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Abstract

We put forward a definition for spectral triples and algebraic backgrounds based on Jordan
coordinate algebras. We also propose natural and gauge-invariant bosonic configuration spaces of
fluctuated Dirac operators and compute them for general, almost-associative, Jordan, coordinate
algebras. We emphasize that the theory so obtained is not equivalent with usual associative
noncommutative geometry, even when the coordinate algebra is the self-adjoint part of a C*-
algebra. In particular, in the Jordan case, the gauge fields are always unimodular, thus curing
a long-standing problem in noncommutative geometry.

1 Introduction

0 century fundamental physics was the discovery that elemen-

One of the major achievements of 2
tary particles are subject to internal symmetries, i.e. symmetries which are not associated with the
four dimensions of spacetime. These symmetries are described by gauge theory, which successfully
incorporates the non-gravitational fundamental forces among the elementary particles, with mass
generation accounted for by the presence of scalar fields (also known as Higgs fields). While this
description is highly successful from a phenomenological perspective, the situation remains some-
what unsatisfactory, as already at the classical level gravitational and non-gravitational forces are
described by different kinds of theories. A common theme has been the development of a quan-
tum theory that unifies gravity with the other fundamental forces associated with internal gauge
symmetries.

In the 1990’s noncommutative geometry (NCG) emerged as an intriguing unifying framewor.
NCG provides an approach very similar to Kaluza-Klein theory, but in which the extra-dimensions
are noncommutative, which means they are described by a (finite-dimensional) noncommutative C*-
algebra. In short, noncommutative geometry allows one to replace the usual internal Riemannian
space of a Kaluza-Klein theory with a more general kind of geometry that avoids all of the stability
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issues that would otherwise arise through compactification. Within the NCG framework all of the
fundamental forces are unified, with the internal forces corresponding to ‘gravity’ in the internal
geometry, with the Dirac operator taken to be the dynamical variable. Moreover, Higgs fields do
not have to be put in by hand, and have a natural interpretation as the finite components of the
Dirac operator. It must be added that NCG is not only a reformulation, but is more restrictive
than gauge theory and is predictive [9L[1829].

Despite the many successful features of the NCG approach to unification, it has suffered from
some technical problems (see the introduction of [5] for a list). By now most of these problems have
admitted at least partial solutions. For instance, only a Euclidean version of NCG was available
at first, but some aspects have now been extended to general signature. However, the only action
principle which is known to work for those extensions does not include gravityﬁ. Hence the signature
problem may be said to be partially resolved. On the other hand, the so called unimodularity problem
remains a puzzle within the NCG framework. In brief, this problem is that one has to remove a U (1)-
factor by hand through a ad hoc ‘unimodularity condition’ in order to recover the correct gauge
group for the Standard Model in NCG [I7]. As was argued in [35], the unimodularity problem
is automatically resolved by replacing associative noncommutative coordinate algebras by Jordan
algebras, hence moving from noncommutative to nonassociative geometry of Jordan typeﬁ. One of
the key motivations for the present work is to back this claim with a more formal proof.

This paper focuses on the description of gauge theories as nonassociative geometries of Jordan
type. Several works have already been devoted to non-associative geometry and in particular Jordan
geometry ( [34], [13], [12]), with one of the original motivations being a resolution to the so called
‘fermion doubling’ problem, that arises in the associative NCG construction of the standard model
of particle physics [44], but which is neatly circumvented in the Jordan setting [13] (see also Barrett’s
related solution [2], and that proposed by Connes [23]). Further motivation arises from the geometric
construction of Fg grand unified theories, where a related approach based on the exceptional Jordan
algebra has emerged ( [30], [31], see also [14,42]) and drawn legitimate attention H However, despite
this attention, the detailed framework of NCG, including the axioms of spectral triples, the definition
of the fields, and so on, have not yet been completely formalized in the Jordan setting. The main
goal of this paper is to propose a complete translation from the NCG framework. In doing so, we
will observe that the Jordan formalism admits a more natural representation of the symmetries of
the algebra inside the triple. Moreover, we will show in more explicit detail that the unimodularity
problem disappears. Our primary focus will be on special Jordan coordinate algebras, although we
will also briefly discuss the more general case at the end of the paper. It is important to observe
that Jordan geometry is not equivalent to associative NCG even in the special (i.e. non-exceptional)
case, as the resolution of the unimodularity and fermion doubling problems show.

Let us summarize more precisely the content of this paper. In section [2] we briefly recall the
axioms of (associative) spectral triples, and how particle models such as the Standard Model can
be defined using them. In particular we recall that unitary elements of the algebra give rise to
symmetries of the model thanks to a map Y. Hence a factor M3(C) in the algebra generates a
U(3) group of symmetries while we would need a SU(3) for the Standard Model, thus creating the

2Some progress on this front may be close, see [27].

3This fact was first noted, although not published, by Latham Boyle.

4See also [38] for an unrelated but interesting approach to finding standard model representation spaces using
nonassociative algebras.



unimodularity problem. In section [B] we recall the notion of algebraic background, which one of the
authors has proposed as an analogue of the background manifold for a noncommutative Kaluza-
Klein theory. Algebraic backgrounds permit one to define a configuration space in which the Dirac
operator (i.e. the dynamic variable capturing all Bosonic degrees of freedom), lives. In section @l we
recall the definition of this space and explain how fluctuated Dirac operators form a subspace which
is invariant under non-gravitational symmetries. Hence, the space of fluctuated Dirac operators can
be used as the bosonic configuration space for a particle model in which gravity is ignored. This
will end the reminders about associative noncommutative geometry.

In order to deal with Jordan geometry, we first recall a few facts on Jordan algebras, Jordan-
Banach algebras and their derivations in section 5l In particular we recall the notions of associative
and multiplicative representations. The first kind of representation only exists for special algebras,
while the latter is a generalization which is available for all Jordan algebras. In section [6l we propose
a definition of Jordan spectral triples and Jordan algebraic backgrounds in the non-exceptional case.
In particular we observe that a real special Jordan triple or background is always equipped not
only with an associative representation 7 and an opposite action 7° (i.e. a bi-representation), but,
thanks to the order 0 condition, also with a multiplicative representation S = %(7?—1—770), which turns
out to play a key role. It should also to be noted that the module of Jordan 1-forms (replacing
noncommutative 1-forms), is both a Lie module and a Jordan module.

Section[Tis devoted to fluctuations and symmetries, a key part of the present paper. In particular
we show that, at least for almost-associative algebras, i.e. algebras A = C(M, Afr) of continuous
functions with values in a finite-dimensional Jordan algebra A, the Lie algebra of inner derivations
is isomorphic through the derivative of Y to [S(A), S(A)]. This means that inner derivations, and
by exponentiation inner automorphisms, are directly represented on the Hilbert space of the Jordan
triple, while in the associative case one had to use unitary elements. This is the reason why Jordan
triples naturally implement unimodularity: the elements of [S(A),S(A)] are traceless. In section
we give an interpretation of the order 1 condition which is peculiar to the Jordan setting and
allows us to define a generalized form of fluctuations. Section [ is a specialization to the case of
‘almost-associative’ Jordan algebras. We give a motivated definition for the module of Jordan 1-
forms in this case, and most importantly we compute the space of fluctuated Dirac operators of
an almost-associative triple and put forward a condition (weaker that the order 1 condition) under
which it is automorphism invariant. Sections [0 and [[1] are applications to the B-L extension of the
standard model studied in [I3] and the Pati-Salam model respectively. In section we discuss
the extension of the results of this paper to the general setting (i.e. including exceptional Jordan
coordinate algebras) by directly using a multiplicative representation p, without assuming that it
has the form § = %7?, where 7 is an associative representation. This generalization applies in
particular to the exceptional case where no associative representation exists. We show that inner
derivations are still directly implemented on the Hilbert space, and we discuss the representation of
1-forms and the fluctuation of Dirac operators in this more general setting.

In the whole paper, the “Standard Model” we discuss includes 3 generations of right-handed
neutrinos and the see-saw mechanism. We will use the symbol { to denote the involution in a
x-algebra. In particular, if T' is an operator we will write T'T for its adjoint. The symbol * will be
used for complex conjugates. We will generally use the symbol A for a Jordan algebra and A for

®Defined in analogy with ‘almost-commutative’ coordinate algebras of noncommutative geometry.



an associative one.

2 Associative spectral triples and the Standard Model

In this section we recall some basics on spectral triples in the usual setting involving C*-algebras,
as well as the less familiar notion of algebraic backgrounds and what they are good for. We will talk
about associative spectral triples in order to distinguish them from the Jordan spectral triples to
be defined below. A real, even, associative, spectral tripleﬁ is a multiplet T = (A, H, 7, D, x, J),
where A is a unital x-algebra, H is a Hilbert space, m a *-representation of A on H which we
suppose to be faithful, D a formally selfadjoint operator on H, x a bounded selfadjoint operator,
and J an anti-unitary operator such that:

e the norm closure of m(.A) is a C*-algebra,
e for each a € A, 7(a) is in the domain of the derivation [D, ],
e x commutes with m(A4) and anticommutes with D, while J commutes with D,

o X* =1,

for each a,b € A, [r(a),7(b)°] =0 (Cp),

Va,b € A, [r(a)°, [D,n(b)]] =0, (C1),

Jx = €"'xJ, J? =€, where €, €’ = +1,

where we have used the very handy notation 7° := JTTJ~!. Note, that since we are dealing with
the even case we can, without loss of generality, choose the real structure such that JD = DJ [37].

The idea behind these axioms is that the elements of A represent virtual differentiable functions
on a noncommutative manifold. We will often refer to the “manifold case”, which is the paradigmatic
example where A is really the algebra of differentiable functions and D the canonical Dirac operator
on a spin manifolcﬁ. In order to state a reconstruction theorem [24], additional conditions having
to do with the topology of the manifold under consideration would be required, but we will not
need them in this paper. Note that the order 1 condition (Cj), plays an essential role in the
manifold case since it ensures that D is a first-order differential operator. One gains access to
more general geometries, however, by dropping C. As many of these more general geometries are
physically interesting, including the B-L extension given in HH or the Pati-Salam model [19], our
discussion will focus primarily on the more general setting. We also need to recall the definition
of noncommutative 1-forms, since they will soon turn out to play a key role. A noncommutative

1-form w is a finite sum

w=Y m(a)[D, (b)) (1)

7

SWe give the definition of a real and even spectral triple. This is the only case we consider in this paper.

"For the precise role of each object, consult [39] or [46].

8Gee also the B-L extension given in [I3], which maintains C7 but relies on outer automorphisms to obtain an
extended standard model gauge group.



with a;,b; € A. The space of all such 1-forms is an associative A-bimodule denoted Q},A4. In
the manifold case a noncommutive 1-form is a field with values in the space generated by gamma-
matrices. It can be understood as a vector field seen as an operator on spinors.

