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This article continues the study of concrete algebra-like structures in our polyadic approach, where the arities of all
operations are initially taken as arbitrary, but the relations between them, the arity shapes, are to be found from some
natural conditions (“arity freedom principle”). In this way, generalized associative algebras, coassociative coalgebras,
bialgebras and Hopf algebras are defined and investigated. They have many unusual features in comparison with the
binary case. For instance, both the algebra and its underlying field can be zeroless and nonunital, the existence of the unit
and counit is not obligatory, and the dimension of the algebra is not arbitrary, but “quantized”. The polyadic convolution
product and bialgebra can be defined, and when the algebra and coalgebra have unequal arities, the polyadic version of
the antipode, the querantipode, has different properties. As a possible application to quantum group theory, we introduce
the polyadic version of braidings, almost co-commutativity, quasitriangularity and the equations for the R-matrix (which
can be treated as a polyadic analog of the Yang-Baxter equation). We propose another concept of deformation which is
governed not by the twist map, but by the medial map, where only the latter is unique in the polyadic case. We present
the corresponding braidings, almost co-mediality and M-matrix, for which the compatibility equations are found.
KEY WORDS: polyadic field, polyadic algebra, bialgebra, Hopf algebra, antipode, braid equation, braiding, R-matrix,
Yang-Baxter equation, mediality, co-medaility, M-matrix, quasitriangularity

INTRODUCTION

Since Hopf algebras were introduced in connection with algebraic topology [1,2], their role has increased
significantly (see, e.g., [3]), with numerous applications in diverse areas, especially in relation to quantum
groups [4-8|. There have been many generalizations of Hopf algebras (for a brief review, see, e.g., [9]).

From another perspective, the concepts of polyadic vector space, polyadic algebras and polyadic tensor
product over general polyadic fields were introduced in [10]. They differ from the standard definitions of n-ary
algebras [11-13] in considering an arbitrary arity shape for all operations, and not the algebra multiplication
alone. This means that the arities of addition in the algebra, the multiplication and addition in the underlying
field can all be different from binary and the number of places in the multiaction (polyadic module) can be
more than one [14]. The connection between arities is determined by their arity shapes [10] (“arity freedom
principle”). Note that our approach is somewhat different from the operad approach (see, e.g., [15,16]).

Here we propose a similar and consequent polyadic generalization of Hopf algebras. First, we define polyadic
coalgebras and study their homomorphisms and tensor products. In the construction of the polyadic convolution
product and bialgebras we propose considering different arities for the algebra and coalgebra, which is a crucial
difference from the binary case. Instead of the antipode, we introduce its polyadic version, the querantipode,
by analogy with the querelement in n-ary groups [17]. We then consider polyadic analogs of braidings, almost
co-commutativity and the R-matrix, together with the quasitriangularity equations. This description is not
unique, as with the polyadic analog of the twist map, while the medial map is unique for all arities. Therefore,
a new (unique) concept of deformation is proposed: almost co-mediality with the corresponding M-matrix. The
medial analogs of braidings and quasitriangularity are introduced, and the equations for M-matrix are obtained.

POLYADIC FIELDS AND VECTOR SPACES
Let k = k(mr:ne) — <K | V,gm’“), ,u,(cn’“)> be a polyadic or (my, ny)-ary field with ny-ary multiplication u,(fn’“) :

K™ — K and my-ary addition V](cmk') : K™& — K which are (polyadically) associative and distributive, such that
(K | u("’“)> and (K | l/(mk)> are both commutative polyadic groups [18,19]. This means that ,u,(cn’“) = u,ink) O Thy,

and I/I(ka) = V,(ka) O Tpn,, Where 7,, € Sy, , Tm, € Sm,, and Sy, , S, are the symmetry permutation groups.

A polyadic field k(") is derived, if uknk) and V,(ka) are iterations of the corresponding binary operations:
ordinary multiplication and addition. The polyadic fields considered in [19] were derived. The simplest example
of a nonderived (2,3)-ary field is k>3 = {iR}, and of a nonderived (3,3)-ary field is k*%) = {ip/q}, where
p,q € Z° (i2 = —1, and the operations are in C). Polyadic analogs of prime Galois fields including nonderived
ones were presented in [20].
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Recall that a polyadic zero z in any <X | l/(m)> (with v(™) being an addition-like operation) is defined (if
it exists) by
v (&,2] =2, VEe Xm L (1)

where z can be on any place, and x is any polyad of length m — 1 (as a sequence of elements) in X. A polyadic
unit in any (X | u(”)> (with p being a multiplication-like operation) is an e € X (if it exists) such that

™ [e" '] =2, VreX, (2)

n

where x can be on any place, and the repeated entries in a polyad are denoted by a power Z,...,z = z™. It
follows from (2), that for n > 3 the polyad e can play the role of a unit, and is called a neutral sequence [21]

u(")[é,x]zx, VeeX, ée X" L. (3)

This is a crucial difference from the binary case, as the neutral sequence é can (possibly) be nonunique.

The nonderived polyadic fields obey unusual properties: they can have several (polyadic) units or no units
at all (nonunital, as in k(3 and k®3) above), no (polyadic) zeros (zeroless, as k(*3) above), or they can
consist of units only (for some examples, see [20,22]). This may lead, in general, to new features of the algebraic
structures using the polyadic fields as the underlying fields (e.g. scalars for vector spaces, etc.) [10].

Moreover, polyadic invertibility is not connected with units, but is governed by the special element,
analogous to an inverse, the so called querelement T, which for any <X | ,u(")> is defined by [17]

p( [:c"il,:f] =z, VrelX, (4)

where T can be on any place (instead of the binary inverse “zz~! = €”). An element z € X for which (4) has
a solution under Z is called querable or “polyadically invertible”. If all elements in X are querable, and the
operation u(™ is polyadically associative, then <X | u(")> is a n-ary group. Polyadic associativity in <X | u(”)>
can be defined as a kind of invariance relationship [14]

™ [cic, 1 [g] ,2] = invariant, (5)

where &, 4, 2 are polyads of the needed size in X, and p(™ [g] can be on any place, and we therefore will not
use additional brackets. Using polyadic associativity (5) we introduce (-iterated multiplication by

14

of —
() (@] = L p R, @ e XD ©)

where ¢ is “number of multiplications”. Therefore, the admissible length of any n-ary word is not arbitrary, as
in the binary n = 2 case, but fixed (“quantized”) to ¢ (n — 1) + 1.
Ezample 1. Consider the nonunital zeroless polyadic field k*3) = {ip/q}, i? = —1, p, q € Z°% (from the example
above). Both the ternary addition v [z,y,t] = 2 4+ y + t and the ternary multiplication u® [z,vy,t] = zyt are
nonderived, ternary associative and distributive. For each = ip/q (p,q € Z°%?) the additive querelement
(denoted by a wave, a ternary analog of an inverse element with respect to addition) is & = —ip/p’, and the
multiplicative querelement is T = —iq/p (see (4)). Therefore, both ({ip/q} | p®) and ({ip/q} | v®) are ternary
groups (as it should be for a (3, 3)-field), but they contain no neutral elements (unit or zero).

The polyadic analogs of vector spaces and tensor products were introduced in [10]. Briefly, consider a set

V of “polyadic vectors” with the addition-like m,-ary operation V‘(/T”“), such that <V | 1/1(,m”)> is a commutative

my-ary group. The key differences from the binary case are: 1) The zero vector z, does not necessarily exist
(see the above example for k(33) field); 2) The role of a negative vector is played by the additive querelement

U in <V | V‘(/m”)> (which does not imply the existence of z,). A polyadic analog of the binary multiplication by

a scalar (\v) is the multiaction p(») introduced in [14]
P KT XV SV (7)
If the unit ey exists in k(™#™*) then the multiaction can be normalized (analog of “lv = v”) by

P (e [ v) = v, veV. (8)



7
Polyadic Hopf Algebras and Quantum Groups EEJP. 2 (2021)

Under the composition o, , (given by the arity changing formula [14]), the set of multiactions form a n,-ary
semigroup Sf)”f’) = <{ pg”)} | on, > Tts arity is less or equal than ny and depends on one integer parameter (the

number of intact elements in the composition), which is less than (r, — 1) (for details see [10]).
A polyadic vector space over the polyadic field k(mm+) ig

V: V(m/l;;mk,nk;?“p — <V K | 7”1)) V]E;mk);,u](cnk) (T71)> (9)

where <V | V‘(/m'“)> is a commutative m,-ary group, <K | 1y () (m’“)> is a polyadic field, <{ (T”)} | onp> is a

np-ary semigroup, the multiaction p(7e) is distributive with respect to the polyadic additions VV m) u,(cm’“) and

compatible with u(n’“) (see (2.15), (2.16), and (2.9) in [10]). If instead of the underlying field, we consider a
ring, then (9) define a polyadic module together with (7). The dimension d, of a polyadic vector space is the
number of elements in its polyadic basis, and we denote it V4, = VfiTv;m’“ M) The polyadic direct sum and
polyadic tensor product of polyadic vector spaces were constructed in [10] (see (3.25) and (3.39) there). They
have an unusual peculiarity (which is not possible in the binary case): the polyadic vector spaces of different
arities can be added and multiplied. The polyadic tensor product is “k-linear” in the usual sense, only instead
of “multiplication by scalar” one uses the multiaction p(” (see [10] for details). Because of associativity, we will

use the binary-like notation for polyadic tensor products (implying ® = ®y) and powers of them (for instance,
n

TR®r®...Qx=1x®") to be clearer in computations and as customary in diagrams.

POLYADIC ASSOCIATIVE ALGEBRAS

Here we introduce operations on elements of a polyadic vector space, which leads to the notion of a polyadic
algebra.

“Elementwise”’description

Here we formulate the polyadic algebras in terms of sets and operations written in a manifest form.
The arities will be initially taken as arbitrary, but then relations between them will follow from compatibility
conditions (as in [10]).

Definition 2. A polyadic (associative) algebra (or k-algebra) is a tuple consisting of 2 sets and 5 operations
A= A(ma7na,mk,nk,ra) o <A K | l/(ma)’ugla) ngk)»/l;gm)ap(“)> ’ (10)

where:

1. k(memne) — <K| (m*),ul(cn")> is a polyadic field with the my-ary field (scalar) addition l/](cmk) K™ K
and ng-ary field (scalar) multiplication /% SN "GN K;

2.
Apoey = AlMaimenkiTa) <A K| I/("la) Vl(cmk),lu;nk);pg'a)> (11)
is a polyadic vector space with the mg-ary vector addition 1/1(47””) : A" — A and the rq-place multiaction
P K x A = A;
3. The map p(n“) A™e — Ais a k-linear map (“vector multiplication”) satisfying total associativity

,uffa) [a ,u(n“) [b] ,é} = tnwvariant, (12)

where the second product :“54 "e) can be on any place in brackets and a, l;, ¢ are polyads;

(ra) s

4. The multiacton py, (na), (M) (m))

is compatible with vector and field operations ( (m“)7 [T RS T,

Definition 3. We call the tuple (mg, ng; my, ng;7,) an arity shape of the polyadic algebra A.

The compatibility of the multiaction pg“) (“linearity”) consists of [10, 14]:



8
EEJP. 2 (2021) Steven Duplij

1) Distributivity with respect to the m,-ary vector addition Vim“) (“A(a+b) =Aa+ b

pxa) {)\17 ...... ,)\r(z | V,(Ama) [a’l’ o "am“]}
— ) {P(X“) S A lar}s o o0 A, Ay | ama}} : (13)

2) Compatibility with ng-ary “vector multiplication” ,uff”') (“(Aa) - (ub) = (M) (a- b))

ME:“) {pxa) {M,.oeenns JAr, a1}, ... ,p(AT“) {Ara(na71)7 ...... s Arang | ana}}
0
:p(f(a){/,&](ﬂnk) [)\1, ...... 7)\mk]’_“7M§an) P‘mk(lfl)a ...... ,/\mkd,
D VAR PO D ,uff”') [a1,...,an,] }, (14)
Ling—1)=rs(ng—1), (15)

where £ is an integer, and £ <1, < {(ng — 1), 2 < n, < ng.

3) Distributivity with respect to the my-ary field addition V,im’“) (“ A+ p)a = Aa+ pa”)

e/
p(T“) V]E,mk) [)\17 ...... ,)\mk] yeeey Vlgmk) P‘mk(f'—l)’ ...... ,)\mkz/] s /\mk£/+17 ...... 7>‘T‘ama | a
= () [ o) g, Do 10} 0T L (15 Aram, |a}} , (16)
O(mg—1)=r,(mg — 1), (17)

where ¢ is an integer, and ¢/ < r, </ (mg — 1), 2 < m, < my.

4) Compatibility ny-ary field multiplication u,(cn’“) (“X(na) = (M) a”)

np
pﬁ;"“){Ah ...... D U 6 VPR Arom, | a} }
e//
_ e ) )y A (&) [y A by A 18
=Pa M [ Tygoeoens s nk],...,,uk [ (£ —=1)s v e y nkg//], Nl Ly e e nn y Aran, | a o, ( )
" (ng —1) =14 (n, — 1), (19)

where ¢ is an integer, and ¢ <r, <{"(ny — 1), 2 <n, < ng.

Remark 4. In the binary case, we have mg, = n, = my = np =n, = 2, r, = £ = ¢ =" = 1. The n-ary
algebras [11,12] have only one distinct arity n, = n.

Definition 5. We call the triple (¢,¢',¢") a £-arity shape of the polyadic algebra A.

Proposition 6. In the limiting £-arity shapes the arity shape of A is determined by three integers(m,n,r), such
that:

1. For the mazimal £ = ¢’ = 0" = r,, the arity shape of the algebra and underlying field coincide

Mg =Mk =M, (20)
Ng =N =Ny =10, (21)
7"@ =T7T. (22)
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2. For the minimal C-arities £ = ¢' = 0" =1 it should be rq| (M — 1) and ro| (ng, — 1), and

-1
me =1+ = ; (23)
T
-1
naznp:1+n ) (24)
T
mEp =m, (25)
ne =mn, (26)
Ta =T7T. (27)

Proof. This follows directly from the compatibility conditions (14)—(18). m

Proposition 7. If the multiaction pg“) is an ordinary action K x A — A, then all (-arities are minimal

=10 =10" =1, and the arity shape of A is determined by two integers (m,n), such that the arities of the
algebra and underlying field are equal, and the arity n, of the action semigroup S, is equal to the arity of
multiplication in the underlying field

Mg = My =M, (28)
Ng =Nk =Ny =N (29)

As it was shown in [20], there exist zeroless and nonunital polyadic fields and rings. Therefore, the main
difference with the binary algebras is the possible absence of a zero and/or unit in the polyadic field k(7 m)
and/or in the polyadic ring

Aring = Almana) — <A ‘ V,(qma)auxla)> ) (30)

and so the additional axioms are needed iff such elements exist. This was the reason we have started from
Definition 2, where no existence of zeroes and units in k(™* ") and Aying is implied.

If they exist, denote possible units and zeroes by ey € k(mmme) | 2z € k(mens) and ey € AMema) 2, €
A(mama) T this way we have 4 choices for each k(™) and A(™ame) and these 16 possible kinds of polyadic
algebras are presented in TABLE 1. The most exotic case is at the bottom right, where both k(™) and
Almeme) are zeroless nonunital, which cannot exist in either binary algebras or n-ary algebras [11].

Table 1: Kinds of polyadic algebras depending on zeroes and units.

A(ma naq)

z A z A no zp no z4
k(mk’nk) eA no ey ea no ey
EPS unital A nonunital A unital zeroless A nonunital zeroless A
er unital k unital k unital k unital k
Zl unital A nonunital A unital zeroless A nonunital zeroless A
no ep nonunital k nonunital k nonunital k nonunital k
no zp unital A nonunital A unital zeroless A nonunital zeroless A
[ unital zeroless k unital zeroless k unital zeroless k unital zeroless k
no zjp unital A nonunital A unital zeroless A nonunital zeroless A
no egp nonunital zeroless k nonunital zeroless k nonunital zeroless k nonunital zeroless k

The standard case is that in the upper left corner, when both k(™#m%) and A(™e ") have a zero and unit.

