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ABSTRACT. In this paper, by using Grobner-Shirshov bases for Rota-Baxter
algebras, we prove that every dendriform algebra over a field of characteristic
0 can be embedded into its universal enveloping Rota-Baxter algebra.

1. INTRODUCTION

Let F be a field. A dendriform algebra (see [10]) is an F-module D with two
binary operations < and > such that for any x,y,z € D,

(x<y)<z=zx<(y<z+y>2)
(1.1) (x=y)<z=z> (y<2)
(x<y+z>=y)=z=z> (y > 2).

Let A be an associative algebra over F'. Let an F-linear operator P : A — A
satisfy the Rota-Baxter identity

(1.2) P(x)P(y) = P(P(x)y) + P(xP(y)).

Then A is called a Rota-Baxter algebra.

The free Rota-Baxter algebra generated by a nonempty set X, denoted by
RB(X), was given by K. Ebrahimi-Fard and L. Guo [7] and the free dendriform
algebra generated by X, denoted by D(X), was first made explicit by J.-L. Loday
in [10].

Suppose that (D, <, >) is a dendriform algebra over F' with a linear basis X =
{z;li € I}. Let z; < z; = {z; < z;},z; > x; = {x; > z;}, where {z; < z,}
and {z; > x;} are linear combinations of z € X. Then D has an expression by
generators and defining relations

D = D(X|£L’Z <z = {1'1 =< xj},xl- x5 = {xl - xj},xi,xj € X)
Denote by
U(D) = RB(X|£E1P(.’£J) = {xl < .’[j},P((Ei)l'j = {xl - xj},xi,xj € X)
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4208 YUQUN CHEN AND QIUHUI MO

Then U(D) is the universal enveloping Rota-Baxter algebra of D; see [1].

The study of Rota-Baxter algebras originated from the probability study of
Glenn Baxter in 1960 and was developed further by Cartier and the school of
Rota in the 1960s and 1970s. This structure appeared also in the Lie algebra
context as the operator form of the classical Yang-Baxter equation started in the
1980s. Since then, Rota-Baxter algebra has experienced a quite remarkable re-
naissance and found important theoretical developments and applications in math-
ematical physics, operads, number theory and combinatorics; see, for example,
[, 131 5L 6] [8] [13].

The dendriform algebra was introduced by J.-L. Loday [10] in 1995 with moti-
vation from algebraic K-theory, and was further studied in connection with several
areas in mathematics and physics, including operads, homology, Hopf algebras,
Lie and Leibniz algebras, combinatorics, arithmetic and quantum field theory; see
[, [11].

In the theory of Lie algebras, the Poincaré-Birkhoff-Witt theorem (see [12], fre-
quently contracted to the PBW theorem) is a fundamental result giving an explicit
description of the universal enveloping algebra of a Lie algebra. The term “PBW
type theorem” or even “PBW theorem” may also refer to various analogues of
the original theorem. I. P. Shestakov [I4] proved that an Akivis algebra can be
embedded into its universal enveloping non-associative algebra. M. Aymon and
P.-P. Grivel [2] proved that a Leibniz algebra can be embedded into its universal
enveloping diassociative algebra. P. S. Kolesnikov [9] proved that every (finite di-
mensional) Leibniz algebra can be embedded into current conformal algebra over
the algebra of linear transformations of a (finite dimensional) linear space. As a
corollary, a new proof of the theorem on injective embeddings of a Leibniz algebra
into an diassociative algebra is obtained and, more explicitly, an analogue of the
PBW theorem for Leibniz algebras in [10].

In this paper we study the functor from Rota-Baxter algebras to dendriform
algebras given by the formulas © < y := P(y), « > y := P(x)y. The identities
defining a dendriform algebra are a consequence of the associativity of the product
in a Rota-Baxter algebra and of the Rota-Baxter identity P(z)P(y) = zP(y) +
P(z)y, which reads P(z)P(y) = P(x < y+« > y). This functor is a forgetful
functor; hence it admits a left adjoint, denoted by U, and given, as usual, by the
quotient of the free Rota-Baxter algebra by the relations which identify the two
dendriform structures. From the universal property of the enveloping functor U
it comes immediately that there is a natural map D — U(D) for any dendriform
algebra D. It is the unit of the adjunction. Similar to a classical problem involving
associative and Lie algebras, L. Guo posts the following conjecture: each dendriform
algebra can be embedded into its universal enveloping Rota-Baxter algebra; i.e., the
map D — U(D) is injective.

