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We consider aspects of the noncommutative approach to the standard model based on the spectral action
principle. We show that as a consequence of the incorporation of the Clifford structures in the formalism,
the spectral action contains an extended scalar sector, with respect to the minimal standard model. This may

have interesting phenomenological consequences. Some of these new scalar fields carry both weak isospin
and color indices. We calculate the new terms in spectral action due to the presence of these fields. Our
analysis demonstrates that the fermionic doubling in the noncommutative geometry is not just a presence of

spurious degrees of freedom, but it is an interesting and peculiar property of the formalism, which leads to

physically valuable conclusions. Some of the new fields do not contribute to the physical fermionic action,

but they appear in the bosonic spectral action. Their contributions to the Dirac operator correspond to

couplings with the spurious fermions, which are projected out.

DOI: 10.1103/PhysRevD.97.085024

I. INTRODUCTION

The standard model of particle interactions can be
efficiently described by a particular noncommutative geom-
etry: an “almost commutative geometry.” Over the years the
model has been developing both in its mathematical and
physical aspects. Its mathematical framework has its roots
in a global view [1-4] of geometry based on the spectral
properties of operators. The applications of this point of
view to geometry are quite startling; the standard reference
of the model in its modern version is [5]; for a recent review
see [6]. The model has predictive power, although it is
premature to consider it a fully fledged theory to confront
with experiment, with prediction with a significative
number of digits. Its main success is in the description
of the symmetries of the model; very few Yang-Mills
models can be described by a noncommutative geometry
(NCG), but the standard model and a few more can. The
Higgs field emerges naturally as an intermediate boson
corresponding to the noncommutative part of the model, of
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a par with photons, W, Z, and gluons. The actions for
fermions and bosons are firmly based on the spectral
properties of a generalized Dirac operator [7],' and the
procedure is capable of obtaining numbers such as the mass
of the Higgs boson. The numbers produced in [5], although
encouraging, are not in agreement with present data; in
particular, the model requires the unification of all cou-
plings at a single energy, and one calculates the Higgs
boson mass around 170 GeV. Both these aspects are
experimentally excluded, and the model can be fixed to
allow the physical mass of the Higgs boson [12-21]. Efforts
are also undertaken to use the model for other predictions,
for example, in [22].

The fact that the calculations made in the present model
are encouraging, but not yet comparable with experiment,
suggests that some improvement may happen also from the
mathematical side. In [23] a noncommutative version of the
Clifford symmetry was discussed. One of the remarkable
effects of the Clifford requirements is the appearance of
scalar fields that are not present in the usual description.

The aim of this paper is to discuss in detail these new
fields and their couplings. In particular, we calculate their
contribution to the spectral action. The noncommutative

"It is remarkable that the spectral action is intimately con-
nected to anomalies [8—10], and further development of this
observation leads to interesting results beyond the noncommu-
tative geometry [11].

Published by the American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.97.085024&domain=pdf&date_stamp=2018-04-30
https://doi.org/10.1103/PhysRevD.97.085024
https://doi.org/10.1103/PhysRevD.97.085024
https://doi.org/10.1103/PhysRevD.97.085024
https://doi.org/10.1103/PhysRevD.97.085024
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

MAXIM A. KURKOV and FEDELE LIZZI

PHYS. REV. D 97, 085024 (2018)

model is by nature Euclidean and exhibits spurious degrees
of freedom, known as “fermion doubling” [24]; therefore,
for physical applications a Wick (anti)rotation accompa-
nied by an elimination of these spurious degrees of freedom
is necessary. We have described this procedure in detail in
[25]. Here we find that not all of these extra bosons behave
upon this procedure in a standard way: some of the new
scalar fields present in the Euclidean Dirac operator are
absent in the corresponding (Lorentzian) physical action for
fermions.

The paper is organized as follows: in Sec. Il we review
the noncommutative geometric approach to the standard
model, focusing on the modification of the formalism due
to an introduction of the Clifford structures proposed in
[23]. In Sec. III we introduce the new scalar fields, which
come out from the fluctuations of the Dirac operator in the
“Clifford-based” approach [23], and discuss their trans-
formation properties upon the action of the gauge group.
Section IV is devoted to the bosonic spectral action: we
compute the new terms with respect to the “standard”
spectral approach [5]. In Sec. V we discuss the physical
action derived from this model: we carry out the Wick
rotation to the Lorentzian signature and get rid of the
spurious degrees of freedom in the fermionic action. The
last section contains our conclusions.

II. THE STANDARD MODEL AS A
NONCOMMUTATIVE GEOMETRY

In this section we sketch the main aspects of the model.
We are very brief; the reader familiar with this approach
will need this section just to set the notations. First we
outline the basic concepts of the spectral triples, which are
common for both the standard approach [5] and the
Clifford-based [23] approaches; afterwards we discuss
the peculiar features of the latter, which differentiate it
from the former: the finite dimensional grading yr and the
finite dimensional Dirac operator Dp.

