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Abstract

Rota-Baxter operators or relations were introduced to solve certain analytic and com-
binatorial problems and then applied to many fields in mathematics and mathematical
physics. In this paper, we commence to study the Rota-Baxter operators of weight
zero on pre-Lie algebras. Such operators satisfy (the operator form of) the classi-
cal Yang-Baxter equation on the sub-adjacent Lie algebras of the pre-Lie algebras.
We not only study the invertible Rota-Baxter operators on pre-Lie algebras, but also
give some interesting construction of Rota-Baxter operators. Furthermore, we give all
Rota-Baxter operators on 2-dimensional complex pre-Lie algebras and some examples
in higher dimensions.

1 Introduction

Rota-Baxter operator or its corresponding Rota-Baxter relation was introduced by G.
Baxter to solve an analytic problem [12]. Later it was intensively studied in many fields
in mathematics [3, 17, 30, 39, 40, 41, 42, 43]. In particular, G.-C. Rota [40, 41, 42] showed
its importance in combinatorics. In fact, Rota-Baxter relation may be regarded as one
possible generalization of the standard shuffle relation [30, 40].

The Rota-Baxter relation is also closely related to many topics in mathematical physics.
For example, the Rota-Baxter operator on an associative algebra satisfies the famous (op-
erator form of) classical Yang-Baxter equation on the Lie algebra which is the commutator
of the associative algebra [2, 22, 23]. Thus it plays an important role in the integrable sys-
tems [13, 44]. Recently, Rota-Baxter relation was found to be very important in quantum
field theory [21, 24].

Up to now, most of study on Rota-Baxter operators was on the associative algebras.
It was mentioned in [24] that the Rota-Baxter operator and relation can be extended to
be on the case of Lie algebras or pre-Lie algebras. In the case of Lie algebras, when the
weight A = 0, the Rota-Baxter relation is just the operator form of classical Yang-Baxter
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equation and when the weight A = 1, it corresponds to the operator form of the modified
classical Yang-Baxter equation [24].

However, there was very few study about the Rota-Baxter relation on pre-Lie algebras.
Pre-Lie algebras (also named left-symmetric algebras) are a class of non-associative alge-
bras which first have been studied in the theory of affine manifolds, affine structures on
Lie groups and convex homogeneous cones [4, 33, 38, 47] and then appeared in many fields
in mathematics and mathematical physics, such as complex and symplectic structures on
Lie groups and Lie algebras [1, 20, 45], integrable systems [14, 46], classical and quantum
Yang-Baxter equations [25, 26, 29, 35, 36|, Poisson brackets and infinite-dimensional Lie
algebras [11, 28, 49], quantum field theory [21], operads [18] and so on. Therefore, it
should be quite interesting and necessary to study the Rota-Baxter operators on pre-Lie
algebras independently.

In this paper, we commence to study the Rota-Baxter relation in the pre-Lie algebraic
version, that is, the Rota-Baxter operators on pre-Lie algebras. We mainly consider the
Rota-Baxter operators of weight zero. Like the case of associative algebras, a Rota-
Baxter operator of weight zero on a pre-Lie algebra also satisfies the classical Yang-Baxter
equation on its sub-adjacent Lie algebra. Moreover, it can induce a series of pre-Lie
algebras (the double construction). The paper is organized as follows. In section 2, we
give some fundamental results on both Rota-Baxter relations and pre-Lie algebras. In
section 3, we study the invertible Rota-Baxter operators. In section 4, we provide some
approach for constructing Rota-Baxter operators on certain pre-Lie algebras. In section 5,
we give all Rota-Baxter operators on 2-dimensional complex pre-Lie algebras. In section
6, some examples in higher dimensions are given. In section 7, we give some further
discussion and questions.

Throughout this paper, without special saying, all algebras are of finite dimension and
over the complex field C. And ( | ) stands a Lie or pre-Lie algebra with a basis and
nonzero products at each side of |.

2 Preliminaries and some basic results

Definition 2.1 Let A be a vector space over a filed F with a bilinear product (z,y) —
xy. A is called a pre-Lie algebra (or left-symmetric algebra), if for any z,y,z € A, the
associator

(z,y,2) = (zy)z — x(y2) (2.1)
is symmetric in z,y, that is
(z,y,2) = (y,x,2), or equivalently (zy)z — z(yz) = (yz)z — y(zz). (2.2)

For a pre-Lie algebra A, the commutator [38]

[z,y] = 2y — ya, (2.3)

defines a Lie algebra G = G(A), which is called the sub-adjacent Lie algebra of A. For
any x,y € A, let L, and R, denote the left and right multiplication operator respectively,
that is, L,(y) = zy and R,(y) = yx. Then the left-symmetry (2.2) is just

[LJ;, Ly] = L[$7y}, Vm, (TRS A, (2.4)
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which means that L : G(A) — gl(G(A)) with x — L, gives a (regular) representation of
the Lie algebra G(A).

Some subclasses of pre-Lie algebras are very important:

Definition 2.2 Let A be a pre-Lie algebra.

(1) If A has no ideals except itself and zero, then A is called simple. A is called
semisimple if A is the direct sum of simple pre-Lie algebras [15, 16].

(2) If for every = € A, R, is nilpotent, then A is said to be transitive or complete. The
transitivity corresponds to the completeness of the affine manifolds in geometry [33, 38].
Moreover, the sub-adjacent Lie algebra of a transitive pre-Lie algebra is solvable.

(3) If for any z,y € A, RyR, = RyR,, then A is called a Novikov algebra. It was
introduced in connection with the Poisson brackets of hydrodynamic type and Hamiltonian
operators in the formal variational calculus [11, 27, 28, 48, 49].

(4) If for any x,y,z € A, the associator (z,y, z) is right-symmetric, that is, (z,y,2) =
(x,z,y), then A is said to be bi-symmetric. It is just the assosymmetric ring in the study
of near associative algebras [6, 34].

