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CATEGORIFICATION OF PRE-LIE ALGEBRAS AND SOLUTIONS
OF 2-GRADED CLASSICAL YANG-BAXTER EQUATIONS

YUNHE SHENG

ABSTRACT. In this paper, we introduce the notion of a pre-Lie 2-algebra, which is the
categorification of a pre-Lie algebra. We prove that the category of pre-Lie 2-algebras
and the category of 2-term pre-Liey,-algebras are equivalent. We classify skeletal pre-
Lie 2-algebras by the third cohomology group of a pre-Lie algebra. We prove that
crossed modules of pre-Lie algebras are in one-to-one correspondence with strict pre-
Lie 2-algebras. O-operators on Lie 2-algebras are introduced, which can be used to
construct pre-Lie 2-algebras. As an application, we give solutions of 2-graded classical
Yang-Baxter equations in some semidirect product Lie 2-algebras.

1. Introduction

Pre-Lie algebras (or left-symmetric algebras, Vinberg algebras, and etc.) arose from
the study of affine manifolds and affine Lie groups, convex homogeneous cones and de-
formations of associative algebras. They appeared in many fields in mathematics and
mathematical physics (see the survey article [9] and the references therein). The beauty
of a pre-Lie algebra is that the commutator gives rise to a Lie algebra and the left multi-
plication gives rise to a representation of the commutator Lie algebra. So pre-Lie algebras
naturally play important roles in the study involving the representations of Lie algebras
on the underlying spaces of the Lie algebras themselves or their dual spaces. For example,
they are the underlying algebraic structures of the non-abelian phase spaces of Lie algebras
6, 18], which lead to a bialgebra theory of pre-Lie algebras [7]. They are also regarded as
the algebraic structures “behind” the classical Yang-Baxter equations (CYBE) and they
provide a construction of solutions of CYBE in certain semidirect product Lie algebras
(that is, over the “double” spaces) induced by pre-Lie algebras [5, 19]. Furthermore, pre-
Lie algebras are also regarded as the underlying algebraic structures of symplectic Lie
algebras [13], which coincides with Drinfeld’s observation of the correspondence between
invertible (skew-symmetric) classical r-matrices and symplectic forms on Lie algebras [14].
In [11], the authors studied pre-Lie algebras using the theory of operads, and introduced
the notion of a pre-Liey.-algebra. The author also proved that the PreLie operad is Koszul.
The PreLie operad is further studied in [10] recently. Furthermore, the relation between
pre-Lie algebras, trees and cohomology operations are studied in [22].
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O-operators on a Lie algebra g associated to a representation (V; p) were introduced
in [19] inspired by the study of the operator form of the CYBE. See [24] for more details.
On one hand, an O-operator could give rise to a pre-Lie algebra structure on V. On the
other hand, an O-operator could give rise to a solution of the CYBE in the semidirect
product Lie algebra g x - V.

Recently, people have paid more attention to higher categorical structures with mo-
tivations from string theory. One way to provide higher categorical structures is by
categorifying existing mathematical concepts. One of the simplest higher structure is a
2-vector space, which is a categorified vector space. If we further put Lie algebra struc-
tures on 2-vector spaces, then we obtain Lie 2-algebras [1]. The Jacobi identity is replaced
by a natural transformation, called the Jacobiator, which also satisfies some coherence
laws of its own. It is well-known that the category of Lie 2-algebras is equivalent to the
category of 2-term L.-algebras [1]. The concept of an L.,-algebra (sometimes called a
strongly homotopy (sh) Lie algebra) was originally introduced in [21, 26] as a model for
“Lie algebras that satisfy Jacobi identity up to all higher homotopies” The structure
of a Lie 2-algebra appears in many areas such as string theory [3, 4], higher symplectic
geometry [2], and Courant algebroids [27].

The first aim of this paper is to categorify the relation between O-operators, pre-Lie
algebras and Lie algebras. We introduce the notion of an O-operator on a Lie 2-algebra
associated to a representation and the notion of a pre-Lie 2-algebra, and establish the
following commutative diagram:

O-operators on Lie 2-algebras —— pre-Lie 2-algebras —— Lie 2-algebras
Tcategoriﬁcation Tcategoriﬁcation Tcategoriﬁcation

Q-operators on Lie algebras —— pre-Lie algebras —— Lie algebras.

In [8], the authors introduced the notion of an L[, k|-bialgebra. In particular, an
L]0, 1]-bialgebra is a Lie 2-bialgebra, which is a certain categorification of the concept
of a Lie bialgebra. See [12, 17, 23] for more details along this direction. However, the
relation between Lie 2-algebras and Khovanov-Lauda’s famous work about categorification
of quantum groups [16] is still unclear. 2-graded classical Yang-Baxter equations were
established in [8], whose solutions could naturally generate examples of Lie 2-bialgebras.

The second aim of this paper is to construct solutions of the 2-graded CYBE. We
categorify the relation between O-operators and solutions of the CYBE, and establish the
following commutative diagram:

O-operators on Lie 2-algebras —— solutions of 2-graded CYBE —— Lie 2-bialgebras

Tcategoriﬁcation categoriﬁcationT CategoriﬁcationT

O-operators on Lie algebras ——— solutions of CYBE Lie bialgebras.

We also find that there are pre-Lie 2-algebras behind the construction of Lie 2-bialgebras
in [8].
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The paper is organized as follows. In Section 2, we recall Lie 2-algebras and their
representations, pre-Lie algebras and their cohomologies, O-operators and solutions of
the CYBE. In Section 3, first we prove that a 2-term pre-Lie,-algebra gives rise to a
Lie 2-algebra with a natural representation on itself. Then we introduce the notion of
a pre-Lie 2-algebra. At last, we prove that the category of 2-term pre-Lie,-algebras
and the category of pre-Lie 2-algebras are equivalent (Theorem 3.13). In Section 4, we
study skeletal pre-Lie 2-algebras and strict pre-Lie 2-algebras in detail. Skeletal pre-Lie 2-
algebras are classified by the third cohomology group (Theorem 4.1). We find that there
is a natural 3-cocycle associated to a pre-Lie algebra with a skew-symmetric invariant
bilinear form. By this fact, we construct a natural example of skeletal pre-Lie 2-algebras
associated to a pre-Lie algebra with a skew-symmetric invariant bilinear form. We also
introduce the notion of crossed modules of pre-Lie algebras and prove that there is a
one-to-one correspondence between crossed modules of pre-Lie algebras and strict pre-Lie
2-algebras (Theorem 4.8). In Section 5, we introduce the notion of an O-operator on a
Lie 2-algebra G associated to a representation (V;p), and construct a pre-Lie 2-algebra
structure on V. In Section 6, we construct solutions of the 2-graded CYBE in the strict
Lie 2-algebra G x,» V* using O-operators (Theorem 6.3). In particular, if the strict Lie
2-algebra under consideration is given by a strict pre-Lie 2-algebra, there is a natural
solution of the 2-graded CYBE in the strict Lie 2-algebra G(A) x (1 1+ A* (Theorem 6.4).
At last, we give the pre-Lie 2-algebra structure behind the construction of Lie 2-bialgebras
in [8].

2. Preliminaries

2.1. LIE 2-ALGEBRAS AND 2-TERM L,,-ALGEBRAS. Vector spaces can be categorified
to 2-vector spaces. A good introduction for this subject is [1]. Let Vect be the category
of vector spaces. A 2-vector space is a category in the category Vect. Thus, a 2-vector
space (' is a category with a vector space of objects Cj and a vector space of morphisms
(1, such that all the structure maps are linear. Let s,t : C; — Cy be the source and
target maps respectively. Let -, be the composition of morphisms.

