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Abstract: We introduce a new class of division algebras, the hyperpolyadic algebras, which corre-
spond to the binary division algebras R, C, H, O without considering new elements. First, we use
the matrix polyadization procedure proposed earlier which increases the dimension of the algebra.
The algebras obtained in this way obey binary addition and a nonderived n-ary multiplication and
their subalgebras are division n-ary algebras. For each invertible element, we define a new norm
which is polyadically multiplicative, and the corresponding map is a n-ary homomorphism. We
define a polyadic analog of the Cayley-Dickson construction which corresponds to the consequent
embedding of monomial matrices from the polyadization procedure. We then obtain another series of
n-ary algebras corresponding to the binary division algebras which have a higher dimension, which
is proportional to the intermediate arities, and which are not isomorphic to those obtained by the
previous constructions. Second, a new polyadic product of vectors in any vector space is defined,
which is consistent with the polyadization procedure using vectorization. Endowed with this intro-
duced product, the vector space becomes a polyadic algebra which is a division algebra under some
invertibility conditions, and its structure constants are computed. Third, we propose a new iterative
process (we call it the “imaginary tower”), which leads to nonunital nonderived ternary division
algebras of half the dimension, which we call “half-quaternions” and “half-octonions”. The latter
are not the subalgebras of the binary division algebras, but subsets only, since they have different
arity. Nevertheless, they are actually ternary division algebras, because they allow division, and their
nonzero elements are invertible. From the multiplicativity of the introduced “half-quaternion” norm,
we obtain the ternary analog of the sum of two squares identity. We show that the ternary division
algebra of imaginary “half-octonions” is unitless and totally associative.

Keywords: hypercomplex algebra; ternary algebra; n-ary algebra; querelement; quaternion; octonion;
Cayley-Dickson construction; division algebra; structure constant; vector space; vectorization; vector
multiplication
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1. Introduction

The field extension is a fundamental concept of algebra [1-3] and number theory [4-6].
Informally, the main idea is to enlarge a given structure in a special way (using elements
from outside the underlying set) and try to obtain a resulting algebraic structure with
“good” properties. One of the first well-known examples is the field of complex numbers
C, which is a simple field extension of real numbers R. The direct generalization of
this construction leads to the hypercomplex numbers (see, e.g., [7,8]) defined as finite
D-dimensional algebras A over the reals with a special basis (with squares restricted to
0, £1). Among numerous versions of hypercomplex number systems [9,10] (for a modern
review, see, e.g., [11,12]), only the complex numbers A = C (D = 2), quaternions A = H
(D = 4), and octonions A = O (D = 8) are classical division algebras (with no zero divisors
or nilpotents) [13-15], and the latter two can be obtained via the Cayley-Dickson doubling
procedure [16-18].
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In this paper, we construct nonderived hyperpolyadic structures corresponding to
the above division algebras without introducing new elements (as in, e.g., [19,20]). Recall
the numerous applications of higher arity structures in physics [21-23], in particular in
particle dynamical models [24-26] and supersymmetry [27-29]. There are plenty of n-ary
generalizations of associative and Lie algebras, for examples and reviews, see [30-33].

Here, we will first use the matrix polyadization procedure proposed by the author
in [34]. We show that the polyadic analog of the Cayley-Dickson construction can only lead
to non-division algebras of higher dimensions than the initial division algebras. For the
n-ary algebras thus obtained, we introduce a new norm which is polyadically multiplicative
and is well defined for invertible elements.

Second, we propose a new polyadic product of vectors in any vector space, which
is consistent with the polyadization procedure using vectorization. Endowed with this
product, the vector space becomes a polyadic algebra, which is a division algebra under
some invertibility conditions. Its structure constants are computed, and a numerical
example is given.

Third, on the subsets of the binary division algebras, we propose another new construc-
tion (we call it the “imaginary tower”) and an iterative process which naturally gives the
corresponding nonderived ternary division algebras of half a dimension. The latter are not
subalgebras, because they have a different multiplication and different arity than the initial
algebras. We call the nonunital ternary algebras obtained in this way “half-quaternions”
and “half-octonions”. They are actually division algebras, because nonzero elements are
invertible and thus allow division. From the multiplicativity of the “half-quaternion” norm,
we obtain the ternary analog of the sum of two squares identity. Finally, we show that the
unitless ternary division algebra of imaginary “half-octonions” is ternary totally associative.

2. Preliminaries

Here, we briefly remind the reader of notation from [34]. A (one-set) polyadic algebraic

structure & is a set A closed with respect to polyadic operations (or n-ary multiplication)

ultl o A" — A (n-ary magma). We denote polyads [35] as @ = @) = (ay,...,a;), a; € A,
k

and af = (a, e, a) , a4 € A (usually, the value of k follows from the context). A (positive)
polyadic power is

a(éﬂ) _ (y[n})ofy [azﬂ(n—l)ﬂ}, a €A l, €N 1)

A polyadic /,-idempotent (or idempotent for £, = 1) is defined by all) =a. A polyadic
zero is defined by ul"l[@,z] = z,z € A, @ € A", where z can be on any place. An element
of a polyadic algebraic structure a is called £,-nilpotent (or nilpotent for ¢, = 1), if there

exist £, such that all) =z A polyadic (or n-ary) identity (or neutral element) is defined
by
y[”] [a, e”_l} =a, VYa€A, )

where a can be on any place on the L.h.s. of (2). In addition, there exist neutral polyads
(usually not unique) satisfying

ull[a, i) =a, VaeA 3)
A one-set polyadic algebraic structure <A | ;4[”]> is totally associative, if
o2 - —
(y[”]) [E, b, E’} = y[”} {ﬁ,y[”] [b},é’} = {nvariant, 4)

with respect to the placement of the internal multiplication on any of the # places, and
d,b, are polyads of the necessary sizes.
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A polyadic semigroup §!" is a one-set and one-operation structure in which "l is
totally associative. A polyadic structure is (totally) commutative, if u"l = ul"l o o, for all
o € Sy,. A polyadic structure is solvable, if for all polyads b, ¢ and an element x, one can

(uniquely) resolve the Equation (with respect to x) for ul! {E, x, E’} = a, where x can be on

any place, and b, € are polyads of the needed lengths. A solvable polyadic structure is called
n-ary quasigroup [36]. An associative polyadic quasigroup is called a n-ary (or polyadic)
group €1" (for a review, see, e.g., [37]). In an n-ary group, the only solution of

y[”] {anfl,ﬁ} =a, a,d€cA, ()

is called the querelement (the polyadic analog of an inverse) of a and denoted by i [38],
where 4 can be on any place. The relation (5) can be considered as a definition of the unary
queroperation i1 [a] = 4 [39].

For further details and references, see [34].

3. Matrix Polyadization

Let us briefly (just to establish notation and terminology) recall that the 2—,4—, 8-dimensional
algebras are the only hypercomplex extensions of the reals A = R (Hurwitz’s theorem
for composition algebras) A = D = C,H, O which are normed division algebras. The
first two are associative (and can be represented by matrices), and only C is commuta-
tive (being a field). We use the unified notation z € I, and if we need to distinguish
and concretize, the standard parametrization will be exploited C 5z = z(5) = a + bi and
H>z = Zg) =a+ bi+cj+dk, etc.,a,d,c,d € R. The standard Euclidean norm (2-norm)

|z]| = v/z*z (where the conjugate is 22‘2) = a — bi, etc.), for z € D (which for C coincides

with the modulus Hz(z) H = ’z(z)‘ = Va2 + 12, and Hz(4) H = Va2 + b2+ 2+ d2, etc.) has
the properties

1] =1, (6)
[Az]| = [Alll=]], @)
|2/ +2"|| < ||Z]| +||z"|l, LA€R, 1,z7,2" eD, 8)
and is multiplicative
2122 = [|z1[l[|z2[] € Rz, z €D, )

such that the corresponding mapping D — R>( is a homomorphism. Each nonzero
element of the above normed unital algebra has the multiplicative inverse z7 'z = 1,
because the norm vanishes only for z = 0 and there are no zero divisors, and therefore,
from ||z|* = z*z € R>y, it follows that

%

z1:|;T ze D\ {0}. (10)

To construct the polyadic analogs of the binary hypercomplex algebras A and, in
particular, of the binary division algebras D (over R), we use the polyadization procedure
proposed in [34] (called there block-matrix polyadization). It is based on the general
structure theorem for polyadic rings (a generalization of the Wedderburn theorem): any
simple (2, n)-ring is isomorphic to the ring of special cyclic shift block-matrices (of the
shape (11)) over a division ring [40].

