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Abstract

This paper is the first of two articles which develop the notion of protoperads. In this one,
we construct a new monoidal product on the category of reduced &-modules. We study the
associated monoids, called protoperads, which are a type of generalised operad. As operads encode
algebraic operations with several inputs and one output, protoperads encode algebraic operations
with the same number of inputs and outputs. We describe the underlying combinatorics of
protoperads, and show that there exists a notion of free protoperad. We also show that the
monoidal product introduced here is related to Vallette’s one on the category of G-bimodules,
via the induction functor.
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Introduction

The motivation for this work is to determine what is a double Poisson bracket up to homotopy.
Double Poisson structures, defined by Van den Bergh in [21], give Poisson structures in non-
commutative algebraic geometry (see [5, 22, 2, 1]). A double Poisson structure is properadic in
nature; it is encoded by the properad DPois (see [11]). This gives a good framework in which
to study its up-to-homotopy version (cf. [18, 15, 16] for the definition of properad).

This is the first of two papers in which the author develops the notion of protoperad, which is
a kind of properad (see [18, 19]). The homotopy theory of these new objects and its applications
is treated in the second paper [11]. A properad is an algebraic notion which encodes types of
bialgebras, i.e. operations with several inputs and several outputs. Properads are related to

other families of algebraic objects:

Associative algebras C NS-Operads C Operads C Dioperads C Properads C Props.

Email address:  leray@math.univ-paris13.fr (Leray)
(© Leray, 2022, under a Creative Commons Attribution 4.0 International License.
DOI: 10.21136,/HS.2022.05


https://higher-structures.math.cas.cz/
mailto:leray@math.univ-paris13.fr
https://creativecommons.org/licenses/by/4.0/
https://dx.doi.org/10.21136/HS.2022.05

Protoperads I: combinatorics and definitions 257

To illustrate these, let V' be a k-vector space: associative algebras encode algebraic structures
on V with one input and one output V' — V; non-symmetric (and symmetric) operads encode
algebraic structures with several inputs and one output V™ — V; dioperads, properads and
props encodes algebraic structures with several inputs and outputs V&™ — V®"  To illustrate
the relationship between these, we indicate below in which categories these objects live and their
underlying combinatorics.

NS-
ALGEBRA OPERAD | DIOPERAD | PROPERAD Pror
OPERAD
Category Vecty, N-modi®® | &-modi®® | &-bimodi | &-bimodi® | &-bimody
Monoid
f(())II‘IOI B ons o gggn ngal ><
N S R SR
£ 2 £
connected
g ) connected )
. iitn—1 oriented ) oriented
Composi- oriented
) a graphs graphs
tion P ‘ graphs :
without . with genus
with genus
genus
Involuti Loday in-
An Chain Associative Lie Lie 1o u e O, ay. m
. Lie finitesimal
example complexes algebras algebras bialgebras . )
bialgebras | bialgebras
A
12, Ch.1 12, Ch.5 12, Ch.5 4 19 13
reforence | | |1 || 1 | [4] [19] [13]

These successive algebraic structures increase in generality. As a consequence, their homo-
topy theory is also more and more elaborate. If props encode the largest category of algebraic
structures, we do not yet have the homotopical tools, such as Koszul duality theory, that hold for
properads, operads, etc. Chain complex structures are encoded by the algebra of dual numbers.
The non-symmetric operad framework is the minimal one to encode associative algebras, the
symmetric operad framework is the minimal one that encodes associative commutative algebras,
and so on: dioperads to encode bialgebras without genus in the underlying combinatorics, as Lie
bialgebras.

In this paper, we define a new kind of such objects called protoperads, which are new inter-
mediaries between algebras and properads:

Operads

/ \

Algebras Properads
\ /

Protoperads

Protoperads are monoids in the same category as operads but for a new and very different
monoidal product X, the connected composition product, that we will define in Section 2. Gen-
erators of protoperads have the same number of inputs and outputs and a diagonal symmetry:
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in fact, the &-bimodule (which are families of bimodules on permutation groups) of generators
is induced by representations of the symmetric groups &,, and the diagonal morphism

&, — 6,x67 (1)
g = gxg '
There are represented by

12 eoon

1 or by [

if there is no ambiguity as to the arity i.e the number of inputs and outputs. Just as the
combinatorics of operads is given by trees, the combinatorics of protoperads is described by
walls, defined in Section 1. The main example is the protoperad DLie, which encodes a part of
the double Poisson structure (called the double Lie structure), and which is defined by generators
and relations, i.e. DLie = .7 (Vprie)/(Rpg), with the following generator with 2 inputs and two

outputs:
1 2 2 1
Vbrie =1 ] = —I ]
and the double Jacobi relation
1 2 3 2 3 1 3 1 2
R — — — —
DI — — R — L — .

We summarise the most important results of this article in the following theorem.

Theorem (Definition 2.15, Theorem 4.15 and Theorem 5.14). Let C be an abelian symmetric
monoidal category. The category G—mod’Esd of reduced S-modules, i.e. the full sub-category of
functors P : Bij°® — C such that P(@) = 0, is monoidal for the connected composition product
X. The monoids in this category are called protoperads. There exists the free protoperad functor,
denoted by F(—), and the monoidal functor

Ind: (&-modf?,®) — (&-bimodgd, ®Va) |

y\/al ﬁVal

which is exact and satisfies Ind o & = o Ind, where 1s the free properad functor.
About the second paper [11] For an object P in the previous table, e.g. P an operad, a
properad, etc. the notion of P-algebra up to homotopy is encoded by a cofibrant resolution of
P. The homotopy theory of such objects is complicated. So it is useful to have the minimal
framework to attack the problem of determining of a cofibrant resolution. We have technical
tools to construct such a resolution, depending of the framework: the Koszul duality theory,
rewriting methods, PBW or Grobner bases and distributive laws (see |7, 3, 12]). But, apart from
the Koszul duality theory developed by Vallette in [18, 19], such tools do not exist for properads.
As a direct study of the Koszulness of the properad encoding double Lie structure is difficult,
the idea is to use the diagonal symmetry of the generator and the relation of this properad to
pass in the simpler world of protoperad and study the associated protoperad DLie. Using the
framework of protoperads is successful. In the second paper [11], the author develops the Bar-
Cobar adjunction and the Koszul duality theory of protoperads (see [11, Theorem 2.24|), which
is related to Koszul duality theory of properads (see [18, 19]) via the induction functor Ind. We
use it to prove the following theorem.
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Theorem (Main theorem of [11]). The properads DLie and DPois are Koszul.

As the double Jacobi relation lives in genus 0, one can choose one other type of such object
to encode double Lie structure, like dioperads (see [4] for the definition). But, as remarked by
Merkulov—Vallette in [15, Sect. 5.6.], the functor

dioperads — properads

do not preserve the Koszulness. So proving the Koszulness of the dioperad encoding double Lie
structure (which is done in [10, Corollaire 7.3.0.5.]) is not enough to prove the same property
for the associated properad.

Contents of this article

SECTION 1 — BRICKS AND WALLS We develop the combinatorics for protoperads. This is
controlled by walls. A wall over a non-empty finite set S is a set of subsets (called bricks) of
S, equipped with a particular partial order and such that the union of these subsets is S. We
represent a wall W = ((Wq,...,W,), <) diagrammatically as follows:

b ¢ d e a
L ws J[ wa ]
Lwi [ we ¢

Here, the set S is {a,b,c,d,e} and W has five elements. In this diagram, the dotted lines
correspond to elements of S, each white box is a brick of the wall W, i.e. an element of .S, and
the partial order can be readable on the diagram : we have W; < Wj if W; N W; # @ and the
brick W; is above the brick W;.

This is encoded by the functor W"® and certain subfunctors. We define also the notion of
connectedness for a wall and denote by W (S), the set of connected walls over S.

SECTION 2 — PRODUCTS ON G-MODULES  We review two monoidal products on G-modi®? :=
Func(Bij°, €)™ which is the full sub-category of functors P : Bij°® — C from the category Bij
of finite sets with bijections, to an abelian monoidal category C such that P(&) = 0. These are
the composition product [1 | also called the Hadamard product, and the concatenation product
®%"C (see Section 2.3).

We also define the connected composition product on 6—modrced (see Definition 2.15), denoted
by X, which encodes algebraic structures which have the same number of inputs and outputs
and a diagonal symmetry. It is the bifunctor

— X —: &-mod¥d x G-mod! — &-mod{d

defined, for reduced G-modules P and @) and for a non-empty finite set S, by:

PRQS) = @ @ Pl Q).
(8) «a B

(I7J)€Xconn
For a G-module P, we represent a element p of P(S) as a labelled brick

s1 S92 . Sm

l P l,
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where the dotted lines correspond to elements of S. With this graphical representation, an
element in the product P K. Q(S) is represented by

S1 52 Sm

I R N7 R R

where q1,...,¢s € @ and p1,...,p, € P.

SECTION 3 — CONNECTED PRODUCT ON G-BIMODULES In this section, we recall three
monoidal structures on the category of reduced G-bimodules which are analogous to those on
reduced &-modules: the concatenation product, the composition product, and the connected
composition product XV defined by Vallette in [18, 19]. Here we take a different approach
from the original one: we give an equivalent definition of the connected composition product,
which is more adapted to species and the functorial point of view of G-bimodules.

SECTION 4 — INDUCTION FUNCTOR The new product X is the avatar of the product XV2!
on the category G—bimodrced. The most important property of the product X is its compatibility
with the Vallette product via the induction functor Ind : G-mod®! — G-bimodi*®, defined using
Equation (1). We prove the following.

Theorem (Theorem 4.15). The induction functor
Ind : (&-mod(?,X) — (&-bimod?, V2!

1s monoidal. In particular, it sends protoperads to properads,

SECTION 5 — PROTOPERADS In this section, we define the central object of this paper.

Definition (Protoperad). Protoperads are the monoids in the monoidal category (&-modi*d, X,.).
The product of a protoperad P is a map u: P K. P — P(S) graphically represented

3 S1 S2 Sm
51 S2 s
m s1 EDY S Sm

— . =: [ u(@h, . ., phip1, -, ps)

where p!,..-,ps,p/p---’P;« eP.

Under the functor of induction, protoperads are identified with properads concentrated in
the arities (n,n) with n € N*. We give equivalent definition of a protoperad, generalising the
definition of operads in terms of partial compositions.

Proposition (Proposition 5.10). A protoperad P has an underlying partial composition system.
Conversely, a partial composition system on a &-module P canonically extends to a protoperad
structure.

Using the work of Vallette on free monoids in abelian monoidal categories (see [20]), we show
that there exists a free protoperad functor. We also have a combinatorial description of the free
protoperad.
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Theorem (Theorem 5.14). Let V' be a reduced &-module. The free protoperad functor is the
graded functor F*(—) given by the isomorphism of right Aut(S)-modules

7'V)S) = P QVWa)
{Walaca <) acd
EW;OHD(S)
for S a finite set and p a natural number and with Wgonn(S), the set of connected walls with p
bricks.

SECTION 6 — COLOURS ON WALLS In this last section, we define the notion of a coloured
wall, and we associate to a wall W over a totally ordered set S, the colouring complex, denoted
by CS°l(WW). This is motivated by the combinatorial description of the bar construction of the
free protoperad (see also [10, 11]). The principal result of this section is the following:

Theorem (see Theorem 6.15). Let S be a finite totally ordered set, and W a wall over S. If the
set Succ(W) (see Section 1.1 for the definition of Succ) is non empty, then the colouring complex
CSoN W) s acyclic.
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des Pays de Loire and the University of Angers. The author thanks the Centre Henri Lebesgue
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Notations

We use the notation N* for the set N — {0}. We denote by Bij, the category with finite sets as
objects and bijections as morphisms and Sets, the category of all sets and all maps. For two inte-
gers a and b, we denote by [a, b] the set [a, b]NZ, and, for n in N*, &,, is the automorphism group
of [1,n], i.e. &, = Autgjj ([1,n]). Let C and D be two categories, we denote by Func(C,D), the
category of the functors from C to D. Let (D, ®) be a monoidal category: we denote by As(D, ®)
the category of monoids without unit (not necessarily unital) in D and U.As(D, ®) the category
of unital monoids in D. If (D, ®) is symmetric monoidal, we also denote by Com(D, ®) the cat-
egory of commutative monoids and UCom(D, ®) the category of commutative unital monoids in
D. A monoidal category (D, ®, I) is an abelian monoidal category if D is also abelian: we do not
suppose any compatibility between the monoidal product ® and the abelian structure &.

1. Bricks and walls

We begin by describing the combinatorial framework of this paper. The first section is about
posets and, after that, we introduce the functor of walls. Walls encode the combinatorics of
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"diagonal properads", as rooted trees govern the combinatorics of operads (see 1.22 for a pictural
explanation of this fact). In this section, we define two important functors:

X Bij°P — Sets®?  and W™ : Bij°P — SetsP .

The first one, X°°™™ encodes the combinatorics of the new monoidal structure on the category
of &-modules, the connected composition product (see Section 2.4). The second, W™ encodes
the combinatorics of the free monoid for this monoidal structure (see Theorem 5.14).

Remark 1.1. In this section, we construct (covariant) functors from the opposite category of
finite sets to the opposite category of sets, i.e. F : Bij® — Sets®® or a abelian symmetric
monoidal category C, i.e. F' : Bij°® — C. We choose to consider the opposite category of Bij to
get a right action of the automorphism group Aut(S) on F(S). This right action mimics the
actions of symmetric groups on the leaves of trees in the operadic case.

