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Most of the previous work on "noncommutative geometry" could more accurately
be labeled as noncommutative differential topology, in that it deals with the homology of
differential forms on noncommutative spaces (cyclic homology) and vector bundles on
noncommutative spaces (K-theory) [Col]. However, the essence of geometry has to do
with the metric properties of spaces.

In this paper we shall begin to investigate metric properties of noncommutative
spaces. First, we shall show that the metric data of differential geometry can be
reformulated in operator theoretic terms. This will be done using a familiar differential
operator, the Dirac operator D. We shall see how the metric structure on a Riemannian
manifold, namely the geodesic distance

(1)  d(p,q) = Infimum of the length of paths y from p to q,

can be recovered from the selfadjoint operator D, acting in the Hilbert space h of L2

spinors, together with the representation in h of the algebra of functions on the manifold.
Our data of a noncommutative metric space will consist of a triple (&, h, D) of a

Hilbert space h, an involutive algebra & of operators on h and a selfadjoint unbounded

operator D on h. This new notion of a metric space includes as examples the following

list of spaces, besides Riemannian manifolds:

) Finite spaces.

8) Spaces of non integral Hausdorff dimension.

¥) Group rings of discrete subgroups of Lie groups.

8) Configuration spaces in supersymmetric quantum field theory.
€) "Quantum" tori.

Our task will be to show that this new class of spaces still deserves the name of
geometry. For this, we shall replace the tools of the differential and integral calculus by
operator theoretic tools. We shall develop a differential calculus on noncommutative
spaces which, on a Riemannian manifold, reproduces the calculus of differential forms.
The main tool of integration will be a nonstandard trace on operators, the Dixmier trace. It
will allow us to develop the analogue of the Yang Mills action. (As an indication that we
have the correct mathematical notion of the noncommutative Yang Mills action, we shall
give a very general lower bound for the action in terms of a topological quantity.)
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The main example of a space to which all these considerations will be applied is an
extended Euclidean space time. We shall give a geometric interpretation of the
experimentally confirmed (at least at present energies) model of particle physics, namely
the standard model. Our geometric interpretation of this model is as a pure gauge theory,
but on a space time E' = E x F, the product of ordinary Euclidean space time by a finite
space. The geometry of the finite space is specified by a pair (h, D) as above, where h
is finite dimensional and the self adjoint operator D encodes the fermion masses and the
Kobayashi-Maskawa mixing parameters of the standard model.

Our analysis is limited to the classical level, and does not adress at the moment the
questions related to renormalization. Nevertheless our geometric interpretation of the
standard model gives an indication that the phenomenology of particle physics is saying
something about the small-scale geometric structure of space time.

Most of the results of this paper appeared in [CL], and will appear as a chapter in
[Co2].

1. RIEMANNIAN MANIFOLDS AND THE DIRAC OPERATOR

Let X be a compact Riemannian spin manifold and D = 8, the corresponding
Dirac operator (cf [LM]). Thus D is an unbounded self adjoint operator acting on the
Hilbert space h of L2 spinors on the manifold X.

To fix notation, we can write D = £ yj v, where the matrices {yj} are
skew-Hermitian. Then if f is a function on X, also regarded as a multiplication operator
on h, we have [D, f] = =4 9;T, an operator of Clifford multiplication which we shall
denote by y(df).

We shall give 4 formulae below which show how to reconstruct the metric
space (X,d) with d being the geodesic distance, the volume measure dv on X,

the space of gauge potentials and finally the Yang-Mills action functional, from
the following purely operator theoretic data :

(4,h,D),

where D is the Dirac operator on the Hilbert space h and & is the abelian algebra of
continuous functions on X .

By Gelfand's theorem, we can recover the compact topological space X from &.
Namely, a point p of X givesa * homomorphism o: & — C by setting o(a) = a(p)
for alla € &. And conversely, any such homomorphism g is given by evaluation at
some point p, so X can be identified with the space of all such homomorphisms.

This is somewhat qualitative information, and we now come to the first interesting
formula, giving us a natural distance function.

Formula 1
For any pair of points p , q € X, their geodesic distance is given by:

) d(p.a) = Sup {|a(p) -a(a) | ;aesd [ [D,a]ll < 1}

The proof is straightforward, but is worth going through. The operator [D,a],
which is bounded iff a is Lipschitz, is given by the Clifford multiplication y(da) by the
differential of a. This differential is a section of the cotangent bundle T*X of X and one
has :

I [D,a]ll = Essential Sup || dall = Lipschitz norm of a

So in (2), we are imposing that Igrad al is everywhere < 1, and then upon expressing
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a(p) - a(q) as a line integral, it follows that the right hand side of (2) is < the geodesic
distance d(p,q). But fixing the point p and considering the function

a(q) = d(q,p),

one checks that a is Lipschitz with constant one, so that | [D,a] || < | and one gets the
desired equality. Note that (2) is in essence dual to the original formula (1) in that instead
of involving arcs, namely copies of R inside the manifold X, it involves functions,
ie. mapsfrom X to R (or C).

This is an essential point for us, since in the case of discrete spaces or of
noncommutative spaces X there may be no interesting arcs in X, but nevertheless there
are plenty of functions, namely the elements a € & of the defining algebra. We note
rightaway that the right hand side of (2) makes sense in that general context, and
technically defines a distance on the space of states of the C* algebra A:

d(g,w) = Sup {|e(a) -w(a)|;l[Dalll<1}.

We have now recovered from our original data (&4, h, D) the metric space (X,d),
with d being the geodesic distance. We still need tools of Riemannian geometry which are
not immediately implied by the metric structure, the first being the measure given by the
volume form :

fis [, fadv,
where in local coordinates, one has :

dv = (det (g,, )72 axT A .. A dxD|

This takes us to our second formula, which is nothing but a restatement of the H.
Weyl theorem about the asymptotic behaviour of eigenvalues of elliptic differential
operators. It does, however, involve a new tool, the Dixmier trace Tr  which,
unlike asymptotic expansions, will make sense in full generality, and will be the correct
operator theoretic replacement for integration.

Formula 2
Forany f ¢ & one has:

3) [ fav = const(d) Tr (f|D]-9), d = dim X.

For the detailed definition and properties of the Dixmier trace Tr  we refer to [Di,
Co2]. For the time being we can interpret the right hand side as the limit of the sequence :

1 N
— I X
LogN ¢

where the ). 's are the eigenvalues of the compact operator f|D | -9, or equivalently, as
the residue of the function

t(s) =Trace (f|D]|-5d) Res> I
at the point s=1.
For us, the crucial fact is that the Dixmier trace is defined for operators on any

Hilbert space, and that properties of the integral J x [ dv become corollaries of the general
properties of the Dixmier trace :

A)  Positivity : Tr (T) > 0 if T is a positive operator.

55



B) Finiteness : Tr  (T) <« if the characteristic values of T satisfy g U (T) =
0(Log N).

C)  Covariance: Tr (UTU*) =Tr (T) forany unitary U.

D) Vanishing : Tr (T) vanishesif T has finite trace in the usual sense.

Property D is the counterpart of locality in our framework. It shows that the
Dixmier trace of an operator is unaffected by a finite rank perturbation.

One can see more clearly the locality of the Dixmier trace for a special class of
operators, namely the pseudodifferential operators of order -d, acting on a vector bundle
over X. If P is such an operator then, up to an overall constant which we shall neglect,
the Dixmier trace is the integral, over the cosphere bundle of X, of the local trace of the
symbol of P. Equation (3) is a special case of this last statement.

We shall now focus on defining the noncommutative Yang-Mills action. Before
doing so, it may be worth making some general comments. First, the usual Yang-Mills
action involves zeroth order information about the metric, i.e. no derivatives. We do not
address the question of noncommutative Riemannian geometry, in the sense of
Riemannian curvature, in this paper. Second, we shall shortly define a differential algebra
on a noncommutative space, and use this to do gauge theory on the noncommutative
space. If one is only interested in the differential calculus of gauge theory, it is enough to
have a differential L e algebra, such as, for example, the graded Lie algebra of g-valued
differential forms for some Lie algebra g. (One still needs an inner product on the
curvature forms, for which we shall use the Dixmier trace.) This fact was used to
construct physical models in [CES]. However, one then loses the notion of an underlying
space, which corresponds to an algebra. Given an algebra, one obtains a Lie algebra by
putting [X,y] = Xy - yx, but not every Lie algebra arises in this way. In this paper we base
everything on algebras, which, as we shall see, corresponds to a generalization of
electrodynamics. However, we cannot say for a priori reasons that either approach is
physically right or wrong.

Let us then clearly state our aim; it is to recover the Yang Mills functional making
use only of the following data :

Definition 1
A K cycle (h, D) over an involutive algebra & is given by a
representation of & on a Hilbert space h and a (possibly unbounded)
selfadjoint operator D such that (1 + D2)-1 js compact and [D,a) is
bounded for all ae€ £. We shall say that a K cycle is even if, in addition,
there is a self-adjoint operator T on h, the Z/2 grading-operator, such
thatT2 =1, TD + D' = 0 and Ta = ar for alla € &.

If the eigenvalues X\ of | D| are of the order of n!/d as n - =, we say that
the Kcycleis (d, ) summable. On the algebra of smooth functions on a compact
Riemannian spin manifold, the Dirac operator determines a K cycle which is (d,«)
summable where d = dim X. If X is even-dimensional then the K cycle is even, with T
being the chirality operator. We shall call this the Dirac K cycle. (The term K cycle comes
from K-homology theory.)

The value of the following construction is that it will also apply when the x
algebra & is not commutative, or when D is no longer the Dirac operator. The reader can
have in mind both the Riemannian case and the slightly more involved case where the
algebra & is the * algebra of matrix-valued functions on a Riemannian manifold, just in
order to have in mind that the usual notion of exterior product does not make sense in the

latter case.
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We shall begin by the notion of a connection on the trivial bundle, i.e. the case of
"electromagnetism", and define the vector potentials and Yang Mills action. We shall then
treat the case of arbitrary hermitian bundles.

