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Introduction

The main purpose of this thesis is to study the categories of algebras over operads in the
context of a category of modules defined over a field of positive characteristic. Several well known
theorems of algebraic operads which are valid over the fields of characteristic 0 fail to be true in
this more general setting.

Let K be the ground ring of our category of modules. Briefly recall that an operad P consists
of a collection {P(n)},eny where P(n) is a K module equipped with an action of the symmetric
group on n-letters S,,, together with composition products which model the composition schemes
of abstract operations. The standard category of algebras associated to an operad P is governed
by a monad on the category of K-modules denoted by S(P,-). This monad S(P,-) is given by
a generalization of the classical construction of the symmetric algebra. We explicitly have :

S(P,V) =P P(n)®s, V",
neN

for every K-module V', where P(n)®s, V®" denotes the coinvariant quotient of the tensor product
of the component P(n) of our operad P and the tensor power V®" under the diagonal action of
the symmetric group S,,. The composition products of an operad actually reflect the composition
product associated to a monad of this shape. The classical categories of algebras, like notably the
category of commutative algebras, and the category of Lie algebras, are associated to operad.

In [Fre00] B.Fresse observe that we can associate another monad I'(P,-) to any operad P
by replacing the coinvariants in the definition of S(P,-) by invariants. We explicitly have :

I'(P,V) =€ P(n) & V",
neN

for every K-module V', where we use the notation ®» for this invariant construction.

Two important examples of algebraic structures come from this construction. The category
of divided power algebras is governed by I'(Com, —), where Com is the operad of commutative
algebras. The category of p-restricted Lie algebras is governed by I'(Lie,—), where Lie is the
operad of Lie algebras. The monads S(P,-) and T'(P,-) are related by a natural transformation
of monads trace : S(P,-) - I'(P,-). The epi-mono factorization of this trace map defines a third
interesting monad denoted by A(P,-). These three monads coincide when the commutative ring
K contains Q. But in general they are different.

For a given operad P, we have no general method to obtain a description of the structure of
an algebra over the monads A(P,-) and T'(P, -) in terms of generating operations and relations.
The first goal of my thesis is to find such presentations for a significant example of operad,
PrelLie, which is associated to a category of algebras called pre-Lie algebras. Pre-Lie algebras
were introduced by M. Gerstenhaber [Ger63| in the deformation theory of associative algebras.
A pre-Lie algebra explicitly consists of a K-module V' equipped with a bilinear product {-,-}
such that we have the relation :

{{x,y}, Z} - {xv {y,z}} = {{x,z},y} - {.13, {Z7y}}7

for every x,y,z € V. A pre-Lie algebra inherits a Lie bracket which is given by the commutator
of the pre-Lie product :

[1'711/] = {xvy} - {y,x},

for every x,y € V. In [CLO1] F. Chapoton and M. Livernet prove that the category of pre-Lie
algebras is associated to an operad that has an explicit description in terms of rooted trees.
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Introduction

Examples of pre-Lie algebras notably appear in deformation theory of algebraic structures (see
[DSV15]), in operad theory (see Section 5.4.6 [LV12]), and in renormalization theory for quantum
field theories (see [CK99)]).

The main results of this thesis on pre-Lie algebras are explained in Chapter 1. First we show
that over a field of characteristic p > 0 the category of A(PreLie,—) algebras is isomorphic
to the category of p-restricted pre-Lie algebras introduced by A. Dzhumadil’daev in [Dzh01].
Explicitly :

Theorem A (Chapter 1, Theorem 1.4.16). We assume that the ground ring K is a field of
characteristic p. A APreLie-algebra is equivalent to a K-module V' equipped with an operation
{-,-}: V@V — V satisfying the PreLie-relation and the following p-restricted PreLie-algebra

relation :
{{... Hzwhyt v ={z.{. . {{y.9}.. Sy}t

for every x,yeV.

Then we give a presentation by generating operations and relations of the structure of an
algebra over the monad I'(PreLie, —) which is valid over any commutative ring :

Theorem B (Chapter 1, Theorem 1.5.19). If V is a free module over the ground ring K, then
providing the module V with a I'PreLie-algebra structure is equivalent to providing V with a
collection of polynomial maps

{_;_a"'v_}m,...,rn :VXVX---XV—)K
| S —
n n
for all n € N, where rq,...,r, € N and which are linear in the first variable and such that the
following relations hold :
{33; Yiyee vy yn}?“(,(l)ym,?"a(n) = {ZC, Yo-1(1)s- - - 7yo"1(n)}7“1,---,7"n7 (1)

for any o €S, ;

{nyla cee 7yi—17yz‘,yi+1,~--7yn}rl,...,rH,o,rm,...,rn =
{.’E; Y1y Yi-1,Yi+15- -+ yn}rl,...,ri_l,ri+1,...,rn7 (2)

{I;yla ey Ayia R 7yn}7’1,...,r7¢,...,rn = )\m {‘T;yla e Yiy e 'ayn}rl,...,ri,...,rna (3)

for any A in K;

if Yi = Yis1
{I;ylv e Yis Yirdy - 7y’n}h,<~~77”z'77“i+17---,7"n =

(Ti + i1

i

{=}=id, (6)



{{x;yh cee 7yn}7"17~--,7"n;217 .. '7ZWL}81,---7Sn, =

1
g‘_ﬂ;z - m{x, {yl; Zlyeers Zm}oe}’l,.“,a},;l yesnsy {yl; Zlyeery Zm}ozi‘rl ;~~7C¥irf1 ,
o1 =M i

...,{yT“Zl,...,Zm}a?,l n,1,...,{yn,zl,...,zm}a?,rn _____ amrn

ey Qmy

Z1e e Zmi,1 BBy (7)

where, to give a sense to the latter formula, we use that the denominators r;! divide the coefficient
of the terms of the reduced expression which we get by applying relations (1) and (4) to simplify
terms with repeated inputs on the right hand side (see Example 1.5.11).

It turns out that some important examples of pre-Lie algebra have such a I'(PreLie, —) alge-
bra structure. For example the K-module &@,, P(n) associated to an operad P is a I'(PreLie, -)
algebra.

Let P be an operad. Let V' be a K-module. By a classical statement of the theory of operads,
providing V' with the structure of an S(P,-)-algebra amounts to giving an operad morphism
¢ : P - Endy, where Endy is a universal operad associated to V' (the endomorphism operad
of V). But we do not have an analogue of this universal operad for the study of T'( P, —)-algebra
structures, at least if we only consider operads in the classical sense. In Chapter 2, we explain
how to define a suitable generalisation of the notion of an operad in order to work out this
problem.

The functors S, (P,V) = P(n) ®s, V®" and T',(P,V) = P(n) " V®" which define the
summands of the monads S(P,-) and I'(P, ) associated to an operad P are examples of (strict)
polynomial functors of degree n in the sense of Friedlander-Suslin.

In a first step we explain the definition of a category of (cohomological) Mackey functors,
which generalize the S,,-modules considered in the definition of an operad, to get a combinatorial
“model” of the category of strict polynomial funtors of degree n. To give an idea of our definition,
we consider the collection Par, formed by the subgroups of the symmetric group S,, which are
conjugate to a group of the form S;, x--- xS, <SS, where i; +--- + 14, = n. The cohomological
Mackey functors which we consider can be defined by giving a collection of K-modules M (),
where 7 € Par,, together with induction morphisms Ind}? : M(m;) - M(72) and restriction
morphisms Res?? : M (mp) — M (m1) for each pair of subgroup 71, € Par, such that m; < 7,
and conjugation operations ¢, : M(w) - M (w?) for each o € S,,, where 77 denotes the conjugate
subgroup of 7 in S,, under the action of 0. We suppose that these operations satisfy natural
relations. We notably assume Ind7?Res]> = [my : 7m1]Id,, in our category of cohomological
Mackey functors.

We denote the category of strict polynomial functors of degree n by PolFun,, and the
category of cohomological Mackey functors on Par,, by Mac®"(H Par, ). We associate a strict
polynomial functor ev(M),, of degree n to every object M « Macwh(’HParn) and we prove that :

Theorem C (Chapter 2, Theorem 2.2.18). Our mapping evy: Macwh(’HParn) - PolFun,,
defines an equivalence of categories from MaCCOh(’HParn) the category of cohomological Mackey
functors on Par, to the category PolFun,, of strict polynomial functors of degree n.

We then consider a category of analytic functors, denoted by AnFun, whose objects are direct
sums F = @,y F), where F), is a strict polynomial functor of degree n on the category of K-
modules. We check that the composition of functors lifts to the category AnFun, so that the
triple (AnFun, o,1d), where o is this composition operation and Id is the identity functor, forms
a monoidal category. We consider on the other hand a category of M-modules Mod%JI whose
objects are collections M = {M,, }nen such that M,, € Mac®"(H Par,,), for each n. We consider
the obvious functor ev : Mod}¥ — AnFun such that ev(M) = @,y evn(M,,), for every M e Mod!¥.
Theorem C implies that this functor defines an equivalence of categories.

We make explicit a composition product 0 and a unit object I in the category of M-modules
Mod% such that (Mod%, 0,1) forms a monoidal category and we establish the following results :

Theorem D (Chapter 2, Theorem 2.4.28). The mapping ev: M — ev(M), defines a (strongly)
monoidal functor from the category of Ml-modules equipped with the composition product O to the
category of analytic functors AnFun equipped with the composition product o.
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We then define an M-operad as a monoid object in the monoidal category of M-modules.
We denote the category of M-operads by M -Op. Theorem C and Theorem D have the following
corollary :

Corollary . The mapping P~ ev(P) induces an equivalence of categories between the category
of M-operads and the category of analytic monads

Let us mention that our notion of an M-operad is equivalent to the notion of a Schur operad
defined in the Ph.D. thesis of Q. Xantcha [Xanl0]. The main novelty of our approach is the
definition of our objects in terms of monoidal structures whereas Xantcha define his notion of
a Schur operad by using an abstract notion of polynomial operation. Xantcha’s approach is a
reminiscence of Lazard’s definition of an analizeur [Laz55].

We already mentioned that the summands S, (P, -) and I',, (P, -) of the monads S(P,-) and
I'(P,-) associated to an operad P are examples of strict polynomial functors. These monads
S(P,-) and T'(P,-) form examples of analytic monads ; and so does the other third monad which
we associate to an operad A(P,-). We make explicit the M-operads S_(P), I'_(P) and A_(P)
which correspond to these analytic monads. We prove that the category of p-restricted Poisson
algebras introduced by R. Bezrukavnikov and D. Kaled [BKOS§| in the study of deformation
theory of manifolds in positive characteristics is also associated to an M-operad p-Pois which is
not of this form.

To any K-module V is associated an M-operad denoted by Polyy . If P is an M-operad then
the set of P-algebras structures on V' is recovered from the set Homy_op (P, Polyy )

Theorem E (Chapter 2, Theorem 2.5.8). Let P be an M-operad and V' be a K-module. The set
of P-algebras structures on V is in bijection with Homy-op (P, Polyy ).

We also have a notion of an M-PROP which generalizes MacLane’s concept of a PROP,
and which can be used to govern categories of bialgebras. We define for instance an M-PROP
I'BiAlgcom which governs the category of commutative-coassociative bialgebras with divided
powers (This category of bialgebras is equivalent to the André’s category of divided power Hopf
algebras [And71] when we work in a category of connected graded K-modules).

Outlook

The work-in-progress [Ces| is devoted to the study of applications of divided symmetries
pre-Lie algebras on the theory of combinatorial Hopf algebras. J.-M. Oudom, D. Guin [OG08|,
and T. Schedler [Sch13] showed that for a Lie algebra coming from a pre-Lie algebra a strongest
version of Poincaré-Birkhoff-Witt’s Theorem holds, namely the quantum PBW theorem. The
aim of this work [Ces] is to study the p-restricted case and a generalization to divided power
algebras of this result.

Plan of the thesis

The thesis is divided in three chapters.

Chapter 1 is devoted to the study of pre-Lie algebras. We examine the definition of A(PreLie, —)-
algebras and I'( PreLie, —)-algebras in terms of generating operations and relations, and we esta-
blish the results of Theorem A and Theorem B. We also give a bunch of examples of A(PreLie, —)-
algebra and T'(Pre, Lie, —)-algebra structures in the concluding section of Chapter 1.

Chapter 2 is devoted to our study of the generalized operads which model the structure of
analytic monads. We explain the definition of our categories of cohomological Mackey functors
associated to our subset Par, of the set of subgroups of the symmetric group S,. We define
the equivalence between these categories of cohomological Mackey functors and the category of
strict polynomial functors asserted in Theorem C. Then we explain the definition of our monoidal
structure and of our notion of operad in the category of M-modules, which fit in the results of
Theorem D and its corollary. We eventually establish the result of Theorem E and we give
examples of M-operads and of our more general notion of an M-PROP which naturally occur in
the field of algebra.

These Chapters 1 and 2 are independent articles of the author and each of these chapter
includes a self contained introduction and its own reminders.

10



In Appendix A, we summarize the basic results of the theory of operads, of the theory of
polynomial functors and of the theory of Mackey functors, which we use in this thesis.
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Chapter 1

On PrelLie Algebras with Divided
Symimetries

abstract

We study an analogue of the notion of p-restricted Lie-algebra and of the notion of divided power algebra for
PreLie-algebras. We deduce our definitions from the general theory of operads. We consider two variants A(P, -)
and I'(P, -) of the monad S(P,-) which governs the category of algebras classically associated to an operad P.
For the operad PrelLie corresponding to PreLie-algebras, we prove that the category of algebras over the monad
A(PreLie,-) is identified with the category of p-restricted PreLie-algebras introduced by A. Dzhumadil’daev.
We give an explicit description of the structure of an algebra over the monad I'(PreLie, —) in terms of brace-type
operations and we compute the relations between these generating operations. We prove that classical examples

of PreLie-algebras occurring in deformation theory actually form I'( PreLie, —)-algebras.

Introduction

In this chapter, we study an analogue of the notion of p-restricted Lie-algebra and of the
notion of divided power algebra for PreLie-algebras.

PreLie-algebras were introduced by Gerstenhaber in [Ger63] to encode structures related to
the deformation complex of algebras. In recent years, applications of PreLie-algebras appear
in many other topics. Notably it has been discovered that they play a fundamental role in
Connes-Kreimer’s renormalization methods.

The category of PreLie-algebras is associated to an operad denoted by PreLie. To define
our notion of PreLie-algebras with divided symmetries, we use the general theory of B. Fresse
[Fre00], who showed how to associate a monad I'(P,-) to any operad P in order to encode this
notion of algebra with divided symmetries.

Recall that the usual category of algebras associated to an operad P is governed by a monad
S(P,-) given by a generalized symmetric algebra functor with coefficients in the components
of the operad P. To define I'(P,—) we merely replace the modules of coinvariant tensors, which
occur in the generalized symmetric algebra construction, by modules of invariants. We denote by
A(P,-) the monad given by the image of the trace map between S(P,-) and I'( P, -). For short,
we call I P-algebras the category of algebras governed by the monad I'( P, —), and we similarly call
AP-algebras the category of algebras governed by the monad A(P,-). It turns out that many
variants of algebra categories associated to these monads are governed by these monads. For
instance, for the operad P = Lie a ALie-algebra is equivalent to a Lie algebra equipped with an
alterned Lie bracket [x,z] = 0, while the ordinary category of algebras over the operad Lie only
depicts Lie algebras equipped with an antisymmetric Lie bracket [z,y] = -[y,«] (which differs
from the latter when the ground field has characteristic two). The category of I' Lie-algebras, on
the other hand, turns out to be equivalent to the classical notion of a p-restricted Lie algebra,
where p is the characteristic of the ground field (see [Fre00] and [Fre04|)

We aim to give a description in terms of generating operations of the structure of an al-
gebra over the monads A(PreLie,—) and I'(PreLie,—). Our main motivations come from the
applications of PreLie-algebras in deformation theory. We will see that significant examples of
PreLie-algebras occurring in deformation theory are actually I' PreLie-algebras.

13



Chapter 1. On PreLie Algebras with Divided Symmetries

To be explicit, recall that a PreLie-algebra is a module V equipped with an operation
{-,-}:V®V — V such that :

{{x,y},z} - {$7 {y,z}} = {{x?z}7y} - {‘T7 {zvy}}v

for all x, y, and z in V.

First, we study the algebras over A(PreLie,—). We prove that these algebras are identified
with the notion of p-restricted PreLie-algebras in the sense of [Dzh01]. A p-restricted PreLie-
algebra is a PreLie-algebra where the following relation is satisfied

{ - Azt Sy ={z,{.. {y,y}.. Jy}.

Our result explicitly reads :

Theorem A (Theorem 1.4.16). We assume that the ground ring K is a field of characteristic p.
A APreLie-algebra is equivalent to a K-module V' equipped with an operation {—,-}: VoV — V
satisfying the PreLie-relation and the p-restricted PreLie-algebra relation.

Let V be a free K-module with a fixed basis. We prove the existence of an isomorphism of
graded free K-modules between S(PreLie, V) and I'(PreLie, V). Using this isomorphism we ex-
press the composition morphism of the free algebra I'( PreLie, V') and find a normal form for its
elements. We combine these results to give a presentation of I'( PreLie, —) : this monad is deter-
mined by n + 1-fold polynomial “corollas” operations {—;—,..., =}, . of degree (1,71,...,7y,)

—

and which satisfy some relations. We obtain the following theorem :
Theorem B (Theorem 1.5.19). If V is a free module over the ground ring K, then providing

the module V' with a I PreLie-algebra structure is equivalent to providing V with a collection of
polynomial maps

{_;_a"'v_}rj,...,rn:VXVX...XV—>‘/7
—_——— S —
n n
where r1,...,7, € N and which are linear in the first variable and the following relations hold :
{ﬂf; Yiy-vns yn}r(,(l),“.,rd(n) = {Jj; Yo-1(1)s- -+ Yot (n)}T17---,Tn7 (1)

for any o €S, ;

{.’E; Yty Yi-1,Yis Yivls- - - yn}rl,...,ri,l,o,riﬂ ..... Tn T

{391, Yic 1 Yiels - Un e ricarisnsorns (2)

{3yt N Un e orsrrn = N T YL, Y Un ey (3)

for any A in K;

if Yi = Yir1
{.’E; Yty Yis Yivls - - - 7yn}rl,‘..,ri,riﬂ,...,rn =

(7“1‘ + g1

r ){nyla--~7yi,yi+2a--~7yn}n,‘..7m+n+1,n+z,...,rn' (4)
i

Ti
{-73; Yiy-- Yi-1,a+ b7 Yivlye -y yn}rl,.“,m,.“,rn = Z{xy Yi,..-,0Q, b7 v 7yn}rl,...,s,ri—s,“.,rnv (5)
s=0

14



1.1. Operads and their monads

{=}=1id, (6)
{{x;yh cee 7yn}7"17~--,7"n;217 .. '7ZWL}51,---7Sm =

3 1

5i=Bi+3 oy I1(r;!)

-~-7{yn§Z1,...,zm}a?,1

{o{y; 21,5 Zm}oé}*l?_“’a}ﬁl s YL 21 Z’m}ai‘ﬁ akm

U LARE y 1Yns 21, yEm oL Q™

Z1ye e Zmi,e 1 BBy (7)

where, to give a sense to the latter formula, we use that the denominators r;! divide the coefficient
of the terms of the reduced expression which we get by applying relations (1) and (4) to simplify
terms with repeated inputs on the right hand side (see Example 1.5.11).

We give explicit examples of I'PreLie-algebras in the last section. Notably we explain that
I'PreLie-algebras naturally occur in the study of Brace-algebras in characteristic different from
0. The already alluded to applications of I'PreLie-algebras in deformation theory actually arise
from this relationship.

Contents

We devote sections 1 -2 to general recollections on the operadic background of our construc-
tions and to the definition of the operad PreLie.

In section 3 we construct a normal form for S(PreLie, V') and a basis for I'(PreLie, V). We
establish the equivalence between APrelLie-algebras and p-restricted PrelLie-algebras in section
4. We give the construction of a presentation of I'(PreLie,—) in section 5. We conclude with
examples of I'PreLie-algebras in section 6.

1.1 Operads and their monads

In this section, we briefly survey the general definitions of operad theory which we use in the
chapter. This section does not contain any original result. We follow the presentation of [Fre00]
for the definition of the monads A(P,-) and I'(P,-) associated to an operad. We refer to the
books [MSS02], [LV12], and [Fre09| for a comprehensive account of the theory of operads. We
work in a category of modules, Modg, over a fixed commutative ground ring K. For simplicity, we
assume that K is a field in the statement of the general results and in the account of the general
constructions of this section. We only consider the general case of a ring in concluding remarks
at the end of each subsection (1.1.1-1.1.4). We explain in these remarks the extra assumptions
which we need to make our constructions work when we work over a ring.

1.1.1 S-Modules

We recall the notion of S-module, which underlies the notion of operad, and the definition of
three monoidal structures on the category of S-modules.

Definition 1.1.1. We denote by S, the symmetric group on a finite set of n elements. An
S-module M is a collection {M(n)}ney where M(n) is an S, -K-module for each n € N.

A morphism between S-modules f: M — N is a collection {f, : M(n) — N(n)}nen where
fn is a morphism of S, -K-modules for each n € N.

We denote by Modi the category of S-modules.

We recall the definition of generalized symmetric (respectively, divided symmetries) tensors
associated to an S-module. These functors determine the monads that define algebras over an
operad and divided symmetries algebras over an operad.

Definition 1.1.2. We denote by End(Modg) the category of endofunctors of Modk. Let V' be an
K-module and M be an S-module. On V®™ the monoidal structure of the tensor product induces
a natural S,-action. The K-module M(n) ® V®" is equipped with the diagonal S,, action. The
Schur functor S(M,-) : Modg — Modk is defined as :

S(M,V):=@ M(n) ®s, V",

15



Chapter 1. On PreLie Algebras with Divided Symmetries

where ®s, means the K-module of co-invariants of the tensor product M(n) ® V" under the
diagonal action ; and the coSchur functor T'(M,-) : Modg — Mody is defined as :

O(M,V): =@ M(n) & V&,

where ®" means the K-module of invariants.
We then have two functors S : Mody — End(Modx) defined as S(M) = S(M,-), and
I': Mody — End(Modg) defined as T(M) = T'(M,-).

Remark 1.1.3. The functors S(M,-) and T'(M,-) are full and faithful when the ground ring
is an infinite field.

Between the coinvariant space and the invariant space there is a map called the trace (or
norm) map.

Definition 1.1.4. Let M be an S-module. The trace map is the natural transformation Tr :
S(M,-) — T'(M,-) such that :

Tr(m®vi®...0v,) = ». 0" (MOv;®...81,),

ogeS,,

for each m e M, vy,...v, € V, and where we take the diagonal action of o € S,, on the tensor
mev ®...0v, € M(n)® Ve

Remark 1.1.5. The natural transformation T'r is an isomorphism in characteristic 0, but this
is no longer the case in positive characteristic.

Definition 1.1.6. We consider three monoidal structures on Modi, let M, N be two S-modules :
1. the tensor product — ® —: ModHS( x Modﬂi — ModHS( of S-modules, defined by
(MEN)(n) = @ Iddr, M(i)e NG),
i+j=n Y
K ifn=0
and whose unit is the S-module such that K(n) = Zf "
0 ifn=+0,

2. the coinvariant composition product —O- : Modﬂg< x Modi — Mod]IS< of S-modules, defined
by

MON :=@ M(r) ®s, N,

K ifn=1
and whose unit is the S-module such that I(n) = an .
0 fn=+l,

3. and the invariant composition product —O- : Modi X Modi — Modi of S-modules, defi-
ned by

MOAN :=@ M(r) &° N,

with the same unit object as the coinvariant tensor product.

The tensor product — 8 — is symmetric, while the composition products -0 and —0O— are not.
The two functors S and I' are monoidal, more precisely :

Proposition 1.1.7. The functors S : Modﬂs( — End(Modg) and T": Modﬂi — End(Modk)
define :

1. strongly symmetric monoidal functors
(ModS, 8,K) —2> (End(Modg),®,K) and (ModS,®,K) —— (End(Mody), ®,K),

where ® is the pointwise tensor product, inherited from the tensor product of K-modules,
on the category of functors;
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1.1. Operads and their monads

2. strongly monoidal functors
(ModS, 0, K) —>> (End(Modg),0,1d) and (Mod,t,K) —— (End(Modx), o, Id),
where o is the composition of functors.

Proof: These assertions are classical for S (see for instance [LV12, Ch. 5|) and the analogue
of these relations for T' is established in [Fre00]. O

Remark 1.1.8. The statements of Proposition 1.1.7 remain valid without any change when we
work with a commutative ground ring K in the case of the functor S: M — S(M,-).

For the functor T'(P,-) the statement of Proposition 1.1.7 is still valid if K is an hereditary
ring, we restrict ourself to S-modules M whose components M (r) are projective as K-modules
for allr € N, and we consider the restriction of our functor T'(M,-) to the category of projective
K-modules.

In short the tensor product M (r) ® V" form a projective K-module as soon as M(r) and V
do so. We just use the assumption that the ring K is hereditary to ensure that M(r) & V& ¢
M(r) ® V" is still projective as a K-module. We accordingly get that the map T'(M,-) : V
D(M,V) defines an endofunctor of the category of projective K-modules in this case. We then
use that the tensor product with a projective module preserves kernels (and hence invariants) to
check the validity of the claims of our proposition, after observing that the invariant composition
of S-modules also consists of projective K-modules in this setting.

1.1.2 Operads and P-algebras

We now recall the definition of an operad and the definition of the monads associated to an
operad which we use in this chapter. To be specific, when we use the name operad, we mean
symmetric operad, and we define this structure by using the coinvariant composition product
recalled in the previous subsection.

Definition 1.1.9. We define an operad to be a triple (P,u,n) where P is an S-module, pu :
PoP — P, is a multiplication morphism, and n: I — P a unit morphism such that P forms

a monoid in (Modﬂi,g, I).

If P is an operad, then S(P,-) is a monad by Proposition 1.1.7.

In what follows, we also use that the composition structure of an operad is determined by
composition operations o; : P(m)® P(n) — P(m+n-1) defined for any m,n e Nand 1 <i <m,
and which satisfies natural equivariance and associative relations. The unit morphism can then
be given by a unit element 1 € P(1) which satisfies natural unit relations with respect to these
composition products. We refer to [Fre00] for instance for more details on this correspondence.