1.1 Recollections on posets Let k and [ be two elements of a poset (K, <). We say that k
and [ are successors if k < [ and if there does not exist an element ¢ in K such that k <t < [.
We denote by Succ(K), the set of pairs of successors of K. A chain of a poset K is an increasing
sequence of elements of K and the length of the chain is the number of elements of the chain:
we denote the length of a chain k; < ko < ... < k, by len(k; < ko < ... < k). The height of an
element k of a poset (K, <) is the element h(k) of NU {oco} defined by

h(k) = max{len(c) ENje=(M<<...< < k:)}
Proposition 1.2. Let (K,<) be a poset and (k,l) in Succ(K). Then the surjection
ng K — K/

induces a partial order on K/ defined, for all r and s in K, by

o [r]<[s] ifr<sandr,s¢{kl}
o [s| <[k~ (resp. s=[k~1])ifs<kors<l(resp. s>k ors=1).
Proof. Left to the reader. O

Lemma 1.3. Let (R,<pg) and (S,<g) be two posets with injections R — T <= S. If, for all a
and b in RNS, a <r b if and only if a <g b, then RU S has a canonical partial order which
extends the partial orders <p and <g.

Proof. For any z and y in RU S, we have x <pryg y if and only if one of the following assumption
holds:
e r and y are in R and = <R ¥;
e z and y are in S and x <g y;
e xisin R, y is in S and there exists t in RN .S such that z <t <g y.
O

1.2 The functors of walls In the rest of this section, we define some (covariant) functors
from the category Bij°P to the category Sets°P, called functors of walls. Let VW be a functor of
walls (see below for definitions) and S a finite set with n elements. An element W of W(S)
should represent a morphism Homc(V®", V&™) for V an object of C, with a diagonal action of
G, by permutations inputs and outputs at the same time.
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Definition 1.4 (Functor of ordered walls W°). For n in N*, the covariant functor WO : Bij*P —

Bij°P is given, for all finite set S, by

ViE[[ln]]WiCS Wi#Q'UZ’WZ’:S'
(S) =W = ((Wy,..., W), < T k X ' .
Wa'(S) { (W, W), <) Vs € S,TW = {W;|s € W} is totally ordered (by <)
We denote by ( , <), the elements of WY'(S). The action of an element o of Aut(S) on
((Wl, cey, W), < ) in W' is induced by the canonical action on S,

(Wh,.... W), <) o= ((Wi-0,...,Wy-0),<7)

where < is induced by the total orders of the sets T'V*? := {W; -o|s € W;-o}. The functor W°"
is defined by
wer:. Bij®* — Sets®P
S Tl WE(S)

Remark 1.5. About the diagrammatic representation of walls. The terminology introduced in
Definition 1.4 comes from the diagrammatic representation of the elements of W°'(S). Fix an
finite set S and an element W = (Wy,...,W,),<) € W°'(S) : one can represents elements of
S by vertical dotted lines and the subset W; of S by a brick :

As S does not have a total order, one can choose an other order on S to represent it, as the

following
a c b d e

In this case, the representation of the brick W; is "broken". Just as the combinatorics of operads
is controlled by rooted trees (cf. [12, Sect. 5.6]), the combinatorics of protoperads is controlled
by a stack of bricks : an element W = ((Wy,...,W,), <) of W (S) is called a wall. The partial
order of W = ((Wy,...,W,), <) gives a way to organise the bricks Wi, ..., W,, between them.
For example, if we consider a set S = {a,b,c,d, e} with five elements and a wall W with five
bricks W1 = {c,d} = W3, Wy = {a,e}, Wy = {a,d, e}, and W5 = {b, c} with the partial order

Wi < W5 < W3, Wy < Wy < W3, Wo < Wy,

one can represent it by

b c d e a c d e a b
Cowe 10 wa ]
Cowr JC we ] or Cow JCwe 1

The partial order is readable on the diagram : we have W; < W; if W; N W; # @ and the brick
W; is above the brick W; in the representation.

Remark 1.6. The terminology ordered wall is chosen because elements of W2'(.S) is n-tuples
of subsets of S. It does not refer to the partial order which corresponds to the combinatorics of
the wall.
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Example 1.7. We consider Wy = {1,2}, Wy = {3,4} and W3 = {2,3}, three subsets of
S = [1,4]. We have the following four elements of WS"(S):

° ((Wl, Wo, W3), <! ) with <! given by Wy <! W3 and Wy <! W3, represented by

These four elements of WS (S) are distinct.

Remark 1.8. For all non-empty sets S, we have Wy"(S) = @. For all integers n > 0, the
group G, acts freely on WS'(S) by permuting the position of elements, i.e. for 7 in &,,, we have
T- ((Wl, cey, W), < ) = ((WT—I(l), s Weei(my), < ) The partial order is the same because it
doesn’t depend of the W;’s indexes.

The vertical composition product on W° | is the natural transformation:
V. (Wor X Wor)(_) N Wor(_)

given, for all finite set S, by Vpm,s 1 W' (S) x Wi (S) — Wi, ,(S) which sends the pair
((W, <w), (L, <L)) on (R =Wh,..., Wy, L1,...Lp), gﬁ, ) where, for all s in S, the total order
of the poset I'? is induced by the ones of T and I'L and by extension, for all W; in I'YV and all

L;in FSL, we have W; <€V L;. The vertical product is represented as follow:

b ¢ d
oo boe
W Vv
o] x w1 Y ]

This product is associative, so, for all finite set S, we have the following commutative diagram:

WOI‘(S) X WOI‘(S) X )/VOI‘(‘S')1}><IHd WOI‘(S) X WOI‘(S)

idxV)| o v
WOE(S) x W (S) Wor(S).
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The (horizontal) concatenation product on W©, is the natural transformation between bi-
functors:
H W (—1) x W (—2) — W (—1 I —9)
given, for all finite sets S and T', by Hy m, 5,7 : WI'(S) x W (T) — Wi, (SIIT) which sends
((W,éw), (L, SL)) to (R = (Wi,...,Wy,L1,...Ly),<wr ) where, for all s in S and ¢ in T,

we have the equalities T' = 'V and ' = I'F. The horizontal product is represented as follow

b c d b c d e a
e a
[ v ] H
X 2 AN [we | [ w J.
[ v ] Lw, J v ]

This product is associative and commutative, so we have the following commutative diagrams:

WO (—1) X WO (—g) x WO (—3) TS pyer () x Wer (=5 TT —3)

idxH| o |
WO (=1 1T —3) x WO (—3) WO (=1 I —o I —3)

and
Wor(—l) x Wor(—g) Mo Wor(_1 11 _2)

g¢ o ¢g

W (=2) X W (=1) o= W (=2 T —1) .

We also have the following commutative diagram of natural transformations, called the inter-
changing law:

(Wor)XQ(_l) % (Wor)x2(_2) idxoxid (Wor(—l) % Wor(—g))XQ
vai VHXH
WOH(—1) X WO (=) O (Wor (=1 11 —5))
. —
Wor(_l H _2)

Definition 1.9 (Functor of walls W). We define the functor W, : Bij°® — Bij°® by W, =
(ng )6 which is given, for all finite sets S, by

|A| =n; Yae A, W, C S, W, # @5 UsW, =S,
Wn S) = W = Wa a y g .
(5) { ((Wakaca, <) Vs € S, TV = {W,|s € W,} is totally ordered (by <)

We have the natural projection m : W — W. The action of an element ¢ of Aut(S) on
({Wataca, <) € Wy is induced by the canonical action on S, i.e.

({Wa}aeAa < ) 0 = (W == {Wa ° U}OéEA) <U )
where <7 is induced by total orders of I''V-7 := {W,,-o|s-0 € W,-0}. We also define the functor

Ww: Bijj® — Sets?
S = hens Wa(S)

An element W of W(S) is called a wall over S, and an element of a wall W is called a brick of
w.
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Remark 1.10. In Remark 1.5, we consider the set S = {a,b,c,d, e} with five elements and the
wall W with five bricks Wy = {¢,d} = W3, Wy = {a,e}, Wy = {a,d, e}, and W5 = {b, ¢} with
the partial order

Wiy < W5 < Wi, Wy < Wy < Wi, Wy < Wy,

represented by

L ows | Wy |
L wi [ we |7

One can also consider the wall W’ with five bricks W{ = {c,d} = W3, W{ = {a,e}, W} =
{a,d,e}, and W} = {b, ¢} with the partial order

Wy < Wy < Wi, Wy < Wi < Wy, Wi < Wy,

represented by

L wi ] Wi |

Ly J[ w7

The walls W and W' are distinct elements in W°'(S) which are identified in W(S) to the element
[W] which can be represented by

b c d e a c d e a b
] ]
l | l [ I |

l || 1 ot l || 1

the grey colour indicating that this brick is "broken" in this representation.

Proposition 1.11 (Products on W).  The products V and H on W° pass through the quotient
by the actions of the symmetric groups on the indexes of bricks, hence induce natural transfor-

mations
V- (W X W)(—) — W(—) and H : W(—l) X W(—g) — W(—1 il —2),

respectively called the composition product and concatenation product on W, such that we have
the following commutative diagrams

(WO X WPr) (=) =Y WOR(=) WRE(—p) X WOF(—g) —s WOr(— TT —)

w“i @) lw ; 7Tx2i ®) iﬂ ;

(W xW)(-) W(-) W(—1) x W(—2) —— W(—1 11 —)

(W x W) (=1) x (W x W) (—2) =29 y(—1) x W(—2) x W(—1) x W(—2)
val l'HX’H

W(—=1) x W(—2) O W(—1 1 —2) x W(—1 I —)
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1.3 Two subfunctors of WW We introduce here two important subfunctors of WW. For all finite
non-empty sets S and all n in N*, we define the functor of ordered partitions V" : Bij°P — Bij°P,
by

YrsS) ={ (Ky,....Ky) | Il 1K, =S; Vie[l,n],K; # @ }

equipped with the natural injection V3" < Wy'. By disjoint union, we also define the functor
yor by
yer. Bij* — Sets®P
S = hen Y2'(9)

Example 1.12. Consider a set S = {a,b, ¢, d, e}, the wall W = (Wy, Wy, W3) with W, = {¢, d},
Wy = {a} and W3 = {b, e}, represented by

a b c d e

is an element of Y°(S).

Via the vertical composition, we have, for all finite sets S and all m and n in N*  the
isomorphism:

Im (S) x YR (S) =

LK = 5 = I Ly;

Vi e [1,m],K; # @; Vj e [1,n], L; # @;

Vse S, Jie[1,m], 3 e [1,n] ’
st. T ={K;,L;} and K; < L;

R

((Kla°"aKmaL17"°7Ln);<)

which gives us the natural injection Y (S) x Y'(S) — Wi, (S). Hence, we define, for all

non-empty finite sets S, the functor X°" of ordered pairs of partitions of finite sets, by

xor(s) = 1 v(s) < V().

m,neN*

equipped with the natural injection X°" — W°'. This functor is important: it encodes the
combinatorics of our new monoidal product, up to a property of connectedness (see Section 1.4).

Example 1.13. Let S be a set with five elements. The following wall

c d e a b

L w [ wy l

represents an element of X°7(.S).

The natural surjection 7 : W — W gives the following commutative diagrams of natural
transformations:

yor ¢ Wor > yor

Lol ol

Y« w > X
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where ) (resp. X) is the quotient of Y (resp. X°") by the action of the symmetric group on
the indexes of bricks. The concatenation product restricts to the subfunctors X and Y:

V(=1) x Y(=2) &> W(—1) x W(—2) X(—1) x X(—2) &> W(—1) x W(—2)
“Concl o) lH and uconcl o lH
V(=1 —3) —— W(—1 11 —) X(—1 I —3) —— W(—11I—9)

1.4 Connected walls Now, we introduce the notion of connectedness of a wall. Let (W =

{Wataea, <) be a wall in W(S) (or in W' (S)). We define on W the equivalence relation of

connectedness “~": for two elements a and b of A, we say W, “~" W, if there exist an integer

n > 2 and a sequence Wy, W1, ..., W, _1, W, of elements of W with Wy = W, and W,, = W,
such that, for all 7 in [0,n — 1],

WiN Wiy # @ and (W;, Wit1) € Suce(W) or (W1, W;) € Succ(W).

Definition 1.14 (Projection K). We define the projection K as follows: for a finite set .S, we
have

Ks: W(S) — Y(S) c W(-)
|- {UBaew—l([B])Ba) [B]GW(W)} ,

onn.

where 7 is the projection of W to its quotient by “~".

Example 1.15. Consider the set S = {a,b, ¢, d, e} with five elements and the wall W € W (.5)
with five bricks Wi = {¢,d} = W3, Wy = {a,e} = Wy, and W5 = {b, ¢} with the partial order

Wi < Ws < W3, Wi < W3, Wy < Wy,

represented by

b ¢ d e a
[ ws | 7
L v [ ws ]

then the wall (W) is represented by

Example 1.16. Consider the set S = {a,b,c,d, e} with five elements and the wall W with five
bricks W1 = {c,d} = W3, Wy = {a,e}, Wy = {a,d,e}, and W5 = {b, c} with the partial order

Wi < Ws < Ws, Wi < Wy < Wi, Wy < Wy,
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represented by

b ¢ d e a
Lows T wa ]
Lwa JL ws |7

Denote the class of W in W(S) also by W, which is represented by

then the wall (W) is represented by

We have the natural commutative diagram

X——W

g o e

Y——sWw.

Lemma 1.17. The projection K is associative, i.e. the following diagram of natural transfor-
mation commutes:
y><3 YxK y><2
ICX)Jl @) llc

YR Y

Definition 1.18 (The functor W""). We define the functor
WEOnmOT  BijP s Bij°P

by, for all non-empty set S, the fiber of g : W(S) — Y°"(S) over the wall with one brick {S},
i.e. the subfunctor of W' giving by Wy"""%(S) =

\V/Oé,ﬁ € [[].,n]],HWa = VVioa ) Wim_la Wi = WB
s.t.Vj e [[O,m— 1]], Wz'j ew, WZ']. ﬁmj+1 £ g
and (Wi, Wi, ) or (Wi, W) € Succ(W)

(W, <w) e W

RS j+10

The natural surjection W — W gives us the subfunctor

Wconn,or WOI‘

i i

WCOHH W

called the functor of connected walls: an element of W (S) is called a connected wall on S.
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Example 1.19. Consider the set S = {a,b,c,d, e} and the two elements W and W’ in W(S)
respectively represented by

Then W is connected and W’ is not.