We want to define k-forms over & as operators on h of the form

w=Iaj[D,a)]..[D 3]
where the 3] are elements of &, represented as operators on h . This idea arises because
although the operator D fails to be invariant under the representation on h of the unitary
group ‘U of & :

U={ued;u*u=uu*=1}

the following equality shows that the failure of invariance is governed by a 1-form in the
above sense :

ubu*=D+w,, w,=ulD,u*]
Note that w, is self adjoint as an operator on h and it is thus natural to adopt the

following definition :

Definition 2

A veclor potential V is a self adjoint element of the space of
I-forms: % aj [D,a) ], 8)es.

One can immediately check that in the basic example of the Dirac operator on a spin
Riemannian manifold X, a vector potential in the above sense is exactly given by an
imaginary 1-form v on X, the corresponding operator on spinors being V = y(v).

The action of the unitary group U on vector potentials is such that it replaces the
operator D +V by u(D + V) u*. Ttis thus given by the algebraic formula :

¥, (V) =u[D, u*] +uVu* ue U

Note that it is not truein general that u Y u* =V, as happens in the case of Riemannian
manifolds.

We now just need to define the curvature or field strength 6 for a vector potential,
and use the analogue of equation (3) above to integrate the square of 8. So

YM(V) = Tr(82[D]-9)
should give us the Yang Mills action.
The formula for 6 should be of the form :
8=av+V2

and the only difficulty is to define properly the "differential” dV of a vector potential, as
an operator on h. The naive formula is :

If V=X aJ[D,aJ] thendv=2[D,a)]([D, aJ ]
Before we point out what the difficulty is, let us check that if we replace V by ¥, (V),
¥, V) =uD,u*]+Z ua)[D,aJ]u"

then the curvature transforms in a covariant way :
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d(y, (V) + ¥, (V)2 = u(aV + V2 ) u*

This computation is instructive so we shall do it in detail. First, to write y,(V) in
the same form as V, we use :

[D,aJ Ju*=[D,a) u*] -aJ[D, u*]
Thus
Y, (V) =ulD,u*] +Z uay [D,a])u*]-Zua)a,)[D, u*]
and one has :
dy, (V) = [D,u] [Du*] + Z [D,uay ) [D,a)u*] -Z[D,uaja)][D,u*].

Now we can see that the following operators on h are equal :
o) dy, (V) +y, (V)2
B)  u(dv +V2)ux.

Indeed, the operator ) is equal to :
dy, (V) + (u[D,u*] +uVu2 =
dy, (V) +u[D, u*]u[D,u*] + u[D,u*]uV u* + uVu*u[D,u*] +uV2u* =
dy, (V) - [D,u] [D,u*] = [D,u] Vu* + uV[D,u*] + uv2u* =
Z[D,uay) ] [D,a)u*]-2[D,uaya)][D,u*]~[D,u]Vu*+uv[D,u*]+
uV2u* =
u(dv) u* +uv2ux,
where the last equality follows from :
2 [D,ulaj [D,aJu*] -2 [D,ulaya][D,u*]=I[Du]Vu,
ZulD, aj][D,au*]-2ul(D,aj]al[D,u*]=udVu,
Tuay [D,aJ ] [D,u*)=uVID,u"]
However, there is a big difficulty that we overlooked, namely that the same vector

potential V might be written in several waysasV = £ a, [D, a,] ], and so the definition
of dV as I [D,ay ][D,a,) ]is ambiguous.

To understand the nature of the problem, let us introduce some algebraic notation.
We let O*(&) be the universal differential graded algebra over &. Itis a formal object
equal to & in degree 0 and generated by symbols da, a € &, of degree 1 with the
following relations :
«) d(ab)=(da)b+adb Vabedk
8) di = 0.
The involution * of A extends uniquely to an involution on Q*(&) by the rule :

¥) (da)* = - da*
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The differential d on Q*(#4) is defined unambiguously by
d(aOda' ... da") = da0dal .. da" , forall ale &
and it satisfies :
8) d2w=0 forall weQ*A)
£) d(w; wy) = (dwy) w, + (-1)®IWy @, do, forall v € Q*(L).
We will abbreviate Q*(4) by Q*, and Qk(&) by Qk .

Proposition 3
1) The following equality defines an involutive representation
of the algebra Q™ on :

n(a0dal ...da")=a0 [D,a'].. [D,a"]  forall al € &.

2) Let J, =Ker m c O be the two sided ideal of Q* given by
JM={weak, m(w)=0). Then J=J, +dJ, isa two sided ideal of Q*,
inveriant under d.

The first statement is easy to see. Using it, we can define the Yang-Mills action
unambiguously for any self-adjoint element of Q1. Let us discuss 2). By construction,
Jo is a two sided ideal, but it is not in general a differential ideal ie. if w € QK and
n(w) = 0 one does not have in general m(dw) = O . This is exactly the reason why the
above definition of I [D, ajo] D, aj' ] as the differential of the 1-form ¥ ajO D, ajﬂ]

was ambiguous.

Let us show, however, that J = J; + dJ, is still a two sided ideal. Since we
have d2 = 0, it is obvious that J is then a differential ideal. Let w € J(K) be a
homogenous element of J. Then w can be written in the form = w, + dw,, where
W, €Jy N QK w, eJyNQk-T. Choose w' € QK" and let us show that wew' € J(k+K),
One has

WO'= W+ (dwy) W =W, W+ dw, ) - (-Dk-Tw,do' =

(00" + (=DKW, dw) +dlw, ©").
But the first term belongs to J, N QK+K', and w, w' € J, N Qk+k'=1. Similarly, one
shows that w' w isin J (k+K'), QED

Now using proposition 3, we can introduce the following graded differential
algebra :

O = Q*/.

(Quotienting out by J has the effect of eliminating the spurious fields of [CL], and makes
the comparison easier with other treatments, such as [CES].)

Letuslookat QY , Q] and Q¢ .

We have J N Q0 =J, N Q0 = {0} if we assume, as we shall, that & is
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embedded in £ (h), the bounded operators on h. Thus Q9 = & . Next,
JNnal=dynal+dy,Na% =y,nal.

Thus Q] is the quotient of Q! by the kernel of T, and so it is exactly the space

n(Q1) of operators w of the form :

w=I ajO[D,aj]] ; ajkecs&.

Now J N Q2=J;N Q2 +d(J,N Q') and the representation 1 gives us an
isomorphism :

) Qf =1(Q2) / m(d Wy NQ).

More precisely, this means that we can view an element w of QDZ as a class of elements
o of the form :

0=2g0[D 8l 1[D,a2] ; aJKe &
modulo the subspace of elements of the form :
0o =Z[D,bY] [D,bjl] ; blke 4, ijO D, bj1] = 0.
It is clear now that because we work modulo the subspace m(d(J, N Q' )), the
question of the ambiguity in the definition of dw for w € n(Q') no longer arises.
Note that equality (4) makes sense for all k :
Q) Qk = m(Qk)/ m(d(y, N Qk-1))

and allows us to define an inner producton QK : for each k, let h, be the Hilbert space
completion of m(Qk) with respect to the inner product

<Ty Ty>, =Tr (T3T,IDIFY) , v Tjen(Ok).

Let P be the orthogonal projection from h, onto the orthogonal of the subspace m(d(J,,
N ak=1)). By construction, for w; € m(Qk), the inner product < Pw, , Pw, > only
depends upon the classes of the w i in Q[‘} . Welet AK be the Hilbert space completion
of Qf for this inner product; it is of course equal to Ph, .

Proposition 4

1) The actions of & on AK by left and right multiplication define
commuting unitery representations of & on Ak,

2)  The functional YM(V) = <dV + V2 | dV + V2 > {s positive, quartic
and invariant under gauge transformations,

¥, (V) = udu* + uvu* YV ue W)

3) The functional I(x) = Tr (82 |D[-9), 8 = n(dx + «2) is
positive, quartic and gauge invariant on { o € Q' o = o* ).
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4)  One has YM(V) = Inf { I{(x); () =V }

Let us say a few words about the easy proof. Since m(d(J, N Qk-1)) c n(Qk)
is invariant under left and right multiplication by &, and since the left and right actions of
& on h, are unitary, it follows that P(atb) = aP(£)b forall a,b € & and { € h,. So 1)
follows. For 2), one just notes that by the above calculation, with dv unambiguous
now, 6 = dV + V2 is covariant under gauge transformations. For 3), one uses again the
above calculation to show that do + o2 transforms covariantly under gauge
transformations. Finally, to see 4), note thatif n(c) =V then dV + V2, as an element of
A2,is equal to P(m(dx + 2 )). Thus I(a) > YM(V). To see that the infimum is
attained, fix V and take any o such that m(x) = V. We have that
m(do + ®2) - (dV +V2) is an element of (d(J, N Q1)), say n(do). Put B=o - o.
Then n(B) =V and (dB + B2 ) = dV + V2, s0 I(B) = YM(V). QED

Stated in simpler terms the meaning of proposition 4 is that the ambiguity that we

met above in the definition of the Yang-Mills action can be resolved by taking the infimum
over all possibilities. The obtained action is nevertheless quartic by 4.2.

Example 1: We shall now check that in the case of Riemannian manifolds, with the
Dirac K cycle, the graded differential algebra Qp is the same as the de Rham algebra of
differential forms on X, with its usual prehilbert space structure. We now specialize to the
Riemannian case, where & is the algebra of functions (with some regularity) on an
even-dimensional compact spin manifold X and D = 3, is the Dirac operator on the
Hilbert space L2(X,S) of spinors. We let C be the bundle over X whose fiber at each p
€ X is the complexified Clifford algebra Cliff¢ (TX(X)) of the cotangent space at p € X.
Any measurable bounded section ¢ of C defines a bounded operator y(p) on
h=L2(x,5). Forany fq,..,f,€ &, f,df,..df isanelement of Q*(A) and one has
n(fydf, .. df)) =f,df, - ... df , where on the right hand side, the usual differential df is
considered as a section [D, f] of C, and - denotes the product in C.

For each p € X, the Clifford algebra C, has a filtration by { CF(, k)}, where CD(K) is
the subspace spanned by products of <k elements of T;(X). The associated graded
algebra { Cék) / Cék‘” }is isomorphic to the complexified exterior algebra
Ag(T2(X)) and we shall let g, : ctk) > AK(T*) be the quotient map.

