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Abstract: We establish a method of Grobner-Shirshov bases for trialgebras and show that there is a
unique reduced Grobner-Shirshov basis for every ideal of a free trialgebra. As applications, we give
a method for the construction of normal forms of elements of an arbitrary trisemigroup, in particular,
A.V. Zhuchok’s (2019) normal forms of the free commutative trisemigroups are rediscovered and
some normal forms of the free abelian trisemigroups are first constructed. Moreover, the Gelfand-
Kirillov dimension of finitely generated free commutative trialgebra and free abelian trialgebra are
calculated, respectively.
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1. Introduction

The notion of a trialgebra (trioid also known as trisemigroup) was introduced by
Loday [1] and investigated in many papers (see, for example, [1-5]). There are several
motivations for the study of trialgebras. First, trialgebras and trioids are closely related to
Leibniz 3-Algebras [6], and Rota—Baxter operators [7]. Secondly, many results obtained for
trialgebras can be applied to trioids. In addition, lastly, if the operation _L coincides with -
or |-, then we obtain a dialgebra (dimonoid) [8]. If all operations of a trialgebra (trioid) coin-
cide, we obtain an associative algebra (semigroup). Thus, trialgebras are generalizations of
dialgebras and associative algebras. The classes of dialgebras and dimonoids were studied
by various authors (see, for instance, [9-13]). Loday [1] constructed a free one generator
trialgebra and a free trioid of rank 1. A.V. Zhuchok [2,3] constructed the free trioids of an
arbitrary rank and the free commutative trioids.

Grobner or Grobner—Shirshov bases theory was first introduced by Buchberger [14] for
commutative algebras and independently by Shirshov [15] for non-associative
algebras [16,17] and Lie algebras [16]. Then, it was developed for various kind of al-
gebras and widely used in different branches of mathematics. Grobner bases and Grobner—
Shirshov bases theories have become an effective computational tool for solving the fol-
lowing classical problems about: rewriting system; normal form; word problem; growth
function; conjugacy problem; embedding theorem; PBW-type theorem; extension, etc. See,
for example, the books [18-22] and the survey [23-27].

The key in establishing Grobner—Shirshov bases theory for certain algebras is to
establish the “Composition-Diamond lemma (CD lemma)” for such algebras. The name
“CD lemma” combines the Neuman Diamond Lemma [28], the Shirshov Composition
Lemma [17], and the Bergman Diamond Lemma [29].

Trialgebras are generalizations of dialgebras and associative algebras, so it is natural
to ask what kind of properties of associative algebras and dialgebras remain valid for
trialgebras. For instance, CD lemma for dialgebras has been established by Bokut, Chen,
and Liu in 2010 [12] and by Zhang and Chen in 2017 [13]. Thus, we shall establish the
CD lemma for trialgebras and thus offer a way of constructing normal forms of elements of
an arbitrary trisemigroup. Moreover, we prove that every ideal of a free trialgebra has a
unique reduced Grobner—Shirshov basis. The method we used is similar to what was done
for dialgebras in [12,13]. However, the extension is not obvious because more operations
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are involved and the difficulty increases. First, we must ensure that a well ordering on
monomials is more or less compatible with trialgebraic operations. Second, a trialgebra
has one more operation than dialgebra, so difficulty in the proof of some critical lemmas
increases naturally. These reasons make us encounter more difficulties in the process of
proving CD lemma for the trialgebra case.

The paper is organized as follows: in Section 2, we first recall the linear basis con-
structed by Loday and Ronco [1] of the free trialgebra. In Section 3, we elaborate the method
of Grobner—Shirshov bases for trialgebras. We show that, for an arbitrary monomial-centers
ordering on the linear basis, there is a unique reduced Grobner-Shirshov basis for every
ideal of free trialgebra. In Section 4, we give a detailed method to construct a set of normal
form for an arbitrary trisemigroup; in particular, we give another approach to normal
forms of elements of a free commutative trisemigroup that is constructed by [2]. Moreover,
we apply the method of Grobner—Shirshov bases for certain trialgebras and trisemigroups
to obtain normal forms and their Gelfand—Kirillov dimensions.

2. Preliminaries

Throughout the paper, we fix a field k. For a nonempty set X, we denote by X the
free semigroup generated by X, which consists of all associative words on X. Then, we
denote by X* = Xt U {e} the free monoid generated by X, where ¢ is the empty word. For
every U = X1xp..X; € X*, where x1, ..., x, € X, we define the length £(u) of u to be n. For
convenience, we define £(¢) = 0.

Definition 1 ([1]). An associative trialgebra (resp. trisemigroup), trialgebra for short, is a
k-module T (resp. a set T) equipped with three binary associative operations: - called left, \- called
right, and 1 called middle, satisfying the following eight identities:

ad(bkc)y=a-d(b-c),
(adb)Fc=(akb)teg
akF(bde)=(akb)gc,
a4 (b Lc)y=a-d(b-c),

(alb)Fec=(akb)Fc @
at(bLlc)=(akb) Lg
al (b-dc)=(aLlb)gc
al (bFc¢)=(a-b) Lc

foralla, b, c € T.

Note that, in [1-3], the authors call trisemigroups trioids, and, in [30], they are called
trisemigroups. Here, we follow the terminology of [30].

Definition 2. For an arbitrary set X, the triwords over X are defined inductively as follows:

(i)  For every x € X, the expression (x) is a triword over X of length 1;

(ii)  For all triwords (v) and (w) of lengths n and m, respectively, all monomials ((v) - (w)),
((v) - (w)) and ((v) L (w)) are triwords over X of length n + m.

Recall that, for every trialgebra T, for all by, ..., by, € T, every parenthesizing of
(b1 bbby 1) by A Abpy—1) L by 3+ Abpg—1) Lo L (b, 4+ A bi)

gives the same element in T [1], and we denote such an element by [b;...b;,],;, where U is
defined to be the set {m; | 1 < i < r}. In particular, assume that T is the free trialgebra
generated by X. Then, the triword (with an arbitrary bracketing way)

(xil }—~~~|—ximl_1)l—(ximl —|-'~—{Xim2 )J_~~~J_(xl-mr —|---—|ximﬁtr)

-1
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over X can be determined by the sequence u := x;, . and the set of index

"xintr+ty
U:={m;|1<i<r}.

Therefore, we call such a triword a normal triword over X and denote it by [u],,, and
call Xy, Xy, ..., Xm, the middle entries of [u],,. In case we would like to emphasize the
middle entries, we also denote

[u, == xj, e Xy g Xy Xy oKy e Xy

We call u the associative word of the triword [u],;. Let P(N) be the power set of the
positive integers N. We define

(X = {luly [0 € X¥, @ # U C {1, 0u)}}

to be the set of all normal triwords on X.

In [1], Loday and Ronco constructed a linear basis for a one-generated free trialgebra,
which can be easily generalized for the construction of a linear basis for an arbitrary free
trialgebra, see also [3].

Proposition 1 ([1]). The set [X ] v Of all normal triwords over X forms a linear basis of the free
trialgebra generated by X.

For every integer k € Z and @ # U € P(N), we define
U+k={m+k|meU}

and define [¢]p = . For convenience, when we write a set U = {my,my, ..., m;} € P(N),
we always assume m < my < ... < m,. Moreover, the cardinality of the set U is denoted
by |U|, and we simply denote [u],,, by [u]m.
Let Tri(X) be the free trialgebra generated by X. Then, by [1], Tri(X) is the free
k-module with a k-basis [X ], and for all [u] , [0], € [X7],,, we have
[u]u = [U]V = [uv]g(u)_,.vl [u]u B [U]V = [uv}u/ [u}u 1 [U]v = [uv]uu(f(u)+v)’

Moreover, with the above products, ([X*], I 1) forms the free trisemigroup

generated by X [3]. Though [¢]p is not an element in [X™], ., we still extend the opera-

(N7
tions I and - involving [¢]p to make formulas in the sequel simplified. More precisely, we

extend them with the following convention:

lelo b= [u]y = [uly A lelo = [u)y L [€lo = o L [u]y = [u]y

for every [u], € [XT], -

The following lemma shows that every triword can be written as a leftnormed product
of triwords.
Lemma 1. Let [u], = [urua..un], € [XT], ) withuy, ..., un € XT. Then, there exist some
operations 61, ...,0,—1 € {-,, L} such that

)

[ul, = (... (([ul]ulél [uz]u2)52[u3]u3)...)5n_1[un]un (leftnormed bracketing).