In this paper, we prove the following theorem.

Theorem 1.1. Every dendriform algebra over a field of characteristic 0 can be
embedded into its universal enveloping Rota-Baxter algebra. In other words, such
a dendriform algebra is isomorphic to a dendriform subalgebra of a Rota-Bazter
algebra.

The Composition-Diamond lemma for Rota-Baxter algebras was established by
L. A. Bokut, Yuqun Chen and Xueming Deng in a recent paper [4]. We will use
this lemma to prove the above theorem.
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EMBEDDING DENDRIFORM ALGEBRA INTO ROTA-BAXTER ALGEBRA 4209

2. PRELIMINARIES

In this section, we introduce some notations which are related to Grobner-
Shirshov bases for Rota-Baxter algebras; see [4].

Let X be a nonempty set, S(X) the free semigroup generated by X without
identity and P a symbol of a unary operation. For any two nonempty sets Y and

Z, denote by
Ap(Y,2) = (JrP2)Y)u (Y P(2))
r>0 r>1
u(Je@y)p@)ulJE@)y)),
r>0 r>1
where for a set T, T" = {t1 -+ t,.|[t; € T, 1 <i <r} and T" means the empty set.
Define
o, = S(X)
(I)n = AP((I)Oy (I)nfl)
Then
(I)()C"'CCI)nC"'
Let
d(X) = U P,,.
n>0
Clearly, P(®(X)) C ®(X). If u € X U P(®(X)), then u is called prime. For any
u € ®(X), u has a unique form u = ujus - - - u, where u; is prime, i = 1,2,...,n,

and u;, u;11 cannot both have forms as P(u;}) and P(uj ;).
For any u € ®(X) and for a set T C X U{P}, denote by deg,. (u) the number of
occurrences of t € T' in u. Let

Deg(u) = (deg, py,x (1), deg, ., (u)).

We order Deg(u) lexicographically.
In the following, we always assume that F' is a field of characteristic 0.
Let F®(X) be a free F-module with F-basis ®(X). Extend linearly

P:F®(X) - FO(X), urs P(u),

where u € &(X).
Now we define the multiplication in F®(X).
Firstly, for u,v € X U P(®(X)), define

o P(P()-v")+ P -P")), ifu=P),v=Pl);
= uv, otherwise.

Secondly, for any u = ujug - - - us, v = V109 - - v; € (X)), where u;, v; are prime,
1=1,2,...,8,7=1,2,...,1, define

UV =ugug - Us—1(Us - V1)V -+ UL
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4210 YUQUN CHEN AND QIUHUI MO

Equipped with the above concepts, F®(X) is the free Rota-Baxter algebra gen-
erated by X; see [7].

We denote by RB(X) the free Rota-Baxter algebra generated by X.

Let NT be the set of positive integers.

Let the notation be as before. We have to order ®(X). Let X be a well-ordered
set. Let us define an ordering > on ®(X) by induction on the Deg-function.

For any u,v € ®(X), if Deg(u) > Deg(v), then v > v. If Deg(u) = Deg(v) =
(n,m), then we define u > v by induction on (n,m).

If (n,m) = (1,0), then u,v € X and we use the ordering on X. Suppose that
for (n,m) the ordering is defined where (n,m) > (1,0). Let (n,m) < (n’,m’) =
Deg(u) = Deg(v). If u,v € P(®(X)), say u = P(v') and v = P(¢'), then v > v
if and only if v/ > v by induction. Otherwise v = ujug---u; and v = vivg - - v,
where | > 1 or s > 1, and u > v if and only if (uj,ug,...,u;) > (vi,v2,...,0s)
lexicographically by induction.

It is clear that > is a well ordering on ®(X); see [4]. Throughout this paper, we
will use this ordering.

Let * be a symbol and * ¢ X. By a x-Rota-Baxter word we mean any expression
in ®(X U {x}) with only one occurrence of x. The set of all x-Rota-Baxter words
on X is denoted by ®*(X).

