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Toric varieties of Loday’s associahedra and noncommutative
cohomological field theories
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ABSTRACT

We introduce and study several new topological operads that should be regarded as nonsym-
metric analogues of the operads of little 2-discs, framed little 2-discs, and Deligne-Mumford
compactifications of moduli spaces of genus zero curves with marked points. These operads
exhibit all the remarkable algebraic and geometric features that their classical analogues possess;
in particular, it is possible to define a noncommutative analogue of the notion of cohomological
field theory with similar Givental-type symmetries. This relies on rich geometry of the analogues
of the Deligne-Mumford spaces, coming from the fact that they admit several equivalent
interpretations: as the toric varieties of Loday’s realisations of the associahedra, as the brick
manifolds recently defined by Escobar, and as the De Concini—Procesi wonderful models for
certain subspace arrangements.
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1. Introduction

In topology, operads emerged in the context of recognition of loop spaces; in particular, the
little 2-discs operad Dy has been one of the protagonists from the early years of topological
operads. Together with the operad of framed little 2-discs fD- and the Deligne-Mumford
operad of compactifications My ,,+1 of moduli spaces of genus zero curves with marked points,
it fits into a remarkable diagram

{ﬂo,rwrl} I e fDQ =Dy x St
j J (1)
Dy/S' = {Moni1} D,
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expressing the following facts. First, one can obtain the operad D, as the extension of Dy
by the Sl-action: fDy = Dy x S [59]. Then, the homotopy quotient of the latter operad
by the circle action is represented by the Deligne-Mumford operad {Mo 41} [20]. Finally,
the quotient of Dy by the circle action is equivalent to the collection of open moduli spaces
{Mo n+1}, which is the open piece of the Deligne-Mumford operad [33] that has a normal
crossing divisor as its complement.

The homology of the Deligne-Mumford operad { M 11} is an algebraic operad that controls
the algebraic structure known, in different contexts and with small differences in definitions,
under the names of hypercommutative algebras, formal Frobenius manifolds, or genus zero
reductions of Gromov—Witten theory [49]. It is related to the classical operads of Gerstenhaber
algebras, Batalin—Vilkovisky algebras and gravity algebras, fitting into a diagram of algebraic
operads

HyperCom <— — — — — — BV
| ] @)
Grav ¢ Gerst

obtained by computing the homology of the above-mentioned topological operads. This diagram
expresses the following facts. First, the operads HyperCom and (the suspension of) Grav are
related by Koszul duality [34]. Next, the operad Grav is a suboperad of the operad Gerst which
in turn is a suboperad of the operad BV [33]. Finally, the operad HyperCom is a representative
for the homotopy quotient of the operad BV by A [22, 47].

In addition, algebra structures over the operad HyperCom — genus zero cohomological field
theories — admit an unexpectedly rich group of symmetries due to Givental [38] coming from
different trivialisations of the circle action of the homotopy quotient [17]. The latter group
of symmetries can also be used to encode Koszul braces on commutative algebras [50] and a
particular type of homotopy BV-algebras, so-called commutative homotopy BV-algebras [51].
Last but not least, each space ﬂom“ can be realised as a De Concini—Procesi wonderful model
[13] of the Coxeter hyperplane arrangement of type A, _1, and the operad structure on these
spaces comes from a general operad-like structure that exists for wonderful models [69].

In this paper, we define analogues of all these objects (the little 2-discs operad, the framed
little 2-discs operad, the Deligne-Mumford operad) that ultimately lead to a noncommutative
analogue of the notion of a cohomological field theory. This new notion does not appear to be
related to various notions of a noncommutative topological field theory (for example, [2, 65]);
in fact, it shares many more common properties with its commutative counterpart. Notably,
the corresponding operad is not cyclic (the output of the operation v, cannot be put on the
same ground as its inputs). Therefore, this operad cannot be extended to include higher genera;
somehow, in the noncommutative world, only genus zero seems to be ‘visible’.

Remarkably, our analogues possess all the expected algebraic and geometric properties of the
classical picture we just described. The only aspect that one has to sacrifice is the definition as
a moduli space; we do not use any ‘noncommutative curves of genus zero with marked points’
as such in the construction, although some geometric intuition of this sort is present. More
precisely, the simplest way to implement noncommutativity for curves with marked points is
to consider configurations of points on the real projective line, which leads to the definition of
Stasheff associahedra; we however do not consider the collection of associahedra themselves,
but rather the collection of toric varieties associated to Loday’s realisations of associahedra
[53]. We denote these spaces by B(n) to emphasise their remarkable interpretation as ‘brick
manifolds’ [25]. The first step in unravelling the geometry of noncommutative moduli spaces
is to endow these brick manifolds with a nonsymmetric (ns) operad structure.
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The geometric properties of the ns operad of brick manifolds generalising (1) are summarised
by the diagram

B<-——-—-—-—-- Asgr xS1
ASSl /Sl ASSl

where Asg1 is a noncommutative counterpart of the operad of little 2-discs, which we introduce
in this paper, where Asg:1 xS is its extension by the S'-action, and where the quotients of
components of the operad Asg: by the circle action are equivalent to open strata (C*)"~2 of
the brick manifolds. We also conjecture that the brick operad is equivalent to the homotopy
quotient of the operad Asg: xS' by the circle action; to that end we exhibit a different operad,
homotopy equivalent to it, which resembles the construction of Kimura—Stasheff-Voronov and
Zwiebach in the classical case [48, 77].

On the algebraic level, the homology ns operad of the ns operad of brick manifolds, which
we denote ncHyperCom, admits a presentation which is very much reminiscent of Getzler’s
presentation of the operad HyperCom [34]. A ‘noncommutative hypercommutative algebra’
is a graded vector space A equipped with operations v, : A®™ — A of degree 2n —4 (n > 2)
satisfying, for each n > 3 and each i = 2,...,n — 1, the identity

E Vk(ah sy Ay, Vl(ai7l+17 e 7(11'71,611')7 Ait1y- ey a’n)
k+l=n—1
= § Vk’(ah'"aai—layl(aiyai+17"'7ai+l—1)7ai+la'--7an)-
k+l=n—1

The algebraic properties of this operad generalising (2) are expressed by the diagram

ncHyperCom «<— — — — — — ncBV
| ] @
ncGrav ¢ ncGerst

with the exact same properties. We also define an analogue of the Givental group action on
noncommutative cohomological field theories using the intersection theory for brick manifolds,
which we develop in detail. It can be used, on the one hand, to construct an explicit
identification of ncHyperCom with the homotopy quotient ncBV /A, similarly to [47], and, on
the other hand, to provide a conceptual framework for Borjeson products. Finally, we are able
to show that the toric varieties of Loday associahedra are De Concini—Procesi wonderful models
of certain hyperplane arrangements which we call ‘noncommutative braid arrangements’. The
toric varieties of the permutahedra [68], also known as Losev—Manin moduli spaces [55], are,
in fact, wonderful models of the same subspace arrangements but a different ‘building set’f.

The interpretation of the moduli spaces of genus zero curves with marked points as De
Concini—Procesi wonderful models was behind the result of [26] on the homology operad
of the real loci of the moduli spaces of curves. We demonstrate that their result admits
a natural noncommutative counterpart as well: we introduce a noncommutative version of
2-Gerstenhaber algebras and prove that the homology ns operad of the real brick operad is
isomorphic to the operad encoding them.

TLosev—Manin moduli spaces are examples of moduli spaces of curves with weighted marked points introduced
by Hassett [43]. Hence, it is most natural to ask whether the toric varieties of the associahedra are examples
of Hassett spaces as well. It turns out that the answer to this question is negative; this follows from a recent
paper [29] where all graph associahedra for which the toric varieties are Hassett spaces are classified.
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On the algebraic level, small hints as to what types of algebras should arise as such
analogues are contained in two recent papers. On the one hand, a noncommutative version
of Koszul brackets defined by Borjeson in [4] leads to the notion of noncommutative Batalin—
Vilkovisky algebras. On the other hand, the noncommutative deformation theory developed by
Ginzburg and Schedler in [37] contains an appropriate deformation complex whose structure
may naturally be viewed as a noncommutative version of a Gerstenhaber algebra.

Layout

The paper is organised as follows. In Section 2, we recall some definitions used throughout
the paper; for notions that are specific to particular sections, we defer the recollection
until the corresponding section on some occasions. In Section 3, we define noncommutative
versions of the operads of Gerstenhaber algebras and Batalin—Vilkovisky algebras. In Section 4,
we compute the minimal model of the operad ncBV of noncommutative Batalin—Vilkovisky
algebras; at this stage the operad of noncommutative gravity algebras enters the game. In
Section 5, we present three constructions of the operad ncHyperCom, the algebraic definition
mentioned above and two geometric definitions, via brick manifolds and via wonderful models
of subspace arrangements. In Section 6, we develop the intersection theory on brick manifolds,
define a noncommutative version of the notion of a cohomological field theory and explain that
noncommutative cohomological field theories have a rich Givental-like group of symmetries. In
Section 7, we discuss several applications and further questions prompted by our results. First,
we obtain a definition of Borjeson products via the Givental action and discuss a connection
between those products and noncommutative Frobenius bialgebras. Second, we utilise the
Givental action to prove that the operad ncHyperCom represents the homotopy quotient of
the operad ncBV by A, and set up a framework in which we can conjecture a precise geometric
version of that statement in the spirit of [48, 77]. In Section 9, we use the viewpoint of wonderful
model of subspace arrangements to compute the homology operad of the real brick operad,
obtaining noncommutative counterparts of the key results of [26]. Finally, in the Appendix, we
provide an alternative proof of a result of Escobar [25], who established that brick manifolds
are toric varieties of Loday polytopes.

2. Background, notations, and recollections

Unless otherwise specified, all vector spaces and (co)chain complexes throughout this paper
are defined over an arbitrary field k.

2.1. Ordinals

Most objects defined throughout this paper depend functorially on a choice of a totally ordered
finite set. In many cases, it is enough to consider the set n = {1,...,n} with its standard
ordering, but on some occasions a more functorial view would be much more beneficial. To
this end, we shall consider the category Ord whose objects are finite ordinals (totally ordered
sets), and morphisms are order-preserving bijections. This is a monoidal category where the
monoidal structure is given by 4+, the ordinal sum.

For every pair of disjoint ordinals I, J and every i € I, we may consider the set I Ll; J :=
I'UJ\ {i} with the ordering given by

a,be I, and a < b,
a,b e J, and a <D,
acl,be J, and a <1,
a€e J,bel, andi <b.

a<b if
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In other words, we can present I Ll; J as an ordinal sum

T Je= > 1|+J+ > 1

kel ,k<i kel,k>i

For a finite ordinal I, we shall be using the two partial functions p,s: I — I. The element
p(7) is the predecessor of i, that is, the element immediately before i relative to the given order
on I (if exists), and the element s(7) is the successor of i, that is, the element immediately
after i relative to the given order on I (if exists).

DEFINITION 2.1.1. Let I be a finite ordinal. The gap set Gap([I) is the set of all pairs (p(4), %)
for min(I) < ¢ € I; this set has a natural total order induced by the product order (in fact, in
this case it is merely the order of first components).

PROPOSITION 2.1.1. There is a natural bijection
Gap(I) U Gap(J) — Gap(I U; J),

which sends each pair (p(k), k) from the left-hand side set to the same pair of the right-hand
side set with the exception of the pairs where one of the elements is i: the pair (p(i), ), if exists,
is sent to (p(i), min(J)), and the pair (i, s(4)), if exists, is sent to (max(J), s(i)).

Proof. Direct inspection. O

2.2.  Nonsymmetric operads

In this paper, we predominantly deal with nonsymmetric operads. The notion of a nonsym-
metric operad builds upon the notion of a nonsymmetric collection, which is defined as follows.
A nonsymmetric collection is a functor from the category Ord to the category of vector spaces,
which we usually assume graded, with the Koszul sign rule for symmetry isomorphisms of tensor
products. The category of nonsymmetric collections admits a monoidal structure, called the
nonsymmetric composite product, and denoted o, which is defined by the following formula:

(Fol))=PpFkeo H ) - 2GI).
k>1 Ii+Io+--+1Ip=I
This operation is associative, and the nonsymmetric collection Z defined as

70) = {Ikid, 41 =1,

0, otherwise,

is the unit for this operation, that is, F oZ =2 7 o F = F for each nonsymmetric collection F.
A monoid in the monoidal category of nonsymmetric collections with respect to o is called
a nonsymmetric operad. Throughout this paper, we use the abbreviation ‘ns’ instead of the
word ‘nonsymmetric’.

An equivalent way to present operads is via infinitesimal compositions. When P is a ns
operad, there exists a map, called the infinitesimal composition at the slot i, defined by

of i PNeP)=PNe| K I|ePe| & I

kel k<i kel k>i

=PNe| Q PO|ePe| @ PO

kel k<i kel k>i

s (PoP)I; J) = PIL; J).
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Conversely, from infinitesimal compositions, one can recover all the structure maps of an
ns operad.

It is common to work with nonsymmetric operads in a slightly different way, restricting one’s
attention to the components P(n) := P(n), and denoting the corresponding structure maps by
o;, making the set J implicit. We shall use this notation on some occasion where the categorical
definition makes the definition too technical and does not add clarity.

To handle suspensions of chain complexes, we introduce an element s of degree 1, and define,
for a graded vector space V, its suspension sV as ks ® V. The endomorphism operad Endyg is
denoted by S. For a nonsymmetric collection P, its operadic suspension SP is the Hadamard
tensor product S % P.

For information on operads in general, we refer the reader to the book [54], for information
on Grobuer bases for operads in not necessarily quadratic case — to the book [5]. There exists
a notion dual to operad called cooperad, which can be relaxed up to homotopy to define the
notion of homotopy cooperad. Homotopy cooperads, and in particular their homotopy transfer
theorem, are discussed at length in [22].

2.3. Toric varieties

In this section, we briefly summarise basic information on toric varieties. We refer the reader
to [14, 30] for more details.

Throughout the paper, we denote by G,, the algebraic group Spec(k[x,z1]), that is, the
multiplicative group k* of the ground field, whenever we would like to emphasise that we deal
with algebro-geometric constructions that do not depend on the ground field.

An algebraic torus is a product of several copies of G,,. A toric variety is a normal algebraic
variety X that contains a dense open subset U isomorphic to an algebraic torus, for which the
natural torus action on U extends to an action on X.

Toric varieties may be constructed from some combinatorial data, namely a lattice (free
finitely generated Abelian group) N and a fan (collection of strongly convex rational polyhedral
cones closed under taking intersections and faces) ® in N ®z R. Each cone in a fan gives rise to
an affine variety, the affine spectrum of the semigroup algebra of the dual cone. Gluing these
affine varieties together according to face maps of cones gives an algebraic variety denoted
X (®) and called the toric variety associated to the fan ®.

It is known that a toric variety X (®) is projective if and only if @ is a normal fan of a convex
polytope P. In such situation, we also use the notation X (P) instead of X (®). The variety
X (P) is smooth if and only if P is a Delzant polytope, that is a polytope for which the slopes
of the edges of the vertex form a basis of the lattice V.

ProposITION 2.3.1 [30]. For an n-dimensional Delzant polytope, the Betti numbers of
X (P) are given by the components h; of the h-vector of P, that is, the integers defined by

D hit' =3 St =1,
i=0 i=0
where f; denotes the number of faces of P of dimension 1.

2.4. Associahedra and Loday polytopes

Associahedra, or Stasheff polytopes, go back to works of Tamari and Stasheff [71-74]. The
nth associahedron K, is a (possibly curvilinear) polytope of dimension n — 2 where vertices
correspond to different ways of putting parentheses in a word of n letters, and each edge
corresponds to a single application of the associativity rule. Historically, associahedra were
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mainly viewed as abstract CW-complexes, but in the past decades, many different realisations
of them as lattice polytopes have been obtained, see for example, [7] and references therein.
We recall the realisation of associahedra from [53], which we shall denote L,, and call the
Loday polytopes for brevity. For each n > 2, the polytope L,, is a convex span of % (27?:12) points
(its vertices) in an affine hyperplane in Z"~!. The vertices are in one-to-one correspondence

with the trivalent rooted planar trees with n leaves [;, for i = 1,...,n, and labelled by 1,...,n
from left to right.
Consider such a tree T. It has n — 1 internal vertices vq,...,v,_1, where the vertex v; is

the one that separated the leaves I; and [, ;. That is, denote by D'(v;) (respectively, D" (v;))
the set of leaves that are the left (respectively, right) descendants of v;. Then, we require that
l; € D'(v;) and l;11 € D"(v;); this specifies v; uniquely. We associate to a tree T' the point
pr € Z"~ !, whose i coordinate is equal to |D'(v;)| - [D" (v;)], that is,

pr = (ID'(v1)| - [D" (v1)], [D'(v2)| - [D" (v2)], ..., D' (v-1)] - [D" (1))

n—1

It is easy to check that Y./} [D'(v;)| - |D"(v;)| = (3). Therefore, we associate to every trivalent
planar rooted tree T a point pr € Z"~! that belongs to the affine hyperplane in Z"~! given in
. . n—1 n
coordinates (z1,...,z,_1) by the equation > """ z; = (2)
PROPOSITION 2.4.1 [53]. The points {pr}, where T ranges over trivalent planar rooted
trees with n leaves, are the vertices of their convex hull L,,, which is a convex polytope of
dimension n — 2. This lattice polytope is combinatorially equivalent to the associahedron K, .

In particular, the correspondence between the vertices of L,, and the trivalent planar rooted
trees explained above descends to the standard combinatorial correspondence in Stasheff’s
description of the associahedra.

REMARK 2.4.1. Let us note here that n — 1 = Gap(n) as ordered sets, and that by the very
nature of the construction of Loday polytopes, each polytope L, may be naturally viewed as
a lattice polytope in ZG?P(®)  This leads to a functorial definition of a lattice polytope L; for
every finite ordinal I that is in fact behind the key constructions of this paper.

Let us also recall a useful equivalent definition of Loday polytopes due to Postnikov [67].
PROPOSITION 2.4.2 [67]. The polytope L,, is the Newton polytope of the polynomial
H (i +tign + -+ ),
1<i<i<n—1

and hence is equal to the Minkowski sum of simplexes corresponding to intervals of
n—12= Gap(n).

3. Noncommutative versions of little 2-discs and framed little 2-discs operads

In this section, we propose noncommutative versions of the topological operads of little 2-discs
and framed little 2-discs that lead, respectively, to the algebraic operads of noncommutative
Gerstenhaber and noncommutative Batalin—Vilkovisky algebras controlling the algebraic
structures arising in [4, 37].

3.1. Noncommutative Dy and noncommutative Gerstenhaber algebras

3.1.1. The M-associative operad, and its linear version. In this section, we define a functor
As)s from the category of sets to the category of set-theoretic ns operads; it generalises the
associativity property in the sense that Asg., is the usual ns associative operad As.



470 VLADIMIR DOTSENKO, SERGEY SHADRIN AND BRUNO VALLETTE

DEFINITION 3.1.1. For a set M, we define the M-associative operad As); as the set-
theoretical ns operad whose nth component is M™~! for any n > 1, and Asy;(0) = 0. Its
operadic compositions are given by

0;: Aspr(ny) X Asps(ne) = M™M= Mt o prtne—2 = Aspy(ng +no — 1)
are given by the formula

(mla s 7m711—1) O; (m7117~ EE) mn1+n2—2) = (mla sy M1, Mgy v oy M 4y —2, My v vy mnl)-

REMARK 3.1.1. In a more invariant way, we can define the M-associative operad As); as
the ns operad whose component Asy;(I) is MS*P() and the operadic compositions

of i+ Asyr(I) x Asar () = MO 5 G _y pGanUbed) — Agy (Gap(I L, J))
arise from the natural bijection Gap(I U; J) = Gap(I) U Gap(J) of Proposition 2.1.1.

ProrosITION 3.1.1. The operations defined above give the collection Asy; a structure
of a set-theoretic ns operad. This operad can presented via generators and relations,
Asyr =T(V)/(R), where V := {(m)}menm = Asp(2) and R € Asp(3) is the set of relations

(m) o1 (m') = (m') o3 (m). ()

Proof. For S; € AS]\[(H1), Sy € AS]V[(TLQ), S3 € ASM(TL3) and 1 <1 <j<ng, 1< k < no,
the parallel and sequential axioms

(5105 52) 05 83 =(S10i53) 0j4ns—1 S,
8104 (Sz 01 S3) = (S10; 92) op—it1 S3

are checked by direct inspection. It is clear that the operations (m), m € M, generate Asyy,
since

(ma,..o,mp_1) = (- (((m1) 02 (M2)) 03 (M3)) -+ ) 0p—1 (Mp—1).

Since (m) oy (m') = (m/,m) = (m') o5 (m), we see that equation (5) holds in Asj;. Finally,
there are no extra relations in Asjs, because already using equation (5) alone, we can rewrite
every element in Asp; as ‘right comb’, that is an iteration of compositions only using the
last slot of operations as above, and the set of such right combs of arity n is precisely
M1 = AS]W(’I?,). O

The definition of the operad Asj); makes sense when M is an object of any symmetric
monoidal category. In particular, we shall use it for when M is a topological space, a chain
complex, or simply a graded vector space; in the two latter cases, this will produce appropriate
Koszul signs because those are involved in symmetry isomorphisms of the corresponding
categories. If M is a topological space, the collection Asj; is an ns topological operad, and
its homology is an ns operad whose components are graded vector spaces.

PRrOPOSITION 3.1.2. For every topological space M, we have an isomorphism
H.(ASM) = ASH.(]\{) .

For any basis B of He(M), the linear ns operad spanned by the set-theoretic ns operad Asp
is canonically isomorphic to Asg, ). Hence, this latter ns operad admits for presentation
T(V)/(R), with V := {(b) }sep and R as in Proposition 3.1.1.
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Proof. The first point is a direct consequence of the fact that the homology functor is
monoidal. O

In what follows, the corresponding operads for M = S' will receive the special attention;
those operads provide a sensible noncommutative analogue of the topological operad of little
discs and the algebraic operad of Gerstenhaber algebras.

3.1.2. Noncommutative Gerstenhaber algebras

DEFINITION 3.1.2. The ns operad ncGerst of noncommutative Gerstehnaber algebras is the
homology of the S'-associative operad:

ncGerst := Hq(Asg1).

PropPOSITION 3.1.3. The ns operad ncGerst is isomorphic to the ns operad with two binary
generators m and b of respective degree 0 and 1, satisfying the relations

mo; m—mogm =0, (6)
moyb—boym =0, (7)
boym —mogb=0, (8)
borb+boyb=0. (9)

Proof. This a direct corollary of Proposition 3.1.2 with HeS' = km & kb, where |m| =0
and |b] = 1. O

The simplest nontrivial example of a noncommutative Gerstenhaber algebra that we are
aware of is the following one.

ExAMPLE 3.1.1. Let (A,m4) be an associative algebra. Recall that its bar construction
[54, Section 2.2] is made up of the (nonunital) free associative algebra (T'(s~1A),m) on the
desuspension of A. This associative algebra structure m extends to a structure of a ncGerst-

algebra by putting
b:=id®*P DV @(s 'm0 (s®s)) ®id®@Y,
on (s71A)®P @ (s71A)%9.

The following proposition shows how noncommutative Gerstenhaber algebras arise naturally
in the context of noncommutative deformation theory of Ginzburg and Schedler [37], that is
deformation theory where the parameter of deformation is not required to commute with the
algebra elements. In that formalism, one associates to an associative algebra A the algebra Ay,

the t-adic completion of the coproduct of unital algebras A LI k[t], and considers associative
products A ® A — A; which agree with the product on A under the projection A;/A;tA; = A.