Using the inner product on C given by the trace in the spinor representation, one
can also identify Ak with the orthogonal complement of C(k=1) in c(k), or
equivalently, if we let CK be the subspace of C(k) of elements of the same parity as k
then

Ak =Ckock-2
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Lemma 5
Let (h,D) be the Dirac K cycle on the algebra & of functions on X. For
k €N, apair T, ,T, of operators on h is of the form T, = n(w) , T, = n(dw)
for some w € QK iff there exist sections o, ,0, of Ckand Ck+! such that
T,=x(g), 1=1,2, dolo)=0,,,(0,).

Here 0,(0,) isan ordinary k-formon X and d is its ordinary differential. Note
that for k >d =dim X, one has ¢,(p) = 0. We shall omit the proof of Lemma 5.

We can now easily determine the graded differential algebra Qp. First, let us
identify T(QK) with the space of sections of C(k). Then lemma 5 shows that :

m(d(Jy N Qk=1)) = Ker o,.

(If o isasection of Ck with ¢,(p) = O then the pair 0, =0, 0, =0 in Ck-1
and Ck fulfills the condition of lemma 5, and so 0 = (dw) for some w with M(w) = 0.)

Thus o, is an isomorphism : QK = Sections of Ak (T*), which again by
Lemma 5 commutes with the differential. V\?e can then state :

Formula 3
The map a0 da' .. da" > a0 da! A ... A daM from Q*to Ak (X) extends to
an isomorphism of the differential graded algebra Qp with the de Rham
algebra of differential forms on X . Under this isomorphism, the inner
product on Og is the Riemannian inner product of k-forms :
<0, >z WAxW.
The last equality follows from the computation of the Dixmier trace for the
operator on h = L2(X,S) associated to a section ¢ of the bundle C of Clifford algebras:
Tr, (@D ]=9) = [, trace (o(p)) dv(p).
As an immediate corollary of formula 3 we get :
YMYV) = [y [1avI2 dv

for any vector potential V on X. End of Example 1.

Let us now consider the generalized fermionic action. A fermion field will simply
be an element of the Hilbert space h. The operator D + V is self-adjoint.

Definition 6
The fermionic action is <y, (D + V) y>, foryehandV e Q].

By construction, the fermionic action is gauge invariant in that for any u € U(K), it is
invariant under the transformations

y>uy, Vo oy (V)
Example 2: Massless chiral electrodynamics.

We can call the following the action for a generalized "massless chiral
electrodynamics":

62



LV, y) =g=2 YMWY) + <y, (D + V) y> foryehandVeQf.

The reason that the name is appropriate is that if we use the Dirac K cycle on a
4-dimensional spin manifold, then we obtain exactly the usual Euclidean action of
massless electrodynamics with one fermion field, and with g being the physical coupling
constant. We should note that one cannot really write a Euclidean action for chiral
fermions, and the v field above is a 4-component spinor field. The reason to call it
"chiral" electrodynamics is that one can Wick-rotate to Minkowski space, and then impose

'y =wy.

Similarly, to obtain the action of massless electrodynamics with N, right-handed
fermions and N_ left-handed fermions, we would take the Hilbert space to be
h =h, @ h_, where h, consists of N, copies of L2(X,S) and h_ consists of N_ copies.
With the grading operator given by T' = (Y5 ® Iy,) ® (- v¥° ® I_ ), we can then write
out L(V,y), Wick-rotate and impose ' y = .
End of Example 2.

Let us now extend the definition of the Yang Mills action to connections on
arbitrary hermitian vector bundles.

First of all, we need to express in algebraic terms, i.e. using only the
involutive algebra & = C(X), the notion of a hermitian vector bundle over X. A vector
bundle E is entirely characterized by the vector space & of its sections. Furthermore,
this vector space has an &-action, which we shall take to be on the right. In other words,
¢ isaright &i-module. The local triviality of E and the finite dlmenswnahty of its fibers
translate algebraically to saying that there is an &' such that & ® &' is &N for some finite
N, or in more fancy terms, that & is a finite projective module over & .

The Hermitian structure on E, i.e. the inner product (£, m), on each fiber £,
allows us to construct a sesquilinear map :

(,) éx8->&
given by (£, M) (p) = (&(p), n(p)),
This map (,) satisfies the following conditions :
D (Fa,nb) za* (g ,Mb forall £,Ne& ,a,besk
2) (£E,8)>0 forall £e &
3) & is self dual for ().

Thus the hermitian vector bundles over X correspond to the hermitian finite
projective modules over & in the following sense :

Definition 7

Let &£ be an algebra with an involution » and a unit. Then a
hermitian structure on a finite projective module & over £ is
given by a sesquilinear map (,) : & x & —» & satisfying 1,2 and 3.

One can show that all hermitian structures on a given finite projective module &
over & can be obtained as follows: one writes & as eN for appropriate e and N,
where e, an NxN matrix with entries in &, is selfadjoint and satisfies e2 = e. One then
restricts to & the hermitian structure on &N given by :

(., m=xg nesd forallg=(x) , n=(M).
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The algebra Endg (&) of endomorphisms of &, that is, linear maps T from & to &
which commute with the #4-action, has a natural involution, given by :

(T*g,n)=(g,Tn) forallk,nes.
With this involution, Endg (&) is isomorphic to the algebra of matrices eM()e.
As before, we let (h, D) be a K cycle over &.
Definition 8
The Hilbert space of “"gauged spinors" is & ® ¢ h. Its inner product
is given by
<€ oMy, & 0Ny >=<N, (£,8) N>

If h has a grading operator T, it extends to a grading operator on € © g h.

Definition 9 _

Let & be a hermitian finite projective module over £ . Then a
connection on & 1is given by a linear map V: & > &8 e g Q[} such
that

V(ka) =(VE)a+Eeda forall E€&,ae .
A connection ¥V is compatible (with the metric) iff :
<E,VN>-<VE , N>=d<E,n> forallE Neé.
Both sides of the last equation lie in OD1 . (In computations, one should remember
that (de)* = -de* forallae &, and if VE =T © w; with w, € Q] then
<VEN>= % (*)i* < ,MN>)

Such connections always exist, for with & expressed as e LN, one may take V to
be :

VOE - € dE
Two connections V and V' on & differ by an element of Hom g (&, 8 © 4 Qf ).
Any compatible connection can be written as VE = e df + p £, where p is a self-adjoint
NxN matrix of 1-forms satisfyingep = pe = p.

As in proposition 4 we shall now give two equivalent definitions of the action
functional YM (V) on the affine space C(&) of compatible connections.

The group “U(&) of unitary automorphisms of &,
U(E) = {ueEndg (&) ;uu* =u*u=1}
will be the unitary gauge group, in that it acts by gauge-transformations (explicitly,
¥,(V) =uV u*) onthe space C(&). To define the curvature 8 of a connection V, we
first need to define the covariant derivative of a vector-valued form. Put
&'=80g 0},

the space of vector-valued forms. Extend V to a unique linear map from &' to &', which
we shall also denote by V, by

VEeo w)=(VE) w+Eoedw forall E€ €, weQp.
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One finds that this linear map V satisfies :
V(M) =(VN) 0+ (-1)%I71 N dy
for any homogeneous M € &' and w € Q.

It follows that V2 (Nw) = (V2N) w,ie. V2 is an endomorphism of the right
Qp module &". It is determined by its restriction to &, which we shall denote by 6 :

BeHmg (&,804 QF).
If we use the representation & = esAN then 6 will be a self-adjoint NxN matrix of 2-forms
such thatef = Be = 8.
Next, using the inner product on Qg and the hermitian structure on &, one gets a
natural inner product on
Homg (€,8 04 QF ).
Using this we define
Definition 10 YM(V) =<8,8 >
By construction, this action is gauge invariant, positive and quartic.
Formula 4
Let X be @ Riemannian spin manifold with its Dirac K cycle (h , D).
Then the notion of connection (Def. 9) is the usual one, and one has :
YM(V) = [, 1612 dv,
where 8 is the usual curvature of V.

This follows immediately from Formula 3.

Thus we recover in this case the usual Yang Mills action. For the fermionic action,
we define the gauged Dirac operator on € ® ¢ h by

Dy(E@MN)=EeDN+(VE)N  forallE € & andN € h.

Definition 11
The fermionic action is <y, Dy y>, fory € & ® g h and V a compatible
connection.
Example 3: U(N) gauge theory with chiral fermions.

Given an even (4,%)-summable K cycle, take & to be &4N. Then € © g h is
simply N copies of h. Let V be a compatible connection on &. Consider the action

LAV, y) =072 YM( V) + <y, Dy > forye 8@y h.

Its group of gauge invariances consists of the unitary NxN matrices over .

In the case of the Dirac K cycle on a 4-dimensional spin manifold, we obtain the
usual Euclidean action of a U(N)-gauge theory with one N-tuple of fermion fields in the
fundamental representation of U(N). End of Example 3.

We shall now mention the easy adaptation of proposition 4.4 to the general case.

First of all, any compatible connection in the sense of Definition 9 is the composition
with ™ of a universal compatible connection, i.e. a linear map
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Vig>8og O
fulfilling exactly the conditions of Definition 9.
To see the surjectivity of the map :
m: CC(&) - C(8)
(where CC(&) is the space of universal compatible connections), it is enough to note that
the special "Grassmannian" connection V, is of this form, and that 1 is a surjection
of Q1 onto QJ. Next, a universal compatible connection extends uniquely to a linear
map :
Vidog ">80g Q*
such that .
¥ (Mw) = (VM) w + (- 1)%aMn dw
for any homogeneous N € § © ¢ O* and w € Q™.
The curvature 8 = V2 is then an endomorphism of the module §' = ¢ ® g Q*

over O*, and 1(8) makes sense as a bounded operator on the Hilbert space &€ ® & h.
Then the analogue of the action | of proposition 4 is given by :

(V) =Tr, ((8)2|Dg | -9)

One proves in the same way as before that for a given compatible connection V € C(§),
one has :

YM(V) = Inf {(V,); (V)=V}

Let us briefly state the inequality between the Yang-Mills action and a topological
quantity. For the background notions and notations, we refer to [Col]. Suppose that we
have an even (4,»)-summable K cycle. Define a Hochschild cocycle by

®(a0da! ... da%*) =Tr_ (ra®[D,a']..[D,a4]D-%) forall al € L.

