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Introduction

Structured eigenvalue and singular value problems play an important role in applied
mathematics and the engineering sciences. They frequently arise in areas such as
control theory and signal processing, where e.g. optimal control and signal estima-
tion tasks require the fast computation of eigenvalues for Hamiltonian and symmetric
matrices, respectively. We refer to [7] for an extensive list of structured eigenvalue
problems and relevant literature. Such problems cannot be easily solved using stan-
dard software packages, as these eigenvalue algorithms do not necessarily preserve the
underlying matrix structures and therefore may suffer by accumulation of rounding
errors or numerical instabilities. In constrast, structure preserving eigenvalue methods
have the potential of combining memory savings with high accuracy requirements and
therefore are the methods of choice. Most of the previous approaches to structured
problems have been on a case-to-case basis, by trying to adapt either known solution
methods or software packages to each individual problem. However, such an ad—hoc
approach is bound to fail if the problem of interest cannot be easily reformulated
as a standard problem from numerical linear algebra. Thus a more flexible kind of
algorithm is needed, that enables one to tackle whole classes of interesting eigenvalue
problems. Clearly, one cannot expect to find one method that works for all structured
problems. Nevertheless, it seems reasonable to develop methods that allow a unified
approach to sufficiently rich classes of interesting eigenvalue problems.

The structure preserving Jacobi-type methods, proposed and studied in this thesis,
are of this kind. Their inherent parallelizability, cf. [4], and high computational ac-
curacy, cf. [13, 51] makes them also useful for large scale matrix computations. In
contrast to earlier work, we extend the classical concept of a Jacobi-algorithm to-
wards a new, unified Lie algebraic approach to structured eigenvalue problems, where
structure of a matrix is defined by being an element of a Lie algebra (or of a suitably
defined sub-structure). Specifically, we focus on a generalization of the well-known
symmetric eigenvalue (EVD) and singular value decompositions (SVD) to classes of
matrices that can be endowed with a Lie algebraic structure. The associated normal
form problems therefore provide a natural generalization of the symmetric EVD into
a Lie algebraic setting and include a large number of interesting structured eigenvalue
problems.
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The Jacobi algorithm for diagonalizing real symmetric or complex Hermitian matrices
is a classical eigenvalue method from numerical linear algebra, cf. [25]. The original
version of the algorithm has been first proposed by Jacobi (1846) in [43], who suc-
cessively applied elementary rotations in a plane (later also called Jacobi or Givens
rotations), that produce the largest decrease in the distance to diagonality, by anni-
hilating the off-diagonal element with the largest absolute value. Modern approaches
follow the same idea, but use cyclic sweep strategies to minimize the sum of squares
of off-diagonal entries. Such cyclic sweep strategies are more efficient than Jacobi’s
original approach, as one avoids the time consuming search for the largest off-diagonal
element.

Variants of the Jacobi algorithm have been applied to various structured eigenvalue
problems, including e.g. the real skew-symmetric eigenvalue problem, [26, 42, 54],
computations of the singular value decomposition [46], non-symmetric eigenvalue
problems [9, 16, 61, 65], complex symmetric eigenproblems [17], and the computation
of eigenvalues of normal matrices [24]. For extensions to different types of generalized
eigenvalue problems, we refer to [11, 66]. For applications of Jacobi-type methods to
problems in systems theory, see [32, 33, 34].

A characteristic feature of all known Jacobi-type methods is that they act to minimize
the distance to diagonality while preserving the eigenvalues. Thus different measures
to diagonality can be used to design different types of Jacobi algorithms. Conventional
Jacobi algorithms, like classical cyclic Jacobi algorithms for symmetric matrices, Kog-
betliantz’s method for the SVD, cf. [46], methods for the skew-symmetric EVD, cf.
[26], and for the Hamiltonian EVD, cf. [48], as well as recent methods for the per-
plectic EVD, cf. [49] all foot on reducing the sum of squares of off-diagonal entries
(the so-called off-norm). Although local quadratic convergence to the diagonalization
has been shown in some of these cases, at least for generic situations, the analysis of
such conventional Jacobi methods becomes considerably more complicate for clustered
eigenvalues. This difficulty is unavoidable for conventional Jacobi methods and is due
to the fact, that the to be minimized off-norm function has a complicated critical
point structure and several global minima. Thus this difficulty might be remedied by
a better choice of cost function that measures the distance to diagonality. In fact,
Brockett’s trace function turns out to be a more appropriate distance measure than
the off-norm function. In [6], R.W. Brockett showed that the gradient flow of the trace
function can be used to diagonalize a symmetric matrix and simultaneously sort the
eigenvalues. This trace function also appeared in the early work of J. von Neumann
on the classification of unitarily invariant norms. It has been also considered by e.g.
M.T. Chu, [12] associated with gradient methods for matrix factorizations, and subse-
quently by many others. For a systematic critical point analysis of the trace function
in a Lie group setting, we refer to the early work of Duistermaat, Kolk and Varadara-
jan, cf. [15]. See also [62] for more recent results on this topic in the framework of
reductive Lie groups.

K. Hiiper, in his Ph.D. thesis [42], has been the first who realized, that Brockett’s
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trace function can be effectively used to design a new kind of Jacobi algorithm for
symmetric matrix diagonalization, that automatically sorts the eigenvalues in any
prescribed order. This so-called Sort-Jacobi algorithm uses Givens rotations that do
not only annihilate the off-diagonal element, but also sort the two corresponding ele-
ments on the diagonal. The idea of combining sorting with eigenvalue computations
can be carried over to the SVD, too; cf. [42]. It is this automatic sorting property
that distinguishes the Sort-Jacobi algorithm from the known conventional schemes
and leads both to improved convergence properties as well as to a simplified theory.
In fact, numerical simulations by Hiiper have shown that the Sort-Jacobi algorithm
for the symmetric EVD and the SVD has considerably better convergence properties
than the conventional cyclic Jacobi schemes and Kogbetliantz’s method, respectively,
cf. [42]. Moreover, local quadratic convergence has been proven for matrices with
distinct eigenvalues and singular values, respectively. These theoretical and practical
advantages of the Sort-Jacobi method will be confirmed by results in this thesis as well.

The main achievements of this thesis are the following:

e Unified treatment of Jacobi-type algorithms on semisimple Lie alge-
bras. This includes both conventional Jacobi methods as well as Sort-Jacobi
methods, with unified local quadratic convergence proofs for arbitrary regular
elements and sweep strategies.

e A new type of cyclic sweeps. The new class of special cyclic sweeps is
introduced for which local quadratic convergence is shown for arbitrary irregular
elements of a Lie algebra.

e New classes of structured eigenvalue problems. We present a unified
convergence theory of the algorithms, including so far unstudied cases such as
the symplectic SVD, Takagi’s factorization and an eigenvalue problem in an
exceptional Lie algebra of (7 x 7)-matrices.

We now give a more detailed description. To the best of the author’s knowledge,
Wildberger [67] has been the first who proposed a generalization of the (non-cyclic)
classical Jacobi algorithm on arbitrary compact Lie algebras. Wildberger showed that
suitable Lie algebraic generalizations of the Givens rotations act as minimizing the ap-
propriate generalization of the off-norm function. Thus he succeeded in proving global
convergence of the algorithm, however, did not prove local quadratic convergence. The
well-known classification of compact Lie algebras shows that this approach essentially
includes structure preserving Jacobi-type methods for the real skew-symmetric, the
complex skew-Hermitian, the real skew-symmetric Hamiltonian, the complex skew-
Hermitian Hamiltonian eigenvalue problem, and some exceptional cases. Following
[67], one can treat the above mentioned problems on the same footing, meaning that
the description and analysis of the Jacobi method can be carried out simultaneously.
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(i)  symmetric/Hermitian EVD

(ii))  skew-symmetric EVD

(iii) real/complex SVD

(iv) real symmetric/skew-symmetric Hamiltonian EVD

(v)  Hermitian R-Hamiltonian EVD

(vi) perplectic EVD

(vii) Takagi’s Factorization

(viii) symplectic SVD

(xi) Hermitian C-Hamiltonian EVD

(x)  Hermitian Quaternion EVD

(xi) a Takagi-like factorization

(xii) some exceptional cases.

Table 1: Normal form problems considered in this thesis.

Wildberger’s work has been subsequently extended by Kleinsteuber et.al. [44], where
local quadratic convergence for general cyclic Jacobi schemes is shown to hold for
arbitrary regular elements in a compact Lie algebra. In this thesis we present a
systematic account of Jacobi-type algorithms that contains the previous results on
compact Lie algebras as a special case. Thus, we propose and analyze both the
classical Jacobi algorithm (reducing the off-norm) as well as the Sort-Jacobi algorithm
(optimizing the trace function) for a large class of structured matrices that essentially
include the normal form problems quoted in Table 1. These cases arise from the known
classification of simple Lie algebras. A list of the different Lie algebra structures
considered here can be found in Table 4.1 in Chapter 4. Cyclic Jacobi-type methods
for some of the above cases have been discussed earlier, e.g. for types (i) see [21, 42],
(ii) see [26, 42, 54], (iii) see [42, 46], (iv) see [18], (V) see [9], and (vi) see [49]. Thus we
achieve a simultaneous generalization of all this prior work. Note that the methods
proposed in this thesis exclusively use one-parameter transformations and therefore
slightly differ from the algorithms in [9, 18, 26, 42, 54], where block Jacobi methods
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are used, i.e. multiparameter transformations that annihilate more than one pair of
off-diagonal elements at the same time.

Lie theory provides us both with a unified treatment and a coordinate free approach
of Jacobi-type methods. In particular, it allows a formulation of Jacobi methods
that is independent of the underlying matrix representation. Together with the above
specific matrix cases, all isomorphic types can be simultaneously treated. If a class
of matrices is known to be isomorphic to one of the cases listed above, then, by a
straightforward re-definition of terms, a Jacobi-type algorithm is obtained together
with appropriate convergence results. Thus we can completely avoid the often tiring
case-by-case analysis. Let us give two examples to illustrate this process.

Recently, a Jacobi method for the eigenvalue problem of so-called perplectic matrices
has been introduced, [49]. The Lie algebra of the perskew-symmetric matrices

1
{AeR™ | ATR+ RA =0}, where R:=
1

is isomorphic to so(k, k) if n = 2k and to so(k + 1, k) if n = 2k 4+ 1. The symmetric
perskew-symmetric EVD is therefore equivalent to the SVD of a real (k X k)-matrix,
(k + 1 x k) respectively. Similarly, the skew-symmetric perskew-symmetric EVD, the
symmetric persymmetric EVD and the skew-symmetric persymmetric EVD reduce to
well-known normal form problems. cf. Section 4.2.

In systems theory, the real Lie algebra of R-Hamiltonian matrices

{{S _le*] A G,QeCVGr =G, H" = H}
plays an important role in linear optimal control and associated algebraic Riccati
equations. This Lie algebra is equivalent to su(n,n). Hence the diagonalization of a
Hermitian R-Hamiltonian matrix is equivalent to the SVD of a complex (n xn)-matrix,
cf. [8] and Section 4.5 for more details.

Let G be a semisimple Lie group and g = € @ p be the Cartan decomposition of its
Lie algebra. In this thesis, we propose a Jacobi—type method that ”diagonalizes” an
element S € p by conjugation with some k£ € K, where K C G is the Lie subgroup
corresponding to £. Of course, if A is a Hermitian matrix, then iA is skew-Hermitian
and therefore the Hermitian and the skew-Hermitian eigenvalue problem are equiva-
lent. The same trick extends to arbitrary compact Lie algebras. In this sense it be-
comes clear that the present work immediately generalizes the corresponding results
for compact Lie algebras in [44]. In fact, if € is a compact semisimple Lie algebra,
then go := €@ it is the Cartan decomposition of gy. Thus the analysis of Jacobi-type
methods on compact Lie algebras appears as a special case of our result.

The coordinate free approach forces one to formulate the basic characteristics of the
algorithm in an abstract way, thus enabling one to develop the essential features of
Jacobi algorithms. In particularly, the local convergence analysis for the algorithms
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is in all the cases (i)-(xii) exactly the same and follows from one general convergence
result. It turns out that for a local convergence analysis in these cases one has to
distinguish (a) the regular case (roughly corresponding to pairwise distinct eigen-
values/singular values) and (b) the irregular case, where eigenvalues/singular values
occur in clusters. The regular case is quite well understood and local quadratic con-
vergence has been proven both for the conventional as well as for the Sort-Jacobi
schemes; see e.g. [36, 42, 58, 68]. In constrast, the irregular case is more delicate and
is best understood only for the symmetric EVD, where van Kempen showed locally
quadratic convergence for a special cyclic scheme; [64]. The convergence properties of
the Kogbetliantz method in the irregular case are treated in [19, 21, 27, 28, 55]. See
also [2] and [10], where local quadratic convergence has been shown for the irregular
case for an upper triangular matrix.

Our convergence analysis of Jacobi-type methods deviates from earlier work, by ex-
tending the elegant calculus approach first described in the Ph.D. thesis by K. Hiiper,
[42] and [40]. However, the analysis in [42], [40] is mainly restricted to the regular
case; the convergence analysis in [42] in the irregular case is either incorrect or has at
least major gaps. We prove local quadratic convergence for the Jacobi-methods in the
general setting, including all cases (i)—(xii) for the regular as well as for the irregular
case. The regular case is a rather straightforward generalization of the ideas in [42]
and indeed local quadratic convergence is shown for any cyclic Jacobi scheme. In con-
trast the irregular case is more tricky. Simulations show that for certain structured
EVDs, Jacobi-type methods for the irregular case converge much faster than for the
regular case. For example, the special cyclic Jacobi for the symmetric EVD converges
faster if the eigenvalues occur in clusters, cf. [64]. In contrast, Kogbetliantz’s method
for computing the SVD of an arbitrary real matrix becomes worse the closer the sin-
gular values are, cf. [10], and local quadratic convergence for Kogbetliantz’s method
has only been proven if the difference between two singular values is large enough.
On the other hand, if one applies Kogbetliantz’s algorithm to an upper triangular
square matrix with clustered singular values, then Bai has shown that the algorithm
converges quadratically, cf. [2]. Thus the special structure of matrices may have im-
pact on the local convergence rate. Another crucial point here is the order in which
the sweep directions are worked off. In the literature, local quadratic convergence
in the irregular case is only proven for very special sweep strategies. We generalize
the idea of van Kempen [64] to the Lie algebra context and propose a new class of
special cyclic sweeps that ensure local quadratic convergence for the irregular cases in
any of the above mentioned normal form problems (i)—(xii). It should be emphasized
that our sweep strategy differs from that in the literature for the SVD, i.e. compared
with Kogbetliantz’s algorithm. Numerical experiments confirm that the proposed
Sort-Jacobi method with special cyclic sweeps yields better convergence results than
the established Jacobi methods. The advantage is the bigger, the more the element is
irregular, i.e. the more the eigenvalues and singular values, respectively, are clustered,
cf. Figure 1.
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Figure 1: Convergence behavior for the real SVD of matrices with clustered singular values;
stopping criterion: off-norm < 107!0 (vertical axes); small dashed line = classical cyclic
Kogbetliantz; large dashed line = sort Jacobi with classical cyclic sweeps, [42]; solid line =
sort Jacobi with special cyclic sweeps. For details cf. Section 4.2.

This thesis is organized as follows. The first chapter summarizes basic definitions and
facts on Lie algebras and Lie groups. We focus on reviewing the structure of semi-
simple Lie algebras as they play a major role for our purposes. Since the so-called
restricted-root space decomposition is of special importance in determining the sweep
directions, it is explained in full detail. Chapter 2 deals with the analysis of abstract
Jacobi-type methods on manifolds. These can be considered as abstract coordinate de-
scent optimization methods and thus are useful not only for eigenvalue computations
but for general constrained optimization tasks. Following [40], sufficient conditions for
the cost function and the Jacobi directions are specified that ensure local quadratic
convergence. The idea is that the optimization directions have to be mutually orthog-
onal with respect to the Hessian of the cost function at the critical point. We then
specify the Jacobi method to the special case where the manifold is the K-adjoint
orbit of an element S € p. Under certain assumptions on the cost function (that
are fulfilled for the trace function and the off-norm), we derive a sufficient condition
for the sweep directions to be computed simultaneously. This result is expected to
be useful in direction of parallel implementations of the algorithm. In Chapter 3 we
study the proposed Lie algebraic generalization of the symmetric eigenvalue problem.
We briefly discuss the Lie algebraic version of the classical off-norm function and the
trace function whose respective optimization tasks give rise to a classical (off-norm)
and a Sort-Jacobi algorithm (trace-function) on Lie algebras. The last part of this
chapter is devoted to the local convergence analysis. While the regular case follows
rather routinely from the results in Chapter 2, an excursion to the theory of abstract



8 Contents

root systems is required for a rigorous treatment of the irregular case. Special cyclic
sweeps are introduced for which we then prove local quadratic convergence in the
irregular case. Applications to structured eigenvalue and singular value problems are
discussed in Chapter 4. Numerical experiments are presented where the special cyclic
sweep method is compared with other Jacobi methods. Moreover, the equivalence
of some seemingly different normal forms and corresponding Jacobi algorithms is dis-
cussed. The algorithms from Chapter 3 are exemplified for the real and the symplectic
SVD, for the real symmetric Hamiltonian EVD and for the case of the exceptional
Lie algebra gs.



Chapter 1

Background: Lie Groups and Lie
Algebras

1.1 Preliminaries on Lie Algebras

We first recall some basic facts and definitions about Lie algebras. We follow mainly
[45] and [31] and content ourselves by giving references to the proofs unless details
are needed later on. Moreover, several examples are given in order to illustrate the
concepts. For further details on Lie theory, see also [5], [14] or [39]. In the sequel, let
K denote the fields R, C of real or complex numbers, respectively.

Definition 1.1. A K-vector space g with a bilinear product
[]rgxg—9
is called a Lie algebra over K if
(i) [X,Y]=—[Y,X] forall XY €g¢
i) [[X,Y],Z]+[[Y,Z),X]+ [[Z, X],Y] =0 (Jacobi identity).
Example 1.2. Let K =R or C. Classical Lie algebras are given for example by

sl(n,K) :={X e K" | trX =0}
so(n,K) ={X €K™ | X"+ X =0}
sp(n,K) = {X e K2 | XTJ+ JX =0},

0 I,
r= |50

()T denotes transpose and I,, denotes the (n x n)-identity matrix.

where

9
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A Lie algebra g over R (C) is called real (complex). A Lie subalgebra b is a K-linear
subspace of g for which [h, h] C b holds, where

(b1, 0o := {[H1, Hy] | Hi € by, Hy € by}

It is called an ideal of g, if [h, g] C h. A Lie algebra g is called simple, if its only ideals
are g and {0}, it is called abelian if [g, g] = 0. In the sequel, g is always assumed to be
finite dimensional. Denote the endomorphisms of g, i.e. the K-linear mappings g — ¢
by End(g) and let GL(g) denote the invertible endomorphisms. For any X € g, the
adjoint transformation is the linear map

adx: g — g, Y — [X,Y] (1.1)

and
ad: g — End(g), Y — ady (1.2)

is called the adjoint representation of g.
By means of (1.1) and (1.2), the properties (i) and (ii) of Definition 1.1 are equivalent
to

adXY = —adyX

and
ad[Xy] = adxady — adyadx,

respectively. It follows immediately from property (i) that adxX = 0 for all X € g.
The subsequently defined bilinear form plays an essential role in Lie theory.

Definition 1.3. Let g be a finite dimensional Lie algebra over K. The symmetric
bilinear form

k:gxg—K, R(X,Y) — tr(adyady) (1.3)
is called the Killing form of g.
Example 1.4. Let K =R or C. Then the Killing form for the classical simple Lie
algebras is given in the following.
sl(n,K) : k(X,Y) =2ntr(XY) for n > 2,
so(n,K) : k(X,Y) =(n—-2)tr(XY) forn >3,
sp(n,K) : k(X,Y) =2(n+ Dtr(XY) forn>1,

cf. [30], Section IV.2 or [20], VI.4. Note that in [30], the notation sp(2n,K) is used
instead of sp(n, K).

A Lie group is defined as a group together with a manifold structure such that the
group operations are smooth functions. For an arbitrary Lie group G, the tangent
space 171G at the unit element 1 € G possesses a Lie algebraic structure. This tangent
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space is called the Lie algebra of the Lie group GG, denoted by g. The tangent mapping
of the conjugation mapping in G at 1,

COIljx(y>i = ‘xy'ril? xr,y € G7

is given by
Ad,: =Ti(conj,): 9 — ¢

and leads to the so-called adjoint representation of G in g, given by
Ad: z — Ad,,

cf. [14], Section I.1. Considering now the tangent mapping of Ad at 1 leads to the
adjoint transformation (1.1). If G is a matrix group, i.e. G consists of invertible real
or complex matrices, then the elements of the corresponding Lie algebra can also be
regarded as matrices, cf. [45], Section 1.10. In this case the adjoint representation of
g € G applied to X € g is given by

Ad, X = gXg !, (1.4)

i.e., by the usual similarity transformation of matrices, and the adjoint transformation
is given by
ady X =YX — XY.

Example 1.5. Some classical Lie groups are

SL(n,K) :={ge K" | detg =1} corresponding Lie algebra: sl(n, K),
SO(n,K) ={geK™" |gTg=1} corresponding Lie algebra: so(n, K),
Sp(n,K) :={ge K> | g Jg=J} corresponding Lie algebra: sp(n,K),

where J is defined as in Example 1.2.
A basic property of the Killing form x defined by (1.3) is its Ad-invariance, i.e.
k(Ad X, Ad)Y) = k(X,Y) forall X,Y e gand g € G. (1.5a)
Differentiating this equation with respect to g immediately yields
rk(adxY, Z) = —k(Y,adx 2) forall XY, Z € g. (1.5b)

Property (1.5a) is just the special case of the following more general result. A (Lie
algebra-) automorphism of g is an invertible linear map ¢ with p[X,Y] = [pX, pY].
We denote the set of automorphisms of g by Aut(g).

Proposition 1.6. The Killing form is invariant under automorphisms of g, i.e

K(X,Y) = k(eX,pY) for all p € Aut(g).
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Proof. Let ¢ € Aut(g). Then we have for all Z € g that ad,xZ = [pX,Z] =
o([X, 071 7] = (padx¢~1)Z and hence

r(pX, pY) = tr(ad,xad,y)
= tr(p(ady)p " plady ) ™)
= r(X,Y),
cf. [45], Prop. 1.119. O

Now since Aut(g) is a closed subgroup of the general linear group GL(g) it is a Lie
group and its Lie algebra is contained in End(g). More precisely we have the following
proposition.

Proposition 1.7. The Lie algebra of Aut(g) is given by
Der(g) :={D € End(g) | D|X,Y] = [DX,Y]+ [X,DY] for all X, Y € g}.
Moreover, the image of the adjoint representation ad(g) is a subalgebra of Der(g).

Any element D € Der(g) is called a derivation of g and the image elements of ad(g)
are called inner deriwations.

Proof. Cf. [45], Ch. I, Prop 1.120. ]

An analytic subgroup H of a Lie group G is a connected subgroup where the inclusion
mapping is smooth. The group of inner automorphisms Int(g) of g is defined as the
analytic subgroup of Aut(g) with Lie algebra ad(g). Hence if for X € g we define the
exponential map by

= 1
exp: ad(g) — GL(g), adx+—— Z Ead')“{,
k=0

then
Int(g) = the group generated by {exp(ady) | X € g}. (1.6)

Theorem 1.8. If g is the Lie algebra of a Lie group G and if Gy denotes the identity
component of G, then

Int(g) = {¢ € Aut(g) | ¢ = Ad, for some g € Gy}. (1.7)

Proof. Since Ad: g — Ad, is a smooth homomorphism of Lie groups, cf. [45], Prop.
1.89, Ch. I, of G into Aut(g), the group Ad(G) is a Lie subgroup of Aut(g) with Lie
algebra ad(g). By definition, the analytic subgroup of Aut(g) is Int(g). Thus Int(g) is
the identity component of Ad(G) and equals therefore Ad(Gy). Cf. [45], Prop. 1.91,
Ch. I, Sec. 10. O
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According to Egs. (1.6) and (1.7) we use the common notation
Adeyp x = exp(ady).

In the case where g is a Lie algebra of complex or real (n x n)-matrices, then mul-
tiplication is defined on g and for X,Y € g we have exp(X) = > 7, Xk—,k C GL(n)
and

Adexp xY = exp(X)Y exp(—X).

Let € C g be a Lie subalgebra. We denote by Inty(€) the analytic subgroup of Int(g)
with Lie algebra ad(¥) C End(g). Note that

Inty(8) = the group generated by {exp(adx) | X € ¢},

or, equivalently, if g is the Lie algebra of a Lie group G and K is the analytic subgroup
of G with Lie algebra &, we have

Inty(¢) = {p € Int(g) | ¢ = Ady, k € K}. (1.8)

Definition 1.9. A real finite dimensional Lie algebra g is called compact if Int(g)
is compact. A subalgebra £ C g is called a compactly embedded subalgebra if Inty(€) is
compact.

Example 1.10. (a) If g is an abelian Lie algebra, then ady = 0 for all X € g.
Therefore Int(g) = {1} and hence g is a compact Lie algebra.

(b) Although the Lie subalgebra

a:= {[g _OCJ | aeR} C sl(2,R)

is abelian, it is not compactly embedded in s[(2,R). Note that {1} = Int(a) #
IHts[(QR) (Cl) .

Since the map Inty(¢) — Int(€), ¢ — ¢|¢ is smooth, every compactly embedded Lie
subalgebra is itself compact. The following proposition immediately involves more
examples.

Proposition 1.11. A real finite dimensional Lie algebra g is compact if it is the
Lie algebra of a compact Lie group.

Proof. [45], Ch. IV, Prop. 4.23. [
Example 1.12. The following Lie algebras are compact, cf. [45], Section 1.8.
so(n,R) :={S e R | ST = -5}
u(n) ={X e C”" | X* = -X},
su(n) = {X e C"" | X* = - X, trX = 0},
sp(n) :=u(2n) Nsp(n, C),
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where (+)* denotes conjugate transpose. They correspond to the Lie groups

SO(n,R) :=={g e R™" | g'g =1}

Un) :={geC”" | g°g =1},
SU(n):={X e C"" | g*g = 1,detg = 1},
Sp(n) :=U(2n) N Sp(n,C).

A compact Lie algebra g admits a positive definite Ad-invariant bilinear form, cf. [45],
Ch. IV., Prop. 4.24. This property is used to show that the Killing form on compact
Lie algebras is negative semi-definite.

Proposition 1.13. Let g be a compact Lie algebra. Then the Killing form is negative
semi-definite.

Proof. [45], Ch. 1V, Cor. 4.26. O

Although in general differently but equivalently defined in the literature, it proves
to be convenient for our purposes to use Cartan’s Criterion, cf. [45], Thm. 1.45, to
define semisimple Lie algebras.

Definition 1.14. A finite dimensional Lie algebra is called semisimple, if its Killing
form is nondegenerate.

Together with Proposition 1.13 this yields the following theorem.

Theorem 1.15. A semisimple Lie algebra is compact if and only if its Killing form
is negative definite. On the other hand, the Killing form of a Lie algebra g is negative
definite if and only if g is compact and semisimple.

Proof. Cf. [45], Ch. IV, Prop. 4.27. ]
As another characterization of semisimple Lie algebras we have the following theorem.

Theorem 1.16. The Lie algebra g is semisimple if and only if

g=01D...O0m

with simple ideals g;. This decomposition is unique. Moreover, every ideal i C g is
the sum of various g;.

Proof. [45], Ch. I, Thm. 1.54. ]
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Example 1.17. (a) ([45], Section 1.8.) The Lie algebras sl(n,K), so(n,K),
sp(n,K), cf. Example 1.2, and su(n), sp(n), cf. Example 1.12 are semisim-

ple. Furthermore, let
. Ip 0
)

Then the following Lie algebras are also semisimple.
50(p> q) = {X e R(p'i‘q)X(p—i-q) ’ XT[p#] + IP,QX = 0}7 p + q 2 37
su(p,q) = {X € CPHOxwra) | x*[ 4 [ X =0,60X =0}, p+q>2,
sp(n,R) == {X e R** | XTJ+JX =0}, n>1,

50%(2n) ;= {X € su(n,n) | X' [IO Ig] + [IO I(ﬂ X =0}, n>2.

(b) The Lie algebra u(n) is not semisimple, because ady, = 0 for all A = AL, hence
k(A, X) =0 for all X € u(n).

(c) For some Lie algebras, the Killing form is completely degenerated. They are in
this sense the converse of semisimple Lie algebras. Consider the Lie algebra of
real upper triangular matrices

b:={X € R"™" | X is upper triangular }.
Then for arbitrary X,Y, Z € b we have

0 *
adyZ = .
0 0
Hence adyady is nilpotent and therefore x(X,Y) =0 for all X,Y € b.

It is easy to see by Eq. (1.5b) that a is an ideal in g if and only if at is an ideal, but
in general, a N at # (. However, for semisimple Lie algebras we have the following
proposition.

Proposition 1.18. Let g be a semisimple Lie algebra.
(a) Then |g,g] = g. Furthermore if a is an ideal in g, we have g = a @ a’.
(b) The adjoint representation ad: g — ad(g) is a Lie algebra isomorphism.

Proof. (a) This is an immediate consequence of Theorem 1.16, cf. also [45], Ch. I,
Cor. 1.55. (b) Assume that ady = ady; it follows that adx_y = 0 and therefore
for all Z € g one has 0 = tr(adx_yadz) = k(X — Y, Z). By semisimplicity of g the
Killing form is non degenerated. Hence X =Y. O
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The following theorem establishes a relation between the Lie algebras Der(g) and
ad(g).

Theorem 1.19. If g is semisimple, then ad(g) = Der(g), that is, every derivation
1S inner.

Proof. Cf. [31], Ch. II, Prop. 6.4. ]

Lemma 1.20. Let g be semisimple and X,Y € g. Then the inner automorphisms
exp(tadx) and exp(sady) commute for all t,s € R if and only if [X,Y] = 0.

Proof. 7 = 7 : Assume that exp(tadx)exp(sady) = exp(sady)exp(tady) for all
s,t € R. Then differentiating both sides with respect to ¢ and s yields for t = s = 0
that adyady = adyady. Since [ady,ady]| = ad[x,y) and by semisimplicity of g, this
is equivalent to [X,Y] =0, cf. Prop. 1.18.

