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Abstract

In this thesis natural operations on the (higher) Hochschild complex of a given
family of algebras are investigated. We give a description of all formal operations
(in the sense of Wahl) for the class of commutative algebras using Loday’s lambda
operation, Connes’ boundary operator and shuffle products. Furthermore, we intro-
duce a dg-category of looped diagrams and show how to generate operations on the
Hochschild complex of commutative Frobenius algebras out of these. This way we
recover all operations known for symmetric Frobenius algebras (constructed via Sul-
livan diagrams), all the formal operations for commutative algebras (as computed in
the first part of the thesis) and a shifted BV structure which has been investigated
by Abbaspour earlier. We prove that this BV structure comes from a suspended
Cacti operad sitting inside the complex of looped diagrams. Last, we generalize the
setup of formal operations on Hochschild homology to higher Hochschild homology.
We also generalize statements about the formal operations and give smaller models
for the formal operations on higher Hochschild homology in certain cases.



Resumé

I denne athandling undersgges naturlige operationer pa det (hgjere) Hochschild
kompleks af algebraer. Vi giver en beskrivelse af alle formelle operationer (som de-
fineret af Wahl) for klassen af kommutative algebraer ved hjelp af Lodays lambda-
operationer, Connes rand-operator og shuffle-produkter. Desuden introducerer vi
en dg-kategori af diagrammer med slgjfer og viser hvordan man genererer opera-
tioner pa Hochschild komplekset af kommutative Frobenius algebraer ud af disse.
Pa denne made kan vi fa alle operationer kendt for symmetriske Frobenius algebraer
(konstrueret via Sullivan diagrammer), alle de formelle operationer for kommuta-
tive algebraer (som blev udregnet i den forste del af afhandlingen) samt en forskudt
BV-struktur, der er blevet undersggt af Abbaspour tidligere. Vi viser at denne BV-
struktur kommer fra en suspenderet Kaktus operad som sidder inde i komplekset
af diagrammer med slgjfe. Til sidst generaliserer vi teorien af formelle operationer
pa Hochschild homologi til hgjere Hochschild homologi. Vi generalisere resultater
om de formelle operationer og giver mindre modeller for de formelle operationer pa
hgjere Hochschild homologi i visse tilfeelde.
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CHAPTER 1

Introduction

1. Motivation

1.1. String topology. A basic starting point for our interest in operations
on Hochschild homology is string topology. String topology studies the structure
on the homology of the free loop space LM of a manifold M, which is defined
to be the unpointed mapping space from the circle S to the manifold M. The
subject started in 1999 when Chas and Sullivan gave a construction of a product
H,(LM)® H,(LM) — H,_4(LM) for M a closed oriented manifold of dimension d
(see [CS99]). This product is part of the structure of a Batalin-Vilkovisky algebra
on H,(LM), an algebra with an operator A of degree one fulfilling a certain relation.
The A operator is given by the action of the fundamental class of S' on H,(LM).

The construction of the Chas-Sullivan product is quite geometrically involved.
However, these geometric ideas were used by many authors to generalize them to
operations of the form H,(LM)®™ — H,(LM)®" for two natural numbers n; and
ne. In [God07] Godin proved that the pair (H.(M), H.(LM)) has the structure
of an open-closed homological conformal field theory, which means that we have
operations

H.(LM)®" @ H(M)*™ @ HC([m], [m]) — Ho(LM)®"™ @ H,(M)*™

where HC([m], [ma]) is the homology on the chains of the moduli space of open
closed surfaces with n; incoming circles, m; incoming intervals, ny outgoing circles
and my outgoing intervals. Examples of open-closed cobordisms are given in Figure
1. We will come back to this kind of structure later in a more general context.

9
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(a) A closed cobor- (b) An open cobor- (c) An open-closed cobor-
dism, ny =1, ng = 2 dism, n; = ny = 0, dism ny = 2, my = 1,
and mqy =mo =0 my=2andmg =1 ny = 2 and mo = 2

FIGURE 1. Examples of open-closed cobordisms

Another kind of structure, which is not part of Godin’s construction and plays
a motivating role in this thesis is the Goresky-Hingston coproduct (see [GH09]), a

3



4 1. INTRODUCTION

coproduct on relative homology, i.e. a map
H.(LM,M)— H.(LM,M)® H.(LM,M).
However, we will not dwell on this relative setup for now.
Taking coefficients in a field and letting M be a 1-connected closed oriented
manifold, Jones [Jon87] proved that there is an isomorphism
HH.(C™*(M),C™(M)) = H*(LM),
where HH,(A, A) denotes the Hochschild homology of an algebra A, introduced in
more detail in the next section. Hence dual string topology operations
H™*(LM)®™ @ H*(M)®™ — H*(LM)®™ @ H*(M)®™
are equivalent to operations
HH,(C™(M),C™(M))®" @ H™*(M)*™
— HH,(C™*(M),C~*(M))*™ @ H*(M)®™.

This motivates us to investigate operations on Hochschild homology more sys-
tematically.

1.2. Hochschild homology. We proceed with giving a definition of Hochschild
homology. We restrict to associative algebras here, even though there is a more
general setup for A..-algebras available (see for example [KS09, Section 7.24]). If
not specified otherwise, we work over a commutative ring K and denote by Ch(K)
the category of chain complexes over K. First, we start with ungraded algebras. Let
A be an associative algebra and M an A-bimodule. The Hochschild complex of A
with coefficients in M denoted by C.(A, M) is the chain complex which in degree k
is given by

Cre(A, M) = M ® A®F
with differentials d : Cx(A, M) — Cy—1(A, M) defined as the sum d = Zfzo(—l)idi
and the d; given by
do(m®a; @+ @ ag) =mag®ay ® -+ @ ag,
di(m@a; @ - Qa) =mMRa @ -+ ®aai41 Q-+ - ®@ap forl <i<k—1and
(Mm@ a1 @+ ®ag) = a,m@ ag® -+ @ ag_1.
For a graded abelian group A, we denote by A,[k| the shifted abelian group with

(AL]k])n = An—g. Then, for a differential graded algebra A and a differential graded
bimodule M, the Hochschild complex is generalized to

C.(A, M) = P M @ A®M[k]
k>0

with differential D + d where d is the differential from above (with a sign twist we
do not deal with here) and D comes from the inner differentials on A and M, i.e.

k
D(m®a;®--®a;) = dy(m)®a; -+ @ap+ Y tm@a @ - @da(a;)®ai41 @ - -®ay.

i=1
This means that C, (A, M) is the total complex of the double complex with horizontal
grading the Hochschild grading and vertical grading the inner grading of A and M.
In the thesis we only deal with the case A = M and from now on restrict to it.
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1.3. Operations on the Hochschild complex of algebras. In order to in-
vestigate string topology operations via Hochschild homology one is interested in
finding operations

CL(A, A" @ AB™ —5 O, (A, A)®2 g A®™m

which are natural in some class of algebras, for example the class of all associative
algebras, commutative algebras or (symmetric/commutative) Frobenius algebras.
In this section we are only interested in operations which descend to homology,
i.e. operations which commute with the boundary. If n; = ny = 0 the question
is more basic, since we actually look for operations A®™ — A®™2  In particular
all operations created by permutations and the structure of the algebra (e.g. the
multiplication) are examples of such operations.

1.3.1. The inclusion of the algebra into the complexr. The easiest operation in-
volving the Hochschild complex is the inclusion of the algebra into it, i.e. the map
it A= @aq A% = C, (A, A) mapping A to the zeroth summand of C.(A, A).

1.3.2. Connes’ boundary operator. Another example of an operation which is
natural in all associative dg-algebras is Connes’ boundary operator B : C,(A, A) —
Cir1(A, A). For a Hochschild chain a = ap ® - - - ® ay, it is defined as

k
B(a):Zil@ai@)'“®ak®ag®'~®ai,1,
=0

i.e. it puts a 1 in front of all cyclic permutations of the element a. The operator
B commutes with the Hochschild boundary map and hence defines an operation on
homology. If one works over reduced chains the operator squares to zero (and hence
is a certain boundary itself).

1.4. Operations for commutative algebras. If we restrict ourselves to com-
mutative instead of associative algebras, many more operations are known.

1.4.1. The shuffle product. The shuffle product allows us to multiply Hochschild
chains together, i.e. it gives a degree preserving map

p:Cu(AA) @ Cu(A A) — Cl(AA)
which for two Hochschild chains a = ag® - - - ® a, and b = by ® - - - ® b; is defined as

ula ®b) = Z + agby @ Co(1) @ @ Co it
0€X k41
a (k,l)-shuffle
with ¢; = a; for i < k and ¢; = b;_y for i > k. A (k,l)-shuffle is a permutation
which preserves the internal order of the first k£ and of the last [ elements, i.e.
o(l) < -+ <o(k)and o(k+ 1) < -+ < o(k + ). This means we multiply the
first two elements and stick b into a in all possible manners. The shuffle product
commutes with the boundaries, is associative and graded commutative.

1.4.2. The projection from the Hochschild complex to the algebra. We have al-
ready seen the map A — C.(A, A) which includes the algebra into the Hochschild
complex. For commutative algebras this map is split, i.e. the projection of the
Hochschild complex onto the first summand is a chain map. This is equivalent to
seeing that C\(A, A) splits into A and €0, ., A¥*™! as chain complexes, i.e. that the
Hochschild differential d : A ® A — A is trivial. Recall that for ap ® a; € A ® A we
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have d(ag®a1) = apa; £ ajag which by the commutativity (and since the signs actu-
ally fit) is zero. Thus we have an operation C,(A, A) — A natural in all commutative
algebras.

1.4.3. Loday’s lambda operations. In [Lod89| Loday defined operations acting
on the Hochschild complex of a commutative algebra with coefficients in a bimodule
M, i.e. maps \* : C,(A, M) — C.(A, M). He defined them more generally for cyclic
homology and McCarthy generalized them to an even broader setup in [McC93|.

All these operations are given by a sum of permutations of the tensor factors in
each Hochschild degree. To specify which permutations are used, the Euler decom-
position of the symmetric group plays an important role. For a permutation o € >,
a descent is a number i such that (i) > o(i + 1). Then the Euler decomposition is
the decomposition of X, into the subsets X, ;, defined as

Yo :={0 €%, | ohas k—1 descents}.

In [Lod89], up to a sign twist, the maps (¥ acting on M ® A®" (but not com-
muting with the boundaries) were defined as

Fmea®- - Qa,) = Z M ® ag1) @ -+ @ Ag(n)

O'EEn_’k

forn >1and 1 <k <n, J(m)=m and [¥ = 0 for all other n and k. Out of these
the lambda operations were constructed as

k .
n+k—i\ .,
A= < )z;.
‘ n
=0

The families \*¥ commute with the boundary maps and hence give operations on
homology.