A. The standard spectral triple

In the spectral approach a geometry is described by a
spectral triple [1-3], i.e., a x-algebra (possibly noncom-
mutative) realized as bounded operators on a Hilbert space,
and a self-adjoint operator that generalizes the Dirac
operator. The algebra describes the topology of the space;
for the case at hand the Hilbert space describes the matter
content and the Dirac operator gives a metric structure and
enables the writing of action. Being based on operators all
quantities are based on spectra, and, in particular, the
actions for bosons and fermions can be written in purely
spectral form. Also of fundamental importance are two
more operators: the grading and the real structure, which
generalize chirality (for the even dimensional case) and
charge conjugation. The standard model emerges from this
scheme. We briefly describe this approach mainly to set

notations, referring to details in the original literature [5,7]
or the recent book [6]. We start choosing an algebra that is
the product commutative infinite dimensional algebra of
continuous functions on the manifold M, which represents
the space-time times a noncommutative but finite dimen-
sional matrix algebra,

A=CM) ® Ap. (2.1)
For the standard model the finite algebra is
Ar =C & H & Mat;(C), (2.2)

where by H we indicate quaternions, and by Mat;(C) three
by three complex matrices. Likewise the Hilbert space is
the product of usual spinors times a finite dimensional
Hilbert space, which contains all physical degrees of
freedom,

H =sp(M) @ Hp; (2.3)
the generalized Dirac operator (which in the following we
simply call Dirac operator) is

DO = lj/ﬂvllzc ® 11:' + }’5 ® DF, (24)
where V,&C is the covariant derivative on the spinor bundle
of M, which contains the Levi-Civita spin connection.
Gravity in the action is considered background, and is not
quantized. A curved background does not however play a
major role in this paper, but is useful to retain it, as it
enables some simplification in the calculations, as we see
in Sec. V.

As we mentioned, there are two more operators that play
an important role. They are the grading operator I" and the
antiunitary real structure J. The grading operator I' is
present in the even dimensional case; it satisfies > = 1 and
is taken to be

F:}/S®YF9 (25)
where y° is the chirality matrix; i.e., the usual product of all
four Dirac’s y# and yy is an operator acting on Hp. It is
usually taken to have eigenvalue +1 on left-handed states,
and —1 on right-handed one, but other choices are possible
and we discuss them later in the paper.

The real structure operator J = J @ Jr, which is anti-
unitary in H, enables the definition of the opposite algebra,

Ao =TJAT (2.6)
The elements of the triple must satisfy several conditions,
which render the space the noncommutative equivalent of
a manifold [26]. There are conditions of compatibility
between I', 7, and D, with signs that depend on the
dimensions,
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J*==+1, Jr=4IJ, JDy=+DyJ. (2.7)

The opposite algebra must commute with the algebra (order
zero condition),

[a,TbT'|=0, VabeA (2.8)
and with one forms (the order one condition),
[[Dg.al, TbT '] =0, VYV abeA (2.9)

The dimension of Hg in (2.3) is 96. This number is
obtained taking into account that there is a lepton left
doublet plus two right-handed singlets, and a doublet and
two singlets for quarks times three colors. This makes
16 degrees of freedom, times three generations, and times
two for particle/antiparticle, sums to 96. Since the spinor
has 4 components the element of the full Hilbert space H is
described by 384 independent complex valued functions.
Clearly there is some overcounting, called for historical
reasons fermion doubling [24]. We come back to this issue,
as well as the fact that the model is at this stage Euclidean,
in Sec. V.

We label the elements of H  according to the basis given
by the elementary particles of the standard model (includ-
ing right-handed neutrinos),

(Vg-eg. Ly ug.dg.Q; vy €. L . uf.d%. Q7). (2.10)

where Q; corresponds to” the quark doublet (u; ,d; ) while
L; corresponds to the lepton doublet (v;,e;); with the
supercript ¢ we indicate the elements of H that correspond
to the antiparticles and by boldface characters we indicate
that the elements have to replicated by three generations,
for example, e = (e, u, 7) and so on. Quarks have an extra
color index, which we omit. Below we use the following
notation for matrices action on Hy. We define the matrix
unity £, ,, to be a matrix whose only nonzero element is
an identity matrix in the u location; likewise for E,, 4, itis
an off diagonal matrix with nonvanishing entry in the u pdp,
and so on. In the cases for which a singlet crosses a doublet
we assume that, for example, £, ;, is two identity matrices
side by side, or vertically superimposed.

The representation of the algebra is diagonal and with
our notation, an element a = (4, h,m) with 1€ C,h € H
and m € Mat;(C) is represented by the matrix,’

>The construction of the product space clarifies in which sense
the word “corresponds” is used: see, in particular, the discussion
arogund (5.15).

“Here and in the following we omit terms like ®1; when, for
example, a complex number acts on a quark, and likewise for
doublets etc.

a = Ay uy + 4 Eqpa, +hEg g +AEy, 1, + X Eqye,
+ hELL,LL + mEu;ufe + mEd;,d; + mEQi,Qi + AED;D;
—+ lEe;e;e —+ /IELZLZ .