Let us introduce the (n — 1) x (n — 1) cyclic shift weighted matrix with the elements
from the algebra A
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0 z ... 0 0
0 0 =z 0
7 = zMh — o o . . , zi €A (11)
: 0 z,
Z,4 0 ... 0 0

The matrices of such a shape, i.e., (11) play a considerable role in coding [41] and were
intensively studied in [42,43]. Here, we will apply the cyclic shift weighted matrices to the
polyadization procedure introduced in [34].

The set of matrices of the form (11) is closed with respect to the ordinary product (-) of
exactly n matrices, but not of fewer. Therefore, we can define the n-ary multiplication [34]

n
—_—N—
”[Zn] |:Z/,Z” 2 T N T A Z[”], 12)

which is nonderived in the sense that the binary (and all < n — 1) products of Z"/’s are
outside the set (11).

Remark 1. The binary addition in the algebra A transfers in the standard way to matrix addition (as
component-wise addition), and so we will mostly pay attention to the multiplicative part, implying
that the addition of Z-matrices (11) is always binary.

Definition 1. We call the following new algebraic structure
Al = ({2} | (+), 1)) (13)

a n-ary hypercomplex algebra Al which corresponds to the binary hypercomplex algebra A by the
matrix polyadization procedure.

Proposition 1. The dimension D" of the n-ary hypercomplex algebra A" is
DI = dim A" = D(n —1). (14)
Proof. It obviously follows from (11). O

Proposition 2. If the binary hypercomplex algebra A is associative (for the dimensions D = 1,
D =2and D = 4), the n-ary multiplication (12) in components has the cyclic product form [34]

n

a/ " "
z

2122 “e. n_lzl - 21,
n
! " _nm
ZpZ3 ...27 2y = 2y,
n
/ 11 " " / "
Zy 1Z] - Zy0Zpo1 = Zn—1,  ZirZy---. % . 2% €A (15)

Proof. This follows from (11) and (12). O

Remark 2. The cycled product (15) can be treated as a n-ary extension of the Jordan pair [44,45],
which is different from [46].



Mathematics 2024, 12, 2378 5 of 28

Proposition 3. If A is unital, then A" contains a n-ary unit (polyadic identity (2)), being the
permutation (cyclic shift) matrix of the form

01 .. 0 0
00 1 0

EM=10 o0 e Al 1€A. (16)
o .0 1
10 .. 0 0

Proof. It follows from (11), (12), and (15). O

Consider now the polyadization of the hypercomplex two-dimensional algebra of
dual numbers.

Example 1 (4-ary dual numbers). The commutative and associative two-dimensional algebra
= ({z} | (+),(+)) is defined by the element z = a + be with 82 =0,ab¢c R The

binary multiplication y\[,z] of pairs (2-tuples) vo = ( Z > e Al = du <{v I (H+), y[2]>

(addition is component-wise, see Remark 1) is

2 a’ a’ aa"
lA[l][( v >'< b’ >:| = < Ay +bva > € Adu' a/,(lll,b/,bll cR. (17)

It follows from (17) that ALY (and so also Ag,,) constitutes non-division algebra, because it contains

0
Using the matrix polyadization procedure, we construct a 4-ary algebra A[ - < {2[4] } | (+), ul >
of dimension D = 6 (see (14)) by introducing the following 3 x 3 cyclic shzft weighted matrix (11)

0 z 0 0  a+be 0
ZW=1 0 0 =z |= 0 0 aytbe | €Al 2,225 € Ay, (18)

zz 0 O az + bze 0 0

2
idempotents and zero divisors (e.g., ( 2 ) — ( 0 ) ).

The cyclic product of the components (15) becomes

A !
212528 2" = z4,
1
292321 Zp = Zp,
111

2322y 2" = z3,  z;,2,2, 20, 2"

€ Aduzzl (19)

In terms of 6-tuples v over R (cf. (17)), the 4-ary multiplication u'l in Al dl <{ 6} | (), y\[,4]>
has the form
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!/ 1 " "
a a a a
1 1 1 1
/ /! "n "
by by by by
!/ 1 n "
y[‘l] 4 1 4 !
\% / 7 1/ 7 " 7 1"
by b; b; by
ay ay ay’ ay”
! ! " "
by b3 bs by
a’lalzlaé/,a‘,{”

I iANI) 1 1L 11,11 1 1 ! 1N
ayayas by" + ajay by ”/1 ”4;//‘11/%”3 ay" + byayaz'ay
alba’a’ a
_ 2%3%1 "2 (20)

- 1 I 1,000 1 L0 1 1 1,11 I 1) /s iie i 4
ayay'azby" + ayaz by a/z ,/—I;//az//b/? ay'ay" + byazai’a;
Azayd; dz

aéalllalzllbg// + aéafllbé//aé/// + aéblllalzllaé/// + béulllaéllaé///
which is nonderived and noncommutative due to braidings in the cyclic product (19). The polyadic
unit (4-ary unit) in the 4-ary algebra of 6-tuples egq is defined by the equation (see (2))

,14\[/4] V6, 6[64],6[64],8?1 =vs, Vv € Agﬂ’tu, (21)
where vg can be on any place. Using 4-ary product (20) and the definition (21), we obtain the

manifest form of the polyadic unit of the 4-ary algebra of 6-tuples A[[iﬂ’tu

e[64] _ c Agﬂ,tu. (22)

O = O O

It follows from (20) that A[[;ﬂ’t” (and so also Agﬂal ) is a non-division 4-ary algebra, and not a field
(similarly to the ordinary binary Ag,), because it contains 4-ary idempotents and zero divisors, for
instance,

[/ 0\ [/ a \ Y] [/ 0\ 0
b b1 by 0
4] 0 _ M4 0 _ 4 a2 _ |1 0| _
]’lv b2 - .uv b2 - .uv bZ - 0 - OV- (23)
a3 0 0 0
b3 b3 b3 0

Thus, the application of the matrix polyadization procedure to the commutative, associative,

unital, two-dimensional, non-division algebra of dual numbers Ay, gives a noncommutative, 4-ary
[4]

g over R, which we

nonderived totally associative, unital, six-dimensional, non-division algebra A
call the 4-ary dual numbers.

4. Polyadization of Division Algebras

Let us consider the matrix polyadization procedure for the division algebras D =
R, C,H, O in more detail, paying attention to invertibility and norms.

Recall that the binary division algebra D (without zero element) forms a group (with
respect to binary multiplication) having the inverse (10). The polyadic counterpart of the
binary inverse is the querelement (5).
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Theorem 1. The nonderived n-ary algebra (13) constructed from the binary division algebra D is
the n-ary algebra

Dl = <{Z["]} | (+),’4[Z”],Z[ﬂ]>, (24)
where Z" is the querelement
0 z ... 0 0
0 0 1z 0
7Z =27 = 0 0o . : , (25)
: : .0 Zyo
Zy—p 0 ... 0 0
which satisfies (provided D is associative)
n—1 n—1
— —
yg’][z,z...zz]:z-z-...-z-z:z, VZ € DI, (26)
and Z can be on any place, such that
Z; = zlillz;lz e z;lzflzrﬂlz}il o z;lzzljrll, z; € D\{0}. (27)

Proof. The main relation (27) follows from (26) in components (15) as the following cycle
products

n
—_—
2122 ...2y 1271 = 271,
n
—_—
Z292Z3...Zy_12120 = Zp,

n

Zp—121-++Zn-2Zn—1 = Zn—1, z;, z; € D\{0}, (28)

are obtained by applying zi—1 (which exists in D for nonzero z (10)) from the left (n — 1)
times (with suitable indices) to both sides of each equation in (28) to obtain z;. [

Corollary 1. Each D-dimensional division algebra over the reals D = C,H, O (including R itself
as the one-dimensional case) has as its n polyadic counterparts (where n is arbitrary) the nonderived
n-ary non-division algebras D" (24) of dimension D(n — 1) (having the polyadic unit (16) and
the querelement (25) for invertible z; € D\{0}) constructed by the matrix polyadization procedure.

