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Abstract. This contribution presents properties of the second quantized not only fermion
fields but also boson fields, if the second quantization of both kinds of fields origins in the
description of the internal space of fields with the “basis vectors” which are the superposi-
tion of odd (when describing fermions) or even (when describing bosons) products of the
Clifford algebra operators y“’s. The tensor products of the “basis vectors” with the basis in
ordinary space forming the creation operators manifest the anticommutativty (of fermions)
or commutativity (of bosons) of the “basis vectors”, explaining the second quantization
postulates of both kinds of fields. Creation operators of boson fields have all the properties
of the gauge fields of the corresponding fermion fields, offering a new understanding of
the fermion and boson fields.

Povzetek: Prispevek razloZi drugo kvantizacijo ne le fermionskih ampak tudi bozon-
skih polj. Notranji prostor fermionov opisejo “osnovnimi vektorji”, ki so superpozicija
produktov lihega $tevila Cliffordovh operatorjev y*, bozonski “osnovnimi vektorji” pa
so superpozicija produktov sodega $tevila Cliffordovih operatorjev y*. Kreacijski in ani-
hilacijski operatorji, ki so tenzorski produkt kon¢nega Stevila “osnovnih vektorjev” in
zvezno neskonénega Stevila komutirajo¢ih vektorjev v obi¢ajnem prostoru, “podedujejo”
antikomutativnost ali komutativnost od “osnovnih vektorjev”. Posledi¢no fermionska
stanja antikomutirajo in bozonska komutirajo, kar razloZi postulate druge kvantizacije za
fermionska in bozonska polja in ponudi nov pogled za lastnosti obeh vrst polj.

16.1 Introduction

In a long series of works [19,20,23,25,26,28,29,31] I have found, together with the
collaborators ( [1,26,32,34,35,37] and the references therein), with H.B. Nielsen
and in long discussions with participants during the annual workshops "What
comes beyond the standard models”, the phenomenological success with the
model named the spin-charge-family theory: The internal space of fermions are in
this model described with the Clifford algebra objects of all linear superposition
of odd products of y*’s in d = (13 + 1). Fermions interact with only gravity —
with the vielbeins and the two kinds of the spin connection fields (the gauge
fields of S9° = 1(yay® —yPy9) and §¢° = 1 (y99° —¢°y%) 1). Spins from higher

! 1f there are no fermion present the two kinds of the spin connection fields are uniquely
described by the vielbeins [36].
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dimensions, d > (3 + 1), described by y®’s, manifest in d = (3 + 1) as charges of
the standard model quarks and leptons and antiquarks and antileptons, appearing
in (two times four) families, the quantum numbers of which are determined by
the second kind of the Clifford algebra object $¢*’s. Gravity in higher dimensions
manifests as the standard model vector gauge fields as well as the scalar Higgs and
Yukawa couplings [1, 5,23, 25,26,26-29, 31, 32,34, 35, 37], predicting new scalar
fields, which offer the explanation besides for higgs scalar and Yukawa couplings
also for the asymmetry between matter and antimatter in our universe and for
the dark matter (represented by the stable of the upper group of four families),
predicting a new family — the fourth family to the observed three.

In this contribution I shortly repeat the description of the internal space of the
second quantized fermion fields with the odd products of the Clifford operators
v%’s, what leads to the creation operators for fermions without postulating the sec-
ond quantization requirements of Dirac [7-9]. The creation operators for fermions,
which are superposition of tensor products of the ordinary basis and the ”basis
vectors” describing the internal space of fermions, anticommute, explaining corre-
spondingly the postulates of Dirac, offering also a new understanding of fermion
fields ( [1] and references therein). The creation operators of fermions appear
in families, carrying either left or right handedness, their Hermitian conjugated
partners belong to another set of Clifford odd “basis vectors” carrying the opposite
handedness.

The main part of this contribution discusses properties of the second quantized
boson fields, which are the gauge fields of the corresponding second quantized
fermion fields. The internal space of bosons is described by the superposition
of even products of y*’s. The boson fields correspondingly commute. The cor-
responding creation operators and their Hermitian conjugated partners belong
to the same set of “basis vectors”, carrying all the quantum numbers in adjoint
representations. They interact among themselves and with the corresponding
fermion fields.

In Sect. 16.2 the anticommuting Grassmann and Clifford algebras are presenting
and the relations among them discussed. The “basis vectors” are defined as the
egenvectors of the Cartan subalgebra of the Lorentz algebra for the Grassmann and
the two Clifford algebras for odd and for even products of algebras members, and
their anticommutation or commutation relations presented, Subsect. 16.2.1. The
reduction of the two kinds of the Clifford algebras to only one makes the Clifford
odd “basis vectors” anticommuting, giving to different irreducible representations
of the Lorentz algebra the family quantum numbers, Subsect. 16.2.2. To make
understanding of the properties of the Clifford odd and Clifford even “basis
vectors” easier in Subsect. 16.2.3 the case of d = (5 + 1)-dimensional space is
chosen and the ”basis vectors” of odd, 16.2.3, and even, 16.2.3, Clifford character
are presented in details and then generalized to any even d, Subsect. 16.2.4.

In Sect. 16.3 the creation operators of the second quantized fermion and boson
fields are discussed, as well as their Hermitian conjugated partners. In Sub-
sect. 16.3.1 the simple action for fermion interacting with bosons and for cor-
responding bosons, as assumed in the spin-charge-family theory is presented.

Sect. 17.5 reviews shortly what one can learn in this contribution.



192 N.S. Manko¢ Borstnik

Both algebras, Grassmann and Clifford, offer “basis vectors” for the description
of the internal space of fermions [1,19,20] and the corresponding bosons with
which fermions interact. The oddness or evenness of “basis vectors”, transfered to
the creation operators, which are tensor products of the finite number of ”basis
vectors” and the (continuously) infinite number of momentum (or coordinate)
basis, and to their Hermitian conjugated partners annihilation operators, offers
the second quantization of fermions and bosons without postulating the second
quantized conditions [7-9] for either the half integer spin fermions or integer spin
bosons, enabling the explanation of the Dirac’s postulates. Further investigations
are needed in both case, for the boson case in particular, although promising, the
time for this study was too short.

16.2 Grassmann and Clifford algebras

To describe the internal space of fermions and bosons one can use either the
Grassmann or the Clifford algebras.

In Grassmann d-dimensional space there are d anticommuting operators 6¢,
{6%,0%}, =0,a=1(0,1,2,3,5,..,d),and d anticommuting derivatives with respect
to 69, %, {%ﬂ, %\)h = 0, offering together 2 - 2¢ operators, the half of which
are superposition of products of 8¢ and another half corresponding superposition
of 55—

0 0
a b _ _

{e )9 }+_0» {aea»aeb}Jr O)

Oy =3y = Bap, (a,b) = (0,1,2,3,5, - ,d). (16.1)
00y
Defining [32]

(09)7 =190 leadsto (~0-) =naage, 162)

0, 20,

0¢ and % are, up to the sign, Hermitian conjugated to each other. The identity
is the self adjoint member of the algebra. We make a choice for the complex
properties of 0¢, and correspondingly of %, as follows

{09} = (0°,0",—0%,0%,-0%,0°,...,—0%7 1 09),

., ,0 0 0 0 0 0 0 0
20, ~ (30,30, 20,° 30, 205" 30’ " 304 1 304
In d-dimensional space of anticommuting Grassmann coordinates and of their
Hermitian conjugated partners derivatives, Eqs. (17.3, 16.2), there exist two kinds
of the Clifford coordinates (operators) —y“ and ¥ — both expressible in terms
of 8¢ and their conjugate momenta ple =i % [20].

{

). (16.3)

d d
(1: e(l ~(1:' ea_
v = +aea)‘ V¢ =1il aea)’
1 - d .
0% =S (v" =), oo =5 0" 1),
a

(16.4)
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offering together 2 - 24 operators: 2¢ of those which are products of y* and 2¢ of
those which are products of ¥¢. Taking into account Egs. (16.2, 16.4) it is easy to
prove that they form two independent anticommuting Clifford algebras, Refs. ( [1]
and references therein)

{ya)yb}Jr = Zﬂab = {T/a)i’/b}Jra
{yaa’?b}+zo» (a)b):(031>2»3)5)"')d))
B =y, o) =y, (16.5)

withn® = diag{1,—1,—1,---, -1}

While the Grassmann algebra can be used to describe the “anticommuting integer
spin second quantized fields” and “commuting integer spin second quantized
fields” [1,25], the Clifford algebras describe the second quantized fermion fields,
if the superposition of odd products of y¢’s or ¥“’s are used. The superposition
of even products of either y*’s or ¥“’s describe the commuting second quantized
boson fields.

The reduction, Eq. (17.9) of Subsect. (16.2.2), of the two Clifford algebras — y“’s
and ¥¢’s — to only one is needed — y“’s are chosen — for the correct description
of the internal space of fermions. After the decision that only y%’s are used to
describe the internal space of fermions, the remaining ones, ¥%’s, are used to
equip the irreducible representations of the Lorentz group (with the infinitesimal
generators $°° = %{ya, v°}_) with the family quantum numbers in the case that
the odd Clifford algebra describes the internal space of the second quantized
fermions.

It then follows that the even Clifford algebra objects, the superposition of the even
products of y%’s, offer the description of the second quantized boson fields, which
are the gauge fields of the second quantized fermion fields, the internal space of
which are described by the odd Clifford algebra objects. This will be demonstrated
in this contribution.

16.2.1 ”Basis vectors” determined by superposition of odd and even products
of Clifford objects.

There are §$ members of the Cartan subalgebra of the Lorentz algebra in even
dimensional spaces. One can choose

503,812,556, L ,Sd_1 d)
503’ S]Z, 856, . )Sdfl d)
503 §12 8% ... gd-1d
§ab — gab 4 Sab (16.6)

Let us look for the “eigenstates” of each of the Cartan subalgebra members,
Eq. (16.6), for each of the two kinds of the Clifford algebras separately,

aa aa

1 1 k1 | 1 i k1 i
ab ' (,,a by _ &~ _(a b ab,‘] ~4a0,b -~ (] ~~anb
STV Ty =5 50 Tyt ST vty =5 5 (T4 vy,
<ap ] aa k1, _ aa <ot | i, k1 1.
Sabi(f’a + niik 7°) = 3 E(Yu + nik 7°), Sabﬁ“ + EYGYb) =3 E(] + EY“@%JZ)
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k? =n%n®®. The proof of Eq. (17 7) is presented in Ref. [1], App. (I).
Let us introduce for nilpotents J (y¢ 402 Y ), (% (Y 4022 —v"))? = 0 and projectors
15(1 + %yayb), (%(1 + %yayb)) ;(1 + ky ay®) of both algebras the notation

ab 1 na(l b (1bJr ab ab 5 ab ab ab
(k)= 5y + Y ), (k) =n%(=k), ((k))*=0, (k)(=k)=n**[k]
ab 1 ab]L ab ab ab ab ab
I = 21+ kv W), [k =K, (k)2 =[],  K[-K=0,
ab ab ab ab ab ab ab ab ab ab
(KKl =0, (KI(k)=(k), (K)[=k]=(k), [kl(-k)=0,
a~b 1 naa ab t a~b a~b
(k)= 5 (7% + = ), (&) =n%"(=k), ((k)*=0,
ik
a~b 1 i amb]L a~b a~b a~b
(= S(1+v%%"), [ =K, ([k))? =[K],
a~b a~b a~b a~b a~b a~b a~b a~b a~b a~b
(KKl =0, (k] (k)=(k), (K)[=k]=(k), [kI(=k)=0, (16.8)

Statement 1. One can define “basis vectors” to be eigenvectors of all the members of
the Cartan subalgebras as even or odd products of nilpotents and projectors in any even
dimensional space.

