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Abstract

This thesis is divided into two parts:

In the first part, we consider Rota-Baxter algebras of meromorphic forms with poles along a (sin-
gular) hypersurface in a smooth projective variety and the associated Birkhoff factorization for
algebra homomorphisms from a commutative Hopf algebra. In the case of a normal crossings divi-
sor, the Rota-Baxter structure simplifies considerably and the factorization becomes a simple pole
subtraction. We apply this formalism to the unrenormalized momentum space Feynman ampli-
tudes, viewed as (divergent) integrals in the complement of the determinant hypersurface. We lift
the integral to the Kausz compactification of the general linear group, whose boundary divisor is
normal crossings. We show that the Kausz compactification is a Tate motive and the boundary
divisor is a mixed Tate configuration. The regularization of the integrals that we obtain differs from
the usual renormalization of physical Feynman amplitudes, and in particular it gives mixed Tate
periods in cases that have non-mixed Tate contributions in the usual form. This part is based on
joint work with Matilde Marcolli (see (80)).

In the second part, we consider the notions of the replicators, including the duplicator and triplica-
tor, of a binary operad. We show that taking replicators is in Koszul dual to taking successors in (9)
for binary quadratic operads and is equivalent to taking the white product with certain operads such
as Perm. We also relate the replicators to the actions of average operators. After the completion
of this work (in 2012; see (85)), we realized that the closely related notions di-Var-algebra and tri-
Var-algebra have been introduced independently in (48) (in 2011; see also (63; 64)) by Kolesnikov
and his coauthors. In fact their notions also apply to not necessarily binary operads (64). In this
regard, the second part of this thesis provides an alternative and more detailed treatment of these
notations for binary operads. This part is based on joint work with Chengming Bai, Li Guo, and

Jun Pei (see (85)).
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Chapter 1

Introduction

1.1 Rota-Baxter algebras

A Rota—Baxter algebra of weight ) is a unital commutative algebra R together with a linear operator

T : R — R satisfying the Rota—Baxter identity

T(x)T(y) =TT (y)) + T(T(x)y) + AT (zy). (1.1.1)

For example, Laurent polynomials R = C[z,2~!] with T the projection onto the polar part are a

Rota—Baxter algebra of weight —1.

The Rota—Baxter operator T' of a Rota—Baxter algebra of weight —1, satisfying
T(2)T(y) +T(xy) = T(xT(y)) + T(T(x)y), (1.1.2)

determines a splitting of R into Ry = (1 — T)R and R_, the unitization of TR, where both R

are algebras. For an introduction to Rota-Baxter algebras we refer the reader to (49).

1.2 Singular hypersurfaces and renormalization on Kausz
compactifications

In the first part of this thesis, we consider the problem of extracting periods of algebraic varieties

from a class of divergent integrals arising in quantum field theory. The method we present here
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provides a regularization and extraction of finite values that differs from the usual (renormalized)
physical Feynman amplitudes, but whose mathematical interest lies in the fact that it always gives
a period of a mixed Tate motive, for all graphs satisfying a simple combinatorial relation that
ensures the amplitude can be computed using (global) forms with logarithmic poles. For more
general graphs, one also obtains a period, where the nature of the motive involved depends on how
a certain hyperplane arrangement intersects the big cell in a compactification of the general linear
group. More precisely, the motive considered here is provided by the Kausz compactification of the
general linear group and by a hyperplane arrangement that contains the boundary of the chain of
integration. The regularization procedure we propose is modeled on the algebraic renormalization
method, based on Hopf algebras of graphs and Rota-Baxter algebras, as originally developed by
Connes and Kreimer (26) and by Ebrahmi-Fard, Guo, and Kreimer (38). The main difference in
our approach is that we apply the formalism to a Rota—Baxter algebra of (even) meromorphic
differential forms instead of applying it to a regularization of the integral. The procedure becomes
especially simple in cases where the deRham cohomology of the singular hypersurface complement
is all realized by forms with logarithmic poles, in which case we replace the divergent integral with a
family of convergent integrals obtained by a pole subtraction on the form and by (iterated) Poincaré

residues. In (24) a similar approach was developed for integrals in configuration spaces.

In Section 2.1 we introduce Rota-Baxter algebras of even meromorphic forms, along the lines of (24),
and we formulate a general setting for extraction of finite values (regularization and renormalization)
of divergent integrals modeled on algebraic renormalization applied to these Rota—Baxter algebras
of differential forms.

In Section 2.2 we discuss the Rota—Baxter algebras of even meromorphic forms in the case of a
smooth hypersurface Y C X. We show that, when restricted to forms with logarithmic poles, the
Rota—Baxter operator becomes simply a derivation, and the Birkhoff factorization collapses to a
simple pole subtraction, as in the case of log divergent graphs. We show that this simple pole
subtraction can lead to too much loss of information about the unrenormalized integrand and we
propose considering the additional information of the Poincaré residue and an additional integral
associated to the residue.

In Section 2.3 we consider the case of singular hypersurfaces Y C X given by a simple normal
crossings divisor. We show that, in this case, the Rota-Baxter operator satisfies a simplified form

of the Rota—Baxter identity, which is not just a derivation, however. We show that this modified
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identity still suffices to have a simple pole subtraction ¢4 (X) = (1 — T)¢(X) in the Birkhoff
factorization, even though the negative piece ¢_(X) becomes more complicated. Again, to avoid
too much loss of information in passing from ¢(X) to ¢4 (X), we consider, in addition to the
renormalized integral [ ¢, (X), the collection of integrals of the form faﬁYz Resy, (¢(X)), where
Resy, is the iterated Poincaré residue ((4), (3)), along the intersection Y; = N;erY; of components
of Y. These integrals are all periods of mixed Tate motives if {¥7} is a mixed Tate configuration,
in the sense of (44). We discuss the question of further generalizations to more general types of
singularities, beyond the normal crossings case, via Saito’s theory of forms with logarithmic poles
(90), by showing that one can also define a Rota—Baxter structure on the Saito complex of forms
with logarithmic poles.

In Section 2.4 we present our main application, which is a regularization (different from the physical
one) of the Feynman amplitudes in momentum space, computed on the complement of the determi-
nant hypersurface as in (6). Since the determinant hypersurface has worse singularities than what
we need, we pull back the integral computation to the Kausz compactification (60) of the general
linear group, where the boundary divisor that replaces the determinant hypersurface is a simple
normal crossings divisor. We show that the motive of the Kausz compactification is Tate, and that
the components of the boundary divisor form a mixed Tate configuration. We discuss how one can
replace the form nr of the Feynman amplitude with a form with logarithmic poles. In general it is
defined on the big cell of the Kausz compactification. We also discuss the nature of the periods.

This part is based on joint work with Matilde Marcolli (see (80)).

1.3 Replicating of binary operads, Koszul duality, Manin
products and average operators

Motivated by the study of the periodicity in algebraic K-theory, J.-L. Loday (69) introduced the
concept of a Leibniz algebra twenty years ago as a non-skew-symmetric generalization of the Lie
algebra. He then defined the diassociative algebra (70) as the enveloping algebra of the Leibniz
algebra in analogue to the associative algebra as the enveloping algebra of the Lie algebra. The
dendriform algebra was introduced as the Koszul dual of the diassociative algebra. These structures
were studied systematically in the next few years in connection with operads (74), homology (41; 42),

Hopf algebras (2; 57; 75; 88), arithmetic (71), combinatorics (40; 76), quantum field theory (40)



and Rota-Baxter algebra (1).

The diassociative and dendriform algebras extend the associative algebra in two directions. While
the diassociative algebra “doubles” the associative algebra in the sense that it has two associative
operations with certain compatible conditions, the dendriform algebra “splits” the associative al-
gebra in the sense that it has two binary operations with relations between them so that the sum
of the two operations is associative.

Into this century, more algebraic structures with multiple binary operations emerged, beginning
with the triassociative algebra that “triples” the associative algebra and the tridendriform algebra
that gives a three way splitting of the associative algebra (75). Since then, quite a few dendriform re-
lated structures, such as the quadri-algebra (2), the ennea-algebra, the NS-algebra, the dendriform-
Nijenhuis algebra, the octo-algebra (65—-67), and eventually a whole class of algebras (36; 74) were
introduced. All these dendriform type structures have a common property of “splitting” the as-
sociativity into multiple pieces. Furthermore, analogues of the dendriform algebra, quadri-algebra
and octo-algebra for the Lie algebra, commutative algebra, Jordan algebra, alternative algebra, and
Poisson algebra have been obtained (1; 10; 55; 68; 73; 84), such as the pre-Lie and Zinbiel algebras.
More recently, these constructions can be put into the framework of operad products (Manin black
square and black dot products) (35; 72; 93).

In (9), the notions of “successors” were introduced to give the precise meaning of two-way and three-
way splitting of a binary operad and thus put the previous constructions in a uniform framework.
This notion is also related to the Manin black products that had only been dealt with in special
cases before, as indicated above. It is also shown to be related to the action of the Rota-Baxter
operator, completing a long series of studies starting from the beginning of the century (1).

In this paper, we take a similar approach to the other class of structures starting from the diassocia-
tive (resp. triassociative) algebra. That is, we seek to understand the phenomena of “replicating”
the operations in an operad. After the completion of this work (in 2012; see (85)), we realized that
the closely related notions di-Var-algebra and tri-Var-algebra have been introduced independently
in (48) (in 2011; see also (63; 64)) by Kolesnikov and his coauthors. In fact, their notions also apply
to not necessarily binary operads (64). In this regard, the second part of this thesis provides an
alternative and more detailed treatment of these notations for binary operads.

In Section 3.1 we set up a general framework to make precise the notion of “replicating” any

binary algebraic operad. This provides a general framework to study the previously well-known
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di-type (resp. tri-type) algebras which are analogues of the diassociative (resp. triassociative)
algebra associated to the associative algebra, including the Leibniz algebra for the Lie algebra
and the permutative algebra for the commutative algebra, as well as the recently defined pre-Lie
dialgebra (39). In general, it gives a “rule” to construct new di-type (resp. tri-type) algebraic
structures associated to any other binary operads. This notion is simpler in formulation but turns
out to be equivalent to the notion of di-Var-algebra in (48) for binary operads with nontrivial
relations.

We show in Section 3.2 that taking the replicator of a binary quadratic operad is in Koszul dual
with taking the successor of the dual operad. A direct application of this duality (Theorem 3.2.3
and 3.2.4) is to explicitly compute the Koszul dual of the operads of existing algebras, for example
the Koszul dual of the commutative tridendriform algebra of Loday (73). We also relate replicating
to the Manin white product in the case of binary quadratic operads. In fact taking the duplicator
(resp. triplicator) of such an operad with nontrivial relations is isomorphic to taking the white
product of the operad Perm (resp. ComTriass) with this operad, as in the case of taking di-Var-
algebras and tri-Var-algebras (48), thus showing that the notations of duplicator and triplicator are
equivalent to those of di-Var-algebras and tri-Var-algebras.

Finally, in Section 3.3, we relate the replicating process to the action of average operators on
binary quadratic operads. Aguiar (1) showed that the action of the two-sided average operator on a
commutative associative algebra (resp. associative algebra) gives a perm algebra (resp. associative
dialgebra). In (92), Uchino extended the classical derived bracket construction to any algebra over a
binary quadratic operad, showing that the derived bracket construction can be given by the Manin
white product with the operad Perm.

Thus there is a relationship among the three operations applied to a binary operad P: take its
duplicator (resp. triplicator), and take its Manin white product with Perm (resp. ComTriass),

when the operad is quadratic, and apply a di-average operator (resp. tri-average operator) to it, as



summarized in the following diagram.

Duplicator
Triplicator

7 \di

product with ComTriass tri- operators

Manin white Perm average

Combining the replicators with the successors introduced in (9) allows us to put the splitting and
replicating processes together, as exemplified in the following commutative diagram of operads.

The arrows should be reversed on the level of categories.

PreLie —— > Dend Zinb

Lie — Ass Comm
| T T T
Leib Dias Perm

Here the vertical arrows in the upper half of the diagram are addition of the two operations given in
(9, Proposition 2.31.(a)) while those in the lower half of the diagram are given in Proposition 3.1.19
(a). The horizontal arrows in the left half of the diagram are anti-symmetrization of the binary
operations while those in the right half of the diagram are induced by the identity maps on the
binary operations. In the diagram, the Koszul dual of an operad is the reflection across the center.
A similar commutative diagram holds for the trisuccessors and triplicators.

This part is based on joint work with Chengming Bai, Li Guo, and Jun Pei (see (85)).



Chapter 2

Singular hypersurfaces and
renormalization on Kausz
compactifications

2.1 Rota—Baxter algebras of meromorphic forms

We generalize the algebraic renormalization formalism to a setting based on Rota—Baxter algebras

of algebraic differential forms on a smooth projective variety with poles along a hypersurface.

2.1.1 Rota—Baxter algebras of even meromorphic forms

Let Y be a hypersurface in a projective variety X, with defining equation Y = {f = 0}. We
denote by MY the sheaf of meromorphic differential forms on X, and by MX y the subsheaf of
meromorphic forms on with poles (of arbitrary order) along Y. It is a graded-commulative algebra
over the field of definition of the varieties X and Y. We can write forms w € MY, as sums

w = szo ap/ fP, where the a; are holomorphic forms.

In particular, we consider forms of even degrees, so that MSS is a commutative algebra under the
;

wedge product.

Lemma 2.1.1. The commulative algebra MY, together with the linear operator T : MY —

S defined as the polar part

T(w) :z:ozp/f”7 (2.1.1)

p>1



1s a Rota—Bazter algebra of weight —1.

Proof. For wi =3 <0,/ fP and wa =3~ Be/ f?, we have

o= Sk 8 Sk 5

20,921 p21,420 p=1,g21
A
() )= Y 2R,
p=>1,420
A
T AT(w)) = > a;pf‘l,
20,921
A
Tn) AT = Y i,
p>1,q2>1
so that (1.1.2) is satisfied. O

Equivalently, we have the following description of the Rota—Baxter operator.

Corollary 2.1.2. The linear operator
T(w)=ang forwo=ani+mn, (2.1.2)

acting on forms w = a A& +n, with a a meromorphic form on X with poles on'Y and & and n

holomorphic forms on X, is a Rota—Baxter operator of weight —1.

Proof. For w; = a; A& + n;, with ¢ = 1,2, we have
T(wl /\(JJQ) = (—1)‘02‘ |€1|OZ1 N ag A\ 51 /\52 —+ a1 /\51 N n2 + (—1)‘771‘ |a2|0[2 A1 /\52

while

T(T(w) Aws) = (1)l olay Nap A A &G + a1 A& Ampe
T(wi AT (w2)) = (1)t lay Ay A&y Ao+ (1) 1e2lay Ay A g

and

T(wi) AT(w2) = (—1)l°2&lag Aay A g A&,
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where all signs are positive if the forms are of even degree. Thus, the operator T satisfies (1.1.2). O

The following statement is proved exactly as in Theorem 6.4 of (24) and we omit the proof here.

Lemma 2.1.3. Let (Xy,Yy) for £ > 1 be a collection of smooth projective varieties X, with hyper-
surfaces Yy, all defined over the same field of definition. Then the commutative algebra \, PR
1s a Rota—Baxter algebra of weight —1 with the polar projection operator T determined by the Ty on

even
each MYy, .

2.1.2 Renormalization via Rota—Baxter algebras

In (26), the BPHZ renormalization procedure of perturbative quantum field theory was reinterpreted
as a Birkhoff factorization of loops in the pro-unipotent group of characters of a commutative Hopf
algebra of Feynman graphs. This procedure of algebraic renormalization was reformulated in more

general and abstract terms in (38), using Hopf algebras and Rota—Baxter algebras.

We summarize here quickly the basic setup of algebraic renormalization. We refer the reader to
(26), (27), (38), and (79) for more details.

The Connes—Kreimer Hopf algebra of Feynman graphs H is the free commutative algebra with
generators 1PI Feynman graphs I' of the theory, with grading by loop number (or better by number

of internal edges)

deg(I'y -+ T) = > deg(I),  deg(1) =0

and with coproduct

AT)=T@1+10T+ Y ~&T/y, (2.1.3)
yev(I)

where the class V(T') consists of all (possibly multiconnected) divergent subgraphs ~ such that the
quotient graph (identifying each component of v to a vertex) is still a 1PI Feynman graph of the

theory. The antipode is constructed inductively as
S(X)=-X =) S(X")X"

for AX)=X®1+10X+> X' ® X", with the terms X', X" of lower degrees.
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An algebraic Feynman rule ¢ : H — R is a homomorphism of commutative algebras from the Hopf

algebra H of Feynman graphs to a Rota—Baxter algebra R of weight —1,
(b S HomAlg(’H,R).

The morphism ¢ by itself does not know about the coalgebra structure of A and the Rota—Baxter

structure of R. These enter in the factorization of ¢ into divergent and finite part.
The Birkhoff factorization of an algebraic Feynman rule consists of a pair of commutative algebra

homomorphisms

¢+ € Hompg(H, R+),

where R4 is the splitting of R induced by the Rota—Baxter operator T', with R4 = (1 —T)R and

R_ the unitization of TR, satisfying

¢: (¢*OS)*¢+7

where the product * is dual to the coproduct in the Hopf algebra, ¢1 * ¢2(X) = (¢p1 ® ¢2, A(X)).

As shown in (26), there is an inductive formula for the Birkhoff factorization of an algebraic Feynman

rule, of the form

b (X) = ~T(G(X) + 36 (XNH(X™) and 64 (X) = (1 - T)(G(X) + 3 6_(X)p(X")),
(2.1.4)
where A(X) =1 X+X®1+> X' ® X".

In the original Connes—Kreimer formulation, this approach is applied to the unrenormalized Feyn-
man amplitudes regularized by dimensional regularization, with the Rota—Baxter algebra consisting
of germs of meromorphic functions at the origin, with the operator of projection onto the polar

part of the Laurent series.
In the following, we consider the following variant on the Hopf algebra of Feynman graphs.
Definition 2.1.4. As an algebra, Heven is the commutative algebra generated by Feynman graphs

of a given scalar quantum field theory that have an even number of internal edges, #E(I") € 2N.

The coproduct (2.1.3) on Heven is similarly defined with the sum over divergent subgraphs ~ with
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even #E(7), with 1PI quotient.

Notice that in dimension D € 4N all log divergent subgraphs v C I" have an even number of edges,
since Dby (y) = 2#E(y) in this case.

2.1.3 Rota—Baxter algebras and Atkinson factorization

In the following we will discuss some interesting properties of algebraic Birkhoff decomposition
when the Rota-Baxter operator satisfies the identity T'(T(z)y) = T'(z)y.

Let e : H — A be the unit of Hom(H, A) (under the convolution product) defined by e(1g) = 14
and e(X) =0 on @,>0H,-

The main observation can be summarized as follows:

(a) If the Rota-Baxter operator T' on A also satisfy the identity T'(T(z)y) = T(z)y, then on

ker(e) = ®n>0Hp, the negative part of the Birkhoff factorization ¢_ takes the following form:
b = —T(¢(X)) =Y T(HX)NH(X"), for AX)=10X+X21+Y X @X".