Ezxample 8. Consider the (“k-linear”) associative polyadic algebra AB33:32) gyer the zeroless nonunital (3,3)-

field k%) (from Ezample 1). The elements of A are pairs a = (A, ') € k(%) x k(33 and for them the ternary
addition and ternary multiplication are defined by

B 1O, ML) Mgy AD) My M) = (A Ao g, X Ao ) (31)
P T AL (A2, A5) (g N5)] = (A + da A, XL+ Ay + M%), A A € k@) (32)

where operations on the r.h.s. are in C. If we introduce an element 0 ¢ k(®3) with the property 0-A = X-0 =0,

then (31)—(32) can be presented as the ordinary multiplication and addition of three anti-diagonal 2 x 2 formal
A

matrices < )?, 0 > There is no unit or zero in the ternary ring <A | Vf),uf)>, but both <A \ uf)> and
<A | yf)> are ternary groups, because each a = (ip/q,ip’'/q’) € A has the unique additive querelement a =

(—ip/q,—ip'/q’) and the unique multiplicative querelement a = (—iq’/p’, —iq/p). The 2-place action (“2-scalar
product”) is defined by p (A1, Ao | (A, X)) = (A1 A2\, A A2 )\). The arity shape (see Definition 5) of this zeroless
nonunital polyadic algebra A33:3:2) ig (2,2,2), and the compatibilities (13)—(19) hold.
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Polyadic analog of the functions on group

In the search for a polyadic version of the algebra of k-valued functions (which is isomorphic and dual
to the corresponding group algebra) we can not only have more complicated arity shapes than in the binary
case, but also the exotic possibility that the arities of the field and group are different as can be possible for
multiplace functions.

Let us consider a ng-ary group G = G9) = <G | u§”9)>, which does not necessarily contain the identity

eg, and where each element is querable (see (4)). Now we introduce the set Ay of multiplace (s-place) functions
fi (91,-..,9s) (of finite support) which take value in the polyadic field k(™*") such that f; : G°* — K. To
endow Ay with the structure of a polyadic associative algebra (10), we should consistently define the my-ary

(m) . Agcmk)

addition v} — Ay, np-ary multiplication (“convolution”) ,ugc"’“) : Agcn"") — Ay and the multiaction

pgff )K" % Ay — Ay (“scalar multiplication”). Thus we write for the algebra of k-valued functions
B (G) = (Ag | ™) ™) ™) p0 7)) (33)

The simplest operation here is the addition of the k-valued functions which, obviously, coincides with the

field addition v{"™) = v (™).
Construction 9. Because all arguments of the multiacton pfff ) are in the field, the only possibility for the

r.h.s. is its multiplication (similar to the regular representation)

A Oy Ay 1)) =0 A A, f] L M€K, f e Ay, (34)
and in addition we have the arity shape relation
ng =ry+1, (35)
which is satisfied “automatically” in the binary case.

The polyadic analog of k-valued function convolution (“(fi * f2) (9) = Zn he=gSf1 (h1) f2 (h2)”), which is

denoted by ,ugcn’“) here, while the sum in the field is Vi”(m’“fl)ﬂ

constructed according to the arity rules from [10, 14].

, where £, is the “number of additions”, can be

Definition 10. The polyadic convolution of s-place k-valued functions is defined as the admissible polyadic
sum of ¢, (my — 1) + 1 products

Ngfnk) [fl (gla~.~agS))..~7f’nk (917"‘795)] =

(Vlgmw)"‘” [ngk) [F1 (Bay e ) s Fon (Bt - - .,hmk)]} . (36)

(ng

a)
e TP, M T W e
h(sffid+1)n9 =Ys—tig+1>

hsng' =9s

where fiq is the number of intact elements in the determining equations (“h1he = ¢”) under the field sum vy.
The arity shape is determined by
sny = (s — lia) ng + bia, (37)

which gives the connection between the field and the group arities.

Ezample 11. If ng = 3, np =2, my = 3, s = 2, fig = 1, then we obtain the arity changing polyadic convolution

uf) [f1(91,92), f2 (91, 92)] =

(W)™ [ 1 k) 12 s, )] (39)

1$ [ha,ha hs]=g1,
1P =ga
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where the ¢, ternary additions are taken on the support. Now the multiaction (34) is one-place
o) AN =wP NFl, e K, fedy, (39)

as it follows from (35).

Remark 12. The general polyadic convolution (36) is inspired by the main heteromorphism equation (5.14) and
the arity changing formula (5.15) of [14]. The graphical dependence of the field arity nj on the number of places
s is similar to that on FIGURE 1, and the “quantization” rules (following from the solutions of (37) in integers)
are in TABLE 1 there.

Proposition 13. The multiplication (36) is associative.
Proof. This follows from the associativity quiver technique of [14] applied to the polyadic convolution. m
Corollary 14. The k-valued multiplace functions {f;} form a polyadic associative algebra Fi (G).
“Diagrammatic” description

Here we formulate the polyadic algebra axioms in the more customary “diagrammatic” form using the
polyadic tensor products and mappings between them (denoted by bold corresponding letters). Informally, the

k-linearity is already “automatically encoded” by the polyadic tensor algebra over k, and therefore the axioms

already contain the algebra multiplication (but not the scalar multiplication).

Let us denote the k-linear algebra multiplication map by p(™ (u(™ = ,ugl“) from (10)) defined as

p(”)o(a1®...®an):u(”) [a1,...,an], a1,...,a, € A. (40)

Definition 15 (Algebra associativity axiom). A polyadic (associative n-ary) algebra (or k-algebra) is a vector
space Ayecr over the polyadic field k (11) with the k-linear algebra multiplication map

A(n) = <Avect | /L(n)>7 l’l’(n) : A®n — Aa (41)
which is totally associative

H(n) o (idf(nqﬂ-) ®u(n) ® id%i) _ N(n) o (idf(nflfj) ®N(n) ® id%j) 7

Vi,j=0,...n—1, i#j, ida:A— A (42)
such that the diagram
ABCn-D) Wi Ve pe R jen
id€ 1D g pumg id%’jl lm") (43)
A% n - A

commutes.
Definition 16. A polyadic algebra A™ s called totally commutative, if
p™ =p™or, (44)
where 7, € S,,, and S, is the symmetry permutation group on n elements.
Remark 17. Initially, there are no other axioms in the definition of a polyadic algebra, because polyadic fields

and vector spaces do not necessarily contain zeroes and units (see TABLE 1).

A special kind of polyadic algebra can appear, when the multiplication is “iterated” from lower arity ones,
which is one of 3 kinds of arity changing for polyadic systems [14].

Definition 18. A polyadic multiplication is called derived, if the map ;LEIZZ, is £,-iterated from the maps uén‘))

of lower arity ng < n

e#‘
pl) = o) o (,u,g’w) o... (ug’“’) ® id®(”°’1)) ®...® id®("°’1)), (45)
where
n=~{,(no—1)+1, £,>2, (46)

and £, is the “number of iterations”.
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Ezample 19. In the ternary case n = 3 and ng = 2, we have u((f;)r = u((f) o (,u((f) ® id), which in the “elementwise”

der — ap - (a’2 : a3)7 where /J/Ed?g)r = [ I ]der and ILLE)Q) = ()

Introduce a k-linear multiaction map p(") corresponding to the multiaction p(") = pg“) (7) (by analogy
with (40)) as

description is [ay, ag, as)

PPoM@...0N®a)=p" A,...; | a), M,....,\ €K, acA (47)

Let k and A" both be unital, then we can construct a k-linear polyadic unit map m by “polyadizing”
“uo(n®id) =id” and the scalar product “Aa = p (X | a) = n () a” with “n (ex) = e,”, using the normalization
(8), and taking into account the standard identification k®" @ A = A [23].

Definition 20 (Algebra unit axiom). The unital polyadic algebra AT™ (41) contains in addition a k-linear
polyadic (right) unit map ™™ : K@ — A®(M=1) gatisfying

u(n) o (n(r,n) ® idA) — p(r), (48)

such that the diagram

KO @ 4 ey

A

A"

commutes.

The normalization of the multiaction (8) gives the corresponding normalization of the map n(m (instead
of 1 (ex) = €4

n—1

n(T’")o<ek®...®ek>=€a®.--®€a- (50)

Assertion 21. In the “elementwise” description the polyadic unit n™™) of A™ s q (n — 1)-valued function of
T arguments.

Proposition 22. The polyadic unit map n\™™ is (polyadically) multiplicative in the following sense

r r(n—1)+1

ol
pMo. op™o|nrm g, @nrtm | =5t o (,u,(cn’“)> . (51)

Proof. This follows from the compatibility of the multiaction with the “vector multiplication” (14) and the
relation between corresponding arities (15), such that the number of arguments (“scalars” \;) in r.h.s. becomes
C(ng—1)+1=r(n—1)+1, where £ is an integer. m

Introduce a “derived” version of the polyadic unit by analogy with the neutral sequence (3).
Definition 23. The k-linear derived polyadic unit (neutral unit sequence) of n-ary algebra A™ is the set

A = {'r]fr)} of n — 1 maps ngr) cK®" — A i=1,...,n— 1, satisfying

N(n) ° (,,757") ®..® 777(:_)1 ® idA) = p(r)7 (52)

where id4 can be on any place. If nﬁ” =...= nff_)l = n(()r), we call n(()r) the strong derived polyadic unit.

Formally (comparing (48) and (52)), we can write

(rm) _ o (r) (r)

Nager =™ ®...0 M1 (53)
The normalization of the maps ngr) is given by
r /_H .
771()0<6k®-~-®6k>=€a, i=1,....n—1, e, € A, e € K, (54)

(r)

and in the “elementwise” description 7, ’ is a function of r arguments, satisfying

A =0 A A e, A €K, (55)

where p(") is the multiaction (7).
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Definition 24. A polyadic associative algebra A&Z)T = <Avect | uéﬁlmfi@"» is called derived from Agno) =
<Aq,ect R néT""°)>, if (45) holds and further

‘0,
gy =" @) (56)
’n(]fl
—_——~
is true, where nér’"o) = 17(()7") ®...0 77(()7") (formally, because id4 in (52) can be on any place).

The particular case n = 3 and r = 1 was considered in [24, 25] (with examples).
Invertibility in a polyadic algebra is not connected with the unit or zero (as in n-ary groups [17]), but

is determined by the querelement (4). Introduce the corresponding mappings for the subsets of the additively

querable elements Aéﬁ”é‘? C A and the multiplicatively querable elements A,(]ZL;”) C A.

Definition 25. In the polyadic algebra A(m’")7 the additive quermap quaq : AE,‘L‘Z) — Agﬂ”ﬁ) is defined by

v o (idf(m‘” ®qadd> o D™ = idy, (57)
and the multiplicative quermap qmait : AEITSJ” — Aézl;ﬁolt) is defined by

1™ o (idﬁ("*” ®qmult) o D™ =idy, (58)

n
—
where D((ln) : A — A®" is the diagonal map given by a — ¢ ® ... ® a, while guqq and g, can be on any place.
They send an element to the additive querelement a 94! G, a € Agﬁ‘,j«) C A and multiplicative querelement
a®8 a, ae Al C A (see (4)), such that the diagrams

D™ D™

A A®™ A A®T
= / o] / (59)
id$"" T ®dadd id5Y T @@muie
A®™ A%

commute.

Ezxample 26. For the polyadic algebra ABB3332) from Ezample 8 all elements are additively and multiplicatively

querable, and so the sets of querable elements coincide A((;;icf») = A,(ﬁéﬁ-lt) = A. The additive quermap gq,qq and

multiplicative quermap @.+ act as follows (the operations are in C)

/ /
(z’p,ip/) Goga (ip,ip/) : (60)
¢ q 7 q

/ /
(Zpazp/> th (_lq/’ _Zq) ’ i2 = _17 p,q € ZOdd' (61)
qa qg p p

Ezample 27. The polyadic field k("+7#) is a polyadic algebra over itself. We identify A = K, ,uff) = ,u,(cn"), and
the multiplication is defined by the multiaction as

e oM@ AN =p" (A, .. A | A). (62)
Therefore, we have the additional arity conditions
n=r+1=ny, (63)

which are trivially satisfied in the binary case. Now the polyadic unit map ("™ (50) is the identity in each
tensor component.

Medial map and polyadic permutations
Recall that the binary medial map for the tensor product of algebras (as vector spaces)

Tmedial © (A1 @ A2) ® (A1 ® Ag) = (A1 @ A1) ® (A2 ® Ay) (64)
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is defined by (evaluation)
(agm ®ag2)) ® (agm ®a52)> Tmedial (agl) ®ag1)) ® (agz) ®a§2)> . (65)
It is obvious that
Tredial = 1d A QTop @ idAa (66)

where 7o, 1 A1 ® Ay — A; ® Ay is the permutation of 2 elements (twist/flip) of the tensor product, such that
a® ®a® 1% @ g a®, oM e Ay, a® € Ay, Top € S2. This may be presented (65) in the matrix form

L (2
® (@)gyn gt ® (aT)ng’ ® (@)gyy = ® ( a%l) a:(LQ) ) ) (67)
ay

)

where T is the ordinary matrix transposition.

Let us apply (64) to arbitrary tensor products. By analogy, if we have a tensor product of mn elements (of
any nature) grouped by n elements (e.g. m elements from n different vector spaces), as in (65), (67), we can
write the tensor product in the (m x n)-matrix form (cf. (3.18)—(3.19) in [14])

G R ()

T
as’ as’ ... as

R@p(n=Q | ~ . (68)
aly) aP o d

Definition 28. The polyadic medial map TT(:’m) L (A®M)E™  (A®™)®" ig defined as the transposition of the

edial *

tensor product matrix (68) by the evaluation (cf. the binary case (65))

(n,m)

® (a’)mxn Tregiet ® (aT)nXm : (69)

We can extend the mediality concept [26,27] to polyadic algebras using the medial map. If we have an
algebra with n-ary multiplication (40), then the mediality relation follows from (68) with m = n and contains
(n + 1) multiplications acting on n? elements.

Definition 29. A k-linear polyadic algebra A (41) is called medial, if its n-ary multiplication map satisfies

the relation ® ®
p o (W)™ ) = e () ™) orlil (70

where 7" s given by (69), or in the manifest elementwise form (evaluation)

medial

:U’(n) [u(n) [a’gl)a agQ)u R agn):| 7/1'(n) [aél)v (152), LR aén):| PR 7/1'(n) |:a£7,1)7 ag)v s 7a£zn):H
= N(n) [N(n) {agl)v aél)v cee 704511)} 7N(n) {a?)? agQ)v cee 70'57,2)] 3. 7M(n) {a§")7 agn)v s 70'57,”)]} . (71)

Let us “polyadize” the binary twist map 7, from (66), which can be suitable for operations with polyadic
tensor products. Informally, we can interpret (66), as “omitting the fixed points” of the binary medial map
Tmedial, a0d denote this procedure by “Top, = Timediar \ 1d”.

Definition 30. A (medially allowed) £,-place polyadic twist map T(%T) is defined by

447.(%7—) — (n,m) id :77 (72)

medial

where ¢ = mn — kfiged, and Kfizeq is the number of fixed points of the medial map Téfezil

Assertion 31. If m #n, then £, = mn — 2. If m = n, then the polyadic twist map 7'057)

is the reflection
To(f;") ) To(f;") =1idy4 (73)

and L, =n(n—1).
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. . . 0,
Table 2: Number of places £, in the polyadic twist map T(Sp ),

'
(=]
[0 0]

10 | 12

10 | 12 | 18 | 22 | 26
13 | 18 | 20 | 28 | 33
10 {16 | 22 | 28 | 30 | 40
12 1 19 | 26 | 33 | 40 | 42

|| O | W N

Proof. This follows from the matrix form (68) and (69). m
Therefore the number of places £, is “quantized” and for lowest m, n is presented in TABLE 2.
This generalizes the binary twist in a more unique way, which gives polyadic commutativity.

Remark 32. The polyadic twist map Téﬁ*) is one element of the symmetry permutation group S, which is fixed

by the medial map Tfnne’;?;l and the special condition (72), and it therefore respects polyadic tensor product

operations.

Ezample 33. In the matrix representation we have

001000
0010 0000T10
1000 100000
@) _ ©) _
Top |n:3,m:2* 000 1 aTop ‘n:3,7n:3* 00 000 1| (74)
0100 010000
000100
000100
100000
© o000 10
Top ln=am=2=1 o 1 o ¢ 0 0 (75)
000001
001000

The introduction of the polyadic twist gives us the possibility to generalize (in a way consistent with the
medial map) the notion of the opposite algebra.

Definition 34. For a polyadic algebra A = <A | u(”)>, an opposite polyadic algebra
Ag’;) = <A | ™ o To(;})> (76)

exists if the number of places for the polyadic twist map (which coincides in (76) with the arity of algebra
multiplication ¢, = n) is allowed (see TABLE 2).

Definition 35. A polyadic algebra A™ s called medially commutative, if
Mgz) =pMor) = pulm, (77)

op

(n)

where 75, is the medially allowed polyadic twist map.

