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1. Introduction

The notion of a trialgebra (trioid also known as trisemigroup) was introduced by
Loday [24] and investigated in many papers (see, for example,[24,31,32,34,35]). Originally,
trioids and trialgebras arose in algebraic topology. They have close relationships with Hopf
algebras [26], Leibniz 3-Algebras [18] and Rota-Baxter operators [20]. There are two main
motivations for the study of trialgebras. The first one is that many results obtained for
trialgebras can be applied to trioids. A trioid [24] is a nonempty set equipped with three
binary associative operations satisfying some axioms (Definition 2.1). A trialgebra is a
linear analog of a trioid. Therefore, many results obtained for trioids also can be applied
to trialgebras. The other reason for our interest in trialgebras (trioids) is their connection
with the notions of dialgebras (dimonoids also known as disemigroups) and associative
algebras (semigroups). If the operation L coicides with - or |-, then we obtain a dialgebra
(dimonoid) [23]. So trialgebras are generalizations of dialgebras. The classes of dialgebras
and dimonoids were studied by various authors (see, for example, [7,8,29,30,33]). If all
operations of a trialgebra (trioid) coindide, we obtain an associative algebra (semigroup).
Loday [24] constructed a free one generator trialgebra and a free trioid of rank 1. A.V.
Zhuchok [31,32] constructed the free trioids of an arbitrary rank and the free commutative
trioids.

Grobner bases and Grobner-Shirshov bases were invented independently by A.L
Shirshov for ideals of free (commutative, anti-commutative) non-associative algebras
[27,28], free Lie algebras [28] and implicitly free associative algebras [28] (see also [2,4]),
by H. Hironaka [21] for ideals of the power series algebras (both formal and convergent),
and by B. Buchberger [14] for ideals of the polynomial algebras. Grobner bases and
Grobner-Shirshov bases theories have been proved to be very useful in different branches
of mathematics, including commutative algebra and combinatorial algebra. It is a powerful
tool for solving the following classical problems about: normal form; word problem;
conjugacy problem; rewriting system; automaton; embedding theorem; PBW theorem;
extension; homology; growth function; Dehn function; complexity; etc. See, for example,
the books [1,13,15-17,19] and the surveys [5,6,9-12].

The key in establishing Grobner-Shirshov bases theory for centain algebras is to
establish the “Composition-Diamond lemma (CD lemma)" for such algebras. The name
“CD lemma" combines the Neuman Diamond Lemma [25], the Shirshov Composition
Lemma [27] and the Bergman Diamond Lemma [2].
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Trialgebras are closely connected with associative algebras and dialgebras, 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 [7] and by Zhang and Chen in 2017 [8]. They gave a method for
constructing normal forms of elements of an arbitrary disemigroup in [8]. So we shall
establish the CD lemma for trialgebras and thus offers a way of constructing normal forms
of elements of an arbitrary trisemigroup. For associative algebras, polynomial algebras
and dialgebras, it is known that every ideal has a unique reduced Grébner-Shirshov basis.
Here we shall prove an analog for trialgebras.

We shall develop a theory of Grobner-Shirshov bases for trialgebras and prove that
there exists a unique reduced Grobner-Shirshov basis for trialgebras. Moreover, we offers
a method of constructing normal forms of elements of an arbitrary trisemigroup. The
principle of our construction is directly reminiscent of what was done for dialgebras
in [7,8]. However, the extension is not obvious, because more operations are involved
and the difficulty increases. First, we must ensure that the considered well ordering on
the standard linear basis of a free trialgebra is more or less compatible with the products.
Second, a trialgebra has one more operation than dialgebra, so difficulty in the proof of
some critical lemmas increases naturally. This will make the proof of the CD lemma much
more complicated in the trialgebra case than in the dialgebra case.

The article is organized as follows. In Section 2, we first recall the linear basis con-
structed by Loday and Ronco [24] of the free trialgebra Tri(X) over a field k generated by X.
In Section 3, we establish Grébner—Shirshov bases theory for trialgebras. We show that for
an arbitrary monomial-centers ordering on the linear basis, each ideal of free trialgebra has
a unique reduced Grobner-Shirshov basis. In section 4, we give a method for constructing
normal forms of elements of an arbitrary trisemigroup, in particular, we give short proofs
of some results in [32]. Moreover, we apply the method of Grobner-Shirshov bases for
centain 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
monoid generated by X, which consists of all associative words on X including the empty
word (denoted by €). Then we denote by X = X*\{e} the free semigroup generated by X.
For every u = x1x5..x, € XT, where x1, ..., x, € X, we define the length u) of u to be n. For
convenience, we define £(¢) = 0.

Definition 2.1. [24] An associative trialgebra (resp. trisemigroup), trialgebra for short, is a
k-module T (resp. a set T) equipped with 3 binary associative operations: - called left, -
called right, and L called middle, satisfying the following 8 identities:

a4 (bkc)=a-4(b-c),
(adb)Fc=(akb)teg
atb(bde)=(akb)gc,
a4 (bLlc)y=a4d(bHc),

(alb)Fc=(akb)Fc @
ab(bLlc)=(akb) Lg
al (bdc)=(a Lb)gc
al (bFc)=(a-db) Lc

foralla, b, ce T.

Note that in [24,31,32], the authors call trisemigroups as trioids, and in [3], they are
called trisemigroups. Here we follow the terminology of [3].
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Definition 2.2. 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) F (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) (b A Abpy—1) L (buy 3+ Abpg—1) L -+ L (b, 4+ A biw)

gives the same element in T [24], we denote such an element by [b;...by],,, 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)

(xi1 F.oo F xim1—1) - (xim1 — .o ximz_l) 11 (ximr . xiMrHr)

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

"ximr+tr
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,..x

Ky

Z'M171 x,‘ml ...ximzA. ‘ximrHr'

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 = {[uly |4 € XF, @£ U C {1, £(u)}}

to be the set of all normal triwords on X.

In [24], 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 [31].

Proposition 2.3. [24] The set [X ] pov 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 = {mq,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 [24], Tri(X) is the free
k-module with a k-basis [X ], and for all [u] ;, [0], € [X7],, we have
[”]u t [U]v = [uv][(u)+vl [u]u - [v]v = [”U]u/ [u]u 1 [v]v = [uv]uuw)w).

Moreover, with the above products, ([X*]P )’ =,F, L) forms the free trisemigroup gener-
ated by X [31]. Though [¢] is not an element in [X+]P<N)
and - involving [€]p to make formulas in the sequel simplified. More precisely, we extend
them with the following convention:

, we still extend the operations -

lelp & [u]y = [u]y el = (U], L ldo = [eo L [u], = [u],
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for every [u], € [XT], -
The following lemma shows that every triword can be written as a leftnormed product
of triwords.