Since a general theory of free operads and their ideals can be set up (see [Fre09]) we can
present operads by generating operations and relations.

Definition 1.1.10. Let P be an operad, we define a P-algebra to be an algebra over the monad
S(P,-).

We have the following classical statement.

Proposition 1.1.11. Let V be a K-module and (P, p,m) be an operad. The K-module S(P,V')
equipped with the morphisms induced by p and n is itself a P-algebra.

Proof: See [LV12, Sec. 5.2.5]. O

Remark 1.1.12. The statement of 1.1.11 remains valid without any extra assumption on our
objects mor change when we work over a general ring K.

1.1.3 T(P,-) and A(P,-) monads

Under a connectivity condition any operad structure on an S-module P induces a monad
structure on T'(P,-). We define T"P-algebras as the algebras for the monad T'(P,-). The trace
map is a natural transformation of monads. The concept of I' P-algebra was introduced by B.
Fresse in [Fre00]. We recall the definition of these concepts in this section.
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Chapter 1. On PreLie Algebras with Divided Symmetries

Definition 1.1.13. An S-module N is connected if N(0) = 0.
We rely on the following observation :

Proposition 1.1.14. Let M and N be two S-modules. If N is connected, then we have an
isomorphism Tryr,n : MON — MON.

Proof: See [Fre00]. O

This proposition has the following consequence :

Proposition 1.1.15. Let (P,pu,n) be a connected operad. There exists a product fi : PGP — P
given by :

pPapP < poP- S p

and making (P, ji,m) into a monoid in the monoidal category (Modi,lﬂ,]). O
Corollary 1.1.16. Let (P, u,m) be a connected operad ; then (T'(P,-),ft,n) is a monad. ]

Definition 1.1.17. Let (P, u,m) be a connected operad. A T'P-algebra is an algebra over the
monad T'(P,-).

From now on we only consider connected operads.

Proposition 1.1.18. Let P a connected operad. The natural transformation Tr : S(P,-) —
T'(P,-) is a morphism of monads.

Proof: See [Fre00]. O

We introduce a third kind of algebras called AP-algebras.

Definition 1.1.19. We denote by A(P,-) : Modg —> Modx the functor defined by the epi-mono
factorization of the trace map.

Proposition 1.1.20. Let P a connected operad. The functor A(P,-) forms a submonad of
T'(P,-) and the factorization

S(P7_) _)A(P7_) _>F(P7_)
forms a monad morphism.

Proof: We use that Tr is a morphism of monads and that the functor S(P,-) preserves the
epimorphisms to obtain that we have a commutative diagram of the form :

TroS(P,Tr)='(P,Tr)oTr

S(P,S(P,-)) —» A(P,A(P,-)) —— T'(P,T'(P,-))

| |

S(P,-) ———» A(P,-) ——— I'(P,-).
Tr

We deduce from this diagram that the composition product of the monad I'(P,-) and factor
through A(P,-). The unit of I'(P,-) similarly factors through A(P,-). The conclusion of the
proposition follows. O

Definition 1.1.21. Let P be a connected operad, a AP-algebra is an algebra for the monad
A(P,-).
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1.1. Operads and their monads

Remark 1.1.22. Any AP-algebra V is a P-algebra. Any I' P-algebra W is a AP-algebra by the
following commutative diagram :

APV)——V

|

(P, V).

Remark 1.1.23. The statements of this subsection have a generalization when we work over
a hereditary ring. We then assume that the components of our operads P(r) form projective
K-modules, for all r € N, and we use that the map T'(P,-):V —» (P, V) defines an endofunctor
of the category of projective K-modules, according to the observation of Remark 1.1.8. We get
that this functor T'(P,-) forms a monad in this case, and that A(P,-) is a submonad of this
monad over the category of projective K-modules.

We can actually forget the assumption that K is hereditary in the case of the PreLie ope-
rad which we study in the following section. We will actually see that T'(PreLie,—) : V
D(PreLie,V) induces an endofunctor of the category of free K-module without any further as-
sumption on the ground ring K.

1.1.4 Non-symmetric operads and 7 P-algebras

We mostly use symmetric operads in this chapter. But we also consider a monad T'(P,-)
which is naturally associated to any non-symmetric operad. We explain this auxiliary construc-
tion in this subsection.

Notations 1.1.24. We denote by Modi the category of K-modules graded on N.

Definition 1.1.25. Let A be in Mody. There is a functor T(A,-) : Modg — Modyg defined as
follows :

T(A V)= A(n) e Ve".
Forgetting the action of the symmetric groups we get a functor U : Modi — Modﬁ. Composing
U with T(~-,~) we have a functor T : Mody — End(Modk).

Definition 1.1.26. Let M, N be two graded modules. We define the graded module M O N by :

MoNn)=@M@r)e( @ N(m)e...eN(n,)),

ni+...N,.=n
This operation gives a monoidal structure on Modi.
We have the following proposition :

Proposition 1.1.27. The functor T : (Modﬁi,m,l) — (End(Modx), o, Id) is strongly mono-
idal.

Proof: We easily adapt the proof of the counterpart of this statement for S and T. O

Definition 1.1.28. Let P a non-symmetric operad, a T P-algebra is an algebra over the monad
T(P,-).

Let P be an operad and V a K-module; then T (P, V) is a T'P-algebra with a structure map
given by the map p on P and juxtaposition of words formed by elements of V.

Definition 1.1.29. There is a natural transformation given by the quotient
pr:T(P,-) — S(P,-).

Proposition 1.1.30. Let P be a connected operad. The two natural transformations in and pr
are monad morphisms.
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Chapter 1. On PreLie Algebras with Divided Symmetries

Proof: Let V be a K-module. This statement follows from the commutativity of the following
diagrams :

% %

T(PoP,V) S(PgP,V)

|

T(PgP,V).

The verification of this commutative property is immediate. [

Remark 1.1.31. The results of this subsection remain valid without change when we work over
a commutative ring K.

1.2 On Prelie and rooted trees operads

We recall the definition of PreLie-algebras. These algebras have a binary product and a
relation, sometimes called right associativity.

The PreLie-algebras were introduced in [Ger63] by Gerstenhaber. We refer to [CLO1] for
the definition of the operad which governs this category of algebras. We also refer to [Manl11]
for a survey on the theory and to [Dok13| for some applications of PreLie-algebras in positive
characteristic.

Definition 1.2.1. A K-module V is a PreLie-algebra if it is endowed with a bilinear product :
(-} VeV —V,
such that

.y} 2} = {2 {y, 23 = {2} v} - {0}, 2)

The PreLie bracket defines a Lie bracket by : [a,b] = {a,b} - {b,a} .
This structure appears naturally in different contexts. We recall some examples which we
revisit in the context of I'PreLie-algebras.

Example 1.2.2. 1. Let P be an operad; we can define a PreLie-algebra structure on the
following K-module @,, P(n). Explicitly the PreLie-product is given by the following for-

mula :
{p.a}= Y, poiq
ie{1,.n}

where p € P(n) and g € P(m). We go back to this example in Section 1.6 where we study
the relation between PrelLie-systems and I' PreLie-algebras.

2. The Hochschild complex of an associative algebra A defined as C"(A, A) = Hom(A®", A)
has a dg-PreLie-algebra structure. For f € C"™(A,A) and g € C"(A,A), we explicitly
have :

(03 (@1, . Zpemet) =

m
Z(_l)(n_l)(l_l)f(xla . -;xi—lag(xia R 7$n+i_1)7xn_i- . -axn+m—1)7
i=1

This structure was introduced by Gerstenhaber in [Ger63] and can actually be defined
on the deformation complex of any algebra over an operad (see [LV12, Ch. 12]). This
PreLie-algebra structure on the Hochschild complex of an algebra is also a special case
of the previous example, where we take P = AEnda, the operadic suspension A of the
endomorphism operad Ends of A.
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We have a new type of PreLie-algebras, called p-restricted PreLie-algebras, which occur
when the ground ring is a field of characteristic p > 0. As for p-restricted Lie-algebras, introduced
by N. Jacobson in [Jac79]|, p-restricted PreLie-algebras appear naturally in the study of PreLie
structures in positive characteristic p. This kind of algebras was introduced by A. Dzhumadil’daev
in [Dzh01].

Definition 1.2.3. Fized a field K of characteristic p. Let (L,{,}) be a PreLie-algebra. It is a
p-restricted PreLie, or p— PreLie-algebra if the following equation holds :

- Hzyhwd Sy ={e {0 Hyud - Sl

| —_———
P p

Remark 1.2.4. In [Dok13] I. Dokas introduces a more general notion of p-restricted PreLie-
algebra. A “generalized” p-restricted PreLie-algebra is a PreLie-algebra V endowed with a Fro-

benius map ¢ :V -V satisfying some relations. If we assume ¢ = {{---{y,y},},y} we retrieve
| —
P
the definition of A. Dzhumadil’daev (Definition 1.2.3).

Example 1.2.5. Simple Lie algebra sl(2,K). In characteristic 0 a semisimple Lie algebra
does not admit a PreLie structure. But this is no longer the case in positive characteristic. In
[Dok13] it is shown that sl(2,K) admits a PreLie structure if and only if char(K) = 3. In this
case the PreLie structure is 3-restricted. For details and proof see [Dok13].

Rota-Baxter algebras. In [Dok13] it is shown that the Rota-Bazxter algebras, introduced by
Gian-Carlo Rota in [Rot95], admit a p-restricted PreLie structure.

PrelLie-algebras in the sense of 1.2.1 are identified with a category of algebras over an operad
defined by generators and relations. We recall another description of this operad in terms of trees.

1.2.1 Non labelled trees

In this section we introduce the definition of non labelled tree.

Definition 1.2.6. We use the name non labelled tree to refer to a non-empty, finite, connected
graph, without loops, with one special vertex called the root. The edges of such a tree admit a
canonical orientation with the root as ultimate outgoing vertex, we have a pre-order corresponding
to this orientation on the set of wvertices of the tree, with the root as least element. Two non
labelled trees are isomorphic if they are isomorphic as graphs by an isomorphism which preserves
the root.

If necessary, we speak about a non labelled n-tree to specify the number n of vertices.

Definition 1.2.7. Let 7 be a non labelled tree, a sub-tree is a connected sub-graph with root its
minimum vertex by the pre-order defined by T.

Definition 1.2.8. Let 7 be a non labelled rooted tree, a branch B of T is a maximal subtree of
T that does not contain the root, where maximal has to be understood as a maximal element in
the poset, defined by inclusion, of non labelled sub-trees of T.

Definition 1.2.9. Let 7 be a non labelled tree and B be a branch of T, the set iso(B) is the set
of all branches of T isomorphic, as non labelled trees, to B.

1.2.2 Labelled trees
We define the concept of labelled tree.

Definition 1.2.10. We call labelled tree, or just tree, a non labelled tree with a fixed bijection,
called labelling, between its vertices and the set {1,...,n}, where n is the number of vertices.
We denote by RT (n) the set of labelled trees with n vertices. The group S, acts on this set by
permuting the labelling.

If necessary, we use the expression of n-tree to specify the number of vertices of a tree.
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Example 1.2.11. The following is a 3-tree :

W

3

with root the vertex labelled by 3.
Notice that our trees are not planar. For example, we have :

2 1 1 2
Y

Definition 1.2.12. The S-module RT of rooted trees is
RT(n) :=K[RT(n)],

where K[ X] is the K-module freely generated by the base set X.

Example 1.2.13. Let o be the permutation of S3 that permutes 1 with 2 and fizes 3 :

2 3 1 3
N TN

1.2.3 The rooted trees operad

The S-module RT can be endowed with a structure of operad. This new operad is isomorphic
to PreLie. We review this result in this section. The proof of the isomorphism is given in [CLO1].
Definition 1.2.14. We define the following partial compositions :

—o0;—:RT(m)x RT(n) — RT(n+m-1),

with 1 <i<m as follows, let In(T,i) be the set of incoming edges of the vertex of T labelled i :

— f
T 04U 1= > T o5,

fiIn(r,i)—{1,...,n}

where TO{U is the n +m — 1-tree obtained by substituting the tree v to the ith vertex of the tree

T, by attaching the outgoing edge of this vertex in T, if it exists, to the root of v, and the ingoing
edges to vertices of v following the attaching map f and then labelling following the labelling of
7 and the labelling of v after obvious the shift. The sum Tuns over all these attachment maps
f:In(ri) — {1,...n}.

Example 1.2.15.
4 4
5 2 3 zvs 2\)3 2 3 4
11 o1 \3/' = + + \L/' .
1 1 1 1

Lemma 1.2.16. These partial compositions define a total composition v : RT o RT — R1T that
is an operad structure on the S-module RT'.

2 2 3 z 3 9 2 2 3 4
11 (\G/ ,o01 )= + + \l/' .
1 1 1 1
Theorem 1.2.18 (Chapoton, Livernet). The PreLie operad is isomorphic to the RT operad.
The isomorphism ¢ : PreLie — RT is realized by sending the generating operations of PreLie
2

to ll

Proof: See [CLO1]. O
From now on we do not make any difference between RT and PreLie if it is not strictly necessary
and therefore we will talk about trees as elements of PrelLie.

Example 1.2.17.
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1.3 A basis of I'(PreLie, V)

The aim of this section is to make explicit a basis of the module I'( PreLie, V') when V is a
K-module equipped with a fixed basis V.

Definition 1.3.1. Let x1,...,z, be elements of V, and T be an n-tree. We denote the element
TOLL® ... x, in T(RT,V) by 7{x1,...,2,) and the class [T®r1® ... ®x,] in S(RT,V) by
T(21,...,2n) - If we fix a basis V of V, then we call :

— canonical basis of T(RT, V') the set T(RT,V) = {r{x1,...,z,)| T € RT (n),x; € V},

— and canonical basis of S(RT, V') the set S(RT,V) ={7(z1,...,z,)|7 € RT(n),z; € V}.
The epimorphism pr: T(RT,V) — S(RT, V') restricts to a surjective function

pr:T(RT,V) — S(RT,V).

Definition 1.3.2. Let V' be a free K-module with a fized basis V. Let t = 7(x1,...2,) be an
element of T(RT,V). The stabilizer of t, denoted by Stab(t), is the subgroup of S, defined by :

Stab(t) :={c €S, | o t = t},

where we consider the diagonal action of permutations o € S,, on the tensor T® x1® ... xy,
which represents our element t = 7(x1,...,x,).

Example 1.3.3. Let V be a free K-module with a fized basis V, and x,y,z be elements of V.
We have the following formulas :

Stab(*\*  {z.9.2}) = {id}.

and

Stab(\,*  {y,0) = {id, (2,3)}

+1

2 n
Definition 1.3.4. We define F,, to be the following labelled n + 1-tree \@/

Proposition 1.3.5. Let V be a free K-module with a fized basis V and xq, ..., x, be elements of
V such that x, # x4 if p#q and p,q # 0. Consider the element F,,(xo, 1, ..., 1,y Tpye. s Tp)

~ ~

11 ir

in T(RT,V); then Stab(F,{(xo,T1, ..., L1, Tpy..., L)) 18 iSomorphic to S;; x ... xS; .

1 (2
Proof: An element ¢ of S, is in Stab(F,(zo,Z1,...,Z1,--.,Tpr,..., ) if its action fixes
11 ir
both F,, and zg,x1,...,21,...,Zp,..., 2. Since F}, should be fixed we have that xg is fixed and
71 28
then o has to be in the stabilizer of x1,...,21,...,2Zy,..., 2, that is isomorphic to S;, x...xS; . O
— ———

i1 i

Definition 1.3.6. Let V' be a free K-module with a fized basis V. Let t be an element of
S(RT,V). We define Dec(t) to be the element of S(RT,S(RT,V)) :

F7'($07 Bla R BT')a
where F. is isomorphic as non labelled rooted tree to the full sub-corolla with root xo the element

of V corresponding to the root of t, and B; are elements of S(RT,V) corresponding to the
branches of t.
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In the literature the elements F,.(x,T4,...,T,) are sometimes denoted B(x,Ti,...,T}), see
[CKO8].

Example 1.3.7. Let t be the element :

4
QK/B ($0,$1,$2,$3)~
1

Dec(t) = F»(wo, jl (z1,23), 01 (22)).

We have :

Remark 1.3.8. Let V be a free K-module with a fized basis V, and t be an element of S(RT,V).
If w: S(RT,S(RT,V)) — S(RT,V) is the composition product for the operad RT then
u(Dec(t)) = t.

Definition 1.3.9. Let V be a free K-module with a fived basis V. By iterating the process of
Definition 1.3.6, we can decompose any element t € S(RT,V) into a composition of corollas
whose roots are labelled by elements of the basis V. We refer to this decomposition as the normal
form of t. It is unique up to the permutations of the non root entry of corollas.

Definition 1.3.10. Let V' be a free K-module with a fixed basis V. Let t be an element of
T(RT,V), and o be an element in S,,. Then Stab(t) is isomorphic to Stab(c*t). Therefore we
can define the group Stab(t) where t is an element of S(RT,V) as Stab(t) where t is in the
pre-image of t under pr: T(RT,V) — S(RT,V).

The group Stab(t) can be computed by induction.

Proposition 1.3.11. Let V be a free K-module with a fixed basis V, and t be an element of
T(RT,V). Then Stab(t) is isomorphic to Stab(Dec(t))x (Stab(B1) x...xStab(B,.)), where the
semi-direct product is defined by the action of Stab(Dec(t)) which permutes isomorphic branches.

Proof: There is an obvious inclusion of Stab(Dec(t)) x (Stab(B;1) x ... x Stab(B,)) into
Stab(t). Since any element of Stab(t) can be written in a unique way as a product of an ele-
ment in Stab(Dec(t)) and an element in (Stab(Bj) x ... x Stab(B,)) the inclusion is actually
an isomorphic. O

Definition 1.3.12. Let V be a free K-module with a fized basis V. Let t be an element of
T(RT,V). We set :

Ot:= > o' t,
€S,/ Stab(t)

Remark 1.3.13. Let V be a free K-module with a fixed basis V. Let t be an element of T(RT,V).
We clearly have Ot= 0O c* t for any permutation o. Hence, this map passes to the quotient over
coinvariants and induces a map of K-modules O : S(RT, V) — I'(RT, V') by linearity. Let x be

an element of V. It is easy to show that O o1 (x) is equal to o1 ® x (where o1 is the unique
1-tree). If there is no risk of confusion we will denote this element just by x.

Notice that, in general, T'r(t) differs from O't.

Example 1.3.14. Let V be a free K-module with a fized basis V, and x,y be elements of V, we

2 3
compute O {z,y,y} :
\{

2 3 1 3 2 1

(92\/3 (a:,y,y)z\g/‘ ®x®y®y+\8/' ®y®x®y+\/’ QYR Y ® .
1

1 2 3
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1.4. The equivalence between A PrelLie-algebras and p — PreLie-algebras

Given a free K-module V, we want to compare the K-modules T'(RT,V) and S(RT,V).
We show that they are isomorphic and that this isomorphism is realized by the map O :
S(PreLie, V) — T'(PreLie, V).

We use the following elementary result :

Lemma 1.3.15. Let G be a group and X be a G-set. There exists a isomorphism between K[ X |q
and K[X ]9, where K[X] is the free K-module over the set X. |

Proposition 1.3.16. Let V be a free K-module with a fiz basis V. We define the set OS(RT,V) =
{0t|teS(RT,V)}. The set OS(RT,V) forms a basis for the K-module T'(RT, V).

Proof: By definition the map O : S(RT,V) — I'(RT,V) gives a set-map O : S(RT,V) —
OS(RT,V) defined by the bijection of Lemma (1.3.15). O

1.4 The equivalence between A PreLie-algebras and p—PrelLie-
algebras

In this section we assume that K is a field of positive characteristic p . We show that the
categories of APreLie-algebras and p— PreLie-algebras are isomorphic. Let us observe that this
implies that the category of p — PreLie-algebras is a monadic subcategory of PreLie-algebras.

In [Dok13] I. Dokas proves that I'PreLie-algebra are p-restricted PreLie-algebras. Here we
improve this result by showing that the restricted PreLie structure is given by the APreLie
action on I'PrelLie.

Remark 1.4.1. In [Dok13] I. Dokas introduces a more general notion of p-restricted PreLie-
algebras, here we consider the less general definition given by in A. Dzhumadil’daev in [Dzh01].

Recall that A(PreLie,V) is the target of the epimorphism given by the epi-mono decompo-
sition of the trace map.

Ker(Try,)

.

S(PreLie, V) I'(PreLie, V)

\/

A(PreLie,V)

Try

We compute the kernel of the trace map.

Proposition 1.4.2. Let V be a K-module with a fixed basis V. Let t be an element of S(RT, V).
We have T'r(t) = |Stab(t)] O t.

Proof: Let t be equal to 7(x1,...,2,) for some tree 7 and z1,...,z, elements of V. Then
the following equation holds :

Tr(r(zy,...,x,)) = Z o" (T, .., Ty} =
ogeS,,
o* 7(x1,...,x,) = |Stab(t)|Ot.

Stab(7(z1,...,2xn)) UGWM

O

Corollary 1.4.3. Let V be a K-module with o fized basis V. The kernel of the trace map is
linearly generated by the elements t of S(RT,V) such that |Stab(t)| is a multiple of p.

Proof: The proof follows from Proposition 1.4.2 and from the observation that the map
t — Ot defines a one-to-one correspondence from a basis of S(RT, V') to a basis of I'(RT, V). O
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Lemma 1.4.4. Let V be a K-module with a fixed basis V. Let t be an element of S(RT,V).

Then t has trace zero if and only if the expression Fp.p(z,B,...,B,B,...,By,) with B and
—_—
P

B; € S(RT,V) appears in its normal form.

Proof: The proof follows from Proposition 1.3.11, since Stab(t) is an iterated product of
semi-direct products of symmetric groups representing the stabilizers of the corollas which com-
pose the normal form of t. O

We improve this result and find a smaller collection of generators. First we fix the notation
for multinomial coefficients.
Notations 1.4.5. Let ko, ...,k be natural numbers and n=Y;_ok;. We define the multinomial

coefficient (ko, ..., k) to be

kol k!

Lemma 1.4.6. Let V be a K-module, x € V and B, B; € S(PreLie, V). The following equation
holds :

Fy(Fp_p(%,By,...,By_p),B,...,B) = Fy(2,B,...,B,By,...,Bn_p)
——

—
p p
+ Z (io,...7in_p)Fn_p+io($,B,...,B,Fil(Bl,B,...,B),...,Finip(Bn_p,B,...,B))
G0+ Hly_p=p a—’ %,—’ %,—/
10<p 10 11 ln—p

in S(PreLie, S(PreLie(S(PreLie,V))).

Proof: Immediate consequence of the definition of composition of trees. O
For g; € S(RT,(S(RT,V)) and f in RT (n) we denote by f(g1,...,gn) the element in S(RT,S(RT,S(RT,V)))

representing their composite.

Definition 1.4.7. Let V be a K-module with a fized basis V. A subset G of S(RT,S(RT,V))
is said to generate Ker(Tr) if any element t of S(RT,V) is in Ker(Tr) if and only if it is the
image by pou: S(RT,S(RT,S(RT,V))) — S(RT,V) of a linear combination of elements of
the form f(g1,...,9n), where at least one g; is in G.

Lemma 1.4.8. Let V be a K-module with a fized basis V. The set K :={F,(A,B,...,B)|A,Be¢

—_—
p

S(RT,V)} generates Ker(Tr).

Proof: We compute F,(F,(x,Bn,...,B,),B,...,B). By Lemma (1.4.6) it is equal to :
—_———
P

Z (ig, e 7’iv)Fv+1‘0(I,B7 e ,B,Fil(BhB, .. .7B), .. -,Fi“(BinBy .. .7B)),
P9+ Hiy=p — — —_—
10 11 k2%
We have that (ig, ..., ) = (i’;)kihVO < h < n for an integer k;, and so this coefficient differs from
0 modulo p if and only if i, = 0 for all but one index ix. Then we get a multinomial coefficient
0,...,p,...,0) = 1. Therefore we have :

F,(F,(%,Bi,...,By),B,...,B) = Fy.p(2,B,...,B,B,...,B,)
—— — ——
p p

+ z Fv(.’I},Bl,...,Bi_l,Fp(Bi,B7...,B),Bi+17...,BU).
ie{1,...,v} —
p

Let t be an element of S(RT,V). By Lemma 1.4.4, t € Ker(Tr) if and only if its normal form

contains a corolla of the form g; = F\1p(x, B, ..., B,B; ..., B,). We use the above computation
—— —
P
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and the multi-linearity of a tree component to express this factor F,,,(z,B,...,B,B,...,By,)
—_——
P
as difference of terms of the form f(g1,...,9,) where at least one g; is in K. This proves the

“only if” part of our claim.

To check the “if” part of our statement we use the above formula to express a factor
F,(A,B,...,B) with Dec(A) = F,(z, B1,...,B,) as sum of terms with either a factor
— —

p
Fyip(x,B,...,B,B1,...,B,) e Ker(Tr)
———
p
or a factor
F,(B;,B,...,B)
[ —
p

where B; has strictly less vertices than A. Repeating the computation inductively of the equa-
tion and using the multi-linearity of the tree components we obtain, on the right side of the
equation, a sum of elements in Ker(Tr). Since Tr is a morphism of monads any f(g1,...,gn) €
S(RT,S(RT,S(RT,V))) such that at least one g; is in K is in Ker(Tr). O

The following definition appears in the literature with the name of heap order trees, see
[CK98|.

Definition 1.4.9. Let 7 be a non labelled tree. A labelling of vertices of T is said to be an
increasing labelling if it defines a total order refinement of the partial order on vertices induced
by the tree, with the root as least element. We denote the number of possible increasing labellings

by \(7).

Example 1.4.10. Consider the following non labelled tree :

\

Then the following are the only three possible increasing labellings of T :

and \( R/ ) =3.

Definition 1.4.11. We denote by n—ILTrees the set of n-trees with an increasing labelling on
vertices.

The following lemma is already treated in the literature using a different notation, see for
example the operator N in [CK98|, the growth operator in [Hof03|. It is used in the Butcher
series for example in [Bro00] and in [Liv06].