Let us now briefly explain how particle models are defined using spectral triples. There are three
fundamental insights :

a. The Dirac operator is a replacement for the manifold metric.

b. The symmetry group of a gauge theory coupled to gravity, which is the semi-direct product of
the diffeomorphism group with the gauge symmetry group, can be interpreted (roughly) as
the automorphism group of the *-algebra A = C>* (M) ® Ap, where Ap is a finite-dimensional
algebra.

c. The bosonic part of the Standard Model coupled to gravity can thus be rewritten as a unified
theory with the Dirac operator as the variable, defined on an almost-commutative manifold,
i.e. the tensor product of the canonical triple over a manifold with a finite-dimensional non-
commutative triple. As a bonus, we shall recover the Higgs fields as the finite component of
the Dirac operator.

Let us now look at the technical implementation of these beautiful ideas. A first difficulty arises

with the second one. The gauge group of the Standard Model is U (1) x SU(2) x SU(3)/(Za x Z3).
Now SU(2) x SU(3)/(Z2 x Z3) is the automorphism group of the algebra My(C) @ M3(C), but we
cannot make U(1) appear in this way. This problem can be solved by considering unitary elements
of the algebra instead of automorphisms (this will be justified below). Then we can consider the
algebra Agys = C @ H @ M3(C) which has unitary group U(1) x SU(2) x U(3). We see that we still
need to reduce U(3) to SU(3), which is dealt with by the unimodularity condition to be explained
below.
Remark Let us observe that the algebra Agj; deviates a little bit from the C*-paradigm since it is not
a complex but a real algebra. There is a theory of real C*-algebras [43], but it has some subtleties, in
particular concerning the Gelfand-Naimark duality which is at the root of the noncommutative geometry
program. This difficulty, which is seldom emphasized, might be an additional clue hinting towards Jordan
algebras, which are better behaved than real C*-algebras in many respects.

Let us now turn to the gauge fields. Gauge fields appear when we “fluctuate” the manifold Dirac
operator Djys with an inner automorphism u of the algebra, i.e. we replace Djy; with 7(u)Dpysm(u)~!
where

u: = u(x) (2)

is a smooth map from M to the unitary group of the finite algebra. Rewriting 7(u)Dy;7(u)~! as

Dy+7(u)[Dar, 7(uw) ", we see the term m(u)[ Dy, w(u) ~1] appear, which is a ‘pure gauge’ field with
values in the Lie algebra of the gauge group. The idea with the replacement Dy + 7(u)Dprm(u)~!
is that 7(u) acts as an automorphism of the spectral triple, and that 7(u)Dym(u)~! is just as good
a Dirac operator as Djs is. The problem is that we haven’t yet specified what a spectral triple
automorphism is exactly and what a Dirac operator is, as opposed to the Dirac operator we start
with. Clearly, we need a structure in which the Dirac operator is allowed to vary, which is not the
case with a spectral triple. Let us use the following definitions.



Definition 1. A pre-spectral triple B = (A, H,w, x,J) is the same thing as a spectral triple with
the Dirac operator removed. A pre-spectral triple automorphism is a unitary operator U such that:

1. Un(A)U~! =7=(A),
2. U commutes with J and x.

A spectral triple automorphism is a pre-spectral triple automorphism which also commutes with the

Dirac operator.

Note that pre-spectral triple are called fermion spaces in [3].

Let Aut(A) be the group of *-automorphisms of A and Aut(B) the group of pre-spectral triple
automorphisms of B. There is a natural homomorphism Aut(B) — Aut(A) which sends U to the
restriction of Ady on m(A), and thus defines an automorphism of A since 7 is faithful. What we
would need in order to fully implement insight b above is a section of this homomorphism. This does
not exist in general, however we can always lift the unitary elements of A thanks to the following

map: for any a € A define

Y(a) = w(a)Jn(a)] " (3)
Thanks to Cp, the map Y satisfies for all a,b € A
1. [J,Y(a)] =0,
2. T(ab) = Y(a)Y(b),
3. T(a") = Y(a)'.

In particular T defines a group homomorphism from U(.A), the unitary group of A, to U(H),
the group of unitary operators on H. Moreover, we immediately see using Cj that for u € U(A),
Y (u) is a pre-spectral triple automorphism such that Ady () = Ady. We thus have the following
commutative diagram:

U(A) — Aut(B) (4)

Idl Adl
U(A) —o= Autran(A)

where Autpy,(A) is the group of inner *-automorphisms of A.

Remark As explained by one of the authors in [12], a beautiful and compact way of understanding pre-
spectral triples and their automorphisms is in terms of ‘Eilenberg’ algebras. That is, a pre-spectral triple
can be thought of as a graded, involutive algebra fﬂ with vector space A® H. The algebra product between
elements in A is provided by the usual product on A, while the product between elements in A and H is
provided by the representation of A on H, and the product between elements in H is always equal to zero.
The involution on elements in A is simply inherited from A itself, while the involution on elements in H is
provided by J. The operator x provides a grading on H. As indicated in the above diagram, the unitary

9We will use the same notation ‘B’ when describing a pre-spectral triple as an Eilenberg algebra, as the two
descriptions are equivalent.



elements T (u) for u € A, then satisfy the defining properties of automorphisms on the ‘Eilenberg’ algebra
B, and in particular:

T(u)(m(a)h) = m(Adua)T (u)(h) (5)

for all a € A and h € H. The observation that Upsilon should be viewed as an automorphism on B is key to
generalizing to the non-special Jordan setting, as well as to the non-associative setting more generally [34].

Let us see how Y works in the example of the Standard Model. Since a unitary element of
C(M, Agy) is a function with values in U(Agy), we only need to examine the finite part of the
model. The finite Hilbert space is then

Hp = Clou ® Clojour ® Cy @ CV (6)

weak colour

where Cgveak is the weak isospin space, the colour space (C‘Clolor is C* =Cp @ (Cfigb, where ‘:lep_)—
tonicity” is seen as a fourth colour, and the chirality space C, is generated by the letters R, L, R, L.
The last factor C¥ is the generation space, where N is usually equals to 3. The finite representation

mr : Asm — End(Hp) is

A0

ﬂp()\,q,m) = [(0 )\*> ®14,q® 14, A0 @ 19 @ m, A1y B 19 ®m] ® 1N (7)
where [A, B, C, D] denotes a matrix which is block-diagonal with respect to the chirality space.

The real structure Jp acts trivially on C2_, and C1 |~ and it acts as (R,L,R,L) + (R,L,R, L)

on the basis of (Ci. Hence Jr[A, B, C, D]JEl = [C*, D*, A*, B*]. Now if u = (e, ¢,m) is a unitary

element of Agy, with ¢ € SU(2) and m € U(3), we have

1 0 e 0 N «
T(u) =| 0 -2 @ 0 it @m* ge”" dgem* ce,cc] @1y (8)

where c.c. means that the last two blocks are the complex conjugate of the first two. To get
rid of the extra U(1) we impose the unimodularity condition det(mr(u)) = 1. This is equivalent

(up to a finite abelian group, which we neglect here) to ask m to be of the form m = e~ 0/3

g € SU(3), and () becomes

g, with

1 0 M3 o i i0)3 o
T(u) = 0 20 & 0 o—2i0/3 ®g g @qe"P @ g* ce,ce] @ 1N 9)

where ¢* is a generic element of SU(3). We see that this yields the correct representation of
the gauge group, which is remarkable. Nonetheless, we would prefer to obtain the unimodularity
condition in a natural way rather than by simply imposing it by hand. This would be possible
if the finite algebra Ap was complex and wp a complex representation. Indeed, we would have
Y (e%u) = e¥n(u)Jer(u)J™1 = Y(u), so that T would yield a representation of U(Ar)/U(1),
which can be identified up to a finite center with SU(Apr). However, even ignoring the problem of
the algebra H, we could not have C act differently on up and down right-handed leptons in (), and
thus we would not end up with the correct hypercharges. It thus seem that, as far as this problem
is concerned, we have come to a dead end .

Tn the case of the Standard Model, the unimodularity condition is equivalent to the cancellation of quantum



3 Algebraic backgrounds

Pre-spectral triples have been in use implicitly in noncommutative geometry since the first particle
models were defined, but have been investigated explicitly only recently [5]. A number of problems
have been found. To understand them, let us consider the case of pure gravity on a manifold. Since
we have a Hilbert space of spinors, we will consider tetradic gravity on a spin manifold. Pre-spectral
triple automorphisms should correspond to the symmetries of this theory, i.e. to diffeomorphisms
coupled with lifts of the spin group (sometimes called local Lorentz transformations in physics).
However, they do not: as soon as dim(M) > 6 there are extra local automorphisms [5]. It means
that we are missing a background structure, left invariant by the true automorphisms. We can
understand what it is by considering the algebraic definition of the spin group. Let g be a metric (of
possibly indefinite signature) on R™, with n even. Let us embed R™ in the complex Clifford algebra
CI(R™, g). The latter is equipped with a natural bilinear form g extending g, a real structure J and
a chirality x (see [] for details). Moreover the spin group Spin(g) precisely contains the elements
u of CI(R™, g) such that :

1. w is unitary,
2. w commutes with J and y,

3. Ad, leaves R" invariant.

If we translate these conditions in the case of the canonical spectral triple over a spin manifold,
we obtain a pre-spectral triple automorphism with an additional property: it leaves the bimodule
of 1-forms Q}:)A invariant. Despite the notation and equation (), the latter does not really depend
on D, but rather on the differential and spin structure. This motivates us to define a new
structure, falling in between a pre-spectral triple and a spectral triple, and which we call an algebraic
background.

Definition 2. An algebraic background (or background for short) is a pre-spectral triple equipped
with an A-bimodule Q1 which is odd2 (i.e. it anticommutes with x ). A background automorphism
is a pre-spectral triple automorphism U such that UQ'U™! = Q1.

With this definition, automorphisms of the canonical background over a manifold bijectively cor-
respond to products of diffeomorphisms with local Lorentz transformations, as expected. Moreover,
in the case of the Standard Model background, we find in addition to the latter the gauge transfor-
mations as well as gauged B-L symmetries [6] [30, §4.2]. There are many more pre-spectral triple
automorphisms in this case, notably flavour changing symmetries. Note that T (u) is a background
automorphism provided

7(u)° (w1t = QF (10)

anomalies. We could thus argue that the extra U(1) is an artefact of the classical theory. Unfortunately this
equivalence does not hold for all particle models.

1 On a Riemannian manifold it is possible to define spin structures independently of the metric [26]. An even more
straightforward solution is available (in any signature) if the manifold is parallelizable [5].

12Tt must also have a non-trivial configuration space, see definition Bl below.



which is a weaker condition than C4, so we call it weak Cy. An example of a model in which
(4 fails while weak Cy continues to hold can be found in [I0], in which a B — L extension of the
standard model was obtained by enlarging the standard model coordinate algebra. We will discuss
the relationship between C7 and symmetries in more detail in section [7l

Let us summarize this section so far with the following analogy: just as GR is not defined on a
Riemannian manifold, but on the configuration space of all metrics compatible with the differential
structure of the background manifold, a generalized gravity model in NCG cannot be defined on
a spectral triple, but instead on the configuration space of all Dirac operators compatible with a
more primitive structure not including the Dirac operator. There are two options (as of yet): pre-
spectral triples and algebraic backgrounds. We prefer the latter since it gives better results as far as
automorphisms are concerned. Hence we will view algebraic backgrounds as the noncommutative
equivalent of the background manifold with its differential (and spin) structure. It should be noted

that no reconstruction theorem in the spirit of [24] has been proven to date for this structur.

