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Abstract

We introduce the notion of an anti-dendriform algebra as a new approach of splitting
the associativity. It is characterized as the algebra with two multiplications giving their
left and right multiplication operators, respectively, such that the opposites of these
operators define a bimodule structure on the sum of these two multiplications, which
is associative. This justifies the terminology due to a closely analogous characteriza-
tion of a dendriform algebra. The notions of anti-O-operators and anti-Rota—Baxter
operators on associative algebras are introduced to interpret anti-dendriform algebras.
In particular, there are compatible anti-dendriform algebra structures on associative
algebras with nondegenerate commutative Connes cocycles. There is an important
observation that there are correspondences between certain subclasses of dendriform
and anti-dendriform algebras in terms of g-algebras. As a direct consequence, we give
the notion of Novikov-type dendriform algebras as an analogue of Novikov algebras
for dendriform algebras, whose relationship with Novikov algebras is consistent with
the one between dendriform and pre-Lie algebras. Finally, we extend to provide a gen-
eral framework of introducing the notions of analogues of anti-dendriform algebras,
which interprets a new splitting of operations.
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1 Introduction

The aim of this paper is to introduce the notion of anti-dendriform algebras illustrat-
ing a new splitting of operations and study the relationships between them and the
related structures such as anti-O-operators, commutative Connes cocycles on associa-
tive algebras, dendriform algebras and Novikov algebras.

Recall that a dendriform algebra is a vector space A over a field F with two binary
operations >, < satisfying

x> =&-y) >z, @<y)<z=x<((-2),
(x>y)<z=x>(y=<2), ()

where
X-y=x>y+x=<y, 2)

for all x, y,z € A. The notion of dendriform algebras was introduced by Loday in
the study of algebraic K-theory [28]. They appear in a lot of fields in mathematics
and physics, such as arithmetic [29], combinatorics [32], Hopf algebras [13, 23, 24,
31, 34], homology [18, 19], operads [30], Lie and Leibniz algebras [19] and quantum
field theory [17]. The fact that the sum of the two binary operations in a dendriform
algebra (A, >, <) gives an associative algebra (A, -) expresses a kind of “splitting the
associativity.” Moreover, dendriform algebras are closely related to pre-Lie algebras
which are a class of Lie-admissible algebras whose commutators are Lie algebras, also
appearing in many fields in mathematics and physics (see [3, 11] and the references
therein), in the sense that for a dendriform algebra (A, >, <), the binary operation

Xky=x>y—y=<x, Vx,y€A, 3)

defines a pre-Lie algebra (A, %), which is called the associated pre-Lie algebra of
(A, >, <). Therefore, there is the following relationship among Lie algebras, associa-
tive algebras, pre-Lie algebras and dendriform algebras in the sense of commutative
diagram of categories [12]:
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dendriform algebras — pre-Lie algebras

\ - “)

associative algebras — Lie algebras

On the other hand, there is an “anti-structure” for pre-Lie algebras, namely anti-pre-
Lie algebras, introduced in [27], which are characterized as the Lie-admissible algebras
whose negative left multiplication operators give representations of the commutator
Lie algebras, justifying the terminology since pre-Lie algebras are the Lie-admissible
algebras whose left multiplication operators give representations of the commutator
Lie algebras.

We give a new approach of splitting operations, motivated by the study of anti-pre-
Lie algebras. We introduce the notion of anti-dendriform algebras, still keeping the
property of having two multiplications splitting the associativity, but it is the oppo-
sites of the left and right multiplication operators defined by the two multiplications,
respectively, that compose the bimodules over the sum associative algebras, instead of
the left and right multiplication operators for dendriform algebras. Such a character-
ization justifies the terminology, and moreover, the following commutative diagram
holds, which is the diagram (4) with replacing dendriform and pre-Lie algebras by
anti-dendriform and anti-pre-Lie algebras, respectively.

anti-dendriform algebras — anti-pre-Lie algebras

! ! 5)

associative algebras —> Lie algebras

As O-operators and Rota—Baxter operators on associative algebras interpreting
dendriform algebras [6], we introduce the notions of anti-O-operators and anti-Rota—
Baxter operators on associative algebras to interpret anti-dendriform algebras. In
particular, there are compatible anti-dendriform algebra structures on associative alge-
bras with nondegenerate commutative Connes cocycles.

In [27], there is an important observation that there is a correspondence between
Novikov algebras as a subclass of pre-Lie algebras and admissible Novikov algebras
as a subclass of anti-pre-Lie algebras in terms of g-algebras (g is in the base field
F, see [15]). That is, the 2-algebra over a Novikov algebra is an admissible Novikov
algebra, whereas the —2-algebra over an admissible Novikov algebra is a Novikov
algebra. We also find that there is a similar correspondence between some subclasses
of dendriform algebras and anti-dendriform algebras in terms of g-algebras. Note that
such a correspondence is available for any g # 0, 1, not for only a special value
of g in [27], which in fact corresponds to ¢ = —2 in this paper. We also extend the
correspondence between the subclasses of pre-Lie algebras and anti-pre-Lie algebras
for these gs and in particular, for a fixed g # 0, &1, the relationship between the
corresponding subclasses of dendriform algebras and pre-Lie algebras as well as anti-
dendriform algebras and anti-pre-Lie algebras is still kept as the one given by Eq. (3).

Moreover, there is an interesting by-product. As a subclass of pre-Lie algebras,
Novikov algebras were introduced in connection with Hamiltonian operators in the
formal variational calculus [20] and Poisson brackets of hydrodynamic type [8]. On the
other hand, the notion of successors was introduced to interpret the splitting of oper-
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ations in terms of operads in [4]. In this sense, both pre-Lie algebras and dendriform
algebras are examples of splitting operations and their operads are the successors
of the operads of Lie and associative algebras, respectively. So it is natural to ask
whether and how one can give a reasonable notion of analogues of Novikov alge-
bras for the successors’ algebras, in particular, for dendriform algebras? In fact, the
above approach answers this problem. Due to the introduction of the notion of anti-
dendriform algebras and the above correspondence, one might introduce the notion
of Novikov-type dendriform algebras as the aforementioned subclass of dendriform
algebras for ¢ = —2. The speciality of ¢ = —2 also can be seen from the identity
involving g (Proposition 3.4). Moreover, it is consistent with the diagram (4) in the
following sense:

Novikov-type dendriform algebras — Novikov algebras

\ \ (6)

associative algebras —  Liealgebras

We would like to point out that this “rule” of constructing analogues of Novikov
algebras for dendriform algebras is due to the introduction of the notion of anti-
dendriform algebras and hence it is regarded as an application of the latter.

The paper is organized as follows. In Section 2, we introduce the notion of anti-
dendriform algebras as a new approach of splitting the associativity. The notions
of anti-O-operators and anti-Rota—Baxter operators on associative algebras are
introduced to interpret anti-dendriform algebras. The relationships between anti-
dendriform algebras and commutative Connes cocycles on associative algebras are
given. In Section 3, we investigate the correspondences of some subclasses of dendri-
form algebras and anti-dendriform algebras as well as pre-Lie algebras and anti-pre-Lie
algebras in terms of g-algebras. The relationships among these subclasses are given.
In particular, in the case that ¢ = —2, we introduce the notions of Novikov-type
dendriform algebras and admissible Novikov-type dendriform algebras with their cor-
respondences. In Section 4, we provide a general framework of introducing the notions
of analogues of anti-dendriform algebras to interpret a new splitting of operations.
They are characterized in terms of double spaces, where a double space of an algebra
A refers to the direct sum A @ A of the underlying vector spaces of A.

Throughout this paper, all vector spaces are assumed to be finite-dimensional over
a field I of characteristic 0, although many results are still available in the infinite-
dimensional case. All operations are assumed to be binary.

2 Anti-dendriform algebras

We introduce the notion of anti-dendriform algebras as a new approach of splitting the
associativity, characterized as the associative admissible algebras in which the oppo-
sites of the left and right multiplication operators defined, respectively, by the two
operations compose the bimodules over the associated associative algebras. We intro-
duce the notions of anti-O-operators and anti-Rota—Baxter operators on associative
algebras to interpret anti-dendriform algebras. There is a compatible anti-dendriform
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algebra structure on an associative algebra if and only if there exists an invert-
ible anti-O-operator of the associative algebra. In particular, there are compatible
anti-dendriform algebra structures on associative algebras with nondegenerate com-
mutative Connes cocycles.

2.1 Anti-dendriform algebras
Definition 2.1 Let A be a vector space with two binary operations
>IAQA— A, <IARA— A.
Define a binary operation - as
x-y=xD>y+x<y, Vx,yeA. @)

The triple (A, >, <) is called an associative admissible algebra if (A, -) is an asso-
ciative algebra. In this case, (A, -) is called the associated associative algebra of
(A, >, Q).

Remark 2.2 The triple (A, I>, <) is an associative admissible algebra if and only if the
following equation holds:

xpy)z+x<dy)>z+ x>y <z+ X Qy) <z
=x>(>)+x> (<L) +xA(Y>)+x<(y<Qz), Vx,y,z€A. (8)

It is known [28] that dendriform algebras are associative admissible algebras.

Let (A, -) be an associative algebra. Recall that a bimodule over (A, -) is a triple
(V, 1, r) consisting of a vector space V and linear maps /,r : A — Endp(V) such
that

[(x-y)o=1x)AYv), rix-yv=r(yrxv), [x)rKv)=ry)lx)v),
Vx,ye A,veV.

In particular, (A, L., R.) is a bimodule over (A4, -), where L., R. : A — Endp(A) are
two linear maps defined by L.(x)(y) = R.(y)(x) = x-yforall x, y € A, respectively.

Let (A, >, <) be an associative admissible algebra. Define two linear maps
Ly, R4 : A — Endp(A), respectively, by

Le(x)()=x>y, Rqx)(y)=y<x, Vx,yeA.
Proposition 2.3 Let A be a vector space with two binary operations > and <. Define

a binary operation - by Eq. (7). Then for any nonzero A € F, the following conditions
are equivalent.