It is well known that the category of 2-vector spaces is equivalent to the category of 2-
term complexes of vector spaces. Roughly speaking, given a 2-vector space C, Ker(s) SN

Cy is a 2-term complex. Conversely, any 2-term complex of vector spaces V : V; 4, Vo
gives rise to a 2-vector space of which the set of objects is Vf, the set of morphisms is
Vo @ V4, the source map s and the target map ¢ are given by

s(u+m)=wu, tlu+m)=u+dm, Yu,véeVymel].
The composition of morphisms is given by
(u+m)- (W+n)=(u+m+n), Vu,veVym,neV, safistying v =u+ dm.

We denote the 2-vector space associated to the 2-term complex of vector spaces V : Vj 4,
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Vo by V:
Vl = % S¥) ‘/1
V- sut (1)
VO = VE)

In this paper, we always assume that a 2-vector space is of the above form. The
identity-assigning map 1 : Vo — V; is given by 1, = (u,0), for any u € V.

2.2. DEFINITION. [1] A Lie 2-algebra is a 2-vector space C' equipped with
e a skew-symmetric bilinear functor, the bracket, [-,-] : C x C — C,
e a skew-symmetric trilinear natural isomorphism, the Jacobiator,
Joyz [l 9l 2] — [, [y, 210 + [z, 2], o]
such that the following Jacobiator identity is satisfied,

J[[w,x]],y,z v ([[Jw,x,m y]] + 1) v (Jw,[[a:,z]],y + J[[w,z]],x,y + Jw,x,[[y,z]])
— [[Jw,m,ya Z]] ‘v (J[[w,y]],:c,z + Jw,[[x,y]],z) ‘v (HJw,y,m .TH + 1) v (va Jz,y,z]] + 1)

2.3. DEFINITION. A 2-term L-algebra structure on a graded vector space G = go & g1
consists of the following data:

e a linear map 0 : g1 — Qo,
o a skew-symmetric bilinear map ly : g; X gj — @iyj, 0 <i+7 <1,
e a skew-symmetric trilinear map ls : N3go — g1,
such that for any x;,z,y,z € go and m,n € gy, the following equalities are satisfied:
(i) dlp(z,m) = lh(xz,om), L(dm,n) = l(m,on),
(ii) dls(x,y, 2) = l(z, (Y, 2)) + Ly, bz, z)) + L(z, Lz, y)),
(iii) I3(z,y,0om) = lo(z, la(y,m)) + (y, b(m, z)) + lo(m, la(z,y)),
)

(iv) the Jacobiator identity:

4

Z( 1>Z+1[2(‘r27[3($17"' 7@7"' 71’4))

+Z l+,][3 [2 x/“mj) ‘%17."7@7"'7@7"'7I4):0'
1<J

Usually, we denote a 2-term L.-algebra by (go, g1, 90, l2, [3), or simply by G. A 2-term
L.-algebra is called strict if I3 = 0. Associated to a 2-term strict L..-algebra, there is a
semidirect product Lie algebra go X g1 = (go ® 9-1, |, -]s), where the bracket [, |5 is given
by

[$+m7y+n]s = [2(x7y>+[2<x7n)+[2(mvy) (2)
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2.4. DEFINITION. Let G = (go,01,0,l2,l3) and G = (g(, 81,0, 0,,15) be 2-term Loo-
algebras. A homomorphism F' from G to G' consists of: linear maps Fy : go — @¢, 1 :
g1 — g7 and Fa : go A go — @), such that the following equalities hold for all x,y,z €
g0, a € g1,

(i) Fyod =0 oF,

(i) Fola(z,y) — U(Fo(x), Foly)) = 0" Fa(x,y),

(i) Filo(z, a) — U(Fo(x), Fi(a) = Fo(,0a),

(iv) Fa(la(z,y), 2)+ep+Fi(ls(z,y, 2)) = L(Fo(z), Fa(y, 2))+ep.+G(Fo(x), Fo(y), Fo(z)).

It is well-known that the category of Lie 2-algebras and the category of 2-term L.-
algebras are equivalent. Thus, when we say “a Lie 2-algebra”, we mean a 2-term L .-
algebra in the sequel.

Let V: Vi -5 Vg be a complex of vector spaces. Define End3(V) by
EndS(V) £ {(Ap, A1) € gl(Vo) @ gl(Vi)|Apod = d o A, },

and define End' (V) £ Hom(Vp, V;). There is a differential 6 : End' (V) — End}(V) given
by
5(¢) £ pod+dog, V¢ecEnd(V),

and a bracket operation [-,-] given by the graded commutator. More precisely, for any

A= (Ag, A), B = (By, B;) € Endj(V) and ¢ € End'(V), [-,-] is given by
[A,B] =AoB—-BoA= (AOOBQ—BOOAo,AloBl—BloAl),

and
[A,p] =Aogp—goA=A0¢p—¢oA. (3)

These two operations make End'(V) % End)(V) into a strict Lie 2-algebra, which we
denote by End(V). It plays the same role as gl(V') for a vector space V' ([20]).

A representation of a Lie 2-algebra G on V is a homomorphism (pg, p1, p2) from G to
End(V). A representation of a strict Lie 2-algebra G on V is called strict if p, = 0. Given
a strict representation of a strict Lie 2-algebra G on V), there is a semidirect product strict
Lie 2-algebra G x V, in which the degree 0 part is go @ Vo, the degree 1 part is g; & Vi, the
differential is 0 +d : g1 & Vi — g0 @ Vo, and for all z,y € go,a € g1,u,v € Vo,m € Vi, [§
is given by

Gla+u,y+v) = biz,y)+ po(x)v— po(y)u,
B(x+u,a+m) = bLix,a)+ po(z)m — p1(a)u.

2.5. PRE-LIE ALGEBRAS AND THEIR REPRESENTATIONS.
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2.6. DEFINITION. A pre-Lie algebra (A,-4) is a vector space A equipped with a bilinear
product -4 : ®*A — A such that for any x,y,z € A, the associator (x,y,2) = (T -4y) 4
z2—a-4(Yy-a2)is symmetric in x,y, i.e.,

(z,y,2) = (y,7,2), or equivalently, (z-ay)-az—2-a(y-a2)=(y-az)az—y-a(r-a2).

Let A be a pre-Lie algebra. The commutator [z,y|s = = -4y — y -4 « defines a Lie
algebra structure on A, which is called the sub-adjacent Lie algebra of A and denoted
by g(A). Furthermore, L : A — gl(A) with L,y = x -4 y gives a representation of the Lie
algebra g(A) on A. See [9] for more details.

2.7. DEFINITION. Let (A, -4) be a pre-Lie algebra and V' a vector space. A representation
of A on V' consists of a pair (p, ), where p: A — gl(V') is a representation of the Lie
algebra g(A) on V and p: A — gl(V') is a linear map satisfying

p(@)u(y)u — p(y)p(z)u = p(z -4 y)u — p(y)p(z)u, Vr,y e A, uelV. (4)

Usually, we denote a representation by (V;p, ). In this case, we will also say that
(p, ) is an action of (A,-4) on V. Define R : A — gl(A) by R,y = y -a x. Then
(A; L, R) is a representation of (A,-4). Furthermore, (A*;ad® = L* — R*, —R*) is also a
representation of (A, -4), where L* and R* are given by

<L;€>y> = <£7 _ny>7 <R:c€7y> = <£7 _ny>> Vl',y S A7€ € A*

The cohomology complex for a pre-Lie algebra (A, -4) with a representation (V; p, )
is given as follows ([15]). The set of (n + 1)-cochains is given by

C" (A, V) = Hom(A"A® A, V), n > 0.
For all w € C"(A, V), the coboundary operator d : C"(A,V) — C"(A, V) is given by

dW(CCl, Loy ,.Z'n+1)
n

= Z<_1)l+1p<xz)w(l‘ly Xy 7:16\2'7 e 7xn+1)
=1

+ 2 (D) (@ )w (@, 22,0 Eay o T, 3)

-

s
I
_

n

- Z(_l)erlw(xl?an e 7‘fi7 ,Tn, Tt A anrl)
=1

+ Z (_1)i+jw([xiaxj]Aaxl7'” 7:fl'7”' 7'fj7"' 7‘rn+1)7
1<i<j<n

forall z; e I'(A),i=1,2--- ;n+1.
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2.8. O-OPERATORS AND SOLUTIONS OF THE CLASSICAL YANG-BAXTER EQUATIONS.
Let (g,[-,-]g) be a Lie algebra and (V; p) be a representation. A linear map 7 : V' — g is
called an O-operator on g associated to the representation (V;p) if T" satisfies

[T(u), T(v)]g = T(p(T(u))v = p(T(v))u), ¥ uveV. (5)

Associated to a representation (V;p), we have the semidirect product Lie algebra
g X, V* where p* : g — gl(V*) is the dual representation. A linear map 7' : V — g
can be view as an element T' € ®?%(g @ V*) via

TE+u,n+v)=(T(u),n), Vé+tuntveg oV (6)

Let o be the exchanging operator acting on the tensor space, then » = T — o(T) is
skew-symmetric.