Let u be a x-Rota-Baxter word and s € RB(X). Then we call

u|s = u|*>—)s

an s-Rota-Baxter word. For short, we call u|; an s-word.

Note that the ordering > is monomial in the sense that for any u,v € ®(X), w €
o*(X),

U>v = w—|u > w_|v7
where w|, = W]y and w|, = W|syy; see [4], Lemma 3.4.

If u|, = uls, then we call u|, a normal s-word.

Now, for any 0 # f € RB(X), f has the leading term f and f = a1 f+>_ 1, a;u;,
where f,u; € ®(X), f > u;,0 # a1,a; € F. Denote by lc(f) the coefficient of the
leading term f. If lc(f) = 1, then we call f monic.

Let f,g € RB(X) be monic with f = ujus - - - u,, where each u; is prime. Then,
there are four kinds of compositions:

(1) If u, € P(®(X)), then we define the composition of right multiplication as
f - u, where u € P(®(X)).

(2) If uy € P(®(X)), then we define the composition of left multiplication as
u - f, where u € P(®(X)).

(3) If there exists a w = fa = bg where fa is a normal f-word and bg is a
normal g-word, a,b € ®(X) and deg, ., ,, (w) < deg, ., . (f)+deg, ., (9),
then we define the intersection composition of f and g with respect to w
as (f,9)w=1rf-a—b-g.

(4) If there exists a w = f = ul|g where u € ®*(X), then we define the inclusion
composition of f and g with respect to w as (f,g)w = f — ulg.

We call w in (f, g),, the ambiguity with respect to f and g.

Let S € RB(X) be a set of monic polynomials. Then the composition A is called
trivial modulo (S, w), denoted by h = 0mod(S, w), if

h = Zaiui

S5
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~<hifh

k3

where each a; € F, s; € S, u;s, is a normal s;-word and u;|sr < w (u;
is a composition of left (right) multiplication).

In general, for any two polynomials p and ¢, p = ¢ mod(S,w) means that p—q =
0mod(S,w).

The set S is called a Grébner-Shirshov basis in RB(X) if each composition is
trivial modulo S and corresponding w.

Theorem 2.1 (Composition-Diamond lemma for Rota-Baxter algebras [4]). Let
RB(X) be a free Rota-Baxter algebra over a field of characteristic 0 and let S be
a set of monic polynomials in RB(X), > the monomial ordering on ®(X) defined
as before and 1d(S) the Rota-Baater ideal of RB(X) generated by S. Then the

following statements are equivalent:

(1) S is a Grobner-Shirshov basis in RB(X).

(2) fe€Id(S) = f=uls for some u e ®*(X), s € S.

(3) Irr(S) = {u € ®(X)|u # vls,s € S,v|s is a normal s-word} is an F-basis
of RB(X|S) = RB(X)/Id(S).

If a subset S of RB(X) is not a Grébner-Shirshov basis, then one can add all
nontrivial compositions of polynomials of S to S. Continuing this process repeat-
edly, we finally obtain a Groébner-Shirshov basis S¢°™P that contains S. Such a
process is called the Shirshov algorithm.

3. THE PROOF OF THEOREM [L.]

In this section, we assume that RB(X) is the free Rota-Baxter algebra generated
by X ={z; |i€I}.

Lemma 3.1. For any u,ve ®(X), we have P(u)P(v) =maz{P(P(u)v), P(uP(v))}.

Proof. By Rota-Baxter formula (L2), we may assume that P(P(u)v) = Y nu;,
P(uP(v)) = Y mjv;, where n;,m; € N*, u;,v; € ®(X). Since the characteristic
of I is 0, the result follows. O

Denote by
By ={aiP(x;) — {w: < a5} | 0,5 € 1},
Fy ={P(x;)z; — {xi = 2} | i,j € I},
Irr(FLUF) ={ue ®(X) | u#vl|ss € FiUFy, vl is a normal s-word},
®,(X) = ®(X) N Irr(F U Fy).

