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Within the framework of Connes’ noncommutative geometry, we define and study
globally non-trivial (or topologically non-trivial) almost-commutative manifolds. In
particular, we focus on those almost-commutative manifolds that lead to a description
of a (classical) gauge theory on the underlying base manifold. Such an almost-
commutative manifold is described in terms of a “principal module,” which we build
from a principal fibre bundle and a finite spectral triple. We also define the purely
algebraic notion of “gauge modules,” and show that this yields a proper subclass of
the principal modules. We describe how a principal module leads to the description
of a gauge theory, and we provide two basic yet illustrative examples. © 2014 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4898769]

. INTRODUCTION

The framework of Connes’ noncommutative geometry' provides a generalisation of ordinary
Riemannian spin manifolds to noncommutative manifolds. Within this framework, the special case
of a (globally trivial) almost-commutative manifold has been shown to describe a (classical) gauge
theory over a Riemannian spin manifold, which ultimately led to a description of the full Standard
Model of high energy physics, including the Higgs mechanism and neutrino mixing.”

The gauge theories mentioned above are, by construction, topologically trivial (in the sense that
the corresponding principal bundles are globally trivial bundles). The aim of this paper is to adapt
the framework in order to allow for globally non-trivial gauge theories as well. Such a generalisation
has previously been obtained for the special case of Yang-Mills theory.?

Let us briefly recall how a description of a gauge theory is obtained from an almost-commutative
manifold in the globally trivial case (for a more detailed introduction, we refer to Ref. 4). We start
with a smooth compact 4-dimensional Riemannian spin manifold M, which can be described in
terms of a (real, even) spectral triple (C*°(M), L*(S), D, s, Ju), where I is the Dirac operator on
the spinor bundle S — M, 5 is the grading operator and Jy, is charge conjugation.’ If we take a
real even finite spectral triple (Ar, Hr, DF, yr, Jr), one can consider the product triple

M x F := (C°°(M, Ap), L’ Q)@ Hr, DRI +y5s @ Dp, ys Q yr, Ju @ JF)~ (1)
For a real spectral triple T = (A, H, D, J), we define its gauge group as
G(T) == {uduJ* | u € UCA)} =~ UA)UA)), 2)

where A; is the central subalgebra of A consisting of all elements a € A for which aJ = Ja*.
Now suppose we have a real even finite spectral triple F = (A, Hr, Df, yr, Jr) with gauge
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group Gr = G(F). Then the product triple M x F defined above has gauge group G(M X F)
~ C*®(M, GF) (at least when M is simply connected), which coincides with the “classical” notion
of the gauge group of the (globally trivial) principal Gg-bundle P = M x Gp. (The isomorphism
G(M x F) >~ C®(M, Gp), stated in Proposition 4.3 of Ref. 3 and Sec. 2.4.3 of Ref. 4, is only valid
under some additional conditions, and simply connectedness of M is always sufficient. We shall
prove this in general for the globally non-trivial case in Theorem 4.12.)

One can show that the inner fluctuations of the operator I ® I + s ® Dy yield gauge fields
(i.e., connection forms on the principal bundle P) as well as scalar fields (which are interpreted as
Higgs fields in the noncommutative Standard Model). Finally, the spectral action principle® yields a
(gauge-invariant) Lagrangian from the data of the triple M x F.

This paper is organised as follows. We start in Sec. II by gathering some preliminary mate-
rial. Sections II A—II C contain a brief introduction into (principal) fibre bundles and modules. In
Sec. IID, we describe a sufficient condition for when sections of a quotient group bundle can be
lifted. Finally, we recall the basics of spectral triples and unbounded Kasparov modules in Sec. IIE.
The reader who is familiar with these topics may wish to skip these preliminaries on a first reading.

In Sec. III, we describe the generalisation of the product triples M x F to (in general globally
non-trivial) almost-commutative manifolds. We show that these almost-commutative manifolds are
naturally given by the internal Kasparov product of an internal space I (replacing the finite spectral
triple F)) with the underlying manifold M.

While every globally trivial almost-commutative manifold describes a gauge theory, this no
longer holds for arbitrary globally non-trivial almost-commutative manifolds. In Sec. IV, we
therefore focus our attention on those internal spaces that will allow us to obtain a gauge the-
ory. After briefly recalling the classification of finite spectral triples, we define the notion of a
principal module, which is an internal space built from a finite spectral triple F' and a principal
G r-bundle P over M. We show that the algebraic definition of the gauge group of a principal mod-
ule (defined similarly to Eq. (2)) coincides precisely with the usual definition of the gauge group
of P (i.e., the vertical automorphisms of P), provided that the underlying manifold M is simply
connected.

One of the main ideas in the development of noncommutative geometry has been the translation
of geometric data into (operator-)algebraic data. Whereas principal modules are constructed from
geometric objects (namely principal fibre bundles), we devote Sec. V to the purely algebraic notion
of what we call a gauge module. We prove that these gauge modules form a proper subclass of the
principal modules, which are characterised by a lift of P to a principal U (A r)-bundle (where A is
the algebra of the finite spectral triple F).

By equipping a principal module with a connection and a “mass matrix,” we construct the
corresponding principal almost-commutative manifold in Sec. VI. The remainder of this section
is used to establish the main goal of this paper, namely, we describe in detail how this principal
almost-commutative manifold describes a gauge theory on M. In Sec. VII, we provide two basic
but illustrative examples of such gauge theories, namely Yang-Mills theory and electrodynamics.
The Yang-Mills example in particular shows that not every principal module is a gauge module.
However, we also show that the Yang-Mills example is a gauge module when the underlying
manifold is simply connected and 4-dimensional. Hence on such manifolds we have no example
of a principal module which is not a gauge module. We finish with an Outlook on possible future
work.

Notation. All C*-algebras and Hilbert modules will be denoted with capital letters (e.g., A, B,
E...), their smooth sub-algebras or pre-C*-algebras (i.e., densely defined *-sub-algebras that are
closed under the holomorphic functional calculus) and Hilbert pre-modules will be denoted with
curly letters (e.g., A, B, &, ...). The main exception to these conventions is the notation 7, which
always denotes a complex Hilbert space. By M we denote a smooth connected compact Riemannian
spin manifold. Bundles over M will be denoted with “typewriter font,” where we use B for algebra
bundles, E for vector bundles, P for principal fibre bundles, G for group bundles, and S for the
spinor bundle. Continuous (resp., smooth) sections of a bundle E — M will be denoted by I'(E)
(resp., '°(E)).
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II. PRELIMINARIES
A. Fibre bundles

The definitions concerning fibre bundles in this paper may differ from the definitions in some
other literature, including Ref. 3, so that we find it necessary to include a list of the definitions we
use. All manifolds are assumed to be smooth and all maps between them are also assumed to be
smooth.

Let E — M be a smooth fibre bundle (see, e.g., Ref. 7). A local trivialisation of E is denoted by
(U, hy), where U is an open neighbourhood in M and 4, : 7' (U)—> U x Fisa diffeomorphism
such that prjohy = 7. For two local trivialisations (U, h,) and (V, h,) for which U NV # @, we
denote the corresponding transition function by g, := h, o h;l e C*®(U NV, Diff(F)).

Definition 2.1. Let C be some subcategory of the category of smooth manifolds, with objects
Ob¢ and morphisms Mor¢(A, B) for all objects A, B € Ob¢. Let M be a smooth manifold. A fibre
bundle 7 : E — M with fibre F is called a C-bundle if F € Ob¢ and if on each local trivialisation
(U, hy) the map hy |1y : 7~ 1(x) = x x F is an isomorphism in Mor¢ (7 ~!(x), F).

Let m; : E; > M and m;, : E; — M be fibre bundles. A bundle morphism ¢ : E; — E; is a
smooth map such that m,0¢ = 7. If E| and E; are C-bundles, then ¢ is called a C-bundle morphism
if¢|n;'(x) : rrl_l(x) — rrz_l(x) is an element of Morc(nl_l(x), nz_l(x)) for each x € M.

Let 7 : E— M be a C-bundle with fibre F. A fibre subbundle 7’ : E — M with fibre F’ is
a C-subbundle if F’ € Obc and there exist local trivialisations {(U, h,)} for E such that A,(E'|,)
>~ U x ((F"), where ¢ is an injective morphism in Mor¢(F’, F).

If C is the category of finite-dimensional vector spaces, finite-dimensional (*-)algebras, or Lie
groups, then C-bundles are referred to as vector bundles, (*-)algebra bundles, or group bundles
(respectively).

Remark 2.2. Note that according to Definition 2.1, a (*-)algebra bundle is always locally trivial,
in contrast with the definition of (*-)algebra bundle in Ref. 3 (where the bundle is only assumed to
be locally trivial as a vector bundle). The weaker notion given in Ref. 3 will here be referred to as
weak (*-)algebra bundle, following terminology of Ref. 8.

The space of smooth sections I"*°(E) of a vector bundle E is a finitely generated projective
C*°(M)-module, with pointwise addition and multiplication by C*®°(M). If ¢ : E;, — E, is a vector
bundle morphism, then

¢s 1 TP(E) = TP(E2),  (9s)(x) = P(s(x))

is a C*°(M)-module morphism. By the Serre-Swan theorem,’ the assignment E > I">(E) on objects
and the assignment ¢ — ¢, on morphisms determines an equivalence between the category of smooth
vector bundles over M and the category of finitely generated projective modules over C*°(M).

Similarly, for a group bundle G, the sections I'**(G) form a group with fibre-wise multiplication
and inverse.

Example 2.3 (Unitary group bundle). If B is a unital *-algebra bundle, we define the unitary
group bundle of B as

UB) :=1{b eB|bb* =b"b=1}.

Then U(B) is a fibre subbundle of B, which forms a group bundle with group multiplication of
U(B), = U(B,) inherited from the algebra multiplication of B,, and group inverse given by the
involution *. The sections of the unitary group bundle are equal to the unitary sections of the algebra
bundle: I'*°(U/(B)) = U(I"*(B)).

Example 2.4 (Endomorphism bundle). Let g : E — M be a (hermitian) vector bundle with
fibre V and local trivialisations (U, hE). Then the bundle of endomorphisms End(E) is a unital
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(*-)algebra bundle over M with fibre End(V'), and its local trivialisations (U, hEnd(E)) are induced from
(U, hE).

Theorem 2.5 (Ref. 3, Theorem 3.8). Let M be a compact manifold. There is an equivalence
between the category of (unital) weak (*-)algebra bundles over M and the category of (unital)
(involutive) C*°(M)-module algebras that are finitely generated projective as C*°(M)-modules.

We again emphasise the difference between algebra bundles and weak algebra bundles as
mentioned in Remark 2.2. We are grateful to Eli Hawkins who pointed out to us that a weak algebra
bundle is locally trivial if and only if there exists a connection V satisfying the Leibniz rule

V(ab) = (Va)b + a(Vb).

In the continuous case, however, it remains unclear what algebraic conditions one needs to impose
on a C(M)-module algebra B = I'(B), where B is a (continuous) weak algebra bundle, to ensure that
the weak algebra bundle B is in fact locally trivial.

B. Principal fibre bundles and (classical) gauge theories

In this section, we briefly recall the definition of a principal fibre bundle, and some basic results.
We refer to Chapter I of Ref. 7 and Ref. 10 for more details.

Definition 2.6. A principal fibre bundle P over M with structure group G (or a principal G-bundle
for short) consists of a fibre bundle P = M equipped with a smooth right action of G that acts freely
and transitively on the fibres, such that for a local trivialisation (U, h,) of P, the map A, intertwines
the right action of G on P|y with the natural right action of Gon U x G.

One can construct a principal G-bundle P as soon as one knows its (G-valued) transition
functions.

Theorem 2.7 (Reconstruction theorem, Chapter I, Proposition 5.2. of Ref. 7). Let M be a
compact manifold, G a Lie-group, and {U;}; ¢ ; an open covering of M. Suppose that for each i, j €
I with UNU; # @, there is a smooth map g;: UNU; — G such that g;(x)gjx(x)gri(x) = e for all x
€ UNU,NUy. Then there exists a unique principal G-bundle P over M with the {U;} as trivialising
neighbourhoods and the g;; as transition functions.

Definition 2.8. Let {(U;, h;)} be a set of local trivialisations of P such that U;U; = M. A
connection  on P is a set of local g-valued 1-forms w; € Q'(U;, g) such that

wj = g;;'dgij + 8;; wigi 3)
for i, j such that U;NU; # .

Definition 2.9. Given an action p of G on a smooth manifold F, we define the associated bundle
P x, F (or P x F) as the quotient of the product manifold P x F with respect to the equivalence
relation given by (pg, /) ~ (p, p(g)N). If F € Ob¢ and p(g) € More(F, F) forall g € G, thenP x, F
is a C-bundle.