Lemma 1.4.12. In PreLie the following equation holds :

e({{---{=-}-t 3D = _IEL:T (=),

where ¢ s the natural isomorphism between PreLie and RT.
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Proof: We proceed by induction on n. If n is equal to 1 then the result is obviously true.
Suppose the statement true at rank n — 1. We then have :

ov({{.. - Hy,v2},u3} .- Jyn}) =
/1'( il ( Z T(ylanwynfl)%yn)):

Te€(n-1)-ILTrees

Z ,U( ?l (T(ylwuaynfl))ayn))'

7e€(n-1)-ILTrees
If 7 isin (n—1) - ILTree, then fl (7(y1,---5Yn-1)),yn) is the sum of n—1 distinct increasing

labelling n-trees. To any increasing labelling of an n-tree is associated a labelling (n — 1)-tree
obtained by dropping the leave labelled with n. We readily conclude that all the increasing la-
bellings n-tree appear once in the sum. O

Proposition 1.4.13. Let V be a K-module with a fixed basis V and x,y be elements of V. In
S(PreLie, V), the following equation holds :

ov({{---Hzuhyt -y = > A 7(y,..,1),

A S Te(n+1)-Trees
n

where A(T) is the number of increasing labellings of T, and vy the natural isomorphism induced
by the isomorphism of operads between PreLie and RT.

Proof: This identity follows from Lemma 1.4.12. O

Lemma 1.4.14. Let V be a K-module. Let x,y be elements of V. The equation :

- Ueyhyd gyt ={e - Hywd - yd)

—_——— —_—
p p

holds in a PreLie-algebra (V,v) if and only if v(Fp(z,y,...,y)) =0.
—

p

Proof: By Proposition 1.4.13 the left side of the equation can be expressed as a sum of trees
with coefficients the number of possible increasing labellings. Let 7 be a tree and B be a branch
of 7. That is :

T=Fungir(o1,B,...,B,B1,...,B,),

—
mp

where B; £ B for alli € {1,...,r}. We denote by the symbol np the number of vertices of B and
by S the tree
F.(o1,By,...,B;).

1
It is easy to check that the coefficient A(7) is equal to ( P )(nB,...,nB)—)\(B)mBA(S),
npmp/t 7' ' mp!

mp
where the symbol (npg,...,ng) refers to the Notation 1.4.5. Since p is a prime number p + A\(7)

—_———
mp

just in two cases :
1. np=p,and mp =1;
2. ng =1, and mp =p.
In the first case we obtain the following sum

> ATy, y)

Tep-Trees

But A(7) is equal to A(z,7(y,...,y)), and therefore applying ¢! we get {x, {... {{y,y}...}y}}.
[ —
P

In the second case we obtain F,(x,v,...,y). This completes the proof. O
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Proposition 1.4.15. If (V,v) is a APreLie-algebra, then {-,-} : V@V — V deduced from
the PrelLie-algebra structure of V is a p— PreLie-algebra.

Proof: By Lemma 1.4.14 (V,v) satisfies the relation of p-restricted PreLie-algebra. O

Theorem 1.4.16. The construction of Proposition 1.4.15 gives an isomorphism between the
categories of APreLie-algebras and of p — PreLie-algebras.

Proof: The category of APreLie-algebras is isomorphic to the subcategory of PreLie-algebras
(V,7) such that the following diagram admits a factorization :

S(PreLie,V) % 1%
A(PreLie, V)
This diagram admits an extension if and only if the composition
Ker(Tr) — S(PreLie,V) — V

is zero. By Lemma 1.4.8 this is equivalent to say that (V,v) is a p — PreLie-algebra. O

Proposition 1.4.17. The morphism I'(Lie,-) — T'(PreLie, -) factors through A(PreLie,-).

Proof: To determine the image of the map it is enough to compute the image of a general
bracket [-, -] and Frobenius power —[P]. They are respectively

{_7_} - (L 2)*{_’ _}

and
{..{{--5-}....-}.
P
These operations are contained in the sub-monad A(PreLie,-). O

1.5 The I'(PreLie,—) monad

We go back to the case where K is a commutative ring. We express the formula to compute
the composition morphism of the monad I'( PreLie,—). We use this formula to recover a normal
form for the elements of I'( PreLie, V).

1.5.1 A formula for the I'(PreLie,—) composition

Let V be a free K-module, we show an explicit formula for the composition in I'( PreLie, V).
By Proposition 1.3.16 we have an explicit basis of I'( PreLie, V). So we compute the compo-
sition on it, and then extend by linearity.

Theorem 1.5.1. Let V be a free K-module with a fized basis V. Let v be an element of
RT(n) and t1,...,t, be elements of S(RT,V). We assume that the composite of v t1,...,t,
in S(PreLie,Z[V]), where Z[V] denotes the free Z-module generated by V, has the expansion :

M(U(t17"'7tn)) = Z X(t)ta

teS(RT,V)
We then have the identity :
5 x(8)[Stab (v) o
|Stab(v(ty,...,ts))|I1; | Stab(t;)]

in T(RT, V') where we consider the map i : T(RT,T'(RT,V)) - T'(RT,V) and Stab(v(t1,...,tn))
is the stabilizer of v(ty,...,t,) € S(RT,S(RT,V)). (In the latter case we apply the definition
of the stabilizer to the set S(RT, W), where we take W = S(RT,V).)

W(Ov(Oty,...,0t,)
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Proof: We start with a preliminary step. We use the notation PreLiek to distinguish the
coefficient in which is defined the operad PreLie. We consider the following morphism

I'(PreLiez,Z[V]) - T'(PreLiex,K[V]),

induced by the canonical morphism ipycr;e : PreLiez - PreLiex and iy : Z[V] - K[V]. We
have the following commutative diagram :

I'(PreLiez,I'(PreLieg, Z[V])) — T'(PreLieg,I'(PreLiex,K[V]))

I'(PreLiezgOPreLiez, Z[V])) — T'(PreLiexgQPreLiex,K[V]))

E

fiz I'((PreLienPreLie)k, K[V]))
I'(PreLiez, Z[V]) > T'(PreLieg, K[V])).

We assume K = Q first and we check the relation in this case. We use the fact that Ot =

Tr(t
r(t) and that T'r : S(PreLieg,—) - I'(PreLieg, —) is an isomorphism of monads to get the

|Stab(t)|
identity :
w(Tr(v(Tr(te),....Tr(tn)))) = Tr(p(v(ty, ... tn)))
= Y x(®)Tr(t)
teS(RT,V)
= Z x(t)|Stab(t)| Ot,
teS(RT,V)
and

w(Tr(v(Tr(ty),...,Tr(t,)))) = |Stab(v(t1,...,tn))] H |Stab(t)|u(Ov(Oty,...,0t,))).

We now consider the case K = Z. We have a monomorphism I'( PreLiez, Z[V]) = I'( PreLieg, Q[V])
which respects the composition product. Thus the coeflicients computed for the basis of I'( PreLieg, Q[ V])
correspond to the coefficients for the basis of I'( PreLiez, Z[V]).

We consider the general case. The canonical morphism I'(PreLiez, Z[V]) - T'(PreLiex, K[V])
carries the relation, which is verified over Z for our basis elements, to the same relation over
K. O

1.5.2 Decompositions in corollas and normal form

Let V be a free K-module with a fixed basis V. Let ¢t be an element of I'( PreLie, V') ; recall
that by Proposition 1.3.16, ¢ is a linear combination of elements in O S(RT,V).
We present how to construct the elements of I'( PreLie, V') from corollas.

Lemma 1.5.2. Let V be a free K-module with a fixed basis V. Let x be an element of V, and
t1,...,t, be elements of S(RT,V). Then

WO FAx,0t1,...,0t.}) = O(u(Fr(x,t1,..-,t))).

Proof: The only thing to check is that the coefficient which appears in the left terms is one. [

Lemma 1.5.3. Let V be a free K-module with a fixed basis V. If t is an element of S(RT,V),
then O+t is equal to i(O F,.(xq,0 By,...,0 B,.)) where F.[xq,B1,...,B;] is Dec(t).
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Proof: We apply Lemma 1.5.2 to Dec(t). O

Definition 1.5.4. Let V be a free K-module with a fixed basis V, and t be an element of
S(RT,V). We call normal form of Ot its expression in iterated composition of elements of
the form O(F.(xz,—,...,—)) with x an element of V deduced from the normal form of t.

Proposition 1.5.5. Let V be a free K-module with a fixed basis V. If t is an element of S(RT, V)
then Ot admits a unique normal form.

Proof: We apply Lemma 1.5.3 recursively to get a bijection between the normal form in
S(RT,V) and the normal form of T'(RT, V). O

Proposition 1.5.6. The set of monomials in normal form gives a basis of the K-module
T(RT,V).

Proof: Tt is easy to prove that the set of monomials in normal forms is in bijection with the
set S(RT,V). By Proposition 1.3.16 the set OS(RT,V) forms a basis for I'(RT, V) and it is in
bijection with S(RT, V). O

1.5.3 A presentation for I'( PreLie, )

To describe the structure of I' Pre Lie-algebras we first show how to construct some polynomial
abstract operations from a tree. We define a new type of algebras, Cor-algebras, using just the
abstract operations defined by corollas. We conclude the section by proving that Cor-algebras
coincide with I'PreLie-algebras.

Let (V,~) be a ' PreLie-algebra and E,, be the free K-module generated by a set of variables
En ={ei}ieq1,....ny- We consider an element of I'( RT, E,,). It can be written as a linear combination
of elements of the form :

O(p(e1®...8€10...0¢€,®...0¢,)),
N— NY—
1 Tn

for some p e RT.
Let v1,...,v, be elements in V, we define the morphism v, .. ., : E, — V by linear

extension of ¥y, . ., (€;) = v;. By functoriality it induces a morphism v, .., : T'(RT, E,) —
T(RT,V).

Definition 1.5.7. Any element o of T(RT,E,) is of the form

a=0(p(e1®..9¢1®...0¢,®...0¢,))
N— —_—

T1 Tn

and induces a function

. XM
Pe1®...0e1 8..0en®...0e, -V —>V

—— N——
1 Tn

defined by :

Pe1®...0e1 ®...0,8...0¢e, (’1}17 ce 7vn) = ’Y(wvh...ﬂ)n (a))
——e

1 Tn

The elements e; have the role of abstract variables. We denote the set of these functions by
AbsOp,, and we set AbsOp = [1,,eny AbsOpy,.

Definition 1.5.8. The group S,, acts on the set AbsOp,, by permutation of the indices {1,...,n}.
Let o be an element of S,,. Let p € AbsOp be the element associated to

a=0(p(e1®...9€1®...0¢,®...0¢,))
S e’ Y—

T1 Tn
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we define :
(040)er0...061 8...0¢0 0.0,
——— —————

1 Tn

to be the element associated to

O(p(er(1)® ... ®€r(1)® ... ®Cu(n) ® ... 8 €x(n)))

T1 Tn

From now on, we denote ¢¢,..gc, ®...0c0,8...0¢, OY Pry,...rn OT ©.

——— ——
1 n

Proposition 1.5.9. The following equations hold :

Txp(V1; .- 0n) = P(Vg(1)s- -5 Vo(n)) (L.1)

where o €S,
907‘1,...,ri_l,O,rHl,...,rn (Ula R 7vn) = @Tl,...,ri_l,r”l,...,rn (Ulv N O S Un)~ (12)
Oryoirion (V15 ooy ANV o U) = N0y (V1,0 1y ooy 0p)). (1.3)

If the function
<pT1 seesTiy it 1503

is commutative in the variables i and i+ 1 i.e. (i,i+1)*p =, and v; = v;41, then

@Tl,...,rqj,Ti.,.l,...,T'n(v17 e )Ui? Ui+1a M) Un) =
Tyt Tivl
( r 907’17--~3Ti—177’z‘+7"i+1,7"i+2,~»-77'n (Ul,~~.7’Ui,1,'Ui,U»L'+27.‘.,Un). (14)
i
We have

T
907‘1,...,7‘1;...,7‘7,,(1}17 e a ':' b7 ey ’Un) = Z @rl,...,s,ri—s,...,rn (Ula ey @, ba R 7Un)' (15)

s=0

where v; =a+b

Proof: These identities are immediate consequences of the multi-linearity of the operadic

composition. O
Proposition 1.5.10. Let {—;—,..., =}, ..., be the function defined by the corolla :
—_—
n
OF(ZT_)(eher' cey €250 €0ty '7en+1)-
—_——— —_——
T1 Tn

We have the unit relation :

{=}=id, (1.6)

and a distribution relation, which we formally write :

{{x;ylv cee 7yn}r1,...,rn;zla .- -7Zm,}sl,...,sm =

1
gv—;a;z(w m{x, {y1;21,.--, Zm}a},17...7air;‘1 v {y 2z, zm}ai,r17..‘,a},,br1 ,
5i=BitT o}

o {yns 21, - .,Z”L}a;z‘l,...7a:1r/£l7 coosAYns 21,y Zm}a;h"'n AT
2o Zm B By (1)

where, to give a sense to the latter formula, we use that the denominators r;! divide the coefficient
of the terms of the reduced expression which we get by applying relations (1.1) and (1.4) to
simplify terms with repeated inputs on the right hand side.
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Proof: Let V be a basis of V and x,v1,...,Yn,21,-.-,2m € V with possible repetition, the
general case follows from relation (1.3) and relation (1.5). The Proposition is an immediate

consequence of the formula of Theorem 1.5.1, where we take v = Fg 4. 4s,,,

tO :Fr1+...+rn(mvy1a"'7y17"'7yn7"'7yn)

T1 Tn

which we plug into the root of v and t1 = o1 (21),...,ts; = o1 (21),...

o1 (zm,) which we plug into the leaves of v. More precisely, the expansion of the composite is a
linear combination of elements of the form Ot where

t=Fypeyp (T,

Fa},l_'_____'_a}yll(yl,Z]_,...,Zl,.. azm7"'azm)a"'aFa}vl.;._“_*_a}val(yl)Zla'"7215' azmv"'azm)a
—_———— —_— —_— —_———
1,1 1,1 1,1 1,1
ay fe%uis aq (2%
1
by
Fai"yl+...+o¢71,;’” (y17zla"'7zl7"'7'zm7"'7Z7n)7"'7Faiv71+_..+a:7;'yl (yhzla"'aZ17"'aZTYL7'-~7Z7rl)
| — | —
ol 1, ol 1,
alm b alm b
1
by,
FaT,1+...+a:¢i1(yn721,...,217...,Zm,...72m)7...,FCXT,,1+...+OL1 V(Yny 21y oy 21y e vy Zmy v s Zm)s
—— —— —_—— —— —— | S —
n,1 n,1 n,1 n,1
o oy o oy
bTZ
anl+ o (yn,zl,...,21,...,zm,...,zm) o Fgnan darm (Y1, 21, 21, 2y s Zm) -
—_—— | — —_——— | —
Qb n Qmn afn amm
bZ.,
Y, Y15- -, Yn, yYny 21y ooy 21y - - Zmy 7Z’m)7
S —_— —— | —
e m. & oo

where 1 <~; <r; forall 1<r<n

We first compute the coefficient in front of Ot by the formula of Theorem 1.5.1. We get

CIIre! TTsa!
M) = Mol o T30
|Stab(v(to, ..., teystm)) =[] se!,

and
| [T Stab(t:)| =[]

If y; = z; for all ¢ < ¢, we have

|Stab(t)| HO‘..'Hb.'Hﬁ'H(% 1+ﬂz)
Thus the coefficient in front of Ot is equal to [T, (bii"ﬁl_w )

On the other hand in the relation (1.7) we first use relation (1.1) to sum all the terms
associated to t. We find the coefficients

1 IIr.!
[Ir.! 108!

Then we apply relation (1.4) merging the common variables, hence we multiply the coefficient
by

Hb.,l—[( w+1+5l)
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We obtain the same coefficient as before. O

Example 1.5.11. We have :

1
Hzsy}osy, 2} = 5({x;y,y7y,2}1,1,2,1 +H{z{yiyh vy, 2ha

+{z{yiytn vy 2 @y Ay vy, 2
o {yizh v vb H{@y {ys 2 by

+{zs{ysyh Ay zh ybo e {ys 2 {ysy )yt

+ {x; {y§y72}1,1,y>y}1,1,1 + {x;yv {y;y»2}1,17y}1,1,1
+{zi{yiyte, v 2t H{oy.{yiyle, 210
+{z{yyleAvizh b H{z{yizh v yte i

+ {33; {y7y}la {y;y,z}1,1}1,1 + {33; {y;y7z}1,1, {%y}l}l,l
+{e{yiy, 2yo,y 1 +{zy {5, 221 b11)

an 1
= 5({I;y,y,y, zh2a H{e{yyt {ys v 24

+2{z{y; vty ys 2 b + 2{z{ys 2 by v
+2{z {yiyt Ay zh vt + 2€{@ {ys v, 23,0,y 010
+2{z {y;yte v, 2hian + 2z {yiyte. {ys 2t i
+2{z; {y, vy . {vsy, 2t + 2{x {ysy, 2321, ¥ 1)

1
5(12{x;y72}4,1 +2{z; {y;y}1, 2}21

+Ha{ysyhny, 2hea + Ha{yizhyhie

+2{z {yiyt Ay 2 b + Has{ys v, 231,02

+2{z{yiytey, b + 2z {yiyte. {ys 2t i

+2{x; {y, vy Ay 2 b 2{@s{y;y, 220, 0 11)
=6{z;y, 2}a1 +{z: {ysy}1, 2}

+2{z {yyty, 2o +2{z {yi 2} vt 2

+{z{y; v} Ay 2t v+ 2{z; {y; v, 2111,y 2

+{zi{yiyte, v 2 +{o{ysyte {ys 23 b

o {y.yh vy 2hoaho o {ysys 2320, 00,

(1.4)

where we apply relation 1.1 to get our second identity and relation 1.4 to get our third identity.

Definition 1.5.12. A Cor-algebra is a K-module V' with a family of functions

{_; EERREE) _}rl,m,rn : Vn+1 —V
N——
n

satisfying relations (1.2-1.7) as axioms. A morphism of Cor-algebra is a linear map commuting
with the operations {—;—,...,—}ri....r, i€

f({_a Tyeey _}7'1,--477'71,) = {f(_)7 f(_)7 ey f(_)}7'1,<~~77'n'

Proposition 1.5.13. Let V be a K-module. A T PreLie-algebra structure v : T'(PreLie, V) —
V on V induces a natural Cor-algebra structure on V.

Proof: We set {v;w1,...,Wn}ry,...;n = V(O F s 4r, ) (V,w1,...,01,...,Wy,...,wy)). The

Tn

T1
statements of Propositions 1.5.9 and 1.5.10 show that it defines a Cor-algebra. O

Our aim is to show that when we restrict to free K-modules the structures of I' Pre Lie-algebra
and Cor-algebra are equivalent. From now on, let V" be a free K-module with a basis V endowed
with a Cor-algebra structure. We aim to define a I'PreLie-algebra structure on V i.e. we define
a morphism v : T'(RT,V) — V compatible with the action of I'(PreLie,—) on I'(PreLie, V).
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1.5. The I'(PreLie,-) monad

Construction 1.5.14. We set

’Y(O(F(ZT‘.)(Iayh e Y1y Yny e 7yn))) = {‘T;yh v 7y7l}7“17~~,’fn
~—— S—

T1 Tn

where x,y1,...,Yn € V. By the normal form any element of T'(RT,V) can be decomposed in the
iterated composition of corollas, the morphism - is defined on the basis by composition of the
function associated to corollas and then computed iteratively.

Lemma 1.5.15. Let V be a free K-module with a basis V. If V is a Cor-algebra then the
assignment of construction 1.5.14 is well defined and does not depend on the choice of the basis

V of the K-module V.

Proof: This follows from the relations (1.1), (1.2), (1.3), (1.5). More precisely given two basis
V, W of V, we check that the two maps yy,yw : I'(PreLie,V) — V are equal. Let t be

a general element of T'(RT,V) such that Dec(t) = O F,,(v;q1,--- 3915+, Gry---,qr), fOr some
N—— N—
t1 tr
q; e C(RT,V),veV. Let ¥ A; pls be the linear decomposition of qs in the basis ['(RT, W)
Js€Js

andv= ) &w;. Weproceed by induction on n, the number of corollas appearing in the normal
w; €

form of t. If n is equal to 0 then t is the identity. Suppose the statement true at rank n —1. We
then have by definition :

Dec(t) = O Fr(0;q1, -Gy« sQrye v -5 Gr) =

N—— N——
t1 tr
. w1 CnJt ol i) =
OFu(v; 20 AjbTseee D0 Aubthseees D ABsee D0 A pl) =
Jj1eda jied Jredr Jredr
tl t’V‘
e T
> /\j11 A | Stab (F) :Ss]} X ... ><SSJ_$%7,|(9Fm(v;p1 S
. | —
Jredn -
ap, ]}
Ssiu=t
uzz:l JZ k
.aq -aq -1 -1 ~agp sar
J J J J J J _
~~7p11 ,~~~7P11 7~~~7Prra~~>PrT7~~~»PrT,~~~7Prr)—
01 KL Sjer
S.1 S.ap -1 -1
J J . . ad J
Z Sz Z /\jll "')\jﬁ: |Stab(csj1,.u,s7.al))'Ssj1 X~~XSsjar|OFm(wi,P11w-~,P117
w;eW ey ! 1 1 1 " ——
ap Sj%
T
Laq Laq 1 1 cap cap
J1 J1 Jr Jr Jr Jr
"7p1 7"'7p1 7"'7p7‘17"'7p7"77"'7p’l“r ""7p7’7 )
s Sit Sigr

where Stab(C’SJ_l,__ﬁ_a,1 )) is the group
71 J1

.1 1 cay caq
Stab(O F (v;p7", ..o p70, 01t 0] ).

S.1 s.ay
i1 gy
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Chapter 1. On PreLie Algebras with Divided Symmetries

We have :
Y (t) =
S51 S ar -1 caq
& 2 Ap A |Stab(F): S, , x o x Sy, Hwisyw (1), oo (91 ),
w;eW iheg
ak]kg k
E T

-1 s
N a’yW(p‘Z"r)a te ?’YW(p”]"T )}Sj%pu,Sng =

Stab (F) S, x ... xSa, om0 ) o (p1 ),

i1 s.ap

it G

E ALt
jT‘

-1 ag
.- 7'7W(prr)7 cee a'YW(pg"T )}8_7}7...,sjgr .
Applying the Cor-algebra relations (1.4)-(1.6) we have :

) = {vsyw(P1), - yw(Pr) b,

by induction hypothesis

Yw(®) = {viyw 1), we) bo et = L0 (1), W () Fertr = W (D).

O

Definition 1.5.16. Let V' be a free K-module with a basis V. Let t be an element of RT and
Wi, ..., Wy € V. We say that an element of T(RT,T(RT,V)) is simple if it is of the form

O(t(o1 (w1), ..., 01 (wm))) -

Lemma 1.5.17. Let V be a free K-module with a basis V. Recall that o1 is the unique 1-tree.
If O(t(o1 (wy),..., 01 (wpm))) is a simple element then

AO(t(or (1), o1 (w)))) = O(t(wr ..., w)).
Lemma 1.5.18. The Construction 1.5.14 is compatible with unit and composition in T'(PreLie, V).

Proof: This follows from the relations (1.4), (1.6), (1.7). More precisely, let v{,... v} ... 0% ... 0"

Y Ym0t Y My

be elements of V, let s be an element of R7 (n) and for any i € {1,...,n} let t; be an element
of RT (m;) such that

Dec(ti(vi, e 71};1,)) = Fm(vi?pllv te 7p;€,~)a

for some p; eI (RT,V).
We consider an element of T'(RT,T(RT,V))

T = O(s(O(tl(v%,...,v}m)),...,O(tn(v{‘,...,vﬁln)))).
We want to compute the image of 7" under the map
ii: T (PreLie, T'(PreLie,V)) — I'(PreLie, V).

Our strategy is to find a linear combination of simple elements with the same image of T under
the map fi. We suppose m; = maz{m;|j = 1,...,n} ie. the tree t; has the highest number of
vertices. The normal form of T'in I'(RT,I'(RT,V)) is a composition of corollas of the form :

O(F‘S(Oti(viv s 7Urini);q1a .- -7qt))a

that is the image of o _
S = O(Fs(OFy, (0159715, Pr, )3 A1, -+, 1))
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under the map
ido fi: T'(PreLie,I'(PreLie,I'(PreLie,V))) — I'(PreLie,I'(PreLie,V')).

Since I'(PreLie, V) is a I'PreLie-algebra, the following diagram commutes :

T(PreLie,T(PreLie,T(PreLie,V))) —=“% T PreLie, T'(PreLie, V)

idoﬁl lﬂ

I'(PreLie,T'(PreLie,V))) p I'(PreLie, V).

To compute the image of T we apply first jioid on S as composition of corollas. The result is a
linear combination of elements of I'( PreLie, I'( PreLie, V')) whose normal forms are compositions
of corollas which have as roots

(’)(tl(v%,...,v}nl)),..., o1 (vi),pi,...,pii,...O(tn(v?,...,vgn)).

Since the number of vertices of p; is strictly smaller than m;, repeating the same compu-
tation inductively we obtain, in a finite number of passages, a sum of simple elements of
I'(PreLie,I'(PreLie,V')). This procedure of computing 7" use just the compositions of corollas
and it is performed the same way by using Cor-algebra relations for corollas. O

This verification completes the proof of the following statement.

Theorem 1.5.19. The construction of Proposition 1.5.18 induces an isomorphism between the
subcategories of T'(PreLie,—)-algebras and of Cor-algebras formed by objects with a free K-
modules structure. O

Remark 1.5.20. The previous discussion shows that the functor T'(PreLie,—) corresponds to
an analyseur de Lazard (see [Laz55]) with non-commutative variables.
1.6 Examples

In this last section we give some particular examples of I' PreLie-algebras.

1.6.1 Brace algebras are I'PrelLie-algebras

We recall the definition of the operad Brace and prove that any Brace-algebra is a I'PreLie-
algebra.

Definition 1.6.1. Let V be a K-module. It is a brace algebra if it is endowed with a sequence

of operations (—;—,...,—): V®" — V  subject to the following relations :
N— ——
n-1
1. (x;) ==,
2.

((x;yla o e 7yn>;zl o 727’) = Z(x;Zlv (yl; Z2>7Z37 . ‘7Z2n717<yn;Z2n>7Z2n+1>»

where the sum runs over the partitions of the ordered set {z1 ..., 2.} into (possibly empty)
consecutive ordered intervals Z1 U ... U Zoyy1.

