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Abstract

Let Mg4(n) be the configuration space of n distinct, labeled points in R%. We can impose
a non-k-equal condition on the configurations that no k points coincide. Denote this space by
/\/lfik) (n). One closely related space is the kth-component of the little discs operad, denoted
by By(n), it is the configuration space of n open, labeled, distinct discs in the unit disc.
Similarly, we can impose a non-k-overlapping condition such that no k discs share a common
point. Let this space be denoted ng) (n).

The homology of the little discs operad and the homology of the non-k-equal configuration
spaces have both been known for several decades. Dobrinskaya and Turchin gave a geometric
description of H. *B[(lk) (n) using the operadic interpretation that is extensively used throughout
the first four chapters.

The first two chapters of this dissertation give the needed background on operads, mod-
ules, and bimodules, in general, and then more details about the little discs operad. There
is also information given about symmetric sequences, including the homology of the non-
k-overlapping discs. This leads to the third chapter where we give an explicit formula to
compute the traces (or characters) of the symmetric group action on H*Mfik)(n). This yields
a generating function of these characters that is called the Cycle Index Sum. The fourth
chapter defines the operad of overlapping discs, which is a filtered operad. The culmination
of this chapter is a theorem that gives a description of an element in H*Bc(lk)(n) that occurs
when braces are composed with braces. In the final chapter of this dissertation, we define
a cosimplicial model for the limit of the Taylor tower associated to the homotopy fiber of

non-k-equal spaces of immersions of D! — D" over the space of all immersions D' — D".
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Chapter 1

Operads, Modules and Bimodules

1.1 Operads

Definition 1.1.1. Define an operad {O(n),n > 0} to be a sequence of k that has the

following structure data:
1. An action of the symmetric group ¥,, for n > 0.

2. Composition maps [lk(my ms,..my) - O(k)@(O(m1) @ O(me®---@O(my)) — O(my +ma+
o+ my), where k,my, ma, ...,my > 0.
If the m;’s are understood, then we will abbreviate fiy(m, ms,..my) VY pr. For x € O(k) and

Yi € O<ml)7 we will write :uk('ruylv 7yk) = x(yla 7yk)
3. An element id € O(1) that will be a unital element or identity.

An operad O(n) is also required to satisfy associative, unital and a compatibility with the

symmetric group action arions:

1. The composition maps will satisfy the following commutative square diagram:



|
x(yla Yo, yk)

_
N\ ‘
2(171) .. ’ z(l,m) N ’ Z(km Z(k,nk) ‘

’ Z(l,l) ‘ ce ’ Z(l,m) ’ 2(2’1) ‘ .. ’ 2(27712) ‘ ’ Z(k,l) ‘ . ’ Z(k,nk) ‘
de ® <é /Jlm>Jr J{l"tn1+n2+m+nk
=1 H

—>. l
l‘(yl (Z(l,l)v ceey Z(l,nl))ﬂ .oy yk(z(k,l)a ceey Z(’%”k))

Y1(21,1)5 - 2(n0)) T YR(Z0k1)5 -5 Z(kng))

2. An operad satisfies the unital property: x(id, ..,id) = = id(x).

3. An operad satisfies two symmetric properties. First,

(Y1 - 01,Y2 - Oy ooy Yi - Ok) = T(Y1, Y2, ooy Yi) - T

where & = (01,02, ...,0%) € Xy 4. 4n,. Here the inputs of the y;’s are permuted.

Second, a block permutation action where the y;’s are permuted and their corresponding

2 ;’s move with them.

x<y17y27 7yk) ' O-(ﬁ> = (l‘ ' 0)(ya;17yg;17 “7yo—k*1>

where o (i) = (01,02, ..., Ok) € Ln,+. 1n, 1S the permutation of blocks obtained from o € ¥y,

1.2 Examples

1. For any vector space A, let End 4 be the operad of endomorphisms on A where Ends (k) =

Hom(A®* A). The composition maps on Enda (k) are

(Y1, oy Yp) = T 0 (Y1 @ Yo @ yg) € Hom(APT ) 4),



where A®Mit+-+nk) — A®m & ... @) A9k,

QYR Qup AP Q- QA 53 AQA®---® A= AF,

and z : AF — A.

The identity, id € Enda(1) = Hom(A, A) and the identity map is id : A - A. The X,

action of Enda(n) = Hom(A®", A) permutes the factors in A“".

Definition 1.2.1. For an operad O, a vector space A is an O-algebra is one is given a

map of operads f: O — Endy.

An operad O describes all natural multi-linear n-arity operations of a given algebra struc-
ture. We will look at classical algebra structures such as commutative, associative, and
Lie algebras as well as Poisson algebras and see how they arise from looking at such maps

in small arities of the corresponding operads.

. The commutative unital operad Com:

Com(n) =k = k(zq-x9- - x,) for all n > 0, the one dimensional vector space of monomials
in n commutative variables. The identity element is x; € Com(1). The symmetric group
actions of Y, is trivial. All compositions are induced by the k ® k ~ k, using the usual
multiplication. A map Com — End 4 gives the structure of a commutative algebra on A.
Pictorially, the symmetric group action can be described as tree diagrams. This is shown
below in the case that n = 2:

| | |

(xl : 132) = (iU2 : I1) = (I1 : $2)

2 1 1 2 1 2

Now let us look at a few of the small arities of Com:

Com(0) =k = k(1).



Com(1) = k since the only map from A to A is the identity map id : A — A mapping

x1 — x1, including scalar multiples of the map. Thus Com(1) = k(x;) = k.

For Com(2) we look at the possible maps A®? — A that come from a commutative algebra
structure. Given two elements x;,zo € A the only possible operation is commutative
multiplication. This implies all maps of A%? — A are equivalent to scalar multiples of

the map (1, x2) — 21 - 2. Therefore Com(2) = k(zy - x2) = k.

For Com(3) we look at the possible maps A®? — A that arise from a commutative
algebra structure. Given three elements xi,z,,2z3 € A the only possible operation is
multiplication. Since we are in a commutative setting, all maps of A®% — A are equivalent
to scalar multiples of the map (1, xs,23) — x1 - @9 - 3. Therefore Com(3) = k(xq - 25 -

x3> = k.

There are two versions of a commutative algebra structure, either unital or non-unital.
Above we have described the unital case. The non-unital version is governed by how
Com(0) is defined. We denote the non-unital commutative operad by Comsy and we

define Com~((0) = 0.

. The associative unital operad Assoc:

Assoc(n) is the subspace of a free associative algebra on n generators, x1, .., x,, spanned
by monomials where every generator is used exactly once. The symmetric group action
of ¥, on Assoc(n) is renumeration of the generators. Thus Assoc(n) = k™ = k[%,]. The

identity element is x; € Assoc(1). Since Assoc is unital, Assoc(0) = k(1).

As with commutative algebras, there are two versions of an associative algebra, either
unital or non-unital. The non-unital version is governed by how Assoc(0) is defined. We

will denote the non-unital version by Assocs and we define Assocso(0) = 0.

Pictorially, we can represent the composition maps of Assoc as a tree diagram. Example

of such diagram for Assoc(4) is shown below.



= | (&1, :cé)x3)x4 ’951 *To - T3 Ty \

1 2 3 4 1 2 3 4

An example of composition in Asocc(3) is shown below:

ﬁ% = () (V)(az ) = @3- 72- 7

’$2'$1‘ ’1‘1‘ 1
1 2 3
4. The Lie operad Lie:
Recall that a Lie algebra is a vector space g with a Lie bracket [-,:] : g® g — g. This
bracket is a bilinear operation with an anti-symmetric relation, [z,y] = —[y, ], and obeys

the Jacobi relation: [[z,y], z] + [[2, x], y] + [y, 2], 2] = 0.

Now we define Lie(n) as the subspace of a free Lie algebra on n generators zi, .., x,,
spanned by the Lie bracket where every generator is used exactly once. The identity
element is z; € Lie(1). The symmetric group action of 3,, on Lie(n) is renumeration of

the generators.

It is a known fact that Lie(n)= k™' = k([...[[x1, Zo(2)], To@)]s s To(m)])- The first gener-
ator, x1, can always be moved to the front by the anti-symmetry relation and the bracket

can be made linear by the Jacobi relation. We say that a Lie bracket is linear if it is of
the form [...[[wo(l), .1'0(2)], 130(3)], ey Q}U(n)].

Remark: We have an inclusion of operads: Lie < Assoc. The Lie bracket can be

interpreted as [z, x9] = 21 - T — 29 - 21 in Assoc.
Pictorially, we can represent composition maps in Lie(3) as follows:

5



[3717%2} = [[x1’x2]7x3]

[z1,29]| 3 i 2 3

Now we look at a few small arities of Lie:
Lie(0) = 0 as there is no natural map k — g that arises from the Lie algebra structure.

Lie(1) = k = k(z1) as the only map from g — g is the identity map and its scalar

multiples.

For Lie(2) we look at the possible maps g®? — g that come from a Lie algebra structure.
Given two elements x1, x5 € g, the only operation we can apply is the Lie bracket. By
the anti-symmetry property, all maps of g©? — g are equivalent to scalar multiples of the

map (x1,z2) — |21, 22]. Thus Lie(2) = k = k([x1, z2]).

For Lie(3) we look at the possible maps g®* — g that arise from a Lie algebra structure.
Given three elements x1, 2o, x3 € g, the only operation we can apply is the Lie bracket
iteratively. Up to the Jacobi relation, all maps of g®3 — g are equivalent to either scalar
multiples of (xy, 29, x3) — [[21, 22, x3] or scalar multiples of (xy, z9,x3) — [[21, 23], 2]

Thus Lie(3) = k* = k([[x1, 22], 3], [[z1, T3], 72]).

. The unital Poisson operad Pois:

Recall the notion of a Poisson algebra which is both a commutative algebra and a Lie
algebra so it has a commutative multiplication and a Lie bracket. The two operations are

related by the Leibniz relation: [a,bc] = [a, blc + b[a, c].

Pois(n) is the subspace of a free Poisson algebra on n generators xi, .., z,, spanned by
products of iterated brackets where every generator is used exactly once. It is a known
fact that Pois(n) = k™. The identity element is z; € Pois(1). The symmetric group

action of ¥,, on Pois(n) is renumeration of the generators.

Next we look at small arities of Pois:



Pois(0) = k = k(1)
Pois(1) = k(x;) as there is only the identity map from A — A and its scalar multiples.

For Pois(2) we look at the possible maps A®? — A that arise from a Poisson algebra
structure. Given two elements x1,x5 € A, there are two possible operations, either
commutative multiplication or the Lie bracket. The commutative multiplication gives a
map (x1, ) — x1 - 2 with scalar multiples. The Lie bracket, up to the anti-symmetry
property and scalar multiples, gives the map (z1,x2) — [x1,22]. Therefore Pois(2) =

k* = ”<<$1 * T, [951%2])‘

For Pois(3) we look at the possible maps A®® — A that arise from a Poisson algebra
structure. Given three elements xq,x9,x3 € A, there are two possible operations, ei-
ther commutative multiplication or Lie bracket. Up to the Jacobi, anti-symmetry and
Leibniz relations and commutativity, there are six possible maps and their scalar mul-
tiples: (z1,x9,x3) — X1 - Tg - x3, (T1, T2, T3) — [T1,To] - T3, (71, T2, x3) > [T1, 23] - T2,
(1, T2, x3) > [T9, 23] - 21 (21, T2, x3) > [[x1, 22|, 23], and (21, 29, x3) — [[x1, 23], 22]. So

P0i8(3) =Ko = |]<<$1 * T2 T3, [Ih $2] + T3, [$17$3] + T2, [!E27I3] <X, [[$1, 902]7$3], H$1, 5173},$2]>-

There are two versions of a Poisson algebra, either unital or non-unital. The unital version
is described above. The non-unital version is governed by how Pois(0) is defined. We

will denote the non-unital version by Poiso and define Poisy(0) = 0.

. Graded unital Poisson Operad:

There is also a graded version of Pois(n), which we denote Poisy_1(n), where the Poisson
bracket has a grading of degree (d—1). This is an example of an operad in the category of
graded vector spaces. We will use this graded version of Pois(n) below in Theorem 2.1.1.
The grading of the bracket does not affect the identity or the identity axiom. However the
structure data for the composition maps and the symmetric group action as well as the
associativity and symmetry axioms are affected by the grading with the appearance of a
sign that depends on the grading of the bracket. In example, [x1, 5] = (—1)% " xg, z4].

The grading corresponds to the central symmetry of S9!, The algebra over Poisy_; is a



(d — 1)-graded Poisson algebra.

1.3 Modules over an Operad

Definition 1.3.1. A left module over an operad O is a sequence of vector spaces M =

{M(n),n > 0}, with a ¥,-action, together with maps
Ne(mamarmy) = O(k) @ (M (m1) ® M(ms) ® ... ® M(my)) = M(mq + ... + my)

for any k,mq,...,my > 0, satisfying similar associative, unital and symmetric group action
axioms as in Definition 1.1.1. That is, there is a similar commutative square to the one
in Aziom 1, Definition 1.1.1 where the x and y;’s are in O and the z;;’s are in M. The
condition id(z) = x, for x € M, id € O(1) is satisfied. There is also similar symmetric
group action conditions to Axiom 3 in Definition 1.1.1 where x is in O and the y;’s are in

M.

Definition 1.3.2. Similarly, a right module over an operad O is a sequence of vector spaces,

M ={M(n),n > 0}, with a ¥,-action, together with maps:
Pr(ma,my) = M (k) @ O(my) @ ... @ O(my) = M(mq + ... +my,)

for any k,mq,...,my > 0. Just as will the left module over O(k), there are analogous azxioms
to Axzioms 1-3 in Definition 1.1.1. For the associative axiom, there is similar commutative
square where x € M and the y;’s and the z;;’s are in O. The condition x(id, ...,id) = x,
forx € M, id € O(1) is satisfied. For the symmetric group action axiom, there are similar

conditions where x is in M and the y;’s are in O.

Definition 1.3.3. Define a sequence of vector spaces M = {M(n),n > 0} with a 3,-action,
to be a bimodule over an operad O if it is both a left and a right module over O. There is
also a compatibility condition that can be expressed as a commutative square, as in Axiom 1

of Definition 1.1.1, where the x and z; ;’s are in O and the y;’s are in M.

8



1.4 Categorical Definitions of Operads and Modules

Definition 1.4.1. Let C* denote the category of symmetric sequences in C. Objects in C*
are sequences X = {X(n),n > 0} of objects X(n), n > 0, each endowed with a %,-action.

A morphism f: X — Y is a collection of ¥,,-equivariant maps f, : X(n) — Y(n),n > 0.

Operads can also be defined categorically. In order to do so, we define two monoidal
structure on the category of symmetric sequences. Let C be a symmetric monoidal category
with monoidal product ®: C x C — C, and unit object I. Assume also the category C has
limits and colimits where colimits are preserved by the monoidal structure. In particular, C
has an initial element &.