7«7 : Assume that [X,Y] = 0. This is equivalent to adyady = adyady, implying
adbad), = adlad% for all I,k € N and hence for all n,m € N and t,5s € R the
operators » ., _, %ad’;( and » ", %adlx commute. Passing to the limits yields the
assertion. [l

1.2 Compact Real Forms of Complex Semisimple
Lie Algebras

Let g be a complex semisimple Lie algebra. We write g® for g if it is regarded as a
real Lie algebra, i.e. by restricting the scalars and call g® the realification of g. Note,
that dimg g® = 2 dim¢ g.

Proposition 1.21. Let g be a complex Lie algebra with Killing form k: gxg — C.
Denote by kg g® x g® — R the Killing form on g®, i.e. g regarded as a real vector
space. Then

Kge = 2Rex.

In particular, g is semisimple if and only if g& is semisimple.
Proof. Let {By, ..., B,} be a basis of the (complex) vector space g and denote by
vr its real span. Every X in g decomposes uniquely into X = ReX + ilmX with

ReX,ImX € vg and moreover, X — (ReX,ImX) € vg X vg is an R-linear vector
space isomorphism. For every C-linear operator M : g — g one has

M(ReX +ilmX) = ReM(ReX) — ImM (ImX) + i(ImM (ReX) + ReM (ImX))
and hence

DM s ReM —ImM
b ImM  ReM
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isomorphically lifts every C-linear operator on g to an R-linear operator on vg X vg.
It is easily seen, that

L(MN)=u(M)(N) and tre(M) = 2RetrM.
For the Killing form on g we have (X, Y) = tr(adxady ), while
kg (X,Y) = tr(t(adxady)) = 2Res(X,Y).
Cf. [45], Ch. I, Sec. 8. O

Example 1.22. For the classical complex semisimple Lie algebras, the Killing form
alters in the following way by realification.

Lie algebra g (complex) Killing form (real) Killing form of g®

sl(n, C) 2ntr(XY) 4dnRetr(XY)
so(n,C) (n —2)tr(XY) 2(n — 2)Retr(XY)
sp(n,C) 2(n+ 1)tr(XY) 8(n + 1)Retr(XY)

Let gg be a real Lie algebra. Then forming the tensor product with C yields a complex
Lie algebra

go: = g0 ®r C = gy D igo.
It is called the complezification of go.

Definition 1.23. Let g be a complex Lie algebra. Then any real Lie algebra g,
with the property

g =goDigo

is called a real form of g. The Lie algebra g is said to be a compact real form, if it is
a compact Lie algebra.

Note that dimc g = dimg go. If go is a real form of the complex Lie algebra g, then
an R-basis of g is also a C-basis of g. Consequently, if X, Y € gg, then the matrix of
adx o ady is the same for gg as it is for g and the respective Killing forms are related
by

Kgy = "{9|90><90' (1.9)

Complexification preserves semisimplicity. Moreover, the following result holds.

Proposition 1.24. Let g be a complex Lie algebra with real form go. Then g is
semisimple if and only if go is semisimple.

Proof. [45], Ch. I, Cor. 1.53. O
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Theorem 1.25. If g is a complex semisimple Lie algebra, then it has a compact real
form. Moreover, if uy and uy are two compact real forms of g then they are conjugate,
i.e. there exists an inner automorphism ¢ € Int(g) such that

uy = pilp.
Proof. [45], Ch. VI, Thm. 6.11 and Cor. 6.20. O

Example 1.26. The compact real forms of the classical complex semisimple Lie
algebras sl(n, C), so(n,C), and sp(n,C) are given by su(n),so(n,R), and sp(n), re-
spectively. All other compact real forms are obtained by conjugation with a fixed
element in the corresponding group. For example, all compact real forms of sl(n, C)
are given by {sUs™! | U € su(n)} with s € SL(n,C) := {g € C"*" | det(g) = 1}.

The proof of Theorem 1.25 uses results on the so called Cartan involution and its
resulting decomposition of a semisimple Lie algebra which will be the subject of the
remainder of this chapter.

1.3 Cartan Decomposition of Semisimple Lie Al-
gebras

The following definition applies only to real semisimple Lie algebras g. In the case
where g is complex we consider therefore its realification g®.

Definition 1.27. Let gy be a real semisimple Lie algebra. An involution 6 € Aut(go),
i.e. 0% = 1, such that the symmetric bilinear form

Bo(X,Y) = —k(X,0Y) (1.10)
is positive definite is called a Cartan involution.

To see that the bilinear form (1.10) is symmetric, we use the invariance of the Killing
form under automorphisms of g and obtain

Bo(X,Y) = —k(X,0Y) = —k(0X,60°Y)
= —k(Y,0X) = By(Y, X).

Example 1.28. (a) By Example 1.4, the Killing form on sl(n,C) is given by
2ntr(XY'). According to Proposition 1.21, the Killing form translates into

k(X,Y) = 4nRetr(XY)

if we regard sl(n,C) as a real vector space. It is easily seen, that the map
6(X) := —X* is an involution that respects brackets:

OLX.Y] = —[X. Y] = ~[Y*, X"] = [-X", ~Y"] = [6(X),0(Y)]

Now since Retr(XY™*) = —Lk(X,0Y) is an inner product on sl(n, C)¥, the map
0 is indeed a Cartan involution.
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(b) Similar, for n > 3, the Killing form on so(n,R) is, up to a factor dependent
on n, equal to tr(XY). Since tr(XY ") = —tr(XY) yields an inner product on
so(n,R), it follows that a Cartan involution is given by the identity mapping
0(X) = X.

Cartan involutions for the complex case are given in the following proposition.

Proposition 1.29. Let g be a complex semisimple Lie algebra, uy a compact real
form of g and T the conjugation of g with respect to ug, i.e.

T7: X 4+1Y — X —1iY, XY €u,.
Then 7 is a Cartan involution of gx.
Proof. Let Z = X +1Y € g with X, Y € uy. Using Eq. (1.9) we obtain
ko(Z,7Z) = kg(X, X) + rg(Y,Y)
= Ky (X, X) + 1y (YY) <0 if Z #£0,

because 1, is compact and the Killing form of compact Lie algebras is negative definite,
cf. Theorem 1.15. Proposition 1.21 yields

BT(Zh ZQ) = —I{gR(Zl, TZQ) = —2Re/fg(Z1, ZQ)

is positive definite on g, cf. [45], Ch. VI, Prop. 6.14. n

Theorem 1.30. If gg is a real semisimple Lie algebra, then go has a Cartan invo-
lution. Any two Cartan involutions of gy are conjugate via Int(gy).

Proof. [45], Ch. VI, Cor. 6.18 & 6.19. O

Example 1.31. We saw in Example 1.28 (a), that 6(X) := —X* is a Cartan
involution on the Lie algebra sl(n,C). Now let Ad, € Int(g) with ¢ € SL(n,C).

Define § = Ady0Ad, . Then

0X = g(— (g7 Xg)")g " = —g9" X*(9g") "

On the other hand, noting that d := gg* is positive definite and by Example 1.4 we
obtain N B
—k(X,0Y) = —4nRetr(X0Y) = 4nRetr(XdY*d™ 1),

which indeed is an inner product. This shows in fact, that all Cartan involutions on
sl(n, C) are given by ;X = —dX*d~! with d positive definite.

It follows immediately by Proposition 1.29 and Theorem 1.30 that if g is a complex
semisimple Lie algebra, then the only Cartan involutions of g are the conjugations
with respect to the compact real forms. By means of the Cartan involution, every
semisimple Lie algebra decomposes into two vector spaces.
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Definition 1.32 (Cartan Decomposition). Let 6 be a Cartan involution of a real
semisimple Lie algebra gq. Let

£y denote the +1-eigenspace of 6 and
po denote the —1-eigenspace of 6.

Then
8o = ¥ D po (1.11)

is called a Cartan decomposition of g.

Theorem 1.33. Let gg be a real semisimple Lie algebra and gy = €, @ po a Cartan
decomposition of go. Then

(a) [€0, %] C Eo, [Eo, bo] C po and [po, o) C .

(b) The Cartan decomposition is orthogonal with respect to the Killing form and the
positive definite form By.

(c) The Killing form is negative definite on €ty and positive definite on pg.

(d) The Lie subalgebra €y is maximal compactly imbedded in go.

Proof. (a) Let X,Y € ¢y, then 0[X,Y] = [0X,0Y] = [X,Y]. The other bracket
relations are proved analogously. (b) Let X € €, and Y € po. Then adxadyt, C po
and adyadypg C €. Therefore tr(adyady) = 0. Since Y = =Y, also By(X,Y) = 0.
(c) Let X € ¢. The positive definiteness of By yields

0 < Bo(X,X) = —r(X,0X) = —x(X, X).
(d) Cf. [31], Ch. III, Prop. 7.4. O

Note that in (a), semisimplicity of g implies that [£, po] = po. In fact, by Proposition
1.18, we have
g = [t © po, €0 D o]  [20, o] + [P0, Po] + [¥o, Po]-
Therefore
[0, €] + [po,po] =€ and [€y, po] = Po-

Example 1.34. (a) On compact, semisimple Lie algebras, the Killing form is
negative definite by Theorem 1.15. The Cartan decomposition and hence the
Cartan involution are therefore trivial.

(b) Corresponding to the Cartan involution §X = —X T the Cartan decomposition
of sl(n,R) is given by

sl(n,R) = so(n,R) ® {P € R”" | P" = P,trP = 0}.

Note that for n = 2 we have the strict inclusion [so(2,R),s0(2,R)] = 0 &
s50(2,R).
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(¢) Corresponding to the Cartan involution X = —X*, the Cartan decomposition
of sl(n,C) is given by

sl(n,C) =su(n) @ {P € C"*" | P* = P,trP = 0}.

(d) Corresponding to the Cartan involution X = —X* the Cartan decomposition
of su(p, q) is given by

wno={[3 e (3 2}

where ST = —S; € CP*P S5 = -5, € C7*9, tr(Sy) + tr(S2) = 0 and B € CP*9,

As a kind of converse to Theorem 1.33 a decomposition gg = €yPp of a semisimple real
Lie algebra gg such that the Killing form is negative definite on £, and positive definite
on po and such that the bracket relations [€y, €] C €, [€,Po] C po and [po, po] C &
hold, determines a Cartan involution 6 by defining

{ —|—1 on EO
0 :=

—1 on pg.

Corollary 1.35 (Weyl unitary trick). If go = & @ po is a Cartan decomposition of
a semisimple Lie algebra go, then € @ ipg is a compact real form of (go)©
Proof. We have (& @ ipg)® = (€ @ ipo) © i(k @ ipy) = (go)¢. The Killing form is
negative definite on &, & ipy, and therefore €5 @ ip, is a compact Lie algebra. O
Lemma 1.36. Let gy be a real semisimple Lie algebra with Cartan involution 6 and
define adjoint ()T relative to the inner product By (1.10) of go. Then

(audX)Jr = —adgx for all X € go.

Proof. A simple computation yields
By(adgx Y, Z) = —r(adgxY,02) = (Y, [0X,02))
=r(Y,0[X,Z]) = —By(Y,adx Z)
= —By((adx)'Y,Z) forall X,Y,Z € go.
m
Theorem 1.37. Let gy be a real semisimple Lie algebra with Cartan involution 6.

Then gq is isomorphic to a Lie algebra of real matrices that is closed under transposi-
tion and the isomorphism can be chosen such that 0 is carried to negative transpose.

Proof. Let 6 be a Cartan involution of gy and denote by By the inner product (1.10).
Since go is semisimple, go = adg, by Proposition 1.18. Now choose an orthonormal
basis B = {by, ..., by} of go with respect to By. Then

{M € RN | M is matrix representation of adx € ad,, with respect to B}

is the required Lie algebra. It is closed under transpose, because of Lemma 1.36 and
the fact that go is closed under 0, cf. [45], Ch. VI, Prop. 6.28. O
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1.4 Cartan-Like Decompositions

We saw in Example 1.34 (a), that the Cartan involution is trivial on compact semi-
simple Lie algebras. Nevertheless, every compact semisimple Lie algebra decomposes
in an analogous way such that the algorithms developed in Chapter 2 can easily be
adopted.

Definition 1.38. Let uy = €, ® py be a compact semisimple Lie algebra and let the
vector spaces €y and pq fulfill the relations

[0, o] C €0, [E0,po] C po, and [po,po] C . (1.12)
Then the decomposition uy = €y @ pg is called a Cartan-like decomposition of ug.

It is conceivable to define Cartan-like decompositions for arbitrary, not necessarily
compact, semisimple Lie algebras. However, we restrict ourselves to the above defini-
tion because Proposition 1.40 then yields a one-to-one correspondence of Cartan-like
and Cartan decompositions and the theory in the subsequent chapters can easily be
adopted. This is not the case if we accept Cartan-like decompositions for noncompact
Lie algebras.

Example 1.39. For a non trivial example consider the compact Lie algebra so(4, R)

and let Ipo := h and I3, := [IS 7 } The involutions 6y := I 5(-)I22 and
-1

— 1
0y = I31(-)I5, yield the Cartan-like decompositions

50(4,111{):{{%1 gj |Sl,52€50(2,R)}@{{_93T ﬂ |BeRM},

50(4,]1%)2{[%3 8} |53€50(3,R)}@{{_%T 8} |b€R3},

respectively.

The above example shows that two Cartan-like decompositions and their correspond-
ing involutions of a compact Lie algebra need not be isomorphic in the sense of
Theorem 1.30. Nevertheless, the following proposition shows the correspondence of
Cartan-like decompositions of compact semisimple Lie algebras and the Cartan de-
compositions of real semisimple Lie algebras. It is in some sense the converse result
to Corollary 1.35.

Proposition 1.40. Let uy be a compact and semisimple Lie algebra und let uy =
€y & po be a Cartan-like decomposition. Then go := € & ipg is a semisimple real Lie
algebra with Cartan decomposition gy = €y & ipg.
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Proof. Both, uy and gg are real forms of the complex Lie algebra u := ug @ iug, defined
as the complexification of uy. Hence, as uy is semisimple, so are u and gy by Proposition
1.24. Now let X € py. By the negative definiteness of the Killing form on ugy we have
0 > k(X,X) = —k(1X,iX) and hence k > 0 on ip. Moreover, [¢, € C & [ip,¥] C ip,
and [ip,ip] C €. Therefore gy = €y @ ipy is indeed a Cartan decomposition. m

According to Proposition 1.40, in abuse of language, Cartan-like decompositions of a
compact Lie algebra uy are sometimes called Cartan decompositions of uy.

1.5 The Structure of Semisimple Lie Algebras

We shall see that an understanding of the structure of semisimple Lie algebras will be
the crucial point to develop structure preserving Jacobi-type methods for normal form
problems of matrices. In this section, the so-called restricted-root space decomposition
of a semisimple Lie algebra is explained and examples are given that exhibit the
correspondence between the root space decomposition and the off-diagonal entries of
symmetric matrices.

Let g be a semisimple Lie algebra, # a Cartan involution and g = € & p the corre-
sponding Cartan decomposition. By finite dimensionality of p, there exists a maximal
abelian subspace a C p. We shall see later on, that any two maximal abelian sub-
spaces a,a’ C p are conjugate in the sense that there exists a ¢ € Inty(€) such that
a = pa’. In particular, for every X € p there exists a ¢ € Inty(£) such that X € a.
This generalizes the well-known fact that any real symmetric matrix is orthogonal
diagonalizable and any Hermitian matrix is unitarily diagonalizable.

Let H € a. Then §H = —H, since H € p. By Lemma 1.36 we have (ady)! =
—adgy = ady. Moreover, if Hy, Hy € a then

adHladHQX = [Hl, [HQ,X]] = —[X, [Hl,HQH — [H27 [X, Hl]] = adH2adH1X

for all X € g. Hence the set {ady | H € a} is a commuting family of self-adjoint
transformations of g. Therefore g decomposes orthogonally into the simultaneous
eigenspaces of these commuting operators. Let X' be a (simultaneous) eigenspace and
denote by A(H) the corresponding eigenvalue of ady. Then A(H) € R since ady is
self-adjoint. For s,t € R and X € X it follows by the identity

A(tH, + sHp) X = adug, e X = tads, X + sady, X = (EA(Hy) + sA(Hz)) X

that A: @ — R is linear. This motivates the following definition. We denote by
a*:={v:a— R | vislinear} the dual space of a.

Definition 1.41. Let g = £ & p be a Cartan decomposition of a semisimple Lie
algebra g and let a C p be a maximal abelian subalgebra. For A € a*, let

gy ={X e€g|adyX =\NH)X for all H € a}. (1.13)
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If A # 0 and gy # 0, the vector space g, is called restricted-root space and X is called
restricted root. The set of restricted roots is denoted by . A vector X € g, is called
a restricted-root vector.

We summarize the above results.

Theorem 1.42 (Restricted-root space decomposition). Let g be a semisimple Lie
algebra with Cartan involution 6 and corresponding Cartan decomposition g = €@ p.
Let a C p be mazimal abelian, denote by X the set of restricted roots and for A € ¥
let gy denote the corresponding restricted-root space. Then g decomposes orthogonally
with respect to By, ¢f. Eq. (1.10), into

9=009 ) 0 (1.14)
AED

and go = 3e(a) ® a, where e(a) :={X € ¢ | [X,H] =0 for all H € a} denotes the
centralizer of a in €. Furthermore, for \,u € XU {0}, we have

G ifA+peTU{0}

0 else.

(a) [gr 8,] C {

(b) O0g) = g_»x, and hence A € ¥ <= —\ € 3.

Proof. The decomposition (1.14) of g follows since the set {ady | H € a} is a com-
muting family of self-adjoint transformations of g. To proof (a), we simply apply the
Jacobi identity. Let X € g5,Y € g, and H € a. Then

[H’ [X7YH = _[Y7 [H’ X]]_[Xv [Y7 HH = /\(H)[X7Y]+M(H)[X’ Y] = (A+#)(H)[X’ Y]

Hence if [ X, Y] # 0, then A + p has to be a restricted root. Since §H = —H, part (b)
follows by
[H,0X] = 0]0H, X] = —0[H, X] = —\(H)0X.

Now let X € 3¢(a)@a. Then [H, X]| = 0-X for all H € a and therefore gy = 3¢(a) ® a.
As a C p and 3¢(a) C ¢, this decomposition is orthogonal by the orthogonality of the
Cartan decomposition. To show the orthogonality of (1.14) note that

)\(H)BQ(X, Y) = —/-c(adHX, QY) = K,(X, adHQY) = KJ(X, QadgHY)
= —k(X,0adgY) = —r(X, u(H)0Y) = u(H)By(X,Y),
for all H € a and hence By(X,Y) = 0. Cf. [45], Ch. VI, Prop. 6.40. O

According to Equation (1.14), we decompose an element X € g into

X=Xo+)» Xu (1.15)
AeX
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Remark 1.43. Similar to the above, it is possible to decompose complex semisimple
Lie algebras into a maximal abelian subalgebra and the so called 100t spaces (in
contrast to restricted-root spaces), cf. [45], Sec. 1, Ch. II. In this context, the term
Cartan subalgebra arises. Note, that although a Cartan subalgebra is related to the
maximal abelian subspace a C p, they do not coincide. A further investigation is not
relevant for our purposes and we refer to the literature. The word restricted roots is
due to the fact, that they are the nonzero restrictions to a of the (ordinary) roots of
the complexification g©. Cf. [45], Ch. VI, Prop. 6.47 and the subsequent remark.

Remark 1.44. Note that the restricted-root space decomposition can be equiva-
lently computed via the eigenspaces of a single operator ady for a generic element
H € a with pairwise distinct roots. Such elements are dense in a since they are ob-
tained by omitting from a the finitely many hyperplanes {H € a | \;(H)—\;(H) = 0},
Ai # Aj. Let £, denote an eigenspace of ady with eigenvalue ;. By definition of the
restricted-root spaces it must hold &£, = €D g,, for some \; € ¥ U {0}. Assume now
that &£, contains at least two restricted-root spaces, say gy, and gy,. Then it follows
= A (H) = A\y(H) which is a contradiction to the choice of H.

Restricted-root spaces are orthogonal with respect to the Killing form as long as the
corresponding restricted roots do not add up to zero.

Corollary 1.45. Let A\, ;p € XU {0} and A # —p. Then r(gx, g,) = 0.
Proof. Let X € g),Y € g, and H € a, then we have

p(H)k(X,Y) = k(adg X, Y) = —k(X,adgY) = = A(H)r(X,Y), forall H € q,
implying that x(X,Y) = 0. O

We see in particular, that £(X,Y) = 0if X,Y € gy, A # 0. The restricted-root spaces
and the corresponding roots for the real simple Lie algebras are explicitly given in
Chapter 4 and in the Appendix. For now we content ourselves with a very simple
example.

Example 1.46. By Example 1.34 (b), the Cartan decomposition of s[(3,R) = ¢® p
is given by

E={QeR™|Q'=-0}), p={XeR* | aX=0,X"=X}.
A maximal abelian subalgebra in p is, for example, the Lie algebra of diagonal matrices
a={H €p | H is diagonal}.

We have 3¢(a) = 0 and therefore by Theorem 1.42, the only subspace where {ady | H €
a} acts trivial is go = a. It is easily seen, that

010 0 01 000 000 000 000
RO O Of,R|jO O Oj,R|jO O I{,R|1 O Of,R{0O O O|,R|0O O O},
0 00 000 000 000 100 010
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are (one-dimensional) invariant subspaces of {ady | H € a}. Parameterizing

aq 0 0 3
a= 0 ay O al,CLQ,CLgGR,ZCLi:O
0 0 as i=1

yields the corresponding roots
)\12(H) = a1 — Gg; )\13(H) = a1 — a3; >\23(H) = G2 — G3;
Mo1(H) = az — a1; A31(H) = az — ay; As2(H) = a3 — as.
respectively.

Lemma 1.47. The set
Ueg :={H € a | AN(H) #0 for all A € ¥} (1.16)

is open and dense in a. Moreover, 34(H) = go if H € Oyeq.

Proof. We have a,eq = a'\ < U /\_1(0)). There are only finitely many restricted roots
AEY
and therefore only finitely many hyperplanes A=*(0). Thus the first part of the lemma

follows. For the second part, let X € 34(H) and decompose X according to (1.15).
Then
0=[H X]=[HXo+» Xi]=Y MH)X,
AES S
and hence A\(H)X, = 0 for all A € X. Since by assumption A\(H) # 0, we must have
X =0. Cf. [45], Ch. VI, Lemma 6.50. O

Theorem 1.48. If a,a’ C p are mazimal abelian, then there exists a po € Intg(€)
such that goa’ = a. Consequently, for every X € p there exists a ¢y € Inty(t) such
that poX € a and p =

pelnt, (8) 4

Proof. Let H, € aand H, € o' be regular elements. Choose by compactness of Int (),
cf. Theorem 1.33(d), ¢o € Inty(€) such that

h:Inty(¢) — R, h(p) = k(pH,, H,)
is minimized. Therefore, the derivation at ¢, vanishes, i.e.
Dh(po)adaypo = k(adapoH., H,) = k(Q, [poH., H,]) =0 for all Q € L.

Since [poH], H,] € £ and & is negative definite on ¢, it follows [poH], H,] = 0 and by
Lemma 1.47 poH| € 34(H,) Np = go Np = a. Since a is abelian and poH, € a, we
have

a C 3p(wof;) = wosp(H,) = pod’.
Equality must hold because a is maximal abelian in p. Now for every X € p extend

RX to a maximal abelian subspace a’ C p. Then poa’ = a as above and the assertion
follows. Cf. [45], Ch. VI, Thm. 6.51. O
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An element X € p is called regular, if it is Intg4(€)-conjugate to a regular element.

By Theorem 1.48 it follows that if G is a Lie group with semisimple Lie algebra g and
g =t @ p is its Cartan decomposition and K denotes the maximal compact analytic
subgroup K C G corresponding to £, then for any X € p there exists ky € K such
that Adg, X € a. Therefore, Theorem 1.48 generalizes the well-known fact that every
Hermitian matrix is unitarily similar to a real diagonal matrix.

Let A be a restricted root and denote by H) € a its dual, i.e.

MH)=~r(Hy\,H) forall H€ a.
Lemma 1.49. Let X, € g\ \ {0} and Hy € a as above. Then
[X)\,QX)\] = R(XA,GX/\)HA and K(XA,QXA) < 0.

Proof. By Theorem 1.42 we have [X,,0X,] € go and 0[X,,0X,] = —[X,,0X,], and
hence [X),0X,] € goNp = a. For H € a we compute

I{([XA,QXA],H) = I{(X)\, [QXA, HD = /\(H)/{(X)\,QX)\)

= K(H)\, IZ]V)H(AXP)\7 GX)\) = K(FL(X)\, 8){)\)}[}\7 H) (117)

The first statement now follows by the nondegeneracy of x on a. For the second
statement, note that x(X),0X,) = —By(X,, X)) < 0, since By is an inner product.
Cf. [45], Ch. VI, Prop. 6.52. O
Let E) € g, be normalized such that

2

T)\ = [E}UQE)\] = —WH)\. (118)
Furthermore define
Q,\ = E,\ + QE,\ and ﬁ/\ = E)\ - HE)\ (119)
Note that
_ — 2
et MWep, v, M) = e
5 (1.20)
K(Q)\,Q/\) = _W’ )\(T)\> = —2

The normalization (1.18) of E) is only unique up to multiplication with +1.

Example 1.50. Consider the case where g := sl(n,R) and the Cartan involution
yields the decomposition into skew symmetric and symmetric matrices with the diag-
onal as the maximal abelian subalgebra. Denote by X;; the (i, j)-entry of the matrix
X. Then the roots are given by
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Recall that the Killing form & is given by x(X,Y) = 2ntr(XY'). Therefore,

1
Hy, = %(eie;-r - ejejT)

where e; denotes the i-th standard basis vector and

1

Nij(Hy,;) = [Ni* =~

n

Hence T),, = —eieiT + ejejT and E),, = j:eiejT. Depending on the choice of E),;, either

O, = e;el — ejeiT or {1, = eje

j — €;€

%

;-
Define
b={X+0X | Xeg}Ct,
(1.21)
pr={X—-0X | X €g,}Cp.

Then for every element Y, = X, + 06X, € £, the corresponding element in p, is
denoted by Y, := X, — 0X,.
The following lemma will prove to be useful.

Lemma 1.51. Let H € a and Y, € €\. Then

[H, Y] = MH)Yy, [H,Y\]|=MNH)Y, and [Y),Y,] €a.

Proof. By definition Yy = X\ + 60X, and Y, = X, — 0X, with X, € g, and hence,
by Theorem 1.42, 0X), € g_,. Therefore,

[H, Y| = [H, X)) - [H,0X,] = \(H)X, — (~A(H))6X, = A(H)Y5,

[H, V3] = [H, X,] + [H,0X,] = NH) X, — NH)0X, = A\(H)Y .

The last assertion follows by the Jacobi-identity. Namely let H € a be a regular
element. Then

[H, [YA, V)] = = [V, [H Y]] + Yo, [H Y]l = =MH) [V, Ya] + MH)[Y5, Ya] = 0.

Now, by Theorem 1.33, [Y), Y] € p and hence, since it commutes with H, [Y),Y )] €
a. O

For given Xi,..., X} € g, denote by (X3, ..., Xj)ra the subalgebra of g generated by
the X;’s, i.e.

(X1, Xk)pa = n{b C g | b is subalgebra and Xy, ..., X} € b}.
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Proposition 1.52. The Lie algebra (E\, 0Ey, T\) 4 is isomorphic to sl(2,R). More
precisely, the following relations hold.

(a) [E)\,QE,\} = T)\, [E)\,T)\] = QE/\ and [QE,\,T)\] = —20E)\
(b) [Q)\,ﬁ,\] = —2T)\, [Q)\,T)\] = 25)\ and [QA,T)\] = QQ/\

Proof. The first commutator relation holds by definition of T. Furthermore, keeping
in mind that A(T)) = —2, one has [E\,Ty] = —\(T)\)E\ = 2E). The remaining com-
mutator relations are easily computed analogously. Then a Lie algebra isomorphism
is given via

01 0 0 1 0
By — [0 0] , —0F) — [1 O] and hence — T\ +—— [0 _J . (1.22)
Cf. [45], Ch. VI, Prop. 6.52. O

Since €, and p, involve g, as well as g_,, we introduce a notion of positivity for the
roots in order to avoid notational ambiguity.

Definition 1.53. An element [ € a* \ {0} is called positive, if
(a) exactly one of [ and —[ is positive,

(b) the sum of positive elements is positive, and any positive multiple of a positive
element is positive.

We denote the set of positive restricted roots by X+,

Theorem 1.42 assures that A € X if and only if —\ € ¥ and that X is finite. Thus a
set of positive roots can be obtained for example by a hyperplane through the origin
in a* that does not contain any root and defining all roots on one side to be positive.
Hence partitioning 3 into X7 UX ™, where X7 := X\ ©7 is the set of negative roots, is
not unique. Positivity allows us to specify decomposition (1.15) for elements in ¢ and

p. To do so, let gy be a restricted-root space and let {E/(\Z),i = 1,...,dimg,} be an
orthogonal basis of gy, each element normalized according to Eq. (1.18). Furthermore,
define analogously to Eq. (1.19)

=0 4P Q0 =ED -9

Denote by
P-g—860 (1.23)

the orthogonal projection onto gg = a @ 3e(a).
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Lemma 1.54. Let r := dimgy. The set

Be= | J{V,i=1,...1} (1.24)

Aext

is an orthogonal basis of 3¢(a)t NE and

By= |J {0V i=1,..r) (1.25)

Aext

is an orthogonal basis of a* Np. In particular, every X € p and Y € € decomposes
orthogonally into

X=X+ > ic(;)ﬁ(j), Y=Y+ > id@@(j), (1.26)

Aext =1 Aext i=1

where Xo :=p(X) € a, Yy :=p(Y) € 3¢(a) and

oW i
S B Q) FUNLCAYY)
AT =(0) &) AT i i)
A0, 2V) w(0), )
Proof. The lemma is a direct consequence of Eq. (1.15). O

This lemma yields immediately the following dimension formula.

Corollary 1.55. We have the dimension formula

dim € — dim 3¢(a) = dimp — dim a. (1.27)

1.6 Weyl Chambers and the Weyl Group

Consider the set of regular elements a,,, defined in Eq. (1.16). By construction, it
consists of finitely many connected components, the so called Weyl chambers. These
are open, convex cones of a. Denote by

Ct:={Hea|XH)>O0foral A\e X}

the Weyl chamber consisting of all elements with positive roots greater than zero.
C* is called the fundamental Weyl chamber and we write C~ := —C* for the Weyl
chamber that lies across from C'7.

