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Introduction (English)

The present document aims at defining and studying new structures of operadic type on
algebraic invariants of matroids.

Part 1: hyperplane arrangements and operadic structures

A hyperplane arrangement is a finite collection of hyperplanes in a finite dimensional
vector space. For any hyperplane arrangement 7, the intersection lattice £, of H is the set
of all possible intersections {(;;cs H,S C H} ordered by reverse inclusion. As its name
indicates, it is a lattice, with supremum given by the intersection. This lattice encapsulates
all the combinatorial information of the hyperplane arrangement.

Example 0.0.1. Consider the arrangement Braids given by the hyperplanes {z; = 22}, {22 =
23}, and {z1 = 23} in C3. The Hasse diagram of the intersection lattice of this hyperplane
arrangement is drawn in Figure 1. It is the set of partitions of {1, 2,3} ordered by refine-
ment.

{Zl = Z9 = 2’3}

P N

{r1 =2} {z1=2z} {22=2}

~ |7

(C3

Figure 1: Hasse diagram of Lpaid,

An important leitmotiv in the study of hyperplane arrangements is sorting the infor-
mation which is determined by the intersection lattice, i.e. the information of combina-
torial nature, and the information which is not. A classical theorem in this spirit is the
following.
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Proposition 0.0.2 (Orlik-Solomon, [27]). Let H be a complex hyperplane arrangement and let
Az be the complement of the union of the hyperplanes of H. The cohomology algebra of Ay is
isomorphic to the quotient of the exterior algebra Alerr, H € H] (with each ey in degree 1) by the
elements 6(ep, ...eq, ) for all {Hy, ..., Hy} such that

dmH N..NH,>n—k

(where  denotes the unique derivation sending all the generators to 1). The cohomology algebra of
the projectivization P Ay, is isomorphic to the subalgebra generated by the elements ey — eg for
any two hyperplanes H and H'.

The dimensions of the intersections of hyperplanes are given by the rank function of
L4,, meaning the above algebras are determined by L. In other words the cohomology
algebra of a hyperplane arrangement complement and its projectivization are “combina-
torial”. We will denote those algebras by OS(Ly) and OS(Ly) respectively.

To go further in the study of the projective arrangement complement one may be in-
terested in finding a model for H*(PApg). A classical way of achieving this goal is to find
a “good” compactification of the projective complement

PAH — ?H

and then look at the Leray spectral sequence of this inclusion. In order for this spectral
sequence to be tractable, one would like the complement of P.Ay in the compactifica-
tion to be a divisor with normal crossings, in which case the compactification is called
“wonderful”. De Concini and Procesi showed in [8] that there exist several such compact-
ifications which can be obtained by successively blowing up some of the intersections of
hyperplanes in P(C"). If G is some subset of Ly, let us denote by Y4 g the result of suc-
cessively blowing up P(C") along the elements of G (by increasing size). In order for Yy, g
to be a wonderful compactification, the subset G needs to contain all the non transver-
sal intersections. This can be axiomatized by the notion of building set, introduced in a
purely combinatorial setting by Feichtner-Kozlov [13]. We refer to Subsection 1.1 for the
definition of the symbols used in the following definition.

Definition 0.0.3 (Building set). Let £ be a lattice. A building set G of L is a subset of £\ {0}
such that for every element X of £ the morphism of posets

I 10.6150,X]

Gemax gSX

is an isomorphism (where max G< x is the set of maximal elements of G N [0, X]).

In conclusion, we have a wonderful compactification Y4 g of PAy for each building
set G of Ly;. The projective smooth varieties Yy, g are stratified by the exceptional divisors
Dg, G € G obtained after each blow up. For any subset S C G the intersection (.5 D¢ is
non-empty if and only if S forms a nested set of (£, G).
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Definition 0.0.4 (Nested set). Let £ be a lattice and G a building set of £. A subset S of G
is called a nested set if for every subset A C S of pairwise incomparable elements, the join
of the elements of .4 does not belong to G whenever A contains at least two elements.

De Concini and Procesi showed that for any nested set S of (L4, G), the stratum

?3 = m DG
GeS

is isomorphic to a product of wonderful compactifications of “smaller” hyperplane ar-
rangements H& and building sets G§ indexed by the elements of S:

GeS

The inclusion of the stratum induces a morphism in cohomology

H*(Yyg) — ® H'(?nggg). (1)
GeS

To be precise, the hyperplane arrangements HS are obtained by what is called restric-
tion/contraction of the hyperplane arrangement H and G¢ is a building set “induced” by
G on ’Hg (see Subsection 1.1).

Definition 0.0.5 (Restriction/Contraction). Let # be a hyperplane arrangement in some
vector space V and F' some element in L. The restriction of H along F' is the arrangement
in V/F given by the elements of £, containing F. The contraction of H along F is the
hyperplane arrangement in F' given by all the hyperplanes of F' that can be obtained as
the intersection of some element in £, with F'.

The hyperplane arrangement H$ is the contraction along \/ S—¢ of the restriction
along G of H.

A second important leitmotiv in the study of hyperplane arrangements is trying to re-
late the properties of a hyperplane arrangement with the properties of its restrictions/con-
tractions. More precisely, we are interested in “hereditary” properties, that subsist when
taking any restriction/contraction, and in “inductive” properties, that pass to the hyper-
plane arrangement if they are satisfied for every restriction/contraction. In this light,
morphisms (4) seem of utmost importance. For some specific hyperplane arrangements
and building sets the datum of the algebras H*(Y % ¢) together with morphisms (4) form
types of structures which have already been extensively studied.

Example 0.0.6. Consider the braid arrangement Braid,, given by the diagonal hyperplanes
{zi = z;} C C". Its intersection lattice is the partition lattice over {1,...,n}. It admits a
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building set G,, given by the partitions with only one equivalence class containing more
than two elements. In this case it turns out that the hyperplane arrangements 1S appear-
ing in (4) are isomorphic to smaller braid arrangements for any nested set S. The algebras
{H*(Y Braid,, g, ): m € N*} together with morphisms (4) form an object called a (co)operad.

Operads were introduced in the early seventies by Boardman, Vogt and May, and have
played an increasingly prominent role in algebraic topology as well as general algebra. In
a few words, operads are a formal abstraction of the collection of multi-variable opera-
tions on an object, much like monoids form an abstraction of the collection of endomor-
phisms of an object. In an operad P, elements (which should be thought of as formal op-
erations) are classified by the number of inputs they take, i.e. P = {P(0),P(1),P(2),...},
and can be composed as one would compose multi-variable operations. For instance, if
we have a multivariable operation y; having say 2 inputs, and a second multivariable
operation p having say 3 inputs, then one can compose those operations to get a new
operation taking 4 inputs, for instance:

x1, T2, 3, T4 — p1(p2(r1, T2, 23), T4).

This means that we should have a corresponding map: P(2) x P(3) — P(4), which shall
be part of the datum of the operad. Of course all the different composition maps should
satisfy the same associativity axioms as the usual composition. One can also consider the
additional datum of a symmetric action on the operations, mimicking the symmetric ac-
tion given by the permutation of variables. Naturally, this action is required to satisfy the
same compatibility with composition as the usual permutation of variables.

There are many equivalent ways to formally define an operad. The one of interest to
us is to view an operad as a monoidal functor defined on a particular monoidal category
which can be constructed as follow. Start with the groupoid FinSet with finite sets as
objects and all bijections as morphisms. Consider then the monoidal category 7 obtained
by adding to the free symmetric monoidal category generated by FinSet some morphisms

® Inputs(v) AN Leaves(t),

v vertex of ¢

for each rooted tree t, with Inputs(v) the set of ingoing edges (the “inputs”) of the vertex
v and Leaves(t) the set of leaves of t. The composition of those morphisms is defined by
substitution of trees, i.e. if ¢ is some rooted tree and for each vertex v of ¢t we have a rooted
tree ¢, with leaves Inputs(v), then ¢ o (®t,) is the tree constructed by substituting ¢, at each
vertex v in ¢. Finally, one needs to quotient by some relations expressing the compatibil-
ity between the symmetries and the composition morphisms. This construction is also
called the “monad of trees”. With this construction at hand, an operad can be very sim-
ply defined as a (strong) monoidal functor from 7 to some arbitrary symmetric monoidal
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category. The spaces of operations are the images of the finite sets by the functor, the com-
position morphisms are the images of the tree morphisms by the functor, the associativity
axiom comes from the associativity of the composition in 7 and the compatibility of the
functor with the composition, the symmetric action comes from the images of the bijec-
tions by the functor.

Over the last two decades many variants of operads appeared in the literature, such as
props (Mac Lane [23]), properads (Vallette [32]), cyclic operads (Getzler-Kapranov [16]),
modular operads (Getzler-Kapranov [17]) and so on. All those objects can be defined as
monoidal functors from a suitable symmetric monoidal category constructed in a similar
way to the one introduced in the previous paragraph. A general framework for such cate-
gories was laid out by Ralph Kaufmann and Benjamin Ward, who introduced the notion of
a Feynman category [20]. Before presenting the definition let us start by setting some no-
tations. If C is some category we denote by Sym(C) the free symmetric monoidal category
generated by C. For any functor F' : C — D with D a symmetric monoidal category, there
is a unique (strong) monoidal functor Sym(F’) : Sym(C) — D which restrictsto FonC. If C
is any category we denote by C'*° the category with the same objects as C and morphisms
the isomorphisms of C. If we are given a diagram of categories C Ep 8 &, the comma
category (F' | G) is the category having for objects triples (c € C,e € £,¢ : F(c) — G(e))
and for morphisms commutative diagrams. If the functors F' and G are clear from the
context we will write instead (C | &).

Definition 0.0.7 (Feynman category). A triple § = (V, F,1) is a Feynman category if V is a
groupoid, F is a symmetric monoidal category and » : V — F is a functor such that:

1. The functor 2 induces an equivalence of categories Sym(z) : Sym(V) — F'=.
2. The functor 1 induces an equivalence of categories Sym((F | V)5°) — (F | F)i.

3. For every object x € V, the comma category (F | «) is essentially small (i.e. is
equivalent to a small category).

Example 0.0.8. o The triple (FinSet, 7,2) with FinSet and 7 the categories introduced
previously and ¢ the obvious inclusion is a Feynman category.

e Consider the groupoid * with only one object and just the identity morphism. De-
note A the monoidal category with objects the finite sets, morphisms the surjections
and monoidal structure given by disjoint union. The triple (x, A, ) with 2 the obvi-
ous inclusion is a Feynman category.

An object of V will be called an arity and a morphism of F will be called a structural
morphism. In plain English, Definition 0.0.7 means that a Feynman category can be con-
structed by adding morphisms of the form

® Objects — Object
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to the free symmetric monoidal category generated by some groupoid, as we did to con-
struct 7 out of FinSet.

Definition 0.0.9 (Operad over a Feynman category). Let § = (V, F,1) be a Feynman cat-
egory and C a symmetric monoidal category. An operad over § in C is a strong monoidal
functor from F to C, and a cooperad over § in C is a strong monoidal functor from F to
C°P. A module over § in C is a functor from V to C.

(Co)operads (resp. modules) over § will also be called §-(co)operads (resp. §-modules).
Example 0.0.10. e An operad over (FinSet, 7, 1) is a classical operad.
e An operad over (x, .4,7) is a monoid.

The first objective of this thesis is to find a Feynman category over which the collection
of algebras H*(Y ) for all pairs (H,G) together with morphisms (4) for all nested sets
form a (co)operad. Example 0.0.6 shows that this Feynman category should “contain” in
some sense the Feynman category encoding classical operads.

Instead of dealing with hyperplane arrangements we shall be working at the combina-
torial level, meaning with lattices. This means that we will lose all the information which
is not combinatorial, but we acquire more generality because we can work with lattices
which are not necessarily intersection lattices of some hyperplane arrangement. The class
of lattices we will focus on in this thesis is that of geometric lattices.

Definition 0.0.11 (Geometric lattice). A finite lattice (£, <) is said to be geometric if it sat-
isfies the following properties:

e For every pair of elements G; < Gy, all the maximal chains of elements between G
and G2 have the same cardinal. (Jordan—Holder property)

e The rank function p : £ — N which assigns to any element G of £ the cardinal of
any maximal chain of elements from 0 to G (not counting 0) satisfies the inequality

p(G1 A Ga) + p(G1V Ga) < p(G1) + p(Ga)
for every G, G in L. (Sub-modularity)

e Every element in £ can be obtained as the supremum of some set of atoms (i.e.
elements of rank 1). (Atomicity)

This class strictly contains every lattice arising as the intersection lattice of some hyper-
plane arrangement (the rank function being given by the codimension). See [28] Example
2.1.22 for a geometric lattice not representable over any field. One could think of geomet-
ric lattices as a combinatorial abstraction of hyperplane arrangements. We have drawn
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in Figure 2 the Hasse diagrams of some posets. Let us quickly sort which of those posets
are geometric lattices. Poset (a) is not even a lattice because the two top elements do not
have an infimum. Poset (b) is a lattice but is not geometric because it is not atomic. Poset
(c) is not a geometric lattice because it is not atomic and it does not satisfy the Jordan—
Holder property. Poset (d) is an atomic lattice satisfying the Jordan-Holder property but
is not geometric because its rank function is not submodular. Finally, posets (e) and (f)
are geometric lattices. The first one is the intersection lattice of the arrangement given in
Example 0.0.1 , and the second one is the intersection lattice of the coordinate arrange-

ment {21 = 0}, {ZQ = O}, {23 = 0}.

| \ /
(b) ©
/N 4

NN\ L s XX

(d) ) 5

Figure 2: Hasse diagrams of some posets

In this document every lattice will be assumed to be geometric. A geometric lattice
is equivalent to the datum of what is called a loopless simple matroid, also known as a
combinatorial geometry. There are many different definitions of a matroid and we list
some of them here, referring to [35] for more details.

Definition 0.0.12 (Matroids via independent subsets). A matroid is a pair of a finite set &/
and a set 7 of subsets of E (the “independent” subsets) satisfying the axioms

e For any I in Z, every subset of I belongs to T.

e Forany I, Jin Z, if #J > #I there exists an element a in J and not in I such that
I U {a} is independent.
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Definition 0.0.13 (Matroids via closure operator). A matroid is a pair of a finite set £ and
an application (the “closure operator”)

o:P(E)— P(E)

satisfying the axioms

For any X € P(E) we have X C o(X).

Forany X CY € P(E)wehave o(X) C o(Y).

For any X € P(E) we have o(c(X)) = o(X).

Forany X € P(E)and a,b € E,ifa € (X U{b})\o(X)thend € o(X U{a})\o(X).

Definition 0.0.14 (Matroids via circuits). A matroid is a pair of a finite set &/ and a set C of
subsets of E (the “circuits”) satisfying the axioms

e The empty set is not a circuit.
e If O C Cy € Cthen Cp = Cs.
o If C1,Cy €C,Cy # Cyand e € C N Cy then there exists a circuit C C C; U Cy \ {e}.

One passes from the independent subset definition to the circuit definition by defining
the circuits as the minimal non-independent subsets. One passes from the circuit defini-
tion to the closure definition by putting

o(X)=XU{z|3C eCwithC C X U{z}andz € C}.

Finally, one passes from the closure definition to the independent subset definition by
defining an independent subset as a subset S such that for every s € S, the element s
does not belong to o(S \ {s}). Matroids form a combinatorial abstraction of the general
notion of independence across mathematics, encompassing linear independence, affine
independence, algebraic independence and so on. Matroids are also very strongly related
to graph theory via the observation that for any graph G with set of edges E, the subsets
of E given by the minimal cycles of GG satisfy the circuit axioms (0.0.14), and thus they
define a matroid. The independent subsets of this matroid are given by the subforests of
G. We will denote this matroid by M.

Example 0.0.15. Consider the graph G depicted in Figure 3. The circuits of M are {1, 2},
{3}, {1,4,5} and {2, 4, 5}. The independent subsets of M are 0, {1}, {2}, {4}, {5}, {1,4},
{1,5}, {2,4}, {2,5}, {4,5} together with the subsets obtained by adding 6 to the latter
subsets.
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3

L] [ J
[ ] # L]
Figure 3: A graph with labelled edges

A matroid (F,T) is said to be loopless if every singleton is independent. A matroid is
said to be simple if for every pair of elements a and b, if {a} and {b} are independent then
{a, b} is also independent. A flat of a matroid M = (E, ) isasubset /' C E such that o(F)
is equal to F'. The set of flats of M denoted by L), ordered by inclusion is a geometric
lattice with meet given by the intersection. Conversely if £ is a geometric lattice then the
datum (E, o) where FE is the set of atoms of £ and ¢ is the map defined by

o(X)= (] At(F)
Fel
XCAtS(F)

is a simple loopless matroid. Those two constructions are inverse to each other on simple
loopless matroids. In this document we will mainly use the axiomatization by geomet-
ric lattices for convenience (it is the axiomatization that makes restriction/contraction the
most transparent).

In [8], De Concini and Procesi gave an explicit presentation by generators and relations
of the cohomology rings H*(Y 3 ), which only depends on £y and G (in other words,
H*(Yyg) is “combinatorial”). In [14], Feichtner and Yuzvinsky generalized those rings
to any pair (£,G) where G is a building set of some atomic lattice £. A pair (£, G) with
G the building set of some lattice £ will be called a “built lattice”. In this document we
will restrict to geometric lattices. We will call those rings the Feichtner-Yuzvinsky rings
and denote them FY(£,G). If G = £\ {0} we get the so-called Chow ring of the geomet-
ric lattice/combinatorial geometry £. One could think of Feichtner-Yuzvinsky algebras
as invariants which help us study matroids, the same way cohomology algebras help us
study spaces. In the realizable case, meaning when the geometric lattice £ is the intersec-
tion lattice of a hyperplane arrangement, the Feichtner—Yuzvinsky ring is the cohomology
algebra of a complex smooth projective manifold and therefore it satisfies Poincaré dual-
ity and the Kdhler package.

A third important leitmotiv in the study of hyperplane arrangements/matroids is that
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properties of realizable matroids that assuredly seem deeply geometrical, may often mag-
ically subsist in the non-realizable setting. For instance, a celebrated result of Adiprasito-
Huh-Katz [1] states that every combinatorial Chow ring satisfies (a purely algebraic ver-
sion of) Poincaré duality and the K&hler package.

Definition 0.0.16 (Poincaré duality). A graded commutative algebra A over a field K is
said to satisfy Poincaré duality if there exists a top degree n such that we have AP = 0 for
all p > n + 1, and an isomorphism of vector spaces A" ~ K (the “degree map”) such that
the multiplication

AP @ AP 5 A" ~ K
is a non-degenerate pairing for all p < n.

Definition 0.0.17 (K&hler package). A graded commutative algebra A over Q is said to
satisfy the Kihler package if it has a top degree n and an isomorphism

deg: A" = Q

such that there exists a non-empty cone ¥ C Al of elements /¢ satisfying the following
properties.

e The multiplication map
-En_leAk _>An—k

is an isomorphism for all k& < n/2. (Hard Lefschetz property)

e The bilinear form
Q- AF x AF - Q
defined by Q}(a,b) = (—1)*deg(al®>"~*b) is positive defined on ker (- £2"~**1). (Hodge-
Riemann relations)

The result of Adiprasito-Huh-Katz was later generalized to all Feichtner—Yuzvinsky
rings by Pezzoli-Pagaria [29].

In [5], Bibby, Denham and Feichtner showed that the morphisms (4), which are ge-
ometrical in nature (they are induced by the inclusion of strata) also exist in the purely
combinatorial setting. More precisely, for any nested S in some building set G of some
geometric lattice £ we have a morphism of algebras

FY(L,6) - Q) FY(Z§, Indz¢(9)), )
GeS
with
7§ =1\ G.Glcc

G'eS
G'<G
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(those intervals being the intersection lattices of the hyperplane arrangements H$ in the
realizable case) and Indzg (G) the building set “induced” by G on Z§ (see Definition 1.1.13).

In addition to those structural morphisms, each isomorphism of poset £ = £’ sending
some building set G of £ to some building set G’ of £’ (called an isomorphism of built
lattices) induces an isomorphism of algebras

FY(L,G) = FY(L,G). 3)

In Section 2 we will construct a Feynman category £86 = (LBS;,,, LBS, 2) such that the
datum of the algebras FY (L, G) together with the structural morphisms (5) and the sym-
metries (6) forms a cooperad over £B6 (in the category of graded commutative algebras).
To put it in a nutshell the objects of LBS are going to be the built lattices, the symmetries
are going to be the isomorphisms of built lattices defined above and the nested sets will
form the structural morphisms. The combinatorial core of the construction is to define a
suitable “composition” of nested sets.

Having completed this first step, our new objectives are three-fold. Firstly, we would
be interested in studying the Feynman category £B & itself. We shall mainly be concerned
with finding a (graded) presentation of £B&, i.e. find a collection of morphisms of £B&
which generate every other morphism via tensorization and composition, and work out
which relations those generators satisfy. A presentation of £B6 is given in Proposition
2.3.1 and Proposition 2.3.2. From a practical point of view, presentations of Feynman cat-
egories are quite useful to define operads. For instance in the case of classical operads, we
know that the rooted trees with only two inner vertices together with the isomorphisms
generate every morphism in 7 via tensorization and composition, and we know which
relations those generators satisfy. This implies that classical operads can be defined by
specifying only their partial compositions (composition of just two operations), and the
symmetric group action in each arity.

Our second objective will be to introduce several new £B&-operads, other than the
operad of Feichtner-Yuzvinsky algebras. In Section 3 and Section 5, we show that both
the families

{0S(£),(£,G)} and {OS(£),(£,G)}

admit an £B6-(co)operadic structure. The structural morphisms of the second one are
given by a combinatorial generalization of the residue morphisms in the realizable case.
When restricted to the partition lattices with building set of partitions with only one non-
trivial equivalence class, this gives the linear dual of a well-known operad called Grav
introduced by Getzler in [15]. The restriction of the operad of Orlik-Solomon algebras is
the linear dual of a classical operad callled Ger which encodes Gerstenhaber algebras.
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Finally, we would also like to study in more details the £8&-cooperad of Feichtner—
Yuzvinsky algebras, which will be denoted by FY. We also denote by FY" the operad over
£B6 obtained by dualizing the objects, the structural morphisms and the symmetries of
FY. One of our underlying ambitions is to be able to relate the important properties of
the algebras FY (£, G) highlighted previously, with the properties of the global object FY.
Strikingly, even though operads over Feynman categories are in general much more com-
plex than associative algebras, one can study them the same way one would study an as-
sociative algebra. For instance, one can first try to look for a “presentation” of FY". In our
operadic context this means finding a set of elements in each object FY" (£, G) which gen-
erate every other element in every arity by sum and product over structural morphisms,
and then examining which relations those products satisfy. In Section 3, Proposition 3.1.3,
we show that the degree maps generate FY" in the above sense, and we describe the rela-
tions between those generators. In Remark 3.1.4 we explain how the fact that the degree
maps operadically generate every other element in FY" is essentially equivalent to the
fact that the Feichtner—Yuzvinsky algebras satisfy Poincaré duality.

For associative algebras, a computational tool to deal with presentations of algebras is
the theory of Grobner bases. The general idea of Grobner bases is to start by choosing an
order on the generators of the presentation. This order is then used to derive an order on
all monomials, which is compatible in some sense with the multiplication of monomials
(we call such orders “admissible”). We then use this order to rewrite monomials in the
quotient algebra:

greatest term —> Z lesser terms,

for every relation R = greatest term — ) lower terms in some subset B of the ideal gener-
ated by the relations of the presentation. The greatest term is usually called the “leading
term”. The subset B is called a Grobner basis when it contains “enough” elements. More
precisely, we want that every leading term of some relation in the quotient algebra is di-
visible by the leading term of some element of B. In general the goal is to find a Grobner
basis as little as possible so that the rewriting is as easy as possible. At the end of the
rewriting process (which stops if the monomials are well-ordered) we are left with all the
monomials which are not rewritable i.e. which are not divisible by a leading term of some
element of B. Those monomials are called “normal” and they form a linear basis of our
algebra exactly when B is a Grobner basis. This basis comes with a multiplication table
given by the rewriting process.

It turns out that this general strategy can be applied to structures which are much
more general and complex than associative algebras, such as operads. Loosely speaking,
all we need in order to implement this machinery is to be able to make (reasonable) sense

of the key words used above, such as “monomials”, “admissible orders” and “divisibil-
ity between monomials”. For operads over a Feynman category, the only non-trivial part
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is to construct admissible orders on monomials out of orders on generators. The main
issue comes from the symmetries, because usually the compatibility with symmetries is
too strong and prevents us from finding any admissible order. In order to circumvent
this problem, drawing inspiration from the case of classical operads which was sorted out
by Dotsenko and Khoroshkin in [11], in Section 4 we introduce a notion of a “shuffle” op-
erad over £836, and we develop a theory of Grobner bases for shuffle operads over £86.

Another important notion in the theory of associative algebras is Koszul duality. In
English we say that a (graded) associative algebra is Koszul when it is generated by ele-
ments of grading 1, the relations between those generators are generated by elements of
grading 2, relations between relations are generated in grading 3 and so on. The formal
definition revolves around the so-called “bar” and “cobar” operators (denoted B and
respectively)

B : { dg graded coassociative coalgebras } = { dg graded associative algebras } : 2.

A graded associative algebra is said to be Koszul when there is a quasi-isomorphism be-
tween Q(H(BA)) and A. In this case Q(H (BA)) is the minimal model of A.

Kaufmann and Ward have shown in [20] that for certain Feynman categories called
“cubical”, one has a similar construction of bar/cobar operators for operads over those
Feynman categories, which allows us to define Koszulness of those operads exactly as
we did for associative algebras. In Section 5 Proposition 5.1.2 we show that the Feynman
category £BG6 is cubical. We then show the following theorem.

Theorem 0.0.18 (Corollary 5.3.3). The linear dual of the cooperad of Feichtner—Yuzvinsky alge-
bras is Koszul with Koszul dual the cooperad of projective Orlik—Solomon algebras.

This duality restricts to the duality between Hypercom and Grav on partition lattices,
proved by Getzler in [15]. The proof of Getzler relies on the observation that the second
page of the Leray spectral sequence of the inclusion

PABraid,, = Y Braidn,Gn

is the bar construction of Hypercom, together with the fact that this spectral sequence de-
generates at the second page (by a mixed Hodge theory argument). In the possibly non
realizable case those geometric constructions do not exist but we still have a (purely com-
binatorial) Leray model for Orlik-Solomon algebras, a result proved by Bibby, Denham
and Feichtner in [5]. This combinatorial Leray model is the bar construction of the operad
of Feichtner—Yuzvinsky algebras, which implies that the latter operad is Koszul. Alterna-
tively, we also prove the two results

Proposition 0.0.19 (Proposition 5.6.1). An £B86-operad admitting a quadratic Grobner basis
is Koszul.
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Theorem 0.0.20 (Corollary 4.5.7). The operad of Feichtner—Yuzuvinsky algebras admits a quadratic
Grobner basis.

This leads to the same conclusion.

In Section 6 we conclude the first part of this document by giving some further direc-
tions toward possible generalizations or modifications of £86& which may lead to other
applications.

Part 2: Koszulness of Feichtner-Yuzvinsky algebras

The second part of this manuscript is devoted to the study of the Koszulness of some
Feichtner—Yuzvinsky algebras, using the operadic structure developed in the first part.
We would like to stress here that this is a priori a problem unrelated to that of Koszulness
of the operad FY". However, we shall see that one can use the operadic structure to de-
rive Koszulness of some of the Feichtner—Yuzvinsky algebras.

Koszulness is a particularly interesting property to ask of the cohomology ring of a
formal space because it allows a direct computation of other rational homotopy invari-
ants such as the rational homotopy Lie algebra (see Berglund [4]). Since the wonderful
compactifications of hyperplane arrangements are known to be formal, it is natural to ask
which Feichtner—Yuzvinsky algebras are Koszul, a question raised by Dotsenko in [10].
This question is largely open.

A classical way to prove the Koszulness of a given algebra is to find a quadratic Grob-
ner basis for this algebra. Feichtner and Yuzvinsky computed explicit Grobner bases for
the Feichtner—Yuzvinsky rings, but those bases are almost never quadratic. In fact, the
Feichtner—Yuzvinsky rings themselves are not necessarily quadratic. One of the first re-
sults proving the Koszulness of some Feichtner—Yuzvinsky algebras was given by Dot-
senko who proved that the Feichtner—Yuzvinsky algebras associated to the braid arrange-
ments with minimal building sets (see Example 0.0.6) are Koszul. In a nutshell, Dotsenko
introduced an explicit order on the generators of the Feichtner-Yuzvinsky rings and then
used the (classical) operadic structure on this collection of rings to construct a bijection
between the algebraic normal monomials associated to the latter order and relations of
degree 2, and the operadic normal monomials obtained in a previous work via Grébner
bases for operads (Dotsenko-Khoroshkin [11]). By a dimension argument this implies that
the relations of weight 2 form a quadratic Grobner basis of the Feichtner-Yuzvinsky rings
in question. More recently, Mastroeni-McCullough [26] proved that the combinatorial
Chow rings are all Koszul, using the notion of Koszul filtrations.

In this document we will generalize the strategy of Dotsenko, using the extended op-
eradic structure introduced in the first part of this document. However, we shall see that
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in order to extend the argument one needs to restrict the class of lattices we are consider-
ing. Recall that an element a in a lattice £ is called modular if for any b < a and cin £ we
have the identity

alN(bVe)=bV(aAec).

For instance a normal subgroup of a finite group G is modular in the lattice of subgroups
of G. For an example of a non-modular element let us go back to poset (c) in Figure 2.