Tensor product of polyadic algebras
Let us consider a polyadic tensor product @;._; AZ(-n) of n polyadic associative m-ary algebras AZ(-n) =

<AZ- | u§71)>7 i=1,...,n, such that (see (40))

ugn) o (agi) ®...® ag)) = ME‘Z) [agi), ... ,a(i)] , a(li), W e Ay ,ui(? : Agn) — A;. (78)

To endow @, AE") with the structure of an algebra, we will use the medial map Tr(rg;?gl (69).
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Proposition 36. The tensor product of n associative n-ary algebras Az(-") has the structure of the polyadic
algebra Ag) = <®?:1 Agn) | u®>, which is associative (cf. (42))

fe 0 (idfénflfi) Opg @ id%é) = g o (id%;nflfj) Opg @ id%i@) ,
Vi, j=0,..n—1, i#j iday: A" ®... @ A" = 4, (79)
if
pe = (n" @..ou)orlin, (80)

Proof. We act by the multiplication map pg on the element’s tensor product matrix (68) and obtain

L © ((a§1> ® al? ®...®a§”)) ®..® (a53> ®a® ®...®a£l")))
- (ugn) ®... ®H§L")) or{mm o ((agl) v’ ®... ®a§”)) ®...® (aﬁj) 2a?®... ®a£{’)>)
= ('ug") ®...®ugl”)) o ((agl) ®aél) ®...®a,$b1)) ®...0 (agn) ®a§n) ®...®agf))>

= ,u(ln) [agl), a(Ql), e a;”} ®R...® ug”) {agn), agn), .. ,a%")} , (81)

which proves that pg is indeed a polyadic algebra multiplication. To prove the associativity (79) we repeat the
same derivation (81) twice and show that the result is independent of ¢, 5. ®

If all Agn) have their polyadic unit map ngr’n) defined by (48) and acting as (50), then we have

Proposition 37. The polyadic unit map of Ag) is Mg : K" — A?(nfl) ®...0 A2 acting as

nr n—1 n—1
—_—~
n®o<ek®...®ek> €a; ®...Q€q, | ®...0 |€n, ®...0e€q, | . (82)

Assertion 38. The polyadic unit of Ag) s a (n2 — n) -valued function of nr arguments.

Note that concepts of tensor product and derived polyadic algebras are different.

Heteromorphisms of polyadic associative algebras

The standard homomorphism between binary associative algebras is defined as a linear map ¢ which
“commutes” with the algebra multiplications (“p o 1 = pa 0o (¢ ® )”). In the polyadic case there exists the
possibility to change arity of the algebras, and for that, one needs to use the heteromorphisms (or multiplace

maps) introduced in [14]. Let us consider two polyadic k-algebras Agm) = <A1 \ ug"1)> and A(2n2) = <A2 | ug"2)>
(over the same polyadic field k).

Definition 39. A heteromorphism between two polyadic k-algebras A and A{"™ (of different arities n; and
ny) is a s-place k-linear map p{rn2) AP — Ay, such that

s—¥4;
id lia n2

—
q)gnhnz) o Mgnl) R...® Mgnl) ®ida, ®...®idya, | = /4(2”2) ° (I)gnhnz) ®...® q)gnl,n2) , (83)

and the diagram
(@(r1m2))@n

Az . A
(“gnl))®(sfe;d)®(idAl)®zid l l“éﬂz) (84)
H(n1:m2)
AP? : - Ao
commutes. The arities satisfy
sng =nq (s — big) + bia, (85)

where 0 < £ig < s — 1 is an integer (the number of “intact elements” of A;), and therefore 2 < ny < ny.
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Assertion 40. If tig = 0 (there are no “intact elements”), then the (s-place) heteromorphism does not change
the arity of the polyadic algebra.

Definition 41. A homomorphism between two polyadic k-algebras Ag") and Aén) (of the same arity or equiary)
is a 1-place k-linear map ®(") = @é’;’?) : A1 = Aj, such that

n

$™) o /,l,gn) = p,(2n) o & R...Q0 ) , (86)
and the diagram
n (@(n))‘@" n
A7 A3
py l luén) (87)
(n)
Al i A2

commutes.

The above definitions do not include the behavior of the polyadic unit under heteromorphism, because a
polyadic associative algebra need not contain a unit. However, if both units exist, this will lead to strong arity
restrictions.

Proposition 42. If in k-algebras Agnl) and Agnz) (of arities ny and ny) there exist both polyadic units (48)
nY’"l) KO — A?(m_l) and némm KO — Agg(nz_l), then

1. The heteromorphism (83) connects them as

s ni—1 s

nér,ng) R...® nérﬂm) _ (}gnl,ng) R...0 (pngl,ng) o ngr,nl) Q... ngr,nl) 7 (88)

and the diagram
(nir’"l))@

K’ A?s(nlfl)
(nér,nz)> ®s l m : (89)
H(ni,n2 ni—
Aé@)s(ngfl) s

commautes.
2. The number of “intact elements” is fized by its maximum value
gid =S5 — 1, (90)

such that in the l.h.s. of (83) there is only one multiplication p,gnl).

@S’LI;WZ)

3. The number of places s in the heteromorphism is fized by the arities of the polyadic algebras

s(ng—1)=mny — 1. (91)

Proof. Using (85) we obtain s(ny — 1) = (s — 6iq) (n1 — 1), then the (n; — 1) power of the heteromorphism
(") maps A?S(”lfl) — A?“”*”, and we have s — ;g = 1, which, together with (85), gives (90), and (91).
[

Structure constants
Let A™ be a finite-dimensional polyadic algebra (10) having the basis e; € A,i =1,..., N, where N is its
dimension as a polyadic vector space

Apect = <A’ K | V(m); V](gmk)’.ul(cnk); p(r)> (92)

where we denote v(™) = Vim”') (see (9) and (11), here N = d,). In the binary case “a = 3", \()¢;”, any element
a € A is determined by the number N of scalars A € K, which coincides with the algebra dimension Ny = N,
because r = 1. In the polyadic case, it can be that r > 1, and moreover with m > 2 the admissible number of
“words” (in the expansion of a by e;) is “quantized”; such that 1,m,2m — 1,3m — 2,... 4y (m — 1) + 1, where
£y € Ny is the “number of additions”. So we have
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Definition 43. In N-dimensional n-ary algebra AM™ (with m-ary addition and r-place “scalar” multiplication)
the expansion of any element a € A by the basis {e; | i =1,...,N} is

a= (V(m))OZN [p(r) {)\(11), AW el} ) {/\§N)7 A eNH ) (93)

and is determined by Ny € N “scalars”, where
N)\ = ’/‘N, (94)
N:ZN(m—l)—&-l, ENEN(), NeN, m>2. (95)

In the binary case m = 2, the dimension N of an algebra is not restricted and is a natural number, because,
N=1/Iy+1.

Assertion 44. The dimension of n-ary algebra A having m-ary addition is not arbitrary, but “quantized”
and can only have the following values for m > 3

m=3, N=1,3,5,...,205 +1, (96)
m=4, N=1,4,7,...,305 +1, (97)
m=5 N=1,5,9,..., 40y +1, (98)

Proof. It follows from (95) and demanding that the “number of additions” ¢, is natural or zero. m
In a similar way, by considering a product of the basis elements, which can also be expanded in the basis
“eiej = ng)j)ek ” we can define a polyadic analog of the structure constants ng)j) eK.
(9)
7,(11 ;1n)

n-ary algebra A (with m-ary addition v(™) and r-place multiaction p(r)) are defined by the expansion of the

Definition 45. The polyadic structure constants x € K,i1,...9y,5 = 1,...,n of the N-dimensional

n-ary product of the basis elements {e; | i =1,...,N} as
1 e, ... e ]
B U SIS WICY U SN | R
where
Ny=rN"t' N,N,eN (100)
N=I¢ny(m-1)41, Iy €Ny, m>2. (101)

As in the binary case, we have

Corollary 46. The algebra multiplication pu™ of A™M g fully determined by the »N"*! polyadic structure
constants Y. cK.

7, (31, %m)

Contrary to the binary case m = 2, when N,, can be any natural number, we now have

Assertion 47. The number of the polyadic structure constants N, of the finite-dimensional n-ary algebra A™
with m-ary addition and r-place multiaction is not arbitrary, but “quantized” according to

NX:r(éN(m—l)—i—l)"H, reN, Iy eNy, m,n>2. (102)

Proof. This follows from (100) and “quantization” of the algebra dimension N, see Assertion 44. m

POLYADIC COALGEBRAS

Motivation
The standard motivation for introducing the comultiplication is from representation theory [28,29]. The
first examples come from so-called addition formulas for special functions (“anciently” started from sin/cos),
which actually arise from representations of groups [5,30].
In brief (and informally), let 7 be a finite-dimensional representation of a group G in a vector space V over
a field k, such that
w(gh)==n(g9)mw(h), w:G—EndV, g¢ghegG. (103)
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In some basis of V the matrix elements 7;; (g9) satisfy m;; (gh) = >, mir (9) Tkj (h) (from (103)) and span a
finite dimensional vector space C of functions with a basis e, as fr =Y, @mer,., fr € Cr. Now (103) gives
fx(gh) =3, . Bmnen,, (9) €x, (h), fr € Cr. If we omit the evaluation, it can be written in the vector space
C; using an additional linear map A, : Cr = Cr ® C, in the following way

Ar (fx) =Y Brn€n, @ €x, € Cr @ Cy. (104)

Thus, to any finite-dimensional representation 7 one can define the map A, of vector spaces C, to functions
on a group, called a comultiplication.

It is important that all the above operations are binary, and the defining formula for comultiplication (104)
is fully determined by the definition of a representation (103).

The polyadic analog of a representation was introduced and studied in [14]. In the case of multiplace

representations, arities of the initial group and its representation can be different. Indeed, let G = <G | M((?)>,
,u(Gn) : G*™ — @, be a n-ary group and G](;:lgv = <{End Vi ,uj(gn )>7 M](En) : (End V)X"/ — EndV, is a n'-ary
group of endomorphisms of a polyadic vector space V (9). In [14] G(E:L] d) v was considered as a derived one, while

here we do not restrict it in this way.

Definition 48. A polyadic (multiplace) representation of G™ in Vis a s-place mapping

™) . g% - End Vv, (105)

satisfying the associativity preserving heteromorphism equation [14]

s—Liy
(n') £q
mn (n) (n)
IT; Ha [917 T g”] IRERRY Vel I:gn(s—fgd—l)7 te 7gn(s—£i’d)i| [ 7gn(s—li’d)+1’ T ’gn(s—fild)—i-li’d
:Mj(En) Hgnn) (gla ~-gs>7 aHgn}n (gs(n/l)a---gsn’>:| ) (106)
such that the diagram
y ()™
G**" » (End V)
() 0 | | (107)
, (nn')
Gxn o - EndV
commutes, and the arity changing formula
sn’ =n (s —Llig) + lg, (108)

where ¢/, is the number of “intact elements” in Lh.s. of (106), 0 < ¢, <s—1,2<n' <n.

Remark 49. Particular examples of 2-place representations of ternary groups (s = 2, which change arity from
n =3 to n’ =2), together with their matrix representations, were presented in [14,31].

Polyadic comultiplication
Our motivations say that in constructing a polyadic analog of the comultiplication, one should not only
“reverse arrows”, but also pay thorough attention to arities.

Assertion 50. The arity of polyadic comultiplication coincides with the arity of the representation and can
differ from the arity of the polyadic algebra.

Proof. It follows from (103), (104) and (105). m
Let us consider a polyadic vector space over the polyadic field k(™+"#) as (see (11))

Coeer = (C K | v s 5087 (109)

(re)

(me) , oxme 5 C'is me-ary addition and p. " : K*"e x C' — C is r.-place action (see (7)).

where v
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Definition 51. A polyadic (n'-ary) comultiplication is a k-linear map Al o o,

Definition 52. A polyadic (coassociative) coalgebra (or k-coalgebra) is the polyadic vector space Cyect equipped
with the polyadic comultiplication

c= o) = <cmt | A("')>, (110)

which is (totally) coassociative

(idg(” oAl g id?ii> o Al) = (102" VoAl giad) o Al),

Vi,j=0,...n—1,i#j, ide:C — C, (111)
and such that the diagram
oo(-1) | a2 1) g A g 18 oo’
@S 1) g Al idgjﬁ IA(”/) (112)
o At c
commutes (cf.(43)).
Definition 53. A polyadic coalgebra (") is called totally co-commutative, if
AM) =2 o Al), (113)
where 7, € S,/, and S,/ is the permutation symmetry group on n’ elements.
Definition 54. A polyadic coalgebra C’("/) is called medially co-commutative, if
Al =20 o A — A, (114)

(n)

where 75, ’ is the medially allowed polyadic twist map (72).

There are no other axioms in the definition of a polyadic coalgebra, following the same reasoning as for
a polyadic algebra: the possible absence of zeroes and units (see TABLE 1). Obviously, in a polyadic coalgebra

C’(”/)7 there is no “unit element”, because there is no multiplication, and a polyadic analog of counit can be
only defined, when the underlying field k("#-"%) is unital (which is not always the case [20]).
By analogy with (6), introduce the ¢'-coiterated n’-ary comultiplication by

V4

(a0 = (Ve (0D Al oAl ) oal), ren (115)

Therefore, the admissible length of any co-word is fixed (“quantized”) as ¢ (n’ — 1) + 1, but not arbitrary, as in
the binary case.
Let us introduce a co-analog of the derived n-ary multiplication (45) by

(n)

der. 15 called derived, if it is £4-coiterated from the comultipli-

Definition 55. A polyadic comultiplication A

(n5)

cation Ay "’ of lower arity nj < n’

La
Al — (m%”'f” ®... (idg%—l) A8"6)> .o AS"”) o Al™), (116)
. Al - (AS"“)M, (117)
where

n' =4y (ng—1)+1, (118)

and ¢4 > 2 is the “number of coiterations”.
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The standard coiterations of A are binary and restricted by ny =2 ( [1]).
Ezample 56. The matrix coalgebra generated by the basis e;;, i, = 1,..., N of Maty (C) with the binary
coproduct AéQ) (€ij) = > ek @ ep; (see, eg., [2]) can be extended to the derived ternary coalgebra by
A&?;)T (ei5) = Zk,l eir ® ep ® e, such that (116) becomes Agl?;)T = (idc ®A82)> AgQ) = (AE?) ® idc) A(()Q).
Ezxample 57. Let us consider the ternary coalgebra <C | A(3)> generated by two elements {a,b} € C' with the
von Neumann regular looking comultiplication
AP (@) =a@b®a, AP D) =boa®b. (119)

It is easy to check that A®) is coassociative and nonderived.

Definition 58. A polyadic coalgebra c(’) (110) is called co-medial, if its n'-ary multiplication map satisfies
the relation ) ,
’ ®n ’ 'n' ’ ®n ’
((Am) )oAm = ((A<n>) >OA<n>, (120)

where T(n ") is the polyadic medial map given by (68)—(69).

medial

Introduce a k-linear r’-place action map ﬁ(r/> : K9 @ C' — C corresponding to p((;“) by (see (47))

oM@ 0\ @) :pg)(xl,...,xr, 1¢), M,...,\w €K, ceC. (121)
Let k(m&-m%) be unital with unit ey.

Definition 59. A k-linear r’-place coaction map o) o ke ® C' is defined by

’
T

—_——~
cep®...0eQc. (122)
Assertion 60. The coaction map o) isa “right inverse” for the multiaction map ﬁ(T/)
(") oo() = ide. (123)

Proof. This follows from the normalization (8), (122). m

’
T

———
Remark 61. The maps (121) and (122) establish the isomorphism k ® ... ® k® C = C, which is well-known in
the binary case (see, e.g. [23]).

We can provide the definition of counit only in the case where the underlying field k has a unit.

Definition 62 (Counit axiom). The polyadic coalgebra o (41) over the unital polyadic field k(™) contains
a k-linear polyadic (right) counit map e(n'r) . ge(n'-1) o satisfying

(a(”"r') ® idc> o Al") = (), (124)
such that the diagram
®T, E(n'ﬂ")@idc ®n/
K" @C «—C
o) I (125)
Aln)
C

commutes (cf.(49)).

Remark 63. We cannot write the “elementwise” normalization action for the counit analogous to (50) (and state
the Assertion 21), because a unit element in a (polyadic) coalgebra is not defined.

By analogy with the derived polyadic unit (see (52)), consider a “derived” version of the polyadic counit.
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Definition 64. The k-linear derived polyadic counit (neutral counit sequence) of the polyadic coalgebra )

is the set (") = {sl-(r )} of n’ — 1 maps EET ) O K i=1,...,0n -1, satisfying

(0. 0el wide) 0 al) = o), (126)

(') () ()

where idc can be on any place. If &, * = ... =¢,,’, =5 7, we call it the strong derived polyadic counit. In
general, we can define formally, cf. (53),

eg:f ) _ sST ). ® sfbf_)l. (127)

der »“der

Definition 65. A polyadic coassociative coalgebra C((i:r) = <Cvect | A(n) e(n " )> is called derived from

clm) — <Cmt | AS"G),E(()”'“')>, if (116) and

Lq
52;7,./) = egné’r/) ®...0 s(()n()’r/) (128)
ny—1
hold, where egné’w) = s(()rl) ®...® egrl) (formally, because id¢ in (126) can be on any place).

In [24,25] the particular case for n’ = 3 and ' = 1 was considered.