Example 1.56. Consider the root-space decomposition of sl(3,R) as discussed in
Example 1.46. Here, a is two dimensional and the hyperplanes A71(0) are straight
lines, partitioning a into six Weyl chambers, cf. Fig. 1.1 and 1.2 subsequently in this
section.
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The following proposition shows that reflections on the hyperplanes A71(0) with A € &
can be realized by some automorphisms in Intg(€).

Proposition 1.57. Let Qy,Q, and Ty be defined as in Eqs. (1.18) and (1.19)

respectively. Then
exp(adzq,)(a) Ca

and exp(adzq,) acts as the reflection on the hyperplane A71H0).

Proof. To show that exp(adzg,) leaves the hyperplane A71(0) pointwise fixed, let
Hy € A740), i.e. A(Hp) = 0. Then

e ad% HQ
exp(adzo, ) Ho = Z B S Hy,

n!
n=0

because [Qy, Hy] = —A(Hy)Q = 0. Now let H € a be arbitrary. Since A7'(0) is a
hyperplane with codimension one and since T\ & A71(0), we can write H = Hy + tT)
for some t € R and Hy € A~(0). Moreover, exp(adzq,)H = Ho+texp(adzq, )T and
therefore it remains to show that exp(adggk) changes the sign of T). To do this, note
that by Proposition 1.52 we have

ad%QAT,\ = Tﬁ)\ and ad%QAT,\ = —7T2T>\.
Therefore
ad@m
exp(adzq, )Ty = Z% o
o0 adQ"“T
e 2n +1)!
> nT)\ > 7TQ)\
B nz_o * nz (2n + 1)!
= (cos )Ty + (sin ) = T,
and hence the assertion follows, cf. [45], Ch. VI, Prop. 6.52 (c). O

Definition 1.58. Denote the centralizer and the normalizer of a in Intg4(€) by

Z(a) :={p € Inty(¢) | pH = H for all H € a},
N(a) :={p € Inty(¢) | oH € a for all H € a},

respectively. Then the factor group W = N(a)/Z(a) is called the Weyl group of g.
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Proposition 1.59. The Weyl group is finite.

Proof. Both N(a) and Z(a) are closed subgroups of Int,(€) and hence compact. Obvi-
ously, 3¢(a) is the Lie algebra of Z(a) and contained in the Lie algebra n of N(a). Now
let Y in n be given. Then AdexpyvyH € a for all t and H € a and hence [Y, H] € a
for all H € a. But then [Y, H] = 0 since

H([K H]? D/v H]) = _R([Hv [Hv Y]],Y) =0

and r is positive definite on p. Therefore we conclude that Y € 3¢(a). Thus N(a)
and Z(a) have the same Lie algebra. It follows that W is 0-dimensional and compact,
hence finite. Cf. [31], Ch. VII, Prop. 2.1. O

Proposition 1.57 shows, that the reflections {exp(adsq,) | A € X} are contained in N.
It can be deduced from the following theorem, that they generate the Weyl group.

Theorem 1.60. (a) Each s € W permutes the Weyl chambers.

(b) The Weyl group is simply transitive on the set of Weyl chambers, i.e. if C1,Co
are Weyl chambers and H € C4, then there exists a s € W such that sH € Cs
and ' € W with s H € Cy implies s’ = id.

Proof. (a) Let s € W and H € a and let E\ € g, be an arbitrary restricted-root
vector. We have
[H,sEy] = s[s 'H, E\] = \M(s 'H)sE}.

Hence )\ o s7! is again a restricted root (corresponding to the restricted-root space
sgy) and therefore W permutes the Weyl chambers. (b) We first show that W is
transitive. Denote by || - || the norm on a, induced by the inner product By. Let H;
and Hj be in different Weyl chambers, i.e. there exists a restricted root A such that
the line segment H; Hy intersects the hyperplane A™1(0). If exp(adzgq,) is defined as in
Proposition 1.57, i.e. the reflection on the hyperplane A=*(0), then a simple geometric
argument shows that
||y — Hal| > |[Hy — exp(adza, ) Hal.

Now W is finite and hence there exists so € W such that ||H; — soH>|| is minimal,
which implies with the foregoing consideration, that H; and sqHy must lie in the same
Weyl chamber. Now to the ”"simple”-part. Suppose that an element s € W maps the
Weyl chamber C into itself. For Hy € C define H := Hy+sHy+...+sY"1Hy, where N
is the order of s. Then sH = H and by convexity of C' we have H € C. In particular,
H is a regular element and its centralizer in g is go = a @ 3¢(a). Let u := £ @ ip the
compact real form of g© and denote by U := Int(u) the inner automorphisms of u.
Then Intyc(¢) C U and in particular s € U. Let

7(t) = exp(adsin)
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denote the one parameter subgroup in U that is generated by iH. Since U is compact,
its closure W is a torus and we denote its Lie algebra by s. The element s is in the
centralizer of this torus, denoted by Zy(y(t)). It remains to show, cf. Definition
1.58, that every member of Zy(v(t)) centralizes a. Since the centralizer of a torus in
a compact connected Lie group is itself connected, cf. [45], Ch. IV., Cor. 4.51, it

suffices to show that the Lie algebra 3,(s) centralizes a. Then
3u(s) =unNje(s) =unze(H) =un(go ®igo) = ia @ 3e(a)

and therefore the assertion follows. Cf. [31], Ch. VII, Thm. 2.12. & [45], Ch. VI,
Thm. 6.57. =

Proposition 1.61. Let ¢ € Inty(¢), H € a and ¢oH € a. Then there ezists a Weyl
group element s € W such that pH = sH.

Proof. Analogously as in the proof of the previous Theorem, let u = € @ ip be the
compact real form of the complexification of g and denote U := Int(u) the inner
automorphisms of u. Let H € a and ¢ € Intgy(€) such that ¢H € a. Then the
centralizer of H in U is a closed subgroup of U, cf. [31], Ch. IV, Cor. 4.51. We
denote it by Zy(H) and its Lie algebra by

su(H) = 3.(H) NE® 3,(H) Nip.

The subspaces ia and ¢~ lia are maximal abelian in 3,(H) Nip. Let H, € a be a
regular element and fix some X € 3,(H) Nip. The function ¢ — k(iH,, pX),¢ €
Zy(H) N Intg(€) is real and attains its minimum since the group Zy(H) N Intg4(€) is
compact. Denote this minimum by 2. Then

d .
EK(IHT’ Adexp )20 X) o= 0

for all T € 3,(H) N &. It follows that
k(iH,, [T, 20 X]) = —k([iH,, 20X],T) =0

for each T € 3,(H) N €. Since [iH,, z20X]| € 3.(H) N € we conclude that [iH,, 20 X] = 0,
implying 20X € ia. In particular, let X = H! where H! € ¢~ 'ia whose centralizer in
ip is ¢~ 'a. Then it follows that H' € z;'ia and so
2y e = p .

Consequently ¢z, ! is in the normalizer of a and the restriction of ¢z, ! to a is the
desired element s € W. Cf. [31], Ch. VII, Prop. 2.2. [
Proposition 1.61 implies that the Inty(€)-adjoint orbit of S € p

O(S) ={pS | ¢ € Inty(8)}, (1.28)

intersects a in only finitely many points. The following corollary specifies this result.
It is preceded by a Lemma.
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Lemma 1.62. Let H € a be an irregular element. Denote the subgroup of W
generated by the reflections on the hyperplanes {\"1(0) | A\(H) = 0} by

Zw(H) = (exp(adzq,) | A(H) = 0).
Then Zyw (H) acts simply transitively on the set of adjacent Weyl chambers of H.

Proof. The proof adapts the idea of the proof of Theorem 1.60. Consider that H;
and Hs lie in two different Weyl chambers C; and C5 adjacent to H. Then the line
H\ H, intersects a hyperplane A~*(0) with A\(H) = 0. Now the same argument as in
Theorem 1.60 yields that there exists an so € Zy (H) such that H; and soHs lie in the
same Weyl chamber. The fact that Zy (H) acts simply transitive follows by Theorem
1.60. m

Corollary 1.63. The Weyl orbit of an element H € a intersects any closure of a
Weyl chamber in exactly one point, i.e. let C' be a Weyl chamber, C' 1its closure and

W - H:={sH |s € W} the Weyl orbit of H. Then
4(W-HNT) =1.

Proof. Let s € W be a Weyl group element and let Cjy be a Weyl chamber. First note,
that H is regular if and only if sH is regular, or more precisely, by Theorem 1.60, s
permutes the roots, hence

AN e T | AH) =0} = #{)\ € ©F | A\(sH) = 0} (1.29)

We have to show that H,sH € C implies H = sH, so assume that s is not the identity.
The Weyl group is simply transitive on the Weyl chambers, hence if H is regular, i.e.
H € (), there is nothing more to show. Now assume that H is not regular and sH
as well as H lie in Cpy. Since s71(Cp) is adjacent to H and since also Cj is adjacent to
H it follows by Lemma 1.62 that s™' € Zy (H). But all elements in Zy (H) leave H
fixed and it follows sH = H. O

The phenomenon of Corollary 1.63 is illustrated in Fig. 1.1 and 1.2. We also give the
appropriate example.

Example 1.64. Consider again the root-space decomposition of s[(3, R) as discussed
in Example 1.46. Let Hq, Hy € a be given as

0
0|, and Hy=

1
H, = |0
0 —1

o O O
S O =
S = O

o O
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A7H0) (0
25 1(0) (| 251(0)
251(0) > 25(0)
Figure 1.1: Weyl orbit of a regu- Figure 1.2: Weyl orbit of an irreg-
lar element. ular element.

Hi is regular whereas Hj is not. The order of the Weyl group is #W = 6. All diagonal
matrices that are similar to Hy, Hs respectively, are given by

1 0 0 00 0

W.H ={+H,£[0 -1 0|,£[0 1 o0
0 0 0 00 —1
1 0 0] [-2 0 0

W.-Hy={Hy, |0 =2 0|,|0 1 0
0 0 1| |0 01

There is an interesting connection between the Weyl orbit of an element H € a and
its adjoint orbit, firstly derived by B. Kostant in 1973. His theorem is a generalization
of the well-known theorem of Horn (1951) [37] and the later theorems of Sing [59] and
Thompson [63] (1976,1977).

Theorem 1.65 (Kostant’s convexity theorem). Let H € a and let O(H) =
{eH | ¢ € Inty(€)} be the adjoint orbit of H. Furthermore denote by W - H the
convex hull of the Weyl orbit of H and let p: p — a be the orthogonal projection.
Then

W H =p(O(H)).
Proof. Cf. [47]. O



Chapter 2

Generalized Jacobi Method:
Coordinate Descent on Manifolds

Jacobi-type algorithms and cyclic coordinate descent methods can be regarded as
optimization tasks on smooth manifolds, see [32]. Suppose we want to compute a
local minimum of a smooth cost function

f+M—R

on an n-dimensional manifold M. Following [32], in [41] a Jacobi-type method on M
is defined by specifying smooth maps

rii: Rx M — M (t,X)—ri(t,X), i=1,..,m

with r;(0, X) = X. Restricting the function f to (R, X) C M and searching for
the minimum of the restricted function yields (if it exists!) an element X; € M. If
we repeat this procedure and restrict f to ro(R, X;), another element X, € M is
obtained. Thus proceeding recursively, a sequence of elements X € M is obtained by
defining the (k+1)-st element X} as the result of minimizing f along (R, X}). We
will be more precise in Section 2.2. The above formulation of a Jacobi-type method
is sufficiently general to contain both the classical Jacobi method for diagonalizing
a Hermitian matrix as well as the so-called cyclic coordinate descent method known
from optimization theory. Under additional assumptions on the above algorithm local
quadratic convergence has been shown in [41].

There are several possibilities to specify a Jacobi-type method. The problem with the
above proposed method is that it is not well defined at every step. Moreover, for a
local convergence analysis quite severe assumptions have to be made. Throughout this
thesis, we therefore follow a slightly different approach and instead of searching for a
global minimum of the restricted cost function we are searching for a local minimum.
We shall see that this condition is sufficient for the algorithm to be well defined in a
neighborhood of a nondegenerate minimum of f.

36
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This chapter is organized as follows. After a short summary of basic facts and defin-
itions from global analysis, an abstract construction of cyclic Jacobi-type algorithms
is given and, following [41], the local convergence properties are investigated. Subse-
quently, we focus on a special situation where Jacobi-type methods on the compact
orbit of a Lie algebra element S € p

M =0(5)={pS | pelnty(t)}, Sep, (2.1)

under the group action of Inty(€) are considered. Here g = ¢ @ p is a Cartan decom-
position of g. Note, that if G is a Lie group, g = €@ p is the Cartan decomposition
of its Lie algebra and K C G is the analytic subgroup with Lie algebra £, then
Ad(K) = Inty(®), cf. Eq. (1.8). In the case where G is a group of matrices, Eq. (2.1)
reads as

O(S) = (kSEk™' | k € K.

We investigate the orbit of one parameter subgroups in O(S) and deduce sufficient
conditions for a Jacobi algorithm to be globally well defined. Furthermore, a re-
sult on parallelizability for these algorithms is given under some assumptions on the
underlying cost function.

2.1 Preliminaries on Differential Geometry

We recall some basic facts and definitions on global analysis, cf. [35]. Let M be a
smooth manifold of dimension n. A curve through = € M is a smooth map

v: I — M,

where I C R is an open interval containing 0 and v(0) = x. Let U be a neighborhood
of x and let ¢: U — R"™ be a chart. Then

pory: I — §(U) CR"

is differentiable. Two curves v; and v, through x € M are said to be equivalent, if
(@ o) (0) = (¢ o72)(0) holds for some and therefore any chart ¢. This defines an
equivalence relation on the set of all curves through x. A tangent vector at x is then
an equivalence class £ := [7] of a curve v and the tangent space T, M is the set of all
tangent vectors. It can be shown to be an n-dimensional real vector space.

Example 2.1. Let g be a Lie algebra and let Int(g) be the group of inner automor-
phisms of g. Let h C g be a Lie subalgebra. Given an arbitrary Lie algebra element
S € g and setting H := Inty(h), we denote by

Ou(S) ={pS|pe H}
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the adjoint orbit of S. Recall that
Intg(h) = group generated by {exp(adx) | X € bh}.

To avoid unnecessary notation we drop the subscription H if no confusion is expected.
As a representative of an equivalence class [y] of curves through Y € O(S) we choose
vx(t) = exp(tadx)Y, X € h. Thus the tangent space of O(S) at Y is given by

TyO(S) = {7x(0) | X € b} = {[X, Y] [ X € b} = ady(h).
Now let M, N be manifolds and let
fiM— N

be smooth. If v is a curve through = € M, then f o+ is a curve through f(z) € N
and equivalent curves through z are mapped to equivalent curves through f(x). We
can therefore define the deriwative of f at x € M as the linear map

Df(:L‘) TxM — Tf(I)N

given by Df(x)[y] = [f o] for all tangent vectors [y] € T,M. If f: M — R is a
smooth real valued function, we identify 7, (R) = R for all y € R and define a critical
point of f as a point x € M such that D f(z){ = 0 for all £ € T, M. The Hessian of
f at a critical point = then is the symmetric bilinear form

He(z): ToM x T,M — R,
(2.2)
(61, €2) — 3 (Hs()(& + &, + &) — Hy ()&, 61) — Hy(@)(&, &) ).

where

Hy (@) ([7) []) == (f 2 9)"(0). (2.3)
It can be shown that this definition is independent of the choice of the representative
v only if v(0) is a critical point of f. The Hessian is therefore only well defined at
critical points of f. A critical point is nondegenerate, if its Hessian is nondegenerate.
If z is a local maximum (minimum), then H(z) is negativ (positive) semidefinite. On
the other hand, if Hy(z) is negative (positive) definite, then z is a local maximum
(minimum).

2.2 Abstract Jacobi-Type Algorithms

In this section a Jacobi-type algorithm on manifolds is presented that is well-defined
on a neighborhood of a nondegenerate local minimum of the cost function. Further-
more, some necessary conditions for local quadratic convergence of the algorithm are
proposed.
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Figure 2.1: Ilustration of the Jacobi sweep.

Let M denote a smooth manifold and let f: M — R be the considered cost function.
Fori=1,....,m let

ri: Rx M — M (t,X)—ri(t,X), i=1,..,m,

be smooth with r;(0,X) = X. Note, that /(0,X) = L|,_or;(t,X) € TxM for all
1=1,...,m.

Starting from an arbitrary point X € M, we search in a predetermined direction to
find the nearest local minimum of the restricted cost function. This minimum is the
initial point for a subsequent minimization along the next predetermined direction
and so on, cf. Figure 2.1 for an illustration of the idea. Explicitly, the algorithm is
given as follows.

Algorithm 2.2 (abstract Jacobi sweep). Suppose that for all i = 1,...,m and
X € M not both sets

TOX)* .= {t >0 | t is local minimum of f o r4(t, X)},
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TO(X)": ={t <0 |tis local minimum of for;(t,X)}
are empty. Let 7W(X) := 7O(X)* U T (X)~ and define the step size as

te7 ) (X) (2.4)

( arg min |t if inf 7W(X)* #£ sup 7@ (X)~
X) =
inf 7@W(X)*  else,

ie. t¥ (X) is the element of 7((X) with smallest absolute value and in the case of
two possibilities, the positive one. A sweep is defined as a map

s: M — M

that is explicitly given as follows. Let X Igo) = X.

X’S) — (til) (X,io)>,X,§0)>

X,(Cn) =T, (tim) (X,gn_l)) , X,im_l)>

and set now s(X) := X\".

Note that although, by construction, 7™ (X) consists only of local minima, this need
not be true for £”(X). However, since f is smooth, ¢\” (X) is always a critical point

of t — fori(t,X).

Remark 2.3. Note that in complete analogy it is possible to formulate a sweep
that searches for local maxima instead of minima. In fact, in a later chapter such an
optimization task is implemented. Nevertheless, in the sequel we restrict the theory
to the minimization task. It is straightforward to see that all subsequent results on
Jacobi methods remain valid for maximization tasks, too.

The Jacobi algorithm consists of iterating sweeps.
Algorithm 2.4 (Jacobi Algorithm).

1. Assume that we already have Xy, X1, ..., X € M for some k € N.
2. Put X;y1: = s(Xj) and continue with the next sweep.
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Clearly, Algorithm 2.2 is only well defined if the sets 7 (X) are not empty. This is
ensured in a neighborhood of a nondegenerate minimum of f. To see this we apply
the following lemma for a fixed integer .

Lemma 2.5. Let Z € M be a local minimum of the smooth cost function f: M — R
and denote & :=ri(0,2) € Tz M. Suppose that the Hessian

Hf(Z)I ToM x TyM — R

satisfies He(Z)(&,&) # 0. Then the step size selections tfki)(X) in Algorithm 2.2 are
well defined and smooth in a neighborhood of Z. In this case

~ H(2)(&, -)
Dt(l)(Z)( . ) - _f—“.
Hf(Z)(fiafi)
Proof. The main argument is the Implicit Function Theorem, cf. [1], Theorem 2.5.7.
Define the C*°-function

d
V:RxM—R, 9t X):= T (fori(t,X)).
By the chain rule we have
W(t, X) = Df (r;(t, X)) ri(t, X). (2.5)

Since Z is a local minimum of f (r;(¢, X)) it follows that
¥(0,7) = 0.
Differentiating v with respect to the first variable yields

d d?
LUt X -4
dtw( X 0,2) dt?

by assumption, where & := ri(0,7) € TzM. Now the Implicit Function Theorem
yields that there exists a neighborhood U’ of X and a unique smooth function

po: U — R

such that ¥ (¢(X), X) =0 for all X € U’. Since w(tii)(Z), Z) =0, it follows from the
uniqueness of ¢ that there exists a suitable neighborhood U C U’ of X such that

o(X)=tD(X) forall X e U.

for(t,X) 0.2) =Hi(Z2)(&.,&) #0 (2.6)

Thus ¢ is well defined and smooth in a neighborhood of Z. Now let ¢ € T, M.
Differentiating ¢ with respect to the second variable yields together with Eq. (2.5)

Dxw(t.X)| = Dx(Sfon (X))

t=0,X=2

= Dx(DF(X)r(0,X))| ¢
= Hp(2)(6.6).
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Since 1 (t%(X), X) =0 for all X € U,

. d ) ) .
0= Dyt (X), X)| &= Z0(t(2),2) e DEN(Z)E + Dx (K (2), 2)¢
and the assertion follows. O]

Under some additional assumptions, Algorithm 2.4 is locally quadratic convergent to
a local minimum of the cost function.

Definition 2.6. Let M be an n-dimensional manifold and let s: M — M. We say
that the iterative algorithm defined by Xy, = s(Xy) is locally quadratic convergent
to Z € M if Z is a fixed point of s and there exists a neighborhood U of Z, a chart
¢: U — ¢(U) C R" with ¢(Z) := g and a constant K € R such that

(a) s(U) C U,

(b) [l[posod™(p) —qll < Kllp—ql|* forall pe ¢(U).

Lemma 2.7. Let ¢ and U be as above. For every neighborhood W C U of Z there
ezists a neighborhood W' C W such that s(W') C W'.

Proof. By part (b) of the above definition,
1605(X) = d(Z)]| < K[|6(X) — 6(Z)||* for all X € U.
Now let W C U be a neighborhood of Z and let
W= (X € W | K[lo(X) - 6(Z)]| < 1}.
Then W' is also a neighborhood of Z and s(W') C W’ because
Kl o s(X) — 6(2)]| < K2[|6(X) — $(2)|? < 1
for all X € W'. O

Definition 2.6 is independent of the chosen chart, because if ¢: U" — 9(U’) is another
chart, by Lemma 2.7 we can assume without loss of generality that U’ C U and

s(U") c U'. Assume furthermore without loss of generality that U’ is compact. Then
for all X € U’ we have

¥ os(X) =d(2)]| =l od™ opos(X)—pog™ ogp(Z)
< KKi||o(X) — ¢(2)|?
= KKil|poy™ o)(X) — g0y~ oth(2)]]
< KK Fol[(X) — o (2)|P,

where

Ki= sup [[D@o¢ " )p)|l, Ko= sup [|[D(¢oy ()|
ped(U’) p'ep(U’)

If M C FE is a submanifold of a real N-dimensional normed vector space, then this
definition of local quadratic convergence is compatible with any norm on F.
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Lemma 2.8. Let M C E be an n-dimensional submanifold of a real N-dimensional
vector space E and let || - ||g be any norm on E. The iterative algorithm induced by
s: M — M is locally quadratic convergent to Z € M if and only if there exists a
neighborhood U C E of Z and a constant L such that

I1s(X) = Z||g < L||X — Z||%  for all X € UN M.

Proof. We may assume without loss of generality that £ = RY. Let U C R" be a
compact neighborhood of Z and let ¢ be a submanifold chart, i.e. ¢: U — RY ¢(X) €
R™ x {0} for all X € U N M.

”=": Assume that the algorithm is locally quadratic convergent. Then

Is(X) = Z||le = |67 0 pos(X) — 6™ 0 d(2)]|s
< sup [[Do™ ()] [l¢ o s(X) — o(2)|
ye(U)

[ J/
n'g

=K1
< KiK||¢(X) — ¢(2)]]*
< KiK(sup 1DS(X)ID*IIX — Z] %

7<": The converse direction is shown analogously. Restrict a chart ¢ by Lemma 2.7
to a suitable compact neighborhood U’ N M of Z with U’ C U. Then

lpos(X) = o(Z)|| < sup [[Do(2)][[|s(X) — Z||k
icEUﬂM J

-~

=Ki
< K\L||X - Z||3,

<KL sup [[De (y))2NI6(X) — $(2)]? for all X € U' N M.
yES(UNM)

]

Lemma 2.9. Let s: M — M be twice continuously differentiable in a neighborhood
UCM of Z and let Z be a fixed point of the algorithm. Then the derivative of s at
Z wvanishes if and only if the algorithm induced by s is locally quadratic convergent to
Z.

Proof. Without loss of generality we may assume that U C R".
7<«<": Assume that

1s(X) = Z|| = [|s(X) = s(2)]| < K||X - Z||.
By definition of the derivative

|Is(X) = 5(2) = Ds(2)(X = Z)]
X =2l

= o(|[X = Z[])
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it follows immediately that Ds(Z) = 0.
7"=": Now let Ds(Z) = 0. Then Taylor’s Theorem yields

s(X)=s(2)+ Ds(Z)(X —= 2)+ sD*f(&)(X — Z,X — Z),
with € € XZ, the connecting line of X and Z. Now using that s(Z) = Z, it follows

1s(X) = Z|| < sup || D*s(X)]] - [|X — Z]]*.
XeU
This also implies the existence of a neighborhood U’ C U with s(U’") C U’. Thus the
algorithm induced by s converges quadratically fast to Z. O]

Part (b) of the following theorem is according to a result in [41].

Theorem 2.10. Let M be an n-dimensional manifold, let Z be a local minimum of
the smooth cost function f: M — R with nondegenerate Hessian Hp(Z) and assume

that & :=1}(0,2Z) #0 for alli=1,...,m.
(a) Then a sweep, cf. Algorithm 2.2, is well defined in a neighborhood of Z.

(b) If furthermore {& | i = 1,....,m} is a basis of Ty M (implying m = n) and
Hi(Z)(&, &) = 0 fori # j, then Algorithm 2.4 is locally quadratic convergent
to Z.

Proof. We apply Lemma 2.5 to show that Algorithm 2.19 defines a smooth function
on M in a neighborhood of Z. Moreover, under the assumption that H;(&;,&;) = 0
for ¢ # j, its first derivative vanishes. Then Lemma 2.9 will complete the proof.

(a) One basic step within a sweep (cf. Algorithm 2.18) is given by

ri: M — M, r;(X)=rit z‘)(X),X)

*

and one sweep is the composition
s(X)=r,o0...0or(X).

Since the Hessian at Z is positive definite, Lemma 2.5 implies that # is well defined
and smooth in a neighborhood of Z for all 7, and hence so is ; and therefore s, because
Z is a fixed point of every r;.

(b) Now let £ € T, M denote an arbitrary tangent space element. The derivative of
r; in Z is given by

Dri(2)¢ = D (ri(t(x),%)| )¢
= Drilt, Xl x)—9 (2),2) © DI (X)) [x=2¢
=Dt(Z2)& + ¢
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since t(ki)(Z) = 0. By Lemma 2.5 therefore

Hf(Z)(gz', 5)
Hp (Z) (&, &)

Thus Dr;(Z) is a projection operator that — by orthogonality of the &;’s with respect
to Hy — maps ¢ into (R¢;)*. The composition of these projection operators is the zero
map. Since Z is a fixed point of Algorithm 2.18, i.e. 7;(Z) = Z for all i = 1,...,n, we
conclude

DTz‘(Z)f =§— &

Ds(Z) = D(rpo...or)(Z) = 0.

Consequently, Algorithm 2.18 defines a smooth sweep map on a neighborhood of Z
with vanishing derivative. Therefore, Lemma 2.9 implies that the algorithm is locally
quadratic convergent to Z. [l

2.3 Jacobi-Type Algorithms on the Int,(£)-Orbit

In order to specialize the abstract Jacobi-type method given in the last section to the
case where M is the compact orbit O(S), cf. Eq. (2.1), we need to have a closer look
at the one parameter subgroups in Int,(£) and the corresponding orbits of an element
S € p. The obtained results will also prove useful in the subsequent chapter, where
the generalization of the symmetric eigenvalue problem is considered.

2.3.1 One Parameter Subgroups in Inty(£)

We first show that O(S) is a compact submanifold in p. By Theorem 1.33, ¢ is
compactly imbedded in g and therefore the group Inty(€) is compact. Now for S € p
consider the orbit

O(S) :={pS5 | ¢ € Intg(8)}.
Note, that if G is a matrix Lie group with Lie algebra g and K is the analytic subgroup
corresponding to £, then

O(S) = {kSk™' | k € K).

Proposition 2.11. Let g =t ®p be a Cartan decomposition of the semisimple Lie
algebra g and let S € p. Then the orbit O(S) is a compact submanifold of the real
vector space p.

Proof. Every element ¢ € Inty(¥) is given by exp(adg) for some €2 € ¢ and hence, if 0
denotes the Cartan involution,

=1
0(0S) = EGad’éS = —8S,
k=0

because adf,S € p for all k € N, ¢f. Theorem 1.33 (a). Therefore, the compact group
Int4(€) operates on p and thus has compact orbits O(S5). O
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Now fix a maximal abelian subalgebra a C p and let
G=00® Y o
Aex

be the associated restricted-root space decomposition, cf. Theorem 1.42. For any
restricted root A € ¥ let Q) € €, and 2, € p, be the normalized vectors defined in
(1.19), i.e.

QA = E/\ -+ QE)\ and ﬁ/\ = E)\ - QE)\, (27)
with F) € g, normalized such that
2
T)\ = [E)UQE)\] = —WH)\. (28)

Here, H) € a denotes as usual the dual to A\ with respect to the Killing form. For any
A € X consider the one parameter subgroup

oxn: R — Inty(8), @a(t) = Adexpra, - (2.9)

An important fact is that the image of R under ¢, is closed in Inty(€). Thus since
Intg(€) is compact, it is also compact.

Lemma 2.12. The one—parameter subgroups px(R) are isomorphic to the circle

St={et | t € R}.

Proof. Let u = t®ip be the compact real form of the complexification of g and denote
U := Int(u) the inner automorphims of u. Correspondingly,

5= <Q)\,i§)\,iT>\>LA Cu

is the compact real form of the complexification of the Lie algebra (Q, 2, T\) 4.
Consider now the closure of ¢, (R) in Int(g). Since Inty(€) is compact, ¢ (R) C Inty(#).
Moreover, Inty(€) is a closed subset of U and hence ¢,(R) is closed in Inty(t) if and
only if it is closed in U. By Proposition 1.52, the Lie algebra s is isomorphic to su(2).
Since u is semisimple, Proposition 1.18 implies that ad(s) is isomorphic to su(2). The
analytic subgroup S C U with Lie algebra ad(s) is closed in U, because U is compact
and ad(s) is semisimple, cf. [53], Corollary 2. Therefore the closure ¢, (RR) is contained
in S. Since every compact abelian analytic Lie group is a torus, cf. [45], Ch. 1.12,
Corollary 1.103,

oA(R) = St x .. x S

On the other hand, for dimensional reasons, the only torus contained in S is S', so
©x(R) = S. Therefore

ea(R) = pA(R),
since both Lie groups are connected and have the same Lie algebra and are therefore
identical, cf. [31], Ch. II, Thm. 2.1. Thus p)(R) = S*. O
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The topological properties of the adjoint orbits of elements X € g are given in the
following corollary.

