all x and y. .
2. The discrete differential is symmetric in the sense that dH (x, y) = dH (y, x).
3. The bivector w is symmetric in x and y: o(x, y) = @o(y, x).
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The condition 1 can be achieved by solving the equation

¢ () + ¢ (y) =0, 43)

with respect to c.

Both of the trivialised discrete differentials (41) and (42) have corresponding
versions with retractions, in the former case, we write y; = (1 — &)v + &w where
x =¢c(v), y = ¢c(w). Then

1
dH(x,y) = /0 ¢c dHlp, ) dE. (44)

Similarly, assuming that M is Riemannian, we can define the following counterpart
to the Gonzalez midpoint discrete gradient

H(y) — H(x) —(dH|, n)

dH(x,y) =dH|. +
M, Me

. n=¢. () — ¢ (x) € T.M,

45)
where we may require that c(x, y) satisfies (43) for the method to be symmetric. For
clarity, we include an example taken from [23].

Example 3 We consider the sphere M = §"~! where we represent its points as vec-
tors in R” of unit length, ||x||; = 1. The tangent space at x is then identified with
the set of vectors in R” orthogonal to x with respect to the Euclidean inner product

(-, -). A retraction is
X 4+ vy

Gr(vy) = ———, (46)
flx + vyl
its inverse is defined in the cone {y : (x, y) > 0} where
_ y
¢ () = —— —x
(x,y)
A symmetric map c(x, y) satisfying (43) is simply
X+Yy
c(x,y) = ————, “47)
lx + ¥z

the geodesic midpoint between x and y in terms of the standard Riemannian metric
on S"~!. We compute the tangent map of the retraction to be

Ty 9.

1 (I_(c~|—u)®(c+u))

llc 4 ull2 lle +ull3

As a toy problem, let us consider a mechanical system on S2. Since the angular
momentum in body coordinates for the free rigid body is of constant length, we may
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assume (x, x) = 1 for all x and we can model the problem as a dynamical system
on the sphere. But in addition to this, the energy of the body is preserved, i.e.

1 1 /x2 x2 x2
Hx)= -,y =- (2L +224+3),
@) =5l =7 (]11 LT

which we may take as the first integral to be preserved. Here the inertia tensor is
I = diag(I;, I, I3). The system of differential equations can be written as follows

dx _1
— = (dH 2w)|, =x xI x,
dr

olx(a, B) = (x, o x B),

where the righthand side in both equations refers to the representation in R3. A
symmetric consistent approximation to w would be

- X+y

o(x,y)(a, B) = ( > ;o X ,3).
We write £z = ¢ + y: with the notation in (44), this is a linear function of the scalar
argument &, and thus, ¢.(ye) = £¢/||€¢ || from (46). We therefore derive for the AVF
discrete gradient

_ L
dH(x, y) = /0 g (1670 = 000 T 90 70) .

This integral is somewhat complicated to solve analytically. Instead, we may consider
the discrete gradient (45) where we take as Riemannian metric the standard Euclidean
inner product restricted to the tangent bundle of S?. We obtain the following version
of the discrete differential in the chosen representation

2 _
dH (x,y) = —— (H‘m + = i) - He —x)) Com=tY
lml Iy = xI >

The corresponding method is symmetric, thus of second order.
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Abstract Lie—Butcher (LB) series are formal power series expressed in terms of
trees and forests. On the geometric side LB-series generalizes classical B-series
from Euclidean spaces to Lie groups and homogeneous manifolds. On the algebraic
side, B-series are based on pre-Lie algebras and the Butcher-Connes-Kreimer Hopf
algebra. The LB-series are instead based on post-Lie algebras and their enveloping
algebras. Over the last decade the algebraic theory of LB-series has matured. The
purpose of this paper is twofold. First, we aim at presenting the algebraic structures
underlying LB series in a concise and self contained manner. Secondly, we review a
number of algebraic operations on LB-series found in the literature, and reformulate
these as recursive formulae. This is part of an ongoing effort to create an extensive
software library for computations in LB-series and B-series in the programming
language Haskell.
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1 Introduction

Classical B-series are formal power series expressed in terms of rooted trees (con-
nected graphs without any cycle and a designated node called the root). The theory
has its origins back to the work of Arthur Cayley [5] in the 1850s, where he realized
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that trees could be used to encode information about differential operators. Being
forgotten for a century, the theory was revived through the efforts of understanding
numerical integration algorithms by John Butcher in the 1960s and *70s [2, 3]. Ernst
Hairer and Gerhard Wanner [14] coined the term B-series for an infinite formal series
of the form

Izl

o (1)

Bi(a,y,t) = y+z

teTl

(a, 7). F¢(0)(y),

where y e R" is a ‘base’ point, f: R" — R" is a given vector field,

T = {e, I I V ...} 1is the set of rooted trees, || is the number of nodes in the
tree, «: T — R are the coefficients of a given series and («, 7) € R denotes eval-
uation of « at 7. The bracket hints that we later want to consider (¢, -) as a linear
functional on the vector space spanned by 7. The animal .% ¢ (t): R” — R” denotes
special vector fields, called elementary differentials, which can be expressed in terms
of partial derivatives of f. The coefficient o () € N is counting the number of sym-
metries in a given tree. This symmetry factor could have been subsumed into «, but is
explicitly taken into the series due to the underlying algebraic structures, where this
factor comes naturally. The B-series t — By (o, y, t) can be interpreted as a curve
starting in y. By choosing different functions «, one may encode both the analyt-
ical solution of a differential equation y’(¢) = f(y(¢)) and also various numerical
approximations of the solution.

During the 1980s and 1990s B-series evolved into an indispensable tool in anal-
ysis of numerical integration for differential equations evolving on R”. In the mid-
1990s interest rose in the construction of numerical integration on Lie groups and
manifolds [15, 17], and from this a need to interpret B-series type expansions in a
differential geometric context, giving birth to Lie—Butcher series (LB-series), which
combines B-series with Lie series on manifolds. It is necessary to make some modi-
fications to the definition of the series to be interpreted geometrically on manifolds:

e We cannot add a point and a tangent vector as in y + % ¢ (7). Furthermore, it turns
out to be very useful to regard the series as a Taylor-type series for the mapping
f + By, rather than a series development of a curve t — By(a, y, t). The target
space of f > By is differential operators, and we can remove explicit reference
to the base point y from the series.

e The mapping f — B/ inputs a vector field and outputs a series which may repre-
sent either a vector field or a solution operator (flow map). Flow maps are expressed
as a series in higher order differential operators. We will see that trees encode first
order differential operators. Higher order differential operators are encoded by
products of trees, called forests. We want to also consider series in linear combi-
nations of forests.

e We will in the sequel see that the elementary differential map v — % (1) is a
universal arrow in a particular type of algebras. The existence of such a uniquely
defined map expresses the fact that the vector space spanned by trees (with certain
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algebraic operations) is a universal object in this category of algebras. Thus the
trees encode faithfully the given algebraic structure. We will see that the algebra
comes naturally from the geometric properties of a given connection (covariant
derivation) on the manifold. For Lie groups the algebra of the natural connection is
encoded by ordered rooted trees, where the ordering of the branches is important.
The ordering is related to a non-vanishing torsion of the connection.

e The symmetry factor o () in the classical B-series is related to the fact that several
different ordered trees correspond to the same unordered tree. This factor is absent
in the Lie-Butcher series.

e The time parameter ¢ is not essential for the algebraic properties of the series.
Since % () = il Z ¢(1), we can recover the time factor through the substitution

f = tf.

We arrive at the definition of an abstract Lie—Butcher series simply as

Y o 0o, ()

weOF

where

orewldl v VY

denotes the set of all ordered forests of ordered trees, I is the empty forest, and
a: OF — R are the coefficients of the series. This abstract series can be mapped
down to a concrete algebra (e.g. an algebra of differential operators on a manifold)
by a universal mapping w — F ().

We can identify the function «: OF — R with its series (1) and say that a Lie—
Butcher series « is an element of the completion of the free vector space spanned
by the forests of ordered rooted trees. However, to make sense of this statement,
we have to attach algebraic and geometric meaning to the vector space of ordered
forests. This is precisely explained in the sequel, where we see that the fundamental
algebraic structures of this space arise because it is the universal enveloping algebra
of a free post-Lie algebra. Hence we arrive at the precise definition:

An abstract Lie—Butcher series is an element of the completion of the enveloping
algebra of the free post-Lie algebra.

We will in this paper present the basic geometric and algebraic structures behind
LB-series in a self contained manner. Furthermore, an important goal for this work
is to prepare a software package for computations on these structures. For this pur-
pose we have chosen to present all the algebraic operations by recursive formulae,
ideally suited for implementation in a functional programming language. We are in
the process of implementing this package in the Haskell programming language.
The implementation is still at a quite early stage, so a detailed presentation of the
implementation will be reported later.
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2 Geometry of Lie-Butcher Series

B-series and LB-series can both be viewed as series expansions in a connection on
a fibre bundle, where B-series are derived from the canonical (flat and torsion free)
connection on R” and LB-series from a flat connection with constant torsion on a
fibre bundle. Rather than pursuing this idea in an abstract general form, we will
provide insight through the discussion of concrete and important examples.

2.1 Parallel Transport

Let M be a manifold, .% (M) the set of smooth R-valued scalar functions and X (M)
the set of real vector fields on M. For t €e R and f e X(M) let ¥, s: M — M
denote the solution operator such that the differential equation y’'(¢) = f(y(¢)),
y(0) = p € M has solution y(t) = ¥ s(p). For ¢ € # (M) we define pullback
along the flow ¥/* ;- F (M) - F(M) as

W p=¢oW .

The directional derivative f(¢) € % (M) is defined as

d *
f@r=—1 ¥,

t=0

Through this, we identify X(M) with the first order derivations of .% (M), and we
obtain higher order derivations by iterating, i.e. f * f is the second order derivation
f=* f(®):= f(f(¢)). With [¢p = ¢ being the 0-order identity operator, the set of
all higher order differential operators on .% (M) is called the universal enveloping
algebra U(X(M)). This is an algebra with an associative product *. The pullback
satisfies

d
S = (@),

By iteration we find that % |t=0 lI’,’ff(j) = f(f(-- f(@))) = f*(¢) and hence the
Taylor expansion of the pullback is

2

Ui =9+ 1f @)+ 5 fx f@)+ o =0 (@), @)

where we define the exponential as

exp*(tf) == 3 = f.
=07
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This exponential is an element of U (X(M)), or more correctly, since it is an infinite
series, in the completion of this algebra. We can recover the flow ¥, ; from exp*(¢f)
by letting ¢ be the coordinate maps. However, some caution must be exercised,
since pullbacks compose contravariantly (¥ ; o ¥, g)* =¥, oY, we have that
exp*(sg) * exp*(tf) corresponds to the diffeomorphism ¥; ¢ o ¥, ,.

Numerical integrators are constructed by sampling a vector field in points near a
base point. To understand this process, we need to transport vector fields. Pullback
of vector fields is, however, less canonical than of scalar functions. The differential
geometric concept of parallel transport of vectors is defined in terms of a connection.
An affine connection is a Z-bilinear mapping > : X(M) x X(M) — X(M) such that

@H>g=¢(f>g)
f>(8) = f(Pg+o(fr>g)

forall f, g € X(M) and ¢ € % (M). Note that the standard notation for a connection
in differential geometry isis Vyg = f > g. Our notation is chosen to emphasise the
operation as a binary product on the set of vector fields. The triangle notation looks
nicer when we iterate, such as in (3) below. Furthermore, the triangle notation is also
standard in much of the algebraic literature on pre-Lie algebras, as well as in several
recent works on post-Lie algebras.

There is an intimate relationship between connections and the concept of parallel
transport. For a curve y (t) € M, let I'(y)’. denote parallel transport along y (1),
meaning that

r'(y).: TM,s — TM, is alinear isomorphism of the tangent spaces.
I'(y); = Id, the identity map.

F) ol (), =Ty

I'" depends smoothly on s, ¢ and y.

From I', let us consider the action of parallel transport pullback of vector fields, for
t e Rand f € X(M) we denote lI/t’ff: X(M) — X(M) the operation

W g(p) == I'(y))g(y (1), forthe curve y (1) = ¥ ¢ (p).

Any connection can be obtained from a parallel transport as the rate of change of the
parallel transport pullback. For a given I" we can define a corresponding connection
as

Conversely, we can recover /" from > by solving a differential equation. We seek a
power series expansion of the parallel transport pullback. Just like the case of scalars,
it holds also for pullback of vector fields that

0
Vs =V e
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hence we obtain the following Taylor series of the pullback

2

3
R R R L e PR N A T R )

3!
Recall that in the case of pullback of a scalar function, we used f(g(¢)) =
(f = g)(¢) to express the pull-back in terms of exp*(zf). Whether or not we can
do similarly for vector fields depends on geometric properties of the connection.
We would like to extend > from X(M) to U(X(M)) such that f > (g>h) =
(f * g) > h and hence (3) becomes ¥/* & = exp*(tf) > g. However, this requires
that f > (g>h) —g> (f > h) =[f, g > h,where[f, g] := f xg — g * fisthe
Jacobi bracket of vector fields. The curvature tensor of the connection R: X(M) A
X(M) — End(X(M)) is defined as

R(f.@)h:=fr>(g>h)—g> (f>h)—[f g]>h.

Thus, we only expect to find a suitable extension of > to U (X(M)) if > is flat, i.e.
when R = 0.

In addition to the curvature, the other important tensor related to a connection is
the torsion. Given >, we define an .% (M)-bilinear mapping -: X(M) x X(M) —
UX(M)) as

f-g=f*g—frg. “4)

The skew-symmetrisation of this product called the torsion

T(f.g)=g8-f—f ge€XM),

and if f - g = g - f we say that [> is torsion free.

The standard connection on R” is flat and torsion free. In this case the algebra
{X(M), >} forms a pre-Lie algebra (defined below). This gives rise to classical
B-series. More generally, transport by left or right multiplication on a Lie group
yields a flat connection where the product - is associative, but not commutative. The
resulting algebra is called post-Lie and the series are called Lie—Butcher series. A
third important example is the Levi—Civita connection on a symmetric space, where -
is a Jordan product, T = 0 and R is constant, non-zero. This third case is the subject
of forthcoming papers, but will not be discussed here.

2.2 The Flat Cartan Connection on a Lie Group

Let G be aLie group with Liec algebrag.For V € gand p € GweletVp :=TR,V €
T,G. There is a 1-1 correspondence between functions f € C*(G, g) and vector
fields&; € X(G) givenas&¢(p) = f(p)p. Left multiplication withg € G givesrise
to a parallel transport
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Iy;: 7,6 - 1,,G: Vp — Vgp.

This transport is independent of the path between p and gp and hence gives rise to
a flat connection. We express the corresponding parallel transport pullback on the
space C*(G, g) as

(I )(p) = fap)

which yields the flat connection

d
(fre)g = = gexp(tf(g)q).
=0

The torsion is given as [21]

T(f, 8)(p)=—Lf(p),g(p)lg.

The two operations f > g and [f, g] :== —T(f, g) turn C*(G, g) into a post-Lie
algebra, see Definition 3 below. This is the foundation of Lie—Butcher series.

We can alternatively express the connection and torsion on X(G) via a basis {E}
for g. Let d; € X(G) be the right invariant vector field 9;(p) = E;p. For F, G €
X(G), where F = f19;, G = g/3;' and f', g/ € Z(G), we have

Fr>G = f'o;(g)9;
F-G=f'g/3,
T(F,G) = f'g’(8;9; — 8;9).

We return to > defined on C*(G, g). Let U(g) be the span of the basis
{(E;E;,---Ej},where E; E;, --- E;, € U(g) corresponds to the right invariant k-th
order differential operator 9, - - - 3;,3;, € U(X(G)). On U (g) we have two different
associative products, the composition of differential operators f * g and the ‘con-
catenation product’ f - g = f x g — f > g which is computed as the concatenation

of the basis, f'E; - g/ E; = f'g’ E;E;. The general relationship between these two
products and > extended to U (g) is given in (28)—(31) below. In particular we have

f>@r>h) =(f*xg>h,
which yields the exponential form of the parallel transport
Vg =exp (tf) > g,

where exp*(¢f) is giving us the exact flow of f.

!Einstein summation convention.
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We can also form the exponential with respect to the other product,

2 3
Xp ) =T +1f S f [+ fffhee.

What is the geometric meaning of this? We say that a vector field g is parallel
along f if the parallel transport pullback of g along the flow of f is constant, and
we say that g is absolutely parallel if it is constant under any parallel transport.
Infinitesimally we have that g is parallel along f if f > g = 0 and g is absolutely
parallel if f > g =0 for all f. In C*(G, g) the absolutely parallel functions are
constants g(p) = V, which correspond to right invariant vector fields &, € X(G)
given as £;(p) = Vp. The flow of parallel vector fields are the geodesics of the
connection. If g is absolutely parallel, we have gxg=g-g+g>g=g g, and
more generally g"* = g™, hence exp*(g) = exp(g). If f(p) = g(p) atapoint p €
G, then they define the same tangent at the point. Hence /™ (p) = g"(p) forall n, and
we conclude that exp (f)(p) = exp (g)(p) = exp*(g)(p). Thus, the concatenation
exponential exp (f) of a general vector field f produces the flow which in a given
point follows the geodesic tangent to f at the given point.

On a Lie group, we have for two arbitrary vector fields represented by general
functions f, g € C*(G, g) that

(exp (1f) > &)(p) = g (exp(zf(pP))p) - (&)

2.3 Numerical Integration

Lie—Butcher series and its cousins are general mathematical tools with applications
in numerics, stochastics and renormalisation. The problem of numerical integra-
tion on manifolds is a particular application which has been an important source of
inspiration. We discuss a simple illustrative example.

Example 1 (Lie—trapezoidal method) Consider the classical trapezoidal method. For
a differential equation y’(¢) = f(y(¢)), y(0) = yoon R" astep from¢t =0tot = h
is given as

h
K=3 (f o)+ f(y)
yi=Yo+K.
Consider a curve y(z) € G evolving on a Lie group such that y'(z) = f(y())y(t),

where f € C*°(G, g) and y(0) = yy. In the Lie-trapezoidal integrator a step from
Yo to y; & y(h) is given as
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h
K =300+ /)
y1 = expy (K)o,

where exp,: g — G is the classical Lie group exponential. We can write the method
as a mapping Ptrap: X (M) — Diff(G) from vector fields to diffeomorphisms on
G, given in terms of parallel transport on X (M) as

1
K=5(f+exp'(l<)>f) (6)
Prap(f) = exp'(K). 7

To simplify, we have removed the timestep %, but this can be recovered by the
substitution f +— hf. Note that we present this as a process in U (X(M)), without a
reference to a given base point yo. The method computes a diffeomorphism @yrap (f),
which can be evaluated on a given base point yy. This absence of an explicit base point
facilitates an interpretation of the method as a process in the enveloping algebra of a
free post-Lie algebra, an abstract model of U (X(M)) to be discussed in the sequel.

A basic problem of numerical integration is to understand in what sense a numer-
ical method @ (¢f) approximates the exact flow exp*(¢f). The order of the approxi-
mation is computed by comparing the LB-series expansion of @(zf) and exp*(zf),
and comparing to which order in ¢ the two series agree.

The backward error of the method is defined as a modified vector field ﬁ such
that the exact flow of ﬁ interpolates the numerical solution at integer times.” The
combinatorial definition of the backward error is

exp*(fu) = @ (hf).

The backward error is an important tool which yields important structural infor-
mation of the numerical flow operator f +— @ (hf). The backward error analysis is
fundamental in the study of geometric properties of numerical integration algorithms
[8, 13].

Yet another problem is the numerical technique of processing a vector field, i.e.
we seek a modified vector field fh such that & ( fh) = exp*(f). An important tool
in the analysis of this technique is the characterization of a substitution law. What
happens to the series expansion of @ (hf) if f is replaced by a modified vector field
fh expressed in terms of a series expansion involving f?

The purpose of this essay is not to pursue a detailed discussion of numerical
analysis of integration schemes. Instead we want to introduce the algebraic structures
needed to formalize the structure of the series expansions. In particular we will
present recursive formulas for the basic algebraic operations suitable for computer
implementations.

2Technical issues about divergence of the backward error vector field is discussed in [1].
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We finally remark that numerical integrators are typically defined as families of
mappings, given in terms of unspecified coefficients. For example the Runge—Kutta
family of integrators can be defined in terms of real coefficients {a; ;}; ;_, and {b;}}_,
as

K; :exp'(Zai,jKj) > f, fori=1,...,s
j=1

PRK () =exp' (O _b;K)).
j=1

In a computer package for computing with LB-series we want the possibility of
computing series expansions of such parametrized families without specifying the
coefficients. This is accomplished by defining the algebraic structures not over the
concrete field of real numbers R, but instead allowing this to be replaced by an
abstract commutativ ring with unit, such as e.g. the ring of all real polynomials in
the indeterminates {a,-,j}f’j:l and {bj}j-:l.

3 Algebraic Structures of Lie-Butcher Theory

We give a concise summary of the basic algebraic structures behind Lie—Butcher
series.

3.1 Algebras

All vector spaces we consider are over a field® k of characteristic 0, e.g. k € {R, C}.

Definition 1 (Algebra) An algebra {<f, x} is a vector space &/ with a k-bilinear
operation x: o7 x &/ — o/. .4/ is called unital ifithasaunitIsuchthatx « [ = I * x
for all x € 7. The (minus-)associator of the product is defined as

a,(x,y,z7) i =xx(y*xz) — (X xy)* 2.

If the associator is 0, the algebra is called associative.

3In the computer implementations we are relaxing this to allow k more generally to be a commutative
ring, such as e.g. polynomials in a set of indeterminates. In this latter case the k-vector space should
instead be called a free k-module. We will not pursue this detail in this exposition.
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Definition 2 (Lie algebra) A Lie-algebra is an algebra {g, [-, -]} such that

[.X, }’] = _[yvx]
[[x, ], zZ]+[ly, z], x] + [[z, x], y] = 0.

The bracket [-, -] is called the commutator or Lie bracket. An associative algebra
{<f, x} give rise to a Lie algebra Lie(/), where [x, y] = x x y — y * x.

A connection on a fibre bundle which is flat and with constant torsion satisfies the
algebraic conditions of a post-Lie algebra [21]. This algebraic structure first appeared
in a purely operadic setting in [27].

Definition 3 (Post-Lie algebra) A post-Lie algebra {2, [-, -], >} is a Lie algebra
{2, [, -1} together with a bilinear operation >: & x & — £ such that

x>y, zl=k>y, z1+[x,y>z] (8)

[x, y1>z=as(x,y, 2) —as(y, x, 2). 9
A post-Lie algebra defines a relationship between rwo Lie algebras [21].
Lemma 1 For a post-Lie algebra &2 the bi-linear operation
[x.y]|=x>y—-y>x+xy] (10)
defines another Lie bracket.
Thus, we have two Lie algebras g = {Z, [, -]} and g = {Z, [, -]} related by >.

Definition 4 (Pre-Lie algebra) A pre-Lie algebra {£, 1>} is a post-Lie algebra
where [+, -] = 0, in other words an algebra such that

ap(x,y,2) = ax(y, x, 2).

Pre- and post-Lie algebras appear naturally in differential geometry where post-
Lie algebras are intimately linked with the differential geometry of Lie groups and
pre-Lie algebras with Abelian Lie groups (Euclidean spaces).

3.2 Morphisms and Free Objects

All algebras of a given type form a category, which can be thought of as a directed
graph where each node (object) represents an algebra of the given type and the
arrows (edges) represent morphisms. Any composition of morphisms is again a
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morphism. Morphisms are mappings preserving the given algebraic structure. E.g. an
algebramorphism ¢ : &/ — &/’ isak-linear map satisfying ¢ (x * y) = ¢ (x) * ¢ (y).
A post-Lie morphism is, similarly, a linear mapping ¢: & — & satistying both
¢([x, yD) = [¢(x), p(y)] and ¢ (x > y) = ¢ (x) > ¢ (¥).

In a given category a free object over a set C can informally be thought of as a
generic algebraic structure. The only equations that hold between elements of the
free object are those that follow from the defining axioms of the algebraic structure.
Furthermore the free object is not larger than strictly necessary to be generic. Each
of the elements of C correspond to generators of the free object. In software a free
object can be thought of as a symbolic computing engine; formulas, identities and
algebraic simplifications derived within the free object can be applied to any other
object in the category. Thus, a detailed understanding of the free objects is crucial
for the computer implementation of a given algebraic structure.

Definition 5 (Free object over a set C) Ina given category we define* the free object
over a set C as an object Free(C) together with a map inj: C — Free(C), called
the canonical injection, such that for any object B in the category and any mapping
¢: C — B there exists a unique morphism !: Free(C) — B such that the diagram
commutes

c ™ Free(C)

x g . (11)

We will often consider C C Free(C) without mentioning the map inj.

Note 1 In category theory a free functor is intimately related to a monad, a concept
which is central in the programming language Haskell. In Haskell the function “inj”
is called “return” and the application of ! on x € Free(C) is written x >==

A free object can be implemented in different ways, but different implementations
are always algebraically isomorphic.

Example 2 Freek-vector spacek“): Consider C = {1,2,3, ...} andletinj(j) = ¢;
represent a basis for k@), Then k‘© consists of all finite R-linear combinations of the
basis vectors. Equivalently, we can consider k') as the set of all functions C — k
with finite support. The unique morphism property states that a linear map is uniquely
specified from its values on a set of basis vectors in its domain.

Example 3 Free (associative and unital) algebra k(C): Think of C as an alphabet
(collection of letters) C = {a, b, c, ...}. Let C* denote all words over the alphabet,
including the empty word 1,

“This definition is not strictly categorical, since the mappings inj and ¢ are not morphisms inside a
category, but mappings from a set to an object of another category. A proper categorical definition
of a free object, found in any book on category theory, is based on a forgetful functor mapping the
given category into the category of sets. The free functor is the left adjoint of the forgetful functor.
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C*={l,a,b,c,...,aa,ab,ac,...ba,bb,bc,...}.

Then k(C) = {k©7, .}, is the vector space containing finite linear combinations of
empty and non-empty words, equipped with a product - which on words is concate-
nation. Example aba - cus = abacus,1 - abba = abba -1 = abba. This extends by
linearity to k) and yields an associative unital algebra. This is also called the
non-commutative polynomial ring over C.

Example 4 Free Lie algebra Lie(C): Again, think of C = {a, b, c,d, ...} as an
alphabet. Lie(C) C k(C) is the linear sub space generated by C under the Lie
bracket [wy, wo] = w; - wp — wy - wy induced from the product in k(C), thus ¢ €
C =>celie(C)and x,y € Lie(C) = x -y — y - x € Lie(C). A basis for Lie(C)
is given by the set of Lyndon words [26]. E.g. for C = {a, b} the first Lyndon words
a, b, ab, aab, abb (up to length 3) represent the commutators

{a, b, a,b],la, [a, b]], [la, b], D], ...}.

Computations in a free Lie algebra are important in many applications [20]. Relations
such as [[a, b], c] + [[b, c], a] = [[a, c], b] can be computed in Lie(C) and applied
(evaluated) on concrete data in any Lie algebra g via the Lie algebra morphism
F4: Lie(C) — g, whenever an association of the letters with data in the concrete
Lie algebra is provided through amap ¢: C — g.

Example 5 Free pre-Lie algebra preLie(C): Consider C = {e, 0, ...} as a set of
coloured nodes. In many applications C = {e}, just a single color, and in that case we
omit mentioning C. A coloured rooted tree is a finite connected directed graph where
each node (from C) has exactly one outgoing edge, except the ‘root’ node which has
no edge out. We illustrate a tree with the root on the bottom and the direction of the
edges being down towards the root. Let 7¢ denote the set of all coloured rooted trees,

e.g.

et ={.1v,f,b\VY,£,...

Tiooy = (0,0, s LEL V.V VYV VYV

The trees are just graphs without considering an ordering of the branches, so

Kf =V and ¥V =V Let 7 = k7. The free pre-Lie algebra over C is [6,
9] preLie(C) = {I¢, 1>}, where >: J¢- x J¢ denotes the grafting product. For
71, Ty € T, the product 7| I> 17 is the sum of all possible attachments of the root
of 71 to one of the nodes of 7, as shown in this example:

IR
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The grafting extends by linearity to all of .7¢.

Example 6 Free magma Magma(C) = OT¢: The algebraic definition of a magma
is a set C = {e,0, ...} with a binary operation x without any algebraic relations
imposed. The free magma over C consists of all possible ways to parenthesize binary
operations on C, such as (e X (s X 8)) X (o X e). There are many isomorphic ways
to represent the free magma. For our purpose it is convenient to represent the free
magma as ordered (planar’) trees with coloured nodes. We let C denote a set of
coloured nodes and let OT ¢ be the set of all ordered rooted trees with nodes chosen
from C. On the trees we interpret x as the Butcher product [3]: 1| X 1, = T is atree
where the root of the tree 7, is attached to the right part of the root of the tree 7y, e.g.:

fXIJ/I — (ex (ex8) X (6X9).

If C = {e} has only one element, we write OT := OT},;. The first few elements of
OT are:
ot - .,I,I,v,fY,Kf,x},\V,...

Example 7 The free post-Lie algebra, postLie(C), is given as
postLie(C) = {Lie(Magma(C)), >}, (12)
where the product > is defined on k M2¢m(€)) a5 4 derivation of the magmatic product

t>c=cxt forceC, (13)
TD(MXD)=@C>T17)XT+17 X(T>n), (14)

and it is extended by linearity and Eqgs. (8)—(9) to all of Lie(Magma(C)).

Under the identification Magma(C) = OT¢, the product t>: k©T¢) x k©Te)
k(©Te) is given by left grafting. For 1, T, € OT¢, the product 7, > T, is the sum of
all possible attachments of the root of 7 to the left side of each node of 7, as shown

in this example:
RVROR Y

A Lyndon basis for postLie(C) is given in [19].

STrees with different orderings of the branches are considered different, as embedded in the plane.
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3.3 Enveloping Algebras

Lie algebras, pre- and post-Lie algebras are associated with algebras of first order
differential operators (vector fields). Differential operators of higher order are
obtained by compositions of these. Algebraically this is described through enveloping
algebras.

3.3.1 Lie Enveloping Algebras

Recall that Lie(-) is a functor sending an associative algebra <7 to a Lie algebra
Lie(<), where [x, y] =x -y — y - x, and it sends associative algebra homomor-
phisms to Lie algebra homomorphisms. The universal enveloping algebra of a Lie
algebra is defined via a functor U from Lie algebras to associative algebras being
the left adjoint of Lie. This means the following:

Definition 6 (Lie universal enveloping algebra U(g)) The universal enveloping
algebra of a Lie algebra g is a unital associative algebra {U (g), -, [} together with
a Lie algebra morphism inj: g — Lie(U(g)) such that for any associative algebra
&/ and any Lie algebra morphism ¢ : g — Lie() there exists a unique associative
algebra morphism !: U(g) — </ such that ¢ = Lie(!) o inj.

g 2 Lie(U(g)) U(g)
3 lLie(!) l! (15)
Lie(.<?) o

The Poincaré—Birkhoff-Witt Theorem states that for any Lie algebra g with a basis
{e;}, with some total ordering e¢; < ¢, one gets a basis for U (g) by taking the set of
all canonical monomials defined as the non-decreasing products of the basis elements
{e;}

PBWhbasis(U(g)) = {ej, -ej, - -¢;

r

i e <e,=<---<e;,reN},

where we have identified g C U(g) using inj. From this it follows that U(g) is a
filtered algebra, splitting in a direct sum

U(g) = ®72,U;(9),
where U;(g) is the span of the canonical monomials of length j, Uy = span(Il) and

U,(g) = g. Furthermore, U (g) is connected, meaning that Uy = k, and it is generated
by U,, meaning that U (g) has no proper subalgebra containing U;.
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3.3.2 Hopf Algebras

Recall that a bi-algebra is a unital associative algebra {B, -, I} together with a co-
associative co-algebra structure® {H, A, ¢}, where A: B — B ® B is the coproduct
and £: B — k is the co-unit. The product and coproduct must satisfy the compati-
bility condition

Ax-y) = AQ@) - A, (16)

where the product on the right is componentwise in the tensor product.

Definition 7 (Hopf algebra) A Hopf algebra {H, -, 1, A, ¢, S} is a bi-algebra with
an antipode S: H — H such that the diagram below commutes.

HoH —9 | pepn

% H \; ; "
/

H d s k

HoH —95 pepy

Example 8 The concatenation de-shuffle Hopf algebra U (g): The enveloping
algebra U (g) has the structure of a Hopf algebra, where the coproduct A, : U(g) —
U(g) ® U(g) is defined as

Ay =1I®I (18)
AL(x)=I®x+x®I, forallx eg (19)
Apy(x-y)=An &) - Ay (y), forallx,y e U(g). (20)

We call this the de-shuffle coproduct, since it is the dual of the shuffle product. The
co-unit is defined as

e =1 21
e(x)=0, xeUj(g), Jj=>0, (22)

and the antipode S: U(g) — U(g) as
S(.X] ‘XQ-'-)C]‘) = (—l)ij-'-JQ * X1 forallxl,...,xj €g. (23)

This turns U (g) into a filtered, connected, co-commutative Hopf algebra. Connected
means that Uy = k and co-commutative that A, satisfies the diagrams of a com-

5An associative algebra can be defined by commutative diagrams. The co-algebra structure is
obtained by reversing all arrows.
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mutative product, with the arrows reversed. The dual of a commutative product is
co-commutative.

The primitive elements of a Hopf algebra H, defined as
Prim(H)={xe H: Ax) =xQI+1® x}

form a Lie algebra with [x, y] = x - y — y - x. The Cartier—Milnor—Moore theorem
(CMM ) states that if H is a connected, filtered, co-commutative Hopf algebra, then
U (Prim(H)) is isomorphic to H as a Hopf algebra. A consequence of CMM is that
the enveloping algebra of a free Lie algebra over a set C is given as

U (Lie(C)) = k(C), (24)

the non-commutative polynomials in C. Thus, a basis for U(Lie(C)) is given by
non-commutative monomials (the empty and non-empty words in C*).

3.3.3 Post-Lie Enveloping Algebras

Enveloping algebras of pre- and post-Lie algebras are discussed by several authors
[12, 21-23]. In our opinion the algebraic structure of the enveloping algebras are eas-
iest to motivate by discussing the post-Lie case, and obtaining the pre-Lie enveloping
algebra as a special case. For Lie algebras the enveloping algebras are associative
algebras. The corresponding algebraic structure of a post-Lie enveloping algebra is
called a D-algebra (D for derivation) [21, 22]:

Definition 8 (D-algebra) Let A be a unital associative algebra with a bilinear opera-
tion>: A® A — A. Write Der(A) forthe setof allu € A suchthatv — u>visa
derivation: Der(A) ={u € A: u> (w) = u>v)w+vutw)forallv,w e A}.
We call A a D-algebra if for any u € Der(A) and any v, w € A we have

I>v=v (25)
v>u € Der(A) (26)
) bw=asW,v,w)y=u>@>w)—U>v)>w 27

In [21] it is shown:

Proposition 1 For any D-algebra A the set of derivations forms a post-Lie algebra
postLie(A) := {Der(A), [+, -], >},

where [x,y] = xy — yx.

Thus, postLie(-) is a functor from the category of D-algebras to the category of post-
Lie algebras. There is a functor U (-) from post-Lie algebras to D-algebras, which is
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the left adjoint of postLie(-). We can define post-Lie enveloping algebras similarly
to Definition 6. A direct construction of the post-Lie enveloping algebra is obtained
by extending > to the Lie enveloping algebra of the post-Lie algebra [21]:
Definition 9 (Post-Lie enveloping algebra U (£?)) Let {2, [, -], >} be post-Lie, let
(UL, -} =U({Z, [, -1}) be the Lie enveloping algebra and identify & C Ur. The
post-Lie enveloping algebra U (#?) = {Uy, -, I>} is defined by extending > from &
to Uy, according to

Ipv=v (28)
v>I=0 29)
u>(w)=w>v)w+vu>w) 30)
wypw=as(u,v,w) =u>@ow) —U>v)>w 31

forall u € & and v, w € U,. This construction yields U (-): postLie — D-algebra
as a left adjoint functor of postLie(-).

A more detailed understanding of U (&) is obtained by considering its Hopf alge-
bra structures. A Lie enveloping algebra is naturally also a Hopf algebra with the
de-shuffle coproduct A ,,. With this coproduct U (£?) becomes a graded, connected,
co-commutative Hopf algebra where Der(U (£?)) = Prim(U (£?)) = &. Further-
more, the coproduct is compatible with > in the following sense [12]:

A>T =¢(A)
e(A> B) = ¢(A)e(B)
AL(AxB) = > (Ag > Ba) ® (A > By)

Aui(A), AL (B)

for all A, B € U(4?). Here and in the sequel we employ Sweedler’s notation for
coproducts,

A(A) =: Y Ay ® Ag).
A(A)

"Sometimes we need a repeated use of a coproduct. Let Aw = " w1, ® w(). We
continue by using A to split either wyj) or (). Since the coproduct is co-associative
this yields the same result A’w =Y 1) ® o) ® wa), and n applications are
denoted
A"(A) = Z Ay ® A ® - ® Apt.
A" (A)

Just as a post-Lie algebra always has two Lie algebras g and g, the post-Lie
enveloping algebra U (&?) has two associative products x, y — xy from the envelop-
ing algebra U(g) and x, y — x *x y from U (g). Both of these products define Hopf

7Splitting with regard to the coproduct A.
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algebras with the same unit I, co-unit ¢ and de-shuffle coproduct A, but with
different antipodes.

Proposition 2 [12] On U(ZP) the product

A% B:= Z Ay(Ap) > B) (32)
Ay, (A)

is associative. Furthermore {U (), %, A} = U(g) are isomorphic as Hopf alge-
bras.

The following result is crucial for handling the non-commutativity and non-
associativity of >:

Proposition 3 [12, 22] Forall A, B, C € U(Z?) we have
A>(B>C)=(AxB)>C. (33)

The free enveloping post-Lie algebra.

Finally we introduce the enveloping algebra of the free post-Lie algebra
U (postLie(C)). Due to CMM, we know that it is constructed from the Hopf algebra

U(postLie(C)) = U(Lie(OT¢)) = k(OT¢),

i.e. finite linear combinations of words of ordered trees, henceforth called (ordered)
forests OF ¢. If C contains only one element, we call the forests OF:

OF:{]I,.,..,I,.I,I.,V,I,...}

The Hopf algebra has concatenation of forests as product and coproduct A,
being de-shuffle of forests. Upon this we define > as left grafting on ordered trees,
extended to forests by (28)—(31), where I is the empty forest, u is an ordered tree and
v, w are ordered forests. The left grafting of a forest on another is combinatorially
the sum of all possible left attachments of the roots of trees in the left forest to the
nodes of the right forest, maintaining order when attaching to the same node, as in
this example

PRV RO RO R RO R

Four Hopf algebras on ordered forests.

On k(OF¢) we have two associative products * and the concatenation product,
denoted -. Both these form Hopf algebras with the de-shuffle coproduct A, and
antipodes S. and S,, where
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St - 1) = (—l)k‘tk-~-‘52~‘tl, fort; -1 -1 € OT¢

and S, given in (71). With their duals, we have the following four Hopf algebras:

The four share the same unit I: k — #: 1 > I and the same co-unit ¢: JZ —
k, where ¢(I) = 1 and e(w) = 0 for all w € OF¢\{I}. All four Hopf algebras are
connected and graded with |w| counting the number of nodes in a forest. 7 and
A" are also connected and graded with the word length as a grading, although this
grading is of less importance for our applications.

3.3.4 Lie-Butcher Series

The vector space k(OT¢) consists of finite linear combinations of forests. In order
to be able to symbolically represent flow maps and backward error analysis, we
do, however, need to extend the space to infinite sums. For a (non-commutative)
polynomial ring k(C), we denote k({C)) the set of infinite (formal) power series. Let
(-, ) k{(C) x k(C) — k denote the inner product where the monomials (words in
C*) form an orthonormal basis. This extends to a dual pairing

(-, ) kK({C)) x k(C) = Kk, (34)

which identifies k((C)) = k(C)* as the linar dual space. Any o € k((C)) is uniquely
determined by its evaluation on the finite polynomials, and we may write « as a

formal infinite sum
o= Z (o, wyw.

weC*

Any k-linearmap f: k({(C)) — k((C)) can be computed fromits dual f*: k(C) —
k(C) as (f (), w) = (&, f*(w))forallw € C*.

Definition 10 (Lie—Butcher series LB(C)) The Lie—Butcher series over a set C is
defined as the completion

LB(C) := U (postLie(C))*.

This is the vector space k({OT¢)) (infinite linear combinations of ordered forests).
All the operations we consider on this space are defined by their duals acting upon
k(OT¢), see Sect. 4.1.

The space LB(C) has two important subsets, the primitive elements and the group
like elements.
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Definition 11 (Primitive elements g g) The primitive elements of LB(C), denoted
gL are given as

gB={delBC): AL (@) =aRIT+1Q «a}, (35)

where A, is the graded completion of the de-shuffle coproduct. This forms a post-
Lie algebra which is the graded completion of the free post-Lie algebra postLie(C).

Definition 12 (The Lie—Butcher group Gyg) The group like elements of LB(C),
denoted G are given as

G ={d e LB(C): A (@) = Q a}, (36)

where A, is the graded completion of the de-shuffle coproduct.

The Lie—Butcher group is a group both with respect to the concatenation product
and the product * in (32). There are also two exponential maps with respect to the
two associative products sending primitive elements to group-like elements

exp, exp*: grg —> Gis.
Both these are 1-1 mappings with inverses given by the corresponding logarithms

log, log*: G g — giB.

4 Computing with Lie-Butcher Series

In this section, we will list important operations on Lie—Butcher series. A focus will
be given on recursive formulations which are suited for computer implementations.

4.1 Operations on Infinite Series Computed by Dualisation

Lie-Butcher series are infinite series, and in principle the only computation we
consider on an infinite series is the evaluation of the dual pairing (34). All operations
on infinite Lie—Butcher series, « € LB(C), are computed by dualisation, throwing
the operation over to the finite right hand part of the dual pairing. By recursions, the
dual computation on the right hand side is moving towards terms with a lower grade,
and finally terminates. Some modern programming languages, such as Haskell, allow
for lazy evaluation, meaning that terms are not computed before they are needed to
produce a result. This way it is possible to implement proper infinite series.



92 H. Z. Munthe-Kaas and K. K. Fgllesdal

Example 9 The computation of the de-shuffle coproduct of infinite series can be
computed as
<A|J_J(a)vwl ®(1)2> = (aa wll—l—lwz)a (37)

where the pairing on the left is defined componentwise in the tensor product,
(a1 @ a2, w1 @ W) = (a1, w1) - (a2, W2)

and shuffle product w LLI@ of two words in an alphabet is the sum over all permu-
tations of w@ which are not changing the internal order of the letters coming from
each part, e.g.

abllicd = abed + acbd + cabd + acdb + cadb + cdab.

A recursive formula for the shuffle product is given below.

Any linear operation whose dual sends polynomials in k(OT¢) to polynomials (or
tensor products of these) is well defined on infinite LB-series by such dualisation.

Linear algebraic operations.

+: LB(C) x LB(C) — LB(C) (addition)
-1 k xLB(C) — LB(C) (scalar multiplication).

These are computed as (o + B, w) = (o, w) + (B, w) and (c- o, w) = c - (a, w).
Note that grg C LB(C) is a linear subspace closed under these operations, Gy g C
LB(C) is not a linear subspace.

4.2 Operations on Forests Computed by Recursions
in a Magma

Similar to the case of trees, Sect. 3.2, many recursion formulas for forests are suitably
formulated in terms of magmatic products on forests. Let B~ : OT¢ — OF¢ denote
the removal of the root, sending a tree to the forest containing the branches of the
root, and for every ¢ € C define B : OFc — OT¢ as the addition of a root of colour
¢ to a forest, producing a tree, example

B—(VI) -J B (.I) - VI

Definition 13 (Magmatic products on OF¢) For every c¢ € C, define a product
X¢: OF¢c x OF¢c — OF¢ as

W1 X Wy = a)lBj_'(a)g). (38)
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In the special case where C = {o} contains just one element, then B*: OF — OT
is 1-1, sending the above product on forests to the Butcher product on trees;
Bt (w; Xe ) = B (w;) X BT (w;). Thus, in this case {OF, xq} = {OT, x} =
Magma({e}).

For a general C we have that any w € OF¢\I has a unique decomposition

w = W X, R, ceC, wp,wg € OFc. 39)
The set of forests OF is freely generated from I by these products, e.g.
VT = (1 xo (T xo 1) X0 T)) xo (I x4 I).

Thus, there is a 1-1 correspondence between OF ¢ and binary trees where the internal
nodes are coloured with C. We may take the binary tree representation as the definition
of OF¢ and express any computation in terms of this.

Definition 14 (Magmatic definition of OF¢) Given a set C, the ordered forests OF ¢
are defined recursively as

I € OF¢ (40)
o =wp Xc wg € OF¢ forevey w;, wg € OFc andc € C. 41

OF¢ has the following operations:

isEmpty: OF¢c — bool, defined by isEmpty(I) = ‘true’, otherwise ‘false’.
Left: OFc — OF, defined by Left(w; X, wg) = wp.

Right: OF¢c — OF, defined by Right(w; X, wg) = wg.

Root: OF¢c — C, defined by Root(w; X, wg) = c.

Left(I), Right(I) and Root(I) are undefined.

Any operation on forests can be expressed in terms of these. We can define ordered
trees as the subset OT¢ C OF¢

OT¢ :={t € OF¢: Left(r) =1},

and in particular the nodes C C OF¢ are identified as C = {I x, [}. From this we
define B~: OT¢ — OF¢ and B : OF¢c — OT¢ as

B~ (v) = Right (1) (42)
B () =1 x. o. (43)

The Butcher product of two trees 7, " € OT¢, where ¢ = Root(t), ¢’ = Root(z’) is

T x 1t := BN (B (1) x¢ B~ (1)).
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4.3 Combinatorial Functions on Ordered Forests

The order of w € OF¢, denoted |w| € N, counts the number of nodes in the forest.
It is computed by the recursion

I =0 (44)
|wr Xe wr| = || + |wg| + 1. (45)

This counts the number of nodes in w.
The ordered forest factorial, denoted w; € N is defined by the recursion

I =1 46)
wj = (0 Xe WR)| = |®] - WL - Wgj. 47)
We will see that the ordered factorial is important for characterising the flow map
(exact solution) of a differential equation. This is a generalisation of the more well-

known tree factorial function for un-ordered trees, which is denoted t! and defined
by the recursion

! =1
=t ! -l 1!

fort =Bt (ti12 -+ 7).
The relationship between the classical (unordered) and the ordered tree factorial

functions is
o (1) —_—=
Oy =4
T/~T

where the sum runs over all ordered trees that are equivalent under permutation of
the branches and o (7) is the symmetry factor of the tree. This identity can be derived
from the relationship between classical B-series and LB-series discussed in Sect. 4.1
of [22], by comparing the exact flow maps exp*(e) in the two cases. We omit details.

1/\} +1/K/,_—+—= —1/\}

Example 10

and

2 1/\I),+1/\§/.+1/kV ( +i+i>=i=1/\l)z.

60 120
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Table 1 Ordered forest factorial for all forest up to and including order 5
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For the tall tree 7 =1 Xq (I Xq (I Xq (- Xq (I X4 1)))) we have t; = 7! = 7|l
Table 1 on p. 25 contains the ordered forest factorial for all ordered forests up to and

including order 5.

4.4 Concatenation and De-concatenation

Concatenation and de-concatenation

-1 k(OT¢) ® k(OT¢) — k(OTc)
A.: k(OT¢) — k(OT¢) ® k(OT¢)

form a pair of dual operations, justlike LLI and A}, in (37). On monomials w € OF¢

these are given by

w0 =ww
A(w) = Z W ® wy,

],0y€0F
w-wWy=w

thus forw = 111 -- - 7, 71, ..., Tk € OT¢ we have

k
A.(Cz))=(1)®H+H®CO+ZT1-~‘L’_,'®‘L’j+1“‘l’k.

j=1
[} [ I J
=Ix7+|®I1
A'. o o
A [ 1] .:H® (1] .+ ®.. .+ .®. .+ [ 1] .®]I
‘o0 @ o0 © e o o (1) [ o0 o

Recursive formulas, where @ € OF¢, w = w;, X wg are
o-I=w
@ o= (D wr) X:w0r

and

AM=I®I

A(w)=A(wr) - TQ (I x, wg)) + 0w 1.

(48)
(49)

(50)
61y

See Table 2% on p. 27 for deconcatenation of all ordered forests up to and including

order 4.

8Note that the number under the terms are the coefficients to the terms.
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Table 2 Deconcatenation and deshuffle for ordered forest up to and including order 4. Note that
the numbers under the terms are the coefficients to the terms
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o) o o o) o) o) o)
L = + + + + +

e e o e e e o o)
o) o) 0 0 o)

A =1I® + QT+ RI+T®

Wo o) o0 O o)

Fig. 1 See Table 2 on p. 27 for more examples on deshuffle

The concatenation antipode S., defined in (23), is computed by the recursion

ST =1 (52)
S(wr, X wg) = =B} (wg) - S.(wy). (53)

S. reverse the order of the trees in the forest and negate if there is a odd number of
trees in the the forest. See Table 2 on p. 27.

4.5 Shuffle and De-shuffle

The duality of A, and LLI is given in (37). A recursive formula for @ LLI @ where
w, @ € OF¢ is obtained from the decomposition w = w; X, wg, ® = @y Xz D as

Iluw=wwl=w (54)

oo = (w7 LL®) X, wr + (0LLI®;) Xz O, (55)
while (18)—(20) yields the recursion

A =IxI (56)
Au@) =Au(op) - (Ixcop) @T+1I® (I xc wg))) . (57)

The shuffle product LLI of two forests is the summation over all permutations of the
trees in the forests while preserving the ordering of the trees in each of the initial
forests (Fig. 1).

4.6 Grafting, Pruning, GL Product and GL Coproduct

These are four closely related operations. Grafting is defined in (13)—(14) for trees
and (28)—(31) for forests (here u is a tree). Grafting can also be expressed directly
through the magmatic definition of OF . First we need to decompose w € OF¢\I as
a concatenation of a tree on the left with a forest on the right, = 7’ - @’. We define
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o e}
e} Q ¢}
= + + +
o * o
A =1I® + ® + ®f+ ® + Q [+ Q[+ @I+ ®+ ® + ®
*eo ° ° ° ° e o ° o e o

Fig. 2 See Table 3 on p. 30 and Table 4 on p. 31 for more examples

AR =108+ @+ e+ © + @+ @ +a%/+ of+ @
>0 o o Oe O®e O® O® 06 e0® O® O O o o o o

Fig. 3 See also Table 4 on p. 31

the decomposition 7’ = LeftTree(w), o’ = RightForest(w) through the following
recursions, where T € OT¢ and w = w;, X, wg:

LeftTree(t) =t (58)
LeftTree(w) = LeftTree(w; ) 59)
RightForest(7) =1 (60)
RightForest(w) = RightForest(w;) X, wg. 61)

The general recursion for grafting of forests becomes

Ibw=ow (62)
t>1=0 (63)

T > (wp Xe wg) = (T > wp) Xe wp + wp, X (T -wg + T > wg) (64)
T-o)po=1>(@>o)—(T>ow)>o, (65)

forall T € OT¢, w, @, wr, wg € OF¢, ¢ € C. See Table 3 on p. 30 for examples.
The associative product * defined in (32) is, in the context of polynomials of
ordered trees k(OT¢), called the (ordered) Grossman-Larsson product [22], GL
product for short. On k(OT¢) (and even on LB(C)), we can compute * from grafting
as
wi *wy; = B (w; > B+(a)2)).

The colour of the added root is irrelevant, since this root is later removed by B~. See
Table 3 on p. 30 for examples (Figs. 2 and 3).

The dual of %, the GL coproduct A, : k(OF¢) — k(OF¢) ® k(OF¢) has several
different characterisations, in terms of left admissible cuts of trees and by recur-
sion [22]. For w = w; X. wg the recursion is

AN =11 (66)
Av(@) =0 @I+ Au(wp) LU X Ay(wr), (67)
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Table 3 Grafting and Grossman-Larsson product for all combinations of non-empty trees with
total order up to and including order 4. Note that the numbers under the terms are the coefficients

to the terms
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Table 4 Pruning and dual Grossman-Larsson coproduct for all forests up to and including order
4. Note that the numbers under the terms are the coefficients to the terms
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where W X k(OT¢) @ k(OT¢) @ k(OT¢) ® k(OT¢) — k(OT¢) ® k(OT¢)
denotes
@RI X, (0wQ®) == (tlLLUw) (A X D).

The grafting operation >: k(OT¢) x k(OT¢) — k(OT¢) has a right sided dual
we call pruning, A : kK(OT¢) — k(OT¢) x k(OT¢), dual in the usual sense

{@>p,0) =(a®p, Ax(v)).

The pruning is characterised by admissible cuts in [16], or it can be computed by the
following recursion involving both itself and the GL coproduct,

Ao =11 (68)
Ap(wp X wg) = Ap(wp) LU X Ay (wg). (69)

The Lie-Butcher group and the antipode S,.
The product in the Lie-Butcher group Gg is the GL product «, 8 +— o * . The
inverse is given by the antipode (with respect to *-product), an endomorphism S, €
End(k(OT¢)) such that

(™! 0) = (o, S (). (70)

A recursive formula for S, is found in [22]. In our magmatic representation of forests
we have

Si(wr Xe wp) = — L ((Sx ® I)(A(wrp) LU X Ay(wr))) . (71)

Table 5 on p. 33 contain the the result of applying S, to all ordered forests up to
and including order 4.

4.7 Substitution, Co-substitution, Scaling and Derivation

A LB-series is an infinite series of forests built from nodes. The substitution law [4,
7, 16, 25] expresses the operation of replacing each node with an entire LB series.
Since a node represents a primitive element, it is necessary to require that the LB-
series in the substitution must be an element of g;g. The universal property of the
free enveloping algebra U (postLie(C)) implies that for any mapping a: C — &
from C into a post-Lie algebra &7, there exists a unique D-algebra morphism
! U(postLie(C)) — U(Z?) such that the diagram commutes
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Table 5 Concatenation and Grossman-Larsson antipode map for all forests up to and including

order 4. Note that the numbers under the terms are the coefficients to the terms
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c s U(postLie(C))

Lo I (72)

My

In particular this holds if &7 = postLie(C), and it also holds if U (postLie(C)) is
replaced with its graded completion LB(C). From this we obtain the algebraic defi-
nition of substitution:

Definition 15 (Substitution) Given a mapping a: C — grp there exists a unique
D-algebra automorphism ax: LB(C) — LB(C) such that the diagram commutes

c M 1B(C)
s Jov 73)

gis — LB(O).

This morphism is called substitution.

The automorphism property implies that it enjoys many identities such as

axI=1 (74)

a*(wo) = (a*w)(a*w) (75)
ax(@>o)=(a*xw)>(a*xa) (76)
ax(w*o) = (a*w)*(a*xw) (77)

(a x ®ax)(A L (W) = AL (a *xw). (78)

For more details, see [16].

As explained earlier, computations with LB-series are done by considering the
series together with a pairing on the space of finite series and computations are
performed by deriving how the given operation is expressed as an operation on finite
series, via the dual. Thus, to compute substitution of infinite series, we need to
characterise the dual map, called co-substitution.

Definition 16 (Co-substitution) Given a substitution ax: LB(C) — LB(C), the co-
substitution al is a k-linear map a! : k(OT¢) — k(OT¢) such that

{axp,x)= (B, al (x))
forall 8 € LB(C) and x € k(OT¢).

A recursive formula for the co-substitution is derived in [16] in the case where
C = {o}. A general formula for arbitrary finite C is given here, the proof of this
formula is similar to the proof in [16] but we omit it. The general formula for a! (w)
is based on decomposing w with the de-concatenation coproduct A. and thereafter
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decomposing the second component with the pruning coproduct A.. To clarify the
notation, the decomposition is as follows

I®A) oA =) Y o1®wan®wopn.

A (@) A ()

With this decomposition, a recursion for a! is given as a! (I) = T and for v € OFc\I

al (0) = Z Z Z (@l (@) xcal (@aa) (@), o). (79)

ceC A (w) A (02)

The recursion is written more compactly as

al =3 w0y, ®o(a] ®al ®a(e) oI ®Ap)o A,
ceC

where p(wQ® @) =w o, U (@) :=w X, and a(c): k(OT¢) - k
denotes w — (a(c), w).

See Table 6 on p. 36 where cosubstitution is calculated for all forests up to and
including order 4, assuming a is a infinitesimal character.

Since ax is compatible with A, in the sense of (78), it follows that a*T is a shuffle
homomorphism (a character) satisfying

al (ww @) = al (w) Wwal (o).

Definition 17 (Scaling) For t € k define the map 7(c) = tc: C — grg. The corre-
sponding substitution « — ¢ *x « is called scaling by t. For a fixed alpha t +—  x o
defines a curve in LB(C)

Note that t x @ = t'®!@ and hence (f * a, ®) = 1'°!{«, w) for all € OF¢.

Definition 18 (Derivation) The derivative of a LB-series «, denoted D« is defined
as
(Do, o) = |o|{a, ).

Note that if k = R we have Do = % — (t x ).

4.8 Exponentials and Logarithms

We have three types of exponential type mappings exp’, exp*, evol: gig — Grs.
These are all 1-1 mappings with an inverse being a kind of logarithm. In the inter-
pretation of vector fields on Lie groups, exp’ defines the geodesics of the connection
and exp* computes the exact flow of a vector field. The third of these, evol, computes
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Table 6 Cosubstitution for an infinitesimal character « for all forest up to and including order 4
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acurve in a Lie group from its development in the Lie algebra i.e. solves an equation
of Lie type y'(t) = y(t)y (t) where y(t) = y~'(t)y'(¢) is the development of y(¢)
(left logarithmic derivative). We will have a closer look at these three maps and their
inverses.

Definition 19 (Concatenation exponential) The concatenation exponential
exp : gLg — Gip is defined as

@=T+a+ ot awat. =3 Lo (80)
ex = = — s = —a’.
p(x o+ sao + coaw 2 j!a

In the algebra U (postLie(C)), with the grading given by PBW, Uy = kI, U; =
postLie(C) and Uy is generated from U; by £-fold shuffle products. Since
(exp (&), x LLIy) = (exp’(«), x)(exp (), y) we have the following result.

Lemma 2 Fora € gy g, the concatenation exponential exp (&) is the unique element
of Grg such that (exp (), x) = {(«, x) for all x € postLie(C).

The GL-exponential is similarly defined from the GL product x*:

Definition 20 (GL-exponential) The GL-exponential exp*: grg — Gp is defined

as
00

@ =T+a+iaxats Foe=Yda @D
= —o % AR cee= —a™.
exp*(« o 201 o 60[ oxa 2 ,!a

Recursive formulas for the coefficients of exp*(e) are found in [18, 24]. Here we
derive a remarkably simple recursion formula based on the magmatic decomposition
of OF, to our knowledge not found elsewhere:

Lemma 3 For w = w; Xe wr We have

(exp™(e), I) = 1 (82)
1
(exp™(e), ) = ol (exp®(s), L) - (€Xp*(s), @R), (83)
or equivalently
1
(exp*(.)a C()) = DN (84)
Wi

where wj denotes the ordered forest exponential.
Proof The derivation D exp*(e) satisfies (D exp*(e), ®) = |w|(exp*(s), ). On the

other hand, since the #-scaling of the exponential is ¢ x exp*(s) = exp*(te) we find

d
Dexp*(e) = o 1 exp™(te) = exp™(te) * -|[:l = exp™(e) x o = exp™(s) (exp™(s) > o),
1=
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where we in the rightmost equality use (32) and A |, (exp*(e)) = exp*(s) ® exp* (o),
since exp*(s) € GLp. Since w; Xq wg = wr(wg > o) we find

1 1
(exp”(e), @) = ol (D exp*(e), w) = o] (exp”(e)(exp™(e) 1> o), w1 (wg > o))

1
= — - (exp”(e), w1 ) - (exp”(e), W)

|l

The exponential is thus given as

exp'e) = Y wﬁ‘ (85)

weOF

which justifies the naming of | as a factorial function.
The computation of exp*(«) for an arbitrary o € grp can be done by the substi-
tution: If a(e) = & then

(exp* o, w) = (exp* a(e), w) = (exp™(a *x o), w)

= (a *exp*(s), w) = (exp*(e), a’(w)) = 2@
* |

where the forest exponential ; is extended to polynomials by linearity.

Backward error.

Whereas exp*: gig — Grp computes the exact flow operator, the inverse log*:
G — grp inputs a flow map, and computes the vector field generating this flow.
In numerical analysis this is called the backward error analysis operator and is an
important tool for analysing numerical integrators. The GL-logarithm log* is defined

for @ € G as
oo

_1\yn—1
log*a = Z ¢ ln) (@ —8)™,

n=1

where 6 € G is the identity in the Lie-Butcher group, given as (§, ) = 1 and
(6, w) = 0 for € OF¢\{I}. The GL-logarithm can be computed via its dual oper-
ation, the eulerian idempotent e € End(k(OF)) such that

(log"(a), w) = (&, e(w)).
To compute e, we introduce the augmented GL-coproduct defined as

Aw) =A@ —0QI-1Q w.
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The recursion for A, (w) (66)—(67) yields the following recursion for A ):

A =-IQ1 (86)
Au(wp xc 0g) = (Au(0p) + o @D LU X, (Au(wr) +0r ®@D).  (87)

The eulerian idempotent is computed as

_1 n—1 e
e(w)=z( rz W, AL (),

n>1

where LLI, is the shuffle of n arguments and ZZ is the n-fold repeated application of
the augmented GL coproduct. See Table 7 on p. 40 for calculations of the eulerian
idempotent for all forests up to and including order 4.

Since « is a character, we obtain the following formula for the backward error

-1 n—1
(log*(@), ) = Z % Z (o, o1y) - {0, w2)) -+ - (@, O))- (88)

n>1 i

The development.

For a curve y(¢) on a Lie group G, the development is a curve y(t) € g such that
y'(t) = y()y(t), thus y(¢) = y'(t)y(t)~" is given by the logarithmic derivative.
There is a corresponding® combinatorial operation on Gyg, given by a linear map
L: k(OT¢) — k(OT¢) called the Dynkin operator, such that

(™' Da,w) = (a, L(w)) forevery a € Gig. (39)

Lemma 4 The Dynkin operator L is computed as a convolution of endomorphisms,
L,S.,D e End(s),
L=S*xD:= (S ®D)A.,

where ' is the Hopf algebra on k(OT¢) with shuffle L as product,
de-concatenation A. coproduct and antipode S., and with grading |w| counting nodes
in the forest. Explicitly we have

L) = Y S(on) Wog)loe|- (90)
A (w)

9Since the action of differentiation operators composes contravariantly, the order of right and left
is swapped in the mapping from LB-series to differential equations on manifolds.
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Table 7 Dynkin map L and Eulerian idempotent e for all forest up to and including order 4. Note
that the numbers under the terms are the coefficients to the terms
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Proof

(™" Da,w) = (7' ® Do, Aw) = Y (e, S.(w)) e D))
A (w)

= (. S.(o(1)) W Dwzy) = {at, (S. % D) (w)).

O

Table 7 on p. 40 contain the Dynkin map applied to all ordered forests up to and
including order 4.

The inverse of the Dynkin map, denoted evol: g g — Gyg, yields a formal LB-
series solution to equations of Lie type, y'(t) = y (¢)y(t), for y(t) € G, where y (t) €
g is given by a LB-series. In [10] it is proven that

Oy, % Qpy % - %
1 -1 n ny ny ’
evol(@) +Z Z ny(ny+nz)---(ny+ny+ -+ ng)

n>1 ny+-A4ng=n
n;j>0

where o = )., a and |ax| = k and * is the convolution in J#”. For w € OF¢\{I}
this yields -

(evol(a), ) = Z Z lo, 01y) - (o 02)) - - - (et D))
n=1 An=1 () loy| - (o)l + lo@)) - (loa)] + o)+ -+ low!)’

and from this we find the recursion formulae
(evol(a), I) =1 91)

(evol(@), w) = ﬁ Z (evol(a), w(1y) - (@, w)) for w € OFc\{I}. (92)
A (w)

5 Concluding Remarks

In this paper we have summarized the algebraic structures behind Lie—Butcher series.
For the purpose of computer implementations, we have derived recursive formulae
for all the basic operations on Lie-Butcher series that have appeared in the literature
over the last decade. The simplicity of the recursive formulae are surprising to us.
The GL-coproduct, the GL-exponential, the backward error and the inverse Dynkin
map are in our opinion significantly simpler in their recursive formulations than the
direct.
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5.1 Programming in Haskell

We are in the process of making a software library for computations with post-Lie
algebras and Lie-Butcher series. As we have seen in this paper, many of the structures
and operations have nice recursive definitions. Functional programming languages
are well suited for this type of implementation. Haskell is one of the most popular
functional programming languages, it is named after the logician Haskell B. Curry.
The development of Haskell started in 1987 after a meeting at the conference on
Functional Programming Languages and Computer Architecture (FPCA 87), where
the need for common language for research in functional programming languages
was recognized. Haskell has since grown into a mature programming language, not
only used in functional programming research but also in the industry.

Not only do Haskell encourage recursive definitions of functions, it also has
algebraic data types which give us the opportunity to define recursive data types.

Functional programming language will usually result in shorter and more precise
code compared to imperative languages. Mathematical ideas are often straightfor-
ward to translate into a functional language.

A feature of Haskell that come in handy when working with infinite structures
is lazy evaluation, meaning that an expression will not be computed before it is
needed. This is an excellent feature for working with Lie-Butcher series, since these
are infinite series. The infinite series can only be evaluated on finite data, and when
such a computation is requested the system performs the necessary intermediate
computations.

Mathematical ideas such as functors and monads are very important concept in
Haskell, for example IO in Haskell is implemented as a monad. Another example is
the vector space constructor in Haskell is a monad, which makes it very easy to linear
extend a function on basis element to a linear function between vector spaces. Two
other examples of monads are the free functor and the universal enveloping functor.
The elementary differential map of B-series and Lie—Butcher series fits also nicely
into this picture.