Theorem 2. The matrix polyadization procedure changes the invertibility properties of the initial
algebra, that is, the polyadization of a binary division algebra ID leads to a n-ary non-division algebra
D for arbitrary n.

Proof. The polyadization procedure is provided by monomial matrices which have a
determinant proportional to the product of nonzero entries. The nonzero elements of D"
having some of z; = 0 are noninvertible, and therefore, DI is not a field. O

Nevertheless, a special subalgebra of D"/ can be a division n-ary algebra, that is, when
Z-matrix is a monomial matrix, having one non-zero entry in each row and each column
(see, e.g., [47]).
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Theorem 3. The elements of D" which have all invertible z; € D\{0} (or set of invertible

Z-matrices det Z # 0) form a subalgebra ]D)Lﬁ]V C D which is the division n-ary algebra corre-
sponding to the division algebra D = R, C, H, O.

The simplest case is obtained by the polyadization of the reals.

Example 2 (Five-ary real numbers). The 5-ary associative algebra of real numbers is RE =
<{R[5]} | (+), yg >, where RP) is the cyclic 4 x 4 block-shift matrix (11) with real entries

0 a4 0 O
5] — 0 0 a O
R 0 0 0 a3 (29)
agz 0 0 O
detR[S} = a14aa304, a; € R, (30)

and the multiplication yg] is an ordinary product of five matrices. Only with respect to the product

of 5 elements R is the algebra closed, and therefore RI% is nonderived. In components, we have the
braiding cyclic products (15) for a;. Ifa; € R\ {0}, the component equations for the querelement
(28) (after the cancellation of nonzero a;) become

arazazd; =1, (31)
asagaid; =1, (32)
asaiaxaz = 1, (33)
a1araza, = 1. (34)

Thus, the querelement for an invertible (29) is

1

0 0
arasay
B 0 0 0
RO = a3laf | g e R\ {0}, (35)
0 0 agaia
1 46162
0 0 0
aianas

and therefore, the algebra R®! of 5-ary real numbers is a non-division algebra, because the elements
with some a; = 0 are in R!, but they are noninvertible (due to (30)), and so RP) is not a field. But

the subalgebra Rg’i]v C RB) of invertible (monomial) matrices RP! (det RP! # 0, with all a; # 0)

is a division n-ary algebra of reals (see Theorem 3).

Now, we provide the example of the 4-ary algebra of complex numbers, to compare it
with the dual numbers of the same arity in Example 1.

Example 3 (4-ary complex numbers). First, we establish notations, as before. The commutative
and associative two-dimensional algebra of complex numbers is C = ({z} | (+), (+)), where

z = a+ bi with i = —1, a,b € R. The binary multiplication y\[,z] = yLzo]m ol of pairs

w= (g ) e = (| o) (36)
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(where addition is component-wise, see Remark 1) is

a a" da —v'y
V\[/Z] [( % >,( b )} = < v'a +b'a" ) ec, d,a" v,V eR. (37)

The algebra of pairs C' does not contain idempotents or zero divisors, its multiplication agrees
with one of C (2’ - 2 = z), and therefore, it is a division algebra, being isomorphic to C

Ch ~ . (38)

Using the matrix polyadization procedure, we construct the nonderived 4-ary algebra of
complex numbers C14l = <{Z[4}} \ (+),y[z4]> of the dimension D*] = 6 (see (14)) by introducing
the following 3 x 3 matrix (11)

0 z O 0 a1 + byi 0
z=7ZW8=| 0 0 2z |= 0 0 M +byi | eC¥, z,z,23€C. (39)
zz 0 0 as + bsi 0 0

The 4-ary product of Z-matrices (39) is

‘u[z‘ﬂ [Z/, 7" 7" Z////] _ gzl g g (40)

The corresponding to (40) cyclic product in the components (15) becomes

" _nm
Z3 Z =

Z122 321 = Z1,
n_n_nm
222321 22 = 2y,
2522y 28" = z3,  z,2,2!, 20,2 € C. (41)

In terms of six-tuples vg over R (cf. (17)), the 4-ary multiplication y[ Vin cllm — <{v6} | (+), p >
has the form (cf. (37))

" "

ay ay ay ay
! i " "
b b o, o,

4] ap a a, ap
v b/2 7 é/ ’ bé” 7 bé///
! 1" " n
" ! i o

b3 b 3 b3 b3

O e e e
/ lzlb/ll /l//l b// ?// }Nl + b/ lzlu:?// ll/// + a % ///b//// b bl/b/// //// u}b%b%/b}/// B b}a%b%ﬁh}/// ., b}b%u%/b}lﬁ
ayaial'al)’ — a,bibY a)" — byl al — byalb — aybla'by)" — abalby'b)" — byalal'b)" + by by by b
azbl/a/// //// + ulz //b/// //// h/ ﬁ” /// //// + ﬁlza ///b//// h/ b//b/// //// aébé/bi//bé/// _ bébé/aallbg// _ béug/hi//bg// 4
a?uilia%:u%z b/ {l/b/// /3/// ﬂ b//b//l é/// bl b/lu/// g/l/ aéu{l/bé//bg// _ bgu{/aé//b/a//l _ ugbélulzl/bé/// + béha/bé//bg//

3 1b2 b/ a//alzllaé/// + ugbl/a/// //// + uga / /l/b//// _ bébi/bé//aé/l/ _ bgaglbél/bg// _ aébi/b;//bg// _ bébi/alzllbg/l/

(42)

which is nonderived and noncommutative due to braidings in the cyclic product (19). The polyadic
unit (4-ary unit) in the 4-ary algebra of 6-tuples is (see (2))

e clah (43)

O = O = O

V\[/4] [e6, €6, V6, €6) = V\[/4] [e6, V6, €6, €6) = H\[/4] [Ve,€6,€6,€6] = V6. (44)

H\[/Lq [e6, €6, €6, V6]
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The querelement (5) and (25) for invertible elements of the 4-ary algebra of complex numbers
CWH has the matrix form which follows from the equations (28)

_ 0 22123
Z14 — 0 0 % eCl, zj,2y,23€ C\{o}. (45)
1
— 0 0

Thus, C14l = <{Z [4) } | (+), 14, (N)> is the nonderived 4-ary non-division algebra over R
obtained by the matrix polyadization procedure from the algebra C of complex numbers. The 4-ary
algebra of complex numbers C14l is not a field, because it contains noninvertible nonzero elements
(with some z; = 0).

In CH the querelement is given by the following 6-tuple

axaz — bobz
(a2bs + asba)” + (a2a3 — babs)®
o B arbs + azby
ay (lebg, + ﬂgbz)z + (612&3 — bzb3)2
by a1a3 — bybs
- a b bi)? — byb3)?
e (tabs asba) (s =0ibs)” | g by e R (46)
a3 (a1b3 + asb1)* + (a1a3 — bybz)?
bs ayay — biby
(a1b2 + llzbl)z + (a1a2 - blbz)z
_ ale + a2b1

(albz + a2b1)2 + (a1a2 — b1b2)2

Therefore, C1" is a division nonderived 4-ary algebra isomorphic to C14l.

Thus, the application of the matrix polyadization procedure to the commutative, associative,
unital, two-dimensional, division algebra of complex numbers C gives the noncommutative, 4-ary
nonderived, totally associative, unital, six-dimensional, non-division algebra CH over R (with the
corresponding isomorphic 4-ary non-division algebra of 6-tuples CI4#), which we call the 4-ary
complex numbers. The subalgebra C([fi]v c CH of invertible matrices ZI4) (det Z¥ # 0, with all
z; # 0) is the division 4-ary algebra of complex numbers (by Theorem 3).

We then consider the polyadization of the noncommutative quaternion algebra H.