Definition 2.3 Let A be an (associative or non-associative) algebra over a field F.
A linear operator R : A — A is called a Rota-Baxter operator of weight A € F on A if R
satisfies the following (Rota-Baxter) relation:

R(z)R(y) + AR(zy) = R(R(z)y + zR(y)),Vz,y € A. (2.5)

For any A # 0, R — A"'R can reduce the Rota-Baxter operator R of weight A to be of
weight A = 1.
The Lie algebraic version of equation (2.5) with A = 0 is just the well-known classical
Yang-Baxter equation which plays an important role in intergrable systems [13, 19, 44].
Definition 2.4 Let G be a Lie algebra. A linear operator R : G — G is called
a solution of the (operator form) of classical Yang-Baxter equation (CYBE) on G if R
satisfies the following relation:

[R(z), R(y)] = R([R(z),y] + [z, R(y)]), Y,y € G. (2.6)

We denote the set of such solutions of CYBE on G by CYB(G).
Remark 2.5 The original form of CYBE is given as follows. Let G be a Lie algebra
and r € G®G. r is called a solution of classical Yang-Baxter equation (CYBE) on G if

[r12,713) + [r12, 23] + [113, 23] = 0 in U(G), (2.7)

where U(G) is the universal enveloping algebra of G and for r = )" a; ® b;,

7

7“12:204‘@[)2‘@1; T13:Zai®1®bi; r23:21®ai®bi_ (2.8)

It is known that equation (2.6) is equivalent to equation (2.7) when r is skew-symmetric
and there is a nondegenerate symmetric invariant bilinear form on G [44].

In the following, all Rota-Baxter operators are assumed to be of weight A = 0. We
mainly study such Rota-Baxter operators on pre-Lie algebras, that is,

R(z)R(y) = R(R(x)y + zR(y)),Vx,y € A, (2.9)
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where A is a pre-Lie algebra. We denote the set of Rota-Baxter operators on a pre-Lie
algebra A by RB(A). Obviously, we have the following two conclusions.

Proposition 2.6 Let R be a Rota-Baxter operator on a pre-Lie algebra A. Then R
is a solution of CYBE on its sub-adjacent Lie algebra G(A), that is, RB(A) C CYB(G(A)).

Proposition 2.7 Let (A,-) be a pre-Lie algebra. Let A’ denote the algebra defined
by a product (x,y) — z oy on A which satisfies zoy =y - x for any z,y € A. If (A’,0) is
still a pre-Lie algebra, then RB(A) = RB(A').

Remark 2.8 It is easy to know that the above (A’, o) is a pre-Lie algebra if and only
if (A, ) is bi-symmetric.

3 Invertible Rota-Baxter operators on pre-Lie algebras

Recall that a derivation of a pre-Lie algebra A is a linear operator D : A — A satisfying
D(zy) = D(x)y +xD(y), Vz, y € A. (3.1)

Proposition 3.1 Let A be a pre-Lie algebra and R : A — A be a linear isomorphism.
Then R is a Rota-Baxter operator on A if and only if R~! is a derivation on A.

Proof For any z,y € A, R is a Rota-Baxter operator on A if and only if R(z)R(y) =
R(R(x)y + zR(y)), which is equivalent to

R ww) = uR Y (v) + R (u)v,

where u = R(x),v = R(y). Therefore the conclusion follows. |

Theorem 3.2 Let (A,-) be a pre-Lie algebra. If there exists an invertible derivation
D, then for any x € A, L, is nilpotent.

Proof Let A = ®,c0As be the decomposition of A into the direct sum of the
weight subspaces of D associated to the weight «, where A, = {z € A|(D — old)™z =
0, some m € N}, Id is the identity transformation and € is the set of the weights of D.
Obviously € is a finite set and 0 ¢ € since D is invertible. Because D is a derivation on A,
for any «, B € (1, it is easy to know that A, - Ag C Ayyp when o+ € Q and A, - Az =0
when a + 3 ¢ Q. For any = € A, suppose € A,,a # 0. Therefore there exits a large
N € N such that Na+ 3 ¢ € for any 3 € 2. Hence for any y € A, assume y € Ag, we
have

LY@ =2 (a- (- (a9) ) € Aa- (Aa (- (A~ Ag) ) =0.
Hence L, is nilpotent. |

Lemma 3.3 [33, Theorem 2.1 and 2.2] Let A be a pre-Lie algebra. The following two
conditions are equivalent.

(1) For any = € A, L, is nilpotent;

(2) A is transitive and the sub-adjacent Lie algebra G(A) is nilpotent.

Corollary 3.4 Let A be a pre-Lie algebra. If there exists an invertible Rota-Baxter
operator on A, then for every x € A, L, is nilpotent. Moreover, A is transitive and the
sub-adjacent Lie algebra G(A) is nilpotent.

Remark 3.5 Obviously, any derivation D of a pre-Lie algebra A is also a derivation
of its sub-adjacent Lie algebra G(A), that is, D satisfies

[D(x), D(y)] = [D(x), y] + [z, D(y)], Va,y € A (3.2)
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Therefore, the above conclusion (that is, both R, and adz = L, — R, are nilpotent)
can be obtained directly from the proof in Theorem 3.2 by replacing L, by R, and adx
respectively. On the other hand, it also partly coincides with a well-known conclusion in
Lie algebra [31]: any Lie algebra with an invertible derivation is nilpotent.

The converse of the above conclusion is not true in general. In fact, there exists a
transitive pre-Lie algebra on a nilpotent Lie algebra without any invertible derivation (see
Example 3.11).

Furthermore, there is a simple construction of invertible derivations or Rota-Baxter
operators. Let (A,-) be a pre-Lie algebra. A is called graded if A = @ycr Ay as a direct
sum of vector spaces, Ay # {0} and A, - Ag C Ayyg. I is called a gradation set.

Proposition 3.6 Let A be a graded pre-Lie algebra graded by I'. If 0 ¢ T', then A
has an invertible derivation.

Proof Let A = ®)crAyx. Set D : A — A given by D(z,) = azx, for any z, € A,.
Then it is easy to know that D is an derivation of A. D is invertible since 0 ¢ T". |

On the other hand, we have the following conclusion.

Theorem 3.7 Let G be a Lie algebra. If D is an invertible derivation of G (hence G
is nilpotent), then there exists a compatible pre-Lie algebra on G given by

zxy = D"[z,D(y)]), Vz,y €G. (3.3)

D is also an invertible derivation of the above pre-Lie algebra. Hence D~! is a Rota-Baxter
operator on this pre-Lie algebra.

Proof The fact that the product (3.3) defines a pre-Lie algebra can be checked directly
or by a conclusion in [16]. Let z,y € G. Then we have

D(z)*y+z*D(y) = D ([D(z), D)) + D' ([z, D*(y)])
= D7HD([z, D)) = [z, D(y)] = D(x *y).