Lemma 2.4. Let [u], = [uruz...un], € [XF], withus, ..., un € XT. Then there exist some
operations 64, ...,0,—1 € {-,, L} such that

(ul, = (... (([ul]u1 & [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:

Case 1. If £(uj...uy_1) > m;, then we have [u], = [uj...u,_1], = [tn]1. By induction
hypothesis, we obtain

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

Case 2. If £(uy...uy—1) < my, then we have [u], = [ug..uy_1]1 - [“n]fuulmu eu By
induction hypothesis, we obtain

[u]u = ((([ul]ul o1 [uZ]uz )52[u3]u3)"') - [u"]*f(ul»-ﬂnqﬂu'

Case 3. If m; < £(uq...u,_1) < mjyq forsomei € {1,...,,r — 1}, then we have

By induction hypothesis, we obtain

[u]u = ("'(([ul]u151 [uZ]u2)52[u3]u3)"') L [un]—é(ul---”n—l)‘*{miﬂ my}

,,,,,

The proof is completed. [

3. Composition-Diamond lemma for Trialgebras

For constructing normal forms of certain trisemigroups or linear bases of certain
trialgebras, we shall apply the method of Grobner-Shirshov bases for trialgebras. The main
idea for the Grobner-Shirshov bases for some algebras, trialgebras for instance, is to find
some tractable conditions under which the elements of the ideal Id(S) of Tri(X) generated
by S can be written as linear combinations of certain polynomials of Tri(X) (hereafter
called normal S-polynomials), whose leading monomials are pairwise distinct. Our aim
in this section is to prove that, for a quotient trialgebra Tri(X|S) := Tri(X) /1d(S), if the
set S of relations satisfies some tractable conditions, then a linear basis of Tri(X|S) can be
effectively constructed.

We first introduce a well ordering on X*. Let X be a well-ordered set. We define the
deg-lex ordering on X as the following: for u = Xiy XiyeoXiyy, U = Xjy X)Xy, € X*, where
Xip, Xj, € X, we define

u>o if (0(u),xi,Xiy, 0 X, ) > (E(U),le,sz,..., x]-n) lexicographically.
A well ordering > on XT 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 = {my, ..., m,} and V =
{ny,..,n} € P(N)\{@}, we define

u>v if(r,my,..m) > (tny,.. n) lexicographically.
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Fix a monomial ordering > on X*. Then we define the monomial-centers ordering > on
[X7] 5 as follows: for all [u],,, [0], € [X], .,

[ul, > [v], if (u,U) > (v,V) lexicographically, ()

where we compare u and v by the fixed ordering on X*. Though we use the same
notation > for orderings on X*, P(N)\{@} and [X™],  , 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+]7>(N)' Finally, if >
is the deg-lex ordering on X, then we call the ordering defined by (2) the deg-lex-centers
ordering on [X*], .

For all [u],, [v],, [u] ,,[v'],, € [XT],y and 6,8" € {4, L}, assume [u],d[0v], =
[w],, and [u] ,&'[0] , = [w'],,,. Thenby [u],d[0], > [u'] ,0'[v'],, we mean [w], > [w]

From now on, we always assume that > is a monomial-centers ordering > on [X ]

w'*
P(N)*

We observe that the monomial-centers ordering > on [X*]P(N) is monomial in the
following sense:

Lemma 3.1. Let [u],, [v], and [w], € [X+]P(N) with [u], > [v],. Then we have

[w]yy = [u]y > [w]y F 0]y, [u]y,  [wly > [o], 4 [w]y,

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

[ul, F [w]y = [0], F [w],, [wyy A [u]y = [w], o],
Moreover, if u > v, then [u],, - [w],, > [v], F [w],, and [w],, 4 [u], > [w],, 7 [v],

For every polynomial f =Y/ ; oci[u,»]ui € Tri(X), where 0 # a; € k, [”i]ui € [XT]

PN)
and [ul]u1 > [uz]y, > o > [un]y,, we call [ul]u1 the leading monomial of f, denoted by f; &y
the leading coefficient of f, denoted by Ic(f); finally, we denote by f the associative word of
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 —Ic(f)f.

For convenience, we define0 =0 =0, 0 < uand 0 < [u],, for any [u],, € (X o)
From Lemma 3.1 it follows that

Lemma 3.2. Let 0 # f € Tri(X) and [u], € [X+]77(N)' Then we have

([u]u Ff) = [u]u F?, (f n [”]u) :74 [u]u’
([u]uj—f):[u]uJ—J?r (fj—[u]u):.?J—[uU/
([uly 4 ) < [uly £, (fF [uly) < fH [u]y

Moreover, if f is strong, then we obtain ([u], = f) = [u], - fand (f + [u],) = f F [u],.

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], = [xj..x;..x;,], € [XT] pyy Such
that x; , ..., x;, liein X, by Lemma 2.4, we may assume that [u], = ([v],d1x;,)d2[w],,. Then

for every polynomial f € Tri(X), we define

[u]u|xitHf = ([v]vélf)éﬂw]w/ (3)
where by convention, if exactly one of [u], and [v], is [¢]p, then we define [u] d[v], =

o],
[uv]yyy, in particular, the formula (3) makes sense. Clearly, the resulting polynomial ([v

v 1f)52[w]v
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is independent of the choice of [v],, [w],, and d1, ;. For simplicity, we usually denote by
(vfw) a polynomial of the form (3).

Definition 3.3. Let S be a monic subset of Tri(X). Then for every [u],, = [x;,...X;,...x;,] ; in
[X*]p such thatx;, ..., x;, liein X and for every s € S, [u] is called an s-polynomial

u |xit s

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

Remark 3.4. By Lemma 2.4 and Definition 3.3 , it follows that
(i) Every S-polynomial (asb) has an expression:

(asb) = ([a] ,615) 32 bl )

for some 41,6, € {-,F, L} and a,b € X*. In (4), by convention, we always assume
01 € {F, L} (resp. 6, € {4, L})in case [a], = [e]p (vesp. [b], = [e]p). Then ([a] ,15)d2[b],
is a normal S-polynomial if and only if one of the following conditions hlods:

(@) 61 € {+,L}and 6, € {H, L} hold;

(b) s is strong.
Moreover, if ([a] ,015)d2[b],; is normal and ([a] ,d15)d2[b], = [w],,, then we denote

[QSb]w = ([a]A515)52[b]B‘

(ii) If (asb) = ([a] ,615)d2[b], is a normal S-polynomial, then ([u],,d15)d2[v], is still a
normal S-polynomial for all [u],,, [v], € [X+]7,(N).

(iii) Let ([a] ,d15)d2[b] ; be a normal S-polynomial and assume that s is not strong. Then
both

('] 4103(([a] ,015)2[b]) and ([a] ,015)2[b])da[b],
are normal S-polynomials if and only if 3 € {F, L} and &, € {-, L}.

