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CHAPTER

Introduction and preliminaries

Human beings have a natural desire to do things as well as possible. And when there are
several ways of doing something, they try to choose the best alternative they can afford.
Operations research is an attempt to formalize their decision problems into a mathematical
framework.

This mathematical modeling is usually based on the definition of several parameters of
the problem, the decision variables. The quality of a decision is described by a numerical
function depending on these variables, the objective function, that has to be maximized
or minimized. Finally, the decision variables are typically subject to various constraints,
which have to be identified.

The generic optimization problem can be stated as follows. We are given a real-valued
objective function f defined on a set E and a subset X C E of constraints. We need to
solve:

§* = min f(z)

subject to x € X,

where x represents the decision variables. The points of X are called feasible points. An
optimal point x* is a feasible point where f achieves its minimum. The constraints X are
often described by a finite number of functional inequalities: X = {z € E|f;(z) < 0,1 <
i < m}, where {f;|]1 < i < m} is a set of real-valued functions defined on E. The subject
matter of Optimization consists in devising and studying efficient procedures to solve the
above mathematical problem.

Solving an optimization problem amounts to finding an optimal point or to proving
that such a point does not exist. On a finite-arithmetic computer, this goal is typically
unreachable, and we content ourselves with an approzimation of the optimal point in one
of the following senses. Given a tolerance € > 0,

(Absolute tolerance on objective’s value) we are looking for a feasible point Z for
which f(&) — f* <,
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(Relative tolerance on objective’s value) or, provided that f* > 0, we want to find
a feasible point Z satisfying f(&) — f* < ef*,

(Absolute tolerance on the minimizer) or, given a distance d on E, we need a point
& such that d(Z,z*) < ¢, and d(%,X) < e. This last condition means that the point
Z lies within a distance of € from the feasible set X, and is called e-feasibility.

In order to solve optimization problems, two approaches can be considered. The first
one consists in creating a universal algorithm, which is able to solve every optimization
problem. Unfortunately, this achievement is out of reach. Indeed, it has been proved (see
e.g. |[Nes03], Chapter 1) that such a method would require at least 500 times the estimated
age of the Universe to solve up to an accuracy of 0.01 on objective’s value an optimization
problem involving 15 decision variables on a computer that can evaluate the objective
function four billion times a second.

For this reason, the second approach is generally preferred. It involves restricting the
set of optimization problems we aim to solve to a specific class, in the hope of using its
particular features to design more efficient algorithms. The research undertaken in this
thesis fits naturally this scope, as we focus on some optimization problems defined in the
framework of formally real Jordan algebras.

In the next sections, we give a brief historical account on Convex Optimization in order
to exhibit the main guidelines that motivate our work. In Section [1.1, we explain how two
methods, designed for solving the same class of problems, can be compared with respect to
their efficiency. In Sections/1.2/to(1.5, we review the main optimization strategies that have
been developed to solve the classes of problems of interest for this thesis, and we show how
formally real Jordan algebras have turned out to be a natural framework of investigation
for these classes.

1.1 Comparing algorithms

The theoretical performance of an algorithm A on a problem P is usually measured by
the amount of simple arithmetic operations (such as comparisons, addition, subtraction,
multiplication, and division) needed to transform its input data into the desired output.
This number is called the complezity of A for solving P, and is denoted by C4(P). Since
simple arithmetic operations take roughly a constant processing time on a computer, the
complexity is proportional to the time needed for its resolution.

Let I(L) be a class of instances that A can solve, and that have the same size L (that
is, their data input needs L computer memory units). The worst-case complezity of an
algorithm A is defined as C'{ (L) := max{C4(P)|P € I(L)}. This definition can be refined
in the sense that the class I(L) may be characterized by other features than L. For instance,
for optimization problems, the number of decision variables and of functional constraints,
the required tolerance, or a measure of the regularity of the objective function can be
considered as well. Of course, an algorithm A is theoretically better than an algorithm A’
on I(L) if CY¥,(L) > CY(L).
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However, this formal characterization is sometimes not sufficiently precise, because a
very small set of instances of I(L) might influence dramatically the worst-case complexity
of an algorithm, although they occur very rarely in practice. A first possibility is to
consider an averaged complexity over the set of instances, given an appropriate distribution
function on it. However, this estimation can be very inaccurate, because random inputs
may fail to resemble those encountered in real-life problems. Some efforts to deal with
this delicate issue have been initiated by Daniel Spielman and Shang-Hua Teng [ST04].
However, these new techniques are quite laborious to develop, and we will only consider
worst-case complexity in the scope of this thesis.

The exact expression of the worst-case complexity function is often abbreviated with
the aid of the so-called Big-Oh and Big- Theta notation: given a function g : N — R, we say
that g is in O(g(n)) for a function § : N — R if there exist a constant ¢ > 0 and a number
N for which g(n) < ¢g(n) when n > N. Further, we say that g is in ©(g(n)) if g is in
O(g(n)) and if there exists a constant d > 0 and a number M for which g(n) > dg(n) when
n > M. This notation allows us to compare the performance of two algorithms without
focusing on details that have no essential impact. It is naturally extended to functions of
several variables.

1.2 Linear Programming

Linear Programming is the first class of optimization instances that has been thoroughly
investigated, and it is still representing an active research area. Many practical problems,
such as production planning or bond portfolio selection for instance, can be represented in
this framework.

In Linear Programming, the set F is a finite-dimensional real vector space, the objective
function is linear, and the constraints X are described by a finite set of affine functional
inequalities. Every linear programming problem can be reformulated into the following
standard version:

min ¢’z

st. Az =b (1.1)
x>0,

where A is a full row-rank real matrix of dimensions m by n, and the column-vectors b and
c are of dimension m and n respectively. The vector x represents the n decision variables
of the problem, and the notation z > 0 means that each of its components has to be
nonnegative. The feasible set is a polytope, and the optimal point, if it exists, is one of its
vertices.

A very well studied duality theory has been initiated by John Von Neumann in 1947,
and developed by David Gale, Harold Kuhn and Albert Tucker [GKT51]. Associated with
the linear optimization problem (1.1), which is called the primal problem, comes its dual:

max b7y
st. ATy+s=c (1.2)
s> 0.
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These two optimization problems are closely related to each other, as following theorem
states. A proof can be found for example in [Lue84] (Section 4.2).

Theorem 1.2.1 (Linear duality Theorem) Suppose that x,s € R} andy € R™ satisfy
Arx=band ATy +s=c.

Weak duality. The quantity b"y — cTx is nonnegative. It is called the duality gap of
T

z,y, S, and equals x* s.
Strong duality. The vectors x,y, s are optimal points of the primal problem (1.1) and of
the dual problem (1.2) and if and only if their duality gap is null. [ ]

This duality theorem plays a central role in the development of Linear Programming algo-
rithms. Its generalization to Conic Programming stated in Theorem [1.3.12]is also a crucial
result in Optimization.

About sixty years ago, George Dantzig created the simplex algorithm, which is the
first powerful method dedicated to solving linear optimization problems [Dan63]. Roughly
speaking, this scheme moves from a vertex of the feasible polytope to an adjacent one that
decreases the value of the objective function, until either an optimal point is reached or it
is established that no solution exists.

Since practitioners had at their disposal a very efficient method for Linear Programming,
they managed to model their problems as linear optimization instances. As a result, the
range of applications of Linear Programming has grown extremely rapidly.

The simplex algorithm is still widely used, especially when practitioners need to solve
a bunch of very similar problems (e.g. a set of instances that differ only by a few linear
constraints). In spite of its excellent practical behavior, it can be proved that its execution
time can grow exponentially with respect to the number of decision variables [KM72].

In 1984, Narendra Karmarkar developed a new strategy to tackle linear optimization
problems, namely the projective method [Kar84]. His algorithm has a provable worst-case
complexity of O(n35L), where L is the bit-size of the problem’s data, and n the number
of decision variables. Moreover, experiments have demonstrated its excellent numerical
behavior. His paper has initiated an important research activity, and many variants of his
original algorithm have been proposed afterwards. These methods are known under the
name of interior-point methods. They generate in the relative interior of the feasible poly-
tope a sequence of points that converges to an optimal point. These interior-point methods
are theoretically and numerically very efficient. They have enabled a considerable increase
the size of practically solvable problems — it is now usual to deal with instances of millions
of variables, provided that the matrix A is sparse (i.e. contains many zero entries). Several
monographs are dedicated to interior-point methods for Linear Programming, among which
we can mention [Wri96], [RTV97] or [Van96]. A more detailed exposition on interior-point
methods is given in Section [1.5.

It was soon realized that the interior-point paradigm could be extended to a broader
family of optimization problems, namely to a large class of convex optimization problems.
A brief account on this evolution is given in the next sections. Actually, it turns out that
many major breakthroughs in Convex Programming have been initiated by new ideas in
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Linear Programming. The main goal of the present thesis is to provide technical tools
meant to accomplish automatically some of these extensions. These technical tools allow
us to extend a new technique designed for solving efficiently a class of linear optimization
problems.

This new technique has been proposed by Yurii Nesterov in [NesO5al. It addresses to
linear optimization problems with the following structure:

min maxj<;<m,[Az — bl;
st. 1Tz =1
x>0,

where 1 is the n-dimensional vector whose components are all equal to 1. Here, the real
matrix A has dimensions m X n, and the column vector b is of dimension m. The decision
variables are represented by the n-dimensional vector x. This instance is indeed a linear
optimization problem, as it can be reformulated in the standard form (1.1) as follows:

min ¢4 —1t_

st. Av+s—(ty —t_)1=0b
1Tz =1
z,s,t4,1- > 0.

The decision variables « and s are of dimension n and m respectively, while ¢, and ¢_
are scalar variables. It includes as particular instances matriz games (when the vector b
is null), which can be used, among other applications, to model some portfolio optimiza-
tion problems. The technique of Yurii Nesterov consists in using an optimization scheme
traditionally dedicated to Convex Optimization in order to solve an approzimation of the
above problem. It turns out to be very efficient both theoretically and practically for very
large-size instances, when the required precision is not too small.

In Chapter 6, we show how the same technique can be adapted to design very efficient
procedures for solving some very large-scale nonlinear problems.

1.3 Convex Programming

Extremely few phenomena in the world can be very accurately described by a linear model.
However, practitioners have simplified a lot of real-life problems to represent them as
linear programming instances, in order to have at least a rough approximation of the exact
solution. As a generalization of Linear Programming, Conver Programming appears as
a natural alternative for a more accurate modeling. The last few years have witnessed
major breakthroughs in Convex Programming, that have considerably extended the set
of tractable nonlinear optimization problems. Nowadays, powerful optimization software
packages allow practitioners to deal with nonlinear models efficiently, provided that they
are sufficiently well-structured to match the set of tractable instances.

In order to define precisely the class of instances of interest in Convex Programming,
let us recall a few basic definitions. We assume henceforth in this chapter that F is a
finite-dimensional real vector space.
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Definition 1.3.1 A set S C FE is convex if, for every x and y of S, and every A of [0,1],
the point Ax + (1 — N)y also belongs to S. [

The domain of a function f : E — R U {+oo} is the set of points z in E where
f(x) < 4005 this set is denoted by dom f. The epigraph of a function f is the set:

epi (f) == {(t,x) € R x dom [t > f(x)}.

Definition 1.3.2 A function f: E — RU {400} is convex if its epigraph is a convez set.
|

The class of convex programming problems is the set of minimization problems that have
a convex objective function and a convex set of constraints. As stressed above, a very broad
range of practical problems fall into that class. The monumental monographs of Aaron
Ben-Tal and Arkadi Nemirovski [BTNO1], and of Stephen Boyd and Lieven Vandenberghe
[BV04], display a large amount of application examples in such various fields as electronic
chip conception, metallic structure design, or consumer’s preference prediction. Other
examples include cosmology [BFHT03] and medical imaging [BTMNO1]. Of course, this
list of application fields is far from being exhaustive.

The interest for convezity in optimization lies in the following fact. In contrast with
other functions, it is easy to certify that a point is the global minimizer when the considered
function is convex. Indeed, it can be easily proved that every local minimum of a convex
function (that is, a point of the domain of the function that minimizes it in a suitable
neighborhood) is also a global minimizer. Hence, an algorithm designed to find a local
minimum of a function always finds a global minimum if the considered function is convex.

The first methods that have been developed for solving convex optimization problems
where the so-called gradient methods and subgradient methods (see [Pol87], Chapter 2 and
3 of [Nes03], or [Sho85] for a thorough exposition). Gradient methods are dedicated to
convex optimization problems with a differentiable objective, while subgradient methods
are designed to solve non-differentiable convex optimization problems.

In the context of convex functions, subgradients represent a natural generalization of
the concept of gradient. We denote by (-, ) a scalar product on E.

Definition 1.3.3 Let f : E — RU{+o00} be a convex function, and let x be a point in the
domain of f. The subdifferential of f in x is:

9f () := {g € Elf(y) = f(x) + (9,4 — ) for every y € dom f}.

FEvery element of the subdifferential of f in x is called a subgradient of f in x. [ ]

In other words, a subdifferential is the set of all the possible slopes of an affine hy-
perplane that is tangent to the epigraph of a function at a considered point. Its basic
properties are summarized in the proposition below. Its proof can be found in [Roc70],
Theorem 23.5 and Theorem 25.1.



1.3— Convex Programming 7

Proposition 1.3.4 (Basic properties of subgradients and subdifferential)

The subdifferential of a convexr function is never empty on its domain. Moreover, if a
convex function f is differentiable at x, then the set Of(x) contains only one element,
which is the gradient of f at x. Finally, the function f reaches its minimum at a point x*
of its domain if and only if 0 € Of (x*). [ |

Subgradient algorithms generate a sequence of feasible points that converges to an
optimal point. In order to construct this sequence, the value of the objective function and
of one of the elements of its subdifferential at every previously generated point are solely
available. A procedure that projects an unfeasible point on the set of constraints is also
required if necessary.

Many variants of subgradient methods exist, but Arkadi Nemirovski and David Yudin
have proved that an algorithm that only use the aforementioned piece of information cannot
behave better than a certain performance [NY83|. Their proof is based on the concept of
oracle.

The oracle is simply the routine that delivers needed information for an input point.
For subgradient algorithms, the oracle is said to be of first order, because it only provides
the value of the objective function and the value of one of its subgradient. First-order
oracles have typically a relatively low complexity.

Optimization algorithms involving an oracle are called black-box methods, because the
only access to the specific instance to be solved consists in asking to the oracle several of
local characteristics of the problem, exactly as if it is hidden in a black box. The complezity
of a black-box method is defined as the number of times that the oracle should be invoked in
order to obtain a solution within the desired accuracy. The actual worst-case complexity,
as defined in Section (1.1, can be immediately estimated by multiplying this number by the
worst-case complexity of the oracle itself. Nemirovski and Yudin were able to determine
lower complexity bounds of subgradient methods for several important classes of convex
optimization problem. Their idea consists in constructing a family of problems that all have
a different optimal point and a different optimal value. This family is difficult in the sense
that many oracle calls are needed before recognizing which of its member is considered,
and consequently which optimal point should be returned.

The motivations for new smoothing techniques of Nesterov originates in two of their
lower complexity bound results.

Proposition 1.3.5 (See, for example, Theorem 3.2.1 in [Nes03|) For every subgra-
dient method, there exists a convex function f : E — R for which at least ©(1/€?) calls of
the oracle are needed to obtain an approximation of the optimal point with an € absolute
tolerance on the objective’s value. [ ]

For the subclass of smooth convex optimization problems, the picture is much more fa-
vorable provided that the objective function is sufficiently smooth, as the following propo-
sition states. We first need a definition to quantify the smoothness of a function.

Definition 1.3.6 Let || -|| be a norm of E. Its dual norm is defined as:

l[yl[« == sup (y, )
llz]|=1
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for every element y of E. Let f : E — R U {400} be a differentiable function. We say
that the gradient of f is Lipschitz continuous with respect to the norm || - || if there exists
a constant L > 0 such that, for every x and y in the domain of f, we have:

" () = f(@)ls < Llly — «ll.
The constant L is called the Lipschitz constant of the gradient of f. [ |

Proposition 1.3.7 Let || - || be a norm of E. For every gradient method, there exists a
convez function f : E — R with a Lipschitz constant of its gradient of L, with respect
to the norm || - ||, for which at least ©(\/L/€) calls of the oracle are needed to obtain an
approzimation of the optimal point with an € absolute tolerance on the objective’s value.

There exist optimal gradient and subgradient methods for problems considered in
Proposition [1.3.5 (see Theorem 3.2.3 in [Nes03]), and for problems of Proposition [1.3.7
(see Theorem 2 of [Nes05a]). These methods reach the respective lower-bound for worst-
case complexity for the corresponding classes of instances.

The black-box approach for Convex Programming contains an internal contradiction.
While convexity, which has to be ascertained before choosing an optimization procedure,
is a global property of a problem, a black-box method can only use the local information
given by the oracle. This contradiction has been solved in the framework of interior-point
methods.

As mentioned earlier, the efficient projective method of Narendra Karmarkar revo-
lutionized Linear Optimization. In contrast to the simplex algorithm, the subsequent
interior-point methods inspired by Karmarkar’s approach could be extended to Convex
Optimization. This task has been achieved by Yurii Nesterov and Arkadi Nemirovski in
their important monograph [NN93|. Introducing the concept of self-concordant barrier (a
precise definition is given in Section1.5)), they have established firm theoretical foundations
for the design and the study of interior-point methods for Convex Programming. Their
techniques provide a systematic procedure to construct an algorithm for solving convex op-
timization problems by inspecting their structure. They have achieved its full complexity
analysis, which shows that their methods are very efficient for many important classes of
problems. Since then, thousands of research papers have been published on interior-point
methods for Convex Optimization.

It is sometimes useful to reformulate a convex optimization problem as a conic opti-
mization problem. Actually, a vast majority of efficient interior-point methods are best
described in a conic setting.

Definition 1.3.8 A set K of R™ is a cone if, for every point x of K and every positive
real \, the point Az belongs to K. [ ]

A convex conic optimization problem is an optimization problem of the following standard
form (note the similarity with the standard form (I.1)) for linear optimization problems):

min (¢, z),
s.t. Az = b, (1.3)
z ek,
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where A is a full row-rank real matrix of dimensions m by m, and the column vectors b
and ¢ are of dimension m and n respectively. The set /U of R™ denotes a closed convex
cone, which concentrates all the nonlinearities of the problem. Finally, the brackets (-, -),
represent a scalar product on R”™.

The general convex optimization problem:

min f(x)
s.t. x € X,

where f : R" — RU{+occ} and X C R" are convex, can be reformulated as a conic instance
(we do not discuss its practical efficiency here). Indeed, we have successively:

min f(z) = mint¢ = min¢
st.zeX st.xeX st t =
(t,7) € epi(f) (t',t,2) € K,

with
K:={{t t,z) e RxRxR"(t,x) €t’epi(f), z€t'X, t' >0}

The main interest for the conic formulation of convex optimization problems resides in the
existence of a well-established duality theory for conic programming, initiated in [ET76].
The interested reader can find an interesting account in Section 3.2 of [Ren01].

Definition 1.3.9 Let (-,-) be a scalar product on R™. The dual of a cone K of R™ with
respect to the scaler product (-,-) is defined by:

K*:={y e R"|{y,z) > 0 for every x € K}.
|

Given a scalar product (-,-),, of R™, the dual problem associated with (1.3) has the fol-
lowing form:
max (b, y)m
st. A'y+s=c (1.4)
s € K*.

We denote here by A* the adjoint operator of A with respect to the scalar products (-, ),
and (-, ). That is, for every x € R™ and every y € R™, the equality (Az, y)m, = (A*y, 2)n
holds.

The following theorem contains the most useful results of conic duality theory for the
purposes of this exposition. Its proof can be found in [Ren01], or in Section 4.2.2 of [NN93].

Definition 1.3.10 Let z € K, s € K*, and y € R™ be three vectors satisfying Ax = b and
A*y + s = c. The quantity (c,z)n — (b, Y)m = (A"Y, 2)n + (5, 2)n — (AT, Y)m = (5,2)n is
called the duality gap of (z,y, s). [ |

Definition 1.3.11 We say that the primal instance is strictly feasible if there ezists a
point T in the interior of IC such that Ax = b. Likewise, we say that the dual instance is
strictly feasible if there is a point § in the interior of K* and a point y in R™ for which
A*g+s=c.
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Theorem 1.3.12 (Conic duality Theorem) Let x € K, s € K*, and y € R™ be three
vectors satisfying Ax = b and A*y + s = c.

Weak duality. The duality gap of (x,y, s) is nonnegative.

Strong duality. Suppose that the primal instance and the dual instance are both strictly
feasible. Then the primal and the dual instances have an optimal solution, and their
respective sets of solutions are bounded. Moreover, a feasible point (x,y, s) is a solu-
tion to (1.3) and (1.4l) if and only if its duality gap is null.

In view of the above theorem, a conic optimization problem can be restated in the
following primal-dual form:
min (¢, 2}, — (b, Y)m
s.t. Ax =b
A'y+s=c (1.5)
relk
s € K*.

The optimal value equals zero if both primal and dual optimization problems are strictly
feasible. This opens a possibility to measure the quality of an approximated solution. The
most powerful interior-point methods solve this primal-dual formulation instead of the sole
primal, because they generally show a better practical behavior. Up to our knowledge, this
phenomenon has only partial theoretical explanations. Nesterov, Nemirovski, and Todd
have recently found some evidences from geometrical aspects of interior-point methods
INT02, NNO3].

1.4 Self-scaled Optimization, and formally real Jordan
algebras

Michael Todd and Yurii Nesterov have discovered in 1994 a subclass of convex optimization
problems for which they have designed interior-point methods that are theoretically and
practically very efficient. They have called this class the self-scaled optimization problems
INT97, INT98]. It consists in conic optimization problems:

min (¢, z),
st. Az =b
x ek,

where the cone K C R" is symmetric, i.e. is a closed convex cone which has the following
properties?.

1The original terminology for those cones is ”self-scaled” [NT97]. In their paper, Nesterov and Todd
formulate its definition differently, namely in terms of properties of a barrier for these cones (see in Sec-
tion [1.5). However, Theorem 3.1 in [NT97], combined with results obtained in |[Gil96], shows that both
definitions are equivalent.
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Self-duality: the set K coincides with its dual £* with respect to the scalar product (-, -);
this implies in particular that C has a nonempty interior and does not contain any
straight line.

Homogeneity: for every pair x,y of points in the interior of I, there exists an invertible
linear operator A for which AKX = K and Ax = y.

In particular, linear programming problems fall into that class, as well as the two following
non-trivial examples.

Example 1.4.1 (Second-Order Programming) For every integer m > 1, we define
the m + 1-dimensional second-order cone L™ as follows:

L™= {(t,x)ERme‘tZ\/xf—i—---+x?R}.

This cone is also called Lorentz cone of dimension m + 1. The class of second-order
programming problems consists in conic optimization problems for which the cone K is a
Cartesian product of second-order cones. It can be proved — all the necessary elements are
given in Section |2.8 — that such cones K are self-scaled.

As an important example, the class of second-order programming problems contains the
set of optimization problems with a convex quadratic objective function and constraints
described by a finite set of convex quadratic inequalities. Another particular case of second-
order programming consists in robust linear programming, that is, linear optimization prob-
lems (1.1) for which the data set (A, b, c) is known only up to a certain accuracy, modeled by
an ellipsoid region. The interested reader can find more details in Section 3.4.2 of [BTNO1)].
Other applications can be found in the surveys [LVBLIS] and [AG03)]. [ |

Example 1.4.2 (Semidefinite Programming) Semidefinite Programming involves con-
ic optimization problems that are defined on the cone S of n X n positive semidefinite real
symmetric matrices. This cone can also be proved to be self-scaled. Since the implemen-
tation of interior-point algorithms for Self-Scaled Optimization in powerful optimization
software (for instance SEDUMI, which runs on MATLAB [Stu99]), practitioners became
aware of the practical efficiency of semidefinite modeling, and many applications were dis-
covered in such various fields as finance [d’A05], control theory |[VB99d), or design of
electrical circuits [VBG98]. More applications can be found in the survey paper [VB99b]
and in Chapter 4 of [BTNO1)]. [ |

Osman Giiler |Giil96] realized symmetric cones have already been studied more than
thirty year before by the algebraist Ernest Vinberg in his long article [Vin63]. In his work,
Vinberg has studied and completely characterized the class of symmetric cones using the
so-called T-algebras. Almost simultaneously, Charlotte Hertneck has performed a similar
classification using the elegant theory of formally real Jordan algebras [Her62]. Leonid
Faybusovich was the first optimizer who has exploited the advantages given by the Jordan
algebraic setting in the study of Self-Scaled Programming. He has started his in-depth
research by a study of non-degeneracy conditions for Self-Scaled Programming in [Fay97b].
Subsequently, he has analyzed various interior-point strategies for Self-Scaled Programming



12 Chapter 1— Introduction and preliminaries

in [Fay97a), [Fay02], where Jordan algebras have played a crucial role. The ideas of Fay-
busovich have been followed by many optimizers. For instance, Jos Sturm has presented
the theoretical basis of his SEDUMI software in terms of Jordan algebras [Stu00]. Later,
Masakazu Muramatsu [Mur02], Stefan Schmieta and Farid Alizadeh [SA03] have used this
setting in further studies of interior-point methods for Self-Scaled Optimization.

The present thesis lies within this scope: we use the formalism of formally real Jor-
dan algebras, substantially presented in Chapter 2, in order to extend some optimization
algorithms, and to study their performance. Following preliminary ideas of Schmieta and
Alizadeh [AS00], we show how these extensions can be constructed in many cases in a
systematic way, with the help of our study of the so-called spectral functions and spectral
mappings (see Chapters 4 and [5)). In order to support this point of view, let us briefly ex-
plain how interior-point methods work in convex optimization, and how their specification
to Linear Programming has been (implicitly at first) extended to Self-Scaled Programming.

1.5 A closer look at interior-point methods

A large variety of interior-point methods have been proposed up to now in the literature,
and a complete exposition would bring us too far from the scope of this thesis. In this brief
introduction, we concentrate on path-following interior-point methods, in order to illustrate
how Jordan-algebraic extensions work.

1.5.1 Newton’s Algorithm: solving unconstrained problems

Newton’s Algorithm is a well-known procedure to solve a system of nonlinear equations.
Consider a differentiable linear function F' : D C R™ — R". Its first-order Taylor expansion
around a given point zy of D can be written as follows:

F(xo 4 h) = F(zo) + F'(xo)h + Eqgy,r(h),

where, according to Taylor’s Theorem, we have limj;)—o Ez, 7 (h)/[|R|] = 0 (see for in-
stance [Apo69]). In order to find a vector h* € R™ for which F(zo + h*) = 0, we can
approximate F'(zo+ h) by F(xo) + F'(zo)h, and solve the following linear system of equa-
tions:

0= F(xo) + F'(x0)h,

yielding a vector h;. Then, the process is repeated with x; := ¢ + hy instead of xy, and
so on. We can construct the sequence:

Thp1 = xp — F'(zp) " F(xy)  for k>0,

provided that the differential matrix F’(xj) remains invertible for every k and that the
successive iterates belong to D. Assuming several regularity assumptions on F, it is possible
to prove that the sequence (zx)r>o converges to a root z* of the system of equations if z
is not too far from z* (see for instance Theorem 6.14 in [Kre98]).

According to Proposition[1.3.4, a differentiable convex function f is minimized at every
point where its differential vanishes. In other words, solving mingegn f(x), where f is
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convex and differentiable, amounts to solving the system f’(z) = 0. If the function f
is twice differentiable, Newton’s Algorithm can be used if, of course, the Hessian of f is
invertible at every point of the generated sequence. For the sake of numerical stability of
the method, it can be very useful to guarantee that the Hessian of f lies sufficiently far
away from the set of non-invertible matrices.

1.5.2 Barrier methods: dealing with constraints

Let us now turn our attention to constrained convex minimization problems:

min f(x)
s.t. x € X,

where X is a closed convex subset of R™ with a nonempty interior. We can expect that
optimization problems are significantly more difficult to solve if they are constrained. A
popular strategy to tackle this complication consists in replacing a constrained problem P
by a sequence (P,),>o of unconstrained instances that approximate P. This sequence is
usually constructed by means of a barrier function for X.

Definition 1.5.1 Let X be a convex set with a nonempty interior. A real-valued, below
bounded, convex function F' is a barrier for X if its domain is int X, and if F(z) converges
to +00 as x approaches the boundary of X. The value of F' outside int X is taken equal to
+00. |

Instead of solving the constrained optimization problem min,cx f(x), the idea is to
solve with Newton’s Algorithm several unconstrained problems:

@(p) = min f(z) + F(z)/p (Py)

for well-chosen values of 1 > 0. The curve pu — x(u) is called the central path of the
problem associated with the barrier F. When p tends to infinity, the optimal point z(u) of
the corresponding unconstrained problem approaches the solution of the original problem
(see for instance Theorem 1.3.2 in [Nes03]). Procedures that exploit this trick are known
in the literature as barrier methods.

1.5.3 Choosing an appropriate barrier

We are now left with the following important issue: what is the most appropriate barrier
F for a given cone K 7 This barrier should be easy to compute, and easy to differentiate.
Moreover, as the problem (P,) is to be solved with Newton’s Algorithm, it is desirable that
the gradient f’(z)+ F'(x)/p is well-defined and invertible everywhere in the interior of .
It would also be extremely useful to have a simple test for determining if a point x could
serve as a a starting point for Newton’s Algorithm, that is, a point for which the method
converges to the desired solution x(u). And finally, once Newton’s Algorithm has found a
sufficiently accurate approximation &, of z(u), we need to define a strategy for increasing
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the value of u. This strategy should counterbalance a twofold trend. On the one hand, we
have to increase i as much as possible, to get closer to the solution of the original problem.
On the other hand, the approximation Z, should be sufficiently close to the new target
point z(u4 ) to ensure the convergence of Newton’s Algorithm.

Nesterov and Nemirovski have solved all these issues in [NN93|, essentially by intro-
ducing the class of self-concordant barriers, and by studying its properties. In the follow-
ing definition, the notation F(™(x)[h,...,h] indicates the nth derivative of the function
F(x + th) with respect to ¢, at t = 0.

Definition 1.5.2 Let X CR"™ be a closed convex set with nonempty interior. A barrier F
for X is a v-self-concordant barrier if it is three times continuously differentiable, and for
every x € int X and every h € R™ we have:

o |E"(z)[h, h,h]| < 2F"(x)[h, h)*/?, and
o (F'(z)[h])* < vF"(z)[h, ). ol

If the set X does not contain any straight line, it can be proved that the Hessian of each of
its v-self-concordant barriers is invertible at every point of int X (see for instance Theorem
4.1.3 of [Nes03]). The second inequality above can then be replaced by the following
equivalent form:

(F'(2), F"(2) " F(2) < v.

A simple but important example of such a function is F(z) := —In(x) for the set
X :=R,; its parameter v equals 1.

There is a remarkable existence result of Nesterov and Nemirovski, which states that
every convex bounded set X C R™ with a nonempty interior has a O(n)-self-concordant
barrier (see Theorem 2.5.1 in [NN93|). Unfortunately, an evaluation of this function at
a point of its domain takes in general a time that is exponential in the dimension n. In
several cases however, this barrier can be explicitly constructed.

The following proposition is central in the theory of self-concordance (see Theorem 4.1.5
in [Nes03]). It indicates how the convex set X can be locally replaced by a much simpler
set, namely an ellipsoid, on which optimization problems are considerably easier to solve.
As the technique used in the proof is important for a forthcoming illustration of the interest
of Jordan algebras in optimization, we include it below.

Proposition 1.5.3 Let F be a v-self-concordant barrier for the convex set X. We assume
that X does mot contain any straight line. If x belongs to the interior of X, then the open
ellipsoid

W(z,1) :={y e R""|(F"(z)(y — z),y — z) < 1}
18 included in the interior of X.

Proof
Let us fix z € int X and h € R™. Consider the following function:

1

OO = T+ thyh, 172

(1.6)
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We denote by D the domain of this function. Since F' is a barrier function, D is the set of
real numbers t for which = + th € int X. Observe that, for every ¢t € D:

_ F"(z +th)[h, h, h]
2(F"(x + th)h, h)3/2

¢'(t) =

In view of Definition [1.5.2, we have |¢'(¢)] < 1 for all these ¢. Consequently, the domain D
contains the interval | — ¢(0), ¢(0)[. Therefore, the point  + a¢(0)h belong to the interior
of X for every v in | — 1,1, which is what we needed to prove. [ ]

Observe that the second condition of the Definition [1.5.2] of self-concordance was not
used in this proof. This proposition remains true independently on the value of v.

The following theorem constitutes one of the main results of the self-concordant barriers
theory (it represents a slight modification of Theorem 4.2.9 in [Nes03]).

Theorem 1.5.4 (Self-concordant barriers and path-following algorithms)
Let X CR"™ be a closed convex set, with a nonempty interior, and let ¢ be an n-dimensional
vector. We aim to solve the following optimization problem:

i%i)l(l<c7 T)n-

We assume that there exists a v-self-concordant barrier F for the set X. Consider the
following algorithm.

1. Choose an accuracy € > 0, a positive value of pg, and a starting point xo for which

(F"(x0) ™ (noc + F'(20)), poc + F'(w0)) < 1/9.

2. For k>0, set
fey1 = (14 0.1//v)

and
Thy1 =T — F"(21) " (prgrc + F' ().

No more than N = O(y/vIn(v/poe)) iterations of this algorithm are enough to find a point
xn in X for which (c,xn)n — (¢, %), < €. n

A practical limitation of this result resides in the fact that the iterate xy; lies in the
ellipsoid W (x, 0.1), which might be small, yielding a very slow convergence. Hence, every
result that can improve Proposition [1.5.3 would significantly ameliorate the efficiency of
optimization strategies based on self-concordant barriers. Essentially, Self-Scaled Program-
ming relies on a considerable improvement of Proposition [1.5.3.

Finally, the self-concordant barriers theory fits particularly well the conic setting of
Convex Optimization. However, an extra homogeneity property is required for the v-self-
concordant barrier F of a cone IC, namely its logarithmic homogeneity: for every = € int IC,
and every A > 0, we have F(Az) = F(z) — vIn()). If such a barrier F' exists for the cone
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K, the above scheme can be applied to solve the problem (here the n x m matrix A is
surjective):
min {c¢,x),
st. Az =b
€K,

with the restriction of F' to the affine subspace {z € R"|Ax = b} as v-self-concordant
barrier. In order to deal with the linear constraints in Newton’s Algorithm, the celebrated
Karush-Kuhn-Tucker Theorem is invoked (for a proof, see for example [Lue84], Section
10.8). The statement we give here is much more general than what is needed for the
above application, but this theorem will be subsequently used for some more sophisticated
situations.

Theorem 1.5.5 (Karush-Kuhn-Tucker optimality conditions Theorem) Let us as-

sume that the functions f,g1,...,9m,h1,...,hg from R™ to R are continuously differen-
tiable. We consider the following optimization problem:
min f(z)
st. gi(x) <0 for1<i<m (1.7)
hi(x) =0 forl1<i<k.

If a feasible point x* is a solution of the problem (1.7), and satisfies the following
property:

the gradients {g;(z*), h;(z*) [ gi(z*) =0, 1 <i <m, 1 <i < k}

are linearly independent, (1.8)

then there exist a vector A € RF and a vector p € R such that:

k m
d . d . d . )
dmif(x )+ g )\kdxihk(x )JrjE:lujd—xigj(z )=0 foralll<i<n

j=1
p'g(z*) = 0.

In the approximated conic problem

min (¢, z), + F(x)/p
s.t. Ax = b,

the constraints are linear, yielding, in view of Karush-Kuhn-Tucker’s conditions, the fol-
lowing nonlinear system in x:

c+ F'(x)/u+ATX =0
Az —b = 0.

Observe that the solution point * complies with the property (1.8) on constraints, because
the matrix A is surjective by assumption.
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1.5.4 Path-following interior-point methods for Linear Program-
ming

In this subsection, we present two optimization schemes based on the theory of self-
concordant barriers. They rely on the following fundamental proposition, which results
from a trivial computation of derivatives.

Proposition 1.5.6 We denote by R the set of n-dimensional vectors with positive co-
efficients. The function

F:R", >R
x — F(z):= —Zln(xi)
i=1

y y n
is an n-self-concordant barrier for R, . [ |

This proposition immediately suggests a scheme for solving

min (¢, z),
s.t. Ax =b
x> 0.

As described in the previous subsections, it suffices to incorporate the constraint > 0
into the objective function by means of the above self-concordant barrier:

min (e, 2} — S0y In(ai)/ 1
s.t. Az =b.

The corresponding interior-point algorithm is referred to as the short-step primal path-
following method for Linear Programming in the literature, and has a theoretical worst-case
complexity of O(y/nln(n/e)) iterations.

Practical experiments tend to show that solving the primal-dual version of this problem,
namely:
min (¢, Z)n = (b, y)m
s.t. Az =5
A'y+s=c
z,s >0,

provides a better algorithm. The barrier approximation of this problem is then:

min (s,2), — Y0, Ina)/p— S0, In(s:)
st. Az =10
A*y+s=c.

It suffices to use Karush-Kuhn-Tucker’s conditions to determine the linear system to be
solved at each iteration. This algorithm is called in the literature the short-step primal-dual
path-following method for Linear Programming, and its theoretical worst-case complexity
is also in O(y/n1n(n/e)) iterations.
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1.5.5 Path-following interior-point methods for Self-Scaled Pro-
gramming

In their seminal paper [NT97], Nesterov and Todd have defined the class of self-scaled
cones by a set of properties owned by their self-concordant barriers. Particular cases of
these self-scaled barriers include the following ones.

Second-Order Programming. As defined in Section 1.4, Second-Order Programming
consists in conic problems for which the feasible cone K is a Cartesian product of
second-order cones:

Ki=L" x - x L™,

The standard self-scaled barrier for the (n+ 1)-dimensional second-order cone L™ has
the following form:

Fo(t,z) == —In(t* —2? —--- — 22).
Its parameter v equals 2. Now, the self-scaled barrier for L = L™ x --- x L™* is
simply:
FW, W k) gk)y .= Frn, D, My 4. 4 Fp, () 0y,

The parameter of the barrier F' is equal to 2k. [ ]
Semidefinite Programming. Here, the feasible cone K is the set of n x n positive semi-

definite matrices. The corresponding self-scaled barrier is F'(X) := — In(Det(X)).

|

In the framework of formally real Jordan algebras, all the self-scaled barriers have,
up to an additive constant and up to a judicious choice of the scalar product, the same
expression [Sch00]:

F(z) = —Indet(x),

where the function det should be seen in this introductory exposition as a natural gen-
eralization of the determinant for real symmetric matrices (more details are given in our
exposition on Jordan algebras in Chapter 2); their domain should be considered as a suit-
able extension of the set of positive-definite matrices. This interesting feature considerably
simplifies the analysis of interior-point algorithms in Self-Scaled Programming.

In fact, the self-scaled barrier F'(z) = — In(det(x)) is closely related to the self-concordant
barrier for Linear Programming f(z) := — > " ; In(z;). This link can be seen through the
concept of eigenvalues in Jordan algebras. These real-valued functions Ay (u), ..., A, (u)
are precisely defined in Section 2.7. The reader is invited in this introduction to view them
as a natural generalization of eigenvalues of symmetric matrices. The Jordan algebraic
function det is in fact the product of the eigenvalues of its argument, exactly as in the
context symmetric matrices. Thus, the barrier

F(z) = —In(det(z)) = =In(As(2) -+ An(2)) = =In(As(2)) = - = In(An(2)) = f(A(2)),

defined where \;(z) > 0 for every 1 < ¢ < n, corresponds to its Linear Programming
counterpart, where the components of the argument have been changed into the eigenvalues
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of its argument. The scalar product that should be used in the Jordan-algebraic framework
is the so-called Jordan algebraic scalar product (-,-) 7 (see in Section 2.7.6), which coincides
with the dot product for linear programming instances and with the Frobenius product
(A,B)p := ZZ]‘:I A;;B;j of n x n symmetric matrices used in semidefinite programming.

Many interior-point algorithms for self-scaled programming can be produced and an-
alyzed by a more or less systematic application of the above construction. This recipe
has already been proposed for Semidefinite Programming by Farid Alizadeh in [Ali95].
For instance, the barrier method applied to Self-Scaled Programming consists simply in

considering the following approximated problems:

min (¢, z) 7 — In(det(x))/p
s.t. Ax =b.

In Theorem 4.4.10, we show that essentially the same systematic replacement rule holds
for computing the differential of this barrier, yielding a short-step primal path-following
method for Self-Scaled Optimization.

The idea is very similar for primal-dual instances, with just one mild technical difficulty.
The barrier version of the linear primal-dual instance can be written as follows:

min (s,z), — > o, In(z;s;)/p
st. Az =b
Ay +s=c.

The self-scaled version also amounts to replacing the components x;s; by the eigenvalues
of an appropriate combination of x and s. In the context of semidefinite programming, this
combination reduces to s*/2zs5'/2 when x and s are symmetric matrices.

Many other algorithms for Self-Scaled Optimization are implicitly constructed from
linear optimization algorithms following this recipe. These algorithms rely on several im-
portant technical ingredients. A non-exhaustive list of them would include the following
ones.

¢ The Tanabe-Todd-Ye potential function, defined for linear programming in [Tan88|
TY90], has been extended by Faybusovich [Fay02].

¢ The long-step centrality measure for path-following methods, introduced for Linear
Programming in [KMY89], has been extended in the Jordan algebraic framework in
[Mur02, [SA03].

¢ The theory of self-regular functions has been created for Linear Programming by
Jiming Peng, Cornelius Roos, and Tamds Terlaky in [PRT02]. They subsequently
extended to Second-Order Programming and Semidefinite Programming separately,
using implicitly the aforementioned construction. However, the unified treatment of
this theory using the Jordan algebraic framework is not accomplished yet.

A major part of this thesis consists in providing technical tools designed to ease these
extensions. Chapters [4l and 5! focus on spectral functions/mappings on Jordan algebras.
We investigate on the properties that a symmetric function of its arguments transfers to
the function constructed by replacing these arguments by eigenvalues.
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1.6 Smoothing techniques

Interior-point methods suffer from an important drawback. In spite of their excellent
complexity in terms of number of iterations, each of these iterations can be prohibitively
expensive. In contrast, the iteration cost of gradient and subgradient methods is typically
small, but a lot of them are needed to reach the solution of a problem. This limitation is
essentially due to the fact that these methods do not use the structure of the instance to
be solved.

According to Proposition [1.3.5, the situation is especially unfavorable for non-smooth
convex problems, that is, with a convex objective function that is non-differentiable. With
smoothing techniques, Nesterov proposes an efficient way to deal with some of these in-
stances, by converting them into smooth approximations [Nes05al. In view of Proposition
1.3.7, gradient methods can have a much better complexity, provided that the Lipschitz
constant of the gradient of the objective function is not too high. The idea of smoothing
techniques consists in restricting the class of non-smooth problems under consideration to
instances in which non-differentiability enters in a very precise way in the objective func-
tion. In other words, it amounts to taking the structure of non-smoothness explicitly into
account.

We are given two closed bounded convex sets @1 and @3, contained in the Euclidean
vector spaces E; and Fs respectively. The norms of these spaces are denoted by || - || g,
and || - || g, respectively. The objective function, to be minimized over @1, is supposed to
have the following form:

f(z) = f(z) + max[(Az,u) — ¢(u)],
uEQ2

where f and (2) are continuously differentiable convex functions, and A is a linear operator
from F; to E. We assume that an evaluation of f is not too expensive, that is, that the
maximization of (Az,u) — ¢(u) over Q2 can be performed very efficiently, or even that a
closed form of the solution is available.

Now, the objective function is replaced by a smooth approximation of it, with the help
of a so-called proz-function of Qs.

Definition 1.6.1 Let || || be a norm of R™. A prox-function d of a set Q C R™ is a twice
continuously differentiable function d : Q — R that is strongly convex on Q:

for every u € Q and h € R™ (d’(u)h,h) > o||h|*.

Moreover, this function is supposed to attain its minimum in the relative interior of @, and
its minimal value is 0. The constant o s called the strong convexity constant of d with
respect to the norm || - |]. [

Let ds be a prox-function of @2, and let o2 be its strong convexity constant with respect
to the norm || - ||g,. For each parameter > 0, we define the function:

fulz) == f(x) + max[(Ax,u) — qg(u) — pda(w)].

u€EQ2
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We choose a norm || - ||, of E7 and define:

AllB, B, i= max{{Az,u) : ||z[|z, <1, [|ullz, <1}

This family of functions approaches f from below as u goes to 0, and each of them has
a Lipschitz continuous gradient. It can be proved (see Theorem 1 in [NesOba]) that the
Lipschitz constant of f}, equals L, := ||A||%, g,/(no2). Hence, the much more favorable
complexity result of Proposition [1.3.7/ can be applied, provided that L, is not too large.

This gradient-like scheme requires a prox-function d; of @)y, with a strong convexity
constant for the norm || - ||g, denoted by oq and a minimizer denoted by xg. Letting
Dy := max,cq, di(z) and Dy := max,cq, d2(x), we put p = €/(2D2).

Theorem 1.6.2 (Theorem 3 in [Nes05a]) The smoothing algorithm (reproduced at p.
186l as Algorithm[6.2.1) generates a sequence (yi)k>o for which f(yn)— f* < € as soon as:

DDy 1 4ALD
N1 A5 e[
102 1

where L is the gradient Lipschitz constant of f corresponding to the norm || - ||g, . [

Observe that this complexity result concerns the actual non-smooth problem, and not its
smoothed approximation.

In order to apply these techniques, we have to find good prox-functions, that is, prox-
functions for which the ratio ”diameter of the set” over ”strong convexity constant” is low.
It is also crucial to use norms with small unit balls, in order to influence favorably the
matrix norm || - ||, g, -

An advantageous prox-function is known for the n-dimensional simplex:
Ay ={reR}|z;+--+z,=1}.
This function is the so-called entropy function:
dentr : A — R

T — dcntr(x) = sz 11’1(1’1) + ln(n)
=1

For the norm ||z|| := Y., |@;], its strong convexity constant on A,, equals 1.

In the light of the discussion developed in the previous section, it is natural to consider
as a good prox-function for corresponding problems in formally real Jordan algebras the
prox-function dentr © A, where A is the eigenvalue mapping. In Chapter 6, we show that this
function inherits from dey, its advantageous strong convexity characteristics (see Corollary
6.4.5).

More generally, it could be extremely useful to have a general result linking the strong
convexity constant of a function f with respect to a given norm w(z) := ||z||, and the
strong convexity constant of the function fo A with respect to the norm woA(x) = ||\(x)]].
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However, this assertion remains conjectural. In this thesis, we develop some efforts towards
a general proof, by considering several interesting particular cases.

In Chapter 3, Theorem 3.6.4 proves that w(A(v—u)) > w(A(v) —A(u)) for every element
u and v in the formally real Jordan algebra corresponding to the eigenvalues function A,
and for every gauge function w - gauge functions constitute a particular class of symmetric
norms. This result represents a generalization of Mirski’s inequality to formally real Jordan
algebras.

In Chapter 4, Theorem 4.4.13| shows that the strong convexity constants of f and of
f o A coincide, if the considered norm w is the Euclidean norm.

1.7 Eigenvalues in Jordan algebra make it work: more
applications

In this section, we briefly sketch how two delicate issues in Self-Scaled Optimization can be
quite easily solved using the aforementioned Jordan algebraic formalism, and eigenvalues in
Jordan algebras. We leave the proofs for the end of Chapter 2, where the needed material
on formally real Jordan algebras is developed.

1.7.1 A concavity result

The first problem concerns the function ¢ introduced in (1.6). Let @ C R™ be a convex
set with a nonempty interior, and assume that a self-concordant barrier F' is known for Q.
We recall that for every point z € int ) at which the Hessian of F' is non-degenerate, and
for every nonzero h € R™, the function ¢ is constructed as follows:

1

d)(t) = <F”(l‘+th>h,h>1/2

for every t such that F"(x + th) exists and is non-degenerate. We have insisted on the fact
that the more properties of this function are known, the better the interior-point algorithms
can be designed.

In Proposition 2.11.3) we consider a self-scaled barrier F' for the symmetric cone L C R™.
We have already mentioned in Section 1.4 that this barrier can be written as F(z) =
—Indet(z) for the determinant function of an appropriate Jordan algebra. We denote by
(-,+,)7 the corresponding Jordan algebraic scalar product.

Given a point « € int I and a nonzero vector h € R™, we can construct the function

1

P(t) == (e 1 ), h>}7/2

We show in Lemma [2.11.1 that the domain of this function is nonempty because F”'(z) is
invertible. In Proposition [2.11.3 we prove that ¢ is concave on its domain. Moreover, ¢(t)
tends to 0 when x + th converges to the boundary of K as a consequence of Lemma [2.11.2.
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In a second statement, we prove that for every = € int I, and every nonzero h and p of
R™, the function

1
(F"(z + th)p,p)

is also concave. This result has the following corollary, which is central to the theory of
self-scaled barriers. This result is similar to Theorem 4.1 of [NT97].

t—

For every z € int K and every nonzero h € R™, we define
0, (h) :=sup{t > 0|z — th € int C}~*,

so that if o, (h) # 0, the point © — h/o,(h) belongs to the boundary of K.

Corollary 1.7.1 For everyt € [0,1/0,(h)[ and every p € R™, we have:

(F"(@)p,p)g 2 (1 = ox(h)t)*(F" (x — th)p, p) 7 (1.9)
Proof
Suppose first that o, (h) # 0, and let T := o, (h)~!. Since the function
p(t) == (F"(z — th)p,p)~"/?
is concave, we have for every t € [0, T

Tt

Pp(t) > ¢p(O)T

T —
+ (bp(T)% = ¢p(0) T*t7

which is equivalent to the desired inequality. Otherwise, if o,(h) = 0, the function ¢ has
no root on R_ because the Hessian of F' is non-degenerate in the interior of . Since ¢
is concave, we deduce that it is an decreasing function. Therefore, the inequality holds in
this case as well. [ |

1.7.2 Augmented barriers in Jordan algebras

Augmented barriers were first introduced by Yurii Nesterov and Jean-Philippe Vial in
[NV04]. These functions form a new class of barriers for conic optimization, and allowed
Nesterov and Vial to create nontrivial optimization problems that can be solved with a
complexity that does not depend on the particular data of an instance apart from its size.

Definition 1.7.2 Let K C R™ be a closed convex cone with nonempty interior, and let F' be
a v-self-concordant barrier for IC that is logarithmically homogeneous. Let M be a positive
definite matrixz of dimension n X n. The augmented self-concordant barrier constructed by
F and M 1s:

Yy (z) = = (Mz,z) + F(x).

DN | =
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An augmented self-concordant barrier 1, is not necessarily a self-concordant function,
given that (Y5, (z) 1), (x), ¥}, (x)) is not necessarily bounded from above. However, Nes-
terov and Vial have considered the path-following algorithm displayed in Theorem [1.5.4] for
minimizing such functions, for ¢ := ¢}, (zo). In doing so, they have obtained the following
result (see Theorem 4 of [NV04]).

Theorem 1.7.3 (Minimizing augmented self-concordant barriers)
Let xg be the starting point of the path-following algorithm for minimizing the augmented
barrier Wpr. We define the constants v;(xg) and vy (xo) such that:

(o) (F" (wo)w, x) < (M, z) < yulzo) (F' (20), 7).

Then, the path-following algorithm does not take more than

o( (=)

iterations to enter in the quadratic convergence zone of Newton’s Algorithm for nonlinear
systems of equations applied to ¥, . [ ]

As an application, they have obtained the following constant complexity result (see
Section 5.7 of [NV04]).

Theorem 1.7.4 Let KC be the set of n x n symmetric matrices. Let Ay, ..., Aq be matrices
of I, such that Ay + -- -+ A, is invertible. The operator M : KK — K is defined as follows:

X = M(X) = AlXAl + +AqXAq

We construct the augmented barrier X — p(X) := (M(X), X)r/2—InDet(X), where the
scalar product (-,-)F is the Frobenius scalar product, and the function Det is the standard
matriz determinant.

It takes O(y/nln(ng)) iterations of the path-following algorithm starting from (A; +
-+ Ay)7! to enter in the convergence zone of Newton’s Algorithm for nonlinear systems
of equations applied to ;. [ ]

We show in Section [2.11.2 how it is possible to generalize this result to the framework of
a Jordan algebra J, by introducing an appropriate class of linear operators for M, denoted
by Q(J). This set Q(J) is defined as the conic hull of a set of elementary linear operators
Q. where u € J. These elementary operators can be seen in this introduction as a natural
generalization of operators of the type S* — S™, X — AX A, where A is a symmetric n X n
matrix. The notion of rank of a Jordan algebra can be seen in the introduction as a natural
extension of the dimension n of n x n symmetric matrices (more details are given in Section
2.3).

Our final result is stated as follows.

Proposition 1.7.5 Let F be a self-scaled barrier, and let KC be its corresponding symmetric
cone. We denote by J the associated formally real Jordan algebra, by r its rank and by
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()7 its Jordan algebraic scalar product. Let M :=370_) Qu,; € Q(J) where 377_, u; €
int KC.

We construct the augmented barrier iy @ it K — R, 2 — Yy (x) := (Mzx,2)7/2 —

It takes O(\/rIn(rq)) iterations of the path-following algorithm starting to enter in the
convergence zone of Newton’s Algorithm for nonlinear systems of equations applied to 1, .
|

This proposition exactly matches Theorem [1.7.4 for the particular case where the con-
sidered cone is a cone of positive semidefinite matrices.

1.8 Overview of the thesis and research summary

This thesis develops and uses Jordan algebraic techniques to solve various theoretical ques-
tions in Convex Optimization. The present chapter introduces the scientific context of
the thesis in order to motivate our research on spectral functions on Jordan algebras. As
an illustration, two original application examples are sketched in Section [1.7. The first
one is a concavity result, which turns out to be one of the roots of the whole theory of
Self-Scaled Optimization [NT97]. The second one extends very naturally to the Jordan
algebraic framework an intriguing complexity result in the theory of augmented barriers
[NV04]. Detailed proofs are given in Section 2.11

Chapter 2| contains a self-contained exposition on formally real Jordan algebras.

A significant part of the proofs have been recast to fit the framework of our work,
and some of them are original. In particular, the discussion on minimal idempotents in
Section 2.7.4] is original. The complete spectral decomposition theorem (Theorem 2.7.25)),
Proposition 2.7.29] on operator commutativity and its corollary, and Lemma 2.10.10 on
transformations of minimal idempotents are the main results for which we give original
proofs. A more detailed account of our contributions in this chapter are given in Section
2.12.

The research work starts from Chapter |3, where we derive several variational character-
izations of eigenvalues in Jordan algebras, which are indispensable tools in the sensitivity
analysis of numerical methods. The extension of the celebrated Courant-Fischer inequali-
ties to formally real Jordan algebras has already been achieved by Hirzebruch in [Hir70].
However, its formulation is not flexible enough for further development. We propose a
novel expression in Theorem [3.4.1, which allows us to prove the extension of Wielandt’s
variational formulation in formally real Jordan algebras (see Theorem [3.5.5/ and Theorem
3.5.6). Several important inequalities follow from this result, namely Lidski and Mirski’s
inequalities.

Spectral functions play an important role in the development of optimization algorithms
with the help of the Jordan algebraic framework. Their properties are investigated in
Chapter 4. Our main contributions include a new proof of Von Neumann’s inequalities for
non-simple formally real Jordan algebras, for which we introduce the simplifying concept
of similar joint decomposition (Definition 4.2.1). We also obtain a characterization of
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different types of spectral functions convexities (Theorem 4.4.13), and of various first-
order differentiability types, from the most classical definition (Theorem 4.4.10) to the
more sophisticated Bouligand and Clarke subdifferentiability (Theorem 4.5.4/ and Theorem
4.5.5), which play an important role in subgradient techniques. We also derive a closed
form expression of directional differentiability for eigenvalues (Theorem 4.4.8)), solving a
conjecture proposed in [SS04]. The material of Sections [3.2, 4.2, 4.3, and Section 4.4 —
Subsection 4.4.2 excluded — has been published as a CORE Discussion Paper [Bae04].

We define the concept of spectral mapping in Chapter [5, which naturally extends gra-
dients of differentiable spectral functions. Our main result is a closed formula for the
Jacobian of such functions, which enables us to compute the Hessian of spectral functions.
This result settles an open question of Hristo Sendov [Sen00]. We use this closed formula to
extend two smoothing methods for the convex complementarity problem [FLT01], namely
the Fischer-Burmeister and the Chen-Mangasarian smoothings (see Section 5.7). We en-
sure that these schemes are well-defined and that they converge. The results of this chapter
— Section 5.7 excluded — as well as of Subsection 4.4.2 constitute the spinal chord of a paper
that has been submitted to Linear Algebra and Applications [Bae05].