Proof. We use induction on 7 to prove the claim. For n = 1, there is nothing to prove.
Assume n > 1and U = {my, ..., m, }. There are several subcases to consider:
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Case 1. If £(uj...uy_1) > m;, then we have [u], = [uj...uy_1], - [tn]1. By induction
hypothesis, we obtain

[u]y = (- (([1]y, 01[u2]y, )d2[us]y,)-) = [unlr-

Case 2. If £(uy...uy—1) < mq, then we have [u], = [ug...uy—1]1 - [”n]fz(uluﬂ eur BY
induction hypothesis, we obtain

)y = (el (1] 1 02, B ltaly ) la] s
Case 3. If m; < £(uy..u,_1) < mj,q forsomei € {1,...,r — 1}, then we have

[u}u = [ul'"unfﬂ{ml ~~~~~ m;} L [un}7[(111..A11n,1)+{mi+] ,,,,, my}”

By induction hypothesis, we obtain

[u]u = ((([ul]u] 51 [MZ]u2)52[u3]u3)'“) 1 [un]*e("lm“nfl)*{miﬂ my}”

The proof is completed. [

3. Composition-Diamond Lemma for Trialgebras
In this section, we establish a method of Grobner-Shirshov bases for trialgebras. By
Proposition 1, [X*] | (v forms a linear basis of the free trialgebra Tri(X) generated by X.
We first introduce a good ordering on X ™. Let X be a well-ordered set. We define the
deg-lex ordering on X as the following: for u = xj, xj,...x},, v = x;, Xj,...x;, € X©, where
xi, xj, € X, we define

u>o if (€(u),xj, Xj, e xj,) > (£(0), Xiy, Xiy, - Xi,, ) lexicographically.
A well ordering > on X is called monomial if, for all u,v,w € X', we have
u>v=uw>vw and u > v = wu > wo.

Clearly, the above deg-lex ordering on X is monomial.
We proceed to define a well ordering on P(N)\{@}. Forall U = {m;y, ..., m;} and V =
{ny,...,n:} € P(N)\{@}, we define

u>v if(r,my,..m) > (tny,.. nt) lexicographically.

Fix a monomial ordering > on X*. Then, we define an order on [X +]7> ) as follows.

Definition 3. Forall [u],, [0], € [XT], .

(], >0, if(u,U) > (v,V) lexicographically, (2)

where we compare u and v by the fixed ordering on X . This order is called the monomial-centers
ordering.

Though we use the same notation > for orderings on X, P(N)\{®} and [X*]P(N),
no confusion will arise because the monomials under consideration are always clear. It is
clear that a monomial-centers ordering is a well ordering on [X*]P(N). Finally, if > is the
deg-lex ordering on X, then we call the ordering defined by (2) the deg-lex-centers ordering
on [XT], -

For all [u],, [0],,[u'] . [v'], € [X+]P(N) and 6,0 € {H,F, L}, assume [u],d[v], =
[w],, and [u'] ,0'[0'] , = [w'],,. Then, by [u],é[v], > [u],d'[0'],, we mean [w], >
[w']

u’
w’*



Mathematics 2021, 9, 1207

50f23

From now on, we always assume that > is a monomial-centers ordering > on [X+]P(N)'
We observe that the monomial-centers ordering > on [Xﬂp( is monomial in the

N)
following sense:

Lemma 2. Let [u],, [v], and [w],, € [Xﬂp(N) with [u], > [v],. Then, we have

[w]y =[]y > [w]y = (o], [u]y = [w]y > [0, A [w]y,

[u]y L [w]y > [0]y L[]y, [w]y L [uly > [wly L [0y,

[u]y F [wly = (o], F [w], [w]y, A [u]y = [w]y 4 [o],
Moreover, if u > v, then [u], - [w],, > [v], F [w],, and [w],, 4 [u], > [w],, 1 [v],.

For every polynomial f =) ; “i[“i]ui € Tri(X), where 0 # a; € k, [”i]ul- € [X+]77(N)
and [ul]u1 > [ua]y, > ... > [un]y,, we call [ul]u1 the leading monomial of f, denoted by f,

and we denote by f the associative word of f; finally, a1 the leading coefficient of f, denoted
by Ic(f); A polynomial f is called monic if Ic(f) = 1, and a nonempty subset S of Tri(X)
is called monic if every element in S is monic. We call a nonzero polynomial f € Tri(X)
strong if f > 7, wherer, := f —lc(f)f.

For convenience, we define0 =0 =0, 0 < uand 0 < [u],, for any [u],, € (X o)
From Lemma 2, it follows that

Lemma 3. Let 0 # h € Tri(X) and [w],, € [X],, . Then, we have

Moreover, if h is strong, then we obtain ([w],, = h) = [w],, 4 hand (h+ [w],) =hF [w],.

Now, we begin to study elements of an ideal generated by a subset of Tri(X). We
begin with the following notation. For every [u], = [x;..x;..x;,], € [XT],,, such
that x; , ..., x;, liein X, by Lemma 1, we may assume that [u],, = ([v], d1x;,)2[w],,. Then,

for every polynomial f € Tri(X), we define
[u]u|xitHf = ([U]Vélf)éﬂw]wr ®3)

where, by convention, if exactly one of [u], and [v], is [¢]p, then we define [u],d[v], =
[uv]yuy, in particular, the formula (3) makes sense. Clearly, the resulting polynomial
([v]y61f)d2[w],, is independent of the choice of [v],, [w],, and d1,6,. For simplicity, we
usually denote by (vfw) a polynomial of the form (3).

Definition 4. Let S be a monic subset of Tri(X). Then, for every [u], = [x; ...X},...X;,]
[X¥]p such that x;,, ..., x;, liein X and for every s € S, [u],|

y in
— called an s-polynomial

or S-polynomial, and it is called normal if either t € U or s is strong.

Remark 1. By Lemma 1 and Definition 4, it follows that

(i)  Every S-polynomial (asb) has an expression:

(asb) = ([a] ,015)2[b] 5 )

for some 81,6, € {H,F-, L} and a,b € X*. In (4), by convention, we always assume 61 € {+
, L} (resp. 6y € {H, L}) in case [a],, = [e]g (resp. [b], = [e]p). Then, ([a] ,015)d2[b], isa
normal S-polynomial if and only if one of the following conditions holds:
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(a) 6, €{r, L}andd, € {4, L} hold;
(b) s is strong.

Moreover, if ([a] ,015)d2[b], is normal and ([a] ,615)02[b], = [w],,, then we denote
[asb],, := ([a] 1015)d2[b],.

(i) If (asb) = ([a] ,615)02[b], is a normal S-polynomial, then ([u],015)d2[v], is still a normal
S-polynomial for all [u],;, [0], € [XT], -
(iii) Let ([a] ,015)02[b], be a normal S-polynomial and assume that s is not strong. Then, both

('] r03(([a] 015)2[b]) and ([a] ,615)d2[b];)04[b']

are normal S-polynomials if and only if 53 € {F-, L} and 64, € {H, L}.

The following lemma follows from the definition of normal S-polynomials.

Lemma 4. Let (asb) = ([a] ,615)02[b], be a normal S-polynomial. Assumes = [u], and (asb) =
[w],,. Then, we have

(£(a) +U) C W C ({1,..., £(a), £(a3) + 1,..., £(a3) + £(b)} U (£(a) + L)),
or
@ £WC{1,...0a),0a8) +1,..., 0(a5) + £(b) }.

