PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: February 12, 2020
AcCCEPTED: June 17, 2020
PUBLISHED: July 13, 2020

Pseudo-Riemannian structures in Pati-Salam
models

A. Bochniak, T.E. Williams and P. Zalecki
Institute of Theoretical Physics, Jagiellonian University in Krakow,
prof. Lojasiewicza 11, 30-348 Krakow, Poland

E-mail: arkadiusz.bochniak@doctoral.uj.edu.pl,
t.e.williams@doctoral.uj.edu.pl, pawel.zalecki@doctoral.uj.edu.pl

ABSTRACT: We discuss the role of the pseudo-Riemannian structure of the finite spectral
triple for the family of Pati-Salam models. We argue that its existence is a very restrictive
condition that separates leptons from quarks, and restricts the whole family of Pati-Salam
models into the class of generalized Left-Right Symmetric Models.

KEYWORDS: Non-Commutative Geometry, Gauge Symmetry

ARX1v EPRINT: 2002.04506

OPEN AccEss, (© The Authors.

Article funded by SCOAP?. https://doi.org/10.1007/JTHEP07(2020)072


mailto:arkadiusz.bochniak@doctoral.uj.edu.pl
mailto:t.e.williams@doctoral.uj.edu.pl
mailto:pawel.zalecki@doctoral.uj.edu.pl
https://arxiv.org/abs/2002.04506
https://doi.org/10.1007/JHEP07(2020)072

Contents

1 Introduction 1
2 Finite spectral triples for Pati-Salam models 2
2.1 Spectral data 2
2.2 Commutants 4
2.3 Dirac operators and reality )
2.4 Dirac operators for v 6
2.5 Dirac operators for 7, 7

3 Pseudo-Riemannian structures 8
3.1 The unreduced Pati-Salam model 8
3.1.1 Compatible Dirac operators for the unreduced Pati-Salam model 9

3.1.2 Physical consequences of the unreduced Pati-Salam model with ~ 10

3.2 The reduced Pati-Salam model 10
3.2.1 Compatible Dirac operators for the reduced Pati-Salam model 11

3.2.2  Physical consequences of the reduced Pati-Salam model with ~y, 12

3.2.3 Physical consequences of the reduced Pati-Salam model with ~ 13

3.3 Generic S-structures 14
3.3.1 The unreduced Pati-Salam model 14

3.3.2 The reduced Pati-Salam model 15

3.3.3 The Standard Model 16

4 Conclusions and outlook 17

1 Introduction

The Standard Model of Particle Physics is the preeminent theory of fundamental con-
stituents and their interactions. It has been experimentally tested and verified to be ac-
curate with a very high degree of precision. Nevertheless, there are several open questions
which, to date, the Standard Model has left unresolved. Among them, several are related
to the masses of neutrinos and the seesaw mechanism [1], and others to baryon asymme-
try [2]. Nowadays, there is also a tremendous set of cosmological data [3| which suggest the
existence of dark matter. Several attempts to explain the aforementioned questions have
already been proposed. Due to the proven success of the Standard Model, most of them
are extensions thereof and are known as theories which go Beyond the Standard Model. An
interesting one, which has already been under consideration for several years and intensively
studied by several physicists, is the model introduced by J.C. Pati and A. Salam [4].



The Pati-Salam model is a Yang-Mills-type model based on the SU(2) ; xSU(2) ; xSU(4)
gauge group. It extends the usual Standard Model by e.g. introducing leptoquark symmetry
and left-right symmetry. It was also considered to explain the origin of parity symmetry
breaking [5, 6].

Models used to describe theories of Particle Physics are traditionally constructed in
the Lagrangian formalism, i.e. the form of the action is postulated based upon the desired
symmetries of the resulting model. A possible geometrical explanation for the structure
of such theories is provided by spectral geometry. The Standard Model has been studied
for several years in the framework of almost-commutative geometry (see e.g. [7, 8] and [9])
but some puzzles remain unsolved, not only for the product spectral triple, but also for
its finite part. Recently, in [10], it was proposed to consider the finite spectral triple for
the Standard Model as the shadow of some pseudo-Riemannian triple in such a way that
the pseudo-Riemannian structure leads to the existence of some nontrivial grading on the
Riemannian triple.

The Pati-Salam model was also considered as a noncommutative geometry by several
authors, see e.g. [11-14] and [15]. We also highly recommend |16] as a survey of the historical
development of these methods and their applications in Particle Physics. Reduced versions
of the Pati-Salam models, i.e. the Left-Right Symmetric Models, were also considered in the
framework of noncommutative geometry, firstly as potentially interesting examples for the
Connes-Lott scheme of spectral geometry, but then also from the point of view of possible
physical applications — see e.g. [17-19] and [20]. However, since some of the fundamental
axioms of noncommutative geometry were not satisfied, such models were not satisfactory.
Later on, due to the trend of relaxing some of the axioms, e.g. the first order condition,
and further development of the spectral theory in their absence (see e.g. [21]), the family
of Pati-Salam models was analyzed.

