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DETERMINANTS IN JORDAN MATRIX ALGEBRAS

JAN HAMHALTER, ONDREJ F.K. KALENDA, AND ANTONIO M. PERALTA

ABSTRACT. We introduce a natural notion of determinant in matrix JB*-
algebras, i.e., for hermitian matrices of biquaternions and for hermitian 3 x 3
matrices of complex octonions. We establish several properties of these deter-
minants which are useful to understand the structure of the Cartan factor of
type 6. As a tool we provide an explicit description of minimal projections in
the Cartan factor of type 6 and a variety of its automorphisms.

1. INTRODUCTION

Exceptional Cartan factors are still enigmatic mathematical models for which
several aspects of their sets of tripotents remain open. The so-called Cartan factor
of type 6 is an example of JB*-algebra, formed by hermitian 3 x 3 matrices with
entries in the algebra of complex octonions, which cannot be represented as a Jordan
*-subalgebra of any C*-algebra. Despite the exceptional algebraic and analytic
studies by Loos [22], more concrete descriptions of the tripotents and the natural
relations among them are aspects which still admit certain margin of improvement.

A Jordan algebra is a (real or complex) possibly non-associative algebra B whose
product (denoted usually by o) satisfies two axioms:

(i) Vz,y € B: z oy = y oz (commutativity);

(i) Va,y € B: 2% o (yox) = (2 o y) o z (the Jordan axiom).
A canonical example is provided by any associative algebra A equipped with the
special Jordan product

1
(1) xoy:g(wyﬂLyﬂc), z,y € A

More generally, any linear subspace of an associative algebra which is closed under
the just defined Jordan product is a Jordan algebra. Such Jordan algebras are called
special. Jordan algebras which are not special, i.e., which cannot be embedded as
a Jordan subalgebra of an associative algebra, are called exceptional.

If a Jordan algebra B is equipped by a complete norm satisfying

Va,y € B |lzoyll < ] - |yl

it is called a Jordan Banach algebra.

There are two closely related classes of Jordan Banach algebras — a class of real
ones called JB-algebras and a class of complex ones called JB*-algebras.

A JB-algebra is a real Jordan Banach algebra B which additionally satisfies

Vr,y € B: ||3:||2 < H:z:2 + 32

)
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while a JB*-algebra is a complex Jordan Banach algebra B equipped with an invo-
lution * satisfying

Vz € B: ||z|® = |2(z* ox) 02 — 2° 0 &

These two classes are interrelated — the self-adjoint part of a JB*-algebra is a JB-
algebra and, conversely, any JB-algebra is the self-adjoint part of some JB*-algebra
(cf. [24]).

Any C*-algebra becomes a JB*-algebra if we equip it by the special Jordan
product (). More generally, any closed subspace of a C*-algebra which is stable
under involution and the special Jordan product is a JB*-algebra. Such algebras
are called JC*-algebras.

An important subclass of JB-algebras are Jordan matrix algebras studied for
example in [I3], Section 2.7] from the algebraic point of view, it follows from [13]
Proposition 2.9.2 and Corollary 3.1.7] that they are JB-algebras under the natural
norm. We will focus on matrix JB*-algebras, which are the complex versions of the
mentioned algebras.

More specifically, we will deal with JB*-algebras H,,(Hc¢), of all n x n hermitian
matrices of biquaternions, and H3(Q), of all 3 x 3 hermitian matrices of (complex)
octonions. Note that H3(Q) is known as the Cartan factor of type 6 (denoted by
Cs). It is an exceptional JB*-algebra and, moreover, a prototype of such algebras.
More precisely, H3(Q) is a quotient of an ideal in any exceptional JB*-algebra (cf.
[13, Lemma 7.2.2 and Theorem 7.2.3] for a real version of this result).

We introduce and investigate determinants of elements of the mentioned matrix
JB*-algebras. These determinants have surprisingly many common properties with
the classical determinants of complex matrices even though the standard formulae
for determinants cannot be directly used. Original motivation for this research
comes from a deeper investigation of unitary elements in the Cartan factor of type
6, but we find the theory of determinants also interesting in itself.

Let us briefly describe the contents of the paper:

In Section 2l we provide some background information on JB*-algebras and JB*-
triples. In Section[Bwe recall the Cayley-Dickson doubling process, the construction
of quaternions, biquaternions, (real and complex) octonions and of the Cartan factor
of type 6. We also collect basic properties and representations of these structures.

In Section Ml we introduce determinants of unitary elements of Cg (using their
spectral decomposition) and formulate the main structure results on unitaries. Our
main motivation was originally the statement of Theorem 2] which will be applied
in a forthcoming paper to investigate certain relations on tripotents. We also point
out Theorem which enables us to reduce many problems from matrices whose
entries are octonions to matrices of biquaternions. These theorems are proved in
the later sections.

In Section Bl we introduce the determinant of hermitian matrices of biquaternions
of arbitrary order. It is done by an inductive formula. We also establish several
properties of these determinants.

Section [6] cointains some auxilliary results on automorphisms of the algebra of
octonions. These results are applied in Section [Tl to get results on automorphism
of the Cartan factor of type 6.

In Section [§ we provide an explicit description of minimal projections in Cg.

In Section [@ we prove the theorems formulated in Section [4] using the results of
the four preceding sections.
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Finally, in Section we extend the definition of the determinant to general
elements of Cs and establish its basic properties.

2. BACKGROUND

In this section we provide some background information on JB*-algebras and
JB*-triples which will be used throughout the paper.

A JB*-triple is a complex Banach space E equipped with a (continuous) triple
product {.,.,.} : E3 — E, which is symmetric and bilinear in the outer variables
and conjugate-linear in the middle one, and satisfies the following algebraic—analytic
axioms (where given a,b € E, L(a,b) stands for the (linear) operator on E given
by L(a,b)(z) = {a,b,z}, for all z € E):

(JB*-1) L(z,y)L(a,b) = L(L(z,y)(a),b) —L(a, L(y,z)(b)) +L(a,b)L(z,y), for all
a,b,x,y € E; (Jordan identity)
(JB*-2) The operator L(a,a) is a hermitian operator with nonnegative spectrum
for each a € F;
(JB*-3) |{a,a,a}|| = |a|?® for a € E.
Given a € E, the mapping = — {a, z,a} will be denoted by Q(a).
Any C*-algebra A becomes a JB*-triple when equipped with the triple product

1

More generally, any closed subspace of a C*-algebra which is stable under this triple
product is a JB*-triple (cf. [I4]). These particular types of JB*-triples are called
JC*-triples.

Further, every JB*-algebra B is a JB*-triple under the triple product defined by

(3) {e.9,2} = (@oy") oz + (z0y") 0w — (xo2) oy"

for all z,y,z € B (see [3, Theorem 3.3] or [7, Lemma 3.1.6], [5, Theorem 4.1.45]).

For each element a in a Jordan algebra B the symbol U, will stand for the
linear mapping on B defined by U,(x) = 2(aoz) oa — a? o x. The connection with
the triple product given in @) affirms that U,(z*) = {a,z,a} = Q(a)(x) for all
a,r € B. Further, if a C*-algebra A is regarded as a JB*-algebra with respect to
its natural Jordan product, we have U, (z) = aza, for all a,z € A.

A Jordan *-homomorphism between JB*-algebras is a linear mapping preserving
Jordan products and involution. A triple homomorphism between JB*-triples E
and F' is a linear mapping ® : E — F preserving triple products. A property
increasing the attractiveness of JB*-triples is a thoerem by Kaup showing that a
linear bijection between two JB*-triples is a triple isomorphism if and only if it is
an isometry (see [I9, Proposition 5.5]). Let ® : By — Bz be a triple homomorphism
between two unital JB*-algebras. It is known that

(4)  if ® is unital (i.e. (1) =1), then ® is a Jordan *-homomorphism.

This can be easily deduced from the fact that {a,1,b} = aob and ¢* = {1,a,1},
for all a,b € B; (cf. the expression in (3)).

A JBW*-triple is a JB*-triple which is also a dual Banach space. A generalization
of Sakai’s theorem, proved by T. Barton and R. Timoney in [I], asserts that each
JBW*-triple admits a unique (isometric) predual and its triple product is separately
weak® continuous.
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Similarly, a JBW*-algebra is a JB*-algebra which is also a dual Banach space.
Again, each JBW*-algebra admits a unique (isometric) predual, the involution is
weak*-to-weak* continuous and the Jordan product is separately weak*-to-weak*
continuous.

In the present paper we will work only with finite-dimensional JB*-algebras.
They are obviously dual spaces, hence the theory of JBW*-algebras (and JBW*-
triples) may be applied.

JBW*-triples may be represented in a rather explicit form, see [I6, I7]. An
important role in this representation is played by the so-called Cartan factors,
which are rather concrete and illustrative examples of JBW*-triples. There are six
types of Cartan factors (see, e.g., [0l Section 7.1.1]). In this note we will work only
with Cartan factors of types 4 and 6.

A Cartan factor of type 4 (also known as a spin factor) is a JB*-triple given
by a complex Hilbert space (with inner product (-,-)) equipped with a conjugation
x — T, triple product

{xvyvz} = <$,y>Z + (z,y>x - <$,§>y,

and norm given by ||z||? = (z,z) + /(z,2)? — [(2,7)|2.

The Cartan factor of type 6 is the 27-dimensional JB* algebra H3(Q) of hermitian
3 x 3 matrices with entries in the eight-dimensional complex algebra @ known as
the Cayley numbers or octonions (note that O is the eight-dimensional spin factor
with an additional structure, see subsections 3.3l and B4 for detailed presentations).

A projection in a JB*-algebra is a self-adjoint idempotent, i.e., an element p
satisfying p* = p and pop = p. There is a natural partial order on projections
(p<qif pog=p). In a JBW*-algebra projections form a complete lattice.

The notion of projection makes no sense in the setting of JB*-triples. An ap-
propriate alternative can be found in the concept of tripotent. An element e in a
JB*-triple F is said to be a tripotent if e = {e,e,e}. Every projection in a C*-
algebra A is a tripotent when the latter is regarded as a JB*-triple. However the
set of tripotents in A is, in general, bigger as it coincides with the collection of all
partial isometries in A.

Different properties of tripotents can be defined in terms of the Peirce decom-
posion that each of them defines. Concretely, if we fix a tripotent e in a JB*-triple
E, the whole space decomposes in the form

E = Es(e) ® E1(e) & Ey(e),

where, for i € {0, 1,2}, E;(e) is the eigenspace of the operator L(e, e) corresponding
to the eigenvalue % This decomposition is known as the Peirce decomposition of E
relative to e (cf. [10], [7, Definition 1.2.37] or [5] [6] §4.2.2, §5.7]).

If A is a C*-algebra, regarded as a JB*-triple, and e € E a tripotent (i.e., a
partial isometry) the Peirce decomposition is given by

As(e) = ee*Ae*e, Ai(e) = (1 —ee™)Ae*e P ee* A(l — e”e),

and Ap(e) = (1 — ee*)A(1 — e*e).

The Peirce-2 subspace, E»(e), associated with a tripotent e in a JB*-triple F is
a unital JB*-algebra with unit e, Jordan product a o, b := {a, e, b} and involution
a*e :={e,a,e} (cf. [7 §1.2 and Remark 3.2.2] or [5, Corollary 4.2.30]). This should
be compared with the fact that every JB*-algebra is a JB*-triple with respect to
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the product (@). By Kaup’s theorem (see [I9] Proposition 5.5]) the triple product
on Fs(e) is uniquely determined by the expression

(5) {a,b,c} = (a0 b*) o, c+ (co,b") 0. a— (ao.c)ob™,

for every a,b,c € Es(e). Therefore, unital JB*-algebras are in one-to-one corre-
spondence with JB*-triples admitting a unitary element.