Corollary 2.13. Let Y € &, and let X € g be arbitrary. Then the following holds.
(a) Adepry X = X if and only if [Y, X] = 0.
(b) If [Y, X] # 0, then Adexpry X is closed curve.

Proof. Part (a) is easily seen by taking the derivatives at ¢ = 0 on both sides of the
equation Adexyry X = X. Part (b) follows immediately from Lemma 2.12. O

For our purposes, it is of particular interest to consider the orthogonal projection of
the one-parameter orbit Adexpra, X onto the maximal abelian subalgebra a C p. In
the next theorem, a parametrization of the resulting curve is given.

Theorem 2.14. Let g be a semisimple Lie algebra with Cartan decomposition g =
tEdp. Let X € p and Ty, Q) be as in Eq. (2.7). Denote by p: p — a the
orthogonal projection onto a and let

be the Qy-coefficient of X. Then
D (Adexpra, X) = Xo + g(H) T,
where Xo := p(X) and g is defined by
g:R—R, t+— 3A(Xp) (1 — cos(2t)) — ¢y sin(2t). (2.10)
The proof of Theorem 2.14 is based on the following two lemmas.

Lemma 2.15. Let n € Ny and Ty, 2, Q. as in Eq. (2.7). The following identities
hold.

(CL) adéT;Jrlﬁ)\ = (—1)”22n+1(—T)\),
(b) ad?{iT)\ = (—1)”22nT)\.

Proof. (a) The first formula is shown by induction. By Proposition 1.52 it is valid for
n = 0. Assume it is true for n. Then

adfy P, = —2add Ty = —4add T, = (-1)"2 (-1,

and the formula is shown for n + 1. (b) The second identity follows from (a) by a
straightforward calculation. It is clearly true for n = 0. Now let n > 1. Then

adg! T\ = 2adyy ' = 2(=1)""12"" 71 (=T)) = (—1)"2*"T).
The result follows. O
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Lemma 2.16. Let A, i be positive restricted roots with A # p. Let Qy € py and
€, € &, Then p(adg,2)) =0 for all k € N.

Proof. The proof is done by induction, separately for the even and the odd case. The
assumption is clearly true for n = 0 and n = 1 by Theorem 1.42. Now let H € a be
arbitrary. Then, by the induction hypothesis,

kladh, 0, H) = p(H)r(ads, 0, 9,) = u(H)w(adk 0, [0, 2,)

= p(H)rk(adg, 2y, 2T,,) = 0,
as T,, € a. This completes the proof. O

PROOF OF THEOREM 2.14. For all ¢ € R we have the identity, cf. [45], 1.10, Propo-
sition 1.91,

Adexpia, X = exp(adin, ) X = Z EadgkX. (2.11)
k=0

It is shown that, if we decompose X € p according to Eq. (1.26), then the only
summands in Eq. (2.11) that affect the projection onto a are X, and ¢ Qy. First,
assume that ﬁl/\,ﬁ,\ € p, and m(ﬁ)\,Q/A) = (0. Then, by Lemma 1.51 we have for all
H € a that
0 = A(H)r(Q, Q) = 6(Q, [H, Q]) = £([2, L], H)

and hence [}, Q,] is contained in a*. Therefore, Theorem 1.42 implies that [}, Q] €
pox if 2\ € ¥ and is zero otherwise. For y # A\ we can apply Lemma 2.16. Hence
using Lemma 1.51 and Proposition 1.52, we obtain

P (Adexpta, X) =D (Z k'adm ) =p (Z k|adQA(Xo —}—C)\Q)\)) =

k=0 k=0

= Xo+p ( Ead [QA,X0]> +e\p (Z Wd@%) -

k=1 k=1

otk tk —
= Xo—AMXo)p <Z Ead’éAlQ,\> +e\p < Eadng,\> —
“— k! !

> 2k+-2 2k+1 > t2k+1 -
= XO — )\(XO)ZW d Q)\—f—C)\ZmadQ/\ Q)\.
k=0 '

By Lemma 2.15, the last sum simplifies to
2+l 0 2k

akoHQ,\ _

1 k22k+1T
(2k + 1)1 ™ < (2k:+1)( ) A

k=0

OO 2t 2k+1
Z 2]{ T ) T)\ = — sin(2t)T>\.

=0
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Furthermore,
i ad%HQ)\ — i t2k—+2(_1)k22k+1T)\'
(2k + 2)! (2k + 2)!
0 k=0
Now we have
d e t2k+2 e (225)2]““
el 22k+1 _1 k — i 2t
dt kz 2k +2)! };( Vg — s,
and
f: t2k+2 2k+1 __ 1( ( ))
2 = =(1 — cos(2t
2 b
k:o (2k + 2)!

and therefore
P (AdexthXX) = X(] -+ %)\(Xo)(l — COS(Qt))T)\ — C) sm(2t)T)\
O]

As can be seen from Theorem 2.14, the torus algebra component varies along the orbit
of the one-parameter group Adecpin,. In the next lemma we analyze this variation in
more precise terms by discussing the function (2.10).

Lemma 2.17. The function g(t) = 2N Xo)(1 — cos(2t)) — cysin(2t) is w-periodic
and 1s either constant or possesses on (—g %] exactly one minimum ty;, and one
Marimum tymax. In this case

2 AKX,
Sin 2t pin = > o , €08 2t pin = > (Xo) ,
4ex + A(Xp)? Aex + A(Xp)? (2.12)
Sin 2t = — Sin 2¢min, €0S 2t max = — €OS 2tmin,

and g(tmin) = 3A(Xo) — £1/4¢3 + M X0)? and g(tmax) = 3A(Xo) + 5/4¢3 + A(Xo)2.

Proof. The first assertion is trivial and we only need to prove Eqgs. (2.12). Substituting
v = sin 2t and u := cos 2¢ into the function g(t) = FA(Xo) (1 — cos(2t)> — ¢y sin(2t),
leads to the following optimization task.

Minimize/Maximize 1A\(Xo)(1 — u) — c\v

2.13
subject to  u? +0v? = 1. ( )

We use the Lagrangian multiplier method to find the solutions. Let

Ly (u,v) = IA(Xo)(1 — u) — cxv + m(u® +v* — 1)
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be the Lagrangian function with multiplier m. By assumption, g(¢) is not constant
and therefore the system of equations

DyLy(u,v) = —%)\(XO) +2mu =0
Dy Ly (u,v) = —cy + 2mu =0
u? + v? =1

has exactly the two solutions

)\(X()) 20)\
VAG +N(X0)? VA + M X)

(ug,v1,my) = ( 2,% 4c3 + )\(XO)2> and

(2.14)
)\(Xo) 20)\

_ _ 1
VAG FNX0)2 V/AG + MXp)? 2

(UQ,’UQ,’TTLQ) = < 4C§\ + )\(X(])Q

An inspection of the Hessian of L, (u;,v;) for i = 1,2 and noting that (ui,v,) =
—(ug, v9) completes the proof. The last assertion is proven by a straightforward com-
putation. ]

2.3.2 The Algorithm

We specify the Jacobi algorithm 2.4 in more concrete form for the optimization task
of a smooth cost function

f:0(S) — R

on the compact orbit O(S). We take advantage of the results of the previous section
and use the ) € &), cf. Eq. (2.7), arising from the restricted-root space decomposition
in order to determine the search directions. This guarantees that the algorithm is
globally well defined.

Algorithm 2.18 (Jacobi sweep). Let X € O(S) and let B := {Q4,...,Q,,} C ¢
where every (2; lies in £, for some restricted root A;. We can assume without loss of

generality that the {); are normalized according to Eq. (2.7). Define for Q2 € B the
search directions

ro: O(S) xR — O(9), (X,t) — AdepraX. (2.15)
A sweep on Intg(€) is the map

s: O(S) — O(9),
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explicitly given as follows. Set X ,io) = X.

X0 =, (010 ()

X" = v, (x00a (X))

where t{” is defined in Algorithm 2.2. Now set s(X) := X\™.
The Jacobi algorithm consists of iterating sweeps.
Algorithm 2.19 (Jacobi Algorithm).
1. Assume that we already have Xg, X, ..., X € O(S) for some k € N.

2. Put Xgi1: = s(Xk) and continue with the next sweep.

Remark 2.20. Note, that by construction, a Jacobi sweep does not work in direc-
tions Q € 3¢(a).

Theorem 2.21. Algorithm 2.19 is well defined, for any start value X € O(S)
and all iteration steps. Assume that f is smooth and Z € O(S) is a nondegenerate
local minimum of f. Then the Jacobi algorithm is locally quadratic convergent to Z,
provided {[Z,Q] | Q € B} is a basis of T;O(S) (implying m = dim O(S)) that is
orthogonal with respect to the Hessian H¢(Z).

Proof. The first part of the theorem follows from Corollary 2.13, that assures, that the
cost function restricted to orbits of one parameter groups Adey,:o is periodic, since
Q2 € £\. By continuity of f, the step size and therefore Algorithm 2.18 is well defined.
For the second part recall that the tangent space T,O(S) is given by

T,0(S) = ady¢t,
cf. Example 2.1. The assertion now follows by Theorem 2.10. O]

In the rest of this chapter we give some brief ideas on the issue of parallelizability
of the Jacobi-algorithm. This is linked to the possibility of achieving simultaneous
minimization for the Jacobi sweep 2.18 in certain directions. For () € £,, we assume
that the step-size selection t, along Ad.g,X only depends on the Q-component
of X and on A\(Xjp). Although this seems quite restrictive, it includes the classical
cyclic Jacobi and the Sort-Jacobi methods for the Lie algebraic generalization of the
symmetric eigenvalue problem. The following theorem generalizes the results in [25],
Section 8.4.
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Lemma 2.22. Let A\, be restricted roots such that neither X\ + u nor A\ — u are
restricted roots or zero. Let H, denote the dual to p. Then

AH,) =0.
Proof. Let E) € gy be defined as in Eq. (1.18). Then

AH)K(Ey, 0By = k([H,, E)\],0E)) = k(H,, [Ex, 0E)) = H, H,) =0,

2
e
by Proposition 3.20 (e). The assumption follows since k(Ey, 0FE)) = —By(E), E)) <
0. [l

Theorem 2.23 (Parallelizability). Suppose that for all X € O(S) the step-size t.
in Algorithm 2.18 along Adex,i0X only depends on the Q-component of X and the

corresponding root of Xo := p(X) € a. Then the line search in ;- and Qy-direction
can be done simultaneously if N+ p ¢ XU {0} and A — p & ¥ U {0}.

Proof. Let O € €, and )y € £, such that neither A 4y nor A — p is a restricted root
or zero. The line search can be done simultaneously if and only if the transformations
Adexpio,, t € R, do neither affect the Qy-component of elements X € p, nor the
corresponding root of its projection onto a, i.e. p(Xy). The Qy-component of X € g
is not affected by transformations Adeyp o, if and only if

K(Adeyp i, X, Q) = K(X, Q) for all t € R.
Differentiating with respect to ¢ and using the ad-invariance of the Killing form yields
—K(Adexpia, X, [Q1, Qa]) = 0 for all t € R,
hence a sufficient condition for not affecting the Q,-component is that
[Q4,Q] = 0. (2.16)

Now let Q) = E\ + 0E) and Qy = E, — 0E,. If A+ p and A — p are not in X U {0},
it follows from Theorem 1.42 that

[Q1,Q] = [E\, E.] — [Ex,0E,] + [0E\, E,] — [0Ex, 0E,] = 0.

To see that p(p(Adepio, X)) = p(Xo) for all t € R, we equivalently have by orthog-
onality of p that

K (Adexpr, X, Hy) = p(Xo)  forallt € R.
The same argument as above yields the sufficient condition

0 = [Q1, H,] = A(H,)..

But this holds true since by Corollary 2.22, we have A(H,) = 0 indeed. O]
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An example from [25], explained in our more general Lie-algebraic context, will help
to illustrate the previous proof.

Example 2.24 ([25], Section 8.4.). Consider the task of annihilating the off-diagonal
entries of a real symmetric (8 x 8)-matrix X successively by elementary Givens ro-
tations in order to diagonalize it. In this case, the 28 sweep directions are given
by

Qj=FEy — Ej, 1 <i<j <8,

where E;; has (ij)-entry 1 and zeros elsewhere. Note, that the Givens rotations are
just given by exp(#{2;;) and the conjugation by Adepua,), cf. Eq. (1.4). According
to [25], Section 8.4., throughout one sweep, the following elementary rotations can be
done simultaneously.

L {2, Q34, V56, Qzs} 2. {4, Do, Q3s, sz} 3. { g, Qus, Doz, 35}
4. {s, Qe7, Qup, Doz} 5. {Q17, Qss, a6, Qoa} 6. {5, L7, Qog, Qe }
7. {3, Qas, Uz, Qes }

In the Lie algebraic setting, this reads as follows. Consider the Cartan decomposition
of s1(8, R) into skew-symmetric and symmetric matrices, and fix the diagonal matrices
as the maximal abelian subalgebra a C p, cf. Examples 1.34 and 1.50. The positive
roots are given by \;;(H) = H; — H;j,7 < j, H € a, and the corresponding subspaces
£, have real dimension one and are

ij
The step size #{%9) only depends on the Q_ij—component of X, i.e. its (i, 7)-entry and
the root of its projection to a, i.e. X;; — X;;. Hence we can apply Theorem 2.23 and
it is easy to check that within one of the seven sets given above, neither A;; + Ax; nor
Aij — A is a root or zero for (i,7) # (k,1).



Chapter 3

Jacobi-Type Eigenvalue Methods

In this chapter we apply the results from Chapter 2 and investigate Jacobi-type meth-
ods for structured singular value and eigenvalue problems on Lie algebras. We consider
the optimization of two basic functions, the off-norm function and the trace function.
Their optimization on the Inty(€) orbit leads us to two basic versions of a Lie algebraic
generalization of the symmetric eigenvalue problem:

(I) the conventional cyclic Jacobi method (reducing the off-norm)
(IT) the cyclic Sort-Jacobi method (maximizing the trace function).

The proposed algorithms are sufficiently general to include the symmetric, skew-sym-
metric and Hermitian eigenvalue problem, the real and complex singular value de-
composition, the real and complex Hamiltonian eigenvalue problem and some— to our
knowledge— new structured eigenvalue problems. Table 4.1 in Chapter 4 contains
an overview of the specific eigenvalue and singular value problems to which our the-
ory applies. We shall see that both algorithms are locally quadratic convergent for
regular Lie algebra elements, i.e. in the case corresponding to pairwise distinct eigen-
values and singular values, respectively. Moreover, in this regular case, any cyclic
Jacobi method is shown to be locally quadratically convergent. The irregular case
turns out to be more delicate and local quadratic convergence cannot be guaranteed
for arbitrary cyclic sweeps. Thus, special sweep methods are needed to ensure local
quadratic convergence. This was already noted in [64] where local convergence for a
special cyclic scheme for the conventional Jacobi method on symmetric matrices is
discussed. Moreover, as also noted by [64], a special ordering of the diagonal entries
of the element that converges to diagonal form is required as well. This additional
assumption is quite restrictive, as the to-be-optimized off-norm function in the con-
ventional cyclic Jacobi method possesses several global minima, all corresponding to
different diagonalizations. In contrast, the proposed trace function in the Sort—Jacobi
method has only one local and global maximum at the diagonalizations. It turns out
that this optimal diagonalization fulfills the ordering condition in a natural way. We
interpret this as a clear indication, that the natural way of looking at the symmetric

54
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EVD is to maximize the trace function instead of minimizing the familiar off-norm
function from the numerical linear algebra literature. Thus Sort-Jacobi algorithm is
the proper Jacobi method for structured eigenvalue problems, an insight that has also
been supported by numerical experiments, cf. [42].

3.1 The Generalized Off-Norm and the Classical
Cyclic Jacobi

The conventional way to choose a cost function for diagonalization of a symmetric
matrix S = (5;;) € R™" is via the so-called off-norm on the symmetric similarity
orbit, i.e.
off: {kSk" | k € SO, R)} — R, off(X) =Y X}
i<j
All its global minima correspond to diagonalizations of S. In general, this function
possesses a continuum of maxima and saddle points, cf. [42] or Example 3.6 for the
Hermitian case. In this section we show that the off-norm is defined on an arbitrary
semisimple Lie algebra and we will compute its critical points. Moreover, we char-
acterize the maxima and minima, cf. [62]. Implementing the cyclic Jacobi method
proposed in Section 2.3.2 with the off-norm as cost function f leads to the classical
cyclic Jacobi and is thus a Lie algebraic generalization of the classical cyclic Jacobi
methods for the symmetric, skew-symmetric and Hermitian EVD as well as for Kog-
betliantz’s algorithm for computing the singular values of a matrix.
Let g = € ® p be a Cartan decomposition of a semisimple Lie algebra g with corre-
sponding Cartan involution 6. Let S € p and denote as before the adjoint orbit of S
under Inty(€) by
O(S) == {pS | ¢ € Intg(t)}.

Let a C p be maximal abelian and recall that g is the orthogonal direct sum
g=009 ) g, (3.1)
AEX

with respect to the inner product By, cf. Eq. (1.10), where
go = a P ze(a) (3.2)

is the orthogonal direct sum of the maximal abelian subspace in p and the centralizer
of ain &, cf. Theorem 1.42. Let

p:g — go, X — X, (3.3)

denote the orthogonal projection onto gog with respect to By. According to (3.1), we
write
X=Xo+ ) X, (3.4)

YD)
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for X € g. Then obviously p(X) € a whenever X € p. Note, that By|, = k|, denotes
the restriction of the Killing—form x, c¢f. Theorem 1.33.

Definition 3.1. Let S € p and let x denote the Killing-form. The smooth function
f:0(8) —[0,00), X +— k(X —Xp, X — Xp), (3.5)
is called the off-norm function on the adjoint orbit O(S).
Note that for g := sl(n, C) the Cartan decomposition is given by g = su(n) @ p where
p={SeslnC)| S =S5}

denotes the set of Hermitian matrices of trace zero. Therefore, in this case the off-
norm function coincides, up to a positive constant that depends on n, with the usual
off-norm, i.e. the sum of squares of the absolute values of the off-diagonal entries.
We proceed by characterizing the critical points and the Hessian of the off-norm
function.

Proposition 3.2. (a) The following statements are equivalent.

(i) X € O(S5) is a critical point of the off-norm function (3.5).
(i) [Xo, X] =0.
(iii) For each A € X3, either \(Xo) =0 or X = 0.

(b) Let X be a critical point of the off-norm (3.5) and let £ = adaX € TxO(S) be
an arbitrary element of the tangent space at X. Then the Hessian at X is given

by
H(X)(€,€) = 2/€<adQX, adg Xy — p(adQX)>. (3.6)
Proof. (a) For Q € ¢t and X € p let
7:R— O(9), t+— Adepun) X,

be a smooth curve through X. By orthogonality of the restricted-root space de-
composition (3.1) and the Ad-invariance of k we compute the derivative of the cost
function:

%(fofy(t)) = 2rladeX — p(adaX), X — X0>

t=0

(
= 2/{( —adx, X — X[)) - 2/{<p(adXQ),X —X0>
- 2/1(9 ady (X — X0)>

(

= 2k(Q adXO )
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The Killing form is negative definite on ¢, cf. Theorem 1.33, and therefore
Df(X)=0 < [X,X]=0.

By decomposing X according to Eq. (1.26) and using the property, that adgy =
AH)Y whenever H € a and Y € g,, one has

(X0, X] =0 < A(Xo)X,=0forall \€¥.

(b) Let X be a critical point of the cost function (3.5). Again, the Ad-invariance of
the Killing form and the orthogonality of the restricted-root space decomposition is
used to compute the Hessian.

51—; (f o v(t))

d
= 2&/{ <adQAdexp(tQ)X - p(adQAdexp(tQ)X)7 Adexp(tQ)X - p(Adexp(tQ)X)> ‘

t=0

t=0

— 2% (ang ~p(add X), X — Xo) + 2 (adQX ~ p(adaX), ade X — p(adQX)>

_ _2,€<adgz X X — Xo> 49 ,i(p(ang), X - X0> ok (adQX, adoX — p(adQX)>

'

=0

+2 ff(p(adQX), adoX — p(adQX)>

e

=0

= —2/<<adQX, —adoX + adpXy + adoX — p(adQX)>

= 2k (adQX, ado Xy — p(adQX)).

]

The next two lemmas provide information about the restriction of the Hessian to one
dimensional subspaces of the tangent space TxO(S) at a critical point X. Sufficient
conditions for a critical point will be given such that there exist one dimensional
subspaces of TxO(S), where the restriction of the Hessian is negative, resp. positive
definite. These results imply that the local minima, and local maxima respectively,
of the off-norm (3.5) are global.

Lemma 3.3. Let X be a critical point of the off-norm (3.5) and let u € ¥ be a
restricted root such that i(Xo) # 0. Let E,, be a restricted-root vector in g, \ {0} and
letQ,:=E,+0FE, c¥, Then

Hf(X)(adQ#X, adQMX) > 0.
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Proof. Decomposing X € p according to Eq. (1.26) into

X =Xo+ Y (Xy - 0X))

Aext

together with Lemma 1.51 yields adg, (X\ — 0X,) € a* for all A with A # £pu. By
assumption, X is a critical point of the cost function (3.5) and therefore p(X,) # 0,
implying by Proposition 3.2 that X, = X_, = 0. Hence

p (adQM(X)\ — QX)\)> =0 forall \e X"

and therefore p(adg,X) = 0. Let ﬁu =FE,—0FE, € p,. Again, by using Lemma 1.51

and the fact that [Q,,Q,] € a, cf. Proposition 1.52, we can explicitly compute the
restriction of the Hessian.

Hf(X)(adQMX, adQuX) =
= /@(&dQHX, adg, Xo — p(adQMX)>
= /{(adQuXo + Z adQ# (X)\ — HX)\), adQ“X[))

AEXTF

= M(XO)Q/f(ﬁwﬁu) + Z H(XA —0X,, [QM?Q#])

rext
:u(XO)Q/i(ﬁu,ﬁu> > 0.
O

Lemma 3.4. Let X be a critical point of the off-norm (3.5) and let A € X such that
X, #0. Let Ey be a vector in gy such that E\ & (RX))* and let Q) := E\+0E)\ € &.
Then

H;(X)(adg, X, adg, X) < 0.

Proof. This proof runs similar to the proof of Lemma 3.3. Since X is a critical point
and by assumption X # 0, it follows from Proposition 3.2 that A(X,) = 0. Hence

adg, Xo = —A(Xo)E) + A(Xo)0E) = 0.
We compute the restriction of the Hessian.
Hy(X)(ado, X, adg, X) =
— m(adQAXo + 3 adg, (X, — 0X,), ada, X, — p(adQAX)>

= —/{(p < %:Jr adQ/\(Xu - QXM))’ ZE; p(adm (Xu - QXM))>

= —r(adg, (X — 0X,), ado, (X2 — 0X))) <0,
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because k is positive definite on p. It remains to show that strict inequality holds, i.e.
adq, (Xn—0X)) # 0. Therefore, let H € a with A(H) # 0. By Corollary 1.45 we have

/i(H, adQA(X)\ — HX)\)) = )\(H)KJ(E)\ — GE)\,X)\ — QX)\)

(H (—0Ey, X)) —/{(E,\,QX/\)>

(Be Xy, Ey) +Be(EA,X,\)>

= 2M(H)Bo(X, Ey) # 0,
since Ey ¢ (RX,)*, hence adq, (X — 0X,) # 0. O
The following proposition is a consequence of the last two lemmas.

Proposition 3.5. (a) The local minima of the off-norm function (3.5) are global
minima. The set of the minima is O(S)Na. In particular, there are only finitely
many minima.

(b) The local mazima of the off-norm function (3.5) are global mazima. The set of
the mazima is O(S)Nat, where at denotes the orthogonal complement of a with
respect to By.

Proof. (a) The set of global minima of (3.5) is exactly the intersection of O(S) with
the maximal abelian subspace a in p. By Corollary 1.63 the cardinality |O(S) N a|
is finite. Suppose X is a local minimum but not global, i.e. f ()? ) > 0. Then there
exists A € X such that X’A # 0 and if Q) := X, + 60X, then

Hy(X)(ada, X, adg, X) > 0,
since X is a local minimum. On the other hand, since Xy ¢ RX v, Lemma 3.4 yields
Hy(X)(ado, X, adg, X) < 0

and we obtain a contradiction.
(b) Suppose X is a local maximum. Hence the restriction of the Hessian to any one—
dimensional subspace of the tangent space T3O(S) cannot be positive definite. In

particular for the subspaces Radg, X one has
Hf(‘)’\(:)(a‘dg)\j\(:7 adﬂ)\j\(/> S 0.

Hence by Lemma 3.3, A(X,) = 0 for all A € 2. Since X contains a basis of the dual
space a*, it follows Xy = 0. The Ad-invariance of the Killing form yields

F(X) = k(X — X0, X — Xg) = w(X, X) = 5(S, 5).

Therefore all local maxima lie in the same level set and by compactness of the orbit
O(S) they have to be global maxima. O
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Although the set of minima is finite, this is in general not true for the set of saddle
points or maxima. Even more so, the set of critical points may have a complicated
geometric structure. Thus the off-norm has a lot of critical points which are of no
significance to the diagonalization task. It is this property that makes the off-norm
function a rather unsuitable cost function for eigenvalue computations.

Example 3.6. Let g = s((3, C) and let a Cartan decomposition be given by g = ¢®p

with
t=su(3) and p={S€sl(3,C)| S =S5},
and fix a maximal abelian subspace a C pviaa = {H € p | H is diagonal}. Let S € p
be given by
1
S = 0
—1

It follows from Proposition 3.5 that a (global) maximum Z of the cost function f (3.5)
has zero diagonal. Therefore Z has the structure

B 0 T+ ire x3+iTy
Z = |x1 —ixa 0 Ts + ixg , I; € R, 1=1,...,6. (37)
T3 —ixy x5 — izg 0

The characteristic polynomial is an invariant on the adjoint orbit and Z € p is unitary
similar to S if and only if the characteristic polynomial of Z coincides with that of S.
The three coefficients of the characteristic polynomial give the conditions

(i)det Z =0, (ii)tr ZZ* =2 (iii) tr Z = 0.
Hence the set of all maxima is the intersection of the orbit O(S) with the set of all

matrices with structure given in Eq. (3.7). Condition (iii) gives no further information

about the x;’s, but expressing (i) and (ii) in terms of the z;’s yields
(1) 212325 + TowaTs — Tox3Te + 12476 = 0, (3.8)
(i) 2% +a3+a3+a5+ a2+ 25 — 2 = 0. '

The following argument shows that the set of solutions of (3.8) is not a manifold. Let

¢ : RS — R? be given by
| ®1x3%5 + ToT4T5 — ToT3T6 + T1T4T6
(1, ... T6) = 2 2 2 2 2 2_ 9
r] + 25 + 23 + x5 + 5 + T

Let M denote the set of solution of (3.8). Then M = ¢~(0) and obviously z* :=
(1v/2,0,0,0,0,0) solves (3.8). Suppose M is a manifold. Let

7 (t) = V2(cost,sint,0,0,0,0),

Y(t) = \/§(cost,0,sint,(),0,0),

(3.9)

Vs5(t) = \/ﬁ(cos t,0,0,0,0,sint)
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denote the smooth curves with 7;(t) C M for all ¢ € R and v;(0) = 2%, ¢ = 1, ...,5.
The tangent space T« M contains at least 5 linear independent vectors, so M has to
be at least 5 dimensional. But it is easy to see that in any neighborhood of z* there
are points z with rank D¢(z) = 2, hence ¢~!(2) is locally a 4 dimensional manifold.
Therefore M cannot be a manifold.

For a further concretization of Algorithms 2.18 and 2.19 for minimizing the off-norm
function (3.5), we derive explicit formulas for the sine and cosine of the step-size t..
These formulas extend known formulas for symmetric matrices to our Lie algebraic
setting.

Theorem 3.7. Let f denote the off-norm function (3.5) and let 2\ € €\ be nor-
malized as in Eq. (2.7). Denote by t, the local minimum of t — f(Adexpia, X) with
smallest absolute value, according to Algorithm 2.2. Then

tan 2t, = 1,
-
where T := ’\(TX;)) and hence
tant, = min{—7 + m, -7 — m}
Consequently,

1
V/1+ tant2’

Proof. Minimizing the off-norm

Ccost, = sint, = cost,tant,.

f(X) = KJ(X - Xo,X - Xo) = Ii(X7X> - Ii(Xo,Xo)

on the adjoint orbit is, by the Ad-invariance of the Killing form, equivalent to maxi-
mizing k(Xg, Xo). Theorem 2.14 yields therefore that

minimize  f(Adexpin, X ) with respect to ¢
is equivalent to
maximize ¢(t)(g(t) — \(Xp)) with respect to t, (3.10)

where g(t) = $A(Xo)(1 — cos 2t) — ¢y sin 2t. Now by Lemma 2.17, the values of g(t) lie
symmetric around %)\(XO) and therefore Eq. (3.10) is solved for ¢ = ty,i, and ¢ = tyax

With tmin, tmax as in Lemma 2.17. In any case t, = 7 if A(Xy) = 0 and

SIN 26in  SIN 2lmax 20y

tan 2t, = = =
COS 2tmin  €COS 2tmax  A(Xo)
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if A\(Xy) # 0. Now a standard trigonometric argument implies that tant, = 0 if
cy =0 and tant, = —7+ V1 + 72 with 7 = A(TXAO) if ¢y # 0. Since t, is chosen to have
minimal absolute value

tant, = min{—7 +v1+ 72, -7 — V14 72}.

The remaining assertions follow immediately. O]

We close this section with the explicit cyclic Jacobi algorithm. For the general local
convergence analysis we refer to Section 3.3. By comparison with the classical cyclic
Jacobi algorithm on e.g. symmetric matrices it is seen that our formulas are direct
generalizations of those for e.g. symmetric matrices, cf. [25].

Algorithm 3.8. For a given matrix X € p, the following algorithm computes
(sint,, cost,) such that
X = Adexpt*Q)\X

has no Qy-component. Note that in the case where g is a Lie algebra of matrices

X = exp(t.2,) X exp(—t.82y).

ALGORITHM 3.8. PARTIAL STEP OF CLASSICAL JACOBI SWEEP.
function: (cost,,sint,) = classic.elementary.rotation(X, \)
Set ¢y := Q;-coefficient of X.