This is not the only way one can build operations out of the {¥. We want to
mention two further methods:

The shuffle operations sh* : C,(A, M) — C.(A, M) are defined as

k .
k =1\,
shk = ; (k—z’)l”
forn > 1and 1 < k < n, sh) = id and shf = sh® = 0 for K > 0 and n > 0.
For n > 1 we obtain sh! = id. The shuffle operations lie in the linear span of the
lambda operations and vice versa. One advantage of the shuffle operations is that
sh* acts trivially on all Hochschild degrees smaller than k, so the infinite sum of
shuffle operations is still a well-defined operation on the Hochschild complex.

So far, we have been working with coefficients in any commutative ring K. Taking
coefficients in the rational numbers instead, the idempotents el are defined as the
solutions of the n equations

A= kel
i=1

for1 <k <nand egf) = 0 if n < i. These have been studied earlier by Gerstenhaber
and Schack in [GS87] as a generalization of Barr’s idempotent (defined in [Bar68])
and were used to give a Hodge decomposition of Hochschild homology over the
rationals (a decomposition into eigenspaces). In their work they also show that any
natural operation which acts on each Hochschild degree separately can be written
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as a linear combination of these idempotents. Moreover, as the name suggests, they
form a complete set of orthogonal idempotents. An explicit formula in terms of the
[¥ is given in [Lod89, Prop. 2.8].

1.5. Operations for symmetric Frobenius algebras. In this section we give
an action of the complex of so called Sullivan diagrams on the Hochschild complex
of symmetric Frobenius algebras. This appeared in Theorem 3.3 of [TZ06] and has
been recovered in a more formal context (which we will come back to later) by Wahl
and Westerland in [WW11, Theorem 6.7].

A Frobenius dg-algebra A is given by a chain complex equipped with the following
data:

e a multiplication m : A® A — A and a unit 14 : K — A such that m and
14 define a dg-algebra structure on A

e a comultiplication A : A - A® A and a counit n : A — K such that they
define a dg-coalgebra structure on A

satisfying the so called Frobenius relation
Aom=(m®id)o (id®A) = (id®@m) o (A ®id).

We denote the twist map AR A — A® A by 7.

A Frobenius algebra is called symmetric if nomo7T = nom and it is commutative
if mo7 = m. A commutative Frobenius algebra is automatically cocommutative,
ie. ToA=A.

There is a graph complex of Sullivan diagrams SD([;.], [ms]) which is a quo-
tient of another graph complex OC([}], [+2]), whose homology is the homology of
the moduli space of open-closed cobordisms with n; and ns incoming respective
outgoing circles and m; and ms incoming respective outgoing intervals. A Sullivan
diagram can be thought of as a graph with exceptional circles and a cyclic ordering
of the edges incident at all vertices, up to some equivalence relation. Examples of
Sullivan diagrams are shown in Figure 2. By [TZ06, Theorem 3.3] an element in
SD([mt], [m2]) gives an operation

CL(A, A)F™ @ A®™ —5 O, (A, A)®" @ A®™,

QO O 0O

(a) The BV- ) The product ) The coproduct
operator

F1GURE 2. Examples of Sullivan diagrams

This means in particular, that we have a Batalin-Vilkovisky algebra and coal-
gebra structure given by the image of the BV-structure encoded in the homology
of the moduli space of closed surfaces. The BV-operator is shown in Figure 2(a)
and turns out to be Connes’ boundary operator which we defined already in Section
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1.3.2. In Figure 2(b) and Figure 2(c) the Sullivan diagrams giving multiplication
and comultiplication, respectively, are shown. The formulas for these operations are
given by (see [WW11, Section 6]):

(1) Multiplication:

itk>0

(A ® - Qar) @by @ Qb)) — !
0 ST l S ddlahby @by ® - @b if k=0

where we use the notation A(ag) = ) aj ® aj for the comultiplication of
ag. This product is zero on homology except for HHy(A, A) @ HHy(A, A).
(2) Coproduct:

k
W@ Dap— Y Y Eaj®a® @)@ (a) @ ay @ @ a).
=1

These constructions can be lifted to the homotopy associative case and give an
action of the moduli space of open closed surfaces on a homotopy associative version
of Frobenius algebras (which has been done in [Cos07] and [KS09]). We will restrict
ourselves to the cases above, since these are the operations which are relevant in this
thesis.

1.6. Commutative Frobenius algebras. Commutative Frobenius algebras
lie in the intersection of all the classes of algebras we have looked at so far. However,
in [Abb13a, Section 7] Abbaspour defined another product on the split complement
of a commutative Frobenius algebra A in C,(A, A), i.e. a product which is zero on
the image of the embedding A — C.(A, A). He proves that this gives a shifted
BV-structure on the homology of the chains of positive Hochschild degree (and
thus on HH,(A, A) if we set the BV-operator zero on Hochschild degree zero) for
A a commutative Frobenius algebra (or even a commutative cocommutative open
Frobenius algebra, which means that we do not require a counit to exist). Again,
we write A(apby) = > (aoby)’ @ (agby)”. Then the product of a = ap ® - - - a; and
b=by---b is given by

0 ifk=0orl=0
a.b: / !
S™ H(aphy) ® a1 @ -+ ® ag @ (aghy)” @by ® -~ @b else.

This product is commutative on Hochschild homology.

1.7. Identifying operations as string operations. Before we close this sec-
tion we want to connect some of these operations back to string topology, which was
our motivating example to start with. Hence we would like to show that some of the
operations mentioned above are actually operations on HH,.(C~*(M),C~*(M)) for
a compact oriented, simply connected manifold M. Working over the rationals, the
complex C*(M) is quasi-isomorphic to the deRham complex of differential forms on
M (which is a CDGA) and its homology is a strict Frobenius algebra. Following
Lambrechts-Stanley [LS07] this implies that C*(M) is quasi-isomorphic as an alge-
bra to a commutative Frobenius algebra A= and hence HH,(C~*(M),C~*(M)) =
HH,(A™*, A~*). Thus we get an action of (a shifted version of) the complex SD on
HH.(C~*(M),C~*(M)). Using the dual statement, which was proved in [FTO8],
the authors of [WW11, Prop 6.10] prove that the (shifted) CoBV algebra structure
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on HH,(C~*(M),C~*(M)) agrees with the one on H*(LM) under the isomorphism
HH.(C™*(M),C~*(M)) = H*(LM).

On the other hand, working over the rationals and denoting the deRham algebra
by Q°*(M), we have a direct isomorphism

HH,.(Q™*(M),Q~*(M)) = H~*(LM).

In [BFG91] it is shown that this isomorphism sends Loday’s lambda operation
Af to (some multiple) of the k—th power operation on LM, i.e. the map induced
by precomposing elements in LM = Map(S*, M) with the k—fold covering map
St — St

2. The more formal setup

Our goal is to construct natural operations on Hochschild homology, i.e. opera-
tions which are natural in a certain class of algebras. Examples which have shown
up so far are the class of associative algebras, commutative algebras or (symmet-
ric/commutative) Frobenius algebras. More generally, these algebras are encoded as
algebras over some specific PROP which in some cases comes from an operad. Both
concepts are used in this thesis, so we start by recalling their definitions.

2.1. Operads. Operads were originally defined by Boardman-Vogt and May
in their work on iterated loop spaces in [BV73]| and [May72]. The data of an
operad is given by operations with some number of inputs and one output together
with a composition law that satisfies certain coherence axioms, generalizing the
idea of an ordinary multiplication of an associative algebra. Operads are used to
describe algebraic structures in symmetric monoidal categories, for example in chain
complexes, simplicial sets or topological spaces. We denote by X, the symmetric
group on n elements. Then we can define a (unital) operad in a symmetric monoidal
category . as follows:

DEFINITION 2.1 (Operad). An operad & in a symmetric monoidal category .#
consists of a sequence of objects O(r) € .# with r € N, where O(r) is equipped
with an action of X, together with the following data:

e A unit morphism 1 — &'(1).
e A composition of morphisms

On)®@---@0n,)@0(r)— Oy +---+n,)

for any » > 0 and all nq,--- ,n, > 0 fulfilling ¥, x --- x ¥, — and ¥,—
equivariance.

The data needs to satisfy a unit and an associativity axiom (for more details see for
example [Frel2, Sec. 1.1]).

A non-unital operad is such a sequence defined for all r > 0.

It is possible to think of the operations as trees with r inputs and one output,
so that the composition corresponds to gluing the output of the i—th operation in
O'(n;) on the i—th input of the operation in &'(r) (see Figure 3).

Before we give examples of operads, we define the notion of an algebra over an
operad to connect the topic back to our interest of study:



10 1. INTRODUCTION

X € 6(3) 1 €006

L A€ 0(1)

FIGURE 3. The composition (0(1) ® 0(3) ® 0(2)) ® 0(3) — 0O(6)

visualized as gluing of trees

DEFINITION 2.2. An algebra over an operad & is an object A € .# together
with morphisms

AN A" @ O(r) — A

for each » > 0 which satisfy equivariance, unit and associativity axioms.

An example is the unital associative operad in Sets. It is given by Ass(r) = X,
with ¥, acting through multiplication from the right. The linearization of this
operad defines an operad Ass with Ass(r) = K[X,] in K-modules or chain complexes
(with trivial differential in this case). Algebras over Ass in K — mod or Ch(K) are
associative respectively differential graded associative algebras.

Similarly, we can define €om on the set-level to be the operad with one element
in each degree, i.e. €om(r) = {1}. Its linearization thus is given by ¥om(r) = K in
K — mod or Ch(K). For an algebra over ¥ om there is precisely one way to multiply
r elements, which makes the algebras over this operad to be commutative.

Most of the algebras we work with are algebras over an operad. Nevertheless,
we sometimes need a more general setup. The language of PROPs generalizes the
language of operads to a bigger class of algebras.

2.2. PROPs. In order to generalize operads, we want to view the operations
as morphism spaces of categories. Then we can define:

DEFINITION 2.3. A PROP is a symmetric monoidal category with objects the
natural numbers including zero (whose symmetric monoidal structure is given by
+).

An algebra over a PROP £ is a strong symmetric monoidal functor from & to
Sets.

We can associate a PROP &4 to an operad & in Sets by choosing it to be the
symmetric monoidal category generated by & with &(n) < Eg(n, 1). More precisely,
this can be described as follows: The morphism spaces E4(n, m) are defined to be “all
possible ways to multiply elements together after precomposing with a permutation”,
i.e. a morphism in the PROP is an equivalence class of elements obtained by first
applying an element o from ¥, to the n inputs and then m operations v; each from
a O(n;) with > n; = n where given 0’ € ¥,,, x---x %, 0 € X, and y; € O(n;) we
identify the elements given by the pair (¢’og,v; X+ -+ X7,,) and (o, (71 X« - - XY ) 00”).
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An example of an operation built from an operad and a permutation is illustrated
in Figure 4. Algebras over the PROP and over the operad agree.

Y2 € O(2)
o= !
73 € O(3)

— 3y

FIGURE 4. An element in 4(5,2) given by a permutation o € s
and two operations v, € €/(2) and v3 € 0(3)

A PROP & enriched over chain complexes has morphism chain complexes £(n, m)
and all composition and structure maps are maps of chain complexes. Algebras are
then precisely the enriched strong symmetric monoidal functors &€ — Ch(K). Thus
for example the dg-PROP associated to the dg-operad Ass gives us differential
graded associative algebras and algebras over the PROP associated to the operad
¢ om are differential graded commutative algebras. In our notation we will not
distinguish between an operad and its induced PROP.