In Chapter 6, we extend the smoothing techniques of Yurii Nesterov to a class of self-
scaled instances. As shown in Section 6.5, the problem of minimizing a sum of Euclidean
norms falls into this class. We perform its complexity analysis, and we support our theoret-
ical conclusions by computational experiments. We have compared the practical behavior
of our smoothing technique with the best interior-point method available for the sum-of-
norms problem [XY97]. In most of the large-scale instances, it appears that our algorithm,
or a heuristic variant of it, performs better than this interior-point method when the re-
quired accuracy is not too small. This chapter has been published as a CORE Discussion
Paper [Bae06].



CHAPTER

Jordan algebras

ISTORICALLY, Jordan algebras were conceived in an attempt
H to discover a new algebraic setting for Quantum Mechanics.

Surprisingly enough, they turned out to have a very large
spectrum of applications. They play a significant role in differential
geometry, in the theory of Lie algebras and in projective geometry.
They also have many interesting applications in such various topics
as differential equations, probability, statistics and conic optimiza-
tion, our main subject of interest. Indeed, some Jordan algebras were
proved a decade ago to be an indispensable tool in the unified study
of efficient interior-point algorithms for linear, quadratic and semidef-
inite optimization problems. They allowed optimizers to extend quite
easily some schemes designed for linear programming to schemes for
quadratic and semidefinite programming.

This chapter is a survey of the main technical tools that are of a con-
stant use in the study of Jordan algebras, that is, the characteristic
polynomial from the viewpoint of generic elements, the Pierce decom-
position theorems, and the spectral decomposition theorems. We apply
these technical tools to explore more specific questions, such as the
development of a differential calculus in Jordan algebras.

27
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2.1 The birth of Jordan algebras

Many algebraic structures are famous for 15 minutes, then disappear from the

action, but others go on to feature in a variety of settings (keep on ticking, like

the bunny) and prove to be an enduring part of the mathematical landscape.
From K. McCrimmon [McC03], p. 7.

Jordan algebras were initially created to remedy some severe drawbacks in the first
algebraic description of observables in Quantum Mechanics.

In the Copenhagen interpretation of Quantum Mechanics, physical observable quantities
such as position, speed, energy, momentum, and so on, are represented by self-adjoint
linear operators on a complex Hilbert space. Their finite-dimensional approximations are
Hermitian matrices. In the language of Quantum Mechanics, these operators are called
observables, while non-self-adjoint operators are called unobservables. A precise description
of this mathematical setting is given in the two first chapters of John von Neumann’s famous
study [vN55].

The standard basic operations on complex linear operators are:

¢ the multiplication by a complex scalar;
¢ the addition;

¢ the composition of operators, which reduces to matrix multiplication in finite dimen-
sion;

¢ the construction of the adjoint operator, which reduces to the conjugate transpose
matrix in finite dimension.

These operations are defined for every operator on a Hilbert space, independently of the
fact that these operators have to be self-adjoint. Let us check what they specifically produce
on self-adjoint objects. The multiplication of a self-adjoint operator H by a complex scalar
A produces another self-adjoint operator AH only when A is a real number. The sum of two
self-adjoint operators is unconditionally self-adjoint. The composition of two self-adjoint
operators H and H' produces a self-adjoint operator HH' only when they commute (or,
in the language of Quantum Mechanics, when they are simultaneously observable; in view
of Heisenberg’s uncertainty principle, non-commutative operators correspond to physical
observables that are not simultaneously measurable with an arbitrary precision — more
details are given in [LL77], pages 45-49). Finally, the conjugate transformation is irrelevant
for self-adjoint operators, as it reduces to the identity transformation.

The operations that are likely to produce self-adjoint objects from self-adjoint objects
(that is, observables from observables) are the following;:

o multiplication by a real scalar,
¢ addition, and

o repeated composition of an operator with itself.
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Hence, the only authorized operation on observables seems to be that of forming poly-
nomials with real coefficients; however, this class of transformations is far too restricted for
two reasons. First, this class is small only because the basic mathematical operations we
have decided to use behave badly with respect to observability; this is a strong clue that
an unappropriate mathematical setting has been used to describe phenomena. And second,
there are practical difficulties for lots of important issues, for instance when one attempts
to apply Quantum Mechanics to explain relativistic and nuclear phenomena.

The essential flaw in the standard set of operations comes from the multiplication.
Because of it, we cannot consider more sophisticated combinations than powers of matrices.
In 1932, Pascual Jordan has proposed to replace it by a symmetrized matrix multiplication
(this operation is often called the anticommutator) [Jor32]:

AB + BA
—

Ao B := (2.1)
Strong advantage: when A and B are both self-adjoint, so is Ao B. Conceptual drawback:
this new multiplication is defined after having specified an unobservable multiplication,
that is, devoid of any physical meaning.

As a further step of abstraction, Pascual Jordan tried to formulate the minimal set of
axioms that a multiplication suitable for observables in Quantum Mechanics should verify,
without any reference to an underlying unobservable multiplication. In other words, he
wanted to extract the few main features that his symmetrized multiplication has to satisfy.

After several mathematical experiments, he decided to fix on the following set of axioms.
Given a real vector space J of dimension N (the set of observables), the multiplication
0:J xJ — J is a bilinear operation that satisfies for each u,v € J:

o uwov =wvou. A major property of the symmetrized multiplication should indeed be
its symmetry !

o (wou)o(uowv)=wuo ((uowu)ow). This relation of degree four allowed him to prove
that the powers of elements are well-defined. Some mathematical experiments led
Jordan to be convinced that this relation is the key law governing the symmetrized
multiplication.

o uou-+vowv =0 implies that u = v = 0. This axiom translates the non-degeneracy
of nature.

Such algebras (i.e. vector spaces with a multiplication) are currently called formally real
Jordan algebras of finite dimension, or Euclidean Jordan algebras by some authors.

Of course, the first question Pascual Jordan addressed to is whether there exists an
algebra for which there is no hidden unobservable multiplication governing the observable
operator o via a symmetrization of the type (2.1). These algebras are called exceptional
algebras. In a brilliant paper [JvNW34] of 1934, Jordan, von Neumann and Wigner have
determined the complete list of all the simple finite-dimensional algebras satisfying these
axioms. As it was proved by Albert in 1950 [AIb50], there is only one of them with no
hidden symmetrization: the algebra of 3 x 3 Hermitian matrices of octonions. The complete
set of finite-dimensional formally real Jordan algebras is given by all the Cartesian products
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of the simple algebras from the list of Jordan, von Neumann and Wigner (more details are
given in Section 2.9)).

Algebraists have studied intensively the axioms of Pascual Jordan, trying to generalize
them, to reformulate them or to discard one or two of them. A very complete survey can
be found in [McC03|. For instance, one can consider Jordan algebras in another ring that
R. Another well-studied extension consists in replacing Jordan’s fourth degree relation by
the weaker requirement that powers of elements are well-defined. A considerable amount
of work has been done in the last decades to study infinite-dimensional Jordan algebras;
a complete classification of them has been carried out by Zelmanov in 1982. However, our
work does not discuss this very delicate theory. Part IV of [McC03] contains a thorough
development of Zelmanov’s approach.

In this expository review on Jordan algebras, we do exactly the contrary of what hap-
pened in the history of mathematics: we start from a relatively general setting, and,
strengthening the axioms little by little, we arrive at the set that Pascual Jordan has
created. Doing this way, the proofs of many facts on Jordan algebras that we need are
easier to understand.

For further readings, the reader might consult some authoritative works on this topic.
Here are some references that have inspired this introduction to Jordan algebras: [BKGG,
Koe99, [Jac68, FK94, McC03].

2.2 Algebras and Jordan algebras

In this section, we present some standard algebraic objects and constructions that are
often used in this exposition. We define Jordan algebras in the most general setting for our
purposes.

We assume that the reader is familiar with the classical algebraic notions of ring, field,
vector space and module (one of the numerous references that the reader might consult is
[BNJ94]). Henceforth, the letter F' designates a field and the letter R a commutative ring.
The extended notation (R, 4+, x,0,1) refers to the ring R, where the additive operator is
denoted by the symbol ”+” and the multiplication is written ” x”, when this symbol is not
dropped. The unit element of the addition is 0 and the unit element of the multiplication
is 1.

The set of polynomials in the variables ¢q,...,t, with coefficients in R is denoted by
R[ty,...,t,], while R(ty,...,t,) designates the set of rational functions f/g, where f and
g # 0 belong to R[t1,...,t].

2.2.1 Extensions of vector spaces
Definition 2.2.1 Let (R,+, x,0,1) be a commutative ring. The commutative ring
(R/7 +/7 xl? O/’ 1/)

is an extension ring of R if:
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o RCR;
o 0=0 andl=1;

o foreveryz,ye R, e+ y=x+yandxz X' y=x xy. [

From the definition, one can easily check that an extension ring of R can be seen in
particular as a module on R. Of course, an extension ring of a field F' can be seen as a
vector space on F'.

We recall below the definition of basis of a vector space.

Definition 2.2.2 Let J be a vector space over the field F'. A basis of J is a set of elements
B = {by|a € A}, where A is a set of indices, satisfying the two following properties.

o The elements of every finite subset of B are linearly independent.

o For every element x € J, there exists a set {\y|a € A} included in F such that
there is only a finite number of elements A\, that are different form 0, and for which

T =3 caraba- [ ]

The existence of a basis in every vector space is ensured by the Axiom of Choice (see
[Ble64]). This observation ensures that the definition below does not depend on the chosen
basis.

Definition 2.2.3 Suppose that J is a vector space over the field F, and let {b,|oc € A} be
one of its bases. We denote by R an extension ring of F'. The extension of J by R is the
set:

T =TJQrR := {x = Z Nobo | N, € R, and there is a finite number
acA

of ., different from 0},

endowed with the operations:

+ I xJ =T,
(2 Aabar 22 Hoba) = 22(AG + 1) ba

and
- tRx J — T,
(1, 22 AGba) = D 2(HAG )ba
where the sums are taken over the elements o of A. [ ]

The fact that J' is a module over the ring R follows directly from the definition.
As we have claimed above, this module is independent of the specific basis we have
chosen for J. Denote by ._7('1)) the module created in the definition using another basis

{vg|B € B} of J instead of {by|a € A}. Then, there exists a set {Ag|0 € B,ao€ A} C F
such that vg = Y . 4 Agaba; moreover, for every 3 € B, a finite number of Ag, are nonzero.
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Ifx = ZBGB 1gvg € J(’U)7 where again only a finite number of ;13 € R are nonzero, then
T =3 ca2 pen MBAsaba. The sums in B are all finite — they are thus well-defined — and
only a finite number of them are nonzero, implying that = is in *7(/17)' Exchanging the roles
of ‘7(’6) and ‘7(’1)) proves j(’b) = j('v).

Here are two simple illustrative applications of this construction. Consider the set
R[z, y] of real polynomials over the two variables z and y; then:

R[z,y)QgC = Clz,y] and  Rlz,y|QgR[z] = R[2][z,y] = R[z,y, 2].

The next remark shows that nothing unfortunate could happen with extensions of
subspaces.

Remark 2.2.4 Let J be a vector space over F and let R be an extension ring of F'. We
put J' = T @pr R. Suppose that M is a subspace of J and N a submodule of J' such
that M C N. Then M' := M @R C N. Indeed, one can decompose each x € M’ into
T =) caraba where Ny € R and {ba|o € A} is a basis of M. Since b, € N and since
N is a module over R, we conclude that x € N. ]

2.2.2 Jordan algebras

This subsection defines the notions of algebra and Jordan algebra.

Definition 2.2.5 Let J be a module over the commutative ring R. If there exists an
operator o : J x J — J, (x,y) — x oy that is bilinear over R, we say that (J,o) is an
R-algebra. We call o the multiplication of J. We often abbreviate the notation (J,o) to
J when there is no possible confusion on the multiplication we use for the algebra J. N

In this exposition, we will mostly deal with vector spaces J over a field F. The only al-
gebras over rings that are not fields will be built via the construction given in the Definition
2.2.3. This is an important restriction.

In the context of algebras 7 defined on vector spaces over a field F', the bilinearity of the
multiplication implies that this operation is completely specified by its action on all pairs
of basis elements of 7. Every such algebra [J can be easily extended to J' := J @ R for
every extension ring R of F', making J' an algebra too. When we deal with this extension,
we use the same notation for the multiplication in 7 and in J’. By the way, it is easily seen
that these two multiplications have many important properties in common. For instance,
if the multiplication of 7 is associative, or commutative, so is its extension to J’.

Since the operator o is bilinear, one can represent the left multiplication by x € J by
a linear operator L(z) : J — J, y — L(x)y := z o y; the operator L(x) is also linear in z.
The right multiplication by x is standardly denoted by R(x). In order to avoid a possible
confusion between the operator R(z) and the set of rational function of x with coefficients
in R, we denote the right multiplication operator as Ryu(x) in this exposition.
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Definition 2.2.6 We say that two elements x and y of an R-algebra J left-operator com-
mute [resp. right-operator commute] if the linear operators

L(z)L(y) and L(y)L(z) [resp. Rmut(x)Rmut(y) and Rmut(y) Rmus ()]

are the same. If x and y left- and right-operator commute, we say simply that they operator
commute. ]

The commutator between two operators A and B is denoted by:
[A; B] := AB — BA.
With this notation, x and y operator commute if and only if

[L(z); L(y)] = [Ruult(2); Ruie (y)] = 0.

In fact, we only deal with commutative algebras, so that we always have L(x) =
Ruyue(z). For the sake of notational simplicity, we subsequently use L(x) for the mul-
tiplication operator, instead of Ryt ().

Definition 2.2.7 The F-algebra (J,o) is said to be unitary if it contains a unit element
e for the multiplication i.e. an element e satisfying xoe=eox =z for everyx € J. N

It is easily seen, by linearity of multiplication, that every extension of a unitary algebra
is unitary as well, with the same unit element.

We conclude this subsection by providing the definition of Jordan algebra that we will
use throughout this introductory exposition.

Definition 2.2.8 (Jordan algebra) Let F' be a field. The F-algebra (J,0) is a Jordan
algebra if it is unitary and if the multiplication satisfies the following identities.

Commutativity: forallz,ye J, zoy=youzx;

Jordan’s Axiom: for allz,y € J, (xox)o(zoy)=zo((xroz)oy). u

Denoting 22 := z oz, Jordan’s Axiom takes the following form in the L-operator notation:
L) L(x) = L(x)L(2?), (2.2)

that is, 22 and z operator commute, or [L(2?); L(z)] = 0. Note that, by linearity of L in
its argument, this relation also holds for every « € J & R, whatever is the extension ring
R of F. Note that Jordan algebras are not supposed to be associative.

It is common to make the following assumption on R, even though we will considerably
strengthen it in the next sections.

Hypothesis 2.2.1 We assume 2 is invertible in R. If R is a field, this is equivalent to the
assumption that its characteristic is not equal to 2, that is 1+ 1 # 0 in R. [ ]
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The motivation for this assumption is the following. If x,y are two elements of a commu-
tative R-algebra J, one can compute the so-called linearization of the square:

q(z,y) = (+y)? —2® -y =zoy+yor=2x0y

If R does not contain 1/2, that is, if you are not allowed to get something when having
twice this something, it is impossible to recover z o y from ¢(z,y). Many authors assume
that Hypothesis [2.2.1/ holds to avoid this problem.

In view of the historical comments in Section [2.1, the most common way to create a
Jordan algebras is the following: given an associative F-algebra (7,-), we endow it with
the Jordan multiplication x oy := (x -y + y-x)/2. Tt is readily shown that the Jordan
multiplication o is bilinear, commutative and satisfies Jordan’s Axiom, hence J* := (7, 0)
is indeed a Jordan algebra (See also Example 2.2.2)).

Definition 2.2.9 (Formally real algebra) Let (7,0) be an F-algebra. We say that
(T, o) is formally real if for every x1,...,x, € J the equality x1 021+ -+ Ty oxy, =0
implies t1 = -+ = x,, = 0. [ |

As mentioned in the previous section, there are very few formally real Jordan algebras
over R that cannot be written like J* for an associative algebra (7, ).

In a commutative algebra, there exist two classes of elements that play a central role in
the study of its structural properties, the nilpotent elements and the idempotent elements.

Definition 2.2.10 Let (J,0) be a commutative R-algebra.

o An element x € J is a nilpotent of J if there exists a natural number m such that
L(z)™z = L(x)L(z) -+ L(z) x = 0.

m times

o A nonzero element x € J is an idempotent of J if L(x)x = x.

2.2.3 Strictly power-associative algebras

Strictly power-associative algebras are basically algebras where polynomials can be defined
in it, as well as in each of their extensions. Jordan algebras form a particular class of them,
as stated in Proposition 2.2.13. We have preferred to develop our exposition on them for
not to be bothered by the cumbersome Jordan’s Axiom.

In a commutative algebra (J,0), we recursively define powers of elements as follows:
for every x € J, we write 2! := x and "' := L(2™)z when n € N. If J is unitary, we

also set 2° := e, and if ™ has an inverse, we denote it by .

Definition 2.2.11 An algebra (J,0) is power-associative if it is unitary, commutative,
and if for each element x of J and for all positive integers m,n we can write "™ =
L(z™)a™. [
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Definition 2.2.12 An F-algebra (J, o) is strictly power-associative when for every exten-
sion ring R of F, the algebra J @ R is power associative. [ |

Henceforth, we omit the o symbol to denote the multiplication in an algebra if no
confusion is possible. This convention makes the expressions much more readable. With a
slight abuse of notation, we denote by J the algebra (7, o).

G

Let J be a Jordan F-algebra. We first transform expression (2.2) into a more useful form
by a common linearization trick. (This manipulation is sometimes called the polarization
of an expression). Let us fix an extension ring R of F. Taking o, 3,7 € R and w,v,w €
J @p R, we set x := au+ fv+~yw in (2.2). By linearity of the L-operator, one can expand
the following resulting expression:

L((au + Bv + yw)?)L(au + fv 4+ yw) = L(au + v + yw)L((cu + fv + yw)?).

Comparing the coefficients of a3, 3%, v3 results in the original form of Jordan’s Axiom.

Considering the coefficients of a?3 and al., and given the fact that 2 is invertible in R,
we obtain expressions of the form:

2L (uv)L(u) + L(u*)L(v) = 2L(u) L(uv) + L(v)L(u?). (2.3)
Finally, comparing the coefficients of a8y allows us to write:
L(u)L(vw) + L(v)L(wu) + L(w)L(uv) = L(vw)L(u) + L(wu)L(v) + L(uv)L(w). (2.4)

Note that (2.3) and (2.4) are completely equivalent: replacing u by u + w in (2.3) and
making the few simplifications allowed by (2.3) gives (2.4); taking w := u in (2.4) gives
(2.3) back.
We denote the left-hand side operator in (2.4) by Ay and the right-hand side by Sy -
Observe that Syt = (vw)(ux) + (wu)(ve) + (ww)(wz) is a symmetric expression in
u,v,w, . We can consider every possible permutations of w,v,w,z in Ay, to get as
many valid expressions. For instance, we have:

Auvwx = Aa:'uwu
u((vw)z) + v((wu)z) + w((ww)x) = (u(vw))z + v(u(wz)) + wu(ve)),

or:

L(u)L(vw)+ L(v) L(wu) + L(w) L(uv) = L(u(vw))+ L(v)L(u) L(w) + L(w) L(w) L(v). (2.5)

This last expression is the key to prove the strict power-associativity of Jordan algebras
as stated in the next proposition. Many nice features on Jordan algebras are more or less
direct applications of this expression. Maybe this is the best way, although not the most
compact one, to state Jordan’s Axiom provided that 3 is invertible in R.

Proposition 2.2.13 Let J be a Jordan F-algebra and R be an extension ring of F'. For all
r € J QR and all positive integers m,n, we have [L(z™); L(z™)] = 0 and 2™+ = 2™z,
Moreover, for every y,z € R[z], we have [L(y); L(z)] = 0. [ ]



36 Chapter 2— Jordan algebras

This statement follows from [JvNW34], Fundamental Theorem 1. A more modern expo-
sition is given in Lemma 2.4.5 in [HOS84] or Proposition I1.1.2 in [FK94], although these
authors do not consider extension rings of fields. The proof uses the relation (2.5) to show
by induction that L(z"*!) can be written as a polynomial in L(z"),...,L(z). It follows
that powers of z operator commute. Strict power-associativity is then immediate.

2.2.4 Examples

In all the following examples, we assume that 2 is invertible in the field F'

Example 2.2.1 (The first example in history: real symmetric matrices)

We take J to be the set of r x r real symmetric matrices and we define the following symmetrized
multiplication: UoV := (U-V +V -U)/2, where - is the usual matrix product. Commutativity and
Jordan’s Axiom are readily seen to be satisfied by this new multiplication, and its unit element
is the identity matrix I,. The symmetrized multiplication by a matrix U € J can be represented

with the following operator:

UL +1.9U
L(U) = f’

where ® denotes the standard Kronecker product of matrices, so that L(U)V =U o V.

In fact, this algebra is also formally real. Indeed, if UZ + --- 4+ U2 = 0, we obtain by taking
the trace of both sides that Tr(U? + --- 4+ U2) = Tr(U) + --- 4+ Tr(UZ%) = 0. Since the matrices
U} are positive semidefinite, we have Tr(U?) > 0, implying Tr(U?) = 0. Henceforth, U? = 0 for
every ¢, and U; = 0.

This algebra does not have any nonzero nilpotent element. In the terminology of Matrix
Theory, its idempotent elements are also called projectors.

It is interesting to mention that two matrices U and V' operator commute in (J, o) if and only
if they commute in (7, -). [ |

Example 2.2.2 (Jordan algebras from associative algebras)
As an immediate generalization of the construction studied in the previous example, let us consider
a unitary associative algebra (7,-), where J is a vector space of finite dimension over the field
F. The symmetrized multiplication v o v := (u-v 4+ v - u)/2 has the same unit element as the
multiplication ”-”, is commutative and satisfies Jordan’s Axiom. Hence, the algebra J* := (7, 0)
is a Jordan algebra. Since each power of an element is the same in (7,-) and in J%, these two
algebras have the same set of nilpotents and idempotents.

Examples of unitary associative algebras include r x r matrices over F' — not necessarily sym-
metric — with the standard matrix product. |

The Example2.2.1/ can be generalized in another way, by using algebras with involution.

A conjugation operator over a field F' is an operator - : ' — F such that for every a
and § in F, we have:

at+f=a+p, of=aB and a=o.
Definition 2.2.14 The algebra (J,-) is an F-algebra with involution if:

o the field F has a conjugation operator ~;
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o there is an operator * : J — J such that every u,v of J and every a of F satisfy

*

(au)* =au*, ()" =u, and (u-v)* =v* - u"
The operator * is the involution of J. [ |

Example 2.2.3 (Jordan algebras from associative algebras with involution)

Suppose that (J,-) is a unitary finite-dimensional associative F-algebra with an involution *. We
denote by H(J) the set of elements of J that are self-adjoint: H(J) := {u € Jju =u"}. If J
is the algebra of r x r matrices over F, the set H(J) is commonly denoted by H,(F); however,
optimizers frequently denote H,(R) by S".

Let o be the symmetrized multiplication. Then H(J) is stable for this multiplication. The
algebra (H(J),o) is commutative and satisfies Jordan’s axiom. For the same reason as in the
previous example, the nilpotents and the idempotents of this algebras are those of (J,-) that are
in the set H(J). [ ]

Example 2.2.4 (Jordan algebra from a symmetric bilinear form)

Let X be a vector space over the field F' of finite dimension N > 2, and let e be a nonzero element
of X. We are given a symmetric bilinear form p : X X X — R such that u(e,e) = 1. We construct
below a Jordan multiplication on X that has e as unit element.

In order to simplify the notation, we define the linear function o : X — R, z — o(z) := u(e, z).
For every u and v of X, we put:

uov:=o(u)v+ o()u — p(u,v)e.

Since w is bilinear, this operator is bilinear, and (X, o) is an algebra. We denote by L the operator
of left application of this mapping: L(u)v := uov.

Let us check that (X, o) is a Jordan algebra with e as unit element. Since p is symmetric, the
multiplication o is commutative. Furthermore, we have:

uoe:=o(u)e+ o(e)u — p(u,e)e = o(u)e + u — o(u)e = u,

and e is the unit element of (X, o). Finally, we can write u®> = 20 (u)u — p(u,u)e. By linearity of
L, we get L(u)L(u?) = 20(u)L(u)? — p(u,u) L(u) = L(u?)L(u), and Jordan’s Axiom is satisfied.
It is immediate to check that an element ¢ # e is an idempotent if and only if u(c,¢) = 0 and
o(c) =1/2.
An element v is invertible if and only if p(u,w) # 0. Here is a proof. Let Adj(u) := 20(u)e — u.

Observe that v o Adj(u) = p(u,w)e. If p(u,u) # 0, the element v has Adj(u)/u(u,u) as inverse.
Otherwise, the element u would be a divisor of zero.

An element w is nilpotent if and only if p(u,u) = 0 and o(u) = 0. The ”if” part is immediate,
because u? = 0. For the ”only if’ part, note that u(u,u) = 0 because u is not invertible. Hence
o(u?) = 20(u)?, and o(u) = 0 because there is a sufficiently large M = 2% for which o(u™)
o(0) = 0.

Some authors denote the algebra (X,0) by [X;u;e]. |

Example 2.2.5 (Jordan spin algebra)

The Jordan spin algebra, or spin factor, or quadratic terms algebra is widely used in applications,
ranging from statistics to relativistic mechanics. Optimizers utilize this algebra when they deal
with second-order optimization problems (see Example [1.4.1! for a precise definition and examples
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of second-order problems). This algebra is a particular instance of the previous example. We deal
here with the vector space X := R"™! where n > 1. By convention, we denote every vector o of
X with an overline. The first component of 7 is written vo, and the n-dimensional vector formed
by its other components is written v, so that o = (vo,v™)7.

Consider an orthogonal basis {bo, b1, ...,b,} of the vector space. Let & := bp = (1,0,...,0)7
and let p(@,?) := uovo — u’ v. We call the algebra S, := [R™"; u; €] the nth Jordan spin algebra.
Thus, its multiplication is:

_ uo Vo upvo + uTv _ Uo uT
Uov = o = , or L(u):= .
u v UV + VoU u uoln

Particularizing our conclusions from Example 2.2.4] we observe that J has no nonzero nilpotents,
and that every idempotent ¢ of 7 different from € has the form

__1/1
672 u )’

where u is an n-dimensional vector of Euclidean norm 1. [ |

2.3 Characteristic polynomial

This section is devoted to the study of finite-dimensional F-algebras that are strictly power-
associative. As stated in Proposition2.2.13, Jordan algebras form a particular class of them.
We assume that F' is a field of characteristic zero, in order to get rid of the unnecessary
complications induced by considering finite fields. Of course, Hypothesis 2.2.1] is trivially
satisfied in this case.

As mentioned above, the only allowed construction in these algebras is that of building
polynomials from their elements and from elements of all their possible extensions. It
turns out that there is a certain extension field of F' for which this construction provides
powerful results. We define and study this extension field in the second subsection. In the
first subsection, we focus on a simplified case of the algebras we want to study. Interestingly
enough, this particular case is not so far from the general situation and already sheds a
dim light on some important features we will encounter in the theory of Jordan algebras,
especially those concerning the structure of idempotents.

This section is largely inspired by the authoritative book of Hel Braun and Max Koecher
[BK66|. Their work is written in German, and, up to our knowledge, has not been translated
in English so far. When we refer to a statement of this book, we indicate it with a star *.
Thus, the reference Lemma 1.3.2* corresponds to Lemma 3.2 in the first chapter of [BK66],
and Section IL.4* is the fourth section of the second chapter of [BK66].

2.3.1 Minimal polynomial over associative and commutative alge-
bras

We study in this subsection a very particular case, which, in spite of its simplicity, al-
ready highlights some interesting features of the so-called minimal polynomial, a particular
instance of which is the characteristic polynomial.
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Unless explicitly stated otherwise, we assume in this subsection that F' is a field and
J an F-algebra of dimension N < +o00. Moreover, its multiplication is supposed to be
associative, commutative, and unitary, with e as unit element.

Of course, the associativity of J implies its strict power-associativity. But our assump-
tions on J are mot satisfied by general Jordan algebras. Nevertheless, for every element
u of a Jordan algebra, the set F[u] of all the polynomials in u with coefficients in F' is a
subalgebra that complies with our strong hypothesis.

Let w be an element of 7. Since the vectors of {e, w,u?, ... ulV } are linearly dependent,

there exists a nonzero polynomial p(t) € F[t] whose degree is not greater than N and such
that p(u) = 0. There also exists a nonzero polynomial of smallest degree p,(t) € F[t] with
a leading coefficient equal to 1 (i.e a monic polynomial) such that p,(u) = 0. We call this
polynomial a minimal polynomial of u.

Remark 2.3.1 The minimal polynomial of an element uw € J is unique; because if p,, and
[, are two distinct minimal polynomials of u, their difference p, — f[i, vanishes in u as
well. Since p,, and [i,, are monic and of the same degree, we have deg(, — fi) < deg(piy)-
This contradicts the minimality of deg(ti,). [ |

The degree of an element u € J is the degree of p,,, and we denote it by deg(u). Of
course, deg(u) < N. Hence, there exists some elements of maximal degree.

Definition 2.3.2 An element of maximal degree in J is called a regular element. The
rank of J is the degree of a reqular element of 7. [ |

We also consider nonzero polynomials h that are nilpotent in u, i.e. for which there
exists a positive integer m such that h(u)™ = 0. Let g, (t) € F[t] be the one with smaller
degree and with a leading coefficient equal to 1. As stressed in the following remark, this
polynomial is also uniquely defined. Observe that its proof relies heavily on the associativity

of J.

Remark 2.3.3 The sum or the difference of two nilpotent elements a,b of J is also nilpo-
tent. Indeed, let m and n be positive integers such that a™ = 0 and b™ = 0. Then all the
terms in the binomial expansion of (a4 b)™ ™ are null, implying that a +b is also a nilpo-
tent element. The uniqueness of the polynomial g, follows now from the same argument as
in Remark!2.53.1. [ |

We call the polynomial g, the reduced minimal polynomial of u.

Remark 2.3.4 Suppose that R is an extension ring of F and that J' := J Qp R. All
the concepts we have defined so far for J can similarly be defined for J'. Existence and
uniqueness of the minimal polynomial and of the reduced minimal polynomial in J' follow
immediately. [ ]

In this subsection, we elaborate on how our strong assumptions on J allow us discover
deep links between g, and p,,. Before introducing the final conclusion in Proposition 2.3.13]
we describe intermediate steps of its proof that are particularly informative and that will
be subsequently exploited.
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Proposition 2.3.5 Let J be a finite-dimensional associative and commutative algebra
over the field F'. If there exists a non-nilpotent element in J, then there exists an idempo-
tent in J.

This result is given in Lemma 1.3.2*. The argument of its proof is so elegant that we
cannot resist to copy it out here.

Proof
Let u € J be a non-nilpotent element. Consider the sequence of subspaces:

J2Lw)J 2 Lw)J 22 Lu™)J 2

This sequence has a minimal element L(u®)J, which is not equal to {0} since u is not a
nilpotent. Consider now the linear application:

A: LT — L*™J = L(u*)J,

+1’U.

v = Av) ==’
This application is obviously surjective. Since the dimensions of Im A and dom A are the
same, A is bijective. Let ¢ be the inverse image of us*! by A, that is u**lc = A(c) = vt
Of course, ¢ # 0 because u is not a nilpotent. Observe that A(c?) = u**t1c? = ustle = A(c).

Since A is injective, ¢? = ¢, and ¢ is the idempotent we were looking for. [ |

Corollary 2.3.6 Suppose that J is a power-associative F-algebra and that v € J is not
a nilpotent element. Then L(v™)F[v] has an idempotent element for each m > 1.

Proof
It suffices to apply the previous proposition with the non-nilpotent u := v™*? in the algebra
L(v™)F[v]. [

This corollary allows us to settle the case where e is the only idempotent of the algebra
J. Its proof can be found in Section 1.3.5*.

Proposition 2.3.7 Suppose that J is a finite-dimensional associative and commutative
algebra that contains only one idempotent e. Let u,v,w € J. Then:

1. if vw is nilpotent, then v or w is nilpotent;
2. the reduced minimal polynomial g, is irreducible;

3. there exists a positive integer k such that the minimal polynomial p,, equals (g,)*.

Sketch of the proof

Suppose that v is not nilpotent. Then e € L(v)F[v] by the previous corollary, i.e. there
exists p(t) € F[t] such that e = vp(v), and w = (vw)p(v) is nilpotent. If g, (t) = hy(t)ha(t),
put v := hy(u) and w := ha(u) to prove the second point. Since there is a positive integer
m for which g, (u)™ = 0, we know that u, divides (g,)™. Irreducibility of g, shows the
third point. [ ]

For the general case, the idea is to decompose the algebra J in subalgebras that contain
only one idempotent.
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Definition 2.3.8 We say that an idempotent ¢ is minimal if the only idempotent of L(c)J
is c. Note that this definition holds merely for commutative, associative and unitary alge-
bras; an adaptation is needed in the case of more general algebras (see Definition 2.7.14).

|

Each idempotent element ¢ defines a set L(c)J. By associativity, this set is trivially a
subalgebra of 7. Its unit element is c. If ¢ # e, the subalgebra L(c)J has a strictly smaller
dimension than . This observation allows us to deduce that minimal idempotents exist
in every subalgebra of the form L(c)J. If ¢ and ¢’ are two idempotents of J, then the
element cc’ is either null or an idempotent of 7. If ¢ is minimal and cc¢’ # 0, then ¢’ = ¢
because ¢’ € L(c)J; further, if ¢’ is also minimal, we get ¢ = ¢ = ¢/. An elementary
basis argument allows us to conclude that there is a finite number of minimal idempotents
in J. We denote them by cy,...,c,. Since c;c; equals zero when ¢ # j, these elements are
linearly independent, and r < N.

Remark 2.3.9 Suppose that ¢ € J is such that ¢> = ¢ and cc; =0 for every 1 < j <.
Then ¢ must be equal to zero. If this was not the case, ¢ would be an idempotent. As L(c)J
contains a minimal idempotent, say ci, we would reach the contradiction ccy, = cp 0. M

The next lemma is proved in Section 1.3.2*.

Lemma 2.3.10 FEvery idempotent c of J is the sum of some distinct minimal idempotents.
Sketch of the proof

Letting ¢’ :== >_!_, c¢;, observe that ¢ — ¢’ equals its square and that (¢ —¢’)¢; = 0 for every
7. By Remark 2.3.9, we have ¢ = ¢’. Conclude with the fact that cc; is either 0 or ¢;. [ ]

The next proposition puts itself in a slightly more general situation than what we have
considered in this subsection: we do not assume that J is unitary. This statement is
Lemma [.3.4*.

Proposition 2.3.11 Let R be an extension ring of F and let J be an associative and
commutative F-algebra. If J' = T @ R has e as unit element, then e is also the unit
element of J. What is more, if {c1,...,c.} is the set of minimal idempotents of J, we
have e =c1 + -+ ¢

Sketch of the proof

First, we can see with Proposition 2.3.5/ that J has an idempotent element; otherwise,
e would be a nilpotent itself as a sum of nilpotents of J weighted by coefficients of R.
Second, put ¢ := ¢ +---+¢,.. Note that (e —c)¢; = 0 for every i. We can prove that e —c is
then a nilpotent element (see Lemma 1.3.3*). As e — ¢ equals its square, we conclude that
e —c = 0. Observe that we cannot use Remark 2.3.9 to conclude directly that e — ¢ = 0,
unless we can preliminarily prove that e € J. ]

Remark 2.3.12 Let {c1,...,c.} be the set of minimal idempotents of J. A lower bound
on the rank of J is given by r. Indeed, let \i,...,\. be r distinct elements of F', and
consider u =Y _;_, \ic;. For every natural number m, we have u™ = _._, \"¢; (even for
m = 0 in view of the previous proposition). Thus p,(u) = > i_; pu(Ni)e; = 0, implying
that p1,(A;) = 0 for alli. Hence p,, has at least v distinct roots, and its degree is at least r.
|
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Proposition 2.3.13 Let {c1,...,c.} be the set of minimal idempotents of J and u be
an element of J. We set u; := cu, [ = [y, and g; = gu,. Then there exist positive
integers k; such that p; = (9;)*; p. and g, are respectively the lowest common multiple of
M1y ooy fop and Ofgla~~'agr-

Proof
This is shown in Section 1.3.6*. We replicate here its full proof, because the argument is
typical for results on minimal polynomials, and will be exploited again.

In view of Proposition 2.3.7, the polynomial p; is a power of g; because the subalgebra
L(¢;)J contains only one idempotent. By Proposition 2.3.11, we have e = ¢ + -+ - + ¢,
Thus u = cu+-- -+ c¢u = uy + - - - +u,; this decomposition of w in the subalgebras L(c¢;)J
is unique, since ¢;(cja) =0 when i # j and a € J.

Note that u™ = u* + --- + u™ for every m > 1 and, again, v’ = e = ¢; + -+ +c,.
Summarizing, we have u™ = Y_'_, u"¢; for m > 0. Hence, we have h(u) = >\, h(u;)c;

for every polynomial h(t) € F[t]. Since the sum J = L(¢1)J + - -+ L(¢,)J is direct, h(u)
equals zero [resp. is a nilpotent] when and only when all the h(u;) equal zero [resp. are

nilpotent] themselves. We deduce that g, = lemi<i<,(gy,) and p,, = lemi<;<, ((guz)k)
|

2.3.2 Characteristic polynomial over strictly power-associative al-
gebras

In this subsection, we take off to worlds of much greater generality. We assume, unless
explicitly stated, that the algebra J we deal with is a strictly power-associative F-algebra
of finite dimension N. We denote its unit element by e. As we have already stressed it in
Proposition 2.2.13, Jordan algebras of finite dimension satisfy these properties, but they
are far from being the only ones.

The fact that J is strictly power-associative allows us to define polynomials on every
algebra generated by extensions of J as constructed in Definition 2.2.3. The notions of
minimal polynomial i, , of reduced minimal polynomial g,,, of degree of an element, and of
regularity naturally extend to this more general setting. We study the properties of these
objects in this subsection.

Nathan Jacobson was the first who defined the characteristic polynomial in strictly
power-associative algebras using the machinery of generic elements, and who investigated
its properties [Jach9, Jac60, [Jac61, [Jac63]. Following his work, we define generic elements
in the Subsection called ” Generic elements”, and we present some properties of their mini-
mal polynomial in the Subsection called ”"Multiplicative polynomials”. The close relations
between multiplicative polynomials and minimal polynomials are discussed in the Sub-
section ”"Minimal polynomial of a generic element”. The first subsection below links the
framework of unitary, associative and commutative algebras previously considered with
strictly power-associative algebras.
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The subalgebra F'[u]

Observe that for every u € J, the finite-dimensional subalgebra F'[u] is unitary, associative
and commutative. It has e as unit element. Thus all the properties we have shown in the
previous subsection remain valid in this subalgebra.

We have not yet defined the notion of minimal idempotent in the context of power-
associative algebras. This point of our development is not appropriate to elaborate on it.
We temporarily use the following compromise instead, which is as close as possible to the
notion of the previous subsection.

Definition 2.3.14 Let u € J. An idempotent ¢ € J is called minimal with respect to
u € J if ¢ belongs to the commutative and associative subalgebra Flu] and is a minimal
idempotent on F'[u] in the sense of Definition [2.3.8, that is, if ¢ is the only idempotent in
L(c)Flu). [ ]

Note that every idempotent ¢ is minimal with respect to itself as the subalgebra L(c)F[c|
reduces to {acla € F'}.

Let us take an element u € J and let {ci,...,¢.} be the set of minimal idempotents
of Flu]. According to the previous subsection, we know that if u; := c;u for every i, then
the minimal polynomial p, of u is the lowest common multiple of py,,. .., tu,. Those
polynomials are themselves powers of ¢,,. The reduced minimal polynomial is similarly
the lowest common multiple of g, ,. .., g.,.. But the fact that the subalgebra F[u] contains
only polynomials of u allows us to refine this description.

Remark 2.3.15 Since ¢; € Flu], there exists a polynomial h;(t) € F[t] with ¢; = h;(u)
for 1 < j <r. Let us fix two distinct indices i and j. Observe that 0 = c;c; = ¢;hj(u) =
cihj(u;). Since ¢; and hj(u;) are in L(c;) Fu] and since ¢; is a minimal idempotent, h;(u;)
must be a nilpotent in view of the first item of Proposition 2.5.7. Hence g, is a factor
of hj. However, ¢; = c? = c;h;(u) is not a nilpotent, thus g,, is not a factor of h;. In
view of the irreducibility of g.,, no two polynomials g,, have a common divisor. Hence

gu = lemicicr(9u,) = [1i=) Gu: and p, = lemi<ic, ((gui)ki) = [Ti=i (gu.)" u

The minimal polynomial u, can be expressed in an alternative way. We know that
the operator L(u) is a linear operator from J to J. For a fixed basis {b1,...,bx} of J,
it can be seen as an N x N matrix on F. The restriction Lo(u) on F[u] of the operator
L(u) is also an N x N matrix, but one can parameterize it with an r x r matrix Lo (u) on
F. Practically, we can define ﬁo(u) as follows. Consider a basis of J that starts with the
vectors e, u, ...,u""'. In this basis, the matrix Lo(u) has the following structure:

= 0)-

where M is an r x r sub-matrix. We can set Lo(u) := M.

Of course, a polynomial p(t) € F[t] satisfies p(Lo(u)) = 0 if and only if p(Lo(u)) = 0.
Since e € Flu], we get Lo(u)e = L(u)e = u. Hence, we have p(Lo(u))e = p(u) for every
polynomial p € Ft].
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In the following proposition, we denote the determinant of a linear operator A by
Det(A). The identity operator of an n-dimensional vector space is represented by I,,.

Proposition 2.3.16 For every u € J, we have p, (t) = Det(t I, — Lo(u)).

Proof

Let h(t) := Det(tI, — Lo(u)). This monic polynomial satisfies h(Lo(u)) = 0, hence
h(Lo(u)) = 0 and h(Lg(u))e = h(u) = 0. The polynomial h is then a multiple of .
We know that F[u] has dimension r, and that the polynomial u, has a degree of r by
minimality. Applying the Cayley-Hamilton Theorem (see Theorem 2.4.2 in [HJ96]) to the
r x r matrix Lo(u), we deduce that the polynomial h(t) has a degree of at most 7. Thus h
and p, have the same degree, and h = pi,. [ |

In fact, the characteristic polynomial that we introduce later in this subsection is an
attempt to generalize the previous proposition via the generic element approach. The next
proposition is important to validate this approach. This result is given in Section 1.4.1*.
Its five-line demonstration uses the main argument of the proof of Proposition [2.3.13.

Proposition 2.3.17 Let u be an element of J whose minimal polynomial in J is p,. The
minimal polynomial of w in J @ R is also p, for every extension ring R of F. |

Generic elements

Generic elements and their minimal polynomial have been introduced in the context of
strictly power-associative algebras in 1959 by Jacobson [Jach9]. They are studied thor-
oughly in Chapter 2 of [BK66]; an alternative approach is provided in Chapter 6 of [Jac68§].
We give here a brief account of the properties needed in order to support the present
exposition.

Definition 2.3.18 Let F be a field and F be a subfield of F. We say that the elements
Yy1,...Yx of F are algebraically independent over F' if there is no polynomial G with k
variables and coefficients in F for which G(y1,...,yx) = 0. [ |

In practice, given a field F), it is not difficult to construct a field F' in which there are
k elements that are algebraically independent over F': it suffices to add k independent
indeterminates to F', and to specify an associative and commutative multiplication rule
between them.

In this subsection, we deal again with a strictly power-associative F-algebra J of di-
mension N < +oo. We fix a basis B := {b1,...,by} of J and N elements 7q,...,7y that
are algebraically independent over F.

We set F:= F(r1,...,7n) and we put J := T Qr F; by definition, every element f of
J can be written as:

N
f(Tl7"'7TN) = Zfi(Tla-- -7TN)bi7
i=1
where f; is a rational function of 7, . . ., 7x with coefficients in F'. Note that J has obviously

the same unit element e as J.
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Definition 2.3.19 The generic element of J defined by B and 11,...,7n s
x:=7b1+ -+ 7nbn. It belongs to J. [ ]

If 7' := J @p R, where R is an extension ring of F, every basis of J over F' is also
a basis of J' over R. In particular, a generic element of J defined by a basis and a set
of algebraically independent elements 71,...,7y over F' is also a generic element for [J’,
provided that 7,..., 7y are also algebraically independent over R.

An intuitive way to interpret a generic element is to consider it as an N-dimensional
variable over F'. The next definition clarifies this viewpoint.

Definition 2.3.20 Let z be the generic element defined by the basis B and 11,...,7n. We
let a = a1by + -+ anby € J, where a; € F. The specialization of the generic element
x in a, denoted by xr — a, corresponds to the substitution for every i of 1; by a;, the ith
component of a in the basis B. [ |

Let

N
f(T17"'7TN) :Zfi(Tla"'7TN)bi Ej
i=1

The domain of f, denoted by dom f, is the set of all a = a1b; + -+ + axby € J such
that (ag,...,an) is in the domain of each f;. The evaluation of f in a € dom f is:

N
f(a) = Zfi(al, cesan)b;.
i=1

This is simply the value of f in the vector a, identified by its component in the basis B,
when one considers f as a function from dom f to J. With this point of view, the object
f is independent of the specific choice of 7y,...,7n. We say that the evaluation of f in
a € dom f is the specialization x — a applied to f. With a slight abuse of notation, we will
simplify the writings f(71,...,7n) and fi(71,...,7n5) by f(z) and f;(x) respectively.

The functional interpretation of specialization allows us to extend this operation for

non-rational functions g(7,...,7n): the specialization x — a applied to g is g(a1,...,an),
or simply g(a), provided that (ai,...,ay) is in the domain of g. With the same abuse of
notation as above, we denote g(71,...,7n) by g(x).

Definition 2.3.21 Let z(9) = Tl(i)bl + e+ T](\;)bN, for 1 < i < Kk, be a set of generic
elements which are all defined with respect to the same basis {b1,...,bn} of J. They are

said to be generically independent if the elements T;i) are all algebraically independent over

F. |

The following proposition defines a toolbox of operations to produce generic elements.
The two first items are proved in Section I1.2.2*. The third item results trivially from the
definition.

Proposition 2.3.22 Let x = 7by + - -+ + Tnbn be a generic element of J. We have the
following.
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1. The element x and the operator L(x) are invertible. Moreover, the element x~* equals
L(z)~te and is a generic element.

2. For every nonzero integer k, z¥ is a generic element.

3. Lf:t W . J — J be an invertible linear operator. We denote its natural extension to
J also by W. The element Wz is generic for the same basis as x. [ ]

Multiplicative polynomials

Let us fix a basis B := {b1,...,by} of J and some algebraically independent elements over
F denoted by 7,7y,...,7n,01,...,0N. We set two generic elements = := 1161 + - -+ 7nbN
and y :=o1b1 + -+ onbn.

Definition 2.3.23 A polynomial p € F|r,...,7n] is multiplicative if:

o ple) =1 and

o we have p(f(z)g(x)) = p(f(x))p(g(x)) for every extension ring R of F and every
f,9 € Rlz].

It is worth mentioning that R[z] stands here for the set of polynomial in x with coefficient
in R and not for the ring R[m1,...,Tn]. [ ]

The interest of multiplicative polynomials is evident from the definition. By special-
ization, they allow us to write identities of the type p(f(u)g(w)) = p(f(w))p(g(w)) for
polynomials f,g and elements u € J. Moreover, as stated in Proposition [2.3.25, multi-
plicative polynomials have close links with minimal polynomials. However, this definition
might seem so restrictive that it is natural to wonder whether there exist non-trivial mul-
tiplicative polynomials.

In fact, the Cayley-Hamilton polynomial given in Proposition 2.3.16 will be extended
in the next subsection to the framework of strictly power-associative algebras, and its
multiplicativity will be proved.

Lemma 2.3.24 Let p be a multiplicative polynomial of degree m of Flry,...,7n] and let
R be an extension ring of F'. The polynomial p is homogeneous of degree m. For every
a € R, we have p(ae) = a™.

Proof
It suffices to write p(z) = Y.i", pi(z), where p;(z) is homogeneous of degree i, so that
pi(az) = a'p;(z). Of course, p,, # 0. Next, we can write:

p(a®a?) = plax)® = (:{:<1%%(w))

plo??) = 3 a¥ipa)?.
=0
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It remains now to compare the terms with the same degree in « in the two formulations to
m

deduce gradually that p;() = 0 when ¢ # m. Hence p(az) = p,(az) = o™p(x). [ ]
Let e = e1by + - -+ + enyby be the decomposition of the unit element e in the basis B.
Note that re — z = Zfil(Tei — 7;)b;. We denote (not surprisingly...) by p(re — ) the
polynomial constructed by replacing every occurrence of 7; by 7e; — 7; in a multiplicative
polynomial p. The constructed element lies in F[7,7,...,7n].
Suppose that p is a multiplicative polynomial of degree m. We write:

m

p(re —x) = Z(—l)ixi(x)rm_i,
i=0
where x; € F[r,...,7n]. Replacing Te—x by are—ax in this expression, and using Lemma

2.3.24), shows that y;(z) is a homogeneous polynomial of degree i. In particular xo(z) is a
constant, and applying the specialization  — e in p(rte — z) yields p((7 — 1)e) = (1 — 1)™,
so that xo(e) = 1, and xo(xz) = 1. In other words, the polynomial ¢(7) = p(re — x) is
monic.

Finally, we fix an element v € J. We denote by F' the algebraic closure of F. The
specialization  — u applied to the polynomial p(Te—x) gives a polynomial p(Te—u) € F[r]
that has m roots &1, ...,&, in F. We can decompose this polynomial into:

m

plre —u) = [J(= - &). (2.6)

i=1
Surprisingly enough, it is possible to relate the roots &; with the roots of the minimal

polynomial p,, of u. The following proposition covers Section 11.3.2* Satz I1.3.1* and Satz
I1.3.2*.

Proposition 2.3.25 With the notation above, we can say the following:

1. &1, &m are T00ts of it
2. or every q € Flr] we have p(q(w)) = [Ty a(€).
3. For all h € F[r], we have:

Xi(h(u)) = Si(h(&1), - h(&m)),

where S;(a1,...,an) is the symmetric function of degree i, that is,
Si(at,...,am) == Zagl gy,
o

where the sum is taken on all the subsets o = {o1,...,0;} C{a1,...,am} of size i.

Sketch of the proof B
To prove the second item, we need to decompose the polynomial ¢ € F[7] into linear factors:

q(r) = n11;=1(8; — 7), so that q(u) = n[[;_, (Bje — u). We have:

n

pn f[(ﬂjy —x) | =" [ p(Bjy — x)

j=1
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because By —x € F(o1,...,0n)[z]. Specializing y — e and o — wu, this is equal to p(g(u)).
It remains to rewrite the right-hand side using (2.6) to conclude.

We apply this result at ¢(7) := p — h(7) for a polynomial h € F[r] and various p € F.
Comparing the terms of same degree in p allows us to prove the third claim. The first item
can be shown by taking h := u, in the previous expression of gq. [ |

Minimal polynomial of a generic element

We have now all the necessary technical material to define rigorously the characteristic
polynomial of a strictly power-associative algebra.

Let B := {b1,...,by} be a basis of J over F' and let 7,71,...,7n be algebraically
independent elements over F. We put F := F(1y,...,7n) and J := J @ F. Since the
dimension N of J is finite, there exists a positive 7 such that {e,z,...,2" "1} are not

linearly dependent over F, but {e,z,...,2" "1, 2"} are. We explicit this linear dependence
by:

2" —ay(x)z" ag(z)a" 2 4 4 (=1)"an(x)e = 0, (2.7)
where the coefficients a; are rational functions of q,...,7ny. We define the characteristic

polynomial f(r;x) € F[r] as:

frz)=71"—a ()T +ag(x)T" 2+ -+ (=1D)"a(z).

Since z°

= e, we have f(z;2) =0.

The characteristic polynomial is unique, as the same reasoning as in Remark 2.3.1/shows.
Suppose now that y := p1b; + -+ + pyby is a generic element of 7 with the same basis
as z. Then, by substituting 7; with p;, the polynomial f(7;y) also satisfies f(y;y) =0. In
other words, the characteristic polynomial does not depend on the chosen generic element

defined by the basis B.

The next proposition shows that the coeflicients a;(z) are polynomials of F[ry,...,7n]
instead of rational functions from F'(7y,...,7n). This is a well-known result (see Propo-
sition I1.2.1 in [FK94]) based on Gauss’s Lemma, which we quote below (see for instance
[IDF99], Section 9.3 for details).

Lemma 2.3.26 (Gauss’s Lemma) Let R be a factorial ring". Denote by Frac(R) the
fraction field of R. Let p € R[] be a monic polynomial and s € Frac(R)[r]| be a divisor of
p. Then s € R[7]. [ ]

Proposition 2.3.27 For each 1 < i < r, the coefficient a;(x) is a homogeneous polynomial
nTi,...,7n of degree i.

Proof
By definition, coefficients a; are rational functions of 71, ..., 7n, thatis, a; € R(m1,...,7n) =
Frac(R[r1,...,7n]).

LA factorial ring R, or unique factorization domain, is a ring on which every element can be decomposed
in a unique way (up to permutations of factors) as a product of irreducible elements, that is, elements that
cannot be written as the product of two elements of R both different from +1. According to the fundamental
theorem of arithmetics, the ring of natural numbers is a factorial ring.
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Consider the Cayley-Hamilton polynomial of the linear operator L(x):
F(r) :=Det(rIy — L(x)).

The coefficients of this monic polynomial belong to R[r,...,7n] by construction. We
have F(L(x)) = 0, so that F(x) = F(L(x))e = 0. Henceforth, the characteristic polyno-
mial f(7;2) is a divisor of F(7). Applying Gauss’s Lemma, we deduce that f(7;x) is in

R[m1,...,7n5](7), that is, that the coefficient a;(x) are polynomials.
It remains to show the homogeneity of a;(z). Let o be a nonzero element of F; we let:
flaria) . ai(ox) .y  ag(ax)

Go(T) == =T T + o2

Since ¢, is a monic polynomial of degree r that vanishes in x, it must be equal to f(7;x)
by uniqueness of the characteristic polynomial. Thus a;(az) = a*a;(z). [

As a consequence of this proposition, we get that u,(7) divides f(7;u) for each u € J
by specializing x — w in f(7;x).

Definition 2.3.28 We call the linear polynomial tr(zx) := ay(x) the generic trace of x. W

Definition 2.3.29 The polynomial det(z) := a,(x) is called the generic norm or the de-
terminant of x. ]

Definition 2.3.30 The degree v of f(7;x) is called the generic rank of J. [ |

In contrast with the determinant of a linear operator, which we denote by Det, the
determinant of a generic element is denoted by det, with a small ”d”. In fact, there exists
a strong link between the two notions.

Remark 2.3.31 We can use the Proposition |2.5.16 with j instead of J and with the
generic element x instead of u. We write f/o(x) for an r X r matriz that parameterizes the
restriction Lo(x) of the operator L(z) on Flx]. We obtain that f(r;x) = Det(tI, — Lo(x)),
and we deduce that:

det(z) = a,(z) = (=1)"f(0;2) = (~1)"Det(~Lo(z)) = Det(Lo(x))-

Denoting by Tr the trace of a linear operator, we also get that tr(x) = Tr(Lo(z)). [

The coefficient a;(z) of the characteristic polynomial is sometimes called the jth det-
trace of J and is denoted by detr;(x).

The dettraces are functions of 71, ..., 7y, and one can apply to them the specialization
x — u for every u € J. We call tr(u) the trace of the element u of 7, det(u) the determinant
of u. For instance, the specialization z — e applied to det(z) yields det(e) = Det(Lg(e)) =
1.

Definition 2.3.32 We call the roots {\1(x),..., ()} of f(t;x) the eigenvalues of z. W
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For every uw € J, the set {A;(u),...,A\-(u)} is called the set of eigenvalues of u. We
leave their numbering unspecified until Section 2.7, where we focus on formally real Jordan
algebras over R, where the eigenvalues of every elements are real.