In this paper we propose to take into account the pseudo-Riemannian structure of the
finite triple for the Pati-Salam model, in the sense introduced in [10]. Herein, we analyze the
finite spectral triples for such models, discuss possible pseudo-Riemannian structures, relate
them to the grading that distinguishes leptons from quarks, and argue that the existence
of such a pseudo-Riemannian structure restricts the whole family of Pati-Salam models to
models of the Left-Right Symmetric type.

2 Finite spectral triples for Pati-Salam models

In this section we consider the finite spectral triple for the family of Pati-Salam models. We
discuss algebras and their commutants, different choices of chiral structures and possible
Dirac operators.

2.1 Spectral data

The algebra for the Pati-Salam model is of the form

A=Hgr & Hp & My(C). (2.1)



Consider F' = My4(C) with the inner product (v,w) = Tr(v*w) (where v* denotes the

Hermitian conjugate of v € F'). The elements v of F' can be presented in the following form
VR uk uh ud
er dy d% d3,
v ik w2 ud
op db & &3

(2.2)

Let H = F & F* be the Hilbert space for the model we consider here, where F™* is the dual
representation to F. Following [22| we can identify

where the matrix algebra is represented on H as

¢
F(a® 120 f) Z] = lmt (2.4)
~ a v|  |av+bw
T (14 ®© cd ®© 14) [w] v+ dwl’ (25)

for all a, B,v,w € My(C) and a,b,c,d € C.

Therefore, we have to represent all operators acting on H as elements of this tensor
product space, and also find the form of the representation 7 : A — Endc(H) in this
language.

Let e;; be the matrix that has 1 in the entry (4, j) and zero otherwise. Then the grading

~ has the following matrix representation

1 ~1
N = [ 2 1 2 12] . (2.6)

There is also another possible choice of grading [23], for which left-handed leptons have
the same parity as right-handed quarks, and vice versa for the opposite chirality:

12 12
= : 2.7
Y [ 1 12] (2.7)

With respect to the decomposition H = F & F*, let J be the real structure, i.e.

e @ly+11RQexn®

®e & ® €29 &

—13 13

J [”] =Y (2.8)
w v
. . . ~ ab
It is used to define the opposite representation [22]. For £ = 7 (a ® d ® ﬁ) we take
c

db
ca

§O — Jg*Jfl — %(/Bt(g)

representation of an endomorphism.

® at>. From now on we will omit the 7 symbol for the



The elements of the algebra A = Hpr @ Hy ® My(C) are represented on H as

Re1R®1ly+mE e ® 1y, (2.9)

q1
TF(Ch, q2, m) = [
q2

where q; € Hp, ¢2 € Hy, and m € My(C).

Notice that 7, does not commute with this representation of the algebra A unless the
symmetry following from My(C) is broken into C & M3(C).

Therefore, here we are considering two algebras. The first one being Hr @ Hy, & M4 (C)
which we refer to as corresponding to an unreduced Pati-Salam model, and the second one
Hgr @ Hy & C @& M3(C), which we will call reduced.

Since the Dirac operator D € Endc(H), it is of the form

D= Z DY;; ® ei; @ Dby, (2.10)
i,5=1,2
1<k<K
with leij, D’Q“ij € My(C), for some natural number K. From now on, summations will be

understood to be over the entire range of all indices unless explicitly stated otherwise.

2.2 Commutants

We now consider the commutants of several algebras related to the unreduced and reduced
Pati-Salam models. These results will be crucial to the discussion in section 3.3.

Notice first, that for any (real or complex) matrix algebra A contained in My (C) for
some N, the commutant A’ is the same as A{-, where Ac denotes the complexification of A.

By a straightforward computation we can check that the commutant of the algebra of

1
elements @ , with ¢1, g2 € H is the algebra with elements [a 2 81, where o, 5 € C.
q2 2
We denote this algebra by C;. __
A
In a similar manner, the commutant of the algebra of elements ,withAe C,n ¢
n

M3(C) is the algebra with elements , where o, 8 € C. We denote this algebra by Cs.

«

Bls

Furthermore, notice that My(C)" = C. Therefore, we can describe the commutants of

the Pati-Salam algebra for the unreduced (i.e. with A = Hpg @ Hj, & My(C)) case, and the
reduced one (i.e. with A =Hpgr @ Hy & C & M3(C)).