4 Configuration space and fluctuations

Algebraic backgrounds, or, for that matter, pre-spectral triples, permit one to define a configuration
space for a generalized gravity theory in a natural way.

Definition 3. The configuration space of an algebraic background is the space of all operators D
satisfying the conditions in the definition of a spectral triple and such that Q}:)A c QY. If D is such
that Q}jA = Q' we say that D is regular. If there exists a reqular D on a background, we say that
the background is reqular.

The configuration space of a pre-spectral triple can be similarly defined, except that the condition
Q}jA C Q! is replaced with C. It is worthy of note that the two definitions give the same result in
the case of a manifold (compare [39], chapter 11 and [5]).

The configuration space of a background or pre-sprectral triple is immediately checked to be
invariant under the relevant automorphisms. In particular, if D is a Dirac operator and u is a
unitary element of the algebra, then Y (u)DY (u)~! is a Dirac operator. Let us write it in the form
D + F,, where

F,:=Y(u)DY(u)'-D (11)

is called an inner fluctuation of D, since it is associated to an inner automorphism of the algebra,
while a Dirac operator like D + F), is called a fluctuated Dirac. It is from such fluctuations that
non-gravitational bosonic fields arise in noncommutative geometry. Physically, fluctuations like (IT])
only yield pure gauge fields, so we need a larger space. The standard choice is D + Fp, where

Fp ={w+uwwe O w =w}. (12)

An element of Fp is a called a (general) fluctuation. If we neglect gravity, it is enough to define the
physical theory on a subspace of the configuration space containing all fluctuated Dirac operators

However, in the commutative and finite case, an algebraic background encodes a finite graph [7] while a pre-
spectral triple only encodes a set of points, and it is known that giving a differential structure to a finite set is
equivalent to turning it into a graph [28§].



D + F, where F € Fp, and with a fixed D (corresponding for instance to the Minkowski metric).
We can justify the choice given in Eq. (I2)), by observing that fluctuations given in (IIJ) are indeed
of the form w + w®, with w = 7(u)[D, 7(u)~!], and that D + Fp is an affine space invariant under
the relevant symmetries, namely the background automorphisms fixing D. Also observe that if
u = exp(a), with a’ = —a, then Fp contains [D, w(a)] 4 [D, 7(a)]® which is the infinitesimal version
of (II)). Note that ad, is an inner derivation of A which commutes with the s-operation, and
that such derivations exponentiate to s-automorphisms. There is thus the following commutative

diagram:
Autpn(A) 21— U(A) — L= U(A) (13)
oxpT oxpT expT
ad de Y
Derpn (A) <— Skew(A) —— G(A)

where have used the following notations: Skew(A) is the space of anti-selfadjoint elements
of A, U(A) is T(U(A)) (and is a subgroup of Aut(S) which we can call the subgroup of gauge
transformations), d. Y (a) = a—a? is the differential of Y at the identity, and G(A) := d. T (Skew(.A))
is the space of infinitesimal gauge transformations. Note that both ¢(.A) and G(A) act on Fp thanks
to the bimodule structure of Q1. However, since the arrows on the left cannot be inversed (because
of central elements), we cannot make the Auty,,(A) or Derp,,(A) directly act on fluctuations.

5 Preliminaries on Jordan algebras

5.1 Generalities

A (real) Jordan algebr is a real vector space A equipped with a bilinear, commutative product o
satisfying the Jordan identity [1]:

Va,be A, (a*>ob)oa=a’0(boa) (14)

Note that while Jordan algebras are in general not associative, every Jordan algebra is power
associative, i.e. ¢’ has an unambiguous meaning for all n € N. All the Jordan algebras considered
in this paper will be unital.

Let A be an associative algebra equipped with the product

1
aob= §(Qb+ba) (15)

and let A be a real subspace of A stable under o (an important example is when A is a *-algebra and
A is the space of selfadjoint elements). Then (A, o) is a Jordan algebra. A Jordan algebra isomorphic
to one of this kind is called special, otherwise it is called exceptional. We will be primarily interested
in the special case in this paper.

Let us now introduce some notations and examples. For K =R, C,H and n € N*, we denote by
H, (K) the Jordan algebra of selfadjoint elements of M, (K). We similarly define H3(Q) where O is
the non-associative algebra of octonions. It turns out that H3(Q) is a Jordan algebra (called the

1411 this paper we will only consider real Jordan algebras.

10



Albert algebra), which is exceptional. Let us also introduce the spin factor JSpin(n), which is the

sub-Jordan algebra generated by R"™ in the Clifford algebra CI(R"™, g), where ¢ is the canonical scalar

product, equipped with (I3]). It is thus generated by vectors of R™ with the product wov = g(u,v).
Let us now introduce Jordan-Banach algebras (or JB-algebras).

Definition 4. A JB algebra is a normed Jordan algebra A which is complete in the norm and
satisfies, for all a,b € A,

1. flac bl < flallt],
2. [la®|| = [lalf?,
3. [la?|| < [la® + 8.

The main example of a JB alebra is the selfadjoint part of a C*-algebra equipped with the
symmetrized product given in Eq. (IH). Just as with C*-algebras, JB algebras admit a continuous
functional calculus. Moreover, just as commutative C*-algebras correspond to algebras of complex
functions on compact Hausdorff spaces by the Gelfand transform, the same is true of associative
JB algebras. More precisely, a JB algebra is associative iff it is isomorphic to the algebra of real
functions on a compact Hausdorff space (see [35] and references therein for a more in depth discussion
of the relationship between JB algebras and C*-algebras). Finite-dimensional JB algebras can be
completely classified.

Theorem 1. FEvery finite-dimensional JB-algebra is a direct sum of ones on this list:
1. Hy(K) for K=R,C or H,
2. JSpin(n),
3. Hs(0).

Remark Note that the same theorem holds for finite-dimensional formally real Jordan algebra, i.e. Jordan
algebras such that a3 +...4+ai =0=a; = ... = a; = 0 for a any sum of squares.

The following definitions can be foun in [41], chap. 2.

Definition 5. Let A be a Jordan algebra and A be an associative algebra. A linear map o : A — A
15 called

1. an associative specialization of A in A if for all a,b € A,

o(aob)=oc(a)oao(b) (16)

2. o multiplicative specialization of A in A if for all a,b € A,

[o(a), o(a®)] 0,
20(a)o(b)o(a) + o(a®>ob) = 20(aob)o(a)+ o(a®)o(b) (17)

5 Except for a reversal in the products due to a different convention for map composition.
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Theorem 2. Let 01 and oa be two associative specializations of A in A such that [01(A),02(A)] = 0.
Then p = %(01 + 09) is a multiplicative specialization of A in A.

An immediate corollary is that % times an associative specialization is automatically a multiplica-
tive specialization, so that the latter are more or less a generalization of the former. A specialization
in End(H), will be called a representation. The reason for such a terminology is the relationship
between multiplicative representations and Jordan modules. There is a general theory for modules
over non-associative algebras [32]. In the Jordan case this boils down to the following definition.

Definition 6. Let A be a Jordan algebra, H be a vector space and S : A — End(H) be a linear
map. Let o be the bilinear product on A @& H extending o on A and such that a o h = hoa = Syh,
hoh/ =0, for alla € A, h,h' € H. We say that (H,S) is a Jordan module if (A® H, o) is a Jordan
algebra.

Theorem 3. With the notations of definition[@, (H,S) is a Jordan module iff S is a multiplicative
representation.

An equivalent requirement is [16]:

[Saa Sboc] + [Sca Saob] + [Sby Scoa] — 07
SaSpSe + SeSpSa + S(ac)b = S54Sbc + SpSac + ScSabs (18)

which is obtained by linearization of (IT7)). Summing all the cyclic permutations of the second
equation in (I8) and using Jacobi’s identity also entails

[[Srvsy]7sz] = S[y,z,x}7 (19)

where the associator is defined to be [z,y, z] := (zy)z — z(yz). We will make extensive use of (I9)
in what follows. Note also the following natural properties.

Proposition 1. Let A be a Jordan algebra and A’ be a subalgebra. Then A is an A’ -module for the
action Lob=aob.

A Jordan algebra is thus a Jordan module over itself.

Proposition 2. Let A, A" be Jordan algebras and (H,S) be a A’-module. Let ¢ : A — A’ be a
homomorphism. Then (H,S o ¢) is an A-module.

It follows from this that if o is an associative representation of A on H, then B(H) is an A-
module for the action S,T" = o(a) o T, with T" € B(H). The reason is that (B(H),o) is a Jordan
algebra, hence a Jordan module over itself.

Let (H,S) and (H',S’) be two modules over A and f : H — H’ be a linear map. Then f is
defined to be a module homomorphism, or module map, iff f(S,h) = S, f(h) for all (a,h) € Ax H.
This is equivalent to requiring Id @ f to be a homomorphism from A @ H to A@® H' seen as Jordan
algebras. The image and kernel of module maps are submodules, the quotient of a module by
a submodule is a module: all of these results extend without change from the associative to the
Jordan case. However care must be taken with the tensor product in the non-associative setting.
For instance, let M be a vector space. We want to define the free A-module generated by M

12



to be an A-module (M),4 with a linear inclusion map ¢ : M — (M), satisfying the following
universal property: for all A-modules H and linear maps f : M — H, there exists a module map
f: (M) 4 — H extending f, i.e. such that the following diagram commutes:

M (20)

K
(M)s —H

For an associative algebra A, such an object exists and can be taken to be A ®gr M, with
inclusion map m +— 1 ® m. The extension of f is defined by f(a ® m) = af(m). However, when
A is not associative this fails to be a module map. We do not know if there exists an object with
the universal property (20)) in all generality in the Jordan category, however we provide below a
solution in the special case, which will be useful in section [l when defining universal 1-forms. Let
A be special Jordan algebra embedded in an associative algebra A. If there is no natural choice
for A in the context at hand, one can always consider the universal associative enveloppe of A [41].
A special Jordan module for A will be an A-module (H,S) which is also an A-bimodule with
Seh = %(a-h+h-a) for all (a,h) € A x H (see also [41], p 100). Now for any vector space M,
let (M)4:= A® AP ® M, where the superscript opp denotes the opposite algebra. We have the
inclusion map m — 1 ® 1 ® m, and it is easy to see that (M) 4 is canonically an .4-bimodule with
the following universal property: for any linear map f : M — H, with H an A-bimodule, there
exists a bimodule map f such that

M (21)

lb\
i
(Myy ——H
commute. Being an A-bimodule, (M) 4 is also an A-module containing M. We define (M) 4 to be

the sub-A-module of (M) 4 generated by M. We call it the special free A-module generated by M.
Since f satisfies, for all a € A and m € M:

f(Sym) = f(a'm—l—m-a)
(

f(a)m +mf(a))
of(m) (22)

NN N =

it is an A-module map. Hence (M) 4 satisfies the universal property (20) for all special Jordan
module H and linear map f. Its universal property then makes it unique up to isomorphism, as is
usual.