For a polynomial f = > " | ayu; € RB(X), where each 0 # «o; € F, u; € ®(X),
denote the set {u;, 1 <1i <n} by supp(f).
Lemma 3.2. 1) Let f = P(x;)u, g = vP(x;), where i,j € I, u,v € &1(X) \ X.
Then f =3 azu; mod(Fy U Fy, f) and g = 5. Biv; mod(Fy U Fy,q), where for any
i, a;, B € F, u;,v; € (I)l(X)\X

2) Let f = P(u)P(v), g = P(v")P(v'), where u,u’ € ®1(X)\ X, v,v" € &1(X).
Then f =3 a;P(u;) mod(Fy U Fy, f) and g = Y. B P(v;) mod(Fy U F3,3), where
for-any i, o, B € F, uj,v; € @1(X)\ X.

Proof. 1) We prove only the case when f = P(z;)u = Y ayu; mod(Fy U Fa, f).
The other case is similar.
We use induction on n = deg,,,,  (u). Since u € ®1(X) \ X, we have n > 2.
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Assume that n = 2. Then either u = zjz, or v = P(z), zj,z5,2 € X.
If u = zjzg, then we have f = P(x;)zzr = {z; > z;}xr mod(F U F, f),
and supp({z; > xj}tzr) € &1(X)\ X. If w = P(x), then f = P(z;)P(zx) =
P(P(z;)z) + P(x;P(z)) = P({z; = z}) + P{x; < z}) mod(Fy U Fy, f), and
supp(P({z; = x})), supp(P({z; < x})) C ®1(X)\ X.
For n > 2, there are three cases to consider.
(1) w == u1, x; € X. Then there are two subcases to consider.
(a) u1 = zpug, xp € X. Then f = P(x;)u = {x; > xj}trpus mod(Fy U
By, f), where supp({z; = z;}zruz) C ®1(X) \ X.
(b) u; = P(v)ug. Since u € ®1(X) \ X, we get that v ¢ X. Thus,
f = Pla)u = {z; = z;}P(W)uz mod(Fy U Fy, f), where
supp({z; = z;}P(v)us) C &1(X) \ X.
(2) uw= P(u1). Then
f=P(x;)u = P(x;)P(uy) = P(P(z;)u1) + P(x; P(uy)).
Let
P(xy)u; = Z'yﬂuZ mod(Fy U Fa, P(x;)uq)
and
xiP(uy) = Zv{w; mod(Fy U Fy, x;P(u1)),

where all w;,w, € ®1(X). By using Lemma B f = P(x;)P(u1) >
P(P(z;)u1) = P(P(zi)u1) > P(w;) and similarly, f > P(w}) for any j, j'.
Then f =7 P(w;) + Y. v/ P(w)) mod(Fy U Fy, f), where P(w;), P(w}) €
P (X)\ X.

(3) uw = P(u1)uz, where us is not empty. Then u; ¢ X, and uy = xjus for some
xz; € X since u € ®1(X) \ X. Therefore, f = P(z;)u = P(z;)P(u)us =
P(P(z;)u1)us+P(z;P(u1))us. For P(x;P(u1))us, we have P(z;P(u1))us €
®,(X)\ X. For P(P(x;)ui)us, since u; ¢ X, by induction on n, we get
that P(z;)u; =Y viv; mod(Fy U Fa, P(x;)uy), where v; € ®1(X)\ X. By
using Lemma B f = P(z;)P(u1)ug > P(P(z)ui)us = P(P(x;)uy)ug >
P(vi)ug. As a result, P(P(x;)u1)us = Y. viP(vi)uz mod(Fy U Fy, f) and
P(’Ui)UQ € (I)l(X) \ X.

2) We only prove the case f = P(u)P(v). The other case is proved similarly.

We use induction on n = deg,,, , (P(u)P(v)). Since u € ®1(X) \ X, we have
n > 5.

Assume that n = 5. Then either u = x;2; and v = z or u = P(x;) and v = z,
where z;, 7,2 € X.

If w = 2;z; and v = x, then we have f = P(u)P(v) = P(z;z;)P(z) =
P(P(z;zj)z) + P(x;x;P(z)) = P(P(zx;)x) + P(zi{z; < z}) mod(Fy U Fy, f),
and ({P(z;xj)x} U supp(z{z; < x})) C &1(X)\ X.