However, the definition of a PROP does not only recover operads in a more formal
way, it also encodes algebraic structures which cannot be encoded in an operad.
These are all those operations which cannot be written as a permutation composed
with a disjoint union of operations with a certain number of inputs and one output.
An example is the comultiplication on a coalgebra. One might want to use the
notation of cooperads instead - however, when we want to involve comultiplications
and multiplications at the same time, the language of PROPs seems to be the
appropriate one. An example of this are Frobenius algebras which we have defined
in Section 1.5. Going back to the definition, one sees that all operations between
A®" and A®™ inducing the structure are generated by

e a multiplication m : A® A — A,

the unit 14 : K — A,

e the comultiplication A : A - A® A,
e the counit n: A — K and

e thetwist map7: AR A— AR A.

The PROP F'r of Frobenius algebras is the linearization of the unenriched PROP
given by all operations one can build out of the above mentioned where we identify
those giving associativity, unity, coassociativity, counity and the Frobenius relation.
A strong symmetric monoidal functor from the linearization of this PROP to Ch(K)
is then the same as a dg-Frobenius algebra.

The PROPs of symmetric and commutative Frobenius algebras sF'r and cF'r
are defined analogously, dividing out the extra relations defining symmetry and
commutativity, respectively. Following the work of Lauda and Pfeiffer (cf. [LPOS,
Cor. 4.5]), we give an alternative graphical way to view the PROP of symmetric

Frobenius algebras as follows (see also Figure 5 for a general example of a morphism
in sFr(1,3)):
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— 2

\_ )
FIGURE 5. An element in sF'r(1,3)

A morphism in sFr(m,n) is a graph with m + n (labeled) leaves, all vertices
of valence 3 and a cyclic ordering of the edges at each vertex up to the relation
jumping an edge over a vertex (a local picture of this relation is shown in Figure 6).
Then splitting one edge into two corresponds to comultiplying the algebra element,

2 3

2 3
~ o=

1 4

FIGURE 6. The equivalence relation in the PROP F'r

whereas unifying two edges is the multiplication. The relation in Figure 6 encodes
associativity, coassociativity and the Frobenius relation depending on how it is read.
Symmetry and the fact that doing the twist twice is the identity hold since we do
not choose an embedding into the plane, i.e. symmetry can be unraveled as shown in
Figure 7(a). The PROP cF'r is the quotient of sF'r by forgetting the cyclic ordering
at the vertices which is the same as dividing out the relation shown in Figure 7(b).

/\DD & T

) the symmetry relation in sF'r ) the commutativity relation in c¢Fr
FIGURE 7. Symmetry and commutativity in terms of graphs

This leads us to another interesting example of a PROP: The PROP of open
cobordisms, which is not concentrated in degree zero as all the other PROPs we
worked with so far were.

EXAMPLE 2.4 (The PROP of open cobordisms). The category of open cobordisms
is the dg-PROP where we think of a number n € N as a disjoint union of intervals
and the morphisms O(m,n) are given by a graph complex whose homology is the same
as the homology of the moduli spaces of 2—dimensional cobordisms (i.e. Riemann
surfaces with boundary) between these intervals (for an example see Figure 1(b)).
This turns out not to be an associative PROP, i.e. there is no functor Ass — O.
Howewver, it is an As-PROP, i.e. there is a functor Ay, — O.
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2.3. Back to Hochschild homology. In the previous section we have seen
that differential graded associative algebras are equivalent to strong symmetric
monoidal functors Ass — Ch(K). It is a natural question to ask whether we can
define a Hochschild complex for other functors ® : Ass — Ch(K). For that, we
follow [WW11, Section 2]. In order to see how the generalization arises, we first
consider the case of a functor associated to an associative algebra A, i.e. we fix
the strong symmetric monoidal functor ® defined by ®(n) = A®". The differential
de on ®(n) is given by the differential on the tensor product, i.e. the sum over all
actions on one tensor factor (with a sign). The multiplication map A® A — A then
corresponds to the map induced by m € Ass(2,1) acting on ®(2).

Hence the Hochschild complex as defined in the first section can be rewritten as

C.(A,A) =P A =P ok +1).
k>0 k>0
Let m;; € Ass(n,n — 1) be the element which multiplies the j-th and the k-th
input. Then the differential on the summand ®(k+ 1) of C,(A, A) can be rewritten
as

k
d= dq> + Z :l:@(mi+1’i+2)

i=0
where myy1 k42 = Mypy1,1. Stepping back for a second we notice that the defini-
tion of the Hochschild complex as stated above does not use the strong symmetric
monoidality of ® at all. Using the formulas written above, this defines the Hochschild
complex C'(®) for an arbitrary dg-functor Ass — Ch(K). A big advantage as we
will see is that this allows to apply the Hochschild complex to the representable
functors £(m, —) for a PROP & with an associative multiplication, i.e. a PROP &
together with a functor Ass — &£ which is the identity on objects. We can add an
extra functoriality into the definition and write

C(®)(m) = P ®(k + 1+ m)
k>0
which then allows us to iterate the construction and obtain
C"(®)(m)= @ Plki+ 1+ +ky+1+m)
Kiyekin
For a strong symmetric monoidal functor ® corresponding to an algebra A we get
an isomorphism
C™(®)(m) = C(P)(0)*" @ ®(1)%™ = C,(A, A)®" @ A®™,

2.4. Formal operations on the Hochschild complex. The main goal of
this work is to understand the complex of operations

CL(A, A)P™ @ A®™ 5 O, (A, A)®™ @ A®™m

which then for example might correspond to string topology operations. More con-
cretely, we want to find such operations which are natural in some class of algebras
A, that means natural in some associative algebras over a PROP &, i.e. algebras
over a PROP & such that there is a functor Ass — &£ which is the identity on
objects. We denote the complex of these operations by Nat®([;], [2]) and rewrite

the definition in a closer form as the complex of morphisms
Natg([m], [#2]) = hom(C™ (@) (m1), C™2(®)(my))



14 1. INTRODUCTION

natural in all strong symmetric monoidal functors ® : £ — Ch(K).

It turns out that this complex is hard to study. On the other hand, the obvious
generalization we could do is to test on all functors and not only on strong symmetric
monoidal functors. Thus, in [Wah12, Sec. 2] Wahl defines the formal operations as

Nate (], [m3]) = hom(C™ (@) (m1), C"(P)(m2))

natural in all functors @ : £ — Ch(K).

The big advantage of the second complex is that we can compute the formal
operations more concretely. It was proven in [Wah12, Theorem 2.1] there is an
isomorphism

Nate([mh], [m3]) = H EB E(Ji+ -+ Juy +mu ki + oo+ kny +m2)

Jiseesdng Kiyeeskng

where the right hand side is equipped with a degree shift and a complicated dif-
ferential coming from a coHochschild-Hochschild construction itself. It turns out
that the homology of it can be computed explicitly in quite a few cases which
we will come back to after saying a few more words about the relation between
Natg and Natg. Every operation which is natural in all functors is in particu-
lar natural in all strong symmetric monoidal functors, so we have a restriction
map r : Natg([mt], [#2]) — Natg([mi], [#2]). In general we define € to be the
PROP with morphism spaces £ (m,n) all the morphisms A®™ — A®" natural in
all E-algebras A. Then r is injective/surjective/a quasi-isomorphism if and only if
p: Em,n) — E(m,n) is (cf. [Wah12, Theorem 2.9]). In particular, in the case
of operads any two operations can be distinguished by their actions on some free
algebra (i.e. p is injective), so in the case where £ comes from an operad the map r
is injective (see [Wah12, Example 2.11]).

2.5. Computations of Nate. Turning back to the operations on the Hochschild
homology introduced in Section 1.3 we see that using the above definition these are
operations in Natg ([#i], [#2]) for € the appropriate class of algebras. Thus, one
might ask the question whether these generalize to operations in Natg([mi], [ma])-
Going through the definitions in that section one checks that all operations were
actually defined using only the structure maps like multiplication, comultiplication
and the permutations, i.e. they are all induced by the action of the PROP on the
Hochschild complex. Hence, rewriting them in terms of these generators and apply-
ing ®, we get an action on the Hochschild complex of ® for all & : &€ — Ch(K). So
we already know a bunch of formal operations for the PROPs Ass, €om, sFr and
cFr.

In the original paper introducing formal operations [Wah12], Wahl gives three
examples of PROPs £ where the homology of Nate can be identified with the ho-
mology of smaller and more combinatorial complexes. The first and most important
example for us is € = sFr. Recall that a Sullivan diagram in SD([}], [ma]) gives an
operation

Co(A, AP @ A®™ — O (A, AP @ AP
and since all these operations are formal, it actually defines an operation
CMH(P)(ma) — C™2(P)(my)
natural in all ® : sF'r — Ch(K), i.e. we have dg-maps

Jorr : SD([mi], [m2]) — Natspr (3] [m3]),
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which lift to dg-functors for SD and Natp, categories with elements N x N and
morphism spaces the above ones.

In [Wah12, Theorem 3.8] Wahl proves that Jp, is a quasi-isomorphism of dg-
categories and split injective on each morphism space, i.e. that the homology of the
formal operations is completely described by the already known operations given by
Sullivan diagrams.

The other two computations carried out in [Wah12] do not completely fit into
our setup since the multiplication of the PROPs involved is only associative up to
homotopy. As mentioned earlier, everything done so far can be carried out for A..-
PROPs and thus Natg makes sense for these PROPs, too. Recall from the beginning
that O is the PROP of open cobordisms, i.e. O(m,n) is given by the chains on the
moduli space of cobordisms from m to n intervals. Similarly, OC([;:}], [2]) is given
by the chains on the moduli space of cobordisms going from n; circles and m,
intervals to mo circles and msy intervals. Then the chain version of the map Jip,
gives a dg-map

Jo : OC([m], [ma]) = Nato([n], [ma]),

which by [Wah12, Theorem 3.1] is split injective and yields a quasi-isomorphism of
categories.

Restricting O to the subPROP of unital A,-algebras AL and OC([n}], [2]) to
subspaces Ann([;t], [m2]) built out of disks and annuli (for a definition see [WW11,
Prop. 6.12]) in [Wah12, Theorem 3.7] it is shown that the restriction of Jo to Ann
factors through a quasi-isomorphism

Sz, Ann([mi], [ma]) — Nat g (bl [d])-

All the quasi-isomorphisms mentioned in this section are actually split. These

splittings seem to fail as soon as we implement commutativity, since a lot of structure
on the PROP is lost.

3. Generalizations for higher dimensions

3.1. Higher dimensional string topology operations. Another way of gen-
eralizing Section 1 is to look at more general mapping spaces than Map(S*, M). For
example higher string topology deals with operations on Map(S™, M). These have
been investigated by various authors, see for example [VPS76], [CHV06, Chapter
6],[Bar10], [GTZ10a] and [GTZ12], where the last two use higher Hochschild ho-
mology to give an F, i-structure on Map(S™, M) if M is an n—connected Poincaré
duality space (with little extra conditions).