The operad corresponding to brace-algebras is denoted by Brace.

The Brace algebras naturally appears in the study of Hochschild complex (see for example
[LMO5]).
We embed the operad PrelLie into the operad Brace :

1 : Prelie - Brace

by sending {—,-} into (-, —). This inclusion induces a monomorphism from the I"PreLie free
algebra into the I' Brace free algebra which is isomorphic to the Brace free algebra, since the sym-
metric action on the operad Brace is free. We accordingly have an inclusion from the I'PrelLie
free algebra into the Brace free algebra. For more details see [Cha02].
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Chapter 1. On PreLie Algebras with Divided Symmetries

This monomorphism is given by the following correspondence :

2 n

\/ (9373/1»~-~ay17-~-»yr7~-~7yr):: Z 0-*<x;y1a"°7y17"'7y7”7"'7y7’)7
1 — — oeSh(i1,...,ir) — —
11 Tr (31 (28

where Sh(iy,...,4,) is the set of the (i1,...,4,)-shuffles. More precisely :

Definition 1.6.2. We call n-planar-tree an n-tree with an order on the set In(t,i) for any
vertex i of the n-tree 7. Let {PRT(n)} be the S-module with PRT(n) generated by the n-planar
labelled rooted trees. We define partial compositions

—o0;—: PRT(m)® PRT(n) — PRT(n+m-1),
with 1 <i<m as follows :

[s(1)+1],...,]s(n)+1]
(7,0rd(7)) o (v, 0rd(v)) = > > (rolv,0ord(jrs ..., jn)),

fiIn(r,i)—(1,...,n) J1sedn

where T ozfv is the n+m—1-tree obtained by substituting the tree v to the ith vertex of the tree T, by

attaching the outgoing edges of this vertex in T to the root of v, and the ingoing edges accordantly
with the attaching map f. The sum runs over all these attachment maps f : In(7,i) — (1,...n)
preserving ord(t) and ord(v).

Lemma 1.6.3. The operad Brace is isomorphic to the operad PRT .
Proof: See [Foil0]. O

Proposition 1.6.4. The action of symmetric groups on the operad Brace is free. The brace
algebras therefore coincide with I' Brace-algebras for any field and any brace-algebra inherits a

' PreLie-algebra structure. More precisely we have a morphism from T'(PreLie, V') into S(Brace,V),
and we can make it explicit :

{‘T;yla-.-ay’n}rl,...,’f‘n g Z (x;yo-(]_)7-~-5yo'(’r‘1+~..+7‘n)>’
oeSh(r1,...,mn)

where the ordered set (Ui, Urroarn) 8 (Ylye oo sYlsenesYnyeevr Yn)- O
[ — |
1 Tn
Notations 1.6.5. Let (P,u,n) be a connected operad. Let ¢ : {1,...r} - {1,...,n} be an
injective function. Let p € P(n) and q; € P(m;) whereie {1,...,r}. We denote by poy(qi,...,qr)

the following element of P :
wp®r1®...0x,)

where
{qi if j=¢(i) for some 1,
Zj =

1 the operadic unit, otherwise.

Example 1.6.6. Let (P,pu,n) be a connected operad. It is a well known fact that the K-module
@®; P(i) is a PreLie-algebra. This structure is induced by a Brace-algebra structure. Therefore
the PrelLie-algebra structure extends to a I' PreLie-algebra structure. More explicitly :

{pQQM---an}m,...rm: Z p%(Q1a--~7Q17-~-aQ7m--~7Qm)
$eShn(r1,...sTm) —_— D e
1 Tm
where Shy,(r1,...,mm) is the set of injective functions from {1,...,r1 +...+7y} to {1,...,n}

such that they are (r1,...,7m)-shuffle when we identify their image with {1,...,r1 +...+ 7y}

Significant examples of PreLie-algebras are associated to PreLie-systems (see [Ger63] and
[GV95]). We revisit the definition of this notion and we check that any PreLie-system gives rise
to a I'PreLie-algebra.
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Definition 1.6.7. Let & be a N-graded free K-module. A PreLie-system on & is a family of
maps :
oy : Gn ® 6m N 6n+m—1

for any 1< k <n, such that for any f € ™, g€ &™, and h € &' we have :

f Ou (g o, h= (f Ou g) Optu-1 b

forany1<u<n and1<v<m, and

(f Oy g) Optm-1 h = (f Oy h) Ou g
forany1<u<v<n.

Proposition 1.6.8. Let f be an element of @™ and g1,...,9n be elements of & with n < m.
We define :

(Fig1,-gm) = > (((foingn)--)oi g1);

1<i1<...<ip<m

Then & endowed with these operations is a Brace-algebra, and hence inherits a I' PreLie-algebra
structure. m|

Example 1.6.9. Let P a connected operad. The PreLie-algebra structure on the module @,, P(n)
of the Example 1.2.2 (1) is clearly induced by a PreLie-system therefore it extends to a T PreLie-
algebra structure.

1.6.2 Dendriform algebras are I'PrelLic-algebras

I. Dokas proved in [Dok13] that dendriform algebras in positive characteristic admits a p-
restricted PreLie-algebra structure (and hence a A PreLie-algebra structure by Theorem 1.4.16).
We prove that any dendriform algebra is a I'PreLie-algebra.

Definition 1.6.10. A dendriform algebra, denoted by Dend-algebra, is a free K-module A en-
dowed with two binary operations <,> A® A — A, such that :

(z<y)<z=w<(yx2)
(z>y)<z=2>(y<=z),

(zry)>z=2>(y>2),

where x *y=x >y +y<x. It is easy to show that * is associative.
The category of dendriform algebras is governed by an operad denoted Dend.

Dendriform algebras were introduced by J.L. Loday in [Lod01] as Koszul dual of diassociative
algebras in the study of K-Theory periodicity. They appear naturally in other fields such as
combinatorial algebra, physics and algebraic topology.

Definition 1.6.11. Let (A,<,>) be a Dend-algebra. We define the following binary operation
{zyt=2>y-y<u

Proposition 1.6.12. Let (A, <,>) be a Dend-algebra. Then (A,{-,-}) is a p-restricted PreLie-
algebra.

Proof: See [Dok13]. O
We deduce from Theorem 1.4.16 and the previous proposition that a Dend-algebra is a APreLie-
algebra.

Proposition 1.6.13. Let V be a free K-module then the PreLie-algebra structure defined in
S(Dend, V') extends to a I'PreLie-algebra structure.
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Proof: Let V be a free K-module then the I' PreLie-algebra structure defined on S(Dend, V)
is given by the inclusions PrelLie — Brace — Dend, and the construction of Proposition
1.6.4. O

By the same kind of argument we prove that any Zinbiel algebra is a I'( PreLie, —)-algebra.
Zinbiel algebras are encoded by the operad Zinb which was introduced by J.L. Loday in [Lod95|,
it is the Koszul dual of the operad Leib which encodes the Leibniz algebras. Then the cohomology
of a Leib-algebra inherits a Zinb-algebra structure.

Definition 1.6.14. Let A be a free K-module, then it is a Zinbiel algebra if it is endowed with
a bilinear product o such that :

(aob)oc=ao(boc+cob).
Proposition 1.6.15. Let V be a free K-module then S(Zinb,V') is a I'PreLie-algebra.
Proof: This proposition follows from the inclusion of S(Dend, V') into S(Zinb, V). O
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Chapter 2

Mackey Functors, Generalized
Operads and Analytic Monads

abstract

Let K be a field. We denote by Modk the category of K-modules. We study a generalization of cohomological
Mackey functors defined on H Pary,, a subcategory of the Hecke category of the symmetric group S,. We denote
the category of cohomological Mackey functors defined on H Pary, by Macwh(?’-lParn) and the category of strict
polynomial functors of degree n by PolFun.,,. We show that Mac®®"(H Pary) is equivalent to PolFun,. An M-
module is a collection of objects in Mac®" (# Par, ) parametrized by n € N. We denote the category of M-modules
by Mod%. We introduce two monoidal structures on Mod% : the tensor product ® and the composition O product.
A strict analytic functor is a collection of objects in PolFun,, parametrized by n € N. We denote the category of
strict analytic functors by AnFun. We show that the monoidal structures of tensor product and the composition
of endofunctors of Modyg induce two monoidal structures on the category of strict analytic functors. We call these
structures tensor product and composition of strict analytic functors. We show that the equivalence between
Mac®?(# Pary) and PolFuny induces an equivalence of symmetric monoidal categories between (Mod}, m)
and (AnFun,®) as well an equivalence of monoidal categories (Mod},0) and (AnFun,o). Based on this new
constructions we define the concept of an M-Operad, of an M-PROP, and of their categories of algebras. We give
examples of categories of algebras governed by M-operads and M-PROPs.

Introduction

We fix a field K and a non-negative integer n. We denote by Modk the category of K-modules.

Polynomial functors were introduced by Eilenberg and MacLane in [EML54] in the study
of homology of Eilenberg-MacLane spaces K (m,n). Strict polynomial functors of degree n are
particular polynomial functors endowed with an additional structure. They were introduced by
Friedlander and Suslin in [FS97a] in the study of the cohomology of finite group schemes. We
denote the category of strict polynomial functors of degree n by PolFun,,.

We define the category HPar,, a generalization of the Hecke category associated to the
symmetric group S,,. A Cohomological H Par,-Mackey functor is an additive functor from H Par,
to Modg. We denote the category of Cohomological H Par,,-Mackey functors by Mac®" (H Par,,).
We show that MaCCOh(’HParn) is equivalent to the category of strict polynomial functors of
degree n. Our result explicitly reads :

Theorem A (Theorem 2.2.18). There exists an equivalence of categories
evy, : Mac®" (% Par,,) - Pol Fun,,.

A strict analytic functor F' is a collection {F), } ey such that F, is a strict polynomial functor
of degree n for each n € N. We denote the category of strict analytic functors by AnFun. There
exists a forgetful functor U : AnFun — Fun(Modg, Modg) from the category of strict analytic
functors to the category of endofunctor of Modg. The tensor product and the composition in
Fun(Modg, Modx) extend along U and define two monoidal structures on the category of strict
analytic functors which we denote (AnFun, ®,K) and (AnFun,o,Id).
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An M-module is a collection {M,, }neny such that M, € Macc" (HPary,) for each n € N. We
denote the category of M-modules by Mod}f. We endow Mod} with two monoidal structures,
the tensor product ® of M-modules with unit K and the composition 0O of M-modules with unit
I. We show the following result :

Theorem B (Theorem 2.4.28). The equivalence of Theorem 2.2.18 extends to an equivalence of
symmetric monoidal categories ev : (Mod%7 ®,K) - (AnFun, ®,K) as well as to an equivalence
of monoidal categories ev: (Mody,0,1) - (AnFun, o,1d).

We introduce the category of M-operads, denoted by M-Op. An M-operad is defined as
a monoid in the category of M-modules with the monoidal product 0. To any M-operad we
associate a monad and a category of algebras. An M-operad encodes an algebraic structure with
polynomial operations. Any operad P defines an M-operad S_(P) such that the category of P-
algebras is isomorphic to the category of S_(P)-algebras. Moreover, if the operad P is connected
then we associate to it two additional M-operads : A_(P) and I'_(P). The corresponding monads
are isomorphic, respectively to A(P,-) and T'(P,-) (see Appendix A).

Let V be a K-module. We define the M-operad Polyy, it replaces the operad Endy in the
following sense :

Theorem C (Theorem 2.5.8). Let P be an M-operad and V' be a K-module. The set of P-algebra
structures on V' is in bijection with Homy_op (P, Polyy ).

We generalize the construction of M-modules and we define the category of M-PROPs. To
any M-PROP we associate a category of algebras. An M-PROP is an object which encodes
algebraic structures with polynomial operations with possible multiple inputs and outputs. The
category of M-PROPs generalizes the category of PROPs (see Appendix A).

We give examples of categories of algebras governed by M-operads and M-PROPs which are
not governed by operads nor by PROPs. More precisely we show that the category of p-restricted
Poisson algebras, that appears in the theory of quantization of manifolds in positive characteristic
(see [BKO08]), is governed by an M-operad. The categories of divided power bi-algebras, related
to the category of divided powers Hopf algebras (see [And71]), and p-restricted Lie bi-algebras
are governed by M-PROPs.

Contents

In Section 2.1 we introduce the concept of a cohomological Mackey functor from an admissible
collection of subgroups. In Section 2.2 we recall the definition of a strict polynomial functor and
we prove the equivalence of categories between MaCCOh(’HParn) and PolFun,,. In Section 2.3
we introduce the category Mod% and the monoidal structures ®, and O. In Section 2.4 we recall
the definition of a strict analytic functor and we prove the equivalence of monoidal categories
between Mod%JI and AnFun. We conclude with applications to operads and PROPs, in Sections
2.5 and 2.6.

2.1 Admissible cohomological Mackey functors on partition
subgroups of the symmetric group

We introduce the definition of a cohomological Mackey functor on an admissible collection of
subgroups of a finite group. We apply this general definition to a collection of partition subgroups
of the symmetric group S,,.

2.1.1 Admissible cohomological Mackey functors

We fix a finite group G. We introduce the concept of an admissible collection of subgroups of
G. Any admissible collection of subgroups D defines a category denoted by HD and a category
of cohomological Mackey HD-functors.

Definition 2.1.1 (The Hecke category HG). We denote by HG the full subcategory of K[G]-
modules whose objects are permutation modules over K[G], i.e. it is the category defined as
follow :

1. the objects are direct sums of K[G]-modules of the form K[G | fr] where H is a subgroup
of G,
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2. if K[G /H1] and K[G /Hg] are two objects of HG then

Homye(K[C /1, 1 KIG | 1,]) =K[H,\ G/ H, .

From this definition, we see that the category HG is self dual, with an isomorphism HG? - HG
which is the identity map on objects, and which is induced by the inversion of G on morphisms.

Definition 2.1.2 (Admissible collection). A collection D of subgroups of G is admissible if it is
closed under intersection and conjugation by elements of G.

Notations 2.1.3. Let G be a finite group, K < H be subgroups of G and g € G. We use the
following notation

— 7l G - G [ is the projection of cosets,

— 9H ={ghg™'|he H}, and

— H9={g hglhe H}.

We associate a category to any admissible collection.

Definition 2.1.4 (The category HD). Let D be an admissible collection of subgroups of G. We
define the category HD to be the full subcategory of HG with objects @}, K[G /Hz] where H; is
in D.

Let us mention that HD is self dual (like the Hecke category HG ).

For any admissible collection we define a category of cohomological Mackey functors.

Definition 2.1.5 (The category MaCCOh(HD)). Let D be an admissible collection of subgroups
of G. The category of cohomological HD-Mackey functors is the category of K-linear functors
from HD to Modg with natural transformations. We denote this category by Mac®" (HD).

We present an equivalent definition of cohomological HD-Mackey functors.

Proposition 2.1.6. Let D be an admissible collection of subgroups of G. A cohomological HD-
Mackey functor is equivalent to the following data assignment : a function A : D — Modk ;
for any inclusion between elements of D, Hi — Hs, a pair of morphisms Indgf A(Hy) —

A(Hz) and Resgf : A(Hs) — A(Hy) and for any element g € G and H in D an isomorphism
cq: A(H) — A(YH) such that the following relations are satisfied :

1. Indj? Ind}? = Ind}y?,
2. Resgf Resgz = Resgf,
3. cgcp =Cgh,

4. cgIndf? =Ind, 1 ¢y,

5. ¢q4 Resgf = Reszg’;‘ Cy,
6

Hi 1H J K
. Resj Indg = Y  Indjqex coResieng,
we\H/K

7. Indj? Resy? = [Hy : Hi]1dp,,
for all Hy,Hy, H3, H, J, K € D such that H; < Hy < H3, and J, K < H.

Proof: Suppose we have an assignment A of this type. It defines a cohomological HD-Mackey
functor M as follows :

1. let K[G'/f7] be an object of HD, we set M(K[G /7 ]) = A(H),

2. let K[G /H, ] and K[G/H2] be two objects of HD and [g] an element of

Homyp(K[C /i1, 1. K[G /1, ]).

we set

M([g])(x) = Indy;

HY
I{ 1
HInHy S HINH, cq().
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The statement then follows from the Theorem of Yoshida; see [Yos83, Thm. 4.3]. O

From now on we will define cohomological HD-Mackey functors giving their values on the
subgroups in D and the morphisms Indgf, Resgf and ¢4 for all g € G, and Hy, Hs € D such that
H, < Hs.

Proposition 2.1.7. Let D be an admissible collection of subgroups of G and K, H € D. We have
that Homyp(G /i, G | i) is isomorphic to the K-free module generated by the diagram of the
form :

GlkonH

Koo H
TFLy K

Gk GlH

where g€ K\G/H and L=K9n H.
Moreover, let M be a cohomological HD-Mackey functors and suppose H < K. We have

Resks = M(G /g & Gy SGp),

1d ¥
Indfy = M(G /g <G lg = G/K),

and
Id oc 1d
cou=M(G g <" Clgs >CGlm).
Proof: Tt follows directly by Proposition A.5.9. O

2.1.2 The collection Par,

Let n be a non-negative integer, we denote by S,, the symmetric group of n letters set. In this
paper we are interested in cohomological Mackey functors for a particular admissible collection
of subgroups of S,, denoted by Par,,.

Definition 2.1.8 (The collection Par,). We define Par, to be the collection of S,,-subgroups
congugated to

Spy .. xSy, =S,

for some mon-negative integers ry,...,r; such that r1 +...+1; =n where the inclusion is induced
by the ordering preserving bijection [1;er1,. {1, i} = {1,...n}.
These subgroups of S,, appear in the literature under the name “Young subgroups”.

Notations 2.1.9. The elements of Par, are in bijection with the partitions of the set n :=
{1,...,n}. From now on we identify the subgroups 7 € Par,, with the partitions of n.
We denote a partition of n by (p1),...,(pr), where p; is a subset of n and [1;_, p; = n. We de-

note by 0,, the discrete partition ; i.e. the partition associated to the trivial subgroup Sq x ... x Sy.

—_—
n

Proposition 2.1.10. The set Par, is an admissible collection of subgroups of S,,.

Proof: 1t is easy to check that the collection Par,, is closed by conjugations and intersec-
tions. O

In what follows we consider the Hecke category H Par,, associated to the admissible collection
Par,,.

Example 2.1.11. Let V be a vector space endowed with an action of S, . Since the functors
Hy. (-, V) and H*(-, V) are cohomological Mackey functors (See [Yos83], Example 2.1) by res-
triction they are cohomological HPar,-Mackey functors.
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2.2 The equivalence between strict polynomial functors and
cohomological H Par,-Mackey functors

In this section we recall the general theory of strict polynomial functors and we show that
their category is equivalent to the category of cohomological H Par,-Mackey functors.

2.2.1 Strict polynomial functors

We fix a non-negative integer n. We recall the definition of the category of strict polynomial
functors of degree n. This category was introduced by Friedlander and Suslin in [FS97b] for the
study of group schemes.

Definition 2.2.1 (The functor T',,(=)). The functor T'p(-) : Modg — Modx is defined as
follows :

L,(V)=(Ve..eV),
| S —

where V@ ...®V is endowed with the natural S,,-action induced by permutations.
———

We set :n
r,(V)=(Ve...eV)",
—_——

n

for any e Par,.

In what follows we use that these functor preserves filtered colimits. This claim follows from
the observation that the tensor powers preserve filtered colimits (see for instance [Fre09, Pro-
position 1.2.3]) and that finite limits commute with filtered colimits in module categories (see
[Bor94, Theorem 2.13.4] for the counterpart of this statement in the category of sets).

Notations 2.2.2. Let C and D be categories. We denote by Fun(C, D) the category of functors
from C to D.
Definition 2.2.3 (The category T',, Modg). We denote by I';, Modx the category defined by :

1. the objects are K-modules,
2. if V and W are K-modules then

Homr,, mody, (V; W) = I'n, (Homygoa, (V, W)),
3. composition is the following :

T, (HOmMOdK(VV, U)) ® Fn(HomModK(Vv W)) -
T, (Hompyioa, (W, U) ® Hompgod, (V, W)) — Ty, (Homypgoa, (V,U)).

where the first morphism is given by the natural transformation 4 p : I',(A) ® I'(B) —
I (A® B), and the second is given by the composition in Modk.
We have a functor v, : Modg — I';, Modk defined as the identity on the objects and for a
morphism f: X -Y in Modg we have f v, (f)=f®-® f e, (Hompsoax (X,Y)).
—_——

n

Definition 2.2.4 (Strict polynomial functors). A strict polynomial functor of degree n is a K-
linear functor F : T, Modg — Modg such that the functor U,(F) = F o 7y, : Modg — Modg
preserves filtered colimits. We denote the category of strict polynomial functors of degree n by
PolFun,,. The map Uy, : F — F o, induces a functor Uy, : Pol Fun,, -~ Fun(Modg, Modk). As a
consequence to any strict polynomial functor we associate an endofunctor of the category Modk .
Example 2.2.5. The following functors have a natural strict polynomial structure of degree n :

1. the n-symmetric powers : Sy,

2. the n-divided powers : 'y,

3. the n-external powers : A,,.
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Proposition 2.2.6. Let F': Modg — Modg be a functor. Providing F with the structure of a
strict polynomial functor of degree n amounts to giving a natural transformation

(=Cxy:TW(X)®F(Y)-»F(X®Y),
for X,Y e Modgk such that the following diagrams commute :

T(X)® T, (Y)® F(Z) wsey.z » TW(X) @ F(Y ® Z)

J/CX,YS’IdF(Z) l@x,waz
I (XeY)e F(Z) e F(XeY)®eZ) —— F(X® (Y ®Z)),

and
(K, x

I (K)® F(X) % F(KeX)

F(X).

173

Proof: Suppose we have such natural transformation (. We have :

T, (Homyoq, (X,Y)) ® F(X) —— F(Hompoq, (X,Y) ® X)

x} |

F(Y).

and we take the adjoint ay : T'y, (Homyoq, (X,Y)) = Homypoa, (F/(X), F(Y)). In the converse di-
rection, we assume F' is a strict polynomial functor of degree n. We have Idy : X' - Homyjoq, (Y, X®
Y') defined by Idy(z) : y = x ® y the adjoint of Id: X ® Y - X ® Y. We take

T(X)® F(Y) — T, (Hompoa, (Y, X ®Y)) ® F(X)

T, |

F(X®Y).

We recall some properties of the category of strict polynomial functors.

Proposition 2.2.7. Let ® € Par,. The functor Tx(=) : V = T (V) is canonically a strict
polynomial functor of degree n. The action is given by the following composition

LX)l (V) ->T( X))ol (Y)->T(X®Y),
where the first morphism is the restriction T'p(X) = I'r(X). O

Proposition 2.2.8 (Krause [Kral3|). The set {T'z(-)}repar, i a set of small projective gene-
rators for the category PolFun,,. O

We recall a result on the Hom-sets between the projective generators I';(-) in the category
of strict polynomial functors of degree n.

Lemma 2.2.9. Let m = (p1)...(p.) and 72 = (q1),...,(q) be in Par,. The set B of l x ¢
N-matriz such that ¥jeq oy @ij = || and Tieq, gy iy = |ps| s in bijection with the set

7T1\S"/7T2'

Proof: Let g €S,, we define the [ x ¢ Set-matrix m(g) by m(g);; = p{ ng;. We have a function
Sy, = B defined by g = M (g):,; = {|m(i,7)|}:+;- Let g1 and g2 in S,,. We have |M,, | = |M,,] if and
only if there exist hy € m; and hy € o such that hygihe = go. Thus the map pass to the quotient
defining an injective function r, \ Sn / e — B.

..........
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For the surjectivity suppose that the elements inside (g;) are ordered by the usual order for
every j. Let b =b; j € B. We take (¢;)» = (¢i,1)---,(gi,c) a partition of ¢; such that |g; ;| = b; ;
and we consider the associated matrix ¢; ;. We consider a permutation ¢ which map the element
of p; in the elements of |; ¢; ;. We have that M (o) = b. O

Example 2.2.10. Let 71 = (1,3),(2,4) and 72 = (1),(2),(3,4) € Pary. We consider g = (1,2) €
g | {1}

Sy we have 7§ =(2,3)(1,4) and m(g) is| {2} | @ |

{3} | {4}

Definition 2.2.11. Let w1 = (p1)...(pc) and w2 = (q1),...,(q) be in Pary,. Let A ={c; ;} be a
I x ¢ N-matriz such that Y1, oy @ij = 6] and Yieqr,. 1y ij = [pjl- Using the permutation of
Lemma 2.2.9 it defines a morphism :

YA : FTI'1(_) = ®ij(_) - ®(®FO¢11(_)) = ®(®Fa1_] (_)) - ®qu(_) = Fﬂ'z(_)'

We call the morphisms defined in this way “standard morphisms”.

Lemma 2.2.12 (Totaro [Tot97|, Krause [Krald|). Let m and w2 be in Par,. The set of standard
morphisms of Definition 2.2.11 forms a basis for the K-module

Hompoipun,, (T, (=), Ty (5))-

2.2.2 Cohomological H Par,-Mackey functors and strict polynomial func-
tors

In what follows we prove the equivalence between Mac®" (HPary) and PolFun,,.
We recall the notion of coend.

Definition 2.2.13. Let € be a small category enriched over Modg (see [Kel05]). Let F : € x
¢? —s Modgk be a Modg-enriched functor (a K-linear functor in the terminology used in the
previous sections). A extranatural transformation g : F — x with © € Modg, is a collection
{ge: F(c,c) —> x}eee of morphisms in Mody, such that the following diagram commutes :

F(c,d) ® Home(c,d) —— F(c,c¢)

| |

F(dd) —— > x.

ced
A coend of F is an object [ F(c,c) in Modg with a extranatural transformation f : F —
ceC
[ F(c,c) such that any extranatural transformation g: F — x factorizes uniquely through f.

A coend of F is equivalent to a coequalizer of the form :

ce€
P F(c,d) ® Home(c,d) 3 @ F(c,c) » / F(c,c),
c,deC c
see [Kel05] for more details on this definition.