In our notations the real structure Jr of the finite spectral
triple reads

Jr=(Eupus, + Eapas, +Eg, ¢ T Eyus T Eepec T Ep, 1, )CC,
(2.11)

where cc is complex conjugation.

So far we have been in the framework of [5]. From now
on we focus on the peculiar properties of the construction
of [23], which enables us to incorporate the Clifford
structures in the finite spectral triple. We refer to the
original paper for all the details, and present here just
the results.

B. Alternative grading

The first novelty of the Clifford-based construction is the
grading yr of the finite spectral triple, which has the
following form:

YP= _EuR~uR - EdR~dR +EQLsQL +EVR~VR +E€R~eR - ELLsLL
—(=Eusus, = Eacac +Ege gc + Epe ye +Ege oo —Epc 1c ),
(2.12)

which differs from the “standard grading” y} considered
in [5],

]/;E = _EuR~uR - EdRadR + EQL’QL - EVRaVR - EeRseR + ELLqLL
= (~Bugug ~ Eag.ar, + Eg; 05 = Evg, = Eeg e, + Eug 1 )-

(2.13)

The two are connected by the following formula,

rr=(Q—-L)r¥. (2.14)

where Q and L stand for the projectors of the quark and
leptonic subspaces of Hp, respectively,

Q= Eupuy + Eayay + Eg, .0, + Euguy, + Eaga, + Egs 05 »

L= EI/R,I/R + EeR,eR + ELL.LL + EV;,D; + Ee‘[;,.e;'( + ELZ,LZ‘
(2.15)

C. The Dirac operator

Another novelty of the Clifford-based approach is the
Dirac operator Dy, which has the following form,
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Dr=Y,E, ; +Y,E, 1, +Y,Ey0,+YiEa,
+QE, o +AyEyc,c +ApEec g + AL Epe o +KEp e
+Jr(LE, 1, + YeE,p, + YuEu 0, +YaEa 0,
+QEy o +AyEyc e +ApEe i +ALEp o
+KEp, )]+ YRE, . +He., (2.16)

and which is compatible with the new grading yr and other
requirements of the approach of [23]. The terms on the first,
third, and last lines involve the usual Yukawa couplings and
the Majorana mass terms, which are already present in [5].

The second and the fourth lines instead contain novel terms,
which are the object of this paper: A and K provide novel
couplings of leptons and quarks; € couples leptons among
themselves in the Euclidean action before the projection on
the physical subspace. We see later on that the projection to
the physical subspace eliminates some of these couplings.
It is important that the self-consistency approach of [23]
requires, in particular, that

(i) both entries A, and A; must differ from 0,

(i1) and at least two out of the three entries A, K, and Q

must be different from O.

In conclusion we present the explicit matrix form of the

Dirac operator Dy defined by (2.16),

- .Y, A Y, @ -
Y, Ay Qf
Y, X! A; K
Al Y, K
Al Y,
t T T
Dy = 1 o A Yo Yy Y A (2.17)
Q' Y; Ay
K Y Y A,
K Al Y,
A X;
I ALY, Y,
Setting Ay p; =0, Q =0, and K = 0, one obtains the Y,=Y,Qh, Y,=V,® hl,
standard D of [5]. Y =3 .y . N
w = ® Xy =34 @ hy,
II. FLUCTUATIONS OF THE DIRAC AS =5y, ®di A =5y, ®dy,
OPERATOR: FIELDS oY =5, ®dl.  K=3j®s
The fluctuated Dirac operator is constructed in the QO =, ® w, Y}, = 9, ® Mg (3.2)

following way,

D =D, + Zai[pm bi] + ZJa,-[DO, b)J', (3.1

for generic elements «;, b; € A. Both gauge and scalar
fields in the spectral approach come out from these
fluctuations. Presence of the new terms (with respect to
[5]) in (2.17) indicates new scalar fields, not present in the
standard model.

Below we restrict ourselves to the following structures,
where the dependence on the generation indices is
factorized:

In these formulas the two component columns £, ,, 4 (in
the weak isospin indices) are chosen in the same way as it
was done in [5] (hereafter v is an arbitrary complex
constant of the dimension of the mass),

v

() ()
e (i) ()

and the three component columns d,,; (in the color
indices) we choose as follows:

0
v
0

v

h,

(3.3)
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0

v 0
d,=1| 0], dg=1| v |, d=101]. (34
0 v

The quantity s is the complex 3 by 2 matrix (in both color
and the weak isospin indices),

(3.5)

o)

Il
© o =
© o o

 is the complex number, which we set to v, and the
dimensionful constant My, sets the Majorana mass scale for
the right-handed neutrinos, which is needed for the seesaw
mechanism. The quantities Y, Yy, 3, 94> Ya,> Ya,» Ia,» ss
and y,, are arbitrary (dimensionless) complex 3 by 3
Yukawa matrices that act on the generation index. The
tilde indicates charge conjugated weak isospin doublets,
e.g., h,=o,h’, where o, stands for the second Pauli matrix.