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

Lemma3.5. Let (asb) = ([a] ,015)02[b], be a normal S-polynomial. Assumes = [u], and (asb) =
[w],,. Then we have

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

Moreover, if W is a nonempty subset of {1, ..., £(a), £(as) +1,...,€(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 3.5, for every normal S-polynomial (asb) = ([a] ,015)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 3.5; 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]) =
{(l(a) + U)UW | W C {1,...,¢(a),L(as) +1,...,. £(as) + £(b) }},
if s is not strong.

In particular, we have P(s) = U.
By Lemma 3.1, we immediately obtain the following lemma.
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Lemma 3.6. Let (asb) be a normal s-polynomial and [u],,, [v], € [XT], . Then

[u],  lasb]. 4 [0], = [uasbolyyic,  [u]y b lash]e L [0], = [uusbv](au)JrC)UZ(lmngV)

[u], L [asb]. - [v], = [uasbv}uu([(u)%), (u], L [asb]. L [v], = [uasbv]uu(@(uHC)u([(wgh)w).

The following lemma shows that the set

Irr(S) == {[u], € [XT]py | [u]y # [asb], for any normal S-polynomial [asb], }
is a linear generating set of the quotient trialgebra Tri(X|S).
Lemma 3.7. Let S be a monic subset of Tri(X). Then for every nonzero polynomial f € Tri(X),
we have
f=2wiluily + Y Bjlasible,

for some [”i]ui € Irr(S), w;, Bj €k, aj,b; € X*, 5; €S, [u,-]ui < fand [ajsjbj]cj <f.

Proof. Let f = lc(f)?—l—rf. If f € Irr(S), then we define fi = f —lc(f)f. If f & Irr(S),

then we obtain f = [asb]. for some normal S-polynomial [asb].. And we define f; =
f —lc(f)[asb].. In both cases, we have f; < f and the result follows by induction on f. [

We shall show in Theorem 3.15 that, if S is a Grobner—Shirshov basis in Tri(X), then
the set Irr(S) is a linear basis of Tri(X|S). So what we need at this point is a family of
tractable conditions to recognize that S is (possibly) a Grobner-Shirshov basis.

Our first step is to introduce compositions (Definition 3.8), which are special polyno-
mials in the ideal Id(S) playing an important role in deciding whether the set S of relations
is a Grobner—Shirshov basis in Tri{X) or not.

Definition 3.8. Let S be a monic subset of Tri(X). For all f,¢ € S, f # g, we define
compositions as follows:

(i) If f is not strong, then for all x € X and [u]y(,) € [X+]7>(N)’ we call x - f a left
multiplication composition of f and call f - [u]y(, a right multiplication composition of f.

(ii) Suppose that w = f = agb for some words a,b € X* and let (agh) be a normal
S-polynomial.
(a) If P(f) € P([agb]), then we call

(f’g)7 = f - [agb}p(f)

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

(f’g)[xw]l = [xf]l - [xagb]l
a left multiplicative inclusion composition of S, and call
(f,g)[wx]awx) = [fx][(wx) - [agbx][(wx)

a right multiplicative inclusion composition of S.
(iii) Suppose that there exists a word w = fb = ag for some words a,b € X* such that

|f| + 18] > £(w). Let (fb) be a normal f-polynomial and let (ag) be a normal g-polynomial.
(@) If P([fb]) N P([ag]) # @, then for every W € P([fb]) N P([ag]), we call

(fr &) [w),, = L0l — [agly

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

(f/g)[xwh = [xfb]l - [xag]l

a left multiplicative intersection composition of S, and call

(f,8) = [fbx]k‘(wx) - [agx]/(wx)

fws] L(wx)

a right multiplicative intersection composition of S.

A polynomial i € Tri(X) is called trivial modulo S ( resp. (S, [w],,)), denoted by
h = 0mod (S) (resp.mod (S, [w],)),

ifh = Y [al-sibl-]ci, where each &; € k, a;,b; € X*, 5; € S and [al-s,-bl-]ci < h (resp.
[ais,-bi]ci < [w],,). Denote by h = h' mod (S) (resp. mod (S, [w],,)) if h —h' = 0 mod (S)
(resp. mod (S, [w],,)).

A monic set S is said to be closed under left (vesp. right) multiplication compositions if
every left (resp. right) multiplication composition x I f (resp. f I [u]y(,) of S is trivial
modulo S. A monic set S is called a Grabner-Shirshov basis in Tri(X) if S is closed under
left and right multiplication compositions and every composition (f, g) o 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 3.9. Let S be a monic subset of Tri(X) that is closed under left multiplication compositions
and assume f € S. If f is not strong, then for every [u]y € [XT], ., we have [u]; 4 f =
0 mod (S).

Proof. We shall use induction on (uf, (1)) to prove the claim. If £(u) = 1, then it is clear.
Assume ¢(u) > 2 and [u]; = [vx];,v € X, x € X. Then [u]; 4 f = [v]; 1 (x - f) can be
written as a linear combination of S-polynomials of the form [v]; = [asb]., where s € S and

[asb]. < (x H f). So we obtain

(ol = asblo) < [0 A [a3], < [o}s 4 (x 7 £) = (l1 7 /) and asb < 7.

If s is strong, then [v]; - [asb]. is already a normal S-polynomial, and we are done. Now
we assume that s is not strong. If 4 is the empty word, then we have

[v]1 1 [asb]. = ([v]; Hs) 4 [b]y

and (08, £(v)) < (uf,£(u)). If ais not the empty word, then we have [asb]. = [a];5[sb] —0(a)+C
where ¢ lies in {F, L}. So we obtain

[v]1 1 [asb]. = ([va]; +s) = [b]1

and C > {1}. Since [ash]. < [xf];, we obtain asb < xf and (vas, £(va)) < (uf,£(u)). By
induction, [v];  [asb].. is a linear combination of S-polynomials of the form [cs'd], = [b];,
where s’ € S and [cs'd], < ([va]; 4s). By Lemma 3.6, [cs'd], 4 [b]; is a normal S-
polynomial. So we deduce

[c5'd], 4 [b]y < ([va]y s) A [b]y = ([v]1  [asb].) < ([u] 1 f).

The proof is completed. [
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Let f € S be a polynomial that is not strong, and assume that f F x is trivial modulo
S for every x € X. Then the following example shows that f i [u](,) may be not trivial
modulo S for some u € X™.

Example 3.10. ([8, Example 3.12]) Let X = {x1,x2}, x; > xp. Assume that the characteristic
of the underlying field k is not 2. Let S = {f, g, h}, where f = [x1x2]2 + [x1x2]1, § =
[x1xox1]3 — A[x1xx1]o — S [x1x0x1]1, I = [x130%0)3 — S[x1%022]2 — 3 [x122%2]1. These three
polynomials are not strong. By a direct calculation, wehave g - x; =0, h-x; =0,i=1,2,
and fFx3 =29+ f 4x1 =0mod (S), fF x2 =2h+ f 4 x, =0mod (S). However,
f F [x1x1]2 = 2[x1x2%1X1]4 is not trivial modulo S, because f - [x1x1]> is not normal, and
for every polynomial f’' € {g, h}, we have f' - x; = 0.

