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ABSTRACT. In this paper we introduce the notion of a ternary
Hopf algebra and prove that it can be embedded into a universal
enveloping Hopf algebra.

Introduction

The investigations of Hopf algebras are important since it is one of im-
portant classes of algebras, because these algebras are connected with
physics, noncommutative geometry, algebraic topology, the theory of al-
gebraic groups, the theory of quantum groups. Hopf algebras arise in
investigations of the cohomology of the Lie groups.

In this paper, the notation of Hopf algebra is generalized from binary
to ternary case. The ternary systems play important role in Jordan and
Lie algebras. In the paper it is proved that all obtained results do not hold
for arbitrary n, n > 3. All additional necessary notations and definitions
can be found in the paper, listed in References.

1. Preliminaries

In papers [1] and [2], notions of (n,2)-bialgebras and (2, n)-bialgebras
are introduced. In particular, for n = 3, we obtain notions of ternary
bialgebras, of the type (3,2) and (2,3). Now, we introduce the notion of
a ternary (3, 3)-bialgebra.

2000 Mathematics Subject Classification: 20N15, 20C05, 20C07, 16534,
17A40.
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Definition 1.1. Let k be a commutative associative ring with a unit, R
a module over k and

w:RRIRQR—-R n:k—R

k-module morphisms, notation p(a ® b ® ¢) = abe, pu(1) = 1, such that
the following diagrams are commutative:

(1) associativity of the ternary multiplication p:

RRIR®®R®R®R

®1x1 1®1®
/ i1®#N

RRR®R RRR®R RRR®R
o
R

or equivalently (abc)de = a(bed)e = ab(cde);

(2) the property of a unit element

RRE®E o EFo Rok~R ~ E®ok®R
1®n®ni n®1®ni in@n@l
R®R®R R®@R®R R®R®R
o
R

equivalently z11 = 1z1 = 11z = z.

A triple (R, u,n) is called a ternary k-algebra. The map p is a multipli-
cation and 7 a unit of the ternary k-algebra R.

Definition 1.2. Let (Ri,pur,,nr,) and (R, itr,,Mr,) be two ternary
k-algebras. A k-module morphism ¢ : Ry — R is called a k-algebra
morphism if the the following equivalent conditions are satisfied:

(i)

0 O UR, :HR20(0®U®U) and o ongr, =nr,,
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(ii) the following diagrams are commutative:

oROoRo

Ri® R ® Ry Ry ® Ro ® Ry
H/Rl H/RQ
Ry —"+> R
k
717 wj
Ry z Ry .

In |Z1], [Z2] a more general situation of the n-ary algebra was consid-
ered. In [Z1] it was proved that every n-ary algebra R can be embedded
into a universal enveloping associative k-algebra RY. The algebra R as
a k-module has a direct decomposition

RP=R®Rx®Rx & - & Ra" 2,
where the multiplication in R is defined as follows:
(ra®)(r'a?) = (r' 1---1)z™ € Rx™,
n—2

where m = (i + j) mod (n — 1) and 1 is the identity element of R. An
embedding ¢ : R — RY is defined by the rule ¢(r) = rz € Rx. It is
assume that 2™ = 1 [ZA]. The universal property means that if A is
any associative k-algebra and ¥ : R — A a k-module map such that
Y(ry---an) = ¢(r1) - - ¢(ry) then there exists a unique k-algebra homo-
morphism v’ : R%0A such that the following diagram is commutative

For any k-modules Ry and Ro there is a k-module map 7 : R ® Ry —
Ry ® Ry called a twist such that T1(x @ y) = y® x, for z € Ry, y € Ra.
[Z1].

Definition 1.3. A triple (R, A, ¢) is a ternary k-coalgebra if there exist
k-module morphisms

A:R—-R®R®Rande: R—k,

such that the following diagrams are commutative:
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(i) the diagram of coassociativity of the ternary comultiplication A:

/\LA\
RRR®R ROR®R RRR®R
m im%
RRIRXRRR®R
(ii) and the counity property
R
A
RRR®R RRRQR RRIRXR
1®a®al a®1®al le@a@l
RREREK > kR R®E = kk®R

Following [Ab| we shall use the ¥-notation
Ax) = Zx(l) Q@ x2) @ x(3), Z() € R.
(z)

The maps A and ¢ are called a comultiplication and a counit, respectively,
of the ternary k-coalgebra R.

Definition 1.4. Let (Ry, AR, ,cr,) and (R2, AR,,cr,) be two ternary k-
coalgebras. A k-module morphism o : Ry — Rs is a k-coalgebra morphism
if

Ap,00=(0®0c®0)oApR, and eg, 00 =¢pR,.