Hence D is an invertible derivation of the pre-Lie algebra (G, ) . |

Corollary 3.8 Let G be a nilpotent Lie algebra with an invertible derivation D. Then
the pre-Lie algebra defined by equation (3.3) is transitive.

Example 3.9 According to [16], there are exactly two transitive pre-Lie algebras in
dimension 2 whose sub-adjacent Lie algebras are nilpotent: the trivial pre-Lie algebra (all
products are zero) (C4) and (C5) =< e, ez|eje; = ex >. From [9], both of them have the
invertible derivations. In fact, they are graded by a set without zero. For example, for the
pre-Lie algebra (C5), the linear map R : (C5) — (C5) given by R(e1) = 2e1, R(e2) = ey is
a Rota-Baxter operator on (C5) (also see section 5). [

Example 3.10 In [33], a classification of 3-dimensional transitive pre-Lie algebras
whose sub-adjacent Lie algebras are nilpotent was given as follows (also see Proposition
6.1 and Remark 6.2 in section 6).

Trivial algebra (T1); (T2)=< ej,e9,e3lesez = ey >;

(T3)=< e1, ea, e3]le2e2 = e3e3 = €1 >;

(T4):< 61,62,63|6263 = ezeg = €1,€363 = €3 >;

(T5)=< e1, €2, e3]leae3 = e1,e360 = —e1 >;

(T6), =< e1, €2, e3leaes = egeg = eq,e3e2 = —eq, e3e3 = leg > .
(T7)1 =< 61a62a€3|€2€3 = e1,€e369 = l61,63e3 = ey >,l 7& 1;
(T8)=< 61,62,63’6362 = €e1,€63€3 = €3 >.
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It is easy to know that all of them are Novikov algebras and then from [10], all of them
have the invertible derivations. In fact, all of them are graded by a set without zero. In
particular, the algebras of type (T7),(I # 1) and (T8) are not associative. |

Example 3.11 There exists a 4-dimensional transitive pre-Lie algebra on a nilpotent
Lie algebra without an invertible derivation [33]. For example, let A be a pre-Lie algebra
given by

< eq,e2,€3,e4]e2e3 = €1, €363 = €2,€4€] = €2,€1€4 = €3, €264 = —€3,€4€4 = €] > .

Then A is transitive and G(A) is nilpotent. It is easy to know that D : A — A is a
derivation if only if D satisfies

D(e1) = D(e2) = 0,D(e3) = aey, D(eg) = —aes,a € F.

Obviously, D cannot be invertible. |

4 Construction of Rota-Baxter operators on some pre-Lie
algebras

(1) Pre-Lie algebras from direct sums and tensor products

The following proposition is obvious:

Proposition 4.1 Let A = A; & As be a direct sum of two ideals of pre-Lie algebras.
Then for any Rota-Baxter operators R; on A; (i = 1,2), the linear map R : A — A given
by R(z1,z2) = (Ri(z1), Ra(x2)) (for any 1 € Ay, x9 € Ag) defines a Rota-Baxter operator
on A.

Remark 4.2 It is not true that every Rota-Baxter operator on A = Ay @ A, can be
obtained from the above way. Some counterexamples can be found in sections 5 and 6.

In general, it is hard to define a pre-Lie algebra structure on a tensor space of two
pre-Lie algebras. However, we have the following conclusion.

Proposition 4.3 Let (A, ) be a pre-Lie algebra and (A’,0) be a commutative asso-
ciative algebra. Then there is a pre-Lie algebra structure on the vector space A® A’ given
by

(o) x(yoy)=(r y) @@ oy), Vrye A yeA (4.1)

Moreover, if Ry is a Rota-Baxter operator on A and Rs is a Rota-Baxter operator on A’,
then for any z € A2/ € A’, R(x ® 2') = R(z) ® R(z') defines a Rota-Baxter operator on
(A® Al x).

Proof The conclusion can be obtained by a direct computation. |

(2) Pre-Lie algebras from linear functions

In [5], the pre-Lie algebras satisfying the following conditions are considered: for any
two vectors x,y in a pre-Lie algebra A, the product x - y is still in the subspace spanned
by z,y.

Proposition 4.4 [5] Let A be a vector space in dimension n > 2. Let f,g: A — C
be two linear functions. Then the product

rxy=fy)r+glx)y, Vr,yecA (4.2)

defines a left-symmetric algebra if and only if f =0 or g = 0. Furthermore, we have
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(a) If f =0,g # 0, then there exists a basis {e1,---,ep} in A such that L., =1Id, L, =
0,i=2---,n.

(b) If g =0, f # 0, then there exists a basis {ej,- -, ey} in A such that R., =1d, R, =
0,i=2--,n.

(c¢) If f =g =0, then A is a trivial algebra.
Moreover, all the above algebras are associative.

Proposition 4.5 Let A be a non-trivial pre-Lie algebra given by (4.2). Then R :
A — A is a Rota-Baxter operator if and only if R? = 0.

Proof Let A be the pre-Lie algebra in the case (a) in Proposition 4.4. Let R(e;) =
Z;‘L:1 rije;. Then by the Rota-Baxter relation (2.9), we only need to check the following
equations (other equations hold naturally):

R(el)R(ei) = R(elR(ei) + R(el)ei), Vi=1---,n.

For any 4, the left hand side is r11 R(e;) and the right hand side is R2?(e;) + r11R(e;).
Therefore R is Rota-Baxter operator if and only if B2 = 0. With a similar discussion
or by Proposition 2.7, the conclusion still holds for the pre-Lie algebra in the case (b) in
Proposition 4.4. |
(3) Pre-Lie algebras from Lie algebras
Lemma 4.6 [29] Let G be a Lie algebra and R be a linear transformation on G
satisfying the operator form of CYBE (2.6). Then on G a new product

xxy=[R(z),y],Vz,y € G (4.3)

defines a pre-Lie algebra.

Proposition 4.7 Let G be a Lie algebra and R be a linear transformation on G
satisfying the operator form of CYBE (2.6). Then R is a Rota-Baxter operator on the
pre-Lie algebra given by equation (4.3).

Proof For any z,y € A, we know that

R(z) * R(y) = [R*(x),R(y)] = R([R*(z),y] + [R(z), R(y)])
= R(R(z)*y+xxR(y)).