Moreover, if W is a nonempty subset of {1, ..., £(a), £(as) +1,...,0(as) + £(b)}, then s is strong.
Finally, for every such a set W satisfying the above conditions, there exists a normal S-polynomial
(asb) such that (asb) = [w]

w*

In view of Lemma 4, for every normal S-polynomial (asb) = ([a] ,615)d,[b], with

5 = [u], and (asb) = [w],, we define P([asb]) to be the set of all the possible W for a
normal S-polynomial of the form (asb) as in Lemma 4; in other words, we have

{(l(a) + U)UW, W | W C{1,.... L(a),L(as) +1,... L(as) + £(b)} } \ {D},
if s is strong;
P([asb]) =
{((a) +U)UW | W C {1,..., L(a),L(as) + 1, ..., L(as) + £(b) }},
if s is not strong.

In particular, we have P(s) = U.
By Lemma 2, we immediately obtain the following lemma.

Lemma 5. Let (asb) be a normal s-polynomial and [u],,, [v], € [XT], . Then,

[u], F lasb]. 4 [0], = [uasbvlyyic,  [u]y b lasb]e L [0], = [uaSbU](Z(u)+C)U[(ua§h)+V)

[u], L [asb]. 4[], = [uaSbv}uu(f(uHC)’

[”]u 1 [“Sb]c 1 [v]v = [u”Sbv]uu(é

(1) +C)U(L(uasb)+V) "

The following lemma shows that the set

Irr(S) == {[v], € [X+]7,(N) | [v], # [csd], for any normal S-polynomial [csd], }

is a linear generating set of the quotient trialgebra Tri(X|S) := Tri(X)/1d(S), where Id(S)
is the ideal of Tri(X) generated by S.
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Lemma 6. Let S be a monic subset of Tri(X). Then, for every nonzero polynomial h € Tri(X),

we have
=) ailoily, + ) Bilagsibile,

for some [v;], € Irr(S), wi, Bj € k, a;,bj € X*, 5; € S, [v], < hand [ajs]-bj]cj <h.

Proof. Let h = Ic(h)h +r,. If h € Irr(S), then we define hy = h — Ic(h)h. If b ¢ Irr(S),
then we obtain /i = [asb]. for some normal S-polynomial [asb] .. In addition, we define

hy = h —Ic(h)[asb].. In both cases, we have i < h and the result follows by induction on
h. O

Now, we shall introduce some conditions such that the set Ir7(S) is a linear basis of a
Tri(X|S). Our first step is to introduce the notation of composition.

Definition 5. Let S be a monic subset of Tri(X). Forall g,h € S, ¢ # h, we define compositions

as follows:

(i) If g is not strong, then, for all x € X and [u]y,) € [X ],y
tiplication composition of g and call g &= [u],(,) a right multiplication composition
of 8.

(ii) L{z;fg(chd) be a normal S-polynomial and suppose that w = § = chd for some words c,d € X*.
(a) IfP(g) € P([chd]), then we call

, we call x 4 g a left mul-

(g/ h)g =8~ [Chd]p(g)

an inclusion composition of S.
(b) IfP(g) ¢ P([chd]) and both g and h are strong, then, for every x € X, we call

(grh)[xw]l = [xgh - [xChd]l

a left multiplicative inclusion composition of S, and call

(g’ h) [wx] [gx][(wx) B [Chdx] £(wx)

L(wx) -
a right multiplicative inclusion composition of S.
(iii) Let (ga) be a normal g-polynomial and let (ch) be a normal h-polynomial. Suppose that there
exists a word w = ga = ch for some words a,c € X* such that |g| + |h| > £(w).
(a) If P([ga]) N P([ch]) # @, then, for every W € P([ga]) N P([ch]), we call
(& M), = (80l — [chly

an intersection composition of S.
(b) If P([ga]) N P([ch]) = @ and both g and h are strong, then, for every x € X, we call

(8/1) 1y, = lxgaly — [xeh];

a left multiplicative intersection composition of S, and call

(g’h)[wx]/( - [gax]f(w)c) - [Chx]é(wx)

x)

a right multiplicative intersection composition of S.
Forall f, f' € Tri(X), [w],, € [X "], y,, we denote by

f=f mod (S) (resp. mod (S, [w],)),
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iff—f = E“z’[ﬂisibi]ciz where each a; € Kk, s; € S, a;,b; € X* and [a,-sibi]c[ < f— f' (resp.
[aisibi]. < [w],,). Furthermore, f is called trivial modulo S ( resp. (S, [w],,)), if

f=0mod (S) (resp. mod (S, [w],)).

A monic set S is said to be closed under left (resp. right) multiplication compositions if
every left (resp. right) multiplication composition x 4 g (resp. g &= [u]y,)) of S is trivial modulo
S. A monic set S is called a Grobner-Shirshov basis in Tri(X) if S is closed under left and right
multiplication compositions and every composition (g, h) [l of S is trivial modulo S.

We shall prove that, to some extent, the ordering < is compatible with the normal S-
polynomials and normal triwords.

Lemma 7. Let S be a monic subset of Tri(X) that is closed under left multiplication compositions
and assume g € S. If g is not strong, then, for every [v]y € [XT],, we have [v]; 4 g =
0 mod (S).

Proof. We shall use induction on (vg, ¢(v)) to prove the claim. If /(v) = 1, then it is clear.
Assume ¢(v) > 2 and [v]; = [ux];, u € X*, x € X. Then, [v]; 4 ¢ = [u]; 7 (x 1g) canbe
written as a linear combination of S-polynomials of the form [u]; - [csd],, where s € S and

[csd], < (x - g). Thus, we obtain

([u)q A esd],) < [u)q csd], <[u)s 4 (x4g) = ([v]1 4g) and csd < xg.

If s is strong, then [u]; - [csd], is already a normal S-polynomial, and we are done.
Now, we assume that s is not strong. If c is the empty word, then we have

[y A [esd], = ([u)1 +s) 4 [d]y

and (us, £(u)) < (vg, £(v)). If cis not the empty word, then we have [csd], = [c]10[sd] _y(c) 11,
where ¢ lies in {I-, L }. Thus, we obtain

[y A [esd], = ([ucly 4's) 4 [dlx

and L > {1}. Since [csd], < [xg]1, we obtain csd < xg and (ucs, £(uc)) < (vg,£(v)). By
induction, [u]; 4 [csd], is a linear combination of S-polynomials of the form [as'b] , -
[d]1, where s’ € S and [ag'b],, < ([uc]; 45). By Lemma 5, [as'b] , 4 [d]; is a normal
S-polynomial. Thus, we deduce

(0], A [d]y < ([uchy ='s) A [d] = ([u]s = [esd],) < ([0} g)-
The proof is completed. [

Let ¢ € S be a polynomial that is not strong, and assume that g - x is trivial modulo
S for every x € X. Then, the following example shows that g - [u] () may not be trivial
modulo S for some u € X ™.

Example 1 ([13] Example 3.12). Let X = {x1,x2},x1 > Xy. Assume that the characteristic of
the underlying field k is not 2. Let S = {f, g, h}, where f = [x1x2]2 + [x1%2]1, § = [*¥1%2X1]3 —
Flxxox]a — 3[x1x0x1]1, b = [x130%0]3 — 3 [x1%0%2]2 — 4 [X120%0]1. These three polynomials
are not strong. By a direct calculation, we have g = x; = 0, h = x; = 0,i = 1,2, and f
x1 =29+ f 4x1 =0mod (S), fF xp=2h+f - xp = 0mod (S). However, f -
[x1x1]2 = 2[x1x2x1x1]4 is not trivial modulo S because f & [x1x1]y is not normal, and, for every
polynomial f' € {g,h}, we have f' = x1 = 0.
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Lemma 8. Let S be a monic subset of Tri(X) that is closed under left and right multiplication
compositions. Then, for all normal S-polynomial [asb]. and normal triword [u], € [X*]NN),
we have

[u],6[asb]. = 0mod (S) and [asb].d[u], = 0mod (S),

where 6 € {-,-, L}. Moreover, for every normal triword [w]
we have

w € [XT o, if asb < w, then

[u],,6[asb]. = 0mod (S, [u],0[w], ) and [asb].0[u], = 0mod (S, [w],é[u],),
where 5 € {-,+, L}.