As an immediate consequence of the definition, we can write for every 1 < j < r:
detr;(z) = S; (A (x), ..., A\ (2)),

where S; is the jth elementary symmetric function as defined for Proposition 2.3.25. In
particular, we get:

tr(z) =Y {M(2),..., A} and  det(x) = [[{M(),.... M}

The next remark completes Proposition 2.3.22/ on the characterization of the inverse of a
generic element.

Remark 2.3.33 We define the polynomial q(t;x) € F[7] as follows:
q(7:2) = ar_1(x) — ap_o(x)T + -+ (=1)"2ay(z)r" 2 4+ (1)

so that det(z) — 7q(7;2) = (—=1)" f(7;x). The polynomial q(x;x) is called by some authors
the adjoint polynomial of x, by analogy with the standard terminology for matrices. It
has no common factor with det(z) in view of the minimality of f(7;x). The polynomial

g(m;z) = q(r;2)/ det(z) belongs to F[r] and g(x;z) = x~1. In other words, t=' can be
written as a polynomial in x whose coefficients belong to F(1y,...,7n). Suppose that u € J
is invertible. Specializing x — u, we obtain that u™' is in the vector space in F spanned by
e, ..., u" "t d.e Flul. [ |

The following proposition is one of the most important in this section. It proves that
det(x) is a multiplicative polynomial, it generalizes the Proposition 2.3.16/ and it establishes
a clear link between the minimal polynomial of an element and the characteristic polynomial
of its algebra. This link will be strengthened later in the context of formally real Jordan
algebras. Indeed, it will be proved that, in this very particular framework, the specialization
x — u of the characteristic polynomial is ezactly the minimal polynomial of u for every
regular u € J. But this fact is far to be evident from now on.

The proof of the following statement is a bit technically involved. The reader can find
a complete demonstration of the multiplicativity of det in Theorem VI.1 of [Jac68] or in
Satz 11.4.3*.

Proposition 2.3.34 The function det is a multiplicative polynomial. What is more, we
can write det(re — x) = f(r;2) and, for every u € J, we have det(re —u) = [[._ (T — &),
where & are in the set of roots of w,. The polynomials f(7;u) and p,(7) have the same
set of roots, which can only differ by their multiplicities.

Sketch of the proof
The proof relies on the following observation. In view of Remark 2.3.31, and using the
notation introduced there, we have:

det(y) det(z) = Det(Lo(y))Det(Lo(2)) = Det(Lo(y)Lo(2)) = Det(Lo(yz)) = det(yz)
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if ﬁo(y) and L (z) are two matrices that commute. The fact these matrices commute when
they are polynomials of z is proved in Section I1.4.3*.

It remains to use Proposition 2.3.25 to get det(re —u) = [[\_, (7 — &), where & are in
the set of roots of u,. Moreover, since i, (7) is a factor of f(7;u), they have the same set
of roots. u

From the previous proposition, we know that for every u € 7, the set {\1(u),..., A\r(u)}
is the set of roots of u,. This set is homogeneous of degree 1 as the following remark states.
We cannot say that the eigenvalues themselves are homogeneous because of the numbering
convention we have adopted.

Remark 2.3.35 Let x = 1by + - -+ 7nbn be a generic element and T, be two elements
that are algebraically independent from each other and of all the elements 7;. We have by
the multiplicativity of det:

f(r;ax) = det(re — ax) = o' f(r/a;2) = " f[ (g — /\z(z)) .

i=1

The roots of f(1;ax) are thus {\1(ax),..., \(ax)} = {adi(z),...,al(2)}. [ ]

Associativity of the trace

We conclude this section with a proof of an important associativity property of the trace
operator that holds in strictly power-associative algebras.

Let x,4, z be three generically independent elements over F'. Then:

tr((zy)z) = tr(z(yz)).

This relation is a deep result. We cannot avoid using a slightly technical machinery to
demonstrate it.

Definition 2.3.36 A derivation of an algebra J is a linear mapping D : J — J such that
we have D(uv) = uD(v) + D(uw)v for all u,v € J. Equivalently, L(D(u)) = [D; L(u)] for
every u € J. [ |

Definition 2.3.37 Let F be a field. The ring of dual numbers F. built from F' is the set
F x F with the standard componentwise addition and a multiplication defined as follows:

for every (a,b),(c,d) in F x F, (a,b)(c,d) := (ac,ad + bc).

The element (0,1) of F. is denoted by . According to the definition of the multiplication,
its square is null. [ ]
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The standard terminology ”dual numbers” for elements of F. seems a little bit unfortunate
in this thesis, due to the fact that it can be mistaken with the equally standard denomi-
nation of "dual” in conic programming. Dual numbers are only used in this chapter, and
not in other parts of this work.

We denote the algebra J @ F. by J-.

Definition 2.3.38 Let A: J — J be a linear operator and let p be a polynomial of F[t].
This polynomial is Lie-invariant under A if the function p : J. — J. satisfies:

plu+eA(u)) =p(u) for every u in J.

The following proposition was first proved by Jacques Tits in [Tit64]. We rewrite his
proof here, with a few necessary adaptations to fit the framework of our exposition.

Proposition 2.3.39 The coefficients of the generic polynomial of J are Lie-invariant
under all derivations of J .

Proof

Let B := {b1,...,bn} be a basis of J and let 71,...,7n,p1,...,pn be algebraically inde-
pendent elements over F. We put  := mby + -+ 7nby and y := p1b1 + -+ - + pyby. We
define the following rings:

Ry :=F[r,...,7n], Ro:=F[r1 +¢ep1,...,7n +€pn],

and Rz := F.[T1,..., TNy P1,- -+ PN]-

Note that Ry and Rs are two rings contained in Rs.

The element x + ¢y is generic in J. It amounts to proving that the elements 7; 4+ p;
are algebraically independent over F. So, let p be a nonzero polynomial with coeffi-
cients in F' and that vanishes in (11 +€p1,...,7n + €pn). The specialization p; — 0
for every i shows that p(71,...,7n) = 0. Since the elements 7; are algebraically
independent, we must have p = 0, which contradicts the hypothesis.

Comparing the degree of characteristic polynomials. Let f(7;xz) be the character-
istic polynomial of [, that is, the minimal polynomial of z in J @ Ri1. Then
f(7;2 + ey) is the minimal polynomial of z + ey in J @ Ra because z + ey is a
generic element of J with the same basis as x.

Let f.(7;x + ey) be the minimal polynomial of x + ey in J @ R3. Since Ry C Rs,
the degree of f. is lower than the degree of f.

Now, the specialization y — 0 applied to fe(x + ey;x + ey) = 0 gives fe(x;2) =
p1(x) + ep2(x) = 0 for two polynomials p1, ps with coefficients in F. We must then
have pi(xz) = pa(x) = 0. The degree of these polynomials are thus bounded from
below by the degree of f, which is then smaller than the degree of f.. Therefore, the
polynomials f and f. have the same degree.
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Proposition [2.3.17 asserts that the minimal polynomial of z in J @Q . R3 is the same
as the minimal polynomial of z in J @ R1. The latter divides f.(7;x); comparing
degrees and using uniqueness of the minimal polynomial, we conclude that f(7;x) =

fe(r; ).

Defining a practical notation. Following the convention of the expression (2.7) of the
characteristic polynomial, we denote by (—1)¥ay(z + ey) the kth coefficient of the
polynomial f.. In the previous item, we showed that (—1)*ay(z) is the kth coefficient
of the polynomial f. For 0 < k < r, we write:

(z+ey) =a* +efzyh and  ap(z +ey) = a(2) + epp(, y).

With this writing, the statement reduces to prove that pg(z, D(z)) = 0 for every k
and every derivation D of 7.

A property of derivations. For every derivation D of J and every nonnegative integer
k, we have D(x*) = {x, D(x)}x. This assertion is not difficult to prove by recurrence
on k.

Putting everything together. Using the notation introduced above, we can successively
write:

0= fo(x+ey;x+ey)
=(z+ey) —a(z+ey)(@+ey) "+ + (-1)a(z +eye

= 2" +e{z,y} + Z () + epr(, ) ("7 + e{a, y}ri)

flzyz) + <{$y} +Z )k (, y)z "’“+Z 2){, y}r— k)

The e-component is then equal to zero:

T

0={z,y}r+ > (D' Fpup(z,y) + D (~D" (ar(@){z,y}r—n) . (28)
k=1
On the other hand, we have:

0 = D(0) = D(f(z;2)) = D(a") + Y _(~1)*ar(x)D(2"*)

= {z, D(z)}, +Z z){z, D(x)}r - (2.9)

Note that y is a generic element of J @ Frac(R;); we may then perform the spe-
cialization y — D(z) in (2.8). Subtracting from it the equation (2.9), we are left
with:

T

S (1) gz, D(x))a"* = 0.

k=1



54 Chapter 2— Jordan algebras

The degree of this polynomial is equal to r — 1; as it vanishes in the generic element
x of J, it should be null. Thus ux(x, D(z)) = 0 for every k. [ ]

Corollary 2.3.40 Let J be a Jordan algebra over F and let z,y,z be three generic ele-
ments of J which are generically independent over F. We have:

tr((zy)z) = tr(z(yz)).
Proof
It suffices to prove that the operator D := R(z)L(xz) — L(z)R(z) = L(z)L(x) — L(x)L(z) =
[L(2); L(z)] is a derivation. If this is indeed the case, the previous proposition will allow
us to write tr(Dy) = tr((zy)z — xz(yz)) = 0, which yields the desired relation by linearity
of the operator tr (see Proposition 2.3.27).

We need to check that L(D(z)) = [D; L(z)]. Reemploying the notation of p. [35 the
equality Aqy-2 = Aqy.2 follows from Jordan’s Axiom. We can rewrite it as follows:

L(z(yx)) + L(y) L(2) L(x) 4+ L(z)L(2) L(y) = L(z(yz)) + L(y) L(x)L(z) + L(z) L(z)L(y),
or equivalently, by linearity of L:
L(z(yx) — x(yz)) = L(y)L(z)L(z) + L(z) L(x) L(y) — L(y)L(z) L(x) — L(z)L(2)L(y),

that is, L([L(z); L(z)]y) = [[L(2); L(2)]; L(y)], as needed. [ ]

In Satz II1.5.6*, there is a proof of a similar associativity property for a class of linear
forms that includes the trace. This result is more general than the one we presented above:
the authors only needed commutative algebras that satisfy the hypotheses of Proposition
2.3.39/ and an additional property, the homogeneity. This concept is introduced later, in
the framework of Jordan algebras, in order to avoid the technical difficulties that a more
general treatment would require.

2.3.3 Examples

Let us particularize the objects defined in this section to the examples given in Subsection
2.2.4.

Example 2.3.1 (Real symmetric matrices: Example 2.2.1] continued)

Let U be an r X r symmetric matrix. We have mentioned that powers of U in the algebra
(J,-) and in the algebra (J,o) are the same. Hence, the minimal polynomial py is the usual
minimal polynomial of the matrix U, whose degree equals the rank of U. Some properties that
particularize the results we have described in Subsections 2.3.1 and 2.3.2/ can be found in Section
3.3 of [HJ96]. The characteristic polynomial of U is its Cayley-Hamilton polynomial (see Theorem
2.4.2 in [HJ96]), namely Det(tl, — U). As its degree is r, the generic rank of 7 is r. The generic
trace tr, the determinant det and the generic eigenvalue vector A defined in this section are identical
to the standard trace, determinant and eigenvalue vector defined in Matrix Theory. |

The same comment holds for Example 2.2.2| and Example 2.2.3.
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Example 2.3.2 (Jordan algebra from a symmetric bilinear form)
Let {b1,...,bn} be a basis of X and {71,...,7n} a set of algebraically independent elements. We
denote the generic element 7101 + - - - + 7abny by . We have:

2? = 20(x)z — p(z, x)e.

Hence, the generic rank of [X; u;e] is equal to 2. It could have been equal to 1 if we would not
have excluded the case N = 1. The generic trace is 20(z) and the determinant is p(z,z). The
generic eigenvalues can be computed explicitly:

{Aa(@), Aa(2)} = {o(z) + VVo(2)? =z, 2), 0(x) — Vo (2)? — p(x, x)}.

Example 2.3.3 (Jordan spin algebra: Example [2.2.5| continued)

For the particular case of the Jordan spin algebra S,,, we denote the set of algebraically independent
elements by {7,71,...,78}. We let x := T71b1 + -+ 7nby and T := 7bg + z. The generic trace is
20(Z) = 27, the determinant is u(Z,Z) = 72 — 27 x, and the eigenvalues are:

{M(Z),22(2)} = {7+ VaTz, 7 — VaTa}.

2.4 Differential calculus in strictly power-associative
algebras

This section develops an algebraic differential calculus for strictly power-associative al-
gebras. Needless to say, differential calculus has been proved to be extremely fertile in
Algebra. In the particular context of Jordan algebras, many important identities are best
described as differential relations.

The differential calculus we present here is defined by means of generic elements and dual
number rings. The advantage of this formalization is that the practical computations are
very easy to perform. We prove in Corollary 2.4.3/that this algebraic differential calculus is
equivalent to the standard differential calculus, defined in normed algebras via differential
quotients.

Wherever the term algebra is used without modifiers in this section, it is understood as
strictly power-associative algebra of finite dimension over an infinite field F.

Let J and J' be two algebras of dimension N and M respectively. We denote their
respective unit elements as e and ¢’. We fix a basis B := {by,...,by} for J and a basis
B = {b),..., 0} for J'. Let x := mby + -+ + 7nby and y := p1by + -+ + pnby be
two generic elements of J that are generically independent. We denote by F, and F, ,
respectively the two fields of rational functions F(7y,...,7n) and F(71,..., TN, P15, PN)-

The objects we aim to differentiate are those of J, := J' @ Fy, that is, functions of
the form:

M
Forteemn) = 3 Filr o )bl (2.10)
i=1
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where the f; = p;/q; are rational functions with coefficients in F.

Following Definition 2.3.37, we denote by ¢ the element (0, 1) of the dual numbers ring
F.. As established in the proof of Proposition 2.3.39, the element x+¢y is a generic element
of J. So, we can replace each 7; in (2.10) by 7;+¢p;. By the specific rules of multiplication
in the field F(m +€p1,...,7N +€pn), one can make the following decomposition:

iz +ey) = pi(x) +epi(r,y) _ pi(x)ai(x) + e[pi(z, y)ai(x) — pi(x)4i(2, y)] (2.11)
qi(z) +€qi(z, y) qi(x)? ’
where p; and ¢; are polynomials in 7y,...,7nN, p1, ..., pn With coefficients in F' — with the
standard abuse of notation, we have written them as functions of z and y to shorten the
expressions. Observe that p; and ¢; are linear in py,...,pyx in view of the multiplication
rules in F;. Hence, one can write:

f(z+ey) = f(x) +ep(z,y)

for a rational function p € J @ F, . Note that p(z,y) is linear in y. Note also that the
domain of f(z + eu) for each u € J is the same as the domain of f(z).

Definition 2.4.1 We define the differential of f in z in the direction y as VYf(x) :=
p(z,y). m

This operator possesses all the expected properties of a derivation operator.

Proposition 2.4.2 Let f,g € J. be two rational functions. The following identities hold.
1. V¥%e =0 and V¥x =y.

VY f(x) is linear with respect to y.

Vi(f (@) + 9(x)) = Vif(z) + Vig(x).

Vi(f(@)g(@)) = f(2)[Vig(x)] + [Vif(2)lg(x).

Vi f(g(x)) = V¥ (9(2)), where w = Vig(a).
6. V4(1/f(x)) = —L(f()) "' L(1/ f(2)) VL f(2).

Proof

The first item is trivial from the definition, as we have (z +¢y)? = e +¢0. The second item

has already been mentioned above. The third item is immediate. The fourth one is easily
proved with the properties of the multiplication in F:

flx+ey)g(z +ey) = (f(x) +eVif(x))(9(z) +eVig(x))

= f(2)g(z) +e(f(x)Vig(z) + [VLf(2)]g(x));
f(x+ey)g(z +ey) = f(x)g(x) +eVE(f(2)g(x)).

Next, we have:

flg(z +ey)) =
flg(z +ey))

AN

fg(@) +eVig(z)) = f(9(x)) + eV, flg(z));
f(g(z)) +eVif(g(z)),
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where w = V¥g(z). And finally:
(@) +eVF@If ) — eL(F () L (@) ) V2 ()]
= e+ e[L(f(2) ") Vif(2) = L(f(2) ) Vif(2)] =e.
|

As a corollary of this proposition, we check that our definition coincides with the usual
notion of directional differential for rational functions in normed spaces.

Corollary 2.4.3 Suppose that the algebras J and J' are normed algebras. Let [ be a
rational function from A C J to J', where the set A has a non-empty interior. This
function f naturally induces a function in J, = J' @Qp Fy that we also denote by f. We
fithe J andu € int A. Then:

i J @t 0h) = f(u)

1m
510,0€F )

= V‘Zf(a:) |w—>u,y—>h-

Note that the arrows x — u and y — h should be interpreted here as specializations.
Proof
The statement is obviously true for f(z) := z and f(x) := e. The operations studied
in the previous proposition — multiplication, sum, and division — allow us to build every
rational function of . It suffices then to observe that the left-hand side type of directional
differential (with differential quotients) behaves identically to the right-hand side type of
definition on these three operations. [ ]
We have mentioned above that VY f(x) is a rational function that is linear in y, for
every rational function f of J/. Consequently, the operator:

u = [Vaf(@)]u:= Vif(z)ly—u
is linear.

Definition 2.4.4 We call the operator V. f(x) the differential of f; we can specialize it
for every element in the domain of f to get a linear operator from J to J. [ |

Remark 2.4.5 Proposition 2.4.2 allows us to write:
Voot = L(2®) + L(z)L(z* ') + L(2)*L(z"2) + -+ 4+ L(z)* ' L(2") + L(2)*

for every k > 0. This formula can be easily shown by applying recursively the product
differentiation formula. [ |

2.5 The quadratic operator

At the beginning, there was the j(x) = —x~1,
And Koecher said "let there be 7,
And there was @,
And the Q was Q. = (Vj(z))~ L.
From K. McCrimmon [McC03], p. 525.
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2.5.1 Definition and first properties

In this section, we are interested in a Jordan F-algebra [J, as defined on p. [33. As usual,
we assume that F' is an infinite field. Recall that this algebra is strictly power-associative
in view of Proposition 2.2.13; thus, most of the conclusions of the two last sections hold

for J.

As an unexpected guest, we encounter in the routine computation of the differential of
some function the true king that governs all the theory of Jordan algebras: the quadratic
operator. This subsection studies some of its elementary properties.

Definition 2.5.1 Let = be a generic element of J. We define the quadratic operator of
J as Qu = 2L(x)? — L(2?). [ ]

Note that this operator is homogeneous of degree 2 in x and that the specialization
x — e gives Q. = I, the identity operator on 7.

At first sight, this definition may seem a bit clumsy. But this is only because it is written
in terms of the multiplication operator, which, as we will see on many further occasions, is
not always the most appropriate investigation tool in Jordan algebras. As a matter of fact,
it is possible to define a Jordan algebra only in terms of its quadratic operator. One can
show that Jordan’s Axiom can be rewritten as g,y = @z Qy Q< for two generic elements x
and y of J (see the proof of Theorem IV.3 in [Koe99]; it is essentially based on the tedious
polarization of the above identity). Moreover, it is possible to recover the multiplication
operator from the quadratic operator by means of the following expression:

L(I) = %(Qz—‘—e - Q:v - IN)- (212)

The following important theorem is proved in Propositions 11.3.1 and 11.3.3 of [FK94],
or in Section IV.2 of [BKG66].

Theorem 2.5.2 Let x and y be two generic elements of a Jordan F-algebra. We assume
that they are generically independent.

1. The application Q. is invertible and Q1 = Q1.
2. Vet =-Q;L
3. (wa)_l = Q;ly_l-

Sketch of the proof
Recall that x=! can be written as a polynomial of z with rational coefficients in view
of Remark 2.3.33. Hence L(x), L(2?) and L(z~!) commute (see Proposition 2.2.13). It
remains to use the expression (2.5) of Jordan’s Axiom, first with u := x, v := 271 and
w := x, and next with v := z, v := 72 and w := z, to show the first item. As side result,
we get:

Lz ")Q. = L(x). (2.13)
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For the second item, we use the relation 0 = V,e = V (zz™!) = L(z)V,z~! + L(z™1)
(see Proposition 2.4.2) and (2.13) with ! instead of x. In order to show the third
point, observe first that V{l (x_ley) = e in view of (2.13). We can also prove that

ngley = 2z and nglx_l = —Q,'y~!. Now, the desired relation follows from the
product differentiation formula. Finally, the fourth point comes from the differentiation in
yof (Quy)™' =Qz'y™" .

The identity
QQ.y = Qe@yQa (2.14)

is called the Fundamental Identity by many authors.

Corollary 2.5.3 Let x be a generic element of J. For every integer n, we have Q7 = Qyn.

Proof
By the first item of the previous theorem, it suffices to show the statement for all n > 0.
For n = 1, this is trivial. Suppose that n is even, say n = 2k, and that the statement is

true for the integer k. Since z* is a generic element (see Proposition 2.3.22), we can restate
the Fundamental Identity as:

Applying the specialization y — e to this formula gives:

Qx" = QQ,’;& = kaka = Q;IEQI; = Z’

because @ re = 2.

If n is odd, say n = 2k + 1, and if the statement is true for k, we can rewrite (2.15) by
replacing y by x:

and the recurrence is completed. [ ]

2.5.2 Quadratic operator and determinant

This subsection shows a crucial identity involving the quadratic operator and the deter-
minant in a Jordan algebra. Braun and Koecher dedicate almost the entire third chapter
of [BK66] to the study of this relation, presenting many consequences and generalizations.
There is no similar property for the operator L(z). This points out the practical impor-
tance of the quadratic operator as compared with the linear multiplication operator. This
statement is proved for the particular case of simple Jordan algebras in Proposition 111.4.2
of [FK94] with a different argument. Our proof is inspired by some considerations of Braun
and Koecher (see Section I1.5 in [BK66]); this reasoning also appears in [Spr73], although
in a different context.

Proposition 2.5.4 Let z,y be two generic elements of J that are generically independent.
Then det(Q.y) = det(z?) det(y).
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Proof
We know from Remark 2.3.33] that there exists a polynomial ¢ of degree r — 1 satisfying
vy~ = q(y)/ det(y), namely the adjoint polynomial of y. Hence,

11 -1 9W) o1 q(Qey)
or q(y)w = Q29(QzY).

The right-hand side term is a polynomial in y. In view of Remark [2.3.33, this implies that
det(y), the F-valued polynomial in the components of y, divides det(Q,y), the F-valued
polynomial in the components of y. These two polynomials have the same degree r, thus
there exist an F-valued function p(x) such that det(Q,y) = p(z) det(y). The specialization
y — e finally gives us det(Q.e) = det(2?) = p(z). |

2.5.3 Polarization of the quadratic operator

As its name indicates, the polarization of the quadratic operator results from the polariza-
tion Qz4ry of the operator . We start by giving a formal definition of this new object.

Definition 2.5.5 Let x,y be two generic elements of J that are generically independent.
The operator

1
Qx,y = 5(Qx+y - Qx - Qy)

1s the polarization of the quadratic operator. [ ]

Some authors call the expression " @, ,w” the Jordan triple product, and they denote it as
{u, w,v}.
We observe that:
Quy = L(z)L(y) + L(y) L(z) — L(zy).
Hence, @, is linear in each of its arguments. Furthermore, Q, = Q. and Q.. = L(x).

It is easy to deduce from the definition a Fundamental Identity for the polarized
quadratic operator:

QQsz,sz = Qsz—i-z - Qsz - Qsz = Q:c(Qy—i—z - Qy - Qz)Qx = QQwa,sz- (2'16)

We provide here an alternative description of this operator for the case when one of its
arguments is a square.

Proposition 2.5.6 Let x and y be two generic elements that are generically independent.
We put z := z2. Then
Qy.z = Qo L(Qy-19)Qa-
Proof
It suffices to use (2.16) with y replaced by e and z replaced by Q,-1y = Q7 ty. [



2.6— Pierce decompositions 61

2.5.4 Examples

Example 2.5.1 (Real symmetric matrices: Example [2.2.1] continued)
In the framework of real symmetric matrices, the quadratic operator and its polarization take the

following form:

UV+VeU
Quy =25 and Qu=U®T,

so that QuvW =U -W -V4+V . -W-U)/2and QuW =U-W -U.
The Fundamental Identity is equivalent to the following relation:
QouywW=U-V-U) -W-U-V-U)=U-(V-(U-W-U)-V)-U=QuQvQuW.
Finally, Proposition 2.5.4] reduces to the well-known formula
Det(U - V - U) = Det(U?)Det(V).

The same interpretations hold for Jordan algebras built from associative algebras with
or without involution (see Example [2.2.2 and Example 2.2.3)).

Example 2.5.2 (Jordan algebra from a symmetric bilinear form)
In the context of Jordan algebras of the type [X; u;e], the polarized quadratic operator has the
following form:

Quow = o(wow)u+ o(uow)v+ u(u,v)(w — 20(w)e).

The quadratic operator is thus:
Quw = 20(uow)u + p(u,u)(w — 20(w)e).

The Fundamental Identity and Proposition 2.5.4/ can be directly deduced from the latter formula
with lengthy but trivial computations. |

Example 2.5.3 (Jordan spin algebra: Example [2.2.5 continued)
The polarization of the quadratic operator can be written as:

[ uovo +uTv uwov® + vouT + (uovo — uTv) 00
BTN wov +vou wwT + ouT 0ro 01, )"

2.6 Pierce decompositions

2.6.1 An illustrative example

We present in this section two important decomposition theorems for Jordan algebras,
namely the Pierce decomposition theorems. They are included amongst the most widely
used tools in algebra, and they play a crucial role in our thesis.

In order to understand their nature, let us first describe these decompositions in the
framework of real symmetric matrices
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Example 2.6.1 (Real symmetric matrices: Example 2.2.1] continued)
Let C be a non-zero projector of rank k. We fix an orthogonal basis of R" for which the matrix
representation of C' has the form
I 0
c=(%0):

The first Pierce decomposition of J := H,(R) with respect to the idempotent C consists in splitting
this vector space into the three eigenspaces of the operator L(C).

Let us compute these eigenspaces. We partition a symmetric matrix U € J, represented in

this basis, into:
U Uh
U = ,
<U21 Us2
where Ui; is the k x k upper-left submatrix of U. Note that:
1[(L, 0\ (Un Us N Un U\ (I 0\] _ 1 (20u U5
2 00 Uz Uszo Uz Uszo 00 T2\ U O
Un 0,1 (0 U 00
1(0 0>+2 <U21 0 +0 0 Us /-

We denote the eigenspace of L(C') corresponding to the eigenvalue 1,1/2, and 0 as J1(C), J1,2(C),
and Jo(C). The components of U in each of these subspaces are respectively:

Ui 0 0 U3 and (00
0 0)’ Un 0 )7 0U /)"
It can be shown that J1(C) = QcJ, J1/2(C) = Q1,—c,cJ, and Jo(C) = Qr,.—cJ. Observe that
some multiplication rules occur between these subspaces. For instance, for every U,V € J1(C), we

have U oV € J1(C). The first Pierce decomposition theorem contains a full description of these
very important rules.

CoU

Let us turn now our attention to the second Pierce decomposition theorem, which generalizes
the first one to systems of idempotents.
We fix an orthogonal basis {u1,...,u,} of R" and let U; := uiuiT. Next, we choose some
integers k; such that:
O=ko<ki<ko<- - <kn=r

Letting M; := {kj—1 +1,...,k;} and C; := ZieMj Ui, we have formed a system of idempotents
{C4,...,Cy,}. This means that the projectors C; sum up to I, and that C; o C; =0 if ¢ # j. For
the sake of notational simplicity, we assume that n = 3 and that the matrices are represented in
the chosen basis, so that:

Is; 00 0 00 00 O
C = 000}, Co=1014 0 and C3=100 0 |,
0 00 0 00 00 Iy,

where di := ki1, d2 := ko — k1, and d3 := r — ka. Let us now take:

Vir Voi Vih
V= Vor Vao Va5 |,
V31 Va2 Vi3
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where the blocks have the same size as in the decomposition of Ci, C2,Cs above. Now, we define
Jij = Qc;,c;J, so that the projection of V' on Ji1 is

Vii: 00
000]|,
0 00
0 V& o
Va1 0 0.
0 00

Again, there are multiplication rules between these Pierce subspaces that can easily been deduced.
For instance, if U € Ji12 and V € Ja2, we have U o V € J12. The second Pierce decomposition
theorem provides us with a complete description of these rules. [ |

and the projection of V on [J12 is

2.6.2 Pierce decomposition theorems and first consequences

As in the previous section, we assume that 7 is a Jordan algebra of dimension N < 400
over the infinite field F. We denote its unit element by e.

Let us consider an idempotent ¢ of J. Given a generic element x of J, we recall that
the multiplication operator L(z) can be expressed in terms of the quadratic operator by:

L(#) = 1 (Qers — Qe — I).

Specializing * — —c in this identity allows us to write:
1
L(—c¢) = i(Qe,c —Q.—In), or

L(C) = %(Qc + IN - Qe—c) = Qc + % . (ZQC,e—C) +0- Qe—cy (217)

because 2Qcc—c = Qe — Q¢ — Qe—ec = IN — Q¢ — Qe—c. The first Pierce decomposition
theorem interprets this relation as a spectral decomposition of the linear operator L(c).

In the statement of the two next theorems the notation A o B refers to the set {uv|u €
A,v € B} when the subsets A and B belongs to J. The expression E = E; ® Fs involving
vector spaces F,E; and Es means that E is the direct sum of Fy and Es. A proof of
the following result can be found in [Koe99], Theorem II1.8. The techniques used in the
demonstrations are quite standard in our work, and we include a proof below.

Theorem 2.6.1 (First Pierce decomposition theorem) Let ¢ be an idempotent of J .
We define Ji(c) == QcJ, Jij2(c) == (IN —Qc— Qe—e) T = 2Qce—cT and Jo(c) =
Qe_cTJ. Then:

1. J = J1(c) ® J12(c) @ Jo(c);
2. Jy(c) = {u € J|L(c)u = yu} fory=1,1/2,0;
3. L(u) and L(c) commute if and only if u € Jo(c) ® J1(c);
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4. Ji(c) and Jo(c) are subalgebras of J and Jo(c) o Ji(c) = {0};
5. Jiy2(c) o (Jolc) ® Ji(c)) € Jrya(c);
0. j1/2(0) ° j1/2(0) C Jo(c) @ Ti(c);

7. ifu € Jy/2(c), then tr(u) = 0.

Proof

By writing the expression (2.5) of Jordan’s Axiom with u = v = w := ¢, we get 2L(c)? —
3L(c)?> + L(c) = 0, or L(c)Q. = Q.. Since Q? = Q.2 = Q. in view of Corollary 2.5.3,
we can easily check that the applications Q") := Q., Q/?) :=2Q. .. and Q) := Q. _,
satisfy QQ0) = 577/62(7) for v,+" € {0,1/2,1}, where 0 is the Kronecker symbol. In
other words, the operators Q(?) are projectors that are orthogonal with respect to each
other. It follows that Q) u = u when u € J,(c). Since:

IN=Qc+ (In — Qe — Qo) + Qe—ec = QW + QW2 1 QO

the first point is settled. We can then decompose every u € J into u = uy + uy /2 + uo,
where u, € J,(c). Note that, by (2.17):

1

cu=QWu + Q(1/2)u+0 Qv =uy + 2/2+0~u0.

Hence, u € J,(c) & u =u, = Qu < cu = yu and the second point is proved. Let us
review the remaining items.

3. Suppose that ¢ and u operator commute. Since:
2[L(c); L(u)]e = 2¢(cu) — cu — cu = Q.u — L(c)u,

we deduce that L(c)u = Q.u. As L(c)u = (Iy + Q¢ — Qe—c) u/2 = Q.u, we have
U= Qct+ Qc—cu, and u € Jy(c) ® J1(c).

We prove now the reverse implication. Let u € J. The operator equality (2.4) applied
to u :=wu and v = w := ¢ can be written in the following form:

2[L(c); L(cu)] + [L(c); L(u)] = 0.
(¢); L(u)] =

L(u)] = O The statement

Suppose that u € Jy(c). Then L(cu) = L(0) = 0 and [L
If u € Ji(c), then L(cu) = L(u) and, again, we have [L(
immediately results by virtue of the linearity of L.

c
);
4. Let u € J1(c). Since u and ¢ operator commute, we have:

cu® = L(c)L(u)u = L(u)L(c)u = u(cu) = u?.

According to item 13, u? € J1(c), which implies that J;(c) is a subalgebra. The proof
is analogous for Jo(c). Now, let v € Jyp(c). As u and v operator commute with ¢, we
have:
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5. Let u € Jo(c) ® Ji(c) and v € Jy/2(c). Since u and ¢ operator commute, we can

write:
c(uv) = L(e)L(u)v = L(u)L(c)v = u(ev) = %,

and uv € Jy/2(c).
6. Let u,v € J1 /2. Using again expression (2.4), we obtain:

0 = [L(¢); L(wv)] + [L(u); L(cv)] + [L(v); L(cu)]

= [L(0): L(ur)] + L H D) D)

= [L(c); L(uv)].

Thus ¢ and uv operator commute and uv € Jo(c) ® J1(c) in view of item 3l

7. Suppose that u € Jy/s(c), i.e. u = 2Q.—cu. By associativity of the trace (see
Corollary [2.3.40), we can write:

tr[2Qc,e—cu] = 2tr[e((e — c)u)] + 2tr[(e — ¢)(cu)]
= 2tr[(c(e — ¢))v] + 2tr[((e — ¢)c)v] = 0.

Definition 2.6.2 Let ¢ be an idempotent of J. The subspaces Ji(c), J12(c), and Jo(c)
are called the Pierce subspaces of J with respect to ¢. The subspace Ji(c) is called the
Pierce subalgebra of unit c. The decomposition of an element u € J into u = uy +uy /2 +uo,
where u, € Jy(c), is called the Pierce decomposition of u with respect to c. [ |

The first Pierce decomposition theorem displays an important property of the quadratic
operator: if ¢ is an idempotent of 7, then Q. is a projector on the Pierce subspace J1(c).
The following proposition completes this observation.

Proposition 2.6.3 Let ¢ be an idempotent of J and let h be an element of the subalgebra
Ji(c). For every u € J, we can write:

Qru = QrQcu = Q.Qnu,

and Qpu belongs to Ji(c).

Proof
Since h € J1(c), we have Q.h = h, implying, in view of the Fundamental Identity (2.14):

QthQiu = (QCQ}LQC)( cu) = QQC}Lch = Qthu;
QeQnQu = (QeQnQc)u = Qg.nu = Qpu.

Using the relations above, we finally conclude Qru = Q.(QrQ.u) = Q.Qpu. [ ]

As the following remark states, the Pierce decomposition also holds if we replace the
field F of the algebra J by one of its extension rings. This observation will play a crucial
role in the proof of the spectral decomposition Theorem.
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Remark 2.6.4 Let R be an extension ring of F' and let J = T @ R; for every subspace
A of J, we similarly denote by A the subspace AQp R. Then:

T (c) = T (c) for ve€{0,1/2,1}.

Indeed, when u € J(c), we have u € J and cu = yu, so that u € J,(c). Remark [2.2.]
allows us to conclude that J,(c) C Jy(c). Conversely, an element u in the Pierce subspace
J(c) can be decomposed into u =Y Aaba, where Ny € R are linearly independent over F
and by, € J. Observe that Y Aacba = cu=yu =7, AaVba. We deduce that cby = Ybq.

Hence, by € J5(c), and u € Jy(c). The reverse inclusion is hereby proved. [ ]

The second Pierce decomposition Theorem refines the first one in the sense that it splits
the algebra J into more pieces than just three. Moreover, it gives a precise description
of the behavior of the multiplication between these pieces. This information will be used
intensively in this work.

Definition 2.6.5 Let J be a unitary algebra and {ci,...,c,} be a set of idempotents of
J. We say that this set is a system of idempotents when cic; = d;5¢; and c1 +---+c¢, = €.
|

In Subsection 2.3.1, we have mentioned that the set of all the minimal idempotents of an
associative and commutative unitary algebra, such as F[u], is a system of idempotents. In
particular, such a system of idempotents exists in 7. However, note that we do not require
in the definition that the idempotents ¢; are minimal idempotents of some subalgebra F'[u]

of J.

The second Pierce decomposition Theorem that we quote below is Theorem IV.2.1 of
[FK94].

Theorem 2.6.6 (Second Pierce decomposition theorem)
Let {ci1,...,ca} be a system of idempotents of J. We put Jij = Qc;.c; T -
If1<4,5,k, 1 <n, we have:

1. Jii = Ji(ci) and Jij = J1j2(ci) N Jija(cs) = Tji if 1 # J;
2 I =®rcicycn Jiiti

3. Jijodu =0, if {t,5} N {k,1} =0;

4. Jijo Tiw C Tin if i, and k are different;

5. Jij o Tij C Tii + Tjj;

6. Jiio Jij € Tij;

7. ifue Ji; and i # j, then tr(u) = 0.
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Sketch of the proof
This theorem is more or less an immediate consequence of the first Pierce decomposition
theorem. Observe that if 1 < k < n, we have:

Ji(ex) = Qe T = Tk,

Jip2(ek) = Qo sy ed = Y QeperT = Y Tiis

ik ik
R SRS 5 S 5 o
ik j£k ik j£k
These equalities allow us to settle the first item. The second one immediately results from
item [1l and the last one from item |7l of the first Pierce decomposition theorem. The proofs
of the multiplication rules are very similar to each other. Let us show for instance that
Jij o Ju = 01if 4,7,k and [ are all distinct numbers. We set ¢ := ¢; 4 ¢;, which is clearly
an idempotent. We have:

jl(c) = Qc,',—i-cjj = chj“i’ QQci,ij+ Qc‘jj = ‘.711 S \71’]’ S s7jj ) \7”

Similarly, Jx C Jo(c). The multiplication rule of item 4] of the first Pierce decomposition
theorem allows us to conclude. [ |

Remark 2.6.7 Let {c1,...,cn} be a system of idempotents of J. We take four integers
1 <4,5,k,l <n, withi # j. Suppose that the element v belongs to Ty = Qc,.c; T We
have:

1. Qc;v = 0ik0iv;
2. Qe; ;v =0 when k =1;
3. Qe e;v =v/2 when {i,j} = {k,1};

4' Qci,c]"U = 0 OthCT’wise.

The wverifications of these formulas appear to be quite easy. For the first item, the case
i =k =11is trivial. When i # k, we have Q. T C Qc,(J1/2(ci) + Jo(ci)) = {0}.

Next, as Qc,.c; and Q., commute, we have Qc, ¢;Qc,, T = Qe Qe .c; T = {0} by the first
item.

Recalling that 2Qc, ¢; = Qc;+c; — Qc; — Qc;, we can check the identity Qi)cj = Qe;c; /2, 50
that Qc,.c;v = v/2 when v € J;;.

For the last case, if k,l # j, then v € T C Jo(cj), so that c;jv = 0 and Q, ;v =
2L(¢;)L(cj)v =0. [

2.6.3 Further examples

Example 2.6.2 (Jordan algebra from a symmetric bilinear form)
Let u be an element of J := [X; ;€] and let ¢ # e be an idempotent of this algebra. We already
know that o(c) = 1/2 and pu(c, ¢) = 0. The elements u of Ji/2(c) satisfy:

U

5 =cou= g +o(u)c— p(e,u)e, thus Jij2(c) = {u € Jlo(u) = p(c,u) = 0}.
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Further, it is not difficult to show that Ji(c) = Fc and Jo(c) = F(e — ¢). [ |
Example 2.6.3 (Jordan spin algebra: Example [2.2.5] continued)

Let u € R™ be a vector whose Euclidean norm equals 1 and let ¢ := % (i) be an idempotent of

J. Particularizing the above example, it is easy to determine the Pierce subspaces corresponding

so-{a(D)oes). o-{(2)}-0
wt e ={a( )[ocr).

2.7 Formally real Jordan algebras and spectral decom-
position

The spectral decomposition theorems we study in this section generalize in a natural way
well-known results in Linear Algebra. Theorem 2.7.2] below generalizes the Jordan factor-
ization of a real square matrix? (see Chapter 3 of [HJ96]). Theorems 2.7.13 and 2.7.25
extend the classical spectral theorems for Hermitian matrices (see Chapter 4 of [HJ96]).
These results, often used in combination with the Pierce decomposition theorems, will allow
us to derive many nice features that have made formally real Jordan algebras an unavoid-
able framework of investigation in such different domains as conic optimization, statistics,
or non-smooth analysis.

2.7.1 Spectral decomposition in power-associative algebras

Just like we did in Section 2.3, we start by considering a more general situation than the
case we want to study. The first spectral decomposition result we display is not very refined
because our first framework is pretty general.

Unless explicitly stated, we use in this subsection an algebra J of dimension N < 400
over the infinite field F'. We assume that J is strictly power-associative and we denote its
unit element by e. We write r for the degree of its characteristic polynomial. In addition,
we assume the following.

Hypothesis 2.7.1 The field F is sufficiently large to contain all the roots of the minimal
polynomial p,, for everyu € J. [ ]

It implies that p,(¢) can be decomposed into a product of linear factors in F[t]. This
hypothesis is relatively restrictive, although it does not necessarily imply that F' is alge-
braically closed, as shown by the following lemma. The proof is an adaptation of Propo-
sition VIIL.4.1 of [FK94]. We denote by R(x) and J(x) the real and imaginary part of a
complex vector x, and its conjugate vector by .

2The Jordan factorization for matrices is named after the French mathematician Camille Jordan, while
Jordan algebras where created by the German Pascual Jordan.
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Lemma 2.7.1 Let J be a formally real power-associative algebra over the field R. The
roots of the minimal polynomial p,, are real for every u € J.

Proof

Let w € J. By definition, all the coefficients of its minimal polynomial p, are real. We
denote by £ one of its (complex) roots and we take p(t) := u,,(t)/(t — §). We need to show
that & is real. With v := p(u), we have 0 = p,(u) = (u — €e)v. Note that the (complex)
vector v cannot be null. Otherwise, the real polynomials Rp(¢) and Ip(t) would both vanish
in u, and they would be both null because their degree is smaller than deg(u,, ).

Since (u — ée)v = 0, we also have (u — £e)v = (u — €e)v = 0, or:

w =& and ub = £0.

Asv = p(u) € C[u] and v = p(u) € Clu], which is an associative algebra, the elements v and
v operator commute. Hence v(tu) = v(vu), i.e. £vv = Evd. Ifvo = (Rp(u))?+(Tp(u))? = 0,
this means that Rp(u) = Tp(u) = 0 because J is formally real, a contradiction. Thus vv
cannot be null, implying & = &. [ ]

Here comes the main result of this subsection, namely the spectral decomposition the-

orem for strictly power-associative algebras. Its proof follows loosely the observations in
Section 1.4 of [BK66].

Theorem 2.7.2 Let us fiz an elementu € J. We denote by {c1,...,cn} the set of minimal
idempotents of Flu]. Then w, has exactly n distinct roots &1,...,&,. Up to a renumbering

of the roots of ., we have:
n
U= Zfz‘ci t+ v,
i=1

where v s a nilpotent element of Flu]. The nilpotent v is equal to 0 if and only if the
elements &; are all simple roots of .. This decomposition is unique in the following sense:
if there exist a system of idempotents {e1,...,em} € T, some distinct elements n1, ..., Mm
of F' and a nilpotent element v’ of Fu] such that u = Z;nzl nje; +v', thenv' =v, m=n
and, up to a renumbering, ;c; = ne;.

Sketch of the proof
The proof is entirely built on results presented in Subsection 2.3.1l and on Remark [2.3.15.
Hypothesis 2.7.1 on F' is essential. Here are the key steps of the demonstration.

Let u; := ¢;u. Tt turns out that its reduced minimal polynomial is gy, (t) =t —&;. From
that, we deduce that the scalars &; are all different roots of p,,. Next v; := u; — &;¢; € Flu)
is nilpotent. Thus v := Y"1 v; = u— Y ., &¢; is nilpotent too and belongs to Flu]. It
results from the minimality of the idempotents ¢; that v = 0, iff v; = 0 for all ¢, iff p,,, = gu
for all 4, iff the roots & are all simple.

i

Uniqueness can be proved in two steps. First, one assumes that {e1,...,e,} is a set
of idempotents in F[u]. The result then follows easily from Lemma [2.3.10. And second,
if we do not assume it, we can prove (as in Proposition 2.3.13) that for every polynomial
p € F[t] we have p(u —v') = 377, p(n;)e;. It suffices then to take p(t) := [, (t — n;)
and to multiply the resulting relation by ey to prove that, for each k, we have e;, € FJu],
which is the situation that we have already covered in the first part of the paragraph. ®
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This theorem has numerous consequences. We only mention here those that are used
later in this work. The following corollary is given in Section 1.4.3 of [BK66]. We include
here its simple proof.

Corollary 2.7.3 An element u € J is invertible if and only if in the decomposition u =
Z?=1 &ici+wv, the scalars &; are all invertible, that is, nonzero. Moreover, if u = Z:;l &ici+
v is invertible, there exists a nilpotent v’ € Flu] such that u= (31, &¢;) (e +0').

Proof

Suppose that u is invertible. According to Remark 2.3.33] there exists a polynomial p(t) €
F[t] for which up(u) = e. That is, the polynomial h(t) := 1 — tp(¢) vanishes in u, so it is a
multiple of the minimal polynomial g, (t). Since h(0) # 0, we have u,(0) # 0 and all its
roots &; are nonzero, i.e. they are all invertible in the field F'.

Let now v € J be such that all the scalars & are invertible. One can let v/ :=
(>, ¢i/&) v, which is obviously a nilpotent of Flu]. Moreover, u = (31, &¢;) (e + ')
Note that e + v’ has an inverse — namely e — v’ +v2 — ... + (=1)™0'™, where v/™*1 =0

Thus w is invertible and everything is shown. [ |

Corollary 2.7.4 Suppose that u € J is not invertible. Then det(u) = 0.

Proof

In view of Proposition 2.3.34), the determinant of an element u is a product of roots of pi,,
and every distinct root of p, appears at least once in this product. If u is not invertible,
one of these roots is null by the previous corollary. [ ]

Corollary 2.7.5 Suppose that the minimal polynomial p,, of a nonzero element u € J has
r simple roots. Then there exists a system of at least r idempotents in F[u).

Proof

The case 7 = 1 being trivial, we assume that 7 > 1. The minimal polynomial has the form
pu(t) =TT, (t—&), where the scalars &; are all distinct. We denote h;(t) := [Tzt =&).
Observe that hj;(u) is not a nilpotent element and that hj(u)u = hj(u)ée. By asso-
ciativity in F[u], we have hj(u)u™ = h;(u){T"e for every nonnegative integer m, and
then h;(u)p(u) = h;(u)p(&;)e for every polynomial p(t) € F[t]. In particular, h;(u)? =
hj(u)h;(&)e. As hj(u) is not nilpotent, h;(&;) # 0. We set ¢; := h;j(u)/h;(§;). This
element is an idempotent, and cjc; = 0 when ¢ # j because p, divides h;h;. Thus
{c1,...,¢-} is a set of orthogonal idempotents. If they do not sum up to e, it suffices
to add ¢,41 ;=€ —c¢1 — -+ — ¢, to this set to get the desired system of idempotents. [ |

The next proposition is very useful to prove elegantly interesting relations involving
the determinant and the quadratic operator. It enables us to take the square root of an
invertible element u of the Jordan algebra J in an appropriate extension of 7. Its proof
is adapted from Satz 1.4.3 in [BKG6].

Proposition 2.7.6 There exists an extension field F of F such that for every invertible
u € J, we have an element w € F[u] for which w? = u.



2.7— Spectral decomposition 71

Proof
We choose F to be the algebraic closure of F. Let u = (37, &c;) (e +v') be the spectral
decomposition of an invertible v € J given in Corollary 2.7.3. In the field F', each &; has

a=Y (122) o,

k>0

a square root 53/2. We define:

Observe that this sum has only a finite number of nonzero terms, since v’ is nilpotent. We
have a = (e +v')1/? and a € Flu]. Then w:=a | 51-1/2@ belongs to F[u] and satisfies
w? =a? 3 e = (e +v) (7L, &ici) = u. L

2.7.2 More properties of the determinant

In this subsection, we exploit Proposition 2.7.6/ to deduce a few technical results on the
determinant. The context where we put ourselves in this subsection is the following. We
assume that J is a Jordan algebra of dimension N over the infinite field F'. As in the pre-
vious subsection, we also assume that Hypothesis[2.7.1 holds. Due to Jordan’s Axiom, our
hypotheses on J are here more restrictive than in the previous subsection. The following
proposition can be found in [BK66] Satz II1.2.2. Its proof essentially combines Proposition
2.7.6 with the relation det(Q,y) = det(x?) det(y) shown in Proposition [2.5.4.

Proposition 2.7.7 Let F' be an extension field of F and A C J Qp F' be an associative
and commutative subalgebra. Then for every u,v € A, we have det(uv) = det(u) det(v). ®

This proposition extends Proposition 2.3.34/ on multiplicativity of det in the sense that
now we can choose every associative and commutative subalgebra A instead of F'[u]. The
price we pay is the extra hypothesis that J is a Jordan algebra.

Corollary 2.7.8 Let I’ be an extension field of F, and let J' = J Qp F'. We denote

by r the degree of the characteristic polynomial of J, and we write F{[t] for the subset of

F'[t] that contains only polynomials with a null constant term. Suppose that u and v are

elements of J' such that F{[u]F{[v] = F{[v]F{[u] = 0. Then det(re — u)det(re — v) =

7" det(1te — (u + v)).

Sketch of the proof

It suffices to use the previous proposition with A := F’'(7)[u, v]. [
The following proposition is central in Springer’s work [Spr73]. We include here its

full proof, because this technique will be reused later to compare eigenvalues of different

elements in a Jordan algebra.

Proposition 2.7.9 For every invertible u,v € J, we set:
o(u,v) := det(u) det(u™" + v).

Then o is a symmetric function, and we can write o(Qwu,v) = o(u, Quv) for all invertible

we J.
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Proof

We actually prove that the statement holds in 7 := J & P F, where F is the field provided
by Proposmon 2.7.6. Let u,v,w € J be invertible elements. There exists an element z € J
such that 22 = u. By specializing * — z in Corollary 2.5.3, we know that Q,, = Q2. We
abbreviate @, by Q. Using Proposition 2.5.4, the multiplicativity of det and the Theorem
2.5.2, we obtain:

det(u +v) = det(Q(Q 'v +e)) = det(u) det(Q ‘v + e)

Il
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It suffices now to replace u by u~! to show the symmetry of o. Finally, as Q.,u is invertible
in view of Theorem [2.5.2, we have:

0 (Quu,v) = det(Quu)det(Qy u" +v) = det(w?) det(u) det(Qu—1 (u™ + Quv))
= det(w?) det(u) det(w?) det(u™ + Quv) = o(u, Quv).

This proposition implies that the elements Q,v? and Q,u” have the same set of eigen-
values.

Corollary 2.7.10 Let u,v be two invertible elements of J. Then det(te — Quv?) =
det(re — Q,u?).

Proof

By multiplicativity of det, we can write 7" det(re — Q,v?) = det(7~'e) det(re — Q,v?) =
o(t7te, —Q,v?). In view of Proposition 2.7.9, we have:

o(t7re, —Quv?) = o(17 Que, —v?) = o (77 u?, —v?)
= o(—v?%, 77 ?) = o(—Que, 7 1u?)
= o(—e, 7 1Quu?).
That is, 77" det(re — Q,v?) = det(—e) det(—e + 771Q,u?) = 77" det(re — Q,u?). [ ]

2.7.3 Spectral decomposition in formally real Jordan algebras

We assume in this subsection that J is a formally real Jordan algebra J of dimension
N < +o00 over an infinite field F'. In Theorem [2.7.13] we particularize within this framework
the first spectral decomposition theorem displayed in Theorem [2.7.2.

As the following lemma states, formally real power-associative algebras have a property
of importance for our purposes: they do not have nonzero nilpotent. This fact has already
been stated in the seminal paper [JvNW34], Theorem I.
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Lemma 2.7.11 Let J be a power-associative algebra. If J is formally real, the only
nilpotent element of J is 0. [ |

Consider now the extension J' := J @ F(71,...,7n) of J, where 71,..., 7y are alge-
braically independent over F'. This algebra does not have any nonzero nilpotent element.
Assume indeed that f(r1,...75)™ = 0 for an element f € J’ and an integer m > 1. Then,
for every u € dom f, the element f(u) is a nilpotent of 7, and f = 0. The same conclusion
holds when F'(7q,...,7n) is replaced by its algebraic closure.

This observation immediately leads to the following conclusion.

Remark 2.7.12 The roots of the characteristic polynomial of a formally real Jordan alge-
bra are all different. Denote by x = 11by + - -+ + Tvbn a generic element of J and by F’
the algebraic closure of F(11,...,7Tn).

Suppose, contrarily to the statement, that f(r;2) = (7 — A\i(2))?q(7;2), and take
g(T; ) == (1= )q(7; ), which is an element of T @ F'. Then g(x;2)? = f(r;2)q(T;2) =
0 and g(x;x) is a nilpotent. By our previous observation, we have g(x;x) = 0. But, in
view of Proposition |[2.3.17, this contradicts the minimality of f(7;x). [ ]

In the sequel of this work, we restrict our considerations to algebras over R. An
advantage of this property is that there exists a Euclidean topology on J = RY: we can
also use the sup-topology it induces on functional spaces of the type J Qg R(71,...,7n).
However, it will appear later in our exposition that this is not the most natural metric in
Jordan algebras. Another advantage of considering algebras over R is provided by Lemma
2.7.1: if J happens to be formally real, the field R is large enough to satisfy Hypothesis
2.7.1. Tt follows then that we can easily adapt the spectral decomposition Theorem [2.7.2
within this context.

Theorem 2.7.13 (Unique eigenspaces spectral decomposition theorem) Let J be

a formally real power-associative algebra over R, and let u € J. Let {e1,...,en} be the set
of minimal idempotents of Fu]. Then the polynomial i, is of degree n. Also, all its roots
&1,...,&, are real and distinct. Up to a renumbering of these roots, we have:

n
U= Z &ie;.
i=1

This decomposition is unique in the following sense: if there exist a system of idempotents
{ef,... en} € J and some distinct elements 11, ..., n, of R such that u = 377, e,
then m = n, and, up to a renumbering, &;e; = n;e,.

Proof

As recalled above, we can use Lemma 2.7.1 to confirm that the field R of the algebra
J satisfies Hypothesis 2.7.1. Moreover, according to Lemma 2.7.11), there is no nonzero
nilpotent in J. Observe finally that the existence of idempotent is ensured if J # {0} by
Corollary 2.3.6. [ |
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2.7.4 Minimal idempotents

The rest of this section is devoted to the proof of an extremely useful second version of
the spectral decomposition theorem and to the presentation of its most immediate conse-
quences. The crucial consequence of this new decomposition is that it shows a strong link
between the minimal polynomial of an element of 7 and the characteristic polynomial of
J, although the latter lives in a much broader algebra than the minimal polynomial. This
link will allow us to apply to the algebra [J all the properties we have presented involving
generic elements, generic trace, generic norm, and eigenvalues in Section 2.3. In the present
approach, this link is demonstrated from the study of minimal idempotents. Most of the
proofs in this subsection are original.

Recall that Definition 2.3.14] introduced the notion of minimal idempotent with respect
to an element u for a strictly power-associative algebra in a somehow artificial manner,
given that this characterization depended on a previously chosen element u of the algebra.
Here, the minimality of an idempotent is defined as an intrinsic concept.

Definition 2.7.14 Let J be an F'-algebra. An idempotent ¢ of J is minimal if, for every
idempotent d of J, we have: cd =d = c=d. ]

In particular, if J is associative and commutative, this definition is equivalent to Defi-
nition 2.3.8. Suppose indeed that the idempotent ¢ complies with Definition 2.3.8. Then,
if ecd = d is an idempotent, it must be equal to ¢ since it belongs to L(c)J. Suppose
conversely that ¢ is minimal in the sense of our new definition, and that d is an idempotent
of L(c)J. Then d = cd because c is the unit element of L(c)J. Thus d = ¢ by hypothesis,
and L(c)J has a single idempotent.