Therefore R is a Rota-Baxter operator on (G, *). [
Corollary 4.8 Let (A4, ") be a pre-Lie algebra and R be a Rota-Baxter operator. Then
the product given by

T*xY = [R(.%'),y] :R(m)y—yR(x), T, y € A, (44)

defines a new pre-Lie algebra (A, x). Moreover R is still a Rota-Baxter operator on (A4, *).
Proof The first half of the conclusion follows directly from Proposition 2.6 and
Lemma 4.6. The second half of the conclusion follows from Proposition 4.7. |
We call the above pre-Lie algebra (A, x) the (1st) double of (A,-) associated to the
Rota-Baxter R. Moreover, for any pre-Lie algebra (A,-) with a Rota-Baxter operator
R, we can define a series of pre-Lie algebras (A, x;) as follows. (A,xg) = (4,-) and the
product on (A, *;) (¢ > 1) is given by

x*;y = [R(x),yli-1 = R(x) *i—1y — y %1 R(x), Va,y € A. (4.5)
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(A, ;) is called the ith double of (A, ). It is the (1st) double of (A, %;_1) associated to R.
Proposition 4.9 Let (A,-) be a pre-Lie algebra and R be a Rota-Baxter operator.
Then for any ¢ > 0, we have

zxi (y) = ZcﬂRiH_k(x)aRk(y)]-
k=0

= Z CFR™' @) R*(y) — R*y) - R *(2)), Vo,ye A;  (4.6)
k=0

[,yli = wxy—yxia=Y CFRFa), RFy)

k=0
= Y CFR™Ma)- R (y) - R¥y) - R™*(2)), Va,y € A (4.7)
k=0
Proof It can be obtained by induction on 1. |

Corollary 4.10 Let (A,-) be a pre-Lie algebra and R be a Rota-Baxter operator. If
R is nilpotent, then there exists N such that (A, x,,) is trivial for n > N.

Proof Set R™ = 0. Then for any n > 2m — 1 and k < n, either kK > morn—k > m.
Hence by equation (4.6), z *, y = 0 for any z,y € A. |

Obviously, the converse of the above conclusion does not hold in general. For example,
the 1st double of any commutative associative algebra associated to any Rota-Baxter
operator is trivial. From Proposition 4.5, it is easy to get the following conclusion.

Corollary 4.11 Let A be a pre-Lie algebra given by (4.2). Then the 3rd double of
A associated to any Rota-Baxter operator is trivial.

On the other hand, the idempotent Rota-Baxter R (that is, R?> = R) is quite useful in
quantum field theory [24]. The following conclusion is obvious.

Corollary 4.12 Let (A,-) be a pre-Lie algebra and R be a Rota-Baxter operator. If
R is idempotent, then we have

i1y = [R(x),y] + (2 = 1)[R(2), R(y)]., Yo,y € A, i>0. (4.8)

(4) Novikov algebras from commutative associative algebras
There is a kind of realization theory of Novikov algebras in [7, 8]. Let A be a commu-
tative associative algebra with the product (, - ,) and D be its derivation. Then the new
product
Txqy=x-Dy+a-z-vy, (4.9)

makes (A, #,) become a Novikov algebra for a = 0 by S. Gel’fand [28], for a € F by
Filipov [27] and for a fixed element a € A by Xu [48]. In [7, 8], we show that the algebra
(A, ) = (A, %¢) given by S. Gel'fand is transitive, and the other two kinds of Novikov
algebras given by Filipov and Xu are the special deformations of the former. Moreover,
in [7, 8] a deformation theory of Novikov algebras is constructed and we prove that the
Novikov algebras in dimension < 3 can be realized as the algebras defined by S. Gel’fand
and their compatible linear deformations. We conjecture that this conclusion can be
extended to higher dimensions.
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Proposition 4.13 Let (A,:) be a commutative associative algebra and D be its
derivation. Let R be a Rota-Baxter operator on (A,-). If RD = DR, then R is a Rota-
Baxter operator on (A, %4) fora =0and a € F. If DR = RD and RL, = LR, then R
is a Rota-Baxter operator on (A, %) for a € A.

Proof Letaec A, a# 0and DR= RD, RL, = L,R. Then for any =,y € A, we have

R(z) x4 R(y) R(z) - DR(y) + a- R(z) - R(y)
= R(z)-RD(y)+a-R(R(z) y+z- R(y))
= R(R(z)-Dy)+x-RD(y))+ R(a-R(z) -y+a-x-R(y))
= R(R(x)*qy + 2 *q R(y)).

Hence R is a Rota-Baxter operator of (A, #*,). Similarly, the conclusion also holds for the
cases a =0 and a € F. |

Example 4.14 From [9], we know that the Novikov algebra (NIV), =< ey, ezejez
= e1,e9e9 = €1 + ey > is obtained from (C2) =< ey, eslejea = ege; = e1, €€ = e3 > with
a derivation D given by D(e1) = —ej, D(e2) = 0 and a = e; + e2. From section 5, we

know that RB((NVI),) = RB((C2)) = {(Tgl 8) Iro1 € CY. -

(5) Complex structures and phase spaces (parakdhler structures) on Lie algebras
Let G be a Lie algebra and p : G — ¢l(V') be its representation. It is known that there is
a natural Lie algebra structure on G @V as a direct sum of vector spaces given as follows.

[z1 4+ v1, 22 + vo] = [x1, 22] + p(x1)v2 — p(x2)V1, VI1,29 € G 01,09 € V. (4.10)

We denote this Lie algebra by G x, V.

Lemma 4.15 [1, 35] Let (4,) be a pre-Lie algebra. Let L : G(A) — g¢l(A) be the
regular representation of its sub-adjacent Lie algebra and L* : G(A) — gl(A*) be its dual
representation.

(1) There exists a compatible pre-Lie algebra structure on G(A) X, G(A) given by

(z,y)* (2',y) = (z- o',z -y), Va,y,2',y € A (4.11)

(2) There exist two compatible pre-Lie algebra structures on G(A) X« G(A)* given as
follows.