Set X() = p(X)
if C) 7& 0
Set 7 := 2X0)

QCA

Set tant, := min{—7 4+ 1 — 72, —7 — /1 — 72}.
Set cost, :=1/4/1 + tant2.
Set sint, := tant, cost,.
else
Set (cost,sint,) := (1,0).
endif

end classic.elementary.rotation

Remark 3.9. The algorithm is designed to compute (cost,,sint,) of the step size
t.. Depending on the underlying matrix representation, however, it may happen
that the elementary rotation Adey,in, involves entries of the type (cosrt,sinrt), cf.
for example Section 4.6. In this case it is advisable to use standard trigonometric
arguments to compute cosrt,, sinrt, respectively, by means of cost,, sin t,.
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Let d(X) := ||X — Xo||? denote the squared distance from X to the maximal abelian
subalgebra a. This coincides, up to a constant, with the off-norm function.

Algorithm 3.10. Given a Lie algebra element S € p and a tolerance tol > 0, the
following algorithm overwrites S by ¢S where ¢ € Inty(€) and d(pS) < tol.

ALGORITHM 3.10. CLASSICAL JACOBI ALGORITHM.
Set ¢ := identity.
while d(5) > tol
fori=1:N
(cost.,sint,) := classical.elementary.rotation(S, \;).
¢ = Adexpr., © @
S = pS.
endfor
endwhile

3.2 The Generalized Trace Function and the Cyclic
Sort-Jacobi

We have seen in the last section that the off-norm possesses undesired continua of
critical points which are of no significance to the diagonalization task. An alternative
— and more appropriate — approach is the following. Consider the trace function

X —tr(NX), N =diag(l,2,...,n),

on a similarity orbit of symmetric matrices, introduced by Brockett [6] for symmetric
matrix diagonalization. This function has only finitely many critical points, with a
unique local minimum and a unique local maximum. Moreover, the critical points
coincide with the diagonal orbit elements and the (local) maximum and the (local)
minimum are respectively characterized by an ordering property on the eigenvalues.
This ordering will be of crucial interest when discussing the rate of convergence for
irregular elements, i.e. in the case of multiple eigenvalues, a fact that van Kempen
already noticed when investigating the convergence behavior of the special cyclic Ja-
cobi method for symmetric matrices in 1966, cf. [64]. In the sequel, we will generalize
these facts and results to the same Lie algebraic setting as in the previous section.

Thus let g denote a semisimple Lie algebra with a Cartan decomposition. Denote by
C~ C a the negative of the fundamental Weyl chamber C* and let N € C~ be a
regular element. Let O(S) denote the Inty(€)-adjoint orbit of an element S € p. It is
shown in this section that the element Z € O(S) with minimal distance to N lies in
the closure of the Weyl chamber C'~ and as such is our "diagonalization with ordered
eigenvalues” of S. We illustrate the idea in Figure 3.1, where the projection of O(S)
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is drawn as a convex set in accordance with the convexity theorem of Kostant, cf.
Theorem 1.65.

Figure 3.1: Motivation of the cost function.

Our goal is to minimize the distance function
OS) — R, X — By(X—N,X—N), (3.11)
where N € C'~, i.e. A(IV) <0 for all A € ¥*. This simplifies to
Bg(X — N, X —N)=kr(X —N,X —N)=r(X,X)+k(N,N) —2r(X,N)
=rk(S5,8) + K(N,N) —2k(X,N)

because of By|, = k|, and the Ad-invariance of x. Minimizing function (3.11) is
therefore equivalent to maximizing the following function.

Definition 3.11. Let S € p and let N € a with A(V) < 0 for all A € 7. Let &
denote the Killing form. The trace function is given by

f: O8) — R, X ——k(X,N). (3.12)

An analysis of this Lie algebraic generalization of the function that R.W. Brockett
discussed in [6] shows, that it has only finitely many critical points: the intersections
of O(S) with a. This fact has been also noted by Bloch, Brockett and Ratiu in [3],
where the trace function is studied on compact Lie algebras. For us, the trace function
serves as a very suitable cost function in order to formulate Sort-Jacobi-type methods
for a large variety of normal form problems, cf. Chapter 4. Furthermore, we obtain
an easy-to-implement formula for the step size and prove local quadratic convergence.

Proposition 3.12. (a) X is a critical point of the trace function (3.12) if and
only if X € a. In particular, there are only finitely many critical points.
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(b) The trace function (3.12) has exactly one mazimum, say Z, and one minimum,

say Z, and N(Z) <0, N(Z) > 0 for all X € XT.

Proof. (a) To compute the critical points, let 2 € £ and denote by ¢ = adaX an
arbitrary tangent vector in Ty O(S). The ad-invariance of k yields

Df(X)§ = k(& N) = s(ade X, N) = r(, adx N).
The Killing form is negative definite on £ and hence
Df(X)=0 <« [X,N]=0.

Since N is a regular element, it follows X € a, cf. Lemma 1.47. From Corollary 1.63
it follows that |O(S) N a| is finite. (b) We compute the Hessian Hy at the critical
points X. Denote by 2, the £\-component of 2. Then

Hp(X)(&,€) = s(adg X, N) = —k(adeX, adgN)

== > AX) AN) £(Q, ).

Aext

(3.13)

By assumption, A\(N) < 0 for all A € X7, so by positive definiteness of k on p a
necessary condition for a local maximum Z is that A(Z) < 0 for all A € ¥*. We know
by Corollary 1.63 that the orbit O(S) intersects the closure of the Weyl chamber

C-={Heal|NH)<O0forall \ e X"}

exactly once. Hence Z is the only local maximum of the function and by compactness
of O(9) it is the unique global maximum. A similar argument proves the existence of
a unique minimum, having all positive roots greater or equal to zero. [l

We restrict the trace function (3.12) to the orbits of one-parameter subgroups in
order to explicitly compute the step size t., cf. Eq. (2.5). Therefore, let E\ € gy be
a restricted-root vector that is normalized to

A[Ex, 0E,]) = 2.

Let Qy := E\ — 0Ey, Q) = E\ + 0FE,, X € p and consider the orbit of X under the
adjoint action of the one parameter subgroup Adexp,)-

Theorem 3.13. Let f be the trace function (3.12), Qy € €\ as defined above and
X ep. Let _
. K(X, Q)\)

K}(ﬁ/\,ﬁ)\)

Cx

be the Qy-coefficient of X. Then
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2A(N)
A2

(a) f(Adepia,X) = K(Xo, N) —
cy sin(2t).

g(t), where g(t) = FA(Xo)(1 — cos(2t)) —

(b) Lett, € (=5, 5] be the (local) mazimum of f (Adexpi, X). Then

AMX 2
Ccos 2t, = — > (Xo) , sin 2t, = — > o .
4cs + M Xp)? Ve + A(Xp)?
and hence

1 + cos 2t, _ \/ Ieos2leif sin2t, >0
COSty =\ ———, sint, =
2 —y/ 2 if sin2t, < 0.

(¢) M(p (Adepr.0, X)) = —2/AE F AKX < 0.

Proof. (a) The orthogonality of the projection p: p — a yields
f(X) = k(X,N) = &(p(X),N).
Let T\ = [E\, 0E,] be defined as in Eq. (1.18). By Theorem 2.14,

S (Adexp 0, X) = £(Xo + g(1) T3, N)

(3.14)
= (%o, ) = 255 gt

where g(t) = A (Xo)(1 — cos(2t)) — cysin(2t) and the last identity holds since by
definition T\ = —%H x- (b) Since by assumption A(N) < 0, the second statement
now follows immediately by Lemma 2.17 and a standard trigonometric argument. (c)
follows immediately by Lemma 2.17. O]

We present a Matlab-like pseudo code for the algorithm on semisimple Lie algebras.
Note that in Chapter 4, the algorithm is exemplified in several cases.

Let g be a semisimple Lie algebra with Cartan involution 6, corresponding Cartan
decomposition g = £ ® p and a C p a maximal abelian subalgebra. Let A € X1 be
a positive restricted root and let g, be the corresponding restricted-root space. Let
E)\ € g, be normalized to

M(Ex, 0B,]) = —2, (3.15)

cf. Eq. (1.18). Denote Q0 = E\+0E) and Qy = E, —60E,. The orthogonal projection
onto a is denoted by p.
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Algorithm 3.14. For a given X € p, the following algorithm computes
(sin t,, costy, sin 2t,, cos 2t,),

such that B
X = Adexpt*ﬂ,\X

has no Q,-component and such that )\()?0) < 0. Note that in the case where g is a
Lie algebra of matrices B
X = exp(t.2)) X exp(—t.8y).

ALGORITHM 3.14. PARTIAL STEP OF JACOBI SWEEP.
function: (cost.,sint,,cos 2t,,sin 2t,) = elementary.rotation(X, \)
Set ¢y, := Q;-coeflicient of X.

Set Xy := p(X).
Set dis := \/A(Xo)? + 4c3.
if dis # 0
1

Set (cos 2t,,sin 2t,) = ~ s (M Xo), 2¢y).
else

Set (cos 2t,sin 2t,) := (1,0).
endif

Set cost, := @/%.

if sin2¢, > 0

Set sint, = @/%.

else

Set sint, = _\/@.

endif
end elementary.rotation

Remark 3.15. The algorithm is designed to compute (cos t,, sin t,, cos 2t,, sin 2t, ) of
the step size t, since this is natural by the chosen normalization of the sweep directions
Q;, cf. Eq. (1.19). Nevertheless, depending on the underlying matrix representation,
it may happen that Adepq, involves entries of the type (cosrt,sinrt) with r # 1,2.
In this case it is advisable to use standard trigonometric arguments to compute cosrt,,
sin rt, respectively, by means of cost,, sin t,, cos 2t,, sin 2t,.

Denote by d(X) := || X — Xo||? the squared distance from X to the maximal abelian
subalgebra a. This coincides up to a constant with the off-norm.
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Algorithm 3.16. Given a Lie algebra element S € p and a tolerance tol > 0, the
following algorithm overwrites S by ¢S where ¢ € Inty(€) and d(pS) < tol.

ALGORITHM 3.16. SORT-JACOBI ALGORITHM.
Set ¢ := identity.
while d(S) > tol
fori:=1:N
(costy, sint,, cos 2t,, sin 2t,) := elementary.rotation(S, \;).
¢ = Adexpt.0, © ¢
S = pS.
endfor
endwhile

3.3 Local Quadratic Convergence

We have seen in Chapter 2 that local quadratic convergence for the Algorithm 2.19
optimizing a function f is guaranteed if the search directions form an orthogonal
basis with respect to the Hessian at the fixed point Z, ¢f. Theorem 2.10. As we
shall see in the first part of this section, this is the case for both the off-norm and
the trace function, at least in the regular case. However, this holds no longer true
in the case of clustered eigenvalues/singular values, and then another approach is
needed. Therefore, it is necessary to gain a deeper understanding of the restricted-
root systems, because they are the crucial ingredient to formulate a special ordering
of the sweep directions that will ensure local quadratic convergence.

3.3.1 The Regular Case

We show that both the classical Jacobi algorithm 3.10 and the Sort-Jacobi algorithm
3.16 are locally quadratic convergent to a minimum of the off-norm function and the
maximum of the trace function, respectively, if the element is regular, i.e. has all roots
different to zero. In this case the order of optimizing along the different directions is
irrelevant. We begin with the off-norm function.

Theorem 3.17. Let f denote the off-norm function (3.5) and let Z be a minimum
of f. Assume, that Algorithm 2.18 is implemented with pairwise orthogonal sweep
directions §2; € &y, ¢ = 1,....dimgy. If Z s reqular, then Algorithm 2.19 reducing f
15 locally quadratic convergent to Z.

Proof. By Theorem 2.21, all we have to show is that (a) the Hessian of f in Z is
nondegenerate and that (b) the set

B:={adzQ; |i=1,..,m}, m= Z dim &,

rext
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with €; € €, for suitable A € ¥7 is orthogonal with respect to the Hessian of f at Z
and 0 ¢ B. (a) Let £ = adgZ € T;O(S) be an arbitrary tangent vector in 7,0O(S).
By Propositions 3.2 and 3.5,

H:(Z)(&,€) = 2k(adaZ, adaZ — p(adaZ)).
Since Z € a and Q) € € we have adgZ € a' and hence p(adgZ) = 0. Therefore
Hf(Z)(adQZ, adQZ) = 2/4;(adQZ, ang)

Since k is positive definite on p, Hf(Z) is nondegenerate. (b) Now adz€; = A(Z)Q;
for Q; € ¢, and since by assumption Z is regular, i.e. A(Z) # 0 for all A € X, 0 is not
contained in B. As (); belongs to, say €, and 2; to, say €,, we can write ; = E\+0E)
and §; = Eu + 0[77#. Orthogonality of F) and Eu is immediate by Theorem 1.42 if
A # p. If X = p, this holds also true because the orthogonality of €2; and 2; implies

0 = By(Q, ) = 2By(Ex, E\) + 2By(E», 0Fy).
The last term vanishes again by Theorem 1.42 since QEA € g_,. Hence
Hy(Z)(ado, Z, ada, Z) = 26(MZ)(Ex — 0E>), i(Z)(E, — 0E,)) = 0,

and therefore B is a basis of T,0O(S) that is orthogonal with respect to the Hessian
H:(2). O

We now derive the analogous result for the Sort-Jacobi algorithm 2.19. I.e. the Jacobi
algorithm for maximizing the trace function converges locally quadratically fast to the
maximum Z in the regular case, provided the sweep directions €2; € £, are chosen to
be orthogonal. Again, the order in working off the different elementary rotations is
irrelevant.

Theorem 3.18. Denote by f the trace function (3.12) and let Z be a maximum
of f. Assume, that Algorithm 2.18 is implemented with pairwise orthogonal sweep
directions €; € &y, i = 1,....dimgy. If Z is a reqular element, then Algorithm 2.19
mazximizing [ 1s locally quadratic convergent to Z.

Proof. By Theorem 2.10, it remains to show that the Hessian of f in Z is nondegen-
erate and that for the sweep directions €2;, the set {[Z,€;]} forms a basis of T,O(5)
that is orthogonal with respect to the Hessian of f. The Hessian is given by

Hi(Z)(&,€) = k(adhZ, N) = —k(adzQ, adn ),

cf. the proof of Proposition 3.12. For the sweep directions €2; we have [Z, ;] = A\(Z)$;
for Q; € ¢, and since by assumption Z is regular, [Z, ;] # 0 for all ;. Orthogonality
with respect to the Hessian is shown in a straightforward way, since for ; = E) +0FE)
and Q; = E, + 0F, the orthogonality of the €2; implies for ¢ # j

H(Z)(adz8, adzQ;) = 5(MZ) p(N) + MN)u(Z)) £(,9Q;) = 0.
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3.3.2 On Abstract Root Systems

We briefly summarize those results on abstract root systems that are necessary for
our proposes and refer to [45], Section IL.5, for further details. The connection to
restricted-root systems is explained. Let V' be a finite dimensional real vector space
with inner product (-, -) and norm squared |- |?. A subset ¥ C V is called an abstract
root system in V if

(a) 0 ¢ X and X is finite;
(b) the linear span of X is V;

(c) for a € 3, the reflections

carry X into itself;

2(8, @)

|o?

is an integer for a, § € X.

(d)
The following proposition motivates the investigation of abstract root systems.

Proposition 3.19. The set {Hy | N(H) = By(H, Hy) for all H € a, A € X} is an
abstract root system in a and the set of restricted-roots ¥ is an abstract root system
in a*, where the inner product (-,-) on a* is induced by By.

Proof. [45], Ch. VI, Sec. 5, Cor. 6.53. O

Examples of root systems can therefore be found in Example 1.46 and in Chapter 4.
An abstract root system is said to be reduced, if o € ¥ implies 2« € 3. For example,
the restricted-root system (4.25) is not reduced if p > ¢. The root « is called reduced,
if %oz is not a root.

Proposition 3.20. Let o € ¥ and 3 € X U {0}.
(a) Then —a € X.

(b) If v is reduced, then +a, +2a, and 0 are the only members of ©U{0} proportional
to a. (£2a cannot occur if ¥ is reduced.)

(c) One has
2(a, B)

|of?

€ {0, +1, 42, +3, +4},

and £4 occurs only in a nonreduced system with 3 = 2a.
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(d) If a and (8 are nonproportional and || < |B|, then

2(ev, B)
EE e {0,+1}.

(e) If (v, B) > 0, then a— (3 is a root or zero. If (o, B) < 0, then a+ 3 is a root or
zero. Consequently, if neither o+ 3 nor o — 3 are in X U {0}, then (o, 3) = 0.

Proof. (a) This is immediate since s,(a) = —a. (b) Let a,ca € ¥. Then both,
2(ca, ) /|af? and 2{a, ca)/|cal? are integers, implying that 2/c and ¢/2 are integers.
since « is reduced, ¢ # % and hence the only possibilities are ¢ = +1 or ¢ = +2. If
Y is reduced, the latter case cannot occur. (c) We may assume that 5 # 0. The
Cauchy-Schwarz inequality yields

’2<a,ﬂ> 2(a, )
jo? |62

E

and equality only holds if § = ca, cf. part (b). Otherwise % and % are two
integers whose product is less than or equal to three and the assertion follows. (d)

The following inequality of integers

‘%mﬁ)‘ - ‘2<a,ﬂ>’
lal> | 7] [BP
together with the fact that their product is less than or equal to 3, cf. proof of (c),

yields the assertion. (e) We may assume that a and ( are not proportional. Assume
that || < |6]. Then sz(a) = a — 2%2 3 must be ar— (3 by (d) and the first statement

18]
follows. For the second statement replace @ by —a. The last assertion then is an
immediate consequence. Cf. [45], Sec. I1.5, Prop. 2.48. O

Now let X C ¥ be a set of positive roots defined analogously as in Definition 1.53.
A root a € X7 is called simple, if it is not the sum of two positive roots. We denote
the set of simple roots by II. The following result holds.

Proposition 3.21. With [ = dim V', there are | simple roots aq, ..., ; and they form
a basis of V.. Furthermore, any 3 € X1 can be written as

l
6= E cioy, with non-negative integers c;.
i=1

Proof. Cf. [45], Ch. II, Sec. 5, Prop. 2.49. O

Proposition 3.21 allows to introduce an ordering on V' that is compatible with the
already introduced notion of positivity in the sense that all positive roots are greater
than 0, c¢f. Corollary 3.23.
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Definition 3.22 (lexicographic ordering). Let {a1, ...,y } = II be the set of simple

roots and let
!
T = E T;0.
i=1

We say that x > 0 if there exists an index k such that z; = ... = 2,,_1 = 0 and x; > 0.
Furthermore, we define x > y (<= x — y > 0.

It is clear that the introduced ordering depends on the enumeration of the simple roots.
We denote the set of simple roots by (II,>) , if II is endowed with an enumeration
that determines >. Furthermore, we equivalently write a < 3 if § > «.

Corollary 3.23. The restricted-root X\ is contained in X7 if and only if X > 0.

Proof. The lemma is an immediate consequence of Proposition 3.21 and the above
definition. O]

Now let g be a semisimple Lie algebra with Cartan decomposition g = £ ® p and let
a C p be maximal abelian. Let (II,>) be the simple roots of the positive restricted-
roots X, Note that ay < ap < ... < Qpax by definition of >. Let

gak = <g:|:akag:|:ak_17 '--7g:|:al>LA

denote the Lie subalgebra of g generated by the restricted-root spaces g,, and g_,,,
1 <4 < k. By Theorem 1.42 it is immediate to see that

g = > o B 85", (3.16)
2es | A=F caid

with gg* := go N g**. Moreover, g** is semisimple with Cartan decomposition
g% = (g™ NE @ (g™ Np).

The restricted-root space decomposition of g** is given by Eq. (3.16). We denote the
set of the corresponding restricted roots by

:
Y =X(g"*) ={ eX | A= Zciozi}.
i=1

Obviously the inclusions
gt Cg®C..Cgm=Cyg (3.17)

and
Y1 CYC ... CYhax = 2. (3.18)

hold. We further use the notation

=5, Nt
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Example 3.24. Consider the Lie algebra g = s[(4,R). The restricted-root space
decomposition is analogously to Example 1.46 if we choose

a1

4
a = ’ ZOJZ:O
i=1

Qg

as the maximal abelian subspace in p. The restricted roots are given by H +— +(a; —
a;j), 1 <i<j <4, H € a. For simplicity of notation we shortly write a; —a; instead of
H +— a;—a;. It is easy to see that X1 := {+(a;—a;),1 < i < j < 4} is a possible choice
for the positive roots. Then, the simple system is given by II = {a;—as, as—a3, az—a4}.
Now let v := a3 — a4, g := as — a3, a3z := a; — as, then

gt =sl(2,R), g =sl(3,R) and g™ =sl(4,R)
and
21’— = {al}, Z; = {Ozg,Oég—f-O./l}UET, 2;— = {ag,ag—l—ag,ag—km}UE;, EI - E+-

Proposition 3.25. Let g = €@ p be a Cartan decomposition of g and denote by
Qmax the greatest simple root. Then

g =p @ [p,p] = (p)ra (3.19)
and g*™=> is an ideal in g.

Proof. The second equality of Eq. (3.19) is obvious, since Theorem 1.33 (a) implies
[p, [p,p]] C p. To see the first equality, note that the inclusion p @ [p, p] C g*== holds,
since p C g by Theorem 1.42. Now choose a basis C = {E\", ..., B8 | \ ¢ £t}

of
Z gx

et

Then, by Proposition 1.52 (a), (C UOC)pa = g*= and part (b) of 1.52 implies that
g™ C (p)pa. The fact that g is an ideal in g follows now from Eq. (3.19). We
have

g, p® [ppll=[EDp,p®[p,p]] C e, p] DL [p,pl] © [P, p] © [p, [P, p]].

Now using the Jacobi-identity, we obtain [€, [p, p]] C [p, [¢,p]] C [p, p] and the proof is
complete. O

Corollary 3.26. If g is simple with nontrivial Cartan decomposition g = €®p, then
g — gamax‘

Proof. By Proposition 3.25, g is an ideal. Since 0 # p C g®»=, it can not be
trivial, hence g = g®max. O
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The abstract root system X is said to be irreducible, if it does not decompose into a
nontrivial disjoint union ¥ = ¥’ U X" such that every elements of 3 are orthogonal
to every elements of 3. Otherwise it is called reducible. One can show that the root
system of a complex semisimple Lie algebra g is irreducible if and only if g is simple,
cf. [45], Ch. II, Sec. 5, Prop. 2.44. This is in general not true for real semisimple Lie
algebras and their restricted roots, as the following example shows.

Example 3.27. Let g = 50(3,R) ® s[(3,R). Then g is semisimple but not simple
and its Cartan decomposition yields g = € @ p with

t=50(3,R) ®so(3,R), p==t

and the maximal abelian subspace a = 0 @ a C p with a given as in Example 1.46.
The restricted-root system however is the same as in Example 1.46, hence irreducible.

Nevertheless, we have the following result for restricted-root systems.

Proposition 3.28. Let X be the restricted-root system of a semisimple Lie algebra
g with nontrivial Cartan decomposition g = €@ p. Then X is wrreducible, if and only
if gomax gs simple.

For the proof we follow the line of [45], Ch. II, Prop. 2.44.

Proof. ”=". We have seen in Proposition 3.25, that g*»= is an ideal in g. Assume
that g@m=x is semisimple but not simple, i.e. g*»> decomposes into two nontrivial
ideals g™ = g’ @ g”. Let A € ¥ and decompose X € g, accordingly to X = X'+ X",
For any H € a one has

0=[H,X] - NH)X = ([H,X'] — \H)X") + ([H, X"] — \(H)X").

Both terms on the right are separately equal to zero since g’ N g” = {0} and therefore
X’ and X" are both in the restricted-root space g,. Suppose now that X’ # 0. From
Lemma 1.49 it follows that [X',0X'] = cH, with ¢ < 0. Furthermore, [X',0X'] € ¢/,
and hence

0=[X"[X"0X"] = [X",cH,\] = c|]A\*X",

implying X” = 0. Hence g, C ¢’ and by defining
Yi={ eX|agCg}l Y:={NeX|gCg"},

we get 3 = YUY disjointly. To prove mutual orthogonality, let X € ¥/, X € gy \{0}
and \” € X", Y € gy \ {0}. We have

N(Hy)X = [Hy, X] C [Hy, g'] = [[Y,0Y], 9] C [9",¢'] = {0}.

7", Suppose that ¥ is reducible, i.e. ¥ =Y UX". Then g*== = g’ ® g” as vector
spaces with
gi=(AeX)a, g"=(@m[reX)a
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by Eq. (3.16). It remains to show that g’ and g” are ideals in g®m=. Therefore, let
X egyw Cg’. Forany Hy € g’ Na we have

[Hyv, X] = N'(Hy)X =0,

by the assumed orthogonality of X and \”. Also, if [gy, gx] # 0, then by Theorem
1.42, X' + X" would be a root, neither orthogonal to A, nor to A\” in contradiction to
the orthogonal decomposition of 3, hence

gy, gx] = 0.

It follows that [g’,gy/] = 0. Since [¢,a] C [¢g] and since g’ is a subalgebra of g,
we conclude that g’ is an ideal of g*m=x. An analogous proof yields that g” is an ideal
of gomax, O

3.3.3 The Irregular Case

Before we elaborate on the Lie algebraic tools necessary to handle the irregular case
in full generality, we first discuss the rather well understood real symmetric EVD with
multiple eigenvalues [64].

Let S = ST € R™". The Special Cyclic Jacobi Method annihilates the off-diagonal
entries of S in the natural order, i.e. the entries (1,2), (1,3),...,(1,n),(2,3),...(2,n), ...,
(n — 1,n) are annihilated successively, as shown in Fig. 3.2.

o % (o] [e] [¢] [¢] (¢] * [e] [¢] [e] [e] (¢] * (e] o] o [¢] (¢] *

* O o [¢] [¢] [¢] [¢] o [e] [¢] [e] [e] [¢] o [e] [0} [e] [¢] [©] o]

[¢] ] e] [¢] [¢] — * O o o] o — o] o [©] o [e] — o (o] [¢] [©] o] —
[¢] ] o] [¢] [¢] [¢] [¢] o e] [¢] *x O [©] [0} o [0} o [¢] [©] o]

[¢] ] o [¢] [¢] [¢] [¢] o o [¢] o [¢] [©] [0} o * O [¢] [©] ¢]
_O ] ¢] [¢] O_ _O [¢] o o O- o [¢] [©] [0} o

(¢] [¢] *x O (¢] (¢] (¢] O % O o (¢] (¢] [¢] (e]

[¢] * (o] [¢] (@] — o (@] o [e] [¢] — .— | O [¢] [¢] o o

[¢] @] o o [¢] o % O [e] [¢] [e] [¢] [¢] o %

[¢] ] o] o [¢] o [¢] o o] [¢] o] o o *x O

Figure 3.2: Special cyclic sweep for the symmetric EVD.

Van Kempen investigated the local convergence behavior for the Special Cyclic Jacobi
Method in the case where S has eigenvalues of multiplicities greater than one [64]. This
special Jacobi method reduces the off-norm and for the local quadratic convergence
analysis he had to require that the diagonal elements of S which converge to the
same eigenvalue occupy successive positions on the diagonal. This property can not
be ensured for methods that minimize the off-norm since all diagonalizations are
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(global) minima. In contrast, for the trace function (i.e. Sort-Jacobi methods) the
maximum is unique and fulfills this condition a priori, c¢f. Proposition 3.12.
Although in this chapter we adopt the ideas of van Kempen, the proof of our main
theorem is based on a more geometric approach involving the results of Chapter 2.
Since every semisimple Lie algebra is the direct sum of simple ones, c¢f. Theorem 1.16,
we can restrict without loss of generality the analysis of the convergence behavior for
the irregular case to simple Lie algebras.

Let ¥ be a restricted-root system arising from a Cartan decomposition g = € ® p of
a simple Lie algebra g. Let ¥T C X be a set of positive roots and let II € XF be
the simple roots of X*. Define an ordering in ¥ in the sense of Definition 3.22 that
is determined by some enumeration of the simple roots. We will further make use of
the notation established in the previous subsection.

Definition 3.29 (SCS-condition). Let ¥ be a restricted-root system of the simple
Lie algebra g (Hence X is irreducible, cf. Corollary 3.26 and Proposition 3.28). Assume
that the simple system IT = {aq, ..., @max } admits an enumeration such that

(I) for every k and every j < k there exists a A = S.F ¢y € Bf \ 7, with
¢ 7 0;

() if \pe SF\S, and A = S8 oy < = 28 | diey then ¢; # 0 implies
dj #0forall j=1,... k.

In this case we say that (II, >) satisfies the Special-Cyclic-Sweep-condition.

Example 3.30. Consider Example 3.24. It is easy to see that the proposed enu-
meration satisfies the SCS-condition. In fact, for g = sl(n,R) with the usual Cartan
decomposition (see Appendix A.1) and with simple root system

I ={a; —as,ay —as,....an_1 — a,}
there are several enumerations that satisfy the SCS-condition.

(a) Let a; :=a; — a;41, 1 <i <n—1=:max. Then all positive roots are given by
ar — ap4q :ZLkal, 1<k<li<n-1and

21"_ = {Oél}, Z; \ 21"_ = {042,062 + 041},

k
LEPA\DE | = {Zai | 1§l§k}.
=l

Hence SCS-condition (I) is fulfilled. SCS-condition (II) also holds because if
A€ X\ with A < g, then = A+ X for a suitable A € ¥

(b) An analogous argument as in (a) shows that reversing the enumeration in (a),
ie. defining o = ap_; — ap_iz1, 1 <1 < n—1 =: max, also satisfies the
SCS-condition.
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(¢) Consider now the case n = 5. We define

1 1= Ay — a3, Qg = a3 — Ay, O3 := a1 — Ay, Oy := A4 — A5.
This yields

o = {au},

U3 \ X = {az, a1 + az},

Y5\ X3 = {as, a5+ o1, 03 + a1 + o},

S\ ST = {au, 0+ az, 0 + a1 + o, 04 + a1 + 2 + a3}
and hence the SCS-condition is fulfilled.

Example 3.31. Let g = s0(3,3) with Cartan decomposition as in Section 4.2. The
positive restricted roots are given by

Z+ = {a1 + ag, a1 + as, ag + ag},
cf. Eq. (4.8) and the set of simple roots is
II = {a1 — Q9,09 — a3, a9y + CL3}.

Let
Q= a; —ay, Qp:=as—az, and az:=as+ as,

then 7 = {aq, ag, a3, a1 + ag, a1 + a3, a1 + ag + az} and (11, >) satisfies the SCS-
condition. In fact, we have

2f = {au},
23\ X = {ag,as + a1},
Y3\ X3 = {as, a3+ a1, a3 + a1 + s},
whereas an enumeration
a1 :=as+as, «a:=as—az, and az:=a; — as,
violates for k£ = 2 condition (I) in Definition 3.29, because
5 ={ai},
3\ 2] = {az},

S\ ZF ={os, a3+ o1, a3+ g, a1 + az + as}.
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Example 3.32. Let g = su(m, 2), m > 2, with Cartan decomposition as in Appendix
A.7. The positive restricted roots are given by

E+ = {CLl, as, aq + as, 2@1, 2(12}.
The set of simple roots is given by
H = {ag,al — CLQ}.