A tripotent e in E is called complete (respectively minimal) if Eg(e) = {0}
(respectively, Ea(e) = Ce # {0}). If E = Fs(e), or equivalently, if {e,e,a} = «
for all x € E, we say that e is unitary. We recall that two tripotents e,v in F
are orthogonal (denoted by e L v) if {e,e,v} =0 (& {v,v,e} =0 & e € Ey(v)
< v € Ep(e)). We shall say that e is a finite-rank tripotent if e can be written
as a finite sum of mutually orthogonal minimal tripotents in E. The relation of
orthogonality can be employed to define a partial order on the set of tripotents
given by e < u if u — e is a tripotent orthogonal to e. There are several equivalent
reformulations of this partilal order (cf., for example, those gathered in [12] §6.3]),
one of then says that e < w if and only if e is a projection in the JB*-algebra Fs(u).

There is a wider notion of orthogonality for general elements in a JB*-triple E.
Namely, elements a,b in F are said to be orthogonal (written a L b) if L(a,b) =0
(see [, Lemma 1] for additional details). Clearly this notion of orthogonality
coincides with the usual one when it is restricted to the set of tripotents. A subset
S C FE is called orthogonal if 0 ¢ S and x L y for every z # y in S. The rank of
E (denoted by rank(FE)) is the minimal cardinal r satisfying that S < r for every
orthogonal subset of E. The rank of a tripotent e in F is defined as the rank of
the JB*-triple Fs(e), and it is finite precisely when e is a finite-rank tripotent. It
is shown in [2] that a JB*-triple has finite rank if and only if it is reflexive and that
occurs if and only if it is a finite direct sum of finite rank Cartan factors.

Every family {e;};ca of mutually orthogonal tripotents in a JBW*-triple W is
summable with respect to the weak*-topology. Actually, the weak*-limit of the sum
e=w"—>,cx € €W is another tripotent in W satisfying e > e; for all i € A (cf.
[15, Corollary 3.13]).

We state next the well known fact that the U-operator associated with a unitary
element in a unital JB*-algebra is a surjective linear isometry and hence a triple
isomorphism.

Lemma 2.1. ([3 Proposition 4.3] or [5l Theorem 4.2.28(vii)]) Let B be a unital
JB*-algebra and let w € B be a unitary element. Then the mapping T : B — B
defined by

T(z) ={u,2",u} = Uu(z), z€B
s a triple automorphism of B.

Proof. Note that

T(x) = (z%)™,
hence T is a linear isometric bijection of B. It follows from Kaup’s theorem [19,
Proposition 5.5] that it is a triple automorphism. O

The following proposition also gathers some properties which are part of the
folklore in JB*-algebra theory.

Proposition 2.2. Let B be a finite-dimensional JB*-algebra. Then the following
assertions are valid.
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(a) B is unital.
(b) Any unitary element u € A may be expressed as

U =qa1p1+ -+ QpPn,

where p1,...,pn are mutually orthogonal projections in B with sum equal to 1
and aq, ..., ap are distinct compler units.
Moreover, this representation is unique up to reordering.
(c) Any self-adjoint element x € A may be expressed as

T =ai1p1+ -+ appn,

where p1,...,py are mutually orthogonal projections in B with sum equal to 1
and aq, ..., qy are distinct real numbers.
Moreover, this representation is unique up to reordering.

Proof. Assertion (a) follows e.g. from Lemma 4.1.7 in [13].

(b) Let N be the Jordan x-subalgebra of B generated by u. Then N contains
w* and 1 and is associative. So, it is a finite-dimensional commutative C*-algebra.
Hence, it is *-isomorphic to C™ for some n € N. In particular, u, being unitary, is
of the form (a1, ..., a,), where the coordinates are complex units. This proves the
existence of a representation of the required form.

Further, assume that w is represented in this form. Let M be the Jordan
x-subalgebra of B generated by the projections pi,...,p,. Then M is a finite-
dimensional commutative C*-algebra containing N. Moreover, the spectrum of x
in M is op(2) = {aq,...,an}. It is finite, hence oy (x) = opr(z). We conclude by
the uniqueness of the spectral decomposition.

(¢) The proof is completely analogous to the proof of (b), except that aq,..., oy,
are real numbers. (|

Lemma 2.3. Let B be a finite-dimensional JB*-algebra and let u € B be a unitary
element. Then there is a unitary element v € B such that v? = u.

Proof. Tt is enough to consider the representation from Proposition 2:2(b) and take
some square roots of the coefficients aq, ..., ay. O

3. CONSTRUCTION AND BASIC PROPERTIES OF THE CARTAN FACTOR OF TYPE 6

In this section we recall the definition of the Cartan factor of type 6 and its basic
properties. Usually it is represented as the JB*-algebra of hermitian 3 x 3 matrices
of complex octonions. In order to present its structure we first need to recall the
Cayley-Dickson doubling process (see, e.g., [6, §6.1.30] for an abstract approach).
We will restrict ourselves to a special case and we will use the notation from [I1].

3.1. Cayley-Dicskon doubling process starting from C or R. By induction
we define (in general non-associative) complex algebras A,, for n > 0 equipped with
a product [,, conjugation ~ and two involutions — a linear one denoted by °» and
a conjugate-linear one denoted by *~.

Ao is the complex field, i.e., Ay = C, [y is the standard multiplication of complex
numbers, ®° is the identity and *° is the complex conjugation.



DETERMINANTS IN JORDAN MATRIX ALGEBRAS 7

Given the structure defined on A,, we define the corresponding product, conju-
gation and involutions on A, 11 = A, x A, as follows:

(z1,22) = (T1,72),
(z1,22)°+" = (af", —x2),
(1, 22)™" = (27", —T2,)
(z1,22) Ony1 (y1,92) = (@1 Hn yr — yo O 257, 27" By y2 + 1 By 22)

for (x1,22), (y1,¥y2) € Ap X Ay = Apt1.

It is well known that A, is a (possibly) non-associative complex algebra (i.e.,
the mapping (z,y) — x [, y is bilinear) of dimension 2", *~ is a conjugate linear
involution and ° is a linear involution. Moreover, A, is a subalgebra of A, 11 (if
a € A, is identified with (a,0) € A,,+1. These basic properties together with some
more are summarized in [I1, Lemma 6.5].

We observe that the two involutions are related with the conjugation in such a
way that for any z € A,, we have

:L.*n — 7% — :L.Tn, :L.Qn — f*n — :L.Tn7 T = (xon)*n — (x*n)onl

There is also a real variant of this process which produces (in general non-
associative) real algebras (A,,) g for n > 0 equipped with a product [,, and a linear
involution °». There are two equivalent ways to get them — either we set (Ag)r = R,
the product [y is then the multiplication of real numbers and °° is the identity and
we define inductively (A,4+1)r = (An)r X (An)g with the operations [J,,11 and
°nt1 defined by the above formula; or we take (A,)r to be R?" consider as the
canonical real-linear subspace of 4,, with inherited operations, i.e.,

(An)r={z € A,; T =x}.

In this way (A,)r is a real subalgebra of A,. To simplify the notation, in the
sequel we will omit the index n at the two involutions on A,,.

There are two natural norms on .A4,,. The first one is the Hilbertian norm coming
from the standard inner product (note that .4,, may be canonically identified with
C?"). The inner product will be denoted by (-, -) and the resulting norm by ||-|,.

The second one is the norm of the spin factor defined by the formula

2 2 4 —\ 12
)™ = ll=llz + \/llzlly = Kz, Z) [

Note that on (A, )r the two norms coincide.
If A, is equipped with the above-defined norm ||| and the triple product

{Ia Y, Z} = <Ia y> z+ <Za y> T — <Ia2> Y,
it becomes a JB*-triple (called a spin factor, cf. Section [2). Moreover, the algebra
A, has aunit 1 € Ay C A,. It is a unitary element of the above-defined JB*-triple,
so it produces a structure of a unital JB*-algebra on A,. The interplay of these
structures is summarized in the following lemma which follows from [II, Lemma

6.6].

Lemma 3.1. Let n be a non-negative integer.

(a) (z,y) = (z°,y°) = %(x O, y* +70, 2°) forz,y € A,.

(b) x* ={1,z,1} for x € A,, hence the involution * coincides with the involution
on A, from its structure of JB*-algebra.

(c) woy={z,1,y} = 5(zCny +y Ly x) for v,y € An.
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(@,y) = (%,9°) = 5(woy* +Fox) for z,y € Ay

3.2. The first two steps — towards quaternions and biquaternions. Al-
though algebras A4,, may be defined for any n > 0, the most important ones are
those for n =0,1,2,3. We start by recalling their basic properties for n < 2.

(1)
(2)

By the very definition Aj is the commutative field of complex numbers and
(Ao)r is the commutative field of real numbers.
(A1)g is canonically isomorphic the the complex field — the isomorphism is
(1,x2) — x1 + ixze. The involution ° then corresponds to the complex conju-
gation.
So, both Ay and (A;)r are isomorphic to the complex field, but Ay as
a complex algebra with the conjugate-linear involution given by the complex
conjugation and (A;)g as a real algebra with the linear involution given by the
complex conjugation.
(cf. [I1, Lemma 6.7(iv)]) A; is a commutative C*-algebra *-isomorphic to C&C.
The witnessing isomorphism is (x1,x2) — (21 4 29,21 — ix2) : A1 - C P C.
In this representation the conjugation and involutions on A; are then defined
by
(z1,22) = (T2,71)
(1, 22)° = (22,21),
(z1,22)" = (T1,T2)
for (x1,22) € C P C.
Moreover, we have the following identifications:
Ao = {(z,2); v € C},
(Ao)r = {(z,2); x € R},
(A1)R = {(CL‘,E); x € (C}.
(A2) g is canonically isomorphic to the non-commutative fields of quaternions.
It is usually denoted by H.
(cf. [1I Lemma 6.7(4), (#4)]) Az is canonically isomorphic to the algebra of
biquaternions — quaternions with complex coefficients. We will denote it by

He. It is a non-commutative C*-algebra which is #-isomorphic to M, the
algebra of 2 x 2 complex matrices. A witnessing isomorphism is given by

x1 + 129 xr3 + i$4>

T1,T2,L3,Tq) > . .
( 1,42,L3, 4) <_$3+l$4 T, — iz

In this identification the conjugation and the two involutions on H¢ are de-

scribed by
a b\ [(d -¢
c d) \-b a)’
a b\° [(d -b
¢c d) \-c a)’
a b\" _ (a e
c d) —\b d)°
Moreover, in this identification we have:
(1) Ay corresponds to the subalgebra of M, formed by diagonal matrices.
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(#9) (A1)g corresponds to the matrices of the form 8
(#41) Ap corresponds to complex multiples of the unit matrix and (Ag) g to real
multiples.

9),@6@.
a

(tv) (A2)g corresponds to the matrices of the form < az 2), a,be C.

Remark 3.2. (a) It follows from the above identifications that the products [,
are associative for n < 2 and commutative for n < 1. In the sequel we will
denote these associative products by - or simply omit them as it is usual.