Proposition 2.1. The commutant (Hg @ Hy, & My(C))" in Endc(H) is the algebra gener-
ated by elements of the form

A1 ®en ® B + 14 ® ez ® Eo, (2.11)
where Ay € C1 and Ey, By € My(C).

Proof. Any element of the considered algebra may be represented as

®e11 ®1y+m® e ® ly, (2.12)

q1
7T((117 q2, m) - [
q2



with ¢1,¢2 € H and m € My(C). It is enough to find which elements of the form

Al ®en + A ®@e12+ Az ® ea1 + Ay ® ean € My(C) ® Ma(C) (2.13)
commute with an ® e11 +m ® egy for all g1, g2 and m.
q2
The only possible solutions are with Ay € C1, A4 ~ 14 and Ay = A3 = 0. O

In a perfectly similar way, we get the following

Proposition 2.2. The commutant (Hr @ Hy © C @ M3(C))" in Endc(H) is the algebra
generated by elements of the form

A1 ®en ® By + Ay ® €22 @ Ey, (2.14)
where A; € Cl, As € Cy and Ei,E5 € M4(C)

2.3 Dirac operators and reality

Let us now consider self-adjoint Dirac operators that commute with the real structure .J.
Because DJ = JD, we have D = JDJ~! = (D*)°, but since D = D*, the necessary
condition that has to be satisfied is D = D°. Notice that this is a weaker condition than
the original two together. Therefore, we will consider them separately.

Observe first, that the Dirac operator D = Y Djjirsep ® €ij ® ey is self-adjoint if and
only if Dyjxirs = Djz‘lk-sr for all indices.

Suppose now that DJ = JD, i.e. D = JDJ~'. We may write the Dirac operator as

D = Di1 + Dig+ Do + Doy, (2.15)
Do D,
where
Dij = Z D’fij ® ej; & D’ggiy (2.16)
k
as previously described in (2.10). Notice that for an operator X of the form A® <a Z) ®B
c
we have
-1 — CZ C _
JXJ ' =B® b a ® A, (2.17)
a

so it follows that Dy = JDgJ~'. Moreover, as a result we immediately get the following

Proposition 2.3. The Dirac operator D =Y Djjpirser ® €5 @ ers commutes with J if and
only if
Dllk:lrs = D22rskl7 and D12klrs = D21rskl7 (218>

for all k1,7, s.



Let A be an operator such that AJ = aJ A for some o« = £1. Moreover, suppose that
A = A1 + Ao, where

Ay = Z A’fzj ® €5 ® Agij, (2.19)
k

for some Afij € M4(C). Then we have the following
Lemma 2.4. [A, D] =0 if and only if [A, Do] = 0. Analogously for anticommutators.

Proof. Observe that [A, D] = [A, Dg] + aJ[A, Dg)J, since J? = id. Furthermore, [A, Dy]
only contains terms with ---®e1; ® -+ and -+ ® €19 ® - - -, while J[A, Dg|J only contains
terms with - - ® e ® -+ and -+ - R e ® - --. O

2.4 Dirac operators for ~

Since we are interested in Dirac operators that commute with the real structure J we can
write D = Do + JDoJ~!. We first consider all Dirac operators D that anticommute with
7, given by (2.6), as a grading. It is enough to restrict ourselves to the Dy part.

We have the following

Proposition 2.5. D = Dy + JDyJ ! anticommutes with v if and only if Dy is of the form

0y X P Qy Zy, 02
Dy = A
0 %{ Y, 0, X e ® A + 0y 0y (RADE T, 0,
(2.20)
02 09 0o Wy
+ U, Vi e ® 0y S ,

where X, Y, Zi, Ti, Uk, Vi, Wiy Sk, P, Q1 € M2(C) and Ay € My(C).
Proof. Notice that

= Z (enn®€11 @ emm —Emm Q€22 R eny, )+ Z (emm®e22R€nn —Enn®@e11@€mm). (2.21)
n=1,2 n=3,4

Let us write D as D = Z‘Dijkh'«s’ where ﬁijklm = Dijkirserl @ €ij ® ers. Simple
computation shows that

D~y = Z (f)ilknrm - Di2kmrn> + Z (bi%mrn - ﬁilknrm) , (2.22)
n=1,2 n=3,4
and
7D = Z (DUnlms - D2jmlns> + Z (ijmlns — ﬁljnlms) R (2_23)
n=1,2 n=3,4

hence by direct inspection we see that the Dirac operator has to be of the claimed form. O



2.5 Dirac operators for =,

Again, we are considering all Dirac operators which commute with J, and therefore of the
form D = Do+ .JDyJ ™!, but now which anticommute with 74, given by (2.7), as a grading.
This time we have,

Proposition 2.6. D = Dy+JDgJ ™! anticommutes with ~, if and only if Dy is of the form

Qg Q2 043k_
Xk Bik Zy; Vi
DOZZ ®e1® + ®e1®
. Yy g% Ty, Ck
3k
- (2.24)

§ [ R

e 01k 02k F Vik Y2k

+ | b2k Rep® > + | pak ®e® a ,
Py ‘ | 12k g

where Xy, Yy, Z,, Ty, € MQ(C), E,, G € ngg((C), P, F), € M2><3((C), Cy € Mg((C), and
ks Biks Yis Otes Ties Mk, Vi € C.