(1) (A, ") is an associative algebra and (A, A\L>, AR4) is a bimodule over (A, -).
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(2) (A, ") is an associative algebra and for all x,y,z € A, the following equations
hold:

M>>)=- N>z, Mx<y)<z=x<(y-2),
x>y <z=x>(y <2). ©)]

(3) Eq. (9) and the following equation hold:
A=—Dx>Orz)=G—-DKxQy)<z, Vx,y,z€A. (10)
Proof (1) <= (2). Let x, y, z € A. Then, we have

A ()AL (3)2) = ALp)(x - y)(2) <= x> (Y P>2)=(x-y) >z,
ARG(V(AR4(x¥)2) = ARD(x - ¥)(2) = Az <x)dy=2z<(x-Yy),
AL)(X)AR4(2) = ARq(Y)(ALp(X)2) = x> (2 <dy)=&>2) <y.

Hence, Item (1) holds if and only if Item (2) holds.

(2) <= (3). Suppose that Eq. (9) holds. Then, it is straightforward to show that
Eq. (8) holds if and only if Eq. (10) holds. Hence, Item (2) holds if and only if Item (3)
holds. O

Note that in the case that A = 1, it is particular that Eq. (10) holds automatically
and at this time, (A, >, <) is exactly a dendriform algebra. On the other hand, for the
case that A = —1, we give the following notion.

Definition 2.4 Let A be a vector space with two binary operations t> and <. The triple
(A, >, <) is called an anti-dendriform algebra if the following equations hold:

x> =—@-N>z=—2x<(y-2)=x<y) dz (1D
x>y)<z=x>(y<2z), Vx,y,Z €A, (12)

where the binary operation - is defined by Eq. (7).

Corollary 2.5 Let A be a vector space with two binary operations > and <. Define a
binary operation - by Eq. (7). Then, the following conditions are equivalent.

(1) (A, >, <) is an anti-dendriform algebra.
(2) (A, ") is an associative algebra and for all x,y,z € A, the following equations
hold:

x> =—@-y)>z, xLy)<z=—x<(y-2),
x>y)<dz=x> (y <2). (13)

(3) (A, ") is an associative algebra and (A, —L, —R4) is a bimodule over (A, -).

Proof 1t follows from Proposition 2.3 in the case that A = —1. Note that in this case,
Eq. (11) holds if and only if Eq. (10) and the first two equations in Eq. (13) hold. O
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Remark 2.6 As Proposition 2.3 shows, a dendriform algebra (A, >, <) corresponding
to the case that A = 1 is an associative admissible algebra such that (A, L., R<) is a
bimodule over the associated associative algebra (A, -) (also see [2]). Therefore, the
notion of anti-dendriform algebras is justified due to the equivalent characterization (3)
above. Note that Proposition 2.3 also explains why the case that . = —1 corresponding
to an anti-dendriform algebra needs an extra equality.

Definition 2.7 Let (A, >, <) be an anti-dendriform algebra. Define a binary operation
- by Eq. (7). Then, the resulting associative algebra (A, -) is called the associated
associative algebra of (A, >, <1). On the other hand, (A, >, <) is called a compatible
anti-dendriform algebra structure on (A, -).

Suppose that (A, -) is an associative algebra. Let V be a vector space and /, r :
A — Endp(V) be linear maps. Then, (V, 1, r) is a bimodule over (A, -) if and only
if there is an associative algebra structure on the direct sum A @ V of vector spaces
with the following binary operation, still denoted by -:

x,u)-(y,v) =& -y, Ix)v+r()u), Vx,ye A,u,veV.

We denote this associative algebra by A x; , V.

Corollary 2.8 Let A be a vector space with two binary operations >, <: AQ A — A.

Then, on the direct sum A := A @ A of vector spaces, the following binary operation
x,a)-(y,bh)=x>y+xqy,—x>b—a<y), Vx,y,a,be A, (14)

makes an associative algebra (A, -) if and only if (A, >, <) is an anti-dendriform

algebra.

Proof 1t is clear that (A, -) is an associative algebra if and only if (A, >, <) is an
associative admissible algebra, and (A, — L, —R4) is abimodule over the associated
associative algebra, which is equivalent to the fact that (A, >, <) is an anti-dendriform
algebra by Corollary 2.5. O

Example 2.9 Let (A, >, <) be a 1-dimensional anti-dendriform algebra with a basis
{e}. Assume that

e>e=ae, e<e=Ppe,
where «, 8 € F. Then by Eq. (11), we have
o’e = (—Ol2 —af)e = (—ﬂ2 —af)e = ,326.

Hence, « = g = 0; that is, any 1-dimensional anti-dendriform algebra is trivial.

Let A be a vector space with a binary operation o : A ® A — A. Then, (A, o) is
called a Lie-admissible algebra, if the binary operation [, ] : A ® A — A defined
by

[x,y]=xoy—yox, Vx,y€A, (15)
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makes (A, [, ]) a Lie algebra. In this case, (A, [, ]) is called the sub-adjacent Lie
algebra of (A, o) and denoted by (g(A), [, ]). Obviously, an associative algebra is a
Lie-admissible algebra.

An anti-pre-Lie algebra [27] is a vector space A with a binary operation o satisfying

xo(yoz)—yo(xoz)=[y,x]oz, (16)
[x,yloz+[y,zlox +[z,x]oy=0, Vx,y,z€A, (17)

where the binary operation [, ] is defined by Eq. (15). Equivalently, an anti-pre-Lie
algebra (A, o) is a Lie-admissible algebra satisfying Eq. (16).

Proposition 2.10 Let (A, >, <) be an anti-dendriform algebra.

(1) The binary operationo : A ® A — A given by
xoy=xD>y—y<x, Vx,y €A, (18)

defines an anti-pre-Lie algebra, called the associated anti-pre-Lie algebra of
(A, >, ).

(2) Let (A, -) be the associated associative algebra of (A, >, <), where the binary
operation - is defined by Eq. (7). Then, both (A, -) and (A, o) have the same
sub-adjacent Lie algebra (g(A), [, 1) defined by

[x,y]=xD>y+x<y—yD>x—y<x, Vx,yeA. (19)
Proof (1). Let x, y, z € A. Then, we have

xo(oz)=xD(OYD>z—z<dy)—(y>z—2z<y)<dx
=xD> (D> —x>Edy)—(OP>2)<dx+ <y <x,
(Yox)oz=0QDbx—x<dy)>z—z<(>x—x<Yy)
=)D z—(x<Ay)>z—z<OD>X)+zq(x <Yy).

By swapping x and y, we have

yo(xoz)=y> (x> 2)—y>E<x)—(x>2)<dy+(z<x) <Yy,
(xoyoz=(xDyY)>z—(Q<dx)>z—z<Ax >y +z<(y<x).

Using Eqgs. (11) and (12), we obtain

xo(yoz)—yo(xoz)=x> D>+ Eqy)dx—y> x>z —(z<x)dy
=0 x+y<x)bz—@D>y+xy) >z
-z px+y<x)+zx>y+xy)
=(yox)oz—(xoy)oz=[y,x]oz.
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Moreover, we have
Xoy—yox=xDy—y<dx—ybx+xJdy=x-y—y-x, Vx,ye€A.

Thus, (A, o) is a Lie-admissible algebra and hence an anti-pre-Lie algebra.
(2). It is straightforward. Note that it also appears in the proof of Item (1). O

As a direct consequence, we have the following conclusion.
Corollary 2.11 The commutative diagram (5) holds.

Recall that an associative algebra (A, -) is 2-nilpotentif (x - y)-z=x-(y-z2) =0
for all x, y, z € A. Furthermore, two binary operations [>, <l on a vector space A are
called colinear if there exists A € F such that >= A < or <= A >. Obviously, any
binary operation and the zero operation are colinear.

Proposition 2.12 Let A be a vector space with two binary operations >, <: AQ A —
A. Define a binary operation - by Eq. (7). Suppose >, <l are colinear and ># — <.
Then, (A, >, <) is an anti-dendriform algebra if and only if (A, -) is a 2-nilpotent
associative algebra. In particular, if (A, -) is a 2-nilpotent associative algebra, then
(A, >, <) with>= -, <= 0 or >= 0, <= - is a compatible anti-dendriform algebra.
And conversely, if (A, >, <) with <<= 0 or >= 0 is an anti-dendriform algebra, then
the associated associative algebra (A, -) is 2-nilpotent.

Proof By the assumption without loss of generality, we suppose that >= A <1, where
A eFand X # —1. Then, - = (A + 1) <. If (A, >, <) is an anti-dendriform algebra
and assume that (A, -) is not a 2-nilpotent associative algebra, then by Eq. (11), we
get

M=-2r+Dh)=-0+D=1

However, obviously there does not exist a & € I satisfying the above equations, which
is a contradiction. So (A, -) is a 2-nilpotent associative algebra. Conversely, suppose
that (A, -) is a 2-nilpotent associative algebra. Since <= %H -and >= A <= o1
all products for <1 and > involving three elements such as (x > y) > z and x <
(y > z) are zero. Hence, (A, I>, <) is an anti-dendriform algebra. The remaining
conclusions follow immediately from the special case that any binary operation and

the zero operation are colinear. O

Remark 2.13 Suppose that >= — <. Then, (A, -) is trivial in the sense that all products
are zero, which is a 2-nilpotent associative algebra automatically. On the other hand, in
this case, (A, I>, <) is an anti-dendriform algebra if and only if (A, >) is a 2-nilpotent
associative algebra.

Proposition 2.14 Let (A, ) be an associative algebra with a nonzero idempotent e,
that is, e - e = e. Then, there does not exist a compatible anti-dendriform algebra
structure on (A, -).
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Proof Assume that (A, >, <) is a compatible anti-dendriform algebra structure on
(A, ). Then by Eq. (11) for e, e, e, we have

e>e=(e-e)>be=e<(e-e)=ee.

On the other hand, note thate = e¢-¢e =e¢> e+ e <le.Hence,e > e =¢ < e = %e.
Then by Eq. (11) for e, e, e again, we have

1 1
—e=eD>(e>e)=—(e-e)>e=——e¢, (20)
4 2

which is a contradiction. Hence, the conclusion holds. |

It is known that any finite-dimensional associative algebra without a nonzero idem-
potent element is nilpotent. Therefore, we have the following conclusion.

Corollary 2.15 The associated associative algebra of any finite-dimensional anti-
dendriform algebra is nilpotent.