Due to the anticommuting properties of the Clifford algebra objects there are
anticommuting and commuting “basis vectors”. The anticommuting “basis vec-
tors” contain an odd products of nilpotents, at least one nilpotent, the rest are
then projectors. Let us denote the Clifford odd ”basis vectors” of the Clifford y¢
kind as b[*', where m and f determine the m'" member of the f'"* irreducible
representation. We shall denote by b} = (ﬁ}“T)T the Hermitian conjugated part-
ner of the “basis vector” b]*!. The “basis vectors” of the Clifford ¢ kind would
correspondingly be denoted by ﬁ?ﬂ and g}“

It is not difficult to prove the anticommutation relations of the Clifford odd “basis
vectors” and their Hermitian conjugated partners for both algebras ( [1,19] and
references therein). Let us here present only the one of the Clifford algebras —
YYs.

B Woc > = 0lhoc >,
B o > = 0P >,
(61,61 ha s oe > = Oloc >,
B, 6 s Woe > = Woc >, (16.9)

where x5 represents the algebraic multiplication of B}“T and 57" among them-
selves and with the vacuum state [, > of Eq.(17.10), which takes into account
Eq. (17.5),

d_

22

Poe >= > b, 67111 >, (16.10)
f=1
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for one of the members m, anyone, of the odd irreducible representation f, with
|1 >, which is the vacuum without any structure — the identity. It follows that
/B}“HII)OC >= 0. The relations are valid for both kinds of the odd Clifford algebras,

we only have to replace B}“T by ﬁ}“T and equivalently for the Hermitian conjugated
partners.

The Clifford odd “basis vectors” almost fulfil the second quantization postulates
for fermions. There is, namely, the property, which the second quantized fermions
must fulfil in addition to the relations of Eq. (16.9). If the anticommutation rela-
tions of “basis vectors” and their Hermitian conjugated partners would fulfil the
relation:

B, 011, boe > = 8™™ s hoc >, (16.11)

for either y® or v, then the corresponding creation and annihilation operators
would fulfil the anticommutation relations for the second quantized fermions,
explaining the postulates of Dirac for the second quantized fermion fields. For

' a-14d
any bI" and any b7} " this is not the case. It turns out that besides b = ()
6 12 03 , d-14 56 12 03
- (=)(=)(—1), for example, also b+ = (=) --- (—)[+][+i] and several others

give, when applied on '6}51 ", nonzero contributions. There are namely 271 — 1

too many annihilation operators for each creation operator which give, applied on
the creation operator, nonzero contribution.

The problem is solvable by the reduction of the two Clifford odd algebras to
only one [1,5,36,37] as it is presented in subsection 16.2.2: If y%’s are chosen
to determine internal space of fermions, the remaining ones, ¥’s, determine
then quantum numbers of each family (described by the eigenvalues of $¢° of
the Cartan subalgebra members). Correspondingly the creation and annihilation
operators, expressible as tensor products, *7, of the “basis vectors” and the basis
in ordinary (momentum or coordinate) space, fulfil the anticommutation relation
for the second quantized fermions.

Let me point out that the Hermitian conjugated partners of the ”basis vectors”
belong to different irreducible representations of the corresponding Lorentz group

than the ”basis vectors”. This can be understood, since the Clifford odd ”basis
ab

vectors” have always odd numbers of nilpotents, so that an odd number of (k)’s
ab
transforms under Hermitian conjugation into (—k)’s, which can not be the member

of the ”basis vectors”, since the even generators of the Lorentz transformations
transform always even number of nilpotents, keeping the number of nilpotents

always odd. It is different in the case of the Clifford even ”basis vectors”, since an
ab
even number of (k)’s, transformed with the Hermitian conjugation into en even

ab
number of (—k)’s belongs to the same group of the ”basis vectors”.

Statement 2. The Clifford odd 27~ members of each of the 22~ irreducible representa-
tions of "basis vectors” have their Hermitian conjugated partners in another set of 22~

251 "basis vectors”. Each of the two sets of the 221 x 2%~ Clifford even "basis
vectors” has their Hermitian conjugated partners within the same set.
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The Clifford even “basis vectors” commute. Let us denote the Clifford even “basis
vectors”, described by y%’s, by /T;”T There is no need to denote their Hermitian
conjugated partners by AT, since in the even Clifford sector the “basis vectors”
and their Hermitian conjugated partners appear within the same group. We shall
manifest this in the toy model of d = (5 + 1). In the Clifford even sector m and f
are just two indexes: f denotes the subgroups within which the “basis vectors” do
not have the Hermitian conjugated partners (Subsect. 16.2.3, Eq. (16.21)).

We shall need also the equivalent “basis vectors” in the Clifford even part of the

kind ¥%’s. Let these “basis vectors” be denoted by AQ}“T

These commuting even Clifford algebra objects have interesting properties. I shall
discuss the properties of even and odd “basis vectors” in Sects. 16.2.3, 16.2.4, first
in d = (5 + 1)-dimensional space, then in the general case.

16.2.2 Reduction of the Clifford space

The creation and annihilation operators of an odd Clifford algebra of both kinds, of
either y“’s or ¥%’s, turn out to obey the anticommutation relations for the second
quantized fermions, postulated by Dirac [1], provided that each of the irreducible
representations of the corresponding Lorentz group, describing the internal space
of fermions, would carry a different quantum number.

But we know that a particular member m has for all the irreducible representa-
tions the same quantum numbers, that is the same ”eigenvalues” of the Cartan
subalgebra (for the vector space of either y*’s or ¥¢’s), Eq. (17.8).

Statement 3. The only possibility to "dress” each irreducible representation of one kind of
the two independent vector spaces with a new, let us say "family” quantum number, is
that we "sacrifice” one of the two vector spaces.

Let us “sacrifice” ¥%’s, using ¥“’s to define the “family” quantum numbers for each
irreducible representation of the vector space of “basis vectors of an odd prod-
ucts of y%’s, while keeping the relations of Eq. (17.5) unchanged: {y®,y"}; =
M = {49, (Y70 = 0, (v = n*eys, ()T = 1%y, (a,b) =
(0)])2)335»"' ad)-

We therefore postulate:
Let ¥¢’s operate on y“’s as follows [20,29,31,32,35]

{¥°B = (-)® iBy*}hoc >, (16.12)
with (—)B = —1, if B is (a function of) an odd products of y%’s, otherwise
(—)B =1[35], o > is defined in Eq. (17.10).

Statement 4. After the postulate of Eq. (17.9) "basis vectors” which are superposition
of an odd products of y*’s obey all the fermions second quantized postulates of Dirac,
presented in Egs. (16.11, 16.9).
We shall see in Sect. 16.2.3 that the Clifford even ”basis vectors” obey the bosons
second quantized postulates.
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After this postulate the vector space of ¥¢’s is “frozen out”. No vector space of ¥“’s
needs to be taken into account any longer for the description of the internal space
of fermions or bosons, in agreement with the observed properties of fermions. ¥¢’s
obtain the role of operators determining properties of fermion and boson “basis
vectors”.

Let me add that we shall still use S¢° for the description of the internal space of
fermion and boson fields, Subsects. 16.2.3, 16.2.3, 16.2.3. $2°’s remain as operators.
One finds, using Eq. (17.9),

ab agb aﬂb ab ab a~b ab ab ab ap

(k) (k) =0, (=k) (k)= —in** k], (k)[kKl=1 (k), (k)[-k]=0,

ab qp ab ab gp ab ab ab ab ab

[kl (k) = (k), [kl (k)= 0, k] [k]=0, [—K] [k]=[k](16.13)

Taking into account anticommuting properties of both Clifford algebras, y*’s and
¥s, it is not difficult to prove the relations in Eq. (16.13).

16.2.3 Properties of Clifford odd and even "basis vectors” ind = (5 + 1)

To make discussions easier let us first look for the properties of “basis vectors” in
d = (5 + 1)-dimensional space. Let us look at: i. internal space of fermions as the
superposition of odd products of the Clifford objects y“’s, ii. internal space of the
corresponding gauge fields as the superposition of even products of the Clifford
objects y’s.

Choosing the “basis vectors” to be eigenvectors of all the members of the Cartan
subalgebra of the Lorentz algebra and correspondingly the products of nilpotents
and projectors (Statement 1.) one finds the “basis vectors” presented in Table 16.1.
The table presents the eigenvalues of the “basis vectors” for each member of the
Cartan subalgebra for the group SO(5,1).

The odd I group (is chosen to) present the “basis vectors” describing the internal
space of fermions. Their Hermitian conjugated partners are then the “basis vectors”
presented in the group odd II.

The even I and even II represent commuting Clifford even “basis vectors”, repre-
senting bosons, the gauge fields of fermions.

We shall analyse both kinds of “basis vectors” through the subgroups of the
SO(5, 1) group. The choices of SU(2) x SU(2) x U(1) and SU(3) x U(T) subgroups
of the SO(5, 1) group will also be discussed just to see the differences in properties
from the properties of the SO(5, 1) group.

In Table 16.1 the properties of “basis vectors” are presented as products of nilpo-

ab ab ab abZ ab
tents (+1i) ((+i) = 0) and projectors [+]([+] = [+]). "Basis vectors” for fermions

contain an odd number of nilpotents, “basis vectors” for bosons contain an even
ab ab
number of nilpotents. In both cases nilpotents (+i) and projectors [+] are chosen to

be the “eigenvectors” of the Cartan subalgebra. Eq. (16.6), of the Lorentz algebra.
The "basis vectors”, determining the creation operators for fermions and their
Hermitian conjugated partners, B?T and b, respectively, as we shall see in Sub-
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sect. 16.2.3 they are superposition of odd products of y¢, algebraically anticom-
mute, due to the properties of the Clifford algebra

{Ya)yb}Jr = Zﬂab = {T/a)f/b}Jrv
{’Ya)‘?b}‘F:O? (a,b):(0,1,2,3,5,~--,d),

a

(YT =nye, (9" =ny°,
yove=n, ey =1, 79t =nt, 7 =1, (16.14)

where I represents the unit operator.