The category C has two monoidal structures. For two objects M and N in C

MoNE = || W g M) e N(k)

ki+ko+...+kr=k

The identity is given by:

g n#0.

Definition 1.4.2. [17, Section 2.2.2] For two symmetric sequences M and N in a symmetric

monoidal category C, we can define their composition sequence:

T

MoN =| | (M(r)®N®), (1.4.1)
r=0
where N®" is the r-th symmetric sequence given by explicitly:

NE" (k) = | ] Ayt s, s, N(k1) ® N(ks)... ® N(k,) (1.4.2)

ki+ko+...+kr-=k
and the X, denotes quotienting by the symmetric action of 3.

The operation (1.4.1) endows C with monoidal structure. We will denote this monoidal



category by (C*¥,0,1) where o is the monoidal product as in (1.4.1), and 1 is the unit defined

as

g n#l.
Definition 1.4.3. An operad O is a monoid in (C* 0,1).

Definition 1.4.4. [26, Section 5.2.1] Recall that the structure of a monoid is given by the

following data:

1. There is a unit map n: 1 — O(1).

2. Compositions maps O o O — O.

As well as satisfying the following associativity and unitary axioms:
1. It satisfies the following commutative diagram for associativity:

(000)o® —=— 00(0c0)
woid] lidop

OoO OO
E

2. It satisfies the following commutative diagram for the unitary axiom:

1OOM>OOO<M001

R} U‘%

O

The composition map of O € (C*,0,1) encodes the composition map fig(m,....

in Definition 1.1.1. Similarly, the identity map id € O(1) from Definition 1.1.1 is encoded

by the map n: 1 — O.

Definition 1.4.5. [16, Section 2.1.6] Let (M, p,n) be a monoid in any category. Define X
to be a left module over M if it satisfies the following relations for the composition morphism

Ae : M o X — X so that the following diagrams commute:

10



MoMoX MoX
,uoidxl l/\X
MoX X

and

Definition 1.4.6. [16, Section 2.1.5] Let (M, pu,n) be a monoid in any category. Define X to
be a right module over M if it satisfies the following relations for the composition morphism

Pz X oM — X so that the following diagrams commute:

XOMOMMXOM
pXOZ.dMJ JPX

XoM X X

and

Definition 1.4.7. Define X to be a bimodule of (M, j,n), a monoid in any category, if it is
both a left and a right module of M and satisfies the following compatibility between left and

right actions:

MOXOMMMOX
)‘XoidMJ J)\X

11



Definition 1.4.8. For an operad O € (C*,0,1), a left module L (respectively, right module
R) over O is a Y-sequence in (C*,0,1) endowed with a left action \p, : O o L — L (re-
spectively, a right action pr : Ro O — R) from Definition 1.4.5 (respectively, Definition
1.4.6). Then define X to be a bimodule of O to be a L-sequence in (C*,0,1) that is both a

left and right module over O and satisfies the compatibility between left and right actions in

Definition 1.4.7.

12



Chapter 2

Operads and Bimodules of Little Discs

2.1 The Little d-discs Operad B,

This is an example of a topological operad which will be essential to this paper. Topolog-
ical operads are defined in an analogous way as operads of (graded) vector spaces where
{O(n),n > 0} is now a sequence of topological spaces with the same set of structure data as
given in Definition 1.1.1 with the exception one uses x, the product of spaces, in place of ®.
Define B,4(k) to be the configuration space of k disjoint, open, labeled discs in the unit disc:
By(k) = sEmb <|_| D, Dd), the space of special embeddings, | | D? — D? given on each
component by traknslation and rescaling only. Composition malk)s in By(k) can be viewed
similarly to composition maps in Enda(k). Geometrically, the composition maps in By(k)
are given by insertion of discs. The identity is the configuration of one disc that encompasses

the entire unit disc. The symmetric group action is renumeration of the discs.

An example of a composition map g : Ba(2) X (Ba(1) x B4(2)) — Ba(3) would be as

PO

13

follows:




The dotted circles do not actually appear in ,(3) but are shown to help the reader visualize
how the second and third disc compose into the first disc. The actual result of ps in By(3)

1s:

©)
o @

Theorem 2.1.1 (F. Cohen, [11]). The homology operad H.By is the operad Assoc of as-
sociative unital algebras in d = 1 and the operad Pois,_1 of graded unital Poisson algebras

with bracket of degree (d — 1) in the case d > 2.

We will not prove this theorem but will show that it is true for some small arities.
Note that the space is torsion free so we use integral homology. We can define operads in
the category of Z — modules rather than vector spaces with no changes to the definition.
Therefore, we use Z instead of k below.

Case d=1: It is easy to see By(n) has n! contractible components. Then H.Bi(n) =
HyBi(n) = Z™. As seen above Assoc(n) = Z™ = Z{xy, * Tgy * ... * Tg,, 0 € Ly).

Case d > 2: We will look at small arities of H,B4(n) to see that they agree with the
(graded) Poisson operad of the same arity above. Since B4(0) = %, HoB4(0) = Z and
H-oB4(0) = 0. Thus H,B,(0) = Z(1).

Similarly By(1) = %, HoB4(1) = Z and H-oB4(1) = 0. Thus H.By(1) = Z(z4).

For d > 2, By4(2) = S9!, so H,B4(2) = H,S%'. One has H,S% ! = Z when * = 0 or d—1,
and H,S4! = 0 otherwise. Hence H,S% ' = (29, [x1, 72]), where z; - 5 generates HyS4™!
and [z1, 7] generates Hy 159, This matches with what we have above when describing
the first few arities of Pois(n).

These generators in H,[3;(n) have nice geometric interpretations by thinking about the
x;’s as planets and the brackets giving the orbits relating the planets to one another. Looking
at the generators of Pois(3)=H.B4(3), the generator x; - x5 - x3 is the only one where the

x;’s do not interact with one another. Geometrically this generator is just a point. For
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generators of the form [[z;, z;], zx], here z; and z; orbit closely around each other like a
binary star system and x orbits around the pair of them. Geometrically this generator

corresponds to a map S9! x ST — By(3).

For the generators of the form [z;, z;] - ), again x; and x; orbit closely around each other.
However, unlike the previous generator, x; does not interact with the other two generators.

Geometrically this generator corresponds to the map St — By(3).
{
() @)

2.2 Bimodule of Overlapping Discs Bfik)

Below we describe a bimodule over B, the little d-discs operad, but first recall the configu-

ration space.

Definition 2.2.1. 1. Let My(n) be the configuration space of n distinct, labeled points

in RY, equivalently:

Ma(n) = {(1, 79, ..., ) € R | z; # x5 if i # j}.

2. We can impose a non — k — equal condition on the configurations of {x1,xs,...,xn} :
no k points coincide. We will denote the configuration space of n labeled points with

the non-k-equal condition by M&k) (n).
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Notice that My(n) is homotopy equivalent to By(n) by contracting each disc of By(n) to
its center.

Similarly we can impose a non — k — overlapping condition on the configurations of discs
where no k discs share a common point. We will denote this space as Bc(lk)(n). One can view
Bc(lk) (n) as a space sImmF <|_| D4, Dd>, the space of special immersions, | | D? — D? given

n n

on each component by translation and rescaling only.

The sequence Bgc) is a bimodule over B;. The right action
BY (n) x By(mi) x Ba(ma) X ... x Ba(ma) = BE (my + ma + ... + my,) (2.2.1)
and the left action
Ba(n) x B (my) x B (my) x ... x B (my,) = BY (my +my + ...+ my,) (2.2.2)

are given by composition of disc maps.

The composition maps of Bc(lk) are well-defined as resulting configuration in Bc(lk) (my +
ma + ... + my) will satisfy the non-k-overlapping condition.

In [12], the authors give a geometrical description of H*Bék) as a pointed left module
under H,B,; in Theorem 3.4 and Theorem 3.6 of their paper. We will include these theorems

below for completeness. However, first we will need three more definitions.

Definition 2.2.2. Define M to be a left module (respectively, bimodule) under an operad
O if it is a left module (respectively, bimodule) over O and is endowed with a map of left

modules (respectively, bimodules) O — M.

Definition 2.2.3. An operad O in graded Z-modules is called augmented if it is endowed

with a surjective map of operads O — Com.

Definition 2.2.4. Define M to be a pointed left module (respectively, bimodule) under an
augmented operad O if M is a left module (respectively, bimodule) under O, the structure

map O — M factors through Com, and the map Com — M is an inclusion.
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Theorem 2.2.5 (N. Dobrinskaya and V. Turchin, [12]). For k > 3, the pointed left module
H*Bék) under H.By is generated by a single element {x1,...,x} € H(k_l)d_ll”)’((lk)(k) which is

symmetric or skew symmetric depending on the parity of d:
{245 } = (D)2, .., 2}, 0 €y (2.2.3)

The only relation of the left action is the generalized Jacobi:

k+1

> (=) {a, o dy e ] = 0, (2.2.4)

i=1

Theorem 2.2.6 (N. Dobrinskaya and V. Turchin, [12]). For k > 3, the pointed bimodule
H*Bék) under H,Bgy is generated by a single element {xy, ..., xx} € H(k_l)d_leik)(k) satisfying
the symmetry (2.2.3), generalized Jacobi (2.2.4), and Leibniz relations with respect to the

right action:
{.’L‘l, ey L1, T - $k+1} = Tk - {$1, ey Th—1, :L’kJrl} + {1’1, ,.I'k} * Tl (225)

{21, o Tper, [p, 2]} = (D {2y, o 2pmy, Trgr b 2] + {20, o0, T}, Taga - (2.2.6)

As a pointed left module (respectively, bimodule) H*Bc(lk)(k) has only one generator, given

by {x1, ...,z }. Below we give a geometrical description of {1, ..., x;}. We know
Bc(lk)(k) ~ M&k)(k) = {(z1,...,x3) € (RD)*| exclude 2y = x5y = ... = 23} = R¥F—R? ~ Glk—Dd-1,

This implies that the element {z1,...,z} € H(k_l)d_lb’ff)(k) can geometrically be realized
as a [(k — 1)d — 1]-sphere:

k
212+ |22 4 ..+ |z]? = €2 le =0 (2.2.7)
i=1

Each of the x;’s represents the center of the ith disc or the ith point in the configuration.
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Example: Let d = 1, k = 3 then {%1,1’2,1’3} S H(3_1)1_1B§3)<3) = H18§3)(3) = Hlsl.

Geometrically we can see this as follows:

N N N

X1 X2 €3 X3 X1 X2 X2 €3 A

\—/

The above example is for the case d = 1. Theorem 2.2.5 and Theorem 2.2.6 still hold for
d = 1. However the bracket [, z5] should be understood as x1x5 —xox1 so the only operation
is multiplication, which implies that the underlying operad is Assoc, the associative operad.

In this case (2.2.5) implies (2.2.6). The relation (2.2.4) is instead equivalently written as

k+1

Z (i A{x1, s Ty ooy T — {@1y oy By oo, T f - ) -
i=1
Example: Let us look at an example of an element in H(k_l)d_lBC(lk)(n) for k = 3,
n = 5. Let us examine the element xo - [{x1, x3, 24}, x5]. Here xq, 23, 24 orbit closely around
each other making a spherical class as in the previous example. The disc x5 orbits around
x1,x3, 4. Lastly, x5 does not interact with the other discs and stays still far away from the

other points.

[ ]\
/,\\
\
—
(ON]
E..;;
!
/
\ /
@t

Elements in H(k_l)d_lB((ik)(n),d > 2 can be thought as products of iterated brackets.
Formally, one can have a bracket, |-, -], or multiplication inside of a brace, however by the
two Leibniz relations (2.2.5) and (2.2.6), they can be pulled outside of the brace. This means
the left action on the two generators span all of the homology and nothing new comes from
the right action. All braces must be of the same length and braces cannot be inside of other
braces. As seen in the example above, singletons are allowed in the products of brackets. One
must have at least one brace inside a bracket, that is, [[z1, z3], 2] is zero as an element. It is

possible to have two or more braces inside a bracket, for example [{z1, x5, x5}, {za, 24, 6 }].
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Other examples of possible forms of elements inH*B((ik) (n) for k = 3, n = 7 are x; -
{5, x4, 22}, {23, 26, x7}] and {x9, x4, 26} - [{x1, 3, 25}, 27]. The degree of these elements is
2[(k—1)d—1]+(d—1) = 2(kd—d—1)+d—1 = 2kd—2d—2+d—1 = 2kd—d—3 = (2k—1)d—3.
Initially, we have 2[(k — 1)d — 1] since we have two braces and then add d — 1 for the single
bracket. Both of the elements can be seen as a map: S*=Dd-1 5 Ghk-1d=1 5 gd—1 _, g7y

The element xq - [{x5, x4, T2}, {23, 6, x7}] can be seen geometrically as:

Here x3, x4, x7 are close together and orbit around each other and x5, x4, x5 are also closely
orbiting around one another, as shown by the solid ellipses. The generators x3, xg, v7 also
orbit around x5, x4, 9, as represented by the dotted ellipse. Finally, x; says far away from
all the others and stays still.

Geometrically, {2, x4, 26} - [{21, 23,5}, x7] can be seen as:

As just left modules (respectively, bimodules), H*Bc(lk)(n) has two generators: x; €
HOB((jk)(l) and {1, xq,...,x%} € H(k_l)d_lB((jk)(n). There is an additional left action rela-

tion given by the following diagram:

Lie(2) 3 |[z1, 2] =0
generators \%’1_[ 1
1 2

There is also an additional right action relation:
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generator =0

Lie(2) > ||z, z2]

1 2

In other words, the action of z; by Poisy_1 only gives Com.
Finally, there is also a relation between the left and right action relations given by the

following diagram:

generator € Com(2)

Com(2) > |1 22 = generators

2.3 Homotopy Equivalence Bc(ik) (n) ~ /\/lék)(n)

Recall part 2 of Definition 2.2.1 of non-k-equal configuration spaces. For completion we will

prove the following proposition.
Proposition 2.3.1. The spaces B[(ik) (n) and J\/lglk) (n) are homotopy equivalent.

Proof. Define /\O/lglk) (n):= /\/lglk)(n) N (D%)*™ where D? is the open unit ball in R%. Then the
inclusion /\o/l&k) (n) — M((jk) (n) is homotopy equivalent since D? C R? is isotopic to R%.
There is a natural map f : Bék) (n) — /\/lgg) (n) that factors through /\;lilk) (n) and is
given by taking the centers of the discs and forgetting their radii. Next, we will construct
a map g : Mglk)(n) — Bék)(n) that is the homotopy inverse of f, where f : Bgc)(n) —

./\O/l((jk)(n). Let (x1,...,x,) be the n points in a configuration P in ./\O/l&k) (n). We will use

— . . L . k _
i to denote (iy,...,i). Next, define e(zy, ..., 2,) = = Lo i ]; |z;; — 7|2, where
T= = 1 (2, + ... + x;,). Finally, define r(z1, ..., x,) = min(e(2y, ..., z), 1 — |21], ..., 1 = |z]).