PROPOSITION 3.1.4 [37]. The Hochschild cochain complex

C*(A,T(A) = P C?(A,A%%) = € Hom((sA)®", A®F)

p,k=1 p,k>1
with coefficients in the ‘outer’ A-bimodule structure on T(A)

(@ ®@ad")(a1®az® - ®ag) = (da1) ®az @ -+ ® (ara”)
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admits a noncommutative Gerstenhaber algebra structure defined by

m(f,9) = (14D omy ©ia°070) o (f @ g) € CPHI(4, AP, (10)
b(f,g) = (f @id® "0 ) o (140D @s @ia®0 D) o (10*F 7D @)
+ (id®(k’71) ®g> o (id®(k71) @5 ® id@(qﬂ)) o (f ® id@(qﬂ))

€ CPTaTl(4, AP, (11)

for f € CP(A, A®F) and g € C9(A, A®Y).
The equivalence classes of noncommutative deformations of A are in one-to-one correspon-
dence with gauge equivalence classes of solutions to the Maurer—Cartan equation

CIZHochW + b(wa w) = 0.

It turns out that, like the classical Gerstenhaber operad, the operad ncGerst behaves very
well with respect to homotopical properties like operadic Koszul duality. This will be useful
for us at later stages of the paper.

PROPOSITION 3.1.5.  The operad ncGerst is obtained from the operads As and As, := S™! As
by a distributive law. In particular, the underlying ns collection of this operad is

ncGerst = Aso As;

and the operad ncGerst is Koszul. The Koszul dual operad of ncGerst is isomorphic to the
suspension of ncGerst:

neGerst' 22 S neGerst .

Proof. The first statement is proved by a calculation of the dimensions of the two collections

n—1

dim ncGersty(n) = < i

) = dim (Aso Asy),(n)
and by the standard statements on distributive laws [54, Section 8.6]. It directly implies the
two claims that follow. Inspecting the definitions immediately proves the last statement. [

REMARK 3.1.2. Note a slight difference of signs between (9), (11) and the respective formulas
from [37]. It comes from the fact that the operation b has homological degree 1, so some signs
arise from evaluating this operation on elements. These signs are ignored in [37]; it did not
affect the validity of their main results. However, it is absolutely crucial that equation (9) holds
as we state it for many purposes. (In particular, for the other choice of signs the corresponding
operad fails to be Koszul and so does not possess the same neat homotopical properties).

3.2. Noncommutative fD, and noncommutative Batalin—Vilkovisky algebras

3.2.1. Extensions of operads by groups and bialgebra actions. If G is a topological group
and A is an ns operad in the monoidal category of topological G-spaces, or G-modules, one
can define, following [59], their semidirect product A x G, which is an ns operad in the
category of ordinary topological spaces or modules. It satisfies the property that the category of
A-algebras in G-spaces is isomorphic to the category of A x G-algebras in topological spaces.
Its components are described by the formula

(A G)(n) == Aln) x G,
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with composition maps
YanG: (AXG)E) x (AXxG)(ny) x - X (AxG)(ng) > (AxG)(ny+ - +ng)
given by

VANG((OHQ)’ (bl’h1)7 ) (bkﬁhk)) = (’YA(avglbla tee 7gk7bk’)’glﬁ17 e agk’ﬁk)a

where we denote g = (g1, ..., 9xk), b= (ni,..., h% ), and gih' = (g:hl, ... ,gihl ).

The definition of the semidirect product makes sense when A is an ns operad in the monoidal
category of H-modules for an associative bialgebra H, see [3]. In that case,

(Ax H)(n) = A(n) @ H®",

with appropriate composition maps.

If G is a topological group and A is an ns operad in the category of G-spaces, then A x G
is an ns topological operad, and its homology is an ns operad whose components are graded
vector spaces. With the associative bialgebra structure on He(G), one can obtain the following
result, by a direct inspection.

PROPOSITION 3.2.1. For every topological group G and every ns operad A in G-spaces, we
have an isomorphism of algebraic ns operads

Hy(A X G) 2 Hy(A) x Hy(G).

We shall mainly use this construction in the special case where 4 = Asg: and G = S! acting
diagonally on Asgi(n) = (S1)"~!. The operad Asg: should be viewed as a noncommutative
analogue of the little 2-discs operad, while the operad Asg: xS! should be viewed as a
noncommutative analogue of the framed little 2-discs operad. This intuitive understanding
is supported by a wide range of results completely parallel to the classical ones that are proved
in this paper.

3.2.2. Noncommutative Batalin—Vilkovisky algebras

DEFINITION 3.2.1. The ns operad ncBV of noncommutative Batalin—Vilkovisky algebras is
the ns operad

ncBV := H,(Asg: ><151).

PRrROPOSITION 3.2.2. The operad ncBV is generated by two binary generators m and b of
respective degree 0 and 1, and a unary generator A of degree 1, satisfying the relations

Aoy A =0, (12)
moym—mogm =0, (13)
moyrb—boym =0, (14)
boym—moyb=0, (15)

boib+boyb=0, (16)
Aorm—mo; A—moy A=0b, (17)
Aorb+bog A+boy A=0. (18)
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Proof. Let us first note that, by Proposition 3.2.1, we have an isomorphism of ns collections
ncBV = H,(Asg1) x Ho(S') = ncGerst o H,(S"),

where H,(S') is concentrated in arity 1. In particular, this ns operad is generated by the
generators m, b of ncGerst and the generator A of He(S!). Therefore, the relation (12), as
well as relations (13)—(16) are satisfied in the ns operad ncBV because they are satisfied in the
respective ns suboperads. Furthermore, the relation (17) expresses the fact that the operation
b is obtained from the operation m by the (infinitesimal) circle action, and the relation (18)
follows formally from the relations (12) and (17). Therefore, there is a surjective map of ns
operads g: O — ncBV, if when denote by O the ns operad defined by the above-mentioned
presentation. Finally, we note that the relations (12)—(18) define a rewriting rule according to
[54, Section 8.6.2]. Therefore, there is an epimorphism ncBV = ncGerst o H, (S') — O. So, the
map ¢ is an isomorphism, which concludes the proof. 0

Similarly to the case of the usual operad BV, where the Lie bracket is a redundant generator,
the operad ncBV also admits a presentation that does not require the operation b. This
presentation is described as follows.

ProrosiTION 3.2.3. The ns operad ncBV is isomorphic to the ns operad with a binary
generator m of degree 0 and a unary generator A of degree 1 satisfying the relations

AolAZO, (19)
moym—mogm =0, (20)
Aoy;mogm—moy (Aoym)—mog (Aoym)+moy(moy A)=0. (21)

Proof. An easy computation shows that in any operad with a binary generator m, |m| = 0,
and a unary generator A, |A| = 1, satisfying only the first two relations

Ao A=0,
moym—mogm =0,
the operation b defined by the formula
b:=Aoym—mo; A—moy A

satisfies the relations

moy b—bosm =0,

borm—mogb=0,

borb+boyb=0

if and only if equation (21) holds. O

ExaMPLE 3.2.1. The simplest example of a noncommutative Batalin—Vilkovisky algebra
comes from the work of Borjeson [4]. Namely, for every associative algebra (A,my), the
noncommutative Gerstenhaber algebra structure on its bar construction of Example 3.1.1 is
actually a noncommutative BV-algebra structure with

A= Z id®-b ®@(s'mao(s®s)) @ ig®n—1-1)

1<i<n
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being the differential of the bar construction. This is a direct consequence of [4, Theorem 6],
and is related to the fact that (21) can be rewritten in the form

b =0,

where b5 is the third Bérjeson product defined for any associative algebra; see Section 7.1.1 for
details. One can view this as a noncommutative version of the classical observation [50] that
the Chevalley—Eilenberg differential on the bar construction of a Lie algebra g is a differential
operator of order at most 2 with respect to the algebra structure on the bar construction.

Similarly to a construction of BV-algebras from involutive bialgebras Lie [36, Section 2.10], it
is possible to construct ncBV-algebras from their noncommutative analogues; see Example 7.2.1
in Section 7.2.3, where we also present a conceptual reason for this class of examples to exist.

4. Algebraic structures of noncommutative cohomological field theories

In this section, we adapt various definitions and results of [22, 31, 33, 34] to the noncom-
mutative case; the operad ncHyperCom of noncommutative hypercommutative algebras, or
noncommutative cohomological field theories arises, in this setting, from homotopy theory
of noncommutative Batalin—Vilkovisky algebras. We also consider the Koszul dual ns operad
ncGrav of the operad ncHyperCom, which provides us with a noncommutative version of the
duality between the gravity operad and the operad of hypercommutative algebras coming from
geometry of the moduli spaces of curves with marked points. In the subsequent sections, we
shall see that this new Koszul dual pair of ns operads is also the noncommutative algebraic
counterpart of a remarkable geometric structure.

4.1. The Koszul model of the operad ncBV

This section follows the same general strategy of [31], see [54, Section 7.8] for more details.
More precisely, the operad ncBV presented by quadratic-and-linear relations (12)—(18) is an
inhomogeneous Koszul operad, which can be used to construct a particular (nonminimal) model
of it.

Let us denote by L the space of generators of the ns operad ncGerst, and by M = s L the
suspension of that space. We put 4t = sm, § = sb. An important ingredient of our computations
is the Koszul dual cooperad ncGerst! of the operad ncGerst. It is a subcooperad of the cofree ns
cooperad T¢(M). The subspace of quadratic elements of 7¢(M) that belong to the cooperad
ncGerst! is spanned by the elements

porp—pogp, porf+pfoyp, Borputporf, Borf+Sorp.
The homogeneous quadratic analogue of the operad ncBV is the operad qncBV defined by
the same set of generators, but with relations
A o5} A= 0,
m o1 m = m ogm,
moy; b= bogym,
borm=mogyb,
boyb+boyb=0,
Aoym—mor A—moy A=0,

A01b+b01A+b02A:0.
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Let us denote by
D := H,(S") = k[A]/(A?),

the algebra of dual numbers, which we shall view as an ns operad concentrated in arity 1.

PROPOSITION 4.1.1. The relations of the ns operad quncBV define a distributive law between
the ns operads ncGerst and D. In particular, the underlying ns collection of the operad qncBV
is isomorphic to

qneBV 2 ncGerst oD = Aso Asy oD,

where As; := S~! As, and the ns operad qucBV is Koszul.

Proof. Since the ns operads ncGerst and D are Koszul, we can apply [54, Theorem 8.6.5].
In this case, it is enough to prove that the map ncGerst oD — qucBYV is injective in weight
3. Since the relations of the ns operad qncBV are homogeneous with respect to the numbers
a1, az and agz of the generators A, b and m, respectively, it is enough to check this property
on each components labelled by (a1, as,as) with a; + as + az = 3. The two cases a; = 0 and
a1 = 3 are trivial. For a; = 1, we can treat the cases (1,0,2), (1,1,1) and (1,2,0) separately for
degree reason. For instance, in the case (1,2,0), the dimension of the component 7 (b, A) with
two operations b and one operation A is equal to 10 and the computation of the dimension of its
intersection with ideal (R) generated by the relations is equal to 7. Therefore, the dimensions
of the components of weight (1,2,0) of the ns operads qncBV and ncGerst are both equal to 3.
The other cases are checked in the same way. O

This proposition implies that the underlying ns collection of its Koszul dual cooperad qncBV?
is isomorphic to T¢(§) ® ncGersti, where § = s A. By a direct corollary of Proposition 4.1.1, the
two conditions (gl; ), minimality of the space of generators, and (gl2), maximality of the space
of relations, are satisfied. Therefore, the ns cooperad qneBV' admits a square-zero coderivation
d,, which extends the map ¢ sending the element

501’[L+/1,015+,LL025

to 5 and all other quadratic relations of qncBV to zero. Equipped with this coderivation, the
ns cooperad qncBV! is the Koszul dual dg ns cooperad ncBV' of the ns operad ncBV with its
quadratic-linear presentation from Proposition 3.2.2.

PROPOSITION 4.1.2. The cobar construction Q(ncBV') is a resolution of the ns operad
ncBV.

Proof. Tt is a particular case of the general [31, Theorem 38| since the ns operad qneBV
(the ‘quadratic analogue’ of ncBV) is homogeneous Koszul by Proposition 4.1.1. O

This resolution Q(ncBV?) is called the Koszul resolution of the ns operad ncBV.

4.2. Noncommutative gravity algebras

In computation of the minimal model of the operad BV in [22], the linear dual cooperad of
the operad of gravity algebras of Getzler [33] plays a prominent role. For the ns operad ncBV,
there is an ns operad that plays a similar role in the picture. We shall call this operad the ns
operad of noncommutative gravity algebras.
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DEFINITION 4.2.1. The ns operad ncGrav of noncommutative gravity algebras is the ns
suboperad of ncGerst generated by the operations

k—1
Ap =Y m" 2 oib, for k>2,

i=1

where m(®) = id € ncGerst(1), and for k> 1, m* :=m oy m*~Y € ncGerst(k + 1) is the
(k + 1)-fold associative product.

THEOREM 4.2.1. The ns operad ncGrav is isomorphic to the ns operad with generators Ay
of arity k and degree 1, for k > 2, satisfying the relations

r+k—2
Z An—10j A2 =Ap_pq100 A, for n24, 3<k<n, 1<r<n—-k+1, (22)

j=r
n—1
Z An—10j A2 =0, for n>3. (23)
j=1

Moreover, these relations form a quadratic Grobner basis for the ns operad ncGrav for a certain
admissible ordering.

Proof. First of all, a direct computation shows that the operations A\ of the operad ncGrav
satisfy the relations (22) and (23). Therefore, there exists a surjection

f: P — ncGrav,

where P is the ns operad with the above presentation. Our goal is then to show that this
surjection is an isomorphism.

Let us first show that dimP(n) < 272 for all n > 2. We shall use Grébner bases for ns
operads. Let us define an ordering of planar tree monomials in the free ns operad generated
operations A of degree 1 and arity k, one generator for each k > 2. For that, we define the
2-weight of Ay to be equal to 0, the 2-weight of all other \; to be equal to 1 and the 2-weight
of a planar tree monomial to be equal to the sum of the 2-weights of the operations labelling
its vertices. To compare two planar tree monomials, we first compare their 2-weights, and if
their 2-weights are equal, compare their path sequences [5] using the lexicographic ordering of
sequences (for that, we define A\, > Ay, for p < ¢). It is straightforward to check that this order
is an admissible ordering, that is it makes operadic compositions into increasing maps.

Note that from the definition of the ordering, it is immediate that the leading terms of
relations of P in arity n are A\,_p11 o Ag, where 3 <k <nand 1 <r<n-—k+1, for (22),
and \,_1 o1 Ao, for (23). The set A of normal monomials with respect to these leading terms
can be described as follows. The root vertex of such a monomial can be any A,, the planar
subtree grafted at the first child of that vertex must be a leaf, and the planar subtrees grafted at
all other children of that vertex are either leaves or right combs made up of vertices labelled As.
Therefore, the number of elements of A with n leaves is equal to the number of compositions
of n — 1 into several positive parts. The usual ‘stars and bars’ enumeration method identifies
those with subsets of a set consisting of n — 2 elements. This number is equal to 2”2, and
since every Grobner basis of P contains the given relations, and the normal monomials with
respect to a Grobner basis form a linear basis for an ns operad, it follows that the dimension
of the component P(n) is at most 272,

Next, we shall show that the elements of the set A/ described above are linearly independent
in P. For that, it is enough to show that their images under the surjection f are linearly
independent in ncGrav C ncGerst. From Proposition 3.1.5, the underlying collection of ncGerst
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is isomorphic to that of AsoAs;. In particular, ncGerst(n) has a basis consisting of all
compositions

m(l—l)(b(k1—1)7 N _’b(kz—l)) with ki +---+k =n,

where the iterations of the product b are defined similarly to iterations of the product m
above. We define an ordering of these basis elements by comparing the associated sequences
(k1,...,k;) degree-lexicographically. From the definition of operations Ay, it is immediate to
see that the image of the planar tree monomial

AGid, A Ay

)

under the surjection f has the leading term (with respect to the ordering we just defined)
+m =2 (k) pkz=1) - plki-a=1)y,

so the images of these monomials are linearly independent.

Our results so far imply that the defining relations of P form a Grobner basis (otherwise,
extra relations in the reduced Grobner basis will be linear dependencies between elements of
N), and the elements of N form a basis of P. This, in turn, implies that the surjection f is an
isomorphism, since it maps linearly independent elements to linearly independent elements. [

COROLLARY 4.2.1. The ns operad ncGrav is Koszul.

Proof. We just checked that ncGrav is isomorphic to the quadratic ns operad P that admits
a quadratic Grobner basis. It is well known [54] that an operad with a quadratic Grébner basis
is Koszul. O

Finally, let us obtain an homological interpretation of the ns operad ncGrav similar to that
of the gravity operad [33]. By direct inspection, there exist unique square-zero derivations D,
and H;i of the operad ncGerst such that

Di(m)=10b, D;i(b)=0,
H1(b):m, Hl(m):()
In particular, for each arity n, we obtain a cochain complex (ncGerst(n), Dy).
PROPOSITION 4.2.1. For each n > 1, the cochain complex (ncGerst(n), D) is acyclic, and
we have
Ker D; = Im Dy = ncGrav(n).
Proof. In the same way as in the classical theory of the operad Gerst, we observe that the
cochain complex (ncGerst(n), D) is isomorphic to the Koszul complex of an operad, in this
case the ns operad As. Therefore, it is acyclic since the ns operad As is Koszul. However, we

need a stronger statement here. Since the commutator of two derivations is a derivation, and
since a derivation is characterised by the image of the generators, the formula

D\H,+ H\ D, = idncGerst(2)7
implies that
DlHl + HlDl = (’I’L - 1) idncGorst(n)7

for any n > 1. Thus, for n > 1, the map —5H; is a contracting homotopy between the
identity and the zero map, which proves once again the acyclicity of the cochain complex
(ncGerst(n), D1).
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To check that Ker Dy coincides with ncGrav, we first note that ncGrav C Ker Dy, since a
simple computation shows that the generators A; of ncGrav are annihilated by D;. Also, the
dimension of the component ncGrav(n), that is 2”2, is precisely one half of 2" ~!, the dimension
of ncGerst(n) = Ho(S)®™=1Y and therefore there can be no further elements in the kernel
(since that would contradict the acyclicity of the cochain complex (ncGerst(n), Dy)). O

REMARK 4.2.1. When G be a topological group, the ns operad Asg is an ns operad in the
category of G-spaces, where the G-action on each component is defined by the diagonal action.
Therefore, the homology operad He(Asg) is an algebraic operad in the category of modules
over the Hopf algebra H,(G). Since here, the action of S* is free, we have, as in the classical
case [33]:

ncGrav = Ker Dy & H.Sl (Asg1) = Hyyq(Asg /SY),

where D; denotes for once the generator of the homology algebra He(S%).

4.3. The minimal model of the operad ncBV

This section follows the same general strategy of [22]. Namely, in order to describe the minimal
model of the ns operad ncBV, one first computes the homology of the space of generators of the
Koszul resolution of the operad ncBV from Proposition 4.1.2 with respect to the differential
d,. Then, one transfers the ns dg cooperad structure on that space of generators to an ns
homotopy cooperad structure on this homology, thus obtaining a complete description of the
minimal model of the operad ncBV.

By Proposition 3.1.5, we know that S ncGerst 22 ncGerst' = (SncGerst!)* 2 S (ncGersti)*,
SO

ncGerst! = (S? ncGerst)*.

This means that the square-zero derivations D; and H; of the ns operad ncGerst that we
defined to state and prove Proposition 4.2.1 give rise to square-zero coderivations (S?D1)* and
(8%H1)* on the ns cooperad ncGerst!. To emphasise the parallel with [22], we denote by dy, the
map (S?H;)*, and, by H the map ﬁ(éﬁDl)*, when restricted to elements of arity n. From
the proof of Proposition 4.2.1, it is clear that dyH + Hdy = id on elements of arity greater
than 1, and that (S? ncGrav)* =Im Hd,.

PROPOSITION 4.3.1.  Under the isomorphism queBV! 2 T¢(§) @ ncGerst!, the differential d,
corresponds to the differential ' ® dy.

Proof. Analogous to [22, Lemma 2.17]. O

THEOREM 4.3.1. There exists a deformation retract

s (_(@ueBV, 671 @ dy) == (T°(5) & (STneGrav)",0).

Proof. The proof is analogous to [22, Theorem 2.1] with the identifications
queBV! 2 T¢(§) @ ncGerst!  and  (S?ncGrav)* = Im Hdy, and the results we already
proved. O

By the homotopy transfer theorem for dg ns cooperads, the ns collection
H:=T°(6) ® (82 ncGrav)*

acquires a structure of a homotopy ns cooperad.
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COROLLARY 4.3.1. The oo-cobar construction Qo (#H) is the minimal model of the ns
operad ncBV.

Proof. The transferred homotopy ns cooperad structure on #H is related to the dg ns
(nonunital) cooperad ncBV' by an co-quasi-isomorphism, which proves the result. O

4.4. The operad ncHyperCom as the Koszul dual of the suspension of the ns operad ncGrav

This section is inspired by the work of Getzler [34] who established the Koszul duality between
the operad HyperCom and the operad S Grav.

DEFINITION 4.4.1. The operad of noncommutative hypercommutative algebras is the Koszul
dual of the suspension & ncGrav of the operad of noncommutative gravity algebras, with respect
to the presentation of Theorem 4.2.1. We denote this operad ncHyperCom.

ProposiTION  4.4.1. The operad ncHyperCom is generated by operations
v, € ncHyperCom(k) of degree 2k — 4, for k > 2, satisfying the following identities:

7 n—i+1
E Vp—j+1 Oi—j+1 Vj = E Un_k419i Vg, for n>3, 2<i<n—1 (24)
=2 k=2

REMARK 4.4.1. In plain words, the relations (24) mean that for each triple of consecutive
elements ¢ — 1,4,47 + 1, the sum of all trees with one internal edge carrying i — 1,7 and not ¢ + 1
on the top level is equal to the sum of all trees with one internal edge carrying 4,7 4+ 1 and
not ¢ — 1 on the top level. This is indeed reminiscent of the defining relations for the operad
HyperCom [34].

Proof. Let us denote by Q the quadratic ns operad defined by these generators and relations.
By a direct inspection, the defining relations of this operad are orthogonal to the ones of
SncGrav with respect to v, = A} and the induced ‘naive’ pairings of planar tree monomials.
This is easy to check, since we exhibited a presentation for ncGrav, not S ncGrav, so there are
no extra signs arising from the operadic suspension. Also, we note that the number of quadratic
relations of Q in arity n is n —2, and the number of quadratic relations of SncGrav(n)
is14+24+3+---4+n—-2= (g) —1—(n—2), and that both of these groups of relations are
manifestly linearly independent. Since the total dimension of the space of quadratic elements
of arity n in the free operad with one generator of each arity k > 2 is equal to (5) — 1, the
annihilator of the space of quadratic relations of Q is the space of quadratic relations of ncGrav.
Therefore, @ = (S ncGrav)' = ncHyperCom. O

THEOREM 4.4.1. The operad ncHyperCom is Koszul. All its components are concentrated
in even nonnegative degrees, and the dimension of the graded component of degree 2k of

ncHyperCom(n) is equal to the Narayana number 71,11 (";1) (ZH) In particular, the dimension

of ncHyperCom(n) is equal to the Catalan number L (*"~72).

Proof. First, note that Koszulness is preserved by operadic suspension, so Corollary 4.2.1
implies that the ns operad SncGrav is Koszul, and hence its Koszul dual ns operad
ncHyperCom is.

Second, recall the normal monomials for the ns operad ncGrav constructed in Theorem 4.2.1.
It is well known [54] that the Koszul dual ns operad P' of an ns operad P with a quadratic
Grobner basis also admits a quadratic Grobner basis (for the opposite order of monomials);
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the normal quadratic monomials for P become the leading terms of the Grébner basis of
P', and vice versa. Thus, the leading terms of the corresponding quadratic Grébner basis of
ncHyperCom are v o, v for p=2,...,7.