5.2 Derivations and automorphisms of JB algebras

We start by recalling some facts about order-derivations. The following definition was introduced

in [22] (see also [I).

Definition 7. A bounded linear operator 6 on a JB-algebra A is called an order derivation if for
allt € R, e?(AT) C At, where A% is the subset of positive elements of A.
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Note that in that case, ?® will be an order automorphism, i.e. a bijective linear map ¢ such that
¢ and ¢~ preserve order. From proposition [I every Jordan algebra acts as a module over itself.
For every x in a Jordan algebra A, we write L, for the Jordan multiplication by x, i.e. L,y =zoy
for z,y € A. In this case, L, is an order-derivation.

Definition 8. An order-derivation on a unital JB-algebra A is called self-adjoint iff it is of the form
L, for some a € A, and it is called skew, if §(1) = 0.

Proposition 3. The set Der(A) of order-derivations of a JB-algebra A is norm closed and closed
under the Lie bracket. Moreover, it is the direct sum Der(A)gq @ Der(A)skew of the real subpaces of
selfadjoint and skew order-derivations.

Proof. See [1I] prop. 1.59 and 1.60. O

Using the fact that unital order automorphisms are Jordan automorphisms (see [I], Th. 2.80),
it is possible to give the following characterization of skew derivations:

Proposition 4. Let A be JB-algebra and § an order derivation on A. The following are equivalent:
1. 0 is skew,
2. Yt € R, €' is a Jordan automorphism,
8. 0 is a Jordan derivation,

where a Jordan automorphism on a Jordan algebra A is an invertible linear map o : A — A, which
respects the product on A:

a(ab) = a(a)a(d), (23)
and a Jordan derivation is a linear map 6 : A — A, which satisfies the Leibniz rule:
0(ab) = d(a)b+ ad(b). (24)

Definition 9. An inner derivation of A is a Jordan derivation of the form

0= Z[LawLbi]‘

The Lie algebra of inner derivation will be denoted by Derpy,,(A).

The above definition for inner derivations is standard, and generalizes to all Jordan algebras.
Similarly, we have the following definition.

Definition 10. The group Auty,,(A) of inner automorphisms of A is by definition the subgroup of
order automorphisms of A generated by exponentionals of inner derivations.

The next definition can be found in [45].

Definition 11. The Lie multiplication algebra M (A) is the sub-Lie algebra of End(A) generated
by the operators L,, a € A.
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The Lie multiplication is equal to the direct sum Der(A)s, @ Deryy,,(A). If A is finite-dimensional
(or more generally if it is a JBW algebra, see [1] for the definition), then M (A) = Der(A).
We will now apply the previous concepts to the case where A has an associative representation

in a Hilbert space.

Definition 12. Let m: A — B(H) be an associative representation of the Jordan algebra A. Then
we define Lier(A) to be the Lie algebra generated by w(A) in B(H).

To prove the next proposition we need to recall that for z,y € w(A),

1

[La, Ly] = ady (25)

z,y]

Proposition 5. Lie;(A) = n(A)®[r(A), 7(A)]. Moreover [r(A),[r(A),n(A)]] C w(A) and [r(A), 7(A)]

1 a Lie subalgebra.

Proof. Let x,y, z,t € w(A). Then [z, [y, z]] = —4[S,, Sz by 23]). Hence [z, [y, 2]] = —4yo(zo0x)+
4z0(yox) € m(A) since w(A) is a Jordan algebra. Moreover [[z, 9], [2,t]] = [[[z,y], 2], t] + [z, [z, y], t]]
by Jacobi’s identity. Now [[x,y], z] and [[z,y],t] are both in 7(A) by the above, hence [[z, ], [z,t]] €
[m(A), 7(A)]. This proves the result by linearity. O

For all a,g,r € B(H) let us define adj(x) and Adj(z) respectively by

ad’(z) = ax + zal, Adg(r) = gzg' (26)

Note that Adj is the natural action of g on B(H) if elements of B(H) are interpreted as
sesquilinear forms through = — (., z.), rather than operators on H.

Proposition 6. ad, defines a Lie homomorphism from Lier(A) onto M (w(A)) C Der(n(A)).

Proof. Note that if a = af, ad} = 2L, and if a = —a', ad} = ad,, so that ad is always an order
derivation of w(A). A direct computation shows that adp, yz = [a, blz + z[a, b]f = [ad, ad}]e. O

Note that by definition, the image of m(A) is Der(m(A))s, and the image of [m(A),7(A)] is
Derjpn(m(A)). In the cases of interest, ™ will be faithful so that ad* can be thought of as a surjective
morphism from Lie;(A) to M(A), sending an operator on H to an operator on A. In the case that

interests us the most, it is 1-1.

Proposition 7. Let A be finite-dimensional or of the form C(M, Ar) where Ap is finite-dimensional
and M is a Hausdorff space. Then ad* : Liey(A) — M(w(A)) is an isomorphism. In particular,
ad : [1(A), 7(A)] = Dermn(7(A)) is an isomorphism, whose inverse will be denoted by a.

Proof. First let us observe than an element z € ker ad* is skew, since ad*(1) = z+2' = 0. Now if A is
finite-dimensional, and z = ), [x;, y;] € ker(ad), then z will commute with the C*-algebra generated
by m(A) and hence 6(z) will be a multiple of the identity for every irreducible representation € of
A. Since Tr(0(z)) = 0, we have 0(z) = 0 for all # irreducible, hence z = 0.

In the second case, if g € kerad®, then ¢ is skew for the same reason as above. Hence g €
C(M,[n(AF),m(AF)]) such that for every f € A and every x € M, [g(z), f(z)] = 0. In particular if f
is constant, we see that g(z) commutes with 7(Ar), so that the above argument yields g(x) =0. O
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Remark In the general infinite-dimensional case we can say the following : if [z, y] € ker ad then [[z, y], 2] =
0 which implies that [x,y] is quasi-nilpotent (Kleinecke-Shirokov theorem), hence [z,y] = 0 since i[z,y] is
selfadjoint. We do not know however if this result extends to sums of commutators.

Now let us define the group Lier(A), which is generated by exp(Lier(A)), and its subgroup
U(A) which is also a subgroup of U(H) and is generated by exp([m(A),7(A)]). Then the following
diagram commutes:

Attt orger (1(A))— Lier (A) (27)

expT expT

M(n(A) <2 Lie,(A)

Over the subalgebra [7(A), 7(A)], 1) reduces to:

Aty (r(A)) 24— U(4) (28)

expT expT

Dertn (m(A)) <2 [1(A), (A)]

When ad is 1 — 1, since exp also is near the identity, we can infer that Ad will be invertible near
1. In this case we obtain the following commutative diagram, where the wriggling arrow is defined
near the identity.

Autyp, (m(A)) U(A) (29)

expT expT

Derin(m(A)) —— [r(A), 7(A)]

6 Jordan background and triples

After these preliminaries we come to the main course. We begin in this section with special Jordan
triples, leaving the discussion of the generalization to the exceptional case for section

Definition 13. A (real, even) special Jordan triple is gadget T = (A, H, 7, D, x,J) such that
1. A is a special Jordan algebra,

2. H is a Hilbert space,

o

7w 18 a faithful associative representation of A,

. m(A) is a JB algebra,

BN

5. D, J and x are the usual things, with the usual conditions (in particular CO, but not C1 yet),

6. For alla € A, [D,w(a)] is well-defined and bounded.

Remark We need to be careful here as A (whose elements plays the role of differentiable functions) is not
a JB-algebra as in section Bl However, it can readily be checked that the main result of this section, namely
proposition [7] still holds with an algebra of the form C*>°(M, Ar), with an unchanged proof.

16



We now turn to 1-forms. There is a standard way to construct a graded algebra of differential
forms Q4A from an algebra A, which continues to make sense in the Jordan setting [I6]. In this
paper we will not consider forms of degree higher than one. We obviously have QSA = A. We want
the space chlA of one-forms to be generated, as a Jordan A-module, by symbols dla], a € A, with
relations

dlaob] =d[a] ob+ aod[b], Va,b € A, (30)
dlaa + Bb] = ad[a] + Bd[b], Va,be A, a,f €R, (31)

where the product ‘o’ is symmetric and satisfies the Jordan identity. That is, we want d : Q44 —
QLA to be a derivation. A generic element w € QLA is a finite sum of the form

w= a0 (az0 (..(an—1 0 dlan)))) (32)

with a; € Q?lA. Here is an explicit construction of QtliA. We first consider the vector space dA =
A/R.14 and call d the quotient map. We now make use of the fact that A is a special Jordan
algebra embedded in End(H) and consider the special free module (dA)4 defined in section Bl We
let R be the sub-module of (dA)4 generated by d(a o b) — d(a) ob— aod(b) for all a,b € A, and
finally we set QLA := (dA)4/R. By construction it is an A-module and d has been extended to a
derivation of A into it. Moreover, it satisfies the following universal property.

Theorem 4. Let M be any special A-module and § : A — M be a derivation. Then there exists an
A-module map p : QtliA — M such that the following diagram commute:

A (33)

N

QAL M

Proof. For all a € A we set p(da) := §(a). This is well-defined because d annihilates constants.
Since d and d are linear, p also is, and we thus have a well-defined linear map p : dA — M. By the
universal property (20) of (dA)4, we obtain a module map which we still call p from (dA)4 to M.
Since 0 is a derivation, R is in the kernel of p which thus goes to the quotient, ending the proof. [

For this reason, elements of QLA will be called (special) universal 1-forms. Note that a module
of universal forms in the above sense has been constructed in [16] for the Albert algebra (using a
different approach), so that this work is complementary to ours in this respect. Now, we can make
use of the previous theorem to define two natural representations of 1-forms on H. First, we observe
that since 7 is an associative representation, the map

d(a) :== [D,n(a)] (34)

is a derivation of A into End(H), so that by the universal property of Q}lA there exists a well-defined
module map p such that
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p(da) = [D, w(a)], a€ A (35)

We will write 7(da) instead of p(da) since no confusion should arise. We let QLA be the image of
this map 7. In other words, QhLA is given by the Jordan A-submodule of End(H) generated by
{[D,7(a)],a € A}. Following the definition of an associative representation given in Eq. (I0), a
general element in Q1,4 is then given by

(a1 o (az o ((an—1 0 dlan])))) = Y (@) o (w(az) o (-..(mw(an-1) o [D,w(az)]))  (36)

For the case in which QA = A is a special Jordan algebra, we will continue to refer to the
corresponding differential, graded, Jordan algebras Q = QA @ Q'A @ ... as ‘special’. Notice that
the above definition collapses to the standard and familiar form when dealing with associative,
Jordan algebras (e.g. in the canonical setting of a Riemannian manifold). Note, furthermore, that
because Q})A acts as a Jordan module over A, it will also act naturally as a Lie module over
Derrpn(A) for the exact same reasons that H acts as a Lie module over Derpy,,(A).