Lemma 3.11. 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], € [XT], ., we
have

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

where § € {-,, L}. Moreover, for every normal triword [w],, € [X*], ., if asb < w, then we
have

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

Proof. By Lemma 3.6, it suffices to show that [u], - [asb]. and [asb]. & [u], are trivial
modulo S, where s is not strong. So we assume that s is not strong.
We first prove that [u],, 1 [asb].. is trivial modulo S. By Lemma 2.4, obviously we have
[u]y A fasb]e = (([u]y, A la],) As) A [b]y = (([ua]y, 61[uzhr) +5)) A [bl,
([ua]y, 01 ([uz]s A's)) (b,

where 6; € {F, L} and ua = uqup with uy € X* and up € X*+. If [”1]111 = [¢]p, then we
have §; =F by convention. By Lemmas 3.9, 3.6 and 3.1, the result follows. Moreover, if
asb < w, then we obtain

uasb < uw and m < [”]u5[w]wr

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 2.4, we have

[asb]c & [u]y = la], = (s = ([b]g F [u]y)) = [a], = ((s F [a]euy))02[u2ly, ),

where &, € {4, L} and bu = wuqup; with u; € X+, up € X*. Since S is closed under
right multiplication compositions, the result follows by Lemmas 3.6 and 3.1. Moreover,
if asb < w, then we have

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

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

The following corollary is useful in the sequl, 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.
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Corollary 3.12. 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],)d2[b], = [w],,, and let f bea

normal S-polynomial with f < [u],. If f < u,orif 61 € {, L} and 6, € {, L}, then we have
([H]A‘Slf)52[b]3 = 0mod (S, [w]w)

Proof. If §; € {F, L} and 6, € {H, L}, then by Lemmas 3.6 and 3.1, ([a] ,61f)d2[b], is a
normal S-polynomial with

([Q]Aélf)52[b]3 < ([a]A51 [u]u)52[b]3 = [w]wf

the result follows. N

Now we assume f < u. By Lemma 3.11, ([a] ,61f)J,[b], can be written as a linear
combination of S-polynomials of the form [cs'd], 6, [b],, where s’ € S and ¢cs'd < au. And
for every S-polynomial [cs'd], 8, [b],, by Lemma 3.11 and by the fact that cs’db < aub = w,
we have [cs'd], 6,[b], = 0mod (S, [w],,). O

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 3.13. 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) = ) _ailaisibi]c,
where each w; € k, s; € S, a;,b; € X*.

Proof. Let [u], be a triword such thats < [u],. And assume (asb) = ([a] ,015)d[b], and
[w],, = ([a] ,61[u],;)d2[b],. Then by Corollary 3.12, we obtain

(asb) = ([a],615)62(8], = 0 mod (S, [w,,).
The proof is completed. [

The following lemma shows that, under certain assumptions, if two normal S-polynomials
have the same leading monomial, then their difference is nonessential.

Lemma 3.14. Let S be a Grobner-Shirshov basis in Tri(X). Suppose that [alslbl]cl , [a2s2067] o

are two normal S-polynomials with [a1s1b1 ] o = [a282D7] o = [w],,. Then we have

[alsﬂ)l]c1 - [azszbz]C2 = 0mod (S, [w],,).

Proof. Since [w]w = [alslbl]cl = [uzssz]Cz, we obtain w = a151b1 = arxSobp and W = C; =
C,. We have to consider the following three cases:

Case 1. Without loss of generality, we can assume by = as;b, and a; = ay514, here a
may be the empty word. Assume s = 51 + ¥ Bi[u;], and s, =53+ Zﬁ; [vj]vj. Then by
Lemma 2.4, we have
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[a151D1], — [a252D2]
[alslaszbz] — [a151a52D2],
= ((([a1],,6151)02[a] ) 0352) 34 [b2] 5, — ((([a1],, 0151)02a] , )8352)04 Do),
= ((([a1],,0151)02[a] )83(52 — 52))da[b2]y, — ((([a1], 61(51 — s1))d2[a] ) 9352)da[b2],

= =) Bi((([m],,6151)82[a] )33 [v}],, ) [ 2]5,
+ ) Bi((([a1] 61 [uil )6 []A)5352) 4[b2]s,

for some 61,8, 683,04 € {-,F, L}.
If 51 and s, are both strong, then all the resulting polynomials

((([a1],6151)80la] )85 [05], Vaslbaly, and (([ar], 811l )ale] ) 3552)daba]

are normal S-polynomials; If neither s; nor s; is strong, then by Remark 3.4, we deduce
03 =1,01 € {F, L} and 6,94 € {4, L}, which implies the above resulting S-polynomials
are normal; If only one of s1 and s; is not strong, say, s1 is not strong, then by Remark 3.4,
we deduce d; € {F, L} and 8y,d3,04 € {, L}. It follows that the resulting S-polynomials
are normal. In all subcases, by Lemmas 3.1 and 3.2, the leading monomials of the resulting
normal S-polynomials are less than [w],,,.

Case 2. Without loss of generality, we may assume $; = as,b, a = aja and by = bb;.
If P(s1) € P([asyb]), then since S is a Grobner-Shirshov basis, we may assume

s1 — |asab]p sz c;s;d;]

satisfying [c!s :d:]L, < s1 — [asab]p(s,) < 51 for every i. So we have

[a1s1b1] ¢, — [a2s2b2], = ([m], 51(51* [as2b] p(s;))) 02 (b1l 5,
- Z“ A Ci 1dz]L/)§2[b1]Bl

If one of s1 and s; is not strong, then we deduce é; € {F, L} and é; € {1, L}; and if s; and
sy are strong, then we obtain cls: d; < 51 for all i. In either of these subcases, by Corollary
3.12, we obtain

[a181b1], — lazsabo], = ) ai([aa], d1[cisidy], )(52[171]31 = 0mod (S, [w],,).