To investigate operations on Map(| X[, |Ys|) for simplicial sets X, and Y, we can
use the generalized Jones isomorphism

H*(Map(|X.|, [Yo])) = HHx, (C*(Y,), C7(Ys)) (3.1)

which holds if the dimension of X, is smaller than or equal the connectivity of Y,
(cf. [GTZ12, Theorem 4.4]). Here, HHx,(C*(Y,), C*(Y,)) is the higher Hochschild
homology of H*(Y,) with respect to X, which we define in the next section. Hence
looking for operations on higher Hochschild homology is one way to investigate
higher string topology.
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3.2. Higher Hochschild homology and topological Chiral homology.
Let A be a commutative algebra. Given two (ordered) finite sets S and T and a
map f : S — T of sets this induces a map f, : A®ISI — A®Tl such that

felao® - @ ajs-1) = by ® -+ @ byr| 1

with b; = [;c;-1(; @i (where we view S = {0,---,[S| — 1} and T similarly) and
the sign comes from the permutations of the a;. Drawing such a map in terms of
trees we put the a; on the inputs and multiply all those which are sent to the same
output (cf. Figure 8).

aq

"

a9 < bgzal-ag-a4
aq : [ ] bl =1
Qo bo = aop - as
FIGURE 8. the map f, induced by a map f: {0,...,4} — {0,1,2}

For a finite simplicial set X, and a commutative algebra A the higher Hochschild
chains of A with respect to X, are defined as C Hx, (A, A);, = A®X¢l with differential
> +d;, induced by the d; : X — Xj_1 as explained above. For a commutative
differential graded algebra we again take the total complex with respect to both
differentials. Moreover, for a general simplicial (not necessarily finite) set X, one
takes the colimit over all finite subsets of X,. Higher Hochschild homology was
originally defined in [Pir00] and further work was done in [GTZ10a] and [GTZ12].
In the original paper a version for arbitrary functors from the commutative PROP
to vector spaces was also carried out.

Besides the isomorphism to the cohomology of the topological mapping spaces
stated in Equation (3.1), we want to point out some further properties of higher
Hochschild homology. First of all, there is a simplicial model of the circle given by
the simplicial set S{ = {0,--- , k} with boundaries

. o . .
di(j) = j forz}_j' and d,, () = J forj‘#n
j—1 forv>j 0 forj=n

and degeneracies s; the maps missing 4, such that H,(S!) = H.(S'). Given a
commutative algebra A, we get

CS} (Av A) = O* (Av A)a

i.e. we recover the ordinary Hochschild chains as defined in Section 1.2.

Taking the simplicial set to be a point, one obtains H H,.(A, A) = A. Moreover,
CHy, (A, A) is always a commutative differential graded algebra itself using a higher
analog of the shuffie product.

Given two simplicial sets X, and Y,, one obtains

CHx,v, (A, A) = CHy, (A, A) ® CHy, (A, A).

Finally, given another simplicial set Z, with an injection X, — Z, and an
arbitrary map Y, — Z, we put W, = X, éJ Y,. By [GTZ10a, Lemma 2.1.6], there
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is an isomorphism

CHX. (A, A) X OHy. (A, A) — CHW. (A,A)
CHz, (A,A)

In [GTZ10b] the authors work with an infinity version of higher Hochschild
homology and prove that a lift of the above properties gives an axiomatic definition of
higher Hochschild homology. More precisely, in [GTZ10b, Theorem 1 and Theorem
2] they prove that CH : sSet,, X CDGA,, — CDGA is the unique bifunctor
fulfilling the following axioms:

(1) value on a point: There is a natural equivalence of CDGAs CH,;(A) = A.
(2) monoidal: There are natural equivalences of CDGAs

CHux,,(A) = Q) CHx,,(A).

(3) homotopy gluing/pushout: C'H sends homotopy pushout in sSet,, to
homotopy pushouts in CDGA..

Using this axiomatic definition, in [GTZ10b, Theorem 5] they furthermore show
that for an m-dimensional framed manifold M the topological chiral homology (also
called factorization homology) [,,(A) is equivalent to the higher Hochschild homol-
ogy CHp(A).

Topological chiral homology is a homology theory for topological manifolds. It
has been made precise in [Lurl2] but arises from work of Beilinson and Drinfeld on
factorization algebras in [BDO04]. A good introduction into the topic can be found
in [Fral2]. We finish with giving a definition for the infinity category of topological
spaces:

Define the operad Disk!"(n) of framed embeddings of n disjoint copies of R™
to R™ and let Disk/"(ny,ns) be the PROP associated to the operad. Let M be a
framed m-manifold and define Ep(n) = Emb/™ ([, R™, M). For & : Disk{" — Top,
the topological Chiral homology of M with coefficients in ¢ is the functor

L
/ d=>0 ®@ L.
M DiskiT

The more general definition then goes via the derived coend in infinity categories.






CHAPTER 2

Summary of results

Paper A

The first paper is concerned with the complex of formal operations for the com-
mutative PROP, more precisely it computes the homology of Nate o ([mi], [ma]) for
natural numbers ny, mq, no, mo. The main ingredient is the identification of the com-
plex with the dual of tensor powers of the Hochschild homology of the cohomology
of the circle.

To be more concrete, working over a field, we first prove that the homology of
Natgom ([4], [§]) is concentrated in degrees zero and one. A general element in the
degree zero part is an infinite sum of scalar multiples of Loday’s shuffle operations
(see Section 1.4.3). This is a well-defined operation, since only finitely many shuffle
operations are non-zero on each degree. A general element in degree one is the
composition of such an element with Connes’ boundary operator.

We furthermore prove that the homology of Nateom ([m:], [m2]) can be described
in terms of operations built out of Loday’s shuffle operations, Connes’ boundary
operator and the shuffle product. We specify a procedure to obtain a unique pre-

sentation of a homology class in Natgon, ([mi], [2]) in terms of the above building

blocks.

Paper B

In the second paper we define a dg-category of looped diagrams [D inspired by
the dg-category of Sullivan diagrams SD. We define a dg-functor J.g, from looped
diagrams to the complex of formal operations for the PROP of commutative Frobe-
nius algebras and hence obtain operations natural in all those algebras. We prove
that we recover all operations known for symmetric Frobenius dg-algebras as well as
the formal operations for differential graded commutative algebras (as identified in
Paper A) which in particular include Loday’s lambda and shuffle operations. Fur-
thermore, we prove that there is a chain level version of a suspended cacti operad
inside the complex of looped diagrams which recovers the shifted BV-structure on
the Hochschild homology of commutative Frobenius algebras defined by Abbaspour
(see Section 1.6).

A looped diagram consists of a commutative version of a Sullivan diagram to-
gether with a collection of loops inside it. We use an equivalent description of
Sullivan diagrams as stated in [WW11, Section 2.10] in terms of black and white
graphs. A looped diagram (T",~1,- -+ ,7,) then more precisely can be described as
follows:

e The diagram I' is a commutative Sullivan diagram with at least n labeled
leaves, i.e. a graph with its vertices labeled black and white, all black
vertices having valence 3, all white vertices having any valence > 1, an
ordering of the white vertices, a total ordering of the edges at each white

19
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vertex (i.e. a cyclic ordering at the vertex and a choice of start edge) and
at least n labeled leaves.

e For each ¢ we have a loop 7; in I' each starting at the labeled leaf i. If we
view white vertices as circles, a loop in a commutative Sullivan diagram is
a loop in I' seen as a CW-complex up to the equivalence relation that it is
irrelevant how the loop behaves on the parts away from the white vertices.

Examples of looped diagrams are given in Figure 9, where we dotted the part of the
loop which does not contain data.

FiGURE 9. Two looped diagrams

We prove that out of the span of such diagrams we obtain a dg-category. There
is a restriction functor from Sullivan diagrams to looped diagrams which forgets
the cyclic ordering one has in Sullivan diagrams but puts a loop for each marked
boundary cycle. The diagram

SD =% Nat, p,

L

1D e Nat,.p,

commutes and hence all operations coming from symmetric Frobenius algebras are
already encoded in the complex [D.

Furthermore, by allowing certain products (i.e. infinite sums of operations)
we can enlarge the complex [D([n], [m2]) to ilD([mi], [m2]) and still have a dg-map

Jerr 2 UD([mi], [ma]) — Natepr([mi], [ma])- Restricting to a subcomplex of tree-like

diagrams, we define a complex ilDyom([m], [ma]). The image of the restriction of
Jerr to this subcomplex lies in Natgom ([mh], [ma]) and thus we have a dg-map Jeyom :
UDgom([mi], [m2]) = Natgom([m:], [m2]). Then we can restate the results of Paper
A in the form that the functor Jg,,, is a quasi-isomorphism. This gives a nicer
combinatorial description of all formal operations for commutative algebras.

Last, we can recover the new shifted BV-structure on the Hochschild chains of
commutative algebras introduced in [Abb13a]. The complex of looped diagrams
in fact comes from a simplicial set. We prove that the geometric realization of a
certain subcomplex is homotopy equivalent to a shifted version of the Cacti operad
as defined by Voronov (cf. [Vor05] and for more details [Kau05]), whose homology
is the BV-operad (by [Vor05], [Kau05] and [Get94]). This then proves that we
have a shifted BV-structure on the Hochschild homology of commutative Frobenius
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dg-algebras coming from an action on the chains. More precisely, we prove the result
for commutative, cocommutative open Frobenius dg-algebras.

Paper C

In this paper we generalize the methods of the Hochschild and coHochschild com-
plex to the setup of higher Hochschild homology in the sense of Pirashvili ([Pir00]).
Already in his original paper Pirashvili considered higher Hochschild homology of
arbitrary functors ¥om — K — Vect, which we generalize to graded functors.

Completely analogously to the way one generalizes Hochschild homology of alge-
bras to the Hochschild homology of functors Ass — Ch(K) as explained in Section
2.3, we can define the higher Hochschild homology of ® : ¥om — Ch(K) with
respect to a simplicial (finite) set X, as

Cx. (®)(m) = D ®(1X.] +m).

The differential is induced from the differential on ® and the one coming from the
simplicial abelian group structure on ®(|X,| + m) with the boundary maps the
ones induced from the boundary maps of the simplicial set d;, i.e. the composition
with the maps df € €om(|Xk|,|Xk-1]). We prove that Cx,(®)(—) is again a dg-
functor, preserves quasi-isomorphisms and is quasi-isomorphic to its reduced version.
Moreover, following [Wah12, Section 2] we introduce the coHochschild construction
Dx, (¥) for functors ¥ : ¥om® — Ch(K) and prove that all the above properties
hold similarly.

For two simplicial sets X,, Y, and £ a commutative PROP we define the formal
operations

Nate(Xa, Ya) = hom(Cr. (=), Gy (—))

natural in all functors ® : £ — Ch(K).