Example 2.10. The adjoint bundle Ad P is defined as the associated bundle P x g4 G with respect
to the adjoint action Ad(g)h := ghg™"', (g, h € G). The adjoint bundle is a group bundle with fibres
isomorphic to G, and its sections I'*°(Ad P) then form a group with fibre-wise multiplication.

Definition 2.11. A gauge transformation of a principle G-bundle P is a principal bundle au-
tomorphism of P over id: M — M, that is, a smooth invertible map ¢ : P — P such that 7 (¢(p))
= 1 (p) and ¢(pg) = ¢(p)g for all p € P and g € G. The set of all such ¢ is called the gauge group
G(P) of P, where the group multiplication is given by composition.
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Theorem 2.12 (see, e.g., Chap. 3 of Ref. 10). The gauge group G(P) is isomorphic to the group
[*°(AdP).

Definition 2.13. Let M be a manifold and G a Lie group. A classical G-gauge theory over M is a
principal fibre bundle P with structure group G. Connections w on P are also called gauge potentials.

More precisely, the bundle P forms the setting for a classical gauge theory. The particle fields
can be described as sections of associated bundles of P. The description of the gauge theory is
completed by specifying an action functional, which depends on the connection and on the particle
fields, and which is invariant under the action of the gauge group.

1. Structure group

Let E be a vector bundle with fibre V. A set of transition functions {(U;, g;;)} on E is called a
G-atlas if each transition function takes values in G C GL(V). If E admits a G-atlas, then we say
that E has structure group G. Given two G-atlases {(U;, g;)} and {(U;, g/ j)} (where, after taking a
common refinement, we may assume without loss of generality that both atlases are given on the
same open covering {U;}), we say that they are equivalent if there are functions g; € C*°(U;, G)
such that (for all i, j)

gl,](_x) = gi(-x)ilgij(x)gj(-x)a fOr allx S Ui N Uj

Given a G-atlas {(U;, g;;)} on E, Theorem 2.7 constructs a unique principal G-bundle P, which
only depends (up to isomorphism) on the equivalence class of the G-atlas. Conversely, a set of
transition functions on P uniquely determines an equivalence class of G-atlases on the associated
bundle P x5 V.

Example 2.14. Let E — M be a complex vector bundle with fibre C¥ over a compact manifold
M. Then all U(N)-atlases on E are equivalent. Hence there is a unique (up to isomorphism) principal
U(N)-bundle P such that E >~ P xyy, CV.

Definition 2.15 (Lifting of structure group). Let ¢: H— G be a surjective group homomorphism.
A principal G-bundle P — M is said to lift to a principal H-bundle Q — M along ¢ if there is a
bundle morphism t : Q — P such that t(gh) = t(q)¢(h) for all ¢ € Q, h € H. Equivalently, Q is a lift
of P if

QX¢G2P

as principal G-bundles.

If :Q— Pissuch alift and p : G — GL(V) is a finite-dimensional representation, then
Q X 0¢ V is isomorphic to P x, V. We stress that a lift need not always exist, and if it exists, it need
not be unique.

C. Conjugate modules and vector bundles

In the construction of gauge modules in Sec. V we will make explicit use of the notion of
a conjugate module. For completeness, we recall the definition of conjugate modules and vector
bundles here. Since most of the modules are endowed with a hermitian structure, we recall the
definition of a hermitian module first.

Definition 2.16. Let A be a *-algebra and let £ be aright A-module. A (right) hermitian structure
()4 : E x E— Aon £ is a sesqui-linear map (anti-linear in the first variable) satisfying

(e1,e2a)4 = (e1, e2)aa; (e, e)a= (e, e)s (e,0)4>0; (e,0)4=0 < e=0,

for all a € A, ey, ez, e € £. We also write (-, -) instead of (-, -)4 when no confusion can arise. A
module endowed with a hermitian structure is also called a hermitian module. A left hermitian
structure 4(-, -) is defined similarly.
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A hermitian structure is called non-degenerate if the map
E — &£ :=Homy(€, A), eg = (e =~ (eg, €))

is an anti-linear isomorphism. Note that the assumption that the hermitian structure is positive-definite
already implies that the map £ — £* is injective. Non-degeneracy therefore requires surjectivity of
this map.

A finitely generated projective right A-module £ is of the form p A", for some N € N and
some projection p € My(A). The restriction of the standard hermitian structure on A" then gives a
non-degenerate hermitian structure on £. If A = C*°(M) (so that £ = I"*°(E) for some vector bundle
E — M by the Serre-Swan theorem®), then the hermitian structure is non-degenerate if and only if
it induces an inner product on each fibre of E.

Definition 2.17. Let € be an A — B-bimodule with a (right) B-valued hermitian structure (-, -)z.
Its conjugate module £ is equal to € itself as an additive group. It can naturally be endowed with a
B — A-bimodule structure and a (left) B-valued hermitian structure g(-, -) by setting

be := eb*, ea .= a*e, gler, e2) 1= (ey, e2)s,
foralla e A,be B,e,e;,e; €€£.

If £ =T®(E) is the C*°(M)-module of sections of some (hermitian) vector bundle E, then the
conjugate module £ is equal to the C*°(M)-module of sections of the conjugate vector bundle E
which is defined as:

Definition 2.18. Let E — M be a complex vector bundle. Take E to be equal to E as fibres
bundles over M, and write ¢ for the element in E that corresponds to e € E under this identification.
The bundle E is turned into a vector bundle over M by defining the vector space structure in E, by

(e1,e3) = e + e, AT = e,

forall A € C, e, e, e; € E,. The vector bundle E — M is called the conjugate vector bundle of E.

The identification E 5 e > ¢ € E in the above definition is an anti-linear isomorphism of vector
bundles.
A local trivialisation (U, h) of E induces a local trivialisation of E given by the map

E:NEI(U)BEHEGUXV,
where (x, v) := (x,0) e U x V. If gij 1s a transition function between two local trivialisations (U,

h;) alil Uj, hj) of_E., then the transition function g;; between the corresponding local trivialisations
(Ui, hy) and (U;, h;) is equal to

hiohy o) =hi (h;'(r0) = b} () = (g (00) = (T g (1), (&)

From here on, we consider A := C>(M). Suppose that £ is a hermitian right .4-module with
hermitian structure (-, -) 4.

Definition 2.19. A connection Von isamap V : £ — £ ® 4 Q1(M) satisfying the rule
V(ea) = V(e)a + e Q@ da,
forall e € £ and a € A. The connection is called hermitian if
(Ver, e2)qim) + (e1, Ver)oimy = dley, e2) 4,

for all ej,e; € £, where the map (-, )oiu : € X (€ @4 Q' (M) > Q' (M) is defined as
(e1, €2 ® )iy = (e1, e2) 4. We then define (-, oiar 1 (€ Qu QM) x E— QM) as(e; @
a, e)aim = ((e2, €1 ®Ol)sz'(M))*-
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The conjugate connection V : £ — Q'(M) ® 4 £ is given by
Ve=Ve, (ecf),

where e @ w = w* @eforalle ® w € £ @4 QUM). Here *: Q' (M) — Q' (M) is defined as (fdg)*
= f*(dg*). Tt then follows that V is also hermitian for the map aran () QM R4E) x E
— Q'(M) defined as i (e ® €1, ) 1= (e1 @ a*, e2)qiur) = aler, €2) 4.

For a commutative algebra A = C°°(M) the notion of left and right modules are equivalent. If £
is a left A-module with (left) A-valued hermitian structure 4(-, -), then (e1, e2) 4 := (e2, e1) defines
a right A-valued hermitian structure on £ when it is seen as a right .A-module. If A = C*(M), we
will freely use this identification.

D. Covering maps

We observe that, for a surjective group bundle morphism ¢ : H — G, the induced map ¢, :
['*°(H) — I'*(G) need not always be surjective, as the following example shows.

Example 2.20. Take M = SO(3) and consider the globally trivial group bundles H = M x
U(2) and G= M x PSU(2), with the obvious group bundle morphism ¢ : H— G given by the
quotient U(2) — PSU(2). Since H and G are globally trivial, we can make the identifications I"*°(H)
~ C(S0(3),U(2)) and I'*(G) = C*(SO(3), PSU(2)). Consider the map f: SO3) — PSU(2)
given by the identification of PSU(%) with §0(3), i.e., f = id on SO(3). If there exists a lift f :
SO@B3) — U(2) such that f = ¢ o f, then f is nothing but a global section of the U(1)-principal
bundle r: U(2) — SO(3). However, as this bundle is not globally trivial (the fundamental group of
U(2) is Z, whereas the fundamental group of SO(3) x U(1) is Z, x Z), such a section does not
exist. Hence the map f; seen as a section in ['*°(G), is not contained in the image of ¢..

In this subsection, we aim to find sufficient conditions for the surjectivity of ¢,. In other words,
we would like to have sufficient conditions to ensure that for any section s : M — G there exists
a lift § : M — H such that ¢.(5) = s. Though the existence of lifts for covering maps has been
well-studied, we will typically be dealing with more general fibrations ¢ : H — G, for which the
problem of existence of lifts is more complicated. We avoid this problem by reducing it to the case
of covering maps, as follows.

Lemma 2.21. Let p: E — B be a fibration, and consider some map f: M — B. Suppose there exists
a submanifold CCE such that p|c: C — B is a covering space, satisfying f. (7w (M, m))Cp. (7 1(C,
¢)), where m € M and c € C are such that f(m) = p(c). Then there exists a lift f : M — E satisfying

pof=fand f(m)=c.

Proof. Consider the diagram

£

C
A
plc P

B

The assumption f. (7 | (M, m))Cp. (7 1(C, c)) implies (see, e.g., Proposition 1.33 of Ref. 11) that there
exists a lift f/: M — C satisfying f'(m) = c, and then we can simply define f : M — E as the

composition M iR C — E. O
We now translate the above lemma into the setting of group bundles, where we will need it later.

Corollary 2.22. Let M be a simply connected manifold, and let G,H be group bundles over
M. If G is covered by a subbundle U of H via a group bundle morphism ¢ : H — G, then the map
¢y : T°(H) — I'*°(G), given by s+ os, is surjective.
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Proof. By assumption, ¢|y : U — G is a covering space. Since 7 (M, m) is trivial (by definition
of simply-connectedness) it follows from Lemma 2.21 that each section s : M — G can be lifted to
asections : M — U C H such that ¢.(5) = s. O

E. Spectral triples and Kasparov modules

Spectral triples were introduced in Ref. 1 as a noncommutative analogue of a spin manifold.

Definition 2.23. A spectral triple (A, H, D)is given by an involutive unital algebra A represented
(faithfully) as bounded operators on a Hilbert space { and a self-adjoint (generally unbounded)
operator D with compact resolvent (or equivalently, (1 4+ D?)~ 12 is a compact operator) such that
a - Dom D C Dom D and the commutator [D, a] is bounded for each a € A.

A spectral triple is called even if there exists a Z,-grading y on H that commutes with any
a € A and anti-commutes with D.

A spectral triple is called real if there exists an anti-unitary isomorphism J : H — H satisfying

JP=¢, JD=¢DJ, Jy = ¢€"yJ (if y exists),
la, JbJ*] =0, ([D,a)], JbJ*] =0, Va,b € A.

The signs ¢, ¢/, and &¢” determine the KO-dimension n modulo 8 of the real spectral triple, according
to the following table:

We will refer to the conditions [a, JbJ*] = 0 and [[D, a], JbJ*] = 0 as the zeroth- and first-order
condition, respectively.

Given an algebra A, we define the opposite algebra as the vector space A® := {a°? | a € A}
with the opposite product a®®b®® = (ba)®P. For a real spectral triple, we therefore have a linear
representation of AP on H given by a°®+>Ja*J*.

The notion of spectral triple can be seen as an unbounded version of a Fredholm module.
The generalisation of Fredholm modules from Hilbert spaces to Hilbert modules was performed by
Kasparov,'? where for any two graded C*-algebras A and B the set KK(A, B) was defined as the
set of equivalence classes of certain Kasparov A — B-modules. In addition, there exists a Kasparov
product KK(A, B) x KK(B, C) - KK(A, C). More details can be found in, e.g., Ref. 13. Kasparov
modules were subsequently generalised to the unbounded picture by Baaj and Julg.'* In this paper,
we will only focus on the unbounded picture, which we briefly recall below.