2.9. THEOREM. Let T : V. — g be a linear map. Then r = T — o(T) is a solution
of the classical Yang-Baxter equation in the Lie algebra g X« V* if and only if T is an
O-operator.

2.10. THEOREM. [5] Let A be a pre-Lie algebra. Then

r=>(e®ef —e @e) (7)
i=1
is a solution of the CYBE in g(A) x - A*, where {e;} is a basis of A, and {e}} is the dual
basis.

3. 2-term pre-Liey-algebras and Pre-Lie 2-algebras

In this section, we show that a 2-term pre-Lie,-algebra can give rise to a Lie 2-algebra,
and the left multiplication gives rise to a representation of the Lie 2-algebra. We introduce
the notion of a pre-Lie 2-algebra, which is a categorification of a pre-Lie algebra. We prove
that the category of 2-term pre-Liey-algebras and the category of pre-Lie 2-algebras are
equivalent.

3.1. 2-TERM PRE-LIE,-ALGEBRAS. The notion of a pre-Liey-algebra was introduced
n [11], which is a right-symmetric algebra' up to homotopy. By a slight modification,
we can obtain a left-symmetric algebra (the pre-Lie algebra we use in this paper) up to
homotopy. By truncation, we obtain a 2-term pre-Lie,-algebra.

LA right-symmetric algebra (A, - 4) is a vector space A equipped with a bilinear product - 4 : ®2A — A
such that the associator satisfies (z,y, z) = (x, z,y), for all z,y,z € A.
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3.2. DEFINITION. A 2-term pre-Lie-algebra is a 2-term graded vector space A = Ag ®
Ay, together with linear maps d : Ay — Ag, -+ Ai®A; — Ay, 0<i+5 <1, and
I3 : N2Ag @ Ag — Ay, such that for all v,v; € Ay and m,n € A;, we have

vo - I3(v1, v2,v3) — vy - I3(vg, Vo, V3) + Vg - I3(vg, V1, V3)

+3(v1, va,v9) - v3 — I3(vo, V2, v1) - V3 + I3(vg, V1, V2) - V3

—l3(v1, v, vg - v3) + l3(vg, Vo, vy - v3) — l3(vg, V1,V - V3)

—l3(vg - v1 — vy - Vg, V2, 3) + I3(Vg - Uy — Vg - Vg, V1, v3) — I3(V1 - Uy — vy - VY, Vg, U3)
= 0.

Usually, we denote a 2-term pre-Lie,-algebra by (Ao, A41,d, -, (3), or simply by A. A
2-term pre-Lies-algebra (Ao, A1,d, -, l3) is said to be skeletal (strict) if d =0 (I3 = 0).

Given a 2-term pre-Lies-algebra (Ao, A;,d, -, l3), we define I : A; A A; — Ay, and
l5: /\3_/40 — A by

L(u,v) = u-v—v-u, (8)
L(u,m) = —hL(mu)=u-m—m-u, (9)
u,v,w) = Il3(u,v,w)+ l3(v,w,u) + l3(w, u,v). (10)
Furthermore, define Ly : Ay — End(A4y) & End(A;) by
Lo(uw)v =u-v, Lo(u)ym=u-m. (11)
Define L; : A; — Hom(Ao, A1) by
Li(m)u =m - u. (12)

Define Ly : A2Ag — Hom(Ay, A;) by

Lo(u,v)w = —l3(u,v,w), Yu,v,w € Ay. (13)
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3.3. THEOREM. Let A = (Ag, A1,d, -, l3) be a 2-term pre-Lies-algebra. Then, we have
(Ao, Ay,d, I, [3) is a Lie 2-algebra, which we denote by G(A), where ly and I3 are given
by (8)-(10) respectively. Furthermore, (Lg, L1, Ls) is a representation of the Lie 2-algebra
G(A) on the complex of vector spaces Ay —~ Ao, where Lo, L1, Ly are given by (11)-(13)
respectively.

Proor. By Conditions (a;)-(as), we have

dla(v,m) = d(v-m—m-v)=v-dm— (dm) v = l(v,dm),
L(dm,n) = (dm)-n—n-dm=m-dn — (dn)-m = ly(m,dn).

By Condition (b1), we have

[Q(UU, [2('111, Uz)) + cC.p. = [2(’00, V1V — Vg - /Ul) + C.p.
= v (v1-v9) — (v1-v2) Vg —vg- (va-v1)+ (vo-v1) vy + C.p.
= d(Il3(vo, v1, v2) + l3(v1, v2, v0) + l3(v2, Vo, V1))

= d[g(Uo, U1, 'UQ).
Similarly, by Conditions (bs) and (b3), we have

[o(vo, la(v1,m)) + l2(v1, l(m, vg)) + la(m, la (v, v1))
lo(vo, v1 - m —m - v1) + (v, m vy — v - m) + la(m, vy - v1 — vy - V)
vo - (v -m) — (vy-m) vy —vg-(m-v1)+ (m-wvy)- vy

+ovy - (M- vg) — (M- vg) - vg — vy - (Vg - m) + (vg - M) - vy

+m - (vg - v1) — (vg - v1) -m —m - (vy - Vo) + (v1 - vg) - M
I3(vg, v, dm) + l3(vy, dm, vo) + I3(dm, vg, v1)
).

= [3(1)0, U1, dm
At last, by Condition (c), we can get

[o(vo, l3(v1, v2,v3)) — la(v1, l3(vo, V2, v3)) + lo(v2, I3(ve, v1,v3)) — la(vs, [3(vo, v1,v2))
= [3([2(’00, Ul); V2, U3) - [3([2(?)07712),’01, U3) + [3([2(7)07713),’01, U2) + [3([2(1117712),’00, U3)
—I3(lz(v1,v3), vy, v2) + [3(I2(v2, v3), Vo, v1).
Thus, (Ao, A1,d, Iy, [3) is a Lie 2-algebra.
By Condition (a;), we deduce that Lo(u) € Endj(A) for all u € 4. By Conditions

(ag) and (ag), we have
do Ly(m) = Lo(dm). (14)

Furthermore, we have

Lo(la(u,v)w = (u-v)-w—(v-u) - w=u-(v-w)—v-(u w)—ds(u,v,w)
= [Lo(u), Lo(v)]w — dls(u, v, w),
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which implies that
Lo(ta(1t,0)) — [Lo(u), Zo(w)] = d o La(u, v). (15)
Similarly, we have
La(ta(um)) — [Lo(w), Ly(m)] = L(u, dm). (16)
At last, by Condition (c) in Definition 3.2, we get
— [Lo(u), La(v,w)] + La(la(u,v),w) + c.p. + L1 (l3(u, v, w)) = 0. (17)

By (14)-(17), we deduce that (Lg, L1, Lo) is a homomorphism from the Lie 2-algebra G(.A)
to End(V). The proof is finished. "

3.4. EXAMPLE. Let V' be a vector space. Denote by Ag = gl(V)@V and A; = V. Define
diAl —>A0, A1®AJ —>Ai+j7 0§’L+j < 1, and l32/\2A0®A0 —>A1 by

du = u, Vue A,
(A+u)- (B+v) = AB+3Av, VA+u,B+ve A,
(A4u)-v = %Av, VA+u€ Ag,v € Ay,
u-(B+0) 0, VueA,B+uve A,
I3(A+u,B+v,C+w) = —1[A Blw, VA+u B+v,C+we A.