Example 4 (Ternary quaternions). The associative four-dimensional algebra of quaternions is

given by

H=({q}|(+),()), q=a+bitcj+dk,
ij = k,ij = —ji, (+cycled),i* = j* = k* = ijk = —1, a,b,c,d € R. (47)

The binary multiplication y\[,4] of the quadruples

€ H™ = ({vi} | (+), 1) (48)

Vg =

WO TR
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is (we present the binary product in our notation here for completeness to compare with the ternary
case below)

a a" da — vy — " dd"
4 % b a0 — A+ d

,u\[/} A o = adc +ca +d'y —v'd’ € Htur (49)
4 a4 /d// b — b+ dla

where a’,a”,b',b",c',c",d',d" € R. The binary algebra of quadruples H™ is a noncommutative
division algebra (isomorphic to H), without idempotents or zero divisors.
By the above matrix polyudization procedure we construct the nonderived ternary algebra of

quaternions HE! <{Q[3 } | (+),p > of the dimension DI® = 8 (see (14)) by introducing the
following 2 x 2 matrix (11)

B _ 0 ¢ _ 0 a; + bii+c1j +dik 3]
Q (qz 0 ) <a2+b2i+cz]’+d2k 0 €HY, 41,42 € H. (50)

The nonderived ternary product of Q-matrices (39) is
[3] [Q Q// Q///] _ Q/Q//Qm- (51)

The cyclic product corresponding to (40) in components (15) becomes

1 _1n

‘71‘12‘11 =1q1,
099 = a2 99,4797 € (52)

In terms of eight-tuples vg over R (cf. (17)), the ternary multiplication ;4\[,3] in HBM = <{v8} | (+), y\[,3]>
has the form (cf. (37))

" 1" T

4 ) a1
b/ b// b///
c/i c’i/ c’i”
3] o — 18] d dy dy’ _
Hy [VSIVSIVS } = Hv a , a ’ a/// =
el
p) )
C/ C// C///
L dz dz/ d%l ]
(aéa/z/ _ bib// _ Cicé/ d/ d//) /// (ﬂ b// JF b/ﬂ + Cld// d/ //)b/// (a/ C/2/ JF Cia/z/ + d/ b// b/ d//) /// _ (ﬂld// + d/a + b/ // _ Cibé/)di//
(a b// b/ a/Z/ + Cld// d/ //) /// + (ul // b/ b// . C/ C/Z/ d/ d//)b/// (a d// d/ u/2/ b/ C/2/ —c b//)c/// + (a/ Cé/ + C/ alzl + d/ b// bid/zl)dall
(a/ Cé/ + Cllaé/ + d/ b// _ b/ d//) /// (a d// + d/ é/ + b/ C// /b//)b/// (a b/ b// / // d/ d//) /// _ (a b// + b/ a/ + Cad;/ _ d/lclzl)di//
(aydy + djall + b’ cé’ — cyby )y ”’ — (a4 C’z’ +c£a’2’ +d’ b” bydl )b}’ + (a} b” b’a’z’ +cld” d’c’z’)c’” + (a’a’z’ b’ b” —cjcf —dydll)dy’
(a/ // _ b/ h// _ Céc// d/ d//) /// (uzh// + béa// + Czd// d/ Cé/)b/// (a/ C// + Cé // + d/ b// b/ d//) /// + (a d// + d/ // + b/ C// _ Czb//)d/// (53)
1 1 1 1
(a bl/ + b/ﬂ JF Cld// d/ //)a/z// (ﬂzb// JF b/ﬂ + Czd// d/ //)b/// (ﬂ d// JF d/ // + b/ C/1/ —c bl/) /// + (ﬂ/ Ca/ + Clzaa/ JF d/ h// _ b/ d//)d///
(a/ Ca/ + Clzai/ + d/ b// b/ d//) 1" + (uzd// d/2 // b/ Clll —c b//)b/// (a/ aa/ b/ b// _ Clzci/ d/ d//)c/// _ (azb// b/ // + Csz d/ //)d///
(ﬂ d// + d/ // + b/ Cl/ _ Czb//) /// (alzcll/ + Cé /l/ +d/ b// _ b/ d//)b/// (azb// + bé /l/ + CZd// d; /1/) /// + ( / // _ béb// _ Cé i/ d/ d//)d///

where al,a},a”, b}, b, b, ¢}, ¢, ¢, dl,dl,dl" € R.

Remark 3. It is important to note that, although the ternary multiplication of 8-tuples (53) is
nonderived and noncommutative, it is not the ordinary product of three quaternion pairs, but
corresponds to the nontrivial cyclic braided products of (52).
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The polyadic unit (ternary unit) eg in the ternary algebra of 8-tuples is (see (2))
1
0
0
_1 0 (3], tu

eg — 1 S H ~, (54)
0
0
0

1 es, s, vs] = b [es, vs, es] = b [vs, es, es] = vs. (55)

The querelement (5) and (25) of the nonderived noncommutative 8-dimensional ternary algebra
of quaternions ! has the matrix form which follows from the general equations (28)

_ 0 1
Qb — ( o ‘7(2) ) e HP, 4,4, € H\{0}. (56)
1

Therefore, HI = <{Q[3]} | (4), yg], ( )> is the nonderived noncommutative ternary non-
division algebra obtained by the matrix polyadization procedure from the algebra H of quaternions.
Because the elements Q1! with g, = 0 or go = 0 are nonzero, but noninvertible, HP! is not a field.

In HBM the querelement is given by the following 8-tuple

a1
a3 + by + ¢} +d7
1
— ﬁ+%$ﬁ+ﬁ
1 _
by a? + b2+ 2 +d?
C1 _ 1
212 24 12
’\78: Zl = al+b1a;_61+d1 ’ a%2+b%2+6%2+d%27&0/ ai,bi,Ci,dieR- (57)
9 , , , ,
by a3 + b3 + ¢5 + d3
by
C2 —
dy a%+b§+c§+d%
C2
a3+ b3 + 3 + d3
2

BB +G+ D

Therefore, HBV is a non-division ternary algebra isomorphic to HIB),

To conclude, the application of the matrix polyadization procedure to the noncommutative,
associative, unital, four-dimensional, division algebra of quaternions H gives the noncommutative,
nonderived ternary, totally associative, unital, 8-dimensional, non-division algebra HBI over R
(with the corresponding isomorphic ternary non-division algebra of 8-tuples HIPV**), which we call
the ternary quaternions. The subalgebra Hgii}v C HB of invertible matrices QB (det QB # 0,
with all q; # 0) is the division ternary algebra of quaternions (see Theorem 3).

5. Polyadic Norms

The division algebras D = R, C, H, O are normed as vector spaces, and the correspond-
ing Euclidean 2-norm is multiplicative (9), such that the corresponding mapping is a binary
homomorphism. It would be worthwhile to define a polyadic analog of the binary norm
I || having similar properties.
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Definition 2. We define the polyadic (n-ary) norm || || ] for the n-ary algebra D), that is obtained
from D by the matrix polyadization procedure (11), as the product (in R) of the component norms

1ZI"™ = ||z1||||z2]| ... | zn-1]| €R, Z €D, z eD. (58)

Corollary 2. The polyadic norm (58) is zero for the noninvertible elements of D", having some
zZ; = 0.

Therefore, it is worthwhile to consider a polyadic norm for invertible elements of D["!
only.

[n]

Proposition 4. The division n-ary subalgebras Dy, C D are normed n-ary algebras with respect

to the polyadic norm || |" (58).

Let us consider some properties of the polyadic norm (58).

Proposition 5. The polyadic norm || || "} introduced above (58) has the following properties (for
invertible Z € DI")

|t " _1er, EM el (59)
Iz = Az, Aer, (©0
|z +Z//H["] < ||ZHM + ||ZHMr Z € DI, (61)

where EU") is the polyadic unit in the n-ary algebra D™ (16).

Proof. The first property is obvious, the second one follows from the definition (58), and
the linearity of the ordinary Euclidean norm in D (7). The polyadic triangle inequality (61)
follows from the binary triangle inequality (8), because of the binary addition of Z-matrices
of the cyclic block-shift form (11). O

The norms satisfying (60) are called norms of higher degree, and they were investigated
for the binary case in [48].
The most important property of any (binary) norm is its multiplicativity (9).

Theorem 4. The polyadic norm || H["] defined in (58) is n-ary multiplicative (such that the
corresponding map D" — R is an n-ary homomorphism)

n
y[n] [Z/ Z// Z///]
7 , ..