PN
| ‘
b\ﬁ/

Figure 4: A poset with a non-modular element
We have
aN(bVe)=aANl=a#b=bV0=0bV (aNc),

which shows that a is not modular in this lattice. In [30] Stanley introduced the following
definition.

Definition 0.0.21 (Stanley). A lattice £ is called supersolvable if it admits a maximal chain
of modular elements.

The denomination comes from the fact that the lattice of subgroups of a finite su-
persolvable group is supersolvable. Supersolvable lattices have very nice properties in
general. For instance, we have the following classical result.

Theorem 0.0.22 (Yuzvinsky, [36]). The Orlik—Solomon algebra of a supersolvable lattice admits
a quadratic Grobner basis.

In this document we will prove a similar result for Feichtner—Yuzvinsky algebras. We
tirst introduce the following notion of supersolvability for built lattices.

Definition 0.0.23. A built lattice (£, G) is supersolvable if £ admits a maximal chain
0=G1<...<Gn:i
of modular elements in G such that for all G’ in G and all i < n we have G’ A G; € G U 0.

The main result of the second part of this PhD is the following theorem.
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Theorem 0.0.24 (Theorem 8.3.1). Let (L, G) be a supersolvable built lattice. The algebra FY (L, G)
admits a quadratic Grobner basis and is therefore Koszul.

Theorem 0.0.22 immediately implies that combinatorial Chow rings of supersolvable
lattices have quadratic Grobner bases, strengthening the result of Mastroeni-McCullough
for supersolvable lattices. Turning our attention towards minimal building sets, Theorem
0.0.22 also gives us the following result.

Theorem 0.0.25 (Theorem 8.4.5). Let L be a supersolvable lattice and Gy,in the building set
of irreducible elements of L. The algebra FY (L, Gmin) admits a quadratic Grobner basis and is
therefore Koszul.

Stanley [30] proved that the geometric lattices associated to chordal graphs (i.e. graphs
such that every cycle has a chord) are supersolvable. Alternatively, one can associate
to a graph G a built lattice (Lg,Gg) where L is the lattice associated to G and G is
the building set of connected closed subgraphs of GG. Stanley’s original argument also
shows that (L, G¢) is a supersolvable built lattice. This implies by Theorem 0.0.22 that
its Feichtner—Yuzvinsky algebra admits a quadratic Grobner basis. Since the complete
graphs are chordal we recover the result of Dotsenko.

In [21], Losev and Manin introduced moduli spaces of stable curves with marked
points of two types, where the points of the first type are not allowed to coincide with
any other points, and those of second type are allowed to coincide between them. Those
moduli spaces form the components of an object called the “extended modular operad”,
introduced by Losev and Manin in the sequel [22]. In [25], Manin asked if the cohomology
algebras of those moduli spaces are Koszul. By considering the family of chordal graphs
Gm.n, where G, , has m + n vertices, the first m vertices are neighbors of every vertices
and the last n vertices are neighbors only of the first m vertices, one obtains the following
result.

Theorem 0.0.26 (Theorem 9.2.1). The cohomology algebras of the components of the extended
modular operad in genus 0 have quadratic Grobner bases and are therefore Koszul.

Layout of the document

In Section 1 we define the main combinatorial characters of the story.

In Section 2 we define the Feynman category £86 and give a presentation of this Feyn-
man category.

In Section 3 we define the cooperad of Feichtner—Yuzvinsky algebras and the cooperad
of Orlik-Solomon algebras.
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In Section 4 we develop a theory of Grobner bases for operads over £86.

In Section 5 we show that £8& is cubical and we unpack the Koszul duality theory for op-
erads over £86. We show that the (co)operad of Feichtner—Yuzvinsky algebras is Koszul.

In Section 6 we give some general comments towards possible generalizations and modi-
fications of £86.

In Section 7 we make more explicit the relation between geometric lattices and matroids,
which will be used in the proof of the main result of the second part.

In Section 8 we prove Theorem 0.0.22 and we deduce Theorem 0.0.23.

In Section 9 we concentrate our attention toward supersolvable built lattices associated
to chordal graphs, which leads to Theorem 0.0.24.

Finally, in Section 10 we take a step back and give some general comments for further
research on Koszulness of Feichtner-Yuzvinsky algebras.
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Introduction (Francais)

Le document qui suit vise a introduire et étudier de nouvelles structures de type opéradique
sur certains invariants algébriques de matroides.

Partie 1: Arrangements d’hyperplans et structures opéradiques

Un arrangement d’hyperplans est une collection finie d’hyperplans dans un espace vec-
toriel de dimension finie. Pour tout arrangement d’hyperplans H, le treillis d’intersection
L3 de H est 'ensemble {(\.s H, S C H} des intersections possibles ordonné par 1'inclu-
sion renversée. Comme son nom l'indique il s’agit d’un treillis, dont le supremum est
donné par 'intersection. Ce treillis contient toute 'information combinatoire de I’arrange-
ment d’hyperplans.

Exemple 0.0.1. Considérons l’arrangement Braids donné par les hyperplans {z; = 23},-
{20 = 23}, et {z1 = 23} dans C3. Le diagramme de Hasse du treillis d’intersection de
cet arrangement d’hyperplans est représenté sur la Figure 5. 1l s’agit de I'ensemble des
partitions de {1, 2, 3} ordonnées par raffinement.

{2’1 = Z9 = 23}

PN

{z1 =2} {z1=2z} {2 =2}

~ 7

CS

Figure 5: Diagramme de Hasse de Lgraid,

Un leitmotif important dans 1’étude des arrangements d’hyperplans est de compren-
dre quelle information est déterminée par le treillis d’'intersection (I'information “combi-
natoire”) et quelle information ne l'est pas. Un théoréeme classique dans cet esprit est le
suivant.

21
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Proposition 0.0.2 (Orlik-Solomon, [27]). Soit H un arrangement d’hyperplans et Ay le com-
plémentaire de la réunion des hyperplans de H. L’algebre de cohomologie de Ay est isomorphe
au quotient de I'algebre extérieure Aler;, H € H] (avec chaque ey en degré 1) par les éléments
d(em,...em, ) pour tout {Hy, ..., Hy } tel que

dmH N..NH,>n—k

(o1 6 dénote I'unique dérivation qui envoie tous les générateurs sur 1). L'algebre de cohomologie
de la projectivisation P.Ay est isomorphe a la sous-algebre engendrée par les éléments ey — ey,
H,H €H.

La dimension des intersections d’hyperplans est donnée par la fonction de rang du
treillis £4;, ce qui implique que l'algebre décrite ci-dessus est déterminée par L3,. En
d’autres termes, 1’algebre de cohomologie du complémentaire d"un arrangement d’hyper-
plans ainsi que celle de sa projectivisation sont de nature “combinatoire”. Nous noterons
ces algebres OS(Ly) et OS(Ly,) respectivement.

Pour aller plus loin dans I'étude des complémentaires projectivisés d’arrangements, il
est intéressant de trouver un modele pour H*(PAg). Un moyen classique d’atteindre ce
but est de trouver une “bonne” compactification du complémentaire projectif

P.AH — ?H

pour ensuite examiner la suite spectrale de Leray de cette inclusion. Pour que cette suite
spectrale soit calculable, on aimerait que le complémentaire de P43, dans la compactifi-
cation soit un diviseur a croisements normaux, auquel cas cette compactification est dite
“merveilleuse”. De Concini et Procesi ont montré dans [8] qu’il existe plusieurs compact-
ifications merveilleuses du complémentaire projectivisé d"un arrangement d’hyperplans,
qui peuvent étre obtenues par éclatements successifs le long de certaines intersections
d’hyperplans bien choisies. Si G est un sous-ensemble de L3 on notera Yy g le résultat
obtenu apres éclatement successif de P(C") le long des éléments de G (par taille crois-
sante). Pour que Y7y, ¢ soit une compactification merveilleuse 1'ensemble G doit con-
tenir toutes les intersections non-transverses. Ceci peut étre axiomatisé par la notion
d’ensemble de construction, introduite dans un cadre combinatoire par Feichtner-Kozlov
[13]. On réfere a la section 1.1 pour la définition des symboles utilisés dans la définition
suivante.

Définition 0.0.3 (Ensemble de construction). Soit £ un treillis. Un ensemble de construction
G de L est un sous-ensemble de £ \ {0} tel que pour tout élément X de £ le morphisme

I 10.6150,X]

Gemax QSX

est un isomorphisme.
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En conclusion, nous avons une compactification merveilleuse Yy, g de P.Ay; pour tout
ensemble de construction G de Ly, Les variétés projectives lisses Y g sont stratifiées
par les diviseurs exceptionnels D, G € G obtenus aprés chaque éclatement. Pour tout
sous-ensemble S C G l'intersection (.5 Dg est non-vide si et seulement si S forme un
ensemble niché de (£, G).

Définition 0.0.4 (Ensemble niché). Soit £ un treillis et G un ensemble de construction de
L. Un sous-ensemble S de G est dit niché si pour toute partie A C S d’éléments deux a
deux incomparables, le supremum des éléments de .A n’appartient pas a G dés que A est
de cardinal supérieur ou égal a deux.

De Concini et Procesi ont montré que pour tout ensemble niché S de (L4, G), la strate

?3 = m Dqa
GeS

est isomorphe a un produit de compactifications merveilleuses d’arrangements d’hyper-
plans plus “petits” HS le long d’ensembles de construction G§, indexés par les éléments
de S:

?3 ~ H ?HG7gg
GeS

L’inclusion de la strate induit un morphisme en cohomologie

H*(Yg) = Q) H*(Yyg gg). 4)
GeS

Pour étre tout a fait précis, les arrangements d’hyperplans H$ sont obtenus par ce qu’on
appelle restriction/contraction de I’arrangement d’hyperplans initial #, et l'ensemble de
construction gg est “induit” par G sur Hg (voir Section 1.1).

Définition 0.0.5 (Restriction/Contraction). Soit H un arrangement d’hyperplans dans
un espace vectoriel V, et F' un élément de Ly. La restriction de H le long de F est
I'arrangement d’hyperplans dans V/F' donné par les éléments de £y contenant F. La
contraction de H le long de F' est 'arrangement d’hyperplans donné par tous les hyper-
plans de F' qui peuvent étre obtenus par l'intersection d"un élément de L, avec F.

L’arrangement d’hyperplans H$ est la contraction le long de \/ S<¢ de la restriction le
long de G de H.

Un second leitmotif important dans 1’étude des arrangements d’hyperplans est d’es-
sayer de relier les propriétés d'un arrangement d’hyperplans avec les propriétés de ses
restrictions/contractions. Plus précisément, nous sommes intéressés par les propriétés
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“héréditaires” des arrangements, qui subsistent apres restriction/contraction, et les pro-
priétés “inductives” qui passent a tout l'arrangement d’hyperplans si elles sont véri-
fiées sur chaque restriction/contraction. Sous cet angle, les morphismes (4) semblent
revétir une importance particuliere. Pour certains arrangements d’hyperplans et ensem-
bles de constructions spécifiques, la donnée des algebres H*(Y 3 g) avec les morphismes
(4) forme des types de structures qui ont déja été intensivement étudiés.

Exemple 0.0.6. Considérons l’arrangement de tresse Braid,, donné par les hyperplans di-
agonaux {z; = z;} C C". Son treillis d’intersection est ’ensemble des partitions de
{1,...,n} ordonné par raffinement. Ce treillis admet un ensemble de construction donné
par I'ensemble des partitions qui contiennent une seule classe d’équivalence avec stricte-
ment plus d’un élément. Dans ce cas on vérifie que les arrangements H$ apparaissant
dans (4) sont isomorphes a des arrangements de tresses plus petits, pour n'importe quel
ensemble niché S. Les algebres { H*(Y gyaid,, g, ), € N*} avec les morphismes (4) forment
un objet appelé une (co)opérade. Il s’agit du dual (linéaire) de 1'opérade Hypercom qui
encode les algebres hypercommutatives.

Les opérades ont été introduites vers le début des années soixante-dix par Boardmann,
Vogt et May, et ont joué un role de plus en plus important en topologie algébrique et en
algebre générale. En quelques mots, les opérades forment une abstraction formelle de
la collection des opérations a plusieurs variables d'un objet, de la méme maniere que les
monoides forment une abstraction formelle de la collection des endomorphismes d"un
objet. Dans une opérade P, les éléments (qui devraient étre vus comme des opérations
formelles) sont classifiés par le nombre d’entrées qu’ils prennent, c’est-a-dire

P ={P(0),P(1),P(2),...},

et peuvent étre composés comme 1’on composerait des opérations a plusieurs variables.
Par exemple, sil’on a une opération a deux variables 411, et une opération a trois variables
H2, alors on peut composer ces deux opérations pour en obtenir une troisieéme, qui prendra
cette fois-ci quatre entrées. Par exemple:

x1, T2, 23, 24 — 1 (pe(z1, 22, 23), 24).

Par conséquent, nous devrions avoir une application correspondante: P(2) xP(3) — P(4),
qui fera partie de la donnée de 1'opérade P. Bien stir toutes les applications de composi-
tions doivent satisfaire les méme axiomes d’associativité que la composition usuelle. On
pourrait aussi considérer la donnée supplémentaire d"une action du groupe symétrique
sur les opérations, qui devrait “mimer” I’action par permutation des variables que 1’on
a pour les opérations a plusieurs variables. Naturellement, cette action devra bien str
satisfaire la méme compatibilité avec les morphismes de composition que la permutation
des variables.
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Il existe plusieurs manieres équivalentes de définir formellement une opérade. Celle
qui va nous intéresser dans ce document est de voir une opérade comme un foncteur
monoidal défini sur une catégorie monoidale construite de la maniere suivante. Consid-
érons le groupoide FinSet ayant pour objets les ensembles finis et pour morphismes les
bijections. On construit la catégorie monoidale 7 en ajoutant a la catégorie symétrique
monoidale libre engendrée par FinSet des morphismes

® Inputs(v) AN Leaves(t),

v sommet de ¢

pour tout arbre enraciné ¢, avec Inputs(v) ’ensemble des arétes rentrantes du sommet v
et Leaves(t) I'ensemble des feuilles de ¢. La composition de ces morphismes est définie
par substitution des arbres, c’est-a-dire si ¢ est un arbre enraciné et pour tout sommet
v de ¢t on a un arbre enraciné ¢, ayant pour feuilles Inputs(v), alors ¢ o (®t,) est ’arbre
construit en substituant tout sommet v par 'arbre ¢, dans ¢. Finalement, il faut encore
quotienter la catégorie obtenue par certaines relations qui expriment la compatibilité des
symétries avec les morphismes ¢. Cette construction est aussi appelée la “monade des ar-
bres”. Avec cette nouvelle construction on peut définir une opérade simplement comme
un foncteur monoidal (fort) depuis 7 dans une catégorie symétrique monoidale de notre
choix. Les ensembles d’opérations P(0), P(1), ..., P(n) sont les images par le foncteur P
des ensembles finis, les morphismes de compositions sont les images par le foncteur P
des morphismes représentés par les arbres enracinés, I’associativité des morphismes de
composition vient de 1’associativité de la composition des morphismes dans la catégorie
T, et enfin I’action du groupe symétrique vient de I'image par le foncteur des bijections
entre ensembles finis.

Au cours des deux dernieres décennies de nombreuses variantes des opérades sont ap-
parues dans la littérature, comme par exemple les props (Mac Lane [23]), les propérades
(Vallette [32]), les opérades cycliques (Getzler-Kapranov [16]), les opérades modulaires
(Getzler-Kapranov [17]) et ainsi de suite. Tous ces objets peuvent étre définis comme
des foncteurs monoidaux sur certaines catégories monoidales symétriques bien choisies,
définies d’'une maniere similaire a celle utilisée pour construire 7 a partir de FinSet dans
le paragraphe précédent. Un cadre général pour de telles catégories a été développé par
Ralph Kaufmann et Benjamin Ward, qui ont introduit la notion de catégorie de Feyn-
man [20]. Avant de présenter la définition formelle, commengons par introduire quelques
notations. Si C est une catégorie, on note Sym(C) la catégorie symétrique monoidale li-
bre engendrée par C. Pour tout foncteur ' : C — D avec D une catégorie symétrique
monoidale, il existe un unique foncteur monoidal fort Sym(F') : Sym(C) — D qui se
restreint & F sur C. On note C*° la catégorie ayant les méme objets que C et dont les
morphismes sont les isomorphismes de C. Si on se donne un diagramme de catégories

cEpEgn catégorie virgule (F' | G) est la catégorie ayant pour objets les triplets
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(ceC,e€ &, ¢: F(c) = G(e)) et pour morphismes les diagrammes commutatifs. Si les
foncteurs F et G peuvent étre déduits du contexte on notera plus simplement (C | £).

Définition 0.0.7 (Catégorie de Feynman). Un triplet § = (V, F,) est une catégorie de Feyn-
man si V est un groupoide, F est une catégorie monoidale symétrique et : V — F est un
foncteur tel que:

1. Le foncteur 2 induit une équivalence de catégories Sym(z) : Sym(V) — Fi*°.
2. Le foncteur 1 induit une équivalence de catégories Sym((F | V)°) — (F | F)*°.

3. Pour tout objet x € V, la catégorie virgule (F | x) est essentiellement petite (i.e. est
équivalente a une petite catégorie).

Exemple 0.0.8. e Le triplet (FinSet, 7 ,2) avec FinSet et 7 les catégories introduites
précédemment et + I'inclusion évidente est une catégorie de Feynman.

e Soit x le groupoide avec un seul objet et un seul morphisme. On pose A la catégorie
symétrique monoidale ayant pour objets les ensembles finis et pour morphismes
les surjections, et dont la structure monoidale est donnée par 1'union disjointe. Le
triplet (x, A, ) avec 2 I'inclusion évidente est une catégorie de Feynman.

Un objet de V sera appelé une arité et un morphisme de F sera appelé un morphisme
structurel. De maniére plus informelle, on peut résumer la Définition 0.0.7 par le fait
qu’une catégorie de Feynman peut étre construite en ajoutant des morphismes de la forme

® Objets — Objet

a une catégorie symétrique monoidale libre engendrée par un groupoide.

Définition 0.0.9 (Opérade sur une catégorie de Feynman). Soit § = (V, F,1) une caté-
gorie de Feynman et C une catégorie symétrique monoidale. Une opérade sur § dans C est
un foncteur monoidal fort de F dans C, et une coopérade sur § dans C est un foncteur
monoidal fort de F dans C°P. Un module sur § dans C est un foncteur de V dans C.

Les (co)opérades (resp. modules) sur § seront aussi appelés des §-(co)opérades (resp.
F-modules).

Exemple 0.0.10. e Une opérade sur (FinSet, 7, 1) est une opérade au sens classique.
e Une opérade sur (*,.4,1) est un monoide.

Le premier objectif de cette these est de construire une catégorie de Feynman sur
laquelle la collection des algebres H*(Y 3 g) pour toute paire (#,G), avec les morphismes
(4) pour tout ensemble niché, forme une (co)opérade. L'exemple 0.0.6 montre que cette
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catégorie de Feynman devrait “contenir” en un certain sens la catégorie de Feynman en-
codant les opérades classiques.

Au lieu de travailler avec les arrangements d’hyperplans nous nous placerons a un
niveau combinatoire, c’est-a-dire nous travaillerons avec les treillis. Cela implique de
perdre toute 'information qui n’est pas combinatoire, mais cela permet aussi d’accéder a
un plus haut niveau de généralité car nous pourrons potentiellement travailler avec des
treillis qui ne sont pas des treillis d"intersection. La classe de treillis sur laquelle nous nous
concentrerons dans ce document est celle des treillis géométriques.

Définition 0.0.11 (Treillis géométrique). Un treillis fini (£, <) est dit géométrique si il satis-
fait les propriétés suivantes:

e Pour toute paire d’éléments 1 < G, toutes les chaines maximales d’éléments entre
G et G2 ont le méme cardinal. (Propriété de Jordan—Holder)

e La fonction de rang p : £ — N qui assigne a un élément G de L le cardinal d"une
chaine maximale d’éléments entre 0 et G (sans compter 0) satisfait I'inégalité

p(G1 A G2) + p(GLV G2) < p(Gr) + p(Ga)
pour tout G, G2 dans L. (Sous-modularité)

e Tout élément de £ peut étre obtenu comme le suprémum d’un ensemble d’atomes
(éléments de rang 1). (Atomicité)

Cette classe contient strictement tous les treillis d"intersections d’arrangements d hyper-
plans (la fonction de rang étant donnée par la codimension). Voir [28] Exemple 2.1.22 pour
un treillis géométrique quin’est pas le treillis d"intersection d"un arrangement d "hyperplans
dans aucun corps. Les treillis géométriques peuvent étre vus comme une abstraction com-
binatoire des arrangements d’hyperplans. Sont représentés sur la figure 6 quelques dia-
grammes de Hasse de certains ensembles partiellement ordonnés (posets). Déterminons
lesquels de ces posets sont des treillis géométriques. Le poset (a) n’est méme pas un treil-
lis car les deux éléments du haut n’ont pas d’infimum (entre autres). Le poset (b) est un
treillis mais n’est pas géométrique car il n’est pas atomique. Le poset (c) n’est pas un
treillis géométrique car il n’est pas atomique et ne satisfait pas la propriété de Jordan-
Holder. Le poset (d) est un treillis atomique satisfaisant la propriété de Jordan-Holder
mais n’est pas géométrique car sa fonction de rang n’est pas sous-modulaire. Enfin, les
posets (e) et (f) sont des treillis géométriques. Le premier est le treillis d'intersection
de l’arrangement donné dans 1’exemple 0.0.1, et le second est le treillis d’intersection de
l'arrangement donné par les hyperplans {z; = 0}, {22 = 0}, {23 = 0} C C3.

Dans ce document tous les treillis seront supposés étre géométriques. La donnée d"un
treillis géométrique est équivalente a la donnée de ce qu’on appelle un matroide simple
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Figure 6: Diagramme de Hasse de quelques posets

sans boucle, aussi connu sous le nom de géométrie combinatoire. Il existe plusieurs déf-
initions de matroides, partiellement listées ci-dessous. Nous référons a [35] pour plus de
détails.

Définition 0.0.12 (Matroides via ensembles indépendants). Un matroide est une paire d'un
ensemble fini £/ et d’'un ensemble Z de parties de E (appelées les sous-ensembles “in-
dépendants”) satisfaisant les axiomes

e Pour tout I dans Z, toute partie de I appartient a Z.

e Pour tout I, J dans 7, si #J > #1I il existe un élément a dans J et pas dans I tel que
I U {a} soit indépendant.

Définition 0.0.13 (Matroides via opérateur de cloture). Un matroide est une paire d'un
ensemble fini £ et d'une application (I'opérateur de “cloture”)

o:P(E)— P(E)
satisfaisant les axiomes
e Pourtout X € P(E)ona X C o(X).

e Pourtout X CY € P(E)onaoc(X)Co(Y).
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e Pour tout X € P(E)onao(o(X)) =o(X).
e Pourtout X € P(E)eta,b€ E,sia € o(XU{b})\o(X)alorsb € o(XU{a})\o(X).

Définition 0.0.14 (Matroides via les circuits). Un matroide est une paire d’un ensemble fini
E et d’un ensemble C de parties de E (les “circuits”) satisfaisant les axiomes

e L'ensemble vide n’est pas un circuit.
e SiC; C Oy e Calors Cy = Cs.
e Si(C1,Cy €C,Cy # Cyete e Cp N Cyalors il existe un circuit C C C; U Cy \ {e}.

Toutes ces définitions sont équivalentes. On passe de la définition par ensembles in-
dépendants a la définition par circuits en définissant les circuits comme étant les ensem-
bles non indépendants minimaux. On passe de la définition par circuits a la définition par
opérateur de cloture en posant

o(X)=XU{x|3dC €CavecC C X U{z}and z € C}.

Enfin, on passe de la définition par opérateur de cloture a la définition par ensembles
indépendants en définissant un ensemble indépendant comme étant un sous-ensemble
S tel que pour tout s € S, I'élément s n’appartient pas a la cloture de S \ {s}. Les
matroides forment une abstraction combinatoire de la notion générale d’indépendance
en mathématiques, qui comprend par exemple I'indépendance linéaire, 1'indépendance
affine, I'indépendance algébrique et ainsi de suite. Les matroides sont aussi fortement
reliés a la théorie des graphes par 'observation que pour tout graphe G avec ensemble
d’arétes I, les parties de E/ formant des cycles minimaux de G satisfont les axiomes des
circuits d’un matroides (0.0.14), et définissent donc un matroide. Les sous-ensembles in-
dépendants de ce matroide sont donnés par les sous-foréts de GG. On notera ce matroide
M.

Exemple 0.0.15. Soit G le graphe représenté sur la figure 7. Les circuits de M sont {1, 2},
{3}, {1,4,5} et {2,4,5}. Les sous-ensembles indépendants de M sont 0, {1}, {2}, {4},
{5}, {1,4}, {1,5}, {2,4}, {2,5}, {4,5} avec tous les sous-ensembles obtenus en ajoutant 6
a ces sous-ensembles.

Une boucle dans un matroide (F,Z) est un élément = de E tel que {x} soit dépendant.
Un matroide est dit simple si tout sous-ensemble de cardinal 2 sans boucle est indépen-
dant. Un fermé d’un matroide M = (E, o) est un sous-ensemble F' C E tel que o(F)
soit égal a F. L'ensemble des fermés de M dénoté L), ordonné par l'inclusion est un
treillis géométrique, dont 'infimum est donné par l'intersection. Dans l'autre sens si £
est un treillis géométrique, alors la paire (F, o) avec E 1'ensemble des atomes de L et o
I'application définie par

oX)= [) At<(F)

FeL
XCAt< (F)
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3

L
[ ] L [ ]
Figure 7: Un graphe

est un matroide simple sans boucle. Ces deux constructions sont inverses 1'une de 1’autre
sur les matroides simples sans boucle. Dans ce document on utilisera principalement
I'axiomatisation par les treillis géométriques, qui convient mieux a nos objectifs (c’est
I'axiomatisation qui rend les restrictions/contractions les plus transparentes).

Dans [8], De Concini et Procesi ont donné une présentation explicite par générateurs
et relations des algebres de cohomologie H*(Y 3 ¢), qui dépend uniquement de Ly et de
G (en d’autres termes, H*(Y 3, ) est “combinatoire”). Dans [14], Feichtner et Yuzvinsky
ont généralisé ces anneaux pour toute paire (£, G) avec G un ensemble de construction de
L un treillis. Une telle paire (£, G) sera appelée un “treillis construit”. Dans ce document
nous nous restreindrons aux treillis géométriques. Nous appellerons ces anneaux les an-
neaux de Feichtner-Yuzvinsky et on les notera FY(£,G). Si G = £\ {0} on obtient un
anneau appelé I'anneau de Chow du treillis géométrique £. On peut voir les anneaux de
Feichtner—Yuzvinsky comme des invariants qui nous aident a étudier les matroides, de la
méme maniere que les anneaux de cohomologie nous aident a étudier les espaces. Dans
le cas réalisable, c’est-a-dire quand le treillis géométrique L est le treillis d’intersection
d’un arrangement d’hyperplans, I’anneau de Feichtner—Yuzvinsky est I'anneau de coho-
mologie d"une variété complexe projective lisse ce qui implique qu'il satisfait la dualité
de Poincaré et le Kdhler package.

Un troisieme leitmotif important dans I’étude des arrangements d’hyperplans/matroi-
des est que certaines propriétés des matroides réalisables qui semblent pourtant profondé-
ment géométriques, ont tendance a subsister dans le cas non-réalisable (c’est-a-dire pure-
ment combinatoire). Par exemple un résultat célebre de Adiprasito-Huh-Katz [1] montre
que tous les anneaux de Chow combinatoires satisfont une forme purement algébrique de
la dualité de Poincaré et du Kahler package.

Définition 0.0.16 (Dualité de Poincaré). Une algébre commutative graduée A sur un corps
K satisfait la dualité de Poincaré si il existe un degré maximal n tel que 1’on ait A? = 0 pour
tout p > n + 1, et un isomorphisme d’espace vectoriel A" ~ K (I’application de degré) tel
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que la multiplication
AP @ AP - A"~ K

soit un appariement non dégénéré pour tout p < n.

Définition 0.0.17 (Kdhler package). Une algebre commutative graduée A sur Q satisfait
le Kihler package si il existe un degré maximal n et un isomorphisme

deg: A" = Q
tel qu’il existe un cone non-vide ¥ C Al d’éléments / satisfaisant les propriétés suivantes.

e La multiplication
_Eank:Ak _>Anfk

est un isomorphisme pour tout k£ < n/2. (Propriété de Lefschetz forte)

e La forme bilinéaire
Qf: AF x AF - Q

définie par Q(a,b) = (—1)*deg(al?"*b) est définie positive sur ker (- (2" *+1). (Re-
lations de Hodge-Riemann)

Le résultat de Adiprasito-Huh-Katz a ensuite été généralisé a tous les anneaux de
Feichtner-Yuzvinsky par Pezzoli-Pagaria [29].