Homomorphisms of polyadic coalgebras

In the binary case, a morphism of coalgebras is a linear map ¥ : C7; — Cs which “commutes” with
comultiplications (“(v ® ¥) o A1 = Ag o ¢”). It seems that for the polyadic coalgebras, one could formally
change the direction of all arrows in (84). However, we observed that arity changing is possible for multivalued
morphisms only. Therefore, here we confine ourselves to homomorphisms (1-place heteromorphisms [14]).

Let us consider two polyadic (equiary) k-coalgebras an ) _ <Cl | Agn )> and an ) _ <C’2 | Agn )> over
the same polyadic field k(m#:mx)

Definition 66. A (coalgebra) homomorphism between polyadic (equiary) coalgebras an) and an) is a k-
linear map () . C1 — (s, such that

v g owl)|o AE"/) = A§”'> ow(n), (129)

and the diagram
(o)

Cg@n' Cl®n
al) Al (130)
()
Cr— 2"

commutes (cf. (84)).
Only when the underlying field k is unital, we can also define a morphism for counits.

/7 ’ /_1 ’. .
Definition 67. The counit homomorphism for sgg ") : Cﬂ(" ) — K®" is given by

) ) e () g e | (131)
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and the diagram

, (n/,rl) o
KT €2 Cf’( 1)
| (132)
o(n'-1)

G
commutes (cf. (89)).

Tensor product of polyadic coalgebras

Let us consider n’ polyadic equiary coalgebras Ci(n )= <Ci | A(n )>, i=1,...,n.

i

Proposition 68. The tensor product of the coalgebras has a structure of the polyadic coassociative coalgebra

ng’) = <C® | Agll)>a Ce = ®Zi1 Ci, if

A g g A(”')) , (133)

1'7,/ n/ 1'7,/ e N
where 7'( ) is defined in (69) and Aé@ ) Cp > Ce®...0Cg.

medial

The proof is in full analogy with that of Proposition 36. If all of the coalgebras an) have counits,
we denote them e(n ) : Cg(n 1) — K®' i =1,...,n, and the counit map of Cg) will be denoted by

() 2 )

® — K%' We have (in analogy to “cc,ec, (1 ® ¢2) = e¢, (¢1) e, (¢2)”)

(n)

Proposition 69. The tensor product coalgebra C'®n has a counit which is defined by

= l,[/Zk [¢] <€£n " ) [¢] (Cl ® . ® C(n’—l)) ® e ® €£;L " ) [} (C(n’—l)(n’—l) ® . ® Cn’(n’—l))) s (134)
i=1,...,n" (n =1),
and the arity of the comultiplication coincides with the arity of the underlying field

n' = ny. (135)

Polyadic coalgebras in the Sweedler notation

The k-linear coalgebra comultiplication map A(™) defined in Definition 51 is useful for a “diagrammatic”
description of polyadic coalgebras, and it corresponds to the algebra multiplication map p(™, which both
manipulate with sets. However, for concrete computations (with elements) we need an analog of the polyadic
algebra multiplication pu(™ = ug“‘) from (12). The connection of p(™ and p(™ is given by (40), which can
be treated as a “bridge” between the “diagrammatic” and “elementwise” descriptions. The co-analog of (40)

was not considered, because the comultiplication has only one argument. To be consistent, we introduce the
“elementwise” comultiplication A(™) as the coanalog of (™ by the evaluation

AM) o) =a) (), cec. (136)

In general, one does not distinguish A1) and A(™) and may use one symbol in both descriptions.

In real “elementwise” coalgebra computations with many variables and comultiplications acting on them,
the indices and various letters reproduce themselves in such a way that it is impossible to observe the structure
of the expressions. Therefore, instead of different letters in the binary decomposition (“A (¢) =", a; ® b;” and
(104)) it was proposed [32] to use the same letter (“A(c) = >, c1);s ® ¢[g);”), and then go from the real sum
>, to the formal sum Z[C] as (“A(c) = Z[C] cr1) ® ¢2)” remembering the place of the components cjyj, ¢ only),
because the real indices pullulate in complicated formulas enormously. In simple cases, the sum sign was also
omitted (“A (¢) = ¢j1]®c[z)”), which recalls the Einstein index summation rule in physics. This trick abbreviated
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tedious coalgebra computations and was called the (sumless) Sweedler (sigma) notation (sometimes it is called
the Heyneman-Sweedler notation [33]).

’
Now we can write A\" ) as a n’-ary decomposition in the manifest “elementwise” form

’ ola
A(n) (C) = (V(m)) [0[1]71®C[2]71®...®C[,,L/]71,...7C[1]7NA ®C[2],NA ®"'®C[n’],NA} 5 C[j],i S C, (137)

where /A € Ny is a “number of additions”, and Na € N is the “number of summands”. In the binary case,
the number of summands in the decomposition is not “algebraically” restricted, because Nao = fa + 1. In the
polyadic case, we have

Assertion 70. The admissible “number of summands” Na in the polyadic comultiplication is
Na=la(m—1)+1, {4an €Ny, m>2. (138)

Therefore, the “quantization” of Na coincides with that of the N-dimensional polyadic algebra (see
Assertion 44).

Introduce the polyadic Sweedler notation by exchanging in (137) the real m-ary addition v(™) by the formal
addition v|g and writing

A(n,) (C) = V] [C[l] QCg ... C[n/]] =1 Q€2 Q... Cp- (139)

Remember here that we can formally add only Na summands, because of the “quantization” (138) rule.
The polyadic Sweedler notation power can be seen in the following

Ezample 71. We apply (139) to the coassociativity (111) with 2/ = 3, to obtain
(id ®id ®A<3>) o A®) (¢) = (id RA® @ id) o A®) (¢) = (A(?’) ®id® id) o A® (¢) = (140)
= V[ [Cm ® €] ® Vicy) [(0[3])[1] ® (cpa1) 1y @ (c) [3]”
= v {Cm ® Viey] {(Cm)m ® (cpz1) g @ (0[21)[3]} ® 0[31}
= v [Views | () ) @ () g ® (em) ] @ o @ i3] - (141)

After dropping the brackets and applying the Sweedler trick for the second time, we get the same formal
expression in all three cases

(1) [ ® e12) ® gy @ ey @ g5 (142)
Unfortunately, in the polyadic case the Sweedler notation looses too much information to be useful.
Assertion 72. The polyadic Sweedler notation can be applied to only the derived polyadic coalgebras.
Nevertheless, if in an expression there are no coiterations, one can formally use it (e.g., in the polyadic
analog (124) of the counting axiom “Y € (cpj) ¢ = ¢”).

Polyadic group-like and primitive elements

Let us consider some special kinds of elements in a polyadic coalgebra (™). We should take into account
that in the polyadic case, as in (137), there can only be the admissible “number of summands” Na (138).

Definition 73. An element g of (") is called polyadic semigroup-like, if

’
n

’ —_—
Al (g =g T@g., geC. (143)

When C(") has the counit e("'"") (124), then g is called polyadic group-like, if (“c (g) = 17)
’I’Llfl r/

(™) o IR ..00| =er®...R e, (144)

where ey, is the unit of the underlying polyadic field k.
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Definition 74. An element z of C("") is called polyadic skew k,-primitive, if (“A(z) =g1 @z + 2 ® g27)
kp n'—kp

’ ola
A(n)(ﬂﬁ):(V(m)) N®.. 00, Qr®..8x|,...,

n'—kp kp

J;®...®x®g(NA,1)kp+1®...®gNAk,, s (145)

where 1 <k, <n’ —1, Na ={4a (m —1)+ 1 is the total “number of summands”, here {o € N is the “number
of m-ary additions”, and ¢g; € C, i = 1,..., Nak, are polyadic (semi-)group-like (143). In (145) the n’ — k,
elements x move from the right to the left by one.
Assertion 75. Ifk, =n' — 1, then Al) (x) is “linear” in x, and n' = €a (m —1) + 1.

In this case, we call x a polyadic primitive element.

Ezample 76. Let n’ = 3 and k, = 2, then m = 3, and we have only one ternary addition /o = 1
AB) (x) = »(3) [(1®gp@T, g30TR g4, T® g5 ® gg) (146)
A (g) =g ®gi®gi i=1,....6. (147)

The ternary coassociativity gives g1 = go = g3 and g4 = g5 = gg. Therefore, the general form of the ternary
primitive element is

AP (2) =P [0 @z, 10T g, T©g 0. (148)
Note that coassociativity leads to the derived comultiplication (116), because

A® () = (id ®A(2)) A® () = (A<2> ® id) A® (1), (149)

A®) ()= Rz+z® go. (150)

The same situation occurs with the “linear” comultiplication of any arity n’, i.e. when k, =n' — 1.

The most important difference with the binary case is the “intermediate” possibility k, < n’ —1, when the
r.h.s. is “nonlinear” in z.

Ezample 77. In the case where n’ = 3 and k, = 1, we have m = 3, and /p =1

AP () =13 g Rrer, 10¢p Rz, TR g, (151)

A (g)=gi®gi®g, i=1,..3 (152)

Now ternary coassociativity cannot be achieved with any values of g;. This is true for any arity n’ and any
“nonlinear” comultiplication.

Therefore, we arrive at the general structure

Assertion 78. In a polyadic coassociative coalgebra o) polyadic primitive elements exist, if and only if the

n'-ary comultiplication A™M) s derived (116) from the binary comultiplication A,

Polyadic analog of duality

The connection between binary associative algebras and coassociative coalgebras (formally named as
“reversing arrows”) is given in terms of the dual vector space (dual module) concept. Informally, for a bi-
nary coalgebra C?) = (C'| A,e) considered as a vector space over a binary field k (a k-vector space), its dual is
C3 = Hom i (C, k) with the natural pairing C* x C' — k given by f (¢), f € C*, ¢ € C. The canonical injection
0:C*®C* — (C®C)"is defined by

O(fi® fa)o(c1®ca) = fi(c1) fa(ca), c12€C, fi2eC, (153)

which is an isomorphism in the finite-dimensional case. The transpose of A : C — C ® C is a k-linear map
A, (C®C)" — C* acting as A, (€) (¢) = €0 (A(c)), where £ € (C ® C)*, ¢ € C. The multiplication p, on
the set C* is the map C* ® C* — C*, and therefore we have to use the canonical injection 6 as follows

e Cre 0 b (ceo) s o, (154)
e = Ay 00, (155)
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The associativity of u. follows from the coassociativity of A. Since k* ~ k, the dual of the counit is the

unit 7, : k % o Therefore, C?* = (C* | s, mx) is a binary associative algebra which is called the dual algebra
of the binary coalgebra C? = (C'| A, &) (see, e.g. [3]).

In the polyadic case, arities of the comultiplication, its dual multiplication and the underlying field can
be different, but connected by (153). Let us consider a polyadic coassociative coalgebra C(”/) with n/-ary

comultiplication Al) (136) over k(™*"%) In search of the most general polyadic analog of the injection (153),
we arrive at the possibility of multiplace morphisms.

Definition 79. For the polyadic coalgebra C("/) considered as a polyadic vector space over k(™#™%) - a polyadic
S

——~
dual is C* = Homy (C®*, K) with s-place pairing C* x C x ... x C — K giving by f® (c1,...,¢s), f € C*,
ceC,seN.

While constructing a polyadic analog of (153), recall that for any n’-ary operation the admissible length
of a co-word is ¢ (n’ — 1) + 1, where ¢’ is the number of the iterated operation (115).

Definition 80. A polyadic canonical injection map 0" m"5) of ¢(") is defined by

0(11*,71/,3) o (fls) ® e ® ff;)) o) (Cl ® e ® CZ’(n'—1)+1) =

(1)) °* T 4(s) (s)
(uk ) {fl (017"'768)7"'>f€k(nk—1)+1 (c(n*,l)Hl,...,cn*s)} , (156)
where
n*s=0(n"-1)+1, ¢ eN, n >2 (157)
nf =0 (e —1)+1, feN, ng>2 (158)

It is obvious that (221 = g from (153). Then, the polyadic transpose map of the n/-ary comultiplication

’ 1"
n n

(n’) —_—— . (n”) o N—
A :C - C®...®C is ak-linear map A, | C®...C | — C* such that

(n”) "o g1
13 elC®...C| ,n" =N -1)+1,ceC (159)

where ¢’ is the “number of comultiplications” (see (6) for multiplications and (115)).
Definition 81. A n*-ary multiplication map u&”*) which is (one way) dual to the n’-ary comultiplication map
A) s given by the composition of the polyadic canonical injection g(n ") (156) and the polyadic transpose
NG (159) by

p) = A g, (160)

Indeed, using (156) and (159) we obtain (in Sweedler notation)
u,(kn*) o (fl(s) ®...® fﬁi)) of(c)= Aﬁ" ) og(n"ms) o (fl(s) ®...8 ffli)) o (c)
* 7 X . 4
=g n's) (fl(é) ®...®f,§i)) o ((A(" )) (c)>

I NCA PO (s) 161
—(Mk ) {Jﬁ (0[117-~-70[s1)~-~»fe,€<m,f1>+1(C[<n*—1)s+11’-~a0[n*s])}» (161)

and (157)—(158) are valid, from which we arrive at

Assertion 82. In the polyadic case the arity n* of the multiplication p,in*) can be different from the arity n’

of the initial coalgebra cn).
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Remark 83. If n* #n’ and s > 2, the word “duality” can only be used conditionally.

Polyadic convolution product

If A® = (A | p,n) is a binary algebra and C'®) = (C'| A, ¢) is a binary coalgebra over a binary field k, then
a more general set of k-linear maps Hom (C, A) can be considered, while its particular case where A® =k
corresponds to the above duality. The multiplication on Hom (C, A) is the convolution product (x) which can
be uniquely constructed in the natural way: by applying first comultiplication A and then multiplication pu = ()
to an element of C, as C' L, 00 fog ARA L Aor frg=po(f®g)oA, where f,g € Hom(C, A). The
associativity of the convolution product follows from the associativity of p and coassociativity of A, and the
role of the identity (neutral element) in Hom ;(C, A) is played by the composition of the unit map n: k — A
and the counit map € : C' — k, such that e, =noe € Hom(C, A), because e, x f = f x e, = f. Indeed, from
the obvious relation id4 of oide = f and the unit and counit axioms it follows that

po(n®idy)o (idg ®f)o(e®idc) o A =po(noidgoe) @ (idgofoidg)o A =exx f=f, (162)

or in Sweedler notation € (cpj) - f (o) = f (cqn)) - € (cig)) = f (o).
The polyadic analog of duality and (161) offer an idea of how to generalize the binary convolution product
to the most exotic case, when the algebra and coalgebra have different arities n # n’.

Let A™ and C("/) be, respectively, a polyadic associative algebra and a coassociative coalgebra over the
same polyadic field k(™++) If they are both unital and counital respectively, then we can consider a polyadic

analog of the composition 7 o e. The crucial difference from the binary case is that now (™) and (') are
multiplace multivalued maps (48) and (124). Their composition is

6£n ,n) _ n(r,n) O'y(rl’r) o E(n/vT/) € Homy (C®(n/_1),A®(n_1)) , (163)
where the multiplace multivalued map ’y(’“/”") € Homy (K o' K ®T) is, obviously, (=), and the diagram

) o(n'.r)

C®(n’71 Ko,
el l l'y(rl'r)(:) (164)
A®(n71) nm™ KOr

commutes.
The formula (163) leads us to propose

Conjecture 84. A polyadic analog of the convolution should be considered for multiplace multivalued k-linear
maps in Homy (C®(”Ll), A®("*1)).
In this way, we arrive at the following

Construction 85. Introduce the k-linear maps £ . ge'-1) A®(=1) i — 1 . n,, where n, > 2. To

. . A . L
create a closed ny-ary operation for them, we use the f-iterated multiplication map (u("))o D A®U=DHL g

’ OZ( / ’
and ¢'-iterated comultiplication map (A(" )) .0 = ¢®("=1)+1 Then we compose the above k-linear maps

in the same way as is done above for the binary case

<(A( ))02’)‘8("/*1) (n*’n/il)
C®(n'71) R C®(n'71)(é'(n'71)+1) Tmedial C®(n’71)(5’(n'71)+1)
N n—1,ny (n)\°% ®(n—1)
£V F")  @(n—1)(¢(n'~1)+1) Tvediar ) A®(n—1)(E(n—1)+1) ((=)*) A®(n-1) (165)
where 7'7”(,;;;2;1) and Tf(r:;il(;?*) are the medial maps (69) acting on the Sweedler components of ¢ and f“),

respectively. To make the sequence of maps (165) consistent, the arity n, is connected with the iteration
numbers £, ¢’ by ny =¢(n—1)+1=¢(n"-1)+1,¢,¢ €N.

