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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
Zassenhaus formula - Magnus expansion

MSC codes 5A16 - 22E60 - 17B66 - 341.99

1 Introduction

The exponential of a linear operator T : C* — C", defined by the absolutely con-
vergent series
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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
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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
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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



200 F. Casas
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.



222 F. Casas

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
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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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