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

[ms1b1c, = lazsabale, = ([a1], 01 ([xsi]y — [xassbl1))éalbul,

or
[a15101] ¢, — [a2s2b2], = ([a1]g(a) 01 ([S1Y]0(s1y) — [ﬂszby]am)))%[b'hu

where we have a; = a}x and b; = yb] for some words a},b] € X* and x,y € X. Then by
the fact that S is a Grobner-Shirshov basis and by Lemmas 3.6 and 3.11, 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

[s1b]. — [as2] sz isid]
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satisfying [cjs;d}] , < [s1D]. — [as2]. < [w']. for every i. So we have

[a151D1]¢, — [azs2b2], = ([a], 51([5151 — [as2]c)) 82 b2l
- Z“ A ¢;s ;dz] )5 [bZ]BZ'

If one of s; and s, is not strong, then we deduce é; € {F, L} and 5, € {1, L}; and if s; and

sy are strong, then we obtain c;gd; < w' for all i. In either of these subcases, by Corollary
3.12, we obtain

[a15101], — [a2s2b2] =Y aj([m], clsldl]L,)(Sz [b2], = 0 mod (S, [w],).

If P([s1b]) N P([asy) = @, then we deduce that s1, 55 are strong and ¢(a;) + £(by) > 1
So we have either

[ms1b1]c, — lazsabale, = ([a1], 01 ([xs1b]1 — [xas2]1))éa[ba] s,

or

(1], 015109, ) — 3520, D108,

where we have a1 = a}x, by = yb), for some a}, b}, € X* and x,y € X. Then by the fact that
S is a Grobner-Shirshov basis and by Lemmas 3.6 and 3.11, we deduce

[a15101], — [a2s2b2], = 0 mod (S, [w],, ).
The proof is completed. [

With the previous results, the proof of the CD lemma is now a routine job, almost the
same as in the case of associative algebras or dialgebras. What is really different is what we
have done so far. For the convenience of the reader, we quickly repeat the argument.

Theorem 3.15. (Composition-Diamond lemma for trialgebras) Let S be a monic subset of Tri(X),
> a monomial-center ordering on [X+]P(N) 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 # f € 1d(S) = f = [asb].. for some normal S-polynomial [asb]...

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

Proof. (i) = (ii) Let 0 # f € Id(S). Then by Corollary 3.13, we may assume f =
Z?:l ai[aisibi]cl_,where eacha; €k, a;,b; € X*, s; € S. Define [wi]ci = [aisib,-]ci = [Lliévibz‘]ci,
1 <i < n. Then we may assume without loss of generality that

[wl]cl = [wZ]CZ == [wl]cl > [wl-i-l}c,+1 > {wl-&-Z]C,H Z e

Now we use induction on [w;] to show f = [asb]. for some normal S-polynomial [asb]..

For [wy]. = f, there is nothing to prove. For [wi]e, > f,wehave y!_; a; = 0and

l n
fo= Yailasibile, + ) ailasib],
i =71
I I
= (L a)lasibile, — ) ai([msib]e — [aisibi]c Z a;la;sibi]
i=1 i=2 i=l+1

n

0+) Bilejsidil, + Y ailasibilc,

i=l+1
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where each [cjs;dj] L is a normal S-polynomial and [cjs;dj] < [w1]¢, by Lemma 3.14. Thus
the result follows by induction hypothesis.

(ii) = (iii) By Lemma 3.7, the set Ir7(S) generates Tri(X|S) as a linear space. Suppose
thath = erxi[ui]ui = 0in Tri(X|S), where a; € k, [u,-]ui € Irr(S) for every i and [141]u1 >
[”ﬂuz > - .. This implies that h € 1d(S). Then all ; must be equal to zero. Otherwise,
h=u jlu; for some j, which is a contradiction.

(iii) = (i) Suppose that & is a composition of elements of S. Clearly, h € 1d(S). By
Lemma 3.7, h = ¥ a;[u], + ¥ B [a]-s]-bj]cj, where each [u;], € Irr(S), wj, Bj € k, aj,b; €

X*, s; € S,and [“i]u,- <h, [ajsjb‘]cj < h. Then Y; D‘i[”i]ui € 1d(S). By (iii), we have o; = 0
for every i, and thus we obtain h = 0 mod (S). [

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°”*F 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 unit.

Definition 3.16. A triring is a quinary (T,+,,F, L) such that all of (T, +,+), (T, +,)
and (T, +, L) are associative rings such that the identities in (1) hold in T.

Let (T,H,F, L) be a trisemigroup, and E the free left R-module with R-basis T. Then
(E,+,,F, L) is a triring with a natural way: forall f = Y rju;, ¢ = Zj r;vj € E, ri,r]’» €
R, u;, vj cT,

frg:= Z”i”;‘(“i Fo), fdg:= Zﬂ'”}(“i dv;), flg:= Zrir;(ui 1L vj).
L] L] L]

Such a triring, denoted by Trig(T), is called a trisemigroup-triring of T over R.

We denote by Trig(X) the trisemigroup-triring of Trisgp(X) over R which is also
called the free triring over R generated by X, where Trisgp(X) is the free trisemigroup
generated by X. In particular, Triy (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 that fF g, g+ f, f 1, ¢
f, fLg gl felforeveryfe Trig(X)and g€ I.

Similar to the proof of Theorem 3.15, we have the following Composition-Diamond
lemma for trirings.

Theorem 3.17. (Composition-Diamond lemma for trirings) Let R be an associative and commuta-
tive ring with unit. Let S be a monic subset of Trig (X), > a monomial-centers ordering on [X "], ®
and 1d(S) the ideal of Trig(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 = [asb]_. for some normal S-polynomial [asb]...

(iii) Irr(S) = {[u], € [XT]p | U]y # [asb]. for any normal S-polynomial [asb]. } is an
R-basis of the quotient triring Trig(X|S) := Trir(X)/I1d(S), i.e. Trir(X|S) is a free R-module
with R-basis Irr(S).

Remark 3.18. 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) is
the same or not. We begin with the notion of a minimal (resp. reduced) Grobner-Shirshov
basis.
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Definition 3.19. A Grobner-Shirshov basis S in Tri(X) is called minimal if for every s € S,
we have s € Irr(S\{s}). A Grobner-Shirshov basis S in Tri(X) is called reduced if for every
s € S, we have supp(s) C Irr(S\{s}), where

supp(s) = (1), s [y, )

fors = oq [Ml]ul + -t ay [un]un/ 0 7& a; € k, [ui]ui € [XJr]p(N)'

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

For associative algebras, polynomial algebras and dialgebras, it is known that every
ideal has a unique reduced Grobner-Shirshov basis. Now we show that an analogous result
holds for trialgebras.

Lemma 3.20. Let I be an ideal of Tri(X) and S a Grobner-Shirshov basis for 1. For every T C S,
if Irr(T) = Irr(S), then T is also a Grébner-Shirshov basis for 1.