(b) If T also satisfies T'(zT(y)) = =T (y), Vx,y € A, then the positive part is given by ¢4 =
(1-T)(¢(X)), VX € kere = @p,>0H,.

This follows from the properties of the Atkinson Factorization in Rota—Baxter algebras, which we

recall below.

Proposition 2.1.5. (Atkinson Factorization, (50)) Let (A,T) be a Rota-Bazter algebra of weight
AN#£0. Let T = —M\id — T and let a € A. Assume that by and b, are a solution of the fized point

equations
by =1+T(ba), b.=1+T(ab,). (2.1.5)
Then
bi(1+ Aa)b, = 1.
Thus

1+ Xa=b'b" (2.1.6)

if by and b, are invertible.
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A Rota-Baxter algebra (A,T) is called complete if there are algebras 4,, C A,n > 0, such that

(A, Ay,) is a complete algebra and T'(A4,,) C A,,.

Proposition 2.1.6. (Existence and uniqueness of the Atkinson Factorization, (50)) Let (A, T, A,,)
be a complete Rota-Bazter algebra of weight A # 0. Let T =-Xid—T and let a € A;.

(a) Equations (2.1.5) have unique solutions by and b,.. Furthermore, by and b, are invertible. Thus

Atkinson Factorization (2.1.6) exists.

(b) If X\ # 0 and T? = — AT (in particular if T?> = —\T on A), then there are unique c; € 1+T(A)
and ¢, € 1+ T(A) such that
1+ Xa = ¢e,.

Define
(Ta)" Y .= T((Ta)™a) and (Ta)" ™'} = T(a(Ta)i™)
with the convention that (T'a)l!! = T(a) = (Ta)™ and (Ta)l =1 = (Ta){%}.

Proposition 2.1.7. Let (A, A,,T) be a complete filtered Rota-Bazxter algebra of weight —1 such
that T2 =T. Let a € A;. If T also satisfies the following identity

T(T(x)y) = T(z)y, Vx,y€ A, (2.1.7)

then the equation

b =1+ T(ba). (2.1.8)

has a unique solution

1+T(a)(1—a)" "

Proof. First, we have (Ta)"*! = T(a)a" for n > 0. In fact, the case when n = 0 just follows
from the definition. Suppose it is true up to n, then (Ta)"+? = T((Ta)"+a) = T((T(a)a™)a) =
T(T(a)a™*') = T(a)a™*'. Arguing as in ((37)), by = >.o0 o (Ta) =1+ T(a) + T(T(a)a) + - - - +
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(Ta)™ 4 - - - is the unique solution of (2.1.8). So

b = 1+T(a)+T(a)a+T(a)a*+---
= 1+T(a)(1—|—a—|—a2+...)

= 1+4T(a)(1-a)"

O

A bialgebra H is called a connected, filtered cograded bialgebra if there are subspaces H,, of H such
that (a) HyHq € 3051, Hiy (0) A(Hp) C @pig=nH, ® Hy; (¢) Hy = imu(= C), where u: C — H
is the unit of H.

Proposition 2.1.8. Let H be a connected filtered cograded bialgebra (hence a Hopf algebra) and
let (A,T) be a (not necessarily commutative) Rota-Bazter algebra of weight X = —1 with T? = T.
Suppose that T also satisfies (2.1.7). Let ¢ : H — A be a character, i.e. an algebra homomorphism.
Then there are unique maps ¢_ - H — T(A) and ¢4 : H — T(A), where T =1 —T, such that

¢ = d)*—(_l) * ¢+7

where ¢*(—V) = ¢ o S, with S the antipode. ¢_ takes the following form on kere = @,~oH,,:
’ 74 g >

o_(X) = —T(3(X) =D (D)"Y _ T(XD)XD)(XD)) ... p(x )
= —T(3(X)) = D _(-)"(Th)i¢™" )(X)

Here we use the notation A" 1 (X) =Y XD @... 0 X", and AX) =AX)-X®1-10X

(which is coassociative), and % is the convolution product defined by A. Furthermore, if T satisfies
T(2T(y)) = 2T(y), Va,ye€ A, (2.1.9)

then ¢ takes the form on kere = Gp>0Hp:

¢ = (1 =T)($(X)).
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Proof. Define R := Hom(H, A) and
P:R— R, P(f)(X)=T(f(X)), f e Hom(H,A),X e H.

Then by (50), R is a complete algebra with filtration R,, = {f € Hom(H, A)|f(H"™ V) =0},n >0,
and P is a Rota-Baxter operator of weight —1 and P? = P. Moreover, since T satisfies (2.1.7), it
is easy to check that P(P(f)g) = P(f)g for any f,g € Hom(H, A). Let ¢ : H — A be a character.
Then (e — ¢)(1g) =e(lg) —¢p(lg) =14 —14 =0. So e — ¢ € A;. Set a = e — ¢, by Proposition
2.1.6, we know that there are unique ¢; € T(A) and ¢, € (1 —T)(A) such that ¢ = ¢;c,.. Moreover,
by Proposition 2.1.7 we have ¢_ = b = ¢;' = e+ T(a)(e—a)" ' =e+T(e —p) Y00 ;(e — P)".
We also have Y7 (e — )" (1) = 14 and for any X € kere = &,,50H,, we have (e — ¢)°(X) =
e(X) = 0; (e — B)'(X) = —6(X); (e — 9P(X) = Sle — O)(X')(e — B)(X") = X o(X")o(X").
More generally, we have (e — ¢)"(X) = (=1)" 3. ¢(XM)p(X @) ... p(XM) = (=1)"¢*" (X). So
for X € kere = ®,,~0H,,

6(X) = <T<e—¢>§)<e—¢>"><x>
— T(e-6)(1n) i( — 8)"(X) + T(e - H)(X) i( —)"(i)
F3 (e - 6)(X) i( o)
— T(e(0) - YT fj S G D)) - (X))
_ _T(6(X) i D" S T(SX D) SXP)HXD) - (X D)
- —T(¢<X>>—:l< (7)) (X).

Suppose that T also satisfies Equation (2.1.9), then for any a,b € A, we have (1-T)(a)(1-T)(b) =
ab—T(a)b—aT(b)+T(a)T(b) = ab—T(T(a)b) —T(aT (b)) +T(a)T(b) = ab—T(ab) = (1 —T)(ab),
as T is a Rota-Baxter operator of weight —1. As shown in ((26)) and ((37)), ¢+ = (1 = T)((X) +
S0 (X)(X"). So 6y = (1— T)(6(X)) + X1 = T)(p_ (X))(1 = T)(H(X") b
T)

v the previous
computation. But ¢_ is in the image of T and T? = T, so we must have (1 — T)(¢

-(X7) =0,
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which shows that ¢ = (1 —T)(¢(X)). O

2.1.4 A variant of algebraic renormalization

We consider now a setting inspired by the formalism of the Connes—Kreimer renormalization recalled
above. The setting generalizes the one considered in (24) for configuration space integrals and our
main application will be to extend the approach of (24) to momentum space integrals.

The main difference with respect to the Connes—Kreimer renormalization is that, instead of renor-
malizing the Feynman amplitude (regularized so that it gives a meromorphic function), we propose
to renormalize the differential form, before integration, and then integrate the renormalized form
to obtain a period.

The result obtains by this method differs from the physical renormalization, as we will see in explicit
examples in Section 2.4.11 below. Whenever non-trivial, the convergent integral obtained by the
method described here will be a mixed Tate period even in cases where the physical renormalization

is not.

The main steps required for our setup are the following.

e For each ¢ > 1, we construct a pair (X, Yy) of a smooth projective variety X, (defined over Q)

whose motive m(Xy) is mixed Tate (over Z), together with a (singular) hypersurface Yy C X,.

e We describe the Feynman integrand as a morphism of commutative algebras
¢ : Heven — /\ ggzr;/ev ¢(F) =,
¢

with nr an algebraic differential form on X, with polar locus Yy, for £ = by (T"), and with the

Rota—Baxter structure of Lemma 2.1.3 on the target algebra.

e We express the (unrenormalized) Feynman integrals as a (generally divergent) integral fg nr,

over a chain o in Xj.

e We construct a divisor, ¥, C Xy, that contains the boundary do, whose motive m(3,) is

mixed Tate (over Z) for all £ > 1.

e We perform the Birkhoff decomposition ¢4 obtained inductively using the coproduct on H

and the Rota-Baxter operator 1" (polar part) on M¥, y,.
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e This gives a holomorphic form ¢, (I') on X,. The divergent Feynman integral is then replaced

/T(U) o+ (1),

which is a period of the mixed Tate motive m(X,, £¢).

by the integral

e In addition to the integral of ¢ (I') on X, we consider integrals on the strata of the complement
Xo\Y; of the polar part ¢_ (T'), which under suitable conditions will be interpreted as Poincaré

residues.

If convergent, the Feynman integral [ np would be a period of m(X, \ Yy, 3y \ (X NYy)). The
renormalization procedure described above replaces it with a (convergent) integral that is a period
of the simpler motive m(Xy, 3,). By our assumptions on X, and ¥, the motive m(Xy, ¥,) is mixed
Tate for all /.

Thus, this strategy eliminates the difficulty of analyzing the motive m(X, \ Yy, Xy \ (X N YY)
encountered for instance in (6). The form of renormalization proposed here always produces a
mixed Tate period, but at the cost of incurring in a considerable loss of information with respect

to the original Feynman integral.

Indeed, a difficulty in the procedure described above is ensuring that the resulting regularized form

6+() = (1= T)(@(I) + D d-(v) A $(T/7))
yCT

is nontrivial. This condition may be difficult to control in explicit cases, although we will discuss
below an especially simple situation, when one can reduce the problem to forms with logarithmic
poles, where using the pole subtraction together with Poicaré residues one can obtain nontrivial
periods (although the result one obtains is not equivalent to the physical renormalization of the
Feynman amplitude).

An additional difficulty that can cause loss of information with respect to the Feynman integral
is coming from the combinatorial conditions on the graph given in (6) that we will use for the

embedding into the complement of the determinant hypersurface; see Section 2.4.11.
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2.2 Rota—Baxter algebras and forms with logarithmic poles

We now focus on the case of meromorphic forms with logarithmic poles, where the Rota—Baxter

structure and the renormalization procedure described above drastically simplify.

Lemma 2.2.1. Let X be a smooth projective variety andY C X a smooth hypersurface with defining
equation Y = {f = 0}. Let Q% (log(Y)) be the sheaf of algebraic differential forms on X with
logarithmic poles along Y. The Rota—Baxter operator T of Lemma 2.1.1 preserves Q%" (log(Y"))
and the pair (QF"(log(Y)),T) is a graded Rota—Bazter algebra of degree —1 with the property that,
for all wy,wa € QY (log(Y)), the wedge product T'(w1) A T(wz) = 0.

Proof. Forms w € Q% (log(Y')) can be written in canonical form

w=%A§+n,

with & and n holomorphic, so that T(w) = % A& We then have (1.1.2) as in Corollary 2.1.2 above,
with T(w;) AT (wg) = (=1)E I a AaAE) A& where a is the 1-form o = df / f so that aAa = 0. O

Lemma 2.2.1 shows that, when restricted to Q% (log(Y")), the operator T satisfies the simpler identity
T(xy) =T(T(x)y) + T(xT(y)). (2.2.1)

This property greatly simplifies the decomposition of the algebra induced by the Rota—Baxter
operator. In particular, we get a simplified form of the general result of Proposition 2.1.8, when

taking into account the vanishing T'(x)T(y) = 0, as shown in Lemma 2.2.1.

Lemma 2.2.2. Let R be a commutative algebra and T : R — R a linear operator that satisfies the
identity (2.2.1) and such that, for all x,y € R the product T(x)T(y) = 0. Let R4y = Range(1—1T).
Then the following properties hold.

(a) Ry C R is a subalgebra.
(b) Both T and 1 — T are idempotent, T> =T and (1-T)> =1-T.

Proof. (1) The product of elements in R4 can be written as (1 —T)(x)- (1 -T)(y) = 2y — T(x)y —
2T (y) = vy = T(x)y — 2T (y) — (T(zy) = T(T(x)y) — T(2T(y))) = (1 = T)(xy — T(x)y — T (y)).
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(2) The identity (2.2.1) gives T'(1) = 0, since taking # = y = 1 one obtains T'(1) = 272(1) while
taking x = T(1) and y = 1 gives T?(1) = T3(1). Then (2.2.1) with y = 1 gives T'(x) = T(«T(1)) +
T(T(x)1) = T?(z) for all x € R. For 1—T we then have (1-T)?(z) = 2—2T(x)+T?%(z) = (1-T)(x),
for all z € R. O

Lemma 2.2.3. Let R be a commutative algebra and T : R — R a linear operator that satisfies the
identity (2.2.1) and such that, for all x,y € R the product T(z)T(y) = 0. If, for all x,y € R, the
identity T(x)y + 2T (y) = T(T(x)y) + T(«T(y)) holds, then the operator (1 —T) : R — R is an

algebra homomorphism and the operator T is a derivation on R.

Proof. We have (1 — T)(zy) = 2y — T(T(z)y) — T (2T (y)) while (1 —T)(z) - (1 —=T)(y) = zy —
T(z)y — T (y). Assuming that, for all z,y € R, we have T(T(z)y) + T (T (y)) = T(z)y + =T (y)
gives (1 —T)(xy) = (1 — T)(x) - (1 — T)(y). Moreover, the identity (2.2.1) can be rewritten as
T(xy) = T(x)y + 2T (y), and hence T is just a derivation on R. O

Consider then again the case of a smooth hypersurface Y in P. We have the following properties.

Proposition 2.2.4. Let Y C X be a smooth hypersurface in a smooth projective variety. The
Rota—Baater operator T' : Mp:y, — MY§ of weight —1 on meromorphic forms on X with poles
along Y restricts to a derivation on the graded algebra Q" (log(Y)) of forms with logarithmic
poles. Moreover, the operator 1 — T is a morphism of commutative algebras from QY (log(Y)) to

the algebra of holomorphic forms Q§".

Proof. Tt suffices to check that the polar part operator T : Q" (log(Y)) — Q¥ (log(Y)) satisfies
the hypotheses of Lemma 2.2.3. We have seen that, for all wy,ws € Q%" (log(Y)), the product
T(w1) A T(wz) = 0. Moreover, for w; = dlog(f) A& + n;, we have T'(w1) Aws = dlog(f) A& Ane
and wy A T(wz) = (—1)!"Mldlog(f) Am A &, where the & and n; are holomorphic, so that we have
T(T(w1) Aws) = T(w1) Awg and T'(wy A T(we)) = wy A T(w2). Thus, the hypotheses of Lemma
2.2.3 are satisfied. O

2.2.1 Birkhoff factorization and forms with logarithmic poles

In cases where the pair (X,Y) has the property that the deRham cohomology Hjn(X \Y) can

always be realized by algebraic differential forms with logarithmic poles, the construction above
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simplifies significantly. Indeed, the Birkhoff factorization becomes essentially trivial, because of
Proposition 2.2.4. In other words, all graphs behave “as if they were log divergent”. This can be

stated more precisely as follows.

Proposition 2.2.5. Let Y C X be a smooth hypersurface inside a smooth projective variety and let
QY (log(Y)) denote the commutative algebra of algebraic differential forms on X of even degree
with logarithmic poles on'Y. Let ¢ : H — QL (log(Y)) be a morphism of commutative algebras
from a commutative Hopf algebra H to QYY" (log(Y")) with the operator T of pole subtraction. Then
for every X € H one has

¢4(X) = (1 = T)o(X),
while the negative part of the Birkhoff factorization takes the form
¢ (X) = )= o (X")p(X"),

where A(X) =X ®1+10 X+ >, X' ® X"”. Moreover, ¢_ takes the following nonrecursive form

on kere = @psoHy:

8

$_(X) = —T(A(X)) = D (1" D T(HXD)PX@)p(XD) - - p(X D)

n=1

= —T(¢(X) = _(-)"(T$)F¢™")(X).

I

Proof. The operator T of pole subtraction is a derivation on Q¥°"(log(Y’)). By (2.1.4) we have
o (X)) = (1 -T)d(X) + > ¢_(X")d(X")). By Proposition 2.2.4 we know that, in the case of
forms with logarithmic poles along a smooth hypersurface, 1 — T is an algebra homomorphism,
hence ¢4 (X) =1 -T)(¢(X))+> (1 —=T)(p_ (X)L —=T)(p(X"))), but ¢_(X’) is in the range of
T and, again by Proposition 2.2.4, we have T2 = T, so that the terms in the sum all vanish, since
(1= T)(6- (X)) = 0. By (2.14) we have 6_(X) = ~T(6(X) + X6 (X)o(X")) = ~To(X) -
ST(p_(X))p(X") = > ¢ (X"T(4(X")), because by Proposition 2.2.4 T is a derivation. The
last sum vanishes because ¢_(X') is in the range of T and we have T'(n) A T(§) = 0 for all
1, € € Q%,(log(Yz)). Thus, we are left with ¢_(X) = —T'¢p(X) — > T(¢_(X"))p(X") = ~Tp(X) —
S (X)p(X"). The last part follows from Proposition 2.1.8, since T(T'(n) A&) =T(n) AE. O
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Notice that this is compatible with the property that ¢(X) = (¢ o S* ¢4 )(X) (with the x-product
dual to the Hopf algebra coproduct). In fact, this identity is equivalent to ¢4 = ¢_ * ¢, which
means that ¢4 (X) = (6_ @ 6, A(X)) = 6_(X) + 6(X) + $6_(X)6(X") = (1 - T)H(X) as
above. Equivalently, all the nontrivial terms ¢_(X')p(X") in ¢(X) satisfy T(¢_(X")p(X")) =

¢ (X")p(X"), because of the simplified form (2.3.3) of the Rota—Baxter identity.

Corollary 2.2.6. If one has a construction of a character ¢ : H — Q¥ (log(Y)), of the Hopf
algebra of Feynman graphs, where X = Xy and Y =Y independently of the number of loops £ > 1,
then the negative part of the Birkhoff factorization of Proposition 2.2.5 would take on the simple

form

dh N
o-(I') = “h A&+ Z(_l)N Z Eyn N /\ Thi—1/v | > (2:2.2)

N>1 INC--Cy1Cyo=T j=1

where ¢(I') = 4 A& +np, and Y = {h = 0}.

Proof. The result follows from the expression

6-(I) = =T(s() = D 6-(Mo(T/),
~cr
obtained in Proposition 2.2.5, where ¢(I') = wr = % A &r + 1, so that T(¢(I)) = % A & and
¢(T/y) = 9% Népyy + 10/ The wedge product of ¢ (7) = =T(6(7)) = 2, c, ¢ (12)6(7/72) with
o(T'/~) will give a term % A& A nryy and additional terms ¢ (y2)¢(v/v2) A nr/y. Proceeding

inductively on these terms, one obtains (2.2.2). O

In the more general case, where X, and Y; depend on the loop number ¢ > 1, the form of the
negative piece ¢_(I') is more complicated, as it will contain forms on the products Xy, X Xy /)

with logarithmic poles along Yy, X Xor/4) U Xgy) X Yer/+)-

2.2.2 Polar subtraction and the residue

We have seen that, in the case of a smooth hypersurface Y C X, the Birkhoff factorization in the
algebra of forms with logarithmic poles reduces to a simple pole subtraction, ¢ (X) = (1-T)¢(X).
If the unrenormalized ¢(X) is a form written as o+ % A B, with o and 8 holomorphic, then ¢, (X)
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vanishes identically whenever a = 0. In that case, all information about ¢(X) is lost in the process
of pole substraction. Suppose that [ ¢(X) is the original unrenormalized integral. To maintain
some additional information, it is preferable to consider, in addition to the integral fa o+ (X), also

an integral of the form

/ Resy (1),
onNY

where Resy (1) = f is the Poincaré residue of n = o + % A B along Y. It is dual to the Leray

coboundary, in the sense that

1
| Rev=g= [
onNY 2mi L(eNY)

where the Leray coboundary £(oc NY’) is a circle bundle over ¢ NY. In this way, even when o = 0,
one can still retain the nontrivial information coming from the Poincaré residue, which is also

expressed as a period.