Again, these can be computed explicitly, thus we get

Nate(X.,Ys) = [[ED £(1X1. [¥i]) = Dx. (Cr(E(—, -))) (C.1)

which turns out to be true even in a more general context. Furthermore, using the
above result we can give smaller models for the formal operations in certain cases:

First, working over a field F, for X, arbitrary and Y, a simplicial finite set, a
quasi-isomorphism of functors C*(Y,*7) ~ A®~ : €om — Ch(K) induces a quasi-
isomorphism

Natgom (X, Ys) ~ CHy, (A)".
In particular if @ C F, the deRham algebra Q°(Y,;F) fulfills this property and
therefore
Natgom (X, Ys) ~ CHx, (Q°(Ys; F))".

Our second computation of Nateg,, (X, Ys) only holds when the dimension of the
simplicial set X, is smaller than the connectivity of Y,. Using Bousfield’s spectral
sequence (see [Bou87]), we get a quasi-isomorphism between Natyom(X,,Ys) and
the simplicial chains on the topological mapping space homr,(| X[, |Ys|). More-
over, we show that this quasi-isomorphism preserves a certain structure close to a
comultiplication on filtrations.






CHAPTER 3

Perspectives

The work described in the previous chapters leads to new questions for further
research. We want to outline a few ideas and problems in this context.

The complex of looped diagrams and string operations:

Using the complex of looped diagrams we found a new model to generate string
operations. By comparison to the results one has for ordinary Sullivan diagrams,
some questions arise:

e What other (interesting) structures on the Hochschild complex of commu-
tative Frobenius algebras can we detect using looped diagrams?

e Do we obtain all formal operations? I.e. is the map ilD — Nat.p, injec-
tive/surjective/an isomorphism on homology?

e [s there a direct geometric interpretation of the new string operations analog
to the constructions by Godin in [God07] using fat graphs?

e [s there an oco-version of looped diagrams acting on the Hochschild chains
of C—Frobenius algebras?

The first question could be answered by “a lot” since every looped diagram
gives an operation. However, the existence of the new product and the shifted BV-
structure leads to the question whether there is a whole shifted HCFT structure
inside the operations we get from looped diagrams.

About the second question we can only say that taking all morphisms in /D
will not lead to an injective map, thus we need to restrict to subcomplexes. One
might want to restrict to (D instead of /D (i.e. not taking products into account).
However, we have seen that we get a quasi-isomorphism between a subcomplex of
ilD([mt], [me]) and Natgom ([mi], [m2]), 1.e. we see that the product complexes seem
to be necessary. Moreover, trying to imitate the proof of the weak equivalence
SD — Natyp, directly seems to fail, since this proof heavily relies on the fact that
there is an ordering at the black vertices.

The last two questions are connected. The work by Godin for fat graphs gives
a geometric interpretation of the operations of the open-closed PROP, i.e. of an
infinity version of Sullivan diagrams. We would like to find an infinity version of the
looped diagrams, which then hopefully should allow a similar geometric construction.
Since this structure is supposed to be much bigger than the one described by OC,
we expect there to be a connection to the recent work of Hepworth and Lahtinen in
[HL13], where they introduce the richer structure of a so called HHGFT acting on
the homology of the free loop space of BG for G a compact Lie group.

On the other hand, the construction of string operations relies on finding a wrong
way map and afterward reading off along the boundary cycles. In ongoing work
Ralph Cohen, Nancy Hingston and Nathalie Wahl try to achieve such a construc-
tion for Sullivan diagrams. It turns out, that in their approach the cyclic ordering
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at the black vertices is irrelevant and only the loops they read off along are impor-
tant. Thus, looped diagrams seem to be the appropriate setup to work in. One first
operation, which we hope to recover this way, is the Goresky-Hingston product on
the relative cohomology H*(LM, M) (see [GHO09]). We conjecture that the product
in the shifted BV-structure on the Hochschild homology of commutative Frobenius
algebras corresponds to the Goresky-Hingston product on H*(LM, M) under a rel-
ative version of the Jones isomorphism. This was conjectured simultaneously in
[Abb13b].

Give operations on higher Hochschild homology:

A question arising from Paper C is whether the known operations on higher
Hochschild homology (for example the E,—structure in [GTZ12, Theorem 4.4] or
the operations leading to the Hodge decomposition in [Pir00]) can be seen as formal
operations on higher Hochschild homology and to give more explicit calculations of

the formal operations for some simplicial set (similar to the computations done for
Sl in Paper A).

Generalizing the formal operations to other monoidal categories:

At the end of Paper C we give an approach on how to view the Hochschild
construction and formal operations in a broader setup summarizing the constructions
used so far. The proofs given there do not work for all monoidal model categories
yet. So some questions arising from that setup are:

e Can we generalize our constructions and proofs to the category of spectra?
Does this give a generalization of the computations of formal operations
done so far to topological Hochschild homology? What do we know about
the relation of the formal operations and all natural operations in this setup?

e Can we give an infinity version of the proofs done in Section 5 of Paper C?

The first question seems to be approachable using the model structure of S—modules
(cf. [MMO2]) in which every object is fibrant. However, in the generalizations
working we additionally need to have an enriched cofibrant replacement functor
which is monoidal and forms a comonad. Even though a more general theory for
cofibrant replacements via comonadic functors is known (see [Gar09, Theorem 3.3]
and [BR12, Cor. 3.1]) we do not see a way to get the monoidality simultaneously.
However, this might also be due to the author’s little knowledge in the area of
S-modules.

Formal operations for cyclic homology:

Restricting ourselves to Hochschild homology is a starting point for the area of
cyclic homology. Many known operations (for example Loday’s lambda operations)
in fact have been constructed as acting on cyclic homology. One question to ask is
how one can carry over the work on Hochschild homology and formal operations to
the world of cyclic homology and how the formal operations of Hochschild homology
and cyclic homology relate.
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THE COMPLEX OF FORMAL OPERATIONS ON THE HOCHSCHILD CHAINS OF
COMMUTATIVE ALGEBRAS

ANGELA KLAMT

ABSTRACT. We compute the homology of the complex of formal operations on the Hochschild complex of
differential graded commutative algebras as defined by Wahl and prove that these can be built as infinite sums
of operations obtained from Loday’s shuffle operations, Connes’ boundary operator and the shuffle product.

INTRODUCTION

Natural operations on the Hochschild homology of commutative algebras have been studied by several
authors, see for example [Bar68], [GS87], [Lod89] and [McC93]. Recently, in [Wah12], Wahl defined a complex
of so called formal operations for a given class of algebras, which comes with a dg-map to the complex of
natural transformations. In the case of commutative algebras this map is an injection. In this paper we prove
that the homology of the complex of formal operations in the commutative case can be built out of Loday’s
shuffle operations, Connes’ boundary operator and shuffle products.

The commutative PROP %om is defined to be the symmetric monoidal category with objects the natural
numbers (including zero) and morphism spaces Z[F'inSet(—, —)]. Denote by Ch chain complexes over Z. Then
a (unital) commutative differential graded algebra is a strong symmetric monoidal functor ¥om — Ch. In
[WW11], the Hochschild complex C'(®) for general functors ® : ¥om — Ch is defined as C'(®) = @, ®(k)[k—
1], with differentials coming from the simplicial structure on ®(k) which will be made explicit later. For a
strong symmetric monoidal functor ® (i.e. ®(1) is a commutative algebra) this definition agrees with the
classical definition of the Hochschild complex C,(®(1),®(1)). Iterating the construction, one defines the
iterated Hochschild complex C("™)(®) (see Section 1.1 for a precise definition). In this paper we compute
the homology of the formal transformations of the (iterated) Hochschild homology of commutative algebras
Nategom ([m], [#2]) which in [Wah12] were defined as the complex of maps C("1:1)(®) — C("2:72)(d) natural
in all functors ® : ¥om — Ch.

In [Lod89], Loday defined the so called shuffle operations constructed from permutations {1,--- ,n+1} —
{1,--+ ,n+1} which keep the first entry fixed. These act on the n—th degree of the Hochschild complex of an
algebra A by permuting the (n + 1) factors of A accordingly. Loday’s lambda operations can be obtained by
similar constructions. These correspond to the power operations on the homology of the free loop space of a
manifold (as it is explained in [McC93]). Moreover, they have been used to give a Hodge decomposition of
cyclic and Hochschild homology. Both, the lambda and the shuffle operations commute with the boundary
maps and one can obtain the lambda operations as linear combination of the shuffle operations and vice versa.
However, the shuffle operations fulfill one extra property which makes them suitable for our context: The k—th
shuffle operation sh* acts trivially on all Hochschild degrees smaller than &, i.e. (sh*); = 0 if [ < k. Hence
the infinite sum of shuffle operations is still a well-defined operation on the Hochschild complex. Denoting
Connes’ boundary operator by B and defining operations B¥ = B o sh*, we can compute the homology
of Natgom ([3],[8]), i-e. the homology of the complex of operations C(®) — C(®) natural in all functors
®: €om — Ch:

Theorem A (see Theorem 2.8). The homology H,(Nat([§],[4])) is concentrated in degrees 0 and 1. In these
degrees an explicit description of the elements is given by the following:
(1) Every element in Ho(Nat([¢],[¢])) can be uniquely written as Yy cx[sh*] with ¢, € Z and [sh*]
the classes of the cycles sh* in homology. In the i-th degree of the product this is given by
(X rzocklsh*); = ZZ:O ck[(shF);], i.e. it is a finite sum in each component.
(2) Every element in Hy(Nat([3], [i])) can be uniquely written as >y, cx[B¥] with ¢, € Z and [B*] the
classes of the cycles B¥ in homology. In the i-th degree of the product this is given by (3 "p-  cx[B*]); =

Siemo cl(BR)i].

The shuffle product generalizes to a degree zero map C(®) ® C(®) — C(®). In the second half of the
paper, we generalize the above theorem to the iterated Hochschild construction and see:

1



2 ANGELA KLAMT

Theorem B (see Theorem 3.4). The complex Natwom ([mi], [m2]) is quasi-isomorphic to the product

II A,
o

ki, kny

where the complexes Ak11->>7kn1 have trivial differential and are spanned by objects build out of the B¥, sh*
and the shuffle product in a procedure described in Definition 3.3.

The complex Hk1 ok Akl~~~-;kn1 has also an alternative description in terms of graph complexes. In
T :
[Klal3b] we define a complex of looped diagrams and a subcomplex of special tree-like looped diagrams
iplp%am/([glll]v 'frfllzz ) together with a dg'map Com * Zbplll)%om( ;;LlllL [:"?2]) - Nat(gom([ﬁlll 5[77;1‘122]) such that the
image Jgom is exactly the complex Hkl ok Aku--,knf In terms of this data, Theorem B can be nicely
s kg ;

rewritten as follows:

Theorem B’. The dg-map Jegom : i;)\l/D%om([fnll], [m2]) = Nategom ([m], [m2]) is a quasi-isomorphism.

Even though Theorem A is a special case of Theorem B, we give a separate proof of it in the first half of
the paper. Parts of the arguments used in the proof of Theorem B are generalizations of those used in the
proof of Theorem A.