Remark 1.20. By the same arguments as in Section 1.3, we have the natural injection of A<
in yyeonn,

Proposition 1.21. Let W be a wall in W(S). Then, there exist n in N and S111...11.5, a
unique non-ordered partition of S such that

W € im (7—[ : ﬁwconn(si) — W(S)).
=1

Proof. Let S be a finite set and W be in W(S), a wall over S. The partition (W) in Y(S)
gives the result. O

Remark 1.22. The terminology of bricks and walls is a way of presenting a subclass of directed
(from the top to the bottom) graphs without cycles in which each vertex has the same number of
inputs and outputs with some labels. For example, consider the same wall as in Example 1.15.
It corresponds to the graph given on the right

b ¢ d e a
Cws ] [wa | —
Cwi [ we |

All this paper could have been written in terms of labelled graphs. However, this is the original
combinatorial approach that has allowed the author to find the way to the proof of the Koszulness
of the properad of double Poisson algebras (see [11, Theorem 5.11]), especially the results of [11,
Section 4].

2. Products on &-modules

In the rest of this paper, we consider a category C which
e has an initial object denoted by 0 ;
e is additive and has all coproducts & ;
e is monoidal, with product and unit denoted by ® and k respectively, and symmetric for
the structural morphism 7 ;
e and such that the monoidal structure is distributive relative to the coproduct, i.e. for X, Y
and Z three objects in C, we have

(XoY)oZ=(Xo2)e(Y®Z)
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Example 2.1. The category of Z-graded chain complexes over the field k£, denoted by Chy, with
the classical monoidal product ®;. satisfies these axioms.

2.1 Some functorial constructions We give some categorical and functorial constructions.

Definition 2.2 (Category of elements). Let B be a category and F : B — Sets be a functor. We
define the category of elements of F' denoted by B as follows:
e the objects of By are the pairs (b, x) with b, an object of B and x in F(b) ;
e a morphism ¢ in Homg,, ((b1, 1), (b2, x2)) is a morphism ¢ : by — by such that F'(¢)(z1) =
xIo.

Remark 2.3. We have the canonical projection functor 7 : Bp — B defined by 7(b,x) = b,
which induces by precomposition the functor

7 : Func(B,C) —— Func(Bp, Q)
which has a left adjoint denoted by 7*
7 : Func(BF,C) 1  Func(B,Q) : 7,
This left adjoint is given as the left Kan extension operation along F: this extension exists
because the category C has all colimits. Consider a functor F': B — Sets and V : Bp — C, the
functor 7*V is given by
™V: B — C

S — P V(S )
z€F(S)

Now, we consider a functor F : B — Sets such that:
e F is multigraded, i.e. there exists /N in N such that
F= 11 7.
ne(N*)N
where II is the coproduct in the category Sets;
e there exists M in N* and a map v : (N*)V — (N*)M such that, for all multi-indices 7 in

(N*)N | there exists a functor
Up : By, — BXY™

Example 2.4. The functors X°", Y°" and W*°" defined in Section 1 are such functors, from Bij°?
to Sets. For example, the functor V' =[], - V' is defined, for S in Bij°” and n in N*, by

yor(s) = {(L,....I,) | L 1I...11 I, = S}

and
Up : (BijP)y, —  (Bij") "
(S, (I1,.... 1)) — (I,...,1n)
Notation 2.5. For such a multigraded functor F : B — C, a multi-index n = (n1,...,ny) in

(N*)N and a functor V : B — C: we can construct the functor

V/i. B — C
S — @ VI oUL(S,x)
rE€EFn
In the next sections, we will define several functors following these constructions, the most
important one being the free protoperad functor (see Appendix A.2).
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2.2 G-modules Recall that the category Bij is a groupoid which gives us the equivalence of
categories Bij = Bij°? by passage to the inverse. One of the key points of the constructions of
this section is that (Bij,II) is a symmetric monoidal category. We denote by & its skeleton i.e.
the category where objects are natural numbers, i.e. Ob& = N and where morphisms are given
by Homg(n,n) = &,, for n # 0 and Hom(0, 0) = {id}, and which is equivalent to Bij.

Definition 2.6 (&-module, S-bimodule). A (right) &-module is an object of Func(Bij°?, C), the

category of contravariant functors from Bij to C, denoted by G-modc. A &-bimodule is an object
of the category Func(Bij x Bij°?, C) which is denoted by &-bimodc.

Example 2.7. The functor

E[Aut(—)]: Bij® — C
S — Pk
Aut(S)
is a &-module. When |S| = n we also denote k[Aut(S)]| by k[S,,].

Remark 2.8. As G is the skeletal category of Bij, we can view an &-module M as a collection
(M (n))n cn- Of objects of C indexed by natural numbers, where the group &,, acts (on the left)
on M (n), for n # 0. Similarly, an &-bimodule P is a collection (P(m, n))m,neN of objects of C
indexed by pairs of integers where P(m,n) has an action of &,, on the left and an action of &,
on the right, or equivalently, has an action of the group &,, x &;° on the left.

Definition 2.9 (Reduced &-(bi)module). A &-module (resp. &-bimodule) P which satisfies
P(@) = 0 (resp. P(@,S) = 0 and P(S,2) = 0 for all finite set S) is called reduced. We
respectively note by &-modi® and &-bimodi®d, the full subcategories of G-modc and &-bimodc
of reduced G-modules and G-bimodules.

Remark 2.10. We have the equivalence of categories G-mod¢ & G°P-modc, induced by taking
the inverse of elements in symmetric groups. We use this equivalence without mention.

2.3 Composition and concatenation products on G-modc In this subsection, we re-
call the classical constructions of composition and concatenation product of &-modules. The

composition product (or vertical product) is the bifunctor
—0—: &-mod¥! x G-mod! — G-modFd
defined, for P and @ two reduced &-modules and S a non-empty finite set, by

(POQ)(S) = P(5) ® Q(SI).

This bi-additive bifunctor gives the category 6—mod’rced a symmetric monoidal structure, with the

identity I, defined, for all non-empty sets S, by Iq(S) = k. In the literature of algebraic operads
(cf. 12, Sect. 5.1.12]), the composition product of G-modules is also called the Hadamard
product. The concatenation product is the bifunctor

— @ — . G—modf:ed X G—modf:ed — G—mod‘&ed
defined, for all finite set .S and all reduced G-modules P and @, by:
(Pee™Q)S)= P PEH2QES").

{57,573 (S)

This product has no identity.
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Remark 2.11. This product is called the concatenation product because it corresponds to a
concatenation of operations. It is a particular case of Day’s convolution product. For P and Q
two reduced G-modules, we have

/(s',s")eOb (BijoP) <2

P Q(-) = k[Homg; (5" 11.8",—)] @ P(S") ® Q(S").

Proposition 2.12. The concatenation product is symmetric, i.e. for all reduced S-modules P
and Q, we have the following isomorphism of &-modules

P ®COHC Q %./ Q ®COHC P.

Proof. 1f (S',5”) is an element of Y§"(S), then (S”,S") too. O
Recall that the bifunctor — ®°°"¢ — is linear in each of its inputs. We have the functor:
Te(—) : G-modi*d — As(S-modi*d, @°onc)

defined, for all finite sets S and all reduced G-modules P, by

(TeP)(S) = @ (T5P)(S) with (T P)(S) = @ PI)®...® P(I).
reN* Ieyer(S)

As ®°°"¢ is symmetric, we have also the commutative free monoid functor
S(—-) : G-mod¥*? — Com(S-modi*d, @°ne),
defined, for all reduced G-modules P, by:

S(P) = @ S(P) with S’(P):= (T4 (P))
beN*

Sy

where the action of & is given by the symmetry 7 of the product ®"°.

Notation 2.13. Let S be a finite set and P be a reduced &-module, as in [12, Sect. 5.1.14], we
use the following notation

D RP(.) ::( D P([1)®...®P(Ir))&.

IeY,(S) acA Ieyer(S)

Let S be a finite set and P and ) be two reduced G-modules. Since

(©P)(s) = ((TP)(9) = ( B PU)e...0PL))

T GT‘
Ieypr(s)

then, we have

sP)ys) = P Q) P(I.).

{Iataca€Y(S) acA
We also have the following isomorphism:
(SPOSQ)(S) = &) XPa) @ QQJs).
({la}aca{Jplsen)eX(S) acA peB
Remark 2.14. As the bifunctor — ®°"¢ — is biadditive, the functor S has the exponential

property:
S(P® Q) =S(P)®S(Q) ® S(P) " S(Q).
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2.4 Connected composition product of G-modules In this section, we define the new
monoidal structure on the category of reduced &-modules, which is called the connected com-
position product. This monoidal structure is the analogous in the category of G-modules of the
product K. defined by Vallette in [18, 19].

Definition 2.15 (Connected composition product of &-modules). The connected composition
product of reduced G-modules is the bifunctor
~ K~ : G-modf¥d x G-mod? — S-mod{*d
defined, for all reduced &-modules P and @ and for all non-empty finite set .S, by:
PRS- @ @ P AU

([,J) Xconn

Denote by Ix, the G-module defined by
k if S| =1
Ig(S) = { | ‘ .

0 otherwise
which is the unit of the product K.

Remark 2.16. The previous construction is functorial relative to S: as in Section 2.1, we
construct the functor

S — P P % Q*Bolyp(S,(I,J)) = P Q) PU)® R QM%) ,

(1,J)EX L () (I,J)EX M (S) 1<a<A 1<b<B
where the functor Uy p is defined by

Usp: (Bi™)aggom —  (B™)*4 x (Bij)*”
(S,(I,J)) — (Il,...,IA,Jl,...,JB)

The functor P X @ is given by taking the invariant under the action of G4 x &p and the sum
over (A, B) in N* x N*.

Lemma 2.17. The product X is associative and, for all reduced &-modules A and B, the endo-
functor
Dy p: G—mod{:ed — G—modl(”:ed
X — AXXKXB
is split analytic (in the sense of [20]).

Proof. The associativity of the product X follow from the associativity of Kg: for P,Q and R
three reduced G-modules, and S a non-empty set, we have the following isomorphism:

(PRQRR)(S)= P D QP(K) ®®Q (L§) ®®R J3)

(I,J)exeonn(S) (K,L)EV(S)xV(S) 7.
Ks(K,L)=I

P ®P ®®QL5 @@RJﬁ

(K,L,J)EY(S)*?
Ks(Ks(K,L),J)=(S)

3@ ®re)a@et e @

(K,L,J)eY(S)*3
Ks(K,Ks(L,J))=(S)

=~ P ® ®®Q®R)

(K,T)exeomn (s

12
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so we have the associativity of the product X
((P& Q) &R)(S) = (P& (QX R))(S) .

Also, for all reduced G-modules A and B, the endofunctor ®4 p is well defined by

D4 p(X) & ®A ®®X Ls) ®®B (J5)

(KL, J)EY(S)*?
Ks(Ks(K,L),J)=(S)

D D D ®A ®®X Ls) ® (J5) = @ (Pap)(X).

neN LeYn(S)  (K,J)eY(S)*? neN
Ks(Ks(K,L),J)=(5)

12

where (® 4 )y is an homogeneous polynomial functor of degree n; so, for all reduced G-modules
A and B, the functor ®4 p is a split analytic functor (in the sense of [20, Sect. 4]). O

Proposition 2.18. The category (6 modred X, I, 7') s an abelian symmetric monoidal category
that preserves reflexive coequalizers and sequential colimits.

Proof. Let P and @ be two reduced &-modules, we have, for all non-empty finite sets S, the
isomorphism of &g-modules

PRQS) = P ®QJB®®

(I,J)exconn(s) B

by symmetry of ® of the category C; since (I, .J) is in X'(S) if, and only if, (J,I) is in X'(S), we
have the isomorphism

PRQS) = P ®QJ5®® =~ QK P(S).

(JI)exeonn(s) B

We denote this isomorphism 7pg(S) : PR Q(S) — Q W P(S), which gives us the symmetry of
the product. The rest of the proof is similar to [20, Prop 13]. O]

We have the following compatibility between these products:

Proposition 2.19. Let P and Q be two reduced S-modules. We have the following natural
isomorphism of G-modules:

S(PXRQ)=SPOSQ.
Proof. Let S be a finite set, we have

S(PRO®) 5 O Q B QPI)eRQQ;)

Aey(s Y (I, Jv)exconn(A,) B

S O (®riean)

AeY(S) (I,7)ekg*(A)

P <®P ®®Q J5> - (SPDSQ)(S)

(I,J)eXx(S)

1

12

which conclude the proof. O
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3. Connected product on G-bimodules

Just as in the G-modules, we give a description of the three monoidal structures on the category

of (reduced) G-bimodules which are the equivalent of the three previous ones defined in G-mod4.

We start with a section on the functors that encode the combinatorics of our monoidal products.
We express the combinatorics of the different monoidal structures on the G-bimodc¢ category,

using the same formalism as in the previous section.

3.1 Combinatorics of the connected composition of G-bimodules

Definition 3.1 (Functors Y°' and Y). Let S and E be two finite sets. We define
1. the bifunctor Y°'(—, —) : BijxBij°® — Sets given on objects by Y°'(S, E) = I,en+ YO' (S, E),
with YO'(S, ) = Yo' (8) x Yo' (E) =

I'_,I;=8; I'_K; = E;
_ 7=1"J ) j=1"*) )
{(I,K) = (5K en viellr],l; #9,K; # 9 } 7

where the elements of YO'(S, E') are ordered sets of pairs of sets.
2. the bifunctor Y(—,—) : Bij x Bij°? — Sets given by Y(S,FE) = I.en«Y,(S, F) with
YT(S7 E) =

A ObBij, [A] = r
{LK} = {(Ia’KOé)}OéGA Hocalo =S, HpeaKo =F )
Vae AL 43, Kyt

where the elements of Y,.(S, E) are non ordered sets of pairs of sets.