Let B be the operator :
B:HH& , £*) > HC3(H).
Then one can show that B® = 0. We shall, however, need :
Hypothesis 12 B® = 0 as a cochain.
(In the case of the Dirac operator on a 4-dimensional manifold one has :
(0, ., f4) = [ Odft AdfZA .. Adff,
which satisfies the hypothesis.)

Since B® is already cyclic :

B,2(a0 ,al ,a2,8%) =@ (1,20 ,a! ,a2 ,a%) =Tr (r[D,a0] .. [D,a3] D-4)

the condition B® = O means that in fact, B @ = 0. This, together with b® = 0, implies
that ¢ is a cyclic cocycle.
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Theorem 13
For any hermitian finite projective module & over £ one has :

YM(V) > <[6],9> for all V € C(&)

The right hand side is the pairing between K theory and cyclic cohomology. In
the case of the Dirac operator on a compact 4-dimensional spin manifold X, one recovers
the usual lower bound for the Yang-Mills action in terms of the topological charge of the
vector bundle.

2. PRODUCT OF CONTINUUM BY DISCRETE AND THE SYMMETRY
BREAKING MECHANISM

We have shown how to extend the notions of gauge potentials and Yang Mills
action to finitely summable K cycles (h, D) over an algebra &, and we have also
defined the fermion action.

In this section we shall give two examples of computations of these actions:
a) The case of a discrete 2 pt space.
b) The case of a product of a 4 dimensional manifold by case a).

We first need a brief discussion of product spaces. Suppose that we have two triples :
(&,,h;,D) , (L,,h,,D,).

We assume that one of them is even , i.e. we are givena Z/2 grading, say I';, on
h,. We define the product to be the triple (£, h, D) :

&ﬂ:&%@&@z , h:h1®h2,
D:D1®1+F1®D2.

One can check that if our two triples are Dirac K cycles coming from two
Riemannian manifolds, then the product K-cycle corresponds to the Dirac K cycle of the
product manifold. If we have finite hermitian projective modules €; over the &, , then €,
® &, is a finite hermitian projective module over £.

Next, the formula DZ =D? o 1| + | ® D, which follows from the
anticommutation of D, with I',, shows that dimensions add up, that is, if the D
are (pj ,») summable then D is (p, +p, ,«) summable. Moreover, one can show
that

T, (T, @ T,) [D]=(Pr+pd ) = Try (T,[D,|=P1) Tr, (T,1D,|~P2),
for all Tjeﬁfl(hj).

More precisely, this is true provided that p, > 1, but in the case of interest
(Example 5), we have p, = 4 and p, = 0. The corresponding formula turns out to be :

Tr, (T, @ T,) [DIP) = Tr (T,1D,|-P) Tr(T,)

Thus in the O-dimensional case, we should replace the Dixmier trace by the ordinary trace,
and the Yang-Mills action YM(V) is just given by Tr (82).

Example 4

The space we are dealing with has two points a and b.Thus the algebra
& is just € @ C, the direct sum of two copies of C. Anelement f € & is given by two
complex numbers f(a) , f(b) € €. Let (h,D,T) bea 0-dimensional K cycle over &.
Then h is finite dimensional and the representation of & on h corresponds to a
decomposition of h as adirect sum h =h_e h,, with the action of & given by :
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f(a) O
0 f(b)

fed >
If we write D asa 2 x 2 matrix in this decomposition :
D=

we can ignore the diagonal elements since they commute with the action of & . We shall
thus take D to be of the form :

. 0 D,
D,, O

where D, =D_* and D, isalinear map from h, to h,. We shall denote by M this
linear map. As will become clear, a "standard" geometry on our 2-point space
corresponds to M = 0. Thus, although our algebra in this example is commutative, our
more general notion of geometry allows us to consider nonstandard geometries on this
"commutative” space.

We shall take for I' the Z/2 grading given by the matrix.

1 0
T =
0 -1
So the geometry of our 2-point space is given by :
0 M 10
Ld=Ceo C , h:ha@)hb , D= , I'=
M* 0 0 -1

Let us first compute the metric on the space F = {a, b}, using Formula 1. Given
fe A, onehas:

0 M f(a) 0

[D,f] = )
M* 0 0 f(b)
0 M(f(b)-f(a)) 0
= = (f(b)-f(a))
-M*(f(b)-f(a)) 0 -M* 0

Thus the norm of this commutator is | f(b) - f(a) | || M|, where | M]| is the
largest characteristic value of M. Hence :

d(a, b) = Sup {|f(a) - f(b)| , I[D,f]l<1}=1/]M]

Let us now determine the space of gauge potentials, the curvature and the action
in two cases :

) & =& (i.e. thetrivial bundle over F).

First, let e be the idempotent € € & given by e(a) = 1 and e(b) = 0. For notational
simplicity, let us write e’ for the idempotent 1 - e. Then & is spanned by e and €', and
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de = - de'. Thus the space Q' of universal 1-forms over & is a 2 dimensional space,
with the basis {e de, e' de}. So every element of Q! can be written in the form

8, e de + 6, e'de for some complex numbers &, and §,. We shall denote this 1-form by
the pair (8, 6,). Using the identities

ede = (de) e, e de=de(e),
one finds that the action of & on Q' is given by
(8,,8,) = (1(a) §,, 1(b) 8,); (8,,8,) 7= (8,f(b), 8, f(a)).

We see that although the algebra & is commutative, the algebra 0" is not
graded-commutative.
The differential d: & - Q! is essentially a finite difference operator:

df = (Af, Af) , Af=1(a) - f(b).
One computes:

0 -5 M

a

n((8,,8,)) = e £(h).
§, M 0
So provided M # 0, the representation 1 : Q* > £(h) is1-1on Q', and Q' = Q/].
Next, let us find what ¢ is. Recall that Q¢ = n(Q2)/n(d(Jg nQT). Now
any element of 02 can be written as h, e de de + h, e’ de de, which we shall denote by the
pair of complex numbers (h, , h,). One computes:

~h,MME 0
hb) = € :ﬁ(h)
0 - hy M*M

n(h

a’

So if M = 0 then the representation 1 : Q* - £(h) is 1-1on Q2. And since 1 is 1-1
on 1, Jg nQ!=0. Thus Qf = Q2. The differential

d: Q1 > 0Z%is given by d(6,, 6,) = (6, - 6,) dede = (6, - §,, 6, - 6,).
And the multiplication

alxal > 0Zisgivenby (6, 6,) (8,",6,) = (6,86,",6,8,").

We now have enough of the differential calculus on the 2-point space to compute
the gauge theory. A vector potential is given by a self adjoint element of Q , orin our
case, by V = (- ®,®*), with® a complex number. Its curvature is :

B=dV+VZ=— ([P + 121, [P+ 1[2-1).
This gives the following formula for the Yang Mills action :
YM(V) = 2(|® + 1]2-1)2  Trace ((M*M)2).

The action of the gauge group ‘W = U(1) x U(1) on the space of vector potentials, i.e.

on ®, is given by ¥ (V) = udu* + uV u*, which, withu = u_ e + ue, gives:
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YW = (1 = ugup* (@ + 1), =1 +upug* (®* + 1)).
On the variable ¢ + 1, this just means multiplication by ug up*.
Thus in this very simple case, our action YM(V) reproduces the
symmetry-breaking Higgs potential. It has nonunique minima, given by |® + 1| =1,
which are acted upon nontrivially by the gauge group.

The fermionic action is given by < y , (D + V) w >, where the operator D +V is
equal to :

0 M 0 M 0 (1 +9)M
M* 0 P*M* 0 (1+ ®)*M* 0
Writing v as (y,, w_)T, we see that the fermionic action is
<y, (D +Vy>=y,*(1+P)My_ + (complex conjugate),
which is a sort of a primitive Yukawa coupling. Let us note that for the "standard"
geometry with M = 0, the two points are infinitely far apart, and the Yang-Mills action
vanishes.
8) Let us take for & the non trivial bundle over F={a, b} with fibers of dimension
n,and n, on a and b respectively. (This does not affect the differential calculus that we
worked out before.) The bundle is nontrivial iff n, = n, and we shall consider the simple
case of n, = 1 and n, = 2. The finite projective module & is of the form :
=12

where the idempotent f € M, (&) is given in terms of the notation of o by the formula

0 (0,1) 0 ¢
To the idempotent f corresponds a particular compatible connection on &, given
by V& =fdf with obvious notations. An arbitrary compatible connection on & has the
form :

VE=V,E+0E

where g is a self adjoint element of Mz(QJ) such that fp = of = p. If we write p asa
matrix,

O11 042
0= ,
021 02
these conditions are:
©) €01 =0y » €0y =09 =08 , 0128 =0yp-
Thus we get :
0,;=-%, ede+® > e'de , 0,y =P,"ede , 0,p= -P,ede , 0y, =0,

where ®, and®, are arbitrary complex numbers.
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The curvature 6 is given by 8 = fdfdf + f(dg)f + o2
0 0 doyy (dojp)e Q11 011 + 04202y 011012
0 e'dede e'dgy, O 021 01y 021 042
Explicitly, the components of 6 are:
By = (1= |®, +1|2-12,]2)edede + (1 - [, +1]2) e'dede,
By, = - P,(P, + 1)* e'dede,
By, = = ®,*(®, + 1) e'dede,
By, = (1 -[®,]2) e'dede.
An easy calculation then gives the action YM(V) in terms of the variables ¢, and ¢, :
YM(V) = (1 +2(1 =@, +1]2+]9,]2))2) Tr((M*M)2),
It is by construction invariant under the gauge group U(1) x U(2). We see that the
minimum of YM(V) is strictly positive, and so the bundle & does not admit any
compatible connection with vanishing curvature. We also see, after the fact, that there is

nothing special about V ; ; any connection with |<I>1 +1]24 |©2 |2 = 1 also minimizes
the Yang-Mills action.

To write the fermionic action, note that § @ g h is T & 2 @ g h = fh2. Letus
write a typical element of & © g hasy = ((ey,¢), (0, v))T. Then the fermionic action
is

<y ,Dyy>=z=<y ,(D@I2+@)\p>:eR*(l+‘P1)MeL+eR*<P2MvL
+ (complex conjugate),

which is like the leptonic Yukawa coupling. End of Example 4.