Acknowledgements. I would like to thank Tom Goodwillie for helpful conversations, in particular for
bringing up the connections to the Hochschild homology of the sphere. Moreover, I would like to thank
Martin W. Jacobsen for fruitful discussions on the combinatorics of the operations. Furthermore, I am very
thankful to my advisor Nathalie Wahl for suggesting the topic and helpful discussions and comments. The
author was supported by the Danish National Research Foundation through the Centre for Symmetry and
Deformation (DNRF92).
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Conventions. Throughout the paper we work in the category Ch of chain complexes over the integers Z.
We use the usual sign convention on the tensor product, i.e. the differential dygw on V @ W is defined as
dvow (v @ w) = dy(v) @ w+ (1)o@ dw (w).

A dg-category £ is a category enriched over chain complexes, i.e. the morphism sets are chain complexes. In
this paper we use composition from the right, i.e. we require the composition maps €(m,n)®&(n,p) — E(m, p)
to be chain maps. A dg-functor is an enriched functor ® : £ — Ch, so the structure maps ®(m) ® £(m,n) —
®(n) are chain maps.

For a graded abelian group A we denote by A[k] the shifted abelian group with (A[k]),, = A,—k. Through-
out the paper, the natural numbers are assumed to include zero.
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1. RECOLLECTION OF DEFINITIONS AND BASIC PROPERTIES

We denote by €om the PROP of unital commutative algebras considered as a dg-PROP concentrated in
degree zero. It is the dg-category with elements the natural numbers (including zero) and morphism spaces
€om(m,n) = Z[FinSet(m,n)] the linearization of the maps of finite sets, where m and n denote the finite
sets with m and n elements, respectively. The PROP @ om is an example of a PROP with A..-multiplication
as used in [WW11] and [Wah12]. Moreover, it also fits in the context of [Klal3a] where we consider PROPs
with commutative multiplication. In the first of the aforementioned papers a more general construction of
Hochschild homology was defined. Denoting the Hochschild complex of a dg-algebra A by C.(A4, A), this
generalization allows us to define the complex of so-called formal operations which is a subcomplex of the
operations

C\ (A, A)®™ @ A™ = O, (A, A)®"2 @ A™

natural in all commutative algebras A. This subcomplex is the complex we calculate in the paper. In this
section, we recall the definition of the Hochschild complex for functors and the complex of formal operations.

1.1. Hochschild and coHochschild complexes. Recall that for a dg-algebra A its Hochschild complex
C.(A, A) is defined as
Cu(A, A) = P A% [k — 1)
k

with differential coming from the inner differential on A and the Hochschild differential which takes the sum
over multiplying neighbors together (and an extra summand multiplying the last and first element). We start
with generalizing this definition as it was done in [WW11, Section 5]:

For 1 <i <k Let m¥,,, € FinSet(k,k—1) be the map which sends i and i+ 1 to i and is orderpreserving
and injective on the other elements. For & : ¥om — Ch a dg-functor the Hochschild complex of ® is the
functor C(®) : ¥om — Ch defined by

C(®)(n) = P @k +n)[k - 1].

E>1

The sets ®(k+ 1+ n) for k > 0 form a simplicial abelian group with boundary maps d; = @(mfjllvi 4o FHidn)
where we set m? kel = m’fy  and degeneracy maps induced by the map inserting a unit at the i+ 1-st position.
Denoting the differential on ® by dg, we define the differential on C'(®)(n) to be the differential coming from

these boundary maps which explicitly is given by
k
d(z) = do(z) + (=) (=1)'®(mf 4, +idy)(2).
i=1

Note that we used the formula d = Zfzo(fl)“'ldi for the differential on the chain complex associated to a
simplicial set instead of the usual choice d = Zfzo(fl)idi. We do so to make the signs fit with the original
definition in [WW11, Section 5].

The reduced Hochschild complez C(®)(n) is the reduced chain complex associated to this simplicial abelian
group, i.e. it is given by

C(®)(n) = P ®(k +n)/U(k)

with U(k) = > 1 ;<1 #m(u;) where u; : ®(k—1+4n) — ®(k+n) is the map inserting a unit at the (i +1)-st
position. T

Iterating this construction, the complexes C(»™)(®) and 6(n’m)(<1>) are given by
M) (@) 1= C™ (@) (m) and " (@) = T(@)(m).
Working out the definitions explicitly we obtain
Com@) = P R(i+ctGatm)a oot — )
J121,in 21

Before we move on to the coHochschild construction, we want to connect the above definition to the
ordinary Hochschild complex of a commutative algebra:

Unital commutative dg-algebras correspond to strong symmetric monoidal functors ® : ¥om — Ch by
sending an algebra A to the functor ®(n) = A®™ and vice versa. Then the Hochschild complex is given by

C.(A®7) = @D A% [k — 1] = C.(4, A)

k>1
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which is isomorphic to the ordinary Hochschild complex of an algebra. Using the strong monoidality again,
we obtain

Cmm(A®7) = O, (A, A)®" @ AS™

and similarly for the reduced versions.
Dually, given a dg-functor ¥ : €om

op

— Ch its CoHochschild complex is defined as

D()(n) = [[ ®(k+n)[1 - k]

E>1

with the differential coming from the cosimplicial structure induced by the multiplications, so for y €
[Ti>1 ¥(k +n) it is given by

I+1
d(y) = (=) (dw(y) = Y (=1 W(miEh, + idn)(ys-1))
i=1
(see [Wah12, Section 1]). As for the Hochschild construction, we twisted the differential coming from the
cosimplicial structure maps by —1. For strong symmetric monoidal functors this construction is isomorphic
to the classical coHochschild construction of a coalgebras as for example defined in [Yuk81, Sec. 3.1].
Again, we can take the reduced cochain complex D(¥)(n) which is the subcomplex

k
D(W)(n) =[] () ker(u).

k>1i=2

By [Wah12, Prop. 1.7 + 1.8], the inclusion D(¥) — D(¥) and the projection C(®) — C(®) are quasi-
isomorphisms.

Again, under the correspondence of counital cocommutative coalgebras and strong monoidal functors
U : €om®” — Ch, the coHochschild construction defined above is isomorphic to the ordinary coHochschild
construction of a coalgebra.

Furthermore, we can also spell out the iterated construction explicitly, i.e. for a functor ¥ : ¥om°” — Ch
we get

1.2. Formal operations. The complex of formal operations Nateom ([mi]; [m2]) is defined as

Natgom ([11], [22]) := hom(C™1m1) (@), C("2m2)(H))

natural in all functors ® : €om — Ch.
In [Wah12, Theorem 2.1] it was shown that

Nateom (], [7]) 2 D™ C™2 (€ om(—, =) (m2)(m1) =~ D" C"* (Com(—, —))(mz)(m1).

Since every graded commutative algebra A defines a strong symmetric monoidal functor A®~ : ¥om — Ch,
every element in Natgom ([mi], [m2]) gives an operation

O (ABT) 2 L (A, A)P™ @ AP O, (A, A)®™ @ AP = O (A®7),

More precisely, defining Nats, ([mt], [#2]) to consist of those transformations which are natural in all com-

mutative dg-algebras A, we get a restriction functor r : Nateoem ([ ], [72]) — Nat2, ([mi], [m2]). Since Com
is the PROP coming from an operad, by [Wah12, Section 2.2] the map r is injective.

2. THE HOMOLOGY OF Natyy,, FOR n1 =ng =1 AND m; =mo =0

In this section we recall Lodays’s shuffle operations, use them to define cycles sh* and B* in Nateom ([3], [])
and move on to show that every element in the homology is built out of those. More precisely, we will explain
that it is sensible to take infinite sums of the operations sh* and B*, denote the subcomplex generated by
them by X and show that the inclusion X — DC(%om(—,—)) is a quasi-isomorphism.

Our method of doing so is by considering the filtration on DC(%om(—,—)) arising from it being a total
complex, together with the induced filtration on X. The inclusion yields a map of the associated spectral
sequences which both come from exhaustive and complete. We show that the inclusion is an isomorphism
on the El-page, hence gives (since X has trivial differential) an isomorphism from X to the homology of
DC(%om(—,—)) ~ Nategom([g], [§])-
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2.1. Loday’s lambda and shuffle operations. In this section we recall Loday’s A- respectively shuffle
operations and give a short recap on their construction. Loday’s operations, which can be defined over Z,
can be seen as a generalization of the Gerstenhaber-Schack idempotents e which can only be defined over Q
(cf. [GS87]) and are a refinement of an operation defined by Barr in [Bar68]. These idempotents were used
to define a Hodge decomposition of Hochschild and cyclic homology and any natural operation which acts on
each Hochschild degree separately and which has trivial differential can be written as a linear combination
of these operations. However, in [Lod89, Prop. 2.8] it was shown how to recover these idempotents from
Loday’s operations.

Recall from Section 1.2 that we have Nat([{], [§]) = DC(€om(—, —)). Explicitly, this means that in degree
| we obtain

Nat([3], [}]): = DC(Gom(—, =) = [[ Com(k+ 1,k +1+1).

k>0
An element f € [, €om(k + 1,k + 1+ 1) acts on @, ®(i + 1) by applying fi to ®(k+ 1). We will use the
same notation for the element in DC(€om(—, —)) and Nat([{], [3])-

We start with the definition of the Euler decomposition of the symmetric group ¥, as given in [Lod89].
For a permutation o € ¥,, a descent is a number 4 such that o (i) > (i + 1). Then one defines

Yok :={0c €%, | ohas k—1 descents}.

To construct the operations, we notice that every element o € ¥,, defines an element in ¥om(n+1,n+1) =
Z[FinSet(n+ 1,n + 1)] by the embedding of ¥,, into X,,4; which sends o to the permutation which leaves 1
fixed and applies the permutation o to the elements {2,--- ,n+1}. We denote the image of 3,,  in 3,41 by
LS

In [Lod89], up to a sign twist, the operations [¥ were defined as

k.= Z sgn(o)o

1
LS

forn>1land 1 <k <mn,Il§=1and lfb = 0 else. Out of these, two families of operations were constructed,
the A- and shuffle operations:
k .
& n+k—1\,
=y (e

for all n, k and
WA
sh = Z (k - i)l:l
i=1
forn >1and 1 <k <n, sh) =id and shf = shY = 0 for k > 0 and n > 0. For n > 1 we obtain sh} = id.
For n > 1 and k£ > 2 the shuffles can be seen via another combinatorial description: For each k consider all
(p1,- -+ ,pr)-shuffles in ¥,, with py +---pr = n and all p; > 1. As above, we can embed them into 3,41 by
applying the permutation to {2,--- ,n + 1} and leaving 1 fixed. Taking the sum over all the images (with
sign), we obtain sht. We write \* =[] Ak and sh* =[], sh¥ for the products in [, €om(n+1,n+1). In
particular, both define families of formal operations in Nat([{], [3])o-
The elements A* lie in the span of the sh¥, more precisely

(2.1) = i <Z)shm.

m=0

The shuffle operations can also be expressed in terms of the lambda operations as

(2.2) shF = i (=1)F—m (:L) A

m=0

Remark 2.1. A nice property of the A\¥ is their multiplicative behavior. It is shown in [Lod89, Theorem 1.7
that

AR K = R
Together with equations (2.2) and (2.1) we can extract a formula for the multiplication of the shuffle elements
and get

. ¥ kK i (i) k k' i’ )
sh” - sh :ZZZ(—D (z) (i/>(j)sh3.

i=0 /=0 j=0
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A special property of the sh¥ is that sh® = 0 for n < k. This allows us to take infinite sums > po , cksh”
and still obtain a well-defined element in [], €om(n + 1,n 4+ 1) = Nat([§], [§])o, since in each degree only
finitely many terms are nonzero. This is not possible for the A\* which is the reason why we need to work
with the sh¥.