(x,a*) o1 (y,b") = (x -y, L*(x)b"), Va,y € A, a*,b" € A, (4.12)
(x,a") o9 (y,b") = (x -y, ad™(x)b* + (ad® — L*)(y)a*), Vz,y € A, a*,b* € A*, (4.13)

where ad™ is the dual representation of the adjoint representation of G(A).
On the other hand, the pre-Lie algebras play a crucial role in some structures on Lie
algebras related to geometry, like the complex structures and parakahler structures.
Definition 4.16 Let G be a real Lie algebra. A complex structure on G is a linear
endomorphism J : G — G satisfying J? = —1 and the integrable condition:

Syl = [Jz,y] + [z, Jy] + J[Jz, Jy], Va,y €. (4.14)
Recall that a skew-symmetric 2-cocycle w of a Lie algebra G satisfies

w([z,y], 2) + w(ly, 2], x) + w([z,2],y) =0, Vz,y,z €G. (4.15)
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Definition 4.17 Let G be a Lie algebra. If there is a Lie algebra structure in the
direct sum (as vector spaces) of G and its dual space G* = Hom(G, F) such that G and G*
are Lie subalgebras and the natural skew-symmetric bilinear (symplectic) form on G & G*

w((z,a"), (y,b")) =< a*,y > — < x,b* >, Vo,y € G,a*,b" €gr, (4.16)

is a 2-cocycle (<, > is the ordinary pair between the vector space G and its dual space G*),
then it is called a phase space of the Lie algebra G [35]. Such a structure is also called a
parakéhler structure [32].

In geometry, a parakahler manifold is a symplectic manifold with a pair of transversal
Lagrangian foliations [37]. A parakdhler Lie algebra G is just the Lie algebra of a Lie
group G with a G-invariant parakéhler structure [32]. Furthermore, from [1] and [35], we
know

Proposition 4.18 Let A be a pre-Lie algebra. Then there is a complex structure J
on G(A) x1, G(A) given by J(z,y) = (—y,z) for any =,y € A and G(A) xz« G(A)* is a
phase space of the Lie algebra of G(A) with the symplectic form w given by (4.16).

Proposition 4.19 Let (A,-) be a pre-Lie algebra and R be its Rota-Baxter operator.

(1) Themap R: A A — A® A given by R(z,y) = (R(z), R(y)) for any z,y € A is a
Rota-Baxter operator on the pre-Lie algebra given by (4.11). Moreover, RJ = JR, where
J is the complex structure given in Proposition 4.18.

(2) Let R* : A* — A* be a operator defined by < R*(a*),xz >=< a*, R(z) >, where
a* € A*, x € A. Then the map R : A® A* — A® A* given by R(z,a*) = (R(z), —R*(a*))
for any x € A and a* € A* is a Rota-Baxter operator on both pre-Lie algebras given by
(4.12) and (4.13). Moreover, w(R(u),v) + w(u, R(v)) = 0 for any u,v € G(A) x~ G(A)*,
where w is given by (4.16).

Proof (1) Let z,y,2’,y’ € A. Then

R(z,y) * R(a',y) (R(z), R(y)) * (R(), R(y')) = (R(x) - R(2"), R(x) - R(y"))
= (R(R(z) -’ e R(2")), R(R(x) -y + = - R(y')))
= R((R(z) 2",R(z) ) + (z R(a"),z - R(Y)))
= R((R(2), ( ) = (2,y/) + (,9) = (R(2"), R(y)))
= R(R(z,y) * (@ y) + (z,9) * R(2",y/))

Hence R is a Rota-Baxter operator on the pre-Lie algebra given by (4.11). Furthermore,
we have

RJ(x,y) = R(=y,x) = (=R(y), R(x)) = J(R(z), R(y)) = JR(z,y).

(2) Let z,y € A,a*,b* € A*. Then

R(z,a") o1 R(y,b") (R(z), —R*(a”)) o1 (R(y), —R*(b"))
= (R(z)- R(y), —L"(R(z))R"(07));

R(R(xz,a*) oy (y,0*) + (z,a")o1 R(y,b"))

((

= (R(R(z)-y+z- R(y)

I
b,

R(z) -y, L*(R(x))b") + (2 - R(y), —=L" () R* (b))
) B (=L (R(x))0" + L*(z) R* (b))
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Since for any z € A, we have

< —L*(R(x))R*(b*),z >=< R*(b*),R(z) - z >=<b", R(R(x) - z) >;

< R*(—L*(R(x))b*),z >= — < L*(R(2))b", R(z) >=<b", R(x) - R(2) >;

< R*(L*(z)R*(b")),z >=< L*(x)R*(b*), R(z) >=<b*,—R(z - R(2)) > .
Because R is a Rota-Baxter operator of (A,-), R is a Rota-Baxter operator on the pre-Lie

algebra given by (4.12). Similarly, R is also a Rota-Baxter operator on the pre-Lie algebra
given by (4.13). Furthermore, we have

w(R(z,a”), (y,0%)) + w((x,a”), R(y, b"))
= w((R(z), —R"(a")), (y,0%)) + w((x, ax), (R(y), —R"(0%)))
=< —R*(a"),y > — < R(x),b" >+ <a",R(y) >+ <z, R*(b*) >=0.
|
Remark 4.20 It is easy to see that in the above cases, R(z,y) = (R(x),0) or
R(z,a*) = (R(x),0) also defines a Rota-Baxter operator on the corresponding pre-Lie
algebras respectively. However, these operators do not satisfy the additional conditions
as given in the above proposition: in case (1), JR = RJ; in case (2), w(R(u),v) +
w(u, R(v)) = 0. In fact, these conditions are very interesting in complex and symplectic
geometry [1, 45].

5 The Rota-Baxter operators on 2-dimensional complex
pre-Lie algebras
Let {e1,---,en} be a basis of a pre-Lie algebra (A,-) and €; - ¢; = Y ;_, cfjek. Then any
Rota-Baxter operator R on A can be presented by a matrix (r;;), where R(e;) = zn: Tij€;5.
Moreover, r;; satisfy the following (quadratic) equations: =
Z [cririnTil — Cfrgjﬁ‘krlm — k] =0, 5 =1,--,n. (5.1)
klm

It is known that there exist exactly two Lie algebras in dimension 2: Abelian Lie algebra
C and non-abelian Lie algebra given by N =< e, es|[e1,e2] = e1 >. It is easy to know
(we also list the corresponding pre-Lie algebras given by (4.3); we use the notations as in
the following Proposition 5.1)

CYB(C) = {(Zi :zz) Iri; € C} = (C4)
CYBWV) = {<_T£ j;i) Iri1 # 0,712 # 0}
11
€1 * €1 = —T12€1
- €9 * €9 = —mel = (C3)

T12
€1 X€p = €9 xe1 =1T111€1

0 0 €2 % €1 = —Tog€1 .