2.3 Singular hypersurfaces and meromorphic forms

In our main application, we will need to work with pairs (X,Y) where X is smooth projective,
but the hypersurface Y is singular. Thus, we now discuss extensions of the results above to more

general situations where Y C X is a singular hypersurface in a smooth projective variety X.

Again we denote by MY y the sheaf of meromorphic differential forms on X with poles along
Y, of arbitrary order, and by Q% (log(Y)) the sub-sheaf of forms with logarithmic poles along Y.
Let h be a local determination of Y, so that Y = {h = 0}. We can then locally represent forms
w € MYy as finite sums w = szo wp/hP, with the w, holomorphic. The polar part operator
T: MYSY — MYS can then be defined as in (2.1.1).

In the case we considered above, with Y C X as a smooth hypersurface, forms with logarithmic
poles can be represented in the form

w = d—:/\f—i-n, (2.3.1)

with £ and n holomorphic. The Leray residue is given by Res(w) = £. It is well defined, as the

restriction of £ to Y is independent of the choice of a local equation for Y.

In the next subsection we discuss how this case generalizes to a normal crossings divisor ¥ C X
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inside a smooth projective variety X. The complex of forms with logarithmic poles extend to the
normal crossings divisor case as in (29). For more general singular hypersurfaces, an appropriate
notion of forms with logarithmic poles was introduced by Saito in (90). The construction of the
residue was also generalized to the case where Y is a normal crossings divisor in (29) and for more

general singular hypersurfaces in (90).

2.3.1 Normal crossings divisors

The main case of singular hypersurfaces that we focus on for our applications will be simple normal
crossings divisors. In fact, while our formulation of the Feynman amplitude in momentum space
is based on the formulation of (6), where the unrenormalized Feynman integral lives on the com-
plement of the determinant hypersurface, which has worse singularities, we will reformulate the
integral on the Kausz compactification of GL,, where the boundary divisor of the compactification

is normal crossings.

If Y C X is a simple normal crossings divisor in a smooth projective variety, with Y; the components
of Y, with local equations Y; = {f; = 0}, the complex of forms with logarithmic poles Q% (log(Y"))
spanned by the forms % and by the holomorphic forms on X.

J

even

As in Theorem 6.3 of (24), we obtain that the Rota—Baxter operator of polar projection T : MX,Y —
Y restricts to a Rota-Baxter operator 7' : Q" (log(Y)) — Q" (log(Y')) given by

T:ineT(n) =) iﬂ‘ A Resy, (1), (2.3.2)
j J

where the holomorphic form Resy; () is the Poincaré residue of 7 restricted to Y.

Unlike the case of a single smooth hypersurface, for a simple normal crossings divisor the Rota—
Baxter operator operator T does not satisfy T'(z)T'(y) = 0, since we now have terms like %/\‘?—: #0,
for j # k, so the Rota—Baxter identity for 7" does not reduce to a derivation, but some of the
properties that simplify the Birkhoff factorization in the case of a smooth hypersurface still hold in

this case.

Proposition 2.3.1. The Rota-Baxter operator T of (2.3.2) satisfies T?> = T and the Rota—Bazter
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identity simplifies to the form

TAg)=Tm) AE+nAT(E) —T(n) NT(E). (2.3.3)

The operator (1 —T) : R — Ry is an algebra homomorphism, with R = Q¥ (log(Y)) and
R4+ =1 —=T)R. The Birkhoff factorization of a commutative algebra homomorphism ¢ : H — R,

with H a commutative Hopf algebra is given by

¢4 (X) = (1 =T)o(X)

(2.3.4)
¢—(X) = =T($(X) + >_ ¢ (X")p(X")).

Moreover, ¢_ takes the following form on kere = ®,~0Hy:

8

6 (X) = —T(o(X)) Z ZT (X D)X B)) ... p(X (D)

n=1

I

= —T($(X)) = Y _(~)"(T§)*¢*")(X).

Proof. The argument is the same as in the proof of Theorem 6.3 in (24). It is clear by construction
that T is idempotent and the simplified form (2.3.3) of the Rota—Baxter identity follows by observing
that T(T'(n)AE) = T(n)AE and T(nAT(€)) = nAT(€) as in Theorem 6.3 in (24). Then one sees that
(A=T)MAA=T)(E) = NAE—T () AE—nAT(E)+T(AT(E) = nAE~T(AE) by (2.3.3). Consider
then the Birkhoff factorization. We write ¢(X) := ¢(X)+3 ¢ (X")¢(X"). The fact that (1—T) is
an algebra homomorphism then gives ¢, (X) = (1-T)(¢(X)) = (1-T)(¢(X)+ X b_(X)p(X")) =
(1=T) (X)) +X1-T) (6 (X)) (1-T)(6(X"))), with (1-T)(9_(X')) = ~(1-T)T($_(X")) =0,
because T is idempotent. The last statement again follows from Proposition 2.1.8, since we have

T(T(n) NE) =T(n) NE. O

2.3.2 Multidimensional residues

In the case of a simple normal crossings divisor Y C X, we can proceed as discussed in Section 2.2.2
for the case of a smooth hypersurface. Indeed, as we have seen in Proposition 2.3.1, we also have in

this case a simple pole subtraction ¢ (X) = (1 —T)¢(X), even though the negative term ¢_ (X) of
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the Birkhoff factorization can now be more complicated than in the case of a smooth hypersurface.
The unrenormalized ¢(X) is a form n = « + Ej % A Bj, with o and §; holomorphic and Y; =
{f; = 0} the components of Y. Again, if @ = 0 we lose all information about ¢(X) in our
renormalization of the logarithmic form. To avoid this problem, we can again consider, instead of

the single renormalized integral fo ¢+ (X), an additional family of integrals

/ Resy, (),
oNYy

where Y7 = Nj¢rY; is an intersection of components of the divisor Y and Resy, () is the iterated
(or multidimensional, or higher) Poincaré residue of 7, in the sense of (4), (3). These are dual to

the iterated Leray coboundaries,

1
Resy, (n) = - / ,
\/UOYI YI( ’) (27.[-2)” E](O'I'-WYI) 77

where Ly =Lj,0---0L; forY;=Y; Nn---NYj,.

If arbitrary intersections Y; of components of Y are all mixed Tate motives, then all these integrals

are also periods of mixed Tate motives.

2.3.3 Saito’s logarithmic forms

Given a singular reduced hypersurface Y C X, a differential form w with logarithmic poles along

Y, in the sense of Saito (90), can always be written in the form ((90), (1.1))

fMZ%hAﬁJrn, (2.3.5)
where f € Ox defines a hypersurface V = {f = 0} with dim(Y NV) < dim(X) — 2, and with £ and
1 holomorphic forms.

In the following, we use the notation Q% (log(Y")) to denote the forms with logarithmic poles along
Y in the sense of Saito, to distinguish it from the more restrictive notion of forms with logarithmic
poles 0% (log(Y)) considered above for the normal crossings case.

Following (3), we say that a (reduced) hypersurface Y C X has Saito singularities if the modules

of logarithmic differential forms and vector fields along Y are free. The condition that Y C X has
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Saito singularities is equivalent to the condition that Q% (log(Y)) = A" Q% (log(Y)), (90).

Let My denote the sheaf of germs of meromorphic functions on Y. Then setting
1
Res(w) = 7 Ely (2.3.6)
defines the residue as a morphism of Ox-modules, for all ¢ > 1,

Res : “Q% (log(Y)) = My ®0, Q4" (2.3.7)

A refinement of (2.3.7) is given by the following result, (3). For Y C X a reduced hypersurface,

and for all ¢ > 1, there is an exact sequence of Ox-modules
0= QL 5 50 (log(V)) 2% wi — 0. (2.3.8)

Unlike the case of normal crossings divisors, the Saito residue of forms with logarithmic poles is not

a holomorphic form, but a meromorphic form on Y.

It is natural to ask whether the extraction of polar part from forms with logarithmic poles that we
considered here for the case of smooth hypersurfaces and normal crossings divisors extends to more

general singular hypersurfaces using Saito’s formulation.

Question 2.3.2. For more general singular hypersurfaces Y C X with Saito singularities, is the
Rota—Baxter operator T on even meromorphic forms expressible in terms of Saito residues in the

case of forms with logarithmic poles?

We describe here a possible approach to this question. We introduce an analog of the Rota—Baxter
operator considered above, given by the extraction of the polar part. The “polar part” operator,
in this more general case, does not maps Q" (log(Y")) to itself, but we show below that it gives
a well defined Rota-Baxter operator of weight —1 on the space of Saito forms *Q"(log(Y)), and

that this operator is a derivation.

Lemma 2.3.3. The set Sy := {f : dim({f = 0} NY) < dim(X) — 2} is a multiplicative set.
Localization of the Saito forms with logarithmic poles gives Sy SQx (log(Y)) = *Qx (log(Y)).
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Proof. We have Vip = {fifo = 0} = {fi = 0} U{f2 = 0} and dim(Y N V}2) = dim((Y N {f1 =
0HU Nn{fe =0}) < dim(X) — 2, since dim(Y N {f; = 0}) < dim(X) — 2 for ¢ = 1,2.
Thus, for any fi, fo € Sy, we have f1fs € Sy. Moreover, we have 1 € Sy, and hence Sy is a
multiplicative set. The localization of *Q% (log(Y)) at Sy is just Q% (log(Y)) itself: in fact, for
flw € 871 50% (log(Y)), with f € Sy and w € Q% (log(Y)), expressed as in (2.3.5), we have

FI(fw) = fw = % ANE+,

where ff € Sy, hence f~lw e Q0 x (log(Y)). O

Given a form w € Q% (log(Y)), which we can write as in (2.3.5), the residue (2.3.6) is the image
under the restriction map Sy ' Q% — S;'Q% of the form f~'¢ € S,,'Q%. Moreover, we have an
inclusion Q% < SQ% (log(Y)), which induces a corresponding map of the localizations S5 ' Q% <

Syt 90% (log(Y)) = 9% (log(Y)). We can then define a linear operator
T 50% (log(Y) — 0k (log(Y)) A S5 Q% — *Q% (log(Y)) A Sy ! Q% (log(Y)) = Q% (log(Y))

given by

T(w):%/\% for fw:%/\f—i—n. (2.3.9)

Lemma 2.3.4. The operator T of (2.3.9) is a Rota—Baxter operator of weight —1 on SQg*(log(Y)),

which is just given by a derivation, satisfying the Leibnitz rule T'(wy Aws) = T'(w1) Awa +w1 AT (w2).

Proof. Let
dh dh
flwlzf/\fl‘f'nl f2W2=7/\§2+772-

Then

dh dh dh
fi fowr /\w2=(7 Y3 —Hh)/\(f N+ 1) = ﬁ/\(51/\772+(—1)p771/\§2)+771/\772»

where 171 € QP(X). By Lemma 2.3.3, we know that f;fo € Sy. We have

pL 572).

T(wi Awa) = — A (= A=+ (-1) 5
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Since
we obtain

Moreover, we have

_ (G &y dh & dh G e dh &
Tlwn) Awa = (GEASIA AT+ AT AL =5 AT A

with

fifo(T(w1) ANwg) = % N&1 A,

and similarly,

and hence T satisfies the Leibnitz rule. The operator T also satisfies T'(T'(w1) A wa) = T'(w1) A wa,
and T'(w1 A T(w2)) = w1 A T(wa2), hence the condition that T is a derivation is equivalent to the

condition that it is a Rota-Baxter operator of weight —1. O

Correspondingly, we have

(lfT)w:wfd—:/\§:?€S;lQ§}’en.
Under the restriction map Sy QY — S31 Q§Y°" we obtain a form (1 — T)(w)|y. It follows that
we can define a “subtraction of divergences” operation on ¢ : H — Q¥ (log(Y)) by taking
o1 H — RY™"(log(Y)) given by ¢4 (a) = (1 — T)¢p(a)|y, for a € H, which maps ¢(a) = w to
(1-Twly = f~n|y, where fw = dh—h A& +n. While this has subtracted the logarithmic pole along
Y, it has also created a new pole along V = {f = 0}. Thus, it results again in a meromorphic form.
If we consider the restriction to Y of ¢, (a) = f~! 7|y, we obtain a meromorphic form with first
order poles along a subvariety V' NY', which is by hypothesis of codimension at least one in Y. Thus,
we can conceive of a more complicated renormalization method that progressively subtracts poles
on subvarieties of increasing codimension, inside the polar locus of the previous pole subtraction,

by iterating this procedure.
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2.4 Compactifications of GL, and momentum space Feyn-
man integrals

In this section, we restrict our attention to the case of compactifications of PGL, and of GL, and
we use a formulation of the parametric Feynman integrals of perturbative quantum field theory in
terms of (possibly divergent) integrals on a cycle in the complement of the determinant hypersurface
(6), to obtain a new method of regularization and renormalization, which always gives rise to
a renormalized integral that is a period of a mixed Tate motive, even though a certain loss of

information can occur with respect to the physical Feynman integral.

2.4.1 The determinant hypersurface

In the following we use the notation D, and Dy, respectively, for the affine and the projective
determinant hypersurfaces. Namely, we consider in the affine space Afz, identified with the space

of all £ x f-matrices, with coordinates (z;;); j=1,...¢, the hypersurface
Dy = {det(X) = 0| X = (x;;)} € A”.

Since det(X) = 0 is a homogeneous polynomial in the variables (x;;), we can also consider the

projective hypersurface D, C P¢*~1.

The complement AP < Dy is identified with the space of invertible ¢ x /-matrices, namely with GLj.

2.4.2 The Kausz compactification of GL,,

We recall here some basic facts about the Kausz compactification KGL,, of GL,, following (60)
and the exposition in §11 of (81).

We first recall the Vainsencher compactification (94) of PGL,. Let Xy = P~1 be the projectiviza-
tion of the space AP of square £ x f-matrices. Let Y; be the locus of matrices of rank ¢ and consider
the iterated blowups X; = Bly. (X;_1), with Y; the closure of Y; in X;_;. It is shown in Theorem 1
and (2.4) of (94) that the X; are smooth, and that X,_; is a wonderful compactification of PGLy,
in the sense of (28). Moreover, the Y; are PGL;-bundles over a product of Grassmannians. One

denotes by PGL, the wonderful compactification of PGL, obtained in this way. We also refer the
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reader to §12 of (81) for a quick overview of the main properties of the Vainsencher compactification.

The Kausz compactification (60) of GLy is similar. One regards A? as the big cell in Xy = P, The
iterated sequence of blowups is given in this case by setting X; = Blj-,i_luf,qi(é\fi,l), where V; C AZ
are the matrices of rank i and H; are the matrices at infinity (that is, in P© =1 = P& ~ A% of
rank 4. It is shown in Theorem 9.1 of (60) that the A; are smooth and that the blowup loci are
disjoint unions of loci that are, respectively, a PGL;-bundle and a K GL;-bundle over a product of
Grassmannians. An overview of these properties and of the relation between the Vainsencher and
the Kausz compactifications is given in §12 of (81).

As observed in (81), the Kausz compactification is then the closure of GL; inside the wonderful
compactification of PGLyy1, see also (54), Chapter 3, §1.3. The compactification K GL, is smooth
and projective over SpecZ (Corollary 4.2 (60)).

The other property of the Kausz compactification that we will be using in the following is the
fact that the complement of the dense open set GL, inside the compactification K GL, is a normal

crossing divisor (Corollary 4.2 (60)).

2.4.3 The virtual motive of the Kausz compactification

We can use the description recalled above of the Kausz compactification, together with the blowup
formula, to check that the virtual motive (class in the Grothendieck ring) of the Kausz compactifi-

cation is Tate.

Proposition 2.4.1. Let Ky(V) be the Grothendieck ring of varieties (defined over Q or over 7))
and let Z[L] C Ko(V) be the Tate subring generated by the Lefschetz motive L = [A']. For all £ > 1
the class [KGLy] is in Z[L]. Moreover, let Zy be the normal crossings divisor Z; = KGLy ~ GLy.

Then all the unions and intersections of components of Z, have Grothendieck classes in Z[L).

Proof. We use the blowup formula for classes in the Grothendieck ring: if X = Bly (X ), where Y is

of codimension m + 1 in X, then the classes satisfy
[X] = [x] + > _[VIL*. (2.4.1)
k=1

The Kausz compactification is obtained as an iterated blowup, starting with a projective space

whose class is in Z[L] and blowing up at each step a smooth locus that is a bundle over a product
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of Grassmannians with fiber either a KGL; or a PGL; for some i < ¢. The Grothendieck class of a
bundle is the product of the class of the base and the class of the fiber. Classes of Grassmannians
(and products of Grassmannians) are in Z[L]. The classes of the wonderful compactifications PGL;
of PGL; are also in Z[L], since it is known that the motive of these wonderful compactifications
is mixed Tate (see for instance (52)). Thus, it suffices to assume, inductively, that the classes
[KGL;] € Z[L] for all i < ¢, and conclude via the blowup formula that [KGL,] € Z[L].

Consider then the boundary divisor Z, = KGLy, ~ GL;. The geometry of the normal crossings
divisor Z; is described explicitly in Theorems 9.1 and 9.3 of (60). It has components Y; and Z;,
for 0 < i < /, that correspond to the blowup loci described above. The multiple intersections
NierY; NNjesZ; of these components of Z, are described in turn in terms of bundles over products
of flag varieties with fibers that are lower dimensional compactifications KGL; and PGL; and
products. Again, flag varieties have cell decompositions, and hence their Grothendieck classes are
in Z[L] and the rest of the argument proceeds as in the previous case. If arbitrary intersections of
the components of Zy have classes in Z[L] then arbitrary unions and unions of intersections also do

by inclusion-exclusion in Ko (V). O

2.4.4 The numerical motive of the Kausz compactification

Knowing that the Grothendieck class [KGL,] is in the Tate subring Z[L] C Ky(V) determines the
motive in the category of pure motives with the numerical equivalence. More precisely, we have the

following.

Proposition 2.4.2. Let hyym(KGLy) denote the motive of the Kausz compactification K GLy in the
category of pure motives over Q, with the numerical equivalence relation. Then hpum(KGLy) is in
the subcategory generated by the Tate object. The same is true for arbitrary unions and intersections

of the components of the boundary divisor Z; of the compactification.