We shall compute the dimensions of graded components of the operad ncHyperCom using
generating functions. We denote by fi(q,z) the formal power series whose coefficient at z"¢!
is equal to the number of normal planar tree monomials of degree [ with n leaves and with the
root vertex labelled by v,. Let us also put

flg,2) =z + ka(q,z) and g¢(q,2) :=2z+ ka;(q,z)7
k2 k>3

the generating series of the ns operad ncHyperCom and a variation of it. We note that

fula,2) = @ f(a,2)g(q,2)" ",

since the subtree grafted at the first leaf of the root vertex may be a leaf or an arbitrary normal
monomial, and all other subtrees may be leaves or normal monomials not having v» at the root
vertex. Adding up all these equations, we get

_ f(Q7 Z)Q(Q, Z)
fe2) =2 = T 2gle,2)
Using the equation f2(q, z) = f(q,2)g(q, 2), we see that f(q,2) — g(q, 2) = f(q,2)9(q, z), which
gives
__[flg2)
1+ f(g.2)

Substituting this back into the equation we obtained, we get

f(a,2)? = f(g,2)(1 — 2+ 2¢°) + 2 = 0.

This equation, after accounting for different indexings of Narayana numbers used in the
literature, coincides with the standard functional equation for the generating function of
Narayana numbers [70]. The sum of all Narayana numbers with fixed n is known to be equal
to the corresponding Catalan number. d

9(q, 2)

5. Geometric definition of noncommutative Mg 41

In this section, we present two geometric constructions of a nonsymmetric version of the operad
{Mo n+1(k)} of the moduli spaces of stable complex curves with marked points which use,
respectively, toric varieties and the theory of wonderful models of subspace arrangements. We
prove that for k = C those definitions provide us with a topological ns operad whose homology
is equal to the algebraic operad ncHyperCom defined in the previous section.

5.1. Noncommutative WOJL+1 via brick manifolds

In this section, we argue that a sensible analogue of compactified Deligne-Mumford moduli
spaces is given by toric varieties of the associahedra. In particular, we prove that the collection
of complex toric varieties {X¢(L,)} corresponding to Loday polytopes admits a structure of
an ns topological operad for which the homology operad is the operad ncHyperCom.

5.1.1. Brick manifolds. We associate to a finite ordinal I the vector space G(I) = k Gap(I)
with the basis e;, ;,, where (i1,42) € Gap(I). For each interval J = [a, b] C I, we have a natural
inclusion G(J) C G(I). In such a situation, we shall also omit square brackets, and use the
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G(1,4) G(L,4 e dim3
7 ~ 7 ™~
G(L3) Vas G4 e dim2
G(1,2) V2,2 Va3 G349 dim1

FIGURE 1. An element of B(4).

notation G(a,b) instead of G(J) for clarity. For example, G(a,a) = {0}, and G(a,a +1) =
span(eq q+1)-

DEFINITION 5.1.1. Points of the brick manifold (in fact an algebraic variety) B(I) are
collections of subspaces V; ; C G(I) for all proper intervals [i,j] C I that satisfy the following
constraints:

dimV; ; = #[i, ],

Vij C Vp(i,; for all min(7) < 4,
Vq;d C Vi,.s(j) for allj < max([),
vain([),j = G(mln(I)7 S(]))a
W,max(]) = G(p(l)V maX(I))

REMARK 5.1.1. Note that if min(7) < ¢,j < max([I), then the space V; ; is a codimension
one subspace of G(p(i), s(j)).

In [25], it is proved that the brick manifold B(n) is isomorphic to the toric variety
X(L,) associated to the nth Loday polytope. We shall give another proof of that result in
Theorem A.2.1 of the Appendix.

EXAMPLE 5.1.1. (1) The brick manifold B(2) is a single point, since we only have
Vig="Vao =G(2).

(2) The brick manifold B(3) is the projective line P!, since the only variable subspace in
this case is V5 2, which can be any one-dimensional subspace of V; 5 = V2 3 = G(3).

(3) The brick manifold B(4) is the blow-up of P! x P! at a point, as one can see by
noticing that a choice of subspaces V2o C Vi 2 = G(1,3) and V53 C Va4 = G(2,4) determines
the subspace V5 3 uniquely unless V2o = V5 3 = G(2,3), in which case the possible choices of
Va3 are parametrised by lines in the two-dimensional subspace span(e; 2, e34). By examining
the diagram of subspaces starting from V53 C G(4), one can also easily see that this brick
manifold can be described as the blow-up of P? at two points.

Our next goal is to give the ns collection of brick manifolds a structure of an ns operad. We
remark that there is a unique linear map

flie G @ G(J) = G U; J)

extending the bijection between the basis elements Gap(l) LU Gap(J) and G(IU; J) from
Proposition 2.1.1.

DEFINITION 5.1.2. Let I and J be disjoint finite ordinals, and let i € I. We define the map

of ;1 B(I) x B(J) = B(IU; J),
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G(1,9) G(1,9
6,8 ! gg%)] 62,9
cn [ M9 ces
G@1,6) :: %136)) e{ évé‘é)] sf f:véisﬁ G4,9)
TR O
G(L,4) / (6‘225)) 63,6) G3,6) ! 2246’) ! E;V(;l%l G(6,9)
G(1,3) g é‘gi’) G(3,5) FVEy) G(4,6) i é‘gg Vi) G(7,9)
G(1,2) V39 G@3,4) V2 fvE) G(5,6) fWVig) fVie) G(8,9)

FIGURE 2. Example of the operadic composition 033 : B(6) x B(4) — B(9).

putting

I Valb), fora,bel,a<b <1,

fl{z (V;b), for a < b€ J, (a,b) # (min(.J), max(.J)),

1V, for abe Li<a<b,

fjjl(Val,p o ® G(min(J), s(b ))) forael,a<ibe Jb<max(J),
({ 1131} Iz{ 12,32}) = fIJ,Z(VS()bEBG(p a), max(J ))) for a € J,a > min(J),b € I,i < b,

f1: (V5 @ G(J)) for (a,b) = (min(.J), max(.J)),

[V e G(J)) for ael,a<i,b=max(J),

1.Vl @ G() for b e 1,b>i,a = min(J),
fh( b@G(J))fora,beI,a<i<b.

EXAMPLE 5.1.2. The example of the operadic composition 063 B(6) x B(4) — B(9) is
depicted in Figure 2, where we use the canonical identification 6 L3 4 = 9.

PROPOSITION 5.1.1.  The maps of, make the ns collection B into an ns operad in the
category of algebraic varieties.

Proof. First, it is easy to check that

({ ’Lljl} Iz{ 'szz}) EB(IuiJ)a

when {V;! ; } € B(I) and {V;? ;,} € B(J). Then, the operadic parallel and sequential axioms
are straightforward (but somewhat tedious) to check by hands. (We shall give another proof
at the end of next section, when we discuss in detail the stratification of the spaces B(n)). O

REMARK 5.1.2. By the results of [25], toric varieties of other polytopal realisations of
associahedra, for example the one of Chapoton-Fomin—Zelevinsky [9], can also be realised in a
similar combinatorial way. It would be interesting to see whether the corresponding collection
also exhibits a natural operadic structure.
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DEFINITION 5.1.3. The brick operad is the ns collection B endowed with the operadic
composition maps from Proposition 5.1.1.

5.1.2. Stratification. Let us describe a stratification of the variety B(n). It is the union
of open strata B(n,T) indexed by elements T of the set T (n) of all planar rooted trees with
n + 1 unbounded (external) edges: one for the root, and n unbounded edges labelled from left
to right by 1,...,n for the leaves. The valency of each vertex must be at least three, that is
the number of input edges of each vertex must be at least two. For each possibly unbounded
edge e of the tree, we consider the set L. of all leaves of the subtree with the root e.

DEFINITION 5.1.4. The stratum B(n,T) consists of all collections {V; ;} satisfying the
following conditions.

e For each edge e of T that is not a leaf, so that L. = {l,l+1,...,7r — 1,7} for some | < r,
we require that V; ,_1 = V41, = G(l, 7).

(This implies that V; ., which is a r — [ 4+ 1-dimensional space, satisfies G(I,7) C Vi.).

e For each edge e of T', which is neither the root nor the leftmost or the rightmost input edge
of a vertex, denoting L. = {l,l +1,...,7 — 1,r} for some | < r, we require that V; , is neither
of the two possible (r — [+ 1)-dimensional coordinate subspaces G(I —1,7) or G(I,r +1) of
the space G(I — 1,7+ 1).

Note that the first condition is a ‘boundary’ condition and that the second one is an ‘open’
condition.

REMARK 5.1.3. If e is a leaf, which is not the leftmost or the rightmost leaf of any vertex,
then the second condition implies that V;;, which is the same as V., in this case, is a subspace
of G(I — 1,1+ 1) different from either G(I — 1,1) or G(I,1 + 1).

REMARK 5.1.4. The first condition, in particular, implies by Remark 5.1.1, that, for any j =
l,...,r—1, we have Vi ; = G(l,j+1) and, for any ¢ =1 +1,...,r, we have V; , = G(i — 1, 7).
In particular, if e is the root, then this is just the last two requirements of Definition 5.1.1.

ExAMPLE 5.1.3. Consider the planar tree T,, € T (n) that has no internal edges. Then, for
each j =2,...,n — 1, the subspace V} ; of G(j — 1,7 + 1) is not a coordinate line in B(n,T},).
Therefore, all the subspaces V;; are determined uniquely by the condition V;; D Vi for
i <k <j.So, B(n,T,) is the subvariety parametrised by the choice, for each j =2,...,n — 2,
of a subset V;; C G(j — 1,5+ 1) different from the two coordinate axes. This choice is
parametrized by n — 2 copies of G,,.

For [ < r, we denote by T;, € T(n) the planar tree with one internal edge, with the inputs
of the corresponding vertex labelled by I,1+1,...,7.

PROPOSITION 5.1.2. For any 1 <[ < r < n, the infinitesimal composition map

Li+1,...,r
o}ij}l_17*{”17.“,”}7* C B, =1k 41, nh Toy) x BUL ... 7}, Tooia1)

— B(n,Tp.),

when restricted, respectively, to the strata associated to the corollas Ty, +—r, T;—;+1 and to the
planar tree 1} ., is a bijection.
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Proof. First, it is straightforward to check that the image of the restriction of the
infinitesimal composition to the product of strata B({1,...,l—1,x,r+1,...,n}, Thii—) X
B({l,...,r},Tr—1+1) lives in the stratum B(n, T} ,-). The first condition of the stratum B(n, T} )
is given by the second point in the Definition 5.1.2 of the operadic composition map. The second
condition for the stratum B(n,T;,) is a direct consequence of the same condition for the
two strata B({1,. —1yx,r+1,...,n} Thy—r) and B({L,...,7},Tr—141): the image under
the map f{l l+; 1 *%T—&-l,...,n}.,* of a subspace which is not a coordinate axis is again not a
coordinate axis.

Let us now prove that any element {V;;} of the stratum B(n 1) can be written in a
unique way as the infinitesimal composition of two elements { f Jl} and {V;2 ; } from the two
strata B({1,. —1,%xr+1,...,n}, T,LH,T) and B({l,...,r},Tr_1+1), respectively. In this
% 1,*,T+1 somkT

lj = f- ( ;). In the same Way, for 1 < k < land for r < k < n, we have no choice but to set
Viie=f" (Vk}k). Since f is an isomorphism, there is a unique line V!, € G({l — 1,,r + 1})
such that f(V*l*) ® G(l,r) = V,,; it is not a coordinate axis since the latter space is not equal
to G(I — 1,7) neither to G(I,r + 1). Since for 1 < k <n and k # [, r, the subspace V}, ; is not
a coordinate ax1s the collection {V;2 ;,} lives in the stratum B({l,...,r},T.i41) and the
collection { 11 71} is completely determined by the above setting and lives in the stratum

B({1,. sar+ 1o nh Thy—r). O

proof we s1mp1y denote f= f {l & . For | < 1,7 < r, we have no choice but to set

PROPOSITION 5.1.3. The subvarieties B(n,T), T € T (n), form a stratification of the variety
B(n). More precisely:

e cach subvariety B(n,T) C B(n), T € T(n), is isomorphic to
B(n,T) = (Gp)" 27,

where n. = n.(T') is the number of the internal edges of the tree T';
e we have

|_| B(n,T);

TeT (n)

e for any T € T(n), the closure of B(n,T) in B(n) is the union of the subvarieties B(n,T")
of smaller dimension, that is for planar trees T’ such T can be obtained from T’ by
contracting of some internal (that is, bounded) edges.

Proof. One of the possible ways to prove this proposition is to introduce a toric action
and to study its orbits, as we partly do in the Appendix. However, since our main goal is to
relate this stratification with the operadic structure, we give a more direct proof here, which
is recursive with respect to the structure of the planar tree 7.

Let us explain the first statement. It is easy to see that the planar tree T has precisely
n — 2 — n, possibly unbounded edges (the root is not included here) that are not the rightmost
or the leftmost inputs of a vertex. For each such edge e, we associate a copy of G,,, that controls
the choice of the corresponding space V.. This gives a parametrisation by (G,,)" 27 "<. Let
us show that there are no additional parameters.

Let us denote the input edges of the root vertex by ey, ..., eg. If we cut them off, then each of
them is the root edge of a tree T;, where the leaves are labelled by the index set I;, i =1,... k.
We have, of course, I} + - - - + I, = n, and whenever e; is a leaf, the tree T; is trivial, the only
tree without vertices and just one unbounded edge (the root), and |I;| = 1.
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According to Remark 5.1.4, for each e; which is not a leaf, we have to fix the spaces Vinin(1,) 5,
where min(/;) < j < max(/;) and Vjyax(r,), Where min(/;) < j < max([;), unambiguously.
Then, the proof is completed by three simple observations.

e What happens with the spaces V;; for min(l;) < j,! < max(I;) is the subject for the
induction hypothesis. In particular, those configurations of subspaces are parametrised by
(Gm)ui‘*%”i, where n; is the number of the internal edges of the tree T;.

e For all other pairs of indices, we choose Viin(r,)max(r), #=2,...,k—1, this is
parametrised by (G,,)* 2, and then we see that the conditions V, j C Va—1,p and Vi, C Vo pt1
given in Definition 5.1.1 together with natural transversality determine all other spaces V, ;.

e Finally, we have:

k
n—2-n.=k—-2+ > (L] -2-n).
\ﬂT?B

Let us proceed to the second statement. We shall do it in a constructive way, namely we give
an inductive process that allows one to associate a particular collection of spaces {V; ;} to a
planar tree.

Since V11 =G(1,2), Vo, =Gn—1,n) and V;; C G(i —1,i+ 1) for all other 4, we can
always find two indices 1 <I<r<n such that V;; =G(,l+1), V., =G(r—1,r) and
Vi is different from either G(i —1,7) or G(i,i+1) for all ! <i <r. This implies that
Vij=Glj+1) for I<j<r, and V;, =G(j—1,7) for | < j <r. Therefore, the given
Tt
and constructions as in the proof of Proposition 5.1.2. In the description of the stratification,
this corresponds to the following. The leaves with the labels I,l 4+ 1,...,r are attached to a
vertex in the tree, and are the only inputs of that vertex. We can label the ascending edge
of this vertex by *. Therefore, on the level of configurations, we can proceed considering the
configuration {Vllj} for the index set I:={1,...,1—1,%,7+1,...,n}, while on the level of
tree we can cut the edge * and consider the rest of the tree with the leaves labelled by I. Now
we can proceed further by induction. Note that in this way, we simultaneously construct a tree
T such that {V; ;} € B(n,T) and representation of this collection of subspaces as an operadic
composition according to the tree T

Now let us prove the last statement. We have seen how the strata B(n,T') are parametrised
by the copies of G, corresponding to the particular choices of the spaces V; ;. The closure of the
stratum is then obtained if we allow these spaces to be equal to the corresponding coordinate
spaces. Let us study what happens in the limit. Since the collections of subspaces in B(n, T) are
obtained as the operadic compositions with respect to the planar tree T' of generic collections
in B(I), where I is an interval of n, it is sufficient to prove this statement for the planar tree
with no internal edges. This tree corresponds to the open stratum in B(I) from Example 5.1.3,
so in this case the statement is obvious. (]

collection of subspaces is in the image of the map o o by the same arguments

COROLLARY 5.1.1. For any 1<I<r<mn, the closure B(n,T;,) of B(n,T;,) in B(n)
consists of all collections {V; ;} such that V;; = G(I,l + 1) and V,.,, = G(r — 1, r). Moreover,
the infinitesimal composition map

o e BAL =L 1) x B({L . r}) = B T ),

with the image restricted, respectively, to the closure of the stratum associated to the planar
tree 1} ., is a bijection.

Proof. This follows from the description of the stratification from Proposition 5.1.3; the
proof uses the exact same arguments as in Proposition 5.1.2. (|
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REMARK 5.1.5. The description of the stratification in terms of planar trees given in
Proposition 5.1.3 and its relation to the operadic composition described in Corollary 5.1.1
imply directly Proposition 5.1.1.

5.1.3. Local structure. Here we describe how the strata are attached to each other. It
is clear (by induction on the number of edges) that the general case would follow from the
description of the normal bundle of B(n,T;,,) in B(n).

Consider the two-dimensional vector bundle over B(n) given by Vi ,/Vii1 —1. There are two
natural lines in this space given by Vit1,/Vig1,—1 and V,,—1/Vi41,—1. The equation that
defines (locally) B(n,T;,) in B(n) is that these two lines coincide. In other words, the natural
map

W+1,r/w+1,r71 — Vvl,r/vz,rfl
must vanish. In yet other words, the normal bundle of B(n, T}, ) in B(n) is isomorphic to

(W+1,7'/W+1,7'—1)* ® (‘/l,r/‘/l,r—l)7

which is in this case is equal to
(W,T/G(lv T)) o2 (G(lv T)/‘/l+1,7’—1)*-

This local analysis implies immediately the following statement (that we also know from the
study of the torus action, as in the Appendix).

PROPOSITION 5.1.4. The variety B(n) is a smooth compactification of B(n,T,) such that
the complement B(n) \ B(n,T),) is a normal crossing divisor.

In Section 5.2, we shall also discuss this result from the point of view of wonderful models
of De Concini and Procesi [13].

5.1.4. Homology of complex brick manifolds. In this section, we prove the central result
of this part of the paper: The complex brick operad is a topological model of the operad
ncHyperCom.

THEOREM 5.1.1. The homology of the ns complex brick operad is the ns operad of
noncommutative hypercommutative algebras:

H,(Bc) = ncHyperCom .

Proof. Tt is obvious that the fundamental classes of the strata Be(n,T), T € T (n) are the
additive generators of the homology of B¢ (n). Moreover, Corollary 5.1.1 and its inductive
corollaries for the planar trees with an arbitrary number of edges imply that the induced ns
operadic structure on He(Bc) is a quotient of the natural ns operadic structure on the linear
span of the collection of all planar trees {7 (n)}, which is the free ns operad on one generator
per arity.

Since the components of the h-vector of the associahedron are Narayana numbers [52],
Proposition 2.3.1 and Theorem 4.4.1 show that each component He(Bc(n)) of the ns operad
H,(Bc) has the same dimensions of graded components as ncHyperCom(n). Thus, it suffices
to show that the relations of the operad ncHyperCom hold.

There is a map Be(n) — P(G(i — 1,7 + 1)) given by V; ;. The preimages of any two points in
P(G(i — 1,i+ 1)) are homologous. Now observe that the preimage of G(i — 1,4) is the union
of all divisors B¢ (n, T), where T is a tree with one internal edge such that the leaf labelled by
1 and the root are attached to different vertices and the leaf i is the rightmost at its incident
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vertex. The preimage of G(i,i + 1) is the union of all divisors Be(n,T'), where T is a tree with
one internal edge such that the leaf labelled by ¢ and the root are attached to different vertices
and the leaf 7 is the leftmost at its vertex. The equality of the classes of these preimages is
precisely given by equation (24). O

5.1.5. Geometrical proof of the Koszul property. In the same way as for the Deligne—
Mumford operad {My,+1} in [34], one can prove the Koszul property of the ns operad
ncHyperCom using mixed Hodge structures with the following general method.

First of all, since the brick manifolds B¢(n) are complex algebraic varieties, their cohomology
groups H*(Bc(n)) admit a functorial mixed Hodge structure by [16, Proposition 8.2.2]. So the
ns operad ncHyperCom can be promoted to an ns operad in the category of graded mixed
Hodge structures. Then, since the stratum indexed by T} , in Be(n) has the following form

BC(ﬂa E,r) = B(C(Tl ) Trz—r) X B(C(T + 1, ﬂ'+1)7

the theory of logarithmic forms along a normal crossing divisor [15, Section 3.1] implies, by
Proposition 5.1.4, the existence of the residue morphisms

HM1 (Be(n, T,)) (1) — HY ' (Be(n =1, T,-)) (~1) © H'™ (Be(r 4+ 1.T,41)) (~1).

These morphisms assemble into an ns cooperad structure in the category of mixed Hodge
structures on the collection

SCH* '(Bc(n, Ty))(—1).

PROPOSITION 5.1.5. The ns operad He(Bc) = ncHyperCom is Koszul and its Koszul dual
cooperad ncGrav is isomorphic to the above-mentionned ns cooperad

ncHyperCom! 2 §¢neGrav* 2 SCH* ! (Be(n, Ty,))(—1).

Proof. Since the ns operad B¢ is made up of components which are smooth projective
complex algebraic varieties obtained from Bc(n,T,) by a compactification with a normal
crossing divisor, one can consider the Deligne’s spectral sequence [15, 3.2, which gives here

BV = P HTP(Bc(n,T))(-p) = H""(Bc(n)),
TeTP(n)

where T1¥!(n) is the set of planar rooted trees with p internal edges. Its first differential map
dy: EP? — EPTH% s the sum of the residue morphisms

H*P(Be(n, T)(=p) = HT™"}(Be(n, T')(—p — 1)

for any planar tree T” such that T' can be obtained from 7" by contracting of one internal edge.
Therefore, the gth row E7'? of the first page of this spectral sequence, equal to

0= H'Be,T) » @ H'Bem,D)(-1)» @ H > BemT)(-2) -,
TeT(n) TeT(n)

is a direct summand of the cobar construction of the ns cooperad SCH*~!(Bc(n,T,))(—1).
The key point now lies in the fact that each cohomology group H*(Bc(n,T,)) has a mixed
Hodge structure concentrated in Tate weight 2k, since Bc(n, T;,) = (C*)"2, and that condition
manifestly holds for C*. This implies that the Deligne spectral sequence collapses at the second
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page, thereby inducing the following long exact sequence

0 = HBmT))—> @@ H ' BemD)(-1)— @ H2Be(n,T))(~2) -
TeT(n) TeT(n)

RN @ HO(B([;(Q, T)(—q) — HQq(B(C(ﬂ)) — 0.
TeTld(n)

In operadic terms and using the homological degree convention, this means, first, that the
homology of the cobar construction of the ns cooperad SCH®~*(Bc(n,T),))(—1) is concen-
trated in syzygy degree 0, statement equivalent to the fact that it is Koszul. Then, the
homology of the cobar construction of SCH*~!(B¢(n, T),))(—1) is isomorphic to the ns operad
H,(B¢) = ncHyperCom, which is its Koszul dual; therefore, we have an isomorphism of ns
cooperads

S¢ncGrav™ = SCH'_l(B(C(ﬂa T,))(-1),

which proves the two claims of the statement. O

5.2. The operad ncHyperCom and wonderful models of hyperplane arrangements

In this section, we demonstrate that brick manifolds can be viewed as projective wonderful
models of subspace arrangements in the sense of de Concini and Procesi [13]. Our exposition
follows closely that of Rains [69], where, in particular, the operad-like structures of wonderful
models are explained in detail.