Note that Y, (S, FE) 22 Y(5) x Y(E). As in the case of Y°"(—), we have a free action of &,
on YO(S, E) given, for all (I, K) in Yo'4(S, E) and all permutation o in &,, by

o (Ia K) = ((Id’l(j%KU*l(j)))jE[[l,r]]

which induces the surjection Y2'(S, E) — Y, (S5, E). As in the case of G-modules, we define a
new bifunctor, denoted by X" which encodes connectedness. For r and s in N* and for S and
E two finite sets, the bifunctor X;5°"" (S, E) is equal to

({I?K/}v{K”vJ}) / " conn n
{ews,ul,n]])ws(ul,nu,E) U ) e L, “)}/Gn’

where, for all n in N*| by the functoriality of X" the quotient by &,, which identifies
({I,K'} o {K",J}) ~ ({I,K'},0c7" - {K", J})
is well defined. We also have the functors

X"-conn S E H Xn ,conn S E) and Xconn<S E H X" conn(S E)
r,seN* neN*

3.2 Monoidal products of the category G-bimodc
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3.2.1  Composition product of &-bimodules [

Definition 3.2 (Composition product of G-bimodules). The composition product of S-bimodules
is the bifunctor of

: &-bimod®d x &-bimod®*d — &-bimodi*d

defined, for all reduced &-bimodules P and @), and for all finite sets S and F, by

(POQ)(S.E) = D ( D P, K" @ Q(K", J))/Gn

neN*  ({I,LK'} {K", J})EX’fl(S,E)

g@P [1,7n]) ®Q([[1n]]E);

neN*

where the action of &,, is induced by the action on [1,n].

Remark 3.3. The composition product [J is defined by a coend. In fact, the tensorial product
of the category C gives us the external product

Func(Bij x Bij°?,C)*? — Func(Bij x Bij°? x Bij x Bij°?, C)
(P,Q) —  {(S1, E1, Sz, E2) = P(S1,E1) © Q(S2, E2)}

and, by taking the coend of the functors P(S1, —) ® Q(—, E2) : Bij°? x Bij — Bij for S; and E»
two finite sets, we have

—0O—: Func(Bij x Bij°*,C0)*? — Func(Bij x Bij°?, C)
(P.Q) — [TBIP(- 828 -)

As the category & is a skeleton of the category Bij, we finally have

— O —: Func(Bijj x Bij°?,C)*? — Func(Bij x Bij°P, C)
(P.Q) — D, P IhnD) @ Q1 n],-)

Remark 3.4. Let P and @ be two reduced &-modules. For all m and n in N*, we have the
following isomorphism of &,, x &,P-bimodules:

POQ(m,n)= @ P(m,N) ® Q(N,n).

NEN* k[GN}

Proposition 3.5. The category (S-bimodc, [, In) with In(S, E) = k[Aut(S)] for S = E and 0
otherwise, is a monoidal category.

Proof. Let P, @@ and R be three reduced &-bimodules and S and F be two non-empty finite
sets. By definition of I, it is clear that P O I(S, E) = P(S, E). By Remark 3.3, we also have
the isomorphisms:

(U,V)eBij*?
(POQ) O R(S, E) = / P(S,V)® Q(V,U)® R(U, E) = PO (QO R)(S, E)
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3.2.2  The concatenation product @°™° As in the case of &-modules, we define the concatena-
tion product of two reduced &-bimodules.

Definition 3.6 (Concatenation product of &-bimodules). The concatenation product is the
bifunctor

— @ — : G-bimodi*? x G-bimodFd — G-bimod{,

defined, for P and @ two reduced G-bimodules and for all finite sets S and E, by

(P geone Q)(S,E) — @ P(I, K1) ® Q(I2, Ka).
(I,K)eY§d(S,E)

Remark 3.7. This product is a particular case of a Day convolution product: let P and @) be
two reduced &-bimodules, the bifunctor P @™ Q(—1, —2) is given by

(I1,12,J1,J2)
/ k [Homgijer wgij (11 IL Iz, J1 I J3), (—1, —2))] @ P(I1,J1) ® Q(Ia, J2).

The two product [ and ®°°"¢ satisfy the interchanging law.

Proposition 3.8 (Interchanging law). Let A, B,C,D,E and F be reduced &-bimodules. We
have the natural injection of G-bimodules

Qapcep: (AOB) @ (COD) — (A" C)0O(B ®“" D),
which is associative, i.e. we have
@ 400,BeD,E,F ((Pa,B,c,p) ® (EOF)) = ®4 B ceE,por ((AOB) @ ®cp E.F) -
Proof. Let A, B,C and D be reduced &-bimodules. We have

(AOB)“*(COD)(—,—)
/(Il,Ig,Jl,Jz)eBin4

SeBij TeBjj
E[Hom((I11112,J111J2),(—,—))] ®/ A(I1,S)®B(S,J1) ®/ C(I2,7)®D(T,J2)

>~

(I1,I2,J1,J2,S,T)€Bij*®
~ / k[Hom((I11112,J111J2),(—,—))]®A(I1,5)®C (12, T)®B(S,J1)D(T,J2).
Fubini

The natural injections

k[Hom (111, AT1R),(— )] < Hk: [Hom (11172, 1 1102),(—,5) ) | @k [Hom (11112, /1 1172),(5,-)) |

S
s H k[Hom ((111172,0),(—,8)) | @k [Hom (V.1 112),(5,) ) |
v2s
S—V
and
A(Il,S)@C(Ig,T)®B(S,J1)®D(T,J2) — H A(Il,J1)®C(IQ,J2)®B(K1,L1)®D(K2,L2)

J1,J2,K1,K2
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give us the natural injection

(A0 B) @™ (COD)(-,-)
/(S,Il,IQ7J1,J2,K1,K2,L1,L2) k[Hom (111172, /1 1102),(—,5) ) |
(%

@k [Hom ((K111K2,L111Ls),(S,-)) |
®A(I1,J1)RC(I2,J2)®B(K1,L1)®D(K2,L2)

S I;,J; K;,L;
~ / / k[Hom (11112, 1 1172),(—.5) ) | 2 / k[ Hom (K1 11K, L1 1TL,),(5,-) ) |
Fubini ®A(I1,J1)®C(I2,J2) ®B(K1,L1)®D(K2,L2)

_ /S (A gcone C)(—,S) ® (B ®eone D) (S, _) .

The injective natural transformation between bifunctors:
(I)A,B,C,D : (A O B) ®eone (C O D) — (A ®eone C) ] (B ®cone D) ,

is associative, because the following diagram is commutative:

<(A 0 B) @%ne (C' O D)) @cone (B0 F) (AO B) @< ((C 0 D) @ (E 0 F))

CI>A,B,C,D®1\L l1®¢’C,D,E,F

((A ®Conc C) J (B ®conc D)) ®conc (E OJ F) (A OJ B) ®c0nc <(C) ®conc E) OJ (D ®c0nc F>>

~ P
b agc,BoD,E,F ®4,B,coE,DaF

(A ®COHC C ®COHC E) |:| (B ®COHC D ®COHC F)
O

Corollary 3.9. The categories of monoids (As(G—bimodc, ®eone) O, ID) and commutative monoids
(Com(G—bimodC,®C°nC),D,ID) are monotidal. In other words, if (P,cp) and (Q,cq) are two
monoids in the symmetric monoidal category (without unit) (G-bimodc, ®C°nc), then

1. (POQ,cpnq) is a monoid in (G—bimodc,®conc);

2. if P and Q are commutative monoids, then P Q is too.

Proof. 1. The injection ® of the Proposition 3.8 gives us the product cpng :

(POQ) ®COnC.(P 0Q) _° (P @1 P) 0 (Q @< Q)

lcPDCQ

and the associativity of the product [J gives us the associativity of the product cpp.
2. The commutativity of cprg follows from the commutativity of cp and cg.
O

Definition 3.10 (Free monoids). Let P be a reduced &-bimodule and S and E be two finite
sets.

1. The free associative monoid without unit on P is defined by

T"P(S,E) = P P(I,,K|)®...® P(I,, K,).
(I,K)eYerd(S,E)
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2. The free commutative monoid without unit on P is defined by the quotient of the free
associative monoid by the action of the symmetric groups; namely

S"P(S, E) = (’]I""P(S,E))6 > D QP K)

" {I,K}eY.(S,E) «

3.3 Connected composition product of &-bimodules We define the connected compo-
sition product of &-bimodules. The product was defined the first time by Vallette in his PhD
thesis [18], for studying the homotopic comportment of algebraic structures with several inputs
and outputs. Our definition is not the original one, but we show (cf. Proposition 3.16) that they

are equivalent.

Definition 3.11 (Product of connected composition XP). The product of connected composition
of reduced &-bimodules is the bifunctor

: G-bimodi®d x G-bimodFd — G-bimodd

defined, for all reduced S-bimodules P and @ and all pairs (S, E) of finite sets, by (P (bl
Q)(S,E) =
!/ 1
P ( P QP K)o QaKS 1)
neN* ({IvKl}?{KNvJ})EX”’CODH(SvE) o B

where the quotient by &,, identifies, for all ¢ in &,,, the terms
QP KL © QQUKY, J5) ~ (®P(Ia,K;)> olg o <®Q(K”, Jﬁ)).
a B a B

Remark 3.12. This construction is functorial, because P KP' Q) is a sub-bifunctor of SP O SQ
(see Proposition 3.18).

Notation 3.13. We denote by / o the quotient by symmetric groups for

PRQSE) = P QPU.K® ®Q(K",J5))/G
5

(LK YAK",J})  «
exconn (g, E)

The following proposition says that our definition of the connected composition product of
GS-bimodules is equivalent to that of Vallette in [18, 19]. First, recall the notion of connected

permutation.

Definition 3.14 (Connected permutation — [19, Sect 1.3]). Let a,b and N be three integers
with a and b in N* let & = (041, . aa) in (N*)¢ be an a-tuple and 3 = (B1,..., ) in (N*)® be
a b-tuple such that |a| = N = |3|. A (&, B)-connected permutation o of Gy is a permutation of
G such that the graph of a geometric representation of o is connected if one gathers the inputs
labelled by a; +...+a; +1,...,a0 + ...+ + i1 for 0<: — 1, and the outputs labelled
by i +...+8i+1,....,01 + .. —1—B@+ﬁz+1 for 0 < b—l The set of (&, 3)-connected
permutations is denoted by S5

Lemma 3.15. Let r,s and N be in N*, and let k be an r-tuple in (N*)" and j be a s-tuple in
(N*)* such that 37, _ 1 ka = N =3"5_, js. The map

) conn,ord ( Ay | (| K1y Kr|)= k, — k.
Q! {(K, J) € Xrs (N) (AP = } Se
(5.) = oK

18 surjective.
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Proof. By the definition of the connectedness of a pair (K,.J) in X5 (N), if we consider
the graph of a geometric representation of the permutation a;(la J, where we gather the inputs
and the outputs as in the definition of connected permutation, then there exists a path between
every input labelled by ¢ and every output labelled by j. Then, we have o Kla 7 in S¢ ki . Now, let

o be a permutation in Sc k7. We consider
(LN = {6l D+ Ll et + L+ + 4
and we denote by ([1, N] - 0);, the following set
{{0*1(1),0*1(2),...a*l(kl)},...,{afl(kl otk 1), o ey +...+kr)}};

the pair ([1, N] - o), [1, N];) is an element of X75" rd( N} by the connectedness of the permu-

tation o. So the application

oSBT — (K)ot | YR

(‘Jllv'"v“]\s‘):]
g — (([[LN]] '0)127[[17]\7]]3)
is well-defined and gives us a section of ¢, so that ¢ is surjective. O

Proposition 3.16. For all integers m and n in N*, we have the isomorphism of &, x &P -
modules:

(PR™ Q) ([L,m], [1,n]) = (PRY™ Q)(m,n).

Proof. Let m and n be two integers in N*. We have
(PR™Q)([1,m], [1,n])

(@ & @ Pl o @Ok & Hl) )/
NeN * Te(N*)" |[[=m HGZ“Q 1 B=1 [16:, & %8s/ 1 &
ie(N*)5 [i|=n
(K/,K//)E
X5 (L)

12

where ¢ sends, for (K', K") € X" ([1, N]), the component

< ®P (la. K1) ® gQ(K”,zp)) 3 k[Gn]/

HGlaa 1 &N

to the following &,, x &,°-module

m (= ®P s Z|KI‘+1 Z|K/ ®O-I_{}é® ORI
E N

HGlD‘a 1
s B—1

o @l PIIEE SITTIRN & kS,

351 j=1 j=1 B
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which is isomorphic to

®P s Z‘K”-ﬁ-l Z‘K, gUI_(}UKHg
2

Hglaa 1 j=1 J
®Q Z]K”\+1 ZyK” Jig) H@ kG, .

However, by Lemma 3.15, the morphism ¢ is surjective, and the quotient by the group & x &;
gives us the injectivity. O

Proposition 3.17 ([18, Lem. 49]). The category (&-bimodc, X2, I) where the unit I is
defined, for all pairs (S, E) of finite sets, by:

a8, E) :{ koflsl=1=1B

0 otherwise
1s abelian monoidal and preserves coequalizers and sequential colimits.

The &-bimodule PXV21 Q) appears as the indecomposables for the product @ of SPOSQ.
Proposition 3.18. Let P and Q) be two reduced G-bimodules. We have the natural isomorphism
S(PXY™ Q) 2 sPOSQ.