Choosing «a; := ay and ay := a3 — ag yields X1 = {ag + ag, a1, an + 209, an, 20 +
2aq,2a4 }. and the SCS-condition is satisfied because

Y= {a1,200}, X5\ X7 = {ag, as + ag,as + 204, 200 + 201 }.

However, the enumeration oy := a; — ag, g = ap yields X7 = {a; + ag, ag, a1 +
209, ay, 201 + 209, 202} and leads to a violation of condition (II) in Definition 3.29,
because X7 = {a1} and X5 \ ¥7 contains the elements

g < o + g < 2009 < 20090 + 1 < 2009 + 20¢7.

Note, that by Proposition 3.28, condition (I) in Definition 3.29 is only meaningful
for simple g“»>< which is guaranteed by Corollary 3.26 if we restrict to simple Lie
algebras g. In fact, assume that the restricted-root system X of g®==x is reducible and
decomposes into ¥ = X' U Y. Let II = I’ U I1” be the union of the corresponding
simple root systems and let < be induced by an arbitrary enumeration of II. We can
assume without loss of generality that the smallest simple root ay lies in IT". Then for
the smallest root «; in I1” we have

YI\XT, C {kaj, | ke N}, (3.20)

since every positive root A € X7 is a linear combination of either elements of II" or of
I1”. Thus SCS-condition (I) is violated.

In order to distinguish different cyclic schemes for the Jacobi sweep in Algorithm 2.18,
we introduce the following notation.

Definition 3.33. Let \q,..., A\, € X7 be different positive restricted roots. Denote
the elementary rotations in Algorithm 2.18 as before by

TQ(X) = Adexpt*(X)QXy (321)
where (2 lies in some ), cf. Eq. (2.15). Then

S =7Tq, 0Tq, ,©0...0Tq,
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is called a partial sweep of type (A1, ..., \x), if the Q; are orthogonal with respect to
By and if the elementary rotations are successively applied in an order such that

{Q1,...,Q,,} is a basis of &,,,

{41, s Qp1y } 18 & basis of &y,

{4 4y s O } 18 a basis of &),

where m = > dimé§,.

rext
The following definition now generalizes the special cyclic Jacobi method for the sym-
metric eigenvalue problem [21].

Definition 3.34 (Special Cyclic Sweep). Let X" be a set of positive roots and
let (II, >) satisfy the SCS-condition 3.29.

(a) A special k-th row sweep si is a partial sweep of type (A1, ..., \,) with {\; | i =

L.,n}="\Z7  and \; < Ay < ... <\, < agy1. Note, that A\; = ay.

(b) A special sweep for g** is a partial sweep that consists of special row sweeps

ordered as
Sk = sﬁosgo ...os’;.
(c) A special cyclic sweep is an entire sweep that consists of special row sweeps
ordered as
# #

Smax = 55 0850...08" .

Note, that any special cyclic sweep always starts with the special row sweep s

max"*

Example 3.35. According to Example 3.30, the respective enumerations yield the
following cyclic methods.
(a) Enumeration 3.30 (a) leads to a column-wise annihilation of the off-diagonal

entries. The special k-th row sweep here consists of rotations corresponding to
the (n — k + 1)-th column.

-O ] o] o O— —O [¢] o [e] O— o o [©] o o o o o o *
[¢] [©] e] [¢] [¢] [¢] [¢] [0} e] [¢] o [¢] [©] o % o o [¢] [©] o]
[¢] [¢] o o [¢] — [¢] (¢] [¢] o % — o o (¢] [¢] (¢] — [¢] (¢] o (¢] o —
[¢] [¢] o o * [¢] [¢] o] [e] [e] [e] [¢] [¢] o] o o] o [¢] [¢] o]
[¢] ] o % O [e] (¢] * o [e] o % O o [e] * [e] [¢] [¢] o]
-O @] o [e] O_ _O [¢] o [e] O_ (¢] * o [¢] [¢]
[¢] o o] [¢] o [¢] [¢] O % O *x O [e] o [©]
[¢] ] O % ©O — o [¢] o o [¢] — — [¢] o o] [¢] [©]
[¢] ] * O [¢] O % O o [¢] [©] o o [¢] [©]
(¢] (¢] o (¢] (¢] o (¢] [¢] o (¢] (¢] [¢] o o (¢]
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(b) Here, we obtain the special cyclic sweep for the symmetric eigenvalue problem
as described at the beginning of this subsection, cf. Figure 3.2.

(¢) Ordering (c) yields a sweep consisting of combined row- and column-wise anni-
hilating of the off-diagonal elements.

[¢] [¢] o o [¢] o [¢] [©] o] o o] o [¢] ] o] ] e] [¢] o *
[¢] [©] [0} o [¢] o [¢] [©] [0} o ¢] o [¢] ] * ] ¢] [¢] [¢] o
(¢] (¢] [¢] (e] (¢] — (e] (¢] (¢] o % — o (¢] (¢] [¢] o — (¢] o (¢} (¢] [¢] —
[¢] [¢] o o * [e] [¢] @] o] [e] o] [e] [¢] @] (o] ] o] [e] [¢] o
[¢] [©] O % O [e] (¢] * o] [e] o % O ] e] * e] [¢] [¢] o
_O * O [e] O_ _O (¢] * o] O- _O [¢] (¢] * O- -O e] [¢] o O_
* O [0} [e] [¢] o [¢] [©] o] o o] [e] [¢] ] o] ] o] [¢] [¢] o
[¢] [©] o o [¢] — *x O [©] o] o — e] O [¢] ] e] — ] e] O % O —
(¢] (¢] [¢] (¢] o (¢] (¢] (¢] [¢] (¢] *x O (¢] [¢] o [¢] O % ©O [¢]
[¢] [¢] o [e] [¢] [e] [¢] @] o [e] o] o [¢] [e] o] @] (o] [¢] [¢] ]
_O [¢] o o O_ _O [¢] @] ¢} O-
[¢] [¢] O % O [e] o * o] [e]
[¢] [©] o [e] [¢] — O % O o] [e]
O % O o [¢] o [¢] [©] o o
[¢] [©] o o [¢] o [¢] [©] [0} o

We can now state and prove the main result of this section. Using special cyclic
sweeps in the irregular case, the classical Jacobi as well as the Sort-Jacobi converge
locally quadratic.

Theorem 3.36 (Local quadratic convergence for classical and Sort-Jacobi). Let
g =t D p be the Cartan decomposition of a simple Lie algebra g and let S € p. Let
f: O(S) — R denote either the off-norm (3.5) or the trace function (3.12), respec-
tively. Let Z € a with \(Z) <0 for all A € X be a minimum of the off-norm or the
maximum of the trace function, respectively. Then the classical algorithm 2.19 reduc-
ing the off-norm, as well as the Sort-Jacobi algorithm maximizing the trace function,
are locally quadratic convergent to Z, provided that special cyclic sweeps are used.
This holds true even for irregular elements.

Remark 3.37. Since every semisimple Lie algebra decomposes orthogonally into
simple ideals, cf. Theorem 1.16, the above result straightforwardly yields locally
quadratic convergent cyclic Jacobi methods for general semisimple Lie algebras, namely
by considering each simple ideal independently.

The proof of the above theorem splits into several lemmas. Let || - || denote the norm
on p induced by the inner product By. The following lemma states that minimizing
along the Adexp 1 orbit of an element X € p does not change the distance to Z € a if
Q,Z]=0.
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Lemma 3.38. Let Q € €, and let Z € a with \(Z) = 0. Then Adexpia(Z) = Z for
allt € R. Consequently,

Ira(X,t) = Z|[ = [[X = Z]],
if rq is defined as in Eq. (3.21).

Proof. Since Q = X, 4+ 60X, for some restricted-root vector X, € g, and A\(Z) = 0,
we have adqgZ = 0 and therefore

AdepinZ =Y Eadgz = 7.
k=0
Furthermore, the Ad-invariance of the Killing form « yields for all ¢ € R that
lro(X,t) — Z||* = —k(ra(X,t) — Z,0(ro(X,t) — Z))
K<AdexthX - Z, AdexthX - Z)

H<AdeXth(X - Z)aAdeXth(X — 7)) =||X - Z||2-

O
Let
be the orthogonal projection onto g** and let
Phig— g™ N (g™ )" (3.23)

be the orthogonal projection onto g* N (g*-1)+. We sometimes use the abbreviate
notation ph(X) =: X! and p,(X) =: X;.

Example 3.39. Consider the Lie algebra sl(4,R) with an ordering on the simple
roots as in Example 3.30 (a). Let

-2 .0 0 0
0 30 0
H = 0 00 o €a
0 0 0 -1
Then ~ _ ~ _
00 0 0 0 0 0 0
00 0 0 0 7/3 0 0
pl(H): 0 0 % 0 >p2<H): 0 0 -2/3 0 )
00 0 —% 0 0 0 -5/3
00 0 0] [0 0 0 0
4 _]00 0 O© 4 10 7/3 0 0
pi(H) = 00 L o] p5(H) = 0 0 -7/6 0
000 -1 0 0 0 -7/6
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Lemma 3.40. Let p;, p,ﬁC be as above and H € a. Then
(a) N(HY) =0 if X € Sy,
(b) AMH) = Ap(H)) if X € Zi.

Proof. Let A\ € ¥ and denote by H) € a the element that is dual to A, i.e. AN(H) =
By(Hy, H) for all H € a. Then by Lemma 1.49

H\€R-[Ey,0E)]
and hence H) € g**. (a) Let A € ¥_1. Then H) € g*-! and
A(H}) = By(Hy, HY) = 0.
(b) Now let A € . Then Hy € g* and the orthogonality of p, yields
AMH) = By(Hy, H) = Bo(Hx, p(H)) = Apy,(H)).
[

Lemma 3.41. Let X € p, ¢ = Adexpy € Inty(ENg*-1), ice. Y € £Ng*-1, and
H € a. Then
lp(X) = Hill = |1X — H]l.

Proof. Lemma 3.40 (a) yields that A(H.) = 0 for all A € ¥;_;. Now decomposing Y
into its €, components we get
Y, Hf] =0

and the assertion follows analogously to Lemma 3.38. O]

Lemma 3.42. Let s = s§ o sg o..ost be a special cyclic sweep. Let 0 # Z € a

max

with N(Z) < 0 for all \ € ¥T. Let oy, € 11 be the smallest simple root such that
am(Z) <0. Then N(Z) = 0 for all X involved in si if k < m. Moreover, the following
holds.

I) If k > m, then there exists a X\ € ¥;7 \ X7, such that \(Z) # 0.
ko\ Zk—1
(II) Let A\, p € S\ SF_, be two roots involved in st. If \(Z) < 0, then u(Z) < 0
for all p > A.

Proof. Condition 3.29 (I) assures that there exists a A = S.F_ iy € £\ &, with
c¢m # 0. Since ¢; > 0 for all ¢ =1, ..., k, Proposition 3.21 yields

k
ANZ) = Zciai < cmam(Z) < 0.
i=1

Now let A\g = Zle cio; € 25\ X | be the smallest root such that A\g(Z) < 0. Then

there exists an index j such that ¢; > 0. Let \g < p = Zle d;o;. Condition 3.29 (II)
yields d; > 0 and hence pu(Z) < 0. O
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Lemma 3.43. Let T;O(S) denote the tangent space of O(S) at Z € a with \(Z) <0
for all X € 7 and let py, be defined as in Eq. (3.22). Then

Pr(T705) = {[Q, pp(Z2)] | Q2 € &) with A € Xy, \(Z) # 0}.

Furthermore,
B :={Q; | ; lies in some &) fori=1,..,v} Ct

is an orthogonal basis of > €\ if and only if
{AA(Z2)<0}

{Q; | Q lies in some €y fori=1,...,v} Cp
is an orthogonal basis of p,(T7Os).
Proof. We have

T,0(S) = adzt = ady (Z £ +3g(a)> =ads [ > b,

e+ {AIA(Z)<0}
since [Z,8,] = 0 if A\(Z) = 0. Furthermore [Z,¢,] C p, by Lemma 1.51, thus
T,0(5)= Y.
{AIA(Z) <0}
and
p(TZ0(8) = > pa={[0pu(2)] | Q€ b\ with X € Ty, A(Z) # 0},
AT A(Z)<0

where the last equality holds because py = A(p,(Z))pxr = [px(Z), &:]. The last asser-
tion follows since for A(Z) # 0 and €, Q; € £,

By(94,Q) =0 <= MN2)*By(Q:,Q;) =0 <= By([Z,],[Z,9,]) = 0.
O

We will finally introduce some further notation. For every X € p, the optimal step
size selection tf,f)(X ) gives rise to an inner automorphism

0] — .

ro,( 67(X)) = Ad 0y
that obviously depends on X. Hence every (partial) sweep s yields an inner auto-
morphism that depends on the initial point X. We will indicate this dependence by
writing
5(X) = s¥(X).

Of course it makes sense to apply the transformation s* to any other element in g.
The following lemma shows that the transformation induced by the special sweep for
g“* only depends on the g**-component of the underlying element X.
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Lemma 3.44. Let s; be the special Jacobi sweep for g** for minimizing the off-norm
or mazimizing the trace function, respectively. Let p, denote the orthogonal projection
onto g*¢. Then

5#(X) = 5P ()

forall X €p.

Proof. The special sweep s, only consists of rotations 7o(X) = Adexpr,(x)0X with
Q € &\, A € Xk. For the tasks of minimizing the off-norm or maximizing the trace
function, respectively, ¢,(X) only depends on the Q-component of X and A(Xj), cf.
Theorem 3.7 and Theorem 3.13. Now A(X,) = A(p(Xo)) by Lemma 3.40 and the
assertion follows. O

We are now ready to prove the main theorem.

PROOF OF THEOREM 3.36. The proof follows the idea of van Kempen [64]. Roughly
spoken, it is an inductive proof over the ”"blocks” g&*.

So let g be a simple Lie algebra. Let II = {ay, ..., amax} be the set of simple roots
and assume that (II,>) satisfies the SCS-condition 3.29. Furthermore, denote by
Z € a the minimum of the off-norm, maximum of the trace function respectively,
with A(Z) <0 for all A € X*. We show by induction that there exists a neighborhood
U(Z) of Z such that if X € U(Z) N O(S) the estimate

15k (pr(X)) = pR(2)]] < KJIX = Z||*,  for all X € U(Z) N O(S) (3.24)

holds. Now denote by «,, the smallest simple root such that «,,(Z) < 0. We can
assume without loss of generality that such an ay, exists, because if not, then A(Z) = 0

for all A € ¥ and hence Z = 0 implying that O(S) = {0}. Let us see that Eq. (3.24)
holds true for «,,. Therefore, recall that

Sm =5 0..0s

and that the roots A involved in s,,,_; are an_l and the roots involved in s?n are given
by 25\ Xt . Now let

m—1 m—1
A= o€t and p=dpam+ > diog € SH\SS, dy >0,
=1

i=1

Since by assumption, «;(Z) = 0 for all ¢ < m, it follows that A(Z) = 0 and u(Z) =
dmam(Z) < 0. Therefore with X, := p,,(X) Lemma 3.38 implies

|[8m(Xm) — Zm|| = l|$m—10 5&n<Xm> — Znl| = Hs?n(Xm) — Znml|. (3.25)
We now follow the idea of the proof of Theorem 2.10 and consider the function

Sgnopm: O(S) —p.
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One step within s?, is given by

ri(Xm) = ra,(Xm, tD(X,,)) = Ad X,

exptl” (Xim) S

with €; € €,. For the classical case,

7 2c
t0(X,,) = L arctan <—u((X:L)o)) ,

i 1 : 2¢
tgk)(Xm) = 3 arcsim (-m) s

cf. Theorem 3.13. Now since u(Z) = u(Z,,) < 0, there exists a neighborhood U C
O(S) of Z and a § > 0 such that u((X,,)o) < —6. Hence the step size selections .
and therefore s* op, is differentiable in U. We show that its derivative at Z vanishes

and use a Taylor series argument to complete the initial induction step. By Lemma
3.43,
{adgi pk(Z) | Q, € &, with \ € Ek,)\<Z) 7é 0}

is an orthogonal basis of p,(77O(S)). For the derivative we have

D(st, 0, )(2)€ = Ds, (D (Z)) Pra(€)

and the derivative of each elementary rotation rq, (t(f) (X), X) is explicitly computed
analogously to the proof of Theorem 2.10. Lemma 2.5 yields

_Hrn(£2))(&,€)
Hy (P (£)) (&)

where Hy is the Hessian of the off-norm, the trace function at p,,(Z) respectively.

Dt (p,,(2))(€) =

Dri(p,,(£))§ = D (”(t’(‘i)(X)’X)’X:pMZ)) :

= Drilt: X9 @02 © DO (XD 1), 218
= Dt (p,(2))6 + €

since tii)(pm(Z)) = 0 and hence

Hy (0., (2)) (& €)
Hy (0 (2)) (& €)

For both, the Hessian of the off-norm, cf. Eq. (3.6) and the Hessian of the trace
function, cf. Eq. (3.13), Dr(p,,(Z)) is an orthogonal projector onto (R-[Q;, p,,(Z)])*.
Since p,,(Z) is a fixed point of every r; (because every element in a is), one has

Dsy(pm(Z)) P (§) = 0.

Dri(p,(2))€ =& - &-
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Hence by Lemma 2.9, there exists a neighborhood U(Z) of Z and a constant K such
that

155, © P (X) = Pr(2)]| < K|IX — Z].
The initial induction step is done, since now by Eq. (3.25) it follows
[[5m (P (X)) = P (D] = [I85, © (X)) = P (2)]] < K[|X = Z|.

Assume now that the assertion (3.24) is true for a1 with £ — 1 > m. Partition the
special sweep s, into s, =: $_1 © si. Substituting X := si(pk(X)) and using Lemma
3.44 for the second equality we obtain

sk (P (X)) = Pe(2)]] = [lsx-1(X) — p(2)]|

_1(X) > >
= 1525 (b1 (X) + XD) — e a(2) = Z
_1(X) o X ¥
< sp 3 (o1 (X)) = Dt (D] + iy (XF) = ZE]]
= {151 (Pe_1(X)) = Prca (D) + [1XE = ZEI,
(3.26)
where the last equality holds by Lemma 3.41, since si’“_’ll ) ¢ Intg(g*-1NE). Applying
the induction hypothesis, it remains to analyze the summand

IXE = ZE|| = || pf. osE(X) = pE(D)II-
By Lemma 3.42, si is a special row sweep of type
(A oy A1y Auy ooy A
where \;(Z) =01if 1 <i <wvand \;(Z) <0 for v <. Hence
st =gob, (3.27)

where b is either the identity or a partial sweep of type (A1, .., \,_1) and g is a partial
sweep of type (A, ..., A\p). By Lemma 3.38, b(X) =: X is contained in a ball around
Z if and only if X is contained in the same ball. It therefore suffices to examine
|| bt og(X) —pk og(Z)||. Now [, Z] # 0 for all ©; involved in g and hence by Lemma
2.5, pi og is differentiable in a neighborhood U (Z) of Z, that is assumed without loss
of generality to be a ball. For the derivative in Z we have

D(p} 0g9)(2)¢ = poDg(Z2)E,

and analogously to the proof of Theorem 2.10, Dr;(Z) is an orthogonal projector onto
(R - [Qy, Z])* if 7; is an elementary rotation of g for both, the classical Jacobi and
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the Sort-Jacobi. The remaining components of § are annihilated by the projection py.
Since Z is a fixed point of every rotation, one has

Py oDg(Z)§ = 0.
Hence again by Taylor’s Theorem there exists a constant L such that
I b 0g(X) = plog(2)|| < LI|X — Z|| for all X € U(Z).

Now choose a ball V(Z) c U(Z)NU(Z). Applying the induction hypothesis to Eq.
(3.26), we obtain for all X € V(Z) that

[1s1(Pe(X)) = Pr(2)]| < (K + D)I|X — Z|>.
The proof is complete for k& = max. n

Remark 3.45. Not every restricted-root system admits an enumeration such that
the SCS-condition 3.29 is satisfied. For example this is the case for the root system
D, if ¢ > 3 defined in the next Chapter, cf. Eq. (4.8). Nevertheless, we are able to
introduce an ordering on D, such that the above proof can be adapted, cf. Corollary
4.5. Note therefore, that the SCS-conditions (I), (II) are used only in Eq. (3.27):

(I) To guarantee that s’ contains at least one rotation ro with [, Z] # 0;

(I) To guarantee that for the sweep s% of type (A, ..., \s) there exists an index v
such that \;(Z) < 0 for all ¢ > vi.

Although (T) and (IT) are exactly the conditions we need for the proof, they are not
suitable for defining special cyclic sweeps since these conditions depend on Z and in
general Z is unknown before starting the algorithm.



Chapter 4

Applications to Structured
Singular Value and Eigenvalue
Problems

4.1 Generalities

In this chapter we discuss in detail how some of the well known normal form problems
from numerical linear algebra fit into the developed Lie algebraic setting. In Table
4.1 we present an overview of the Cartan decompositions of simple Lie algebras and
the corresponding matrix factorizations. The Sort-Jacobi algorithm from the previous
section is specified for the real and symplectic singular value decomposition, for the
real symmetric Hamiltonian EVD and for one exceptional case. It is straightforward
to implement a Sort-Jacobi algorithm with special cyclic sweeps for all cases with a
restricted-root space decomposition, as in the appendix. Each of the examples is of
course only one representative of the corresponding isomorphism class. By knowledge
of the isomorphism, it is then straightforward to adapt the presented algorithm in
order to obtain structure preserving Jacobi-type methods for the isomorphic classes.
Stronger than isomorphic is the following definition.

Definition 4.1. Two Lie algebras g,g' € C"*™ are equivalent, if there exists an
invertible g € CV*¥ such that ggg~' = g¢'.

If g and g’ are semisimple with ggg~' = ¢, then their Cartan decompositions trans-

form in the same way, i.e. if g = € @ p is the Cartan decomposition of g, then
gtg~! @ gpg~! yields the Cartan decomposition of g’. This means, that to every row
in Table 4.1, there correspond infinitely many structured eigenvalue problems, and as
is often not recognized in the literature, seemingly ”different” structured eigenvalue
problems can be equivalent. We mention three examples.

88
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Example 4.2. e The Lie algebra of the perskew-symmetric matrices

1
{AcR™ | ATR4+ RA =0}, where R:= (4.1)
1

is equivalent to so(k, k) if n = 2k and to so(k + 1,k) if n = 2k + 1. The
symmetric perskew-symmetric EVD is therefore equivalent to the SVD of a real
(k x k)-matrix, (k + 1 x k) respectively, cf. Section 4.2.

e Takagi’s factorization is equivalent to the symmetric Hamiltonian EVD, cf. Sec-
tion 4.3.

e In systems theory, the real Lie algebra

g::{[g _(1;4*},A,G,QGC”X”,G*:G,H*:H} (4.2)
plays an important role in linear optimal control and associated algebraic Riccati
equations. We refer to g as the set of R-Hamiltonian matrices in order to avoid
confusion with the complex Lie algebra sp(n,C), whose elements are called, fol-
lowing the established convention in mathematics, (complez or C)-Hamiltonian.
The Lie algebra g is equivalent to su(n,n) and hence the diagonalization of a
Hermitian R-Hamiltonian matrix is equivalent to the SVD of a complex (n x n)-
matrix, cf. Section 4.5.

Note, that different choices for the maximal abelian subalgebra a do only appear to
lead to different eigenvalue problems, since they are all conjugate to each other, cf.
Theorem 1.48. Furthermore, we can apply our results to the symplectic singular value
decomposition and a structured eigenvalue problem, arising by considering a Cartan
decomposition of a real form of the exceptional Lie algebra go. To our knowledge, the
corresponding Sort-Jacobi-algorithms are new.

For the numerical simulations we randomly generate matrices with prescribed struc-
ture and eigenvalues. This is done in the following way.

Algorithm 4.3. Let g = €& p be a Cartan decomposition and let a C p be maximal
abelian. Let B = {Qy,...,Qx} be the set of sweep directions as given in Algorithm
2.18, and let Z € a. The following algorithm generates a random matrix S € O(Z),
the Inty(€)-adjoint orbit of Z.

ALGORITHM 4.3. RANDOM INITIAL POINT.
function: S = random.element(2)
Set g := identity matrix.
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90

g ¢ P Matrix Factorization
sl(n,R) so(n,R) SeR™™ §=8T trS=0 symmetric EVD
sl(n,C) su(n) SeCrn, §=8trS=0 Hermitian EVD
so(n,C) so(n,R) U ciR™" ¥ =—-ul skew-symmetric EVD
(up to multiplication with i)
. S o o . .
su*(2n) sp(n) P = v S , S, e Cnen Hermitian Quaternion EVD, i.e.
tr$=0,8=5*U=—-0T uPu* = [A A] ,trA = 0, A real diagonal, u € Sp(n)
0 B y
so(p,q) so(p,R) ®so(q,R) BT 0 , B € RP*4 real SVD, cf. Sec. 4.2
0 B « - o
su(p, q) s(u(p) ® u(q)) B 0 ,B e Crxa complex SVD, Hermitian R-Hamiltonian EVD, cf. Sec. 4.5
. 0 B y . o o
50™(2n) u(n) B 0 ,BeC" B=-B Takagi-like factorization, i.e.
0 X1
—X1 O
uBu' = ,x; € Ryu € U(n)
0 =z,
—x, 0

Table 4.1: Classical Cartan-decompositions and corresponding matrix factorizations, Part 1.



Matrix Factorization

g ¢ p
S C « T T . o
sp(n,R) u(n) C _g , S, C e R §=85"'C=C symmetric Hamiltonian EVD
Takagi’s factorization, cf. Sec. 4.3
S C nxn . T .\ o
sp(n, C) sp(n) P = T -3 ,9,CeCvn, §S=85*C=C Hermitian C-Hamiltonian EVD
B -—-F
F B v ) .
sp(p,q),p>q sp(p) ®sp(q) B P , B, F € CP*4 symplectic SVD, cf. Sec. 4.4, i.e.
—-FT BT
B -F] . [ 0
“Ir B|Y |0 %)
0
€ RP*4, u € Sp(p), v € Sp(q)
0 V2bT —v2b7 by
g2 su(2) ¢ su(2) V2b S B b= |baf, cf. Section 4.6
—V2b -B -8 bs
0 —bs b
B=| b3 0 —b1 | ,0b; ER,S€R3X3,
—by by 0
trS=0,5=9"T

Table 4.2: Classical Cartan-decompositions and corresponding matrix factorizations, Part II.

SaI[eIOUdY) T}

16
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Set S =27
for{=1:3
fork=1:N
Set ¢ := Real Random number out of [—m, 7.
Set S := exp(t€2).S. exp(—1t€2).
endfor
Set 1=141.
endfor

All subsequent experiments are performed with three different randomly chosen initial
points, plotted in one single diagram. As a measure of how far an element X € p is
away from diagonalization, we always evaluate d(X) = [|X — X;||?, a multiple of the
off-norm. The value of d is plotted against the vertical axis. For a better visualisation,
the values of the off-norm at each sweep are connected with a line. All simulations
are done using MATHEMATICA 5.2. There are essentially three observations for the
numerical experiments.

e The Sort-Jacobi consistently shows a faster convergence behavior than the clas-
sical Jacobi method.

e Special cyclic sweeps yield better convergence than arbitrary sweeps, especially
for the irregular case.

e For special cyclic sweeps, the convergence is the faster, the more the element is
irregular, i.e. the fewer clusters appear.

4.2 The Singular Value Decomposition of a Real
Matrix

We illustrate how a Jacobi-type method for the singular value decomposition fits into
the Lie algebraic setting, developed in the previous chapters. We apply the algorithm
of Section 3.2 to the standard representation of the simple Lie algebra so(p, q), where
we assume that p > ¢. Let

so(p,q) = {X €sl(p+q,R) | XTIp,q + L X = 0},

I
Ip’q B { ' _Ij

and I, denotes the (p x p)-identity matrix. The Cartan involution

where

6 :so(p,q) — so(p,q), Xv+—1,,XI,, (4.3)



4.2. The Singular Value Decomposition of a Real Matrix 93

leads to the Cartan decomposition

so(p,q) =t D p, (4.4)

where the (41)-eigenspace of € is given by

t= H% gj | =S =8, eRP? —S] =5, ¢ RW} (4.5)

and the (—1)-eigenspace of 6 is given by

p:{{BOT ﬂ \BeRM}. (4.6)

We fix a maximal abelian subalgebra in p as

a:= (4.7)
A set of positive restricted roots is given by the linear functionals
ai_aju 1§Z<]SQ7
(4.8a)
Moreover, in the case where p > ¢, we have additionally the restricted roots

The restricted-root system is said to be of type D, if p = ¢ and of type B, if p > ¢.
The root systems are illustrated in Fig. 4.1 and 4.2 for the case ¢ = 2.
Consider first the case where p > ¢. A simple system is given by

HBq = {ai — Qj41 | 1 <1< q} U {aq}. (49)

The following Proposition specifies an ordering on Ilp, such that the SCS-condition
is satisfied.

Proposition 4.4. Let o; := a;—a;41, 1 = 1,...,q—1 and let oy := a,. Then (llg,,>)
satisfies the SCS-condition 3.29 if > is defined by

;> Qy, Zf’L<]
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aq
aq (%)
Q2
Figure 4.1: The root system Figure 4.2: The root system
D, with simple roots aq, as. B, with simple roots a;, as.

Note, that the notation slightly differs from the notation in the previous chapter.
Here, oy is the largest and «y is the smallest root.

Proof. In terms of the simple roots «;, the positive restricted roots are

J—1 q q q
a; — a; :Zak, ai:Zak, a; + a; :Zak+2ak. (4.10)
k=i k=i k=i k=j
Therefore the sets X \ X} | are given by
S\ e —aa< . <ar—a;<a <aptag<..<a+as

SIS, rar—apr < o <ap—ag < ap < ag+ag <...<ag+ app

+ .
X7 ag.