Then it is straightforward to prove that A = (Ao, Ay, d, -, [3) is a 2-term pre-Lie,.-algebra.
By Theorem 3.3, we obtain a Lie 2-algebra G(A). Actually, this Lie 2-algebra is the
Lie 2-algebra associated to Weinstein’s omni-Lie algebra. See [25] for more details.

3.5. DEFINITION. Let A = (Ao, A1,d, -, l3) and A" = (Ay, A}, d', -/, 15) be 2-term pre-Lies -
algebras. A homomorphism (Fy, Fy, F») from A to A" consists of linear maps Fy : Ay —
A, Fy i Ay — A and Fy : Ag @ Ag — Al such that the following equalities hold:

(i) Fpod=d o Fy,

)
(il) Fo(u-v) — Fo(u) ' Fo(v) = d'Fy(u,v),
(iii) Fi(u-m) — Fo(u) ' Fi(m) = Fy(u,dm), Fi(m-u)— Fi(m) - Foy(u) = Fp(dm,u),
)

(iv) Fo(u) - Fy(v,w) — Fy(v) 7 Fa(u,w) + Fy(v,u) - Fo(w) — Fa(u,v) ' Fy(w) — Fy(v,u-w)
+ Fy(u,v-w) — Fo(u-v,w) + Fay(v-u,w) + 15(Fo(u), Fo(v), Fo(v)) — Fils(u,v,w) = 0.

By straightforward computations, we have
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3.6. PROPOSITION. Let A = (Ag, A1,d,+,13) and A = (A}, A}, d, -/, 15) be 2-term pre-
Lies-algebras, (Fy, F1, Fy) a homomorphism from A to A'. Then (Fy, F1, F2) is a homo-
morphism from the corresponding Lie 2-algebra G(A) to G(A'), where Fy : N2Ag — A4
is given by

Fo(u,v) = Fo(u,v) — Fy(v,u), Yu,v € Ay. (18)

At the end of this subsection, we introduce composition and identity for 2-term pre-
Lie,-algebra homomorphisms. Let F' = (Fgy, F1, Fy) : A — A’ and G = (Gy, G1,G3) :
A — A" be 2-term pre-Liey-algebra homomorphisms. Their composition GF =
((GF)o, (GF)1, (GF),) is defined by (GF)o = Go o Fo, (GF); = Gy o Fy, and (GF),
is given by

(GF)2(u,v) = G2(Fo(u), Fo(v)) + Gi(Fa(u,v)). (19)

It is straightforward to verify that GF = ((GF)o, (GF)1,(GF)3) : A — A" is a 2-
term pre-Lies-algebra homomorphism. It is obvious that (ida,,id4,,0) is the identity
homomorphism. Thus, we obtain

3.7. PROPOSITION. There is a category, which we denote by 2preLie, with 2-term pre-
Lies-algebras as objects, homomorphisms between them as morphisms.

3.8. PRE-LIE 2-ALGEBRAS.

3.9. DEFINITION. A pre-Lie 2-algebra is a 2-vector space V endowed with a bilinear func-
tor x : VxV — V and a natural isomorphism J,, , ., for all u,v,w € Vy,

Juwvw: (Uxv)xw —ux(vrw) — (Vxu)*xw—v*(u*w), (20)
such that the following identity is satisfied:

(0J1,2,3) v (=Jo,21,3 + Lo(21))3 + Jo,2,13 — L(02)(13))
~v(Loe)s—(enos+@en o) T Joz.1.3 = L0213 — J201,8 + 1203 + 2J0,1.3 — 21(01)3)
= (=Jo,2,3 + Loaz)s + Jo,1,23 — Lo1)(23))
v (J1,2,03 + L12003)) + Jo1,2,3 — L(01)2)3 — J10,2,3 + L((10)2)3 + 1J0,2,3 — 1102)3 + 1_((12)0)3+(0(12))3)
v(—=J1,2,03 = 11(20)4+2(10)3 — J2,0,13 + 12013 — Jo,1,23 + 1(10)23

+1(21)(08)=2(1(03))—2((01)3)+2((10)3) — 1((02)3)+1((20)3) ) - (21)
Here, 0,1, 2,3 denote vy, vy, v2, vz respectively, ij denotes vixv;, iJjx; denotes vikxJy, vy v,
and J; it denotes J, *v;. Or, in terms of a commutative diagram,

'§,VEk V1

0J1,2,3

0((12)3 — 1(23)) 0((21)3 — 2(13))

—Jo,12,3+1(0(12))3+Jo,1,23—1(01)(23) \L—J0,21,3+1(o(21))3+J0,2.13—1(02)(13)

P Q
M N
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where
P = —((12)0)3+ (12)(03) + (0(12))3 — (01)(23) + (10)(23) — 1(0(23)),
Q = (0(21))3 — ((21)0)3 + (21)(03) — (02)(13) + (20)(13) — 2(0(13)),
e = Ji203+ i) + Jo1,2,3 — Lon2)z — J10,2,3 + L1023 + 1Jo,2,3 — 11(02)3 + 1—((12)0)3+(0(12))3>
e = l(o(21)3-((21)0)3+(21)(03) T Jo2,1.3 — L((02)1)3 — J20,1,3 + 1((20)1)3 T 2J0,1,3 — 21(01)3,
k= —J1203 = li20)+201003 — J2,0,13 + 1(20)13 — Jo,1,23 + 1(10)23
+1(21)(03)~2(1(03)) ~2((01)3) +2((10)3)— 1((02)3) + 1((20)3):
M = —((12)0)3 4 (0(12))3 + 1(2(03)) + (21)(03) — 2(1(03)) — ((01)2)3 + (2(01))3 — 2((01)3)
+((10)2)3 — (2(10))3 4 2((10)3) — 1((02)3) + 1((20)3) — 1(2(03)),
N = (0(21))3 = ((21)0)3 + (21)(03) — ((02)1)3 + (1(02))3 — 1((02)3)
+((20)1)3 — (1(20))3 + 1((20)3) — 2((01)3) + 2((10)3) — 2(1(03)).

3.10. DEFINITION. Let (V,x,J) and (V', ', J") be pre-Lie 2-algebras. A homomorphism
OV — YV consists of

o A linear functor (®g, @) from V to V',
e A bilinear natural transformation ®y : ®o(u) x* Po(v) — Po(uxv),
such that the following identity holds:
J&DO(U)’%(”)@O(M v (Fo(v, ) * Logw) = Llaogw) * Fa(u, w)) v (Fa(v*u,w) — Fo(v, uxw))
= (Fa(u,v) * Logw) — Lagw) * Fo(v,w)) v (Fa(uxv,w) — Fa(u, v *xw)) - F1Jyww,

or, in terms of a commutative diagram:

J:) w),d v),d w
(Do (1) ' Bo(v)) * Bo(w) — o(u) % (Bo(v) ¥ Bo(w)) XX 2L g () # Bo (1)) ¥ Bo(w) — Bo(v) ' (Po(u) ¥ Po(w))
FQ(H71))*1(I>D<w)—1§,0(u)*F2(U7U))i ng(v,u)*lqpo(w)—11,0(1,)*F2(u,w)
Dg(uxv)* Po(w) — Po(u) * Po(v*w) Do (v*u) *x Do(w) — Po(v) *x Po(u * w)

Fg(u*v,w)—Fg(u,’u*w)i ng(v*u,w)—Fz(v,u*w)

Fo((u*v) *w) — Fy(u* (v*w)) Do Fo((vxu) *w) — Fo(v* (u*w)).