Proof. Let S and F be two finite sets, then

(sPOSQ)(S.B) = @ ( P SP(A,B) 2 SQ(C. D)) /

neN* ({A,B},{C,D})EX{L 1(m,n)

S( & D Qriu.r)e QKL )/

neN* ({A,B},{C,D}) {I,K'}eY(A,B) «
Xt (S.E)  {K",J}eY(C, D)

P ( D QPUa K © QQELT)/
B

neN*  ({I,K'} {K",J})eX"(S,E) «

n

1

1

O

Remark 3.19. The previous proposition is central for the definition of the notion of co-morphism
between P-gebras up to homotopy (see [8, Section 3]).

4. Induction functor

We describe the functor Ind, and its right adjoint, the restriction functor Res, which establishes
the link between the two previous sections, since Ind : &-mod¢ — G&-bimodc is strong monoidal
for the different products introduced in the sections 2 and 3.
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4.1 Adjunction Ind-Res For C a groupoid, we note A¢ the functor
Ac¢ = (inve,ide) : C — CP x C

where inve : C — C°P is the equivalence of categories given by the passage to the inverse. The
restriction functor, denoted by Res, is given by the following composition:

Res: G-bimode — G-modc
P — POABUOP

This functor is exact and has a left adjoint functor called the induction functor.

Definition 4.1 (Functor Ind). The induction functor is given by:

Ind: &-modc¢ — S-bimodc
14 — (IndV)(S,E)= @ V(E)
HomBij(E,S)

where an element f in Aut(S) acts on the left by

@ ve)= B v

wEHomg;j(E,S) feeHomg;(E,S)

and an element g in Aut(FE) acts on the right by

( @ ve)e= B vi®).

SDEHOIHBU'(E,S) cngHomBij(E,S)

Remark 4.2. Let V be a reduced &-module and S and E be two finite sets. If S and E are
not isomorphic (i.e. |S| # |E|) then (IndV)(S, E) = 0. Finally, we have:

0 itS2E
k[Aut(S)] ® V(S) otherwise.

(Ind V) (S, E) = {
Proposition 4.3. We have the adjunction
Ind : &-mod¢c _ L = &-bimodc : Res.

Proof. By the classical result [17, Th.13]. O

One of the fundamental properties of Ind is the following.

Proposition 4.4. The functor Ind is exact, preserves quasi-isomorphisms and commutes with
colimits.

Proof. The result is induced by Remark 4.2; more generally, for G a finite group and H a
subgroup of G, k[G] is a free k[H]-module. As the functor Ind has a right adjoint, it commutes
with colimits. 0
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4.2 Compatibilities with products In this subsection, we show compatibilities of the func-
tor Ind with products defined in previous sections. First, we recall the following proposition,
about compatibility between monoidal structures and adjunction.

Proposition 4.5. Let (C,®,Ic) and (D,®,Ip) be two monoidal categories with the following
adjunction:

—

L:C_1 D:R

such that the left adjoint is a strong monoidal functor by the following natural equivalence uy, :
L(—1) ® L(—2) = L(—1 ® —2) and the natural isomorphism ey, : Ip — L(I¢). Then the right
adjoint is a Lax monoidal functor with the natural transformation pugr and the morphism eg given

by
n(R(-1)®R(—2)

R(—1) ® R(—2) RL(R(—1) ® R(—2))
pR= lR(uLl(Rc—mR(—z)))
Y
R(—1 ® —2) <—R(e(_1)®€(_2))R(LR(—1) ® LR(—2))
n(Ic) R(e;")

and eg: Ic — RL(Ic) — R(Ip).
Now, we can study the case of the adjunction given by the functors Ind and Res.

Notation 4.6. We note G-bimod??, the essential image of the functor Ind.

Proposition 4.7. The category (6—bimodlcnd, O) is symmetric monoidal and the induction

functor

Ind : (6-modc,d) — (S-bimod®?, [)
18 symmetric monoidal.

Proof. Let P and @ be two G-modules and, S and E be two finite sets. Using Remark 4.2
and the definition of the product [J, the &-bimodule (IndP O IndQ) (S, E) is different of zero if
S = E. So, fix n € N and consider S = E = [1,n], we have:
(IndP O IndQ) ([1, n], [1, n]) = k[&,] @ P([1, n]) @, K(S] ® Q([1,n])
= k[6,] @ P([1,n]) ® Q([1,n])
=~ Ind(POQ)([1,n])

Corollary 4.8. The functor Res : (&-bimod?,0) — (&-mod?,0) is Laz-monoidal.

Proof. By adjunction of functors Ind and Res, and Proposition 4.5. O

Remark 4.9. The functor Res is not strongly monoidal with respect to [J. For example, if we
consider P and ), the G-bimodules defined by

k if |S|=1and |E| =1 or 2

0 otherwise

P(S,E) = {

and
k if |[E|=1and |S|=1or2
0 otherwise

Q(S,E) = {

then Res(P O Q)({*}, {x}) = k* and (ResP O ResQ) ({*}, {*}) = k.
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Remark 4.10. We have the monoidal adjunction
Ind : (&-modg?,0) ——= (&-bimod?, ) : Res.
The functor Ind is also compatible with the concatenation product.
Proposition 4.11. The functor of induction
Ind : (&-modi®, ©°°1¢) — (S-bimodi?, ©°°n°)
18 symmetric monoidal.

Proof. Let P and @ be two reduced G-modules and S and E be two finite sets. We have the
isomorphism:

(IndP ©°*ndQ) (S, E) = P . P(J1) @ Q(J2)

(1,J)€YS™(S,E) Homg;j(J1,I1) x Homg;j (J2,12)

&b P PR

Jeyé)r(E) HOmBij(J1HJ2,S)
= Ind (P @™ Q) (S, E).

12

O

Proposition 4.12. The functor Res : (G-bimodrCCd, ®°°nc) — (G—modrCCd, ®COHC) is Laz-monoidal.

Proof. Let P and ) be two &-bimodules. We have the natural injections
@ HomBUop (Il II I, —) ® ResP(Il) ® ReSQ(IQ)
1ey3"(-)

— @ k[Homgijxgijer (11 1 Lo, I 11 I3), A(—))] @ P(I1,I1) ® Q(I2, I2)
I1eysr(-)

— @ k[Homgjjxgijer ((I1 1L I, J1 11 J2), A(=))] ® P(I1, J1) @ Q(I2, J2)
(1,J)eYS*(—)

which imply the following natural injection

@ k[Homgjoer (11 11 I5, —)] ® ResP(I1) ® ResQ(I2) < Res(P @°°"° Q).
1eY5"(-)

Also, we have the following commutative diagram

P  k[Homgier (Jy I Jz, —)] @ ResP(I1) @ ResQ(I2)
I—Jy,lo—Jo

GB k[Homgijor (Iy I Iy, —)] ® ResP(I1) ® ResQ(I2)——— Res(P ®“" Q)
Ieys(-) .
(RGSP) & (ReSQ) e g

so, by the universal property of the coend, we have the natural morphism

ResP ®“"° Res@Q — Res(P @™ Q).
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Remark 4.13. The functor Res is not strongly monoidal with respect to ®°"°. Indeed, if we
consider P and @, the &-bimodules defined by

P(S.B) ::{ kif |[E| =2 and |S| = 1;

0 otherwise

and
k if |S|=2and |E| =1;

7

otherwise

then ResP ®"¢ Res@ = 0, while Res(P @ Q)(S) = k if the cardinal of S is 3.
We have the following compatibility between functors S(—) and Ind(—).

Proposition 4.14. Let P be a reduced S-module. Then, we have the natural isomorphism of

reduced ©-bimodules:
Ind(S(P)) o S(Ind(P)).

Proof. The functor Ind commutes with the concatenation product ®“°"¢ and is compatible with
the symmetry, by Proposition 4.11. We conclude by the exactness of the functor Ind. O

One of the most important property of the functor Ind is that it is compatible with connected
composition products.

Theorem 4.15. The functor Ind : (&- mod*d, X X) — (G—bimod’&ed,@val) is monoidal.

Proof. Let S and E be two finite sets, then (Ind Ix)(S, E) = k if |S| =1 = | E| and 0 otherwise.
Then, the functor Ind respect the unit. Let V' and W be two reduced G-modules and S and E
be two finite sets.

(IndV ®Y* IndW) (S, E) = P B X P vEkhe R H  wip).

neN* ({I,K'},{K"”,J}) & Homg;j(K%,Is) Sn 5 Homg;j(J5,K})
Xn COD]](S E)
Note that the right side is non zero if and only if I, = K/, for all « and K ’ﬁ’ = Jg for all 3. This
implies that (IndV X IndW)(S, E) = 0 if |S| # |E|.

(ndv & mdw)(s.B)= @ P - Q) VK @ (%) W (Js)

ne€N* ({I,K'} {K",J}) [, Homgj(Kg.la) @
EX”‘COHH(SvE) X Hﬁ HomBij(Jng)

e P P vk @Wi)
"B

rsneN* €Y, (S),J€Ys(E) Homg;(E,S) «
(K, K" exsr([1,n])

1

Io=K{, Kg=Jg
~ P P b ® V(I ® W(Js)
Homg;(E,S) m,seEN* (I,J)eXcmn(E) B

>~ Ind (VR W)(S, E).

Corollary 4.16. The functor Res : (6 bimodid ﬁval) (6 modi*d, X ) s Laz-monoidal.

Proof. By the Proposition 4.5. O
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5. Protoperads
In this section, we study monoids in the monoidal category (G—modrced, X, Ixq).

Definition 5.1 (Protoperad). A protoperad is an unital monoid (P, y,7) in the monoidal cate-

gory (G—modrced, X). We note protoperadsc, the category L{As(G—modrCGd, X, Ix) of protoperads.

Example 5.2. An associative algebra (A, p) in the category of chain complex can be viewed as
a protoperad concentrated in arity 1.

Example 5.3 (Endomorphism protoperad). Let X be an object of the category C. The reduced
G-module Endx is defined, for each finite set .S, by

Endx(S) := Homc(X®SI, x®ISly |

where the action of the group of automorphisms of S is diagonal. The structural map of this
protoperad is given by the composition of morphisms.

Proposition 5.4. The functor Ind induces the functor Ind: protoperadsc — properads.

Proof. By the Theorem 4.15. O

Remark 5.5. There exists the notion of prop which is more general than the notion of properad:
a prop is an object of the category

propsc = UAs (Com(@—bimodc, ®"), 0O, ID),

i.e. a G-bimodule with two products, a horizontal and a vertical ones, which satisfy the inter-
changing law (see [14]). A natural question is the following: what structure puts on a G-module
P such that Ind(P) is a prop? As the functor Ind is monoidal for [0 and ®°“"¢, it induces the
functor

Ind : protopsc = U.As(Com(S-mod, ®°°*°), 0, Ir;) —» propsc.
We also have the dual notion.

Definition 5.6 (Coprotoperad). A coprotoperad is a co-unital comonoid (@, A, €) in the monoidal
category (G—modf:ed, X, Ix): we note coprotoperadsy,, the category coUAs(G—modEed, X, Ix) of co-

protoperads.

Notation 5.7. We note G-mod¥’, the category Func(Bij°P, C&"), where C& is the category of
N-graded object of C. This grading is called the weight. All the previous constructions extend
naturally to graded G-modules.

Definition 5.8 ((Connected) Weight graded protoperad/coprotoperad). A protoperad (resp.
coprotoperad) P is weight graded if P is a monoid (resp. comonoid) in the category G—modrced’gr
for the product . We denote this grading by P = @ieNP[i]. We say that a weight graded
(co)protoperad P = ;o P is connected if PO = Iy,
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5.1 Partial compositions One can describe (cf. [12, Sect. 5.3.4]) the operad structure on a
S-module O just by giving the partial compositions maps o5 : O(S) ® O(R) — O(R1I S\{s}).
We have a similar property for protoperads

Definition 5.9 (Partial compositions). Let P be a reduced &-module equipped with a morphism
of G-modules € : Iy — P. Let M, N and S be three non-empty finite sets, with two diagrams of
injections as follows:

Q= (z’:M<—>S<—>N:j) and @°P = (j:N<—>SHM:z')
and such that

im(7) Nim(j) # @

We say that P has a partial composition system if, for all diagrams ¢, we have a morphism

{im(z’)uim(j) =5 -

o : P(M) ® P(N) — P(S) .

graphically represented by

S1 Si  Sn S1 Si  Sn

S1  Si Sn S1  Si Sn ch) b
® = — S

compatible with the action of Aut(S), i.e. for all o € Aut(S) with
o-pi= (i’ M =0(i(M)) = S+« o(j(N)) = N": j’)

we have the commutative diagram

P(M) ® P(N) 222 p 1y @ ()
:zl l"i’ (3)
P(S) P(S)

and which satisfies the following compatibility properties, for all commutative diagram of injec-
tions

M N U
\;/ \g/
., N

with £, .= M — T < S and g := R — T <+ U, such that the four pairs of arrows ¢, ¥, {1, and
&R satisfy the condition (2). The partial composition satisfies the three associativity axioms:

Axiom H (==)

1®o
P(M)® P(N)® P(U) —% P(M)® P(S)
lg@l . F)L
¢R

P(R)® P(U)




represented by

Axiom V (==

—

represented by

Axiom A (=)

—cc—

represented by

The partial products also satisfy the following unital property for all diagrams of the form

Protoperads I: combinatorics and definitions

1®9 o
|
S
o 1[
w o
g
=
P ? O 5
Pm §R g
($®1)(1®T)
wﬁP@ll lﬁ?p
P(R) ® P(U) _ P(T)
¢R
(genaen
| —
a—
G ﬂ
:
L C Pm Pu
P e P
1®wgp
(1®g)(r®1)l &OL
P(U) ® P(R) _ P(T)
&y
1®¢gp Pn
— L
Pm
(1®g)(r®1)l lo
&L
Pn
Pm —— Dn
58" PPy
R

LZZ(i:{*}‘%M&M:id),

289
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we have commutative diagrams

In({+}) @ P(M) <29 P({+}) @ P(M) P(M) @ In({*}) <22 P(M) ® P({*})
l? and \ Lgp
\ P(M) - P(M)

Proposition 5.10. A protoperad P has canonically a partial compositions system. Conversely,
a partial compositions system on a S-module P canonically extends to a protoperad structure.