(b) Note that in the above representations of A; and Ay the conjugation does
not coincide with the coordinatewise conjugation on C @&, C or the entrywise
conjugation on Ms. The reason is that the conjugation depends on the choice
of a basis.

In particular, the conjugation on C &, C coming from .4; is the coordinate-
wise conjugation with respect to the basis (1, 1), (¢, —¢) and the conjugation on
M; coming from Aj is the coordinatewise conjugation with respect to the basis

G362 ( o)

3.3. Real and complex octonions. While the algebras A,, for n < 2 are asso-
ciative, for n = 3 the situation is different. The algebra (A3)g is known under the
name Cayley numbers or (real) octonions and we will denote it by Og. Further,
the algebra Ajs is known as complex Cayley numbers or (complex) octonions and
we will denote it by O or O¢. Further, the product [z will be denoted simply by
[1 in the sequel.

Let us now recall some properties of the algebra Q.

Proposition 3.3.
(t) The product [ on O is neither commutative nor associative, but it is alterna-
tive, 1i.e.,
z0@Hy)=(H2)0y and yBD(zB0z) = (yBz)Ba for z,y € O.
(13) (xQz*y) = (x,yD2) and (z* D z,y) = (x,2Dy) for z,y,z € O.

(#i1) {x,y,z} = %(xD(y*lle)—FzD(y*D:z:)) = %((ny*)Dz—F(sz*)Dx} for
z,y,z € O.

Proof. Assertion (i) is well known, see e.g., [11} Lemma 6.5(xii)]. Assertions (i)
and (iii) are proved for example in [I1, Lemma 6.6(d), (e)]. O

We continue by some properties of real octonions.

Proposition 3.4. (i) zH2° = 2° Dz = ||z||* for z € Op.
(i) 20 (2° By) = (yDa®) B = o)’ y for 2, € Or.
(t4t) If x,y,z € O and x # 0, then
yHr=z0xr =y =z,
rHy=aclz=y=-=z2.
(iv) Og is a division algebra, i.e., whenever x,y € Or and y # 0, then there are
unique elements u,v € Qg such that t = uly =y Hv.
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Proof. (i) For x € O we have x =7 and z* = z°, hence the assertion follows from
Lemma[3d)a). (Note that this is not specific for Op, the analogue holds on (A,)r
for each n > 0.)

(i4) If = 0, the equalities are obvious. Assume z # 0. Then £

ll]l

element of O (see e.g. [I1, Lemma 6.1(a)]). Using Proposition [33(iii) we get
28 (2° By) =2{z,2,y} - (¢ B2°) Dy =2el*y — ||* Dy = ||=]* v,

is a unitary

where we also used assertion (7). The remaining equality is completely analogous.
(i4i) This follows easily from (i7) — it is enough to multiply the equality by z°
from the right in the first case and from the left in the second case.
(iv) The uniqueness follows immediately from (ii7). Further, by (i¢) we may take
uzmxlﬂyoandv:WyODx. O

3.4. Matrices of octonions and the Cartan factor of type 6. We may con-
sider matrices with entries in @. The two involutions * and ° for such matrices and
the product of two matrices of compatible types (denoted again by [J) are defined
in the standard way: If A = (a;;) is a matrix of type m x n, then A* and A°® are
matrices of type n x m; on the place ij the first one has the element a}; and the
second one the element a$;. Moreover, if A = (a;;) is a matrix of type m x n and
B = (bjx) is a matrix of type n X p, then A[] B is the matrix of type m x p which
has the element Z;’L:I a;j [ bji, on place ik.

The Cartan factor of type 6 is the JB*-algebra of °-hermitian 3 x 3 matrices of
octonions, i.e.,

Cs = H3(0) = {x € M3(0); ° = x},
equipped with the Jordan product

1
zoy=(eby+yHax),

the involution * and a uniquely determined norm (cf. [24] or [6], §6.1.38]). Moreover,
as any JB*-algebra, Cs becomes a JB* triple under the triple product given in
@). Note that for & € Cs we have * = T, where the conjugation is considered
entrywise. A general element of Cg has the form

a a b
r=1[a® [ c]|,
b® oy

where «, 3,7 € C and a,b,c € Q. Since it is determined by three complex numbers
and three octonions, clearly dim Cs = 27. Further, a general element « is self-
adjoint, i.e., * = «x, if and only if «, 8,7 € R and a,b,c € Og. Self-adjoint
elements form the exceptional JB-algebra H3(Og).

The JB*-algebra Cg is unital, its unit is the unit matrix, we will denote it by 1.
Note that we even have

10 x =21 for each € M3(0).

Further, Cs is of rank three (cf. [20, Table 1])- the unit 1 is the sum of three

mutually orthogonal minimal projections
1 0 0 0 00 0 0 0

1={0 0 0)+10 1 O0O)J+(0 O O

0 00 0 00 0 0 1
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and, more generally, any unitary element is the sum of three mutually orthogonal
minimal tripotents.

A frame in a Cartan factor C' is an orthogonal family {e;};ca of minimal tripo-
tents in C' for which the tripotent e = w*-3",_\ e; is complete and satisfies that
dim(C4 (e)) < dim(C4(€)) for any other complete tipotent € € C.

The situation in Cjg is easier. Since Cy is a finite-dimensional JB*-algebra, any
complete tripotent is unitary by [I1, Propositions 3.3 and 3.4]. Moreover, any two
unitary elements of Cg may be exchanged by a triple automorphism (this follows
easily from Lemma 2.3 and Lemma [ZT]). If we combine it with the fact that Cs has
rank three, we deduce that any triple of mutually orthogonal minimal tripotents in
Cs is a frame.

Lemma 3.5. Let ui,us, us and v1,vq,v3 be two triples of mutually orthogonal
minimal tripotents in Cs. Then the following assertions hold.

(a) w1 + u2 + ug and v1 + v2 + v3 are unitary elements in Cg.

(b) There is a triple automorphism T : Cs — Cs such that T(u;) = v; for j =
1,2,3.

(¢) If u1,uq,us,v1,vs,v3 are projections, then any of the triple automorphisms
provided by (b) are Jordan x-automorphisms.

Proof. As we have seen above, the unit element 1 in Cg writes as the orthogonal
sum of three mutually orthogonal minimal tripotents eq, ez, e3. By [20, Proposition
5.8](¢) and (i) each finite orthogonal family of minimal tripotents in a Cartan factor
C can be extended to a frame, and the cardinality of every frame in C coincides
with the rank of C. Furthermore, by [20, Proposition 5.8](ii¢) any two frames in
C can be interchanged by a triple automorphism on C. So, there exists a triple
automorphism T on Cy satisfying T1(e;) = u; for all j = 1,2, 3. Since 1 is a unitary
in Cg, the same property passes to T'(1) = T'(e1) + T(ez2) + T(e3) = w1 + ua + ug.
This proves (a).

Similar arguments from those given above can be applied to derive (b) from [20,
Proposition 5.8](¢), (#4) and (#i7) (furthermore, since we are working with a finite
dimensional Cartan factor the results in [20] can be replaced by [22] Proposition
5.2 and Theorem 5.3]).

(¢) If wy,uz,us,v1,v3,v3 are projections, the elements u = uy + us + uz and
v = v + v3 + v3 are projections too. Since they clearly have rank 3 and are
bounded by 1, they both coincide with 1. Then any of the triple automorphisms
given by (b) is unital and hence a Jordan *-isomorphism (cf. (@])). O

4. UNITARIES IN Cg

In this section we present several results on the structure of unitary elements in
the Cartan factor of type 6. They were the original motivation of our research and
will be used in a forthcoming paper.

The proofs of some of the results will be done later using results on projections,
automorphisms and matrices of biquaternions in the following sections.

We start by the following theorem on spectral decomposition of unitary elements.
It is not really new as it easily follows from known results, but it serves as a starting
point for further results.

Theorem 4.1. Let u € Cs be a unitary element.
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(1) There are complex units oy, s, as and mutually orthogonal minimal projec-
tions py, Py, P3 such that uw = a1p; + aopy + a3ps.

(it) The representation from (i) is unique in the natural sense: The triple (aq, ag, as)
is uniquely determined up to reordering. Further, for any complex unit o the
sum Zaj:a P, is also uniquely determined.

(7it) There is a Jordan x-automorphism T of Cg such that T'(u) is a diagonal
matrix.

Proof. (i) By Proposition 222(b) we have u = E?Zl a;p;, where ai,...,a;, are
complex units and py, ..., p, are mutually orthogonal projections with sum equal
to 1. Since the rank of Cg is three, necessarily n < 3. If all p; are minimal, then
n = 3. If some of the projections p; has higher rank, it may be decomposed as the
sum of minimal projections. This completes the proof of (7).

(i4) The uniqueness follows easily from Proposition [2Z2(b).

(i4i) This follows from () using Lemma B.5 O

The previous theorem says, in particular, that to each unitary element u € Cg
we may canonically assign a unique triple of complex units a1, ag, as (it is unique
up to reordering and these three numbers need not be distinct). We define the
determinant of such u by the formula

dtu = 1003,

It is clear that the triple aq, s, a3 (and hence also the determinant) is preserved
by Jordan x-automorphisms of Cg.

Further, if e € Cg is a unitary element, we may introduce on Cg a new structure
of a JB*-algebra in which e is the unit. The operations are defined by

o,y ={x,e,y} and ¥ = {e, x, e}

for @,y € Cs. This JB*-algebra is Jordan *-isomorphic to Cs. One of the ways
to prove this is to observe that e may be expressed as the sum of three mutually
orthogonal minimal tripotents and use Lemma

Therefore, we may apply Theorem [£.1] to this new JB*-algebra and deduce that,
given u € Cg unitary, there is a decomposition

U = q1V1 + QU2 + a3v3,

where v, v2, v3 are mutually orthogonal minimal tripotents satisfying v; < e for
j =1,2,3. Moreover, this decomposition is unique in the sense of Theorem [L.T)i:).
So, in this situation we may define

dte U = 10203,

The key structure result is the following theorem which will be proved in Section[d
below.

Theorem 4.2. Let u,e € Cg be two unitary elements. Then
dtu =dteu - dte.
Next we collect two corollaries of this theorem.

Corollary 4.3. Let u,e € Cg be two unitary elements. Assume that w is self-
adjoint in the JB*-algebra Cg with unit e (i.e., uw = {e,u,e}). Then

dtu=dte or dtu = —dte.
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Proof. A self-adjoint tripotent in a JB*-algebra is the difference of two mutually
orthogonal projections. Hence, under our assumptions 4 = u; — ug, where u; < e
for j = 1,2, and u; + up = e. It follows that the numbers a; from the above-
described decomposition of w with respect to e are 1 or —1. Thus dteu = 1 or
dte u = —1. Now we may conclude using Theorem ([

Corollary 4.4. Let u € Cg be a unitary element and let T : Cs — Cg be a triple
automorphism. Then
dtT(u) =dtw-dt T(1).

Proof. Let
U = a1p; + Q2Py + a3P3
be the decomposition from Theorem .1l Then

T(u) = a1 T(py) + 2T (py) + asT(ps)
and T'(p;) < T(1) for j =1,2,3. It follows that
dtpq) T'(u) = dtu,
hence we may conclude by Theorem ([

An important tool to prove Theorem is the following theorem which is also
interesting in itself. It will be also proved in Section [0 below.

Theorem 4.5. Let u,e € Cg be two unitary elements. Then there is a Jordan
x-automorphism T : C¢ — Cg such that

(1) T(e) is a diagonal matriz.