Dans [5], Bibby, Denham et Feichtner ont montré que les morphismes (4), qui sont
de nature géométrique (ils sont induits par 'inclusion de strates) existent dans un cadre
purement combinatoire. Plus précisément pour tout ensemble niché S dans un ensemble
de construction G d'un treillis géométrique £ on a un morphisme d’algebre

FY(L,G) = Q) FY(Z§, Indzg (9)). 5)
GeS

avec
1§ =\ ¢.GlccL
G'eS
G'<G
(ces intervalles sont les treillis d’intersection des arrangements d’hyperplans H$ dans le
cas réalisable) et Indzg (G) I'ensemble de construction “induit” par G sur Z§ (voir Défini-

tion 1.1.13). En plus de ces morphismes structurels, tout isomorphisme de poset £ = £’
qui envoie un ensemble de construction G de £ sur un ensemble de construction G’ de £’
(qu’on appellera un isomorphisme de treillis construit) induit un isomorphisme d’algébre

FY(L,G) = FY(L',G). (6)
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Dans la Section 2 on construit une catégorie de Feynman £86& = (LBS;,, LBS,:) telle
que la donnée des algebres FY (L, G) avec les morphismes structurels (5) et les isomor-
phismes (6) forme une coopérade sur £86 (dans la catégorie des algebres commutatives
graduées). Pour résumer la construction, les objets de LBS seront les treillis (géométriques)
construits, les isomorphismes seront les isomorphismes de treillis construits définis au-
dessus, et les morphismes structurels seront donnés par les ensembles nichés. Le coeur
de la construction est d’arriver a définir une bonne “composition” des ensembles nichés.

Apres avoir atteint cette premiére étape, nos nouveaux objectifs se diviseront en trois
catégories. Pour commencer, il serait intéressant d’étudier la catégorie de Feynman £86&
en elle-méme. On sera principalement préoccupé par la question de trouver une bonne
présentation de £86, c’est-a-dire un ensemble de morphismes structurels de £B6 qui
génere tous les autres morphismes par tensorisation et composition, ainsi que les relations
que ces générateurs satisfont. Une présentation de £B6 est donnée par les Propositions
2.3.1et2.3.2. D’un point de vue pratique, les présentations de catégories de Feynman sont
utiles pour définir des opérades sur ces catégories de Feynman. Par exemple dans le cas
des opérades classiques, on sait que les arbres avec deux sommets internes avec les iso-
morphismes géneérent tous les autres morphismes de 7 par composition et tensorisation,
et on sait quelles relations ces générateurs satisfont. Ceci implique que les opérades clas-
siques peuvent étre définies en spécifiant simplement les compositions partielles (compo-
sition de deux opérations), ainsi que l’action du groupe symétrique en chaque arité.

Notre deuxiéme objectif sera d’introduire plusieurs nouvelles £B6&-opérades, autres
que l'opérade des anneaux de Feichtner-Yuzvinsky. Dans les sections 3 et 5, on montre
que les familles d’algebres

{08(£).(£,9)} et {OS(£),(£,G)}

admettent une structure £B&-opéradique. Les morphismes structurels de la deuxiéme
sont donnés par une généralisation combinatoire des morphismes de résidus dans le cas
réalisable. Lorsque l'on se restreint aux treillis de partitions avec ’ensemble de construc-
tion des partitions avec une seule classe d’équivalence non triviale, on obtient le dual
linéaire d"une opérade bien connue nommée Grav, introduite par Getzler dans [15]. La
restriction de 1'opérade des algebres d’Orlik-Solomon est le dual linéaire de l'opérade
classique nommeée Ger qui encode les algebres de Gerstenhaber.

Enfin, dans un troisieme temps on s’intéressera de plus prés a la £B6&-coopérade des
anneaux de Feichtner-Yuzvinsky, que 1’on notera FY. On notera aussi FY" 1'opérade sur
£B6 obtenue en dualisant (au sens linéaire) les objets, les morphismes structurels et les
isomorphismes de FY. Un de nos espoirs est de pouvoir relier les propriétés importantes
des algebres de Feichtner—Yuzvinsky mises en lumieres précédemment, et les propriétés
de l'objet global FY. De maniere particuliérement frappante, alors que les opérades sur
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des catégories de Feynman sont en général bien plus complexes que de simples algebres
associatives, on peut les étudier de la méme maniere. Par exemple on peut d’abord
s'intéresser a trouver une “présentation” de FY". Dans notre contexte opéradique cela
veut dire trouver un ensemble d’éléments dans chaque objet FYY (L, G) qui génere tous
les autres éléments en chaque arité par somme et produit le long de morphismes struc-
turels, et ensuite examiner quelles relations ces générateurs satisfont. Dans la section 3,
Proposition 3.1.3, on montre que les applications de degré génerent FY" au sens expliqué
ci-dessus, et on décrit les relations entre ces générateurs. En remarque 3.1.4 on explique
comment le fait que les applications de degré génerent FY" est essentiellement équivalent
au fait que les algebres de Feichtner-Yuzvinsky satisfont la dualité de Poincaré.

Pour les algebres associatives, un outil calculatoire pour gérer les présentations d’alge-
bres est la théorie des bases de Grobner. L'idée générale des bases de Grobner est de
commencer par choisir un ordre sur les générateurs de la présentation. Cet ordre est
ensuite utilisé pour obtenir un ordre sur tous les mondémes, qui est compatible en un
certain sens avec la multiplication (ces ordres sont dits “admissibles”). On utilise alors cet
ordre pour réécrire les mondmes dans 'algébre quotient:

terme dominant — Z reste des termes,

pour toute relation R = terme dominant — ) reste des termes dans un sous-ensemble B
de l'idéal généré par les relations de la présentation. Le sous-ensemble B est appelé une
base de Grobner quand il contient “assez” d’éléments. Plus précisément, on demande
que tout terme dominant d"une relation dans 1’algebre quotient soit divisible par le terme
dominant d’un élément de B. En général le but est de trouver une base de Grobner aussi
petite que possible pour que la réécriture soit aussi facile que possible. A la fin du pro-
cessus de réécriture il ne reste que les mondmes qui ne sont pas réécrivables, c’est-a-dire
qui ne sont pas divisibles par le terme dominant d"un élément de B. Ces mondomes sont
appelés les monomes “normaux” et forment une base linéaire de 1’algebre quotient si et
seulement si 3 est une base de Grobner. La table de multiplication de cette base est don-
née par le processus de réécriture.

Il se trouve que cette stratégie générale peut étre appliquée a des structures beaucoup
plus générales et complexes que les algebres associatives, telles que les opérades. De
maniere informelle, tout ce dont nous avons besoin pour implémenter cette stratégie est
de pouvoir donner un sens aux mots clefs utilisés ci-dessus, tels que “mondmes”, “or-
dres admissibles” et “divisibilité entre mondmes”. Pour les opérades sur une catégorie
de Feynman, la seule partie non-triviale est de construire des ordres admissibles sur les
monodmes a partir d'un ordre sur les générateurs. Le probléme principal provient des
isomorphismes, car la compatibilité avec les isomorphismes est en générale trop forte et

nous empéche de trouver des ordres admissibles. Pour éviter ce probleme, en s’inspirant
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du cas des opérades classiques traité par Dotsenko et Khoroshkin [11], dans la section
4 on introduit la notion d’opérade “shuffle” sur £B6 ce qui permet de développer une
théorie de bases de Grobner pour les £86-opérades.

Une autre notion importante dans la théorie des algebres associatives (graduées) est la
dualité de Koszul. Informellement, on dit qu'une algebre associative graduée est Koszul
si elle est générée par ses éléments de degré 1, les relations entre éléments de degré 1 sont
générés par des éléments de degré 2, les relations entre relations de degré 2 sont générées
en degré 3 et ainsi de suite. Une définition formelle possible utilise les opérateurs “bar”
et “cobar” (que I’on notera B et () respectivement):

B : { dg graded coassociative coalgebras } < { dg graded associative algebras } : .

Une algebre associative graduée est Koszul si il existe un quasi-isomorphisme entre l'alge-
bre différentielle graduée Q2(H(BA)) et A. Dans ce cas Q(H(BA)) est le modele minimal
de A.

Kaufmann et Ward ont montré dans [20] que pour certaines catégories de Feynman
dites “cubiques”, on a un opérateur bar et un opérateur cobar entre (co)opérades sur ces
catégories de Feynman, ce qui permet de définir une notion de Koszulité de la méme
maniere que pour les algebres associatives. Dans la section 5 Proposition 5.1.2 on montre
que la catégorie de Feynman £86 est cubique. On montre ensuite

Théoreme 0.0.18 (Corollary 5.3.3). Le dual linéaire de la coopérade des anneaux de Feichtner—
Yuzvinsky est Koszul, avec pour dual de Koszul la coopérade des algebres d’Orlik—Solomon projec-
tives.

Cette dualité se restreint a la dualité entre Hypercom et Grav sur les treillis de partition,
qui a été prouvée par Getzler dans [15]. La preuve de Getzler repose sur 1'observation que
la deuxieme page de la suite spectrale de Leray de l'inclusion

PABaid,, = Y Braidn,Gn

est la construction bar de Hypercom, et le fait que cette suite spectrale converge a la deux-
ieme page, par un argument de théorie de Hodge mixte. Dans un cadre purement com-
binatoire ces outils géométriques n’existent pas mais on a quand méme un modele de
Leray (purement combinatoire) pour les algebres d’Orlik-Solomon, un résultat prouvé
par Bibby, Denham et Feichtner dans [5]. Ce modele de Leray combinatoire est la con-
struction bar de I'opérade des anneaux de Feichtner—Yuzvinsky, ce qui implique que cette
opérade est Koszul. De maniére alternative, on montre aussi les deux résultats suivant.

Proposition 0.0.27 (Proposition 5.6.1). Une £BG-opérade qui admet une base de Grobner
quadratique est Koszul.
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Théoreme 0.0.19 (Corollaire 4.5.7). L'opérade des anneaux de Feichtner—Yuzvinsky admet une
base de Grobner quadratique.

Ceci meéne a la méme conclusion.

Dans la section 6 on conclut la premiere partie de ce document en donnant de nou-
velles directions de recherches possibles pour potentiellement généraliser £B6S, ce qui
pourrait mener a d’autres applications.

Part 2: Koszulité des algebres de Feichtner-Yuzvinsky

La deuxiéme partie de ce manuscrit est dévouée a I'étude de la Koszulité de certaines
algebres de Feichtner—Yuzvinsky, a l'aide de la structure opéradique mise en lumiere en
premiére partie. Il est important de mentionner ici qu’il s’agit d"un probléme a priori non
relié a la Koszulité de 'opérade FY". Cependant, nous verrons que I’on peut quand méme
utiliser la structure opéradique sur les anneaux de Feichtner—Yuzvinsky pour déduire des
résultats sur les anneaux eux-méme.

La Koszulité est une propriété particulierement intéressante a vérifier sur les anneaux
de cohomologie des espaces formels car elle permet de calculer directement d’autres in-
variants d’homotopie rationnelle tels que l'algebre de Lie homotopique (voir Berglund
[4]). Puisque nous savons que les compactifications merveilleuses sont formelles il est na-
turel de se demander quelles algebres de Feichtner—Yuzvinsky sont Koszul, une question
posée par Dotsenko dans [10]. Cette question est encore largement ouverte.

Un moyen classique de prouver la Koszulité d"une algebre donnée est de trouver une
base de Grobner quadratique de cette algebre. Feichtner et Yuzvinsky ont calculé une base
de Grobner explicite des anneaux de Feichtner-Yuzvinsky, mais ces bases de Grobner ne
sont presque jamais quadratiques. En fait, les anneaux de Feichtner—Yuzvinsky eux-méme
ne sont pas nécessairement quadratiques. Un des premiers résultats montrant la Koszulité
de certaines algebres de Feichtner—Yuzvinsky a été donné par Dotsenko qui a montré
que les algebres de Feichtner—Yuzvinsky associées aux arrangements de tresses avec en-
semble de construction minimal (Exemple 0.0.6) sont toutes Koszul. En quelques mots,
Dotsenko a introduit un ordre explicite sur les générateurs de ces anneaux de Feichtner—
Yuzvinsky et a ensuite utilisé la structure opéradique (au sens classique) pour construire
une bijection entre mondmes normaux algébriques associés aux relations de degré 2, et les
monodmes normaux opéradiques associés a une base de Grobner opéradique connue par
des travaux précédents (voir Dotsenko-Khoroshkin [11]). Par un argument de dimension
cela implique que les relations de degré 2 forment une base de Grobner des anneaux de
Feichtner-Yuzvinsky en question. Plus récemment, Mastroeni-McCullough [26] ont mon-
tré que les anneaux de Chow combinatoires sont tous Koszul, en utilisant la notion de
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filtration de Koszul.

Dans ce document nous allons généraliser la stratégie de Dotsenko, en utilisant la
structure opéradique étendue introduite en premiére partie. Cependant, nous allons voir
que 'argument de Dotsenko ne s’étend pas a tous les treillis géométriques et il nous fau-
dra restreindre la classe des treillis que 1'on considere.

Rappelons qu'un élément a dans un treillis £ est dit modulaire si pour toutb < aetc
dans £ on a I'identité
aN(bVe)=bV(aNc).

Par exemple un sous-groupe normal d"un groupe fini GG est modulaire dans le treillis des
sous-groupes de G. Pour un exemple d’élément non-modulaire revenons au poset (c) de

la figure 6.
/ |
a \
| c
’ \ /
0
Figure 8: Un poset avec un élément non modulaire
Ona

aAN(bVe)=arl=a#b=bv0=bV (aAc),

ce qui montre que a n’est pas modulaire dans ce treillis. Dans [30] Stanley a introduit la
définition suivante

Définition 0.0.20 (Stanley). Un treillis £ est dit supersolvable si il admet une chaine maxi-
male d’éléments modulaires.

La dénomination vient du fait que le treillis des sous-groupes d'un groupe fini modu-
laire supersolvable est supersolvable. Les treillis supersolvables ont de bonnes propriétés
en général. Par exemple on a le résultat classique suivant.

Théoreme 0.0.21 (Yuzvinsky, [36]). L'algebre d’Orlik—Solomon d’un treillis supersolvable ad-
met une base de Grobner quadratique et est donc Koszul.

Dans ce document nous allons prouver un résultat similaire pour les algébres de
Feichtner-Yuzvinsky. On commence par introduire la notion de supersolvabilité pour
les treillis construits.
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Definition 0.0.28. Un treillis construit (£, G) est supersolvable si £ admet une chaine max-
imale

0=G1<...<Gn:i
d’éléments de G modulaires tels que pour tout G’ dans G ettouti <nonaG'AG; € GU 0.
Le résultat principal de la deuxiéme partie de cette thése est le théoréme suivant.

Théoreme 0.0.22 (Théoreme 8.3.1). Soit (L, G) un treillis construit supersolvable. L’algebre
FY (L, G) admet une base de Grobner quadratique et est donc Koszul.

Théoréeme 0.0.22 implique immédiatement que les anneaux de Chow combinatoires
de treillis supersolvables admettent une base de Grobner quadratique, ce qui renforce le
résultat de Mastroeni-McCullough pour les treillis supersolvables. Du c6té des ensembles
de constructions minimaux, Théoréme 0.0.22 implique également le résultat suivant.

Théoreme 0.0.23 (Théoreme 8.4.5). Soit L un treillis supersolvable et G,y I'ensemble de con-
struction des éléments irreductibles de L. L’'algebre FY (L, Gmin) admet une base de Grobner
quadratique et est donc Koszul.

Stanley [30] a montré que les treillis géométriques associés aux graphes cordaux (c’est-
a-dire les graphes tels que tout cycle de longueur supérieure ou égale a quatre admet une
corde) sont supersolvables. Tout treillis graphique £ admet un ensemble de construction
particulier noté G qui est constitué des sous-graphes fermés connexes de GG. L'argument
original de Stanley montre aussi que si G est un graphe cordal alors (L, G) est un treillis
construit supersolvable. Ceci implique par Théoréme 0.0.22 que l'algebre de Feichtner—
Yuzvinsky FY (L, Gi) admet une base de Grobner quadratique. Puisque les graphes
complets sont cordaux on retrouve le résultat de Dotsenko (dans le cas des graphes com-
plets les ensembles de construction Gg et Giin coincident).

Dans [21], Losev et Manin ont introduit des espaces de module pour les courbes sta-
bles avec points marqués de deux types, ou les points du premier type ne sont pas au-
torisés a coincider mais les points du second peuvent coincider entre eux. Ces espaces
de module forment les composantes d'un objet appelé “l'opérade modulaire étendue”,
introduite par Losev et Manin dans la suite [22]. Dans [25], Manin a posé la question de
la Koszulité des algébres de cohomologie de ces espaces de module. En considérant la
famille de graphes cordaux G, , ot G, , @ m +n sommets, les m premiers sommets sont
voisins de tous les autres sommets et les n derniers sommets sont voisins seulement des
m premiers sommets, on obtient le résultat suivant.

Théoreme 0.0.24 (Théoreme 9.2.1). L'algebre de cohomologie des composantes de I opérade mod-
ulaire étendue en genre 0 posseéde une base de Grobner quadratique et est donc Koszul.
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Structure du document

En Section 1 on définit les personnages combinatoires principaux de cette histoire.
En Section 2 on définit la catégorie de Feynman £B& et on en donne une présentation.

En Section 3 on définit la coopérade des algebres de Feichtner-Yuzvinsky et la coopérade
des algebres d’Orlik—Solomon.

En Section 4 on développe une théorie de bases de Grobner pour les opérades sur £86.
En Section 5 on montre que £BG est cubique et on explicite la théorie de dualité de Koszul
pour les opérades sur £86. On montre que la (co)opérade des algebres de Feichtner—

Yuzvinsky est Koszul.

En Section 6 on donne des commentaires généraux pouvant servir pour des modifica-
tions ou des généralisations de £B6.

En Section 7 on explicite la relation entre treillis géométriques et matroides et on intro-
duit la notion de treillis construit supersolvable.

En Section 8 on prouve Théoreme 0.0.22 et on déduit Théoréme 0.0.23.

En Section 9 on concentre notre attention sur les treillis construits graphiques ce qui méne
au Théoréme 0.0.24.

Enfin, en Section 10 on donne des remarques d’ordre général pouvant servir pour une
recherche ultérieure sur la Koszulité des algebres de Feichtner—Yuzvinsky.



Remerciements

Cette recherche a été en partie financée par 1'Université de Strasbourg a travers le pro-
gramme francais national “Investissement pour le futur” [IdEx-Unistra, fellowship USIAS-
2021-061 de V. Dotsenko] et par I’agence nationale de recherche frangaise [grant ANR-20-
CE40-0016].

J'aimerais remercier tout particulierement mon directeur de thése Vladimir Dotsenko,
qui m’a énormément aidé tout au long de cette aventure. Son exceptionnelle disponibilité,
sa patience et sa bienveillance ont rendu mon travail pendant ces trois années particuliere-
ment agréable. Merci Vladimir, ce fut un honneur et un vrai plaisir d’avoir été ton éleve.

Merci beaucoup aux chercheurs qui ont accepté de faire partie de mon jury de these:
Karim Adiprasito, Eva Maria Feichtner, Benjamin Enriquez, Clément Dupont et Imma
Galvez Carillo. Merci particulierement & Karim Adiprasito et Clément Dupont pour
toutes leurs lettres de recommandations lors de ma recherche de postdoc. Merci encore a
Clément pour ces bons moments mathématiques (et autres) passés a Montpellier.

Je tiens & remercier chaleureusement tous mes cobureaux lors de ces trois années a
Strasbourg: Raoul et Florian pour une premiere année enjouée au bureau de 203, suivi
d’une courte visite de Clarence, puis Clément, Mickaél et Thomas (A) a I'IREM. C’est
en grande partie grace a vous que venir travailler tous les jours a 1'université fut aussi
agréable.

Merci a tous les doctorants et postdocs de 'IRMA pour ces joyeux moments passés en-
sembles: les rencontres du GDR avec mon équipe préférée Antoine, Clément, Paul, Robin
et Victoria, les nuits TFT avec Archia, Clarence, Raoul et Florian, les verres en terrasse avec
Adam, les soirées techno avec Céline et Nicolas, les cinés avec Roméo, Thomas (S) et Tom,
les beuveries au Chariot avec Brieuc notre responsable a tous, les débats philosophiques
de Comptoir avec Alex, les séances de muscu acharnées (t6ts (!)) avec Ludovic, les soirées
déguisées avec Suzanne.

J’aimerais aussi remercier spécialement Roméo et Clarence pour leur relecture de mon

39



40 REMERCIEMENTS

introduction de these qui m’a été tres utile. Merci aussi a Romane pour son aide lors de la
finalisation de ma these.

Merci a mes parents pour leur confiance inébranlable dans mon entreprise mathéma-
tique, qui fut un vrai havre pour moi. Merci pour leur accueil chaleureux lors de mes
retours a Paris, ainsi que leur soutien lors de ma recherche de post-doc qui me fut tres
précieux.

Merci de tout coeur & mes parents et a mes soeurs Camille, Clotilde, Jennifer et Aliénor
qui me permettent de vivre chaque jour porté par un amour inépuisable.



Chapter 1

Combinatorial preliminaries

In this section we introduce the main combinatorial objects which will be used throughout
this document.

1.1 Lattices, building sets and nested sets

Definition 1.1.1 (Lattice). A finite poset £ is called a lattice if every pair of elements in £
admits a supremum and an infimum.

The supremum of two elements G, G> is denoted by G V G2 and called their join,
while their infimum is denoted by G A G2 and called their meet.

Remark 1.1.2. Since £ is supposed to be finite, having supremums and infimums for pairs
of elements implies having supremums and infimums for any subset S of £, which will
be denoted by \/ S and A S respectively. As a consequence, every lattice admits an upper
bound (the supremum of S = £) and a lower bound (the infimum of § = £) which will
be denoted by 1 and 0 respectively.

Definition 1.1.3 (Geometric lattice). A finite lattice (£, <) is said to be geometric if it satis-
fies the following properties:

e For every pair of elements G < G, all the maximal chains of elements between G
and ('3 have the same cardinal. (Jordan-Holder property)

e The rank function p : £ — N which assigns to any element G of L the cardinal of
any maximal chain of elements from 0 to G’ (not counting 0) satisfies the inequality

p(G1 A Ga) + p(G1V Ga) < p(G1) + p(Ga)
for every G, G in L. (Sub-modularity)
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e Every element in £ can be obtained as the supremum of some set of atoms (i.e.
elements of rank 1). (Atomicity)

One of the reasons to study this particular class of lattices is that the intersection poset
of any hyperplane arrangement is a geometric lattice. In fact, one may think of geometric
lattices as a combinatorial abstraction of hyperplane arrangements. In addition, this object
is equivalent to the datum of a loopless simple matroid via the lattice of flats construction
(see [35] for a reference on matroid theory) and therefore it has connections to many other
areas in mathematics (graph theory for instance).

Here is a list of some important well-known geometric lattices.

Example 1.1.4. e If X is any finite set, the set P(X) of subsets of X ordered by inclu-
sion is a geometric lattice with join the union and meet the intersection. It is the
intersection lattice of the hyperplane arrangement of coordinate hyperplanes in C¥.
Those geometric lattices are called boolean lattices and denoted by Bx.

e If X is any finite set, the set IIx of partitions of X ordered by refinement is a geo-
metric lattice. It is the intersection lattice of the so-called braid arrangement which
consists of the diagonal hyperplanes {z; = z;} in CX. Those geometric lattices are
called partition lattices.

e If G = (V, E) is any graph one can construct the graphical matroid M¢ associated to
G and then consider L¢ the lattice of flats associated to Mg (see [35] for the details
of this construction). Those lattices are said to be graphical. This family of geometric
lattices contains the two previous ones because Bx is the lattice associated to any
tree with edges X and Il is the lattice associated to the complete graph with ver-
tices X. For any graph G = (V, E) the geometric lattice L is the intersection lattice
of the hyperplane arrangement {{z, = z,}, (u,v) € E} in C".

We have the following important fact about geometric lattices.

Proposition 1.1.5 ([35]). Let (L, <) be a geometric lattice. For every G1 < G2 € L, the interval
[G1,G2] ={G € L|G1 < G < Gy} ordered by the restriction of < is a geometric lattice.

In the rest of this article every lattice will be assumed to be geometric unless stated
otherwise.

Definition 1.1.6 (Building set). Let £ be a geometric lattice. A building set G of L is a subset
of £\ {0} such that for every element X of £ the morphism of posets

[T 10.¢150,X] (1.1)

Gemax G x

is an isomorphism (where max G< x is the set of maximal elements of G N [0, X)).
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The elements of max G< x will be called the factors of X in G. In the rest of the paper
we will prefer the more suggestive notation Factg(X) to refer to the set of those elements.

Definition 1.1.7 (Built lattice). The datum of a lattice £ and a building set G of £ will be
called a built lattice. If G contains 1 we say that (£, G) is irreducible.

The definition of a building set makes sense for a larger class of posets, as shown in
[14], but in this paper we will restrict ourselves to the case of geometric lattices. In this
particular context, building sets are geometrically motivated by the construction of won-
derful compactifications for hyperplane arrangement complements. In a nutshell, build-
ing sets are sets of intersections of a hyperplane arrangement that one can successively
blow up in order to obtain a wonderful compactification of its complement (see [8] for
more details). Each blowup creates a new exceptional divisor, so the wonderful compact-
ification is equipped with a family of irreducible divisors indexed by G. This family of
divisors forms a normal crossing divisor when § is a building set.

There are a few key examples to keep in mind throughout this story.
Example 1.1.8.
e Every lattice £ admits £ \ {0} as a building set.

e Every lattice £ also admits a unique minimal building set which consists of all the
elements G of £ such that [0, G] is not a product of proper subposets.

e From the definition one can see that a building set of some lattice £ must contain all
the atoms of L. If £ is a boolean lattice (see Example 1.1.4) then its set of atoms is in
fact a building set (the minimal one). This fact characterizes boolean lattices.

e If L is the lattice of partitions of some finite set (see Example 1.1.4) then the subset
of partitions with only one block having more than two elements is a building set of
L. This is the minimal building set of L.

e If Lisa graphical lattice (see Example 1.1.4) then the set of elements of £ correspond-
ing to sets of edges which are connected forms a building set of £. This family of
examples contains the two previous ones (by considering graphs with disconnected
edges for the former and complete graphs for the latter).

e Alternatively, if G = (V, E) is a graph one can consider the boolean lattice By . This
lattice has a building set made up of the “tubes” of G, that is sets of vertices of G
such that the induced subgraph on those vertices is connected. This leads to the
notion of graph associahedra introduced in [6].

The additional choice of the building set adds a lot of information. For instance for
graphs we have the following result (which to the best of our knowledge is new).
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Proposition 1.1.9. Let G and G be two graphs with no isolated vertices, no loops and no parallel
edges. If there exists an isomorphism of posets f between L, and Lq., such that we have f(Gg,) =
Ga,, then G and G are isomorphic.

In other words the datum of the built lattice (L¢, G¢) is enough to recover G. As is
well known the datum L alone is not enough because for instance two trees having the
same number of edges have the same associated geometric lattice (a boolean lattice). The
datum of the connected subgraphs G alone is not enough either because the three-cycle
and the star-shaped graph with 3 edges both have the same connected subgraphs (every
subgraph is connected).

Proof. We start with the following lemma.

Lemma 1.1.10. The only graphs with associated built lattice of the form (B, Gmax) for some n
are the star-shaped graphs.

Proof. If L is a boolean lattice then G is a tree. One can see that the only trees with all
subgraphs connected are the star-shaped trees. O

We can assume that G; and G2 are both connected. If G has no vertex with strictly
more than one neighbor then (G1 has just a single edge and so does 2. Otherwise denote
by xg some vertex of G; having strictly more than one neighbor. We will construct an
isomorphism of graphs fgﬁo between 1 and G+, induced by f and the choice of the vertex
xo. Denote by Star(z) the set of edges of G attached to zp. By Lemma 1.1.10 the image
of Star(x) by f is a star-shaped subgraph of G with more than two edges. We define
fzo(20) as the center of this star-shaped subgraph. Next we have the following lemma.

Lemma 1.1.11. Let vy be a path in G, starting from xo and which does not contain any cycle. The
set of edges f(v) is a path in Gy starting from f,(xo) which does not contain any cycle

Proof. We prove the result by induction on the length of +. If v contains one edge the result
is obvious. If v contains two edges, say e1, ea with e; attached to o, then {f(e1), f(e2)}
is connected in G5 and f(e;) is attached to fy,(x0). If f(ez) is attached to f,(zo) then
let ey be an edge attached to xz( different from e;. The map f sends {eg, €1, e2} to a star-
shaped graph which contradicts Lemma 1.1.10. This proves that f(v) is a path starting
from f,, () without any cycle. Let y be a path starting from zy without any cycle and
with at least 3 edges. Denote by e, e, e3 the last three edges of v in this order when
coming from zg. By induction f(v \ {es3}) is a path starting from f,,(zo) without any
cycle. Denote by y; the end vertex of this path. By the fact that f must send connected
subsets to connected subsets we get that f(e3) is either attached to y; or to the other end
of ey. If it is attached to the other end of e, then f sends {eg, €1, €2} to a star-shaped graph
which contradicts Lemma 1.1.10. As a consequence we see that f() is a path starting
from f,, (). By the fact that f preserves the rank on both sides we see that this path
cannot contain any cycle. t
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Finally, for any vertex z in G we define fuo(z) as the end vertex of f(v) with ~ any
path from z( to = without any cycle. Let us prove that this definition does not depend
on the choice of v, by induction on v. Let 7/ be another path from z( to « without any
cycle. Let z; be the first vertex at which v and ' meet (after zy). Denote by ~** (resp.
7'*1) the part of v (resp. 7') which goes from x( to z;. The set of edges v** U ~** forms
a circuit of G and therefore f(y*!* U~'*1) must be a circuit of G3. By Lemma 1.1.11 this
implies that f(7*!) and f(7'**) have the same endpoint and we can conclude by induction.