Definition 2.24 (Ref. 14). Given Z,-graded C*-algebras A and B, an unbounded Kasparov
A — B-module (y4)Ep, D) is given by

e a 7Z,-graded, countably generated, right Hilbert B-module Ep;

e a Z,-graded *-homomorphism ¢ : A — Endg(E);

e a self-adjoint, regular, odd operator D : Dom D C E — E such that, for all ¢ in a dense
sub-algebra A of A, ¢(a) - Dom D C Dom D and [D, ¢(a)]+ is (or extends to) a bounded
endomorphism, and ¢(a)(1 + Dz)’% is a compact endomorphism (i.e., it lies in End%(E ).

The set of all unbounded Kasparov A — B-modules is denoted by W (A, B). We will often simply
write 4 Ep instead of y4)Ep.

A right Hilbert C-module is just a Hilbert space. A spectral triple (A, H, D) may then be seen as
an unbounded Kasparov A — C-module (4 Hc, D), where the C*-closure A of A is trivially graded.
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There is a natural map from the unbounded picture to the bounded one. This map is defined
by replacing the operator D in (44)Eg, D) by b(D) = D(1 + D*)~z, where b : R — R denotes the
function b(x) = x(1 + x2)~ 3.

Theorem 2.25 (Theorems 17.10.7 and 17.11.4 of Ref. 13). If (44)Ep, D) € W(A, B), then
(¢ EB, b(D)) € KK(A, B). Moreover, if A is separable and B is o-unital, then this map V(A, B)
— KK(A, B) is surjective.

The Kasparov product has an unbounded analogue. To be precise, we say that an unbounded
Kasparov A — C-module (44 Ec, D) represents the Kasparov product of two unbounded Kasparov
modules (¢,4)E15, D1) and (4,8 E2c, Do) if [(E, b(D))] € KK(A, C) is the Kasparov product of
[(E1, b(D1))] € KK(A, B) and [(E», b(D,))] € KK(B, C), where the square brackets indicate that we
take the equivalence class of the Kasparov-module.

We will show in Sec. III that the construction of an almost-commutative manifold as the product
of an internal space I/ with the underlying manifold M corresponds to an unbounded Kasparov
product on the level of KK-classes. Although this follows from the (more general) framework of
Mesland,'> we will prove it directly using the following result.

Theorem 2.26 (Ref. 16). Let (4,(4)E}, D1) and (4,8 E, D7) be unbounded Kasparov modules.
Write E := E'®gE?, where & denotes the graded tensor product. Suppose that (p,(ay@idEc, D) is
an unbounded Kasparov module such that:

(i) forall ey in a dense subspace of ¢1(A)E", the commutators

(o o) ()

are bounded onDom(D @ D,) C E @ E?,where T, : E? — Eisgivenby T, (e2) = e; @ ey
(i) Dom(D) C Dom(D;&®1);
(iii) ((D1®1)e|De) + (De|(D1&®1)e) > K (ele) for some K € R, for all e € Dom(D).

Then (4,(aygid Ec, D) represents the Kasparov product 0f(¢I(A)E113, D) and (¢2(3)Eé, Ds).

lll. ALMOST-COMMUTATIVE MANIFOLDS

Almost-commutative manifolds M x F of the form Eq. (1) were first studied in Ref. 17 and
Refs. 18-21. They were later used in Refs. 2 and 22 to geometrically describe Yang-Mills theories
and the Standard Model of elementary particles. The name almost-commutative manifolds was
coined in Ref. 23, their classification started in Refs. 24 and 25.

Let M be a smooth compact even-dimensional Riemannian spin manifold. We assume (through-
out this section) that M has dimension 4. The manifold M can be completely characterised® by the
real even spectral triple

(C®(M), L*(3), B, ys, Ju),

which is often referred to as the canonical spectral triple for M. Here S is a spinor bundle over M,
I = —ic o V¥ is the corresponding Dirac operator (where V* is the lift of the Levi-Civita connection
on M, and c¢ denotes Clifford multiplication with the conventions c(v)c(w) + c(w)c(v) = 2g(v, w)
and c¢(v)* = c(v) for any v, w € I'*(T*M)), y5 is the grading of the spinor bundle, and J), is the
charge conjugation operator. Given a real even finite spectral triple (Ar, Hr, Dr, yr, Jr) (for which
dim Hy < 00), we can construct the product triple

M x F := (COO(M, Ap), L*S)QHr. D@1+ y5s @ Dr,vs @ vr, Ju @ JF)-

Defining the (globally trivial) algebra bundle B = M x A and the (globally trivial) vector bundle
E = M x Hp, we can rewrite C*(M, Ar) ~ I'*(B) and L*(S) ® Hr ~ L?*(S ® E). The purpose of
this section is to generalise the construction of M x F to globally non-trivial bundles over M. At the
same time, we will put this generalised construction in the context of the Kasparov product between
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unbounded Kasparov modules. The globally non-trivial case was first considered in Ref. 3 for the
case of algebra bundles with fibre My (C), and has also been studied more generally in Ref. 8.

A. The internal space
Definition 3.1. A (smooth) internal space I°° over a compact manifold M is given by the data
IOO = (FOO(B)s FOO(E)’ DI) )

where E is a hermitian vector bundle over M, B is a unital *-algebra subbundle of End(E), and Dy is
a hermitian element of I'**(End(E)) 2 Endceo(a)(I"*°(E)).

An internal space is called even if there is a grading y, i.e., an endomorphism y; € I'*°(End(E))
such that

Yi = vi =1, yiD; = —Dyyr, yia =ay; Vae€T™(B).

An even internal space is called real if there is a real structure Jy, i.e., an anti-unitary endomorphism
J; on E such that

]12:8, J[D[ZE/DIJI, J[)/I :6‘//)/1]1,
la, Jb*J*] =0, [[Dy,al, Jb*J*] =0, Va, b € T*(B),

where the signs determine the KO-dimension of the internal space according to the same table as in
Definition 2.23.

Remark 3.2. The endomorphism D; will be interpreted as a mass matrix describing the masses
of the elementary particles. We would like to point out a few things about this mass matrix:

1. On alocal trivialisation (say, around a point x € M) we can view the endomorphism Dj as a
matrix-valued function D;(x), but the precise form of this matrix D;(x) depends on the choice
of local trivialisation. However, since the transition functions are unitary, two different choices
of local trivialisations yield two unitarily equivalent mass matrices, and hence the eigenvalues
of the matrix D;(x) (i.e., the masses of the particles) are independent of the choice of local
trivialisation.

2. These eigenvalues of D,(x) are (by default) allowed to vary as a function of x € M. In the
standard (globally trivial) approach one can also make the (ad hoc) decision to promote
the mass parameters to functions (although this is usually not done). However, this would
be unnatural from the perspective that a (globally trivial) almost-commutative manifold is
the (external) Kasparov product of a Riemannian spin manifold with a finite spectral triple.
Instead, varying mass parameters are more naturally described by replacing the finite spectral
triple by an internal space (which works equally well in the globally trivial case) and replacing
the external by the internal Kasparov product. As such, the promotion of the mass parameters
to functions becomes a natural attribute of our framework.

3. One could ask whether it is always possible to choose these mass parameters to be globally
constant (as in the usual approach). We expect that this might not always be possible in the
general globally non-trivial case, but it is unclear what the precise topological obstructions
would be.

We shall write A = C®(M), B =T%(B), and £ = I'*°(E). Their respective C*-closures are
denoted by A = C(M), B =1'(B), and E = I'(E).

Proposition 3.3. An even internal space 1°° = (I'*°(B), '*°(E), Dy) yields an unbounded Kas-
parov B— A-module I = (3" (E)4, Dy).

Proof. The algebras A and B are trivially graded C*-algebras, and E = I'(E) is a Z,-graded,
finitely generated projective, right Hilbert A-module, with a left action of B that commutes with the
(right) action of A. The properties of y; guarantee that all conditions with respect to the grading are
satisfied. For instance, the condition (E™, E™)CA®™ * ™ where m, n € Z,, is satisfied, since the
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condition y; = y; implies that (s, f) = 0 as soon as one of the arguments is odd and the other is even.
The operator Dy is a bounded, self-adjoint, odd operator by definition (and hence it is automatically
regular). The boundedness of D; implies that [D;, b] is also bounded for all b € B.

For a compact manifold M the compact endomorphisms of the C(M)-module I'(E) are exactly
the sections of the endomorphism bundle End E, i.e., Endg( wy(T'(E) = I'(End(E)) (since I'(End(E))
is already unital, the compact endomorphisms of I'(E) are actually all the bounded endomor-
phisms, see, e.g., Proposition 3.9 of Ref. 26). Thus, b(1 + D?)_% is compact for all b € B, because
both (1 + D%)_% and b are compact. Hence (gI'(E)4, D;) has all the properties mentioned in
Definition 2.24. O

B. The product space

Definition 3.4. Let [ := (I'*°(B), '*°(E), Dy, yi1, J;) be areal even internal space over M, with
M a compact 4-dimensional Riemannian spin manifold. Let V/ be a hermitian connection on E. We
define a real even almost-commutative manifold to be

1% xy M := (T®(B), L*E®S), P+ D; ®ys, 1 ®¥s5, J1 ® Ju),

where L*(E ® S) >~ I'(E) ®cuy L*(S) are the L?-sections of the twisted spinor bundle E ® S, and
D is the twisted Dirac operator

De=1Q@v D :=10D—-i(l®c)o(V' QI).

Note that by definition the underlying manifold of an almost-commutative manifold is always
assumed to be of dimension 4.

We note that our definition of almost-commutative manifolds fits within the slightly more
general definition of almost-commutative spectral triples given in Definition 2.3 of Ref. 8.

The order of I°° and M in the notation /*° xy M is reversed in comparison with the order of
Fand M in M x F. The reason is that the order /*° xy M is more natural from a KK-theoretical
viewpoint, whereas the notation M x F for the globally trivial case is quite standard in the literature.
In the remainder of this section, we show in detail that an almost-commutative manifold /*° xy M
determines an unbounded Kasparov B — C-module (i.e., a spectral triple over B) whose KK-class
represents the Kasparov product between the KK-classes of the internal space I°° and the canonical
spectral triple for M.

Proposition 3.5. Let [*° = (I'*°(B), *°(E), Dy, y1, J;) be a real even internal space over a
compact Riemannian spin manifold M of even KO-dimension k. Let V' be a hermitian connection on
E that commutes with the grading y i, satisfies V{L J; = J; VL, and is such that the induced connection
[V!, -1 on EndE restricts to a connection on B. Then the real even almost-commutative manifold

I xvy M is a real even spectral triple of KO-dimension 4 + k (mod 8).

Proof. Let us write D := Dz + D; ® y5. We need to show that [D, a] is bounded for all
a € I'™°(B). Since Dy is bounded itself, we need only check this for the twisted Dirac operator De,
and we find

[Pg, a]l = —ic([V', al),

where, with some abuse of notation, we write ¢c(TQ«a) = T®c(x) for T € '*°(EndE) and «a €
Q'!(M). Hence for smooth a the commutator [ g, a] indeed acts as a bounded operator on L*E® 9).
Furthermore we need to show that D has compact resolvent, and (as M is compact) for this it is
sufficient to show that D? (and hence D) is elliptic. The Lichnerowicz-Weitzenbock formula shows
that the square of the twisted Dirac operator g is a generalised Laplacian, and hence is elliptic.
The bounded (zeroth-order) perturbation Dz — Pg + D; ® y5 does not affect this ellipticity. Hence
I xy M is indeed a spectral triple.

Given the grading operators y; and ys, it is straightforward to check that D(y;®ys)
= — (y/®ys)D, provided that [V, y,;] = 0.



103508-12 J. Boeijink and K. van den Dungen J. Math. Phys. 55, 103508 (2014)

Given the real structures J; and Jy,, the operator J;®J), is anti-unitary and satisfies
(J1 ® In)’ = —e, DUJ; ® Ju) = (J1 ® Ju)D,
(1 @ In)(y1 ® v5) = &"(y1 ® ys)(J1 ® Ju), &)

where the signs ¢, &” are determined by the KO-dimension k of J;. The first equality in Eq. (5) is
immediate from J ,%4 = —1and J12 = ¢. Using the relations

Inl=BJy. y'Iu=—Iuy". vsIu=JIuys. JLiD;=DiJ;, V) =IV,,
the second equality in Eq. (5) is checked by a local calculation (writing (I ® ¢)o (V! ® )
= V,ﬂ ®yH):

DU ® Ju)(s @ ¥) = (J15) @ (BIu) — iV, J18) @ (" Iu ) + (D1 J15) @ (vsIu )
= (J15) @ (U DY)+ i(J;V}5) @ (Iuy"¥) + (Ji D15) & (Juys¥)
= (J19) ® (Uu DY) — (J;V}9) @ (Iniy" V) + (J; D15) @ (Jyysy)
=1 ® Ju)D(s @ V).