Finally, we remark that the proof assistant Coq can output Haskell code, so for
critical parts of the software one can prove correctness of the implementation in Coq
and then output this as verified Haskell code.
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Abstract In the first part of the present work we consider periodically or quasiperi-
odically forced systems of the form (d/dt)x = ef (x, tw), where ¢ < 1, w € R?
is a nonresonant vector of frequencies and f(x, #) is 2w -periodic in each of the
d components of 6 (i.e. & € T¢). We describe in detail a technique for explicitly
finding a change of variables x = u(X, 6; ¢) and an (autonomous) averaged system
(d/dt)X = eF(X; ¢) so that, formally, the solutions of the given system may be
expressed in terms of the solutions of the averaged system by means of the rela-
tion x(t) = u(X(¢), tw; €). Here u and F are found as series whose terms consist
of vector-valued maps weighted by suitable scalar coefficients. The maps are easily
written down by combining the Fourier coefficients of f and the coefficients are found
with the help of simple recursions. Furthermore these coefficients are universal in the
sense that they do not depend on the particular f under consideration. In the second
part of the contribution, we study problems of the form (d/dt)x = g(x) + f(x),
where one knows how to integrate the ‘unperturbed’ problem (d/dt)x = g(x) and
f is a perturbation satisfying appropriate hypotheses. It is shown how to explicitly
rewrite the system in the ‘normal form’ (d/dt)x = g(x) + f(x), where g and f
are commuting vector fields and the flow of (d/dt)x = g(x) is conjugate to that of
the unperturbed (d/dt)x = g(x). In Hamiltonian problems the normal form directly
leads to the explicit construction of formal invariants of motion. Again, g, f and the
invariants are written as series consisting of known vector-valued maps and universal
scalar coefficients that may be found recursively.
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1 Introduction

In this article we illustrate how to use word series to manipulate systems of dif-
ferential equations. Specifically we deal with the questions of high-order averaging
of periodically or quasiperiodically forced systems and reduction to normal form
of perturbations of integrable systems. The manipulations require operations with
complex numbers rather than with vector fields.

Word series are patterned after B-series [10], a well-known tool to analyse numer-
ical integrators (see [18] for a summary of the uses of formal series in the numerical
analysis of differential equations). While B-series are parameterized by rooted trees,
word series [14] possess one term for each word w that may be composed with the
letters of a suitable alphabet A [15]. Each term §,, f,, of a word series is the product
of a scalar coefficient §,, and a vector field f,,. The vector fields f,, may be imme-
diately constructed and depend on the differential system under consideration. The
coefficients §,, are universal, in the sense that they do not change with the particular
differential system being studied. Series of differential operators parameterized by
words (Chen—Fliess series) are very common, e.g. in control theory [9] and dynam-
ical systems [7] and have also been used in numerical analysis (see [11] among
others). As discussed in [14], word series are mathematically equivalent to Chen—
Fliess series, but being series of functions they are handled in a way very similar to
the way numerical analysts handle B-series. In the present work, as in [3-5, 13], the
formal series techniques originally introduced to analyze numerical integrators are
applied to the study of dynamical systems.

The structure of this article is as follows. The use of word series is briefly reviewed
in Sect. 2. Section 3 addresses the problem of averaging periodically or quasiperiod-
ically forced systems. We find a change of variables that formally reduces the system
to time-independent (averaged) form. Both the change of variables and the averaged
system are expressed by means of word series with universal coefficients that may
be computed by means of simple recursions. The averaged system obtained in this
way has favourable geometric properties. It is equivariant with respect to arbitrary
changes of variables, i.e., the operations of changing variables and averaging com-
mute. In addition averaging a Hamiltonian/divergence free/... system results in a
system that is also Hamiltonian/divergence free/.... Sections 4 and 5 are devoted to
the reduction to normal form of general classes of perturbed problems.

Let us discuss the relation between this article and our earlier contributions. The
problems envisaged here have been considered in [4]. However the treatment in [4]
makes heavy use of B-series; word series results are derived, by means of the Hopf
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algebra techniques of [11], as a byproduct of B-series results. Here the circuitous
derivations of [4] are avoided by working throughout with word series, without any
reference to B-series. One of our aims when writing this article has been to provide
potential users of word series techniques in application problems with a more focused,
brief and clear guide than [4] provides. In addition, the class of perturbed problems
considered in Sects. 4 and 5 below is much wider than that considered in [4]. In [13]
we have recently addressed the reduction of perturbed problems to normal forms. The
treatment in [13] is based on the application of successive changes of variables; here
the normal form is directly obtained in the originally given variables. An application
of word series techniques to stochastic problems is provided in [1]. The article [12]
presents an application of the high-order averaging described here to a problem
arising in vibrational resonance.

All the developments in the article use formal series of smooth maps. To streamline
the presentation the words ‘formal’ and ‘smooth’ are often omitted. By truncating the
formal expansions obtained in this article it is possible to obtain nonformal results,
as in [5] or [6], but we shall not be concerned with such a task.

2 Word Series

We begin by presenting the most important rules for handling word series. For proofs
and additional properties of word series, the reader is referred to [14].

2.1 Defining Word Series

Assume that A is a finite or infinite countable set of indices (the alphabet) and that
for each element (letter) £ € A, f;(y)isamap f, : C? — C?. Associated with each
nonempty word ¢; - - - £, constructed with letters from the alphabet, there is a word
basis function. These are defined recursively by

fgr..li,l (}’) = fg/z...g” (J’)fel(}’), n > 1’

where fz/z---/zn (y) is the Jacobian matrix of f,...,, (). For the empty word, the corre-
sponding basis function is the identity map y + y. The set of all words (including
the empty word @) will be denoted by # and the symbol C”" will be used to refer
to the vector space of all mappings 8 : # — C.For8 € C” andw € #, 5, is the
complex number that § associates with w. To each § € C” there corresponds a word
series (relative to the mappings f); this is the formal series

Ws(3) = Y 8ufuly).

sew
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The numbers §,,, w € #/, are the coefficients of the series.
Let us present an example. If for each letter £ € A, A¢(¢) is a scalar-valued function
of the real variable ¢, the solution of initial value problem

d
—y =Y M@ fe(y), y(to)=yoeC” 1)

dt LeA

has a formal expansion in terms of word series given by

(&) = Wa1) Y0), (2
where, for each t, 7y, the coefficients w,, (¢; #y) are the iterated integrals

t tn f

ey 1 10) = / dty he (1) / by 2, () - f ). O

fo fo

This series representation, whose standard derivation may be seen in e.g. [5] or [14],
is essentially the Chen series used in control theory. (An alternative derivation is
presented below.) Of much importance in what follows is the fact that the coefficients
a,,(t; o) depend only on the A,(¢) in (1) and do not change with the vector fields
fe(y); on the contrary, the word basis functions f,,(y) depend on the f;(y) and do
not change with the A, (7).

2.2 The Convolution Product

The convolution product § x 8’ € C”" of two elements 8, 8' € C” is defined by

n—1

0 *5/)61"‘&1 = 5@521"_&’ + 2851”{/’82/“"-& + 5@1..{”5(0, n>1
=1

((6 x 8")g = 8pdy). The operation « is not commutative, but it is associative and has
a unit (the element 11 € C” with 14 = 1and 1, = 0forw # ).

If w and w’ are words, their shuffle product will be denoted by w LLIw’; this is the
formal sum of all words that may be formed by interleaving the letters of w with those
of w’ without altering the order in which those letters appear within w or w’ (e.g.,
¢mUin = €mn 4 €nm + ntm). The set & consists of those y € C” that satisfy the
following shuffle relations: yy = 1 and, for each w,w' € #/,

N N
ywyw,:Zywj if WLI_IW,=ZWJ'.
=1 j=1
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This set is a group for the operation *. For each ¢ and #, the element «/(; #y) € c”
in (3) belongs to the group ¥.
Fory € 9,6 e C”,
WS(W]/(-X)) = Wy*B(x)~ (4)

In words: the substitution of W, (x) in an arbitrary word series W;(x) gives rise to a
new word series whose coefficients are given by the convolution product y * §. We
emphasize that this result does not hold for arbitrary y € C”, the hypothesis y € ¢
is essential.

Another property of the word series W, (y) with y € ¢ is its equivariance [18]
with respect to arbitrary changes of variables y = C (). If f,(¥) is the result (pull-
back) of changing variables in the field f;(y), i.e.,

fe(3) = C') 7 fu(CH)),

apd Wy (y) denotes the word series with coefficients y,, constructed from the fields
fe(9), then .
C(W, () = W, (C(»)).

We denote by g the vector subspace of C” consisting of those f that satisfy the
following shuffle relations: By = 0 and for each pair of nonempty words w, w’,

N N
D By, =0 if wiw =) w;.
j=1 j=1

It is easily proved that the elements § € g are precisely the velocities (d/dt)y (0)
at t = 0 of the smooth curves 7 — y (1) € &4 with y(0) = 1, i.e., if 4 is formally
viewed as a Lie group, then g is the corresponding Lie algebra. In fact, 4 and g are
the group of characters and the Lie algebra of infinitesimal characters of the shuffle
Hopf algebra (see [14] for details).

2.3 Universal Formulations

Let us consider once more the differential system (1). Define, for fixed ¢, 8(¢) € g C
C” by Be(t) = Ae(t), for each £ € A, and B,,(t) = 0 if the word w is empty or has
>2 letters. Then the right hand-side of (1) is simply the word series W (y). We
look for the solution y(#) in the word series form (2), with undetermined coefficients
a,,(t; tp) that have to be determined and have to belong to the group ¢. By using the
formula (4), we may write
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d
E a(t:ty) (yo) = Wﬁ(z)(Wa(t;to)()’O)) = Wa(t;tg)*ﬂ(t)(y())s

Wct(to,to)(yo) =Yo = W]l (y())ﬂ

and these equations will be satisfied if

%a(r; o) = a(t;fo) x B(t),  alto,fo) = 1. (5)
This is an initial value problem for the curve f — «(¢; tp) in the group ¥ (1 is
a parameter) and may be uniquely solved by successively determining the values
a,,(t; to) for words of increasing length. In fact, for the empty word, the requirement
a(t; tg) € ¢ implies oy (t; tg) = 1. For words with one letter £ € A, using By() = 0
and the definition of the convolution product x, we have the conditions

0
Eae(l; t0) = Be(Day(t; to) = Ae(t), ay(ty, t9) =0,

that lead to .

ae(t; to) = /dll)»e(ll)-

fo

This procedure may be continued (see [14] for details) to determine uniquely o, (; #o)
for all words w € # . In addition, for each ¢ and #, the element «(¢; 1) € C” found
in this way belongs to ¢, as it was desired. Of course this element coincides with
that defined in (3).

In going from (1) to (5) we move from an initial value problem for the vector-
valued function y(¢) to a seemingly more complicated initial value problem for the
function «(7) with values in . However the abstract problem in ¢ is linear and easily
solvable. Of equal importance to us is the fact that (5) is universal in the sense that,
once it has been integrated, one readily writes, by changing the word basis functions,
the solution (2) of each problem obtained by replacing in (1) the mappings f¢(y) by
other choices. In particular the universal character of the formulation implies that (5)
is independent of the dimension D of (1).

3 Averaging of Quasiperiodically Forced Systems

In this section, we consider the oscillatory initial value problem

d
Sy =ef0nto), yo) =y € cP, (©6)
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inalongintervalfy <t <ty + L/e.The vector field f (y, 6) is 27 -periodic in each of
the scalar components (angles) 61, ..., 0, of 6 (i.e.,0 € T¢) and w is a constant vector
of frequencies wy, ..., wy. These are assumed to be nonresonant i.e. k - w # 0 for
each multiindex k € Z9, k = 0; resonant problems may be rewritten in nonresonant
form by reducing the number of frequencies. Thus the forcing in (6) is quasiperiodic if
d > 1 and periodic if d = 1. Our aim is to find a time-dependent change of variables
y = U(Y, tw; ¢) that formally brings the differential system (6) into autonomous
form [16]. Our approach is based on a universal formulation, analogous to the one
we used above to deal with (1).

3.1 The Solution of the Oscillatory Problem

After Fourier expanding

f(3,0) =) explik-0) fi(y),

keZzZd

the problem (6) becomes a particular case of (1); each letter £ is a multiindex k € Z¢,

fe») = A() =& fi(y), and
Ae(t) = exp(ik - wt). (7)

Each word basis function f,,(y) contains the factor &” if w has length n. The first
few coefficients (iterated integrals) «,, (¢; tp) in (3) are easily computed; here are a
few instances

ag(t; to) =1,

ag(t; o) =1 — 1y,
i(exp(ik - wty) — exp(ik - ot))

ag(t; 1p) = , k#0,
k-ow
(t —10)°
ago(t; o) = TO,
i(t — ¢ 1 —exp(ik - wt) exp(—ik - wt
walts 1) = L) il ) exp( 0, K#£0, 1= —k. (8
kK- (kK - w)?

Note the oscillatory components present in some of the coefficients.
The following result shows how the coefficients «,, (; #y) can be determined recur-
sively without explicitly carrying out the integrations in (3).

Proposition 1 The coefficients (3) with the L¢(t) given by (7) are uniquely deter-
mined by the recursive formulas
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i(exp(ik - wty) — exp(ik - a)t))

ax(t; fo) = - ’
ag (t; 1) = (t — tp)" /1!,
aok(t; fo) = ﬁ(awﬂk(t; o) — aw (15 10)e™ "),
ap,.., (¢ 1) = . .' w(eikwtoall,,_ls (t; t0) — Qi1 (15 o)),
oy, (15 o) = ﬁ(aw*‘kl]mlg (t; t0) — oo (k1 -1, (75 10)) 9)

wherer > 1,k € Zd\{O}, andly, ..., 1, € 74

Proof 1Tt is useful to point out that the formulas (9) are found by evaluating the
innermost integral in (3). To prove the proposition we show that the coefficients
ak, .-k, (t; to) uniquely determined by (9) coincide with those in (3). The latter satisfy,
for all words w =Kk ---k,,

d )
77 %k, (t; 19) = exp(ik, - wt)oy, ..k, (L5 10), o, ..k, (fo; fo) = 0. (10)

We prove by induction on n that the coefficients in (9) also satisfy (10). One can
trivially check the case n = 1. For each word w = k; - - -k, with n > 1, one arrives
at (10) by differentiating with respect to ¢ both sides of the equality in (9) that
determines oy, ..k, (f; fp) and applying the induction hypothesis. (]

3.2 The Transport Equation

It follows from Proposition 1 that each «,,(¢; #p) is of the form
O[w(t;tO) =Fw(t_t07 wt;wtO)’ (11)

where I',(t, 6; 6y) is a suitable scalar-valued function, which is, as a function of
7 € R, a polynomial and as a function of & € T¢ (or of 6y € T%) a trigonometric
polynomial. For instance, for k # 0,1 = —Kk, (see (8)),

it 1 —exp(ik - 0) exp(—ik - 6p)
Fae,0:.00) = (o b e o

Of course the I',, can be found recursively by mimicking (9). The following result
summarizes this discussion.

Theorem 1 Define, for eachw € W', I,(t, 0; 6y) by means of the following recur-
sions. I'y(t,0;60p) = 1, and givenr > 1,k € Z¢ — {0}, andl,, ... 1, € 79,
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(T, 0; 6p) = kf_w(eik-eo _ k),

Iy (z,0;60) =1"/r!,

i ,
Tk (. 05 00) = —— (Fy-1k(x, 0 60) = Ly (7, 0 60)e™ ),

i .
Ta,..1, (T, 0; 0p) = m(elk‘eopll---ls (7. 0;00) — I'kkyin,-1, (T, 05 00)),
i
Ty, (T, 05 6p) = m(ro'*lkl.---l: (1,05 600) — Tor ki, (T, 05 60)).  (12)

Then, for eachw € W, I,(t, 0; 0y) is a polynomial in T and a trigonometric poly-
nomial in 6 and in 6y and the coefficient a,,(t; ty) of the oscillatory solution satisfies

(11).

Substituting (11) in the initial value problem (5) that characterizes «(t; to), we
find, after using the chain rule,

0
B—F(t —to, tw; tow) + w - Vo' (t — 1o, tw; tow) = ' (t — 1y, tw; tyw) » B(tw),
T

', hyow; thw) = 1,

where B(0) € g is defined as Bk(0) = exp(ik-0), k € Z¢, and B,,(0) = 0 if the
length of w is not 1. We thus have that for all (z, 8; 6y) of the form (¢ — 1y, tw; tow),
the following equation is valid:

a
a—F(r,9;90)+w~VeF(f,9;90) =1'(7,0;600) » B(0), 1'(0,60;6p) = 1.
T
(13)

Actually, it can be proved, by mimicking the proof of Proposition 1 (with d/d¢
replaced by the operator /97 4+ w - Vjp), that (13) holds for arbitrary (z, 6; 6p) €
R x T x T¢.

We have thus found a transport equation for I" as a function of t and 8 (6, plays the
role of a parameter).! For this partial differential equation, a standard initial condition
would prescribe the value of I"(0, 8; 6)) as a function of @ € T (and of the parameter
6p);in (13), I"(0, 6; 6y) is only given at the single point 6 = 6. Therefore (13) may
be expected to have many solutions; only one of them is such that, for each w € 7/,
I, (z, 0; 6py) depends polynomially on t as we shall establish in Proposition 2. We
shall use an auxiliary result whose simple proof will be ommitted (cf. Lemma 2.4 in

[4]):

IThe presence of this parameter is linked to the fact that the transport equation is nonautonomous
in the variable 6.
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Lemma 1 Letthe vectorw € R? be nonresonant. If a smooth functionz : R x T¢ —
C satisfies

a
EZ(T’ 0)+w-Vgz(r,0) =0, 2z(0,6p) =0,

and z(t, 0) is polynomial in t, then z(t, 0) is identically zero.

Proposition 2 The function I'(t, 0; 6y) given in Theorem 1 is the unique solution
of problem (13) such that each I,,(t, 0; 0y)), w € ¥/, is smooth in 6 and polynomial
in .

Proof Let §(z, 0; 6y) denote the difference of two solutions of (13). Then, for each
weW,8,0,60y; 0) =0and

ad
3 8w (t, 05 60) + @ -V, (t, 05 6p)
T

vanishes provided that the value of  (z, 6; 8y) at words with less letters than w vanish
identically. Lemma 1 then allows us to prove, by induction on the number of letters,
that 8,,(t, 60; 6p) = 0 for all w € # . See [4], Sect. 2.4 for a similar proof. (I

The transport problem is used in the proof of the following two theorems, which
in turn play an important role in averaging.

Theorem 2 For each t € R, 0 € T¢, 0y € TY, the element I'(z,0;6y) € C”
belongs to 9.

Proof The proof is very similar to the proof given in Sect. 6.1.4 of [14] for nonau-
tonomous ordinary linear differential equations in ¢. We have to prove that

> L, (1,01 60) = (1. 0: 60) D (2. 0 6) (14)
J

forw,w' € #,withwiuw' =) W This is established by induction on the sum
of the number of letters of w and w’. Proceeding as in [14], by application of the
induction hypothesis one arrives at

0
(5= +@- Vo) | D Ty (2.0:00) — Iu(x.0: 600) 1 (1, 03 6p) | = 0.
aT I !

Since (14) holds at (z,0) = (0, 8y), Lemma 1 implies that it does so for each
value of (1, 60) € R x T¢. O

Theorem 3 For arbitrary T, T, € R and 6y, 6;, 6, € T,

(71,615 00) x I'(12, 025 01) = I' (11 + 12, 625 6p).
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Proof One can check that both y(t,0) = I (t1,6;;6p) x['(t —11,0;6;) and
y(t,0) = I'(z,0; 0)) satisfy the following three conditions:

e foreachw € #, y,,(t, ) is smooth in 6 and depends polynomially on 7,
o y(11,61) = I'(t1,61; 6p), and
e forall7 e Randall 8 € T?,

d

EY(T’ 0)+w-Voy(r,0) =y(r,0) x B(O).

Proceeding as in the proof of Proposition 2, one concludes that there is a unique
y (1, 0) satisfying the three conditions above. The required result is thus obtained by
setting 7 = t; + 1 and 6 = 6,. O

In particular

I'(z1, 00; 00) * I' (12, 0p; 0p) = I' (71 + 12, Op; Op),
I'(0, 05 60) » I'(0, 625 61) = I'(0, 62; 6p),

for arbitrary t;, 7, € R, 6y, 0,6, € T<. The first of these identities shows that, as
T varies with 6y fixed, the elements I'(t, 6p; 6p) form a one-parameter subgroup
of ¢. The second identity is similar to what is sometimes called two-parameter
group property of the solution operator of nonautonomous differential equations. Of
course these identities reflect the fact that the transport equation is autonomous in t
and nonautonomous in 6.

3.3 The Averaged System and the Change of Variables

Before we average the oscillatory problem (6), we shall do so with the corresponding
universal problem (5) in ¢, whose solution « has been represented in (11) by means
of the auxiliary function I'(z, 8; 6). Note that the oscillatory nature of « is caused
by the second argument in I" (each I',, w € #/, is a polynomial 7). Consider then
the ¢¥-valued function of # defined by

a(t; ty) = I'(t — ty, tow; Hhw), (15)

where the second argument in I" has been frozen at its initial value. This satisfies
a(ty; to) = (0, tyw; tow), or, from Proposition 2, @ (fy; tp) = 1l sothata(z; fy) coin-
cides with «(; tp) at the initial time ¢ = #. Furthermore, due to the trigonometric
dependence on 6, if d = 1 (periodic case), a(t; ty) = I'(t — 1y, thw; fow) coincides
with «(t; 19) = I'(t — 1o, tw; thw) at all times of the form ¢ = ty + 2k7 /w, k integer.
Ifd > 1 (quasiperiodic case), as ¢ varies, the point fw € T never returns to the initial
position fyw; however it returns infinitely often to the neighborhood of #yw. To sum
up, the nonoscillatory a(¢; #) is a good description of the long-term evolution of
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a(t; to) and, in fact, we shall presently arrange things in such a way that a(¢; y) is
the solution of the averaged version of the problem (5).

Having identified the averaged solution, let us find the averaged problem. From
Theorem 3, for each 7, and 1,

alty + 11 + 125 t9) = alty + 115 to) *x a(to + 12; fo)

so that, as t varies, the elements (¢ + 7; #p) form a (commutative) one-parameter
group C ¢. Therefore &(z; #o) is the solution of the autonomous problem

d _
E&(I;IO) =a(t; 1o) * (),  alto; o) = 1, (16)

with
(17)

o d_
B(to) = Ea(l,lo)

=ty

For completeness we include here a proof of this fact, which is well known in the
theory of differential equations,

= i&(ﬂ; to) * a(t; to)

o =a(t'; to) * B(to).

t=Ip

d_ d_
—at' o) = —a(t’ +1t—to; ¢
dt’a( 0) dta( + 05 10)

1=Ip

Note that (17) implies that ,3 () € g.
After having found the averaged problem (16), we invoke once more Theorem 3
and write

a(t; ) = I'(t — 1y, tw; thw)
= I'(t — 1y, tyw; tow) x I' (0, tw; tyw)
=a(t; tp) » I'(0, tw; tyw).

Thus, if we define
Kk (0; t0) = I'(0, 8; tow), (18)

then « depends periodically on the components of 6 and « (tw; f) relates the averaged
solution ¢ and the oscillatory solution « in the following way:

a(t; to) = a(t; to) x k(tw; t). (19)

To sum up, we have proved:

Theorem 4 For e T define k (9; ty) € 4 by (18). Then the solution of the problem
(5) has the representation (19), where & (t; ty) satisfies the autonomous (averaged)
initial value problem (16)—(17) with B(ty) € g. Furthermore a(t; ty) may be found
by means of (15).
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By inserting the word basis functions to obtain the corresponding series and
recalling that the operation x for the coefficients represents the composition of the
series, we conclude:

Theorem 5 With the notation of the preceding theorem, the solution of (6) may be
represented as

y(t) = WK([w;to)(Y(t))

where Y (t) = Wg.1,) (Vo) solves the autonomous (averaged) initial value problem

d
EY = W,é(t(,)(Y), Y (t) = yo.

3.4 Geometric Properties

Since B(ty) is in the Lie algebra g, the Dynkin-Specht—Wever theorem [8], implies
that the word series for the averaged vector field may be rewritten in terms of iterated
Lie-Jacobi brackets

Wi = = Aot () [+ [Lfigs fiols fiad -1 fi 0. 20)

r=1 ky,...k.ezd

(The bracket is defined by [ f, gl(y) = g'(x) f(y) — f'()g(¥).)
It follows from (20) that if all the fx belong to a given Lie subalgebra of the Lie

algebra of all vector fields (e.g., if they are all Hamiltonian or all divergence free),
then the averaged vector field will also lie in that subalgebra (i.e., will be Hamiltonian
or divergence free).

Additionally, the averaging procedure described above is equivariant with respect
to arbitrary changes of variables: changing variables y = C(y) in the oscillatory
problem, followed by averaging, yields the same result as changing variables in the
averaged system. This is a consequence of the equivariance of word series with
coefficients in ¥.

3.5 Finding the Coefficients

From (15), (respectively (18)) the quantities &, (¢; tp) (respectively «,,(0; ty)), w €
W , may be found recursively by setting t = 1 — 1y, 0 = 6y = tow (respectively T =
0, 6p = fyw) in the formulas for I, (7, ; 6p) provided in Theorem 1. The following
recurrences for B(to) are easily found via (17).
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Theorem 6 Givenr > 1,k € Zd\{O}, andly, ..., 1, € Z¢,
B (to) = 0,
Bolte) = 1,
Bor+1 (to) = 0,
Bork(to) = —(ﬂw w(to) — P (tg)e™ "),
Bia, -1, (t0) = —w(eik'wto,éllmlx (t0) — Bt -1, (f0)),
Borw, -1, (to) = —(ﬂor i, -1, (t0) = Bor ey, (1))

In the particular case #y = 0, after computing the coefficients B,,(0) for words
with <3 letters by means of the formulas in the theorem, we obtain, with the help
of the Jacobi identity for the bracket and the shuffle relations, the following explicit
formula for the averaged system:

d
EY = ¢fo +&2F + &3 F + O(eY),

where

Fo= Y i foao fol + Lok fid,

ek ko
F;= kz;éo e 1 o <[f0, Lfo. fill + Ui, [fi, fx] = %[fka [fico f-adl + [ fks [fic, fo]])
+0#m§_l#0 Wlﬂ)w) [fm. Lfi. foll
> » m f1. L fil
+m>§ ) W Lfm, [f-x, ficl]
m-Hk40
t Y s U U fml

0£m££1£0

m>-—m—l<l

In these formulas < is some total ordering in the set of multi-indices Z¢ such that
k > 0 fork # 0.
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3.6 Changing the Initial Time

There would have been no loss of generality if in (6) we had taken the initial time
to to be 0, as the general case may be reduced to the case where 7y = 0 by a change
of variables t — ' + to. Here we give formulas that express ' (t, 6; 6) in terms of
I'(t,60 — 6y; 0) and therefore allows one to express the coefficients «(t; 1), B(to),
...in terms of the coefficients «(z; 0), B(0), ...

We introduce, for each 8 € T¢, the linear map &y : C” — C” defined as fol-
lows: given 8§ € C”', (548)y = 8y, and for each word w =Kk, - - -k, with n > 0
letters,

— i(ky+--+k,)-0
(.'_"495)1(1...](“ = e( ! ) Skl"'kn'

Note that 5y is actually an algebra automorphism, as it preserves the convolution
product: Zy(8 x 8') = (548) » (548'),if 8,8’ € C” . In addition it maps ¥ into ¥.

The following result may be proved by induction on the number of letters using
the recursive formulas (12), or, alternatively, by using the transport equation.

Proposition 3 For eacht € Rand 6, 6, € T,
I'(t,0;60) = Eg, ' (7,60 —60;0).

As a consequence we have (cf. Theorem 3):

Corollary 1 For arbitrary T, 7> € Rand 0y, 6, € T¢,

I'(71,61;0) % B I'(12, 655 0) = I' (11 + 12, 01 + 62 0).

4 Autonomous Problems

In this section consider a general class of perturbed autonomous problems. By build-
ing on the foundations laid down above we provide a method for reducing them to
normal form.

4.1 Perturbed Problems

We now study initial value problems

d
X =800+ f), x(0) = xo, 21

where f, g : C® — CP. In the situations we have in mind, this system is seen as
a perturbation of the system (d/dt)x = g(x) whose solutions are known. In what
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follows we denote by g;, j =1, ..., d, afamily of linearly independent vector fields
that commute with each other (i.e. [g;, gx] = 0) and, for each u = [uy,--- ,uy] €
C4, we set
d
g'=> ujgj. (22)
j=1

We always work under the following hypotheses:

f may be decomposed as

fo) =) fulx) (23)
LeA
for a set of indices A, referred to as the alphabet as in the preceding sections.
e Foreach j =1,...,d andeach £ € A, there is v; , € C such that
Llgj, fel =vje fo. (24)

e There is v € C? such that g = g".

The alphabet A is an additive monoid with neutral element 0.2 such that, for each

j=1,...,dand ¢, ¢ € A, Vjere = Vj¢ + vje. Inparticular, vj o = 0 for all j.

e The vectorv = (v, ..., v,) € C?is non-resonant, in the sense that, given £ € A,
ViVie + -+ VaVa,e = 0if and only if £ =0.

The following proposition, whose proof may be seen in [13], shows that (24) may
be reformulated in terms of the flows ¢, at time r = 1 of the vector fields g*, u € C?.
Here and later, we use the notation

Vg =upvie+ -+ ugva .

Proposition 4 Equation (24) is equivalent to the requirement that for each x € RP,
ueCiteA,
9, ()" fe(pu(x)) = exp(v)) fy (x). (25)

Before providing examples of systems that satisfy the hypotheses above, we shall
obtain a word series representation of the solution of (21). Use the ansatz x(¢) =
¢ (z()) and invoke (25), to find that z(#) must be the solution of

d
— 7= Zexp(th)fz(Z), z(0) = xo.

dt leA

Since this problem is of the form (1) with

Ae(t) = exp(tvy), LeA, (26)

2Recall that this means that A possesses a binary operation + that is commutative and associative
and such that 0 + ¢ = ¢ foreach £ € A.
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we find that z(1) = Wy.0)(x0), Where the coefficients a(¢; 0) € ¢ are given by (3).
In what follows, we will simply write «(t) = «(¢; 0). Thus the solution of (21) has
the representation

x(1) = @1 (War) (x0)). 27)

Note that the coefficients e, (t) depend onv and the v ; but are otherwise independent
of gand fy, L € A.

Systems that satisfy the assumptions include the following (additional examples
and further discussion may be seen in [13]):

Example 1 Consider systems of the form

%x =Lx+ f(x), (28)

where L is a diagonalizable D x D matrix and each component of f(x) is a power
series in the components of x. Let i1, ..., ity denote the distinct nonzero eigenvalues
of L, so that L may be uniquely decomposed as

L=pu L+~ pala,

where the D x D matrices Ly, ..., Ly are projectors (L? =L;)with L;L; =0
if j # k. Thus (22) holds for g;(x) = L;x, v; = u;. Furthermore (see [13] for
details) f may be decomposed as f = Y, fi, where the ‘letters’ k are elements
of Z4, k = [ky, ..., kq], and, for each j and K, [L;, fx] = k; fi. Analytic systems
of differential equations having an equilibrium at the origin are of the form (28),
provided that the linearization at the origin is diagonalizable; the perturbation f then
contains terms of degree > 1 in the components of x.

As we shall point out later, Theorem 11 addresses the well-known problem, which
goes back to Poincaré and Birkhoff [2], of reducing (28) to normal form.

Example 2 Consider next real systems of the form

d
L]=1o]+roo. 29)

dt 2

where y e RP74, 0 <d < D, w € R? is a vector of frequencies w; #0, j =
1,...,d, and O comprises d angles, so that f(y, #) is 2x-periodic in each com-
ponent of § with Fourier expansion

f(,0) =) expik-6) fi(y).

kezZ4
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After introducing the functions
fu(y.0) = exp(ik-0) fi(y). yeRP™ 9eR’

the system takes the form (21) with x = (y, #) and

g(y,0) = [g} .

The decomposition (23) holds for the monoid A = Z¢, and, if each g j(x) is taken
to be a constant unit vector, then g = g",v; = w; (j =1, ..., d). In addition, (24)
is satisfied with v; =i k;, foreach j =1,...,d and each k = (k;, ..., k;) € A.
Thus the nonresonance condition above (i.e., vivy ¢ + - - - + v4vz, = 0 if and only if
£ = 0) now becomes the well-known requirement that kyw; + - - - + kyw, = 0 with
integer k;, j =1, ...,d, only if all k; vanish.

In the particular case where the last d components of f vanish identically, the
differential equations for 6 yield 6 = wt + 6, and (29) becomes a nonautonomous
system for y of the form (6). Thus, the format (21) is a wide generalization of the
format studied in the preceding section.

4.2 The Transport Equation. Normal Forms

All the results obtained in Sect. 3.2 can be generalized to the case at hand. We shall
omit the proofs of the results that follow when they may be obtained by adapting the
corresponding proofs in Sect. 3.

We first provide recurrences to find the coefficients required in (27).

Theorem 7 Givent € R, u € C?, define, foreachw € ¥, y,,(t, u) € Cbymeans of
the following recursions. yy(t,u) = 1, and forr > 1, £y € A\{0}, and ¢, ..., L, €
A,

1
y@g (T9 M) = v_v(exp(vzo) - 1)9
Lo

yor (T, u) =t /r!,
yor (T, u) exp(vz‘u) — Yor—1¢,(T, u)

Yore, (T, 1) =
oR% vy, ’ (30)
Vibo+1)t2-0, (T, W) — Vg, (T, 1)
Veot,ot, (T, 1) = ——— — 1 —,
vy,
0 (Co-+1) 020, (To W) — Vor-1g0¢, 0, (T, U)
VO’ZM]---Z”(T’ M) _ Yo (€o+¢1)¢> ’ - Y 0ly-L, (b )
Lo

Then, for eachw € W,
o, (1) = y (2, tv).
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The transport problem (cf. (13)) is:
0
;V(r, u) +v-Vyy(t,u) =y(t,u)* B(u), y(0,0)=1. (€2

where B(u) € g is defined as By(u) = exp(vy), £ € A, and B,,(u) = 0 if the length
of we Wisnot 1.

Lemma 1 needs some adaptation to the present circumstances. We say that a
complex-valued function is polynomially smooth if it is a linear combination of
terms of the form 7* exp(vy), j=1,2,3,...,£ € A.Foreachw € %, the function
Yw : R x C? — C in Theorem 7 is clearly polynomially smooth.

Lemma 2 Let the vector v € C? be nonresonant. If a polynomially smooth function
7 : R x C? — C satisfies

0
37 z(t,u) +v-Vyz(t,u) =0, z(0,0) =0,
T

then z(t, u) is identically zero.
Instead of Proposition 2 and Theorem 2, we now have the following result.

Theorem 8 The function y (t, u) given in Theorem 7 is the unique solution of prob-
lem (31) such that each y,, : R x C* — C, w € ¥, is polynomially smooth. Fur-
thermore, for eacht € R, u € C4, the element y(t,u) € c” belongs to 9.

Our next aim is to derive a result similar to Theorem 3. We need to introduce, for
each u € C?, the algebramap &, : C” — C” defined as follows: Given § € C”’,
(E,.8)y = 8y, and for each word w = £; - - - £, with n > 1 letters,

(8u8)e,-0, = exp(Vy, 4.1y )00t
This generalizes the map =y we used in Sect. 3.
Theorem 9 For arbitrary 11, 7> € R and u;, u, € C¢,
y(@uw) x (Euy (@ u)) =y +7 u+u).
Let us provide an interpretation of the last result in terms of maps in C? (rather

than in terms of elements of ¢). In [13], it is proved that, for arbitrary § € ¢ and
ueC?

Wi (pu(x)) = 0u(Wz,5(x)). (32)

If we denote, for each (t, u) € R x C%,

¢r,u(x) = (pu(Wy(r,u) (x)),

then, for arbitrary 7, 7’ € Rand u, u’ € e,
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Dy (P (%)) = @u(Wy () (0 (W (27 (X))
= (0w We,y @)Wy @) (X))
= Qurw Wy v ugu) (X))
= Do yv utw (X).

We have successively used the definition of @, Eq. (32), Theorem 9, Eq. (4), and,
again, the definition of @. To sum up, we have proved the following result, which
generalizes Proposition 5.3 in [4].

Theorem 10 For arbitrary T, v’ € R and u, u’ € C,
¢‘L’,u o ®rﬂ,u’ = (pr+r’,u+u’

Since, in view of (27), the solution x (#) may be written as x(¢) = &, ,,(xp), the
theorem implies the representations

x(1) = DPo 1 (Pr,0(x0)) = Py,0(Do,rv(X0)). (33)

The group property @, 9 o @, o = @,y o implies that @; o(x) = W, 0)(x) is the
t-flow of the autonomous system

4y —w.x)
e~ PO”

where 8 € g is given by

- d
p=r0) e (34)

Similarly, @ ;, 0 @o 1y = Po,(++yu, implies that, for each fixed u € Ce, Doy (x)

= @ (Wy 0,11 (x)) 1s the z-flow of an autonomous system

5= g"(x);

differentiation with respect to ¢ of the flow at ¢t = 0 reveals that

8" (x) = g"(x) + Wy (x), (35)

where p(u) € g1is given by
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Since, from Theorem 10, the flows @, o, g 1, (x), Po 1 (x), u, u’ € C?, commute
with one another, so do the corresponding vector fields WB(X ), &“(x), g”’ (x). After
invoking (33), we summarize our findings as follows.

Theorem 11 The system in the initial value problem (21) may be rewritten in the
form

d
5= gx) + f(x) = g"(x) + Wz(x),

where §'(x) and B are respectively given by (35) and (34). The vector fields §"(x)
and Wp (x) commute with each other, with g(x) + f(x) and with g"“(x) for arbitrary
ueC4

Note that the recursions defining y (¢, ) in Theorem 7 give rise to similar recur-
sions that allows us to conveniently compute the coefficients 8, p(u) € g.

In the particular case where A = Z¢ and the eigenvalues v; , lie on the imaginary
axis, Theorem 11 essentially coincides with Theorem 5.5 of [4]. The techniques in [4]
are similar to those used here, but use B-series rather than word series. The general
case of Theorem 11 was obtained by means of extended words series (see Sect.
5) in [13], where in addition it is shown that the vector fields g“(x) are conjugate
to g"(x) by a map of the form x — Ws(x), where § € ¢. The decomposition in
Theorem 11 may be regarded as providing a normal form, where the original vector
field is written as a vector field g"(x) that is conjugate to g"(x) perturbed by a vector
field Wj(x) that commutes with g"(x).

Remark 1 For Hamiltonian problems, the commutation results in Theorem 11 allows
us to write down explicitly integrals of motion of the given problem. Details may be
seen in [4, 13].

5 Further Extensions

In this section we study generalizations of the perturbed system in (21). Extended
word series, introduced in [14], are a convenient auxiliary tool to study those gener-
alizations.

5.1 Extended Word Series

Just as the study of systems of the form (1) leads to the introduction of word series via
the representation (2), the expression (27) suggests the introduction of extended word
series. Given the commuting vector fields g;, j =1, ..., d and the vector fields f,
£ € A in the preceding section, to each (v, 8§) € C¢ x C”" we associate its extended
word series [13, 14]:
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Wis) (x) = @, (Ws(x)).

With this terminology, the solution of (21) in (27) may be written as x(¢) =
W tv.a()) (X0)-

The symbol 4 denotes the set C? x 4. Thus, for each ¢, the solution coefficients
(tv, a(t)) provide an example of elementof 4. For (u, y) € 9 and (v, 8) € C? x C”
we set

(u, )k, 8) = (v+8u,y x 5,8) € C! x C”".

For this operation % is a noncommutative group, with unit 1= 0, 1); (C4, 1)
and (0, %) are subgroups of 4. (In fact ¢ is an outer semidirect product of ¢ and
the additive group C¢, as discussed in Sect. 3.2 of [14].)

By using (4) and (32), it is a simple exercise to check that the product % has the
following implication for the composition of the corresponding extended word series

Wasy (W) = Wapkws (), v, €9, §€ c”, u,veC’

5.2 More General Perturbed Problems

We now generalize the problem (21), and allow a more general perturbation:

%x =g(x) + Ws(x), x(0) = xo,
where B € g. Clearly, the original problem (21) corresponds to the particular case
where B, = 1 foreach £ € A, and B,, = 0 if the length of the word w is not 1. Other
choices of § are of interest [14] when analyzing numerical integrators by means of
the method of modified equations [17].

Proceeding as in the derivation of (27), we find that the flow of (21) is given by

x(1) = W) (x(0)),

where a(t) € ¢ is the solution of

%a(t) —a()* Enp, a0) = 1.

Moreover, a(t) = y(t, tv), where y (t, u) is the unique polynomially smooth solu-
tion of the transport problem

0
a—ry(r, u)+v-Vy(t,u) =y, u)x 5,8, y0,00=1,

which clearly generalizes (31). For each (r,u) € R x C?, the element y (T, u)
belongs to the group ¢. Note that the recursions (30) are not valid for general S.
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In analogy with Theorem 9, we have that, for arbitrary 7, 7" € Rand u, u’ € C¢,

w,y(@w)k(@, y@ u)=w+u,y@+7 u+u)).

Theorems 10 and 11 hold true for general g € g.
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1 Introduction

A central problem in control theory is understanding how dynamical systems behave
when they are interconnected. In a typical design problem, one is given a fixed system
representing the plant, say a robotic manipulator or a spacecraft. The objective is to
find a second system, usually called the controller, which when interconnected with
the first will make the output track a pre-specified trajectory. When the component
systems are nonlinear, these problems are difficult to address by purely analytical
means. The prevailing methodologies are geometric in nature and based largely on
state variable analysis [43, 47, 53, 60]. A complementary approach, however, has
begun to emerge where the input-output map of each component system is rep-
resented in terms of a Chen—Fliess functional expansion or Fliess operator. In this
setting, concepts from combinatorics and algebra are employed to produce an explicit
description of the interconnected system. The genesis of this method can be found
in the work of Fliess [24, 25] and Ferfera [19, 20], who described key elements of
the underlying algebras in terms of noncommutative formal power series. In par-
ticular, they identified the central role played by the shuffle algebra in this theory.
The method was further developed by Gray et al. [38—40, 65] and Wang [66] who
addressed basic analytical questions such as what inputs guarantee convergence of
the component series, when are the interconnections well defined, and what is the
nature of the output functions? A fundamental open problem on the algebraic side
until 2011 was how to explicitly compute the generating series of two feedback inter-
connected Fliess operators. Largely inspired by interactions at the 2010 Trimester
in Combinatorics and Control (COC0O2010) in Madrid with researchers in the area
of quantum field theory (see, for example, [21]), the problem was eventually solved
by identifying a new combinatorial Hopf algebra underlying the calculation. The
evolution of this structure took several distinct steps. The single-input, single-output
(SISO) case was first addressed by Gray and Duffaut Espinosa in [28] via a certain
graded Hopf algebra of combinatorial type. Foissy then introduced a new grading in
[26] which rendered a connected version of this combinatorial Hopf algebra. This
naturally provided a fully recursive formula for the antipode, which is central to the
feedback calculation [31]. The multivariable, i.e., multi-input, multi-output (MIMO)
case, was then treated in [32]. Next, a full combinatorial treatment, including a Zim-
mermann type forest formula for the antipode [2], was presented in [14]. This last
result, based on an equivalent combinatorial Hopf algebra of decorated rooted cir-
cle trees, greatly reduces the number of computations involved by eliminating the
inter-term cancellations that are intrinsic in the usual antipode calculation. Practical
problems would be largely intractable without this innovation. The final and most
recent development method is a description of this Hopf algebra based entirely on
(co)derivation(-type) maps applied to the (co)product. This method was first observed
to be implicit in the work of Devlin on the classical Poincaré center problem [12,
16]. In a state space setting, it can be related to computing iterated Lie derivatives to
determine series coefficients [43]. Control applications ranging from guidance and
chemical engineering to systems biology can be found in [15, 30, 32-34, 37].
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This article has two general goals. First, an introduction to the method of combi-
natorial Hopf algebras in the context of feedback control theory is given in its most
complete and up-to-date form. The idea is to integrate all of the advances described
above into a single uniform treatment. This results in a new and distinct presentation
of these ideas. In particular, the full solution to the problem of computing the gen-
erating series for a multivariable continuous-time dynamic output feedback system
will be described. The origins of the forest formula related to this calculation will
also be outlined. Then the focus is shifted to the second objective, which is largely
an open problem in this field, namely how to recast this theory in a discrete-time
setting. One approach suggested by Fliess in [23] is to describe the generating series
of a discrete-time input-output map in terms of a complete tensor algebra defined
on an algebra of polynomials over a noncommutative alphabet. While this is a very
general approach and can be related to the notion of a Volterra series as described by
Sontag in [61], to date it has not lead to any particularly useful algebraic structures in
the context of system interconnections. Another approach developed by the authors
in the context of numerical approximation is to define the notion of a discrete-time
Fliess operator in terms of a series of iterated sums over a noncommutative alphabet
[35, 36]. While not the most general set up, it has been shown to be related to a class
of state affine rational input discrete-time systems in the case where the generating
series is rational. Furthermore, this class of so called rational discrete-time Fliess
operators is guaranteed to always converge. So this will be the approach taken here.
As the main interest in this paper is interconnection theory, the analysis begins with
the simplest type of interconnections, the parallel sum and parallel product connec-
tions. The former is completely trivial, but the latter induces the quasi-shuffle algebra
of Hoffman (see [41]) on the vector space of generating series. Of particular interest
is whether rationality is preserved under the quasi-shuffle product. It is well known
to be the case for the shuffle product [24].

The paper is organized as follows. In Sect. 2, some preliminaries on Fliess oper-
ators and graded connected Hopf algebras are given to set the notation and provide
some background. The subsequent section is devoted to describing the combinato-
rial algebras that are naturally induced by the interconnection of Fliess operators. In
Sect. 4, the Hopf algebra of coordinate functions for the output feedback Hopf alge-
bra is described in detail. The final section addresses elements of the discrete-time
version of this theory.

2 Preliminaries

A finite nonempty set of noncommuting symbols X = {xo, xi, ..., x,} is called an
alphabet. Each element of X is called a letfer, and any finite sequence of letters from
X, n=ux; X, is called a word over X. The length of the word 7, denoted |n|,
is given by the number of letters it contains. The set of all words with length & is
denoted by X*. The set of all words including the empty word, ¢, is designated by
X*, while X* := X* — {(#}. The set X* forms a monoid under catenation. The set
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nX* is comprised of all words with the prefix n € X*. For any fixed integer £ > 1,
a mapping ¢ : X* — R is called a formal power series. The value of ¢ at n € X*
is written as (c, n) € R’ and called the coefficient of the word 7 in c. Typically, ¢
is represented as the formal sum ¢ = Zne x+ (¢, Mn. If the constant term (¢, ?) =0
then c is said to be proper. The support of ¢, supp(c), is the set of all words having
nonzero coefficients in c. The order of ¢, ord(c), is the length of the shortest word in
its support (ord(0) := 00).! The R-vector space of all formal power series over X *
with coefficients in R¢ is denoted by R* ((X)).? It forms a unital associative R-algebra
under the catenation product. Specifically, for ¢, d € R*{(X)) the catenation product
is given by c¢d = Znex* (cd, ) n, where

(ed,n) =) (c,E)d,v), ¥ne X",

n=&v

and the product on R’ is defined componentwise. The unit in this case is 1 := 1.
RY((X)) is also a unital, commutative and associative R-algebra under the shuffle
product, denoted here by the shuffle symbol w.. The shuffle product of two words is
defined inductively by

(xim) w(xj€) = xi(nw (x;€)) + x; ((x;n) &) (D

with nw@¥ = @Pwn = n given any words 1, & € X* and letters x;, x; € X [24, 56,
57]. For instance, x; wx; = x;x; + x;x; and

x,-lxiz uxizxu = xilxizxi3x,-4 =+ xi3xi4x,-]xi2 =+ x,-lxi3 (X,'z uxi4) + xi3x,-l (Xl'z u_t.X'i4).

The definition of the shuffle product is extended linearly to any two series ¢, d €
RE((X)) by letting
cod= Y (c,n)(d,E)nuk, )

n.EeX*

where again the product on R’ is defined componentwise. For a fixed word v € X*,
the coefficient

(wé,v) =0 if |n[+I[§] # [v].

Hence, the infinite sum in (2) is always well defined since the family of polynomials
{nw&}, eex- is locally finite. The unit for this product is 1.

Some standard concepts regarding rational formal power series, which are used in
Sect. 5, are provided next [3]. A series ¢ € R((X)) is called invertible if there exists
a series ¢! € R{(X)) such that cc™' = ¢~ !¢ = 1. In the event that c is not proper,
it is always possible to write

!For notational convenience, p = (p, #)¥ € R(X) is often abbreviated as p = (p, ¥).
2The superscript £ will be dropped when £ = 1.
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c=(c.MHA-C),

where (c, ¥) is nonzero, and ¢’ € R((X)) is proper. It then follows that

e gt = ey (3)
C Ten Y Tewn

where

()= ().
i=0

In fact, c is invertible if and only if c is not proper. Now let S be a subalgebra of
the R-algebra R((X)) with the catenation product. S is said to be rationally closed
when every invertible ¢ € S has ¢~! € S (or equivalently, every proper ¢’ € S has
(c')* € S). The rational closure of any subset E C R({{X)) is the smallest rationally
closed subalgebra of R({X)) containing E.

Definition 1 [3] A series ¢ € R({X)) is rational if it belongs to the rational closure
of R(X). The subset of all rational series in R((X)) is denoted by R, ., {({X)).

From Definition 1 it is clear that any given series in R, ((X)) is generated by a
finite number of rational operations (scalar multiplication, addition, catenation, and
inversion) applied to a finite set of polynomials over X . In the case where the alphabet
X has an infinite number of letters, such a series can only involve a finite subset of
X. Therefore, it is rational in exactly the sense described above when restricted to
this sub-alphabet. This will be the notion of rationality employed in this manuscript
whenever X is infinite. But the reader is cautioned that other notions of rationality
for infinite alphabets appear in the literature, see, for example, [54].

It turns out that an entirely different characterization of a rational series is possible
using a monoid structure on the set of n x n matrices over R, denoted R"*", where
the product is conventional matrix multiplication, and the unit is the n x n identity
matrix /.

Definition 2 [3] A linear representation of a series ¢ € R((X)) is any triple
(u, ¥, A), where
/¢L . X* — Rl‘l Xn

is a monoid morphism, and y, AT e R™*! are such that
(c,m) =iy, V¥neX* 4)

The integer n > 0 is the dimension of the representation.

Definition 3 [3] A series ¢ € R{(X)) is called recognizable if it has a linear repre-
sentation.
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Theorem 1 [59] A formal power series is rational if and only if it is recognizable.

A third characterization of rationality is given by the notion of stability. Define
for any letter x; € X and word n = x;n’ € X* the left-shift operator

x7() = 8n, (5)

where §;; is the standard Kronecker delta. Higher order shifts are defined inductively
via (x;£)71(-) = £~ 'x; (), where & € X*. The left-shift operator is assumed to act
linearly on R{(X)).

Definition 4 [3] A subset V C R((X)) is called stable when £~!(c) € V for all
ceVandé € X*.

Theorem 2 [3] A series ¢ € R{(X)) is rational if and only if there exists a stable
finite dimensional R-vector subspace of R{({X)) containing c.

2.1 Chen-Fliess Series and Fliess Operators

One can associate with any formal power series ¢ € R*((X)) a functional series, F,,
known a Chen—Fliess series. Let p > 1 and #, < t; be given. For a Lebesgue mea-
surable function u : [, 1;] — R™, define [lu|l, = max{l|lu;[l, : 1 <i < m}, where
luill, is the usual Ly-norm for a measurable real-valued function, u;, defined on
[0, t1]. Let L;”[to, t1] denote the set of all measurable functions defined on [fg, #;]
having a finite [|-||, normand B} (R)[10, 11] := {u € Ly[to, 1] : |lull, < R}. Assume
Clt, t1] is the subset of continuous functions in L}'[#, #;]. Define inductively for
each word n € X* the map E, : L'[ty, 1] = Clto, t;] by setting Ey[u] =1 and
letting

t
Ey, lul(, to) 1=/ u;, (1)) E5[ul(t, to) dmy
1o
=/ wi, (U, (12) -+, (t)dt, - - - drodry,
A[’moj

where Al v i={(T1, ..., W), 1 =T = - =T, 2 doh,n = X4 000 X, = X7 € X7,
and u, := 1. For instance, the words x; and x;, x;, correspond to the integrals

Ey[ul(t, 19) = / wi(Ddr,  Ey o [t 1) = f

Iy to

t T
uil(fl)/ u;, (1)dvodr.
1o

The Chen—Fliess series corresponding to ¢ € R*((X)) is defined to be

Folult) =) (e, ) Ey[ul(t, 1o). 6)

nex*
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In the event that there exist real numbers K., M. > 0 such that
e, m| < KMMnlt, Vi e X7, (7

then F, constitutes a well defined causal operator from By (R)[fo, fo + T'] into
Bg(S)[to, to + T'] for some S > 0 provided R :=max{R, T} < 1/M.(m + 1), and
the numbers p, ¢ € [1, oo] are conjugate exponents, i.e., 1 /p + 1/q = 1 [40]. (Here,
|z| ;= max; |z;| when z € R%.) In this case, F. is called a Fliess operator and said to
be locally convergent (LC). The set of all series satisfying (7) is denoted by ]RKLC ((X)).
When c satisfies the more stringent growth condition

l(c, )| < KM, vy e X+, (8)

the series (6) defines a Fliess operator from the extended space Lﬁe (tp) into C[ty, 00),
where

Ly (o) == {u : [tg, 00) = R™ uyy ) € Lylto, 1], Vii € (f9, 00)},

and up, ;) denotes the restriction of u to the interval [fo, #;] [40]. In this case, the
operator is said to be globally convergent (GC), and the set of all series satisfying
(8) is designated by Rch (X)).

Most of the work regarding nonlinear input-output systems in control theory prior
to the work of Fliess was based on Volterra series, see, for example, [4, 48, 58]. In
many ways this earlier work set the stage for the introduction of the noncommutative
algebraic framework championed by Fliess. As Fliess operators are series of weighted
iterated integrals of control functions, they are also related to the work of K. T. Chen,
who revealed that iterated integrals come with a natural algebraic structure [9-11].
Indeed, products of iterated integrals can again be written as linear combinations
of iterated integrals. This is implied by the classical integration by parts rule for
indefinite Riemann integrals, which yields for instance that

E)c,-l [u](z, t())Ex,vz [u](z, 1) = EX,'IXQ [u](z, o) + Ex;zx,-l [u](z, 1o).
Linearity allows one to relate this to the shuffle product (1)
Ex,-l [u](t, tO)Ex,-z [ul(t, to) = Fx,lx,-2+x,-2x,»l [ul(r) = Fx,-l WX, [u](t).

This generalizes naturally to the shuffle product for iterated integrals with respect to
words n, v € X*
Ey[ul(t, t0) Ev[ul(t, t0) = Fyuo[ul(®), ©))

which in turn implies for Fliess operators corresponding to ¢, d € R*((X)) that
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Felul(t) Falul(t) = Feoalul(?). (10)

A Fliess operator F, defined on B;”(R)[to, to + T] is said to be realizable when
there exists a state space model consisting of n ordinary differential equations and ¢
output functions

2(6) = goz() + ) &) ui (1), z(to) = 20 (11a)

i=1

yi®)=h;z®), j=12,...,4¢ (11b)

where each g; is an analytic vector field expressed in local coordinates on some
neighborhood W of z¢, and each output function %; is an analytic function on W
such that (11a) has a well defined solution z(¢), t € [fy, fp + T'] for any given input
u € By (R)lto, 10+ T1, and y;(t) = F[ul(t) = h;(z(1), t €lto, 00+ T1, j=
1,2, ..., £ It can be shown that for any word n = x;, - - - x;, € X*

(cj,m) = Lg,hj(zo) == Lg, -+ Lg, hj(zo0), (12)

where Lg h; is the Lie derivative of h; with respect to g;. For any ¢ € RE((X)),
the R-linear mapping H, : R(X) — R*((X)) uniquely specified by (H.(n), &) =
(c,&n), &,n e X* is called the Hankel mapping of c. The series c is said to have
finite Lie rank py (c) when the range of H, restricted to the R-vector space of Lie
polynomials over X, i.e., the free Lie algebra £L(X) C R(X), has dimension py (¢).
It is well known that F, is realizable if and only if ¢ € R‘ic ({(X)) has finite Lie rank
[24, 25, 43-46, 62, 63]. In which case, all minimal realization have dimension p; (¢)
and are unique up to a diffeomorphism. In the event that J{, has finite rank on the
entire vector space R(X), usually referred to as the Hankel rank py(c) of ¢, and
c € R‘éc ((X)) then F_ has a minimal bilinear state space realization

2(6) = Aoz(t) + ) Aiz(ui(1), z(to) = 20

i=I

yit)=Ciz(t), j=1,2,...,¢

of dimension py(c) > pr(c), where A; and C; are real matrices of appropriate
dimensions [24, 25, 43]. Here the state z(¢) is well defined on any interval [#y, tp + T],
T > 0,whenu € LY (f), and the operator F, always converges globally. In addition,
(12) simplifies to

(cj,xikn-x,»l):CjA,-k~-~A,-]zO. (13)

In light of (4), it is not hard to see that c is recognizable in the SISO case if and only
if F, has a bilinear realization with A; = p(x;) fori =0, 1 andzp = y,and C = A.



Combinatorial Hopf Algebras for Interconnected Nonlinear Input-Output Systems ... 147

2.2 Graded Connected Hopf Algebras

All algebraic structures here are considered over the base field K of characteristic
zero, for instance, C or R. Multiplication in K is denoted by mg : KQ K — K.

2.2.1 Algebra

A K-algebra is denoted by the triple (A, ma, n4) where A is a K-vector space
carrying an associative product m4 : AQ A — A, i.e,, my o (my @idy) =my o
(idg®my): A® AR A — A, and aunit map 14 : K — A. The algebra unit cor-
responding to the latter is denote by 14. A K-subalgebra of the K-algebra A is a K-
vector subspace B C A such thatms (b ® b') € B forall b, b’ € B. A K-subalgebra
I C Ais called a (right-) left-ideal if for any elements i € I and a € A the product
(ma(i ®@a))yma(a®i)isin I. Anideal I C A is both a left- and right-ideal.

In order to motivate the concept of a K-coalgebra, the definition of a K-algebra A
is rephrased in terms of commutative diagrams. Associativity of the K-vector space
morphismm, : A ® A — A translates into commutativity of the diagram

ma®id

ARQARA———>AQA (14)
idA®mA\L lm}s
A ® A my A

The K-algebra A is unital if the K-vector space map 1,4 : K — A satisfies the com-
mutative diagram
Na®ida idsa®na

K®A ARA A®K (15)
lef\ -
A

Here «; and «, are the isomorphisms sending k ® a respectively a ® k to ka for k €
K,acALett:=7T44:AQA—> A® Abethe flipmap, T4 4(x ® y) := y ® x.
The K-algebra A is commutative if the next diagram commutes

AQA—>AQA (16)
A

An important observation is that nonassociative K-algebras play a key role in the
context of Hopf algebras, in particular, for those of combinatorial type. Recall that the
Lie algebra £(A) associated with a K-algebra A follows from anti-symmetrization
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of the algebra product m 4. Algebras that give Lie algebras in this way are called
Lie admissible. Another class of Lie admissible algebras are pre-Lie K-algebras. A
left pre-Lie algebra [5, 8, 51] is a vector space V equipped with a bilinear product
>: V ® V — V such that the (left) pre-Lie identity,

a>b>c)—@>b)>c=b>@>c)—br>a)>c, (17

holds fora, b, ¢ € V. This identity rewritesas L, ») = [L4, Lp], where L, : V — V
is defined by L,b := a > b. The bracket on the left-hand side is defined by [a, b] :=
a > b — b > a and satisfies the Jacobi identity. Right pre-Lie algebras are defined
analogously. Note that the (left) pre-Lie identity (17) can be understood as a relation
between associators, i.e., leta : V ® V. ® V — V be defined by

as(a,b,c):=a>(br>c)—(a>b)>ec,

then (17) simply says that ar. (a, b, ¢) = o (b, a, ¢). From this it is easy to see that
any associative algebra is pre-Lie.

Example 1 [5]Let A be acommutative K-algebra endowed with commuting deriva-
tives D := {0y,...,9,}. For a € A define ad; : A — A by (ad;)(b) := ad;b and
V(n):={>" a0 : a; € A, 9; € D}.Thealgebra (V (n), <), where >""_ a;0; <
> i1a;d; =3, ,a;(3;a;)d;, is a right pre-Lie algebra called the pre-Lie Witt
algebra.

Example 2 [5, 8, 51] The next example of a pre-Lie algebra is of a geometric nature
and similar to the one above. Let M be a differentiable manifold endowed with a flat
and torsion-free connection. The corresponding covariant derivation operator V on
the space x (M) of vector fields on M provides it with a left pre-Lie algebra structure,
which is defined via a > b := V,b by virtue of the two equalities V,b — Vpa =
[a, b] and V|, 5] = [V, V). They express the vanishing of torsion and curvature
respectively. Let M = R" with its standard flat connection. Fora = ) _:_, a;9; and
b=7Y"_ b it follows that

anIZ Zaj(ajb,-) 0;.

i=1 \ j=1

Example 3 [5] Denote by W the space of all words over the alphabet {a, b}. Define
for words v and w = wy - - - w,, in W the product w o v := >"_, (i)w <; v, where
w <; v denotes inserting the word v between letters w; and w; | of w,i.e., w <; v =
Wi WiVWiyg - - - wy, and
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—1, wi=a,wiy1 =b
. +1, wi=b,wiyy=aor®
e(i) =

+1, w; =0, Wiyl = a
0, otherwise.

The algebra (W, o) is right pre-Lie. For example,

aoa=aa, aoab=aba, aboa = aab — aab+ aba = aba, baoab = baba.

2.2.2 Coalgebra

The definition of a K-coalgebra is most easily obtained by reversing the arrows in
diagrams (14) and (15). Thus, a K-coalgebra is a triple (C, Ac, ec), where C is
a K-vector space carrying a coassociative coproduct map A¢c : C — C ® C, i.e.,
(Ac®idc)OAC:(idc®Ac)oACIC—) C®C®C, andeC:C—>Kisthe
counit map which satisfies (e¢c ® id¢) o A¢c = ide = (id¢c ® e¢) o Ac. Its kernel
ker(ec) C C is called the augmentation ideal.

A simple example of a coalgebra is the field K itself with the coproduct Ay :
K->K®K, cr—c® lgand e :=idg : K —»> K.

Using Sweedler’s notation for the coproduct of an element x € C, Ac(x) =
> XV ® x?, provides a simple description of coassociativity

Z ( Z PO x(l)(2)> ® xo) = Zx(l) ® (Z x20 g x<2)<2)>.

R ) (x) (x@)

It permits the use of a transparent notation for iterated coproducts: A(g) :C —
Cc®*! where A© :=idc, Ag) = Ac, and

AP = (de @ A ) o Ac = (AU ®ide) o Ac.
For example,

AR (x) := (ide ® A¢) o Ac(x) = (Ac ®ide) o Ac(x) = > xV@x®@x®.
(x)

A cocommutative coalgebra satisfies T o A¢ = A, which amounts to reversing the
arrows in diagram (16). An element x in a coalgebra (C, A, &¢) is called primitive
if Ac(x) =x® ¢ + 1¢ ® x. It is called group-like if Ac(x) = x ® x. The set of
primitive elements in C is denoted by P(C). A subspace I C C of a K-coalgebra
(C, Ac, ec)isasubcoalgebraif Ac(I) € 1 ® I.Asubspace I C Ciscalled a (left-,
right-) coideal if (Ac(I) CIQC,Ac(I) CSCRNAI)CIRCH+CQRI.
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2.2.3 Bialgebra

A K-bialgebra consists of a K-algebra and a K-coalgebra which are compatible [1,
21, 50, 55, 64]. More precisely, a K-bialgebra is a quintuple (B, mg, ng, A, €p),
where (B, mp, np) is a K-algebra, and (B, Ap, €p) is a K-coalgebra, such that mp
and np are morphisms of K-coalgebras with the natural coalgebra structure on the
space B ® B. Commutativity of the following diagrams encodes the compatibilities

mp &g QR

B®B B B®B KK (18)
12(A5®A3)l \LAB mgl \me
BQBQBRB—"%"" _ BB B ° K
K " B K—" .B, (19)
AK\L AB\L dg %
KoK—"°" _B®B K

where 7, := (idg ® T ® idp). Equivalently, A g and £ are morphisms of K-algebras
with the natural algebra structure on the space B ® B. By a slight abuse of notation
one writes Ag(mpg(b ® b')) = Ap(b)Ap(b') forb, b’ € B, saying that the coproduct
of the product is the product of the coproduct. The identity element in B will be
denoted by 1g, and all algebra morphisms are required to be unital. Note that if
X1, X7 are primitive in B, then [x1, x;] := mp(x; ® x3) — mp(x; ® x1) is primitive
as well, i.e., the set P(B) of primitive elements of a bialgebra B is a Lie subalgebra
of the Lie algebra L(B).

A bialgebra B is called graded if there are K-vector spaces B,, n > 0, such that

1. B= @nzo an
2. mB(Bn ® Bm) g Bn+m9

3. Ap(B)) S D,y By ® By.

Elements x € B, are given a degree deg(x) = n. For a connected graded bialgebra
B, the degree zero part is By = K1p. Note that 15 is group-like. A graded bialgebra
B =@,., Bx is said to be of finite type if its homogeneous components B, are
K-vector spaces of finite dimension.