It means that the following diagrams are commutative:

R1 z R2 Rl
15

o R2
ARl l lARQ & %%2
oROoRo k‘

RI®RI ® Rl —= Ry ® Ry ® Ry

Theorem 1.1. Let a triple (R, u,n) be a ternary k-algebra and a triple
(R,A,¢) a ternary k-coalgebra. Then, the following conditions are equiv-
alent:
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(i) w,m are k-coalgebra morphisms;
(ii) A, e are k-algebra morphisms;

(ili) A(fgh)= > figih1 ® fagoho ® fagshs, A(1) =1 and
(f),(9),(h)

S(fgh) = e(e(g)e(h), =(1) = 1.

Proof. The conditions, under which A is a ternary k-algebra morphism,
are as follows:

1) Aop=p@peop)o(l@r®l)o(A®AR®A)
2) Aon=n®n®mn, where k is identified with £ ® k ® k.

The conditions, under which ¢ is a ternary k-algebra morphism, are as
follows:

a) Eou=ecQReRe,
b) €omn = 1i, where k is identified with £ ® k ® k.

On the other hand, u is a ternary k-coalgebra morphism if it satisfies
conditions 1), a); and 7 is a ternary k-coalgebra morphism if it satisfies
conditions 2) and b).

This fact allows us to conclude that i)<ii). Equivalently ii)<ii)
follows from the definition. O

Definition 1.5. The system (R, u,n, A, €) or simply R is called a ternary
k-bialgebra or (3,3)-k-bialgebra, if the k-module R together with k-module
maps u,n, A, e satisfies one of the equivalent conditions of Theorem 1.1

2. Basic constructions

In the binary case [A|, an antipode S in a k-bialgebra (R, u,n,A,¢e) is
defined as a morphism S : R — R, such that the following diagram is
commutative:

RoRL—R—5RoOR
ls
S®1gr k 1r®S

I

R®RE->RrR<"ReR
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In other words,

Antipode S is anti-bialgebra morphism, i.e.

S(zy) = SW)S(x),  AS(x) =) S(z)® Sxw),

The k-bialgebra R with an antipode S is called a Hopf algebra.

We consider the following question: in what way that definition can
be generalized to n-ary case? In the papers [Z1], [Z2] the notion of a
binary k-bialgebras are generalized to n-ary case. In [Z1] it was proved
that each (2,n)-ring R can be embedded into a universal enveloping ring
R? [ZA]. The algebra homomorphism

(p®¢)oAr: R— R'® R,
by the university of RY, induces algebra-homomorphism
Agp«:R*— R*® R,

under which the following diagram is commutative

R R*

AR\L lARQ
PP

RRR—R'® R"
where

Apg<(ra?) = Ar(r) (2! @ 27), j=0,1,...,n—2
l=Agp(z" H=z"l@z" =11

It is proved that (2,n)-ring R is n-ary k-bialgebra if and only if the
universal enveloping ring R is k-bialgebra.

Recall that an element g € R is a group-like element if A(g) = gRg®yg
and €(g) = 1.

In order to define n-ary analogy of the antipode .S, we need to prove
that the following conditions are equivalent:

1) There is an antipode S : R — R with the properties:
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a) S(ai...an) = S(ay)...S(a1)

b) e(a) = > aqy-.-S(agy)---Sag,,)) - - - am) for some fixed m and
all possible places j1 < ... < jm.-

2) There is an antipode S : R® — RY, such that S(az*) = 2" 17%3(a)
(since S(az*) = S(2)kS(a) = 2" '7%S(a), where a,S(a) € R, the
group-like element maps to an inverse element. In the binary case [A]
we have S(z) = z~!). In particular

S(ax) = 2"2S(a), S(a)= xS(ax) C Ra?,
since S: R — R, Rx — Rx. Therefore,
S:R— Rz* — Rat — ...
and thusn —2 =1, ie. n=3.

Hence, R® = R & Rz, and we have to consider ternary k-bialgebras.
On the other hand, in the conditions 1), we had to ask about occur-
rences m of S in the definition of the morphism e:

19 if n is an even number, then m = 5 (if m would be less there is no
n-ary factors)

20 if n is odd number, then m = "T_l . Hence, the left side is equal to a.

In the case n = 3 we have

Afa) = Z ag) @ ag) @ a)
(a)

l.e.