Remark 2.7.15 In the literature, the minimality of an idempotent is often characterized
as follows. The idempotent c is not minimal if and only if there exist two idempotents c1, co
such that cica = 0 and ¢1 + co = c. Suppose indeed that ¢ is not minimal. Then, using the
idempotent d # ¢ for which cd = d, it suffices to take c; :== d and cg := ¢ — d. Conversely,

we can take d := ¢y to rule out Definition 2.7.1/). [ ]
Definition 2.7.16 A Jordan frame is a system of idempotents {c1,ca, ..., c,} that are all
minimal. [ |

Proposition 2.7.17 Let J be a formally real Jordan algebra over R. An idempotent c € J
is a minimal idempotent of J if and only if J1(c) = cR.

Proof
Let ¢ be an idempotent of 7. In view of the first Pierce decomposition theorem, c is the
unit element of J;(c).

Suppose first that ¢ is a minimal idempotent. It is then the only idempotent of J;(c)
by definition. As J1(c) is a power-associative and formally real algebra, Theorem [2.7.13
gives for every u € Ji(c¢) a decomposition of the form u = ac, where a € R, so that
Ji(c) C cR. The fact that Ji(c) is a real nondegenerate vector space allows us to conclude
that jl (C) = cR.
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Conversely, suppose that J1(c) = c¢R. If d € J is an idempotent such that cd = d, then
d € Ji(c) and d = ac for a real a. From d? = d, we necessarily have a = 1. Thus d = ¢,
and ¢ is minimal in 7. [

Corollary 2.7.18 Let J be a formally real Jordan algebra, and let F be an extension
field of R. If ¢ is a minimal idempotent in J, then it is also a minimal idempotent in

J' =T QrF, and (J')1(c) = Fe.

Proof

As a consequence of the previous proposition and of Remark 2.6.4, we can state that,
for every extension field F' of R, the equality (J Qg F), (c) = cF' holds. Now, if an
idempotent d € J satisfies ¢d = d, then it belongs to (J')1(¢), and d = ac for some « € F.
As a? = a # 0 in the field F, we must have o = 1. Hence, the only idempotent of (J')1(c)
is ¢ and we conclude that ¢ is minimal in J’. [ |

Observe that we cannot use an extension ring R of R in the previous proposition, except
if the equation o? = « has only the solutions 0 and 1 in R.

The following characterization, which may appear as an almost insignificant result,
represents however the key tool that links the minimal polynomial of a regular element to
the corresponding specialization of the characteristic polynomial.

Proposition 2.7.19 Let ¢ be an idempotent of the formally real Jordan algebra J over R.
Then c is minimal if and only if tr(c) = 1.

Proof

Let B := {b1,...,bn} be a basis of J and & = 71b; + --- + Tnbn be a generic element of
J. We write F :=R(1y,...,7n) and J’ := J Qg F. We denote by r the generic rank of
J, that is, the degree of the minimal polynomial of z in J".

The trace of idempotent elements. By Proposition 2.3.34, we can write f(7;z) =
det(re — ). If we specialize = to e, we get f(r;e) = (7 — 1)", and thus tr(e) = r.
Now, let ¢ be an idempotent of J. Since p.(7) = 72 — 7 for ¢ # e, we have
f(r;¢) = 77 F(1 — 7)* for an integer 1 < k < r in view of Proposition 2.3.34, so

that tr(c) = k.

Let ¢; and ¢y be two idempotents such that c¢;co = 0. By Corollary 2.7.8, we have
det(re — ¢1) det(Te — ca) = 7" det(re — (c1 + c2)). Comparing the coefficient of 7271
on both sides of this equality, we obtain tr(c; + ¢) = tr(cy) + tr(cs).

The ”if” part. Hence, if ¢ is an idempotent such that tr(c) = 1, then ¢ cannot be decom-
posed into the sum of two idempotents i.e. it is minimal. (And, in fact, the previous
corollary shows that it is also minimal in J'.)

A system of r idempotents. Let F be the algebraic closure of the field F' and let J :=
TR F. Proposition 2.3.17 shows that the minimal polynomial of the generic ele-
ment z in J is f(7;z). Allits roots are distinct (see Remark 2.7.12), and they are all
in F. In view of Corollary 2.7.5, there exists a system {cy,...,c,} of 7 idempotents
in 7. These idempotents are minimal, and f(7;¢;) = 77~ }(1 — 7).
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Now, let ¢ be a minimal idempotent of [J; of course, for our purposes, an element
¢ that belongs to J would be sufficient. We aim to prove that f(7;¢) = f(7;¢),
from which we can conclude that tr(¢) = 1. Let us denote tr(c) by k, so that
flrie) =777k — 7F).

Comparing the characteristic polynomials. From Corollary 2.7.18, there exist «; €
F such that Q.c; = ac for all 1 < i < r. Since the idempotents ¢; sum up to e, we
get ¢ =Y _i_, a;c; this implies that one of the coefficients a;, say oy, is different from
0. Note that:

det(re — Q.c1) = det(re — agc) = f(1;0q0). (2.18)

Let us now apply Theorem 2.7.2 in the subalgebra Ji(c1) to Qc,c. Given that there
is no nilpotent in J, we get a scalar § € F' such that Q.,c = Bc;. We have:

det(re — Q.,¢) = det(re — Bey) = f(7; 0er). (2.19)

Now, we prove that det(re — Q.,c¢) = det(te — Q.c1). We cannot apply directly
Corollary 2.7.10, because neither ¢ nor c¢; are invertible. To bypass this issue, we
define two sequences of J. First, we take w,, := ¢; + (e — ¢1)/m for every m > 1,
so that the elements u,, are invertible in view of Corollary 2.7.3l With the sup-
topology chosen on J (see p. [73), we also have lim,, ..o t,, = c;. Similarly, we
define v, := ¢+ (e — ¢)/m for all m > 1. The elements v, are also invertible, and
lim,,,— o0 Uy = cC.

In view of Corollary 2.7.10, we know that det(re — Q. v2,) = det(te — Q,, u2,).
Letting m go to 400, we get by continuity of the function det that:

det(te — Q.,¢) = det(re — Q.cq).

According to equations (2.18)) and (2.19)), we conclude that f(7;a1¢) = f(7;0¢1). In
particular, 8 # 0. In view of Remark 2.3.35, we have f(7;a1¢/8) = f(7;¢1), or:

Comparing both sides of this relation, we obtain that a; = 0 and k£ = 1. [ ]

As an immediate consequence, a Jordan frame of a formally real Jordan algebra J over
R contains exactly r idempotents, where r is the generic rank of J.

Corollary 2.7.20 Let J be a formally real Jordan algebra. Suppose that the element
u € J satisfies tr(u?) = 0. Then u = 0.

Proof
Let u = Zle &;e; be the spectral decomposition of v provided by the unique eigenspaces
spectral decomposition theorem. Since {ei,...,er} is a system of idempotents, we can

immediately compute u? = Zle E2e;, and tr(u?) = Zle &%tr(e;). From the proof of

Proposition 2.7.19, we know that tr(e;) > 1 for every i. Thus tr(u?) = 0 implies that k = 1
and 51 =0. |

The following lemma plays an important role in our extension of Wielandt’s Theorem
in Chapter 3. Up to our knowledge, it represents an original result.
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Lemma 2.7.21 Let ¢,d be two idempotents of the formally real Jordan algebra J and let
d be the projection of d on the Pierce subspace J(c) fory=0,1/2,1. Ifdy =0 ordy =0,
then dl/g =0.

Proof

Suppose that dy = 0 without loss of generality (if d; = 0, it suffices to replace ¢ by e — ¢ in
the statement). The relation d = d? implies:

dy + dyjp = di + 2dydy o + d5 .

According to the first Pierce decomposition theorem, we have dy = d5 +d3 /2 by considering
the projection on Ji(c). Hence df/Q € Ji(o), ie. cdf/2 = df/Q. Consequently, we get
tr(cdf/Q) = tr(d%n). On the other hand, we have tr(cd%m) = tr((cdy/2)dyi /o) = tr(d§/2)/2
by associativity of the trace. Thus tr(df/Q) = tr(d%/Q)/Q, and tr(df/Q) = 0. Since J is
formally real, we get that d;/, = 0 in view of Corollary 2.7.20. [ ]

The following statement has been proved by Faybusovich in his recent preprint [Fay05].
As our argument is simpler, we include our proof here.

Proposition 2.7.22 Let f be an idempotent of the formally real Jordan algebra J and let
¢ be a minimal idempotent of the subalgebra Ji(f). Then ¢ is also a minimal idempotent
in the algebra J.

Proof

Suppose that d is an idempotent of J for which c¢d = d. We need to check that d = ¢. In
view of the first Pierce decomposition theorem, we can write d = di + dy/2 + do, where
dy € J,(f). Since ¢ € Ji(f), we know that dic € Ji(c), dy2c € J1/2(c) and doc = 0. The
relation dc = d implies that dg = 0. In view of Lemma 2.7.21, we deduce that d;,, = 0.
Hence d = dy, and the minimality of ¢ in J7(c) implies that d; = c. [ ]

2.7.5 A second spectral decomposition theorem for formally real
Jordan algebras

The proof of the second version of the spectral decomposition theorem for formally real
Jordan algebras over R is based on the density of regular elements. Before introducing it,
we recall a standard concept from algebraic geometry (see [CLO92] for more details).

Definition 2.7.23 The Zariski topology of a finite-dimensional vector space V over a field
F is the topology for which a set A C V is open if and only if there exists a polynomial
p:V — F whose coefficients are in F' and whose set of roots is exactly V\A. [ |

For instance, a set of R is Zariski closed in R either if it is R itself, or if it contains a finite
number of elements. The following statement is proved in [FK94], Proposition 11.2.1. It
essentially results from the fact that the coefficients of the characteristic polynomial are
polynomial themselves (see Proposition 2.3.27).

Proposition 2.7.24 Let J be a power-associative algebra. The set of regular elements of
J is a Zariski nonempty open set of J. If J is an algebra over R, this set is dense in J
for the Euclidean topology. [ |
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Given a generic element x, we write A;(u) for the specialization 2 — u applied to A;(z),
the ith root of the characteristic polynomial f(7;x).

An alternative proof is given in [FK94], Theorem I11.1.2.

Theorem 2.7.25 (Complete spectral decomposition theorem) Let J be a formally
real Jordan algebra of finite dimension N over R and of generic rank r. For every u € J,
the quantity A;(u) is a real number, and we can assume that they are labeled as \i(u) >
<o > Ae(u). If u is a regular element, then pu, (1) = f(7;u).

For every u € J, there exists a Jordan frame {c1,...,c.} such that:
i
u= Z Ai(u)e;.
i=1
This decomposition is unique in the following sense: if there exist a Jordan frame {c},...,c.}

and real numbers n; > --+ > n, for which w = >_._, n;c;, then m; = Xi(u) for all i and
Z{jmj:p} ;= Z{jmj:p} ¢c; for every real number p.

Proof

Let u be a regular element of 7. By the first spectral decomposition Theorem 2.7.13, we
know that uw =) ;" &e;, where the real numbers &; are the distinct roots of .

Suppose that the system of idempotents {ej,...,e,} is not a Jordan frame, i.e. it
contains a non-minimal idempotent, say e,,. The idempotent e,, can be decomposed into a
sum e, = ¢, + ¢p41 of two idempotents with ¢, cp41 = 0. Let ¢; :=¢; for 1 <i<n—1. It
is readily seen that {c1,...,cn+1} is a system of idempotents. Now, consider the element
v = Z:.:rll ic;. Its minimal polynomial should have {1,2,...,n,n+1} as set of roots; hence,
the degree of u, exceeds the degree of u,, contradicting the regularity of w. The system
{e1,...,en} is then a Jordan frame.

The trace of e equals r because f(r;¢) = (7 —1)". We know from Proposition 2.7.19
that tr(e;) = 1. Thus tr(e) = >_I, tr(e;) = n, and n = r. In other word, the degree of
a regular element equals the generic rank of 7. And since u,(7) divides f(7;u), we have
pr(7) = f(750).

For regular elements of 7, there is nothing more to show: everything follows from the
first spectral decomposition theorem.

Consider now a non-regular element uw of 7. In view of Proposition [2.7.24, the set of
regular elements of J is dense in J. Thus there exists a sequence (u(l), w® 2
of regular elements in J that converges to u. By the first part of the theorem, we can
perform the decomposition

T
) = 3 A )l
=1

where {cgm), ey c&m)} is a Jordan frame for every m. Since the converging sequence is
a compact set in J, there exists a subsequence of {1,2,...}, say {my,ma,...}, such that
(m)

the limits ¢; := limg_. ¢; exist for every i. Note that A;(x) are continuous functions,
because the roots of a polynomial depend continuously of its coefficients (see [CC89] for
instance), which are themselves polynomials in z. Thus \;(u) = limy_ . As (u(™*)).
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The set {c1,...,c.} is obviously a Jordan frame, since:
o m) ) s () s CONT )
kh—>Holo et ¢ k) _ kll_{rolo dije; = di;¢; and klgroloz;ci k) _ kli)n;oe =e.
Then u = Z:Zl Ai(u)e;, because u = limy_, o ugm’“). Let us define the integers s, k1, ..., ks
such that ks := r and:
Ar(w) == Mgy (0) > Apr(u) = -0 = Ay (1) > -+ Ag, (u).

Denote M; :={k;j_1+1,...,k;} (with kp = 0) and put e; := Zz‘eMj ¢i.- Then {e1,...,es}
is a system of idempotents and u = Y _;_, Ak; (u)ej. By the Theorem 2.7.13) this decompo-
sition is unique, and everything is shown. [ ]

In the previous theorem, we have shown that the generic rank of J equals the degree
of regular elements in J. We call this quantity the rank of 7.

This theorem allows us to consider the determinant, the trace and all the dettraces
on J as the specialization on J of the generic norm, the generic trace and the generic
dettraces introduced in Section 2.3.

Consequently, all results presented so far for these objects immediately apply to J.

Moreover, this theorem allows us to number the eigenvalues of an element, since each
of them is a real number. By convention, we assume in the rest of this thesis that for every
u € J, we have A1 (u) > -+ > A (u).

In this work, we sometimes need to study the spectrum of elements u that belong to
a Jordan subalgebra J’ of J. As the vector of eigenvalues of u depends on the algebra
in which u is considered, we explicit this dependence by writing \(u; J’) for its ordered
eigenvalue vector in J' and A(u; J) or simply A(u) for its eigenvalue vector in J.

As an example, we can consider in the framework of r X r real symmetric matrices an
idempotent C' of trace k < r (that is, a projector of rank k) and the subalgebra J' := J;(C)
(see Theorem [2.6.1)). We fix an orthogonal basis of R” for which the matrix representation
of C has the form:

C= <I(;“ 8) ,  so that J’ consists of matrices of the form <61 8) ,

where A is a k x k real symmetric matrix. Let us consider a matrix:

U o
7= ()
in J1(C). The eigenvalues of U in J1(C') are exactly those of U’. The eigenvalues of U in
J are the ones of U’, plus r — k times the eigenvalue 0.

2.7.6 A Euclidean topology in J

From now on, the character J refers, unless explicitly stated, to a formally real Jordan
algebra of rank r and of dimension N < 4oc0 over R.
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Definition 2.7.26 We define the following bilinear form: (-,)7 : J x J — R, (u,v) —
(u,v) 7 := tr(uv). [ ]

Proposition 2.7.27 (A scalar product for [J) The operator {-,-)7 is a scalar product
for J. Moreover, it is associative: for every u,v,w € J, we have (uv,w) s = (u,vw)7; in
other words, the operator L(v) is self-adjoint for every v € J with respect to {-,-) 7.

Proof

By linearity of tr, the operator (-,-)s is bilinear. It is also symmetric, because J is
commutative, and associative by virtue of the associativity of the trace (see Corollary
2.3.40). As it is shown in Corollary [2.7.20] the fact that J is formally real implies that it
is positive definite. [ ]

The operator (-,-) 7 is called the Jordan scalar product of J. Henceforth, we drop the
subscript 7 when it is clear from the context that we use the scalar product (-,-) 7. If we
fix a basis B := {b1,...,by}, the link between the Jordan scalar product and the standard
dot product is provided by the following Gram matrix:

Gp = [tr(bibj)]1;—;.
Ifu= 25\7:1 x;b; and v = Zi\; y;b; are two elements of J, we indeed have (u,v)s; =
2T Gry.

We denote by ||-||7 the norm induced by our scalar product, that is, ||u|| 7 := y/tr(u?)

for every u € J. The subscript 7 may also be deleted when there is no place for confusion
on the norm we use. This norm is referred to as the Jordan norm.

As J is finite-dimensional, (7, (-, ) 7) is an Euclidean space and the Riesz representation
Theorem (see for instance in [Sch91], Théoreme 2.14.22) applies: for every linear form
l:J — R, there exists a unique v € J such that I(v) = (u,v)s for all v € J. We
elaborate more on the links between the vector space J and its dual in the next section.

Remark 2.7.28 With the Jordan scalar product, the subspaces Ji(c), Ji/2(c), and Jo(c)
are mutually orthogonal for every idempotent c, because Ji(c) o Jo(c) = {0}, Ji/2(c) o
(Ji(e) + To(c)) © Tij2(c) and tr(Trj2(c)) = {0} (see item [7 of Theorem [2.6.1). Let
{c1,...,¢} be a Jordan frame of T, and let Jij := Qc, ;T . In view of the description of
Ji; given in the first item of Theorem 2.6.6, we deduce that the subspaces J;; are mutually
orthogonal for the Jordan scalar product. ]

2.7.7 Operator commutativity

The following corollary has been shown in [SA03], Theorem 27. We give here our own
proof.

Proposition 2.7.29 (Operator commutativity) Two elementsu,v of J operator com-
mute if and only if there exists a Jordan frame {ci1,...,c,} for which they can be written
as u = 22:1 a;c; and v = 22:1 Bic;, for some r-dimensional real vectors o and [3.
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Proof

The ”if” part is easy. We know from Theorem 2.6.1 that, if ¢ is an idempotent, then
operator commutes with ¢ iff u € Jy(c) & Ji(c). Let u =", Ai(u)c; € J. The element
u obviously operator commutes with every idempotent ¢;, because c;u = 1+ A\;(u)e; + 0 -
Zj# Aj(u)e;. Moreover, if u operator commutes with a and b, then u operator commutes
every linear combination of a and b by linearity of the operator L. Thus, if v € J can be
written as v = Y ., Bi¢; for B € R, then u and v operator commute.

The proof of the "only if” part relies on the second Pierce decomposition theorem. Let
u=>3y"_, &e; be the unique eigenspaces spectral decomposition of u, and let ;; := Qe;e; T
be the Pierce subspaces with respect to the system of idempotents {e1,...,e,}. Suppose
that v and v operator commute. Then, for every 1 < i < n, we have L(u)L(v)e; =
L(v)L(u)e;. Let v;; stand for the projection of v on J;;.

Using the multiplication rules for [J;; subspaces and the convention v;; = vj;, we get:
&
v(ue;) = véie; = &vig + 51 Z Vit
l#1
On the other hand,

(Z &61) vi Y %

=1 i

u(ve;)

= &ievis + &ie Z% Do Ge | vi+ [ D Ge Z%

J#i I#i I#i j#i
iVij j Vij
=t 35 0y Y0 S
J#i j#i

Thus,
v(ue;) — u(ve;) = Z @vi» =0.
— 4 !
J#i
Since the numbers &; are all different, and since the vectors v;; belong to linearly indepen-
dent subspaces, the above relation implies that v;; = 0 for i # j. Thusv € J11® - ® Tnn.

Note that the subalgebra J;;, with e; as unit element and rank r; := tr(e;), is also a
formally real Jordan algebra. Applying the second spectral decomposition theorem in J;;
to v;; gives, with the notational convention introduced on p. (79,

Vi = Z Aji(viis Ju)cy)-
j=1

By the second Pierce decomposition theorem, we deduce cgi)cl(k) = 0 whenever i # k. Thus,

{cgl), N cg), e ,c&f)} is a Jordan frame of J for which:

U = Z i:ficg.i) and v = Z X:Aj(vii; u7ii)C§»i),

i=1 j=1 i=1j=1
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which concludes the proof. [ ]

We can formulate this corollary in an alternative way: if the set A is a commutative
and associative subalgebra of J, there must exist a system of idempotents {e1,...,e,}

such that:
./4 = { Z o;€e;
i=1

al,...,aneR}‘

Corollary 2.7.30 Let u and v be two elements of J. We denote the unique eigenspaces
spectral decomposition of u as u = Z;Zl &jej. The elements u and v operator commute if
and only if v belongs to @;zl Ji(e;).

Proof

Suppose that v belongs to €;_; Ji(e;), and denote by v; the projection of v on Ji(e;).
Since, in view of item 4 of the first Pierce decomposition theorem, the subspaces Ji(e;) are
formally real Jordan subalgebras of J, we can apply the complete spectral decomposition
theorem to v; on Ji(e;). We obtain v; = Z:r:(f]) Ajicji, where {¢j1, ..., Cjtr(e;) ) is a Jordan
frame of J1(e;). In view of Proposition 2.7.22] the idempotents ¢;; are minimal in the full
algebra J. Thus, the set

{0117 <5 Cltr(er)) €215 - - - 7Cs,tr(es)}

is a Jordan frame according to the second Pierce decomposition theorem, and we can write:

s tr(ey) s tr(ey)
u = Z Z Sjcij and v = Z Z )\ijcij.
j=1 i=1 j=1 i=1

Using the previous proposition, we conclude that v and v operator commute.

Suppose now that u and v operator commute. Again by the previous proposition, there

exist a Jordan frame {ci,...,c,} and a vector § € R" such that:
S T
U= Z Z & and v= Zﬂici,
j=1ieM; i=1

where ¢ € M; if and only if A\;(u) = &;. Now, let v; := ZieMj Gic;. In order to complete
the proof, it remains to observe that v; € Ji(e;). ' [

2.7.8 Eigenvalues of operators

It is convenient to have a spectral description of the most common linear operators that
act on a formally real Jordan algebra, namely L(u) and @,. This description is highly
useful to deduce easily some important inequalities between various quantities.

The spectral description of L(u) is given in Section V.5 of [K0e99]. We include here
its proof, because it gives an instructive illustration on how the Pierce and the spectral
decomposition theorems interact with each other.
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Proposition 2.7.31 (Eigenvalues and eigenspaces of L(u)) Let us write

w=Y 1, &e; for the decomposition of an element u € J given by the unique eigenspaces
spectral decomposition Theorem, and let Jij := Qe, e, J be the subspaces given by the second
Pierce decomposition theorem for the system of idempotents {e1,...,e,}.

The eigenvalues of L(u) are {(& +&;)/2|1 <i < j <n}. The corresponding eigenspaces
are {Ji;|1 <i<j<n}.
Proof
Let v € J and v;; be the projection of v on the Pierce subspace J;; for every 1 <i < j < n.
From the second Pierce decomposition theorem and from Remark [2.6.7, we know that:

o €ivjj = 0ijvjj,
o evjr =vj/2if j<kandi=jori=k,
o and e;vj; = 0 when 4, j and k are three different numbers.
In view of these relations, we can write:
- - 1
L(u)v = <; §i€i> j;cvjk = ;fivn + 2;[@' + &k]vjk-

In particular, if v € J;;, we get that uv = v(§; + &;)/2. Hence the eigenvalues of L(u) are:

&+ &
2

corresponding to eigenspaces {J;;|1 < i < j < r} respectively. Of course, their respective
multiplicity is equal to the dimension of the corresponding eigenspace. Note that the set
of eigenvalues of L(u) can also be written as:

{MM+M@

1<i<j<n}

2

1§i§j§r}

This result can further be used for characterizing the spectral decomposition of @,,. In
fact, we deduce here an interesting generalization of this decomposition practically for free.

Let u,v € J be two elements that operator commute. From Proposition 2.7.29, we
know that there exist a system of idempotents {eq,...,e,} and real numbers &, ..., &,,
&l,...,&, for which u = 37" | &e; and v = >, Ele;, where we assume that the pairs
(&;,&}) are different.

Corollary 2.7.32 With the above notation, the operator Q. has as eigenvalues

&l + &€l
2

1§i§jgn}

The eigenspace corresponding to (§:€; + §;€;)/2 is the direct sum of the subspaces Jyi =
Qeye T with &) + &€, = & + §56i-
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Proof
Let us fix 1 < i < j < n. On the subspace J;;, the operator @, reduces to the following:

Qu,v

7 = [L(w)L(v) + L(v)L(u) — L(uv)]| 7, = [2L(v) L(u) = L(w)]| 7,

URRS AT PE RPN R

where I is the identity operator on [J;;. The statement is hereby proved. In particular, if
u = v, the eigenvalues of @, are {§;€; : 1 <i<j<n}. [ ]

These spectral decomposition results allow us to demonstrate easily some relations
between operators.

Remark 2.7.33 Let u =Y., &e; € J. The eigenspaces of L(u) and Q. are the same.
The eigenvalue of L(u)? — Qy corresponding to Qe, e, J are:

&+6\ (8 -&Y
(5 o= (59)"

s0 they are nonnegative. In other words, the operator L(u)? — Q, is positive semidefinite.m

Remark 2.7.34 Assume that the elements u and v of J have nonnegative eigenvalues.
Then Q. = Q. if and only if uw = v. Here is a simple justification. Let u = Z?:l &e;
and v = Z:’;l &lel be the two unique eigenspaces spectral decomposition of these elements.
If Q, = Q.,, these elements must either have the same number of different eigenvalues;
thus n = m. Neat, the sets of eigenvalues {£;&;}1<i<j<n and {5;5;}1955” of Q. and
Q. must coincide. This implies §& = & by virtue of their nonnegativity. Finally, the
eigenspaces Qe, J and Qe J of Qu and Q. respectively must also coincide. In particular,
their corresponding unit element e; and €}, must be the same. [ ]

Below, we give an example of inequality induced by the previous results on spectral
decomposition of operators.

Remark 2.7.35 Let u,v € J. We have ||uv||z = ||L(u)v||l7z < ||L(w)||||v]||7, where
[| - || is the norm on operators induced by || - ||7. Since ||L(uw)|| = max{A1(u), =Ar(u)} <
>i1 Ai(w)? = |lullz, we obtain |luv]ly < ||ullz|lv]l7- =

The spectral decomposition theorems open more interesting possibilities, such as the
introduction of spectral functions, which are real valued functions on J that only depend
on the eigenvalues of the argument. It is also possible to describe the eigenvalues of an
element as the optimal value of an optimization problem. This characterization, as well as
further generalizations, are presented in Chapter (3.

2.7.9 Examples

Example 2.7.1 (Real symmetric matrices: Example [2.2.1] continued)
We have already observed that the Jordan algebra H,(R) is formally real. We can then apply
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the unique eigenspaces spectral decomposition theorem and the complete spectral decomposition
theorem.

Let U be a real symmetric matrix of dimensions r x r. As already mentioned, the eigenvalues
of U in the classical sense are equal to the eigenvalues in the sense of Jordan algebras. We denote
them by A\ (U) > --- > A.(U), and the corresponding normed eigenvectors by u1,...,ur. In
view of the classic spectral decomposition theorem for symmetric matrices (see Theorem 4.1.5 of
[HJ96]), we can write that U = >_7_, )\i(U)uiuiT. We define C; := u;ul; note that C; is a rank one
projector. Since its trace is one, it is a minimal idempotent, and {C4,...,Cy} is a Jordan frame.
A complete spectral decomposition of U is given by U = Y7, X\;(U)C;. Suppose now that:

MU) == (U) > Xy 12 (U) = -+ = Ay, (U) > -+ A (U).
Denote M; := {k;—1 +1,...,k;} (with ko = 0) and E; := ZieMj C;, so that Ej; is a projector of
rank [M;|. We have U = 3>77_, A, (U)E;. This spectral decomposition corresponds to the unique
eigenspaces spectral decomposition of U. It turns out that the idempotent E; is a projector on
the eigenspace of U corresponding to the eigenvalue Ay, (U).

The Jordan scalar product is in this context the classical Frobenius scalar product. Corollary
2.7.10/ shows that the matrices U-V?.U and V-U?-V have the same eigenvalues. Proposition 2.7.29
on operator commutativity can be rewritten as the following well-known result: two symmetric
r X r matrices commute if and only if they share a basis of eigenvectors. |

Example 2.7.2 (Jordan algebras from associative algebras)

In this framework, we do not necessarily have a formally real algebra. Only Theorem [2.7.2 can
be used. If J is the set of r X r real matrices, it reduces to the standard Jordan factorization
(from Camille Jordan, not from Pascual Jordan). The nilpotent matrix v in Theorem [2.7.2] has
the form S™'AS, where S is a nonsingular r x r matrix, and A a matrix with a superdiagonal
(A12,A23,...,Ar_1,) of 0 and 1, all the other coeflicients being null. [ ]

Example 2.7.3 (Jordan algebra from a symmetric bilinear form)

It is instructive to note that an algebra of the type [RN ; ;€] is not necessarily formally real,
even if it does not contain any nilpotent. Suppose indeed, given a basis {b1,...,bn} of R, that
w(u,v) = uTv and e = (1,0,...,0)”. Then, in view of the formula for the generic eigenvalues
derived in Example 2.3.2, we have A1(u) = u1 +44/u? + - -- + uv%,. In view of Proposition 2.7.1, J
cannot be formally real, and Hypothesis2.7.1 does not hold. The spectral decomposition given by
Theorem 2.7.2 does not apply either. Indeed, only v = 0 makes the determinant pu(v,v) vanish. In
view of our previous observations, it means that our algebra has only e as idempotent, and does
not contain any nilpotent. [ |

Example 2.7.4 (Jordan spin algebra)
The Jordan spin algebra S, is formally real: if @2 + % = 0, then

0= tr(ﬂ2 + 172) =ul+uTu+ v +0%,

and u =0 = 0.
The rank of 7 is equal to 2. Hence, all the idempotents that are different from & are minimal.
We have for every u € J:

A(@) = uo + [|ull2 and  A2(@) = uo — [|ull2,
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where || - ||2 is the Euclidean norm on R". Hence, if @ is not a multiple of e, i.e. if A1(@) # A2(q@),
we have the following spectral decomposition:

ﬂ:u0+|\u||2< 1 >+u0—|\u\|2< 1 )
2 u/lul|2 2 —u/llull2 )~

The Jordan scalar product is here (@, 7) 7 = 2(uovo +u”v), and the corresponding norm is ||@|| 7 =

V2(ud +[[ul]3)- u

2.8 Cone of squares

The set of square elements, or cone of squares, of a formally real Jordan algebra plays a
central role not only in the derivation of fundamental algebraic properties, but also in a
broad variety of applications, ranging from statistics [MN98] to optimization [Fay97b|. Its
geometrical characteristics were investigated by Max Koecher, under the name of ”domain
of positivity theory” [Koe99], while Vinberg has studied its algebraic properties, under the
name of "homogeneous domains”.

Optimizers show a special interest in the cone of squares, as optimization problems
on Jordan algebras often have as feasible region an intersection of this set with an affine
space. Benefiting from the many properties of the cone of squares, we can design powerful
optimization algorithms for this kind of problems (see Section [1.4)). In this section, we
present several basic characteristics of this set.

Definition 2.8.1 The cone of squares of J is the set K7 := {v|v = u? for some u € J}.
|

Note that the sums of squares cone that one encounters in the study of real or complex
polynomials is not a cone of squares in the framework of Jordan algebras. The objects we
deal with here depend heavily on the specific multiplication of J. The interested reader
can consult for further details the preprint [KMO04], where such a sums of squares cone is
defined and studied in the framework of formally real Jordan algebras.

The following proposition brings together some basic properties of the cone of squares.
We omit its proof, as it is essentially a trivial consequence of the spectral decomposition
theorems and of the continuity of eigenvalues. More details are given in Section II1.2 of
[FK94].

Proposition 2.8.2 The set K introduced in Definition|2.8.1is a closed cone. An element
v € J belongs to K7 if and only if its eigenvalues are nonnegative; in that case, there exists
an element u € Kz such that u?> = v. The interior of K is the set of all elements that
have positive eigenvalues, i.e. the set of all invertible elements of K 7. [ |

As an immediate consequence of this, we can formulate the following statement.

Remark 2.8.3 Let u € J. The element v := u — \.(u)e belongs to the boundary of K.
Indeed, its eigenvalues \;(u) — \-(u) are all nonnegative, and the last one is equal to 0.
Similarly, M\ (u)e —u is also on the boundary of K. [
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Definition 2.8.4 The dual cone of K7 is the set
K% :={v e J[(v,u) =tr(uv) >0 for alluc Kz}

Since the operator v +— tr(L(u)v) is continuous, the set K is a closed cone. Note that
K% is a set of J (not of the dual J) and is strongly linked with the Jordan scalar product.

Definition 2.8.5 A cone K is pointed if tu € K implies u = 0. [ |

Theorem 2.8.6 The cone of squares Kz is a convex pointed cone that has a non-empty
interior. Moreover, it is self-dual: K7 = K.

Sketch of the proof

It is easier to study first the properties of the cone K. Like every dual set, it is a convex
cone. We have v € K% iff Vu € J, (v,u?) = (vu,u) = (L(v)u,u) > 0 iff L(v) is a positive
semidefinite linear operator, and the inclusion K7 C K7 follows directly from Proposition
2.7.31. For the other inclusion, let v = .7 | Aj(v)e; € K¥. Since ¢; = ¢ € Kz and
tr(e;) = 1, we have 0 < (v,¢;) = A;(v). From Proposition 2.8.2, v € K7. The interior of
K7 is nonempty, because \;(e) =1 > 0. Finally, +u € K7 implies A;(u) = 0 for every i.®

Definition 2.8.7 A subset Q of J is homogeneous if, for every pair of elements u and v
of Q, there exists an invertible linear application H from J to J that maps bijectively Q
to itself and for which Hu = v. [ |

Suppose that a certain point of a set plays a particular role, as for instance the unit
e in the cone of squares. If this set is homogeneous, each of its points can play the role
of this particular point using an invertible linear application. Hence, all the points of a
homogeneous set are undistinguishable from this geometrical viewpoint. The homogeneity
of K7 stated in Theorem 2.8.8 below allowed Koecher and Braun to define the so-called
mutations of Jordan algebras. These algebras are constructed from a Jordan algebra J by
choosing first an arbitrary point f of int K 7 as the unit point of the mutation, and then by
defining its quadratic operator as &= QUQJ?I (see Chapter V in [BK66], Section IV.2
in [Ko0e99], or, under the name of isotope algebra, in [McCO03]).

The following theorem indicates another crucial property of the quadratic operator. Its
proof is given in Theorem II1.2.1 of [FK94]. We rewrite it here, because this reasoning will
be reused to establish a similar property for the multiplication operator L(u).

Theorem 2.8.8 The cone KC 7 is homogeneous. For every invertible u € J, the application
Q. maps bijectively IC 7 into itself.

Proof

Let us fix an invertible element u in J. Theorem 2.5.2 shows that the operator @Q,, is also
invertible. The application v — Qv is continuous, and the set int K 7 is simply connected
because it is convex. Hence, S := Q,(int £ 7) is also a simply connected set. The element
Q' is invertible for every v’ € int 7 in view of Theorem 2.5.2. Hence S does not cross



88 Chapter 2— Jordan algebras

the boundaries of K 7. Next, Q,e = u? € int 7. Since S is connected and contains e, it
is entirely in int IC 7. So,

Q'S =intKy CQ'int Ky =Q, 1int Ky Cint K.

1

The last inclusion comes from the same argument developed for ™" instead of for wu.

Applications of the form @, restricted to int IC 7 are thus bijective.

Now, let v,w € intC;. Note that Q,-1v?> = e and Q,e = w?. Hence the invertible
linear application A := Q,Q,-: maps v?> on w?. We showed that A is an automorphism
of int IC7; by continuity, A is an automorphism of 7 and the cone of squares is thus
homogeneous. [ |

The following remark has been proved by Bharath Rangarajan in Lemma 2.12 of
[Ran06], under the name of Lyapunov Lemma for Euclidean Jordan algebras. As our
argument is very different, we include a proof below.

Remark 2.8.9 Following the lines of the previous reasoning, we can show that for every
invertible u € J we have:

Lu®) 'intKy Cint Ky and L(v?) 'Ky C K.

We already know that L(u?) is invertible for every invertible u and that it is a con-
tinuous function of w. Since int Ky is simply connected, we deduce that the set S :=
L(u?)~Y(int K 7) is also simply connected.

We prove now that L(u?)~'u’ is invertible for each u' € int K 7. Suppose on the con-
trary that there exists an element u' € int Kz for which v := L(u?)~'u’ is not invert-
tble. Then, there exist an idempotent ¢ such that ve = 0. The contradiction follows from
0 = tr(c(vu?)) = tr(cu’) > A\.(u') > 0. In other words, S does not cross the boundaries
of K7. It remains to note that L(u*)"le = u=2 € int K7 to conclude that S is entirely
in int Cr. A continuity argument proves that L(u?)"'Ks C Kz, or K7 C L(u?)Ks. In
other words, given an element v € Kz, the unique solution x of the equation u’x = v
belongs to K7. A continuity argument shows that the inclusion K7 C L(u?)K 7 also holds
for non-invertible elements u. [ ]

The next proposition contains two simple results of crucial importance in the design of
interior-point methods within the framework of Jordan algebras. The first part has been
proven in Lemma 2.2 of [Fay97b].

Proposition 2.8.10 Let u,v € K. Then tr(uv) > 0. We have tr(uv) = 0 if and only if
uv = 0.

Let x € Kz be such that uw = z?, and let (vim)m>0 C K. Suppose that this sequence
satisfies imy, o0 t1(uvy,) = 0. Then lim,, o0 Qv = 0.
Proof
We only prove the second part here. We take wy, := Qv for allm > 0, so that (W )m>0 C
K7 in view of Theorem 2.8.8. Hence \;(w,,) > 0 for every 1 < ¢ < r and every m > 0.
By hypothesis, lim;, oo tr(ws,) = limp,— oo tr(uvy,) = 0, Le. D1 A;j(wy,) tends to 0 as m
goes to 0o. Thus lim,,—cc Ai(wsy,) = 0 for all 1 < ¢ < r, and then lim,, o Wy, = 0 in view
of the complete spectral decomposition theorem. [ ]
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2.8.1 Examples

The cone of squares of the algebra H,.(R) of r x r symmetric matrices is the cone of positive
semidefinite matrices, frequently denoted by S’ by optimizers.

In the Jordan spin algebra S,,, the square of an element @ = <t;0) is

- (185 118)
- )
2upu

where || - ||2 represents here the Euclidean norm of the n-dimensional vector w.

Vo

Since the eigenvalues of an element v = are A1(0) = vo + ||v]|]2 and A2 (7) =

vo — |[v||]2, the cones of squares of S,, can be written as Ky = {¥ € S,|vg > ||v||2}. This
cone is also known as the second-order cone, the Lorentz cone, the light cone, or the ice-
cream cone.

2.9 Simple Jordan algebras

Definition 2.9.1 Let J be an F-algebra. An ideal T of J is a vector space of J such
that for every a € T and every u € J, the elements au and ua belong to I. [ ]

Definition 2.9.2 An F-algebra J is simple if it contains only two ideals, namely {0} and
J, and if J o J # {0}. [ ]

The ideals {0} and J are called the trivial ideals of 7.

This proposition characterizes simple Jordan algebras using the first Pierce decompo-
sition. We include its proof, from which it results that every Jordan algebra J can be
decomposed into a direct sum of simple algebras of the form J;(c), where ¢ is an idempo-
tent of J.

Proposition 2.9.3 Let F' be an infinite field and let J be a Jordan algebra of finite di-
mension over the field F. The algebra J is simple if and only if Jy2(c) # {0} for every
idempotent ¢ # e of J.

Proof
Suppose that J is simple and that there exists an idempotent ¢ € 7, different from e, for
which J;/2(c) = {0}. By Theorem 2.6.1, the subalgebra [Ji(c) is an ideal of J. Hence
Ji(e) = J, and ¢ is a unit element of 7, a contradiction.

Conversely, if J is not simple, it contains a non-trivial ideal Z. Let 7’ be the comple-
mentary vector space of Z in J. An immediate verification shows that Z’ is also an ideal
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and that Z o Z’ = {0}. Since 7 is a subalgebra, it contains a unit element ¢ # e. We then
have J1(c) = Z and Jo(c) = Z'. Thus Jj,2(c) = {0}. [ ]

The following theorem has firstly been proved in Fundamental Theorem 2 in the seminal
paper [JVNW34]. A modern exposition can be found in Chapter V of [FK94].

Theorem 2.9.4 FEvery finite-dimensional formally real Jordan algebra is a direct sum of
a finite number of simple formally real Jordan algebras. Every simple formally real Jordan
algebra is isomorphic to one of these 5 types of algebras.

~

The algebra H,(R) forr > 1;
2. the algebra H,(C) forr > 1;
3. the algebra H,.(H) for r > 1;
4. the algebra H3(0);
5

. the algebra S,, forn > 1.

The symbol "H” stands for Hamilton’s quaternions algebra, and "Q” designates the algebra
of Cayley’s octonions. [ |

2.10 Automorphisms

In this section, we present some classical results on linear applications that map a formally
real Jordan algebra into itself. More particularly, we focus on an important class of those
linear applications, namely on the set of automorphisms.

We denote henceforth the set of all invertible linear applications from J to J by G(J).

Definition 2.10.1 An automorphism V of J is a linear application of G(J) such that
for every u and v in J, we have V(uv) = V(u)V(v). We denote by A(J) the set of
automorphisms of J . [ |

We can immediately deduce that A(J) is not empty, as Iy € A(J).

Remark 2.10.2 Let u be an element of J and V be an automorphism in A(J). Then
Mu) = A(Vu). Here is a short proof.

We first show that uw and Vu have the same set of eigenvalues, regardless of their
multiplicities. Note that the set of roots of f(1;u) is {\i(u)|l <i<r}. Also:

fVuwu) = (Vu)" —ar(u)(Vu)"t + -+ (=1)"a,(u)e
=V —a(w)u" + -+ (=D"ap(u)e] = Vf(u;u) = 0.
Thus, the minimal polynomial py, (1) divides f(7;u), so that {\;(Vu)|l < i < r} C

{Ni()|1 < i <r}. Since V is invertible, we can exchange the roles of u and Vu, and we
conclude that these two elements have the same set of eigenvalues.
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Now, if u is a reqular element, i.e. if all the eigenvalues of u are distinct, then the
eigenvalues of the element Vu are also all distinct. Henceforth, A\(u) = A(Vu) for regular
elements u. In order to reach the final statement for non-regular elements u, it suffices to
use the continuity of eigenvalues and the density of reqular elements in J. [ ]

It turns out that the reciprocal statement is also true for simple Jordan algebras (see
Corollary 2.10.12] below).

2.10.1 The structure group

The fundamental concept of structure group appears to be the spinal chord of the work
of Max Koecher (see [BK66], especially Section II.2 and the whole Chapter III) and of
Tonny Springer (see [Spr73]). It is possible to define this notion in the much more general
context of mon-commutative algebras, but considerable efforts are needed in this broader
framework even to obtain the very first useful fundamental result. In this exposition, we
restrict ourselves to a finite-dimensional formally real Jordan algebra 7.

Definition 2.10.3 The structure group of J is the set:

I(T)={VeGT) | there exists W € G(J) such that,
for all invertible u € J, we have (Vu)™' = Wy},

In the context of Jordan algebras, the quadratic operator @, belongs to I'(J) for each
invertible u of J in view of Theorem 2.5.2. Moreover, since (Q,v)~! = Q; 'v~!, we deduce

that one can take W := @, for the application needed in the above definition for V' := @Q,,.

Note also that if V' belongs to I'(J ), the corresponding W also belongs to I'([7). Indeed,
the relation W (Vu)~! = u~! holds for every invertible u, and, with v := (Vu)~!, we obtain
Wov = (V-to=1) 71 The invertibility of V insures that this equality is satisfied for every
invertible v.

Proposition [2.10.5 clarifies the definition of structure group: actually, for every V €
['(J), the corresponding application W for which (Vu)~t = W~tu—1 for every invertible
u € J is uniquely defined. Moreover, it is the adjoint of V' with respect to the Jordan scalar
product. In order to understand the proof of this proposition, we first need the important
lemma below, which follows the lines of Sections II1.5.1 and II.5.2 of [BK66].

Lemma 2.10.4 For each V € T'(J), there exists a real number Ky such that det(Vu) =
ky det(u) for every u € J. Moreover, Ky -1 = Iﬁ?‘_/l and, for every W € G(J) that satisfies
(Vu)=t = Wtu=! for all invertible u of J, we have ky = Ky .

Sketch of the proof
The proof of the existence of ky uses the same argument as in Proposition [2.5.4.

Taking u := e yields ky = det(Ve). Hence, we have:

1 =det(VV™e) = ky det(Vle) = kyry -1,
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—1
so that kKy-1 = Ky .

2.3.34)), we can write:

Finally, by multiplicativity of the determinant (see Proposition

1 = det(Ve(Ve)™) = det(Ve) det((Ve) ™) = wy det(Wle) = 2L,
Rw
and Ky = Kw. [ |
The following proposition comes partially from Proposition VIIL.5.2 of [FK94]. The
proof of the last part is ours.

Proposition 2.10.5 Let u and v be two arbitrary elements of J. Then V € T'(J) if and
only if there exists an application W € G(J) such that Qv., = VQ,W. This application
W is unique. We also have o(Vu,v) = o(u, Wv) for the function o defined in Proposition
2.7.9. Moreover, {u, Wv) = (Vu,v).

Sketch of the proof

It is sufficient to prove this statement only for invertible u,v € J. To prove that Qy, =
V Q. W, it suffices to differentiate the relation (Vu)~™! = W=lu~! in u. The converse comes

immediately from the relation Q; v = v~1L.

The application W can be reformulated as W = Q,'V~'Qy,. It is thus uniquely
defined. With Lemma [2.10.4) the relation o(Vu,v) = o(u, Wov) is a routine two-lines
computation.

To prove the last part, consider the extension field F of R given by Proposition 2.7.6
(it is actually C), and the extension J = J Qg F', where every invertible element of J
has its square root.

Let us fix two invertible elements u, v € J. We aim to prove that, for each 1 < i < r, the

relation ai(Q}/QWv) = a;( %//jv) holds, where a; is the ith coefficient of the characteristic

polynomial. By the expression of the characteristic polynomial via the determinant (see

Proposition 2.3.16)), it suffices to check if det(re — }J/QWU) = det(re — %//51)). The

verification below relies on Proposition 2.5.4/ and on the previous lemma.
det(re — QY2 W)
= det(Q}/Q(Tu_1 — Ww)) = det(u) det(tu™ — Wo)
det(u) det(W (7W tu™ —v)) = ky det(u) det(r(Vu) ™! — o)
ry det(u) det(7(Vu) ™' — v) = det(Vu) det(r(Vu) ™! — )
= det(Qy/2(r(Vu) ™" — v)) = det(re — Qy/2v).

In particular, when the index i equals 1, we get:
(u, Wo) = tr(u(Wv)) = tr(QY*Wwv) = tr( ‘1//57)) = tr(Vu)v) = (Vu,v).

The second and the fourth equality are justified by the associativity of the trace. [ |

The uniqueness of the application W that corresponds in the definition to an application
V of T(J) allows us to introduce the notation: V* := W, so that (Vu)=! = (V*)~ a1t
For instance, the last relation shown in the previous proposition can be written as (Vu, v) =
(u, V*v). Thus, we can call the application V* the Jordan adjoint of V. If V.= V* we say
that V' is self-adjoint.



2.10— Automorphisms 93

Remark 2.10.6 The Jordan adjoint operator has the following properties: for every V,W &
I'(J), we have:

o VW € T(J) and (VW)* = W*V*,
o (V1) = (Vi)

o (V¥)"=V and

o QF = Qu for everyu e J.

Indeed, (VWu)™t = (V*)"L(Wwu)=t = (V*)"L(W*)"tu=t shows the first item; if v :=
V=tu, we have (V*)~tv™! = (Vo)=L = u=! or (V7Iu)=t = V*u~!, which shows the

second one. Next, if v := V- lu™l we have (V*)7lo™t = (Vu)™! = u or (V*u)~! =
v =V lu"!; this is exactly the third item. The fourth one comes from the Fundamental
Identity Qg,v = QuQvQu. [ |

2.10.2 Automorphisms of Jordan algebras

As the following proposition shows, automorphisms of Jordan algebras can be described as
particular elements of the structure group. Its proof appears in Satz IV.6.1 of [BKG66].

Proposition 2.10.7 A linear application A is in A(J) if and only if A € T'(J) and
Ae = e. In that case, we have A* = A™1,

Sketch of the proof

Suppose first that A € A(J). Trivially, Ae = e. It is easy to show that AQ,v = Qa,Av
for every v and v of J. Hence AQ A~ = Q4,. In view of Proposition [2.10.5, we deduce
that A € I'(J) and that A* = A~L.

Conversely, if A € T(J) and Ae = e, we have AQ,A* = Q4. for every u € J; taking
u = e gives AA* = Que = Q. = Iy and A* = A~'. Thus AQ, = Qa.A. Applying
this operator to e, we get AQue = A(u?) = QauAe = (Au)?. It remains to polarize this
expression to get A(uv) = A(u)A(v). [

Remark 2.10.8 We immediately deduce from this lemma that Q. € A(J) if and only if

’U.)2:€.

Let us denote by W(J) the set of all elements for which w? = e. The element w belongs
to W(J) if and only if its eigenvalues equal £1. Hence w € W(J) if and only if w = e,
or there exists an idempotent ¢ such that w = 2¢ — e. [ ]

We present below the polar decomposition theorem for formally real Jordan algebras.
Its matrix version can be formulated as follows (see for instance in [HJ96], Theorem 7.3.2
and Corollary 7.3.3):

Let A be an n x n real matrix. There exist an orthogonal n x n matrix U and
a real self-adjoint matrix S such that A = US. [ |
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In the context of linear operators of the structure group of a formally real Jordan algebra,
the applications of A(J) play the role of unitary transformations of 7, while applications
of type @, can be seen as self-adjoint transformations of 7.

Theorem 2.10.9 (Polar decomposition theorem) Let V € T'(J) be a linear applica-
tion such that Ve € Ky. Then there exist an automorphism A € A(J) and an element
u € int Kz such that V = Q,A.

Proof
Since V is invertible, the element Ve is also invertible. As it is in K7, there exists an
invertible element v € K7 such that u? = Ve. Note that Qe = Ve, ie. A := Q;'V
satisfies Ae = e. The Remark 2.10.6 shows that Q' = Q,-1 € I'(J) and that I'(J) is
closed under composition. Hence A € I'(J) and, by Proposition 2.10.7, A € A(J). [ |
The next lemma makes an important step in the proof of the main theorem of this sec-
tion, and of the converse of Remark [2.10.2. This proof represents an original contribution,
although the idea of considering the subalgebra Rc+Rd+Red comes from [BK66], Chapter
IV. Unfortunately, our argument is quite technically involved.

Lemma 2.10.10 Let ¢,d € J be two minimal idempotents for which Jy/2(c) N J1/2(d) =
{0}. There exists an element w of W(J) for which Qwc = d if tr(cd) # 0 or if J is a
simple Jordan algebra.

Proof
Let « := tr(cd); obviously, 0 < a < 1. When a = 1, there is nothing to prove: we have
¢ =d and we can take w :=e.

A. The case a # 0, 1.

1. The subalgebra Rc + Rd + Red. Observe first that in view of Proposition2.7.17,

we know that Q.d € J1(c) = Re and Qqc € J1(d) = Rd. Hence Q.d = ac and
Qqc = ad. In order to check that A := Rc+ Rd + Red is a subalgebra of 7, we
have to prove that c(cd), d(cd) and (cd)? are all in A. Actually, we have:

o 2¢(cd) = ae + cd,

o 2d(ed) = ad + cd, and

o 4(ed)? = ale + d + 2cd).
Indeed, we can write 2¢(cd) = Q.d + ¢d = ac+ ¢d € A. Exchanging the roles
of ¢ and d, we get 2d(cd) = ad + c¢d € A. Next, using the relation (2.4) with
u:=c, v:=c and w := d, we have:

2L(c)L(ed) + L(d)L(c) = 2L(ed)L(c) + L(c)L(d).
If we apply the left-hand side to d, we obtain:

d) + 2cd
2¢((cd)d) + d(cd) = cQac + c(cd) + d(cd) = acd + %
and equating this to the right-hand side applied to d, we have:

acd + %(C +d) + cd = 2(cd)? + cd.
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Thus
4(cd)?® = a(c+d + 2cd) € A.

The algebra A is a formally real Jordan subalgebra of rank 2. Its unit element
is:

c+d B 2cd
l—a 1-—-a

fi=

The element ¢ = pc+ vd+ ped is a minimal idempotent if and only if p?a = 4uv
and p + v + pa = 1. The idempotent ¢’ for which u = v is of special interest.
Observe that its coefficient p satisfies then the quadratic relation p?a = (pa—1)2.

2. An element w € W(J) for which @Q,c = d. It can be checked that the element
w := 2¢/ — e, which belongs to W(J), satisfies the required relation. Indeed, a
straightforward computation yields:

N C 3)2 X
d(de)—Cc 4—|—(,u+2 2(0—1— ).
In view of the quadratic relation satisfied by p, and since 2u + ap = 1, it is not
difficult to establish that a(2u+ p)? = 1. Thus Qar_cc = 8¢/ (c'c) —8c'c+c = d,
and w is the element we were looking for.

The case a = 0 for simple J. Now, we turn our attention to the case where a = 0.
We then have cd = 0 implying that d € Jyo(c). We also assume that J is simple.
Hence Jy(c) is simple, and, in view of Proposition 2.9.3 the subspace E := J /2(c) N
J1/2(d) 2 (Jo(c))1/2(d) is non-trivial. Let v € E be an element such that tr(v?) = 2.
From the second Pierce decomposition Theorem, we can deduce that v? € Ji(c) +
J1(d), or v2 = ye+ dd. Note that v = tr(vie) = tr(v(ve)) = tr(v?/2) = 1, and § = 1.
Thus v? = ¢+ d. Observe also that Q,c = 2v(ve) — vc = v? — v%c = d. We now
construct an element w € W(J) from v. Let ¢’ := e — ¢ — d; €’ is the unit element of
the Jordan subalgebra Jy(c + d). We have:

ocedv=(e—c—dv=v—0v/2—v/2=0;
o (e+v)?2=¢€+2v+v2=e—c—d+c+d=e, ie. e +veW(T);
0 QergC=QLc+2Q¢ pc+ Quc=0+2€¢(ve) +0—-0+d =€ev/2+d=d.

The element w := e + v — ¢ — d complies with the statement.

Theorem 2.10.11 Let {cy,...,¢.} and {di,...,d.} be two Jordan frames of a simple
Jordan algebra J. There exists an automorphism A of A(J) such that Ac; = d; for every
1<:<r.

Proof

Let A; € A(J) be such that Ajc; = dy. Note that d, := Ajcy is a minimal idempotent
such that dydjy = 0, that is, d} (and ds as well) belongs to Jy(d1). The previous lemma
gives us an element w € W(Jy(d1)) such that Q,d5 = da. Now, we put Ay := Qutd,- By
an argument similar to the last part of the proof of the previous lemma, we have:
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o w = 2c— (e —dy) for an idempotent ¢ from Jy(d1); hence w € Jo(dy), and for every
u € Ji(dy), we have wu = 0.

<o (w+d1)2:e—d1+2wd1+d1:e, ie. w—i—dlEW(j)

0 Quid dy = Qudh + 2Qu.a4,d5 + Qa,dy = da + 0 + 2d1(wdy) — 0+ 0 = do, because
wdy € Jo(dy).

© Quid ¥ = Quit + 2Qu, 4, u + Qq,u = u for every u € J1(d1).

Then As A; maps ¢; on d; for ¢ = 1,2. A recursive application of this argument allows us
to conclude. ™

Corollary 2.10.12 Suppose that J is a simple Jordan algebra and that u and v belong
to J. Then A(u) = A(v) if and only if there exists an automorphism A € A(J) such that
v = Au.

Proof

Remark 2.10.2] already proves the ”if” part. Now let A := A(u). There exist two Jordan
frames {c1,...,¢, } and {d1,...,d,} for whichu = >""_, Nj¢; and v = >_,_, \id;. It suffices
to take the automorphism A that maps ¢; on d; for every i to get Au = v. [ |

2.11 Jordan algebras make it work: proofs for Section
1.7

In this section, we use the technical tools presented in this chapter to solve the two problems
described in Section [1.7. We assume that J is a formally real Jordan algebra or rank r
and dimension N.

2.11.1 A concavity result

We start by recalling a classical result (see Section 1.6 of [Koe99]).