Let B be a connected graded K-bialgebra. One can show [50] that the coproduct
of any element x € B, is given by

Ap(x) =xQ1p+13 @ x + Z x'®x",
(x)

where

/
’ . ’ "
A(x) = E X ®x" € @ B, ® B,
*) p20 4%
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is the reduced coproduct, which is coassociative on the augmentationideal ker(¢p) :=
Bt :=(P,_, B, Elements in the kernel of A, are primitive elements of B.

Example 4 Divided powers (D, mp, np, Ap, ep) are a graded bialgebra, where
D =@, Dy, D, :=Kd,. The product is given by mp(dy ® dy) = ("*")dy-sn,
and the unital map is np : K — D, lx + dy := 1p. The coproduct Ap : D —
D ® D maps d, — ZZ:O dy ®dy—y, and ep : D — K, d, — 8,1k, where &,

is the usual Kronecker delta.

For a K-algebra A and a K-coalgebra C, the convolution product of two lin-
ear maps f, g € L(C, A) := Homgk(C, A) is defined to be the linear map f x g €
L(C, A) given fora € C by

(f*g)@)=myo(f®g) oAc@) =Y fa™)ga?). (20)
(a)

In other words
f®g

cScoci agals a
It is easy to see that associativity of A and coassociativity of C imply the following.
Theorem 3 [1, 21, 50, 55, 64] L(C, A) with the convolution product (20) is a unital
associative K-algebra with unit  := ny o ec.

The algebra A can be replaced by the base field K. For a bialgebra B the theorem
describes the convolution algebra structure on L(B, B) with unit 1 := np o €.

For the maps f; € L(C, A),i =1,...,n,n > 1, multiple convolution products
are defined by
fixfoxex fui=mao(i® HL® @ fr) o ALY, @1)

Recall that AY :=id¢, and forn > 0, A% := (AY"" ®id¢) o Ac.

2.2.4 Hopf Algebra

Definition 5 [1, 55, 64] A Hopf algebra is a K-bialgebra (H, my, ny, Ay, €g, S)
together with a particular K-linear map S : H — H called the antipode, which
satisfies the Hopf algebra axioms [1, 55, 64]. The algebra unit in H is denoted by
1.

The antipode map has the property of being an antthomomorphism for both the
algebra and the coalgebra structures, i.e., S(my(x ® ¥)) = mpy(S(y) ® S(x)) and
ApgoS=(S®S)or1oApy. The necessarily unique antipode S € L(H, H) is the
inverse of the identity map idy : H — H with respect to the convolution product

S*idHZmHO(S®idH)OAH=1’]H08HZmHo(idH®S)OAH=idH*S.
(22)
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If the Hopf algebra H is commutative or cocommutative, then S o S = idy.

Recall that the universal enveloping algebra U (L) of a Lie algebra £ has the struc-
ture of a Hopf algebra [57] and provides a natural example. An important observation
is contained in the next result.

H, is a connected
*(=1) _
=

Proposition 1 [21] Any connected graded bialgebra H =

n>0

graded Hopf algebra. The antipode is defined by the geometric series S = id
. *(—1

(ngoen — (nu o ey —idp)) b,

See [21] for a proof and more details. Hence, for any x € H, the antipode is
computed by
. *k
S@) =) (nmoen —idn)" (). (23)

k>0

It is well-defined as the sum on the right-hand side terminates at deg(x) = n due
to the fact that the projector P :=1idy — ny o ey maps H to its augmentation ideal
ker(eg). Note that the antipode preserves the grading, i.e., S(H,) € H,.

Corollary 1 [21] The antipode S for a connected graded Hopf algebra H =
@”20 H, may be defined recursively in terms of either of the two formulae

S) = —S*« P(x) = —x— Y S, (24a)
(x)
S@) = —PxS()=—x— Y xSE") (24b)

(x)

for x € ker(en) = D, Hn, which follow readily from (22) and S(1y) = 14.

These recursions make sense due to the fact that on the right-hand side the antipode
is calculated on elements x” or x”, which are of strictly smaller degree than the element
x. Let A be a K-algebra and H a Hopf algebra. An element ¢ € L(H, A) is called a
character if ¢ is a unital algebra morphism, that is, ¢ (15) = 14 and

P(mu(x ®y)) =ma(px) ® ¢(»). (25)

An infinitesimal character with values in A is alinearmap & € L(H, A) such that for
x,y € ker(ey), E(my(x ® y)) = 0, which implies £(15) = 0. An equivalent way
to characterize infinitesimal characters is as derivations, i.€.,

E(mu(x ®@y)) =ma(naoen(x) ®EY) +ma(§(x) @naoen(y)) (26

for any x, y € H. The set of characters (respectively infinitesimal characters) is
denoted by G4 C L(H, A) (respectively g4 C L(H, A)).

Let A be a commutative K-algebra. The linear space of infinitesimal characters,
g4, forms a Lie algebra with respect to the Lie bracket defined on L(H, A) in terms
of the convolution product
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[, Bl i=a*x B — Bxa.

Moreover, A-valued characters, G 4, form a group. The inverse is given by composi-
tion with the antipode S of H. Since «(1y) = O for o € ga, the exponential defined
by its power series with respect to convolution, exp*(a)(x) := Y =0 %a*-’ (x),is a
finite sum terminating at j = n for any x € H,.

Proposition 2 /21, 50] exp* restricts to a bijection from g onto G 4.

The compositional inverse of exp* is given by the logarithm defined with respect
to the convolution product, log*(na o ey + y)(x) = >, %y*" (x), where y €
g4- Again the sum terminates at k = n forany x € H, as y (1) = 0. For details and
proofs of these well-known facts the reader is referred to [21, 50].

Remark 1 An important result which is due to Milnor and Moore [52] concerns the
structure of cocommutative connected graded Hopf algebras of finite type. It states
that any such Hopf algebra H is isomorphic to the universal enveloping algebra of
its primitive elements, i.e., H = U(P(H)). See also [22].

Remark 2 An observation concerning the relationship between the group G4 C
L(H, A) and the Hopf algebra H will be important in the analysis which follows. The
reader is referred to the paper of Frabetti and Manchon [27] for details and additional
references. By definition, elements in G4 map all of H into the commutative unital
algebra A. However, an element x € H can also be seen as an A-valued function on
G 4. Indeed, let @ € G4, then x (@) := & (x) € A, and the usual pointwise product
of functions (xy)(®) = x(@)y(®) follows from (25) since @ € G 4. The definition
of the convolution product (20) in terms of the coproduct of H implies a natural
coproduct on functions x € H, thatis, A(x)(®, ¥) := (@ »¥)(x) € A. Similarly,
the inverse of G 4 as well as its unit correspond naturally to the antipode and counit
map on H, respectively. This reversed perspective on the relationship between H
and its group of characters G4 allows one to interpret H as the (Hopf) algebra of
coordinate functions of the group G 4. More precisely, H contains the representative
functions over G 4. The reader is directed to Cartier’s work [7] for a comprehensive
review of this topic. In the context of input-output systems in nonlinear control theory,
a particular group of unital Fliess operators is central. Its product, unit and inverse
are used to identify its Hopf algebra of coordinate functions.

Example 5 Three examples of Hopf algebra are presented: the unshuffle, shuffle [3]
and quasi-shuffle Hopf algebras [41].

1. Let X := {xy, x2, X3, ..., X;,} be an alphabet with m letters. As before, X* is
the set of words with letters in X. The length of a word n = x;, - - - x;, in X*
is defined by the number of letters it contains, i.e., || := n. The empty word
1 € X* has length zero. The vector space K(X), which is freely generated by
X* and graded by length, becomes a noncommutative, unital, connected, graded
algebra by concatenating words, i.e., for n = x; ---x;, and ' = xj, ---xj, n -
N :=x; -, Xj, - -- X}, and |n - 9’| = n + 1. The unshuffle coproduct is defined
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by declaring the elements in X to be primitive, i.e., A” (x;) :==x; @ 1 + 1 ® x;
for all x; € X, and by extending it multiplicatively. In this case, K(X) is turned
into the cocommutative unshuffle Hopf algebra H.,,.. For instance, for the letters
Xi,» Xi, € X the coproduct of the length two word 1 = x;,x;, is

AP () = A% () A (x,) = x5,x5, @ 1+ 1@ x; xi, + x4, ® X, + Xi, ® Xy,

The general form of A* for an arbitrary word n = x;, - - - x;, € X* is given by
1
A =[]Aa" @)= ) (@u na®p. 27)
j=1 o,feX*

The coefficient in the sum over words «, 8 € X* on the right-hand side is defined
through the linearly extended bracket («, v) := 1 if « = v, and zero otherwise.
The product w, displayed in (27) is the shuffle product of words (1) introduced
above. The antipode of H,,,. turns out to be

Sy - -x) = (=D xg, - x, (28)

It is interesting to check that (28) satisfies the recursions (24a, 24b).

The same space K(X) can be turned into a unital, connected, graded, commuta-
tive, noncocommutative Hopf algebra, H ,,, known as shuffle Hopf algebra, by
defining its algebra structure in terms of the shuffle product on words (1), and its

coproduct by deconcatenation. The latter is defined on words n = x;, - - - x;, € X*
as follows
-1
A =n@1+1@n+ Y XXy ®Xip,, -+ X (29)
k=1

Itis easy to show—and left to the reader—that this gives a coassociative coproduct
which is compatible with the shuffle product. The antipode of H ,, is the same
as that of Hepne, 1€, S(Cxi, -+ xy)) i= (—l)lxi, -+ x;,. Again, it is interesting to
verify that it satisfies both recursions (24a, 24b).

The last example of a connected graded Hopf algebra is defined on the countable
alphabet A. Here A* denotes the monoid of words w = a;, - - - a;, generated by the
letters from A with concatenation as product. The degree of an element a; € A
is defined to be deg(a;). It is extended to words additively, i.e., deg(a;, - - - a;,) =
deg(a;,) + - - - + deg(a;,). The empty word 1 € A* is of degree zero. Moreover,
it is assumed that A itself is a graded commutative semigroup with bilinear
product [~ —]: A x A — A. The degree deg([a; a;]) := deg(a;) + deg(a;).
Commutativity and associativity of [— —] allow for a notational simplification,
ie., [ai, - -a;]:=la; [ [ai,, a;,]]---]. The free noncommutative algebra of
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words w = g, - - - a;, over the alphabet A is denoted K(A). The commutative and
associative quasi-shuffle product on words w, v € K(A) is defined by

1) 1xvi=vxl:=v,
(i) avxajw:=a;(vxajw)+a;av*w)+la; a;j](v*w),

where a;, a; are letters in A. For instance,

a;, x a;, = a;,a;, + a;,a;, + [a;, a;,]

a;, * a;,a;; = a; a;,q;, + a;,a;, a;, + a,a;,a;, + la;, a;,la;, + a;,[a; a;,].

Hoffman [41] showed that the quasi-shuffle algebra H, is a Hopf algebra with
respect to the deconcatenation coproduct (29). The antipode S : H, — H, is
deduced from the recursion (24a), e.g.,

Saj, ---a;,) = —(S* P)a;, -~ a;,)
= (—idy, —m.o(S®idy) o A)a, ---a,)  (30)

n—1
= —a; - a;, — Z S(ai, - - -ai) * aj,, -~ a4, (€29)
1=1

where the projector P :=idy, — ng, o ey, maps H, to its augmentation ideal
ker(ep, ). For example, the antipode for the letter a; and the word g;a; are respec-
tively

S(a,-):—a,», S(a,-aj)=—a,-aj+a,»*aj=aja,-+[a,- Clj].

If [a; a;] = O for any letters a;, a; € A, then the quasi-shuffle product reduces to
the ordinary shuffle product (1) on words, and H, reduces to H ,, .

In Sect.4 another example of a connected graded Hopf algebra is presented, one
which plays a key role in the context of the output feedback interconnection. In
Sect. 5 the quasi-shuffle product is employed in the context of products of discrete-
time Fliess operators.

3 Algebras Induced by the Interconnection of Fliess
Operators

In engineering applications, where input-output systems are represented in terms
of Fliess operators, it is natural to interconnect systems to create models of more
complex systems. It is known that all the basic interconnection types, such as the
parallel, cascade and feedback connections, are well-posed. For example, under suit-
able assumptions, the output of a given Fliess operator generates an admissible input
for another Fliess operator in the cascade connection. In each case it is also known
that the aggregate system has a Fliess operator representation. Therefore, a family
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of formal power series products is naturally induced whereby the generating series
of an aggregate system can be computed in terms of the generating series of its sub-
systems. Of particular interest here are the cascade and feedback interconnections,
as their respective products define a semi-group and group that are central in control
theory. In this section, these algebraic structures are described in detail.

3.1 Cascade Interconnections

Consider the cascade interconnections of two Fliess operators shown in Figure 1. The
first is a simple cascade interconnection corresponding to a direct composition of the
operators F, and F,, namely, F, o F;. The other involves a direct feed term passing
from the input u to the input v so that F, o (I + Fy), where I denotes the identity
operator. This direct feed term is a common feature found in some control systems and
is particularly important in feedback systems as will be discussed shortly. The primary
claim is that each cascade interconnection induces a locally finite product on the level
of formal power series, which unambiguously describes the interconnected system as
generating series of Fliess operators are known to be unique [25, 66]. Specifically, the
composition product satisfies F,. o Fy = F_..4, and the modified composition product
satisfies F,. o (I + F;) = F.54. Each product is defined in terms of a certain algebra
homomorphism. The morphism for the modified composition product ultimately
defines a pre-Lie product, which is at the root of all the underlying combinatorial
structures at play.

For a fixed d € R"((X)) and alphabet X = {x¢, xy, ..., x,}, let ¥, be the con-
tinuous (in the ultrametric sense) algebra homomorphism mapping R((X)) to the
set of vector space endomorphisms End(R((X))) uniquely specified by ¥, (x;n) =
Ya(xi) o Yg(n) forx; € X, n € X* with

Ya(xi)(e) = xo(d; we),

U > F, F —y

Fig. 1 Fliess operator cascades yielding the composition product (top) and modified composition
product (bottom)
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i=0,1,...,m and any e € R({(X)), and where d; is the i-th component series of
d € R"{{X)) (dy := ©). By definition, ¥,;(¥) is the identity map on R{(X)). The
following theorem describes the generating series for the direct cascade connection
of two Fliess operators.

Theorem 4 [19, 20, 38, 65] Given any c € Rﬁc((X)) andd € R} ((X)), the com-
position F. o Fy = F.o4, where the composition product of ¢ and d is given by

cod =" (c.n) Yam(),

nex*

andcod € R‘IZ‘C((X)).

It is not difficult to show that this composition product is locally finite (and there-
fore summable), associative and R-linear in its left argument. As this product lacks
an identity, it defines a semi-group on R ((X)). In addition, this product distributes
to the left over the shuffle product, which reflects the fact that in general

F(c'wd)oe = (Fch) o Fe = Fc[Fe]Fd[Fe] = F(c'oe)m(doe)~

Finally, it is known that the composition product defines an ultrametric contraction
on R™((X)).

Example 6 In the case of two linear time-invariant systems with analytic kernels

he(t) =Y o(c, xgx)t' /il and hy(t) = Y, (d, xjx1)t'/i!, respectively, a direct
calculation gives the kernel for the composition

00 k—

hexh = he(t —t)h dt =
(he % ha) (1) fo (t = Dha(r)dr =)

k=1 | j=0

k

1
k—j—1 j f
(c,xy ' x1)(d, xjx1) a

[} tk
= Z(C Od,XéX])ﬁ = hcod(t)'
k=1 '

The introduction of a direct feed term in the composition interconnection requires
amodification to the set up, namely, the new algebra homomorphism ¢, from R((X))
to End(R{(X))) where ¢;(x;n) = ¢pq(x;) o ¢pq(n) for x; € X, n € X* with

@a(x;)(e) = x;e + xo(d; we),

i=0,1,...,mandany e € R({X)), and where dj := 0. Again, ¢;(¥) is the identity
map on R((X)). The direct feed term is encoded in the new term x;e shown above.
This yields the desired formal power series product as described next.

Theorem 5 [38, 49] Given any c € R‘ic((X)) and d € R} ((X)), the composition
F.o (I + F;) = F.s4, where the modified composition product of c and d is given
by
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Table1 Composition products involving c,d,cs =68 + ¢,ds = § +d when X = {xo, x1, ..., X;}
Name Symbol| Map Operator Identity Remarks
Composition cod |RYUX)) x F.oFj = Feoq Associative

R™((X)) — RY((X))
Modified cdd |RYUX)) x F.o(I + Fy) Nonassociative
composition R™ (X)) — RE((X))
Mixed cods |RYU(X)) x FooFuy=Feuq, |cods=cdd
composition R™((X5)) — RE((X))
Group c@d |R™"{(X)) x I+ F)o(+ cod=d+cod
composition R™((X)) — R™((X)) Fg) =1+ Fepa
Group product | ¢s ods | R™((Xs)) x Feso0Fyy = Fegoqs | c50ds =8+c@d
R™((Xs)) > R™{(X5))

csd ="y (c;m)¢a(M(D),

nex*

andcod € R’ic((X)).

This product is also always summable, but it is not associative, in fact, in general
(cod)oce=co(doe+e) (32)

[49]. The following lemma describes some other elementary properties of the mod-
ified composition product.

Lemma 1 [32, 38] The modified composition product

(1) is left R-linear;

(2) satisfies c 60 = ¢;

(3) satisfies c 5d = k € R* for any fixed d if and only if ¢ = k;

(4) satisfies (xoc) 6d = xo(c 0d) and (x;c) od = x;(c 5d) + x¢(d; w (c 5d));
(5) distributes to the left over the shuffle product.

Itis also known that the modified composition product is an ultrametric contraction
on R”((X)). A summary description of the composition and modified composition
product is given in Table 1 along with other types of composition products which
will be presented shortly.

3.2 Output Feedback

A central object of study in control theory is the output feedback interconnection as
shown in Figure 2. As with the cascade systems discussed above, this class of inter-
connections is also closed in the sense that the mapping u +— y always has a Fliess
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Fig. 2 Output feedback
connection

operator representation. The computation of the corresponding generating series,
however, is much more involved. To see the source of the difficulty, consider the
following calculation assuming ¢, d € R ((X)) (for the most general case, which
requires two alphabets, see [32]). Clearly the function v in Figure 2 must satisfy the
identity

v =u-+ Fg[v].

Therefore, from (I + F_4..)[v] = u one deduces that

v=(I+ F(—doc))71 [u] =: (I + F—goey1) [ul,

where [ is the identity operator, and the superscript “—1" denotes the composition
inverse in both the operator sense and in terms of formal power series. Thus, the
generating series for the closed-loop system, denoted by the output feedback product
c@d,is

Feaalul = F.[v] = Fe5(—doc)-1 [u]. (33)

The crux of the problem is how to compute the generating series (—d o c)~! of the
inverse operator (I + F(_go)) ~'. The approach described next is based on identifying
an underlying combinatorial Hopf algebra whose antipode acts on a certain character
group in such a way as to explicitly produce this inverse generating series. This
requires that one first identifies the relevant group structures.

Consider the set of unital Fliess operators Fs :={I + F. : c € R7-((X))}. It
is convenient to introduce the symbol § as the (fictitious) generating series for the
identity map. Thatis, Fs := I suchthat I 4+ F, := Fs4. = F,, withc¢; := § 4+ c. The
set of all such generating series for .%; will be denoted by R}’ {(X;)). The central
idea is that (5, o, I') forms a group under operator composition

FooFy=U+F)oU+F)=I1+F,+Fo(+F,
=1+ F;+ Fesq = Feyoqs,

where
C50d51=3+d+65d=25~|—c@d. (34)
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(The series ¢ @ d is clearly locally convergent since all the operations employed in
its definition preserve local convergence.) This group will be referred to as the output
feedback group of unital Fliess operators. It is natural to think of this group as acting
on an arbitrary Fliess operator, say F,, to produce another Fliess operator, as is evident
in (33), by defining the right action F, o F,;, = F,o4, With ¢ o ds := ¢ &d. This prod-
uct will be referred to as the mixed composition product on R*((X)) x R"™((X;s)).3
The following lemma gives the basic properties of the composition product on
R™((Xs)).

Lemma 2 [29] The composition product (34) on R™ ({Xs))

(1) satisfies§ocs =cs508 = cs;
(2) satisfies (c o ds) o es = c o (ds o es) (mixed associativity);
(3) is associative.

Proof (1) This claim follows from the definition of this composition product.

(2) In light of item (1) in Lemma 1 it is sufficient to prove the claim only for
c=n¢€ X*, k > 0. The cases k = 0 and k = 1 are trivial. Assume the claim holds
up to some fixed k > 0. Then via item (4) in Lemma 1 and the induction hypothesis
it follows that

((xon) o ds) o e5 = (xo(n o ds)) o es = xo((n o ds) o e5) = xo(n o (ds o e5))
= (xon) o (ds o es).

In a similar fashion, apply the properties (1), (4), and (5) in Lemma 1 to get

((xin) ods) o es = [xi(n o ds) + xo(d; (0 ds))] o es
= [x;(n ods)] o es + [xo(d; (0 ds))] o es
= x;[(1 o ds) o es] + xole; . (( 0 ds) 0 e5)]+
xol[(d;i 0 €s) w ((n 0 ds) o es)].

Now employ the induction hypothesis so that

((xin) o ds) o es = x;[n o (ds o es)] + xole; (1 o (ds 0 es))]+
Xol(d; o es)w(n o (ds o es))]
= xi[n o (ds 0 es)] + xol(e; + (d; 0 €5)) w (5 0 (ds 0 €5))]
= xi[n o (ds o es)] + xo[(ds 0 €5); w (1 o (ds 0 e5))]
= (xin) o (ds o e5).

3The same symbol will be used for composition on R” ((X)), R™ ((Xs)), and RE((X)) x R™((Xs)).
It will always be clear which product is being used since the arguments of these products have a
distinct notation, namely, ¢ versus cs.
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Therefore, the claim holds for all € X*, and the identity is proved.
(3) Applying item (1) in Lemma 1 and the previous result it follows

(csods)oes=8+e+ (c@d)oe;s
=8d+e+(d+cods)oes
=8d+e+does+ (cods)oes
=384+d®@e+co(dsoes)
= cs o (ds o es).

Given the uniqueness of generating series of Fliess operators, their set of gener-
ating series forms the group (R} ((Xs)), o, 8). In fact, it is a subgroup of the group
described next since it can be shown that the composition inverse preserves local
convergence [32].

Theorem 6 [32] The triple (R™{({Xs)), o, 8) is a group.

Proof From Lemma 2, item (1), § is the identity element of the group. Associativity
of the group product was also established in this lemma. For a fixed cs € R™ ((X5)),
the composition inverse, c({l =8+ c¢ !, must satisfy cs o c({1 = 4§ and cgl ocs =6,
which reduce, respectively, to

cl=(=¢)sc™! (35a)

c=(—cHae. (35b)
It was shown in [38] that e — (—c) o e is always a contraction on R™((X)) when
viewed as an (complete) ultrametric space and thus has a unique fixed point, ¢~!. So
it follows directly that Ca_] is aright inverse of cs, i.e., satisfies (35a). To see that this
same series is also a left inverse, first observe that (35a) is equivalent to

¢c'30+csc =0, (36)

using Lemma 1, items (1) and (2). Substituting (36) back into itself where zero
appears and applying (32) gives

c'3cde ' +e Y +ecde =0

(c'se)sec ! +cdct=0.
Again from left linearity of the modified composition product it follows that
(c'sc+c)sc ! =0.

Finally, Lemma 1, item (3) implies that ¢! & ¢ 4 ¢ = 0, which is equivalent to (35b).
This concludes the proof.
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In light of the identities ¢ o § = ¢ and Lemma 2, item (2), it is therefore established
that R™ ((X;)) acts as a right transformation group on R™ ((X)). In which case, the
feedback product c@d = c5(—doc) ' =co(—do C)B_l can be viewed as specific
example of such a right action.

4 The Hopf Algebra of Coordinate Functions

In this section the Hopf algebra of coordinate functions for the group R™ ({X5)) is
described. This provides an explicit computational framework for computing group
inverses, and thus, to calculate the feedback product as described in the previous
section. The strategy is to first introduce a connected graded commutative algebra
and then a compatible noncocommutative coalgebra, resulting in a connected graded
commutative noncocommutative bialgebra. The connectedness property ensures then
that this bialgebra is a connected graded Hopf algebra. The section ends by providing
a purely inductive formula for the antipode of this Hopf algebra.

4.1 Multivariable Hopf Algebra of Output Feedback

Let X = {xo, x1, X2, ..., Xy} be a finite alphabet with m + 1 letters. As usual the
monoid of words is denoted by X* and includes the empty word e = (. The degree
of aword n = x;, - - - x;, € X* of length |n| := n, where x;, € X, is defined by

Il == 2Inlo + 0. (37

Here |n|o denotes the number of times the letter xy € X appears in 1, and |n|; is the
number letters x ;.o € X appearing in the word 7. Note that |e| = 0 = ||e].

Recall Remark 2 above. For any word n € X* and i = 1, ..., m, the coordinate
function af? is defined to be the element of the dual space R*((Xs)) giving the coef-
ficient of the i-th component series for the word n € X*, namely,

a () = (i ).

In this context, aé denotes the coordinate function with respect to §, where a(’; ) =
1 and zero otherwise. Consider the vector space V generated by the coordinate
functions afY, where n € X" and 1 <i < m. Itis turned into a polynomial algebra H
with unit denoted by 1. By defining the degree of elements in H as deg(1) := 0 and
fork > 0,n e X*

deg(a) := 1+ Inll, (38)
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deg(akal) := deg(al) + deg(aj.), H becomes a graded connected algebra, H :=
Eano H,. Note, in particular, that deg(a{j) = 1.

The left- and right-shift maps, ; : H — H respectively 6 ;i H — H are defined

by
k 5ok ._ k
e O;a, :==a

k._
Oja, =a " n;

for x; € X, and §;1 = 6;1 = 0. On products these maps act by definition as deriva-

tions
ko ky keg ol
Ojaya, = (0;a,)a, +a,(6;a,),

and analogously for 67, Forawordn = x;, - - - x;, € X*

Oy =06 0---00;, 9~,7:=9~,-"o---09~,-1.

Hence, any element af], n € X* can be written

i_pg . i_§
a, = b6,a, = bya

@ =

Both maps can be used to define a particular coproduct A: H - H® H. In
this approach, the right-shift map is considered first. Later it will be shown that the
left-shift map gives rise to the same coproduct. The coordinate function with respect
to the empty word, aé, 1 <1 < m, is defined to be primitive

Ad:=d @1+1®d. (39)
The next step is to define A inductively on any afY, [n| > 0, by specifying intertwining
relations between the map GN,I and the coproduct
Aoéi = (é,'®id+id®9~i~|—80i29~j®Ag))oA, (40)
j=1
where §; is the usual Kronecker delta. The map AY for 0 < Jj < m is defined by

AV a) = alal. 41)
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The following notation is used, A o 9~,~ = (:)i o A, where

O =6 ®id+id @6 + 0 Y _0; ® AV, (42)

j=1

and @n = @,-n 0---0 éil for n = x;, - - - x;, € X*. The functions ai/_ for0 <[,j <
m are primitive since
Ad, = (6;®id+id®6)) o Aa; = (f; ®id +1d ®0))(a, ® 1+ 1@ ay)
=af(/_ ®1+1®aij,

l

which follows from 6;1 = 0. However, for ay,

the coproduct is
Adl, =60 Aal = (By@id +id@by+ Y 0;® AL) 0 Ad
j=1

=d ®@1+1®d, +) d, ®d]. (43)

J=1

Observe that the coproduct is compatible with the grading. Indeed, deg(aio) =142
and deg(aii ® ag) = deg(aif) + deg(ag) =141+ 1 for any j > 0. For the ele-

ment a;ixj, i, j > 0,one finds the following coproduct

Ady, =6;06;0Aa,=(6;®id+id®6;) o (6 ®id+id ®6) o Ag
:(éjél®ld+ld®éjé,+éj®§,+§,®éj)OAaé

= a)lc[xj ®14+1® ai[xj. (44)
Again, this follows from 6,1 = 0 and generalizes to any word 7 in the monoid X*
made from the reduced alphabet X := X — {xo} = {x1, ..., x,;}. For the coproduct
of afc/_x(), i > 0, it follows that

Aal = (:)0 ] @,’ (o] Aaé

Xi Xo

= (éo®id+id®éo+Zéj®Ag”) o (6 ®id +id ® ;) o Ad!
j=1

= (éo®id+id®éo+29"j ®Afj>)(ajcl_ ®1+1®ad.)
j=1

=d,  ®1+1Qd, +) a,  ®al (45)
j=1
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1

This should be compared with the coproduct of a; ., i > 0

- (éi®id+id®é,-)o(éo®id+id®éo+25j®Agﬁ)oAaé
j=1

= (éi®id+id®§,~)<aio®1+1®ai0 +y dl, ®ag')
j=1

= aiox’_ ®1+1® aioxi + Z ail_x,_ ®al + Z aij ® a){i. (46)

j=1 j=1
Finally, the coproduct of a! . is calculated

Ad = (:)() o @0 o Aaé

X0X0

:(§0®id+id®9~0+i§n®Aé"))o(§0®id+id®§o+i§j®A£j))oAaé

n=1

j=1
m m .
- (90®id+id®90+Z@n®A§”))(aio®1+1®a§0+2aij ®ag)
=1

n=1 Jj
m . m
) 1 1 J 1 n
= g @1+ 1@y + Z Axjxo ® de + Z Axgx, © de
j=1 n=1
m m
l J ! J
+ Zaxj ® ax, + Z Ay x, ®azal. (47)
j=1 n,j=1

The coproduct A is extended multiplicatively to all of H, and the coproduct of
the unit 1 is defined to be A(1) := 1 ® 1. In particular, Aaf] € V ® H as opposed
to simply H ® H due to the left linearity of the modified composition product as
shown in Lemma 1. This has interesting practical consequences for the antipode
calculation as described in [14]. Namely, there is a significant difference between
the computational efficiencies of the two antipode recursions in (24a, 24b).

Theorem 7 The algebra H with the multiplicatively extended coproduct
Ad):=0,(al®1+1®ad) e VR H (48)

is a connected graded commutative noncocommutative Hopf algebra.

Proof Since H is connected, graded and commutative by construction, the antipode
can be calculated recursively via one of the recursions in (24a, 24b). It is clear as
well that the coproduct (48) is noncocommutative. Hence, coassociativity remains to
be checked. This is done inductively with respect to the length of the word n € X*.
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First observe that ) i
Alay,) = Aobi(ay) = 6; o Aday).

This implies that

(A®id)o Alak ) = (A®id) 0 6; 0 A(ah)
m
- (Aoé,- ®id+ (id®id) o A ® 6; + 8o; ZAo§j®Aé])>oA(a§) (49)
j=1
m .
- (@i ®id+id®id®6; +50; Y O; ®A§”)(A®id)oma’;)
=1
- (é,- Rid®id+id®f; ®id +id ® id ® §;

m m
+o0: Y 0, @AY ®id 48 Y 0 @id® A

j=1 j=1
m .
+o0i Y id®E; ® Aé”)(id ® A) o Aak)
=1

m
- (éi ®id®id+id®6; +dy Y 0;® (A ®id +id® Aé”))(id ® A) o Addl)
=1

m
—([d®A)o (9} ®id+id®0; +50; Y 0; ®A§”) o Aab)
=1

= ({d® A)o Al ,). (50)

The identity
AoAY = (A ®id+id® A") o A

was used above, which follows from Aa) = ala} and al being primitive for all
0<l<m.

Remark 3 Note that the coproduct (48) can be simplified
Ad) = Oy, @) +1®a), (51)

which follows from ;1 = 0 and the form of ©;.

A variant of Sweedler’s notation is used for the reduced coproduct, i.e., A’(ag) =

Z/ af]/ ® af]//,, as well as for the full coproduct

M) =Dy, ®d,, =a,®1+18a,+A).
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Connectedness of H implies that its antipode S : H — H can be calculated using
(24a, 24b), namely,

/ , / ’
Sal = —a, - Y Sal)al, = —a,— Y d,S(a,). (52)
A few examples are given next. The coproduct (39) implies for the elements a! that
Saé‘ = —afj.ForO < j,k,l <m

Saf = —a}, Sal = —aio + Zai’aé. (53)
i=1

Xj X X0

The next theorem uses the coproduct formula (48) to provide an alternative for-
mula for the antipode of H.

Theorem 8 For any nonempty word n = x;, - - - x;,, the antipode S : H — H satis-

fies

Say = (=1)"*'6] (af), (54)
where 3 ~ ~
@,; = 0{] 0---0 0{1 (55)
and o,
él/ = —é[ =+ dor Zagéj. (56)
j=1

Proof The claim is equivalent to saying that

Soé,,z—é{loSoéiHOouo@i

1

for the word n = x;, - - - x;, € X*. The proof is via induction on the degree of a,’; .
The degree one case is excluded by assumption as it corresponds to Saéc = —aé‘. For
degree two, three, four and five the claim is quickly verified. For i > 0 observe that

Sa* = Sobak =0/ o Sa* =0/ak = 6, = —d*

Xi

and

Saf =S obpal = 0jat = —at + Zafiaé,
i=1
which coincide with (53). For j > 0

Sak =So06yobak =(-1)8)0 5}(af) = —afij + Zaﬁ/_x_a"
i=I

XjXo i €
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=0y 00;5(ay)
= —é(; oSo é_,-(aé‘).

For degree five

Sak =8 oéo o éoag = —é(/) oé(/)(aé)

XpX0
—(-b+ Zagé,)( — o+ Zage:,)(a{;>

m m

=(- 9090+Zax()9 —i—Za"@o@ +Zafe eo—ZZafe a6, ) (@b
j=1 n=1

m

=(- 9090+ZaxO9 +Za G +Za19 o
— ZZaeaxle — ZZaea”G 6, )(aé‘)

j=1 n=1 j=1 n=1

m m

_ k § : k
__ax0xo+ ax,,a +§ :ax X0 a, +§ :axox a,
m m
Syl - 22
Xp o XjT€ x,lx, e e

j=1 n=1

Recall that Sweedler’s notation for the reduced coproduct is in use. It is assumed
that the theorem holds up to degree n > 2. Recall that 071 are derivations on H and
that for the augmentation ideal projector P it holds that P1 = 0. Working with the
second recursion in (52) one finds for deg(afl) =n+LlLn=x---x;, =0nx, € X*
that

Sak =mpyo(P®S)o Adf

=mpo(Pof,®S+P®S0b, +8y Y Pob,®SoA")oAdt

n=1

:mHo(POO,-I®S)o(aif]®1+A/a],—;)+mHo(P®So€~,-l)oA’a]_‘

+mpy o (8 ZP 00, ®S0AM) o (@ @1+ Adb).

n=1

The critical term is

mpyg o (P®Soéil) oA/ag =my 0(P®SO§,-,)0 Z/a;, ®af;,,.
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Since deg(é,-laf]//,) < n + 1, it can be written as
myo(P®So0b;)oAas=—mpyo(P®H,oS)oNa.

This yields

Saﬁ:mHo(P®S)oAa$
m
=mHo(P09,']®S—P®GI{IOS+50,']ZPOQ,,@SOAS”)OAG%

n=1

m m
=mp o (0 ®id+id® 6, —id®do; Y A0y — b0, Y 0 ® AL) 0 (P ® S) 0 Adk

n=1 n=1

m
—(= 8+ 00, Y AP G )mp o (P ® S) 0 Adk

n=1

— _§ ¢k
= QilSan,

which proves the theorem. Note that the next to the last equality used the fact that
the 6; are derivations on H.

Remark 4 Consider the case where m = 1 in Theorem 7. That is, the alphabet
X := {x9, x1}, and the Hopf algebra H is generated by the coordinate functions
ay, n € X*. Note that the upper index on the coordinate functions can be omitted as
m = 1. The element a, € H has the coproduct defined in terms of A o 6, = 6; o A,
i=0,1, where & =0; ®id+id®6; and O, :=éo®id+id®é0+é, ® Ae.
The antipode S : H — H for any nonempty word n = Xiy - i, 1s given by Sa, =
(—1)""“() (ae), where ()/ = 9’ -0 9’ and 6] := —6, + 801a891,l =0, 1. Here
In| = 2|77|0 + |n|1, where |77|0 denotes the number of times the letter x( appears in
n, and |n|; is the number of times the letter x; is appearing in the word 7. One can
verify directly that this Hopf algebra coincides with the single-input/single-output
(SISO) feedback Hopf algebra described in [28]. The reader is also referred to [14,
16] for more details. This connection between Hopf algebras will be studied further
in future work regarding the multivariable (MIMO) case as described in [32].

Finally, returning to the antipode recursions in (52) one realizes quickly the intri-
cacies that result from the signs of the different terms. Surprisingly, the computational
aspects of the two formulas are rather different. It turns out that the rightmost recur-
sion is optimal in the sense that its expansion is free of cancellations [14]. This
triggers immediately the question whether the antipode formula (54) shares similar
properties, which is answered by the next result.

Proposition 3 The antipode formula (54) is free of cancellations.

Proof First recall that the algebra of coordinate functions is polynomially free by
construction. Then tne~absenc~e of cancellations follows from looking at (55) and
(56) and noting that 6;0; # 6,0;.
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Fig. 3 Parallel sum (left) and parallel product (right) interconnections of two discrete-time Fliess
operators

5 Towards Discretization

This section lays the foundation for a discrete-time analogue of the continuous-time
Fliess operator theory described in the previous sections. The starting point is the
introduction of a discrete-time Fliess operator, where the basic idea is to replace the
iterated integrals in (6) with iterated sums. This concept was originally exploited in
[35, 36] to provide numerical approximations of continuous-time Fliess operators.
The main results were developed without any a priori assumption regarding the
existence of a state space realization. It was shown, however, that discrete-time Fliess
operators are realizable by the class of state space realizations which are rational in
the input and affine in the state whenever the generating series is rational. Some
specific examples of this will be given here.

The main focus of this section is on parallel interconnections of discrete-time
Fliess operators as shown in Figure 3. In the continuous-time theory presented earlier,
it was evident that virtually all the results about interconnections flow from the shuffle
algebra, which is induced by the parallel product interconnection. The hypothesis
here is that an analogous situation holds in the discrete-time case. So it will be
shown that the parallel product of discrete-time Fliess operators induces a quasi-
shuffle algebra on the set of generating series. Given the natural suitability of rational
generating series for discrete-time realization theory, a natural question to pursue is
whether rationality is preserved under the quasi-shuffle product. The question was
affirmatively answered in [42] but without proof. So here a complete proof will be
given.

5.1 Discrete-Time Fliess Operators

The set of admissible inputs for discrete-time Fliess operators will be drawn from
the real sequence space

" [Nol := {i = (@(No), a(No + 1), ...) : 3R, with 0 < |(N)| < R; < 0o, YN = No},
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where i = [{g, i1, ..., 0,]7 and ]ﬁ(N)} ‘= Max;—o.1...m ]ﬁi(N)‘. In which case,
||ﬁ Hoo i= SUP -y, |ﬁ(N)| is always finite. Define a ball of radius R in 1™+ No] as

B INGI(R) = (i € 127 [Nol : |2 , < R}

The subset of finite sequences over [Ny, N ] is denoted by ng“ [No, N_f'](k). That
is, i € B [No, N1(R) if maxyeqny, v, [4(N)| < R. The following definition is
of central importance.

Definition 6 [35, 36] For any ¢ € R((X)), the corresponding discrete-time Fliess
operator is

FIN) = F[al(N) = Y (e, )S,[al(N), (57)

nex*

where u € lgg“ [1], N > 1, and the iterated sum for any x; € X andn € X* is defined
inductively by

N
Senl@I(N) =Y 4 (k) S, [21(k) (58)

k=1

with Sg[a](N) = 1.

The following lemma will be used for providing sufficient conditions for the
convergence of such operators.

Lemma 3 /35, 36]Ifu € ng“[l](lé) then foranyn € X* and N > 1

N —1+ |7y

| S, [a1(N)] < 1%'"'( )

) < 2V-laRr).

Proof If n = x;; - x;; € X* then forany N > 1

N k/' kz
SN = D i (k) Y dhi Chjey) - Y i, (k)

k=1 k=1 k=1

N k; ks
<> (D] 3 i Kool Y | K|

kj=1 kj_1=1 k=1
N kj kg
ki=1kj_1=1 k=1 |T)|
J= AR -1= 1=

N—1+n]

using the fact that the final nested sum above has ( il

inequality is standard.

) terms [6]. The remaining
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Since the upper bound on ]S,, [2](N) ‘ in this lemma is achievable, it is not difficult
to see that when the generating series c satisfies the growth bound (7), the series (57)
defining FC can diverge. For example, if (c, n) = KCML‘."‘ [n|! for all n € X*, and
4i(Ny=R,N>1,i=0,1,...,m then

Flal(N) = Z KCMC“Y| |77|!1é”<

nex*

N-—-1+ Inl)
0]

=K. Y (M.(m + 1)1€)fj!<N B 1 +j>.
- J
j=0

Since lim;_, o, (N_jH'j) = 1, this series diverges even when R < 1/M.(m + 1). The
next theorem shows that this problem is averted when c satisfies the stronger growth
condition (8).

Theorem 9 [35, 36] Suppose ¢ € RY((X)) has coefficients which satisfy
l(c, M| < KM, ¥y e X*.

Then there exists a real number R > 0 such that foreachiu € Bg’o“ [1](1%), the series
(57) converges absolutely for any N > 1.

Proof Fix N > 1. From the assumed coefficient bound and Lemma 3, it follows that

ﬁc(ﬁxN)\ <Y el [Slalv)| <= Y Ke(Mo(m + 1)) 2V 2R)

Jj=0 nexi j=0
KCZN_I
1 —2M.m+ DR’

provided R < 1/2M.(m + 1).

The final convergence theorem shows that the restriction on the norm of % can be
removed if an even more stringent growth condition is imposed on c.

Theorem 10 /35, 36] Suppose ¢ € R*((X)) has coefficients which satisfy

1
|(Cs T])' S KcMcl‘rIlW’ Vn € X*
ni:

for some real numbers K., M. > 0. Then for every i € lgg“ [1], the series (57) con-
verges absolutely for any N > 1.

Proof Following the same argument as in the proof of the previous theorem, it is
clear for any 2 € [”*'[1] and N > 1 that
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Table 2 Summarxof i Growth Rate F. £

convergence conditions for F m :

and F, e, M| < KM ||t |LC Divergent
(e, | < KM GC LC
l(c,m)| < KCMC"”ﬁ GC (atleast) | GC

[e.¢]
. N R j - m+ 1)l
Fc(u)(N)\ <Y Ke(M(m + DVFZN '2llllo) = K 2N e2Melmt Dl
— !

Assuming the analogous definitions for local convergence (LC) and global con-
vergence (GC) of the operator F., note the incongruence between the convergence
conditions for continuous-time and discrete-time Fliess operators as summarized in
Table 2. In each case, for a fixed series ¢, the sense in which the discrete-time Fliess
operator E, converges is weaker than that for F,. The source of this dichotomy is the
observation in Lemma 3 that iterated sums of # do not grow as a function of word
length like R / In|!, which is the case for iterated integrals, but at a potentially faster
rate. On the other hand, it is well known that rational series have coefficients that
grow as in (8). Thus, as indicated in Table 2, their corresponding discrete-time Fliess
operators always converge locally. Therefore, in the following sections this case will
be considered in further detail.

5.2 Rational Discrete-Time Fliess Operators

An example of a system that can be described by a discrete-time Fliess operator is

alN+D]_T10)[amm] [1], 0 1.
[Zz(NH)} - [0 1] [mm}+[o]“1(1"+1>+[ZI(N)]MZ(NH)

+ |:(1)i| i (N + Ditp(N + 1),

y() = [01] [2%}

(59)
where 7, and i, are suitable input sequences. Letting z; (0) = z(0) = 0. Observe
that

N+ =z1(N)+ a1 (N+1)

implies that z; (N) = 25:1 11 (k). Thus, it follows that
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22(N + 1) = 22(N) + z1(N)iaa (N + 1) + ao(N + D (N + 1)
=22(N) +ia(N + Dzi(N + 1) (60)
N+1 ko

=Y dak) Y di(k).

k=1 k=1

The corresponding output is then

N+1 ko
YWN) = iaka) Y dir (ki) = Sy, [R1(N),
k=1 k=1

which has the form of (57). System (59) falls into the category of polynomial input and
state affine systems [61]. A simple discretization procedure can also yield discrete-
time systems that are rational functions of the inputs. Consider, for instance, the
following continuous-time system

z(t) = z(Hu(t), z(0) =0. (61)

For small A > 0, an Euler type approximation gives

(N+DA

Z(N + DA) = Z(VA) +f 2Oy dt
NA
(N+DA

~ Z(NA) +/ u(t)dt z(N + 1)A)
NA

=Z(NA) + a(N + 1) Z((N + 1) A),
and therefore, letting Z(N) = Z(N A), observe that
N 41) =1 —a(N + 1) '2(N) (62)

In this case, (1 — @#(N + 1))~ is a rational function and fall into the following class
of systems.

Definition 7 [36] A discrete-time state space realization is rational input and state
affine if its transition map has the form

G(N+1) = rj@(N + 1)2;(N) + si(@(N + 1)),

j=1

i=1,2,...,n, where 2(N) € R", &i = [ilg, @1, ..., 4n]", r;; and s; are rational
functions, and the output map 4 : Z — 7y is linear.

The general situation is described by the following realization theorem.



Combinatorial Hopf Algebras for Interconnected Nonlinear Input-Output Systems ... 175

Theorem 11 [36] Let ¢ € R{(X)) be a rationAal series over X = {Xo, X1, ..., Xm}
with linear representation (w, y, ). Then y = F_.[ii] has afinite dimensional ratiqnal
input and state affine realization on Bg‘o“ [0, Nf1(R) for any Ny > 0 provided R <

(Z?:o (PIED) ||>_l, where ||-|| is any matrix norm.

5.3 Parallel Interconnections and the Quasi-shuffle Algebra

Given two continuous-time Fliess operators F,. and F; with c¢,d € Ry ¢ {((X)),
the parallel interconnections as shown in Figure 3 satisfy F, + F; = F.; and
F.F; = F, 4 [24]. In the discrete-time case, the parallel sum 1nterconnect10n 18
characterized trivially by the addition of generating series, i.e., F.+ F, = Foi4due
to the vector space nature of R, ¢ ((X)). But the parallel product connection in this
case is characterized by the so-called quasi-shuffle product introduced in Example 5.
The main objective of this section is to give a description of the quasi-shuffle alge-
bra H,, = (R(X), ®) in the context of discrete-time Fliess operators and show that
rationality is preserved under the quasi-shuffle product.

5.3.1 Quasi-shuffle Algebra

The shuffle product (1) describes the product of iterated integrals. However, it cannot
account for products of iterated sums. For instance, observe that the product

N N
D)) i) = Z Zul(l)uz(J) + Z Zulmuz(z) - Zul(wuz(z)
i=1 j=1

i=1 j=I i=1 j=I
(63)

where i1 € Bg;“[O, N¢](R) for suitable R and Ny. If X = {x¢, x1, x2}, then using
(58) it follows that (63) can be written as

N
Sy [A](N) S, [Ul(N) = Sy, 5, [A1(N) + Sy, [](N) — thl(i)ftz(i)~

i=1

Note that the last term Z,N: , 412 (i) does not correspond to a letter in X nor to
a word in X*. Therefore, the alphabet X needs to be augmented to account for this
fact. Associating the input i1, with the new letter x; », one can now write

S [d](N) S, [Ul(N) = S, 5, [d](N) + Sy, [](N) + S ,[](N).

Therefore, the general setting in which products of iterated sums are consid-
ered requires a countable alphabet. The extra letters, in addition to those in X =
{x0, x1, ..., Xxn}, account for all possible finite products of inputs. Recall item (3) in
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Example 5, where the quasi-shuffle Hopf algebra is defined. Here the alphabet X is
extended to a graded commutative semigroup by defining the commutative bracket
operation of letters in X to be [x;x;] = x; j, which is assumed to be associative, i.e.,
[[xix;1x;] = [x;[x;x,]] for letters x;, x;, x; € X. Iterated brackets may therefore be
denoted by x;, i, = [[[x;,xi,]- - ]x;,]. The augmented alphabet X contains X as
well as all finitely iterated brackets x;,, ;. The monoid of words with letters from
X is denoted X*. The definition (58) of iterated sums has to be extended to include
the additional words in X*, for instance,

N i
Sty [RIN) = i () D s, ()i, () - -+ i, ().

i=1 j=1

It follows now that the product Sy, [#](N) Sy, [#](N) is encoded symbolically in terms
of a quasi-shuffle product on X*

X1 ® X2 = X1X + X2X1 — X112 € R(X) (64)

The foundation of discrete-time Fliess operator theory is the summation operator,
which is used inductively in the construction of the iterated sums in (58). In general,
the summation operator Z is defined as

[x/6]
Z(f)(x) =Y 0f(6k) (65)

k=1

for a suitable class of functions f. It is known to satisfy the so-called Rota—Baxter
relation of weight 6 [18]

Z(HZ(Q)x) = Z(Z(fHg + fZ(g) — 0fg)(x). (66)

This relation generalizes the integration by parts rule for indefinite Riemann inte-
grals and provides the corresponding formula for iterated sums. Specifically, (63)
corresponds to (66) where 6 = 1, f = i1; and g = i,. The quasi-shuffle product,
introduced in item (3) of Example 5, defined on X* provides an extension of (64)
and (66). Forwords n =n;---n,and§ =& ---§,, where ;, §; € X, the recursive
definition of the quasi-shuffle product on X* is given by

n®E=mnm' M) ®E +EM®E @) —méENnT ) ®ET®) (67

with d® n=n® @ =n for n € X*, and 771_1(-) is the left-shift operator defined
in (5). This implies that

Sylul(N) - Se[@l(N) = Syeelil(N) (68)
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with n ® & € R(X). Observe that since |5, [§| < oo, then supp{n ® &} is generated
by a finite subset of X. The quasi-shuffle product ® is linearly extended to series
c,d € R{{X)) so that

cod= Y (emdOn@E=Y > (c,ndEn®Ev)v.

nEeX* veX* nEeX*

(c®d,v)

Note that the coefficient (n®&, v) # 0 only when v € X* is such that || + |§] —
min(|n|, |€]) < |v] < |n| + |&|. Therefore, (c ® d, v) is finite since the set I (v) £
{(n, &) € X* x X*: (n ® &, v) # 0} is finite. Hence, the summation defining ¢ ® d
is locally finite, and therefore summable. It can be shown that the quasi-shuffle
product is commutative, associative and distributes over addition [17, 41]. Thus, the
vector space R{(X)) endowed with the quasi-shuffle product forms a commutative
R-algebra, the so-called quasi-shuffle algebra with multiplicative identity element 1.

5.3.2 Rationality of the Quasi-shuffle Product

In this section the question of whether the quasi-shuffle product of two rational series
is again rational is addressed. In light of Definition 1 and the remark thereafter, it is
clear that a rational series c over X is also rational over a finite sub-alphabet X, C X.
In which case, Theorems 1 and 2 still apply in the present setting. Also note that in the
context of the parallel product connection the underlying alphabets for the generating
series of F, and F, are always the same since the inputs are identical. But there is
no additional complexity introduced if the alphabets are allowed to be distinct. So
let X., X4 C X be finite sub-alphabets of X corresponding to the generating series
c and d and with cardinalities N, and Ny, respectively. Define [X. X ;] = {[xi"x;l ]:
x{ € Xc,xj-’ e Xy,i=1,...,N., j=1..., N;}. The main theorem of the section
is given first.

Theorem 12 Letc,d € R((X)) be rational series with underlying finite alphabets
Xeo Xa C X, then e = ¢ ® d € R{(X)) is rational with underlying alphabet X, =
X UXyU[X X4] CX.

Proof In light of (67), the series e = ¢ ® d is clearly defined over the finite alphabet
X.. Therefore, a stable finite dimensional vector space V, is constructed which con-
tains e in order to apply Theorem 2. Since ¢ and d are both rational, let V. and V,; be
stable finite dimensional vector subspaces of R({X.)) and R{(X,)) containing ¢ and
d, respectively. Let {¢;}7<, and {d j}'}d: | denote their corresponding bases. Define

VezspanR{E,-@czj ri=1,...,n., j=1,...,n4}.
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Clearly, V, C R((X,)) is finite dimensional. If one writes
ne ng _
CZZOI,‘E,‘, dZZ,Bjdj,
i=1 j=1

it then follows directly that

N Ng
e=c®d= Za[ﬂjE,'@jj EVe.

ij=1

So it only remains to be shown that V, is stable. Observe from (67) that for any
x € X, the left-shift operator acts on the quasi-shuffle product as

@) =xT' M @E+n®xTIE) + Su () @ X&), (69)

where n = x;n', € = x;& € X* and Sx.inx;) = lif x = [x;x;] and 0 otherwise. Writ-
inge = (c, ) + Y x¢ (x¢) "' (e)andd = (d, B) + Y1 x¢ (x?)~'(d) and using
the bilinearity of the quasi-shuffle, it follows that

N¢,Ny
e =xO@d+cox D+ Y 8 e ()7 () ® @) @)).

j
i,j=0

But since V., V; C R((X,)) are stable vector spaces by assumption, it is immediate
that (xf)’1 (c) € V. and (xj’)’l(d) € V,, and therefore x ' (e) € V, as well. It then
follows that V, is a stable vector space, and hence e is rational.

The following corollary describes the generating series for the parallel product
connection in the context of rational series.

Corollary 2 Ifc.d € JR(()_( )) are rational series with underlying finite alphabets
X, Xq CX, then F . Fy = F.gq with e =c®d € R,y ((X,)), where X, = X .U
Xa U[XcXal

Proof From (68) the product connection of two operators as in (57) is

ELAIN)Fg[a1(N) = ) (e, )Sy[R1(N) - D (d, £)Se[a1(N)

nex; EeXj
= Y (e, &Seel@I(N)
neXi EeX;

= Fegall(N) =: Fe[ul(N).

Here e € R, ,;((X,)) since by Theorem 12 the quasi-shuffle preserves rationality.

The following lemma will be used in the final example of this section.
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Lemmad4 Foranyi,j >0

min{i, j} . .
- j i+ j—2k\ 4 i+j-2k
X ®x! = E . ok Lxi T 70
! ! pre (mln{i, Jjt— k) L1TH (70)

Proof Without loss of generality assume i < j. The identity is proved by induction
overi + j. Thecasesfori + j = 0, 1 are trivial. Assume (70) holds up to some fixed
i + j. Using (67) compute

xi@x]™! —xl( ®x’+])+x1 (x{@x{)—i—xl,l (xfl@x{).

By the induction hypothesis and since i < j,

i-1 .

1 i+j—2k i+j—2k

x]@@x{Jr = Z(i—l—k x](xflmxiﬂ )
k=0

i+ -2k it+j—1-2k
+Z< lj_k )Xl(xlf.lmxlﬂ 2k)+Z( g 11—k )x”(x”mxtﬂ =2
k=0

i—1
i+j— —2k
( )xl(xll'-'-' ;ﬂ )

0

i i—1-
i—1 .
_ 2%k o
+Z<’ +J )xl(xflwx’“ 2k>+< )xl(xi‘l wxd )
k ) 0 i
i— . .
P2k 41 —it1 L
+ / X1 w Xt 2y 4 (Y xp (e wad T
Pt i—k 0

. . i—1 . .
i P+ i ~ (i+j—2k+1 i
= (x{"1 wxy ™ 2y 4 < jl )xiﬂ+1 + Z ( Ji —k )xl(xfl wxy 2ky
k=0

i-1 .
i+Jj—2k+1 k i+j—2k+1
+];< ik x1,1(x1’1qul )

i(i—l—j—Zk—l—l)k i+ =2kt

= . X11 Luxl

i—k

=0

This complete the proof since it was assumed that min{i, j} = i.

Example 7 Let X = {x} and consider the rational series ¢ = x{ := ) ;. xk. Tt can
be shown directly that

X wxl = i ,, (”) = 3" 2y, (71)

n=0 i=I nex*



180 L. A. Duffaut Espinosa et al.

using the identity x wx{ = ("*/)x;™/ [66]. Since the shuffle product is known to
preserve rationality, it follows from Theorem 1 that x} w x{ must have a linear rep-
resentation (i, y, 1), in this case u(n) = 2" and y = A = 1. This is easily veri-
fied by setting z; = F,.[u], which gives the bilinear state space realization z; = z;u,
¥; = z;. Then the parallel product connection y = y;y, = Ff[u] = z has the real-
ization z = 2zu, y = z. One can confirm using iterated Lie derivatives that the gen-

erating series for this system is exactly (71). O

Example 8§ The goal now is to produce the quasi-shuffle analogue of (71). Note here
that X = {xy, x; 1}. Using Lemma 4 it follows that

min{i, j} . .
i+j—2k i+j =2k
xl ®x1 - le @X] - Z Z Z (min{l"j}_k)xlflu"xl -

i,j=0 n=0i+j=n k=0

For fixed k', n’ € NU {0}, let n € X" be such that Inly,, = k', where |n|,, denotes
the number of times the letter x; € X appearsinn € X*. It follows that the coefficient
(xf ®xj,n)is

min{i, j} . .
i+j—2k i
arexim=y Y Z (mm{i’j}_k)<xflmxl*’ . (72

n=0i+j=n

itj—k

Notice first that the number of elements in supp(x1 |wX lﬂ 2k) is ( %

), and sec-

ondly that it implies that (x} wx}™/~ * M =1whenk=~kandi+j=n+Fk,
otherwise ()clyl mxllﬂ Zk, n) = 0. The former statement is related to the fact that
OV =3 i gl'w - wg'n for an arbitrary alphabet Q = {q, ..., g} [13].

The coefficient (xj ® x{', n) can be further developed as

n/ _ k/ n/ _ k/
(min{i,j} —k/> o Z (min{i —K,j —k/}>

7 ®xf,n

i+j=n'+k' i+j=n'+k'
/ ’ It
=i n — K zi n — K zni n — K =2|’I|x,'
) min{i — k’,n’ — i} ) i — K 4 i
i=k’ i=k' i=0
Thus, one can write
xf®xi = X:()cik ®xy, mMn = Z P (73)
nex* nex*

Inlight of Theorem 12, the series x]* ® x| must be rational. In particular, a straightfor-
ward linear representation for x{* ® x{ can be obtained due to (73). That s, (i, y, 1)
is identified as #(n) = 2" and A = y = 1. Finally, a direct computation confirms
that
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X ®x{ =042x1 +x11 +4x12 + 2x1x1,1 + 2x1,1X1 +x]2$1 + 8x13 + 4x12x1,1

+4x1x1,1x1 +4x1,1x12 +2x1x12,1 + 2x1,1X1X1,1 +2x]2,1x1 +x13,1 + 16x;1
+ 8x13x1,1 + 8x12x1,1x1 + 8x1x1,1x12 + 8x1,1x13 + 4x]2x12,1 +4x1x1,1x1X1,1
+4X1xlzylxl +4x1,1x12x1,1 +4x1 1x1x1,1X1 +4x12Y1x]2 + 2x1x]3,] +2x1,1x1x]27]

+2x12Y1x1x1,1 +2x13,1x1 +x;‘_yl 4+,

where it is clear that (73) holds. m]
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Computational Aspects of Some m
Exponential Identities L

Fernando Casas

Abstract The notion of the exponential of a matrix is usually introduced in elemen-
tary textbooks on ordinary differential equations when solving a constant coefficients
linear system, also providing some of its properties and in particular one that does not
hold unless the involved matrices commute. Several problems arise indeed from this
fundamental issue, and it is our purpose to review some of them in this work, namely:
(i) is it possible to write the product of two exponential matrices as the exponential of
amatrix? (ii) is it possible to “disentangle” the exponential of a sum of two matrices?
(iii) how to write the solution of a time-dependent linear differential system as the
exponential of a matrix? To address these problems the Baker—Campbell-Hausdorff
series, the Zassenhaus formula and the Magnus expansion are formulated and effi-
ciently computed, paying attention to their convergence. Finally, several applications
are also considered.

Keywords Matrix exponential - Baker—Campbell-Hausdorff series
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o0 1
T k
e = E _k!T’
k=0

appears in a natural way when solving linear systems of differential equations of the
form d
Yy
_——= A . 0 = . 1
ar v, yO0)=yo (D
Assuming that the linear transformation 7 on C” is represented by the n x n matrix
A, then the unique solution of (1) is given by [54]

ok
t

y(t) =€y = E EAkyo.
=0

The n x n matrix e’ can be computed in several ways, not all of them feasible from
a numerical point of view [48].
Closely associated with Eq. (1) is the matrix differential equation

dY—AY YO0)=1 )
d[ - ) - ’
in the sense that y(z) = Y (¢)yg € C" is the solution of (1) if and only if Y (¢) is the
solution of (2) [22].

The exponential of a matrix satisfies some remarkable properties:
o =1
o ct9)A — oA asA.
° (etA)—l — e—tA.
e if Aand P are n x n matricesand B = PAP~!,thene® = Pe? P~ 1;
e if A and B commute, i.e., AB = BA, thene*t? =etef =efe”.

It is less well known, however, that the converse of the last property is not true
in general: there are simple examples of matrices A, B such that AB # BA, but
eAtB — ¢4 eB = B el [68, 69].

It turns out that the commutator

[A,B] = AB — BA

plays indeed a fundamental role when analyzing the exponential or a product of
exponentials of matrices, as we will see in the sequel. More specifically, the issues
we will address in this work can be summarized as follows.

e Problem 1. Sincee” e? # eA*5 in general, one could ask whether some additional
term C exists such that e? e® = eAT5+C and, if the answer is in the affirmative,
how C can be obtained from A and B. This, of course, leads to the much celebrated
Baker—Campbell-Hausdorff formula.
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e Problem 2. The dual of the previous problem is the following. Is it possible to
get matrices Cy, C», ... such thateA*8 =eAef e e .. .2 Such an expression is
called the Zassenhaus formula.

e Problem 3. Suppose that the coefficient matrix A in the linear differential equation
(2) depends explicitly on time, Y’ = A(¢)Y. As is well known [22], the solution
in that case is

t t

Y(t) =exp /A(s)ds only if /A(s)ds, A@) | =0.
0 0

The question is: can we still write Y (¢) as the exponential of a certain matrix £2(¢),

where
t

Q@) = / A(s)ds + A1)
0

and the additional term A2 (¢) stands for the necessary correction in the general
case? As it turns out, the Magnus expansion (sometimes also called the continuous
analogue of the Baker—Campbell-Hausdorff formula [43]) provides an algorithmic
procedure to solve this problem.

Although these problems have been established in terms of matrices, they can
be generalized to linear operators defined on a certain Hilbert space (this in fact
corresponds to the original formulation of the Magnus expansion [43]) and elements
in a Lie group ¢ and its corresponding Lie algebra g (the tangent space at the
identity of ¢). One should recall the fundamental role the exponential mapping
exp : g —> ¢ playsin this setting: given B(1) € ¢ the one-parameter group solution
of the differential equation

PO _xpar.  po =

dt
where e is the identity of ¢ and X is a smooth left-invariant vector field, the expo-
nential transformation is defined as exp(X) = (1) [33, 58]. This exponential map
coincides with the usual exponential matrix function if ¢ is a matrix Lie group.
Given the ubiquitous nature of Lie groups and Lie algebras in many fields of sci-
ence (classical and quantum mechanics, statistical mechanics, quantum computing,
control theory, etc.), very often we will consider the general case where no particu-
lar algebraic structure is assumed beyond what is common to all Lie algebras, i.e.,
we will work in a free Lie algebra, especially when addressing Problems 1 and 2
above. For the sake of completeness, we have included an Appendix with some basic

properties of free Lie algebras.
Before starting with our study, let us mention another well known result concern-
ing exponentials of matrices and operators, namely the Lie product formula and the
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Trotter product formula [56, 65]. The former is formulated in terms of matrices A
and B and states that m

e = lim (e% e%> , 3)

m—0oQ

whereas the latter establishes that (3) and its proof can indeed be extended to the
case where A and B are unbounded self-adjoint operators and A + B is also self-
adjoint on the common domain of A and B. This important theorem has found many
applications, in particular in the numerical treatment of partial differential equations.

2 The Baker—-Campbell-Hausdorff Formula

2.1 General Considerations

Problem 1 can be established in general as follows. Let X and Y be two non com-
muting indeterminates. Then, clearly

[o.¢]
1
XY _ P vq
eXel = Z _p!q!X Ye. “4)
p.q=0
When this series is substituted in the formal series defining the logarithm of the
operator Z,

S (_l)k—l .
logZ = Z (2 D,
k=1

one gets, after some work,

0 (=Dk! Z XPyq | XPeyd

7z = log(ex eY) = Z @)

= k pilail. . pla!
where the inner summation extends over all non-negative integers pi, g1, ..., Pk, Gk
for which p; +¢; > 0({ = 1,2, ..., k). The first terms in the previous expression

read explicitly
Lo, 1.5 1 2 2
Z:(X+Y+XY+§X +§Y +---)—§(XY+YX+X +Y + )+
1 1
=X+Y+E(XY—YX)+~--=X+Y+5[X,Y]+~--
Campbell [17], Baker [6] and Hausdorff [34], among others, addressed the question

whether Z in (5) can be represented as a series of nested commutators of X and Y,
concluding that this is indeed the case, although they were not able either to provide
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a rigorous proof of this feature or to give an explicit formula (or a method of con-
struction). As Bourbaki states, “each considered that the proofs of his predecessors
were not convincing” [15, p. 425]. It was only in 1947 that Dynkin [24, 25] finally
obtained an explicit formula by considering from the outset a normed Lie algebra.
Specifically, he obtained

o0
(=Dt [XPrYyd ... XPeydr]
z= ZZ k k 1g;! 1g.! ©)
pa i Qicipi +a)) prlar! - .. pel !

where the inner summation is taken over all non-negative integers pi, qi, - - -, Pk» Gk
such that p; +¢q; > 0,..., pr +gr > O and [X?'Y? ... XPxY %] denotes the right
nested commutator based on the word X7 Y% ...  XPrY% i.e.,

[XY>X%Y]=[XYYXXY]=[X,[Y,[Y,[X, [X, Y]]

Expression (6) is known, for obvious reasons, as the Baker—Campbell-Hausdorff
series in the Dynkin form and the reader is referred to [14] for a detailed account of
the genesis, development and history of this important result.