Suppose that (A, -) is a 2-dimensional nilpotent associative algebra over the field
C of complex numbers with a basis {e, ez}. Then, it is known (for example, see [7]
or [10]) that (A, -) is isomorphic to one of the following two cases (only nonzero
products are given):

(A1) (A, ") is trivial, that is, all products are zero;
(A2) ey -e1 =es.

Obviously, both of them are 2-nilpotent associative algebras.
Proposition 2.16 Let (A, -) be a 2-dimensional nilpotent associative algebra over C
with a basis {e1, e3}.

(I) If (A, ) is (A1), then any compatible anti-dendriform algebra (A, >, <) on (A, -)
is one of the following two cases up to isomorphism (only nonzero products are

given):
(A (A, >, <) is trivial;
(Al)y ej > ej = e, e] e = —en.

(1) If (A, -) is (A2), then any compatible anti-dendriform algebra (A, >, <) on (A, -)
is one of the following two cases up to isomorphism (only nonzero products are
given):

(A2)1 e1 el =en;
(A2)25 e1 > el =ea, €] ey = Aey, where . € Cwith A # —1.

Consequently, any 2-dimensional complex anti-dendriform algebra (A, 1>, <) is iso-
morphic to one of the following mutually non-isomorphic cases (only nonzero products
are given):

(B1) (A, 1>, <) is trivial;

@ Springer



Journal of Algebraic Combinatorics (2024) 59:661-696 671

(B2) e ey =ep;
(B3), e1 > el =ep, e; <ey = Aey, where ) € C.

Obviously, these anti-dendriform algebras are “2-nilpotent” in the sense that all prod-
ucts involving three elements such as (x > y) > z and x < (y > z) are zero.
Moreover, for any 2-dimensional complex anti-dendriform algebra (A, 1>, <), the two
binary operations > and < are colinear.

Proof Assume that (A, >, <) is a compatible anti-dendriform algebra structure on
(A, -). Set

e >e; =ajje1 + Pijes, a;j, Bij €C, 1<i,j=<2.
(D If (A, -)is (A1), then it is clear that
e Jej=—ajjer — Pijer, 1 <i,j<2.

Next, we consider the following three cases.

Case (1) agp = 0. Then, Ce; is an 1-dimensional subalgebra of (A, >, <1). By
Example 2.9, we have By, = 0. By Eq. (11) for eq, €2, €2 and e3, €2, ey,
respectively, we have

aber + annfiaer = a3 e1 + a1 frres = 0.
Thus, a12 = ap1 = 0. By Eq. (11) for e1, e1, e2 and e3, e, €1, respectively,

we have 812 = B>1 = 0. By Eq. (11) for ey, €1, €1, we have a1 = 0.
Case (2) B11 = 0. Then by the linear transformation e; — e>, e2 — e, we get Case

(1).
Case (3) B11 # 0, a22 # 0. By Eq. (12) for ey, e1, e2, we have

2
a2 + i = ajjarz + Praaiz, a11Piz + PP = afii + Bi,.

Hence, o120 # 0, 12 # 0. By Eq. (11) for e1, ey, e1 and ey, ez, e2, respec-
tively, we have

al + Briarn = afy + Briaar = Bri(anr + Bi2) = Bii(arr + Bar) = 0,
(21 + B)ann = (@12 + Bn)an = fran + 3, = anfia + B2 = 0.

Therefore, we have

i o)
app = =—Pn=—7—#0, fin= P =—an, an=_-.
B B
Hence by a straightforward computation, we have
a1 a1 o1 o1
(m—e1+te)>(—er+e)=(_—e+e)I(_—e +e)=0.
B B Bii Bii
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Thus by the linear transformation e; — e, ex — %el + e, we get Case
(1.

Obviously, (A, >, <1) with the nonzero products given by
e1>ep =yery, e <lel =—yer, vy eC,
is an anti-dendriform algebra, corresponding to the above Case (1) with 811 = y.
Furthermore, it is straightforward to show that if y = 0, then (A, >, <) is isomorphic
to (A1)y; otherwise, (A, I>, <) is isomorphic to (A1),.
(D If (A, -) is (A2), then we have

el <ep = —ajie; — (B — De2, e) < ey = —ape; — Pr2ea,
er dep = —mre) — Prrer, er < ey = —axne — Prner.

Next, we consider the following two cases.

Case (1) agp = 0. Then by a similar discussion as for Case (1) of (I), we have
o = o = o1 = P2 = Par = 2 = 0.
Case (2) a2 # 0. By Eq. (11) for ez, e3, €2, we have
B3, + a1 = B + Braan = axn(aa + Br) = an(an + B) = 0.
Thus, we have
B3 +anpr =0, an = =—Fn. P =P
By Eq. (11) for ey, e1, €1, we have
a1 = —ai2, P = —Pia.
Therefore, we have
a2 = o1 = P2 = P21 = P22 =0. (21)
Hence by Eq. (11) for e1, e1, e2, we have
—e1 > (e1 > e) = (e1 > ey + e Jep) > ex =ane; + Puner =0.

Thus, oy = 0, which is a contradiction.

Obviously, (A, >, <1) with the nonzero products given by
e >ep=yery, e1<le;=(1—yp)ey, yeC,
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is an anti-dendriform algebra, corresponding to the above Case (1) with g1 = y.
Furthermore, it is straightforward to show that these anti-dendriform algebras are
classified up to isomorphism into the cases (A2); and (A2); ;. More explicitly, if
y = 0, then (A, >, <) is isomorphic to (A2)1; otherwise, (A, I>, <) is isomorphic to
(A2), Ly

The rest of the proof follows straightforwardly. O

Example 2.17 Let (A,-) be the 3-dimensional associative algebra with a basis
{e1, e2, €3} whose nonzero products are given by

e|1-ey1 =ep, e)-ep=¢ey-€e;p =e;3.

By a straightforward computation, (A, I>, <) is a compatible anti-dendriform algebra
structure on (A, -) with the following nonzero products:

1 1

el >e = 562 +vye3, e1 e = 562 —yes,

ei1>ey=e el =2e, ex>e =e ey = —e;3.
for any y € F. Note that (A, I>, <) is not “2-nilpotent” since (e > e1) <l e] = e3.
2.2 Anti-O-operators and anti-Rota-Baxter operators
Definition 2.18 Let (A, -) be an associative algebra and (V, [, r) be a bimodule. A
linearmap T : V — Aiscalled an anti-O-operator of (A, -) associated with (V, [, r)
if the following equation holds:

T(u) T =TT w)v+rT@)u), Yu,veV. (22)

Furthermore, T is called strong if

I(Tw) - Tw)w =r(T)- -Tw))u, Vu,v,weV. (23)

In particular, an anti-O-operator T of (A, -) associated with the bimodule (A, L., R.)
is called an anti-Rota—Baxter operator; thatis, 7 : A — A isalinear map satisfying

T(x)-T(y)=—T(T(x)-y+x-T(y)), Vx,y € A. (24)
An anti-Rota—Baxter operator 7 is called strong if T satisfies
Tx)-T(y)-z=x-T(y) -T(), Vx,y,z€A. (25)

In these cases, we also call (A, T') an anti-Rota-Baxter algebra and a strong anti-
Rota-Baxter algebra, respectively.
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Remark 2.19 Let (A, -) be an associative algebra and (V, [, r) be a bimodule. Recall
that a linear map 7 : V — A is called an O-operator of (A, -) associated with the
bimodule (V, [, r) if T satisfies

T(u) T@) =TT w)v+rT)Hu), Yu,veV.

In particular, an O-operator T of (A, -) associated with the bimodule (A, L., R.) is
called a Rota-Baxter operator (of weight zero); thatis, 7 : A — A is a linear map
satisfying

Tx)-T@) = T(T(x) “y+x- T(y)), Vx,y € A.

Rota—-Baxter operators were introduced by G. Baxter to solve an analytic formula
in probability [9] and then appeared in many areas in mathematics and physics [22,
35]. The notion of O-operators was introduced in [5] (also appeared independently
in [36] as a natural generalization of Rota—Baxter operators, which correspond to the
solutions of associative Yang—Baxter equations in (A, -) under certain conditions. The
notion of anti-O-operators as well as anti-Rota—Baxter operators is justified due to the
comparison between them. Furthermore, it will be interesting to study the relationships
between certain algebraic equations and anti-dendriform algebras as well as anti-O-
operators, inspired by the relationships between the associative Yang—Baxter equation
and dendriform algebras as well as O-operators.

Proposition 2.20 Let (A, -) be an associative algebra and (V,1,r) be a bimodule.
Suppose that T : V. — A is an anti-O-operator of (A, -) associated with (V,1,r).
Define two binary operations >, < on V, respectively, as

u>v=-I(Tw)v, u<v=—-r(TW)u, Yu,velV. (26)

Then, the following conclusions hold.

(1) Forallu,v,w €V, the following equations hold:

u> v>w=—wU-v)ybw, U<dv)<w=—u<(v-w),
uv)<w=u> (vadw), 27
whereu -v=ul v+u <.

(2) (V,r>, <) is an anti-dendriform algebra if and only if T is strong. In this case,
T is a homomorphism of associative algebras from the associated associative
algebra (V, -) to (A, -). Furthermore, there is an induced anti-dendriform algebra
structure on T(V) = {T (u) |u € V} C A given by

Twy>Tw)=Twurv), Tu)1Tw)=Twm<v), Yu,veV, (28)

and T is a homomorphism of anti-dendriform algebras.
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Proof (1). Letu, v, w € V. Then, we have

—u<d@-w)y==—u<d@>w+v<dw)

= _r (T(l(T(v))w))u — r(T(r(T(w))v))u
=r(T) - Tw))u=rT W) (T w)Hu) = u<v) <w.
Similarly, we have
u> o w =—w-v)>w, W>vV)<w=u>{vw).
Thus, Eq. (27) holds.
(2). From Item (1) and Definition 2.4, (V, >, <1 is an anti-dendriform algebra if

and only if the following equation holds:

l(T(u)~T(v))w =ud>@>w=Ww<v)dw
=r(T(w)-T(w))u, Yu,v,weV;

that is, T is a strong anti-O-operator. The other results follow immediately. O

Corollary 2.21 Let (A, -) be an associative algebra and P be a strong anti-Rota—Baxter
operator. Then, the triple (A, >, <) is an anti-dendriform algebra, where

x>y=—-Px)-y, xy=-—x-P(y), Vx,y € A. 29)

Conversely, if P : A — A is a linear transformation on an associative algebra (A, -)
such that Eq. (29) defines an anti-dendriform algebra, then P satisfies

P(x) - P(y)-z=—-P(P(x)-y+x-P(y)-z=—x-P(P(y)-z+y-P(2)
=x-P(y)- P(2), (30)

forall x,y,z € A. In particular, if

Amnk(A)={xeA|x-y=0,Vye A} =0, or
Amf(A)={xeA|y x=0,Vyec A} =0,
then P is a strong anti-Rota—Baxter operator.