Lemma 2.11.1 Consider the function F : it Ky — R, u — F(u) := —Indet(u). We
have VR F(u) = tr(—u~'h) and V2F(u) = Q" for every u € int K 7.
Proof

The formula for the first derivative follows easily from our differential rules of Section 2.4]
and from the property of the quadratic operator established in Proposition 2.5.4. Indeed,
let us take two generically independent generic elements x and y. We can write:

—Indet(2? +ey) = —Indet(x?) — Indet(e + Q' y) = —Indet(2?) — In H Ni(e + Q. y)
i=1

—Indet(z?) — Zln(l +eXi(Q;'y)) = — Indet(2?) — EZ QM)

= —Indet(2?) — etr(Q; 'y) = — Indet(z?) — etr(z~?y).
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This establishes the first formula. The second one coincides with the second item of The-
orem 2.5.2. ]

The next result on this function has been proved by Stefan Schmieta in [Sch00], Theorem
2.

Lemma 2.11.2 The function F : mtKy — R, u — F(u) := —Indet(u) is a r-self-
concordant barrier for IC 7.

Proof

First, F' is convex on its domain, because the Hessian Q! is positive definite for every
u € int 7 (see Corollary 2.7.32). It is also obvious that F is a barrier for K. Next,
observe that (F"(u) 1 F'(u), F'(u)) 7 = tr((Quu~ )u™t) = tr(e) = r for every u € int K 7.

The last property to be checked can be reformulated as follows (see Section 2.5 of
[Ren01]).

o For every z € int K7, the set B, :={y € J|(F"(z)(y — x),y — x) 7 < 1} is included
in int £ 7, and

o for every x € int 7, every y € B, and every nonzero h € J, we have

()b by 1
(Fry)h,h)y ~ 1=

1-r<

where r:= (F"(z)(y — ),y — $>}7/2

Let u € K7 and v € J. We have
(F"(w) (v = u),v —u) g = (Qy (v = u),v —u)g = |Qy (v —w)l% = |1z — e[,

where z := Qu /%v. If v € By, ie. if Soi_1(Ni(z) = 1)% < 1, then (X\;(z) — 1)? < 1. This
implies that 0 < X\;(2), and z € int 7. Hence v € int K7 as a consequence of Theorem
2.8.8. Further, if h € 7, we have, with h := Q;l/Qh:

(Quth,h)y _ (Qi?Q'Qu kR _ (Qr'hh)g

(Qu'h,h) g (h,h)g (h,h) 7
by the Fundamental Identity (2.14). In view of Corollary 2.7.32] this fraction is bounded
from above by 1/A.(2)? and below by 1/A;(2)2. It remains now to relate A\;(z)? and \,.(2)?

2
with (1= /ST ((z) — 1)) n
The next proposition is a particular case of the result needed to prove Corollary [1.7.1.

As it transparently gives the structure of the proof of the more general Proposition [2.11.5]
we leave it in this text.

Proposition 2.11.3 Let J be a Jordan algebra. Consider the function F : int K7 — R,
u— F(u) := —1In(det(u)), and two elements uw € int L7 and h € J, h # 0. We denote:

1
) = (F'"(u + th)h, h)/*

The function ¢ is concave on its domain.
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Proof
Consider first the very special case where K7 := R’ , and u := 1, the all-one r-dimensional

vector. Letting
- T hi 2
9(t) = Z 1+th; )’

i=1

the function ¢(t) equals g(t)~'/2, and its concavity is equivalent to the following inequality:

3

§'(1) =~ 59(0)/29" () + S9(0) /7 (1) <0,

or 3¢'(t)? < 2g(t)g” (t). Simple computations show that:

T I 3 T b
") = —9 i "y i
g(t) Z(lthhi) »and g7(0) 6;(1%}%

i=1

)4.

Denote b; := h;/(1 + th;). The concavity of ¢ reduces then to:

() <(59) (5)

The latter relation is an immediate consequence of the well-known Cauchy-Schwartz in-
equality.

We turn now our attention to the general case. We know from Lemma 2.11.1 that
F'"(z) = Q;! for every x € int K 7.
Observe that, for every a,b € J and for every invertible p € 7, we have:

tr(anb) = <b7 Qab>J = <QpQ;1ba QanQ;1b>j
= (Q, ', Q,Q.Q,Q, 'b) 7 = (b, Qab) 7 = tr(bQab),

with a := @, lgand b= Q, 1p. To prove this homogeneity result, we have used Proposition

2.7.27 and Theorem 2.5.2 Taking in the above expression a := (u + th)~!, b := h, and
p = u'/2, using again Theorem 2.5.2, we obtain:

a=Qpa=QY2(u+th) ™ =[Q;*(u+th) ™t = [e+tQ;Y?hn ™t = (e + th) ™2,

where h := qul/Qh. Now, let h = Yoy )\i(ﬁ)ci be a spectral decomposition of . We have:

- ~ 2
9(t) = tr(hQy 1y h) = e (AQ L B) =3 (%)
i=1 v

The function ¢(t) equals g(t)~'/2, and its concavity can be proved by means of the first
part of this demonstration. [ ]

In order to prove the general concavity statement, we need a technical lemma.
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Lemma 2.11.4 Let f: Iy — R4 and g: Iy — Ry be two twice differentiable functions
defined respectively on the open intervals If and I,. We assume that Iy and I, have a
nonempty intersection I. Suppose that f~1/2 and g='/? are concave on their respective
domains. Then the function (f + g)~'/? is concave on Irnli,.

Proof
As mentioned in the proof of the previous proposition, the function f~/< is concave on its
domain I; if and only if for every t € Iy we have 3f'(t)? < 2f(t)f”(t). Similarly, we have
39'(t)? < 2¢g(t)g" (t) for every t € I,.

Observe that for every t € Iy N I,, we have:

1/2

3f'(t)g' (1) < VIS ()29 ()2 < VAL [ ()9(D)g" (1) < g(t) " (1) + f(1)g" (1),
because f”(¢) > 0 and ¢”(t) > 0.

Now, we can write for every t € Iy N I,:

3(f/(1) + /(1) = 3f/(t)* +6£'(t)g'(t) + 34 (1)?
2F ()" () + 2(9().f" () + f(£)g" (1)) + 29(t)g" (t)
2(£(1) + g (f"(1) + g"(1)).

Therefore, the function f + g is concave on I¢ N I,;. [

IN

Proposition 2.11.5 Let J be a Jordan algebra. Consider the function F : int K; — R,
u— F(u) := —In(det(u)), and three elements h,p € J and u € int 7. We assume that

p # 0. We denote:
1

PO e

The function ¢, is concave on its domain.

Proof
Similarly to the previous proof, we define

9(t) = te(pQ, 1 p) = tr(BQ_ 5 D),
where p = Q; p and h = Q_l/Zh We need to prove that 3¢g'(t )2 < 2g(t)g"(t) for every

t. Let h = >i_1 Aic; be a complete spectral decomposition of h, and let Dij = Qc;,e;p- In
view of the second Pierce decomposition theorem, we can decompose g() into:

: (ﬁQ(‘“(' " tr p " 2t1‘(pl )
0= 3 i = o T L T A A
Py (T4 tA(h) (14 tX( 14+ tA;(h)? Z (IT4+th(h) (L +tAi(R))
In view of the previous lemma, we only need to check that each of these terms represents
a function of ¢ which when raised to the power of —1/2 is concave.

Let ¢(t) := ¢/((1 + ta)(1 + tb)), where ¢ > 0. Every term of the second summation
has this form, and it remains to check that 3¢'(t)? < 2¢4(t)¢” (t) on the neighborhood of 0
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where ¢ is defined. We compute:

—c(2abt + a +b)
¢'(t) = 5 5

(1+ta)?(1 +tb)
_2¢(3a®b*t? + 3a?bt 4 3ab®t + a® + b* 4 ab)
N (14 ta)3(1 +tb)3 '

¢"(t)

The simplification of the denominators allows us to transform the inequality 3¢'(¢)? <
2¢(t)¢" (t) into:
3c2(2abt + a + b)? < 4c¢*(3a*b*t? + 3a®bt + 3ab*t + a® + b* + ab).
All the terms in ¢ and in t? can be simplified. We end up with:
c*(3a” 4 3b% + 6ab) < c*(4a® + 4b* 4 4ab),

which is obviously true. [ ]

2.11.2 Augmented barriers in Jordan algebras

Let J be a formally real Jordan algebra of rank r and dimension N. We define:
Q(T) :=conv{Qy|u € K7}.

This set of linear operators possesses several interesting properties. Among them, we
mention the following ones.

o The set Q(J) is a convex cone of the set of all linear applications from J to J. Let
g — 1 be its dimension. By Carathéodory’s Theorem (see Theorem 17.1 of [Roc70]),
every M € Q(J) can be expressed as a convex combination of ¢ quadratic operators.
Note that ¢ — 1 < N2.

o Let M =31 | 0;Qq, € Q(J), with >7_, o; = 1 and o; > 0. By taking v; := \/a;u;,
we can represent M as:
M:Qv1+"'+qu~

o For every M € Q(J) and every u,v € J, we have tr((Mu)v) = tr((Mv)u), because
the basic quadratic operator is self-adjoint (see Proposition 2.7.27).

o Every M € Q(J) maps K7 into itself. This comes from the convexity of 7 (see
Theorem 2.8.6/ and Theorem 2.8.8).

We denote the augmented barrier of K7 built from M € Q(J) by:

Yy ¢ int ICJ — R
tr(uMu)

u = P (u) = — In(det(u)).

In order to minimize efficiently this function, the results of [NV04] suggest that the path-
following algorithm displayed in Theorem [1.5.4] can be very efficient in theory. We prove
below that this is the case, by extending almost automatically the argumentation of Nes-
terov and Vial to the Jordan algebraic framework.
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Lemma 2.11.6 Let M = Y7, Q,, € Q(J), where v; € Kz, and let o := Y !_, v;. For
every u € Ky, we have:

tr(uQQ@U) < tr(uMu) < (tr(vu))Q.
Proof

Let us fix an element u of K7, and consider the function f : Ky — R, v — f(v) :=
tr(vQyv). Observe that

f(v) = (uww, uwv) = tr(u@Qyu),
and that the function f takes nonnegative values. Moreover, the function f is convex, as
shown by the following development. For every a and b of 7, we have by the arithmetic-
geometric inequality and by Remark 2.7.35:

(f(a) ; f(b))2

Therefore:

v

F(@)f(b) = tr(aQua)tr(bQub) = ||QY2a||%||QY/b|%

Y

(@) (@0)]) = (tr(aQub))

f(a) + f(b) > fla)+ f() | tr(aQubd) f(a+b)
2 4 2
Now, let M = 375_, Qu; € Q(J), where v; € K7 and 4 := >_7_, v;. By convexity of

f, we can write f(0/q) < 375_ f(v;)/q, ie. tr(uQpu) < gtr(uMu). Furthermore, observe
that:

T T 2
tr(uQu,u) = [|QY2ullf = > AX(QY2u) < (Z MQ%,;%)) = ((@¥w) "= (ir(oym)
i=1 i=1

Summing over the indices j, we obtain in view of tr(vju) > 0 that:

2

q q 9 q 9
tr(uMu) = Z r(uQy, u) Z (tr ViU ) < Ztr(vju) = (tr(ﬁu)) .
j=1 j=1 j=1
|
With the notation of the above lemma, we assume now that v is invertible. We take
xo := v~ ! as a starting point for the path-following algorithm in Theorem [1.5.4, where
¢ := ¢}, (zo). Reformulating the previous lemma for F(u) := — In(det(u)), we derive:
tr(uF" (zo)u)  tr(uQy)u)

2 2
< tr(uMu) < (tr(mo u)) = (tr(F’(:ro)u)) ,
q q
by the formulas for the gradient and the Hessian given in Lemma 2.11.1) so that we can
further take:

VZ(IO) = 'Yu(xo) = 1.

Q| =

This yields a final complexity of O(y/r In(rq)), a result that exactly matches Theorem [1.7.4
for the particular case where the considered cone is a cone of positive semidefinite matrices.
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2.12 Conclusion

It is worthy to conclude this long chapter by giving a short list of our personal contributions,
and by highlighting their impact on the next chapters.

Most of the material of this chapter has already been discovered since decades by
algebraists. But they are still not very familiar to the optimization community. Our
contribution consists mainly in introducing them in the most self-contained way as possible.
Although we have adapted existing proofs for a large majority of the results, some of them
are up to our knowledge original.

The reader might be puzzled by the fact that we define Jordan’s Axiom in a relatively
general setting, allowing extensions of the algebra. However, this level of generality is
needed in the definition of the characteristic polynomial via generic elements. Also, it is
indispensable in the demonstration of Proposition 2.3.39, which is a decisive step towards
the proof of the associativity of the trace. Our proof of Proposition [2.3.39/is entirely based
on the elegant argument of Jacques Tits. Our contribution only consists in adapting his
proof to the framework of our work by solving a few preliminary technical issues.

The section on differential calculus is original in its presentation. However, the idea
of using the ring of dual numbers in order to define an algebraic differential calculus is
well-known.

Proposition 2.6.3/ is new, and plays an important role in Chapter 3, as well as Lemma
2.7.21land Proposition 2.7.22 — however, this last result has been shown in a recent preprint
of Faybusovich [Fay05]. These three results provide information on Pierce subspaces and
subalgebras of the type Ji(c¢). These subalgebras are the key to formulate and to prove
powerful variational characterizations of eigenvalues (see Chapter [3)).

Our proof for the complete spectral decomposition Theorem is, up to our knowledge,
new. It is based on the not-so-trivial fact that an idempotent of a formally real Jordan
algebra is minimal if and only if its trace equals 1 (Proposition 2.7.19). Our proof is, up to
our knowledge, mainly original, as well as several useful preliminary results on extension
of Pierce subspaces (Remark 2.6.4, Proposition 2.7.17, and Corollary 2.7.18).

The proof of the two results on operator commutativity (Proposition [2.7.29 and 2.7.30)
are original. These results have already been published, with a different proof, in [SA03].
Proposition 2.8.10 is original, and of primal importance in Chapter 5, where we study the
limiting behavior of Jordan frames of a converging sequence.

The proof of Lemma [2.10.10! is, up to our knowledge, also original.

Finally, Section 2.11]is completely original, with the exception of Lemma[2.11.2/on self-
concordancy of the function — In(det(z)), which has been obtained in [Sch00]. The result
displayed in Lemma [2.11.1]is well-known, but our proof is original.



CHAPTER

Variational characterizations of
eigenvalues in Jordan algebras

ARIATIONAL CHARACTERIZATIONS OF EIGENVALUES are included

g ; among the most important technical tools to understand how
the eigenvalues vary under perturbations of their argument.

These characterizations are of primal importance to investigate differ-
entiability properties of functions of eigenvalues. They also lead to

many useful inequalities.

In this chapter, we extend Wielandt’'s variational characterization of
partial sums of eigenvalues. Particular cases of this result include
Fan’s Theorem and Fischer’s Theorem. From our theorem, we derive
Weyl inequalities, Lidskii's inequalities, and Mirski’s inequalities. We
also obtain a Lipschitz continuity result for spectral functions in Jor-
dan algebras, with respect to any gauge norm.
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3.1 Introduction

How does the eigenvalues function of symmetric matrices change when its argument is
subject to a perturbation 7 This problem is a major question in the Matrix Perturbation
Theory, which has now applications in a broad range of Applied Mathematics fields. For
instance, in Numerical Analysis, one may model rounding errors in a computer by using
such perturbations. In Robust Optimization, uncertainties on the instance of linear opti-
mization problems can also be interpreted as perturbations of this type. The interested
reader can find a thorough exposition of Matrix Perturbation Theory in the book of Stewart
and Sun [SS90].

In order to have access to an eigenvalue of a matrix, the first idea one might have is
simply to multiply this matrix by the corresponding eigenvector. However, this eigenvector
is not always available or practical to use. For instance when one needs to compare the
spectrum of two matrices, say an original matrix and a perturbed version of this original
matrix, there is in general no connection between the corresponding eigenvectors. In order
to bypass this problem, variational characterizations of eigenvalues describe an eigenvalue
as an extremal value of a certain function over a set of possible eigenvectors, which is
independent of the considered matrix. In fact, the eigenvector corresponding to the studied
eigenvalue pops up as the solution of this optimization problem. As this formulation
considerably facilitates the spectral comparison of different matrices, it plays a key role in
Matrix Perturbation Theory.

In the framework of this work, we aim at considering how these variational character-
izations can be extended to formally real Jordan algebras. More specifically, we focus on
an extension of the maximin Wielandt’s Theorem, which appears to be one of the most
powerful results in the field. For Hermitian matrices, this relation is stated as follows in
[SS90], Theorem 4.5.

Let A be an n x n Hermitian matrix and let us fix an increasing sequence
1 <4 <... < i, <n of integers. Then

k k

E Ai; (A) = max min h;‘-FAhj. (3.1)
— dim(X;)=1; hj€X; “—
=1 X1CCXKCR™ T h, =, 91

In this formulation, the sets X; are subspaces of R™ of dimension i;, the eigenvalues
Ai(A) are ordered decreasingly, and the symbol d;; stands for the Kronecker delta, which
equals zero if i # j and one otherwise.

Special cases of this characterization are classical results in Matrix Theory. When
k := 1 for instance, it reduces to the Courant-Fischer maximin Theorem (the original
paper of Fischer is [Fis05]. For a modern exposition of this important result, see Theorem
4.2.11 in [HJ96]). And if one takes i, := j for 1 < j < k, one can easily derive Ky Fan’s
inequalities [Fan49].

When dealing with Jordan algebras, several changes in the above presentation have to be
performed. Indeed, in contrast with Hermitian matrices, the elements of a Jordan algebra
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are not seen as operators on a vector space. The condition X; C R™ has no meaning in this
context, and we need to replace it somehow with more appropriate objects. Moreover, the
geometric constraint dim(X;) = ¢; has to be changed with an algebraic constraint, more
suited for the Jordan algebraic structure.

As a candidate to replace the i;-dimensional subspaces X, we propose here to consider
Jordan subalgebras of the form [Ji(c), where ¢ is an idempotent of trace i;. To motivate
this choice, we observe that for every element u € J, we have uv = \;(u)v if and only if v
belongs to the eigenspace of L(u) corresponding to the eigenvalue \;(u). This eigenspace
is a subalgebra of the mentioned form (see Proposition [2.7.31)).

However, several technical issues need to be solved before presenting and proving the
Jordan algebraic version of Wielandt’s Theorem, especially concerning the interactions
between two Jordan subalgebras of the type Ji(c). Most of them are solved in the second
section of this chapter.

The reader might wonder why we do not prefer to simply apply the Hermitian matrix
version of Wielandt’s relations to the operator L(w), which has among its eigenvalues
all the components of A(u). The problem with this operator is that the rank of one of its
eigenvalues of the type \;(u) depends on the structure of the Jordan algebra, and especially
on how it decomposes itself into simple algebras. As some of the desired applications of
Wielandt’s Theorem, namely the Mirsky’s inequalities, explicitly requires to use non-simple
Jordan algebras, we have preferred to design a formulation that is more convenient for our
purposes.

Throughout this chapter, J denotes a formally real Jordan of dimension N and of rank
r. We do not assume that J is a simple algebra.

3.2 Majorization and Ky Fan’s relations
in Jordan algebras

We start our discussion with the presentation of the simplest variational characterization
of eigenvalues: the Ky Fan’s relations. To ease the description, we first introduce a few
notational conventions.

The notation R} represents the set {y €R"y1 > 72 > -+ > v,}. We write P for the
set of all permutations of r-dimensional vectors; we view them here as r X r matrices of 0
and 1. We denote the all-one r-dimensional vector by 1. We also write

1,:=(1,...,1,0,...,00" e R",

with p times the value ”1” and (r — p) times the value 707, so that 1, = 1.

For the ease of reference, we recall below a classical statement involving the set P,
known as the rearrangement inequality. Its proof can be found in [HLP67], Theorem 368
or in [Lew96al, Lemma 2.1.

Theorem 3.2.1 (Rearrangement inequality) Let~y, \ € R} and P € P. Then ~TP) <
T
YA [ |
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For every A € R", we define:
P(A) :={PAP € P} and SC(\) := conv(P(N)).

The notation conv(A) stands for the convex hull of a set A € R". We can immediately
observe that SC(\) is symmetric with respect to permutations. Actually, this is the smallest
symmetric convex subset of R” that contains the vector A. Some authors call this set the
permutahedron generated by X. The relation v € SC(A) is often denoted by v < A or by "\
majorizes v”. This relation gives rise to an important class of functions, the Schur-convex
functions.

Definition 3.2.2 A function f: Q CR" — R is Schur-convex if for every v, € Q such
that v < X\, we have f(v) < f(7). [ |

The study of permutahedron’s properties forms an important part of the so-called theory
of Majorization [MOT9]. We provide in Lemma [3.2.5 an alternative description of SC(X).
In order to understand it, let us briefly recall the notion of support function of a set.

Definition 3.2.3 Let Q C R™. The support function of Q is the function:

f:R" - RU{+cc}
u +— f(u) = sup(u,v).
vEQR

This object is an important tool of investigation in convex analysis. The interested reader
can find an introductory survey on support functions in Section 13 of [Roc70]. The support
function of a set @ C R” is simply the conjugate of the indicator function of @, which is
null on @ and equals 400 everywhere else. As the supremum of linear functions, a support
function is always convex.

As a simple exercise, let us compute the support function of SC(A).

Example 3.2.1 (Support function of SC()\)) Let A € R". We denote the support func-
tion of SC(N\) by f. We fix a vector p € R". Note that, in view of Hahn-Banach’s Theorem
(see Corollary 11.5.1 in [Roc70]), we can write SUP ¢ cony(a) (T, Y) = SUDe 4 (T, y) for every
bounded set A of R™. As a consequence of the rearrangement inequality, we have:

flp)= sup (y,u)= sup (v,p)=~"P*pu,
YESC(A) ~YEP(N)

where P* is the permutation that orders the components p in the same order as the com-
ponents of . [ |

Let us denote by s, the function s, : R” — R that maps every vector A € R" to the
sum of its p largest components.

Lemma 3.2.4 For every 1 < p <r, the function s, is convex.
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Proof
Let us specialize the previous example to A := 1,. For each p € R", we have s,(u) =
Sup., ¢ sc<1,))<% 1) The function s, is thus convex as the support function of some set. W

We are ready to give the alternative description of majorization.

Lemma 3.2.5 Let \,v € R". We have:

7€ SCA) & sp(y) <sp(A) foralll<p<r and s.(y)=s(A\).

This is Theorem 4.C.1 of [MO79]. However, the proof we give here is, up to our knowledge,
the first one that presents this description as a direct consequence of the linear program-
ming duality theory.

Proof
Observe that the statement to prove does not depend on the ordering of the components
of A. Hence, we can fix without loss of generality A in R]. We define:

Si={yeR"sp(7) < sp(A) for all1 < p <rand s,(v) = s,(A)}.

The set S is trivially a closed and symmetric set that contains A. This set is also convex,
because s, is a convex function as it is shown in the previous lemma.

We will compare the support function f of SC(\) with the support function g of S.
Since S and SC(A) are both convex and closed, we get f* = Ind s¢(y) and ¢g* = Ind 5 in
view of the duality relations between conjugate functionals (see Theorem 12.2 in [Roc70]).
In order to prove that SC(\) = 5, it suffices to show that f = g.

Let p € R" and P € P such that i := Pp € R]. Note that, by the rearrangement
inequality and the symmetry of S, we have:

= = 7_ 32
9(n) rgggwm wg}%ﬁ%u) (32)

Observe that g(u) > (A, i), since A € S. We proceed below to prove the converse inequality.

The optimization problem (3.2) is linear: it can be written as:

9(p) = max (v, i)
st. A1y <0 (because v € RY)

Aoy <b
17 = s,()) } (because «y € S)
v €ERT,
with:
11 10 s1(\)
11 11 s2(\)

A= o , As=1 .. , b=

-11 11--10 S$r_1(\)
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The point A is feasible for this problem and the corresponding objective value equals (X, i).
The dual of this problem has the following form:

min Zsp Jop + sr(MNw

s.t. ATu+A v+1Tw = p
u,v >0
wueR™™ peR™L, wekR.

One can easily check that a dual feasible point is provided by u := 0, vy, := i, — fip41 for
1<p<r—1,and w:= fi,; the corresponding objective value is equal to (A, i), which is
f(p) by the Example [3.2.1. By the fundamental theorem of duality in linear programming
(see Theorem [1.2.1), we get g(u) < (A, i) = f(u). Hence g(p) = f(p), and S = SC(N\). ®

We denote by S(u) the set of elements v of J that have their eigenvalues in the per-
mutahedron SC(u):

S(p) = {v € TIA(v) € SC(n)}-
Remark 3.2.6 The previous lemma can be rephrased as follows. For all u € R":

veSu @Z)\J <sp(p) foralll <p<r and tr(v)=s(u).

The next proposition is a generalization to Jordan algebras of a well-known variational
description of the sum of the p largest eigenvalues obtained by Ky Fan for Hermitian
matrices. Some arguments of this proof appear in Fan’s paper (see [Fan49]).

P
Proposition 3.2.7 For ecvery 1 <p<r, um— Z Aj(u) is the support function of S(1,).
j=1

Proof

We fix an integer p between 1 and r. Let uw =Y ;_, Ni(u)d; € J and v =Y., \i(v)¢; €
S(1,) be their respective complete spectral decomposition. In view of Remark [3.2.6, the
eigenvalues of v should be between 0 and 1. We first notice that:

Z/\ )tr(c;d; <Ztr cidj) = tr(d;) =1,

since ¢; and d; are in 7 (and thus tr(c;d;) = tr(Qc,d;) > 0).
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Applying this inequality, we get:

tr(uv)

T T

= Ap(u) Y tr(udy) + - (Aj(w) = Ap(w)tr(ody) + Y (Aj(u) = Ap(u))tr(vd;)

Jj=1 Jj=1 Jj=p+1

A\
>
i)
<
N~—
o+
=
—~
<
N—
+
=~
<
—
£
|
S
i)
<
N~—
N—
+
~
—
<
IS
.

j=1
p p
< Ap(utr(v) + Y N (u) = pAy(u) = D Aj(u).
j=1 j=1
Note that v* := Y% | d; lies in S(1,) and satisfies tr(uv*) = >-7_| X\;(u). We deduce that
> i1 Aji(u) = maxyes(a,) tr(uv). |

3.3 Subalgebras Ji(c) of a Jordan algebra J

In this section, we describe several useful features of the Jordan subalgebras we want to use
in our formulation of Wielandt’s Theorem, that is, Jordan subalgebras of the form J(c).
We especially focus on the possible relations between two subalgebras of the form Ji(c)
and Ji(d), especially in the tricky situation where ¢ and d do not operator commute.

We must emphasize the fact that not all formally real Jordan subalgebras of J are of
the form J1(c). Cousider for instance the spin-factor Jordan algebra S of dimension n > 3.
Its rank is equal to 2 and the only idempotent of rank 2 is the unit element e of this
algebra. Suppose now that ¢ and d are two distinct minimal idempotents of this algebra
for which c¢d # 0. As shown in the proof of Lemma 2.10.10, the subspace Rc 4+ Rd + Red
is a formally real Jordan subalgebra of rank 2 in J. It is well-known that every formally
real Jordan algebra has a unit element (see e.g Theorem 5 in [JvNW34]). The unit element
of this subalgebra is thus e. However, its dimension equals 3, so it cannot be identical to
S1(e) = S, which has a dimension of n.

Lemma 3.3.1 Let ¢; and ¢y be two idempotents of J such that cico = 0. Then

Ji(c1) = Tiler + e2) N To(cz)-
Proof
The case ¢; + co = e is really easy to treat, because Ji(c1 + ¢c2) = J and Ji(c1) =
Jole —c1) = Jo(cz). Suppose now that cs := e — ¢; — ca # 0. Note that:

2
¢z =e+ci+c2—2c —2cp+2cic0 =e—c1 —ca = c3,

cicg=c1 —c1 —c1co =0 and coc3 =co —ciea —co = 0.

In other words, {c1,c2,c3} is a system of idempotents. Now, we set Jij = Qci’cj J. Then

Ji(er + ¢e2) = Ji1 ® Ji2 @ Ja2 and Jo(ca) = J11 @ Jis @ J33 in view of the second Pierce
decomposition theorem. Finally,

Ji(er +e2) N To(e2) = [J11 @ Jiz2 B J22] N [Ji1 @ Tz @ T3] = Ji1 = Ji(c1).
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Lemma 3.3.2 Let c,d be two idempotents of J. If c € Ji(d), then Ji(c) = [J1(d)]; (¢) C
Ji(d).

Proof

The inclusion [J1(d)]; (¢) € Ji(d) is trivial. As

[71(d)]; (¢) = {u € T(d)|ew = u} € {u € Tleu = u} = Ji(¢),

it suffices to check the reverse inclusion. To this end, let us take an element u € J1(c).
We need to prove that du = u. Note that ¢ € J;1(d) implies that ¢d = ¢ and that ¢ and d
operator commute in view of the first Pierce decomposition theorem. Thus:

c(du) = L(c)L(d)u = L(d)L(c)u = d(cu) = du.
Similarly, v € J1(c) implies that u and ¢ operator commute. Hence:
c(du) = ¢(ud) = L(c)L(u)d = L(u)L(c)d = u(cd) = uc = u,

and the requested equality holds. [ ]

Lemma 3.3.3 Let ¢,d be two idempotents of J. The set J' := J1(c)NJ1(d) is a formally
real Jordan subalgebra of J. Suppose that there exists an idempotent ¢ € J'; then J1(c') C
J" and Jo(c') 2 Jo(c) + Jo(d).

Proof

To prove the first claim, it is enough to check that the vector subspace J' := J1(c) N J1(d)
is stable for the multiplication of J. Let w,v € J'; since u,v € Ji(c), we know that
uv € Ji(c) by the Pierce multiplication rules. Analogously, uv € J1(d), and uv € J'.

In view of Lemma 3.3.2, ¢ € J' C Ji(c) implies J1(¢') C Ji(c). Similarly, J1(c’) is
included in J;(d). Thus J1(¢) C J'.

In order to show the second inclusion, we first prove the following auxiliary statement.
Given a pair ¢y, ¢y of idempotents of J satisfying J1(c1) C J1(c2), we claim that Jp(c1) 2
Jo(e2).

We can assume that ¢ # e, because otherwise Jy(c2) = {0}, and the claim trivially
holds. Now, let d; := ¢1, da := ¢co — ¢1, and d3 := e — ¢o. From ¢ € J1(c2), i.e. c1c0 = ¢y,
it is easily checked that {d,ds,ds} is a system of idempotent. Let J;; := Qq4,,q4,J. Then,
in view of the second Pierce decomposition theorem, we have:

Jo(er) = Jao ® Jo3 ® J33 and Jo(ce) = Jas,

and this settles the claim.

In the situation of the statement of our lemma, this simple result becomes Jy(c¢') 2 Jo(c)
and Jo(c') 2 Jo(d). Since Jo(c') is a vector space, we get the desired inclusion. [ ]

Proposition 3.3.4 Suppose that ¢ and d are two idempotents for which tr(c) 4 tr(d) > r.
Then the Jordan subalgebra Ji(c) N J1(d) contains a nonzero element. More precisely, it
contains an idempotent of rank 1.
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Proof
Lemma [3.3.3 shows that J1(c) N J1(d) is a formally real Jordan subalgebra of J. Suppose
that J1(c) N J1(d) = {0}, contrarily to our statement. Since:

Ji(c) = Ji(e) N (J1(d) & T1j2(d) ® To(d)) = Ti(c) N (T1j2(d) ® To(d)) ,

the idempotent ¢ can be decomposed into ¢ = ¢4 /5+¢o, where ¢, € J,(d) for o € {0,1/2,1}.

According to Lemma 2.7.21), we have ¢, /o = 0 since ¢; = 0. Hence ¢ = ¢y, i.e. ¢ € Jo(d)
and Ji(c) C Jo(d). Thus

J 2 Ji(d) & Jo(d) 2 Ji(d) ® Ji(c).

By assumption, the rank tr(c) + tr(d) of the algebra Ji(d) @ J1(c) is strictly greater than
the rank r of J. This contradiction proves that J;(c) N J1(d) contains a nonzero element.

According to a classical result that dates back to the original paper of Jordan, von
Neumann and Wigner (Theorem 5 of [JvNW34]), the algebra J’ contains a unit element
because it is formally real and satisfies Jordan’s Axiom. This unit element is an idempotent
of rank at least equal to 1 because J' is nonempty. [ ]

The next proposition is a key step in the proof of Courant-Fischer’s Theorem and of
Wielandt’s Theorem for formally real Jordan algebras, as we will show in the next section.

Proposition 3.3.5 Let ¢,d be two idempotents of J of trace k and | respectively, such
that k +1 > r. There exists an idempotent of trace k +1—r in J1(c) N J1(d).

Proof
In view of Lemma 2.3.10 and of Proposition 2.7.19, we only need to prove the existence of
an idempotent that has a trace at least equal to k+1 —r in J' := J1(c) N J1(d).

We already know that J’ is a Jordan subalgebra in view of Lemma [3.3.3. Moreover,
Proposition [3.3.4/shows that 7’ contains an idempotent of trace at least equal to 1, because
J' is nonempty. We proceed below to improve our estimation of this trace.

A simple observation. Let {ci,...,c.} be a Jordan frame. From the relation
T
Ztr(cjc) = tr(c) =k,
j=1

we deduce that there are at most » — k minimal idempotents ¢; for which tr(c;c) = 0;
similarly, there are at most r — ! minimal idempotents ¢; for which tr(c;d) = 0. As
a consequence of this, there exist at least r — (r — k) — (r — 1) = k 4+ 1 — r indices j
for which tr(c;jc) # 0 and tr(c;d) # 0 simultaneously hold.

A contradiction argument. Let ¢’ be the idempotent of maximal trace in J’ and sup-
pose that ¢ := tr(c’) < k+1—r. We will construct an idempotent ¢ € 7’ whose trace
is strictly greater than ¢, leading us to a contradiction.

By definition, the idempotent ¢ is in Ji(c). Consequently, there exists a Jordan
frame {f1,...,fr} such that ¢ = f1 +---+ frand ¢ = f1 + -+ + fi. In view of
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the above observation, we know that there is an integer j such that t < j < k and
tr(f;d) # 0 (observe that tr(f;c) is null when k < j < r, and equals 1 otherwise).

This implies that ¢ — ¢ # 0 and d — ¢/ # 0. Of course, the element ¢ — ¢’ is an
idempotent, and so d — ¢’ is, because ¢ € J1(d).

Note that, in view of Lemma [3.3.1, we have Ji(c — ¢') C J and Jid—-¢) C J.
Moreover, we have tr(c — ¢') + tr(d — ¢) = k+1— 2t > r — t, which is the rank
of J. Hence, we can apply Proposition [3.3.4 for the idempotents ¢ — ¢ and d — ¢,
considered in the algebra T = Jo(c) instead of J.

Proposition [3.3.4] proves that there exists an idempotent ¢’ in Ji(c— )N Ji(d — <)
of rank at least equal to 1 in J. Proposition 2.7.22 asserts that the rank of ¢” is the
same in J and in J. As ¢’ € Jo(¢), the element ¢ := ¢ + ¢’ is an idempotent and
tr(¢) > t. And since (¢ — )’ =" and (d — ')’ = ¢”, we have ¢’ = dc”’ = " ie.
"€ J’, hence ¢ € J’'. This contradicts the maximality of ¢’. ]

The following remark insists on a useful aspect of the construction carried out in the
proof of the previous proposition.

Remark 3.3.6 The contradiction argument in the second part of the previous proof is based
on the following fact. Suppose that there exists an idempotent ¢ € J' = Ji(c) N J1(d).
Then, it is possible to find an idempotent ¢ € J' of a trace at least as large as r—tr(c)—tr(d)
such that J;(¢) contains ¢’. ]

This proposition allows us to reprove the following result of Hirzebruch. However,
our technique applies to non-simple formally real Jordan algebras, in contrast with his

approach.

Corollary 3.3.7 (Lemma 2.4 in [Hir70]) Suppose that J is a simple Jordan algebra

of rank r. Let c1,...,c.—1 be v — 1 minimal idempotents of J. There exists a minimal
idempotent f for which c;f =0 for every 1 <i <r. [ |
Proof

Let us apply the previous proposition to ¢ := e—c; and d := e —cy. It gives an idempotent
fr—g of rank (r — 1)+ (r — 1) — r = r — 2 that belongs to Jo(c1) N Jo(cz). In view of
Lemmal3.3.2, J1(fr—2) € Jo(e1)NTo(c2). Now, we apply again the previous proposition for
¢:= fr_oand d := e—cs. It gives an idempotent f,_3 of rank (r—2)+(r—1)—r = r—3 that
belongs to J1(fr—2) N Jo(c3) C To(c1) N Tolez) N To(cs). Going on with this construction,
we end up with an idempotent f; of rank 1, i.e. a minimal idempotent, that belongs to
Jo(er) NN Jo(cr—1). This is the idempotent we were looking for, as ¢; f1 = 0, because

f1 € Jolei). [ ]

As mentioned above, observe that our proof also applies for non-simple Jordan algebras.

3.4 Courant-Fischer’s Theorem in Jordan algebras

Our proof of Wielandt’s Theorem on Jordan algebras is loosely based on the original
demonstration of Wielandt [Wie55]. His argument relies on a recurrence on the size of
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the Hermitian matrix. Here, we will undertake a recurrence on the rank r of the involved
algebra J. Our development requires an extension of the eigenvalue interlacing theorem
(see Theorem 4.3.6 in [HJ96]), which is a consequence of the case where only one eigenvalue
is involved in Wielandt’s maximin characterization. This section focuses on this instance.
As mentioned in the introduction, Wielandt’s Theorem reduces in this case to the Courant-
Fischer variational characterization of eigenvalues. In the framework of Hermitian matrices,
this result can be stated as follows (see Theorem 4.2.11 in [HJ96]).

Let A be an n x n Hermitian matrix and let ¢ be an integer between 1 and n.

Then:
Ai(A) = max min hTAh = min max h' Ah. (3.3)
dim(X)=: heX dim(X)=n—i+1 heX
[1R]]2=1 [12[l2=1
|

As mentioned in the beginning of this chapter, the extension of this result to Jordan
algebras requires to change the set on which the maximization is performed. To this end,
we replace here the set of i-dimensional subspaces of R™ by the set:

& == {J1(c)|c is an idempotent of J of trace i}.

In the course of our development, we will need a slightly refined version of this definition.
Suppose that J’ is a subalgebra of 7. We denote:

E(T") == {J1(c)|c is an idempotent of J’ of trace i}.

Observe that, if 7' = J1(d) and J1(c) € E(JT’), then J/(c) = J1(c) (see Lemma [3.3.2).
With this new object, the Courant-Fischer maximin relations can be extended as follows.

Ai(u) = max Hg%igl tr(Qpu) = E€%132+1 llrél‘eala%l tr(Qnu).

We have to mention that the subspaces of & do not necessarily have all the same
dimension, especially when J is not a simple Jordan algebra. Note also that & does not
contain all the straight lines of J passing through 0, but only the ones passing through
a minimal idempotent. This is why our variational characterizations are deeply different
from the Hermitian matrices version given in (3.3)).

There already exists another version of the Courant-Fischer relations for simple formally
real Jordan algebras, developed by Hirzebruch [Hir70]. We copy here his relations.

For every minimal idempotent, we define:
A, :={d|d is a minimal idempotent and tr(ed) = 0}.

Then, the eigenvalue \;(u) equals:

min { max {tr(cu)\c €Ay N---N Adi71}|d1, ...,d;—1 are min. idempotents of j}.
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However, our formulation appears to be better suited for a further extension to the full
Wielandt’s Theorem. Moreover, it allows us to prove easily several interesting corollaries,
and especially interlacing relations of eigenvalues for formally real Jordan algebras.

Theorem 3.4.1 (Courant-Fischer’s Theorem for Jordan algebras)

Letu =375, A\j(u)e; € T and 1 < i <r. We have:
Ai(u) = max H%llgl tr(Qpu) = Eer}/}:n;{»l Hhﬁ tr(Qpu). (3.4)

The subalgebra Ji(c1 + -+ + ¢;) € & achieves the maximum in the first formulation. The
subalgebra Ji(c; + -+ + ¢,) € Er—iqy1 achieves the minimum in the second one.

Proof

Let us fix a subalgebra E of £;. We denote:

H:={he j\tr(chhQ) =0 for 1<j<i}.

The inclusion H O Jo(c1 + -+ ¢i—1) = Ji(¢; + - - - + ¢,) obviously holds, and the rank of
the latter algebra is equal to 7 —i4 1. Since F is of rank 4, Proposition 3.3.5 asserts us that
EnJo(cr+ -+ ¢i—1) contains a nonzero element. Hence, the set {h € ENJy(cr + -+ +
ci—1)| ||| = 1} is not empty, and a fortiori the set {h € E N H|||h|| = 1} is not empty.
Then, we can write:

< i).

irgg tr(Qru) = mm Z)\ )tr(Qne;) hgnr?H Aj(w)tr(Qrey)
[1All=1 ||h|| 17=1 lIal[=1 5=1

Now, since tr(Qnc;) = tr(Qc,h?) = 0 for every h € H and 1 < j < i, while tr(Qxc;) > 0

for i < 7 < r, we can proceed as follows:

s s
A (W)tr(Qney) = ()t < Ae(u) St
Jmin S A (w)tr(Queg) = min > A (w)tr(Que;) < min A Z r(Qne;)-
[hf[=1 =1 [hl[=1 5=t [h]=1

This last minimum equals \;(u) because, for every h € H of unitary norm, we have:

> tr(Qnej) = tr(Quey) = ||h[[* =1
Jj=1

j=1

In order to prove the maximin relations, it remains to exhibit a subalgebra E* € &; for
which:
Ai(u) < ’mln tr(Qpu).
(i1
Let us take E* := Ji(c1 + -+ + ¢;). It is immediate from the first Pierce decomposition
theorem that Qxc; = 0 for every j > i and every h € E*. Thus Z;Zl tr(Qrej) = ||h|]? =1
and:

min tr u) = mm A( ¢j) > min A tr(Qrei) = N\
heE* (Qnu) Z Qn ]) heE Z Qn ] (w).
[|R]|=1 IIhII 1=t [|h]]=1
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In fact, this minimum is attained for h := ¢;. This finishes the proof of the maximin
relation.

It is well-known that the minimax Courant-Fischer relations follow directly from the
maximin characterization. Indeed, we have:

—Ar—it1(u) = Ai(—u) = max min —tr(Qpu)

EcE; heE
[lR||=1
= min [ — min tr(Qpu) | = —max min tr(Quu).
Ecg; heFE (Q ) Ec&; heE (Q )
[IR||=1 [|R]]=1

Courant-Fischer’s Theorem has numerous important consequences. The first one we
present here is a Jordan algebraic version of the interlacing relations between eigenvalues.
We recall here the notational convention introduced in p. [79. When an element u belongs to
a Jordan subalgebra J’ of J, one can consider its vector of eigenvalues in the algebra J’ or
in the algebra J. Since these vectors can be different depending on the considered algebra
(their size equals the rank of the corresponding algebra), we explicit this dependence by
writing A(u; J') for its ordered eigenvalue vector in J' and A(u; J) or simply A(u) for its
eigenvalue vector in J.

Corollary 3.4.2 Let u € J and c be an idempotent of J of trace k. For every 1 <i <k,
we have:

Ar—kri(u3 T) < AiQew; Ji(c)) < Aiw; J). (3.5)
Proof
Recall that &(J1(c)) C &;(J). According to Theorem [3.4.1]
Ail(Qeus J1(c)) = Eegl(%}f(c)) }Lrgg tr(@nQeu) = Eegl(aj}f(c)) gg‘g tr(Qnu)
[|h]|=1 [|R]]=1
< max min tr(Qnu) = Ai(u; J),

[[All=1

where Proposition 2.6.3 has been used to establish the second equality.

Using now the minimax version of Theorem [3.4.1 instead of the maximin one, we have:

Me—it1(Qeu; J1(c)) = e Hr}’?%(l tr(QnQou) = e l%aécl tr(Qpu)

v

i t = A—ip1(us ).
glelgﬂ%fl% r(Qnru) = Ar—iv1(u; J)
=1

As an intriguing consequence of this corollary, one can characterize the number of
nonzero eigenvalues of the elements in a Pierce subspace of the form J; 5(c).

Corollary 3.4.3 Suppose that c is an idempotent of J of trace k. Let z € Jy/2(c). Then
z has at most min{2k, 2r — 2k} nonzero eigenvalues.
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Proof
Observe that J;/2(c) = J1/2(e — ¢). We can then assume, without loss of generality, that
k > r/2. Note that Q.z = 0. Thus, using the interlacing relations (3.5), we have:

Ar—kt+i(2) <0 and A;(z) >0 forevery 1 <i<k.
If r—k+1 < j <k, the eigenvalue A;(z) is null. Consequently, at least k—(r—k+1)+1=
2k — r eigenvalues are null, and at most r — (2k — r) = 2r — 2k are nonzero. [ |

We can also deduce this useful result on the degeneracy of the projection of an element
on off-diagonal Pierce decomposition.

Corollary 3.4.4 Let d be an idempotent of trace p in J, and let u be an element of J.
Suppose that 4 Ai(u) = tr(du). Then u € J1(d) + Jo(d).

Proof

Let u = u1 + uy /2 + uo, with v, € J,(d) for v € {0,1/2,1}. Note that:

p

tr(du) = tr(uy) = Z Ai(Qaw; J1(d)).

i=1

In view of the interlacing relations (3.5), we have \;(Qqu; J1(d)) < A;(u) for every 1 < i < p.
By the assumption Y 7, A\;(u) = tr(du), we deduce that A\;(Qqu; J1(d)) = N;(u). It follows

that tr(ug) = tr(u) — tr(ur) = 37;_,; Ai(u). Moreover, we have:
r—p
tr(uo) = > Mi(Qe—ati; Jo(d)).
i=1

The interlacing relations show that \;(Qe—qu; Jo(d)) > Apti(u) for 1 <i <r —p, and, as
above, all these inequalities are actually tight. Finally, from [Juyo[* = [|ul|* — [|u1]]* —
[lug||?, we can write:

r P r—p
[l pol* = D AT () = Y N (Qaus Ti(d)) = D A (Qe—aus To(d)) = 0,
i=1 i=1 i=1
so that uy /o = 0 and u € J1(d) + Jo(d). [ ]

Corollary 3.4.5 Let u € K7 and ¢ be an idempotent of J. Then \i(Q.u) < \;(u) for
1< <r.
Proof
Since Q.u € K7, we know that each eigenvalue \;(Q.u; J) is nonnegative. Let k be the
trace of c. As Q.u € Jy(e — ¢), we know that A\;(Q.u;J) = 0 for ¢ > k. The desired
inequality is then already shown for these indices i > k. Now, if 1 <14 < k, we know, by
uniqueness of spectral decomposition in J, that \;(Q.u; J1(c)) = \i(Qcu; J). Applying
the interlacing inequalities, we get \;(Q.u; J) < Ai(u; J) for all these indices i. [ ]
The following last consequence of Fischer’s inequalities in Jordan algebras is rather
technical. This statement has been written in order to be ready-to-use in the proof of
Wielandt’s Theorem. It relates the smallest eigenvalues of an element with the smallest
eigenvalues of well-chosen projections of this element.



3.4— Courant-Fischer’s Theorem 117

Proposition 3.4.6 Let u = Z;:1 Aj(u)ej € T and let us fix an integer 1 < i < r. We
take ¢ :== ¢r—jy1 + -+ + ¢, S0 that tr(c) = i. Leti < k < r and J1(d) € E(T) be a
subalgebra that contains Ji(c). Then

Ar—ir1 (w5 T) = Ae—iv1(Qau; J1(d)).
Proof
If k =r, then d = e, and there is nothing to prove.

If k = i, then ¢ = d, and the identity to prove reduces to A\q—_;1+1(u; J) = A\ (Qau; J1(d)).
In fact, this is immediate if we write:

Qau = Q.u = Z Aj(u; I)e;j.
j=r—i+1
Indeed, the latter identity can be interpreted as the spectral decomposition of Qgu in
Ji(c) = J1(d), which then yields A1 (Qqu; J1(d)) = Ap—ig1(u; J).
We consider now the case where ¢ < k < r. It turns out that Q. q—.u = 0. To see this,

we use the Fundamental Identity (2.14), the operator commutativity of e — ¢ and d, and
the relation Qgc = c.

QdQe—ch = QQde—c = Qd—ca
QdQe—ch = Qe—cQg = Qe—ch-

As u = Q.u+ Q._.u, we can thus write:

Qdu = Qdch + QdQefcu = ch + Qdfcu~
We conclude that:
2C?c,cl—cu = Qdu - ch - Qd—cu = Oa

i.e. that Qqu € Ji(c) ® Ji(d — ¢). Let us have a closer look on the eigenvalues of Q.u
and of Qg_.u, which occur in the spectral decomposition of Qqu in J;(d). We know by
hypothesis that:

Qu= > XwJ)e.
j=r—it1
In other words, the eigenvalues A\r_;1(u; J), ..., A-(u; J) are those of Q.u in Ji(c).

Let us now focus on the eigenvalues of Qq—.u in Ji(d — ¢). We prove below that they
are all larger than those of Q.u in J1(c). The smallest eigenvalue of Q4—.u in J1(d — ¢) is,
in view of Courant-Fischer’s Theorem:

Me—i(Qd—cu; J1(d—¢)) = min )tr(Qth,cu) = min tr(Qpu)

heJ1(d—c heJ1(d—c)
[lh]]=1 [lh]|=1
> min tr(Qpu) = min  tr(QpQe—_cu
heT: (e—c) (@nu) heT: (e—c) (@rQe—cu)
[|R]]=1 [|R|]=1

= Ar—i(Qe—cu; jl(e - C)) = /\T—i(u; j)

Hence, the eigenvalue A,_;11(u; J), which is the largest eigenvalue of Q.u in Ji(c), is the
k — i+ 1st largest eigenvalue of Qqu in J(d). [
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3.5 Wielandt’s Theorem in Jordan algebras

In the same vein as our extension (3.4)) of the Courant-Fischer equations, we can reformulate
Wielandt’s Theorem (3.1) in the context of formally real Jordan algebras as follows.

Let 1<k<randl1<i <is<--- <t <r. For every u € J, we have:

k k
i (u) = max min Ztr U 3.6
YAl = pmmi Y@y (36)
=t EiCCEy  |Ihll=1 71
A1 (RS +-+RE)<1
and
k k
i (u) = min max Ztr ). 3.7
DA () plm o max D tr(Qnu) (3.7)
7=l B D-DBy  hyll=1 I

A (h34-+nh3)<1

The condition ” h;frhj = 0;; for 1 < 4,5 < k” has been replaced here by the somewhat
intriguing "A1(h? 4 --- + h?) < 17. Observe that the conditions ||hj|| =1 for 1 < j <k
and A;(hf + --- + h2) < 1 hold if one takes {hi,...,h;} as a set of orthogonal minimal
idempotents.

The relation (3.7) is an immediate consequence of (3.6). As in the proof of Theorem
3.4.1), it suffices to replace u by —u in (3.6); using \;(—u) = —A—;41(u), we get:

k k

— A—ioa1(uw) = Ni.(—u) = max min —Ztr U
Z T 1J+1( ) - 1]( ) E]-EE,-j hy€E, - (th )
=1 =1 EiCCE,  |hlI=1 7=1

A1 (R24-4h2)<1

Eje&-j hjEEj
E C---CEy, llh;]1=1
(RS +-+hE)<1

k
= — min max Ztr(thu),
j=1

which is (3.7).

Our task is now to prove (3.6). First, we need to ensure that the set on which we perform
the minimization is not empty: given a sequence F; C --- C Fj of Jordan subalgebras
E; € &, we need to check that there always exists a set of elements {hy,..., s} with
h; € Ej, ||hj]| = 1 and A\;(h} + -+ + h}) < 1. We carry out this verification in the next
lemma.

Lemma 3.5.1 Given 1 <k <randl <i; <---<i, <7, welet B; € Eij be a sequence
of subalgebras such that Ey C --- C Ey. Then, there exists a Jordan frame {dy,...d,} such
that E; = Ji(di + -+ + dij). We can then take h; := dij to satisfy the desired conditions.

Proof
For every 1 < j < k, we define d¥) as the idempotents for which E; =0 (d9)); letting
d©® =0, we set e; := dW) — qU~),
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We first check that the elements of S := {ey,...,er} are orthogonal idempotents. The
element e; = d") is an idempotent by definition. Of course, d(¥) € Jl(d(j)) when i < j, so
that dd¥) = d. This implies:

e? - (d(j))2 —2d@Wgli-1) 4 (d(j—l))Q = d0) — qu-1) = e

and
eje; = (d(j) _ d(j_l))(d(i) _ d(i—l)) = d® — g _ gt=1) + 41 — o

for1 <i<j<k.

If needed, that is if i, # r, i.e. if By # J, we can complete S into a system of
idempotents by incorporating ey, := e — d®) in it. Considering u := — Z;Cill je;, there
exists a Jordan frame {dy, ...,d,} such that u =Y _;_, A\;(u)d; by the Theorem of complete
spectral decomposition. It remains to identify these two spectral decompositions to get

ej=di, + +di;,_,41 (with ig :=0), and dV) =d;, + -+ di. n

Definition 3.5.2 We call every Jordan frame given by the previous lemma a Jordan frame
compatible with Fq,..., Ej. [}

The next lemma tackles the easy part of Wielandt’s Theorem: proving that the partial
sum of eigenvalues is smaller than the maximin expression.

Lemma 3.5.3 Let 1 <k <r, 1 <i < - <1 <7 andu € J. There exist subalgebras
Ey C .- C Ey with Ej € & such that, for every h; € £; of norm 1, we have:

k
D> (W) < tr(Qn,u).
Jj=1 Jj=1

Proof

Let u =" Ni(u)e; € T, d9) :=c; + -+ ci;, and Ej 1= J1(d9)). Since tr(dW)) = ij,
the subalgebra E; belongs to the set £; for every j. Note also that F; C E; 1. Let h;
be an element of norm 1 in &;. By the choice of E; and by the Courant-Fischer maximin
relation given in Theorem [3.4.1, we can write, for every 1 < j < k, that:

A, (u) = hr/nin tr(Qpsu) < tr(Qn,u).
' EE;
1R ]1=1

Adding these inequalities, we obtain the desired result. [ ]

Our task now is to prove the converse inequality. There is a particular case where this
is not difficult: when k = r, this comes easily from Lemma|3.5.1, as shown by the following
lemma.

Lemma 3.5.4 Let u be an element of J and let E; C --- C E,. be a sequence of subalgebras
such that E; € E;. Then there exist h; € E;j for 1 < j < r such that ||h;|| = 1, A1 (h] +
<4 h2) <1, and tr(u) = 22:1 tr(Qn,u).
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Proof

Let © € J and E; be a sequence of subalgebras that satisfy the assumptions of the state-
ment. Let {d1,...,d,} be a Jordan frame compatible with Ey,..., E.. (Observe that this
Jordan frame is uniquely determined.) Taking h; := d; for every j, we have:

ZtrQhu = tr(Qeu) = tr(u ZA (Qn, w3 ).
Jj=1 j=1
Now, we are ready to give a proof of Wielandt’s Theorem in Jordan algebras.

Theorem 3.5.5 (Wielandt’s Theorem for Jordan algebras)
Let 1 <k<randl <iy <is < - <ip <r. For everyu € J, we have:

k k
E i (u) = max min E tr U
—1 1]( ) E]‘GEij h EE — (Qh] )
7= E1C---CE} IIh [I=1
A (h24--+h3)<1
and
k k
i (w) = min max E tr u).
Z; i (v) = Ej€€, i, 11 hy€E; - (@n, )
Jj= By DEy [|hj[|=1
A1 (RS +-+h3)<1
Proof

We state below the assertion that remains to be checked.

In a formally real Jordan algebra J of rank r and for every
element u € J,if 1l <k<randl<i <---<ir <r, we have:

k N k (W,)
(u; >  ma min tr u).

Zl i (us J) 08 X(j) i Z (Qn;u)

J= B\ C--CEy [lh;]1=1

A (hT+-+hi;J)<1

The proof is carried by an induction on the rank r of the algebra 7.
The statement (W7) is proved by applying Lemma [3.5.4 for r := 1.

We fix an integer r > 1, and we assume that (W},) holds for every 1 < k < r. We proceed
below to prove the statement (W) for every formally real Jordan algebra of rank r.

Let J be a formally real Jordan algebra of rank r and let uw = >\, A\j(u)e; € J. We
choose an integer k between 1 and r, and a sequence of integers 1 < iy < --- < i, <r. We
fix k Jordan subalgebras E; = jl(d(j)) € &;,;(J) such that £y C --- C E,. We denote by
{dy,...,d,} a Jordan frame compatible with Fy,..., E.