Definition 86. Let A™ and C("/) be a m-ary associative algebra and n'-ary coassociative coalgebra over a
polyadic field k (the existence of the unit and counit here is mandatory), then the set Homy (C®(”/71), A®("’1))
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is closed under the n,-ary convolution product map ui"*) defined by

MS“>O(#1>®...@9ﬁ”0) - (166)

(o))" omtatir o (€9 e e 0) oo (A<n'>)°">®(””> |

and its arity is given by the following n,-consistency condition
ne—1=4(n—-1)=¢(n"-1). (167)

Definition 87. The set of k-linear maps £ ¢ Homy (C®("/_1),A®(”_1)) endowed with the convolution

product (166) is called a polyadic convolution algebra
an n) _ <Hom]k (C@)(n/,l)’A@(n—l)) | M n*)> (168)

Ezxample 88. An important case is given by the binary algebra A® and coalgebra c? (n =n' =2), when the
number of iterations are equal £ = ¢', and the arity n, becomes

n,=0+1=0¢+1, 00 €N, (169)

while the n,-ary convolution product in Homy (C, A) takes the form
L) (f<1> ®...0 f<"*>) = pe(meD) (f“ .® ﬁ"”) o A°(=D ) ¢ Homy (C, A), (170)

where p = pu(® and A = A® are the binary multiplication and comultiplication maps respectively.

Definition 89. The polyadic convolution algebra C£2’2) determined by the binary algebra and binary coalgebra
(170) is called derived.

Corollary 90. The arity n, of the derived polyadic convolution algebra is unrestricted and can take any integer
value n, > 2.

Remark 91. If the polyadic tensor product and the underlying polyadic field k are derived (see discussion [10]),
while all maps coincide £ = f, the convolution product (170) is called the Sweedler power of f [34] or the
Adams operator |35]. In the binary case they denoted it by (f)"*, but for the n,-ary product this is the first
polyadic power of f (see (6)).

Obviously, some interesting algebraic objects are nonderived, and here they are determined by n +mn' > 5,
and also the arities of the algebra and coalgebra can be different n # n’/, which is a more exotic and exciting
possibility. Generally, the arity n, of the convolution product (166) is not arbitrary and is “quantized” by solving
(167) in integers. The values n, for minimal arities n,n’ are presented in TABLE 3.

The most unusual possibility is the existence of nondiagonal entries, which correspond to unequal arities of
multiplication and comultiplication n # n’. The table is symmetric, which means that the arity n, is invariant
under the exchange (n,£) +— (n',¢') following from (167).

Ezample 92 (Homy (C, A)). In the simplest derived case (170), when both algebra A®) = (A | ) and coalgebra
c? = (C'| A) are binary with n = 2, = 2,n’ = 2,¢' = 2, it is possible to obtain the ternary convolution
product p,i?’) of the maps £ . 0 > A, i = 1,2,3, using Sweedler notation for A°? = (idc ®A) o A as
A% (¢) = ¢p1) @ ¢p9) ® ¢z, p°? = po (idg ®p) : A®3 — A, and the elementwise description using the evaluation

ilaero (10 @12 @19) 0 (0) =7 (£ c1n) 12 () £ (cm)]- am)
Ezample 93 (Homy (C’, A®2), Homy (C’®2, A)) Nonbinary, nonderived and nonsymmetric cases:

1. The ternary algebra A®) = (A| p®) and the binary coalgebra C® = (C| A), such that n = 3,0 =1,n =
2,0 = 2 giving a ternary convolutlon product of the maps 9.0 = A®2 i =1,2,3. In the elementwise
description £V o (¢) = fﬁ}) fo] , ¢ € C. Using (166), we obtain the manifest form of the nonderived
ternary convolution product by evaluation

9o (100100 19) o 0
= 0 [ (eon) A2 (e) A3 (ein)] @ [43) (crn) 42 (c) £ (e)] (172)

where A°2 (c) = cn] @ cpg ® cpz)-
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Table 3: Arity values n, of the polyadic convolution product (166), allowed by (167). The framed box corresponds
to the binary convolution product.

y4
A Vs (=1 1(=2/4=3|l=1|¢=2|¢=3|(=1|/(4=2|(=3|/=1|1=2|(=3
V=1
n =2 /=2 3 3
/=3 4 4
/=1 3 3
n =3 /=2 5 5
7= 7 7
/=1 4 4
n =4 /=2 7 7
/=3 10
/=1 5 5
n' =5 =2 9
/=3 13

2. The algebra is binary A® = (4| p), and the coalgebra is ternary C©) = (C] A(3)>, which corresponds to
n=2/0=2n"=3/ =1, the maps £ o2 A,i=1,2,3 in the elementwise description are two place,
i i ®2 1 2 2
0 (18 e2) = 17 (e1,02), 12 € € and (A®) ™ (e @) = () @ ey @ cfy)) @ (eff) @ o) @ ).
The ternary convolution product is

Vo (10 @@ @) o (Ve e®) = [0 () ef)) 12 () ) ) £ (i) cy))] - am3)

Ezample 94 (Homy (C®%, A%%)). The last (fourth) possibility for the ternary convolution product (see TABLE
3) is nonderived and symmetric n = 3,¢ = 1,n’ = 3,¢' = 1, with both a ternary algebra A® = (A ;1,(3)>
and coalgebra c® = <C | A(3)>. In the elementwise description the maps £ . c®2 A®2 = 1,2,3 are

£9) o (a1 ®ca) = fﬁ]) (c1,02) ® ff;]) (c1,¢2), c1,2 € C. Then

(3) o (f(l) ® £2) ® f(3)) ° (C(l) ® 0(2)> _ M(S) [f(l) (C(l) ) ,fff ( oy [2]) f(f’) ( ])}
@ u® |t] (cfi)-efi)) 1) (b)) 160 (el )] - a7)

The above examples present clearly the possible forms of the n,-ary convolution product, which can be
convenient for lowest arity computations.
The general polyadic convolution product (166) in Sweedler notation can be presented as

5 o (f<1) 2f@ ... ®f<m)) —g 9 gc Hom, <C®(n’—1)’A®(n_1))7

gy o (V@)

’ ’

n —1 n'—1 n'—1
—_—~ —_—~ —_—
_ () y | @ (-1 | 4| @ (n'-1) n | (n'=1)
—(“ ) l&m R RERRRL Y ’ffa €170 2] "“’ﬁm €] Cna] ’
ﬁ;feﬂomk@@("'*l)ﬂ), i€l,...ny, jEL1,....n—1, ceC, (175)

where gp;) are the Sweedler components of g.
Recall that the associativity of the binary convolution product (%) is transparent in the Sweedler notation.

Indeed, if (f*g) o (¢c) = f(cu) - 9(c), f.9,h € Hom(C, A), c € C, (-) = uA)7 then ((f*g)xh)o(c) =
(f (e) - 9 () - 1 (cgap) = f (e) - (9 (ci) - e (egzp)) = (F > (g = R)) e ().
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Lemma 95. The polyadic convolution algebra an ) (168) is associative.

Proof. To prove the claimed associativity of polyadic convolution ui ") we express (5) in Sweedler notation.
Starting from

h=pu" o (go e e, of® D), heHom (C20"7),4200) - (176)

where g is given by (175), it follows that h should not depend of place of g in (176). Applying h to ¢ € C twice,
we obtain for its Sweedler components hj;, j€1,...,n—1,

n’71
h[j] o (c(l) ®...Q® c(”/fl)) = (u(”))oe ( ) f<1) cEl])7 RN [I]L =) ) 71‘E]2]) cg]), cey [(2? -1) ,

n'—1 n/—l n' —1
,_/%
n) | (n'=1) ) | ) (n )| gnt2) (n'=1)
fm C2n,—1p " C2n,—1] ’Am “apoee o ’ffa [21""7 €f2] ’

n’'—1

2n.-1) [ (1) (n'=1)
A Chom 11y | |+ (177)

AN 02l
and here coassociativity and (167) gives (A(" )) (€) = ¢ ®cpg @ ... @ Can, —1]- Since n-ary algebra multi-

plication ;™ is associative, the internal (;L(”))o‘g in (177) can be on any place, and g in (176) can be on any
place as well. This means that the polyadic convolution product u( "+) is associative. m
Observe the polyadic version of the identity used in (162): for any f € Homy (C®<"/71),A®("’1))

id%"Vofo idﬁ(” _¢ (178)

Proposition 96. If the polyadic associative algebra A™ s unital with n K7 — A= " and the polyadic
coassociative coalgebra (") s counital with (") . @' -1) K™, both over the same polyadic field k,
then the polyadic convolution algebra an ) (168) is unital, and its unit is given by e,(f‘ ") (167).

Proof. In analogy with (162) we compose

f= <(H(n)>°‘> o o Tl 0 <(77(T’”))®(n*_1) ®idf§(”—1>> o <(7(T','r))®(n*_1) ®id§(n—1)>
o <(id%r’>®(”*1) © f) o ((E(ngr’))@(n*l) © id@g(n’—1)> . Tg;;;z;_l) . <(A(n,)>oe’>®(”'1)

or\ ®(n=1) s ®(na—1)
= ((M(n)) > o Ty(nngdzla?*) o (T’(r ,n) 07(7“ ,r) o E(n T ))

n'— T, — N4 ®(nlil) n'n ®(ny—1)
(et (a6} e () ),

which coincides with the polyadic unit definition (2). We use the identity (178) and the axioms for a polyadic
unit (48) and counit (124). The same derivation can be made for any place of pl™. m

As in the general theory of n-ary groups [17], the invertibility of maps in an ) should be defined not by
using the unit, but by using the querelement (4).

Definition 97. For a fixed f € an ) its coquerelement g, (f) € CER ") is the querelement in the n,-ary
convolution product

4™ o <f®("*_1)®q (f)) f, (180)
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where g, (f) can be on any place and n, > 3. The maps in a polyadic convolution algebra which have a
coquerelement are called coquerable.

Define the positive convolution power £, of an element f € an ) not recursively as in [36], but through
the £,-iterated multiplication (6)

£ = (Ni"w)% ] (f®(e*<n*71>+1>) , (181)
and an element in the negative convolution power £-6) satisfies the equation

<u§n*>)°f* o (fw*fn 2 22 o fun) — (uinn)“* o (f@w*(nﬁl) ® f<fz*>) —f (182)

It follows from (181) that the polyadic analogs of the exponent laws hold
W0 o (HE) @ 7). 7)) = e vt ), 155)

(N ED) 000 (, —1) 0 1)
(f* > — fl&767 (n. L) (184)

Comparing (180) and (182), we have
q. () =71, (185)

An arbitrary polyadic power £¢ of the coquerelement qieQ (f) is defined by (180) recursively and can be expressed
through the negative polyadic power of f (see, e.g. [37] for n-ary groups). In terms of the Heine numbers [3§]
(or g-deformed numbers [39])

¢ -1
[, ==+ 1€No, ¢€Z, (186)
we obtain [14]
a2l (f) = f{-lalla,,), (187)

POLYADIC BIALGEBRAS

The next step is to combine algebras and coalgebras into a common algebraic structure in some “natural”
way. Informally, a bialgebra is defined as a vector space which is “simultaneously” an algebra and a coalgebra
with some compatibility conditions (e.g., [1,2]).

In search of a polyadic analog of bialgebras, we observe two structural differences with the binary case:
1) since the unit and counit do not necessarily exist, we obtain 4 different kinds of bialgebras (similar to the
unit and zero in TABLE 1); 2) where the most exotic is the possibility of unequal arities of multiplication and
comultiplication n # n’. Initially, we take them as arbitrary and then try to find restrictions arising from some
“natural” relations.

Let Byeet be a polyadic vector space over the polyadic field k(™# ") as (see (11) and (109))

Buyeet = <B’ K | V(m); Z/lgmk,)7 ’u;cnk); p(r)>’ (188)
where (™) : BX™ — B is m-ary addition and p(") : K*" x B — B is r-place action (see (7)).

Definition 98. A polyadic bialgebra B('m) s Buyeer equipped with a k-linear n-ary multiplication map p(™ :
B®" — B and a k-linear n/-ary comultiplication map AM) . B B®" such that:

1. (a) Bff) = <Bvect | u(”)> is a n-ary algebra;
(6) The map p(™) is a coalgebra (homo)morphism (129).

2. (a) B(Cn) = <Bvect | A(”’)> is a n/-ary coalgebra;

(6) The map A is an algebra (homo)morphism (86).
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The equivalence of the compatibility conditions 1b) and 2b) can be expressed in the form (polyadic analog
of “Aopu=(peu) (ider®id) (A® A)”)

’
n n

/_/\% 7 , ,
A o™ = | 5™ e ou® | or) o A g o al) | (189)

medial ©

where T(n’n ) is the medial map (69) acting on B, while the diagram

medial
n') ®n n n,n’ ,
B@n (A( ) (B®n') ® T'l(nedia)l (B®’n) dn
o) l l(p_(n))‘@"/ (190)
B Al - B®"
comimutes.

In an elementwise description it is the commutation of n-ary multiplication and n/-ary comultiplication
Al) (w) [br, ..., bn]) = p™ [A(”’) b1),...,AM) (bn)} : (191)
which in the Sweedler notation becomes
p [y, bl @ p™ [y, bl @ @ ™ [by bl
= o) b @ o) b @ e ™ b0 b ] (192)

Consider the example of a nonderived bialgebra B™™ which follows from the von Neumann higher n-
regularity relations [40—43].

Ezample 99 (von Neumann n-regular bialgebra). Let B — <B | (™) A(")> be a polyadic bialgebra generated

by the elements b, € B, i=1,...,n — 1 subject to the nonderived n-ary multiplication
1 (by, b2, bs ... b2, by_1,b1) = by, (193)
,u(n) (b27b37b4~-~bn—1)b13b2) = b2a (194)
1™ (by—1, 01,2 . by—3,by—2,by1) = by1, (195)

and the nonderived n-ary comultiplication (cf. 119)

A (b)) = b1 @by @bz, byz @ by @ by, (196)
A (by) =by b3 @by...,by1 @by @ by, (197)
A (b ) =bp 1 @b @by @ ... Qbp_3Rbp_o @ bp_1. (198)

Tt is straightforward to check that the compatibility condition (191) holds. Many possibilities exist for choosing
other operations—algebra addition, field addition and multiplication, action—so to demonstrate the compatibility
we have confined ourselves to only the algebra multiplication and comultiplication.

If the n-ary algebra BXL) has unit and/or n’-ary coalgebra Bgl) has counit e("/""/), we should add the
following additional axioms.

Definition 100 (Unit axiom). If BE:) = (Byeet | pt™) is unital, then the unit (™™ is a (homo)morphism of
the coalgebra Bgn) = <Bvect | A("/)> (see (129))

n—1 n'

A(n') ®...® A(nl) o n(r,n) _ n(r,n) ®..® n(’l",n) (199)
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such that the diagram

(rym)

K@T n B®(n71)

:l , l (at)= (200)
K@rn’ (n(r,n))n B®(n—1)n’

commutes.
Definition 101 (Counit axiom). If B(Cn ) _ <Bvect | A("/)> is counital, then the counit (W) isa (homo)morphism
of the algebra BE:) = (Byeet | ™) (see (86))

n’—1 n

—_——~
e o lume. o | =" e, gel) (201)

such that the diagram

g("/’T/)
T

K® «— B®(n/_1)

4 I (wm)® 1) (202)
K®rn B®(n/—1)n
comimutes.

If both the polyadic unit and polyadic counit exist, then we include their compatibility condition

;N ®(n—1) ®(n'—1
(e(n ﬂ“)) ° (nw)) ( >zidK, (203)
such that the diagram
(n 1)

nm) ®(n* ( ’) ®(n=1)
/ \ (204)

K®7‘ n'—l K®r(n 1)

commutes.

Assertion 102. There are four kinds of polyadic bialgebras depending on whether the unit n™™ and counit
(') eqist:
1) nonunital-noncounital; 2) unital-noncounital; 3) nonunital-counital; 4) wunital-counital.

Definition 103. A polyadic bialgebra B("') is called totally co-commutative, if

p™ =p™or, (205)
A(n/> =T, 0 A(",)7 (206)
where 7, € S, T € Syv, and Sy, S,/ are the symmetry permutation groups on n and n’ elements respectively.

Definition 104. A polyadic bialgebra B is called medially co-commutative, if

B = p o7 = o, (207)
Al Z 20 G A — AL, (208)

(n) (n')

where 75" and Top ’ are the medially allowed polyadic twist maps (72).
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POLYADIC HOPF ALGEBRAS

Here we introduce the most general approach to “polyadization” of the Hopf algebra concept [1-3]. Informally,
the transition from bialgebra to Hopf algebra is, in some sense, “dualizing” the passage from semigroup (contai-
ning noninvertible elements) to group (in which all elements are invertible). Schematically, if multiplication
1 = () in a semigroup G is binary, the invertibility of all elements demands two extra and necessary set-ups:
1) An additional element (identity e € G or the corresponding map from a one point set to group €); 2) An
additional map (inverse ¢ : G — G), such that g -¢(g) = e in diagrammatic form is p o (idg xt) 0 Dy = €
(D3 : G — G x G is the diagonal map). When “dualizing”, in a (binary) bialgebra B (with multiplication y
and comultiplication A) again two set-ups should be considered in order to get a (binary) Hopf algebra: 1)
An analog of identity e, = ne (where 5 : k — B is unit and € : B — k is counit); 2) An analog of inverse
S : B — B called the antipode, such that po (idg ®S) o A = e, or in terms of the (binary) convolution product
idg xS = e,. By multiplying both sides by S from the left and by idp from the right, we obtain weaker (von
Neumann regularity) conditions S xidg*S = S, idg * S xidp = idp, which do not contain an identity e, and
lead to the concept of weak Hopf algebras [44-46].