Proof. For every f € I, since Irr(T) = Irr(S) and S a Grobner-Shirshov basis for I, by
Theorem 3.15, we obtain f = [asb]. = [cgd]. forsomes € S, g€ T, a,b,c,d € X*. Sowe
obtain f; = f —Ic(f)[cgd]. € I and f; < f. By induction on f, we deduce that f is a linear
combination of normal T-polynomials, i.e. f € Id(T). This shows that I = Id(T). Now the
result follows from Theorem 3.15. [

Let S be a subset of Tri(X) and [w],, € [X*]P(N). We set

<[w]

Si={s€[X ]y ls€Sh, S i=fseS|s=[w],}, S " i={s€S|5<[w],}

Theorem 3.21. Let I be an ideal of Tri(X) and > a monomial-centers ordering on [X+]P(N)' Then
there is a unigue reduced Grobner-Shirshov basis for 1.

Proof. We first prove the existence of a reduced Grobner-Shirshov basis for I. Define S =
{Ic(f)~1f | 0 # f € I}. Then clearly S is a Grébner-Shirshov basis for I. For each [w],, € S,

we fix a polynomial f “W in S such that f = [w],,- Define

So={f" €5s|[w], €3}

Then the leading monomials of elements in Sy are pairwise different. Since I O S D Sy
and I = S = Sp, we have Irr(Sp) = Irr(S) = [X*],, \S. By Lemma 3.20, Sy is a Grobner-
Shirshov basis for I.

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

supp(s —5) C Irr(Sp), ®)

Le. supp(s —35) C [X*],, \So- If supp(s —5) NSy # @ for some s € S, then set [u], =
max{supp(s —5) N So}. Then there exists an element f € Sy such that f = [u],,. Note that
5 > [u], = f and s —af =5, where a is the coefficient of [u], in s. Replace s by s — af
in So. Then supp(s —af —s —af) NSy = @ or max{supp(s —af —s—af) NS} < [u],.
Since > is a well ordering on [X™], , , this process will terminate.
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Noting that for every [w],, € Sy, there exists a unique f € Sp such that [w],, = f. Set
min{Sp} = 5 with sy € Sp. Define Sy i= {so}. Suppose that f € So, 5o < f and S_ has
been defined for every ¢ € Sp with § < f. Define

57 — {S<f lf? ¢ I?’T’(S<JT),

_ h S _ = S_.
SpULfY ifelm(sy), T U s

§<f, g€y

Let

Then for every f € Sp, wehave f € S; & f € Irr(S.p) & f € 57.

We first claim that Irr(S;) = Irr(Sp). Since S; C Sy, it suffices to show Irr(S1) C
Irr(Sp). Assume that there exists a normal triword [w], € [X+]P(N) such that [w], €
Irr(S1) and [w)],, & Irr(Sp). Since So = I, it follows that [w], = f for some f € Sp\S;.
Iff e Irr(S_7) then f € Sz C Sy, a contradiction. Iff ¢ Irr(S_7) then f = [asb], for
somes € S <F C S1,a,b € X*. This implies that f ¢ Irr(S1), a contradiction. Therefore,
Irr(Sq) = Irr(Sp). By Lemma 3.20, S is a Grobner-Shirshov basis for I.

Iff,g €S, f#g f=[agh]., thenwehaveg < f, g € Sz C S_7- So we deduce

f & Irr(S <j7) and f ¢ Sy, a contradiction. So S; is a minimal Grobner-Shirshov basis for

I. By (5), for every s € S1, we have supp(s) C Irr(S1\{s}), so Sj is a reduced Grobner-
Shirshov basis for I.

Now we prove the uniqueness. Suppose that T is an arbitrary reduced Grobner-
Shirshov basis for I. Let 5p = min S; and 7y = min T, where sy € Sy, 7y € T. By Theorem
3.15, we have 55 = [a'r'V/|cr > 1/ > 7o for some ¥’ € T,a’,b’ € X*. Similarly, 75 > 59. So we
deduce 7y = 59. We claim that ry = sp. Otherwise, we have 0 # rg — sg € I. By the above
argument again, we obtain that 75 > 79 — sg > "/ > 7 for some r”’ € T, a contradiction. So
we have

S = {so} = {ro} = T

For every [w],, € S; UT with [w],, > 7, assume that Sf[w]W = T<lw. To prove T = 53,

it suffices to show S[lw]w C T For every s € S[lwlw , we have s = [c'rd'] , > 7 for some
reT,d,d e X*. Now we claim that [w],, = § = 7. Otherwise, we have [w], =5 > 7.
Thenr € T W — 51< "W and r € S1\{s}. Buts = [crd'] ,, which contradicts with
the fact that S; is a reduced Grobner-Shirshov basis. Now we show s = r € T[w]w.
If s # r,then0 # s —r € I. By Theorem 3.15, s —r = [arlb]Ll = [cslal]L1 for some
r1 € T,s1 € S1,a,b,c,d € X* with77,571 <s—r <5 =7. Sowe deduce s; € S1\{s} and
r1 € T\{r}. Noting thats —r € supp(s) Usupp(r), we may assume s —r € supp(s). As
Sy is a reduced Grobner-Shirshov basis, we have s —r € Irr(S1\{s}), which contradicts
with the fact that s —r = [cs14] 1,» Where s, € S1\{s}. Thus s = r. Therefore we obtain

S[lew - T[w]w . It follows that we have S C T. Similarly, we have T C S, which proves the

uniqueness. [

Remark 3.22. For associative algebras and polynomial algebras, it is known that every
Grobner-Shirshov basis for an ideal can be reduced to a reduced Grébner-Shirshov basis.
But this is neither the case for dialgebras [8, Example 3.24], nor the case for trialgebras. It
suffices to consider the trialgebra defined by the same generators and relations as those
in [8, Example 3.24], because the relations form a Grobner—Shirshov basis for the considered
trialgebra.

By using Theorem 3.21, we have the following theorem.
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Theorem 3.23. 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 3.15 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 [32] 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 [24,31]. 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*], . x [XT],, where p(S) is the congruence on ([X ], ,
,F-, L) generated by S. So it is natural to ask the problem: how to find normal forms of

elements of an arbitrary quotient trisemigroup of the form Trisgp(X|S)?

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

S = {([uily, [vily,) | [uily, > [vily,, i € I}.

Consider the trialgebra Tri(X|S), where we identify the set S with the set {[u;] u [vi] v li €

I'}. By Shirshov algorithm, we have a Grobner-Shirshov basis S« in Tri(X) and Id(S™"F) =

]{d(S). It is clear that each element in S°°™" is of the form [u], — [v],, [u],,[?], € [X+]‘P(N)'
et

o o Tri(X|S) — Tri([X "], /0(S)),
Zai[ui]ui +1d(S) — Zﬂéi[ui]uip(s)r a; €k, [ui], € X -

Then o is obviously a trialgebra isomorphism. Noting that by Theorem 3.15 Irr(S%™F) is
a linear basis of Tri(X|S), we have o (Irr(S®"P)) is a linear basis of Trik([XJr]P(N) /p(S)).
It follows that Irr(S“™P) is exactly a set of normal forms of elements of the trisemigroup
Trisgp(X|S).

Therefore, we have the following theorem.