Therefore, if S? = 1, then
S(a) = S(ag)S(ag)an) =Y _ Slag)aeS(am))
(a) (a)

- Z a3))S(ae)S(a))-
(a)
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These are analogies of the inverse elements in semigroups. Further, we
consider the following schema of the embeddings:

R— R'=R® Rz, 2°=1,

ie. (3,3)-bialgebra is embeded into a (2,3)-bialgebra. If R is a fi-
nitely generated projective k-module then (RY)* — ((Rq)*)q, ie. (3,2)-
bialgebra is embeded into (2,2)-bialgebra. Here R* = Homy(R, k) is the
dual module of R over k.

3. Ternary Hopf algebras

Theorem 3.1. Let R be a (3,3)-bialgebra. Then, R can be embeded into
a universal enveloping ring R, which is (2,3)-bialgebra, and the following
conditions are equivalent:

1) there is an antipode S : R — R with the property

S(ajagas) = S(as)S(az2)S(a1), Vai,az,az € R

2) there is an antipode S : RY — R with the property:

S(uv) = S)S(u), Vu,v € R*

and (S)(R) = R (binary algebra-anti homomorphism).

Proof. (3,3)-bialgebra R can be embeded into a universal enveloping ring
R
R— R'=R® Rz, z°=1,
by the rule r — ra, Vr € R, and R is a (2,3)-bialgebra [Z1].
1)= 2) Extend the map S to RY, S: Rx — Rz, R — R, by setting

S(u) =aS(uzr), S(z)==z, ie S(uz)=xS(u).
Take u,v € R. Then there are the following cases

a) S(uv) = xS(uvr) = 2S(vr)S(u) = S(v)S(u), by 1b);

b) by the property 1b) we have

S(uvz) = S(urzvr) = S(vr)S(z)S(uz)
= S(vx)zS(uz) = S(vr)S(u);
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c¢) by the property 1) we have
S(uacv) S (uzvz) = 5 (vx)S(x)S(u)
S(v)zS(u) = S(v)S(uz);
d) S(uzvz) = 28 (urv) = xS(v)S(uz) = S(vr)S(ux).

2)=-1) An antipode S : R — R can be defined as a restriction S | g of S
to R C R". O

Suppose now that k is a field and R is a finitely generated projective
k-module. Denote by T" the universal enveloping ring RY. Then T is again
a finitely generated projective k-module. As in [Z2] it can be proved that
T* is a (3,2)-bialgebra, such that

(Af)(r1 @r2) = f(rir2)

since
AfeT*" T " =(TeT)", VfeT”
and
( o0go h Zf 7"1 1"2 )
because

Ar)=> menerel@TeT, VreT.
(r)
Denote by V' the dual module T* of T.

Theorem 3.2. Let V' be a (3,2)-bialgebra. Then, V can be embedded
into a universal enveloping ring RS, which is a (2,2)-bialgebra, and the
following conditions are equivalent:

(1) there is an antipode S*:V — V, with the properties:

g*(alagag) :5' ( )S ( )S ( ), Val,aQ,ag eV

Za S* Z a(l) a(2), Va eV

(a)

(2) there is an antipode S VI Ve §(V) =V, with the properties:

—~

S(gh) = S(h)S(9), Vg heV*,

=> "0 S(g) =) Slg)ga, YgeV*
(9)
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Proof. Taking into account |[Z1] and previous considerations we can de-
duce that (3, 2)-bialgebra V' can be embedded into a universal enveloping
ring V<, i.e.

VoVi=VaeVvy =1,
by the rule r — ry, Vr €V and V< is (2,2)-bialgebra.

(1) =(2) Let us extend the map S* to V<, S Vy —-Vy, V-1V,
such that

S(g)=yS(gy), S =y, ie S(g)=yS).
There are the following cases:
a) S(gh)=yS (ghy) =y S (hy)S(g) = S(h)S (g),
b) by 1) we have
S (ghy) = S (gyyhy) = S (hy) S (y) S ()
(hy)y S (gy) = S (hy) S (9);

I
W)

c¢) by 1) we have

S (gyh) = y.S (gyhy) =y S (hy) S (y) S (9)
= 8(h)yS(g) = S(h)S(gy);

d) S(gyhy) =y S (gyh) =y S (h) S (gy) = S (hy) S (gy).
If g € V, then:

ZQ 57(g ZS 1)92)
—Zg S (g ZS 1)92) = €(9)-
(9)
If g e Vy, then g=hy, heV:

Z hS*(h@) =D hay S (b))
(h)
_Zh(l yS (h 29(1)5 €(9)-
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Note that antipode S* : T* — T* is defined by the rule

(§)(r) = f(S(r)), VreT,

where
S:T—T

is an extension of the antipode S : R — R. O
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