Proof. By Lemma 5, it suffices to show that [u], - [asb]. and [asb]. - [u], are trivial
modulo S, where s is not strong. Thus, we assume that s is not strong.

We first prove that [u],, - [asb].. is trivial modulo S. By Lemma 1, obviously we have

[”]u B [aSb}c = (([u}u B [u]A) B S) - [b]B - (([ul]ulél[uZ]l) B S)) B [b]B
([u1]yy, 01([ualr ='s)) = [b],

1

u

where 61 € {F, L} and ua = ujup with u; € X* and up € X*. If 1], = [e], then we
have é; =F by convention. By Lemmas 7, 5 and 2, the result follows. Moreover, if asb < w,
then we obtain

uasb < uw and ([u],d[asb].) < [u],0[w]

where § € {-,F, L}. Therefore, we deduce [u] ,d[asb]. = 0 mod (S, [u],d[w],, ).
The proof for the case of [asb]. - [u],, is similar to the above case. More precisely, by
Lemma 1, we have

[aSb]C = [u]u = [a]A = (S - ([b}B - [u]u)) = [a]A - ((S - [ul]f(ul))52[”2]u2)/

W’

where 6, € {4, L} and bu = uquy with u; € X, up € X*. Since S is closed under right
multiplication compositions, the results follow by Lemmas 5 and 2. Moreover, if asb < w,
then we have

asbu < wu and ([asb].d[u],;) < [w],d[u]

where § € {-,I, L}. Therefore, we deduce [asb].d[u], = 0 mod (S, [w],o[u],). O

u’

The following corollary is useful in the sequel, which shows that, if we replace certain
“subtriword” in a triword with a “small” normal S-polynomial, then we shall obtain a linear
combination of “small” normal S-polynomials.

Corollary 1. Let S be a monic subset of Tri(X) that is closed under left and right multiplication
compositions. Let [w],, be a normal triword such that ([a] ,61[u],,)02[b], = [w],,, and let f be a

normal S-polynomial with f < [u],. If f < u,orif6; € {, L} and 6, € {, L}, then we have
([a]461f)82[bly = 0 mod (S, [w]y)-

Proof. If §; € {F, L} and d, € {H, L}, thenby Lemmas 5 and 2, ([a] ,1f)d>[b], is a normal
S-polynomial with

([Q}A(slf)‘sZ[b]B < ([a]Aél[”]u)‘sZ[b]B = [w]wf

the result follows.

Now, we assume f < u. By Lemma 8, ([a] 01 f)&,[b], can be written as a linear
combination of S-polynomials of the form [cs'd], 6, [b],, where s’ € S and ¢s’d < au. In
addition, for every S-polynomial [csd], 6,[b],, by Lemma 8 and by the fact that cs’db <
aub = w, we have [cs'd], 62[b], = 0mod (S, [w], ). O
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Now, we show that, if a monic set S is closed under left and right multiplication
compositions, then the elements of the ideal Id(S) of Tri(X) can be written as linear
combinations of normal S-polynomials.

Corollary 2. Let S be a monic subset of Tri(X) that is closed under left and right multiplication
compositions. Then, every S-polynomial (asb) has an expression of the form:

(asb) =Y _wjlajsibi].
where each x; € K, s; € S, a;, b; € X*.

Proof. Let [u], be a triword such thats < [u],. In addition, assume (asb) = ([a] ,015)d2[b],
and [w],, = ([a] ,01[u],)d2[b];. Then, by Corollary 1, we obtain

(asb) = ([a] ,015)02[b], = 0 mod (S, [w],).
The proof is completed. [

Lemma 9. Let S be a Grobner—Shirshov basis in Tri(X). Suppose that [a1s1b1]. , [a2s2b2] ., are

two normal S-polynomials with [a151b1]. = [a2s2b]c, = [w],,. Then, we have

[a15101] ¢, — [a2s2b2], = 0 mod (S, [w],, ).

Proof. Since [w],, = [11131b1]cl = [ﬂzszbz]cz, we obtain w = a151b; = @by and W = C; =
C,. We have to consider the following three cases:

Case 1. Without loss of generality, we can assume b; = as;bp and a; = a1514; here, a
may be the empty word. Assume s = 51 + X Bi[u;],, and s = 5+ L [v]] Then, by
Lemma 1, we have

[a15101] ¢, — [a252D2],

la151a57b2],, — [a151a52b7],,
= ((([m1],,6151)82[a] ) 0352) 04 [b2] 5, — ((([a1],, 0151)02]a] , )0352)04 Do),
= ((([m1],,0151)82[a] ,)05(52 — 52))da[b2], — ((([m1],, 01 (51 — 51))d2[a] ;) 3352)04 2],

= = LA((([m]a,0151)6[a] )33 [05),, ) [ ]2
+ 2 Bil(([m],, 01 [uily, o []A)5352) 4[b2]5,

for some 61,87,83,04 € {-,F, L}.
If s; and s, are both strong, then all the resulting polynomials

((([m]4, 6151)é2a] 4 )3[vj]y )4 [baly, and ((([a1], 61[ui]y, )92[a] 1)d352)04 (b2l

are normal S-polynomials; if neither s; nor s, are strong, then, by Remark 1, we de-
duce d3 =1, ) € {F, L} and 8,04 € {H, L}, which implies that the above resulting
S-polynomials are normal; If only one of s; and s; is not strong, say, s is not strong, then,
by Remark 1, we deduce é; € {-, L} and &,,93,64 € {-, L}. It follows that the resulting
S-polynomials are normal. In all subcases, by Lemmas 2 and 3, the leading monomials of
the resulting normal S-polynomials are less than [w],,.

Case 2. Without loss of generality, we may assume that 57 = as;b, a = aya and
by = bby. If P(s1) € P([aspb]), then, since S is a Grobner—Shirshov basis, we may assume

51— [asablp(s,) = Y _wilcisidi],
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satisfying [c!s :d;] <51 — [asab]p(s,) < 51 for every i. Thus, we have

[a1s1b1] ¢, — [a2s2b2], = ([m], 51(51— [as2b] p(s;))) 02 (b1l 5,
- Z“ A Ci Idz]L/)§2[b1]Bl

If one of s; and s, is not strong, then we deduce é; € {+, L} and J, € {4, L}; and,

if s and s are strong, then we obtain c/sid; < §; for all i. In either of these subcases, by
Corollary 1, we obtain

[a181b1], — lazsabo], = ) ai([an], d1[cisidy], )éz[bl]Bl = 0mod (S, [w],,).

If P(s1) ¢ P([asyb]), then we deduce that s1, s are strong and ¢(a1) + ¢(by) > 1. Thus,
we have either

[ais1b1c, = lazsabale, = ([a1],, 01 ([xsi]y — [xassbl1))éalbnl,

or
[a15101] ¢, — [a2s2b2], = ([a1])g(ay) 01 ([S1Y]0(s1y) — [aszby]e(gy)))%[b'hu

where we have a; = a’lx and b; = ybi for some words a’l, bﬁ € X* and x,y € X. Then, by
the fact that S is a Grobner—Shirshov basis and by Lemmas 5 and 8, we deduce

[a15101] ¢, — [a2s2b2], = 0 mod (S, [w],, ).

Case 3. Without loss of generality, we assume a; = aya, by = bby and w’ = 510 = as;.
If P([s1b]) N P([asy]) # @, then, since S is a Grobner-Shirshov basis, we may assume

[s16] — [as2]c = ) ai[cisid]],

lll

satisfying [c!s :d;]L, < [s1b]. — [asy]. < [w']. for every i. Thus, we have
[a151b1] ¢, — [a252b2], = ([m], 51([5117] — [as2]¢))82[b2]
= Y a{(lar), & lelsle], ool

If one of s; and s, is not strong, then we deduce é; € {+, L} and é, € {4, L}; and,

if 51 and s; are strong, then we obtain c; s’ d; < W' for all i. In either of these subcases, by
Corollary 1, we obtain

[a181b1], — lazsabo], = ) ai([an], d1[cisidi], )(52[172]32 = 0mod (S, [w],,).