This is a continuous, strictly positive map 7 : ./\O/l&k) (n) — Rso that gives each disc z; the

same radius 7. The (1 — |z;])’s guarantee that all the discs are completely contained inside
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of the unit disc. The &(zy,...,z,) guarantees that no k discs overlap. To see this, assume
by contradiction that k discs overlap, which implies that there is some y in D? such that
d(x;,y) < rfor j =1y, ..., i1, where d(z;, y) is the usual distance function for R?. This implies

k
that Y |x;, —y[> < kr®. This gives the following string of inequalities:
=1

k k
kr? > Z |z, — y|* > Z |z, — :E'—Z)\Z > ke?
=1 j=1

This implies that €2 < r2. However by the definition of r, r < ¢, thus giving a contradiction
and proving that no k discs overlap.

One has that fo g = id. Now we will prove g of ~ id. Let P be a point (i.e. a
configuration of discs) in Bfik) (n). For i =1,...,n, let (z;,7;) be the i-th disc where z; is the
center of the disc and r; is the radius of the disc. Let (z;,r) denote the i-th disc of (go f)(P).
Define H : Bc(lk) (n) x [0,1] — Bék) (n) as follows: subdivide [0, 1] into 2 subintervals. On the
first subinterval, shrink continuously all radii r; > r to r. We want to do this first to avoid
any issues with the number of overlaps. Then on the second subinterval, continuously enlarge
all radii r; < r to r. This homotopy H proves that the identity map is homotopic to the

composition g o f . O]

2.4 Homology of Overlapping Discs as a Symmetric

Sequence

Bjorner and Welker in [6] first computed the homology of ./\/l((ik) (n) for k > 3. Sundaram and
Wachs in [30] later computed the symmetric group action on the homology of the intersection
lattice corresponding to ./\/l((ik) (n); their computations imply the following isomorphism of

symmetric sequences:

Theorem 2.4.1. There is a natural isomorphism of symmetric sequences
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HBY = Como (1@ (Lie o H){d ~ 1}) (2.4.1)
The isomorphism (2.4.1) holds integrally for d > 2, k > 3 and rationally ford > 1, k > 2.

Explicitly, with an independent proof, this formula appears in [12, Theorem 10.3]. In the
above isomorphism (2.4.1), o is the graded composition product for symmetric sequences as
defined in (1.4.1). Com and Lie are the underlying symmetric sequences of the commutative
and Lie operads and Hﬁ’“) is the symmetric sequence of hook representations which we de-
scribe below in Section 3.3. The notation {d —1} is the operadic degree (d —1) suspension of
symmetric sequences. The symmetric sequence 1 is the unit with respect to the composition
product. It is a one dimensional space concentrated in arity 1. In section 3.4, we give an
explicit formula formula for the cycle index sum of the symmetric sequences obtained in
(2.4.1).

The space Hgk) (n) is the natural subspace of H, MMY“) (n), spanned by iterated brackets
having exactly one brace. That is, for k = 3, n = 4, elements are of the form [{z1, x4, 3}, x2].
Composing Lie and Hﬁ’“) implies that elements can have any positive number of braces. For
example, for k = 3, n =7, [{x1, x4, 3}, x2], {75, 27, x6}] is a possible element. This can be

represented as the following tree diagram:

[21, 7] Lie
[[{$1,$47$3},$2]7 {$5;$7,$6}] =
{z1, w0, 23}, 2] | [ {21, 2, 23} Hi’“)
[\ \
1 4 3 2 5 7 6

As another example is [z1, [{z9, 3, 4}, {25, v6, 27}]] € H*Bc(lg)(7). By applying the
Jacobi relation, one gets [x1, [{xa, 3,24}, {T5, x6, 27}]] = [{x5, 26, 27}, [{22, 3, 24}, 1]] +
({5, x6, 7}, 1], {22, 3, 24}]. Both of the summands are in Lie o 7-[§k) and thus so is
(1, [{x2, T3, 24}, {25, 6, x7}]]-

The (d — 1) suspension distributes over the composition so (Lie o’Hgk)){d —1} = Lie{d—
1}0H5k){d— 1} where ’Hgk){d— 1}(n) = ’Hfjk) (n) as a subspace of H(k_2)+(n_1)(d_1)35lk)(n). The

22



composition with Com means we can multiply. Then we can have elements like {xy, x4, z3} -

[{xo, x5, 28}, {x6, 7, 29 }]. We can represent this element by the following tree diagram:

T1 T2 Com

{$1,$4>$3} : [{$27$57$8}a {3767$771159}] = |~”71 | [$17$2] Lie

{w1, w9, w3} [ {21, w2, w3} |[ {71, T2, 23} | H]

1 43 2 5 8 6 79

The 1 means that we can have singletons. Hence we can have elements like xg -
[{z1, x4, 23}, 2], {x5, 27, 26 }], Wwhere zg is an example which we will refer to as a single-

ton. This element can be represented as the following tree diagram:

T1 - T2 Com

Zrs - [[{$1,$4,I3},I2], {135,[L‘77[L'6}] = -
T 1

(21, 2o] F—— Lie

{z1, w2, 23}, 24] (o {1, w2, T3} = Hgk)

[\ |
8§ 1432 576

2.5 Symmetric Sequence ’Hgk)

Recall from the above section that H\" (n) is the subspace of H, k,gBl(ik) (n) spanned by iterated
brackets that have exactly one brace. The space is non-trivial for n > k and it is trivial

when n < k. The dimension of this subspace is (7_;). The basis of HP (n) is:

[...[{.ﬁlfl,l‘iy ...,xik},iﬂjl], ...,xjnik},

1 <9 <. < iy, J1 <72 < ... < Jn—k-

Below we explain why this set spans Hgk) (n). Recall first from Section 1.2 in the example

Lie(n), the basis of Lie(n) is k([...[[x1, o), To@3)]s s Tom)]), the generator x; can always
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be moved to the front of the iterated brackets by the anti-symmetry property and the Lie
bracket can always be made linear by the Jacobi relation.

Now let us look at Hgk)(n) First, using the anti-symmetric property of the Lie bracket
and the fact that if an element contains [z;, z;] then the element is 0, all elements of ”Hgk) (n)
are either equal, up to a sign, to an element of the form [...[{z;, @i, ... Ti, }, T4 ), s @), ],
where the z;’s are in any order and z;’s are in any order, or the element contains [z;, z;]
and therefore is 0. Then the x;’s inside the brace can be ordered i; < 19 < ... < i by
the skew symmetric property (2.2.3) and the x;’s can also be ordered j; < j» < ... <
Jn—k- Changing the order of the x;’s gives just a sign change. This can be seen in the
following example for k& = 3,n = 5: By the usual Jacobi relation [[{xi,z2, x5}, z4], 23] =
(=) [{z1, 22, x5}, 23], 24] + [{21, 2, 75}, [03, 24]]. The second summand of the right hand
side is 0, thus [[{z1, 72, 25}, 24], 23] = (=) Y[{z1, 79, 25}, 23], 74). The group X acts on
the 7,,’s and the group >, acts on the j,,’s. If d is even, then ¥, acts trivially on the
im's and X, acts by the sign representation on the j,,’s. Conversely if d is odd, then >
acts on the 7,,’s by the sign representation and ¥, _, acts trivially on the j,,’s. Finally,
using the generalized Jacobi (2.2.4), we can make i; = 1. Therefore any element of the
form [...[{zs, Tip, ..., Ty} 25, ], s w5, ] 1S a linear combination of elements from the basis
{1, @iy, @i by ]y L)

Next we give small arities of the basis of ’Hgk): For Hgk)(k), that is, n = k, the dimension
is 1 and the only element is {z1, ..., % }.

For ’Hgk)(k +1), n—k = 1, the dimension of this space is (%‘:1) = (kfl) = k. The basis
of HW(k +1) is

[{l’l,...7fi,...,l’k+1},$i], 1> 1.

For Hgk)(k: +2), n — k = 2, the dimension of this space is (k;i;l) = (Zf}) = @ The
basis of Hgk)(/{ +2) is

H{Qfl, ey T ...,QATJ', ...,xk+2},xi],az]~], 1< <y.
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Chapter 3

Cycle Index Sum of Non-k-equal

Configurations

The main result of this section is an explicit formula for the trace of the symmetric group
action on the homology of overlapping discs. The formula is obtained from (2.4.1) and given
in Section 3.4 and then proved in Section 3.5. This result appeared in publication [24] by
the Ph.D candidate and V. Turchin.

3.1 Cycle Index Sum: Definitions and Formulas

We will use the variable ¢ for the formal variable responsible for the homological degree. For
o € ¥, we will denote the number of its cycles of length j by i;(0). Let p : ¥,, = GL(V)
be a representation of the symmetric group ¥,,, where V' is a graded vector space, and let
(p1,Dp2, P35 -..) be a family of infinite commuting variables. Then the cycle index sum of p,

denoted Zy(q; p1,p2,ps, --.), is defined by

1 15 (0
Zv(q; p1, P2, D3, o) = >~ tr(p(e) [[ 7 (3.1.1)
j

|Zn| O'GEn
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where tr(p(c)) is the graded trace that is a polynomial of ¢ obtained as the generating
function of traces on each component. We also define an auxiliary cardinality degree given
by p;’s where each p; is said to have cardinality degree 1.

Let V be a ¥p-module and W be a ¥,-module. Then from [4, 5, 27, section 6.1; section

3.1, proposition 8, part ¢; 7.3, respectively],

A

3
Indg 7% (VW)

- Zv - Zw. (3.1.2)
For a symmetric sequence M (e) = {M(n),n > 0}, one defines its cycle index sum as

ZM(q;p1;p2;p3; ) = Z ZM(n)(q;Pl,p%p:s’ ) (3-1-3)

n=0

We will need the following formulas later in this section. The cycle index sum of the

composition of two symmetric sequences is given by the graded plethysm formula:

ZnoN = Iy ¥ Zn = Zn(q; pi = pi x Zn), (3.1.4)

where

pi* Zyn = Zn(q— (=1)""'q¢";p; = pij). (3.1.5)

The usual plethysm without the grading can be found in [4, 5, 27, equation 3.25, section
3.8; definition 3, section 1.4; equation 8.1-8.2, section 8, respectively|. For the graded case, it
is done when ¢ = —1 in [20, section 7.20]. Unfortunately, the graded version of this formula
doesn’t seem to appear in the literature, though it is known to experts [10, 28]. To prove
our formula, we notice that the sign convention is correct and holds when ¢ = —1 and the
g-grading contribution is correct by the same argument as in [13, Section 3.5, definition 3].

To recall the operadic suspension M{1} of the symmetric sequence M is defined as

M{1}(n) = s"""M(n) @ Viin,

27



where 5"~ is the degree (n — 1) suspension and V{jn) is the sign representation. One can
easily see that

1 L
Zympy = 5ZM(C];P1‘ = (=1)""'q'p;).

We will use the formula for the {d — 1} operadic suspension, which is an easy formula to

obtain from the above:

Zpga—ry = ()7 Zp(g; pi = (1) DD gild=0p (3.1.6)

Lastly, we will need the cycle index sums of Com and Lie. From [13, 20], the cycle index

sum for Com is
Di
ZCom = E —|; 3.1.7
C €xp <i21 i ) ( )

and from [7, 13, 20], the cycle index sum for Lie is

Zgie = i —p(@) Il = py) (3.1.8)

- 7
=1

where, here and throughout this paper, u() is the usual Mébius function.
We will also use the notation V) to denote the irreducible Y,,-representation corresponding

to the partition A, see [19].

3.2 Cycle Index Sum for H.B,

From [11], H.B4y = Poisq_1 = Como Lie{d — 1}. Below we give an independent proof of the

following well-known result.

Theorem 3.2.1. [25, Lehrer] For d > 1,

= mid—=1) (D Em (L)
ZH*Bd = ZComOLie{dfl}(Q;pbp27p37 ) = H (1 + (_1)d<_Q) (d 1)pm) (-t
m=1
(3.2.1)

where Ep(y) = > m 10y
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Proof. To show this, first we apply the {d — 1}-suspension (3.1.6) to Lie (3.1.8) to get:

R — (e i—1)(d— i(d—
Zrieta-13(¢; 1, D2, D3, ) = q' dz % ln(l - (—1)( e D(Q) . l)pz‘)-
i=1

=S (14 Ay

Next use (3.1.4) and(3.1.5) to compute the graded composition of Com and the above

equation:

Zcomocie{d—1} (@ D1, P2, P3, --.) =

exp (i ! ((—1)“(—(1)“”’ i _’“;(i) In (1 + (—1)d(—q)”(d”p¢j)>) .

j=1

Let m =1y

= exp Z % ((_1)d Z(_q)?(lfd)lu(i) ln(l + (_1)d(_q)m(d1)pm)>

DY s (g FOD

= exp (Z In(1+ (—1)d(—9)m(d_1)pm)>

Using the fact that exponential functions and logarithm functions are inverses to one

another and E,,(y) = + 2ijm u(i)yT that we get the result.
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3.3 Cycle Index Sum for Hgk)

By [30],

0, n < k;
3k_2‘/(nfk+1,1k—1) n >k,

where V|,,_j4115-1) is the hook representation corresponding to the partition A = (n — &k +
1,1%1) and s*~2 is the (k — 2)-suspension. The space H"(n) is some natural subspace of

Hk,gj\/lgk)(n), in turn it lies in degree k — 2, see [12].

Proposition 3.3.1. For k > 2,

Z?-I,(lk’)(q;pl,p%p:a, ) = (—q)k—Q _ (_q)k—2 (exp (_ Z %)) <exp (Z %)> |

(3.3.1)

where < k — 1 1s the truncation with respect to the cardinality degree.

We will prove this proposition with the following well-known facts and lemmas. First, let
W, = Q[n], where n = {1,2,...,n}, be the canonical n-dimensional representation of ¥,.
Then W,, can be decomposed in the following way: W,, = V(;,_11) ® V(,,) where V{,,_1 1) is the

n— 1mensional representation an ») = Q 1s the one-dimensional trivial representation.
1) di . I rep . dV() Qis th di . | trivial rep .
Lemma 3.3.2. Forn >k >0, A"W, =Indy" 5 Vi) @ Vo).