Proof. Let (P, p) be a monoid in the category (6 modred X I@). By the grading of X which is

implied by the analycity of K (cf. Lemma 2.17), the restriction of the product p to (P X P)2)r

gives us directly all the partial compositions o and the associativity and the unit of the product
©

imply all diagrams of the definition hold.
Conversely, let P be a reduced &-module, with an injection of G-modules Iy — P and a
partial composition system. By the associativity of partial compositions o for P, we define, for
©

all K € Y2r(S), L € Y2*(S) with (K, L) = {S}, a morphism

LKL ®P(Ki) ® ®P(Lj) — P(5).
i=1 j=1

The compatibility of the partial compositions with the action of the automorphism group of the
target (cf. Equation (3)) implies that the following morphism

Yoixr: D QP ® Q) P(Ly) — P(S)

(0,7)EG, XS, i=1 7=1

passes to the quotient

1S : P Q) P(K.) @ Q) P(Lg) — P(S),

(K,L)yeXconn(S) acA BEB

which gives us a natural transformation u : PX P — P. This natural transformation makes
P a unital associative monoid in X, because the partial products satisfy the associativity and
unital axioms. O

5.2 Free monoid in abelian monoidal categories We briefly recall the construction of the
free monoid .% (—) by Vallette in [18, 20| for general abelian monoidal category. Let (A, ®, I5)
be an abelian monoidal category such that, for all objects A in A, the endofunctors of A Rz
and Ly, given by Ry(M) = M ©® A and Lao(M) = A® M for all object M € A, preserve
reflexive coequalizors and sequential colimits (cf. [20]). Fix an object V' in the category A. The
underlying object .% (V) of the free monoid associated to V, is given by the following sequential
colimit:

%::Iﬁv 7 v 7 ny v ‘7n v

\ \ \]V 2 jv,n/
Jv, 01\\> s e
V)= ot

where
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e the objects V,, are defined as a quotient of (V@ I5)®" where we identify V ® I and I ©V
on each copy of (V @& I5)®% in (V @ I)°";

e the maps 7y are induced by the maps
i (V@ 16)% 0 1o (V@ L)) =
which are identified in the quotient.

The interested reader can refer to [20] for more details. Using this, we describe the free

protoperad .Z (V') over a G-module V. We summarise the results of Appendix A.1 in the following

proposition.

Proposition 5.11 (First description of the free protoperad . % (V')). Let V' be a reduced &-module.
We have an explicit description of the free protoperad on V. Moreover, the free protoperad is

7(V)= Pz (v)

peN

weight-graded:

with FO(V) = Ig(V).
Proof. See Proposition A.6 for the precise statement and the proof. O

The functor Ind commutes to free monoids and sends a protoperad defined by generators G
and relations R to a properad defined by generators Ind(G) and relations Ind(R)

Proposition 5.12. 1. The functor Ind commutes with the functors F and FV¥, i.e.
gival(lnd(—)) =~ Ind(Z(-)),

where F V& is the functor of free properad (see [18, 19]).
2. Let V be a reduced S-module and R be a sub-&-module of the free monoid F (V). Then,
we have the isomorphism:

Ind(ﬁ(V) /(R>) =~ Z Vol (Ind(V / (Ind(R

Proof. 1. The functor Ind commutes with colimits.
2. This follows from Theorem 4.15, Proposition 4.4, [18, Prop. 28] and the construction of
the free monoid

O

Remark 5.13 (Description of .Z(3)(V)). By Proposition A.5 and Proposition A.6, we have an
explicit description of the sub-G-module of weight 2 of the free protoperad:

g@v (L).

K,LCS

KUL=S

KNL#%
As we said, the first description of the free protoperad is rather complicated, so we prefer a
combinatorial description generalizing the identification of Remark 5.13. This is the purpose of

the next subsection.

(Val)®o(Vael)o (Vaely,)or

i)
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5.3 Combinatorial version of the free protoperad Fix a reduced G-module V: by the
external product of G-modules, we define the functor
vV (BijP)" — C.
Following Section 2.1, we have the functor
VE(S) = D VE)®...0 V(K,) .
(K1 K0, <) €W (S)

The free action of &, on V" acts on V&' | by the symmetry of (C,®,7): then, we obtain the
functor

(V) (8) = ay < &y V(Ky) ®"'®V(K”))en

({Ka}a€A7<)EWn(S) (K1, Kn)E{Ka}aca

which we denote as follows:

VW (8) = b QR V(K.

({KaYaca<)eWn(s) 24

conn,ord

The construction works for the functor of connected walls W, , which gives us the functor

VT(9) = &b Q) V(Ka)

({KaYaea,<) ewgonn(s) “€A

We define the partial composition product. Let ¢ be a diagram of injections ¢ : S — R+« T : j
with im(¢7) Nim(j) # @ and im(i) Uim(j) = R. We have, by Proposition 1.11, the morphism

VW (8) @ V"V (T) = P VIK)®...0V(Kyn) V(L) ®...0V(L,)
(K1 oK) <5 ) EWEE(S)
(L1 L), <L) EWEH(T)

P V(K1) ®...0V(Kn)@V(L1)®...0 V(Ly),

(('(Kl), ,i(Km):
HL)end (L) <D
cyyor (R)

m-+n

1

where <J(( )) is defined as follows: we have on U,i(K,) (resp. Upj(Lp)) the partial order <; g
(resp.<j(r)) induced by that of K (resp. L), ie. i(K,) <]((L)) i(Kp) if K, <g K (resp.
J(La) <UD 3(Ly) if Ly <1 Ly) which gives to (K1,...,Km, L1, Ly), the order <J(;), by
Lemma 1.3. Thus we have the morphism

i(K)’
Vi (8) @ VIV (T) — VWmin(R)

vv

which factorises through V"Vm(S) @ VWn(T), giving the partial composition product
o : VW (8) @ VV(T) — VY (R).
)

As im(7) Nim(j) # &, this partial composition product restricts to the connected version: we
have the partial composition product

o VWm™(8) @ VV(T) — VVmn(R).
®

These partial products make V'V = 1L, VWa™" a protoperad by Proposition 5.10.
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Theorem 5.14 (Description of the free protoperad). Let V' be a reduced &-module and p be an
integer in N*. We have, for all finite sets S, the isomorphism of (right) Aut(S)-modules

FrV)S 2 P QR V(K.
({Kataca,<)acd
EW;OHH(S)
Proof. See Appendix A.2. O

Remark 5.15 (Wall module endofunctor). This free protoperad construction gives us the wall
module endofunctor
F: G-mod¥! —  GS-modid
V +— b wV)

weyyconn

where, for a finite set S and a connected wall w = ({Wy}taca, <) € WO™(S), we have

w(V)(S) = QR V(Wa) -

a€A

Remark that, for a reduced G-module V, the elements of .%# o .# (V) can be viewed as sums of
walls W where each brick B of W is labelled by w(V') with w a wall in W™ (B). We endow
the wall endofunctor .# with a monad structure where the natural transformation .# o % — %
amounts to forgetting the partition of walls on the left hand side and where the unit id — .% is
given by the embeddings V' < Z (V) of walls with one brick.

Proposition 5.16. The category of algebras over the monad & is equivalent to the category of
protoperads.

Proof. As X" is a subfunctor of W™ (see Remark 1.20), then every algebra over the monad
F is endowed with a structure of protoperad. Conversely, let P be a protoperad. By Propo-
sition 5.10, P has a partial compositions system. By induction, it is easy to see that we can
reconstruct every connected wall using partial compositions. Then P is an algebra over the

monad .%. O

Remark 5.17 (About Feynman category formalism). In [9], the authors develop the notion of
Feynman category. A Feynman category is a triple § = (V,F, ) where V is a groupoid, F is
a symmetric monoidal category and ¢: V — F is a functor, satisfying three conditions (see |9,
Def. 1.1.1.] for a precise statement). Fix C, a symmetric monoidal category (like Ch or Top).
The authors gives several examples of Feynman categories § such that the associated category
of strong symmetric monoidal functors §-Ops := Funcg(F, C) are algebraic objects which encode
algebraic structures.

e The authors define the Feynman category O = (Crl**, Opd, ¢) (see [9, Sect. 2.2.1.]), where
CrI'* is the groupoid where object are rooted directed corollas, and morphisms are isomor-
phisms which preserve the directed structure; the objects of Opd are disjoint unions of
corollas and morphisms are some morphisms of graphs. This Feynman category encodes
operads, i.e. the category of strong symmetric monoidal functors Funcg(Opd,C) is the
category of operads.

e The Feynman category 3, also defined with some categories of graphs, encodes PROPs
(see [9, Sect. 2.2.2.]).
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e The Feynman category B!, which is a Feynman subcategory of B, encodes properads (see
[9, Sect. 2.2.2.]).
Using Remark 1.22 and Theorem 5.14, it will be interesting to describe explicitly the Feynman
category which encodes protoperads. With such description of this specific Feynman category,
some results of this paper could be derived from [9].

5.4 Examples In this section, one gives several examples of protoperads. Using [18, Chap. 1
Sect. 7] and Proposition 2.18, one can define some protoperads by generators and relations.

Example 5.18 (DLie). We have already seen the double Lie protoperad in the introduction.
Here, we present a formal definition. The protoperad DLie is defined by generators and relations

F(V)

DLie =
(Rpg)

where the G-modules V and Rps are given by

sen(Gy)  ifn=12 triv(Z/3Z) 193 if n = 3;
Vv = d R =
() { 0 otherwise at g (n) 0 otherwise

With the presentation in terms of walls, that gives us the following presentation:
1 2 2 1 123 231 312
mw:%(: _—:>/< HES=_JRES > .

Example 5.19 (Dﬁie!). The protoperad DLie', given as the Koszul dual of the protoperad DLie
(and named DCom in [11] to mimic the operadic case), is defined by generators and relations

1 2 2 1 1 2 3 2 31 1 2
e — C— .
DLie = F | — = —— s Il s R )

We finish by an example of protoperad which encodes the structure of double associative
algebra, introduced by Goncharov and Kolesnikov in [6].

Example 5.20 (D.As). The protoperad D.As, which encodes the double associative algebras, is
defined by generators and relations,

1 9 1 2 3 1 2 3 12 3 12 3
g | — — . I— I—
DAs =7 — o9 — [P m— — i s

Lemma 5.21. The map
d: DAs —» DLie

12 12 2 1
— +— /] — ]

s a morphism of protoperads.

1 2 1 2

Proof. Denote by mmm the image of the generator ——1 of DAs by the map ®. Then we have

123 321 13 2 123 231
[ [ w—  —  — —
I - s e v B s M Y | I N I
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1 2
It is easy to see that mmm satisfies the double Jacobi relation:

1 2 3 2 31 31 2
— — —
- - osm ~em = 0.

Remark 5.22. This lemma is a protoperadic incarnation of [6, Lem. 1.

6. Colours on walls

In this section, we associate to a wall W in W™ a chain complex, called the colouring complez:
it is determined by the combinatorics of the wall W. This is a combinatorial introduction to
some results of [11]: the colouring complex of a connected wall W over S encodes a part of the
differential of the bar construction of a free protoperad (see [11, Sect. 2]).

6.1 Coloured bricks In this subsection, we define the notion of a colouring of a wall: through-
out this section, we consider S, a non-empty finite set.

Definition 6.1 (Colouring). Let (W, <y) in W(S) be a wall over S. A (connected) C-colouring
of W is a surjective morphism of sets ¢ : W — C', where C' is called the set of colours, satisfying
the following assertions:
1. the binary relation <, induced on C by the partial order of W, defined, for all ¢, ¢z in C,
by
Cc1 §¥, co if Ak € gofl(cl),kg € @71(02) such that ki <y ko;
is a partial order;
2. the fibers of o are connected, i.e. for each colour ¢ in C, the set o ~1(c) belongs to W™ (S,.)
Wlth SC = UWQE(,D_l(C) Wa.
We denote by Succ(yp) or Succ(C') the set of successive colours. Two colouring ¢ : W — C
and ¢ : W — D of a wall W are isomorphic if there exists an isomorphism of posets ® : (C, <,
) = (D, <y) such that the following diagram commutes:

P

[l

IR

D.

We denote by Col(W) the set of isomorphism classes of colourings of W:
Col(W) := {¢: W — Clp a colouring} /=,
which is graded by the number of colours:
Colo(W) = [] Coln(W) with Col,(W) = {p € Col(W) | [p(W)| = n}.
neN*

Remark 6.2. 1. As any colouring ¢ : W — (' is a surjective map, for any colour c¢ in C, the
set of C-coloured bricks is non empty, i.e. = 1(c) # @. Furthermore, as W is a wall over
S, ie. W e W(S), we have | J . S = S with

S, = U We.
Wa€p—1(c)
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2. Coljyy| (W) is reduced to a unique element.