The crucial peculiarity of the polyadic generalization is the possible absence of an identity or 1) in both
cases. The role and necessity of the polyadic identity (2) is not so important: there polyadic groups without
identity exist (see, e.g. [47], and the discussion after (3)). Invertibility is determined by the querelement (4) in
n-ary group or the quermap (57) in polyadic algebra. So there are two ways forward: “dualize” the quermap (57)
directly (as in the binary case) or use the most general version of the polyadic convolution product (166) and
apply possible restrictions, if any. We will choose the second method, because the first one is a particular case of
it. Thus, if the standard (binary) antipode is the convolution inverse (coinverse) to the identity in a bialgebra,
then its polyadic counterpart should be a coquerelement (180) of some polyadic analog for the identity map in
the polyadic bialgebra. We consider two possibilities to define a polyadic analog of identity: 1) Singular case.
The comultiplication is binary n’ = 2; 2) Symmetric case. The arities of multiplication and comultiplication
need not be binary, but should coincide n = n’.

In the singular case a polyadic multivalued map in Endy (B, B®("~Y) is a reminder of how an identity can
be defined: its components are to be functions of one variable. That is, with more than one argument it is not
possible to determine its value when these are unequal.

Definition 105. We take for a singular polyadic identity Idy the diagonal map Idg = D € Endy (B, B®(”*1)),
such that b — b= for any b € B.

We call the polyadic convolution product (166) with the binary comultiplication n’ = 2 reduced and denote

it by /TL*”*) which in Sweedler notation can be obtained from (175)

g (f“ 2f? ... ﬁ”*)) —g 9 gcEnd (B,B®<”*1>> :

g0 = (u)" [ff] ) £ (b) oo £ ()]

fgﬁ])eEndk(B,B), iel,....,n,, j€l,....n—1, be B, (209)
The cousistency condition (167) becomes reduced
ne=~C(n—1)+1=0¢+1. (210)

Definition 106. The set of the multivalued maps £ ¢ Endg (B, B®(”_1)) (together with the polyadic identity

*)

Idy) endowed with the reduced convolution product fi,"*’ is called a reduced n.-ary convolution algebra

ozn) = <Endk (B,B®<"—1>) | @) > (211)

Remark 107. The reduced convolution algebra C™ having n # 2 is not derived (Definition 89).

Having the distinguished element Idy € C*™ as an analog of idz and the querelement (180) for any
fe C&Q’") (the polyadic version of inverse in the convolution algebra), we are now in a position to “polyadize”
the concept of the (binary) antipode.

Definition 108. A multivalued map Q : B — B®(™~1 in the polyadic bialgebra BZ™ s called a singular
querantipode, if it is the coquerelement of the polyadic identity Q¢ = g, (Idg) in the reduced n,-ary convolution
algebra

A o (145 7Y @ Qo ) = Tdo, (212)
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where Qg can be on any place, such that the diagram

=1
B Ao(n ) _ B®n*

Idul ild?“**”@Qo (213)
(n—1,n4)

n)\° (n—1)
B&(n-1) ((“'( ) £)® 1 (B®n*>®(n—1) Tmedial (B®(n—1))®n*

cominutes.

In Sweedler notation

ol
(N(n)) [b[l]ab@]m..,b[n*fl]v Qo) (b[n*])] =b,  jel,...n—1 i€l...,n, (214)

where
Ao(n*—l) (b) = b[l] X b[g] ®R...Q b[n*], QO ¢} (b) = QO [1] (b) ®R...Q QO [n—1] (b) s b, b[l] € B

Definition 109. A polyadic bialgebra B equipped with the reduced n,-ary convolution product ﬂi"*)

and the singular querantipode Qg (212) is called a singular polyadic Hopf algebra and is denoted by Hg;;Lg =
<B("’”) | ﬁin*),Qo>.

Due to their exotic properties we will not consider singular polyadic Hopf algebras H(;;Lg in detail.

In the symmetric case a polyadic identity-like map in Endy (B®(”*1), B®(”*1)) can be defined in a more
natural way.

Definition 110. A symmetric polyadic identity Id : B®(—1) — B®("=1) js a polyadic tensor product of

ordinary identities in B™™
n—1

——

Indeed, for any map f € Endy (B®("~Y, B®("=1)) obviously Id o f = foId = f.
The numbers of iterations are now equal ¢ = ¢/, and the consistency condition (167) becomes

ny—1=~0(n—-1). (216)

Definition 111. The set of the multiplace multivalued maps £ € Endy (B2(n=1 BeM—1)) (together with

the polyadic identity Id) endowed with the symmetric convolution product ﬂi"*) = ui”*) |n=ns (166) is called a

symmetric ny-ary convolution algebra
Cg(n,n) — <Endk (B®(n—1)’B®(n—1)) | I’lin*)> . (217)

For a polyadic analog of antipode in the symmetric case we have

Definition 112. A multiplace multivalued map Qiq : B®("~1) — B®("~1) in the polyadic bialgebra B™™) s
called a symmetric querantipode, if it is the coquerelement (see (180)) of the polyadic identity Qiq = g, (Id) in
the symmetric n,-ary convolution algebra

ﬂin*) o (Id@(n*_l) ®R Qid) = Id, (218)

where Qiq can be on any place, such that the diagram

((A(n))ok)®("*1) (ngm—1)

B®((n-1) (B@m*)@(nfl) Tmedial (B®(n,1))®"*

Idl ild@)("**U@Qid (219)
(@) b s

Benr-1) (B@m*)@(n 1) Tmedial (B®(n—1))

commutes.
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In Sweedler notation we obtain (see (166) and (175))

n (3) 3(3) 3( (1) 5(2) (m=D\| _ () ;
(u( )) {b[ﬂ],bm,b[i 3 Qp (bn RN )} b9 jel,...n—1,i€l,... n,, (220)
where (A("))oe (b)) = bﬁ]) ® bg]) bfi)], b%) € B, L €N, Qp € Endg (B®(=1Y_B) are components of

Qid, and the convolution product arlty isn,=~0(n—1)+1(216).
Definition 113. A polyadic bialgebra B equipped with the symmetric n,-ary convolution product [Li"*)
and the symmetric querantipode Qiq (218) is called a symmetric polyadic Hopf algebra and is denoted by

Hme = < ™ | ﬂ&n*)aQid>-

Ezample 114. In the case where n = n/ = 3 and £ = 1 we have A(®) (b(j)) = bff]) ® b)) ® ) 1=1,2,3,

2 = 7]
u® {bu)’b(l)’ Quy (bu)’bg}))} — D), [bff] 2)7 Qu (b& ’b@ )} ),
W ol (vl 1) ol | =2 “(3 o Qe (o003 ) 065 = 0,
{Q[” ( (- Elgl)) bg])’b%)] =%, [Qm ( [ Elg])) bg])’b%)] =, (221)

which can be compared with the binary case (bS5 (b)) = S (b)) b2y = 7 (e (b)) and (4), (180).

Recall that the main property of the antipode .S of a binary bialgebra B is its “anticommutation” with the
multiplication g and comultiplication A (e.g., [1])

Sopu=por,o(S®S), Son=nmn, (222)
AQS:TOPO(S®S)OA, EOSZE, (223)

where 7, is the binary twist (see (66)). The first relation means that S is an algebra anti-endomorphism,
because in the elementwise description S (a-b) = S (b) - S (a), a,b € B, (:) = p.

We propose the polyadic analogs of (222)-(223) without proofs, which are too cumbersome, but their
derivations almost coincide with those for the binary case.

Proposition 115. The querantipode Qiq : B2 — B®(™=1) ot the polyadic bialgebra B™™) = <B | (™), A(”)>
satisfies the polyadic version of “antimultiplicativity” (“antialgebra map”)

o\ ®(n—1) ot ®(n—=1) 1
Qia © ((H(n)> ) = ((M(n)) > o) 0 Qi o, (224)
and “anticomultiplicativity” (“anticoalgebra map”)
or\ ®(n—1) L o0\ ®(n—1)
<<A(n)> ) © Qid - 7- (€r) © Q®n* 7(nnedza’lﬂ*) ° ((A(Tb)) > ’ (225)
where Trgwgzgl is the medial map (69), T(E,l;’) is the polyadic twist (72) and £ = (n — 1) n, should be allowed (see
TABLE 2).

Proposition 116. If the polyadic unit ™™ (48) and counit €™") (124) in B egist, then

Qia o™ =nt"m, (226)
E(nvr) o Qid — E(’I’L,T)- (227)

Ezample 117. If n=3,£=1, n, = 3, £, = 6 (and (75)), then using Sweedler notation, for (224) we have
Quy (1 a1, az, as] .1 [br, bo,bal ) = u® | Qpy (a2.b2) . Qpy (a1, b1) , Q (s, b)) (228)
Q2 (M(S) a1, az, as), u® [by, b2,bs]) = u® [Q[z] (a1,b1), Qg (a3, b3) , Q) (az, 52)} ; (229)

where Qid © (a7 b) = Q[l] (a’a b) ® Q[Q] (CL, b) € Endy (B ® B7 B® B)a a7b7 Qaq, b; € Ba (Cf (222))
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The key property of the binary antipode S is its involutivity S°? = idp for either commutative (¢ = p1o7,,)
or co-commutative (A = 7,, o A) Hopf algebras, which follows from (222) or (223) applied to S x S°? giving ne
(: S x ldB)

Proposition 118. If in a symmetric Hopf algebra H(ngn either multiplication or comultiplication is invariant

under polyadic twist map Tof;T) (72), then the querantipode Qiq (218) satisfies

(n«—1)
~(1y) _
fox Qid, - -, Qidq,Qia 0 Qia | = Qia, (230)

where Q33 can be on any place, or the convolution querelement (180) of the querantipode Qiq is
2 (Qu) = Qi3 (231)
Proof. The proposition follows from applying either (224) or (225) to the L.h.s. of (230), to use (180). m

TOWARDS POLYADIC QUANTUM GROUPS

Bialgebras with a special relaxation of co-commutativity, almost co-commutativity, are the ground objects
in the construction of quantum groups identified with the non-commutative and non-co-commutative quasitri-
angular Hopf algebras [4,48].

Quantum Yang-Baxter equation

Here we recall the binary case (informally) in a notation that will allow us to provide the “polyadization”
in a clearer way.

Let us consider a (binary) bialgebra B®? = (B | pu, A), where = pu® is the binary multiplication,
A = A® (see Definition 98), and the opposite comultiplication is given by Acop = Top © A, where 7,), is the
binary twist (66). To relax the co-commutativity condition (A, = A), the following construction inspired by
conjugation in groups was proposed [4,48]. A bialgebra B2 is almost co-commutative, if there exists R € BB
such that (in the elementwise notation)

1% [Acop (b),R] = p[R,A(b)], VbeB. (232)

A fixed element R of a bialgebra satisfying (232) is called a wuniversal R-matriz. For a co-commutative
bialgebra we have R = ep ® ep, where ep € B is the unit (element) of the algebra (B | ).

If we demand that (B | A.,)p) is the opposite coalgebra of (B | A), and therefore A, be coassociative,
then R cannot be arbitrary, but has to satisfy some additional conditions, which we will call the almost co-
commutativity equations for the R-matrix. Indeed, using (232) we can write

1 [(Acop @1dB) 0 Acop (b) , (R @ ep), (A @idp) (R)]]
=plpl(R@ep), (A®idp) (R)], (A®idg) o A(b)], (233)

H [(1dB ®Acop) © Acop (b) ) [(eB & R) 5 (ldB ®A) (R)H
=plplles ® R), (idp ®A) (R)], (idp @A) o A(b)], (234)
Therefore, the coassociativity of A.,, leads to the first almost co-commutativity equation
nl(R@ep),(A®idp) (R)] = pl(les ® R), (idp @A) (R)]. (235)

On the other hand, directly from (232), we have relations which can be treated as the next two almost co-
commutativity equations (unconnected to the coassociativity of Ac,p)

pl(R@ep),(A®idp) (R)] = p[(Acp @idp) (R), (R ep)]
= 1 [(Top ®idp) o (A®idp) (R),(R®ep)], (236)

1% [(eB ® R) ) (1dB ®A) (R)] =p [(ldB ®Acop) (R) ) (eB by R)]
=u [(idB ®Top) o (idB ®A) (R) , (63 ® R)] . (237)

The equations (235)—(237) for the components of

R=> Ve ecBoB (238)



38
EEJP. 2 (2021) Steven Duplij

are on B ® B ® B. In components the almost co-commutativity (232) can be expressed as follows
Z ZM |:b[2], I’((xl)} @ u [b[l], I’g)} Z Z,u [ / ,b[l] :| ® u [r((f,), b[z]/:| . (239)
[b] o

Now introduce the “extended” form of the R-matrix ®;; € B® B® B, i,j =1,2,3, by

9’&12:2()®r()®63—R®637 (240)
Riz = r) @ep@r) = (idp @7p) 0 (RDep) (241)
23:Zeg®r&1)®r&2) =ep® R. (242)

Obviously, one can try to solve (235)—(237) with respect to the D dlrectly, but then we are confronted

with a difficulty arising from the Sweedler components, because now (see (137)—(139))

(Aidp) (R)= Y Y @, @r?, (243)
[] =
(idp ®A) ( Z Z r) @ r [1] ® r(2)[ 9" (244)

]

To avoid computations in the Sweedler components, one can substitute them by the components of R

directly as r&) — r(® (schematically). This allows us to express (243)(244) solely through elements of the

“extended” R-matrix &;; by

(A ®idp) (R) = p[R1z, Rog) = Zr1)®r(1)®u[() ‘2)} (245)
(idp ®A) (R) = p[R13, R1s) = Zu[a,rg)}(@rg)@rg), (246)

which do not contain Sweedler components of R at all. The equations (245)—(246) define a quasitriangular
R-matrix [4]. The corresponding almost co-commutative (binary) bialgebra Bérzud = <B(2 2) R> is called a

quasitriangular almost co-commutative bialgebra (or braided bialgebra [7]). Only for them can the almost co-

commutativity equations (235)—(237) be expressed solely in terms of R-matrix components or through the

“extended” R-matrix &;;, using (245)—(246).

Theorem 119. In the binary case, three almost co-commutativity equations for the R-matriz coincide with
(1°% [R12, K13, Ros] = p° [Ras, Ris, R1a) . (247)

Conversely, any quasitriangular R-matrix is a solution of (247) by the above construction. The equation
for the “extended” R-matrix %;; (247) is called the quantum Yang-Baxter equation [8,49] (or the triangle
relation [48]). In terms of the R-matrix components (238) the quantum Yang-Baxter equation (247) takes the
form

Z W [r&)’rg)] " [ (2) r(l)} ® [r}f),rﬂ = Z " [r};?, S)] @ ulr [ W, g)} oulr [ (2,),r§32/)} . (248)
a.ﬂ,'y Ot',,B/,’y/

Let us consider modules over the braided bialgebra Bz(;r;u)d and recall [50] how the universal R-matrix
generalizes the standard flip Tv,v, : Vi ® Vo — V5 ® V5. Define the isomorphism of modules (which in our
notation correspond to a 1-place action p (7)) ey,v, : Vi @ Vo = Vo ® Vi by

cviv, © (V1 ® 1) = Ty, © Ro (v ® vg) =Zp(r53> \uz) ®p(r§3> |v1) vieVi, W eBi=12 " (249)

The quasitriangularity (245)—(246) and (249) on V1 ® Vo ® V3 leads to (see, e.g., [7])

(CV1V3 ® idVQ) o (idvl ®CV2V3) = CV1®V>,Vs) (250)
(idv, ®evvs) 0 (eviv, ®idyy) = cvy Vs (251)
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Similarly, the quantum Yang-Baxter equation (247) gives the braid equation [50] mapping V; @ Vo @ V3 —
Vs ® Vo ® Vi

(evpvs ®idy, ) o (idy, ®evyvy) 0 (eviv, ®idy,) = (idvy ®eviv) © (evyv, ®idy,) o (idy, ®ev,vy) - (252)
Putting Vi = V5 = V3 = V shows that cyy is a solution of the braid equation (252) for any module V, if
the R is a solution of the Yang-Baxter equation [7,50].

n/-ary braid equation
Let us consider possible higher arity generalizations of the braid equation (252), informally. Introduce the

modules V; over the polyadic bialgebra B(n'n) (Definition 98) by the r-place actions p&,:) (b1,...b0, | v3), b; € B,
v, €Vi,i=1,...8,j=1,...,r (see (47)). Define the following morphisms of modules

cvi.v, Vi®..0Vy = Vy®...0V. (253)

We use the shorthand notation ¢y = ¢y, ...v,,, idy = idy, and introduce indices manifestly only when it
will be needed.