The third equality in Eq. (5) immediately follows from [Jy, ¥5] = 0 and J;y; = "y J;. From the
values of — ¢ and ¢” it is immediate that the KO-dimension of /> xy M should be 4 + k (mod 8)
(see the table in Definition 2.23).

The zeroth-order condition on 7 xy M is immediate from the zeroth-order condition on I°°.
Moreover,

[[DPg, al, JbJ*] = —i[c([V!, al), JbJ*] = —ic(([V!, al, JbJ*]) =0,

because, by assumption, [V/, a] € I'®(B) Qcoo(m) Q'(M), which commutes with JbJ*. Together
with the first-order condition on Dy, this implies that D satisfies the first-order condition. O

For a real spectral triple T = (A, H, D, J), the gauge group is defined in Definition 2.5 of
Ref. 4 as

G(T) := {u]u]* |ue U(A)} >~ UCA)JUA), (6)

where the central subalgebra A; is defined as A, := {a € A | aJ = Ja*}. For the above almost-
commutative manifold, we therefore obtain the gauge group

GU™ xy M) =UB)/UB,),

for the real structure J = J;®J). However, since B; =~ B;,, we find that the gauge group of the
almost-commutative manifold is completely determined by the internal space, and we write

GUI® xy M) = G(UI™) = {uJiulJ] | u € UB)}. @)

C. The Kasparov product

We now show that the product /°° xy M is an unbounded representative for the Kasparov
product of the KK-classes of I°° and the canonical spectral triple for M. We first prove this for the
cases where D; = 0, and then show that the presence of Dy is irrelevant at the level of KK-classes.

Let I*° be an internal space over M, where D; = 0, and consider the unbounded Kasparov module
I:=(3E4,0), where E = I'(E). We know from Proposition 3.5 that I® xy M = (B, L>(E® S), D) is
a spectral triple, which thus yields an unbounded Kasparov module I xy M = (3 L*(E® S)c., D) €
Y (B, C) (Definition 2.24).

Proposition 3.6. The unbounded Kasparov module I xvy M represents the Kasparov product of
(the classes of) I € W(B, A) and (4L*(S)c, D) € W(A, C).
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Proof. Tt suffices to check the conditions of Theorem 2.26. Since D; = 0, Conditions (ii) and
(iii) are trivial, and we only need to check Condition (i). For all e in a dense subspace of BE = E,
we need to check boundedness of

DT, — T, on Dom() C L(S),
DT} —T/D on Dom(D) C E ®,4 L*(S) ~ LA (E® S),
where D = Dy = —i(I ® ¢) o (I ® V5 + V! @ I). For ¥ € Dom(p), we obtain
(DT, — T, = —iIl®c)o(IQVE+VI®@De @Y —e® DY = —ic(Vie)® v,

which is indeed bounded for all e in the dense subspace £. Next, for f ® ¥ € (B ® S) C Dom(D)
we obtain

(BT} — T D)(f @ V) = Dlel )Y — (el YDV +i(elc(V! )y = —ic(Vel f)y,

where we have used the compatibility of the connection V/ with the hermitian form (-|-) 4, and so
DT} — T D is a zeroth-order differential operator for smooth e. a

To prove a similar result for the case where D; # 0, we use the following two lemmas.

Lemma 3.7. If y)Ea is finitely generated projective as a right A-module, then for any self-
adjoint, odd endomorphism F € End4(E), the unbounded Kasparov B — A-modules (g Ea, F) and
(B Ea, 0) represent the same class in KK(B, A).

Proof. Since E is a finitely generated projective A-module, all bounded endomorphisms are
in fact compact, i.e., Enda(E) = End%(E ). The equivalence of the compact operators 0 and b(F')
=F(+F 2)_% is then simply obtained via the operator homotopy #— tb(F), for ¢ € [0, 1]. Hence
the modules (g8 Ea, b(F)) and (¢5)Ea, 0) are equivalent bounded Kasparov B — A-modules. O

Lemma 3.8 (see also Corollary 17 of Ref. 16). Let (g8)Es, D) € W(B, A) and let T € Ends(E)
be self-adjoint and odd. Then

1. (¢wEa, D + T) is also an unbounded Kasparov module in ¥ (B, A), and
2. (sEa, D + T) and (g Ea, D) represent the same class in KK(B, A).

Proof.

1. Since T is bounded and self-adjoint, it follows from the Kato-Rellich theorem for Hilbert
modules (see Theorem 4.5 of Ref. 27) that the sum D + T remains self-adjoint and regular.
The only non-trivial thing to prove is that D + T has compact resolvent, i.e., ¢(b)(1 + (D
+T)) % e Endg(E) for all b € B C B. This is equivalent to showing that ¢(b)(£i + D
+ ) lis compact. The operator (£i + D + ! maps E into Dom(D + T) = Dom D, so
that (i + D)(£i + D + T)~!is a well-defined bounded operator on E. From

¢(b)(Fi + D +T)"' = ¢p(b)(Ei + D) (i + D)(&i + D +T) ",

we then see that ¢(b)(£i + D + T)~ ' is compact.

2. Theideais to prove that (5 Es, D + T) € W(B, A) represents the Kasparov product [((z)E4,
D)1®a[(4A4, 0)]. It is enough to show that all the conditions in Theorem 2.26 are satisfied.
First of all,

Asar (D+T)T.(a)=(D+T)ea,
(f®a) > T)(D+T)f®a)=(D+Te, faa,

are both clearly bounded on A and Dom(D + T') = Dom D, respectively, for all ¢ € Dom D.
In particular, this holds for all e € ¢(3) Dom D, which is a dense subset of ¢(B)E. This proves
that Condition (i) in Theorem 2.26 is satisfied.
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Since Dom D = Dom(D + T), Condition (ii) is also satisfied. For the final condition, a small
calculation shows that

((D +T)e, De) + (De, (D + T)e)
=((D+T)e,(D+T))—((D+T)e, Te)+ (De, (D +T)e)
=((D+T)e,(D+T))—(Te, Te)+ (De, De) > —||T||2(e, e),

for all e € Dom D, since (D + T)e, (D + T)e) and (De, De) are positive. 0O

Corollary 3.9. The unbounded Kasparov module I xy M = (3 E ®4 L’(S)c, I ®v D+ D; ®
ys) represents the Kasparov product of I = (gEs, Dy) with (LWL%(S)c, D).

Proof. By Lemma 3.7 we know that (3E4, D) and (3E,, 0) represent the same Kasparov class.
From Proposition 3.6, it then follows that the cycle (s E ® 4 L*(S)c, ) also represents the Kasparov
product of (zE4, D;) with (4 L*(S)c, D). According to Lemma 3.8, the cycle (3E ®4 L*(S)c, Dk
+ D; ® ys) represents the same Kasparov class as (3E ®4 L%(S)c, D), so it also represents this
Kasparov product. O

Remark 3.10. 1. The construction of I xy M via Kasparov products fits naturally in the frame-
work of Mesland’s category of spectral triples,'> where the internal space I°° with the connection
V can be seen as (a representative of) a morphism from the canonical triple for M to the almost-
commutative manifold /*° xy M.

2. Asis clear from the above discussion, the presence of the operator D; (or D;®y s) is completely
irrelevant on the level of KK-classes. In this sense the KK-equivalence is too strong for our purposes,
because in the models under consideration the presence of the operator D; certainly does matter.
We will describe in Sec. VI how this operator plays the role of a “mass matrix” for the elementary
fermions of the gauge theory, and gives rise to the Higgs field in the noncommutative Standard
Model (see also Sec. VII B for a concrete example of D; as a mass matrix).

IV. PRINCIPAL MODULES

We would like to describe a classical gauge theory on a manifold M by considering an almost-
commutative manifold /*° xy M. For this purpose we now restrict our attention to a special case of
internal spaces, which we call principal modules.

In Sec. IV A we first recall (part of) the classification of finite-dimensional real spectral triples
that has been done by Krajewski’* and by Paschke and Sitarz.> In Sec. IV B, we then define the
notion of principal modules, and we show that, when the base manifold (which is of arbitrary
dimension) is simply connected, the gauge group of a principal module (as defined for internal
spaces in Eq. (7)) is isomorphic to the classical notion of the gauge group of a principal fibre bundle
(as defined in Definition 2.11).

A. Real finite spectral triples

Finite-dimensional real spectral triples have been classified for the case of KO-dimension
0.2%25 With similar arguments, this can be generalised to arbitrary KO-dimension.?® In the following
theorem we give the result for complex algebras, while also setting the matrix Dy = 0. Below c. c.
denotes complex conjugation of the coefficients with respect to the standard basis of C™.
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Theorem4.1. Let F := (Ap, HF, 0, Jr) be a real finite spectral triple over a complex x-algebra
Ar. Up to unitary equivalence, this triple is of the form

! l ;
Ar=@Mn©).  Hr=@H;  Hy= D My ©@C",
i=1

i= i,j=1 i,j=1

such that mj; = myj;, and the inner product on each copy of My, n,(C) is given by (11, t) = Tr(t{1p).
IfJI% = ¢, then Jp acts on H;; ® H;, (i <), as

0 &)
® (Idy,; oc.c.).
(O
IfJ% = 1, the real structure Jr acts on H;; =~ My,(C) ® C™i as
() ® (Id, oc.c.).

If J2 = —1, then m;; is even and Jg acts on (My,(C) & My (C)) ® C =" as

( 0 —(')*)
® (Id»i oc.c.).
(')* () 2

The different copies of My, n; (C) (with respect to the above decomposition) in H;; are denoted by
HY, where 1 < o < my.
J

Remark 4.2. For finite-dimensional complex vector spaces V and W, consider the linear iso-
morphism

L:V®W — Hom(W,V), vQuW (W viw,w)), veV, ww eW,

where W denotes the conjugate vector space. Write V; = C", endowed with the standard inner
product. Then the finite-dimensional Hilbert space H;; can also be put in the form

Hr = EB ViV,

(@, j)eK

endowed with its standard inner product. Here K is a multiset consisting of pairs in / x I such that
the multiplicity of (i, j) is equal to (j, i) and such that the projection K — I on either of the factors
is surjective (this last condition is equivalent to the faithfulness of the action of Ar on Hp). The
algebra Ay ® A;p acts on a summand V; ® Vj as

(a, b™)(v @ W) = a;v ® biw,
and the corresponding real structure on V; ® V] - V;® V; is simply given by
JrFv @ W) =Fw ®v,

where the signs are determined by the KO-dimension of F. We will use this form of the real finite
spectral triple in Sec. V.

From now on we assume that every real finite spectral triple (with Dr = 0) is of the form as
mentioned in Theorem 4.1. Later on, the algebra (A ), will also be of interest, so we conclude this
subsection by determining its precise form.

Recall that, in general, for any real spectral triple (A, H, D, J), the complex central subalgebra
Ajisdefinedas Ay ={a € A|aJ = Ja*}.

Proposition 4.3. With notation as above, we have

(Ap)s, = {a =@ ridy, € Ar | € C: & =2, if Hy; # (0}].

iel
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Proof. We can assume that J is in standard form. Write Ar = €, My,(C) and consider an
elementa =P, a; € Ap. If t € H; (1 < a < my), then
a(Jpt) = xa;t* and Jp(a't) = £t¥a;.
Choose 1* = ey, where 1 <k < N;and 1 <[/ < N;. Then
(ajer)ys = (@j)yidp, and (ewai)yp = dyi(ai)ip.

Therefore, aJr = Jpa® if and only if

(@j)yrdpr = (ai)igdyx,

forall 1 <k, y <N;jand 1 </, B <N,. It follows that a;, a; are diagonal and (a;)ix = (a;); for all
l <k <Njand 1 <[ < N,. Hence, a € (Ar),, if and only if each a; = A;idy, and A; = A; if
Hi; # {0}. O

The following definition is inspired by the proof of Proposition 4.3.

Definition 4.4. Let Ap = @,.; My,(C) acton Hp = @i,jel ‘H;; as above. We define an equiv-
alence relation on [ as follows. For i # j € I, we set i ~ j if there exists a sequence i = iy, ..., iy =J
such that H;, ;,., # {0} forall 0 <m < k. If i ~ j, we say that i is connected to j.

Proposition 4.3 in particular shows that C C (Ar)j, C Z(AF).

Corollary 4.5. We have the isomorphism (Afr);, =~ @[i]el/~ C. In particular, the two extreme
cases are:

o (Ap)j, = Z(Afp) ifand only if H;; = 0 for all i #j G.e., I/ ~==1).
e (Ap);. = Cifand only if i is connected to j for all i, j € I (i.e., [/ ~ =~ {1}).