Proof. As before, let us first write the grading in a more convenient form,

Y = Z (enn®€11®611_611®622®6nn)+ Z (enn®€ll®emm_emm®622®enn)

n=1,2 n=3,4
m=2,3,4
+ > (e11®en®@em—em@en@er)+ Y (Enn ©€22® emm — Emm €11 ® enp).
n=3,4 =12
n=2,3,4
(2.25)
For D =) ﬁijklrs notice that
D’V* = Z (Dilkn’rl - Dilern) + Z (ﬁilknrm - Di2kmrn>
n=1,2 n=3,4
=2,3,4
. . S A (2.26)
+ Z (Di2k1rn - Dilknrl) + (Dianrm - Dilkzmrn) )
n=3,4 =1,2
n=2,3,4
and likewise
7*D = Z (ﬁljnlls - ijllns) + Z (ﬁljnlms - D2jmlns>
n=1,2 n=3,4
=2,34
A A R A (2.27)
+ Z <D2j1lns - Dljnlls) + <D2jnlms - Dljmlns) .
n=3,4 m=1,2
n=2,3,4

Therefore, a straightforward comparison shows that D anticommutes with 4 if and only if
it is of the claimed form. O



3 Pseudo-Riemannian structures

Let us recall that a pseudo-Riemannian spectral triple (A, H, D, ~, J, B), of signature (p, q),
is a system consisting of an algebra A, Hilbert space H, Dirac operator D, Z/2Z-grading
7, real structure J and an additional grading 8 € End(#) such that g* = 3, 32 = 1 and
which commutes with the representation of A and defines a Krein structure on the Hilbert
space. These objects are supposed to satisfy several conditions that are collected in [10],
section II. For our purposes it is enough to recall that 8 has to satisfy Sy = (—1)Pv3 and
BJ = (—1)p(p2_1) ePJB, where DJ = eJD and € = +1 depending on the KO-dimension of
the triple.

Furthermore, we assume that D is -selfadjoint, i.e. D* = (—1)?8DS. We say that the

triple is time-oriented if 8 can be presented as the image of a certain Hochschild p-cycle.

Out of the pseudo-Riemannian spectral triple (A, H,D,~,J, ) one can construct its
Riemannian restriction, i.e. a triple (A, H,Dy,~,J,8) with Dy = (D + D*) which is
a self-adjoint operator and D4 = (—1)PD, . This spectral triple is of the same KO-
dimension as the one we started with.

As was noticed in [10] the spectral triple for the Standard Model can be treated as
a Riemannian restriction of some pseudo-Riemannian triple, with an additional grading
originating from the time-orientation on the pseudo-Riemannian level. The existence of
such a grading results in a restriction on the number of possible Dirac operators, compatible
with the other elements of the triple.

Here we are looking for similar effects in the case of Pati-Salam models. From now on
we will denote Dy by D, and since the spectral triple for the Pati-Salam models has to be
of KO-dimension 6, we take the signature to be (0,2). We are looking for all possible /s
and (self-adjoint) Dirac operators D such that SD = Dg.

Therefore we are looking for 3 of the form

B :W(Q1>Q2>m)‘]ﬂ-(q/1aq/27m,)*‘]_17 (3'1)
with ¢1,¢2, 4}, ¢, € H and m,m’ € M4(C) for the unreduced case, and
ﬁ = W(q17QQ7A?”)Jw(q/17QQa>\/7n,)*J_la (32)

with ¢1,¢2,47, ¢, € H, A, N € C and n,n’ € M3(C) in the reduced case.
For simplicity we have assumed here that 8 is 0-cycle containing only one summand.
We postpone the discussion about the more general situation until section 3.3.

Moreover, we require that

By=n1B,  BJ=JB. (3.3)
3.1 The unreduced Pati-Salam model

Let us start with this case first. Then 8 can be represented as

8= [m . Qe @M+ m®esn®
2

¢!
. 3.4
qét] (34)




Since ( is a 0-cycle, it commutes with the grading by construction. Notice the fact that 3
commutes both with the algebra and the opposite algebra (since fJ = Jf and the order
zero condition holds) fixes all matrices ¢i1,¢2,q}, ¢, and m,m’ to be proportional to the
identity, and moreover, it enforces m = m'® and ¢; = ¢/* for i = 1,2. The condition 2 = 1
fixes all these proportionality factors to be a sign.