Proposition 120. The n/-ary braid equation has the form

n'—1 n'—2

—— —
ey ®idy ... @idy | o |idy ®cyw @idy ®...@idy | o...

n'—1 n'—1

——— ———
o idv®...®idv®cvnl o Cvn/®idv®...®idv

n'—1 n'—1

——— ———
= idv@...@id\/@cvn/ o Cvn/®idv®...®idv o...

n'—2 n'—1

—_—— —_———
olidy ®...®idy ® Cyn ® idy |o|lidy ®...®idy ® Cyn' |, (254)

where each side consists of (n' + 1) brackets with (2n’ — 1) multipliers.

Proof. Use the associative quiver technique from [14] (The Post-like quiver in Section 6). m

Remark 121. There can be additional equations depending on the concrete values of n’ which can contain a
different number of brackets determined by the corresponding diagram commutation.

Ezample 122. In case n’ = 3 we have the ternary braided equation for cy,v,v, : Vi@ V2@V = V3@ V2 ®@ V) on
the tensor product of modules V; ® Vo ® V3 @V, ® Vs, as

(CV3V4V5 ® ide ® idVl) o (idv3 v, Vv, @ idVl) o (idVB ® idV2 ®cvy, V4V5) o (CV1V2V3 ® id‘V4 ® ist) =
(idvs ® ideL ®CV1V2V3) © (CV1V4V5 ® ide ® ide) © (idvl KV, Vv, @ ide) o (idvl ® ide ®CV3V4V5) . (255)

The ternary compatibility conditions for ey, v,y (corresponding to (250)—(251)) are

(evivavs ®@1dy, ®idyy) o (idy, ®evy vy, @ idyy) o (idy, ®idy, ®cvvavs) = Cvievae Vs, Vi, Vs (256)
(idVS ®CV2V5V4 ® idVl) © (idVS ® ide ®ch V4V5) © (CV1V2V3 ® idV4 ® ist) = Cv1,V2,V3QV4QVs - (257)

Now we follow the opposite (to the standard [50]), but consistent way: using the equations (255)—(257)
we find polyadic analogs of the corresponding equations for the R-matrix and the quasitriangularity conditions

(245)—(246), which will fix the comultiplication structure of a polyadic bialgebra B(n'n),

Polyadic almost co-commutativity

We will see that the almost co-commutativity equations for the R-matrix are more complicated in the
polyadic case, because the main condition (232) will have a different form coming from n-ary group theory [47].
Indeed, let G = (G| u(”)> be an n-ary group and H = (H' | u(”)>, H' = (H"| u(”)> are its n-ary subgroups.
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Recall [47] that H and H” are semiconjugated in G™ | if there exist g € G, such that p(™) [g. Ry, . R ] =

» o —1
() [h’l’, A ’TLl’g], hi € H', h! € H", and if g can be on any place, then H and H" are conjugated in G,
Based on this notion and on analogy with (3), we can “polyadize” the almost co-commutativity condition (232)
in the following way.
(n)

Let B("':m) — <B | (™), A("I)>, be a polyadic bialgebra, and the opposite comultiplication Aggp) =Top ' O
A("l), where T(g; ) is the polyadic twist (72).

Definition 123. A polyadic bialgebra B("') is called polyadic sequenced almost co-commutative, if there exist

fixed (n — 1) elements Ri(n ) € B®"I, i=1,...,n—1, called a polyadic R-matrix sequence, such that
p™ {Aggp) (b) ,Rgn )’ RQ(n ), o Rr(an:|

_ 4 'R$"'>,R§”/>,...,R,E’i?,A<"’> (b)} , WbeB. (258)

Definition 124. A polyadic bialgebra B is called polyadic sequenced almost semico-commutative, if only
the first and the last relations in (258) hold

\ VA |, wen (259

N(n) AEZ;,) (b), Rgn,)7 Rgn')’ o R("?] _ ﬂ(n) [Rgn/)’ Rz(nl)’ o R’r(L

Remark 125. Using (n — 1) polyadic R-matrices Ri(n ) is the only way to build a polyadic analog for the almost
commutativity concept, since now there is no binary multiplication.

The definition (258) is too general and needs to consider (n — 1) different polyadic analogs of the R-matrix
which might not be unique. Therefore, in a similar way to the correspondence of the neutral sequence (3) and
the polyadic unit (2), we arrive at

Definition 126. A polyadic bialgebra B(v'n) — <B | u), A(”/)> is called polyadic almost (semi)co-commutative,

if there exists one fixed element R(") € B®"' called a n’ -ary R-matriz, such that
u | A @y B RED) | =y |ROD, L RCD A )|, wbe B (260)

In components the n/-ary R-matrix R(") s
R() = Yorille.. . ® " ), ) € B. (261)
Remark 127. Polyadic almost co-commutativity (260) can be expressed in component form, as in the binary

case (239), only if we know concretely the polyadic twist TO(; ) € S,/ (where S, is the symmetry permutation
group ON 7’ elements), which is not unique for arbitrary n’ > 2.

Ezample 128. For B®?) the ternary almost (semi)co-commutativity (260) is given by

u® [A8) (0), RY, RO = u® [RO, RO, A0 )], e B, (262)
which with T(ES) = (ég‘z’) becomes, in components,
SO u [brgr o] @ 1 (b 2P @ u (b, Y]
[b] a8
= Z Z M(S) [ , ,rﬁ, b[l]/} & M(3) {r((f,)7 I’g/),b[g]/} ® M(S) [ (3,), r(;) b[ ]/} . (263)

/ /ﬁ/
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Ezample 129. In the exotic mixed case B™3) where the polyadic twist “without fixed points” (72) is To(fj) = (

the polyadic almost co-commutativity (260) becomes

1234)
3142/°

Z Z 1 (b, DD @ u® [bpa 1208 ] © 1 by, O, @ u® [byg, i, | =
Z Z W [0 ] © 1 [12,02, by ] @ 0 19,6 g ] 0 [0,y ] (264)
) «'B’

Equations for the n/-ary R-matrix

Here we consider the most consistent way (from a categorical viewpoint) to derive equations for the polyadic
R-matrix, in other words, through using the braided equation (252) (and n/-ary braided equation (254)) with
the concrete choice of the braiding ¢y, ..

Suppose that the n’-ary braiding ¢,/ is defined still by a 1-place action pM) as in the binary case (249).
At first glance, we could define the braiding (similar to (249))

cv,..v, oV ®...0vy) =Ty,..v, © R o ®...0u.)
=Ty.. (Zp 1) ( (1) | vl) . ®p(1) (r((f) | vn/>> , v €V, rg) € B, (265)

where p() : B® V; — V; is the 1-place action (see (7)). We recall that only the n-ary composition of 1-place
actions (n is the arity of multiplication (™)) is defined here (see [10])

D (b1 | p® (b2 o (b, | U))) e (,M b1, ... ba] | v) , bieB, veV. (266)

As in the binary case (240)—(242), we need the “extended” polyadic R-matrix.

Remark 130. The standard definition of the “extended” n/-ary R-matrix can be possible, if the algebra <B | u(")>
contains one polyadic unit (element) ep, because in the polyadic case there are new intriguing possibilities (which

did not exist in the binary case) of having several units, or even where all elements are units (see the discussion
after (3) and [14]).

Definition 131. The “extended” form of the n/-ary R-matrix is defined by %( -1 e pe(’ _1) such that

Q1.0
“2n;,1 Zeg® i e. . @), ®ep, i1,...,0w€{l,...20 =1} (267)

where rgf’“) are on the ij-place.

In this way we can express in terms of the “extended” n’-ary R-matrix (267) the n'-ary braided equation
(254), in full analogy with the binary case (247).

Ezxample 132. For the ternary case

CVi1a Vs © (V1 ® V2 @ V3) = Ty, 11, © R 0 (1 ® 12 @ v3)

= Zp(l) (r((ll) | Ug) @ pW (rff) | vg) @ pM (rS‘) | vl) , v eV, rWeB, (268)
and we define %252223 by (267), i1,i2,43 € {1,...,5}, Tvivavs = (35), and consider the ternary braid equation

(255). Using (266) we obtain (informally)
5) g5 (5) gp (5) 5) g (5) 5
Ry 5 R ses s = RGBSR R 5y (269)

Remark 133. Unfortunately, a “linear” Rr() n’-ary braiding cv,..v, (as in (265) and (268)) is not consi-
stent with the polyadic analog of the quasitriangularity equations (250)—(251), because the polyadic almost

co-commutativity (260) contains (n — 1) copies of n/-ary R-matrix R(").

Therefore, in order to agree with (260), instead of (265), we have



42
EEJP. 2 (2021) Steven Duplij

Definition 134. The polyadic braiding cy, ...y, is defined by

Ccv,..v,, © (’Ul &...Q Un/) =T¥..V, © p(n_l) R(n/)7 RN R(n ) | (Ul Q... ’Un/)

=TV..V,, © Z p("fl) (rfxll),...rflln?_l | v1> Q... ®p(”’1) (r&? ), . r((l:)l | vn/) ,

a1,...0n_1
v eV, ) eB, (270)
where p(»=Y : B"~1 @V — V the (n — 1)-place action (see (7)).

Remark 135. The twist of the modules 7y, ..y, , should be compatible with the polyadic twist TO(: ) in (258). In
the binary case they are both the same flip ( ) but in the n’-ary case they can be different.

Ezample 136. Consider the ternary braided equation (255), but now for the braiding ¢y, v,v;, instead of (268),
where we have

v, vavs © (V1 ® V2 ® v3) = Ty v, © PO (R(3)7 R¥ | (v ®v2® vs))

— Zp(z) (rg3>,rg3> | vg) ) (r,@, rff) | w) ®p? ( ( )| v ) Cw eV rg,)ﬂ B, (271)
a8

where p® : B® B®V — V is a 2-place action (7). In this way (271) is consistent with (262). In each place of
the 2-place action p(?) we then obtain the relation (269).

Polyadic triangularity
A polyadic analog of triangularity [4] can be defined, if we rewrite (246) as

(idp @A) (R) = p[R13, R1s] = E:uonp[a, V)o@ e, (272)
where 7,, is the binary twist. Instead of the R-matrix formulation (the left equality in (272)), we use the
component approach by [3], and propose the following
Definition 137. A polyadic almost co-commutative bialgebra B('m) = <B | u(m), A("/)> with the polyadic

R-matrix R(") = Y oa We.. ® r(()[n ), r((f ) € B is called quasipolyangular, if the following n’ relations hold

ZA () er@e.. o) = Z Deorle.. ord

Q1.0

% (uw))" [Pe@e. .o ]e.. o (”)) {rgll) ol e...q f((xnl/)} : (273)

Z r((ll) ® A("/> (rg)) Q... r((xn/) = Z (u(")>d o To(;bl) [rg}l) ® rg}g) Q... r,(ll),}

63 [eAPrRRYe s

ol ’ ’ ’
P erPe.. .0 ®...0 (u(")) [r&@@r&@@...@r& ,)] , (274)

1

Z r(()tl) ® I’((f) ®...0 A(n') (I’((ln/)) — Z ( (”)) ( ) |: (1) ® I’(l) ®R...0 r¢()¢173/:|

Q1,...00,7
ol ’ ’ n ’
® (u(")) OT(S;L) [rffl) 2P®...9 rffg,] ®...® rSJf ) & r£2 )e..® rﬁgﬁ,), (275)
where ’TO(;L ) is the polyadic twist map (72). The arity shape of a quasipolyangular B("'") is fixed by

n=ln—1)+1, (eN. (276)
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Remark 138. As opposed to the binary case (245)—(246), the right hand sides here can be expressed in terms
of the extended R-matrix in the first equation (273) and the last one (275) only, because in the intermediate
equations the sequences of R-matrix elements are permuted. For instance, it is clear that the binary product

Za,ﬁ (r[(jl) ® rgf) ® eB) . (r&l) ® r(;) ® €B) = Za_ﬂ (r[(jl) . r&l) ® rg) . r(ﬁz) ® eB) cannot be expressed in terms of
the extended binary R-matrix (240).

Almost co-medial polyadic bialgebras

The previous considerations showed that co-commutativity and almost co-commutativity in the polyadic
case are not unique and do not describe the bialgebras to the fullest extent. This happens because mediality is a
more general and consequent property of polyadic algebraic structures, while commutativity can be treated as a
particular case of it (see (66)). Therefore, we propose here to deform co-mediality (rather than co-commutativity
as in [4,48,50]).

Let B("'n) — <B | (™), A(”/)>, be a polyadic bialgebra. Now we deform the co-mediality condition (120)
in a similar way to the polyadic R-matrix (260).

Definition 139. A polyadic bialgebra B("'") s called polyadic sequenced almost co-medial, if there exist

2 2
(n’ — 1) fixed elements Ml(n ) € B®" i=1,...,n—1, called a polyadic M-matriz sequence, such that (see
(120) and (260))

medial

e [T("""') 0 ((A("')>®”/> o A(™) (b),Ml(n,z),MQ(nQ),...,M(nf)}

= ™ {Ml("’z), ™)), ((A(”’))M) o A(™) (b)} . WbeB, (277)
(o)

where 7, é;al is the polyadic medial map (69).

Definition 140. A polyadic bialgebra B is called polyadic sequenced almost (semi)co-medial, if only the
first and the last relations in (277) hold

N(n) {T(”,’"/) ] ((A("/))(Xm/) . A("/) () ,Ml("lz)’ . ,,Mrgﬁf)}

medial
— ™ [Ml("lz), o), ((A("'))M) o A (b)] . Vbe B, (278)

If all the elements in the sequence (similar to the neutral sequence for n-ary groups (3)) are the same

n/g nzz n’2 ’
M1( ):MQ( ):...:Mrg I)EM("2),Wehave

Definition 141. A polyadic bialgebra B is called polyadic almost (semi)co-medial, if there exist one fixed
element M (") € B#"" called a polyadic M -matriz, such that (see (120) and (260))

n—1
o (il ((80)™) 080 ) 20, )
= ™ M<"'2),...,M("’2>,((A("’))@o”')OA(n’) )|, WeB. (279)

Remark 142. The main advantage of the polyadic almost co-mediality property over polyadic almost co-
commutativity is the uniqueness of the medial map 7

medial and 11onun1'queness of the polyadic twist map
T (72
op ( )

The polyadic M-matrix M (") in components is given by

M(”'Q):ng})®...®m&n ), m@eB, i=1,.. n2 (280)

[e3%
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Ezample 143. In the binary case for B*? = (B | u, A) we have an almost co-mediality (279) as
" [Tmedml o (A®A)oA (), M(‘ﬂ _ [M<4>, (A9 A)oA (b)} , VbeB. (281)

which gives, in components (cf. for R-matrix (239))

55 ] o g ] o ] o, ]

3 4
—ZZu{m&,),b ]@M[ &/),b[] ]@M[ ((x’)?b[] ]@M[ ((x’)?b[] ] (282)
(blfy
Let us clarify the connection between the almost co-commutativity and almost co-mediality properties.
Theorem 144. If B("') 4 polyadic almost (semi)co-commutative with the polyadic twist map T(S;l ) (72) and
the n’-ary R-matriz R(™) (261), then (260) can be presented in the “medial-like” form

n—1

o [0 ((A("’))M) 0 al) ), ") mf™)

— Mé"&)f..l, M), ((AW))@”/) oA )|, WheB, (283)

where
rl(%”/’"/) e n o), (284)
S k() g ” @ R(M™). (285)

Proof. Applying (260) to each Sweedler component by; of Al) (b),i=1,...,n, we obtain n’ relations for the
polyadic almost (semi)co-commutativity. Then multiplying them tensorially, we obtain

’

e ok o (A0 () @ ... @ A (b)) o [ RO @0 RO

’
n

= | R0 @ o RO o (A0 () @A) (b)),

which immediately gives (283). The converse statement is obvious. m

Corollary 145. Polyadic almost co-commutativity is a particular case of polyadic co-mediality with the special

(n/ ’

“medial-like” twist map T ™) (284) and the composite M-matrix (285) consisting of n’ copies of the R-matrix
(261).
Ezample 146. In the binary case we compare the medial map (66) with the composed “medial-like” twist map
(284) as
Tmedial = 1dB ®Top & idB» (286)
TR = Top @ Top, (287)
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or in components
by ® by @by @by Y by @ by ® by ® by, (288)
b1®b2®b3®b43b2®b1®b4®b3. (289)

This shows manifestly the difference between (polyadic) almost co-commutativity and (polyadic) almost co-
mediality.