Proof. Consider the component form (15) of each multiplier Z in (62), then use the defini-
tion (58) and commutativity (as they are in R) and the multiplicativity (9) of the ordinary
binary norms || || to rearrange the products of norms from Lh.s. to r.h.s. in (62). That is,

(] n

=z z "2, 2,2,z €Dl (62)

n—1

||z/ // Z;IH 1z/l//l|| . ||zlzzé/ . '2/11/2/2///” .. . HZ;I,12/1/ :/ll/ 22:1//,1”
n

=(ll= Izl llz-all) (HZ Miz2 1 [z ll) - =20 =D - A= =2 z2all)- - ©3)

Remark 4. The n-ary multiplicativity (62) of the polyadic norm introduced in (58) is independent
of the concrete form of the binary norm || ||, and only the multiplicativity of the latter is needed.
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o] -

Proposition 6. The polyadic norm of the querelement in n-ary division subalgebra Dglil, is

[n] _ 1
(1z1)"

Proof. It follows from the component relations for the querelements ||z;|| (28) and multi-
plicativity of the binary norm that

|z €Rso, VZ Dl (64)

n

lzlliz2l - zn 1 l1Z] = llzall
n
Iz2ll1zsl - [zeallz1Z2] = liz2,
n
lzatlllzill -zl il = 2ol 2% €D, Jzll ] € Rso.  (65)

Multiplying all the equations in (65) and using the definition of the polyadic norm (58),
together with the component form (11) and the querelement (25), we obtain

(1z1™)" 12| = 1zn™, (66)

from which follows (64). O

Example 5. In the division, the 4-ary algebra of complex numbers (Cgli]V from Example 3 the polyadic

norm becomes

1Z1¥ = /(@ + 1) (3 + 13) (3 + B3), a;b; € R. 67)
The polyadic norm of the querelement Z in C14l (64) is

1

2 2
, +bs#£0, a;,b;eR. 68
AT @ IR @E ) A b (©5)

"
2" =

Example 6. In the division ternary algebra of quaternions HE;]V from Example 4 the polyadic norm

becomes

1QIF = /(@ + 12+ 3 + &) (G + 1B+ G +dB), abi R (69)
The polyadic norm of the querelement Qin HE]V (64) is

1
, @bt +d?#£0, a,b €R (70)

\/(a§+b$+c%+d%)(a§+b§+c§+d§)

Further properties of the polyadic norm || || "} can be investigated for invertible
elements of concrete n-ary algebras.

6. Polyadic Analog of the Cayley-Dickson Construction

The standard method of obtaining the higher hypercomplex algebras is the Cayley—
Dickson construction [18,49,50]. It is well known that all four binary division algebras
D = R,C,H, O can be built in this way [8]. Here, we generalize the Cayley-Dickson
construction to the polyadic (n-ary) division algebras introduced in the previous section.
As a result, the number of polyadic division algebras becomes infinite (as opposed to just
four in the binary case), because of the arbitrary initial and final arities of the algebras under
consideration. For illustration, we present several low arity examples, since higher arity
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cases become too cumbersome and difficult to see. First, we recall in brief (just to install our
notation) the ordinary (binary) Cayley—Dickson doubling process (in our notation, which is
convenient for the polyadization procedure).

6.1. Abstract (Tuple) Approach

Consider the sequence of algebras A, £ > 0, over the reals, starting from Ay = R. The
main idea is to repeat the doubling process of the complex number construction using pairs
(doubles) (37) and taking into account the isomorphism (38) at each stage Ay — Ay, 4. Let
us denote the binary algebra over R on the /-th stage with the underlying set {A,} as

A= ({Ad | (), (+0), 71

where () is involution in A, and ng] : Ay ® Ay — Ay is its binary multiplication, and we

also will write ;42] = (-¢). The corresponding algebra of doubles (2-tuples)

— “(4)) 1 b €A 72
V(1) ( b ) a), by € Ay, (72)
is denoted by

AZH = <{V2(Z)} | ("’)IV\[,Z(]@/ (*Zu)>f (73)

where (x}') is involution in Al and y\[lz(]é) : Al @ A" — Al" is the binary product of
doubles. If £ = 0, then the conjugation is the identity map, as it should be for the reals R.
The addition and scalar multiplication are made componentwise in the standard way.

In this notation, the Cayley-Dickson doubling process is defined by the recurrent
multiplication formula

o (80 ) ()] - (sl 2l )y
e |\ vy ) el ol |+ o1 (o)

/ " n ) /
_ | %o '/f“w)*(b(f)) b\ _ ([ aeny Al 75
b’ / v n\* - b(ﬁ+1) € Aot (75)
fy e aley + bl ¢ (ali) ‘
and the recurrent conjugation
*f’u %«
a() > T Y et agby €Ay (76)
( b(g) —b(p) (417 (E)l (f) 4

Then, we use the isomorphism (38) which now becomes
AZ”H >~ Apyq. (77)

To go to the next level of recursion from that obtained so far, A, 1, we use (74)—(77)
while changing ¢ — ¢ + 1. The dimension of the algebra A is

D(¢) =2, (78)
such that each element can be presented in the form of 2°-tuple of reals

A

a2
. €A, (79)

Ae)2t
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and the conjugated 2/-tuple becomes

fa

—A0)2
: , apx €R (80)

)2t

For clarity, we intentionally mark elements and operations at the ¢-th level explicitly,
because they really are different for different . The example with ¢ = 0 just obtains
the algebra of complex numbers A; = C from the algebra of reals Ay = R (36)-(38).
All the binary division algebras D = R, C, H, O can be obtained by the Cayley-Dickson
construction [8].

6.2. Concrete (Hyperembedding) Approach

Alternatively, one can reparametrize the pairs (72) satisfying the complex-like multi-
plication (74), as the field extension A, = A (i) by one complex-like unit i, on each ¢-th
stage of iteration, £ > 0. The Cayley—-Dickson doubling process is given by the iterations

Bes = ({0} | (9), A0y (o) Yien), i = =1, iy = =1, dngaie = —isies. (81)

In a component form, it is given by

. ~[2 . ~ N
Z(+1) = Z(0)1 T Z(0)2 041 41 = Z)1 + VLL [Z(z),z/ lz+1} € Apy1, Z(n1.2(0)2 € Av- (82)

The product in 1&44_1 can be expressed through the product of the previous stage from
Ay and conjugation by using the anticommutation of the imaginary units from different
stages iy 11y = —iyipq (see (81)). Thus, we obtain the standard complex-like multiplication
(see (37) and (75)) on each /-th stage of the Cayley—Dickson doubling process

z/(/z+1) U+l Zl(/€+1)
I OV N A o "o / . " Y. i 83
- (Zw CZ0n (z(m) ”(zm) * (zw),z L30a T E2 (ZU-’M) ) £H1 Bt (83)

2]

or with the manifest form of different stage multiplications i, and ﬁﬁl (needed to go on
higher arities)

ﬁﬂl[ /(e+1)le(/e+1)} (P‘L][Z/(e) 1201 } [( z) V2 D
+ﬁ£l1[(ﬁ£f} {z(m, Z(p), } ﬁg][ 22 ( Z()1 )*£}>/i€+l}- (84)

Let us consider the example of quaternion construction in our notation.

Example 7. In the case of quaternions { = 1 and &Hl = Ay = H, while 1&@ = A, =C. The
recurrent relations (82) for £ = 0,1 become

zo)y =zt zu2 282 Z)1 Za)2 € A =cC, z(2), 82 € H, (85)
Z)a = 211 T 2012 18, Z(0)11,2(0)12 € Ao =R, z(1)1,71 €C, (86)

zZ(1)2 = 2(0)21 T Z(0),22 181, Z(0),21, 2(0),22 € A =R, z(1)2.11 € C. (87)
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After the substitution of (86) and (87) into (85), we obtain the expression of quaternions
with real coefficients z(g) 45 € R, &, p = 1,2, and two imagery units (from different parts of H)
ii e C\RCHandi, c H\C

z2p) =zt 2z 22 = (Z(o),n + 2121 il) + (Z(O),Zl + 20221 il) 212
=z)11 + 20,12 111+ 2021 282+ (Z(o),zz 1 i1> 2 ). (88)

To return to the standard notation (47), we put z5) = q, z(0)11 = 4, Z(0)12 = b, Z(0)21 = €,
z2 =d, 01 =1 €C iy =j€H\C i 2iy = k € Hand obtain q = a + bi +cj + dk.
Similarly, the complex-like multiplication (83) can be also applied twice with £ = 0,1 to obtain the
quaternion multiplication in terms of real coefficients (49).