(i) The entries of T(u) are biquaternions.

Let us comment a bit the meaning of this theorem. It says, in particular, that
given two unitary elements in Cg, we may assume, up to applying a Jordan -
automorphism, that they belong to Hs(H¢), a Jordan s-subalgebra of the C*-
algebra Ms(Hc¢) (which is *-isomorphic to Mg).

So, not only that the Jordan *-subalgebra of Cg generated by two unitary el-
ements is a JC*-algebra (which is known — it easily follows using the functional
calculus and [24] Corollary 2.2 and subsequent comments]), but the surround-
ing C*-algebra may be Ms(H¢) and the injection may be induced by a Jordan
x-automorphism of Cg, preserving hence all the structure, including the determi-
nants.

5. HERMITIAN MATRICES OF BIQUATERNIONS AND THEIR DETERMINANTS

Recall that biquaternions (denoted by H¢) are a non-commutative C*-algebra
*-isomorphic to the matrix algebra Ms. Therefore M, (H¢) — n X n matrices of
biquaternions — is a C*-algebra *-isomorphic to Ms,,. We will consider the subspace
formed by °-hermitian matrices, i.e.,

H,(H¢) ={x € M,(He); ° = x}.

This subspace is a Jordan x-subalgebra of M, (H¢). We will define and investigate
determinants of elements in H, (Hc).

Note that in Section Ml we defined determinants of unitary elements in Cg =
H;5(0) using their spectral decomposition. Now we are going to define determinants
of general elements of H,(H¢) using an inductive formula inspired by the rules of
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computing determinants of complex matrices. In Section [9 below we will show that
for unitary elements in Hs(H¢) the two approaches give the same result.

For our original motivation it would be enough to work only with 3 x 3 matrices,
but we find interesting that the theory works for a general n.

We will further need some notation reflecting the correspondence between H¢g
and M. If z € H,, we will denote by Z the corresponding 2 x 2 complex matrix.
Further, if @ € M,,(H¢), by  we will denote the corresponding 2n X 2n complex
matrix (cf. (5) in subsection [B.2)).

The promised determinants are introduced by the following theorem, where we
also gather their basic properties.

Theorem 5.1. There is a unique sequence of mappings (dt, )nen with the following
properties.

(1) dty, : Hy(He) — He is a continuous mapping for each n € N.
(Z’L) If.’]) = (Ill) S Hl(HC); then dt1 = x11.
(130) If © = (245) € Hypy1(He) and x11 # 0, then

dtp41 @ =217 - dt, (:CU LR x11x1])297j§n+1 .

Moreover, the following assertions hold as well.

(iv) The values of dt,, are complex numbers.
(v) dtp(ax) = " dt, x for x € Hy,(He) and a € C.
(vi) dt, x = Ea,wesn Qor * To(1),m(1) " To(n),m(n) fOT some complex coefficients
Qo . (Here S, denotes the set of all permutations of {1,...,n}.)
(vii) detZ = (dt, z)° for & € H,(Hg), here det T stands for the usual determinant
of matrices T € Ma, (C).
(viii) If x,y € H,(He), then the function A — dt, (Ay+x) is a complex polynomial
of degree at most n with coeffients dt, y at A" and dt, = at \°.
(iz) If ¢ € H,(H¢), then each eigenvalue of T has even multiplicity. Moreover,
dt, x is the product of all eigenvalues of T, each one counted with half a
multiplicity.

Proof. Let us start by explaining that the formula from (¢i%) is reasonable. Assume
that © = (z;;) € Hpt1(He) and z11 # 0. Since & = x°, necessarily z11 € C, thus
the inverse 2," exists. Moreover, the matrix on the right-hand side is °~-hermitian,

as
(wij — ot waayy)® = of) — e af;af = vy — o wpa.

Thus the formula from (i47) is an inductive formula defining dt,,4+1 @ in case x1; # 0

using dt,,.

We will prove by induction the existence of a sequence (dt,,) satisfying conditions
(¢) — (viii). The uniqueness is then easy — dt; must be defined as in (i7). Moreover,
condition (i4¢) determines uniquely dt,41 @ in case x11 # 0. Such matrices are
dense in H,11(H¢), so the uniqueness follows by continuity. Assertion (iz) will be
deduced from (i) — (viii) at the end of the proof.

Let us start by n = 1. The mapping dt; is defined in (i7) and it is clearly
continuous, so () holds. There is nothing to check in assertion (ii7) as dts is not
defined, and assertions (iv) — (vi) and (viii) are in this case obvious. Further, if
T11 0

x = (z11), then T = 0 o

, hence assertions (vii) follows easily.
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Next assume that n € N and we have mappings dt, .. ., dt, satisfying conditions
(1) — (viit). We will show how dt,4; may be defined and prove the respective
properties.

We start by defining dt, 1« for @ € H,1(Hg) such that x1; # 0 using the
formula in (4i7). This surely may be done. It follows from the induction hypothesis
that dt,,+1 @ € C whenever 17 # 0. Further,

— — _—
11 12 T1,n+1
— — _—
21 22 T2,n+1
~
det = det
Tpt1,1 Tn4l,2 - Tntl,nfl
— — _—
11 12 T1,n+1
o e ] — ] —
0 Too—T21'T11  T12 To,nf1—T21'T11 Tl nt1l
= det
L — ] — " —
0 Tn4+1,2—Tn4+1,1"T11 12 +vv Tp4+l,n+1—Tn4+1,1°T11 T1,n+1
] — — ] —
22 —T21°T11 *T12 T2,n+1—x21°T11 ‘T1,n+1

= det z7 - det

L Ly
Tn4+1,2—Tn4+1,1"T11 T12 v Tp4+l,n+1—Tn41,1°T11 T1,n4+1

2
.2 —1 _ 2
=z - (dtn (,’Eij — Xqq xilxlj)Qgi,j§n+1) = (dtn+1 ilt) .

The first equality follows just from definitions — recall that each z;; stands for a
complex 2 x 2 matrix. The second equality follows from the rules of computing
determinants in Ms,(C) using row transformations. For example, the ‘second row’
(which is formed by the third and fourth rows in the respective complex matrix) is
obtained by subtracting the “first row’ multiplied by #21 - #11© from the left. This
means that from the third and fourth rows we subtract suitable linear combinations
of the first two rows. Such a transformation preserves the value of determinant. The
third equality follows from the rules of computing determinants of block matrices.
The fourth one follows from the induction hypothesis and the last one from the
defining formula from (4i3).

This completes the proof of (vii) for & € H,,+1(H¢) with z11 # 0.

We further deduce that for & € H,, 41 (He) with 211 # 0 we have

Aty @ = 211 - dty, (255 — 273 xllxlj)zgi,jgnﬂ

_ . ntl . . .
=z dty, (112 — xllle>2gi,j§n+1
n

=T E Qg H(wllxd(k)JrL‘fr(kHl — T (k)+1,1 81,7 (k)+1)-
o, TES, k=1

The first equality is just the formula from (i4i), next we use the induction hypothesis
(conditions (v) and (vi)).

Let us introduce the following notation. If A C {1,...,n}, k € {1,...,n} and
o, T ES,, we set

Za',ﬂ',k -

A To(k)+1,7(k)+1> ke{l,....,n}\ A,
To(k)+1,1 " T1x(k)+1, K € A
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Then for x € H, 11 (H¢) with 11 # 0 we have

n

n
dtpy1@ = Z (=)™ Z Qo,m Z H Zﬁmk'

m=0 o,TES, AcC{1,...,n},|A|=m k=1

For m € {0,...,n} set

n
Pr((wii)2<icnt1, (Tij)1<ijent1iz) = D Oor > 11 22

o,TES, AC{1,...,n},|A|l=m k=1

SO
n

dtnpr =Y (=12 Po((zii)2<i<n i1, (Tij)1<i j<n i 1,iz) i 211 # 0.

m=0
Now fix for a while ¢ € H,,+1(H¢). If we apply the last equality to A- 1+ =
with A 4+ z11 # 0 in place of & we obtain

n

dtp (A 1+2x) = Z (=)™ A +211) " P (A 2is)2<i<nt 1, (i) 1<t j<nt1,i)s

m=0

for all A € C\ {—z11}. It follows from the definition of P, that the function
A = P (A + @ii)2<i<n+1, (Tig) 1<, j<nt1,i25)

is a polynomial with coefficients in Hc. We observe that its values are in fact
complex numbers. Indeed, by the already proved part of (iv) we get that for each
x € H,11(He) and each A € C with A # —z11, we have

n

S D)™+ 210) TP (A + mii)a<i<n 1, (Ti)1<ij<n1.i25) € C.

m=0

We deduce that

YApeCip#0= > (=)™ "M P (A +mii)a<i<nit, (Tij)1<ij<n1.iz) € C.

m=0
It follows that for each m we have
VYA € C: Poo((A + @ii)a<i<nt1, (Tij)1<ij<nt1,i2i) € C,
hence
A= Py (A + @i )2<i<n+1, (Tig)1<i,j<nt1,i5)
is a polynomial with complex coefficients. Thus

A Y (DM A+ 20) T P (A + @a)agicnts (T0)1<ig<n i)
m=0

is a rational function. On the other hand, by the already proved part of (vii) we
know that
det(A\1 +Z) = (dtp 1 (ML +2))*, AeC\{—z11}.

But it is known that A — det()\i + &) is a polynomial of degree 2n. It follows that
A= dt, (A -1+ 2) must be a polynomial of degree n (as it is a rational function
whose square is a polynomial of degree 2n). Since polynomials are continuous on
C, this allows us to define dt,+1 « in case x1; = 0 by

dtn+1 x = lim dthrl()\]- + .’B)
A—0
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Thus dt,+1 is now defined on all H,y1(H¢) and assertion (vii) holds for n + 1.
Next we are going to prove that P, is constant zero for m > 2. Assume not. Let

mg be the greatest number for which P,,, is not constant zero and assume mg > 2.
We already know that

mo

A= dty (M 1+x) = Z (=)™ (A +211) " P (A i)a<i<nt1, (Ti)1<i j<nt1,i5)

m=0

is a complex polynomial of degree n. It is equal to

mo
A+ 211) 7™ (D)™ A+ @)™ T P (A + @a)aigne, (@) 1<ig<nig),

m=0

so —x11 must be a root of the sum. By plugging —x1; we see that it must be also
a root of the polynomial

A= Prog (A + Tii)a<i<nt1, (Tij)1<i,j<n+1,i%5)-

But this should hold for any value of x11, so we get

Prg (A + 2ii)a<i<nt1, (Tij)1<ij<nt1,ii) = 0

for all A € C. In particular by plugging A = 0 we conclude that P,,, is constant
zero. This contradiction completes the proof of (vi) for n + 1.

Assertion (v) follows immediately from (vi). We also have the continuity of
dtp41. Assertion (viii) follows also from (vi) using standard algebraic expansion.

This completes the induction argument.