Proof The first part follows from Proposition 2.20 by letting (V,1,r) = (A, L., R.).
The second part follows from Definition 2.4. O

Example 2.22 et (A, -) be a complex associative algebra with a basis {e], ep} whose
nonzero products are given by

el-e1 =eq, e1-ey=en.
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Suppose that P : A — A is a linear map whose corresponding matrix is given

(Z“ le> under the basis {e1, e}. Then by Eq. (24), P is an anti-Rota—Baxter
21 622

operator on (A, -) if and only if

ajp =app =axp =0.

Therefore, the set of all anti-Rota—Baxter operators on (A, -) is {P = )(j 8 ly € C}.

Moreover, any anti-Rota—Baxter operator on (A, -) is strong. Hence by Eq. (29), we
obtain the following anti-dendriform algebras whose nonzero products are given by

e| el =—yey, yeC.

It is straightforward to show that if y = 0, then it is isomorphic to (B1) and if y # 0,
then it is isomorphic to (B2), where the notations are given in Proposition 2.16.

Lemma 2.23 An invertible anti-O-operator of an associative algebra is automatically
strong.

Proof Let T : V — A be an invertible anti-O-operator of an associative algebra

(A, -4) associated with a bimodule (V, [, r). Define two binary operations >, <l on

V, respectively, by Eq. (26). Define a binary operation -y on V by
uyv=ubvt+u<v, Yu,veV.

Let u, v, w € V. Then, we have

(Tw) -4 T@) aTw)
= —T(I(T@)v+r(T@)Hu) 4 T(w)

r (l(T(l(T(u))v + (T @)uw)w + r(T W) A(T w)v + r(T(v))u))

—T(UT @) + r(T@)u) > w + AT @)v + r(T©)u) < w)

:T((u~vv)>w+(u>v)<lw+(u<1v)<lw>.
Similarly, we have
T(u) -4 (T(v) A T(w)) = T(u >Dbw4+udbdw)+u<<-y w)).

Since (A, -4) is an associative algebra and T is invertible, we have

uw-yvoyypw+Ubv)<w+ @ <dv) 4w
=ul>@@>w+u>@w) +u<@-yw).
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By Proposition 2.20, Eq. (27) holds and hence u > (v > w) = (¥ < v) < w.
Therefore, (V, I>, <) is an anti-dendriform algebra and thus by Proposition 2.20 again,
T is strong. O

Theorem 2.24 Let (A, -) be an associative algebra. Then, there is a compatible anti-
dendriform algebra structure on (A, -) if and only if there exists an invertible anti-O-
operator of (A, ).

Proof Suppose that (A, >>, <) is a compatible anti-dendriform algebra structure on
(A, -). Then,
xX-y=x>y+x<y=—(—Lp(x)y — Rq(y)x), Vx,y € A.

Hence, the identity map Id : A — A is an invertible anti-O-operator of (A, -) associ-
ated with the bimodule (A, —L~, —R4).

Conversely, suppose that T : V. — A is an invertible anti-O-operator of (A4, -)
associated with abimodule (V, [, r) over (A, -). Then by Lemma 2.23 and Proposition
2.20, there exist anti-dendriform algebra structures on V and T(V) = A defined by
Egs. (26) and (28), respectively. Let x, y € A. Then, there exist u, v € V such that
x =T (u),y =T (v). Hence, we have

x-y=Tw) -TW)=-TUTw)v+r(THu)=Tu>v+u<v)
=Tw)>TW)+Twu)ATWw)=x>y+x<y.

So (A, >, <) is a compatible anti-dendriform algebra structure on (A, -). ]

Proposition 2.25 Let (A, -) be an associative algebra and (V,1,r) be a bimodule.
Suppose that T : V. —> A is a linear map. Then, T is an anti-O-operator of (A, -)
associated with (V, 1, r) if and only if the linear map

T:Ax;, V— Ax;, V, (x,u) — (T),0),

is an anti-Rota—Baxter operator on the associative algebra A %, V.

Proof Letx,y € A, u,v € V. Then, we have

T((x,u) - T((y,v)) = (T(w),0) - (T(v),0) = (T (w) - T(v),0),
T((x,u) - (y,v) = (T (), 0) - (y,v) = (T(u) - y, [(T ())v),
(e, u) - T((y, v) = (x,u) - (T(v),0) = (x - T (W), r(T(v)u).

Hence, T is an anti-Rota—Baxter operator on the associative algebra A x; . V if and
only if

(T(u)-T(),0)= —<T(1(T(u))v + (T (v)u), 0):

that is, 7 is an anti-O-operator of (A, -) associated with (V, [, r). m]
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Corollary 2.26 Let (A, >, <) be an anti-dendriform algebra and (A, -) be the associ-
ated associative algebra. Set A = A® A as the direct sum of vector spaces. Define a
binary operation - on A by Eq. (14) and a linear map [d:A— A by

[d((x, ) = (y,0), Vx,y € A.

Then, Id is an anti-Rota—Baxter operator on the associative algebra (A, -); that is,
(A, 1d) is an anti-Rota—Baxter algebra.

Proof By Corollary 2.8, (A, -) is an associative algebra, whichisexactly Ax _;_ _g_
A. Since Id : A — A is an anti-O-operator of (A, -) associated with the bimodule
(A, —Ly, —R4), by Proposition 2.25, Id is an anti-Rota—Baxter operator on the asso-
ciative algebra (A, 2. O

Remark 2.27 1In general, Idisnota strong anti-Rota—Baxter operator on the associative
algebra (A, -) and hence one shows that there is not an anti-dendriform algebra struc-
ture on A defined by Eq. (29). On the other hand, we still define two binary operations
>, <1 on the vector subspace A’ = {(0, x)|x € A} C A by

(0, x) > (0, y) = —Id((0, x)) - (0, y) = (0, x 1> y),
0, x) < (0, y) = —(0,x) - 1d((0, y)) = (0, x < y),

for all x,y € A. Then, it is straightforward to show that (A’, >, <1) is an anti-
dendriform algebra. That is, there is still an anti-dendriform algebra structure on the
subspace A’ of A defined by the anti-Rota—Baxter operator Id through Eq. (29). Let
F : A — A’ be alinear map defined by

F(x)=(0,x), VYx € A.

Then, F is an isomorphism of anti-dendriform algebras from (A, >, <) to (A’, >, <).
Hence in the sense above, the anti-dendriform algebra (A, 1>, <) is “embedded” into
the anti-Rota—Baxter algebra (A, I’(\i). Note that it is a little different from the case of
dendriform algebras and Rota—Baxter algebras given in [21], where there is a den-
driform algebra structure on the whole space A defined by the Rota—Baxter operator
1d.

2.3 Commutative Connes cocycles
A Connes cocycle on an associative algebra (A, -) is an antisymmetric bilinear
form B satisfying
Bx-y,2)+B(y-z,x)+B(z-x,y) =0, Vx,y,ze€A. (€2))
It corresponds to the original definition of cyclic cohomology by Connes [14]. Recall

[2] that for a nondegenerate Connes cocycle 3 on an associative algebra (A, -), there
exists a dendriform algebra structure (A, >, <) on (A, -) defined by
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Bx >=y,z2)=B(,z-x), Bx <y,z)=B(x,y-2), Vx,y,z€ A, (32)

such that the associated associative algebra of (A, >, <) is (A, -).
Next we consider the “symmetric” version of a Connes cocycle.

Definition 2.28 Let (A, -) be an associative algebra and 3 be a bilinear form on (A, -).
If B is symmetric and satisfies Eq. (31), then B is called a commutative Connes
cocycle.

Let (V, [, r) be a bimodule over an associative algebra (A, -). Then, (V*, r*, [*)
is also a bimodule over (A, -), where V* is the dual space of V and the linear maps
r* I* : A — Endp(V*) are defined, respectively, by

(r*u*, vy = W*, rex)vy, *Ou*,v) = w*, I(x)v), Vxe A, u*ecV*veV.

In particular, (A*, R.*, L.*) is a bimodule over (A, -).

Theorem 2.29 Let (A, -) be a finite-dimensional associative algebra and B be a non-
degenerate commutative Connes cocycle on (A, -). Then, there exists a compatible
anti-dendriform algebra structure (A, 1>, <) on (A, -) defined by

Bxt>yz2)=-By,z-x), Bx<y,z)=-Bx,y-2), Vx,y,z€ A. (33)
Proof Define a linearmap 7T : A — A* by
(T (x),y) =B(x,y), Vx,y € A.
Then, T is invertible since B is nondegenerate. For all a*, b* € A*, z € A, we have

B(~T"Y(RH(T N (a*)(b*) + LXT ' (b)) (a")), 2)
= — (RXT @) b*) + LAT 7 (")) (@*), 2)
=—(b* 2 - T"'(a")) — (&, T7' ") - 2)
=BT '®",z- T @) — BT Ya*), T~ %) - 2)
=B(T~'(@*) - T~'(b").2),

which implies that 7-! : A* — A is an anti-O-operator of (A, -) associated with
(A*, R*, L.¥).

Note that for any x, y € A, there exist a*, b* € A* such that x = T~ 1(a*), y =
T~'(b*). By Theorem 2.24, there is a compatible anti-dendriform algebra structure
on (A, -) defined by

x>y:=T""a">b)=-T Y RANT@)Nb*) = T (R*)T (),
x<Qy:=T"'a* <b*) =T (LXT ' b*))a*) = T H(L*WTK)).
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Therefore, for all x, y, z € A, we have

B(x>y,z)=—(R*X)T(y).,z) =—(T(y).z-x) =—-B(y,z-x),
Bx <y, z)=—(L*(WT(x),z) =—(T(x),y-z) =—=B(x,y-2).