Furthermore, there is another perfectly natural representation of universal 1-forms on H based
on changing the embedding of A in End(H) from 7 to w°. This will yield a module map p such
that p(da) = [D,7°(a)]. We will also write it 7 instead of p, but this time we need to be careful
since °(da) = [D°, w(a)’] = —[D,n(a)]° = —mw(da)®, so that 7° is not the composition of m with o
on 1-forms.

Definition 14. A (real, even) special Jordan background is a gadget B = (A, H,7,Q% x,J) such
that

1. A is a special Jordan algebra,
2. H is a Hilbert space,

3. 7w is a faithful associative representation of A,

4. w(A) is a JB algebra,
5. J and x are the usual things, with the usual conditions (in particular Cy),

6. Q' is a m(A)-module for the Jordan multiplication, whose elements anticommute with x.

Just as in section 2] a Dirac operator for B is an operator D such that (A, H,7,D,x,J) is a
Jordan triple and Q})A C QL. The configuration space and automorphisms are also defined exactly
as in the associative case.

Condition Cy has a very important interpretation in the Jordan setting.

Proposition 8. The ‘symmetrized’ action S = %(71' + 1°) is a multiplicative representation of A on

H.

Proof. We already know that 7 is an associative representation. Let us prove that «¢ also is: for
all a,b € A we have 1°(aob) = (a0 b)’ = (n(a) o m(b))® = 7°(b) o m°(a) = 7°(a) o w°(b) since
o is commutative. Now 7 and ¢ satisfy the hypotheses of Theorem [2] by Cp, and the proposition
follows. O
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Condition C} is generalized without change, it reads [m(a), 7(w)°] = 0 or equivalently [7(a)?, 7(w)]
0 for all @ € A and w € Q. Unless specified otherwise, we will generally prefer to use the infinites-

imal version of condition weak C;:

[[m(4), m(4)]°, Q" c Q) (weak C)

We will see in proposition [I0 below that weak C keeps the same meaning as in the associative
case.

We will have more to say about the manifestations of the order 0 and 1 conditions in the Jordan
setting in section [§] but for now let us take a closer look at the manifold case. We suppose M to
be parallelizable and we define the canonical Jordan background over M to be the same as in the
associative setting, which makes sense since the algebra A = C*°(M) is associative. Let us quickly
recall the construction. We pick a moving frame (e,). It defines a metric gy and a spin structure at
the same time. In particular it defines the Clifford mapping . Note that gy is not a background
structure since it is not fixed by the automorphisms. The definition of Jys, xar and Q}, are the

same as usual [5]. In particular

Ql; = {iv(a)|a is a real smooth 1-form on M}. (37)

and Dy, the canonical Dirac operator associated with eg is a regular Dirac operator. Note that,
since Jp; anticommutes with ¢ and with Clifford elements of odd degree, it commutes with the
elements of Q}w, and since those are anti-selfadjoint, they are self-opposite, a fact which will be

useful in section

7 Lifted inner automorphisms and minimal fluctuations

In this section we seek to define a fluctuation space Fp for Jordan spectral triples. In order to do
this, we first guess the correct algebraic structure of this fluctuation space, basing ourselves on 3 first
principles. As we have recalled in section 2] in the associative case the fluctuation space is a certain
affine space containing pure gauge flucutations ([II]) and which is stable under automorphisms. Pure
gauge fluctuations are associated to inner automorphisms of the algebra, though not in a 1-1 way:
this is the reason why the left arrows in diagram (I3]) go in the wrong direction. In the Jordan case,
we can actually do better thanks to diagram (29) and obtain the following:

Aty (m(A)) U(A) ——u(A) (38)

exp T exp T exp T

deY

Derm (m(A)) —— [r(A), 7(A)] — G(A4)
The notations are the same as in section2] namely ¢(A) := T(U(A)) and G(A) := d.Y([r(A),7(A)])
For the sake of clarity, let us follow the bottom line in detail. We start with 6 € Derp,, (w(A)). It

is of the form 6 = ad(as) where
1
a5 = § > Im(a),m(by)] (39)

7
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is a uniquely defined element of [r(A),7(A)] thanks to proposition [[1 Then d.Y(as) = a5 +
JasJ ™' = a5 — a3. Now observe that as — a3 = >_;[S(a;), S(b;)] by Cp. Hence we obtain:

Proposition 9. One has G(A) = [S(A), S(A)].
Proposition 10. Under weak C1, U(A) is a subgroup of the automorphism group of B.

Proof. Let Y(u) € U(A). Tt is clear that it is unitary and commutes with x and J. More-
over, Ady(,)(m(A)) = Ad(u)(m(A)) = 7(A) by Co. Finally, let us write u = exp(zy) . .. exp(z1),
z1,...,xp € [1(A),7(A)], and let w € Q'. Then Ady(,)(w) = Ad(,-1)o(Ady(w)) by Co. Now

Adu(w) = Adexp(mk)(’ .. (Adoxp(gcl)(w) .. )
= exp(adg, (... (exp(ady, (w)...) (40)

Since ! is stable under the adjoint action of [r(A),7(A)] C Lie,(A) by definition, we have Ad,, (w) €
Q. By weak C1, Q! is also a [r(A), 7(A)]°-module, and we can repeat the same proof to show that
Ad(u—l)o(Adu(W)) c QL. ]

As can be seen from proposition [I0, diagram (B8]) can be completed as the commutative cube:

Auty, ((A)) vl U(A) (41)
Id A
| T
Auty, (m(A)) U(A)
exp : exp
|
Derppn(m(A4)) <= == = == === - - [5(A4),5(A4)]
exp a_ -7 exp deY
Deripn(m(A)) . [r(A), 7(A)]
For instance, the path followed by the inner derivation [Ly (), Lx@)] is:
1 1 1 .
[Lr(a)s Lrw)] Z[W(a)yﬂ(b)] = Z[W(a)yﬂ(b)]—z[W(a)yﬂ(b)] = ad%[ﬂ(a),ﬂ(b)]_%[w(a)ﬂr(b)}o = [La(a) Lr(p)]
(42)

Note that Ad and ad could as well be replaced with Ad* and ad*.

Remark When proposition [7 holds, all the arrows in the bottom face of the cube (#I]) are isomorphisms, in
particular d.Y. It means that there cannot be non-trivial self-opposite elements in [7(A),7(A)]. Note that
the situation for associative backgrounds is much more involved (see [6]).

Now let us come to the fluctuation space Fp. We want to guess what this space is basing

ourselves on the following postulates:

1. It is a real vector space.
2. It contains the pure gauge fluctuations UDU ™1 — D for all U € U(A).

3. For all F' € Fp, fD-{-F C Fp.
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The third postulate says that “a fluctuation of a fluctuated Dirac is a fluctuation of the original
Dirac”. This property holds in the associative case and seems desirable to maintain. However we
could think of requiring instead a minimality property like the following one:

3. Fp is generated as a vector space by 2.

Later on we will see that the system 1,2,3’ is actually stronger than 1,2,3. But first we prove
the following result:

Proposition 11. If Fp satisfies either 1,2,3 or 1,2,3, then it satisfies
4. forall F € Fp and U € U(A), Ady(F) € Fp.

Proof. By 2, Adyy (D) — D and Ady (D) — D are both in Fp, hence their difference Ady (Ady (D) —
D) € Fp by 1. By linearity this shows that 1,2,3" implies 4.

Now let F' € Fp. Then Ady(D+ F) — (D + F) € Fpyr by 2. If 3 holds, it is also in Fp. Thus
(Ady (D) — D) + Ady(F) — F € Fp. But Ady(D) — D € Fp by 2 and F' € Fp by hypothesis.
Hence Ady(F') € Fp by 1. O

Proposition 12. 1,2,3' = 3.

Proof. Let F € Fp. By 3’ a general element of Fp,p is a linear combination of Ady,(D + F) —
(D + F) = (Ady,(D) — D) + Ady,(F) — F. The first summand is in Fp by 2, the third one by
hypothesis, and the middle one by the previous proposition. Hence by 1, Fpir C Fp. O

In this section we will investigate a minimal fluctuation space consistent with the stronger set of
axioms 1,2,3’. In the next section we will consider more general fluctuations consistent with 1,2,3
for the case in which C7 holds. Proposition [l tells us that Fp is an invariant space for the adjoint
representation of U(A) on B(H). If Fp is closed we obtain by differentiation that Fp is a module
over the Lie algebra G(A) = [S(A), S(A)] for the action ad. Moreover it contains ady(D) for all
h € [S(A),S(A)]. All of this suggest the following possible definition:

Definition 15. The minimal fluctuation space Fp is the Lie module over G(A) generated by ele-
ments of the form [0, D], for § € G(A).

Remark Since 7 is faithful, the fluctuation space Fp is also a Lie module over inner derivations of A.
Conversely, it is easy to see that with definition M5 1,2,3 hold. First, property 1 holds by

definition. Let us prove 2. If U = exp(h) with h € G(A), then UDU 1 —D =372 | %adﬁ(D) € Fp.

Suppose we have proved the result for any U which is a product of n — 1 exponentials and let

V =exp(h)U. Then

VDV™ =D = Adeqyny(UDU™ = D) + Adespny (D) = D

1
= > Hadﬁj(UDU—1 — D)+ UDU " = D+ Adexyn)(D) — D € Fp  (43)
k=1

Property 2 follows by induction. Now let us prove 3. We let F' € Fp. Then ady(D + F) =
adp(D) + ady(F) € Fp. It follows that the submodule generated by D + F' is a subset of Fp.

Now that we have a well-motivated definition for the minimal fluctuation space, let us take a
closer look at the form they take. It will be a linear combination of terms 0 -...- 0y - D, for k > 1,
where - means the adjoint action and 6; = T; — T7 with T} € [w(A), 7(A)].
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Proposition 13. If weak C1 holds, D + Fp is a subspace of the configuration space.

Proof. We must prove that each D+ F with F' € Fp is a Dirac operator. All the required properties
are obviously satisfied except {[D + F,7(a)],a € A} C Q'. To see that it also holds under weak C1,
it suffices to show that for all a € A, [F,7(a)] € Q. We can suppose without loss of generality that
F'is of the form F =0 -... 01 - D, with §; =T; — T7 for k > 1, and Tj € [r(A),7(A)], as above.
By linearity we only need to consider the case F' = Ry -...- Ry - D with R; € [1(A),m(A)] or R; €
[r(A),m(A)]°, with j = 1,... k. If k = 1 then [r(a), F| = w(a)-R1-D = (w(a)-R1)-D+Ry-(m(a)-D)
by Jacobi’s identity. Now 7(a) - Ry is an element of w(A) if Ry € [r(A),7(A)] since adp, is a
derivation of 7(A), and it vanishes by Cy if Ry € [7(A),7(A)]°. On the other hand 7(a) - D € Q1
so that R; - (m(a) - D) also belongs to Q! using the fact that Q! is a both a [7(A),7(A)] and a
[r(A), 7(A)]°-module. Now suppose the property is proved for some k. By Jacobi again we have
a Rgy1-...-R1-D = Zfill Rii1-...(a-Rj)...- R -D. If Rj € [n(A),7(A)]°, the summand
vanishes by Cy. If R; € [7(A),7(A)] then a- R; € 7(A), and (a- R;)...- Ry - D € Q! by induction.
Then the summand belongs to Q! since Q! is a [r(A4), 7(A)] and a [7(A), 7(A)]°-module. O

Remark It is remarkable that proposition [[3 holds under weak C; alone in the Jordan case, whereas an
additional condition called weak C is needed in the associative case [10].