If w = P(z;) and v = z, then f = P(u)P(v) = P(P(z;))P(z) = P(P(P(z;))z) +

)x) ( = +
2,

P(P(a:)P(x)) = P(P(P(x:))z) + P(P(P(z:)2)) + P(P(2:P(x))) = P(P(P(x:))2)
P(P({zi = a}) + P(P({z; < x})) mod(Fy U Fy,J), and ({P(P(zi))r} U
supp(P({z; = 1) U supp(P({z; < 1)) € B1(X) \ X.

For n > 5, since f = P(u)P(v) = P(uP(v)) + P(P(u)v) and by Lemma [B]
it is sufficient to prove that P(uP(v)) = > a;P(u;) mod(F1 U Fz, P(uP(v))),
P(P(u)v) = Y i P(v;) mod(Fy U Fy, P(P(u)v)), where u;,v; € ®(X)\ X.

For P(uP(v)), there are two cases to consider.
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(1) u=wuyz;, x; € X. Then there are two subcases to consider.

(a) v¢ X. Then P(uP(v)) = P(uyz; P(v)) and uiz; P(v) € ®1(X) \ X.

(b) v = z; € X. Then P(uP(v)) = P(lwmz;P(z;)) = Plui{z; < z;}).
If uy = wgx for some z € X, then P(uP(v)) = P(usz{z; < z,})
where supp(usaz{z; < x;}) C ®1(X)\ X. If uy = usP(us), then u =
u1x; = ugP(ug)z; and ug ¢ X. Then P(uP(v)) = P(ui{z; < z;}) =
P(uaP(ug){z; < z;}) where supp(usP(us){z; < x;}) C &1(X)\ X.

(2) u=uyP(uz). Then there are two subcases to consider.

(a) uz = x; € X. Since u € ®1(X) \ X, we have u = P(z;). As a result,
P(uP(v)) = P(P(x;)P(v)). Since P(v) € X, the result follows from
1).

(b) uz & X. Then uz € ®1(X)\ X and P(uP(v)) = P(u1 P(uz)P(v)). B
induction on n, P(uy)P(v) = Y. a;P(v;) mod(F; U Fy, P(us)P(v)
where v; € ®1(X)\ X. Then P(uP(v)) = P(uiP(u2)P(v))
> a;P(u1 P(v;)) and ug P(v;) € ©1(X) \ X.

For P(P(u)v), there are also two cases to consider.

(1) v = mjv1, x; € X. Then P(P(u)v) = P(P(u)z;v1) and P(u)z;v1 €
P (X)\ X.

(2) v= P(v1)ve. Then P(P(u)v) = P(P(u)P(vi)ve) with v; € &1(X). By in-
duction on n, we get that P(u)P(v1) = > «; P(u;) mod(F1UFy, P(u)P(v1)),
where u; € ®1(X)\ X. Then P(P(u)v) = > a; P(P(u;)ve) and P(u;)vy €
@, (X)\ X.

The proof is complete. O

t"%

Lemma 3.3. Let S = F; U Fy U F3, where

Fy = {ugP(vi)ur - P(og)un | uo,un € X*, u; € X*\{1},1 <i <m,
Ujeq)l(X)\X, ].Sjg’ﬂ, |u0|22 Zf n:O}a

for any w € X*, |u| is the length of u, and X* is the free monoid generated by X.
Then S is a Grébner-Shirshov basis in RB(X).

Proof. The ambiguities of all possible compositions of the polynomials in S are
listed below:

fl/\fgz fleFl, fQGFg,andw:xiP(xj)xk, i,j,kGI.

foNfir freF, fo€Fy andw= P(.’L‘Z)Jijp(l‘k), i, 5,k € 1.

fa N fs: fo € Fs, f3 € Fs, and w= P(z;)xjuoP(vi)us - - - P(vp)Un, uo,Un €
X* up € X*\{1}, v e 1(X)\ X, i,j€l, n>0, 1<k<n, 1<I<n.
When n =0, |u(()1)| > 1.

faANfir f1r € Fi, fs € F5, and w = uoP(vi)ug - - - P(vy)upaz; P(xj), uo,u, €
X* up € X\{1}, v €e 21 (X)\ X, 4,j€l, n>0,1<k<n, 1<I<n.
When n = 0, |u(()1)| > 1.

faNfir fs, fi € F5. There are three ambiguities: one is for the intersection
composition, and two are for the inclusion composition.