5.2.1. Wonderful models of subspace arrangements. Let V be a finite-dimensional vector
space. A subspace arrangement in V is a finite collection G of subspaces of V*. We consider
the lattice Lg generated by G, it is the set of all sums of subsets of G, including the empty
sum 0. A G-decomposition of U € Lg is a collection of nonempty subspaces U; € Lg for which

U=@apu,

and such that, for every G € G satisfying G C U, we have G C U; for some i. If we denote by G
the set of all G-indecomposable subspaces, then Lg = Lz, and the notions of G-indecomposable

elements and a—indecomposable elements coincide. A subspace arrangement for which G = g
is called a building set. Building sets form a poset with respect to inclusion; this poset always
has exactly one minimal element, and exactly one maximal one.

Let us assume that G is a building set. We denote by Mg the complement in V' of the union
of all the subspaces G+ for G € G, and by J/\/[\g the complement in P(V') of all the subspaces
P(Gt) for G € G.

For each G € G, we have an obvious map ¢ : Mg — P(V/G'), and therefore the maps

v Mg -V x [ P(V/GY)
Geg
and

p: Mg —P(V) x [] B(V/GH)
Geg

DEFINITION 5.2.1 (Wonderful model). The wonderful model Yy is defined by the closure
of (Mg) in V x [[eq P(V/G™), and the projective wonderful model Yg is defined by the

closure of ’(Z(Mg) in P(V) x [[geg P(V/GF).
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The most important geometric properties of the projective wonderful models are summarised
in the following proposition. Recall that a set S of subspaces in V* is called nested if, given
any subspaces Uy, ...,U; € S which are pairwise not comparable (by inclusion), they form a
direct sum, and their direct sum is not in S.

PROPOSITION 5.2.1 [13].

(1) The projective wonderful model }/}g is a smooth projective irreducible variety. The natural
projection map 7: }/}g — P(V) is surjective, and restricts to an isomorphism on J/\Zg.

(2) The complement D=Yy \77_1(]\/4\9) is a divisor with normal crossings. Its irreducible
components De; are in one-to-one correspondence with elements G € G\ {V*}, and we have

= '(P(GH) = |J Dr.
GCF
(3) For a subset S of G\ {V*}, the intersection

Bs = () B
Xes

is nonempty if and only if the set S is nested; in this case ﬁs is irreducible.

The original motivation of de Concini and Procesi came from the example of the braid
arrangement

A, = {Hi,j =span(z; —z;) | 1 <4,j < n}

in (k™)*. The intersection of all the hyperplanes Hf-] in k™ is the subspace N = k(1,1,...,1),
and we can consider V = k" /N. We note that A,,_; C V* C (k™)*, so A,,—1 can be regarded
as a subspace arrangement in V. For a building set, we consider the minimal one, that is the
collection of all subspaces

H; =span(x; —x; | i,j €I)

for subsets I C {1,2,...,n} with |I| > 2. It turns out that the corresponding projective
wonderful model is isomorphic to the Deligne-Mumford compactification of the moduli space
of genus 0 curves with marked points:

YA,L,1 ,min = M0,7l+1'

5.2.2. Noncommutative braid arrangements and their wonderful models. We are now ready
to interpret brick manifolds as wonderful models.

DEFINITION 5.2.2. Let I be a finite ordinal. The noncommutative braid arrangement is the
subspace arrangement

ncA,_1 = {Hi’i+1 =span(z; — ;1) | 1 <40+ 1 < n}
in (k™)*.

Similar to the usual braid arrangement, the intersection of all the hyperplanes Hlll 41 in

k™ is the subspace N =k(1,1,...,1), and we can consider V = k"/N. Once again, we have
ncA,—1 C V* C (k™)*, so ncA,_1 can be regarded as a subspace arrangement in V. For a
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building set, we consider again the minimal one, that is the collection of all subspaces
Hi= Y Hy,
ii+1el

for intervals I C n with |I| > 2.

THEOREM 5.2.1. The minimal projective wonderful model for the noncommutative braid
arrangement is isomorphic to the brick manifold:

-~

YV?LCAT,,,l,min = B(ﬂ)

Proof. Let us denote by {e;} the basis of k™ dual to the basis {z;} of (k™)*, and by p the
natural projection from k™ to V = k™ /N. The minimal projective wonderful model of ncA; is
the closure of the image of

Moca, ., =P\ |JP@(H}))
I

in the product

P(V) x I1 P(V/p(H}))-

I an interval of n, |I|>2

Let us note that Hi is the subspace spanned by the vectors e; with i ¢ I, and by the vector
e = Ziej e;. Therefore, the cosets of the vectors

I._ E
'Uk — ei,

iel,j<k

for all & > min(I), form a basis in k" /H;- = V/p(H{). Clearly, if I C J are two intervals of n,
then H; C Hy and H+ C Hi, so there is a canonical projection

prg: V/p(Hy) = K" /Hy — K" /Hi = V/p(H} ),

and we have
J I
pIyJ(Ui ) =Y,

for all ¢ € I. By direct inspection, we see that for each vector v =", ¢;e; € k™, the vector

> (epy — e}

min(l)<iel

in V/p(Hi") is in the same coset as v. Let us identify, for each I, the space H; with the
space G(I) in the most obvious way: z; — ;41 < €i,s(i)- By projective duality, a point in
P(V/p(Hi)) = P(k™/H;i") corresponds to a hyperplane oy C H; =2 G(I). We define, for each
pair (i,7) with 1 < < j < n, a subspace V; ; C G(I) C G(n) by the formula

Vii = p(),s(h)-
Because of the compatibility of our bases {v,{} with the canonical projections, it is immediate
that for each point of ?nc A, _1,min, viewed as a point in the product of projective spaces, the
collection of the subspaces V; ; that we just constructed defines a point of the brick manifold.
Moreover, this map is one-to-one: by viewing the space V; ; as a hyperplane in G(p(i), s(j)), we
can assign to it a point in the appropriate projective space, so each point of the brick manifold
gives rise to a point in the product of projective spaces where the wonderful model is defined.
This completes the proof. O
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REMARK 5.2.1. Recall from [13] that wonderful models can also be constructed as iterated
blow-ups of P(V). In the case we consider, we have to use all the subspaces P(p(H7)) as centres
of blow-ups, in the following order: First, we blow up the two points P(p(H7)), |I| =n — 1,
then we blow up the proper transforms of the three lines P(p(Hi")), |I| =n — 2, then we
blow up the proper transforms of the four planes P(p(H7)), |I| =n — 3 and so on, up to the
proper transforms of n — 1 hyperplanes P(p(H7)), |I| =2, whose blow-up does nothing to
the variety. (For example, this describes B(4) as a blow-up of P? at two points, a description
which we already discussed in Example 5.1.1). Note that the projective subspaces P(p(H7)) for
fixed |I| = k intersect transversally along the projective subspaces P(p(H7)) for |J| > k, which
guarantees that, in our sequence of blow-ups, we always blow-up nonsingular subvarieties.

The identification of two constructions of the wonderful model in [13] and the identification
of this particular wonderful model with the brick manifold that we just obtained implies
that the open part of the exceptional divisor over the subspace P(p(H7)) is the stratum
B(n, Trin(J),max(7)). On the other hand, it follows from [13, Theorem 4.3] that for each
decomposition n = I L; J, the irreducible component ﬁH , of the boundary divisor D of
?ncAwhmin can be naturally identified with the product ?MAM_hmin X f/ncAm_l,mim This
leads to an ns operad structure on the collection of wonderful models. In the same way that
this is done for the operad structure on the collection of spaces m07711+1 obtained via wonderful
models, see, for example, [69], one can show that this ns operad structure coincides with the
ns operad structure on brick manifolds. Overall, this proves the following result (which is
completely analogous to the corresponding classical result).

THEOREM 5.2.2. The homology of the ns operad of complex projective wonderful models
of the noncommutative braid arrangements is isomorphic to the ns operad of noncommutative
hypercommutative algebras:

{H. (?MAMl,min((C))} 2 ncHyperCom .

It is known that the toric variety of the permutahedron, also known as the Losev—Manin
moduli space £,,, can be realised as a wonderful model of the coordinate subspace arrangement
in k™ [44, 68]. Let us mention here that this variety can be also viewed as a wonderful model
of the noncommutative braid arrangement ncA,,_1. Namely, the following proposition holds.

PROPOSITION 5.2.2. The maximal projective wonderful model of ncA,,_1, that is, the model
corresponding to the maximal building set, that is the set of all possible sums of the subspaces
H; iy1, is the Losev—Manin moduli space:

-~

YncAn_l,max = En—l-

Proof. Up to a change of coordinates, this is the result of [68, Section 3], see also
[44, Proposition 2.9]. d

REMARK 5.2.2. The fact that the toric varieties of permutahedra and associahedra are both
wonderful models of the same arrangement should not be too surprising: The permutahedron is
obtained from the associahedron by truncations, hence the toric variety of the permutahedron
is obtained from the toric variety of the associahedron by blow-ups, exactly in the way that it
is for the respective wonderful models.

6. Givental group action on ncHyperCom-algebras

In this section, we develop a convenient framework for intersection theory on brick manifolds,
and use it to define a noncommutative version of the celebrated Givental group action [38].
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We also identify the latter action defined geometrically via intersection theory with the gauge
symmetries action in the homotopy Lie algebra controlling deformations of homotopy ncBV-
algebras.

6.1. Intersection theory for complex brick manifolds

In this section, we shall present a somewhat elegant description of the intersection product
in the cohomology rings of complex brick manifolds, which we find particularly convenient
for our purposes, especially for defining the Givental group action on ncHyperCom-algebra
structures. Of course, in principle, the results of the previous section suggest at least two other
ways to describe those cohomology rings. First, since brick manifolds are toric varieties of
Loday polytopes (The Appendix), one can use the general results on cohomology rings of toric
varieties [14, 30] to obtain presentations of those rings. (For the other realisations from [9],
which are different from the Loday polytope realisations, this way to describe the corresponding
cohomology rings was undertaken in [8]). Second, since brick manifolds are wonderful models
of the noncommutative braid arrangements, one can use the results of Feichtner and Yuzvinsky
[28] to obtain presentations of the cohomology rings.
Note that any pair of strata Be(n, T1) and Be(n, Ts) either

e intersect transversally, when there exists a tree T3 that can be turned into 77 and 75 by
contraction of two disjoint subsets of edges,

e do not intersect at all, when there is no tree with a bigger number of edges that can be
turned into both 77 and 75 by contractions,

e or, intersect nontransversally, when there exists a tree T3 that can be turned into 77 and
T by contraction of two intersecting subsets of edges.

So, in order to have a complete description of the intersection product, it is enough to describe
the self-intersections of divisors Bc(n,T;,,). It turns out that the description is very similar
to that in the commutative case, and is best described via i-classes, that is, the first Chern
classes of appropriate line bundles.

6.1.1. Noncommutative -classes and topological recursion relations

DEFINITION 6.1.1. We define the line bundles Lg, L1, ..., L, on the complex brick manifold
Bc(n) as follows. The fibre of the line bundle £y over a collection {V; ;} is given by G(n)/Va n—1.
The fibre of the line bundle £;, for j =1,...,n, is given by V};. We denote by v; the first
Chern class of £;, j =0,1,...,n.

PROPOSITION 6.1.1 (Topological recursion relations).

e The Oth v-class is equal to 1o = Y _,[Bc(n, T')], where the sum is taken over all trees with
one internal edges such that the leaves labelled by i and i + 1 are attached to a different vertex
than the root. This formula is valid for any i =1,...,n — 1.

e For j=1,...,n, the jth v-class is equal to 1; = > ,[Bc(n,T)|, where the sum is taken
over all trees with one internal edges such that the leaf labelled by j is attached to a different
vertex than the root and the leaf labelled by j + 1.

e For j=1,...,n, the jth v-class is equal to 1; =Y ,[Bc(n,T)|, where the sum is taken
over all trees with one internal edges such that the leaf labelled by j is attached to a different
vertex than the root and the leaf labelled by j — 1.

In particular, ¥, = ¢, = 0.
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Proof. In order to compute ¥y, we have to choose a section of Ly that is transversal to
the zero section. Let us choose the section given by e; ;1. This section is equal to zero if and
only if G(i,i + 1) C V4,1, which is possible if and only if the corresponding collection is in a
divisor Be(n, T;,-), where Vig1 , = Vi,—1 D G(4,i + 1). This gives the desired formula.

For j =1,...,n, the line bundle £; is the pullback of the line bundle O(1) on P(G(j — 1,5 +
1)) under the map {V;;} — V; ;. So, the characteristic class ¢; is given by the pullback of
any point on P(G(j — 1,5 + 1)). Choosing one of the two coordinate axes, we obtain the two
possible formulas (cf. the argument in the proof of Theorem 5.1.1). O

6.1.2. The pull-back formula. There are two natural maps from Be(n + 1) to Be(n), n > 2,
that we can call ‘the maps forgetting the marked points’ using the analogy with the usual
moduli spaces of genus 0 curves. Of course, in the nonsymmetric setting, it is only fully
natural to forget the leftmost or the rightmost marked point, and though we do not have the
marked points directly in our geometric interpretation, this intuition is sufficient to propose
the following definition.

DEFINITION 6.1.2. The left projection map
L. B@(TL + 1) — B@([Z,n + 1]) = Bc(ﬂ)

takes a point represented by a collection of subspaces V;;, forgets all spaces Vi ; for
i=1,...,n—1, forgets V5, and replaces the spaces V2; by G 4 for i =1,...,n — 1. The
right projection map

mr: Be(n+1) = Be(n)

takes a point represented by a collection of subspaces V; ;, forgets all spaces V;,1 for
i=2,...,n, forgets V1, and replaces the spaces V; , by G, fori=2,...,n.

These maps are obviously complex analytic and surjective. The main feature of these maps
is that with them we can correctly reproduce the natural noncommutative analogues of the
pull-back formulas for the 1-classes. Recall that in the case of the usual moduli spaces of curves,
the difference between the 1-class and the pull-back of a 1)-class at the point with the same
label ¢ under the map that forgets the point labelled by j is the natural divisor represented by
a tree with two vertices, where the leaves ¢ and j are attached to one of the vertices, and all
other leaves are attached to the other vertex.

Extending this analogy in the case of the map m; we can think that we forget the point
labelled by 1 and then there are only two such natural divisors in Be(n +1): Be(n+ 1,75 j41)
that should affect 1y and Be(n + 1,7} 2) that should affect 5. In the case of the map 7g, we
can think that we forget the point labelled by n 4+ 1, and then there are only two such natural
divisors in B¢ (n + 1) as well: Be(n+ 1,73 ,,) that should affect 99 and Be(n+ 1,7, ,41) that
should affect v,,.

PROPOSITION 6.1.2.  For the map w1, : Be(n +1) — Be([2,n + 1]) we have:
Wzi/fo = 1/}0 - [BC(TL + 17 TQ,'rL+1)]

mp e =P — [Be(n+ 1,7y 2)]
mi; =1, fori=3,...,n+ 1.

Analogously, for the map wg: Be(n+ 1) — Be(n), we have:

Trto = o — [Be(n+1,T1 )] (25)
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77';1[)71, = ’l/)n - [B(C(n + 1, Tn,,n+1)] (26)

TR =1, fori=1,...,n—1. (27)

Proof. The proof is a simple comparison for the expressions of w-classes in terms of
divisors using Proposition 6.1.1. We do it for the map wg, and the argument for np is
completely analogous.

Observe that

7' (Be(n, T1)) = Be(n+1,T,.,) forl<i<r<n—1,

75 (Be(n, T1n)) = Be(n+1,T;,) UBc(n+1,Tj 41) for2<1.  (28)

Then, using ¢ = 1 in the first statement of Proposition 6.1.1, we see that

n—1

"/’0|Bc(ﬂ) = Z[BC(E’ Tl.,T)]

r=2

n

YolBe(nt1) = Z[B(c(n +1,71,)].

r=2
Thus, using equation (28) we see that

n—1

Th(Wolsem) = Y [Beln+1,T1,)),

r=2

which is exactly [Be(n +1,71,,)] minder than 9o|g.(n+1). This proves (25).
Since Yn|s.(n) =0, we have 751, = 0. On the other hand, the third formula in Propo-

sition 6.1.1 applied for j = n gives 7,/17,,|BC(L+1) = [Be(n + 1,7, 5+1)]. These two observations
imply equation (26).
For ¢;,i=1,...,n — 1, we use the second formula in Proposition 6.1.1:
i—1

Vilse(w) = Y Be(n, Tn)];

=1

i—1

YilBe(nt1) = Z[BC(LHaﬂ,i)]'

=1

Equation (28) implies that the pull-back of the right-hand side of the first of these expressions
is equal to the-right hand side of the second expression. This proves equation (27) g

6.1.3. Excess intersection formula. We can also describe nontransversal self-intersections
in the way similar to the usual moduli spaces.

PROPOSITION 6.1.3 (Excess intersection formula). We have
[Be(n, T,,))? = [Be(n, Th,)] - (o) (=0 —¢"),
{1,l+1,...,r}

0 ey and ' and " denote, respectively, the 1,-class on
Be({1,...,1—=1,x,r+1,...,n}) and the tg-class on Bc({l,l +1,...,7}). In other words, we
can say that

where o =o

(0)*[Be(n, T )] = = — 4"
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Proof. The class of the self-intersection of a divisor is the class of its intersection with a
transversal perturbation in the normal bundle. In other words, it is the first Chern class of its
normal bundle. The normal bundle of Be(n,T;.) is described in Section 5.1.3, the first Chern
classes of the involved line bundles are defined in Definition 6.1.1, hence the formula. O

6.1.4. Noncommutative correlators. In this section, we shall compute the correlators
d n
(rag o) i= [
Be(n)
Proposition 6.1.1 immediately translates into following relations between these numbers.

PROPOSITION 6.1.4. The correlator numbers satisfy the following relations:

e the relations at the points 1 <i—1,7,1+ 1 <
<Tdonle2 o Tdy 1 Tdy+1Tdq " Tdn> = <Td0 o Tdy 1 T0Tdyyq Tdn><TOle o Tdi>7
1<I<i—1
(29)
<7—(1on1 Tdy * " Tdi—1Tdi+1Tdjy1 """ Tdn> = E <T(10 o Tdy 1 TOTdpyq " Tdn><7—OTdi t le>7
i+1<I<n
(30)
e the relations at the root and the points 1 < 4,7+ 1 <
(Tdo+17dy =+ Ta,) = ) (TdoTdy =" Ty 1 T0Tdyyr " Tdo ){T0Td, ** Td, ). (31)
1<i<i<i+1<m<n
m—Il<n—1

REMARK 6.1.1. The relations between the correlators from Proposition 6.1.4 can also be
used to obtain a different presentation of the operad ncHyperCom via ‘abstract correlators’.
Namely, it can be shown that the operad ncHyperCom is isomorphic to the ns operad Q whose
space of generators of arity n > 2 has, for each n, a basis ag ,  , of degree 2n —4 — 2(dp +
diy +---+d,), where dy,ds,...,d, are nonnegative integers, subject to the followmg system
of relations:

e (dimensionality) for dy +dy + -+ +d, >n —2, we have aj 4 4, =0,
e (extreme input relations) for each n,dy,ds,...,d,, we have
n — n —
oy 41,dz,.d, = 0 AN Qg g g1 =0,
e (nonextreme input relations) for each ¢ = 2,...,n — 1, we have
n n—i+k 1—k+1
Xdoidyyecoydi—1,di+1,dis1,..d Z ado;dl7-~~~,dk—1,0’di+1w~ dy, Ok Q0idy,....d;0
1<k<i—1
n . n—i+k o i—k+1
Odoidyyeydi—,dit1,dig1,eedn — E , Cdoidy im0, dis1seenndn 1 X03die.di?
i+1<k<n
e (output relations) for each i =1,...,n — 1, we have
n _ n—I+k I—k+1
Qhot1idy,..dy — E Qdgidy ... dn—1,0,d14 1,0 sdm OF X0idy,... dy "
1<k<i i+1<I<n
l—k<n—1

Geometrically, the class ag ;  ; is the Poincaré dual of the class wgo --1pdn on Be(n).
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Relations of Proposition 6.1.4 also allow to compute all correlators explicitly.

PrROPOSITION 6.1.5. We have the following expression for the generating function of
correlators:

> (Tag + - Ta, G0 -+t = (to +t2)(to +t3) -+ (o + tn-1).
do+dn=n—2

In other words, each correlator is equal to zero or one, and nonzero correlators are those for
which dy =d, =0,and d; <1, for2<i<n—1.

Proof. Let us prove this result by induction on n. First, for d; > 0 or d,, > 0, the correlator
is equal to zero because the corresponding v-class is equal to zero. Second, if we assume that
d; > 2, we may use equation (29) and rewrite the correlator as a sum of products of correlators

<Td0 o Tdy 1 T0Tdyr """ Tdn><7—07—dz o 'Tdi*1>’

which vanishes since d; — 1 > 0. Next, if we assume that dy =---=d;_1 =0, and d; =1,
then using the same equation, we note that, for degree reason, the correlator is equal to the
product of a similar correlator for n — 1, and the correlator (3) = 1. Finally, if we assume that
dy=dy=---=d, =0,and dy = n — 2, we may apply equation (31) for i« = 1. For homological
degree reason, the nonroot corolla must be binary, and so the correlator is equal to the product
of a similar correlator for the arity 1 less with the correlator (73) = 1. The statement follows
by induction. O

6.2. Givental group action via intersection theory

6.2.1. Noncommutative CohFTs. In the classical situation, hypercommutative algebras
can be viewed as cohomological field theories, & la Kontsevich—Manin [49]. We use that as a
motivation for the following definition.

DEFINITION 6.2.1 (tree level ncCohFT). Let A be a graded vector space. An A-valued tree
level noncommutative cohomological field theory (ncCohFT) is defined as a system of classes

a, € H*(Be(n)) ® Enda(n)

of total degree 0 satisfying the following factorisation property: the pullbacks via the mappings
0;: Be(k) x Be(l) = Be(k+1—1) produce the composition of the multilinear maps at the
slot 4:

(03) apqi—1 = axB;0y,

where 6, combines the composition in the endomorphism operad and the Kiinneth isomorphism.

PRrROPOSITION 6.2.1. The datum of a ncHyperCom-algebra on a graded vector space A is
equivalent to the datum of an A-valued tree level ncCohFT. In particular, the datum of an
associative algebra on a graded vector space A is equivalent to the datum of an A-valued tree
level ncCohFT with all the classes «,, concentrated in H°(Bc(n)).

Proof. This is proved by a direct inspection. O

REMARK 6.2.1. In the classical case, tree level CohFTs are algebras over the genus 0 part
of a larger structure, the modular operad {M, ,}. The operad ncHyperCom is not cyclic, so
one should not expect that to happen in this situation: as we argued in the Introduction, ‘in
the noncommutative world, only genus 0 is visible’.



498 VLADIMIR DOTSENKO, SERGEY SHADRIN AND BRUNO VALLETTE

6.2.2. Formula for the Givental action

DEFINITION 6.2.2. The Givental-Lee Lie algebra action on ncHyperCom-algebras is the
action of the Lie algebra End(A)[[z]], where z is a formal parameter of degree 2, on the
corresponding A-valued tree level ncCohFTs, given by the formula

n
(rizb {an})n = (=1)F 'rpor a0 + Y o Y, o Tk
m=1

+ Z (=1 (an—gip - ¥})3p(rr o1 g pi1 - ¥5).  (32)
1<p<g<n,g—p<n—1,
i+j=k—1

The operation 6, in the last sum combines the composition in the endomorphism operad and
the Kiinneth isomorphism.

Note that this formula makes sense for all k > 0.

PROPOSITION 6.2.2. The formulas (32) give a well-defined Lie algebra action on A-valued
ncCohFTs: they provide a Lie algebra homomorphism from the Lie algebra End(A)[[z]] from
the Lie algebra of infinitesimal automorphisms of ncHyperCom-algebra structures.

Proof. We can repeat the same argument as in [27] on the level of correlators or in [46, 66]
on the level of classes, since this argument uses nothing but the excess intersection formula
that we have as well. (]

Let us denote by 7. € Endy (n) the value of the element (—1)]"_1(@.&)” on the funda-
mental cycle of Be(n), and by v, the value of the element «,, on the fundamental cycle of
Be(n). We shall prove the following recurrence relation.