Definition 2.2.14 (The functor ev,). Let M, be a cohomological HPar,-Mackey functor. It
defines a functor :
Mn(—) : MOdK —> MOdK
mwePar,

Ve f M, (1) ® Tx(V),

where we use that the mapping © v~ T (V) gives a covariant functor T_(V') : HPar,, > Modg
and we compose this functor with the anti-isomorphism HPar,? — HPar,, of Definition 2.1.4 to
form the contravariant functor T_(V') : HPar?? - Mody of this coend formula.
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This mapping is functorial in M, , we then have :

evy, : Mac®" (# Par, ) — Fun(Modg, Mod )

M, ~ ev,(M,)(-).

Proposition 2.2.15. Let M,, be a cohomological HPar,,-Mackey functor. We have that ev,,(M,,)
extends canonically to a strict polynomial functor of degree n.

nweH Par,
Proof: We have ev,,(M,))= [ My(7)®T(-). If V and W are two objects in I';, Modx

then the morphism I'; (V) ® Homr, yody (V, W) — T'(W) induces a morphism :

weHPar, T
( [ Mn(w)®FW(V))®HompnModK(V,W)—>[Mn(w)@’l“ﬂ(W).

O

Corollary 2.2.16. The functor e, : Mac™" (HPar,) — Fun(Modg, Modg) extends to a func-
tor

PolFun,

€Upn /,,”? l

Mac“" (H Par,,) —o—~ Fun(Modg, Modg).
Proposition 2.2.17. Let w1 and w5 be partitions of n. We have a natural isomorphism :
HomPolFunn (F‘m (_)7 Fﬂ'z (_)) = Hom’HParn (7T177T2)~

Proof: We have to check that 2.2.9 is compatible with composition. This follows by Proposi-
tion 2.1.7 and the observation that a “standard morphism” is the composition of a permutation
with g € 7, \ Sy / 79> & restriction to 7] N e and an induction to 7. O

As a direct consequence we have the following theorem.

Theorem 2.2.18. The functor ev,, : MaCCOh’(’HParn) — PolFun,, induces an equivalence bet-
ween the category of cohomological HPar,,-Mackey functors, and the category of strict polynomial
functors of degree n.

Proof: The theorem follows applying Yoneda’s Lemma, Proposition 2.2.8 and Lemma 2.2.17.

We define explicitly an inverse of ev by using Yoneda’s Lemma. Let P be a strict polynomial
functor of degree n. We define the cohomological H Par,-Mackey functor :

P(?T) = HOmPolFunn (Fﬂ'(_)7 P)

Let 71, and 7y be in Par, such that 7 < 7y, and o € Par,,. We recall that by Lemma 2.2.17 we
have a natural isomorphism Hompgipun, (U'r, (=), Ty (=) 2 K[7, \ Sn /7r2 ]. We define the mor-
phisms P(Homy per, (71, 7m2)) by precomposition with Hompopyn, (I'z, (=), 'z, (—)). Using the
isomorphism H Pary? — HPar, we deduce that the relations of cohomological H Par,-Mackey
functors are satisfied. O

2.3 The category Mod}

The aim of this section is to define the category of M-modules, denoted by Mod%7 and to
introduce the two monoidal structures (Mod},®, K) and (Mod}, o, T).
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2.3.1 M-modules

We introduce the concept of M-module. It generalizes the definition of S-module (see Appen-
dix A).

Definition 2.3.1 (M-module). AnM-module M is a sequence { My, }nen of cohomological H Par, -
Mackey functors. A morphism between two M-modules { M, }nen and { N, }nen s a sequence of
natural transformations { fn : M, — Ny }nen. Their category is denoted by Mod%.

We introduce some special classes of M-modules.

Definition 2.3.2 (The I'(M) and S(M) M-modules). Let M be a S-module (see Appendiz A).
We set T,(M)(=) = H°(-, M (n)) and we consider the M-module T'(M) defined by the collection
of these cohomological Mackey functors. We also set Sp,(M)(=) = Ho(—, M (n)) and consider the
M-module S(M) defined by the collection of these cohomological Mackey functors. Remark that
H*(=,M(n)) and Hy(-, M(n)) are M-module for all k.

Definition 2.3.3 (The trace map). Let M be a S-module (see Appendiz A). There exists a
natural morphism of M-modules try; : S(M) — T'(M) called trace map defined by : for any
n €N and any 7 € Par,, we set trpr(7w) : Sp,(M)(7w) > Tp(M)(7) as [2] = Y per 0 .

2.3.2 The monoidal structures ® and O

We introduce the two monoidal structures (=, Mod}, K) and (0, Mod}, I).
We recall some properties of coends.

Lemma 2.3.4 (Fubini Theorem for coends). Let A and B be small categories and F : (A x
B)°P x (A x B) — Modk be a functor. We have, if the coend exists :

(A,B)eAxB AeA BeB BeB Ac A

F(A,B,A,B) = f fF(A,B,A,B);f [F(A,B,A,B).

Lemma 2.3.5 (coYoneda Lemma for coends). Let A be a small category enriched over Modg
and F: A — Modg be a functor. We have :
AeA
F(o) = f Hom.a(A,-) ® F(A).
Proof: For more details and proofs see [Kel05, Sec. 3.10]. O

We introduce the two monoidal structures on Mod%. They correspond to tensor product and
composition.

Definition 2.3.6 (The product ®). Let M and N be two M-modules. We set :
T xmeeH Par;xHPar;
(M&N), ()= D / (M(m1) ® N(m2)) ® Homy par, (71 x 72, 7).

i+j=n

for each m € Par,, and for all n € N.
The action of HPar,, is given by the action on Homgy py, (71 x 72, ™) inside the coend.

Proposition 2.3.7. Let K be the following M-module :

K, = K z::O;
0 +0.

The triple (Mod}, ®,K) forms a symmetric monoidal category.
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Proof: Let A, B,C be M-modules. We consider the following isomorphism :

myxmeeH Par;xH Par;

(Am(BaO))(m) = @ f A(m1) ® (BEC)(r2) ® Hom py., (11 x 7, 7)
T1XTo p1xp2€HParsxHPar,
- @ [ Al e (@ / B(p1) ® C(p2)®

Homsy par, (p1 % p2,m2)) ® Homy par, (71 % ma, )

TLXT2XP1XP2

@ [ AF)®B(p)®Clp2) ® Homapar, (p1 % p2,m2)®

1+s+t=n

112

Homy par,, (71 X 72, 7)
T1XP1XP2

D / A(m1) ® B(p1) ® C(p2) ® Homypar, (m1 X p1 % p2,7),

i+s+t=n

112

where we first expand the tensor product and then we use the isomorphisms given by Lemma
2.3.4 and by Lemma 2.3.5.

We get the same formula for ((A®B)®C)(7) hence we have AR (BRC) =2 (ArB)=C. For
the unit 74 : AR K — A morphism we consider the following isomorphism :

w1 xmo€H Par;xH Par;
ARK =@ f A(m) ® K(72) ® Hom pyy., (1 % 12, 7)
i+7
mi1€H Par,

- f A(m) ® K@ Hompg,, (m1,7) = A(r),

where we use the isomorphism of Lemma 2.3.5.
For the symmetry isomorphism 54 p : AR B - B A we consider the following isomorphism :

w1 xmo€H Par;xHPar;

(A B)(r) = @ [ A(m1) ® B(r2) ® Hompyy, (1 x 72, 7)
i+j=n
moxmie€H ParjxHPar;
= @ [ B(ms) ® A(m1) ® Hompyy, (5 x m,7) = (AR B)(r).
i+j=n

Definition 2.3.8 (The product O). Let M and N be two M-modules we set :
peH Par,
MEN).(m) =B [ Mp)e N ().

reN

for all w € Par,,, where we use that N®*" () forms a K[S,]-module by the symmetry of the tensor
product 8 and again we consider the contravariant functor (N®"(w))~) induced by the duality
isomorphism HPar,? — HPar,.

Let I be the following M-module :
L-{t D
0 2+1.
The proof that the triple (Mod},0,1) forms a monoidal category is postponed to Theorem
2.4.28.
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2.4 The equivalence between strict analytic functors and
M-modules

In this section we recall the definition of AnFun, the category of strict analytic functors. We
prove that the equivalence of Theorem 2.2.18 extends to a monoidal equivalence between ModﬂkgI
and AnFun.

2.4.1 Strict analytic functors

We recall the definition of strict analytic functors and we introduce two monoidal structures.

Definition 2.4.1 (Strict analytic functor). A strict analytic functor is a collection {Fy,}nen
where F, is a strict polynomial functor of degree n. Let {Fy,}nen and {Gyp}nen be strict analytic
functors. A morphism of strict analytic functors is a collection {fn} : {Fy}nen = {Gn}neny where
fn s a morphism of strict polynomial functors. We denote the category of strict analytic functors
by AnFun. We accordingly have AnFun = [],,y Pol Fun,,.

Definition 2.4.2 (The functor ). We define the functor U : AnFun — Fun(Modg, Modk). Let
F = {F,}neny be a strict analytic functor we set UF = @,enUF,. This functor U : AnFun —
Fun(Modg, Modx) is faithful, because this is clearly the case for each functor U, : PolFun, —
Fun(Modg, Modx) in Definition 2.2.4.

The category AnFun is equipped with two monoidal structures (AnFun, ®,K) and (AnFun, o,1d).

Definition 2.4.3 (The product ®). Let F = {Fp}nen and {Gptnen be strict analytic functors
we set :

(FeG)u(-)= D Fi(-)®G;(-).

i+j=n

Let F = {Fp}nen, {Gnlney, A = {Antnen, and B = {Bp}lneny be strict analytic functors and
{futnen: F = A, {gn}nen : G = B be strict analytic functor morphisms we set :

{f®gin= Z fi®g;.

1+j=n

Definition 2.4.4 (The strict analytic functor K). We define the strict analytic functor K =
{K,, : T, Modg — Modg }nen such that Kg : To Modg — Modx is the constant functor V — K,
and K,, : T', Modg - Modk is the constant functor V — 0 when n # 0.

Proposition 2.4.5. The triple (AnFun, ®,K) forms a symmetric monoidal category. In parti-
cular, for F and G strict analytic functors the collection F ® G = {(F ® G)y }nen 18 canonically
a strict analytic functor. We moreover have a natural isomorphism U(F ® G) 2U(F) U(G).

Proof: We show that (F ® G),(-) is a strict polynomial functor of degree n using the cha-
racterization of Proposition 2.2.6. We have :

LX) & (FoG),(Y)= @ Tu(X)e F(Y) oG (Y)Y @ s, (X)eF(Y)0G(Y) 2

i+j=n i+j=n
@ FZ(X)®FZ(Y)®FJ(X)®GJ(Y)—> @ Fl(X®Y)®G](X®Y),
i+j=n i+j=n

where the morphism (*) is given by the restriction map I', (X)) = T's, (X) = I's,xs,; (X) = I's, (X)®
I's,(X). The unit and the associativity property of this action of I',,(X) on (F'® G), follows
from the commutativity of the following diagrams :

Ln(K) —— @irj=n ['i(K) @ T';(K)

| |

K - > K,
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and
LX) @Ln(Y) — @ivjen Ni(X) @Tj(X) @I(Y) @ T5(Y)

| |

(X®Y) ——— @i Li(X8Y) 0T, (X ®Y).

The relation U(F @ G) 2U(F) @ U(G) follows from the distributivity of tensor product with
respect to direct sums.
There are evident isomorphisms :

(K®F)n(_) = Fn(_) = (F®K)n(_)7

and
(AeB)eC)u(-)= D Ai(-)eB;(-)®Ck(-) = (A8 (B&C))u(-),
i+j+k=n
the compatibility of these isomorphisms with polynomial structures follows from the unit, asso-
ciativity and symmetry of the restriction maps used in our definition. O

We recall some relations between polynomial functors, in the sense of Eilenberg-MacLane
(see [EML54]), and strict polynomial functors.

Definition 2.4.6 (Cross-effect). Let F : Modg — Modxk be a functor. We set
Ao(F) = F(0).

Let n be a non-negative integer. We define the nth cross-effect A, (F) : Modg ™" — Modg
by :
An(FY(Vi,...,V)=Ker(FV1@...0V,) —@PF(Vie...000...0V,)).
i=1
Proposition 2.4.7. Let F be an endofunctor of the category Modg. We have the following
canonical decomposition :

FVie..0V) =B @ AF)(Vi.....Vo).

r=11<i1<...<i-<n

Proof: We refer to [EML54] for a proof of the statement. O

Definition 2.4.8 (Homogeneous cross-effect). We assume that m; : Vi @--@Vy — Vi@V is
the endomorphism of V1 &---@Vy induced by the projection on the summand V;. For ai+...+as=n
we consider the following elements of T'p,(Hompioa, (Vi @@ Vi, Vi @@ V})) -

Yar (T1) o Vo, (Ts) = Z U*(W?m@'“g’ﬂf%)v
aegalx‘?%’}xsas

where the notation 7, refers to the fact that T'(=) represents the free divided power algebra. In

this expression, we use the action of a set of representative of the class o € ﬁ in the
g ag

group of permutation S, to shuffle the factors T2 in the tensor product (w7™,...,w®%). We
equivalently have :
7041(71—1)"'7&5(’”5): Z Ty @+ @ Ty, s
Hix=i}l=cv
where the sum runs over the set of n-tuples (i1,...,i,) with a; terms such that iy =i for each i.
The addition formula for divided powers (see Definition A.1.40) implies that we have the
identity :

PYn(Id):/Vn(Trl"'”""Ws): Z ’7041(71—1)"'7(13(7T5)7

ap+etog=n
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in T (Homypoa, (Vi @ - @ Vs, Vi @ - @ V5)). From the relation

(7Ti1 ®"'®7Tin)0(71'j1 ®"‘®’/Tjn)

T ® - QT , if(il,...,’in):(jl,...,jn),

=(m, T, ® - Q@M Wi )=
(i )1 i) {O, otherwise,

in Hom(Vi @ @V, Vi@ - & V,)®", we also deduce that :

(Yo (71) -+ Yoo (7)) © (93, (m1) - 75, (7))
:{wm(m)..%s(ws), if (s 0n) = (Bro-- . Bu).

0, otherwise,

we also deduce that these elements (Yo, (m1) ... Yo, (7s)) forms a complete set of orthogonal
idempotents in I',(Hom(Vy @ ---@ V,, Vi @--- @ Vy)). We refer to [Boub7] for this result.

Let F be a strict polynomial functor of degree n. We define the homogeneous cross-effect of
degrees (a1, ...,as) of F as follows :

F(ahm’(%)(vlv BRI ‘/s) = Im(F(’Yozl (771) s Vag (ﬂ-s)))

Proposition 2.4.9. Let F' be a strict polynomial functor of degree n. We have the following
canonical decomposition of the nth cross-effect :

AUFEN,.... V)= @ Flr =)y, V).

a1+...+ag=n
Ozi>0

Proof: We refer to [Bou67] for this statement. O

Remark 2.4.10. Let F' : Modg — Modg be a functor. We say that F' is polynomial, in the
sense of Eilenberg-MacLane [EML54], of degree lower or equal to n if Apy1(F) =0. We say that
F is of degree n if it is of degree lower or equal to n and A, 0.

Let F be a strict polynomial functors of degree n. The functor U(F') : Modg — Modk is a
polynomial functor, in the sense of Eilenberg-MacLane [EML5}], of degree lower or equal to n.
The statement is an obvious consequence of the formula of Proposition 2.4.9 when n > s.

On the other hand the functor U : PolFun, — Fun(Modg, Modk) does not preserve the
polynomial degree. In general if F is a strict polynomial functor of degree n then U(F) is a
polynomial functor of degree m where m < n.

In what follows, we mainly use the following variation on the results of Proposition 2.4.7 and
Proposition 2.4.9 :

Proposition 2.4.11 (Bousfield [Bou67]). Let F be a strict polynomial functor of degree n. We
have the isomorphism :

F(‘/i@"'@‘/:s): @ F(al 11111 aS)(V1;~"aVs)a

ar+tas=n
a;>0

where the sum runs over all s-tuples of non-negative integers a; € N such that aq + -+ + ag = n.

Proof: The proof follows directly from the decomposition of 7, (Id) in orthogonal idempotents
as in Definition 2.4.8. O

Proposition 2.4.12. Let F be a strict polynomial functor of degree n.

1. If a; =0 for some i, then we have
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2. if we assume V; = 69;21 Vij for each i, then we have

F(a1 ..... ey as)(vl,“"vi"“"/s)
ke s
= @ PO Byl VL V),
(87)
Zjﬁ'ij:ozz
3. TS (X) X)) =T (X1) ® 8T (Xn).

Proof: The first relation is trivial. The second relation follows from decomposition rules for
divided power operations :

Yau (1) = Yo (wf +- 4 )= 3 () e (),

ks
Bl+tB] =

with the obvious notation for the projectors associated to the direct sum V; = @?il Vij . To get
the third relation, we use the isomorphism :

(X1€9"'®XT)®HE @ Xi1®"'®Xi”.

The action of a permutation o € S,, on the tensor power maps the term X;, ®---® X; associated
to (i1,...,in) to the term X ® X in this sum. We then have the relation :

lo(1) lo(n)

im(Cn (Yo, (1) 70, (1)) = ( @ Xiy ©®X;,),

Kin=i}=as

from which the requested identity follows. O

Lemma 2.4.13. Let F be a strict polynomial functor. We have a natural morphism :
To, (X1)®...0T, (X,) ® Fler)(y;, | |Y,) — FO)(X,0Y,..., X, ®Y,).

This pairing verifies an evident generalization of unit relation of 2.2.6 when we suppose
X; =K for some i as well as an evident generalization of associativity relation of Proposition
2.2.6 when we compose our pairing to get an operation of the form :
(Tay (X1) @@ T, (X)) @ (Ta, (Y1) @+ @ T, (¥;)) @ FlO0)(Zy L Z,)
- Pl (X Y ©2),...,X,0Y,07,)

Proof: The morphism is deduced from the following commutative diagram :

r(X;e..eX, )9F("h @...0Y,) * F(X;9Yie...X,9Y,)

rnml<m>...m(m>®F(%1<m>...m(m>l le%(m)...m(m»
oy (X1)®...0T T, (X,)® Fleren)(yy [ Y,) ———-3 Fleta)(X,9Y],..., X, 0Y,),

where (*) is yielded by the morphism of Proposition 2.2.6 and the projection morphism
XieeX ) 9o(Mhe-aY,)» X010 X,0Y,.

We apply the idempotent construction of Definition 2.4.8 to F(X1&---@X,.), F(Y1&---@Y}.), and
F(X;9Y1® -0 X, ®Y,) to get the vertical morphisms of this diagram. We actually consider the
corestriction of these idempotent morphisms to their image in our diagram. We check that these
idempotents commute with the horizontal morphism () to establish the existence of the dotted
map of our diagram. We deduce this statement from the associativity of Proposition 2.2.6. To
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2.4. The equivalence between strict analytic functors and M-modules

be more precise if weset X' =X =X;@---@X,andY' =Y =Y; ®---@Y,, then this associativity
property implies that we have a commutative diagram :

T (Hom(X, X")) ® Tn(X) ® Tp(Hom(Y,Y")) ® F(Y) —= T (X') ® F(Y") .

|

Ip(Hom(X, X Ye Hom(Y,Y')) 9 F(X®Y)

|

F(Hm(XeY, X' Y") @ F(X®Y)

F(X'®Y")

We take the morphisms induced by the projection of X @Y = (@, X;) ® (@, Y;) onto @, X; ®Y;
to prolong the vertical morphism of this diagram. We then get a commutative diagram

I (Hompoa (X Y, X' @Y )@ F(X®Y) —— F(X'®Y')

! |

[ (Homyoq, (@; X; ® Y, @, X; ®Y/)) © F(®; X; ©Y;) —— F(®; X[ ®Y])

We just take o, (71)Va, (77) € I'n (Homyioa, (X, X)) and va, (1) 7a,. () € I'y (Hommoa, (Y, Y))
to check our assertion.

The associativity of the pairing for F(®1»+%") comes from the associativity of the pairing for
F with the direct sum inside. O

We use the observation of the previous proposition to give a sense to homogeneous cross-
effects over a countable sequence of variables :

Definition 2.4.14. Let F' be a strict polynomial functor of degree n. Let X = (Xo,...,X;,...) be
a collection of modules X; € Modg. Let a = (ag,...,0p,...) denote a sequence of non-negative
integers o; € N such that a; = 0 for all but a finite number of indices i and ¥;; = n. Let
i1 <--- <1, be the collection of these indices i = iy such that o; >0. We set :

F(X) = Flon (X, X ),
We then have the following generalization of the result of Proposition 2.4.11 :

Proposition 2.4.15. Let F be a strict polynomial functor of degree n. Let X = (Xo,...,X;,...)
be a collection of modules X; € Mody . We have the isomorphism :

F(Xpo--0X;®...) =P FYX),

where the sum runs over all the sequences of non-negative integers a = (g, ..., Q;,...) which
satisfy the constraints of the previous definition.

Proof: The statement follows from the fact that F' commutes with the filtered colimits (see
Definition 2.2.4) O

Definition 2.4.16. Let (aq,...,as) be any collection of non-negative integers a; > 0. Let n =
ay + -+ as. For an analytic functor F = (Fy,)nen, we set Flanas) o F,(lal""’aS), where we
consider the homogeneous cross effect of the component of F' of degree n = ay + -+ + as. Let
a=(ag,...,q;,...) be any sequence of non-negative integers such that a; = 0 for all but a finite
number of indices i > 0. Let n = Y, ;. We also set FE = F, where we use the construction of
Definition 2.4.14 for the component of F' of degree n = ¥; o;. The formulas of Proposition 2.4.11
and of Proposition 2.4.15 have an obvious generalization for analytic functors (we just forget
about the constraints ¥, a;; = n in this case).

95



Chapter 2. Mackey Functors, Generalized Operads and Analytic Monads

Proposition 2.4.17. Let F = {F,}ney and G = {Gy }nen be two strict analytic functors. The
composition functor UF oUG : Modg —> Modg has a natural structure of strict analytic functor
such that :

(FOG)n _ @ @ Fs(ailh..’ait)(Gil)"'7Git)'

s 0<iy<...<%¢
1<t<s Qi+t =s

11 e i Oy =N

Proof: Proposition 2.4.15 implies that the functor U(F) o U(G)(X) is given by the sum
of the expression of the statement. The structure is given by the composition of the following
morphisms :

T, (X) @ FL (G, (V). Gi, (V)
11
Lo, (T (X)) ® ... ®Ta,, (T, (X)) ® F0%(G (), ..., Gy (V)
(2)4
L) (D (X)) @ Giy (Y, .. Ty, (X) ® G, (V)
(34

Fl i) (G (X @Y),...,Gi (X Y)),

To define our map (1), we use that any composite I'y (I';(X)) is identified with the submodule
of X®* spanned by the tensors which are invariant under a certain subgroup of Sy;, deno-
ted by Sk 2.5, and which is classically called the wreath product in the literature. We then
have Ty, (T4, (X)) ® - @ Ty, (T, (X)) = (X&) 51t xxSar S and morphism (1) is given by
the obvious embedding ', (X) = (X®")% « (X®7)Sa1t9i1*SartSi,  The morphism (2) is the
morphism of Lemma 2.4.13, and the morphism (3) is induced by the morphism of Proposition
2.2.6. O

Definition 2.4.18 (The product o). We define the product o on AnFun by the construction of
Proposition 2.4.17. It is compatible with the usual composition of functors in the sense that the
following diagram commutes :

AnFun x AnFun ° s AnFun

] |«

Fun(Modg, Modg ) x Fun(Modg, Modg) —— Fun(Modg, Modk).

Lemma 2.4.19. Let F,G be analytic functors. We use the short notation X = (Xy,...,X,.) for
any r-tuple of K-modules X;. We also use the short notation b for any collection b= (by,...,b.) €
N" and we set T'y(X) = ®;_, I'v,(X;) for short. We equip the set of collections N™ with a total
ordering and we fix ¢ = (¢1,...,¢.) € N".

1. We have :
(FoG)er)(X) = @ Ferm(G(X),...,6" (X)),
bl <oct!
a;>0
i aibi=c;(¥j)
where the sum runs over all sequences (a1,...,a;), 1 >0, of positive integers a; > 0, and
over all ordered sequences of collections bt << b such that we have Y.i a;bj = c;, for all
je{l,...,r}.
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2.4. The equivalence between strict analytic functors and M-modules

2. For this object (F o G)¢(-), the pairing of Lemma 2.4.13 is given by a composite of the
form :

To(X)8(F o G)(Y)
B To(Tp(X)) @ @Ty (Iy(X))® Flerm)(GY (Y),...,GY (Y))

bl cocd!
a_i>0
% aibl=c; (¥5)

N @, Pl (T (X) ® GY (Y), ..., Ty (X) 8 GY (V)
bl<-<b
,;;),
S aibi=c; (V)
> P Flerew (@ (XeY),... Y (XeY)),

bl cnct!
a;>0
X aibj=c; (V)

where we use the notation Y = (Y1,...,Y,.) for another r-tuple of variables, and we set
XY = (X;0Y1,..., X, ®Y,). In this composite, the first morphism is given term-wise by
a canonical inclusion To(X) < Ty, (T (X)) ®--- 0Ty, (T (X)), and the next morphisms
are given by the pairing of Lemma 2.4.13 for the functors F and G.

Proof: We have by definition :

(FoG) (X100 X,)= @ FO-(G, (X1++X.),...,Gn (X1 +-+X,)).
a0 (V1)
Y nijoi=n

Let m;: X1 @---0X, > X1 8---® X, be the morphism given by the projection onto the summand
X, in the sum X = X; @ --- @ X,.. For any collection b = (b1,...,b,), we set v (x) = [Tie; Vo, (i)
for short.