Gathering together in (6) those terms for which p; +¢q1+---+ pr +qx = m
one arrives at the following expressions up to m = 5:

m=1, Zi=X+Y
1
m=2: ZZZE[X,Y]

m=3: Zi— ix.[x. ¥ - é[x X, Y]]

12
m=4: Zi= oY, 161XV
=51 Zs = s [X, DX X X VI = oo X 17, DX, X Y1
—%[x, ¥, 1Y, [X, YTII] + %[Y, X, [X, [X, YTII]
s U 1Y, D6 VI 4 o Y, 17, 1, [, VI
In general, one has
Z:log(eXeY):X+Y+§: Zn, O]

m=2

where Z,,(X,Y) is a homogeneous Lie polynomial in X and Y of degree m, i.e.,
a linear combination of commutators of the form [V, [Va, ..., [Vi—1, Vinl.. 1]
with V; € {X, Y} for 1 <i <m, the coefficients being rational constants. This
is the content of the Baker—Campbell-Hausdorff (BCH) theorem, whereas the
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expression eX e¥ = eZ is called the Baker—Campbell-Hausdorff formula, although
other different labels (e.g., Campbell-Baker—-Hausdorff, Baker—Hausdorff,
Campbell-Hausdorff) are also used in the literature [14].

Although (6) solves in principle the mathematical problem addressed in this
section, it is barely useful from a practical point of view, due to its complexity
and the existing redundancies. Notice in particular, that different choices of p;, ¢;,
k in (6) may lead to several terms in the same commutator. Thus, for instance,
(X371 = [xX'Y°X2%Y!] = [X, [X, [X, Y]]]. An additional source of redundancies
arises from the fact that not all the commutators are independent, due to the Jacobi
identity [66]:

[X1, [ X2, X3]] + [ X2, [X3, X111 + [X3, [ X1, X2]] =0, (®)

for any three variables X, X», X3. From this perspective, it would be certainly prefer-
able to have an explicit expression for Z formulated directly in terms of a basis of the
free Lie algebra .2 (X, Y) generated by X and Y, or at least a systematic and efficient
procedure to generate the coefficients in such an expression. In this way, different
combinatorial properties of the series, such as the distribution of the coefficients,
etc., could be analyzed in detail.

In addition to the Dynkin form (6) there are other presentations of the BCH
series. In particular, the associative presentation (as a linear combination of words in
X and Y) is also widely used:

Z=X+Y+)Y Y g.w )

m=2 w,|w|=m

Here g,, are rational coefficients and the inner sum is taken over all words w with
length |w| = m (the length of w is just the number of letters it contains). The values
of g,, can be computed with a procedure based on a family of recursively computable
polynomials due to Goldberg [31].

Although the presentation (9) is commutator-free, a direct application of the
Dynkin—-Specht—Wever theorem [37] allows one to write it as

Z=X+Y—|—Z% > gwlwl, (10)
m=2

w,|w|=m

i.e., the individual terms are the same as in (9) except that the word w = aja; . .. a;,
is replaced with the right nested commutator [w] = [ay, [az, . . . [@m—1, an]. . .]] and
the coefficient g,, is divided by the word length m [62].

The series Z can also be obtained by stating and solving iteratively differential
equations. In particular, for sufficiently small ¢ € R, if we write exp(t X) exp(tY) =
exp(Z(t)), then Z(¢) is an analytic function around r = 0 which verifies [66]
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dz

4 2
dt_X+Y+—[X YZ]—{—Z By ad/(X +Y), Z©0)=0. (11)

2!’

in terms of the adjoint operator (90) and the Bernoulli numbers By [1]. By writing
Z(t) = Z:o:1 t"Zn(X,Y),with Z; = X + Y, one arrives at the following recursion
for Z,,:

[(m—1)/2]

1 p
mn =X =Y. 20+ Y ),(d21<X+Y)), m=>1, (12)
p=1
where
(adzzp(Xer)) = > (Zu L [Zi, X+ Y]]
m ky ek p =m—1

ki =1k p>1

Equivalently, if we denote by £ (X, Y),, (m > 1) the homogeneous subspace of
ZL(X,Y) of degree m (the subspace of all nested commutators involving precisely m
operators X, Y), then (adzzp (X+Y )) is nothing but the projection of adzzp (X+Y)
onto Z (X, Y),,.

Other differential equations can be considered instead. For instance, in [8] the
function Z(¢) in exp(Z(t)) = exp(tX) exp(Y) is shown to verify

dz d =
_ Az = Zk—" kX, Z(0)=7Y. (13)
k=0

dr ez _

Then, it is possible to get the recurrence

m— 1

Zi(t) =Xt +7, Zn(t) = Z f(adf X)mds (14)

or alternatively

ml

Znu(t) = Z Z / adzk] (5) adzkz(x) vee adzkj(S)X ds m > 2,

! kytetkj=m—1
k=1, k>l

whence the BCH series is recovered by taking r = 1. Any of these procedures allow
one to construct the BCH series up to arbitrary degree in terms of commutators,
but, as in the case of the Dynkin presentation, not all of them are independent due
to the Jacobi identity (and other identities involving nested commutators of higher
degree which are originated by it [53]). Although it is always possible to express the



192 F. Casas

resulting formulas in terms of a basis of .Z (X, Y) with the help of a symbolic algebra
package, this rewriting process is very expensive both in terms of computational
time and memory resources. As a matter of fact, the complexity of the problem
grows exponentially with m: the number of terms involved in the series grows as
the dimension c,, of the homogeneous subspace .Z (X, Y),, and this number ¢,, =
0 (2" /m) according to Witt’s formula (96).

2.2 An Efficient Algorithm for Generating the Series

In reference [20], an optimized algorithm is presented for expressing the BCH series
as
Z = log(exp(X) exp(Y)) = ZZ,‘ E;, (15)

i>1

wherez; € Q(i > 1)and{E; : i = 1,2, 3,...}is aHall-Viennot basis of Z (X, Y)
(see the Appendix). The elements E; are of the form

Ei=X, E;=Y, and E; =[E;, Ey] i =3, (16)

for positive integers i’,i” < i (i = 3,4, ...). Each E; in (16) is a homogeneous Lie
polynomial of degree |i|, where

=12/ =1, and |i| =[i'|+]i"| for i>3. (17)

As reviewed in the Appendix, the classical Hall basis and the Lyndon basis are
particular examples of Hall-Viennot bases [57, 67].

The algorithm for generating the BCH series is based on the treatment done
by Murua [50] relating a certain Lie algebra structure g on rooted trees with the
description of a free Lie algebra in terms of a Hall-Viennot basis. Essentially, the
idea is to construct algorithmically a sequence of labeled rooted trees in a one-to-one
correspondence with a Hall-Viennot basis in such a way that each element in the
basis of £ (X, Y) can be characterized in terms of a tree in this sequence.

The procedure can be implemented in a computer algebra system (in particular, in
Mathematica) and gives the BCH series up to a prescribed degree directly in terms of
a Hall-Viennot basis of .Z (X, Y). This allowed the authors of [20] to provide for the
first time the explicit expression of the term of degree 20, Z», in the series (7). Since
a fully detailed treatment of the algorithm can be found in [20], we only summarize

here its main features.
The starting point is the set .7 of rooted trees with black and white vertices

S TR IR TR0 T O G S ULV RE VRE V. VN
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whose elements are referred to as bicoloured rooted trees. Here and in what follows
all trees grow up.

Next one considers the vector space g of real maps definedon 7, :  — R.
This set can be endowed with a Lie algebra structure by defining the Lie bracket
[, B] € g of two arbitrary maps «, B € g as follows. For each u € 7 the action of
the new map [«, 8] is given by

lul=1

o, Bl () = > (a(ug) By — a@)Bugy))), (18)

j=1

where |u| denotes the number vertices of u, and each of the pairs of trees (u ), u'”) €
T x T,j=1,...,|u|l — 1,is obtained from u by removing one of the |u| — 1 edges
of the rooted tree u, the root of u ;) being the original root of u. Thus, in particular,

[, BIC ) =a( 0)B( o) —al 0)B( 0), [e, B1C §) =0,
[, BIC &) =2(a( 2)B( o) —a( )B( 2)). (19)
lo, BIC &) =a( )P o) +a( $)B( o) —a( @)B( Z) —al 0)B( Q).
Consider now the maps X, Y € g defined as
_Jlifu= o | 1lifu= o
X(“)_{Oifuey\{.}’ Y(“)_{Oifuey\{o} (20)

and the subalgebra of g generated by them, which we denote by .2 (X, Y). It has been
shown that Z (X, Y) is a free Lie algebra over the set { X, Y} [S0]. Moreover, for each
particular Hall-Viennotbasis {E; : i = 1,2, 3, ...} of this free Lie algebra £ (X, Y)
one can associate a bicoloured rooted tree u; to each element E;. For instance, in
Table 1 we collect the bicoloured rooted trees u; associated with the elements E; of
the Hall basis (94), whereas in Table 2 we depict the corresponding to the Lyndon
basis (95). Then, for any map o € Z (X, Y) itis true that

Nl
Za(u) b @1)

i>1

were o (i;) is a certain positive integer associated to the rooted tree u; (the number
of symmetries of u;, also called the symmetry number of u;). Again, the value of
o(u;) uptoi = 5 is collected in Tables 1 and 2.

Denoting by «,, the projection on the map o € .Z (X, Y) onto the homogeneous
subspace Z (X, Y),,, then [50]
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Table 1 First elements E; of the Hall basis (94), their corresponding Hall words w; and bicoloured
rooted trees u;, the values of |i|, i’, i”, o (u;), and the coefficients z; = Z(u;)/o (u;) in the BCH

series (15)

i lir | i wi E; u; o) zi = 58:1';
ot To [« X . 1 1
> 1 2 o Y o T
3 2 2 1 yx [Y, X] b 1 _%
4 13 3 |1 yxx (1Y, X1, X] “r 2 x
5 3 3 2 yxy [y, X1, Y] P 1 75
6 4 4 1 yXxx [[[Y, X1, X1, X1 3 6 0
7 4 4 2 [yay [N0X1LXLY) s 2 |4
8 14 |5 |2 yxyy | [l[Y, X1, Y1, Y] “3° 2 0
9 5 6 1 yxxxx | [[[[Y, X1, X1, X], X] .\.8./' 24 —%
10 5 6 2 yxxxy | [[I[Y, X1, X], X1, Y] .QO&O 6 —%
s |7 |2 yxxyy | [IY, X1, X1, Y], Y] | *§p° 4 =
12 s 8 2 |y |[V.XLYLYLY] | *§@° (6 |
13 |5 4 3 yxxyx | [[[Y, X], X1, [Y, X]] ‘\5}7 2 -3
405 s 3 [y MNXLYLIGXD | egd 1 -k
a(u) if lu| =m
o (1) = {O otherwise (22)

for each u € 7. A basis of £ (X, Y),, is given by {E; : |i| = m}.
Consider now the Lie algebra of Lie series, i.e., series of the form

a=a,+a+az+---, where o, € LX,Y)n,.

A map « € g is then a Lie series if and only if (21) holds. In particular, the BCH
series given by (12) (or (14)) is a Lie series if X and Y are defined as in (20), and so
it can be characterized by an expression of the form (21). Specifically, starting with
(12)one has Z(e ) = Z(o) = 1,and form =2, 3,4, ...

[(m—1)/2]

1
mZw =X V.20 + Y G (X))
p=1 '

for each u € .7 with m = |u|. Evaluating the corresponding brackets [«, 8](u)
according with the prescription (18), one can compute the value of Z(u) for trees
with arbitrarily high number of vertices. For the Hall basis considered in Table 1 we
have
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Table2 Firstelements E; of the Lyndon basis, their corresponding Lyndon words w; and bicoloured
rooted trees u;, the values |i|,i”,i’, o (u;), and the coefficients z; = Z(u;)/o (u;) in the BCH series

(15)
i i [ir i w E; ui o) |zi= f&';
11 |1 o |x X o 1 1
2 |1 |2 Jo Y o 1 1
3 2 1 12 |ay (X, Y] s 1 3
4 |3 (3 |2 xyy [[X,Y], Y] AP 2 5
5 (3 |1 3 xxy [X,[X, Y1 -@ 1 =
6 |4 |4 2 |xyyy |[IX,Y],Y]Y] agr 6 0
7 14 1 |4 |xxyy | [X[X.Y]Y]] O\(i 2 =
8 4 |1 |5 |xxxy |[X.[X.[X.,Y]]] % 1 0

5 16 |2 | xyyyy | [IX,Y]L,YLYLY] | 9{2° 24 5
10 [5 |5 |3 | xxyxy| X, [X, Y] [X, Y]] -f} 2 50
15 3 4 | xyy | [XYLIXYLYD | ol 2 b,
12 05 1 16 |xxyyy | IGHIXYLYLY | X 6 0
1305 17wy | XXX YL Y ? 2 L
14 |5 |1 |8 | xxxxy| [X,[X.[X,[X, Y]] é 1 s

Z(u;)
Z = Zzl- E; = Z E;
i1 = o)

=Z( )X+ Z( )Y +Z( DIV, X1+

Z(%*)
2

where the first coefficients Z (u;) are given by [20]

Z(e)=Z(c) =1,

1
ZQ@)=—5 Z(P) =

1

(Y, X1, X1+ Z( SPOIY, XL, YT+,

1
20 =5

If one instead works with the Lyndon basis (95) of Table 2, then it results in

Z=Y 4E =) Zi) g

i>1 i>1

=Z@)X+ZO)Y +Z@Q)IX, Y1+

with

1

Z(f)=§,

o (u;)

Z(X)
2

1

260°) = ¢,

Z({):%.

[[X,Y],Y]+Z(‘€)[X,[X,Y]]+~-~,
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This process can be carried out for arbitrarily large values of m in a fully automatic
way once the bicoloured rooted trees corresponding to each Hall-Viennot basis in the
free Lie algebra have been generated up to the prescribed degree. In this respect, the
computational efficiency depends on the particular basis one chooses for £ (X, Y)
and the representation used for the BCH series. For instance, in the Hall basis of
Table 1 one needs to generate 724018 bicoloured rooted trees up to m = 20, whereas
in the Lyndon basis of Table2 this number raises up to 1952325. In consequence,
more memory and computation time is required in the later case. Nevertheless, in
the Lyndon basis the number of non-vanishing coefficients z; is greatly reduced in
comparison with the Hall basis: 76760 versus 109697 (out of 111013 elements E;)
up to degree m = 20. In [20] an explanation can be found for this phenomenon. On
the other hand, working with the Lie series defined by (14) is slightly more efficient
in practice.

2.3 The BCH Series of a Given Degree with Respectto Y

The series (6) can in principle be reordered with respect to the increasing number of
times the operator Y appears in the expression. We can then write Z as

oo
7=y 2.
n=0
where Z is the part of Z which is homogeneous of degree n with respect to Y, i.e.,

A

n

i (=11 3 [XPrYyd .. XPeyd]
ok = e pilan .l

where now ¢ + - - - + ¢x = n in the inner sum. In particular, Z, Y — X, whereas the
expression of Z!" can be found in e.g. [14, 57]. A recursion for the homogeneous
component Z! can be obtained as follows.

Let us introduce a parameter ¢ > 0 and consider the series

Z(e) =2ZY +ezV +*7) + - (24)

in exp(Z(e)) = exp(X) exp(eY). Then Z(e) verifies the initial value problem [8]

- iBj_ i
> =D Sz, ZO)=X. (25)
j=0 '

dZ(e) _
de

Notice the close similarity of this equation with (13). It is clear that
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dZ(e)
de

=Y (G +Delzl, +O@E")
i=0
and
adz = adyy +eadyr + 82adzzy 4+ 4 e"adyy + O@E").
In consequence,

adZ = adzradyy +¢e(adzyadyy +adzradyy) + - -

Zse Z adyy adzy + O"h
(=0

ky+ky=t
k1=20,ky =0

and in general

n
Jj _ 4 n+l1
ad/, = E 2 E adel adzky2 "'adZZj + 0.
=0 Kyt =t

k]z(],.“,ka(]

In this way

s "B: .
Z(—l)f j—{ad’z(Y) =
Jj=0 ’

[ee] n
B .
_1\JJ J 4 . n+l —
Y + E (=D I angY—f— E 3 E adzky] adZ{2 adzkny—{—ﬁ(e )| =
j=1 =1 ky+etkj=t

k1 20,....K ;=0

oo oo n
B . . B;
1\ 2L/ 1\ ) ¢ 50 n+1
Y+ E (=1 7 adzgY-i- E (=1 i E 5 v E i adzkyI adz‘z/2 adzij—i-@’(s )
Jj=1 j=1 =1 ket =t
k1 20,...K; =0

Substituting these expressions in (25) and identifying the coefficients of £ on both
sides we arrive at Z! = X,

2 (=1 d
7zl =3 %Bk adk (V) = ,_aﬁ(” (26)
k=0
and, forn > 1,
o0
(n+1)Z),, = D—”’% D adgyady -cady Y. @D
j=1 ky -tk j=n

Ky 20,...,4;>0
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This recursion can be written in a more compact form by introducing the operators
S, j=0,1,2,... as

Sfj) = adég Y

' n—1 . (28)
SO=0, S = adysV, nz2
(=0
Then we have
1S B ;)
=D (=D/=Is. (29)
n o j!

By working out this recurrence it is possible in principle to obtain closed expressions
for each homogeneous term ZY, although their structure is increasingly complex for
n > 2. In particular, one has

Sy = adxSY™" +ad,y s Zadp ad,y ady 7'y (30)

p=0
and the operator adzy in (30) can be evaluated as follows.
First, the Jacobi identity (8) for any three operators A, B, C can be restated in
term of the adjoint operator as
ad[A,B]C = [adA, adB]C

or adi4, p) = [ad 4, ad]. In general, it can be shown by induction that

ada,[4,..1a,81) = adagrp = [ada, [ady4, ... [ad4, adp]]].
On the other hand, a simple calculation leads to

ad’, B Z( 1)1’( )A" PBAP,
p=0

so that

- AN
adagnp = [adya, [ady, ... [ads, adp]]] = Z(—l)”(p)adA " adp ad’y.

p=0

Therefore, from (26),

adzlyZZ( 1)k—adddA Z(—nk Z( 1)/< )ad’;fadyadf
k=0



Computational Aspects of Some Exponential Identities 199

and this expression, once inserted into Séj ), Eq. (30), gives us Z{ explicitly. This
procedure was first applied with identical goal in [41].
Of course, these results have a dual version, i.e, it is possible to get analogous

expressions for the homogeneous terms ZX of degree n with respect to X [14, 57].

2.4 The Symmetric BCH Formula

In some applications it is required to compute the operator W defined by
1 1
exp(EX) exp(Y) exp(zX) = exp(W). 3D

This is the so-called symmetric BCH formula. Two applications of the usual BCH
formula lead to the expression of W in a given basis of .Z (X, Y). More efficient
procedures exist, however, that allow one to construct explicitly the series ), _, W,
defining W in terms of independent commutators involving X and ¥ up to an arbi-
trarily high degree. These are based on deriving a recurrence for the successive terms
in the Lie series W through a differential equation and expressing it as

W = W,’E,‘ (32)

as in the previous case.
Introducing a parameter ¢ in (31),

W(r) = log(e'*/? ¥ &'X/?), (33)

it can be shown that W (¢) satisfies the initial value problem

aw X+ i B dr X W)=Y (34)
_— = —a . = .
dt oY

Inserting here the series W (¢) = Z;io W (t) we arrive at

Wi(t) = Xt+Y
Wa(t) =0 (35)
g L A
W(t) = 2; ]—{ /(ad{VX)g ds, 0>3.
= 0

The Lie series W is recovered by taking ¢+ = 1. In general, Wy,, =0 for m > 1,
whereas terms W5, up to Wjg in both Hall and Lyndon bases have been constructed
in [20]. Specifically, for the first terms in the Lyndon basis one has
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Wi=X+Y

1 1
W3 = SIIX. Y] Y] = 2 [X. [X. Y]]

1 1 1
Ws = —%[[[[X, YL, YLYL Y]+ %[[X, [X, Y]], [X, Y]] + @[[X, Y] [[X, Y], Y]]

1 7 7
+ @[X, (X, Y], Yl Yl — %[X, (X, [[X, Y], YTIT + %[X, (X, [X, [X, Y]]

W1 = Sooao UIX. YL YL YL YL Y] Y] = oo [IEX [X YIL IX YIL [X, Y
- 15112[“" [0X, Y1, Y1, Y11, [X, Y11+ ﬁﬂx, [1X, Y1, Y11, [[X, Y1, Y1]
+ M[[X’ [X, [X, Y1II, [X, [X, Y]I] - ﬁ[[[x, Y1, Y. [[[X. Y]. Y], Y]]
+ ﬁ[[& (X, Y10, [X, [[X, Y], Y]]l - ﬁ[[x, Y1 [[I[X, Y], Y], Y1, Y1l
+ %60[[& Y1 IX, YLIX, Y], Y]l - %[X, [I[X.Y]. Y] Y]. Y], Y]]
+ ﬁ[x, [[X,[[X,Y],YI,[X, Y1+ %[X, [[X. Y1. [[[X. Y], Y], Y]]
+ %[& [X. [[[[X. Y], Y], Y], Y]]] - ﬁ[x, X, (X, [X, 11, [X, ¥1II]
~ S35 X DX DX YL (DX YL Y11 = ﬁ[?ﬂ LX. [X, [, ¥1, 71, 7111
16?;80[)(’ X X, X T0XC YL VI = g e IX IX X X X X VI,

2.5 About the Convergence

The previous results are globally valid in the free Lie algebra .Z (X, Y), whereas
if X and Y are elements in a normed Lie algebra then the resulting series are not
guaranteed to converge except in a neighborhood of zero. We next review some
results on the convergence domain of the different presentations and refer the reader
to [8, 14, 20] and references therein for a more detailed treatment.

Assume X, Y € g, where g is a complete normed Lie algebra with a norm such
that || XY || < || X ||Y] for all X, Y, so that

ILX, YT < 201 X[ 1Yl (36)

Then, it is shown in [63] that the series (9) is absolutely convergent if | X || < 1 and
IY|| < 1, whereas the domain of absolute convergence of the Dynkin presentation
(6) contains the open set (X, Y) such that | X || + || Y] < %logz [15, 24, 25].
Much enlarged domains of convergence can be ensured by analyzing the differ-
ential equations (11) and (13). Thus, in [52] it is shown that the series (7) with the
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terms computed by the recursion (12) converges absolutely if || X|| < 0.54343435,
|Y] < 0.54343435, whereas in [8], an analysis of the recurrence (14) leads to the
convergence domain D; U D, of g x g, where

2
1 1
D =1{(X,Y) : |X| <= —d
1 (X, Y) : IIX] > / )
20yl
2
1 1
Dy, =1(X,Y) - Yl <3 ——dx (37)
22IIXH #)

andg(x) =2+ %(1 — cot %‘). Itis stated in [46] that an analogous result was obtained
by Mérigot.

Finally, if Z = log(eXe") is expressed as in (24) with ¢ = 1, i.e., as the sum of
homogeneous components of degree n in Y, then, by analyzing (26) and (27), it
is possible to show that the corresponding series converges absolutely for | X| <
0.6178, ||Y|| < 0.6178 [23].

3 The Zassenhaus Formula

3.1 General Considerations

In reference [43], Magnus cites an unpublished reference by Zassenhaus, reporting
that there exists a formula which may be called the dual of the BCH formula. The
result can be stated as follows, and constitutes in fact the Problem 2 posed in the
Introduction.

Theorem 1 (Zassenhaus formula) The exponential eX+Y, when X, Y € L (X,Y),
can be uniquely decomposed as

— XY Hec WXY) _ oX oV (OUXY) (G(XY) | GCuXY) (38)

where C,(X,Y) € L(X,Y) is a homogeneous Lie polynomial in X and Y of degree
n.

That such a result does exist can be seen as a consequence of the BCH formula. In
fact, one finds that e XeX+? = e’*+P, where D involves Lie polynomials of degree
>1. Then e Ye!*+2 = ¢®+D where D involves Lie polynomials of degree >2, etc.
The general result is then achieved by induction.

It is possible to obtain the first terms of the formula (38) just by comparing with
the BCH formula. Specifically,
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1 1 1
C(X,Y) = _E[X’ Y], CGi(X,Y) = §[Y’ [X, Y]]+ E[X’ [X, Y11,

but this process is increasingly difficult for higher values of n.

The Zassenhaus formula has found application in several fields, ranging from
g-analysis in quantum groups [55] to the numerical analysis of the Schrodinger
equation in the semiclassical regime [5], the treatment of hypoelliptic differential
equations [35] and splitting methods [29, 30]. For this reason, several systematic
computations of the terms C,, for n > 3 have been tried, starting with the work of
Wilcox [71], where a recursive procedure is presented that has been subsequently
used to get explicit expressions up to Cg in terms of nested commutators [55]. See
[21] and references therein for some historical background.

As with the BCH formula, the Zassenhaus terms C, can be expressed either as
a linear combination of elements of the homogeneous subspace .Z (X, Y), or as a
linear combination of words in X and Y,

Co= Y guw, (39)

w,|w|=n

where g, is a rational coefficient and the sum is taken over all words w with length
|w| = n in the symbols X and Y. In the later case expressions of C, up to n = 15
have been obtained in [70]. As we know, by applying the Dynkin—Specht—Wever
theorem [37], C,, can also be written in terms of Lie elements of degree n, but the
resulting expression is far from optimal.

For this reason, in [21] a recursive algorithm is designed that allows one to express
the Zassenhaus terms C, directly as a linear combination of independent elements
of the homogeneous subspace -2 (X, Y),. In other words, the procedure gives C,
up to a prescribed degree directly in terms of the minimum number of independent
commutators involving n operators X and Y. In this way, no rewriting process in
a Hall-Viennot basis of .Z (X, Y) is necessary, thus saving considerable computing
time and memory resources. The algorithm can be easily implemented in a symbolic
algebra system without any special requirement, beyond the linearity property of the
commutator.

The following observation is worth remarking. Sometimes one finds the “left-
oriented” Zassenhaus formula

X+Y — ... eC4(X,Y) eC3(X,Y) eCz(X,Y) eY eX (40)

e
instead of (38). Since the respective exponents C; and C; are related through

Ci(X, V)= (DX, ), i=2,

any algorithm to generate the terms C; allows one to get also the corresponding C;.
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3.2 An Efficient Algorithm to Generate the Terms C,

As usual, a parameter A > 0 is introduced in (38) multiplying each operator X and

Y,
2 3 4
HXHY) X MY 22Cr (APCh MG 41)

so that the original Zassenhaus formula is recovered when A = 1. One considers then
the products

R1 ()\‘) — e—)\y e—)\,X e)\,(X+Y)’

42
Rn()\-) — e—)»"C,l . e—)\.ZCQ e—)\Y e—)\x e)‘,(X-‘rY) — e—)\"Cn Rnfl()")a n> 2. ( )
It is clear from (41) that
Ry(3) = ¥ G "Gz (43)
Finally, we introduce
d —1
F,() = aRn()") R,(A)", n>=L (44)

When n = 1, and taking into account the expression of R;(A) given in (42), we get

F]()\,) - Y — ef)LYXe)LY +67A.Y67A.X(X 4 Y)e)LXe)»Y
— _Y — e—AadYX+e—kadye—)Ladx(X + Y)

— e—)»ady (e—}»adx _ I)Y,

that is,
(- k) i
() = ZZ ad (45)
i=0 j=I1
or equivalently

k

= . (=1* .
F]()L) = Z fl’k )\,k, with fl,k = Z mad]; ']adﬁ(Y. (46)
— j=1

Here we have used the well known formula

e'Be A =B = Z —ad”

n>0
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A similar expression can be obtained for F,, (1), n > 2, by considering the expression
of R, (A) given in (42) and the relation (43). On the one hand, from (42) we get

] d .
F,(\) = —nC, A" 474G (aRn_](A)> R (W)~ e Cn

=-—nC, A" ' 4e MO F_ e = —nC, A e Ya R (L) (47)
=e MM (F,_1(\) —nC, A",
Working out this recursion it is possible to write (n > 2)
0 [k/nl—1 -1
Fa) =) fuxdh,  with  f = ——adl, furkp,  kzm,
k=n j=0
(48)

where [k/n] denotes the integer part of k/n.
On the other hand, differentiating (43) with respect to A and taking into account
(44) we get

o0
Fa) =@+ 1) Cog A"+ Y ja™! eV Mo, L e
j=n+2

= 4+ DCo1 A" + (1 +2)Crpph™ -

+ (21 +2)Cou2 A + AP 2Cpr, Crpa] + -+ “9)
2n+2
= Y G R H,G), iz
j=n+1

where H, (1) involves commutators of C;, j > n + 1.

Notice that the terms C», Cs, ... of the Zassenhaus formula can be then directly
obtained by comparing (49) with the series expansions (46) and (48) for F,,(A),n > 1.
Specifically, for the first terms we have

Fi(A) = fiah + fiard® + fiadd 4+ = 200 4+ 3C3A% + 4C42°% + Hy(W)A*
F(\) = foor® + fosdd + frar* + - =330 +4C0° +5C 0% + -
F(0) = fishd + frad + - =4C0° +5CsAt + - - -
whence
2C = fi1,
3C3 = fr2= fi2,

ACs = fr3= fr3 = fi3.
5Cs = faa = f34 = fo4,
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and so, proceeding by induction, we finally arrive at the following recursive algo-
rithm:
Define f x by eq. (46)
G =(1/2) fi,
Define f,x n>2, k >n by eq. (48)
C,=1/n) fin-12n-1 n=3.

(50)

One of the remarkable features of this procedure is that the generated exponents C,, are
expressed only in terms of linearly independent elements in the subspace .2’ (X, Y),.
This can be shown by repeatedly applying the Lazard elimination principle [21].
As a result, the implementation in a symbolic algebra package is particularly easy,
since one does not need to use the Jacobi identity and/or the antisymmetry property
of the commutator. Moreover, the computation times and especially the memory
requirements are much smaller than other previous procedures (see [21] for more
details). For the sake of illustration, we next collect a Mathematica code of the
preceding algorithm.

Cmtla_, a_]l:= 0;
Cmt[a___, 0, b___1:= 0;
Cmtla___, c_ +d_, b__1:=Cmt[a, c, b] + Cmt[a, d, bl;
Cmt[a_ , n_ c_Cmt, b ]:=n Cmtl[a, c, b]l;
Cmt[a___, n_ X, b_ J]:=n Cmtl[a, X, b]l;
Cmtla___, n_Y, b_ J]:=n Cmtla, Y, b];
Cmt /: Format[Cmt[a_, b_]]:=
SequenceForm["[", &, ",", b, "1"1;

adla_, 0, b_]l:= b;
adl[a_, j_Integer, b_]l:= Cmt[a, adla, j-1, bll;
f£f[1, k_1:= ££[1, k] =

Sum[ ((-1)"k/ (3! (k-3)!)) adly, k-j, adlX, j, YII,
{3, 1, k}1;
ccl[2] = (1/2) f££f[1, 11;

fflp_, k_1:= fflp, k] =
Sum[ ((-1)"3j/3!) adlcclpl, j, fflp-1, k - p jl1I,
{3, 0, IntegerPartl[k/p] - 11}1;
cclp_Integer]:= cclpl =
Expand[ (1/p) fflIntegerPart((p-1)/21, p-111;

The first six lines of the code define the commutator. It has attached just the
linearity property (there is no need to attach to it the antisymmetry property and
the Jacobi identity). The seventh line gives the correct format for output. Next, the
symbol ad represents the adjoint operator and its powers adgb, whereas ££[1, k],
ff[p, k] correspond to expressions (46) and (48), respectively. Finally cc[p]
provides the explicit expression of C,,. In particular, we get as output
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1 1 1
Cs= —i[X, (X, [X, Y]] - g[Y, (X, [X, Y]] - §[Y’ v, [X, Y11l

1 1 1
Cs = m[X, X, [X, [X, Y]III + %[Y, (X, [X, [X, Y]] + %[Y, Y, [X, [X, Y1

1 1 1
+ %[Y, v, [y, [X, Y]l + %[[X, YL [X, [X, Y]]+ E[[X’ YL [Y, [X, Y]]

We stress again that, by construction, all the commutators appearing in C,, are inde-
pendent.

3.3 About the Convergence

Whereas the Zassenhaus formula is well defined in the free Lie algebra £ (X, Y), if
X and Y are elements of a complete normed Lie algebra, it has only a finite radius of
convergence. This issue has also been considered in the literature, typically obtaining
sufficient conditions for convergence of the form || X || + || Y || < r fora givenr > 0.
In other words, if X, Y are such that | X|| + || Y| < r, then

lim e¥efe® ...

n—o00

eCr = XtV (51)

Thus, the value r = log?2 — % ~ (0.1931 was given in [61] and r = 0.59670569. ..
in [7].

It turns out that the recursion of the previous section also allows one to improve
the domain of convergence, as shown in [21]. By bounding appropriately the terms
F,(X) and also the C,, i.e, by showing that

[E, M= o), NGl < 6n
and analyzing (numerically) the convergence of the series Y .- , 8, itis possible to get
a new convergence domain including, in particular, the region || X || + || Y| < 1.054,

and extending to the points (|| X[, 0) and (0, ||Y||) with arbitrarily large value of || X||
or |[Y].

3.4 A Generalization

In certain physical problems one has to deal with the exponential of the infinite series

SO =) NAy=rA + WAy + (52)

n=1
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where A; are generic non commuting indeterminates and A > 0. The problem consists
then in factorizing this exponential as

2 n
eSB) = hC1 MC G (53)

i.e., in obtaining a Zassenhaus-like formula adapted to this setting. It turns out that the
algorithm developed in Sect. 3.2 can also be applied here with only minor changes.

As usual, we start by differentiating both sides of Eq.(53) and multiplying the
result by e 5™ From the left hand side we have

[e.¢]

d S() —-S(\) __ 1 k /
(ﬁe € = kX_; mads()\)s ()\)7 (54)

where S'(A) = Y72, i A'"' A;. From the right hand side,

d AC) A2C G, - = e i ad, j_
— (e*™er 2. e ”-~-)e W = + A lerder L WG 0L (55
- 1 j§=2jf i (59)

Next we express (54) as a power series in A so that comparison with (55) gives us
recursively the expression of each term C,. Specifically, if we denote S; = ad’gS/,
then

oo j—k
Sk = Z )»jSk!j, with Sk’j = ZadAKSk,l,j,g, k>2,
j=k+1 =1
whereas
[j/21
Si,j = Z(j —2k+ Dada, Ajyr1.
k=1
In this way,

o) j—1
1
dis' = A, +22A W DA Sei ).
%( 1)|a 1+ 2—i—¥2 ((J+ ) ;+1+Z(£+1)! g,l>
(56)

Now, comparing (55) with (56) it is clear that C; = A;. Introduce now the functions

hy =2A,
n—1

=M+ DA, +Z

le n>27

(E—i— !
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so that
Z —— adf, S — A =) A'h,
185
k=0 (k + 1) n=1
and
o0
Fy=e ™y "),
n=1
Then

14

F :if At where f =ZL)E_jadz_jh-
1 2 1, 1,z—j=1 = et

whence, finally

1
C2=§f1,1-

Carrying out this process for higher values of n, we define recursively the functions

[k/n]—1

GRV,
Tadjcn Jn—1k=nj>

Fa) =) fud, =
k=1

j=0

so that, analogously,

1
= — frn— >
Cn nf[Tl]‘n_l, n = 3.

Again, the implementation of this algorithm in a symbolic algebra package is straight-
forward, but now more computation time and memory resources are required if one
aims to get high order terms. This can be clearly seen when considering the number
of terms involved. Whereas in the usual Zassenhaus expansion Cj¢ has 3711 terms,
now there are 22322. The first terms of the expansion read explicitly

Cr,=A;

1
Cy=A;— E[Al, As]

1 1
Ci= Ay — E[Ah As]l+ E[Ah [Aq, As]]

1 1 1 1
Cs=A;5 — =[A, A —[Ay,[Ay, A3]] — —[A1,[A1,[A, A — —[A,, A
5 5 2[ 1 4]+6[ 1, [A1, A3]] 24[ 1, [A1, [A1, A2]]] 2[ 2, Azl

1
+ §[A2, [Aq, As]].

A detailed study of this expansion is carried out in [51].
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4 The Magnus Expansion

4.1 The Procedure

As stated in the Introduction, Problem 3 concerns the feasibility of expressing the
fundamental matrix of the linear differential matrix equation

dy
— =AQ@)Y, Y0)=1 (57)
dt
as an exponential representation. In other words, the problem consists in defining, in
terms of A, an operator §2(¢) such that Y (z) = exp(£2(¢)).
Equation (57) can be solved of course by applying the Neumann (Dyson) iterative
procedure, thus expressing the solution as an infinite series whose first terms are

t t s

Y() = I+/A(s)ds—i—/A(sl)/A(sz)dszdsl + .-
0

0 0
In general,
00 1 Sn—1
Y(t) =1+ Py(1), where P,(t)= /dsl / ds,AjAy--- A, (58)
n=1 0 0

and A; = A(s;). The series in (58) has the obvious drawback that, when truncated, the
resulting approximation may loose some properties the exact solution has. Suppose,
for instance, that A(¢) is skew-Hermitian, as is the case in quantum mechanical
problems. Then the exact solution is unitary, whereas any truncation of the series
(58) is no longer so. As a result, the computation of e.g. transition probabilities may
be problematic.
Motivated by this issue, Magnus proposed in his seminal paper [43] to write the
solution as the exponential
Y (1) = exp(£2(1)), (59

where §2 is itself an infinite series,

Q) =) 2. (60)

m=1

In this way, “the partial sums of this series become Hermitian after multiplication by
i if i A is a Hermitian operator” [43].

Starting from (57) and taking into account the derivative of the exponential, one
obtains the differential equation satisfied by £2, namely
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d? B
Z:Zn—';ad’éA, £2(0) =0. (61)
n=0 :

Notice that, in contrast with (57), this equation is nonlinear. In any event, by defining

Qo] =0, QW@ = /A(s])ds],
0

and applying Picard fixed point iteration, one gets

t

1 1
2@ = / (A — LUl A+ Sl el AN+ -~>dsl
0

so that lim,,_, ., 2"1(t) = £2(¢) in a (presumably small) neighborhood of ¢t = 0.
Inserting the series (60) into (61) it is possible to get the first few terms in closed
form. Specifically,

t

() = / A(n) dn,
0
1 t n
2= [ an [ o taw). aa)
0 0
| t ! 5]
25(1) = 3 / dry /dlz / drs ([A(1), [A(2), A(3)]] + [A(83), [A(r2), A()]]).
0 0 0
(62)
Other, more systematic approaches are required to obtain the terms in the series (60)
for any m. Thus, for instance, by using graph theory it is possible to get explicit
formulae for £2,,(¢) at all orders, whereas the recursive procedure proposed in [39]
is well suited for computations up to high order. It is given by

m—j

SO =21, AL SP =D 12,81 2<j<m—1
n=1

t t

m—1

B; .
2 :/A(tl)dtl, 2, = Z#/sy(n)dn, m > 2. (63)

0 J=1 0

Working out this recurrence one arrives at the alternative expression
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t

PHOED PN /adgkl(x)adgkz(s)u-akoI(X)A(s)ds m>2.

|
j=I1 J! Kotk j=m—1

k]zl,.“,kal 0

(64)
Notice that each term £2,,(¢) in the Magnus series (60) is a multiple integral of
combinations of m — 1 nested commutators containing m operators A(t). In conse-
quence, as pointed out before, if A is skew-Hermitian, any approximation obtained
by truncating the Magnus series is unitary (as long as the exponential is correctly
evaluated). More generally, if A(¢) belongs to some Lie algebra g, then it is clear that
£2(¢) (and in fact any truncation of the Magnus series) also stays in g and therefore
exp(£2) € ¢4, where ¢ denotes the Lie group whose corresponding Lie algebra is g.
The Magnus expansion shares another appealing property with the exact flow of
(57), namely its time symmetry. Consider with greater generality the problem

dy

— = A(1)Y, Y (1) =Y. (65)

dt
The flow ¢, : Y (ty) — Y (¢) corresponding to (65) is time-symmetric, ¢_, o ¢, = 1d,
since integrating (65) from 7y to any #; > #o and back to # leads to the original
initial value Y (fy) = Y. On the other hand, the Magnus expansion can be written as
Y(t 4+ h) = exp($2(¢, h))Y (¢), so that time-symmetry implies that

Q(t + h, —h) = —2(t, h). (66)

If A(¢) is an analytic function and its Taylor series around ¢ + /2 is considered,
then £2(z, k) does not contain even powers of &. More specifically, if

h , . 1 diAs)
Alt+=-+1t)=a+at+at"+--- with a; = — . , (67)
2 1! dst ls=t+h)2

then the terms £2,, in (63) computed at ¢ + & read

1 1
2, =h h— h— O’
1 ag + 12a2+ 80614“1‘ h")

—1 1
2, = h3E[ao, a] + hs(—[ao, az] + —lai, az]) AL

80 240 (68)
2y = (sl av. ax] — sl ap. ) + O(R)
3600 2407
1
24 = hsm[ao, ag, ap, a1l + O(h),

whereas 25 = O(h"), 26 = O(h7) and 27 = O(h°). Here we write for clarity
lai,,ai,, ..., aqi a1 =lai, lai,, [...,[a;_,,a;]...]1]]. Notice that, as anticipated,
only odd powers of 4 appear in £2; and, in particular, £25; 11 = O (h**3) fori > 1.
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This feature has shown to be very useful when designing numerical integrators based
on the Magnus expansion [11, 12, 36].

Although one might think of (59) and (60) only as a formal representation of the
solution Y (¢) of (57), it has been shown that by imposing certain conditions on the
operator A(t), the exponent £2 () is a continuous differentiable function of A(¢) and
t verifying (61). Moreover it can be determined by a convergent series (60) whose
terms are computed by applying the recursion (64). Specifically, the following result
is proved in [18].

Theorem 2 Let the equation Y' = A(t)Y be defined in a Hilbert space F€ with
Y(0) = I. Let A(t) be a bounded operator on 7. Then, the Magnus series §2(t) =
Z:f:] £2,,(t), with §2,, given by the recursion (63), converges in the interval t €
[0, T) such that

T
/ A(s)||ds <
0

and the sum $2(t) satisfies exp §2(t) = Y (t). The statement also holds when F€ is
infinite-dimensional if Y is a normal operator (in particular, if Y is unitary).

This theorem, in fact, provides the optimal convergence domain, in the sense that
is the largest constant for which the result holds without any further restrictions on
the operator A(¢). Nevertheless, it is quite easy to construct examples for which the
bound estimate r. = 7 is still conservative: the Magnus series converges indeed for a
larger time interval than that given by the theorem [18, 47]. Consequently, condition
fOT lA(s)|lds < m is not necessary for the convergence of the expansion.

A more precise characterization of the convergence can be obtained in the case of
n X n complex matrices A(¢). Specifically, in [18] the connection between the con-
vergence of the Magnus series and the existence of multiple eigenvalues of the funda-
mental solution Y (¢) is analyzed. Let us introduce a new parameter ¢ € C and denote
by Y;(¢) the fundamental matrix of Y’ = ¢ A(¢)Y. Then, if the analytic matrix func-
tion Y, (&) has an eigenvalue py(e9) of multiplicity £ > 1 for a certain gy such that: (a)
there is a curve in the e-plane joining ¢ = 0 with ¢ = &(, and (b) the number of equal
terms in log p; (o), log p2(&p), ..., log ps(g9) such that pr(e9) = po, k =1,...,¢
is less than the maximum dimension of the elementary Jordan block corresponding
to po, then the radius of convergence of the series §2,(¢) = Y ,.., 6*§2, x verifying
exp £2,(g) = Y, (e) is precisely r = |go|. Notice that this obstacle to convergence is
due just to the logarithmic function. If A(¢) itself has singularities in the complex
plane, then they also restrict the convergence of the procedure.

Since the 1960s, the Magnus expansion has been extensively applied in mathe-
matical physics, quantum physics and chemistry, control theory, nuclear, atomic and
molecular physics, optics, etc., essentially as a tool to construct explicit analytical
approximations for the corresponding solution. More recently, it has also been used
as the starting point to design new and very efficient numerical integrators for the
initial value problem defined by (65). The idea consists in dividing the time interval
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[%0, /] into N subintervals steps and construct an approximation in each subinter-
val [t,—1,t,],n = 1, ..., N, by truncating appropriately the exponent §2(t,, i), with
h = t, — t,—;. This is done by analyzing the time-dependency in each term §2,, of the
Magnus series (60) and approximating the successive integrals appearing in £2,, by
a single quadrature up to the desired order. The resulting schemes, by construction,
provide numerical approximations lying in the same Lie group ¢ where the differ-
ential equation is defined: in the case of quantum mechanics, if (65) corresponds
to the time-dependent Schrodinger equation, then the numerical solution is unitary
and thus provides transition probabilities in the correct range of values for all times.
Integration methods of this class are particular examples of geometric integrators:
numerical schemes that preserve geometric properties of the continuous system, thus
granting them with an improved qualitative behavior in comparison with general-
purpose algorithms [9, 11, 32, 36].

The Magnus expansion can also be generalized to get useful approximations to
the nonlinear time-dependent differential equation

dy
T =ACYY. V() =Y (69)

defined in a Lie group ¢ [19]. As in the linear case, the solution is represented by
Y (1) = exp($2(z, Yo) Yo, (70)

where £2 satisfies the differential equation

d2 B
— =D adh AG. T Yods,  2(0) =0, (71)
k=0 '

We can solve this equation by iteration (/% = 0), thus giving

! oo
B me1l(
Q") = / > b AG. e Y ds, m= 1.
0 k=0 ’

It is then clear that

U@ = /A(s, Yo)ds = 2(t, Yo) + O(2), (72)
0

whereas the truncation

m—2 !
B m—
QM@ =3 % / adly, 0 Al e OY)ds, m=2,  (73)

k!
k=0 " g
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once inserted in (70), provides an explicit approximation Y"1(¢) for the solution of
(69) that is correct up to terms &' (+"+1) [19]. In addition, 21" (¢) reproduces exactly
the sum of the first m terms in the §2 series of the usual Magnus expansion for the
linear equation Y’ = A(¢)Y [9].

4.2 The Magnus Expansion and pre-Lie Algebras

A careful analysis of the recursion (63) and (64) for the Magnus expansion shows

that the object
t

A A(s) 1= /A(u)du,A(s) , (74)
0

involving integration and the commutator operations, allows one to get more compact
expressions for the successive terms in the series of 2 [26]. Specifically, we may
write

1
SV =[2),A]=A> A, sothat 2= ~3 (A A).

Analogously,

t

w1 ) 1
S§ =—E(A>A)|>A, S0, A =—§((A>A)>A)>A,
0

1
[21.5"1= —5 Av (A= A) e 4)
and thus |
2
1
3

) 1
2 =—=5"+ 72 S

t
1
/s;“,A +3[91,S§”]
0

2=

Alternatively, we have

t

1
2, = —E/ADA(s)ds
0

23 = é /(A > (A A))(s)ds + %/((A >A)> A)(s)ds
0 0
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1 t 1 t
24 = _6 /((A >A)> A)> A(s)ds + D / A ((A>A)> A)(s)ds.
0 0

The bilinear operation (74) is a particular example of a pre-Lie product based on the
dendriform products

N s

(A > B)(s) = /A(u)du B(s), (A< B)(s) = A(s) /B(u)du ,
0 0
(75)

where A and B are two given matrices. More generally, a left pre-Lie algebra (7, )
is a vector space &/ equipped with an operation > subject to the following relation
[44]:

(av-b)rc—av(b>c)=(bra)rc—b>(arc),

whereas a dendriform algebra is a vector space endowed with two bilinear operations
> and < satisfying the following three axioms:

(a<b)y<c=a<b=<c+b>oc),
(a>=b)y<c=a> (b <c)),

a>Mb>=c)=(@<b+a>D>b)>c.
Clearly, a dendriform algebra is at the same time a pre-Lie algebra, since
arb=a>b—-b<a

is aleft pre-Lie product. Of course, a right pre-Lie algebra can be defined analogously
[28]. Defining the operator L, as L,b = a > b, we can formally express Eq. (61) for

2 as [28] o
L B,
=—2—(A)=) —TLG(A).

dt ele — T
n>0

This allows one to generalize the Magnus expansion to pre-Lie and dendriform
algebras, and analyze their purely algebraic and combinatorial features in a more
abstract setting, with applications in other areas, such as Jackson’s g-integral and
linear g-difference equations [27].

4.3 The Magnus Expansion and the BCH Series

The Magnus expansion can also be used to get explicitly the terms of the series Z in

Z = log(ex‘ eX?)
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when X; and X, are two non commuting indeterminate variables, i.e., we can use it
to construct term by term the Baker—Campbell-Hausdorff series. This can be done
simply by considering the initial value problem (57) with the piecewise constant

matrix-valued function
X 0<t<1
A(t)_{Xl 1<t <2 (76)

The exact solution at t = 2 is Y (2) = e*! eX>. Now we can use the recursion (63) to
compute the exponent () at ¢ = 2 so that ¥ (2) = e“®. In this way we generate
the BCH series in the form (7). Although this procedure does not constitute a better
alternative in practice with respect to the algorithm presented in Sect.2.2, it does
allow one to get a sharper bound on the convergence domain of the series: by applying
Theorem 2 to this case we obtain the following result [20].

Theorem 3 The Baker—Campbell-Hausdor{f series in the form (7) converges abso-
lutely when || X1 || + | X2] < 7.

This result can be generalized, of course, to any number of non commuting operators
X1, Xa, ..., X,. Specifically, the series

Z = log(eX1 eX2 ... eXa),

converges absolutely if || X ]| + || X2|| +--- + | X4]l < 7. This connection allows
one to relate in a natural way the underlying pre-Lie structure of the Magnus expan-
sion with the BCH series and the set of rooted trees used in its derivation.

5 Some Applications

The previous exponential identities have found applications in many different fields
ranging from pure and applied mathematics to physics and physical chemistry. It
is our purpose in this section to review three of them, perhaps not sufficiently well
known: the role of the BCH formula for obtaining splitting and composition meth-
ods for differential equations, a particular form of the so-called Kashiwara—Vergne
conjecture (now a theorem) and the existence of non-trivial identities involving com-
mutators in a free Lie algebra. For a comprehensive list of applications we refer the
reader to e.g. [11, 14, 32] and references therein.

5.1 Splitting Methods

The BCH formula is widely used in the design and analysis of numerical integra-
tion methods for differential equations, specifically to obtain the order conditions in
splitting and composition methods [32, 45]. Let us consider an initial value problem
of the form
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d

T =f0. xO=x ek (77)
whose vector field can be decomposed as a sum of two contributions, f(x) =
FM(x) + f121(x), in such a way that each sub-problem

d d
d—f = (), d—’t‘ = %), x(0)=xoeR?

can be integrated exactly, with solutions x (k) = ¢,[1'](x0), x(h) = ga,[f] (xp) att = h.
Then, by composing these solutions as

xn =@ o g}l (78)

we get a first-order approximation to the exact solution. By introducing suitable (real)
parameters ¢; it is possible to construct higher-order approximations by means of
the composition method

wh = Xoash © Xas_1h © O Xayh- (79)

Alternatively, we may consider more maps in (78) with additional parameters. In this
case, one has a splitting method of the form

_ 2] [1] [2] [2] [1] [2]
VUh = Py, © Pah © Poh ©* © Poir © Py © Py (80)

In both cases, the coefficients «;, a;, b; have to satisfy a set of conditions guaranteeing
that the resulting schemes are of a prescribed order r in 4, i.e.,

Vi (x0) = @ (x0) + Oh"tH),

where @, (xo) denotes the exact solution of (77) for a time step k. These order con-
ditions are formulated as polynomial equations in the coefficients whose degree and
complexity increase with the order of the method. Constructing particular integrators
requires first obtaining and then solving these order conditions, and is here where
the BCH formula has shown to be an extremely helpful tool [10, 32, 45].

In the following we illustrate how the BCH formula is used to get the order
conditions for splitting methods of the form (80). The important point here is that
we can introduce differential operators and series of differential operators associated
with the vector fields f, f!!1, 1?1 and the numerical integrator v,. Specifically, we
can associate with the vector field f in (77) the first-order differential operator (or

Lie derivative)
0%
Ly= Z fi Py
i=1 !
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and the Lie transformation exp(¢L y) in such a way that the exact solution of (77)
can be formally written as

hk
@n(x0) = Z F(Ll} Id) (xo) = exp(hL f)[Id](x0), (81)
k>0

where Id(x) = x denotes the identity map [32].
Analogously, the Lie derivatives corresponding to f!! and f!?! read, respectively,

d d
3 9 3 d
A= Lf[l] = fi[l](x) ™ , B = Lfm — fi[Z](x)a,

i=1 i=1

so that

[2] [1] [2] [2] [1] [2] _
(ﬁobmh O Puh © P © " © Piyiy © Payn © ﬁ"blh) (x0) =

exp(b1hB) exp(aihA)--- exp(ashA) exp(bs+1hB)[1d](xo).

(82)

Notice the opposite order of the operators with respect to the maps in (82). Now, by
formally applying the BCH formula in sequence to the series of differential operators

W (h) = exp(b1hB) exp(aihA) exp(bahB) - - - exp(bshB) exp(ashA) exp(bs1hB)
we end up with

W(h) = exp(F(h)),  where F=§:HE“

n>1
so that the integrator (80) is of order r if
Fi=Ly=Lsjn+Ln=A+B, and F,=0 for 2<k<r.
In more detail [9],

F(h) = h(vgA 4+ vy B) + h*vp[A, Bl + 1> (vaap[A, [A, B1] + veas[ B, [A, B]])
+h* Vaaan[A, [A, [A, BI] + Vbaas[ B, [A, [A, B + viwap[ B, [B, [A, B11])
+0(h), (83)

where vy, Vi, Vab, Vaab» Vbabs Vaaabs - - - are polynomials in the parameters a;, b; of the
scheme. In particular [10],

s+1
1

va:i:a,-, Vp = Zbiy Vab = Evavb - Z biaj’ (84)
i=1

i=1 I<i<j<s
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1 1
Waab = ngvb — Z a;jbjay, Whah = —gvavlz, + Z bia;by,

I<i<j<k<s I<i<j<k<s+1
and the order conditions for the splitting method are obtained by requiring
Ve =V =1, Vab = Vaab = Vpap = -+ =0

up to the order considered. These are necessary and sufficient conditions to achieve
the desired order as long as F (k) is expressed in terms of a basis in the free Lie
algebra Z (A, B) generated by {A, B} (see [10] for more details).

Splitting methods have a long history both in the numerical analysis of ordinary
and partial differential equations (sometimes with different names) and in applica-
tions arising in many different fields: celestial mechanics, chemical physics, molec-
ular dynamics, quantum statistical mechanics, etc, especially in the context of geo-
metric numerical integration [9, 32, 45].

5.2 The Kashiwara—Vergne Conjecture

In the course of their research on the transport of the convolution product by the expo-
nential application for invariant distributions, Kashiwara and Vergne [38] announced
in 1978 the following combinatorial conjecture related with a particular way of
expressing the Baker—Campbell-Hausdorff formula.

Conjecture 1 (Kashiwara—Vergne) Let us denote by Z(X,Y) = log(e*Xe") the BCH

series. For any Lie algebra g of finite dimension, there exist series F(X,Y) and

G(X,Y) on g x g without constant term taking values in g such that they satisfy
X+Y—-ZY, X)=(0—-e™F(X,Y) + (Y —1DGX,Y) (85)

and the trace identity

1 adX ady adz(xyy)
tr(ady 0 9x F +ady 0 0y G) = Etr (eadx —1 + eady — | eadzexyy — | .

(86)
Here 0x F, 0y G € End(g) are defined by

d d
IXF(X.Y) 1 U —F(X +1U. V=0, 9yGX.¥): U —GX. Y +1U)l=o

and tr denotes the trace of an endomorphism of g.
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Several remarks are in order with respect to this statement. First, Eq. (85) is essentially
equivalent to grouping together in the BCH formula all terms that are of the form
[X,...], resp. [Y,...]. Of course, F and G are not uniquely determined by this
property [16]. The major difficulty of this conjecture lies then in the trace Eq.(86)
[4]. Second, the conjecture establishes the existence of a pair of functions (F, G)
satisfying (85) and (86). It turns out, however, that the pair

(G(-Y,—-X), F(-Y,—-X)) &7

also constitutes a solution. In consequence, it is possible to look only for symmetric
solutions, i.e., functions verifying G(X, Y) = F(-Y, —X).

Kashiwara and Vergne proposed a symmetric pair of universal Lie series and show
that, for solvable Lie algebras, they verify the trace Eq. (86). These functions can be
expressed as follows [60].

Let v be the function defined by

_ et —1—z
W(Z)—m,

and denote Z(t) = Z(tX,tY),0 <t < 1. Then the functions

1
_ a—tady

1
FU(X,Y) = / Ty © Vadze)dr | (X +) (88)
0

and G'(X,Y) = F'(~Y, —X) verify Eq.(85) by construction. This is also true for
the functions

1 1
FOX,Y) = 5 (F'(X,Y) + e F' (=X, -Y)) + Z(Z(X, Y)—X)
G'(X,Y) = F'(-Y, —X) (89)

which, in addition, satisfy Eq. (86) when g is solvable [38] and also when g = sI(2, R)
[59].

In 2005 Alekseev and Meinrenken [3] proved the Kashiwara—Vergne combina-
torial conjecture with complete generality by using a deformation of the Baker—
Campbell-Hausdorff series proposed by Torossian [64]. Due, in particular, to prop-
erty (87), there are many solutions to the Kashiwara—Vergne problem. Nevertheless,
it has been shown by means of a computer code that the functions (89) do not satisfy
the Kashiwara—Vergne conjecture in the case of a general Lie algebra [2]. In conse-
quence, this solution is not universal, since it is not valid for all finite dimensional
Lie algebras.
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It is clear that the algorithm proposed in Sect. 2.2 can be applied here to construct
explicitly the Lie series (F, G°) in terms of X, Y up to high degree. The resulting
expressions may then provide additional information on their structure and validity.

We have constructed a code based on the algorithm developed in Sect. 2.2 for the
BCH series which allows us to generate the series (F°, G°) up to an arbitrary order
in an efficient way. In particular, we reproduce the same results obtained in [2] up to
order 8, verifying in this way that the expressions (89) do not satisfy the Kashiwara—
Vergne conjecture at this order for general Lie algebras. As an illustration, G° up to
order 6 reads in the Lyndon basis

Gx Y)——K—i[X Y]+i[[X Y] Y]—L[X [X, Y1l
T 4 24T 48T T 4 Y

1 1 1
+ @[[[X, Y] Y]Y]— M[X, (X, YL Y]l - %[X, [X, [X, Y]]

1 1 1

= Sagg [1X: Y1 Y1 Y1, Y1 4 o (X [ V1L X YT 4 oo [1X Y1 [IX Y1 Y11
1 1 1

3600 WX YL YL Y1) = o [X 1 IX, YL YT+ Seen X 1XG 11X, Y]
1

1
= 50a0 X Y1 YL Y] YL YT 4 =S [1X [1X Y V1L X, Y]]

1 23

+ oo X Y1 IIX. YL YL Y11+ o s IXC THIX. YT, Y] YD, YD)
1 1

~ G720 WX IX YL LY YT = =0 X L YL [1X YD, YD

! 13
- M[Xa [X,[[[X,Y], Y], Y]] - m[x7 [X,[X,[[X, Y], Y1

1
+ M[X’ [Xa [X7 [Xa [X! Y]]]]]'

+

These series are absolutely convergent in a neighborhood of the origin when a
norm is introduced in g, as shown by Rouviere [60]. As a matter of fact, the domain
of convergence can be enlarged by using the results obtained for the BCH series. For
completeness, we reproduce here Rouviere’s argument.

Since the function v is meromorphic in C with poles at +2kimw, k = 1,2, ..., it
can be expanded in a power series in the disk |z| < 27. With a norm on g satisfying
Eq. (36), it is clear that with the corresponding norm on End(g) one has |adx| <
2|1 X||. Then the integrand of the function F' in (88) can be expanded into a power
series of ¢ and the endomorphisms ady, adz(, if [ladx|| < 27 and ||adz¢) || < 2.
These constraints are clearly satisfied when (X, Y) € D; U D, as given by (37), and
thus F'(X,Y) (and obviously F°(X, Y)) is absolutely convergent in D U Ds.
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5.3 High Order Identities Involving Commutators

As we mentioned in Sect. 2.2, the BCH series expressed in different bases of the free
Lie algebra .Z (X, Y) has a different number of non-vanishing coefficients. In [20] is
shown that in the Lyndon basis this number is sensibly reduced with respect to the Hall
basis (up to degree 20 by about a 30%). An interesting question could be to identify
the particular basis where the number of non-vanishing terms is minimum, i.e., to get
the most compact expression of the form (15). Partial results in this setting are given
in [40, 53], where shortened versions of the BCH series are obtained up to degree 8
and 10, respectively. This is done by considering a right-normed basis in .Z (X, Y),
i.e., one that consists of elements of the form [a;,, [a;,, [. .., [ai,_,, a;]...]1]], where
a;, are the generators X, Y. Such a basis exists and can be constructed algorithmically,
as shown in e.g. [13], although the process is by no means straightforward.

In [53], in particular, by comparing different procedures to obtain the BCH formula
and some existing symmetries, several remarkable identities satisfied by right-nested
commutators at high degree were unveiled which, in turn, allowed its author to
identify independent commutators and eventually simplify the series up to order
eight. Recognizing these generalized identities could thus be an essential ingredient to
get more compact expressions for the BCH series and other exponential expansions.

It turns out that the Magnus expansion can also be used for this purpose, as we
next show. If in (67) a; =0, a; =0 fori > 2 and denote ¢y = X, a, =Y, i.e., we
compute the Magnus expansion at t 4+ i with

A +h/2+71)=X+Y1%

then clearly £2,; vanishes due to time-symmetry. Thus, when the recursion (63) is
applied, all terms with even powers of & must be identically zero. These terms are
linear combinations of right-nested commutators of the form [a;,, [a;,, [. - ., [ai, .
a;,]...]11] and give rise to non-trivial identities involving X and Y.

Proceeding in this way we obtain the following three identities arising in £2¢:

6.1): 3[YXXYXY]+[XXYYXY]-3[XYXYXY]—-[YYXXXY]=0;
6.2): [YYXYXY]+[XYYYXY]-2[YXYYXY]=0;
(6.3): [XXXYXY]+[YXXXXY]-2[XYXXXY]=0,

whereas from £2g we obtain four more identities:
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8.1): [XXXYXXXY]—-3[XXYXXXXY]+3[XYXXXXXY]
—[YXXXXXXY]=0;

(8.2): [XXXXYYXY]—2[XXXYXYXY]—2[XXYYXXXY]
+8[XYXYXXXY]—3[XYYXXXXY]—2[Y XXYXXXY]
—[YXYXXXXY]+[YYXXXXXY]=0;

(8.3): —29838[XXXYYYXY]+61125[XXYXYYXY]

— 4347[XYXXYYXY] — 56778[ XY XY XY XY]

— 1449[XYYYXXXY] — 17477[Y XX XYY XY]
+56778[YXXYXYXY] +23273[Y XYY XX XY]
—61125[YYXYXXXY]+29838[YYYXXXXY]=0

(8.4): 3[XXYYYYXY]—3[XYXYYYXY]—6[XYYXYYXY]
—O[YXXYYYXY]+24[YXYXYYXY] —4[YYXXYYXY]
—6[YYXYXYXY]+[YYYYXXXY]=0.

Here [XXXYXXXY] denotes the right-nested commutator [X, [X, [X, [Y, [X,
[X, [X, Y]]111]1, etc. Identities involving three operators can be obtained in a similar
way if instead we consider

At +h/2+1) =X, + Xot? + X317t
and repeat the procedure.
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Appendix
5.4 Lie Algebras

A Lie algebra is a vector space g together with a map [-, -] from g x g into g called
Lie bracket, with the following properties:

1. [-, -] is bilinear.
2. [X,Y]=—[Y,X]forall X, Y € g.
3. [X, Y, Z11+ 1Y, [Z, X114+ [Z,[X, Y]] =0forall X, Y, Z € g.

Condition 2 is called skew symmetry and Condition 3 is the Jacobi identity. One
should remark that g can be any vector space and that the Lie bracket operation [-, -]
can be any bilinear, skew-symmetric map that satisfies the Jacobi identity. Thus, in



224 F. Casas

particular, the space of all n x n (real or complex) matrices is a Lie algebra with the
Lie bracket defined as the commutator [A, B] = AB — BA.

Associated with any X € g we can define a linear map ady : g —> g which acts
according to

adyY =[X,Y], ad,y =[X,ad,'Y], adlY=Y, jeN (90)

forall Y € g. The “ad” operator allows one to express nested Lie brackets in an easy
way. Thus, for instance, [X, [X, [X, Y]]] can be written as adiY . Moreover, as a
consequence of the Jacobi identity, one has the following properties:

1. ad[qu] = aandY — adyadX = [adx, ady]
2. adz[X, Y] =[X,ad;Y]+ [adzX, Y].

For matrix Lie algebras one has the important relation (see e.g. [36])

[e¢]

1
X —-X _ Jadyy __ adk
e Ye " =e Y_Zk!adXY,
k=0
so that
eXel e X =¢?, with  Z = e¥xy,

The derivative of the matrix exponential map also plays an important role in our
treatment. Given a matrix §2(¢), then [36]

d
7; P2 () = dexpg ) (2'(1)) exp(22(1)),
d
o exp(£2(1)) = exp(£2(1)) d exp_g ;) (£2'(1)),

where d exp, (C) is defined by the (everywhere convergent) power series

_ nd 1 X _ etde _
dexpg(C) = kZz(; T de© = ——(©.