PROPOSITION 6.2.3. The infinitesimal deformations T»,(Lk+1) of the fundamental classes by
the Givental action satisty, for each k > 0, the recurrence relation

n—|I|+1

k1 =1 n— || (k)
T7(1+):Z Z (ann—IH-l 0j V1| =~ Yn-l114+1 %5 T | (33)
ICn j=1

where the sum runs over all intervals I of n of cardinality at least two.

Proof. The proof is analogous to [17, Lemma 2]|. In a nutshell, the proof amounts to
combining topological recursion relations from Proposition 6.1.1 in a somewhat imaginative
way. O

6.3. Givental group action via gauge symmetries

This section follows the general plan of [17] in order to prove that the Givental action is equal
to the action of gauge symmetries in a certain homotopy Lie algebra. Let us assume that A is
a chain complex with zero differential.

The deformation retract

SoH C(anBvi, 7t ®wdy) # (T°(6) @ (S? ncGrav)*, 0)
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from Theorem 4.3.1 can be extended, by considering the whole ns cooperad qncBV' instead of
its coaugmentation coideal qncBVi, to a deformation retract

S0 H C(qncBVi,é’l ® dy) % (Z &T°(6) ® (S?ncGrav)*,0).

It is straightforward to check that this extension changes the transferred homotopy
cooperad structure only marginally. More precisely, there are extra cooperad decomposition
maps (decomposition into two pieces) that decompose every element ¢ of I@TC((S) D
(82 ncGrav)*(n) as

Z ¢ omid+idoid,
m=1

where id denotes the only basis element of Z, while all the strictly higher structure maps of
the homotopy cooperad structure remain the same, and vanish on Z.
This homotopy cooperad leads to the convolution L..-algebra

foepy = Hom (26 T°(5) & (87 ncGrav)” (n), End. ) = End(A)[[2]] ® gucstypercim.
Here, z is a formal parameter of degree —2,
IncHyperCom = Hom ((m)*(n), EndA>

is the convolution Lie algebra controlling the deformations of ncHyperCom _-algebra structures
on A, and the direct sum decomposition on the right-hand side is a nontrivial extension of
Lo-algebras. The deformation retract above leads to a deformation retract

h C(gnCBv, (07! @ dy)¥) # (Inev; 0), (34)
where gnepy is the convolution dg Lie algebra Hom(qneBVY Ends), h= (6 ® H)*,
i =1*, p = P,. The structure maps of [,.gy are obtained by homotopy transfer formulas for
L.-algebras.

Any Maurer-Cartan element o in gncHypercom, in particular a Maurer—Cartan element
representing a ‘strict’ ncHyperCom-algebra, is also a Maurer—Cartan element in [,.gyv. We
shall deform « in the ‘transversal’ direction. Let r(z) = 2120 rz! be a degree 0 element
of End(A)[[z]]. The general definition of gauge symmetries in homotopy Lie algebras [35]
implies that the image ¢§(r(z)) of r(z) under the twisted map

0 (x) =Y

p=0

1
H£p+1(04, ce, QL T,
P

is an infinitesimal deformation of «.

THEOREM 6.3.1. For any ncHyperCom-algebra structure on A encoded by a Maurer—Cartan
element o € gnerypercom and for any degree 0 element r(z) € End(A)[[2]], the Givental action
of r(z) on « is equal to the gauge symmetry action of r(z) on « viewed as a homotopy
ncBV-algebra structure:

Proof. The proof is analogous to [17, Theorem 5]. Basically, there are two main steps
that one has to undertake. First, it is possible to prove a version of [17, Lemma 1], showing
that the infinitesimal gauge symmetry action of r(z) on « produces an element which also
corresponds to a ncHyperCom-algebra. Next, one should consider, for each n > 2 and k > 0,
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the element 0 € End 4 (n) which is the result of evaluating £;2(72%, , ..., a) on the element
representing the n-ary generator of ncHyperCom (those are the only nonzero contributions to
the infinitesimal deformation). Similarly to [17, Lemma 3], there is a recurrence relation that
expresses, for each k > 0, the operation §(**1) via the operations ") with i <k and the
operations v; (the noncommutative hypercommutative operations that are being deformed):

n—|I|+1

k1) _ =1 ) n— |1 (k)
ol =3 ( O 3 Vi = g Vet 05 Oy )
Icn j=1

where the sum runs over all intervals I of n of cardinality at least two. According to
Proposition 6.2.3, the operations /\Slk) satisfy the same recurrence relation, and same initial
condition )\S) ) — 97(10), therefore /\$f ) — 97@ for all k. O

7. Algebra and geometry around the ncBV-algebras and the Givental action

In this section, we discuss two applications of the Givental action, and some results directly
related to these applications. We use the Givental action to reinterpret the notion of the
noncommutative order of a differential operator on a noncommutative algebra due to Borjeson
[4], and to establish an explicit quasi-isomorphism between the ns operad ncHyperCom and
an explicit model for the homotopy quotient of ncBV by A. The first of those results leads to
a new type of algebras, a particular type of homotopy ncBV-algebras where only the operator
A is relaxed up to homotopy; these algebras are related to homotopy involutive infinitesimal
bialgebras via a certain bar construction. The second one leads to a corresponding conjecture
on the geometric level, which we support by exhibiting a different geometric model for the
operad ncBV.

7.1. Borjeson products and the Givental action

The purpose of this section is to relate the Boérjeson products, which are noncommutative
analogues of Koszul brackets [50] defining the order of differential operators, to the intersection
theory of brick manifolds.

7.1.1. Differential operators on noncommutative algebras. In this section, we recall a
definition of a differential operator of noncommutative order at most [ on an associative algebra
prompted by results of Borjeson [4] and Markl [60].

DEFINITION 7.1.1 [4, 60]. Let (A, m) be a graded associative algebra, and let D: A — A

be a linear operator. We define the sequence of Bérjeson products b2 : A®™ — A as follows:
vP .= D,
b? ==Doym—mo; D—moy D,
b? :=Doymogm—moy (Doym)—mog(Do;m)+moy(moy D),
bP =P L oom (n>4).

It is easy to see that the above recursive definition results in the following explicit formula

for the higher Borjeson products:

bP = Do, m™ D _m o, (Do m(n*2)) —moy (Do m(n72)) + (m oy m) oy (D oy m(n73)).

(35)
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This implies the following result which shows that the substitution in slot 2 in the formula
bY .= bP | 0y m above is somewhat coincidental, and there are recursive formulas for the higher
Borjeson products which use any chosen slot.

ProOPOSITION 7.1.1.  We have the following formulas:

by = by orm—moy by, (36)

b2 =b2 o;m, 2<i<n-—2 (37)

bP =D 0, 1m—mobY |, (38)

Proof. Direct computation using Formula (35). O

DEFINITION 7.1.2 (Noncommutative order of an operator [4, 60]). Let D be a linear map
on an associative algebra A. It is said to be a differential operator on A of noncommutative
order at most [ if the Borjeson product bl’:_)i_1 is identically equal to zero.

REMARK 7.1.1. This definition should remind the reader of the definition of differential
operators on commutative algebras due to Koszul [50], which, for unital algebras, is equivalent
to the classical definition of Grothendieck [39]. However, in contrast to that, the definition of
noncommutative order of a differential operator has a very unusual feature: while for nonunital
algebras, one can easily construct examples of differential operators of all possible orders, for
example, coming from bar constructions of A..-algebras [4], for unital algebras, a differential
operator of order at most [, for [ > 2, is automatically a differential operator of order at most 2.
To verify that, one can see that substituting a1 = a, a2 = --- = a; = 1, a;11 = b in the identity
leH(al, ...yar+1) = 0, one gets the identity

D(ab) = D(a)b+ (=1)I*PlaD(b) — (=1)!9IPlaD(1)b,
which, by direct inspection, implies b2 = 0. The latter identity, in turn, implies the identity
bl(at,...,aip1) =0 forall [>2,

by definition. Therefore, the notion of noncommutative order of differential operators is mainly
‘interesting’ for nonunital algebras.

We denote by ncDiff ¢;(A) the set of all differential operators of noncommutative order at
most [, and by ncDiff (A) the set of differential operators of all possible noncommutative orders:

ncDiff(A) := U ncDiff;(A).
>0

REMARK 7.1.2. In the commutative case, the set of all differential operators of all possible
orders forms an algebra with respect to composition, and moreover this algebra is filtered by the
order of the operators. However, in the noncommutative case, the composite of two differential
operators of finite noncommutative orders is not necessarily a differential operator of a finite
noncommutative order:

neDiff ¢ (A) o neDiff ;(A) ¢ ncDiff(A),
as one can verify by direct inspection already for &k =1 = 1.
Similarly to the commutative case, values of a differential operator of order at most [ on

any product can be expressed via values on products of at most [ factors. More precisely, the
following result holds.
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PROPOSITION 7.1.2. For a differential operator D of noncommutative order at most [, and
for every n > 1+ 1, we have

Dom® V= 3wtV (Doym®)— 3 mt Y o (Doyml-Y),
1<k<n—1+1 2<k<n—I+1

Proof. This is proved by an easy induction on n, similar to [18, Proposition 5|, using
recursive formulas of Proposition 7.1.1. O

An important property of Borjeson products is given by the following proposition.

ProPOSITION 7.1.3. We have

ol = S R (1% @b @1a®T) - (—) PPl (0% @b @id®). (39)
n=i+j+k,
k>1,i,j20
Here, [D1, D3] = D1 Do — (—1)|D1”D2|D2D1 is the graded commutator of the linear maps D
and D2.

Proof. This essentially follows from results of [60] interpreted from the viewpoint of [19].
Let us consider the pre-Lie algebra g := (],~, Hom(A®", A),*) associated to the ns operad
Endy4, see [54, Section 5.9.15]. We view the associative algebra structure on A as an element
® = (id,m,m®,...) of g which, in each arity k > 1, is the operation m*) of the k-fold product.
According to [60, Example 2.4], the element ®~! is the operation which, in each arity k > 1,
is (—1)*~! times the k-fold product, and the adjoint action of ® on an element D € End(A) =
Enda(1) C gisequal to (52,60 62, ...) = b, that is the element which, in each arity k > 1, is
the kth Borjeson product b,?. (In [60], this is applied for a map D of degree 1 satisfying D? = 0,
but this is only important if we aim to obtain an A..-algebra; otherwise these formulas can be
applied to any D whatsoever). The adjoint action of a Lie group is in always an automorphism
of the corresponding Lie algebra, which is precisely what equation (39) translates into in our
case. (]

Proposition 7.1.3 implies the claim of Borjeson that for a map D of degree —1 satisfying
D? = 0, the Borjeson products define an A..-algebra structure on the desuspension s~'A of
A, since D? = %[D, D]. More conceptually with the framework developed in [19], D can be
viewed as a Maurer—Cartan element in the convolution dg pre-Lie algebra

HHom(Asi,EndA),* = HHom(A®”,A),*

n>1 n=1

The element ® = (id, m, m®, .. .) is an element of the associated gauge group, whose action on
D gives yet another Maurer—Cartan element, which is nothing but the A..-algebra of Borjeson.

Another result that one can immediately derive is the following property that is known to
hold for differential operators on commutative algebras (and is somewhat surprising in the view
of Remark 7.1.2).

COROLLARY 7.1.1. The graded commutator of two differential operators of finite noncom-
mutative order is also a differential operator of finite noncommutative order. Moreover, the
commutator ‘makes the noncommutative order drop by 1’:

[nCDiﬁ‘gk(A), nCDiﬁlgl(A)} C nCDiﬁ‘gk_H_l(A). (40)
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In the commutative case, a differential operator of order at most [ on the algebra of formal
power series in several variables is completely determined by its restriction to the subspace
of polynomials of degree at most [. Let us establish, for a given [ > 1, an explicit description
of the set of all differential operators of noncommutative order at most [ on the nonunital
algebra T(V') of noncommutative polynomials. For any map f: V' — T(V), we consider the
map Dy: T(V) — T(V) defined by

Y idYefe@idy’, forn >,
Df = i+j+l=n

0, for n < 1.

The assignment f — D defines a linear map from Hom(V®!, T(V)) to End(T(V')). We denote
its image by ncDiff V(T(V)).

PROPOSITION 7.1.4. (1) For any map f:V® —T(V), the map D; € ncDiff;(T(V)) is
differential operator of noncommutative order at most .

(2) The vector space of differential operators of noncommutative operators of order at most
decomposes with respect to these maps:

l
ncDiff<; (T(V)) = @D neDift ® (T(V)).
k=1

Proof. The first assertion is directly proved by computing bﬁfl = 0.

For the second assertion, let Dy, +---+ Dy =01in 22:1 neDiff *(T(V)). By induction, its
restriction to V®* for k = 1,...,1is equal to Jk- So all these latter ones vanish, proving that all
the Dy, are equal to 0. Now let D € ncDiff;(T'(V')) be a differential operator of order at most
l. We consider its restrictions f := Djyer on V@ for 1 < k < 1. We define by induction on

k=1,...,1, the following maps f(;) and differential operators D) of noncommutative order
at most k:
foy = fr = Do — - =Dy} D®) = Dy, € neDit ¥ (T(V)).

By definition, D™ + ... 4+ DU agrees with D on V @ ---@® V®. Finally, Proposition 7.1.2
shows that D™ + ...+ D@ and D agree on V®" for all n >1+1, hence D =DM 4... 4
DO O

7.1.2. Associative ncBV -algebras. Recall that in [51], a version of homotopy BV .-
algebras was proposed. A conceptual interpretation of that definition is contained in [31],
where it is shown to be equivalent to an algebra over the Koszul resolution of the operad
BV, for which most higher operations vanish. In this section, we present a noncommutative
counterpart of the latter definition, and show that a definition & la [51] which utilises Bérjeson
products instead of Koszul brackets is also available.

DEFINITION 7.1.3 (Homotopy ncBV-algebra). A homotopy ncBV-algebra is an algebra over
the Koszul resolution ncBV ., := QncBV!.

Since the underlying nonsymmetric collection of the Koszul dual is isomorphic to

neBV' 22 T¢(8) o As} o Asl,
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the data of a ncBV -algebra on a chain complex A amount to a set of operations mél_’myik,

where [ > 0 is the weight in §, k > 1 is the arity in As‘17 and i1, ...,4; > 1 are the arities in As'
(where p? = da).
The following result is a noncommutative counterpart of [31, Theorem 20].

PROPOSITION 7.1.5. A homotopy ncBV-algebra is a chain complex (A,d ) equipped with
operations

mio o AP A for m=ip 4y, 120, k=1, 0> 1,

215452k

of degree n + k + 21 — 3, with m{ = d , satisfying the following relations (indexed by the same
set)

l—l l/ ’//
E: ELMNG sy i T § , E2MMy i +14ig" i Qi1 T Gy i i
1<5<k I=U'+1"
ij=i; +i;"’ a<b
= ()7

where i,/, i,", i’ and ig" are defined by io = io' +1ia",ig =i +ig",a=14i1+ - +is +1
and b =iy + -+ +ig’, and where e; = (—1)1+Fii-1+ii =i+l and

£y = (_1)i1+-~‘+ia71+i5+--~+ik+[(ia”—1)+--»+(i5/—1)].[(iB”—l)—i-n-—i-(ik—1)]+k—1.
We denote this relation by R} . . Note that for | =0, the first (linear) term is not present
in the relation.

Proof. A structure of a ncBV -algebra on a chain complex A is encoded by a Maurer—
Cartan element in the convolution dg Lie algebra Hom (ncBV, End 4 ). Let us denote by millk

the image of the element uél’ € ncBV' in the endomorphism operad under a given ncBV .-

algebra structure. The Maurer-Cartan equation, once evaluated on p}, ; , leads to a certain

relation in the given algebra. The first term of that relation corresponds to the image of

“21,...7% under the coderivation d,,. The second term of that relation is given by the infinitesimal

decomposition map of the ns cooperad ncBV'i. These are precisely the terms in the relation
l

Ri, ..., above. O
DEFINITION 7.1.4 (Associative ncBV o-algebra). An ncBV -algebra is called associative

if all its generating operations vanish except for the binary product m9 and the operations of

the form m} .

PROPOSITION 7.1.6. An associative ncBV.-algebra is an associative algebra (A, m)
equipped with a collection of operators A;, | > 0, each A; being a differential operator of
noncommutative order at most | + 1 and of degree 2] — 1, such that

Z AzAJ = O7
ity=l

for each | > 0.

Proof. The proof is similar to the proof of [31, Proposition 23]. When all the operations
vanish except for m := m9 and mllw’hl > 0, the only nontrivial relations are RY, RY, Rlly__"l,
and R} |5, ;. The relations R§ and R together express the fact that (4,m3,m?) is a
differential graded associative algebra.



NONCOMMUTATIVE COHOMOLOGICAL FIELD THEORIES 505

We consider Ay :=d4 and A; :=m}, for [ > 1, which satisfy |A;| = 2] — 1. For [ > 1, the
relations Rb, RZLQ (or equivalently 7?,1271), and le’l’wl are equivalent to the formulas

=1 1 Ai4n—2
ml.,..,l - bn e,

which show that the operations mll_’my1 are completely determined by the operators A;.

Examining Formula (37), we find that the relations R} 5, ; do not bring anything new.
The relations R, RY , (or equivalently RS ;) and RY 5, ; (or equivalently RY |, ) give,
respectively, that bf"’g =0, for n > 2, that is 4, is a differential operator of noncommutative
order at most [ + 1. The relations R! are precisely Zi+j:l A;Aj = 0. Using Relation (39), it
is easy to see that relations R}, formally follow from the relations R} ,; ; and R} (if we
write the latter in the equivalent form -, . ,[A;, A;] = 0).

The relations R'Ql
respectively,

, and Rll,...,1727 where [ > 1 and the subscripts add to n > 4, give,

A _ A _ A _
orm—mogb,"{"* and bRt = b o,y m—mor b,

A Hl—2 An,+172
bn K =b n—1

n—1
which follow immediately from Formulas (36) and (38). Finally, the relations RS, ; and
R(lJ-,--.yLQ’ where the subscripts add to n > 4, give, respectively,

An72
n—1 >

bAn—z

n—1

01 M =M 0g bﬁf[z and bﬁﬁ{z Op_1m=moyb
which immediately follow from Relations (36) and (38) since the operator A,_, has
noncommutative order at most n — 1. O

Let us denote by ncBV2*°° the dg ns operad encoding associative ncBV -algebras. As
we just established, dg ns operad is obtained from the ns operad of associative algebras by
adjoining generators A; of degree 21 — 1, for [ > 1, satisfying the noncommutative order at
most [ + 1 condition blA_ﬁQ = 0; the differential @ = [Ag, -] of this operad satisfies

d(m) =0,

O(A) == > AA;.
i+j=l,
4,521
Let us establish a noncommutative analogue of [6, Theorem 5.3.1] and show that the dg ns
operad ncBV 2% is a (noncofibrant) resolution of the ns operad ncBV.

THEOREM 7.1.1. The canonical projection
p: neBV ¢ — neBV,

which sends the generator Ay to A and the generators A; to 0, for | > 2, is a quasi-isomorphism
of dg ns operads.

Proof. We follow here the strategy of the proof that is similar to the one for the commutative
case outlined in [6, Appendix C]; the below Grobner basis argument is a noncommutative
analogue of the argument in [18, Appendix A].

Let us determine a basis of the underlying ns collection of ncBV32°°°. We first note that
since all the operators A; are of odd degrees, we have

=D A, :—% > [AanA

i+j=1, i+j=l,
4,521 4,521
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and hence by Corollary 7.1.1, the element

AA) == > AA;

itj=l,

i,j>1
is a differential operator of noncommutative order at most i + 14+ 7+ 1—1 =1+ 1. It follows
that the ideal of relations of the operad ncBV:°¢ is a differential ideal, and hence there are
no new relations arising as boundaries of existing ones. Thus, for the purpose of computing a
basis, we may forget about the differential 9, and consider the operad which is a quotient of
the free operad T (m, A1, Ao, ...) by the ideal generated by the associativity relation for the
operation m and the noncommutative order [ + 1 relation for A;, for each [ > 1.

Next, let us compute the reduced Grobner basis of relations for the path degree-lexicographic

ordering [5] corresponding to the ordering of generators

m<A] <Ay <o

Note that the leading term of the associativity relation is m o; m, and the leading term
of the noncommutative order [+ 1 relation is A; o; m!*!. Thus, the only overlaps of these
leading terms are the overlap of the associativity relation with itself and the [ 4+ 1 overlaps of
the noncommutative order [ 4+ 1 relation with the associativity relation, corresponding to the
common multiples A; oy m!T o; m for 1 < i <1+ 1, for each [ > 1. The first overlap leads to
an S-polynomial that can be trivially reduced to zero. The common multiple A; oy m!*! o; m
leads to S-polynomials that can be reduced to zero using proposition 7.1.1. Hence, the defining
relations of our operad form a reduced Grébner basis.

Finally, we observe that the set of normal monomials with respect to the leading terms of
the Grobner basis we found are in one-to-one correspondence with the set of all planar trees
whose internal edges are labelled by arbitrary noncommutative monomials in generators A,
[ > 1, where each vertex above an operator A; can have at most [ + 1 leaves. These normal
monomials form a basis of the underlying ns collection of ncBV 2%°°°.

Let us denote by A51A the ns sub-operad of ncBV generated by b and A. Its relations define a
distributive law AslA 2 As; oD between As; and D, see Propostion 4.1.1. Therefore, it is Koszul
with Koszul dual ns cooperad is isomorphic to (As*)i 2 Di o As| 2 T¢(§) @ As*, the Hadamard
product of the cooperads T°(5) and As*. We denote by (As®). its Koszul resolution. Let us
denote by !, the generating element of k d' ® As*(n) and by 55 the element

Ayoym™Y —moy (Aj oy m(n72)) —mog (A; 0y m(n72)) + (m oy m) oy (A 0y m(n73>)

in ncBVZ®°¢, the right-hand side of Formula (35). From Proposition 7.1.3, it easily follows
that the morphism of ns operads

X: (AslA)OO — ncBV2>¢

defined on the free generators by setting x(u!,) = ﬁ "*7=1 is a morphism of dg ns operads, in

particular a morphism of dg ns collections. It follows that the composite
Aso(AsD) 149 Aso ncBV 2% < neBV 22%° oneBV 32°°° — neBV 32°°°,

where the last arrow is the composition map of the ns operad ncBV 2%°°°| is also a morphism
of dg ns collections. A direct inspection shows that the images of the natural basis elements
of As o(AslA)OO have pairwise distinct leading terms, and among those leading terms each
normal monomial determined above occurs exactly once. It follows that our map is actually an
isomorphism. This isomorphism induces a homology isomorphism

H,(ncBV?255°°) = H,(Aso(Asf) o) =2 Aso Asf = queBV 2 neBV .
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It remains to note that the diagram

Aso(AsD) o = . ncBV 2550¢
7(As ox)
: :
AsoAs? = ncBV
commutes, and hence map p is a quasi-isomorphism. O

7.1.3. Differential operators on the noncommutative algebras and the Givental action.
In this section, we combine results and definitions of the previous sections, obtaining
noncommutative analogues of the genus 0 results of [18].

The first result we prove relates Borjeson products to intersection theory on brick manifolds.

THEOREM 7.1.2. Let A be a graded associative algebra, which we regard as ncHyperCom-
algebra where all the structure operations vy of higher arities k > 2 vanish, and let
m(2) =150 712! be an element of the Lie algebra End(A)[[2]] of certain degree d. The Givental
action (32) of r(z) on the corresponding tree level ncCohFT preserves it if and only if each
operator r; is a differential operator on A of noncommutative order at most [ + 1.

Proof. The proof is analogous to [18, Theorem 1]. Basically, the main idea is that conditions
in the top homological degree are precisely identities of Proposition 7.1.2, and the other
conditions follow from them via the recursion relations of Proposition 6.1.4. O

The next result is a conceptual formulation of a noncommutative analogue of [18, Corol-
lary 1]; it relates associative ncBV .-algebras to the homotopy theory of ncBV-algebras.