"Basis vectors” of odd products of y*’sin d = (5 4 1). Let us see in more details
properties of the Clifford odd “basis vectors”, analysing them also with respect
to two kinds of the subgroups SO(3,1) x U(1) and SU(3) x U(1) of the group
SO(5, 1), with the same number of Cartan subalgebra members in all three cases,
4 = 3. We use the expressions for the commuting operators for the subgroup
2

SO(3,1) x U(1)

1 c c 1 s g
= E(slzj[is“), N3 (=R} ¢) = E(s1zj[is(’3)(16.15)

and for the commuting generators for the subgroup SU(3) and U(1)

1 1
T3 — *(—812—1803), ,.[.8: (_1803_"_512_2813 14)’

2 2V3
. _%(_1503 45124 556). (16.16)

The corresponding relations for 3,4 and * can be read from Eq. (16.16), if re-
placing $¢° by 59°. Recognizing that S® = S + §4% one reproduces all the
relations for the corresponding Tand V3.

The rest of generators of both kinds of subgroups of the group SO(5,1) can be
found in Egs. (17.26, 17.28) of App. 16.7.

In Table 16.2 the properties of the odd "basis vectors” b* are presented with
respect to the generators of the group i. SO(5,1) (with 15 generators, 3 of them
forming the corresponding Commuting among subalgebra), ii. SO(4) x U(1) (with
7 generators and 3 of the corresponding Cartan subalgebra members) and iii.
SU(3) x U(T) (with 9 generators and 3 of the corresponding Cartan subalgebra
members), together with the eigenvalues of the commuting generators. These "ba-
sis vectors” are already presented as a part of Table 16.1. They fulfil together with
their Hermitian conjugated partners the anticommutation relations of Eqs. (16.9,
16.11).

The right handed, I'>*") = 1, fourthplet of the fourth family of Table 16.2 can be
found in the first four lines of Table 16.5 if only the d = (5 + 1) part is taken into
account. The left handed fourthplet of the fourth family of Table 16.4 can be found
in four lines from line 33 to line 36, again if only the d = (5 + 1) part is taken into
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Table 16.1: 29 = 64 "eigenvectors” of the Cartan subalgebra of the Clifford odd
and even algebras in d = (5 + 1)-dimensional space are presented, divided into
four groups. The first group, odd I, is chosen to represent “basis vectors”, named
b, appearing in 2% ! = 4 “families” (f = 1,2, 3,4), each “family” with 271 = 4
“family” members (m = 1, 2, 3,4). The second group, odd II, contains Hermitian
conjugated partners of the first group for each family separately, b = (B}“T)T. The
“family” quantum numbers of B}“T, that is the eigenvalues of (§03,812/556) are
written above each “family”. The properties of anticommuting ”basis vectors” are
discussed in Subsects. 16.2.3, 16.2.4. The two groups with the even number of y¢’s,
even I and even II, have their Hermitian conjugated partners within their own
group each. The two groups which are products of even number of nilpotents and
even or odd number of projectors represent the “basis vectors” for the correspond-
ing boson gauge fields. Their properties are discussed in Subsecs. 16.2.3 and 16.2.4.
r6+1 and r3+1 represent handedness in d = (3+ 1) and d = (5 + 1) space
calculated as products of y*’s, App. 16.9.

"pasis |m f=1 f=2 f=3 f =4
vectors” | (5, -3, -+ 3+ D -5 3 - (1,5, 1) [s03]s12[s56|p(5+1)|p(3+1)
03 12 56 03 12756 |03 12 stackrel56 03 12 56
mi 03 12 56 03 12 56 03 12 56 03 12 56 R 1 1
0dd T BT 1| (D) [HI+] | [ [+ (+) [+ () [+] (FD) () (+) 3 7| 7 1 1
2 () | (=D () () (—i)[—][+] [=1=1(+) | —F 7| 7 1 1
3| == | (—D)[+][=] (=) (+)(—) (—i(H =] | =% 77 1 —1
4| (FD)() () | [+l [+il[—)(—) (+)[—1[—] 133 1 —1
03 12 56 03 12 56 03 12 56 03 12 56 F(SH)
0dd TT 6| 1| (—O[+I[+] | [+il[+](—) [+il (=) [+] (=) (=) (—) —1
2| (=i () [+ | () () () (+i)[—][+] [—il[—](—) —1
3| (=) | (+D) [+ (+1) (=) (+) [—i] (=) [—] —1
4] (D) | [+il(+H) =] [+l (=1 (+) (=) (=[] —1
even I m §03[g12|g56|(5+1)|p(3+1)
(=1 1 1, (1 1 l) (—i 1 7l) [ R )
2222 2’ 22 2> 2> 2 2’2 2
03 12 56 03 12 56 03 12 56 03 12 56
1| [+ () | (D () [+il [+ [+] (+1) (+) [+] 3 % % 1 1
2| (== | [=11(=)(+) (=) (=) [+] U=+ | —F 3| 3 1 1
30 (=) ()= | [—ill+][=] (—i)[+1(—) (=) () | —F 77 1 —1
4| [+l | (+D) ()] [+i] (=) (—) (+1)[—1(—) 1l—|-3 1 —1
even Il |[m ) . ) ) s03|g12|g56 | (5+1)|p(3+1)
+. 3D |5 -3. D +,-1.-b -5 3.-D
03 12 56 03 12 56 03 12 56 03 12 56
1| (=) (+H) [ (=D (+) [—il [+ [+] (D (NI | =% % % —1 1
2| (+DI=1(H) | () (+) (+1) (=) [+] [+ [—][+] 3 7l 3 1 1
30 (FD (=) | (I (+i) [+ (—) [+i] () (—) 5 7z —1 1
4| i1 | (=) ()] [—i](—)(—) (—i)[—1(—) 2= 1 1

account.

Statement 5. I a chosen d=dimensional space there is the choice that the "basis vectors”
are right handed. Their Hermitian conjugated partners are correspondingly left handed.
One could make the opposite choice, like in Table 16.4.

Then the “basis vectors” of Table 16.2 would be the Hermitian conjugated part-
ners to the left handed “basis vectors” of Table 16.4. For the left handed "“basis
vectors” the vacuum state [\, >, Eq. (17.10), chosen as the } . 8}“ %A B}“T, has
to be changed, since the vacuum state must have the property that b™,. >=0
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Table 16.2: The basic creation operators, “basis vectors” — 8?:(6}1’5” (eachis a
product of projectors and an odd product of nilpotents, and is the “eigenvector” of
all the Cartan subalgebra members, S°3, $12, $5¢ and §°3, §12, §5¢ Eq. (16.6) (ch
(charge), the eigenvalue of $°¢, and s (spin), the eigenvalues of $°3 and S'?, explain
index m, f determines family quantum numbers, the eigenvalues of (5°3, 512, §5¢)
— are presented for d = (5 + 1)-dimensional case. This table represents also the
eigenvalues of the three commuting operators N{  and $°¢ of the subgroups
SU(Z) X SU(Z) x U(1) and the eigenvalues of the three commuting operators
3,78 and 1 of the subgroups SU(3) x U(1), in these two last cases index m
represents the eigenvalues of the corresponding commutmg generators. [5+1)

YOy 'y2y3y5y®, T3+ = iy0y1y2y3. Operators 6}“ (€9 and 6?1 (ehs) galfil
the anticommutation relations of Egs. (16.9, 16.11).

f[m = (cn, )] s (CMsTT[s03]s12]s56 3T N3 [ N3] «3[ 8] «#[s03[s12[s5¢
03 12 56 . .
1 1 3 i 1 1 11 1 i 1 1
I (3, 7) (:3"[14;] I [5+6] 3| 2| =2 Woolzz| © ol=z| 2| 2|z
EE Rl N e N s e A 1 of =3 o|]—2] 1| i|-1|-1
2> 2 2 2 2 2 V3 6 2 2 2
PN T Y B S ot NS 1 NS T N T Y T A O S U S O O B B
202 s 1o . Z| 2|2 2 Z| 23| & Z| 2|2
5 N .
1 1 3 i 1 1 1 1 1 1 i 1 1
e A I I A R A e I e e A A A R A A
03 12 56 . .
1 1 i i 1 1 1 1 i 1 1
I (3,7) [g;”]*z’ I [:6] 3| 2| =2 ool oz o© Ol=z|—z| 2|~z
1 1 1 g i 1 1 1 1 1 i 1 1
2 (=) (DA =5 =7 2 Wool==2| °=uF| s 2| 2| =2
OO I Y - et B N 1 R AN T AP (N T IO N (R T B B )
202 P . 2| 2|2 2 2| 2v3| 6| 2 2 2
5 N N
1 1 i 1 1 1 1 1 1 i 1 1
s —F D a3 -] o ¥ 5is] f | fS
03 12 56 N .
alr G SEE s 3]s ] o e o] s
2 [L— (031](]2) | ({f) i1 1 1 ol -1 ol — L | 1| _i|_1 1
2> 2 2 2 2 2 V3 6 2 2 2
3 (1.1, (33)[’2]|[5f] _i| oafoal o) 1| oo|—x) o | pf_if_1] 1
202 2| 2|72 2 2| 2v3| | 2| 2| 2
12 56 N .
1 1 i 1 1 1 1 1 1 i 1 1
4 (=2,—37) 11T 7|7z 72| T'\7z| °| 2|35 sl T2 2| 2
) e»%u;?@u; TR EEE
1 1 i 1 1 1 1 1 i 1 1
2 (=) FUHT M =5 =7 2 otz °ltvE| s Z| Z| 2
5 (1.1, [03-](1f)|[5f] _i| oafZal o) 1| oo|l—x o | 1| il 1] 1
22 2| 2|72 2 2| 2v3| | Z| Z| 2
03 12 56 N R
1 1 i 1 1 1 1 1 1 i 1 1
4 ) T =37 =7 9 753 s 7| Z| 2

and B?”L WPoc >= B;“T.

One can notice that:
i. The family members of “basis vectors” have the same properties in all the
families, independently whether one observes the group SO(d —1,1) (SO(5,1) in
the case of d = (5 + 1)) or of the subgroups with the same number of commuting
operators (SU(2) x SU(2) x U(T) or xSU(3) x U(1) in d = (54 T)case). The families
carry different famﬂy quantum numbers. This is true for right, (">*") = 1), and
for left (N5+1) = —1), representations.
ii. The sum of all the eigenvalues of all the commuting operators over the 271
family members is equal to zero for each of 2%~ families, separately for left and
separately for right handed representations, independently whether the group
O(d—1,1) (SO(5,1)) or the subgroups (SU(2) x SU(2) x U(T) or xSU(3) x U(1))
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are considered.

iii. The sum of the family quantum numbers over the four families is zero as well.
iv. The properties of the left handed family members differ strongly from the right
handed ones. It is easy to recognize this in our d = (5 + 1) case when looking at
SU(3) x U(1) quantum numbers since the right handed realization manifests the
“colour” properties of “quarks” and “leptons” and the left handed the ”colour”
properties of “antiquarks” and ”antileptons”.

v. For a chosen even d there is a choice for either right or left handed family
members. The choice of the handedness of the family members determine also the
vacuum state for the chosen “basis vectors”.