Proof. The same argument used in Proposition 2.4.1 can be upgraded at the level of numerical
motives. We replace the blowup formula (2.4.1) for Grothendieck classes with the corresponding
formula for motives, which follows (already at the level of Chow motives) from Manin’s identity
principle, (78):

h(X) =h(X)® PhY)a L, (2.4.2)

r=1
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with X = Bly (X) the blowup of a smooth subvariety ¥ C X of codimension m + 1 in a smooth
projective variety X, and with . = h2(P!) is the Lefschetz motive. Moreover, we use the fact that,
for numerical motives, the motive of a locally trivial fibration X — S with fiber Y is given by the
product

P (X) = hrn (V) © B (S). (2.4.3)

See Exercise 13.2.2.2 of (7). The decomposition (2.4.3) allows us to describe the numerical motives
of the blowup loci of the iterated blowup construction of K GL,; as products of numerical motives
of Grassmannians and of lower dimensional compactifications KGL; and PGL,;. The motive of
a Grassmannian can be computed explicitly as in (62), already at the level of Chow motives. If

G(d,n) denotes the Grassmannian of d-planes in k™, the Chow motive h(G(d,n)) is given by

h(G(d,n)) = @ LEM, (2.4.4)
rewd
where

Woh={A=M\,..., ) eNn—d>\ > >\ >0}

and [A| = ), A\i; see Theorem 2.1 and Lemma 3.1 of (62). The same decomposition into pow-
ers of the Lefschetz motive holds at the numerical level. Moreover, we know (also already for
Chow motives) that the motives h(PGL;) of the wonderful compactifications are Tate (see (52)),
and we conclude the argument as in Proposition 2.4.1 by assuming inductively that the motives

houm (KKGL;) are Tate, for ¢ < £. The argument for the loci N;erY; NNjesZ; in 2, is analogous. [

Remark 2.4.3. Proposition 2.4.2 also follows from Proposition 2.4.1 using the general fact that two
numerical motives that have the same class in Ko(Num(k)g) are isomorphic as objects in Num(k)q,
because of the semi-simplicity of the category of numerical motives, together with the existence,
for char(k) = 0, of a unique ring homorphism (the motivic Euler characteristic) xmot : Ko(Vk) —
Ky(Num(k)g). This is such that, for a smooth projective variety X, xmot([X]) = [Fnum (X)], where
hnum(X) is the motive of X in Num(k)g; see Corollary 13.2.2.1 of (7).
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2.4.5 The Chow motive of the Kausz compactification

Manin’s blowup formula (2.4.2) and the computation of the motive of Grassmannians and of the
wonderful compactifications PGL; already hold at the level of Chow motives. However, if we want
to extend the argument of Proposition 2.4.2 to Chow motives, we run into the additional difficulty
that one no longer necessarily has the decomposition (2.4.3) for the motive of a locally trivial
fibration. Under some hypotheses on the existence of a cellular structure, one can still obtain a
decomposition for motives of bundles, and more generally locally trivial fibrations, the fibers of
which have cell decompositions with suitable properties, see (59), and also (51), (52), (58), and
(86). We obtain an unconditional result on the Chow motive of the Kausz compactification, by

analyzing its cellular structure.

Recall that, for G a connected reductive algebraic group and B a Borel subgroup, a spherical variety
is is a normal algebraic variety on which G acts with a dense orbit of B, (16). Spherical varieties
can be regarded as a generalization of toric varieties: when G is a torus, one recovers the usual

notion of toric variety.

Proposition 2.4.4. The Chow motive h(KGLy) of the Kausz compactification is a Tate motive.

Proof. The result follows by showing that K GL, has a cellular structure for all £ > 1, which allows
us to extend the decomposition of the motive used in Proposition 2.4.2 from the numerical to the
Chow case.

As shown in §3.1 of (16), it follows from the work of Bialynicki-Birula (13) that any complete,
smooth, and spherical variety X has a cellular decomposition. This is determined by the decompo-
sition of the spherical variety into B-orbits and is obtained by considering a one-parameter subgroup

X : G,, — X in general position, with X* the finite set of fixed points, with cells given by
X(\z)={z € X[ limA(t)z ==}, for v € X, (2.4.5)
—

The Kausz compactification K GL, is a smooth toroidal equivariant compactification of GLy; see
Proposition 1.15 of §3 of (54) and also Proposition 9.1 and Proposition 12.1 of (81). In particular,
it is a spherical variety (see Proposition 9.1 of (81)), and hence it has a cellular structure as above.
A relative cellular variety, in the sense of (59), is a smooth and proper variety with a decomposition

into affine fibrations over proper varieties. The blowup loci of the Kausz compactification KGL,



33

are relative cellular varieties in this sense, since they are bundles over products of Grassmannians,
with fiber a lower dimensional compactification K GL;, with 7 < ¢. Using the cell decomposition of
the fibers KGL;, we obtain a decomposition of these blowup loci as relative cellular varieties, with
pieces of the decomposition being fibrations over a product of Grassmannians, with fibers the cells
of the cellular structure of K GL;.

There is an embedding of the category of pure Chow motives in the category of mixed motives
(with some subtleties involved in passing from the cohomological formulation of pure motives to
the homological formulation of mixed motives); see (7). By viewing the Chow motives of these
blowup loci as elements in the Voevodsky category of mixed motives, Corollary 6.11 of (59) shows
that they are direct sums of motives of products of Grassmannians (which are Tate motives), with
twists and shifts which depend on the dimensions of the cells of KGL;. We conclude from this
that all the blowup loci are Tate motives. We can then repeatedly applying the blowup formula for
Chow motives to conclude (unconditionally) that the Chow motive of KGLy is itself a Tate motive.
Note that the blowup formula also holds in the Voevodsky category, Proposition 3.5.3 of (95), in

the form
codimx (Y)—1

mBly (X)) =m(X)o @ m(Y)(r)[2r],

r=1
which corresponds to the usual formula of (78) in the case of pure motives, after viewing them as
objects in the category of mixed motives. The result can also be obtained, in a similar way, using

Theorem 2.10 of (52) instead of Corollary 6.11 of (59). O

Remark 2.4.5. Given the existence of a cellular decomposition of KGLy, as above, it is possible
to give a quicker proof that the Chow motive is Tate, by using distinguished triangles in the
Voevodsky category associated to the inclusions of unions of cells, showing that m(K GLy) is mixed
Tate, then using the inclusion of pure motives in the mixed motives to conclude h(KGLy) is Tate.
In Proposition 2.4.4 above we chose to maintain the structure of the argument more similar to the

cases of the virtual and the numerical motive, for better direct comparison.

Remark 2.4.6. Notice that a conditional result about the Chow motive would follow directly from
Proposition 2.4.2 or Remark 2.4.3, if one assumes the Kimura—O’Sullivan conjecture (or Voevodsky’s
nilpotence conjecture, which implies it). For the precise statement and implications of the Kimura—

O’Sullivan conjecture, and its relation to Voevodsky’s nilpotence, we refer the reader to the survey
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(8). By arguing as in Lemma 13.2.1.1 of (7), that would extend the result of Proposition 2.4.2 to
the Chow motive. At the level of Grothendieck classes, the conjecture in fact implies that the K
of Chow motives and the K of numerical motives coincide, and hence one can argue as in Remark
2.4.3 and conclude that, in order to know that the Chow motive is mixed Tate, it suffices to know

that the Grothendieck class is mixed Tate.

2.4.6 Feynman integrals in momentum space and non-mixed-Tate exam-

ples

It was shown in (14) that the parametric form of Feynman integrals in perturbative quantum field
theory can be formulated as a (possibly divergent) period integral on the complement of a hyper-
surface defined by the vanishing of a combinatorial polynomial associated to the Feynman graphs.
Namely, one writes the (unrenormalized) Feynman amplitudes for a massless scalar quantum field
theory as integrals

U(r) =

T(n — D/2) / Pr(t,p) " P 2w, (2.4.6)

(47)¢D/2 Wp(t) D2
where n = #FEr is the number of internal edges, ¢ = by (") is the number of loops, and D is the
spacetime dimension. Here we consider the “unregularized” Feynman integral, where D is just
the integer valued dimension, without performing the procedure of dimensional regularization that
analytically continues D to a complex number. The domain of integration is a simplex o, = {t €
R%|>>;ti = 1}. In the integration form, w, is the volume form, and Pr and ¥r are polynomials

defined as follows. The graph polynomial is defined as

r(t) =Y [] te:

T e¢T

where the summation is over spanning trees (assuming the graph I" is connected). The polynomial

Pr is given by

Pr(pj) = ZSC Hte

ccr ecC
with the sum over cut-sets C' (complements of a spanning tree plus one edge) and with variables
sc¢ depending on the external momenta of the graph, s¢ = (Zve\/(rl) P,)?, where I'y is one of

the connected components after the cut (it does not matter which). The variables P, are given by
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combinations of external momenta, P, =3 .cp (1) i(e)=0 Pe; Where D° cp iy pe = 0.

In the range —n + D{/2 > 0, which includes the log divergent case n = D{/2, the Feynman
amplitude is therefore the integral of an algebraic differential form defined on the complement of
the graph hypersurface Xp = {t € A" |Up(t) = 0}. Divergences occur due to the intersections
of the domain of integration o, with the hypersurface. Some regularization and renormalization
procedure is required to separate the chain of integration from the divergence locus. We refer the

reader to (14) (or to (79) for an introductory exposition).

It was originally conjectured by Kontsevich that the graph hypersurfaces Xr would always be
mixed Tate motives, which would have explained the pervasive occurrence of multiple zeta values in
Feynman integral computations observed in (18). A general result of (12) disproved the conjecture,
while more recent results of (20), (21), and (33) showed explicit examples of Feynman graphs that

give rise to non-mixed-Tate periods.

2.4.7 Determinant hypersurface and parametric Feynman integrals
In (6) the computation of parametric Feynman integrals was reformulated by replacing the graph
hypersurface complement by the complement of the determinant hypersurface.

More precisely, the (affine) graph hypersurface Xr is defined by the vanishing of the graph polyno-

mial W, which can be written as a determinant
Up(t) =detMp(t) = > [] te
T e¢T
with
(Mr)ir(t) = Z LiMikMir (2.4.7)
i=1

where the matrix 7 is given by

+1 edge +e; € loop ¥
Nik =
0  otherwise.
This definition of the matrix 7 involves the choice of a basis {{;} of the first homology H;(T;Z)

and the choice of an orientation of the edges of the graph, with +e denoting the matching/reverse
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orientation on the edge e. The resulting determinant Wr(¢) is independent of both choices.

One considers then the map
T:A" —» Aﬁ, T(t)k,« = Ztiniknir

that realizes the graph hypersurface as the preimage

of the determinant hypersurface Dy, = {det(x;;) = 0}.
It is shown in (6) that the map

T:A" < Xp — AC D, (2.4.8)

is an embedding whenever the graph I is 3-edge-connected with a closed 2-cell embedding of face

width > 3.

As discussed in §3 of (6), the 3-edge-connected condition on graphs can be viewed as a strengthening
of the usual 1PI (one-particle-irreducible) condition assumed in physics, since the 1PI condition
corresponds to 2-edge-connectivity. In perturbative quantum field theory, one considers 1PI graphs
when computing the asymptotic expansion of the effective action. Similarly, one can consider the
2PT effective action (which is related to non-equilibrium phenomena in quantum field theory, see
§10.5.1 of (87)) and restrict to 3-edge-connected graphs. The condition of having a closed 2-cell
embedding of face width > 3, on the other hand, is a strengthening of the analogous property with
face width > 2, which conjecturally is satisfied for all 2-vertex-connected graphs (strong orientable
embedding conjecture; see Conjecture 5.5.16 of (82)). 2-vertex-connectivity is again a natural

strengthening of the 1PI condition.

A detailed discussion of equivalent formulations and implications of these combinatorial conditions,

as well as specific examples of graphs that fail to satisfy them, are given in §3 of (6).

When the map T is an embedding, one can, without loss of information, rewrite the parametric

Feynman integral as
—n+De/2
u(r) :/ Pz(x’p)—n+(e+1)uzj)l;(2x)
Y(on) et(x)

(2.4.9)
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Here wr(z) is a form on A® satisfying
wr(z) A {ér, dz) = wpe,

where the right hand side is the standard volume form on A* and & is the (¢2 —n)-frame associated

to the linear space T(A"), see Lemma 2.3 of (6).

The question on the nature of periods is then reformulated in (6) by considering a normal crossings

divisor S in A with Y(d,) C S and considering the motive
m(A” Dy, Sr < (Sr N D). (2.4.10)

The motive m(AZ2 ~ 754) of the determinant hypersurface complement belongs to the category of

mixed Tate motives (see Theorem 4.1 of (6)), with Grothendieck class
2 4 ¢ .
A" <Dy =L T - 1).
i=1

However, as shown in (6), the nature of the motive (2.4.10) is much more difficult to discern,
because of the nature of the intersection between the divisor flp and the determinant hypersurface.
It is shown in Proposition 5.1 of (6), assuming the previous conditions on the graph, that one can
consider a divisor f)g,g that only depends on ¢ = b1(I') and on the minimal genus g of the surface

S, realizing the closed 2-cell embedding of T,
ig,g :L1U---UL(£), (2.4.11)

where f = £ — 2¢g + 1 and the irreducible components L1, ..., L( 1) are linear subspaces defined by
2

the equations
Tij =0 1<i<j<f-1

Tip+ - txp =0 1<i< f—1

It is also shown in (6) that the motives (2.4.10) are mixed Tate if the varieties of frames

F(Vi,..., Vo) = {(v1,...,v0) € A” Dy vy € Vi,}
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are mixed Tate. This question is closely related to the geometry of intersections of unions of

Schubert cells in flag varieties and Kazhdan—Lusztig theory.

In this paper we will follow a different approach, which uses the same reformulation of parametric
Feynman integrals in momentum space in terms of determinant hypersurfaces, as in (6), but instead
of computing the integral in the determinant hypersurface complement, pulls it back to the Kausz
compactification of GLy, following the model of computations of Feynman integrals in configuration

space described in (24).

2.4.8 Cohomology and forms with logarithmic poles

Let X be a smooth projective variety and Z C & a divisor. Let M% , denote, as before, the
complex of meromorphic differential forms on X with poles (of arbitrary order) along Z, and let
0% (log(Z)) be the complex of forms with logarithmic poles along Z. Let U = XN Zand j: U — X

be the inclusion.

Grothendieck’s Comparison Theorem, (47), shows that the natural morphism (de Rham morphism)
M%,X — RJ*CZ/I

is a quasi-isomorphism, and hence de Rham cohomology H} (i) is computed by the hypercohomol-
ogy of the meromorphic de Rham complex. In particular, for ¢ affine, the hypercohomology is not
necessary and all classes are represented by closed global differential forms, with hypercohomology

replaced by the cohomology of the complex of global sections.

The Logarithmic Comparison Theorem consists of the statement that, for certain classes of divisors
Z, the natural morphism

V% (log(2)) = M%Z »

is also a quasi-isomorphism. This is known to hold for simple normal crossings divisors by (29), and
for strongly quasihomogeneous free divisors by (23), and for a larger class of locally quasihomoge-
neous divisors in (53). For our purposes, we will focus only on the case of simple normal crossings

divisors.

In combination with Grothendieck’s Comparison Theorem, the Logarithmic Comparison Theorem

of (29) for a simple normal crossings divisor implies that the de Rham cohomology of the divisor
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complement is computed by the hypercohomology of the logarithmic de Rham complex,

HipU) ~H* (X, Q% (log 2)). (2.4.12)

Remark 2.4.7. Even under the assumption that the complement U is affine, the hypercohomology
on the right hand side of (2.4.12) cannot always be replaced by global sections and cohomology.
For example, if X' is a smooth projective curve of genus g, and U is the complement of n points in
X, then H},(U) has dimension 2g + n — 1, but the dimension of the space of global sections of the
sheaf of logarithmic differentials is only g + n — 1 by Riemann-Roch.

Some direct comparisons between de Rham cohomology Hj,(U) and the cohomology of the loga-
rithmic de Rham complex are known. We discuss in the coming subsections how these apply to
our specific case. Our purpose is to replace the meromorphic form that arises in the Feynman inte-
gral computation with a cohomologous form with logarithmic poles along the divisor of the Kausz
compactification. In doing so, we need to maintain explicit control of the motive of the variety
over which cohomology is taken, and also maintain the algebraic nature of all the differential forms

involved.

2.4.9 Pullback to the Kausz compactification, forms with logarithmic

poles, and renormalization

For fixed D,¢ € N (respectively the integer spacetime dimension and the loop number) and for

assigned external momenta p € QP we now consider the algebraic differential form

_ Pr(a,p) " P Pwr(x)
mr,D,ep(T) = det(m)*”“”l)D/g

(2.4.13)

For simplicity, we write the above as nr(x). This is defined on the complement of the determinant
hypersurface, AP~ Dy = GL,. Thus, by pulling back to the Kausz compactification, we can regard

it as an algebraic differential form on
KGLZ N Zg = GL@,

where Z, is the normal crossings divisor at the boundary of the Kausz compactification.
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2.4.9.1 Cellular decomposition approach

We consider a special case of a simple normal crossings divisor Z in a smooth projective variety
X, under the additional assumption that X has a cell decomposition. We denote by {X,;} the
finite collection of cells of dimension ¢, and in particular we simply write X, = X4 dim » for the top

dimensional cells.

Proposition 2.4.8. Let Z C X be a pair as above, with {X,} the top dimensional cells of the
cellular decomposition. Given a meromorphic form n € M% 7, there exist forms B on X, with

logarithmic poles along the normal crossings divisor Z, such that
8] = [nlx,] € Hjp(Xa \ 2). (2.4.14)

Proof. Lemma 2.5 of (23) shows that the Logarithmic Comparison Theorem is equivalent to the
statement that, for all Stein open sets V C X, there are isomorphisms H*(I'(V, Q% (log Z))) ~
H;n(V ~ Z). Namely, the hypercohomology in the Logarithmic Comparison Theorem can be

replaced by cohomology of the complex of sections, when restricted to Stein open sets. O

Remark 2.4.9. The forms 5(*) do not match consistently on the closures of the cells X,, because
of nontrivial Cech cocycles, and hence they are not restrictions of a unique form with logarithmic
poles 3 defined on all of X. In particular, the forms 8(®) obtained in this way depend on the cellular

decomposition used.

Lemma 2.4.10. Let Z C X and {X,} be as above, and suppose given a meromorphic form
n e M%ﬁz, with N = dim X, and an N-chain o C X with do C %, for a divisor ¥ in X. After
performing a pole subtraction on the logaritmic forms on each cell X, one can replace the integral

fz: n with a renormalized version

/Uﬁ+ ::%:/Xaﬂo Bl (2.4.15)

where Bt s a simple pole subtraction on B . The integral (2.4.15) is a sum of periods of

motives m(X,, Xo NXE). The information contained in the subtracted polar part is recovered by the
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Poincaré residues

— (@)
/sz] Resz, (8) == Z/{msza Resz, (8'Y) (2.4.16)

«
along the intersections of components Zy = Z;, N---NZ;,, I = {i1,...,ix} of the divisor Z. These

are sums of periods of the motives m(Z;y N X,).