If P([s1b]) N P([asy) = @, then we deduce that s1, s, are strong and ¢(a1) + £(by) > 1
Thus, we have either

[ais101]c, = lazsabale, = ([a1],, 61 ([xs1b]y — [xas2]1))éa[ba],

or

)))02b2]

where we have a1 = a}x, b, = yb), for some a/,b), € X* and x,y € X. Then, by the fact that
S is a Grobner-Shirshov basis and by Lemmas 5 and 8, we deduce

([al]g(a )51([5117]/]“0/ [1152]/]

{(w'y)

[als1b1]c1 - [ﬂzszbz]cz = 0mod (S, [w],,).

The proof is completed. [
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Theorem 1. (Composition-Diamond lemma for trialgebras) Let > be a monomial-center ordering

on [X*]P(N), and let S be a monic subset of Tri(X) and 1d(S) the ideal of Tri(X) generated by S.

Then, the following statements are equivalent.

(i) S is a Grobner—Shirshov basis in Tri(X).

(i) 0% h e ld(S) = h = [csd], for some normal S-polynomial [csd], .

(iii) Irr(S) = {[v], € [X+]P(N) | [v], # lcsd], for any normal S-polynomial [csd], } is a
k-basis of the quotient trialgebra Tri(X|S) = Tri(X)/I1d(S).

Proof. (i) = (ii) Let0 # h € Id(S). Then, by Corollary 2, we may assume h = Y/ ; a;[c;s;d;] L
where each o; € k, ¢;,d; € X*, s; € S. Define [“ihi = [c,-sl-d,-]Li = [cié}d,-]Li, 1 <i < n. Then,
we may assume without loss of generality that

(ly, = 2]y, = o = [wly, > [waly, | = gl , =

Now, we use induction on [u1] ., to show h = [csd], for some normal S-polynomial

[csd], . For [u1], = h, there is nothing to prove. For [ua],, > h, we have Yl_; a; = 0 and

1
h = Z eisidi], Zalcsd

= i= l+1
! n
= Z )ersida],, 20‘1 ersada],, — lesidil,) + ) wileisidi],
i=1 i=2 i=I+1
n
= 0+Zﬁj[ﬂj5}bj]cj+ Y aileisidi],
i=1+1

where each [a ]s]b]] G is a normal S-polynomial and [a]'s;bj] G < [u1],, by Lemma 9. Thus,
the result follows by induction hypothesis.

(ii) = (iii) By Lemma 6, the set Irr(S) is a linear generator of the space Tri(X|S).
Assume that ¢ = Y a;[v;], = 0in Tri(X|S), where o; € k, [vl] € Irr(S) for every i and
[v1]y, > [02]y, > -~ This implies that ¢ € Id(S). Then, «; = 0 for every i. Otherwise,
g= [v]-}vj for some j, which is a contradiction.

(iii) = (i) Assume that g is a composition of elements of S. We have g € Id(S).
By Lemma 6, ¢ = ¥, ai[vi],, + X; Bjlcss; ]}L , where each w;, B; € k, ¢;,d; € X*, [0i], €

Irr(S), s; € S, and [vl] <3 lejs ]]L < g. Clearly, }; (x,[vl]v € Id(S). By (iii), we obtain
a; = 0 for every i, and thus we have g = 0mod (S). O

Shirshov algorithm If a monic subset S C Tri(X) is not a Grobner—Shirshov basis, then
one can add to S all nontrivial compositions. Continuing this process repeatedly, we finally
obtain a Grobner-Shirshov basis S°* that contains S and generates the same ideal, that is,
1d(S™mP) = Id(S).

Similarly, we may introduce the Grobner-Shirshov bases for trirings, which may be
useful when one would like to construct an R-basis for some trisemigroup-trirings over an
associative and commutative ring R with a unit.

Definition 6. A triring is a quinary (E,+,,+, L) such that all of (E,+,F), (E,+,) and
(E,+, L) are associative rings such that the identities in (1) hold in E.

Let (E,,F, L) be a trisemigroup, and T the free left R-module with R-basis E. Then,
(T, +,,, 1) is a triring equipped with the following operations:

ghh:=Y rirjuitv), fAg:=) rirj(uiHv;), gLh:=} rirj(u; Lvy),
ij i b
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forall g =Y rju;, h=1Y; r]’-vj eT, rl-,r;- € R, u;,v; € E. Such a triring, denoted by Trig(E),
is called a trisemigroup-triring of E over R.

Let Trisgp(X) be the free trisemigroup generated by X; then, we obtain a trisemigroup-
triring of Trisgp(X) over R, denoted by Trig (X), which is also called the free triring over R
generated by X. In particular, Trig (X) = Tri(X) is the free trialgebra generated by X when
k is a field.

An ideal I of Trig(X) is an R-submodule of Trig(X) such thatgt-h, ht-g, ¢ 4 h,h -
g §Lh hlgelforeveryge Trig(X)andh € I.

The proof of the following Theorem 2 is similar to Theorem 1.

Theorem 2. (Composition-Diamond lemma for trirings) Let R be an associative and commutative
ring with a unit. Let > be a monomial-centers ordering on [X ] pavy- and let S be a monic subset

of Trig(X) and 1d(S) the ideal of Trir(X) generated by S. Then, the following statements are

equivalent.

(i) S is a Grobner—Shirshov basis in Trig (X).

(i) 0+ f € 1d(S) = f = [csd], for some normal S-polynomial [csd), .

(iii) Irr(S) = {[v], € [XT],y, | [v], # [csd], for any normal S-polynomial [csd], }is an R-
basis of the quotient triring Trig (X|S) := Trig(X)/1d(S), i.e., Trir(X|S) is a free R-module
with R-basis Irr(S).

Remark 2. The Shirshov algorithm does not work generally in Trig (X).

We now turn to the question on how to recognize whether two ideals of Tri(X) are
the same or not. We begin with the notion of a minimal (resp. reduced) Grobner—Shirshov
basis.

Definition 7. A Grobner—Shirshov basis S in Tri(X) is minimal (resp. reduced) if, for every
s € S, we haves € Irr(S\{s}) (resp. supp(s) C Irr(S\{s})), where

supp(s) == {lua]y,,- - [unly, }

fors = [ul]u1 4 A an(un]y,, 0 # a; €k, [”i]ui € [X+]P(N)'

Suppose that I is an ideal of Tri(X) and I = 1d(S). If S is a reduced (resp. minimal) Grébner—
Shirshov basis in Tri(X), then we call S a reduced (resp. minimal) Grobner—Shirshov basis for the
ideal 1 or for the quotient dialgebra Tri(X) /1.

It is known that every ideal of associative algebras (dialgebras) has a unique reduced
Grobner-Shirshov basis. Now, we show that an analogous result holds for trialgebras.

Lemma 10. Let I be an ideal of Tri(X) and S a Grobner—Shirshov basis for I. For every E C S, if
Irr(E) = Irr(S), then E is also a Grobner—Shirshov basis for I.

Proof. For every g € I, since Irr(E) = Irr(S) and S a Grobner-Shirshov basis for I, by
Theorem 1, we obtain § = [csd], = [afb], forsomes € S, f € E, a,b,c,d € X*. Thus, we
obtain g1 = g —Ic(g)[afb], € I and g7 < g. By induction on g, we deduce that g is a linear
combination of normal E-polynomials, i.e., g € Id(E). This shows that I = Id(E). Now,
the result follows from Theorem 1. O

Let S be a subset of Tri(X) and [u],, € [XT], . We set

_ [u] [u]
S:={s€ X",y [s€S}, SV ={seS|s=[ul,}, S “:={se€S|5<u,}.

Theorem 3. There is a unique reduced Grobner—Shirshov basis for every ideal of the free trialgebra
Tri{X).
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Proof. Let I be aideal of Tri(X). We first prove the existence. It is clear that S = {Ic(g) !¢ |
0 # g € I} is a Grobner-Shirshov basis for I. For each [u],, € S, we fix a polynomial g u

in S such that gMu = [u],,. Define

[u] —_
so=1{g"" €5 [u], €3}

Then, the leading monomials of elements in Sy are pairwise different. Since I 2 S O S
and I = S = Sy, we have Irr(So) = Irr(S) = [X*],, \S. By Lemma 10, Sy is a Grobner-
Shirshov basis for I.