Let us continue by proving assertion (iz). Let @ € H,(H¢). By (viii) we know
that

A= dt, (A1 —x)

is a polynomial of degree n with coefficient dt,, 1 = 1 at A™ and coefficient dt,,(—x) =

(—=1)"dt, = at A\° (the last equality follows from (v)). Hence, this polynomial has

n complex roots (counted with their multiplicities) and their product is dt,, x.
Moreover, by (vii) we get

det(\-1 - 2) = (dto(A -1 — ),

so the roots of the polynomial A — dt,, (A -1 — x) are exactly the eigenvalues of Z
and their multiplicities as eigenvalues are exactly twice their multiplicites as roots.
This completes the proof. O

For n = 1,2, 3 there are easy formulae for dt,, similar to the classical formulae
for determinant of complex matrices. The formula for dt; is contained already in
the above theorem. Let us explicitly show the formulae for n =2 and n =3

Assume that @ € Hy(H¢) such that 117 # 0. Then

-1 —1
dtox = z11 - dty (222 — 77 T21212) = 211 - (22 — 77 T21T12) = T11%22 — T21T12.

The last expression is a continuous mapping defined on all Hy(H¢) and is completely
analogous to the classical one. Note that H¢ is not commutative, but the two
products in the last expression do commute as x11,x22 € C and x9; = x9,.
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Next assume that x € H3(H¢) with 2117 # 0. Then, by the just obtained formula
for n = 2 we get

dt3 xr =211 " dt2 <x22 B xillxmxu T23 — x1_11x21x13>
32 — Tq1 T31T12 T33 — Tq11 L3113
=x11 - ((w22 — 1131_1133213312)(1?33 - l“1_1133313313)
— (232 — 331_11I31I12)($23 - 331_1113211?13))
= T11722733 — !E11$22$C31961_11!E13 — T21%12%33 + !E219€12$C1_11!E31!E13
— T11T32%23 + !E11!E32!E1_11$21!E13 + 3121223 — !E31!E12!E1_11$21!E13
= T11222%33 + £32221T13 + T31T12223
— T11232223 — T22X31L13 — L21L12X33
because x11 € C and by Proposition [3.4]
T31T12221L13 = 1“3113121?1)23313 = 1“12131)233313313 = $<1>2I12$313313 = 21212231213

Hence we have an analogy of the classical Sarrus’ rule. The reader should be warned
that He & Ms is associative but not commutative, and so the order of the products
in the previous expression is decisive.

Now fix n € N and a unitary element e € H,,(H¢). We may consider on H,, (H¢)
a structure of JB*-algebra with unit e. Recall that the operations are defined by

1
xoey={x, ey} = g(me*y +ye*x) and ' = {e,x, e} = ex’e

for x,y € H,(Hce).

Moreover, e is a unitary element also in M, (H,), hence we may define such a
structure of JB*-algebra on M, (H¢) as well. We may further equip M, (H¢) with a
structure of a C*-algebra with unit e if we consider the same involution and define
an associative multiplication by

Trey=zey, z,ycM,(Hc).

Lemma 5.2. Let e be a unitary element of H,(H¢). Then there is a mapping
T: M,(He) = M,(He) with the properties
(a) T is a*-isomorphism of M, (Hc¢) equipped with the product -e and the involution

*e onto M, (H¢) equipped with the standard structure of C*-algebra.
(b) T(x®) =T (x)°® for x € He. In particular, T maps H, (Hc) onto H,(Hce).

Proof. Let v € H,(H¢) be a unitary element such that v? = e. Such v exists by
Lemma 23)(b). It is clear that v commutes with e in M, (H¢). It is enough to set

T(x) =v'zv*, xec M,(He).
It is clearly a linear bijection, Moreover,
T(x-ey) =T(xe'y) =v'ze'yv" =T (x)T(y)
as e* = (v*)2. Further,
T(z*) = T(ex*e) = viex*ev’ = v vvr*vov* = vax*v = (Tx)" .

Finally,
T(x°) = v'a®v" = (Tx)°.

This completes the proof. ([
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Proposition 5.3. Let e be a unitary element in H,,(H¢). Let T be a mapping with
the properties from Lemmal5.2 Let us define

dtp.ex = dt,(Tx), x € H,(He).
Then the following holds:

(i) The function dt, e does not depend on the concrete choice of T.
(i7) dt, & = dty, e x - dt, e for x € H,(He).

Proof. Let us fix any T satisfying the properties from Lemma Then dt, Tx
is the product of all the roots of the polynomial A — dt,(A\1 — Tx), each one
counted with its multiplicity (this follows from Theorem B.I(viii)). Moreover, by
Theorem B.T(vii) we get

(dtn(A -1 —Tx))? = det(A\ — Tz) = det(T'(\e — 7).

The right-hand side does not depend on the choice of T'. Indeed, assume that 77 and
Ts are two possible choices of T. Then Tng_1 is a x-automorphism of M, (H¢) =
Ms,. It follows that there is a unitary matrix w € My, such that Tngla =u*au
for a € M, (see, for example, [8, Corollary 5.42] or the celebrated Schur theorem
[9, Theorem 10.2.2]). In particular, ToT; * preserves the determinant, hence

det(Tya) = det(T>T; 'Tia) = det(Tra)

for any a € May,.
Thus, we may assume that T is of the form from the proof of Lemma[5.2] Then

det(T(\e — 2)) = det(v*(Xe — 2)v*) = (det(v*))? det(\e — T)
= (det(v*))?(dt,(\e — x))>.
We deduce
(dt,(A -1 —Tx))? = (det(v*))*(dt,(Ne — x))?,

so dt,, Tx is the product of all roots of the polynomial A — dt, (Ae — x), each one
counted with its multiplicity.

By Theorem [B.I{viii) we know that A — dt,(Ae — ) is a polynomial of degree
at most n with the coefficient dt,, e at A" and coefficient dt,(—x) = (—=1)"dt,, =
at A\°. Note that dt,, e # 0 (it is a complex unit as (dt, e)? = dete is a complex
unit being the determinant of a unitary matrix). It follows that the product of the
roots (which equals to dt, Tx = dt, ex) is (dt, e)~!dt, . This completes the
proof. O

6. AUTOMORPHISMS OF O AND Op

By an automorphism of O we mean a linear bijection 7" : @ — O which preserves
the structure of O, i.e., which satisfies the following properties:
(i) T(1) =1,
(i7) T(z*) = T(x)* for x € O,
(19i) T(x°) =T (x)° for z € O,
() T(xBy) =T(x) T (y) for z,y € O.
If T is an automorphism of O, then we get

T(@) =T(=°)") = (T(x)°)" = T(x)
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for each x € O, and thus T preserves Or. Then T|g, is an automorphism of
Og, i.e., a (real-)linear bijection of O onto Op satisfying conditions (¢) — (iv) for
z,y € Og (note that in this case conditions (i) and (i7i) coincide).

Conversely, if T is an automorphism of Qg, the mapping

T(x+iy) =T(x) +iT(y), =,y € Or

is clearly an automorphism of O.
We will need also a weaker version of automorphism. A linear bijection 7' : O —
O will be called an asymmetric triple isomorphism if

T(zBy" ) H2)=T(x)OT(y)")BDT(z) for x,y,z € O.

If it satisfies moreover T(Z) = T(x) for z € O, it will be called a hermitian asym-
metric triple isomorphism.

If T is a hermitian asymmetric triple isomorphism of O, then T preserves Og
and hence Tlg, is an asymmetric triple isomorphism of Qg, i.e., a (real-)linear
bijection of Op satisfying

T(zB0y*)B2)=(T(x) BT (y)*) DT (2) for z,y, 2 € Opg.

Conversely, if T' is an asymmetric triple isomorphism of Og, the mapping

T(x+iy)=T(x)+iT(y), =z,y€Or

is clearly a hermitian asymmetric triple isomorphism of Q.
We will later need the results on hermitian asymmetric triple isomorphism on Q,
but due to the easy correspondence explained above we restrict ourselves to Og.
The following observation is easy:

Observation 6.1. Let T : Or — Opg be a linear bijection. Then T is an automor-
phism if and only if it is an asymmetric triple automorphism and T(1) = 1.

We denote by eg,e1,...,e; the canonical basis of Og (note that eg = 1). We
have the following result.

Proposition 6.2. Let u € Or be any nonzero element.

(a) There is an asymmetric triple isomorphism T : O — Qg such that T'(u) €
R = span{ep};

(b) There is an automorphism T : Op — Opr such that T'(u) € span{eg, e1};

(¢) There is an automorphism T : Op — Op such that T'(e1) = e1 and T(u) €
span{eg, e1,e2}.

To prove it we will use two lemmata:

Lemma 6.3. Let hi,he € H be two quaternions of norm 1. Then the mapping
T :0r — Op defined by

T(x1,22) = (x1h1, 22h2)
is an asymmetric triple isomorphism. If hy = 1, it is even an automorphism.
Proof. We have
v y® = (z1,22) O (7, —y2) = (217 + y223, —2Ty2 + yi22)
and so

(xBy®) Bz = (z1y7 21 +y22521 +22Y5 01 — 2225Y1, Y127 22+ Tays 20 — 2107 Y2+ 21Y1 T2).
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In view of the associativity of the multiplication of quaternions and using the fact
that h1h$ = hoh$ = 1 it easily follows that 7" is an asymmetric triple isomorphism.
If hy = 1, then clearly T'(1) = 1, so T is an automorphism by Observation[GIl O

Lemma 6.4. The linear bijections of Or defined by
P eg — €p,€1 — €1,E2 > €7,e3 — €g,€64 > €2,€5 > €3,€E6 > €5,E7 > 4.
PQ 1ep > €p,€61 > €4,62 — €7,€3 > €3,64 > €6,€E5 > €2,C6 > €1,€E7 > €5

are automorphisms of Og.

Proof. Properties (i) and (iii) are easy. It is enough to prove property (iv) for the
basic vectors. This can be proved using the following description of the multiplica-
tion (see [2I] p. 235]):
We have eg [De; = ej Lley = e; for each j € {0,...,7} and €3 = —eq for
j € {1,...,7}. The multiplication of the remaining pairs of basic vectors is done
using the list
132,154,167, 264,275, 356, 374.

For example, the first scheme, 132, means that
€1 Deg :62763562 = 61,62561 = €3

and the products in the opposite order have opposite sign.
It is now easy to check that the two permutations preserve this schemes. O

Proof of Proposition[6.2 (a) Let v = (ui,u2). Find two quaternions hq, he of
norm one such that uihy,ushe € R. Let Ti(x) = (x1h1,22h2). Then Ti(u) €
span{eg,eq}. Let P be the automorphism from Lemma Then PiTi(u) €
span{eg, e2}. In particular, it is a quaternion. Find a quaternion hs of norm one
such that hs Py Ty (u) € R. Take To(x) = (z1hs, z2). Then we may take T' = To Py T7.

(b) Let v = (u1,u2). Find a quaternion h; of norm one such that ush; € R.
Set Ti(x) = (x1,x2h1). Let Py be from Lemma Then PyT1(u) = (v1,v2),
where vy € span{eg,es}. Find a quaternion hs of norm one such that vahs is a
multiple of e3. Set Th(z) = (x1,z2h2). Then ToPTi(u) € span{eg, es, er}, hence
P\ Ty P, Ty (u) € span{ep, eq,€6}, i.e. PiToPoTi(u) = (w1, ws), where wy € R and
we € span{l,es}. Find a quaternion hs of norm one such that wohs € R. Set
T3(x) = (21, 22hs). It is now enough to set

T =P T:PToPT.