Example 5. 4 dim. Riemannian manifold x (2-point space)

To fix notations, we let X be a compact Riemannian spin 4 manifold, &, the
algebra of functions on X and (h,,D,,T,) the Dirac K-cycle on &,. We shall let the
triple (4,, h,, D,) to be as in example 4 above, i.e.

0 M
5&2:(1:@([, h2:h2a<+) h2h' D2:
B ’ M x 0

Weput =&, 04, , h=heh, ,D=D,e1+T,0D,.

The algebra & is commutative. It is the algebra of complex valued functions on
the space Y =X x F, which is the union of two copies of the manifold X:Y = X_ U X,.

Let us first compute the metric on Y associated to the K-cycle (h, D) :

dlp,@) = Sup {|fp)-f@]|;I[D,flll<1}
fed

Every fe & isapair (f,,f,) of functionson X. Also, to the decomposition of
h, as:
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hy=hy,e h2h

corresponds a decomposition h = h, @ h,, on which the action of f=(f, ,f,) € & is
diagonal :

f, 0
f> e £(h).
0 f,
In this decomposition, the operator D becomes :
I @ | Y5 ® M
D=
Y5 ® M* 0y ® |
where 9, is the Dirac operatoron X and ¥ the Z/2 grading of its spinor bundle.
This gives us the following formula for the "differential” [D,f] of a function f :
¥(df) e | (f,-T)¥s0 M
(D.f] =
(f,-1f,) ¥s © M* ¥(dfy) @ |
Thus the differential [D,f] contains three parts :
«)  The usual differential df, of the restriction of f to the copy X, of X.
8) The usual differential dfy of the restriction of f to the copy X, of X.

¥)  The finite difference Af=f(p,) - f(p,) where p, and p, are the points of X_
and X, above a given point p of X.

One can then show:
Proposition 14

1) The restriction of the metric don X, U X, to each copy (X, or X, )
of X 1is the Riemannian geodesic distance of’ X.

2)  For each point p =p, of X,, the distance d(p, , X, Jequals |[M|-1 and
is attained at the unique pomt pb

Let us now pass to the computation of the space Q | of 1-formsonY. Asa
1-form is a sum of terms of the form r((f df,), the above computanon of [D,f] = n(df)
shows that an element « of Q is g1ven by
o)  Acomplex 1-form w, on X,

8) A complex 1-form w, on X,
¥) A pair of complex valued functions 8, , 6, on X.
The corresponding operator on h is given by :

Y(w,) el -8,ys oM

8,¥s @ M y(w ) el

The action of & on Q] is given, with obvious notations, by :
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(f,, fy) (W, 0y, 8,,8)=(f,w,,fw,,f,6,,f8)

a a’

(wa’wb’aa‘ab)(fa'fb):(f (.da,fb(.ob,fﬁ fﬁb)

a b“¥a’'a

The involution on O is given by (w, , w,, 8,8, )* = - (w,*, ©,*, 8,*,8.%).
The differential f: & — QJ is given by:
f=(f,, f,) > (df, df ,f, -7, 1, -f)eq].

When we write things in terms only of X, we can view O[} as a 10
dimensional bundle over X, given by two copies of the complexified cotangent bundle
and a trivial 2 dimensional bundle, so that over a point p in X, the fiber consists of

TX)eeT,(X)goCeo €
But we have to keep in mind the nontrivial multiplication structure in the last two terms.

As in the case of the Dirac operator on Riemannian manifolds (Lemma 6), let us
compute the pairs of operators of the form 1(g) =T, , n(dp) =T, for ge Q1(H).

Given ¢ =1 f;dg; € 01(K), with f;, g€ & , onehas:
Y(w,) el -8,¥ys0 M
n(p) =
8, %5 © M~ Y(w,) el
with 0, =Z fja dgja , Wy=L fjb dgjb and :

a

8 = Z fja(gja_gjb) 7 Sb:Z fjb(gja_gjb)-

One has m(de) = £ m(df;) n(dg;), which gives the 2x 2 matrix :

Y(E,) @ 1 +(6,-86) ® MM* -y(n) ys @ M

n(dp) =
¥(My) ¥ © M~ Y(E,) @ 1+ (8, -6,) ® M*M

where g, =2 dfj,- dgja and § =12 dfjb : dgjb are sections of the Clifford algebra
bundle CZ2 over X, while
N, =L ((fj = 1j,) dg, - (g - g;,) df,,) and
Ny, = I ((q), - g5 ) dfy, = (fj, - T, ) dg;, ).
Using the equalities :
ds, = I fj,(dg;, - dg;, ) + (g, - 9 ) f,
g, = I (dgja - dg;, )+ (gja -G ) df},
Ww,= I fja dgja , W= fjb dgjb
we can rewrite T and N, as follows :
N,=w, -w, +d8

a 3

M=W,-w +d8h.

a

Thus knowing T, fixes 8_, 6,, N . and M. As in the Riemannian case (Lemma 5), the
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sections &, &, of C2 are arbitrary except for 0,(%,) = dw, and 0,(E,) = dw,.

This shows that the subspace 1 (d(J, N Q1)) of n(QZ) is the space of 2 x 2
matrices of operators of the form :

¥(E,) e 0
0 Y(Ey) o

where € and E are sections of cO , ie. are just arbitrary scalar valued functions on
X.

A general element of 1(Q2) isa 2 x 2 matrix of operators of the form :

¥, ) ® | -h, & MM* -¥()¥ys o M
T=
¥(By) ¥s© M ¥(o,) @ 1 - hy © M*M

where o, and &, are arbitrary sections of C2, h,and h, are arbitrary functions on X
and B8, and B, are arbitrary sections of C! (ie. 1-forms). We thus get :

Lemma 15
Assume that M™M*M is not a scalar multiple of the identity matrix.
Then an element of QE is given by
1) a pair of complex 2-forms ¢, , 0, on X
2) a pair of complex 1-forms 8, , 8, on X
3) a pair of complex functions h_,h, on X

a’

The hypothesis M*M = const. Id enters because otherwise the functions h, and
h, are eliminated when we quotient out by T(d(J, N Q1)).

Using the above computation of 1(dp) we can compute the differential dw of an
element w = (w,, w,,8,,8,) of Q. Weget:

1) Ga:d(‘)a , Ub:dwb
2) B,=wy-w,+d8,, By = w, - w, +ddy
3) _h,=6,-86 ., hy=8 -8,

So we see that the differential dw € Qg involves both the differential terms dw ,,
dw,, d8, and d8, and the finite difference terms w_ - w, and 8§, - 8, but in combinations
imposed by d(df) = 0.

Next, let us compute the product w w' € Og of elements w = (W, , W, , 8
and w' = (0, ,w;,8,,6) of Q. Weget:

)

a’

1) 0,=0, AW, 0y = Wy A Wy
2) B,=-6,w,+8,w, B, = -8, w,+ 6wy
3) h, =8, 8, h, = 6, 8,

Comparing these formulae with those of Example 4, one can summarize the results by
saying that the differential algebra on Y is simply the graded tensor productof the
differential algebras on X and F.

The next step is to determine the inner product on the space Q# of 2-forms given in
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section 1 . By definition we take the orthogonal of 1(d(J, N Q")) in n(Q2), gifted
with the inner product < T, ,T,>= Tr (T5T,|D[- %) .
An easy calculation then gives :

Lemma 16

Let P(M*M) be the orthogonal projection of the matrix ™M*M on the
scalar matrices const. Id. Then the square norm of an element
(o,,0,,8,,8,.h,,h)of QF isgiven by

Jx (NIHa 12+ Nylloy 12 ) dv + tr (M) [y (118,02 + 118, 12) v +
tr ((M*M = POM*MN2) [y (IR 112 + 118, 112 ) dv
where N_=dim h_, N, =dim h,.

We are now ready to compute the action YM(V). For &, we shall take the
space of sections of the hermitian vector bundle Eon Y = X_ U X, which has fiber € on
the copy X, of X, and fiber €2 on the copy X, of X.In other words we consider the
product of Example 2 and Example 4 B. We can say immediately that the gauge group ‘U

= Endg (&) of our gauge theory is the unitary gauge group of the vector bundle E over
Y =X, UX,, orequivalently the group :

U =Map (X, U(1) x U(2)).

As in Example 4 8, we can write & as f#2, where f ¢ Mz(éﬁ,) is the idempotent

1 0
f= and e =(0,1)e&k.
0 e'

Then a compatible connection V has the form
VE=fdE+0E € CogQ) , foral Eeé,
where g is a self adjoint element of I"IZ(ODl ) which satisfies the conditions (6). Using the

description of an element w of QD‘ as a quadruple (w,, w,, 8,, 8, ), we find that the
entries of the 2 x 2 matrix g have the form:

0= (0, wpy , -%, @)
01,=C 0 , wb, , -®,, 0)
0,2 0, w0, )
0,,=C 0 , why , 0, 0),

where w@is a u(1)-valued 1-form on X, wP is a u(2)-valued 1-form on X and ®,,9,)
is a pair of complex-valued functions on X. In other words, a compatible connection on
& consists of

o)  Au(l)- connection V, on the restriction of E to X,

8) A u(2)- connection V, on the restriction of E to X,
¥Y)  Alinearmap (¢, ,®,) fromE overX,, to E over X,.
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The action of the gauge group on V, and V, is the obvious one, and the action on
(¢, ,®,) is given by composition.

Next, the curvature 8 is the following element of fM, (Qg) f:
B=fdfdf + fdpf+02,
which is easily computed using the above formulae for
d: 0 > Q¢ and A:Qf x Q) > 0F.

Let us write an element of Qg as a sextuple (0, , 0, ,8,,8,.h,, hy). Then one finds
that the components of 8 are:

By = (F§, FP =D(1+@ ), D01 +® )1 = [, + 112 9,121~ [®, +1]2)
8,,=(0 ,Fb,, -DP, , O , 0 L= P,(@, + 1))
8,,=(0 ,Fp,, 0 . D%, , 0 =B (@, + 1))
8,,=(0 ,FD,, 0 , 0 , 0 L 1=19,12 ).