Therefore, the only possible pseudo-Riemannian structures are

B = m(mla, mela, n3la)Jm(nile, nola, nals)J (3.5)

with n,1n2,M3 = +1.
So, up to the trivial rescaling by a factor of —1 there are only two such possible
operators:

(1,19, 14)Jm(19,19,14)J L, and  w(ly, —19,14)Jm(1g, —1o, 14)J L. (3.6)

The first of these is the identity operator, so it commutes with everything. This is the

trivial case in which we are not interested.

3.1.1 Compatible Dirac operators for the unreduced Pati-Salam model

We are looking for all possible generic Dirac operators D (not necessarily anticommuting
with a grading) such that DS = SD. Moreover, we already assume that D commutes with
J, so it is of the form Dg + JDgJ~!. For such a D, we get the following

Proposition 3.1. The Dirac operator D = Do+ JDoJ ™' commutes with

B =m(ly, —12,14)Jm(1g, —12,14)J "

= 1,

if and only if Dy is of the following form

e @ly+11Qex0n®

15 (3.7)
—19 ’

Xpy 0o = P Qx Zy, 09
Dy = E ~ A -
' k {[02 Yy @@ At 02 09 @ Ty, 02 (38)
02 02 0y Wi .
+ 12 Z@enpe | 2 2F L
U, Vil 727 o, S, }

where Xi, Y, Pr, Qrs Zi, T, Ug, Vi, Wi, Sp € My(C) and Ay, € My(C).

Proof. Following a similar argument as that used to prove Propositions 2.5 and 2.6, but
with ( replacing v or 7, we first write

/8: § enn @ e11 @ emm — § enn ® €11 @ emm
n=1,2 n=3,4

+ 5 €nn K €22 @ emm — 5 €nn X €22 @ emm.
m=1,2 m=3,4



Noticing that for D =" ZA?UWS we have

DB: Z ﬁilknrm_ Z ﬁilknrm"" Z ﬁianrm_ Z ﬁianrm’ (310)

n=1,2 n=3,4 m=1,2 m=3,4

and similarly

6D = Z bljnlms - Z ﬁljnlms"" Z ﬁanlms - Z ijnlms- (311)

n=1,2 n=3,4 m=1,2 m=3,4

The result follows from a straightforward comparison of these expressions. O

3.1.2 Physical consequences of the unreduced Pati-Salam model with ~

Since D anticommutes with v, we see that the only possibility for such a D to commute with
the nontrivial § discussed above is that terms of the form ---®e11 ® -+ and -+ - ® e ® - - -
must vanish.

Here we are looking for possible extensions of the Standard Model, for which the Dirac
operator contains terms of the form

M,
M

which encode the Yukawa parameters for leptons and quarks. Therefore, physically ac-
ceptable extensions of the Standard Model, i.e. those that can be reduced to the Standard
Model after imposing additional conditions on terms of the Dirac operator, also have to
contain these terms. Therefore, no Pati-Salam model with the algebra Hpg @ Hy & My(C),
grading -, and with the pseudo-Riemannian structure g is physically acceptable.

®e11 ® (14 —e11), (3.12)

M
®e ® d 1
€11 ®¥e1r an [MJ

3.2 The reduced Pati-Salam model

@
ﬁ_[ q2

As before, since 3 is a 0-cycle, it commutes with the grading, and commutation with the

In this case

®er & + X e &

q/t
! ,t] : (3.13)

1t
n q5

algebra, the fact that 8% = 1 and that it commutes with J fixes all matrices ¢; = ¢ = £1o,
for i =1,2, \= )X = £1 and n = n’ = £13. Therefore, up to trivial rescaling we have the
following four cases

71'(12’ 12a 1a 13)J7T(127 127 17 13)J_17 7T(12, _127 17 13)J7I'(12, _127 17 13)J_17

B L (319)
7T(12,12,1,*13)1]71'(12,12,1,*13):] 3 7[-(71271271)713)J7T(*12512315713)J .

Only three of them are nontrivial, and the case with 8 =7(1,—12,1,13)J7 (12, —12,1,13)J 1
is exactly the same as the one discussed in subsection 3.1.