Let me add that the “basis vectors” and their Hermitian conjugated partners ful-
fil the anticommutation relations postulated by Dirac for the second quantized
fermion fields. When forming tensor products, *7, of these “basis vectors” and the
basis of ordinary, momentum or coordinate, space the single fermion creation and
annihilation operators fulfil all the requirements of the Dirac’s second quantized
fermion fields, explaining therefore the postulates of Dirac, Sect. 16.3.

"Basis vectors” of even products of y®’sin d = (5 + 1) The Clifford even “basis
ab
vectors”, they are products of an even number of nilpotents, (k), and the rest
ab
up to ¢ of projectors, [k], commute since even products of (anticommuting) y*’s

commute.
Let us see in more details several properties of the Clifford even “basis vectors”:

A. The properties of the algebraic, *a, application of the Clifford even ”basis
vectors” on the Clifford odd ”“basis vectors” 6?”, presented in Table 16.2, teaches
us that the Clifford even “basis vectors” describe the internal space of the gauge
fields of 6]

A

Let 6]*'" represents the m" Clifford odd I “basis vector” (the part of the creation
operators which determines the internal part of the fermion state) of the f*" family
and let AT denotes the m*™ Clifford even II “basis vector” of the f*™ irreducible
representation with respect to S¢® — but not with respects to S4° = Sab 4 §ab,
which includes all 22" x 27" members. Let us evaluate the algebraic products
AT on 67T for any (m,m’) and (¥, f').

Taking into account Eq. (17.8) and Tables (16.1, 16.2) one can easily evaluate the
algebraic products A\}“T on BﬂlT for any (m, m’) and (f, f'). Starting with G}T one
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finds the non zero contributions only if applying ﬁgﬁ, m=(1,2,3,4) onb}'

03 12 56

AT 5 B} (=(+H) ) -

ARG = 81 =)L) - 617,

A= GO0 w81 = 82O,

A=) 81 8 =),

A=) D) a8 5 8= O D). (16.17)

The products of an even number of nilpotents and even or an odd number of
projectors, represented by even products of y“’s, applying on family members of a
particular family, obviously transform family members, representing fermions of
one particular family, into the same or another family member of the same family.
All the rest of A™, f # 3, applying on b}, give zero for any family f.

Let us comment the above events, concerning only the internal space of fermions
and, obviously, bosons: If the fermion, the internal space of which is described
by Clifford odd “basis vector” b]', absorbs the boson A} (with §%3 = 0,82 =
0,8% = 0), its “basis vector” b]' remains unchanged.

The fermion with the “basis vector” b}!, if absorbing the boson with .43 (with
8% = —{,8'2 = —1,8% = 0), changes its internal “basis vector” b, into the
“basis vector” b3' (which carries now $3 = —1,§12 = 1 and the same $%¢ = !
as before). The fermion with “basis vector” b} absorbing the boson with the “basis
vector” A3 changes its “basis vector” to b3, while the fermion with the “basis
vector” B}T absorbing the boson with the “basis vector” A3 changes its “basis
vector” to 6;”.

Let us see how do the rest of A™, m = (1,2,3,4), f = (1,2,3,4) change the
properties of 671, n = 2,3, 4.
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It is easy to evaluate if taking into account Eq . (17.8) that

At en 821 =200 -

A= w5 - 8,
A2 =000 8 S 0 =D,
21 =L000) w 82  53 =),
A =00 w87 5 85 = OO,
APt B (=EULH) -

A=) w83 =0 - 81
2= ) w83 5 82 =L,
A= 00) a 83 S B3t = ta D),
A=) 81 5 5 =GO )
At =0

AN ) 0 68 =D 5 - 61
A=) b S 82 =0,
A=) a B B3 (=00 (),
A=) a6 S 8 = (O, (16.18)

All the rest of AT, applying on b}/, give zero for any other f except the one
presented in Egs. (16.17, 16.18).

We can repeat this calculation for all four family members 6?‘” of any of families
f'. concluding

AT ap BT B
At an B2 B
AT a 531 - BT
ATt aa BT — B (16.19)

The recognition of this subsection concerns so far only internal space of fermions,
not yet its dynamics in ordinary space. Let us interpret what is noticed:

Statement 6. A fermion with the "basis vector” B?‘T, "absorbing” one of the commuting
Clifford even objects, ﬁ}nT, transforms into another family member of the same family, to
BPT, changing correspondingly the family member quantum numbers and keeping the
same family quantum number or remains unchanged.

The application of the Clifford even “basis vector” A\}“T on the Clifford odd "“basis
vector” does not cause the change of the family of the Clifford odd "“basis vector”.



204 N.S. Manko¢ Borstnik

Aii.

We need to know the quantum numbers of the Clifford even “basis vectors”, which
obviously manifest properties of the boson fields since they bring to the Clifford
odd “basis vectors” — representing the internal space of fermions — the quantum
numbers which cause transformation into another fermion with a different Clifford
odd "basis vectors” of the same family f. The Clifford even “basis vectors” do not
cause the change of the family of fermions.

Let us point out that the Clifford odd “basis vectors” appear in 22~ families
with 22~ family members in each family, four members in four families in the
d = (5+1) case, while the Hermitian conjugated partners belong to another group
of 2271 x 221 Clifford odd ”“basis vectors”, (to oddIlI in Table 16.1), while the
Clifford even "basis vectors” have their Hermitian conjugated partners within the
same group of 2771 x 22~ members (appearing in our treating case in evenlI
in Table 16.1). Since we found in Egs. (16.19, 16.17, 16.17) that the Clifford even
"basis vector” transforms the Clifford odd “basis vector” into another member of
the same family, changing the family members quantum numbers for an integer,
they must carry the integer quantum numbers.

One can see in Table 16.1 that the members of the group evenll], for example, are
Hermitian conjugated to one another in pairs and four of them are self adjoint.
Correspondingly ' has no special meaning, it is only the decision that all the
Clifford even "basis vector” are equipped with : ﬁ;n’r

Let us therefore calculate the quantum numbers of A\?T, where m and f distinguish
among different Clifford even “basis vectors” (with f which does not really denote
the family, since S*° = $%° + §° defines the whole irreducible representation
of 2271 x 2% "basis vectors”) with the Cartan subalgebra operators S =
Sab + §9b presented in Egs. (16.6).

In Table 16.3 the eigenvalues of the Cartan subalgebra members of S®° are pre-
sented, as well as the eigenvalues of the commuting operators of subgroups
SU(2) x SU(2) x U(1), that is the eigenvalues of (V?, N3, S°%), and of SU(3) x U(1),
that is the eigenvalues of (13,7, 1), expressions for which can be found in
Egs. (16.15, 16.16) if one takes into account that S = Se° + §9° The alge-
braic application of any member of a group f on the self adjoint operator (denoted
in Table 16.3 by () of this group f, gives the same member back.

The vacuum state of the Clifford even “basis vectors” is correspondingly the
normalized sum of all the self adjoint operators of these Clifford even grou
evenll. Each ofAA}an when applying on such a vacuum state gives the same AJ"'.

1 03 12 56 03 12 56 03 12 56 03 12 56

[Poceven >= 5 (HTIT ]+ [T T + AT T + (=T ] 1) (16.20)

The pairs of “basis vectors” ﬁ}“f, which are Hermitian conjugated to each other,
are in Table 16.3 pointed out by the same symbols. This property is independent
of the group or subgroups which we choose to observe properties of the ”basis
vectors”. If treating the subgroup SU(3) x U(1) one finds the § members ofAA'f“T,
which belong to the group SU(3) forming octet which has t* = 0, six of them ap-
pear in three pairs Hermitian conjugated to each other, two of them are self adjoint
members of the octet, with eigenvalues of all the Cartan subalgebra members equal
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to zero. There are also two singlets with eigenvalues of all the Cartan subalgebra
members equal to zero. And there is the sextet, with three pairs which are mutually
Hermitian conjugated. One can notice that the sum of all the eigenvalues of all the

Table 16.3: The "basis vectors” A\;“T, each is the product of projectors and an
even number of nilpotents, and is the “eigenvector” of all the Cartan subalgebra
members, §%3, S12, §5¢, Eq. (16.6), are presented for d = (5 + 1)-dimensional
case. Indexes m and f determine 27" x 2%~ different members AJ"'. In the
third column the “basis vectors” ./ﬁ“T which are Hermitian conjugated partners
to each other, and can therefore annihilate each other, are pointed out with the
same symbol. For example with x are equipped the first member with m = 1
and f = 1 and the last member with m = 4 and f = 3. The sign O denotes the
“basis vectors” which are self adjoint (A]*)T = AT, This table represents also
the eigenvalues of the three commuting operators N, S‘R and S5 of the subgroups
SU(2) x SU(2) x U(1) of the group SO(5,1) and the eigenvalues of the three
commuting operators >, 78 and t* of the subgroups SU(3) x U(1).

flm = A;ﬂ’r s03[s12[s56 NE N,% 3 8] 4
03 12 56
3 1 1 1 1 2
L1 x| [Fi) () (+) 0 1 L A v 3
03 12 56 . ] ; : 3
2 A=D1 (H)] —i 0 1 F—%|—% N 0
03 12 56
3 (=) (H) [—=]] —i 1 0 1 o —1 0 0
03 12 56
4 O [+il (=] [—] 0 0 0 o] o 0 0 0
03 12 56
: ; 1 1 1 1 2
1|1 o (i) [+] (+) i 0 -2 2| z|-35|°3
03 12 56 ] ] ] 3
2 Q=i (=) (+) o —1 =37 = 373 0
03 125
3 O [l [+ -] 0 0 0 0 0 0 0 0
03 12 5
4 Pl () [] il —1 o] —1 0 1 0 0
03 12 56
It Of [+il [+ [+] 0 0 0 0 0 0 0 0
03 12 56 . ] 5
2 OO|(=) () [+ —if —1 0 o| —1 0 -5 3
03 12 56
i i 1 1 1 1 2
3 ol (=) [+l ()| —i of —1| F|—5|—% svi| 3
03 12 56
3 1 1 1 1 2
4w | [+ (=) (—) of =1 V-7 |-2| 1| 75| 3%
03_ 12 56 ] 5
IVIT 00| (+1) (+) [+] i 1 0 0 1 0 5|3
03 12 56
2 Of [l [ [+] 0 0 0 0 0 0 0 0
03 12 56 ] ] . 3
3 ®[—i] (+) (—) 0 1 —1 > bl 3 0
03 12 56 . ] ] ; 3
4 Al i o =3 3| 3| 24 o

Cartan subalgebra members over the 16 members AT is equal to zero, indepen-
dent of whether we treat the group SO(5, 1), SU(2) x SU(2) x U(T), or SU(3) x U(T).