Proof. Given the cell decomposition as above, we can write the integral as

/anz g/xwa”'& =Za:/xamﬁ<a). (2.4.17)

where each 7|y, is replaced by the cohomologous 3(®) with logarithmic poles. After performing a
pole subtraction on each 8(® we obtain holomorphic forms 3(®)* and hence the resulting integral
is a period of m(X,, X,NX). For the relation between polar subtraction and the Poincaré residues,

see the discussion in §2.2.2 and §2.3.2 above. O

In both (2.4.15) and (2.4.16), we use the notation on the left-hand-side, with a global integral and
a global form 3, purely as a formal shorthand notation for the sum of the integrals on the cells of

the 8(®), since the latter are not restrictions of a global form f.

Remark 2.4.11. Notice that the resulting integral (2.4.15) obtained in this way can be identified

with a period of m(X, ¥) only in the case where the forms B+ are restrictions (@)t = g+

X of
a single holomorphic form 8% on X. More generally, the resulting (2.4.15) is only a sum of periods

of the motives m(X,, X, N Y).

Remark 2.4.12. If the cellular decomposition of X has a single top dimensional cell X, then a
unique form with logarithmic poles 8 € Q% (log Z), satisfying [n|x]| = [8] € Hjz(X \ Z), suffices

to regularize the integral [ 7, with regularized value [ _ . %.

As we discussed in Proposition 2.4.4, the Kausz compactification is a spherical variety (Proposition
1.15 of §3 of (54) and also Proposition 9.1 and Proposition 12.1 of (81)), and hence it has a
cellular decomposition (§3.1 of (16)) into cells X (\, z) as in (2.4.5). Thus, we can apply the
procedure described above, to regularize the integral fT (o) 1T While this regularization procedure
depends on the choice of the cell decomposition, the construction of (16) for spherical varieties

provides a cellular structure that is intrinsically defined by the orbit structure of K GL, and is quite
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naturally reflecting its geometry. We can then perform a renormalization procedure based on the

pole subtraction procedure for forms with logarithmic poles described above.

Corollary 2.4.13. The cell decomposition {X (A, x)} of KGL, has a single big cell X. Given
N =Nr,pep s in (2.4.13), there is a form Br = Br p.ep on the big cell X, with logarithmic poles
along 24, such that [nr|x] = [Br] € Hjpr(X \ Z). Applying the Birkhoff factorization for forms

with logarithmic poles to Br, we obtain a renormalized integral of the form

R(T) = / Bt Do (2.4.18)
Y(on)NX

where B;‘ is a simple pole subtraction on Sr.

Proof. As mentioned in Proposition 2.4.4, the spherical variety K GL; is a smooth toroidal equivari-
ant compactification of GL, (Proposition 1.15 of §3 of (54) and Propositions 9.1 and 12.1 of (81)).
By §2.3 of (17) and Proposition 9.1 of (81), it then follows that there is just one big cell X. We

can then write the integral as

/ Wr=/ _mrlx, (2.4.19)
T(o’n) XﬁT(Jn)

where T(o,) is the pullback to KGLj of the domain of integration Y (o).

Let H be the Hopf algebra of Feynman graphs. The morphism ¢ : H — MY 7 -y assigns to a
Feynman graph I' a meromorphic differential form Sr = fBr p¢, with logarithmic poles along Z,
satisfying [nr|x| = [Br] € Hjpr(X \ 2).

We then perform the Birkhoff factorization, and we denote by ﬁff the regular differential form on
X C KGL, given by ¢ (') = Bff. Since we only have logarithmic poles, by Proposition 2.3.1 the

operation becomes a simple pole subtraction and we have S = (1 — T)fr. O

If we assume that the external momenta p in the polynomial Pr(z,p) are rational, then the form
nr =1, p.ep(x) is an algebraic differential form defined over Q, and hence we can also assume that

the form with logarithmic poles fr is also defined over Q.

In addition to the integral (2.4.18), one also has the collection of the iterated Poincaré residues

along the intersections of components of the divisor Z,. Namely, for any Z7, = NjerZ; ¢, with Z;,
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the components of Z,, we have the additional integrals

R(I); = / Resz, (Br). (2.4.20)
T(o'n)mzl,émx

2.4.9.2 Griffiths-Schmid approach

A global replacement of nr by a single form fSr p ., on KGL; with logarithmic poles along Z, can

be obtained if we use the C*°-logarithmic de Rham complex instead of the algebraic or analytic one.

Proposition 2.4.14. There is a C*°-form Bp° on KGL, with logarithmic poles along Zy such that
(8] = [nr] € Hijp(KGLe N\ 24;C) = Hip(GLy; C). (2.4.21)
Applying the Birkhoff factorization yields a renormalized integral

R>*() = / e (2.4.22)
T(Un)

where BFO’JF is a simple pole subtraction on S°, and iterated residues

R®(T); = / Ress, (). (2.4.23)
T(O‘n)ﬁZ]l

Proof. For X is a complex smooth projective variety and Z a simple normal crossings divisor, let
Qe (x)(log Z) be the C*>°-logarithmic de Rham complex. The Griffiths-Schmid theorem (Proposi-
tion 5.14 of (46)) shows that there is an isomorphism Hj,(U) = H*(Qc~(x)(log Z)). O

Remark 2.4.15. With the Griffiths-Schmid theorem one loses the algebraicity of differential forms.
Namely, the forms 82 and 7° + are only smooth and not algebraic or analytic differential forms.
Even if the resulting form g ' after pole subtraction, can then be replaced by an algebraic de
Rham form in the same cohomology class in Hj, (K GLy), it will remain, in general, only a form with
C-coefficients and not one defined over QQ. Thus, following this approach one obtains a consistent
renormalization procedure, but one can lose control on the description of the resulting integrals as

periods of motives defined over a number field.
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2.4.9.3 The Hodge filtration approach
There is another case in which a form can be replaced globally by a cohomologous one with logarith-
mic poles on the complement of a normal crossings divisor, while only using algebraic or analytic
forms. Indeed, there is a particular piece of the de Rham cohomology that is always realized by
global sections of the (algebraic) logarithmic de Rham complex. This is the piece F™ H}},(U) of the
Hodge filtration of Deligne’s mixed Hodge structure, with n = dim X. This Hodge filtration on U

is given by

FPHY,(U) = Im(HF (X, Q37 (log 2)) — HF (X, Q% (log 2))).

Proposition 2.4.16. Let X be a smooth projective variety with N = dim X, and let Z be a simple
normal crossings divisor with affine complement U = X . Z. Then, for n < N, the Hodge filtration
satisfies

FrH(U) = H(X,9%(log 2)). (2.4.24)

Proof. The Hodge filtration FP H%, (1) is induced by the naive filtration on Q% (log Z). Recall that
(see Theorem 8.21 and Proposition 8.25 of (96)) the spectral sequence of a filtration F on a complex

K™ that comes from a double complex KP4, with
FPK" = @7‘2p7r+s=nKT7s

has terms

E(z;,q _ GrFKerq _ Fpr+q/Fp+1Kp+q — KP4
P
EPY = HPTY(Gry K*) = HY(K™™)
ERT = Gy HPHI(K™).
Thus, the Frélicher spectral sequence associated to the Hodge filtration FP H,(U) has

BT = H(X,Q% (log 2))

EPS = FPHYU)/FPHYU).

In particular, B{"" = HO(X, Q% (log 2)) and B = F"Hj 04).
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Deligne proved in (29) (see also the formulation of the result given in Theorem 8.35 of (96)) that,
in the case where Z is a normal crossings divisor, the spectral sequence of the Hodge filtration

degenerates at the Fy term. Thus, in particular, we obtain (2.4.24). O

Corollary 2.4.17. Given a meromorphic formn with [n] € F*H}(GLy), withn < 2 = dim KGLy,

there is a form 8 on KGL, with logarithmic poles along the normal crossings divisor Z;, such that
(8] = [n] € Hir(KGL¢ N 2¢) = Hgp(GLe). (2.4.25)
Then after pole subtraction one obtains

[ Al (2.4.26)

T(Un)
which is a period of m(KGLg, Ep4).

In this case also, in addition to the integral (2.4.26), we also have the iterated residues (which in

this case exist globally),

/ Resz, (5). (2.4.27)

Y(on)NZ1,e

In general, it is difficult to estimate where the form 7p lies in the Hodge filtration. One can give
an estimate, based on the relation between the filtration by order of pole and the Hodge filtration,
but it need not be accurate because exact forms can cancel higher order poles. The same issue was
discussed, in the original formulation in the graph hypersurface complement, in §9.2 and Proposition

9.8 of (15).

Let X be a smooth projective variety and Z C X a simple normal crossings divisor. As before, let

% x denote the complex of meromorphic differential forms on & with poles (of arbitrary order)
along Z. This complex has a filtration P* M , by order of poles (polar filtration), where P*M%
consists of the m-forms with pole of order at most m — k + 1, if m — k > 0 and zero otherwise.
Deligne showed in §II.3, Proposition 3.13 of (30) and Proposition 3.1.11 of (29), that the filtration
induced on the subcomplex Q% (log Z) by the polar filtration on M?% , is the naive filtration (that

is, the Hodge filtration), and that the natural morphism

(% (log 2), F*) = (MZ x, P¥)
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is a filtered quasi-isomorphism. In particular (Theorem 2 of (31)) the image of H*(X, PFMY )
inside Hp(U) contains F*Hp(U). This means that we can use the order of pole of obtain at least
an estimate of the position of [r] in the Hodge filtration. We need to compute the order of pole of

the pullback of the form nr along the blowups in the construction of the compactification K GLj,.

Proposition 2.4.18. For a graph T with n = #Er and £ = by(T'), such that n > ¢ — 2, and with
spacetime dimension D € N, the position of [nr] in the Hodge filtration F*H?,(GLy) is estimated
byk>n—(—1)(—n+{+1)D/2)+ (£ —1)% — 1.

Proof. At the first step in the construction of the compactification K GL, we blow up the locus of
matrices of rank one. We need to compare the order of vanishing of det(m)’"“”l)D /2 along this
locus, with the order of zero acquired by the form wr along the exceptional divisor of this blowup.
The determinant vanishes at order £ — 1 on that stratum. The form wr, on the other hand, acquires
a zero of order ¢ — 1 where c¢ is the codimension of the blowup locus. This can be seen in a local
model: when blowing up a locus L = {z; = --- = 2z, = 0} in C¥, the local coordinates w; in
the blowup can be taken as w;w. = z; for i < ¢ and w; = z; for i > ¢, with E = {w. = 0} the

exceptional divisor. Then for n > ¢, and a form dzy A - -+ A dz,, the pullback satisfies
7 (dzy A - Adzy) = d(wewr) A - A d(wewe—1) A d(we) A=+ Ad(wy) = wS  dwy A -+ A dw,,.

The codimension of the locus of rank one matrices is ¢ = (¢ — 1)2. Thus, when performing the
first blowup in the construction of KGLy, the pullback of the form nr acquires a pole of order
(0 —1)(=n + (L +1)D/2) — (£ — 1)®> + 1 along the exceptional divisor. Further blowups do not
alter this pole order, and hence we can estimate that the pullback of the n-form nr to the Kausz
compactification is in the term P¥ of the polar filtration, with n — k +1 = (£ — 1)(—n + (£ +
1)D/2) — (£ —1)? + 1. Taking into account the possibility of reductions of the order of pole, due to
cancellations coming from exact forms, we obtain an estimate for the position in the polar and in

the Hodge filtration, with k >n — (£ —1)(-n+ ((+1)D/2) + (£ — 1)2 — 1. O

2.4.10 Nature of the period

We then discuss the nature of the period obtained by the evaluation of (2.4.26). We need a

preliminary result.
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Definition 2.4.19. Let X be a smooth projective variety over a number field and Y C X with
irreducible components {Y;}N,. LetCy = {Yr =Y, n---NY; |I = (i1,...,ir), k < N}. ThenY
is a mized Tate configuration if all unions Y, U---UYr of elements of the set Cy have motives

m(Yy, U---UYr ) contained in the Voevodsky derived category of mized Tate motives.

Let >, 4 be the proper transform of the divisor given by the projective version of 2479 described in

(2.4.11), defined by the same equations.

Lemma 2.4.20. The divisor ¥, 4 is a mized Tate configuration.

Proof. By (2.4.11), ¥, 4, and any arbitrary union of components are hyperplane arrangements. It
is known from (11) that motives of hyperplane arrangements are mixed Tate, see also §1.7.1-1.7.2
and §3.1.1 of (34), where the computation of the motive in the Voevodsky category can be obtained
in terms of Orlik—Solomon models. Using a characterization of the mixed Tate condition in terms
of eigenvalues of Frobenius, the mixed Tate nature of hyperplane arrangements was also proved
in Proposition 3.1.1 of (61). The mixed Tate property can be seen very explicitly at the level of
the virtual motive. In fact, the Grothendieck class of an arrangement A in P" is explicitly given

(Theorem 1.1. of (5)) by
X4(L)
L-1’

[4) = [P"] -

where x 4(t) is the characteristic polynomial of the associated central arrangement Ain A"l Tt
then follows by inclusion-exclusion in the Grothendieck ring that all unions and intersections of

components of A are mixed Tate. O

We then have the following conclusion:

Proposition 2.4.21. When the form Br pep, on the big cell extends to a logarithmic form in

Dkar, (log 2¢), the integral R(I') = fT(%) BIJ‘F,DLP is a period of a mized Tate motive.

Proof. In the globally defined case, this is an integral of an algebraic differential form defined on
the compactification KGLy, and hence a genuine period, in the sense of algebraic geometry, of
KGLy. By Proposition 2.4.4, we know that the Chow motive h(K GLy) is Tate. We also know from
Lemma 2.4.20 that the motive m(X, ) is mixed Tate. Under the embedding of pure motives into
mixed motives we obtain objects m(/X GL,) and m(X, ) in the subcategory of mixed Tate motives

MT M(Q) inside the Voevodsky triangulated category of mixed motives DM(Q). It then follows
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that the relative motive m(K GLg, X 4) is also mixed Tate, as it sits in a distinguished triangles in

the Voevodsky triangulated category, where the other two terms are mixed Tate. O

Proposition 2.4.22. In the case where one only has the form with logarithmic poles Br p.ep on
the top cells X of the cellular decomposition of KGLy, if the motive m(Xy,4 N X) is mized Tate,

then the integral R(T") = f‘f(a )BIZ"D ¢p 18 @ period of a mized Tate motive.

Proof. Using distinguished triangles in the Voevodsky category, we see that, if the motive m(2, 4N
X) is mixed Tate, then the motive m(X, ¥, , N X) also is, since the big cell has m(X) = LY. The

result then follows, since the integral is by construction a period of the motive m(X, %, ,NX). O

Remark 2.4.23. The central difficulty in the approach of (6), which was to analyze the nature of
the motive of m(X, 4 NDy), is here replaced by the problem of identifying the nature of the motive
m(X, 4 N X), where X is the big cell of KGLy,.

Remark 2.4.24. It may seem at first that we have simply substituted the problem of understanding
for which range of (¢,g) the intersection of the divisor ¥, , with GL, remains mixed Tate, with
the very similar problem of when the intersection of 3, , with the big cell X of KGL, remains
mixed Tate. However, this reformulation makes it possible to use the explicit description of the

cells X (A, z) of spherical varieties in terms of limits as in (2.4.5), to analyze this question.

One defines the category MTM(Z) of mixed Tate motives over Z as mixed Tate motives in
MTM(Q) that are unramified over Z. An object of MT M(Q) is unramified over Z if and only if,

for any prime ¢, its ¢-adic realization is unramified outside of ¢, see Proposition 1.8 of (32).

Proposition 2.4.25. The motives m(KGLy) are unramified over Z.

Proof. This question can be approached in a way analogous to our previous discussion of the Chow
motive, namely using the description of KGL, as an iterated blowup and the properties of the
divisor of the compactification. The argument is similar to the one used in Theorem 4.1 and
Proposition 4.3 of (45) to prove the analogous statement for the moduli spaces My, of rational
curved with marked points. There, it is shown that M ,, is unramified over Z by showing that the
combinatorics of the normal crossings divisor of the compactification is not altered by reductions

mod p, see Definition 4.2 of (45). In our case, note that the description of the Kausz compactification
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and of the strata of its boundary divisor given in Theorems 9.1 and 9.3 of (60) hold over an arbitrary

field, hence the same argument of Proposition 4.3 of (45) applies. O

Remark 2.4.26. Given that the unramified condition holds, one can conclude from Brown’s the-
orem (19) and the previous Proposition 2.4.21 (and Proposition 2.4.22, when m(X, , N X) is mixed

Tate) that the integral (2.4.26) is a Q[27é]-linear combination of multiple zeta values.

2.4.11 Comparison with Feynman integrals

The result obtained in this way clearly differs from the usual computation of Feynman integrals,
where non-mixed-Tate periods are known to occur, (20), (21). There are several reasons behind

this difference, which we now discuss briefly.

There is loss of information in mapping the computation of the Feynman integral from the com-
plement of the graph hypersurface (as in (14), (20), (21)) to the complement of the determinant
hypersurface (as in (6)), when the combinatorial conditions on the graph recalled in §2.4.7 are not
satisfied. Explicit examples of graphs that violate those conditions are given in §3 of (6). In such
cases the map (2.4.8) need not be an embedding, hence part of the information contained in the

Feynman integral calculation (2.4.6) will be lost in passing to (2.4.9).

However, this type of loss of information does not affect some of the cases where non-mixed Tate

motives are known to appear in the momentum space Feynman amplitude.

Example 2.4.27. Let I' be the graph with 14 edges that gives a counterexample to the Kontsevich
polynomial countability conjecture, in Section 1 of (33). The map T : A" — A of (2.4.8) has
n = #E([) = 14 and £ = (') = 7. Let T, denote the composition of the map T with the
projection onto the i-th row of the matrix Mp of (2.4.7). In order to check if the embedding
condition for T is satisfied, we know from Lemma 3.1 of (6) that it suffices to check that Y; is
injective for i ranging over a set of loops such that every edge of I' is part of a loop in that set.

This can then be checked by computer verification for the matrix Mt of this particular graph.

Remark 2.4.28. The example above is a log divergent graph in dimension four. It is known to
give a non-mixed Tate contribution with the usual method of computation of the Feynman integral;

see (33) and (20).
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The same verification method can be applied to the other currently known explicit counterexamples
in (33), (20), (91), and (21).

Even for integrals where the map (2.4.8) is an embedding, it is clear that the regularization and
renormalization procedure described here, using the Kausz compactification and subtraction of
residues for forms with logarithmic poles, is not equivalent to the usual renormalization procedures
of the regularized integrals. For instance, our regularized form (and hence our regularized integral)
can be trivial in cases where the usual regularization and renormalization would give a non-trivial
result. This may occur if the form [ with logarithmic poles happens to have a nontrivial residue,

but a trivial holomorphic part 5.

In such cases, part of the information loss coming from pole subtraction on the differential form is
compensated by keeping track of the residues. However, in our setting these also deliver only mixed
Tate periods, so that even when this information is included, one still loses the richer structure
of the periods arising from other methods of regularization and renormalization, adopted in the

physics literature.
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Chapter 3

Replicating of binary operads,
Koszul duality, Manin products
and average operators

3.1 The replicators of a binary operad

In this section, we first introduce the concepts of the replicators, namely the duplicator and trip-
licator, of a labeled planar binary tree, following the framework in (9) and in close resemblance
with the concepts of the di-Var-algebra tri-Var-algebra in (48). These concepts are then applied to
define similar concepts for a nonsymmetric operad and a (symmetric) operad. A list of examples is

provided, followed by a study of the relationship among an operad, its duplicator and its triplicator.