If the eigenvalues of the linear operator adg, are different from 2mmi with m €
{£1, £2, ...} then the operator d exp, is invertible [11, 36] and

[e¢]

_ ad
dexpg(C) = (€)=
k=0

By

242 (0),

where By are the Bernoulli numbers.
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5.5 Free Lie Algebras and Hall-Viennot Bases

Very often itis necessary to carry out computations in a Lie algebra when no particular
algebraic structure is assumed beyond what is common to all Lie algebras. It is in
this context, in particular, where the notion of free Lie algebra plays a fundamental
role. Given an arbitrary index set / (either finite or countably infinite), we can say
that a Lie algebra g is free over the set I if [49]

1. forevery i € I there corresponds an element X; € g;
2. for any Lie algebra §h and any function i — Y; € b, there exists a unique Lie
algebra homomorphism 7 : g — b satisfying w(X;) = Y; foralli € I.

If 7 ={X;:iel}Cg, then the algebra g can be viewed as the set of all Lie
brackets of X;. In this sense, we can say that g is the free Lie algebra generated by
7 and we denote g = Z (X4, X, ...). Elements of £ (X, X5, ...) are called Lie
polynomials.

It is important to remark that g is a universal object, and that computations in g
can be applied in any particular Lie algebra fj via the homomorphism 7 [49], just by
replacing each abstract element X; with the corresponding Y;.

In practical calculations, it is useful to represent a free Lie algebra by means
of a basis (in the vector space sense). There are several systematic procedures to
construct such a basis. Here, for simplicity, we will consider the free Lie algebra
generated by just two elements .7 = {X, Y}, and the so-called Hall-Viennot bases.
Aset{E; :i=1,2,3,...} C Z(X,Y) whose elements are of the form

E,=X, E;=Y, and E; =[E;, Ey] i=3, oD

with some positive integers i, i” < i (i = 3,4, ...) is a Hall-Viennot basis if there
exists a total order relation > in the set of indices {1, 2, 3, ...} such that i > {” for
alli > 3, and the map

d:(3,4,...} —{(j,hheZxZ : j=k>=j"}, (92)
d@i)=(@",i") (93)

(with the convention 1” = 2” = 0) is bijective.

In [57, 67], Hall-Viennot bases are indexed by a subset of words (a Hall set of
words) on the alphabet {x, y}. Such Hall set of words {w; : i > 1} can be obtained
by defining recursively w; as the concatenation w;w;» of the words w;: and w;», with
w; = x and w, = y. In particular, if the map (92) is constructed in such a way that the
total order relation > is the natural order relation in Z, i.e., >, then the first elements
of the Hall set of words w; associated to the indices i = 1,2, ..., 14 are x, y, yx,
VXX, VXY, VXXX, VXXV, VXYY, YXXXX, YXXXY, YXXYY, YXYYY, YXXyX, yXxyyx. In
consequence, the corresponding elements of the basis in .Z (X, Y) are
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X, Y, [v, X], [IY, X], X], [[Y,X], Y], [[l¥, X], X], X1, [[[Y, X], X], Y], [[[Y, X], Y], Y],
[y, x1, X1, X1, X1, [(ty, X1, X1, X1, Y1, [y, X1, X1, Y1, Y1, [l X1, Y1, Y1, Y],

[y, X1, X1, [y, X11, [[[Y, X1, Y1, [Y, X]].
(94)

Notice that if the total order is chosen as < instead, it results in the classical Hall
basis as presented in [15].

On the other hand, the Lyndon basis can be constructed as a Hall-Viennot basis
by considering the order relation > as follows: i > j if, in lexicographical order (i.e.,
the order used when ordering words in the dictionary), the Hall word w; associated
to i comes before than the Hall word w; associated to j. The Hall set of words
{w; : i > 1} corresponding to the Lyndon basis is the set of Lyndon words, which
can be defined as the set of words w on the alphabet {x, y} satisfying that, for arbitrary
decompositions of w as the concatenation w = uv of two non-empty words u and v,
the word w is smaller than v in lexicographical order [42, 67]. The Lyndon words for
i=1,2,...,14arex, y, Xy, Xyy, XXy, Xyyy, XXyy, XXXy, XYyyyy, XXyXy, XYXYyy,
xXxyyy, xxxyy, xxxxy and the corresponding (Lyndon) basis in .Z (X, Y) is formed
by

X, Y, [X, Y] (X, Y] Y] X, [X, Y]], [[X, Y], Y], Y] [X, [[X, Y], Y], [X,[X,[X, Y]]],
(X, Y1, YL YL Y1, [0X, [X, Y1 (X, YOO, [0X, YO, 00X YL YL, OX (00X, YL, YL YO0,

X, [X, [[X, Y], Y1II, [X,[X,[X,[X, Y]II].
95)

Itis possible to compute the dimension ¢, of the linear subspace in the free Lie algebra
generated by all the independent Lie brackets of order n, denoted by %, (X, Y). This
number is provided by the so-called Witt’s formula [15, 45]:

1
Cn = — E n(d)2", (96)
n
din

where the sum is over all (positive) divisors d of the degree n and ©(d) is the Mobius
function, defined by the rule (1) = 1, u(d) = (— D¥if d is the product of k distinct
prime factors and p(d) = 0 otherwise [45]. For n < 12 one has explicitly

n| 1| 203 4 56/ 7|89/ 10/ 11 | 12
cp| 1) 1] 2| 3] 6/ 9| 18| 30| 56| 99| 186/ 335
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of a post-Lie algebra. From a Hopf algebra point of view, one of the central results,
which will be recalled in detail, is the existence of second Hopf algebra structure. By
comparing group-like elements in suitable completions of these two Hopf algebras,
we derive a particular map which we dub post-Lie Magnus expansion. These results
are then considered in the case of Semenov-Tian-Shansky’s double Lie algebra, where
a post-Lie algebra is defined in terms of solutions of modified classical Yang—Baxter
equation. In this context, we prove a factorization theorem for group-like elements.
An explicit exponential solution of the corresponding Lie bracket flow is presented,
which is based on the aforementioned post-Lie Magnus expansion.

Keywords Post-Lie algebra - Universal enveloping algebra - Hopf algebra
Magnus expansion - Classical r-matrices + Classical Yang—Baxter equation

Factorization theorems - Isospectral flow

MSC Classification 16T05 - 16T10 - 16T25 - 16T30 - 17D25

1 Introduction

These notes are based on recent joint work [17-19] by the authors together with
A. Lundervold and H. Z. Munthe-Kaas. They present an extended summary of a
talk given by the first author at the Instituto de Ciencias Matematicas (ICMAT) in

K. Ebrahimi-Fard

Department of Mathematical Sciences, Norwegian University of Science
and Technology — NTNU, 7491 Trondheim, Norway

e-mail: kurusch.ebrahimi-fard @ntnu.no

1. Mencattini (<)

Instituto de Ciéncias Matemadticas e de Computagdo, Universidade de Sdo Paulo (USP),
Séao Carlos, SP, Brazil

e-mail: igorre @icmc.usp.br

© Springer Nature Switzerland AG 2018 231
K. Ebrahimi-Fard and M. Barbero Lifian (eds.), Discrete Mechanics,

Geometric Integration and Lie—Butcher Series, Springer Proceedings

in Mathematics & Statistics 267, https://doi.org/10.1007/978-3-030-01397-4_7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-01397-4_7&domain=pdf
mailto:kurusch.ebrahimi-fard@ntnu.no
mailto:igorre@icmc.usp.br
https://doi.org/10.1007/978-3-030-01397-4_7

232 K. Ebrahimi-Fard and I. Mencattini

Madrid.! The main aim is to explore a certain factorization problem for Lie groups
in the framework of universal enveloping algebra from the perspective offered by the
relatively new theory of post-Lie algebras. The latter provides another viewpoint on
the notion of (finite dimensional) double Lie algebra, which is a Lie algebra g over
the ground field F endowed with a solution R, € Endr(g) of the modified classical
Yang—Baxter equation:

[Rix, Ryyl = Ri([Ryx, yI + [x, Riy] — [x, y]). ()
The identity implies that the bracket
[x7 )’]R+ = [R+'xa }’] - [R-‘ryv x] - [xa Y]

satisfies the Jacobi identity and therefore yields another Lie algebra, denoted gg,
on the vector space underlying g. Thanks to the seminal work of Semenov-Tian-
Shansky [33], solutions of (1), known as classical r-matrices, play an important
role in studying solutions of Lax equations, which in turn are intimately related to
a factorization problem in the Lie group corresponding to g. In the framework of
the universal enveloping algebra of the Lie algebra g, this factorization problem has
been studied in [31, 35]. In these works it is shown, among other things, that every
solution of the modified classical Yang—Baxter equation gives rise to a factorization
of group-like elements in (a suitable completion of) the universal enveloping algebra
of g. On the other hand, in [2] it was shown that in a Lie algebra g every solution of
(1) gives rise to a post-Lie algebra.

A post-Lie algebra [23, 24, 39], which we denote by the triple (V, >, [+, -]), con-
sists of a vector space V which is endowed with two bilinear operations, the Lie
bracket [-,-]: V ® V — V and the magmatic post-Lie product >:V Q V — V.
The particular relations that the latter is supposed to satisfy with respect to the Lie
bracket are such that

[x,y] :=x>y—y>x—[x,y] 2)

yields another Lie bracket on V. The complete definition will given further below.
However, the following geometric example [23, 24] may provide some insight into
the interplay between the post-Lie product and the Lie bracket in post-Lie algebra.
Recall that a linear connection is a F-bilinear application V: X, x X3, — X on
X m, the vector space of smooth vector fields on the manifold M, satisfying the Leibniz
rule Vx (fY) = X(f)Y + fVxY, forall f € C*(M) and all X,Y € X),. Clearly,
a linear connection endows X, with a product, defined simply as (X,Y) — X n
Y := VxY. The torsion of V is a skew-symmetric tensor T: TM ATM — TM

! Brainstorming Workshop on “New Developments in Discrete Mechanics, Geometric Integration
and Lie-Butcher Series”, May 25-28, 2015, ICMAT, Madrid, Spain. Supported by a grant from
Iceland, Liechtenstein and Norway through the EEA Financial Mechanism as well as the project
“Mathematical Methods for Ecology and Industrial Management” funded by Ayudas Fundacién
BBVA a Investigadores, Innovadores y Creadores Culturales.
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TX,Y) =X~Y-Y~X-[X,7Y], 3)

where [-, -] denotes the Jacobi-Lie bracket of vector fields, defined by [X, Y](f) =

XY (f) —Y(X(f)),forevery X,Y € X, and every f € C*°(M). The curvature
tensor R: TM A TM — End(T M) satisfies the identity

RX,.Y)Z=a~(X,Y,Z) —a~(Y, X, Z2)+ T(X,Y) ~ Z, 4)

wherea~ (X, Y, Z) =X ~ (Y ~ Z) — (X ~Y) n Zistheusual associator with
respect to the product ~. Torsion and curvature are related by the Bianchi identities

Y (I(T(X.Y), Z) + (VxT)(Y. Z)) = Y _R(X.Y)Z (5)
O O

> (VxR)(Y. Z) + R(T(X. Y), Z)) =0, 6)
O

where Zo denotes the sum over the three cyclic permutations of (X, Y, Z). If a
connection is flat, R = 0, and has constant torsion, VxT = 0, then (5) reduces to
the Jacobi identity, such that the torsion defines a Lie bracket [X, Y]t := T(X, Y),
which is related to the Jacobi—Lie bracket by (3). The covariant derivation formula
Vx (T, 2)) = (VxT)(Y, Z) + T(VxY, Z) + T(Y, Vx Z) together with VxT =0
imply

XY, Zlr=[ XY, ZIt+[Y, X ~ Z]r. 7

On the other hand, (4) together with R = 0 yield
(X, YIr ~Z=a~(X,Y,Z) —a~(Y, X, Z). (®)

Relations (7) and (8) define the post-Lie algebra (X,,, ~, [+, -]1), see Proposition 7.

Note that for a connection which is both flat and torsion free (T = 0 = R), equation
(4)impliesa~ (X, Y, Z) = a~ (Y, X, Z). This is the characterizing identity of a (left)
pre-Lie algebra, which is Lie admissible, i.e., by skew-symmetrization one obtains
a Lie algebra. We refer the reader to [4, 7, 10, 26] for details.

Returning to the abstract definition of post-Lie algebra, (V, >, [+, -]), we consider
the lifting of the post-Lie product to the universal enveloping algebra, % (g), of
the Lie algebra g := (V, [+, -]). It turns out that it allows to define another Hopf
algebra, %, (g), on the underlying vector space of % (g), which is isomorphic, as a
Hopf algebra, to the universal enveloping algebra corresponding to the Lie algebra
g := (V. [, -]) defined in terms of the Lie bracket (2). The Hopf algebra isomorphism
between % (g) and %, (g) is an extension of the identity between the Lie algebras g
and g. Moreover, for every x € g there exists a unique element x (x) € g, such that
exp(x) = exp*(x (x)) with respect to (suitable completions of) % (g) respectively
%.(g). The map x : g — g is called post-Lie Magnus expansion and is defined as
the solution of a particular differential equation.
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From [2] we know that every solution of (1) turns a double Lie algebra [33] into
a post-Lie algebra. The Lie bracket [-, -]z, on g is a manifestation of (2), and the
aforementioned Hopf algebra isomorphism between %, (g) and % (g) = % (gr) can
be realized in terms of the solution R, and the Hopf algebra structures of these
two universal enveloping algebras. The role of post-Lie algebra in the context of the
factorization problem on % (g), mentioned above, becomes clear from the fact that
any group-like element exp(x) in (a suitable completion of) % (g) factorizes into
the product of two group-like elements, exp(x+(x)) and exp(x—(x)), with x4 (x) :=
+R4x(x), where R_ := R, —id.

In what follows [ denotes the ground field of characteristic zero over which all
algebraic structures are considered. Unless stated otherwise, IF will be either the
complex numbers C or the real numbers R.

2 Basic Lie Theory

In this section we present some background on Lie theory. The aim is to recall
notions and to fix notations, which will be used in later sections. We will discuss
the construction of the so-called /-adic completion of an augmented algebra since
it plays a central role in these notes. For details the reader is referred to [14, 28, 30,
40].

2.1 Lie Groups and Lie Algebras

A Lie group G is a smooth manifold endowed with the structure of an abstract group,
which is compatible with the underlying differentiable structure of G. This means
that both maps the multiplication m : G x G — G and the inversioni : G — G are
smooth applications. A map v : G| — G, is a morphism of Lie groups if it is a
smooth homomorphism. An important class of examples of Lie groups is obtained
as follows. Let V be a finite dimensional F-vector space, n := dim V < oo. Then
the linear isomorphisms of V form a Lie group, which will be denoted GL(V'). The
smooth structure on GL(V) is the one induced by the Euclidean structure defined
on V following the choice of a basis. In this way GL(V) can be identified with an
open subset of Endr(V), the vector space of all linear endomorphisms of V. Finally,
note that the choice of a basis of V induces a diffeomorphism between GL (V') and
GL, (IF), respectively, between Endr(V) and Mat, (IF). Here Mat,, (IF) is the set of
n X n matrices with entries in IF, and GL,, (IF) consists of invertible n x n matrices. If
G is a Lie group, then the connected component G° of the identity e € G is a normal
subgroup of G, whose index is equal to the number of connected components of G,
and it is generated by a suitable open neighborhood U of the identity element of G.
More precisely, there exists e € U C G such that GO = Uf’i U iie., every element
of G° can be written as a product of finitely many elements of U. For each element
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g € G, one can define the diffeomorphisms L, : G — G and R, : G — G, called
the left-, respectively, right-translation by g. For each element x in the tangent space
at the identity of G, x € T,G, let X, : G — T G be the map defined for all g € G
by X, : g~ (Lg)sx.” Then X, is smooth and it satisfies 7 o X, = idg, where
7w : TG — G is the canonical projection. In other words, X, is a left-invariant,
smooth vector field on G. Recall that a vector field X on G is called left-invariant,
if for each g € G,

(LeX)(h) = X(h), YhegG, )

where
(LgX)(h) := (Lg)w g1 (X (g7'h)) (10)

forall g, h € G. Formula (10) defines a left-action of G on X(G), the Lie algebra of
smooth vector fields on G, and together with (9), it implies that X is left-invariant
if and only if, for all g € G, (Lg)«, X (h) = X(gh), for all h € G. In fact, given a
left-invariant vector field X, one has that for all g € G:

(Lg*‘)*,hx(h) = (Lg*‘)*,h(LgX)(h)
= (Lgfl)*’h(Lg)*,gf.h(X(gflh)) =X 'h), Vhed.

The set X(G)Y C X(G) of all left-invariant vector fields is a Lie subalgebra
of X(G) of dimension equal to the dimension of G and, in particular, X € X(G)
is left-invariant if and only if X = X, for some x € T,G. This observation let to
introduce the structure of a Lie algebra on 7,G, i.e., a bilinear, skew-symmetric
bracket [-, -] : T,G x T,G — T,G satisfying the Jacobi identity

(x, ¥l 2] + [z, x], y1 + [y, 2], x] =0, Vx,y,z € T.G.

By definition, [x, y] := [X,, X,](e), forall x, y € T,G. The pair (T, G, [, -]) will be
denoted by g. To every homomorphism of Lie groups corresponds a homomorphism
between the corresponding Lie algebras, i.e., if ¥ : G; — G, is a homomorphism
between groups G;, i = 1, 2, with corresponding Lie algebras g; = (T.G, [+, -1;),
i = 1, 2, thenits differential evaluated at e satisfies Y, . [X, y]1 = [Vs.c(X), Vi e (V) ]2,
for all x, y € g;. If V is a finite dimensional vector space, it is easy to prove that
the Lie algebra of GL(V) is gl(V) = (Endr(V), [+, -]), where the bracket [-, -] is
obtained from skew-symmetrizing the associative product of Endy(V). Since every
left (right) invariant vector field is complete, for every x € g the integral curve of
X, going through the identity e € G at ¢t = 0, defines a smooth map v : R — G.
It can be shown that y; is a Lie group homomorphism from (R, +) to G, and every

2In the following we will use *-notation to denote the differential of a smooth application ¢ : M; —
M, if M, # [F. More precisely the differential of ¢ at m € M, will be denoted as ¢, ,,. Recall that
this is a linear map between T,,, M| and T} ;) M7 such that (¢« ,,v) f = v(f o @), forallv € T,, M,
and all f € C*°(M3). On the other hand, if M, =F,i.e., if ¢ = H : M — F is a smooth function,
we will write its differential at the point m € M as d H,,. Note that dH,, € T, M.
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continuous group homomorphism between (R, +) and G is of this form. For all
x € gthe curve y,° is called a 1-parameter group homomorphism of G. Given such
a l-parameter group homomorphism, one can define the exponential map of G,
exp:g—> G

x eg~expx =y (1). (11)

For example if G = GL,(F) and g = gl,,(F), then the exponential map defined in
(11) is the usual exponential map, i.e., expx =e* 1= Zkzo ’,‘c—k!, for all x € g. The
exponential map (11) has the following properties:

1. expx is smooth;

2. (exp)s,0 = idg. In particular, there exist U C gand V C G, open neighborhoods
of 0 € grespectively e € G, such thatexp |y : U — V is a diffeomorphism.

3. Let G| and G, be two Lie groups and g; respectively g, the corresponding Lie
algebras. If ¢ : G; — G is a Lie group morphism, then:

exp o, = ¢ oexp. (12)

For each g € G, let ¢, : G — G be defined by ¢; = Ry;-1 Ly = LgR,-1. Then ¢, is
a diffeomorphism of G such that c,(e) = e and ¢4, = cg,¢, for all g1, g € G.
From these observations, it follows that, for each g € G, Ad, = (¢,)«. € GL(g) is
an automorphism of g. In this way it is defined a homomorphism of Lie groups,
Ad : G — Aut(g), taking g € G to Ad, € Aut(g), called the adjoint representation
of G. The differential of Ad at the identity e € G is a Lie algebra homomorphism
ad := Ad, . : g — End(g), called the adjoint representation of g. Note that ad, y =
[x, y], for all x, y € g. Recall that g* is the dual of g. Together with the adjoint
representation one can introduce the co-adjoint representations of G and g. More
precisely, one can define the morphism of Lie groups Ad® : G — GL(g*), via

(Adg a,x) = (a,Adg1x), VgeG,aeg' xeg,

whose differential at the identity e € G is the morphism of Lie algebras ad” : g —
Endr(g), defined by (adﬁ o, y) = —(a,ad, y), forall x, y € g, ¢ € g*. Finally, for
each g € G and x € g, one has that

co(expx) = exp (Ad, x),

Adexpx = eadx s

where e = Yo A" for all A € Endg(g).

As mentioned before, exp, ( = idg. A closed formula for the differential of the
exponential map at general x € g is:
idg —e 2

) 13
ad, 13)

EXPyx = (Lexpx)*'e °
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dg —e”

where the formal expression % represents the element of Endr(g) defined by

1
: —ad,
idg—e [ e ade gy
ad,

0

In particular one can prove that the exponential map is a local diffeomorphism in a
neighborhood of x € g if and only if the linear operator ad, has no eigenvalues in the
set 2 1 Z\{0}. Choosing x, y € g belonging to a sufficiently small open neighbor-
hood U of 0 € g, such thatexpxexpy € V C G, where V is a small neighborhood
of e € G, one is able to find an element BCH(x, y) € g such that

expBCH(x, y) =expx expy,
or, what is equivalent, such that
BCH(x, y) = log (expx expy),
where log : V — U denotes the inverse of the restriction of the exponential map. An

explicit formula for BCH(x, y) is given by the so-called Baker—Campbell-Hausdorff
series (BCH-series), as stated in the following theorem.

Theorem 1 Let G be a Lie group and g its Lie algebra. For x,y € g sufficiently
close to 0 € g, the following formula holds:

BCH(x,y) =x+y+

= (—DF 1 ((adX)l1 (ady)™ (ad, ) (ady)mk)( :
o 0--+0 o .
Zk+1 2 L+ +h+1\ my! I! A
k=1 I]'Mlkzgo
o

The first few terms are:

1 1
BCH(x,y) =x+y+ E[x, yl+ E([x, [x, Y1+ [y, [y, x]D +---.

The reduced BCH-series is defined by BCH(x, y) := BCH(x, y) — x — y. From
Theorem 1 it is clear that BCH(x, y) is a Lie series in the non-commutative variables
X, y,i.e., itis a series of iterated Lie brackets of the elements x, y € g.

Remark 1 Note that Theorem 1 is an analytical result addressing convergence of the
BCH-series. One may consider BCH(x, y) for arbitrary elements of g and ignore
convergence issues. However, in this case one must consider BCH(x, y) as a formal
object, see also Example 5 further below.
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2.2 Universal Enveloping Algebras and Hopf Algebras

We follow references [28, 32]. Let g be a finite dimensional Lie algebra and let
T(g) =Ty = (T*g, ®) beits tensor algebra, whichis a graded, associative and non—
commutative algebra, whose homogeneous sub-space of degree n, g" := g ® g" !,
g’ := 1, is generated, as vector space, by monomials of the form x; ® --- ® x;, .
Note that we will identify x;, ® - - - ® x;, with words x;, - - - x;, . Consider the 2-sided

ideal
J=(Qy—y®x—[x,y) =Tg(x®y —y®x —[x, y])T}.

Definition 1 (Universal enveloping algebra) The universal enveloping algebra
% (g) of g is the algebra Ty /J whose product is induced on the quotient vector space
by ®, i.e.,if X, Y € % (g) are the classes of the monomials X € g¥and Y € g/, then
X Y is the class of the monomial X ® ¥ e gk,

Note that 7 (g) is a unital, associative algebra. In general it is not graded, since
the ideal J is non—homogeneous. However, % (g) is a filtered algebra, that is, it is
endowed with the filtration F = %, (g) C % (g) C --- C %,(g) C -- -, where %, (g)
is the subspace of %/ (g) generated by monomials of length at most n, i.e., mono-
mials like x;, - - - x;, with x;,, ..., x;, € g. Note that %(g) - %;(9) C %~+;(g), for
all i, j > 0, and that % (g) = Ur>0%/(g). Observe that % (g) = g, so that there is
a natural homomorphism of Lie algebras, i : g — % (g)Lic. The adjective universal
emphasizes the fact that 7/ (g) has the following property: suppose that <7 is an asso-
ciative algebra and that j : g — @4 ;. is a morphism of Lie algebras. Then there exists
a unique morphism of unital associative algebras, ¢ : % (g) — </, which makes the
following diagram of Lie algebras commutative:

|
%(Q)Lie ? JZ{Lie

The graded algebra associated to % (g) is:

U (9)
Ue—1(9)’

gr(% () = %-1(g) = {0}.

k>0

% (g)

and gr(7 (g)), endowed withoth%: obvious multiplication, is a commutative algebra.
In fact, for every k > 0, x;, - - - X, — Xo(iy) -+ " Xo (i) € —1(9), for all o € Xy, the
permutation group of k elements. This is clear when o is a transposition. For a
general o, the statement follows from the fact that every permutation is the product

Furthermore, note that g ~ so that there exists a linear mapi : g — gr(Z (g))
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of transpositions. Observe that since a general x;, - - - x;, € %.(g) can be written as
1 1
XX = oy Z Xo(iy) * " Xo) T o Z (Xi, - Xi, = Xo(i) - Xop)s  (14)
0‘621( UEEk

where each summand of the second sum is an element of %;_;(g), for each k > 1
one has the following exact sequence of vector spaces

7 Ok U,
0 —— %@ @) ey o @
where oy (x;, - - - x;,) is the class in UZﬁf%) of the sum % dezk Xo(iy) *** Xo(iy)» SE€

Formula (14).

Together with the universal enveloping algebra, one can introduce the symmetric
algebra of g, S(g) = Sq := Ty/J' where J' is the 2-sided ideal Ty(x ® y — y ®
x)Tg. Sq is a graded commutative algebra endowed with a natural injective linear
map j : g — Sg, having the following universal property: Given a commutative
algebra ¢ and a linear map f : g — % there exists a unigue map of commutative
algebras ¢ : S; — % which closes the following to a commutative diagram:

s — =7

¢

For each k > 0, Si(g) denotes the homogeneous component of degree k of S.
More precisely,
Sg = @kZOSk(g)’

and So(g) :=F and S_;(g) = {0}. Letting € =gr(Z(g)) and f=i:g—
ar(7% (g)), one can state the following important result.

Theorem 2 (Poincaré-Birkhoff-Witt) The corresponding map ¢ : Sy — gr(% (9))
in the above diagram is an isomorphism of graded commutative algebras. In partic-
ular, for each k > 0 one has that

()
Or = Plsuo) * Sk(g) — (16)
L U1 (9)
is an isomorphism of vector spaces.
Note that ‘i?k in (16) maps every monomial x;, - - - x;, € Sx(g) to the class of
Xi, -+ X;, In a;f—ff%, ie., ¢(x; -+ x;) = x;, -+ x;, mod %_1(g), where the prod-

uct on the L.h.s is the one in the symmetric algebra while the product on the r.h.s is
the one in the universal enveloping algebra. Since for each x;, - - - x;, € %/(g)
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1
Xy X = D Xo) - Yo, mod %1 (),

: O'EEk

see (14), for each k, one can use the (inverse) of the map ¢; together with (15), to
define the following exact sequence

0 —— %U1(9) —= %Ug —— S@ —— 0 (D
where s, = qﬁk’l o oy, is defined by
sk(xil ---xik)zx,-l e X (18)

The map s; defined above is called the (degree k) symbol map. Since (17) is an
exact sequence of vector spaces it splits. The linear map symm, : Sx(g) — Z/(g)
defined by

1
symmy (i, -+ X;,) = o D Xo Ko (19)

' O'EEk

and called the (degree k) symmetrization map, is a section of (17), i.e., for each k,
i o symm, = idg,(q) -

Note that both products in (18) and (19) on the right and left side should be
interpreted accordingly to the meaning of the monomials.

Observe that when g is abelian we have % (g) >~ S, while for general g the
Poincaré-Birkhoff—Witt theorem tells us that we still have an isomorphism %/ (g) =~
Sq but only at the level of vector spaces.

The universal enveloping algebra is an example of a quasi-commutative algebra,
i.e., an associative, unital and filtered algebra .o/, whose associated graded algebra
gr(</) is commutative. One can prove that if .o/ is a quasi-commutative algebra, then
gr(<) is a Poisson algebra, see Sect.4. To define the Poisson bracket on gr() it
suffices to define it on the homogeneous components of the associated algebra. To
this end, let:

S

) X s
£l iy i Giyj2

(X,y) ~ (xy — yx)mod F 2,  (20)

where x € & and y € &/, are two lifts of X respectively y. The proof follows at
once after showing that such a bracket is well defined, in particular, that given x, y
as above xy — yx € &/, ;_1, and that the result does not depend on the choice of the
two lifts. Given that, the proof that the above bracket is Poisson follows from the fact
that 7 is an associative algebra. Then, in particular, given a Lie algebra g, the graded
algebra associated to % (g) is a Poisson algebra. Using the Poincaré—Birkhoff-Witt
theorem, such a Poisson structure can be transferred to the symmetric algebra Sg.
In this framework it is worth to note that the Poisson bracket induced on Sy by the
one defined on gr(% (g)) coincides with the linear Poisson structure of g, see (37)
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further below. To prove this statement, it suffices to check it on the restriction of (20)
to the components of degree 1:

) (g %(g)
X —

S e e %

(x,¥) ~ (xy — yx) mod %(g),

%@ ~ g and that % (g) ~ F).
0(9)

Furthermore, one can prove that if A is a positively filtered algebra, such that

(i) Ag =T,
(i1) A is generated as a ring by A; and
(iii) A is almost-commutative, then

there exists a Lie algebra g and an ideal I of %/ (g), such that A >~ % (g)/1.
Universal enveloping algebra as a Hopf algebra. The universal enveloping algebra
% (g) of a Lie algebra g carries the structure of a Hopf algebra. See [6, 38].

Recall that an associative [F-algebra with unit is a triple (A, m, i), consisting of
the vector space A, together withthe mapm : A ® A — A (multiplication) and map
i : F — A (unit), such that

which shows that {x, y} = [x, y] (remember that

mom@®id) =mo(id@m): AQRARA— A associativity
mo(i®id)=id=mo(id®i): AQF~F® A — A unitproperty.

fr:A®A—> A® A is defined by 7(a ® b) =b ® a, then (A, m,i) is called
commutative if m ot = m.

A co-algebra is defined as a triple (C, A, ¢), where C is a vector space, and
A:C— CQ®C,¢e:C — F are two linear maps, the first is called co-product and
the second is called co-unit. Co-product and co-unit satisfy the following properties:

ARid)oA=>1{d®A)oA:C—>CRCRC co—associativity
(e®id)oA=id=(1dQRe)oA:C — C co—unitproperty.

A co-algebra is co-commutative if t o A = A. Note that the notions of algebra and
co-algebra are almost dual to each other. More precisely, the dual of a co-algebra
is an algebra whose multiplication and unit maps are obtained by reversing arrows
of co-multiplication and co-unit. On the other hand, taking the dual of an algebra
and reversing the arrows of multiplication and unit map, one obtains a co-algebra
(A*, m*,i*) if dim A < oo. Otherwise, the co-multiplication obtained by reversing
the arrows of multiplication, is a map m* : A* — (A ® A)*, which, in general, is
a proper vector sub-space of A* ® A*. Finally, a Hopf algebra is a vector space
endowed with compatible algebra and co-algebra structures as well as an antipode
S : H — H.Thatis, a Hopf algebra is a quintuplet (H, m, i, A, ¢, S) consisting of
a vector space H together with maps:

m:H®H — H multiplication
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A:H— H®H co—multiplication
i:F— H unit
e:H—TF co—unit
S:H — H antipode

such that (H, m, i) is an algebra and (H, A, ¢) is a co-algebra, which are compatible

Aom=mm)o(idRTRid) o AR A 21
eE®e=com. (22)

Note that these conditions are equivalent to saying that (A, ¢) are algebra
morphisms—equivalently, (m, i) are co-algebra morphisms. The antipode S is a
linear map satisfying:

mo(id® S)oA=ioe=mo(S®id)o A,

and it is easy to show that it is a co-algebra and algebra anti-homorphism, such that
Soi=iandeoS = ¢ Without antipode, a Hopf algebra reduces to a bialgebra.

Anelement x € H will be called primitiveif Ax =x® 1 +1® x, whileg € H
will be called group-likeif Ag = g ® g.Let Z(H) and ¢4 (H) be the sets of primitive
respectively group-like elements in the Hopf algebra (H,m, i, A, ¢, S). Note that
if g1, g2 € 9(H), then g; - g2 :=m(g1, &) € Y(H), and if x|, x, € Z(H), then
[x1, x2] ;== x1 - X2 — x3 - x1 € Z(H). In particular, (Z(H), [+, -]) is a Lie algebra.
Furthermore, defining ¢ :=i(1) and g~' := S(g) for all g € 4(H), one can show
thatg-e=g=e¢-g,andg™! - g=e=g-g !, forall g € 4(H). In other words,
(49(H), -) is a group whose identity element is e, such that for each g € 4 (H),
g =5().

Proposition 1 Let g be a Lie algebra. Its universal enveloping algebra 7 (g) is a
co-commutative Hopf algebra.

Proof To prove the first part of the statement it suffices to define the antipode and a
co-algebra structure compatible with the algebra structure of % (g). Let & = g @ g
be endowed with the structure of direct product Lie algebra and let A : g — & be the
diagonal embedding, i.e., A(x) = (x, x), for all x € g. Then, by the universal prop-
erty, A extends uniquely to an associative algebra morphism A : % (g) — % (®),
which, composed with the canonical isomorphism % (&) >~ 7% (g) ® % (g), defines
alinear map A : % (g) — % (g) ® % (g), defined by

A(xl"'xn)=xl"'xn®l+1®xl"'xn

n—1
+2D Xe)y KXo ® Xo(rl) * Xa(n) (23)

k=1oeX;—k
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where for each k =1,...,n — 1, X ,_ is the subgroup of ¥, of the (k,n — k)
shuffles. Starting now from the trivial map g — 0 and using again the universal
property of %/ (g), one can define the co-unit map ¢ : % (g) — F. It is again the
universal property of the enveloping algebra, that permits to show that (7 (g), A, ¢)
is a co-algebra.

On the other hand, themap S : g — g, definedby S(x) = —x forallx € g,isaLie
algebra anti-homomorphism, which extends in a unique way to an associative alge-
bra homomorphism § : % (g) — % (g), such that S(x; ---x;) = (—1)"x;, - x;,
for each monomial x;, - - - x;,, and it satisfies the antipode property. Finally, the proof
of co-commutativity follows at once from the universal property of % (g) and notic-
ing that the maps (A ® id) o Aand (id ® A) o A : % (g) — % (9) @ % (g) ® % (g)
are both obtained from the embeddings of g into g @ & =~ g @ g @ g respectively
g>6Bg~gPgdyg.

Note that every x € g = % (g) is a primitive element. Furthermore, it can be
shown that if & € %/ (g) is primitive then & € g. In other words, one can prove that
P (% (g)) = g. On the other hand, it is simple to see that in %/ (g) there are no
group-like elements of degree greater than zero, i.e., 4(% (g)) = F. To associate
non-trivial group-like elements to % (g) one needs to consider instead of % (g) a
suitable completion of it.

Remark 2 Since g = (% (g)), every Lie polynomial is still a primitive element of

U(9).

Complete Hopf algebras. We follow reference [30]. In what follows all algebras
are unital and defined over the field F. A will be called an augmented algebra, if
it comes endowed with an algebra morphism ¢ : A — F called the augmentation
map. In this case its kernel ker & will be called the augmentation ideal and it will be
denoted by /.

Example 1 A = % (g) is an example of augmented algebra. In fact the co-unit
€: % (g) — I is a augmentation map and its kernel, I = U (g), is the cor-
responding augmentation ideal.

A decreasing filtration of A is a decreasing sequence A = FpA D F1A D ---
of sub-vector spaces, such that 1 € FpA and F,A- F;,A C F,14A, and grA =
@2 oFnA/Fyq1A has a natural structure of a graded algebra. Note that for each &,
Fi A is a two-side ideal of A. We can now define the notion of a complete augmented
algebra.

Definition 2 A complete augmented algebra is an augmented algebra A endowed
with a decreasing filtration { F; A};cn such that:

) FA=1,
(2) gr A is generated as an algebra by gr, A,
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(3) As an algebra, A is the inverse limit A = l(ln A/F,,A.3

Example 2 Let A be an augmented algebra. Then A= 1(121 A/I" is a complete aug-
mented algebra where, for each n > 0, F,,A == 1<£1 I"/Ik, k > n. It is worth
to recall that A is also called the I-adic completion of A. Note that in this case
F,A:=1"ifn > 1 and FyA = A and the inverse system defining the completion is
givenby thedata ({A;}ics, { fij}i jes) where & =N, A, = A/["and f;; : A; — A,
is the application that, for alla € A, maps a mod A; to amod A;, forall j < 1.

Since A/I" ~ A/f”, one has that grA ~grA= 69,1201"/[”“, which implies
that A satisfies property (2) in the definition above. Property (1) is clear from the
definition of the filtration of A, while Property (3) follows from the isomorphism A~
A, for each A = l(iEIAn, where A = Llr_n@ and A: = lim Ay, k > n. In particular,
taking A = % (g) and I = Uy~ (g), see Example 1, one can define the complete
augmented algebra

U@ =lim % @)/1", (24)

which will be simply called in the following the completion of % (g).

LetV =FV D> F,V D F,V DO --- be afiltered vector space and 7, : F,,V —
gr, V be the canonical surjection. If W is another filtered vector space, then one can
define a filtration on V ® W declaring that F,(V@ W) =3, .. FV® F;V C
V ® W, for all n > 0, where one identifies F;V ® F;V with its image in V @ W
via the canonical injection. If V and W are complete, i.e. if V = l(in V/F,V and
W= 1(&1 W /F,W, then we denote by V&®W the completion of V ® W with respect
to the filtrations defined above, and we denote with x&y the image of x ® y via the
canonical morphism between V ® W and V®W. Note that, since F>,(V ® W) C
FEVW+V®F,WCF,(V® W), one has that

V®W = l(gl(vn ® Wn)a

where, given the filtered vector space V =FV D> F VDRV DO---, V, =
V/F,V.

Definition 3 The vector space V®W so defined is called the complete tensor product
of the complete vector spaces V and W.

3Let (£, <) be a directed poset. Recall that a pair ({A;}ics , { fij}i,jes ) is called an inverse or
projective system of sets over .7, if A; is aset foreachi € .7, f;; : A; — Aj is a map defined for
all j <isuchthat fij o fjx = fir : Ai = Ay, every time the corresponding maps are defined and
fii = idy,. Then the inverse or the projective limit of the inverse system ({A;}ic.r , { fij}i.jes ) is

limA; = (& € [ ] Al £ij(pi®) = pj(®), ¥j < i},

<«
ies

where, for each i € .7, p; : [[;c, Ai — A; is the canonical projection. This definition is easily
specialized to define the inverse limit in the category of algebras, co-algebras and Hopf algebras.
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Remark 3 A couple of remarks are in order.

1. Let V and W be two filtered vector spaces. Then the map p : grV @ gr W —
gr(V ® W), defined by p(7,x @ m;y) = mp14(x ® ¥), is an isomorphism,
which, if V and W are complete, induces an isomorphism, still denoted by
p, between gr V @ gr W and gr V& gr W, and which takes TpX @ Ty y 0 Tpyy
(x®y), forall p,g e Nandforallx € Vandy € W.

2. If A and A’ are two complete augmented algebras, then F,,(A ® A’) is a filtration
of A® A’ and the corresponding completed tensor product AQ A’ becomes a
complete augmented algebra. The complete tensor product of complete algebras
lﬁt\he following property. If A and B are augmented algebras then, A®B =
AQ®B.

Finally we can introduce the following concept.

Definition 4 A complete Hopf algebra (H, m, i, A, €, S) is a complete augmented
algebra (H, m, i), where A : H — H®H and S : H — H are morphisms of com-
plete augmented algebras, and ¢ : H — I is the augmentation map. These mor-
phisms satisfy the same properties as in the usual definition of Hopf algebra, with
the usual tensor product replaced by the complete tensor product.

Note that (H,m, i, A, g, S) is co- -commutative if 7 o A = A. Furthermore, to
every Hopf algebra (H m, i,A 8, S ) one can associate a complete Hopf algebra by

considering HandA:H — H® E ® H ~ H®H, see Remark 3 above.

Example 3 Let g be a finite dimensional Lie algebra. Then w (g) carries a structure
of complete Hopf algebra, see Example 2.

Given a complete Hopf algebra (H, m, f, A, g, 3’), one can define:

P(H) = {x € Iy | Ax = x&®1 + 1Qx)}
G(H):={x el+1Iy|Ax = x®x},

i.e. the set of primitive and, respectively, of group-like elements of H.
Note that if A is a complete augmented algebra and if x € A, e* =) o

n>0 F
belongs to A. This follows from Property 3) in Definition 2, noticing that, if S, =

Z 0 k, for all n > 0, then the sequence {S,},cn 1S convergent, since it is Cauchy.*

Let (H,m,i, A, ¢, S) be a complete Hopf algebra. Then

Proposition2 x € Z(H) < ¢* € Y(H).

4Recall that if M is a Z-module endowed with a decreasing filtration, M = My D M| D My D

-, then a sequence (xi)ken is called a Cauchy sequence if for each r there exists N,, such
that, if n, m > N,, then x,, — x,,, € M,. This amounts to saying, that if n, m are sufficiently large,
then Xn + M, = x,,, + M,. This implies that (xx)ten iS a coherent sequence, i.e., it belongs to
M =1lim M /M. In other words, every Cauchy sequence is convergent in M. These considerations
can be extended verbatim to the case of complete augmented algebras.
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Proof In fact x € Z(H) & Ax = x®1 + 1Qx <= e = e ®1+18x gpq,
since (x®1)(1&x) — (1&x)(x®1) = 0, one has that

ex®1+l®x — ex®l .el®x — (ex ®l)(l®ex) — e ®ex’

which implies the statement since A e* = e?*.

Corollary 1 The exponential map exp : Z(H) — 9 (H), exp : x ~~ e*, defines an
isomorphism of sets, whose inverse is the logarithmic series, defined by log(1 + x) =
Yo (=D Vx € 1y

Example 4 Let g be a finite dimensional Lie algebra and let w (g) be the correspond-
ing complete universal enveloping algebra, see Example 2. Then, given & € w (9),
ef is a group-like element if and only if £ € g. Moreover, from the previous corollary,
one knows that if x € Ukzl%Ak(g) and y = 1 + x such that Ay = y®y, then there
exists z € W(@Z (g)) such that y = e?, see Example 2.

We conclude this part by noticing that on every complete Hopf algebra, both the
Lie algebra of primitive elements and the group of group-like elements inherit a
filtration. More precisely one has the

Proposition 3 Ifforallk > 0

FY(H)={x e 9(H)|x—1¢€ F,H)
F,.2(H) = P(H)N F.H

then {F,%9(H)} and {F, 2?(H)} are filtrations of ¢ (H) respectively &2 (H). More-
over:

1. The exponential map induces an isomorphism of graded algebra gr Z(H) —
gr9(H).
2.

P(H) ~ lim P (H)/F. 2 (H)
G(H) =~ im % (H)/FeG (H).

Example 5 If H = % (g), the previous proposition implies that, for all x, y € g,
BCH(x, y) € 2(%(g)),i.e., BCH(x, y) is convergent forall x, y € g. The proof of
this statement is based on two observations. First, BCH(x, y) is a Lie series in x, y
that, seen as an element of % (g) can be written as

BCH(x, y) = Zz,, (x,y), (25)
n=0

where, for each n > 0, z,(x, y) is the non-commutative homogeneous polyno-
mial of degree n in x,y, obtained from the corresponding Lie polynomial in
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BCH(x, y) using therelation [x, y] = xy — yx. Second, the sequence {S, },,>0, where
Su =Y i—o 2k(x, y) is Cauchy.

3 Pre- and Post-Lie Algebras

In this section we will introduce the definitions and the main properties of a pre-
and post-Lie algebra, stressing the relevance of these notions in the theory of smooth
manifolds and Lie groups.

Analgebra (A, -) is called Lie admissible if the bracket [, -] : A ® A — A defined
by anti-symmetrization, [x, y] :=x -y — y - x, for all x,y € A, is a Lie bracket,
i.e., if it satisfies the Jacobi identity. For example every associative algebra is Lie
admissible. Given (A, -), let

a(x,y,z):=x-y)-z—x-(y-z), Vx,y,z€A (26)

be the associator defined for the product -. Note that (A, ) is associative if and
onlyifa.(x,y,z) =0, forall x, y, z € A. In the next two subsections the notions of
pre- and post-Lie algebras are introduced. Such algebras are rather natural from the
viewpoint of geometry. Moreover, later we will see that they are closely related to
solutions of classical Yang—Baxter equations.

3.1 Pre-Lie Algebra

Weakening the condition a.(x, y, z) = 0, one arrives at a class of Lie admissible
algebras, which is more general than that of associative algebras.

Definition 5 (A, -) is a left pre-Lie algebra if, forall x, y,z € A

a(x,y,z) =al(y,x,2). 27

Note that together with the notion of left pre-Lie algebra one can introduce that of
aright pre-Lie algebra where condition (27) is traded for a.(x, y, z7) = a.(x, z, y), for
all x, y, z € A. The notions of right and left pre-Lie algebras are equivalent. Indeed,
if (A, -) is a left (right) pre-Lie algebra, then (A, -°P) is a right (left) pre-Lie algebra,
where x -°° y = y - x. For this reason, from now on, we will focus on the case of left
pre-Lie algebras, which will be called simply pre-Lie algebras.

Let (A, -) be apre-Lie algebraand let V : A — End(A) be the morphism defined
by V(x) :=V,: A — A, V,y =x - y. Then, the pre-Lie condition implies that

[an Vy] - V[)c.y]a Vx’ y € A’
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thatis, V : A — End(A) is a morphism of Lie algebras, where the Lie brackets of A
and of End(A) are defined by skew-symmetrizing the pre-Lie product of A, respec-
tively, the associative product of End(A). Itis worth to recall that the Lie algebra struc-
ture on A defined by skew-symmetrizing the pre-Lie product is called subordinate to
it. Furthermore, defining forx, y € A theexpressionT(x, y) = Vyy — Vyx — [x, y],
it is obvious from the definition that T(x, y) = 0. From these observations, as it was
already remarked in the in the Introduction, a source of examples of pre-Lie algebras
can be found looking at locally flat manifolds, i.e. manifolds endowed with a linear
flat and torsion free connection. It is worth to note that a n-dimensional manifold
M admits a (linear) torsion-free and flat connection if and only if it admits an affine
structure, i.e., a (maximal) atlas whose transition functions are constant and take
values in GL,,(F) x F". In fact, given such a V, for all m € M one can find an open
neighborhood m € U and Xy, ..., X, € X (U) a local frame for T M such that
Vx, X;=0foralli,j=1,...,n Then,if oy, ..., a, is the dual local frame, one
has that do; = 0O for all i. Indeed, one verifies that

doi(Xj, Xi) = Xjo (Xg) — Xpo; (X)) — o ([Xj, Xi]) = —o; ([ X, Xi]) =0,

since o; (X ;) = &;j, and o;; ([ X j, Xi]) = O due to the fact that [X;, X;] = Vx, Xi —
Vx, Xj — Ty(X;, Xx) = 0. Then, on a neighborhood V of m € M, eventually con-
tained in U, one can find xi,...,x, € C;;/(V), such that dx; = «;, for all i =
1, ..., n.Thelocal functions x, . .., x, so defined form a system of local coordinates
on (aneighborhood of M eventually smaller than) V. In this way one defines a system
of local coordinates on M such that, if (V, xq, ..., x,) and (W, yq, ..., y,) are two
overlapping local charts, dy; = ZZ:I Tikdxk, where Tl.k, k,i=1,..., n,arethe tra-
sition functions between the two local charts. Then 0 = Vdy; = Y }_, dT* A dxy,
which implies that dTik =0, forall i,k =1,...,n. From this it follows that the
functions T} are (locally) constant, i.e., T = % e Fforalli,k =1,...,n, which
implies that y; = Y }_, T*xx + C;, C; € T, proving the statement. To prove that to
every affine structure corresponds a flat and torsion-free linear connection one should
follow backward all the steps of the argument just presented. A class of examples of
manifolds endowed with an affine structure is presented in the following example.

Example 6 (Invariant affine structures on Lie groups) First, recall that given a vector
field X on a smooth manifold M, one can define the Lie derivative £x and the interior
product ix, which are derivations of the full tensor algebra of M. Once restricted to
the exterior algebra defined by 7*M, they become derivations of degree 0 and degree
—1, respectively. They are related by the formula Xy = ix od 4+ d o ix, where d
is Cartan’s differential. In particular, given a differential k-form 7 € £2%(M), then
Zxn € 2K(M) and forallm e M

d
(er/)m = -0

arl _, (@X . Mm>

where {¢x ;}icr is the local 1-parameter group of diffeomorphisms defined by X.
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A symplectic form on a manifold M is a 2-form which is closed and non-
degenerate. The pair (M, w) is called a symplectic manifold. Given a symplectic
manifold (M, w) and Lie group G acting on M via ¢ : G x M — M, w will be
called G-invariant if 9; = w, for all ¢ € G. In particular, a symplectic Lie group
is a pair (G, w) consisting of a Lie group and a left-invariant symplectic form, i.e., a
symplectic form invariant with respect to left-translations. Let (G, w) be a symplec-
tic Lie group and let x, y be elements in the Lie algebra g of G. Then, Zx (ix,w) is
a left-invariant 1-form on G, to which corresponds the unique left-invariant vector
field X, such that —ix @ = Zx ix ,w. Note that, since Lx ix w = iy dix o, for
each f € C*°(G) and forall x, y € g, '

ZfXA l'xya) = fgxxixya) and gxk l'_f'x_“w = (df, Xx>l.x“_a) + fgxxl.x“,a).
In other words, defining Vx X, as the unique left-invariant vector field such that
—lvy, x,0 = Lx,ix,o, (28)

for all X, X, left-invariant vector fields, one sees that V admits a unique extension
to a G-invariant linear connection on G. If one denotes still with V this connec-
tion, then V is flat and forsion-free. To prove this statement it suffices to show that
Tv(Xx, X)) =0and Ry(X,, X,) =0forall x, y € g. Let us compute

fx) ixyCl) — fx},ixxa) — l'[x'hx_v](z)
= gxxl'xya) — gx},ixxw — gxxl.xya) + ix},gxxw
= —iXydina) + iXydina)
=0,
where we used that dw = 0 and that Xy« = diya + ixda, for all forms o and
all vector fields X. Since Tv(Xy, X,) is the unique left-invariant vector field
such that —ir,(x, x, 0 = Lx,ix,0 — Ly ix,® — i[x,.x,j®, the non-degeneracy of

w forces Ty (X, X,) = 0. Let us now observe thatif x, y, z € gthen Vy, Vx, X, and
Vix,.x,1X; are the unique left-invariant vector fields such that

—ivy, vy, X, 0 = ix,d(ix,d(ix.0))

and, respectively,
—iViy, X, @ = I[x, x,1dix, ©.

One sees that
ix(d(ixyd(l.xza))) — l.de(l.Xxd(l.Xza))) = i[XX,X),]diX:a), V)C, vy, 29,

which again, by the non-degeneracy of w, is equivalent to
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V)(»t V)(“_XZ — VXXVX},XZ = V[XX,X“‘]XZ’ Vx, v,z (S 97

proving the flatness of V. In other words we have shown that
Theorem 3 Every symplectic Lie group (G, ) admits an affine structure.

In particular, since forall x, y € g there exists a (unique) z € gsuchthat Vy X, =
X, the underlying vector space of the Lie algebra g results being endowed with a
product - : g ® g — g defined by

x-y=z, Vx,y,z st X,=VyX,. (29)

Since V is flat and torsion-free, it is easy to show that - is a pre-Lie product on the
vector space underlying g and that, forall x,y € g, x - y — y - x = [x, y]. In other
words.

Corollary 2 The Lie algebra of a symplectic Lie group is subordinate to the pre-Lie
product defined in (29).

Finally, since dw = 0, w, € 2*(g, F), where 27(g, IF) is the group of 2-cocycles
of g with values in the trivial g-module F, with respect to the cohomology of Cartan—
Eilenberg of g with coefficients in the trivial g-module F. See for example [21].
Hence, w, € Homg(A?g, F) such that

we (X, [y, 2]) + @e(z, [x, y]) + we(y, [z, x]) =0, Vx,y,z€g,

and since w is non-degenerate, w, is also non-degenerate. On the other hand, if
n € Z%(g, F) is non-degenerate, it defines a unique left-invariant symplectic form
w, on G via the formula:

Wy, = (Ly)in, VgeG.
In other words, the left-invariant symplectic forms on G are in one-to-one correspon-

dence with the non-degenerate elements of 2°2(g, F). See also Subsection 4.4 for a
more general approach to this kind of structures.

3.2 Post-Lie Algebra

The second class of algebras playing an central role in the present work is introduced
in the following definition.

Definition 6 Let (g, [-, -]) beaLiealgebra,andlet> : g ® g — gbe abinary product
such that forall x, y,z € g

xely,zZl=[xey,zl+ [y, x>zl (30)
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and
[x,yI>z=a.(x,y,2) —a.(y, x, 2). 31

Then (g, [+, -1, >) is called a left post-Lie algebra.

Relation (30) implies that for every left post-Lie algebra the natural linear map
d. : g — Endp(g) defined by d.(x)(y) — x >y takes values in the derivations of
the Lie algebra (g, [, -]).

Together with the notion of left post-Lie algebra one can introduce that of right
post-Lie algebra (g, [-, -], <). Also in this case (g, [-, -]) is a Lie algebraand < : g ®
g — gis abinary product such that for each x € g, d.(x)(y) = x <y is a derivation
of (g, [+, -]1) and the analogue of (31) is

[x, yl<z=a4(y,x,2) —as(x,y,2), Vx,y,z€g.
Proposition 4 If (g, [-, -1, >) is a left post-Lie algebra, then (g, [-, -], <), where
xay:=xpey—I[x,y]
is a right post-Lie algebra.

Proof First, we show that

x<aly,zl =xw [y, z] =[x, [y, zll
=[x>y, z]l+ [y, x>zl =[x, y]. 2] — [y, [x, 2]
=[xey—I[x,yl,zZl+ [y, x>z —[x,2]]
=[x<y,zl+[y,x<z]

From
[x,y]<z=1[x,y]l>z—[[x, y] 2], (32)
and
(y<ax)<z=(Qyex)rz—[y>x,z] - [y, x]>z+[[y, x]. 2] (33)
y<ax<z)=ye>@xez)— [y, x>zl —y>[x,z] + [y, [x, 2] (34

one deduces that

aq(ya-xa Z) _a<1(‘x7 y’ Z) = [-xa y] >z — [[-xa y]’ Z]a
which is what we needed to show, see Formula (32).

Moreover, though post-Lie algebras are not Lie-admissible, one can prove the
following proposition.
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Proposition 5 Let (g, [, -], >) be a left post-Lie algebra. The bracket

[x.y] :=x>y—y>ox—[x,y] (35)

satisfies the Jacobi identity for all x, y € g, and it defines on g the structure of a Lie
algebra.

Proof 1t follows from a direct computation using the identities (30) and (31).
In particular, as consequence of the previous result one has

Corollary 3 Given a left post-Lie algebra (g, [-, -1, >), the product >: g @ g — g,
defined by

1
x>y:=x>y+§[x,y], Vx,y €g

defines on g the structure of Lie admissible algebra.

Clearly, both the proposition and the corollary can be easily adapted to the case
of right post-Lie algebra.

Remark 4 A few remarks are in order.

1. From now on, given a post-Lie algebra (g, >, [-, -]), we will denote by g the Lie
algebra with barcket [-, -] and by g the Lie algebra with bracket [, -].

2. Pre- and post-Lie algebras are important in the theory of numerical methods for
differential equations. We refer the reader to [7, 10, 17, 23, 26] for background
and details.

3. It is worth noting that if (g, >, [, -]) is an abelian left post-Lie algebra, i.e.,
[-, -] = 0, then it reduces to the pre-Lie algebra (g, ), whose underlying Lie
algebra is (g, -, ]), see (31) and Definition 5.

As for the case of pre-Lie algebras, differential geometry is a natural place to look
for examples of post-Lie algebras. This is based on the well known result that states
that if V is a linear connection on M then, forall X, Y, Z € X,.

Proposition 6°

Z(R(X, Y)Z -T(T(X,Y),Z)— (VxT)(Y,Z)) =0. (36)
@)

SFormula (36) is known as the Bianchi’s 1st identity. Among many other identities fulfilled by the
covariant derivatives of the torsion and curvature of a linear connection, the so called Bianchi’s 2nd
identity is worth to recall:

D ((VxR)(Y, 2) + R(T(X, ¥), 2)) =0, VX, Y,Z € Xp.
o
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Proof Since all the terms in (36) are tensors, it suffices to proveitfor X = 9;,Y = 9,
and Z = 0y where 9;, d; and 9; are elements of a local frame. The formula follows
now by a direct computation, noticing that [9;, d;] = [0;, 9] = [9;, 9] = 0 and that
(VxTY(Y,Z)=VxTY,Z)—-T(VxY,Z2) —T(Y,VxZ),forall X, Y, Z € Xy.

Then, if V is flat and has constant torsion, this formula implies that [-, -]7 : X, X
Xy — Xy, defined by [X, Y]r = T(X, Y), for all X,Y € X, is a Lie bracket on
Xy . In particular, defining X > Y := VxY forall X, Y € X, then

XY, ZlT = VxT(Y, Z) = T(VxY, Z) + T(Y,Vx Z) = [X v ¥, ZIT + [¥, X > ZIT
and

[X,Y]r>Z = VrxnZ
=Vv,vZ —Vy,xZ - VixvZ
= Vv,wwZ — Vy,xZ —VxVyZ + VyVxZ
=X Y)bZ-YeX)bZ-XFrX)+Y>(X>2)
=a.(X,Y,Z2)—-a.(Y, X, Z),

forall X, Y, Z € X),. In the third equality we used Ry = 0. Moreover
X, YIr=TX,Y)=VxY —Vy X - [X,Y]=Xp Y -Y> X —[X,Y].
Summarizing, under the assumptions on the linear connection V, one has that:

XY, Zlp =[Xe Y, Zlr +[Y, X > Z]r
[X1 Y]T|>Z=a|>(X, Y9 Z)_ab(Ys Xs Z)
[X.Y]=X>Y -Y>X—[X, Y],

forall X, Y, Z € X);. In other words

Proposition 7 [23]IfV is aflat linear connection on the manifold M, with constant-
torsion, then (Xyr, >, [+, -17) is a left post-Lie algebra.

Remark 5 A few remarks are in order.

1. Note that in the previous proposition the Lie-Jacobi bracket between vector fields,
plays the role of the Lie bracket [-, -] in the post-Lie structure, while the role of
the bracket [, -] is taken by [-, -]r, i.e., the one defined by the torsion tensor.

2. If one had defined [X, Y]y = —T(X, Y) and X <« Y = VxY, which is the same
product one has in the previous proposition, then (X, <, [+, -]r) is a right post-
Lie algebra.

At this point, it is worth recalling a classical result from differential geometry
due to Cartan and Schouten. See Refs.[5, 29]. Let G be a Lie group and g its
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corresponding Lie algebra. A linear connection V on G is called left-invariant if for
all left-invariant vector fields, X, Y, VxY is a left-invariant vector field. Then

Proposition 8 There is a one-to-one correspondence between the set of left-invariant
connections on G and the set Homp(g ® g, g).

Given a left-invariant connection, V, let « € Homp(g ® g, g) be the correspond-
ing bilinear form, and let s and a be the symmetric, respectively skew-symmetric
summands of ¢, i.e., s = “2% and a = ""2‘”", where oa(x, y) ;= a(y, x) for all
X,y € g.

Corollary 4 The connection V is torsion-free if and only if a(-, ) = %[~, -1, where
[-, -1 is the Lie bracket on g.

A left-invariant connection V is called a Cartan connection if there exists a one-
to-one correspondence between the set of the geodesics of V going through the unit
e and the 1-parameter subgroups of G.

Theorem 4 A left-invariant connection V on G is a Cartan connection if and only if
the symmetric part of the bilinear form o corresponding to V is zero. In other words,
Cartan’s connections on G are in one-to-one correspondence with Hom(A?g, g).

LetA € Fanddefinew; : g ® g — gbyas(x, y) = Alx, y]forallx, y € g. Then
the curvature and the torsion of the left-invariant connection defined by «; are

R.(X.Y)Z = (A = WI[X, Y], Z]
T,(X,Y) = 2r — D[X, Y],
forall X, Y, Z € X. In particular, the Cartan connection defined by o, (-, -) = A[-, -]
is flat if and only if A = 1 or A = 0. Then, going back to our main topic, one finds

Corollary 5 The Cartan connections defined by VxY = [X, Y] and VxY = 0, for
all X, Y € X define a (left) post-Lie algebra structure on Xg.

Proof Note that the two cases correspond to A = 1, A = 0, respectively. For A = 1
one has T(-, -) = [+, -], while for A = 0 one has T(-, -) = —[-, -]. On the other hand,
(VxT)(Y, Z) = Vx(T(Y, 2)) = T(VxY, Z) = T(Y, Vx Z).

Then, when A = 0, one has (VxT)(Y, Z) = 0, since VxyY = O forall X, Y and when
A =1, one has

(Vx(Y, Z) = Vx(T(Y, Z2)) = T(VxY, Z) = T(Y, VxZ)
= Vx([Y, Z]) - [[X, Y], Z] - [V, [X, Z]]
=[X, [V, Z]| - [[X, Y], Z] - [Y,[X, Z]] = O,

thanks to the Jacobi identity. Then the statement follows from Proposition 7, observ-
ing that [-, -1y = [, -].
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4 Poisson Structures and r-matrices

This section has two main goals. First to introduce the theory of classical r-matrices
and, second, the one of isospectral flows. To this end, we will introduce the reader
to the theory of the classical integrable systems, where both classical r-matrices and
isospectral flows play a central role. Classical r-matrices will be used to produce
examples of pre and post-Lie algebras, while isospectral flows will be studied in the
last section from the point of view of post-Lie algebra. We will also discuss in some
details the factorization of (suitable) elements of a Lie group whose Lie algebra is
endowed with a classical r-matrix. The analogue of this construction, applied to the
group-like elements of (the /-adic completion of) the universal enveloping algebra
of a finite dimensional Lie algebra, will be discuss at the end of these notes.

4.1 Poisson Manifolds and Isospectral Flows

We follow references [25, 33, 34]. Let P be a smooth manifold. A Poisson bracket
on P is a Lie bracket {-, -} on C*°(P), such that

1o, 3} = filfa. S5V + U 3l o YL fas f5 € CFUP).

The pair (P, {-, -}) is called a Poisson manifold and the pair (C*°(P), {-, -}) a Poisson
algebra.® Since every Poisson bracket is a skew-symmetric bi-derivation of C*°(P),
it can be obtained in terms of a bi-vector field I7, i.e., by a smooth section of A>T P,
the second exterior power of the tangent bundle 7 P. More precisely, given such a
section [71, one can define { f, g} = I1(df, dg),forall f, g € C*°(P). Such a bracket
is by definition a skew-symmetric bi-derivation of C*°(P). Moreover, defining

UT, Ihlsn (f, 8. k) = {{f. gh, bl + {{h, [}, g)2 + ({8, hhis fh2
+ {fs gl hh + A, fla. ghi 4+ (g A)as fh

forall f, g, h € C°°(P), one has that [I1, IT]sy = 0 if and only if the corresponding
bracket satisfies the Jacobi identity, i.e., [I1, IT]gy = 0 if and only if the correspond-
ing bracket is Poisson.”

Example 7 (Symplectic structures vs. Poisson structures) Let M be a smooth man-
ifold and let w € 2%(M) be a non-degenerate 2-form, i.e., a smooth section of

50ne can define the notion of a Poisson algebra in a more algebraic setting, without any reference
to some underlying manifold. More precisely one say that a associative and commutative algebra
(A, -) is a Poisson algebra if there exists a F-bilinear, skew-symmetric map {-, -} : A @r A — A,
which is a bi-derivation of (A, -) and which fulfills the Jacobi identity. Such a bilinear map is called
a Poisson bracket.

"The bracket [-, -] s just introduced extends to A®T P, the full exterior algebra of T P, and is called
the Schouten—Nijenhuis bracket.



256 K. Ebrahimi-Fard and I. Mencattini

A2T*M, the second exterior power of T*M, such that w,, : T M x T)M — F is
non-degenerate, forallm € M. Then, @ defines an isomorphism between 2! (M) and
X(M) which associates to each f € C*(M) its Hamiltonian vector field X y, defined
by the conditiondf = —w (X, ). Inthis way, foreach f, g € C*°(M) one can define
{f, g}o = (X, X,), whichis a skew-symmetric bi-derivation of C*°(M). Further-
more, {-, -}, is a Poisson bracket if and only if dw = 0. In this case w is called a
symplectic form and the Poisson tensor corresponding to {-, -},, is the inverse of w.

Let g be a finite dimensional Lie algebra and g* its dual vector space. Let F[g] be
the algebra of polynomial functions on g*. For x, y € g, let

{x, y}() = (e, [x, y]), Ve €g". (37)
Since F[g] is generated in degree 1 by g, the bracket in (37) admits a unique extension

to a skew-symmetric bi-derivation of F[g]. This bracket satisfies the Jacobi identity,
and therefore yields a Poisson bracket on the algebra of polynomial functions on g*.