~10 -



3.2.1 Compatible Dirac operators for the reduced Pati-Salam model

Now, we will discuss restrictions on a generic Dirac operator (not necessarily anticommuting
with a grading) which follow from commutation with the nontrivial 8s allowed in the case
of the reduced Pati-Salam model. As before, we assume that D commutes with the real
structure so that it is of the form Dg + JDyJ~!. For the two remaining cases in (3.14) we
get the following results. Firstly, we have

Proposition 3.2. The Dirac operator D = Dy + JDoJ ' commutes with

ﬂ ( 127127 7_ )Jﬂ-( 12712717_13%]71
2 lgeie ! Denw | 2 (315)
= e e
1y 11 1, 1 22 1y
if and only if Dy is of the form
.  Oap Qo Qsg
X Vi Zy, Bik
Dy = e + | ~ Ke1 |~
zk: [ k Ci Ty | Bok
Bk
(3.16)
élk 51k 52k ﬁk 771]9 772k
+ [d2k ®e® ~ |+ | ik ®e1® )
~ E;, ~ Gr
P | L2k

where j(v'k,i;k,gk,fk € MQ(C), Ek,ék € MgXQ(C), ﬁk,ﬁk & szg(C), ék c M3(C), and
ks Bikes Vies Otes Ttk Pk, Vi € C.

Proof. 1t follows from a by now familiar computation that, for D =) ]_A),-jklrs,

= - Z f)ilknrl + Z ﬁilknrm"" Z ﬁilknrl - Z ﬁilknrm

n=1,2 n=1,2 n=3,4 n=3,4
m=2,3,4 m=2,3,4
< < (3'17)
- § Dilerm + § Di2k17‘m + § Dianrm - § Dianrma
m=1,2 m=3,4 n=2,3,4 n=2,3,4
m=1,2 =34
and
- E Dljnlls + 5 Dljnlms + 5 Dljnlls - E Dljnlms
n=1,2 n=1,2 n=3,4 n=3,4
m=2,3,4 m=2,3,4
> (3.18)
- § D2j1lms + § D2]1lms + § D2]nlms - § D2jnlms-
m=1,2 m=3,4 n:23 n=2,3,4
1,2 =34
Comparing these two expressions we get the claimed result. O

— 11 —



Similarly,

Proposition 3.3. The Dirac operator D = Dy + JDoJ ' commutes with

B =m(ls,15,1,-13)J7(12, 15,1, —13)J

2 lgene + D e ® |12 (3.19)
= e e
1 11 1, 1 22 1
if and only if Dy is of the form
g”“ O1k O2k O3k O4k
~ Vi 0ok Oax3
Dy = A ®ep ® ~ | + [~ ®ex ®
zk: Ck O3k 034
Oar
(3.20)
~ 01x4
+ [04><1 Fk} ®ep® | ~ ,
G,

where Avk S M4((C), ék € M3><4((C), ﬁk S M4><3((C), ék € Mg((C), and %,glk,&lk e C.

Proof. In a similar manner to the previous cases we compute

Dp = Z (bilklrl + ﬁilers) - Z <[)'L'1klrm + D’i2knrs) , (321)
m=2,3,4
and
ﬁD - Z (ljljklls + lA)Q]'UTS) - (Dljklms + ijnlrs) . (322)
m=2,3,4
The result follows from a straightforward comparison of these terms. O

3.2.2 Physical consequences of the reduced Pati-Salam model with ~,

Notice that since it is required of the Dirac operator to anticommute with the grading
%, and moreover any physically interesting model should be an extension of the Standard
Model, we conclude that the only possibility is therefore the [ from Proposition 3.3, in
which case the freedom of possible Dirac operators D = Do + JDyJ ! is reduced to those

- 12 —



with Dg of the form

Zy, Vi

Ck

Dy=)"

k

®en® (3.23)

01k r

o o 00| r

02x1 O2x3 O1x2 O1x2

+ ®e2® + ® e ®
0 O2x1 Eig O3x2 Fig

03x4 L . L .

(00 o3 o r 1 r

0 O4x3 O2x1 Eop O1x2 O1x2
+ R e @ + ®ejr® ,
_02><1 02><3_ _FZk 03><2_

03x4

where T}, Z}, € MQ((C), C € Mg((C), Ey € ngg(C), . € ngg((C) and g, ok, O € C.

We can treat this model as an extension of the Standard Model with modified chiralities,
i.e. in which left-handed (resp. right-handed) leptons have the same parity as right-handed
(resp. left-handed) quarks. Therefore, the only compatible extension beyond the Standard
Model and contained within the family of Pati-Salam models which have ~, as a grading, and
possesses a pseudo-Riemannian structure in the sense of the existence of a one-term 0-cycle
B, is precisely the reduced Pati-Salam model with exactly the same pseudo-Riemannian
structure which was uniquely possible in the case of the Standard Model [10]. Since 7,
explicitly breaks the SU(4)-symmetry into U(1) x U(3), it is not surprising that the resulting
class of models also has this property. Nevertheless, it is worth noting that there is exactly
one (up to an irrelevant global sign in ) such possibility, and moreover that it is consistent
with the one that is known to be the only possibility in the case of the Standard Model.
Furthermore, we observe that the pseudo-Riemannian structure still allows for the existence
of SU(2)-doublets of right-handed particles. This is an interesting feature. Notice also, that
there are further restrictions on the entries of the compatible Dirac operators which follow
from the assumption of self-adjointness. These restrictions are summarized at the beginning
of section 2.3.