Proof. First recall that V(;x) is the sign representation of X3 and that V{, ) is the trivial
representation of ¥,,_;. Also, note that A¥IW and Indg:xzn_k‘/(lk) ® Vin—k) have the same
dimension, namely (Z) To start, let eq, eq, ..., e, be the usual basis of W,,. Now examine
how X, acts on a vector e;; Aej, A...ANe;, € W,. For o € X, o(e;, Aegy, Ao Aeiy) = o) A
€o(i) N - A €a(sy). By definition, Inds", v Vi) ® Vinor) = Q[E0] ®gizyxs,_ ) Vik) @ Vine)-
Define

Loty : Q[S0] Gapmyxs, o) Vary @ Vinr) — AW,

by Lhn—i)(0 @ 1) = o(er A ... Aeg) = es) A€ A ... A egry. We claim this is the desired

isomorphism. First, we will show that it is well defined. Let (o, 5) € ¥ x ¥, . Then
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Ten1y(0 - (a, 8) @ 1) = €5(a()) N Co(a@) N - A Eofalk)) = (—1)‘0460(1) Neg@) N oo N o) =
(=1)l*lo ® 1. On the other hand, I(0 @ (o, B) - 1) = 0 @ (—1)l*1 = (=1)l*lo0 ® 1. Therefore
I is well defined. As previously mentioned, these two spaces have the same dimension and

by construction I,y is surjective and therefore I, ,_) is bijective.

O
Lemma 3.3.3. Forn >k, one has an isomorphism of Y,-modules: Vi, _j 1y = /\kV(n_l,l).
This lemma is a standard exercise in representation theory [19, Exercise 4.6].
Corollary 3.3.4. One has an isomorphism of %,-modules: AW, = /\kV(n_Ll) @

AWty

Proof. NFW,, = /\k(V(n_Ll) ® Vin) = /\k(V(n_l,l)) @ /\"J_I(V(n_l,l)) ® Viny, where V{,,) is just

the trivial representation and thus we have our desired isomorphism. O

Corollary 3.3.5. One has an isomorphism of wirtual X,-modules: /\kV(n_l,l) =

Zf:o(_ly /\k_i Wn

Proof. /\kV(n_Ll) = N'W, — /\k_lv(n_l,l) by Corollary 3.3.4. We apply the same corollary
to A" 'V(,,_11) again and we have A*V(,_1 1) = AW, — A1V, _1 1) = APV, — AFHIV, +

/\k_QV(n,l,l). We can apply Corollary 3.3.4 iteratively to obtain the desired isomorphism. []
Now we are ready to prove Proposition 3.3.1.

Proof of Propsition 3.3.1. Let

0, n <k;

Vin—k41,15-1y, otherwise.

In order to prove Proposition 3.3.1, it is sufficient to show that

Zy(p1,p2, pss -.) = (=1)F 2 — (=1)*2 (exp (— Z%)) (exp ( %)) . (3.3.2)
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For n > k, one has

H(n) = Vip—gr1,10-1) (by definition)
= /\’“—11/(”,1,1> (by Lemma 3.3.3)
k-1
=Y (=1 AW, (by Corollary 3.3.5)
=0
k-1
= (—1)Zlnd§:717i><2nik+l+i‘/(lkfl—i) ® Vin—kt14i)  (by Lemma 3.3.2)
=0
k-1
= (1)1 (_1)J1nd§;@n_jv(1)j ® Vin—jy.- (by taking j = k —i — 1)
=0

Next we apply (3.1.2).

k—1
ZH(n) - Zv(n—k+1,1k—1) = (_l)k_l (_1)]2‘/(11') ) ‘/(nfj) (333)
=0
Thus,
k—1
Iy = (=) (=1 Zv;,  Zvi - (3.3.4)
n>k j=0

Note that ZV( iy is the cycle index sum for the sign representation and Zy,, . is the cycle
index sum for the trivial representation. We claim that (3.3.4) is equal to (3.3.2). We will
prove this claim in two cases: when cardinality n < k and when cardinality n > k.

We will first do the case when n < k. Clearly (3.3.4) is equal to 0 when n < k as the
sum starts when n > k and thus has no terms. When n < k, (3.3.2) is also 0 since the

exponentials are inverses to one another:
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Now we look at the case when the cardinality degree n > k. It follows from (3.1.7) that

> e —1)i1 ;
; ZVyny = €Xp <Z H%) .

By replacing p; — (—1)'p;, we get

i(—l)"ZV(ln) = exp (i _sz> .

n=0

Then,

E

-1

(=1)"Zvm, = (exp<§: _sz)> :

=0

3
Il
o

We also know that
Jy, . = =1.

From these formulas, one can easily see that in cardinality n > k, (3.3.2) and (3.3.4) are

both equal to (3.3.3). Thus in arity n, (3.3.2) is equal to (3.3.4), completing the proof. [J

3.4 Cycle Index Sum of H*Bc(lk)

The cycle index sum of the symmetric group action on H*Bc(lz), the usual configuration space,

was computed in [2, 25] to be, also see Theorem 3.2.1:

Zywo =11 1+ (—1)d(—Q)m(d’”pm)(_l)dE’"(H)ld‘l) . (3.4.1)
m=1

From (2.4.1), in [12] the exponential generating function of Poncairé polynomials for the
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sequence H*Bc(lk) is computed to be:
Fy, B““) Z <’“>(n)

e (1—<—q)“ ( (i ) q) " (3.4.2)

The main result of this section describes the cycle index sum of the symmetric sequence

H*B((ik) obtained from the isomorphism (2.4.1).

Theorem 3.4.1. Fork >2,d>1

?olpzl H ( _ k72)+

m=1

_1\d 1
o (cndl(Cgmitd-1), J))( 1) Em((7q>d71>
7

d—1,_ ymj(d—1)
(_q)m(k—2)< 2?01( S q)J d pm]) ( 252 J
<m(k-1)

(3.4.3)

where < m(k — 1) denotes the truncation with respect to the cardinality degree (|p;| =1i) and

Enly) == D ijm w(i)ys, where (i) is the usual Mébius function.

Most of the computations are straightforward. The main difficult part is computing the
cycle index sum for ’Hgk), which is done above in Section 3.3.

We also establish a refinement of Theorem 3.4.1. The homology groups of H*B((ik) can be
described as linear combinations of products of iterated brackets as seen in Section 2.2. The
number of braces and the number of brackets represent two additional gradings on the space.
The cycle index sum of H*B((f) can be adjusted with the use of two additional variables to
account for these two additional gradings. See Section 3.6.

It is easy to see that from (3.4.3) one can recover (3.4.1) by setting k = 2.
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Proof. Begin with (3.4.3) and set k = 2:

Z .52 (6 P15 P2, D3, ) Iexp<z %) 11 (1 —(=¢)" + (=q)°

=1 m=1

o0 : o0 . (_l)dEm< 14_1>
-1 d-1(_ ,\mj(d—1) iy -1 d—1(_ \mj(d—1) i (—a)
exp<_ O™ Oy ) (5o C 0™
Jj= <m

- j pu j

= exp (lzl %) 1__[1 (1 —1 + 1exp(—(—1)1_d(—q)m(d_1)pm)Sm
o5 <1><>>)<>

j=1 J

Notice that in (3.4.4) we have the formula we want as the first factor exp (377, 2) cancels

out with the factor on the second line:

1

ﬁ (1 - (—1)1‘d(—q)m(d—1)pm) oY E’”(w)

m=1
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So let us look at the factor from the second line in (3.4.4):

Recall E,(y) = + D iim i)y

_ﬁexp __pl g)1@-D ZZM )i d)m/k
=1

mll klm

— exp Z l(d 1) ZZM ) d)m/k

=1 mll klm

Let us examine

ZZM 1 d)m/k

ml|l klm

(3.4.5)

(3.4.6)

In the space of R-valued fucntions on N (excluding 0), let * denote the Dirichlet convolution

operator where

(fxg)m) =D f(d)g (%)

dn

Let 1 be the constant function where 1(n) = 1 for all n and let p be the usual Mobius

function. It is a known fact that 1 % u = &, where ¢ is the multiplicative identity (or unit)

function, that is,

1 ifn=1;

0 ifn>1,
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and (exg) = (g9x¢) = g for any function g. Then >, >~ . (k) ((—q)l_d)m/k = (Lxpxf)(1)
where f(I) = ((—q)'~)!.. Using the above fact, (1% ux f)(I) = (ex f)(I) = f(I), which implies

St g £0K) ()™ = F(1) = (—a)*)".

Substituting this into (3.4.6), we have

exp (Z _Tpl(—q)“d‘” : ((—Q)l_d)l> = exp (; —sz) (3.4.7)

=1

Now substitute (3.4.7) back into (3.4.4):

- b - 1-d m(d—1) % (ﬁ)
eXP(Z: 7) 1T (1 —(=1)""%=q) pm> exp(

m=1

I
N‘l
kS
N—
w
=~
=

The first term in the product

()
=1

=1

and the last term in the product

are inverses of each other, completely the proof. ]
Similarly, (3.4.2) can be recovered from (3.4.3) by setting p; = x and p; = 0 for ¢ > 2.

Proof. If we want to set p; = = and p; = 0 for ¢ > 2 in (3.4.3), this is only possible if

[ =m =7 = 1. This yields
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Recall e* = 1+x+“§—?—|—§—? + .... Then

3.5 Proof of Theorem 3.4.1

First we compute the plethsym of Lie and 7—[@ using (3.1.4) and (3.1.5).

Z pigon® (@591, 92, D3, ) =

30 (1o s o e (52 (5]
i=1 - <i(k=1) =

_ f: —/;(Z) In (1_(_q)z‘(k—2)+(_q>i(k 2) [exp < Z pm)] [exp <§:%>])
i=1 <i(k—1) j=1

Next we use (3.1.6) to compute the {d — 1} suspension of the above equation:

Z(ﬁieo’)—[gk)){d_l} <Qa b1, P2, D3, ) =

q1_dz l;( ) In (1 _ (_q)z(k—2) 4 (_q)z(k—2)x

° )= 1)(d 1) ij(d—1) s 1)@=1(d=1) gig(d=1)y,
Z q Dij Z q Dij
" eXP( )] [eXp< )])
[ i=1 J <i(k—1) J
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=q i %(Z) In (1 — (=) +

=1
d—1 ij(d— l) d—1 ij(d— l)
+(—q)i( ){ Z;”l(l) <3) ] lz?ol(l) <3> ] .
<i(k—1)

Now we will simply add the 1, the trivial representation of ¥;, to the equation above:

Zﬂ@(cieoﬂ§k>){d_1}(q;291,]927]937 ) =
e — (2 .
e dZ#ln (1—<—q> 2y

d—1 ij(d—1) d—1 ij(d— 1)
e e B ]
i(k—1)

Finally, we again use (3.1.4) and (3.1.5) to compute the graded composition product of

Com with the above equation to get an explicit formula.

ZComo(]lEB([lieoﬂgk)){dfl}) <Q7 P1,P2,P3, -- ) -

exp (i} pz—i—( )it z) Z M < B ((_1)lql)z‘(k—2) N ((_Ulql)i(k—z)x
% exp ( B i (1)1d<(1?lql)w(dl)pijl> .

J

J=1 <il(k—1)
s (—1)1d((—l)lql>ij(d_l)pz‘jl
cesp (3 .
=1 J
<Z pl+ (l 1 1 d) Z /’; y < ( 1)li(k72)qli(l€*2)_’_
=1 =1

J

X exp <Zl (—1)1_d(—1)lij(;_1)(qyij(d_l)pz’jz))])
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+ (_1)lz(k—2)qlz(k 2) exp ( Z ( ) . (Q) Piji x
j=1 <il(k—1)




Z pz+(—1)(l D@- d) Z N < — (- q)li(k—2)+(_q)li(k—2)

e -1 1-d(_ \lij(d—1),,. . O \1-d(__ \lig(d—-1),,. .
exp(_ (=)' ~(=) "y o (3 ED 0
j=1 J <il(k—1) Jj=1 J

= eXp (Z %) (Z(—l)d_l(—q)“l“” i % In [1 ()it 4 (—g)liti-2)

=1 =1

_1 1=d(_ \lij(d—1),,. X 1\1-d lij(d—1),, . .
Xexp<_ )"0 pi S G
=1 J <il(h-1) j=1 J

Let m = il, then

<

ZComo(]].@([:ieo’Hgk)){dfl}) (Qa P1, P2, P3, ) =

e (32 esp [ S0

b <l21: l> b (mzl im
(1) d( g ymi(d=1) mj © (L1)td(_g)mi(d—1) mj

xexp<_z< ) <§> p ) exp<z< ) <3> P )D
1 <m(k—1) ]

— j=1

T (i) In [1 — (=)™ " 4 (=g x

:exp(i%> ﬁ( —q)" "7 4 (—g)" P x

=1 m=1
i —1)1_d(—Q)mj(d_1)pmj

=1 / <m(k—1)

(-pd-t m(d-1),
0 . Dima? w(i)
-1 1-d(__ ,\mj(d—1) ) m ilm
Xexp[Z( ) )
=1 J

xexp[—
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Recall that E,,(y) = & D ilm (n()y ™).

= exp ( %) H (1 _ (_q)m(k—Q) + (_q)m(k—Q)X
=1

m=1

o0 -1 1-d(__ ,\mj(d—1) iy
XeXp[_ (=)'~ s, y
Jj=1 J <m(k—1)
oo . (-1)?En, 1d—1>
(—1>l—d<—q>mﬂd—l>pmj]) (
X exp Z :
Lzl J

3.6 Refinement

Recall from Section 2.2 that elements in H*Bg“) (n) are described as linear combinations of
certain products of iterated brackets, where there are two types of brackets, long and short,
or braces and brackets respectively.