By Equation (4.10) it can easily be checked that (IIp,, >) satisfies the SCS-condition.
O]

Now let p = ¢. Although Example 3.31 shows that for p = ¢ = 3 an ordering on
the simple roots exists such that the SCS-condition is fulfilled, this does not hold for
p > 3. Nevertheless, we are able to introduce an ordering such that the resulting
sweep yields local quadratic convergence. A simple system is given by

p, = {a; —aip1 | 1 <i < g} U{ag—1 + aq}. (4.11)

Let o; == a; —aj11, 1 =1,...,g — 2 let ay_1 := ag—1 + a4 and let ay = a4—1 — a4. In
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terms of the simple roots «;, the positive restricted roots are

7j—2
ai—aj:Zak, fori>qg—2
k=i

Jj—2
a; — Gg = E ag + ay
k=i

g—1 + Qg = Qg_1,

g1 (4.12)
a,»—i—aq:Zak, fori>q— 2,
k=i
q
a; + Ag—1 = Z o,
k=i
q q—2
aita; =Y ap+ Y oy, forj>q-2.
k=1 k=j
If we define the ordering on IIp, by
Q; > Oy, if 1 < 7, (413)

the sets X \ X}, are given by

Y\ i< <a—a,<arta;<..<a+as
SIS, L rak —apr < o <ap—ag < agp+a; < ... <ap+ agp

+\ Y.

Y3\ Xt ag-1 +ay
+ .
X1 ag-1 — ag.

Corollary 4.5. Let g =€ @ p be the Cartan decomposition of a simple Lie Algebra
with restricted-root system D,. Let Z € a with \(Z) < 0 for all A € ¥T be a minimum
of the off-norm, the maximum of the trace-function respectively. Let (Ilp,,>) be
ordered as above and let s’; by a partial sweep of type (A1, ..., \n) with {\1,...; \,} =
E; \ 2;1 and \; < ... < \,. Let

— oot g
§=15]08,0..08; .

Then s yields local quadratic convergence to Z for the classical as well as for the
Sort-Jacobi Algorithm 3.10 and 3.16, even for irreqular elements.
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Proof. We adapt the proof of Theorem 3.36 and use the notation established therein.
The crucial point in adapting the proof is to note that neither a;, — g1 = —2a,
nor o, + o1 = 2a,—1 is a root or zero and hence, by Theorem 2.23, the respective
elementary rotations commute. The same holds true for rotations corresponding to
the roots ay + a, and a; — a4 for k > 3. Hence

— ot 5 ot ! St
§=15108,0...08;, = 58,08 085...08"

A,ﬁ

where s}, are sweeps of type

(ak — Qk41, -, A T Qg, Qf — Qg -5 A + a’k-i—l)a

Hence we can assume without loss of generality by a possibly re-enumeration of the
simple roots that if a,, denotes the smallest root such that a,,,(Z) < 0 the following
holds.

(I) If k > m, then there exists a A € ¥} \ X | such that \(Z) # 0.

(IT) Let A,z € XF \ B, be two roots involved in s&. If A(Z) < 0, then u(Z) < 0
for all > A.

Using this result to obtain Eq. (3.27), the proof of Theorem 3.36 adapts straightfor-
wardly. O]

The corresponding restricted-root spaces are given below. For the roots a; & a;, the
restricted-root spaces are of real dimension 1 and are nonzero only in the 16 entries
corresponding to row and column indices p—t+1,p—7+1,p—i+1+q,p—j+1+q.

They are
0 1 0 1 0 1] [0 —1]
-1 0 1 0 1 -1 0 1 0
ai—a; = R+ = ) aita; = R =
gz J 2 gz"l‘] 2

0 1 0 1 [0 1] [o —1]
10 -1 0 -1 0 1 0

The above basis vectors are all normalized in the sense of Eq. (3.15). The restricted-
root spaces for the roots H —— a; only exist if p > ¢ and have real dimension
p — q. They are nonzero only in the entries corresponding to row and column indices
1,...,p—q,p—q+1,p-+1i, where they are

(4.14)

0 v —v
Go, =2 |-v" 0 O ||jveRr9}. (4.15)
- 0 0
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An orthogonal basis of g,,, normalized in the sense of Eq. (3.15), is given by

0 1 —1] w6)

Using the results in Section 3.2, we are now ready to introduce a Jacobi-type algorithm
that computes the SVD of a real matrix B. Figure 4.3 illustrates the SCS-sweep
method for the real SVD.

—O [¢] O O_ _O o o O_ —O o [0) O_ _* o o O_
o X 0] o 0] o * (] o o 0] * 0] o (] o
k [e) o) o — o) o o [e] — [¢] @] o] [e] — o] o [e] @] —
o o ] o * o (] ] ] O o) o o) o o o
o o O (] O o o o * o o) o o) o o ]
_O o O O- -O (] o o o o o) o -O o (] O_
o o O [ ] 0] o [ ] o o [ ] o) o 0] o [¢] o
o [¢] O o 0] o o ] [ ] (] 0] o o) o * o —
o [¢] ] o [ ] [e] [e] [¢] [e] [¢] o] o o] * [e] @]
[ ] (] o) o o) o [¢] ] o ] o) o o) o ] o)
_O o O O_ _O * o ) o ] o) o _O o ] O_
o () O o o) o o o o ) o) o o) o o o
o (] O k O o o o o o o) [ ] o) o [ ] o —
o [¢] O o o) o o (] o (] 0] o 0] [ ] (] o
o * o O 0] O o ] o [ ] 0] o 0] o (] o
_O (] O O_ _O o * o o (] 0] o _O O o *_
[e] [¢] O o ] [e] [e] [¢] [e] [e] o] o o] o [e] [¢]
o [ O (] o) o o () o ) o) o o) o (] o
o o O * O (] o o o o o) [ ] o) o o o
o o * o O o o o o o ® o o) o (] o
Figure 4.3: Special cyclic sweep for the SVD. x : annihilating, e : symmetrizing, * :

skew-symmetrizing.

According to Theorem 3.36, this algorithm is locally quadratic convergent for any
element, including irregular ones, since we use special cyclic sweeps. The proposed
code is admittedly not optimal in the sense that matrices are used that occur with
twice the size that is in fact needed. An implementation with bisected matrices is
straightforward and is omitted here.

Algorithm 4.6. Denote by X;; the (i,j)-entry of the matrix X. In a first step
we generate the sweep directions €; € £, with corresponding A(7) and €2;-coefficient

c(i). Let E;; € RP™? the matrix with (4, j)- entry 1 and zeros elsewhere and define
\Ijij = Eij — E]z
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ALGORITHM 4.6. REAL SVD - SWEEP DIRECTIONS AND SCS ORDER.
function: (94, A(1),¢(1), ..., 2, A(N),c(N), N) = generate.directions(p, q)
Set k:=1
fori=1:¢
for j=1+1:9¢q
Set Q :=Vp_grip—g+j + Vptipts-
Set Ak = Ep—gripri = Ep—gripti-
Set c(k) = %(Epfqﬂ,pﬂ' + Ep—qrip+i) -
Set k=k+1,5=75+1.
endfor
forh=1:p—q
Set Qk = Q\Ijh,pquri-
Set )\k = Epquri,eri .
Set ¢(k) := =3 Eppsi-
Set k=k+1, h=h+1.
endfor
for j=q:i+1
Set U := Wy _grip-gtj = Uptipts-
Set )\k = Ep—q—i—i,p—i—i + Ep_q+j7p+j.
Set c(k) := %(_Ep—qﬂ,pﬂ' + Epgtjpti)-
Set k=k+1,7=5—1.

endfor
endfor
Set N =k —1.

end generate.directions

0 B
BT 0
the elementary rotations. A sweep is explicitly given by the following algorithm. It

Let B € RP*? and S := [ . Let w;(cost,sint, cos 2t,sin 2t) = expt(2; denote

constructs the transformed Spew = wSu' and the transformation u = [%1 1?1 .
2

function: (Syew, Unew) = scs.sweep(.S, u)
Set (Snewvunew) = (37 U)
Set (21, A(1),¢(1), ..., Qn, A(N), ¢(N), N) = generate.directions(p, q).
fori=1: N
Set ¢ := tr(c(i)S), X := tr(A\(0)S), dis := \? + 4¢?
if dis #0
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1

S t * 9 . %) i &— T 5 .
et (cost,, sin2t,) dzso\ 2¢)
else

Set (cos2t,, sin2t,) := (1,0).
endif

Set cost, 1= ,/HLQS%*.

if sin2t, >0

Set sint, = ,/%.

else

Set sint, = —,/%.

endif
Set Spew := wi(cost., sint,, cos2t,, sin2t,) Speww;(cost,, sint,, cos2t,, sin2t,)"
Set Upew = wi(costy, sint,, cos2t,, sint,)u.

end scs.sweep

It is now straightforward to implement the Sort-Jacobi algorithm with special cyclic

sweeps for computing the SVD of a given matrix B € RP*?. Let p be defined as in

Eq. (4.6). We use the function d: p — R, X — ||X — X{||? as a measure for
0

B
BT 0

U1 0 T <
0 U2:| and d(uSu'") < tol.

the distance of an element in X to a. Given a matrix S = and a tolerance

tol > 0, this algorithm overwrites S by uSu' where u = [

Set u := identity matrix.
while d(S) > tol

Set (S, u) = scs.sweep(S, u).
endwhile

The above algorithm differs in two essential points from the algorithm that Kog-
betliantz proposed in [46] and that seems to be used still in many applications. While
Kogbetliantz’s method minimizes the off-norm, our approach minimizes the trace
function and therefore sorts the singular values. The Sort-Jacobi methods have al-
ready been discussed in [42] for the real SVD and the symmetric EVD and it has
been observed there, that they have a better convergence behavior than the classical
methods. The second difference is the order in which the sweep directions are worked
off. The special cyclic sweep has been introduced as a generalization of the special
cyclic sweep for symmetric matrices, cf. [21], and has been needed in order to prove
local quadratic convergence for irregular elements. However, in the above case of the
singular value decomposition of a non-symmetric matrix it yields a sweep method that
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7 8 9 10 11 12
Sweeps

Figure 4.4: Convergence behavior for the real SVD of three (65 x 50)-matrices with
clustered singular values at 30, 10,5, 0; stopping criterion: off-norm < 107!°; small
dashed line = classical cyclic Kogbetliantz; large dashed line = sort Jacobi with
classical cyclic sweeps; solid line = Sort-Jacobi with special cyclic sweeps.

does not correspond to the sweep order proposed in [21], [42] and [46]. In Fig. 4.4 we
compare the classical cyclic Kogbetliantz, the Sort-Jacobi method with classical sweep
order and the Sort-Jacobi with special cyclic sweeps. All three methods have been
applied to the same, randomly generated (65 x 50)-matrices with clustered singular
values at 30,10,5 and 0. The off-norm is labeled at the vertical axis. Kogbetliantz’s
classical method shows the worst convergence behavior. Slightly better is Hiiper’s
Sort-Jacobi algorithm with standard sweeps, [42]. The sort Jacobi with special cyclic
sweeps exhibits the best convergence behavior. Here, the matrix is almost diagonal-
ized after 5 sweeps, whereas with the usual Kogbetliantz method, the off-norm after
five sweeps is of order ~ 10'. The advantage of the special cyclic sweeps increases the
bigger the matrix and the bigger the clusters of the singular values are.

An interesting special case is the computation of the SVD of a triangular matrix,
since the problem of computing the singular values can be reduced to that case by
a previous Q) R-decomposition, cf. [25], of the rectangular matrix. In this case, Kog-
betliantz’s method is known to converge locally quadratic, cf. [2], and preserves the
triangular structure, cf. [29]. Comparisons between Kogbetliantz’s method and the
method proposed here show that although our method does not preserve the trian-
gular structure, it is faster convergent. The advantage over the Kogbetliantz method
is apparent for matrices of size greater than ~ (30 x 30). Fig. 4.5 illustrates the
convergence behavior for an upper triangular (50 x 50)-matrix with clustered singular
values at 0, 5, 10, 30.

As mentioned at the beginning of this chapter, the symmetric perskew-symmetric
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Sweeps

Figure 4.5: Convergence behavior for the real SVD of three (50 x 50)-matrices with
clustered singular values at 30,10,5,0 in upper triangular form; stopping criterion:
off-norm < 1071%; dashed line = classical cyclic Kogbetliantz; solid line = Sort-Jacobi
with special cyclic sweeps.

eigenvalue problem, cf. [49], is equivalent to the real SVD. For the subsequent dis-
cussion, we restrict ourselves to the case where the regarded matrices are of size
(2k + 1) x (2k +1). The even case is treated analogously. More precisely, if R €
RZE+H1)x(2k+1) g defined as in Eq. (4.1), then

M1 0 0 17

0 -0
, 1 1 0 1
gRg" = | ,  with orthogonal g = — | : 0 V2 0
— 0 1

0o . 0

| —1 0 0 1

(4.17)
The same conjugation g(-)g' yields the equivalence between the Lie algebra of perskew-
symmetric matrices and so(k + 1, k). Similarly, the Cartan decomposition of perskew-
symmetric matrices is given by € @ p’ with ¢ = ¢g"¢g and p’ = ¢'pg, where £ and p
are defined by (4.5), (4.6). If a’ C p’ is chosen to be the set of diagonal matrices and
a is defined as in Eq. (4.7), then

Jk O]

o =g vav'g, where v = {O I
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10°
10t t
10 +
10% |
10" +

Sweeps

Figure 4.6: Convergence behavior for the symmetric perskew-symmetric EVD for
three (101 x 101)-matrices with clustered singular values at 0, £5, £10, £30. small
dashed line = algorithm proposed in [49]; solid line = sort Jacobi with special cyclic
sweeps.

with

Jp = if kisodd and J; = . if k is even.

With these transformations it is easily seen that the proposed algorithm in [49] for
the symmetric perskew-symmetric eigenvalue problem is in fact nothing else than
Kogbetliantz’s algorithm for a real (k + 1) x k-matrix with the only difference that
the sweep order differs. Nevertheless, the used order is not a special cyclic sweep.
We compare the algorithm proposed in [49] with the one that is obtained by using a
Sort-Jacobi with special cyclic sweeps. The result is illustrated in Fig. 4.6. Again.
the advantage of the sort Jacobi with special cyclic sweeps is the bigger, the bigger
the clusters of the eigenvalues are. Note that the same transformation g(-)g' with g
defined as in Eq. (4.17) yields the equivalence between the skew-symmetric perskew-
symmetric EVD and the skew symmetric EVD of two independent (k x k), (k+1x k+
1)-matrices respectively; the symmetric persymmetric EVD and the symmetric EVD
of two independent (k x k), (k+1x k+ 1)-matrices respectively; the skew-symmetric
persymmetric EVD and the real SVD of a (k+ 1 x k)-matrix.
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4.3 The Real Symmetric Hamiltonian EVD & Tak-
agi’s Factorization

We demonstrate in this section how the real Symmetric Hamiltonian EVD can be
derived as a special case of the ideas developed in the previous chapter. In [18], the
authors use a Jacobi-type method that is based on the direct solution of a 4 x 4 sub-
problem. We will not follow this approach and restrict ourselves to optimization along
one-parameter subgroups. By Theorem 2.23, Ch. 2, it is clear which optimization
directions can be grouped together in order to achieve parallelizability. Moreover,
we prove that the real symmetric Hamiltonian EVD is equivalent to Takagi’s Fac-
torization of a complex symmetric matrix, i.e. given a complex symmetric matrix
B € C™" find a unitary matrix v € U(n) such that uBu" is real and diagonal, cf.
[38] Sec. 4.4.

The set of real Hamiltonian matrices forms a real and semisimple Lie algebra, namely

oo {[4 2] 5 oncrocacen).

By Example 1.4, the Killing form on sp(n,R) is x(X,Y) = 2(n+1)tr(XY"). Therefore,
0 := —(-)" yields a Cartan involution since

By(X,Y) = —k(X,0Y) =2(n + D)tr(XY ")

is an inner product. The corresponding Cartan decomposition is given by sp(n,R) =
€@ p with

E:{[\D B],BT:B,\IJT:—\IJGR”X”},

-B U
. - (4.19)
p:{{c —S}’ CT:C,ST:SGR"X”}.

Hence p consists of all symmetric Hamiltonian matrices of size 2n x 2n. Note, that £
is isomorphic to u(n) via the Lie algebra isomorphism

X Y

t: X +1Y — {—Y ¥

} . X,Y e RV

and the same mapping also yields a Lie group isomorphism

Reu Imu
. 2nx2n
t:U(n) — R , U [—Imu Reu} :

As a maximal abelian subalgebra in p we choose the diagonal matrices, i.e.

a= {{A _A} ,A:diag(al,...,an)}. (4.20)



104 Chapter 4. Applications to Structured Singular Value and Eigenvalue Problems

The equivalence of the real Symmetric Hamiltonian EVD and Takagi’s Factorization
is stated in the following proposition. The two normal form problems can be carried
over to one another via conjugation by a fixed matrix.

Proposition 4.7. Let p be defined as in Eq. (4.19), let a be as in Eq. (4.20) and
S C
let {C’ —S] €p. Then

S C .
t(u) {C’ —S} t(u*) €a
if and only if u(S —iC)u' is real and diagonal.
Proof. Let gy € U(2n) be defined by

and let w € U(n). Then we have

Ju)g! = Reu + ilmu 0 _|u 0
go Jo = 0 Reu — ilmu 0 u|’

Therefore for symmetric S, C' € R™*"™ and real diagonal A we have

wle Gl =10 2

_ S C| _ o A O | _
got(u)go "0 [C —S} 90 1900(1‘ )90 "= g0 {0 —A} 90 ' =

w 0] 0 C+iS][wr 0] [0 iA
0 u| |C—-iS 0 0 u'| |—iA 0
u(C+iS)u" =iA <= u(S —i0)u’ = A.
0

Proposition 4.7 justifies that we restrict our discussion to the real symmetric Hamil-
tonian case. As a set of positive restricted roots we choose

a; —aj, 1<i1<j<n,
(4.21)

The restricted roots form a root system that is called to be of type C,,. It is illustrated
in Fig. 4.8 for the case n = 2. A simple system is given by

ch = {CLZ‘ — Aj41 ‘ 1<i< n} U {QCLn} (422)

An ordering that satisfies the SCS-condition is given by the following Proposition.
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Proposition 4.8. Let o; == a; — a;11, © = 1,....,n — 1 and let o, := 2a,. Then
(Il¢,, >) satisfies the SCS-condition 3.29 if > is defined by

o > Qy, ZfZ<j

Proof. In terms of the simple roots «;, the restricted roots are

J—1 n n n—1
ai—aj:Zozk., ai+an:Zak, ai+aj:Zak+Zakforj>n. (4.23)
k=i k=i k=i k=j

Therefore the sets X \ X | are given by

S AS e —a< . <ap—a, <a;+a, <..<a+ay <2a;
SIS rar—app < oo <ap—ay, < ap+a, < ..o < ag + ap < 2ay

Y7 2a,.

Again with Eq. (4.23) it can easily be checked that (Il¢,,>) satisfies the SCS-
condition. O

All restricted-root spaces are of real dimension one and have the following form. For
Ja,-a;, all entries are zero except the (i, j)- and the (n 4 j,n + i)-entry. If i < j, the
entries of g4, 44, all vanish except the (7,1 + j)- and the (j,n +i)-entries. For goq, the
only nonzero entry is at (n +1,1).

01

1

0 0
gai_aj =R- |: 0 0:| ) gai-‘raj =R- |:O O:| s

~1 0 0 0
(4.24)

00

It is straightforward to check that the above basis vectors are all normalized in the
sense of Eq. (3.15). An implementation of the algorithm of Section 3.2 has been done
analogously to the previous section. Figure 4.7 illustrates the case where the initial
points are randomly generated (120 x 120)-symmetric Hamiltonian matrices, all with
the same spectrum, clustered at 0, +3,+£5 and +10. The squared distance to a, i.e.
| X — p(X)||? is labeled at the vertical axis. The special cyclic sweep yields quadratic
convergence, while a sweep method whose order has randomly been chosen before
starting the experiment (and has not been modified throughout choosing the three
randomly initial points) indicates rather linear convergence.
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~
S~
~
S=
=,

Sweeps

Figure 4.7: Convergence behavior for the real symmetric Hamiltonian EVD of three
(120 x 120)-matrices with clustered singular values at 0, 43,45, £10. dashed line
= sort Jacobi with a randomly chosen sweep method; solid line = sort Jacobi with
special cyclic sweeps; stopping criterion: off-norm < 10719,

4.4 The Symplectic Singular Value Decomposition

Consider the real simple Lie algebra

A —-FE B -F
E A F B

—FT BT H D
A*=-AD*=-D,E=E"H=H' B, FeC™}.

The above Lie algebra is a real form of sp(p+ ¢, C) and hence its Killing form is given
by k(X,Y) =2(p+ ¢+ Dtr(XY), cf. Eq. (1.9) together with Example 1.4. Hence a

Cartan involution is given by §# = —(-)* and the corresponding Cartan decomposition
is sp(p,q) = €D p with
([A —-E
E A 0
t= —|A*=—-AD*=-D,E=EFE" H=H'"},
0 D —-H
\ H D
( 0 B —-F
_ F B pxq
p= B P B,FeC
—~FT BT 0
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As a maximal abelian subspace in p we fix

0 0 A O
o0
“Y[(AT 0 0 0
0 AT 0 0

The restricted roots form a root system of type (BC), if p > ¢ and of type C, if p = ¢.
The root systems are illustrated in Fig. 4.8 and 4.9 for the case that ¢ = 2. A set of
positive restricted roots is given by the linear functionals

a; — Gy, 1§Z<]§Q7
(4.25a)
a;+a;, 1<i<j<gq
Moreover, in the case where p > ¢, we have
a;, 1<i<q. (4.25b)
(651 N
(e %3 Q2
Figure 4.8: The root system Figure 4.9: The root system
Cy with simple roots ay, as. (BC)y with aq, ay simple.

For the root system (BC), and the above choice of positive roots, the set of simple
roots is given by

H(BC)q = {ai — Qj41 | 1 S 7 < q} U {aq}.

Proposition 4.9. Let o == a; — a;41, ¢t = 1,...,q — 1 and let oy := a,. Then
((Bey,, >) satisfies the SCS-condition 3.29 if > is defined by

;> Qy, Zf’L<]
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Proof. In terms of the simple roots «;, the restricted roots are

j—1
a; —a; = E L,
k=i

q

k=i

Therefore the sets X \ ;| are given by

q

ai:Zak, ai+aj:Zak+Zak.

k=i

q

k=j

(4.26)

S\ S e —a <. <ag—a,<a; <ap+a;<..<a;+ay <24

E$\Zz_1 D ap —

PIREE

ag < 2ay.

A1 < oo < ap — g < ap < ap +aq < ... < 2ay

Together with Eq. (4.26) it can easily be checked that (II(p¢),, >) satisfies the SCS-

condition.

O

Now if p = ¢, the restricted roots are of type C; as in the previous section. A simple
system is given by Il¢,, defined as in Eq. (4.22) and Proposition 4.8 yields an ordering
such that (Il¢,, >) satisfies the SCS-condition. Relative to a, the restricted-root spaces
are as follows. For the roots H —— a;+a;, i < j, the restricted-root spaces are of real
dimension 4 and are nonzero only in the 32 entries corresponding to row and column
indicesp—q+4,2p—q+4,2p+4,2p+q+0,p—q+ 5,20 —q+j,2p+J,2p+q+J.

They are

gaifaj =

and

’w,zeC

(4.27)
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Jaita; = lw,ze C 3. (4.28)
0 =z
K¥

I I I G )

The restricted-root spaces for the roots H —— 2a; have real dimension 3 and are
nonzero only in the entries corresponding to row and column indices p — q + ,2p —
q-+1,2p+1,2p+ q+ i, where they are

1x z =l —z
-z —ilx =z 1z
= ) i zeER 2€C 3. 4.29
g2a7, 1T z —iT — ‘ ) ( )
-7z —ix Z ix

The restricted-root spaces for the roots H —— a;, which only exist if p > ¢, have
real dimension 4(p — ¢) and are nonzero only in the entries corresponding to row and
column indices 1,....,.p—q,p+1,....2p—q,2p — q+1,2p+1,2p + q + ¢, where they are

([ 0 v 0 w o o—v —w) )
—v* 0 w0 0 0
B 0O -w 0 T w -7 -
9=V |_w 0 —oT 0 0 0 lv,w e C : (4.30)
—v* 0 w0 0 0
[ [—w* O —v" 0 0 0 ] )

For the sake of completeness, we also specify the centralizer of a in € which is given
by

([ Z, 0 Zy, 0 0 0]
o I 0 Z 0 0
—Zy, 0 Z 0 0 0 (e .
3e(a) = 0 2 = 01 T 0 0 21, 7y € Clemxr=a) 7. — — 7,
o 0 0 0 T =
(L0 0 0 0 -E -I
il'l 21
Zy =2y, = 2= .z, €ER, 2z €C
1z, 2Zg

(4.31)
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In the sequel we specify an algorithm to compute the symplectic SVD. According to
Theorem 3.36, this algorithm is locally quadratic convergent for any element since we
use Special Cyclic Sweeps. Again, the proposed code has a more instructive character.
It can easily be improved for implementation. To give an idea how the special cyclic
sweeps look like for the symplectic SVD, we firstly generate the sweep directions
Q; € &, with corresponding A(7) and Q;-coefficient c(7).

Algorithm 4.10. Denote by X;; the (i, j) entry of the matrix X. Let E,;; € R2P+9
the matrix with (4,7)- entry 1 and zeros elsewhere and define V,; := E;; — Ej; and
\I’ = Eij + E]z

ALGORITHM 4.10. SYMPLECTIC SVD - SWEEP DIRECTIONS AND SCS-ORDER.
function: (21, A(1),¢(1),...,Qn, A(N),¢(N), N) = gen.sympl.svd.directions(p, q)
Set k:=1
fori=1:¢q
forj=i+1:¢q
Set Q= Wy grip—q+i T Yop—gtizp—a+i T Yoptizpri T Voptgtizprars-
Set Ak := Eoptip-qti = Laprjp—qti-
Set c(k) ::_%(E2p+j,p—q+i +_E2p+i,p—q+j>> k:=k+1 _
Set Qg :=1Vp_grip—g+j — Wopgrizp—gtj + 1Woprizpt; — Wapigtizprats
Set Ak := Eoptip—q+i = Laprjp—q+i-
Set C(kﬁ) = %(EQP_H‘J,_(H_J' — E2p+j,p—q+i) y k:=k + 1.
Set Q= Wy qyizp—g+5 = Yop—qrip—a+i + Yoptizptars = Yoprarizpts-
Set Ak := Eoptip-qti = Laprjp—q+i-
Set c(k) ::_%(E2p+q+j,p*q+i :E2p+q+i,p*q+j) S hi=k+1
Set €, = i‘ijquri,2pfq+j + ipopquri,pqu + i‘Ij2zo+i,2p+q+j + iqj?p+q+z’,2p+j'
Set Ak := Eoptip—q+i = Laprjp—q+i-
Set c(k) := 5(Eoprqrip-a+i — Eoprqrjp—qri)s K:=k+1, j=j+1
endfor
forh=1:p—q
Set Q1= 2(Vpp—qri + Yprn2p—g+i)-
Set >\k = E2p+i,pfq+i .
Set c(k) := —%Egpﬂ-,h, k:=k+1.
Set Qk = —2i\I/h,p_q+i + Qi\lfp+h,2p_q+i.
Set A\, = Egpﬂp_q“ .
Set c(k) := —5Eypip, k =k + 1.
Set, Qk = 2(\Ijh,2pfq+i — \ij+h,pfq+i)-
Set >\k = E2p+i,pfq+i .
Set c(k) := _%E2p+q+7;,h, k:=Fk+1.
Set Qk = Qi(‘lfhgp_q_ﬂ' + \ij—‘,—h,p—q—i-z')‘
Set Ar = Fopiip—qti -



4.4. The Symplectic Singular Value Decomposition 111

Set ¢(k) := 1 Eopigrin, ki=k+1, h:=h+1.
endfor
for j=q:i1+1
Set Qi =Wy gtip—g+i T Yop—grizp—a+i = Yoptizpri — Voptatizprats-
Set Ay := Eaprip—qti + Eopyjp—qtj-
Set c(k) 3:__%(E2p+j,p—q+i__ Eoprip—q+s); k=k+1.
Set =1V qrip—q+j — Wop—gtizp—g+i = 1Woptizpts + 1Waprqrizprars-
Set A\ := Eoptip—qti T Eoptjp—q+s-
Set c(k) := 3 (Eoptip-q+j + Eoprjp—gri), b=k + 1.
Set U, =V grizp—g+i — VYop—grip—ati — Yoptizptatri + VYoprqrizpts-
Set Ay := Eaprip—qti + Eopyjp—qtj-
Set c(k) 3:__%(E2p+q+j,p—q+i+ E2p+q+i,p—q+j)_v ki=Fk+1 _
Set € 1= iqu—q+i,2p—q+j + iqj?P—q-I—i,p—q-&-j - iw2p+i,2p+q+j - iw2p+q+i,2p+j'
Set A\ := Eoptip—qti T Eoptjp—q+s-
Set c(k) := 5(Eaprgrip—q+i + Eoprqrjpqri)s K=k +1,5:=7—1
endfor
Set € = 2i(Ep*q+i,p7q+i - E2pfq+i,2pfq+i o E2p+i,2p+i + E2p+q+i,2p+q+i)-
Set )\k = 2E2p+i,p—q+i'
Set c(k) = 5Eoprip—qris b=k + 1.
Set O = 2(Wp—qri2p—q+i — Yop+i2prati)-
Set )\k = 2E2p+i,pfq+i-
Set ¢(k) = =2 Eopiqrip—qris ki=k+ 1.
Set (U, = Qi(\ljp—q+i,2p—q+i - \112P+i,2p+tI+i)‘
Set )\k = 2E2p+i,p—q+i-
Set c(k) =2 Eopiqripqri ki=k+1;i:=1i+ 1.
endfor
Set N :=k — 1.
end gen.sympl.svd.directions

= B —-F 0 B
. : : pXq — |
Let B := [F B be given with B, F' € CP*? and S := | ~_ . Let

wi(cost,sint, cos 2t, sin 2t) = exp t€);

denote the elementary rotations. A sweep is explicitly given by the following al-
gorithm. It computes the transformed S,ew = uwSu* and the transformation v =

[UOI 2?2 } € Sp(p) x Sp(q).

function: (Syew, Unew) = scs.sweep.sympl.SVD(S, u)
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Set (Snekunew) - (S) U)
Set (Q1, A(1),¢c(1),..., 2y, A(IV),c(N), N) = gen.sympl.svd.directions(p, q).
fori=1: N

Set ¢ := Retr(c(i)S), X := Retr(A(2)S), dis := \? + 4¢?
if dis £ 0
1
Set (cos2t., sin2t,) = —%(A, 2¢).
else
Set (cos2t,, sin2t,) := (1,0).
endif

Set cost, 1= ,/%.

if sin2t, > 0

Set sint, = ,/%.

else

Set sint, = _\/@'

endif
Set Spew 1= wi(costy, sint,, cos2t,, sin2t,)Speww;(cost., sint,, cos2t,, sin2t,)*
Set Upew := wi(costy, sint,, cos2t,, sint,)u.

end scs.sweep.sympl.svd

10°

10% |
10" |

Sweeps

Figure 4.10: Sort-Jacobi with special cyclic sweeps for the symplectic SVD of a com-
plex 70 x 60-matrix. solid line = irregular element with symplectic singular values
clustered at 0,45, £10, +30; dashed line = regular element with symplectic singular

values 1, ..., 30.
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The implementation of the Sort-Jacobi algorithm for computing the symplectic SVD
is now straightforward as in Section 4.2. We skip the details.