(¢) Let uw = (u1,u2). Find a quaternion hy of norm one such that ushy is a
multiple of e5. Set Ty (z) = (x1,22h1). Let Py be from Lemma [E4 Then P T (u) =
(v1,v2), where v; € span{eg,e1}. Find a quaternion hy of norm one such that
vaha € R. Set To(x) = (x1,xhs). It is enough to take

T=PToPT.
(]

Remark 6.5. It was pointed out by the referee that assertions (b) and (c¢) of
Proposition follow also from [23] Corollary 1.7.5]. The quoted abstract result
deals with composition algebras over a general field, so its application requires
some explanation. Firstly, Op is a composition algebra over R in the sense of [23]
Definition 1.2.1]. The quadratic form N from the definition is just the norm on Og
(recall that it coincides with the euclidean norm ||-||,) and the respective bilinear
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form (denoted by (a,b) := N(a+0b) — N(a) — N(b) in [23]) equals the double of the
inner product. This follows for example from [23], Proposition 1.5.3] applied twice —
at first to C considered as a commutative and associative composition algebra over
R and then to the resulting algebra of quaternions (in both cases we take A = —1).

Now we may see that assertion (b) of Proposition [6.2] follows from [23, Corollary
1.7.5] applied to a = u — (u,ep) eg (where (-,-) denotes the inner product as in
Section[) and a’ = ||al|-e1 (and b = b’ = 0). To get assertion (¢) we set a = a’ = ey,
b=u— (u,ep)eo — (u,er)e; and b’ = ||b]| - ea.

7. AUTOMORPHISM OF Cjg

We start by observing that the mapping exchanging two rows and subsequently
the two corresponding columns is a Jordan *-isomorphism.

Lemma 7.1. Let k,1 € {1,2,3} be two distinct numbers. For © € Cg let Uy ()
be the matriz made from x by exchanging the k-th and I-th rows and subsequently
exchanging the k-th and l-th columns. Then Uy, is a Jordan x-automorphism of
Cs.

Proof. Let us prove it for k =1 and [ = 2. The remaining cases are analogous. Let
0 1 0
u=1|1 0 0
0 0 1

Then u is a symmetry (i.e., a self-adjoint unitary element) in Cg, thus = —
{u,x*,u} is a triple automorphism of Cs by Lemma [ZI1 Moreover, it maps 1
to 1, so it is a Jordan *-automorphism.

It remains to compute that Uy 2(x) = {u,x*,u}. So, let us compute.

{u,z*,u} =2uo(xou)— (uou)ox =2uo(rou)—x

asuou = 1. Assume

a a
— | A©
z=1[a® B c|,
b® c®

where a, 5,7 € C and a,b,c € Q. Then

1 1 a® B ¢ a «a b
vor=-(ulbz+zxHu)=— a a b|l+|B a® ¢
2 2 b<> <> O b(}
& v c v
3@ +a) gla+ph) 5(b+c)
= 5(0{-"6) F((I"‘ao) §(b+c) y
(0 +c®) F(0°+c°) ol
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hence

2uo(uox)=uld(uox)+ (uox) Ju
(a+8) 3(a+a®)
=z +a) 3(a+p)
(<>_|_C<>) (b<>_|_c<>

1%(a+6)

(b+c)
(b+c)
Y
(a® 4+ a) (b+e¢)
+dere) da+s fo+o
(0% + %) (0% +°) gl
a+B a®4+a b+c
=|a+a® a+p b+ec
b +c® b+ 2y

IR0l —
=N
[N

NI,

o=l
D[] =

[

Thus
B a® ¢
{u, 2", u} =2uo(xou)—xz=[a o b| =U(x).
C<> bO ,Y

Proposition 7.2. Let T' be a hermitian asymmetric triple isomorphism of Q. De-
fine T : Cs — Cg by

fa a b « T(a) TO)LT(1)°
Tla® B c| = T(a)® B T(c)®
b ¢ v T(HET®)® T(c°) ~y

Then T is a Jordan x-automorphism of Cg.

Proof. Tt is clear that T is a linear mapping. Further, T'(1) is a non-zero element of

Og, so we may use Proposition B.4(iii) to deduce that T is one-to-one. Therefore,
T is a linear bijection of Cf.
Since T(1) € Og and T commutes with the conjugation, we get that T(z*) =
T(x)* for each & € Cs. Hence, it remains to prove that T'(x2) = T'(z)? for € Cs.
First observe that T is a unitary operator on O equipped with the underlying
Hilbert space structure (as it is a triple automorphism commuting with the conju-
gation cf. Proposition B3|(i7)).

Let us fix
a a b
z=\|a®* [ c| €Cs.
[
Then

a’+aBa®+b0E0° aa+ Ba+ b c® ab+aldc+~b
2= aa® +Ba® +cEb a®HDa+p2+clc®  a®EDb+ Be+ye
ab® +c®Ha®+4b°  b*Ha+ B+~ WCHb+cHe+v2
We are going to prove that T(x2) = T(x)? entrywise. Let us first look at the
diagonal. By the definition of T' the diagonal of T(m2) coincides with the diagonal
of 2. Hence, we have to prove that

& +ala®+ 0B =a®+T(a) DT (a)® + (T()DT()*) D (T(1) D T(b)°),
a?Ha+p2+clc® =T(a)°DT(a) + B2+ T(c°)° D T(c°),
VEb+cHe+~* = (T BT 1)) B (T()DT(1)°) + T(c®) DT(c?)® 4 +>.
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To prove these equalities we will use the following computation:
T(a) BT (a)° = (T(). T(@)) = (T(a), T(@) = (a,d) = aDa’,

The first equality follows from Lemma [B.1a), the second one follows from the fact
that T' commutes with the conjugation. In the third one we use that 7" is a unitary
operator. The last equality follows again from Lemma B.l(a).

If we apply the just proved equality to ¢® in place of a we get

T(c)AT(c?)® = Ee.

Further,

The first equality follows from the basic properties of O, the second one from
Lemma [3d)a). In the third one we use that 7' commutes with the conjugation and
that T'(1) € Og. The fourth one follows from Proposition B3|(7¢). The fifth one
follows from Proposition [B.4(77) (applied to the real and imaginary parts of 7T'(b),
note that T'(1) € Og and ||T(1)|] = 1). The sixth equality holds because T is a
unitary operator. The last equality follows again from Lemma Bl(a).

By combining the above computations we deduce that the diagonals of T(:c2)

and Tv(w)z coincide. It remains to prove the coincidence of the components of these
two elements outside the diagonal. Since they are °-hermitian, it is enough to prove
they coincide above the diagonal. This reduces to proving three equalities:

T(aa+ Ba+bEc®) =aT(a)+ BT (a) + (T(b) IT(1)°) D T(c?),
Tab+aBc+0) AT =aTO)BT(1)°+T(a)DT(c®)° +4T(b)DT(1)°,
T((a®Eb+ Be+ve)*)° =T(a)° T (T(H)BDT(1)°) + BT(c®)® +~T(c*)°.

To prove them we use, in addition to linearity of 7', the assumption that it is a
hermitian asymmetric triple isomorphism and so

ThE ) =T((bE1°) ) = (T(b)BT(1)°) BT(c),
T(@Be)BTA)" =T(aB(*)) BN ETA) = (T(a) BT (7)) BT(1)) BT1)°
(@) BT(),
(
(a

b Ha)” =T((1E°) Ba)® = (T BT (1)) B T(a))®
)BT () BT(1)°).

Note that in the last equality of the second computation we used, similarly as above,
Proposition B4(i3).
This completes the proof. O

T((a®@Db)%)°

’ﬂ’ﬂ’ﬂ’ﬂ
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Corollary 7.3. Let T' be a hermitian asymmetric triple isomorphism of O. Define
Tj : Cs — Cp forj =1,2,3 by

_fa a b a T(a) T(1)TT(®°)

Th|a® B cf|= T(a)® Ié] T(c)® ,
b ¢ v T T () T(c°) vy

_fa a b a T(a®)° T(b%)°

Tola® B c|=|T(") B Te)BT) |,
b ¢ v T®°) T1)BT(e) vy

_fa a b a T(a)BDT(1)° T(b)

T3(a® B ¢ =TQ)ET(a) B T(c)
b ¢ v T(b)° T(c)®

Then Tl, TQ, Tvg are Jordan x-automorphisms of Cg.

Proof. Let T be the automorphism from Propoisition It is enough to observe
that N B B N B N
Ty = U1 3TUL 3,15 = Uy 2TU 213 = Uz 37Uy 3,

where we use the automorphisms Uy from Lemma [T.T] O

8. MINIMAL PROJECTION IN Cjg

The aim of this section is to prove the following theorem which provides an
explicit description of minimal projections in C. The result, which is interesting
by itself, provides a newfangled detailed description of these elements with potential
applications to improve our understanding of this exceptional Jordan algebra.

Theorem 8.1. Minimal projections in Cg are exactly elements of the form

0 0 O 0 0 0
0 0 0],]0 « a , where a e R\ {0},a € Or, o0 = o + ||a|?,
00 1) \0o a 2Lia?

« a b

a® Lla|® Lla°Ob|, where a € R\ {0},a,b€ Or,a=a?+|a|* + [b].

v lieda  Lp)?

Let us comment a bit the above formulae for minimal projections. In the second
case the third row may be obtained from the second one by multiplying with éao
from the left. Similarly, in the third case the second row may be obtained from the
first one by multiplying with éaO from the left and the third row may be obtained
from the first one by multiplying with ébo from the left.

The rest of this section is devoted to proving this theorem. The proof will have
two parts — on one hand we need to show that any minimal projection is of the
required form and then we need to show the converse, that any matrix of the
prescribed form is a minimal projection.

Proof of the necessity. Assume that g is a minimal projection in Cg. Firstly, it is
a projection, i.e., ¢* = q and q = q> = q 1 q. The condition ¢* = q implies that
a a b
(6) gq=1[a® B c|, where a3,y €R and a,b,c € Og.
[
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Further, the condition g [ ¢ = g means that
a=a’4+ala® +bE0°,
B=a"Ca+p*+cHc,
y=b"Eb+cHe+42,
a=aa+ Ba+bEc°,
b=ab+ allc+ b,
c=a®b+ Bc+ e

Recall that for any y € Qg we have yEy® = |jy||* (by PropositionB4(i)). Hence,
if & = 0, the first equality says that a = b = 0 and thus the first row and the first
column of q are zero. Similarly, if 8 = 0, then the second row and second column of
q are zero and the analogous statement holds for « as well. Since g # 0, necessarily
one of the numbers «, 3, is nonzero.

To simplify the situation we will first assume that « # 0. This assumption may
be done without loss of generality, up to applying one of the automorphisms Uj o
or Uy 3 from Lemma [7.1]

Next, g is minimal. This means that {q, x, g} is a scalar multiple of g for each
x € Cg. We will apply it for the canonical projection

1.0 0
p=[0 0 0
00 0

in place of .
Let us compute

{a,p1,a} =2qo(qop;) —qop;.

We have
o %a %b
poq= %ao 0 0
50 0 0
and
(piog) g =
a2+%amlaf>o—|—%bmb° cuz—!—%lﬁci—géblﬂc<> ab—|—%aolﬂmc;—%*yb
saa za®Ha 5a ,
%ozb<> 50°Ha 50° b
SO
2(p1oq)oq
20 +ala® +bE6°  Zaa+$Ba+ b Sab+ jallc+ 3qb
= §aa°+§ﬁa°+%cmb<> a*Ha a® b
Sab® + 3¢° Ha® + 3yb° b*Ha b° Db

a+a oza—l—gla ab + %b
=|aa®+ 3a llall a® &b
+i wde |07
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where in the last equality we used (] and Proposition [B47). Hence,

a? aa ab

{a,p1,q} =2q0(qop;) —gop, = |aa® o> a°Eb
ab® °Ca b))

Recall that this must be a multiple of g. Since o # 0, it is the a-multiple. Hence,

la])* = ap,
(8) 1B]J* = @,
a® b= ac,
ie.,
«@ a b
a= o Lo Lo

o leda  Lp)?
and o = o2 + ||a||* + |b]|* by @).