The composition of two homomorphisms ® : V — V' and ¥ : V' — V”, which we
denote by ¥® : V — V” is defined as follows:

(UD)yg =Vgody, (V) =V;0dD, (VD)o(u,v)=Va(Po(u),Po(v)) -y U1 (Po(u,v)).

The identity homomorphism 1y has the identity functor as its underlying functor, together
with an identity natural transformation. It is straightforward to obtain

3.11. PROPOSITION. There is a category, which we denote by preLie2, with pre-Lie
2-algebras as objects, homomorphisms between them as morphisms.
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3.12. THE EQUIVALENCE.

3.13. THEOREM. The categories 2preLie and preLie2, which are given in Proposition
3.7 and Proposition 3.11 respectively, are equivalent.

Thus, in the following sections, a 2-term pre-Lie,-algebra will be called a pre-Lie
2-algebra.

PrROOF. We only give a sketch of the proof. First we construct a functor 7' : 2preLie —
preLie2.

Given a 2-term pre-Liey-algebra A = (Ao, A1,d,-,l3), we have a 2-vector space A
given by (1). More precisely, we have Ay = Ay, A; = Ay @ A;. Define a bilinear functor
*: A XA — A by

(u+m)*x(v+n)=u-v+u-n+m-v+dm-n, Yu+mu+neA =A,DA;.
Define the Jacobiator J : ®3Aq — A; by
Juww = (U-0) - w—u-(v-w)+l3(z,y, 2).

By the various conditions of .4 being a 2-term pre-Lie.-algebra, we deduce that (A, x, J)
is a pre-Lie 2-algebra. Thus, we have constructed a pre-Lie 2-algebra A = T'(A) from a
2-term pre-Lie-algebra A.

For any homomorphism F' = (Fp, Fy, F) form A to A’, next we construct a pre-Lie
2-algebra homomorphism ® = T'(F') from A = T(A) to A’ = T'(A’). Let &y = Fy, ¢, =
Fy & Fy, and @4 be given by

Oy (u,v) = Fo(u) ' Fo(v) + Fa(u,v).

Then ®y(u, v) is a natural isomorphism from ®g(u)-'Pg(v) to Po(u-v), and & = (P, Py, Do)
is a homomorphism from A to A’.

One can also deduce that T preserves the identity homomorphisms and the compo-
sition of homomorphisms. Thus, T' constructed above is a functor from 2pre-Lie to
preLie2.

Conversely, given a pre-Lie 2-algebra A, we construct the 2-term pre-Lie-algebra
A = S(A) as follows. As a complex of vector spaces, A is obtained as follows: Ay =
Ay, Ay = Ker(s), and d = t|ker(s), Where s, ¢ are the sauce map and the target map in the
2-vector space A. Define a multiplication - : A; ® A; — A;y;, 0 <i+j <1, by

u-v=uxv, u-m=I1,xm, m-u=mxl,, VYu,v€ Ay, m,ne€ A.
Define I3 : A24y ® Ag — Ay by
l3(u> v, ’LU) = Ju,v,w - 1s(Ju,U,u,)-

The various conditions of A being a pre-Lie 2-algebra imply that A is 2-term pre-Lie.-
algebra.
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Let & = (Pg, Py, Py) : A — A’ be a pre-Lie 2-algebra homomorphism, and S(A) =
A, S(A/) = A/. Define S((I)) =F= (F(), F17 Fg) as follows. Let FO = (DQ, F1 = (I)1|A1:Ker(s)
and define F, by
Fy(u,v) = ®o(u,v) — Ls@a(u))-

It is not hard to deduce that F' is a homomorphism between 2-term pre-Lie,-algebras.
Furthermore, S also preserves the identity homomorphisms and the composition of ho-
momorphisms. Thus, S is a functor from preLie2 to 2pre-Lie.
We are left to show that there are natural isomorphisms a : T' 0 S = idpreLie2 and
B : S oT = idapreLie- For a pre-Lie 2-algebra (A, *, J), applying the functor S to A, we
obtain a 2-term pre-Liey-algebra A = (Ag, A1, d = t|ker(s), -, 13), where Ay = Ay, A; =
Ker(s). Applying the functor T to A, we obtain a pre-Lie 2-algebra (A’,«'; J'), with the
space Ag of objects and the space Ay @ Ker(s) of morphisms. Define ay : A" — A by
setting
(aa)o(u) =u, (an)i(u+m)=1,+m.

It is obvious that a, is an isomorphism of 2-vector spaces. Furthermore, since x is a
bilinear functor, we have 1, * 1, = 1,4, and

mxn=(m- lan) * (1o -vn) = (m*1g) v (Lam *n) = lgm * n.
Therefore, we have

ap((u+m)* (v+n)) = ap(u-v+u-n+m-v+dm-n)
= ap(urxv+1lyxn+mx1l,+ lgy*n)
= lywF+luoxn+mx1,+ 1lgn*xn
= I, x1l,+1,xn+mx*x1,+ 14, *n

= ap(u+m)xap(v+mn),

which implies that «, is also a pre-Lie 2-algebra homomorphism with (), the identity
isomorphism. Thus, ay is an isomorphism of pre-Lie 2-algebras. It is also easy to see that
it is a natural isomorphism.

For a 2-term pre-Liey-algebra A = (Ao, A1, d, -, [3), applying the functor S to A, we
obtain a pre-Lie 2-algebra (A,x, J). Applying the functor 7' to A, we obtain exactly
the same 2-term pre-Lie,-algebra A. Thus, 84 = idy = (ida,,ids,) is the natural
isomorphism from 7" o S to idaprerie- This finishes the proof. n

3.14. REMARK. We can further obtain 2-categories 2preLie and preLie2 by introducing
2-morphisms and strengthen Theorem 3.13 to the 2-equivalence of 2-categories. We omit
details.

4. Skeletal and strict pre-Lie 2-algebras

In this section, we study skeletal pre-Lie 2-algebras and strict pre-Lie 2-algebras in detail.
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Let (Ao, A1,d = 0,-,13) be a skeletal pre-Lie 2-algebra. Condition (b;) in Definition
3.2 implies that (Ag, -) is a pre-Lie algebra. Define p and p from Ag to gl(A;) by

pluym =u-m, pluym=m-u, Yuec Ay, m € A. (22)

Condition (bg) and (b3) in Definition 3.2 implies that (Aj; p, ) is a representation of the
pre-Lie algebra (Ap,-). Furthermore, Condition (c) exactly means that [3 is a 3-cocycle
on Ay with values in A;. Summarize the discussion above, we have

4.1. THEOREM. There is a one-to-one correspondence between skeletal pre-Lie 2-algebras
and triples ((Ao, ), (A1; p, 1), 1l3), where (Ag,-) is a pre-Lie algebra, (Ay;p, ) is a repre-
sentation of (A, -), and l3 is a 3-cocycle on (A, ) with values in A;.

Recall that a skew-symmetric bilinear form w : A2A — A on a pre-Lie algebra (A4, - 4)
is called invariant if

wu-av—v-gu,w)+wv,u-4w)=0, Yuv,we A (23)

Equivalently, w([u,v]a,w) + w(v,u -4 w) = 0, where [-,]4 is the Lie bracket in the sub-
adjacent Lie algebra of A.