By construction f;, is a morphism a graph. i.e. sends neighbors to neighbors. Also by
construction f,, has an inverse given by f—! For (20) which finishes the proof. O

o\¥o
Additionally, one can check that f,, does not depend on . We have almost proved
that the functor G — (L, Gg) is fully faithful on isomorphisms, but this is not quite true
because of the one edge graph, which has a non-trivial automorphism (swapping the ex-
tremities of the edge), contrary to its associated built lattice.

One could get a slightly more general version of Proposition 1.1.9 allowing parallel
edges, by just working at the level of the graphical matroid and not the associated geo-
metric lattice. In order to allow loops one would need a notion of building set at the level
of the matroid. We investigate this question in Subsection 6.1.

A key fact about building sets is that any interval [G, G2| in some built lattice (£, G)
admits an “induced” building set which we describe now. We start by introducing a
useful notation.

Notation 1.1.12. For any element G of some lattice £ and a subset X of £, we denote by
G V X the set of elements of £ which can be obtained as the join of G and some element
of X.

Definition 1.1.13 (Induced building set). Let G1 < G2 be two elements in some built
lattice (£, G). We denote by Ind|g, ¢,)(G) the set (G1 V G) N [G1,Ga] \ {G1} and we call it
the induced building set on [G1, G2].

Lemma 1.1.14 ([5] Lemma 2.8.5). The subset Ind|g, ,)(G) C [G1,G2] is a building set of
[G1, Ga.

We will often write Ind(G) instead of Ind|g, @,)(G) if the interval can be deduced from
the context. We have the obvious lemma.

Lemma 1.1.15. For any elements X1 < Xo < X3 < Xy in some lattice L with building set G,
we have the equality of building set

Indx, x,)(Ind|x, x,)(9)) = Ind|x, x,)(F).

A subset of pairwise incomparable elements in a poset will be called an antichain.
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Definition 1.1.16 (Nested set). Let (£,G) be a built lattice. A subset S of G is called a
nested set if for every antichain .4 in S which contains at least two elements, the join of
the elements of A does not belong to G. A nested set S C § is said to be irreducible if it
contains maxg.

Example 1.1.17. A chain of elements in some building set G is always nested and those
are the only nested sets of the maximal building set (G = £\ {0}).

Geometrically, nested sets correspond to sets of divisors in the wonderful compact-
ification which have a nontrivial intersection. There are two crucial lemmas regarding
nested sets.

Lemma 1.1.18 ([13] Proposition 2.8). Let G be a building set of a geometric lattice £ and let X
be any element of L. The subset Factg(X) is a nested antichain in G and furthermore it is the only
nested antichain in G having join X.

Lemma 1.1.19 ([29] Proposition 2.4). A nested set of L is a forest in the Hasse diagram of L.
More precisely for every K in L, Ss i is either empty or has a unique minimal element.

We next introduce a map Compg; : Indjg,¢(G) — G which will help us define our
composition of nested sets in the next section. Let G” be an element of Ind| (G) and F
an element such that G” = G v F and which is maximal amongst elements satisfying this
equality (such an F exists by definition of Ind(G) and by finiteness of £). Let us denote by
{Gi,i < n} the factors of G in G. We have equalities

G¢"=GvF=\/GVvF=\/ GVF
i<n i<n

GitF

but the elements in the join on the right form an antichain which is nested by maximality
of F and therefore by Lemma 1.1.18 those elements are exactly the factors of G” in G. From
this quick analysis it appears that such a maximal element F' is in fact unique and we can
make the following definition.

Definition 1.1.20. For any element G” in some induced building set Ind ¢, we define
Comp(G”) to be the unique maximal element of § satisfying

Compg(G") VG =G".
If G can be deduced from the context we will omit it. We have the simple lemma.
Lemma 1.1.21. The map Compy; is injective.

Proof. The map Compg, has a left inverse given by taking the join with G. O
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1.2 Combinatorial invariants

To the objects introduced in the previous section one can associate various rings that gen-
eralize cohomology rings in the realizable case.
1.2.1 The Feichtner-Yuzvinsky rings

Definition 1.2.1. For every built lattice (£, G) we define the Feichtner-Yuzvinsky graded
commutative ring FY (L, G) by

FY(L,G) = Zlzg, G € G]/Tag,

with all the generators in degree 2, and Z,g the ideal generated by elements

for every atom H, and elements

for every set X C G which is not nested.

The subscript “aff” stands for affine. In the realizable case, the ring FY (L, G) is the co-
homology ring of the wonderful compactification associated to the building set G (see [8]
for the computation of the cohomology ring). Those rings were generalized to arbitrary
built lattices by Feichtner and Yuzvinsky in [14].

The Feichtner—Yuzvinsky rings admit two other useful presentations.
Proposition 1.2.2. For every built lattice (L, G) we have the other classical presentation
FY(L,G) ~ Zlzg, G € G\ {1}]/Tpro;
where Ty is the ideal generated by elements
2. we— ), G
i>G>H; 1>G>H,

for every pair of atoms Hy and Ho, and elements

I

GeX

for every set X C G\ {1} which is not nested.
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Additionally, we have the presentation
FY(L,G) = Z[ha, G € G]/Zwona
where Lyong is the ideal generated by relations
hu

for every atom H and
11 (he —her)
G'eA
for every G € G and A an antichain in G such that \/ A is equal to G. The change of variable
between the last presentation and the defining presentation is given by

hg = Z e

G'>G

The first (defining) presentation will be called the affine presentation, the second the
projective presentation and the last one the wonderful presentation. The first two presenta-
tions appear in [14] (as a definition) while the second appeared first in [12] for the braid
arrangement and in [2] for general maximal building sets. It is widely used in [29].

Proof. The proof can be found in [29] (Theorem 2.9). O

In [14], the authors address the issue of finding a Grobner basis for FY .5 (L, G) (see [3]
for a reference on Grobner bases) and they show that when considering any linear order
on generators refining the reverse order on G, although the elements defining Z,4 do not
form a Grobner basis in general, one can still describe a fairly manageable Grobner basis.

Theorem 1.2.3 ([14] Theorem 2). Elements of the form ([[cs xg)hfc’;(,cl) V) with S any
nested set and G' any element of G satisfying G' > \/ S , together with the usual []. x xa for
every non-nested set X, form a Grobner basis of FY .5 (L, G) for any linear order on generators
refining the reversed order of L. The normal monomials with respect to this Grobner basis are
monomials of the form

where the G;’s form a nested set S and for every i < n we have o; < rk[\/ S<¢,, Gil.

Notice that S can be empty in which case we get the already known relations hy = 0
for any atom H. Using that the above monomials form a linear basis of FY(L,G) one
can see that every Feichtner-Yuzvinsky algebra is in fact of finite dimension and that the

part of maximal grading, which is 2(rk(£) —1), has dimension one (generated by xrik(ﬁ)_l).

One can also find a Grobner basis for the wonderful presentation.
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Corollary 1.2.4. Elements of the form ([ [ e 4(ha — hG/))hpG(G)fp (4) for every antichain A C G
without atoms and every G > \/ A form a Grobner basis of FY wona (L, G) for any linear order on
generators refining the reversed order of L.

Proof. Indeed one can see that the leading terms of those elements are terms of the form
(Ierea hG/)hpG(G)fp (V4 and therefore the normal monomials with respect to those rela-
tions are elements of the form []. ¢ h¢C for any nested set S and any positive integers
ag satisfying the relations

ag < p(@) = p(\/ S<c)

for all G in &, which are in obvious bijection with the normal monomials for the affine
Grobner basis. This proves that those monomials form a linear basis of FYyna(L,G)
(linearly independent with the right cardinality), which implies that the elements above
form a Grobner basis of Zygng. O

This Grobner basis will be of use in subsequent sections. In the next and last prelimi-
nary subsection we introduce another important combinatorial invariant.

1.2.2 The Orlik-Solomon algebras

In this document “graded commutative” means with Koszul signs.

Definition 1.2.5 (Orlik-Solomon algebra). Let £ be a geometric lattice. We define the
Orlik-Solomon graded commutative algebra OS(L£) by

OS(L) = Aley, H atom of L]/Z

where 7 is the ideal generated by elements of the form §(eq, A ... A en,,) for any circuit
{H,...,Hy,} and ¢ is the unique derivation of degree —1 satisfying d(ex) = 1. All the
generators ey have degree 1.

A circuit is a notion coming from matroid theory. In the language of geometric lattices
it is a set of atoms C' = {H;, i < n} such that p(\/C)isn — 1 and p(\/ X’) = |X’| for all
proper subsets X’ C X.

In the complex realizable case this algebra is the cohomology ring of the complement
of the hyperplane arrangement (see Orlik-Solomon [27]).

We denote by OS(L) the subalgebra of OS(L) generated by elements of the form e —
ey for every pair of atoms H, H'. In the complex realizable case the algebra OS(L) is the
cohomology ring of the projective complement. We have the following important lemma.

Lemma 1.2.6 ([36] Section 2.4). For every geometric lattice L we have the equality

S(L) =kerd =Imd.
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Chapter 2

The Feynman category

In this section we show that the combinatorial objects introduced in the previous section
(geometric lattices, building sets and nested sets) can be bundled up into a Feynman cat-

egory.

2.1 A short introduction to Feynman categories

The notion of Feynman categories was introduced by R. Kaufmann and B. Ward in [20].
Loosely speaking, Feynman categories encode types of operadic structures.

Notation. Let C be a category. We denote by Ci° the subcategory of C having the same
objects as C but only its isomorphisms as morphisms. We denote by Sym(C) the free
symmetric monoidal category generated by C. For any functor F' : C — D with D a sym-
metric monoidal category, there is a unique induced strong monoidal functor Sym(F) :
Sym(C) — D. If we are given a diagram of categories C £ D E &, the comma category
(F | G) is the category having for objects triples (c € C,e € £,¢ : F(¢) — G(e)) and for
morphisms suitable commutative diagrams. If the functors F' and G are clear from the
context we will write instead (C | &).

Definition 2.1.1 (Feynman category). A triple § = (V, F,1) is a Feynman category if V is a
groupoid, F is a symmetric monoidal category and + : V — F is a functor such that:

1. The functor » induces an equivalence of categories Sym(z) : Sym(V) — F'°.
2. The functor 1 induces an equivalence of categories Sym((F | V)°) — (F | F)i.

3. For every object x € V, the comma category (F | «) is essentially small (i.e. is
equivalent to a small category).

51
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Definition 2.1.2 (Operad over a Feynman category). Let § = (V, F,2) be a Feynman cat-
egory and C a symmetric monoidal category. An operad over § in C is a strong monoidal
functor from F to C, and a cooperad over § in C is a strong monoidal functor from F to C°P.
A module over § in C is a functor from V to C.

(Co)operads (resp. modules) over § will also be called §-(co)operads (resp. §-modules).

Example 2.1.3. As described in the introduction, there exist a Feynman category Op en-
coding classical operads i.e. such that operads over Op are classical operads and modules
over Dp are S-modules.

2.2 Construction of the Feynman category

Let us start by defining the underlying groupoid of our Feynman category.

Definition 2.2.1. We define LBS to be the groupoid having as objects the built lattices
and morphisms

Morzps((£,G),(£',G") = {f : L = L isomorphism of poset satisfying f(G') = G}.

We denote by LBS;,, the full subcategory of LBS having as objects the irreducible built
lattices.

The groupoid LBS;,, will play the role of V in Definition 2.1.1. We will add morphisms
to LBS in order to get the right category F.

Proposition 2.2.2. The category LBS admits a symmetric monoidal structure © given by
(£.9)® (£,G") = (L x L', x {0} U {0} x G
Furthermore the inclusion 1 : LBS;,, — LBS induces an equivalence of categories
Sym(2) : Sym(LBS;,;) — LBS.

Proof. The fact that a product of two geometric lattices is again a geometric lattice is classi-
cal and the proof can be found in [35]. Additionally G x {0} U{0} x G’ is indeed a building
set of £ x L' because for any (X, X') € L x L' we have the isomorphisms

[(0,0), (X, X")] ~ [0, X] x [0, X"]

~ J[ wax I [0¢]

Gé€Factg(X) G’ €Factgr (X')

= II [(0,0),G").

G" €Factg {0}U{0} x5 (X, X))
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Besides, one can see that ® is functorial and satisfies the associativity /symmetry ax-
ioms of a symmetric monoidal product, the unit being ({0}, 0).

For the last claim we show that Sym(z) is essentially surjective and fully faithful. Let
(£, G) be an object of LBS. If we denote by {G},i < n} the factors of 1 in G then we have
an isomorphism [0, 1] ~ [[;[0,G;] and G is sent to G N [0,G1] U ... U G N [0,G,] . In other
words (£, G) is isomorphic to ([0, G1],GN[0,G1]) ® ... ® ([0, Gr],G N [0, G,]) and Sym(z) is
essentially surjective.

Finally, let @),<,(£i, ;) and &, (L}, G;) be two elements of Sym(LBS;;,) (here ®
denotes the free symmetric monoidal product in Sym(LBS;,;)) and let ¢ be an isomor-
phism in LBS between ), ,,(Li,Gi) and &)<,/ (L}, G). Such an isomorphism is given
by a bijection between the factors of both sides (the isomorphism induces a bijection be-
tween the maximal elements of the building set of the domain and the maximal elements
of the building set of the target) together with isomorphisms between corresponding sum-
mands. This datum is exactly equivalent to an isomorphism in Sym(LBS;,,) between
i<n(Li,Gi) and @, (L], G;), which proves that Sym() is fully faithful.

O

We now add structural morphisms to LBS to get our Feynman category. Let (£, G) be
an irreducible built lattice and S = {G};,¢ < n} an irreducible linearly ordered nested set
of G. For any G € S we define 75(G) = \/ S<¢ and we set

(Ls.Gs) = Q)([rs(Gi), Gl Indjrg (6,641 (9))

i

which is an object of LBS. We will view S as a new formal morphism (Ls, Gs) 5 (L£,G)
that we will add by hand to LBS. However, to this end one must specify how those new
morphisms compose with each other and with the isomorphisms. This is the object of the
next definition/lemma.

From now on, every nested set is assumed to be irreducible unless stated otherwise.
If S is a nested set, the intervals [7s(G), G] for G any element of S will be called the “local
intervals of S”.

Let S = {G;,i < n} be anested set in (£, G) and let there be given additional linearly
ordered nested sets S;’s in each irreducible built lattice ([75(G:), Gi], Indr4(q,),¢,)(G)). We
define

S o (Si)i =S U|J{Comp, (g, (K), K €S} (2.1)

which comes naturally equipped with a linear order (by concatenating the linear orders
of the §;’s).



54 CHAPTER 2. THE FEYNMAN CATEGORY

Remark 2.2.3. For G = Gnax the operation o is just the concatenation of chains.
We have the key lemma.
Lemma 2.2.4. S o (S;); is a nested set of (L, G).

Proof. By Lemma 1.1.21 and Lemma 1.1.19 we have that all the elements of the form
Comp(K') with K in some S; are distinct and not in S, and they are partitioned according
to the unique minimal element of S above them.

Let A = {G;|i € I} U|;c; A; be an antichain in S o (S;); partitioned according to the
previous remark, such that the join of A belongs to G. Let us prove that A is a singleton.
Since A is an antichain, I and J are disjoint. Let M be the set of maximal elements of
{Gi,i € I} U{Gj,j € J}. Since \/ A belongs to G and S is a nested set, M is a singleton. If
this singleton belongs to {Gj,i € I}, then by the fact that A is an antichain we must have
A = M. If this singleton belongs to {G;,j € J}, let us denote it {G,}. By nestedness of
S; we see that A; is a singleton, which we denote by {Comp(K)} with K some element
in §;. We have

Comp(K) V 75(G;) = \/ AV 15(G;) = K.

By maximality of Comp(K) (see Definition 1.1.20), this means that \/ A is equal to Comp(K)
and by the fact that A is an antichain, A must be equal to the singleton {Comp(K)}. O

Lemma 2.2.5. We have an isomorphism of built lattices

Q)(Ls,,Gs,) = (Lso(s:)r Gso(si):)-

)

Proof. We just need to show that the irreducible built lattices appearing on the left are
canonically isomorphic to the irreducible built lattices appearing on the right. Let K be
some element in some S; and let K1, ..., K, be the maximal elements of (S;)<x. We need
to find an isomorphism of built lattice

(]
([rs,(K), K], Ind 5 (5), k7 (Ind75(G),64(9))) —

([\/ Comp(K;) v \/  Gj,Comp(K)],Ind(G)).
i G j<Comp(K)

Such an isomorphism is given by taking the join with 75(G;). The fact that this is indeed
an isomorphism of poset comes from the building set isomorphism

0, K] ~ [0, Comp(K)] x H [0,Gj].
Gj€maxScg,
G #Comp(K)

The fact that it sends building set to building set comes from Lemma 1.1.15. O
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Finally, we have to prove that the operation o on nested sets is “associative”.

Lemma 2.2.6. Let S be a nested set in (L,G). Let (S;); be nested sets in every local interval of S

and for every i let (S]Z) ; be nested sets in every local interval of S;. The nested sets S o (S; o (Sj’) i)

and (S o (S;);) o (S;), ; are equal (the last composition being performed via the isomorphism ® of
Lemma 2.2.5).

Proof. This is a statement about the Comp operation. When necessary we put the lattice in
which we are doing the Comp operation in superscript. We denote S = {G;, i < n} and
choose some iy < n. We then denote S;, = {K;, j < m} and choose some jo < m. We
also define Iy := {i| G; € maxScg,, } and Jo == {j | K; € max((Siy)<xk;,)}-

We partition Ij into the following subsets:

I = {i € Iy| G; £ Comp(Kj,)},
Imt = {i € In| G; < Comp(Kj,) and Vj € Jy, G; %« Comp(K;)},
I} = {ieIy|G; < Comp(K;)}.

It is a partition because the set {K;, j € Jy} is nested. The map ¢ is taking the join
Wlth \/,L'EIOext Gi.

The lemma amounts to showing that for any L in Ind¢ Kjy), Kjo](g) we have the
’LO o

equality
c [7s(Gig),Gig ] _ c -1
CompTS(GiO)(COmpT;iO (Kojo) °(L)) = Comp\/{comp(Kj),jGJo} vV{Gi,z’eI})m}((I) (L)).
We have
CompTS(G )(COH] E_S( 1]0) 7«0] \/ Comp \/ Gz V \/ Gz =
J€Jo ielint ieIgxt
[rs(
Comst‘S \/ Comp (K. \/ G; Vv \/ G;= L.
j€Jo iEI(i)nt iEIgXt
Applying @~ to both sides we get
L [rs(Gig),Gi ] -1
CompTS(Gio)(Com TSS (KJ 0 \/ Comp(K \/ Gi=9®
j€Jo i€ Iint

[T;‘?(?I?_)’)Clio] (L)) is the biggest element in G which
20

Jo

We need to prove that CompfS(GiO) (Comp

satisfies this equation.
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Let G’ € G such that we have

G'v \/ Comp(K;)v \/ Gi=o'(L).

j€Jo i€ Iint
Applying ¢ on both sides we get

G¢'v'\/ Comp(K;)v \/ Giv \/ Gi=L. 2.2)

je€do il ieIgt

The element G’ V' \/,; G; is below L and belongs to Indrg(G;,),G1,1(9) s0 it is below one of
[TS(GiO )1Gi0]
T'Sz‘o (Kjo)

jin J. By equation (2.2), G’ V \/,.; G; cannot be below any K; so we have

the factors of L in Ind ;4 (q,),6,,](9)- Those factors are Comp (L) or K for some

T. (Gl )1G1
G'v ,\/IGi < Comp[T:i0 ([gj ) 0](L),
(S

which implies

[7s(Gig):Gig)
)

G < Compfs(GiO)(Comp
We are now in position to make the following definition.
Definition 2.2.7. LBS is the monoidal category defined as follow.
e The objects of LBS are built lattices.
e The morphisms of LBS are generated (via composition and tensoring) by

1. Structural morphisms
(Ls,Gs) = (£,9)

for every totally ordered nested set in some irreducible built lattice (£, G). The
composition of those morphisms is given by 2.1.

2. Isomorphisms between built lattices
(£,G) = (£',G")

for each isomorphism of poset f : L' — L such that f(G') =G,
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quotiented by relations

(Lss):G1(s)) &l (£, 6" L (£,6) ~ (L), Gr(s)) L (Ls,G5) > (£,9) 23

for any isomorphism of irreducible built lattice f : (£, G") — (£,G), and for every
permutation o of S:

(Ls,Gs) % (Ls,,Gs,) 35 (£,6) ~ (Ls,Gs) > (£,6) (2.4)

where S, denotes the nested set equipped with the new linear order given by o.
Finally we also impose the relation

{i} ~ Id(zg)-

e The monoidal structure is the same as the one on LBS, which in addition acts on
nested sets (which are now considered as morphisms) by disjoint union.

Proposition 2.2.8. The triple £B86& = (LBSi,,, LBS, ) with 1 the obvious inclusion is a Feynman
category.

Proof. This is a consequence of Proposition 2.2.2 and of the construction itself. O

We conclude this subsection by proving a general lemma on the composition of nested
sets which will be important later on.

Lemma 2.2.9. Let S be some irreducible nested set in some irreducible built latticeand S’ C S a
subset containing 1. For any G' in 8’ we put Sk, = (S V 75/(G")) N (75/(G"), G"). For any G" in
S', St is a nested set in ([7s/(G'), G'], Ind(G)) and we have the equality between nested sets:

S = Sl o (Sé;/)cfggl. (2.5)

Proof. Let G’ be any element of S’ and G, ..., G}, the maximal elements of S .. Let G
be some element in S which is below G’ and not below any of the G/’s. We denote K :=
7s/(G') V G. By the fact that S is nested, G is the maximal element of G satisfying the
equality

GV Tg/(G/) =K.

This proves the equality
G = COmpTS,(G/)(Tgl(G/) \Y G),

which implies equality (2.5).

For the nestedness, assume we have Gy, ..., G, some elements of S such that 75/ (G') V
Gi,...,7s/(G") V G}, are elements of (7s/(G’), G'] and such that \/, 75/(G’) V G; belongs to
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Ind, i) (G). The factors of \/; 7s/(G’) V G; in G are some of the (G))'s and the element
Comp,, ) (V; 7s/(G") V Gi). Since Comp__, ¢y is increasing (it has a left inverse given by
taking the join with 75/ (G")), by the first part of this proof we have

G; = COmpTS,(G/)(TS/(G/) V Gz) < COHlpTS/(G/)(\/ Tg/(G,) V Gl)

7

for all ¢ < k and by the building set isomorphism we must have
\/ G; = Comst,(G/)(\/ TS/(G/) vV Gy).

By nestedness of S the G;’s do not form an antichain and therefore the 7s/(G’) vV G;’s do
not either. This proves that (75/(G’) V S) N (s/(G), 1] is a nested set. O

2.3 Presentation of £8BS

In this section we give a presentation of the category LBS, that is a set of morphisms that
generate every other morphisms in £86 via composition and tensoring, together with
the relations they satisfy. As mentioned in the introduction, from a practical point of view
having a presentation of £86 will make defining operads over £B& a lot easier (in the
next section).

Proposition 2.3.1. Every morphism in LBS can be obtained as a composition and tensoring of
morphisms of the form {G, 1} and isomorphisms.

From now on since all our nested sets must contain 1 we will omit it (for instance the
above generators will be written {G}).

Proof. Iterate Lemma 2.2.9 with &’ of the form {G}. O

Proposition 2.3.2. Relations between compositions of generators {G} are all generated by the
relations

{G1} o ({G2} ®1d) = {Ga} o Id® {G1}) (2.6)

for every pair G1 < Go, relations
{G1} o ({G1 VG2} ®1d) = {Ga} o ({G1VGa}®Id) o o3 (2.7)

for every pair G, G of non comparable elements forming a nested set (with o3 the transposition
swapping the two last summands) and relations

fof{GY) ={G} o (fii) @ fio.qp) (2.8)

for every isomorphism f : (£,G) = (L',G") in LBS and every element G € G \ {1}.
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Proof. One can check that those relations are indeed satisfied in £8&. In order to prove
that they generate all relations we start with the following lemma.

Lemma 2.3.3. Let (£, G) be a built lattice and < a linear order on L. Any morphism in £B&S

F: ®([’iagi) — (£,9)
can be uniquely written as a composition

R(£:.G) B (£1,0) 2 (£, G) S (£.9), 2.9)

(2

where
o The f;’s are isomorphisms in LBS;;,.
e 0 is a permutation of the summands.
e S isan irreducible nested set of (L, G) with total order given by restriction of <.

Proof. By iteration of relations (2.3) and (2.4) one can see that every morphism can be
written in the form (2.9). For the unicity we define an invariant «(F') : | |,(£;\{0}) — £\{0}
for every morphism F': @),(L;,G;) = (£,G) in LBS by setting

e For any nested set in some built lattice (£, G):
US) : | |(Irs(@), GI\ {rs(G)}) = £\ {0}
€]

is the obvious inclusion.
e For any isomorphism (£',G’) ER (£,G) in LBS, «(f) is equal to f~1.

and then extending to all morphisms by composition. One can see that . preserves the
relations (2.3) and (2.4) and therefore it passes to the quotient and gives a well-defined
invariant for every morphism in £86.

Now if F': @),;(Li,Gi) = (£, G) can be written as a composition

Q(Li,G:) OLs (21,6 % (Loiy Goti) 5(L.9),

7

then we see that S and the f/s can be extracted from «(F’) (S is just the image by +(F') of
|J;{1z,} in £\ {0} and the f/s are just restrictions of +(F) to the suitable subsets) and o is
the only permutation that permutes the summands in the right order when § is given the
order <. This proves the unicity. O
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Assume now that we have two sequences of morphisms in LBS
p=A—=X;— .= X, (£,G) and v=A— X| - .= X, = (L,G),

such that every morphism in ¢ or v is either a generator of the form Id ® ... ® Id ® {G} ®
Id ® ... ® Id or an isomorphism, and (£, G) is some irreducible built lattice. We want to
prove that if the composition of the morphisms of ¢ is equal to the composition of the
morphisms of 1 then there is a chain of equivalences of the form (2.6), (2.7) or (2.8) (pos-
sibly tensored and composed with other common morphisms) between ¢ and 1.

First, by iteration of relation (2.8) one can assume that the only morphisms in ¢ and v
which are not isomorphisms are the first morphisms of ¢ and 9 respectively. By Lemma
2.3.3 we can assume that those two isomorphisms are only permutations of summands
and that the nested obtained by composition of the other morphisms of ¢ is the same as
the one obtained by composition of the other morphisms of ). We will denote this nested
set by S. We also denote by S; (resp. S!) the nested set obtained by composing the last 4
morphisms of ¢ (resp. ). By construction of the composition of nested sets (see Section
2.2) we have

§C..C85 =S8

and
and the cardinal of the nested sets increases exactly by one at each step. Let us denote
S1 = {G,}. By the equations above there exist some j < n’ such that we have

Sg/‘ \5],‘—1 = {Gw}-

One can find a chain of relations of the form (2.6) and (2.7) between v and some 1/
such that the first morphism of ¢’ is {G,,} (applying relations (2.6) and (2.7) allows one to
swap successively the morphism corresponding to G, in ¢ with the morphism after, until
it reaches the end). This means that we can assume that the last morphism of v is {G}.
We denote by S<C¢ (resp. S>¢+) the nested set obtained by composing the morphisms of
¢ which correspond to generators in [0, G] (resp. [G, 1]), and we denote similarly S'<,
S'>Gv the same constructions but with 1. We have

{Gy}o (5<Gv73>0¢) = S8={G,}o (S'<G“’,S'>G“’)
which implies that we have

S<G“’ — S/<G“°

S>G“’ — S/>G“°

by Lemma 1.1.21 and we conclude by induction. O
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24 £B6is agraded Feynman category

An important feature of £B6 is that morphisms of LBS can be graded in the following
sense.

Definition 2.4.1. A degree function on a Feynman category (V, F,1) is a map
deg : Mor(F) = N
such that

o deg(¢o¢) = deg(¢) + deg(v))
o deg(¢p ®¢) = deg(¢) + deg(v))

e Morphisms of degree 0 and 1 generate Mor(F) by compositions and tensor products.

Furthermore the degree function is said to be proper if the degree 0 morphisms are exactly
the isomorphisms. A graded Feynman category is a Feynman category equipped with a
degree function.

Example 2.4.2. The Feynman category Op encoding classical operads has a proper grad-
ing given by defining the degree of a tree ¢ as the number of inner vertices of ¢ minus
one.

For £B6 we define a proper degree function by putting

deg(f) = 0 for all isomorphisms f,
deg({G}) = 1 for all G different from 1.

One can see that the relations introduced in Proposition 2.3.2 are homogeneous with re-
spect to this grading and therefore we can extend this grading to every morphism in £86,
which makes £86 a properly graded Feynman category.
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Chapter 3

(Co)operads over £56

In this section we show that the algebraic invariants introduced in Section 1 (Feichtner—
Yuzvinsky algebras, Orlik-Solomon algebras) can be bundled up to form various (co)operads
over £B6 (see Definition 2.1.2).

3.1 The Feichtner-Yuzvinsky cooperad

In this section we define an £B&-cooperad structure on the family of Feichtner-Yuzvinsky
rings.

3.1.1 Definition of the cooperad

Lemma 3.1.1. The map (L,G) — FY(L,G) can be upgraded to a (strong) monoidal functor
from LBS to grComRing®” where grComRing is the symmetric monoidal category of graded
commutative rings.