6.3. Polyadic Cayley—Dickson Process

Now, we provide a generalization of the Cayley-Dickson construction to the polyadic
case in the framework of the second (embedding) approach using the field extension
formalism (see Section 6.2). The main iteration relation (81) will now contain, instead of
binary hypercomplex algebras A, n-ary algebras ALW] at each stage.

Definition 3. The polyadic Cayley—Dickson process is defined as the following iteration on n-ary
algebras

At = ({alGn b | (0, 7Y ),

. o o . P o ny
1% = -1, 1%“ =1, dpy1ip = —igipyq, iy € A%F]’ ng>2, £>0. (89)

The concrete representation of the /-th stage n-ary algebras &LW] is not important for

the general recurrence formula (89). Nevertheless, here we will use matrix polyadization to
obtain higher n-ary non-division algebras (Section 3). First, we will need the obvious

Lemma 1. The embedding of a block-monomial matrix into a block-monomial matrix gives a
block-monomial matrix.

Corollary 3. If the binary Cayley—Dickson construction gives a division algebra, then the corre-
sponding polyadic Cayley—Dickson process gives a nonderived n-ary non-division algebra, because
of its noninvertible elements.

Thus, the structure of the general algebra obtained by the polyadic Cayley-Dickson
process is richer than a one block-shift monomial matrix (11), it is the “tower” of such
monomial matrices of size (1, — 1) x (ny, — 1) on /-th stage embedded one into another.
The connection between near arities (and matrix sizes) is

nppr = x(ng—1) +1, (90)
where x is the polyadic power (1) [34].

Proposition 7. If the number of stages of the polyadic Cayley—Dickson process is £, then the
dimension of the final algebra is (cf. (78))

Dep(€) = DALY}y = 2t (ng — 1) (my — 1) ... (n, — 1) ©1)
where n; are the arities of the intermediate algebras. The size of the final matrix becomes

(mg—1)(ny—1)...(np—1) x (g —1)(n1 —1)... (ny—1). (92)
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Proof. On the /-th stage of the polyadic Cayley-Dickson process, each block-monomial
(ny —1) x (ny — 1) matrix has (n, — 1) nonzero blocks of the cycle-shift shape (11). The
0-th stage corresponds to reals, which gives 2°(1g — 1) parameters. Then, the simple field
extension ¢ = 1 (82) with blocks of reals gives (19 — 1) - 2(n7 — 1) parameters and so on.
Thus, the ¢-th stage is given by (91). [

More concretely, for the nonderived n-ary algebras, we have the dimensions

Rlmol, D(RIM]) = (ng — 1),

cigm = rEY (i), D(CES™)) = 2(ng — 1)(m — 1),

ozl cloml gy D(H ™)) = 22(ng — 1) (ny — 1) (np — 1),

@Cngnl,nz,m] _ H[C”gmﬂz] (i3), D( 710 1,12, ”3]) _ 23(110 —1)(n1 —1)(np — 1) (nz — 1), (93)

[Ylg,nl,...,ﬂg]
ACD,@

_ A["O/nlr"-rn[—l]

b (ie), D(A@g”l'w"f]) =2(ng—1)(n1 —1)...(n,—1).
The starting algebra R["! is presented by the Z-matrix (11) with n = 1y and real

entries (A = R).

Definition 4. The sequence of embedded cyclic shift block matrices in (93) will be called a polyadic
block-shift tower.

Remark 5. The shapes of the final matrices (93) are different from the cyclic shift weighted matrices
(11), but nevertheless, all the intermediate blocks are cyclic shift block matrices. Adjacent (in £)
matrices do not have an arbitrary size, but are connected by (90).

Example 8. To clarify the above general formulas, we provide the shape of polyadic quaternion
matrices with { = 2, and ng =5,n, =3, ny, =4, as

(94)
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We have a 24 x 24 monomial matrix, 24 = (5—1)(3—1)(4—1) by (93), where dots
denote zeroes and stars denote nonzero entries. The dimension of this polyadic quaternion algebra
represented by (94) is 2% - 24 = 96, because of the two simple field extensions (85)~(88). This is a
13-ary quaternion non-division algebra. If there were to be no further stages of the Cayley—Dickson
process, and the 24 x 24 monomial matrix would not be composed, having the form (11), then it
would give a 25-ary algebra.

Thus, we present the polyadic Cayley-Dickson process in the component form (82),
but instead of the elements z(y) of the {-th stage, we place the Z-matrices (11) of suitable
sizes. The resulting matrix is still monomial, and so its determinant is proportional to the
product of elements. The subalgebra of invertible matrices corresponds to a division n-ary
algebra.

Theorem 5. The invertible elements (which are described by Z-matrices with a nonzero determi-
nant) of the polyadic Cayley-Dickson construction ]D)[Cnl]) (for the first stages ¢ = 0,1,2,3) (93) form
the subalgebra D[C"I]D aiv € ID)E% which is a polyadic division n-ary algebra ]D)[Cnl}) diy Corresponding

to the binary division algebras D = R, C, H, Q.

To conclude, the matrix polyadization procedure applied to division algebras leads, in
general, to non-division algebras, because it is presented by monomial matrices (represent-
ing nonzero noninvertible elements) which become noninvertible when at least one entry
vanishes. However, the subalgebras of invertible elements can be considered as new n-ary
division algebras.

7. Polyadic Product of Vectors

Now, we will show that the matrix polyadization procedure (Section 3) is connected
with a new product of vectors in a vector space, which we will consider below.

First, we recall some properties of monomial and related matrices [47]. An arbitrary
monomial (or generalized permutation) matrix My, (over a field F* = F \ {0}, and so
having nonzero entries) can be presented as a product of an invertible diagonal matrix
Myiqe and a permutation matrix Mper

Mion = MdiagMper- (95)

The set of all m x m monomial matrices form a binary subgroup &0, of the general
linear group GL,,(F), while the set of monomial matrices of the special fixed shape of the
cyclic shift weighted matrices (11), form a nonderived (m + 1)-ary group (see Section 3).
Abstractly, (95) can be considered as the matrix representation of the wreath product of
F* and the symmetric group S;,;, because the group of diagonal matrices is isomorphic to
(F*)™ [47]. In general, a monomial representation of a binary group ¥ is a homomorphism
to some binary subgroup of G0,

On the other hand, there exists the procedure of vectorization (see, e.g., [51,52]) which
establishes a correspondence between (for instance square) m x m matrices and m?-tuples
(which can be interpreted as coordinate expressions of m? x 1 column vectors in a vector
space) derived by stacking the columns of the matrix, such that

vecp : ™" — T, (96)

In general, vectorization is a homomorphism. In particular, for diagonal matrices we
have

vecy (M[’imgM[’i/mg) = vecy (M{;mg) ® vecy (Mnli/iag)’ (97)

where © is the element-wise product of m?-tuples. For the monomial matrices (95), we
define the following modification of vectorization.
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Definition 5. Reduced vectorization is the mapping of a monomial matrix into m-tuple
vecy  FMM — T, (98)
which is derived from vectorization (96) by omitting zeroes on both sides.

Remark 6. The relation (97) is not valid for general monomial matrices (95). Nevertheless, we
will show that, for a special class of monomial matrices, the cycled shift weighted matrices (11), the
homomorphism (97) can be obtained for non-binary products on both sides, and that will allow us to
define a new kind of product of vectors (in any vector space).

Let Vg be a finite-dimensional vector space (over a field F) of dimension m > 2, such
that

m
VF >V = V(X) = inei, x; € T, (99)
i=1

where e; are canonical basis vectors.

In Vg (satisfying the standard axioms), the only closed binary operation between
vectors themselves is addition. Introducing another closed binary operation between
vectors, which satisfies two-sided distributivity with the addition and compatibility with
scalars (from F), gives the bilinear product. A vector space Vy (we do not consider its
concrete realization) endowed with a bilinear product becomes an algebra over a field F
(for further details and review, see, e.g., [53,54]).