3.2.3 Physical consequences of the reduced Pati-Salam model with ~

Since the grading y is compatible with the unreduced Pati-Salam model, it is also compatible
with the reduced model. Therefore we can consider Dirac operators that anticommute with
~v and commute with § for this case. For the nontrivial Ss we see that only one of them,
i.e. 8 from Proposition 3.3, is compatible with the requirement of being an extension of the
Standard Model. For this choice we have the following

Proposition 3.4. The Dirac operator D = Do 4+ JDoJ ' that commutes with B and
anticommutes with v has to be of the same form as in (3.23), i.e. exactly the same form as
i the case with y.

~13 -



Moreover, notice that the only § which is admissible in this case is exactly the same
one that prevented the existence of leptoquarks in the Standard Model [10]. Therefore, the
only possible extension of the Standard Model contained within the family of Pati-Salam
models, which takes into account the pseudo-Riemannian structure for finite triples in the
sense defined in [10], has to be of the reduced form. That is, the SU(4)-symmetry is broken
into a U(1) x U(3)-symmetry. Therefore, instead of the full SU(2), x SU(2), x SU(4)
Pati-Salam gauge group we must reduce to the case with SU(2), x SU(2), x U(1) x U(3).
In this extension the right particles are doublets under the SU(2)-symmetry, and leptons
are separated from quarks, i.e. they are not the fourth color, so there are no leptoquarks.
In a similar manner to the previous case, there are further restrictions on the entries of
the compatible Dirac operators which follow from the assumption of self-adjointness — see
section 2.3.

3.3 Generic 3-structures

Here we are looking for all possible s that are 0-cycles and which satisfy all required
conditions but we do not assume these operators to consist of only one term.

3.3.1 The unreduced Pati-Salam model

Since we require that S commutes with the representation of the unreduced Pati-Salam
algebra it follows from Proposition 2.1 that

1 0

B=[20 Qe ®@FE 4 | Re @ Fy+ 1y Qe @ F, (3.24)

2 2
where F, Ea, F € My(C).
Since B2 =1, we get
2 Ly 2, |02 2
F* =1y, 0 ® Ly + ® E5 = 136, (3.25)
2 2

hence E? = E3 = 14. Since 8 commutes with J, this implies that

_ 1 0
Fely= [ > |eoBE+ |7, |9k (3.26)
02 19
Fll F12
Let us write F' = | o, 55|, then (3.26) is equivalent to the following set of conditions
F+ F
i1 Fio LeFE
u ) oy |20 (3.27)
Fa1 Fao 1o ® Es
Therefore Fig = Fp; =09, F11 ® 14 = 1o ® F1 and Foo @ 14 = 19 ® Ey, so
Eir=mly,  Fu=mly,  Ea=mly,  Fn=1nl, (3.28)
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for some nonzero complex numbers 7; and 79. Notice that since f* = 3 and 82 = 1 the
zero solutions are not allowed, and moreover we deduce that both n; = £1 and 7, = +1.

mls
5:[
n2ls

for some 71,72 being +1.

Therefore,

e ®@ly+11RQex0®

1
2 mh] : (3.29)

Notice that all such s are O-cycles, and there are (up to a trivial rescaling) only two
possibilities:

m(12, 12, 14) I (12,12, 14)J 7, w(1g, —1a, 14)Jm (1o, =12, 14)J . (3.30)

These are exactly the same as under the assumption of 8 being only a one-term 0-cycle,
i.e. the conclusion of section 3.1 remains valid for more general fs.

3.3.2 The reduced Pati-Salam model

In a similar manner, since we require that S commutes with the representation of the

reduced Pati-Salam algebra, it follows from Proposition 2.2 that

1
3

1o 02

0
B = ®en ®Er+ ®e11 @ Eo+ ®ex @+ ®exn® Fy, (3.31)

02 12 13
where Ey, By, F1, F» € My(C). Since 3% = 1, we infer that
E?=E3=14=F=Fj. (3.32)

Now, from the condition 8J = JJ, repeating the previously used argument, we end up with

3
nal3

n212

the following form of j:

1o
02

02
1o

Lo
13 mla|’

where 7, = 1 for i = 1,...,4. There are only eight independent (i.e. up to a global sign)

m

8= ®en ® + ®e®

n2l3

(3.33)
mls

+
N3l

X e & X ez &

03

possibilities. They are listed below:

pi =id, (3.34)
1 0
B2 = 2 Qe @I+ | 2 ®ei ®
2 2 —13
(3.35)
1
+ ® e ® 14+ ® e ® 2 ],
3 3 -1
12 12
B3 = Ren@ly+14®en® Ll (3.36)
1, 1,
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1 0 -1
Bi=|7? |®@en®L+]| > |®enw® ]
2 2 13
(3.37)
-1
+ R e22® 2 + ® e ® 14,
3 1o 3
1 0
Bs = 2 ®e + 2 Rer ®1y
02 —13 2
(3.38)
-1
+ ® ez ® 14+ ® e22 ® 2 )
3 3 19
1 1 1
Be=|" ®en @ + Ren® | > : (3.39)
—13 —13 —13 —13
1
fr=11®@en ® nhs ® €22 @ 1y, (3.40)
—13 —13
1 0
Bs = 2 ®e ® + 2 ®epr ®1y
02 —13 -1
(3.41)
19 0
+ ® ea2 ® + ® e99 ® 14.
3 -1z —13

All of the above are 0-cycles (more precisely: 8 = m(1a, 09,11, 1m213)J7(12, 02,71, 7213)J "1+
7(02, 12,1n3,m7413) J (02, 12,13, 1m413)J 1), but only four of them are images of all non-zero
elements of the algebra: 1, 83, 8¢ and B7. These are exactly the same cases we had in
the case of the single term 0-cycles. Moreover, an analogous computation to before shows
that s which are not of the one term type do not allow for physically acceptable Dirac
operators in the sense explained in section 3.1.2. The reason is that the restrictions on the
e ®e11®--- and - -+ ® egg ® -+ - terms that follow from the fact that the coexistance of
B and v (or 74) requires that such terms contain matrices that are simultaneously block-
diagonal and anti-diagonal. To sum up, the conclusion in section 3.2 remains valid when
more general §s are considered.

3.3.3 The Standard Model

Let us now discuss the generic case for the Standard Model. In [10] the one term case
was discussed. Now, mirroring the above computation we can get the following family of
possible Gs:

e ®

UB
nel3

& e29 ® M4 , (3.42)
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where n; = +1, for ¢ = 1,...,6. This straightforward check shows that the only case in
which f is a 0-cycle and allows for an extension of the Standard Model (in the previously
discussed sense) is of the one term type and is exactly the same § that prevented the exis-
tence of leptoquarks in [10]. Therefore, the validity of the conclusion therein is maintained
when generalizing to allow, from the outset, for more general fs.

4 Conclusions and outlook

We have discussed a role which may be played by the existence of pseudo-Riemannian
structures for the finite spectral triples associated with the family of Pati-Salam models.
We have shown that their existence reduces the algebra to Hr & Hy, & C & M3(C). Despite
the fact that the existence of the additional grading as the shadow of a pseudo-Riemannian
structure does not determine the Dirac operator uniquely, we have a huge reduction of the
possible choices.

We would like to stress that due to such a reduction, the family of Left-Right Symmetric
(LRS) models appears to be the interesting one. This class of models was broadly considered
both from theoretical and phenomenological points of view — see e.g. [1, 5, 6, 24-26]
and [27]|. In such models the gauge group is

SU(2)p x SU(2), x SU(3) x U(1)5_;. (4.1)

The chiral fermions consist of three families of quarks and leptons, and are given by

qr = (1,2,3,;), qr = (2,1,3,;), Ir=1(1,2,1,-1), lr=(2,1,1,-1),
(4.2)
where the parameters denote the quantum numbers under SU(2),, SU(2);, SU(3) and
U(1)z_; gauge groups, respectively [1].

The charge of a particle in such a model is defined as Q = I3y, + Isg + %, where I3
is the third component of an SU(2)-isospin.

The Left-Right Symmetric models were also considered from the point of view of
noncommutative geometry, initially as possibly interesting examples for the Connes-Lott
scheme, but later on also as possible extensions of the Standard Model — see e.g. [17-19]
and [20]. The main interest was in the determination of whether, in this framework, such
models provide a mechanism to explain the origin of parity symmetry breaking. In [17]
it was argued that in the almost-commutative Yang-Mills-Higgs models, parity cannot be
spontaneously broken. This followed from the requirement that Poincaré duality must
be satisfied.

The family of reduced Pati-Salam models generalizes both the Left-Right Symmetric
Models and also the Chiral Electromagnetism Model [17]. The latter contains the U(1); x
U(1), gauge group instead of the SU(2) ones. This theory played the role of a toy model
for the application of the Connes-Lott scheme to LRS theories.

Due to the trend of relaxing some of the axioms of spectral geometry, it may be inter-
esting to revisit the previous results for these classes of models in such a framework. We
postpone this for future research.
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