Thus, the conclusion holds. O

Corollary 2.30 Let (A, >, <) be an anti-dendriform algebra and (A, -) be the associ-
ated associative algebra. Define a bilinear form B on A & A* by

B(x +a*,y+b*) = (x,b") + (a*,y), Vx,y € A,a*,b" € A*. 34)

Then, B is a nondegenerate commutative Connes cocycle on the associative algebra
A X_RE LY A*. Conversely, let (A, -) be an associative algebra and (A*, 1, r) be a
bimodule over (A, -). Suppose that the bilinear form given by Eq. (34) is a commutative
Connes cocycle on A X, A*. Then, there is a compatible anti-dendriform algebra
structure (A, 1>, <) on (A, -) such that] = —R%,r = —L{.

Proof It is straightforward to show that B is a nondegenerate commutative Connes
cocycle on A X_pgx _px A*. Conversely, by Theorem 2.29, there is a compatible
anti-dendriform algebra structure >, <1 given by Eq. (33) on A x; , A*. In particular,
we have

Bxr>y,z)=—-B(y,z-x) =0, Bx<y,z)=—-Bx,y-2)=0, Vx,y,z€A.

Thus, x > y,x <y € Aforall x, y € A and hence (A, >, <) is an anti-dendriform
algebra. Furthermore, for all x, y € A, a* € A*, we have

(—RL()a*, y) = —(a*, y <x) = =B(y <dx,a") = B(y,l(x)a*) = (I(x)a*, y),
(LE()a*,y) = —{a*,x > y) = =B(x > y,a") = By, r(x)a”*) = (r(x)a*, y).

Sol=—RY,r=—L{. O

Definition 2.31 Let (A, >, <1) be an anti-dendriform algebra. A bilinear form B on
(A, >, <) is called invariant if

Bxr>y,z)=-B(,z-x), Bx<y,z)=-Bx,y-2), Vx,y,z €A,

where the binary operation - is defined by Eq. (7).
The following conclusion is obvious.

Lemma 2.32 Let B be an invariant bilinear form on an anti-dendriform algebra (A,
>, ). Then, B satisfies

Bx <y, z)=B(zr>x,y), Vx,y,z€A.
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Proposition 2.33 Let (A, >, <) be an anti-dendriform algebra and B be a symmetric
invariant bilinear formon (A, t>, <). Then, B is a commutative Connes cocycle on the
associated associative algebra (A, -). Conversely, suppose that (A, -) is an associative
algebra and B is a nondegenerate commutative Connes cocycle on (A, -). Then, B is
invariant on the compatible anti-dendriform algebra (A, >, <) defined by Eq. (33).

Proof For the first part, we have

Bx-y,z)+B(y-z,x) +B(z-x,y)
=Bx-y,2)—Bx <y, z)—Bxr>y,z)=0,

for all x, y, z € A. So B is a commutative Connes cocycle on (A, -). The second part
follows from Theorem 2.29 immediately. O

Recall that two bimodules (V1, [1, r1) and (Va, [», r2) over an associative algebra
(A, -) are called equivalent if there is a linear isomorphism ¢ : V| — V; such that

p(h(x)v) = hb(x)e), eri(x)v) =r(x)er), Vx € A v € V.

Proposition 2.34 Let (A, >, <) be an anti-dendriform algebra. Then, there is a non-
degenerate invariant bilinear form on (A, 1>, <) if and only if (A, =L, —R4) and
(A*, R.*, L.*) are equivalent as bimodules over the associated associative algebra

(A, ).

Proof Suppose that (A, —L, —R4) and (A*, R.*, L.*) are equivalent as bimodules
over (A, -). Then, there exists a linear isomorphism ¥/ : A — A* such that

V(=L ()y) = R0V (), ¥(-Rq(x)y) =L7x)¥(y), Vx,y€A.

Define a nondegenerate bilinear form 53 on A as

Bx,y) = (¥ (x),y), Vx,ye€A. (35)

For all x, y,z € A, we have

Bx >y, z2) == (—Lp(x)y),z) = —(R* )Y (), 2) = =By, z-x),
B(x <y,z) =—=(¥(=Rq()x),2) = —(L* ¥ (x),2) = =B(x, y - 2).

So B is invariant.

Conversely, suppose that B is a nondegenerate invariant bilinear form on (A, >, <).
Define alinearmap ¢ : A — A* by Eq. (35). By a similar proof as above, we show that
Y gives an equivalence between (A, —L», —R4) and (A*, R.*, L.*) as bimodules
over (A, ).

This completes the proof. O
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Recall that a symmetric bilinear form B on a Lie algebra (A, [, ]) is called a com-
mutative 2-cocycle (see [16]) if the following equation holds:

B(lx, y],2) + B(ly, zl. x) + B([z, x], y) =0, Vx,y,z € A.

By [27], there is a compatible anti-pre-Lie algebra structure (A, o) on a Lie algebra
(A, [, 1) with a nondegenerate commutative 2-cocycle 53 defined by

B(xoy,z) =B(y,[x,z]), Vx,y,z € A. (36)

A bilinear form B on an anti-pre-Lie algebra (A, o) is called invariant if Eq. (36)
holds.

Lemma 2.35 [27] Any symmetric invariant bilinear form on an anti-pre-Lie algebra
(A, o) is a commutative 2-cocycle on the sub-adjacent Lie algebra (g(A), [, 1). Con-
versely, a nondegenerate commutative 2-cocycle on a Lie algebra (A, [, 1) is invariant
on the compatible anti-pre-Lie algebra (A, o) defined by Eq. (36).

Lemma2.36 (/) Let (A, >, <) be an anti-dendriform algebra with a symmetric
invariant bilinear form B. Then, B is invariant on the associated anti-pre-Lie
algebra (A, o).

(2) Let (A, -) be an associative algebra with a commutative Connes cocycle B. Then,
B is a commutative 2-cocycle on the sub-adjacent Lie algebra (g(A), [, ]).

Proof 1t is straightforward. O

Proposition 2.37 Let (A, >, <1) be an anti-dendriform algebra with a symmetric
invariant bilinear form B. Then, the following conclusions hold:

(1) Bis a commutative Connes cocycle on the associated associative algebra (A, -);

(2) B is invariant on the associated anti-pre-Lie algebra (A, o);

(3) B is a commutative 2-cocycle on the sub-adjacent Lie algebra (g(A), [, 1) of both
(A, ) and (A, o).

That is, the following diagram by “putting” the symmetric bilinear forms into the
diagram (5) is commutative.

anti-dendriform algebra (A, >, <|) with ————>  anti-pre-Lie algebra (A, o) with
a symmetric invariant bilinear form I3 a symmetric invariant bilinear form I3

| R

associative algebra (A, +) with —————> Lie algebra (§(A), [, 1) with
a commutative Connes cocycle B a commutative 2-cocycle B

Conversely, let (A, -) be an associative algebra with a nondegenerate commutative
Connes cocycle B. On the one hand, B is a nondegenerate commutative 2-cocycle
on the sub-adjacent Lie algebra (g(A), [, 1) and hence there is a compatible anti-
pre-Lie algebra (A, o) defined by Eq. (36) and B is invariant on (A, o). On the other
hand, there is a compatible anti-dendriform algebra (A, >, <) defined by Eq. (33)
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and B is invariant on (A, >, ). Hence, B is invariant on the associated anti-pre-Lie
algebra (A, o) defined by Eq. (18). Moreover, (A, o) and (A, o) coincide; that is, the
following diagram is commutative.

anti-dendriform algebra (A, >, <1) with a _— anti-pre-Lie algebra (A, o) with a

nondegenerate symmetric invariant bilinear form 3 nondegenerate symmetric invariant bilinear form I3
associative algebra (A, -) with a _— Lie algebra (g(A), [, 1) witha
nondegenerate commutative Connes cocycle 3 nondegenerate commutative 2-cocycle 3

Proof By the first parts of Proposition 2.33 and Lemma 2.35, respectively, and
Lemma 2.36, the first part follows. For the second part, note that for all x, y, z € A,
we have

B(xoy,z) =B(y,[x,z])
=By, x-z2—z2-x)=Bx>y,z)—By<dx,z)=B(xy,z).

Hence, x o y = x o’ y. Then, the conclusion follows immediately from the second
parts of Proposition 2.33 and Lemma 2.35, respectively, and Lemma 2.36. O

3 Correspondences between some subclasses of dendriform and
anti-dendriform algebras

We give the correspondence between some subclasses of dendriform algebras and
anti-dendriform algebras in terms of g-algebras. We also generalize the correspon-
dence between some subclasses of pre-Lie algebras and anti-pre-Lie algebras from
q = —2in [27] to any g # 0, =1, and hence, the relationships between dendriform
algebras and the associated pre-Lie algebras as well as anti-dendriform algebras and
the associated anti-pre-Lie algebras are still kept on these subclasses for a fixed q.
Therefore in the case that ¢ = —2, the notions of Novikov-type dendriform alge-
bras and admissible Novikov-type dendriform algebras are introduced as analogues
of Novikov algebras and admissible Novikov algebras for dendriform algebras and
anti-dendriform algebras, respectively.
Throughout this section, g € I satisfies ¢ # 0, 1.

3.1 Correspondences between some subclasses of dendriform and
anti-dendriform algebras

Definition 3.1 Let A be a vector space with two binary operations >, < . Define two
binary operations >, <I: A ® A — A, respectively, by

XD>y=x>y+gx <y, xdy=x<y+gqgx>y, Vx,yeA. 39)

Then, the triple (A, >, <) is called the g-algebra over (A, >, <).

@ Springer



684 Journal of Algebraic Combinatorics (2024) 59:661-696

Remark 3.2 There is an alternative choice of g-algebras for the triple (A, >, <). Let
A be a vector space with two binary operations >, < . Define two binary operations
>/, <’: A® A — A, respectively, by

x> y=x>y+gy>x, x<dy=x<y+gy=<x, Vx,ye€A. (40)

However, such an approach is not “naturally available” for associative admissible
algebras such as dendriform as well as anti-dendriform algebras. In fact, suppose that
(A, =, <) is an associative admissible algebra. Then, we have the following conclu-
sions.