Now, we need to find some elements h; € E; of norm 1, with:

k
M2+ +h2,7)<1 and thuj > tr(Qn,u). (3.8)

Jj=1 Jj=1
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To this end, we distinguish two cases.

A. (Apply induction immediately) Suppose that i, # 7 and denote d® by d
to simplify the notations. Then E; = Ji(d) is a Jordan algebra of rank i, < r and
E; € &(J1(d)) because d¥) € Ji(d). By induction hypothesis, the statement (W;,)
provides us with some elements h; € E; of norm 1 such that A\;(h} + -+ h3; J1(d)) < 1
and:

k k
> A, (Qau; A (d Z (Qn; Qau). (3.9)
j=1 j=1

In view of Proposition 2.6.3, we can write:

k k
Z tr(Qn, Qau) = Z tr(Qn, ).
j=1

j=1
From Corollary 3.4.2, we also get:

k

k
> i (Qaus Ji(d Z

Jj=1

Moreover, since h3 + - -+ h% € J1(d) has nonnegative eigenvalues, its largest eigenvalue in
J1(d) equals its largest in J. The first case is settled.

B. (Peel off and apply induction) Suppose now that iy, = r. The case k = r has
already been carried out in Lemma [3.5.4L If k < r, there exists an integer 1 <[ < r such
that 4;41,...,%, are consecutive and for which 4; +1 < 4;44. That is, i; = r — k 4 j for
l<j<randiy <r—k+1. Welet:

j=r—k4i+1

The rank of the subalgebra [J1(¢) equals k — [, while the rank of the subalgebra E; equals
i;. By Proposition 3.3.5, there exists an idempotent d’ of trace at least 1 in Jy(¢) N Jo(d®),
because

(r—=G(k-D)+@r—-9)—r=r—k+l—4>1

In view of Lemma [3.3.3, the idempotent d := e — d’ satisfies J1(d) 2 J1(¢) + J1(d?D) =
Ji(e) + E.

Let J' := J1(d). The trace of this algebra equals at most r — 1. We take E| := Fj,

, Ej == Ep and v’ = Qqu. Note that E} € & (J'). Forl < j < r, we can apply
Proposition 3.3.5 to exhibit an idempotent fU) of trace i; + tr(d) —r <4; — 1 for which
Ji(f9)) C E;NJ'. In view of Remark 3.3.6 the idempotents fU) can be constructed such
that 7y (f0) ) C J1(fYUtD) by applying the argument given in the proof of Proposition
3 3 5 for the same reason, we can require that £ = E; N J’ C J1(f¢FY). We then take
= J1(f9) for I < j <, so that E} € & vir(a)—r(J') for these subalgebras. We apply
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now the statement (Wi, ) for J', v’ and (E§)1§jgk- Accordingly, we get some elements

hi € Ef,...,hy € E}, such that A (h? + +hi;j’)§1and:
l k

Z )‘ij ( 7 Z >\1] +tr(d)— r ; Z Qh u (310)
j=1 j=l+1 j=1

Let us check that these elements satisfy all the required properties. First, we have h; €
E; C Ej for every j. Second, since the element h2 4.+ hi belongs to K7, its largest
eigenvalue in J' equals its largest eigenvalue in J. Third, Proposition 2.6.3 shows that:

k k
Z tr(Qn,u’) = Z tr(Qn, u).
i=1 i=1

The interlacing relations of Corollary 3.4.2 prove that:
l

PR ED PR

j=1 j=1
It remains to verify that:

)\ij+tr(d)—T(ul; \7/) = Aij (U, \7)

for every I < j < k. Actually, this comes from Proposition 3.4.6. Indeed, it suffices to
replace in its statement

2 77 by r— Zj + 1777 b2 ” by CZJ71 + + CT” a.l’ld 77k’7 by 77tr(d)77

to get the desired inequality, because J1(¢) C Ji(¢) C J1(d). [

The same proof can be carried out in order to show the following more general statement.

Theorem 3.5.6 Let 1 < k < r be an integer, and let —oo < a < b < +o00. Suppose that
f:[a,b]F — R is a function with the following properties:

o f is symmetric with respect to permutations of its arguments,
o f is increasing in every of its argument’s components, and

o f is Schur-convex.

Let 1 <41 <19 < -+ < i < 1. For every u € J with eigenvalues between a and b, we
have:
f()\'ll (u)v ceey )‘ik (u)) = E?Eaéj hrjnellrflj f(tr(thu)a oo 7tr(Qhku)) (311)
E1CCEy [1h;]1=1
A (R34 +h3)<1
and:
Fiy (), N (w) = Ej€%15j+l hmez%c Fr(Qn,u), ... tr(Qp,u)). (3.12)
E1D---DF Hh [|I=1

A (R24-+h2)<1
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Remark 3.5.7 The right-hand sides of (3.11) and of (3.12) are well-defined. Here is a
verification. Observe that if the eigenvalues of an element u of J are in a range between
a and b, then the number tr(Qpu) lies also in the interval [a,b] when ||h|| = 1. Indeed,
considering a complete spectral decomposition u = 2;1 Ai(u)e;, we have

tr(Qpu) = tr(h?u) Z)\ tr(h3e;).

The latter term indicates that tr(Qpu) is a convex combination of the eigenvalues of u,
because the nonnegative coefficients tr(h?c;) sum up to ||h||? = 1. Henceforth, the number
tr(Qpu) ranges between a and b. [

Remark 3.5.8 As an example of a function f that satisfies the three required properties,
we can take f:R¥ — R, v — f(y) := Hle Vi [

Proof
The proof has the same structure than the proof of the previous theorem.

The maximin relation follows from the minimax relation. Consider the function:
g:[-b,—al* = R, v — g(y) := —f(—7). Observe that this function is symmetric
with respect to permutations of its arguments and is increasing in every component.
It is also a Schur-convex function: as an immediate consequence of the definition of
majorization, we have v < X if and only if —A < —~; this implies g(A\) = —f(=\) >
—f(=71) =9(7).

Assuming that the maximin statement (3.11) holds for every function that satisfies
the three required properties, we can apply it to the function g above. We get:

_f()‘T—i1+1(_u)a BREE) )‘T—ik+1(_u))

= —f(=Ai, (W), =i (w)

= g()‘h (u)v RN Alk(u))

= Emeagx thnEirElj g(tl"(th u)a cee ,tI‘(QhkU,))
B\ C.-CE), [lhj]1=1

A (hi+-+hp)<1
= A \min —f(tr(Qn, (=), .., tr(Qn, (—u)))
E C-CEy IIh [1=1
A (h24-+h3)<1
= — i t — ot —
g s F(tr(@Qn (=), - (@i (—u)),
E C---CEy llhjl1=1
A1 (B3 4-4h2)<1

which establishes (3.12). Let us now proceed to prove (3.11)).

Generalization of Lemma [3.5.3: the easiest inequality. The extension we need takes
the following form.
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There exist subalgebras Ey C --- C Ey with Ej € & such that, for every
hj € & of norm 1, we have:

FOuy (), .oy X, (w) < ftr(Qpyu), - ., tr(Qp,u)).
|
The beginning of its proof is a copy-paste of the demonstration of Lemma [3.5.3. The

final argument comes from the fact that f is increasing in every of its argument’s
components.

Generalization of Lemma [3.5.4: the case k = r.

We assume here that k = r. Let E1 C --- C E,. be a sequence of subalgebras
such that E; € €. For every 1 < j <, there exists an element h; € E; of
unit norm such that Ay (h3 +---+ h2) <1, and

FOL(u), .., A (w) > ftr(Qpyu), ..., tr(Qp ).
|

Let {dy,...,d,} be a Jordan frame compatible with F1,--- | E,.. We show below that
hj := d; is a satisfactory choice. Since f is Schur-convex, we only need to prove that
the vector A(u) majorizes the vector v := (tr(Qg,u), ..., tr(Qq,u))T. Let us fix an
integer 1 < p < r, and a subset I of {dy,...,d.} of size p. With d; := Zjel d;, we

have

Ztr(deu) = Ztr(dju) = tr(dsu).

jel jel
Observe that di € S(1,). In view of Proposition [3.2.7, we obtain that tr(d;u) <
> Ai(u). Thus sp(y) < sp(A(u)). Moreover, if p = r, we have

sr(y) = Ztr(dju) = tr(u) = s (A(u)).

Henceforth, we have A(u) majorizes v in view of Lemma [3.2.5.

Following the proof of Theorem [3.5.5. We use here the notation and the objects de-
fined in the proof of the aforementioned theorem. The problem (3.8)) takes here the
form: find some elements h; € E; of norm 1, with Ay (h? + -+ h%;7) <1 and:

f()\h (U; j), R )\Zk (u; j)) > f(tr(thu), - ,tr(Qhku)). (313)

Case A. Again, the reader is referred to Case A of the proof of the Theorem [3.5.5
for the notation. The relation (3.9) becomes here:

Fi (Qau; Ti(d)), -+ -, Aiy (Qaus; T1(d))) = f(41(Qny Qan), - - -, t1(Qny, Qar)).

The interlacing relations (3.5) ensures that the arguments of f lie within the
appropriate range. Note that \; (Qqu; J1(d)) < Xi;(u;J), so that the left-
hand side is smaller than f(\;, (u;J),..., A, (u;J)) in view of the increasing
property of f. From Proposition 2.6.3, we have tr(Qp, Qqu) = tr(Qn,u). Hence,
the right-hand side equals f(tr(Qp, ), ..., tr(Qn,u)). The first case is settled.
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Case B. In Case B of the proof of the Theorem [3.5.5, we have defined some elements
hi,...,hk, and an idempotent d. We reemploy these objects here, as well as the
convenient notation we have introduced there.

Here, the relation (3.10) becomes:

f()\il (u/; j/)7 IR )‘iz (u/; j/)’ )‘iz+1+tr(d)fr(u,; jl)v ceey /\ik+tr(d)fr(ul§ j/))
> f(tl"(th’U,/), s 7tr(Qhku/))' (314)

It remains to check that this inequality implies the desired relation (3.13). Since
we have tr(Qp,u') = tr(Qn,u), the right-hand sides are equal. Now, we have
shown in the proof of the Theorem that A; yir(a)—r(u's J') = Ai; (u; J) for | <
J < k. Moreover, the interlacing relations show that X;, (u’; J') < Ai; (u; J) for
1 < j < I. By the increasing property of f, we finally conclude that the left-
hand side of the inequality (3.14) is smaller than the left-hand side of (3.13)).

Everything is now proved.

3.6 Applications of Wielandt’s Theorem

We propose here two applications of Wielandt’s Theorem. The first one is an extension
of the Lidskii’s inequalities to Jordan algebras. This extension has been mentioned as
an open problem in [BGLS01] for the more general framework of hyperbolic polynomials
(Open Problem 3.6). However, this question has recently been settled by Leonid Gurvits
in the preprint [Gur04], as a direct consequence of the Lax Conjecture, proved in [LPR05].

Corollary 3.6.1 (Extension of Lidskii’s inequalities) Let us fix the integers 1 < k <
randl <i; <--- <ix <r. For every elements v and v of J, we have:
k k k k
Ay () Y N0 —u) =D N (0) 2> A (W) + Y A (v —u).
j=1 j=1 j=1 j=1 j=1
Proof
By Proposition 3.2.7, we know that:
k k
Ai(v—u) = tr(h(v — d Y M_jpi(v—u)= min tr(h(v—u)),
2; s(0 =) = max tr(h(v—u)) an g (v =) = min wr(h(v - )
where S(1;) = {u € Jtr(u) =k, 0 < \;(u) <1}
Let Ef C --- C E} be the subalgebras for which the maximum is achieved in the

minimax Wielandt relation for Z?Zl A, ().
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By Wielandt’s Theorem, we can write:

k k
E i (v) = min max g tr(Qn,v)
— J EjGST_i].+1(._7) hjEEj — J
J E\D--DE, [|hsll=1 7
AL (hi+--+h3)<1

IN
(]~
b
<.
—
£
+
:
NS
-+
~
—
)
>
—
<
|
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N~—
N—

Let us now proceed to check that for every (h;)i1<;j<k such that h; € EY, ||h;]| = 1, and

A (3 + ~~+hi)§1,wehaveh.fzj L h3 e S(1g).

First, we can write tr(h) = Z?:l tr(h?) = Zj:1 ||h;l|? =k, and 0 < \;(h) < Ai(h) < 1.

In view of Remark 3.2.6, it remains to check that for every 1 < p < r, we have

Z)\i(u) < $,(1g) = min{k, p}.

i=1

This verification is immediate for p < k, because Y 7_, X\;(u) < >-P_ 1 =p, and for p > k,
since Y7, A\i(u) < tr(h) = k. Henceforth, we can erte

k k

A i t (v —
2_; ) i 3 (@0 = w)
= |1 lI=1
A1 (h3+-+h3)<1

Ma

u + min tr v—u
heS(1y)

HM»

k
A Z Aj(v—u).
j=1

The last equality comes from Ky Fan’s relations (see Proposition [3.2.7)). The other inequal-
ity can be easily proved using the identity A,—j11(u —v) = —A;(v —w). [

Jj=1

Definition 3.6.2 A function w : R" — R is a gauge function if w is a norm for which
w(z) = w(|z|) for every x € R”, where |z| := (|o1],- -+, |2.|)T, and that is invariant with
respect to permutations of the components of its arqgument (this invariance property is often
called symmetry ). ]

Recall that, for every € R", the number s,(x) stands for the sum of its p largest
components. A proof of the next lemma can be found in [SS90], Theorem II.3.17.

Lemma 3.6.3 Let w : R" — R be a gauge function. We have for every x,y € R’ that
w(z) > w(y) if sp(z) > sp(y) foralll <p <r. ]

Theorem 3.6.4 (Mirski’s Theorem for Jordan algebras) Letw : R" — R be a gauge
function and let W : J — R, u — W(u) := w(A(u)). For every u,v € J, we have

W(v —u) > w(A(v) — A(u)).
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Proo
In VieJ:v of Lemma 3.6.3, it suffices to prove that for every u,v € J and every 1 < p <7,
we have
sp([A(v = w)]) = sp([A(v) = Au)]).
So, let us fix such an integer p. Let J be the Cartesian product J @ J; its unit element

is (e,e). Moreover, the components of the eigenvalues vector A((u,v); J) constitute an
ordering of the components of the vector (A(u; J), A(v; J)).

Let u,v € J. We denote @ := (u, —u) and v := (v, —v), so that 4 and v are two elements
of J. Their respective eigenvalue vector consists in an ordering of the numbers

{Al(u; \7)7 ey AT(U) j)v 7/\1(u; \7)7 ey 7)‘7"(u7 j)}
and

{/\1(1]; \7)’ sy )‘T('U; «7)’ _/\1(U§ j), ceey _)\r(w \7)}
respectively. Similarly, the eigenvalues of v — @ are of the form +X;(v — u;J). Hence
sp(IAv —w; T))) = 25 (0 — 5 T).

We define now the indices ji,. .., j, of the p greatest numbers of the sequence
A (03 T) = Aa(ws T [Ar (03 T) = Ar(u; T

Now, we put iy = ji if Aj, (v;T) > Xj, (u; J), and iy := 2r — ji otherwise. One can easily
check that the selected sequence i1,. .., 1%, satisfies:

N (03 T) = XN (w5 T)| = Xy (0. T) = Xiy (@5 T)
and
p —
sp(|A(v; ) — = A (0 Xy (@ ).
k=1
It suffices now to use Corollary 3.6.1/ to get

P P
SR CIVAES PP CETV =3 P
k=1

k=1 k=1

NE

which is exactly what we planned to show. [ ]

As an application our version of Mirski’s Theorem, we can obtain a sharp bound on the
Lipschitz constant of spectral functions on formally real Jordan algebras.

Let f : @ — RU {+o0} be a function invariant with respect to permutations (i.e. a
symmetric function). We define K := {v € J|A(v) € Q} and F : K — R, u — F(u) :=
f(A(w)). Let w be a gauge for R” and W be the norm of J such that u — W (u) := w(A(u)).

Theorem 3.6.5 Suppose that there exists a constant L > 0 such that for every A,y € Q
we have:

LF(A) = F(V)] < Lw(X = ).

Then, for every u,v € K, we have:

|F'(v) — F(u)| < LW(v — u).
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Proof
The proof is extremely easy. It suffices to write:

[F(v) = F(u)| = [f (M) = F(M(w)] < Lw(A(v) = M) < LW (v — u).



CHAPTER

Spectral functions on formally
real Jordan algebras

N THIS CHAPTER, we study several properties of the eigenvalue func-
I tion of a formally real Jordan algebra, extending several known
results in the framework of symmetric matrices. In particular, we

give a concise form for the directional differential of a single eigenvalue.

More specifically, we focus on spectral functions F' on formally real Jor-
dan algebras, which are the composition of a symmetric real-valued
function f with the eigenvalue function. In this context, we explore
several properties of f that are transferred to F', in particular convex-
ity, strong convexity, differentiability in the classical sense and subd-
ifferentiability in the sense of Clarke.

129
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4.1 Introduction

Formally real Jordan algebraic techniques are more and more used to generalize various
results previously that have been obtained in the framework of symmetric matrices. These
techniques apply now in such different fields as statistics (e.g. [MN98]), positivity theory
[GST04] or operation research (e.g. [Fay97b]). Among other adaptations, these extensions
are performed by replacing the eigenvalues of symmetric matrices with the more general
eigenvalues defined in the context of formally real Jordan algebras.

The two following chapters lie within this scope. In the present chapter, we study the
eigenvalues function on formally real Jordan algebras, and more specifically, spectral func-
tions on formally real Jordan algebras. These functions can be build as follows. Consider a
formally real Jordan algebra J of rank r. Given a symmetric function f : R"” — RU{+o0},
that is, a function invariant with respect to every component permutations of its argument,
we let F': J — RU {400}, u — F(u) := f(A(u)) to be the spectral function generated
by f. We give in this chapter a collection of properties that f transmits to F. Some of
them were known in the framework of symmetric matrices. For instance, differentiability
properties (including subdifferentiability and conjugation relation) have been explored by
Lewis and Sendov [Lew96a, LS02]. Further references are given in the text.

However, we must mention that there are properties that cannot be transferred from
a symmetric function to the spectral function it generates. Adrian Lewis has shown in
[Lew96b] that there are symmetric functions f that are directionally differentiable in A(u),
while the spectral functions that they generate are not directionally differentiable in wu.

The applications that motivate our work come mostly from convex optimization. Fol-
lowing [SA03], let us briefly recall how formally real Jordan algebras have turned out to
be a powerful tool for investigation in the study of interior-point methods. In convex
optimization, algorithms are often designed in a first stage to solve some class of linear
problems efficiently. Then several attempts are made to generalize these algorithms to a
broader class of instances. Formally real Jordan algebras, which unify linear, second-order
and semidefinite programming, have proven to be a very efficient tool for performing such
extensions. As noticed by Alizadeh and Schmieta in [AS00], these extensions are often
done in a systematic way. Typically, an algorithm for linear programming is constructed
via some symmetric functions (barrier functions, penalty functions and so on). In order
to get the Jordan algebraic version of the algorithm, it essentially suffices to replace all
these symmetric functions by the corresponding spectral function they generate. This is
how Faybusovich could extend potential-reduction algorithms [Fay02]. Schmieta, Alizadeh
and Muramatsu have also used formally real Jordan algebras in a similar way to design
several primal-dual interior point algorithms with various neighborhoods [Mur02, [SA03].
Rangarajan applied this construction to generalize his infeasible interior-point methods
[Ran06].

Some recent results of Nesterov tend to show that interior-point methods are not always
the best procedures to solve some very large scale linear problems [NesO5a]. Whereas the
number of iterations of these methods is predictably low, each of them requires so much
work than performing the very first one might already be out of reach. The new smoothing
method of Nesterov has been designed to potentially avoid this problem, because, without
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affecting too severely the number of iterations, the iteration cost is much cheaper. This
method can be implemented for solving efficiently some structured non-smooth linear opti-
mization problems (see Section 4.1 of [Nes05a]). Can formally real Jordan algebras help to
extend this implementation via the spectral function technique described in the previous
paragraph ? In order to answer this question, we need to study how the Lipschitz constant
of a symmetric function’s gradient is transferred to the spectral function it generates, for
various norms. Corollary 4.4.15 gives a partial result in this direction, since it focuses
exclusively on Euclidean norm. For future research, it can also be interesting to use this
approach to unify the techniques involving self-regular functions [PRT02] in the framework
of formally real Jordan algebras, although they have already been studied for second-order
and semidefinite programming separately in the given reference.

The chapter is organized as follows. In the two next subsections, we recall some defini-
tion and we define some notational conventions that we will use throughout all the chapter.
An exposition of all the supplementary needed facts on Jordan algebras is provided in Sec-
tion [4.2. We also introduce there the new concept of ”similar joint decomposition”, which
plays an important role in describing the subdifferential of spectral functions. In Section
4.3, we review some properties that a symmetric domain transfers to the spectral domain
it generates. Spectral functions on formally real Jordan algebra are studied in Section
4.4. First, we make sure that the known results on conjugate functions of spectral func-
tion of Hermitian matrices translate smoothly in the framework of formally real Jordan
algebras. These observations allow us to carry out a differentiability analysis of partial
sums of eigenvalues, from which we infer a formula for the directional derivative of a single
eigenvalue. Differentiability of spectral functions is then discussed, and we close the section
with several convexity results. In Section 4.5, we determine how the Clarke subdifferential
of a symmetric function is linked with the Clarke subdifferential of the spectral function it
generates.

4.1.1 Functions and differentials

The domain of a function f : R™ — RU{+oco} is the set of points  in R™ where f(z) < +o0;
this set is denoted by dom f. A function is called proper if its domain is nonempty. Provided
that R™ is endowed with a scalar product (-, -), we define the conjugate function of a proper
function f as follows:

iR =R, s f*(s):= sup (s,z)— f(x) = sup (s,z) — f(x). (4.1)
zedom f xeR™

Throughout this chapter, the scalar product we use for R” is, unless explicitly stated oth-
erwise, the standard dot product: (v, ) := Y_;_; % \; for every v, € R". The Euclidean
norm it defines is denoted by || - ||

Let f : R" — RU {400} be a function whose domain has a nonempty interior. If z
is a point of this interior and h an n-dimensional vector, we say that the function f is
differentiable in the direction h at the point x if the limit:

iy S+ th) = f(2)
Vif(z):= ltlff)l ;
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exists. If this limit exists for every direction h, and if the application h ~— V” f(z) is linear,
we say that f is differentiable at the point x. Finally, f is differentiable, or differentiable
in the classical sense, if it is differentiable at every point of its domain. Some authors also
qualify such a function as smooth.

The differential of f in x is the linear function V,f(z), or Vf(z), that maps every
h € R™ to V! f(x). The Riesz representer of V f(x) with respect to the considered scalar
product is written f/'(z). With a slight abuse of language, we also call this vector the
differential of f in .

It is well-known that addition, multiplication, and composition of functions preserve
differentiability in the classical sense. It is also well-known that a convex and differen-
tiable function reaches its minimum at every point of the interior of its domain where its
differential vanishes. One of the common procedures in Convex Optimization is to build
a new convex function from the maximization of given ones. However, this construction
typically fails to preserve differentiability in the classical sense, and the previous criterion
for minimality does not hold. Many generalizations of differentiability have been proposed
to cope with such circumstances (see [Roc81], [RW98]). We consider two of them in this
chapter.

Following Lewis [Lew96al, we define the subdifferential of a function f at a point z of
its domain as:

Of (x) :={s e R"[f(x) + f*(s) = (s, 2)}.

In view of the definition (4.1) of the conjugate f*(s), if the supremum is attained at the
point z*, then s € df(z*). According to Theorem 23.5 in [Roc70], when f is convex and
proper, g € df(z) if and only if f(y) > f(x) + (9,y — z) for each y € R™. Hence, a point x
of the domain of f is a minimum if and only if 0 belongs to df(x). Moreover, the function
f is differentiable at x in the classical sense if and only df(z) contains exactly one element
(Theorem 25.1 in [Roc70)]).

However, the subdifferential does not behave well for non-convex functions f, because
Of (x) might be empty. Francis Clarke [Cla75] has proposed a different viewpoint for solving
this issue. His concept is well-defined for every locally Lipschitz continuous function. It
turned out to be extremely fertile — Google finds about 10600 pages with the words ” Clarke
subdifferential”.

Definition 4.1.1 Let E and F be two vector spaces endowed with the norm ||-||g and ||-||F
respectively. Let f be a function from a set A C E with a nonempty interior to F. We say
that f is locally Lipschitz continuous if, for every x € int A, there exist a neighborhood U
of z in A and a constant L, > 0 for which:

yeU = |[lfy) = f@llF < Lally — zlle-

Consider a function f : R" — RU{+4o00} that is locally Lipschitz continuous. From Radema-
cher’s Theorem, quoted as Theorem 4.5.2/ below, we know that this function is differentiable
in the classical sense on a dense part D(f) of its domain. The Clarke subdifferential of f
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at x € dom f is:

o f(z) := conv{v € R"|there exists (2, )m>0 C D(f) such that f'(z,,,) — v}.  (4.2)

There exist several equivalent definitions of this set (we refer the reader to [Roc81] for
further details), but this form is the most suitable for computing the Clarke subdifferential
of locally Lipschitz continuous spectral functions on formally real Jordan algebras. The
set between braces in (4.2) is called the Bouligand subdifferential of f at x, and is denoted
by Ogf(z). If f is a proper convex function, its Clarke subdifferential coincide with its
subdifferential.

4.1.2 Symmetric functions

Complying with the notation introduced in Chapter 3, we write P for the set of all per-
mutations of r-dimensional vectors considered as r x r 0-1 matrices. We denote by op the
permutation on indices {1,2,...,r} that a matrix P € P defines. We label each element
of P with an index, so that P = {P;, 1 <4 < r!}. A subset of R" is said to be symmetric
if it remains unchanged under every permutation of P.

Definition 4.1.2 A real-valued function defined on a symmetric set Q@ € R" is a symmetric
function if for every permutation P € P and each v € Q, we have f(Pvy) = f(v). [

For the ease of reference, we recall below a classical statement involving the set P. Its
proof can be found in [HJ96], Theorem 8.7.1. We denote here the all-one r-dimensional
vector by 1.

Definition 4.1.3 A matriz A € R™%" is doubly stochastic if A1 =1, if AT1 =1, and if
all its coefficients are nonnegative. [ |

Theorem 4.1.4 (Birkhoff’s Theorem) The convex hull of P is the set of doubly sto-
chastic matrices. [ |

4.2 Further results on Jordan algebras

We assume throughout this chapter that J is a formally real Jordan algebra of dimension
N < +o00 and of rank r, as defined in Chapter 2. We comply with all the notation we
introduced there. For instance, we denote the eigenvalues function of an element u that
belongs to a subalgebra J’ of J by A(u; J') or by A(u; J), depending on the algebra where
we consider u (see on p. [79). We often abbreviate the writing A\(w; J) into A(u).

The following new concept will help us to describe the subdifferential of some spectral
functions.

Definition 4.2.1 Let u,v € J. If there exists a Jordan frame {ci,...,c.} (possibly not
unique) such that w = >._; Ni(u)e; and v = Y ;_; Ni(v)e;, we say that w and v have a
similar joint decomposition. [ |
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It is important to underline the fact that, according to our numbering convention, we
have A1(u) > -+- > Ar(u) and A (v) > -+ > Ar(v). So, "similar joint decomposition” is not
a synonym of ”operator commutativity”, where the ordering of eigenvalues is not taken into
account. The following proposition gives an alternative description of similar joint decom-
position, which is instructive to compare with Proposition 2.7.29. This characterization is
sometimes easier to manipulate than the existence statement of the definition.

Proposition 4.2.2 Let us fix two elements u and v of J. Using the unique subspace
spectral decomposition theorem, we can decompose u as u = Z;Zl §jej, where the real
numbers &; are distinct and ordered decreasingly, and the elements e; are idempotent. We
denote by J;; the subalgebra J1(e;).

The elements u and v have a similar joint decomposition if and only if:

a. for all1 < j <s, there exists an element v; € Jj; such that v=>_"_,v;, and

=1
b. the smallest eigenvalue of v; on Jj; is greater than or equal to the largest eigenvalue

of viy1 on Jjy1,4+41 for each 1 < j <s.

Proof
We first show the ”if” part.

According to the hypothesis a, we assume that v € @;:1 J;j, so that v = Z;Zl v; for
some v; € J;;. We know from the first Pierce decomposition theorem that J;; = J1(e;) is a
Jordan subalgebra of 7. It is also formally real, as a restriction of the formally real algebra
J. Hence, we can apply the complete spectral decomposition theorem in this subalgebra
to decompose v; into v; = Z:r:(f]) Ajicji. This theorem assures us that the idempotents c;;
are minimal in their respective subalgebras. In view of Proposition 2.7.22] they are also
minimal in the full algebra J. Thus, the set

{Cllv <5 Cltr(er)) €215 - - - 7Cs,tr(es)} (43)

is a Jordan frame.

In view of the requirement b, we further assume that the smallest eigenvalue of v; on
Jij (i.e. Ajtr(e,)) is greater than or equal to the largest eigenvalue of vj 11 on Jj11 41 (i-e.
Aj+1,1) for every 1 < j < s. In other words, we have A > -+ > Alir(er) = A21 = -0+ 2
As tr(es)- Since

s tr ej s tr ej
u= g &ie; = g & g cji and v= E g AjiCjis
j=1 j=1 i=1

we can use the Jordan frame (4.3)) to show that v and v have indeed a similar joint decom-
position.
Now, we turn to the "only if” part of the statement. We assume that v and v have
a similar joint decomposition: there exists a Jordan frame {ci,...,¢,} such that u =
it Ai(w)e; and v =371 Aj(v)e;. We define the integers s, ki, ..., ks such that kg :=
and:
Ar(w) == Ay (0) > Agyga(u) = -0 = Ay (u) > -+ A, (w).
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We let Mj = {/%;1 + 1,...,k‘j} (Wlth ko = 0), ej = ZieMj ¢; and \7jj = ._71(€j). The
decomposition u = >0, Ak; (u)e; is the unique decomposition of u provided by Theorem
2.7.13.

It suffices now to let v; := Zz‘eM,- Ai(v)c;, which belongs to Jj;; the eigenvalues of v;
in J;; are thus Ag;_,41(v),..., Ax; (v), and the required condition b is also satisfied. [

In order to compute the subdifferential of some spectral functions, we need an extension
to formally real Jordan algebras of the von Neumann inequality (4.4), and, even more
importantly, we have to determine when the equality occurs.

Similar joint decomposition allows us to propose a compact description of the equality
case. Adrian Lewis [Lew96a] has obtained a corresponding result when J is the algebra
of Hermitian matrices. An alternative description of the equality case has already been
provided in [LKF03], although it only covers the case where J is a simple Jordan algebra
(more details are given in Remark 4.2.6). As our argumentation uses a rather different
technique, we include here a proof.

We need the following simple technical lemma.

Lemma 4.2.3 Let o, 3 and «y be three s-dimensional vectors such that:
© Z§:1 Bj > Z§:1 aj for every 1 <p <,

S S
< Z]:l /BJ = Z]:l aj7 and
S Y>> Yy

IfyTa =~Tp3, then o = 3.

Proof
We have:
0=7"(B-a) = (m =) B — 1)+ (2 —13) (B + fo — 1 — ) +---
+(r—1 =) (B B o = — )
9o (Br 4 By — = = ay).
The last term is null by assumption, and the factors 8y + -+ + 8, — a1 — -+ — o, are
nonnegative. Since vy, —yp+1 > 0, we have 81+ -+ 8, = a1+ -+, forevery 1 <p <r.
Henceforth a = . [}

Theorem 4.2.4 Let u,v € J. We have:
Z Ai(w)Ai(v) > tr(uw). (4.4)
i=1

The equality holds if and only if u and v have a similar joint decomposition.

Proof

Let u = Y ;_; Ai(u)c; be a complete spectral decomposition of u, and let v = sz Vij
be the second Pierce decomposition of v with respect to the Jordan frame {cy,..., ¢}, so
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that vi; € Jij := Qe,,e; T = J1y2(ci) N J12(cj). Note that, for each pair 4, j of different
numbers, we have:

uvij € (J1(ci) + Jo(ci)) o Jiya(ei) € Tiyalci),
since v € @j_; Ji(ex) C Jile;) + Jole;). Thus tr(uv;;) = 0 in view of item (7 of Theorem
2.6.1.

Let v =)"!_; \i(v)c}; be the complete spectral decomposition of v. We successively get:

tr(uv) = Z r(uv;;) Ztr uv;;) Z Ai(w)tr(cv

1<i<j<r

:ZZA )tr(eic;) A (v) = M) T BA(v),

=1 j5=1

where B is the r x r matrix with coefficients B;; := tr(c;c}).
First, note that B;; > 0 since tr(c;c}) = tr(Qc,c}) > 0 as ¢; € K7 (see item [7 of the
first Pierce decomposition theorem).

Second, observe that the sum of elements in every row or column of B is equal to 1 since
the idempotents ¢; and c;- are minimal. In other words, B is doubly stochastic. Hence, by
Birkhoff’s Theorem 4.1.4, B € conv(P). Thus:

Mu)TBA(v) < Pelg;gic(m Mu)TPA(v) = max Mu)TPA(w) = Au)TA\(v). (4.5)

The last equality holds because A(u) and A(v) are in R (see the rearrangement inequality).
The second-to-last equality is a well-known fact in convex analysis (see Corollary 11.5.1
from [Roc70] for instance).

Now, we determine the equality conditions. The ”if” part is trivial. In order to prove
the “only if” part, let us define the integers s, k1,..., ks such that ks := r and:

Ar(u) == A (1) > Ay (u) = -0 = Ay (0) > - A, (w).
Set M; := {kj—1 +1,....k;} (with ko = 0) and e; := > ,c), ¢;. We assume that the

element v of J satisfies tr(uv) = i, Ai(u)Ai(v). We have tr(uv) = 327, Ak, (u)tr(e;v).

Let us denote by « the s-dimensional vector with Componentb a; = tr(e;v), and by (3 the
s-dimensional vector with components 3; 1=}, M, Ai(v). Observe that:

Zﬂj:ZZ/\i( ) = tr(v Ztr e;v) Zozj;
J=1 j=1

j=lieM;

moreover, for 1 < p < r, we have

Zﬁj:ZAi<v>2tr Zejv :Zaj7
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in view of Ky Fan’s inequalities of Proposition [3.2.7. In view of Lemma 4.2.3] we obtain
a = (3, that is:

kp p
Z Ai(v) = Ztr(ejv).
i=1 j=1
Applying Corollary 3.4.4 successively for d := ey, for d := e; + ea, ..., we deduce that:

ve Jiler) + FJi(e2) + -+ Jiles).

Moreover, the eigenvalues of v on J1(e;) are {\;(v)]i € M;}. Thus the smallest eigenvalue
of Qc,v on Ji(e;) is larger than the largest eigenvalue of Q.,,,v on Ji(ej11). In view of
Proposition 4.2.2, we conclude that u and v have a similar joint decomposition. [ ]

It is possible to reprove a particular case of Mirski’s inequality (see Theorem [3.6.4) from
this theorem, where the gauge function we choose is the Euclidean norm. But now, we can
easily describe the equality case.

Corollary 4.2.5 For every u,v € J, we have [|[A(u) — A()|| < |lu —v||7. The equality
holds if and only if w and v have a similar joint spectral decomposition.

Proof
We have:
IA@) = A@)I1 = [IAN@I1F =2 Aa(w)As(v) + [[A@)]]?
i=1
< IM)|? = 2tr(uv) + []A@)]]* = [|u = ][5
The equality case follows immediately for the previous theorem. [ ]

Remark 4.2.6 Lim, Kim, and Faybusovich have described the equality case of the von
Neumann inequality as follows in Theorem 2 of [LKF03].

Suppose that J is a formally real simple Jordan algebra of finite dimension. Let
K be the connected component of the identity in A(J), the set of automorphisms
of J. We fix a Jordan frame {ci1,...,c .}, and we define the operator v : J —
T.u—y(uw) = Y_; Ni(u)e;. Then tr(uv) = A(u)TA\(v) for two elements u,v
of J if and only if there exists an automorphism k € K such that k(u) = v(u)
and k(v) = v(v). [

We illustrate here the fact that this viewpoint cannot be easily extended to non-simple
formally real Jordan algebras.

Let us consider a formally real Jordan algebra J made of two copies of the n x n
symmetric matrixz Jordan algebra, say J = J* ® Jb. We assume that n > 1. The
connected component of the identity in the set of automorphisms of J, denoted here as K,
is made of all the applications of the form

k* 0
k:<0 kb)’
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where k' is in the connected component of the identity in the set of automorphisms of J*.
We fiz a Jordan frame {c{,...,c% &, ..., ch} of T, with ¢; € J'. Let u = (u®,u’) and

s “mo

v = (v®,v") be two elements of J for which there is an automorph@sm k € K such that:
k(u) = k*(u®) + k" (u ZA GITNE + Y i
i=1

and i,
k(v) = k*(v®) + k°(v Z A0 T e+ X
=1

At first glance, one could think that this kmd of link between u and v, as it seems to naturally
extend Kim, Lim and Faybusovich’s characterization, is enough to have the equality case
in von Neumann inequality. Unfortunately, this is not the case, as

tr(uv) = tr(uv®) + tr(u’v’ Z Ai( JAi(v T) + Z Xi (U TN (0% T°)

18 not necessarily equal to
Z)\ w; T (v ),

due to the fact that the correspondmg eigenvalues \;(u; J) and A;(v; J) might not come
from the same simple subalgebra J or J°.

In fact, similar joint decomposition ensures that nothing wrong happens with the num-
bering of the eigenvalues \i(u®; J), \i(u’ J°), \i(v® T%) and \;(v®; T°) with respect to
the numbering of the eigenvalues \;(u; J) and A;(v; J). [

4.3 Properties of spectral domains

Before analyzing more closely the spectral functions, we concentrate in this section on
several simple properties that are transmitted form a symmetric set @@ C R" to the subset
K of elements of J whose eigenvalue vector lies in Q.

Remember from Chapter [3 that the set
SC(A) := conv{PA|P is a permutation matrix}
can be described for every A € R™ (see Lemma [3.2.5)) as follows:
v E€SCA) & sp(y) <sp(A) foralll <p<r and s.(7)=s-(N),

where the function s, : R™ — R maps every vector A € R" to the sum of its p largest
components. This simple characterization and Fan’s inequalities (see Proposition [3.2.7)
are the only needed tools to show how the convexity of a set @) can be transmitted to the
set K :={u € J|A\(u) € Q}. An anonymous referee mentioned that this result can also be
derived in the framework of Hermitian matrices by applying Corollary 2.7 of [Lew96a] to
the characteristic function of the set Q.
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Theorem 4.3.1 Let Q CR” be a symmetric set and let K := {v € J|\(v) € Q}.

1. If Q is convex, then K is convex.
2. If Q is closed, then K is closed.
3. If Q is open, then K is open.

4. If Q is bounded, then K is bounded.

Proof
Suppose that @ is convex and fix vg,v; € K and « € [0,1]. Using the characterization
given in Lemma [3.2.5, we can prove that:

AMawvy 4+ (1 — a)vg) € SC(aA(vr) + (1 — a)A(v2)) (4.6)

as follows. We denote v, := av; + (1 — a)vg and A, := aX(v1) + (1 — a)A(vp); observe that
Ao 18 an ordered vector. We first have:

sr(Aa) = asr(A(v1)) + (1 = a)sr(A(vo))
= atr(v) + (1 — a)tr(vg) = tr(vae) = sr(AMva)).

Second, as shown in Proposition [3.2.7, the function S,(v) = s,(A(v)) is convex (it is even
a support function). This allows us to write, since the components of A\, are ordered
decreasingly:

sp(Aa) = sp(a(vr) + (1 = )A(v)) = aSp(v1) + (1 = @)Sy(v0) = Sp(va) = sp(A(va)),

and (4.6) is shown. Now, A, € @ because @ is convex. The symmetry of ) implies
SC(Ao) C Q. From (4.6), we have A(v,) € Q ie. v, € K.

Items 2 and 3 are immediate consequences of the continuity of the eigenvalue functions.

Item 4 is easy to prove as well. It suffices to apply Corollary [4.2.5/ with v := 0 and to
observe that the equality holds in that case. [ ]

The compactness of a set ( C R” is therefore transferred to the set K C 7 it generates.
This fact is used in the following proposition, which will allow us to prove some continuity
results in Jordan algebras.

Proposition 4.3.2 Suppose that we have an element u € J and a sequence (Um)m>0 of
J that converges to u. We denote the complete spectral decompositions of these elements
by upy, = Z;l Ai(Um)Cim and u = Z;Zl Ai(u)e; respectively. We define the numbers
S,k1,...,ks so that ks :=r and:

Ar(w) == Mgy (W) > Ay (u) = = Agy (u) > - Ag, (u).
We set M :=={k;j—1 +1,...,k;}, ej := ZieMj i, and €jp, = ZZ—GMJ_ Civm -

For every 1 < j <'s, the sequences (€jm)m>0 converge respectively to e; as m goes to
infinity.
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Proof
We can successively write:

0= lim %, —u = lim Z Xi (W) Cim — Ai(W)Cim + Xi(w)eim — Ni(w)e;

m— o0 =
= lim D Ni(u)(cin — i) = lm D () (em — ¢));
i=1 j=1

we have used the continuity of eigenvalues for the second equality.

Now, let mg, m1,mo,... be an increasing sequence of integers such that (ej’mk)kZO
converges for every 1 < j < s. This sequence is known to exists, as the idempotents e; p,

all lie in the set {v € K 7|tr(v) < r}, which is compact in view of the previous theorem.

Let f; be the respective limits of these subsequences; obviously {fi,..., fs} is a system
of idempotents. The equality above shows that u = > 7_; Ay, (u)f;. By the first spectral
decomposition theorem, we then have e; = f;.

We have proved that every converging subsequence of (ej)m) must converge to e;.

m>0
Since the sequences are all in a compact set, we obtain the result’. [ ]

This proposition will be refined in Lemma 5.4.4, Lemma [5.4.5, and Lemma [5.4.6.

We conclude this section with a density result that will be useful in the computation of
the Clarke differential of spectral functions.

Proposition 4.3.3 Given an open symmetric set Q CR" and a dense subset D of Q, we
let K :={ue J\Nu) € Q} and U := {u € J|\(u) € D}. The set U is a dense subset of
K.

Proof

We first prove that D NR] is dense in @ NR]. Suppose that it is not the case. Then, there
exists a vector + € QMR and a real number € > 0 for which the set B(z, €)NDNR] is empty.
Without loss of generality, we can assume that € is small enough for the ball B := B(x,€)
to be entirely contained in (). Since R = adh(int RI), there exist a vector y € B and a
real number ¢ > 0 for which B(y,¢’) is included at the same time in R and in B. By
density of D in @, there exists a vector w € B(y,e)ND. As w € B(y,€') C B(z,¢e) NR",
we have reached a contradiction.

The statement is now easy to prove. Let u =Y _._, X\i(u)¢; € K and € > 0. According to
what we showed above, there exists a vector u € D MR for which [[A(u) — p[| < €. Letting
v =Y., pic;, which is in U, we have |[u —v||7 = [|A\(w) — A(v)|] = [|M(w) — p|| < e. Thus
v € UN B(u,e¢), and U is dense in K. [

IThis argument is very standard in the theory of metric spaces. We give here a five-lines proof. Let
(an)n>0 be a sequence on the compact K, every subsequence of which converge to the same point a. Let
€ > 0 and consider the open ball B centered in a and of radius e. We need to find an integer m’ such that,
for every m > m’, we have ||ay, — a|| < e. Suppose that this m’ does not exist. Then there is an infinite
number of points (bn),>0 of our sequence in the compact K’ := K\B. Thus, there exists a converging
subsequence of (by),>0 ‘in K’. But the point a is not in K’, and we have reached a contradiction.
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Observe that it is absolutely necessary to ensure that the vector u has ordered compo-
nents in the proof of the previous proposition. Otherwise, the equality ||[A(u) — A(v)|] =
[IA(w) — p|| would not be valid.

4.4 Inherited properties of spectral functions

Given a symmetric function f : R”™ — R U {+oo}, we let F : J — RU {+o0}, u —
F(u) :== f(A(u)) to be the spectral function generated by f. We give in this chapter a
preliminary collection of properties that f transmits to F'. Some of them were known in
the framework of symmetric matrices. For instance, differentiability properties (including
subdifferentiability and conjugation relation) have been explored by Lewis and Sendov
[Lew96a), [LS02]. Further references are given in the text.

4.4.1 The conjugate and the subdifferential of a spectral function

According to its definition, it is obvious that the conjugate of a convex function f is tightly
linked with the subdifferential of f. These interactions are described in Section 23 of
[Roc70], and especially in Theorems 23.4 and 23.5. In particular, they allow us to deduce
easily from considerations on the conjugate a precise description of the subdifferential of a
spectral function in the context of formally real Jordan algebras.

Most of the results presented in this subsection were previously known in the framework
of Hermitian matrices, and our contribution consists in checking if they translate smoothly
for Jordan algebras.

We recall below that the conjugate function of a symmetric function is itself symmetric.

Lemma 4.4.1 Let Q be a symmetric set of R" and let f : Q — R be a symmetric function.
The conjugate of f with respect to the dot scalar product on R” is a symmetric function

too.
Proof
Let s € R" and let P € P. We have :

[*(Ps) = jgg(P&fﬁ) — f(x) = sup(s, PTx) — f(x)

z€Q
= sup(s, Pz) — f(PTa) = sup(s,x) — f(x) = f*(s),
TEQ TEQ
by symmetry of @ (note that f*(Ps) may be equal to +00). [

From this lemma, we can consider the spectral function generated by f*. The next
theorem shows that this is exactly F*. Its (short) proof follows the demonstration of
Theorem 2.6 in [Lew96a], where the same result was obtained in the framework of Hermitian
matrices. Corollary 4.4.3|is the Jordan algebraic version of Theorem 3.2 of [Lew96al.

Theorem 4.4.2 Let Q be a nonempty symmetric set of R", let f: Q — R be a symmetric
function and let F' be the spectral function generated by f. Then F* is the spectral function
generated by f*.
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Proof
Let s € J be such that f*(\(s)) < +00. Denoting K := {u € J|A(u) € Q}, we successively
have:

F*(s) = sup [tr(zs) — F(x)] = sup [tr(zs) — f(A(2))]

reK zeK
= sup [(A(s), A) — f(N)] = f7(A(s))-
AEQ
Theorem 4.2.4! justifies the second to last equality. [ ]

As a straightforward corollary, we can establish how the subdifferential of a spectral
function is linked to the subdifferential of the function from which it has been generated.

Corollary 4.4.3 Using the same notation as in the previous theorem, we have:

OF (z) = {s € J|A(s) € 0f(A(x)), s and x have a similar joint decomposition}.

Proof
We have for all z,s € J:

Fi(s) + F(z) = f*(A(s)) + f(M=)) = Z Ai()Ai(s) = tr(ws).

An element s € J belongs to OF () if and only if F*(s)+ F(x) = tr(xs). The upper bound
of the first inequality is reached if and only if A\(s) € df(A(x)); by Theorem 4.2.4], the second
inequality turns to an equality if and only if # and s have a similar joint decomposition. B

4.4.2 Directional derivative of eigenvalue functions

In this subsection, we apply the results derived above to compute the subdifferential of the
function Sp, that is, the sum of the p largest eigenvalues. Then, we deduce an expression
for the directional derivative of \;. Related results in the framework of symmetric matrices
can be found in [OW93], Theorem 3.5, Theorem 3.9 and corollaries. It turns out that the
present analysis, culminating in Theorem [4.4.8 below, settles an open question in [SS04].
Moreover, the results of this subsection play an important role in the computation of the
Hessian of a spectral function and in related problems.

In the next lemma, we determine the differential of the support function of SC(1,) for
every 1 < p <r. We assume throughout this subsection that for every p € RY, the number
Lo is strictly greater than w1, and w41 is strictly lower than p,..

Lemma 4.4.4 Let 1 < p <, and f be the support function of SC(1,). We fix a vector
peR]. We define the integers l, > 1 and u, > 0 such that:

Bp—i, > Pp—lp+1 = = Up = = Uptu, > Uptu,+1-
Then

Of (k) = {(1p—i,; B1,;0)|B is a (I, + up) x (I, +up) doubly stochastic matriz} .
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Proof
According to Theorem 23.5 of [Roc70], we have

Of (n) = argmax{(y, u)|y € SC(1p)}.

Observe that, by an elementary application of Lemma [3.2.5] the relation v € SC(1,) can
be equivalently rewritten as 0 < ; <1 for every i and s,.(y) = p. The above optimization
problem can then be reformulated as the following continuous knapsack problem:

01 () = argmax (7,)
Sty i Vi=Dp
0<~v <1, i=1,...,n

According to the standard greedy approach for this knapsack problem (see for instance
Section 2.6 in [Wol98]), all the optimal solutions v* to this problem satisfy:

Mm=-=%a,=1 and 7y, == =0
Hence, we are left with the conditions

ptup
Z v =1, and 0<~v <lforp—1I,<i<p+up, (4.7)
i=p—Ip+1

Observe that every * that complies with these conditions satisfies (v*, p) = (1,, ) = f(u).
Hence, they describe the subdifferential of f at p.

For notational convenience, the (I, + u,)-dimensional vector consisting of components
p—1Il,+1to p+uy, of v* is denoted by 77 ,4. The condition (4.7) on coefficients of v, can
be equivalently formulated as v;,;4 € SC(1], ), where the vector 1; is (I, +uj)-dimensional.

In view of Birkhoff’s Theorem, we finally get the desired form. [ |

As the reader may guess, the possible multiplicity of the eigenvalues of u should be
carefully treated in the computation of the subdifferential of S,(u). Keeping this point in
mind, let us introduce a few notational conventions.

For each u = Y, Ni(u)e; € J and each 1 < p < r, we define the integers [, (u) > 1
and wup(u) > 0 such that they satisfy:

Ar(u) > > )‘pflp(U) (u) > )‘pflp(U)+1(u) == )= = )‘p+up(u)(u)
> Aptuy (w41 (1) = -+ = Ar(u).

If we represent on a line the indices of the eigenvalues of u that are equal to A\p(u), we
obtain a segment in N. Starting from p and going to the left, one can go as far as [, (u) — 1
on this segment; going to the right, the largest distance one can move is u,(u). The full
length of the segment is 1, (u) + up(u) — 1, and the multiplicity of the eigenvalue A,(u) is
1 (1) + uy (1),

Moreover, we denote

f;(u) = Cp—i,(u)+1 +o Cptuy(u))
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we use a sans-serif typeface for this idempotent to avoid a possible confusion with a compo-
nent of the differential of a function f. In fact, f;(u) is the idempotent given by the unique
eigenspaces spectral decomposition theorem (see Theorem 2.7.13) for the root §; = A\, (u).
Consequently, f;(u) is uniquely defined, whatever may be the Jordan frame we have chosen
for the complete spectral decomposition of wu.

We also write:
fp(u) :==cr+cat+ -+ ey and f(u) = cppu,(uyp1 + -+ o1+ 6,

so that e = f,(u) + f,(u) 4 f, (u). Observe that these elements are uniquely defined and
that their pairwise products are all null.

Proposition 4.4.5 Let u € J. We have:

Proof

Let us fix an element u in J. Observe that, in view of Fan’s inequalities (see Proposition
3.2.7), the function S, is the support function of the set S(1,), which can be in turn
constructed from SC(1,) by the usual Jordan eigenvalues lifting.

Applying Corollary 4.4.3, we have:
0Sp(u) = {v € J|A(v) € 0f(A(u)), v and v have a similar joint decomposition},

where the function f is the support function of SC(1,). From Lemma 4.4.4, we know that
v € 9f(A(u)) if and only if:

oy =1forl<i<p-—I,(u);

o 0<y <lforp—Iy(u)+1<1i<p+uy(u), and the sum of these components equals

p(u);

o andy, =0for p+uy(u)+1<i<r.

o~

In view of Proposition [4.2.2 on similar joint decomposition, we deduce that:
veEIS,(u) & v="f,(u)+,
where v’ € J1(f},(u)) is an element whose eigenvalues are between 0 and 1 and whose trace

is equal to I, (u). [ ]

The following two corollaries are direct consequences of this explicit description of
0S5, (u). The first one has been obtained independently in [SS04], Proposition 4.

Corollary 4.4.6 Let u = Y ._  Ni(u)e; € J and 1 < p < r. If p is the ending rank of
a group of equal eigenvalues of w, i.e. if u,(u) = 0, then S, is differentiable at u and

08p(u) = {fp(u) + f(u)} = {327 ei}-
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Proof

Let v € 9Sp(u). By Proposition 4.4.5, we can write v = f,,(u) 4+ v/, where v’ € J1(f},(u)).
Since J1(f},(u)) is a subalgebra of J of rank I,(u) 4 u,(u) = ly(u), since the eigenvalues
of v’ are between 0 and 1, and since tr(v') = [,(u), all the eigenvalues of v/ are equal
to 1 in Ji(f,(u)). Thus v' is the unit element of Ji(f,(u)), i.e. v' = f,(u). Hence
0Sp(u) = {fp(u)+f,(u)} = {>°V_; ¢;}. This subdifferential contains only one element, and
it suffices to apply Theorem 25.1 in [Roc70] to conclude that S, is differentiable at u. ®

In the next corollary, we adopt the notation S, (u; J") :=>-F_ Xi(u; J') for every u in

a subalgebra J’ of J and every 1 < p < rank(J’). As recalled at the beginning of Section
4.2, \;(u; J') is the ith eigenvalue of w in the subalgebra J'.

In the special case where u € J' := J;(c¢) for an idempotent ¢, one can easily reconstruct
AMu; J) from A(u; J'): it suffices to enlarge this vector by adding enough zero components
(see Theorem 2.6.1 and Proposition 2.7.22). 2

In particular, the function S,(+; J') is equal to S, on every uw € J' for which A, (u; J) >
0. Moreover, the trace of J’ is equal to the restriction of the trace of J to J’.

Corollary 4.4.7 Letu,he J,1<p<r, and J' := N (f;(u)) Then:
ViuSp(u) = tr(fp(w)h) + Si, ) (Qr, w15 T').-

Observe that QF;(u)h is the orthogonal projection of h on J'.

Proof
By convexity of S, and in view of Theorem 23.4 in [Roc70], we can write:

ViS,(u) = sup tr(vh).
vEDSy (u)

Thus, with I, := l,(u), f, := fp(u) and f, := f (u), we successively have:

VS, (u) = sup{tr(vh)|v € 0S,(u)}
= tr(fyh) + sup{tr(v'h) [v" € T, 0 < \;(v') < 1Vi, tr(v') =1, }
= tr(fph) +sup{tr(v'Qp h)[v" € J', 0 < N (v's ') < 1V, tr(v') =1}
= tr(fph) + 5, (Qr 1 T').

The second equality comes from Proposition [4.4.5. The third one follows from the fact
that the eigenvalues of v’ in J and in J’ are identical, except for the multiplicity of 0. We
have also applied the identity tr[(Q.x)y] = tr[(Qc(Qcx))y] = tr[(Qex)(Q.y)], which holds
for every idempotent ¢ in view of the fact that Q. is self-adjoint. The fourth one is an
application of Proposition [3.2.7 in the subalgebra J’. [ ]

This corollary confirms that S, is in general not differentiable because the expression
of VS, (u) is not linear in h. Here, we have a linear part [tr(f,(u)h)] and a convex part

[St, ) (Qf1 (uy s T)].-

?Not all the Jordan subalgebras of J are of the form J;(c) for an idempotent ¢ of 7. Consider indeed
the subalgebra Rec + Rd + Red suggests (see the proof of Lemma [2.10.10), where ¢ and d are minimal
idempotents of J such that tr(cd) €0, 1[.
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We have now everything we need to compute the directional derivative of an eigenvalue.
This answers the first open question given in the conclusion of the preprint [SS04].

Theorem 4.4.8 Letu,h € J, and 1 < p <r. We write J' for Ji(f,(u)). The directional
derivative VI, (u) exists and equals:

Vi (u) = AL (u) (@t () T').-

Proof
Actually, this is a direct application of the previous corollary. For simplicity, we write again
lp := lp(u), T, :=fp(u) and f, := ] (u).
Suppose first that p = 1. Since I, = 1 and f, = 0, we have:

Vi (u) = ViSi(w) = S1(Qe h; J') = M(Qr h; T').
Now, if p > 1, we have Ap(u) = Sp(u) — Sp—1(u). Let us consider the case where [, > 1.
Since f, =f, 1, l,-1 =1, — 1 and f, = f,_, we have:
VZ)‘p(u) = VZSP(U) - VZSp—l(U)
tr(fph) + Slp (Qf;h; j/) — tr(fpflh) — Slp71 (Qf;_lh; J1 (f;,,l))
= N\, (Qe by T).