4.2. LEMMA. Let w be a skew-symmetric invariant bilinear form on a pre-Lie algebra
(A,-4). Then we have
w(u -4 v,w) =w(u,w -4 v). (24)

PRrROOF. By (23), we have
w-gw—w-4u,v)+ww,u-4v)=0. (25)
Since w is skew-symmetric, by (23) and (25), we have
—w(w 4 u,v) —w(v -4 u,w) =0,
which implies that w(u -4 v, w) = w(u,w -4 v). =
Define ¢ : A’A® A — R by
o(u,v,w) =w(u -4 v —v-4 u,w). (26)

4.3. PROPOSITION. Let w be a skew-symmetric invariant bilinear form on a pre-Lie al-
gebra (A, -4). Then ¢ defined by (26) is a 3-cocycle on A with values in R, i.e. dp = 0.
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PROOF. For any u, v, w,p € A, by (23) and (24), we have

do(u,v,w,p) = —(v,w,u-4p)+ @u,w,v-4p) —@(u,v,w-4p)
—([u, v]a, w, p) + ([u, w]a, v, p) — p([v, w]a, u, p)
= —w([v,wla,u-ap)+w(u,wla,v-ap) —wu,vla,w-ap)
_w([[ua U]Aa w]A + c.p.,p)
= w(w,v-a(u-ap)) —ww,u-a(v-ap))+ww,|u,v]s-ap)
= w(w,v-a(u-ap) —u-a@-ap)+(u-av)-ap—(v-au) -ap)
= 0’

which finishes the proof. [

4.4. EXAMPLE. Let w be a skew-symmetric invariant bilinear form on a pre-Lie algebra
(A,-4). Consider the graded vector space A = Ay @ A; where Ay = A, A; = R. Define
dIR—>A, -:A,-®Aj—>Az-+j,0§i+j§1,andl3:®A0—>A1 by

d = 0,
UV = U-A,
u-m = m-u=0_0,
l3(u,v,w) = p(u,v,w),

for any u,v,w € A and m € A;. By Proposition 4.3, it is straightforward to verify that
A= (AR, d=0,-13 =) is a pre-Lie 2-algebra. Furthermore, w ia a closed 2-form on
the Lie algebra g(A), i.e.

W([U, U]Au U}) + W([U7 w]z‘h u) + w([w7 U]Aa U) =0,
which implies that l3(u, v, w)+13(v, w, u) +Il3(w, u,v) = 0. Thus, the skeletal Lie 2-algebra
G(A) is strict.

Now we turn to the study on strict pre-Lie 2-algebras. First we introduce the notion
of crossed modules of pre-Lie algebras, which can give rise to crossed modules of Lie
algebras.

4.5. DEFINITION. A crossed module of pre-Lie algebras is defined to be a quadruple
((Ag, 0), (A1,-1),d, (p, i) where (Ag,-0) and (Aq,-1) are pre-Lie algebras, d : Ay — Ag
is a homomorphism of pre-Lie algebras, and (p, ) is an action of (A, o) on Ay such that
for all u € Ay and m,n € Ay, the following equalities are satisfied:

(C1) d(p(wym) = u-odm, d(p(wm) = (dm) -,
(C2) p(dm)n = p(dn)m =m - n.

4.6. EXAMPLE. Let (A, -4) be a pre-Lie algebra and B C A an ideal. Then it is straight-
forward to see that ((A,-), (B, +|s),1, (p, 1)) is a crossed module of pre-Lie algebras, where
i is the inclusion, and (p, ) are given by p(u)v = u-4v, p(u)v = v-4u, forallu € Ajv € B.
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4.7. PROPOSITION. Let ((Ao,-0), (A1,-1),d, (p, ) be a crossed module of pre-Lie alge-
bras. Then we have

plu)(m-1n) = (p(u)m) 1n+m-1p(u)n — (p(u)m) -1 n, (27)
plu(m-n) = p(u)(n - m) +m-y p(u)n —n -y plu)m. (28)
Consequently, there is a pre-Lie algebra structure - on the direct sum Ag ® A1 given by
(u+m)-(v+n)=u-gv+pu)n+pv)m+m-n. (29)
PROOF. Since (p, pt) is an action of Ag on Ay, we have

p(u)p(dm)n = p(u-odm)n — p(dm - u)n + p(dm)p(u)n
= pldp(u)m)n — p(dp(u)m)n + p(dm)p(u)n.

)
The second equality is due to (Cl). By (C2), we obtain (27). (28) can be obtained
similarly. The other conclusion is obvious. [

4.8. THEOREM. There is a one-to-one correspondence between strict pre-Lie 2-algebras
and crossed modules of pre-Lie algebras.

PROOF. Let (Ag, A1,d,-,l3 = 0) be a strict pre-Lie 2-algebra. We construct a crossed
module of pre-Lie algebras as follows. Obviously, (Ay,-) is a pre-Lie algebra. Define a
multiplication -; on A; by

m-n=(dm)-n=m-dn. (30)

Then by Conditions (a;) and (by) in Definition 3.2, we have

(
qa(nap)—(man)ap—na(m-1p)+n-1m)p
= (dm) -((dn) - p) —d((dm) - n) - p = (dn) - ((dm) - p) + d((dn) - m) -1 p
= (dm)-((dn)-p) — ((dm) -dn) -p— (dn) - ((dm) - p) + ((dn) - dm) -1 p = 0,

which implies that (A, 1) is a pre-Lie algebra. Also by Condition (a;), we deduce that d
is a homomorphism between pre-Lie algebras. Define p, i : Ag — gl(A4;) by

pluym =wu-m, plu)ym=m-u. (31)

By Conditions (by) and (bs) in Definition 3.2, it is straightforward to deduce that (p, p)
is an action of (Ay,-) on A;. By Conditions (a;) and (as), we deduce that Condition
(C1) hold. Condition (C2) follows from the definition of -; directly. Thus, the data
((Ao, ), (A1,-1),d, (p, ) constructed above is a crossed module of pre-Lie algebras.

Conversely, a crossed module of pre-Lie algebras ((Ay, ), (A1,-1),d, (p, 1)) gives rise to
a strict pre-Lie 2-algebra (Ao, A1,d, -, I3 = 0), where - : A; ® A; — A;y;, 0<i4+5<1
is given by

u-v=u- v, u-m=plum, m-u=plu)m.

The crossed module conditions give various conditions for a strict pre-Lie 2-algebra. We
omit details. -
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A pre-Lie algebra has its sub-adjacent Lie algebra. Similarly, a crossed module of pre-
Lie algebras has its sub-adjacent crossed module of Lie algebras. Recall that a crossed
module of Lie algebras is a quadruple (b, bo, dt, ¢), where bh; and by are Lie algebras,
dt : h; — by is a Lie algebra homomorphism and ¢ : h — Der(h;) is an action of Lie
algebra by on Lie algebra h; as a derivation, such that

dt((bX(A)) = [X, dt<A)]ho> det(A)(B) = [A7B]f)17 VX € bOaAa B e hl-

4.9. PROPOSITION. Let ((Ag, 0), (A1,-1),d, (p, 1)) be a crossed module of pre-Lie algebras
and g(Ap), g(A1) the corresponding sub-adjacent Lie algebras of (Ao, o), (A1,1) respec-
tively. Then (g(Ao), 9(A1),d, p — 1) is a crossed module of Lie algebras.

PRrROOF. The fact that d is a homomorphism between pre-Lie algebras implies that d is
also a homomorphism between Lie algebras. Since (Ay; p, i) is a representation of (Ao, +0),
(A1; p—p) is a representation of the Lie algebra g(Ap). By (C1), we have d((p—pu)(u)m) =
[u,dmly. By (C2), we have (p — p)(dm)n = [m,n);. Thus, (g(Ao),g(A41),d,p — p) is a
crossed module of Lie algebras. n

5. Categorification of O-operators

Let G = (g0, 01,0, [y, [3) be a Lie 2-algebra and (pg, p1, p2) be a representation of G on a
2-term complex of vector spaces V =V} 4 Vh.