An implementation of the above algorithm shows the typical behavior for the sort
Jacobi with special cyclic sweeps, namely that irregular elements converge faster than
regular ones. Figure 4.10 illustrates the convergence for complex B of size 70 x 60
with (symplectic) singular values clustered at 0, +5, 410, £30 and with (symplectic)
singular values 1, ..., 30.

4.5 A Note on the Complex SVD and the Complex
R-Hamiltonian EVD

To the author’s knowledge, R. Byers has been the first to propose a structure preserv-
ing Jacobi algorithm for the R-Hamiltonian EVD, [9]. His work followed the idea of
G.W. Stewart who presented a Jacobi algorithm to compute the Schur form for ar-
bitrary complex matrices, [61]. Byers’ algorithm was improved in [8] for non-normal
R-Hamiltonian matrices and C. Mehl further extended the algorithm in [8] to Her-
mitian pencils, cf. [52]. As pointed out in [8], the algorithm becomes Kogbetliantz’s
method if the R-Hamiltonian matrix is Hermitian. For the comparison with the Sort-
Jacobi with special cyclic sweeps we refer therefore to Section 4.2. Again we shall see
that the method proposed here performs equally well if the pairwise difference of the
absolute value of the eigenvalues is sufficiently large, i.e. if the matrix is a regular ele-
ment in the sense of Eq. (1.16). However, for clustered eigenvalues the method in [8]
(applied to Hermitian matrices) seems to converge only linearly, while the Sort-Jacobi
with special cyclic sweeps is much faster — even faster than in the regular case.

The following proposition clarifies the equivalence of the Hermitian R-Hamiltonian
EVD and the SVD of a complex matrix of half the size.

Proposition 4.11. Let u,v in U(n) and let B,C € C"*" be Hermitian. Then
u(B — iC)v* is real diagonal if and only if

R I A e

15 real diagonal.

I, +1iI, I,+1l,

Proof. Let 90:%{_] +il, I, —il

} € U(2n) and let ¢(+) := go(+)g5 denote conju-
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gation by go. Let A € R™*" be diagonal. Then
uwB—-iCv" ' =A —

R At | I O

(5 2 (st 70 ) = (R 3l) =

ﬂuﬂ _i<u_v)] {B 0Hu+v _i<u_v>]*:[A o}

i(u—v) u+v C —-B|lilu—v) u+w 0 —A|"
Cf. also [§]. O

4.6 The Exceptional Case g

We examine now a rather exotic looking case that leads to a new structured eigenvalue
problem and its corresponding Sort-Jacobi algorithm. It is not isomorphic to any of
the cases discussed above. The complex semisimple Lie algebra g, is a 14-dimensional
Lie algebra that is isomorphic to the Lie algebra of derivations of the complex octo-
nians, cf. [22], Lecture 22. We introduce its standard representation following J.E.
Humphreys, [39], Section 19, and deduce two structured EVDs, one arising from the
real form g and another one by using its adjoint representation.

Let the complex semisimple Lie algebra g, be defined as

0 \/ibT \/ECT b1 0 —bg b2
g=4{ |—v2c M B ‘b: b| B=|—=bs 0 —b|,
-2 C -MT b3 —by b 0
(4.32)
C1 0 —C3 (&)
c= ||, C=|-cs 0 —c1|,bj,c;€C,MeC*3 trM =0
C3 —C2 C1 0

Note, that g, is a 14-dimensional Lie subalgebra of the 21-dimensional Lie algebra

o(7) ={X eC™ | XF+FX' =0}, (4.33)
1 0 0

where FF'= [0 0 I3| and that o(7) is equivalent to the standard representation of
0 I3 0O

50(7,C), i.e.

V2e T 0 0
0 I; =il . (4.34)
0 —il; I

i

€

EE

900(7)gy " = s0(7,C), with go =

&



4.6. The Exceptional Case go 115

Now consider the real Lie algebra

0 V2b" V2T by 0 —by by
g2.0 = —\/50 M B ’ b= bg ,B = bg 0 —b1 s
-2 C -MT bs —by b 0
C1 0 —C3 Co
c= ||, C=1| ¢ 0 —c| . b, e R MeR™ ttM =0
C3 —C2 C1 0

(4.35)

Obviously, ga is a real form of g. We work with the following basis of go. Let Ej;
denote the (7 x 7)-matrix with (¢, j)-entry 1 and 0 elsewhere.

X, :=V2(Ey — E31) + Esy — Erg; Xy := Ey3 — Egs;
X3 1= V2(Ei5 — Ea21) + Er3 — Egy; X4 = V2(Bu — Bn) + Ezs — En;

X5 1= B34 — Frg; X 1= Eoy — Frs;
Y,-::—XZ-T, 1=1,...,6;
[0 0 0 O 0 0 O] 0 00 0 0 0 O (4.36)
01 0 O 0O 0 0 000 0O O 0 O
00 0 O 0O 0 0 001 0 0 0 O
H =0 0 0 —1 0 0 0f; Hy =10 0 0 -1 0 0 O
000 0 -1 00 000 O 0O 0 O
00 0 O 0O 0 0 000 O 0 -120
_O 00 O 0 0 1_ _0 00 0 0 O 1_

The commutator relations of these basis elements is listed in Table 4.3. By help of
the Killing form we compute the Cartan involution and the corresponding Cartan
decomposition of ga .

Proposition 4.12. The Killing form on g2 and on gz is given by
K (X,Y) = 4tr(XY), K o(X,Y) = 4tr(XY). (4.37)

Proof. Using the commutator relations of the basis (4.36) as listed in Table 4.3, one
can easily construct matrix representations of the adjoint operators ady,, ady;,ady, €

CMx1 Tt is straightforward to check that for all Z, Z € {X, ..., X¢, VA, ..., Yo, Hy, Hy}
the relation B B
k(Z,7) =tr(adz oadz) = 4tr(Z2)

holds. Hence for arbitrary X € gy we have x(X, X) = 4tr(X?). The claim now follows
by linearizing

Atr(X?) + 4tr(Y?) + 8tr(XY) = 4tr((X +Y)?) =
=r(X+Y, X+Y)=r(X,X)+r(Y,Y)+2:(X,Y).
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[ ] Hy H, X1 Yi Xo Y, X3 Ys X4 Y, Xs Y5 Xe Ys
H, 0 0 0 0 Xs Y5 X3 —Y; X4 -Y, X5 —-Y5 2Xg —2Y%
H | 0 0 X, Y, _X, Y, 0 0 X, -y, 29Xs —2Ys Xe Y
X1 0 —-X; 0 Hy — 2H5 —X3 0 —2Xy 3Y; —3X5 2Y3 0 Yy 0 0
Y, 0 Yy,  —H, +2H, 0 0 Y, 3X, —2v, 2X, _3v; X, 0 0 0
Xo -X5 Xo X3 0 0 —H, + H; 0 -Y1 0 0 Xs 0 0 -Y;
Y, Y, -Y; 0 Y; H, — Hy 0 -X4 0 0 0 0 Ys — X5 0
X3 —X3 0 2X4 —3X5 0 X1 0 —2H, + H» —3X5s -2V 0 0 0 Yy
Ys Y3 0 —3Y, 2Y, Y1 0 2H, — H> 0 —2X1 —3Ys 0 0 X4 0
Xy — X4 — X4 3X5 —2X3 0 0 3Xg 2X, 0 —H, — H, 0 - 0 -Y;
Yy Yy Yy —2Y3 3Y5 0 0 2Y1 3Ys H, + H, 0 -Xi 0 —X3 0
X | —x5 —2X; 0 -X, — X, 0 0 0 0 X, 0 —Hy, 0 Y,
Ys Ys 2Y5 -Yy 0 0 —-Y5 0 0 Y 0 H, 0 X 0
Xe —2Xg —Xg 0 0 0 X5 0 —X4 0 X3 0 — X5 0 —H,
Ys 2Ys Ys 0 0 Ys 0 -Y, 0 Ys 0 -Y5 0 Hy 0

Table 4.3: Lie bracket table for g,.
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]

Corollary 4.13. A Cartan involution on gop is given by 0(X) = —X . Corre-
spondingly, the Cartan decomposition is go o = € @ po with

& = 92,0 ﬂ50(7, R)a Po = {X € 920 ‘ X' = X} (438)
Proof. For § = —(+)T, the bilinear form
By(X,Y) = —r(X,0Y) = 4tr(XY")

is an inner product of goy. Therefore ¢ is a Cartan involution. It is clear that if €,
and po are chosen as in Eq. (4.38) and 2 € &, §2 € py, one has

Q=0 and 6Q=—Q.
]

Note that ¢y defined in Eq. (4.38) is isomorphic to su(2) @ su(2), cf. [45], Section
VI.10. With respect to the maximal abelian subspace

a:= {aiH +axH, | a; € R} C po,

we can choose the set of positive restricted roots by

)\1 = Qg, )\2 = a; — ay, )\3 = a,
(4.39)
)\4 = a1 + ag, )\5 =ay + 2@2, )\6 = 2@1 + as.

The restricted roots are illustrated in Figure 4.11.

A6
)\2 )\3 )\4 )\5

At

Figure 4.11: The root system of type Gs.

The corresponding restricted-root spaces are given by

gn, =RX;, g =RY, i=1,..6. (4.40)
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Note that
)\3 == )\1 —f- )\2, )\4 = 2)\1 + )\2, )\5 = 3)\1 —|— /\2, )\6 = 3/\1 + 2)\2, (441)

and therefore

IT={\, Ao} (4.42)
is the simple system.

Lemma 4.14. Both orderings \y < As and Ao < A\ of Il satisfy the SCS-condition
3.29.

Proof. Let us first consider \; < A\o. By Eq. (4.41), we obtain the ordering
E—li_ . )\1
E;\ET )\2<)\2+)\1<)\2+2/\1<)\2+3)\1<2)\2+3/\1.
In the case where \y < A the ordering is
Eii_ : )\2
Z;\Ef A< AL+ A2 <201 + Ag < 3A1 + A2 < 3 + 2\,
In both cases, the SCS-condition 3.29 is fulfilled. n

We now present a Jacobi algorithm that diagonalizes an element S € pg, preserving
the special structure of pg. Note, that for ¢« = 1,...,6 we have 6X; = Y; and the
X; € g», are normalized such that

Let

Then the elementary structure preserving rotations are given by

[ cos 2t 0 % 0 0 Sm\/gt 0
0 cost 0 0 0 0 sint
—Si“—ﬂ% 0 %+%(30th 0 0 —%+%0082t 0
exp(t€) = 0 0 0 cost —sint 0 0 |,
0 0 0 sint cost 0 0
—Si“ﬂzt 0 —1+1cos2t 0 0 1+ 1cos2t 0
0 —sint 0 0 0 0 cost
1 0 0 O 0 0 0]
0 cost sint O 0 0 0
0 —sint cost O 0 0 0
exp(t€dy) = |0 0 0 1 0 0 0f,
0 0 0 O «cost sint 0
0 0 0 O —sint cost O
10 0 0 O 0 0 1
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_cog 2t Sin\/;t 0 0
—% % + % cos 2t 0 0
0 0 cost 0
exp(tQ3) = 0 0 0 cost
—Sin\/;t —%—F%COSQt 0 0
0 0 0 —sint
0 0 sint 0
[ cos 2t 0 Sin\/gt
0 cost 0 0
0 cost 0
exp(tQy) = —% 0 s+ 1cos2t
0 —sint 0
0 sint 0 0
_—Sin\/;t 0 —5 + 2 cos2t
[1 0 0 0 O 0 0 ]
01 0 0 0 0 0
0 O cost sint 0 0 0
exp(t2s) = |0 0 —sint cost 0 0 0
0 0 0 0 1 0 0
0 0 0 0 O «cost sint
[0 0 0 0 0 —sint cost)
1 0 0 0 0 0 0 ]
0 cost 0O sint 0 0 O
0 0 1 0 0 0 O
exp(t€s) = |0 —sint 0 cost 0 0 O
0 0 0 0 cost 0 sint
0 0 0 O 0 1 0
10 0 0 0 —sint 0 cost)

sin 2t
NG 0 0
—% + % cos 2t 0 0
0 0 —sint
0 sint 0 ,
1,1
3+ 5co0s 2t 0 0
0 cost 0
0 0 cost |
sin 2t 7]
0 0 NG
0 —sint 0
sint 0 0
1,1
0 0 —5 F3cos2t|
cost 0 0
0 cost 0
0 0 % + % cos 2t

The Jacobi algorithm from Section 3.2 explicitly reads as follows. Denote by X;; the

(1, 7)-entry of the matrix X.

ALGORITHM G2 (I). PARTIAL STEP OF JACOBI SWEEP.
function: (cost,, sint,, cos2t,, sin2t,) = elementary.rotation(X, \;)

Do Case
Case i=1

Set ¢ := X45, A= X33.

Case i=2

Set ¢ := ng, A= X22 — X33.
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Case i=3
Set ¢ := Xq3, A := Xoo.
Case i=4
Set ¢ := X35, A := X77.
Case i=5
Set ¢ := )(347 A= X22 + 2X33.
Case i=6
Set ¢ := X24, A= 2X22 + X33.
End Case
Set dis := \2 4 4c2.
if dis #£0
1
Set (cos2t., sin2t,) = —%(A, 2¢).
else
Set (cos2t,, sin2t,) := (1,0).
endif

Set cost, = W%-

if sin2t, >0

Set sint, = \/%.

else

Set sint, = —«/%-

endif

end elementary.rotation

As usual we denote by subscribing 0 the projection of X onto a. Let d: po — R™,
X — tr(X — Xg)? be the squared distance of an element in p, to a. Given a
matrix S € py and a tolerance tol > 0, this algorithm overwrites S by kSk~! where
k € exp(€) and d(kSk™') < tol.

ALGORITHM G5(I1). JACOBI ALGORITHM.
Set k := identity matrix.
while d(S) > tol
for:=1:6
(cost,, sint,, cos2t,, sin2t,) := elementary.rotation(S, \;).
u = exp(t.).

S :=uSu~'.
k= uk.
endfor

endwhile
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The regular element

-0 —3.17415 —3.90421 —-4.63169  3.17415 3.90421 4.63169 7
—3.17415 0.993208  3.14172 2.55770 0 3.27510  —2.76069
—3.90421 3.14172  3.224433 —-1.97516 —3.27510 0 2.24446
Sreg = | —4.63169 2.55770 —1.97516 —4.23754  2.76069  —2.24446 0
3.17415 0 —3.27510 2.76069  —0.993208 —3.14172 —2.5577
3.90421 3.27510 0 —2.24446 —3.14172 —-3.24433 1.97516
| 4.63169 —2.76069  2.24446 0 —2.5577 1.97516 4.23754 |

is almost diagonalized after 3 sweeps (off-norm < 1071%). It converges to the diagonal
matrix

Zreg = diag| 0,—9.12818, —1.97129, 11.0995,9.12818, 1.97129, —11.0995 ]

Irregular elements show the same convergence behavior. In all simulations, at most 3
sweeps were required to diagonalize (off-norm < 107'%) a given irregular element.

It is also possible to construct in a complete analogous way an algorithm that works
on the adjoint representation of go¢. By the commutating relations in Table 4.6, we
obtain representing matrices of adx,, ady,, ady, € R i=1 . 6 and j =1,2. We
will further denote these matrices by )A(Ci, }7; and [:fj, respectively. In this setting, the
representation of go and the corresponding Cartan decomposition is given by

62 :E@’ﬁ?

with B L L
t=(X;+Y;|i=1,..,6) and p:=(X;,-Y;|i=1,..,6) DT,

where @ is the maximal abelian subspace in p. Note, that p does not — unlike py —
consist of symmetric matrices. Its structure is given in Figure 4.12. It is not surprising
that the algorithm works with the same speed on py as in the standard irreducible
representation po. All simulations show that a given matrix in py is diagonalized in
at most 3 sweeps (off-norm < 10719) .
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Chapter 5

Conclusion and Outlook

A Lie algebraic generalization of the classical and the Sort-Jacobi algorithm for diago-
nalizing a symmetric matrix has been proposed. The coordinate free setting provides
new insights in the nature of Jacobi-type methods and allows a unified treatment of
several structured eigenvalue and singular value problems, including so far unstudied
normal form problems. Local quadratic convergence has been shown for both types
of Jacobi methods with a fully comprehension of the regular and irregular case. New
sweep methods have been introduced that generalize the special cyclic sweep for sym-
metric matrices and ensure local quadratic convergence also for irregular elements.
The new sweep methods yield faster convergence behavior than the previously known
cyclic schemes.

Although the symmetric EVD is perhaps the easiest and mostly understood structured
eigenvalue problem, the global convergence in the general setting is still to be analyzed.
Furthermore, an investigation of the so-called block-Jacobi methods in combination
with the special cyclic sweeps should lead to further efficient algorithms.

The obtained results suggest that the Lie algebraic setting is very well suited to
investigate eigenvalue problems with a certain structure and their algorithms. With
our approach, many cases can be subsumed and the abstraction to the Lie algebraic
level allows to focus on the essential features of the problem. It is therefore reasonable
to expect that further steps in this direction have the potential to yield new significant
results in numerical linear algebra. We give two examples.

e Several algorithms exist that construct a Hermitian matrix with prescribed diag-
onal entries and eigenvalues. A generalization of this Hermitian inverse eigen-
value problem to the normal form problems treated in this thesis should be
straightforward: Let g = €& p be the Cartan decomposition of a semisimple Lie
algebra and fix a maximal abelian subalgebra a € p. Then for given Hy, H; € a
construct, an element ¢ € Inty(€) such that p(pH,) = H,. Here, two approaches
are thinkable. Either the adaption of the finite-step algorithms treated in the
literature or a Jacobi-type method minimizing a suitable cost on Intg4(€).

123
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Chapter 5. Conclusion and Outlook

e For the nonsymmetric eigenvalue problem, there is no satisfactory theory for

Jacobi-type methods available. A main challenge from the author’s point of view
is to tackle the nonsymmetric eigenvalue problem for matrices with a certain Lie
algebraic structure. For given X € g find a transformation ¢ € Int(g) such that
pX lies in a Cartan subalgebra of g. A first question to ask is whether and for
what elements such a ¢ exists. Viewing the nonsymmetric eigenvalue problem
in terms of an optimization task as in Chapter 2, it is evident where further
difficulties lie. For example, the Int(g)-orbit of X is in general not compact and
the same holds true for the orbits of one-parameter subgroups. Hence the Jacobi
algorithm has to be modified such that it is well defined. Furthermore, finding
a suitable cost function such that optimizing over the one-parameter subgroups
yields at least a locally efficient algorithm is another challenge. One possible
approach here follows the idea of optimizing two function alternately. One
that minimizes the distance to normality, using hyperbolic transformations, and
another function that reduces the distance to the Cartan subalgebra by using
orthogonal rotations.



Appendix A

Restricted-Root Space
Decompositions for the Classical
Simple

Lie Algebras

According to Table 4.1, we present the restricted-root space decompositions and the
restricted roots of the classical simple Lie algebras that have not been treated yet
in Chapter 4. With these ingredients, it is straightforward to implement Jacobi-type
methods according to the algorithms developed so far in order to obtain satisfactory
results for the corresponding eigenvalue- and singular value decompositions.

A.1 sl(n,R) and the Real Symmetric EVD

e matrix factorization:
3]
u€ SOn,R),B=B" e R"™", uBu' = e RV,
an
e underlying Lie algebra: sl(n,R) = {X € R™" | trX = 0}.
e Cartan involution, Killing form: § = —(-)7, x(X,Y) = 2ntr(XY).
e Cartan decomposition:
t=s0(n,R)={X e R | X = -X"},
p={BeRY" | B=B",trB=0}.

125
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e maximal abelian subalgebra in p:

a1

n
a= |CL¢€R,ZCL¢ZO
=1

an
(dima=n—1)

e restricted roots: type A, _1, i.e.

e SCS-ordering: (Il4, ,,>) with

Ma, , ={a1—as,a3—as,...,an_1—a,} and a, 1—a, < .. <az—az < a;—as.

e restricted-root spaces for positive roots:
Ya;—a; = REija
where E;; has (i, j)-entry 1 and zeros elsewhere.

e the centralizer of a in & 3¢(a) = 0.

A.2 5l(n,C) and the Hermitian EVD

e matrix factorization:
ai
ue SU(n),B=B"e€C"™", uBu" = e R™™,
an
e underlying Lie algebra: sl(n,C) = {X € C™" | trX = 0}.
e Cartan involution, Killing form: 0 = —(-)*, kx(X,Y) = 2ntr(XY).
e Cartan decomposition:
t=su(n)={XecC" | X =-X"},
p={BeC™ | B=B"tB=0}
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e maximal abelian subalgebra in p:

ai

n
a = |a¢€R,Za,~:0
=1

Qn
(dima=n—1)
e restricted roots: type A,_1, cf. Section A.1.
e SCS-ordering: cf. Section A.1.

e restricted-root spaces for positive roots:
Ja;—a; = (CEiju
where E;; has (i, j)-entry 1 and zeros elsewhere.

e the centralizer of a in € 3¢(a) = ia.

A.3 so(n,C) and the Real Skew-Symmetric EVD

Let n = 2k or n = 2k + 1, respectively.

e matrix factorization:

0 aq
_a/l 0
u € SO(2k,R),B=—B" e R?***  ypy" = ,
O Qe
L —ag O_
and u € SO(2k +1,R), B = —BT ¢ RZk+1)x(Zk+1)
[ 0 aq T
uBu' =
0 Qg
—ag 0
! 0]

e underlying Lie algebra: so(n,C) = {X e C" | X = - X "}.
e Cartan involution, Killing form: 6 = —(-)*, k(X,Y) = (n — 2)tr(XY).
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Lie Algebras

e Cartan decomposition:

t =so(n,R),

p =iso(n,R).

e maximal abelian subalgebra in p:

.

\

0

respectively. (dima = k)

a
0

ay

Qg

]aiER s

|CLi€R N

e restricted roots: type Dy if n = 2k, cf. Eq. (4.8a); type By if n = 2k + 1, cf.

Eq. (4.8).

e SCS-ordering: cf. Proposition 4.4 and Corollary 4.5.

e restricted-root spaces for positive roots:

For the roots a; & a;j,7 < j, the restricted-root spaces have real dimension 2
and are nonzero only in the 8 entries corresponding to row and column indices
21 —1,21,25 — 1,25 where they are

gai—aj -

gaﬂra]‘ =

/o

z iz
—iz z

zeC,,

zeC
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The restricted-root spaces for the roots a;, which only exist if N = 2n + 1, have
real dimension 2 and are nonzero only in the entries corresponding to row and
column indices 2¢ — 1,2¢,2n + 1, where they are

z
Oo, = iz| | [z€C
[—z —iz} 0

e the centralizer of a in € 3¢(a) = ia.

A.4 sp(n,C) and the Hermitian Hamiltonian EVD

e matrix factorization: u € Sp(n),S,C € C" S =5* C =CT

S cl. [~ o0 B , nxn
N A P N R L e

an

e underlying Lie algebra: sp(n,C) = {X € C*? | XTJ + JX = 0}, where
o n
=L, 0
e Cartan involution, Killing form: 6 = —(-)*, (X,Y) = 2(n + 1)tr(XY).

e (Cartan decomposition:

t=sp(n),
_ S C nxn _Qx* _ T
p_{|:€ _g],s,c*e@ ,S_S,O_O}.

e maximal abelian subalgebra in p:

Gy,
(dima =n)
e restricted roots: type C,

e SCS-ordering: cf. Proposition 4.8.
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e restricted-root spaces for positive roots:

The restricted-root spaces all have real dimension 2 and are given by

Ja;—a; = C(Ei,j - Ej+n,i+n)7 Ya;+a; = (C(Ei,jJrn + Ej,iJrn)v 1 <7,
920, = CEjivn.

e the centralizer of a in € 3¢(a) = ia.

A.5 su*(2n) and the Hermitian Quaternion EVD

e matrix factorization: u € Sp(n),S,¥ € C™" S =S5* VU =—-0T,

a1
S v, A O _ . nxn
ul\p g}U—[O A}’ A= - e R™",
an
. . A -B -
e underlying Lie algebra: su*(2n) = { [B ﬂ A BeCY™ | trA+trA = O} :

su*(2n) is a real form of s[(2n, C); we have the isomorphism su*(2n) = sl(n, H),
cf. [45], Section L.8.

e Cartan involution, Killing form: 0 = —(-)*, k(X,Y) = 4ntr(XY).

e Cartan decomposition:

t=sp(n),
o= {[3 %] 155w wrus o).

e maximal abelian subalgebra in p:

A O
a:= [O A}’ A=

(dima=n—1)

ay

n
S Rnxn) Zai =0
i=1

Qn

e restricted roots: type A, _1, cf. Section A.1.

e SCS-ordering: cf. Section A.1.
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e restricted-root spaces for positive roots:

The restricted-root spaces for the roots a; — a; have real dimension 4 and are
nonzero only in the 4 entries corresponding to row and column indices 2,n +
1,7,n + J where they are

Ya;—a; = ’ v,z € C

e the centralizer of a in &

5?(“) — |:1A_ F :| |A: GRnxn’

21
F — .. E CnX’I’L

A.6 s0"(2n) and a Takagi-Like Factorization
Let n = 2k or n = 2k + 1, respectively.

e matrix factorization:

0 ap
—aq O
ueU2k),B=—-B" € C*%*  yBu' = ’
0 Qg
| —ag 0 ]
andue U(2k+1),B = — BT € C@k+Dx(k+1)
[ 0 aq i
—aq 0
uBu' =
0 Qg
—Aayg 0
I 0
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e underlying Lie algebra:

50*(2n)—{{_\% % ]B,\IJE(C"X",B——BT,\IJ——\D*}.

e Cartan involution, Killing form: 6 = —(-)*, k(X,Y) = (2n — 2)tr(XY).

e Cartan decomposition:

ez{[‘é’ %} |\I/:—\P*}%u(n),

- {L5 2100}

e maximal abelian subalgebra in p:

( [ 0 ay T 3\
0 A —a 0
o LA 0] 4= fac Ry
0 Qe
\ L —ak 0_ Vs
( B 0 ay T )
—aq 0
0 A -
{—A 0:| | 0 Qg |
—ag 0
\ L 0_ J

respectively. (dima = k)
e restricted roots: type Cy if n = 2k, type (BC)y if n = 2k + 1.
e SCS-ordering: cf. Propositions 4.8 and 4.9.

e restricted-root spaces for positive roots:

For the roots a; £ aj,© < j, the restricted-root spaces have real dimension 4
and are nonzero only in the 16 entries corresponding to row and column indices
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2t —1,20,n+2i —1,n+ 2,25 — 1,25,n+ 25 — 1,n + 27 where they are

([ z W —w oz ] )
1 [xa
{ z w} {w 21
Gora, = —-w z - —Z w o |z,w€(C 7
w —z zZ W
{E w] {—w z}
—w —Zz zZ W
{ip S
([ 2w w  —z|] )
i i
[—z —w} [—w z}
—w oz z
faita; =9 | —w z| z w]|lFwel
o e
[w -z [—2 —w
L __—E —w} |—w z } i )

The restricted-root spaces for the roots 2a; have real dimension 1 and are nonzero
only in the 8 entries corresponding to row and column indices 2i — 1, 2i,n + 21 —

1,n 4 2¢ where they are
i 0 0 —i
R 0 i i 0
Bo = 0 —i] [-i 0
i 0 0 —i

The restricted-root spaces for the roots a; only occur if n = 2k 4+ 1. The have
real dimension 4 and are nonzero only in the entries corresponding to row and
column indices 2¢ — 1,2:,n 4 2¢ — 1, n + 2i,n, 2n where they are

Ja; =

1 1| lzyweC
—w z
B i
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e the centralizer of a in &

[i$2k+1]

A.7 su(p,q) and the Complex SVD

We assume without loss of generality that p > q.

e matrix factorization:

BeC”ueU(p),vel(q),detu-detv=1; uBv" =

e underlying Lie algebra:

su(p,q) ={X €sl(p+¢,C) | X"I,,+ I, X = 0}.

e Cartan involution, Killing form: § = —(-)*, k(X,Y) = 2(p + ¢)tr(XY).

e Cartan decomposition:

t= { {% 592} | — 87 =8, € CP®, —S; = Sy € CI t1(Sy) + tr(Ss) = 0} ,

0 B y
p:{[B* 0] |BE(CP‘1}.

e maximal abelian subalgebra in p:

0 B
a:= {B* 0} | B =

(dima = q)
e restricted roots: type C, for p = ¢; type (BC), for p > q.

e SCS-ordering: cf. Propositions 4.8 and 4.9.
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e restricted-root spaces for positive roots:

For the roots a; & a;, 7 < j, the restricted-root spaces are of real dimension 2
and are nonzero only in the 16 entries corresponding to row and column indices
p—j+1L,p—i+1,p+i,p+J, where they are

([0 = —z 0
R
Ya;—a; = ’Z eC )
—z 0 0 -2
o 2] E
([0 z] [-z O]
-z 0] |0 7Z|
ga¢+aj = "‘7’ eC
—z 0] [0 Z]
LLLO =z |[—2 0]

The restricted-root spaces for the roots 2a; have real dimension 1 and are nonzero
only in the entries corresponding to row and column indices p—i-+1,p+i. They

are o
—iz iz
B2 = { [—ix ix} v € R} '

The restricted-root spaces for the roots a;, which only exist if p > ¢, have real
dimension 2(p — ¢) and are nonzero only in the entries corresponding to row and
column indices 1,...,p —q,p — i+ 1,p 4+ ¢. They are

0 v —v
Go, =14 |—v" 0 0 |[veCPH
—v* 0 0

il'l
0 1Z € (C(pfq)X(pfq)’F — ,
r iz,

= Nsu(p+ q).
iIl

We have 3¢(a) = su(p — q) @ R7.
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