It remains to analyze the situation where p > 1 and I, = 1. In this case, Ap_1(u) > Ap(u)
and u,_1 = 0; using now Corollary 4.4.6, we get:

Vidp(u) = ViSy(u) = Vi Sy (u)
— tr(fph) + Sl(Qf;h; j/) — tr(fph) = Al(Qf;h, jl)

4.4.3 First derivatives of spectral functions

We show in this subsection how to differentiate spectral functions on Jordan algebras. For
Hermitian matrices, this problem has been solved by Adrian Lewis in [Lew96b], Theorem
1.1. Our proof loosely follows his argument. Our result has been obtained, independently
of our work, in the preprint [SS04], Theorem 21.

We first start by an observation concerning the symmetry of the differential of a sym-
metric function.

Remark 4.4.9 Let Q C R" be an open symmetric set and let f : Q@ — R be a function
that is symmetric with respect to permutations. Suppose that f is differentiable at A\ € @
and that \; = Aj. Then f](\) = f}(\).

Indeed, f is differentiable at PX\ for every P € P. For every direction h € R", we can
write by symmetry of the function f:

PX+th) — f(PA
— iy T PA+PTR)) = f(PA) fA+tPTh) — f(N)
B tl—% t t—0 t

= v{h .
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Equivalently, Vf(PX) = Vf(A)PT or f/(PX\) = Pf'(\). In particular, if P is the
permutation that only exchanges the components i and j, we have PA = A, and f'(\) =

PTF/(N). Thus fi(X) = [PTf(M]; = Fi(V). .

Theorem 4.4.10 Let Q C R” be an open symmetric set, and let f : Q — R be a symmetric
function. We define K :={v € JA(v) € Q} and F : K - R, v — F(v) := f(A(v)). Let
w=>Y_ N(u)e; € K. If the function [ is differentiable at \(u), then the function F is
differentiable at u and:

Fl(w) =Y fi(A(u)e. (4.8)
i=1

Proof
Observe first that the formula (4.8) is independent of the particular spectral decomposition
of u we have taken, due to the symmetry of f (see Remark 4.4.9).

Let € > 0 and define the integers s, k1, ..., ks such that ks := r and:
Ar(w) == Mgy (0) > Apr(u) = -0 = Ay (1) > -+ Mg, (u).
We also take M; = {k;_1 +1,...,k;} (with ky := 0) and e; := ZieMj ¢;. By differ-

entiability of f in A(u), there exists an open and bounded neighborhood A of A(u) such
that:

1F() = FO(w) = F @) (v = AMw))| < elly = Aw)]]

for every v € A. Let V := {v € J|A(v) € A}; according to Theorem 4.3.1], this is an open
and bounded neighborhood of u. We can further assume that:

Fiy @) [Sk, (u + ) = S, (w) = Vi Sk, (u)]| < ellhl|7

for every h € V—u and each 1 < j < s by possibly considering for A a smaller neighborhood
of M(u). Using the directional derivative formula for S, from Corollary[4.4.6, we can deduce
from these inequalities:

T, 0@) | 30 (Al h) = Ai(w) = tr(ein))

ieM;

< |, ) [Si, (u+h) = S, (w) = VS, (w)]|
[, @) [S, (w4 1) = S, () = VIS, ()]
< 2¢[|hlls
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for all h € V — u. Now, we can write:

[/ (M) T (Au + ka ))tr(ejh))|

= 1>, 0) | 32 (it ) = Xilw) — tr(eih))
Jj=1 Li€EM;

S

< S O@) | 32 (it h) = Xilw) — tr(eih))
j=1 Li€EM;

< D 2ellhllg = 2sel|hll 7 (4.9)
j=1

The Lipschitz property for eigenvalues showed in Corollary [4.2.5] allows us to write for
allh eV —u:

[fMw+R)) = FA@) = F'Aw) " (A(u+h) = Mw))| < el[A(u+h) = Mu)|| < el|hl]7-

In view of (4.9), we then get:
[F(u+h) - ka )tr(esh)| < e(1+2s)[[h]7-

Since V' is open, h/||h||7 can be arbitrarily chosen on the unit sphere of 7, and

=D Ji,(Aw)es = 3 iAW)

Observe that the previous theorem requires no assumption on the convexity of the
function F' in the previous theorem.

Corollary 4.4.11 If the function f is continuously differentiable in @), the spectral func-
tion F' generated by f is continuously differentiable in K.

Proof

Let v € K and (um)m>o0 be a sequence of K that converges to u. We denote the respec-
tive complete spectral decompositions of these elements by v = Y., Ai(u)¢; and uy,, =
> i1 Ai(wm)¢im. The continuity of eigenvalues and of f” implies that lim,, oo f'(A(um)) =
f'(A(u)). Tt remains now to use Proposition 4.3.2 to get:

n%E»nooF ka U 'rr%gnoo Z Cim = ka 6J o F/( )

i€ M;



4.4— Inherited properties of spectral functions 149

4.4.4 Convex properties of spectral functions

This subsection discusses how convex properties of symmetric functions can be transferred
to the corresponding spectral function. The first item of the following Theorem has been ob-
tained by Adrian Lewis in [Lew96a], Corollary 2.7, for convex lower semicontinuous spectral
function on Hermitian matrices. While Lewis’ proof relies on some relationships between
conjugate functions, we use here a more elementary argument based on the description of
the permutahedron. It is interesting to note that, in view of our proof, the convexity of
spectral functions generated by convex functions follows directly from the convexity of the
functions S, and from Birkhoff’s Theorem.

Definition 4.4.12 Let Q C R" be a convex set. A function f: Q — R is strongly convex
with parameter o with respect to the norm || - || if and only if for every x,y € Q and every
a € [0,1], we can write:

g

af(@)+ 1 —a)f(y) - flaz+ (1 - a)y) > Sal - a)llz -yl

[\]

If the function f is differentiable on @, this requirement is equivalent to

F) = f@) = (f'@)y—2) > Zly—=|  forall z,y€ Q.

Theorem 4.4.13 Let Q@ C R" be a symmetric set and K = {v € J|A\(v) € Q}, let
f:Q — R be a symmetric function. Let F: K - R, v F(v) := f(A(v)).

o If f is convex, F is convex.
o If f is quasi-convez, F is quasi-conver.

o If f is twice differentiable and strongly convex with parameter o for the Fuclidean
norm, F is strongly convex with parameter o for the norm || - ||7.

Proof

Let vg,v; € K and « € [0, 1]; denote v, := (1 —a)vg+av; and Ay 1= (1 —a)A(vg) +aX(vy).
Given that K is convex, the element v, belongs to K. Further, we know from Lemma(3.2.5]
and more specifically from (4.6)), that A(v,) belongs to SC(A,). Let us now take an arbitrary

element p of the permutahedron SC(\,). We can write this vector as p = Z;':l a; PjAg,
where the nonnegative numbers a;; sum up to 1, and where the matrices P; are all in P.

Suppose first that f is convex. Using convexity and symmetry of f, we get f(u) <
! !
25:1 a;f(PjAa) = 22:1 o f(Aa) = f(Aa). Hence:

F(va) = f(Ava)) < f(Aa) < (1= a)f(Mvo)) + af (A(v1)) (4.10)
= (I = a)F(vo) + alF'(v1),

and F' is convex as well.
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Next, if f is quasi-convex, we get f(u) < maxi<j<q{f(PjAa)} = f(Aa) by symmetry
of f. Hence, as in (4.10), we can write:

F(va) = f(Mva)) < f(Aa) < max{f(A(vo)), f(A(v1))} = max{F(vo), F(v1)},

and F is quasi-convex.

If f is strongly convex with parameter o, it is easy to show that f”(\) — oI, is positive
semidefinite (see Theorem 2.1.11 of [Nes03]); equivalently, g(\) := f(A\)—c||\||?/2 is convex,
where || -|| is the Euclidean norm of R". Let F'(v) := f(A(v)) and G(v) := g(A(v)) for every
v € K. Of course, we have F(v) = G(v) + atr(v?)/2; we also know that G is convex by the
first item. Observe that:
tr(v2) — (1 — a)tr(vd) — atr(v?)

(1 — a)?*tr(v3) + 2a(1 — a)tr(vovy) + ?tr(vi) — (1 — a)tr(vg) — atr(v?)
—a(1 — a)tr(vd) + 2a(1 — a)tr(vovy) — a(l — a)tr(vy)
= —a(l — a)tr(vy — v1)% (4.11)

Now, by convexity of G, we can write:
G(va) < (1 — a)G(vg) + aG(vy),
or:
F(va) — otr(v2)/2 < (1 — a)F(vg) + aF (v1) — o[(1 — a)tr(vd) + atr(vi)]/2.
The identity on traces (4.11) entails the following inequality:
F(va) < (1 —a)F(vo) + aF(v1) — ola(l — a)tr(vy — v1)?]/2,

which is equivalent to the strong convexity of F' with the parameter o. [ ]
As an application of this theorem, one can check that the condition number cond(u) :=
A1(u)/ A (u) for u € int K7 is a quasi-convex function, due to the fact that

flz) = Jax i/ min

is a symmetric quasi-convex function on the positive orthant.

Lipschitz continuity of the gradient of a function is one of the most frequently used
properties in the development of a number of optimization algorithms, as well as in the
evaluation of their performances. In order to see how this smoothness property can be
transmitted from a symmetric function to the spectral function it generates, we first recall
a classical result in convex analysis.

Lemma 4.4.14 Let A be a nonempty convexr subset of R™ and let f : A — R be a dif-
ferentiable convex function. Let (-,-) be a scalar product on R™, || - || the Euclidean norm
it generates, and f* the conjugate function of f constructed with it. Then, the following
equivalence holds:

FW) ~ f(@) ~ (') y—2) < Elly—alP Vay € dom f (112)
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(i.e. if f has a Lipschitz continuous gradient with parameter L) if and only if:

* * * 1 *
F) = @) = @)y = 2) =2 7 lly = 2l Va,y € dom f (4.13)
(i.e. f* is strictly conver with parameter 1/L).

The ”only if” part is proved in [HUL93], Theorem X.4.2.2. The ”if” part is a straightforward
adaptation of their proof. [}

Corollary 4.4.15 Let Q@ C R" be a nonempty symmetric set and K := {v € J|\(v) € Q},
let f:Q — R be a convex, symmetric and differentiable function with a closed epigraph.
We denote by F' the spectral function generated by f. If there exists a constant L > 0 such
that, for every A1, A2 € Q, we can write:

£/ (A1) = F Il < LlAx = Aal, (4.14)

where || - || stands for the Euclidean norm of R”, then

[[F'(v1) = F'(v2)|lg < L1 — w2l

Proof

First of all, F' is convex and differentiable because f is. It can be easily shown that (4.14)
is equivalent to (4.12)). By the previous lemma, the conjugate f* of f is strongly convex
with parameter 1/L for the Euclidean norm. The spectral function generated by f* is F*
by Theorem 4.4.2. The third item of Theorem 4.4.13 shows that F* is strongly convex
with a parameter equal to 1/L. Since f has a closed epigraph, epi F' is also closed by
continuity of eigenvalues; hence the conjugate of F* is F' (See [Roc70], Corollary 12.2.1).
Applying again the previous lemma, we deduce that F' has a Lipschitz continuous gradient
with parameter L. [ ]

4.5 Clarke subdifferentiability

We give in this section a closed form for the Clarke subdifferential of a spectral function
F on a formally real Jordan algebra. Interestingly, this Clarke subdifferential can be
characterized by means of the Clarke subdifferential of the symmetric function f that
generates F. We first compute the Bouligand subdifferential of F' before devising a formula
for OcF(u). As the following proposition states, local Lipschitz continuity is transferred
from f to F. We omit its trivial proof, based on Corollary 4.2.5.

Proposition 4.5.1 Let f: Q CR" — R be a symmetric function on a symmetric set Q.
If f is locally Lipschitz continuous, then the spectral function generated by f is also locally
Lipschitz continuous. [ ]

The reader can find a proof of Rademacher’s Theorem [Rad19] in [EG92], Section 3.1.
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Theorem 4.5.2 (Rademacher’s Theorem) Let G and H be two FEuclidean vector spaces
and let ¢ : G — H be a locally Lipschitz continuous function. The function ¢ is non-
differentiable only in a negligible part of G (in the Lebesgue sense). [ |

Consequently, if ¢ : G — R is a locally Lipschitz continuous function, the set D, of
points in G where ¢ is differentiable is a dense subset of G. The Bouligand differential of
¢ in a point = of its domain is defined as follows:

O0po(z) :={V € G | there exists (Tm)m>0 C Dy
such that lim =z, =z and V = klim ¢ (zm)}

m—00

In view of Proposition 4.5.1, we can similarly define the Bouligand differential of the
spectral function F' generated by a locally Lipschitz continuous symmetric function f. We
denote by K the domain of F' and by D¢ the set of points where f is differentiable. In view
of Theorem [4.4.10, we know that the spectral function F' generated by f is differentiable in
Dp :={u e J|A(u) € Ds}. It is not difficult to show that F' cannot be differentiable at a
point v outside Dp, because otherwise f would be differentiable at A(u) ¢ Dy. Moreover,
Dp is dense in K in view of Proposition 4.3.3. Hence,

OpF(u) ={V € J | there exists (um)m>0 C Dp
such that lim w, =vand V = lim F'(uy)}.

m—oo k—o0

We observe that the symmetry of a function f induces a precise block structure for
the elements of its Bouligand subdifferential. This structure is similar to the one of the
differential of symmetric functions as expressed in Remark 4.4.9.

Remark 4.5.3 Let f be a symmetric locally Lipschitz function on a symmetric domain
Q C R". We denote by Dy the subset of Q) where f is differentiable. Note that Dy is
symmetric in view of Remark|[4.4.9. We consider a point X in Q, a vector g of Opf(N),
and a permutation matriz P € P. By definition, there exists a sequence (Am)m>0 of Dy
converging to A for which f'(A\n) converges to g as m goes to infinity. Now, consider the
vectors py, = P\, for every m > 0. By symmetry, the sequence (fm)m>o0 belongs to
Dy. It converges to PX, and f'(p.m) tends to Pg as m goes to infinity. We conclude that
Opf(PX) 2 POgf(\). Since P is invertible, we analogously have Op f(\) 2 P~10pf(P)),
and:

POpf(A) 2 0pf(PA) 2 Popf(N),
implying POp f(X) = O f(PA).

If we assume that A\; = A; and that the permutation P consists in swapping the ith
component with the jth, then the above equality simplifies into PO f(\) = dpf(N). [

Theorem 4.5.4 (Bouligand subdifferential) Let f : @ C R" — R be a symmelric
function on an open symmetric set Q. We assume that f is locally Lipschitz continuous. Let
u€ K:={veJ\Nv)eQ}. Then g € OgF(u) if and only if there exists a Jordan frame
{c1,...,¢;} and a vector v € Op f(AN(w)) for which u=3"._, Ni(u)c; and g = >\, vic;.
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Proof
We let Dy be the set of points in () where f is differentiable and Dp := {v € J|\(v) € Dy}.
Of course, F is only differentiable on Dp. We denote by {ci,...,¢.} a Jordan frame for

which v = >""_; Ai(u)e;.

We consider first the "if” part. Let us take an element g € J such that g = >0, vic;
and v € dpf(A(w)). Then, there exists a sequence (fm)m>0 In Dy N Q that converges to
A(u) and for which f’(u.,) converges to v. We denote by p; ., the ith component of the
vector u,, and take u,, := 22:1 tim¢; for every m > 0. Then u,, € D for every m > 0,
because A(u,,), which is a permutation of the components of p.,, belongs to the symmetric
set D¢. Moreover, u,, tends to u as m goes to infinity. Finally, we have by Theorem 4.4.10
that F’'(um) = >_i_, f/(pm)ci, which converges to g, and g is in 9 F(u). (Observe that it
is not necessary to ensure that each vector p,, has ordered components.)

Now, we turn our attention to the ”only if” part of the statement. Let g = >\, \;(g9)d;
be an element of g F(u). There exists a sequence (U )m>o in Dp that converges to u and
for which F'(u,,) — g. We denote u,, = Z:=1 Ai(Um)Cim, and we introduce the integers
s, k1,...,ks such that ks :=r and:

A(u) == A, () > A 11(uw) = oo = Agy () > - g, (u).
We also take M; := {k;j—1 + 1,...,k;} (with ky = 0), ¢; := ZieMj ci, and ejp =
ZieMj ¢i,m for every m > 0. We finally set P, to be a permutation that orders the
components of f'(A(un)), that is, for which P, f'(A(um)) € R]. Since f is a symmetric
function, we have P, f'(AMum)) = f'(PnA(um)) € R in view of Remark 4.4.9. These
permutations can also be represented by mappings o, from {1,...,7} into itself, so that

if P, transforms the ith component of its argument into the jth one, then o,,(i) = j. By
continuity of eigenvalues, and since the following limit holds when m goes to infinity:

ZfP)\um cgmzm—>2)\ (4.15)

we already have:
fz/(Pm/\(um)) — Ai(9)
as m goes to infinity.

Now comes the tricky part. The analysis of the limit (4.15) with Proposition [4.3.2| can
teach us something more. For the sake of notational simplicity, let us temporarily write
dim = Cq,,(i),m - We introduce the integers ¢, l1,...,[l; such that [ := ¢ and:

A(g) == A (9) > Aya(g) = - = Ai(9) > - Ay, (9)-

Similarly as above, we define the sets N; := {l;_1+1,...,1;} (with [y = 0) and the idempo-
tents f; := ZleN d; for 1 < j < 't. Proposition 4.3. 2 ensures us that ZleN im — [j for

every j; in other words, the set {1,2,...,r} can be partitioned into ¢t subsets Mj, ..., M/
for which 3,y Cim — fj-
J
Summarized, we simultaneously have:

lim E Cijm =e€; and lim g Cim = [k
m—oo m— o0
i€ M; 1€ M,
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forl<j<sand1<k<t.
For every possible values of j and k, we claim that:
lim Z Cim = Qg5

m—00

ieM;NM],
Observe that some sets M; N M, may be empty, in which case our claim reduces to Qy,e; =
0.
In order to prove our claim, we define f, ., := ZieM,; ¢i,m- We have ZieMij,g Ciom =

ZZEM], QfpnCiim and Qy, . — Qy, . Hence, we can write:

lim E Ci,m = lim E Qfy pnCiim = lim g Qy.Cim = Q5.
m—0o0 m—00 m— 00

1€ M;NM;, 1€M; i€ M;

Actually, an analogous reasoning leads us to the identity Qy, e; = Qe, fx-

Now, we put:
I:={Qpell<j<s1<k<t}

This set constitutes a system of idempotents (that may contain null elements), as a conse-
quence of the fact that it represents the limit of the systems of idempotents

{Qfpeim= Y. cimll<j<s1<k<th
i€ M;NM;],

Since Z is a system of idempotents (some of them might be null), each of its elements can
be decomposed into the sum of minimal idempotents that belong to a well-chosen Jordan
frame {c},...,c.}. Up to a renumbering of these minimal idempotents, we can assume
that }_,cp. ¢; = €;, so that u = Sy Ai(u)c;. Of course, the interesting feature of this
Jordan frame is that we can use it to write the spectral decomposition of g:

9= M@ =>_3 N, (9= .
=t i=1

j=1lieM;

Now,
-

F/(um) = 32 FiAum))eim = 3 f, (An))ejm

has the same limit as . ,

DS Aum)e; = Y fi(A(um))e;

j=1 i=1
when m goes to infinity. By assumption, this limit equals g = Y ;_; v;¢;. We deduce that
F'(AM(wn)) — ~. Thus v belongs to dp f(A(u)). [

As already mentioned, the Clarke subdifferential of a locally Lipschitz continuous func-

tion is defined as the convex hull of its Bouligand subdifferential. It remains to use the
previous theorem to compute the Clarke subdifferential of a spectral function.
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Theorem 4.5.5 (Clarke subdifferential) Let f: Q CR" — R be a symmetric function
on an open symmetric set Q. We assume that f is locally Lipschitz continuous. Let
K :={ue J\Nu) € Q} and fix an element uw € K. Then g € 0cF(u) if and only if there
exists a Jordan frame {c1,..., ¢} and a vector v € dc f(A(w)) for which u =Y";_, Xi(u)¢;

and g = >\, Yi¢i- [ |

Proof

Following our usual notation, we define the integers s, k1, ..., ks such that ks := r and:
/\1(’[1,) == /\kl(u) > )\k1+1(u) =...= /\kQ(U) > .- /\kg(u)

We also take M := {kj_1 +1,...,k;} (with ko = 0), and €; := 3, ), ¢;. We denote by
m : RT — RIMil the projector:

A = (A17' . '7A7')T = Tr](A) = (Akj,1+1a . '?)\k')T'

J

We resolve to prove the following equivalent form (in view of Corollary 2.7.30) of the
statement:

g € o F(u) if and only if g = Zgj, where for every j, we have g; € Ji(e;)
j=1

and A(g;; Ji(e5)) € m5l0c f(A(w)]. (4.16)

By Theorem 4.5.4, we know that g belongs to the Bouligand subdifferential dp F(u)
if and only if there exist a Jordan frame {ci,...,¢.} and a vector v € 9pf(A(u)) such
that u = Y7, AMu)ic; and g = Y[, vic;. Writing g; := Qc,9 € Ji(e;), we observe that
Mgj; Ji(ej)) = Pjmj(7y) for an appropriate permutation P; of |M;|-dimensional vectors.
In view of Corollary 2.7.30 and of Remark [4.5.3, this characterization of the Bouligand
subdifferential can be restated as follows:

g € OpF(u) if and only if g = Zgj, where for every j, we have g; € J1(e;)
j=1

and A(gj; Ji(e;)) € m5[0p f(A(w))].
Observe that, by linearity of the projector m;, we have:
conv|m;[0p f(A(w))]] = m;[conv[0p f(A(w))] = m;[0c f (A(u))]. (4.17)

We first check the ”if” part of the statement (4.16]). Assume that g = Z‘;:l g;, where
gj = Qe,g, and that X\; := X(g;; J1(e;)) is in the projection 7;[0c f(A(u))] of the Clarke

subdifferential. We denote by g; = ZLI\:/I{I Aijcij a complete spectral decomposition of g;
in the subalgebra 7 (e;).

In view of (4.17), we can represent A; as:

A=Y tiadja, where Njo = (M jar-- A ga)’ € 508 F (M),
OéEAj
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and where the positive coefficients t; ., satisfy ZaeAj tjo = 1. Let

| M|
Gja i= Z AijaCigs

i=1
where A1 j o, ..., Aln;, 5,0 are the decreasingly ordered components of the vector Aj . Ob-
serve that:

9= Z Z trar - tsa. (9,00 + 7+ Gsan)s
a1€A; a €A,

and that g1 4, + -+ + gs,a, belongs to dpF(u) for every aq € Ay, ..., as € A, in view of

Theorem [4.5.4l Thus g € conv[0gF (u)] = OcF(u).

In order to prove the ”only if part”, suppose that g € dcF'(u). There exists a set
of positive real numbers (ty)aca that sums up to 1, and a set {go|a € A} C IpF(u)
such that g = > . 4taga. We denote by g;. the projection of g, on Ji(e;), so that
95 = D aeca lagja is the projection of g on Ji(e;).

In view of relation (4.6) on the eigenvalues of a convex combination of elements, we
have:

Agj; Ji(ej)) € SC

Z taA(gj,a; jl(ej))] .

acA

Since the eigenvalue vector A(g;,q; J1(€j)) is in 7, [0p f(A(w))], which is a symmetric set in
view of Remark 4.5.3 we have by (4.17):

A(gj; Ji(e;)) € SC [Z ta)\(gj,a;jl(ej))‘| =Y taSC[A(gja; Ti(e)))]

acA acA

C conv[m;[0p f(A(u))]] = m;[0c f (A (w))].

The first equality follows directly from the definition of SC. [ |



CHAPTER

Spectral mappings on formally
real Jordan algebras

E INTRODUCE IN THIS CHAPTER the notion of spectral map-

‘ ;s ; ping on formally real Jordan algebras, a particular case of

which is the gradient of a spectral function on formally real

Jordan algebras. We perform a differentiability analysis of the se-

quence of Jordan frames corresponding to a converging sequence of

elements. This analysis enables us to derive a closed form formula for

the Jacobian of a spectral mapping. As a byproduct, we obtain a close

expression for the Hessian of a twice differentiable spectral function

on formally real Jordan algebras. This results settles an open question
proposed by H. Sendov.

We apply our formula to study two smoothing strategies to solve the
symmetric cone complementarity problem, namely, the Chen-Manga-
sarian and the Fischer-Burmeister smoothing schemes. We demon-
strate that these strategies are well-posed, and we provide some indi-
cation concerning their convergence.
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5.1 Introduction

The previous chapter was dedicated to the study of spectral functions on Jordan algebras.
In this chapter, we consider a related construction, namely spectral mapping on Jordan
algebras, which are also built by means of the spectral decomposition theorem for Jordan
algebras. Let @ C R” be a symmetric set. We are given a function g : @ — R" that
is symmetric in the following sense: for every permutation matrix P and every A € @,
we have g(PA\) = Pg()\). Examples of such functions include the gradient mapping of
a symmetric function, and projection operators on convex symmetric sets of R". From
the function g, we build a function G in the following way. Let u be an element of J
that have its eigenvalues vector in Q. Suppose that u = Y _._, A\i(u)¢;, using the complete
spectral decomposition theorem for formally real Jordan algebras (see Theorem [2.7.25); we
set G(u) == >""_; gi(Mu))c;. Our aim is to study how the differentiability of the function
g transfers to the function G and we give a concise formula for the Jacobian. This provides
an answer to an open question given in the PhD thesis of Sendov ([Sen00], Chapter 8,
question 12).

We also show how our results can be applied to deal with complementarity problem
defined on the cone of squares of a formally real Jordan algebra. More specifically, we
demonstrate how the Chen-Mangasarian and the Fischer-Burmeister smoothing algorithms
(see [CM95] and [Kan96] respectively) can be analyzed in the Jordan algebraic framework
with the help of a spectral mapping. In [FLT01], Fukushima, Luo and Tseng have already
considered an extension to second-order cone programming.

Our formula for the differential of spectral mappings can serve as a starting point
for the analysis of more general notions of differentiability, such as Bouligand or Clarke
subdifferentials. A first result in this direction has been obtained in [MS05], related to the
projection operator on the cone of positive semidefinite matrices.

This chapter is organized as follows. Sections 5.2 to 5.6/ cover the computation of
the Jacobian of a spectral mapping, while its application to symmetric complementarity
problems is presented in Section |5.7.

Our differentiability analysis is inspired by the work of Lewis and Sendov [LS02], who
computed the Hessian of spectral functions on symmetric matrices. However, we need
to solve some extra technical difficulties due to the more general context we deal with.
In Section 5.2/ and 5.3, we introduce the notation and the objects we deal with in the
computation of the spectral mapping. Section (5.4 is devoted to a careful differentiability
analysis of Jordan frames. The formula for the Jacobian is derived in/5.5, and the continuity
of the Jacobian is studied in Section 5.6. In Section 5.7, we apply this formula to show that
the Chen-Mangasarian (Subsection 5.7.1) and the Fischer-Burmeister (Subsection [5.7.2)
strategies designed for solving the complementarity problem on symmetric cones are well-
defined.

Results similar to our Corollary [5.5.3 were found independently in [SS04]. However,
our technique allows us to treat the more general situation of Theorem 5.5.1. Our formula
for directional differential of the eigenvalue functions (see Theorem [4.4.8) is an essential
ingredient of our proof, and actually solves the first open question stated in the conclusion
of [SS04].
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5.2 Defining the problem

We start by introducing some notational conventions and some objects that we will keep
throughout the whole chapter.

Definition 5.2.1 A function g : Q — R" is called a symmetric mapping if, for every r x r
permutation matriz P and each v € Q, we have g(Pvy) = Pg(v). [ |

Definition 5.2.2 Let Q C R" be a symmetric set and g : Q — R" be a symmetric map-
ping. The spectral mapping generated by g is the function G whose domain is K =
{v € JIAv) € Q} and such that G(v) := Y i_, gi(A(v))c; for every v € K, where
v=">"1_1 N(v)e; is a complete spectral decomposition of v. [ ]

Example 5.2.1 In view of Remark }.4.9, the gradient of a symmetric function f is a
symmetric mapping. Hence, the gradient of the spectral function generated by f is a spectral
mapping. [ |

Example 5.2.2 Consider a conver symmetric set Q C R". We write || - || for a norm of
R" that is invariant with respect to permutations of the components of its argument, as, for
instance, gauge functions. The projector on Q, defined as:

g :R" — @

x — mo(x) == argmin ||z — yl|,
olw) == argmin| |z — y]

is a symmetric mapping. Indeed, we have for every r X r permutation matriz P:

Tq(Pz) = argmin || Pz — y|| = argmin ||z — PTy|| = Prg(x),
yeq yeQ
since the set () is symmetric. [ ]

From Theorem [2.7.13, and from the required symmetry property of g, one can easily
deduce that the definition of G(v) does not depend on the particular complete spectral
decomposition of v we have taken.

We fix once forever an open symmetric set Q C R"” and a symmetric mapping g : Q —
R". We build the set K := {v € J|A(v) € Q} and we take G : K — J for the spectral
mapping generated by ¢g. Let us fix an element u in K and one of its complete spectral
decomposition u = Z:Zl Ai(u)e;. We set the integers s, ki, . .., ks such that ks := r and:

Ar(u) = o= Mgy () > Mgy (u) = - = Ay (u) > -+ Mg, (u).

We let M, := {ka—1+1,...,ka} (with kg = 0) and e, := ZiEMa ¢;; the idempotents e,
are uniquely determined, because u = Y| _, Ai. (u)e, is the unique eigenspaces spectral
decomposition of u given by Theorem 2.7.13l

The corresponding Pierce subspaces are written Jup := Qe, e, J- Of course, they are
not necessarily generated by minimal idempotents.
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Suppose that g is continuous on an open neighborhood A of A(u) and differentiable at
A(u). Proving the continuity of Gon V := {v € J|\(v) € A} requires only a straightforward
adaptation of Corollary [4.4.11. The main focus of this chapter is to check whether G is
differentiable at u, and, if it is the case, to provide a formula for its differential.

The symmetry of g implies that its Jacobian matrix has the very specific block structure
we describe below, echoing Lemma 2.1 of [LS02].

Remark 5.2.3 Let P be a r X r permutation matriz and let op be the corresponding
mapping of {1,...,r} to itself. Abbreviating A(u) to A, we can write for every h € R", in
view of the symmetry of g:

g(A+€Ph) —g(X) (PPTX+ €Ph) — g(PPTX)

:hmg

Vg(A)Ph = lim

e—0 € e—0 €
T _ T
~ Plim IP AT ) = 9PN gy (pT o,
€— €

When PTX = X\, we have for every indices i, j:

g;j(A) = gép(i),gp(j)(A)~
Suppose that i = j; the previous relation implies that g.,(\) = g(’jp(i)ﬁp(i)()\) when i and
op(i) are in the same set My. Now, if i # j, we get g;;(\) = g(’TP(i),UP(j)()\) when i and
op(i) lie in the same set M., and j and op(j) also belong to the same set Mg.
Summarized,
g'(A) = B(A) + diag(b())),

where B;j(A) = Bri(X) and b;(X) = bi(X\) if i, k are in the same M,, and j, | are in the
same Mg. If |My| = 1, we agree to set by, (\) = g}, . (A) and By, (\) := 0. Note that
B(X) is not necessarily a symmetric matriz. [

Our task is to prove the existence of a linear operator A : J — J that satisfies the
following differentiability statement.

For every € > 0 and each sequence (A, )m>0 that converges to zero, there exists
an integer m’ large enough to satisfy:

for every m >m/, ||G(u+ hy) — G(u) — A(hm)|| < €||hml]]- (5.1)

If this statement is true, the operator A is uniquely defined. It will then be the Jacobian
VG(u) of G at u.

Thus, we need to evaluate the ratio [G(u+ hy,) — G(u)]/||hm|] when m goes to infinity.
5.3 Fixing a converging sequence

Let us fix a sequence (hp)m>0 C J\{0} that converges to zero. We assume beforehand
that it satisfies the following three properties.
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¢ The point u + h,, belongs to V for all m > 0.

o The limit limy, o0 fim/||hm]|| exists. We denote it by h.

o Fixing a spectral decomposition u + h,,, = Z:Zl Ai (U~ hyy)ci m for each m, the limit

d; :=limy, 00 ¢ m exists for every i. It is readily seen that {di,...,d,} is a Jordan
frame. (This observation has already been used in the proof of Theorem [2.7.25)

These three properties are not very restrictive in essence. Indeed, every sequence of J
that converges to zero has a subsequence that fulfils each of them by compactness of a
converging sequence.

We denote eq ., = ZieMa Ci,m. We have proved in Proposition 4.3.2, that e, ,, tends
to e, as m goes to infinity.

In order to understand the link between the idempotents d; and e,, we observe that:

m—00 m—00

i=1 i=1

Z Ai(w)e; =uw= lim u+ h, = lim Z)\l(u + h)cim = Z Ai(u)d;.
i=1

By the complete spectral decomposition theorem, we have Zie M. d; = e,. Hence d; €
Ji(eq) for all i € M,,.

We summarize below the limiting behavior of the sequences introduced above. For
every 1 <i<rand 1< a<s, we have:

I
hpy — 0, m —h, ANu+hn) = ANw), cim—di, eam — €q; (5.2)
moreover,
d; operator commutes with e,, and e, = Z ¢ = Z d;. (5.3)

JjEMy JjEM,

5.4 Limiting behavior of a sequence of Jordan frames

We want to evaluate [G(u + hp,) — G(0)]/||hm|] when m goes to infinity. The existence
of the directional derivative of eigenvalue functions established in Theorem 4.4.8 and the
differentiability of g in A(u) allows us to reformulate this fraction as:

G(u + hy,) — G(u)
[P ||
Gi(AMuw + hi))Cim — gi(AMw))e;
Z |||

gi (Mw) + VI Nw) + o([[hinl])) €im — gi(Mu))e;
- Z T

(5.4)

sz* va)\ U)Ci,m
i=1 m

1=1j5=1
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where, in accordance with the classical convention, o(-) denotes an asymptotically negligible
quantity with respect to its argument.

It is not a priori obvious that the right-hand side converges to a quantity independent
of the specific Jordan frame {c1,...,¢,} we have taken to describe u. Therefore, we need
to check carefully that this is indeed the case. Also, this limit should not change if we take
another converging sequence (h),)m>o for which the ratio hl,/||h},|| tends to h as well.

To avoid a tedious notation overfilled with indecipherable indices of exponents, we write
Ni(u, hyn) == VEm )\ (u). By Theorem 4.4.8, we know that:

N (u, hy) = AL (u) (Qfr (wy him; T (fi(w))),

where we have used the notational conventions of Subsection 4.4.2.

We divide both sides by ||h,|| and let m goes to infinity. Since the eigenvalues are
continuous, this limit exists and is equal to Ay, () (Qf () hs T1(Fi(w))) = Nj(u, h).

The following observation indicates that A;(u, h) is invariant with respect to uniform
shifts of .

Remark 5.4.1 For every direction h € J and every real number t, we have ;(u+te, h) =
Ni(u,h). Indeed, N(u + te) = A(u) + t1; hence Li(u + te) = I;(u) and f;(u + te) = f;(u),
implying that:
Ni(u+te, h) = N, (urte) (Qf (urtey s Ti (Fi(u + te)))
= A, () (Qfr (s T1 (Fi(w))) = Xi(u, h).

We finally set

T

Zm(u) = Z)\g(u, hm)Cim, and  z(u):= Z Ni(u, h)d;,
i=1

i=1

which is of course the limit of z,,(u)/||hm|| when m goes to infinity. The element z,,(u) is
linear in h,, and operator commutes with u + h,,; it can be interpreted as the coefficient
of degree 1 in [|h,,|| in an expansion of u + h,, on the Jordan frame {c¢1 m, ..., crm}-

The differential ratio (5.5) takes now the following form:
Gu+ hpm) — G(u)
[P

- uh m)Cim
ZQ’“ T SR ol T oW

=1 j=1

ﬁnggmngkau() ”h_ +ZZgH W)X (u, h)d; (5.6)

=1 j=1

The recalcitrant part of this expression lies in its first term. In order to handle with it,
we need to understand the first order behavior of a converging sequence of idempotents. In
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the following lemmas, we carry out an asymptotic analysis of ratios of the type ¢; m/||hml|-
We found it simpler to perform this analysis separately over each Pierce subspaces Jn.3 =

Qea,egj

As the following technical lemma suggests, the elements z,,(u) and z(u) are closely
linked to the ratios we want to describe.

Lemma 5.4.2 We have:

Proof

1. In view of the directional differentiability of eigenvalues, we can write:

w~+ ho Z)\ (w4 hm)im = Z/\ cz,m+i/\g(u,hm)ci7m+o(hm)

- Z Ni(W)eim + zm(w) + o).
i=1

Thus,

hm* m . 7‘“7 )\i i,m T i,m — C
lim 72(@: lim 2iza Ai(w)ci, v_ lim Z)\ c

m=oe ||hm|| Mmoo [ \Ihml\

The first term equals h — z(u).
2. Notice that:

tr(Qe,2(w) = Y > Ni(u, W)tr(Qe,di) = D Ni(u, h)tr(Qe,, di)

B=1i€Mpg i€ M,
= D M (@ wh A ()
i€ Ma

as Q. d; = d; when i € M, and Q._d; = 0 otherwise (remember the relations (5.3))).

In this summation, the numbers I;(u) go from 1 to |M,|. Moreover, f(u) = e, for
every i € M,. Hence all the eigenvalues in the right-hand side stem from the same
subalgebra J;(eq), and:

[ M|
tr (Qe,2(w) = Y AiQenhi Ji(€a)) = tr(Qe, h), (5.7)

i=1

because the eigenvalues of Q._h in Ji(e,) are identical to those of Q._h in J, except
for the multiplicity of the eigenvalue 0. [ |
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The following observation continues the analysis of projections of z(u) on Pierce sub-
spaces J,g that we have started in the second item of the previous lemma.

Remark 5.4.3 Let 1 < a # [ < s be two integers. We have:
Qemeﬁz(u) = Z )\;(u, h)Qea,egdi =0,
i=1

since d; operator commutes with every idempotent e;, in view of (5.3). [ ]

Lemma 5.4.4 For every 1 < a < s, we have:

lim Q. II(Z’mII =0 whenj,j € M, and i ¢ M., (5.8)
m— 00 7 m
lim chwmv%',mnhciin =0 whenj,j € My andi ¢ M, (5.9)
and
Lim QeqCam — €a —0. (5.10)
m=oo  |[lm]|
Proof
For simplicity, we set A, , to —oo.

We start with the following simple observation: for every 1 < ¢ < r,every 1 < a <5
and each subset I of M, we have:

tr(Qe,, Ciym) = tr(QcCiym) + tr(Qe, —cCim) for c= Z ¢
j€I
(This is an immediate application of item [7 of Theorem 2.6.1)).

Now, we prove (5.8) and (5.9) for a:=1. Let I C M; and c =)
number ¢, we can write:

0 = tr[Qe, (h — 2(u))] = tr[Qe, (h — 2(u + te))]

= (M(w) +1) lim tr(Qc,e1m) = [Mh| (5.11)

- ||hm||

+Z Z (A, () + 1) mlﬂnoo (tr(QCCi,m) tr(QelCciym)) .

_|_
L2 I I

jer ¢j- For every real

The first equality comes from Lemma[5.4.2 item 2. The second one is justified by Remark
5.4.1. The third one relies on Lemma [5.4.2] item 1, while our preliminary observation
justifies the decomposition in the parentheses. Now, note that:

|M1| = tr(Qe1e) = tr(Q(ﬂel,m) + tr(Q81 (6 - elym)) > tr(Q(ﬂel,m)

and that tr(Qccim), tr(Qe—cCim) are nonnegative. Taking ¢ := —(A1(u) + Ag,(w))/2, all
the terms in (5.11) are negative or null. Consequently, they are all null in the limit. When
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i ¢ My, the ratio tr(Qccim)/||hm|| tends to 0 as m goes to infinity. Proposition [2.8.10
implies that Qcc; m/||hm|| also goes to 0 at the limit. The relation (5.8)) for o := 1 follows
trivially for I := {j,7'}, I :={j} and I := {j'}.
Now, since
lim tr(Qe, . (h —z(u+te))) =0

m—00

and since tr(Q.c’) = tr(Qc) for every pair of idempotents ¢ and ¢/, one can prove the case
o =1 of relations (5.9) by the same argument.

Suppose now that (5.8)) and (5.9) are proved for o € {1,...,1—1} and let us show these
relations for o :=1{. Let I C M; and ¢ = ZjeI c¢j. We have now:

0

tr(Qe, (h — z(u + te)))
l

1
| — | M,
Oy 1) + ) tim_ Z@aCm) 3y gy gy E(@rton) = 1M
(H“%Qm)+tﬂQm—wmﬂ).
1o o]

(5.12)

j=1

+ i Z ()\kj <u) + t) 77}i—l>noo

j=l+14ieM;

By the recurrence hypothesis and by the relation tr(Qc,€j.m) = tr(Qe; ,,€1), the first sum
is equal to zero. Now, if we take —\, <t < —A,,, all the remaining terms in (5.12) are
negative or null. Applying the same argument as before, we deduce from it the relations
(5.8) for « = 1. The corresponding equations (5.9) are proved by a similar argument.

It remains to show (5.10). For this, just observe that:

0= lim Zea®Ca _ 3" lim Qealtm 1 Qeaam — €a
e Tl e Al e [

In view of (5.8), the first limit is equal to 0. The remaining term is thus equal to zero, and
everything is shown. [ |

If we combine this lemma with item 2 of Lemma 5.4.2, we obtain:

T Qea €a,m — €a . Qea €s,m _
Qea (= 200) = Jim, Ny (1 ST 4 i 50 0, )RS =0 6519

for all 1 < a < s. This relation, together with Remark [5.4.3, proves that z(u) does not
depend on the particular sequence (hy,)m>0 we have chosen, but only on h. In fact, we
can now easily formulate z(u) as a function of h:

2(u) = Z Qe z(u) + Z Qenep2(u) = Z Qe 2(u) = Z Qe h.
a=1 B#a a=1 a=1
As expected, z(u) varies linearly with respect to h.

We can further exploit the previous lemma to compute other projections of the limit
im0 Cim /|| Am||-
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Lemma 5.4.5 Suppose thati € My, j € Mg and k € M, and that M., Mg and M., are
three different sets. Then

. Qc;c;Chkm
lim ——=—— =0. (5.14)
m—=00 || Iy |
Moreover,
cici \Ca,m +e m
i e o L00n) (5.15)
oo [P
Proof
We know by the previous lemma that:
Qc Ck,m QC Ck,m
lim =22 — (0 and lim 2etkm _ g
Hence
t ¢ Clk.m, - t _
lim 8r(Qc;kim) =0 and lim M —0.

Item [7/ of Theorem [2.6.1 allows us to add these two equalities as follows:

tr(Qchj Ck,m)

lim =0,
m—oo  ||hm]|
and, by Proposition 2.8.10, we have:
0= lim Qci+cjck,m — lim chckm + lim ch k,m 42 lim Qci,cjck,m
m—00 ||hum|| m—oo |[|hm||  m—=oo |[[hsm]] m—oc  |[|hpm||

It remains to note that the two first terms are null to show (5.14).

The computation of limit (5.15) results as a straightforward consequence of (5.14). To
see this, it suffices to write:

0= tim Qeon® _ pyy Qoo Combenm) | ogn L”%Clm,
50 ol ]~ e ] e
and to notice that the second term is null. [ |

The next lemma covers the only situation we have not yet considered in the two previous
demonstrations.

Lemma 5.4.6 Leti € M, and j € Mg, with o # 3. Then:

. QC‘C‘eOtm ro»eﬁm
lim | A, (u) S804 (u) S Q. (5.16)
m—00 [ [P ’ [P
For every A, B € R, we have:
Qc c;€a,m Qc,- c; €8 m:| A—-B
lim {A pegtonm | p e Thm | Qerc b (5.17)
m—00 [P | [ | Ak (1) = Ay (w) =7
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Proof
By Lemma [5.4.2, we have:

Qci ,c;j€am

|72

e
+ Z Ak, (u) lim 7620“” T
m—00 HhMH
y#o,B

Qcivcj €3,m

s ()=

m—0o0

Qcire;(h—z(u)) = lim [)\ka (u)

In view of Lemma 5.4.5, the second limit equals zero. Remark 5.4.1/shows that Q., c, 2(u) =
0 and the limit (5.16) is proved.

For the sake of simplicity, we set:
ri= A, (u), Y= Ay (u),
am = Qe;c;€am/||hmll  and b = Qc, c;€8,m/[hml|-

We know that a,, + by, goes to 0 when m tends to infinity in view of equation (5.15)).
Elementary manipulations yield:

(Bz — Ay)(am + bm) = (z = y)(Aam + Bbm) + (B — A)(xam + ybm).

Using (5.16), we note that the last term tends to (B — A)Qc, c,h as m goes to oo. We

are thus left with: A_B
lim Aay, + Bby, = —— Qe 0,
T —y

m— 00
|

At this point, we have all the necessary instruments for computing the Jacobian matrix
of a spectral function.

5.5 Jacobian of spectral mapping

We specify now the operator A, our candidate for the Jacobian of G in u. As mentioned
earlier, it is convenient to describe its behavior on each Pierce subspace Jup 1= Qe 5T
separately.

o For all 1 < a < s, we set:

Qe, A(R) = by, (M) Qe b+ Y Bk, (A(w))tr(Qe,h)ea,
B=1

where the functions By, k,, bg, were defined in Remark [5.2.3l They are constructed
from the coefficients of g’'(A(u)).

o For all o, 8 € {1,...,s} with « # (3, we set:

_ 9.0) — g1, Ow)
Qeoren B =250~ ey ()

Qe eph-
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Of course, this description is free from any ambiguity that could be caused by the
particular choice of the Jordan frame {ci,..., ¢} in the spectral decomposition of u. Note
also that A(h) is linear in h.

The following theorem constitutes the main result of this section. Its proof loosely

follows Lewis and Sendov’s demonstration of the corresponding statement for Hessians of
spectral functions in the framework of symmetric matrices (see Theorem 3.2 in [LS02]).

Theorem 5.5.1 The spectral mapping G is differentiable at u, and VG(u)h = A(h).

Proof
Let (vm)m>0 € J be a sequence converging to 0. Suppose that, contrary to the statement,
the fraction

G(u+vm) — G(u) — A(vy)

[omll

(5.18)

does not tend to 0 as m goes to co. In other words, suppose that there exists a real number
€ > 0 that is strictly smaller than the Jordan norm of each of the ratios (5.18). There
exists a subsequence (hy,)m>0 of our sequence (vy,)m>o that satisfies the three hypotheses
we stated on p. [160. Let

G+ hm) — G(u) — Alhy,)
||| ’

Q,, =

we check below that 2, tends to zero as m goes to oo, yielding a contradiction.

In view of the development (5.5), we expand this differential ratio as follows:

— 'LL h )Cim hm
Gk, =+ gii( ’—A()—&—ol.
Z T >4 ] Tl ) 00

1,7=1

Part 1: the subspaces Ji(e,)
We fix an integer 1 < o < s. The projection of €, on J1(eq) is:

Paeam* eae m
Qean = gka(A(u))Q Hh H + ngg Q”h /6”
m B-a m

" AI' ahm eqbi,m
+ZZ%WWMWRC

€My g=1

" AI' ’ hm eq Ci,m
+ZZWWWWM?C

i¢ Mg j=1

h
—Qu A _
@t () + o)

The two first terms of the right-hand side, as well as the fourth term, go to 0 as m goes to
infinity by (5.10) and (5.8). Exploiting the structure of ¢’(A(u)) given in Remark [5.2.3, we
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derive:

>‘/‘ uvhm eqa €a,m
lim Q. QU = ZBk j lim ]( )Qc,Ca,

+ 3 b)) tim Ml @eatin o A

i€ M. m—oo ||hmH

The first limit of the right-hand side goes to )\;(u, h)eq in view of Proposition [4.3.2] and of
the fact that \)(u, hm)/||/hm|| tends to N;(u,h) as m goes to infinity. The second limit is
simply:

u)
[Fum|

rr}gnoo Qea Qci,m - Qea Qd Z( ) Qdi Qeaz(u)'

Thus, we get:

lim Qean = ZBkO‘j()\(U) U h ea + Z b Qd Qea ( )_QEQA(h)
j=1

m— 00
€My

= Z B i (AW))Aj(u, h)ea + b, (A1) Qe h = Qe A(h).

The last equality holds because the considered components of b;(A(u)) are identical and in
view of the identity (5.13]).

Finally, the first term can successively be reformulated as:

ZB;M )N (u, h)e ZBk ke (A(W) D Ni(u,h)e

i€Mg

- ZBk kﬁ tr(Qeg )6047

where the last inequality results from the same argument as in (5.7), based on the links
between eigenvalues of an element v € Ji(¢) on J and on Ji(c). The limit of Q¢ 2y, is
then exactly equal to 0 by definition of A.

Part 2: the subspaces Q. ,J
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We focus now on the projections of €2, on the other Pierce subspaces. Let 1 < o #
3 < s. We have now:

Qe e€8,m

Qea,eggm = Gk, ()‘(u))m +gk:5(/\(u)) Hh ||

o]
Y g ) 3 Semeslim

y#a,B ieM, 1ol

T N (wy )
+ Z gvllj(A(u»WQea,egci,m

hm
e () 0

According to (5.14)), the third term goes to 0 as m tends to infinity. Also, in view of the
operator commutativity of d; with every e, we have:

XNo(w, by
i 23 (8 )

m=oe ||h||

Qea,egci,m = /\; (U, h)Qea,egdi =0,

and the fourth terms also tends to zero. We are left with:

. . Qeu,e ea,m Qeme € ,m
Jim Qe @ = i gi, () R + g (Mw) 22 | = Quyca A(R)
91, (\(w)) ~ g1, A(w)

Aka = My Qearealt = Qea,eaA(h) =0

For the second equality, we have used (5.17) for A := g (A(u)) and B := gg, (A(u)). [

In this formula, the nonsymmetric part lies in the second term and exclusively originates
in the (possible) nonsymmetry of Vg(u); that is, the way we have built G from g does not
change the symmetry of the Jacobian matrix. The third term of the above expression
points out the Jordan frame differentiation.

Remark 5.5.2 As an immediate consequence of the formula (5.19), we can observe that
if the matrix B is null, if the vector b is positive, and if the numbers

ko A1) = gry (A(w))
)\ka (u) — )\]% (u)

are all positive, then the operator VG(u) is positive definite. [ ]

Theorem 5.5.1 allows us to obtain very easily a formula for the Hessian of a spectral
function. This formula has been found independently, using a different technique, in the
preprint [SS04]. As mentioned earlier, Lewis and Sendov proved it in the framework of
symmetric matrices [LS02].

Corollary 5.5.3 Let f be a spectral function that is twice differentiable at a point \ of
its domain and continuously differentiable on an open neighborhood A of \. The spectral
function F generated by f is twice differentiable at each point u whose eigenvalues equals \.
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Jacobian of the spectral mapping G

Let u=>"_, Ni(u)e; = >0 ) Ao (u)eq € domG. If ¢'(A(u)) = diag(b) + B,
we have for every h € J:

o Qe VG(u)h = by Qe h+ Z;zl By iy t1(Qeyh) e

Ik (M) — gry (A1)
o Qu. o, VG(u)h = T ;

Qeases VO = 3 ) = A ()

Let v,w € J and vap = Qe, Vs Wag = Qe, epw- Then:

Qe eph-

(VG(u)v,w) = Zbkatr(vaawaa) + Z By kstr(vsp)tr(waa)
a=1

a,f=1
49 Z gka;:(u ) = Grs (M)
a#p “

)
(1) = Ak, (u)

tr(vagWags)- (5.19)

Proof

Let V := {v € J|A(v) € A}. We know from Theorem 4.4.10/ that G := F’ is continuous on
V. Observe that g := f’ is a symmetric mapping in view of Remark [4.4.9 and that G is the
spectral mapping it generates. It suffices now to apply Theorem [5.5.1 to obtain the final
result. In the framed formula above, we only have to replace g by f’ and to set b(A(u)) and
B(A(w)) so that f”(A(u)) = diag(b(A(w))) + B(A(u)) following the same rules as in Remark
5.2.3. Observe that the matrix B(A(u)) is symmetric in this case. [

5.6 Continuous differentiability of spectral mappings

Using our formula for the Jacobian matrix of a spectral mapping, we verify here that, if g
is continuously differentiable, then G is also continuously differentiable. The structure of
our proof essentially follows [LS02], Lemma 4.1 and Theorem 4.2. As some adaptations to
the Jordan algebraic framework are necessary at several places, we include here its proof.

With respect to the previous sections, we add the extra hypothesis that the symmetric
mapping ¢ is continuously differentiable on the set A. The following theorem shows that
G is continuously differentiable on the set V := {v € J|A(v) € A}.

Theorem 5.6.1 Suppose that (um)m>0 C V is a sequence converging to u. Then
lim VG(up)h = VG(u)h;

that s, G is continuously differentiable at w.

Proof
Note that G is differentiable on V' by the theorem on the Jacobian of a spectral mapping.
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On a first step, we prove the theorem for sequences (um,)m>0 that satisfy the two
following conditions.

o Each element u,, is regular, that is, all the eigenvalues of u,, are distinct.

o Let u,, = Z:zl Ai(um)cim be the spectral decomposition of w,,. In view of the
first hypothesis on u,,, both Theorem 2.7.13| and Theorem 2.7.25 entail the same
decomposition. We assume that lim,, .o ¢; m ezists and equals c; for every i.

Of course, we have by assumption the following limiting behaviors:
Atm) — A(u), (5.20)
f"(Mum)) = B(Mum)) + diag(b(A(um))) — f"(Mu)) = B(Au)) + diag(b(A(w)))-
This last limit can subsequently be rewritten as:
Bij(Mum)) — Bij(A(u))  for i # j,
bi(Mum)) = bi(A(u)) if i € M, and |M,| = 1.

We need to check that every projection Q. .., VG (un)h effectively converges to the
corresponding projection Q, ., VG(u)h. Equivalently, since the sequence of operators
Qc;omc;m tends to Qg ¢;, we need to verify that:

lim Qc; e VG(Um)h = Qc, o, VG(u)h  for every i, j.

m—00

Let us fix two integers 1 < o, 8 < s. We also consider two integers ¢ € M, and j € Mg.
We distinguish three cases.

The case i = j. Since Q.,Qe, = Q¢,, we have in view of the Jacobian’s formula:
Qe VG()h = bi(Mu)Qe,h + Y Bii(Mu))tr(Qe, h)c
y=1

= b(AW)Qeh + 3 Bu(Mw)tr(Qe, b

=1

Suppose that ¢ € M,,. Considering the cases where M, contains one element or more
than one separately, it is now obvious from (5.20) that

Qes. VG ()l = bi(A(wn)) Qe o+ D Bri(A(wm))tr(Qer, h)cism
=1
goes to Q., VG(u)h as m tends to infinity.