A.iii.
In A.i. we saw that the application of AT*" on the fermion “basis vectors” 6!
transforms the particular member 5" to one of the members of the same family f,

changing eigenvalues of the Cartan subalgebra members for an integer. We found
41
2

in A.ii the eigenvalues of the Cartan subalgebra members for each of 22~ x
(equal to 16in d = (5 + 1)) AT, recognizing that they do have properties of the
boson fields.
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It remains to look for the behaviour of these Clifford even “basis vector” when
they apply on each other. Let us denote the self adjoint member in each group of
"basis vectors” of particular f as A\?‘OT. We easily see that

{A\?T,A\P/T}_ =0, if(m,m’) #moorm=mo=m’,Vf,

AT s p AT = A vm, VL (16.21)

Two “basis vectors” A" and A\;“/T of the same f and of (m, m’) # m, are orthog-
onal. )

The two "basis vectors” A" and A7} T, the algebraic product, %, of which gives
nonzero contribution, like A} x4 A3 = A7, “scatter” into the third one, or anni-
hilate into vacuum |dqc,, ., >, Eq. (16.20), like A%T * A A\iT = /ﬁT. 2 To generate
creation and annihilation operators the tensor products, *, of the “basis vectors”
./T}“T, as well as of the ”basis vectors” BTT, with the basis in ordinary, momentum
or coordinate, space is needed.

Statement 7. Two "basis vectors” A\}“T and A\?"T of the same f and of (m, m’) # mg
are orthogonal. The two "basis vectors” with nonzero algebraic product, x, “scatter” into
the third one, or annihilate into vacuum.

B. Let us point out that the choice of the Clifford odd “basis vectors”, odd I,
describing the internal space of fermions, and consequently the choice of the
Clifford even ”basis vectors”, even II, describing the internal space of their gauge
fields, is ours. If we choose in Table 16.1 odd II to represent the “basis vectors”
describing the internal space of fermions, then the corresponding “basis vectors”
representing the internal space of bosonic partners are those of even I.

For a different choice of handedness of the Clifford odd ”basis vectors” for de-
scribing fermions — making a choice of the left handedness instead of the right
handedeness — Table 16.2 should be replaced by Table 16.4 and correspondingly
also A.i., A.ii., A.iii. should be rewritten.

For an even d there is a choice for either right or left handed family members. The choice
of the handedness of the family members determine also the vacuum state for the
chosen “basis vectors” for either — Clifford odd “basis vectors” of fermions or for
the corresponding Clifford even “basis vectors” of the corresponding gauge boson
fields.

C.  The Clifford even "basis vectors” fl}“T, representing the boson gauge fields
to the corresponding Clifford odd “basis vectors” b[*!, have the properties that
they transform Clifford odd "basis vectors” B?T of each family within the family

o . P L
members. There are the additional Clifford even “basis vectors” A; which trans-
form each family member of particular family into the same family member of
some of the rest families.

1 use “scatter” in quotation marks since the “basis vectors” ﬁ}“* determine only the

internal space of bosons, as also the “basis vectors” b*' determine only the internal space
of fermions.
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These Clifford even “basis vectors” ﬁ:ch are products of an even number of
nilpotents and of projectors, which are eigenvectors of the Cartan subalgebra
operators 503,512 /856 /§d=1d The table like Table 16.3 should be prepared
and their properties described as in the case of A.i., A.ii., A.iii.. A short illustration

amf
is to help understanding the role of these Clifford even ”basis vectors” A]fn .

mi
Let us use for the Clifford even “basis vectors” ﬁf the same arrangement with
products of nilpotents and projectors as the one, chosen for the Clifford even ”basis
vectors” ﬁ}“T in the case of d = (54 1) in Table 16.3, except that now nilpotents

and projectors are eigenvectors of the Cartan subalgebra operators 593,512 55,
ab ab

and are correspondingly written in terms of nilpotents (k) and projectors [kI.
The application of these nilpotents and projectors on nilpotents and projectors

Nt 03 12
appearing in b*' are presented in Eq. (16.13). Making a choice of A; (=[+i] (1)
56 03 12 56

(+)), with quantum numbers (8% = 0,82 =1,8% = 1), on b} (=(+1) (-) (-))
with the family members quantum numbers (S = 3/ S!
the family quantum numbers (5%3 = 1 /§12 = 1 8§56 —

N[=

)
.
=3
b—hN
e)
=
=
%
)

R 03 12 56
A= @ D) 8= O D) = 84 =0 D0, (622)

45, 03 12 56 . 403
b 4 (=(+1) [-] [-]) carry the same family members quantum numbers as '61 (S°° =

1,812 = 185 = 1)) but belongs to the different family with the family
quantum numbers (5°3 = 1 /§12 =1 856 = 1),

The detailed analyse of these last two cases B. and C. will be studied after this
Bled proceedings.

We can conclude that the Clifford even “basis vectors” ﬁ?ﬁ:

a. Have the quantum numbers determined by the Cartan subalgebra members of
the Lorentz group of S®° = $° 4+ §4®_ Applying algebraically, o, A" on the
Clifford odd “basis vectors” b1, A\?T transform these “basis vectors” to another
ones with the same family quantum numbers, EP‘T.

b. In any irreducibly representation of S*® A" appear in pairs, which are Hermi-
tian conjugated to each other or they are self adjoint.

c. The self adjoint members AT* define the vacuum state of the second quantized
boson fields.

d. Applying AT algebraically to each other these commuting Clifford even “basis
vector” forming another Clifford even “basis vector” or annihilate into the vacuum.
e. The choice of the left or the right handedness of the ”basis vectors” of an odd
Clifford character, describing the internal space of fermions, is ours. The left and
the right handed “basis vectors” of an odd Clifford character are namely Hermitian
conjugated to each other. With the choice of the handedness of the fermion “basis
vectors” also the choice of boson Clifford even ”basis vectors” — which are their
corresponding gauge fields — are chosen.
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03 12 56
f. There exist the Clifford even "basis vectors” fl;ﬂT (like ﬁ: ' (=[+i] (+) (1)) which
transform the Clifford odd "basis vectors” BPT, representing the internal space of
fermions, into the Clifford odd “basis vectors” ﬁ?ﬁ with the same family member
m belonging to another family f*.

16.2.4 "Basis vectors” describing internal space of fermions and bosons in any
even dimensional space

In Subsect. 16.2.3 the properties of the “basis vectors”, describing internal space
of fermions and bosons in a toy model with d = (5 + 1) are presented in order to
simplify (to make more illustrative) the discussions on the properties of the Clifford
odd ”basis vectors” describing the internal space of fermions and the Clifford even
"basis vectors” describing the internal space of corresponding bosons, the gauge
fields of fermions.

The generalization to any even d is straightforward. For the description of the
internal space of fermions I follow here Ref. [1].

a. The "basis vectors” offering the description of the internal space of fermions,
ab
BPT, must contain an odd product of nilpotents (k), 2n’ +1,ind = 2(2n + 1),
ab

=(0,1,2,..., %(% — 1), and the rest is the product of n” projectors k], n

— (2n’ 4+ 1). Nilpotents and projectors are chosen to be “eigenvectors” of the

members of the Cartan subalgebra.

After the reduction of the two kinds of the Clifford algebras to only one, y’s, the

generators S° of the Lorentz transformations in the internal space of fermions
described by y®’s, determine the 2%~ family members for each of 22~ families,

while 5¢°’s determine the § numbers (the eigenvalues of the Cartan subalgebra

"

n’ _
d 4
2 2

members of the 22~ families).
The Cliford odd “basis vectors” ﬁ?ﬁ obey the postulates of Dirac for the second
quantized fermion fields

67, 67 st Woe > = 8™™ 8¢p e >,
{6, 67 bt o > =0 - [thoc >,
B 67 s hoe > =0 - e >,
b7 i boe > = b >,
b xalhoe > =0 - hoc >, (16.23)

with (m, m’) denoting the ”family” members and (f, f') denoting “families”, %o
represents the algebraic multiplication of BF”T with their Hermitian conjugated
objects b™, with the vacuum state [Woce >, Eq. (17.10), and ’B}"T or ’B}‘?‘ among
themselves. It is not difficult to prove the above relations if taking into account
Eq. (17.5).

The Clifford odd “basis vectors” B}“T’s and their Hermitian conjugated partners
bI"’s appear in two independent groups, each with 22~ "x 2% ~1 members, Her-
mitian conjugated to each other.
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It is our choice which one of these two groups with 291x 251 members to take
as "basis vectors” Bim’s. Making the opposite choice the ”basis vectors” change
handedness.

b. The “basis vectors” for bosons, ﬁ}“f, must contain an even number of nilpotents
ab

(k),2n’.Ind =2(2n+1),n' = (0,1,2,..., %(% — 1)), the rest, n”, are projectors
ab

[k, n" = (g —(2n")).

The "basis vectors” are either self adjoint or have the Hermitian conjugated part-
ners within the same group of 22 " x 2%~ members.

They do not form families, m and f only note a particular “basis vector”. One of
the members of particular f is self adjoint and participates to the vacuum state
which has 27! summands, Eq. (16.20).

The Clifford even "basis vectors” A7*" commute, {AT*" ﬁ}“/T}_ =0, if both have
the same index f and none of them or both of them are self adjoint operators.

{ﬁ}“T,ﬁ;“IT}, =0, if(mym’) #moorm=my=m',Vf,

AP sq AToT = AT, v, VF. (16.24)

The two ”basis vectors”, A\?T and /ﬁr,”, the algebraic product, x4, of which gives
nonzero contribution, ”scatter” into the third one, or annihilate into the vacuum
[Poceyen >

Quantum numbers of AT are determined by the Cartan subalgebra members of
the Lorentz group S@° = §ab  §ab,

If a fermion with the “basis vector” b*" “absorbs” one of the commuting Clifford
even objects, ,Zl\?}‘T, it transforms into another family member of the same family, to
'B;“/T, changing correspondingly the family member quantum numbers, keeping
the family quantum number the same, or remains unchanged.

The remaining group of 2971 x 251 Clifford even “basis vectors”, presented in
Table 16.1 do not influence the chosen Clifford odd "“basic vectors”, but rather their
Hermitian conjugated partners B]E“.

smt
There are the even "basis vectors” A; , the nilpotents and projectors of which
ab ab

are (k), [k], respectively. These "basis vectors” ﬁ?T, if applying on the Clifford
odd "basis vectors” b, transform these “basis vectors” into “basis vectors” b7}
belonging to different family f, while the family member quantum number m
remains unchanged.