All possible compositions of left and right multiplication are: f; P(u), P(u)fa,
f3P(u) and P(u)fs, where f; € F;, u € ®(X), i =1,2,3.
Now we prove that all the compositions are trivial.
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For fi A fo, let f = x;P(x;) — {z: < x;}, g = P(zj)ze — {z; = x}, 0,4,k € 1.
Then w = ; P(x;)xs and
(f,9)w = miP(xj)wr —{z; < xj}oy — (2 P(vj)zr — vi{zy = 1))
zi{z; = xp} —{zi <z }ap
0 mod(F3,w).

For fo A fi1, let f = P(x;)x; — {z; = x;}, g = x; P(zx) — {zj; < ax}, 4,4,k € 1.
Then w = P(x;)z;P(x)) and by equation (I.I]),
(f; 9w = Plaa;Pler) —{zi = 2;3P(xx) — P(a:)(z; P(or) — {25 < x})
= P(z){z; < zi} — {x; > z;}P(xy)
{Ii - {l‘j < Ik}} — {{IIL - Ij} < :Ek}
0 mod(S,w).

For f3 A f1,let f = uoP(vi)uq - - - P(vp)unxi, g = x;P(z;) —{z; < x;}, uo,un €
X*up e X"\{1},uy € 1(X)\ X,4,j € [,n>0,1 <k <n,1<I<mn,and |up| >1
if n =0. Then w = uoP(v1)uy - - - P(vp)upx; P(x;) and

(fs@)w = woP(vi)ur-- Pvp)un{zi < z;}
= 0 mod(S,w).

For fa A f3, the proof is similar to f3 A fi.

For f3 A f4, we have (f,g)w = 0.

Now, we check the compositions of left and right multiplication. We prove only
the cases of fiP(u) and P(u)fs, where f1 € F1, f3 € F3, u € ®(X). Others can be
similarly proved.

We may assume that u € ®1(X).

For f1P(u), let f = z;P(x;) —{x; < x;},4,j € I and w = fP(u). There are two
cases to consider.

(1) w=a € X. Then by using the equation (L),
fPu) = z;P(z;)P(z) — {z; < z;} P(zk)
= 2 P(P(xj)ar) + xiP(x;P(xr)) — {x: < 2} P(2e)
= . P({zj = z}) + 2 P({z; < oi}) — {{z < 2;} < x5}
= {o; <{z; = zp}}+{z: < {zj <zp}} — {{z: < z;} <2}
= 0 mod(S,w).
(2) ue ®(X)\ X. Then
fP(u) = xiP(x;)P(u) —{z; < 2;}P(u)
= z;P(P(zj)u) + z;P(x;P(u)) — {x; < z; } P(u).

By Lemma B2 we have P(x;)u = > ayuy mod(Fy U Fy, P(x;)u), where
u; € ®1(X)\ X. Then

fPw) = xiP(> oqw) +aiP(x;Pu) — {; < a;}P(u)
= Y ouwiP(w) + 2 P(z;P(u)) — {a; < a;}P(u)
= 0 mod(S,w).
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For P(u)fs, let f = P(vi)uy - P(vy)ty, where u, € X*, uy € X*\{1}, v; €
O (X)\X, n>1,1<t<n, 1<l<n,andlet w= P(u)f. Then

P(u)f = P(u)P(vi)ug - - - P(vy)tp.

By Lemma [B2] we have P(u)P(v1) = > a;P(w;) mod(Fy U Fy, P(u)P(v1)),
where each w; € ®1(X) \ X. Then

Plu)f = ZaiP(wi)ul - P(op)up
= 0 mod(S,w).

So, all compositions in S are trivial. The proof is complete. O
We now prove Theorem [[1]

The proof of Theorem [[Il Let R = Fy U Fy. Then for any u ¢ Irr(R“™P), we
have u = v|z, where r € R®™P v|, is a normal R“"™P-word. Then f = v|, €
Id(R®™) = Id(R) C Id(S). Since S is a Grobner-Shirshov basis in RB(X), by
Theorem 2.1 we have f = w|s for some w € ®*(X), s € S. That is, u = v|r =
f & Irr(S). So, we have that Irr(R™) D Irr(S) D X. Since Irr(R™P) is an
F-basis of U(D), D can be embedded into U(D). O
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