We have seen that definition [I6] entails properties 1, 2,3, and from proposition [[1lit follows that
Fp is always automorphism invariant. Now the same will be true for D+ Fp since U(D+ F)U ™! =
D+(UDU~'—~D)+UFU~!. Thus, under weak C;, D+ Fp is an automorphism invariant subspace
of the configuration space. This means that a particle model can consistently be defined on this
space.

The fluctuation space given by definition is the smallest one which respects the principles
we have set forth, among them gauge-invariance. Let us observe that our approach here differs
somewhat from what is usually done in the associative setting. The definition of the fluctuation space
given by Connes is not only guided by the physically well-motivated principle of gauge-invariance,
but by a deep generalization, namely Morita self-equivalence of spectral triples. Furthermore,
Connes’ fluctuation space is usually defined in the presence of C'1, with the story becoming somewhat
more complicated in the absence of C; [25]. As we are dealing with special Jordan triples satisfying
weak C7, and it is not clear what the analogue of Morita self-equivalence might be in the Jordan
setting, we opt for gauge-invariance and minimality. An obvious question is what this same approach
would yield in the associative setting. In the next section we consider the construction of more

general fluctuations for special Jordan triples that satisfy Cf.

8 Order conditions and general fluctuations

In previous sections we limited our discussion of the order conditions Cy and C;. In general we
will not restrict attention to geometries satisfying C, however it is important to understand the
implications that these conditions have, as many physically relevant and interesting geometries will
satisfy both conditions. In this section we take a closer look at special Jordan representations in
the presence of both Cy and C1, focusing in particular on their symmetries.

We begin with Cjy. Consider a (real, even) special, Jordan, pre-spectral triple B = (A, H, 7, x, J).
The representations 7 and 7° both individually satisfy the properties of an associative specialization.
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We have already seen (proposition []) that it is possible to form a new ‘symmetrized’ action S =
%(71' +7°) which satisfies all of the properties of a multiplicative representation. Following definition
[6, we therefore see that (H,S) is a Jordan module, or equivalently the pre-spectral triple can be
viewed as a Jordan algebra B = A @ H, where the bilinear product extends o on A such that
aoh =hoa = Ssh, hoh' =0, for all @ € A, h,h' € H. Note, that both J and y will
commute with the ‘symmetrized’ representation S = %(71' + 7°), a fact which has deep implications
for the construction of physical theories with Majorana fermions. In particular, notice that only
representations that commute with J are compatible with the Majorana condition JH = H. This
is a key motivation that underlies the construction of the standard model as a Jordan geometry
[13].

The meaning of Cjy is clear. Following theorem [l its imposition ensures that the symmetrized
action of A on H satisfies all of the properties of a Jordan action. The upshot is that for a ‘symmetric’
representation satisfying Co, B = A @ H will be a Jordan algebra, and following definition [l its
inner derivations will be of the form

§= Z[Lay Lb]7 (44)

where a,b € B and L, is the Jordan multiplication by a when acting on A and is equal to S, when
acting on H. Notice, however, that when either a or b is drawn from H, we have d,,h = 0 for all
h € H. Following definition [0 the inner automorphisms of B acting on H will therefore be of the
form a = €% € U(A), where 6 is constructed from elements from A, and not from B = A + H more
generally, i.e. € § € Q(A)IE. Inner automorphisms of B acting on H will therefore automatically
commute with both J and x (because the symmetric action on H commutes with both J and x).
In other words, Cy ensures that S is multiplicative, and as such that the symmetries of A can be
‘lifted” in a consistent way to the symmetrized representation of A on H.

Next, let’s consider the meaning of Cy. We restrict attention to expressions of degree one and
lower, meaning we will not consider the representation of products of forms on H. The representation
of higher order forms is an involved discussion even in the associative setting, and deserves a paper
in its own right. As a representation of higher order forms will not be necessary for deriving any of
the results in this paper, we will return to the discussion in a follow-up paper where we will show
that Jordan geometries are somewhat better behaved than associative geometries at higher order
(see, however, [I2L[I5] for a more involved discussion of Junk forms and the second order condition
in the associative setting).

We begin by equipping the pre-spectral triple B with a Dirac operator D, to form a special
Jordan triple T = (A, H, 7, D, x, J), that satisfies all of the usual properties. We observe that we
have a map 7 : A® QLA — End(H) such that 7 is an associative representation on 4 and a module
map on chlA. This means that 7 is an associative representation of the split null extension A@chlA
up to degree 1. Similarly 7° is an associative representation of A & Q}lA up to degree 1, and thanks
to Cy and C1, these two “representations” commute. Thus, by theorem 2 S = %(77 + 7°), will be a
multiplicative representation up to degree 1. Since one might feel uncomfortable using this theorem
“up to degree one”, we provide a formal proof below.

16The physical meaning of the derivation of the form 845, in which either a or b are elements in H, is an interesting
question, which is outside the scope of this paper.
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Proposition 14. The ‘symmetrized’ action of forms S = %(TF +7°) defined on A QLA satifies the
properties of a multiplicative specialization for all expressions up to degree 1.

Proof. We need to show that the linearization of equations (7)) given in equations (I8]) hold for
the case in which a single element a,b,c € QA is of degree 1, and the remaining elements are of
degree 0. We begin with the first equation:

[Saa Sbow] + [Sba Saow] + [Su.n Sboa] = _i[ﬂ-(a)v ﬂ'(b o w)o] + %[ﬂ-(a)ov W(b ° w)]

=0, (45)

for a,b € A, w € Q' A, where the first equality holds because as 7 and 7° are associative specializa-
tions, %71 and %77" satisfy the equation separately. The second equality holds due to C;. For the
second equation we find

| =

SaSwa + SwaSa + S(aw)b - Sasbw - SbSaw - Swsab = [ﬂ-(a)v 7-‘-(b)o]ﬂ-((“‘}) +

+  + o+
S 0|00l — ool oo

(46)

for a,b € A, and w € Q' A, where the first equality holds because %7? and %71'0 satisfy the equation
separately, and the second equality holds due to C. Similarly

S0SwSe + 56550 + Stacrs — SaSwe = SwSac — SeSa = %[ﬂ(w>°= m(a)lm(c) + é[”(“)o’ m(lr(a)
1 o o, 1 ° o
+ 2 [0 7 (@)l (0)° + Slm(e)*, w(w)]m(a)
+ %[ﬂ(a),ﬂ(c)oﬂ(w)o] + 1[7T(C)77T(a)077(°")0]
1 ° 1 o
+ g [r(@)7(w), 7(e)°] + glm(O)m(w), 7(a)°]
o (47)
for a,c € A, w € QLA. -

For special Jordan triples that satisfy C7, the symmetrized action of A on H therefore satisfies
the properties of a multiplicative specialization for all expressions of degree 1 and lower. In effect,
just as Cp extends the Jordan product o on A to all of B = A@® H as a Jordan product, the first
order condition Cy extends the product further as a Jordan product to 7 = A ® Q}:)A @ H, so long
as one restricts attention to expression of degree 1 or lower. The upshot is that for special Jordan
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triples satisfying C, we are able to extend the ‘degree zero’ inner derivations on B = A @ H to
include ‘degree one’ elements § : A® H — chl @ H, of the form

S [Las Lo, (48)

forae A, we chl. Following the same route as in (42]) yields the operator:

F =[S S (49)

Let it be clear that a rigorous justification of this step would require to define the full algebra
of forms, the extension of A by this algebra (in the spirit of [12]) and the upgrading of (@Il) to this
new setting, which is beyond the scope of this paper. Here we will be happy to observe that things
are working at first order, and take it as a motivation to consider operators of the form @9). It is
easy to show that they satisfy the Leibniz rule and in particular, following Eq. (I9):

[[SCH Sw]7 Sb] = S[w,b,a} (50)

for all a,b € A, and w € chlA' We denote the space of degree one derivation elements of the form
given in ([@9) by F,. Notice, that unlike at degree zero, these derivations are self-adjoint, commute
with J, and anti-commute with y.

We now turn to the discussion of Fluctuated Dirac operators in the presence of Cf.

Definition 16. Given a special Jordan Triple T = (A, H,w, D, x,J), we define the general fluctu-
ation space to be given by F,.

In addition to having Hermitian elements that commute with J, anti-commute with y, and map
zero forms to one forms through commutation, the fluctuation space F,, satisfies the three postulates
that we set out in the preceding section. In particular F,, is a real vector space that contains Fp,
and for all F € F,, Fpyr C Fp.

Proof. F, is a real vector space by definition, so we focus on the other two postulates. For the
second postulate, we have only to show that elements of the form d; -...- 9y - D, for kK > 1, are in
Fu. To begin with, for £k = 1 we have

[D7 [Sa7 Sb“ = [Sd[ab Sb] + [Sm Sd[b]] € Fu, (51)

for a,b € A, which follows directly from Eq. ([B5) and the definition of the symmetrized action.
Moreover, for all F' € F,, one has [[S,, S|, F| € F, by Jacobi’s identity and Eq. (B0). It then
follows that F, is a Lie module over G(A), and as a result all elements of the form oy - ... 01 - D
are in F,, proving the second postulate. Similarly, postulate 3 follows directly from Eq. (B0). O

Remark Finally, before closing this section, we make a brief comparison between F,, and the general
associative fluctuations given in Eq. (I2). The analogue of equation (@) in the associative setting is given

Tn this paper we will not consider derivations of the form .5, = [Lw, Ls] for h € H as they act trivially on H.
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6= La—Ra (52)

where @ € B, and where for a € A the ‘left action’ is given by L,a’ = aa’ and L,h = 7w(a)h, while the
‘right action’ is given by R,a’ = a’a and R h = 7°(a)h, for «’ € A and h € H. For associative geometries
satisfying C1, the ‘degree zero’ inner derivations on B = A@® H can then be extended to include ‘degree one’
elements § : A® H — QL & H, of the form

Z Lw - Rw; (53)

for w € Q) A. The analogue of Eq (J) is then given by:

> wtwr (54)

Restricting to Hermitian elements of this form, we obtain Connes’ fluctuations Eq. (I2)). Notice that in the
Jordan setting we obtain Hermiticity for free, it is not put in by hand.

Further, comparison is able to be made between the associative and Jordan settings, by expressing
Eq. (@) more explicitly in terms of the associative representations m and 7°.