THEOREM 7.1.3. Consider a graded associative algebra structure on a graded vector space A,
which we view as a Maurer—Cartan element of the dg Lie subalgebra gncHypercom C lheBv, and
letr(z) =315 72" be a Maurer—Cartan element of the dg Lie subalgebra End(A)[[z]] C lucBv-
The sum r(z) + « is a Maurer-Cartan element of the L..-algebra l,.py if and only if the
associative algebra on A equipped with the operators A; :=r;_1 is an associative ncBV -
algebra.

Proof. The condition of r(z) + « to be a Maurer—Cartan element amounts to

- 1
Z Z ———l(r(2),...,r(2),a,...,a) =0.
o pln—p)! "L L L

p times n—p times

The terms

n times
once grouped together, vanish because a is a Maurer—Cartan element. Let us demonstrate that
the terms
Lo(r(2),...,1r(2),a,...,a) with p > 2
—_—
p times n—p times

vanish individually. Since o and r(z) are Maurer—Cartan elements of the corresponding dg Lie
subalgebras of [,.pv, any tree in the homotopy transfer formulas which has two leaves with
the same parent both labelled by i(«) or both labelled by i(r(z)) gives the zero contribution.
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Therefore, the only potentially nonzero terms in the homotopy transfer formulas along the
deformation retract (34) are made up of trees which have, at each leaf, either i(r(z)) or i(a(z)),
or left combs

|
h

where each question mark is either 7(z) or «. Similarly to how it is done in [17, Theorem 5],
one may utilise the weight grading of the cooperad qncBV' given by the number of vertices
labelled by p, and the fact that § ® H increases this weight grading by one. Since i(«) vanishes
on elements of weight grading greater than one, we conclude that all the trees with at least
two leaves labelled i(r(z)) vanish.

Let us now examine the terms where r(2) occurs exactly once. Similarly to Theorem 6.3.1,
one can show that the contribution of all these terms together is equal to the result of applying
the Givental-Lee formulas to r(z) and a (that theorem is proved for r(z) of degree 0, and we
are applying it to r(z) of degree —1, so it really is an analogous statement rather than the
same one). It remains to apply Theorem 7.1.2 to complete the proof. U

REMARK 7.1.3. Theorem 7.1.3 shows that Definition 7.1.4 of associative ncBV .-algebras
can be equivalently given from the minimal model viewpoint: An associative ncBV -algebra
is an algebra over the minimal model of ncBV for which the only operations that do not vanish
are the higher homotopies for A2 = 0 and the binary product.

7.2. Associative ncBV ,-algebras and 1B, -bialgebras

The purpose of this section is to relate in a precise way the two notions of associative ncBV .-
algebras and bialgebras over the properad IIB.,, the cobar construction of the Koszul dual
of the properad of infinitesimal involutive bialgebras. That properad may be viewed as a
noncommutative analogue of the properad IBL., of homotopy involutive Lie bialgebras, which
plays a crucial role in string topology, symplectic field theory and Lagrangian Floer theory,
see, for instance, [11, 24].

In the first part of this section, we compute the differential Lie algebra which controls the
deformation theory of bialgebras over IIB.,. This can be seen as the noncommutative analogue
of the result that describes homotopy involutive Lie bialgebras as Maurer—Cartan elements in
the completion of the Weyl algebra of differential operators; see [64] for the general theory and
[21, Theorem 4.10] for this particular case.

In the second part of this section, we define the bar construction of a IIB..-bialgebra,
and establish that this construction provides us with an equivalence of categories between
IIB.-bialgebras and associative ncBV -algebras with free underlying associative algebra.
In the commutative case, such an equivalence between IBL.,-bialgebras and commutative
BV -algebras whose underlying commutative associative algebra is free is known; see, for
example, [6, Proposition 5.4.1; 62, Example 10].
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Note that while, in the classical case, the properad IBL of involutive Lie bialgebras is Koszul
[6], the ns properad IIB of involutive infinitesimal bialgebras is not [64]; for our purposes,
this merely means that we always work with the properadic cobar complexes, and do not infer
results on the homotopy category of infinitesimal unimodular bialgebras from our results on
algebras over the cobar complexes.

7.2.1. Involutive infinitesimal bialgebras and Frobenius bialgebras. In this section, we
discuss the properads of involutive infinitesimal bialgebras and Frobenius bialgebras, and their
basic properties.

The following definition goes back to Joni and Rota [45] (where of course the language of
bialgebras, not the language of properads, is used).

DEFINITION 7.2.1. The properad IIB of involutive infinitesimal bialgebra is the ns properad
with two generators m € 1IB((2,1) and ¢ € IIB(1,2) which satisfy the following relations:

mo (m®id) =mo (id®@m), (41)

(6 ®id) 06 = (id ®J) o 4, (42)

mod =0, (43)

dom=(m®id)o (id®J) + (id®@m) o (6 ® id). (44)

Relations (41) and (42) express, respectively, associativity of m and coassociativity of §.
Relation (44) is an infinitesimal version of the compatiblity relation in a bialgebra, see [1]. The
property expressed by Relation (43) is usually termed ‘involutive’.

With a regrading of one of the operations, it is possible to construct ncBV-algebras from
involutive infinitesimal bialgebras; this is a noncommutative analogue of the construction of
[36, Section 2.10].

EXAMPLE 7.2.1. Suppose that (A, m,J) be an involutive infinitesimal bialgebra, which is
the same as Definition 7.2.1 in which the coassociative coproduct ¢ has degree 2. In this case,
the ncGerst-algebra structure of the bar construction (T(s~*A), m) of Example 3.1.1 may be
extended to a ncBV-algebra given by the formula

A = Z id®01 (s~ o (s ® 5)) ® id®M~ 1D
1<i<n
+ Z id®@-1 ®((S—1 ®$71)5S) ®id®("”—i).
1<i<n

DEFINITION 7.2.2. The properad ncFrob of noncommutative Frobenius bialgebras is the
ns properad with two generators m € ncFrobg(2,1) and ¢ € ncFrobg(1,2) which satisfy the
following relations:

mo (m®id) =mo (id ®m),
dom = (id®@m) o (6 ®id),
dom = (m®id) o (id ®d),
(0 ®id)od = (Id®J) o 4.
PROPOSITION 7.2.1. (i) For each m,n > 1, and each g > 0, the genus g component with m

inputs and n outputs ncFrob,(m,n) of the ns properad ncFrob is one dimensional.
(ii) The ns properads ncFrob and IIB are Koszul dual to each other.
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(iii) The ns properad ncFrob is not Koszul.

(iv) The Koszul dual coproperad 1IB! of the properad 1IB has as its underlying space
the collection (As')°P @ T¢(z) ® As', where ‘op’ refers to the ‘opposite’ cooperad obtained by
reversing inputs and outputs, and z is a formal variable of degree 2; its powers account for the
genus in the coproperad.

Proof. Statements (i) and (ii) and (iv) are proved by a direct computation, statement (iii)
is established in [64, Lemma 46]. O

DEFINITION 7.2.3. We shall refer to algebras over the cobar construction Q(IIBY) as
I1B.-algebras.

REMARK 7.2.1. A suitable homotopy coherent notion of an involutive infinitesimal bialgebra
should involve strictly more generating operations (homotopies), corresponding to more
syzygies in the cofibrant properadic resolution. However, even though the ns properad IIB is
not Koszul, bialgebras over the cobar construction Q(IIB!) share nice homotopy properties,
since this latter properad is cofibrant. This gives at least one reason to consider this
algebraic structure.

7.2.2. Noncommutative Weyl algebras. Let V be a graded vector space, which we
consider to be either finite dimensional or bounded from below with finite-dimensional graded
components. In the commutative case, the Weyl algebra of a vector space V is the algebra of
differential operators on V. A coordinate-free definition of (a completion of) this algebra is
presented in [11, 21]; we mimic the latter definition here.

DEFINITION 7.2.4. Let f € Hom(V®, V®9), g€ Hom(V®" ,V®*) and let k> 1 be an
integer. The partial k-composition f o*) g is defined by the formula
0, if & > min(p, s),
Y ([d¥ef@id¥)og, ifk=p<s,
i+j=s—p
Z fo(id¥ ®g®id®), if k=5 < p,
i+j=p—s

(f ®id®E7M) o (1d®P~H @g) + (1d®CH @ f) o (9 @ id®P~H), if k < min(p, ).

Besides the nonunital algebra of noncommutative polynomials

(V) :=EPver,
n>1
we shall also use nonunital formal noncommutative power series
T(V):=[]ve
n=1

It is clear that the partial k-composition extends to a well-defined map

— — o

o™ Hom(T(V), T(V)) ® Hom(T(V), T(V)) — Hom(T(V), T(V)).
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DEFINITION 7.2.5. Let h be a formal variable. The noncommutative Weyl algebra
(ncW(V), x) of a graded vector space V is the k[[A]]-module

neW (V) = Hom (T(V), T(V)) %Ik[[h]],

endowed with the k[[A]]-linear binary operation x defined by the formula

f*gF:E:(fJ“g)ﬁ“ﬁ

k>1

for f,g € ncW(V).

THEOREM 7.2.1. Let V be a chain complex bounded from below.

(1) If we assign to the formal variable I the homological degree —2, the noncommutative
Weyl algebra ncW(sV'), with the differential induced from that of V, becomes a differential
graded Lie-admissible algebra.

(2) There is a one-to-one correspondence between I1B.-bialgebra structures on V and
Maurer—Cartan elements of the differential graded Lie algebra associated to ncW (sV').

Proof. We prove both assertions at the same time using the formalism of [64] as follows.
Let Endy denote the endomorphism properad of V. The convolution algebra encoding
IIB.-bialgebras is isomorphic to

o — —

Hom(IIB!, Endy ) & Hom(7T°(2) ® As'(V), (As')*(V)) = s> Hom(T'(sV), T(s~1V))[[A]].
Here h = z*, either of these formal variables essentially counts the genus of operations in
the properad. The coproperad structure on IIB! induces a Lie-admissible product on this
convolution algebra. Note that

- L —

 Hom(T(sV), T(s V) [[H] = Hom (T(sV), T(hsV)) ® %Jk[[h]] — neW(sV),

and moreover, in the present case, it is straightforward to check that the Lie-admissible product
of the convolution algebra is equal to the product * under this isomorphism. (Essentially, it
boils down to the fact that the elements appearing in partial k-composition are the only
compositions in the ns properad ncFrob.) Both statements immediately follow. We invite the
reader to compare this with [11, 21]. O

COROLLARY 7.2.1. An IIB.-bialgebra structure structure on a graded vector space V
amounts to a collection of maps

Mo, yen . yem
of degree |, ,,,| = n +m +2g — 3, for any n,m > 1 and g > 0, satisfying
pkp=0,
where 1 =Y p.m>1, K5, - In particular, the square-zero map u?_rl is the underlying differential.

920

7.2.3. Bar construction of 1B, -bialgebras. In this section, we extend the bar construction
of A,.-algebras to IIB.-bialgebras.

Recall that the bar construction of an Ay -algebra {m,,},>1 on V is the (noncounital) cofree
conilpotent coassociative coalgebra TC(SV) equipped with the unique square-zero degree —1
coderivation d = d,,, + d,, + - - - extending the operations m,, : V" — V. In [75], it is proved
that if one considers the underlying vector space TC(SV) as a commutative associative algebra
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with respect to the shuffle product, then each map d,,,, is a differential operator of order at most
n. In [4], the cohomological version of the bar complex T* (s~ 'V) was used; this is necessary if
one wants to match the degree convention of ncBV o-algebras. The same phenomenon will be
observed below.

In general, for any Koszul operad P, the bar construction of a P, := Q(Pi)-algebra (A, i) is
the cofree Pi-coalgebra Pi(A) equipped with the unique coderivation d,, extending the structure
map p. This holds true thanks to the bijection

MC(Homg(P', Enda)) = Codiff (PI(A))

between Maurer—Cartan elements in the corresponding convolution algebra and degree —1
square-zero coderivations, called codifferentials, on cofree Pi-coalgebras. Such a relationship
cannot be true in general on the level of properads since the notion of a (co)free bialgebra over
a (co)properad is not available. However, in particular cases like IIB,-bialgebras, one can fix
this as follows. The key point relies in the form of the coproperad IIB! that we described in
Proposition 7.2.1; as we already saw in the proof of Theorem 7.2.1, because of that form of the
coproperad IIB! we have

—

Hom(IIB', Endy) = Hom (T(sV), T(hsV)) %]k[[h]] — neW(sV).

As a consequence, we will define a bar construction for IIB..-bialgebras on V utilising
the tensor module T'(sV). The concatenation product on that module allows us to use
differential operators on noncommutative algebras, and obtain a certain equivalence between
IIB-algebras and ncBV 2%*°“-structures on free algebras.

Let us consider the graded vector space T¢(z) ® As'(V) =T(sV)® k[z] which already
appeared in the proof of Theorem 7.2.1. We equip it with the product induced by the
concatenation product of T'(sV):

m(sv; ® -+ ® sy zgl, SVp41 ® -+ ® SUp zg”) =50 @ @ sv, L9’ +g”

The statement of Proposition 7.1.4 extends mutatis mutandis to T(sV)[z], if we adjust the
definition of the mapping f + Dy appropriately. For f: (sV)®' ® 29 — T(sV), we consider
the map Dy: T(sV)[z] = T'(sV)[2] defined by

Di(sv; @ -+ ® sv, @ 2")

Z (dY @f @idS ) (sv1 @ - @ sv, ® 2F) - 279 form =1, k> g,
= i+j+l=n

0, otherwise.
PROPOSITION 7.2.2. The mapping f — Dy,
Hom(T'(sV),T(sV))[[A]] = Hom (T (sV)[2], T(sV)) — End (T(sV)[z])

is a morphism of differential graded Lie algebras.

Proof. A direct computation shows that any pair of maps ¢,: T(sV)[z] — T(sV) satisfy
the following relation in End(T'(sV)[z]):

[Dg, Dy] = Dy gy, - O

DEFINITION 7.2.6. @ An IIB..-bialgebra (V,{u ,,}) is called locally nilpotent if, for any
n > 1 and any vy,...,v, € V, only a finite number of uf ,,(v1,...,v,), for g > 0 and m > 1,
is non-trivial.
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e The bar construction of a locally nilpotent HBDO—Eialgcbra (Vi {3 . }) is the k[z]-extension

of the cofree coassociative coalgebra on sV, that is T'(sV)[z] equipped with the operators A;
defined by

A= Z Dfi,q+1,m’

920,
m>1

where ff,, == s9"279 uf+17m(571)®(l+1): (sV)2UHD) 29 5 (sV)®m,

To state the following result, we shall consider the cohomological version of the bar complex
where we replace sV by s~V to match the degree convention of ncBV-algebras. We
denote by ncDiff V(T (s71V)[z]) the image of Hom((s~V)®![z], T(s~V)) under the mapping
f — Df.

THEOREM 7.2.2. (1) The operations A; of the cohomological bar construction of a locally
nilpotent I11B.-bialgebra endow it with a structure of an associative ncBV y-algebra in which
each operator A; vanishes on (s~V)®"[z] for n < I, that is, A; € neDiff ")(T(s71V)[z]).

(2) The datum of an associative ncBV -algebra structure on the associative algebra
T(s~'V)[z] in which each operator A, vanishes on (s~*V)®"[z] for n <, is equivalent to
the datum of a locally nilpotent 11B.-bialgebra structure on V.

Proof. The first statement is a direct consequence of Corollary 7.2.1 and Proposition 7.2.2.

To establish the second statement, let (T'(s~1V)[z], {A;}) be an associative ncBV ,,-algebra
structure such that A; € neDiff “"V(T(s~'V)[2]). The Kk[z]-extension of Proposition 7.1.4
shows the data of A; are equivalent to the data of maps pf ; , : VEH! — V™ of degree
l+14+m+2g—3, for any g > 0 and m > 1, satisfying

Al = E D(371)®m279/‘f+1,7n,‘g®(l+l)'

920,
m>=1

Since the mapping f +— Dy is injective, Proposition 7.2.2 and Corollary 7.2.1 show that the
maps /i, ,,, satisfy the relations of an IIB-bialgebra. This latter bialgebra is locally nilpotent
by construction. O

REMARK 7.2.2. e In the commutative case, such a result plays a crucial role in the
formulation of symplectic field theories, see [24].
e This result is the full generalisation of construction from Example 7.2.1.

7.3. The operad ncHyperCom as a homotopy quotient of ncBV

From results of Section 4, it can already be deduced, in the same way it is done in [22], that
the operad ncHyperCom is a homotopy quotient of the operad ncBV by the operation A.
However, using the Givental action, it is possible to construct an explicit quasi-isomorphism
from ncHyperCom to a dg operad representing this homotopy quotient. In this section,
we accomplish that. We mainly follow the approach of [47]. However, since we work with
nonsymmetric operads, we prefer to write down all the formulas in such a way that they do
not contain unnecessary denominators. A geometric version of the statement on the homotopy
quotient is discussed in the next section.
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7.3.1. Homotopy trivialisation of the circle action. Following [17], we view trivialised circle
actions as follows. For a chain complex A, we consider the associative convolution dg algebra

a:= (Hom (TC((S), End(A)),*),

which gives rise to a dg Lie algebra controlling homotopy circle actions on A. We also consider
the extended convolution algebra

a:= (Hom (T¢(d), End(A)), *).
In the latter convolution algebra, we denote by 1 and by 0 the maps defined, respectively, by
1:1mids, 0 : 104, and 6"—0, for k> 1.

The data of a trivialisation of a homotopy circle action ¢ € MC(a) on A amount to a degree 0
element f € @ satisfying the following equation in the algebra a:

A+ f)*x(@+¢) =01+ ).
These data are equivalent to a module structure over the quasi-free dg algebra
T.= (T(s‘lTC(é) @ T‘z(cs)) Jdy + dy + dg’),

where the differential d; is the unique derivation which extends the desuspension map on the
space of generators s~': T°(8) — s 'T°(6), the differential d is the unique derivation which
extends the comultiplication map followed by the desuspension map

=C C C 371 —175C C
T@) =T 6T (0) Z—s'T ()T (4),
and the differential df is the differential coming from the Koszul resolution
QH*(S') = (T(s—lT“(a)),dz).
PROPOSITION 7.3.1. The homotopy quotient of the ns operad ncBV by the action of A is
represented by the coproduct
ncBV /, A :=ncBV Vg geg1yi T
Proof. Both the algebra T and the operad ncBV admit a map from the the algebra
QH*(SY)i. In the case of T, it is tautological, while in the case of ncBV, it sends s~!§*

to A for k=1, and to 0 for k> 1. The result then follows from the arguments of
[47, Proposition 2.2]. O

In plain words, an algebra over the ns operad ncBV /, A amounts to a ncBV-algebra A
equipped with extra unary operators ai, as, ... satisfying the equation

a(z) o (04 + Az) = 94 0a(z2),
where a(z) =1+ a1z +azz? +---.
7.3.2. The ns operad ncHyperCom as representative of the homotopy quotient
THEOREM 7.3.1. The two dg ns operads ncHyperCom and ncBV /A are quasi-isomorphic.
Proof. Let us define a map © of dg ns operads from ncHyperCom to ncBV /, A. On

generators, ©(v,,) is equal to a certain sum of terms indexed by all planar rooted trees ¢
with n leaves, taken with appropriate combinatorial coefficients. To describe that sum, let us
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consider the ns operad ncBV over the ring of formal power series in variables A\, indexing all the
half-edges of the tree ¢ (each input and each output of each internal vertex of t). We decorate
the tree t as follows:

e each internal vertex of ¢t with p inputs is decorated by the p-ary operation of ncBV which
is the k-fold product,

e cach half-edge e of ¢ which is a leaf is decorated by the unary operation a=*(—\.),

e the half-edge e which is the output of the root of ¢ is decorated by the unary operation
a(Ae),

e cach internal edge of ¢t made of an output half-edge ¢’ and an input half-edge ¢’ is decorated
by the unary operation

ail(—)\e//) o a()\e/) -1
)\e/ + )\e//

Such a decorated tree ¢t produces an element of the operad ncBV in the following way. We first
expand this decorated tree as an element of ncBV with coefficients being formal power series
in variables )., and evaluate these power series in the commutative ring

® H (Be (1),

v an internal vertex of ¢

where I, is the ordered set of inputs of v, substituting for A\, the ¥-class 1. of the corresponding
half-edge. After that, we integrate each product of i-classes over the corresponding manifold
Be(I,) using formulas of Proposition 6.1.5. Finally, the element ©(v,,) is equal to the sum of all
thus obtained elements of the operad ncBV. We extend © to a map ncHyperCom — ncBV /A as
a morphism of operads. (Note that the actual formulas are much simpler than the commutative
case, since, for example, Proposition 6.1.5 ensures that A2 evaluates as zero for each input
half-edge). The result is then proved analogously to [47, Theorem 5.8]. O

7.4. The real oriented blow-up construction

In this section, we consider the operadic structure on the principal (S')"*!-bundle over the real
oriented blow-up of the boundary divisor that mimics the constructions for the usual moduli
spaces of curves due to Kimura—Stasheff-Voronov and Zwiebach, see [48, 56, 57, 77].

7.4.1. Basic definitions

DEFINITION 7.4.1. Let n > 1. We denote by B (n) — Bc(n) the real oriented blow-up of
Bec(n) along the boundary divisor. Pointwise, we just choose along each divisor Be(n,T;,,) a
unit vector in its normal bundle

(WA,T/G(Z’ T)) ® (G(Z’ r)/VlJrl,Tfl)*-
We denote by Z(n) the total space of the (S')"*l-bundle over B°(n) corresponding to
additionally choosing unit vectors in each of the spaces

‘/1,15 sy Vn,?’u and (G(ﬂ)/‘/&n—l)*

PROPOSITION 7.4.1. The collection of topological spaces {Z(n)} is naturally equipped with
a structure of an ns operad.

Proof. In order to define the operadic composition of ;: Z(I) x Z(J) — Z(I U; J), we use
the operadic composition on B¢ from Definition 5.1.2 and the tensor product of the unit circles
in Vll2 and (G(J)/Vs(min(1)).p(max(s)))" in order to get a unit vector in the normal bundle of
the corresponding divisor in the target space B¢ (I U; J). The other circles in the fibres of
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Z(I) — B (I) and Z(J) — B°(J) are canonically identified with the corresponding circles in
the fibre of Z(I'U; J) — B°"(I U; J). The ns operad axioms are straightforward. O

7.4.2. Homotopy equivalence. As a topological space, the real oriented blow-up of B¢(n)
is homotopically equivalent to Be(n) with (a tubular neighbourhood of) the boundary divisor
removed. In other words, we can consider Bc(n,T),) = (C*)"~2. To obtain a real manifold
with boundary, we should compactify each copy of C* (they corresponds to the choices, for
i=2,...,n—1, of subspaces V;; C G(i —1,i+ 1) different from coordinate axes) by two
circles, obtaining cylinders that we denote by C;, for i =2,...,n — 2.

Thus, the space Z(n) is the total space of a (S!)"*!-bundle over Cy x --- x C,,_5. More
precisely, (S1)"T!1 =S5} x S} x .-+ x Sl where S and S} are fibred trivially (they are the
circles in V; 1 and V,, ,,, respectively), and where S}, for i = 2,...,n — 1, are the unit circles
in the fibres of O(—1)|c,, and S} is the unit circle in the line (G(n)/ @)=, Vi,)*. Still,
homotopically the space Z(n) is the product of 2n — 1 circles. Indeed, each cylinder C; can
be contracted to a circle. Then, we get the total space of a nontrivial principal torus bundle
over a torus, which is the standard torus (with a different choice of the standard basis in the
homology than the one suggested naturally by the fibre bundle).

PROPOSITION 7.4.2. The ns topological operads Z and Asg1 xS are homotopy equivalent.