So, a minimal projection having a nonzero element at the place 11 must have
this form. As explained above, any minimal projection is either of this form or may
be obtained from a projection of this form by applying the automorphism U; 5 or
U1,3 from Lemma [Tl Now the necessity easily follows. O

Proof of the sufficiency. Assume that g € Cg has one of the three forms. We will
show that it is a minimal projection. Since the first and the second forms could
be transformed to the third one by applying the automorphism Uy 3 or U; 2 from
Lemma [I] and such an automorphism preserves minimal projections, we may
restrict ourselves to the elements of the third form.

We therefore assume that

Q a b
g=(a> Xla|® Za°Eb|,
A e P N [
where o € R\ {0}, a,b € O and a = o2 + |Ja||* + ||b].

We first show that q is a projection. Clearly g* = q. To prove that q[[1q = ¢q
we need to verify equalities (). The first one follows from the very assumption of
q. The second one is

1 1 1
-~ lal* = Jla]* + e lal|* + 2 lla”B b|I*.
Observe that
la® Bb]* = (a° B b,a® Bb) = (@l (a® Bb),b) = [la]* b,

where we used PropositionB.3|(i7) and PropositionB4(¢). Thus the second equality
is equivalent to

1 2 2, 1 4, 1 2 119112
Ll =l + 25 Nl + = el 1.

which is the Hg—lf-multiple of the first equality.

Similarly, the third equality is the %—lf—multiple of the first one.

Let us look at the fourth equality. It reads

1 1
a—aa—|——||a||2a+bD<—b°Da>.
a a
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Let us compute the right-hand side:
1 1 1 1
aa+ = ||a)’a+bE <—b<> ma) —aa+ = |a|?a+=|b|*a
« « « «

1
(@ + llall* + [|6]*)a = a

«

by the first equality. Similarly,

1 1 1 1
ab+al <—a° o b) + = [ol?b=ab+ — [lal*b+ = [|b]*b
@ @ @ @
1 2 2
= ~(a® +Jlal” + oII)b = b
@
and
1 1 1 1
@b+ —|lal* =a® b+ —||b]]* —a® Tb
@ @ @ @
2 2
= —5 (0 + [la]” + [[b]*) (a® T b)
1
= —a® Db,
@
so the fifth and sixth equalities hold as well, which completes the proof that q is a
projection.
Next we are going to show that g is minimal. Clearly g # 0. Since Cg has rank
three, to show that there is a nonzero projection r with » 1 q and g +r # 1. We

will distinguish four cases:
Case 1: a = b= 0. Then

1 00
g=10 0 0},
0 0 O
hence, for example, the choice of
0 0
r=(0 1 0
0 0

works.
Case 2: a # 0 and b = 0. Then the third row and the third column of q are zero,
hence the choice of

<
Il
o oo
ocoo

0
0
1

works.
Case 3: a =0 and b # 0. Then the second row and the second column of g are
zero, hence the choice of

<
Il
coo
O = O
oo o

works.
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Case 4: a # 0 and b # 0. Set

||a||2 _ aa 0
a2+|la|? a2+ |al?
r=\|__ aa o 0
a?+flall®  a?+la]®

By the above r is a projection. Indeed,

2
lal ?aDa®  fa? @+ fal?)  lla)?
2 ja?) T B B
(8] a

2 2 2
a?+af")? (a2 +]al)?  a®+ ]

and the second row is made from the first row by muliplying by

a? + |la|)? ( aa® ) aa®
2\~ 2 =772
llal a? + [|al| llal
from the left.

Moreover, g L . Indeed,

allall®> _ _aala® lal?a __ aa . a®°Ca lal?b  _ aa a0
0 a2+ allZ a2+[alZ  aZ+fal? aZ+alZ @ a2 t[alZ aZfaZ @
T q = a2q® a2q® aa®la a 1,0 «a®b a2 1,0
— - -1a°Ha ——g2=bo o . 1g°0h |0
a2 ialZ T a2z " aZqjal? T aZtan? a2 fal? T aZtalZ @
0 0

which equals 0. Thus also g Jr = 0, hence gor =0, i.e., » L q. Finally, clearly

g+r#1(asb#0).
This completes the proof. ([l

9. PROOFS OF THE RESULTS ON UNITARIES IN Cjy

This section is devoted to the synthesis of the results from previous sections
which leads to proving Theorem and Theorem We start with the second
theorem.

Proof of Theorem[{.5] Fix two unitary elements u,e € Cs. We will describe how
to find a Jordan *-automorphism of Cg with the required properties. Note that the
composition of Jordan x-automorphisms is again a Jordan x-automorphism. So, we
will do the proof in several steps.

At first observe that by Theorem [LIii7) we may assume, without loss of gener-
ality, that e is a diagonal matrix.

Next we apply Theorem[T](?) to w and find complex units a1, @z, ag and minimal
projections q, g5, g5 € Cg such that u = a1q;+a2gs+asq;. Since g, +qg5+q5 =1,
we may assume (up to relabelling the projections) that g; has a nonzero element
at the place 11. Hence, by Theorem Bl we have

« a b
2
= (o Ll temp),
b<> Eboma E”b”

where o € R\ {0}, a,b € O and a = o2 + |Ja||* + ||b]*.

By Proposition [6.2(a) there is an asymmetric triple isomorphism S; of Qg such
that S1(a) € R. It can be extended to a hermitian asymmetric triple isomorphism
of O, let us denote it still by S;. Up to applying the automorphism 3’: provided by
Proposition [[.2] we may now assume that a € R (note that such an automorphism
preserves diagonal matrices).
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By Proposition [6:2(b) there is an automorphism Sy of O such that S(b) €
span{eg, e1}. It can be extended to an automorphism of O, let us denote it still by
S3. Note that S3(1) = 1 and Sy preserves R. Hence, up to applying the automor-
phism S, provided by Proposition [[.2] we may now assume that b € span{eg, e1}.

Summarizing, up to now we have reduced the general situation to the case when
e is a diagonal matrix and the entries of g, are in span{eg, ey }.

We continue by proving that we may further assume without loss of generality
that the entries of g, are quaternions. By Theorem [BI] we may distinguish three
cases:

0 00
Case1l: g, = |0 0 O0]. Then no more transformation is needed as the entries
0 01

of g, are real numbers.
0 O 0
Case 2: g, = |0 ¢ x , where £ € R\ {0}, z € O and € = €2 + |Jz||*.
0 2° Lijaf?

By Proposition [6:2(c) there is an automorphism U of Qg such that U(e1) = e1
and U(z) € span{eg, e1,e2}. Then U may be extended to an automorphism of Q, we
will denote it still by U. Now take the automorphism (73 provided by Corollary [.3l
This automorphism preserves diagonal matrices and also q;. So, we may assume
without loss of generality that the entries of q, are in span{eg, e, e3}, in particular,
they are quaternions.

€ x y
Case 3: g, = | 2° %HQJH2 %IO DQy , where £ € R\ {0}, =,y € Ogr and
v ey Ba gyl

2 2
£=&+ )"+ llyll".
Recall that g3 =1 — g; — g, is a minimal projection. We have

l—a—-¢ —a—x —b—vy
2 2
@Gs=1-¢q, —qy=|—a®—2° 1—-21]a —%||x|| —éaQDb—%:EODy
2 2
oy~ Ba-lyrEs 1- L - Lyl

We distinguish two subcases.

Subcase 3.1: & 4+ £ = 1. Then the first row and the first column of g5 are zero,
in particular z = —a and y = —b. Thus 2 € R and y € span{eg, e1}, so the entries
of q, are in span{eg, 1 }.

Subcase 3.2: a4+ £ < 1. Then we deduce from Theorem [B] that the following
equalities hold (we use that a € R):

l—a—¢=1-a—&>+|a+z|*+]|b+yl,
1 2 1 2 1 2
1- = - - -
o lall 5||fer 1_a_§|\a+x|| ,
1b 1<>D ! (a+2°) B (b+y)
——ab — =x = — T
2T E A ey dC Y),

Lo 1o 1 2
e

b+
§H Yy
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Let us look at the third equality. By standard algebraic manipulation we get
(2 —1-Sab-(E -2 -1’ Oy=ab+2°Ob+ay+2° Oy,

« «
—1;Eab—1_To‘x°Dy=x°Db+ay,

1_§b+y):x°D(b+ 1gay).

_a(

Now there are two possibilities:

Sub-subcase 3.2.1: b+ 1_To‘y = 0. Then y = —%b (note that o < 1), hence
y € span{eg,e1}. By Proposition B.2(c) there is an automorphism U of Qg pre-
serving e; such that U(x) € span{eg,e1,e2}. Then U may be extended to an
automorphism of @, denoted still by U. Up to applying the automorphism U pro-
vided by Proposition [[.2] we may assume that = € span{eg, €1, €2}, thus the entries
of g, are quaternions.

Sub-subcase 3.2.2: b+ 1*To‘y # 0. By Proposition 3.4l we then deduce that

! A= o4 12

2a
e 5

0]

y)°.

By Proposition [6.2(¢) there is an automorphism U of Qg preserving e; such that
U(y) € span{eg,e1,ea}. Then U may be extended to an automorphism of O,
denoted still by U. Up to applying the automorphism U provided by Proposition[7.2]
we may assume that y € span{eg, e1, e2}. By the above formula we deduce that z°
(and hence ) is a quaternion. Thus the entries of g, are quaternions.
Summarizing, we have proved that, up to applying a Jordan x-automorphism of
Cs preserving diagonal matrices, we may assume that the entries of g; and g, are
quaternions. Thus the entries of g3 = 1— g, — g, are quaternions as well. Since u is
a linear combination of q;, g5, g3, its entries must be biquaternions. This completes
the proof. O

We continue by establishing connections between the mappings dt and dts.

Lemma 9.1. Let g € H3(H¢) be a minimal projection. Then q is a matriz of rank
two.

Proof. The projection q is clearly minimal also in Cg, so it has the form from
Theorem 81 and its entries are quaternions. Let us distinguish the three cases:

0 0 O
Case 1: If g= |0 0 0], then g has clearly rank two.
0 0 1
Case 2: Assume
0 O 0
qg=(0 « a ,
0 Llaf?

where o € R\ {0}, a € H, and a = o + [|a||>. The third row is obtained by
multiplying the second one by éao from the left. Hence, the fifth and sixth rows of
q are linear combinations of the third and fourth rows. Since the third and fourth
rows are linearly independent (as « # 0), q is of rank two.
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Case 3: Assume
« a b

¢= o Lo Leos

A e P N [

where v € R\ {0}, a,b € H, e = o® + ||a||* + ||b]|°. Then the second row is obtained
by multiplying the first one by éao from the left and the third row is obtained

by multiplying the first one by %bO from the left. So, each row of q is a linear
combination of the first two. O

)

Lemma 9.2. Let u € H3(H¢) be a unitary element. Then dt u = dts u.