Exchanging the role of the Clifford odd “basis vector” B}“T and their Hermitian
conjugated partners b (what means in the case of d = (5 + 1) the exchange of
odd I, which is right handed, with odd II, which is lefthanded, in Table 16.1), not
only causes the change of the handedness of the new IA)?T, but also the change of
the role of the Clifford even “basis vectors” (what means in the case of d = (5 + 1)
the exchange of even II with even I).
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16.3 Second quantized fermion and boson fields with internal
space described by Clifford algebra

After the reduction of the Clifford space to only the part determined by y%’s, the
"basis vectors”, which are superposition of odd products of y¢’s, determine the
internal space of fermions. The "“basis vectors” are orthogonal and appear in even
dimensional spaces in 29" families, each with 2% family members. Quantum
numbers of family members are determined by S°, quantum numbers of families
are determined by ¥¢’s, or better by $¢%’s. ¥%’s anticommute among themselves
and with y%’s, as they did before the reduction of the Clifford space, Eq. (17.11).
"Basis vectors” B}“T, determining internal space of fermions, are in even dimen-
sional spaces products of an odd number of nilpotents and an even number of
projectors, chosen to be eigenvectors of the 4 Cartan subalgebra members of the
Lorentz algebra S, Table 16.2. There are 2971 x 221 Hermitian conjugated
partners of “basis vectors”, denoted by 'B}“(: (B}“T)T. It is our choice which one of
these two groups of 22! x 291 members are “basis vectors” and which one are
their Hermitian conjugated partners. These two groups differ in handedness as
can be seen in Table 16.1, if observing odd I and odd II, as well as if we compare
Table 16.2 and Table 16.4.

The Clifford odd anticommuting "basis vectors”, describing the internal space of fermions,
obey together with their Hermitian conjugated partners the postulates of Dirac for the
second quantized fermion fields, Eq. (17.11).

The Clifford even products of y*’s (with the even number of nilpotents) form twice
291 x 221 "basis vectors”, A\'f“T, describing properties of bosons, Table 16.3. Each
of the two groups are commuting objects due to the fact that even number of y¢’s commute.

Also the Clifford even “basis vectors” are chosen to be the eigenvectors of the
Cartan subalgebra of the Lorentz group, this time determined by S4° = §ab 4-5ab,
Egs. (16.19, 16.21). While the Clifford odd “basis vectors” and their Hermitian con-
jugated partners form two independent groups, the Clifford even “basis vectors”
have their Hermitian conjugated partners within each of the two groups.

The choice of the ”basis vectors” among the two groups of the Clifford odd
products of nilpotents and projectors for the description of the internal space
of fermions, distinguishing also in handedness and other properties (Table 16.2
and Table 16.4) made as well the choice foe the Clifford even “basis vectors”
describing the corresponding boson fields. We notice in Table 16.1 that the choice
of odd I for the description of the internal space of fermions makes even II to be
the corresponding boson field.

The remaining group of the 2% ' x 2%~ Clifford even "basis vectors”, presented
in Table 16.1 as even I are not the boson partners to the chosen Clifford odd odd I
"basic vectors”, but rather to their Hermitian conjugated partners b, presented as
odd IT in the same Table 16.1.

The creation operators, either for creating fermions or for creating bosons, must have
besides the "basis vectors” defining the internal space of fermions and bosons also the
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basis in ordinary space in momentum or coordinate representation. I follow here shortly
Ref. [1].

Let us briefly present the relations concerning the momentum or coordinate part of
the single particle states. The longer version is presented in Ref. ([1] in Subsect. 3.3
and in App. ])

[p>="0L10, >, <pl=<0,|b5,
<PIF > =08(F — ') =< 0, b5 b, 10, >,
leading to
b bl =58(p"—7), (16.25)

where the normahzatlon < 0p 10, >=1 to identity is assumed. While the quan-
tized operators p and X commute {pt, P} = 0and {&F,R'}_ = 0, this is not the
case for {p*, %'} = in¥. It therefore follows

<ﬁ|7_('> =< 0ﬁ|6ﬁ Byo;g >= (< 0,{‘6;{ 6% |0ﬁ >)T
{6;[5)6:3‘/}7203 {ija Bﬁ’}f:O» {Bfi) 6;[5/}720)
(6L, 6L )= =0,  {bg, b )-=0, {by b} =0,

while
. 1 B3 1
b5, bL} =P ¥ Abg, BL}. = e P (16.26
(b5, b1} prr= R e (1626
Statement 8. While the internal space of either fermions or bosons has the finite degrees
of freedom — 251 x 271 — the momentum basis has obviously continuously infinite
degrees of freedom.

Let us use the common symbol @} for both “basis vectors” b7*" and AT*. And
let be taken into account that either fermion or boson second quantized states are
solving equations of motion, which relate p® and p: p° = |p|. Then the solution of
the equations of motion can be written as the superposition of the tensor products,
T, of a finite number of “basis vectors” describing the internal space of a second
quantized single particle state, Af*, and the continuously infinite momentum basis

chm )bl s« @M} vace > w105 >, (16.27)

where p determines the momentum in ordinary space and s determines all the
rest of quantum numbers. The state written here as [vac, > *7 \Oﬁ > is considered
as the vacuum for a starting single particle state from which one obtains the other
single particle states by the operators, like b’., which pushes the momentum by
an amount P and the vacuum for either fermions [, >, Eq. (17.10), or bosons
[Bocerer > Eq. (16.20).

The creation operators for fermions can be therefore written as

bt (p chm (F) Bf; #1 B M oe > #1105 >, (16.28)
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while for the corresponding gauge bosons it follows

(A1) =Y ™ (F)BL w1 AMMHbocrren > #1105 > . (1629)

Since the ”basis vectors” '6?”, describing the internal space of fermion, and
their Hermitian conjugated partners do fulfil the anticommuting properties of
Eq. (17.11), then also b}' () and (b{'(§))f, Eq. (17.12), fulfil the anticommutation
relations of Eq. (17.11) due the commutativity of operators B; = (Biﬁﬁ = B,ﬁ
and anticommutativity of “basis vectors”.

The "basis vectors” for fermions bring to the second quantized fermions, that is to
the creation and correspondingly to the annihilation operators operating on the
vacuum state, the anticomutativity and 22" x 22~ quantum numbers of family
members and of families for each of continuously co many p. The fermion single
particle states therefore already anticommute.

The 2%~ x 22~ Clifford even "basis vectors” A\}“T, appearing in pairs which are
Hermitian conjugated to each other, fulfil the commuting properties of Eq. (16.21),
transfering these commuting properties also to 271 x 27~ members of A% (p),
Eq. (17.12), for any of continuously oo P, so that A3 () fulfil the commutation
relations of Eq. (16.21) according to commutativity properties of operators A\?T.
Statement 9. The odd products of the Clifford objects y“’s offer the "basis vectors” to
describe the internal space of the second quantized fermion fields. The even products of the
Clifford objects y*’s offer the "basis vectors” to describe the internal space of the second
quantized boson fields. They are the gauge fields of the fermion fields described by the odd
Clifford objects.

Statement 9.a The description of the internal space of fermions with the odd Clifford
algebra explains the second quantization postulates of Dirac. The quantized single fermion
states anticommute.

The /Ti* (p) “basis vectors” bring to the second quantized bosons, that is to the
creation operators and annihilation operators, appearing in pairs or as self ad-
joint operators, operating on the vacuum state, the commutativity properties and
2971 % 291 quantum numbers, explaining properties of boson particles. The or-
dinary basis, '/Bﬁ, brings to the creation operators the continuously infinite degrees
of freedom.

Statement 9.b The description of the internal space of bosons with the even Clifford
algebra explains the second quantization postulates for gauge fields. The quantized single
boson states commute.

Let us represent here the anticommutation relations for the creation and annihila-
tion operators of the second quantized fermion fields Gfr (F) and b$(p) by taking
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into account Eq. (17.11)

{bs! (pﬂ) b1 (5))4 o > 105 > = 8°% 8¢/ 8(F — P) o > 105 >,
b3 ("), BEP)}+ hoc > 05 > = 0[hoc > 05 >,
650", B (F))1 Woe > 105 > = 0[hoc > 05 >,

b3 (F) o > 105 > = 5(p) >

b5 (F) Woc > 105 > = 0hboc > 05 >

p°l = 1Pl (16.30)

The creation operators B?T (P,p°)) and their Hermitian conjugated partners anni-
hilation operators b (p, p®)), creating and annihilating the single fermion state,
respectively, fulfil when applying on the vacuum state, b, > [05 >, the anti-
commutation relations for the second quantized fermions, postulated by Dirac
(Ref. [1], Subsect. 3.3.1, Sect. 5).

The anticommutation relations of Eq. (17.14) are valid also if we replace the vac-
uum state, (poc > |05 >, by the Hilbert space of Clifford fermions generated by
the tensor product multiplication, t,,, of any number of the Clifford odd fermion
states of all possible internal quantum numbers and all possible momenta (that is
of any number of Ig]fT(ﬁ) of any (s, f,P)), Ref. ([1], Sect. 5.).

The commutation relations among boson creation operators A3' () can be written
as

A (), A5 () = 5571 A T (5 — ) (16.31)

Let us present an example with p = (0,0,p3,0,0) and the choice /ﬁT(ﬁ) and
./21\? (p’), taken from Table 16.3, one finds

/N

{(A31(p), 4,

/N

(B ==8(F—p) AT (). (16.32)

One can notice that the sums over each of the quantum numbers (S°3, S12, 856 N3 N3, 13,18,
of the left hand side are equal to the corresponding quantum numbers on the right
hand side.

The study of properties of the second quantized bosons with the internal space of
which is described by the Clifford even algebra has just started and needs further
consideration.

Let us point out that when breaking symmetries, like in the case of d = (5+ 1)
into SU(2) x SU(2) x U(1), one easily sees that the same, either the right or the
left representations appear within the same, only the right, Table 16.2, or only the
left, Table 16.4, representation, manifesting the right (left) hand fermions and the
left (right) handed antifermions [24]. The same observation demonstrates also
Table 16.5, in which in each octet of u-quarks and d-quarks of any colour and
in the octet of colourless leptons the left and the right members of fermions and
antifermions appear.
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16.3.1 Simple action for fermion and boson fields

Let the space be d = 2(2n + 1)-dimensional. The spin-charge-family theory proposes
d = (134 1)-dimensional space, or larger, so that the “basis vectors”. describing the
internal space of fermions and bosons, offers the properties of the observed quarks
and leptons and their antiquarks and antileptons, as well as the corresponding
boson fields, as we learn in thic contribution.