3. If n > |W]|, then Col, (W) = @, as in example 6.3.

4. Let W be a non-connected wall over S. The decomposition into connected parts (cf. Propo-
sition 1.21) of W = W II...II W! implies that we have the following graded product:

l
Colo (W) = [ [ Cole(W).
=1

Example 6.3 (Top-colouring). For any wall W, the identity morphism W — W defines the
top-colouring, in which each brick of W has a different colour. For example, we represent the
top-colouring of the following wall

1]
l I l

by the coloured diagram:

[ ]
L |

Example 6.4 (Bot-colouring). For any connected wall, the projection to a point W — {x}
defines a colouring called the bot-colouring, denoted by boty,, which colours all the bricks of W
the same colour; for example, we represent diagrammatically the bot-colouring of the previous

wall by:
I

I .
If W e W(S) is a non connected wall over S, then, by the proposition 1.21, we have its decom-

position in connected component W' II...II W™, and the bot-colouring of W, also denoted by
boty, is given by botw = botyy, 11 ... 11 botyy, ; for example:

Non-example 6.5. We consider the wall W = {W,, Wy, W, Wy} in W™ ([1,4]) over S = [1,4]
with
W, ={1,2}, W, = {3,4}, W, = {2,3} and W, = {1,4}

and the partial order given by W, < W,, W, < Wy, W, < W, and W, < W,;. We consider
the surjective map f : W — {w,b} which maps W, and W, to b and W}, and Wy to w: we
diagrammatically represent f by

[d] [d]

[ b 1
However, f does not define a colouring of W, because the binary relation <; induced by the
order of W is not a partial order. For the same reason, the following coloured diagram:

I
[ |-
I

is not the diagram of a colouring. The diagram

I
l I l
[ ]

is not the diagram of a colouring, because the white sub-wall is not connected.
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Lemma 6.6. Let S be a non-empty finite set, W in W(S), a wall over S and ¢ : W — C, a
colouring of W with Succ(C') # @ (which implies |C| > 1). For any pair (c; < ¢2) € Succ(C) of
successive colours, the composition

W —~2— C

c2
lﬂ61

G
C/ClNCQ

where 7g? identified the two colours c¢i and ca, define a colouring ¢ of W.

Proof. By Proposition 1.2: O

Example 6.7. We consider the wall W with five bricks represented by

and the colouring ¢ : W — {w, b, g} (with w for white, g for grey and b for black), diagrammat-
ically represented by:

with ¢ < b < w. As g and b are two successive colours, ¢ induces a colouring @ : W — C/ g
with two colours, which is diagrammatically represented by:

I

The colouring ¢ induces another colouring @ : W — C'/p.,, represented by:

On the other hand, as G and W are not successive, the map @ : W — €/, does not define a
colouring of W: the diagram
]
L ]
L 1

is not a colouring diagram.

Lemma 6.8. Let S be a non-empty finite set, W in W(S) a wall (resp. W in WO™(S) a
connected wall) over S and ¢ : W — C a colouring of W. We note ~, the equivalence relation
of W induced by ¢, i.e. for k andl, two elements of W, we have k ~, l if p(k) = ¢(l). Then
W/, is a wall (resp. W/~ is a connected wall) over S.

Proof. By Proposition 1.2 and the definition of a colouring. O
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6.2 The colouring complex

Definition /Proposition 6.9. Consider (S, <g), a finite totally ordered set: for a wall (W, <y)
in W(S) over S, we can extend as follows the partial order <y to a total order <y on W,
induced by that of S. For W, and W}, in W, we have W, <y W, if:

e WoNW, # @ and W, <w W, (because W, N W, # & implies that W, and W, are
comparable for <y );

o W,NW, = and h(W,) <y h(Ws) with h(WW,,) the height of the brick W, in the wall W
(cf. Section 1.1);

o W,NW, =0, h(W,) = h(W;) and min(W,) <g min(Wj).

Let ¢ : W — C be a colouring of W, a wall over S. As the order <y induces a partial order
<, on C, by definition of a colouring, the total order <y induces a total order on C' denoted by
=t

c1 <y co if Jky € go_l(cl),k:g € 90_1(02) such that k1 <w ko;

Lemma 6.10. For a connected wall W in W™ (S) and a colouring ¢ in Col(W), the set of
pairs of successive colours Succ(y) has a total order <, defined as follows: for ¢ = (c1,¢2) and
d = (di,d2), two elements of Succ(p), we have ¢ <, d if

min_,, (go*l(cl) U gofl((:g)> <w min,, (gpfl(dl) U gpfl(d2)>.

By this lemma, we index the projections 7¢ by integers: if (¢ < d) € Succ(yp) is the i-th
element (for the total order <), we note 0; = wg. Furthermore, we observe that 9;0; = 9;-10;
for all i <y j, as in a semi-simplicial set. However, we will see (cf. Example 6.14) that the set of
colouring of a wall W is not a semi-simplicial set, but we can still associate a chain complex to
the poset of colourings of a wall.

Definition /Proposition 6.11. Let S be a finite totally ordered set. For a connected wall W
over S, the Z-linearisation of the graded set Coles(W') gives a chain complex, called the colouring
complex, denoted by CS (W), where the differential is given by

aCol
W)= = 3 (DAWmiow)
(e<d)€eSucc(yp)

with

A=#{zec (W) |z <,dand z # c}
+#{z € (W) | ¢ <,z <, d and (z < d) € Succ(p)} .

Remark 6.12. The condition ¢ <, x <, d implies  # ¢ and x # d: the inequalities are strict.

Proof. We need to prove that 9°°' o 9! = 0. We just need to understand what are the signs of

b

terms 7,

74 and 778 in 909!, We consider two pairs of successive colours (a < b) <, (¢ < d)
for ¢, a colouring of W.
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e We start with two pairs of successive colours (a < b) <, (¢ < d) such that b # d. Then, in
the composition 9%°' 0 9°°!, we have the contribution (—1)"1727% 4 (—1)A2797 | with

=#{z € p(W) |z <, dand z # c}

+ #{z € (W) | ¢ <p & <, d and (z < d) € Succ(p)}

—i—#{xeﬂg op(W) | x<wgo¢bandx7€a}

+#{zerlopW) |a <rdop T <oy, b and (z < b) € Suce(w? o)}
=#{z € (W) |z <, dand z # c}

+ #{z € (W) | ¢ <p & <, d and (z < d) € Succ(p)}

+#{z (W) |z =<,band z # a}

+ #{z € (W) | a <y x <, b and (z < b) € Succ(p) }

and

Ay =#{z € (W) |z <, band z # a}
+#{z € (W) | a <,z <, band (x <b) € Succ(p)}
+#{z e L op(W) | <bo, d and T # c}
+#{z € mop(W) | c <rbop T <rbo, d and (z < d) € Succ(n? o ©)}
=#{z (W) |z <,band z #a}
+#{z € (W) | a <y x <, band (x <b) € Succ(p)}
+#{repW)|z=<,dand z#c} —1
+#{z € p(W) | c =<y x <, dand (z < d) € Succ(p) }
so the contribution (—1)M7bxd 4 (—1)A27d7? is null.
e We consider the case which we have (a < ¢) <, (b < ¢). The contribution (—1)*7¢r¢ +
(—=1)A27¢me have the signs given by:
=#{z € (W) |z <, cand z # b}
+#{z € p(W) | b=,z =<, cand (z < c) € Succ(p)}
+#{x enfoo(W) | & <zeop ¢ and x # a}
+#{z e oo(W) | a <reop T <ntop ¢ and (z < ¢) € Succ(ng o @) }
_#{;pe<p \x%wcand$7£b}
+#{z € (W) | b=,z <, cand (z < c) € Succ(yp)}
+#{zepW)|z=<,candz#a} -1
+#{z € (W) |a=<,z<,cand (z<c) € Succ(p)} — 1

and

Ay =#{z (W) |z <,candz#b} —1
+ #{z € (W) | b=, x <, cand (z < c) € Succ(p) }
+#{z€p(W) |z =<,cand z #a}
+#{z € (W) | a <,z <, cand (z < c) € Succ(p) }

so the contribution of (—1)"7¢r¢ 4+ (—1)A27¢7¢ is null.
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Then, we have §° o §°! = (. O

Lemma 6.13. If W € W(S) is a non connected wall over a totally ordered S, and W'1I.. TTW!
18 the decomposition in connected component of W, we have

l
Clw) = Q) (W),
=1

Proof. By Remark 6.2 4, and the fact that the functor of linearisation preserves coproducts. [

Example 6.14. Consider the colouring complex of the wall W € W<""([1,4]) represented by

—c—
—rr—— e

e Coly(W) contains only the top-colouring of W:

o
— o

the poset Succ(top), where we denote by <o), its total order, is given by:

Succ(top) = {:i =top amm— <top —:]}

where any diagram represent a pair of successive bricks. So, we have the following three
0;
arrows Coly (W) ——=Col3(W) represented by:

| —] [ —J— | [— T | —] |

e Colz(W) is the set of the following three colourings

_— ] and s s [
[ [ [— Y —

For each colouring in Cols(W'), we have the set of successive colours:

Suce (—_—:]) =

—

SUCC<|:|__ ): {l:l—_< I } ;
Succ (l:l_:i]) = {
which are given to us the maps from Colz(W') to Cola(WW).
e Coly(W) contains the following colourings:

— — _— and o
[ [ [ o — T |

As these colourings just have two colours, the sets of successive colours associated to them
are reduced to only one element.

Finally, we have the complete description of the colouring complex of W:

[— —To— [— —Ja—
01 /
o1 02
CCOI(W) = — &-I:I_ [ e —— ]
. [— —To— [— —J— [— —Ta— I —
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where the differential is given by the sum of 9; with the sign rule defined above. We have the
following second example:

EEN 1 " Em
/
§ ><
[ ||
/ | | I
7
/82 \
[ ||
| || I
\84\ 7
—/ [
[ | I
b5) —/ ||
\ [ [
HEN | — EDls
|| ||

Theorem 6.15. Let S be a finite totally ordered set and W a wall over S. If the set Succ(W)
is not empty, then the colouring complex CSYW) is acyclic.

Proof. Let S be a totally ordered finite set and W, a wall over S with Succ(W') # @. We prove
the proposition by induction on the number of bricks in W. If W has only one brick, then the
set Succ(W) is empty. If #W = 2 then the complex CS (W) is as follows:

cllW)= 0 — - S0

which is acyclic. We suppose, by induction, that, for all wall W over S such that 2 < #W <n
and Succ(W) # @, the chain complex CS°' (W) is acyclic. If W is a non-connected wall with
n bricks, by Lemma 6.13 and the induction hypothesis, the chain complex CS(W) is acyclic.
Now, let W be a connected wall with n bricks.

We start be treating the exceptional case where W has the following shape:

: (4)
[ E |

We consider the sub-complex C§°"* <" (W) which is isomorphic to CS°(W/j,-;,) which is acyclic
by induction. So we consider the following short exact sequence:

0 C.Col,k<l1 (W) Cfol(w) C.COI(W)/CE’OI,k<l1 (W) ——0:

The chain complex CfOI(W)/C.COI’Kh(W) is isomorphic to CS°Y(W\{l1}), so the term on the
right hand side of the exact sequence is also acyclic, so the complex CS°/(WW) too.

Now, we suppose that W does not have the exceptional shape Equation (4). We choose
(k < 1) € Succ(W) with h(k) = 1 and we consider the subcomplex C.COI’(k<l)(W) C CSY W) of
colourings ¢ of W such that ¢ (k) = ¢(l). We consider W/j;, the poset with (W\{k, I}) U{kUl},
its underlying set with the partial order induced by the W one: for j € W such that 5 > k or
j > 1 (resp. j < kor j <l) then we have j > (kUI) (resp. j < (kUI)). By the definition of the
differential of the colouring complex, we have the following isomorphism of chain complexes:

CoME W) = O3 (W k).
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As |W/pu| = W] =1, then CS"*<{(W) is acyclic by induction.
We denote by Succw (k), the set {{ € W | (k < ) € Succ(W)} and we consider the chain

complex
Z C.Col,k<l<W).
leSucew (k)

—

By Lemma 6.16 below, this complex is acyclic if, for all non-empty subsets Succ(k) C Sucey (k),
the complex
m CCol,k<l(W)

1€Suce(k)

is acyclic. Let S/Lz/cc(k:) be a non-empty subset of Succy (k): we have the isomorphism of chain
complexes
Col k<l ~ ACOLk<liyir/
() &M=t W) = COM W/ g )

1€Succ(k)

(k)| = 1, which means that §H&:(k:) = Succw (k) and so W
has the exceptional shape as in Equation (4), which is excluded by the hypothesis. Otherwise
]W/%(k)\ > 1: in this case, C’fd’kd(W/S/l;;:(k)) is acyclic by induction.

We consider the complex

There are two cases: if [W/g—

CE’OI(W)/< Z Cs'ol,k<l(W))‘

leSucew (k)

which is isomorphic to C’.COI(W\{k}) Note that this complex is generally a ®-product of com-
plexes because W\{k} is not necessarily connected. As we have the short exact sequence

Col
0— 3 COMEw) - cllw) — R
leSuccwy (k) Z CO ’ (W)
leSuccwy (k)

-0,

with the left and the right hand sides acyclic, the complex CS°Y(W) is too. OJ

Lemma 6.16 (Algebraic Mayer-Vietoris). 1. Let A and B be acyclic chain complexes. If the
complex AN B is acyclic, then the complexr A+ B s too.
2. More generally, let m be an integer in N* and {Ai}z‘e[[l,m]] a sequence of m acyclic complexes.
If, for all subsets J C [1,m], the complex ﬂjeJ Aj is acyclic, then the complex Z;nzl Aj s
too.

Proof. 1. We have the square

ANB B
L
A A+ B

which induces the short exact sequence

0—ANB—A&B A+ B 0.

We conclude the proof by the associated long exact sequence in homology and the additivity
of the functor He(—).
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2. We prove the result by induction on m. For m = 2, we have (1). Let m be an integer and
suppose by induction that for all family A4,..., A, of m acyclic complexes, the complex
N ;s Aj is acyclic, then the complex Z;"Zl A; is acyclic. Let Ay,..., A, be a family of
m + 1 acyclic complexes such that, for all J C [0,m], the complex (;c; 4; is acyclic: so
the complex Z;”Zl Aj is acyclic, by induction. We have the following commutative square:

Z;rlzl Aj N Ag Ay

—_—

D1 Ay oA

with Ao, 3770, Aj and Y70, Aj N Ag acyclic. We conclude by (1).