Proof. Let (£,G) and (L', G’) be two built lattices and let (£",G") = (£,G) ® (L', G’). We
have an isomorphism of algebras

Y(£,6) ® FY(L,G) = FY(L£",G")
o ® 1 — Ta
1 ® zg — Tor

with inverse

FY(L",G") = FY(L,G) @ FY (L, G)

N za®1 ifGeg
¢ 1®xg otherwise.
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If ¢ is an isomorphism (£, G’) = (£, G) in LBS, it induces the isomorphism of algebras

FY(£,G) - FY(L,G)
Trq — $¢(G)

which is compatible with composition. O

Next we upgrade FY into a monoidal functor from LBS to grComRing”. Thanks to
the presentation of LBS given in Subsection 2.3 we only need to specify the action of FY
on nested sets of cardinal one and then check that it satisfies the right relations. For every
G € G\ {1} we set (using this time the wonderful presentation)

FY({G}): FY(L,G) — FY([G,1],Ind(G)) ® FY([0,G],Ind(G))
L 1® he fG' <G
¢ haver ® 1 otherwise.

In the realizable case this morphism of algebra is induced by the inclusion of the stra-
tum Y j, in the wonderful compactification Y. g.

Let us quickly justify why this map passes to the quotient. If H is an atom of £ which
is below G then hp is sent to hy ® 1 which is zero in the target algebra. On the contrary
if H is an atom of £ which is not below G then this means by sub-modularity of £ that
H V G is an atom of [G, 1] and thus hy is sent to zero again. Notice that this is the first
time we have actually used the geometricity of our lattices. Now let X = {Gj,...,G,,} be
some elements in G having join G’ € G. Let us assume that the first k¥ G;’s are the elements
of X below G. If G’ < G then [[,(hg — hg,) is sent to

1® H(hG - hGi)a
which is zero in the target algebra. Otherwise if G’ > G then [[,. ;. (her — hg,) is sent to

[1(rever — have) @1,
ik

which is also zero in the target algebra.
Proposition 3.1.2. The maps FY ({G?}) satisfy the relations given in Proposition 2.3.2.

Proof. Let G; < G be two comparable elements in G \ {1}. We have to check the equality
of algebra morphisms

(FY({G2}) ®1d) o FY({G1}) = (Id @ FY({G1}) o FY({G2}),
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and it is enough to check it on generators. Let G be any element in G. If G < 1 one can
check that both morphisms send hg to 1 ® 1 ® hg. If G < G2 and G £ G; one can see
that both morphisms send h¢ to 1 ® hg,ve ® 1. Lastly, if G £ G2 one can check that both
morphisms send hg to hg,vg ® 1 ® 1.

Let G, G be two non-comparable elements of G \ {1} forming a nested set. We have
to check the equality of algebra morphisms

(FY({G1V Ga}) ®1d) o FY({G1}) = 6%3 o (FY({G1 V Go}) ® Id) o FY ({G3}).

It amounts again to a simple verification on generators with a small dichotomy. Let G be
any element in G. If G < G this means that G cannot be below G and we see that both
morphisms send hg to 1 ® 1 ® hg, if G < G by a similar argument both morphisms send
hg to 1® hg ® 1. Finally if G is neither below G nor below G2 then both morphisms send
hg to hava,vag, @1 ® 1.

We can give an explicit formula for general morphisms FY(S). If G is any element in
G let G’ be the unique minimal element of S~. We then have

FY(S)(ha) = 19 @ hrgaryve ® 17,
where 1% means that we put a 1 in every interval which is not [rs(Gj, ), Gi, -

Finally, we need to check that the morphisms FY ({G}) satisfy relation (2.8). Let (£, G)
and (£’,G’) be two built lattices and f : (£/,G") = (£, G) an isomorphism in £B6, i.e. an
isomorphism of poset f : £ — L' such that f(G) is equal to G'. Let G be an element in
G\ {1}. We have to check the equality between algebra morphisms

FY({f(G)}) o FY(f) = (FY (fija 1) @ FY (fijp,6))) © FY({G}).

Let h be some generator in FY (£, G). If K < G one can check that both morphisms send
hgtol®h FK)- Otherwise if K ﬁ G one can check that both morphisms send hx to

h@Gvra) © 1. O

In the sequel we will write FY when referring to the £5&-cooperad and not just the
algebras. We also write FY" for the (linear) dual operad (apply linear duality to all objects
and morphisms). This is an £B&-operad in the category of graded coalgebras.

3.1.2 A quadratic presentation for FY"

In this section we exhibit a quadratic presentation for the operad FY". Let us first quickly
recall what this means in the context of operads over general Feynman categories. This is
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all part of the theory developed by R. Kaufmann and B. Ward in [20].

Let § = (V, F,i) be a Feynman category and M an §-module in some monoidal cate-
gory C (see Definition 2.1.2). If C is cocomplete there exists a “free” §-operad in C gener-
ated by M denoted by §(M). The F-operad §(M) satisfies the universal property that for
any morphism of §-module between M and some §-operad P (viewed as an §-module),
there exists a unique morphism of §-operad between §F(M) and P which extends the first
morphism. Concretely, F(M) is given by the left Kan extension of M : Sym(V) — C along
Sym(2). The left Kan extension universal property is exactly the freeness universal prop-
erty.

If furthermore § is assumed to be a graded Feynman category and C is a category of
modules for instance, then free operads are naturally graded (i.e. components in all arity
are graded and structural morphisms preserve this grading).

In addition, if we are given an §-operad [P and M a sub §-module of P then one can
define the ideal (M) generated by M in P by considering all possible elements in P which
can be obtained as the composition (along some structural morphism in §) of an element
of M with elements of P. Finally, we can define the quotient of an operad by an ideal in
an obvious way (just take the quotient in each arity and notice that the morphisms pass
to the quotient).

With all those notions at hand we can define a quadratic operad over a graded Feyn-
man category to be the quotient of a free operad by an ideal generated by degree 1 ele-
ments.

Since we have proved that £86 is a graded Feynman category in Section 2.4, this vo-
cabulary applies to £B&-operads.

Let Gen be the £86-module in the category of graded Z-modules defined by
Gen(L,G) = Z12(rk(L) — 1)]

and
Gen(f) =1d

for every irreducible built lattice (£, G) and all isomorphism of built lattice f.

If (£,G) is an irreducible built lattice we denote by ¥, gy the canonical generator
of Gen(L, G). We also denote for all irreducible nested sets S of (£, G):

Vs = £BES(Gen)(S) (Y (jr5(@),¢1,md(6)))GeS);
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which is an element of £B&(Gen)(L,G). We are now able to state the main result of this
section.

Proposition 3.1.3. The £BG-operad FY" is isomorphic to the quotient of £B&(Gen) by the
ideal generated by the elements

Yo Vg - Y Yoy (3.1)

i>GZH1 1>G2H2
for all atoms Hy, Hy in some irreducible built lattice (L, G).

Proof. We have a map of £B6-modules Gen = FY” sending V¥, g to the linear form

which is zero in all degrees except degree 2(rk(L) — 1) where it takes value 1 on a:gk([’)*l

(which linearly generates FY2(X(5)=1 (£ G)).

This map is a natural transformation since for any isomorphism f : (£,G) — (£, G’)

between built lattices, f preserves the top element and therefore FY( f) preserves hgk(ﬁ g

:U?Lk(ﬁ)*l which implies that FY(f)" sends 7(V . g)) to 7(¥ £/ 1))

This map extends to an £B&-operadic map £B&(Gen) - FYY (by universal prop-
erty of free operads). Our goal is to prove that this map passes to the quotient by the
elements (3.1) and that the induced morphism is an isomorphism. The proof splits into
three steps.

Step 1: The map 7 is surjective.

Going back to explicit formulas for general left Kan extensions in cocomplete cate-
gories yields

£BG(Gen)(£,6)= P R Gen((£:,6:))/ ~
®:(L:,Gi)—(L,G)

where the sum is over all possible maps ®;(L;,G;) — (£,G) in £B86 and the equivalence
relation ~ identifies components corresponding to equivalent maps (two maps that can
be obtained from one another by precomposing with isomorphisms).

More explicitly if we have two maps ®;(L;, G;) 2, (£,G) and ®,(L},G)) 9, (£,G) such
that there exist isomorphisms f; : (£;,G;) — (L}, G!) satisfying
Y=o (®ifi)

then we have
®;a; ~ @;Gen(f;) ()
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for every element ®c; in ®;Gen((L;, G;)) (this formula holds for any £86&-module). Like-
wise if we have an equality of the form

Y=doo
with sigma some permutation of the (£;, G;)’s then we have
Qi ~ Qg (j)-
Finally, replacing Gen(L, G) by its definition we get (for every irreducible built lattice (£, G)):
£B6(Gen)((£,9)) = Z{@i(Li, Gi) = (£,9)}/ ~)

(generators are equivalence classes of maps in £8& having target (£, G), with the equiv-
alence relation being the precomposition with isomorphisms). With this identification the
map 7 becomes

£BS(Gen)(L,G) — FYY(L,G)
[ ®i(Li, Gi) = (£,G9)] — (o = @i (¥ (g, 6,)) (FY () ().

Let us fix an irreducible built lattice (£, G) and some linear order extending the order on
L. Amongst all maps of the form ®;(L;,G;) — (£,G) we have the maps given by linearly
ordered nested sets

(Ls.Gs) % (£,9)

whose linear order is given by our chosen global linear order on L. It is enough to prove
the surjectivity of 7 restricted to equivalence classes of those morphims. Passing to the
dual we must prove the injectivity of the map

FY(L,G) — Z({irreducible nested sets of (L,G)})

« (r(¥s)(FY(S)(@)))s (3.2)

where 7(¥s) denotes the tensor product of maps ®aesm (¥ ((rs(@),¢1,mmd(G)))-

Let a be an element of FY(L, G) which is sent to zero by the above map, meaning
that for every nested set S in (£, G) we have 7(¥s)(FY(S)(«)) = 0. We can assume that
a is homogeneous and by Corollary 1.2.4 we can write it uniquely as a sum of normal
monomials

a= Y Aguhls

S nested
© S—admissible

where h/s denotes the monomial [ ¢ h’é(G). We have to prove that all the \s ,’s are zero.

Arguing by contradiction, let Gy some element of G which is minimal amongst elements
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belonging to some nested set S such that there exist some S-admissible index 1 satisfying
s, 7 0. We denote by Sy and g the corresponding nested set and index for Gj.

For any irreducible built lattice (£, G) and any k < rk, one can construct a nested set
S(L,G, k) having only local intervals with rank 1 except the top interval having rank £,
by picking any maximal chain 0 < X; < .. < X, < 1in £ and putting

S(L,G,k)={X1}o{Xo}o...o{Xp_ps+1}

The formula makes sense because each X; is an atom in [X;_1, i] and must therefore be-
long toIndy, 4 (G). Notice that we have

F(Us(e,gr) (A1) = 1.

For any nested set &’ in ([Go, 1], Ind(G)) and any nested set S in G with admissible index
1 we have

(Y 6)0(5,5(10,6),1md(G) uo(Go)+1)) (s) = 0
if S does not contain some element with strictly positive index and which is below Gg. By
minimality of Gy this means that we have

(W oS0, (@) 0@+ (@ = D A (Y {G10(s7,5(0.6110d(0) o (Go)+1)) (16)
pSfargsrsr’fﬁs%ible

#(Go)=po(Go)

= Y AsuA(We) (s /M)
S nested
u S—admissible
w(Go)=wo(Go)
=0.
)

One can check that the monomials h‘égv s/ hé(OGO are normal monomials in the irreducible

built lattice ([G,1],Ind(G)). By induction we get that \s, ,, is equal to zero which is a
contradiction.

Remark 3.1.4. Let us remark that for any irreducible nested set S the linear form
7(¥s)oFY(S) : FY(L,G) = Z

is zero on FY*(L, G) for k different from 2(rk(£) — #S), and for k = 2(rk(L) — #S) one
can check that it is equal to the multiplication by x S\{i} via the identification

FY(ﬁ, g)?(rk(ﬁ)—l) ~7
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(given by choosing the generator z"™5(“)-1). The injectivity of the map (3.2) can be rewritten
as the condition that for all element o € FY?*(L, G), if axs = 0 for all nested set S € G\ {1}
of cardinal rk(£) — 1 — k, then o = 0. In other words the Feichtner-Yuzvinsky algebras
satisfy Poincaré duality.

Step 2: The map 7 sends the elements (3.1) to zero.

We must check that the linear forms

OH

ﬁ( > £B6(Gen)({G}) (W([G,i],Ind(g)w‘I’([O,G},Ind(g»))
i>G>H

indexed by atoms H are in fact all equal and it is enough to check it on normal monomi-
als. Those linear forms are zero in degree other than 2(rk(£) — 2). Fortunately, normal
monomials of degree 2(rk(L) — 2) are rather simple.

Lemma 3.1.5. For any irreducible built lattice (L, G), the only degree 2(rk(L) — 2) normal mono-

mials are the monomials hg(G)_lhgk(i)—rk(G)—l

(-2

with G any element of G (when G is an atom we

. rk
get the monomial hi

Proof. The proof hinges on the following result.

Lemma 3.1.6. Let S be a nested set containing 1 in some irreducible built lattice (L, G). We have
the equality
> 1k([rs(G), G]) = 1k(L).

GeS

Proof. The proof goes by induction on the rank of £. Let G be a minimal element in S.
Go V (S \ {Go}) is a nested set in ([Go, 1],Ind(G)) so by induction hypothesis the sum
of the rank of its intervals is the rank of [Gy, 1] but by nestedness of S taking the join
with Gy establishes a bijection between intervals of S which are not the interval [0, G
and intervals of Gy V (S \ {Gop}), and this bijection preserves the rank of the intervals.
Consequently, by induction we have

S k([7s(G), Gl) = 1k(0,Gol) + S xk([rs(G), G))

Ges GeS\{Go}
= 1k([0, Go]) + rk([Go, 1])
=rk(L).
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Now if § is any irreducible nested set then the degree of any normal monomial of the

form hg(s) for some S-admissible index is at most ) . s rk([7s(G), G]) — 1 which is equal
by the previous lemma to rk(£) — |S|. This means that to have degree 2(rk(£) — 2) the
cardinality of S must be at most two (counting 1) which proves the result. For normal
monomials with underlying nested set not containing 1 we just add 1 to the nested set
and follow the same line of argument. O

Let hg{(G)flhfk(ﬁ)frk(G)fl be any degree 2(rk(£) — 2) normal monomial and H some
atom. Going back to the definition of ¢ we get

¢H(hg<(G)—1h;k([,)—rk(G)—l) _
rk(G)—1,; rk(L)—rk(G)—
> () @ T(W ) (FYIGH (g @ RO THOT ) |
G'>H

If H < G then the only term which is not zero in this sum is the term G’ = G which gives

rk(G)—1, rk(1)—rk(G)— rk(G)—1, rk(1)—rk(G)—
ou (g O DO = (m(wyg 1) © 7 ) (FYUGH (g @R D7)

= (m(¥ie) © 7 (V.0 (A @ ng @)
=1

IfH f G the only term which is not zero in this sum is the term G' = H which gives

= (m(Yy) @Yo 7)) (hg{\(/%)ilh;kurk(mil @ 1) (3:3)

k(G)—1, rkL—rk(G)—1
=Yg 1)) (hrG\(/H) hy ™™ © ) :
The monomial in the last equation is not a normal monomial in the irreducible built lattice
([H,1],Ind(G)) and therefore we must rewrite it. By geometricity of £ there exist atoms
Hy, ..., Hyp()—rk(G)—1 such that 1 is equal to the join of GV H with those atoms. This means
that we have the relation

(hi = havi)(hy =) (R = Ry ) ay-r) =0

in the algebra FY ([H, 1],Ind(G)), and replacing the hy;,’s by zero we get

hgk(ﬁ)frk(G) _ hlik(ﬁ)frk(G)fth\/H

Wthh illlphes
rk(G)—1, rk(L)—rk(G)—1 rk(L£)—2
hG\(/H) hi() @) __hi()
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This equality together with equation (3.3) leads directly to

d)H(hg{(G)flhgk(i)frk(G)fl) —

as in the case H < (G, which proves that ¢ does not depend on H.
Step 3: The kernel of 7 is generated by the relations (3.1).

We postpone the proof of this last step to Subsection 4.5, where it will be an application
of our theory of Grobner bases for £8&-operads. O

3.2 The Feichtner-Yuzvinsky operad

One can define another operad out of the Feichtner—Yuzvinsky algebras as follow. Let
(L, G) be any irreducible built lattice. We put

FY*P(£,G) =FY(L,G).
For any isomorphism of built lattice f : (£,G) — (L', G’) we define

FYPP(f): FY(L,G) — FY(L,G)
itel — .’L'ffl(G)

and for any G € G \ {1} we put
FYPP({G}): FYPP([G,1],Ind(G)) @ FY'P([0,G], Ind(G)) — FYFP(L,G) |

a; Qg Qg
g @ I 2¢, = zgll; L Compg (@) I %,

if all the G;’s are different from G.

Let us show that this morphism is well-defined. For any antichain {G;} below G and
such that \/, G; belongs to G we have

FY*P (1@ [[2a,) = 2¢ [[za, = 0.
For any antichain {G V Gi} in Ind, ;(¢) having join G in Indg 3(¢) we have

FY™P([[zave, ® 1) = 26 | [ #compg(ave) =0
) )

because either G’ belongs to G and the elements {G, Comp,(G V G;)} have join G’ in G,
either G’ does not belong to G and the elements Comp (G V G;) have join Compg(G’).
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For any atom H below G we have

FYPD(1® Z xG/) = Z el el

G'>H G'>H
G'<G G'<G
= zg(hg — Z T — Z e
G'>G G’,G incomparables
ol Yao- X wo)
G'>G G',G incomparables

which does not depend on H.

Finally, if GV H is an atom in [G, 1], either G’V H belongs to G in which case we have
FYPP({G})(hg ® 1) = zchave =0,
either GV H does not belong to G in which case we have
FYPP({G}) (hg @ 1) = 2ghy = 0.

Our next order of business is to prove that those morphisms satisfy the relations in Propo-
sition 2.3.2. Let (£, G) be some irreducible built lattice. If G; and G are two non compa-
rable elements forming a nested setin G \ {1}, one can check that both

FYPP({G1}) o (FYPP({Gy Vv G2}) ® 1d)

and
FY"P({G2}) o (FY™P({G1 V Go}) ®1d) 0 023

send [T, 26, © T 2 © T, 2y 10 2626 T 2compg o, (60 11 26 Ty sy
If G; < G2 < 1 one can check that both
FYPP({G1}) o (FY"P({G2}) © 1d)

and
FYPP({G2}) o (Id @ FYFP({G1}))

send [[; ze; @ [[;2cr @ 1) zay to zayma, [ Teompe, (i) L1 Tcompe, () Tk Ty

Finally, if f : (£,G) = (£',G’) is an isomorphism of irreducible built lattice and G’ is
some element in G’, one can check that both

FY"P(f) o FY"P({f(G")})
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and
FY"P({G'}) o BY™P(f1er 1) @ FY P (f5.0))

send Hz ra, ® Hj J:G;' to z 1_[Z :Ef_l(Compf(G/)(Gi)) Hj JUf—l(G;.)-
The operads FY and FY"P are strongly related via Poincaré duality. If we denote

by PD the isomorphism FY(£,G) = FY(L,G)" given by Poincaré duality we have the
equality between morphisms

FY'P({G}) = PD! o FYY({G}) o (PD ® PD).

3.3 The affine Orlik—-Solomon cooperad

In this section we introduce an £8&-cooperadic structure on the Orlik-Solomon algebras,
which extends the linear dual of the Gerstenhaber operad (defined on partition lattices
with minimal building set).

3.3.1 Definition

Let (£,G) be an irreducible built lattice. Forall G € G\ {i} we define a morphism of
algebras OS({G}) : OS(£) — 0S(|G,1]) ® 0S([0,G]) by

eacvyg ® 1 otherwise,

08((G))(en) = {
for every generator ey.

Lemma 3.3.1. The morphism OS({G}) is well defined.

Proof. We have to check that OS({G}) vanishes on elements of the form dcircuit. Let C' =
{H;} LU {H}} be a circuit with the H;’s below G and the H}’s not below G. We have

sHGH (] €)) = 0s{G})(s HeH/\HeH/
= 0S({GH ([ em) /\HeH/iHeH NS HeH/ (3.4)
:5H6Hi ®H6GVH]’-iHeHj®5 HerH]/,.

If the H;’s form a set of dependent atoms of £ then we have 6([[en,) = [[en, = 0
(these identities holding in both OS(£) and OS([0, G])). If on the contrary the H;’s form
a set of independent atoms, by the fact that C' is dependent there exists an atom H in
C which is below \/ H; V'V, H;. By taking the join with G in this relation we obtain
GV Hj <GV\,_,, Hjwhichimplies that the G’V H;’s form a set of dependent atoms of
[G, 1] which shows that we have §(]] eGVHJ’.> =11 gy = 0in the algebra OS([G, 1]). O



3.3. THE AFFINE ORLIK-SOLOMON COOPERAD 75

Lemma 3.3.2. OS extends to an £B&-cooperad of graded commutative algebras.

Proof. On objects we set OS(L,G) = OS(L) for every built lattice (£,G). For structural
morphisms we use the morphisms OS({G}) introduced above on each generator of £86&
(one-element nested sets). On isomorphisms the action is

0S(L,G) — 0S(L,G")
eyg — ef(H)

for any isomorphism f : (£',G') = (£,G) in £B& (an isomorphism of posets must pre-
serve the atoms).

We have to check that those morphisms satisfy the relations given in Proposition 2.3.2.
Let G; < Gs < 1 be two comparable elements in the building set G of a lattice £. Let us
prove the equality of morphisms

(Id ® OS({G1})) 0 OS({G2}) = (OS({Ga}) © 1d) 0 OS({G1}).

Since we are dealing with morphisms of algebras it is enough to prove the equality on
generators which amounts to a simple verification. For any atom H in £, if H < G then
both morphisms send ey tol® 1®@epy. If H < Gy and H j{ G then both morphisms send
e to1® eq,vyg @ 1. Lastly, if H £ G5 then both morphisms send ey to eg,vy ® 1 ® 1.

Let G and G5 be two non-comparable elements of G \ {1} forming a nested set. We
have to show the equality of morphisms

(0S({G1 V Ga}) @ 1d) 0 OS({Ga}) = 0%* 0 (0S({G1 V G2}) ® Id) 0 OS({G1}).

For any atom H in £, if H < G, then by nestedness H £ G5 and consequently both mor-
phisms send ey to 1 ® ey ® 1. If H < G5 then by the same argument both morphisms
send ey to 1 ® 1 ® ey. Finally if H <« G7 and H £ G2 then both morphisms send ey to
ec,vGy,vH © 1 ® 1 which finishes the proof.

Lastly, we need to prove the equality
OS{F(Q)}) 0 OS(f) = (0S(fi6.1) © OS(fi0, 1)) © OS({C})
for every isomorphism f : (£/,G') = (£,G) in LBS and G € G\ {1}. For any atom H of L,
if H < G then both morphisms send ey to 1 ® ef). If on the contrary H £ G then both

morphisms send ey to epqyy ) @ 1.

Finally, one can check that OS is strong monoidal, which finishes the proof. O
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Chapter 4

Grobner bases for operads over £56

In this section we develop a theory of Grobner bases for operads over £56.

Classical Grobner bases [3] are a computational tool which is used to work out quo-
tients of free associative algebras. The general idea is to start by introducing an order on
generators of the free algebra. This order is then used to derive an order on all monomi-
als, which is compatible in some sense with the multiplication of monomials (we call such
orders “admissible”).

We then use this order to rewrite monomials in the quotient algebra:
greatest term — Z lower terms,

for every relation R = greatest term — ) lower terms in some subset B of the quotient
ideal (usually the greatest term is called the “leading term” and we will use this denomi-
nation).

The subset B is called a Grobner basis when it contains “enough” elements. More pre-
cisely we want that every leading term of some relation in the quotient ideal is divisible
by the leading term of some element of B.

The goal is to find a Grobner basis as little as possible so that the rewriting is as easy
as possible. At the end of the rewriting process (which stops if the monomials are well-
ordered) we are left with all the monomials which are not rewritable i.e. which are not
divisible by a leading term of some element of B. Those monomials are called “normal”
and they form a linear basis of our algebra exactly when 5 is a Grobner basis. This basis
comes with multiplication tables given by the rewriting process.

77
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It turns out that this general strategy can be applied to structures which are much more
general and complex than associative algebras, such as operads for instance. Loosely
speaking, all we need in order to implement this strategy is to be able to make (reason-

able) sense of the key words used above, such as “monomials”, “admissible orders” and
“divisibility between monomials”.

For operads over a Feynman category, the only non-trivial part is to construct admissi-
ble orders on monomials out of orders on generators. The main issue comes from the sym-
metries, because usually the compatibility with symmetries is too strong and prevents us
from finding any admissible order. In order to circumvent this problem, drawing inspira-
tion from the case of classical operads which was sorted out by Dotsenko and Khoroshkin
in [11], we introduce a notion of a “shuffle” operad over £B6.

4.1 Shuffle operads over £86

We could directly define a shuffle £B86-operad to be an £86-operad without symme-
tries but this definition would not be completely satisfactory, in particular when trying to
find an admissible order on nested sets. Essentially, we would like to have a bit more data
than just built lattices to construct those orders in a functorial way (for instance in the case
of shuffle operads the new important data is the linear ordering of the entries, see [11]).

In view of what has just been said we make the following definition.

Definition 4.1.1. A directed built lattice is a triple (£, G, <) where (£, G) is a built lattice and
< is a linear order on atoms of £. A directed built lattice (£, G, <) is said to be irreducible
if (£, G) is irreducible.

We are going to do the same construction all over again but with directed built lattices
instead of built lattices.

Definition 4.1.2. Let (£, G, <) be a directed built lattice and [G;, G2] be an interval of L.
The interval [G1, G2] admits an induced directed built lattice structure given by the build-
ing set Ind|g, ,](9) and the linear order <j,q defined by

Ki <ing Ko © min{H |G1 VH = K;,H atom} <min{H |G,V H = Ky, Hatom} (4.1)
for any pair of elements K, K5 covering G (i.e. atoms of [G1, G2]).

Both minima in (4.1) are well defined by geometricity of £. As in the case of built
lattices, doing a double induction is the same as doing a single induction directly on the
smallest interval (Lemma 1.1.15).
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Definition 4.1.3. The monoidal product ® on directed built lattices is defined by
(£1,G1,<1) @ (L2, G2, <2) = (L1 x L2,G1 x {0 L {0} x G2, )
where < is defined by putting all the atoms of £; before the atoms of Ls.

As a quick reminder, for any nested set S and G an element of S we have defined in
Subsection 2.2 the notation 75(G) = \/ S<g. If S is an (ordered) nested set in a directed
built lattice (£, G, <) we denote

(ﬁSv gS’ <]5) = ®([TS(G)7 G}vlnd(g)’ <]ind)-

GeS
We are now able to make the following definition.
Definition 4.1.4. The Feynman category £B&yy is the triple (V, F,¢) where

e The objects of the groupoid V are the directed irreducible lattices and its morphisms
are defined by

~

Mory ((£,G, <), (£',G',<")) ={f : L= L| f poset isomorphism,
increasing with respect to <t and <’ and such that f(G') = G}.

e The objects of the category F are monoidal products of directed built lattices and

its morphisms are given by structural morphisms (Ls, Gs, <) s, (£, G, <) together
with the tensored isomorphisms of V and the permutations of monoidal summands,
quotiented by the relations

Soo~o-S

for every ordered nested set S in some directed irreducible nested set and o some
permutation of the summands of (Ls, Gs, <s) acting on S by changing the order of
the elements.

e The functor 1 is the obvious inclusion.

We define the composition of nested sets in this context exactly as it was defined in
Section 2.2. In subsequent sections a shuffle £B6&-operad will mean an operad over the
Feynman category £B61;.

4.2 Monomials and divisibility

In order to be able to talk about Grobner bases one needs a suitable notion of “monomials”
in a free £BGS1-operad as well as a notion of divisibility between those monomials. Let
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M be a module over £B86&y in some category of vector spaces over some field. We have
defined in Section 3.1.2 the free £B&-operad £BS;(M) generated by the module M.
By the same analysis conducted in the latter section we have the explicit formula for each
directed irreducible built lattice (£, G, <):

eBeW(M)(L,6,<)= B Q) M(rs(6), Gl d(G), ina)- (42)
N Ges
S nested set
If furthermore we are given a basis B(L, G, <) of every vector space M (L, G, <) then we
can make the following definition.

Definition 4.2.1 (Monomial). A monomial in £BS11(M) is an element which is a tensor of
elements of the basis | |, g . B(L',G’, <').

In other words a monomial corresponds to the datum (S, (e¢)ges) of a nested set S
and elements of the basis e € B([7s(G), G],Ind(G), <ina) for each G in S. Monomials
are stable under composition in £8&y;(M ) and by (4.2) they form a basis of every vector
space £86(M)(L, G, <). Additionally, we have a notion of divisibility between mono-
mials.

Definition 4.2.2 (Division between monomials). Let m; and ms be two monomials in
some arity £BS(M)(L, G, <). We say that m divides my if my can be expressed as a
composition:

mg = £LBSm(M)(S)((ac)ces)

for some nested set S, where one of the a¢’s is my and the rest are elements of the basis
U B(L,G, <)

4.3 An admissible order on monomials

Let M be an £B86&-module, with a basis B(£, G, <) of M(L,G, <) for each (£,G, <).
Assume that we have a total order - of those bases in each arity. In this section we will
construct an order on monomials induced by -, which is compatible with the composition
of monomials in the sense of Proposition 4.3.6. We start by defining a total order <* on
L, induced by the direction <. For any element G in £ we denote by w(G) the word in
the alphabet At(L) (the set of atoms of £) given by the list of atoms below G in increasing
order.