Proof. We denote by ag,ay,...,a, the elements of Hy(Z(n)) that correspond, respectively,
to the circles S3,S1,...,S.. We also denote by b;,c; € Hi(Z(n)) the two boundary circles
of the cylinder Cj,for i =2,...,n — 1, where b; (respectively, ¢;) is the circle in G(i — 1,1)
(respectively, G(i,i+ 1)). The cycles

ag, .- - 7an7b27027 © ';bn—lacn—l

generate Hy(Z(n)), but they are not linearly independent.

It is easy to see by direct computation of the Chern class that all circles S}, for i = 0,...,n
are fibred trivially over C; except for S} and Sjl-, which are the circles in the fibres of O(—1)
on P(G(j—1,7+1)), for j=2,...,n— 1. This implies the following relations between the

cycles:
ap+a;=bj+c;, j=2,...,n—1, (45)

and there are no further relations. Note that this way we recover the equality dim H; = 2n — 1,
as we expect, so Z(n) is homotopically equivalent to the 2n — 1-dimensional torus.

In order to establish this equivalence explicitly, we consider a torus that is a product of
(n — 1) + n circles, whose generators in H; are denoted by 1 2,...,%n—1,, and y1,...,y, (we
choose this notation in order to make it closer to the structure of Asg: xS'). Then, we observe
that

n—1 n
apg = E ZTii+1+ E Yis
i=1 i=1

aj:yj, j:l,...,n,

Jj—1 J
bj:zxi’iJrl—’_Zyi’ j:2,...,n—1,
i=1 i=1

n—1 n
Cj:Z%:,v:HJrZ% J=2,...,n—-1
=7 1=
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satisfy the relations (45). This establishes the explicit homotopy equivalence of Asg: xS! and
Z(n).

Let us now show how the operad compositions match. Consider the operadic product in
Asg: xSt corresponding to the tree T} ,.. On the level of the corresponding topological spaces,
it is the product of the tori 77 and T5 over an identification of some circles. The torus T} is
the product of the circles corresponding to the cycles x12,...,21-11, Ty r41,--.,Tn—1,n and
Yls vy Yl—1s Yser Yrt1s - - - Yn- Lhe torus Ts is the product of the circles corresponding to the
cycles zj141,...,Tr—1,, and y;, ..., y,. The product of 77 and T5 is taken over the identification
of y, with the diagonal circle in the torus 7T5.

In order to compare this operadic product to the one in Z(n), we have to recall the local
description of the stratum B(n,7;,) in Section 5.1.3 (which implies the description of its real
oriented blow-up). On the level of cycles a, be, ce, the interpretation of the local structure of

(L1, or} LB =L 1) x 2({L. 1))

Ol =1t

inside Z(n) is the following.

Assume, for convenience, that [ # 1, r # n — 1 (in the special cases when [ =1orr=n—1
the description is completely analogous). The first space Z({1,...,l—1,%7r+1,...,n}) is
formed by the cycles ag,a1,...,a;-1,0r41,...,0,, the cycles by, ca,...,01-1,¢1—1, by := ¢y,
Cx :=bpy brg1,Cr41, - bn_1,¢cn1, and an extra cycle a, (corresponding to the circle in the
normal bundle), satisfying the equation b, + ¢, = ag + a.. Observe that this relation is satisfied
for

r—1 T
ay = Z Tii4+1 + Z Yi-
i=l i=l
The second space Z({l,...,r}) is formed by the cycles
Ay, Qly .., 0, and b;+1, cg_H, e b;_l, c;,_l
satisfying the relations
Vi +cy=acta;, j=1,...,m

Observe that this relation is satisfied for

Jj—1 J
b;‘:Z'ri,i+1+Zyi7 j:l+1a"'7r_17
i=l i=1

r—1 T
C;‘:in,i+l+zyi7 ]:l+1a7r_1
=3 =3

Thus, we see that the circle a, acts diagonally on the torus corresponding to Z({l,...,r}),
which is exactly the definition of the operadic composition in Section 3.2.1. g

7.4.3. Conjecture on the homotopy quotient. The analogous statement for the moduli
space of curves is that the ns operad formed by the principal S"*!-bundles over the real oriented
blow-ups of the spaces My ,,41(C), for n =2, ..., is homotopy equivalent to the framed little
discs operad [48]. It is proved in [20] that the homotopy quotient of the framed little discs
operad modulo the circle action is equivalent to the operad of the moduli spaces My ,,+1(C).
We conjecture that the same holds in the noncommutative case.

CONJECTURE 7.4.1. The homotopy quotient of the ns operad Asg: xS! by the circle action
is equivalent to the complex brick operad Bc.
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This conjecture is a geometric version of the result that holds true on the algebraic level, see
Theorems 4.3.1 and 7.3.1.

8. Formality theorems

In this section, we prove that the noncommutative analogues of the operads of little 2-discs,
framed little 2-discs, and Deligne-Mumford spaces are formal.

8.1. Formality of the operad Asg:

In this section, we shall demonstrate that the operad Asg: is formal over integers. We shall
first establish a general formality result for the operads Asjy; over rationals, and then indicate
how the proof needs to be altered to prove formality of Asg: over integers.

PRrOPOSITION 8.1.1. For every topological space M, the topological operad Asy; is formal
over Q. In fact, there exists a quasi-isomorphism of dg ns operads over Q:

C’fing(ASM, Q) — Hfing(ASM’ Q)

where C®"¢ stands for the singular chain functor.

Proof. For brevity, we denote by C, and H, singular chains and singular homology
over Q. Since we work over a field, we can make, once and for all, some choices of
representatives for the homology classes of M, obtaining a quasi-isomorphism of chain
complexes @1 : Ho(M) — Co(M). Recall from [23, Theorem 5.2] the existence of the cross
product map of chain complexes V := Vs as : Co(M)®? — Co(M?), which is symmetric and
associative. Let us denote by V"2 : Co(M)®(~1 — Co(M™ ') the iteration of the cross
product. Also recall that the crossed product induces a symmetric and associative isomorphism
on the level of homology H(V) : H,(M)®? —» H,(M?); its iteration produces isomorphisms
H(v)n—2 . H.<M)®(n—1) i) H.(M"_l).

Let us now define the quasi-isomorphisms ¢,: He(Asy(n)) — Ce(Asys(n)) of chain
complexes by following diagram

C.(ASM(TL)) = C.(Mnfl) vro? C.(M)®(n71)

A
: -1
®n A

Ho(Aspr(n)) :: Ne(M™1) M H,(M)2n=1),

These maps assemble to form a quasi-isomorphism of dg ns operads; for this, we only have
to check the commutativity of the following diagram

C.(M”lfl) ®C.(Mn271)an171*M"271 C.(Mnlfl > anfl) Celo4) O.(Mn1+n272)
Pnq OPngy T‘Pn1+n22
H(Vymi-1 pno-1 Hg(0;)
H.(Mnlfl) ®H.(Mn271) ! .(Mnlfl % anfl) e\t H.(Mn1+n272)

This is done by first noticing that the operadic composition map o; on the ns operad Asy; only
amounts to permuting elements and then, by applying the symmetry property of the cross
products V. (]
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COROLLARY 8.1.1. The topological ns operad Asg: is formal over Z: there exists a quasi-
isomorphism of dg ns operads over Z:

~

CSM8(Asg, Z) <— HS"8(Asgi,Z).

Proof. All the above arguments hold over the rings of integers, especially the ones relative to
the cross product map. It remains to consider a suitable quasi-isomorphism ¢ : Hg"®(S',Z) —
C’fing(S L Z). There are only two nontrivial homology groups here, one concentrated in degree
0 and one concentrated in degree 1. We can represent them by the following simplices: the
0-simplex 1: A — S! with value 1 and the 1-simplex ¢: A' — S! given by

0 €0,1] = >0 ¢ ST O

8.2. Formality of the operad Asg1 xS*

By contrast with the previous section, the structure maps of the operad Asg: x.S' mix algebra
and topology in a nontrivial way via the group actions, so proving formality for this operad is
a much more intricate task. Using mixed Hodge structures, Joana Cirici and Geoffroy Horel
proved in [12] that the topological ns operad Asg: xS! is formal over Q. In this section, we
offer an elementary proof of formality over R which furnishes a direct quasi-isomorphism (as
opposed to a zig-zag of quasi-isomorphisms of [12]).

THEOREM 8.2.1. The topological ns operad Asgi xS is formal over the field R of real
numbers; more precisely, there is a quasi-isomorphism of dg ns operads over R:

O35 (Asgr xS R) = HI"#(Asgi xS',R),

where C*"® stands for the singular chain functor.

Proof. For brevity, we denote by C and H, singular chains and singular homology over
R. We shall write O for the operad Asg: xS!, so that O(n) = (S')?"~1. We keep the notation
of the proof of Corollary 8.1.1. By a slight abuse of notation, we use the same notation
for the homology classes 1 € Hy(S') and e € H;(S'). We shall also consider the chain map
: Co(SY) — He(Sh) defined as follows. For any continuous map f : [0,1] — S!, there exists
a continuous map 6 : [0, 1] — R such that f(t) = ™. Now the global variation §(1) — 6(0) of
the angle does not depend of the choice of # and is intrinsic to the map f. We denote such a
variation by

1
Vi = —
[Ofﬁ U 2m

(6(1) = 6(0))
and we extend it by linearity to produce a map from C;(S') to R. The map
P Co(SY) — He(Sh) is defined, respectively, by

fe Co(Sl) — 1€ Ho(Sl),

geCy(SY) — <¥all}rg)5 € Hi(Sh),

h € Cp(S") = 0 € Hy(Sh), for k > 2.

The only nontrivial point to check in order to prove that this is a chain map is the vanishing
of the global angle variation of a 2-cycle. The image of a 2-simplex f: A2 — S! under the
boundary map is equal to fdg+ fdo — fd1. Then, the image of the first two terms under
Y is Varjo1)(fdo + f02) = Var|y, ) f + Vary, ., f, where vg, vy, v2 denote the vertices of the
standard geometric 2-simplex. The restriction of the map f to the union [vg,v1] U [v1,v2] is
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homotopic relatively to the boundary to the restriction of the map f to [vg,vs]. Therefore
Var(y, v,] f + Var, v, f = Var(y,.v,) f = Varp, ) fd1, which concludes this point of the proof.
One can automatically note that ¢ is left inverse to ¢, that is, ¥ o ¢ = idp, (s1), which implies
that chain map v is a quasi-isomorphism, for instance.

From now on, we will identify H,((S')") and H,(S')®" using the iteration of the cross
product map. We still consider the following types of quasi-isomorphisms ¢, :

Co((SH)") —T (81"
A

Pn 39®n

. ((5%)7) H, (5")""

(Hew)m)™
In the other way round, to define a left inverse to the map ,,, we will consider the following

symmetrised version of the Alexander-Whitney map. For an n-tuple (i1,...,%,) of integers
such that ¢; + --- 4+ 14, = k, we consider the following maps in the simplex category:

b e [ K]
L iy 4+ i1 + 1,
for 1 < j < n. The symmetric ‘Alexander—Whitney’ maps, that we need, are defined by
AW, 1 Co( X X - x X)) = Co(X1) @ --- @ Co(X,)

1 o
(@1, T0) = — > (=1l Xy (L‘;Fgl)) (1) ® - @ Xn (Lg*gn)) (zn),
Ciitetin=k
g€S,

where Xi,...,X, are simplicial sets, where (z1,...,z,) is a k-simplex of the product
Xy x --- x X,,, where C stands for the Moore chain complex of simplicial sets, and where the
sign is the one obtained by permuting n elements of respective degrees i1, ...,1, according to
the permutation ¢. This map AW,, can be obtained directly by the classical Alexander—Whitney
map AW, see [58, Section VIIL.8], as the following composite

%EUES"L C'(U) n—1
C.(Xl X e+ X Xn) —_— @ C. (X(r(l) X e+ X Xa(n)) A£> @ C. (Xa(l)) (SR C. (Xa(n)>

ogEeS, o€Sy

695 Sn ot

oESy

CO(X1)®®CO(XTL)>

which proves that it is a chain map that factors through the normalised chain complexes.
(Note that the classical Alexander-Whitney map is associative but not symmetric, on the
opposite to the cross product map. The present ‘symmetrised Alexander—Whitney map’ is
indeed symmetric but fails to be associative; this will not be an issue for the present proof
since we do not use the coalgebra structure on singular chains or singular homology.)

We consider the following chain maps 1, 1= ¥®" o AW,,:

Co((S)") — - Oy (S)n
Un wer
Y

Ha((8)") = e Ha (81"
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We claim that the chain maps 9,1 : Ce(O(n)) = He(O(n)) make up into a quasi-
isomorphism of dg ns operads.

Since the cross product map is symmetric and since the composite with the Alexander—
Whitney map is equal to the identity on the normalised chain complex, AW o V = idy, (s1)@2,
the same relation holds true for the present maps, that is

AW, o vl = idN.(Sl)(X)n

on the level of the normalised chain complex. Since ¢ and v are both quasi-isomorphisms,
this proves first that the maps s, 1 are quasi-isomorphisms. Moreover with the relation
o =idg,(s1), this implies also the relation ¢y, o v, = idg, ((s1)n)-

Let us now prove that the maps 12,1 : Co(O(n)) — He(O(n)) preserve the operadic partial
compositions, that is, for any 1 < i < n:

Co(0;
Ci (O(n)) & C1 (O(m) Ci1 (O(n) x O(m)) — L oy (O(n +m — 1))
J{w2n—l®w2m—1 \LwQ(n+m1)1 (%)
H(V) Heq (o)
Hi (O(n)) ® H (O(m)) Hi 41 (O(n) x O(m)) Hi (O(n+m—1)).
We check the commutativity of this diagram on an element (f',..., 2"~ 1): AF — (§1)?n—1

of Cx(O(n)) and on an element (g',..., g% 1) : Al — (S1)2™=1 of C;(O(m)).

For k > 2n — 1, the image of the former element under the map ¥s,_1 is equal to 0 and,
similarly, for [ > 2m — 1, the image of the latter element under the map s,,_1 is equal to O.
To describe the other images, we will use the following notations. We denote by

I = v, vil], I3 = [vr,vas oo, I = [un—1, 00

the principal edges of the standard geometric n-simplex, where v; stands for the ith vertex. For
any continuous map f: A" — S' and for any principal edge I = [v;,v;11] of A", we denote
simply by Var; f the angle variation of the restriction f|; viewed as a map from [0,1] to
S', so that the image of fj; under the map ¢ is equal to ¥(f;) = (Var; f)e. To any subset
D ={P; <--- < Dy} of 2n — 1, we associate the element

¢ . 1\®2n—1
e =19---91® ¢, ©Ql®---®1l® & ®l® -0l € (H(S) )i

position &4 position Py,

We consider the assignment which send a subset ® = {®; < --- < ®;,} C 2n — 1 to the (2n — 1)-
tuple (i1,...,%2,—1) defined by i; := 0, if j ¢ ®, and by 4; := 1,if j € ®. This defines a bijection,
denoted by S(®) := (i1,...,42,—1), between the subset of 2n — 1 with k elements and (2n — 1)-
tuples made up of k times 1 and 2n — k — 1 times 0. (Since the indices k& and n will be obvious
and might change, we will use the generic notation S.) We denote the signature of a permutation
o by (—1)°.

For k < 2n — 1, since the map v vanishes outside 0-simplices and 1-simplices, only the terms
labelled by (i1, ...,42n—1) such that ¢; + - 4+ 42,1 = k and 4; = 0 or ¢; = 1, might contribute
to the image of (f1,..., f2"~1) under the map 1o, 1 = ¥®?>"~1 0 AWy, ;. Since the map 1 is
constant, equal to 1, on 0-simplices, we actually get the following formulas for the lower left
corner of (x):

¢2n_1(f1,...,f2”*1) = % Z (Z(l)U Ikar f<I>1 Xar f@k)sfb

T ®c2n—1 \ocSy o (1) o (k)
|B|=k
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and similarly

1
bom-1(g"s. .. 97" ") = 7 > (Z(—l)T Var g%t - }lfarg‘l’l>8\l',

T WC2am—1 \res, T )
|0 |=1

for ] <2m — 1.

Given ® C 2n — 1 such that |®| =k and ¥ C 2m — 1 such that |¥| =1, we denote their
respective image under S by (hi,...,hap—1) :=S(®) and (j1,...,J2m-1) := S(¥). When
n+i—1¢ ®, we use the following notation:

S(®) o; S(¥)

= (hla"'7h’i—17jla" -7jm—1;hia~--;hn—lvhn7~-~,hn+i—27jma-~-aj2m—17hn+i7- "ah2n—1)'

For the lower right corner of (x), we need to distinguish three cases: any subset
T C 2n+ 2m — 3 of cardinal |Y| = k + [ is of the following form:
(i) T =S"1(S(®)o; S(¥)), when n +i—1¢ ®,
(i) T=S"4S(@\{n+i—1})o; S(YU{j})),forje2m —1andj ¢ ¥, whenn+i—1¢€
P,
(iii) not of these types.

In Case (i), the coefficient of ¥ is equal to

1" " ’ nryrr 1
Ny LY o, @y T v v
(1) m(Z( 17 Yar 4 Var f k)(2< )7 Var g™ - Yarg )
oSk o)) (k) rES (1) HO)

0
for k =k + k" + k", where k' is the number of elements of ® strictly less than ¢, where k' is
the number of elements of ® between i and n + 7 — 2 and where k"’ is the number of elements
of ® strictly greater than n+4 — 1, and for [ =1’ +1”, where I’ is the number of elements of
U strictly less than m, and where I” is the number of elements of ¥ greater than m.

In Case (ii), there are two sub-cases. In sub-case (a), the element j added to ¥ lives in
1 < j<m—1 and the coefficient of eT is equal to

" 3 1" ‘/// ! 1"yt 1
(_l)k H|O<jl+(E"+E"") 1 +1)+E""1 W ( Z (_1)0 kar f¢>1 . \}/;ar f<I>k>
Y \gesy Lo L

T Wy 4 :s
x(Z(—l) Var g }lfarg l), (iia)

= (1) (1)

where the same kind of decomposition as above k — 1 =k’ + k" + k" and I = I’ + 1" and where
|¥ < j| denotes the number of elements of ¥ less than j. In sub-case (b), the element j added
to W lives in m < j < 2m — 1 and the coefficient of el is equal to

(—1)’f’”+ﬁf<j+<k“+k“’>1'+k”’<z”+1>];l'(Z(_na Var f* .-+ Var f‘pk>
“ \oes, 130y 150

x(Z(UTv,arg% v9> (iib)

res, I (1)

Finally, in Case (iii), there is no element of the form e¥.
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For the element situated in the upper right corner of (%), we need to recall the formula
for the cross product map [58, Theorem VIII.8.8]. To any subset S = {S1,...,S:} Ck+1,
one associates the (k,l)-shuffle w(S) which is the permutation of Sy4; sending j € k to S
and j € k + 1\ k to the remaining elements in an order-preserving way. The simplicial map of
simplicial complexes o5 : A¥+! — Al is the one which contracts all the principal edges I¥*!, for
s € S. Similarly, we consider the map of simplicial complexes oge : A¥! — A¥ which contracts
the remaining principal edges. Under this notation, the element situated in the upper-right
corner of (%) is equal to

Z (1)) (floge, ..., floge, (f" T ose) (gros), -0 (T L ose) (g7 Pos),

SCkA+1

|S|=k

in'SC, . fn+i—20_5C7 (fn—i-i—lo_ C) (gmUS) o (fn+i_10'5‘c)( 2m—1 ) fn-H f2n 10_S )
If we denote simply by h},.. h2”+2m 3. ARt 5 S1 the above list of maps, we get the

following formula for the lower rlght term of (x):

k+1
"Ye2ntem—3 \ SChilweSna w(1) L/

T |=k+1 |S|=F

D SN 1D DED SRCEIELER VI RN B

It remains to show that in the above three cases, the coefficients agree. Let us first note
the following facts. First of all, we have Vary fg = Vary f 4+ Vary g: we write f(t) = e?® and
g(t) = e so that (fg)(t) = e'?D+,") and thus

Var fg = iﬁ(ea) +p(1) ~ 0(0) — p(0)) = Var f + Varg.

Second, when ¢ € S, the variation VarIHz fos = 0 vanishes, since the restriction (fog) i i
constant, and when i ¢ S, the variation is equal to

Var fog = Var 1
1! K+l ! )
17\S<7.\

where |S < 4| is the number of elements of S strictly less than i.
In Case (i), the coefficient of ¥ is equal to

Z Z 1)) Var fPrgg. ... Yf},r o ose kYLar (an_IUS“) (9\11105)

Ik+l

Sck-l-lweSHl w(1) w (k) w(k/41)
|S|=Fk
Var (f”“flasc) (g‘l’l’og) Var fO'+1gge... Var  fE+gge
k+1 k+1
Iw(k’«H’) Iw(k’+l’+1) Iw(k’+l’+k”)
n+i—1 y \I’l’+1 y n+i—1 \I’l/_H// y
e Var (f ose)(g os) ... o Var (f ose) (g os)
w(k! 4+ +k"+1) w (k! 1+ 177
®k/+k”+l q)k/+k//+kl//
X Var f Oge e Var f Oge.
o+ o+
w(k}/+l/+k”+lll+1) w(k’+l’+k”+l"+k”')

For any given S C k + [, the only nonvanishing terms come when the permutation w sends the
{1,.. KK +U+1, K+ U+ E+ U+ K+ +1, K+ U+ K+ 1"+ K"} tothe k
elements of S. This happens if and only if the permutation w is equal to the following type of
composite: w = w(S)(c x 7)8, where 8 is the block-permutation which sends {1,..., k", k" +
U4 1, K+ U+ K+ U+ 4+ 1,0+ U+ K+ "+ K to{1,..., k} and {k' +

GV U+ K+ U+ K+ 1" to{k+1,...,k+1},and where o € Sy, T € S;.
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Since there are (kzl) ways to choose the subsets S C k+ [ and since the signature of the

permutation 3 is (—1)* TEHE" and that of o x 7 is equal to (—1)7(—1)7, this term is
equal to

17 111 ’ 11"yt ]_
(_1)(k +E"U R Z (_1) ) Var f<1>1 o Var f‘I’k Var g\l’1 Varg‘l’l
k'l' Ik It 1
€Sy, U(l) o (k) (1) (1)

TES;

that is term (i).
In Case (ii) and sub-case (a), the coefficient of €T is equal to

Z Z ""'(S)“’ Var f®oge ... \k/%r o oge lear (f""'i_lasc) (gq'lag)

k; -|-l Th+L
SCEk+1l weESk 1 w(1) w(k’) w(k'+1)
|S|=F
n+i—1 7 n+i—1 7 L]
. Var (f Usc) (gjas) e H}/ar (f O'Sc) (g l’os) HYar [ +ioge ...
Iw(k’+\\1/<j|+1> w(k/+1/41) w(k/+142)
L Var e Naro (P Ras) (g
o+ o+
w(k!+1/+K"+1) w(k! 1+ k' +2)
Var (fn+i710'5’C) (gq}”“"ds) Var f@k/+k//+1O,SC o
k+l1 k+1
Im(k:’+l’+k”+l,”+l) w(k!+1/+k 1 +2)
Var f‘bk’+k”+k’” USC.

Ik‘,+l

w(k! 4+ +k" 1+ 1)
For any given S C k 4 [, the only nonvanishing terms come when the permutation w is equal
to the following type of composite: w = w(S)(c x 7)v8, where § is the same kind of block-
permutation as above but associated to the decomposition k +1 =k + (I' + 1) + k" + 1" + k"
and where « is the permutation which puts k+ |V < j| + 1 at place ¥’ + k" + 1 and leaves
the other elements in the order. Since the signature of this latter permutation is equal to
(—1)F"+1¥<il this term is equal to

(f1)k"’+|W<a‘|+(kr”+k”’)(l’+1)+k”’l”71 > (=17 (=1)7 Var JALIES Var f® Var g%t Varg"!
0
k'l'aesk I3 I3 Lo )
TES;

that is term (iia). In sub-case (b), the coefficient of ¥ is equal to

1D +l Z Z 1)w(S)e I\{‘ﬂ" fPoge ... \k/%r O gge lear (frlose) (9% 0s) - ..