Moreover, we may assume that, for every s € S, we have

supp(s —3) C Irr(So), (5)

Le. supp(s —5) C [X "], \So. If supp(s —5) N Sg # @ for some s € S, then set [w],, =
max{supp(s —5) N Sp}. Then, there exists an element g € Sy such that § = [w],,. Note that
5> [w], = gand s —ag = 5, where «a is the coefficient of [w],, in s. Replace s by s — ag
in Sp. Then, supp(s —ag —s —ag) NSy = @ or max{supp(s —ag —s —ag) NSo} < [u],.
Since > is a well ordering on [X*] | (v this process will terminate.

Noting that, for every [u], € Sy, there exists a unique g € Sg such that [u],, = . Set
min{Sy} = 5o with sy € Sp. Define S 1= {so}. Suppose that g € Sp, 59 < g and S_ has
been defined for every h € Sy with h < g. Define

So if o & Irr(S<3),
S, = { <8 1 §¢ rr(S<g) where S_:= (] S.
h S<§ U {g} lfg S 17’7’(5<g-), ° i<z, heSo

Let

51 = U Sg‘

8€So

Then, for every g € Sp, wehave g € 51 < g € Irr(S<z) & g € S
We first claim that Irr(Sy) = Irr(Sg). Since S; C Sy, it suffices to show Irr(S;) C
Irr(Sp). Assume that there exists a normal triword [u],, € [X*], such that [u],, € Irr(S)

and [u], ¢ Irr(Sy). Since Sy = I, it follows that [u], = g for some g € Sp\S;. If
g € Irr(Scg), then g € Sz C Sy, a contradiction. If § ¢ Irr(Scg), then § = [asb]. for
some s € S.gz C S1,4,b € X*. This implies that § ¢ Irr(S1), a contradiction. Therefore,
Irr(S1) = Irr(Sp). By Lemma 10, S; is a Grobner-Shirshov basis for 1.

If gh € S1, § # h, g = [ahb]., then we have h < g, h € S, € S<g. Thus, we
deduce g & Irr(S <§) and ¢ ¢ Sy, a contradiction. Thus, S is a minimal Grobner—Shirshov
basis for I. By (5), for every s € S1, we have supp(s) C Irr(S1\{s}), so S; is a reduced
Grobner-Shirshov basis for I.

Now, we prove the uniqueness. Suppose that T is an arbitrary reduced Grébner—
Shirshov basis for I. Let 5y = min Sy and fy = min T, where sy € Sy, ty € T. By Theorem 1,
we have 5g = [@/t/b|cr >t/ >ty for some t' € T,a’,b’ € X*. Similarly, f, > 5. Thus, we
deduce ty = 5p. We claim that ty = sg. Otherwise, we have 0 # ty — so € I. By the above
argument again, we obtain that fy > fy — sg > t”/ > f; for some t" € T, a contradiction.
Thus, we have - _

SP = {so} = {to} = T".
€ S UT with [u], > fp, assume that Sf[u]” = 7<Mu. To prove
T = S, it suffices to show that S[lu]u C TMU. For every s € S[lu]u ,we haves = [c’td/]L, >t
for some t € T,c',d" € X*. Now, we claim that [u], = 5 = f. Otherwise, we have
[u], =5 >t Then, t € T — S;Mu and t € S1\{s}. However, 5 = [c'td’] ,, which
contradicts with the fact that S; is a reduced Grobner-Shirshov basis. Now, we show

For every [u]

u u
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s=teT™ Ifs # t, then0 # s —t € I. By Theorem 1, s —t = [at1b], = [cs1d],
for some t; € T,s; € Sy,a,b,c,d € X* with t{,5] < s —t < § = t. Thus, we deduce
s1 € S1\{s} and t; € T\{t}. Noting thats — f € supp(s) Usupp(t), we may assume that
s —t € supp(s). As 1 is a reduced Grobner-Shirshov basis, we have s — t € Irr(S1\{s}),
which contradicts with the fact that s —t = [cs1d], , where 51 € S1\{s}. Thus, s = t.

Therefore, we obtain S[lu]u - TMu . It follows that we have S C T. Similarly, we have T C S,
which proves the uniqueness. [

Remark 3. It is known that every Grobner—Shirshov basis for an ideal of associative (polynomial)
algebras can be reduced to a reduced Grobner—Shirshov basis. However, this is neither the case for
dialgebras ([13] Example 3.24), nor the case for trialgebras. It suffices to consider the trialgebra
defined by the same generators and relations as those in ([13] Example 3.24) because the relations
form a Grobner—Shirshov basis for the considered trialgebra.

By using Theorem 3, we have the following theorem.

Theorem 4. Let Iy, I be two ideals of Tri(X). Then, Iy = I if and only if I and I have the same
reduced Grobner—Shirshov basis.

4. Applications

In this section, we apply Theorem 1 to give a method to find normal forms of elements
of an arbitrary trisemigroup. As applications, we reconstruct normal forms of elements
of a free commutative trisemigroup which is obtained in [2] and construct normal forms
of elements of a free abelian trisemigroup. We also give some characterizations of the
Gelfand—Kirillov dimensions of some trialgebras.

Denote by

Trisgp(X) := ([X "5, 4,5 L)

the free trisemigroup generated by X [1,3]. Clearly, every trisemigroup T is a quotient of
some free trisemigroup, say

T = Trisgp(X|S) := [X"],, /p(S)

for some set X and S C [X*]P(N) X [X*]P(N), where p(S) is the congruence on ([X+]P(N)’ -
,-, L) generated by S. Thus, it is natural to ask the question: how can normal forms of
elements of an arbitrary quotient trisemigroup of the form Trisgp(X|S) be found?

Let > be a monomial-centers ordering on [X*] | () and

S = {([Ui}vif[wi}wi) | [vi]vi > [wi]Wi’ i€ I}.

Consider the trialgebra Tri(X|S), where we identify the set S with the set {[v;], —
[w;],, |i € I}. By the Shirshov algorithm, we have a Grobner-Shirshov basis seomp in
Tri()é> and Id(S°™P) = Id(S). Itis clear that each element in 5™ is of the form [u], —
oy, [l [0]y € [X*], - Let

o Tri(X[S) — Trin([X 7], /0(5)),
Z“i[ui]ui + Id(S) = Z“i[”i]uip(s)/ w; € kr [ui]ui € [X—‘r}p(N)'

Then, ¢ is obviously a trialgebra isomorphism. Noting that, by Theorem 1, Irr(S™F)
is a linear basis of Tri(X|S), we have that o(Irr(S°"?)) is a linear basis of Triy ( [X+]P<N> /p(S)).
It follows that Irr(S°"F) is exactly a set of normal forms of elements of the trisemigroup
Trisgp(X|S).

Therefore, we obtain the following theorem.
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Theorem 5. Let > be a monomial-centers ordering on [X*], - and T = Trisgp(X|S), where S =
{([oi]y,, [wily,) | [oily, > [wil,, i € I}is asubset of [X*],, . x [XF], . Then, Irr(S«"P) is
a set of normal forms of elements of the trisemigroup Trisgp(X|S).

If we can construct a set of normal forms of certain trialgebra, then we can know how
fast the trialgebra grows by the tool of Gelfand—Kirillov dimension. The Gelfand—Kirillov
dimension measures the asymptotic growth rate of algebras. Since it provides important
structural information, this invariant has become one of the important tools in the study of
algebras. In this section, we shall calculate some interesting examples and show how we
can apply Grobner-Shirshov bases in the calculation of Gelfand—Kirillov dimensions of
certain trialgebras.