We use the expansion

an(Xl +"'+Xr) = @ G(Bl)’ﬁT)(K)

Brte+Br=n;

of Proposition 2.4.13. We adopt the short notation I? = ~g(x) for the morphism which induces

the projection onto the summand Gé(i) in this sum, where we still write 8 = (f1,..., ;) for

short. We also use the notation |8] = 81 +--- + 3, for any collection 8 = (B1,...,5,) in what
follows. N n

We aim to determine the image of the element 7.(x) € I',(X) under the morphism A :
F(X) > o, (T, (X)) ®---®T,, (I'y, (X)) which we use in the construction of Proposition
2.4.17. We explicitly get :

1,1 1,k 1 ok
A(ve(m)) = > Yo () oy i () @ @ (T ) Ly (TI21), ()
bl cocioRi 1 l
s.t. [0 |=n, (Vi,5) Loy (Tny (X)) Loy (T (X))

al,...a¥>0

© i
1 k; )
s.t.a;teta;t =0y (Vi)
Yijalby?=cs (¥s)

i°s

where the sum runs over collections of positive integers a}, .. .,afi >0,k;>1,i=1,...,r, and
over sequences b"! < .- < b"" of collections b7 = (b17,... b%7) which satisfy the constraints
given in our expression. We put off the verification of this identity until the end of this proof.
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We deduce from this result that we have an identity :

(Foa)ere)(X)= P D

n1<--<ng bi'1<---<bi'k1’
;>0 (Vi) T
Sicien St b= (Vi)
i X 1 k;
Ay yeeny a;*>0

1 k" .
5.t a;+-ta; t=ay (Vi)
Yijalby?=cs (Vs)

and we use a straightforward re-indexing of the direct sum which we get in this formula to get
the decomposition of the lemma.

The second assertion of the lemma follows from a straightforward expansion of the defi-
nition of our pairing in Proposition 2.4.12 for objects of the form F(et--a) (G, (X; + --- +
X.)y..o;Gpy(X1 +---+ X,)) and from the expansion of our pairing for the objects G¢(X) in
Lemma 2.4.13. We also use that these constructions are compatible with the isomorphisms of
Proposition 2.4.12 which we use to get the expansion of the first assertion of this lemma.

We now explain the proof of Formula (x). We argue as follows. We use a scalar extension
K[t1,...,t-] ® —, where (¢1,...,t,) denote formal variables and we work in K[¢1,...,t.] ®
T (Homymody (X, X)) = Tn (K[t ..., tr] @k Homptod, (X, X)). We have the formula v, (t171 +
e 0T ) = Y vermyen Y (T1) o Y, ()87 8 by properties of divided powers (see
Definition A.1.40). We can accordingly identify v.(m) with the coefficient of t¢ = ¢7*...t5" in
the expansion of v, (171 + -+ + ¢,7,.). We use that for an element of this form ~,(¢), where
¢ = tym + - + tpm,, we have the formula A(7,(9)) = Yo, (Yn: (@) ® - ® Yo, (Vn, (¢)) in
Toy (T, (X)) ®--® Ty, (T, (X)). The terms of Formula (*) correspond to the coefficients of
the monomial ¢7* ...t when we use the properties of the divided powers to expand the factors
Yo (Vi () = You; (Y (t171 + -+ + tpm,)) in this tensor product. O

Lemma 2.4.20. Let F be an analytic functor. We have an isomorphism Ido F ~ F ~ FoId in
the category of analytic functors which realizes the obvious identity Id o (F) =U(F) =U(F)old
in the category of ordinary functors.

Let A, B,C be analytic functors. We have an isomorphism (Ao B)oC ~ Ao (BoC) in
the category of analytic functors which realizes the obvious identity (U(A) o U(B)) o U(C) =
U(A) o (U(B)oU(C)) in the category of ordinary functors.

Proof: The verification of the unit relation is easy and we focus on the proof of the associativity
relation.

We use the following conventions in this proof. We set F(X) = (Fp(X),..., Fno(X),...) for
the sequence of modules F,,(X) which we obtain by taking the image of a module X under the
components of an analytic functor F,, € AnPol,. For a sequence a = (a,...,qp,...) such that
a; =0 for all but a finite number of indices i, we also set w(a) = ¥, icy;.

We have a straightforward generalization of the result of the previous lemma in the case
where X is a countable sequence of modules X = (Xo,...,X,,...). We then assume that the
set of sequences b = (bg,...,b;,...) such that b; = 0 for all but a finite number of indices i is
equipped with a total ordering such that b < QQ if we have Y, b} <Y b?. We get :

(AoB)(X)= @  Alwra)(BY(X),...,BY (X)),

bl st
a'i>0
> aibj-:c]- (v5)

where the sum runs over all sequences (a1,...,a;), [ 20, of positive integers a; > 0, and over all
ordered sequences of collections b' < -+ < b such that we have Yiaibj =c;, for all je {1,...,r}.
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We use this identity to determine the expansion of (Ao B) o C. We explicitly have :

((4eB)0Cn(X) = @ (AeBHCX)

_ @ A(ala--~7al)(B§1(Q(X))7.._,BQI(Q(X))).

[
ai>Q
> a,ib;j:n

We also get that the pairing ', (X) @ (Ao B) o C)n(Y) = ((Ao B) o C)p(X ® Y) which we
associate to the composite functor ((Ao B) o () is carried to the direct sum of the morphisms

L (X)@AC-) (BY (C(Y),..., BY (C(Y))) » Ar=a)(BY (C(X®Y)), ..., BY (C(X8Y)))

which we obtain by using the operation of the previous lemma for the composite A o B, and by
using the pairing (x,y : T;(X)® C;(Y) —» C;(X ®Y') associated to each functor C;(-) inside the
functors BY .

We have on the other hand :

(Ao (BoC))n(X) = D Alra) (Bo C)y, (X),..., (BoC)pn (X)).

ny<---<Ngp
aty...,00>0
QN+t Qe ne=n
r>0

We then use the expression of each (BoC),,(X) as a direct sum of cross-effects in Proposition
2.4.17, and the result of Proposition 2.4.12 to get the identity :

(Ao (BoCNu(X)= @D ( @
ot byt <<b <ty
crmifrtaine=n w(bl)=n; (V)

>0 ;
al>0,%; al=a;

We use a straightforward re-indexing operation in this sum to retrieve the expression of ((A o
B)oC),(X). We can also check by using the correspondence of Lemma 2.4.13 and of Proposition
2.4.17 inside each input of the functor A(®t»er)(— . ) that the pairing I',(X)® (Ao (Bo
C))n(Y) > (Ao (BoC))p(X ®Y) which we obtain for this expression of the composite (A o
(Bo(C))n(X) agrees with the pairing which we obtain for the composite ((Ao B) o C),(X).

We conclude that we have an isomorphism of strict polynomial functor ((Ao B)o C), =
(Ao (Bo(C))y, for each ne N.

Proposition 2.4.21. The triple (AnFun,o,1d) forms a monoidal category.

Proof: This statement follows from the result of the previous lemma. Let us simply men-
tion that our structure isomorphisms fulfil the coherence constraints of monoidal categories
since we observe that these isomorphisms correspond to the obvious unit and associativity iden-
tities of the composition in the category of functors and because the functor U : AnFun —
Fun(Modg, Modg) is faithful. O

2.4.2 The functor ev

We introduce the equivalence of categories ev : Mod% — AnFun which extends the functor
evy, : Mac®" (HPary,) - PolFun, of Definition 2.2.14. We prove that ev is strongly monoidal ;
i.e. it reflects the two monoidal structures on Mod% into the tensor product and the composition
of functors.
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Definition 2.4.22 (The functor ev). Let M be an M-module, it defines a strict analytic functor

weHPar,
{evaM) (Ve ={ [ Ma(®) @ Tu(V)} e

The mapping ev is functorial in M, so it defines a functor :

ev : Modlf — AnFun,

M = {ev, (M) (=) }nen-

Since ev, is an equivalence of categories for any n € N, we have that ev is an equivalence of
categories as well.

We devote the rest of this section to the study of the image of monoidal structures under the
functor ev. We establish a series of intermediate lemmas before formulating our main theorem.

Lemma 2.4.23. We have a natural isomorphism
ev(M&N) - ev(M) ® ev(N)

for any pair M,N € Mod¥, where we consider the functor ev(M ® N) € AnFun associated to
M®&N on the left hand side, the pointwise tensor product of the analytic functors ev(M),ev(N) €
AnFun such as in Definition 2.4.3 on the right hand side.

Proof: We prove that there exists a natural isomorphism ev(M & N) — ev(M) ® ev(N). It
follows from a sequence of natural isomorphims given by I'y, xr, (V) 2 T'ry (V) @ T'ry (V), Lemma
2.3.4, and Lemma 2.3.5. More precisely :

ev(MrN)(V)
weH Par, T1xmeeHPar;xHPar;

-0 | / (M (1) ® N(r2)) ® Homygpar,, (71 x 73, 7) @ T (V)

T X

=@ @ [ MM(m)eN(m))e [ Hompy, (7172 m) @ (V)

T X2

=@ [ (M(m)®N(m)) 8T, (V) ©Tx, (V)

(@ [ M(m)oTn (V) @ (@ [ N(m) oL (V)),

where we use the isomorphisms given by Lemma 2.3.4 and by Lemma 2.3.5.
The isomorphism commute with the action of T',,(X) on ev, (M ® N)(Y). This claim follows
from the commutativity of the following diagram :

weHPar, T
Fn(X)® / Homq.[pwn(mxmﬂr)@l"ﬁ(Y) —_— jHomearn(mx772,77)®F,r(X®Y)

1

r,(X)el',(Y)eT'.(Y)

!

FI(X) ® F](X) ® Fﬂ'l (Y) ® F7T2 (Y) ” I‘l7r1 (X ® Y) ® F‘ﬂ'2 (X ® Y)a

123

where ¢ + j = n, m1 € Par;, ma € Par;j and the morphism I',,(X) - I';(X) ® I'; (X)) is given by the
restriction from S, to S; xS;. (We then use that the Fubini isomorphism of Lemma 2.3.4 is given
by the canonical morphism from the object Ty, xr, (V) = Idy, sy @y xrrp (V) € Homyy par,, (1 %
o, M1 X m2) @1, (V') into the coend and that T, (X) acts on I'y sy (=) = Ty (=) ® T, (=) through
the diagonal morphism I',,(X) - I';(X) ® I';(X).) O
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Lemma 2.4.24. The isomorphisms of Lemma 2.4.23 make the unit, associativity, and symmetry
isomorphisms of the symmetric monoidal category of M-modules, such as defined in Proposition
2.8.7, correspond to the unit, associativity and symmetry isomorphisms of the symmetric mono-
idal category of analytic functors such as defined in Proposition 2.4.5.

Proof: The proof of this lemma follows from straightforward verifications. O
We show a similar result for O.

Lemma 2.4.25. Let M be an M-module. We have interchange formula :
evn (N®")?) = (evn (N®"))?
for every p subgroup of S,..

Proof: Since the functor ev,, is an equivalence of category it is an exact functor and hence
preserves invariants. O
Lemma 2.4.26. We have a natural isomorphism

ev(MoN) zev(M)oev(N),

for every M, N ¢ Mod%, where we consider the functor ev(M ON) € AnFun associated to MO N
on the left hand side, the composition product of the analytic functors ev(M),ev(N) € AnFun
such as in Definition 2.4.18 on the right hand side.

Proof: We have :

weH Par,, pesHPar,
Mo =zd [ [ (Mp)e (N (m))el(V)

[ MGy o (N (1)) @ T (V)
Mip)e [ (N () @ T.(V)

M(p) ® evn, ((N¥)?)(V)

M(p) ® (evo(N*")(V))"

=
-
> \m

=@ [ M) (er(N)(V)*")”

=D f M(p) ®Lp(ev(N)(V)) = ev(M)(ev(N)(V)),

where we use the isomorphisms given by Lemma 2.3.4 and by Lemma 2.3.5, and the isomorphism
(1) is given by Lemma 2.4.25.

To check that this isomorphism commutes with the action of T',,(X) we use that the iso-
morphisms inside the coends preserve the natural action of I',,(X) on our objects. In the final
step, we get an action of I',, (X)) on I',(ev(N)(-)) c ev(N)(-)®" which coincides with the action
defined in Proposition 2.4.17 for this composite functor, and the conclusion readily follows. [

Lemma 2.4.27. The composition product O inherits unit and associativity isomorphisms which
correspond to the unit and associativity isomorphisms of the composition of analytic functors,
such as defined in Definition 2.4.18. These unit and associativity isomorphisms satisfy the cohe-
rence constraints of a monoidal category in Mod}%. Thus the triple (Mod%, 0,1), where I denotes
the obvious M-module which corresponds to the identity functor, forms a monoidal category.
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Proof: This statement follows from the result of Lemma 2.4.26 and from the observation that
ev is an equivalence of categories. O

Theorem 2.4.28. The mapping ev : M — ev(M) defines an equivalence of symmetric monoidal
categories ev : (Mod%,,K) — (AnFun, ®,K) as well as an equivalence of monoidal categories
ev: (Mod}¥,,I) - (AnFun, o,1d).

Proof: The proof follows from Theorem 2.2.18, Lemma 2.4.24 and Lemma 2.4.27. O

Remark 2.4.29. Let A,B and C be three M-modules. We have an isomorphism :
(AoC)r(Bo(C)z(AmB)oC
which reflects the formula :
(ev(A) oev(C)) ® (ev(B)oev(C)) 2 (ev(A) ® ev(B)) o ev(C).

Recall that by Definition 2.3.2, to a S-module M we can associate the M-modules I'(M) and
S(M). By definition 2.4.22 we have the strict analytic functors ev(I'(M)) and ev(S(M)). In
the following proposition we identify these strict analytic functors.

Proposition 2.4.30. Let M = {M,}neny be a S-module (see Appendix A). If V is a free K-
module, then we have ev(S(M))(V) = {Sp(M,V)}nen and ev(T(M))(V) = {T (M, V) }nen,
where S, (M, V) = M(n) ®gs, V" and T,,(M,V) = M(n) & V" (see Appendiz A).

Proof: We first consider the cohomological H Par,,-Mackey functor T'(M) = T, (M) where
To(M) = M, ® I*". We have that ev,, (T,,(M))(V) = ev,,(M,, ® I*")(V) = M,, ® V®". The unit
object I is given by I; = K (the constant functor on the category H Par; with object set pt and
Hom-object K) and I; = 0 for ¢ # 1. Let 7 € Par,,. We accordingly have

T X XTR€H Par; x--xHPar;,.

I®" () = @ f I(m) ® - @ 1(m,) ® Homy par, (71 X -+ X W5, )
i1+ tie=n

my X xmpeH Pary”

I(m) ®- ®1(m1) ® Homy par, (71 X -+ X 0y )

K[Sn /x]

by the associativity of ® and the definition of Homy po,, (71, m2). We therefore have T,, (M) ()
M, ® K[Sn /7 ].

The mapping S,,(M)(7) — M, ®s, K[Sn/;] defined by [m] = [m ® e] where e is the
unit of S, induces an isomorphism S, (M) = M, ®s, K[Sn/z] = (T,(M))s,. The mapping
Lo(M) (7)) — M, & K[Sn /5] defined by m ~ Yaes, /= @ (m) ® a induces an isomorphism
Dn(M) 2 M, @ K[Sn /5] = (T,,(M))5".

Since ewv,, is an equivalence of categories it preserves invariants and coinvariants. The conclu-
sion follows. O

Corollary 2.4.31. Let M and N be two S-modules (see Appendiz A). We have
— S(M)rS(N)zS(M&N), and
— I'(M)mT'(N)z2T(M&N).

Proof: The statement is a direct consequence of Proposition 2.4.30, of Proposition A.1.23 and
of Theorem 2.4.28. O

Corollary 2.4.32. Let M and N be two S-modules (see Appendiz A). We have

— S(M)oS(N)zS(MogN), and

— I'(M)oI'(N) 2T (Mo°N).

Proof: The statement is a direct consequence of Proposition 2.4.30, of Proposition A.1.23 and
of Theorem 2.4.28. O
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2.5 M-Operads and their algebras

In this section we introduce the definition of M-operad. Roughly speaking an M-operad is
an object governing the category of “type of algebras” with polynomial operations with multiple
inputs and one output. Our definition of M-operad is equivalent to the definition of Schur operads
introduced by Ekedahl and Salomonsson in [ES04], [Sal03] and studied by Xantcha in [Xan10].

2.5.1 M-Operads
We introduce the definition of M-operads. They are a generalization of operads (see Appendix

A).

Definition 2.5.1 (M-operad). An M-operad is an M-module P together with two M-module
morphisms p: PO P — P and n:1— P such that the following diagrams commute :

Idp Op

PoPoP —— POP
/J,DIdpJ/ lu (associativity)
PoP — P,

pol ™ pop 224 op

. (unity)
b :

i.e. (P,u1,m) is a monoid in the monoidal category (Modi, 0, ).
A morphism of M-operad is a morphism of monoid in the monoidal category (Mod%,m,ﬂ).
We denote the category of M-operad by M-Op.

Proposition 2.5.2. Let P be a connected operad (see Appendiz A). The M-modules S(P), T'(P)
and A(P) are M-operads.

Proof: Let p: Pog P — P and n:1— P be the structure maps of the operad P. We have
two induced morphisms S(p) : S(P os P) — S(P) and n: I — S(P). From Proposition 2.4.32
we have isomorphisms S(P og P) =z S(P)nS(P) and T'(Po® P)xT'(P)oI'(P). O

Proposition 2.5.3. Let (P,u,n) be an M-operad. The endofunctor ev(P) endowed with the
morphisms ev(u) and ev(n) is a monad.

Proof: Tt is a consequence of Theorem 2.4.27. O

Definition 2.5.4 (P-algebra). Let (P,p,n) be an M-operad. The category of P-algebras is the
category of algebras governed by the monad ev(P). More explicitly, a P-algebra is a pair (V,7),
where V is an object of Modg and 7 : ev(P)(V) — V is a morphism in Modg such that the
following diagrams commute :

ev(P)(ev(P)(V)) —— ev(P)(V)
Ml l’y (associativity)

ev(P)(V) ———V,

V — ev(P)(V)
lﬂy (unity)
V.

Ida
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2.5.2 The M-operad Polyy

Let (P,u,n) be an M-operad and V be a K-module. The set of P-algebra structures over
V' is governed by the set of morphisms of M-operads between P and an M-operad denoted by
Polyy .

Lemma 2.5.5. Let M be an M-module and V' be a K-module. We denote by M : HPar?® — Modg
the functor obtained by the composition of M with the isomorphism HPar}’ — HPar,,. The V-
dual of M is the M-module defined by Homppoa, (M (=), V') : HPar, - Modk.

Proof: It follows from the linearity of Hompjod, (=, V). O

Definition 2.5.6 (The M-module Polyy ). Let V be a K-module. We define the M-module Polyy
to be the V-dual of T_(V'), explicitly :

1. let m be an object of HPar,, we set Polyy (m) = Hompmoa, (T (V), V),
2. letm and m be objects in H Par,, such that Ty is a subgroup of o, we set Ind7? := (Res?)*
and Res;? := (Ind?)*.
Proposition 2.5.7. Let V be a K-module. The M-module Polyy inherits the structure of an
M-operad.
Proof: We aim to define
(Polyy 0 Polyy )(w) - Polyy (7),
which is equivalent to give a morphism as follows :
(Polyy O Polyy)(m) @ T (V) = V.
We have :

(Polyy 0 Polyy)(m) ® T'x (V)

peH Par,. T1X.. . XTr€HPary, x--xHPary,.

- (D / Polyy(p)®( @ f Polyy (m1) ® - ® Polyy (,)®

r ni++n,=n
Homy par, (m1 % ..., m))P) @ T (V)

TLX. . X Ty

=@ [Poiy(ne( @ [ Poly(m)®-s Polyy(m)e

ni+-+n,=n

Homy par, (71 % ..., ) @ T (V))?)

T1X . XTTp

(é)@fpdyv(p)@( D f Polyy (m1) ® -+ ® Polyy ()@

Lo, (V) @+, (V))")
p peH Par,
V@ [Py (e (V) =@ [ Poly(p) T, (V) PV

where we first expand the composite, the isomorphism (1) is given by I'z, xeoxrr,. (V) 2 T, (V) ®--®
'z, (V), and the morphisms (2) and (3) by the maps Polyy (7)®I'z (V') = Hompyoa, (T'x(V), V) ®
I, (V)y->1V.

Unit and associativity follow from straightforward verifications. O

Theorem 2.5.8. Let P be an M-operad and V' be in Modg, the set of P-algebra structures over
V' is in bijection with Homy_op (P, Polyy).

Proof: We define a function between the set of monoids morphisms between P and Polyy
and the set of P-algebra structures of V' :

¢ : Homyi_op (P, Polyy ) — {7 : ev(P)(V) — V|y P-Algebra structure}.
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Let f : P(-) » Hompod, (T-(V),V) be an M-operad morphism between P and Polyy .

We denote by f*: @, P(r) ® ['x(V) - V the morphism defined by the adjoint of f. We set
weH Par,
o(f):P(V)= [ P(r)®I'z(V)— V by the universal property of the coend :

EEﬁ Pla)eTg(V) — ? P(r)®T (V)

®P(r)ol, (V) ——— P(V) r”

f*
v
The Theorem follows from the following sequences of isomorphisms :

weHPar, s

Homytod, () f P(m)oT.(V),V)=® f Homyod, (P(1) ® Tr(V), V)

oy f Homgod, (P(), Homyioa, (Tr (V), V).

More precisely an M-operad morphism between P and Polyy is a morphism of M-modules
g: P — Polyy such that the following diagram commutes :

peHPar, Idp Og p
GTB /  P(p)® (P¥(m))" >€P/P(P)®(P01’yr(7f))p
- [ P(p) ® Homutoa, (T (V), T, (V)
m lfDIdP

= [ Homytoa, (T (V). V) ® Homigoa, (T (V) T, (V)

! |

P(m) > Polyy (7) = Homppod, (T (V), V).

g

Applying the isomorphism we get the following commutative diagram :

TE ar, peH Par, T p
? pr (@ [ Plp)e (P (n))")el' (V) — enaf e?[ P(p) ® Homnioa, (I'x(V), T, (V)) @ T (V)

! |

] P(m) o TA(V) - » @ Pp)oT,(V).

2.5.3 Examples

We present some examples of categories of algebras governed by M-operads.

We only aim to give an idea of future applications of our constructions in this example section.
We therefore posit the existence of free objects in the category of M-operads, which generalize
the ordinary free operads, without giving further details on the construction of such objects.
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Proposition 2.5.9. Let P be a connected operad. We have that the category of S(P)-algebras is
isomorphic to the category of S(P,-)-algebras, and the category of T'(P)-algebras is isomorphic
to the category of T'(P,-)-algebras (see Appendiz A).

Proof: By Proposition 2.4.30 S(P) is an M-operad such that ev(S(P)) 2 S(P,-) and the
structure maps are induced by the structure maps of P. The same argument works for I'(P). O

Example 2.5.10. A I'(Com)-algebra structure corresponds to a divided power algebra. That is a
triple (V, u, {i }ien) such that (V, ) is a commutative algebra and v; : V — V are set-theoretical
functions such that :

Yn(T +y) = i%—i(w)%(y),
vi(Ax) = N'v;(z),
71 (.%') =,
@@ = (" @),
mn/!

Y (Vn()) = W'an(x)

Let K be a field of positive characteristic p. A T'(Lie)-algebra structure corresponds to a p-
restricted Lie algebra (see [Fre00]) . That is a triple (V,[-,-],-P1) such that (V,[-,-]) is a Lie
algebra, and —1P1: V — V is a set-theoretical function such that :

(/\x)[p] _ )\p(x)[p]’

p-1 ..
(@ + )P = ] 4 ylP) 4 M
i=1 ?

ad(2P)) = (ad(x))P),

There are explicit descriptions for T'(Pois)-algebras (see [Fre00]) and for A(PreLie) and
I'(PreLie)-algebras (see Chapter 1), where Pois is the operad governing Poisson algebras, and
PreLie is the operad governing the category of pre-Lie algebras.

Definition 2.5.11 (2-restricted Poisson algebra). Let K be a field of characteristic 2. A 2-
restricted Poisson algebra is a triple

(A [-,-]: A9 A— A (-)*: A— A)

where A is a commutative algebra and (A,[-,-]: A® A — A, (=) A — A) is a 2-restricted
Lie algebra structure, such that :

1. [z,yz] = y[z, 2] + [2,y]z, and

2. ()t = 2? (1) + afa,yly + (2)Ply?.
Proposition 2.5.12. Let K a field of characteristic 2. The M-module S(Com) 0T'(Lie) is an
M-operad, denoted by 2-Pois, which encodes the category of 2-restricted Poisson algebras.

Sketch: For the partition (1)(2) of the set 2 = {1,2} let u € Com((1)(2)) and [-,-] €
Lie((1)(2)) be respectively the generators of the operads Com and Lie. Consider the M-
module S(Com) 0 I'(Lie). We show that the relation 1 of Definition 2.5.11 defines a distri-
butive law of monads in the sense of Beck [Bec69]. We define the morphism of M-modules
p— :T'(Lie) o S(Com) — S(Com) o T (Lie) using this relation. O

Remark 2.5.13. Let K be a field of positive characteristic p > 2. The M-module S(Com) O
T'(Lie) still forms an M-operad by using the distributive law of monads induced by relation 1
of Definition 2.5.11. In this case the relation 2 of Definition 2.5.11 is replaced by the more

complicated :
(wy) P = 2PylP) 4 2 lPlyp o P2 y)
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where P(x,y) is a Poisson polynomial that can be made explicit. This structure was first introdu-
ced by Bezrukavnikov and Kaledin in [BK08] in the study of quantization of algebraic manifolds
in positive characteristic.

2.6 M-PROPs and their algebras

In this section we introduce the definition of M-PROPs. A M-PROP is an algebraic ob-
ject which governs algebraic structures with (polynomial) operations with multiple inputs and
multiple outputs.

2.6.1 The category ModPM

Definition 2.6.1 (Cohomological (HPar,,HPary,)-Mackey bifunctor). Let n and m be two
non-negative integers. A cohomological (HPar,,HPar,,)-Mackey bifunctor M is a biadditive
bifunctor :

M : HPar, x HPar,, — Modg .
Definition 2.6.2 (BiM-module). A BiM-module M, . is a collection { My m }(n,m)enxn Of co-
homological (HPar,,, HPar,,)-Mackey bifunctors. A morphism between two BiM-modules is a

collection of natural transformations. Their category is denoted by Modﬂ%M.

We define two monoidal structures (ModB™ m,K) and (ModE™ g,1), respectively the ho-
rizontal and the vertical composition.