Considering the fluctuations (3.1) of the Dirac operator
one can see that in order to construct the fluctuated Dirac
operator, D, one has replace the constant matrices in (3.2)
by the matrix valued functions according to the following
rule:

h, — H h, - H h, - H hy— H
du—)Au dd_)Ad dL_)AL
s— S w — Q. (3.6)

Note that upon the fluctuations of the Dirac operator My
remains a constant; i.e., it does not transform into a field.

By definition the gauge subgroups SU(2) and SU(3) are
represented on the weak isospin fermionic doublets and
color fermionic triplets as a left multiplication by the
unitary matrices Ugy (o) and Ugys), respectively,4

[ferm doublet] — Ugy ) - [ferm doublet];

[ferm triplet] — Ugys) - [ferm triplet], (3.7)
while the gauge fields transform upon the adjoint repre-
sentation of the gauge group. The transformation law of the
scalar fields that is presented below maintains the gauge
invariance of the fermionic action upon the simultaneous
gauge transformation of the fermionic multiplets, gauge
and scalar fields. In what follows Y stands for the Abelian
hypercharge of a given multiplet, which describes the
action of the U(1) gauge subgroup.

*We assume that the components of the weak isospin fermionic
doublets and the color fermionic triplets are combined into
columns. Note that antiquarks and antileptons are transformed
by the complex conjugated matrices.

The scalar doublet H is nothing but the Higgs field of the
minimal standard model, which transforms as follows:

H

[Hd"wn] su@xsu) SV

Yy =1. (3.8)

The field A transforms as H under the SU(2) trans-
formations; however it has the opposite hypercharge,

5 (Hdown)*
= _—
_(HUP)* SU(2)xSU(3)

For each of the three fields A,, A;, and A; the trans-
formation law reads

red
Au,d.L
o green .
Au,d.L - Au,d,L > USU(S) : AM.d,L’
bl SU(2)xSU(3)
ue
ALt.d,L

4
YAM = YA(I = YA -3

=3 (3.10)

The field S carries both color and weak isospin indices and
transforms in the following way:

Sup red gdown red
§— | gupereen gdowngreen | _____o py=IT gyl
Sup blue Sdown blue SU2)xSU(3) SU(@) SU(2)
Vo= (3.11)
N 3 . '

The last field Q is the SU(2) x SU(3) singlet, and it trans-
forms nontrivially just under the U(1) transformations,

Q— Q,

Yo = -2.
SU2)xSU(3) @

(3.12)

In the next section we compute the bosonic spectral action.

IV. BOSONIC SPECTRAL ACTION

The aim of this section is to calculate the bosonic spectral
.5
action,

DZ
S B = TI')( (F)

1
~ A4f0a0 + A2f2a2 —|— A0f4a4 + 0 <P) . (4 1)

°In the present paper we exploit the standard definition of the
bosonic spectral action, which is based on the introduction of the
ultraviolet cutoff. Other definitions based, e.g., on the {-function
regularization are also possible [27].
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where y is some cutoff function, f, f,, f, are the first three
momenta of its Fourier transform, and ay, a,, and a, are the
first three nontrivial heat kernel coefficients on the mani-
fold without boundary. The “fluctuated” (or covariant)
Dirac operator is given by

D=iy'V, +ys @ M, (4.2)
where the covariant derivative V,, involves the gauge and
the Levi-Civita spin connections, while the 96 by 96 matrix
M is nothing but the fluctuated version of Dy, which is
obtained from (2.17) via the prescription (3.6).

Comment: We notice that the asymptotic expansion (4.1)
correctly describes the behavior of the trace in the left-hand
side of (4.1) at the energies below the cutoff scale A, while
the high momenta behavior of the bosonic spectral action is
drastically different [28]: high momenta bosons do not
propagate; see also [29]. Physically it means that this model
becomes strongly coupled at the energies above A in both
U(1), SU(2), and SU(3) sectors. A similar high energy
phase transition has been considered beyond the scope of
the noncommutative geometry; see, e.g., [30,31]. In what
follows we do not discuss the high momenta regime and the
mentioned above effects, so from now on the ansatz in the
right-hand side of (4.1) is identified with the definition of
the bosonic spectral action.

We emphasize that the gauge content of this formalism is
identical to the one of [5]; therefore, if one sets A, ;,; = 0,
Q =0, and S = 0 our operator D coincides with the one of
[5]; hence it is sufficient to calculate the difference,

Sz — SBla, ., ~0.0-0.5-0- (4.3)

A. Computational simplifications

The structure of the heat kernel coefficients on manifolds
without boundaries is very well known (see, e.g., [32]), and
one can easily see that the scalar fields can contribute to a,
through the combination,

asenib — 161ﬂ2/d4x\/§tr(E), (4.4)
and to a, through the combination,
gz — L L[ o (“60RE + 180E2),  (4.5)
16z~ 360
where by definition
E=-D>-V? (4.6)

and R stands for a scalar curvature.