Let T be a trialgebra, and let W, W and W, be vector subspaces of T. We first define

Wi —|W2:Spank{a—|b | a€e Wy, be WQ_}, Wi EW, :Spank{al—b | a€e W, be WQ_},

and W; LW, = Spank{a Lb | ae W, be Wz}

Then, we define W! = Wand W" = ¥y<jc, OV AW T4 Wi E W=l Wi L
W) for every integer number 1 > 2. Finally, we define

W= W W2 W
Obviously, we have
W" = Spani{[ay...an|u | @ # U C {1, ..., n},aq,...,a, € W}
and
WS = Spami{[a1-am|u | @ AU CA{1,..,m},m e Nm < mn,aq,....am € W}.
Now, we are ready to introduce the Gelfand—Kirillov dimension of a trialgebra.

Definition 8. Let T be a trialgebra over k. Then, the Gelfand—Kirillov dimension of a trialgebra T
is defined to be
. o =T . <n
GKdim(T) = S;./lvp lim log, dim(W="),

where the supremum is taken over all finite dimensional subspaces VW of T.

We have the following obvious observation, which is well-known in the context [31],
for example.

Lemma 11. Let T be a trialgebra generated by a finite set X and kX the subspace of T spanned by
X. Then, we have
GKdim(T) = Tim log,, dim((kX)=").

Let X = {x}. It is well known that GKdim(k(X)) = 1 and GKdim(Di(X)) = 2, where
k(X) (resp. Di(X)) is the free associative algebra (resp. dialgebra) generated by X. Note
that a normal triword of length # in Tri(X) is of the form [x...x]y;, where U is a nonempty
subset of {1, ..., n}. Thus, by a direct calculation, we have GKdim(Tri(X)) = +o0.

We shall show in Sections 4.1 and 4.2 that the Gelfand—Kirillov dimensions of finitely
generated free commutative trialgebras and those of finitely generated free abelian trialge-
bras are positive integers.

From now on, let X be a well-ordered set and > the deg-lex-centers ordering on

(X T



Mathematics 2021, 9, 1207

17 of 23

4.1. Normal Forms of Free Commutative Trisemigroups

The commutative trisemigroups are introduced and the free commutative trisemi-
group generated by a set is constructed by [2]. In this subsection, we give another approach
to normal forms of elements of a free commutative trisemigroup.

Definition 9 ([2]). A trisemigroup (trialgebra) (T,,+, L) is commutative if -, - and L are
commutative.

Let T, be the subset of Tri(X) consisting of the following polynomials:

Tri[X] := Tri{X|T.)

is clearly the free commutative trialgebra generated by X. In particular, a linear basis of
Tri[X] consisting of normal triwords over X is exactly a set of normal forms of elements of
the free commutative trisemigroup generated by X.

Let X = {x; | i € I} be a well-ordered set. For every u = x; x;,..x;, € X", x; € X,
we define

lu] =[x x5y Xi, | = X}, X005,

where Xj, Xjy-Xj, S @ reordering of x; x;,...x;, satisfying Xjp Sxj <cos <X

We define

X i= () [ e XY [uly = [lu)ly, @£ U C {1, ()}

Xy = {lu)y |u€ XY, @ AU C {1, 0(u)}}.

Foru € X", [u], is anormal triword, while | u |, is called a commutative normal triword.
For instance, assume u = x;x1xx1%x] € X' and assume x; < x», where x1,x, € X.
Then, we have LMJ = X1X1X1X2X2X7, LMJ {35} = [X1X1X1XQXQJC2]{3,5}.

Proposition 2. Let X = {x; | i € I} be a well-ordered set. Then, we have the following:
(i) Tri[X] = Tri(X|Sc), where S consists of the following polynomials:

]y = luly ([uly € [X ], £u) =20r U] = £(u) = 3),
o, — o)1 ([o]y € [X ], (o) = 3and [V] < £(v)).

(ii) S is a Grobner—Shirshov basis in Tri{X).
(iii) The set

[ XTJe={lo)i | o) € [XT]} U {lu)a| u] € [XT] 0(u) =2}
U {lulpa,. ey | u] € [XT]}

forms a k-basis of the free commutative trialgebra Tri[X].

Proof. (i) It suffices to show S; C Id(T.) and T, C Id(S.), where T, consists of the elements
described in (6). We first show S, C Id(T;). Since -, F and | are commutative, we have

[xixjlo = [xixj)2 € (Te), [u],. ey — L) qa,..e)y € 1d(Te) and [o]y — (o)1 € 14(Te),
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where x;,x; € X, u,v € X, |u|, |v| > 2. It remains to prove that
[v], — |v]1 € Id(T.), where [v], € [X+]P(N), L(v) >3, |[V| <{(v)and V # {1}.

There are two cases to consider:
Case 1. If 1 ¢ V, we assume [0], = [00]y(o,) I [01]v; for some vg,v; € X*. Then, in
Tri(X|T.), we have

Ol, = 0]y = [o1lv F [0lewy) = 9] e(o)
= [0190]0(0) = [2)¢(0)
= 0.

Assume [0,y = ([0']1 - x) Fywithx,y € Xand |0'| € | XT]. Then, in Tri(X|T¢),
we obtain

[9]ew) — o)1 = (] F2) Fy—vh
= ([vi4x)Fy—[oh
= yH([v']14x) - [oh

= x4*r Y1) - [vh

0

It follows that [v], — [v]; € Id(T).
Case 2. If 1 € V, then, by Lemma 1, we may assume [v], = ([%]Vé L [za]q)d[v]

withz € X, a € XT,v),v] € X*and 6 € {-, L}. Then, in Tri(X|T.), we have

]Vll

ol — ol = [ebl,y L (zaholedl,,) — Lok
— [oblyy L (o4, 8lzal) - (o)
= (o, L [04),)6(z 4 [al) — Loy
= ((lobl,y L [05],)82) = [als = Lo}y

= [avpviz]; — |v])1
= 0.

It follows that [v], — |v]; € Id(T¢).
Now, we show T, C Id(S,.). Clearly, we have

xFy—ybxeld(S.), xdy—y-dxeld(S.), x Ly—y L xe€Id(S.),

where x,y € X. Suppose that [u],, [0], € [XT],, with {(uv) > 2. Then, in Tri(X|S.),
we have

[”]u H [U]V - [v]v + [”]u = [uv]é(u)+v - [Uu]g(vHu = Luvh - LUqu =0,

[u]u B [U]v - [v]v B [u]u = [uv]u - [Uu]v = [uv]y — [vu]; =0,

and [u], L [0], —[v], L [u], = [”v]uu<z(u)+v) - [U”]VU(z(v)Jru)

_ ) wolan, ey — o] 0, ooy = 0 i [U[ = €(u) and [V] = £(0),
|uv]; — |vu]y =0, otherwise.

This shows that Id(T.) = Id(S.) and (i) holds.
(ii) It is easy to check that all possible left (right) multiplication compositions in S, are
equal to zero. For an arbitrary composition (f, g) [w],y in S, we have —r,, -1, € [(X*], )7
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t(w) = 3, [w],, = [afb],, = [cgd], and |w] = arb] = [cr,d], where f = f+r,g= g+,
a,b,c,d € X*. Assume that [afb], = [afb], — [a ar.b],, and [cgd], = [cgd], — [crd],,
Then, we deduce |W| = ¢(w) if and only if |W; | = ¢(w) = |W,|. It follows that

(frg)[w]w = [afb], — [cgd],, = _[af}b]wl + [ng]wz

{ a7 b1 + Lcml =0 mod(S,) if [W| < ¢(w),
Lar blg,. o) + Le%d] 1, 0wy =0 mod(Se) if [W] = £(w).
Then, all the compos1t10ns in S; are trivial. Thus, S, is a Grobner-Shirshov basis in
Tri{X).
(iii) The claim follows immediately from Theorem 1. [

From Theorem 1, Lemma 10 and Proposition 2, it follows that

Corollary 3. Let X = {x; | i € I} be a well-ordered set and S|, C Tri(X) be a set consisting of
the following polynomials:

[xjxela = [xexglo, [xjxdn — [xexgla, [0y — [exjlay Gk €L j>k);
[xjxea)o — [xpxexr]y, [xpxexls — [y, [0y — [xxexs,

[xjxexil 1,3y — xex]n, [xxi) ey — [xeah (1€l j<k<I).