€9 X €9 = T91€1
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U (o ") Ine 200 = enver = —rmer = (C3)
U {<7“(2)1 8)‘}:>ez*€2:7°2161g(04)’((35)

By a direct computation, we have
Proposition 5.1 The Rota-Baxter operators on 2-dimensional pre-Lie algebras are
given in the following table (without special saying, any parameter belongs to the complex

field C).

Pre-Lie algebra A Rota-Baxter operators RB(A)
(Cl) €1€1 = €1,€2€2 — €2 ( )
(02) €2€2 = €2,€1€2 — €2€1 — €1 ( )
r21
0
(CS) €e1e1 — e (0 :;i)
r12
C4) eje; =0
(C4) eiey (7"21 22
. 0 712 2raa  T12
(05) €161 = €2 (0 7"22) ( 7‘22) (7‘22 75 0)
( T:%l _7'12 ) (r11 # 0,712 # 0)
(NI)62€1 — —€1,€2€2 — —€2 {R|R2 = O} = 12 T
U(p "8) e 20U (o
0 0 ror 0
0 O 0 0
(NII)o eze1 = —ey (0 m) (ra2 #0)U (m 0)
0 0
(NII)_1 €2€1 = —€1,€2€2 = €1 — €2 (T21 0)
€2€1 = —€1,€2€2 — k)eg O O
(NID)x (k#0,-1) (7’21 0)
( T:%l _7'12 ) (r1i1 # 0,712 # 0)
(NIII) e1e2 = e1,e2e2 = €2 {R|R2 = O} = 12 T
U(p "87) e 20U (o
0 0 ror 0
€12 — k€1, €21 — (k — 1)62 0 0
(NIV)x ezex = e1 + kez ro1 0
(NV) €1€1 = €2,€2€1 — —€1,€2€2 = —262 (8 8)

Corollary 5.2 Besides the type (NII)g, any 2-dimensional pre-Lie algebra’s 2nd dou-
ble (associated to any Rota-Baxter operator) is trivial.

Proof According to the above discussion, besides the type (NII)g, any 2-dimensional
pre-Lie algebra’s double is commutative. Hence its 2-nd double is trivial. |

Example 5.3 R = (8 ? is a Rota-Baxter operator on (NII), =< e, ez]eze; =
—ep >. Then for any ¢ > 1, the ith double of (NII), associated to R is isomorphic to

(NII), (they have the same structural constants). [
There are exactly two (complex) semisimple pre-Lie algebras in dimension 2 [16]: (C1)
and (NV), and (NV) is simple.
Corollary 5.4 There does not exist a nonzero Rota-Baxter operator on any 2-
dimensional complex semisimple pre-Lie algebra.
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6 The Rota-Baxter operators on some pre-Lie algebras in
higher dimensions

The classification of 3-dimensional complex pre-Lie algebras is very complicated. In this
section, we mainly give the Rota-Baxter operators on the following three kinds of 3-
dimensional pre-Lie algebras (some of them are overlapped) which are important and
interesting:

(1) 3-dimensional associative algebras;

(2) Pre-Lie algebras on 3-dimensional Heisenberg Lie algebra H =< ey, ea, es|[e1, ea] =
€3 >;

(3) 3-dimensional semisimple pre-Lie algebras.

By a direct computation, we have

Proposition 6.1 The Rota-Baxter operators on the above three kinds of pre-Lie al-
gebras (with their complete classification) are given in the following table (without special
saying, any parameter belongs to the complex field C).

Pre-Lie algebra A Type Rota-Baxter operators RB(A)
. r11 T2 T13
Commutative
(C1) eie; =0 Associative (7’21 22 T%)
31 T32 733
Commutative rn iz 0 ru 0 0
(C2) ezes =ex Associative ro1 re2 0| U | rar rao 0 (r11 #0)
r31 r32 0 31 T32 2711
(C3) ese2 = €1 Commutative 0 0 :t\/—o_l
esesz = e Associative 21 22 722
31 FV—1rss T33
ri1 0 0
U 7o Tétg 723 (r11 #0)
r31 723 rgjfg (or r33)
+ 2 2 V% &+ 2 2 \%
(rap =m11 £ (rfy —733)%, 733 = 111 + (1 — 733)2)
e2€3 = e3e2 = €1 Commutative 0 00 riu 00
(C4) ese3 = e Associative a2z O p U {r 000 ) (ra #0)
r3s1 rzz O r31 0 O
§T22 0 0
Ul 5rs2 722 0 (r22 # 0)
r31  T32 2722
eie; = e1 Commutative 0 0 O
(C5)-(S1) < ezex = e Associative 0 0 0
ese3 = e3 Semisimple 0 0 O
(C6) e2ea = €2 Commutative = 8 8
eszes = e3 Associative 21
731 0 O
€163 = e =€l Commutative 0 00
(C7) exe2 = e L 21 0 0
Associative
€3e3 = €3 731 0 0
. 11 T12 0
(08) €3€e3 = €3 Comml.lta.tlve T21 T22 0
Associative
r31 r32 0
e1e3 = ese; = e1 Commutative 0 0 0 0 2 0
(C9) eze3 = e3 Associative rar 2 0 JU( O r2 0] (ri2#0)
T31 732 0 0 732 0
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€3€3 = €3