The reduced vectorization (98) is not a binary homomorphism (see Remark 6), but can
be a polyadic homomorphism, if we consider a special kind of monomial m x m matrices,
the cyclic shift weighted matrices Mgy of the fixed shape (11).

To show this, we introduce a new product of vectors in a vector space V.

Definition 6. In m-dimensional vector space Vy, we define (m + 1)-ary (polyadic) product of
vectors

m+1

—_—
y[*mﬂ][v(x’),v(x”),...,V(x”’)v(x””)]: xjxd x| e

m+1 m+1

!0 "1 ) " " /i "1
+ | xox3 . x Xy e | XXy Xy Xy e, XX, x0 x T € Foo (100)

Remark 7. The polyadic product of vectors (100) in components is not elementwise, but cyclic
braided-like. Such products appeared in higher regular semigroups and braid groups [34], as well as
in semisupermanifold theory [55].

Consider the reduced vectorization vecy (98) of the cyclic shift weighted matrices
given by My, ¢(x) — v(x) or (cf. (11))

0 x ... 0 0
0 0 X2 ... 0
Mgs(x)=| 0 0 :
: . 0 Xm—1
Xm 0 ... 0 0

— v(x) = x1e1 + xpe + ...+ Xp_181 + Xpen, X; € F. (101)
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Proposition 8. The reduced vectorization vecy, of the cyclic shift weighted matrices (101) is a
polyadic or (m + 1)-ary homomorphism.

Proof. The product of (m + 1) matrices Mgy ¢(x) (but not fewer) is a cyclic shift weighted
matrix of the form such that the set {Msh f(x)} is a nonderived (m + 1)-ary semigroup (cf.

(15))
m+1
/ 1 " "
Mshf(x )Mshf(x ) . .Mshf(x )Mshf(x )
m+1
—_—f
0 xjxy gy 0 0
m+1
—_———
0 0 xhxl . oxT 0
= 0 0 : (102)
m+1
/ 1 " "
: 0 X 1Xm- X2 Xm 1
m+1
XX 0 0 0

= (), v (), v () ().
The statement now follows from comparing (102) with (100) and (101). O

Definition 7. A vector space Vi equipped with the (m + 1)-ary (polyadic) product of vectors (100)
becomes (m + 1)-ary algebra A" (IF) over a field .

Proposition 9. The (m + 1)-ary algebra A1) is totally (polyadic) associative.

Proof. It follows from the associativity of binary matrix multiplication Mg ¢(x) (102) and
the definition of reduced vectorization (101). O

We define the structure constants of Al"+1/(IF) through the basis vectors e; by

m

1. o e 1= j ‘ i

P [elll 312/ B el"’, el”l+1:| B Zfil/iZI---,im,ierl e]/ fil/i2,---,im,im+1 €F. (103)
j=1

Theorem 6. The structure constants of the (m + 1)-ary algebra A" +1(F) are

1 _ 2 _ m—1 _ m —
f1,2,3,...,m—l,m,1 - 1/ f2,3,4,...m,1,2 - 1’ s ffmfl,m,1,2,‘,,m73,m72,m71 - 1/ fm,l,Z...m—Z,m—l,m - 1/ (104)
while f,! . . having other combinations of indices are zero.
1102, dmAm+1

Proof. It follows from the explicit form of the (m + 1)-ary product (100) and from the

multilinearity of yLmH], that is, the polyadic distributivity with addition (on each place)

yLm+1] [Vl (x/) +v, (x’),v(x”), L ,V(X’”),V(X””)}
— v (), v (&), v (&) v ()] A+ T v (), v (67, e (), v ()], (105)

and compatibility with scalars
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P’Lm+1] [/\’v(x’),)t”v(x”), o ,)\/NV(X/N),)\NHV(XHN)}
_ ()\/)\" o )\////\////)ﬂlm+1] [Vl (x’),v(x”),. B ,v(x’”),v(x””)], A/, )\//,. _ '/\///’/\//// cF. (106)

We insert the expansions (99) into (100) and then use the definition of the structure
constants (103) taking into account (105) and (106) to obtain the result. [

Corollary 4. If Mgy, ¢(x) is monomial (having no zero entries x; € F\{0}), the vectorization vecg
(98) becomes a polyadic isomorphism.

Proposition 10. If x; € F\ {0}, the set of vectors with multiplication (100) becomes a nonderived
(m + 1)-ary group with the quervector ¥ (5) (the polyadic analog the “inverse”) having the form

~ 1 1 1
= e - ... —_— . ]F . 1 7
¥(x) (xzxg...xm)el + (x3x4...x,,1x1>ez+ + (xmx1...xm1)em’ x; € F\{0} (107)

Proof. To obtain the quervector ¥, we use the nonderived (m + 1)-ary product (100) and
the definition (5), also equations (28) in the notation (102). O

Corollary 5. The corresponding nonderived (m + 1)-ary algebra A" +1(F) with x; € F\{0}

becomes a division algebra Ag?vﬂ] (F) which is polyadically isomorphic to the division algebra of
monomial m X m matrices, and the cyclic shift weighted matrices (101), see (11) and Theorem 3.

Let us consider a simple example.

Example 9. In any three-dimensional vector space Vg, over R3 (of any nature, with no additional
structures, such as an inner product, etc., needed), we can define the nonderived associative 4-ary
product of vectors

ﬂkﬂ [V(xl),v(x//)’v(x///)’v(x////)} — (xllxgxg/xi”/)e] + (xéxé/xi//x&///)ez + (xéxll/xél/xg//)e?). (108)

The vector space Vi, equipped with the product (108) becomes a nonderived 4-ary algebra
AM(R) over R. Its nonzero structure constants (103) are

fiosn =L fhn=1 fin=1 (109)

In the general case, A4 (R) contains zero divisors, but for all nonzero coordinates x; € R\{0},
the algebra becomes the division algebra Ag}i]v(R). The polyadic unit is v(1) = e1 + ey + e3, and
each element v(x) has a quervector v(x) (polyadic analog of the binary inverse) determined by the

equation (followed from (5))

# v(x), v(x), v(x), ¥(x)] = v(x), (110)

such that , , ,
v = , € R\{0}. 111
v(x) P e+ v e+ x1x2e3 x; € R\{0} (111)
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As a simple numerical example, take four vectors with all nonvanishing coordinates, then each
one has a quervector with respect to the 4-ary product of vectors v (110)

~ 1 1 1
vV =v(x') =2e;+3ey+4e3, V =_—-ej+-er+—eg, (112)
12 8 6
~ 1 1 1
vV'i=v(x") =3e; +1ex+5e5, V' =_e;+-—erx+e3, (113)
5 15 3
1 1 1
n __ "y __ =~/ 7 . I
V" =v(x"") = 4e; +3e, +5e3, V' = 5e + 502 + 158 (114)
- 1 1 1
V" =v(x") =5e; +3e;+2e5, V" =_e1+ —er+ —es. (115)

6 10 15
The 4-ary product (108) of the vectors (112)—(115) is

‘utl] [V, v',v" v"] = 50e; + 180e; + 75es. (116)

Thus, we have shown that, in any m-dimensional vector space Vi over a field F, we

can introduce a new nonderived polyadic (or (m + 1)-ary) product of vectors yLmH] (100).

The corresponding (m + 1)-ary algebra is associative and becomes a division algebra for
all vectors with nonvanishing coordinates, and it is isomorphic to the polyadic division
algebras obtained by the matrix polyadization procedure (Section 4).

8. Polyadic Imaginary Division Algebras

Here, we introduce a non-matrix polyadization procedure which allows us to obtain
ternary division algebras from ordinary binary normed division algebras. Let us exploit
the notations of the concrete hyperembedding approach from Section 6.2. First, we show
that some version of ternary division algebra structure can be obtained by a new iterative
process without introducing additional variables.

Definition 8. We define the ternary “imaginary tower” of algebras by

—[3 SN N B\ . ..
A[C%),€+1 = Acp(iy) iy = <{Z(e') (i¢) '1z+1} | (+)/VH1>/1(22 = —1,dpqip = —igipqq, (117)
where £ > 0.
The multiplication ﬁﬂl in (117) is nonderived ternary, because i ~ iy, but iy = —i,
for¢ > 1.