B. Principal modules

We now want to find spectral triples for gauge theories that are globally non-trivial. Recall from
Definition 2.13 that a general gauge theory with structure group Gr on a manifold M is given by a
principal Gg-bundle P over M (along with a prescribed action functional or Lagrangian).

If (Ap, HF, DF, Jr) is a finite-dimensional real spectral triple, then the corresponding gauge
group Gr is given by (see also Eq. (6))

Gr = {uJruJp | u € UCAF)} = UAF)JU(AF) ;).

Such finite spectral triples can be used to describe globally trivial gauge theories over M (see the
Introduction). Any finite spectral triple F' automatically yields an internal space

I;O = (FOO(M X AF), FOO(M X HF)! DF? ]F)a

where now Dy and Jp are seen as constant bundle endomorphisms acting on the fibre Hy. We
now want to generalise this construction in order to describe globally non-trivial gauge theories.
Of course, fibre-wise we want to obtain the finite-dimensional situation that has been explained in
Sec. IV A.

The most straightforward way to obtain (examples of) globally non-trivial gauge theories over
M would then be as follows (see also Lemma 2.5 of Ref. 8 and Ref. 3). Take any real finite spectral
triple F := (Ar, Hr, Dp, Jr) with gauge group G, and let M be a smooth compact 4-dimensional
Riemannian spin manifold. Take any principal Gg-bundle P — M. We construct the globally non-
trivial triple of the form

P xg, F:= (TP xg, Ap),T®(P xg, Hp), Dp, 1 x Jp).

Here Dy is an endomorphism acting on the vector bundle P x i, H satisfying certain compatibility
requirements (which we will specify later in Definition 6.1).
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Remark 4.6. Note that (in contrast to Ref. 8) we do not require Dp to be of the form 1 x Dp,
where D is a Gp-invariant operator on H g, as such an assumption is too strong for our purposes.
In particular, in specific examples (such as the noncommutative Standard Model) that requirement
would prevent the appearance of a scalar (Higgs-like) field through inner fluctuations.

For the remainder of this section we ignore the endomorphism Dp, since it is not relevant for
the definition of the gauge group, and we define the following:

Definition 4.7. Let F := (Ar, HF, 0, Jr) be a real finite spectral triple of the same form as in
Theorem 4.1. Write G for the corresponding gauge group. Let M be a smooth compact Riemannian
spin manifold and let P — M be any principal Gg-bundle. A triplet of the form

P XGp F = (FOO(P XGp AF), FOO(P XGr HF), 1 x JF),

is called a principal Gp-module over M (or C*°(M)) with fibre F. For brevity, we introduce the
notation B :=P xg, Ap,E:=P X5, Hp, B:=T%B), £ :=T*(E),and J:=1 x Jp.

Remark 4.8. The principal fibre bundle P is an explicit ingredient in the definition of a principal
module. From P we constructed the associated vector bundle E = P x¢, Hp, and (as discussed
in Sec. IIB 1) P equips E with a unique equivalence class of Gpg-atlases. Whenever we consider
transition functions of E, we therefore assume that they form a Gpg-atlas in the equivalence class
obtained from P. Given a Gg-atlas, the vector bundle E inherits a hermitian structure from the inner
product on H , which is well-defined because the action of Gg on H  is unitary. For two equivalent
Gr-atlases, the corresponding hermitian structures are isometric.

We stress that, given only the vector bundle E (with structure group Gr), we cannot reconstruct
the principal Gp-bundle P. In order to reconstruct P, we also need to know the corresponding
equivalence class of Gp-atlases.

Proposition 4.9. A principal module P xg, F is a real internal space (I'"*°(P Xg,
Ap), TP xg, HF),0,1 x Jp) over M.

Proof. The action of Gg on Ar is given by conjugation when A is considered as a *x-subalgebra
of End(H r). Consequently, the fibre-wise action of the *x-algebra bundle B =P X, Ar onEis well
defined, and hence B is a unital *-algebra subbundle of End(E). The operator D; = 0 is trivially a
hermitian endomorphism. Since the operator Jr commutes with Gp, it induces a real structure J, on
each fibre of E. The operator / = 1 x Jr denotes the anti-linear operator on E that is induced by
these real structures J, on the fibres. O

Remark 4.10. Because (uJrpulJp)a(Jpu*Jiu*) = uau* for all a € Ap, u € U(Afr), we see
that the given action of an element uJruJj € Gr on Ar coincides with the usual conjugation
of the element u € U(AF). Since (Arp);, C Z(Ap), the map 7 : Gp > uJpulJi — AduJruJy)
= Adu € Inn(Ar) does not depend on the choice of u. Thus, the surjective map 7 :Gp
— U(AF)/U(Z(AF)) =~ Inn(AF) is induced by the usual map U(Ar) — Inn(Ap) (recall that Gr is
the quotient U(Ar)/U((AF);,)).

1. The gauge group

Consider a principal module P x¢, F = (B, &g, J ) over M. Using the classification of Ar and
Hr, as given in Sec. IV A, we can decompose the bundles B=P X, Ar and E=P X, Hrina
similar way:

B:@Bi, B; =P xg, My,(C),
iel

E= @E,‘j, Eij:PXG,.- Hl'j.

i,jel
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Each vector bundle E;; carries the obvious action by B ® B°’. Note, however, that even though
H;j = CN @ CNi @ C™i, E; is not necessarily of the form E; ® E; ® C™ for some vector bundles
E; and E; (see Sec. VII A for an example).

Note that, for the case i = j, the bundle E;; is necessarily isomorphic to (a number of copies of)
B;. Indeed, the Gp-valued transition functions act on the fibres of E;;, which are isomorphic to (copies
of) My,(C), by conjugation with an element u € U(N;), and are therefore inner automorphisms of
the algebra My, (C). By Remark 4.10, these transition functions are equal to those for the x-algebra
bundle B;.

Denote by [i] the equivalence class of all j € I that are connected to i (see Definition IV.4). Write

B = @Bx,

seli]

and write bp; for the projection of an element b onto By;;. As (Bf;1); = C*°(M), we obtain (see also
Corollary 4.5)

B, = @ C®(M).

lilel /~
The gauge group of the principal module P x¢, F = (B, £, J) is defined as (see Eq. (7))
GP xg, F):= {uJuJ* |u e U(B)} >~ UB)/UBy).

At the same time, a principal Gg-bundle P — M is equipped with the gauge group G(P)
= I"*(AdP) (see Sec. I B). We now aim at showing that for a principal module P x ¢, F, the gauge
groups G(P x¢, F) and G(P) coincide, provided that M is simply connected.

Consider the group bundle map

¢:M(B)2PXGFU(AF)_)PXGFZ/{(HF)7 ux'_)ux-]xux-];~

The image ¢(U/(B)) is a group subbundle of P x, U(HF), with fibres isomorphic to Gp. In fact,
this subbundle is isomorphic to the group bundle AdP. The induced map ¢, on the sections U/(53)
~ U(T'*°(B)) — U(T"*°(End(E))) is precisely the map u—uJuJ*, u € U(B). Thus, ¢, maps U (B) into
I'*°(AdP). However, as discussed in Sec. II D, this map ¢, need not always be surjective. We will
proceed by showing that in our case, under the assumption that M is simply connected, we do have
surjectivity.

Proposition 4.11. Let P X, F be a principal module over M. There exists a group subbundle
U C U(B) such that the restriction ¢ : U — AdP is a covering map.

Proof. Consider the subbundle Ej;; := By; - E(i.e., the subbundle on which By;; acts non-trivially).
Define the group subbundle

U := {u € U(B) | detjjjup;; = 1 for all []},

where det};; u[;) denotes the fibrewise determinant of uy; seen as an element of the bundle End Ej;;.
Denote the rank of Ej;; by Nj;. Since any element u € U/(B) can be written as u = vw, where v € U

and w € U(By) (just take wy;) = (dety;) u[i])ﬁ idy,, and v = uw™"), the image (V) is equal to the
image ¢(U(B)) = AdP.

Let us calculate the kernel ¢, : U, — (AdP),. Choose u € U, N ker ¢,. Since u € ker ¢,, each
up; is diagonal. Because dety;) uf;) = 1, we obtain that uf;; = Af;jidy,,, where Ap; is an Ny-th root of
unity. Since there are only finitely many equivalence classes [7], the group U, N ker ¢, is finite.

The condition for a map to be a covering map is of a local nature, so we can assume that
all bundles are globally trivial. In that case, it follow from the fact that U, N ker ¢, is finite, that
U — AdP is a covering map. O

Combining Proposition 4.11 with Corollary 2.22 and Theorem 2.12 immediately yields the
desired result:
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Theorem 4.12. Let P X, F be a principal module over M. If M is simply connected, then

G(P xg, F) ~ T®(AdP) ~ G(P).

Remark 4.13. It follows from the above that for each element g of the gauge group G(P x g, F),
there exists a unitary section u € B with (fibre-wise) determinant equal to 1, such that g = uJuJ*. In
this sense, the gauge group is unimodular by default. This only holds for complex algebras B. For
real algebras (including the one describing the noncommutative Standard Model???), one needs to
impose unimodularity by hand (see also Ref. 29 and references therein).

V. GAUGE MODULES

In Sec. IV B, we introduced the notion of principal modules, which have an entirely geometric
nature. In this section, we introduce so-called gauge modules, which are of a purely algebraic nature.
We show that each gauge module is in fact also a principal module, but unfortunately not all principal
modules can be obtained from gauge modules.

Inspired by the standard form of finite spectral triples as obtained in Theorem 4.1 and Remark
4.2, we introduce the following definition, which might be considered an extension of Krajewski
diagrams to the globally non-trivial case.

Definition 5.1. Let A := C*°(M). Suppose we are given a finite set of non-degenerate hermitian
finitely generated projective A-modules &; (fori € I = {1, ..., [}), and define the module algebras
B; := End4(&;). Take a multiset K consisting of pairs in I x [ such that the multiplicity of (i, j)
is equal to the multiplicity of (j, i), and such that the projection K — I on either of the factors is
surjective. Denote the multiplicity of the pair (i, /) by m;; and write (iy, jo) (1 < @ < my;) to distinguish
the pairs in K that occur more than once (see also Theorem 4.1 for this notation).

A gauge module (B, £, J) is of the form

B:= D5 £:= P &o48, JiE®AE — & ®uE,

iel (i,j)eK

where J is of the same standard form as the finite operator Jr in Theorem 4.1 (and which depends
on the value of > = ¢ = 1, e.g., J;;(e;, ®€},) = cej, @ e, fore;, ®e;, € &, ®E;, if j < ).

The assumption that the projection K — [ is surjective ensures that the action of B on £
is faithful. From the Serre-Swan theorem, we know that each module &; is given by the smooth
sections of a vector bundle E; — M. Because the hermitian structure on &; is non-degenerate, this
yields a hermitian structure on E;. By Theorem 2.5, the module algebra B; is given by the smooth
sections of a unital weak *-algebra bundle B; — M. Since 5; = End 4(&;) we obtain B; = End(E;).
The local triviality of B; then follows from the local triviality of E;, which means that B; is in fact a
unital x-algebra bundle.

As mentioned in Remark 4.8, given a principal module P x, F = (B, £, J) (but not P itself),
it is not possible to reconstruct P, unless we are given the equivalence class of G-atlases on the
vector bundle E = P x ¢, Hr. However, we will show below that for gauge modules it is possible to
uniquely reconstruct the corresponding principal Gr-bundle. The main distinctive feature of gauge
modules is that the vector bundle E decomposes as a direct sum of tensor products of hermitian vector
bundles E;. To each E; there uniquely (up to isomorphism) corresponds a principal U(N;)-bundle.
From these principal U(N;)-bundles, we can subsequently construct the corresponding principal
Gr-bundle P.

Proposition 5.2. Let (B, £, J) be a gauge module. Then:

1. There exist a real finite spectral triple F = (Ar, HFr, 0, Jr) and a principal U(Af)-bundle Q
such that (B, €, J) = Q Xy, F.
2. There exists a principal Gg-bundle P such that (B, £, J) =P xg, F.
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Proof. 1. The gauge module (B, &, J) is constructed from a given set of hermitian vector bundles
E; of rank N; and the index (multi)sets / and K. By assumption B; = End(E;), and so B; has typical
fibre My, (C). We define

Ar =P My, (), Hr= P CV o CV.

iel (i,j)eK

For each E;, there is a principal U(N;)-bundle Q; (which is unique up to isomorphism) such that
E; >~ Q; xyn,) CV (see Example 2.14). Let (U, uzv) be a U(N;)-atlas on E; corresponding to local
trivialisations of Q;. The transition functions uiv of E_, are given by the right action of (uiv)* on
CVi (see Eq. (4)), which is implemented as (v; ® w_j)(uﬁv)* = Ju), J*(v; ® wj;). Hence we obtain
transition functions for E of the form

guv = @ ufj‘/@(uiv)*Op: @ uf}vJuivj*.