rz2 0 0 0

T11 0

31

Pre-Lie algebra A Type Rota-Baxter operators RB(A)
€163 = €€ = €1 Commutative 0 00 0 0 0
(ClO) €2e3 = €3€2 = €2 . . T21 0 0 U 0 0 0 (7“32 ;é 0)
Associative
€3€e3 = €3 731 0 0 T31 732 0
1 T12
U —_7.7‘11 —r11 0] (r12 #0)
T3217211 32 0
eje; =e Commutative ru Tz 0 ru rz 0
(011){ e e 0 0 ofUl 0o 2r1 0 (@ru#0)
eszes3 = e3 Associative
0 T32 0 0 T32 0
e eel—ele:e 62— e Commutative 0 2 0 0 rz 0
(C12) { “1%3 — =m— A e 0 0 0JUl 0 0 0] (@i2#0)
e2e3 = ezea = €3 Associative
0 T32 0 27"12 732 0
€3€3 — €3
e1ey = %63 Associative T2 3
(A1-H1) 2 " T2l T22 T23 (r1i1 + 722 #£0)
€261 = —3¢€3 on 0 0 T117T22—T127T21
r11+722
11 T2 T13
U *?T; —r11 r23 | (12 #0)
0 O 733
0 O T13
Ul re1 0 7o
0 0 733
Associative RACIEE
(A2-H2) eze1 = —es 0 roa 723 | (r12 #0)
onH
0 O 0
ri1 0 ri3 0 0 ris
U7 0 723 ) (rar Z0O)U([ O 0 723
0 0 O 0 0 r33
rin 0 713
Ul 0 ra 723 (r11 4+ r22 #0)
0 0 e
2121 _ ZS Associative 00 s
A3-H 1€2 = €3
(A3-H3)x eses = Aes on H 0 0 723 | (r3z#0)
A 75 0 0 0 T33
27"33 0 T13
Ul 0 2rss m3 | (rs3 #0)
0 0 T33
+ 1
11 Ti2 T13 rE —ri2£(1—-4X)2 7119
Ul rer rds 723 H 2
0 0 0 T;:Q — 77‘21i(127/\4)\)27‘21
1 12 T13
U *)\7‘12 Too T23
0 0 733
T12 75 07 733 ;é 0
1
rt = (—r12+2r33) £ (riy —aAri,+4ri )2
11 — 2
1
rE — (r12+2r33)+(rfy —4rr, +4r34)2
22 = b}
caen — € ri1 riz2 0 ri1 0 0
(A4) { 362 = €2 Associative 0 0 0flU/|rar 0 0](ra1#0)
U

0 7‘2%
0 _ T2

Tr23

(r2s #0)

—Tr22

r
3
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Pre-Lie algebra A | Type Rota-Baxter operators RB(A)
ri1 riz 0 rir 0 0
(A5){ €263 = —e2 Associative 0 0 Of|U/lrar 0 0](rar#0)
€3€3 = —€3
rz1 T3z 0 rs1 0 0
T11 0 0
Uyl o T23 r23 | (r23 #0)
0 —:L? —T22
€1€1 = €1 0 72 O - 0 0 0
(A6) < esez = e Associative 0 0 0] U/ res T2 r23 | (ra3 # 0)
€3€3 = €3 0 07'32 00 —T22 *:2% —T22
Ulo rmp 1
0 —:2—2 —7T22
€1€1 = €1 0 72 Oa 0 0 0
(A7) < ezez = —eq Associative 0 0 00U/ —rs 7 r23 | (ra23 #0)
esesz = —e3 0 732 0 Tos = —122  _pg,
0 0 0 e
Uuflo 7‘23 r23 | (res #0)
—T22
€1€3 = €1 0 0
(A8) eser = Associative 0) T22 r23 | (ras # 0)
€3€2 = €2 o
rga 0 57} —ron
€3€3 = €3 T a3
0 0 0 T12 0
U T21 0 0 (7’21 7é 0) U 0 0 0 (T12 7& 0)
31 0 0 0 7392 0
eje; = el 7’12 0 0
eres = e ) —T23 T2z 123 | (ra3 #0)
€13 = €3 _i —7
(A9) < e2e1 = e Associative 0 r23 22
€3€e1 = €3
e3ez = €2 U (0 r23 (ro3 # 0)
€33 = €3 0 —T22
€e3€1 = é1
(A10) ¢ esez = e2 Associative | {R|R* = 0}
€3€3 = €3
€iez3 = —€1
(A11) { eses = —eo | Associative | {R|R* = 0}
€3€3 = —€3
€2€3 = €2 O O O O O 0
(A12) ¢ eser =€ Associative | J[ 0 0 0 ro1 0 0| (r21 #0)
€3€3 = €3 ra1 132 0 ra1 0 O
0 7’12
U ris #
0 1"32 )
U r21 7‘2% r23 | (res #0)
r11 r12 13
Ui o 0 0 | (ris#0)
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Pre-Lie algebra A Type Rota-Baxter operators RB(A)
€1€2 = €2€1 = €3
€3e1 = e 0 0 0 0 712 0
(S2) ezea = Ae2 Simple ro1 0 OJULO 0 0 (ri2#0);
eses = (A + 1)63 0 0 O 0 0 O
A#0,N <1
when A =1 ,
T — 3 T
o5 7 5 ey
B — r13 ri3#0 )’
0 0 0
when A = —1
0 0 O
Jlfo o o (ras #0)
0 0 T33
€1€2 = €3
€2€e1 = €3 0 0 0
(S3) 2222 _ e Simple ro1 0 0
361 = €1 0 00
€32 = 562
eses = Ses
ejer = el 00 0
(S4) { €262 = €3 Semisimple (O 00
€3€2 = €2
0 0 O
€33 = 263
61(:216:1 6_2 i es 0 0 T13 0 T12 T13
(H4) evet — en on H 0 0 r3 JU[O O 0 (r12 # 0)
0 0 O 0 O 0
€3e1 = €e1€3 = €3
€e1e1 = ex
ejex = ez + €3 0 0 7ris 0 27r23 113
(H5) eze1 = e on H 0 0 ra3 |UL O 0 7oz | (res #0)
€2€2 = €3 0 0 0 0 0 0
€3€1 = €13 = €3
eier = ex 0 0 73
(HG) €1€2 = €3 on 7‘( (O 0 7‘23)
€262 = €3 0 0 rss
ere1 = e 0 T12 T13 0 0 T13
(H7) {6162 = e3 on H 0 722 T23 U 0 0 T23 (7“33 75 0)
0 0 0 0 0 rss
eve1 = —es ri1 0 ris 0 0 ms3
(HS) { e9ey — €1 on H T21 0 T23 U 0 0 T23 (7“33 75 0)
0 0 O 0 0 rss
ri 0 —3ry
Ul rar 2rn 723 (r11 #0)
0 0 %Tu
eres = €3 T11 0 T13 0 0 T13
(H9) {6262 — on 'H ro1 0 res [U[ O O 723 | (r33 #0)
0 0 O 0 0 rss
r1 0 Er;
Ul rr 2rin res | (rin #£0)
0 0 %Tu
Z;Zj _ /\Elzz ri1 0 ris 0 0 ms3
(H10)x _A)\l on H ro1 0 raz |UL O O 723 | (rss #0)
eie;’é 0. 161 0 0 0 0 0 733
ru 0 %7‘21
Ul rar 2ru T23 (r11 #0)

0 0 %Tu
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Remark 6.2 Among the above results, the conclusion on the invertible Rota-Baxter
operators is consistent with Example 3.10. In fact, we have the following (notations)
correspondence:

(T1) < (C1); (T2) « (C2); (T3) < (C3); (T4) < (C4); (T5) < (A1-H1);

(T8) « (H8); (T6); < (A2-H2) and (A3-H3), (A #0);

(T7); (I # 1)« (H9) and (H10), (A #0,1). [

With the notations as above, we have the following conclusions by a direct computation.