SCk+1l weSK1 w(1) w(k’) w(k/+1)
|S|=k
1—1 2 D, Dy
Var nti=lgg, Vo Var K+lgge...  var Kk o
Y (f s)(g¥os) n f Se f ge
w(k!+1") w(k!4+1/+1) w(k!+1'+k'")
n+i—1 Wi n4i—1 7
e Var (f O'Sc) (g US) e Var (f O'Sc) (g as) e
w(k/+1 k" +1) w (k! +k + W <j|+1)
i—1 Wy Dy
Var nti=lyge U g Var Kkt lgge ..
. (f s) (g s) . f s
w(k!+1+Ek"+1"+1) w(k!+1+E+1"4+2)
¢k/ k,/ k/l,
Var [rR AR R g ge,

Ik +1
w(k! 41+ k! 1 . 1)
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For any given S C k 4 [, the only nonvanishing terms come when the permutation w is equal
to the following type of composite: w = w(S)(o X 7)vB, where 8 is the same kind of block-
permutation as above but associated to the decomposition k+1 =k +1' + k" + (1" + 1)+ k"
and where v is the same permutation as above. Therefore, this term is equal to

(_1)k///+‘\I/<j|+(k”+k/”)l/+k/”(l”+1)L (_1)0(_1)T Var fq>1 e Var fq:‘k Var gll/l e ar gllll
I 2 I* Ik It It ’
oESE o (1) o (k) (1) (1)
TES;

that is term (iib).
In Case (iii), there are two subcases. First, when

ITn{1,....,i—1i+m—1,....i+m+n—-3,i+2m+n—2,...,2n+2m — 3} > k+ 1,

there is at least one variation Var, s+ f®oge involved which is equal to 0 for any S C k+1,
b
since there is at least an element b € T such that b ¢ S. Then, in the other case, we have

YTN{i,....i+m—-2i+m+n—2,...,i+2m+n—-3} =10+ N,

with 2 < N < k. In this case, the coefficient of the term eT factors through

Z Z (_1)9 I\kfar frtizi Iyar fricl - <Z (_1)9> Z V,?r fricl, Var pric1

k
TCk 0eSn To(1) To(N) 0eSn TCk IT1 ITN
|T|=N |T|=N
which concludes the proof. O

8.3. Formality of the brick operad B¢

In the same way as the classical operad { My ,+1} of Deligne-Mumford compactifications can
be shown to be formal [41], the ns brick operad is formal.

ProrosITION 8.3.1. The ns brick operad Bc is formal over the rational numbers, that is
there is a zigzag of quasi-isomorphisms of dg ns operads over Q:

Co(Bc) <— -+ — He(Bc) = ncHyperCom .

Proof. First, since the brick manifolds are the toric varieties associated to Loday reali-
sations of the associahedra, and since the Loday polytopes are Delzant, [40, Theorem 2.5]
implies that brick manifolds are K&hler manifolds. Then, one can apply the general result
[41, Corollary 6.3.1] to conclude that the ns brick operad is formal over Q. O

9. Noncommutative Mg ,11(R)

Let us note that the ns operad structure of the brick operad (Section 5.1) is defined over any
field. In particular, it makes sense to consider it over the field R, in which case they form an ns
operad in the category of smooth real algebraic varieties. If one recalls that the brick manifold
B(n) is isomorphic to the toric varieties of the Loday polytope L,,, one can use known results
on rational Betti numbers of the toric varieties X (L,,) to derive the following result.
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ProprosITION 9.0.2. The rational Betti numbers of the real brick manifolds are given by
the formula

1, if i =0,
bi(Br(n) =< ("7") — (7)), if 1<i<[(n—1)/2],
0, if i>|(n—1)/2].

The Euler characteristics of Br(n) is equal to 0 for odd n, and to (71)%’10%_1 for even n.

Here C}, is the kth Catalan number C}, = %4-1 (2]5).

Proof. Since Br(n) = Xg(L,), this follows directly from [10, Corollary 1.4]. O

In this section, we proceed much further than computing the Betti numbers, and describe
the ns operad structure on the rational homology of the real brick operad, which provides us
with a ‘noncommutative counterpart’ of the 2-Gerstenhaber operad [26]. We remark that the
cohomological results of [26] do not admit a proper noncommutative analogue: similarly to the
statement for real toric varieties of permutahedra in [44], it can be shown that the cohomology
algebras of real toric varieties of Loday polytopes are not generated by elements of degree 1,
in contrast to the case of Mg ,,+1(R).

9.1. Some relations in the rational homology of the real brick operad

In this section, we explain geometrically some relations in the rational homology of the real
brick operad. Let m € Hy(Br(2)) be the class of the point pt = Br(2), and ¢ € H,(Br(3)) be
the fundamental class of the circle S' = Bg(3).

ProrosITION 9.1.1. We have
moym—mogm =0,
coym=mogc, coom=0, cozm=mojc,

cojc+coyc+cozec=0.

Proof. The relation of arity 3 is obvious: the compositions m o1 m and m oy m both represent
the only zero-dimensional class, so we have m oy m = m oy m in homology.

Let us establish the relations of arity 4. For that, it is convenient to view the brick manifold
B(4) as the blow-up of P! x P! at a point. For the set of real points Bg(4), this means that this
manifold is obtained from the torus T? by cutting out a small 2-disc and gluing in the M&bius
strip M? along its boundary. On the level of homology, the elements co; and oo arising from
the generators of the first integral homology group of the torus correspond to the choices of
Voo C G(1,3) and V3 3 C G(2,4), and the 2-torsion element 3 arising from the generator of the
first integral homology group of the Mobius strip corresponds to the choice of V5 3/G(2,3) C
span(ey 2,e3.4) when Voo = V33 = G(2,3). Next, we note that our definition of the operadic
composition in the brick operad immediately implies that the element c o m is represented by
the circle

{V22 = G(Z, 3), Vi3 = G(Q, 3), Vog = span(sin(t)elﬁg + COS(t)€3’4, 6273) ‘ te [0, 27‘(‘)}

and hence corresponds to the class 3, so c oy m vanishes in homology with real or rational
coefficients. Furthermore, the elements m oy ¢ and ¢ o3 m are represented by the circles

{Va2 = span(sin(t)ey 2 + cos(t)ea 3), Vazs = G(2,3), Va3 = G(1,3) | t € [0,2m)},
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and
{Vao = span(sin(t)e; 2 + cos(t)ea 3), Vas = G(3,4), Vag = Voo @ Vi3 | t € [0, 27)},

so in the rational homology m oy ¢ = a; = cogzm, and the elements c oy m and m oy ¢ are
represented by the circles

{Va2 = G(1,2), V33 = span(sin(t)ez 3 + cos(t)es ), Vag = Voo @ Va3 | t € [0,27)},
and
{‘/22 = G(Q, 3), ‘/33 = span(sin(t)eg_rg + COS(t)63,4)7 V23 = G(2,4) | t e [0, 27‘()}

so in the rational homology co; m = ag = mos c.

Finally, let us consider the relation of arity 5. For that, it is more convenient to switch to
the language of wonderful models, and use the construction of Br(n) = Yica, , min(R) via
iterated blow-ups of P(V), as in Remark 5.2.1. For n =5, the space P(V) is isomorphic to
RP?; it contains a configuration of three projective lines IP)(p(H{J-LQ_B}))7 ]P’(p(Hf-QVBA})) and

P(P(H{J'?,,4,5}))~

Our construction suggests that we have to blow up RP? first at two points, P(p(H{1,2,343)) =
P(p(H{J_LQ,S})) N IP’(p(H{J-z’:M})) and P(p(H{2345y)) = ]P(P(Hf'z,gA})) n P(p(Hf},A,s})) and then
along the proper transforms of the three projective lines P(p(H$72’3})), IP’(p(H{J-Z’gA})) and

P(p(H {J;,) 1,53))- The fundamental classes of the three exceptional divisors of the second blow-up
represent ¢ oj ¢, ¢ oy ¢ and cog c.
Consider the ‘open cell’

Ci=RP*\ (P(p(H{; 5,5))) UP(D(Hs.5.17)) UB((H {1 5)) )

(note that this open cell, after all blow-ups, is not the same as the open part of the brick
manifold). After the blow-ups its boundary is the union of all exceptional divisors. The
exceptional divisors over the two points enter the boundary with the coefficient 0 because
of the orientation. For the same reason, the exceptional divisors over the three RP! enter the
boundary with the coefficient 2. Thus, the boundary of C is twice the sum of the three divisors
representing c o1 ¢, cos ¢ and cog c. Therefore, the sum co; c+ cog ¢+ cog ¢ is zero in the
rational homology. O

9.2. Nonsymmetric operads and partition posets

In [76], a framework relating poset homology with operadic homological algebra was proposed.
Let us briefly outline the version of this formalism for ns operads.

Let P be an ns set operad. An nonsymmetric (ns) P-partition of a totally ordered set I is a
partition of I into an order sum of intervals I = I; 4 --- + I}, together with a choice, for each
j=1,...,k, of an element b; € P(I;). (In the language of ns collections of sets, the collection
of ns P-partitions of I is the collection AsoP(I)).

Let us define a partial order on ns P-partitions of the given set I as follows. Suppose that
a=(a,...,ax), a, € P(I,) and B = (b1,...,b;), bs € P(Js), are two ns P-partitions of I. We
say that a < B if there exist positive integers ni,...,nt with ny +--- 4+ n, =1 and elements
¢; € P(n;) such that for each i =1,...,k we have

I = Jﬂ1+“'+ni_1+l +-+ Jn1+---+77,71_1+ni7
a; = Ci(bn1+“-+n7‘,—1+17 cey bn1+-~+m)~

The poset of ns P-partitions of I is denoted by II»(I). Its only maximal element 1 corresponds
to the partition into singletons, and the (only available) choice of the identity operation for
each singleton, and its minimal elements are indexed by P([).
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An ns set operad P is called a basic-set operad if for each (by,...,bs) € P(I1) x - -+ x P(I,)
the map

v:P(s) =PI+ -+ 1),
c—e(by, ..., bs),

is injective.

PROPOSITION 9.2.1. Suppose that P is a basic-set quadratic operad generated by P(t)
for some integer t > 2. The linear span of P in the category of vector spaces is a Koszul
operad if and only if, for all I, each maximal interval [a,1] C TIp(I) is Cohen-Macaulay. Here
a € min(Ilp(I)) = P(I). Moreover, in this case, we have

P~ @ Halad).

a€min(IIp (1))
Proof. Completely analogous to [76, Theorem 9. O

To formulate our next result, let us recall the definitions of two different types of associativity
for k-ary algebras [54].

DEFINITION 9.2.1. (1) The operad tAsy of totally associative k-ary algebras is the ns operad
with one generator « of arity k and degree 0, |a| = 0, satisfying the relations « o; & = av o «
fori=1,...,k—1.

(2) The operad pAs; of partially associative k-ary algebras is the ns operad with one
generator « of arity k and degree k — 2, |a| = k — 2, satisfying the only relation

k
Z(fl)(k*”(i*l)a o, a=0.

i=1

PROPOSITION 9.2.2 [61]. The operad tAsy and pAs, are Koszul dual to each other. Each
of these operads is Koszul.

This proposition immediately implies the following result which is a noncommutative
analogue of the result of a celebrated result of Hanlon and Wachs [42].

THEOREM 9.2.1. Fix a positive integer m. Let I be a finite ordinal, and let part™(I)
denote the poset whose elements are partitions I = Iy + - -- + I, where |I;| =1 (mod m) for
all j=1,...,k, and the partial order is defined by refinement, as above. Then, the poset
part™(I) is Cohen—Macaulay. Moreover, we have

tASlm—&-l(I)a ‘Il :km+17

0, otherwise.

Hy,(part™ (1)) = {

Proof. This immediately follows from Proposition 9.2.2 combined with the fact that the
partition poset part™(I) is isomorphic to the poset ITias,, ., (I). O

9.3. Noncommutative 2-Gerstenhaber algebras

In [26], it was proved that the homology operad of the operad of real compactified moduli
spaces My ,+1(R) is the operad of 2-Gerstenhaber algebras. We shall now introduce the
nonsymmetric counterpart of the latter operad which is relevant in our case. Since the operad of
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2-Gerstenhaber algebras is obtained from the operad of commutative algebras and the operad
of Lie 2-algebras [42] by a distributive law, the following definition should not be too surprising
in the view of the previous sections.

DEFINITION 9.3.1. The operad 2-ncGerst of noncommutative 2-Gerstenhaber algebras is
the ns operad with a binary generator m and a ternary generator ¢, [m| = 0, |c| = 1, satisfying
the relations

mo;m—moom =0,
€01 M =mos ¢,
coom =0,
co3m =moj ¢,
cojc+cogc+cozec=0

of Proposition 9.1.1.

REMARK 9.3.1. The arity 4 Stasheff relation in a minimal A, -algebra is [54]
m3 01 Mg — M3 02 M2 + M3 03 Mz = M2 01 M3 + M2 02 M3.

It follows that the assignment ms +— m, ms — ¢, m, — 0 for r > 3, extends to a well-defined
homomorphism from the operad governing minimal A..-algebras to the operad 2-ncGerst.
In particular, every noncommutative 2-Gerstenhaber algebra can be regarded as a minimal
A.-algebra. This is a feature of the noncommutative situation that is not present in the
commutative case.

THEOREM 9.3.1. The homology operad of the real brick operad is isomorphic to the operad
of noncommutative 2-Gerstenhaber algebras:

H,(Bgr) = 2-ncGerst .

Proof. Recall [69, Theorem 3.7] that for every real building set G, there is an isomorphism
of rational homology

-~

HU(Vo(®) = @D st =(o, 4))

(2)
Aelly

Here H(gz) is a subposet of Lg consisting of the elements that can be written as direct sums of
elements G € G with even dim(G), and [0, A] denotes the corresponding interval in the poset
H(g2). For every building set, this isomorphism is ‘operadic’, that is compatible with maps of
the corresponding vector spaces that are defined for various operations on building sets.

Let us apply this result to the collection of arrangements ncA,,_, for various n. In each of
these cases, the building set G is the collection of all subspaces

Hy = span(xp) — 2; | min(l) #i € 1)
for intervals I C {1,2,...,n} with |I| > 2, and it is easy to see that the poset H(QQ) is naturally

identified with the poset part?(n). In particular, this poset has just one maximal interval, the
homology of that interval is trivial for even n, and is tAs}(n) concentrated in the homological
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degree k for odd n = 2k + 1. In particular, this implies that on the level of nonsymmetric
collections, we have

{Ho(Bz(n))} 2 {Ho(Vea, , (R) | = AsoS ™" (tAsh)"(n)} = AsopAs,,

and once restricted to the subcollection pAs; =idopAs; C AsopAs; and the top degree
homology of Bg, that is cohomology of maximal intervals, this is an operad isomorphism
{Hiop(Br)} = pAs;. By direct inspection, we also have an isomorphism of nonsymmetric
collections

2-ncGerst = AsopAss,

since the relations of the operad 2-ncGerst can be easily check to give a distributive law between
the operads As and pAss. Thus, the operads {He(Bg(n))} and 2-ncGerst are generated by the
same set of generators, have the same dimensions of components, and by Proposition 9.1.1 all
relations of the operad 2-ncGerst hold in the operad {Ho(Bgr(n))}. Therefore, these operads
are isomorphic. O

Appendix. Brick manifolds and Loday polytopes

The goal of this section is to show that under the general correspondence between the toric
varieties, fans and polytopes, the polytope associated to the brick manifold B(n) is the Loday
polytope L,, realising the Stasheff polytope. Some of the arguments below are similar to those
of Ma’u [63, Section 3.5], who studied the nonnegative part of the real toric variety associated
to the Loday polytope and identified it with the moduli space of semistable nodal discs with
marked points on the boundary.

A.1. Torus action on the brick manifolds

There is a natural action of the torus (G,,)" ! on the brick manifold B(n) arising from the
action

(Gm)n71 > (/\1,...,/\”_1)2 €ji+1 > )\jej_’j_;'_l, j = 1,...,11— 1, (Al)

on G(n). It turns out that the fixed points and the one-dimensional orbits of this action can
be described in terms of our stratification of brick manifolds.

PRrROPOSITION A.1.1. (1) The fixed points of the torus action on the brick manifold B(n)
are given by the strata B(n,T), where T is a planar binary rooted tree.

(2) The one-dimensional orbits of the torus action on the brick manifold B(n) are given by
the strata B(n,T), where T is a planar rooted tree all of whose vertices except for one are
binary, and the remaining vertex is ternary.

Proof. This follows by a direct inspection from the definition of brick manifolds, construction
of their stratification in Section 5.1.2 and the definition of the torus action. O

REMARK A.1.1. In other words, the set of fixed points (respectively, one-dimensional orbits)
of the torus action coincides with the set of the dimension zero (respectively, one) strata of
stratification given in Section 5.1.2.

A.2. Fan and dual polytope

In this Section, we prove that the fan dual to the Loday polytope L,, is the fan of the brick
manifold B(n).
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Let us start with a few simple observations. First, the main diagonal of the torus (G,,)" !

acts trivially on B(n), so the fan is invariant under the translation

<y17"'ayn*1)'_> (y1+17-~-ayn—1+1)a

where %1,...,yn—1 are the coordinates on Z"~! dual to the coordinates x1,...,2,_1. This
means that the dual polytope must lie in an affine hyperplane 32"""" z; = constant. Second,
the cones of top dimension are indexed by the fixed points of the torus action, so the same
must be true for the vertices of the dual polytope. Note that the Loday polytope satisfy both
properties.

THEOREM A.2.1. The dual fan of the Loday polytope L,, is the fan of the toric variety B(n).

Proof. Observe that the fan of the brick manifold B(n) is the intersection of the fans of
the projective spaces formed by the choices of Vi, C G(I,r + 1), for l,r =2,...,n—1, r > 1.
Indeed, the n — 1-dimensional cones of the fan correspond to the fixed points of the torus
action, and it implies that each Vj, should be fixed by the torus.

This means that the n — 2 dimensional cones that bound a particular n — 1 dimensional cone
in the fan of B(n) are the n — 1 dimensional cones of some of these projective spaces. They
also should correspond to the one-dimensional orbits of the torus in B(n) and also in some of
these projective spaces.

Consider a planar rooted tree with one ternary vertex, and all other vertices being binary.
Denote by D' (respectively, D¢, D") the set of leaves that are the left (respectively, central,
right) descendants of this special vertex. Assume that D' = {l;,...,l;_1}, D® = {l;,..., i},
D" = {lg+1,...,ln}. The construction of the stratification in Section 5.1.2 implies that, in
this case, all spaces V; , are spanned by the basis vectors (and, therefore, invariant under the
torus action) except for the spaces with =i+ 1,...,j5 and r =k,...,m — 1. In this range
of [ and r, these spaces must be equal to the direct sum of some invariant vector space of
dimension r — [ spanned by the coordinate vectors and an arbitrary one-dimensional space
W C span(e;j_1 j, ek k+1) (which must be the same for all these spaces). Thus, the hyperspace
that contains the corresponding n — 2 dimensional cone is given by the equation y;_1 — yr = 0.

On the other hand, the corresponding one-dimensional face of the Loday polytope L,, has the
direction equal to the difference of the two vertices that correspond to the two possible ways
to split the ternary vertex of the corresponding planar rooted tree into two binary vertices.
Consider these two trees, 77 and 75. By the definition of the Loday polytope, all coordinates
of pr, and pr, coincide except for the z;_; and xj. Furthermore,

zjia(pr) =G =)k =j+1)  zxlpr) = (k—i+1)(m—Fk)
zj-1(pr,) = (G =) (m—j+1) zplpr,) = (k—j+1)(m —k),

so the vector along the corresponding one-dimensional face of L,, is equal to

Py — P71y :(07507_(J_Z)(m_k)70?707(]_2)(m_k)70570)7

which clearly generated the subspace y;_1 — yx = 0 in the dual space.

Since the Loday polytopes and the fans of brick manifolds are strictly convex, it is enough
to show the duality of faces of dimension < 1 and the cones of codimension < 1 in order to
prove the the fan dual to the Loday polytope is the fan of the brick manifold. a

REMARK A.2.1. Note that the correspondence between planar rooted trees, faces of the
Loday polytopes and the strata of B(n) extends further. Namely, for each planar rooted tree
T, we have a canonically associated face of the Loday polytope that is associated to a torus
invariant subvariety of the same dimension, which is precisely the stratum B(n,T).
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REMARK A.2.2. A linearly dual version of the same proof retold in the language of wonderful
models goes as follows. Clearly, there is an action of the torus ((Grm)’“1 on Y4, arising from
the action on the product

P(V) x I1 P(V/p(H] ) = P(V) x II P(G(1)")

I an interval of n, |I|>2 I an interval of n, |I|>2

coming from the action (A.1) on G(n). (Note that in our case V= G(n)*, so in fact the factor
P(V) is redundant). Of course, the diagonal torus acts trivially, so we have the action of a torus
(G)" /G, = (G,,)" 2. Moreover, from the proof of Theorem 5.2.1, it is immediate that for
each interval I C n, the image of ]\/Im:An CP(V) in P(V/Hi) 2 P(G(I)) consists of all points

~

whose homogeneous coordinates are all distinct from zero. In particular, M,. a4, CP(V) =
P(G(n)*) is identified with the torus (G,,)" 2. This implies that the wonderful model is a toric
variety. Moreover, for each individual factor P(V/p(H;)), the closure of the corresponding
torus orbit is the whole P(V/p(Hj")). Hence by [32, Proposition 8.1.4], the polytope associated
to ?nc 4, 1s the Minkowski sum of simplices corresponding to intervals of n — 1 = Gap(n). By
Proposition 2.4.2, the former polytope coincides with the Loday polytope L,,.

A.3. Combinatorial definition of the Loday polytope revisited

In this section, we give, for completeness, a way to construct the Loday polytope L,, directly
from the fixed points of the torus action on B(n). This construction could be used for an
alternative proof of Theorem A.2.1.

Consider a fixed point of the torus action on B(n) associated to a planar binary rooted
tree T'. The vectors spaces V;, of this fixed point are the vector spaces spanned by the basis

vectors ej9,...,€n—1.n, moreover, we know that V;, C Gl — 1,7+ 1), for l,r =2,...,n —1,
I < r. Consider the lattice M = Z({e12,...,€n—1n). We denote by v; , € M the ‘missing basis
vector’ in V., that is, vy, € {€;—1,,...,€r 41} such that v, ®V,, = Gl —1,r +1).

ProroSITION A.3.1. The vertex pr of the Loday polytope L, is given by ejo+---+
€n—1n + 27;21 Z::ll vy That is, up to a shift by the vector e; 2 + -+ + €,_1., the vector pr
is the sum of ‘missing basis vectors’ in B(n,T).

Proof. Consider the tree T. Let v; be root vertex of T. It is sufficient to prove that
the ith coordinate of py coincides with the ith coordinate of the sum e o+ -4+ ep—12 +

?;21 Zf;ll v, since then the same argument applies to every other coordinate and the
subtree where the corresponding vertex is the root vertex.

Since v; is the root vertex, we have V;; = G(i — 1,4) and V41,41 = G(i + 1,1 + 2), with a
natural adjustment for ¢ = 1 and n — 1. This implies that the vector e; ;11 is the missing basis
vector in all spaces Vi, where [ =2,...,i4+ 1, and r =4,...,n — 1, There are i(n —i) —1
such spaces (there is no space V;, for [ =i+ 1, r = i), so the coefficient of e; ;4 in the sum
1o+ ten1n+ Z;L:_zl Z:f:_ll vy, is equal to i(n — 7). Since v; is the root vertex, this latter
number is precisely |D!(v;)| - |D" (v;)|. O
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