[Sa, Su] = [m(a) + 7(a)°, m(w) — m(w)?]
= [r(a), m(w)] + J[r(a), m(w)]J . (55)

We see that the general fluctuation space of a Jordan geometry is slightly more restrictive than the cor-
responding fluctuation space for an associative geometry, since [r(a), 7(w)] is a traceless 1-form. Hence
unimodularity is an automatic feature of the general fluctuation space. A curious question, is what phe-
nomenological restrictions on the scalar sector of particle theories these additional restrictions will bring.

9 Jordan 1-forms and fluctuations for almost-associative special
Jordan triples

The tensor product of two Jordan algebras with product (a ®b) o (c®d) =aob® cod is generally
not a Jordan algebra. However, this works if at least one of the algebras is associative. Here we will
consider algebras of the form

A:COO(M)®AF:C(M,AF) (56)

where M is a manifold and Ap is a finite-dimensional Jordan algebra. We call these algebras
almost-associative by analogy with almost-commutative ones.

Let By be the canonical Jordan background over M and Bp be a finite Jordan background.
The definition of the almost-associative Jordan background By;&Br is the same as in the almost-
commutative case. The algebra, real structure, and chirality operators are graded tensor prod-
ucts and follow the same rules as given in [II] and [37]. In particular one has (T1®7%)° =
(=12 To& Ty where |T1 2| is the grading of the corresponding operator, defined by its commu-
tation property with xi 2. All the necessary checks are exactly the same for the almost-associative
and almost-commutative cases, except for the module of 1-forms, which is given by

Qyur =y @T(Ap) &C®(M) ® Qp (57)
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It is immediate to check that equation (B7)) defines an odd Jordan 7(A)-module. Moreover, let
D be a product Dirac
D =Dy®1+1&Dp (58)

where Dj; is in the configuration space of Bys and Dg is in the configuration space of Br. Then
QLA C QL p, with equality whenever Dy is regular.

Let us turn to fluctuations. We know that Fp is the Lie module generated by the orbit of
D under the action of [S(A),S(A)]. Let A = C>®(M,AF), and D be a product Dirac as in (GS]).
We will need the following lemma. We recall that a Lie algebra G is called perfect if G = [G,G].
Semisimple Lie algebras are perfect.

Lemma 1. Consider a finite Jordan triple over Ap and its fluctutation space Fp,. Suppose
[S(AFR), S(AF)] is a perfect Lie algebra and let Fp, =~ be the derived fluctuation space Fp, —:=
[S(AF),S(AF)] . -FDF- Then be = ./."DF.

Proof. Since the inclusion C is obvious, we only need to prove the converse. Every finite fluctutation
is a sum of terms like Ty ---T1 - Dp with T; € [S(AF),S(Ar)]. We only need to prove that
a fluctuation of the form T - Dp with T € [S(AF),S(Ar)] can be written as a sum of terms
Ty ---Ty - Dp with k& > 2. Since [S(Afp),S(AF)] is perfect, we can write T = ) [y, 8;], with
a;, i € [S(Ar), S(Ar)]. Now we have

T-Dp = Z[amﬂi]‘DF

= Zai -Bi - Dp — B; - a; - Dp, by Jacobi’s identity

€ J-“bF (59)
O

Theorem 5. Let D = Dy ®14+1QDF be the product Dirac operator of an almost-associative Jordan
triple. Then
Fp C Q}V[@)[S(AF),S(AF)]@COO(M,.FDF) (60)

with equality if [S(Ar), S(Ar)] is a perfect Lie algebra.

Proof. Let us call M RHS of (60). To prove that Fp C M it suffices to prove that M is a
[S(A), S(A)]-module which contains [S(A), S(A)]-D. Let foa € [S(A),S(A)] = C>®(M,[S(Ar),S(Ar)]).
Then

(f®a)-D = f-Dy®@a+f®@a-Dp (61)

which belongs to the RHS of @0). Now let w € Q};, 8 € [S(Ar), S(AF)], g € C>®°(M), and
¢ € Fpp. Then foa- (w®@B+9®¢) = fw® o, ] + fg ® a- ¢ which also belongs in the right
space since [S(Ar), S(Ar)] is a Lie algebra and Fp, an [S(Ar), S(Ar)]-module.

Let us now prove the converse inclusion when [S(Ar),S(Ar)| is a perfect Lie algebra. First,
using (1®a)-D =1® (a- Dp), we see that 1 ® Fp, C Fp. Acting with f® 8 € [S(A4),S(A4)] on
1®¢ € 18 Fp, we obtain f®S-¢ € Fp, and we conclude that C*> (M, ]:bF) C Fp. Using the lemma
this shows that C>(M, Fp,) C Fp. There just remains to prove that Q}, ® [S(Ar), S(AF)] C Fp.
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From (BIl) we see that f - Dy ® « is the difference of two elements of Fp and it thus also in Fp.
Hence any tensor of the form w ® o with w exact and a € [S(AFr), S(AFr)| belongs to Fp. Now
if we act on such a tensor with ¢ ® 5 € C*(M) ® [S(AFr),S(AFr)], we obtain (¢ ® ) - (w® a) =
gw ® [B,a]. Using sums of terms like this and the fact that [S(Ar), S(Ar)] is perfect, we see that
QL @ [S(AF), S(AF)] C Fp, and the theorem is proved. O

Let us apply theorem Bl to find the nature of gauge fields in the case where Ap = @le J; with
Ji = Hy,(K) or JSpin(n;) (see theorem [). Using the cube ([@I]) and ker 7 = 0, we obtain that

k
[S(AF)7 S(AF)] = @ DerInn(Ji) (62)
=1

If J; = H,,(R), H,,(C), Hy,(H) or JSpin(n;), then Derr,y,(J;) = so(n;), su(n;), sp(n;) or spin(n;) =
so(n;) respectively. This directly gives the nature of the gauge fields from the algebra Ap. In
particular we see that unimodularity is a natural feature of the Jordan setting.

We now turn our attention to the general fluctuation space.

Theorem 6. Let FM*F be the general fluctuation space of the almost-associative background
By @Br. Then
FIPT =y @ [S(Ar), S(Ap)] @ C (M, F) (63)

where FE is the general fluctuation space of Br.

Proof. With the same notations as above, we let ¢ = f®ap € Aand w = Wy Rbr+gRQuWE € Q}wa'

Then, using f = f° and w$; = —wys and suppressing 7 for simplicity, we have
1
[Sa,Su] = Z[a +a’,w — W’
1
= Z[f@(a;:—l—a%),w]\/[@bp—l—g@cu]:— (—wrm @ b + g ® wh
1
= waM@ [(IF—F(I%,Z)F—FZ)%] +fg® [(IF—i—(I%,WF—W%]
= fwM®[SaF7SaF]+fg®[SaF7 wF] (64)
The result follows. O

Notice in particular that both the minimal and general gauge fluctuations will be the same.

Differences may arise in the Higgs sector of a model however.

10 Boyle-Farnsworth Model

10.1 Definition of the model

Let us consider the model with finite algebra Ar = JSpin(2) & H2(C) & H3(C) & R which has been
proposed by Boyle and Farnsworth [I3]. We will identify the elements of JSpin(2) with matrices of

*

the form [ * ° , with 2 € R and z € C. The Hilbert space Hp is the same as for the SM, cf ({@l).
z

The associative representation is
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TN hym,r) =A@ 14,h @ 14,7 B 1o @ m,r @ 1o @ m] (65)

where [A, B, C, D] denotes a matrix which is block-diagonal with respect to the chirality space.

More generally we will write axy with X,Y = R, L, R, L for a matrix decomposed into chiral blocks.
10.2 Gauge fields

From section [@ we know that gauge fields will take values in some representation of u(1) @ su(2) ®
su(3) (since u(1) ~ so(2)). To work out the precise representations, we first express the symmetrized
action S(Ar), which contains general elements that are sums of the form:

25(N) = [A®14,0,A®14,0]

25(h) = [0,h®14,0,h® 14

25(m) = [001@m,0B1,@m,0® 12 @m,0d 13 ® m]

25(r) = [re0,r®0,r®0,r®0] (66)

Because elements of different kinds commute with one another, and S(r) commutes with everything,
we therefore find that [S(AFr), S(Ar)] is generated as a vector space by elements of the form

T(/\,) = [)\/ ® 14,0, N ® 14,0]

T(h/) = [O, N® 14,0, h® 14]

Tm') = [0elaeom 06l,em 061,@m, 0® 1, @m] (67)
where edit \" € R (Z) 0, =u(l), W € [Hy(C), Hy(C)] = su(2), and m’ € [H3(C), H3(C)] = su(3).

As noted by the authors in [13], even though the Lie algebra is the correct one, the u(1) charges
corresponds to a linear combination of hypercharge and B-L. In order to obtain the correct hyper-
charges, the gauge symmetries would need to be extended to include the anomaly-free outer auto-
morphisms of the representation. In this case one obtains the correct hypercharges, but the model
is extended by an additional gauged B — L symmetry. We will not consider such an extension in
this paper.

10.3 Higgs sector

We recall that for the noncommutative standard model the Dirac operator takes the form:

0o YT M o0
Y 0 0 0
Dr =
E=tm o o v7 (68)
0 0 Y* 0

0 Y. 0 Yy 0 0
We will take this Dp as our starting point. To check that Cy (resp. weak Cj) holds, we need

where V' =Y, @ Yy, Yo = <YV 0)’ Yo = <Yu O} and s = (™ %) wo.
only consider commutators of the form [(a')°, [D, a]] with a,a’ € w(Ap) (resp. a' € [7(Ap),m(AFr)]).
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Consider first the case where a’ € 7(Ap). Using the same notations as in (60 for a (and the same
with primes for a’), we easily find that [(a')?, [D, a]] is a selfadjoint matrix with all blocks vanishing
except the (R, R) and (R, R) ones, the latter being given by (N — r')M (X — 7). Thus C; is not
satisfied unless M = 0, in which case both blocks vanish. On the other hand, if o’ € [7(Ap), 7(Ar)],

0
|, t € R. Such an element is easily seen to be in Q}:)F. In other
—1

then 7/ = 0 and N =t (Z)
words, Dp is seen to satisfy weak Cy, while Cy is only satisfied for M = 0. We therefore see that
stronger restrictions arise on the Higgs sector under C7, than occur in the associative NCG SM.
Satisfied that this Dirac operator is compatible with weak C7, let us next determine the minimal
finite fluctuations. These are obtained by taking iterated commutators of elements (67)) with Dp.
As the matrix Dp commutes with T'(m’), however, we have only to focus on iterated commutators

of Dp with elements of the form T'(h') and T'(\'). Beginning with T'(h') yields:

0 Y@t o 0
(q) = Y(()Q) 8 8 Y((;)T (69)
0 0 Y(@* 0

where Y (q) = qY’, ¢ € su(2) (a pure quaternion). Commuting with 7'(\’) boils down to multiplying

q with (Z) 0, which is another quaternion, which gives nothing new. The Higgs sector is thus
—i

the same as in the Standard Model when we consider the minimal fluctuation space.