Note that the a, contribution cannot contain covariant
derivatives of the scalar field: the simplest scalar contri-
bution that involves the scalar fields and their covariant

derivatives has the canonical dimension 3, while the
integrand in (4.4) must have the canonical dimension 2.
Therefore, to compute a5 is sufficient to neglect the
dependence of scalars on coordinates.

Now let us focus on the a4 contribution. The computation
of the scalar contribution to a, drastically simplifies, when
the Dirac operator transforms in a homogeneous way upon
the local Weyl transformation of the metric tensor and of the
scalar fields. Even though the Dirac operator D does not
exhibit this property (since it contains the constant Majorana
mass terms for the right-handed neutrinos) one can write

D? D?

where the “intermediate” Dirac operator D is obtained from
D via the replacement of the constant My by the scalar field
o. This field has no gauge indices and it has already been
considered in the context of the model to fix the Higgs mass
in [12]. We emphasize that for the scope of the present
article this field is needed at the intermediate step only, and
by the end of the day it will be replaced by the constant M.
Upon the local Weyl transformation

, (4.7)

o=Mp

H — ¢ ?H,
Q- e ?Q,

Au,d,L - e_¢Au.d,L ’
(4.8)

2
G = €79,

S — e ?S, c— e %o,
where ¢ is an arbitrary function of x, the intermediate Dirac
operator D transforms in a homogeneous way,

(4.9)

and one can easily check (using the method of conformal
variations, see for example [32]) that the fourth heat kernel
coefficient that is associated with i)z is Weyl invariant.

On the other side all heat kernel coefficients are gauge
invariant. The only Weyl and gauge invariant combination
of scalar fields of dimension 4 that involves the deriva-
tives is®

tr[D,, (scalar field)" D#(scalar field)]

1
- gRtr[(scalar field)(scalar field)];  (4.10)

thus it is sufficient to compute the coefficient in front of
R(scalar field)'(scalar field), while the kinetic term, which
contains all the covariant derivatives D,,, can be restored
from (4.10). Note that for such a computation it is sufficient
to consider constant scalar fields, d,(scalar) = 0, and set
the gauge connection to 0. Since the same simplification is

®The trace is needed since we are dealing with the matrix
valued scalar fields like S.
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applicable for the a, contribution, let us assume it for a  calculate trM? and trM*. We recall that all the terms that
while. Using the well-known Lichnerowics formula one  disappeared because of our simplification can be recovered
can easily check that in our “simplified” regime the  via the Weyl and the gauge invariance of ay.
endomorphism E, which enters in (4.4) and (4.5), equals to

B. Relevant traces

)
E=-M"®1; + ® lsss: (4.11) One can check by a direct computation using, e.g.,

Maple, the following formulas:
hence

2

R R M2 =2y,6% +4y,(Q Q) +4y; (AL A,) + 4y, (AL A
E =M 12+E® 130 — <§) M L, (4.12) Y1 ¥a( ) +4y3( )+4y4(A;A,)

+8ys(A] AL ) +12y6(HTH) +4y,tr(STS),  (4.13)

so the calculation of the new terms of the bosonic spectral
action is reduced to an algebraic exercise: one has to  and
|

trM* = 27,6% + 42, (Q*Q)? + 423(ALA,)? + 424 (ATA)? + 825(A] AL)? + 1224(HTH)? 4 827(ALA,) (Q*Q)
+ 825 (A5 A)(QQ) + 1620(ALA, ) (H'H) + 16210(A}A.) (HTH) + 1621 (A} AL)(H'H)
+ [8z12(AJAL) (HTH) + 8213(ALAL ) (HTH) + c.c.] + 8214(Q"Q)(H'H) + 8z;5(A1A, )0
+ 8216(QQ)0? + 8z17(H H)0? + 4z,5tr(STS)? + 8219 (H H)tr(STS) + 8250(SH) T (SH) + 82,1 (SH)T (SH)
+ 82 (ALS)(ALS)T + 8z23(AZAL)tr(STS) + [8204(H"STA, )0 + 82,5 (HTSTA,Q) +c.c], (4.14)

where the constants yy, ..., y7, Zj, ..., Zo5 depend on the Yukawa couplings as follows:

V4 = tr()A)Ad)AﬁAd), Vs = tr()A’AL)A’TAL)’

TS SRS B )
Yo = tr([yuyu] + [Basul +3 Vi) + 5 dYZ]>, yr = te(Fs95).
a=tuPdh)? 2=tw(edh)?  m=tu(ah)? u=u(adi) s=tu(a, i)

A A 1 A oA A At AT A AT A A Ak
PYiP+ 3 [FaY L]2>, 7 =t(dh) 08, 9a,) wm=t(49e) (194,