3.1.1 The replicators of a planar binary tree

We first recall notions on operads represented by trees. For more details see (9; 77).

3.1.1.1 Labeled trees

Definition 3.1.1. (a) Let T denote the set of planar binary reduced rooted trees together with

the trivial tree |. If ¢t € T has n leaves, we call ¢ an n-tree. The trivial tree | has one leaf.

(b) Let © be a set. By a decorated tree we mean a tree t of 7 together with a decoration on the

vertices of t by elements of €2 and a decoration on the leaves of t by distinct positive integers.
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Let ¢(€) denote the set of decorated trees for ¢ and denote

T(Q) = [Tt

teT
If 7 € t(Q) for an n-tree ¢, we call 7 a labeled n-tree.

(c) For T € T(2), we let Vin(7) (resp. Lin(7)) denote the set (resp. ordered set) of labels of the

vertices (resp. leaves) of 7.

(d) Let 7 € T(Q2) with |Lin(7)| > 1 be a labeled tree from ¢ € T. Then ¢ can be written uniquely
as the grafting ¢, V ¢, of t, and t,. Correspondingly, let 7 = 74, V, 7, denote the unique

decomposition of 7 as a grafting of 7, and 7, in T(Q2) along w € .

Let V' be a vector space, regarded as an arity graded vector space concentrated in arity 2: V = V5.
Recall (77, Section 5.8.5) that the free nonsymmetric operad 7,5(V) on V is given by the vector

space

T (V) =P tv],

teT

where ¢[V] is the treewise tensor module associated to ¢, explicitly given by

= & Vi) -

veVin(t)

Here [In(v)| denotes the number of incoming edges of v. A basis V of V induces a basis t(V) of
t[V] and a basis T(V) of T,5(V). Consequently any element of ¢[V] can be represented as a linear

combination of elements in ¢(V).

3.1.1.2 Duplicators

Definition 3.1.2. Let V be a vector space with a basis V.

(a) Define a vector space

Du(V)=V®k-de kh), (3.1.1)

where we denote (w ® ) (resp. (w® F)) by (:’) (resp. (‘:)) for w € V. Then U {(“), (“)}
w eV

is a basis of Du(V).



53

(b) For a labeled n-tree 7 in T(V), define a subset Du(7) of T,s(Du(V)) by

e Du(l)={1},

e when n > 2, Du(7) is obtained by replacing each decoration w € Vin(1) by

Thus Du(7) is a set of labeled trees.

Definition 3.1.3. Let V' be a vector space with a basis V. Let 7 be a labeled n-tree in T(V). The

duplicator Du,(7) of 7 with respect to a leaf x € Lin(7) is the subset of Ts(Du(V)) defined by

induction on |Lin(7)| as follows:

o Du,(1)={l} ;

e assume that Du,(7) have been defined for 7 with |Lin(7)| < k for a k > 1. Then, for a labeled

(k + 1)-tree 7 € T(V) with decomposition 7 =7, V, 7, we define

w

4

Duy(7¢) \/< ) Du(r.), =z € Lin(m),

Du,(7) = Duy(me Vo ) =

w
-

Du() V( ) Du,(7.), =z € Lin(7,).

For labeled n-trees 7;,1 < i < r, with the same set of leaf decorations and ¢; € k,1 < i < r, define

Du, (Z ciﬂ) = ZCiDum(n).

i=1 =1

Here and in the rest of the paper we use the notation

T T
E CiWi = E C; W;
i=1 i=1

wiEWiJSiST},

for nonempty subsets W;,1 < i < r, of a k-module.

The next explicit description of the duplicator follows from an induction on |Lin(7)].

(3.1.2)

(3.1.3)
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Proposition 3.1.4. Let V be a vector space with a basis V, T be in T(V) and x be in Lin(r). The
duplicator Du, (1) is obtained by relabeling a vertex w of Vin(r) by

(:) , the path from the root of T to x turns left at w;

(‘:) , the path from the root of T to x turns right at w;

(:) = {(“), (t)} , the path from the root of T to x does not pass w.

X1 X9 X3 Xq
~N S ~N S
w1 w3
Example 3.1.1. Du,, ~. =
W2
Z1 €2 z3 T4 T1 T2 x3 Ty T T2
N A N s N s AN N s

w2 w2 w2
B B Bl

3.1.1.3 Triplicators

Definition 3.1.5. Let V be a vector space with a basis V.

(a) Define a vector space

Ti(V)=Vek-4dokrakl), (3.1.4)

where we denote (10® ) (resp. (1w ), resp. (w 1) by (=) (xesp. (*), resp. () for

o evothen U {(2),(2): () isa basis of Ticv),

w eV
(b) Let 7 be a labeled n-tree in T(V) and let J be a subset of Lin(7). The triplicator Tri;(7)
of 7 with respect to J is a subset of T,s(Tri())) defined by induction on |Lin(7)| as follows:

o Triy(|)={I} ;

e assume that Trij(7) have been defined for 7 with |Lin(7)| < k for a k > 1. Then, for a
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labeled (k + 1)-tree 7 € T(V) with decomposition 7 =7, V, 7., we define

Triy(7) = Trij(7¢ Vo 7) = TrijaLine,) \/<

(m J)

where

, JNLin(r) # @,J NLin(r.) = @,
() F, JNLin(m) =@, J NLin(r.) # 9,
T,J) =

T:={-F, 1}, JnLin(r) =a,JNLin(r.) = &,

1, JNLin(r) # @, J NLin(r.) # @,
Equivalently,

TI“IJ Te \/( Tl"lg Tr

TI‘iJ(T) =

Trig(7,),

Trig(7e) \/( ) Triys(7),

Trig(7e) \/(w
R

TrijALin(r) (72) V ( )TrlJan(n)(Tr%
€1

w ) ’I\riJﬂLin(Tr)a

that is, J C Lin(7,),
that is, J C Lin(m),
that iS, J = 9,

that is, none of the above.

J C Lin(7y),
J C Lin(7,),
J=2,

otherwise.

We have the following explicit description of the triplicator that follows from an induction on

|Lin(7)|.

Proposition 3.1.6. Let V' be a vector space with a basis V, let T be in T(V) and let J be a nonempty

subset of Lin(r). The triplicator Trij(7) is obtained by relabeling each verter w of Vin(r) by the

following rules:

(a) Suppose w is on the paths from the root of T to some (possibly multiple) x in J. Then

(i) replace w by (‘:) if all of such paths turn left at w ;

(ii) replace w by (t) if all of such paths turn right at w ;

(#ii) replace w by (i) if some of such paths turn left at w and some of such paths turn right

at w.
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(b) Suppose w is not on the path from the root of T to any v € J. Then replace w by ( ) =

(1000 |

Example 3.1.2. Trif; oy \ / = \ /

3.1.2 The replicators of a binary nonsymmetric operad

Definition 3.1.7. Let V be a vector space with a basis V.

(a) An element

ro= an, ¢ €k, €TV,

i=1
in T,5(V) is called homogeneous if Lin(r;) are the same for 1 < ¢ < r. Then denote

Lin(r) = Lin(r;) for any 1 <i <.

(b) A collection of elements

T
Ts = ch,iTs,iv Csi €K 754 € TWV),1<s<kk=>1,
i=1

in T,5(V) is called locally homogenous if each element r5, 1 < s < k, is homogeneous.

Definition 3.1.8. Let P = T,5(V)/(R) be a binary nonsymmetric operad where V' is a vector space

with a basis V regarded as an arity graded vector space concentrated in arity two: V = V5 and R
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is a set consisting of locally homogeneous elements:
ry = ZCT €T(V), csi€k 7, €T(V), 1<s<k
(a) The duplicator of P is defined to be the binary nonsymmetric operad
Du(P) := Fs(Du(V))/(Du(R)).

Here Du(V) =V ® (k 4@k ) is regarded as an arity graded vector space concentrated in

arity two and
k
Du(R) := U U Du,(rs) | , where Duy(r,) := ZCS’Z‘DUJ;(TS’,L‘)),

s=1 \xz€Lin(ts) 7

with the notation in Eq. (3.1.3).
(b) The triplicator of P is defined to be the binary nonsymmetric operad
Tri(P) := Fs(Tri(V)) /(Tri(R)).

Here Tri(V) = V@(k 1@k F @k 1) is regarded as an arity graded vector space concentrated
in arity two and

k

Tri(R) := U U Triy(rs) | , where Trij(rs) := ZCS’Z'TI‘L](TS,Z').

s=1 \@#JCLin(rs)

Proposition 3.1.9. The duplicator (resp. triplicator) of a binary nonsymmetric operad P =

Ts(V)/(R) does not depend on the choice of a basis V of V.

Proof. 1t is straightforward to check from the linearity of the duplicator (resp. triplicator) and from

the treewise tensor module structure on s (V). O

We give some examples of duplicators and triplicators of nonsymmetric operads.

Example 3.1.3. Let Ass be the nonsymmetric operad of the associative algebra with product -.
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Using the abbreviations 4:= (4) and F:= (J, we have

Du,((z-y) - z2—x-(y-2))={(zkty) dz—-ak (y-2)},
Du,((z-y)-z2—z-(y-2) ={(zHdy) dz—axd(yH2),@@dy) dz—z 4 (yF 2)}

Du,((z-y)-z—a-(y-2)={(zHdy)Fz—ak(yFz2), @ty Fz—at (yF2)},

giving the five relations of the diassociative algebra of Loday (70). Therefore the duplicator of

Ass is Diass.

Example 3.1.4. A similar computation shows that the triplicator of Ass is the operad Trias of

the triassociative algebra of Loday and Ronco (75). For example,

Tri{x}((:zzy)zfx(yz)):{(z4y)4zfx4(y%z),(x%y)4zfx4(y#z),(x#y)%zfx4(yj_z)},
Trigey ((2y)z —2(y2)) ={(x Ly) 4z -2 L (y 12)},

Trigyy . ((xy)z —2(yz) ={(z Ly) Lz—2 L (y L 2)}.

3.1.3 The replicators of a binary operad

When V = V(2) is an S-module concentrated in arity two with a linear basis V. For any finite set

X of cardinal n, define the coinvariant space

VX)=| P v ,
fin—X s
where the sum is over all the bijections from n := {1,...,n} to X and where the symmetric group

acts diagonally.
Let T denote the set of isomorphism classes of reduced binary trees (77, Appendix C). For t € T,

define the treewise tensor S-module associated to t, explicitly given by

tV]:= & V{n(v))

veVin(t)

(see (77, Section 5.5.1)). Then the free operad 7 (V) on an S-module V' = V(2) is given by the
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S-module

teT
Each tree t in T can be represented by a planar tree ¢ in T by choosing a total order on the set of
inputs of each vertex of t. Further, ¢[V] = t[V] (56, Section 2.8). Fixing such a choice t for each

t € T gives a subset R C T with a bijection T = R. Then we have

TV)=Ptv],

teR
allowing us to use the notations in Section 3.1.2.

Definition 3.1.10. Let P = T(V)/(R) be a binary operad where the S-module V' is concentrated
in arity 2: V = V(2) with an Sy-basis V and the space of relations is generated, as an S-module,

by a set R of locally homogeneous elements

re 1= ch,iTm, csi €k, 75 € U tV), 1<s<k. (3.1.5)
% teR

(a) The duplicator of P is defined to be the binary operad
Du(P) = T(Du(V))/(Du(R)),
where the Sg-action on Du(V) =V @ (k 4 @ k) is given by

(7 =) () e

and the space of relations is generated, as an S-module, by

Du(R) := U U Du,(rs) | with Dug(rs) := ch,iDuw(Ts,i). (3.1.6)

s=1 \zeLin(rs)

(b) The triplicator of P is defined to be the binary operad

Tri(P) = T(Tri(V))/(Tri(R)),



60

where the Sg-action on Tri(V) =V @ (k 1@k @k 1) is given by

(w>(12) — <w(12)> ’ (w>(12) — (w(m)) ’ (w>(12) — (w(12>> L wev,
4 - = - L L

and the space of relations is generated, as an S-module, by

k

Tri(R) := U U Triy(rs) | with Trij(rs) := ch,iTriJ(Ts,i).

s=1 \@#JCLin(rs)

See(48) for the closely related notions of the di-Var-algebra and tri-Var-algebra, and (64) for these
notions for not necessarily binary operads. For later reference, we also recall the definitions of

bisuccessors (9).

Definition 3.1.11. The bisuccessor (9) of a binary operad P = T(V)/(R) is defined to be the
binary operad Su(P) = 7(V)/(Su(R)) where the Sy-action on V is given by

(7= () () () e

and the space of relations is generated, as an S-module, by

Su(R) := {Suw(rs) = ch’iSuw(ts,i) x € Lin(ry), 1 <s< k} . (3.1.7)

7

Here for 7 € T(V) and a leaf x € Lin(7), Su,(7) is defined by relabeling a vertex w of Vin(7) by

“) , the path from the root of 7 to x turns left at w;

=<

-

(“’) , the path from the root of 7 to x turns right at w;

‘”) ,  w is not on the path from the root of 7 to =z,

*

were () =40+ ()}

There is a similar notion of a trisuccessor splitting an operation into three pieces (9).
With an argument similar to the proof of Proposition 2.20 in (9), we see that the duplicator and

triplicator of a binary algebraic operad P = T(V)/(R) depends neither on the linear basis V of V
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nor on the set fA.

3.1.4 Examples of duplicators and triplicators

We give some examples of duplicators and triplicators of binary operads.

Let V' be an S-module concentrated in arity two. Then we have

TV)B3) = (Vas, (VeakakaV)) s, k[Ss,

which can be identify with 3 copies of V' ® V', denoted by V or V.V o1; V, and V o1 V, following
the convention in (93). Then, as an abelian group, 7(V)(3) is generated by elements of the form

worv(e (zry)wz),won vie (Yyrz)we), w oy V(& (zrr)wy),Yw, v € V. (3.1.8)

For an operad where the space of generators V is equal to k[Sy] = p.k & p/ .k with p.(12) = ¢/, we
will adopt the convention in (93, p. 129) and denote the 12 elements of 7 (V)(3) by v;, 1 <i <12,

in the following table.

v | porp e (xy)z | vs | pomp > (zx)y | ve | porp < (yz)x

vy | plomp e x(yz) | ve | porp < z(zy) | vio | pomr p > y(2)

vy | o < a(zy) | vr | Worp & z(yx) | vir | @ om i & y(x2)

vy | porr i < (x2)y | vs | por i < (zy)x | vig | porp < (yx)z

3.1.4.1 Examples of duplicators

Recall that a (left) Leibniz algebra (70) is defined by a bilinear operation {, } and a relation

{x’ {y’ Z}} = {{I,y}, Z} + {yr {‘T7 Z}}

Proposition 3.1.12. The operad Leib of the Leibniz algebra is the duplicator of Lie, the operad of
the Lie algebra.

Proof. Let pu denote the operation of the operad Lie. The space of relations of Lie is generated as
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an Sg-module by

v1 +vs +vg = por p+ por p+ pomr p = (zpy)pz + (zpx)uy + (ypz)p. (3.1.9)

Use the abbreviations -:= (:) and F:= ("_‘) Then from (‘j>(12) = <“(12)> = —(:), we have 412 =

-
— F. Then we have

Du.(vi+vs+v9) = {(zFy)bFz+yrz)dz+(zdz)dy,(zdy)Fz+(yF2z)dz+(zdz)dy}

= {(zFybz—zk(yrFz)+yt(zk2),yt(zkz)—(yFa)kFz—ak (yF 2)},

with similar computations for Du, and Duy. Replacing the operation - by {, }, we see that the underlined
relation is precisely the relation of the Leibniz algebra while the other relations are obtained from this

relation by a permutation of the variables. Therefore Du(Lie) = Leib. O

Also recall that a (left) permutative algebra (25) (also called commutative diassociative algebra)

is defined by one bilinear operation - and the relations

z-(y-z)=(xy) 2= )z

Proposition 3.1.13. The operad Perm of the permutative algebra is the duplicator of Comm, the
operad of the commutative associative algebra.
Proof. Let w denote the operation of the operad Comm. Setting —:= (j) and F:= (‘:), then from

12 12
<:>( ) _ (W( )) = (i) we have 412 =F. The space of relations of Comm is generated as an

[

S3-module by

V] —Uvg=wolw —wonw=(Twywz— (ywz)wz.

Then we have

Du,(v1 —vg) = {(zdy)trz—(yrFz)dz,(cFytFz—(yFz2) da}

= {(yFao)Fz—zF k2, @rFy)bz—at(yF2)},

with similar computations for Du, and Du,. Replacing the operation I~ by - and following the same

proof as in Proposition 3.1.12, we get Du(Comm) = Perm. O
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A (left) Poisson algebra is defined to be a k-vectors space with two bilinear operations {, } and
o such that {,} is the Lie bracket and o is the product of commutative associative algebra, and

they are compatible in the sense that

{z,yoz} ={x,ytoz+yo{x,z}.

A dual (left) pre-Poisson algebra (1) is defined to be a k-vector space with two bilinear opera-
tions {, } and o such that {,} is a Leibniz bracket and o is a product of permutative algebra, and

they are compatible in the sense that

{z.yozp ={r,yyoztyo{r, 2z}, {zoy,z} =wo{y,z} +yofe,z}, {r,ytoz=—{yz}oz

By a similar argument as in Proposition 3.1.12, we obtain

Proposition 3.1.14. The duplicator of Pois, the operad of the Poisson algebra, is DualPrePois,
the operad of the dual pre-Poisson algebra.

We next consider the duplicator of the the operad preLie of (left) pre-Lie algebra (also called
left-symmetric algebra). A pre-Lie algebra is defined by a bilinear operation { , } that satisfies

RpreLie = {{1‘,y}, Z} - {LE, {y,Z}} - {{y,x}, Z} + {y’ {x’ Z}} =0.

By Definition 3.1.10 and the abbreviations —:= (:’),F:: (t), we have

Du(Rpreric) = {m—|(y—|z)—x—1(yl—z), yd(zxdz)—y-(zt 2),

by Fz—(zdy) bz (yFa)kFz—(yda)F 2

zd(ydz)—(zdy)dz—yF(xd2)+(yFz) -z
s Hz2)—(zFy)dz—yd(xz2)+ (yTz) 2,

xl—(y}—z)—(zl—y)l—z—yl—(x}—z)—k(yl—x)l—z}.

These underline relations coincide with the axioms of preLie dialgebra (left-symmetric dialgebra)
defined in (39), and the other relations are obtained from this relation by a permutation of the

variables. Then we have
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Proposition 3.1.15. The duplicator of preLie, the operad of the pre-Lie algebra, is DipreLie, the
operad of the pre-Lie dialgebra.
3.1.4.2 Examples of triplicators

We similarly have the following examples of triplicators of operads.
A commutative trialgebra (75) is a vector space A equipped with a product x and a commutative

product e satisfying the following equations:
(zxy)*z=*yxz),x*x(yxz)=x*x(yez),xe(yxz)=(xey)xz,(zey)ez=xe(yez).