Definition 2.6.3 (The product m@). For any M and N BiM-modules we set :

(M mN)(m,p)

mixmeeH Par;, xHPar;,
p1xp2eH Parj, xHPar,

= @ f M(ﬂ—lvﬂ—Q)®N(p1?p2)®Hom’HPm‘n1><HParnz((7r1 X P1,7T2 ng),(ﬂ'7p)).
e
iz+72=n3

Proposition 2.6.4. The product M@ forms a symmetric monoidal structure together with the
BiM-module K :

L e— K (i17i2) = (0,0),
Ku,zz : {0 (i17i2) + (070)

as unit.

Proof: A prove similar to the one for Definition 2.3.6 works. O

Definition 2.6.5 (The product 8). Let M and N be two BiM-modules we define

veH Pary,
MeN)(mp) =@ [ Mmv)eN(p).

Proposition 2.6.6. The product 8 forms a monoidal structure together with the BiM-module

I:
K iy =19,
Hil,@ = 0 . .
11 :#Zg)

as unit.

Proof: 1t follows directly from the monoidal structure of the tensor product of K-modules. [
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2.6.2 M-PROPs
We introduce the concept of an M-PROP which generalizes the concept of an M-operad.

Definition 2.6.7 (M-PROP). An M-PROP is a BiM-module P endowed with two associative
multiplication maps pp : PO P — P, u, : P8P — P and a unit n:1 - P for p, such that :
— the restriction of n:1— P to K= 1 is a unit for up,
— for any f1 € P(mwy,v1), f2 € P(ma,v2) we have

pn(f2), f1) = cor(pn(f1, f2)))

where o (resp. T) is the permutation in Sy, in, (T€SP. Smy+m,) which permutes the blocks
{1,...;n1} and {n1 +1,...,n1 +na} (resp. {1,...,m1} and {mi +1,...,m; +ms}) and
fix the orders inside the blocks.

— for any f1 € P(m1,v1), f2 € P(72,v2),91 € P(v1,p1),92 € P(va, p2) we have :

tn (o (f1,91), 10 (f25.92)) = o (un(f1, f2), (g1, g2))-
A morphism of M-PROPs is a natural transformation compatible with this structure.
Example 2.6.8. Let P be an M-operad then it is, in particular, an M-PROP.

Proposition 2.6.9. Let P be a PROP (see Appendiz A). It defines different M-PROPs as
follows :
— S(P) is defined by :
Snm(P)(m, p) = x(P(n,m)),

where m € HPar, and p € HPar,,, and
— if P is biconnected, T'(P) is defined by :

Lo (P)(m, p) =" (P(n,m))”
where w € HPar,, and p € HPar,,.

Proof: We show how the composition on P induces a composition on I'(P).

weHPar,
me(P)(Tr,p) ® Fs,n(P)(Uﬂr) =

Lom( [ "P(n.m) ® P(5,1)")(0.p) = Lon( [ (P(n,m) © P(5,1))") (7 p) 2
Loon(P(n.m) @ P(5,1))(,p) > Loun(P(s5,m))(@ ) =

FS,m(P)(0'7 p)

a similar proof works for S(P). O

2.6.3 Algebras over an M-PROP

Fix a K-module V. We define an M-PROP denoted by BiPolyy which we use to define the
category of algebras over an M-PROP.

Definition 2.6.10 (The M-PROP BiPolyy). We define the M-PROP BiPolyy by :
BiPolyy (m,p) = Homod, (I'x (V), T'p(V)).

The horizontal composition is induced by the tensor product of morphism in Modk and the
vertical composition by the composition of morphisms in Modg.

Definition 2.6.11 (M-PROP algebras). Let P be a M-PROP. A P-algebra over the K-module
V is a morphism of M-PROPs v : P — BiPolyy .
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2.6.4 Examples

Let P be a PROP (see Appendix A). We prove that the category of S(P)-algebras is equiva-
lent to the category of P-algebras. We prove that the category of p-restricted Lie bialgebras and
the category of divided power bialgebras are governed by two M-PROPs. These two categories
are not governed by any PROPs.

We again only aim to give an idea of future applications of our constructions in this example
section. We still posit the existence of free objects in the category of M-PROPs, which generalize
the ordinary free PROPs, without giving further details on the construction of such objects.

Proposition 2.6.12. Let P be an M-operad. It defines an M-PROP where
P(m,p) = (P (),
for all e Par,, and p € Par,.

Proposition 2.6.13. Let P be a PROP (see Appendiz A). The category of algebras associated
to the M-PROP S(P) is equivalent to the category of P-algebras.

Proof: Let V be a K-module. Let ¢ : S(P) — BiPolyy be a S(P)-algebra then if restricted
to the discrete partitions it defines a P-algebra structure. Vice-versa since inductions are epimor-
phisms in S(P) any P-algebra structure can be extended to a unique S(P)-algebra structure. [J

Definition 2.6.14 (2-restricted Lie bialgebra). Let K be a field of characteristic 2. We say that
(A, [-,-]1,-13,6), where

- Ae MOd]K,

-[--]1: A9 A— A,

B L) Yy gy

-0:A— AQA,
is a 2-restricted Lie bialgebra if (A, [-, -], (=)?]) is a 2-restricted Lie algebra, (A,[-,-],6) is a
Lie bialgebra and

s(-Bhy=o.

Proposition 2.6.15. Let K be a field of characteristic 2. There exists an M-PROP, denoted by
I'BiLie, which encodes the category of 2-restricted Lie bialgebras.

Sketch: Let BiLie be the PROP which governs the category of Lie bialgebras. We consider
the M-PROP T'(BiLie).

We prove that the I'(BiLie)-algebras correspond to the 2-restricted Lie bialgebras.

Let ¢ : T'(BiLie) — Polyy be a I'(BiLie)-algebra. There exists a monomorphism from the
M-PROP defined by the M-operad I'(Lie) and I'(BiLie) that we denote i. From this inclusion
¢ defines a 2-restricted Lie algebra (V,[-, -], -[2). The restriction of ¢ to the discrete partitions
is equivalent to a BiLie-algebra (V,[-,—],d) where [-,—] = ¢(m) and 6 = ¢(c). For i = 2 we have
that :

c(m)=eeom(coe)+mee(e®c)+m®e((2,3)cee)+e@m((1,2)e®c).

By applying this relation to the image by ¢ of I's o(BiLie)((1,2),(1)(2)) we obtain :
s(-Bhy=o.

Let (V,[-,-],-[%1,6) be a 2-restricted Lie bialgebra. In particular (V, ,d) is a bialgebra, that
is equivalent to a morphism 1 : BiLie — BiEndy. We identify indexes of these two PROPs
with the discrete partitions and partially extend the morphism ¢ by the inductions morphisms.
The 2-restricted Lie bialgebra (V,[-, -], -[?]) is in particular a I'(Lie)-algebra. Extending ¢ by
the inclusion of the M-PROP defined by T'(Lie) into I'(BiLie) we obtain a I'(BiLie)-algebra
structure. O

Remark 2.6.16. Let K be a field of positive characteristic p > 2. It is possible to define p-
restricted Lie bialgebra.
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Definition 2.6.17 (Divided power bialgebra). We say that (A, i, {~i }ien, A), where :

- A e Modg,

- A®A— A,

-yt A— A

- Vit A— A;

-ATA—A®A,
is a divided power bialgebra if (A, u,{vi}ien) s a divided powers algebra, A is co-associative and
a map of divided power algebras. In particular (A, u, A) is a commutative bialgebra.

The notion of divided power bialgebras have been studied by André in [And71], Bulliksen
and Levin in [GL69], and Block in [Blo85] for its relations with the enveloping algebra of a Lie
algebra over a field of positive characteristic and the Hopf algebra associated.

Proposition 2.6.18. There exists an M-PROP, denoted by I'BiAlgcom, which encodes the
category of divided power bialgebras.

Sketch: Let BiAlgoom be the PROP which governs the category of commutative bialgebras.
We denote m € BiAlgcom(2,1) and ¢ € BiAlgcom(1,2) the generating elements. We consider
the M-PROP T'(BiAlgcom ).

We prove that T'( BiAlgcom )-algebras correspond to divided power bialgebras.

Let ¢ : T'(BiAlgcom) — BiPolyy be aT'(BiAlgcom )-algebra. There exists a monomorphism
from the M-PROP defined by the M-operad I'(Com) and I'(BiAlgcom) that we denote i. By
this inclusion ¢ defines a divided power algebra (V, i, {7; }ien). The restriction of ¢ to the discrete
partitions is equivalent to a BiAlgcom-algebra (V, u, A) where p = ¢(m) and A = ¢(c). For i = 2
we have that :

c(m) =meom((2,3)c®c).

Applying this relation to the image by ¢ of I'y 2 (BiAlgcom ) ((1,2), (1)(2)) we obtain :
A(72) =12 ©72((2,3)A 0 A).

This is equivalent to say that A is compatible with 7,. Similar computations work for the general
Vi

Let (V, u, {7: }ieny, A) be a divided power bialgebra. In particular (V, u, A) is a bialgebra. This
is equivalent to a morphism 1 : BiAlgcem —> BiEndy . We identify indexes of these two PROPs
with the discrete partitions and partially extend the morphism ¢ by the inductions morphisms.
The divided power bialgebra (V, p, {7; }ien) is in particular a T'(Com)-algebra. Extending ¢ by
the inclusion of the M-PROP defined by I'(Com) into T'( BiAlgcom ) we obtain a I'( BiAlgcom )-
algebra structure. O
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Appendix A

Background

The aim of this chapter is to recall the basic definitions and notions of the theory of operads,
of the theory of polynomial functors and of the theory of Mackey functors, which we use in this
thesis.

A.1 Operads and PROPs

We fix a commutative ring K. We denote the category of K-modules by Modg. In this section
we recall the definitions and properties of symmetric modules, of (symmetric) operads and of
(symmetric) PROPs in the category Modk.

A.1.1 Symmetric modules

We recall the definition of the notion of a symmetric module.

Definition A.1.1 (Symmetric modules). A symmetric module A is a collection {Ap}nen of
K-modules with an action of the symmetric group S,, on A, for all n € N.

A morphism of symmetric modules f: A — B is a collection of K-morphisms f, : A, = By,
commuting with the symmetric group actions.

We denote the category of symmetric modules by ModHS(.

A symmetric module A = { Ay, }nen is said to be connected if Ag = 0.

Remark A.1.2. In Chapter 1 we use the notation {A(n)}nen instead of {An }nen-

The category ModHS( has three important monoidal structures, namely ®, 0g and 0°. The first
two correspond to the classical tensor product and to the composition of symmetric modules.
They are used to define the notions of operads and algebras over an operad. The product 0° was
introduced by Fresse in [Fre00] and it is used to define the categories of I'P-algebras or algebras
with divided symmetries for any connected operad P.

We recall the definition of unit objects which we associate to these monoidal structures in
the paragraph. We explain the definition of the operations ®, Og, and 0° afterwards.

Definition A.1.3. 1. The tensor unit symmetric module K is the symmetric module
K =0
Kn = " ’ .
0  otherwise.

2. The composition unit symmetric module I is the symmetric module

I - K n=1,
"0 otherwise.

Definition A.1.4 (The product ®). Let A ={A,}nen and B = { By }nen be symmetric modules.
We define the symmetric module A®R B as follows :

AmB= @ Indig A; @B,

i+j=n
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where Indgjxgj A; ® B; stands for the K[S, ]-module induced by the K[S; x S;]-module A; ® B;.
The product 8 forms a bifunctor. To be explicit, let f: A— B and g: A" — B’ be symmetric
module morphisms. We define f ® g to be the collection

(feg)n= D Indg,g fi®g;.

i+j=n
Proposition A.1.5. The triple (Modﬂg@,K) forms a symmetric monoidal category.

Proof: See [Fre00, Proposition 1.1.6]. O

Definition A.1.6 (The product ®g, ). Let R and S be K[S,]-modules. We denote by R ®s, S
the K-module of coinvariants of the K[S, ]-module R® S endowed with the diagonal action of
S,.. In what follows we use the notation [z ® y] for the class of a tensor xt® y € R® S in this
quotient.

Definition A.1.7 (The product Og). Let A = {A, }nen and B = { By, }nen be symmetric modules.
We define the symmetric module AOg B by :

(A Os B)n = @AT ®s,. (Br)n
reN

The product Og forms a bifunctor. To be explicit, let f: A — B and g: A" - B’ be symmetric
module morphisms. We define fOs g to be the collection

(fOs@n=>fr®, (Y 9,®®g,).

reN ti+ttr=n
Remark A.1.8. In Chapter 1 we use the notation O instead of Os.
Proposition A.1.9. The triple (Mod%,0g, 1) forms a monoidal category.

Proof: We refer to [Fre00, Proposition 1.1.9]. O

Definition A.1.10 (The product ®°"). Let A and B be K[S,, ]-modules. We denote by A®%" B
the K-module of invariants of the K[S,,]-module A® B endowed with the diagonal action of S,,.

Definition A.1.11 (The product 0%). Let A = {A,,}peny and B = { By, }nen be symmetric modules.
We define the symmetric module A0S B by :

(AC® B), = Q%Ar 8% (B*"),.

The product ©° forms a bifunctor. To be explicit, let f: A — B and g: A" > B’ be symmetric
module morphisms. We define f0° g as the collection

(fDSg)n:Zfr(@ST( Z gt1®"'®gt,,-)'

reN t1++tr=n
Remark A.1.12. In Chapter 1 we use the notation O instead of O°.
Proposition A.1.13. The triple (Mod%,0°,1) forms a monoidal category.

Proof: We refer to [Fre00, Proposition 1.1.9]. O

Let G be a finite group and X be a K[G]-module. We consider the K-module of coinvariant
X¢ and the K-module of invariant X¢. There is a natural map, called trace or norm map,
tr: Xg - X¢ defined by [z] Ygec 9"z, for any x € X. We apply this observation to our
composition product :
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Definition A.1.14 (The natural transformation tr). Let A = {A,}neny and B = {B,}nen be
symmetric modules. We define the morphism of symmetric modules

tr: Aos B~ Ac® B,

by
tr(la®by® - ®b,])= > c"(a®b @ ®b,),

o€S,

for any [a® by ® - ®b,] € A, ®s,. (B¥),,.

We use the epi-mono factorization of tr to define a third product O;,. intermediate between
Os and o :

Proposition A.1.15. The natural transformation tr is monoidal, i.e. it preserves unit and
associativity isomorphisms.

Proof: See [Fre00, Lemma 1.1.19]. O

Definition A.1.16 (The product O,). Let A = {4, }nen and B = {By }neny be symmetric mo-
dules. We define the symmetric module AT, B by :

(ADy B),, = Im(tr: (Aog B),, » (AD° B),,),

for each n e N.
The product Oy, forms a bifunctor. To be explicit, let f: A— B and g: A" > B’ be symmetric
module morphisms. We define f O g as the collection

(fOug)n = (fO° g)"|(A[]t,.B)n’

the restrictions of (f0° ¢)n to (AOw B)p.
Proposition A.1.17. Let K be a field. The triple (Modﬂs@ Otr, 1) forms a monoidal category.

Proof: We use that tr is monoidal and the observations that — Og — preserves the epimorphisms
and —0° - preserves the monomorphisms to obtain a diagram of the form :

(AogB)os C — (A0, B)0, C —— (A0® B)o®C

4 !

Aog(BogC) — Ao (Bo,C) — AD®(Bo°O).
We deduce the associativity diagram for Oy, the unit follows easily. O

Let G be a group of cardinality n and X be a K[G]-module. If K is a field of characteristic
0 then the natural map tr~! : X¢ - X defined as follows z + %[x] is the inverse of the trace
map. Thus, the natural transformation ¢r is an isomorphism of bifunctors.

Proposition A.1.18. IfK is a field of characteristic 0 then the trace induces an isomorphism
of monoidal categories

(Mod$, 0g, I) = (ModS, O, I) 2 (Mods, 0%, I).

If K does not contain Q we still have :

Proposition A.1.19 (Fresse [Fre00], Proposition 1.1.15). Let A = {4, }nen and B = { By }nen be
symmetric modules. If B is connected then tr: A0g B — AD® B is an isomorphism of symmetric
modules. O
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We are interested in symmetric modules because they are combinatorial models of a special
kind of endofunctors of the category Modg. We explain this correspondence in the following
definition.

Definition A.1.20 (The functors S(A,-), I'(A,-) and A(A,-)). Let A = {A,}nen e a sym-
metric module. We have an obvious inclusion in : Modg = Mod$ such that :

V n=0,

0 otherwise.

(V) = {

We then consider the functors S(A,-), A(A4,-), and T'(A,-) : Modg - Modg such that :
S(A, V) =Aosin(V),
A(A V) = Aoy, in(V),
I'(A,V)=Ac"in(V).
We have natural transformations :
S(A,-) > A(A,-) > T(A,-)

given by the epi-mono factorization of the trace map on these composition products.

The functor S(A,-) is the standard functor of the theory of operads and is usually called
the Schur functor associated to A.

Let A be a symmetric module. In general the functors S(A4,-), A(A,-) and I'(A,-) are not
isomorphic. But we have the following statement :

Proposition A.1.21 (Fresse [Fre00], Proposition 1.1.2). Let A = {A, }nen be a symmetric mo-
dule. If A is projective as a symmetric sequence then

tr: S(Aa _) - F(Aa _)
s an isomorphism. O
Corollary A.1.22. We have that S(As,-) is isomorphic to T'(As,-). O

The functors S(—,-), A(-,-), and I'(-,-) are compatible with the monoidal structures x,
O d S .
s, Otr, and O :

Proposition A.1.23 (Fresse [Fre00], Propositions 1.1.6 and 1.1.9). The bifunctors S(-,-),
I'(-,-) and A(-,-) : Mod$ - Fun(Modg, Mody) are :
— (strongly) symmetric monoidal functors with respect to the two symmetric monoidal struc-

tures (Mod$, ®,K) and (Fun(Modg, Modk),®,K), hence we have :
S(AlZIB,—) = S(A7_) ®S(Ba_)aF(AEB7_) ;F(Aa_) ®F(B7_)7

if K is a field
A(A Bv_) = A(Aa_) ®A(Bv_)7

— (strongly) monoidal functors with respect to the two monoidal structures (Mod$, 0, T) and
(Fun(Modg, Modk), o, Idnody ), hence we have :

S(Aos B,-) = S(A,-)oS(B,-),I'(AC® B,-) 2T(A,-) o ['(B,-),

if K is a field
A(Aoy, B,-) 2 A(A,-) o A(B,-).

A.1.2 Operads and their associated monads

We recall the definitions and the properties of operads and of the categories of algebras
associated to operads.
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Operads and algebras over an operad

Since (Mod]IS(7 Os, I) is a monoidal category we can define the category of monoids with respect
to this structure.

Definition A.1.24 (Operads). Let P = {P,}nen be a symmetric module. Let p: Pog P - P
and n: 1T - P be morphisms of symmetric modules. The triple (P,u,n) is an operad if it is a
monoid in the monoidal category (Mod$,0Og, ). More explicitly the triple (P, u,n) is an operad
if the following diagrams commute :

Idp Og
PosPog P2 pog P

wOs Idpl lﬂ (Associativity)

PosP ——— P,

and

nOs Id Idp Osn
Ios P —F Pog P +— Pogl

. i - (Unit)

Let (P = {Pu}new, it,m) and (P = {P.}nen, pt',n') be operads. A morphism of operads is a
morphism of symmetric modules ¢ : P — P’ such that the following diagrams commute :

Pos P 24 prog pr

ul l;/
P — P,

and

We denote the category of operads by Op.

We use that POg P is spanned by tensors of the form [p® ¢; ® - ® ¢,,] with p € P, and
q1,---,qn € P to give an explicit definition of u.

Remark A.1.25. The general theory of operads allows us to define the free operad generated by
a symmetric module, and the ideals of an operad. We can present any operad by generators and
relations. Since this theory goes beyond the purpose of this section we do not give more details.
For the interested reader we refer to the books of Fresse [Fre09, Section 3.1], Loday and Vallette
[LV12, Section 5.5], and Markl, Schnider and Stasheff [MSS02].

Let (P = {Pp}nen, 1t,m) be an operad, the elements p € P, can be interpreted as n-ary opera-
tions and p as the rule for composing them. The morphism n represents the identity operation.
We can present operads by generating operations and relations.

We introduce a different and useful definition of operad structure on a symmetric module.

Definition A.1.26 (System of partial compositions). Let P = { P, }neny be a symmetric module.
A system of partial compositions ({o;}ien+,n) s a collection of K-modules morphisms —o; — :
P, ® P, > Pyim-1 and a morphism of K-module n: K — Py such that :

1. —0;—: P, ® Py, > P,ym_1 is the zero map if i >n,

2. —0i (=05 =) =(-0i-)ouj1—, and
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8. poi (n(1)) = (n(1))erp=p for any pe P, and i <n,
and which respect the symmetric action. That is :

woio"(y) =0 (zoiy)

for all o € S,, where T is the Spim-1 permutation that act as the identity on the set {1,...,i—
1,i+n,...,n+m} and as o on the set {i,...,i+n—-1}, and

p (x)oiy=p (xo;y)
for all p € S,, where g is the Spym-1 permutation that act as p on the blocks {(1),...,(i -
1),(,...,i+n=1),(i+n),...,(n+m)} and identity inside the block (i,...,i+n—1).

Proposition A.1.27. Let P = {P,}nen be a symmetric module. An operad structure (P, u,n) is
equivalent to a system of partial compositions (P,{o;} ., m)-

Proof: For more details see [LV12, Section 5.3.7] O

The compatibility of S(—,-) with the composition products Og and o has an important
consequence. Any monoid with respect to Og defines a monoid in the category of endofunctor
of Modg with respect to the composition of functors o, a monad is the usual terminology of
category theory :

Proposition A.1.28. Let (P = { P, }nen, 14, 1) be an operad. The triple (S(P,-),S(u,—),S(n,-))
s a monad.

Proof: The statement is a direct consequence of Proposition A.1.23. O

To any monad we associate a category of algebras. Thus, to any operad we associate a
category of algebras.

Definition A.1.29 (P-algebra). Let (P = {P,}nen, ;1) be an operad. The category of P-
algebras is the category of algebras over the monad (S(P,-),S(u,—),S(n,—)). It is denoted by
Algp. More explicitly an object of Algp is a couple (V,v) such that the following diagrams

commute :
IdpOs 7y

S(Pos P,V) —2 S(P,S(P,V)) 224 s(P,V)

NOIdvl l’)’

S(P,V) >V,

and
S(ILV) 7% s(p,v)

\ £

Example A.1.30. 1. The symmetric module As defined by Asg =0 and As,, = K[S,] with
multiplicative actions for all n>0 is an operad with the composition product such that :

wlp@m @ ®1]) =Tya) & & Ty()

for peS, and 1; €S, and n =1dg. Alternatively the operad As can be defined as the free
operad generated by a binary operation m quotient by the ideal generated by the relation
m(m(-,-),-) =m(-,m(-,-)).

The category of As-algebras is isomorphic to the category of non unital associative alge-
bras.

2. The symmetric module Com is defined by Comg =0 and Com,, = K with trivial action for
all m >0, is an operad if endowed with the morphisms u = Idg and n = Idg. Alternatively
the operad Com can be defined as the free operad generated by a commutative binary
operation ¢ quotient by the ideal generated by the relation c(c(-,-),-) = c(-,c(=,-)).
The category of Com-algebras is isomorphic to the category of associative commutative
algebras,
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3. The symmetric module Lie is defined by Lieg = 0 and Lie, = Ind%/‘nz(p), where p s
the one dimensional representation of the n-cyclic group given by an irreducible nth-root
for all n > 0. We can define an operad structure on the symmetric module Lie as the
free operad generated by an anti-symmetric binary operation [—,—] quotient by the ideal
generated by the relation [[1,2],3] +[[2,3],1] +[[3,1],2] =0.

The category of Lie-algebras is isomorphic to the category of Lie algebras.

Not every monad is in the image of S(—,-). Operads correspond, in some sense, to the
category of monads presented by multilinear operations and multilinear relations between them.
The advantage of working with the category of operads instead of the whole category of monads
is their combinatorial nature that allows us to make explicit computations.

Definition A.1.31 (The operad Endy ). Let V' be a K-module. We define the symmetric module
Endy by :
Endvm = HOmMOdK(V®n, V),

with the symmetric group action induced by the permutation action on V®" for any n € N. The
composition of morphisms in the category Modg and the identity of V' gives an operad structure
on Endy . We explicit set :

N([f(_v'”v_)®gl(_7"'7_)®"'®gr(_a~“7_)]):f(glvw-gr)(_v"'?_)a

for f e Endy,, and g; € Endy,,,, and
n(1) =1Idy .

Remark A.1.32. The construction of the symmetric module Endy is not functorial on V.

Proposition A.1.33. Let (P = {P,}nen, t,1) be an operad and V' be a K-module. We have the
following bijection :
{71(V,7) € Algp} = Homop (P, Endy).

Let (V,7v) and (V',y") be P-algebras and f:V — V' be a K-morphism. It is a morphism of
P-algebras if and only if

ﬂy,(p)(f® - ® f(_a o '7_)) = f(f}/(p)(_v s 7_))7

n n n

for allpe P, and n € N.
Proof: We refer to Fresse [Fre09, Proposition 3.4.2] and Loday and Vallette [LV12, Proposi-
tion 5.2.13). 0

AP and T P-algebras

Let K be a field. o Since the map Pog P - Po° P induced by the trace is an isomorphism
for connected symmetric modules. Hence the category of connected operads coincides with the
category of connected monoids with respect to Oy and O°. Let P be a connected operad. We
use the compatibility of the functors A(—,-) and I'(-,-) with the composition to define other
two monads associated to P.

Proposition A.1.34. Let (P = {P,}nen, 1t,n) be a connected operad. The triples

A(P, =), A(p, =), A(n, -)), (TP, =), I'(p, =), T'(n,-))
are monads such that the morphisms given by the epi-mono factorization of tr :
S(P,=) > A(P,-) > T'(P,-)
are monad morphisms. O
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Definition A.1.35 (AP-algebras). Let (P = { Py }nen, it,7) be a connected operad. We define the
category of AP-algebras as the category of algebras over the monad (A(P,-), A(u,-),A(n,-)).

Proposition A.1.36. Let (P = {Pp}nen, 1t,m) be a connected operad and A be a AP-algebra.
The monad S(P,-) acts on A through the morphism S(P,-) — A(P,-) so that A inherits a
natural P-algebra structure. O

Let P be a connected operad. Since the functor A(P,-) is, in general, different from the
functor S(P,-) the category of AP-algebras is, in general, not equivalent to the category of
P-algebras. The category of AP-algebras can be interpreted as the subcategory of P-algebras
satisfying some additional non-linear relations.