Appendix A: Construction of the free protoperad

A.1 A first description of the free protoperad We use the results of [20] to describe the
free protoperad .% (V') over a &-module V.

To a partition K of a finite set S, i.e. K is an element of J(S) (see Section 1.3), we associate
the non-ordered set I'(K) which label this partition: S = J[,cp(x) Ka- Recall that the functor
S(—) is non-unitary and satisfies the exponential property (cf. Remark 2.14): then, for two
G-modules V7 and Vs, we have the following isomorphism of G-modules:

S(Vi & V) 2 S(V1) @ S(Va) @ S(V1) @™ S(Va).

Notation A.1. Let V be a G-module, we denote by the exponent (—)y, the weight-grading by
the number of terms V.

The functor S(—) is split analytic (cf. [18, 20] for the definition of split analytic functor), so
that, for three G-modules Vi, Vo and V3, we have the weight-bigrading:

S(Vi @ Vo) OS(V5) = SV; OSV3 & SV OSV3 @ (SV3 @7 SVs) OSV3
>~ (P SV OSVe8V,OSEe (S @ s/p) OST;

1,jEN*
= (P (S(Vi @ V) O8(v3)) 0
1,j EN*
by the bi-additivity of the bifunctors —[0— and — ®°"° —. This bigrading induces, via the
injection (V1 @ Vo) K V3 — S(Vi & Vo) OS(V3) (cf. Proposition 2.19), the bigrading by weight of
Vi and V5 on (Vi @ Vo) X V3 which is denoted by

Vi) RV = @ (Vie) v,
i,jEN*

By the symmetry of the product X, we also have the bigrading

VR (e V) = @ (R (Ve ),
i,jEN*

and we denote ((Vl ® Vo) K ‘/3)(3')\/2 = P ((V1 P V) K vg)(i)vl,(j)VQ.
1EN*
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Remark A.2. These gradings are natural: they arise from the split analytic property of the
bifunctor — X —.

Remark A.3. In [15] and [18], for two &-bimodules M and P, the weight grading on M is
denoted by

M XP.

S~

r

As the functor Ind is monoidal and commutes with the direct sum, we have

Ind(((Vi & Va) B V5)72) = (Ind(V3) & Ind(V2)) R Ind(V3).
N——

T

As we said in Section 5.2, the construction of the free monoid generated by a G-module V is
based on the formal addition of the unit Ix to V. We consider the &G-module V, =V & Ig, so
that V. (S) = V(S) for |S| # 1 and Vi ({x}) = V({x}) @ k. We also need the weight bigrading of
the &-module V. KW, given by the weight grading on V' and the weight grading on W. For all
finite sets .S, this bigrading allows us to write the product V3 X W, (S) as a direct sum of terms
with ¢ copies of V and j copies of W. More precisely, the G-module S(V,.) OS(W,.) is bigraded
by weights in V and W, and, via the injection

ViKW, — S(VyXW,) o %9) S(V4) OS(Wy),
the &-module V KW, naturally inherits a weight bigrading in V" and W. To express VKW, (S)
as a sum of terms indexed by the bigrading, we require the following notation.

Notation A.4. Recall that, for all non-empty set S and for all pairs (I,J) in Y§"(S), by
definition, we have that I and J are also non-empty; we note:

V37T (8) = V5(S) U {(S,2), (2,9)}.

For a non-ordered partition K € ), (S) with n terms, we want to distinguish the components of
V' and these with the unit Ig in @qer(x) V4 (Ka) (where I'(K) is the non-ordered set labeling
the partition K). So, we introduce the following functor:

Q RK RK) F(K) — C,

where I'(K) is the discrete category on the set T'(K). For each (RK, RX) in V5" (T'(K)), the
functor Q&K RE
1

2)

associates, for all K, with a in T'(K), a chain complex as follows:

V(K,) ifacRE
K,) =
2 Rff’R’f)( ) { In(K,) if a € RK

that, for @ in R such that |K,| > 2, the complex QV, (Kq) is zero.

(RE,RE)

So we decompose V; X W, as follow: for a finite set .S, we have
Vi RWL(S) = (Ve lx) (W e Ix))(S)

D Q Qe ey Ka) © Q) Qs ) (L).
(K,L)exconn(S) a€cl(K) BeT(L)
(R, RE)eysm F(N(K))
(RY,RE)eys (I (L))

Il
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We collect terms by the number of copies of V' and W, then the Aut(S)-module Vi KW, (S) is
isomorphic to

@ EB ® Q) R{<,RK ® Qy (R RL)(LB)

(r,s)eN?  (RK RE)eyor ™ (T(K))e€l(K Bel(L)
(K,L)X™(S) (RE, RE )5+ (I(L))
|RE |=r,|REF|=5
*m(S)eW(S)eV(S)e P &y Q) V(Ka) © Q) W(Lg)
(rs)E(N)?  ((RI,RE) (R} ,RE))E€EK, La€R] BeR!
(K.L)EX™(S) |RK|—r|RL|=s
where

- Y (CR))UI(K),2)) | VB € Ry, |Kpl =1,

Ex,L = { ((RIRE),(RERY))€ & ; (5)
{( ) < (v rmur).e)) | VB € Ry, |Lgl =1

which gives us the bigrading. This last isomorphism is given by distinguishing terms arising from
the injections IgX W — V, RW,, VX Ig — Vi KW, and IgX Ix — Vi K W,. This gives the
bigrading of Vi K W,.(S) = @D, 5enz (V4 K W) V(&)W where, for integers 7 and s in N*, the
term (V. & W) Mv-()w (§) is isomorphic to

D &%, R V(K ® & W(Ls)

(K L)eXeom(S) (RE,RE),(RERE))€Ek, aeRK BeRY
|R?ﬁ:rJRf\:s

I

(Ve RW)Mvo&w ()

with

P (v, ) Ov-w (9) = (v Wy )Ov-(Iw (5) = W (S) ,
sEN*

P (v W) Ov-Ow () = (v, R W, ) Ov-Ow () = v(S)
reN*

and (Vy R W) Ov.0w () = Ig(S) . We describe (V, KW, )Wv-(Ww explicitly.

Proposition A.5 (Case of (Vi W, )Mv-(Ow) | Let V' and W be two reduced S-modules. For
all finite sets S, we have the following isomorphism:

(Vi ®W,) v = @ VK (L).
K,LCS

KUL=S
KNL#AD

Proof. The Aut(S)-module (Vy X W, )Mv-(w (§) is isomorphic to

S, D ® Qs pey Ka) © Q) Qe iy (Ls)

(K,Lyexeor(S) (RK RE)eys T (I(K))acl (K Bel(L)
(R, RE)eY; T (I(L))
|RE|=1,|Rf|=1
= & V(Ka) ® W(Ly)
(K,L)exconn(s)

JacAbeB|Vael' (K)\{a},B€T(L)\{b}
Ko2{x}=Lg
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since, if there exists a in A\{a} such that K, 2 {x}, then Ix(K,) = 0; likewise, for B\{b}.
Finally, we rewrite (V, & W, )Mv.(Dw () as follows:

(Vi mw,)Wvwigy = § V(K)@ W(L).

K,LCS
KUL:S
KNL#@

O

When we take V' = W, the bigrading of V. X W, induces a weight grading of V. X V., : for
a finite set S, we have V; XV, (S), which is isomorphic to

D S, @ Qg ) Ea) @ Q) Qs sy (Ls)

pEN® (RE,REKYeY T (I(K)) «cl(K) Bel(L)
(FOEXSE) (RE, RE)EYE™* (D(L))
|R{[+|RY |=p

12

In(S) & V(S) @ XR) In(+) & X) I (+) @ V(S
S S

=:(VL RV, ) DV (8)
o P D D Q) V(K ® Q) V(L)
pEN\{0,1} (K.L)exeonn(S) ((Rf,RY),(RY,RY))€EK,L a€R{ BERT
|R{ |+ R =p

— (VL BV, (5)

where Zf 1 is described in (5). More generally, the G-module V;, := (V;)¥" is weight-graded in
V; for all finite set .S, we have

Va(S) = (Vi)™ (S) =P D Q) Qs gy U@ ® Q) Qg g ()

pEN  (JL,..,JM)eY™(S) ael(JY) ael(Jm)
Ke= (I, J)=8
((r{".RE),
EHiem,nﬂyS“f(F(ﬂ))
Sy IR |=p

and, if we note by Vn(p IV the following:

P P QR v e...e K VL)

lel1n] (R{"™ RY™),..(R{"" \R{"))acR{™ aeRry"
Grzrac it €S0 )

(JT‘17.‘.’J7'Z)€yS(S) Zie{r
-1 . 1
K51, ) =8

where the set Z( 1 jny is the following

{ ((RI',RY"),...,(R]", R{"))

€ [Tiepny (V3" @I) U (LT, 2 ‘VZ € [1.n).v8 € By, /3] = 1}

then we have
Vo (S) 22 In(S) @ VPV,

The isomorphisms Ay : Ix XV — and py : VX Iy — V preserve the grading because
VR Ig = (VK Ig)v, and preserve all the constructions which are in the construction of V;,
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(cf. Section 5.2), then the grading of V;, carries on 17,1 Also, the injection 17'” — Y~/n+1 preserves
the weight-grading, so, finally, the free monoid .7 (V') is weight-graded by the number of copies
of V.

Proposition A.6 (First description of the free protoperad .#(V)). Let S be a finite set and V

be a reduced S-module. We have the isomorphism:

F(V)(S) o P P P RKVvune..e K VI,

neN* (J1,...JM)eY™(S) E ynya€R] acR{"

where _
vie[1,n—1],vBer{" ",

i41 T4
J,B mHaERi]l Ja7é® . (6)
Vie[1,n],¥BERS" | T5|=1

(7' Ry (R RS
ElLicpr,ny (V5" CIHUT(I),2))

[11?

(JLed™) =

Moreover, the free protoperad is weight-graded:

7(V) = PFWv)

peN

with F O (V) = Ig(V) and, for all integers p in N*, the p-weighted part F ) (V')(S) is isomorphic

to:
© D B Qvihe .o @ VU

neN* (J1,.. JM)eyn(s aeRy! aeR{"

) E n
ICTL l(Jl Jn) S (‘]1 """ ] )

i IR 1=p
Proof. This isomorphism corresponds to the choice of a representative for the quotient V,, — ‘N/n,
as we will see below. We define the morphism 7y : V' — V5 as the following composition:

V%@&V@V&@—AI@@W&(Ig@V) —Vy
)‘VerV nXiy —iy Xn

with 7 : Iy — Ix @V, which appears in the definition of R4 g for all reduced &-modules A and
B: the G-module R4 p is defined as the image of the composition:

AR(T+idy, )KB

AR (Vo) RB —85 AR (Ve V)X B ARV, KB .

We also define the &-module V,, as the cokernel of the morphism

n—2
PBRrvv. i — Vo
1=0

The quotient 17n corresponds to the identification of the images of morphisms (idVi Xn Xy X
ian_i_Q) oLV, v, ., and (idvi Xy @”&ian_i_z) 0LV, V, . o, for all i € [1,n], in V,,. We choose
to identify each class of V,, with an element of the image of Xjc[o,n—2] (idVi XnXKiy X idvn,i,z) o
LV, .V,,_;_o- Then, for all finite sets S, we have

=D D D & VUe.o Q VUI)RQIN .0 I

Re[Ln] (J1,...,JM)eVh(S) E Egt MJh)anRl aERJh

h—1
Ks (Jl’ ’Jh) S n—~h terms
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where é(J17._.7Jh) is defined in (6). Then, for all integers n > 1, we have

Vu(S)=Vea(S)e P P &K vude..e Q VI,

(']17 7Jn)€yn(s) —‘(Jl _“Jn)OéERlJ aeRiIn
Ket ., gm=s 7

which exactly describes the injections ‘N/n,l — TN/n O

A.2 Proof of Theorem 5.14 By Proposition A.6, for all p in N*, we have the isomorphism

=P D EB R vihe..o ® VU .

neN* (g1, : SJM)EV™(S) acRy’ a€R{"
RS

Let (J%,...,J") in Y™(S) such that K2 '(J%,...,J") = S and E(]l’“.’t}n) # @; we associate to
(J',...,J") the wall W in WO (S) with sets {J!, € S | i € [1,n], o' € R{'} and the partial
order induced by the relations J¢ < Jé if Ji N Jé #@,a€ R, B€R{ andi < j. So we have
the following morphism of Aut(S)-modules:

o7V — P RV
({Wa}aca.<) a€A
EWZODD(S)

Conversely, to a connected wall W = ({W, | o € A}, <) with p bricks, i.e. W is in W5 (S),
with maxaea (h(Wa)) = n (where b : W — NU{oo} is the height in the poset W, see Section 1.1),
we associate an element (J1,..., J%) € Y™(S) such that é(‘]l’..”Jn) #+ & as follows. We construct
partitions J* as the sets {W,: € W | h(W,) = i}, extended to a partition by singletons: so we
have

={Wy eW [h(Wa) =i} LI {{s}|s¢ CI;EWM} ={J} | Be B=T(J")}
and the decomposition (R{", RJ") € Y$"(I'(J%)) U (D(J?), @) is given by the definition of J* :

5e { R if Jie {Wy e W |p(Wa) =i},

R{"  otherwise.

The connectedness of the wall W implies that the element (J*, ..., J") also satisfies the property
of connectedness

KW (Jh 0" = 8.

Finally, we have the following morphism of Aut(S)-modules :

v P QRQVW.) — ZP(V)(S)

({Wa}aea <) a€A
WSO (S)

which satisfies ® o U = id and ¥ o ® = id.
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