(i,j)eK (i,j)eK

Writing u,, = @, u',, € C®(U N V,U(AF)), we see that g,, = uyyJu,, J* € C(U NV, Gp).
Since the u!,, are transition functions of 7r; : Q; — M, we see that the u,,, are the transition functions
of the principal U/(A r)-bundle

Q=Q Xy xuQ:={q,-...,q) €Q x--- xQ | mi(q1) = =mq)}.

Since the action of u,, on Hr is given by g,, = uy,Ju,,J*, we see that E > Q Xya,) Hr as
hermitian vector bundles. As conjugation by u,, coincides with conjugation by g,, on the algebra
Ap, we also have B 2~ Q Xy a,) Ar.Itis straightforward to check that J is invariant under conjugation
by a transition function g,,, and hence it is simply of the formJ =1 x Jr. Since J is an anti-unitary
operator satisfying J> = ¢ and the order-zero condition, it follows that Jx is a real structure on Hr.

2. Given the principal U(A r)-bundle Q from the first part of this lemma, we simply construct a
principal Gg-bundle as

P:=Q Xy, Gr,
where u € U(AF) acts on Gr as left multiplication by the element uJru J}:. The transition functions
of P are given by g,y = uyyJuy, J* € C*(U NV, Gp). It then straightforwardly follows that
P xg, Hr = Q Xua,) Gr) X6, Hr = Q Xy, HF = E,
and similarly we obtain P X, Ar ~B. O

The above proposition shows that each gauge module is in fact a principal module P x¢, F
(where we can uniquely reconstruct F' and P), where P can be lifted to a principal U/(A r)-bundle Q
(which is unique up to isomorphism). We now show the converse, namely that a principal module
P xg, F withalift T : Q — P uniquely corresponds to a gauge module.

Proposition 5.3. Let P x¢g, F = (B, £, J) be a principal module, and suppose we have a
principal U(AF)-bundle Q that lifts P. Then Q naturally induces a gauge module structure on
(B, &, J).

Proof. As we have seen in Sec. IV A, the real finite spectral triple F' = (A, HF, 0, Jr) has a
decomposition of the form

Ar =D Mu,(©), He= P CVaCV.
iel (i,j)eK

Thus we have U(Ar) = X;c;U(N;), and the principal U/(A r)-bundle Q then decomposes as Q; X
-+ Xy Q;, where each Q; is a principal U(N;)-bundle given by Q; := Q X4,y U(N;). We then
construct

B; :=Q Xy, My, (C) = Q; xyw,) My, (C), E; = Q Xy, CV =~ Q; xpw, CM,
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where U(AF) = X;e;U(N;) acts on CVi as left multiplication by the factor U(N;), and on My, (C)
as conjugation by U(N;). The bundle E; naturally inherits a hermitian structure from the standard
inner product on C"i. Because Q lifts P, the bundles B and E corresponding to the principal module
P x¢, F are in fact of the form

B :=Q Xy, Ar = @Bi» E:=Q Xyup Hr = @ E; ®E;.

iel (i, ))ekK

Furthermore, as the transition functions of B; are given by conjugation by the transition functions of
E;, and as its fibre equals My, (C) = End(C™), it follows that B; = End(E;) and B; acts as such on
E. Hence we have shown that the principal module P x¢, F is equal to the gauge module given by
the modules &; := I'*°(E;) and the real structure J = 1 x Jp. O

The previous two propositions then lead us to the main result of this section:

Theorem 5.4. A gauge module is characterised uniquely (up to isomorphism) by a principal
module P X, F for which there exists a principal U(A r)-bundle Q that lifts P.

Proof. Given a gauge module, we have shown in Proposition 5.2 that we can uniquely construct
a real finite spectral triple F = (A, HF, 0, Jr), a principal Gp-bundle P, and a principal U(Ar)-
bundle Q that lifts P. Conversely, given such F, P, and Q, Proposition 5.3 shows that P x¢, F is in
fact given by a gauge module. These constructions are inverse to each other. O

Remark 5.5. 1. If there exists a principal /(A r)-bundle Q that lifts P, then Q is unique up to
isomorphism, because each principal U(V;)-bundle Q; is unique up to isomorphism (cf. Example
2.14).

2. Every globally trivial principal module, constructed from a finite spectral triple F" and the
principal bundle P = M x G, is in fact a gauge module, with the lift Q = M x U(AF).

3. An example of a principal module that is (in general) not a gauge module (except when
for instance the underlying manifold is simply connected and 4-dimensional) is described in
Sec. VITA.

VI. GAUGE THEORY

In this section, we show how principal modules describe gauge theories on 4-dimensional
compact spin manifolds. First we will introduce a “mass matrix.” Viewing the (now massive)
principal module as an internal space and endowing it with a (suitable) connection, we can then use
it to construct an almost-commutative manifold. Subsequently, we determine the inner fluctuations
and provide an explicit formula for the spectral action of this almost-commutative manifold. We end
this section by stating our main result, namely that such an almost-commutative manifold indeed
describes a gauge theory in the sense of Definition 2.13.

A. Principal almost-commutative manifolds
Definition 6.1. Consider a principal module P x g, F = (B, £, J;) (from here on we include a
subscript I in order to differentiate between the different operators occurring). In order to be able to
describe massive gauge theories, we now introduce a “mass matrix”
D; € T*°(End(E)) >~ End 4(&),

satisfying

D; = Dj, D;J; =¢€J;Dy, [[D;,al, JbJ*] =0 Va,beB,
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where the sign &' (along with the signs &, ¢” obtained through the finite spectral triple F) is
determined by the KO-dimension according to the same table as in Definition 2.23. We then call
I = (B, &, Dy, Jr) amassive principal module over M. We say Ig° is even if there exists a grading
operator y;on & such that Dyy; = — y Dy, yiJy = €"Jyyrand ay; = yaforall a € B.

It is an immediate consequence of the definition that a massive principal module over M is a real
internal space over M. If (B, £, J;) is in fact a gauge module, we shall call (B, £, Dy, J;) a massive
gauge module.

Let P x¢, F be a principal module. Denote by gr the Lie algebra of the structure group Gr.
Take a connection on P, i.e., for each local trivialisation (U;, h;) of P we have a (local) gr-valued
1-form w; € Q' (U;, gr) such that

wj = g;;'dgij + & wigij

for all 7, j such that U;NU; # ¥ (see Definition 2.8). These connection one-forms yield a connection
V:E— £ ®4 QM) by defining locally (i.e., on local trivialisations (U;, &;) of E that are induced
by those of P) the expression

Vig :=h;"od+w)oh;,

where d is the exterior derivative acting on the components of the local trivialisation. The transfor-
mation property of w; ensures that V is globally well-defined. Connections on £ of this form are
also referred to as Gp-compatible connections, or simply Gg-connections.

Consider the associated vector bundle adP := P x4 g, where ad is the adjoint action of Gg
on gr. Since gr is (isomorphic to) the image of u(Ap) in u(Hr) under the map ¢ +— t + JptJ},
the bundle ad P is (isomorphic to) the image of u(B) in u(E) under the map t : ¢ +— ¢ + J;tJ;. The
kernel of this map is equal to the set of all elements ¢ € u(B) satisfying t = —J;tJ; = J;t*J}, or
equivalently,

kert = {t e u(B) | tJ; = J;t*} = u(By).
Hence we see that ad P is isomophic to u(B)/u(By). In particular, gr = u(Ar)/u((Ar),,).
Lemma 6.2. The induced map t : wW(B) — I'*°(ad P) is surjective, and
'*(adP) >~ w(B)/w(8By).
Moreover, ad P is isomorphic to the subbundle
u={t € u(B) | Try; t;; = O for all [i]}

of W(BB), where Try; tyi) denotes the fibrewise trace of ty;) seen as an element of the bundle End Ef;y,
and u(B) = kert @ u, withkert = u(By).

Proof. Though the first two statements follow immediately from the exactness of the Serre-Swan
equivalence functor I'*°, we prove them directly by showing that ad P is isomorphic to the subbundle
u (compare also Proposition 4.11). Indeed, every ¢ € u(B) can be written as s + ¢, where s € uand
q € u(By) (just take gj;; = ﬁ Tr;y(f7) - idy;p and s =t — g). Hence 7|, is surjective.

Suppose now that ¢ € kerz|,. Because ¢ € kert, we obtain f;; = Ap;jidy,,, where Apy € iR
(see Proposition 4.3). Since t € u, each of the #; is traceless. Hence each of the Aj; is zero, and
consequently, the kernel of 7|, is trivial. m|

Lemma 6.3. Let P xg, F = (B, &, Ji, yr) be an even principal module. Any Gp-compatible
connection V on £ commutes with the real structure J; (in the sense that V,J; = J;V ) and the
grading y .

Proof. It is sufficient to show that Jr and y r commute with elements in gr. Any element in gr
is of the form ¢ + JptJ}, with r € u(Ap). In particular, Jr commutes with these elements. Since
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y r commutes with elements in Ap, and (anti-)commutes with Jr, the grading y r commutes with
elements in g, too. O

If the principal module is obtained from a gauge module (B, £, J;), we can construct such a
Gr-connection explicitly as follows. Consider the decomposition £ = @(L i & ®.4 &}, and choose
a hermitian connection V* on each &;. We define

v::@(vf®ﬂ+ﬂ®ﬁ),
@, ))

where the conjugate connection VJ is defined in Sec. IIC. In order to see that V corresponds
to a connection on the principal bundle P, we first need to check that its local connection one-
forms take values in the Lie algebra gp. If (U, hj) are local trivialistions of &£;, we can write V' |y

- (hZ)_] o (d + ') o hi, for some local connection one-forms !, € Q'(U, u(N;)). The connection

V then locally has the connection 1-form

v, = (a) RI+I® (wg‘*)w) e Q'U, Ar @ AD).
@)
This ensures that [V, -] yields a connection on B ® B°P, which preserves B and B°P. Writing

ty =P, o', we can write , = 1, + Jpt, J;: € (U, gr). To verify that w, defines a connection

on the principal Gp-bundle P we need to show that w, transforms correctly under the Gp-valued
transition functions.

So, consider two neighbourhoods U and V such that U NV # @, and let u = xu; € C*(U N
V,U(AF)) be a transition function for the principal /(A r)-bundle Q. The corresponding transition
function for the principal G-bundle P is g := uJpuJ}. Since the o/, are connection forms on E;, ,
transforms as

t, = @w'v = @(u;‘wf,u; +uldu;) = u*tyu + u*du.
iel il
We then see that
wy =t, + Jpty Jp = u'tyu + u*du + JrWtyu + u*du)J
=u"Jpu*JityuJpudp + Jpu* Jpu* JityuJpuJ i) J
+ u* Jpu* Je(du)JpuJ g + u* Jpu* JruJp(du)J g

=g\t + Irty g + g7 dg = g wpg + g7 dg.

Thus, U +— w, indeed defines a Gr-connection.
Proposition 6.4. Let (B,E,J) be a gauge module. A connection on E is of the form

@(i’j) (Vi RI+T® W) if and only if it induces a connection on the principal U(Af)-bundle
Q from Proposition 5.2.

Proof. Consider a local trivialisation (U, h,) of P, and let w, € Q'(U, u(Ar)) be a local
connection form on Q, yielding a connection V on E = Q xy4,) HF. Since the decomposition
wAp) = ®ie1 u(N;) is preserved by the action of U(Ar), we can write w, = @ie[ w;, where
each w; € Q' (U, u(N;)) yields a connection V' on E;. For x € U, the connection form w, acts on
(E ®E))|, ~CY @ CVi as

oV ® W;) = w;v; @ W; + v; ®w_ja)_7,

from which it follows that V = @ ;, (V' @ 1+ 1@ V7).
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For the converse, consider a connection on E of the form V = ;. P <Vi QI+1I ®W)

On a local trivialisation (U, h,); of E;, each connection V: yields a local connection form w; €
Q' (U, u(N;)). Then w, := P, _; w; € Q'(U, u(Ar)) is a connection form on Q that induces V. O

Definition 6.5. Let IS = (B, £, Dy, J;) be a massive principal module of KO-dimension k over
M, where M now has dimension 4. Let V be a Gp-compatible connection on £ . We construct
the real almost-commutative manifold /§° xv M as in Definition IIL.4. Since /5° is now a massive
principal module (instead of a more general internal space), we will refer to Ig° xvy M as a principal
almost-commutative manifold.