Then, S/, is the reduced Gribner—Shirshov basis for the free commutative trialgebra Tri[X].
Now, by using Theorem 5 and Proposition 2, we have the following corollary.

Corollary 4. [2] Let Trisgp[X] := (| X ¢, ,b, L), where | X | is defined as in Proposition 2.
Then, Trisgp|X] is the free commutative trisemigroup generated by X, where the operations t,
and L are as follows: for any x,x" € X, |u],, [v], € | X" |c with {(u)f(v) > 1,

Loly = luly = [u]y F o)y = u]y A o]y, = o], A lu]y, = uo]y;

o)y L luly = [uly L o]y = [uo]ps, weyy 3 (U] = £(u) and [V] = £(v);
(ody L Ly = Ly L Loly = Luoly i U] < £0u) or [V] < (o)

xA4x =x'dx=|xx|, xbx =1 Fx=xx |y x L' =2 Lx=[xx]q.

By Lemma 11 and Proposition 2, we can easily obtain the Gelfand-Kirillov dimension
of Tri[X] for every finite set X.

Corollary 5. Let X = {x1,..., x; } and Tri[X] be the free commutative trialgebra generated by X.
Then, we have GKdim(Tri[X]) = r.

4.2. Normal Forms of Free Abelian Trisemigroups

In this subsection, we first introduce a notion of abelian trisemigroups which is an
analogy of abelian disemigroups introduced in [11]. Then, we construct a set of normal
forms of elements of the free abelian trisemigroups.

Definition 10. A trisemigroup (trialgebra) (T, ,F, L) is abelianifc-d =d 4candc L d =
dlcforallc,deT.

Let X be an arbitrary set and T, the subset of [X*], . x [X™], . consisting of the fol-

, ™)
lowing:

(lely F [wly, [wly A [0ly), ([©], L [wly, [w], L],),
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where [v],, [w],, € [X+]P(N)‘ Let T, be the set consisting of elements of the form

[v]v = [w]w - [w]w n [U]V/ [U]V 1 [w]w - [w]w 1 [U]V’ @)

where [0],, [w],, € [X7], . Then, Trisgp(X|T,,) is clearly the free abelian trisemigroup
generated by X, and Tri(X|T,;) is the free abelian trialgebra generated by X. By Theorem 5,
a linear basis of Tri(X|T,;) consisting of normal triwords is a set of normal forms of
elements of Trisgp(X|T},).

Now, we shall try to construct a linear basis of Tri(X|T,;,) by the method of Grobner—
Shirshov bases. We introduce a method of writing down a new normal triword from a
given one. Let X = {x; | i € I'} be a well-ordered set, and let X = { | x € X} be a copy of
X, where by x we mean a new symbol. We extend the ordering on X to a well-ordering
on X U X in the following way: (i) %; < x;, (i) x; < x; implies xX; < X, %; < xj, x; < %;.

We note that [X], . has a one-to-one correspondence with (X U X)*, and we denote
this correspondence by ¢. More precisely, ¢ maps an arbitrary normal triword [x;, ...x;, ]i to
aword in yj...)yy in (XU X)*, such that, if i; € U, theny; = x;,, and if i; ¢ U, then, y; = x;,
for every t < m. For instance, ¢([x1x2xpx1x3] {2/4}) = x1%X2%1x3. Thus, we can identity
(v With those in (XU X)*.

Recall that, for every y1y,...y¢ € (X U X) T, where each y; lies in X U X, we have

elements in [X ],

\y1y2--Yt] = Yi,Yiy--Yiss

where y; , Yi,, ..., yi, is a reordering of y1,y2, ...,y satisfying y;, <y;, <.. <y;,. Define

7T : (XU X)+ — (XU X)+, YiuYi Y — Ly]]]/]zy]tj

Finally, define
Ti=g g (X = X
For instance,

T([JC1X2X23C1X3]{2,4}) = gﬂilﬂ'qﬂ([leszleJCg]{ZA}) = (pilﬂ(Xﬁ'szZfC]x;;)

— (P—l (J'C1x15€2x2x3) = [X1X1XZx2x3]{l,3}'

Roughly speaking, T reorders the letters in [u], such that the middle entries are
preserved. Therefore, we immediately deduce that such a map 7 satisfies some useful
properties, the proof of which is quite easy and thus is omitted.

Lemma 12. For all [u],, [v], € [X7],,, we have T([uv],

T([uvy,.y) = T([ou]y) and T(z([u],)) = ©([u],)-

— ([ou],

u(é(u)+v)) u([(v)+u))’

Proposition 3. Let X = {x; | i € I} be a well-ordered set, T, the subset of Tri(X) consisting of
the elements described in (7). Then, we have

(i) Tri(X|Typ) = Tri(X|Sap), where Sgp = {[u], — T([ul,) | [u], € [X+]7>(N
(i) Sup is a Grobner-Shirshov basis in Tri(X);

(iii)  The set {T([u],) | [u], € [X*]P(M} is a k-basis of the free abelian trialgebra Tri(X|T,p).

),ﬁ(u) >2};

Proof. (i) It suffices to show T,, C Id(S,;) and S, C 1d(T,y). We first show Ty, C 1d(S,p).
In Tri(X|S,p), for all [u],, [v], € [X+]P(N)’ clearly we have
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[u]u - [U]v - [v]v _| [u]u = [”v]/

((u)+V

= T([”U}/(u)w) = 7([ouly),

- [vu] 1%

Now, we show S,;, C Id(T,;). Note that, for an arbitrary normal triword, say [u], =
[xi,...x;,]u for some letters x; ..., x;, € X such that n > 2, the normal triword 7([u],)
contains the same letters (with repetitions) as those of [u]m ; moreover, the middle entries
are preserved. Thus, it suffices to show that we can reorder x;, and x;, , with middle entries
preserved. By Lemma 1, we may assume

[”]u = ([U]v51 (xitézxit+1))§3 [w]wl

where, if [v], = [e]p, then &, € {, L}, and, if [w],, = [e]g, then d3 € {H, L}. Then, by
the relations in T, we clearly can reorder x;, and x;, , with middle entries preserved. It
follows that S, C 1d(Ty).

(ii) Clearly all possible left and right multiplication compositions in S, are equal
to zero. Assume for every composition (f,g)[w]w in S,, where f = [u], — 7([u],) and

§ = [v]y, — 7([v],). We may assume [afb],, = ([a],61f)d2[bl;, [cgd],, = ([c]c038)dald],.
Then, we have

[afb]w = [ng]w - ([a]Aél[u]u)éﬂb}B = ([C}C%[U]V)&l[d]n
It follows that
T(([a] s017([u]y))02[b],) = T(([c] 37 ([0],))dald],,)-
Thus, we obtain

(f/ &), = afbly — [egd]y, = (la] ,017([u]y))é2[b], — ([elcda([0]y))dald],

= 7(([a] y017([u]y))02[b]5) — T(([c] 37 ([],))dald] ;)
=0 mod(S).
Thus, all the compositions in S, are trivial, and thus S, is a Grobner—Shirshov basis
in Tri{X).
(iif) By Theorem 1, we get the result. O

From Theorem 1, Lemma 10, and Proposition 3, it follows that

Corollary 6. Let X = {x; | i € I} be a well-ordered set and Wy, C Tri(X) be a set consisting of
the following polynomials:

[xixjlo — [xjxil1, [xixj] — [xjxila, [xixi]e = [xixi]h, (XXl — [Xxilpey, (Gi€L i> ).
Then, W, is the reduced Gribner—Shirshov basis for the free abelian trialgebra Tri(X|T,y).

From Lemma 11 and Proposition 3, it follows that
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Corollary 7. Let X = {xy,...,x,} and let Tri(X|T,y) be the free abelian trialgebra generated by
X. Then, we have
GKdim(Tri(X|T)) = 2r.

Proof. Let X = {& | x € X} be a copy of X, and let k[X U X] be the commutative
ploynomial algebra generated by X U X. It is obvious that k[X U X] is isomorphism to
Tri(X|T,) as a vector space. Thus, we obtain

GKdim(Tri(X|T,p)) = GKdim(k[X U X]) = 2r.
The proof is completed. [
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