(1) By Eq. (39), (A, >, <) is always an associative admissible algebra.

(2) Ifg # 0, then from Eq. (40), (A, I>’, <’) is an associative admissible algebra if and
only if the ¢g-algebra (see Definition 3.14) over the associated associative algebra
(A, ) of (A, >, <), where - is defined by Eq. (2), is still an associative algebra.
Note that the latter holds if and only if the sub-adjacent Lie algebra (g(A), [, 1)
of (A, -) is two-step nilpotent, that is, [[x, ¥], z] = 0 forall x, y, z € A.

Hence in the sense of keeping the property of splitting the associativity for both an
associative admissible algebra (A, >, <) and its g-algebra, it is natural to use Eq. (39)
(not Eq. (40)) to define the g-algebra over the associative admissible algebra (A, >, <).

Remark 3.3 When g = 0, the 0-algebra over (A, >, <) is itself. Moreover, note that
ny—quy:(l—qz)x>y, x<ly—qxl>y=(1—q2)x<y, Vx,y € A.

Hence, we have the following conclusions.

(1) Wheng # %1, the binary operations >, < can be presented by t>, <. Furthermore,
the (—g)-algebra over (A, 1>, <1) has the same algebra structure as (A, >, <).

(2) When g = +£1, the binary operations >, < cannot be presented by >, <1. Further-
more, the (—g)-algebra over (A, >, <) is trivial.

So in the sense that the triple (A, >, <) and its g-algebra can be non-trivially presented
by each other, the cases that ¢ = 0, £1 are excluded.

Proposition 3.4 Let (A, >, <) be a dendriform algebra. Denote by (A, >, <) the q-
algebra over (A, >, <). Then, (A, >, <) is an anti-dendriform algebra if and only if
(A, >, <) satisfies the following equations:

x>Q>=20=kx=<y) <z 41
x=<y)=z=x=<(>2), 42)
@+ D@+2)(x<y) <z+q@+2x >y <2)+ql@—Dx <(y=<z) =0,

(43)

forallx,y,z € A.
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Proof Letx, y,z € A.By Eq. (39) and the definition of dendriform algebras, we have

x>+ E> Yz Ay >z
=2x>(y>z)+q(2(x>y)<z+x<(y>z)~|—(x<y)>z

Fa > y) >z (k< y) <2)

P < (<D +E<y) <z+ x>y <2), (44)
<Y <Qz+Hx <> +x<(y<2)
=2(x<y)<z+q(2x>(y<z)~|—(x<y)>z~|—x<(y<z)

+x>(y>z)+x<(y>z))

+2((x =) = z4+x > (y <2 +x > (y > 2)), (45)
x> >z —(x<y) <z
=x>(r2)—(@=<y<z+qx<y>2)—x=<y >z

+q(x < (y <) = (x > y) = 2), (46)
x>y)<z—x>(y<2)
=q(x<y<z+@>y>z—x>@>2)—x<(y=<2)

+¢*((x <y) = z—x < (y > 2)). (47)

Therefore, (A, I>, <) is an anti-dendriform algebra if and only if the right-hand sides
of Egs. (44—47) are zero. Next we assume that the right-hand sides of Eqs. (44-47)

are zero and we still denote them by Eqgs. (44—47), respectively. Thus, we have the
following interpretation.

(1) The difference between Eqgs. (44) and (45) is

2x>=(y>2)—2x <y) <z4+q((x>y) >z
+(x<y)<z—x<(y<z)—x>(y>z))
HPR < <D+ <Y <z-@ >N >z2-x> (> 2)
=Q2-g-¢Hx> > - (x=<y) <2
+qg—gH((x =N >z-x< (<) =0 (48)

(2) The difference between Eqgs. (48) and (47) is
(—2q2 + 2)(x s(y>=2))—(x =<y =< z) =0. 49)
By the assumption of g, Eq. (49) holds if and only if Eq. (41) holds.
(3) Suppose that Eqgs. (48) and (41) hold. Then, Eq. (46) holds if and only if the
following equation holds:
x<@>=2)—(x=<y)=z=0;

that is, Eq. (42) holds.
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(4) Suppose that Egs. (41) and (42) hold. Then by the definition of dendriform alge-
bras, we have

(a) Eq. (48) holds;
(b) Eq. (45) holds if and only if the following equation holds:

@+D@+2)x <y) <z24+q@+2x >y <2)+q@—Dx <y =<2

that is, Eq. (43) holds.

Therefore, (A, I>, <) is an anti-dendriform algebra if and only if the following equiv-
alences hold:

Egs. (44), (45), (46) and (47) hold. < Egs. (41), (45), (46) and (48) hold.
& Egs. (41), (42) and (43) hold.

Therefore, the conclusion holds. O

Proposition 3.5 Suppose that (A, >, <) is an anti-dendriform algebra. Denote by
(A, =, <) the (—q)-algebra over (A, 1>, ). Then, (A, >, <) is a dendriform algebra
if and only if (A, 1>, <) satisfies the following equations:

x<y)y>z=x<(y> 2), (50)
—(g-2@+Dx<y)<z—¢*(x>y) <z+qg+Dx < (y<z) =0,
(51)

forallx,y,z € A.

Proof Let x, y, z € A. By the definitions of g-algebras and anti-dendriform algebras,
we have

x>=>=2)—@x=y)=z2—k=<y) >z
=2x> () +qr <)+ >y >
Z+(x<y)<1z—(x<y)>Z)
—i—qz(x<1(y<1z)—(x<y)<z—(x>y)<z), (52)
xx=<y)<z—x<@=<2—x=<>2
=2(x<y)<z+q(x<1(yl>z)+x<1(y<lz)+x>(y>z)—(x<1y)l>z)
+q2((xDy)bz—xb(ybz)—xb(sz)), (53)
=N =<z-x>G=<)=@"+(x <y >z-x < >2). (54)
So (A, >, <) is adendriform algebra if and only if the right-hand sides of Egs. (52-54)

are zero. Now, we assume that the right-hand sides of Eqs. (52—54) are zero and we still
denote them by Eqgs. (52-54), respectively. Thus, we have the following interpretation.
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(1) By the assumption of ¢, Eq. (54) holds if and only if Eq. (50) holds.

(2) By the definition of anti-dendriform algebras, the difference between Egs. (52)
and (53) is Eq. (54). Therefore after supposing that Eq. (50) holds, we show that
Eq. (52) holds if and only if Eq. (53) holds.

(3) Suppose that Eq. (50) holds. By the definition of anti-dendriform algebras again,
Eq. (52) holds if and only if the following equation holds:

—(q—2)(q+l)(x<1y)<1z—q2(xDy)<z+q(q+l)x<1(y<12)=0;

that is, Eq. (51) holds.

Hence, (A, >, <) is a dendriform algebra if and only if the following equivalences
hold:

Egs. (52), (53), and (54) hold. <= Egs. (50) and (52) hold.
<= Egs. (50) and (51) hold.

This completes the proof. O

Theorem 3.6 Let A be a vector space with two binary operations >, <. Then,
(A, >, <) is a dendriform algebra satisfying Eqs. (41-43) if and only if its q-algebra
(A, >, <) is an anti-dendriform algebra satisfying Egs. (50-51).

Proof Suppose that (A, >, <) is a dendriform algebra satisfying Eqs. (41-43). Then, it
is clear that (A, >, <) is an anti-dendriform algebra by Proposition 3.4. Furthermore,
note that (—g)-algebra over (A, I>, <) is a dendriform algebra, thus Egs. (50-51)
hold by Proposition 3.5; that is, (A, I>, <0) is an anti-dendriform algebra satisfying
Egs. (50-51). The converse is similar. O

Remark 3.7 Theorem 3.6 is equivalent to the following statement. The triple (A, >, <)
is an anti-dendriform algebra satisfying Eqgs. (50-51) if and only if its (—g)-algebra
(A, >, <) is a dendriform algebra satisfying Eqs. (41-43).

Recall that a pre-Lie algebra is a vector space A with a binary operation * satisfying
(xxy)kz—x*x(y*xz)=Q*xx)*xz—y*x(x*xz), Vx,y,z€A. (55)

A Novikov algebra [8, 20]) is a pre-Lie algebra (A, *) such that
(xxy)xz=(xx2)*y, Vx,y,z€A. (56)

An admissible Novikov algebra is a vector space with a binary operation o satis-
fying Eq. (16) and the following equation:

2xo[y,z]=(xoy)oz—(xo0z)oy, Vx,y,z € A. &9
It is known that an admissible Novikov algebra is an anti-pre-Lie algebra [27].

On the other hand, for Eq. (43), ¢ = —2 is a little “special” in the sense that only
one monomial in x, y, z is left, giving the following notion.
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Definition 3.8 Let (A, >, <) be a dendriform algebra. Then, (A, >, <) is called a
Novikov-type dendriform algebra if Eqs. (41-42) and the following equation hold:

x<(y=<2)=0, Vx,y,zeA. (58)
Proposition 3.9 Let A be a vector space with two binary operations >, <. Then,

(A, >, <) is a Novikov-type dendriform algebra if and only if the following equations
hold:

x> =x=<y)<z=x<0O>2)=x=<y) >z 59)
x> <2)=x>y) <z, (60)
x>=y)>=z=x=<((y =<2 =0, (61)

forallx,y,z € A.

Proof Let x, y, z € A. Then, we set all products involving x, y, z as variables; that is,
there are the following 8 variables

=y >z,x>0>2, 0 <y)<2x<(=<2, x>y <z5,x >y =<2,x<y)>z,x<(y>2).

Therefore, Eqs. (1), (41), (42) and (58) compose a set of linear equations in these
variables. It is straightforward to show that the solution of these linear equations is
given by Eqs. (59-61) with the two free variables (x < y) > z and (x > y) < z; that
is, the other variables are the linear combinations of (x < y) > zand (x > y) < z,
respectively. Thus, the conclusion holds. O

For the corresponding case of anti-dendriform algebras, we give the following
notion.

Definition 3.10 Let (A, >, <0) be an anti-dendriform algebra. Then, (A, >, <) is called
an admissible Novikov-type dendriform algebra if Eq. (50) and the following equa-
tion hold:

X<A(y<z)=2x-y) <z, Vx,y,z €A, (62)

where the binary operation - is defined by Eq. (7), thatis,x - y =x > y +x < y for
all x,y € A.