Definition 4.3.1. Given two elements G, G2 in £, we say G <* G2 if w(G2) is an initial
subword of w(G), or if w(G1) is less than w(G2) for the lexicographic order.

There are a few important lemmas/remarks to be made about this order. First we
prove that <* is compatible with the already existing order on L.
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Lemma 4.3.2. The total order <* extends the reversed lattice order on L.

Proof. Let G1 < G2 be two comparable elements in G, such that w(G;) is not an initial
subword of w(G3). One can write

’U)(Gl) = uH1w1
’U)(GQ) = quwg

with u, w;, wy some words in the alphabet At(£) and H;, Hs two different atoms. Since
we have At<(G1) C At<(G2) we immediately get H, <t H; which shows that w(G>) is
smaller than w(G) for the lexicographic order. O

Next we prove that <* behaves well with respect to restriction to intervals.

Lemma 4.3.3. Assume we are given an interval [G1, G in some irreducible directed built lattice
(L£,G,<). The two total orders < 4 and <1T<[G1 Ga] O [G1, G2 are the same.

Proof. Since we are comparing two total orders we only need to prove one implication,
for instance K <, ) K' = K <f 4 K'. If w(K') is included in w(K) then this means

that we have K’ < K which proves that we have K < ; K’ by the previous lemma. If
not then one can write w(K) = uHw and w(K') = uH'w’ with u, w and w’ some words
and H < H' two atoms of £. The atom H cannot be below G otherwise H would also be
a letter in w(K’). If H' is below G then let H” be the first letter bigger than H' in w(K")
which is not below G and such that G V H” does not belong to G V u (such a letter exists
because we have assumed that w(K’) is not included in w(K)). In this case one can write

wiG, 6, (K) =v(GV H)t
’U)[Ghaﬂ (K/) = U(G V H”)t/

with v, ¢, ¢ some words in At([G, G2]). This implies that we have K < ; K.

Finally, we prove that <* is compatible with the join in L.

Lemma 4.3.4. Let G, Gy and G2 be three elements in L such that Factg(G1) and Factg(G2) are
both disjoint from Factg(G) and such that Factg(G1) U Factg(G) and Factg(G2) U Factg(G)
are both nested antichains. Then we have the equivalence

G <*Gy e GVGE < GV Gy

Proof. Let us start by proving the direct implication. If G; > G2 then we have G V G >
G V G (the strictness coming from the nestedness condition) which proves the result by
Lemma 4.3.2. Otherwise write w(G1) = uHjw; and w(G2) = uHsws where u, wy and we



82 CHAPTER 4. GROBNER BASES FOR OPERADS OVER £86

are some words and H; is strictly smaller than H>. By the nestedness condition in the
proposition we have

w(GV Gy) = sh(w(G), w(Gy)),
w(G V G2) = sh(w(G), w(Ga)),

where sh(:, -) is the operation which merges two given words with increasing letters into
a word with increasing letters. From this we see that one can write

w(GV Gy) = v Hywl,
w(G V Gy) = v Hywh,

with v/, w], w) some words and H) an atom of £. If H} isin w(G) then H; is strictly smaller
than H), (otherwise Hj would belong to ). If on the contrary H/, belongs to w(Gz) then
HY is equal to Hy and H; is strictly smaller than HJ.

For the converse, assume we have G V G1 <* GV Go. If GV Gy < G V Gy then
G2 < Gj by nestedness which implies G; <* G2 by Lemma 4.3.2. Otherwise, write
w(G V G1) = uHyw; and w(G V G2) = uHwy for u,w;, wy some words and H; strictly
smaller than H5. One can check that H; necessarily belongs to w(G'1) which means that we
can write w(G1) = v Hyw) and w(G2) = v Hyw), where H) is the first letter of w(G V G2)
which belongs to w(G2) and which comes after H,. We immediately get H; < Hy < H;
which finishes the proof. ]

For any monomial m = (S, (eg)q) and Gy some element in min< S, we denote
GoVm = (GoV (S\{Go}), (eCOmpGO(G))G)a

which is a well-defined monomial in £B&1(M)([Go, 1], Ind(G), <inq), by Lemma 2.2.9.
For any nested set S we denote MM(S) := ming+ min< S.

Definition 4.3.5 (An admissible order on monomials). We define a total order <I*, on
monomials in the following inductive way. For my = (Si, (e};)ces, ) and ma = (82, (€)ges,)
we put my <% mg if there exists some G in min< S; N min< S such that e}, = €2 and
G Vmy < GV mgy,or if there is no such G and MM(S;) <* MM(S2) or MM(S;) = MM(S»)

and e,lle(Sl) — eﬁAM(SQ).

One can check that this definition does not depend on the choice of the element G
because if we have two different elements G and G’ in min< §;Nmin< S, such that eé = 62G
and eé, = eé, then we have the equality of monomials

(GVG)V(GVm;) =(GVG)V (G Vm)

for i = 1, 2. If there is no ambiguity on the order 4 we write <* instead of <*,.
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Proposition 4.3.6. The order on monomials <* is compatible with the composition of monomials.
More precisely, if S is any nested set in some directed irreducible built lattice (L, G, <) and we have
some generators e € B([1s(G), G],Ind(G), <ina) for all G in S except for Gy in S where we
have monomials m; = (81, (eé)g), mo = (82, (GQG)G) € S%GHI([TS(G()), Go], Ind(g), <lind ),
with #81 = #8s, then we have

my <" mo = LB (M)(S)((eq)a,m1) <" LB (M)(S)((eq)q, m2).
Proof. The proof goes by induction on #8 + #S8;. The initialization at #S = 0 or #51 =0
is obvious. The induction step is a consequence of Lemma 4.3.4. ]

Since every element in a free £BG&1-operad can be uniquely written as a sum of
monomials, we can make the following definition.

Definition 4.3.7 (Leading term). If f is an element in some free £B&-operad with total
order on generators - then the leading term of f, denoted by Lt(f), is the biggest monomial
with respect to <*, which has a non-zero coefficient in f.

At last, everything has been leading to the following definition.

Definition 4.3.8 (Grobner basis). Let 7 be an operadic ideal in some free £B86&1-operad
L£B6S (M), where M is some £BSy-module in some category of vector spaces which is
endowed with a basis and a well-order - of this basis in each arity. A Grobner basis of
relative to - is a subset B of Z such that every leading term relative to <*, of some element
of 7 is divisible by the leading term of some element of 3.

A Grobner basis is said to be quadratic if it contains only degree 1 elements.

Definition 4.3.9 (Normal monomial). A normal monomial with respect to some set of el-

ements B is a monomial which is not divisible by the leading term of some element in
B.

Proposition 4.3.10. The set of normal monomials with respect to some set of elements B in an
ideal T C £BSyy (M) linearly generates LB Sy (M) /T in every arity. This set of monomials is
linearly independant if and only if B is a Grobner basis of L.

Proof. The proof is the same as in every other context where we have a notion of Gréb-
ner basis. Let us just point out that since the basis is well ordered one can see that the
monomials are well ordered as well. O

4.4 Relating £BGS-operads and shuffle £BS-operads

There is an obvious functor between Feynman categories:
I : £86m — £86
(£,G,<) = (£,9)
S—S.
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This allows us to define a forgetful functor from £8&-operads/modules to shuffle £B56-
operads/modules by precomposition.

Definition 4.4.1. For any £3G-operad (resp. module) P we define the shuffle £BS-
operad (resp. module) Pri; by
PH_[ = PoIll.

As in the classical operadic case this functor enjoys very nice properties which are
listed and proved below.

Proposition 4.4.2. 1. For any £B&-module M we have an isomorphism of shuffle operads:
LB (M) ~ LBS (M. (4.3)
2. Let R be a sub-£B6-module in some free £BS-operad LBS (M) with M some LBS-
module. The £B6&-module Ry can be identified with a sub-£BSy-module of the free
LBSr-operad LBS(Mu). The £BS-module (R )i can be identified with an ideal

of £B6(Gen). The isomorphism (4.3) sends (via identifications) the (shuffle) ideal (Ryy)
to the shuffle ideal (R ). As a consequence we have the isomorphism of £BS-operads

CBG (Mm)/(Rm) = 86 (M)m /(R ).

3. Lastly, we have an isomorphism of shuffle operads
LBS(M)m/(R)m ~ (£BS(M)/(R))m -
Proof. 1. By the definition of left Kan extensions we have a morphism of £8&-modules
M — £BS(M).
Applying the forgetful functor we get a morphism of £B&;;-modules
My — £BS(M)m.

By universal property of free £8&-operads (which comes from the universal
property of left Kan extensions) we get a morphism of £B&j-operads

,Q%GIH(MLH) — 2%6(M)LH.

Let us take a closer look at this morphism.

By unpacking the construction of free operads (left Kan extensions) we get the fol-
lowing formula for every irreducible directed built lattice (£, G, <):

LBGm(Mm)(L,6,9)~ P Ms.

Scg
S irreducible
nested set
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We also have

S‘BG(M)HI(C,Q,Q)S%G(M)(ﬁ,g)( D ®M(£,-,gi))/~

®i(Li,G:)—(L,G) i

where ~ identifies components corresponding to equivalent maps via isomorphisms,
as explained at the beginning of the proof of Theorem 3.1.3. The above morphism
sends the component M (S) to the equivalence class of the component M (S).

However by Lemma 2.3.3 the nested sets in S with linear order <* form a system
of representatives for the equivalence classes of morphisms which means that the
above morphism is indeed a linear isomorphism in each arity.

2. For the first identification if we start with the injective morphism R — £B&(M),
then apply the forgetful functor (which preserves injective morphisms since it is the
right adjoint to left Kan extension), and then compose with isomorphism (4.3) we get
an injective morphism Ry — £B& (M ). For the second identification we have
an injective morphism (R) — £B6(M) and applying the forgetful functor gives
us an injective morphism (R )1 — £BS(M)m. By unraveling again the explicit
description of isomorphism (4.3) we see that it sends the shuffle ideal (Ry) to the
shuffle ideal (R ).

3. We have an obvious identification of components in each arity between the two
shuffle operads and one can check that this identification is operadic.
O

4.5 Application: the example of FY"

We have proved in Subsection 3.1.2 that if Gen is the £53&-module with one generator
W, g) of degree 2(rk(£) — 1) in each arity (£, G), and Z is the ideal generated by the
elements

> £B6(Gen)({GH (¥ (i1ma(0)) ¥ (0.611md(@))
G>H

> EB6(Gen) ({GH(Y (6 1) macgy) Y(p.copmaigy)  44)
G>Hs

for each pair of atoms H; and H,, then we have a surjective morphism of £B6&-operads:

£B6(Gen)/T & FYV.
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Let us denote by R the linear span of the elements (4.4), which is a sub £B8&-module of
£B6(Gen). By Proposition 4.4.2 we have an isomorphism of shuffle £8&-operads

S%GHJ(GGHHI)NRLH) = Q%G(Gen)m/<R>m.

Let us use our theory of Grobner bases for shuffle £B86&-operads to study the operad
£B6(Genyrr)/(Rr). Notice that Ry is just the linear span of elements of the form

> B (Genm) {GH (Y (6,11, ma(9)) Y (6,61,md(6))) ~
G>H,

> LB (Genm) ({GH (¥ 16,11 mac)) ¥ (0.6ma(6)))-
G>Hs

We denote by B the set of those elements, and we put

Vs = £B6m(Genm ) (S) (Y ((rs(),a1.md(6)))GeS)-

By applying the same arguments as in the proof of Theorem 3.1.3 we get a surjective
morphism of £B&-operads.

LBG 1 (Geny)/(Rur) — FYY. (4.5)

We will compute the normal monomials associated to B and find that they have the
desired cardinality, which will prove that B forms a Grobner basis of (Ryr), and that mor-
phism (4.5) is an isomorphism.

To describe those monomials in a natural way we introduce a classical tool in poset
combinatorics called “EL-labeling”.

Definition 4.5.1 (EL-labeling). Let P be a finite poset with set of covering relations Cov(P).
An EL-labeling of P is a map A : Cov(P) — N such that for any two comparable elements
X < Y in P there exists a unique maximal chain going from X to Y which has increas-
ing A labels (when reading the covering relations from bottom to top) and this unique
maximal chain is minimal for the lexicographic order on maximal chains (comparing the
words given by the successive A labels from bottom to top).

We refer to [33] for more details on this notion. The main result we will use about
EL-labelings is the following.

Proposition 4.5.2. Let L be a geometric lattice. Any linear ordering Hy < ... < H,, of the atoms
of L induces an EL-labeling A4 of L defined by

Aa(X <Y)=min{i | X VH; =Y}

for any covering relation X <Y in L.
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Proof. The proof of this result can be found in [33]. ]

If X is an EL-labelling of some poset P and X < Y are two comparable elements we
denote by wx y, ) the unique maximal chain from X to Y which has increasing A labels. If
the EL-labelling can be deduced from the context we will drop it from the notation.

We also define w%Y’ , to be the the chain wx y,) truncated at height k for any positive
integer k which is less than the length of wy y x. More precisely if wxy = {Xo = X <
Xi <. = Xp =Y} thenwh = {Xo < .. < X3}

We will also need a new definition in nested set combinatorics.

Definition 4.5.3 (Cluster). An irreducible nested set S is called a cluster if all its local
intervals except possibly the top one have rank 1. A cluster is said to be proper if its top
interval has rank strictly greater than 1.

Clusters can be constructed out of truncated maximal chains in the following way. If
wisachainw = {Xp =0 < X; < ... < X,,} in some built geometric lattice £ then we put:

Sw) ={X1}o{Xs}o..0o{X,},

which is a cluster. This formula makes sense even if the X;’s do not belong to G because
each X; covers X;_; and therefore is an atom in [X;_;, 1] which must belong to the in-
duced building set.

We can finally state the main result of this section.

Proposition 4.5.4. The normal monomials with respect to B in arity (L, G, <) are the monomials
of the form

£BS 1 (Genu)(S) <‘1’5(ka >>

7s(G),G A

where S is some nested set without any rank 1 intervals and the kg’s are integers strictly less
than rk([7s(G), G]) — 1, except k; which can be equal to vk([7s(1),1]) — 1. Furthermore this
decomposition is unique.

Proof. We start with the following lemma.
Lemma 4.5.5. Any irreducible nested set S in some irreducible built lattice can be written as
5=5"0(Sh)aes

where S’ is an irreducible nested set with no rank 1 intervals and the S(, s are proper clusters
except S; which is any cluster.

The nested set S’ will be called the frame of S and denoted by fr(S).
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Proof. We put fr(S) = {G € Ss.t.1k([rs(G),G]) > 1} U {1} and conclude by Lemma
2.29. O

Now let us proceed with the proof of the statement. We denote by (L, G, <) the
normal monomials with respect to B in arity (£, G, <) and 9V (£, G, <) the monomials of
the form

LB G (Gen)(S) (\Il ke ) .

Yrs(@),G0

Our goal is to show the equality M (L, G, <1) = M'(L, G, <) for all irreducible directed built
lattice (£, G, <0). However we have a bijection between 9V (L, G, <) and normal monomi-
als of FY (L, G) with respect to the Grobner basis introduced in Theorem 1.2.3, given by

2%6]_{1(@611)(8) <\If ke ) N H xlg(([Ts(G),G])—kG—l’

w
T.S(G)’G)‘q GES

and we have the surjective morphism of £B&-operads (4.5). This means that it is
enough to prove the inclusion M(L,G, <) C M (L,G, Q) (see Proposition 4.3.10). By
Lemma 4.5.5 it is enough to prove that for any cluster S, if ¥s is a normal monomial
then S is of the form w’gi N
s LN
Leading terms of elements of B are monomials of the form ¥y, where H is not the
minimal atom. Let S be any cluster such that ¥ s is a normal monomial, i.e. is not divisible
by any ¥z with H not minimal. For any G € S\ 1, let us denote by H the smallest atom
such that 75(G) V Hg = G.

Lemma 4.5.6. The map G — Hg is increasing, with respect to the order < on the domain and
the order <1 on the codomain.

Proof. Let G1 < G be two elements in S \ {1} such that there is no element in S strictly
between G1 and Ga. By Lemma 2.2.9 we can write S = (S \ {G1}) o {7s\(¢,}(G2) V Hg, }-
Since U is not divisible by any monomial ¥y where H is not minimal this means that
Ts\{G1}(G2) V Hg, is the minimal atom in [7s\ ¢, }(G2), G2, but this interval contains the
atom TS\{Gl}(GQ) V Hg, so we have TS\{GI}(GQ) V Hg, <ind TS\{GI}(GQ) vV Hg,.

Technically this means

min{H | 7s\(q,}(G2) V H = 75\(¢,}(G2) V Hg, } <
min{H | 7s\(c,}(G2) V H = 7s\(q,}(G2) V Hg, }. - (4.6)

By nestedness of S we have

{H | TS\{Gl}(GQ) VH= TS\{Gl}(GQ) V HG’l} = {H ‘ TS(Gl) VH= Gl},
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which has minimal element Hg,, and
{H |75\{61}(G2) V H = 75\(G,}(G2) V Hg, } = {H | 75(G2) V H = G2},
which has minimal element Hg,. Inequality (4.6) concludes the proof. O

Let us denote S = {G1,...,G,} U {1} with Hg, < ... < Hg,. By the previous lemma
and successive applications of Lemma 2.2.9 we get

S = {HGl} o {HG1 V HGQ} 0...0 {HG1 V..V H(;n}.

What is left to prove is that the chain Hg, < ... < Hg, V...VHg,, is exactly the chainwy; | .
LN

We consider the concatenation of chains

Hg, <..<Hg, V..VHg, < chl VeVHe, 1rq

ind

This chain has increasing labels everywhere except possibly at Hg, V...V Hg,,.

By Lemma 2.2.9 we have S = (S \ {G,}) o {Ts\{Gn}(i) V Hg, } so if Ug is a normal
monomial this means that TS\{Gn}(i) V Hg,, is the minimal atom in [Ts\{Gn}(i), 1]. There-
fore, Hg,, is smaller than all the atoms which are not below 75\ (,1(1) and consequently
the maximal chain introduced previously also has increasing labels at Hg, V ... V Hg,,.

By Proposition 4.5.2 the chain Hg, < ... < Hg, V...V Hg, < WHe, Vo VHe, e, must
1 ni in

be the chain wj ; ,  and therefore Hg, < ... < Hg, V ...V Hg, is the chain w?.  which
LA n 0,1,Aq

concludes the proof. O

Corollary 4.5.7. The morphism
£B6(Gen)/T = FYY

is an isomorphism and the shuffle £B&-operad FY |, admits a quadratic Grébner basis.
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Chapter 5

Koszulness of £5G-operads

In [20], R. Kaufmann and B. Ward constructed a Koszul duality theory for operads over
certain well-behaved Feynman categories called “cubical”. This cubicality condition is
what allows us to define odd operads and a cobar construction on odd operads, which is
central in Koszul duality theory.

In the first subsection we prove that £86 is cubical. Then we unpack Koszulness
for operads over £B6, following the definitions in [20]. Finally, we prove that having a
quadratic Grobner basis implies being Koszul and we apply this result to FY".

51 £986 is cubical

Let us start with some reminders on the notion of “cubicality” (we refer to [20] for more
details).

Given (V, F,1) a graded Feynman category (see Section 2.4) and A, B two objects in F
we denote by C;' (A, B) the set of composable chains of morphisms of degree less than 1
having exactly n morphisms of degree 1, quotiented by relations:

A— ... — Xz'—l i> Xz ﬁ) Xi-l—l —..wB~A— .. — Xi—l gi{ Xi+1 —..— B (51)

provided f or g has degree 0. There is a composition map going from C, (4, B) to
Homr(A, B) given by composing all the morphisms of the chain (the equivalence rela-
tion preserves this composition). This map will be denoted by c4 5.

Definition 5.1.1 (Cubical Feynman category). A graded Feynman category (V, F,1) is
called cubical if the degree function is proper and if for every A, B objects of F there is
a free S,, action on C; (A, B) such that

91
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e The composition map is invariant over the action of S,,.
e The composition map defines a bijection c4 g : C;f (A, B)s, — Homz(A, B).

e The S,, action is compatible with concatenation of sequences (considering the inclu-
sion S, X Sq C Sp1q)-

Proposition 5.1.2. The Feynman categories £BS and £B Sy are cubical.

Proof. We only prove the result for £86, the same arguments also work for £86y1. By
Section 2.3, degree 0 and degree 1 morphisms generate every morphism in £86. Let us
now define an explicit faithful symmetric action on C, (A, B) for every A, B in £BG. Itis
enough to define it for B an irreducible built lattice.

Using relation (2.3) and relation (5.1) we can see that every chain ¢ in C,/ (A, B) has a
representative of the form

A (®; fi®({G}o(91®92))®Q); f)ov

A% B, (5.2)

where the f;’s, f]’- s and g1, g2 are isomorphisms in LBS;,, v is a permutation of the sum-

mands of A and ¢ is an element of C;_ | (A4’, B) which contains only degree 1 morphisms
which are nested sets of cardinality one. By Lemma 2.3.3 this representative is in fact

unique. We denote ¢’ = [A” laoteiend, 4 9, B]. The composition of the chain ¢ is a
nested set S, and we have a linear ordering G, Ga, ..., G, of S given by reading the chain
¢ say from right to left. Let o be any element of S,,. We define

/ IA®R{Gy(1)V---VGo () }RId® {Gy1)}
o - 1/}/ — [A” U_) A (1) (n) (1)

Bj
where
e The formula Id® ® {Goy V .. VGoiy} ® Id® means that we tensor the morphism
{Go1)V-..VGy;) } by the identities of the summands of the codomain not containing
Go’(l) V..V Gg(i).

e ¢’ is the only permutation of the summands of A” which gives us A”.

Finally, we put

®; [i®918920Q); f; e o Bl
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First, let us prove that this defines an action of S,,. Assume ¢ is a product o102 with
01,02 € Sp,. We have

®i fi®gl®92®®j fj AN 0'2~’L/)/\

o1-(o2-Y)=01-]A B

=o1-[A R RNV NV A2 @{Goy (1) Ve VGoy () }O1d® — {Goy)} B|

—_— 2 e

=[A K [i99199:9Q); f A" i A i> A 1% @{Go ) (o5 (n)) }@1A? {Goy oy} B]

—_— 2 1 e

—[A Qi fi®9199:9Q); fi PUREOINPY 1d9®{Goy oy (1) V- VGoy oy () }OIAY  {Goyopy} Bl
= 7

= (0'10'2) . ’gb

Second, let us remark that by relation (2.4), we have ca» g(o - ') = ca» p(¢') which
implies ¢4 g(0 - ) = ca (%) i.e. the composition map is invariant by the action of S,,.

Third, we see that the action is free because of the unicity of decomposition (5.2).

Fourth and lastly, the composition map is bijective after passing to the quotient by the
action of S,,. The surjectivity immediately comes from the fact that morphisms of degree
0 and degree 1 generate every morphism in £86. The injectivity is a consequence of the
unicity of decomposition (5.2). ]

5.2 Definition of Koszulness for £8G-operads

5.2.1 Odd operads over cubical Feynman categories

Let§ = (F,V,1) be cubical category. An odd operad over § is an operad over the Feynman
category F°dd = (Fodd p 40dd) where F°dd is the category enriched in abelian groups
having the same objects as 7 and morphisms

FUUXYV)=Z < CHX,Y) > Jo.p— e(0).
with composition given by concatenating chains of morphisms. Since V only has isomor-

phisms it is clear that V is also embedded in F°4¢ and we call this embedding °44.

In the case of £B, the category LBS°? is generated by isomorphisms and generators
{G}°% for each element G which is not the maximal element in some building set of some
lattice, quotiented by relations

{G1}° 0 ({G1 V Go}*Y @ 1d) = —{G2}° o ({G1 V G2} @ 1d) o ges  (5.3)
for every nested antichain {G # 1,Gy # i} in some building set, relations

{G1}% 0 ({G2}* @1d) = —{G2}*™ o (Id @ {G1}°Y) (5.4)
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for every chain G; < G2 < 1in some building set, as well as relations

fo F{GY) = {G} "o (fi.1® fp.qp) (5.5)

for every isomorphism f between built lattices.

5.2.2 An example of an odd £BS cooperad

The family of projective Orlik-Solomon algebras {OS(£)},,g) has an odd cooperadic
structure over £86 which extends the dual of the odd operad Grav. It will be denoted by
OS and defined as follow.

e For any built lattice (£, G) we define

OS(L,G) == 0S(L).

e For any element G € G\ {1} in some irreducible built lattice (£, G), we define

OS({G}4) - 0S(£) —  0S([G,1]) ® 0S([0, G])
Hz’ €H, Hj eHJ’. — 5(H1 eG\/HZ-) ® Hj eH;

where the H;’s are atoms not below G and the H J’»’s are atoms below G.

Let us check that the image belongs to the tensored projective Orlik-Solomon algebras.
By Lemma 1.2.6 it is enough to show that OS({G}°!?)(5([ ], ex)) belongs to OS([G, 1]) ®
0S([0, G]) for all sets of atoms H. We partition H into {H; } L {H}} where the H,’s are
atoms not below G and the H}’s are atoms below G. We then have

os({Gy Y (6([ T er) = OSUGY ) (6(] T err.) H err + H 6H¢5(H er))

H i J 4 J

) J ’ ? J
= +6([] ecvm) @ ([T eny) € OS((G. 1)) @ OS(0, G)
i j

e For any isomorphism of built lattice f : (£',G’) = (£,G) we define OS(f) as the
restriction of OS(f) to the projective subalgebra.

We must check that the morphisms OS({G}°4) and OS( f) satisfy relations (5.3), (5.4) and
(5.5) above. Let {G; # 1,G2 # 1} be a nested antichain in some irreducible built lattice
(£,G) and let o = 6([[;<,, em [ i< e [1x<,» emy) be an element in OS(L) where the
H,’s are atoms below neither G nor Gs, the H J’-’s atoms below G5 and the H]’s below G
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(by nestedness of {G1, G2} there can be no atom below both G| and G3). In this case one
can check that the morphism

(OS({G1 V G2}°%%) @ 1d) 0 OS({G1}°)

sends a to 0([[; ey vaava;) @ 6(I1; eH;_) ® 0(] I, eny) whereas the morphism

2,30 (OS({G1 V G2}°!) ® Id) 0 OS({G2}°?)

sends « to the opposite. Let G; < G2 < 1 be a chain in some irreducible built lattice (£, G)
and let a = 6([[;<, em, [ 1<, eH; [1x<n» €ny) be an element in OS(L) where the H;'s are
atoms not below Gy, the H ;’s are atoms below G5 and not below G; and the H}’s are
atoms below G'1. In this case one can check that the morphism

(0S({G2}°1!) @1d) 0 OS({G1}°)

sends a to 0([]; ecovm;) @ 6(I]; G1 Vv eH;,) ® 6([ 1), ery) whereas the morphism

(Id ® OS({G2}°)) 0 OS({G2}°)
sends « to the opposite. At last, equation (5.5) is also easily verified.
To conlude, we have shown that OS is an odd £8B6-cooperad (in graded abelian
groups).
5.2.3 The bar/cobar construction

Let C be some complete cocomplete symmetric monoidal abelian category. We denote by
ChC the category of chain complexes over C. Let § be a cubical Feynman category.

In [20], R. Kaufmann and B. Ward define a bar operator
B:§ — Opsche — §° — Opscneor

and a cobar operator
Q: 3 — Opscpeor — § — Opscue

which form an adjunction 2 = B and such that the counit
OB = 1d

is a level-wise quasi-isomorphism. Informally, those functors are defined by taking free
constructions together with a differential constructed using the degree 1 generators. Let
us describe Q explicitely in our case. Let P be an £8&° cooperad in Ch C. We have

Q(P) == (£B6(P),dq + dp),
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where dp is the obvious differential coming from P and dg, is defined as follow. Recall the
explicit formula

£BS(P)(L,G) = a QP(Li,Gi)/ ~
®(L0G)HLG)
where ~ identifies components corresponding to equivalent maps (maps that can be ob-

tained from each other by precomposition of isomorphisms). For any ®;p; € &, <, P(Li, G;)
we put

doll(@pin T - @(LiG) —+ (L) = Y [(eP(G)=Id) (@), fo(lde{Ge1d)]
e

The cubicality condition and the fact that P is odd ensures that dg + dp is a differential.
Let us now describe B explicitely for £8&-operads. Let P be an £56-operad in ChC. We
have

B(P) = (£86°4(P), dp + dp),

where dp is the obvious differential coming from [P and dg is defined as follow. We have
the formula

LB (P)(L,G) = o, P(L,G")/ ~,
neN
PeCy ((£,6),(£,9))

where the equivalence relation ~ is given by

(P(f)(a), ) ~ (a, ¢ o f)

for every isomorphism f and

(@, ) ~ (o) (e, 0.9)

for every permutation o. Let ¢ be an element in C;/ ((£',G’), (£,G)), and let « be an ele-
ment of P(£',G"). We have

dp((a [¢)) = > e(¢)((ld @ P({G}) @ 1d)(a), ),
¢:(L".G")=(L.0)
G st c(@o{GH=c(v)

where c is the composition map and €(¢) is the signature of the permutation sending v’ to
¢ o {G}. One can check that this descends to the quotient by the equivalence relation ~.
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5.2.4 Quadratic duality and Koszul duality

In this subsection we assume that C is a category of vector spaces over some field. For any
graded Feynman category §, an §-quadratic data is a pair (M, R) with M an §-module
and R a submodule of §; (M), where §1(M) denotes the part of weight 1 in the free §-
operad £86&(M). Notice that an F-quadratic data can also be seen as an F°44-quadratic
data since § and §°%d have the same modules and we have

F(M) = F1(M).