The case i # j and a = . Now, we have Qc, ¢, Qc, = Qc,.c; and Q, ¢;€o = 0. Hence,

Qere; VG(W)h = b, (M) Qe e;h = [g55 (M) — gi; (M) Qe e, b (5.21)
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by the definition of b given in Remark 5.2.3. Also, we have:

9i (Alum)) — gi(A(um))
Aj(Um) — Ai(um)
Now, let P denote the r x r permutation matrix that exchanges the ith component

with the jth, and let ¥y be the vector of R" that has its kth component equal to 1,
all the others being null. For all u € R", we have by definition of P:

Qciimrcjm VG (Um)h = Qciomicjm P (5.22)

Ppu=p+ (uj —pa) (i —95)  and  g;(n) = [PTg(Pp)); = g:i(Pp).
Hence, taking am, := Aj(um) — Ai(wm ), we obtain:

i G50m)) i\ m)
m— oo /\j (um) — /\i(um)
i 9 Wm) + am (B = 95)) = gi(A(um))

m—o0 (o770

= lim Y Vgi(Aum)) (05 = 0;) = gii(A(w)) — gi;(A(u)),
k=1

and (5.22) tends to (5.21).
The case a # (3. The component of VG(u)h we deal with here has the following form:
) 90@) ~ iAW)
() = hi(w)
In view of (5.20), it is just obvious that this is the limit point of:

AMtm)) = gi(M(um))
/\j(um) — Ai(tum)

Qci,Cj VG(U/) QCth h

Qci,,,L,cJ-,,LVG(Um)h = g]( Qcim,c]'mh-

Consequently, the theorem is proved for the particular subsequences (um,)m>0 we have
chosen at first. A simple compactness argument allows us to drop the second assumption
on the convergence of the sequences (¢;m)m>0. It remains to discard the regularity as-
sumption: assume now that the elements of sequence (um)m>0 € V may have multiple
eigenvalues. Since the set of regular elements is dense in J (see Proposition 2.7.24), there
exists for every m > 0 a sequence (um;);>0 of regular elements that converges to u,,. From
the first part of the proof, we know that lim; . VG(umi)h = VG(uy,)h. Hence there
exists a [, € N such that for every | > [,,
[[tmi — um|] < % and  ||[VG(umi)h — VG(um)h|| < %

Let u), := umg,, and take an € > 0. Since (u),)m>0 is a sequence of regular elements that
converges to u, there exists a m’ > 2/e such that, for all m > m’, we have ||VG(u,,)h —
VGu)h|| < €/2. If m > m/, we can thus write:
IVG(um)h = VG(u)h|| < [IVG(um)h — VG(uy, )R] + [[VG(uy,)h = VG (u)hl|
<e€/24€/2=¢
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and VG (un,)h converges to VG (u)h. [ ]

Needless to say, this theorem allows us to show that if a symmetric function is twice
continuously differentiable, the spectral function it generates is also twice differentiable.

5.7 Application: complementarity problems in Jordan
algebras

Fukushima, Luo and Tseng have studied a smoothing technique for solving the second-
order complementarity problem in [FLT01]. This section shows how their analysis can be
extended to deal with complementarity problems defined on symmetric cones. Some of
the proofs in the first subsection are minor updates of the work of Fukushima, Luo and
Tseng (see also [CQTO03], where similar results have been obtained for the semidefinite cone
complementarity problem). However, our argumentation in the second subsection is rather
different from theirs, as it relies on a purely Jordan algebraic machinery.

Complementarity problems constitute a natural generalization of the convex conic op-
timization problem. In order to introduce them, we define the following notation. Let (-, -)
be a scalar product on RY, and let K be a regular cone, that is, a cone closed, convex,
pointed, and with a nonempty interior. We denote its dual by:

K* = {y € RN|(y,2) > 0 for every = € K}.

We also consider a continuously differentiable mapping ® : RY x RN x RF — RN x RF.

The general complementarity problem consists in finding, if it exists, a point (x,y,z) €
RY x RY x RF for which:

rek, yekK*, (y,z)=0, and P(x,y,z)=0.

Example 5.7.1 (Primal-dual optimization problem) Let us recall the general conic
optimization problem. We denote by (-,-)n and by (-,-)r the respective scalar products of
RN and R*. We identify RN and R¥ with their corresponding dual. Let A : RN — RF bpe
a surjective linear operator, and let A* be its adjoint: for every x € RN and every y € R¥,
we have (Az,y), = (x, A*y)n. We fir a vector b € R* and a vector ¢ € RYN. Finally, let
IC CRY be a regular cone, and let K* be its dual.

The general conic optimization problem can be stated as follows:
min (¢,z)n

st. Az =10
reKk.

Closely related to this problem comes its dual:

max <b7 y>k
s.t. A*'y+s=c
s € K*,y € Rk,
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We recall that this primal-dual pair of problems is called strictly feasible if there exists
a point (z,s,y) € int K x int K* x RF that satisfies all the linear constraints. It is well
known (see for instance in [ET76]) that, if these problems are strictly feasible, they can be
reformulated as the following complementarity problem: find a point (x*,s*,y*) € RN x
RN x RF such that:

zeK, sekK*, (z,s)n=0, and P(z,s,y)=0,

where y
)
s (0 ).

This point (z*, s*,y*) represents a solution to the primal-dual optimization problem. [ ]

In the smoothing approach of [FLT01], the condition
zeK, yek*, (z,y)=0
is approximated by the following one:

¢du(z,y) =0 for p >0,

where (¢,),>0 is a class of continuously differentiable functions, parameterized by the
positive scalar p, such that the pointwise limit function ¢o(z,y) = lim, o ¢, (z,y) exists
and satisfies:

¢o(z,y) =0 ifandonlyif ze kK, yeK*, (z,y)=0. (5.23)

The algorithm that solves the generalized complementarity problem starts from an initial
p > 0, and finds at each iteration an approximate solution (Z,,9,, 2,) of the smoothed
system:

ou(z,y) =0, P(z,y,2)=0. (5.24)
This is typically achieved by a few steps of a Newton algorithm. The scalar p is then
decreased to p—, and the process is repeated. The approximate solution (&,,3,, 2,) can
be used as a starting guess for solving the smoothed system parameterized by p_.

Various classes of functions ¢, are proposed in the literature when K is the positive
orthant or when K is the second-order cone. We generalize here two classes to the Jor-
dan algebraic cone of squares KC7, namely, the Chen-Mangasarian smoothing functions
introduced in [CM95], and the Fischer-Burmeister smoothing functions. We check that
these two classes satisfy property (5.23). We also make sure that, under suitable regularity
assumptions on the function ®, they yield an invertible Jacobian for the function

( ¢H(m7y) )

D(z,y,2) )

This last requirement ensures that Newton’s algorithm is well defined for the nonlinear
equations that have to be solved. Finally, we show to what extent the approximate solution
of a smoothed problem with a parameter p can serve as a good initial guess for the solution
of the same smoothed problem with a smaller parameter . From this result, it is also

possible to see how the exact solutions to the problems parameterized by p converge to the
actual solution of the complementarity problem.



176 Chapter 5— Spectral mappings

5.7.1 Chen-Mangasarian smoothing functions

Definition 5.7.1 Let § : R — Ry be a continuously differentiable convex function that
satisfies:

o limy— oo §(t) = 0;
o limy_ o0 §(t) — t = 0
o 0<g'(t) <1 for every t € R.

Let gem @ R™ — R, A — g(A) :== (g(\1),...,9(\)T. We denote by Geaq the spectral
mapping generated from geaq. In view of Theorem|5.6.1, the function Geaq is continuously
differentiable. The Chen-Mangasarian smoothing function induced by ¢ is:

bemp:IxT =T

(w,v) = e, pu(u,v) :==u— puGem (u;v) .

Note that ¢caq,, is continuously differentiable by Theorem 5.6.1. For the sake of notational
simplicity, we drop the subscript ¢ in this subsection.

Remark 5.7.2 Observe that
lim pg(t/p) = max{t,0}.
nl0

Indeed, if t > 0, we have lim, o §(t/pn) —t/p = 0 in view of the second assumption on §. If
t <0, we have lim, o §(t/pn) = 0 by the first assumption on §. [

Remark 5.7.3 We can easily check that g(t) > max{0,t} for every t € R. First g is
strictly increasing, and limy_, o g(t) = 0, implying that §(t) > 0 for every t € R.

Second, consider the function ¥(t) := §(t) — t. This function converges to 0 when t
tends to +o0o and is strictly decreasing, as ' = ¢’ —1 < 0. Thus this function has no root,
and since (0) = §(0) > 0, we deduce that (t) > 0 for every t € R. [

Lemma 5.7.4 Let u be an element of J. The element of K5 which is the closest to
w=Y"_; Ni(u)e; with respect to the Jordan norm is uy := Yy ;_; max{\;(u),0}c;.
Proof
Corollary [4.2.5 states that ||u —v||7 > [|A(u) — A(v)]], where the equality holds if and only
if uw and v have a similar joint decomposition. Hence
. 2 . 2
— = Au) — A

Jnin [|u —vf|7 jin [[A(w) = AT,
whose solution A\* is easily seen to have as components \¥ = max{\;(u),0}. Observe also
that u = uy — (—u)4. [
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Proposition 5.7.5 For every function § that satisfies the assumptions in Definition|5.7.1,
the Chen-Mangasarian smoothing function induced by g complies with the complementarity
property (5.23).

Proof

Let v and v be two elements of 7, and let u — v = Z;l v;¢; be the complete spectral
decomposition of © — v. In view of Remark [5.7.2] we can write:

Go(u,v) = lim ¢, (u, v) = limu — pG((u —v)/p)

=u- thug Vi/ e =u — ZmaX{%, O}ei =u— (u—10)4,

=1

where the last equality comes from Lemma [5.7.4. It suffices now to apply Proposition 6
in [GST04], which states that the condition ¢¢(u,v) = v — (u — v)4 = 0 is equivalent to
u,v € K7 and tr(uv) = 0. [

Proposition 5.7.6 If the linear application V,®(u,v, 2) has a full column rank, and if for
every u,v € K7 and z € R*, we have:

hy
V&(u,v,2) | hy | =0 implies that  tr(hyh,) =0, (5.25)
h

then the Jacobian

o Vudu(u,v) Vo, (u,v) 0
Tulwrv,2) = ( Vu@féu, v, 2) vv(bﬂlzua v,2) V@ (u,0,2) )

is invertible.

Proof
Observe that V¢ (u,v) = Iy = VG((u—v)/p) and Vi@ (u,v) = VG((u—v)/p). Let us
check that these two matrices are positive definite.

Let (u—v)/p = 25:1 &;e; be the unique eigenspaces spectral decomposition of (u—v)/u.
By our formula for the Jacobian of spectral mappings, we have:

) Z (£)Qe, + > ggg:&)@%ek' (5.26)

j#k Y

M= v (4

By assumption, we know that §'(t) > 0 for every ¢ € R. Thus every scalar coefficient
of (5.26) is positive, and, in view of Remark [5.5.2] the operator M is positive definite.
Furthermore, the operator Iy — M can be written as follows:

IN—VG<“_”> Z( 3(€)) Qe]+z< gjgig’“))@ej,ek.

H Jj=1 J#k

Since §'(t) < 1 by hypothesis, we conclude that Iy — M is positive definite as well. This
implies that M~Y2(Iy — M)M~'/?2 = M~ — I is also positive definite.
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Now, suppose that:
hy
Ju(w,v,2) | hy | =0.
h
In view of the assumption on ®(u,v, z), we know that h, = 0 and that tr(h,h,) = 0. On
the other hand, since M is invertible

(I — M)hy, — Mh, =0, or (M~'—1Iyx)h,—h,=0.

Thus (hy, (M~! — Iyx)h,) = tr(hyh,) = 0, and h, = 0 since M~ — Iy is positive definite.
It follows that h, =0, and J,(u, v, 2) is invertible. [

Remark 5.7.7 Observe that the function ®(x, s,y) of the primal-dual conic problem stated
in Example |5.7.1 complies with the assumptions of the previous proposition. Indeed, as
Vy®(z,s,y) = A* is injective, it has a full column rank. Moreover, the condition (5.25)
becomes

Ahy, =0, hg+ A"h, =0,

form which we deduce (hs,h;)n = 0. [ ]

It remains to analyze the convergence of the successive smoothings of the complemen-
tarity problem.

Proposition 5.7.8 For all elements u and v of J, and every parameters p > v > 0, we
have

v (u,v) — dpu(u,v) € int Ly
and
9(0)(n —v)e = [¢u(u,v) = du(u,v)] € Ky.
In other words, for every 1 <i <r, we have
90) (1 = v) = Xi(¢w(u, v) = Pu(u,v)) > 0.

Proof
These inclusion results are equivalent to the following inequalities:

90)(p—v) = ng (W) —vj (A(u—v)> > 0.

v
The first one follows from the convexity of g:

25000+ 24 (”“_“)) zg(w_“)).

p p v I

In order to prove the second inequality, we proceed by checking that for every real number
t, the function ¥ : Ry4 — R, a — 9¥(«a) := g(at)/a is strictly decreasing. Observe that
the derivative of this function is ¥'(a) = (atg’(at) — g(at))/a?. Now, we have g(z) >
max{0,z} for every z € R in view of Remark 5.7.3. Further, 0 < §’'(x) < 1 implies that
max{0,z} > x¢’(z). Henceforth, the derivative ¢’ is negative on its domain. [ ]
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5.7.2 Fischer-Burmeister smoothing functions

Definition 5.7.9 The Fischer-Burmeister class of smoothing functions is defined as fol-
lows:

¢ru I XTI — T
(u,0) = ¢rpu(u,v) = u+ v — (u® + v+ 2u2e)/2.

For the sake of notational simplicity, we drop the subscript 5 in this subsection.

Lemma 5.7.10 For every u and v of J, the element (u® 4+ v?)'/? — u belongs to K.

Proof
First, we prove this statement for elements u of int 7. Recall that, in view of Remark
2.8.9, the solution x to the equation wx = z is unique and belongs to I 7 if w € int 7 and
z € K. Note that w := (u® + v?)'/2 + u belongs to int K7 since u lies in int K. Taking
z:=v? and 2 := (u? +v?)'/2 — u, we conclude that wz = z. Thus = belongs to K.

A simple argument based on the continuity of the smallest eigenvalue allows us to extend
this result to every u € K 7.

For every w = Y._, Ai(w)e; of J, we denote the element >\, |A\;(w)|c; by |wl; it
belongs obviously to 7. According to the notation of the previous subsection, we have
|w] = wy + (—w)4. Observe that |w| —w = 2(—w)4 € K7. Thus the element

(u? +03) 2w = (@ 4+ 0%/ = Ju]) + (Ju] - w)
belongs to K7 by convexity of the cone of squares. [ |

Proposition 5.7.11 The Fischer-Burmeister class of smoothing functions satisfies the
property (5.23).

Proof

Since the square root function is continuous on [0, +-00], we have ¢y (u,v) = lim, | ¢, (u,v) =
u+v— (u?+v2)"/2. Hence, the condition ¢g(u,v) = 0 implies that u? 4 2uv +v* = u? +v2,
or uv = 0. In view of Lemma [5.7.10, the element v = (u? + v?)'/2 — u belongs to K.
Similarly, w is in K7 as well.

Conversely, if the elements u and v satisfy uv = 0, then (u +v)? = u? + v2. If they are
also in 7, then u4v € K 7. Taking the square root of each side, we get u+v = (u?4v?)'/2,
or ¢g(u,v) = 0. [ ]

Let A and B be two self-adjoint linear operators. In the next lemma, we adopt the
standard notation A = B when the operator A — B is positive semidefinite. If A — B is
positive definite, we write A >~ B.

Lemma 5.7.12 For every elements uw and v in J, and every real number pn > 0, we have
L ((u?® +v? +2p%e)Y?) = L(u).
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Proof

In view of Lemma [5.7.10, the element (22 + y2)/2 — 2 belongs to the cone of squares for
every z,y € J. According to Proposition [2.7.31, the operator L ((z2 + y?)'/2) — L(z) is
positive semidefinite. Now, let z := (u? + 2u%e)'/? and y := v. We have:

L(@2+fyﬂ);L@»:L(@2+mfaﬂﬂ>-umD¢Lmy

The second to last relation comes from the fact that (u? 4 2u2e)'/? — |u| belongs to the
interior of K7, as its eigenvalues are of the form /A;(|u|)? 4+ 2u? — A;(|u|), which is positive
when p > 0. ]

Lemma 5.7.13 Let f : R}, — R", A = g(A) := (V A1, .. VAT, and let G K be the
spectral mapping generated by g. Then

VG(w) = L)

for every invertible element u of KC7.

Proof

This proof is an easy application of our formula for the Jacobian of spectral mappings, and
of Proposition 2.7.31! on the spectral decomposition of the multiplication operator. Let
u=>Y_,&e; be the unique subspaces spectral decomposition of u € int ;7. We have:

VG(U) Z Q67 Z \/g \/7@67 ek

Jj=1 Jj#k

Z@ ;@+fczej,ek

This result can also be obtained with the help of the formula for 2!/2 given in the proof of
Proposition 2.7.6, and using the algebraic calculus developed in Section (2.4l ]

We are now ready to prove a statement similar to Proposition [5.7.6/ on the invertibility
of the Jacobian of the system (5.24)).

Proposition 5.7.14 If the linear application V,®(u,v,z) has a full column rank, and if

for every u,v € K7 and z € R¥, we have:

hu
Vo(u,v,2) | hy | =0 implies that tr(hyh,) =0,
h

then the Jacobian

_( Vudu(u,v)  Vidu(u,v) 0
Ju(u?vvz) - (vu(I)#l(u”U’z) V@ p("u, ,Z) qu)#(uavaz)>

1s invertible.
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Proof
Using Proposition 2.4.2| it is easy to see that

Va[u? + 0%+ 2u?e] = 2L (u).

With Lemma [5.7.13, we can easily compute that:
-1
Vudu(u,v) =In — L(u)L ((u2 + 02 + 2p26)1/2> .

In view of Lemma [5.7.12, the operator V,¢,(u,v) is positive definite. By symmetry, the
operator V,¢,(u,v) is positive definite as well. We can now repeat the final argument of
the proof of Proposition [5.7.6/ to conclude. [ ]
In the following proposition, we show that the Fischer-Burmeister smoothing yields an
algorithm that theoretically behaves similarly to the Chen-Mangasarian procedure.

Proposition 5.7.15 For every elements u and v of J, and every parameters u > v > 0,
we have

du(u,v) — ¢y (u,v) € int Kz
and
\/E(M - V)e - [¢H<u’v) - ¢V(u7 U)] € ’CJ'

Proof
The two inclusions amounts to proving the following inequalities:

V2(u —v) > V(2 +02) + 262 — /(w2 +02) + 202 > 0.

It is not difficult to prove that the function f(t) := \/t + 2u2 — v/t + 202 decreases on R .
Its maximum is reached in ¢t = 0, and equals \/ﬁ(u — v). This yields the first inequality.
The second inequality is trivial. [ |
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CHAPTER

Smoothing techniques in
formally real Jordan algebras

ly real Jordan algebras, we extend the powerful smoothing

techniques of Yu. Nesterov to the framework of formally real
Jordan algebras. This study allows us to design a new scheme for min-
imizing the largest eigenvalue of an affine function on a formally real
Jordan algebra. We prove that its complexity is in the order of O(1/e),
where ¢ is the absolute tolerance on the value of the objective.

BENEFITING FROM OUR ANALYSIS of spectral functions on formal-

Particularizing our result, we propose a new algorithm designed to
minimize a sum of Euclidean norms and we perform a complete analy-
sis of its complexity. Further numerical experiments show that smooth-
ing techniques are numerically stable and competitive with respect to
interior-point methods. We finally propose an heuristic that relies on
our smoothing technique, and appears to be efficient for very large-
scale sum-of-norms problems.

183
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6.1 Introduction

Some recent results of Nesterov [Nes05a] tend to show that, in spite of their popularity,
interior-point methods are not always the best procedures to solve some very large scale
optimization problems. Whereas the number of iterations of these methods is predictably
low, each of them requires so many computations that performing the very first one of
them may already be out of reach.

In order to bypass this problem, Nesterov has essentially managed to combine the cheap
iteration cost of subgradient methods and the efficiency of structural optimization in a pow-
erful generic method for solving some structured non-smooth optimization problems. This
method is generic in the sense that, given a class of problems to be solved, an appropri-
ate proz-function has to be specified by the practitioner. The efficiency of the method
relies heavily on the choice of this prox-function (more details are given in Section [6.2]).
In [Nes05al], Nesterov shows how a class of piecewise linear optimization problem can be
solved provably fast. He extended his result to a class of non-smooth problems involv-
ing symmetric matrices [Nes05b]. A natural question arises in this context: can formally
real Jordan algebras help to further extend this method 7 We give a positive answer in
this chapter, and we particularize our study to the sum-of-norms problem. Our solution
is mainly based on the results on spectral functions and spectral mappings shown in the
previous chapters.

We are indebted to Donald Goldfarb for the observation that our technique can im-
mediately be applied to solve the more general problem of minimizing a sum of Euclidean
norms and a linear function. Many thanks to him.

The chapter is organized as follows. In Section 6.2, we briefly recall how the smoothing
techniques of Nesterov work. Section 6.4 contains the main result of the chapter, namely,
the inequality (6.5). This inequality allows us to estimate the complexity of smoothing
techniques applied to the maximal eigenvalue optimization problem in Jordan algebras. We
specify the obtained algorithm in Section 6.5 in order to solve the sum-of-norms problem,
obtaining, up to our knowledge, the first theoretical complexity result for this problem. We
have implemented our method in MATLAB, and we compare its numerical behavior with
the best available interior-point scheme for the sum-of-norms problem in Section 6.6. (It
is interesting to note that, up to our knowledge, no theoretical analysis can explain the
particularly good efficiency of this interior-point method; the available complexity analysis
turns out to be very pessimistic with respect to its practical behavior). It appears that our
algorithm is competitive with respect to this interior-point method for very large instances
if the required accuracy is not too small. We also describe a heuristic procedure that
performs surprisingly well for high-dimensional instances.

6.2 Smoothing techniques in non-smooth convex opti-
mization

In this section, we briefly recall the historical context of the present study. A smoother
account can be found in the introductory chapter of this thesis.
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The general problem of Convex Optimization can be formulated as follows. Given
a convex function f : R — R U {400} and a nonempty convex set Q C R", find the
minimal value f* that f takes on @, and, if possible, find a point of @ where this value
is attained. On a finite-arithmetic computer, this goal is typically unreachable, and we
content ourselves with an approximation of this minimal value: given an absolute tolerance
e > 0, the problem consists in finding a point & in @ such that f(&) — f* <e.

The first methods proposed and studied for solving convex optimization problems were
the subgradient schemes (our brief exposition in Section [I.3| can be completed by [Sho85]|,
or in Chapter 2 and 3 of [Nes03]). Following the terminology of [NY83], these algorithms
are black-bor methods. This means that the only information on the objective function
that they can get, given a point of its domain, is the value of the objective and of one of
its subgradients at that point. In other words, they only have access to local information.
It has been proved, by a resisting oracle technique, that these methods cannot have a
better complexity than ©(1/e?) in terms of number of iterations of the scheme [NY83].
Now, suppose that the objective function f : R™ — R is smooth, more precisely that it is
differentiable and that its gradient is Lipschitz continuous:

IV£(2) = VI@)ll. < Llle —gl|  for every z,y € dom f

where || - || is a norm of R", || - ||. is the associated dual norm, and the positive constant
L the gradient Lipschitz continuity corresponding to the norm || - ||. In this case, the
complexity analysis of subgradient schemes — we can actually call them gradient schemes
— shows that an approximate solution can be found in no more than O(y/L/€) iterations
(see Chapter 3 of [Nes03]).

Later on appeared efficient interior-point methods for Convex Programming. The most
decisive breakthrough in the field has been achieved in [NN93]. In contrast with subgradient
schemes, these methods do not content themselves with local information on the problem.
They explicitly exploit its structure. The construction of the self-concordant barrier needed
in the algorithm mimics the mathematical description of the specific problem to be solved.
These methods have a complexity in the order of O(y/v1n(v/e)) iterations, where v is a
structural parameter of the problem, usually a multiple of its dimension or of the number
of constraints (see Section [1.5)).

Subgradient schemes for non-smooth problems may seem completely dwarfed by interior-
point methods. But the complexity of an iteration required by an interior-point method is
much larger than the cost of a subgradient scheme iteration: indeed, interior-point meth-
ods typically require the resolution of a (sometimes sparse) linear system of equations at
each step, while subgradient methods only need vector manipulations (addition, computa-
tion of scalar products, projections on simple sets, ...). Hence, very large-scale problems
might be out of reach for interior-point methods because the very first iteration is already
prohibitively expensive.

The smoothing method of Nesterov [NesO5a] has been designed to potentially solve this
issue, because, without affecting too severely the number of iterations, their cost is much
cheaper for every generated point. It can be applied to optimization problems with the
following very specific structure and performs at each iteration a cheap gradient-like step.
We are given (01 and ()2 two bounded convex sets, contained in the Euclidean vector spaces
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FE, and FE» respectively. The objective function, to be minimized over )1, is supposed to
have the following form:

f(z) = f(z) + max[(Az,u) — ¢(u)], (6.1)
u€EQ2
where f and (,ZAS are smooth convex functions, and A is a linear operator from E; to EJ.
We assume that an evaluation of f is not too expensive, i.e. that the maximization of
(Az,u) — ¢E(u) over (05 can be performed very efficiently, or even that a closed form of the
solution is available.

The idea is to replace the non-smooth objective function f by a smooth approximation
of it via a proz-function ds of @2, that is, a twice continuously differentiable function
ds : Q2 — R whose minimal value is 0 and is attained in the relative interior of Q2. We
also require for a prox-function ds of Q2 to be strongly convex on o, i.e. that:

for every uw € Q2 and h € Ea, (dy(u)h,h) > oa||h||3,

for some norm ||-||g, of E5 and some strong convezity constant o > 0. For each parameter
> 0, we define the function:

fulz) = f(@) + max(Az, u) — §(u) — pdp ().

uEQ2

This family of functions approaches f from below as u goes to 0, and each of them has a
Lipschitz continuous gradient. We choose a norm || - ||g, of E; and we define:

1All5, B, -= max{(Az, u) : [|z][, <1, ||ullz, <1}

It can be proved (see Theorem 1 in [NesO5a]) that the Lipschitz constant of f, equals
Ly = ||All%, p,/(no2). Therefore, we can apply a low-cost gradient-like scheme in order
to minimize it.

This gradient-like scheme requires a prox-function d; of @1, whose strong convexity
constant for the norm || - ||g, is denoted by o7 and its minimizer by zg. The scheme
updates at each step the three sequences of points (2 )k>0, (Yk)k>0, and (zx)k>0. Letting
Dy :=maxgeq, di(z) and Dy := max,cq, d2(z), we put = €/(2D2).

Algorithm 6.2.1 For k > 0:

1. Compute f,(xr).

) . L
2. Find y, := argmingeq, {(fl’t(xk),y — o) + Sy — x1€||%1 }

3. Find zj, == argminyeq, {i’l dy(y) + Zle %((fl;(xz),y>)}

o k41 2
4. Set Lh+1 = myk + TJFSZ]C |
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Theorem 6.2.1 (Theorem 3 in [Nes05a]) For the sequence (yr)k>0 generated by the
algorithm, we have that f(yn) — f* < € as soon as:

DDy 1 [4L.D
N+124‘|A||E1Ez 0_10_2 E+ 0'761’
102 1

where L is the gradient Lipschitz constant of f corresponding to the norm Il |lg, - [ |

Observe that this complexity result concerns the actual non-smooth problem, and not its
smoothed approximation. Nesterov’s method is then in O(1/€), which is the best known
complexity so far for this class of non-smooth problems.

In this chapter, we only consider problems where f = 0, or where f is a linear function.
In both cases, the Lipschitz constant L equals zero.

6.3 Smoothing techniques for piecewise linear optimiza-
tion problems
It turns out that there is a particular instantiation of the general smoothing technique that

is particularly efficient, that is, for which the parameters ||A||g, g,, D1, and Dy are not
too large, while o7 and o5 are not too small.

Definition 6.3.1 The n-dimensional simplex is the set:

Ay ={reR"21+ - +z, =1, 21,...,7, > 0}.

|
Definition 6.3.2 The function
f:A, =R
x = d(z) = Zml In(z;) + In(n)
i=1
is called the entropy function of dimension n. [ |

The following lemma summarizes the main properties of this function. A proof is
included for the sake of completeness.

Lemma 6.3.3 The entropy function is infinitely differentiable in the interior of its domain.
1t is strongly convex on its domain: we have

(f"(@)h, h) > [|h]]3,

where the norm || - ||1 is the 1-norm, i.e. ||z|[1 :== D1, |z;]. The entropy function attains
its minimum in z* = (1/n,...,1/n)T and is bounded from above in A, by In(n). The
conjugate function of f is:

£*(s) = In(exp(s1) + - + exp(s)) — In(n).
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Proof
The infinite differentiability of f in int A,, is obvious. Furthermore, we can easily derive:
/ " 6ij
[f(x)]; =In(z;) +1, and [f"(x)];; = —

Hence, since = € A,,, Cauchy-Schwartz inequality yields:

(f"(x)h, h) :Z% = <Z f) <Zx> > (Zhl) = ||h]l%.

=N

i=1 i=1

The minimum of f on A, is unique because this function is strongly convex. By its
symmetry, the function f attains its minimum in z* := (1/n,...,1/n)T, and f(z*) = 0.
Since In(t) < 0 when 0 < t < 1, we have f(z) < In(n) on A,,, with equality holding on
the vertices of this domain. In order to compute the conjugate of f, we must solve the

problem:

iTi — iIn(z;) —1 .
max 23 x le n(z;) — In(n)
In view of Karush-Kuhn-Tucker Theorem (reproduced in Theorem [1.5.5)), the stationary

points (z*, u*,y*) of its Lagrangian

Lz, p,y) = Z $;T; — Z x;In(x;) —In(n) + p (1 - Z xz> + Zyixi
i=1 i=1 i=1 i=1

have to satisfy, since y/z} = 0:

aE * * *
o PEEAE) i tn(e) 2 +1) =0
83:1
Summing on the indices i, we obtain f*(s) 4+ In(n) = p* + 1. Next, from the condition
OL(x*, pu*,y*)/0x; = 0, we deduce that 7 # 0, so that y* = 0, and p* = In(>""_; exp(s;))—
1. Observe also that
* exp(si)

DTN o2

We specify now the non-smooth problem we are interested in. Let F; := R™ and Es :=
R™, endowed with their respective dot products as scalar products. We set qAS(u) := bTu for
an n-dimensional vector b. We also take A,,, and A,, for the sets Q1 and Qo respectively.
The prox-functions d; and ds that we consider are the entropy functions of corresponding
dimensions. In view of the previous lemma, their strong convexity constant equals 1 for
the norm || - ||;. (Observe that this norm has the smallest ball that contains unit vectors.)
Moreover, we have Dy = In(m) and Dy = In(n). Finally, we derive:

Al &, B, max uT Az = max max |[Az];| = r%?x|Aij|.

[ulli=[lzl1=1 llzli=1 i
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Observe that this norm is typically much smaller than the Frobenius norm or than a spectral
norm. The resulting complexity of the Algorithm [6.2.1/ on the problem

A, e e (02

is then bounded from above by:
4 max | A;;|v/In(m) In(n).
€

The rest of the chapter is devoted to the resolution of the spectral problem generated
by (6.3), namely
min max (u, (Az — b)) 7, (6.4)

TEA, UEA 7

where A is a linear operator from R™ to a formally real Jordan algebra J; the element b
belongs to J, and
Ag ={u e Kg|tr(u) = 1}.

The natural prox-function for this set seems to be the spectral function generated by the
entropy function. We need to check whether this spectral function satisfies properties that
are similar to those of Lemma [6.3.3/ in order to establish the complexity of the subsequent
smoothing algorithm.

6.4 An upper bound on the Hessian of the power func-
tion

In this section, we generalize to formally real Jordan algebras an inequality obtained re-
cently by Nesterov [Nes05b] in the framework of symmetric matrices.

For every nonnegative integer k and every real r-dimensional vector A, we let:
pe(A) =AY+ AR
The spectral function generated by pi is denoted by Pg:

P.:J — R
u — Pp(u) := tr(u®).

The main result of this section is the following inequality.

For every integer k > 2, for every element u = Y .._, A\;i(u)¢; of 7, and for every

direction h of J, we have:
(P (w)h, h) < k(k = 1)(|u/*"h, h), (6.5)

where [u] == >0, |\ (u)]e;. [
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This inequality is the key for extending smoothing techniques in the framework of Jordan
algebras, and for determining a complexity bound of the obtained scheme.

Lemma 6.4.1 Let p and q be two nonnegative integers. For every u € [J, the operator
L(|u[PT?) — Quv ya is positive semidefinite. In other words, for every h € J, we have:

([ulP™h, h) = (Que ushs h).

Proof

Let us fix an element u € J, and let us consider one of its complete spectral decomposi-
tion u = >_'_; Ai(u)¢;. For the sake of notational simplicity, we write A for A(u). From
Proposition 2.7.31 and Corollary 2.7.32, we know that L(|u[PT?) and Qu» e have identical
eigenspaces, which are direct sums of the subspaces J;; := Q, ¢;J. The eigenvalues cor-
responding to the eigenspace J;; are respectively (|A;[PT7 4 |\;[PT2)/2 for L(JulP*9), and
(AIA] + A7AT) /2 for Qur ya. Observe that:

(Al = (A P) ([Nl = [A4]9) >0,

so that:

INPTL+ NPT > NPT+ AP 9 > M + APAL

In other words, the eigenvalues of L(|u[PT?) — Qu» 4« are nonnegative. [ |

Proposition 6.4.2 For every u and h of J, the inequality (6.5):
(P (u)h, h) < k(k = 1)(|ul*"*h, h)
holds true for all k > 2.

Proof

Since the Hessian is continuous in view of Theorem 5.6.1} it suffices to show the inequality
for regular elements u, because they form a dense set in J (see Proposition 2.7.24)). Let
us fix a regular element u = .|, \;(u)¢; of J, and let us compute (P}/(u)h, h) using the
formula (5.19) for the Hessian.

We easily get:
PN = kAT and [pE(A)]ig = dik(k — 1)AT2,
where d;; is the Kronecker symbol. Let h be an element of J, and let hy; := Q, ¢, h, so

that h = Z: =1 hij. Therefore, the second Pierce decomposition of h with respect to the
Jordan frame {ci,..., ¢, } results in:

hzzr:hii+2zhij-
=1

1<J
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By regularity of u, we have:

)\k 1
(P} Zk DAF=2tr(h2) +2Zk; Y tr(hZ;)
i#]
=k [ (k= DN 2tr(h2 +QZZ)\U\’“ )
i=1 i#j =0
r k—2 \Iyk—1—2 I yk—1-2
ANFTE2 ALY
=k D> (k=N tr(hd) +2) Y~ 5 I tr(hZ;)
i=1 i#j =0

Observe now that, for every nonnegative integers p and ¢, we can write:
T OXPAT AN " APAT + /\p)\q
(Qurush,h) = %tr(hijh) = NFr(hy) + Y L e(R)).
ij=1 i=1 i#j
With this relation, we can continue as follows:

r k—2
(P (w)h, h) = k (Z(/@—mf—? +Z ( Quty-1-2h, h) — Z)\k 2, ))

i=1
k—2 k—2
= k> (Quiwri-2h,h) <k Y (L(ju|*"*)h, h) = k(k = 1){|ul*"2h, h),
1=0 1=0
where the inequality comes from Lemma [6.4.1. [ |

The following corollaries are simple but very useful consequences of the previous propo-
sition. Their proofs follow closely those in [Nes05b].

Corollary 6.4.3 Let f : R — R be a function that has a power series expansion

t)=> axt"

k>0

such that all the coefficients ai are nonnegative. Let us denote the domain of f by I, and
the set containing all the elements of J that have their eigenvalues in I by K. We define
F:K—>R u— F(u):=%_, f(A(u)). For everyu € K and all h € J, we have:

F// Zf// ‘ul )2.

Proof
By Proposition 6.4.2, we can write:

(F"(u Z ag(P ) < Z k(k — Dagtr(|ul*~2n?)

k>2 k>2
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The von Neumann inequality (4.4) gives us tr(|u/*=2h%) < S°7_ Xi(Jul)*=2X;(h?), from
which we obtain:

(F"(u)h,h) <Y " k(k = Daphi(|u))* 2 Xi(h2).

k>2 i=1

Now, since f”(t) = 3,5, k(k — 1)agt* 2, we conclude that:

(F"(u hh<§:ﬂ (|u)Ai(h?).
|

Corollary 6.4.4 Consider the function F : J — R, u— F(u) := >_._; exp(\;(u)), and
the function E(u) :=In F(u). Then

(E"(w)h. h) < Ay (1)

for every w and h of J.

Proof

A straightforward computation gives us:

(F"(uh,h)  (F'(w),)* _ (F"(u)h, D)
F(u) F? = F(u)

(E" (u)h, h) =

Suppose preliminarily that v € K7, so that u = |u|. It is well-known that the coefficients
of the power-series expansion of exp are positive. Therefore, using the previous corollary,
we can continue as follows:

F(w)h,h) _ 32y expAi(luD)Ai(h?)
Flu) = Yioexp(Ai(w)
Now, observe that the element u — T'e is always in the cone of squares when T is smaller

than A\.(u). Note also that E(u — Te) = E(u) — T, thus E”(u — Te) = E”(u). Hence, the
above inequality holds even for elements « that are not in K. [

w%mmmg< < A (h?).

Corollary 6.4.5 Let Ay := {v € Kz|tr(v) = 1} be the Jordan algebraic extension of the
standard simplex. The function d: Ay — R, v d(v) := >_; Ai(v) InA;(v) satisfies, for
allh € J and all u € A 7, the following inequality:

(d” (u)h, h) > [h][3,

where ||h||1 :=>"i_; |Ai(h)| is the norm generated by the 1-norm in R”.

Proof

Let n(A) := In>"._, exp()\;) for every A € R". The conjugate function of n is §(\) :=
>, AiIn\; on the standard r-dimensional simplex A,.
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In view of Lemma 6.3.3, the function d is then the conjugate of the spectral function
E defined in the previous corollary. It is well-known (see Theorem 4.2.2 in [HUL93|) that
strong convexity and Lipschitz continuity of the gradient are dual notions. In other words,
suppose that the function f : RN — R U {400} is twice differentiable; then:

(f"(z)h,h) < L||h||* Vo €domfand heJ

if and only if:
1
(f*"(x)h, h) > Z||h|\,% Va € dom f* and h € J,

where || - ||« is the dual norm of || - ||. As the dual norm of ||h||s := 1/A1(h?) is the norm
[|[hll1 = Y"i_; |Ai(h)| (see also Theorem 4.4.2), we get that (d”(u)h, h) > ||h||3. [ ]

We have now everything we need to describe and analyze a smoothing algorithm for
Jordan algebras. Let us consider the function:
= A — (b
fla) = max (Az,w) — (b.w)
which maps R™ to R. Analogously to the above corollary, the set A 7 represents the Jordan
algebraic extension of the standard simplex. The linear application A maps R™ to J, and

the element b belongs to J. The scalar product should be understood as the Jordan scalar
product. In view of Proposition [3.2.7, the function f is exactly equal to A (Az — b).

T

Using the prox-function da(u) := Y _;(Ai(u) In A;(u)) + Inr for the Jordan algebraic
simplex A 7, we obtain for every p > 0 that:

Fulw) == max (Az,u) — (b,u) — pda(u) = pd3 ((Az — b)/p),

UEA 7

or:

fu(z) =pln (Z exp (\i(Az — b)/u)) — pn(r).

The above corollary ensures that the strong convexity constant oo related to this smoothing
equals 1 for the best possible norm (i.e. with the smallest unit ball), namely ||h||g, :=

>im M)l

The complexity of the resulting smoothing algorithm, adapted for Algorithm 6.2.1 is

thus:
DDy 1
A|All 22\ =
01 €

It turns out that this algorithm can be slightly modified to solve the more general problem:

i Az —b
2R, st (e =+ e o),

where ¢ is an m-dimensional vector. The resulting complexity of this modified algorithm
remains the same as the complexity for the original problem (6.4), because the linear
function f(x) := (¢, x) of x has a strong convexity constant of zero.
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6.5 Sum-of-norms problem

The sum-of-norms problem can be formulated as follows. Given p real matrices {A,..., A,}
of dimension m x n and p real m-dimensional vectors {b,...,by,}, we need to minimize the

function
p

f@) =" ||4;z —b]]

Jj=1

over @Qq := {z € R" : ||z|| < R}, where || - || stands for the standard Euclidean norm of R™
or of R™. We also consider the problem of minimizing the function

p
FO ) =" ||Ajz = b + ",
j=1

where ¢ is an n-dimensional vector.

In this section, we apply the machinery of smoothing techniques to solve these problems.
We start by considering the minimization of f, then we indicate how the problem involving
the function f(9) can be treated.

We define the following elements for all 1 < j < p:

= 0 = 0
Aj:(Aj) and b]:(bj>

We also introduce the function:
f:R" = R

p
r— f(r):= Z)\l(ﬁjz ,[_,j)7
j=1

where \; is the largest eigenvalue of its argument in the formally real Jordan algebra Sy,.
Observe that minimizing f over )7 is completely equivalent to the sum-of-norms problem.

Since A; is the support function of the Jordan algebraic version of the standard simplex:
_ _ _ _ _ 1/2
A={ua e SplA(a) + N2(a) =1, x2(a) >0} =< a = " eJ |l <£1/25,

we can rewrite the function f as follows:

Now, we define
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Our expression of f then becomes f(z) = maxaear(Ax, ) 70 — (b, @) 7», and our problem
enters into the class of those for which smoothing techniques are applicable.

In the notation of Section 6.2, we let || - ||z, be the Fuclidean norm, and we take as
prox-function for ()1 the function:

[|z11%,
2

dl(l‘) =

It is now easy to show that the constant o7 equals 1 and that D; = max{d(x)|z € @1} =
R?/2.

The space Fy will be JP. For the set Q2 := AP, we propose the following prox-function:

bS]

dy(u) = ZHA*II (A1 (@) In(Aa (45)) + Ao (us) In(Az (@) + n 2]

1 1/2
= YA [1n(1/4||uj||2)+||uj|1n( / +'“J“)+m2},
2 2 12— ([

and the following norm:

P
lall g, = | D A3 a3
j=1

We have used the notation || - [|; to denote the spectral norm generated by the 1-norm
on R?. The number [|A}|| denotes here the maximum value that (A%u;,z) can take when
[lujlli < 1 and ||z||g, < 1. A straightforward computation shows that this maximum

equals the maximal singular value of A;, that is, || A}|| = Amax (45 A;).

We know from Corollary 6.4.5/ that, for every hy,...,h, € J, the following inequality
holds:

P
ZIIA*H [ () In(Ar (4)) + Ao () In(A2 (@) "By, hy) > > (A3 - [|RglI3 = IR,
Jj=1 Jj=1
where
hy
h = :
hyp

Hence, we can take g := 1. Now, Dy = max{da(a)|a € Q2} = > 7_, ||A%]|In2. It remains
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to compute the quantity ||A||g, &,:

4], . = max { (Az, @) 7» |mms12wmumms@
j=1
p p B
= max E:Aw% Hlalle < 1D NAG] - [lagl)} <1
j=1 j=1
< max §:|vrn gl -1l s, ¢ [l2]e, <1, §j|vvn lla][3 < 1
j=1
—_ p — p —
< max j{:|L4*H I\uJlejij\L4§H~|M%¢h < UoNAs = DDA
Jj=1 Jj=1 Jj=1

The last inequality comes from the Cauchy-Schwarz relation:

p 2 p p
YA Hagll | o< DA | D2 AN sl
Jj=1 Jj=1 j=1

Letting M := >0, ||A%[|, we can now conclude that the Algorithm [6.2.1/has the following
rate of convergence:

- _,*< _
f(yN) f - N+1 01092 N+1

4/|A|| [DiDy 4VIm2MR (RM)
o= )

If the matrices A; are scaling matrices, that is, matrices of the form A; := m;I,, Nesterov
has shown that the same order of convergence holds with the following smoothed version

of f:
= S mitullle il

with v, (t) = {t—u/Q if p <t.

Remark 6.5.1 Observe that the problem:

p
min ai, ) — b;
i 22 ) b

18 a particular case of the problem we have considered above, obtained with m := 1. In this
case, the constant M is the sum of Euclidean norms of the vectors a;. [ ]

Now, the smoothing of the objective Zﬁ':l [|Ajx — bj|| is easily computed as:

2) = 3 ull [ ncosha (142~ ill ).
NHAJ'”

Jj=1
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Its gradient equals:

|4,z — bl

/4
Vafule) = 3 pll A5 | tanh (1227
la) = 2 A, PIEH

) Vel Ajz = by,

where

(Ajl‘ — bj)TAjh

J J

In the Algorithm[6.2.1) the sequences (yx)r>1 and (zx)k>1 are the solution of a quadratic
optimization problem, and can be written explicitly. In sum, we obtain the following
algorithm.

Algorithm 6.5.1 Fork > 0:

e Ajxp—b;
1. Compute V fo,(xy) = 35— pl|Af[| tanh (W) Va||Ajzr — bj|.

2. Find yi, := argminyeq, {(flg(a:k),y —xk) + Lully — $k||2/2}

P . . k i

3. Find 2, = argmingeo, { LblP/2+ £, L@ o) b

4. Let xp4q := %yk + k—igzk [ |

The iteration cost is in O(mnp). It compares favorably with the iteration cost of the
interior-point approach proposed by G. Xue and Y. Ye in [XY97], which is in O(m3+pm?2n).
The number of iterations of their theoretical interior-point method is bounded by:

o (\/]3 (log (maX1<j€<P ij||> —l—logp)) ’

where € > 0 is the absolute tolerance on objective’s value. However, their actual imple-
mentation differs significantly from their theoretical algorithm, and its practical number
of iterations seems to be much lower than the above estimate. Indeed, their complexity
analysis is based on a short-step potential-reduction algorithm, while their implementation
uses a long-step dual one. We refer the reader to the next section for an experimental
comparison of their implementation and our smoothing method.

Consider now the problem of minimizing the function:

P
[ = Z | Az — bj|| + T

j=1

In the general non-smooth model (6.1), we let f(z) := ¢Z#. In the smoothing Algorithm
6.5.1, only the computation of f) () need to be modified to:

r
fi(xy) = c+ ) p||Af]| tanh — :
! 2 il w1l [A5] |[A i — byl

j=1

|4 ), — bj||> VoA,

The resulting complexity remains the same.
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6.6 Computational experiments

In this section, several test instances for the sum-of-norms problem are solved numerically
using the smoothing scheme described in the previous section. The aim of this study
is threefold. First, we want to check empirically that our method is numerically stable.
Second, we would like to compare the worst-case complexity estimated in the previous
section with the practical behavior of our algorithm. And third, we confront our scheme
with the efficient potential-reduction approach developed by G. Xue and Y. Ye in [XY97].

The implementation of our scheme follows closely Algorithm 6.5.1. In order to check the
stopping criterion, we use the following proposition, which combines results from Section
2 and Theorem 3 of [NesObal.

Proposition 6.6.1 We use the same notation and objects as in Section6.2. Let us intro-
duce the function:

¢:0Q2 = R
w i 9(u) = —G(u) + min (A, w)
Then ¢(u) < f(x) for every x € Q1 and u € Qs.
We denote by u(x) the optimal solution of the problem:

max (Az, u) — §(u) — pdz(u),

so that f,(z) = f(x) + (Az,u(z)) — d(u(x)) — pda(u(z)). Writing

il 20+ 1)
(xi)7
E+1)(k+2)

we have: R
A Al 1,5, D1 4LD,

,u0'102(l€+1)2 0'1(k+1)2.

0< fly) — d(ur) < pDy +
|

In our implementation, we periodically compute f(yx) and ¢(uy), and we check if their
difference is smaller than the fixed tolerance €. In all our experiments, this test is run every
ten iterations.

We have also developed a simple heuristic derived from our algorithm, which seems to
perform very well with respect to the theoretical worst-case complexity of our algorithm
for problems of very large dimension. Here is a brief description. Suppose that the desired
tolerance on the objective value is of the form ¢ = d™ for a positive integer M. We
run the smoothing algorithm until the duality gap f(yx) — ¢(ug) is smaller than d, and
obtain a first approximation #;. Then, starting from the approximation Z;, we rerun the
smoothing algorithm until the duality gap becomes lower than d?, and we repeat the whole
procedure, until the € tolerance is reached. In a sense, we delete sometimes all accumulated
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information on the problem. Moreover, in this heuristic strategy, we do not change the
prox-function. Hence, the starting point of a reinitialization is not necessarily the minimum
of the prox-function.

The set of instances we consider here are continuous location problems, which represents
a particular case of sum-of-norms problems where the matrices A; are of the form m;I,,
with m; > 0.

Example 6.6.1 The social distance between a point x and an m inhabitants city that is
located in ¢ € R? is defined as m||x — c||, where || - || is the standard Euclidean norm.
Suppose now that there are p cities, located in ci,...,c,, and with population my,...,my
respectively. We want to find the optimal place to build a service center, that is, we want
to find the location x* that minimize its total social distance with respect to all the cities.
This problem can be formulated as:

p
Find z2f = argiréigzgmjﬂx —cill,
=

where Q C R? is an Euclidean ball sufficiently large to contain every city c;j. Note that the
predicted complexity takes the form

o (ZLam),

€

where R is the radius of Q. It seems reasonable to consider an approzimate solution of this
problem with respect to a relative accuracy €/(3_4_, m;) instead of the absolute precision e.
|

We have generated uniformly distributed locations of the p cities on the hypercube
[0,1]™. Their populations are uniformly distributed on [0, 1].

Table 6.1/ indicates the computational time needed to solve the continuous location
problem up to a relative accuracy of €, and the ratio p between the actual and the predicted
number N of iterations for the pure smoothing method. The next column (CPU TIME
SM) indicates the CPU time required by the pure smoothing technique. The third to last
(CPU TIME HSM) mentions the CPU time needed for our heuristic based on the smoothing
algorithm, for d := 0.1. The two last columns (CPU TIME DSA and n. iter.) displays the
CPU time and the number of iterations of Xue and Ye’s Long Steps Dual Scaling Algorithm
[XY97] that we have implemented in MATLAB, exactly as described in their paper.

All computations were performed on an Pentium4 2.8GHz processor, with 512Mb of
Random Access Memory (RAM), using version 5.1.0.421 of MATLAB.

As it was clear from the complexity analysis, interior-point schemes outperform smooth-
ing techniques when the desired accuracy is high. However, for the continuous location
problem, it is often useless to strive for such a precision (what is the use to know where to
build a service center between cities or houses to within 0.01 millimeter ?). Due to their
very cheap iteration cost, our methods, and especially our heuristic in very high dimen-
sion, are faster than the interior-point method. Note that when p = 50 and n = 2000, the
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D n € N p CPU TiME SM. || CPU TimME HSM. || CPU TiME DSA. | n. iter.
50 2 0.01 467 0.193 0.062” 0.047” 0.094” 7
50 2 0.001 4676 0.113 0.344” 0.125” 0.109” 8
50 2 0.0001 45882 | 0.064 1.812” 0.281” 0.125” 10
50 2 0.00001 || 452603 | 0.084 23.02” 0.985” 0.156” 12
500 2 0.001 4697 0.023 0.453” 0.390” 1.125” 9
5000 2 0.001 4709 0.021 4.125” 2.562” 12.09” 9
50000 2 0.001 4709 0.019 69.61” 121.9” 237.57 10
50 20 0.001 14839 | 0.200 2.5327 0.109” 0.219” 9
50 200 0.001 47049 | 0.161 21.16” 1.032” 3.125” 9
50 2000 0.001 148843 | 0.160 628.5” 16.89” 494.27 10

Table 6.1: Computational results for the continuous location problem
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Figure 6.1: The duality gap of the smoothing algorithm decreases super-linearly after a
transitory phase.

method of Xue and Ye requires only 10 iterations to achieve the desired accuracy. During
each of them, the resolution of a dense system of linear equations of size 2000 is needed.
This clearly reveals the major drawback of interior-point methods.

It is interesting to note that, after a short transitory phase, the duality gap f(yx)—@(ux)
seems to decrease quadratically fast rather that linearly fast as asserted by the theoreti-
cal arguments displayed earlier. Figure 6.1/ has been generated for a problem involving
50 cities, in two dimensions. As indicated in Table 6.1, the actual number of iterations
that smoothing techniques require represents indeed a small fraction of the theoretical
complexity.
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CHAPTER

Conclusions and perspectives

We review here the main results presented in this work and discuss some directions for
future research.

The idea of combining two fields of mathematics that seems so different as Jordan Al-
gebras and Convex Optimization appeared a decade ago. From the viewpoint of a pure
algebraist, Jordan algebras has now become an exhausted field, because many of its most
important open questions have been solved. From the viewpoint of an applied mathe-
matician, Jordan algebras are now a fantastic tool of investigation. First, it is based on
a completely mature mathematical theory. And second, it represents the common link
between many practical problems, and it allows us to treat them in an elegant unified
way without loosing too much of their structure. However, the theory of Jordan algebras
is still quite new to optimizers. The second chapter of this thesis aims at providing a
self-contained introduction to this field, which is also as complete as possible.

In the third chapter, we have extended some variational characterizations of eigenvalues
that already existed in the framework of symmetric matrices. Our first aim was to prove
Mirski’s inequalities in the general framework of formally real Jordan algebras. However,
in the course of our reasoning, we have obtained several very useful features on eigenval-
ues. Courant-Fischer’s characterization and its corollary on interlacing relations plays a
decisive role in the next chapters. These results might be the key to prove more interest-
ing inequalities between eigenvalues. Also, the generalization of Wielandt’s Theorem (see
Theorem [3.5.6) might entail other useful relations, in particular between partial products
of eigenvalues of different elements.

The main goal of our graduate work was to investigate on how the smoothing techniques
of Nesterov can be used in more general situations than the few that were known so far. The
crucial technical tool needed to make these methods work is a prox-function adapted to the
problem. Advantageous prox-functions are not easy to find, and an automatic procedure
to create them would be very useful. Our idea works as follows: given a good symmetric
prox-function f for a non-smooth linear problem P, we can extend this problem P using
the Jordan algebraic machinery, thus creating a nonlinear non-smooth problem. The most
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natural prox-function for this problem would be the spectral function F' generated by f.
However, we cannot hope a priori that the interesting properties are transmitted from f
to F'. Consequently, it is not guaranteed that the corresponding smoothing algorithm will
have the nice properties of its linear counterpart.

This issue would be solved if the following conjecture is answered positively.

Conjecture 7.1 Let f : R" — RU{+o00} be a continuously differentiable symmetric func-
tion. We assume that its domain is convex and has a nonempty interior. Let || - || be a
norm. Suppose that there exists a constant o > 0 the function f satisfies for every pair of
points x,y of its domain the following inequality:

F) = f@) + (f @),y =) + 2 lly = al

Consider a Jordan algebra J of rank r. We denote by F the spectral function generated
by f, and by ||| - ||| the spectral norm generated by || - ||. Do we have for every u,v i the
domain of F that:

o
F(v) > F(u) + (F'(u),v —u) g + Sl = ull?,
with the same constant o ? [ ]

The three next chapters offers partial positive answers to this open question.

In the fourth chapter, we start our study of spectral functions on Jordan algebras. We
essentially investigate on how the properties of a symmetric function are transmitted to
the spectral function it generates. We found that many features of the symmetric function
are inherited by the correspondent spectral function. However, it is known that not all the
properties follow this pattern, e.g. directional differentiation. Nevertheless, we have shown
that the following properties are smoothly transmitted: Convexity, Quasi-Convexity, Strong
Convexity (with the same strong convexity constant if the norm of interest is the Euclid-
ean one), Local Lipschitz Continuity, Subdifferentiability, Differentiability and Continuous
Differentiability, Bouligand Subdifferentiability, and Clarke Subdifferentiability. We also
have closed form expressions for these four latter ones.

The fifth chapter focuses on a generalization of twice differentiability of spectral func-
tions, that is, differentiability of spectral mappings. Although we do not need such a gen-
erality to solve Conjecture [7.1l for the very specific case of interest investigated in Chapter
6, our setting proves to be useful in the analysis of the extension to Jordan algebras of
some classical methods for solving complementarity problems. We have generalized to the
much larger class of problems defined on Jordan algebras the results that were obtained in
[FLT01] for the second-order cone.

A natural possibility of extension of these results concerns the computation of higher-
order derivatives of spectral mapping. Ultimately, these investigations might lead to an
answer to Levent Tungel’s conjecture: given a symmetric v-self-concordant function f of a
set @, is the spectral function generated by f a v-self-concordant function of its domain as
well 7
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Another research direction concerns the computation of Bouligand and Clarke subdif-
ferential for spectral mappings. These object would allow us to define and study generalized
Newton methods for spectral mappings on Jordan algebras (see [SS03]).

The sixth chapter is devoted to the generalization of a smoothing technique of Nesterov
to the Jordan algebraic framework. We have proved its competitive theoretical complexity,
and we have tested its practical efficiency for very large continuous location problems. We
have defined a heuristic based on smoothing techniques that outperforms the best existing
interior-point methods for this problem when the dimension of the problem is large. It
would be very interesting to understand theoretically why this heuristic works so well. We
have also noticed that a duality gap measure seems to decrease quadratically instead of
linearly, as asserted by the theory. A next challenge is to attempt to understanding this
interesting feature.

Smoothing techniques are thus efficient in practice, and a promising research direc-
tion would be to discover more efficient prox-functions, in order to enlarge the range of
application of these methods.
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