Theorem 4.1. Let > be a monomial-centers ordering on [X™] payy and T = Trisgp(X|S), where
S ={([uly,, [oily,) | [uily, > [oil,, i € I} is asubset of [XT], X [XT], . 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 Grébner-Shirshov bases in the calculation of Gelfand-Kirillov dimensions of
certain trialgebras.

Before introducing a general definition of the Gelfand-Kirillov dimension of a trialge-
bra T over k, we have to introduce some notations. Let V, V; and V; be vector subspaces
of T. We first define

V4V, = Spank{a b | aeV,be Vz}, ViEV, = Spank{a b | aeV,be Vz},
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and V; LV, =Spang{a Lb|aecV,be}.
Then we define V! = Vand V" = ¥, (VI A V7T ViR Yi-ig Yi | yn-i) for
every integer number n > 2. Finally, we define
VEL= V4 V4V
Obviously, we have
V" = Spani{[a1..an]u | @ #U C {1,..,n},ay,...,ay, € V}
and
P = Spani{[a1.am|u | @ #U C {1,..,m},m e Nym < n,ay,...,a, € V}.
Now we are ready to introduce the Gelfand-Kirillov dimension of a trialgebra.

Definition 4.2. Let T be a trialgebra over k. Then the Gelfand-Kirillov dimension of a
trialgebra T is defined to be

. . T . <n
GKdim(T) = Sl;p nlgr.}ologn dim(V="),

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

We have the following obvious observation, which is well-known in the context [22],
for example.

Lemma 4.3. 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) = Iim log,, dim((kX)=").
n—oo

Let X = {x}. Itis 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 n in Tri(X) is of the form [x...x]y;, where U is a nonempty
subset of {1, ...,n}. So by a direct calculation, we have GKdim(Tri(X)) = +oo.

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

From now on, let > be the deg-lex-centers ordering on [X*],,  , where X is a well-
ordered set.

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 [32]. In this subsection, we give another
approach to normal forms of elements of a free commutative trisemigroup.

Definition 4.4. [32] A trisemigroup (trialgebra) (T, ,t-, L) is commutative if H, - and L
are commutative.

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

Tri[X] := Tri(X|T¢)
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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 = xj xj,..x;, € X, x; € X,

we define
lu] = [xj,xj,--xj, | = X Xi,.%;,,
where Xiys Xiyser Xi,, 18 @ reordering of X s Xjyy oo X, sat1sfy1ng X <xp, <-o- L
We define

[ XT) = A{lu) [ue XTY (u)y = [lu]l, @#UC {1, .Lu)};

X oy = {1y | 1w € X¥, @£ U C {1, 0u)}}.

For u € X*, [u], is a normal triword, while |u], is called a commutative normal triword. For
instance, assume u = xX1X2x1X2x] € X and assume x; < x5, where x1,x; € X. Then
we have LMJ = X1X1X1X2X2X2, LMJ {35} = [X1X1X1X2XZXQ]{3,5}.

Proposition 4.5. Let X = {x; | i € I} be a well-ordered set. Then we have the followings:
(i) Tri[X] = Tri(X|Sc), where S. consists of the following polynomials:

[y = Lu)y ([ € (X5, €(u) = 20r [U] = £(u) > 3),

o, = [v)1 ([o]y € X7l (o) = 3and [V] < £(v)).

(ii) Sc is a Grobner-Shirshov basis in Tri(X).
(iii) The set

X Je:={lo)i] o) € (XTI} U {lu)a| [u] € [XT], £(u) =2}
U {lulpp,. ey | v € X7}

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 L are commutative, we have

.....

where x;, x; € X, u,v € X, |u|, |v| > 2. It remains to prove that
[v], — |v]1 € Id(T;), where [0v], € [X*]P(N), l(v) >3, |V| <{l(v)and V # {1}.

There are two cases to consider:
Case 1. If 1 ¢ V, we assume [0], = [v0]y (o) I [01]y; for some vp, o1 € X™. Then in
Tri(X|T.), we have

[0, — 0]y = [o1lv F [voleqwy) — [0)e(0)
= [v1%0]ew) = (0]
= 0.
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Assume |0y = (|0']1 F x) =y withx,y € Xand [0'] € | XT]. Then in Tri(X|T,), we
obtain

0wy — o)1 = ([@TpFx)Fy—loh
= ([vi4x)Fy—[oh
= yH([v]14x) - [vh
= x4yr Y1)~ [vh
= 0.

It follows that [0], — |v|; € Id(T).
Case 2. If 1 € V, then by Lemma 2.4, we may assume [v], = ([06]1,0/ 1 [za]l)é[v’l]vl,

withz € X,a € XT,v),,v, € X*and § € {H, L}. Then in Tri(X|T.), we have
01

ol — o) = [ebl,, L (zahdlet],) — Lo
— [obly, L (o4, blzal) - L)
= (o), L [04),)6(z + lal) ~ Loy
— ((lobl,; L [51,)82) = lals — Lo}y
— favgerzh - o)
= 0.

It follows that [v], — [v]1 € Id(T,).
Now we show T, C Id(S,). Clearly we have

xFy—ykFxeld(S.), xdy—y-dxeld(S.), x Ly—y L x e Id(S,),

where x,y € X. Suppose that [u], [v], € [X+]P(N) with £(uv) > 2. Then in Tri(X|S.), we
have

[u]u + [U]v - [U]V H [u]u = [uv]e(u).w - [Uu]g(v)+u = Luvh - Lvqu =0,

[“]u B [v]v - [v]v B [u]u = [uv]u - [vu]v = Lqul - Lvqu =0,

and [u], L [v], —[v], L [u], = [uv]uu(z(qu) - [vu]vu(l(v)+u)
_ Jwolaa, ey — [oul g, ey = 0, if (U] = £(u) and [V] = £(0),
|uv]; — [vu]; =0, otherwise.

This shows that Id(T;) = Id(S.) and (i) holds.
(if) 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],, I Se, we have —r., —r1, € [X+]P<N),
L(w) >3, [w],, = [afb], = [cgd], and |w] = La?;;bj = chgdj,wheref =f+r,g= g+r,
a,b,c,d € X*. Assume that [afb], = [afb], — [ar:b],,, and [cgd],, = [cgd],, — [crd],, .
Then we deduce |W| = {(w) if and only if |[W;| = ¢(w) = |W,|. It follows that

(£ 8w, = lafbly —legdly = —larb],, + [c7d],,
_ {—Lai’;bh + [c7d]1 =0 mod(S.) if [W| < £(w),
_L‘Z’A}/bJ (1w} T Lhd] 1, o)y =0 mod(Se) if [W| = £(w).