The number of long and short brackets are additional gradings that we consider on
H *B((ik) (n). We add the variable u to be responsible for the number of short brackets grading
and the variable w to be responsible for the number of long brackets grading in the graded
trace used for the cycle index sum (3.1.1). The sequence C'om does not contribute to these
additional gradings and thus (3.1.7) remains unchanged in the refinement. The graded
suspension does not interact with the long and short brackets and thus (3.1.6) also remains
unchanged. However, there are short brackets in Lie. In cardinality k, there are always
k — 1 (short) brackets, which is why we divide by u and replace p; by u'p; in the formula
below. By abuse of notation, we also denote by Z ;. the cycle index sum of Lie with this

refinement:
oo

Zrie(U, i p1,p2sps, ) = )

=1

—p(i) In(1 - Uipz')' (3.6.1)

u 7

Recall from Section 2.5 the space ’Hgk)(n) is a subspace of Hk,ngk) (n), defined as a
subspace spanned by iterated brackets that have exactly one long bracket [12]. This explains

why we multiply by w in the formula below. The iterated brackets of ’Hgk) (n) have exactly
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n — k short brackets, which explains in the formula below why we divide by u* and replace
p; by u'p; in the refinement. Similarly we abuse notation to denote the cycle index sum of

Hgk)(n) with the refinement as before by Z, ).
1

Z,H(k) (U, w, q;P1, P2, P3, ) =
1

% ((—Q)k_Q —(—q)*? (exp (- Z uzﬁ)) (exp (Z u@;;@))) . (3.6.2)

The plethysm also affects the long and short brackets and is now defined as:

ZMoN = Ly *x LN = ZM(U; W;q;Pi = Pi * ZN>7 (3-6-3)

where

pi* Zy = Zn(u— u's wis w's g (=171 p; = pij). (3.6.4)

Theorem 3.6.1. For k> 3 and d > 2,

ZH*M((;C) (u; w, q;Pp1, P2, P3, ) =

0 m(k 2)
oo Pl w
2= | | < um (k—1) [1

m=1

—1)d 1

- (71)d—1(7q)mj(d—1)umjpmj - (71)d—1(,q>mj(d—1)um]'pmj (1) Em<(7q)d71u)

(6_ j=1 b ) <€ Jj=1 J ) .
<m(k-1)

(3.6.5)

Proof. The proof for this theorem follows the same steps as the proof for 3.4.1.
First we compose the refinements of Lie (3.6.1) and 'Hgk) (3.6.2) now using (3.6.3) and

42



(3.6.4):

Z,Ciengk) (u7 w, q; P1, P2, p3) =

Next compute the {d — 1}-suspension still using (3.1.6):

Z(ﬁiengm){d_u (u> w, q; P1, P2, p3--.) =

@)=y 0, (1 S ((—qv““-” (g0

i=1

0 i —1 1—-d(_ \ij(d—1) i 0 i —1 1—-d(_ \ij(d—1) »
xexp<_2“< ) ~(=a) "V oxp [ 501D ) ) )
j=1 J <i(k—1) j=1 J

Now add 1 to the above equation:

Z]l@([:ieo}[gk)){dfl}(u’ w, q; P1, P2, p3) =

i

1-d = —pu(i) w i(k—2) i(k—2)
p1+(q) Zl . (1 ~ D ((—Q) —(—q) X
20 i (— 1)1 (—q) i), 20 i (— 1)1 (—q) D),
Xexp(_zu (=D™(=9) Pij exp Zu (=)™ (=9) Pij ‘
J=1 J <i(k—1) J

j=1

Finally, use (3.6.3) and (3.6.4) again to compute the graded composition with Com with
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the above equation:

li

N p1 N —p(i) —1)2(_)l(1-d) o w  NG(k—=2) o \li(k—2)
eXp(lz; l)eXp( TV 1 - oy (o) (—q)it=2 x

o z]l 1 d(_q)z]l(d 1)pijl
X exp , X
( Z J <i(k—1)

j=1 =
Oy~ 1)1 —g)iild=1),,.
(z )
j=1 J <i(k—1)

Let m = li and recall E,(y) = + > iim (1(i)y™). This, along with the fact that the

exponential function and natural logarithms are inverses, gives the desired result (3.6.5). [

3.7 First Approach

When first attempting to find (and verify in small arities) a general formula for the cycle
index sum of Hgk), we began by using the Frobenius Formula for Characters of Symmetric
Groups.

We will use the following notation: Let p be a partition of n and ¢, be the corresponding
conjugacy class in 3,. We can write yu = 1% - 22 . 3% . . where i; is the number of
cycles of length j. For convenience we can also write ¢, = (i1, i2,13,...) and will denote
the order of the conjugacy class by |c,|. For another partition A = (A1, Ag,..., \p) of n,
where A\ > XAy > ... > \,,, one has the corresponding irreducible representation V). Define
l; = Aj +m — j. Next we introduce variables x1, zo, ..., Z,,, where m is the number of rows
in the Young diagram corresponding to the partition A\. The jth-power sum in variables
L1, Ty, .o Ty s given by Pj(z) = 2 + 2} + ... + 2J,. The Vandermonde determinant is
denoted A(x) = [T, (i — ).

The Frobenius Formula for Characters of V) is given by:

: (3.7.1)
O 02,

trA Cu

HP
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that is, we are looking for the coefficient of zf' - 28 - ... afm in [A(x) [1, Pj(x)"]. Note,
in the literature usually the letter X is used to denote characters in Representation theory.
To better match our notation for the cycle index sum formula, we instead use the trace
notation. If the A is understood, we can instead denote the left hand side simply by tr(c,).
The Vandermonde determinant A(x) and the coefficient that we are looking for do not change
within each conjugacy class c,. The only term in the formula (3.7.1) that depends on the
conjugacy class is []; Pj(x)".

Lastly, we introduce an infinite family of commuting variables pq, po, ps3,... where the

cardinality degree of each p; is i. Then the Cycle Index Sum of V) is given by:

2= 5 Sl - T (372)
pkEn J
This formula also appears as (3.1.1) in Section 3.1 with slightly different notation. Recall
that i;(1) denotes the number of cycles of p that have length j, which means the i;(u)’s are
equivalent to the i;’s when we write the conjugacy class as ¢, = (i1, i2, i3, ...).
To begin, note that when A = (n), the corresponding representation V() is just the trivial
representation on %,. Note when n = 0 in this case, the cycle index sum for Zy,, = 1. The

partition A = (n) corresponds to the following Young diagram:
n

L [

It is clear then that tr(c,) = 1, however we will verify this with the Frobenius formula.

As stated above, A = (n) corresponds to the representatiosn of ¥,, and ¢; = n. That implies

the we are looking for the coefficient to 7. The Vandermonde determinant is 1. The power
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sum is [[, Pj(z)% = (x1)". Finally,

Then

ad 1 i n!
;Z% = (Kl)HPJ(“:) Ja 10y ] - 2i2j,] - 3iajy)

Next, we look at hooks of the form (n,1), with n > 1. This corresponds to Young
diagrams with n boxes in the first row and one box in the second row. In this case, we will
only need two variables x; and x5. Hence we will be looking for the coefficient to x

even further /i =n+2—-1=n+1and V/ =1+2—2 = 1. The Vandermonde Determinant

will always be (x; — x3) for n > 1.

We looked at small arities of n. First we examine the hook diagram corresponding to the
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partition A = (1, 1), that is the Young diagram is as follows:

=

This partition corresponds to the 1-dimensional sign representation. We know that the
characters are 1 and -1, corresponding to the identity conjugacy class and the conjugacy
represented by a transposition, respectively. We will confirm this below with the Frobenius
formula.

Since A = (1,1), then ¢, =1+ 1= 2 and ¢, = 1 and we are looking for the coefficient to
2229. This A corresponds to representations of . There are two conjugacy classes of 3y:
the identity conjugacy class, which we denote (id) and the other conjugacy class we denote
by (12). Note that |(id)| =1 = |(12)].

We can equivalently write (id) = (12), so i; = 2. Then the power sum for this conjugacy

class is given by []; Pj(z)" = (21 + 22)?. Combining this with what we already found,
tr((id)) = [(x1 — x2) (21 + 22)*] 124, = 1.

We can equivalently write (12) = (1°2') = (2'), so iy = 0 and i5 = 1. Then for this

conjugacy class [[; Pj(2)" = (z] + 23). Now we can calculate
tr((12)) = [(z1 — 22) (@} + 23)]a2, = —1.

Now that the traces have been found we can calculate the cycle index sum of Vy yy:

1 2

Dy = 5 (WP + (=1)(1)p) = 5 (7 = p2) -

DO | —

The two previous examples are known without using the Frobenius formula. Now we will
look at two examples where the Frobenius formula is needed.

The Young diagram corresponding to A = (2,1) is:

|
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Since A = (2,1), {4 =2+ 1 = 3 and ¢, = 1. Hence we are looking for the coefficient
of x3x9. This A corresponds to representations of 3. There are three conjugacy classes
of ¥3: again we denote the conjugacy class corresponding to the identity in X3 by (id) and
|(id)| = 1. The conjugacy with one transposition we will denote by (12)(3) and |(12)(3)| = 3.
The last conjugacy we denote by (123) and |(123)| = 2.

We can equivalently write (id) = (1?) and hence i; = 3. Then for this conjugacy class

[1, Pj(x)" = (21 + x5)°. Therefore:
tr(id) = [(z1 — 22) (21 + I2)3]m?12 = 2.

The conjugacy class (12)(3) can equivalently be written as (1'2'), so i; = 1 = iy. Then

for this conjugacy class []; Pj(2)" = (21 4 x2)(x{23). Therefore:
tr((12)(3)) = [(w1 — @2) (21 + 22)(2723)] 43, = 0.

We can equivalently write the conjugacy class (123) as (1°2°3') = (3'), 04, =0, 15 =0
and 43 = 1. Then for this conjugacy class [; Pj(x)" = (2} + 23). Therefore:

tr((123)) = [(21 — z2) (a7 + 23)]0,, = —1.

The cycle index sum for V(s 1) is given by

Loy = % (D)@)pi + (3)(0)pip2 + (2)(—1)ps) = %(21’? —ps) = Pi gp?,.

The partition A = (3, 1) given by the Young diagram

[

This A corresponds to representations of ¥,. Since A = (3,1) then ¢, =3+ 1 =4 and
¢y = 1. Hence we are looking for the coefficient of xizy. There are five conjugacy classes

of 3, which we denote by (id), (12)(3)(4), (123)(4), (12)(34), and (1234). The orders of
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these conjugacy classes are |id| = 1, [(12)(3)(4)] = 6, [(123)(4)| = 8, [(12)(34)] = 3, and
1(1234)] = 6.

For the (id) conjugacy class, iy = 4. This implies [, Pj(z)" = (21 + z3)*. Then
tr(id) = [(x1 — z2) (21 + 22) 415, = 3.

For the conjugacy class of (12)(3)(4), 41 = 2 and iy = 1. This gives [[; Pj(2)"¥ =
(.1’1 + 1’2)2(23% + .T%) Then

tr((12)(3)(4)) = [(v1 — w2) (21 + 22)* (2] + 23) |4, = 1.

For the conjugacy class of (123)(4), i1 = 1 and i3 = 1. This implies that [[, P;(x)% =
(21 + x2) (2} + 23). Then

tr((123)(4)) = [(w1 — 22) (21 + 22) (2] + 23) |44z, = 0.
For the conjugacy class of (12)(34), i = 2. This gives [[; Pj(2)" = (2] + 23)*. Then
tr((12)(34)) = [(w1 — 22) (21 + 23)"]p40, = —1.
For the conjugacy class of (1234), i4 = 1. This gives that [[; Pj()" = (2] + 23). Then
tr((1234)) = [(21 — 22) (2] + 23)]at0, = — 1.

Therefore the cycle index sum for the hook (3,1) is given by

1

(1)@t + (6)(1)pip2 + (8)(0)pips + (3)(—1)ps + (6)(—1)pa)

Pan = ]

1

= ﬂ(gﬂﬁ + 6]0%192 - 3273 — 6py)
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1, 1, 1, 1

_toa L R
= 8191 + 4]91]?2 81’2 4]94-

From the Frobenius formula we can write the cycle index sum for each V, 1) where n > 1,

as

L) = nl Z ([‘Tl_w? H(le+$%)zji|x?+lx2

pEn4-1 J
X . (3.7.3)
1”@1 22222 37'323 Hp )

where 4, is the number of cycles of length j in partition g of ¥,4;.

We can rewrite (3.7.3) in the following way:

> d (2] + 2)iip?
Z ZV<n,1> = 8_x2 (Z ((ml_@) H W — Py (x4, 5132)0p8—P1($1> 332)129%
n=1

ij J

zr1=1,22=0

The last two terms in the above equation correspond to the cardinality degree 0 and 1,
respectively. Since V(, 1) begins in cardinality degree 2, we want to subtract off anything in

degree 0 or 1 so that they do not contribute anything.

(=] +w2)p]
a(22<331—$2 HZ<< >>1($1+x2)p1>

r1=1,22=0

r1=1,22=0

= 8ix2 ((ml — I9) exp (Z %) —1—(x1+ xg)p1>

J

r1=1,22=0
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Next take the derivative of the above equation with respect to x,:

= [(—1)(exp (Z w> —1—(z + xg)p1>+

i J
J

+ (o1 — o) (exp (Z @+ o) )(Zx pj) _pl)]

L

zr1=1,22=0

) [<$1_x2)<exp<;(xl+xz )(sz pj> n)-
) (exp (Z%) - (a:1+xz)p1)]

Yy

xr1=1,22=0

oo () () )

— exp (Z W;M) + 1+ (z1+ iﬁz)pl]

]

zr1=1,22=0
Now evaluate the x; — 1 and x5 — O:

1 1

— exp Z;pj p1—p1 — exp Z;pj +14p
i i
Finally, we get a nicer formula for the cycle index sum of partitions (n,1) for all n:
1
(p1 — 1) exp Z }pj +1
i

Next we tried to apply this same approach to partitions (n,1,1), that is, hooks with n
boxes in the first row and 1 box in the second and in the third row. This requires another

variable, x3. While find the cycle index sum for representations V(;, 1,1y for small n was
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attainable, as a whole, the process was not replicable. A formula similar to (3.7.3) was

found:
A o Z (1 — z2) (21 — 23) (29 — 23) H(x{ + x; + xé)“ X
pEn+1 J m’f+2x§zg
X T 2% T Hp ) (3.7.4)
r1=1,x0=x3=0
We can rewrite (3.7.4) in the following way:
> 190 0 0
Zy =22 9 p :
Z Vin,1,1) 2 8I2 (91:2 81’3( (xla T2, T35 P1, P2, ))
=1 zr1=1,20=23=0
where
(] + 2 + ad)iip?
(a1, 22, 23,p1,p2, ) = Z (21 — @2) (21 — 23) (T2 — 3) H - 22 : ?; ol
L 0ra
1
— Py(z1,22)°py — Pr(21, 22) ' py — §(P1(x1, T2, 03)°p] + Pa(1, 2, 13)p2)

Similarly to (n,1), we subtract off the terms of cardinality degree less than 3, which is
done in the second line of the above equation. Although the process was not complete, some

work was done to replicate the process above:

( (o] +ahral)p; ) i
F(x1, 9, 23;p1, P2, --.) = (21 — T2) (71 — 23) (72 — 73 (HZ ( j >_

7!

1
—1—-p - 5((% + 2o + 1’3)2]9% + (x% + 1:3 + xi)pz)

= (21 — x2) (21 — w3) (22 — 23) (Hexp(<x]1 - x§'+ xé)%)) B

; J

1
— 1= = 5 (@1 + 22+ 29)°p] + (27 + 25 + 25)ps)

52



J

(z1 — x2)(21 — 23) (72 — 73) (e:ch ( Z M) _

1
—1—-p - 5((% + xo + 1’3)2]9% + (x% + 1:3 + x%)p2)

Hence,

(oo}
Z Dy =
n=1

o 9 0 (21 + xh)p;
D5 023 O ((xl — xo)(x1 — 3) (T2 — T3) (exp(Z f) —

2 2 -
J

N | —

2

1
—1—p1— (21 + 72+ 23)°pi + (27 + 23 + $§)p2)>
r1=1,x0=x3=0
The difficulty lies in the next steps, namely taking the derivatives and mapping x; — 1,
x9 — 0 and z3 — 0. An attempt was made at these next steps and although done with

minor errors, the formula (3.7.5) found still proved helpful.