As a next step we see that the operations are actually cycles in Nat([{], [{]). The j—th part of the differential
is given by d(z); = (=1)/(dp(z); — d°(z);) with dp(z) = > (=1)"1d;(x) and d°(z) = >_(—=1)"Hdi(x).
Proposition 2.2 ([Lod89, Proposition 2.3., Cor. 2.5.]). The following holds:

dn(ly) = d(ly 4 — 1;71)
and thus d(A\F) =0 and d(sh*) = 0.

We move on to the definition of a second family of elements B* which will be used to build the degree one
part of the homology of Nat([§], [§]). We start with the definition of the BV-operator B € [[, €om(l,l + 1),
which as an operation on Hochschild chains corresponds to the well-known Connes’ boundary operator.

Precomposing this element with the already constructed elements sh* we obtain the elements we are looking
for.

Definition 2.3. The element B € ], €om(l,1+ 1) has as its I-th component B; € Tom(l,1+ 1), defined as
1

By =Y (-1)Hlg,

i=1
with
t+i+1 ift+i4+1<10+1
gi(t) = .
t+i—1 else,
i.e. g7 (1) = 0 and we sum over all cyclic permutations of the set {2,--- ,k +1}.

Finally we define B* as the composition B o sh*.

By the usual computations, one sees that B is a cycle. Thus, since the composition of cycles is a cycle,
the elements B* are cycles, too. Analogously to above, we can consider infinite sums > cx B¥ since only
finitely many B* are non-trivial in each degree of the image. They can be described explicitly similarly to
the elements sh*:

We consider the n embeddings of ¥,, — Fom(n,n + 1) given by composition of maps X,, — om(n,n)
with the embedding of ‘€om(n,n) into €om(n,n + 1) not hitting the first element, where the -th map from
¥, to €om(n,n) is given by adding ! (modulo n) to the image of the permutations. We denote the union of
the images of these embeddings of E:m in €om(n,n + 1) by E;k.

Then we can define
R, := Y sgn(g)g

T
962n+1,1,

and obtain (B¥), = Y7, ("=1) RL for k > 0, (B%)o = R} and (B°); = 0 for i # 0.
Now we are able to define the subcomplex X which will be shown to be isomorphic to the homology of
Natgom([g], [6])-

Definition 2.4. Let X be the graded abelian group which is defined as
{Yrocush® | e €Z} fori=0
Xi={>XroaB" | ceZ} fori=1
0 else.

All the elements in X are elements in Nategom([3]; [3]) & DC(€om(—,—)). Actually, we can take their
equivalence classes with respect to the reduced Hochschild construction and check that they lie in the reduced
coHochschild construction. Thus we can view X as a subcomplex of DC(€om(—, —)) with differential zero.

2.2. The spectral sequence of DC(%om(—,—)). In order to compute the homology of D(C(%om(—,—)))
it will be practical to give a different description of it in terms of the homology of products of S'. that by
the definition of the commutative PROP we have Gom(k,l) = Z[FinSet(k,1)] = Z[(FinSet(1,1)**]. Thus
as abelian groups, we have an isomorphism “om(k,) = Fom(1,1)®*. Viewing the Hochschild construction
C(€om(k,—)) as a simplicial abelian group, the [-th level is given by om/(k,1+1) = €om(1,1+1)®* and the
boundary maps are given by post composition with the multiplications of neighbors in om(l + 1,1), which
acts diagonally on the space ¥om(1,1+1)®*. On the other hand, FinSet(1,l+1) is the standard model for the
simplicial circle with one non-degenerate zero- and one non-degenerate one-cell, i.e. H,(C.(FinSet(1,1))) =
H,.(S'). We denote S} = FinSet(1,e +1).
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Applying the coHochschild construction, out of C(¥om(—,—)) we form a cosimplicial abelian group
whose coboundary maps are given by precomposition with multiplication. Under the above isomorphism
C(Com(k,—)) = C.(Fom(l,—)**) this corresponds to doubling the information of the i-th input, i.e. it is
given by the i-th diagonal map. Recall that the reduced complex D(C,((S%)**)) is given as

k
H ﬂ ker(u;)
E>1i=2
where u; forgets the i—th factor in C,((S%)*#*1)). Note that because neither the Alexander-Whitney nor the
Eilenberg-Zilber map preserve both the multiplication and the twist map, we cannot go further and replace
this cosimplicial simplicial abelian group with the one C(SJ)®#+1.

We are interested in computing the homology of the product total complex of the double complex underlying
D(C(€om(—,—)). Recall from [Wei95, Sec. 5.6] that there is an associated second quadrant spectral sequence
(obtained by filtering by columns) which comes from an exhaustive and complete filtration of the total complex
D(C(€om(—,—)). The E'-page is given by taking the homology with respect to the vertical differential, and
since the reduced complex is a direct summand and thus permutes with taking homology, we have

p+1
B}, = () ker(ui : Hy(SE ™) = Hy(SET)).
i=2

The Alexander-Whitney map (cf. [Wei95, Section 8.5.4]) gives an isomorphism H,(S1*") = (H,(S1)®*?),.
We denote the generator of Ho(S}) by 1 and the generator of H1(S}) by y. Then we can rewrite the maps

u; as
TR T 1 QT Q- Ry fx;=1

U(T1 @ QT 1 QT R Tip1 @ QTp) = ! ! i P
0 ifx; =vy.

In particular, we see that the only elements which lie in the kernel of all the u; with ¢ > 2 are elements of the
form z ® y ® - - - ® y with = arbitrary. Therefore under the Alexander-Whitney map we can rewrite

(1ey®- -y ifp=q
—
P
E, = yey®---0y) ifqg=p+1
—

P
0 else.

2.3. The complex X under the filtration. Since X is a subcomplex of DC(%om(—, —)), we also obtain
an induced filtration F, X of X. Since there is no differential, the corresponding spectral sequence collapses
on the E%page already. Concretely, the filtration is given by

FpoXo= chshlC ck €7
k>p

and similar in degree 1 using the B*. Since every element in X possesses a unique representation as an
infinite sum, we get that lim X/F,X = X and hence the filtration is complete. Since it starts with X itself,
it is exhaustive.

The E°-page of the corresponding spectral sequence can be described as

(sh®) ifp=gq
Eg,q = FyXqp/Fpi1X—p 2 (B*) ifp+1l=g¢
0 else.

Furthermore, since X has no differentials we have £ = ES o for all r.

2.4. The isomorphism on E'-pages. Next we show that the inclusion of X into DC(%om(—, —)) induces
an isomorphism on E'-pages. Therefore, recall that the E%page of DC(€om(—,—)) is isomorphic to the
double complex itself since the p—th column of the E°-page is the quotient of the total complex of all the
columns indexed greater than or equal to p by the columns indexed greater than p. The map from the
filtration of X into there thus sends (sh?) to shb € Fom(p+ 1,p + 1) since it forgets all parts of sh? living
in columns greater than p. Since these elements have trivial vertical differential, their image on the E'-page
of DC(€om(—,—)) is the same and we only need to apply the Alexander-Whitney map to sh? and see that
this agrees with the generator 1 ® y ® - -- ® y and similar for the B*.
—

P
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Lemma 2.5. Let o be a permutation in X,1 with a(1) = 1. We consider its image in C,,((S')*"*1) under
the projection from Cn(Slxnﬂ). Then AW (o) =0 if o #id and AW (idp41) =1Qy® - ®y.
—_—
n

Proof. We first describe how a permutation o looks as an element of ((S1)X"*!) and explain what the
boundary maps are. The n-simplices of S} are given by {1,...,n+1}. For i < n the boundary map d; maps
both 74+ 1 and 7+ 2 to ¢ + 1 and is injective and monotone otherwise. The last boundary map d,, maps both
n+ 1 and 1 to 1. For a permutation o with o(1) = 1 we have d;(¢)(1) = 1 for any 4. In general, for an
element j € S} with j # n + 1 we have

) jeSt ifid+1>y
di(7) = 4", 11 e .
j—1€S8 ifi+1<y

n—1

(2.3)

and for n +1¢€ S}

ne Sk ifi+1<n

n—1

1esSt , ifi=n.

(2.4) di(n+1) = {

Denote by 1 € Cy(S}) the projection of the element 1 € S} and by y € C1(S!) the image of the element
2 € S}. All other elements in S} are degenerate in C,(S?), i.e. zero after passing to the reduced complex.
We consider the reduced Alexander-Whitney map
AW (S = (C(S))*" )= P Cr (S @+ @ Ch,11(SY).

k1, knt1

S ki=n
Since C'(S') = 0 if k # 0,1 we have
D Cnhe el h= B CuEhe el (s

k1, kng1 1<i<n+1
S ki=n ki=0,k;=1 for j#i

By [Wei95, Section 8.5.4] the Alexander Whitney can be described as

—1 —=n+1
AW@= Y Dhg,@ e oDl @
k1, knt1
S ki=n
with Dil i = dh---d) d£1+~-~+kj+1 < dl opr; and Eil ks, the map after projecting to the reduced
s ok ok

kit 1
complex. Here, pr; : (S)*"*! — Sl is the projection onto the j-th factor.
We fix o € ;41 with o(1) = 1 and compute AW (o): -
Assume k1 = 1. We show that the map to the summand Cy, (S') @ -+ ® C,,,, (S*) is zero. To do so, we