Example A.1.37. We have :
1. let K be a field of positive characteristic p, a Com-algebra C is a ACom-algebra if P =0

for any ce C,
2. let K be a field of characteristic 2, a Lie-algebra L is a ALie-algebra if [1,1] =0 for any
lel,

see [Fre04, Proposition 1.2.15-1.2.16].

Definition A.1.38 (I'P-algebras). Let (P = {P,}nen, 1t,1) be a connected operad. We define the
category of T' P-algebras as the category of algebras over the monad (T'(P,-),T'P(u,-),T'P(n,-)).

Proposition A.1.39. Let (P = {P,}nen, it,1) be a connected operad and A be a T'P-algebra.
The monad A(P,-) acts on A through the morphism A(P,-) — T'(P,—) so that A inherits a
natural AP-algebra structure. O

As for AP-algebras, since I'(P, -) is, in general, different from S(P,-) the category of I'P-
algebras is, in general, not equivalent to the categories of P-algebras. The category of I P-algebras
can be interpreted as the category of AP-algebras with an additional structure.

Definition A.1.40 (Divided power algebras). A divided power algebra is a commutative algebra
C endowed with a collection of operations ~y; : C — C' such that :

Yoz +Yy) = i%—i(aﬁ)%(y),

vi(Az) = N'yi(z),

(=) =z,
(@@ = (" (@),
mn!

Y (Vn(x)) = W'an(w)

Let C and D be divided power algebras. A commutative algebra morphism ¢ : C - D is a
morphism of divided power algebras if

¢(7i(=)) = (6(=))
for any i e N.

Definition A.1.41 (p-restricted Lie algebras). Let K be a field of positive characteristic p. A
p-restricted Lie algebra is a Lie algebra L equipped with an operation ~PY. L — L such that :

(Ax)[”] _ )\p(x)[p]’

p—1
(@ + )P = ] 4 yfP) 4 M
i=1 ?

ad(a1) = (ad(x))"),

where s;(x,y) is the coefficient of t"™! on the expression of ad(yyyyr1 ().
Let L and G be p-restricted Lie algebras. A Lie algebra morphism ¢ : L — G is a p-restricted

Lie algebra morphism if
) = ()W,
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Example A.1.42. We have :

1. the category of TCom-algebras is isomorphic to the category of divided power algebras (see
Fresse [Fre00, Proposition 1.2.3]),

2. let K be a field of positive characteristic p ; the category of I' Lie-algebras is isomorphic to
the category of p-restricted Lie algebras (see Fresse [Fre00, Theorem 1.2.5]).
A.1.3 PROPs and their algebras
We recall the notion of a PROP and of the category of algebras associated to a PROP. These

notions were first introduced by MacLane. We first introduce the concept of symmetric bimodule.

Definition A.1.43 ((G, H)-modules). Let G and H be groups. A (G, H)-module is a K-module
V' endowed with a left G-action and a right H-action such that the two actions commute with
each other. A morphism of (G, H)-modules is a morphism of left K[G]-modules and right K[ H]-
modules.

Definition A.1.44 (Symmetric bimodule). A symmetric bimodule A = {An m}(n,m)enxn 5 @
collection of (Sy, S )-modules.

Let A and B be symmetric bimodules. A morphism of symmetric bimodules f : A - B is a
collection { frnm}(n,m)enxn 0f (Sn,Sm)-module morphisms.

We denote their category by BiMod%

We define two monoidal structures, namely @ and 8. They correspond to tensor and compo-
sition products. We recall the definition of unit objects for these monoidal structures.

Definition A.1.45. 1. the horizontal tensor unit K is the symmetric bimodule defined as

follows :

0  otherwise,

Kan{K n=0 and m=0,

2. the vertical tensor unit K is the symmetric bimodule defined as follows :

1 K n=m,
) otherwise,

where we take the trivial action of symmetric groups on K.

Definition A.1.46 (The product M). Let A = {Ap m}(nm)enxny and B = { By} (n,m)enxn be
symmetric bimodules. We define the symmetric bimodule A@D B by :

(A m B)n,m = @ Indgmsm Anhml ® An27m27

n1 %Sng sSmq XSm
ni+na=n 1 27 2
mi+ma=m

where

S’n 7S7TL n m m n
Ind; (=) =Indg" g (Indg (<)) = IndS ] (Indg? s, (5)).

nq XSn2 7Sm1 Xng m1xSmey mq xSy

The product @ is a bifunctor. To be explicit let f: A - B and g : A’ - B’ be symmetric
bimodule morphisms. We define fMg: AmMA' -~ Bm B’ by :

SnsSm
(fDG)nm= Z Indsnlxgnz Sy XSmoy Jrimy ® Gnoymo-

my
nitng=n
mi1+mao=m

Proposition A.1.47. The triple (BiModi, m,K) forms a symmetric monoidal category.

Proof: Tt easily follow by adapting the proof [Fre00, Proposition 1.1.6]. O
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Definition A.1.48 (The product 8). Let A = {Apm}nm)enxn and B = {Bpm}n,m)enxn be
symmetric bimodules. We define the symmetric bimodule A8 B by :

(AE]B @Anr@)s B
reN

The product 8 is a bifunctor. To be explicit let f : A - B and g : A’ - B’ be symmetric
bimodule morphisms. We define fag: AB A’ - Ba B’ to be the morphism defined such that :

(ng Zf’rLr@S 9rm-

reN
Proposition A.1.49. The triple (BiModi, 8,1) forms a monoidal category.

Proof:[Sketch] The unit is given by

(A S| H)n,m = @ An,r ®s,. ]Ir,m = An,n ®Sn K= An,my
reN

the associativity morphism is given by :
(ABB)BC)ym=B(ABB),, &s, Crm

= @(@An,s ®S s T) ®S r,m
= @@An,s ®S> (BS,T ®S7 Cr’m)
=(A8(BBC))m

O

Let A = {An m}(n,m)enxy be a symmetric bimodule. As for operads, we want to identify the
elements of A, ,, with some abstract operations with n inputs and m outputs. A PROP is a
symmetric bimodule endowed with a structure that encodes the composition of these abstract
operations.

Definition A.1.50 (PROP). Let P = { Py 1} (n,m)enxn be a symmetric bimodule, py, : POMP — P,
y: PBP - P, and n:1— P be symmetric bimodule morphisms. The set of data (P, pup, tw,n)
is a PROP if the following diagrams commute :

dp Os pn

PoPm Pk p mP
pn Os 1d pl lﬂh (Horizontal associativity)

POP——— P,

IR mp ™24 p g p' 2 p g

\ luv/ (Horizontal unit)
P,

d S v
PepPaP xS pap
fo Og Idpl l " (Vertical associativity)

PP ——— P

1P 4R pgp P8 pgg

\ lﬂ/ (Vertical unit)
P,
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and the following equations holds :
pn(f®g)=c"(un(g® )7, (Horizontal commutativity)

for all f € Py, o, and g € Py, ,, where o (resp. T) is the permutation in Sy, in, (T€SP. Smy+ma)
which permutes the blocks {1,...,n1} and {n1 +1,...,n1 + na} (resp. {1,...,m1} and {my +
1,...,my +ma}) and fix the orders inside the blocks.

pon (o (f15,91)5 10 (f2,92)) = 1o (un (1, f2)5 00 (91, 92))- (Distributivity)

A morphism of symmetric bimodules f : P - @ is a morphism of PROPs if it commutes with

all py, pip, and n.
We denote the category of PROPs by PROP.

Proposition A.1.51. The category of PROPs is equivalent to the category of symmetric mo-
noidal categories (P,®,S,e) enriched over Modx such that :

1. the class of objects is identified with the set of natural numbers N,
2. the product on objects is defined by m @ n =m+n for any m,n € N.

Proof: We refer to Markl [Mar08, Section 8] for more details. O

Remark A.1.52. As for operads, the general theory of PROPs allows us to define the free
PROP generated by a set of operations and ideals generated by relations. Any PROP can be
presented by generators and relations.

Example A.1.53. We can define the following PROPs :

1. the PROP BiAlg is the PROP generated by a product m € BiAlgs1 and a coproduct
A € BiAlgy 2, quotiented by the ideal generated by the following relations :

m(m(=,-),=) =m(=,m(-,-)), (AeId)A(-) = (ldeA)(A(-)),
A(m(1,2)) = (mem)((2,3)"(A(1),A(2)))

2. the PROP Frob is the PROP generated by a product m € Froby 1, a unit e € Froby 1, a
coproduct A € Froby o and a counit ¢ € Frob, o, quotiented by the ideal generated by the
following relations :

m(m(_’ _)’ _) = m(_’ m(_7 _))’ m(_7 6) = m(e, _) = Id(_)v
(A®ld)A(-) = (Id®A)(A(-)),  (Id®c)(A(-)) = (c®Id)(A(-)) =1d(-),

and the Frobenius relation :
(Idem)(A®Id)(-,-) = (m®Id)(Id ®A)(-,-) = A(m(-,-)),

3. if K has characteristic different from 2, the PROP BiLie is the PROP generated by
an antisymmetric product [—,—] € BiLies 1 and an antisymmetric product 6 € BiLie; o,
quotiented by the ideal generated by the following relations :

[[172]’3] + [[2’3]7 1] + [[37 1]’2] =0,

(1,2,3)(0 @ Id)(6(-)) +(2,3,1)(0 ®1d)(6(-)) + (3,1,2)(d ® Id) (6(-)) = O,

and

(1,2)6([1,2]) - (1,2)([-, -] Id)(Id ®d)(1,2) - (2,1)([-, -] ® Id ) (Id ®5)(1, 2)
-2, D)([-,-]eId)(Id®d)(2,1) - (1,2)([-, -] ® Id)(Id ®5)(2,1) = 0.
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Definition A.1.54 (The PROP Endy ). Let V be a K-module. The PROP Endy is the strict
symmetric monoidal category (Endy,®, S,e) such that :

Endy.,.m = Homppoa, (VE", VE™).

The PROP structure is given by the permutation action on V®" and V®™, the tensor product
and the composition of morphisms in Modk.

As for operads, PROPs are combinatorial objects that govern categories of algebras which
are described by multilinear operations and multilinear relations. The major difference between
operads and PROPs is that PROPs allow operations with more than one outputs. Another
important difference between operads and PROPs is that, in general, a PROP is not associated
to any monad. To define the category of algebras we are forced to use the PROP Endy .

Definition A.1.55 (P-algebras). Let (P = {Ppnm f(n,m)enxn lhs o, 1) be a PROP. A P-algebra
is a pair (V,¢: P — Endy ) where V is a K-modules and ¢ a morphism of PROPs.
Let (V,¢) and (V',¢") be P-algebras. A morphisms of K-module f:V — V' is a P-algebra
morphism if
fe-e (o) (=....7) =) (feef)(-. . .,-)
—_—— —_——— —_— ——
for any pe Py .
We denote the category of algebras over the PROP P by Algp.
Example A.1.56. We have :

1. the category of BiAlg-algebras is equivalent to the category of associative, coassociative
bialgebras,

2. the category of Frob-algebras is equivalent to the category of Frobenius algebras,

3. the category of BiLie-algebras is equivalent to the category of Lie bialgebras.

A.2 Pre-Lie algebras

We introduce the definition of a pre-Lie algebra. The monad governing this category of
algebras comes from an operad. Pre-Lie algebras were introduced by Gerstenhaber [Ger63] in
the study of deformations of associative algebras. They appear in several contexts, notably in
operad theory (see Loday and Vallette [LV12, Section 5.4.6], Chapoton and Livernet [CLO1]),
in deformation theory (see Dotsenko, Shadrin and Vallette preprint [DSV15]), and in quantum
field theory (see Connes and Kreimer [CK99], Foissy [Foild4]).

Definition A.2.1 (Pre-Lie algebras). A pre-Lie algebra is a pair (V,{-,-}) where V is a K-
module and {-,-}:V ®V -V is a morphism of K-modules such that :

{z,u} 2} —{x {y, 2} = ({=. 2}, y} — {2, {29} },
forallx,y,zeV.
The name pre-Lie, which refers to Lie algebras, was chosen for the following reason.

Proposition A.2.2. If (V,{-,-}) is a pre-Lie algebra then (V,[-,-]), where we set [x,y] =
{z,y} —{y,x} for all x,y €V, is a Lie algebra.

Proof: Immediate from a direct inspection. O

Example A.2.3. The following structures are pre-Lie algebras :

1. let (P = {Py}nen, pt = {03 }ienyn) be an operad, the K-module @,y P, endowed with the
product :

(=3 foig
=1

for all fe P, and g€ P,
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2. the set of vector fields of a n dimensional affine R-space endowed with the product :
0 0 , 0]
{f(x)%y(x)%} =f (ff)g(ff)%~

Since a pre-Lie product is a multilinear operation satisfying a multilinear relation, the cate-
gory of pre-Lie algebras is governed by an operad.

Definition A.2.4 (The operad PreLie). We define the operad PreLie as the quotient of the
free operad generated by a binary operation m by the ideal generated by the following relation :

m(m(1,2),3) -m(1,m(2,3)) = m(m(1,3),2) - m(1,m(3,2)).

Dzhumadil’daev [Dzh01] introduces a special class of pre-Lie algebras, called p-restricted
pre-Lie algebras, in the context where the ground ring is a field of positive characteristic p.

Definition A.2.5 (p-restricted pre-Lie algebra). A p-restricted pre-Lie algebra is a pre-Lie
algebra (V,{-,-}) such that the following equation is satisfied :

{Azyh - yd = {2, (v, yd 1ol )

for any x,yeV.

The notion of a p-restricted pre-Lie algebra is the first approximation of the notion of a
I'PreLie-algebra.

Proposition A.2.6 (Dokas [Dokl13]). There is a forgetful functor from I PreLie-algebras to
p-restricted pre-Lie algebras. O

Remark A.2.7. In [Dok13] I. Dokas introduces a more general notion of p-restricted PreLie-
algebra. A “generalized” p-restricted PreLie-algebra is a PreLie-algebra V' endowed with a Fro-

benius map ¢ :V -V satisfying some relations. If we assume ¢ = {{---{y,y},},y} we retrieve
S —
P

the definition of A. Dzhumadil’daev (Definition 1.2.3).

Pre-Lie algebras play an important role in operad theory over a field of characteristic zero.
In the context of operad theory over a field of positive characteristic p pre-Lie algebras should
be replaced by APreLie or I'PreLie-algebras. The aim of Chapter 1 is to give presentations by
generators and relations of the monads which govern these categories we also give examples of
APreLie and T'PreLie-algebras.

A.3 Strict polynomial functors

In this section we briefly recollect the notions of polynomial functors and strict polynomial
functors over Modg.

A.4 Polynomial Functors

Polynomial functors were introduced by Eilenberg and MacLane [EML54] in the study of
the cohomology of Eilenberg-MacLane spaces. Strict polynomial functors were introduced by
Friedlander and Suslin [FS97a| in the study of cohomology of group schemes. The definition of
polynomial functors & la Eilenberg-MacLane of degree lower or equal to n is given by induction
from the notion of additive functor.

Definition A.4.1 (Cross-effect). Let F': Modg — Modxk be a functor. The cross-effect of F is
the bifunctor
As(F) : Modg x Modg — Modk

such that :
Ao (F)(V1,V2) = Ker(F (Vi @ Vo) — F(Vi) ® F(V2)).
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We define the nth cross-effect A, (F) : Modg™" — Modx inductively by :
Ap(FYV1y oo, Vi) = Ag (At (F)Y(Vay ooy Viea, =) (Vio1, Vi)

We also have :

n i
A(FYVi,..., Vo) =Ker(F(Vi®...0V,) —@PFVio...000...0V,)).
i=1
Roughly speaking the cross-effect measures the additivity defect of a functor.

Proposition A.4.2 ([EML54]). Let F : Modg — Modg be a functor. We have the following
canonical decomposition :

FWVie...eV,)= @ AFWVi,....Vi).

1<i1<...<t-<n

Definition A.4.3 (Polynomial functor). Let F': Modg —> Modxk be a functor. We say that F
is polynomial of degree lower or equal to n if Api1(F) =0. We say that F is of degree n if it is
of degree lower or equal to n and A, (F) 0.

We recall the notion of a strict polynomial functor on the underlying category Modk.

Definition A.4.4 (The functor T',,(-)). We define the functor T, : Modg - Modxg as follows :

La(V)= @ (VE")",

neN*

for any V e Mody and where (V®™)5 stands for the K-module of invariants of the K[S,,]-module
ven,

Definition A.4.5 (The category I',, Modk). Let n be a non-negative integer. We denote by
T',, Modk the category objects are K-modules, and morphisms :

Homr, Mody (V, W) =Ty, (Hompoa, (V, W)).

The composition is defined by the composite :

Fn(HomModK (VV, U)) ® Fn(HomModK (V, W)) —>
Ty, (Hompioa, (W, U) ® Homppod, (V, W)) — T, (Homypgoa, (V, U)).

where the first morphism is the natural transformation T'p(A) ® T, (B) - T'y(A® B), and the
second morphism is induced by the composition in Modk.

Definition A.4.6 (Strict polynomial functors). A strict polynomial functor of degree m is a
linear functor F : T'y, Modg — Modg. Strict polynomial functors and natural transformations
form a category denoted by Pol Fun,,.

Definition A.4.7 (The functor U,). We have an embedding of categories in : Modg — 'y, Modgk
defined as follows

1. on objects the functor is the identity map,

2. on morphisms the mapping f: X - Y is induced by the map V - T',,(V) such that

vy, (W) =ve--Qu.

n

By precomposition, we get a functor U, : PolFun,, - Fun(Modg, Modxk) from strict polynomial
functors of degree n to endofunctors of the category Mody.

The functor U,, allows us to compare the notions of a polynomial functor and the notion of
a strict polynomial functor.
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Proposition A.4.8 ([Bou67|). Let F be a strict polynomial functor of degree n. The functor
U, (F) 1is polynomial of degree lower or equal to n.

Remark A.4.9. 1. There exists a strict polynomial functors F of degree n such that U, (F)
s a polynomial functor of degree strictly lower than n,

2. there exist non isomorphic strict polynomial functors F and G such that U, (F) 2 U, (G),

3. there exists a polynomial functors F' such that F' is not in the image of U.

The functors associated to a symmetric module M which are considered in this thesis,
S(M,-), A(M,-) and T'(M, -) are strict analytic functors, i.e. direct sums of strict polynomial
functors. The aim of part 2 is to replace the category of symmetric modules with the category of
M-modules. The category of M-modules is isomorphic to the category of strict analytic functors
and allows us to introduce the concept of M-operad and of category of algebra governed by an
Me-operad. Some important categories of algebras are governed by M-operads.

In this context we introduce a generalization of PROPs namely M-PROPs and the categories
of their algebras. These objects govern categories of bialgebras with possible divided symmetry
operations.

A.5 Mackey functor and cohomological Mackey functors

In Chapter 2 we introduce the notion of a cohomological Mackey functors over the admissible
category Par,. This structure is used in the definition of M-modules.

In this section we recall the definitions of the notions of a Mackey functor and of a cohomo-
logical Mackey functor.

A.5.1 Mackey functors

The notion of Mackey functors was introduced by Dress in [Dre71], and Green in [Gre71] in
the study of the representations of finite groups. We refer to [TW95| for an exhaustive treatment
of the subject.

We introduce the category Qx(G) to give a functorial definition of Mackey functors for a
finite group G.

Definition A.5.1 (The category Qx(G)). Let G be a finite group. We denote by w(G) the
category such that :
1. the objects are finite G-sets,

2. if X and Y are finite G-sets then the set of morphisms Hom,,g)(X,Y) is the set of
equivalence classes of diagrams of the form

N

in the category of finite G-sets. Two diagrams X «— A — Y and X «— B — Y are
equivalent if there is an isomorphism of finite G-sets o : A — B such that the following
diagram commutes :

A

7N

X o Y

AN

B
3. the composition of two morphisms X «— A —Y and Y «— B — Z is defined by the
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following pull-back diagram of finite G-sets :
C
A B
X Y Z.

The disjoint union of G-sets gives to Homyqy(X,Y) a commutative monoid structure. More
eaplicitly let f = X «— A—Y and g= X «— B —Y be two elements of Hom,,q)(X,Y). We

set
f+g:=
+g . / \ )

We define the abelian group Z Hom,q)(X,Y) by the usual Grothendieck group construction
on Homy, ) (X,Y). The category QU(G) is defined as follows :

1. the objects are finite G-sets,
2. if X and Y are finite G-sets then Homgg)(X,Y) = ZHom,,)(X,Y).
The category Qx(G) is the category defined to have the same objects as Q(G) and

Homg, () (X,)Y)=Ke Homg () (X,Y).

The Hom-sets of the category w(G) admit a useful description as free abelian monoids over
some equivalent classes of diagrams.

Notations A.5.2. Let G be a finite group, H < K be subgroups of G and g € G. We use the
following notation :

— 78 :G g - G/ the coset projection,

— 9H = {ghg t|h e H}, and

— H9={gthglhe H}.

Definition A.5.3 (Basic morphisms). Let G be a finite group and K, H be two subgroups of

G. In the category w(G), a morphism between G| and G /[ is a basic morphism if it is
represented by a diagram of the following type :

G/

WfLV \ﬂ'g‘
Gk G/

where we consider a class g € K\G/H and L is a subgroup of K9n H.

H

Proposition A.5.4. Let G be a finite group and K, H be two subgroups of G. The set of
morphisms Homw(G)(G/K,G/H) is the free abelian monoid generated by the set of basic mor-
phisms.

In particular the set of morphisms HomQ(G)(G/K,G/H) is the free abelian group generated
by the set of basic morphisms.

Proof: See [TW95, Chp. 2]. O

We recall the definition of Mackey functor for a finite group G and a useful characterization.

Definition A.5.5 (Mackey functor). Let G be a finite group. A Mackey functor for G is an
additive functor M : Qg (G) — Modg. Mackey functors and natural transformations form a
category which we denote by Mac(G).
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There are some important instances of Mackey functors in different contexts.

Example A.5.6. Fiz a finite group G :

1. The group cohomology and group homology functors H"(G,V) and H,(G,V') with coef-
ficients in the K[G]-module V', are Mackey functors,

2. the functor K,(Z[G]), the K-theory of Z[G], is a Mackey functor,

3. the functor B(G), the Burnside ring of G, is a Mackey functor,
for details see [Boul0].

In the literature Mackey functors appear with different equivalent definitions. We recall one
of them :

Proposition A.5.7. Let G be a finite group, the definition of a Mackey functor is equivalent
to the following data assignment : a function from the set {G-sub-groups} to Modg for any
inclusion of G-sub-groups Hi — Ho a pair of K-linear morphisms Indgf :M(Hy) — M(H>)
and Resg’f : M(Hy) — M(Hy), and for any element g € G and any G-subgroup H a K-linear
isomorphism cg : M(H) — M(9H) such that the following relations are satisfied :

Hs Hy _ Hs
1. Ind3? Indp? = Indy?,

Ha Hs _ Hs
2. Resy’ Resy® = Resy?,
3. cgcp =Cgh,

Hy _ 1. 19Ha
4. ¢gIndp? = Ind, 5 ¢y,
g
5. ¢q4 Resgf = Resgg’;‘ Cg,
6. Res¥ndf = ¥ IndJ.pceResSer g,
we\H/K

the last relation is called the Mackey formula.

Proof: See [TW95, Chp. 2]. O

A.5.2 Cohomological Mackey functors
We recall the definition of a cohomological Mackey functor. We follow the characterization

given by Yoshida, in [Yos83], using the Hecke category HG.

Definition A.5.8 (The Hecke category HG). We denote by HG the full sub-category of K[G]-
modules whose objects are permutation modules over K[G], i.e. it is the category defined as
follows :

1. the objects are direct sums of K[G]-modules of the form K[G | 1], where H is a subgroup
of G,

2. if K[G/Hl] and K[G/HQ] are two objects of HG, then
Hom'HG(K[G/H1]7K[G/H2]) = K[Hl \ G/HQ]

Proposition A.5.9. Let G be a finite group. The set of morphisms Homyo(K[G [k 1,K[G /@7 ])
is the free abelian group generated by the set of equivalent diagrams of the following type :

GlksnH

ﬂfy \ﬂf‘
Gk

where g€ K\G/H and L=K9n H.

Glu,

Proof: The statement easily follows from Proposition A.5.4. O
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Definition A.5.10 (Cohomological Mackey functors). A cohomological Mackey functor is an
additive functor M : HG — Modg. We denote the category of cohomological Mackey functors
by Mac"(G).

Cohomological Mackey functors are particular Mackey functors.

Proposition A.5.11. Let G be a finite group. There exists a full and faithful functor from
Macc‘)h(G), the category of cohomological Mackey functors, to Mac(G), the category of Mackey
functors.

Proof: We define a functor in : Qg (G) — HG. We proceed as follows.

1. Let X be a G-set. It decomposes uniquely as the disjoint union of transitive G-sets
X =11 G/Hi; with H; a subgroup of G. We set :
i€l

in(X) = ®K[G /g, ].

iel

2. Let f be a basic morphism in Qg (G) of the form :

G

Gk GlH.

We set
) “lL ~ Clgrom
in( WQLV Y‘ ):=|Kn?H : L] ”QL"% K
GlK Gl G/K GlH.
A cohomological Mackey functor defines a Mackey functor by pre-composition with in. O

As for Mackey functors there is a description of cohomological Mackey functors in terms of
operations of conjugation, induction and restriction.

Theorem A.5.12 (Yoshida). Let G be a finite group. The definition of a cohomological Mackey
functors Macwh(G) is equivalent to the following data assignment : a function from the set
{G-sub-groups} to the class Modg of K-modules ; for any inclusion of G-sub-groups Hy — Ha,
a pair of K-linear morphisms Indgf :M(Hy) — M(H2) and Resgf :M(Hs) — M(H1), and
for any element g € G and any G-subgroup H, a K-linear isomorphism cq : M(H) — M(9H)
such that the relations (1 — 6) of Proposition A.5.7 are satisfied and the following additional
relation
Indji? Resp? = |Hy : Hy|1dp,

holds.
Proof: See [Yos83, Thm. 4.3]. O
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