On a basis xi, ..., x, of g, (37) reads {x;, x;} = ZZ:I C{‘jxk, fori,j=1,...,n,
where {C{‘j}iyj,k:] ,,,,, n» are the structure constants of g, defined by [x;, x;] = C[ijk,
fori, j =1, ..., n. This implies that g, seen as the vector sub-space of F[g] of linear

functions on g*, is closed with respect to (37), i.e., it implies that the Poisson bracket
of two linear functions is still a linear function. For this reason, the Poisson bracket
induced on F[g] by (37) is called a linear Poisson bracket. From the discussion
above it follows that giving a Lie bracket on g is equivalent to giving a linear Poisson
structure on g*. Let us recall that, given a Poisson manifold (P, {-, -}) and a smooth
function H : P — F, one can define the Hamiltonian vector field X ; € X(P) whose
Hamiltonian is H:
Xy(m) ={H, }(m), Vme P,

or, equivalently, Xy (m) = I[1(dH, -)(m), form € P.
Now let H € C*°(g*). Then the Hamiltonian vector field X 5 with respect to the
linear Poisson bracket defined on g* is given by:

Xy(o) = —adiy, (@), Yoeg, (38)

where ad” is the co-adjoint representation of g. The Hamiltonian equations, corre-
sponding to the integral curves of the vector field X 5 in (38) can be written as

& = —ady, (@). (39)

Recall now that f € C*(P) is called a Casimir of (P, {-,-}) if {f, g} =0, for
all g € C*°(P), which forces Xy to be the zero-vector field, i.e., X is such that
X y(m) =0 for all m € P. Moreover, this condition implies that Casimir functions
are constant along the leaves of the symplectic foliation associated to (P, {-, -}). % In

8The symplectic foliation of a Poisson manifold (P, {-, -}) is the generalized distribution in the
sense of Sussmann defined on P by the Hamiltonian vector fields. Each leaf of this distribution
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the particular case of a linear Poisson structure, if G is assumed to be connected, one
can prove that f € C*°(g*) is a Casimir if and only if f is G-invariant, i.e., if and
only if Adg f = f,forall g € G. In this case, f is a Casimir if and only if for all
acg

ad;, (o) = 0. (40)

The vector space of the Casimirs of the Poisson manifold (P, {-, -}) is denoted
by Cas(P, {-,-}). It is a commutative Poisson sub-algebra (actually the center) of

4.1.1 Lax-Type Equations

Let H € C*(g*). ThendH, € g,forall @ € g*, and d H is a (smooth) map between
g* and g. Suppose now that g is a quadratic Lie algebra, i.e., a Lie algebra endowed
with a non-degenerate, symmetric bilinear form B : g ® g — I, which is invariant
with respect to the adjoint action of g, i.e., B(ad, y, z) + B(y, ad,;) = 0, for all
x,Y,zin g. Then, if x, € g is the (unique) vector such that B(x,, y) = («, y), for
all y € g, the integral curves of the Hamiltonian vector field Xy correspond to the
integral curves of the vector field defined on g by the system of ordinary differential
equations:

Xo = [Xq, dH,], 41

where the bracket on the right-hand side of (41) is the Lie bracket of g. Evolution

equations of type (41) are known as Lax type equations, after Peter Lax, or isospectral

tr xX

flow equations, since, if g is a matrix Lie algebra,9 then writing Fy = 7, one has

dF dxf,‘, dxg k—1 k—1
=k = tr( — ) —k tr(Exa ) = k tr([xg, dHox™1) = 0,

implying that, generically, the eigenvalues of x, are conserved quantities along the
flow defined by (41).
4.2 r-matrices, Factorization in Lie Groups and Integrability

We follow references [20, 33, 34]. Let g be a finite dimensional Lie algebra over I,
and let R € Endp(g). Then the bracket

is an immersed symplectic manifold, i.e., it is an immersed submanifold of P which carries a
symplectic structure. See Example 7, which is defined by the restriction to the leaf of the Poisson
structure.

9Note that this is not a restriction, since, by the Ado’s theorem, every finite dimensional Lie algebra
admits a faithful finite dimensional representation.
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[x, ylr = %([Rx, yl+[x. RyD), Vx,yeg (42)
is skew-symmetric. Moreover, if:
B(x,y) := R([Rx, y] + [x, Ry]) — [Rx, Ry], (43)
then [-, -]g satisfies the Jacobi identity if and only if:
[B(x,y),z] +[B(z,x), y] + [B(y,2),x] =0, Vx,y,z€g. (44)

In fact, the Jacobi identity for [-, -] is equivalent to:

S ([RURx, y1+ [x, RyD, 2] + [[Rx, v + [x, Ry, Rz]) =0 (45)
O

where Zo denote cyclic permutations of (x, y, z). On the left-hand side of the
previous equation, the following three-terms sum appears:

[[Rx, y] + [x, Ryl, Rz] + [[Rz, x] + [z, Rx], Ry] + [[Ry. z] + [, Rz], Rx]
which, using the Jacobi identity for the bracket [-, -], becomes
—[[Rx, Ry], z] — [[Rz, Rx], y] — [[Ry, Rz], x].

From the previous computation it follows that if, for some 8 € F, B(x, y) = 0[x, y],
which amount to the following identity

[Rx, Ry] = R([Rx, y] + [x, Ry]) — 0[x, y], (46)

for all x, y € g, then identity (44) will be fulfilled.

Definition 7 (Classical r-matrix and modified CYBE) Equation (46) is called mod-
ified Classical Yang—Baxter Equation (mCYBE). Its solution is called classical r-
Matrix. For 8 = 0, equation (46) reduces to what is called classical Yang—Baxter
Equation (CYBE). The Lie algebra with classical r-matrix, (g, R), defines a double
Lie algebra. The Lie algebra with bracket [, -]z defined in (42) is denoted gg.

Remark 6 Note that on the underlying vector space g of a double Lie algebra (g, R)
are defined two Lie brackets, the original one, [-, -], and the Lie bracket [, -] defined
in (42). Correspondingly we have two linear Poisson structures, i.e., the bracket {-, -},
defined in (37), and the bracket {-, -}, defined by

1
{f» g}R(a) = <Ol, [dfa’ dga]R) = 5(0{, ([Rdfou dgoz] + [dfuw Rdgoz]))
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Furthermore, the two Lie algebra structures yield two co-adjoint actions, ad* and

ad*®, defined for all x, y € gand @ € g* by

ad’ (@) (y) == —(a, [x, y])

1
adif (@)(y) = =5 (o [Rx, Y] + [x, RY]).

The definition of ad®®, together with a simple calculation shows that

1
(£ 8hr(e) = - (adyy, (@)(Rdf,) — adyy, (@)(Rdga)). (47)

Let R be a solution of the mCYBE with 6 = 1 and let R € Endr(g) be two maps

defined by:

1
Ry = Z(R%idy). (48)

Proposition 9 1. The maps Ry : g — g are homomorphisms of Lie algebras from

2.

gr t0 @, So that g+ = im Ry are Lie sub-algebras of g.

Let £y = ker R. Then ¥+ C g4 are ideals, and denoting with w the class of
the element w, the map Cg : g4/t — g_/t_, defined by CR( (R+ idg)x) =
(R — idg)x, is an isomorphism of Lie algebras. Note that, with a slight abuse of
language, we include also the case when g /¥4 are the zero-Lie algebras.
Let A : g — g @ gbethe diagonal morphism, andletir = (R, R_-)o A :g —
g @ g, defined by irx = (Ryx, R_x), for all x € g. Then, if g ® g is endowed
with the direct-product Lie algebra structure, ig is an injective Lie algebra
homomorphism of Lie algebras whose image consists of all pairs (x,y) € gD g
such that Cgx = Cgy.

Eachelement x € g has aunique decompositionasx = x; — x_, where (x4, x_)
= IRX.

Proof We will sketch only the proof of item 1. To this end, observe that, for all

X,y € g, the following identities hold:

[Rix, Riy] = Ri([Rex, y]+ [x, Rey] F [x, y]). (49)

Via a simple computation they yield the equality Ri[x, y]g = [R+x, Ryy], for
X,y €g.

The map Cy is called the Cayley transform of R. In the following example we

will introduce an important class of solutions of the mCYBE (with 6 = 1).

Example 8§ Let g, g_ be two Lie subalgebras of g such that g =g, & g_, and
letiy :gr > gbg,ir:x — (x,0)andi_ : x — (0, x) the two canonical embed-
dings. In particular g, and g_, are Lie sub-algebras of g, centralizing each other, i.e.,

[g+, g-1 = 0. Finally, let 7 : g — g be the corresponding projections, and define



260 K. Ebrahimi-Fard and I. Mencattini
R:=mn, —m_. (50)

First note that
R+ 2n_ =idy =2n, — R. (51)

Now let us show that R defined in (50) satisfies (46), i.e., the mCYBE with 6 = 1.
To this end it suffices to observe that [x, y]g = [x4, y+] — [x—, y_], which implies

R([Rx, yl+ [x, Ry]) — [Rx, Ry] = [x4, y4] + [x—, y—1+ [x—, y+ 1+ [x4., y—] = [x, y].

Since R satisfies the mCYBE, 4 := £ R satisfy the following identity:

[rex, meyl = ma(lmex, yl + [x, mey] — [x, ¥]), Vx,y €g.

and they are homomorphisms of Lie algebras from gy to g.

4.3 Factorization in Lie Groups

Let R be asolution of the mCYBE andlet G C G be the unique (up to isomorphism),
connected and simple Lie groups whose Lie algebras are g1 = R g.

Theorem 5 Then, every element g’ in a suitable neighborhood of the identity element

of G admits a factorization as
g =hhy', (52)

where hy € Gy and h, € G_.

Proof Recall that, as vector spaces, gg = g. Let A : gr — gr @ gr be the diagonal
map, i.e., A(x) = (x,x) forall x € gg. Leti : g ® g — g the linear map defined by
i(x,y)=x—y,forallx,y eg.

Consider the linear map defined by:

A (Ry\,R2) i
gr —— R gr —— gD —— g. (53)

Then io(Ry,R_)oA(x) =x, for all x €g. Since A:gr —> gr Dgr and
(R4, R_) : gr ® gr — 9 @ g are homomorphism of Lie algebras they integrate
to homomorphisms of Lie groups, which will be denoted as § : Gg — G x Gg
and (r4,7-) : Gg X Gg — G x G, respectively. In particular, for each g € Gg,
g+ = ryg. Furthermore, note that, even though i : g @ g — g is not a homorphism
of Lie algebras, it is the differential (at the identity) of the map j : G x G — G,
defined by j(g,h) = gh~'. Then the map defined in (53) is the differential (at the
identity e € Gg) of the map v : Ggp — G defined by

Y =jo(ry,r_)od. (54)
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Observe now that since v, . = id, the map  is a local diffeomorphism, i.e., there
exist neighborhoods V and U of the identities elements of both G and G such that
Yly : V. — U is a diffeomorphism. Moreover, just applying the definition of the
map ¥ given in Formula (54), one has that

V(g =gr8”", (55)

for all g € Gg. Taking now any element g’ in a suitable neighborhood of the identity
of G (eventually contained in U),

=y )= "N+ N

The statement now follows taking &, = (' (g"))4 and h, = (Y ~'(g"))_.

To simplify statement and notation, let us suppose that the map v is a global
diffeomorphism. As remarked above, the map ¥ is not a homomorphism of Lie
groups. On the other hand one can prove that

Corollary 6 The map * : G x G — G defined by

gxh = (@)+h(y (g (56)

forall g, h € G, defines a new structure of Lie group on the underlying manifold of
the Lie group G. Let G be the Lie group whose product is x and whose underlying
manifold is G. Then  : Ggp — G is an isomorphism of Lie groups.

Note that the product * defined in the previous corollary can be obtained as the
push-forward via ¥ of the product defined on G g. More precisely one can prove that

Proposition 10 Forall g, h € G, one has that

grh=v@ @y ().

Applications to dynamics and integrability. Classical r-matrices and double Lie alge-
bras play an important role in the theory of classical integrable systems, both finite
and infinite dimensional. The relevance of these objects to this theory stems from
Theorem 6 further below.

Theorem 6 Let g be afinite dimensional Lie algebra and R a solution of the mCYBE.
Let G be the connected and simply-connected Lie group corresponding to g. Let {-, -}
and {-, -}r be the linear Poisson brackets defined on g. Then:

1. The elements of Cas(g*, {-, -}) are in involution with respect to the Poisson bracket
{, I&

2. Forevery f € Cas(g*, {-, -}), the Hamiltonian vector field XE defined by {-, -}g,
equals:

XR(a) = —+ ad? 57
f(a)—_za Rdf, & (57)



262 K. Ebrahimi-Fard and I. Mencattini

3. If (g, (-|-)) is a quadratic Lie algebra, then to X _’; corresponds a vector field }’(7;
on g, defined by the following Lax (type) equation:

~ 1

XK () = S, Rdfi]. (58)
The vector field )’(T} is obtained using the diffeomorphism between g and g*
induced by the bilinear form (- | -).

Proof The proof of the first statement of the theorem follows from (40) and (47).
The second statement follows by a direct computation

(XF (@), x) = —(adfiff o, x) = (@ adgy x)
1 1 1
= Sl [Rd o x]) + 5 o [ R¥]) = =2 {adgyp, o, ),

where we used that {(«, [df,, Rx]) = 0, see (40). This proves formula (57). Finally,
using the non-degenerate, bilinear ad-invariant form (- | -) defined on g we can write
fora eg*andy e g

1 1
(Xl;(a)’ )’) = §<av [Rdfa’ Y]> = E(xvt | [Rdfav )’])
In the previous formula, x, is the element in g corresponding to o € g* via the

isomorphism between g* and g induced by (-|-). Using now the ad-invariance of
(- 1), the last term of the previous formula can be written as:

1
E([xav Rdfa] | y)

implying that: |
(XF (@), y) = 5 ([xe: RAfa11)-

Using again the isomorphism defined by (- | -), we can write:
TRy ) — L J
Xf(xot) - E[xou R f(){]s
which proves the last part of the theorem.

Remark 7 The Hamiltonian equations corresponding to X jf have the following form:

. |
o= —Eadk(dfa)oe. 59)
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Moreover, the Hamiltonian vector field X ; corresponding to a Casimir f € C*(g*)
is identically zero.

Finally, using the notations of Theorem 6, where G 1. are the connected and simply-
connected Lie groups whose Lie algebras are g, = im R, see Theorem 5, one can
prove that

Theorem 7 Let f € Cas(g, {-,-}) and let t — g (t) be two smooth curves in G 4
solving the factorization problem

exp(tdfy) = g1 (g ()", g(0) =e.

The integral curve o = a(t) of the vector field (57), solving (59) with «(0) = «, is

_ f _ #
a(t) = Adg;‘(z) o= Adg:‘(r) o. (60)
4.4 Pre-and Post-Lie Algebras from Classical r-matrices
Let R € Endp(g) be a solution of the CYBE. The next result is well-known.
Proposition 11 The binary product - : ¢ ® g — g defined by
x-y=[Rx,y], Vx,yeg (61)

defines a left pre-Lie algebra on g.

Proof Indeed, for all x, y, z € g we have

(x-y)-z—x-(y-2) =[R[Rx,y],z] = [Rx,[Ry, z]]

© [R[Rx. y1.z] - [[Rx, Ryl.z] — [Ry. [Rx. z]]

© _[RIx, Ryl z] — [Ry, [Rx. z]]

= [R[Ry, x], z] — [Ry, [Rx, RZ]]
=-x)z—y - (x-2).

In (a) we used the Jacobi identity. In (b) we used (46) with 6 = 0.

Note that the Lie bracket (42) defined by a solution R of the CYBE is, up to a
numerical factor, subordinate to the pre-Lie product (61). Infact, sincex - y — y - x =
[Rx, y] — [Ry, x] =[Rx, y] + [x, Ry],

1
[',']R=§(X'y—y'x)-
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In particular, the Lie bracket (42) is subordinate to the pre-Lie producte : g g — ¢
defined by x ¢ y = %x -y, forall x, y € g. Let R be a solution of the CYBE and let
e : g® g — g be the pre-Lie product defined by x e y = %[Rx, ylforall x,y € g.
Then, if for every x € gg = (g, [, -]r) one denotes with X, the left-invariant vector
field on G g, the unique connected and simply-connected Lie group whose Lie algebra
is gr, then one can prove the next result.

Proposition 12 The left-invariant linear connection on Gy defined by

1
Vx X, = EX[Rx,y]y (62)

is flat and torsion free. In particular, the product
XY =VxY (63)

defines a left pre-Lie algebra on X¢,.

Proof First let us compute the torsion of the connection defined in (62).

T(X)m Xv) = VXXXV\' - VX}.Xv)c - [X)m Xy]

1

= E(X[Rx,y] — XiRy.x1) — Xpeyle =0,

for all x, y € g. On the other hand, computing the curvature of V one gets:

R(Xy, Xy)X; = Vx Vx, X; — Vx Vx X; — Vix, x1X:

1 1

= Z(Xle,lRy,zn — X(R,.[Rx.c1l) — EVX([RX,}-MX,MXZ
1

= Z(X[Rx.[Ry,z]]—[Ry,[Rx,z]]—[R([Rx,y]-%[x,Ry]),z])

@ 1

= Z(X[[Rx.,R,V]—R([Rx,y]+[x,Ry]),z]) =0,

forallx, y, z € g, proving the first claim. Note that in (a) we used the Jacobi identity,
and the last equality follows from R being a solution of CYBE. For the second
one, note that it suffices to prove it for the left-invariant vector fields. Then, given
X,y,Z € g, one has that

a.(Xy, Xy, X;) = Vv, x, X: — Vx, Vx X,

1
= E(memJ X, — Vx Xiry.2)

1

= ZX([R[Rx.,yl,zl—[Rley,zm

1

= ZX([R[Rx,y],z]—[[nyRy]-z]—[Ry-[Rx.z]])
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1 1

= ZX[R[Ry,xLz] - ZX[Ry.,[Rx,zn =a(X,, X., X),

forall x, y, z € g.

We will now prove the following result, which completes Example 6. Let (g, B)
be a quadratic Lie algebra.'” Then we have the next result.

Proposition 13 (Drinfeld [13] ) The set of invertible and skew-symmetric solutions
of the CYBE on (g, B) is in one-to-one correspondence with set of the invariant
symplectic structures on the corresponding connected and simply-connected Lie
group Gg. In particular, every invertible solution of the CYBE defines a left pre-Lie
algebra structure on Xg,,.

Proof Let R be an invertible solution of the CYBE on g and let w (-, -) = B(R-, ") :
g ® g — g. Then w is non-degenerate and skew-symmetric. In fact, since R is skew-
symmetric one has that

w(y,x) = B(Ry,x) = —B(y, Rx) = —B(Rx,y) = —w(x, ),
forall x, y € g, andif x € gissuchthatw(x,y) =O0forall y € g, then B(Rx,y) =
—B(x, Ry) =0 for all y € g, which implies that B(x, z) = 0 for all z € g since R

is invertible. Let us now prove that € 2?(gg, F), i.e., that

w(x, [y, z]r) +o(z, [x, y]r) + o(y, [z, x]r) =0, Vx,y,ze€g.

To this end, first compute
1 1
o(x, [y, zlr) = EB(Rx, [Ry,z]) + EB(Rx, [y, RzD
1 1
= EB([RX’ Ryl, z) — EB(R[Rx, vl 2),

then compute

1 1
o(y, [z, x]g) = ZB(Ry, [Rz, x]) + 5 B(Ry, [z, Rx])

1 1
= EB([RX’ Ryl. z) — EB(R[X’ Ryl, 2).

10Recall that a quadratic Lie algebra (g, B) is a Lie algebra endowed with a non-degenerate, g-
invariant bilinear form B : g ® g — g, i.e., B is a bilinear form such that (1) if x € g is such that
B(x,y)=0forall y € g, then x = 0 and 2) B([x, y],2) + B(y, [x,z]) =0forallx, y,z € g.
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On the other hand,

w(z, [x, ylr) = B(Rz, [x, y]r)

1
= —B(RLx, ylr, 2) = =5 B(R([Rx, yl + [x, RY]), 7).

Using the results of these partial computations one has:

a)(x, [ya Z]R) + (,()(Z, ['x7 )’]R) + w(y’ [Za X]R)
1 1
EB([Rx, Ryl, 2) — EB(R[RX’ vl 2)

1 1
= EB([Rx, Ryl,z) — EB(R[x, Ryl, 2)

1
— 5 B(R(Rx, yI + [x, Ry]), z) =0,

since R is a solution of the CYBE. On the other hand, suppose that w € 2 2 (gr, F)
is non-degenerate. Then, using B and w one can define B” : g — g* and, respec-
tively, " : g — g* to be the linear isomorphisms such that (B”(x), y) = B(x, y)
and (0" (x),y) = w(x,y) for all x, y € g. Then if R := (B*) ' o’ : g — @, one
has that

B(Ry, x) = (@"(y), x)
=w(y, x) = -, y) = —(0"(x),y) = =B(Rx, y) = —B(y, Rx),

showing that R is skew-symmetric. On the other hand, if x € g is such that Rx = 0,
then
0=(Rx,y) = (0"(x),y) = w(x,y),

for all y € g, which implies that x = 0, proving that R is an isomorphism. Further-
more, since w € Z%(gg, F),

oz, [x, yIp) + oy, [z, x]p) + @(x, [y, 2]g) =0 Vx,y,z €g,
which implies that
B(R([Rx, y]l + [x, Ryl.2) = B([Rx, Ryl,2), Vx,y,z€g,

proving that R is a solution of the CYBE. Finally, if @ € 2%(gg,F) is non-
degenerate, its extension on G g by left-translations defines a left-invariant symplectic
form on G . Then the last part of the statement of the proposition follows now from
the discussion in Example 6.

We will now see how given a solution of the mCYBE on g one can define a structure
of a post-Lie algebra on X,. In spite of the fact that the relation between post-Lie
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algebra structures on X, and solutions of the mCYBE is completely analogous
to the one just discussed between the solutions of the CYBE and pre-Lie algebra
structures on the X, we will give full details also in this case. Before moving to
this more geometrical topic, let us make a few observations of algebraic flavor. Let
R € Endp(g) be a solution of the mCYBE, Equation (46), and let R, be defined as
in (48). Then:

Theorem 8 ([2]) The binary product
Xy y = [Ry(x), yl. (64)
defines a left (right) post-Lie algebra structure on g.

Proof The axiom (30) holds true since [R., -] is a derivation with respect to [-, -].
The axiom (31) follows from (49) and the Jacobi identity.

Note that
x>y =[R_x,y]=[(Ry —idg)x, y] = x>y y =[x, )]
which is the content of Proposition 4. In particular, a computation shows that:
xe_y—ye_x+[x,yl =[x, ylg=xepy —yepx —[x, yl,
for all x, y € g. See Proposition 5, i.e.,
[ =T . (65)

Moreover, one finds the Lie-admissible algebras (g, > ) with binary compositions

1
X >xy ::x>iy+§[x,y].
The Lie bracket (35) is then given by [x, y] = [x y] x>y —y>ux, forall
X,y e g. Writing R := 1 R, one can deduce from [Rx, Ry R([Rx, y1 + [x, Ry])

[x, v], that

1
a.(x,y,2) —a.(y,x,2) = —Z[[x, yl, z].

Let us now move to the geometric side and discuss the post-Lie structure defined
on X¢, by a any solution of the mCYBE.

Let R be a solution of the mCYBE and let R be as defined in (48). Then denoting
with X, the left-invariant vector field on G defined by x € g we have the result.
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Theorem 9 The formula:
VXXX)' = X[R+x,y]a V)C,y €g (66)

defines a flat left-invariant linear connection on G g with constant torsion. In partic-
ular, the product
XY =VyY (67)

defines a left post-Lie algebra on (Xg,, [-, -1), where [, -] : X, @ Xg, = X, is
the usual Lie bracket on the set of vector field on the smooth manifold G g.

Proof The first statement follows from a direct computation. More precisely

Vx, Vx, Xz = Vx, Vx, X: = X{R x.[Ry y,211-[R: ¥R x,2])
= X{(R.x,R.yl2ls VX, Y, Z €.

On the other hand,

Vix, x)X: = Vx, , X: = EVX[RX,MLMXZ = X[R{[Ryx,y1=Ri[x,y1+Ry [x. Ry y1,2]

= X{[Rox,Ryy)2]

where weused that R = 2R — idg and (49) which, together, prove thatR (X, X)X
=0 forall x, y, z € g. Let us now compute
T(X., Xv) = VX,Cva - VX}-X.X — [X, Xy]
= X[Rox.yl+x.Reyl-[x.yIr
= Xixy)

for all x, y, z € g. Then

(Vx, D(X,, X)) = Vx T(X,, Xy) — T(Vx X,, X,) —T(X,, Vx X,)
= Vi, Xey1 — X(iry 22101 — X [Rizyn = 0

Because of its definition, V is left-invariant and since every X € X, can be written
as X = Z?lzmlg fiXy, where f; € C®°(Gpg)foralli = 1,...,dimgandxy, ..., Xdimg
is a basis of g, it follows that V has the properties stated in the theorem. The last part
of the statement follows now from Proposition 7 in Sect. 3.
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5 Post-Lie Algebras, Factorization Theorems
and Isospectral Flows

In this section we will study the properties of the universal enveloping algebra of a
post-Lie algebra. For post-Lie algebras coming from classical r-matrices, we will
discuss in details the factorization of group-like elements of the relevant I-adic
completion. In the last part, we will discuss how this factorization can be applied to
find solutions of particular Lax-type equations.

5.1 The Universal Enveloping Algebra of a Post-Lie Algebra

Proposition 5 above shows that any post-Lie algebra comes with two Lie brackets,
[-, -] and [[-, -]], which are related in terms of the post-Lie product by identity (35).
The relation between the corresponding universal enveloping algebras was explored
in [17]. In [27] similar results in the context of pre-Lie algebras and the symmetric
algebra Sy appeared.

The next proposition summarizes the results relevant for the present discussion
of lifting the post-Lie algebra structure to % (g). Denoting the product induced on
7 (g) by the post-Lie product defined on (g, >, [+, -]) with the same symbol >, one
can show the next proposition.

Proposition 14 ([17]Let A, B,C € % (g) andx,y € g — % (g), then there exists
a unique extension of the post-Lie product from g to % (g), given by:

IbA=A (68)
xApy=x>(A>y)—(x>A)>Yy
A>BC = (A(l)DB)(A(g)DC). (69)

Proof The proof of Proposition 14 goes by induction on the length of monomials in

U (9).

Note that (68) together with (69) imply that the extension of the post-Lie
product from g to % (g) yields a linear map d : g — Der (% (g)), defined via
d(x)(xy---x,) =D 0 X1+ (x>x;) -+ x,, forany word x; - - - x, € % (g). A sim-
ple computation shows that, in general, this map is not a morphism of Lie algebras.
Together with Proposition 14 one can prove.

Proposition 15

Ax1=2¢(A), (70
e(A> B) = e(A)e(B), 71)
A(A>B) = (A > Buy) ® (A > Bp), (72)
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xA>B=x>(A>B)— (x>A)> B, (73)
A>(B>C) = (Ag)(Ap>B))>C. (74)

Proof These identities follow by induction on the length of monomials in % (g).

It turns out that identity (74) in Proposition 15 can be written A (B> C) =
(A * B) > C, where the product m, : % (g) ® % (g) — % (g) is defined by

m*(A®B) =AxB:= A(])(A(Z)DB). (75)

Theorem 10 [17] The product defined in (75) is non-commutative, associative and
unital. Moreover, % (g) := (% (g), my, 1, A, &, S,) is a co-commutative Hopf alge-
bra, whose unit, co-unit and co-product coincide with those defining the usual Hopf
algebra structure on 7 (g). The antipode S, is given uniquely by the defining equa-
tions:

my o (id®S,)oA=10e=m,o (S, ®id) o A.

More precisely
n—1
Se(X1-+- %) = =X+ X, — Z Z Xo(l) X * S(Xo@1) =+ Xom))s (76)
k=1 ceXy i

for every xi -+ x, € U,(g) and for alln > 1.

Here Xy ,_x C X, denotes the set of permutations in the symmetric group X, of
nelements [n] :={1,2,...,n}suchthato(l) <--- <o(k)ando(k+1) <--- <
o (n). Note that since elements x € g are primitive and A is a x-algebra morphism,
one deduces.

Lemma 1
Ay sk xy) =x1 % %X, Q@1+ 1Qx; %+ %X,

n—1
+ Z Z Xo() ¥+ ¥ Xg(k) @ Xo(k1) ¥ *** % Xg(n)-

k=1 o0€eXy

The relation between the Hopf algebra %, (g) in Theorem 10 and the universal
enveloping algebra %/ (g) corresponding to the Lie algebra g is the content of the
following theorem.

Theorem 11 [17] %, (g) is isomorphic, as a Hopf algebra, to % (g). More precisely,
the identity map id : g — ¢ admits a unique extension to an isomorphism of Hopf

algebras ¢ : U (§) — . (g).

Proof First, let us verify the existence of an algebra morphism ¢ : % (g) — %.(g).
To this end, note that the inclusion map i : g < % (g), via the universal property of
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the tensor algebra T g, guarantees the existence of an algebra morphism 7 : Tg —
. (g) making the following diagram commutative:

g

VN

Tg U.(9)

where i7 : g < Tg is an inclusion map. Note that, since i(x) = x € % (g) and
iT(x) =x € Tgforallx € g,onehas I (x) = x forall x € g, i.e., the map [ restricts
to the identity on g. Then, for all monomials x; ® - - - ® x,, € T'g, one has

I(-x1®"'®-xn)=-x1*"'*xnv
and, sincex * y — y xx = [x, y] forx, y € g,
Ic®y—y®x—[x,y)=0.

It follows then that the map I : Tg — %, (g) factors through the (bilateral) ideal
J={(x®y—y®x —[x,y]) C Tg, defining a morphism of (filtered) algebras ¢ :
% (g) — %.(g) which makes the following diagram commutative:

U (9)

where 7 : Tg — 7 (g) is the canonical projection, i.e., 7(A) = A mod J, for all
A € Tg. Note that since 7 (x) = x for all x € g, the map ¢ restricts to the identity
on g. Now, using a simple inductive argument on the length of monomials, one can
show that for all A € %,(g) and B € %,,(g)

m.(A® B) = AB mod % +m-1(9),

which implies that the graded map gr(¢) : gr(% (g)) — gr(%.(g)), defined, at the
level of the homogeneous components, by

gr, (@) (x1 - - x, mod %,-1(8)) = ¢ (x1 - - x,)mod % -1(9)

is an isomorphism, proving that ¢ : % (g) — %.(g) is an isomorphism of filtered
algebras. It is easy now to show that this morphism is compatible with the Hopf
algebra structure maps, which implies the statement of the theorem.
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In the general case, on the other hand, it is difficult to say more about the isomor-
phism ¢ : % (g) — %.(g). One has the following nice combinatorial description. If
m.: U (@) Q % (g) — % (g) denotes the product in 7 (g),i.e.,m (A® B) = A - B
for any A, B € % (g), then the Hopf algebra isomorphism ¢ : % (g) — %.(g) in
Theorem 11 can be described as follows. From the proof of Theorem 11 it follows
that ¢ restricts to the identity on g <> % (g). Moreover, for x1, x5, x3 € g we find

@ (x1-x2) = d(x1) * P(x2) = X1 * X2 = X1X2 + X1 > X2,
and

@ (X1 - X2 - X3) = X1 * X2 % X3
= x1 (2 * x3) + x1 > (X2 * x3) (77)

= x1x2x3 + x1 (X2 > x3) + xX2(x1 > x3) + (X1 > X2)X3 + X1 > (X2 > X3).

Equality (77) can be generalized to the following simple recursion for words in
7 (g) with n > 0 letters

Gxr X)) = X192 X)) F X B P, (78)

Recall thatx > 1 = Oforx € g,and ¢ (1) = 1. From the fact that the post-Lie product
on g defines a linear map d : g — Der (% (g)), we deduce that the number of terms
on the righthand side of the recursion (78) is given with respect to the length n =
1,2,3,4,5,6 of the word xy - - - - - x,, € Z.(g) by 1, 2, 5, 15, 52, 203, respectively.
These are the Bell numbers B;, fori =1, ..., 6, and for general n, these numbers
satisfy the recursion B, = ) ;_, (’f) B;. Bell numbers count the different ways the
set [n] can be partition into disjoint subsets. From this we deduce the general formula

forxy-----x, € %Z(g)

Gxy X)) =Xy %k = Y Xy € U(g), (79)
TeP,
where P, is the lattice of set partitions of the set [n] = {1, ..., n}, which has a

partial order of refinement (7 < « if 7 is a finer set partition than «). Remember
that a partition 7 of the (finite) set [n] is a collection of (non-empty) subsets & =
{1, ..., mp} of [n], called blocks, which are mutually disjoint, i.e., m; N7w; =9
for all i # j, and whose union Uibzlrr,- = [n]. We denote by || := b the number
of blocks of the partition 7, and |r;| is the number of elements in the block ;.
Given p, g € [n] we will write that p ~, ¢ if and only if they belong to same block.
The partition in = {m} consists of a single block, i.e., [;| = n. It is the maximum
element in P,. The partition ﬁn = {my, ..., m,} has n singleton blocks, and is the
minimum partition in P,.
The element X, in (79) is defined as follows
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Xq =[] x@m). (80)

TiET

where x(m;) := €7 ol; o---oly (xy) for the block 7; = ki, Ky, ... k}} of
1 2 1—1

the partition & = {my, .. .H, T} and Zi(b) ‘= a v b, fora, b elements in the post-Lie
algebra g — % (g). Recall that k; € m; is the maximal element in this block.

Remark 8 Defining m; := ¢(x*) and d; := €5~ (x) 1= x > (£5'72(x)), €0 :=id,
we find that (79) is the i-th-order non-commutative Bell polynomial, m; =
Bi°(dy, ..., d;). See [16, 24] for details.

Next we state a recursion for the compositional inverse ¢~ (x| - - - x,,) of the word
X1 - X, € % (g). First, it is easy to see that ¢ ' (x1x2) = x| - xp — x| > x» € % (9).
Indeed, since ¢ is linear and the identity on g < % (g), we have

G(X1 X2 — X1 > Xp) = X| % X2 — X > X2 = X1X2,
and

¢ rxax3) = xp-x2 w3 — ¢ (e x3) — ¢ (k2 (xg B x3) — ¢ (a1 B x2)x3)
— x1 > (x> x3)

which is easy to verify. In general, we find the recursive formula for ¢~ (x; - - - x,) €
u (9)
¢ ) =X = Y ¢ (X, (1)

f),, <meP,

This is well-defined since in the sum on the righthand side all partitions have less
than n blocks.

Observe now that since ¢ maps the augmentation ideal of 7 (g) to the one of %, (g)
itextends to an isomorphism between the completions of the two universal enveloping
algebras ¢3 Y (g) — ?/; (@), see Subsection 2.2. We are interested in the inverse of
the group-like element exp(x) € ¥ (022 (9)), x € g, with respect to ¢3 It follows from
the inverse of the word x" € % (g), i.e., p~ ' (exp(x)) = Y ns0 %é_l(x").

Theorem 12 For each x € g, there exists an unique element x (x) € g, such that
exp(x) = exp*(x (x)). (82)

Proof For x € g the exponential exp(x) is a group-like element in & (%A (g)). The
proof of Theorem 12 involves calculating the inverse of the group-like element
exp(x) € 9 (?2 (g)) with respect to the map ¢A> Indeed, we would like to show that
43" (exp(x)) = exp (x(x)) € g(OZZA (g)), from which identity (82) follows

$ o~ (exp(x)) = exp(x) = d o exp (x (x)) = exp* (x (x)),
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due to ¢3 being an algebra morphism from U (g) to U, (g), which reduces to the
identity on g.

First we show that for x € g, the element x (x) is defined inductively. For this we
consider the expansion x (x7) := xt + Y, _ xm(x)?" in the parameter . Comparing
exp*(x (xt)) order by order with exp(xt) yields at second order in ¢

1 1 1
X2(X) 1= —x1xp — =X kXxp = —Ex >X E€g.

2 2

At third order we deduce from (82) that

() 1 X : () ! ()
= - = *X — X %
x3(x 3 > 7= X)) *x = x K xa(

()3<7T€P3

:—% Z Xﬂ+%((x»x)x+(x1>x)l>x)+%(x(x»x)+x1>(x1>x))

63 <meP3

=—%(2x(xl>x)+(x>x)x +Xi>(x>x))+%((x>x)x+(x1>x)\>x+x(xl>x)+xl>(x1>x))
1 1 1
= E[(XDX),X]—O—Z(x>x)>x+ﬁx1>(xl>x)

= é[XI(X), x2(x)] — %xz(X) >x — éx > x2(x),

where we defined x;(x) := x. The n-th order term is given by

1 =l
() = —— Xn—kzgﬁ Do X () E () ek X (X)) (83)

f),, <mweP, n *,,;’5‘ =
-1
1, 1. 1
= =y s D X ) () e g (1), (84)
n! n! o K e

pi>0

From this we derive an inductive description of the terms x,(x) € 022* (g) depending
onthe x,(x)forl < p<n-1

1 "1
Xn(X) = ax" — Z o Z Hpr () % Xpy (X) -+ % X, (X). (85)

k=2 T me
We have verified directly that the first three terms, x;(x) for i = 1,2, 3, in the
expansion x (xt) :=xt + Y, o xm(x)t™ are in g. However, showing that x,(x) € g
for n > 3 is more difficult using formula (85). We therefore follow another strategy.
At this stage (85) implies that x (x) € @/A* (g) exists. Since x € g, we have that exp(x)
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is group-like, i.e., A(exp(x)) = exp(x)A@é exp(x). Recall that %A*(g) is a complete
Hopf algebra with the same coproduct A. Hence

Alexp*(x (x))) = Aexp(x)) = exp(x)@ exp(x) = exp*(x (x))& exp* (x (x)).

Using ¢ we can write ¢ ® ¢ o Ag(exp'(x (x))) = ¢&¢ o (exp (x (x))® exp’(x (x))).
which implies that exp (x (x)) is a group-like element in % (g)

Aglexp (x (x))) = exp’ (x (1))@ exp’ (x (x)).
Since % (g) is a complete filtered Hopf algebra, the relation between group-like and
primitive elements is one-to-one, see Subsection 2.2. This implies that x (x) € g >~ g,

which proves equality (82). Note that x (x) actually is an element of the completion
of the Lie algebra g. However, the latter is part of % (g).

Corollary 7 Let x € g. The following differential equation holds for x (xt) € g[[t]]

R (xt) = dexp™ ( exp” (= x(x)) o x). (86)

The solution x (xt) is called post-Lie Magnus expansion.

Proof Recall the general fact for the dexp-operator [3]

d . .
exp(—=B(1)) * a7 exp”(B(1)) = exp” (—B(1)) * dexp (B) * exp™ (B(1)) = dexp’ 4(B),

where

l *1 *— bn *N
dexpjy (x) = Z T ady™(x) and  dexpj'(x) = Zmadfs )(x).

n>0 n>0 "

Here b, are the Bernoulli numbers and ad;*k) ) :=la, adfl*k’l)(b)]*. This together
with the differential equation % exp*(x (xt)) = exp(xt)x deduced from (82), implies

dexp® ) (X (x1)) = exp* (— x (x1)) * (exp(x1)x)
exp” (— X()Cl‘))<€xp>k (—x@xn)e (exp(xt)x))

exp* (— x(x0)( (exp* (— x(x1)) > exp(xt)) (exp* ( — x (x1)) & x)>

= exp* (— x(x1))

TN TN

(exp* (= x(x1)) > exp* (x (x1)))(exp* (— x (x1)) > x))

~—

(exp* ( — x(xt) (exp* ( — X(xt)) > exp” (X (ta)))) (exp* ( — X(xt)) > x)
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(exp* (= x(x0) xexp* (x (xt)))(exp* (= x(&x0)>x)
exp (= x(x0)) & x.

The claim in (86) follows after inverting dexp’ix (X,)()'( (xt)). Note that we used
successively (75), (69) and (82).

Let us return to point 3. of Remark 4 in Sect.3, and assume that the post-Lie
algebra (g, >, [+, -]) is equipped with an abelian Lie bracket. This implies that (g, )
reduces to a left pre-Lie algebra. The complete universal enveloping algebra % (9)
becomes the complete symmetric algebra S'g. This is the setting of [27]. Identity (82)
was analyzed in the pre-Lie algebra context in [11].

Corollary 8 For the pre-Lie algebra (g, >, [-, -] = 0), identity (82) in S'g is solved
by the pre-Lie Magnus expansion

e —*b
x(x)zﬁmzz( k)! Lok,

x(x) — 1 =0

where b, is the n-th Bernoulli number.

Proof The proof of this result was givenin [11] and follows directly from identity (82)
in "I:heorem 12, i.e., by calculating the Lie algebra element x (x) as the log*(exp(x))
in Sg.

The next proposition will be useful in the context of Lie bracket flow equations.

Proposition 16
a(t) == exp* ( — x(apt)) > ap. (87)

solves the non-linear post-Lie differential equation with initial value a(0) = ag
a) = —a(t)>a(t). (88)
Proof We calculate
a(t) = (— dexp_, (o (X (ao?)) * exp* (— x(aot))) B> dg

= —dexp_ oy (4 (@0n) > (exp* (= x(aon)) v ao
—a(t) > al(t),

where we used that exp* ( — x (ao?)) > ao = dexp_ (4, (X (a0t)) = a(?).
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5.2 Factorization Theorems and r-matrices

In this subsection we will suppose that the post-Lie algebra structure on g is defined
in terms of a solution of the mCYBE, see Subsection 4.4. Recall tpat in this case
g = gg implying that % (g) = % (gr) and, correspondingly, that 7 (g) = @/A(gR).
In what follows we will prove that for this particular class of post-Lie algebras, the
isomorphism ¢ admits an explicit description in terms of the structure of the two
Hopf algebras of the universal enveloping algebras % (ggr), %.(g). To this end first
we prove the following result.

Proposition 17 The map F : % (gr) — % (g) defined by:
F=mgo(id®Sy) o (R+ ® R_) o Ag,, (89)

is a linear isomorphism. Its restriction to gg <~ % (gr) is the identity map.

Proof Note that my and Sy denote product respectively antipode in % (g), whereas
Ay, denotes the co-product in % (gg). This slightly more cumbersome notation is
applied in order to make the presentation more traceable. Given an element x €
gr — % (gr), one has that

F(x) =mgo (id®Sy) o (Ry ® R_) 0 Ag, (x)
mg o (id®Sy) o (Ry @ R)x®1+1®x)
=mgo ([d®Sy)(Ry(x) ® 14+ 1® R_(x))
—mg(Re(x) ® 1 — 1 ® R_(x))

=Ri(x) —R_(x) =x e g— %(g),

showing that F' restricts to the identity map between g and g. As in Lemma 1 we
have

n—1
Agp@X1--x) =x1 -, @1+ 1®@x1 -+ xp +Z Z Xa(1) " Xa(k) @ Xo(k+1) * " * Xa(n)-
k=1oeXy n—k

Since R are homomorphisms of unital associative algebras, one can easily show
that for every xy - - - xx € % (gg):

F(x--x0) = Ry(x) -~ Ry () + (= DFR_(u) - R_(x)+

k—1
Yo Y DR ) - R (o) R (o) -+ R-(Xousn) € Z(9),

=1 ceXsy

which proves that F' maps homogeneous elements to homogeneous elements. To
verify injectivity of F one can argue as follows. Since x = R, (x) — R_(x) for all
x € g, one can deduce from the previous formula for x; - - - x; € % (gr) that
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F(xy---xg) = x1 -+ - xx mod %—1(9),
where x; - - - x; on the righthand side lies in % (g). For instance
F(x1x2) = Ry (xR (x2) + R_(x2)R_(x1) — Ry (x1)R_(x2) — Ry (x2) R_(x1).
Using x + R_(x) = R, (x) implies in % (g) that

F(x1x2) = (x1 + R—(x1))(x2 + R—(x2)) + R—(x2) R—(x1)
— (x1 + R—(x1))R—(x2) — (x2 + R—(x2)) R—(x1)
= x1x2 + X1 R—(x2) + R—(x)x2 + R—(x1)R—(x2)
+ R—(x2)R—(x1) — x1 R—(x2) — R—(x1)R—(x2) — xaR—(x1) — R—(x2) R—(x1)
= x1x2 + [R—(x1), x2],

where x1x; € % (g) and [R_(x1), x2] € %1(g) > g. Then, if F(x, ---x;) = 0, one
concludes that x; - - - x; € %.(g) must be equal to zero, that is, at least one among
the elements x; € g composing the monomial x; - - - x; is equal to zero. This forces
the element x; - - - x; € %/(gr) to be equal to zero, proving injectivity of F.

To prove that the map F is surjective one can argue by induction on the length of
the homogeneous elements of % (g). The first step of the induction is provided by the
fact that F restricted to gg becomes the identity map, and g < % (g). Suppose now
that every element in %4_1(g) is in the image of F and observe that x| - - - x; € % (g)
can be written as

k
X1 X = 1_[ (R+(xi) — R—(Xi))
i=1

k

= (Ry(x1) = R_(x1)) (R+ (x2) = R-(x2)) [ [ (Ry-(x) — R_(x2))

i=3
= (Re (xR (x2) = R-(x1)R1(x2) — Ry (x)) R—(x2)

k
+ R )R- (x)) [T (Re () — R-(x))
i=3

L

= Ri(x1) - Ry (xx)

k—1
+Y Y DR () Ry (o) - R (o) -+ R-(Xoa11)

=1 O'GE[J(_[

+ (=D*R_(xg) - - - R_(x1) mod Z1(g),
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which proves the claim, since
Fxpox) = Re(e) -+ R () + (= DFR- () -+ R (x1)

k—1
+Z Z (_l)k_lR+(-xa(]))‘"R+(xa'(l))'R—(xo(k))"'R—(xG(lJrl))-
I=10€eX

Using the previous computation and the definition of the *x-product, one can easily
see that F(x1x2) = x1x2 + [R_(x1), Xx2] = x1x2 + X1 >_ x», where > is defined in
(64) (and lifted to % (g)), which implies that F(x;x;) = x1 * xo € %, (g). Using a
simple induction on the lenght of the monomials, the above calculation extends to
all of % (gr), which is the content of the following.

Corollary 9 [18] The map F is an isomorphism of unital, filtered algebras from
U (gr) to %.(g). In particular, F(xy---x,) = X1 %---%x, for all monomials
XXy € %(QR)

Comparing this result with the Theorem 11 of the previous section, one has

Proposition 18 Ifthe post-Lie algebra (g, [+, -1, >_) is defined in terms of a r-matrix
R via Formula (64), then the isomorphism ¢ of Theorem 11 assumes the explicit form
given in Formula (89), i.e., ¢ = F.

Proof In fact note that both ¢ and F' are isomorphisms of filtered, unital associative
algebras taking values in %, (g), restricting to the identity map on gg which is the
generating set of % (gg).

At this point it is worth making the following observation, which will be useful
in what follows.

Corollary 10 Every A € 7% (g) can be written uniquely as
A = Ry (am)Sg(R-(aep))) (90)

for a suitable element a € U (gr), where we wrote the co-product of this element
using the Sweedler’s notation, i.e., Ag, (a) = aqy @ a).

Proof The proof follows from Proposition 17, noticing that for each a € % (gg),

F(a) = Ry (am)Sg(R_(aw))).

Finally, in this more specialized context, we can give the following computational
proof of the result contained in Theorem 11.

Theorem 13 The map F : % (gr) — %.(g) is an isomorphism of Hopf algebras.
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Proof F is a linear isomorphism which sends a monomial of length & to (a linear
combination of) monomials of the same length. For this reason the compatibility
of F with the co-units is verified. Since F : % (gr) — %.(g) is an isomorphism of
filtered, unital, associative algebras, the product * defined in Formula (75) can be
defined as the push-forward to % (g), via F, of the associative product of % (gg), i.¢

Ax B = F(mg,(F'(A) ® F '(B))), oD

for all monomials A, B € % (g), which immediately implies the compatibility of F
with the algebra units. Let us show that F is a morphism of co-algebras, i.e., that

AgoF = (FQ®F)o Ag,. (92)

Since F(x;---x,) = xq * -+ - % x,,, see Corollary 9, using the formula in Lemma 1,
one gets

Ag(Fxp - xp)) =xi %4, @ L+ 1®@x; %+ xx,
n—1

+D D Xey kR Xog) ® Xo@etl) ¥ oo K Xo(n)s
k=1 O’EEAJ,,k

which turns out to be equal to (F ® F) o Ag,(x---x,). The only thing that is

left to be checked is that F is compatible with the antipodes of the two Hopf
algebras, i.e., that F o Sy, = S, o F, where forx; - --x, € % (gr), Sg,(x1 -+ x,) =
(—=1)"x, ---x;. To this end first recall that the antipode is an algebra anti-
homomorphism, i.e., Sx(A * B) = S,(B) * Sx(A), for all A, B € % (g). From this
and from the property that g, (x) = —x for all x € g, using a simple induction on
the length of the monomials, one obtains

Se(xy keeokx,) = (—1)"x, % -+ % x.
From this observation follows now easily that F o S5, = S, o F.

We conclude this section with the following observation, see Remark 9.

Proposition 19 Forall A, B € % (g), one has that:
Ax B = R+(a(1))BSg(R,(a(2))), (93)

where a € % (gr) is the unique element, such that A = F(a), see Corollary 10.

Proof Leta, b € % (gg) suchthat F(a) = A and F (b) = B. We will use Sweedler’s
notation for the co-product Ay, (a) = a1y ® ac), and write mg, (a @ b) :=a - b for
the product in % (gg).

A% B=F(a-b)=mgo(id®Sy) o (Rt ® R_) 0 Ag,(a-b)
=mg o (ld®Sy) o (Ry ® R-)(aq) ® aw) - (ba) ® b))
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=mgo (i[d®Sg) o (Ry ® R-)(aq) - bay) ® (a) - b))

=Mmgo (ld ®Sg)(R+(a(1))R+(b(1)) ® R_ (a(z))R_ (b(z)))

2 g (R (@) R+ (b)) ® Sy(R-(b2))Sg(R-(a))))

= Ry (an) Ry (b)) Sg(R-(b2)))Sg(R-(a)))
= Ry (am)) F(b)Sy(R_(ap))
= R+(a(1))BSg(R_(a(2)),

which proves the statement. In equality (%) we applied that S5(§1) = Sq(1)S4(§).

Remark 9 (Link to the work of Semenov-Tian-Shansky and Reshetikhin) In this
remark we aim to link the previous results to the ones described in the references
[35] and [31]. The map (89) was first defined in [35] (see also [31]), where it was
used to push-forward to % (g) the associative product of % (gg) using the formula
(91). From the equality between the maps ¢ and F, see Proposition 18, it follows
at once that the associative product defined in 7%/ (g) by the authors of [31, 35], is
the product defined in Formula (75). Moreover, at the best knowledge of the authors
of the present note, in the references [31, 35], the Hopf algebra structure induced
on (the underlying vector space of) % (g), by the push-forward of the associative
product of %/ (gr) was not disclosed. In this way, via the theory of the post-Lie
algebras, on one hand we could extend (part of) the results of [31, 35] to an Hopf
algebraic theoretical framework, while one the one other one, we could get a more
computable formula for the product defined in [31, 35]. In particular note that, in
spite of the result in Proposition 19 was stated in [31, 35], the product in Formula
(93) is not easily computable since it supposes the knowledge of the inverse of the
map F. On the other hand, Formula (75) provides an explicit way to compute the
x-product between any two monomials of 7%/ (g).

In this final part we discuss an application of the result presented above to the
problem of the factorization of the group like-elements of the completed universal
enveloping algebra of gg. This result should be compared with the one in The-
orem 5 in Sect. 4.2. We start observerving that, since Ry : % (gr) — % (g) are
algebra morphisms, they map the augmentation ideal of % (gg) to the augmenta-
tion ideal of % (g) and, for this reason, both these morphisms extend to morphisms
Ry:% (gr) — w (@). In particular, the map F extends to an isomorphism of (com-
plete) Hopf algebras F: OZZ(gR) — 022*(9), defined by

F =ity 0 (id®8y) o (RLAR_) o Ag,,

where, A gr denotes the coproduct of w (gr),and with g, S 5 the productrespectively
the antipode of ?2(9) are denoted. Let exp'(x) € %(%A(gg)), exp*(x) € %(?2*(9))
and exp(x) € ¥ (522 (9)), the respective exponentials.

Following [31] we now compare identity (94) with (52). At the level of the uni-
versal enveloping algebra, the main result of Theorem 5 can be rephrased as follows.
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Theorem 14 Every element exp*(x) € ¢4 (%A* (9)) admits the following factoriza-
tion:
exp* (x) = exp(x) exp(—x_). (94)

Proof To simplify notation, write mg,(x ® y) = x - y, for all x, y € gg, so that for
each x € gg, x” := x - - - x. Then observe that, for each n > 0, one has
n—1 n
Fx™ = Re(0)"+ Yy (=" ( Z>R+<x)]R_(x>"—l +(=D)"R_(x)".
=1
Then, after reordering the terms, one gets F (exp.(x)) = e**e~*. On the other hand,
since £ : % (gr) — . (g) is an algebra morphism, one obtains for each n > 0
Fa™y =Fx) %% F(x) =x™,
from which it follows that

F(x?) N F(x™)

Fexp (x)) = F(1) + F(x) +

giving the result

The observation in Theorem 12 implies for group-like elements in ¢ (%A (g)) and
G (%.(g)) that exp(x) = exp™(x (x)), from which we deduce.

Corollary 11 Group-like elements exp(x) € 4 (%A (9)) factorize
exp(x) = exp(x+(x)) exp(—x—(x)). 95)

Proof The proof follows from Theorem 12 and Theorem 14.

Remark 10 Looking at x (x) in the context of w (g), i.e., with the post-Lie product
on g defined in terms of the r-matrix, x >_ y = [R_(x), y], we find that x,(x) =
—1[R_(x), x] and

1 1
x3(x) = Z[R,([R,(x), x]), x] + E([[R,(x), x], x] 4+ [R-(x), [R-(x), x]]).

This should be compared with Eq. (7) in [15], as well as with the results in [18].

5.3 Applications to Isospectral Flow Equations

Recall Proposition 16. In the context of the post-Lie product x >_ y := [R_(x), y]
induced on g by an r-matrix R, this proposition says that the Lie bracket flow
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x(t) =[x, R_(x)], x(0) =xo

has solution

x(t) = exp”(—x (xot)) >_ Xo
= exp (— R-(x (xo1)))xo exp (R-(x (xo1))).

The last equality follows from general results of post-Lie algebra. Since, —x (xot) €
g we have

1
exp*(—x (xo1)) >_ xo9 = x9 — x (xot) >_ xo + E(X(xol) * X (xot))>_ X0+ - -+

1
= Xo — x(Xot) »_ Xo + 5X(Xot) >_ (x(xot) >_ xo) + - -

=D"
= Z adg” ( (xor)) X0+

n!
n>0

Acknowledgements The first author acknowledges support from the Spanish government under
the project MTM2013-46553-C3-2-P.

References

10.

11.

12.

13.

Babelon, O., Bernard, D., Talon, M.: Introduction to classical integrable systems. Cambridge
Monographs on Mathematical Physics. Cambridge University Press (2007)

Bai, C., Guo, L., Ni, X.: Nonabelian generalized Lax pairs, the classical Yang-Baxter equation
and PostLie algebras. Commun. Math. Phys. 297(2), 553 (2010)

Blanes, S., Casas, F., Oteo, J.A., Ros, J.: Magnus expansion: mathematical study and physical
applications. Phys. Rep. 470, 151 (2009)

Burde, D.: Left-symmetric algebras, or pre-Lie algebras in geometry and physics. Central Eur.
J. Math. 4(3), 323 (2006)

Cartan, E., Schouten, J.A.: On the Geometry of the Group-manifold of simple and semi-simple
groups. In: Proceedings of the Royal Academy of Amsterdam, vol. XXIX (1926)

Cartier, P.: A primer of Hopf algebras. In: Frontiers in Number Theory, Physics, and Geometry
IL, pp. 537-615. Springer, Berlin, Heidelberg (2007)

. Cartier, P.: Vinberg algebras. Lie groups and combinatorics. Clay Math. Proc. 11, 107 (2011)
. Casas, F.: Numerical integration methods for the double-bracket flow. J. Comput. Appl. Math.

166(2), 477 (2004)

. Casas, F., Iserles, A.: Explicit Magnus expansions for nonlinear equations. J. Phys. A: Math.

Gen. 39, 5445 (2006)

Chapoton, F.,, Livernet, M.: Pre-Lie algebras and the rooted trees operad. Int. Math. Res. Not.
2001, 395 (2001)

Chapoton, F.,, Patras, F.: Enveloping algebras of preLie algebras, Solomon idempotents and the
Magnus formula. Int. J. Algebra Comput. 23(4), 853 (2013)

Chu, M.T., Norris, L.K.: Isospectral flows and abstract matrix factorizations. SIAM J. Numer.
Anal. 25, 1383 (1988)

Drinfeld, V.G.: Hamiltonian structures on Lie groups, Lie bialgebras and the geometric meaning
of the classical Yang—Baxter equation. Sov. Math. Dokl. 27(1) (1983)



284 K. Ebrahimi-Fard and I. Mencattini

14. Duistermaat, J.J., Kolk, J.A.: Lie Groups, Universitext. Springer, Berlin (2000)

15. Ebrahimi-Fard, K., Guo, L., Manchon, D.: Birkhoff type decompositions and the Baker-
Campbell-Hausdorff recursion. Commun. Math. Phys. 267, 821 (2006)

16. Ebrahimi-Fard, K., Lundervold, A., Manchon, D.: Noncommutative Bell polynomials, quaside-
terminants and incidence Hopf algebras. Int. J. Algebra Comput. 24(5), 671 (2014)

17. Ebrahimi-Fard, K., Lundervold, A., Munthe-Kaas, H.Z.: On the Lie enveloping algebra of a
post-Lie algebra. J. Lie Theory 25(4), 1139 (2015)

18. Ebrahimi-Fard, K., Lundervold, A., Mencattini, I., Munthe-Kaas, H.Z.: Post-Lie algebras and
isospectral flows. SIGMA 25(11), 093 (2015)

19. Ebrahimi-Fard, K., Mencattini, 1., Munthe-Kaas, H.Z.: Post-Lie algebras and factorization
theorems. arXiv:1701.07786

20. Faybusovich, L.E.: QR-type factorizations, the Yang-Baxter equation and an eigenvalue prob-
lem of control theory. Linear Algebra Appl. 122-124, 943 (1989)

21. Fuks, D.B.: Cohomology of Infinite Dimensional Lie Algebras Consultant Bureau, New York
(1986)

22. Lax, P.D.: Outline of a theory of KdV equation in Recent mathematical methods in nonlinear
wave propagation (Montecatini Terme 1994). Lecture Notes in Mathematics, vol. 1640, pp.
70-102. Springer, Berlin (1996)

23. Lundervold, A., Munthe-Kaas, H.Z.: On post-Lie algebras, Lie-Butcher series and moving
frames. Found. Comput. Math. 13(4), 583 (2013)

24. Lundervold, A., Munthe-Kaas, H.Z.: On algebraic structures of numerical integration on vector
spaces and manifolds. In: Ebrahimi-Fard, K., Fauvet, F. (eds.) Faa di Bruno Hopf Algebras,
Dyson—-Schwinger Equations, and Lie—Butcher Series. IRMA Lectures in Mathematics and
Theoretical Physics, vol. 21 (2015). Eur. Math. Soc. Strasbourg, France

25. Laurent-Gengoux, C., Pichereau, A., Vanhaecke, P.: Poisson Structures, Grundlehren der Math-
ematischen Wissenschaften [Fundamental Principles of Mathematical Sciences]. Springer, Hei-
delberg (2013)

26. Manchon, D.: A short survey on pre-Lie algebras, in Noncommutative Geometry and Physics:
renormalisation, motives, index theory. In: Carey A. (ed) E. Schrodinger Institut Lectures in
Mathematics and Physics. European Mathematical Society (2011)

27. Oudom, J.-M., Guin, D.: On the Lie enveloping algebra of a pre-Lie algebra. J. K-theory:
K-theory Appl. Algebra Geom. Topol. 2(1), 147 (2008)

28. Postnikov, M.M.: Lie Groups and Lie Algebras. Lectures in Geometry. Semester V. Mir,
Moscow (1986)

29. Postnikov, M.M.: Geometry VI. Riemannian geometry. Encyclopaedia of Mathematical Sci-
ences, vol. 9. Springer, Berlin (2001)

30. Quillen, D.: Rational homotopy theory. Ann. Math. 90(2), 205 (1969)

31. Reshetikhin, Y.N., Semenov-Tian-Shansly, M.A.: Quantum R-matrices and factorization prob-
lems. J. Geom. Phys. 5(4), 533 (1988)

32. Reutenauer, C.: Free Lie Algebras, London Mathematical Society Monographs. New Series, 7,
Oxford Science Publications, The Clarendon Press, Oxford University Press, New York (1993)

33. Semenov-Tian-Shansky, M.A.: What is a classical r-matrix? Funct. Ana. Appl. 17, 254 (1983)

34. Semenov Tian-Shansky, M.A.: Lectures on R-matrices, Poisson-Lie groups and integrable
systems. In: Lectures on Integrable Systems, Sophia-Antipolis, vol. 1994, pp. 269-317. World
Scientific Publishing, River Edge, NJ (1991)

35. Semenov-Tian-Shansky, M.A.: Classical r-matrix and quantization. Journal of Soviet Mathe-
matics 31(6), 3411 (1985)

36. Semenov-Tian-Shansky, M.A.: Quantum and classical integrable systems. In: Integrability of
Nonlinear Systems (Pondicherry, 1996). Lecture Notes in Physics, vol. 495, pp. 314-377.
Springer, Berlin (1997)

37. Suris, Y.B.: The Problem of Integrable Discretization: Hamiltonian Approach, Progress in
Mathematics. Birkhiuser, Basel (2003)

38. Sweedler, M.E.: Hopf algebras, Mathematical Lectures Notes. W.A. Benjamin, Inc., New York
(1969)


http://arxiv.org/abs/1701.07786

Post-Lie Algebras, Factorization Theorems and Isospectral Flows 285

39. Vallette, B.: Homology of generalized partition posets. J. Pure Appl. Algebra 208(2), 699
(2007)

40. Warner, EW.: Foundations of differentiable manifolds and Lie groups, Graduate Texts in Math-
ematics. Springer, New York, Berlin (1983)

41. Watkins, D.S.: Isospectral flows. SIAM Rev. 26, 379 (1984)



Overview of (pro-)Lie Group Structures m
on Hopf Algebra Character Groups oo

Geir Bogfjellmo, Rafael Dahmen and Alexander Schmeding

Abstract Character groups of Hopf algebras appear in a variety of mathematical
and physical contexts. To name just a few, they arise in non-commutative geometry,
renormalisation of quantum field theory, and numerical analysis. In the present article
we review recent results on the structure of character groups of Hopf algebras as
infinite-dimensional (pro-)Lie groups. It turns out that under mild assumptions on
the Hopf algebra or the target algebra the character groups possess strong structural
properties. Moreover, these properties are of interest in applications of these groups
outside of Lie theory. We emphasise this point in the context of two main examples:

e the Butcher group from numerical analysis and
e character groups which arise from the Connes—Kreimer theory of renormalisation
of quantum field theories.
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1 Introduction

Character groups of Hopf algebras appear in a variety of mathematical and physical
contexts. To name just a few, they arise in non-commutative geometry, renormal-
isation of quantum field theory (see [1]) and numerical analysis (cf. [2]). In these
contexts the arising groups are often studied via an associated Lie algebra or by
assuming an auxiliary topological or differentiable structure on these groups. For
example, in the context of the Connes—Kreimer theory of renormalisation of quan-
tum field theories, the group of characters of a Hopf algebra of Feynman graphs is
studied viaits Lie algebra (cf. [1]). Moreover, it turns out that this group is a projective
limit of finite-dimensional Lie groups. The (infinite-dimensional) Lie algebra and the
projective limit structure are important tools to analyse these character groups.

Another example for a character group is the so called Butcher group from numer-
ical analysis which can be realised as a character group of a Hopf algebra of trees. In
[3] we have shown that the Butcher group can be turned into an infinite-dimensional
Lie group. All of these results can be interpreted in the general framework of (infinite-
dimensional) Lie group structures on character groups of Hopf algebras developed
in [4].

The present article provides an introduction to the theory developed in [4] with a
view towards applications and further research. To be as accessible as possible, we
consider the results from the perspective of examples arising in numerical analysis
and mathematical physics. Note that the Lie group structures discussed here will in
general be infinite-dimensional and their modelling spaces will be more general than
Banach spaces. Thus we base our investigation on a concept of C"-maps between
locally convex spaces known as Bastiani calculus or Keller’s C/-theory. However,
we recall and explain the necessary notions as we do not presuppose familiarity with
the concepts of infinite-dimensional analysis and Lie theory.

We will always suppose that the target algebra supports a suitable topological
structure, i.e. it is a locally convex algebra (e.g. a Banach algebra). The infinite-
dimensional structure of a character group is then determined by the algebraic struc-
ture of the source Hopf algebra and the topological structure of the target algebra. If
the Hopf algebra is graded and connected, it turns out that the character group (with
values in a locally convex algebra) can be made into an infinite-dimensional Lie
group. Hopf algebras with these properties and their character groups appear often
in combinatorial contexts' and are connected to certain operads and applications in
numerical analysis. For example in [5] Hopf algebras related to numerical integration
methods and their connection to pre-Lie and post-Lie algebras are studied.

If the Hopf algebra is not graded and connected, then the character group can
in general not be turned into an infinite-dimensional Lie group. However, it turns
out that the character group of an arbitrary Hopf algebra (with values in a finite-
dimensional algebra) is always a topological group with strong structural properties,
i.e. it is always the projective limit of finite-dimensional Lie groups. Groups with

'In these contexts the term “combinatorial Hopf algebra” is often used though there seems to be no
broad consensus on the meaning of this term.
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these properties—so called pro-Lie groups—are accessible to Lie theoretic methods
(cf. [6]) albeit they may not admit a differential structure.

Finally, let us summarise the broad perspective taken in the present article by the
slogan: Many constructions on character groups can be interpreted in the framework
of infinite-dimensional (pro-)Lie group structures on these groups.

2 Hopf Algebras and Characters

In this section, we recall the language of Hopf algebras and their character groups.
The material here is covered by almost every introduction to Hopf algebras (see
[7-12]). Thus we restrict the exposition here to fix only some notation.

Notation 1 Denote by N the set of natural numbers (without 0) and Ny := N U {0}.
By K we denote either the field of real numbers R or of complex numbers C.