Proposition 3.11 Let A be a vector space with two binary operations >, <. Then,
(A, >, <) is an admissible Novikov-type dendriform algebra if and only if the following
equations hold:

(xDy)l>z=x<(y<z)=%(xl>y)<z—§(x<1y)l>z, (63)

2 1
xD(y>1)=(x<1y)<lz=—§(xl>y)<lz—§(x<y)>z, (64)

x> (y<z)=xr>y) gz, (65)
x<d(yrz=xy) >z, (66)
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forallx,y,z € A.
Proof 1t is similar to the proof of Proposition 3.9. O

Corollary 3.12 Let A be a vector space with two binary operations >, <. The triple
(A, >, <) isa Novikov-type dendriform algebra if and only if its —2-algebra (A, >, <)
is an admissible Novikov-type dendriform algebra.

Proof Note that when g = —2, Eq. (58) holds if and only if Eq. (43) holds, and Eq. (62)
holds if and only if Eq. (51) holds. Hence, the conclusion follows from Theorem 3.6.
O

Example 3.13 1t is obvious that all “2-nilpotent” dendriform algebras in the sense that
all products involving three elements are zero (see Proposition 2.16) are Novikov-
type dendriform algebras. In particular, any 2-nilpotent associative algebra (A, -)
gives a Novikov-type dendriform algebra (A, >, <) by letting >= A-, <= -, where
A, € F. Accordingly, all “2-nilpotent” anti-dendriform algebras are admissible
Novikov-type dendriform algebras. In particular, all complex anti-dendriform alge-
bras in dimensions 1 and 2 which are classified in Examples 2.9 and Proposition
2.16, respectively, are admissible Novikov-type dendriform algebras. Note that the
3-dimensional anti-dendriform algebras given in Example 2.17 are not admissible
Novikov-type dendriform algebras.

3.2 More correspondences and their relationships

Definition 3.14 Let A be a vector space with a binary operation e. Define a binary
operation ¢ as

xoy=xey+qgyex, Vx,yeA. (67)

Then, (A, ¢) is called the g-algebra over (A, o).

Proposition 3.15 Let (A, *) be a pre-Lie algebra. Denote by (A, o) the (—q)-algebra
over (A, x). Then, (A, o) is an anti-pre-Lie algebra if and only if the following equation
holds:

(@ +Dlx, yl*z—=q(g+2)z*[x, y] +4(qg = D((z*y) xx —(zxx)*y) =0,
Vx,y,z €A, (68)

where [x,y] =x %y — y * X.

Proof Letx,y,z € Aand|[ ], be the commutator of o defined by Eq. (15). By Eq. (67),
we have

[x,Y]lo=xoy—yox=x*xy—qgy*xx—yxx+qxxy=_(q+ Dlx, yl.
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So (A, o) is a Lie-admissible algebra. Furthermore, by Eq. (67) and the definition of
pre-Lie algebras, we have

xo(yoz)—yo(xoz)—[y,xlooz
=(@+Dx.yl*z2—q(g+zx[x, y]+q(g — D((@*y) *x — (2%x) *y).
(69)

Therefore, (A, o) is an anti-pre-Lie algebra if and only if the right-hand side of Eq. (69)
is zero. Hence, the conclusion follows. |

Remark 3.16 Note that when ¢ = —2, Eq. (68) holds if and only if Eq. (56) holds;
that is, in this case, a pre-Lie algebra satisfying Eq. (68) is exactly a Novikov algebra.

Proposition 3.17 Let (A, o) be an anti-pre-Lie algebra. Denote by (A, *) the q-algebra
over (A, o). Then, (A, ) is a pre-Lie algebra if and only if the following equation
holds:

(@ +2x, ylooz—g*z0[x,ylo +q(@+ D((zox) oy —(zoy)ox) =0,
Vx,y,z € A, (70)

where [x,y]o =Xo0oy —yox.

Proof Let x,y,z € A. By Eq. (67) and the definition of anti-pre-Lie algebras, we
have

(xxy)kz—xx(y*xz) — (Y*kx)%xz+yx(x*xz)
=(@+2[x, ylooz—¢*z0[x, ¥l +q(@+ D((zox) oy — (zoy) 0x)(71)

Therefore, (A, %) is a pre-Lie algebra if and only if the right-hand side of Eq. (71) is
zero. This completes the proof. O

Remark 3.18 Note that when ¢ = —2, Eq. (70) holds if and only if Eq. (57) holds;
that is, in this case, an anti-pre-Lie algebra satisfying Eq. (70) is exactly an admissible
Novikov algebra.

Theorem 3.19 Let A be a vector space with a binary operation *. Then, (A, %) is a pre-
Lie algebra satisfying Eq. (68) if and only if its (—q)-algebra (A, o) is an anti-pre-Lie
algebra satisfying Eq. (70).

Proof 1t is similar to the proof of Theorem 3.6. O
In particular, when ¢ = —2, the following conclusion has already been given in
[27].

Corollary 3.20 Let A be a vector space with a binary operation . Then, (A, x) is a
Novikov algebra if and only if its 2-algebra (A, o) is an admissible Novikov algebra.
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Corollary 3.21 (1) Supposethat (A, >, <) is adendriform algebra satisfying Eqs. (41—
43). Then, its associated pre-Lie algebra (A, x) defined by Eq. (3) satisfies Eq. (68).
In particular, when g = —2, the associated pre-Lie algebra of a Novikov-type den-
driform algebra is a Novikov algebra.

(2) Suppose that (A, >, <) is an anti-dendriform algebra satisfying Egs. (50-51).
Then, its associated anti-pre-Lie algebra (A, o) satisfies Eq. (70). In particular,
when q = —2, the associated anti-pre-Lie algebra of an admissible Novikov-type
dendriform algebra is an admissible Novikov algebra.

Proof (1). Note that the g-algebra over (A, >, <) is an anti-dendriform algebra (A, >
, <0) by Proposition 3.4. Let (A, o) be the associated anti-pre-Lie algebra of (A, >, <).
Then, we have

Xoy=xDy—y<X=X>yV+gx<y—y<x—qy>x
=x*xy—qgyxx, Vx,y €A,

that is, (A, o) is the (—g)-algebra over (A, *). By Proposition 3.15, (A, %) satisfies
Eq. (68). The conclusion for the special case that g = —2 follows straightforwardly.
(2). It is similar to the proof of Item (1). m|

Combining Theorems 3.6, 3.19 and Corollary 3.21 together, we have the following
commutative diagram which is consistent with both the diagrams (4) and (5).

XkYy=X>y—y<X
dendriform algebra pre-Lie algebra
(A, =, <) (A, %)

XkY=X>y—y=<X
dendriform algebra ——————> pre-Lie algebra
(A, =, <)+Egs. (41-43) (A, x)+Eq. (68)

(q)-algebraT \anlgebra qalgebraT \L(q)-algebra (72)
xoy=xpP>y—y<x

anti-dendriform algebra _ anti-pre-Lie algebra
(A, 1>, <1)+Egs. (50-51) (A, 0)+Eq. (70)

xoy=xD>y—y<x
anti-dendriform algebra — > anti-pre-Lie algebra
(A, >, <) (A, 0)
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In particular, when g = —2, we have the following commutative diagram:

AkY=X>y—y<X
dendriform algebra — = pre-Lie algebra
(A, >, <) (A, %)

XHY=X>y—y<X
Novikov-type dendriform algebra ——~~ = Novikov algebra
(A, >, <) (A, %)

2-algebra T \L —2-algebra —Z-algebraT \L 2-algebra (73)

xoy=xpPy—y<lx
admissible Novikov-type dendriform algebra _— admissible Novikov algebra
(A, >, <) (A, 0)

. ! xXoy=xD>y—y<x . .
anti-dendriform algebra — > anti-pre-Lie algebra

(A, >, <)

The above commutative diagram illustrates that it is reasonable to regard Novikov-
type dendriform and admissible Novikov-type dendriform algebras as “analogues”
of Novikov and admissible Novikov algebras for dendriform and anti-dendriform
algebras, respectively, justifying the notions of the former.

4 General framework: analogues of anti-dendriform algebras and a
new splitting of operations

Moving further along the study of anti-dendriform algebras in the previous sections,
we provide a general framework of introducing the notions of analogues of anti-
dendriform algebras to interpret a new approach of splitting operations. We also
characterize such a construction in terms of double spaces.

We commence by using associative algebras as an example to exhibit the new
approach of splitting operations, which is interpreted by a general framework of intro-
ducing the notions of analogues of anti-dendriform algebras. At first, we consider
“splitting the associativity,” that is, expressing the multiplication of an associative
algebra as the sum of a string of binary operations. Explicitly, let (A, -) be an asso-
ciative algebra and (-;)1<i<y : A ® A — A be a family of binary operations on A.
Then, the operation - splits into the N operations -1, - - - , -y if

N
xoy:ijy, Vx,y € A. (74)

i=1

Example 4.1 The ordinary operations splitting the associativity give the following so-
called Loday algebras.

(1) N = 2: dendriform algebra [28];
(2) N = 3: tridendriform algebra [33];
(3) N = 4: quadri-algebra [1];

(4) N = 8: octo-algebra [26];
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(5) N = 9: ennea-algebra [25].

For the case that N = 2", n = 0, 1,2, - - -, there is the following “rule” of con-
structing Loday algebras: by induction, for the algebra (A, :;)1<;<2n, besides the
natural (regular) bimodule over A on the underlying vector space of A itself given
by the left and right multiplication operators, one can introduce the 2"*! operations
{*i1+ "i»}1<i<2» such that

X iy=x-4y+xg,y Yy, yeA 1<i=<2" (75)

and the left and right multiplication operators in a certain way give a bimodule structure
over (A, -j)1<i<2 by acting on the underlying vector space of A itself. In the sense
of [4], these Loday algebras are the successors’ algebras starting from the associative
algebras.

Now, we consider to construct analogues of anti-dendriform algebras by the
following “rule” as another approach of splitting the associativity. Let N = 2",
n =0,1,2,---. By induction, for the algebra (A, ;)1<i<2#, one can introduce the
2"+1 operations {+,, i, }1<i<2» such that

Xiy=x-4y+x4,y Vx,yeA 1<i=<2" (76)

and the opposites of the left and right multiplication operators in the aforementioned
way give a bimodule structure over (A, -;)1<j<2» by acting on the underlying vector
space of A itself. Hence, these algebras can be regarded as the “anti-structures” for
the successors’ algebras starting from the associative algebras.