Then all the compositions in S are trivial. So S, is a Grobner-Shirshov basis in Tri(X).
(iif) The claim follows immedjiately from Theorem 3.15. [


https://doi.org/10.20944/preprints202104.0503.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 April 2021 d0i:10.20944/preprints202104.0503.v1

20 of 24

From Theorem 3.15, Lemma 3.20 and Proposition 4.5, it follows that

Corollary 4.6. Let X = {x; | i € I} be a well-ordered set and S, C Tri(X) be a set consisting of
the following polynomials:

[xixjlo — [xjxila, [xixjh — [xjxiln, [xixjlgay — [jxilpey (Gj€Li>]),
[xixjxlo — [xixpxilr, [xixjae]s — [xixjae]n,  [xixpxd 1,0y — [rixjaea,

[xixjxe]pay — [xixjxely, [xixxe] oy — [xixjxey (L7, k €1 i <j<k).
Then S.. is the reduced Grobner-Shirshov basis for the free commutative trialgebra Tri[X].

Now by using Theorem 4.1 and Proposition 4.5, we have the following corollary.

Corollary 4.7. [32] Let Trisgp[X] := (| Xt |, -, 1, L), where | XT |, is defined as in Proposi-
tion 4.5. Then Trisgp|X| is the free commutative trisemigroup generated by X, where the operations
b, Hand L are as follows: for any x,x" € X, |u],, [v], € | X" |c with £(u)l(v) > 1,

o]y b luly = lu]y b o)y = [u], A o], = o]y A u], = [uo]i;

o)y L luly = [uly L o]y = [wolp, oy i (U= £(u) and [V] = £(0);
o)y L L)y = Luly L o], = Luo)y if [U] <€) or |V] < £(0);

xAx =xdx =[x, xbx =xFx=xx ]y x L' =2 Lx=[xx]1.

By Lemma 4.3 and Proposition 4.5, we can easily obtain the Gelfand-Kirillov dimen-
sion of Tri[X] for every finite set X.

Corollary 4.8. Let X = {xy,...,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 [33]. Then we construct a set of normal
forms of elements of the free abelian trisemigroups.

Definition 4.9. A trisemigroup (trialgebra) (T,,F, L) is abelian if a - b = b - a and
alb=blaforallabeT.

Let X be an arbitrary set and T, the subset of [X ], . x [X*],
following:

, consisting of the

([uly [y, o)y A {uly), (uly L [oly, o]y L [u]y),

where [u],, [v], € [XT] y- Let Typ be the set consisting of elements of the form

P(

- [U]V B [”] [u]u 1 [U]V - [U]V 1 [u]U' (7)

u’

where [u],, [v], € [X*]Pm). 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
4.1, 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 € X} be a copy of
X, where by ¥ we mean a new symbol. We extend the ordering on X to a well-ordering
on X U X on the following way: (i) %; < x;, (ii) x; < Xx; implies x; < Xj, X; < xj, x; < %;.

We note that [X*] () has a one-to-one correspondence with (XU X)*, and we denote
this correspondence by ¢. More precisely, ¢ maps an arbitrary normal triword [x;, ...x;, Ji to
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aword in y1...yy, in (XU X)T, such that if iy € U, then y; = %;,, and if iy ¢ U, then y; = x;,
for every t < m. For instance, ¢([x1x222x1x3](54}) = x1%2%2%1x3. So we can identity
elements in [X*],  with those in (XU X)*.

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

Lyay2--ye] = YirYir--Yips
where y; , Y;,, ..., yi, is a reordering of y1,y2, ...,y satisfying y;, <y;, <.. <y;,. Define
o (XUX)T = (XUX)Y, y,yh-Yj = Lyi Y-Vl

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

T([x1200202x1X3] (24)) = q0*1n¢([x1x2x2x1x3]{2’4}) = ¢ 171 (x %o xp%1 X3)
= ¢! (hx1ipxx3) = [X121%220%3] 13-

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 so is omitted.

Lemma 4.10. For all [u],, [v], € [X*]NN), we have T([uv]
T([uvly,.y) = T([ou]y) and T(z([u],)) = ©([ul,)-

uu(e(u)w)) = T([Uu]VU(z<v)+u))'

Proposition 4.11. Let X = {x; | i € I} be a well-ordered set, T, the subset of Tri(X) consist of
the elements described in (7). Then we have

(i) Tri(X|T,p) = Tri{X|So), where Sy = {[ul, — 7([ul,)) | [u], € (X",

(ii) Sup is a Grobner-Shirshov basis in Tri(X);

(iii) The set {t([u],) | [u], € [X+]P(N)} is a k-basis of the free abelian trialgebra
Tri(X|Typ)-

() > 2);

Proof. (i) It suffices to show T,;, C Id(S,,) and Sy, C 1d(T,y). We first show T, C 1d(S,p).
In Tri(X[Sgp), for all [u],,, [0], € [XT], ), clearly we have

[u]y F [o], = [v]y A [ul, = w0, — [ou],
= (ol ) — T([ou], ),
=0,

[u], L [o], = [v], L [u], = [”U]uu(/(u)w) - [v“]VU<4(v)+u)

= T([10] ypy i) = TUOU] G )

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. So it suffices to show that, we can reorder x;, and x;,,, with middle entries
preserved. By Lemma 2.4, we may assume

[u]u = ([v]vél (xitéz'xiprl))(% [w]wl
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where if [v], = [¢]p, then §; € {F, L}, and if [w], = [e]p, 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 Id(Typ).

(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;p, where f = [u], — 7([u],) and

g = [v], — 1([v],). We may assume [afb],, = ([a],é1f)d2[b],, [cgd],, = ([c]c038)dald],.
Then we have

[afbl,, = [cgd],, = ([a] ,01[u]y;)é2[b], = ([c]d3[0] )dald],,
It follows that
T(([a] s017([u]y))02[b],) = T(([c] 37 ([0],))dald],,)-

So we obtain

(f&)[w),, = lafbly, — [cgdly, = ([l 17([u],))d2([b]; — ([c] 3 ([0]y))d4ld],

= t(([al Jo17([u]y))82[b]5) — T(([clcdaT([2],))84[d] )
=0 mod(Sz).

So all the compositions in S, are trivial, and thus S, is a Grobner-Shirshov basis in Tri(X).
(iif) This part follows from Theorem 3.15. [

From Theorem 3.15, Lemma 3.20 and Proposition 4.11, it follows that

Corollary 4.12. 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, [xixjl = [xjxilo, [xixilo = [xixily, [xix]go) — (%)), Gj€Li> ).
Then W,y is the reduced Grobner-Shirshov basis for the free abelian trialgebra Tri(X|Tyy).
From Lemma 4.3 and Proposition 4.11, it follows that

Corollary 4.13. Let X = {xy,...,x,} and let Tri(X|T,;) be the free abelian trialgebra generated
by X. Then we have
GKdim(Tri(X|Tp)) = 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,p) as a vector space. So we obtain

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