The action for the second quantized massless fermion and antifermion fields, and
the corresponding massless boson fields in d = 2(2n + 1)-dimensional space is
therefore

A :J dix E ]E Wv%*poa) + hoc. +
Jdde(ocR+5cf2),

1
Poa = fO(apOoc + E{PmEfO‘a}f )

1 1.
Pox = Px — Esabwaboc - Zsaba)aboc)

1
R = E {fcx[afﬁb] (waboc\B — Wcax wcbﬁ)} + h.C.,

1
5 {FLfBY) (@ pap — Dean @Cbp )} + hec.. (16.33)

R=
Here 3 fxlafBbl — fxafPb _ fabpla,
It is proven in Refs. [26,38] that the spin connection gauge fields manifest in
d = (3 + 1) as the ordinary gravity, the known vector gauge fields and the scalar
gauge fields, offering the (simple) explanation for the origin of higgs assumed by
the standard model, explaining as well the Yukawa couplings.

16.4 Conclusions

In the spin-charge-family theory the Clifford algebra is used to describe the internal
space of fermion fields, what brings new insights, new recognitions about proper-
ties of fermion and boson fields ( [1] and references therein):
The use of the odd Clifford algebra elements y“’s to describe the internal space
of fermions offers not only the explanation for all the assumptions of the standard
model, with the appearance of the families of quarks and leptons and antiquarks
and antileptons included, but also for the appearance of the dark matter in the
universe, for the explanation of the second quantized postulates for fermions of
3 f%, are inverted vielbeins to e with the properties e®of%, = §%, e%fP, = 85, E =
det(e“). Latin indices a, b, .., m,n, .., s, t,.. denote a tangent space (a flat index), while
Greek indices «, f3, .., W, Vv, ..0, T, .. denote an Einstein index (a curved index). Letters from
the beginning of both the alphabets indicate a general index (a, b,c, .. and «, 3,v, .. ),
from the middle of both the alphabets the observed dimensions 0, 1,2,3 (m,n,.. and
W, v, ..), indexes from the bottom of the alphabets indicate the compactified dimensions
(s,t,.. and 0,1, ..). We assume the signature n® = diag{1,—1,-1,--- ,—1}
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Dirac, for the matter/antimatter asymmetry in the universe, and for several other
observed phenomena, making several predictions.

This article is the first trial to describe the internal space of bosons while using the
even products of Clifford algebra objects y“’s.

Although this study of the internal space of boson fields with the even Clifford
algebra objects needs further considerations, yet the properties demonstrated in
this paper are at least very promising.

Let me repeat briefly what I hope that we have learned.

i. There are two kinds of the anticommuting algebras, the Grassmann algebra,
offering in d-dimensional space 2 - 29 operators, and the two Clifford algebras,
each with 24 operators. The Grassmann algebra operators are expressible with
the operators of the two Clifford algebras and opposite, Eq. (16.4), and opposite.
The two Clifford algebras are independent of each other, Eq. (16.5), forming two
independent spaces.

ii. Either the Grassmann algebra or the two Clifford algebras can be used to de-
scribe the internal space of anticommuting objects, if the odd products of operators
are used to describe the internal space of these objects, and of commuting objects,
if the even products of operators are used to describe the internal space of these
objects.

iii. The “basis vectors” can be found in each of these algebras, which are eigenvec-
tors of the Cartan subalgebras, Eq. (16.6), of the corresponding Lorentz algebras
Seb, Sab and §9b, Eq. (17.7).

iv. After the reduction of the two Clifford algebras to only one — y®°’s — as-
suming how does ¢ apply on y%: {y°B = (—)B iBy%} o >, with (—)B = —1,
if B is (a function of) an odd products of y’s, otherwise (—)B = 1, there remain
twice 2%~ iredducible representations of S®°, each with the 251 members. %’s
operate on superposition of products of y*’s.

v. The "basis vectors”, which are superposition of odd products of y¢’s, can be
arranged to fulfil the anticommutation relations, postulated by Dirac, explaining
correspondingly the anticommutation postulates of Dirac, Egs. (16.9, 16.11).

abr

v.a. The Clifford odd 27" members of each of the 272~ irreducible representa-
tions of ”basis vectors” have their Hermitian conjugated partners in another set
of 221 .22~ "basis vectors”, Tables (16.1, 16.2). The two sets of “basis vectors”
differ in handedness, Tables (16.2, 16.4).

v.b. It is our choice which set we use to describe the creation operators and which
one to describe the annihilation operators. Correspondingly we have either left or
right handed creation operators.

v.c. The family members of “basis vectors” have the same properties in all the
families. The sum of all the eigenvalues of all the commuting operators over the
2% family members is equal to zero for each of 2% families, separately for left
and separately for right handed representations. The sum of the family quantum
numbers over the four families is zero.

vi. The Clifford even “basis vectors”, which are superposition of even products of
v%’s, commute.

vi.a. The Clifford even "“basis vectors” have their Hermitian conjugated partners
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within the same group of 29-1%2% -1 members, Table 16.3, or are self adjoint.
vi.b. Each of the two groups of the Clifford even 2%~'x 22~ “basis vectors”
applies algebraically on only one of the two Clifford odd “basis vectors”, (in Ta-
ble 16.1 Clifford even II “basis vectors” apply on Clifford odd I ”basis vectors”),
conserving the quantum numbers of the internal space.

vi.c. The Clifford even “basis vectors”, applying algebraically on the Clifford odd
"basis vectors”, transform the Clifford odd “basis vector” into another member of
the same family, Egs. (16.17, 16.18, 16.19).

vi.d. The Clifford even “basis vectors” have obviously the quantum numbers of
the adjoint representations with respect to the fundamental representation of the
Clifford odd partners of the Clifford even "basis vectors”, Table 16.3.

vi.e. The sum of all the eigenvalues of all the Cartan subalgebra members over
the members of Clifford even “basis vectors” is equal to zero, independent of
the choice of the subgroups (with the same number of the Cartan subalgeba),
Table 16.3. /

vi.f. Two Clifford even “basis vectors” (AT and A" ') of the same f and of
(m, m’) # myg are orthogonal. The two “basis vectors” with non zero algebraic
product, x4, "scatter” into the third one, or annihilate into the vacuum,.

vi.g. The superposition of products of even number of ¥¢’s transform the member
of the Clifford odd “basis vector” of particular family into the same family member
of another family.

vii. The creation and annihilation operators for either the Clifford odd or the
Clifford even fields, contain besides the corresponding “basis vectors” also the
basis in ordinary, coordinate or momentum, space, Egs. (17.12, 16.28, 16.29).
vii.a. The tensor products, T, of the “basis vectors” describing the internal space
of fermions or bosons and the basis in ordinary space have the properties of cre-
ation and annihilation operators for either fermion or boson fields, defining the
states when applying on the corresponding vacuum states, Egs. (17.10, 16.20).
vii.b. While the internal space of either fermions or bosons has the finite degrees
of freedom — 22" x 22~ — the momentum basis has obviously continuously
infinite degrees of freedom. Correspondingly the single particle states have contin-
uously infinite degrees of freedom.

vii.c. There are the “basis vectors” describing the internal spaces of either fermions
or bosons, which bring commutativity or anticommutativity to creation and anni-
hilation operators.

vii.d. The single particle states described by applying the Clifford odd creation
operators on the vacuum state, anticommute, while the single particle states de-
scribed by applying the Clifford even creation operators on the vacuum state
commute. The same rules are valid also when applying creation operators on the
corresponding Hilbert spaces, Ref. (nh2021RPPNP), Sect. 5.

vii.e. Fermion fields described by using the Clifford odd creation operators interact
with exchange of the corresponding boson fields described by the Clifford even
creation operators, Eq. (16.19). Bosons fields interacts on both ways, with boson
fields (if the corresponding two “basis vectors” have non zero algebraic product,
xa ), as well as with fermions.

vii.f. The application of the creation operators with the Clifford even “basis vec-



16 New way of second quantization of fermions and bosons 217

tors”, in which all the y%’s are replaced by ¥“’s, on the fermion creation operators,
transform the fermion creation operator to another one, belonging to different
family with the unchanged family members of the “basis vectors”, Subsect. (16.2.4,
part b.).

Let me conclude this contribution by saying that so far the description of the
internal space of the second quantized fermions with the Clifford odd “basis vec-
tors” offers a new insight into the Hilbert space of the second quantized fermions
(although there are still open questions waiting to be discussed, like it is the ap-
pearance of the Dirac sea in the usual approaches), the equivalent description of
the internal space of the second quantized boson fields with the Clifford even
"basis vectors” needs, although to my opinion very promising, a lot of further
study.

16.5 Eigenstates of Cartan subalgebra of Lorentz algebra

The eigenvectors of S%° and $%? in the space determined by y%’s is as follows

~| T1(1(1 ] naa
ab_ (,,a b = (v b
S 2(v+ikv) 22W+ﬂ<Y)
1 i k1 i

ab ! t.a ~ T ~,a.,b

S 2(1+kvv) 22(1+kvv),
~ 1 nee | k1 nee
ab ' (ca LA} -~ b
S 2(v+ika 22(v+ kv),
< 1 i_ k1 1_ae
Sab§(1+iﬁ7a b)Z*E i(]JFEY 7°). (16.34)

with kZ — T]aanbb
The proof of the first two equations of Eq. (16 34) goes as follows, a # b is assumed:
VYRl ey = gy (mtey? + 1 ye) = k1 (ye —naalyb),
Syaye E (14 yiy) = 4T lhey — ineanBh) — K1 dyeye),

For proving the second two equations it must be recognized that after the reduction
of the Clifford space to only the part spent by y“’s, that is after requiring

{T/GB = (_)B iBy“thboce >,

with (—)B = —1, if B is (a function of) an odd product of y%’s, otherwise (—)® =
1 [35], the relations of Eq. (16.5) remain unchanged.

One can see this as follows (I follow here Ref. [1], Statement 3a. of App.I)

e, 770 =M =999° + 95 =9y® + Py =ty (v + iy (AP =
mev,

Y0k =0=v4y" +vP¥% =y (v +v 1y =0.
Taking this into account it follows

STy Ty ) = SYUVP (v Iy ®) = 53 (v ey
—y) =53 (ve +“kv) _ _
ST+ 2y y®) = 33T+ vy vy = 33 (=v4y® + fneen®®) = =55 (1 +
i,,a4,b

Yy’

where it is taken into account that k? = n®9nb?

ik

ohl=
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16.6 Clifford odd and even “basis vectors” continue

In Table 16.2 the Clifford odd “basis vectors” of the right handedness were chosen
for the description of the internal space of fermions in d = (5 + 1)-dimensional
space, noted in Table 16.1 as odd I.