= 5“[(5’2%)(5’&5’2) + (j};j}d)(yALS]TAL) + (ﬁ?u)@TAL)A’AL) + (Wf/ )(YALYAL)] I = tr(.)A)TA JaVa, YZ),
o 1

23 = tr()A’TA,,)A’u)A’AL YD),  2u=t[0a3) (VY] + 0h9) (VaVD),  zs5= Etr[(yMyM)(j}X $a,)+ (Parye ()A’TAM)A’AM)]»
1 58 P 8% 8 ot 4 VARY LN PN 8% 4
216 = 5(Gad0) Oudi) + (o3IO Ghdn)l.  2n=t0udi) VTl zs =@ 2o =u(@s59) (50,
220 = tr[@}&s)(f/ﬁu)L 2 = tf[( )(Y Y4, 20 = tr[(f’sf’g)@z”ﬂuﬂ, 23 = tr[(%&s)(ﬂ Ia)ls
L
24 = tr()’Au)’MYZ)A’E), 25 = tr(YAnyYdyS)' (4.15)

C. The full bosonic spectral action

Substituting (4.13), (4.14), (4.11), and (4.12) in (4.4) and (4.5), recovering the dependence on the derivatives and on the
gauge fields according to (4.10), and setting ¢ = My we arrive at the following answer for the new terms in the bosonic
spectral action:
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SB:SB

Bys—09-0.5-0 + / d“xng{—sz( sm+ A*Au+ A*Ad+ SAjAL + trs‘s)

* x i i i i
+f4{2 : <D QDHQ — 69 Q>2 : <D Alpia, —Ba Au> 53 <D AlDra, - 6AdAd>

y
+”2
Looatayea L, At . LN .
25 (ALAL)” + 527 (Al )(Q°Q) + 5 25(AA,) (Q'Q)
2 1

+;Z11(A};AL)(H+H)

1 1
+—5216(Q QMR + ~— 25[tr(STS) ]
T 2n

1 1 . 1 -
+ gzzz(AES) (ALS)T + ;ZB(AZAL)U(S' S)+ o [224(HTSTA,)Mg + 205 (H'STA,Q) 4 c.c] }

This is the result of the spectral action computation with the
new fields coming form the Clifford requirement grading.

V. TOWARDS THE PHYSICAL ACTION

In this section we discuss how to make our spectral
action applicable in a physical context. In order to do this
one has to carry out two important steps.

(1) Get rid of the redundant fermionic degrees of

freedom.

(il) Make the action Lorentzian.

The redundancy is usually solved projecting out the extra
degrees of freedom [5,24,33], while the Euclidean vs
Lorentzian issue has several ramifications (see, for example,
[34-37]), but the usual method is to perform a Wick rotation.
We have shown in [25] that the two issues are intimately
related, and give a prescription on how to deal with them.

A. General prescription: a review and discussion

Now we briefly recall how the Wick rotation works
following [25]. In order to pass from the Euclidean to a
Lorentzian theory, each expression F that involves the
vierbeins ej; has to be transformed according to the
following rule:

Wick: Flel, el] — Flie),el],  j=12,3. (5.1
As it was demonstrated in [25], upon the transformation
(5.1) the Euclidean bosonic action SE , which comes out
from the first three nonzero heat kernel coefficients,
perfectly transforms into the “textbook™ Lorentzian action

SM., in particular,

Wick: exp (—SE [fields, gf,])

— exp (iSh . [fields, ght]), (5.2)

R R 1 1 ¥ 1
5 t + t T Q)2 A2
<D”ALD”AL —EA AL) +2—tr<D”SID”S—€S‘S> +—22(Q Q) +2_”223(AMAM) +2_71'2Z4

; ; 1
+o [zlz<ALAL><H*H> + 23 (ALA(H'H) + )+

1
+?219(HTH)U'(STS)

2772 (AzAd>2

2 2
+;Z9(A2Au)(HTH) JFPZlo(AjzAd)(HTH)
. 1 ;
214(QQ)(HH) + ;ZIS(ALAM)M%Q
1 - - 1 .
+;Z20<SH)T(SH) +;Z21(SH)' (SH)

(4.16)

|
where the metric tensors g,f‘y and g}}’,[, have the signatures
{+,+,+,+} and {+, —, —, =}, respectively. We refer the
reader to the quoted reference for the details.

A treatment of the fermionic action is more subtle, since
the product space H contains extra degrees of freedom.
Now we briefly recall what the problem is. The Hilbert
space H of the almost commutative geometry has the
following structure,

H=sp(M) @ Hr =H, ® Hg ® H{ & Hy. (5.3)

where the subspaces H;, Hyp by definition consist of the
multiplets of the nonchiral four-component spinors that
transform under the gauge transformations as the multiplets
of the left-handed and right-handed chiral fermions of the
standard model, while the subspaces H¢ and H§ consist of
the nonchiral four-component spinors fermions that trans-
form under the gauge transformations as the charge con-
jugated multiplets of the chiral left and right fermions of the
standard model. This doubling of the degrees of freedom is
called in [25] the “mirror doubling.” On the one side the
action of the standard model does not contain any inde-
pendent variables with the index “c,” which indicates the
charge conjugated field: the charge conjugated spinor is
obtained from the original one via the charge conjugation
operation [i.e., they are not independent variables; see
(5.12) below]. This other doubling is called in [25] the
charge conjugation doubling.