Here F2 and FP are the curvatures of w2 and wP respectively, and
Wby - v, P,

D (1 +CP1,‘P2): d(1 +‘P1,<Pz) - (1 +<P],<P2)

(Note that the calculation of the (h, , h,)'s is exactly the same as in Example 4 B.)

Applying Lemma 16 gives that the Yang-Mills action is the integral of a Lagrangian
density £, over X, with

2y = [IFRI2 + ¢, IFPI2 + ¢5 Tr (MM DT + @, @, ) 12+
c, Tr ((M*M = PO M))2) (1 +2(1 =(|®, + 1124]2,[2))2),

The c, 's are various positive constants; we shall come back to their meaning in the next
section.

The fermionic action is even easier to compute. Note that § ® ¢ h is fhZ. Letus
write a typical element of € ® g hasy = ((e;, ), (0,v))T. Then the fermionic action
is

<y ,Dyy>=<y,(Doly+p)y>,
which is the integral of a Lagrangian density £ over X, with
Le =" 0,65 + (e, v) 0, (e,v) +
[eg* (1 +@ )M yg & +e*®, My v, + (complex conjugate)].

Here 0, is the Dirac operator on X, when coupled to the u(1)-gauge field w8, and
similarly 9, is the Dirac operator on X, when coupled to the u(2)-gauge field w®.

It should now be clear that the total Lagrangian density £, + £, of our
noncommutative gauge theory is almost the same as that of the Glashow-%Vcinberg-Salam
(GWS) model of leptons [GWS]. In fact, there are only two differences. First, the
global gauge group of the GWS model is not U(1) x U(2), but U(1) x SU(2). In order to
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reduce our gauge group, we impose the
Ad Hoc Condition : tr(w?) = wP.

We shall give a less ad hoc formulation of this condition in Section 4 . The second
difference is that we need for the fermions to be chiral. To achieve this, we simply
Wick-rotate to Minkowski space and impose the condition Ty = .

End of Example 5.

3. BIMODULES

In the discussion so far, we have had a single algebra & acting on the Hilbert
space N. In fact, it turns out to be natural to extend this to having two algebras & and 3
acting on N, whose actions commute. We can express this by saying that & acts on h on
the left, and B acts on h on the right. Alternatively, we can say that £ © 3 acts on h on
the left. Given the first description, we get the second description by putting

(a@b)N=aNhb forallaec &, beB andNeh.

This situation of having two algebras acting arises when one want to extend
Poincaré duality to an algebraic setting. We shall not need the details of this, for which
we refer to [CS,Ka,Co2], and will only broadly state the ideas . Recall that if X is a
closed oriented manifold then Poincaré duality gives an isomorphism between the
cohomology and homology of X. Similarly, if X is a spin® manifold then X is K-oriented
and there is an isomorphism between the K-theory K (X) and K-homology K _(X) of X.

Let us consider what the analogous statement would be for general algebras. On
the level of K-groups, it would be an isomorphism between K (&) and K'(3). (In the
special case that X is a spin® manifold, we can take both & and 3 to be C(X).) Of
course, one needs additional structure to have such an isomorphism. The essential piece
of information needed is a K cycle (£ ® 3, h, D) for the algebra £ © 3.

On the level of homology, we want a map from the homology of the complex
Q5 (&) to the periodic cyclic cohomology of 3. It turns out that such a map can defined
provided that one has certain relations, one of which is

@ [[D,a],b]=0 forallae Land be B
We note that this relation is actually symmetric in a and b, as they commute.

The point of this general discussion is that it is natural to look at a K cycle for the
tensor product & ® B of two algebras, which satisfies (7). We can apply the
constructions of section 1 to such a K cycle, and in particular the notions of a vector
potential V and its Yang Mills action YM(V). The gauge group of such a gauge theory
would be the group U(& @ B) of unitaries of & ® B. However, we can use the fact that
we have two algebras to single out a class of vector potentials which is invariant under the
action of the subroup U x Ug.

Proposition 17
Let V¥ =V g + Vg be the subspace of the vector potentials V' @ Which
consists of sums of vector potentials relative to £ end ®B. Then YV is
invariant under the action of U g x Wg , and for every V€ v, the
operator D +V still satifies equation (7).

To see this, recall that the action of the unitary group of & ® % on vector
potentials is determined by

gD +V)g =D+ Xg(V),

Let us specialize this equation to elements g=uv € Ug x Ug.
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Take V:Va*VDE‘V’JQJrCVgB.Then
uviD + Va4 VB ) v  u* = uv Dy u* +uVau* + v VD=

since by (7), every element V3 of Vg (resp. V0 of V") commutes with 3 (resp.
&). Next,

uvDv*ur=u@+v[D,v])u*=D+ulD,u*]+v[D,v*],
again using (7). So we get :
¥y, (V3 VD) =y (Va) 4y (YD),

which shows that the space 9V’ is invariant under the action of L. g x U.g. Finally, we
compute:

[[D+vaevd a].b]=1[[V3a]l,b]l=[{V3 ] a]=0.

4, The standard U(1) x SU(2) x SU(3) model

In this section we shall build on the computation of the action functional in
Example 5 i.e. in the case of the product of a continuum by a discrete 2-point space. We
saw that almost by accident, we recovered the GWS model for leptons from a simple
modification of the 4-D continuum. The question which we address in this section is:
can one by a similar procedure incorporate the quarks as well as strong interactions?

Let us make some preliminary remarks. First, there is presently (1991) no doubt
that the standard model of electroweak and strong interactions gives a remarkably accurate
description of the known elementary particles. We refer to other works, such as [El], for
a survey of the standard model, and will only give a skeleton description in order to fix
notation.

The goal is to find a modification of the continuum spacetime geometry such that
the bosonic part of the standard model becomes a pure gauge theory on this modified
spacetime. (The fermionic part will be straightforward.) That is, we wish to find a new
geometry such that the gauge fields and the Higgs fields of the continuum geometry
become unified into a gauge field on the new geometry. In itself this is not a new idea,
and most previous attempts to do such a unification used a new geometry consisting of

R* x F, where Fis a compact homogeneous space [CJ]. However, none of these
attempts were able to succesfully reproduce realistic particle models, partly because of

problems in producing chiral fermions on R* from fermions on R* x F [Wi]. What is
new in our approach is to take F to be a finite set, albeit with a noncommutative geometry.
Then the problems with producing chiral fermions immediately go away.

We wish, then, to find a finite space F such that when one computes the analog of

the classical Lagrangian of electrodynamics, but instead on R* x F, one finds the classical
Lagrangian of the standard model. Once the structure of this finite space F is given, we

just apply our general method of computing the Yang-Mills action to R* x F, and will
find the bosonic terms of the standard model action. The Higgs boson will be part of a
gauge field, but coming from a finite difference, rather than a differential. The fermionic
action will be straightforward to derive, and will give the fermionic terms of the standard
model action.
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a) The standard model

The Lagrangian density of the standard model contains five different terms:

£=£G+£\P+£ +.‘BY+13V

[0
which we now describe in a Euclidean version of the model.

1) The pure gauge boson part & G

_ | ) ny 1 .2 [1AY | ) v
Lg=7¢ (Fqu )+Zg (GuvaGa)+Zg (Huvab
where F“V is the field strength tensor of a U(1)-gauge field Au, Guv is the field
strength tensor of an SU(2)-gauge field Wu, and Huv is the field strength tensor of an
SU(3)-gauge field VH’ the gluon field.

2) The Fermion kinetic term .'B\i,
By=¥ (DY,

where W is a spinorial field consisting of N copies, or generations, of a certain ch
representation of U(1) x SU(2) x SU(3). Here DH is the covariant derivative of the

spinor field:
Dll ¥ = [8u + n(Au) + n'(Wu) + n"(Vu)] ¥,

and 7, ' and =" are the respective representations of the Lie algebras of U(1), SU(2) and

SU3) on ¥. The decomposition of the @15-rcpresentation into its irreducible
components, listed by the particles of the first generation, is as follows:

Particle 1®nen Y
ex CeCod 2
CR) cec’ec -1
dg CeC e 213
ug CeC e’ 43
(dg,up) cec?ec? 13

The hypercharge Y, when multiplied by 3, labels the U(1) representation T.
Hereafter we will write the fermion fields as N-vectors, labelled by their first-generation
particle. For example, with the three known generations, using the standard particle
names we have :

-

€= (e 1D, V=gV Vo u=(,c0, d=(d,s, b
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3) The kinetic terms for the Higgs fields
.
%,=(D,0) Do,

g

where ¢ = ( isan SU(2) doublet of complex scalar fields with hypercharge Y =- 1.

2

4) The Yukawa coupling of Higgs fields with Fermions
By=er M0y +eg Mooy v + dg My, dp + dg Mydyup
+ug M (-02)d + ug M, ¢; u + complex conjugate.

Here M, My and M are N x N matrices whose singular values are, up to a

i

constant, the masses of the fermions. Let us note that while ¢ =] ) is involved in the

2
Yukawa couplings to the electron ey, and down quark d, its conjugate

- 5

0=
® 01

is in the Yukawa coupling to the up quark up.

5) The Higgs self interaction

2
0 0+ Lalo's
By=-p 0 0+5M0 0
has exactly the same form as in the GWS model.

Thus we see that there are essentially three new features of the complete standard
model as compared to the GWS model:

A. The new SU(3) gauge symmetry, whose gauge fields are responsible for the strong
interaction.

B. The new fermions, the quarks, with their new hypercharges.
C. The new Yukawa coupling terms involving the quarks.

We shall now briefly explain how these new features motivate a modification of
Example 5, which lead us above to the GWS model for leptons. First, our model will still
be a product of an ordinary Euclidean continuum by a finite space.