If we make a choice of odd II for the Clifford odd “basis vectors” in Table 16.1,
and take the odd]I as their Hermitian conjugated partners, then these ”basis
vectors” are left (not right) handed and have properties presented in Table 16.4.
We can compare their properties by the properties of the right handed “basis
vectors” appearing in Table 16.2. The two groups odd I and odd II are Hermitian
conjugated to each other. We clearly see if comparing both tables, Table 16.2 and

Table 16.4: The ”basis vectors”, this time left handed — 'B?l:(c}"s” (each is a
product of projectors and an odd number of nilpotents, and is the “eigenstate” of
all the Cartan subalgebra members, $°3, S2, $5¢ and §°3, §2, §5¢ Eq. (16.6) (ch
(charge), the eigenvalue of $°°, and s (spin), the eigenvalues of $°% and S'?, explain
index m, f determines family quantum numbers, the eigenvalues of (5°3, 512, §5¢)
— are presented for d = (5 + 1)-dimensional case. Their Hermitian conjugated
partners — Bm (¢M$) __ can be found in Table 16.2 as “basis vectors”. This table
represents also the eigenvalues of the three commuting operators Nf’R and S°° of
the subgroups SU(2) x SU(2) x U(1) and the eigenvalues of the three commuting
operators t3,7® and Tt of the subgroups SU(3) x U(1), in these two last cases

index m represents the eigenvalues of the corresponding commuting generators.
=(ch,s)t

PO = —yO0yly2y3y5y6 = 1, T3+1) = §y0y1y2y3 Operators 'B‘fn and
6?1 (eh>$) f11fil the anticommutation relations of Egs. (16.9, 16.11).

flm = (ch,s) gpl:(ch »$)T[g03[gT12]g56][ 3 +1 Nf NsR 3 8| 4]503[512(556
I I R R e I I
R L e B R T B ) e A R e e e A R A R A R
s L GuCh ) 3] b g o] o B oo J5l-k[-d| 3] b
] S Y Y Y ) ) S
B e I e I e R e e e I e
nle GO E) g g g o $|-sm|d| 33 4
nsch b Gothi ) g 33| | o 3| o J|H| #[-F| %
] s B e o ] Y ) ) R N S 4
T RN 1 B N e e
mila Pl GOSN S 3 | of boglg || i 3|
mils DGO g 3 ] ol 3| o K] §| 3|d
s b S0 g4 3] o] ol=d| o] o 3] 4| 3|4
S ERE T ] ST N0 ) Y B Y Y Y B I R )
w2 (5 -5 Gy 313 3 | o 3 als| Ry 32
s 3. H G ld S i O3 -3 I e e e A A
O P 5] Vi W WG] 4 I B ) Y ) )
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Table 16.4, that they do differ in properties. In particular the difference among
these two kinds of “basis vectors” is easily seen in the SU(3) x U(1) subgroup,
that is in (13, T8, 1*) values.

In Table 16.5 one finds the left and the right handed content of one of the families,
the fourth ones, presented in Ref. [1], Table 5, if d = (5+ 1) is taken as the subspace
of the space d = (134 1).

16.7 Some useful relations in Grassmann and Clifford space,
needed also in App. 16.8

The generator of the Lorentz transformation in Grassmann space is defined as
follows [20]

Sab _ (eapeb _ ebpea)
= §9P 590 (59P Sed) o, (16.35)

where S° and §9° are the corresponding two generators of the Lorentz transfor-
mations in the Clifford space, forming orthogonal representations with respect to
each other.

We make a choice of the Cartan subalgebra of the Lorentz algebra as follows

§03 g12 g% ... gd-1d
§03 §12 g56 ... gd-1d
503 §12 g% ... gd-1d
if d=2n. (16.36)

We find the infinitesimal generators of the Lorentz transformations in Clifford
space

('Ya'Yb 7,Yb,ya) , Sab]L — T]aanbbsab ,
, gab]L — T]ao.nbbgab , (1637)

where y* and ¥¢ are defined in Egs. (16.4, 16.5). The commutation relations for
either S°P or SP or §aP, §ab — gab 4 Sab a4

{Sab’gcd}i _ O,
{Sab,SCd}_ — i(nadsbc _|_nbcsad _nacsbd _nbdsaC) ,
{S“b,§°d}7 _ i(nadgbc +nbcgad _nacgbd _nbdgaC) . (1638)

The infinitesimal generators of the two invariant subgroups of the group SO(3,1)
can be expressed as follows

—

Ni(=Ng):= (5% +iS°7, 831 +i802 812 +i503). (16.39)

N =
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The infinitesimal generators of the two invariant subgroups of the group SO(4)
are expressible with $° (a,b) = (5,6,7,8) as follows

-1 .

(858 o 567) S57 + 868, 356 _ 878) ,

—_ N =

2= —(S78 4557 §57 568 g56 4 578y, (16.40)

N

while the generators of the SU(3) and U(1) subgroups of the group SO(6) can be
expressed by S° (a,b) = (9,10,11,12,13,14)

» 1

T3 — 2{59]2751011)891]+S1012) 5910781112,
914 1013 ¢9213 1014 ¢1114 1213
§914 _gl013 g913 4 g1014 1114 _g1213

i

SH ]3+S]2]4, (5910+SH 12_251314)})

V3
o _%(5910_'_511 12 1314y, (16.41)
The group SO(6) has @ = 15 generators and § = 3 commuting operators.

The subgroups SU(3) xU(1) have the same number of commuting operators, ex-
pressed with 133, 138 and 1%, and 9 generators, 8 of SU(3) and one of U(1). The

rest of 6 generators, not included in SU(3) xU(1), can be expressed as %{59 12 4
§1011 g911 _g1012 g914 4 1013 ¢913 _ g1014 g1114 | 1213 1113 _g1214

The hyper charge Y can be defined as Y = 123 + 1.

The equivalent expressions for the “family” charges, expressed by S°, follow if
in Eqs. (17.26 - 17.28) S@° are replaced by S$¢°.

Let us present some useful relations from Ref. [23].

ab ab ab ab ab ab ab ab ab ab
(k)(k) =0, (K (=k)=n** [k, (=k)(kK)=n*"[-Kk], (=k)(-k)=0,
abab ab ab ab ab ab ab ab ab
(kllk] = [K], (k][-k]=0, [—kIk]=0, [—kI[—k]=[-k],
ab ab abab ab ab ab ab ab ab
(k)] =0, (k] (k)=(k), (k) k]=(—k), (—=k)[=kl=0,
ab ab ab ab ab ab ab ab ab ab
(k) [=k] = (kJ, (k](—k)=0, [—Kkl(k)=0, [—KI(—k)=(—Kk) .

(16.42)

16.8 One family representation in d = (13 4 1)-dimensional
space with 22" members representing quarks and leptons
and antiquarks and antileptons in the spin-charge-family
theory

In Table Table so13+1. the “basis vectors” of one irreducible representation, one
family, of the Clifford odd basis vectors of left handedness, I'''3*1), is presented,
including all the quarks and the leptons and the antiquarks and the antileptons of
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Table 16.5: theet handed (" (1351) — __1 [23]) multiplet of spinors — the members of the fundamental representation of the S O (13

group, manifesting the subgroup S O (7
massless basis using the technique presented in Refs. [23,31,34,35]. It contains the left handed (I" (3,1) —

, 1) of the colour charged quarks and antiquarks and the colourless leptons and antileptons — is presented in the
—1)weak (SU (2) ) charged (v 13 = i%,

Eq. (17.27)),and SU (2) [ 1 chargeless ('r2 3 = 0, Eq. (17.27)) quarks and leptons and the right handed (" (3,1) =
SU(2)yy charged (123
inthe SU (3) x U (1) part: Quarks are triplets of three colours (c t

1) weak (S U (2) 1) chargeless and
= £ 1) quarks and leptons, both with the spin S 2 up and down (& J, respectively). Quarks distinguish from leptons only
3 3 3 8 1 1 1 1 1
— (1 (=1 0 , Eq. (17.28

)= 104, Z\F)( 35350 (0, — =)L Ee 0728)
carrying the “fermion charge” (74 = 6 , Eq. (17.28)). The colourless leptons carry the “fermion charge” (’r =1 ). The same multiplet contains also the
left handed weak (S U (2) 1) chargeless and S U (2) 1 charged antiquarks and antileptons and the right handed weak (S U (2) 1) chargedand SU (2) 1
chargeless antiquarks and antileptons. Antiquarks distinguish from antileptons again only in the SU (3) X U (1) part: Antiquarks are antitriplets, carrying
Y = (23 4 14 is the hyper charge, the

- (7

the “fermion charge” (4 = — 1), The anticolourless antileptons carry the “fermion charge” (14 = ).

electromagnetic chargeis Q = (T '3 ~+ Y). The vacuum state, on which the nilpotents and projectors operate, is presented in Eq. (17.10). The reader can find
this Weyl representation also in Refs. [25], [26], [31] and the references therein.

the standard model. The needed definitions of the quantum numbers are presented
in App. 16.7.

In Tables 16.1, 16.2, 16.3 a simple toy model for d = (5 + 1)-dimensional space is
discussed, and the properties of fermions (appearing in families) and their gauge
boson fields (the vielbeins and the two kinds of the spin connection fields) analysed.
The manifold (54 1) was suggested to break either into SU(2) x SU(2) x U(1) or to
SU(3) x U(1) to study properties of the fermion and boson second quantized fields,
with second quantization origining in the anticommutativity or commutativity of
"basis vectors”

Here only one family of “basis vectors” is presented to see that while the starting
"basis vectors” can be either left or right handed, the subgroups,of the starting
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group contain left and right handed members, as it is SU(2) x SU(2) x U(1) of
SO(5 + 1) in the toy model.

The breaks of the symmetries, manifesting in Egs. (17.26, 17.27, 17.28), are in
the spin-charge-family theory caused by the condensate and the nonzero vacuum
expectation values (constant values) of the scalar fields carrying the space index
(7,8) (Refs. [23,31] and the references therein), all originating in the vielbeins
and the two kinds of the spin connection fields. The space breaks first to SO(7, 1)
xSU(3) x U(1); and then further to SO(3,1) x SU(2); x U(1); xSU(3) x U(1)qy,
what explains the connections between the weak and the hyper charges and the
handedness of spinors.

16.9 Handedness in Grassmann and Clifford space

The handedness I'4) is one of the invariants of the group SO(d), with the infinites-
imal generators of the Lorentz group S°, defined as

rld = X€ajaz...ag_1aq Sardz . §asas ... Sdda—1da (16.43)

with &, which is chosen so that I'4) = +1.

In the Grassmann case S®° is defined in Eq. (16.6), while in the Clifford case
Eq. (16.43) simplifies, if we take into account that S®°|o »p = +y*y® and §9°|q 41, =
1y9y°, as follows

M. =@y T (Vn*y®), if d=2n.

a

(16.44)
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