Proposition 3.1.16. The operad ComTrias of the commutative trialgebra is the triplicator of

Comm.

Proof. Let w be the operation of the operad Comm. Set —:= <j>, F:= (t) and L:= (j) Since

(j>(12) = (“’(12)) = (t) and (i)(u) = (”(12)) = (i), we have 412 =F and 1% = | The space

= 4

of relations of Comm is generated as an Sg-module by
v —Uvg=wolw —wonw=wywz—(ywz)wz.

Then we have, for example,

Trig(vy —vg) = {(edy)dz—(yA2)Fa,(cdy)dz—(yF2)Fa,(xdy)4z—(y L2)Fz}
= {lzdy)dz—zd@yd2),(edy) dz—ax4(zdy),(zdy) dz—zd(y L 2)};
Trigp(v1 —v9) = {(wLy)dz—(y-dz) L}
Trigpy (1 —v9) = {(wly)lz—(yLlz)la}={(zly) Lz—xl(yl2)}

Replacing the operation - by x and L by e, we see that the underlined relations are equivalent
to the relations of the commutative trialgebra. The other relations can be obtained from these
relations by a permutation of the variables and the commutativity of 1. Thus we get Tri(Comm) =

ComTrias.

O
We next consider the triplicator of Lie. Let p be the operation of the operad Lie. Set —:= <:‘),
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Fim () and L= (4. Since () = (<0%) = —(+) and (1) = (49%) = —(), we have

42— — } and 1= — 1. The space of relations of Lie is generated as an Sg-module by
V1 s +vg = porp+ pon p+ pomr p= (zpy)pz + (zpz)py + (ypz)pe.
Then we compute

Trigey(v1 +vs +v9) = {(zdy)dz+Gra)dy+ )bz (zdy) A2+ (zFx)dy
+yk2)bFa(xdy)dz+Fz)dy+ (yL2)Fa}
= {(zdy)dz—(zHd2)dy—zd(ydz2),(zdy)dz—(zH42)dy

+rd(zdy),(zdy)dz—(zd2)dy—a4(y L 2)};

Trigz (1 +vs +v9) = {(xLy)dz+(zFa) Ly+(y-d2) La};

Trigy yy(v14+vs+v9) = {(xLly) Lz+(2La) Ly+(yLlz) L},

and other computations yield the same relations up to permutations.
Replacing the operation 4 by ¢ and L by [,], then [, ] is skew-symmetric and the underlined relations

are

[‘T7 [ya Z]] + [y’ [Z,i]] + [27 [z,y]] =0,
xoly,z] =xo(yoz),
[z, y]oz=[roz,y]+ [x,yoz], (3.1.10)

(xoy)oz=xo(yoz)+(xoz)oy.

Then in particular (A,¢) is a right Leibniz algebra. Since the duplicator of Lie is Leib, the operad
of the Leibniz algebra, we tentatively call the new algebra triLeibniz algebra. In summary, we

obtain
Proposition 3.1.17. The triplicator of Lie is TriLeib, the operad of the triLeibniz algebra.

As we will see in Section 3.2.1, TriLeib is precisely the Koszul dual of the operad CTD =
ComTriDend of the commutative tridendriform algebra, namely the Dual CTD algebra in (97).
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We next show that TriLeib plays the same role for the triassociative algebra as the role of the

Leibniz algebra for the diassociative algebra (42; 75).

Proposition 3.1.18. Let (A,,F, L) be an associative trialgebra. Define new binary operations by

zoy:=xdy—ytax, [ry=cly—ylua

Then (A,o,[,]) becomes a Leibniz trialgebra.

Proof. By definition, for any x,y,z € A, we have

[,y]oz=[z,y| dz—2zFt[z,y] = Ly—yLla)dz—zF(zLy—y La)

and
[zoz,y]+ [,y 0 2]
= [zdz—zFa,y|+[z,ydz—2Fy]
= (zdz—zFa)ly—yl(xzdz—zta)+z Ll (ydz—2zFy)—(ydz—2Fy) La.
Since

(xly)dz=azl(yd2), Lla)dz=yL(z+42), 2F(zLy)=(zFa) Ly,

zEyla)y=GFy) L, (xd42) Ly=a2 L (zFky),yLl(zFa)=(y-d2) La

in a triassociative algebra, we have [z,y] ¢ z = [z © z,y] + [z, y © 2]. The other defining equations of

the triLeibniz algebra can be proved in the same way. O

Moreover, we have the following commuting diagram:

Leib <——— Diass
o%(o,o)l (h#)%(h%,o)l

TriLeib <—  T'riass

It would be interesting to consider the left adjoint of the functor defined in the bottom line of the
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above diagram, which could be called the universal envelope algebra of a triLeibniz algebra

just as in (70).

3.1.5 Operads, their duplicators and triplicators

In this section, we study the relationship among a binary operad, its duplicator, and its triplicator.

3.1.5.1 Operads and their duplicators and triplicators

For a given S-module V' concentrated in ariry 2: V = V(2). Let iy : V — T(V) denote the
natural embedding to the free operad T(V). Let P := T(V)/(R) be a binary operad and let
jv : V. — P be py o iy, where py : T(V) — P is the operad projection. Similarly define the
maps ipyvy : Du(V) — T(Du(V)) and operad morphism ppyvy @ 7(Du(V)) — Du(P) and

JDu(V) := PDu(V) © iDu(v), as well as the corresponding map and operad morphisms for Tri(V').
Proposition 3.1.19. Let P =T (V)/(R) be a binary operad.

(a) The linear map
n:Du(V) =V, (w) —s w for all (w) € Du(V),u € {4,-} (3.1.11)

induces a unique operad morphism

7 :Du(P) —» P
such that 1) o jpu(vy = jv o .
(b) The linear map
¢:Tri(V) = V, (w) — w for all (w) € Tri(V),u e {4+, L} (3.1.12)
induces a unique operad morphism
¢:Tri(P) = P

such that ¢ o jravy = jv o C.
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(c) There is a morphism p : Tri(P) — P of operads that extends the linear map from Tri(V) to
V' defined by
(“) — w, (“) — 0, whereu € {-,F}. (3.1.13)

L u

Proof. Let R be the set of locally homogeneous elements

re 1= ch,iTm, csi €k, 75 € U t(V), 1 <s <k,
i teR

as given in Eq.(3.1.5).

(a) By the universal property of the free operad 7 (Du(V)) on the S-module Du(V'), the S-module
morphism iy o7 : Du(V) — T (V) induces a unique operad morphism 7 : 7(Du(V)) — T (V) such
that ipyy o =iy on.

For any = € Lin(rs) and 1 < s < k, by the description of Du,(7s;)) in Proposition 3.1.4 and the
definition of 7 in Eq. (3.1.11), the element (Du(7s,;)) is obtained by replacing each decoration (::)
of the vertices of Du(7, ;) by w, where w € V and v € {H,F}. Thus 7(Du(7s;)) = 7s,;. Then we

have

! (Z CS’iDuI(Ts,i)> = ch,ﬂs,i =0 mod (R).

By Eq. (3.1.6), we see that (Du(R)) C ker(n). Thus there is a unique operad morphism 7 :
Du(P) := T(Dbu(V))/(Du(R)) — P := T(V)/(R) such that 7 o ppy(vy = pv o 7. We then have

70 jpu(v) = jv ©n. In summary, we have the following diagram in which each square commutes.

Dui(V)&T(DI(V)) Pou) Dul(P)
1% v T(V) oV P

Suppose 7’ : Du(P) — P be another operad morphism such that 7’ o jp,v)y = jyv on. Then we
have 77’ o jpu(v) = 7' © Ppu(v) © ipu(v) and jy 01 = py 0 jy 01 = py © 7 0 ipy(v). By the universal
property of the free operad 7 (Du(V')), we obtain 7’ o ppyv) = pv 07 = 70 Ppy(v)- Since ppy(v) is
surjective, we obtain 7/ = 7). This proves the uniqueness of 7.

(b) The proof is similar to the proof of Item (a).
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(c) By the description of Trig,y(7;) in Proposition 3.1.6, p(Trig,}(7s,:)) is obtained by replacing
(“) by p((”)) Since p((j)) =0, p((i)) =0 and p((i)) = w, it is easy to see that if J # Lin(7),
then p(3, s Trij(754)) = >, ¢siTsi = 0, and, if J = Lin(7), then p(}_, cs i Trifinr) (7)) =
> Cs.iTs,i =0 mod (R). Thus p(Tri(R)) € R and p induces the desired operad morphism. O

3.1.5.2 Relationship between duplicators and triplicators of a binary operad
The following result relates the duplicator and the triplicator of a binary algebraic operad.

Proposition 3.1.20. Let P = T(V)/(R) be a binary algebraic operad. There is a morphism of
operads from Tri(P) to Du(P) that extends the linear map defined by

B2 G2 @)oo wey .

Proof. The linear map ¢ : Tri(V) — Du(V) defined by Eq.(3.1.14) is Ss-equivariant. Thus it
induces a morphism of the free operads ¢ : T(Tri(V)) — T (Du(V)) which, by composing with the

quotient map, induces the morphism of operads
¢ T(Tri(V)) = Du(P) = T(Du(V))/(Du(R)).

Let Triy(r) € Tri(R) be one of the generators of (Tri(R)) with r =Y. ¢;7; € R in Eq. (3.1.5) and
@ # J C Lin(r). If J is the singleton {z} for some 2 € Lin(r), then by the description of Trif, (7;)
in Proposition 3.1.6, ¢(Trif, (7)) is obtained by keeping all the (j) and (“:), and by replacing all
(i), w € V by zero. Thus in Case (b) of Proposition 3.1.6 we have ¢(Trif,(7;)) = Dug (7). Also
Case (a)(iii) cannot occur for the singleton {z}. Thus in Case (a) of Proposition 3.1.6, we also have
(Trigy (7)) = Dug (7). Thus ¢(Trig,y(r)) = Dug(r) and hence is in Du(R).

If J contains more than one element, then at least one of the vertices of Tris(7;) is (i) and hence
the corresponding vertex of ¢(TSuy(7;)) is zero. Thus we have ¢(Triy(7;)) =0, ¢(Tris(r)) = 0 and
hence ¢(Trij(R)) = 0. Thus, for any J # @ and r € R, we have ¢(Tri;j(r)) € Du(R) and hence
¢(Tri(R)) is a subset of Du(R).

In summary, we have ¢((Tri(R)) € Du(R). Thus the morphism ¢ : 7 (Tri(V)) — Du(P) induces a

morphism ¢ : Tri(P) — Du(P). O
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If we take P to be the operad of the associative algebra, then we obtain the following result of

Loday and Ronco (75):

Corollary 3.1.5. Let (A,-,F) be an associative dialgebra. Then (A,-,F,0) is an associative

trialgebra, where 0 denotes the trivial product.

3.2 Duality of replicators with successors and Manin prod-
ucts

The similarity between the definitions of the replicators and successors (9) suggests that there is
a close relationship between the two constructions. We show that this is indeed the case. More
precisely, taking the replicator of a binary quadratic operad is in Koszul dual with taking the
successor of the dual operad. This in particular allows us to identify the duplicator (resp. triplicator)
of a binary quadratic operad P with the Manin white product of Perm (resp. ComTrias) with P,
providing an easy way to compute these white products. Since it is shown in (48) that taking di-Var
and tri-Var is also isomorphic to taking these Manin products, taking duplicator (resp. triplicator)

is isomorphic to taking di-Var (resp. tri-Var) other than the case of free operads.

3.2.1 The duality of replicators with successors

Let P = T(V)/(R) be a binary quadratic operad. Then with the notations in Section 3.1.4, we
have T(V)(3) =3V V = @ne{l,n,m} Vo,V.

Proposition 3.2.1. Let k be an infinite field. Let W be a nonzero S-submodule of 3V ® V. Then

there is a basis {e1,--- ,en} of V such that the restriction to W of the coordinate projections

Diju:3V QV = @ kepo, e = ke;joy e,
1<k, 0<n,ve{L,I1,II1}

are nonzero and hence surjective for all 1 < i,5 <n and u € {I,11,11T}.

Proof. Fix a 0 # w € W and write w = wr + wyr + wyrp with wy, € Vo, V,u € {I, 11, 1II}. Then at

least one of the three terms is nonzero. Since W is an S-module and (w,,)*?®) = w,; (where ITI+1
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is taken to be I), we might assume that w € W is chosen so that wy # 0. Fix a basis {v1,---,v,}
of V. Then there are ¢;; € k,1 <4, j < n, that are not all zero such that wy = 3, ; ., ¢iju; o1 u;.

Consider the set of polynomials

fké(xrs) = fké({xrs}) = Z CijTikTjp € k[xrs ‘ 1 S rs S ’/l], 1 S k,é S n.
1<ij<n
Then the polynomial [, ,<,, fre(zrs) is nonzero since at least one of ¢;; is nonzero, giving a

monomial H1<r <<n CijTirZjs in the product with nonzero coefficient. Thus the product

f(xrs) = det(xrs) H fkl(xrs)
1<k, (<n
is nonzero since det(z,s) = [[,cs. T10(1) " Tno(n) 18 also a nonzero polynomial. Thus, by our
assumption that k is an infinite field, there are d,s € k,1 < r;s < n, such that f(d,s) # 0. Thus
D := (drs) € Myxn(k) is invertible and fre(dys) # 0,1 < k, ¢ < n.

Fix such a matrix D = (d,s) and define
(617 e 7€n)T = Dil(vla T 7Un)T-

Then {ey, -+ ,e,} is a basis of V and v; = >_}'_, direi. Further

wy = Z CijV; O1 Vj = Z Cij Z dixdjeer orep | = Z Z cijdirdje | ex o1 ey.
1<i,j<n 1<i,j<n 1<k,tn 1<k,t<n \1<i,j<n

The coefficients are fis(d,s) and are nonzero by the choice of D. Thus p; ;1(w) = p;ji(wr) is

nonzero and hence p; ; 1(W) is onto for all 1 <i,j <n.

Since W is an S-module, we have w(1?) € W and (w(*?¥)); = (w;)(?¥). Thus p; jn(w?®)) =

piJ,H((wI)(l%)) is nonzero and hence p; ; 11(W) is onto for all 1 <i,j < n. By the same argument,

pi (W) is onto for all 1 < i,j < n, completing the proof. O

Lemma 3.2.1. Let W be a nonzero S-submodule of 3V ® V and let {e1, -+ ,en} be a basis as
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chosen in Proposition 3.2.1. Let {ry,--- ,rm} be a basis of U and write

rE = Z cfjuei Oy €, cfju ek, 1<i4,j<nue{l[ILII},1<k<m.
1<i,j<n

Then for each 1 < i,57 <n and v € {I, 1,111}, there is 1 < k < m, such that cfj 18 not zero.

u

Proof. Suppose there is 1 < i,j < n and u € {I, 11, 11T} such that ¢k =0 forall 1 <k <m. Then

Jju

Piju(rk) = 0 and hence p;;,, (W) = 0. This contradicts Proposition 3.2.1. O

Let P = T(V)/(R) be a binary quadratic operad. Fix a k-basis {ej,ea, -+ ,e,} for (R). The space
T(V)(3) is spanned by the basis {e; o, €; | 1 <4,j < n,u € {LII,IIT}}. Thus if f € T(V)(3), we

have

f= E a;,j€; O1 €5 + E bi,j€i om e; + E Ci,j€i OIII €5
4] ] .9

Then we can take the relation space (R) C T(V)(3) to be generated by m linearly independent

relations

R=<fr= Zaﬁjei orej + Zbﬁjei orr ej + Zcﬁjei omre; | 1<k<mp. (3.2.1)
%,

(2¥] 4,J
We state the following easy fact for later applications.
Lemma 3.2.2. Let f;,1 < i <m, be a basis of (R). Then {BSu,(f;)|z € Lin(f;),1 <i<m} isa

linear spanning set of (BSu(R)) and {Du,(f;) |z € Lin(f;),1 <i < m} is a linear spanning set of
(Du(R)).

Proof. Let L be the linear span of {BSu,(f;) |z € Lin(f;),1 < i < m}. Then from BSu,(f;) €
(BSu(R)) we obtain L C (BSu(R)). On the other hand, by (9, Lemma 2.6), L is already an
S-submodule. Thus from BSu(R) C L we obtain (BSu(R))s C L. The proof for (Du(R)) is the

same. O

For the finite dimensional So-module V', we define its Czech dual VV = V* ® sgno. There is a

natural pairing with respect to this duality given by:

():TVHB) @ T(V)(B) — k,
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<e oy e , €k Oy €e>—5(zk)5356uv)€k'

We denote by R+ the annihilator of R with respect to this pairing. Given relations as in Eq. (3.2.1),

we can express a basis of (R1) as
Za e} o €; +Zﬁu e; oHe]V—FZWf,jeivome}/|1§£§3n2—m , (3.2.2)
,J

where, for all k£ and ¢, we have

Z“u Qi j+ Z b B, + ZCf,ﬂf,j =0. (3.2.3)
irj

Further for any (@;;,vi;, %) € k3,1 <1i,j <n, if
Zaﬁjxiyj + Zb,ﬁjyid + Zcﬁjzm =0 forall1 <k <m,
0,5 i, 1,J
then E” z; je) o ev + Z” yije; o e + E” zije) o ej is in R+ and hence is of the form

3n2—m

> dege for some dy € k. Thus
i=1

3n%2—m

@i goyigszig) = Y de (ol 85,75, - (3.2.4)
By Proposition 3.1.4, we have

Du,(e; o1 €5) Duy,(e; omr ej) =

I} {
(3)en {4 >} Pugles om ) = {(i") (‘?93}2.@
it {

Du,(e; o €;) Du.(e; o1 €5) =

SR
Duy (e; o €;) { o1 } ;Duy(e; onr ej) =
“{E) e () pteene

where () oy (T) = {(J oy <> (F) oy (4)} Ju € {I,I11IT}.

Let BSu(7P') be the bisuccessor of the dual operad P' recalled in Definition 3.1.11. Then we also
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have

BSu. (e} or e]V) = {

powict 1 ={(2) 1)
-
BSu. (e} o1 ¢}) = {(g) o (%)

where * =< 4+ > .

sty (7)o (7))
} BSu, (e} omm ey):{@) onr (e{bs}z.a)
bBsu(er om ef) = { () o ()

} BSu, (e} on e)) = {(:) om <V>
st one={(2) 02
},BSuz<ey o) = {m ou ()

X P
Y < Ax,< *

Theorem 3.2.3. Let k be an infinite field. Let P =T (V)/(R) be a binary quadratic operad. Then
Du(P)' = BSu(P")

if and only if R # 0.

Proof. For the if part, let P = T(V)/(R) be a binary quadratic operad with R # 0. Take W = (R)
in Proposition 3.2.1 and fix a k-basis {e1,ea, - ,e,} of V as in the proposition. Let fx,1 < k < m,
be the basis of (R) as defined in Eq. (3.2.1).