In example 4 B, our algebra € of functions on the finite space,was € @ C. But

since we then considered a bundle on {a,b} with fiber € on a and c? on b, we
could have equally well used U =C @ M2((I§), and taken the module & to be the same

as Q. Let us see how point C. leads us to replace € ® My(C) by G =C & H where H
is the Hamilton algebra of quaternions. The point is simply that the equation (8) which

80



relates ¢ and 5 is the same as the unitary equivalence 2 ~2 between the
fundamental representation 2 of SU(2) and its complex conjugate or contragredient
representation, i.e. one has :

geU@2),Jgl! =g o ge SUQ),
whereJ=(0-1).
We remark that :

{xe My@),IxJ1=x)

defines an algebra, the quaternion algebra H.
Next let us see how point A. leads us to the formalism of bimodules of Section 3.

u
Indeed, look at any isodoublet of the form ( di:) of left handed quarks. It appears in 3

colors:
r y b
up up up
T b
dp df dp

which makes it clear that the corresponding representation of SU(2) x SU(3) is the

tensor product €2 ® @3 of their fundamental representations. It is easy to convince
oneself that even if one neglects the difference between U(n) and SU(n), there is no
way to obtain such groups and representations from a single algebra and its unitary

group. The solution that we found is to take (Q, B) bimodules, with & =C & H and
B =C e My(Q).

We are now ready to describe the geometric structure of a finite space F which,
when crossed by R*, gives the standard model.

b) Geometric structure of the finite space F

The structure is given by an @& - B bimodule (b, D, I') where ¢ is the
involutive algebra @ @ H while B is the involutive algebra C @ M;(C). Unlike

B, the algebra Q& is only an algebra over R . The involutive representations T of &
in a finite dimensional Hilbert space are characterized (up to unitary equivalence) by three
multiplicities: n Lo, m, where

h =C*el e,

andif a=(A, Qe € ® H, n(a) is the block diagonal matrix:

m=(101, ) o(1®1,) e 2Pler,
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Here we are writing the quaternion q as q=o + ], with a,fe € C H.

The representation of the complex involutive algebra ® in h gives a
decomposition:

b=boe(b1®¢3)

in which b= (bj, b)) € € & M,(T) acts by n(b) =b, ® (1 ® b)). It follows that the
representation of € (which commutes with the representation of B) is given by a pair

7y, m,; of representations of ¢ in Hilbert spaces P, and F;. The €& - B bimodule b

0

is thus completely described by the six multiplicities, namely (n?_ ,n, m®) for T, and

1 1

(n Lo ml) for ;. We shall take them to be of the form:

(ng » 0y, mg) = N(1,0,1)

(o} ,n; ,m) =N(L,1,1),

where N will eventually be the number of generators. That is,
b =(CoH)®(CoCoH)er}eRN

We shall take the 2/2 grading T in B to be given by the element T = (1, -1) of the
center of Q. Finally, for D we shall take the most general selfadjoint operator in b
which anticommutes with I and commutes with € @ B, where € € € is the diagonal
subalgebra: {(A, L), A e C}. (As we shall see, D encodes both the fermion masses and

the Kobayaski-Maskawa mixing parameters.) It follows that the action of € and the
operator D in T, (resp. B, ) have the following general form: (with q=0.+Bje H)

£00 0 M 0
*

mo(f.a)=| 0 o B Dy=|M, 0 0
0-Bo 000
- B -1

(fOOO 0 0M0
0fO0O0 00 OM
n,(f,q)= D= . ’
00ap My0 0 0
00-Ba 0M,0 0

where Me, Mu, M 4 are arbitrary complex N X N matrices.
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¢) Gauge Theory on the finite space F

We shall take the modules for ¢ and B to be & = €& and F = B respectively.
Then the Hilbert space & ®0 h @@ & of gauged fermions is the same as §. The

unitary gauge groups are ‘U ¢ = U(D) x SU2) and Uz = U(1) x U(3). The gauge
fields are simply given by vector potentials, i.e. self-adjoint elements of Q%)(&) and
Q})(U?;). As B commutes with D, Q;)('(B) vanishes, and so B will play no role in the

finite geometry.

1
Let us look at Qllj((’i). Write an element p of Q (W) asp=3 3 da’j, with 3, a'j e (;

2= O‘j’ qj)’ a'j = (X'j, q'j); g =0+ Bj js q'j = oc’j + B'j j. (One can simplify the
calculations by noting that (no, DO) is essentially the degenerate case Mu =0 of (nl, Dl))‘

One finds
{ 0 oM, o,M,
T =] ', M, 0 0 ,
-0 M, 0 0
0 0 o, My 0,My
0 0 —¢2Mu <[)11\/[u
n,(p)= Lo
o' My o', M, 0 0
-0'2Myg 01 M, 0 0

where
0, =A{0-A) 0 =Z ;B
O =Tayfh o) BBy 0,=3 B(A- o - ay
Thus Q1(Q) = (0. 0, 0, 0,) € T4), the differential d: & — QL(€) being given
by

dA, o, B)=(x—A, B, A -0, = B).

If p is a vector potential then ¢'; = ¢; and 0 =-0y. Similarly, one computes that

(¢1+¢'1) MeMe* 0

do) =
no( P) 0 p

83



0, +0 +Y 0,+0', +Z .
with P=12| - - - - - _|eM*M
=02-02+Z ¢ +¢" -Y e %

and n,(dp)= (83)

(6, +0')MaMy {05+ 05) MgM,

with = * - - *
(_ ¢2_ ¢'2) MuMd ( ¢1 + ¢'1) MuMu

0, +0'; 0,497 . .
R=112 -, T T M, M+ M™ M
and Pl-0-0n ooy ) @ Mo Mat My MY

( Y Z ) . .
+12\ 7 3| ® My My-M " M).
Here Y and Z are new fields given by
Y =S (oA )(M-ar) —B;BY and Z=3- (o2 ) B +B;(oj-1y).
We see that {n(dp): p € Jpn QIIJ(Q)} = {n(dp): 0, ¢2, o, 4)2') = 0} consists
of the Y and Z fields. Then the quotienting used to define QzD((’l) amounts to quotienting
out the Y and Z fields. Considering the products n(pl) n(pz), we see that le)((’l) =C 4,

with the product Q})((’.l) x Qll)((’l) - Q%(Cl) given by

(¢17 ¢27 ¢'1s ¢'2) x (nls nz: n'lv nlz) =
(4)1111' - ¢2Tl2', ¢1ﬂ2' + ¢2ﬂ1" ¢'1ﬂ1 - ¢'2ﬂ2, ¢'1n2 + ¢'2n1)

and the differential d: Qll)((’,{) - Q%)(Cl) given by

d(0}, 050 011 0y) = (@) + 0", 0, 0, &) + 0, b, 0,).

It follows that the curvature 8 =dV + v2ofv= (9, 055 51, - §,) has image in
QzD((’l) given by

2 2 2
m®=| [1+0] +o,] -1 A,0.1,0e ap@.
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Then the Yang-Mills action is

2 2
YM =<6, 6> = const. |1+¢1| +| ¢2| -1

Up to a shift of the ¢, variable, this is the symmetry-breaking potential for the Higgs
field, with (¢, ¢,) =0 being a minimum.

Writing a fermion field ¥ € ) as

¥ = (eR, e VL) o (dR’ g, dL’ uL),

the fermionic action
By=¥D+V)¥

gives exactly the Yukawa couplings of the standard model, after a shift of the 0, field.
When (O ¢2) is frozen at its minimum (0, 0), 13\1, becomes

er Mg, + dg Myd + ug M, u;_+ complex conjugate

The "normal modes" of ¥ are given by the eigenstates of the matrices

MM, M* M, 0), MM MM ", M* M, M * M),

and the corresponding fermion masses are the square roots of the eigenvalues. In this
finite geometry, the fermion masses are the only physical information in the matrices M o

M, and M, but in the full standard model, to be described next, there is also a physically

relevant N x N unitary matrix, the mixing matrix U. This matrix comes from the
discrepancy between the eigenstates of the mass matrices and the weak curent interaction

[El]. Explicitly, suppose that Mu* M, and Md* M, are diagonalized by unitary matrices
V,and V

* _ . -1 * - : -1
M,"M =V Diag V = and M, M, =V, Diag; V.

Then U = Vu'1 V- We can easily describe U in terms of our finite-geometry. There are
orthonormal bases for the vector spaces of d; s and u; 's given by the eigenstates of the
matrices Md’k M; and Mu* M. Asdy +u jliesin H, multiplication by the unit
quaternion j maps the vector space of d; 's to the vector space of u;'s. Then U is simply

the writing of this multiplication operator in terms of the preferred bases. As the
eigenstates are only defined up to a phase, U is only defined up to right and left

multiplication by U(l)N.

Before leaving the finite-point geometry, we remark that there is a compact way to
write its differential algebra. First, Q%(Ct) =0=Co®HCH® H. Next,

QL(@) = (0, 0, 0,1 0,) € T2 ® C?) = ((q;,9) € H D H).
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With the identification q; = ¢, + ¢, j and g, = ¢'; + ¢', j, the bimodule structure on

Qll)((’i) is given by
(A, @) (q;>9y) = (Aqy5 qg,) Vq,qe H
@) A ) =(q; 4. g M) Ae C,qe H

and the differential d being again the finite difference:

dO\wQ):(Q')‘u}\'q)G He H.

The involution on Qll)((il) is given by:

* *
(ql» qz)* = (qz) ql) Vql, q2 e H.

The space U of vector potentials is thus naturally isomorphic to H.

Finally, QZD(Q) =H ® H with an &-bimodule structure given by:

@ (g ) A, q) =g, A, qq,q) VA, A'e €,q'se H.

The product: Q! xQl - 02 isgiven by:
D’ *p~>p B8

(qp q2) (q'], q'z) = (ql q'2 » Ay qll)

and the differential d: Qllj - QZD is given by

d(qy> 9) = (@) +dp. 4y +qy) -
The curvature 6 of a vector potential V =(q, q*) is then
0=dV+Vi=(q+q +qq ,q+q +q'Q=01+g?-1) (1,1).

d) Geometric structure of the standard model

For the full standard model, we take the product geometry of the finite space (b)
and the Riemannian geometry of a spin 4-manifold X, where the product is in the sense of

Section 2. So we have an € - B bimodule (h, D, T') with

a=C"M,R)® (CeH),R=C°(MR)® (T & M,(T)).
The corresponding unitary gauge groups are

‘U,Q = Map(X, U(1) x SU(2)), Ui =Map(X, U(1) x U(3))
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The Hilbert space isb=bo®(b1®¢3), with
—12 Ny _12 N
b, =L2X.5)® (€ © Hye RN, b =L2(X,5)@ (T © C ® H) ® R,

The representations T, and T of ¢ are the same as in (b). Letting z denote the element
(1, -1) of the center of €, the grading operator on B is ' = Y5 ® n(z). The self-adjoint
operator D =D, ® D, is given by

Iy ® Iy 7v5 ® M, 0
Do=|vs ® M, 9y ® Iy 0
0 0 oy ® Iy
D= .
0 Y5 © M, 0 Iy © Iy
b -

Here M, M, and M, are complex N x N matrices.