In order to get rid of the mirror doubling one has to
extract the particles with the correct chirality. The left v,
and the right wg chiral spinors are by definition the
eigenstates of the left and the right chiral projectors,

—

we=51-7)w, yr==z1+7)wr. (54)

l\)\r—‘

2
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In order to get rid of the redundant fermionic degrees of
freedom with the wrong chirality one has to extract just left
chiral fermions from H; and H$ and just right chiral
fermions from H and HS, where we took into account the
fact that for the physical fermions, which live in Lorentzian
space-time, the antiparticles have the opposite chirality
with respect to the original particles. So the subspace H_. of
"H that contains just the fermions with correct chiralities has
the following structure:
Hy = (Hy) ® (Hr)r @ (Hi)r & (Hg) - (5.5)
In the original paper [5] such an extraction was presented in
the form
P+H+ - H+, (56)

where the projector P, is defined via the grading as
follows:

P=-(1+7 ®r}). (5.7)

N =

In this formula y$ stands for the standard grading intro-
duced in [5]. Since we are working with the different
grading y, in order to arrive at the correct subspace (5.5)
|

(wi)r

CH,
step 1:

(w%), € (H) has to be identified with Cy(wg)%,
——

CH,

where the operation Cy; is the charge conjugation oper-
ation, which acts on the arbitrary spinor y as follows:

Cay = —iy’y™. (5.12)
Note that in contrast to the Euclidean charge conjugation J
the operation Cy; changes a chirality. We emphasize that the
identification (5.11) makes sense after the Wick rotation to
Lorentzian signature, since the quantities to be identified
transform in the same way under the Lorentzian SO(1, 3)
transformations rather than Euclidean SO(4) rotations.
After the global axial transformation of all the remaining
spinors,

step2: y — e iy, (5.13)

one arrives ar the textbook form SM of the fermionic
action,

€ (H{ )z has to be identified with Cy(y;),
~——

the connection between the projector P and the grading y »
takes a slightly different form,

P, =5(1+7 ®(Q-L)rp). (5.8)

1

2

The Euclidean fermionic action introduced in [5], which is

free of the mirror doubling, reads
1 N

Sk = E/ d*x\/ ¢F(JY,) DY,

Y. eH,.. (59

As [25] shows, after the Wick rotation of the vierbeins (5.1)
one obtains

Wick: exp (—S&[spinors, e])

— exp (iS)Y! duPled[spinors, e4]),  (5.10)
where the intermediate fermionic action S¥ 9°u°1ed js already
Lorentz invariant. However, due to the charge conjugation
doubling, it depends on twice more fermionic fields than is
needed; it is not real and therefore it is not suitable for the
canonical quantization. In order to complete a construction
of the physical fermionic action one has to eliminate the
charge conjugation doubling via the following identification
of the variables in the action S¥ d°uled from the subspaces
H¢ and H$ with the variables from H; and Hp,

(wo), € (Hy),
cH.

: (5.11)
Wr)r € (HR)g,
~——
cH,
I
step 1 4 step2: exp (iS}Y 4P'd[spinors, e4])
— exp (iS¥[phys spinors, e4]).  (5.14)

Following [25] we recall that the last step must be performed
before the quantization: otherwise one gets an additional
Pontryagin gauge action that comes out from the Abelian
axial anomaly. Below we apply these prescriptions to our
model and we find out a nontrivial outcome.

B. This model

Let us parametrize the elements of the Hilbert space H as
follows:

T
¥ = (Vg,eg, Ly, ug, dg, Q.. Vg, ek, L7, uk, di, Q).

(5.15)

This is basically the parametrization (2.10) of the elements
of H; the change of typeface indicates that the elements of
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‘H are spinors, no longer complex numbers. In these
notations uy is a collection of four-component spinors
that transforms upon the action of the gauge group as the
right-handed quarks, u} is an independent collection of
four-component spinors that transforms upon the action of
the gauge group as the charge conjugated right-handed
quark field, and so on. The typical element of ,, which is
constructed according to (5.5), then becomes

Y. = ([uglg, [drlr: [QLlz, [Vrlr: [€r]lRs L],

[ugles (ARl [QLl: Vil (€] [LE}R)T' (5.16)

Composing the fermionic action (5.9), applying the Wick
rotation procedure (5.1), removing the charge conjugation
doubling according to the general prescription (5.11), and
finally carrying out the axial transformation (5.13) we
see that