5.1. DEFINITION. A triple (Ty, T1,Ts), where Ty : Vo — g0, 11 : Vi — g1 is a chain
map, and Ty : A2Vy — g1 is a linear map, is called an O-operator on G associated to
the representation (po, p1, p2), if for all u,v,v; € Vo and m € Vi the following conditions
are satisfied:

(i) To(po(Tou)v — po(Tov)u) — b(Tou, Tov) = dTy(u, v);
(i) T3 (ps(Tym)v — po(Tov)m) — (Tym, Tyv) = Ta(dm, v);
(iii)
(To(v1), Ta(va, vs)) + T2 (vs, po(Tovr )va — po(Tova)vr)

‘|—T1 (pl (TQ(UQ, U3))U1 + P2 (ToUg, Tgvg)vl) + C.p. + [3(T0U1, T()UQ, T()Ug) = 0

5.2. EXAMPLE. Let A = (Ag, 4;1,d, -, [3) be a pre-Lie 2-algebra. Then, (Ty = ida,, 71 =
id4,, 75> = 0) is an O-operator on the Lie 2-algebra G(A) associated to the representation
(Lo, L1, L) given in Theorem 3.3.

Define a degree 0 multiplication - : V; @ V; — Vi1;, 0 <i+ 35 <1, on V by

u-v=po(Tow)v, wu-m=po(Tou)m, m-u= p(Tim)u. (32)
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Define I3 : A2V ® Vo — Vi by
I3(v1,v9,v3) = —p1(Ta(vy,v9))vs — pa(Tovy, Tova)vs. (33)
Now, Condition (iii) in Definition 5.1 reads

lo(To(v1), Ta(ve, v3)) + To(vs, vy - Vg — Vg - v1) — T1(I3(v1, v2,v3)) + C.p.
+[3(T0’U1,T0U27T0’U3) = 0. (34)

5.3. THEOREM. Let (po, p1,p2) be a representation of G on V and (Ty, Ty, Tz) an O-
operator on G associated to the representation (po, p1, p2). Then, (Vo,Vi,d, -, 13) is a pre-
Lie 2-algebra, where the multiplication “” and l3 are given by (32) and (33) respectively.

PROOF. By the fact that d o p(x) = p(x) o d for all = € gy, we deduce that
d(u-m) = dpo(Tou)m = po(Tou)dm = u - dm.
By the fact that both (T, T}) and (po, p1) are chain maps, we have
d(m - u) = d(p1(Tim)u) = d(p1(Tim))u = po(0T1m)u = po(Todm)u = (dm) - u.
Similarly, we have
(dm) - n = po(Todm)n = po(0T1m)n = §(p1(Tim))n = p1(Tym)(dn) = m - (dn).
Thus, Conditions (a)-(as) in Definition 3.2 hold. For all u, v, w € Ay, we have

u-(v-w)—(u-v) - w—v-(u-w)+ (v-u) w
= po(Tou)po(Tov)w — po(To(po(Tou)v))w — po(Tov)po(Tou)w + po(To(po(Tov)u))w
= [po(Tou)s polTo0)}w = po( Tolpo(Tou)o) = To(po(Tow)u) Jw

= po(l(Tou, Tov))w — dpa(Tou, Tov)w — po (TO(pO(Tou)v) — To(po(Tov)u))w
= —po(dTs(u,v))w — dpa(Tou, Tov)w

= —dpi1(Ta(u,v))w — dpa(Tou, Tov)w

= diz(u,v,w),

which implies that Condition (b;) in Definition 3.2 holds. Similarly, Conditions (by) and
(b3) also hold.
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The left hand side of Condition (c) is equal to

pO(TOUO)l3(U17 V2, Us) - PO(Tovl)l:a(Uo, V2, US) + ﬂo(Tov2)l3(U07 U1, 713)
+P1(Tll3(211, Vg, Uo))vs - p1(T113(U07 Vg, Ul))vs + ,01(T1l3(110, (%0 U2))U3
+p1(To(v1,v2))(vo - v3) + p2(Tove, Tova) (vo - v3) — p1(Ta(vo, v2))(v1 - v3)

—pa(Tovo, Tove) (vy - vs) + p1(T2(vo, v1))(ve - vs) + p2(Tove, Tovy)(va - v3)
+p1(T2(po(Tovo)v1 — po(Thvr)vo, v2))vs + p2(To(po(Tove)vr — po(Tovi)vo), Tova)vs
—p1(Ta(po(Tove)ve — po(Tove)vo, v1))vs — p2(To(po(Tove)va — Po(ToU2)Uo)a Tov1)vs
+p1(Ta(po(Tovi)v2 — po(Tova)vr, vo))vs + pa(To(po(Tovi)va — po(Lova)v1), Tove)vs
= —po(Tovo) p1(To(v1, v2))vs — po(Tovo)p2(Tovy, Tova)vs
+po(Tovy) p1(Ta(vo, va))vs + po(Tove) p2(Tove, Tove)vs
Po(Tovz)Pl (Tz(Uo, Ul))U:s - Po(Tovz)pz(Toﬂo, Thvy)vs
+p1(T1l3(v1, v, v0))vs — p1(T1ls(vo, v, v1))vs + p1(T1ls(vo, V1, v2))vs
+p1(Ta(v1,v2))po(vo)vs + p2(Tovi, Tovz)po(vo)vs — p1(T2(vo, v2))po(v1)vs
P2(T0U07 TOUQ)PO(Ul)U?) + p1 (Tz(an Ul))PO(UQ)Ui% + PQ(TD’UO, Tovl)PO('U2>U3
+p1(T2(po(Tove)ve — po(Tovi)vo, v2))vs + pa(To(po(Tove)vs — po(Tovi)vo), Tova)vs
Pl(Tz(po(Tovo)Uz ,OO(TOW)UO, Ul))UB - P2(T0(PO(T0U0)U2 - PO(TOU2 Uo) T0U1)713
+p1(To(po(Tov1)ve — po(Tova)vr, vo))vs + p2(To(po(Tove)ve — po(Tova)vr), Tovg)vs
= ( [po(Tovo), p1(Ta(v1, v2))] + C-p->U3 + ( — [po(Tovo), p2(Tovr, Tov)] + ¢ )
+(Pl (Thl3(vg, v1,v2)) + c.p.)v3 + (01T2(Uo -V — V1 - U, V2) + c.p.)vg

+<P2(T0(Uo - vy — U1 - V), Tova) + c.p.>v3

= ( — p1la(Tove, Ta(vy,v9)) + pa(Tove, dTo(vy,v9)) + c.p.)vg
+< — [po(Towo), pa(Tovr, Tova)] + C-p-)U:s + (Pl(Tds(Uo,m,w)) + C-p->vs
+<P1T2(Uo - U1 — U1 - Vg, V) + C-P-)U3 + (Pz(T0<Uo v — V1 - V), Tove) + c.p.>v3
By Condition (ii) in Definition 5.1, we have
p2(Tovo, dTa(v1, v2))+c.p.+p2(To(vo-vi —v1-vo), Tova) +c.p. = p2(la(Tovo, Tovi), Tova) +c.p..
By the fact that (pg, p1, p2) is a representation, we have

[po(Tovr), p2(Tove, Tovs)] + c.p. — p2(la(Tovr, Tovs), Tovs) + c.p. = p1ls(Tovy, Tove, Tovs).

By (34), we deduce that Condition (c) in Definition 3.2 holds. Thus, (Vo, V4,d,-,l3) is a
pre-Lie 2-algebra. This finishes the proof. [
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5.4. COROLLARY. Let (pg, p1,p2) be a representation of the Lie 2-algebra G on V and
(To, Ty, Ty) be an O-operator on G associated to the representation (po,p1,p2). Then
(To,T1,T3) is a homomorphism from the Lie 2-algebra G(V) to G.

6. Solutions of 2-graded Classical Yang-Baxter Equations

Let G = (g0, 91,0, [5) be a strict Lie 2-algebra and r € go® g1 R g1 ® go and t € g1 ® g;.
Denote by R=7r—(d® 1+ 1®d)r.

6.1. DEFINITION. ([8]) The classical Yang-Bazter equation for R in the semidirect product
Lie algebra go X g1 = (go @ 61, [, ]s) together with (0 ® 1 —1®0)R =0 are called the 2-
graded classical Yang-Baxter Equations (2-graded CYBE) in the strict Lie 2-algebra
G, where [-,-]s is the semidirect product Lie algebra structure given by (2).