1 1 1
5 exp Z P (2(p1 +1) = pips) — 1 —2p1 — pi + 2P (3.7.5)

This difficulty would continue grow with more variables (and more derivatives) for
(n,1,1,1), (n,1,1,1,1), (n,1,1,1,1,1) and so on. If these formulas had been easier to obtain,
the idea would be to use them to find (and check) a more general formula for a hook of the

form (n, 1"7%), that is ones given by the following Young diagram for any 0 < k < n — 1:
n

[

n—kF—1

However, from (3.7.3) and (3.7.5) we were able to make a guess as to what the cycle index

sum should be for ’Hgk), which we then verified using induced representations. See Section
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Chapter 4

Overlapping Discs Filtration in the

Commutative Operad

The goal of this chapter is to define the operad of overlapping discs. This new operad
will contain information on both the operad By and all the bimodules Bgc). This operad is

endowed with a natural filtration by the degree of the overlap.

4.1 Filtered Operads of Overlapping Discs

An operad O is filtered if there is a filtration in each component of FyO(n) C F10O(n) C

F>0O(n) C ... compatible with the composition maps:
0; : Fk10<n1) X Fk2o<n2) — Fk1+k2(’)(n1 + ng — 1) (411)

We assume that id € FyO(1). Note that FyO is a suboperad of O.

The filtration of the operad induces a sequence of maps in homology:

H.F,0(n) — H.F,O(n) — H.F0(n) — ... (4.1.2)
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and the composition maps:
O; & H*FkIO(nl) X H*Fk20<n2) — H*Fkl_:,_k?O(TLl + no — 1) (413)

One has the inclusion Bg(lk) (n) C Bc(lkﬂ) (n) since the non-k-overlapping condition is stricter
than the non-(k + 1)-overlapping condition. Now define F;O(n) := BC(IHQ) (n), where O(n) =
Bc(loo) (n) = Ej B((j)(n). Just as with By, here composition (4.1.1) is inserting a configuration
of ny discs Zf;f)m Bék2)(n2) into the i-th disc of Békl)(nl). When k; = ko = 2 we get the
usual operadic composition in By. Note that Bc(f) is the usual little discs operad By. When
k1 = 2 we get the infinitesimal version of the left action (2.2.2) and when ky = 2 we get the
infinitesimal version of the right action (2.2.1). Note that B((ioo)(n) = (B4(1))" and therefore
is contractible. Thus Bg’o) is equivalent to the commutative operad.

From [12], we already know the homology groups of H*B((f)(n), k > 2, and how the
composition maps work when either k; or ks is 2. Now we want to understand the maps
in the sequence (4.1.2) as well as the composition maps from (4.1.3), for ki, ks > 2. To
understand the sequence (4.1.2) we will need the following lemma, which will also be useful

when understanding the composition maps (4.1.3).

Lemma 4.1.1. For alld > 1, k > 2 and n > 0, the inclusion Bflk)(n) C Bl(ikﬂ)(n) is

null-homotopic.

Proof. Define a homotopy H : Bc(lk)(n) x [0,1] — B§k+1)(n). Subdivide [0,1] into n + 1
subintervals. Recall that a point in Bc(ik) (n) is a configuration of n-discs in the unit disc with
the condition that the intersection of any k of them is empty. Fix a point in Békﬂ)(n) where
all the discs, labeled 1',2',....n/, are disjoint. We will call this configuration the standard
position for the discs. Now take any point P € Bfik) (n), discs labeled 1,2, ...,n. Recall that
P lies inside of a unit disc. We can smoothly rescale and translate this unit disc so that it
is disjoint from the 1’,...,n’ discs in the standard configuration. This homotopy is done on
the first subinterval [O, n+r1]

Next, we can smoothly rescale and translate the disc labeled 1 in P to the disc labeled
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1’ in the standard position during the second interval of H. Then we can smoothly rescale

and translate the disc labeled 2 in P to the disc labeled 2" in the standard position during

the third interval of H. We can iteratively do this for all n discs in P until each disc is in

(k+1)

the standard position in B, " (n). In the i-th interval of H, rescale and translate the disc

labeled (i — 1) to the standard position, for i > 2.

Note when moving the discs, up to k£ overlaps can occur. However since the k overlaps

are allowed in Bgﬁq)(n)7 the homotopy is well-defined.

We show the idea of the above proof below pictorially for B&Q)(3) C 15’;3)(3).

Notice that when disc 2 is moved to 2/, it overlaps with disc 3. However since the movement

. 3 . .
occurs in Bc(l )(n), it does not cause any issues.

As an immediate consequence of Lemma 4.1.1, we get the following corollary:

Corollary 4.1.2. For d > 1, the sequence of inclusions B((f) C BC(;’) C 6(5,4) C ...

maps in the homology with each map factoring through Com.

287 — BB — HBY — -
N A NS N
Com Com Com ---

mduces

For d > 2 or k > 3, the map HOB((jk) — Com is just the projection to HOBC(lk) = Com.

For d = 1,k = 2, H*B?) = Assoc. The map H*Bf) — Com is the natural projection
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Assoc — Com. The map Com — H*Bék) is always the inclusion HOBC(lk) — H*Bflk), as

HOBC(lk) = Com for k > 3.

4.2 Compositions in H*B((j.)

In the previous Section 4.1 we understood the sequence of maps (4.1.2), now we want to
understand the compositions maps (4.1.3). Corollary 4.1.2 tells us that the map H*ng) —
H*Bc(lkﬂ) can be factored through Com. The spherical cycle {x1, ..., zx } is the boundary of the
chain (disc) ¢(x1, ..., zx) : {x1, ..., zx} = O(c(z1, ..., x1)) In B((ikﬂ)(k). Hence {z1,...,zx} = 0in

H*Bc(lkﬂ)(k), by Corollary 4.1.2. The chain ¢(zy, ..., zx) can be explictly described as follows:

212+ |2 + o+ [ < €7 inzo (4.2.1)
=1

where x; represents the center of the i-th disc.

4.2.1 Examples

We want to explicitly describe the composition maps
0, : H*Fklo('fh) & H*sz(’)(ng) — H*Fkl+k2(9(n1 + ngo — 1)

Before describing the general case of composition, let us examine some examples of the
composition maps on the level of homology.

Let k1 = ks =3, ny =5, and ny, = 3:
o : H,BY (5) ® HBY (3) — H,BY (7).
Let us examine the composition when ¢ = 5:

{z1, 22, 73}, 2] w505 {1, T2, 13} = [{21, 20, w3}, 4)- {5, w6, 27} € Im(H, B (7)) ¢ H.BY (7).
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Here we insert the second brace in x5. This element is in the image of H. *Bc(lg)(7). By the
Corollary 4.1.2, [{x1, x9, x3}, z4] - {x5, 6, 27} = 0. Explicitly this element is the boundary of
the chain [{x1, zo, 23}, 4] - (x5, 26, 7).

Now let us look at the composition when ¢ = 4:

[{$17$2, 373}, $4] - X5 Oy {$1,$2, $3} = [{901,%, $3}, {$4, 57057%}] * 7.

Note that

{x1, x2, w3}, {4, 5, 26} - x7 = O([{x1, 2, 23}, (4, 5, 76)] - 7).

This element is also zero by the same argument as above.

Lastly, let us look at the composition for ¢ = 3:

[{$1,$2, 5103}, $4] - Ts5 O3 {$1,$2, 903} = [{931@2, {$3, $4,$5}},I6] s X7

Note that compositions o; and o, give similar results to o3. We claim that resulting
element [{z1,xq, {3, 24, x5}}, 26] - 7 € H*BC(;L)(?) is non-trivial. To show this, we must
understand the composition of braces, that is, {x1, 22, {x3, 24, z5}}, which can be realized as

a map S21 x §2-1 5 BW(7) We can geometrically see {1, s, {3, 74,25} } as follows:

4 oy

Here w3, x4, x5 orbit closely around each other while at the same time they collectively

as a cluster closely orbit with x; and .

4.2.2 Sign Conventions

We choose our sign convention so that it agrees with that of the Dobrinskaya-Turchin paper

)

[12]. When we describe elements in the homology of B((ik in terms of products of iterated
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brackets, cycles are realized as products of chains (usually spheres). We read the ordering of
the factors (spheres) from the way the product of iterated brackets is written. We follow the
rule that the spherical cycle corresponding to the brace is taken into account in the ordering
by the left brace. Similarly, the spherical cycle corresponding to the bracket is taken into
account by the comma. Non-spherical cycles are represented by letters (such as Y and Z)
and are taken into account in the ordering when they appear.

Example:

{z1, ..., 741, [Y,Z]} corresponds to a cycle realized by the product S*=D4=1 x y x -1 x
Z. First we get S*~D4=1 due to the brace since the sign contribution is placed on the left
most brace. Then we have all of the z;’s which do not contribute to the sign. Next we have
the contribution from Y and then S9!, the contribution from the bracket, recall that it is

taken into account by the comma. Lastly, we have the contribution from Z.

4.2.3 Compositions

From the examples in Section 4.2.1 one can see that many compositions will be trivial. In
fact, all non-trivial elements come from either composing braces inside of braces, or from
degree 0 classes. We can categorize elements in H. *Bc(lk) into 3 different types:
I) HOBu(lk) (n) = Com(n).
IT) Products with exactly one iterated bracket (the other factors singletons) that contain
exactly one brace.
IIT) The space spanned by all the other products of iterated brackets. In particular, elements
of this type will have at least two braces.

For all i, I o; I # 0 as these are just compositions in Com. Compositions of the form II o;

IT # 0 if and only if 7 is inside of the brace. We claim all the other compositions are trivial.

Proposition 4.2.1. Assume both k and ko are greater than 2. Then the composition maps

o; : H.BY (ny) @ H,BY (ny) — HBY ™72 (ny + ny — 1) (4.2.2)
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are trivial restricted on [ o; I, I o; III, I o; I, Il o; III, III o; I, III o; II, III o; III for all
and on II o; II if i is outside of the brace.

Proof. Cases [o;11 and Io;I11: Let x1-...-x,, € HOBC(lkl)(nl) be of type I and 5(z1, ..., xn,) €

H*Bc(le)(ng) be of type II or III. Compositions in these cases are as follows:

L1 * oo " Ty 94 B(xl, ...,[EnQ) =T1 ... "1 B(ZL’Z, '--7xi+n2—1) oo " Tnj4ng—1-

The result of this composition is in Im(H>OB((f2)(n1 +ny—1)) C H>gBék1+k2_2) (n14+ny—1).
Since kp is assumed to be greater than 2, by Lemma 4.1.1, the compositions of these forms

are trivial.

Cases I1 o; I and III o; I: Let a(zy,...,x,,) € H*B((ikl)(nl) be of type II or III and

Tyt Xy € HOB((Z{ 2)(77,2) be of type I. Compositions in these cases are as follows:
04(961, ...,xm) O 1 o " Tpy = Oé(xl, ey =1, Tj * eve * Tigng—15 Tidng, ---;$n1+n2—1)-

If ¢ is not in the brace of a(zy,...,x,,) then the result of the composition is clearly in
Im(H>OBék1)(n1 +mny—1)) C H>OBC(lk1+k2_2) (nq + ng — 1). Since ks is assumed to be greater
than 2, by Lemma 4.1.1, the compositions of these forms are trivial.

Case II o; II: Let a(xy,...,z,,) € H*Békl)(nl) be an element of type II and let
B(x1, .y Tpy) € H*Bflk?)(ng) be another element of type II.

Compositions are as follows:

Oé(xh "'7'1:711) O /8(1'1, '-'7xn2) = O[(l’l, "'7xi—lvﬁ(xia ) "L‘i-i-nz—l)a Litna, ~-'7xn1+n2—1)-

Since 7 is not inside the brace, the result of the composition is in Im(H>OBl(1k/)(n1 +ng—1)),
where k' = max(ky, k2). Then Im(H>oBl(ikl)(n1 +ny—1)) C H>OB§k1+k272) (ny+mng—1). Since
ki and ko are assumed to be greater than 2, by Lemma 4.1.1, any composition of this form
is trivial.

Cases III o; IT and I11 o; III: Let a(xy,...,x,,) € H*Bg(lkl)(nl) be an element of type
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IIT and let B(z1,...,2n,) € H*Bc(le)(ng) be an element of type II or III. Compositions are as

follows:

Oé(mly ) x?’u) O B(*rla '”7an) = O[(QZ'l, "'7xi—17/8(xi7 L) CC'L‘—l—ng—l)7 s xnl—l—ng—l)-

Since a(xy, ..., T,,) is of type III, it has at least two braces. Therefore for any i, there is
at least one brace of «a(zy,...,x,,) that is unaffected by the composition. That brace is of
length k; and is the boundary of the chain ¢(z1, ..., xy, ). Therefore the composition is trivial.

Example : For ky = 3, ko = 4, ny = 6, no = 4, we get a map oy : 13’;3)(6) X 6514)(4) —
825)(9). Let a = [{x1, 29, 23}, {x4, x5, 26}] and B = {x1, 29, 23,24}. The composite cycle
a oy B can be realized as a product of spheres S2¢~1 x §34=1 x §9=1 » §2d=1 hich is a

boundary 9(S%-1 x §38-1 x §d=1 x p2d):

[{xly T, I3}7 {I47 X5, ‘TG}] 092 {xla X2, X3, I4} - [{1‘1, {.T27 X3, L4, x5}7 .Tﬁ}, {x77 xg, Jfg}]
- a[{xlu {an X3, Ty, $5}7 xﬁ}; C(I’?, xs, 179)]

=0.

For the inner brace, {y, 3, x4, 5}, any three of the discs 2, 3, 4, and 5 can overlap. If we
replace {z2, x3, x4, 25} with Y in the brace {1, {x2, z3, 14,25}, 26}, we have {z1,Y, 26} and
any two of the discs 1, Y, and 6 can overlap. Therefore if Y overlaps with either 1 or 6 there
is at most four discs overlapping, so the result is indeed in Bc(f) (9). However since {z7, xs, x9}
bounds a disc, as seen above, the result of the composition is zero in 825)(9).