By Eq. (3.2.5), we have

Dot = ) el () o (1) + 200 () o (7) + ey () emn ()
1,] ,J

Duy(fi) = ) 3oy () on (2) + 200 (1) e (2] + ey (1) e ()
1,7 ,J

Du. () = Z“J() <e%7>+%:b§j(j) oH< >+Z j() oIII< )

From Eq. (3.2.6), we similarly obtain

BSu,(g¢) Za ( ) (i) + Z—Z;Bﬁj (65) orp ( ) + Z’Y”<eiv> o1y (g) ;
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BSu, (00 ZO‘ ( ) <z)+;5fj<:> OH( ) Z%]@) o (!) ;

BSu.(g¢) Za”(ei) (“jv) + Zﬂf,j (‘:V) oy ( ) Z%j<eiv) o1t (5)
0,J

By Lemma 3.2.2, we have

ZkDu fr) = (kDug(fx) + kDuy (fx) + kDu.(fr)),

k
3n?—m 3n2—m
BSu(R') = Z kBSu(ge) = Y (k(BSus(ge) + kBSuy(g¢) + kBSu.(gr)) -
=1

To reach our conclusion, it suffices to show the equality (Du(R)*) = (BSu(R")) of S-modules under
the condition R # 0. For all 1 <k <m and 1 </ < 3n? —m, by Eq. (3.2.3), we have

(BSuy,(ge), Dug(fr)) =0, where p,q € {z,y, 2}

Thus (BSu(ge), Du(fx)) = 0 and hence BSu(R+) C Du(R)1, implying that (BSu(R+)) C (Du(R)%1).
On the other hand, if

h = Z i jouw ("Z) or (eiv) + Z Yi,ju,v (;v) orr ( ) + Z Zmuv< Zv) o111 (?)

1,7,u,v 1,7,U,v 4,5,u,v

is in Du(R)*, where u,v € {<,=}. Then for all 1 < k < m, we have

<ha Dur(fk» =0, <ha Duy(fk)> =0, <ha Duz(fk)> =

Since R # 0, by Proposition 3.2.1, for any fixed g, jo € {1,2,-- ,n}, there exists 1 < ky < m, such
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that b . =£ 0. Then, for any k, by the definition of Du, we see that the relations

20,70

A L) () tha(i) o (1) r 2 $le)on (2] - 2oeulc)om 1)
R B () e () n )+ T ) () Beb()om 2)

are in Du, (fx). Thus, for 1 < k < m, we obtain

k k k k _ _
§ g i j,<,< + Uiy 5o Yig,jo,,< + E bi i Yij,-=< T § Ci j%ij,=<> = (b, F1) =0,

i, i#i0,5#jo ]

k k k k _ _
E a5 i j,<,< + Uiy o Yig,jo, - + E b3 i Yij,-=< T E Ci j%ij,< = (h, Fa) =0
] i#10,57#Jo ]

Comparing the two equations and applying b¥ . £ 0, we obtain Yio.jorms= = Yio,jo,,< for all

10,J0

1 < g, jo < n. From the second equation and Eq. (3.2.4), we also have

nfm

(Ti j, <= Yirgym < Zirg, <o) Z de( j’ﬂf»j”yﬁj)’
for some dy € k. Thus we obtain
hy = sz,y < <<i) (5) + Zyw><<:) o ( ) Zym - >( iv) o ( ) sz<:> o (5)
,J
Z%,jxx <z> (Z) + Z@/m -, ((5) o1y (efv> + (“’> o1 ( )) + Z’Z” <1> o1 (eiv)
,J

3n?—m

3 4 Sotal) () T ({9 (2] ()0 () + o om )
= ) )

3n?—m
Thisisin >, kBSug(ge). By the same argument, we find that
=1

S DR R1CyEo SUFRRICIBYCI IS p RSN WICImp Py M )

,J,V 0,5,
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3n?—m
isin ). kBSuy(gs) and
(=1
Z Ti, g, v (:)01 (5)4- Z Ti, g, (:) ( )4‘2 Yi,j,<, >< )OII< )—I—Z Zi,j,<, <( )0111< )
i,5,,< i3,
3n%2—m
isin > kBSu.(g¢). Note that h = h, + hy + h,. Thus in summary, we find that h is in
=1

Z kBSu,(ge) + Z kBSu, (g¢) + Z kBSu.(g¢)
¢ ¢ ¢

and hence is in the S-module generated by BSu(R*). Thus we have the equality (Du(R)*:) =
(BSu(R1)) of S-modules. Therefore

Du(P)' = BSu(P') and Du(P) = BSu(P")".

To prove the “only if” part, suppose R = 0. Then we have Du(R) = 0 C 7 (Du(V)) and hence
Du(R)* = T(BSu(V"))(3). On the other hand, R+ = T(V")(3) which has a basis €} o, e},1 <
i,j < n,u € {ILILIIT}. Then alinear spanning set of BSu(7 (V'")(3)) is given by BSu, (e} oy e}),1 <

i,7 < n,v € {z,y,2z},u € {I,ILIII} in Eq. (3.2.6). Thus the dimension of BSu(7(V")(3)) is at
most 9n?, while the dimension of 7(BSu(V'"))(3) is

3dim(BSu(VY)®?) = 3(2n)? = 12n°.

Thus BSu(7(VY)(3)) is a proper subspace of 7(BSu(V"))(3) and thus Du(P)' # BSu(P"). O

Theorem 3.2.4. Let k be an infinite field. Let P =T (V)/(R) be a binary quadratic operad. Then
Tri(P)' = TSu(P")

if and only if R # 0.
Proof. The proof is similar to Theorem 3.2.3. O

Taking P to be the operad of associative algebra in Theorem 3.2.4, we get the result of Loday and

Ronco (75, theorem 3.1) that the triassociative algebra and the tridendriform algebra are in Koszul
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dual to each other.
More generally, Theorem 3.2.3 and Theorem 3.2.4 make it straightforward to compute the generating
and relation spaces of the Koszul duals of the operads of some existing algebras. We give the

following examples as illustrations.

(a) The operad DualCTD (97) is defined to be the Koszul dual of the operad CTD of the

commutative tridendriform algebra. Since the latter operad is TSu(Comm) (9), we have
DualCTD = TSu(Comm)" = Tri(Comm') = Tri(Lie),

which is precise is TriLeib, the operad of the triLeibniz algebra in Proposition 3.1.17. Thus
we easily obtain the relations of DualCTD. See Eq. (3.1.10)

(b) The operad of the commutative quadri-algebra is the Kozul dual of BSu(Zinb) and hence is

Du(Leib). Thus its relations can be easily computed.

(¢) The Kozul dual of BSu(PreLie), the operad of the L-dendriform algebra, is Du(Perm) and

hence can be easily computed.

(d) The operad L-quad (10) of the L-quadri-algebra is shown to be BSu(L-dend) = BSu(BSu(Lie))
in (9). Thus the dual of L-quad is Du(Du(Perm)) and can be easily computed.

3.2.2 Replicators and Manin white products

As a preparation for later discussions, we recall concepts and notations on Manin white product,
most following (93).

Ginzburg and Kapranov defined in (43) a morphism of operads ® : T(V@ W) — T(V) @ T(W).
Let P =T(V)/(R) and Q = T(W)/(S) be two binary quadratic operads with finite-dimensional

generating spaces. Consider the composition of morphisms of operads

TPRTQ

TV W) —2=T(V)e T(W) P®Q,

where 7p : T(V) — P and mg : T(W) — Q are the natural projections. Its kernel is (®~}(R ®
T(W)+T(V)®5S)), the ideal generated by @1 (R@ T (W) + T (V) ® S).
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Definition 3.2.2. ((43; 93)) Let P = T(V)/(R) and Q = T(W)/(S) be two binary quadratic
operads with finite-dimensional generating spaces. The Manin white product of P and Q is
defined by

POQ:=TWVeaW)/( P RTW)+T(V)®S9)).

In general, the white Manin product difficult to compute when the operads are given in terms of
generators and relations. Theorem 3.2.5 provides a convenient way to compute the white Manin
product of a binary quadratic operad with the operad Perm or ComTrias by relating them to the

duplicator and triplicator.

Theorem 3.2.5. Let P = T(V)/(R) be a binary quadratic operad with R # 0. We have the

isomorphism of operads
Du(P) & Perm QP, Tri(P) = ComTrias O P.
Proof. By (9), we have the isomorphisms of operads
BSu(P') = PreLie o P', TSu(P') = PostLic o P".
Since PreLie' = Perm, PostLie' = ComTrias and (Pe Q)! =~ P' () Q', we obtain
Du(P) = (BSu(P'))' = (PreLic ¢ P')' = Perm O P.

Similarly Tri(P) =2 ComTrias O P. O
By taking replicators of suitable operads P, we immediately get
Corollary 3.2.6. (a) ((93)) Perm O Lie = Leib and Perm () Ass = Diass.

(b) ((92)) Perm O Pois = DualPrePois.

(¢c) ComTriass ) Ass = Triass.

By a similar argument as for Theorem 3.2.5 we obtain
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Proposition 3.2.3. Let P = T,5(V)/(R) be a binary quadratic nonsymmetric operad with R # 0.

There is an isomorphism of nonsymmetric operads
Du(P) = Dias O P, Tri(P) = Trias O P,

where O denotes the white square product (93) while Dias and Trias denote the nonsymmetric

operads for the diassociative and triassociative algebras.

3.3 Replicators and average operators on operads

In this section we establish the relationship between the duplicator and triplicator of an operad on
one hand and the actions of the di-average and tri-average operators on the operad on the other

hand. We will work with symmetric operads, but all the results also hold for nonsymmetric operads.

3.3.1 Duplicators and di-average operators

Averaging operators have been studied for associative algebras since 1960 by Rota and for other

algebraic structures more recently (1; 22; 89; 92).

Definition 3.3.1. Let (A,-) be a k-module A with a binary operation -.

(a) A di-average operator on A is a k-linear map P : A — A such that

P(z-P(y)) = P(z)-Ply)=P(P(x)-y), foralzyecA. (3.3.1)

(b) Let A € k. A tri-average operator of weight A on A is a k-linear map P : A — A such that
Eq. (3.3.1) holds and

P(z)-P(y) = AP(zy), forallz,yeA. (3.3.2)

We note that a tri-average operator of weight zero is not a di-average operator. So we cannot give
a uniform definition of the average operators as in the case of Rota-Baxter algebras of weight A.

We next consider the operation of average operators on the level of operads.
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Definition 3.3.2. Let V = V(2) be an S-module concentrated in arity 2.

(a)

Let Vp denote the S-module concentrated in arity 1 and arity 2 with Vp(2) =V and Vp(1) =
k P, where P is a symbol. Let 7(Vp) be the free operad generated by binary operations V

and an unary operation P # id.

Define Du(V) = V® (k 4 @k ) as in Eq. (3.1.1), regarded as an S-module concentrated
in arity 2. Define a linear map of graded vector spaces from Du(V) to Vp by the following

correspondence:
& (j)Hwo(id@P), (t)»—)wo(P@id), forall w €V,

where o is the operadic composition. By the universality of the free operad, £ induces a

homomorphism of operads that we still denote by &:
E:TDOuV)) = T(Vp).

Let P = T(V)/(Rp) be a binary operad defined by generating operations V' and relations
Rp. Let

DAp :={wo(P®P)—Powo(PRid),wo(PRP)—Powo(id®P)| w eV}
Define the operad of di-average P-algebras by
DA(P) :==T(Vp)/(Rp,DAp).

Let py : T(Vp) — DA(P) denote the operadic projection.

Theorem 3.3.1. (a) Let P be a binary operad. There is a morphism of operads

(b)

Du(P) —s DA(P),

which extends the map & given in Definition 3.3.2.

Let A be a P-algebra. Let P : A — A be a di-average operator. Then the following operations
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make A into a Du(P)-algebra:

zHjy:=x0;P(y), xtjy:=P(x)o;y, VYo; € P(2), forallz,yec A.

The proof is parallel to the case of triplicators in Theorem 3.3.4 for which we will prove in full
detail.
When we take P be the operad of the associative algebra, Lie algebra, or Poisson algebra, we obtain

the following results of Aguiar (1).

Corollary 3.3.2. (a) Let (A,-) be an associative algebra and P : A — A be a di-averaging
operator. Define two new operations on A by x by = P(x)-y and x 1y = - P(y). Then

(A,F,) is an associative dialgebra.

(b) Let (A,[,]) be a Lie algebra and P : A — A be a di-averaging operator. Define a new
operation on A by {x,y} = [P(x),y]. Then (A,{,}) is a left Leibniz algebra.

(¢) Let (A,-,[,]) be a Poisson algebra and let P : A — A be a di-averaging operator. Define two
new products on A by xoy := P(x)-y, and {z,y} := [P(x),y]. Then (A,0,{,}) is a dual left

prePoisson algebra.

Combining Theorem 3.3.1 with Theorem 3.2.5, we obtain the following relation between the Manin
white product and the action of the di-average operator. It can be regarded as the interpretation

of (92, Theorem 3.2) at the level of operads.

Proposition 3.3.3. For any binary quadratic operad P = T(V)/(R), there is a morphism of
operads

Perm O P — DA(P),

defined by the following map:

Perm(2) OP(2) — DA(P),
HRw +— wo (id® P),

Wow — wo(P®id), weP?2),

where . denotes the generating operation of the operad Perm.



83

3.3.2 Triplicators and tri-average operators

In this section, we establish the relationship between the triplicator of an operad and the action of
the tri-average operator with a nonzero weight on the operad. For simplicity, we assume that the

weight of the tri-average operator is one.

Definition 3.3.4. Let V =V (2),Vp and T (Vp) as defined in Definition 3.3.2.

(a) Let Tri(V) =V (k 4okt @k 1) in Eq. (3.1.4), seen as an S-module concentrated in arity

2. Define a linear map of graded vector spaces from Tri(V') to Vp by the correspondence

n: ()»—)wo(id@P), (>>—>wo(P®id), (f)n—>w,

B -
where o is the operadic composition. By the universality of the free operad, n induces a

homomorphism of operads:

n:T(Tri(V)) = T(Vp).

(b) Let P = T(V)/(Rp) be a binary operad defined by generating operations V' and relations
Rp. Let

TAp = {wo(P®P)—Powo(P®id),wo(P®P)—Powo(id® P),

wo(P®P)—Pow |w eV}
Define the operad of tri-average P-algebras of weight one by
TA(P) :=T(Vp)/(Rp, TAp).

Let p1 : T(Vp) — TA(P) denote the operadic projection.

We first prove a lemma relating triplicators and tri-average operators.

Lemma 3.3.3. Let P =T (V)/(Rp) be a binary operad and let 7 € T(V) with Lin(r).

(a) For each T € Tri(t), we have

Pon(7)=70P%" mod (Rp, TAp). (3.3.3)
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(b) For @ # J C Lin(7), let P®™/ denote the n-th tensor power of P but with the component
from J replaced by the identity map. So, for example, for the two inputs x1 and xo of P®2,
we have P®>{*1} = P ®id and P®>{*1.%2} —id @id. Then for each 7; € Triy (1), we have

n(7s) = 7o (P*7) mod (Rp,TAp). (3.3.4)

Proof. (a). We prove by induction on |Lin(7)| > 1. When |Lin(7)| = 1, 7 is the tree with one leaf
standing for the identity map. Then we have n( Tri(r) ) =7, Pon( Tri(7) ) = P = 7 o P. Assume
the claim has been proved for 7 with |Lin(7)| = k and consider a 7 with |Lin(7)| = k + 1. Then
) Tri(7,). Recall that Tri(7) is

X
a set of labeled trees. For each 7 € Tri(7), there exist 7 € Tri(7), and 7. € Tri(7,) such that

from the decomposition 7 = 74 V, 7, we have Tri(7) = Tri(7) \/<

T E 7_'@\/<W> 7_},7_'5\/<w) 7_—r77_—6\/<w> Tr
- - .

w

[

Ifr=m% \/( ) 7r, then we have

[

Pon(r) = Pon(i’g\/<w) )
= Powo((Pon(r)) ®n(7))
wo ((Pon(7)) ® (Pon(7))) mod (Rp, TAp)

= wo ((7g o PPN @ (7. 0 PRILN(TIIY)  (hy induction hypothesis)

= wo (7 ® 7)o PR+l
= (v e P
[

= 7o p®k+tl),
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Similarly, we have

Pon( 7 \/(w) 7. ) =70 PP mod (Rp, TAp),
Pon( 7 v<w> 7 ) =70 PEMHD mod (Rp, TAp).

(b). We again prove by induction on |Lin(7)|. When |Lin(7)| = 1, then « is the only leaf label of

7 and |Tri,(7)| = 1. Thus we have
(7e) = n(z) =2 =70 (PY07).

Assume that the claim has been proved for all 7 with |Lin(7)| = k and consider 7 with |Lin(7)| =
k+ 1. Write 7 = 7y V, 7. Let J be a nonempty subset of Lin(7). If J C Lin(7), then by the
definition of Triy(7), for each 7; € Tris(7), there exist 75, € Triym and 7;, € Trig7, such that

Ty =Tre \/<N> Tsr. Then we have

4

n(7s) = 77(77117(\/(“) 1)

4

= wo(n(Tre®Pon(7s,))
w o ((’TZ o POILin(rIl.Ty @ (1, o P®|Lm(”‘)|)) mod (Rp, TAp)

(by induction hypothesis and Item (a))

= 7o P®k+D.J

When J C Lin(7,), the proof is the same. When J ¢ Lin(ry) and J € Lin(r,), for each 75 €

Tri;(7), there exist 7y, € Trijarnin(r)7e and 7s, € Trijarin(r) 7 such that 7; = 7, \/<W> Tir

Then by the same argument we have

n(7;)) = wo ((Te o peILin(r)l,JOLin(r)y @ (7, o P®‘Li"(“)|’mu"(“))) mod (Rp, TAp)

= 70 p®Kkt,J

This completes the induction.
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Theorem 3.3.4. Let P be a binary operad.

(a) There is a morphism of operads

Tri(P) — TA(P),
which extends the map n given in Definition 3.3.4.
(b) Let A be a P-algebra. Let P : A — A be a tri-average operator of weight one. Then the

following operations make A into a Tri(P)-algebra:

r4jy=wx0; Py), zt;y=Px)ojy, x-jy==x0;y, forallojecP(2).

Proof. The second statement is just the interpretation of the first statement on the level of algebras.
So we just need to prove the first statement. Let Rmpy be the relation space of Tri(P). By
definition, the relations of Tri(P) are generated by Tris(r) for locally homogeneous r = ", ¢;7; €

Rp, where @ # J C Lin(r;). By Eqgs.(3.3.3) and (3.3.4), we have

7

7 (Z Ci(Ti)J> = Zcm((ﬁ)]) = Zcm’i o PO = (Z CiTi> o P/ mod (Rp, TAp).

Thus n(Rmipy) € (Rp, TAp) and 7 induces a morphism of operads
7 : Tri(P) — TA(P).

This proves the first statement. U

Corollary 3.3.5. (a) Let A be an associative algebra and let P : A — A be a tri-average oper-
ator on A. Then the new operations defined in Theorem 3.5.4(b) makes it into an associative

trialgebra.

(b) Let L be a Lie algebra and let P : L — L be a tri-average operator on L. Then the operations
defined in Theorem 3.3.4(b) make it into a triLeibniz algebra.
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