If P is an §-operad which is a quotient §(M)/(R) for some §-quadratic data (M, R),
we define
P = §o4(MY) /(RY),

which is an F°%4-operad. We have a morphism of differential graded §°4-operads
(P')Y — BP, (5.6)
which is induced by the morphism of §F-modules given by the composition
(P')Y — MY < P.

We say that P is Koszul with Koszul dual (P')" if morphism (5.6) is a quasi-isomorphism.
We refer to [20] and [34] for more details. This coincides with the classical Koszul duality
theories (Koszul duality for operads for instance).

In addition to having a homological degree (given by the grading of £B86), the odd
cooperad BP has a weight grading coming from the grading of P. The differential pre-
serves this weight grading.

One can check that the map
(P")Y — BP

is injective and its image is exactly the kernel of dp in the diagonal {weight grading = degree},
which is also the homology of the diagonal since the elements on the diagonal are the
highest degree elements in their respective weight component. As a consequence PP is
Koszul if and only if the homology of BP is concentrated on the diagonal.

5.3 Koszulness of FY"” using the projective combinatorial Leray
model

In [5] the authors define a differential bigraded algebra B(L, G) as follow.
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Definition 5.3.1 (Combinatorial Leray model [5]). Let (£, G) be an irreducible built lattice.
The differential bigraded algebra B(L, G) is defined as the quotient of the free commuta-
tive algebra Qleq, ¢, G € G] by the ideal Z generated by

1. The elements esz with S U T not nested.
2. The elements } - ;; ¢ for all atoms H of L.
3. The element e;.

The generators e have bidegree (0,1) and the generators z¢ have bidegree (2,0). The
differential d of this algebra has bidegree (2, —1) and is defined by

d(eq) = z¢
d(zg) =0
The authors of [5] have shown that we have an isomorphism of graded vector spaces

B*4(L,G) ~ a FYPP(S)

S irreducible
nested set of (£,G)

#S=d+1

for every integer d ([5] Proposition 5.1.4). Those isomorphisms give an isomorphism of
complexes between B(L,G) and BFY"P (L, G). For each irreducible built lattice (£, G) we
have a morphism of differential graded algebras

OS(£) = B*(L,9),

induced by the map ey — >~y ec. One can check that this is a morphism of epEedd
cooperads. The main result of [5] is the following.

Theorem 5.3.2 ([5], Theorem 5.5.1). The morphism OS(L) — B*(L,G) is a quasi-isomorphism
for every pair (L,G).

This immediately implies:
Corollary 5.3.3. The operad FYP is Koszul with Koszul dual OS.
Remark 5.3.4. The algebra structure on BFY"P (£, G) coming from the isomorphism
BFY'P(L,G) ~ B(L,G)

can be defined purely operadically as follow. Let a be some element in FYFP(S) for some
nested set S in some built lattice (£, G) and 3 some element of FY"P(S’) for some nested
set S’ in the same built lattice. The product of o and 3 in BFY'P (£, G) is given by

o f= FY(S")(a)FY(S)(8) ifSNS' ={i}and SUS’isanested set.
B 0 otherwise.



5.4. KOSZULNESS AND THE AFFINE COMBINATORIAL LERAY MODEL 99

In the first row, &’ is viewed as a nested set of (Ls,Gs) and S is viewed as a nested set
of (Ls/,Gs/) via Lemma 2.2.9. The product takes place in the algebra FY (Lsys, Gsus)-
It is interesting to note that we have used the operadic structure of FY and not that of
FYPP. This shows that Poincaré duality plays an important role when trying to relate the
properties of FY and the properties of the Feichtner—Yuzvinsky algebras.

5.4 Koszulness and the affine combinatorial Leray model

In [5] the authors also define a Leray model B(E, G) for the (affine) Orlik-Solomon alge-
bras, just by taking out the relation ¢; = 0 in B(£,G). One can also interpret this affine
Leray model as a bar construction in a larger Feynman category £8&mo0 defined as fol-
low. The set of objects of the underlying groupoid of £86mo0 is

Obj(LBSiy;) Ll Obj(LBS;y,).

For each irreducible built lattice (£, G) we will denote the two copies of (£, G) in £BSmod
by (£,G)P™ and (£, G)*, for reasons which will be clear later. If (£, G) is an irreducible
built lattice, the structural morphisms of £BGmod with target (£, G)P™ are labelled by
irreducible nested sets

Q) ([7s(G), G, Ind(G))P™ = (£,G)P,

GeS

with composition as in £B6. In other words when restricting £8&mod to the “projective”
arities we get the Feynman category £86. The structural morphisms of £B86mod with
target (£, G)*! are labelled by nested sets which can either contain 1 or not. If S contains
1 then we have the morphism

R ([7s(@), G, md(@) =5 (£,6)*
GeS

and if S does not contain 1 we have the morphism

@) ([7s(G), G, Ind(G))" @ ([rs(1), 1], Ind(G))** =55 (L,9)°.

GeS

The composition of those morphisms is defined as in £86&. This Feynman category en-
codes pairs (P, M) with P an £8&-operad and M a “P-module” (P is the restriction to the
projective part and M the restriction to the affine part). A set of generating morphisms of
L£BGmod is given by

{G,1}P™ (G # 1) and {G}*.
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One can define an odd £B&mod-cooperad OS;,; by setting
OSyo ((£,G)P) = 0S(£),  OS0((£,6)™) = 0S(£),
for each irreducible built lattice (£, G), and
0Si01({G, 1)) = 0S({G, 1})

together with
086 ({G}*) = (6 ® 1d) 0 OS({G}).

In this case the odd OS-comodule structure on OS comes from the morphism of £BG-
operads

os % ©s.
On the other hand one can define an £B&mod-operad FYLY by setting
FY{R ((£,G)™) =FY(L,G), FYR2((£,9)™) =FY(L,9),

and ) .
FYiot ({G, 1}P70) = FYPP({G, 1}Pr9),

together with A
FYo ({G}*) = FY({G, 1})

for G # 1, and finally FY; ({1}%) is set to be the multiplication by z;. Exactly as for the
projective part, one can use the results of [5] to see that B(E, G) is isomorphic to BFY!D
and the morphism ey — )~ 5 ec induces a quasi-isomorphism of odd £B8&mod-cooperads

OSyor — BFYLY,

which implies Koszulness of the £B8&mod-operad FY{,.

5.5 Koszulness via shuffle operads

As in the case of classical operads and their shuffle counterpart, we have the key proposi-
tion.

Proposition 5.5.1. Let P be an £B&-operad. P is Koszul if and only if Py is Koszul.

Proof. By Proposition 4.4.2 we have isomorphisms of shuffle £8&°-operads
(Pu)' = (P

which gives an isomorphism of shuffle £8&°44-cooperad (in Ch C):

((Pm))" = ((B")")ur.
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On the other hand, we have
(£B6°Y (P))pp ~ £BSH (P ).

By going back to explicit formulas one can check that those isomorphisms are compatible
with the bar differential and that we have a commutative diagram

Py —— (BP)m

ok

((Pm)’)" —— B(Pm),
but of course in every arity (£, G, <) we have the commutative diagram of complexes

PHVv(L,G) ——  BP(L,G)

)
! X
)

(PY)m(L,G, <) —— (BP)m(L,G,<).

Combining the two diagrams in every arity finishes the proof. O

5.6 Koszulness and Grobner bases

As in the case of classical shuffle operads, we have the key proposition.

Proposition 5.6.1. Let P be a shuffle £B&-operad. If P admits a quadratic Grobner basis then P
is Koszul.

Proof. This is just an adaptation of the proof given in [19] to our setting, and translating
Grobner basis language in “PBW basis” language. We denote P = £B61(M)/(R). Let
us use our total well-order on monomials to construct a filtration on BP. We will denote
this total order by “<”. Let m = (S, (eq)ges) be some monomial. We define

Fp,BP =< {m; ® ... @ m;, € P(§') | my, ..., m;, monomials s.t. £BS1(S")((m;);) < m} >

where the brackets <, > denote the linear span. The bar differential preserves this filtra-
tion. We will now show that the associated spectral sequence collapses at the first page
and its homology is concentrated on the diagonal. The complex EY, BP is spanned by
elements of the form

P(S1)((ec)ges,) ® ... @ P(Sp)((ec)ces. ),
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where the nested sets S; are such that there exist some nested set S’ satisfying S = S'o(S;);,
and such that the monomials P(S;)((eq)ges;) are all normal.

For any G in S\ {1} we denote by n(G) the unique minimum of S-.;. We also denote by
Adm(m) the set of elements of S \ {1} such that P({G})(eg, €n(c)) is @ normal monomial.
By the fact that our Grébner basis is quadratic we see that EY,BP is isomorphic to the
augmented dual of the combinatorial complex Ce(A A dm(m)), which has trivial homology
except when Adm(m) = (), in which case the complex is reduced to K on the diagonal
(with generator given by ®¢eq). By a standard spectral sequence argument this concludes
the proof. O

As a corollary of this proposition and 4.5.7 we get the following result.

Corollary 5.6.2. The operad FY" is Koszul.



Chapter 6

Further directions for the operadic
structure

In this section we highlight some possible ways to extend /refine £86 which seem natu-
ral to us and may lead to further applications.

6.1 Working with matroids instead of geometric lattices

One possible refinement of £B86 would be to do everything with matroids instead of ge-
ometric lattices, which would allow us to take loops and parallel elements into account.
For now this refinement is useless because all the operads we know (Feichtner-Yuzvinsky
rings, Orlik-Solomon algebras) do not “see” the loops and parallel elements (i.e. factor
through the lattice of flat construction). However, it may happen that some finer invari-
ants of matroids which detect loops and parallel elements may also have an operadic
structure. In order to implement this refinement it will be beneficial to have a purely
matroidal axiomatization of building sets. Let us describe a possible way to obtain that.
Recall that a matroid can be defined by its rank function as follow.

Definition 6.1.1 (Matroid, via rank function). Let E be a finite set. A matroid structure on
E is the datum of a map
rk : P(E) - N

called the rank function, satisfying the following properties.
1. The rank function takes value 0 on the empty set.
2. Forevery A, B € P(E) we have

rk(AU B) + k(AN B) <rk(A) + rk(B).

103
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3. Forevery A € P(E) and z € E we have

rk(AU {z}) <rk(A)+ 1.

Here is a possible way of axiomatizing a building set in terms of the rank function.

Definition 6.1.2 (Building decomposition). A building decomposition of a matroid (E, rk) is
a function v which assigns to every subset X C E a partition of X and which satisfies the
following axioms.

1. If X C Y are two subsets of E, then v(X) refines the restriction of v(Y') to X.

2. If v(X) is the partition with blocks P |...| P, then for all i < n the partition v(F;) is
the partition with only one block.

3. Forall X C E, if v(X) is the partition P|...| P, then rk(X) = rk(Py) + ... + rk(Fp).

On simple loopless matroids the datum of a building decomposition is equivalent to
the datum of a building set on the lattice of flats. One can construct a building set out of
a building decomposition by considering the flats which have a partition with only one
block. On the other hand, one can construct a building decomposition out of a building
set by setting v(X) to be the partition induced by the factor decomposition of o (X).

Example 6.1.3. Let G = (V, E) be a graph and M its cycle matroid. M admits a build-
ing decomposition given by the partitions into connected components for each subset of
E. Naturally if we look at the induced building set on the lattice of flats this gives the
graphical building set introduced in Example 1.1.8.

We also have a natural notion of induced building decomposition on restrictions and
contractions of matroids.

Definition 6.1.4. Let M = (E,rk) be a matroid with building decomposition v and S a
subset of the ground set E. The contraction M admits a building decomposition Ind*(v)
given by Ind”(v)(X) = v(X U S)x for every X C E'\ S. The restriction Mg admits a
building decomposition Indg () given by Indg(v)(X) = v(X) for every X C S.

Working with those definitions, we are fairly certain everything should work in the
same fashion as in Section 2, by just replacing the built lattices ([0, G], Ind(G)), ([G, 1], Ind(G))
by the matroidal restrictions/contractions (Mg, Ind(v)), (MY, Ind(v)), for G such that v(G)
is the trivial partition (a priori we would not even need G to be closed, which would give
additional structural morphisms).
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6.2 The polymatroidal generalization

One can also naturally consider an exension of £8& to polymatroids, which form a com-
binatorial abstraction of subspace arrangements. This is justified by the fact that the won-
derful compactification story also works for subspace arrangements and the cohomology
algebras give us a natural candidate for an operad over this bigger Feynman category.
It has been shown by Pagaria and Pezzoli [29] that those cohomology rings also admit
natural generalizations to arbitrary polymatroids and that they also have a Hodge theory.
Here are some reminders on polymatroids.

Definition 6.2.1 (Polymatroid). Let E be a finite set. A polymatroid structure on E is the
datum of a function
cd:P(E) =N

satisfying
1. cd(®) = 0.
2. For any subsets A C B of £ we have cd(4) < cd(B).

3. For any subsets A, B of ' we have

cd(AN B) + cd(AU B) < cd(A) + cd(B).

The letters “cd” stand for codimension. If we ask that cd take value 1 on singletons we
get a classical matroid. We can define the lattice of flats of a polymatroid by considering
the subsets F' of E such that cd(F U {z}) > cd(F) for all = ¢ F. However, for general
polymatroids the lattice of flats does not contain enough information and needs to be
considered together with cd to recover the polymatroid (for matroids “cd” is just the rank
function of the lattice of flats and does not add any information). In [29] the authors
introduced a notion of building set for polymatroids.

Definition 6.2.2. Let P = (E, cd) be a polymatroid with lattice of flats £. A building set of
Pisasubset G of £\ {0} such that for any X in £ the join gives an isomorphism of posets

I[ 0.6 50X
GeFactg(X)

and we additionally have

d(X)= > @)

Gé€Factg(X)

Notice that the last condition is automatically verified for matroids (cd = rk). The
authors also give suitable generalizations of nested sets, and they show that for any G'in £,
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the (polymatroidal) contraction ([G, 1],Ind(cd)) has an induced (polymatroidal) building
set given (as in the matroidal case) by

IHd[G’i] (g) = (g \4 G) N (G7 i]a

and the same goes for (polymatroidal) restrictions. With those definitions we are fairly
certain one can readily extend £8& to polymatroids.

In [29], the authors also introduce a generalization of the Feichtner—Yuzvinsky alge-
bras to the polymatroidal setting as follows.

Definition 6.2.3. Let (£, cd) be a polymatroid with some building set G. The algebra
FY(L,G,cd) is defined by

FY(‘CvgaCd) = Q[:I:Ga G e g]/Iv

with all the generators in degree 2 and 7 the ideal generated by elements

[T+

i<n

where {G1, ..., G, } is not nested and elements

cd(H)
2 wa
G>H

As in the matroidal case, one can get another presentation by considering the change
of variable h¢ =} _i> ¢ Tc. The algebra morphisms

for any atom H.

FY(L,cd,G) — FY([G,i],Ind(cd),Ind[G,i](g))®FY([O,G],Ind(cd),lnd[()vg](g))

{ hG\/G'®1 1fGI$G

her — 1® hg otherwise.

are well-defined and give us an operadic structure on the family of generalized Feichtner—
Yuzvinsky algebras.

6.3 Adding morphisms to £B6S

One could also consider adding more morphisms of degree 0 in £8&. This is justified
by the fact that the Feichtner—Yuzvinsky algebras have a lot more functoriality than what
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we have in £86. More precisely let (£,G) and (£, G’) be two built lattices and let f :
L — L' be a poset morphism which sends G to G, atoms of £ to atoms of £’ and which
is compatible with the join on both sides, i.e.

f(G1V Ga) = f(G1) V f(Ga)

for all G, G2 in L. With those hypotheses the map induced by

FY(£,6) 2V pyc, )
hG — hf(G)

is a well-defined map of algebras. This incentivizes us to formally add such morphisms in
£B6. Some of those morphisms are very natural to add in their own right. For instance
if G C G’ are two building sets of some lattice £ then the identity of £ satifies the above
conditions. In the realizable case the corresponding map FY(f) is induced by the blow
down

Y LG — Y £,G-

If f is the inclusion of some interval [0, G] < L then f satisfies the above conditions
when taking the induced building set on [0, G]. For instance this includes the various
inclusions II,, >~ [0, [1,n 4 1] \ {é}|i] < IL,+1. The corresponding morphisms

FYV(Hn+17 gmin) — FYV (Hn; gmin)

are induced by forgetting some marked point on the genus 0 curve.
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Chapter 7

Additional reminders in
combinatorics

In this section we explicit the relation between geometric lattices and matroids and we
introduce the notion of supersolvable built lattices.

7.1 Geometric lattices and matroids

Let us describe in more details the correspondence between simple loopless matroids and
geometric lattices. There are several equivalent definitions of matroids. We refer to [35]
for more details.

Definition 7.1.1 (Matroids via independent subsets). A matroid is a pair of a finite set £
and a set 7 of subsets of E (the “independent” subsets) satisfying the axioms

e For any / in Z, every subset of I belongs to 7.

e For any I, J in Z, if #J > #1I there exists an element a in J and not in I such that
I U {a} is independent.

Definition 7.1.2 (Matroids via closure operator). A matroid is a pair of a finite set E and
an application (the “closure operator”)

o:P(E)— P(E)
satisfying the axioms
e Forany X € P(F)wehave X C o(X).

e Forany X CY € P(E) wehaveo(X) Co(Y).

109
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e Forany X € P(E) wehave o(c(X)) = o(X).
e Forany X € P(FE)anda,be€ E,ifa € o(XU{b})\o(X) thenb € o(X U{a})\o(X).

Definition 7.1.3 (Matroids via circuits). A matroid is a pair of a finite set £ and a set C of
subsets of E (the “circuits”) satisfying the axioms

e The empty set is not a circuit.
o IfC; CCy eCthenC; = CO,.
o If C1,Cy € C,Cy # Cyand e € Cy N Cy then there exists a circuit C C C; U Cy \ {e}.

One can replace the last axiom by a stronger version which we will use later in this
document.

IfC,CoelC,ec CiNCy, f ECl\CQ,
then there exists a circuit C' C C; U Cq \ {e} containing f. (7.1)

One passes from the circuit definition to the closure definition by putting
o(X)=XU{z|3C eCwithC C X U{z}and z € C}. (7.2)

A matroid (£,T) is said to be simple loopless if every subset of I of cardinal less than
two is independent. A flat of a matroid M = (E,0) is a subset F' C E such that o(F) is
equal to F. The set of flats of M denoted by £, ordered by inclusion is a geometric lattice
with meet given by the intersection. Conversely if £ is a geometric lattice then the datum
(E, o) where E is the set of atoms of £ and ¢ is the map defined by

is a simple loopless matroid. Those two constructions are inverse to each other on simple
loopless matroids. In the sequel we will freely identify an element of some geometric
lattice with the set of atoms below this element. For instance if G and G5 are two elements
of some geometric lattice £ then G; U G2 will mean At<(G1) U At<(G2). Finally, notice
that by definition, for any subset S C £ with £ some geometric lattice we have

\Vs=ao(lJX) (7.3)

Xes

where ¢ is the closure operator of the associated matroid.
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7.2 Supersolvable built lattices

Recall that a lattice £ is said to be distributive if for every triple X,Y, Z € £ we have the
equality
XANYVZ)=(XAY)V(XNZ).

An element X in a lattice £ is said to be modular if for every pair Y, Z of elements of £
with Y < X we have the equality

XANYVZ)=YV(XAZ).
The following definition is due to Stanley [30].

Definition 7.2.1 (Supersovable lattice (1)). A lattice is said to be supersolvable if there exists
a maximal chain M of elements of £ such that for every pair X < Y of elements in £ the
sublattice generated by M, X and Y is distributive.

Stanley [30] proved that this is equivalent to a (seemingly) weaker assumption.

Definition 7.2.2 (Supersolvable lattice (2)). A lattice is said to be supersolvable if it admits
a maximal chain of modular elements.

Fact 7.2.3. Supersolvability is a hereditary condition (meaning it is stable by taking inter-
vals) because if G is some element in some supersolvable lattice £ with maximal chain of
modular elements

0=M <..<M,=1,

the maximal chains
MiANG< ... <M, NG

and
MivG<...<M,VG

are maximal chains (with possibly multiple occurencies) of modular elements of [0, G] and
[G, 1] respectively (see [30]).

We introduce the following variant for built lattices.

Definition 7.2.4 (Supersolvable built lattices). A built lattice (£, G) is said to be supersolv-
able if it admits a maximal chain 0 = G; < ... < G,, = 1 of modular elements in G such
that for any element GG in G, the element G; A G belongs to G U {@} forall: < n.

By Fact 7.2.3, supersolvability for built lattices is a hereditary condition (meaning it is
stable by taking intervals and induced building set).
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Example 7.2.5. Let B4 be the boolean lattice of {1,2,3,4}. If we put
G = {1}, {2} {3}, {4}, {1.2}.{1,2,3}. {1, 2,3.4}, {2,3.4}, {2.3}}
then the built lattice (B4, G) is supersolvable. Indeed the chain
{1} < {1,2} € {1,2,3} € {1,2,3,4}

is a maximal chain of modular elements in G (all the elements of B, are modular), and we
have
{2,3,4} A{1,2,3} ={2,3} €G.

On the contrary if one puts G’ := G\ {2,3}U{3, 4} then (B4, G’) is not a supersolvable built
lattice because we have
{1,2,3) A {2,3,4} = {2,3} ¢G.

and any maximal chain of elements in G must contain either {1, 2,3} or {2, 3,4}.

One can immediately see that if £ is a supersolvable lattice then (£, Giax) is a super-
solvable built lattice. In Section 8 and Section 9 we will introduce other large classes of
supersolvable built lattices.

Let us prove here a small general lemma which will be useful later on.

Lemma 7.2.6. Let L be a geometric lattice, G a modular element of L and C a circuit in L. At
least one of the following propositions is true:

e C CAG.
e CNG=1.

e There exists a circuit C' such that C' N G is a singleton H and C' \ {H} is included in
C\(GNO).

Proof. Assume the first two propositions are not true. Let us denote

I1=CnNAG,
J=C\1I.

Let H be any element of I, which is not empty by assumption. By modularity of G we
have

GA(e(I\N{H}) Va(])) =o(I\{H})V(GAa(J]))

Since J is not empty [ is independent and the element on the left has rank at least #1.
Since o(/ \ {H}) only has rank #I — 1 we must have

G na(J)#0.
By Formula (7.2) this implies that we have the desired circuit C". O
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Let (£, G) be a supersolvable built lattice with some chosen maximal chain of modular
elements w = {O =G < ... <G, = i}. For any G in G and any G’ in Ind[G’i](Q) we
denote by d,, ¢(G’) the coatom in the maximal chain of modular elements induced by w
on [G, G'] (see Fact 7.2.3). An element of the form d,, (G’) will be called an initial segment
of G’ relative to G. In practice we will drop w from the notation. If G is equal to 0 we
also drop it from the notation. In the sequel whenever we introduce a supersolvable built
lattice we implicitly choose a particular maximal chain of modular elements of this built
lattice.

The rest of this document will be devoted to the proof of the following theorem.

Theorem 7.2.7. Let (L,G) be a supersolvable built lattice. The algebra FY (L,G) admits a
quadratic Grobner basis and is therefore Koszul.

Let us include here a small step toward the above result which we will need later on.

Proposition 7.2.8. Let (L,G) be a supersolvable built lattice. The Feichtner-Yuzvinsky ring
FY(L,G) is quadratic.

Proof. It is enough to prove that the nested set complex of (£, G) is flag, meaning that for
any anti-chain Gy, ...,Gp, in G with n > 2,if G; V ... V G,, belongs to G then there exists
i # j < nsuch that G; V G belongs to G. Assume the contrary is true and there exist an
anti-chain Gy, ..., G, such that we have

Gi1VvV..VG,eg

and

By restricting to a smaller interval we can assume G; V ... V G, = 1. By Fact 7.2.3, the
element d(1) A (G; V G;) is either equal to G; V G or is covered by G; V G. In the latter
case, using the building set isomorphism (1.1) we see that either G; or G} is below d(1).
As a consequence we see that there is at most one integer i < n such that G; is not below
d(1) (in fact there is exactly one such i). By reordering let us assume that this integer is n.
By atomicity there exist an element X < G,, such that wehave G1 V...V G,_1 VX = d( i).
If G/, ...G), are the factors of X in g, the anti-chain G, ..., G, G}, ..., G} is a new counter-
example to the flagness of the nested set complex of (£,G). We get a contradiction by
reiterating this process. O
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Chapter 8

Quadratic Grobner bases for
Feichtner-Yuzvinsky algebras of
supersolvable built lattices

In the first subsection we define an order on the generators of the Feichtner—Yuzvinsky
algebras of supersolvable lattices and we compute the normal monomials of weight 2 as-
sociated to this order. In the next subsection we define a bijection between the algebraic
normal monomials associated to the latter order and the operadic normal monomials in-
troduced in Proposition 4.5.4. The construction of this bijection will be done by induc-
tion and using the operadic structure. By a dimension argument this bijection will show
that the algebraic normal monomials form a basis of the Feichtner-Yuzvinksky algebras,
which will show that the set of weight 2 relations forms a Grobner basis of the Feichtner—
Yuzvinsky algebras.

8.1 The order on generators and the normal monomials of weight 2

Definition/Proposition 8.1.1. Let (£,G) be a supersolvable built lattice. The transitive

closure of the relations
) 464G (8.1)

forall kand all G, G’ € G with G’ < G and G’ not an initial segment of G, is anti-symmetric
and thus defines a partial order.

Proof. One can define an explicit total order containing the relations (8.1) as follow. Let <
be a total order on the atoms of £ extending the relations H - H' for all pairs of atoms
H, H' such that there exists an integer k satisfying

H < d*(G)and H £ d*(G).
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For any element G in G let us denote by w(G) the word with letters At<(G) written in
increasing order. We define a total order on G, also denoted <, by putting

G < G' & w(G) is less than w(G’) for the lexicographic order.
This order contains relations (8.1). O

In the sequel whenever we introduce a supersolvable built lattice we implicitly choose
an associated total order on G as in the above proof.

Proposition 8.1.2. Let (L, G) be a supersolvable built lattice and let « = ha, ha, be a monomial
in FY(L,G) with G1 < Ga. Let us denote by G the join G V Go. The monomial « is normal if
and only if one of the three following conditions is verified.

o The element G does not belong to G.
e The element G belongs to G and G is an initial segment of G3 = G.

o The element G belongs to G, G ;_4 G1, Gy is not covered by G and we have G = dk(G)
where k is the maximal integer satisfying

d*(G) VG, =G.

Proof. We have an obvious bijection between the monomials described in the above propo-
sition and the normal monomials given by 1.2.3, sending 5 i, ( ohar torgrzg if G’ is not
covered by G, sending hq(g)hg to = and sending hq, ha, to zg, ©¢, when {G1, G2} is a
nested set. By a dimension argument it is enough to prove that the normal monomials of
weight 2 with respect to < are included in the monomials described in the proposition.

Assume G = (1 V Ga belongs to G. If G <1 G and G < G then hg, hg, is the leading
term of the relation
(ha = ha,)(hG = has)-

If G1 < G < G2 and G is covered by G then hg, hg, is the leading term of the relation
(ha¢ = hay)(hg = ha,) — ha(ha — ha,).

Finally, if Gi < G < G2 then G is some initial segment d¥(@). If k is not the maximal
integer such that we have
d*(@)v Gy =G,

we see that hg, hg, is the leading term of the relation

(ha = hay)(ha = hay) = (ha = hariiay) (ha — has,).-
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Notice that the normal monomials do not really depend on < but only on the cho-
sen maximal chain of modular elements. We next come to an important lemma which
highlights a first connection between our normal monomials and supersolvability.

Lemma 8.1.3. Let (£, G) be a supersolvable built lattice. Let G and G2 be two non-comparable
elements of G such that we have G1 < G2, G1 V G2 € G, Gy is not covered by G V G and G is
an initial segment of G1V Ga. Then ha, ha, is a normal monomial if and only if Gy ANG2 < d(G1).

The forward statement is always true but for the converse we need the supersolvabil-
ity hypothesis. For instance consider £ the graphical lattice associated to a 5-cycle and
number the edges (i.e. the atoms) from 1 to 5. If we pick G; = {1,2,3} and G2 = {4,5} in
the maximal building set, then we have G1 A G5 = 0 but ha, ha, is not normal because we
have d(G1) VG2 =G V Gy = 1.

Proof. With the hypothesis on G and G2 we have

ha,ha, isnormal < d(G1) V Gy < G1V Ga
& Gy £ d(Gh) VG
< Gy A (d(Gr) VGe) < Gy
< d(G1) V (G1 NGe) < Gy
< G1 NGy < d(Gh).