Definition 1 (Hopfalgebra) A Hopf algebra 5 = (€, myp,up, Ay, €, Sw)
(over K) is a bialgebra with compatible antipode S: S — S, 1i.e. (€, myp, Uy )
is aunital K-algebra, (¢, A, ) is aunital K-coalgebra and the following holds:

1. the maps Ay : & — 5 ® ¢ and € 5 : S — K are algebra morphisms
2. SisK-linearwithm j o (d® S)o Ay =up oy =my o(S®id) o Ayp.

A Hopf algebra 57 is (Ny-)graded, if it admits a decomposition ¢ = @,en,-#5
such that m » (J, ® ) C Hym and Ay () S By, 74 ® H hold for all
n,m € Ny. If in addition 75 = K is satisfied 57 is called graded and connected
Hopf algebra.

In the Connes—Kreimer theory of renormalisation of quantum field theory one
considers the Hopf algebra .7#% of Feynman graphs.? As itis quite involved to define
this Hopf algebra we refer to [1, 1.6] for details. Below we describe in Example 1 a
related but simpler Hopf algebra. This Hopf algebra of rooted trees arises naturally in
numerical analysis, renormalisation of quantum field theories and non-commutative
geometry (see [2] for a survey). We recall the definition of the Hopf algebra in broad
strokes as it is somewhat prototypical for Hopf algebras from numerical analysis. To
construct the Hopf algebra, recall some notation first.

Notation 2 1. A rooted tree is a connected finite graph without cycles with a
distinguished node called the root. We identify rooted trees if they are graph
isomorphic via a root preserving isomorphism.

Let .7 be the set of all rooted trees and write % := 7 U {{} where @ denotes
the empty tree. The order |t] of a tree T € ) is its number of vertices.
2. An ordered subtree’® of T € F is a subset s of all vertices of t which satisfies

2This Hopf algebra depends on the quantum field theory under consideration, but we will suppress
this dependence in our notation.

3The term “ordered” refers to that the subtree remembers from which part of the tree it was cut.
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(i) s is connected by edges of the tree t,
(i1) if s is non-empty, then it contains the root of 7.

The set of all ordered subtrees of 7 is denoted by OST(t). Further, s, denotes
the tree given by vertices of s with root and edges induced by .

3. A partition p of a tree T € .7 is a subset of edges of the tree. We denote by
(1) the set of all partitions of 7 (including the empty partition).

Associated to s € OST(7) is a forest t\s (collection of rooted trees) obtained
from t by removing the subtree s and its adjacent edges. Similarly, to a partition
p € H(r) aforest T\p is associated as the forest that remains when the edges of p
are removed from the tree 7. In either case, we let #7\ p be the number of trees in
the forest.

Example 1 (The Connes—Kreimer Hopf algebra of rooted trees [13]) Consider the
algebra jfcﬁi := K[.7] of polynomials which is generated by the trees in 7. We
denote the structure maps of this algebra by m (multiplication) and u (unit). Indeed
%”CHf( becomes a bialgebra whose coproduct we define on the trees (which generate
the algebra) via

A: A — HE @ A, T Z (T\s) ® 7.
s€OST(7)

Then the counit € : *%ﬂc]%( — Kis given by S(I%CKK) =lande(r) =O0forallt € 7.
Finally, the antipode is defined on the trees (which generate chﬂi) via

S: HE — A, T Z (=D (\p)
PEZ (v)

and one can show that S0, = (H, m,u, A, g, S) is a K-Hopf algebra (see [14,
5.1] for more details and references).

Furthermore, Q%”C]I% is a graded and connected Hopf algebra with respect to the
number of nodes grading: For each n € Ny we define the nth degree via

k
fort; e 7,1 <i<k,keNy 1'1-1'2~...~1'ke(jféKK)nifandonlyifZ|rk|:n

r=1

Remark 1 Recently modifications of the Hopf algebra of rooted trees have been stud-
ied in the context of numerical analysis. In particular, non-commutative analogues
to the Hopf algebra ,ﬁféﬂ% (where the algebra is constructed as the non-commutative
polynomial algebra of planar trees) have been studied in the context of Lie—Butcher
theory. Their groups of characters, which we define in a moment, are of particular
interest to develop techniques for numerical integration on manifolds (see [15]).

We briefly mention another example of a “combinatorial” Hopf algebra:
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Example 2 (The shuffle Hopf algebra [16]) Fix a non-empty set A called the alpha-
bet. A word in the alphabet A is a finite (possibly empty) sequence of elements in
A. We denote by A* the set of all words in A and consider the vector space C(A)
freely generated by the elements in A*. Letw = a; ...a, and w = a,11 ... dym be
words of length n and m, respectively. Define the shuffle product by

/._
wiw = § i, -G, aj, - 4j,,

{it<iz<--<ip}{ji<jo<<jm}

where the summation runs through all disjoint sets which satisfy
lil<iz<--<iJU{ji<jo<--<jud=(1....m+n).

The (bilinear extensions of the) shuffle product and the deconcatenation of words
turns C(A) into a complex bialgebra. Together with the antipode S(w) = (—1)"w
(for a word w = a,, ... a; of length n) and the grading by word length, we obtain
a graded and connected Hopf algebra Sh(A). We call this Hopf algebra the shuffle
Hopf algebra.

Recall that the shuffle Hopf algebra appears in diverse applications connected to
numerical analysis, see e.g. [15, 17, 18].

We will now consider groups of characters of Hopf algebras:

Definition 2 Let .77 be a Hopf algebra and B a commutative algebra. A linear map
¢: A — B is called

1. (B-valued) character if it is a homomorphism of unital algebras, i.e.
¢(ab) = p(a)p(b) foralla, b € 77 and ¢ (1 ) = 15. (D)

The set of characters is denoted by ¢4 (¢, B).
2. infinitesimal character if

¢(ab) = ¢p(a)epy (b) + e (a)p(b) forall a, b € 2)

We denote by g(7°, B) the set of all infinitesimal characters.

Lemma 1 ([10, 4.3 Propositions 21 and 22]) Let 5 be a Hopf algebra and B a
commutative algebra with multiplication map ug: B ® B — B. Then we obtain the
algebra of K-linear maps Homy (72, B) with the convolution product

oxYy:=pupo(PpRY)o Ay

and the following holds:

1. G (3, B) is a subgroup of the group of units (Homg (7, B)*, x). Inversion
in 9(H, B) is given by o+ ¢po Sy and 14 :=ugocy: H — B, x —
e (x)1p is the unit element.
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2. g(J, B) is a Lie subalgebra of (Homg (2, B), [+, 1), where [ -, -] is the com-
mutator bracket of (A, ).

Example 3 (Character groups of Hopf algebras)

1. The universal enveloping algebra % (g) of a Lie algebra g over K is a Hopf
algebra (see [7, 3.6]).* Every character ¢ € 4 (% (g), K) corresponds to a Lie
algebra homomorphism ¢|4: g — K which in turn factors naturally through a
linear map ¢~ : g/([g, g]) — K, yielding a group isomorphism

DG (U(@.K) — ((g/lg, gD)*, +), ¢+ (¢7:v+[g 9]~ ().

Thus we can identify the character group with the additive group of the dual
vector space of the abelianisation of g. (The group ¥ (% (g), K) = g/[g, g] is
also naturally isomorphic to the first cohomology group H'!(g, K) of the Lie
algebra g with values in the trivial module K, cf. [19, p. 168].)

2. Character groups of the Hopf algebra of Feynman graphs 7#%¢ play an impor-
tant role in renormalisation of quantum field theories. Namely in the mathe-
matical formulation of the renormalisation procedure one considers the groups
G (HFrg, C)and ¥ (HFg, H'), where £ is the algebra of germs of meromorphic
functions. We will return to these groups in Examples 6 and 13.

3. The character group & (7, R) of the real Hopf algebra of rooted trees 7y
from Example 1 turns out to be the Butcher group Gty from numerical analysis.
This group is connected to numerical integration theory (see [2]).

4. The character group of the shuffle algebra Sh(A) (Example 2) appears for exam-
ple in [18]. There, the character group has been studied in the context of dynam-
ical systems and their discretisation. We will provide more details below in
Example 7. Moreover, in [17] these character groups are considered in the con-
text of Lie-Butcher theory.

Note that the concepts recalled in this section were purely algebraic and com-
binatorial in nature. In particular, we have neither referred to a topology nor to a
differentiable structure on these groups. We will introduce the necessary tools (dif-
ferential calculus on locally convex spaces) to endow the character groups of Hopf
algebras with an infinite-dimensional Lie group structure in the next section.

3 A Primer on Infinite-Dimensional Differential Calculus
and Lie Groups

In this section basic facts on the differential calculus in infinite-dimensional spaces
are recalled. The general setting for our calculus are locally convex spaces
(see [20, 21]).

4Note that g can be recovered from the Hopf algebra % (g) (see [7, Theorem 3.6.1]) and the Hopf
algebras which arise in this way are characterised by the Milnor-Moore theorem (cf. Remark 7).
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Definition 3 Let E be a vector space over K € {R, C} together with a topology T .

1. (E,T) is called topological vector space, if the vector space operations are
continuous with respect to T and the metric topology on K.

2. A seminormon E isamap p: E — [0, oo which satisfies forx,y € E, L € K
the identities p(x + y) < p(x) + p(y) and p(Ax) = |A|p(x), but may have
p~'(0) # {0}. We denote by pr,: E — E, := E/p~'(0) the canonical pro-
jection to the normed space associated to p.

3. A topological vector space (E, T) is called locally convex space if there is a
family {p; | i € I} of continuous seminorms for some index set /, such that

i. thetopology T is the initial topology withrespectto {pr,, : E—E, | i € I},
i.e. the E-valued map f is continuous if and only if pr; o f is continuous
foreachi €1,

ii. ifx € E with p;(x) =0 foralli € I, then x = 0 (i.e. T is Hausdorff).

In this case, the topology T is generated by the family of seminorms {p;}ic;.
Usually we suppress T and write (E, {p;}ic;) or simply E instead of (E, T).

Many familiar results from finite-dimensional calculus carry over to infinite
dimensions if we assume that all spaces are locally convex. Hence we will only con-
sider topological vector spaces which are locally convex. Note that the term “locally
convex” comes from the fact that the semi-norm balls form convex neighbourhoods
of the points.

Example 4 1. Normed spaces are locally convex spaces (see [21, Chap. I 6.2]).
2. Let (E, {pi}ier) be alocally convex vector space and X a set. Consider the space
EX of all mappings from X to E. For x € X we define the point-evaluation
ev.: EX - E, f +— f(x). The topology of pointwise convergence on E* is
the locally convex topology generated by the seminorms

qi.x ‘= p; o ev, where (i, x) runs through 7 x X.

With the pointwise vector space operations and the topology of pointwise con-
vergence EX becomes a locally convex vector space. By definition, this topology
is completely determined by the topology of the target vector space.

If X is alinear space, we consider the subspace Homg (X, E) of all linear maps in
EX with the induced topology (also called topology of pointwise convergence).

As we are working beyond the realm of Banach spaces, the usual notion of Fréchet-
differentiability cannot be used.’ Moreover, there are several inequivalent notions
of differentiability on locally convex spaces (see [23]). For more information on
our setting of differential calculus we refer the reader to [23, 24]. The notion of
differentiability we adopt is natural and quite simple, as the derivative is defined via
directional derivatives.

5The problem here is that the bounded linear operators do not admit a good topological structure if
the spaces are not normable. In particular, the chain rule will not hold for Fréchet-differentiability
in general for these spaces (cf. [22, p. 73] or [23]).
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Definition 4 Let K € {R,C}, r e NU {00} and E, F locally convex K-vector
spaces and U C E open. Moreover we let f: U — F be a map. If it exists, we
define for (x, h) € U x E the directional derivative

df(x,hy =Dy f(x) = lim t71(f(c+1th) = f(x).
*ot—
We say that f is Cy if the iterated directional derivatives

d® f(x,y1, ... ) = (Dy Dy, ... Dy, f)(x)

existforallk € Nysuchthatk <r,x e Uandyy,..., yr € E and define continuous
maps d¥ f: U x EF¥ — F.Ifitis clear which K is meant, we simply write C” for
Ci If fis CZ°, we say that f is holomorphic and if f is C3° we say that f is smooth.

On Fréchet spaces (i.e. complete metrisable locally convex spaces) our notion of
differentiability coincides with that from the “convenient setting” of global analysis
outlined in [25]. Note that differentiable maps in our setting are continuous by default
(which is in general not true in the convenient setting). Later on we will need analytic
mappings between infinite-dimensional spaces. Note first:

Remark2 A map f: U — F is of class CZ° if and only if it is complex analytic
i.e., if f is continuous and locally given by a series of continuous homogeneous
polynomials (cf. [26, Propositions 7.4 and 7.7]). We then also say that f is of class
Cg.

To introduce real analyticity, we have to generalise a suitable characterisation from
the finite-dimensional case: A map R — R is real analytic if it extends to a complex
analytic map C 2 U — C on an open R-neighbourhood U in C. We proceed anal-
ogously for locally convex spaces by replacing C with a suitable complexification.

Definition 5 (Complexification of a locally convex space) Let E be a real locally
convex topological vector space. Endow E¢ := E x E with the following operation

(x+iy) - (u,v):=@xu—yv,xv+yu) forx,yeR,u,veekE.

The complex vector space E¢ with the product topology is called the complexification
of E. We identify E with the closed real subspace E x {0} of Ec.

Definition 6 Let E, F be real locally convex spaces and f: U — F defined on an
open subset U. Followmg [27] and [24], we call f real analytic (or Cg) if f extends
toa CZ°-map f: U — Fc onanopen neighbourhood U of U in the complexification
Ec.b

SIf E and F are Fréchet spaces, real analytic maps in the sense just defined coincide with maps
which are continuous and can be locally expanded into a power series. See [28, Proposition 4.1].
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Note that many of the usual results of differential calculus carry over to our setting.
In particular, maps on connected domains whose derivative vanishes are constant as
a version of the fundamental theorem of calculus holds. Moreover, the chain rule
holds in the following form:

Lemma 2 (Chain Rule [24, Propositions 1.12, 1.15, 2.7 and 2.9]) Fix k € Ny U
{00, w} and K € {R, C} together with Cﬂlé-mapsf: EDU —» Fandg: HOV —
E defined on open subsets of locally convex spaces. Assume that g(V) C U. Then
f ogisofclass ang and the first derivative of f o g is given by

d(fog)(x;v)=df(g(x);dg(x,v)) forallx e U, v e H.

The differential calculus developed so far extends easily to maps which are defined
on non-open sets. This situation occurs frequently in the context of differential equa-
tions on closed intervals (see [29] for an overview).

Having the chain rule at our disposal we can define manifolds and related con-
structions which are modelled on locally convex spaces.

Definition 7 Fix a Hausdorff topological space M and a locally convex space E over
K € {R, C}. An (E-)manifold chart (U,, ) on M is an open set U, € M together
with a homeomorphism «: U, — V,, € E onto an open subset of E. Two such
charts are called C”-compatible for r € Ny U {oo, w} if the change of charts map
view: k(U.NU,) - v(U,NU,)isa C’-diffeomorphism. A C"-atlas of M is a
set of pairwise C”"-compatible manifold charts, whose domains cover M. Two such
C"-atlases are equivalent if their union is again a C"-atlas.

A locally convex C"-manifold M modelled on E is a Hausdorff space M with an
equivalence class of C"-atlases of (E-)manifold charts.

Direct products of locally convex manifolds, tangent spaces and tangent bundles
as well as C"-maps of manifolds may be defined as in the finite dimensional setting
(see [30, 1.3]). The advantage of this construction is that we can now give a very
simple answer to the question, what an infinite-dimensional Lie group is:

Definition 8 A (locally convex) Lie group is a group G equipped with a Cp°-
manifold structure modelled on a locally convex space, such that the group oper-
ations are smooth. If the manifold structure and the group operations are in addition
(K-) analytic, then G is called a (K-) analytic Lie group.

Later on, we will encounter special classes of infinite-dimensional Lie groups.
We recommend [30] for a survey on the theory of locally convex Lie groups.

4 The Lie Group Structure of Character Groups of Hopf
Algebras

In this section we recall and explain how to construct a Lie group structure on
character groups of Hopf algebras (cf. [4]). Let us first construct a suitable topology
on the character groups which will in the end turn the character group into a Lie group.
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As our notion of differentiability is built on top of continuity (i.e. every differentiable
map is continuous), the topology needs to turn the character group into a topological

group.

Remark 3 Consider the character group ¢4 (7, B) of a Hopf algebra .7Z” with values
in the commutative algebra B. If B is a locally convex vector space, we endow the
space Homg (7, B) with the topology of pointwise convergence (see Example 4).
This topology turns g(7, B) and ¢ (¢, B) into closed subsets of Homg (7, B)
which will always be endowed with the topology of pointwise convergence.

To see that this topology turns the character groups into topological groups we
need the group product, the convolution x, to be continuous. The product « is defined
via the multiplication of the algebra B. Thus we will see that x is continuous if the
locally convex structure on B is compatible with the algebra structure, i.e. the algebra
B is a locally convex algebra.

Definition 9 Let B be an algebraover K € {R, C}. We call B locally convex algebra
if B is a locally convex vector space such that the algebra product up: B x B — B
is a continuous bilinear map.

Remark 4 We have not asked the algebra product to be a continuous linear map
on B ® B since this would require us to choose a topology on the tensor product.
As there are different valid choices for topological tensor products between locally
convex spaces we refrain from doing this. In fact, the whole point of the definition
is to avoid topological tensor products.” Though we frequently write B ® B also for
a locally convex algebra B this will always denote the algebraic tensor product.

Example 5 Every Banach algebra and thus in particular every finite-dimensional
algebra (over K € {R, C}) is a locally convex algebra. Further examples are con-
structed in Example 6 below.

Lemma 3 Let 57 be a Hopf algebra and B be a locally convex algebra. Then the
topology of pointwise convergence turns (Homg (2, B), x) into a locally convex
algebra, (9 (7, B)) into a topological group and (g(F¢, B), [-, -1) into a topolog-
ical Lie algebra.

Proof The multiplication * of the character group and the Lie bracket of g(s7°, B)
will be continuous if the algebra product x on Homg (%, B) is continuous. Since
this algebra is endowed with the topology of pointwise convergence, it suffices
to test continuity of (f, g) — f x g by evaluating in an element ¢ € J#. Using
Sweedler notation (see [11]) for the coproduct we write A(c) = Z(C) c1 ® ca,
whence f x g(c) = Z(C) f(c1) - g(c2) where the dot is the multiplication in B. Since

7Note that it is well known that the algebra multiplication as a bilinear map will be continuous if we
require it to be continuous with respect to the projective topological tensor product B ®,; B (see
e.g. [31]). However, one does not gain more information in doing so, whence we avoid discussing
this tensor product (or any topology on the tensor product). For this reason one of the authors has
been accused of “cheating”.
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point evaluations are continuous on Homg (7, B) and the multiplication on B is
continuous, we deduce that x is continuous.

Observe that inversion in the character group (¢ (¢, B), %) is given by precom-
position with the antipode. Clearly this map is continuous with respect to the topology
of pointwise convergence, whence ¢ (77, B) is a topological group. O

Note that as a by-product of Lemma 3 we also obtain that (Homg (27, B), %) is
a locally convex algebra if B is a locally convex algebra. The last proof is a nice
example of how continuity can be determined by “testing” it at a given point. In
particular, the topology on the group relegates continuity questions to the topology
of the target algebra B.

Our aim is now to turn the topological group ¢4 (7, B) into a Lie group modelled
on the infinitesimal characters. To do this we will need some additional assumptions
on the source Hopf algebra:

Definition 10 Let 77 = P, ., /% be a graded and connected Hopf algebra and B
be a locally convex algebra. Then we define .# := Homg (B, #%,, B) and

Y
k!

exp: 4/ — Homg (57, B), ¢ — E where Y™ (= % % - - %Y
—_—  —
k=0

Lemma 4 Foreachyr € &, exp(V¥) is contained in Homg (¢, B). Hence it makes
sense to define exp: Homg (€D, 4, B) — Homg (7, B) and this mapping is
K-analytic. Furthermore, it restricts to a bijection exp: g(¢, B) — G (, B).

Proof We have the following isomorphisms of locally convex spaces

Homs (/. B) = Homg (P /4. B) = [ | Homx (%, B).

neNy neNy

Note that Homg (7, B) is not a graded algebra (as a grading requires it to decompose
into a direct sum). However, the convolution satisfies

Homg (47, B) x Homg (%7, B) € Homg (54,.,, B) forall m,n € Ny.

We call an algebra with this property a densely graded algebra (to express that it
decomposes as a product and not as a direct sum).

Now for each n € N the formula for exp yields only finitely many summands in
Homg (77,, B) (as elements in its domain contain no contribution of Homg (7743, B)).
We deduce that exp makes sense as a mapping to [ [, en, Homg (77, B) whence it
makes sense as a mapping into Homg (¢, B). To see that exp is K-analytic one uses
functional calculus for densely graded algebras (see [4, Lemma B.6] for details).

That exp restricts to a bijection g(¢, B) — ¢4 (5¢, B) is well known in the
literature. We refer to [4, Lemma B.11] for a proof. O

Remark 5 Densely graded algebras as discussed in the proof of Lemma 4 are an
important tool in the investigation of character groups of Hopf algebras. Indeed



298 G. Bogfjellmo et al.

they can be used to link the investigation of character groups to the Lie theory for
unit groups of continuous inverse algebras (see [32, 33]). For more details we refer
to [4].

Using exp as a (global) parametrisation for ¢ (.7, B) we obtain a manifold struc-
ture on the character group and it turns out that this renders the group a Lie group.

Theorem 1 ([4, Theorem 2.7]) Let 72 be a graded and connected Hopf algebra and
B be a locally convex algebra. Then the manifold structure induced by the global
parametrisationexp: g(J€, B) — 4 (I, B) turns (4(H, B), x) into a K-analytic
Lie group.

The Lie algebra associated to this Lie group is (§(¢, B), [-, -1). Moreover, the
Lie group exponential map is given by the real analytic diffeomorphism exp from
Lemma 4.

Remark 6 The assumption that the Hopf algebra /7 is graded and connected is
crucial for the proof of Theorem 1. If we drop this assumption then character groups
need not be infinite-dimensional Lie groups (see [4, Example 4.11] for an explicit
counterexample). However, the construction does not depend on the choice of the
grading, i.e. two connected gradings on a Hopf algebra will yield the same Lie
group structure on the character group. See for example [1, Proposition 1.30] where
different (connected) gradings on the Hopf algebra of Feynman graphs are discussed.

In the literature, the infinitesimal characters are not the only Lie algebra associated
with the group ¥ (57, B). Recall that for certain Hopf algebras there is a Lie algebra
which is associated to the Hopf algebra by the Milnor—Moore theorem.

Remark 7 (The Lie algebra g(7, K) of 4 (5, K) and the Milnor—-Moore theorem)
Consider a graded, connected and commutative Hopf algebra .77 = €D, e, “fn such
that each 77, is a finite-dimensional vector space. Then the Milnor-Moore theorem
[34] asserts that there is a Lie algebra Lie(.27) such that 777¥ = % (Lie(%¢)), where
V=P, en, Homg (77, K) is the restricted dual. This Lie algebra is often asso-
ciated with the Lie algebra of the character group ¥ (7, K) and indeed one can
identify

Lie(¢) = g(#, K) N @) Homg (. K) = g(. K) N 2.

I‘IEN(]

Note that the Lie algebra g(.77°, K) will in general be strictly larger than Lie(5¢) but
with respect to the topology of pointwise convergence Lie(7¢) is a dense subalgebra
of g(o7, K). This fact is frequently exploited (cf. [1, 13, 35]) as it connects the Hopf
algebra 7 with the Lie algebra g(Js7, K).

Before we continue with the general theory let us develop some examples
which arise from applications in numerical analysis and mathematical physics. In
Example 3, we have already seen character groups of (graded and connected) Hopf
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algebras which arise naturally in applications. Most of these groups are constructed
with the ground field K as target algebra. However, in the theory of renormalisation
of quantum field theories one also considers characters with values in an infinite-
dimensional locally convex algebra B. We construct this algebra in the next example.

Example 6 Consider the set of germs of meromorphic functions in 0 € C
H ={germyf | f: U — CU {oo} meromorphic and 0 € U < C open},

where as usual germ,, f = germ,g if f and g coincide on some 0-neighbourhood.
Then JZ can be made a locally convex space as an inductive limit of Banach spaces
such that

1. % is acomplete locally convex algebra with respect to multiplication of germs,

2. as a closed subspace of JZ, the set & of germs of holomorphic functions is
the inductive limit of the Banach spaces {(Hol,(U,,, C), |||l o) }nen of bounded
holomorphic function on open, relatively compact sets U, which form a base of
zero neighbourhoods. In particular, this structure turns & into a locally convex
subalgebra.

Character groups of graded connected Hopf algebras with values in J# and &
are studied in the context of the Connes—Kreimer theory of renormalisation
(cf. [1, p. 83]). Note that we can apply Theorem 1 to turn these character groups
(cf. Example 3) into Lie groups.

Proof (Construction of the topology on %)

Step 1: 0 as a locally convex algebra.
Fix U, = B?(O) for n € N (open ball in C around O of radius %). For later use

observe that U, is relatively compact, m C U, for all n and {U, },,cn is a base of
zero-neighbourhoods. Recall that the space Hol, (U, C) of bounded holomorphic
functions is a Banach algebra with respect to the supremum norm. The space & of
germs of holomorphic functions around O can be realised as the inductive locally
convex limit of the spaces Holy(U,, C). The bonding maps of the inductive system
are given by

lnm - HOlb(Unv (C) g HOlb(Um’ (C)r f = f|Um

and these maps are compact operators for m > n (see [25, Sect. 8] or [36, Appendix
Al). Hence O is a so called Silva space. These spaces have many nice properties
(cf. [25, 52.37] and [37]), in particular, they are Hausdorff and complete. Bilinear
mappings on Silva spaces are continuous if they are continuous on each step of the
limit (see e.g. [38, Proposition 4.5]). Thus multiplication of germs is continuous and
0 is a locally convex algebra.

Step 2: Polynomials &2°°(X) without constant term as a Silva space.

Consider the space of polynomials Z®°(X) := C[X] = span{X°, X!, X2, ...} in
the formal variable X and let us denote by 222° := span{X 1 x2 ...} the sub-
space of polynomials without constant term. This last space is a Silva space as
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the direct union Z°(X) = (J, oy &4 (X) of finite dimensional spaces 2 (X) =
span(X', ..., X"). The bonding maps PHX) — 2 (X) are compact operators
for m > n as the corresponding spaces are finite dimensional.

Step 3: The topology on & .
Consider a meromorphic function g: & — C U {oo} defined on a 0-neighbourhood
Q. Since the set of poles is discrete, we find an n € N such that g has no polesin U, <
2, except possibly at 0. Furthermore, write g = f + p(1/z) where f € Hol,(U,, C)
and p € #°(1/z) is a polynomial in the variable 1/z (without constant term).

As g was arbitrary, the vector space %  is a direct sum of the two vector subspaces
0 and #°(1/z). Both of the summands have a natural Silva space structure, which
can be used to topologise # = 0 @ (1/z). The locally convex space

2 = lim (Holy(U,, C) ® #/(1/z))

thus becomes a Silva space as a sum of two Silva spaces (see [39, Corollary 8.6.9]).

This construction can also be found in [40] where also spaces of meromorphic
functions (rather than just germs of such functions) are given a topology using a
similar construction. For meromorphic functions the multiplication turns out to be
only separately continuous (see [40, Theorem 5]) and so these spaces are no locally
convex algebras in the sense of Definition 9.

Step 4: U7 as a locally convex algebra.

We now exploit that the space of germs " is a Silva space by Step 3 to prove that
multiplication is (jointly) continuous. Computing on the steps of the limit, fix n € N
and set E, := Holy(U,, C) & 22! (1/z). Let us now prove that the multiplication
map (co-)restricts to a continuous map u,: E, x E, — E,,. As a tool we use the
operator

@, : Hol,(U,, C) ® £/ (1/z) — Holp(U,,C), f+ p(l/2)+—Z"f+7"p(1/z2)

which is easily seen to be linear continuous and bijective. Hence the Open Mapping
Theorem for Banach spaces implies that @, is a topological isomorphism. Using &,
we write (i, as composition of continuous maps:

—1
Mn = @2’1 O lp,2n © UHoly(U,,C) © ((pn X ¢n)

where pyo,w,,c) 1 the continuous multiplication in Holy,(U,, C). This shows that
J is a locally convex algebra. O

Remark 8 1t should be noted that although % is algebraically a field and a locally
convex algebra, inversion is not continuous with respect to the topology just
described, hence .# is not a topological field. This however is no defect of this
particular construction but follows from the (locally convex) Gelfand Mazur Theo-
rem: There is no complex locally convex division algebra—except C (see e.g. [32,
Remark 4.15] or [41, Theorem 1]).
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We have already encountered the character group of the shuffle Hopf algebra
(see Examples 2 and 3). Recently, these groups were used as building blocks for a
group of extended word series which is of interest in the discretisation of dynamical
systems and in the computation of normal forms for these systems (see [18, 42]). In
the following example we will revisit this construction.

Example 7 Let 4 := 4 (Sh(A), C) be the complex valued character group of the
shuffle Hopf algebra Sh(A). Since Sh(A) is a graded and connected Hopf algebra
by Example 2, Theorem 1 implies that ¢ is a Lie group with the topology of point-
wise convergence. The goal pursued in [42] is to study a certain class of ordinary
differential equation. This leads one to consider so called “extended word series”.
These series are elements in a semidirect product & xz C? of the groups ¢ and C¢
for some d € N. Here the group morphism & : C? — Aut(¥), z — &, is given for
€9, 7:=(z1,....,29) €Clandw =a, ...a; € A*by

d
E2(8)(w) = exp <Z % (Wea + ... F vk,a,,)) ~8(w)

k=1

where the numbers vy, € C are fixed forall 1 <k <d anda € A8 Note that the
map & takes its image indeed in Aut(%) by virtue of [42, 4.2]. Moreover, it is easy to
see that the mapping £: C! x 4 — 94, (z,8) — &,(8) is smooth, i.e. " is a Lie
group action. Hence we obtain a semidirect product of Lie groups & x g C¢. In [42]
the authors then proceed to study the Lie algebra L(¥ xg C?) = L(¥) &) C¢,
differential equations on ¢ xz C? and properties of the Lie group exponential.

Finally, one can show that certain closed subgroups of & (#, B) which are asso-
ciated to Hopf ideals are Lie subgroups.’

Definition 11 (Hopfideal and annihilator) Let 7 be a Hopf algebra. We say _# C
€ is a Hopf ideal if the subset 7 is

1. atwo-sided (algebra) ideal,
2. acoideal,ie. e( ) =0and A(Z) C £ @7+ ® Z and
3. stable under the antipode, i.e. S(_#) C 7.

Let B be a locally convex algebra, then we define the annihilator of 7

Ann(_7, B) = {¢ € Homx (', B) | $( ) = O},

which is a closed unital subalgebra of Homg (57, B).

Proposition 1 ([4, Theorem 3.4]) Let ¢ be a graded connected Hopf algebra,
F C I be a Hopfideal and B be a commutative locally convex algebra.

8These numbers depend on the structure of a certain ordinary differential equation. We refer to [42]
for more details.

9Contrarily to the situation for finite-dimensional Lie groups, not every closed subgroup of an
infinite-dimensional Lie group is again a Lie subgroup. See [30, Remark IV.3.17] for an example.
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Then Ann(_¢, By N9 (A, B) C 4 (S, B) is a closed Lie subgroup whose Lie
algebrais Ann(_¢ , B) N g(S¢, B) C g(J, B). Moreover, Ann(_? , B) N9 (¢, B)
is even an exponential BCH-group.

Example 8 (Annihilator subgroups)

1. In [43] Hopf ideals of the Hopf algebra of Feynman graphs ¢
(cf. Example 3 (b)) are studied. In the physical theory these ideals implement
the so called “Ward—Takahashi” and “Slavnov—Taylor” identities. Then in [44]
character groups related to the annihilator subgroups of these Hopf ideals are
studied.

2. Itis well known that the tree maps associated to numerical integration schemes
which preserve certain first order integrals form a subgroup of the Butcher group,
called the group of symplectic tree maps S%QM. This subgroup is the annihilator
subgroup of a certain Hopf ideal in the Hopf algebra of rooted trees %”C]%( (see
Example 1). We refer to [4, Example 4/9] for more details.

3. Recently in [45] an even smaller subgroup of the group of symplectic tree maps

(as discussed in 2.) has been considered. This group ¢ consists of all elements
in the Butcher group such that the operations forming B-series and changing
variables in the vector field commute (see [45, Proposition 3.1] for the detailedA
statement). Moreover, following [45, Eq. (56)] one can prove that elements in ¢4
admit a more “compact” expansion as B-series.
Due to loc. cit. and [46, Remark 24] this group is the annihilator of a Hopf ideal
< in f%”CKK, whence a Lie group by Proposition 1. Further, we remark that the
ideal .# is of interest in its own right: As pointed out in [46, Sect. 7] the ideal .¥
appears as the kernel of a Hopf algebra morphism used to interpret the theory
developed in loc. cit. in the context of Hopf algebras.

5 Notes on the Topology of the Character Groups

By definition of the topology of pointwise convergence, the topology and the dif-
ferentiable structure of the character group ¢ (77, B) is completely determined by
the target algebra B. Of course the algebraic structure of .7 determines the set of
characters, e.g. it controls whether the character group is an abelian group. However,
we do not need a topology on the Hopf algebra to turn its character groups into Lie
groups. In a nutshell, the main idea behind the construction can be described as: The
Lie group structure is controlled by the combinatorial data of the Hopf algebra and
the topological data of the target algebra.

Remark 9 Note that the topology of pointwise convergence is a very natural choice
for a topology on the character groups of Hopf algebras. In this respect certain
character groups with this topology have already been studied as topological groups
in the literature.
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1. For example in the Connes—Kreimer theory of renormalisation (cf. [1, Propo-
sition 1.47]) the structural properties of certain character groups as topological
groups with this topology are exploited. We refer to Sect. 7 for further informa-
tion on this structure.

2. As a further example we mention [5, 3.2] where the projective limit topology
on the character groups coincides with the topology of pointwise convergence
with respect to the discrete topology on the ground field K. Hence it does not
coincide with our topology which induces on every one-dimensional subspace
the (natural) metric topology of R (or C). Since [5] works with an arbitrary field
K of characteristic O the discrete topology on K is the right choice in that setting.

The topology of pointwise convergence is rather coarse, i.e. compared to other
natural function space topologies it has few open sets. In particular, open sets only
control the behaviour of characters in a finite number of points at once. Especially
in applications in numerical analysis one would like to have finer topologies which
enable a better control. Let us illustrate this in the example of the Butcher group:

Example 9 The Butcher group Gty coincides with the group ¥ (%ﬂc]%(, K) of
K-valued characters of the Connes—Kreimer Hopf algebra of rooted trees (see
Example 3 (c)). This Hopf algebra is graded and connected, whence Theorem 1
allows Gy to be turned into a Lie group with the pointwise topology. Recall that as
an algebra L%‘EKK is the polynomial algebra K[.7] (where .7 is the set of rooted trees).
The elements in the Butcher group correspond to numerical integration schemes as
they are linked to a certain type of (formal) series called B-series. In applications one
now wants to restrict the growth of the series coefficients to achieve convergence of
the series at least on a small disk. To this end, one commonly imposes an exponential
growth bound to the elements in the Butcher group, i.e. the growth of a charac-
ter is restricted by an exponential bound in every tree. The topology of pointwise
convergence does not contain open sets which allow one to control infinitely many
coefficients at once, whence it is too coarse for some applications. However, no suit-
able replacement for the topology on Gy to circumvent these problems is presently
known (see the discussion of topologies on the Butcher group in [3, Remark 2.5]).

Though there seems to be no candidate for a finer topology on character groups
which turns these into topological groups, the situation is better if one considers only
certain subgroups. Again we specialise to the case of the Butcher group.

Example 10 (The tame Butcher group) Let 2 be the subgroup of ¢ (%ﬂf(, K) of all
elements ¢ which satisfy

there exist C, K > 0 such that ||¢(t)|| < CK'" forall T € .

Adapting a result of Hairer and Lubich [47, Lemma 9], one can show that the B-
series associated to elements in %8 with respect to an analytic map f converge at
least locally. We call % the tame Butcher group.

One can show that the tame Butcher group is a Lie group modelled on an inductive
limit of Banach spaces. Note that the resulting topology is strictly finer than the
topology of pointwise convergence.
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Albeit the differential structure is more complicated than the one of the Butcher
group, the tame Butcher group is closely related to the Butcher group. The key
property of the tame Butcher group is that it provides a better control for the purposes
of numerical analysis. Furthermore, consider on a Banach space E the differential
equation

d —
{ax(f) =JEO) it 2 E - E analytic,

x(0) =y

Then the map sending an element of 2 to the B-series with respect to f induces a
Lie group (anti)morphism

. : . ¢: ExXKDU—V is a diffeomorphism
By: # — DiffGerm, 0)(E x C) := [germ(ymo)qﬁ‘ with 6 (v.0)=(s0.0) ] ,

where the group operation of DiffGerm, o (E x C) is composition
(cf. [48, Sect. 3]). Then the map By can be seen as the Lie theoretic realisation
of the mechanism which passes from a numerical integrator to the associated numer-
ical solution of the differential equation. We refer to [49] for further details.

Conceivably one can adapt the idea of the tame Butcher group to the general
setting of character groups of Hopf algebras.

Problem 1 It would be interesting to see whether the construction of the tame
Butcher group can be generalised to obtain a Lie theory for “groups of exponen-
tially bounded characters” of graded connected Hopf algebras. The groups we envis-
age here should arise as subgroups of character groups (albeit with a finer topol-
ogy/different differential structure).

We expect these groups to be useful in several applications. In particular, one
would hope that such a theory is applicable in the following situations:

1. In the context of Lie-Butcher theory of numerical analysis, i.e. for numerical
integrators on manifolds and Lie groups (see e.g. [50] and the references therein).

2. Ofteninthe theory of numerical analysis bounds appear naturally. For an example
of such a situation see e.g. [51] where bounds on a function and its Fourier
coefficients are used to derive error estimates.

3. In control theory so called output feedback equations are studied. Recently con-
nections of problems related to these equations with character groups of Hopf
algebras have been discovered (see [52] and [53]). In particular, one is interested
in the convergence of certain formal series, which is assured by similar growth
conditions as imposed in the tame Butcher group (cf. [52, Sect. 2.2]).

Note added in print (2018): Problem 1 has been partially solved as the construction
of the tame Butcher group was generalised in [54].

Another candidate for a topology on the Butcher group Gty appears implicitly
in Butcher’s 1972 paper.
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Theorem 2 ([55, Theorem 6.9]) If a € Gtm and I is any finite subset of 7 then
thereis ab € Gg such that a7, = b| 7,.

The above theorem is sometimes paraphrased as saying that the set of Runge—Kutta
methods is dense in Gy.'0

Indeed, [55, Theorem 6.9] implies that the set of Runge—Kutta methods is dense in
the Butcher group equipped with the topology of pointwise convergence. However,
it also implies that the set of Runge—Kutta methods stays dense if one uses a much
finer topology on Gty C Homg (%ﬂcﬂi, K), the ultrametric topology.

Definition 12 (Ultrametric topology) When S is graded, the ultrametric topology
on Homg (7, B) is generated by the ultrametric'!

d(@, y) =270,

where ord(¢) is the largest N € Ny U {oo} such that

N
¢(x) =0 forallx € @ 7.

n=0

For Gt C Homg (%ﬂi{, K), define the ultrametric topology as the subspace topol-
ogy. In the ultrametric topology on Gtm, a sequence (a,),en Will converge to a
only if, for every tree T € 7, there is an N such that N < n implies a, (1) = a(1).
Note that the ultrametric topology and the topology of pointwise convergence behave
quite differently: Let .77 be a K-Hopf algebra with K € {R, C}. If we embed K as
a linear subspace into Homg (7°, B), the ultrametric topology induces the discrete
topology on K whereas the topology of pointwise convergence induces the usual
(metric) topology on K. In particular, this shows that the ultrametric topology does
not turn Homg (77, B) (and g(7Z, B)) into locally convex spaces over K.

The ultrametric topology can be useful in numerics; for instance, the order of a
B-series method given by a € Gty can be read off directly from the ultrametric via
d(a, e) =277, where e is the “exact” method and p is the order of a. We record a
further difference between both topologies in the following example:

Example 11 Let a; denote the B-series a, (9) = 1, a,(s) = h, a,(t) = 0 for all trees
with |t| > 2, and consider the sequence of B-series

{bn}neN’ b, = af;ln-

b, corresponds to the numerical method obtained by taking n steps with the forward
Euler method with stepsize rll It is possible to show that

1OGO in [55, Theorem 6.9] is larger than the set of Runge—Kutta methods, however, the statement
still holds if Gy is the group of Runge—Kutta methods. See also [56, Theorem 317A].

A metric d is an ultrametric if d(¢, ¥) < max{d (¢, x),d(x, ¥)}.
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lim b,(t) = e(r), forallt € J.
n—oQ

Therefore, in the topology of pointwise convergence, lim,_,», b,, = e, reflecting that
the Euler method is consistent.

Itis also possible to show that b, (§) = %, wherease(l) = 1. Therefored (b,, €) =
27!, reflecting that the numerical methods corresponding to b,, are all first order meth-
ods. However d(b,, ¢) = 2! also shows that, in the ultrametric topology, {b,},en
does not converge to e (or at all).

6 The Exponential Map and Regularity of Character
Groups

In this section we discuss Lie theoretic properties of the Lie group of characters of a
graded and connected Hopf algebra. Namely we consider the Lie group exponential
map and a property called regularity in the sense of Milnor. The common theme of
both properties is that they are related to the solution of certain differential equations
on the Lie group.

We begin with a discussion of the properties of the Lie group exponential map.
Recall that the interplay between the Lie algebra and the Lie group for infinite-
dimensional Lie groups is more delicate than in the finite-dimensional case. For
example there are infinite-dimensional Lie groups whose exponential map does not
define a local diffeomorphism in a neighbourhood of the unit. See the survey in [30]
for more information. However, it turns out that the situation for character groups of
Hopf algebras is much better as they belong to certain well behaved classes of Lie
groups which we define now.

Definition 13 Let G be a Lie group with smooth exponential map exp; : L(G) —
G. The Lie group G is called a

1. (locally) exponential Lie group if exp; induces a (local) diffeomorphism,

2. Baker—Campbell-Hausdorff-Lie group (or BCH-Lie group for short), if G is a
K-analytic (locally) exponential Lie group and exp,; induces a local K-analytic
diffeomorphism at 0.

In a BCH-Lie group the Baker—Campbell-Hausdorff-series converges on an open
zero-neighbourhood and defines an analytic multiplication on this neighbourhood.
The BCH-formula is often used in applications of Lie algebras to numerical analysis
(see e.g. [57, II1.4 and II1.5]). However, there are even applications of the BCH-
formula associated to character groups of certain Hopf algebras.

Remark 10 In[46] computations of the BCH-formula in an arbitrary Hall basis using
labelled rooted trees are presented. It turns out that the BCH-formula discussed there
is related to the BCH-formula on the Lie algebra of infinitesimal characters on certain
Hopf algebras of labelled trees (cf. [46, Sect. 7] and in particular loc. cit. Example
10). Also see [58] for further information and the references contained therein.
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From a Lie theoretic point of view BCH-Lie groups have very strong structural
properties. For example the automatic smoothness theorem [59, Proposition 2.4]
implies that every continuous group homomorphism between BCH-Lie groups is
automatically K-analytic. In particular this entails that the structure of a BCH-Lie
group as a topological group uniquely determines the Lie group structure.

Proposition 2 ([4]) Let 57 be a graded and connected Hopf algebra and B be a
commutative locally convex algebra.

1. Then the Lie group (3, B) is a BCH-Lie group,
2. the exponential map expy ,» p) is a K-analytic diffeomorphism.

Remark 11 (Applications of the character group exponential map)

1. The Lie group exponential of the Butcher group (cf. Example 3 (c)) has been
used in computations in numerical analysis. Namely, in backward error analysis
one exploits that this map is a diffeomorphism (see e.g. [46, Proposition 8]).
The inverse of the exponential map is closely related to so called Lie derivatives
of B-series (see [57, IX.1]). In particular, the formula in [57, Lemma 9.1] for the
Lie derivative can be identified with the recursion formula for the inverse of the
exponential map (cf. [3, Sect. 6]). However, albeit the term “Lie derivative” is
used in the literature, only algebraic properties of these maps are exploited.

2. In [5] related pairs of exponential maps of character groups have been studied
in the context of the universal enveloping algebra of a post-Lie algebra. These
mappings play arole in the numerical integration on post-Lie algebras. However,
we should mention at this point that the topology on the character groups used
in loc.cit. differs from the one we used in the construction of the Lie group
structure.

Problem 2 We have already mentioned several times that the Hopf algebras con-
sidered in numerical analysis are connected to so called pre- and post-Lie algebras.
Recently these structures have gathered a lot of interest, see e.g. the work by Munthe-
Kaas and collaborators [5, 50]. It would be interesting to see whether these additional
structures induce more structure which is visible in the Lie group structure of the
character groups.

We now turn to regularity properties of character groups. Roughly speaking,
regularity (in the sense of Milnor) means that a certain class of (ordinary) differential
equations can be solved on the Lie group. Note that it is highly non-trivial to solve
ordinary differential equations on locally convex spaces beyond the realm of Banach
spaces. For example there are linear differential equations without solution or which
admit infinitely many different solutions (see [60] or [61, Sect. 5.5]).

Definition 14 (Regularity (in the sense of Milnor)) Let G be a Lie group modelled
on a locally convex space, with identity element 1, and r € Ny U {oo}. We use the
tangent map of the left translation A,: G — G,x > gx by g € G todefine g.v :=
Tiig(v) € T,G forv € T1(G) =: L(G). Following [62], G is called C"-semiregular
if for each C"-curve y : [0, 1] — L(G) the initial value problem



308 G. Bogfjellmo et al.

n'@) =n@).y@)
n0) =1

has a (necessarily unique) C"*!-solution Evol(y) := n: [0, 1] — G. If furthermore
the map

evol: C'([0,1],L(G)) = G, y — Evol(y)(1)

is smooth, G is called C"-regular.'?> If G is C"-regular and r < s, then G is also
C’-regular. A C*°-regular Lie group G is called regular (in the sense of Milnor)—a
property first defined in [27]. Every finite-dimensional Lie group is C°-regular (cf.
[30D.

Several important results in Lie theory are only available for regular Lie groups
(see [27, 30, 62], cf. also [25] and the references therein). Up to this point all
known Lie groups modelled on sufficiently complete spaces (i.e. on Mackey complete
spaces, see [25, Chap. 1.2]) are regular.

Example 12 Consider again the Butcher group Gy, discussed in Example 3 (c). The
differential equation for regularity of this Lie group takes the form of a countable
system of differential equations: For a continuous curve a: [0, 1] - L(Gym) we
seek a differentiable curve y : [0, 1] — Gty such that

y' (@) =al)(0)+ Y Asc(t,2)y (1)),

= VieT
1o1<lz|

YO () =0

where Ay . (¢, a) is a polynomial in a(¢)(0), 0 € % with |o| < |z|. These differen-
tial equations form an infinite lower diagonal system of differential equations. As
shown in [3, Sect. 5] this system can be solved inductively, i.e. via a projective limit
argument.'3 Hence Gy is a C°-regular Lie group.

Proposition 3 ([4]) Let 7 be a graded and connected Hopf algebra and B be a
commutative and complete locally convex algebra. Then 9 (S, B) is a C°-regular
Lie group.

Note that we had to require B to be a complete algebra in Proposition 3. One can
weaken this requirement, as it turns out that & (7, B) is still a regular Lie group
for so called “Mackey complete” locally convex algebras. We refer to [4] for further
information.

12Here we consider C" ([0, 1], L(G)) asa locally convex vector space with the pointwise operations
and the topology of uniform convergence of the function and its derivatives on compact sets.
3This is possible since the differentiable structure of the Butcher group turns it into a projective
limit of finite-dimensional Lie groups. We will return to this phenomenon in Sect. 7.
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Remark 12 The Lie theory of character groups is closely connected to the Lie theory
for unit groups of continuous inverse algebras (see [32, 33]). In fact, each character
group of a graded and connected Hopf algebra can be identified with a closed Lie
subgroup of the unit group of a suitable continuous inverse algebra. The details
of this construction are recorded in [4, Proof of Theorem 2.10], where we have
exploited this link to derive the regularity of the character group from the regularity
of the ambient unit group.

The differential equations of regularity also occur in natural questions connected
to character groups of Hopf algebras. Let us illustrate this with two examples.

Our first example is from applications in numerical analysis. In [45, p. 8] these
differential equations appear naturally in the investigation of higher order averaging.

The second example appears in the theory of renormalisation of quantum field
theories:

Example 13 (Birkhoff decomposition and time ordered exponentials) Consider the
Hopf algebra of Feynman graphs %% with its group ¢ (#%¢, C) of C valued
characters. A crucial step in the Connes—Kreimer theory of renormalisation—the so
called BPHZ procedure—can be formulated as a Birkhoff factorisation in the Lie
group ¢ (%, C). To this end, one wants to decompose a smooth loop, i.e. a smooth
map y: C — 9(H#5, C) defined on a circle C € C as y(z) = ¥~ ' (z)y4(z). Here
y_, ¥+ are boundary values of certain holomorphic functions (see [1, Definition
1.37]). Then the negative part y_ of the Birkhoff decomposition yields the coun-
terterms one seeks to compute in the renormalisation procedure (as explained in [1,
1.6.4], cf. explicitly [1, Theorem 1.40]).

To prove some desirable properties of the Birkhoff decomposition one defines a
time-ordered exponential, i.e. for a smooth curve «: [a, b] — g(F#F¢, C) define

oo
b
Tef” a(r)dt = 1%(,%”;(;,@) + E a(Sl) e a(sn)dsl N dsn_
n=I1

a<s;<--<$,<b

Then it turns out that the time ordered exponentials solve the differential equation
associated to regularity in ¢ (%¢, C) for the curve o (see [1, Proposition 1.51
(3)]). Time-ordered exponentials are important since they determine the Birkhoff
decompositionin ¥ (##7¢, C). Explicitly, for aloop y,, (on an infinitesimal punctured
disk in C) one has as negative part of the Birkhoff decomposition

y_(z) = Te o 6-B)dt

where § is the so called B-function of the theory (cf. [1, Theorem 1.58]) and 0 a
certain one-parameter family generated by the grading operator. In particular, the time
ordered exponentials determine the counterterms of perturbative renormalisation
and one concludes that these depend only on the S-function of the theory. We are
deliberately hiding the technical details here and refer instead to [1].
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7 Character Groups as pro-Lie Groups

A crucial requirement to turn character groups of Hopf algebras into Lie groups
has been that the Hopf algebra is needed to be graded and connected. As we have
already mentioned, character groups of Hopf algebras which do not satisfy these
conditions will in general not be infinite-dimensional Lie groups (with the topology
of pointwise convergence). Note however that we have already seen in Lemma 3
that character groups of arbitrary Hopf algebras (with values in a locally convex
algebra) are topological groups. Similarly the Lie algebra of infinitesimal characters
is a topological Lie algebra regardless of a grading on JZ°.

In the present section we investigate the structure of the topological group
& (A, B) and its relation to the topological Lie algebra g(s¢, B) for Hopf algebras
which are not necessarily graded. It turns out that for certain target algebras these
topological groups admit a strong structure theory which is reminiscent of finite-
dimensional Lie theory. To phrase our results let us recall the notion of a pro-Lie
group (see the extensive monograph [6] or the recent survey [63]).

Definition 15 (pro-Lie group) A topological group G is called a pro-Lie group if
one of the following equivalent conditions holds:

1. G is isomorphic (as a topological group) to a closed subgroup of a product of
finite-dimensional (real) Lie groups.

2. G is the projective limit of a projective system of finite-dimensional (real) Lie
groups (taken in the category of topological groups).

The class of pro-Lie groups contains all compact groups (see e.g. [64, Corollary
2.29]) and all connected locally compact groups (Yamabe’s Theorem, see [65]).
However, this does not imply that all pro-Lie groups are locally compact and the
pro-Lie groups in the present paper will almost never be locally compact.

The structure theory of pro-Lie groups mirrors to a surprising degree the structure
theory of finite-dimensional Lie groups (details are recorded in [6]). Most importantly
for us, every pro-Lie group is connected to a Lie algebra. We recall its construction
now. Note that in absence of a differential structure a Lie algebra to the group can
not be constructed as a tangent space.

Definition 16 (The pro-Lie algebra of a pro-Lie group) Let G be a pro-Lie group and
Z(G) the space of all continuous G-valued one-parameter subgroups, endowed with
the compact-open topology. As a projective limit of finite-dimensional Lie algebras it
is naturally a locally convex topological Lie algebra over R (see [6, Definition 2.11]).

The character group of an arbitrary Hopf algebra (with values in a finite-
dimensional algebra) turns out to be a pro-Lie group. In these cases the pro-Lie
algebra can also be identified.

Theorem 3 (Character groups as pro-Lie groups [4, Theorem 5.6]) Let 7 be a Hopf
algebra and B be a commutative finite-dimensional K-algebra (e.g. B := K). Then
the group of B-valued characters 9 (¢, B) endowed with the topology of pointwise
convergence is pro-Lie group.
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Its pro-Lie algebra is isomorphic to the locally convex Lie algebra g(J, B) of
infinitesimal characters via the canonical isomorphism

9(, B) > L (Y (A, B)), ¢ > (t+— exp(tp)).

Proof (Sketch of ideas) Due to the fundamental theorem of coalgebras (see [66,
Theorem 4.12]), one can write .7 as a directed union of finite-dimensional coalgebras
{Ci}icr- Oneach of the spaces Homy (C;, B) the convolution induces a locally convex
algebra structure such that the unit groups satisfy

Homg (7, B)* = Homg(lim C;, B)* = lim Homg (C;, B)*

where the limit on the right hand side is taken in the category of topological groups.
In particular, the groups Homg (C;, B)* are finite-dimensional Lie groups, whence
Homy (2, B)* is a pro-Lie group and ¢4 (¢, B) inherits this structure. The remain-
ing assertions follow from direct computations involving the exponential map. O

Remark 13 1. If we consider character groups of graded connected Hopf alge-
bras with values in finite-dimensional algebras, we obtain two structures on the
character group: The locally convex Lie group structure and the pro-Lie group
structure. Fortunately the results in [67] affirms that these two structures are
compatible with each other. This means that the only additional information
provided by the pro-Lie structure in this case is that the infinite-dimensional Lie
group already constructed is a projective limit of finite-dimensional Lie groups.

2. One can generalise the preceding result beyond the realm of finite-dimensional
target algebras to so called “weakly complete algebras”. See [4, Sect. 6] for the
definition and detailed statements.

In applications of character groups of Hopf algebras the pro-Lie property has
frequently been of crucial importance. Most importantly, it allows one to work with
the projective limit structures of the Lie algebra of infinitesimal characters and the
character group.

Example 14 1. For the Hopf algebra of Feynman diagrams 7% one considers flat
9(F¢, C)-valued connections. To prove some desirable properties for maps
depending on these connections one has to employ projective limit arguments,
e.g. see [1, Proposition 1.52]. Furthermore, one can use the projective limit prop-
erty to construct geometric data for elements in certain interesting algebras of
infinitesimal characters. Here we mean the monodromy representation and their
limit constructed in [1, Lemma 1.54] for elements in g(7%¢, C).

Note that in [1] the projective limit structure was deduced from the fact that
every affine group scheme is a projective limit of linear algebraic groups. This
requires the source Hopf algebra to be commutative, whereas the pro-Lie struc-
ture established in Theorem 3 does not depend on the commutativity of J%¢.
2. In numerical analysis, properties of series are often studied by truncating to a
finite number of terms, see e.g. the treatment of modified equations in [47] or
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[18, Sects. 5.2, 5.4]. This corresponds in the pro-Lie picture to passing from the
projective limit to one of the (finite-dimensional) steps.

The above list shows that it is quite useful to have the structure of a pro-Lie group
to analyse character groups of Hopf algebras. Conversely, one can ask which pro-Lie
groups can be obtained as character groups.

Problem 3 Characterize all pro-Lie groups that can be obtained as R-valued char-
acter groups of (in general non-graded) Hopf algebras.

At least all compact abelian groups appear as character groups of certain Hopf
algebras (this follows from Pontryagin duality). On the other hand, one can show
that an uncountable discrete group is never a character group of a Hopf algebra.
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Abstract We consider adynamical system on the dual of a Lie algebra. On the dual of
that algebra there is another linear Poisson structure. This system is integrable for one
of the Poisson structures because it admits a suitable Lax representation. The discrete
variational principle is applied to the problem given by the non-usual linear Poisson
structure to obtain Lie-Poisson integrators which preserve all the Casimir functions
of the system. In the 19th century Bécklund transformations were introduced in
the area of partial differential equations as transformations that map solutions to
solutions. It is known that Backlund transformations satisfy some specific properties
such as commutativity. We geometrically define Backlund transformations associated
with the obtained Lie-Poisson integrators under some invariance assumptions. The
existence of an invariant scalar product that identifies the Lie algebra and the dual of
the Lie algebra allows to establish the connection with the results proved in Suris’
book on the Lie algebra. We will make clear the constructions by looking at the Toda
Lattice example.
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1 Introduction

Bécklund transformations (BTs) appear at the end of the XIXth century. They are
introduced by the Swedish mathematician and physicist called Albert Victor Biack-
lund as transformations of partial differential equations bringing solutions into solu-
tions in a differential geometric context [3]. Independently, Darboux [7] discovered
similar transformations in the context of second order ordinary differential equations.

Since then, literature has provided BTs with specific properties such as preser-
vation of the commuting Hamiltonians, canonicity, spectrality when there exists a
dependence on a spectral parameter [23, 31]. In the nineties it was discovered how
BTs appear in discretization of finite-dimensional integrable systems such as Euler
top, Lagrange top, etc., [26, 30, 31].

Ge-Marsden [9] and Channel-Scovel [6] developed the notion of integrators for
Lie-Poisson dynamical systems. These systems include the Euler equations for the
rigid body, the Vlasov-Poisson equations, the Vlasov- Maxwell equations, and others
(see references in [6]).

Ge-Marsden [9] developed numerical integrators that exactly preserve momentum
maps and linear Poisson brackets. As a consequence, the integrators preserve the Lie-
Poisson structure for finite dimensional systems. The results are obtained by using
the theory of generating functions in Hamilton-Jacobi theory. Channel-Scovel [6]
developed Lie-Poisson integrators using the exponential map that relates the elements
in the Lie group with the elements in the Lie algebra.

Here we focus on constructing Lie-Poisson integrators for completely integrable
systems by using discrete variational principles [15] on the dual of the Lie algebra. As
the elements are defined on the dual of the Lie algebra, no reduction is needed prior
to discretize the Lagrangian. Our contribution is to consider two different structures
of Lie algebra to obtain Lie-Poisson integrators for completely integrable systems.
There is a debate on what a discrete integrable system is [19]. Here we search for
geometric integrators that exactly preserve the integrability of the system. Other
approaches consider the preservation of integrability up to certain order [2].

The existence of a Lax pair does not guarantee the complete integrability of
the system [12, 21] in the sense of Liouville. However, the systems under study
are completely integrable and they admit a Lax pair representation with enough
conserved quantities being involutive, that is, mutually commuting. To guarantee the
involutivity of the conserved quantities obtained from the Lax pair some additional
conditions are needed.

The paper is organized as follows. Section 2 covers all the preliminary contents
about Poisson structures and completely integrable systems that admit a Lax pair.
Section 3 introduces the object under study: completely integrable Lie-Poisson equa-
tions admiting an R-matrix approach. Our objective is to obtain numerical methods
by applying a discrete variational principle to the Lie-Poisson equations as described
in Sect. 4 using the two Poisson structures defined on the same set. In Sect. 5 we
establish a connection between the obtained numerical methods and the use of Bick-
lund transformation to discretize completely integrable systems. Finally we apply
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the methods in Sects. 4 and 5 to the Toda lattice example and the QR algorithm in
Sect. 6 to connect with the constructions in [26] for matrix Lie groups.

2 Preliminaries

In this section we will quickly introduce the notions of Poisson structures and inte-
grable systems necessary for developing the main contributions of this paper.

2.1 On Poisson Structures

Many dynamical systems are described by means of Poisson structures, such as
Euler equations for the rigid body, Maxwell equations, etc. More details on Poisson
structures can be found, for instance, in [10, 28, 29].

A Poisson structure on a m-dimensional manifold M is defined as a Lie algebra
structure {-, -} on the set C*°(M) of smooth functions on M satisfying the Leibniz
identity {FG, H} = F{G, H} + {F, H}G for every F, G, H in C*°(M). Thus the
bracket operation is a derivation in each entry. In particular for each function H there
is a vector field £y such that £ (F) = {F, H} for all F in C*°(M). This vector field
&y is called the Hamiltonian vector field generated by H.

Note that at every point x in M the value of the bracket {-, H} depends only on the
derivatives of H, not on the function itself. So thereisabundlemapg: 7"M — T M,
from the cotangent bundle 7*M to the tangent bundle 7'M, such that there exists a
Hamiltonian vector field defined as follows £y = £ o dH for all H. The map # can
also be interpreted as a contravariant skew symmetric 2-tensor A in M for which
{F, G} = A(dF, dG). Thebivector field A does not always define a Poisson structure
because the bracket defined by A satisfies the Jacobi identity if and only if the so-
called Schouten bracket [ A, A] vanishes [24]. In local coordinates (x, ..., Xx,;), the
condition [A, A] = 0 is equivalent to A;; = —Aj; and

m

8A,k aAkj aAjl
Z Ajj + Ay + A =0.
=1 3 3x1 Bx;

Whenever [A, A] = 0, the Poisson structure is determined by providing the bracket
relations satisfied by the coordinate functions {x;, x;} = A;;(x). Then,

m

oF 0G
tF. G} = Z i o ax; ox;
i,j=1 ! i
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Any symplectic manifold (M, w) is a Poisson manifold, but not all the Poisson
manifolds are symplectic. In fact, any Poisson manifold is a union of symplectic man-
ifolds, generally of varying dimensions, called the leaves of the symplectic foliation
of the Poisson manifold.

A Poisson structure on a vector space V is called linear if the Poisson bracket of
any two linear functions on V is again linear. This makes the dual space V* into a
Lie algebra which we denote by g. The bracket on V = g* is given by

SF §G
{F,G}(u)=<u, [—6 —D (D
noSp

where [-, -] is the Lie algebra operation in g, (-, -) is the pairing of g* with g, and
8 F /6 is the differential of F as an element of g instead of g**.

The linear Poisson structure on the dual space g* defined by (1) is called Lie-
Poisson structure because it was discovered by Lie [11] who wrote down the structure
inlocal coordinates. If X1, ..., X,, isabasis of g satisfying [X;, X ;] = 221:1 Cijk Xks
then the components of the Poisson structure are A;;(x) = qu:l ¢ijxXx. These are
linear functions of x. That is why it is called a linear Poisson structure.

Let us recall some operations on Lie groups and Lie algebras that will be needed
in the sequel. A real Lie group is a real, analytic manifold G equipped with a product
which defines a group structure on G. For any g € G, the left and right translation
of G by g are diffeomorphisms defined as follows:

lo(x) =gx, rg(x) =xg.

These maps satisfy the following properties:

U) ™ =1lg1, (rg) ' =1y, Ly oly =lgg, Tg 0ly =1y 0rg.
Foreachx, g € G, £ € g*, X, Y € g = T,G, we define:
e the automorphism of the group G by conjugation or inner automorphism:

I,:G— G, Lj(x)=(,o0r,1)(x) = gxg_1 ;
e the differential of the conjugation or the group adjoint representation of G on g:
Ady:g— g, Adg(X) =Tl (X) = (Tgfllg o T,rg1) (X);

e the adjoint representation of the Lie algebra:

adyY =[X,Y];

o the dual of Ady:
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Ady: gt — g%, (AdyE, X) = (§, AdyX)

e the coadjoint representation of the Lie algebra g*:
ady: g" — g, (ady§.Y) = —(§,adxY),

where (-, -) denotes the natural pairing between elements in the Lie algebra g and in
the dual of the Lie algebra, g*. More details on these operations can be found, for
instance, in [14].

2.2 Lax Pair and Integrability

When first integrals of a Hamiltonian system are known, one may use the method
of reduction to facilitate the determination of the integral curves of the system. A
Hamiltonian system is said to be completely integrable in the Liouville sense if it has
m differentiable first integrals fi, ..., f,,, defined on the whole manifold M, which
are pairwise in involution and whose differentials are linearly independent on a dense
open subset of M. However, this characterization does not make easy to identify the
completely integrable systems because all the first integrals must be found. Almost
all known integrable systems possess Lax representations, that is, the equations of
motion can be rewritten as

L =[L,B], )

where L, B: M — g are maps from the phase space M into some Lie algebra g.
The Lax pair given by (L, B) allows to obtain integrals of motion, but not neces-
sarily enough of them to guarantee the complete integrability. However, R-matrix
approach [16, 20] incorporates the involutivity property to the Lax pair. In these cases
the matrix B can be written as B = R(f (L)), where R: g — g is a linear operator
and f: g — gis an Ad-covariant function, that is,

Ad,f(L) = f(Ad,L) YgeG.