Sy = /d4x\/ —QM{ i(ug)Vug +i(dg)¥dg +i(Q.)¥Q, + i(vr)¥vg + i(e)¥er + i(L,) VL,

{@Mn®mw+@mM®M%+@n?®mw+E_

2

In this formula for an arbitrary spinor y the bar stands for
the Dirac conjugation, r = y'y". Note that after the Wick
rotation accompanied by the elimination of the fermionic
quadrupling just the multiplets of the sructures [y]z and
W], remain in the result; therefore we simplified the
notations replacing them by wg and y ., respectively.
We now come to an important point of this noncommu-
tative geometric construction. Note that the fields A,, Ay,
A;, and S, which are present in the Dirac operator and
hence in the bosonic spectral action, are absent in the
fermionic action (5.18). Let us clarify what has happened.
If one looks carefully at the structure (J%¥)"DY, ¥ € H
one immediately finds out that the mentioned fields always
appear in interaction terms in the action (vertices) that
involve spinors with unphysical chiralities. Therefore,
when one restricts the fermions just to the “good-chirality”
subspace H_, all these terms vanish. Indeed, the S field
enters in (JW¥)"DY, in particular, via the combination

(Jup) (¥’ ® 95 ® S)L,, (5.19)

When one restricts ¥ € H this expression turns into

(Juglr) (7> ® 95 ® S)[L.],
= (JPRrug)' (¥’ ® s @ S)P,L,

= (Jug)' (¥’ @ s ® S)(PrP;)L, =0,  (5.20)

where we took into account the fact that the chiral
projectors Py =3(14—7°) and Pp =1(1,+y°) com-
mute with the Euclidean charge conjugation J and remain
unchanged upon the Hermitian conjugation of matrices.

IWWMWM+WWMM®QW+W}

Wick rotation + dequadrupling: —S% — iS¥,  (5.17)
where S¥ is given by
oY jz ® Hleg
(5.18)

|
One can easily check that all other combinations that
involve S vanish according to the same mechanism.

Now let us see what has happened to the A, ,; fields.
The A, field enters in (7¥) DY in particular through the
expression

(JuR) (X’ ® 9a, ® Ay Vi (5.21)

Upon the restriction ¥ € H . this expression turns into

(J[ugl) (7 ® 9a, ® A,) Vel
= (JPLug) (¥’ @ 9a, ® A,)PrVR

= (Jup)'(r’ @ Ja, ® A, )P Prvg =0. (522)
One can easily check that all other terms, which involve the
A-fields, vanish as well in a similar way.

VI. CONCLUSIONS AND OUTLOOK

Based on the purely algebraic idea to incorporate the
Clifford structure in the finite dimensional spectral triple,
proposed in [23], we arrive at a set of new scalar fields in
the minimal version of the noncommutative standard
model. Some of the new scalar fields (viz. A, ;; and S)
carry both color and the weak isospin indices. The fields of
such a kind are of interest in recent phenomenological
research; in particular, the scalar leptoquarks are the case
in Ref. [38].

We computed the new terms in the bosonic spectral
action, which come out from these fields. Equation (4.16) is
one of the main results of this article. The scalar-scalar
couplings between the new fields and the Higgs field may
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improve the minimal noncommutative standard model from
the phenomenological point of view: they give positive
contributions to the beta function of the Higgs self-inter-
action quartic constant at the level of the one loop [39], what
is needed to avoid the vacuum instability problem [40,41].

We did not discuss in detail in this paper the possible
phenomenological consequences of these new terms. The
whole approach to the standard model based on non-
commutative geometry is now reaching the level to be
confronted with phenomenology, and of course the scalar
sector seems to be of paramount importance. The new
fields discussed here may possibly be part of this, but more
work is necessary in this direction.

The approach is interesting from the mathematical point
of view as well. It turns out that some of the new fields (viz.
A, 4 and ) are coupled to the spurious fermionic degrees
of freedom, whose presence is due to the “product-based”
construction of the almost commutative spectral triple.
Therefore, this model exhibits a very peculiar property,
which is another important result of this article. On the one
side these fields do not enter in the physical (Minkowskian)
fermionic Lagrangian (5.18), even though they appear in
the Euclidean NCG Dirac operator. On the other side the
physical (Wick rotated to the Lorentzian signature) bosonic
spectral action keeps memory about these extra degrees of
freedom: it depends on A,,,; and S. Therefore, the
fermionic quadrupling in the spectral approach is not just
the presence of the extra fermions to be projected out: by

the end of the day it affects nontrivially the bosonic action
of the model, without altering the fermionic action.

In this article we considered an evolution of the spectral
approach from an algebraic point of view. There are other
interesting mathematical directions that can be taken. In
particular, we consider the manifold M without boundary;
manifolds with boundaries have been considered within the
spectral action formalism as well [42-44]. Recently another
purely spectral feature has been discovered: parity anomaly
on four-dimensional manifolds with boundaries [45,46]. It
would be interesting to understand the role played by the
parity anomaly in the context of the spectral action
approach, and the issue deserves further scrutiny.
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