The remaining case I1 o; I11 is the most difficult and we will need the following lemma:

Lemma 4.2.2. Let {z1,...,x4,} € H(kl_l)d_ll’j’c(lkl)(kl) and let B(x1, ..., xn,) € H*Bl(fQ)(ng) be
an element of type III.
We can either write 5 =Y - Z or B =Y, Z] for someY and Z. When =Y - Z, then

{xh oy Ly —1, (YZ>} = (_1)|Y\((k1—1)d—1)y_ {1:17 ooy Ly —1, Z}+{J71, ey Ly —1, Y} -2, (423)
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and when 8 =Y, Z], then

{xla ooy Tl —1, [Y7 Z]} = (_1)(|Y|+d_1)((k1_1)d_1)[Y7 {3’)17 ooy Tl —1, Z}] + [{xlv ooy Ty —1, Y}7 Z]
(4.2.4)

Proof. The formulas (4.2.3) and (4.2.4) do not follow from (2.2.5) and (2.2.6), but are proved
by a similar argument as in [12, Examples 5.2 and 5.3|, which was inspired from [3]. Consider
the cycle {z1,...,x5,—1,(Y - Z)}. When we pull Z far away, it forms a chain, which might

have a forbidden (k; + ko — 1)-overlap. This could only happen near the plane
1= ... = Tpy—1 = Z,

where abusing notation, Z denotes the center of mass of points appearing in the chain
Z. We remove a small tubular neighborhood of this forbidden plane and this produces
the cycle Y - {x1,...,xk,—1,Z}. On the other hand when Z is far away we get the cycle
{z1,...,xk,—1,Y} - Z. This proves the relation (4.2.3).

Geometrically we can see the chain C' below.

{%1,...,$kl,1,(Y'Z)} Y'{I‘l,...7xk1,1,Z} {xl,...,xkl,l,Y}-Z

Now consider the cycle {z1,...,xx, 1, Y, Z]}. We pull [Y, Z] together far away. This
produces a chain that intersects forbidden strata. Notice Y and Z rotate around one another

and thus never meet. This chain meets the plane

T =T = ... = Tpy—1 = Z.

By removing a tubular neighborhood of this intersection with the chain we get the cycle
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{1, ...,x1, 1, Z} at the boundary near every point of intersection. Simultaneously this cycle
rotates around Y since 1, ..., 1, —1 have collided with Z. Hence we have Y, {z1, ..., 2,1, Z }]

as part of the boundary of our chain. Similarly the intersection with the plane
TG =Ty = ... = Tfy—1 = Y

produces the cycle [{x1,...,2,-1,Y}, Z]. On the other end of the cylinder, the boundary
is given by {z1, ...,z 1,1} - [Y,Z] and is 0 in the homology as {xy,...,2g,—1,1} = 0 in
H >0l’>’g€1)(k;1 — 1) = 0. There are no other forbidden planes to contribute and thus we obtain

(4.2.4). Geometrically we can see the chain C' below.

{$1,...,$k1_1,[Y, Z]} {1‘1,...,ZL‘]€1_1,1}' [Y, Z]
D/v {xla ooy Thy—1, Z}{xla vy Ll —1, Y}7 Z]

O

Case Il o; III: Let a(zy,...,x,,) € H*Békl)(nl) be an element of type II and let

B(x1, .y Tpy) € H*Bfle)(ng) be an element of type III. Compositions are as follows:
CY<:C17 ) xn1) O B(xb ST znz) = Oé(xla ey Li—1, ﬁ(mza ) xi+n2*1)7 Litngs -+ xn1+n2*1)

If 4 is not in the brace of a(xy, ..., x,,) then the brace of a(z1, ..., x,,) bounds a disc, that is,
{iys @iy } = Oc(@iy, ...y 2, ), similar to the example above.

If 7 is in the brace of a(xy,...,z,,) then we can apply Lemma 4.2.2. After iteratively
applying (4.2.3) and (4.2.4), although there can be braces inside of braces, each summand
in the result must also have {z;,,...,x;_} outside of the brace. Indeed, since 8(x1, ..., s,)
is of type III, and thus has at least two braces. Then {z;,,...,;,_} = dc(z;,, ..., z;,_). Since

the brace {z;,, ..., Tiy,, }, is the boundary of a disc, composition is trivial. O
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Theorem 4.2.3. The composition of braces inside of other braces has a new relation:

ki—1
{xlv vy Ly —1, {‘rk17 s xkl—‘rkg—l}} = _<_1)(k1_1)d Z(_l)(l_l)d[xiv {xh ) ‘%iu S) xlﬁ—i—kg—l}]
=1

(4.2.5)
k1+ko—1
= (_1)(k1_1)d Z (_1)(1—1)d[$i’ {5(}1, ) i”b SR) $k1+k2_1}]
i=k1
(4.2.6)

Note that the difference of (4.2.5) and (4.2.6) is exactly the generalized Jacobi relation
(2.2.4).

Proof. We can see the above relation geometrically as follows:

{21, s Ty -1 ATk s s Tl hp—1 1}

Consider the intersection of the space Mffﬁkrz)(kl + ko — 1) with the sphere given by
kr ko —1 kg —1 (k1+k2—2)
> x;=0and Y, 7= 1. This space is homotopy equivalent to M ;""" (k1 + kg —
=1 =1
1), where translations and rescaling have been killed. The obtained space is S¢

k1+ka—2)d—1
with several subspheres removed. Each removed subsphere is given by the intersection of
Stk =2)d=1 with the plane 11 = ... = & = ... = Tp, 4py_1 = 0 for 1 < i < ky+ky—1. All the
removed subspheres are disjoint. We can take tubular neighborhoods around each subsphere,
which are also all disjoint. Each tubular neighborhood has boundary which is exactly the

cycle [z, {x1, ..., iy ooy Ty 11y —1}]. After removing these tubular neighborhoods we are left

with a manifold with boundary that we denote X ékﬁkrm(lﬁ + ko — 1). The boundary of
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Xékﬁkrm(lﬁ + ko — 1) is exactly the generalized Jacobi relation (2.2.4) for k = ky + ko — 2.
Then {x1, ..., Tk, 1, {Tkyy s Thysko—1} } 18 @ submanifold of Xc(lk1+k2_2)(k1 + ky — 1) that is of
codimension 1. Thus {z1, ..., zx, 1, {Tk,, -, Thy+ky—1} } SPLits thk”kr?)(kl + ko — 1) into two
parts where one part is given by the right hand side of (4.2.5) and the other is given by
(4.2.6).

The cycle {x1, ..., 25 1, {Tkys s Thyrho—1}} can be realized as a product of spheres:

Ski=1d=1 glka=1)d=1 Ve can describe the first sphere S*1=D4=1 by the following equations:
T+ F Ty +Y =0 $%+...+xil_l+Y2:02-kl(kl—1) (4.2.7)

_ 1
where YV = m(%’kl+1 + ...+ $k1+k2,1).
Define Ekl = Tk, — Y, fkl—i-l = Thy+1 — Y,..., fk1+k2_1 = Tky+ky—1 — Y. Then we can

describe the second sphere by the following equations:
_ — _ —2 —2 2 2 2
$k1+"'+xk1+k2_1 =0 $k1+“‘+$k1+k2_1 =€ 'kQ(kQ—l), e << c. (428)

Next we define a chain one dimension bigger by pulling only one point, zy, , in the direction
of (1,0,...,0). As we pull xy, it can collide with xg, 41, ..., T, yk,—1 only when it intersects

with (k; — 1) forbidden strata each given by the following set of equations:

xlz"':fi:"':$k1+k2_1, 1§Z§k1—1 (429)

Note that x; = z; if and only if ; = 7;. The obtained chain is a cylinder S (k1=1)d=1

Slk2=1d=1 10, N], where N >> 0. This cylinder intersects the (k; — 1)-forbidden strata

(4.2.9) transversely and disjointly.
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{xh ) xkl—l{xkﬂ ) x/ﬁ—i—kg—l}} Ty - {xh EET) $k1_1{17 Tky+1, “'xkl-i-kz—l}}
[xia {xla ceey i.ia ceey 'rkl-i-k‘g—l}]

To get an actual chain in M((jkl+k2_2)(k1 + ko — 1), we remove disjoint tubular neighbor-
hoods of each intersection with the forbidden strata.

As an example, consider the intersection with the stratum zo = -+ = Xp,45,—1. It
happens when the initial position of 7, = (—(k1 — 1)€,0,...,0) and the position of 7; =
(€,0,...,0) for j = k1 +1, ..., k1 +ko—1. Indeed, when zy, is pulled in the direction of (1,0,...,0),
the same happens with 7y, and it hits all the other 7;, j = ki +1, ..., ki + ko —1 only if Ty, 41 =
-+« = Tp,1+k,—1 and are in the position (¢, 0, ..,0). Now since Y = ﬁ(:{:klﬂ + o Ty k1)
andall z;, j = ki1 +1,..., k1 + ko — 1 areequal, we get Y =x;, j =k +1,... k1 + ks — 1. We

also need Y to coincide with xg, ..., xg, 1, this reduces (4.2.7) to the following equations:

224 (b — 1)Y? = k(b — 1). (4.2.11)

The first equation (4.2.10) kills translations and the second equation (4.2.11) kills rescal-
ing. Thus we get a sphere S¢~!, which corresponds to [z1,Y]. However since Y has collided
with @, ..., 2k, +k,—1, We remove from the attained chain a tubular neighborhood of its in-
tersection with the forbidden stratum xy = -+ = xg,1%,—1. This gives us exactly the cycle

[.Tl, {332, EERE) xk1+k271}]-

Therefore, in general, if Y has collided with x1, ..., Z;, .., Tk, 44,1, for ¢ =4, ..., k11, then
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we get similarly

J)ZQ + (k’l — 1)Y2 = 02]{51(1{51 — 1)

This gives a sphere S¢! corresponding to [z;,Y]. We remove from the cylinder
Sl=1d=1 5 glka=1)d=1 5 [0 N] a tubular neighborhood of its intersection with the for-
bidden strata z; = --- = &; = -+ = T 4k,-1, which yields the boundary cycle
[, X1, ooy Ty ooy Thy kg1 )]

At the right end of the cylinder, S i—1d=1 » glha=Dd=1 » [0 N] we get a cycle xy, -
{1, ..oy, {1, Ty 41, ---Thy+kp—1} } Which is homologously trivial since {1, z1,...xx,-1} =0 €
HZOM&kQ)(kQ_l) = 0. All together, this gives us the relation (4.2.5). Note that (4.2.6) minus
(4.2.5) is the generalized Jacobi (2.2.4) and therefore (4.2.6) is a consequence of (4.2.5).

We explain how the sign in front of the sum (4.2.6) is found in the next section. It is
enough to understand the sign in front of only one of the summands in (4.2.6) (We do it for

the very last one). This is due to the argument made at the beginning of the proof.

4.3 Signs in Theorem 4.2.3

In [12, Section 6], the authors describe the cohomology groups H *./\/lglk) (n) as spaces of certain
admissible k-forests, where the k-forests have two types of vertices square and round. If a
k-forest has only one component, we call it a k-tree. Every square vertex contains a (k — 1)-
elements subset of {1,...,n} and every round vertex contains just one element. Each round
vertex must be connected by an edge to a single square vertex, or completely disconnected
from all other vertices. Square vertices must be connected to at least one round vertex. One
orients all the given edges between the vertices. Each k-forest has an orientation set, which
consists of all the edges and square vertices. The order of the orientation set encodes the

coorientations of the corresponding chains. The degree of a square vertex is (k — 2)d and
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the degree of an edge is d — 1. The cocycles in H *M((f) (n) corresponding to the k-forests are

geometrically realized as an intersection number with cooriented chains in Mék)(n), which
are defined by a set of (in)equalities as follows. If i and j are in the same square vertex,
then x; = ;. The authors give a projection p; : R — R¥™! where (z!,...,2%) — (22, ..., 2%).
For two vertices A and B in a forest that are connected by an edge oriented from A to B,
they require that B is “above” A. Explicitly, for all i € A and all j € B, z} < le and
pi(xi) = pa(x;).

In [12, Section 8], the authors define a map ¥, which describes the intersection be-
tween cycles given as products of iterated brackets (and geometrically realized as products
of spheres) with the k-forests cocycles.

As an example,

U({ar,..oz}) = _(—1)D 9 (4.3.1)

needs that the sphere {x1, ..., 1} given by the equations (2.2.7) should be oriented as follows.

One projects this sphere to (z1,...,xx_1). We get an ellipsoid whose orientation is such that
the outside normal vector taken as a first one, union the oriented tangent frame gives (—1)*
times the standard orientation of R(x=1)4 1

Now to determine the sign in front of (4.2.6) in Theorem 4.2.3, we consider the intersection

1 17 ceny kf—\]_, ceny ]{31 + k’g —2

of the cocycle with {x1, ..., Tp,—1, {Tky, -os Thytho—1} } and with

2 3

the right hand side of (4.2.6). The corresponding cochain intersects only the last summand

'We do not actually need it, but it is worth mentioning as in the original paper [12], the orientation of
{z1,...,x;} has not been determined. It was just said that the orientation of {x1,..., 2%} is such that the
pairing (4.3.1) works, see [12, footnote 3].
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of (4.2.6), [Tk, tky—1,{T1, .-, Thy+ky—2}]. The latter intersection is obtained by computing

‘I’([ﬂfkﬁkrl, {96’1, ey 5Uk1+k272}]) =

(=12 1> ok =,k ke — Y P

3

See Section 8 in [12], in particular Example 8.1(a). The other summands are (ky + ko — 2)-
trees of different shapes (and thus do not contribute). The sign in front comes from (4.3.1).
To get the desired intersection, first we reverse the arrow between the square vertex and the
round vertex labeled k; + ko — 1. This gives the sign (—1)%. After reversing the arrow, we

have the following (k1 + ko — 2)-tree:

(_1)(k1—1)d 2 1,...,]{7—\1,...,]€1+k’2—2

1 3

Next, we change the order of the elements 1, 2 and 3 in the orientation set by pulling
2 in front and pushing 1 to the end. The degree of 1 and 3 is d — 1. The degree of 2 is
(k1 +ky—4)d. So the obtained sign from reordering the orientation set is (—1)(@—1(Fitka—4)d

(—1)(@=1d=1) — (1)1 After this change, we now have the (k; + ky —2)-tree that we want:

(—1)kd-1 111 ok + ke —2

Elgay

Finally, we computed the intersection

ki + ke —2

70

11
[Tk tho—ts {21, o Ty ka2 ) = (=1)kdL, (4.3.2)




The sign in front of the last summand of (4.2.6) is (—1)k1=Dd x (—1)kitke=2)d —
(—1)*k2=Dd_ In conclusion, we obtained that the intersection with the right hand side of
(4.2.6) is

(—1)d-L x (—1)ke=Dd — (_1)(atha=Dd-1 (4.3.3)

Next we want to check that this is the same sign that we get on the left hand side

for {z1, ..., %6, 1, {Thy, -, Thy4hs—1}}. This cycle is the product of two spheres S*1—1d x

S(k:g—l)d—l

sk 4+ ke —2

11
The chain is the transverse intersection of the fol-

-2 kl\ 1kt b+ ko — 2
lowing two chains: 2 and 2 . The coorientation of

1 k‘l + kQ -2
is equivalent to the coorientation obtained by concatenat-

]_’1,,]1’ 2,]411‘
ing the coorientations of the chains corresponding to the k;-tree 2 and

1 ’k’l, ceny k’l + k?g — 2‘
the Fky-tree 2 . Indeed, the difference in sign is obtained by pulling

1 ’1, vy kl - 2, k‘l‘

the square vertex |ki,..., k1 + k2 — 2| through the edge of 9 . This pulling

does not affect the sign since the degree of ’/ﬁ,u-,]ﬁ + ko — 2‘ is a multiple of d and

the degree of the edge is d — 1. By (4.3.1), the intersection of S*1=D4=L (the first
1 ’1, ...,k‘l — 2, k?l‘
factor of {xy, ..., Tk —1,{Tkys ooy Thy1hy—1}}) With 9 is (—1)ki—1-1)d-1

(—=1)Fd=1 Similarly by (4.3.1), the intersection of S®*2=D4=1 (the second factor of
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1 ’kl, ceey ]{?1 + kQ — 2‘
{z1, oy —1, {Thy, oo, Thythy—1} ) and 9 is (—1)*4-4=1 So the total sign

is (—1)(k+ke=d=1 "which is exactly the same as (4.3.3). Therefore, the sign (—1)*1=14 in

front of (4.2.6) is correct.
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Chapter 5

A Cosimplicial Model for
—(k
Tmmy) (DL, D")

5.1 Spaces of Non-k-Equal Immersions of Discs

Let mm(ak)(Dm, D™) be the space of smooth immersions D™ < D" of discs that are the
standard inclusion in a neighborhood of the boundary and satisfy the condition that the
image of any k-element subset has more than one point. Such spaces are called non-k-equal
immersions. The bimodules of non-k-overlapping discs naturally appear in the study of
these spaces [12, Section 11]. Note that Embs(D™, D") = Immg® (D™, D") is the space
of smooth disc embeddings. We also consider the homotopy fiber space over the standard

inclusion: D™ C D"
Trmms™ (D™, D™) = hofib (Immg“(m, D") — Immg(D™, D”)) . (5.1.1)
One has a natural sequence of inclusions:

Emby(D™, D") = Immy® (D™, D") C Tmmy® (D™, D") C --- C Tmmy™) (D™, D")
(5.1.2)
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Note that Immg™) (D™, D*) = Immg(D™, D) ~ x.