The computation of the gauge theory on this space is similar to that done in
Example 5, so we shall only state the results. First, consider the € algebra. One finds

that a universal 1-form p is represented by

YA) ® Iy o,Ys @M, 0,75 @M,
to@=| 07 M, YW)eIy yWpely | ,

-0'2Ys ®M, -YWp®Iy yWpely

YA) @ Iy 0 017s®My 0,75 ® My
Y(K)QIN -0,Ys®M, 0,758 M,
0'1Ys®Mg 0,vs®M, YWpeIy YWyely

WI(P)=

—0Y58My 01758 M, Y-Wp®Iy yWpely

Here (A, W, W,) are complex-valued 1-forms on X, and (01, &, 915 ¢'5) are complex-
valued functions on X. So Qf(€) = (!X, €))° ® (A%, ©)*. The differential map

- Qll)((’,{) is given by
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d(h, + B ) = (1, do, dB) @ (=X, B, A -0, B) e QL ().

If p is a vector potential then A is u(1)-valued, W is su(2)-valued and ¢', = ¢, ,
'y =- ¢,. Thus a vector potential consists of a u(1) gauge field A, an su(2) gauge field
W and a Higgs doublet ¢.

In order to compute Q%(Cl), it is enough to just consider ,(dp), as wy(dp) is then

obtained by taking M, = 0. Separating the various terms with respect to their differential-
form grading on M, one finds

Y(dA) @ Iy 0 0 0
Y(dA) ® Iy 0 0
T, (dp) =
0 0 'Y(dW])QIN 'Y(dWZ)QIN
0 0 Y- AWy ® Iy Y(dW,) ® Iy
0 0 Do;¥s®My  Do,7v5® My
+ 0 0 'D¢275®Mu Dq)lYSoMu
Do',¥s® My D¢',7s® M, 0 0
-D¢',v;®My Do'1v58 M, 0 0
A®ly 0 0 0
0 A® Iy 0 0
+ ~ ~
0 0 W, eIy WoeIy
0 0 -W,8Iy W,®Iy
Qo0
* OR)
, (040 )MaMz  (0,+0%) MM,
with Q= - - * - - *
02— 0 MM; (01407 MM
¢1+¢'1 ¢2+¢'2 . .
R=12| = =, = = |®M*M,+M*M
and / —02-0'y 0;+9" Mg" Mg+ M," M)

Y Z . .
+12| 7 3] ® M*M-M*M).
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W, W ~ o~
Here D(9;, 6,) = (0, 0,) + A (8, 0,) - (6, 6) (le W ) and A, W, Y and Z are

new scalar fields. We see that
(n(dp): pe Jy N Q@) = (n(dp): A=W = (0,0, 0,,0,)=0)

consists of the A, W, Y and Z fields. Then the quotienting used to define QD(C{)

amounts to quotlcntmg out the new scalar fields. Let us assume, for example, that the
matrix My M +M, M is not a multiple of the N x N identity matrix; then we find that

D((’l) comes from the tensor product of the differential algebra of the finite-point space

by the exterior algebra of X. Namely, an element of QZD(Q) consists of

a. A (-valued 2-form on X and an H-valued 2-form on X.
b. Two H-valued 1-forms on X.

¢. Two H-valued 0-forms on X.
If Ve, is a vector potential then its curvature GQ =dVe + VQZ € Q%(Q), a self-
adjoint element, consists of the following components:

a. The curvature F, of the u(1)-gauge field A and the curvature Fyy of the su(2) gauge
field W.

b. The covariant derivative D¢ of the Higgs field ¢, and its conjugate.

2 2
c. The function ( | 1+0,] +]o,] - 1] times .

The story with the 3 algebra is much simpler. As B commutes with the off-
diagonal terms of D, it is easy to see that Q;;(TB) isjust @ ® A*(X, T), with the obvious

multiplication and differentiation. Then a vector potential Vi is the sum of a u(1) gauge

field K and a u(3) gauge field V, and its curvature 9'63 € Q%('B) is same as the usual
field strength (dK, dV + V) e (u(1) ® u(3)) ® AX(X).

The gauge group of our theory is Map(X, U(l)el X SU(2)(’1 X U(l)—ﬁ X U(3)o03)

In order to correctly reduce the gauge fields to take values in u(1) @ su(2) ® su(3), we
must impose following condition on the gauge fields :

9 A=K=-TrV.

Then the contributions to the net hypercharges of the fermions are as shown:
A K y Y

ex -1 -1 0 2
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(eLs VL) O = 1 O -1

dg 10 13 213
ug 10 13 413
@,u) 0 0 173 1/3.

We show in the Appendix that (9) has a natural interpretation as a unimodularity
condition on the gauge fields, of the same general type as the reduction from a U(N)
gauge theory to an SU(N) gauge theory. In particular, equation (9) is an infinitesimal
version of equation (12) of the Appendix.

We shall now compute the action. Let us start with the fermionic part. If we write
a fermion field ¥ € b as

\P = (cR5 eL’ VL) e (dR’ uR’ dL’ uL):

then @ D+ VQ + V'(B) ¥ becomes the terms 33\}, and ;GY of the standard model, after a
shift of the ¢, field.

We now must compute the Yang-Mills action. If we were to follow the previous
discussion, we would simply take

(10) YM =<9Q,9Q>+<GB,G%>.

However, this would be physically wrong, as our Hilbert spaces of fermions are not
irreducible under the action of the gauge group. Consequently, using (10) would have
the effect of artificially imposing relations among coupling constants. A more general
gauge invariant bosonic action is given by

(11) B =Tr, (z; 82Dy~ + Try, (z, 053> Dy ™,

where z; and z; are arbitrary positive operators on b which commute with the actions of

@ and B, and with the operator D. With this freedom, the Lagrangian (11) reproduces
the terms &5 + & + By, of the standard model, with arbitrary constants in Lsand By,

(after a rescaling of the Higgs field). Thus we recover the standard model on the nose,
with the same number of arbitrary coupling constants. On the other hand, one could
require in addition that the operators z{ and z, lie in the center of & ® . In this case
we find one relationship among the coupling constants of the standard model. We will not
write out this relationship here, but will simply note that it gives the Higgs mass in terms
of the W mass and the fermion masses. In particular, if the top quark mass is of the same
order of magnitude as the W mass, then the relationship implies that the Higgs mass
would be, also. However, this relationship is not preserved by the usual renormalization
flow, and we do not know if it is physically meaningful.

Let us summarize some of the improvements of the present paper over our
previous paper. In [CL] we had the following :

1. The complex conjugate of the up quark in the Hilbert space, and a charge
conjugation in the operator D.

2. An (¢, ®) bimodule structure.

3. Equation (9) relating the U(1) factors.
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In the present paper, we simplified the first point by changing the action of the € algebra.
(This simplification was noticed independently by D. Kastler.) We again have the
bimodule structure, but Section 3 of the present paper puts this into a more general
context. And equation (9) is now interpreted in the Appendix as a special case of a
unimodularity condition which makes sense in noncommutative geometry.

5. Appendix

We discuss a notion of unimodularity which makes sense in a general algebraic
setting. First, suppose that one has a C*-algebra C and a self-adjoint trace T on C. That

is, t(x*) =1(x) forall x e C. Then one can define the phase of a unitary element of C by

Phase,(u) = — f W uw ) d,
2mi J,

where u(t) is a smooth path of unitaries joining 1 to u. So this phase is only defined in
the connected component of the identity in the group U (C) of unitaries, and is ambiguous
up to a countable subgroup of R, namely the image <t, Ko(C)> of Ky(C) by the trace
[CK].

The condition Phase (u) = 0 defines a normal subgroup of the connected
component of the identity, which we will denote by S.(C).

Now let & and B be involutive algebras, and (h, D) a (d, e)-summable
bimodule over € and B. We shall apply the above considerations to the C*-algebra C
generated by @ and B in ), with a family of traces Tp on C constructed from self-adjoint

elements p = p* of the center of € :

-
t,(0) = Trg, (o x D] ) foralixec.
We thus get a normal subgroup SQ(C) of the unitary group of C by intersecting
all of the S,: (O)'s. Since U(C) x UW(B) is a subgroup of U (C), its intersection with
p
SQ(C) gives a normal subgroup S(C, B) of U(C) x U(B).

Example 6: Let X be a Riemannian spin manifold. Take & = MN(C°°(X)), B=20C,
b= (Lz(X,S))N and D to be the Dirac operator. Then the space of self-adjoint elements
of the center of € is {f IN :fe C®(X) real}, and one finds S(C, B) = Map(X, SUN)).

This is why in general, one can think of S(Q, %) as a sort of unimodular unitary group.

Example 7: Take C, B, § and D as in Section 4b above. A self-adjoint element of the
center of & can be written as kle + )\.2(1 - e) for some real numbers 7&1 and 7‘2’ with
e=(1,00e C®Hand1-e=(0,1)e C ® H. It follows that

S, B) = (U(C) x U(B)) A (SUEH) x SU - e)h).
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Let then U be an element of ‘U(Cl) x U(B). Itis given by a quadruple:
U=0q,@wv);  AeUl),qe SUQR),ue U),ve UQ).

We have h =1, @ (, ® C3), with the action of U given by

(Mo ) @ w) & (1,(A, ) @ ).

This operator restricts to both eh) and (1 - €)h), and we must compute the determinants of
these restrictions. We get

det(Uy) = (u? @etv)DN,  det(U, ) = A u detm)DN.
So the unimodularity condition is
(12) A=u=(et(v)",
and S(Q&, B) = U(1) x SU2) x SU(3).

Example 8: Take &, B, h and D as in Section 4d above. Then it is easy to see that

S(Q, B) consists of maps from X to the unimodular unitary group of Example 7, that is
Map(X, U(1) x SU(2) x SU(3)).
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