Let us next look at the general fluctuation space. We begin by enforcing C', which sets M = 0.
We then need to determine the form of the Jordan module of finite 1-forms. Using hermiticity, we
only need to consider the (L, R)-block. Now, if a = [ag,ar,af,az] and b = [bgr,br,...,...], then
the (L, R)-block of ao [D,b] is

(CLO [DFab])L,R :aLYbR—aLbLY—i-YbRaR—bLYaR (70)

It is then easy to see that a general 1-form w will have a block wrr = z” a;Y'b; where a; is in
the associative R-algebra generated by JSpin(2) and b; is in the associative R-algebra generated by

H,(C), that is My(C). Now let us introduce the notation ¥ := Y <(1) (1)> Using Y (a Z) =
c

0 d 0
algebra generated by JSpin(2) and diagonal matrices, which is Ms(C). Thus, QL is the set of

(a 0) Y + <b 0) Y, we can rewrite wpp in the form Sy + %;Y where x;, 7 belong to the
c

matrices of the form

0 Zfgt 00
9Z 0 0 0
- 71
Yo O 0 00 (1)
O 0 00

where g € My(C) and Z is either equal to Y or to Y. From (B3), the general fluctuations are
thus of the form [r(a),w,] + Jr[m(a),wy)Jz". Using the fact that My(C) = H @ iH, this yields

30



four SU(2)-doublets ®(q), ®(i¢'), ®(p), ®(ip'), where ¢, ¢, p,p’ are quaternions, ® is defined by (GJ)
and ® is the same as ® with Y replacing Y. These fields will be independent iff the up and down
components of Y are. This example provides a proof that the general fluctuation space and the
minimal one are in general different.

11 The Pati-Salam model

11.1 Definition of the model

The finite Hilbert space Hp is still the SM one, and Dp still has the form (G8]). We take Ap =
Apg := Hy(C) & H2(C) & Hy4(C) represented as

m(p,q,m) = [p®14,q @ 14,1 @m, 12 @m] ® 1 (72)
We have
m(p,g,m)’ =[la@m* 1o @m*,p" @ 14,¢" ® 4] @ 1y (73)
hence
25(p,q,m) =[pR1ly+12@m*,q®@ 14+ I @ m*, c.c.,c.e] @ 1y (74)

11.2 Gauge fields

Taking the commutator of two elements like (74]) we obtain that

[S(Ap), S(Ap)] = su(2)r ® su(2);, ® su(4) (75)

represented as
T(9r:91,9) = [gr® 11+ 12 ® g, 9L ® 14 + 12 ® g,c.c;ccl @ 1y (76)

11.3 Higgs sector

The finite fluctuations are iterated commutators of elements of the form (@) with Dr. More
precisely, since the summands of (75) commute among one another, a finite fluctuation has the
form Ty -...-T;---S1-...-S;-Ry-...- R - Dp, with T1,...,T; in su(4), S1,...,S5; € su(2)r, and
Ry -+ Ry € su(2)r (with the now usual convention that Ry operates first and 77 last). The action
of Ry to Ry on the L — R sector of (68) replaces Y with Ygk.. .g% ® 14 (up to an irrelevant sign).
Then we act with S7,...,S; and get gi e gk ® 14Yg}1% e g% ® 14. Finally we act with T7,...,T;,
which in the (L, R)-sector amounts to taking the commutators with ¢1,...,¢;. Hence the L — R
sector of a finite fluctuation contains a linear combination of elements of the form

Le®@gr-...0i- (p®14)Y(g®1y) (77)

where p and ¢ are products of elements of su(2). Such products are just generic elements of
M (C). Now let us write Yy, ; for the elements of the tensor Y, where a runs through wu, ud, du, dd,
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and 4 through {/,r,g,b}2. Hence, for each i, Y ; is a 2 x 2 matrix acting on C;

- If there are
N generations, Y, ; will be a N x N-matrix). For each i, if Y, ; # 0, the products pY. ;q generate
M>5(C). Moreover, My(C) decomposes as C & su(4) & isu(4) under the adjoint action of su(4).
Hence (T7) will be a completely generic traceless element of My(C) ® My(C) unless Y, belongs to
one of the submodules C, su(4), isu(4),C@® su(4), ... for every a. Given that pY. ;q generate M>(C)
unless Y ; vanishes, this is impossible for Y # 0. In conclusion a Higgs field takes values in general
traceless elements My(C)® My (C). The action of su(2)g is by multiplication on the right of M5(C),
the action of su(2)r, is by multiplication on the left of M3(C) and the action of su(4) is the adjoint

action on My(C). This coincides with the results in [19].

12 Beyond the special case

Our discussion has focussed on special Jordan coordinate algebras with associative specializations.
We have looked specifically at real, even, special Jordan spectral triples (i.e. special Jordan triples
equipped with real structure and grading operators), as these are the geometries that are of most
interest when constructing physical theories. In this section we discuss the generalization to the
exceptional setting, in which it is no longer possible to construct associative specializations. Our
goal is not to give a complete and rigorous account, but rather to outline the most natural path
forward that we see for constructing exceptional Jordan geometries. For this purpose we will focus
on geometries without real structure, which will allow us to highlight the primary distinctions
between the special and exceptional cases without becoming tied down by interesting but tangential
discussions concerning real structure, and the (weak) order conditions.

Consider a special, Jordan, spectral triple without real structure 7 = (A, H,7, D, x). A key
feature of our construction is the extension of the associative specialization w of A on H to all
expressions of degree 1 or less, such that

m(aob) =m(a)omw(b) (78)
m(aow) =7(a)onm(w) (79)

for all a,b € A, and w € Q'A. Associative specializations readily allow for the representation of
general 1-forms once the representation of exact one forms is defined. Notice, however, that all other
features of our construction actually derived from the properties of multiplicative specializations.
Stated explicitly, an immediate consequence of theorem 2lis that p = %71' satisfies all of the properties
of a multiplicative specialization for expressions of degree 1 or less. The relationship between
multiplicative specializations and Jordan modules then ensures that (H, p) satisfies all the properties
of a Jordan module over A @ QA or equivalently that 7 can be viewed as a Jordan algebra (i.e.
equations (I8)) and ([I9)) are satisfied up to degree 1). It is the Jordan module structure that ensures
the form of the inner derivations of 7 restricted to H, the form that inner fluctuations of D take,
and the Lie module structure of Q1 A.

The question of this section is how to extend the construction to accommodate exceptional
Jordan coordinate algebras. Exceptional Jordan algebras do not have associative specializations,
but they do have multiplicative specializations, and as such it is natural to consider Jordan spectral
triples of the form 7 = (A, H, p, D, x), where
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1. Ais a Jordan algebra with a JB algebra completion A,
2. H is a Hilbert space,

3. p is a faithful multiplicative representation of A,

4. D and y satisfy all the usual properties,

5. For all a € A, [D, p(a)] is well-defined and bounded.

Let us unpack this construction, beginning with the coordinate algebra and its representation
on the Hilbert space (A, H, p). It should be stressed that in the general Jordan setting we have in
general that

Paob 7é Pa © Pb, (80)

for a,b € A. Equation (@) only holds for the special case in which one has an associative specializa-
tion, which is the key assumption that we are dropping in this section. In other words, the algebra
generated by elements of the form p, for a € A, equipped with the symmetrized product o, will be
a special Jordan algebra that will not in general be isomorphic to A. Nonetheless, the properties
of p ensure that B = A @ H is a Jordan algebra, and as such the form of its inner derivations are
known. In particular, following equation (4], when restricted to H the inner derivations of B are
given by dup = [pa, pu], for a,b € A. Furthermore, following Equation (I9]), we have

[5ab7 pc] = Plb,c,a) (81)

for ¢ € A. The ‘lift’ of the inner derivations of A therefore remain exactly as in the special Jordan
setting with no alteration. At order zero our construction therefore ports readily to the exceptional
setting. The same observation applies to the minimal space Fp defined in section [t it continues
to make sense as the Lie module over G(A) generated by elements of the form [0, D], for 6 € G(A).
Hence, a spectral triple over a non-special Jordan algebra together with its minimal fluctuation
space could in principle be constructed.

In order to define an algebraic background and/or a general fluctuation space, one would need
a general theory for the representation of Jordan 1-forms. Let us say a few words about why such
a construction is difficult. Assuming one is able to obtain a module of universal 1-forms with the
universal property (BEI), it would then be natural to consider the action of exact one forms on H
following equation (35):

Pdja] = [D, pal, (82)

where a € A. Unfortunately, the degree 1 extension of a multiplicative representation will have in
general puoy F# Pa © Pu, for a € A, w € Q}lA. It is therefore not possible to use our approach for
special Jordan algebras to define the representation of general 1-forms, or to prove in general that
the map a — [D, p(a)] is a derivation into p(A). This is the primary obstruction to developing a
completely general framework for Jordan coordinate algebras. Fortunately, while a general theory

18See [30] for an explicit construction of differential calculi over exceptional Jordan algebras.
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of Jordan 1-forms seems to be difficult to reach, an approach tailored to the particular properties
of the Albert algebra appears easier to obtain. Work in this direction is currently in progress, and

is planned for an upcoming paper.

13 Conclusion

In this paper we have proposed a definition for spectral triples and backgrounds based on Jordan
coordinate algebras. Our treatment focuses primarily on special Jordan algebras with associative
representations. We have also outlined what we view to be the most natural path towards a
generalization from the special Jordan case to the exceptional setting. The key elements outlined
in the extension of the spectral triple formalism to nonassociative geometries of Jordan type are:

1. The definition of coordinate algebra representations, and the generalization of order conditions.
2. The definition of internal symmetries, and their lifts to the representation space.

3. The construction of differential forms and their representations.

4. Inner fluctuations of the Dirac operator.

Regarding the fluctuation space, we have shown that under the assumption of weak C; the min-
imal space of fluctuated Dirac operators provides a subspace of the configuration space which is
automorphism invariant and thus can be used to define a consistent particle model. We have also
explained the relationship of the general fluctuation space to the fluctuation space given by Connes
in the associative setting. An insight we have used is the construction of fluctuations as general
derivation elements of degree 1. This was also seen when constructing nonassociative geometries of
alternative type [33] (see equation 3.23 in that paper). This observation should allow one to extend
the spectral formalism to general non-associative geometries, of which Jordan geometries are just
one example.

We highlight a number of points in which Jordan geometries appear to do a better job of
describing gauge theories than in the associative noncommutative setting:

1. As outlined in [I3], the Jordan setting appears to provide a more natural setting for describing
Majorana fermions (and by extension provides a natural solution to the fermion doubling
problem).

2. The infinitesimal automorphisms of the coordinate algebra (inner derivations) are faithfully
represented as operators on the Hilbert space.

3. Because the infinitesimal automorphisms of the coordinate algebra are represented by com-
mutators, unimodularity is naturally implemented.

4. Jordan Banach are more natural candidates for coordinatizing geometric spaces than real C'*

algebras.

Despite these benefits there does appear to be one (potential) downside. In particular, the
representation of U(1) factors appears to be far more restrictive in the Jordan setting. This, however,
might also be seen as a benefit from the perspective of construing realistic gauge theories, as it limits
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the allowable models that are able to be built (which is one of the key reasons for the interest in

spectral geometry in the first place).
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