Example 4.2 When N = 2, that is, n = 1, the corresponding algebra (A, ;) 1<i<2 =
(A, -1, -2) is an anti-dendriform algebra.

Similarly, we consider the following approach of splitting the Lie bracket of a Lie
algebra in which anti-pre-Lie algebras are included.

Let (X, [ ]) be a Lie algebra and (:;)1<;j<y : X ® X — X be a family of binary
operations on X. Then, the Lie bracket [ ] splits into the commutator of N binary
operations -1, - - - , -y if

N
[x,y]:Z(x iy—y-ix), Yx,yeX. 77
i=1
For the case that N = 2", n = 0, 1,2, - -, there is a “rule” of constructing the

binary operations -; as follows. By induction, for the algebra (X, -;)1<;i<21, one can
introduce the 2"*! binary operations {;,, -i,}1<i<2n such that

X Yy=X-3,Yy—Yi,X, Vx,yeA, 1<i=<?2", (78)

and the opposites of the left or right multiplication operators which are in the way
defining the successors’ algebras starting from the Lie algebras, give a representation
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of (X, -;)1<i<2» by acting on the underlying vector space of A itself. These algebras
can be regarded as the “anti-structures” for the successors’ algebras starting from the
Lie algebras.

Example 4.3 When N = 1, that is, n = 0, the corresponding algebra (X, -1) is an
anti-pre-Lie algebra.

In a summary, such “anti-structures” as the “counterparts” of the successors’ alge-
bras, which are put into the above general framework as analogues of anti-dendriform
algebras as well as anti-pre-Lie algebras, provide a new splitting of operations. The
study on these structures such as the relationships with anti-O-operators and anti-Rota—
Baxter operators, the correspondences between the subclasses of successors’ algebras
and their anti-counterparts in terms of g-algebras, and the operadic interpretation is
expected in the future works.

At the end of this section, we give the following characterization of these “anti-
structures” in terms of double spaces, motivated by Corollary 2.8.

Let C denote the category of all algebras (A, -) which satisfy a given set of multi-
linear relations R =0, ---, Ry = 0.

Definition 4.4 An algebra (A, 1>, <) is called a C-anti-dendriform algebra if (A ®
A, ) € C, where - is defined by Eq. (14).

Similarly, one can characterize the anti-structures for the algebras (A, :j)1<i<n
with N =2",n=0,1,2,--- as follows. By induction, for the algebra (A, -;)1<j<2»
giving the category Cpn, one can introduce the 2"+! operations {-; 1s "ix}1<i<2n such
that (A A, -1, -+, -2n) € Con, where +; (1 <i < 2")is defined by

(.X,a) i (yvb):(-x 'i1y+x'i2yv —X 'ilb_a'iZy)’ szy’ayb€A~ (79)

Acknowledgements This work is partially supported by NSFC (11931009, 12271265, 12261131498,
12326319), the Fundamental Research Funds for the Central Universities and Nankai Zhide Foundation. D.
Gao is partially supported by National Postdoctoral Program for Innovative Talents of China (20220158)
and China Postdoctoral Science Foundation (2022M711708). The authors thank the referees for valuable
suggestions to improve the paper.

Data availability. No new data were created or analyzed in this study.

Declaration of interests.

Conflicts of interest The authors have no conflicts of interest to disclose.

References

1. Aguiar, M., Loday, J.-L.: Quadri-algebras. J. Pure Appl. Algebra 191, 205-221 (2004)

2. Bai, C.: Double constructions of Frobenius algebras, Connes cocycles and their duality. J. Noncommut.
Geom. 4, 475-530 (2010)

3. Bai, C.: An introduction to pre-Lie algebras. In: Algebra and Applications 1: Nonssociative Algebras
and Categories, Wiley Online Library 245-273 (2021)

4. Bai, C., Bellier, O., Guo, L., Ni, X.: Splitting of operations, Manin products and Rota-Baxter operators,
Int. Math. Res. Not. IMRN. 485-524 (2013)

@ Springer



Journal of Algebraic Combinatorics (2024) 59:661-696 695

10.

11.

12.

13.

15.

16.

17.
18.

19.
20.

21.
22.
23.
24.
25.
26.
27.
28.

29.
30.

31.
32.

33.

34.

35.

36.

. Bai, C., Guo, L., Ni, X.: O-operators on associative algebras and associative Yang-Baxter equations.

Pac. J. Math. 256, 257-289 (2012)

. Bai, C,, Guo, L., Ni, X.: Relative Rota-Baxter operators and tridendriform algebras. J. Algebra Appl.

12, 1350027 (2013)

. Bai, C.,, Meng, D.: The classification of left-symmetric algebras in dimension 2. Chin. Sci. Bull. 41,

2207 (1996). ([in Chinese])

. Balinskii, A.A., Novikov, S.P.: Poisson brackets of hydrodynamic type, Frobenius algebras and Lie

algebras. Soviet Math. Dokl. 32, 228-231 (1985)

. Baxter, G.: An analytic problem whose solution follows from a simple algebraic identity. Pac. J. Math.

10, 731-742 (1960)

Burde, D.: Simple left-symmetric algebras with solvable Lie algebra. Manuscr. Math. 95, 397411
(1998)

Burde, D.: Left-symmetric algebras and pre-Lie algebras in geometry and physics. Cent. Eur. J. Math.
4, 323-357 (2006)

Chapoton, F.: Un endofoncteur de la catégorie des opérades. Dialgebras and related operads, 105-110,
Lecture Notes in Math. 1763, Springer, Berlin (2001)

Chapoton, F.: Un théoréeme de Cartier-Milnor-Moore-Quillen pour les bigebres dendriformes et les
algebres braces. J. Pure Appl. Algebra 168, 1-18 (2002)

. Connes, A.: Noncommutative differential geometry. Inst. Hautes Etudes Sci. Publ. Math. 62,257-360

(1985)

Dzhumadil’daev, A.: Algebras with skew-symmetric identity of degree 3. J. Math. Sci. 161, 11-30
(2009)

Dzhumadil’daev, A., Zusmanovich, P.: Commutative 2-cocycles on Lie algebras. J. Algebra 324, 732—
748 (2010)

Foissy, L.: Les algebres de Hopf des arbres enracinés décorés II. Bull. Sci. Math. 126, 249-288 (2002)
Frabetti, A.: Dialgebra homology of associative algebras. C. R. Acad. Sci. Paris Sér. I Math 325,
135-140 (1997)

Frabetti, A.: Leibniz homology of dialgebras of matrices. J. Pure Appl. Algebra 129, 123-141 (1998)
Gel’fand, .M., Dorfman, I.. Ya..: Hamiltonian operators and algebraic structures related to them. Funct.
Anal. Appl. 13, 248-262 (1979)

Gubareyv, V., Kolesnikov, P.: Embedding of dendriform algebras into Rota-Baxter algebras. Cent. Eur.
J. Math. 11, 226-245 (2013)

Guo, L.: An Introduction to Rota-Baxter Algebra, Surveys of Modern Mathematics 4. International
Press, Higher Education Press, Somerville, Beijing (2012)

Holtkamp, R.: Comparison of Hopf algebras on trees. Arch. Math. (Basel) 80, 368-383 (2003)
Holtkamp, R.: On Hopf algebra structures over free operads. Adv. Math. 207, 544-565 (2006)
Leroux, P.: Ennea-algebras. J. Algebra 281, 287-302 (2004)

Leroux, P.: On some remarkable operads constructed from Baxter operators. arXiv: math.QA/0311214
Liu, G., Bai, C.: Anti-pre-Lie algebras, Novikov algebras and commutative 2-cocycles on Lie algebras.
J. Algebra 609, 337-379 (2022)

Loday, J.-L.: Dialgebras, in: Dialgebras and related operads. Lecture Notes in Math. 1763, Springer,
Berlin 7-66 (2001)

Loday, J.-L.: Arithmetree. J. Algebra 258, 275-309 (2002)

Loday, J.-L.: Scindement d’associativité et algébres de Hopf, Actes des Journées Mathématiques a la
Mémoire de Jean Leray, Sémin. Congr. 9, Soc. Math. France, Paris 155-172 (2004)

Loday, J.-L., Ronco, M.: Hopf algebra of the planar binary trees. Adv. Math. 139, 293-309 (1998)
Loday, J.-L., Ronco, M.: Order structure on the algebra of permutations and of planar binary trees. J.
Algebraic Combin. 15, 253-270 (2002)

Loday, J.-L., Ronco, M.: Trialgebras and families of polytopes. In: Homotopy Theory: Relations with
Algebraic Geometry, Group Cohomology, and Algebraic K-theory, Comtep. Math. 346, pp. 369-398
(2004)

Ronco, M.: Eulerian idempotents and Milnor—-Moore theorem for certain non-cocommutative Hopf
algebras. J. Algebra 254, 152-172 (2002)

Rota, G.-C.: Baxter operators, an introduction. In Gian-Carlo Rota on Combinatorics, Introductory
Papers and Commentaries, Birkhduser, Boston (1995)

Uchino, K.: Quantum analogy of Poisson geometry, related dendriform algebras and Rota-Baxter
operators. Lett. Math. Phys. 85, 91-109 (2008)

@ Springer


http://arxiv.org/abs/math.QA/0311214

696 Journal of Algebraic Combinatorics (2024) 59:661-696

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under
a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of such publishing agreement and applicable
law.

@ Springer



	Anti-dendriform algebras, new splitting of operations  and Novikov-type algebras
	Abstract
	1 Introduction
	2 Anti-dendriform algebras
	2.1 Anti-dendriform algebras
	2.2 Anti-mathcalO-operators and anti-Rota–Baxter operators
	2.3 Commutative Connes cocycles

	3 Correspondences between some subclasses of dendriform and anti-dendriform algebras
	3.1 Correspondences between some subclasses of dendriform and anti-dendriform algebras
	3.2 More correspondences and their relationships

	4 General framework: analogues of anti-dendriform algebras and a new splitting of operations 
	Acknowledgements
	References