Corollary 6.3 Let A be one of the following pre-Lie algebras: (C1)-(C12), (H6),
(S4). Then its 1st double (associated to any Rota-Baxter operator R) is trivial (that is,
the Rota-Baxter operator maps A into the center of G(A)).

Corollary 6.4 Let A be one of the following pre-Lie algebras: (A6), (A7), (AS8),
(A9), (A12), (S2), (S3), (H4), (H5). Then its 2nd double (associated to any Rota-Baxter
operator R) is trivial.

Corollary 6.5 Let A be one of the following pre-Lie algebras: (A10), (A11). Then
its 3rd double (associated to any Rota-Baxter operator R) is trivial.

Example 6.6 Let A be one of the following pre-Lie algebras with a fixed Rota-Baxter
operator R. Then for any ¢ > 1, the ith double of A associated to the corresponding R is
isomorphic to A (even they have the same structural constants).

Lo o 000
(A1-H1): R = 1 0];(A2H2: R=[0 1 0 |;
0 1 000

[
Example 6.7 Let A be one of the following pre-Lie algebras with a fixed Rota-Baxter

operator R. Then for any i > 1, the ith double of A associated to the corresponding R is
isomorphic to (A1-H1).

1 1 0 0 0 O
(Ad)or (A5): R=10 0 0]; (H7): R=1[0 1 0 |;
0 0 O 0 0 O
1 0 0
(H8) or (H9) or (H10)y (A#0,1): R=10 0 0 |
0 0 O

At the end of this section, we construct some Rota-Baxter operators on a class of simple
pre-Lie algebras given as follows [16]:

I, =<ey, -, eplenen = 26y, ene; =€j,€j€65 =€p,j <n—1>. (6.1)

Proposition 6.8 When n > 3, there exists a non-zero Rota-Baxter operator R on I,
defined by

1
vV2—n

Proof It is easy to prove that R(e;)R(e;) = R(R(e1)er + e1R(e1)) = R(e1). The
other equations hold naturally. So R is a Rota-Baxter operator on I,,. |

R(el) = €n +

n—1
Z ei, R(e;))=0,2<i<n. (6.2)
i=2



286 X Li, D Hou and C Bai

Notice that the simple pre-Lie algebra (S2) with A = 1 in Proposition 6.1 is isomorphic

to I3 by a linear transformation e; — g(el +e3), €2 — Q(el —e9), e3 — ez and R =
1 1 V2
2 2 2
% _% @ corresponding to the Rota-Baxter operator given by (6.2). Moreover,
0 O 0

the 1st double of I,, associated to R is given by

1 n—1

(Ln,%1) =< €1, ,enle] x e, = — Zei,el*ej:ej,lgjgn—1>, (6.3)
V2—-n‘=

which includes an ideal (whose all products are zero) spanned by eg,---,e,. The (1st)

double of (I, 1) which is the second double of I,, associated to R is trivial. Furthermore,
similarly, for any 2 < k <n — 1, Ri given by

Ri(er) = en + > ej, Rile) =0, i #k, (6.4)

V2 —n4

is also a Rota-Baxter operator on I,,.

7 Further discussion and some questions

From the discussion in the previous sections, we have obtained some properties of Rota-
Baxter operators on pre-Lie algebras. We would like to give the following discussion.

(1) As we did in section 5 and 6, we can find all Rota-Baxter operators on a pre-Lie
algebra A through solving the quadratic equations (5.1) on r;;. However, RB(A) will relay
on the choice of a basis of A and its corresponding structural constants. So there are two
natural questions arising here:

(a) Whether we can give a meaningful “classification rules” so that the classification of
Rota-Baxter operators can be more “interesting”?

(b) Tt is hard and less practicable to extend what we have done in section 5 and 6
to other cases since the Rota-Baxter relation involves the nonlinear quadratic equations.
Whether we can find a “linearization” process like we did for the classification of pre-Lie
algebras?

(2) We have obtained some examples (Example 5.2, 6.6 and 6.7) that for a pre-Lie
algebra A and its Rota-Baxter operator R, the double series (A, *;) will be stable, that is,
there exists a N such that (A, %,,) is isomorphic to (A, *x) which is not trivial for n > N.
Obviously, R cannot be nilpotent due to Corollary 4.10. However, even R is semisimple,
the double (A4, x*;) associated to R may still be trivial. Therefore, it seems interesting to
consider whether and when the double series (A, *;) will be stable for a general pre-Lie
algebra.

(3) We have known that the CYBE on a Lie algebra can be re-written (although the
equivalence need some additional conditions) as an algebraic equation in the tensor form
as (2.7). For an associative algebra A, there is another approach for the tensor form of
Rota-Baxter relation [2] as follows. Let r = >, a; ® b; € A ® A and we use the same
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notations as in (2.8), where U(G) is replaced by A @ F. Then if r satisfies the associative
analog of the classical Yang-Baxter equation

r13T12 — 712723 + 23713 = 0, (7.1)

then R: A — A given by
R(z) = Zaixbi, Ve e A, (7.2)

defines a Rota-Baxter operator on A. However, in the case of Lie algebras, it depends
on the skew-symmetry of Lie brackets, and in the case of associative algebras, it depends
on the associativity. So it seems that both of the above approaches cannot be extended
to pre-Lie algebras. We would like to ask whether there is a tensor form of Rota-Baxter
relation on pre-Lie algebras.

(4) The counterexample in Example 3.11 is not graded by a non-zero set and its kernel
ideal N(A) = {z|L, = 0} = {0}. The kernel ideal of a pre-Lie algebra corresponds to a
one-parameter subgroup of translation in affine geometry [38]. Whether the existence of
invertible Rota-Baxter operators is related to these two conditions?

(5) There are close relations between Rota-Baxter operators and certain geometric
structures related to pre-Lie algebras, like complex and parakahler structures in section
4. It is quite interesting to give a further study and consider the possible application in
both geometry and physics.
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