If I5° is even with grading y;, we obtain a real even almost-commutative manifold I5° xv M.
Since the connection V is Gp-compatible, it automatically commutes with J; and y; (see Lemma
6.3). Moreover, the same condition implies that the induced connection [V, -] on EndE restricts to
B. It then follows from Proposition 3.5 that Ig° xy M is a real even spectral triple of KO-dimension
4 + k (mod 8).

We continue in the remainder of this section, as in the usual approach for globally trivial almost-
commutative manifolds (see Refs. 2 and 22 or the review Ref. 4), by generating the gauge fields and
Higgs fields via inner fluctuations, and subsequently calculating the spectral action.

B. Inner fluctuations

Let (B, H, D) be a spectral triple. Consider the generalised one-forms given by

QyB) = > a)(D.b;1| a;.b; € B.
J

For the canonical triple (A, L*(S), 1) of a spin manifold M, the generalised one-forms $2};(.A) are

simply given by the Clifford multiplication ¢ of the usual one-forms Q!(M). To be precise, for
smooth functions fi, f» € A, we obtain fi[B, f>] = —ific(df>).

Definition 6.6. Let (B, H, D, J) be a real spectral triple. An inner fluctuation of the operator D
is a self-adjoint element A = A* € Q],(B). Such an inner fluctuation yields the fluctuated operator

Dy:=D+A+¢&JAJY,

where the sign ¢ = =41 is determined by the KO-dimension of the spectral triple (see
Definition I1.23).

For the remainder of this paper, we again assume that the dimension of M is equal to 4. We would
like to show that, for a principal almost-commutative manifold, these inner fluctuations yield gauge
fields and scalar fields (the latter are interpreted as Higgs fields in the noncommutative Standard
Model). The inner fluctuations of the twisted Dirac operator g := I ®v IP are (finite sums of)
elements of the form

a[Pg, b] = —i(I ®c) o (alV,b] @ 1),

for a, b € B, where ¢ denotes Clifford multiplication. The fact that V is a Gp-compatible connection
ensures that a[V, b] € B®4 QUM) ~ Q' (M, B). Requiring that a[ g, b] is self-adjoint then im-
plies that a[V, b] € Q'(M, u(B)), where u(B) contains the anti-hermitian elements of B. An arbitrary
inner fluctuation of P is thus given by

a =Y a;[V.b;] € Q' (M, u(®B)).
J

We can then write Ja[Dg, b]J* = —i(I @ ¢) o (J;J; @ ), and consequently we have

alDg, bl + Ja[Pe,blJ* = —i(I @ ¢) o (& + JiaJ[) @ I).
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The inner fluctuations of the operator D;®y 5 are of the form ¢®y 5, where

¢=0¢" =) a;[D;. b;] € T®(End(E)).
J

Proposition 6.7. The fluctuated Dirac operator Dy :== D + A + JAJ* for a real even almost-
commutative manifold is of the form

Dy=1Qv D+ P®ys,

where V' :=V + B for some B € Q' (M, adP), and ® = ®* := D; + ¢ + Ji¢pJ} € I'*°(End(E))
for some ¢ = ¢* := a;[Dy, b;].

Proof. The expression B = o + JyaJ} is an ad P-valued 1-form on M (see Lemma 6.2). Noting
that ¢ = 1 by assumption, the statement follows straightforwardly. O

The construction of I5° xv M explicitly uses the choice of a connection V. However, we now
show that this choice is irrelevant once we take the inner fluctuations into account. We need the
following lemma.

Lemma 6.8. Let B — M be a unital x-algebra bundle, and let V be a connection on B = ' (B)
such that V(1) = 0, where 1 denotes the identity section. Write A = C*°(M). Then

{3090 | a;.b; € B} =Boa2'an) =~ ', B). ®)
J

Consequently, Q' (M, u(B)) is given by the anti-hermitian elements in { Zj aj%(bj) laj,bj e B}.

Proof. Since %(b) € B®4 QY(M), the left-hand side of Eq. (8) is clearly contained in the right
hand side of Eq. (8). For the converse inclusion, first suppose that both a; and b; are in A C Z(B).
In that case,

{Zfﬁ(g.f Ws) | fj. 8 € «4} ~ {ijdgj | fi8j € A} = Q'(m).
j j

It follows from this that
[ > a;%0 | a;eB.g; e A} =BaiQ M),
J

Of course, the left-hand side of the previous equation is contained in { > ja j%(b i)laj,bjeB },
which proves the other inclusion. m|

Proposition 6.9. Let P x¢, F = (B, &, Jr) be a principal module over M (for simplicity we
consider here the massless case D; = 0) with two (Gg-compatible) connections V and V'. Then
I ®v I is obtained as an inner fluctuation of I Qv ID.

Proof. The difference between the two connections 8 := V' — V is an element in Q'(M, ad P).
By Lemma 6.2 there exists a (unique) element o € Q' (M, u) c Q'(M, u(B)) such that 8 = o
+ JyaJ;. The connection V= [V, -]on End(€) restricts to a connection on B3, and satisfies %(l) =0.
Lemma 6.8 now implies that 8 is obtained as an inner fluctuation. m|

Remark 6.10. We have seen that considering inner fluctuations of the Dirac operator essentially
replaces the Gp-connection V (chosen in the construction of the almost-commutative manifold
I$° xy M) by adifferent (arbitrary) Gp-connection V'. Therefore, after taking into account the inner
fluctuations, our construction of principal almost-commutative manifolds is essentially independent
of the initial choice of the connection V.

However, we also note that the endomorphisms @ obtained through inner fluctuations in general
remain dependent on the initial choice of D;.
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C. The spectral action

As mentioned immediately below Definition II.13, the dynamics of a gauge theory can be
obtained from a gauge-invariant action functional. In the case of almost-commutative manifolds,
such an action functional can be formulated in terms of the spectral triple.

Let us first recall the definitions of the bosonic and fermionic action functionals for an arbitrary
spectral triple T = (A, H, D). The bosonic part of the action functional is given by the spectral

action,® defined as
Dy

Here Tr denotes the operator trace on B(H), Dy is the fluctuated Dirac operator, f : R — R is some
positive even function, and A € R is a (large) cut-off parameter. The function fis assumed to decay
sufficiently rapidly at infinity so that the trace of {D4/A) exists. In particular, f could be considered
as a smooth approximation to a cut-off function (and as such it counts the number of eigenvalues of
D4 whose absolute values are smaller than A), but this viewpoint is not necessary for the following.

If the spectral triple is even (with grading ) and has a real structure J of KO-dimension 2, the
fermionic action™ is defined as

1 ~ ~
Sy(T) := E(JS, D4§),

where E is the Grassmann variable corresponding to a vector § € H™ (i.e. y&§ = ).
We quote the following well-known result:

Proposition 6.11 (see, e.g., Sec. 2.6.1 of Ref. 4). For a real spectral triple T = (A, H, D, J, y)
of KO-dimension 2, the action functionals Sy(T) and Sy(T) are invariant under the action of the

gauge group G(T).

We now provide explicit formulas for the spectral action of principal almost-commutative
manifolds (formulas for the fermionic action will only be given for the example of electrodynamics
in Sec. VII B). The spectral action was calculated in Refs. 2 and 30 for the product triple M x F,
where F' was chosen in order to describe the full Standard Model of elementary particle physics. In
the remainder of this section, we largely follow the notation of Ref. 4, where also detailed derivations
of the formulas provided here can be found.

For the canonical triple (C*°(M), L%(S), D) of a smooth compact 4-dimensional Riemannian
spin manifold M, the spectral action yields the asymptotic formula

100~ [ LtV Tglds + OA),
M
where g is the Riemannian metric on M. The Lagrangian £, is given by

far*  foA?  f(0) ( 1 1 11
- —As — —C,ypy CHVP0 —R*R*).
272 2472 T 1em2\30°° T 20 M +

EM(g;w) = 360 (9)

Here s denotes the scalar curvature of M, A is the scalar Laplacian, C is the Weyl curvature, and
R*R* is a topological term, which integrates to (a multiple of) the Euler class. The coefficients f
(for k > 0) are the moments of f, defined as

fi = foo FO*ds.
0

We now provide the spectral action for a principal almost-commutative manifold. As all calcu-
lations are local, the result is exactly the same as for the spectral action of a product triple M x F,
and we refer to Ref. 4 for the detailed calculations.

In Proposition 6.7, we saw that the fluctuated Dirac operator is determined by a connection
V' =V + B and an endomorphism & on E. From here on we shall work on a local trivialisation
(U, hy), where we can write V|y = h;l o(d + wy) o hy, and define the local gg-valued 1-form
B:=w,+hy,oBlyo h;l € Q'(U, gr) (for ease of notation we do not make the dependence of B
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on the local chart U explicit). Thus B is the local connection form for V’. Using a local coordinate
basis 9, we define B, := B(9d,) € C*(U, gr). We omit the local trivialisation /2, from our notation,
SO we write, e.g., V;’t = 0, + B,,. Furthermore, we introduce the notation

D,®:=[V,,®] =0, +[B,, ¢l F,, =9,B,—0d,B, +[B,, B,].

Proposition 6.12. The spectral action for a principal almost-commutative manifold Ig° xv M
is asymptotically given by the local formula

Sb(llgo xXv M) ~asoo f ‘C(g;/.v, B;}.s qD)\/ |g|d4x + O(A_l)y
M

for
[f(g/un B,u., (D) = N‘CM(gp.v) + [fB(gp.v, B,u) + EH(g[l.vv B/J,v D).

Here Ly(g,y) is given in Eq. (9), and N is the rank of E. Ly gives the kinetic term of the gauge field
and equals

f (0)

»CB(g;wv B ) = tr(F;wFMV)

where tr denotes the fibre-wise trace for endomorphlsms on the bundle E® S. Ly gives the Higgs
Lagrangian given by

f (0) f (0)

Lu(gun, By, ®) = — tr(®?) tea (d%) +3

A(ur(®?)

/(O ) f © )
48w
where the first two terms form the Higgs potential, the third is a boundary term, the fourth couples
the Higgs field to the scalar curvature, and finally we have the kinetic term including interactions
with the gauge field.

2fA
47

((D, @)D" D)),

Remark 6.13. Although the above explicit formulas for the spectral action are exactly the same
as for a product triple M x F, there can nonetheless be a significant difference, because the constant
matrix Dr is replaced by a global endomorphism D;. For a producttriple M x F, the inner fluctuations
of ys®Dy also lead to global endomorphisms of the form ys®®, where ® € I"*°(End(E)) (though
this ® would be more restricted than in our construction). However, there may be components of Dp
that are not affected by inner fluctuations, and hence remain constant (this occurs for instance for the
Majorana masses of right-handed neutrinos in the case of the noncommutative Standard Model?). In
the case of a principal almost-commutative manifold, these components could be non-constant from
the start. Hence, compared to the case of product triples, derivatives of the field ® might contain
additional terms. This difference is not yet visible in the general formulas above, but it may have
consequences once we look at concrete examples (see Remark 7.4).

D. Gauge theory

The results of this section can be summarised as follows, which is the main result of our paper:

Theorem 6.14. Let M be a smooth compact 4-dimensional Riemannian spin manifold. Consider
a massive even principal module I5° = (B, €, Dy, yi, Ji) of KO-dimension k over M. Let V be a
Grp-compatible connection on E. If M is simply connected, then the principal almost-commutative
manifold I$° xv M of KO-dimension 4 + k (mod 8) describes a classical gauge theory over M with
gauge group G(I° xv M).

Proof. The principal module /5° is constructed from a principal Gr-bundle P over M, such that B
and & are given by smooth sections of bundles associated to P. By assumption M is simply connected,
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so it follows from Theorem 4.12 that we have the isomorphism G(/5° xv M) =~ G(P). We have seen
in Sec. VIB that the inner fluctuations transform a Gp-compatible connection on £ to another
Gr-compatible connection, which hence corresponds to a connection on P (and by Proposition 6.9
any connection on P can be obtained in this way). Finally, the spectral action and the fermionic
action provide a gauge-invariant action functional (see Proposition 6.11). Thus the principal almost-
commutative manifold /g° xv M provides all the necessary ingredients for a classical gauge theory
over M, as described in Definition 2.13. O

VIl. EXAMPLES

In this section, we adapt two simple examples of (globally trivial) gauge theories in the context
of noncommutative geometry to the globally non-trivial case. In each example, we assume (as before)
that the underlying manifold M is a smooth compact 4-dimensional Riemannian spin manifold.

In Sec. VIT A, we describe the Yang-Mills case that was studied in Ref. 3, and provided the
motivation for this work. In particular, we show that the Yang-Mills case provides examples of
principal modules that cannot be described by gauge modules. In Sec. VII B, we discuss the abelian
gauge theory of electrodynamics, based on the (globally trivial) description in Ref. 31. We will
describe the resulting (globally non-trivial) gauge theory, and provide explicit formulas for both the
spectral action and the fermionic action.