The spaces E—mba(Dm,D”), often called “spaces of embeddings modulo immersions,”
have been studied intensively, see [1] and references in within. Each space Immg®* (D™, D")
is naturally a B,,-algebra. Moreover Immy? (D™, D) = Emby(D™, D") is a B, 1-algebra
8,9, 29]. One dimension higher little discs action comes from the fact that embeddings can

be pulled through each other. This means, in particular, there is a Browder operation:
[-,-] : HiEEmby(D™, D™) x H; Emby(D™, D") — H, i jrmEmbs(D™, D"). (5.1.3)

Exactly the same construction (the idea of pulling immersions through immersions) endows
(5.1.2) with a structure of a filtered B,,;1 — algebra. Then again, one has a Browder

operation:

] - HiImmy*) (D™, D) x H;Tmma™ (D™, D™) — HyyjymImmyFtm2=2(pm pm).
(5.1.4)
We believe that the computations done in chapter 4 will be helpful in understanding

these Browder operationss.

5.2 Goodwillie-Taylor Tower

Goodwillie and Weiss, in [21, 23], developed a powerful method to study spaces of embed-
dings, which is called Goodwillie-Weiss manifold calculus of functors. This method provides
spaces Twma(k)(Dm, D™), which are conjectured to be equivalent to their corresponding
spaces Immy®™ (D™, D") for n—m > 2 and k > 3. One says that T, Immy® (D™, D") is the

limit of the Goodwillie-Weiss Taylor tower associated to Immy® (D™, D™). For the spaces
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of embeddings, this convergence of the Goodwillie-Weiss Taylor tower has been proven to

take place for codimension n —m > 3, [22]:
T Emby(D™, D") ~ Emby(D™, D"). (5.2.1)

The advantage of Ty, Immg*¥) (D™, D) is that it has a description in operadic terms [1]. It
has been conjectured that for n —m >0 and k& > 2:

TooImmy™® (D™, D) ~ Ibz'g@odh(Bm, Bk, (5.2.2)
where Ibigwdh(Bm, Bﬁk)), is the derived mapping space of infinitesimal bimodules over the
operad B,,.

The goal of this chapter is to use this operadic approach to obtain a cosimplicial model
for the space ThoImmy® (D', D™) corresponding to 1-dimensional immersions. Thanks to

the natural projection,

mo : By — Assoc, (5.2.3)

which is an equivalence of operads, we get an adjunction:

Ty : Zhimod = Tbimod : 7. (5.2.4)
B Assoc
Both categories are endowed with the Reedy model structure[15], and moreover (5.2.4)
is a Quillen equivalence by [15, Theorem 2.8]. We will describe the Reedy model structure
(k)

in section 5.3. Then in section 5.4, we describe a cofibrant replacement Qg, (Br’) of B in

Ibzgnod, so then one has an equivalence of spaces:
1

Ibzgnodh(Bl, B®) ~ Thimod"(Assoc, w(Qgp, (BH))). (5.2.5)

Assoc

On the other hand, an infinitesimal bimodule over Assoc, when we forget the Y-action, is

nothing but a cosimplicial object and the right hand side is exactly the homotopy totalization
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of this object. Therefore, we get

TooImmy™ (D™, D™) ~ Tot"r'(Qp,(BX))(e) (5.2.6)

n

In this chapter we give an explicit description of this cosimplicial space m'(Qp, (Bg‘:)))(o)

5.3 Reedy Model Structure

We say an operad O is reduced if O(0) = x; it is well-pointed if the unit map * — O(1)
is a cofibration. All operads in the chapter are reduced, well-pointed and Y-cofibrant. All
infinitesimal bimodules M in this chapter will be ¥-cofibrant. Let Zbimod» be the category
of infinitesimal bimodules over an operad O. We can describe Zbimode as a diagram category
Top™©), where I'(O) is a topologically enriched category assigned to O [1, 15] and Top is
the category of topological spaces. We will be using the Reedy model structure on Qo (M),
defined in [1] and further described in section 5.4.

Let A be the category with objects finite sets, n = {1, ...,n} for all n > 0, and morphisms
injective maps between them. Note that for a map « : £ — n to be a morphism in A, k£ must
be less than or equal to n. Then we can form the category of A-sequences (denoted ASeq),
whose objects are functors A%’ — Top. So then, we can say that ASeq= Top*”.

The category ASeq has a Reedy model structure[18]. It can be transfered to Zbimodo

via the following adjunction:
Fh : ASeq = Thimody : U, (5.3.1)

where U™ is the forgetful functor and F5 is its left adjoint. This means a map in Zbimode
is a weak equivalence (or fibration) if and only if it is a weak equivalence (or fibration) in

ASeq. The obtained structure is called the Reedy model structure on Zbimode.
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5.4 Cofibrant Replacements

Now, we describe a cofibrant replacement Qo (M) for an @ — Zbimodule M over operad
O. We will need the language of trees for the construction of the Boardman-Vogt type
resolution, which is a functorial way of constructing cofibrant replacements [14]. We mostly

follow the notation of the previous reference.

e Let T be a planar tree that is oriented from top to bottom. There are input edges on

top and only 1 output edge on the bottom.

e Denote the vertex connected to the output edge by r, which is the root of T. The

output edge of the root vertex is called the root edge.

e Using the orientation of T', the vertex of an edge towards the root edge is the target

vertex, denoted t(e) and the other vertex is the source vertex, denoted s(e).
e Input edges have target vertices but not source vertices.
e The output edge has a source vertex but not a target vertex.
e Let V(T') denote the set of vertices and F(T) denote the set of edges.

e If an edge has both a source and a target vertex then it is an internal edge. The set of

all internal edges is denoted E™(T).

e The input edges are also called leaves and are ordered left to right and |T'| is the number

of leaves.
e The ordered set of leaves are denoted in(T) := {{1, ..., {1}
e Let the number of incoming edges of a vertex be denoted |v| and referred to as arity.

e The set of incoming edges of a vertex, denoted in(v) := {e1(v), ..., e (v)}. This is also

ordered left to right.

e The unique output edge of a vertex is denoted eq(v).
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The following tree gives an example of the notation and vocabulary.

Let o : {1,....|T|} — in(T) be a bijection labeling the leaves of T and is an element of

¥ir|. Then a tree is a pair (T, o), where T is a planar tree. The set of trees with k-leaves is

denoted by Ty.

The planar trees described above can be used to describe cofibrant replacements for
operads. However, we want to describe cofibrant replacements for infinitesimal bimodules

over an operad. Instead, we will need pearled trees.

Definition 5.4.1. A pearled tree is a pair (T,p) where T € Ty and p is a unique vertex

called the pearl and is represented as a white vertex in a tree. We denote the set of pearled

E(T) = {eo, e2(r), 1, o, s}
E™(T) = {ea(r)}

o~
3
~
S~—
Il
—
~
S
~
Do
~
&
—

trees with k-leaves and satisfies the following restrictions by PTy.:

e The pearl can be of any arity.

o All internal vertices are of arity strictly greater than zero.

1

3

4
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We construct a cofibrant replacement. This construction was first introduced in [15]
and is given here for completion. Given an operad O and an O-Ibimodule M, the cofibrant
replacement is denoted Qo (M), where the points are pearled trees (7', p) from PT; with the

following data:

e All internal edges are oriented towards the pearl.

The pearl p is labeled by an element of M.

Every internal vertex is labeled by an element of the operad O.

Every internal vertex is indexed with a real number in the interval [0,1].

For an internal edge e, s(e) > t(e), that is, vertices closer to the pearl are labeled with

numbers smaller than those farther away from the pearl.

ap, as, az € O(2)

as € O(3)

a, € M(2)

0<t, <t3<t4 <1

0<t; <1

The space Zbo (M) is the quotient of the subspace of

IT (Maehx T (Ol x [0, 1] (5:4.1)

TEPTy veV(T)\{p}

where the equivalence relation is given by the following axioms:

1. If a vertex is labeled by %; € O(1), then one has the identification:

79



—~
*
—

~

~—
2

2. If a vertex is indexed by a - o, with ¢ € ¥, then

1 1 n /o o1(1) g”_l(l) a~1(n) EU_I(”)
E]\ ce g/ﬁ ‘el\ e /7Tln él \ R m7_1(1) 61 \ ce 77—1(70
1 T \/! { T, \I! ~ .'\ o=1(1) \I' | o=1(n) |
(a-0,t) (a,t)

3. For an internal edge e connecting two vertices (neither of which is the pearl), if the two
vertices are indexed by the same real number ¢ € [0, 1], then e is contracted via the
operadic structure (recalled that vertices other than the pearl are labeled by points in

the operad O). The obtained vertex after the contraction is then indexed by t.
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4. For a vertex that is indexed by 0, then the output edge (by the orientation towards the
pearl) is contracted via the infinitesimal bimodule structure and the obtained vertex

becomes the pearl.

Let us now describe the composition structure of Zbo(M). Let a be a point of positive
arity in @ and M a module in Zbo(M). The composition M o a consists of grafting the
n-corolla (Z\VZ —i—n) labeled by (a,1) to the i-th incoming edge of M. Similarly the
composition a o; M consists of grafting M to the i-th leaf of the n-corolla labeled by (a, 1).
By [15, Theorem 3.10], Qo (M) is a cofibrant replacement of M in the category Ibimode.

When a has arity zero, the right action of a o; g is shown by Figure 5.7:
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*0
(a,t) o3 = (a o2 %q,t)
m m
1 2 3 ‘0 1 2
(a,t) ol = (a,t)
m m ol xq

Figure 5.7: Right action

5.5 A Cosimplicial Model

5.5.1 Restriction-Induction Adjunction

Let ¢ : P — @ be a map of operads. Then there is an adjunction:

¢ : Tbimodp = Tbimodg : ¢*

(5.5.1)

where ¢* is the restriction functor and ¢' is the left adjoint functor. The functor ¢* is easy

to be defined. In particular, for any ) — Zbimod N, one has that ¢*(N)(k) = N (k).

Let M be an infinitesimal bimodule over P. Below, we describe ¢'(M ), which is a quotient

bimodule of the free )-Ibimodule generated by M. Typical elements look like the following

trees where each ¢; € @, and m € M:
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qo0

Figure 5.8: Typical Element of ¢'(M)

Note that some of the ¢;’s may be id € Q(1) and thus they can simply be omitted.

If ¢; = ¢(p;) o; q; for i > 1, the relation with respect to the right action is as follows:

Figure 5.9: Relation with respect to the right action

The dashed circle on the left represents the operadic composition while the right circle

is for the infinitesimal right action.
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Figure 5.10: Relation with respect to the left action

Similarly, if go = g, ©; ¢(po), the dashed circle on the left represents the operadic compo-

sition while the right circle is for the infinitesimal left action.

5.5.2 Induction Applied to the Boardman-Vogt Resolution

Next we want to examine ¢'(Zbp(M)). Recall that Zbp(M) is the Boardman-Vogt resolution
for M in Zbimodp, which was described in the section 5.4 using the language of pearled trees.
For a pearled tree (T, p), the pearl is labeled by an element of M and the internal vertices
are labeled by the operad P and indexed by a real number in [0,1]. Now we apply ¢' to
Zb,(M). The elements of ¢'(Zb,(M)) can also be viewed as pearled trees.

The nodes labeled by the ¢;’s are attached to some of the leaves. If a vertex in Zbp(M)
is labeled (p, 1), then one can use the relations shown in Figures 5.9 and 5.10 to contract the
edge. That is, if a vertex of the pearled tree in ¢'(Zb,(M)) is indexed by 1, then we label it

by ¢ rather than by p.

84



(612, 1)

(Po, 1) ~ (¢(po), 1)

5.5.3 A Cosimplicial Model

In this section we give an explicit description of the cosimplicial model for
Twmék)(Dl, D™). This model is obtained as T, (QBl (Bﬁlk))) where Qg, (Bq(f)) is a cofibrant
replacement of B as a Bi-Ibimodule. However, there is a slight issue because B is not -
cofibrant. Indeed, the ¥-action on B (¢) is not free for k > 3, ¢ > 2. Therefore we cannot
apply the Boardman-Vogt resolution directly to B{¥. This can be corrected by crossing B
with B, = |J B,,. There is a sequence of inclusions: By C By C By C -+ and each B, C B.
Note also chLt B, =~ * for all £ and is an infinitesimal bimodule over B; thanks to the inclu-
sion of operads By < Bso. Then (BY x Boo)(€) = BY (£) x Bs(£) is now Sy-cofibrant. Now
we can apply the Boardman-Vogt resolution to get QBI(B%)) = IbBI(B,(lk) X B,). Finally,
the cosimplicial model for Ts Irmimy™ (D™, D) is 74 (Zbg, (BY x By)).
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