Equations for the M-matrix
Let us find the equations for the M-matrix (279) using the medial analog of the n’-ary braid equation.
Now the morphism of modules ¢y, ..y, becomes (see for the R-matrix (265))

n—1

n’.n’ o 2 2
CV1...Vn/2 O(U1®"'®U7l/2):Tmedial),Vl...Vn/z op(’ﬂ Y M(n )aaM(n ) | (’U1®...®Un/2) =

T(n/,n') o Z (n=1) (D) m® | v ) ® ® (n—1) m(n/2) m(n/2) |
medial,V1...V, 2 P apr Moy 1 v P ay yee-Ma, ) | Upr2 )

Q1.0 —1

vieV, WeB i=1,..,n% (290)

where T(n n l),Vl..AV ,, 18 the medial map (69) acting on n'? modules Vj, M) is the polyadic M-matrix (280),

mecﬁa
and p"~1V is the (n — 1)-place action (7). Now instead of the n'-ary braid equation (254) we can have
Proposition 147. The n/-ary medial braid equation is
’2 12

n“—1 n'<—2

—— —
Cyn2 © dy ®...Q0idy | o | idy QdCy n2 & dy ®...0idy | o...

n/271 n/271

— —
o idv®...®ldv®cvﬂ,/2 o cvn/2®idv®...®1dv

n/271 n/271

—_—— —_———
= idv®...®idv®cvﬂ,/2 o CV,,,/2®idv®...®idV o...

n/2_2 n/2_1
—— ——
olidy ®...®idy ® Cyrn2 Ridy [ o |idy ®...Q0idy ® Cyn2 |, (291)
where we use the notation cy,..» = CVi..V, 25 idy = idy,, and each side consists of (n/2 + 1) brackets with

(2n'2 - 1) multipliers.

Proof. This follows from the associative quiver technique [14]. =
We observe that even in the binary case the medial braid equations are cumbersome and nontrivial.

Ezample 148. In the binary case n’ = 2 we have the map ¢ > (see (286), (288))

which acts on
Vieh™eoVaeV,ioVse Vs Vr.

There are two medial braid equations which correspond to diagrams of different lengths (cf. the standard braid
equation (252))
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D VieVheVzeaV,eVs Ve Ve — VoV, Vs Ve Va Ve Vy:

(evivsvavs ® idy, ®@idy, ®@idy; ) o (idy, ®evsvvav, ® idy, ®idy;)
o (idy, ®idyy ®cvyvvv, ® idyy ) o (idy, ®idy, ®@idy, ey, vyvyvy)
o (evvvsvs ® idy, ®idy, ®idy,) o (idy, ®cvvavsv, ® idy, ®@idy:)
o (idv;, ®idy, ®cvyv,vsv, @ idyy) o (dy, ®idy, ®idy, ®ev,vavav;)
o (evivaVe1, @ idy, ®idy; ®idy,) o (idy, ®cvz vy, @ idy, ®idy,)
idy, ®idy, ®cv,v,vavs ® idy; ) o (idy, ®idy, ® idy, ®cv,vyvevy)
cviva vy, ® idy, ®idy, ®@idy, ) = (idy, ®@idy, ® idy, @cvgvavsvy)
cevivsv,ve @ 1dy, ®idy, ®@1dy: ) o (idy, ®cv,vgv,v, @ idy, ®@idy;)
idy, ® idy; ®cvv,vavs @ idy; ) o (idy, @idy; ® idy, ®ev,vav,vy)

)

Cvivs1a Y, @ idy, @idy, @idys) o (idy, ®evavavsvs @ idy, ®idys;)
)
)

o

o

e}

[¢]

o
o (idy, ®@idv; ®cvyvavsv, ®idyy ) 0 (idy, ®idy, ®idy, ®cvvivavy)
o(Cvivavevs @ ldV4 X ldV ® ldV7 o (ldV1 Revgvavsv, @ ldV4 24 ldV7)
(1dV1 ® 1dV2 KV Vv, Vs Vs @ 1dV7) (ldV1 ® ide ® idVS ®CV4V5V6V7) . (293)

(
(
(
(
(
(
(
(
(
(

2)ViaheVseaVieaVsea VeV, — ViV Ve Vi Ve Vs Vr:

(idy; ®idy, ®cvivav, v, @ idy,) o (idy, ®idy, ®idy, ®cv,vav,vy)

o (ev, vy, ® idy, ®idy, ®idy, ) o (dy, ®cvvyvvs ® idy, ®idy;)
o (idy, ®idy; ®cv,vav5v, ® idys ) o (idy, ®idy, ® idy, ®cvyv,vavs)
(ev,vvers @ idy, @idy, ®idy, ) o (idy, @ev, vy, @ idy, @idy: )
(idy, ®@idy, ®cvv,vsvs @ idy,) = (idy, ®cv,v,vav, @ idy, ®1dy;)
(
(
(

[e]

o

e}

idy, ®idy; ®cy,v,vsv; @ idy; ) o (idy, ®idy, ®idy, ®cv,v,vsv;)
Cvvvevs ® idy, ®idy, ®@idy, ) o (idy, ®ev,v,vev; @ idy, ®idys)
o (idy, ®idy, ®cv,vivevs @ 1dv7) (idv1 ®idy, ®idy, ®CV3V5V5V7)
o (ev,vavavs @ idy ®@idy, ®idy,) o (idy, ®cv,vyv,vs @ idy, ®idys ) . (294)

[e]

The equations for the M-matrix can be obtained by introducing the “extended” M-matrix, as in the case
of the R-matrix, and this can also be possible if the n-ary algebra <B | u(")> has the unit (element) e € B.

n/27 ’
Definition 149. The “extended” M-matrix is defined by J%l(lzl QI) e oin 271), such that

2n'2 -1 ; iy . .
J%i(lmin/z):ZeB®...®mEjl)®...®mg”2)®...®63, ity ey € {1,...,20/2 = 1} (295)
where m( ) are on the ix-place.

It is difficult to write the general compatibility equations for the “extended” M-matrix (295).
Ezample 150. In the binary case n = n/ = 2 we have for the polyadic M-matrix M®) in components

D=3 mPemPemPem, mecB, (296)
and J%Z(f)m € B®7 with
M =>"epw.omVe. . omie. @ep, ... €{l,....T}. (297)

(e

The map of modules ey, .y, (292) in the manifest form is

CviVaVaVy © (Ul X U2 ¥ ® ®’U4) = Tmedial © P (M(4) | (’Ul ® vg @ v3 @ 124))

= Tmedial © (ZP (mg) | Ul) ®@p (mg) | 7)2) @p (mgj) | U3> ®@p (mgl) | U4)> )
«

vieVi, mPeB, i=1,234, (298)
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where Tynediar 1s the medial map (286), and p: B x V — V is the ordinary 1-place action (7).
After inserting (298) into (293) and (294), using (297) we obtain the equations for M-matrix

(7 7 7 7 7) (7 7 (7 7
M 1546‘/% 56213‘/% (3212‘/%3247‘/%£62’>3‘%6352M:§2)54‘/%§457m 13%?/% (2254‘/%2425&/% (5%7‘/% 1234
(7 7 7 7 7 7 7 7 7 7 7
= ‘/%62?37‘/%£52Lﬁ‘/%5642mt(32213‘/%§3217m£6)52‘/%f(32?53‘/%53?54‘/% (4)57M 1263°/%§3234‘/%§4235'/%4(L5237 (299)
and
7 7 7 7
'/%5243‘/%2347‘/%1062‘%0263‘/%53)64'/%15,4257‘/%£22’)3'/%2354‘/%i§4?’)6
7
M6452M42a3'/%2357m£4)62'/%4263‘%2365‘/%3567'%1243*/%23457 (300)

which respect the braid equations (293) and (294).
Remark 151. The unequal number of terms in (299) and (300) is governed by different commutative diagrams
of modules (293) and (294), respectively (cf. (247) and (250)—(252)).

Medial analog of triangularity
Now we consider the possible analogs of the quasitriangularity conditions (similar to (245)—(246) and

quasipolyangularity (273—(275)) for a polyadic almost co-medial bialgebra B(n'm),
Definition 152. A polyadic almost co-medial bialgebra B(n'n) — <B | u("),A(”/)> with the polyadic M-

n/z .
matrix M ™) = Y a m .® mg ), m(of) € B is called medial quasipolyangular, if the following n'2
relations hold

N 6 A (M) @ m@ () M) o m® o o)
Z(A ) oA (ma>®ma ®...0my = Z My, @Mg, @...Q@mg’,
(e 0617~»-(1n/2
ol ol n'2 n'? e
@ (1) [P em@e..om?, o .o (u™) [mg Jomi e, @ m((),n,)] . (301)

S m@ e (A00) 7 0 al) (@) e ... cm")

[e3%
ol /2 n/2
= Z (M(n)) o 7—medml ) {m((lll) ® mg}g ®...& m,(llzl2 ® m((fl) () m,(fQ) ®X...Q mﬁf)a ...
A1y 72
ol n'? n'? n'2
® (,u(")) {m((xl ) ® mgz ) ®...® m((xn,Q)} , (302)

)" o ) L) o @ 0
= Z (/.L ) O Tinedial [moq ® maz ®...® My /2} ®...
ol /27n/2 n'2_1 n'2_1 n'2_1 n'2 n'2 n'2
o (1) orln? [l el Ve eoml Y eml Y eml e om0

212
where 7'7518 dl:l ) is the unique medial twist map (69). The arity shape of a medial quasipolyangular bialgebra

B("'") i given by (cf. (276)) ; ( | 01
=l(n—-1)+1, fecN 304

Remark 153. Similar to Remark 138, the medial quasipolyangularity equations (301)—(303) can be expressed
in terms of the extended M-matrix for the first equation (301) and the last one (303) only, because in the
intermediate equations the sequences of M-matrix elements are permuted.
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Ezample 154. In the case where n’ =n = 2, £ = 3, for the bialgebra B>? = (B | p=(-),A) with the polyadic
M-matrix
MW = Z mPeom@em®Peom®, mdeB (305)

we have the binary medial quasipolyangularity equations

Z(A@’A)OA( 1>>®m<2>®m<3>®m( = Y mPem®em®emd)
«@ Q1,02,03,004
® mg?l) . mgi) . mgi) . mgi) ® m(a?’l) . mgi) . mgi) . mgig ® mgll) . mgé) . mgls) . mgi), (306)
Z mP e (A®A)oA (m&2)> am® eom® = Z m,(lll) : mfxls) : m((112) . mg}z
ap,02,03,004
® m((le) ® mg@) ® m(2) ® m(2) ® m(3) m((j;) . mg;) . m(()i) ® mgll) . mg(42) . m((l43) . mgi)’ (307)
Zmu) om® ®(A®A)oA ( ) ®m® = Z m® - m® . m® . m®
Qp,02,03,004
® m((fl) . mgs) . mgz) . mgi) ® m((fl) ® mg’;) ® m((x?)s) ® m((i) ® m((;ll) . m&42) . mgi) . mgi)’ (308)
EolenPomdo@oa)e(ml)= 3 ml) ml)ml) )
« a1,002,003,004
® mgl) . mgs) . ng) (2) ® m m(3) m(3) (3) ® m(4) ® m(4) ® m( ) ® m(4) (309)

According to Remark 153, we can express through the extended M-matrix (297) the first medial quasi-
polyangularity equation (306) and the last one (309) ouly, as follows

(A®A) o Aidy@ids @idg) (MD) =Ty - MTyr - T - T, (310)
(idp @ idp @idp ® (A® A) 0 A) (MW) = (3, - D - T - Dy (311)
The compatibility of (310)—(311) with the (binary) almost co-mediality (281) leads to

Proposition 155. An extended binary M-matriz (297) of the binary almost co-medial bialgebra B®? —
(B|p=(),A) satisfies the compatibility equations (cf. (247))

7 7 7
*/%1234 '/%1567 ‘/%2567 J%§5)67 ‘/%4567 = '/%1567 ‘/%3567 J%§5)67 ‘/%4567 ~/%§22’,47 (312)
7 7 7
*/%4567 /%1234 */%1236 J%£22),5 J%1237 = /%1234 M1235 J%£22’>6 ‘/%1237 ‘/”’i{i)ﬁ?' (313)
Proof. The identities for the M-matrix
(M<4> ®idp ®idp ®id3) o(A®A) o A®ids ®ids ®idp) (M<4>)

= (Tomediat © (A ® A) 0 A @ idp ®idp @ idp) (M(4>) o (M<4> ®ids ®idp ® idB) , (314)

(idB ®idp @idp ®M<4>) o (idp ®idp ®idp ® (A ® A) o A) (M<4>)
= (idp ®idp ®idp OTmediar © (A @ A) 0 A) (M(4>) o (idB ®idp ®idp ®M<4>) : (315)

follow from the almost co-mediality condition(281), and then we apply quasipolyangularity (310)—(311). m

Remark 156. Two other compatibility equations corresponding to the intermediate quasipolyangularity equati-
ons (307)—(308) can be written in component form only.

The solutions to (312)—(313) can be found in matrix form by choosing an appropriate basis and using the
standard methods (see, e.g., [7,49]).
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CONCLUSIONS

We have presented the “polyadization” procedure of the following algebra-like structures: algebras, coalgebras,
bialgebras and Hopf algebras (see [10,20] for ring-like structures). In our concrete constructions the initial arities of
operations are taken as arbitrary, and we then try to restrict them only by means of natural relations which bring to mind
the binary case. This leads to many exotic properties and unexpected connections between arities and a fixing of their
values called “quantization”. For instance, the unit and counit (which do not always exist) can be multivalued many
place maps, polyadic algebras can be zeroless, the geurelements should be considered instead of inverse elements under
addition and multiplication, a polyadic bialgebra can consist of an algebra and coalgebra of different arities, and a
polyadic analog of Hopf algebras contains (instead of the ordinary antipode) the querantipode, which has different
properties.

The formulas and constructions introduced for concrete algebra-like structures can have many applications, e.g., in
combinatorics, quantum logic, or representation theory. As an example, we have introduced possible polyadic analogs
of braidings, almost co-commutativity and a version of the R-matrix. A new concept of deformation (using the medial
map) is proposed: this is unique and therefore can be more consequential and suitable in the polyadic case.
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MOIAAUYHI AJITEBPU XOII®A I KBAHTOBI I'PYIIU
C.A. Qymmiii
Llenmp ingpopmamuxu, Ynieepcumem Moncmepy, Himeuuuna

Ll crarTst NpoJOBXYye BUBYCHHS KOHKPETHHUX alreOpomnoiOHHX CTPYKTYp y HALIOMY IIOJiaJUYHOMY MiIXOIi, e apHOCTi BCIiX
omepauiii CroYaTKy MPUHMAIOTECS SIK JOBUIBHI, ane BIJHOCHMHU MK HHMH, ()OPMH apHOCTi, MOBUHHI OyTH 3HaWJeHi 3 NESKUX
MIPUPOJHUX YMOB («IPHHIMI CBOOOAM apHOCTi»). TakuM YHHOM, BH3HAYAIOTHCS 1 JOCHIIKYIOTHCS y3arajbHEHi acolliaTHBHI
anreOpu, KoacoUiaTuBHI Koanredpu, 6ianredpu i anredpu Xonda. Born MaioTs 0arato He3BUUAHHUX OCOOIMBOCTEH y MOPIBHSAHHI 3
OinapunM Brunaakom. Hanpukian, i anre6pa, i mosie, 1110 JI€KUTh B 11 OCHOBI MOXKYTh OyTH HYJbOBHMHU i HEIOOJUHOKUMH, iICHYBaHHS
OIVHULI 1 JIYMIbHUKA He OOOB’A3KOBO, a PO3MIpPHICTH aireOpW HE [MOBLNBbHA, a «KBAaHTOBaHa». MOXyTb OyTH BH3HA4eHI
MoJMiaAnvHUi TBip 3ropTku i OianreOpa, i komu anrebpa i KoanreOpa MarOTh HEpIBHI apiTH, MOMiaJAWYHA BEpCis AHTHIIOAA,
querantipode, Mae pi3Hi BIaCTHBOCTI. SIk MOXJIMBE 3aCTOCYBAaHHS [0 KBAaHTOBOI Teopil TPyl MH BBOAMMO IIOJaJUYHYy BEpCilo
IUICTiHb, Mai)ke KOKOMMYTATHBHICTb, KBa3iTPUAHTYJLSIPHICTD 1 PIBHSHHS Ui R-MaTpurl (SKi MOXKHA PO3IIISLAATH SIK MOMiaAudHUI
aHayor piBHsAHHA S[Hra-bakcrepa). Mu nponoHyeMo iHITY KOHIEMIIO AedopMarlii, sika KepyeThcsl He KapTOIO TBICT, a MEAIaJIbHOIO
KapTol0, JIe TIIbKY OCTaHHS yHIKaJIbHA B MOJTiaINYHOMY BUIIAJIKY.

KJIFOYOBI CJIOBA: noniaanvee moJje, moiiagudHa anredpa, Oianrebpa, anreOpa Xomnda, aHTHIION, PIBHIHHS KOCH, IDICTiHHSA,
R-marpuus, piBasaHS SHra-bakcrepa, MenianpHiCTh, KO-MEAiadbHICTh, M-MaTpHIL, KBa3iTPHAHTYJISPHICTD
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