A. Yang-Mills

Globally trivial Yang-Mills theory was already studied in the setting of spectral triples by
Chamseddine and Connes.® It is described by the (real, even) finite spectral triple

Foy := (Mn(C), MN(C), Dp =0, Jp = ()", yr =1d),

where the algebra My (C) acts on the Hilbert space My (C) by left-multiplication. The KO-dimension
of this spectral triple is 0 and the structure group Gr is equal to PSU(N).

This has been generalised to the globally non-trivial case in Ref. 3. Let B — M be an arbitrary
x-algebra bundle with fibre My (C), and let B = I"*(B) be its unital, involutive C*°(M)-module
algebra of sections. We consider the real even internal space

15 = B,B,D;=0,J; = ()" yr =id).

For a general principal module P x, F, we do not know how to reconstruct the principal
bundle P from the module. However, in the Yang-Mills case we do.

Lemma 7.1. There exists a principal PSU(N)-bundle P — M (unique up to isomorphism) such

that I\?]j ~ P Xpsum) Fou.

Proof. The transition functions of the x-algebra bundle B take values in Aut(My(C)) >~ PSU(N)
(where PSU(N) acts on My (C) by conjugation). Hence by Theorem 2.7 we can reconstruct a principal
PSU(N)-bundle P such that B > P x psynv) My (C). Since PSU(N) is the full automorphism group
of the fibre, the bundle P is uniquely defined. |

Remark 7.2. Note that IS will in general not be a gauge module. If this were the case, the
structure group PSU(N) of B could be lifted to U(N) by Proposition 5.2. This is only possible if
the Dixmier-Douady class 8(B) € H3M,Z) is identically zero (see, e.g., Chap. 5 of Ref. 32 or
Ref. 33 for more details on Dixmier-Douady classes), which is equivalent to saying that B is an
endomorphism bundle (note that this is consistent with the condition B; = End(E;) in Definition
V.1). Since not every *x-algebra bundle with fibre My (C) has zero Dixmier-Douady class (see, e.g.,
Ref. 33), this example shows that there exist principal modules that are not gauge modules. However,
in our description of gauge theories in Sec. VI, we have restricted our attention to simply connected,
4-dimensional manifolds, and it turns out that in this case the Dixmier-Douady class always vanishes
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(as we will prove below). It is unclear if there exist other examples of principal modules that are not
gauge modules.

Proposition 7.3. Let B be a %-algebra bundle with fibre My(C) over a simply connected, 4-
dimensional, oriented, compact manifold M. Then the Dixmier-Douady class of B is identically
zero.

Proof. Since M is simply connected, its fundamental group is trivial, and hence (see, e.g.,
Theorem 2.A.1 of Ref. 11) the first singular homology group H|(M, Z) is trivial. By Poincaré
duality (see, e.g., Proposition 3.25 and Theorem 3.30 of Ref. 11) it then follows that the third
cohomology group H3(M, Z) is also trivial. The Dixmier-Douady class by definition takes values
in the third Cech cohomology group H3(M, Z). Since for compact manifolds these cohomology
groups are equal, it follows that H3(M, Z) is trivial and hence that the Dixmier-Douady class of B
must vanish. |

A connection V : B — B®4 Q!(M) is PSU(N)-compatible (cf. Sec. VIA) if and only if it
satisfies the algebraic identities (see Sec. 3.2 of Ref. 3)

V(ab) = V(a)b + aV(b), (Va)* = V(a*), Va,b € B.

Such a connection thus corresponds to a connection form w on P. If we pick any such connection,
we can then consider the (principal) almost-commutative manifold

I3 xy M := (T™°(B), L’B®S), B, J; ® Ju, 1 ® ¥5).

If M is simply connected, the group G(I5 xv M) is isomorphic to G(P), and I3 xy M describes
a PSU(N) gauge theory (P, w) over M. We denote the local connection form of V by B,,, and its
curvature tensor by F,,. From Proposition 6.12 we find that the spectral action yields the Lagrangian

»C(g;wa B,u) = NZ»CM(g;w) + »CYM(g;wa Bu)’
where the Yang-Mills Lagrangian is given (up to a normalisation constant) by the usual expression:

(0) y
EYM(g;va BM) = 2f4—7T2tI'(FMUFM ).

B. Electrodynamics

The example of (globally trivial) Electrodynamics in the context of noncommutative geometry
appeared in Ref. 31. Here we describe its generalisation to the globally non-trivial case. The finite
spectral triple for electrodynamics is given by?!

FED = (sz (C4a DF? J/Fv JF)

We shall generalise this finite triple to a massive even gauge module /3 over M. First, we set the
algebra B to be of the form

B:=A®d A=C®M)d C*(M).

Let L be a complex line bundle over M, with a given hermitian structure, so that its structure group
is U(1). We shall take two identical copies of this line bundle, which we denote by E; and Eg, with
smooth sections £, = I'*°(E;) and £ = I'*°(Eg). Then the Hilbert B — A-bimodule £ is defined
as

E:=(ELDER) D EL ®Er),

where the first component of B acts on £, @ &g, and the second component acts on its conjugate.
On this decomposition, the grading is defined as y; := 1B (—1)®(—1)@1. The real structure J; is the
anti-linear map &, g m and m — & g of KO-dimension 6 (see Definition 11.23). We then
have the subalgebra B; >~ A C B, where the injection is given by ar>a@®a. Imposing all conditions
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in Definition V1.1, the “mass matrix” D; is restricted to be of the form
d 0
D] =

S O o
o o o

0 0
0 0
0 d

where d € C*°(M) (see Sec. 4.1.1 of Ref. 31).

Remark 7.4. In order to interpret d as a mass parameter, it would have to be given by a single
real-valued parameter. For this reason we restrict ourselves to the case d = — im (see Remark
4.4 of Ref. 31). We stress here that in general (as mentioned in Remark 3.2) the mass m is not a
fixed parameter, but a function on M (although it can be chosen to be constant). In other words,
our framework allows the mass of a particle to vary from point to point in M, so essentially the
Yukuwa mass parameter is replaced by a Yukawa field. This could of course have significant physical
implications, which we intend to study in future work.

The module Iy = (B, €, Dy, yi, Jr) defined in this way is in fact a massive even gauge module.
To be precise, if we write & :=I'°(L) = &, = &g and &, := A, then we have B; = End4(&))
=I'"*°(L ® L*) >~ A and also B, >~ A. Furthermore, the module £ can be written as

£~ @ E®AE), K :={(1,2),(1,2),2, 1,2 D}

(i.))ekK

The hermitian structure on L determines a class of transition functions of L taking values in
U(1), so using Theorem 2.7 we can uniquely reconstruct a principal U(1)-bundle P, and we have
I3 >~ P xyqy Fip as massless modules (i.e., ignoring the mass matrices Dy and Dy).

Proposition 7.5. The gauge group is given by
G5 = UDB)/UBy) =~ T*(AdP) = C*(M, U(1)).

Proof. Note that the group bundle AdP >~ M x U(1) is globally trivial, because the structure
group U(1) is abelian.

Asin Sec. IV B 1, the main thing to prove is the surjectivity of the map ¢, : U(B) — I'*°(AdP),
which is given by ¢,(1) = uJuJ*. But for u = (uy, uy) € U(B), this map is given by

uus 0
(w1, uz) — ,
0 uouy

s0 ¢.(u1, up) can be identified with uu3. Hence each v € I'*°(AdP) =~ C*(M, U(1)) is the image
of (v, 1) e U(B). O

Remark 7.6. Note that in this particular example it is not necessary to require that M is simply
connected, as we did in the general case (see Theorem 4.12).

An elem_ent A e GUIYT) acts on £, @ Eg as multiplication by A, and acts on &L ® Ex as multi-
plication by X.
Pick a connection V™ on L, and let the connection V on £ be given by

Vi=VieVieVie VL,

On a local trivialisation (say on a neighbourhood U), the connection V' is determined by a local
connection form w: € QN(U, iR), where iR is the Lie algebra of U(1). For the connection V on &
this yields the connection form

vy =0 @y @@l =0 (101® (-1 (-1),
where the last equality follows because the action of a)_U is given by (right) multiplication with
Wbt = — ot

U a)l/'
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Now consider the almost-commutative manifold /Y xy M of KO-dimension 2, which (by
Theorem 6.14) describes a U(1)-gauge theory over M. Taking inner fluctuations simply amounts to
choosing a different connection V* (see Proposition 6.9), while there is no Higgs field (because D;
commutes with B). Hence we ignore these inner fluctuations, and simply consider the local gauge
field A, := w%(d,), on some coordinate basis 9. Its curvature is defined as F,, := 9, A, — 0,A,,.
From Proposition 6.12 (see also Proposition 4.2 of Ref. 31), we find that the spectral action for
I xv M is asymptotically given by the local formula

Sb(IEO];) Xy M) ~A—>o0 / E(g;wa A/l,a m)\/ |g|d4x + O(Ail)a
M
for

E(gp,v, A;u m) = 4£M(g;w) + ACA(g;wa Au) + »CH(g;wv m).

Here L(g,.) is the Lagrangian Eq. (9), and L (g, m) yields additional terms depending on the
mass m and the scalar curvature s:

2 fHA*m? n FOm*  f(O)m>s
2 27?2 1272

The Lagrangian for the gauge field is given by

»CH(g/wv m) =

o)
672

The interaction of the U(1) gauge field with the fermions is described by the fermionic action,
and is given by (see Proposition 4.3 and Theorem 4.5 of Ref. 31)

La(guv: Ay) = FunFH.

S xy M) =/ L r(guvs A, m)y/Igld*x,
M
for the Lagrangian
Ef(guw A/u m) = —i (-]Mi(v’ (V”(Vi - A/L) - m)&) s

where x and ¥ are two Dirac spinors in L2(S). We summarise this as follows:

Proposition 7.7. The total Lagrangian for IS xv M is given by a gravitational part

‘Cgrav(g/w, m) = 4£M(gp.v) + £H(gMVy m),
and a part for electrodynamics

~ it 0 v
Lin(8uvs Ay, m) := —i (JMXs (V“(vi — A — m)W) + %FMV‘FM :

VIiIl. OUTLOOK

One of the main ideas in the development of noncommutative geometry has been the translation
of geometric data into (operator-)algebraic data. In this light, it is somewhat unsatisfactory that our
definition of principal modules relies entirely on the geometric notion of a principal bundle. Our
discussion of gauge modules is an attempt to provide a purely algebraic approach, but as we have
shown, these gauge modules only yield a proper subclass of principal modules. It is still an open
question how arbitrary principal modules should be described algebraically, that is, what algebraic
structure on a triplet (B, £, J) would completely characterise the properties of a principal module.
The decompositions £ = ®; j<;&;; and B = ®B; (as described in Sec. IV B 1) are not yet enough
to ensure that (B, £, J) is a principal module. On the other hand, the condition that &; = & ® 4 £ j
(modulo multiplicities) along with 3; = End(€;), as for gauge modules, is in fact too strong.

As mentioned in Remark 4.8, the principal bundle P can only be reconstructed from the as-
sociated vector bundle E =P X, Hr if we also know the corresponding equivalence class of
Gr-atlases. It is not clear if there exists a geometric structure on E, for which this equivalence class
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corresponds precisely to those transition functions that preserve the geometric structure. If one has
such a geometric structure on E, this might provide the possibility of finding an algebraic equivalent
structure on the module £. We intend to return to these questions in the future.

In Sec. VII, we described two basic examples, namely, Yang-Mills theory and electrodynamics.
It would of course be more interesting to also put the description of the noncommutative Standard
Model? into our globally non-trivial framework. This should certainly be possible, though it would
require some small modifications to accommodate real algebras (in this paper, we have always
assumed that our algebras are complex). In particular, for real algebras, the resulting gauge group
would not automatically be unimodular (see also Remark 4.13), and one would have to impose
unimodularity by hand (as in Sec. 2.5 of Ref. 2). More importantly, as we also mentioned in
Remarks 3.2 and 7.4, in our framework the mass parameters (i.e., the Yukawa couplings and the
Majorana terms) of the theory are not restricted to be constant, but they are allowed to vary on
spacetime. Such variation of the Majorana mass then naturally leads to a new scalar field o, which
was used in Ref. 34 to restore the consistency of the noncommutative Standard Model with the
experimental value of the Higgs mass. In addition, however, the variation of the Yukawa couplings
will also have its effect on the physical theory. We hope to provide a more detailed study of these
physical implications in a future work.
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