Proof. Tt follows from Theorem [1](¢) that there are complex units aj, as, ag and
minimal projections py, py, P35 € Cs such that u = a1p; + aep, + asp,. It follows
from the proof of Theorem [.T[(7) that in this case p;, py, p3 € H3(H¢). Clearly the
expression

u= 041]/); + 042]/); + 043]/)5
coincides with the spectral decomposition of w in M.
By Lemma projections p; are of rank two. Now it easily follows that
dtu = ayasag = dts u,
where the first equality follows from the very definition of dt and the second one

follows from Theorem B.Iliz). O

Lemma 9.3. Let e,u € H3(H¢) be unitary elements. Then dte u = dts e u.

Proof. We have u = aje; + ases + aszes, where ag, ag, as are complex units and
e1, ey, e3 are pairwise orthogonal minimal tripotents in Cs satisfying e; < e for
each j. By the very definition we have
dte u = ajazar3.

By Lemma [2.3] there is a unitary element v € H3(H¢) such that v? = e. Then

T(x) ={v",z", v}, xeCs
is a triple automorphism of Cg (by Lemmal[ZT]) which preserves Hs(H¢) and satisfies
T(e) = 1. Then

Tu = a1T61 + 042T62 + 043T63,
and T'(e;) < T'(e) = 1, so T'e; are (parwise orthogonal minimal) projections in Cs.
Thus

dte U = 10203 = dtTu = dtg Tu = dtgye u,

where the third equality follows from Lemma [9.2] while the fourth one is a conse-
quence of the definition in Proposition 5.3 O

Now we are ready to prove the remaining theorem:

Proof of Theorem[{.3 Let e,u € Cg be unitary elements. By Theorem [T there is
a Jordan x-automorphism 7" of Cy such that both T'(e) and T'(u) belong to H3(H¢).
Then

dtu = dtT(u) = dt3 T'(u) = dtz e T'(u) - dt3 T'(e)

=dtpe) T(u)-dtT(e) = dteu - dte.
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The first equality is clear, the second one follows from Lemma The third
equality follows from Proposition [5.3|(é¢), the fourth one follows from Lemma
and Lemma The last equality easily follows from definitions.

This completes the proof. ([l

10. DETERMINANTS OF GENERAL ELEMENTS OF Cj

We have introduced determinants of unitary elements in Cg (see Section M) and
also of general °-hermitian matrices of biquaternions (in Section [B). These two no-
tions of determinant coincide provided both are defined (by Lemmata and [@.3)).
In this section we extend the definition of determinant to general elements of Cj.

To this end we first observe that some of the results on unitaries hold also for
self-adjoint elements (after some natural modifications).

The following lemma is an analogue of Theorem [l Its proof is essentially the
same, we only should use assertion (¢) from Proposition 22 instead of assertion (b).

Lemma 10.1. Let a € Cg be a self-adjoint element.

(i) There are real numbers ay,as,as and mutually orthogonal minimal projec-
tions py, Py, P3 such that a = a1 p; + asp,y + asps.

(i1) The representation from (i) is unique in the natural sense: The triple (aq, ag, as)
is uniquely determined up to reordering. Further, for any real number o the
sum Zaj:a p; is also uniquely determined.

(7it) There is a Jordan x-automorphism T of Cs such that T(a) is a diagonal
matriz (with real entries).

The previous lemma enables us to define determinant, dta, of a self-adjoint
element, a, of Cs as the product ajasas. This is compatible with the general
definition below.

There is a natural common roof of unitary and self-adjoint elements — an element
x € Cg is said to be normal if it is a linear combination of mutually orthogonal
(minimal projections) or, equivalently, if the Jordan #-subalgebra generated by x
and x* is associative.

The next lemma is an analogue of Theorem and the same proof works.

Lemma 10.2. Let a,b € Cg be two normal elements. Then there is a Jordan
x-automorphism T : C¢ — Cg such that

(1) T(a) is a diagonal matriz;

(i4) The entries of T(b) are biquaternions.

We now deduce an easy consequence.

Corollary 10.3. Let x € Cg. Then there is a Jordan x-automorphism T : Cg — Cg
such that the entries of T(x) are biquaternions.

Proof. Observe that @ = a + ib, where a,b are self-adjoint (and hence normal)
elements of Cg and use Lemma [10.2 O

In the next theorem we introduce determinant of a general element of Cg and
collect some basic properties of this notion.
Theorem 10.4. Let x € Cg.

(a) There is a unitary element u € Cg such that € = {u, x, u}.
(b) Let u € Cg be a unitary element provided by assertion (a). Then:
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(i) There are real numbers ay, aa, ag and mutually orthogonal minimal tripo-
tents uy, u2, ug such that u; < u for j =1,2,3 and x = ayug + apun +
as3us.

(i) The representation from (i) is unique in the natural sense: The triple
(a1, a2, a3) is uniquely determined up to reordering. Further, for any
real number o the sum Zaj:a u; 15 also uniquely determined.

(¢) Let u € Cg be a unitary element provided by (a). Let us fix the representation
of  as in (b). Set

dty = ayasas.
In case x is unitary, this quantity equals to dt, @ from Section [{]
In case ¢ and u belong to Hs(Hc¢), we have dty, & = dts ., .
(d) The quantity
dtx =dt, - -dtu

does not depend on the particualr choince of u € Cg provided by (a).
Moreover, if x is unitary, this quantity coincides with dtx from Section[J]
If x € H3(H¢), then dtx = dts x.
(e) Jordan x-automorphisms of Cs preserves values of dt.

Proof. Let r(x) be the range tripotent of x (see, e.g., [4, beginning of Section 2]).
Since Cg has finite dimension, r(x) exists and belongs to the JB*-subtriple of Cg
generated by x.

Then @ is a positive element in (Cg)2(r(x)), in particular

z = {r(z), z,r(x)}
Let u € Cg be a unitary element such that r(x) < u. It exists, for example, by [11,
Proposition 3.4 and Lemma 3.2(d)]. By Peirce arithmetic we easily deduce

w:{u’w’u}’

which completes the proof of assertion (a).

Assertion (b) follows from Lemma [0l applied to the JB*-algebra (Cg)z2(u)
(which is Jordan #-isomorphic to Cs).

Let us define dt,  as in (¢). Assume x is unitary. The decompositions of x
introduced before Theorem coincides with the decomposition from (b), so the
two versions of dt,, & coincide.

Next assume that both w and @ belong to Hs(H¢). Let T : M3(He) — Ms(He)
be a linear mapping with properties from Lemma (with w in place of e). Then
(see Proposition [£.3))

dtgyu xr = dtg(T:E)
Further,
Tx = alTul + OéQT’LLQ + OégT’LLg.

Having in mind that T is a #-isomorphism of M, (H¢) equipped with the product
-w and the involution *» onto M, (H¢) equipped with the standard structure of a
C*-algebra, we deduce that Tui, Tus and Tus are minimal projections in Hs(H¢),
so the above formula is the spectral decomposition of the self-adjoint element T'x
in M5(H¢). Now it follows from Lemma 0.1l and Theorem [E.T(iz) that

dt3(Tx) = agasas = diy, .

This completes the proof of assertion (c).
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Let us continue by assertion (d). Fix two unitary elements u,v € Cg such that
z={u,z,u} ={v,z,v}.
We will show that
dty - dtu = dt, x - dtv.
To this end fix a triple automorphism S of Cs such that S(u) = 1. Clearly
dty & = dtgry) S(x) = dty S(x) and dt, = dtg ) S(x).
Moreover, by Corollary [4.4]
dtv =dtS™'(S(v)) =dt S(v) - dt S7H(1) = dt S(v) - dtu.

It follows that we may assume without loss of generality that w = 1, i.e., it is
enough to prove that
dti x =dt, - dtov

whenever x € Cj is self-adjoint and v € Cg is a unitary element with @ = {v, z, v}.

All these properties are preserved by Jordan x-automorphisms. By Lemma
we may assume that both  and v belong to H3(H¢). In this case assertion (c¢)
yields dt; @ = dtz & and dt, ¢ = dt3 , @, Lemma [0 2 says that dt u = dt3 uw and so
we may conclude by Proposition [B3[(i4).

If & is unitary, the coincidence of the two formulae for dt « follows from (b) and
Theorem

Further, assume x € Hs(H¢). Then r(x) € H3(He), so we may find w in
Hs(Hce) as well. Then we conclude by (¢), Lemma [0.2] and Proposition (5.3

Finally, assertion (e) is obvious. (]

Let us collect some further properties of the mapping dt on Cg defined by The-
orem [T0.4(d).

Proposition 10.5. Let T : Cs — Cg be a triple automorphism. Then
dtT(z) =dtx - dtT(1), for all x € Cs.

Proof. Fix a unitary element u € Cg such that * = {u,z,u}. Then T(u) is a
unitary element and T'(x) = {T(u),T(x),T(u)}. Therefore

dt T(x) = dtpe) T'(x) - dt T(u) = dty, - dtw - dt T(1) = dt z - dt (1),
where we used Corollary [£.4] O

Proposition 10.6. Let x € Cg. The following assertions are equivalent.
(1) dtx # 0;

(2) r(x) is a unitary element;

(3) x is invertible in Cs.

Proof. Recall that x is a positive element in (Cg)2(r(x)) and r(x) is the small-
est tripotent with this property. Hence, the spectral decomposition theorem (cf.
Proposition 22]) says that

k
9) = oju;,
=1

where the u;’s are mutually orthogonal minimal tripotents with sum r(x) and
a; > 0 for each j.
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Note that k¥ < 3 and k& = 3 if and only if r(x) is unitary. Now it easily follows
that (1) < (2).
(2) = (3) Assume that r(x) is unitary. Then « has the above form and k = 3.

Its inverse is
_ —1_ %
Yy = E a; u;.
=1

Indeed,

3 3 3
Toy= Zuj oul = Z{uj,uj, 1} = Z{uj,r(w), 1} = {r(z),r(x),1} = 1.

Further,

m2 o y = {y, 17 {m, 17 m}} = {{y7 1, m} ) 17 m} - {m, {1, y7 1} ) m} + {m, 17 {y7 17 m}}
= {yom,l,m}—{m,y*,m}—l—{m,l,yom}
={1,1, 2} — {z,y*", 2} + {x,1,1} = 2 — {x,y", x}.

Since

3 3 3 3
* — . . _1 . . . — . . . .
{z,y",x} = E Uy, E a; Uy, E aju; o= E aj {uj, uj, us}
j=1 Jj=1 j=1 j=1

3
= E ajuj =X,
=1

we deduce that 2 oy = x. So, y is the Jordan inverse of x.

(3) = (2) Suppose that k < 3 in ([@). Under this assumption there exists a
minimal tripotent w € Cg which is orthogonal to x (equivalently to w; for all
1 <j <k). It is known that in a Jordan algebra an element x is invertible if and
only if the mapping U, is (cf. [5, Theorem 4.1.3]). By orthogonality

Ug(w*) = {x,w,xz} =0,

contradicting the invertibility of Uy. Therefore k = 3, and hence r(x) = Z?:l Uuj

is a unitary element in C because the latter has rank 3.

Actually, even more is true — the range tripotent of each invertible element in
a unital JB*-algebra, B, is a unitary element belonging to B (cf. [18 Remark
2.3]). O

Proposition 10.7. Let x € Cs. Then X\ — dt(A -1 — x) is a complex polynomial
of degree 3 with coefficient 1 at A3 and coefficient —dtx at \°.

Proof. If € H3(H¢), the statement follows from Theorem Bl vii¢),(v) and The-
orem [[0.4(d). The general case may be reduced to this case using Corollary [[0.3]
and Theorem [[0.4(e). O
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