Theorem 7. If the initial algebra Acp (iy) is a normed division algebra, then its iterated imaginary

version K[Cg%lf 11 (117) is the ternary division algebra of the same (initial) dimension D({) and
norm.

Proposition 11. The ternary algebras KE}D,E 1 are not subalgebras of the initial algebras Acp (iy).

Proof. This is because the multiplications in the above algebras have different arities,
despite the underlying sets of imaginary algebras being subsets of the corresponding initial
algebras. [J

Let us now present the concrete expressions for the initial division algebras.

8.1. Complex Number Ternary Division Algebra
The first algebra (with £ = 0) is the ternary division algebra of pure imaginary complex
numbers having the dimension D(0) = D(R) =1

Ab =TV =R-iy, zq)=biy€C, ¥=—1, beR, (118)
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which is unitless. The multiplication in s ternary nonderived and commutative
) . =3
A]P@,&ygg]——ywyﬂlec”. (119)

The norm is the absolute value in C (module) Hz(l) H - |b|, and it is ternary multiplicative
(from (119))

///

€R, 120
Wy (120)

7 =y =ty 260 )| o, = 1=t 10

such that the corresponding map c?

of z(1) (5) is now defined by

— R is a ternary homomorphism. The querelement

3] -1
! [ )y = (1)12(1)} = Za), (121)
which gives
~ 1 i
4D:ZEZ—§rb€RH@~ (122)

Thus, c¥isa ternary commutative algebra, which is indeed a division algebra,
because each nonzero element has a querelement, i.e., it is invertible, so all equations of
type (121) with different z’s have a solution.

8.2. Half-Quaternion Ternary Division Algebra

The next iteration case (¢ = 1) of the “imaginary tower” (117) is more complicated and
leads to pure imaginary ternary quaternions of dimension D(1) = D(C) =2

[C?)I]DZ = ﬁm = C(il) -1p, Z(p) = (C+di1)i2 = cip +dijip € ﬁ[a],

i =i5=—1, ijip=—isi;, i1€C, i c H\C, ¢decR (123)

8]

We can informally call H"" the ternary algebra of imaginary “half-quaternions”, be-

cause in the standard notation (see Example 7) z(2 from (123)isq = a+bi+cj+dk ! 0—b> 0

Gnalf = ¢j +dk. The nonderived ternary algebra ]HI[ i

3]

is obviously unitless. The multiplica-

tion of the half-quaternions H
ﬁg}} Z/(2), Z/(,2), Z/(’Z/)j| — Z/(Z) . z/(lz) . /(//) _ (d/ //d/// /d//d/// _ d/d//c/// C/C/C///> i
+ (C/dNC/// d/C// " C/C//d/// _ d/d//d///)iliz c E[S] (124)
is ternary nonderived (i.e., the algebra is closed with respect to the product of three elements,
but not fewer), noncommutative, and totally ternary associative (4)

—[3][3] 1o g —3]
Ha {Vz [ <>/Z<z>fz<z>}z<z>' ()}

—B][.n ne_n 1
=2 [ (2)7#2 [ <>'Z<z>z<z>}fz<z>]
—[3] B[t _ter i
i [ Z(2) 2(2) 12 [ ()2(2),2(2)”. (125)

The norm is defined by the absolute value in the quaternion algebra I in the standard

way
|zl = 2] = V=2 (126)
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A

The norm (126) is ternary multiplicative

7

Hﬁf] [Z/(Z)’Z(z)’z/(/z/)} H(z) - Hzl(z)H(z)‘

1

"
Z(2)

2(2)

€R, (127)

‘(2) ‘ )

]

such that the corresponding map m° 5 Risa ternary homomorphism.

Proposition 12. The ternary analog of the sum of two squares’ identity is
(d/C//d/// _ld"d" " — d/d//C///)Z + (C/d//C/// Al A - d/d//d///)Z
_ ((C/>2 + (d/>2) ((C//)Z + (d//)Z) ((C///)Z + (d///)2>. (128)

Proof. It follows from the ternary multiplication formula (124) and the multiplicativity
(127) of the norm (126). [

Remark 8. The ternary sum of two squares’ identity (128) cannot be derived from the binary sum
of two squares’ identity (Diophantus, Fibonacci) or from Euler’s sum of four squares” identity, while

it can be considered an intermediate (triple) identity.

The querelement of Z(2) (5) is now defined by

' [Z<2>'Z<2>f5<2> = Z(2) (129)
which gives
~ cip +dijipy _ —3
Z(Z)Z_ﬁeﬂ'ﬂ[ L, @+d 40, cdeR. (130)

It follows from (130) that ﬁm (123) is a noncommutative nonderived ternary algebra, which

is indeed a division algebra, because each nonzero element Z(2) has a querelement E(z), ie.,
it is invertible, and equations of type (121) have solutions.

8.3. Half-Octonion Ternary Division Algebra

The next case (¢ = 2) gives pure imaginary ternary octonions of dimension D(2) =
D(H) =4

[C}:),S = (O)[ [ H(iy, i2) - 3, 2(3) = (a + biy + ciy + diyiz )iz = aiz + biyis + ciziz + diyiais,
B=#=#=-1, itih=—iiy, i1i3=—igh, iriz=—isis,
ihe€C, ip e H\C, i3€¢O\H, ab,cdeR. (131)
(3]

We informally can call 0" the nonderived ternary algebra of imaginary “half-octonions”,
which is obviously unitless. In the standard notation (with seven imaginary units e . .. e7),
the “half-octonion” is

Onalf = Z(3) = aeg + bes + ceg + dey. (132)

Remark 9. It is well known (see, e.g., [56,571), that the algebra of octonions Q is not a field, but
a special nonassociative loop (quasigroup with an identity), the Moufang loop (see, e.g., [58,59]).

Because the ternary algebra o of imaginary “half-octonions” is unitless, it cannot be a ternary
loop [60].

Recall that the binary algebra of ordinary octonions O =({z} | (+), (e)) is not as-
sociative, and therefore, a triple product in O is not unique, because (z' @ z"") @ 2"/ #
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References

z' o (2" 02""), z € 0. We introduce the ternary multiplication for the “half-octonions”

z@3) € @[3] (132) in the unique way as the following arithmetic mean

Z(5) @ Z(5) | @ Z(3) + 2[5 @ (2[5 @ 2}
VE][ (3),2/('3),2/('3/)} - ( = ()) ()2 . ( e ())' (13%)

Proposition 13. The nonderived nonunital ternary algebra of imaginary “half-octonions” (131)

0% = ({z } 1 (). 8) (134)

is closed under the multiplication (133) and ternary associative.

Bl

Proof. The closeness of the product 75" is obvious, and the ternary total associativity of
ﬁ?] (similar to (125)) follows from (133). [

In components, the multiplication (133) becomes

@5

"

] [Zﬁsy 2(3), z(B)}
(a// (b b/// +C, " +d,d”/) _ /ll (blb/l +C, /! +d dl/) +a/ (b//b/// +C" " +dlld//l) ﬂ,ﬂ”ﬂ”/)13

+ (b// (a/a/// + C/C/// + d/d///) + /// (ﬂ/ﬂ// + C/C// + d d/l) _ /(ﬂ//ﬂ/// + C//C/// d//d///) _ b//b///)lli:’,

+ (C//( ! 1" + b/b/// + d/d///) C/// (ﬂ/ﬂ// + b/b// + d d//) _ C/ (a//a/// + b//b/// + d//d///) C/C//C///>l

_|_ (d//( ! 11 _|_ b b/// _|_ C/C/H) d///( 1.1 _|_ b/b// _|_ C/C//) _ d! (a//a/// + b//b/// _|_ C//C///) _ d“d,//>111213 (135)

ﬁ[

The querelement z 3 (5) of z(3) from 0% is defined by

) 23,2, Z)| = 20y (136)

where z(3) can be on any place. In components, we obtain (cf. half-quaternions (130))

aiz + biiz + cipiz + diiipis
a% 4 b2 + 2 4 d?

Za) = — e 214 @+d@£0, abedcR (137)

3] . o
It follows from (137) that ©[ ] is a division algebra, because each nonzero element z 3) hasa
querelement 2(3), i.e., it is invertible.
Thus, we have constructed the noncommutative nonderived ternary division algebra

B8]

of half-octonions 0", which is nonunital and totally associative.
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