More precisely, the 2-graded CYBE reads:
(a) R is skew-symmetric,
(b) [Riz, Rasls + [Ris, Rasls + [Ri2, Rasls = 0,
(c) P®1—-1®0)r=0.
For R =3 a; ®b;,

Rip=Ya;®b®1; R3=) 0®10b; Ru=) 10aeb. (35)

Let (po, p1) be a strict representation of the Lie 2-algebra G = (go, g1, 9, [2) on the 2-term
complex of vector space V : V; 4 Vo. We view pg @ p; a linear map from gy @ g1 to
gl(Vo & V4) by

(00 @ 1)+ @)+ 1) = pof) () + pof)m -+ () (30)

By straightforward computations, we have

6.2. LEMMA. With the above notations, po@p1 : goP g1 — gl(Vo®V1) is a representation
of (g0 ® 91, [,-]s) on Vo ® V1. Furthermore, (To,T1) is an O-operator on G associated to
the representation (po, p1) if and only if

(a) To+ Ty : Vo ® Vi — g0 @ g1 is an O-operator on the Lie algebra (go @ g1, [+, ]s)
associated to the representation py & p1,

(b) TOOdZDOTl.

Let (p§, pt) be the dual representation of (pg, p1). Then we have the semidirect product
Lie 2-algebra G=¢ X (pz p1) V*, where GO =goDd V[, G, = g1 @V, and 0=0&d* Itis
obvious that

To+TieVi@go@d Vi @g € (G ®G) @ (Go®G),

where Ty and Ty are given by (6).
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6.3. THEOREM. Let (pg, p1) be a strict representation of the Lie 2-algebra G = (g, 91,0, 2)
on the 2-term complex of vector space V : V d, Vo, and Ty : Vo — g0, 11 : Vi — g1
linear maps. Then, (Ty,T1) is an O-operator on the Lie 2-algebra G associated to the
representation (po, p1) if and only if Ty + Ty — o(Ty + T1) is a solution of the 2-graded
CYBE in the semidirect product Lie 2-algebra G.

PROOF. It is obvious that (py @ p1)* = p5 @ pi : g0 ® g1 — gl(V* @ V). By Lemma
6.2 and Theorem 2.9, (Ty,77) is an O-operator on the Lie 2-algebra G if and only if
To + Ty — o(Ty + T1) is a solution of the CYBE in the semidirect product Lie algebra
(90 X g1) Xpeampr (Vi @ V), and Ty od = 9 o T;. Note that the semidirect product Lie
algebra (go X g1) X yzapr (Vi" @ VYY) is exactly the same as the semidirect product Lie algebra
Go X Gi. Furthermore, Ty od = 0o T} if and only if @ ® 1 —1®0)(Ty + T1) = 0. Thus,
(To,T1) is an O-operator on the Lie 2-algebra G associated to the representation (pg, p1)
if and only if Ty + Ty — (T + T1) is a solution of the 2-graded CYBE in the semidirect
product Lie 2-algebra G. m

Let A = (Ao, A1,d,-) be a strict pre-Lie 2-algebra. Then, G(A) = (Ag, A1,d, 1) is a
strict Lie 2-algebra, where [ is given by (8) and (9). Furthermore, (Lo, L) is a strict

representation of the Lie 2-algebra G(A) on the complex of vector spaces A; 4, A,
where Lo, L; are given by (11) and (12) respectively. Let {e;}1<i<x and {e¢;}1<j<; be the
basis of Ay and A; respectively, and denote by {e; }1<i<x and {¢}}1<j<; the dual basis.

6.4. THEOREM. With the above notations,
k I
R=Y (e;®ef—e;®e)+ Y (¢, 0¢f —ef Q) (37)
i=1 j=1
is a solution of the 2-graded CYBE in the strict Lie 2-algebra G(A) X (rs s A"

PROOF. It is obvious that (Ty = ida,, 71 = ida,) is an O-operator on G(A) associated to
the representation (Lg, L;). By Theorem 6.3,

k !
To+Ti—o(M+T) =) (e®e; —¢;@e) + ) (¢; ¢ —¢; D)
=1 =1
is a solution of the 2-graded CYBE in the strict Lie 2-algebra G(A) x ;) A*. n

At the end of this section, we consider the construction of strict Lie 2-bialgebras in [8,
Proposition 4.4]. In fact, there are pre-Lie 2-algebras behind the construction.

Let (A,-4) be a pre-Lie algebra. Then (A; L, R) is a representation of (A,-4). Fur-
thermore, (A*; L* — R*, — R*) is also a representation of (A,-4). Let Ay = A and A; = A*.
Define a multiplication - : A, ® A; — A;4;, 0 <i+4j <1, by

T-Yy==T-4Y, xfzad;fa 515:—3;57 vxayeAvgeA* (38>
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On the other hand, consider its sub-adjacent Lie algebra g(A). Define a skew-symmetric
operation [y : A, NA; — Ay, 0<i+4+ 35 <1, by

Lz,y) =[r,yla=z-2y—y-az, b =—-LEx) =L (39)

6.5. PROPOSITION. Let (A,-4) be a pre-Lie algebra, and d : A* — A a linear map. If
(A, A*,d, ") is a pre-Lie 2-algebra, then (g(A), A*,d, ) is a Lie 2-algebra, where - and |y
are given by (38) and (39) respectively.

Conversely, if (g(A), A*,d, ) is a Lie 2-algebra, in which d : A* — A is skew-
symmetric, then (A, A*,d,-) is a pre-Lie 2-algebra.

PRrOOF. If (A, A*,d,-) is a pre-Lie 2-algebra, then we have
d<ad;7’/) =T dna d(_Rzé) = (df) Y, adz{n = _R:Iné.a Vﬁ»y € Aa gu ne AT
Therefore, we have

dio(z,n) = dLn=adin+ Ry =z -dn—(dn) -z = L(z,dn),

lo(d¢,m) = LZH) = adj;g"? + Régn = ad:m'f? - adfiné = (£, dn).
Since L* is a representation of the Lie algebra g(A) on A*, it is obvious that the other
conditions in the definition of a Lie 2-algebra are also satisfied. Thus, (g(A), A*,d, [5) is

a Lie 2-algebra.
Conversely, if (g(A), A*,d, ) is a Lie 2-algebra, we have

d[Q(J:a 77) = [2(1', d77)7 [2(d€> 77) = [2(€a dn)a
which implies that
dL;n = Lydn — R,dn, Lin = —L,¢.

If d is skew-symmetric, then we can obtain

(dRin. &) = (Rn, —d&) = (n, R.dg)
= (0, Ld§ — dL3E) = (dLgn — Ladn, §)
= (—R.dn,¢),
which implies that
d(n-z) = (dn) - =. (40)
Furthermore, we have
d(adyn) = d(Lzn — Rin) = Ledn,

which implies that
d(x-n) =z -dn. (41)
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Also by the fact that d is skew-symmetric, we have

(adgen, =) = (1, Lyd§ — R,d€) = (dLyn — ARy, €)
= <Rd77‘r7 €> = <I7 _R3n€>7

which implies that adg.n = —Rj, &, i.e.

(d§) - =& (dn). (42)

By (40)-(42), we deduce that Conditions (a1)-(as) in Definition 3.2 hold. It is obvious
that the other conditions also hold. Thus, (A, A*,d,-) is a pre-Lie 2-algebra. [

By Proposition 6.5 and Proposition 4.4 in [8], we have

6.6. COROLLARY. Let (A, A*,d,-) be a pre-Lie 2-algebra, where - is given by (38) and d
is skew-symmetric. Then r given by (7) is a solution of the 2-graded CYBE in the strict
Lie 2-algebra (g(A), A*,d, L), where Iy is given by (39).
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