The fourth equivalence comes from the fact that by supersolvability G is modular in the
interval [0, G V G3. O

8.2 Abijection between algebraic normal monomials and operadic
normal monomials

Let (£,G) be a supersolvable built lattice and let < be a total order on the atoms of £
obtained as in the proof of Definition/Proposition 8.1.1. Let us denote ANM(L, G, <) the
algebraic normal monomials with respect to the order < and the relations of weight 2,
i.e. is the set of monomials in FY (L, G) which are not divisible by the leading term (with
respect to <) of some relation of weight 2. Let us denote by ONM(L, G, <) the set of
operadic normal monomials with respect to the order on atoms < (see Proposition 4.5.4),
viewed as nested sets. Notice that in the supersolvable case the nested set S (wfs( ), o) is
simply some truncation of the maximal chain {G > d,;()(G) > dzs (G)(G) > ... >715(G)}.
This means that the operadic normal monomials do not depend on the particular choice
of < but only on the choice of the maximal chain of modular elements of (£,G). Such
choice being implicit we will drop < from all notations.
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8.2.1 From operadic normal monomials to algebraic normal monomials
We first define maps
ONM(L, G) 259 ANM(L, G).

by induction on the rank of L. Let (£, G) be a supersolvable built lattice. For any element
G # 1 € G and any algebraic monomial o = [ [/ her in FY([G, 1],Ind(G)) we define the
algebraic monomial in FY (L, G):

Suppg () = H hdiG’,G(G/) H here
G'el G'el
G'eg GG

where for any G’ € G, i¢ ¢ is the biggest integer such that we have d'e'.¢(G") vV G = &,
and for any G’ ¢ G, the element G'* is the factor of G’ in G different from G. Finally, for
any operadic normal monomial § in some supersolvable built lattice (£, G, <1) with G the
maximal element of S’ for the order <t we define by induction (on both the cardinal of S
and the rank of £) the map

D(£,6)(S) = SuPp;(®ig 1) ma(g) (G V S26)) P, ma(g) (S<6)-
initialized on empty nested sets by
@(@) - h:’[hd(i)...hdrkﬂ_g(i).

One can check that G V Sy is an operadic monomial so our map is well-defined. This
map sends an operadic normal monomial to some algebraic monomial, which will turn
out to be normal but we will not need this fact.

8.2.2 From algebraic normal monomials to operadic normal monomials

We are concerned with finding an inverse for ®. Let us define a candidate

ANM(L, G) <29 ONM(L, G)

by induction on the rank of £ and the weight of the monomial. We will drop the built
lattice from the notation if it can be deduced from the context. We initialize with

V(1) =wyq ={1>d(1) >.. > 0}.

Let o = [], hg, be some algebraic normal monomial in FY (£, G) and let us denote by G
the maximum of the G’s with respect to <. If G = 1 then by Proposition 8.1.2 we see that
all the G’s except G are below d(1) so we put

Vrg(a) =Yg g1y ma) (@/ i),
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wherei Y'.a(i)], nd(g) (a/hy) is viewed as a normal monomial in (£,G). If G is different
from 1, let us denote respectively

a<Gg = H th

G; <G
a%_G = H hGi.
Gi£G
We put
Urg(a) ={G}o (‘I’[O,G],Ind(g)(agc'), ‘I’[G71}71nd(g)(G N a;{G))’ (8.2)

with G Vv agq a notation for HGi%G hcva,. One can check that this defines an operadic
normal monomial.

As a side remark let us remind the reader that we have
FY{G})(a) = a<g ® GV ayg,
so we are in fact using again the (co)operadic structure on the Feichtner—Yuzvinsky rings.

We must prove that the monomial G V oy is normal in FY([G, 1],Ind(G)). This is
implied by the following lemma.

Lemma 8.2.1. Let (£, G) be a supersolvable built lattice and let G1 < G2 < G3 be elements in G.
Ifhg, hay, ha, ha, and ha, ha, are normal then ha,vasha,vas is normal in FY ([G3, 1], ITnd(G)).

This is the technical core of the article. The statement is not true in general with-
out the supersolvability condition, as shown by the following example. Let £ be the
graphical lattice associated to a 6-cycle with edges {1, ...,6}. Consider the elements G =
{1,2},G2 = {3,4} and G5 = {5,6}. One can quickly check that the monomials h¢, hq,,
ha, hay and hg,ha, are normal in FY (£, Gnax). However, hg,vasha,vas is not normal in
FY ([G3, 1], Gmax) for two reasons: G V G3 is covered by G; V G V G3 = 1 and we have

{1}\/G2\/G3:G1\/G2\/G3.

If a built lattice has a small rank it can happen that it satisfies Lemma 8.2.1 without being
supersolvable (see Subsection 10.1).

Proof. The statement is obvious when two of the G;’s are comparable so we can assume
that the elements G, G2, G3 are not comparable. We make a disjunction on whether
GV G belongs to G for i, j < 3.
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Casel. G;VGj ¢ Gforalli# j <3.

In this case we have (G V G3) V (G2 V G3) ¢ Ind(G). Indeed, by the proof of Proposi-
tion 7.2.8 the element G; V G V G3 does not belong to G, and if G; V G2 V G5 is equal to
G1V G with G € G and (1, G nested we immediately get G1 V G2 = G € G contradicting
the initial hypothesis.

Case 2. G1VG2¢Q,G1\/G3¢Q,G2\/G3€Q.

Let us show that {G1V G3, G2V G3} is a nested anti-chain in Ind(G) as in the previous case.
By contradiction assume that G V G2 V G5 belongs to G. By restriction we can assume
Gy V Gy V G5 = 1. Since hg,hc, is normal and G2 V G € G there exists some integer k
such that we have d*(1) A (G2 V G3) = G. We have

d*(1) =d*(1) A (G2 Vv G1 V G3)
= G2V (d"(1) A (G1V Gy))
=Gy Vv (dF(1) AGy) A (dF(1) A G3)
<GV GV G
=G1V Gs.

By nested-ness this implies dk (i) = G which contradicts G; < Go. If G1V G2V G'3 belongs
to Ind(G) but not to G we immediately get a contradiction as in the previous case.

Case 3. GG1 V Go ¢ G,.G1VG3€G GV Gy ¢ g.
This is similar to the previous case.
Case 4. G1 V Gy ¢ Gg,.G1VG3 € G, GV Gy eq.

Once again let us show that {G| V G3, G2 V G3} is a nested anti-chain in Ind(G). By con-
tradiction assume that G vV G2 V G5 belongs to G. By restriction we can assume that we
have G; V G2 V G5 = 1. By assumption there exists an integer k; such that we have
d*1 (1) A (G1 V G3) = Gy and an integer k such that we have d*2(1) A (G2 V G3) = Ga.
Let us denote & := min(ky, k2). Let us assume k; > ko, the other case being symmetric. By
modularity of d*(1) and definition of k£ we have

d*(1) =d*A) A (G1 V Gy vV G3)
=GV (A" (1) A (G2 V Ga))
=GV Ga.
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This contradicts the fact that G; V G does not belong to G. If G1 V G2 V G3 belongs to
Ind(G) and not to G we immediately get a contradiction as in the previous cases.

CaseS.Gl\/GgEQ,Gl\/Gggéganng\/Gggég.

We can either have G V G2 V G3 ¢ G or the contrary. In the first case the building set
isomorphism X R A
[0, Gi1VGyV Gg] ~ [0, GV GQ} X [0, Gg]

immediately gives the result. In the second case we can assume G; V G V G3 = 1. Let us
prove that G V Gj is an initial segment of G; V G2 V G3 in [G3, 1]. By assumption there
exists an integer k such that we have d*(1) A (G1 V G2) = G1. We will prove the equality

dk(i) V Gs =GV Gs.
We have
dk(i) = dk(i) A (Gl VvV Gg V Gg)
=Gy Vv (d*(1) A (G2 V G3)) (by modularity of d¥(1))
< Gy Vv (d*(1) A Gy) v (d¥(1) A G3) (by nested-ness of{Go, G3})

<Gi1 VG VG (by definition of k‘)
=GV Gs.

The other inequality is obvious. Let us now show the inequality
d(G1) VGa VvV Gy <G VGV Gs. (8.3)
According to Lemma 8.1.3 it is enough to prove the inequality
(G1VG3) AN (Ga Vv Gs) <d(Gh) VGs. (8.4)

An atom H below G V Gj is either below G; or G3 by nested-ness, and similarly for
G2V G3. As a consequence, an atom below G V G3 and below G2 V G5 is either below G’
or is below G1 A G2, which is below d(G) by Lemma 8.1.3.

One must also prove that G5 V G3 is not covered by G V G2 V G3. By inequality (8.3)
if G2 V G3 is covered by G V G2 V G3 then we have d(G1) V Gz < G2 V G3. In this case by
nested-ness d(G) is either below G5 or G3. In the first case we immediately obtain that
G+ is covered by G1 V G2 which is a contradiction. In the second case we get G A G3 # 0
which contradicts the fact that G'1 V G3 does not belong to G.

Case6.G1VGy € G, Gy VGE3 €G.
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In this case we necessarily have G; V G2 V Gz € G. Let us prove that G; vV G3 is an
initial segment of G; V G2 V G3 in [G3,G1 V G2 V G3]. It is enough to prove that G is
an initial segment of G; V G2 V G3. By restriction we can assume G; V G2 V G3 = 1.
Since (G is an initial segment of G V G5 there exists an integer k; such that we have
dk (i) A (G1V G2) = Gi. Since G is an initial segment of G» vV G5 there exists an integer
ks such that we have d*2 (i) A (G2 V G3) = Gs. The integer k; is greater or equal than k;
because the opposite inequality would imply G2 < G;. Let us prove the equality

dh (1) = Gi.
We have

dhi (1)

d" (1) A (GLV Ga v Ga)

Gy Vv (d* (1) A (G2 V G3)) (by modularity of d*! (1))
GV (A" (1) A Go) (by ky > ko)
G
G1.

IN A

V G (by definition of k)

The opposite inequality is obvious. Let us now prove inequality 8.4. By supersolvability
the lattice generated by G = d’“l( ), Gz and G V Gj3 is distributive. This implies

1 A (GQ V Gg)) V (Gg VAN (GQ V Gg))
G1 A (G2 V Gg)) V G
( 1/\G2)\/G3(byl{:1 Zk‘g)
d(G1) V Gs.

(G1 V Gg) A (GQ V GS) (
= (

<
<

As in the other cases one can check that G V G3 is not covered by G V G2 V Gi3.

Case7.G1 VG2 €G,G1VG3€G,GaVGs ¢G.

In this case we necessarily have G1 V G2 V G3 € G. As always by restriction we can
assume G V Gy V G3 = 1. By assumption there exists an integer k; such that we have
d*2(1) A (G1 V Go) = G and an integer k3 such that we have d*3 (1) A (G1 V G3) = G. Let
us denote k := max(ks, k3). We will prove the equality

d*(1) = G1.
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We have
dk(i) dk(i) A (Gl V Ga V Gg)
=Gy v (d*(1) A (G2 v G3)) (by modularity of d(1))
=Gy V (d*(1) A Go) v (d%(1) A G3) (by nested-ness of {Ga, G3})
< G1 V G (by definition of k)
=Gi.

The opposite inequality is obvious. This implies that G V G3 is an initial segment of
G1V G2 V G3in [G3,1]. Let us now prove inequality 8.4. By supersolvability the lattice
generated by G| = dk (i)7 G3 and G3 V G3 is distributive. This implies

(Gl V Gg) VAN (GQ V Gg) = (Gl VAN (GQ V Gg)) V (Gg A (G2 V Gg))
= (Gl A (G2 V Gg)) V G3
= (G1 NG2) V (G1 A G3) V G3 (by nested-ness of {G2, G3})

<d(G1) vV G3 (by Lemma 8.1.3).

As in the other cases one can check that G V G3 is not covered by G V G2 V Gi3.

8.3 Proof of Theorem 7.2.7

In this subsection we give the proof of the main theorem of the second part of this manuscript
and some immediate corollaries.

Theorem 8.3.1. Let (L£,G) be a supersolvable built lattice. The algebra FY (L,G) admits a
quadratic Grobner basis and is therefore Koszul.

Proof. By dimension it is enough to prove that the map @ is a left inverse of ¥, which we
will do by induction. The base cases are obvious.

Let @ = []q ¢ ha be a normal algebraic monomial with maximal element G' with
respect to <. If G = 1 then every element G’ € T is of the form d*(1) for some k. In this
case we can explicitly compute

\IJ(H hdki(i)) = {dk(i) ’ k+1 g'é {kiai < n}}v

and

k—1¢{k;i<n}
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which proves reciprocity. If G # 1 by induction one can prove that the maximal element
(for <) of ¥(«) is G. We then have by definition

o ¥(a) = 2({G}o (V(GV agg), ¥(aq)))
= Suppg ((¥(G V a)))@(¥(acq)).

However, by normality of o and maximality of G we get Supp;(G V a) = ayg which
concludes the proof by induction. O

When restricting our attention to the maximal building set we get the immediate corol-
lary.

Corollary 8.3.2. Let L be a supersolvable lattice. The combinatorial Chow ring FY (L, Gmax)
admits a quadratic Grobner basis and is therefore Koszul.

In the next subsection we shall see that this is also true for the minimal building set.
As mentioned in the introduction this strengthens the result of Mastroeni and McCul-
lough [26] proving Koszulness of the combinatorial Chow rings, in the particular case of
supersolvable lattices.

8.4 Minimal building sets of supersolvable lattices

A lattice is said to be irreducible if it is not a product of proper subposets. The minimal
building set G,in of a lattice £ is the set of elements G of £ such that [(A)7 G] is irreducible.
We have the key proposition.

Proposition 8.4.1. Let L be an irreducible supersolvable lattice. The built lattice (L, Gmin) is
supersolvable.

Proof. 1t is enough to prove that if £ is a supersolvable irreducible lattice then d(1) is
irreducible. In fact here d(1) can be any modular coatom (it does not need to be part of a
maximal chain of modular elements). We will prove the contraposition of this statement.
Assume that d(1) decomposes as a product [0, G1] x ... x [0, G,]. Denote by R the set of
atoms which are not below d(1). We have the following lemma.

Lemma 8.4.2. There exists an integer i < n such that we have the inclusion (\/ R) \ R C Gi.
Proof. Recall from Subsection 7.1 that we have
\/ R=0(R) = RU{i € At(L£)|3C circuitst. i € C C RU{i}}.

Let us prove that there exists some integer i such that for any atom H ¢ R and any
circuit C C R U {H} containing H we have H < G;, by induction on the cardinal of the
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circuits. The base case is when the circuits have length 3. Let H;, Hy be two different
atoms in R. Since d(1) is a coatom we have Hy < 1 = d(1) V H; so there exists a circuit
C containing H; and H» and such that we have C' \ {H;, H,} < d(1). Since d(1) is
modular by Lemma 7.2.6 there exists a circuit C’ containing some element H’ in d(1) and
such that C" \ {H'} is equal to {H, H2}. Such a circuit is in fact unique, the atom H’
being necessarily equal to d(1) A (H; V Hz). Consider now three atoms Hy, H, H3 in R.
The element d(1) A (H; V Hs V Hs) has rank at most 2 and it contains the three atoms
d(1) A (H; v H;) for i # j < 3. If two of those atoms are equal, say

d(1) A (Hy Vv Hy) =d(1) A (Hy V H3) = H,
then by sub-modularity of £ we have
p(HiVHsVH)<p(H VH)+p(HsVH)—p(HHVH)N(H3VH)<242-2=2

(since we have H V Hy < (H; V H) A (H3 V H)). This implies H < H; V Hs and therefore
d(1) A (H, v H3) is also equal to H. If the three atoms are different then they must form a
circuit, and thus they must all belong to some same G;. This concludes the initialization.
Let us now assume that all the atoms d(1) A (H; V Hy) are below G for instance.

Let C be a circuit of arbitrary length, containing a unique element H not in R. Let
H,, H; be two atoms in C different from H. By the initialization part there exists a circuit
{H1,H>,H'} with H' in G;. If H' is equal to H then we have H € G;. If not, by Ax-
iom (7.1) one can construct a circuit C’, containing H and not containing H;, such that C’
is included in C' U {H'}. If C’ does not contain H’, then we are done by induction. If C’
contains H’ then since d(1) is modular by Lemma 7.2.6 there exists a circuit C” containing
some element H” in d(1) and such that C”"\ { H"} is contained in C’ N R. By induction the
atom H” belongs to G;. If H” = H we are done. Otherwise by Axiom (7.1) there exists
a circuit C" containing H, contained in C’ U {H”} and not containing some element in
C’ N R. Reiterating this process we get a circuit containing H and some elements in G;
which proves that H belongs to G. O

From this we deduce the second lemma.

Lemma 8.4.3. The set of atoms G1 U R is closed.

Proof. Let H be some element contained in a circuit C' contained in G; U RU{H}. If H is
in R we are done. If H is the unique element of C under d(1) then by the previous lemma
we are also done. Otherwise using Lemma 7.2.6 together with Axiom (7.1) (as we did in
the previous lemma) gives us a circuit contained in d(1), containing H with every other
element in 1. This proves that H belongs to G. ]

Finally, we get the concluding lemma.
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Lemma 8.4.4. L is isomorphic to [0,G1 U R] x [0,Ga] x ... x [0, Gy).

Proof. We will prove that every circuit is either contained in G; U R or in some G; with
i > 2. Let C be a circuit in £. If C is contained in d(1) then the result comes from the
isomorphism [0,d(1)] ~ [0,G1] x ... x [0,G,]. If C € d(1) and C N d(1) is a singleton then
by the previous lemma we have C C G; U R. If C ¢ d(1) and C N d(1) is not a singleton,
pick H any atom in C'Nd(1). By iterating Lemma 7.2.6 as in the previous proof we obtain
a circuit C' containing H, contained in d(1) and containing some elements in G. The
isomorphism
0, d(1)] = [0, G1] x [0, Gl

implies that this circuit should be contained in G; which proves the result.

The above proposition and Theorem 7.2.7 imply the following theorem.

Theorem 8.4.5. Let L be a supersolvable lattice. The algebra FY (L, Gmin) has a quadratic Grob-
ner basis and is therefore Koszul.

Proof. Any supersolvable lattice £ decomposes as a product of irreducible supersolvable

lattices
,CZ,Cl X...X,Cn.

We then have
FY(£7 gmin) = FY(£17 gmin) X ... ® FY(£n7 gmin)

and we can conclude by Proposition 8.4.1 and Theorem 7.2.7. O



Chapter 9

Application to the extended modular
operad

9.1 Chordal graphs

In [30] Stanley proved that if G is a chordal graph (meaning every cycle in G has a chord),
the geometric lattice associated to GG is supersolvable. This result is based on the following
lemma by Dirac [9].

Lemma 9.1.1 (Dirac, [9]). Every chordal graph admits a vertex v such that the graph induced by
the neighboors of v is a complete graph.

Such vertices are called “simplicial”. If we remove a simplicial vertex from a chordal
graph, the graph we obtain is chordal and this graph is a coatom in the original graph.
This means we can reiterate the process and get a maximal chain in the lattice associated
with a chordal graph. One can then check that this maximal chain contains only modular
elements. We have a “built” variant of this result. Let us remind the reader that in Exam-
ple 1.1.8 we have defined a built lattice (L, Gg) for every simple graph G, with L the
usual graphical matroid associated to G and G the building set of connected subgraphs
of G.

Lemma 9.1.2. Let G be a connected chordal graph. The built lattice (L, Gg) associated to G is
supersolvable.

Proof. Let us choose a maximal chain of modular elements as in the last paragraph. By
construction those elements are connected subgraphs of G. Let G’ be a closed connected
subgraph of G. For any integer k less than the rank of G, the element d*(1) A G’ can be
obtained from G’ by successively removing simplicial vertices of G’ and therefore it is
connected. O
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Corollary 9.1.3. For all chordal graph G, the Feichtner—Yuzvinsky algebra ¥Y (Lq, Gg) admits
a quadratic Grobner basis.

9.2 The components of the extended modular operad

In [21], Losev and Manin introduced new moduli stacks fg7 s for stable curves of genus g
with painted marked points indexed by S of two types (say “black” and “white”) where
the points of type black are allowed to coincide and the points of type white are not. Those
stacks are the components of the so-called “extended modular operad” (see [22]). We will
deduce from Corollary 9.1.3 the following result.

Theorem 9.2.1. The cohomology algebras of the components of the extended modular operads in
genus 0 are Koszul.

Proof. 1t is part of the folklore that if S is a (colored) set with m white points and n black
points and * is some chosen white point, then the moduli space L s is isomorphic to the
wonderful compactification of the graphical arrangement

{z; = zj |1 # = white , j # * white or black},

with respect to the building set of connected components (see 1.1.8). The corresponding
graph denoted G,,—1,, has m + n — 1 vertices, with the first m — 1 vertices connected to
every other vertices and the last n vertices connected only to the first m — 1 vertices. We
notice that Gy, , is a chordal graph for every m and n and therefore we can conclude by
Corollary 9.1.3.

Let us summarize here the main line of arguments giving the stated isomorphism. In
the sequel [25], Manin remarked that the moduli stacks L, g are part of the formalism of
Hassett spaces introduced by Hassett in [18]. In the latter article, the author introduces
the moduli problem of curves with weighted points, where one fixes a “weight data”
consisting of a vector (g,w) = (g, w1, ...,w,) € N x (]0,1] N Q)" and one then seeks to
parametrize the nodal curves of genus g with n marked points (s;);<, which are allowed
to coincide “up to their weights”, meaning that if the points s;,7 € I coincide then we

require

Z wy < 17

i€l
and satisfying a (weighted) stability condition (see [18]). If the first p weights are 1 and
the last n — p weights are small enough (precisely ;. ,w; < 1) then the above condition
means exactly that the first p points cannot coincide with any other point and the last n —p
points can coincide only between them, and we recover the painted moduli problem of
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Losev and Manin. Hassett proved that there exists a Deligne-Mumford stack M, ,, rep-
resenting the above weighted moduli problem.

In genus 0 the stability condition can be simply stated: for any irreducible component
T of the nodal curve, we require

Z w; + #nodes of T' > 2.

is.t.s; €T

In addition, in genus 0 the moduli stack M, is a smooth projective scheme (called a
Hassett space). If the weights are either 1 or very small then we call those Hassett spaces
“heavy/light”. Indexes with weight 1 are called heavy and the other indexes are called
light. Work of Cavalieri-Hampe-Markwig-Ranganathan [7] shows that a “heavy/light”
Hassett space is a tropical compactification of the projective complement M, ,, of the
same graphical arrangement {z; = z; |7 # * heavy, j # * heavy or light} (with * some
chosen heavy index). To put it in a nutshell this means that there exists an embedding of
My, in a torus T™ together with a fan 3 in R™ having support the tropicalization of M\,
and such that the closure of M, in the toric variety X (¥) is the Hassett space Mgy (we
refer to [24] for an introduction to tropical geometry). The fan ¥ introduced in [7] is none
other than the Bergman fan associated to the buit lattice (Lg,, .., 9a,...) (see [14] for the
definition of the Bergman fan of a built lattice).

In [31], Tevelev has shown that the tropical compactification of a projective hyperplane
arrangement complement along the bergman fan of some building set G of the correpond-
ing lattice can in fact be identified with the wonderful compactification of De Concini and
Procesi along the same building set G, which is the stated isomorphism. O



130 CHAPTER 9. APPLICATION TO THE EXTENDED MODULAR OPERAD



Chapter 10

Further considerations

10.1 Towards a classification of Koszul Feichtner-Yuzvinsky al-
gebras

We would like to emphasize the fact that we know plenty of Feichtner—Yuzvinsky algebras
FY (L, G) which admit quadratic Grobner bases and such that the built lattice (£, G) is not
supersolvable, especially in low rank. For instance, if Cy and Cs are respectively the 4 and
5-cycles then the lattices £, and L, are not supersolvable but the built lattices (L¢,, Gc,)
and (L¢y, Gc,) are so small that they still satisfy the key Lemma 8.2.1 and therefore their
Feichtner—Yuzvinsky algebras will be Koszul. However, for the wonderful presentation
and for the order used in this article, based on a few examples it feels to the author that the
supersolvability condition should be close to necessary, in high enough rank. For instance
if C), is the n-cycle then one can easily check that the relations of weight 2 do not form a
Grobner basis of the algebra FY(L¢,, Gc, ) with respect to the order considered in this ar-
ticle for n > 6. We still do not know if FY (L, G¢,) is Koszul or not. In order to produce
a quadratic Grobner basis of this algebra one would either need to consider a different
order, or even a different presentation (which should also be different from the classical
presentation since one can show that no order on monomials induces a quadratic Grobner
basis for the classical presentation; the argument is completely analogous to that of Dot-
senko [10] for the case of the building set of connected subgraphs of the complete graphs).

Let us also highlight the fact that even the question of quadraticity of Feichtner—
Yuzvinsky algebras is not completely clear. We know that the building sets having a
flag nested set complex give quadratic Feichtner—Yuzvinsky algebras but this condition
is not necessary, as shown by the following example. Consider C; the 4-cycle with edges
numbered from 1 to 4. The set of flats

g= {ia {la 2}3 {1}7 {2}7 {3}a {4}}
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is a building set of L¢, which has a non-flag nested set complex since {2, 3,4} is not nested
and does not contain any proper subset which is not nested. However, the Feichtner—
Yuzvinsky algebra of this built lattice is the algebra generated by h; and hy; 5, with rela-
tions

h? =0,
hihiy = b,
h%l,Z} — 0,

which is quadratic since the first relation is a consequence of the last two which are
quadratic. This “pathology” has to do with the fact that the minimal building set of L¢,
(which is just the atoms together with the maximal element) does not have a flag nested
set complex.

Proposition 10.1.1. Let £ be a lattice and G' a building set of L such that (L, G'") has a flag nested
set complex. If G is a building set of L containing G' and such that FY (L, G) is quadratic, then
the nested set complex of (L, G) is flag.

Proof. Assume that we have non-comparable elements G, ..., G, withn > 3, such that we
have G :=\/,G; € Gand G; VG, ¢ G for alli # j. If G belongs to G’ then decomposing the
elements Gy, ..., G, in G’ immediately yields a contradiction to the flag-ness of the nested
set complex of (£, Gmin). If G does not belongs to G, to lighten the notation let us assume
G = 1 (just restrict to the interval [0, G]). We have some decomposition

L~10,F] x ... x [0, F) (10.1)

with {F},i < p} the factors of G in G’ and p > 2. Let j be some index less than p. By
isomorphism (10.1) we have F; = \/,(F; A G;). If we decompose the elements F; A G; as
the join of their factors in G we can see that there is at most two indexes i such that we have
F; A G; # 0 (otherwise we get a new family of non comparable elements contradicting
the flag-ness of N'(£, G), but this time with join F; which is irreducible). In addition, there
cannot be two such indexes, because if say F; = (G;, AF})V(Gi, ANF;) with iy # iy then F is
an element of G below G VG2 which is neither below G;, nor below G, which contradicts
the fact that we have G;, VG;, ¢ G. In conclusion for each j there is exactly one 7 such that
we have G; A Fj # 0, and this implies that we in fact have F; < G;. By using isomorphism
(10.1) one more time we get that each G; is a join of some F}’s, and this forms a partition of
the F}’s. Finally, if FY (£, G) is a quadratic algebra then the relation (h; — hg,)...(hj — ha,,)
can be written as a sum of relations of weight 2, multiplied by monomials. One of the
terms of this sum shall be of the form h?*Q(hi — hay)(hy — hgy) with G and G5 two
elements in G with join 1. By isomorphism (10.1) we have G, = (G1 AG}) V...V (G, AGY),
and similarly for G%. If there are more than three indexes i such that we have G; A G # 0,
then decomposing the elements G; A G in G yields a new obstruction to the flag-ness of
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N(L,G), and we can conclude by some induction. If there are two indexes i; # iz such
that we have G A G, # 0and G/ A Gy, # 0 then G, contradicts the fact that we have
Gi, V Gy, ¢ G. Finally, we get G| = G;, and G}, = G,, for some i1, i3, which contradicts
Gil V Gi2 ¢ g. O

As we know from Proposition 8.4.1, if a lattice £ is supersolvable the nested set com-
plex associated to its minimal building set is flag. By the previous proposition this implies
that for any building set G of £, if FY (£, G) is quadratic then the nested set complex of
(£, G) is flag.

10.2 Conceptualizing the proofs of Koszulness

It would be very beneficial if one could explain in a more conceptual way the strategy
for proving the Koszul property introduced by Dotsenko and extended in this document.
In this direction, it could be of interest to check if an analogous strategy could work to
reprove the following classical theorem of Yuzvinsky.

Theorem 10.2.1 (Yuzvinsky, [36]). If L is a supersolvable geometric lattice then the algebra
OS(L) admits a quadratic Grobner basis.

The corresponding (co)operad would be the cooperad of Orlik—-Solomon algebras in-
troduced in Subsection 3.3. Having this other example may lead to a better understanding
of the phenomena at play and perhaps give new applications.

It would also be interesting to find an operadic characterization of supersolvable lat-
tices, which would explain why they behave so well with respect to the operadic structure.
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In the first part of this PhD thesis we introduce a global operadic structure on some
algebraic invariants of matroids such as the generalized combinatorial Chow rings and
the Orlik—Solomon algebras. We develop a theory of Grébner bases for this new op-
eradic structure, which we use in order to prove Koszulness of the operad of generalized
combinatorial Chow rings.

In the second part we use this new operadic structure to prove the Koszulness of
some generalized combinatorial Chow rings.
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Résumé
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anneaux de Chow combinatoires généralisés.

Mots-clefs : Matroides, Opérades, Koszulité

Résumeé en anglais

In the first part of this PhD thesis we introduce a global operadic structure on some algebraic invariants of
matroids such as the generalized combinatorial Chow rings and the Orlik-Solomon algebras. We develop a
theory of Grébner bases for this new operadic structure, which we use in order to prove Koszulness of the
operad of generalized combinatorial Chow rings.

In the second part we use this new operadic structure to prove the Koszulness of some generalized
combinatorial Chow rings.

Keywords : Matroids, Operads, Koszulness
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