On the sequel we focus on linear R-matrix brackets that define Lie-Poisson bracket
on the dual of the Lie algebra, g*, identified with the Lie algebra g by means of
an invariant scalar product. In this framework it is possible to define a trace form
on the Lie algebra. In the finite dimensional case the traces of powers of L are
conserved quantities in involution. The R-matrix approach connects with the Yang-
Baxter equations coming from physics under some conditions, see [20, 25] for details.
The trace operator can also be described for infinite-dimensional Lie algebras, see
for instance the Adler’s notion [1]. See [22] for a review on the Lie-Poisson equations
in infinite dimensional spaces.
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3 Integrable Lie-Poisson Equations

The bi-hamiltonian structure introduced by Magri [12] has been a powerful tool
to construct integrable systems on finite and infinite dimensional Lie algebras. Here
we consider the situation where the Lie-Poisson equations are completely integrable.
That is why we only consider Lie-Poisson structures associated with alinear R-matrix
structure so that the complete integrability of the equations of motion rewritten in
a Lax pair form is guaranteed [16, 20]. Let (g, [+, -]) be a Lie algebra. Consider a
linear map R: g — g that defines a different Lie bracket on g as follows:

[Ev 77]R = [RE7 n]+[$a Rn]v g’ neg.

The linear map R must satisfy the modified Yang-Baxter equation,

[RE, Rn] — R([§., n]r) = —[&, n],

so that the R-bracket verifies the Jacobi identity [25]. Under that circumstance,
(g, [, -]g) is also a Lie algebra. Thus the set G has two different structures of Lie
groups: (G, -) is the Lie group with the Lie algebra (g, [+, -]) and (G, %) is the Lie
group with the Lie algebra (g, [, -1r).

There are also two linear Poisson structures on the dual of the algebra, g*, associ-
ated with the two Lie algebras: (g%, {-, -}) and (g*, {-, -} r). The brackets are defined
as in (1).

Let H: g* — R be Ad*-invariant, that is, H(Ad;oe) = H(w) for all ¢ in g* and
g in G. The Hamiltonian function is Casimir only for the bracket {-, -}.

Our objective is to integrate the differential equation on (g*, {-, -}z) given by

do

P (ad;)dH(a) o. 3)

These are the corresponding Lie-Poisson equations for the Hamiltonian system

d
(H, {-, -}r)- Note that the analogous differential equation d—o; = ad&kH( 0 = 0 on

(g%, {-, -}) vanishes identically because the Hamiltonian function H : g* — R is a
Casimir function for the bracket {-, -}.
Take & € g. The Eq. (3) can be written in terms of the original bracket as follows

((adR) g1 @ &) = (@ [dH (@), §1g) = (o, [RAH (@), §] + [dH (@), RE])
= (o0, [RAH (@), 1) = {(ad") gy 10 - &) - @)
Note that (o, [dH («), RE]) = 0 because H is Casimir for {-, -}.

As an example of a linear R-matrix structure, let us assume now we have a splitting
of the Lie algebra g = g, @ g_, with projections 7,: g — g+, 7_: g — g_ onto
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1
the corresponding factors. Take the linear map R = 7 (w4 — m_), which can be

equivalently written as R = w4 — % = % — .

For such a linear map the Eq. (3) becomes

da
a (adlt)dH(az) o= (ad*)RH(a) o= (ad*)de(a)—% dH@ ¢

= (ad*)de(a) o =— (ad*)ﬂidma) o, 5

because of (4), plus the fact that H is Casimir for {-, -}.

Remember that the Eq. (3) is integrable because the linear map R admits a Lax
representation generating enough conserved quantities in involution. Our next step
is to find a discretization of the Eq. (3) by discretizing Eq. (5).

4 Discrete Variational Principle for Integrable Lie-Poisson
Equations

Let us apply a discrete variational principle [5, 13, 15] on the Lie group (G, %) for a
Lagrangian L: g — R. The starting point of this discretization is not a Lagrangian
on TG whose discretization is a function on G x G being G-invariant under an
action to reduce it to G as usual. We start from a Lagrangian already on g whose
discretization is a function on G. Thus, no G-invariance of the Lagrangian is needed.

As mentioned in the example in Sect. 3, the splitting g = g, @ g_ at the level
of the Lie algebra induces a factorization of the Lie group, G = G, - G_, in two
Lie subgroups (G4, -) and (G_, -). On the Lie group (G, %), the x» product and the
inverse element, (g)~'+, are defined as follows using the usual product of the Lie
group (G, -):

sixe=glgg, © ="

where g is the factor of g; in G4 and g; is the factor of g; in G _.
The variational principle consists of minimizing a functional over all the admis-
sible curves on G. Instead of minimizing fOT L(&(t)) dt, we consider a discrete

Lagrangian L;: G — R and we seek to minimize Z/ICV:] L ,(gr) over all sequences
of points {g;, ..., gnv}on G suchthat g, x g x ... *x gy = g, where g is a fixed point
in G. The discrete variational principle on Lie groups considered here is not on the
usual Lie group as in [5, 13], but on the Lie group (G, %). The admissible curves con-
sidered in the classical variational principles are replaced by sequence of points in the
discrete variational principle. To make things easier let us consider sequences with
only two points, g; and g;, but everything can be extended to longer sequences. In
order to apply a discrete variational principle it is necessary to define the admissible
perturbations, that is, those perturbations fulfilling the end-point conditions. All this
must be done in terms of the x-product. We consider curves i: R — G satisfying:
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1. i}(O) = e, the identity element in G;
2. h(0) =6h € g;
3. guxh(®) xh(t) ™ x g =g,

where i is the initial velocity for the curve in G, g_l* denotes the inverse with
respect to the » product. We want to extremize the functional L,(g1) + L(g2) over
all admissible perturbations. A necessary condition for minimization comes from
taking the first derivative of Ly(g; * h(¢)) + Ly(h(t)~'* x g») with respect to time
because the discrete Lagrangian is evaluated in a sequence of two points that define
an admissible perturbation according to the property 3 above.

d d
0= (La(gi*h(t)) + La(h(t) " % g2)) = —|  (La(g h(t)g)))
=0 drf,_o
d
+ 3 (La((h®)™™)  ga(h()"1)7))
=0

= (Ugr 0 rg)*dLa(g1), h(0)) — ((rg,)*dLa(g2), KT (0))
— ((Ig,)*dLa(g2). h™(0))

where A~ (0) = 7_(h(0)), h*(0) = 7, (h(0)). Thus
(lgr o1y-)*dLa(g1) — 7 (rg,)"dLa(g2) — w2 (lg,)"dLa(g2) = 0. 6)

If the Lagrangian is invariant under conjugation, we will be able to rewrite the above
equation in a different way. The invariance property means that

La(hy(8)) = La(h(t)gh(t)™") = La(g)

for all #: R — G such that #(0) = e. Taking derivative with respect to time in this
equality we obtain

(Ig)*dL4(g) = (rg)"dL4(g), equivalently AdZde(g) =dL,(g)-

Using these equalities plus the fact that 7_ = Id — 7} where 74 : g — g4 are the
projections, Eq. (6) becomes

(g 07y )*dLa(g1) — ridLy(g2) = 0. (7)
Alternatively, using the fact that 7, = Id — 7_, Eq. (6) becomes
(lgr oy )"dLa(g1) — I;,dL4(g2) = 0. (3

Take 1 = (rg,)*dL4(g1) and py = (r,4,)*dL4(g2) so that Eq. (7) can be rewritten
as follows
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0= org)*dLa(g) — p2 = (g 01y ) (ry=)"(rg)*dLa(g1) — 12
=(rg;1 olgr orgr) i — o = Adgr i — o,

because for £ in g we have T, (Vgl—l olygor,-)E = (Tgrgl—rgl-l 0Ty lyt oTerg-)§ =

gréer (gfe) ! =gEer (e (€))7 = g E(g)) 7 = Ad,+£. As aresult, we
have obtained the following scheme to solve the integrable Lie-Poisson Eq. (3):

w1 = (rg)*dL4(g1). )
Uy = Ad:rm ) (10)

The method acts as follows: u; is the known information. Once the initial condition
W1 € g* is given, the implicit Eq. (9) must be solved to obtain g; in G. Then, we
obtain gf“ from g; by factorization and (10) gives us u, in g*. We start the process
again. This is a Lie-Poisson method for [-, -]g and it is the main contribution of this
paper.

Similarly, using (8) instead of (7) we obtain another characterization of the Lie-
Poisson method for [-, -]&:

i = (g dLa(gy), (1)
o= Al (12)

5 Baicklund Transformations and Lie-Poisson Methods

Let us establish the connection between the numerical methods (9)-(10) on g*,
and (11)—(12), and the Bicklund transformations in Suris’ book [26] associated with
numerical methods on g. First, we prove some general results that can be applied to
the Lie-Poisson methods in Sect. 4.

Proposition 1 Let F: G — g*and F: g* — G be local diffeomorphisms such that

FoF = Idg« = F o F. The equivariance of F, that is, F (1 (g) = AdZﬁ(g) for
all g, h in G is equivalent to the equivariance of F, that is,

F(Adj.ip) =1, F (). 13)

Proof Forevery puin g* it is satisfied that (F o F)(r) = w. Denote F (1) by ginG.
Thus F(g) = u and

F(Ad} 1) = F(Ad}  F(9)) = F(FI,(2)) =Ta(g) =, F (1),

because of the equivariance of F. Analogous reasoning applies to the inverse
result. ]
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The equivariance property is enough to prove the following commutativity prop-
erty:

Proposition 2 Let F,F: G — g* be equivariant with equivariant inverse func-
tions Fy, F>: g* — G. It holds

(FiF)(n) = (BF)(w) Yeeg.

Proof The property of commutativity for F; and F; is equivalent to
Fi(w) = B F (0 (F2() ™" = e g0 Fi(1) = Fi(AdYy, ) 1),

because of (13). Now, we apply F in the equality F(u) = F) (Adz‘Fz(ﬂ)),]M) to
obtain

W= AdGp oy 1 (14
If we take g = h in the property of adjoint invariance of Fy and F»,
F,(1,(8)) = Fu(hgh™) = Ad} F.(g) Yh,geG, fora=1,2,
then B 3
F,(h) =Ad;_F,(h) YheG, fora=1,2. (15)

In the equation for a = 2, we take u = F>(h), so F>(n) = h. This gives us the
Eq. (14) and the commutativity of F; and F, is proved.

Analogous proof can be written if F,(u) is isolated instead of F)(u) in the first
step and we use

Ad}F,(h) = F,(h) YheG, fora=1,2,

instead of (15). O

The theoretical results we have just proved can be applied to the numerical meth-
ods (9)—(10) and (11)—(12). It is only necessary to define an equivariant function F
associated with (9) and find an inverse function. Note that we have used an instead
of the because the inverse function is not necessarily unique. This is connected with
the fact that even if the factorization of the Lie group exists, that is not necessarily
unique [19]. We define F (g) = r;de(g) so that the method can be rewritten as

pe = AdLF(g1).

Let us prove the equivariance of the chosen function in the following result.

Proposition 3 Assume that the discrete Lagrangian is adjomt invariant, that is,
L,(I,(g)) = Ly(g) for all h,g in G. Let F: G— g* be defined by F(g)
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= rZ,‘de(g). Then the function F is equivariant, that is, F(Ih (g) = I:"(hgh_l) =
Ad:  F(g) forallg, hinG.

Proof Take & in g. Using the properties of the different elements that appear,

F(g), Ady1£) = (F(g), h™'&h)
redLa(g), h™'&h) = (dLa(g), h™'Ehg) = (l;-1dLa(g), §hg)

(Adr_ F(g).&) = (F
=
= (i LirdLy(hgh™"), £hg) = (rydLq(hgh™"), &hg)
=
=(F

dLy(hgh™"), Ehgh™") = (ry-1dLa(hgh™"), §)
F(hgh™"), £)

the result follows. |

To define a Bicklund transformation on the dual of the Lie algebra g* we need
an inverse function of the particular F associated with (9), which is not necessarily
unique as mentioned earlier. Analogously, an equivariant function F can be associ-
ated with (11) to obtain a corresponding Bicklund transformation on g*.

For each inverse function F' we define the corresponding Béicklund transformation
as follows:

BTr: g* — ¢*
> Adn p i (16)

where I11: G — G are the factorizations at the level of the Lie group. This defini-
tion agrees with the idea that such transformations map solutions to solutions because
Eq. (16) defines a sequence solution to the discrete variational principle applied to
the integrable Lie-Poisson Eq. (3) in Sect. 4. Propositions 2 and 3 guarantee that the
Bicklund transformations defined as in (16) commute.

Corollary 1 Let Fy, F>: g* — G be equivariant function, that is, satisfying (13),
we have
BTF2 o BTF] = BTFZFI = BTplpz.

Proof Have in mind that F; F, in BTp,p, stands for the product in the group. To
shorten the expressions we use the notation i = Adp, (5, () M- By Proposition 1,

() = F, (Adﬁ(pl (M))M) = Ad(m, (F, (- F2(1) .

It can be proved using the operations of (G, %) that T, (g; * g2) = I1(g1)I14(g2)
because (G4, -) is also a Lie group.

Take & € g. We first use that IT, (g;)IT,(g2) = I, (g1 * g2), then the definition
of the x-product.
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(BTr, o BTk, (1), &) = (BTr, (Adfy_ (5, i) - §) = (BTr, (1), €)
= (AdF, (g k15 ) = (1, Adm, (5 )
Adry, (5 oy A, (5 €)= (0 Adn (7 0y AL (7 (u0)§)
s A (7 ) L (B §) = (s AL (F )T (i, gy 01 (Fa0) )

Mo A (Fy ()0 (T (F (0) 1 B ()T (Fy ) )

Moy AT, (11, (Fy () (T4 (F1 ()~ B ()T (F o) T (Fy ()6 )
Wy Adn, (m 0 R né) = (AdT, (5 o0 F oy §)

= {
=(u
= (
= (i, Adm, (A (M (FL0) ! BT (FL (1) §)
= {
=
= (BTF,Fr, (1), &) .

O

In order to build the bridge between the Biacklund transformations on g* defined
here and the Béacklund transformations on g in Suris’ book [26], we need to introduce
a bi-invariant scalar product (-, -) on g so that there is an identification between g
and g*. The invariance of the scalar product implies that

(§,Adg-1m) = (Adgé,m) VEneg VYVgel, a7
(§.ad;n) + (ad;§,m) =0 VEnCeg. (18)

The identification between g and g* given by the scalar product is defined as follows
for every £ in g,
(e, m)=(&.m) VYneag. 19)

Remember that

(adjp,§) = (n,ady§) Vn,§€g peg". (20)

Proposition 4 Let (-, -) be an invariant scalar product on g, the following diagram
is commutative:

* *

94>9
|
g——8

Equivalently, Adz,1 (g) = paae for every & in g.
Proof Take nin g.

(Adg-i (i), m) = (pg, Adg-1 () = (&, Adg-1 ()
= (Adg(§), 1) = (ad, @) 1) -
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This proves the commutativity of the diagram. (I

Proposition 4 establishes the relation between the Bicklund transformations on
g* described here and the ones on g in Suris’s book [26].

g* BTr g* F G
| W

BT;
g9

Given the Backlund transformfltion BTr on g*, we define the Bécklund transforma-
tion BT on g for a function F': g — G as follows:

BT (&) = n such thatu, = BTr(ue) .

Take ¢ in g to obtain the precise expression of BTz when BTF (jig) = Adyliu(F(us))“f :

(M, &) = (uy. §) = (BTr(ue), §) = (AdR, (pu ) ie §)
= (e, Adn, (Fuen¢) = (& Adn, (r(ue)¢) = (Ad(q, (r(ue)) 1§50 -

Thus n = Ad(m, (r(u))-1§ and the Bécklund transformation on g is given by
BT:(8) = Ad@m, (Puey) 1§ (2D

because of Proposition4. Note that F'(ug) = o (&). Asexpected, all properties proved
for the Bicklund transformations BTy on g* in Proposition 2 and Corollary 1 can
also be proved by inheritance from the corresponding Bécklund transformations BTz
on g because of the identification between g* and g given by the bi-invariant scalar
product.

6 Example

We apply the formalism developed in the above sections to discretize the completely
integrable system called Toda lattice, in particular, the finite nonperiodic one as
described in [27]. That system is Hamiltonian and represents the dynamics of n par-
ticles of unit mass, constrained to move on the line with positions Q; () and momenta
P; (¢) under the influence of exponential repulsive forces. Moser showed in [18] that
the Toda lattice is a completely integrable system, that is, there exist smooth functions
H,, ..., H, defined on the phase space, which are functionally independent and in
involution, thatis, {H;, H;} = Oforalli, j =1, ..., n.Inparticular, H,, ..., H, are
constants of motion for the Toda lattice [17]. In [4] it is studied the integrability of
lattice systems that admit a R-matrix approach.
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The Lie group G for the Toda lattice consists of the n x n invertible matrices
denoted by G L(n). The corresponding Lie algebra gl(n) admits different splittings,
in particular, we consider gl(n) = g, @ g_ where g is the set of lower matrices and
g is the set of skew symmetric matrices.

As described at the end of Sect. 3, we take R = % (my —m_),wheremy: g — gy
and m_: g — g_ are the projections onto the corresponding factors given by
7 (L)=L) +Ls+L;and_(L) =L, — (L,)T. The notation L,, Ly and L,
stands for the strictly upper triangular part, the diagonal and the strictly lower tri-
angular part of L, respectively. The transpose of a matrix L is denoted by L. It is
clear that (L) is a lower triangular matrix, 7_ (L) is a skew symmetric matrix and
m(L) 4+ m_(L) = L.Equivalently, the linear map R = % (w4 — m_) can be written

d _ Id

asR=mn, —5 =75 —n_.

The identification between & in g and «¢ in g* given by the scalar product is
defined as follows

(ag,m)=(.m Yneg. (22)

. . . . do
Now, we associate the differential equation d—: = (ad™)z, dH@) % = — (@d") 7 qH()

ag on g* with one on g. On the one hand, take 1 in g
dO(g
<_ 7)> = <(ad*)de(a) O, 77) = <(¥§, (ad)ﬂ+dH(ot) 77>

dr’
= (&, (ad)n, 4y ) = — (@), am@) & 1) »

using the invariance properties (18) and (20) of the scalar product. On the other hand,

d d d
a(aéa n) = E(S, n = (Eé’ 77) .
Thus, q
af = —[n;dH(«), &] = [7_dH (), &].

The identification between g and g* in (22) in the example under consideration is
given by the trace of the product of matrices, that is,

(g, m) =tr(En).

1
The Hamiltonian for the Toda lattice is H () = 3 tr(& £€7) sothat (dH (ag), n) =

tr(§ n) and dH (o) is identified with &. The Toda lattice equations can be rewritten
as the following matrix equation:

d
d—é: =[5, 1= [E) — € EI =[5 )" —&] (23)
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as appears in [8, 27]. We have just shown that the system admits a Lax pair rep-
resentation coming from a R-matrix approach satisfying the modified Yang-Baxter
equation and we can conclude it is integrable. It can also be proved that the flow of
such a system admits a unique QR factorization [8]: e’l* = Q(#)R(t), where Q(z)
is an orthogonal matrix and R(¢) is an upper triangular matrix. The discrete flow
becomes eX(V = R(1)Q(1).

To apply the discrete variational principle described in Sect. 4 we consider the
following discrete Lagrangian for the Toda lattice defined on the Lie group of the set
of invertible square matrices:

L;: GL(n) — R

1
—t ,
g r(g)

where tr(g) denotes the trace of g. For nin g

1
(dLq(g),m) = Etr(ﬁ)

1
Thus the element dL,(g) in the dual Lie algebra gl(n)* is identified with 7 Id in

gl(n), where Id is the identity matrix.
To write the Lie-Poisson method described in (9)—-(10) we must first compute

1 1
((rg)*dL4(g1), n) = (dLy4(g1), Terg,n) = }—ltr(ngl) =tr (Z gm)~

As (ug, n) =tr(§ n), wehave § = }llgl and p; = g, /4. Now, using the cyclic prop-
erties of the trace, we have
(2, m) = (Adgr e, m) = (1, Adgrm) = (g, n, Adgn)
—tr (% glgfn(gf)‘l) = %tr (g g eineH™)
== %tr (sr&in&H'el) = %tr (gr&n) = (% 8181 n) :

Hence, the Lie-Poisson method is given by

M1 = Hgi/h
K2 = Mgref/n-

This method agrees with the ones known in the literature, see for instance [27],
because at the level of the Lie group starting from g; the next step is g; g
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To recover the Béacklund transformations in [26] in the case of matrix Lie groups
we must consider the following discrete Lagrangian:

L;: GL(n) — R

1
g — (g = log(g")) .

where log: G — g is the inverse map of the exponential map exp: g — G. Using
the properties of matrices and Taylor series evaluated at matrices we have

1 —1
(dLa(g).m) =t ( (ld—g)n).
1
Thus dL,(g) in gl(n)* can be identified with ; (Id — g’l) in gl(n). The starting
point in g* is given by
(1, m) = ((rg,)*dLa(g1), n) = (dLa(g1), (Trg,)n)

—uw( L g ng ) = (Lo - 1)
= h 81 )n81 ) = hgl nj -

On the other hand, by the binvariant inner product there exists & in g such that
(ley. n) = tr(Ein) = {1, ) for all 7 in g. Hence,

1
& = 7 (g1 —1d), equivalently, g; = Id + h&;,

as appears in Suris’ book [26] as a choice for the arbitrary conjugation covariant
function F : g— G, F(E) =1Id + hé&.

Similarly, the next step in the Lie-Poisson method is given by
(2, m) = <Ad*+m,n> = {11, Adgin) = (g —1a)/ns Ad i)
1 _ 1 _
= ( (g1 — g (g™ ) = (el —10m) = <E (g7 g —1d). n).

Thus,

M1 = H(g—Id)/h
M2 = Kigrgi—1dy/h -

We show now that the Bécklund transformation BTz: g — g,

BT#(§) = T (F(€)ETL(F(£)) = TT_(F(§)EM- (F(£))
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for an arbitrary conjugation covariant function F: g — G given in [26] agrees with
the Lie algebra element identified with w,. The choice of F (&) is a transcedent
problem, according to Suris, which happens to be solved by taking F & =Id+
hf (£) in most of the known integrable cases, as long as the expression makes sense
and lies in the Lie group G.
Here we take R
g1 = F(&) = h& +1d, (24

so that

BT (61)

1
(h&1 4+ 1d)7 & (hg) +1d)y = (¢) &g = o (el g —1d)g/

I Lo
2 (@D gl —1d) =~ (grgf —1d)

1
Effectively, BTz(§)) = & = 7 (g1 gfL — Id) that nicely closes the example.

It is important to highlight that our discrete variational approach replaces the
“simplest possible choice” of (24) in [26] by the choice of a discrete Lagrangian as
shown in the example.
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Numerical Precession in Variational )
Discretizations of the Kepler Problem L

Mats Vermeeren

Abstract Kepler’s first law states that the orbit of a point mass with negative energy
in a classical gravitational potential is an ellipse with one of its foci at the gravitational
center. In numerical simulations of this system one often observes a slight precession
of the ellipse around the gravitational center. Using the Lagrangian structure of
modified equations and a perturbative version of Noether’s theorem, we provide
leading order estimates of this precession for the implicit MidPoint rule (MP) and
the Stormer-Verlet method (SV). Based on those estimates we construct some new
numerical integrators that perform significantly better than MP and SV on the Kepler
problem.

Keywords Variational integrators - Modified equations - Kepler problem
Orbital precession
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1 Introduction

The Kepler problem models a point mass moving in a classical gravitational potential.
Its Lagrangian is
1 1
L, 5) = 1P+ .
2 |x]

where |x| denotes the Euclidean norm on R" . The equations of motion are
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X=—-——. (1)

Itis well known that the orbits of the Kepler problem with negative energy are ellipses
with one of their foci at the origin. Since every orbit lies in a plane, it is sufficient to
study this problem in R

In this work we are interested in numerical integration of the Kepler problem.
Very good integrators for this problem are already available, see for example [3] and
the references therein. Our main objective here is to illustrate methods to analyze and
improve numerical integrators. For the sake of clarity we start from simple methods.
Accordingly, the improved methods we construct will not be competitive compared
with specialized methods available in the literature.

Central in our treatment will be the precession or perihelion advance of the numer-
ical orbits, i.e. the slow rotation of the ellipse that the solution traces. For the exact
solution there is no precession, but no common numerical method integrates the
Kepler problem without precession. Using the theory of modified equations, we will
provide leading order estimates of the precession for the Stormer-Verlet method and
the implicit midpoint rule. We will use those estimates to construct some new meth-
ods which are superior for the Kepler problem. This procedure is similar in spirit to
the concept of modifying integrators [1].

Throughout this paper we use the Lagrangian formulation of classical mechan-
ics. We will describe the modified equations using modified Lagrangians and use a
version of Noether’s theorem to analyze the perturbation. We start by mentioning a
few well-known properties of the Kepler problem that will be useful later on.

Proposition 1 The angular momentum I = xx, — X1x, and the total energy E =
%|)'c|2 - ﬁ are constants of motion of the Kepler problem in R%. Furthermore, the
angular momentum satisfies

L% = |x||%]* — (x,%)*,
where the brackets (-, -) denote the standard scalar product on RV

Proposition 2 Let a and b denote the semimajor and semiminor axes of an orbit
respectively. Then

2_ 0
e the square of the angular momentum equals I~ = =,

o the energy equals I = ;—al
o the period equals T = 2mwa’’?,

e the eccentricity equals e = |/ 1 — ’a’—i

A thorough analytical study of the Kepler problem, including proofs of these
properties, can be found for example in [7, Chap. 3].
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2 Modified Lagrangians

To study the behavior of a numerical method it is often useful to consider the mod-
ified equation, a perturbation of the original differential equation whose solutions
interpolate the discrete solutions. Generally, modified equations are found as formal
power series in the step size of the method. Here we will truncate these power series
after the first nontrivial term. For an introduction to this subject, see [8, Chap. IX]
and the references therein.

It is well-known that the modified equation of a symplectic integrator applied to
a Hamiltonian system is again Hamiltonian. This means that the modified equation
of a variational integrator applied to a Lagrangian system is Lagrangian as well. We
will use a Lagrangian for the modified equation as the basis of our analysis. For its
construction we refer to [15].

The modified equation of a numerical integrator for the Kepler problem describes
a perturbed Kepler problem. Perturbed Kepler problems are very relevant in celestial
mechanics. In particular, one of the classical tests of general relativity is that its
perturbation in the Kepler potential accounts for the precession of the orbit of the
planet Mercury [16] (along with perturbations caused by the gravitational pull of the
other planets). A Hamiltonian treatment of perturbed Kepler problems can be found
for example in [7] or [3].

2.1 Stormer-Verlet Method

The Stormer-Verlet (SV) discretization with step size & of a second order differential
equation X = f(x) is
Xpp1 — 25 + Xp—1 = B f ().

If f(x) = —%U (x), this is the discrete Euler-Lagrange equation for

2
X1 — Xk

Ly (xg, Xp41) = h

1 1
- EU(Xk) - EU(Xk+1)~

1
2
As shown in [15], the modified Lagrangian of second order accuracy is

. 1 -2 h2 / / . /" .
a2 (6, %) = S = U o) + ﬂ((U (), U' () - 2 (&, U (x)x)).

By definition its Euler-Lagrange equation agrees with the modified equation with a
defect of order &'(h*). In the particular case of the Kepler problem this becomes

1 1 K/ %2 (x, x)?
vgmo B {) = =X 2 i — — —-2— 6 ’ . 2
42008 = R 2 <|x|4 PR ) @
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N
N

Fig. 1 Stormer-Verlet method with 1000 steps of size & = 0.5. Left: numerical solution. Right:
exact solution of the modified equation of second order accuracy. In both images the dashed ellipse
is the exact solution. The initial values are chosen as described in Sect. 6.1

A comparison of the numerical solution and the solution of the modified equation of
second order accuracy is shown in Fig. 1.

2.2 Implicit Midpoint Rule

The second order formulation of the implicit midpoint rule (MP) applied to the
differential equation ¥ = f(x) is

h*  (xp+x h*  (xio1+x
Xipl — 2X + X1 = 7f (M) +5f (u)

2 2 2

If f(x)=— %U (x), this is the discrete Euler-Lagrange equation for
Lurp ey = LB =gy (Bt s

mp (X Y1) = 5 7 > .

The modified Lagrangian of second order accuracy is
. 1 =12 h2 ’ ’ . " .
Lnoa2(x, %) = S[E* + g((v x), U'(0)+ (%, U <x>x))-
For the Kepler problem we have

AU T TV BT RS
B = — [P —— +— 3= .
Lrnod 2(x, X) 2|)C| + ] + o (|x|4 + Ix? x|’ )
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Fig. 2 Implicit midpoint rule with 1000 steps of size h = 0.5. Left: numerical solution. Right:
exact solution of the modified equation of second order accuracy. In both images the dashed ellipse
is the exact solution. The initial values are chosen as described in Sect. 6.1

A comparison of the numerical solution and the solution of the modified equation of
second order accuracy is shown in Fig. 2.

3 Noether’s Theorem with Perturbations

The key observation in our study of the perturbed Kepler problem is that Noether’s
theorem [12, 13] can be extended to describe how perturbations affect conserved
quantities.

Theorem 1 Consider a Lagrange function £ : TR*> — R and a horizontal vector
field& on TR?, ie. £ = & % + 52% with coefficients &; that are functions TR?> —

R. Let
2

1 — i i
é—Z(& +s,3).c)

pn 0x; i

be the first prolongation of €, evaluated on solutions of the Euler-Lagrange equations,
i.e. with |
. & . 0 (2L (0¥ L.
Ei =\7X + PR Ao . - X
ox dx \ 9x2 ox  Oxox

0G
£V = <—, x> +¢F
ox

If

for some functions F : TR> — Rand G : R*> — R, and a (small) parameter ¢ € R,
then on solutions of the Euler-Lagrange equations we have
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£(554-0)

where by abuse of nomnon S = (S 1, &). Inparticular, ife F = 0, we have a conserved
quantity A = Mﬁ 52 —

aX7

Proof We have

a ([5e)-0) = (@58 (e (556 - (50)

G . doZ
=Wy (— i)—(——-——-,6)=¢F.
ax ax dr ox
]
3.1 The Laplace-Runge-Lenz Vector
Following [9] we consider the Kepler problem and the vector field & defined by
1, . L,
§1=—5xx; and & =xix — Sxx. 3)
2 2
On solutions we have
. I, 1 x% . 1. . 1 x1x2
& 2x2 + IE an & 2x1x2 2 P

A straightforward calculation then shows that

M 0.% >_x1 (x,)'c)xl_i<x_1>
5$_< §> <x§ x| xP T dr \Ixl)

Hence we can apply the unperturbed Noether theorem (i.e. ¢ FF = 0) with G(x) = =%
and find that

Alx, %) = —iixpk + 0155 — — = 5[0 — (x, %) & — —

| | |x|

is a conserved quantity.

The conserved quantity A is the first component of the Laplace-Runge-Lenz (LRL)
vector, which points from the gravitational center to the perihelion and has a mag-
nitude equal to the eccentricity e of the orbit. The second component of the LRL
vector is

X2

B(x, %) = |&[*x2 — (x, %) & — 9]
b
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and can be obtained by setting & = xX; — zxu%g and & = —%xw&l We denote by
w = arctan ( ) the angle of the LRL vector with the first coordinate axis.

Remark 1 The existence of this conserved quantity is related to the fact that the
three-dimensional Kepler problem possesses an SO (4)-symmetry, rather than just
the obvious SO (3)-symmetry. In suitable coordinates a solution can be “rotated”
into other solutions with the same energy but different angular momentum [11, 14].

3.2 Precession in the Perturbed Kepler Problem

Now consider the perturbed Kepler problem, £ = 5 Hx2 + Ix\ + &% (x, ). Note
that this also induces a perturbation in the prolonged vector field, which now reads

gD 4 g, because the quantities & and & contain second derivatives which are
evaluated using the perturbed equations of motion. We call the change in angle of
the LRL vector over one period of the unperturbed system the precession rate.

Proposition 3 If the major axis of an orbit is C(g)-close to the x,-axis, then the
precession rate is

Aw= 2T = (L@ €)] + o, @)

where T is the period of the unperturbed orbit, EL(.Z) = —x - % dai is the Euler-

Lagrange expression for £, & = (&1, &) is defined by Eq.3, and [ - | denotes the
average over one period.

Proof Set G = i} and F = ED L 4+ £V Z then
— — 0G
(60 +e8D) (£ +2) = <—., x> +eF + 0@,
ox

where £ + sm is the first prolongation of & on solutions of the Euler Lagrange
equations of the perturbed Lagrangian . + ¢.Z. Hence by Theorem 1 it follows that

d ([o(ZL +:2) B )

from which we conclude that

dA 0.7 )
a_e(F dt< E>>+ﬁ’(s)

=¢ (gm.z +eW g <8'$ s>> + O0(&?). (5)
dt ox
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Now observe that

g 4 [3Z \_[0Z 02 .\ _d[sZ
S A W L Al S il Rl STt Rl STt
=(BL@).£) + 0(e),

where the error term comes from the fact that & is evaluated on the unperturbed
system. We also have that

FIOR7 - <ﬁ EL($)>x1 +<a—§2 EL($)> ¥y = <a—ilx1 + a—&xz,EL($)>

For our choice of &, defined in Eq.3, we have "E‘ X+ asz = (&1,&) = &, hence
Eq.5 simplifies to

dA _ — 2
=2 <EL($), §> + 0.

The change in angle of the Laplace-Runge-Lenz vector is given by

_d( B L (4B da
= —larctan— | = ——=|A——-B— ).
T a A)- a2 \Ta dr

Choose a coordinate system such that A = & (¢) and B > 0. Then B approximately
equals the eccentricity e and the derivative of the angle of the LRL vector is

. 1dA o 2 2
b= -2+ O e(EL(f),s>+ﬁ<e ).

4 Numerical Precession

We now apply Proposition 3 to the modified Lagrangians from Sect. 2. This gives us
a leading order estimate of the precession rates of the integrators.

4.1 Stormer-Verlet Scheme

The perturbation term of the truncated modified Lagrangian (Eq.2) is

2 -2 c\2
7= <L—2ﬁ+6(x’x) )

et xf?
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In the following we identify ¢ = g‘—i. We want to evaluate Eq.4. Using the leading
order equations of motion (Eq. 1), which are valid up to an error of order & (h?), we

find ) )
— X [X]=x (x, x)"x (x, x)x
EL(Y)=4— — + 30 - 12
|x[6 |x[3 x| |x[3

+ O(h?).

Using the fact that (x, &) = 3 (x1%, — X1x2)x, = $Lx; and (x, &) = Li», the leading
order equations of motion, and Proposition 1 we obtain

o ) 2 oy s
[(ELc2).6)] = [2—6 Y T L n 12<x’x>5x2} L+ o)
|x| |x| |x| |x|
X2 d )22
302 4 4B-L — ISI22 4 4= 2Ly or?). (6
[ e TEERE T YT dr|x|3} o ©
The average [-] is taken along the unperturbed orbit, which is periodic, so [% ‘%] =

0. For the other terms we have the following Lemma, which corresponds to the
computation of the C, (e) of [3].

Lemma 1 On solutions of the unperturbed Kepler problem for which the major axis
is the x,-axis there holds

@ |2 =4

] T B
r 7 2

X2 a- (3 3,
b) | === (Ze+ ),
®) e ] = o (2“86)

r T 3
X2 a 3,
(C) _W_ = b_9 (26 + Ee ),

where a and b are the semimajor and semiminor axes of the orbit respectively, and
e is the eccentricity.

Proof Introduce polar coordinates x; = —r sin 6, x, = r cos #, where 6 = 0 corre-
sponds to the positive x;-axis. We have

T
x| cost _ /‘ os@
b€ ] [lxfet |x|k'
0

Using Proposition 2 and Kepler’s laws as in [5], we can rewrite this as

P2k
[x_z] = /(1 +ecos€)k 3 cos6 do

|x[*
pS-2k o
=— k/Z( ) )efcos/H@dO.
wa
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Whenever, j is even, we have fon cos/*19dh =0. For j =1 and j =3 we find
Jo cos?0df = Z and [ cos* 0 d® = 3. Hence

| B (w (k=3 3w k=3) 5
—l=— = e+ — e +... .
|x |k ma*t~* \ 2 1 8 3

The claims now follow by evaluating this expression for k = 5, 6, 7. (]

Combining Proposition3, Eq.6, and Lemma 1 we find that the precession per
revolution is given by

h? a> (3 3 —1a b a? 3 b
—47a*? — (30—= (= +=e* ) +24—— — 15— — (2 + =€) | —=sen(LL
T ( i \2 T8¢ ) T T e 21 )) asen®

+ O(h*)

([ a® (15 3> ~la pra® (7 3>
= —dmab— (30= (= —-2=)+24—= — 15 222 ) ) sen()
24 a 2 2

"\ 8 8a2 a b’ ab®\2 2a
+ O(h*
_ (15“—3 — 3i> sen(L) + O(h*)
24 pe T pt ’

assuming the major axis of the orbit is & (h?)-close to the x,-axis. However, since

both this expression and the perturbed Kepler problem are rotationally symmetric,

we can conclude that statement holds regardless of the orientation of the major axis.
In summary we have the following:

Theorem 2 The numerical precession rate of the Stormer-Verlet method with step
size h is \
T a a
—sgn(lL)— (15— —3— | h* + O(h%),
sen(L) 7 ( o b4) + 00

where a and b denote the semimajor and semiminor axes of the orbit of the exact
solution and sgn is the sign function. In particular, the precession and the motion
are in opposite directions.

For the example shown in Fig. 1, the precession rate predicted by Theorem?2 is
0.067 radians per revolution and the observed numerical precession rate is 0.064
radians per revolution.

4.2 Implicit Midpoint Rule

In exactly the same way as for the Stormer-Verlet method, we obtain the following
result:
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Theorem 3 The numerical precession rate of the midpoint rule with step size h is

3

T a a
sgn(IL)E (15ﬁ - 3?) h* + O(h).

In particular, the precession is in the same direction as the motion.

Note that in the leading order this expression differs by exactly a factor —2 from
the expression for the Stormer-Verlet method. We will exploit this in the next section
to construct new integrators.

For the example shown in Fig.2, the precession rate predicted by Theorem 3 is
—0.13 radians per revolution and the observed numerical precession rate is —0.16
radians per revolution.

5 New Integrators
Based on Theorems 2 and 3 we propose three new integrators. They all have a pre-
cession rate of order €' (h*) instead of &'(h?).

5.1 Linear Combination of the Lagrangians

Consider the discrete Lagrangian

2 1
L(xj,xjy1) = gst(xj, Xj+1) + §LMP(X_/‘, Xjt1)

U lxj —x; 71 1 1
|~ U = SUGG) - 3U

h

2

Xj+ X4
5 .

Its Euler-Lagrange equations define an implicit method,

20 h*(xjo+x; h? (x;+x;
xj+1_2xj+xj*1:_TU ()CJ)—FU (%>—€U (jTjH)

We refer to this integrator as the mixed Lagrangian (ML) method. By construction,
this is a variational integrator.

5.2 Lagrangian Composition

Consider the discrete Lagrangians
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Lyip (xpe; Xiey1) = %’WF—U(%) if 31/,

X1 —Xk

Lj(xg, xeq1) = 2 .
! Ly (xp, Xpg1) = 3 [29=2% " — LU (x) — U (xi41)  otherwise.

We look for a discrete curve (x;); that extremizes the action

N
Z L;(xj_1,x;) = Lsy(x0,x1) + Lgy(x1,x2) + Lyp(x2,x3) +---.
=1

This gives us three different Euler-Lagrange equations which are applied for different
values of j mod 3. Indeed Do L ;(x;_1, x;) + DL j41(x;, xj41) simplifies to

]’l2 ’ xj_1+xj h2 ’ .
Xjr1 —2xj +xj =—?U B — —7U (x) if j=0 mod 3,
Xjp1 —2xj +xj_ = —th’(xj) if j=1 mod 3,
h2 X X h2
xj+1—2xj—}—xj1:—7[]’(%>—?U/(Xj) if j =2 mod 3.

Hence to determine the evolution we alternate between the Stormer-Verlet method
(for j = 1 mod 3) and two new difference equations. We refer to this integrator as
the Lagrangian composition (LC) method. Strictly speaking the LC method should
be considered as an integrator with step size 34, but for fair comparison with the
other methods we will still refer to the internal step & as the step size.

This method of composing variational integrators is equivalent to composing the
corresponding symplectic maps [10, Sect. 2.5].

5.3 Composition of the Difference Equations

Alternatively we can compose the difference equations obtained by the implicit
midpoint rule and the Stormer-Verlet method respectively,

WX xR X
xj+1—2xj+xj,1=—7U <f>—7U <f) if j =2 mod 3,
Xjp1—2xj+xj1 = fth/(xj) otherwise.

We refer to this integrator as the difference equation composition (DEC) method.
Just like for the LC method, we will abuse terminology and call the internal step &
the step size.

Itis not clear if this construction yields a variational method, but numerical exper-
iments show long-term near-conservation of energy and angular momentum. This
seems to be a general phenomenon: also for other potentials U and other varia-
tional integrators, the corresponding DEC method shows the long-term behavior one
expects from a variational integrator.
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6 Numerical Results

In this section we compare the new methods of Sect. 5 numerically with the Stérmer-
Verlet scheme, the implicit midpoint rule, and two fourth order symplectic methods:
the well-known integrator of Forest and Ruth [6] and Chin’s “C” algorithm which is
especially well-suited for the Kepler problem [2, 4].

6.1 Choice of Initial Values

In all our examples we use the initial values
x(0)=(=3,0) and %(0) = (0,0.45).

For the discretizations we need specify xo = x(0) and x; ~ x (k). Our convention is
to choose x; such that the discrete momentum py = —D; L(xg, x;) equals the initial
velocity x(0).

For the composition of difference equations no discrete Lagrangian and hence no
discrete momentum is known. To determine the second initial point x; in this case
we use the momentum pg corresponding to the Stormer-Verlet method, because this
is the method we would have used to calculate x; if xo was not the first point.

The choice of the initial value x| does not affect the precession behavior. However,
it can have a significant effect on the error over time. If the initial condition has a
slightly wrong energy, then the period of the numerical solution will have a slight
error as well. This will cause a linearly growing phase shift.

6.2 Precession

Figure 3 shows the precession rates on a logarithmic scale for all five methods and
a few choices of step size. It shows that the precession rates of the new methods
behave like h?, compared to h? for the methods from Sect. 2.

As for the three new methods, the mixed Lagrangian method beats the Lagrangian
composition method, but the surprising winner is the composition of difference equa-
tions.

All our new methods have smaller precession rates than the fourth order symplectic
integrator of Forest and Ruth [6]. On the other hand, Chin’s fourth order symplectic
“C” algorithm [2, 4] outperforms our methods.
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Fig.3 Precessionrate in radians per revolution for the different methods with step sizes 7 = 0.0625,
h=0.125,h =0.25and h = 0.5
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Fig. 4 Smoothed graph of the error in position over a time interval of length 3000 with step size
h = 0.45. The markers are only for the purpose of identifying the methods, they do not correspond
to individual time steps

6.3 Total Error

The precession rate is not as closely related to the total error as one might expect. In
many cases the numerical solution has a phase shift which contributes significantly
to the total error. For the composition methods LC and DEC this phase shift is highly
dependent on the step size and the initial conditions. Hence the total error growth
for these methods is also sensitive to the choice of step size and initial condition.
This can be seen by comparing Figs.4 and 5. In these figures we show a long time
calculation with a large step size, leading to large errors. This means that the result
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Fig. 5 The evolution of the error with step size 7 = 0.5

is useless for practical purposes, but it allows us to visualize the rate of error growth
of the different methods relative to each other.

6.4 Speed

To give a rough comparison of the computational effort required for the different
methods, we list the relative running times of a long time calculation (20000 steps):

Stormer-Verlet (SV) 0.67s Mixed Lagrangian (ML) 23s
MidPointrule (MP)  22s| Difference Equation composition (DEC) 7.9s
Forest-Ruth (FR) 2.0s Lagrangian Composition (LC) 8.2s

ChinC (C)  2.2s

We made a limited effort towards optimizing our implementation, so the given run-
ning times should only be taken as a rough indication. As expected the explicit
methods SV, FR, and C are the fastest. Between those, SV is about three times faster
than the other two. For the composition methods DEC and LC only one out of every
three steps is implicit, hence they are roughly three times faster than MP and ML.

7 Conclusion

Using a modified equation approach, we have studied the precession rates of the
implicit midpoint rule and the Stérmer-Verlet method applied to the Kepler problem.
We used the Lagrangian point of view, which lends itself to the use of a perturbed
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version of Noether’s Theorem. The leading order estimates of the precession rate
motivated the construction of three new integrators. They are significantly better than
the methods we started from, but they are clearly outperformed by known specialized
methods.

Our main goal was to elucidate methodology, rather than to obtain competitive
methods. The techniques we used to analyze the integrators can be applied to any
variational integrator and generalized to any order. However, it is not clear in general
if we can use a similar procedure to write the resulting expressions in terms of the
semi-axes of the orbits. Hence further research is needed in order to convert these
ideas into a scheme to improve more advanced methods.
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Abstract Many algorithms in numerical analysis are affine equivariant: they are
immune to changes of affine coordinates. This is because those algorithms are defined
using affine invariant constructions. There is, however, a crucial ingredient missing:
most algorithms are in fact defined regardless of the underlying dimension. As a
result, they are also invariant with respect to non-invertible affine transformation
from spaces of different dimensions. We formulate this property precisely: these
algorithms fall short of being natural transformations between affine functors. We
give a precise definition of what we call a weak natural transformation between
functors, and illustrate the point using examples coming from numerical analysis, in

particular B-Series.
Keywords Affine - Allegory + Equivariance - Natural transformation
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1 Affine Equivariance

We define an algorithm as a function F from a data space D to a computation

space C:
F:D—C.

In most of the examples, D and C are manifolds.
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Recall that for a given dimension d, the affine group Aff(d) is defined as the
semi-direct product Aff(d) := GL(d) x R?. The action of Aff(d) on R is defined
as follows. An element

gz[’éﬂ, A eGL(d), beRY

acts on an element
i
1
by matrix multiplication. The action is thus
g-x=Ax+b>.
Definition 1.1 Suppose that the group Aff(d) acts on the spaces D and C. An algo-

rithm F: D — C is affine equivariant if the following diagram commutes, for any
a € Aff(d).

D, D,

Pl

F(Dy) —2- F(Dy)

In practice, affine equivariance means invariance with respect to a change of affine
coordinates. It means in particular invariance with respect to

e translations (change of origin)

e anisotropic scalings (change of units)
e rotations

e shearing

We can rephrase Definition 1.1 in order to prepare for Sect. 2. We regard the group
Aff(d) as a category with one object x [3, Sect.4.3]. We regard C and D as objects
in the category of smooth manifolds and smooth maps. The actions of Aff(d) on D
and C now define functors. With a slight abuse of notation we note these functors D
and C, so the actual data and computational spaces are D, := D(x) and C, := C(*).
Affine equivariance (Definition 1.1) now expresses that the algorithm F is a natural
transformation from the functor D, to the functor C. Indeed, Definition 1.1 can be
rewritten as

FoD(@)=C@oF (1.1)

or, using a commuting diagram,



Full Affine Equivariance and Weak Natural Transformations ... 351

D(a)

* D‘k

D
NG
c. @ ¢

* *

We give many examples of such functors D and C in this note.
For convenience, for an affine map a(x) = Ax + b, we introduce the correspond-
ing tangent map

Ta := A.

Note that the notion of a tangent map is defined for any nonlinear map: indeed, most
of what we present in this section can be generalised to any group action (see Remark
1.7).

Example 1.2 (Quadrature) The data domain consists of all intervals and continuous
functions on those intervals. This is the union of the spaces C O([e, B]), where we keep
track of the interval [«, 8], so apiece of datais D = («, B, f), where f € Co[e, BD.
Formally, the data domain D is thus a fibre bundle.

The action of Aff(1) on a pair («, B) is the diagonal action

a-(a, B) = (Ao, a(p))
and the action of Aff(1) on C°([a, B]) is defined by
a-f:i=foa,

so the total action is a fibre bundle mapping (it preserves the fibres).
The action of Aff(1) on the computational domain C = R is the linear action

a-x=Tax.
Affine equivariance is now the requirement that the quadrature formula should fulfil

F(a-(I, f))=a-F{, f). (1.2)

Explicitly, this corresponds to the requirement that F should behave as the exact
integral under affine transformations. Indeed, the exact integral fulfils

aB+b

B
f F((v = By/a)dy = a / F)dx

aa+b

for any real numbers o # 0 and S, which is equivalent to (1.2).
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If we interpret the group actions as functors, then the data functor D maps the group
object x to D,, the fibre bundle defined above, and an invertible one-dimensional
affine map a is mapped to D(a) defined by

D(@)(a, B, C°([e, B1,R)) = (@, @B, foa™l).

Similarly, the computational functor C maps the group object » to C, = R, and an
invertible one-dimensional affine map a is mapped to C(a) defined by

C(a) :=Ta.

Example 1.3 (Numerical integrators) We consider numerical integration of ordinary
differential equations (ODEs). The data domain D is the set of compactly supported
vector fields on an affine space A, of fixed dimension d:

D =Xo(Ay).
The affine action of the group Aff(d) on a vector field is defined by
a-f:=Taofoa .
The computational domain C is the set of diffeomorphisms:
C = Diff(Ay).

The action on a diffeomorphism is the adjoint action

a-®:=aodoal.

The equivariance assumption is thus
Fa-f)=a-F(f).

Again, that requirement makes sense as the exact solution fulfils that property for any
invertible mappings (not only the affine ones) [12, Sect. 2.4]. Enforcing equivariance
with respect to all invertible transformation would leave us with the exact solution
alone.

For an initial condition xg, the condition means that

F(Taf oa™")(@x) = aF (f)(x). (1.3)
The layman description of the invariance of an integrator is that if one moves both the

initial condition and the vector field with an affine transformation, then the computed
point is also moved by the same affine transformation.
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Let us see what that definition becomes for a concrete example of an integrator,
the forward Euler method. In that case,

F(f)=[xrx+ f0)]

Writing ax = Ax + b, we can check that

FAF(A™' G = ) (A% + B) = (A% + B) + AF (30)

= A(xo + f(x0)) + B
=a(F(f)(xo)),

which was condition (1.3).
Using the functor description, the data domain is now D, = Ay(Ay), and an
invertible affine transformation a is mapped to D(a) € Hom(D,, D,) defined by

D@)(f)=Tao foa .

The computational functor C maps the group object to C, = Diff(A,), and an invert-
ible map a is mapped to C(a) € Hom(C,, C,) as

C@)(®)=aodoa .

Remark 1.4 1t turns out that all Runge—Kutta methods are affine equivariant. It has
therefore been conjectured that Runge—Kutta methods, or more precisely, B-Series
methods, were the only integrators enjoying that property. A recent result shows that
this is not the case [12]. An example of an integrator which is affine equivariant but
not a B-Series method is

F(f):= [x — f(x)(l + div(f)(x))].
See Example 2.6 for a complete characterisation of B-Series.

Example 1.5 (Polynomial interpolation and splines) Here the domain is A, the
data of n points P; in an affine space A, of dimension d. The computation is a curve
C*(R, A,), which interpolates the points P; in a variety of generalised meanings:
exact interpolation, splines of various smoothness, etc.

The actions of the affine group Aff(d) are particularly simple in this case. As we
shall see in Example 2.4, this simplicity reflects the fact that the algorithm is in this
case a natural transformation between affine functors.

On the domain, D = A/, the action is the standard diagonal action

a-(P,..., Py:=@(P),...,a(P,)).

The action is essentially the same on C:
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a-y:.:=aoy.
The equivariance condition is thus simply that
F(aPy,...,aP,)=aF(P,..., P).

The interpretation is particularly intuitive: first moving the control points and
then computing the interpolation curves gives the same result as first computing the
interpolation curve and then moving it with the same displacement.

Examples of interpolation algorithms which are affine equivariant are

e exact interpolation
e Bézier splines [14, Sect.2.2]
e B-Splines [14, Sect.5.7]

Again, we give the functorial point of view for completeness. The data functor
D maps the group object to D, = AJj, and an invertible affine map a is mapped
to D(a) € Hom(D,, D,) defined by D(a)(P;) = (a P;). The computational domain
is C, = C*(R, Ay), and the functor C maps an invertible affine map a to C(a) €
Hom(C,, C,) defined by C(a)(y) = ao y.

Example 1.6 (Downhill simplex minimization algorithm (Nelder—-Mead)) The space
is Ay, and the data is a function ¢ € C O(A,) to minimise, as well as a set of n starting
points. The algorithm F' then produces a new set of n points.

Usually there are n = d + 1 points, which span a simplex (hence the name of the
algorithm), but this is too restrictive, as we shall see in Example 2.5.

There are several variants to that algorithm, but the crucial aspect here is that they
are all affine invariant [6].

The action on functions is given by a- ¢ := ¢ oa~!, and the action on points
is again the diagonal one: a - x; = a(x;). The requirement of equivariance is thus
F(a-(¢,x;)) =a- F(g, x;). Of course, the actual Nelder-Mead algorithm consists
of N iterations of the function F until convergence, and the iterated function FV
inherits the equivariance property of F.

What is the meaning of affine equivariance in that case? It is the idea that if
one transforms the function to minimise with an affine transformation, and if one
transforms the initial simplex by the same transformation, the final result will be the
same as if one had run the algorithm directly, only transforming the last simplex.

The functorial point of view is D, = A}, x C O(R%), with corresponding action
D(a)(¢, X) = (¢ oa~', a X). The computational domainisC, = AlandC(a)(X) =
a X. In both cases, @ X denotes the diagonal action on an element X € AJ.

Remark 1.7 Even though the main focus of this section is the affine group, it is
legitimate to ask which algorithms are equivariant with respect to another group.
Note that Definition 1.1 is unchanged: we only replace the affine group with another
Lie group, with suitable actions on the data domain D and computational domain C.

There are already some answers if we restrict the discussion to numerical inte-
grators on homogeneous spaces, where equivariance is described along the lines of
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Example 1.3. If the underlying homogeneous space is reductive, then all the standard
extensions of Runge—Kutta methods on homogeneous spaces (Crouch—Grossman,
RKMK, commutator-free) are equivariant with respect to the group at hand [13].

When the homogeneous space is symplectic, there are no general way to construct
equivariant, symplectic integrators. In some cases, when the symplectic homoge-
neous space is the coadjoint orbit of a Lie group, the construction is still possible
using appropriate symplectic realisations, i.e., Poisson maps from a symplectic vector
space into the Lie—Poisson space at hand. The integrators thus obtained are automat-
ically equivariant with respect to the Lie group at hand [9, 10].

Remark 1.8 Affine transformations play also a fundamental role in finite element
methods. The families of polynomial differential forms discovered by Raviart,
Thomas, Nédélec, later put in a common framework by Hiptmair, all have a common
point: they are all affine invariant spaces: they are mapped to themselves by invertible
affine maps (see [1, Sect. 1.3] and references therein). Remarkably, one can describe
all such spaces [2, Th. 3.6]. The techniques used are very similar to those used to
describe all the affine equivariant integrators in [12].

Remark 1.9 We conclude this section by mentioning that there are many algorithms
which are not affine equivariant.

First of all, some algorithm are not equivariant because there are no obvious
groups acting on the data or computation spaces. An example would be the ODE
integrators known as splitting methods [11] because the algorithm is dependent of a
particular structure of the problem.

Second of all, many algorithms are not scaling invariant. Examples are optimisa-
tion methods such as gradient descent, or even conjugate gradient. These methods
are, however, invariant with respect to rigid motions.

When the translation group acts in a meaningful way on the data space, to the
knowledge of the author, all algorithms used in practice are translation equivariant.
However, it would be easy to artificially construct an algorithm which is not.

Finally, some algorithms used in numerical linear algebra are invariant with some
group, again, if the action on the data space is meaningful. For instance, Arnoldi
iterations and GMRES are equivariant with respect to the action of various groups
[15,Th. 34.2, Th. 35.1]. Other algorithms, such as the Q R algorithm, can be regarded
as adiscretization of a corresponding continuous dynamical system [4]. It is therefore
possible that, in this case, equivariance properties could be derived, althoughitis clear
that, the O R decomposition is not equivariant in any obvious way. Unfortunately,
to the knowledge of the author, a systematic study of the equivariance properties of
algorithms in numerical linear algebra is currently not available.
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2 Full Affine Equivariance

In almost all the examples of Sect. 1, the algorithms are in fact defined in any dimen-
sion. So we have instead a sequence of algorithms F;; for every dimension d, mapping
a data domain D, into a computational domain C,.

For instance, an interpolation algorithm is defined for any dimension d, takes n
points in A, as input, and returns a curve in Ay. As a result, the data domain is
D, := AJ; and the computational domain is Cy := C*(R, Ay).

The crucial observation is that these functions Fy must be related. What we pro-
ceed to do now is to express this precisely. This will sometimes lead to surprising
results (see the characterisation of Example 2.6).

We first motivate on an examples why full affine equivariance is needed.

Example 2.1 (Downhill simplex minimization algorithm revisited) We revisit Exam-
ple 1.6. For each natural number d, the space is A;. As we saw in Example 1.6, the
data is a function ¢ : RY — R to minimise, as well as a set of n starting point, and
the algorithm F then produces a new set of n points.

We say that two data points D; and D, in C*(A,) x A”, respectively equal to
©1, X1 and @y, X, are related, which we denote by

a

D1WD2

if
¢or=¢oa and X, =alXj,

where the operation a X is the diagonal action.
The difference with Example 1.6 is that the relation between ¢; and ¢, can no
longer be expressed as ¢, = ¢; o a~!, as a is no longer required to be invertible.
The requirement that the algorithm F is affine equivariant in a stronger sense, is
now that
D, % Dy = F(D)) < F(Dy).

We will examine the consequences of such a stronger requirement in Example 2.5,
but we first put it in a formal setting.

Remark 2.2 'We use the word “equivariance”, which is not completely correct.
Indeed, equivariance is usually applied to natural transformations between functors
from a group object. It may then perhaps be applied to any natural transformation.
However, as we shall see in Definition 2.3, the algorithms which are fully affine
equivariant fall short of being natural transformations, they are instead weak natural
transformations (Definition 2.3).

We first describe the affine category. It consists of finite dimensional affine spaces
as objects, and affine maps between affine spaces as morphisms. To simplify the
notations, we will identify all the affine spaces of the same dimensions, so the objects
of the affine category are identified with the natural numbers:
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d=A,. 2.1

As a result, Hom(m, n) denotes the affine maps between the affine spaces A,, and
A,.

The data and computational domain are now replaced by the relevant functors.
These functors map an object in the affine category (hence, a natural number) to an
object in a category of smooth manifolds.

It turns out that we need the category of relations associated to that of manifolds
and smooth maps. An object in that category is still a manifold, but a morphism
between manifolds M and A is now a submanifold of M x N If that submanifold
is a graph, then this corresponds to a smooth map between M and N, but this is
otherwise a relation. We refer to [5] for a complete treatment of relation categories,
also called allegories. For the general definition of full equivariance (Definition 2.3),
we only need to assume that D and C are functors from the affine category to an
allegory.

The data functor D maps an affine space d (identified with its dimension according
to (2.1)) to some manifold D;. A morphisma € Hom(m, n) is mapped to a morphism
D(a) € Hom (Dm, D,l) in the above allegory.

The data and computation objects are now indexed by an integer (the dimension).
We denote by x; 3 x5 the fact that x; is related to x, by the affine map a, as in
Example 2.1. This is also denoted by (D, D,) € D(a).

The full equivariance condition is expressed as

Dy % Dy = F;(D)) % Fj(Dy), 2.2)
which can also be written as
(D, Dy) € D(a) = (F(D)), F(Dy)) € C(a).

What is the meaning of the full equivariance in the context of allegories? The
answer is that such a method is almost a natural transformation between the functors
D and C. To understand this, we can reformulate condition (2.2) using composition
in the allegory.

But we must first address a small problem: the algorithm is a function, and is thus
not a morphism in the allegory (a relation). But a function F naturally gives rise to
a relation given by its graph, and we denote the corresponding relation by F:

F:={(D,C)|C=FD))}.
We compute the composition

F,oD(a) = {(Dy, F(Dy)) | (D1, Dy) € D(@)},
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and the composition
C@o F, = {(D1,Cy) | (F(Dy), Cy) € C(@)}.
For an affine map a € Hom(m, n), condition (2.2) is thus
F,oD(@) C C()o Fy.

Note that if the relation above was equality instead of subset, it would be exactly the
requirement that F' be a natural transformation between the functors D and C. This
leads us to the definition of a weaker notion of a natural transformations in allegories.

Definition 2.3 Given two functors D and C from a category A to an allegory B,
a weak natural transformation is the data, for any object M in the category A, of
a morphism Fy; € Hom(D,,, Cy), and such that for any object M and N in the
category A, and any morphism a € Hom(M, N) we have

Fy oD(a) C C(a) o Fy. 2.3)

The reader should compare (2.3) with (1.1).

One can examine the meaning of full affine equivarience by breaking it into
particular cases. Indeed, the affine category has two important subcategories: the
category of injective affine maps, and the category of surjective affine maps. We
will call injective equivariance and surjective equivariance the property of being
a weak natural transformation with respect to the corresponding subcategories. For
each dimension d, there is also a subcategory containing only the object d, and the
invertible affine maps on that object: this is the category that we studied in Sect. 1.
For each dimension, we will denote the corresponding equivariance by bijective
equivariance.

1. Injective equivariance generally means that if the data of the algorithm happens
to lie in an affine subspace, then the result of the computation not only will lie
on the subspace, but will also work exactly as if the lower dimensional version
of the algorithms was used with that data.

2. Projective equivariance generally indicates how the algorithm behaves with cer-
tain degenerate data. It highly depends on the algorithm. In the case of ODE
integrators, it has a very understandable meaning (see Example 2.6).

3. Bijective equivariance, is what we covered in Sect. 1.

Example 2.4 (Polynomial interpolation and splines) We revisit Example 1.5. Now
the dimension d is arbitrary, and the algorithm works in any dimension.

The domain is Al}, the data of n points in an affine space of dimension d. The
data functor D maps the object d of the affine category to Dy = AJ,. An affine
map a € Hom(m, n) is mapped to the relation D(a) which we identify to the map
D(a)(X) := a X, where we used the diagonal action. The computational functor C
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maps the object d to C*(R, A,), and the relation C(a) is identified to the function
c@(f)=ao f.

Note that in this case, both compositions occurring in (2.3) are graphs, so the
inclusion is in fact an equality, and F is in this case a natural transformation between
the functors D and C.

Injective equivariance here is related to a well known property of splines and
interpolation: if the control points actually lie in a subspace, then the whole interpo-
lating curve or spline, also lies in that subspace. What is more, that curve is exactly
the same as if the calculation had been done in a lower dimensional space instead.

Surjective equivariance is perhaps less intuitive: it means that interpolation com-
mutes with affine projections. Computing the interpolation of projected points on a
smaller subspace gives the same result as projecting the interpolated curve instead.

Example 2.5 (Downhill simplex) We now revisit Example 1.6. The data functor is
Dy = C*(Ay) x Ajandamapa € Hom(m, n) ismappedtoD(a) € Hom(D,,, D,)
defined as the relation

D@) = {((¢1. X1). (2. X2)) |1 =moa Xo=aX}.
The computational functor is simply
C@={X.X)|X>=aX}.

Note that C(a) is in fact a graph, so it is associated to a function.

What does injective equivariance mean in that case? We consider an injective affine
mapa € Hom(m, n). Therelation ¢; = ¢, o a means thatthe function¢; € C*(A,,)
to minimise is the restriction of the function ¢,(A,), along the subspace given by
the image of a € Hom(m, n). Equivariance means in this case is that: if one starts
with a degenerate simplex, i.e., if all the points lie in the subspace above, then the
simplex algorithm will find the minimum in that subspace, i.e., the minimum of the
function ¢;. Picture here?

Let us examine surjective equivariance. We consider a surjective affine map a €
Hom(m, n). The relation ¢; = ¢, o @ now means that ¢, is equal to ¢, and is constant
on the fibres (i.e., the level sets) of a. This is an example of degenerate data. What
equivariance means in this case is that the simplex algorithms works fibre-wise, i.e.,
the result will not depend on where the initial points X were chosen inside the fibres.

Example 2.6 'We now look at the example that we understand perhaps best of all:
numerical integration of ODEs. The data functor D maps an affine space of dimension
d to D; = Xy(Ay), the space of compactly supported vector fields on A;. An affine
map a € Hom(m, n) is mapped to the relation D(a) € Hom(D,,, D,) defined by

D@) = {(fi. /)| roa=Tao fi}.
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The computational functor C maps an objectd to C; := Diff(A,). TherelationC(a) €
Hom(C,,, C,) is defined by

C@) = {((Pl,(Pz) | P,o0a = ao¢1}.

The meaning of injective equivariance is known in numerical analysis as
preservation of weak (affine) invariants [7, Sect.IV.4]. An affine weak invariant
is an affine subspace which is preserved by the flow of the vector field. If that sub-
space is the image by an affine map a of an affine space of smaller dimension (one
can choose a to be injective), the requirement of weak invariance is exactly that of
being in relation with another vector field. Injective equivariance thus means that: if
a vector field has a weak invariant subspace, not only is it preserved by the numerical
flow, but that numerical flow is the same as if computed in the lower dimensional
subspace instead.

The meaning of surjective equivariance is particularly interesting. Suppose that
a € Hom(m, n) is a surjective affine map. The requirement that (fi, f>) € D(a) is
that the flow of f; descends to the flow of f,. After change of variable, this can be
rewritten as the differential equation

x' =gi(x)
Y = gx, y).

The property of surjective equivariance is that the numerical integrator behaves like
the exact solution: the numerical flow descends to the numerical flow of f5.

We fully understand that case, as we can give a complete characterisation of the
fully affine equivariant integrators in the sense above: these are exactly the integrators
which have a B-Series [8].

3 Conclusion

One of the biggest open questions is how weak natural transformations extend to
other group actions. Indeed, there are many examples of integrators on homogeneous
spaces, which generalise the equivariance with respect to a group. However, as we
saw, the equivariance with respect to the affine category seems to be of the utmost
importance. We do not know of any other category for which a range of numerical
algorithms are equivariant.

A particularly acute question is the characterisation of numerical integrators on
homogeneous spaces: as [12] shows, group equivariance is not sufficient. So what is
the nonlinear equivalent of the affine category? This is an area of ongoing research,
but we speculate that they may be related to free Lie algebras, or possibly the related
structures of post-Lie algebras
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