—1 .
show that Dy, .. . . (o) is zero. We have

1
th'" kng1

(o) =db---d.(o)prs € C1(Sh).
Since pri(o) = 1, using the description of the boundary maps above we see that D,lgh“__’knﬂ(a) =1e5]

which is degenerate in C;(S}), so after projecting to the reduced complex the element becomes zero.
Therefore, the only possible non-zero part of the map AW (o) to the reduced complex is the one corre-
sponding to k&1 =0 and k; =1 for 1 <i < n+ 1. Hence we are left to show that
—j 1 ifj=1
Dé 1,-1(d) = 1 J
B y ifj>1
and that for o # id there exists a j with 1 < j < n + 1 such that E{Ll,m 1(0)=0.
~For the first part, we take o = id, i.e. o(j) = j. We want to show that for the element j € Sk,
dy---dydj---dl(7) is 2 € S3, i.e. its image in C, (SY) is given by y. Iterating equation (2.3) for 1 < j < n+1

j—2
we obtain

&} dy() = J € Sp_((ns1)-j) = Sj-1
and hence after applying the second case of Equation (2.3) (j — 2) times, we obtain
- dy()=j-(-2)=2€85],
~——

j—2
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so we have shown the claim for all j # n+ 1. For j = n + 1, equation (2.4) implies
dh--di(n+1)=2¢ St
———
n—1
Therefore, AW (id) =1Qy®---Qy.
Now assume that o # id. Then there is a j such that o(j) < j. Again
dj - d(0(j)) = o(j) € Sj_y
but in this case we reach the element 1 by applying dé only o(j) — 1 times, i.e.
- djy(o(j) =1 € S},
——
a(j)-1
Applying dg more often keeps the result as 1, i.e.
B didl - dio()) = 1 € 51,
~—
j—2
This element is degenerate, i.e. zero after projecting to C,(S') and hence AW (o) = 0. O
Similarly to compute the Alexander-Whitney map on the elements B* one can show
Lemma 2.6. Let g be a bijection {1,...,n} — {2,...,n+ 1}, viewed as an element in €om(n,n+1). Then
AW (g) =0 if g # idy, with idy, : {1,...,n} = {2,...,n+ 1} the map defined by id,(j) = j + 1. Moreover,
AW(idy) =y®---@y.
—_—
n
Proof. Similar to above, one shows that _
-7 ~
D1,1,--» ,1(1d) =Y
and that for g # id there exists a j with 1 < j < n such that 5]171’,,, 1(g9) = 0. The arguments are completely
analog to the ones in the previous proof. O

Since C,(S') & H.(S') we have actually computed the image of permutations in homology. In particular,
we can apply this to (sh¥); and (B*)j. Recall that (sh*); = Zle li, = > esu sgn(o)o, so it is a sum over
all permutations leaving the first entry fixed and thus contains the summand of the identity exactly once.
Similarly, (Bk)k contains the summand idg1; once. Now we can conclude:

Corollary 2.7. The inclusion of X into DC(€om(—,—)) induces an isomorphism on the E'-pages of the
corresponding spectral sequences.
Proof. By the above Lemma we get AW((shi)F) = AW(idjy1) = 1@ y®---®y and AW((BF);) =
—_—
k
AW (idg41) =y Q@ y®--- ®y. Thus after applying the Alexander-Whitney map (which is an isomorphism)
N—_——

k
the inclusion from the E'-page of X to the E'-page of DC(%om(—,—)) is an isomorphism. O
2.5. Result. We are ready to state our main theorem of this section:

Theorem 2.8. The homology H.(Nat([3], [3])) is concentrated in degrees O and 1. In these degrees an explicit
description of the elements is given by the following:
(1) Every element in Ho(Nat([§],[3])) can be uniquely written as > e ci[sh*] with ¢, € Z and [sh¥]
the classes of the cycles sh* in homology. Hence, in the i-th degree of the product this is given by
(Y reocklsh*))i = h_o ckl(sh®)i], i.e. it is a finite sum in each component.
(2) Every element in Hy(Nat([3],[}])) can be uniquely written as > pe cx[B*] with ¢, € Z and [B¥] the
classes of the cycles B* in homology. In the i-th degree of the product this is given by (220:0 cx[B*)); =
Y=o c[(B)i].
Proof. Both filtrations of the complexes DC(%om(—,—)) and X are complete and exhaustive. By the
Eilenberg-Moore comparison theorem (cf. [Wei95, Theorem 5.5.1]) the inclusion of X into DC(%om(—, —)),
which is an isomorphism on E'-pages induces an isomorphism on the homology. Since the differential on X
is trivial, we get isomorphisms
X = H.(DC(€om(—,—))) = H.(Nat([g], [§]))

which proves the theorem. a
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Remark 2.9. (1) We have id = sh® + sh! and the BV-operator B = BY + B!. If the reader prefers to
have these two as part of the generating family, we can replace sh® by id and B° by B.
(2) By equation (2.1) the lambda operations lie in the span of the sh*. Even though each sh* also lies in
the finite span of the A¢ for i < k, we cannot replace all sh* by A since then the infinite sums taken
above would not anymore be degree-wise finite.

3. ITERATED HOCHSCHILD HOMOLOGY

In this section we generalize our previous computations and describe the elements in the homology of the
complex Nategom ([mi], [m2]). We start with stating the theorem, give an example of an operation and then

give an outline of the proof.

3.1. Definition of extra generators and the main theorem. To state the main theorem we need to
define a few more elementary operations which are the building blocks for general operations:

Definition 3.1. (1) Let p € Natewom ([3],[7]) be the map ®r>0®(k + 1) — ®(1) given by the projection
onto the first summand.

(2) Define sh? and B° in Nateom ([9], [3]) the restriction of the corresponding elements in Natwom (3], [])
to the summand ®(1). Hence, sh? : ®(1) — C,(®) is the inclusion of ® into the Hochschild complex
and B° is this inclusion composed with Connes boundary operator.

(3) The shuffle product m'2 € Natwom ([2], [3]) is defined as

(m")i 5= > sgn(o)F (o) € Com(jy + 1+ ja + 1,51+ j2 + 1)
TEE 1 +4p
(j1,j2)-shuffle
where the sum runs over all (j1, j2)-shuffles o € ¥, 1;, and the map F(o) sends 1 and j; +2to 1, 4
too(i)+1if1 <i <y and to o(i) + 2 if j; +2 < i < jp + 2. Note that we use the identification
[1,, 5, €om(jr + 1+ ja + 1,51 + jo + 1) = (D*C(Com(—,—)))o = Natgom([3], [{])o as described in
Section 1. An illustration of (m!2)y; is given in Figure 2. The shuffle product is associative and
commutative.
Define m' ™ € Natwom ([3], [§]) to be the iterated shuffle product. If we write m* for some subset
M of {1,...,r}, we mean the element only applying the shuffle product to this subset.
(4) Define m' " € Natwom (%, [9]) the morphism multiplying all elements together. Again, if we label
by a subset, we mean the operation only multiplying the elements of the subset.

Now one can check:
Lemma 3.2. All the operations defined above are cycles.

Using all these operations, we can define subcomplexes A, ... x
products of to get all formal operations. Elements of Ay, .. &

oy Of Nateom ([mh]; [m3]) which we then take
., are the composition of first applying the
operations sh® and B¥ from before to each factor (and precomposing with the inclusion from the algebra
into the Hochschild complex if needed), projecting some of the resulting terms onto the algebra and then
composing with a tensor product of shuffle products and ordinary products in the algebra. We write this

formally as follows:

Definition 3.3. For k; > 0 let Ay, 1, = @f,s<xf73> C Nat([;mt], [m2]) where f and s are functions

e with f:{1,---,n1 +m1} = {1,--+ ,n2 + ma} such that f(i) <ngif k; >0

o s: f1{1,--- ,n2}) — {0,1}
and zf is the composition zss = @3 o z1 where for ¢ := [f71({1, -+ ,na})| we define the elements z; €
Natgom ([mi], [mi+n1—c)) and 22 € Natgom ([ma+n.—c, [m2]) as follows:

e The element 21 = 21 ® ... ® Zp,4+m, is the tensor product of operations z;. The operations z; are

defined as follows:
—If1<i<ng;and
« if f(i) < ng then z; € Natgon ([8], [§]) is given by

L sh¥ if (i) =0
Y BR ifs(i) =1,

x if f(i) > no and thus k; = 0 then z; = p € Natgom ([3], [§])-
—Ifni+1<i<ny+mpand
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* if f(i) < ng then z; € Natgom([J], [§]) given by

L sh? if s(i) =0
CBY ifs(i) =1,
« if f(i) > ng then z; = id € Natgom ([, [9]).
e The element x5 € Nat([;m,+ni—d, [ma]) takes the shuffle product of all elements with same value j

under f (and this is the output j). More precisely,
Ty = m{ffl(l)} R...® m{.f71(7l2)} ® m{fﬁl("erl)} R...® m{fﬁl("2+m2)}.

Since both x; and x5 got constructed out of cycles the element x is a cycle again. Hence, all complexes
Ay ek, have trivial differential.
Now we are able to state the main theorem of the paper:

Theorem 3.4. The complex Natgom ([m}], [m3]) i5 quasi-isomorphic to the product

| | T

k1, kng

and hence a general element in H,(Natgom ([mi]; [ma])) is a unique infinite sum of scalar multiples of the
elements described in Definition 3.3, which are tensor products of the basic operations sh* and B* composed
with tensor products of shuffle and ordinary products.

Remark 3.5. In [Klal3b] we define a complex of looped diagrams and a subcomplex of tree-like looped
diagrams ipl’Dfm,L(i;?l}, [m2]) together with a dg-map Jeom : iplDgom ([mi]; [ma]) = Natgom ([mi], [m2]). There
is a subcomplex iplDe ., ([mt], [m2]) C iplDgom ([mt], [m2]) such that the image of this complex is given by

Hkh‘ k. Aki,..k, - Denoting the restriction of Jegom to iﬁ’/D%m( ]y [ma]) by j<gom, the above theorem

Ry

can be restated as saying that Jigem is a quasi-isomorphism (see [Klal3b, Section 3]).
Before we deal with the proof of the theorem, we want to give an example of an operation:

Example 3.6. We give an example of an element in Nat([3],[3]) belonging to the factor Ao as defined in
Definition 3.3. So we fixed n; = 2, m; = 2, no = 2 and mo = 1. Moreover, we choose k1 = 0 and ky = 2.

To give a generator in Ag o, we first need a function f : {1,...,242} — {1,...,2+ 1} such that f(2) <2.
We choose

1—3 22 33 41— 2.

So {i |f(i) > ngy = 2} = {1,3} and therefore we need a function s : {1,...,4}\{1,3} — {0,1}. We take
s(2) =0 and s(4) = 1.

We first describe the x; part in Definition 3.3. We have x1 = 21 ® 22 ® 23 ® 24 with z; = p (since f(1) > 2),
7y = sh? (since f(2) <2 and s(2) = 0), z3 = id (since f(3) > 2) and 24, = B (since f(4) < 2 and s(4) = 1).

We know that p acts trivially on all degrees greater zero, so 1 can only act non-trivial on degrees (0,1)
for some positive . The degree (0,2) part of z; is illustrated in Figure 1.

(P)o (shl)a id B

®x® ®-/:

FIGURE 1. The operation (1), ,

Next we need to illustrate the composition with zo. The element xo was defined to take the shuffle
products of the outputs which agree on a f(i) < ng and the ordinary product for those outputs which agree
on a f(i) > ny. We have f(3) = f(1) = 3. This means, that the single outputs of segment 3 and 1 are
multiplied and give the output of segment 3. Moreover f(4) = f(2) = 2. Here we have to apply the shuffle
product. The fourth segment has 2 outputs, the second has 3, so the second output segment will have
2+ 3 — 1 =4 outputs. The first output of both segments is multiplied together and we take the shuffles of
the rest. We first illustrate what happens on outputs in general (i.e. illustrate m?%) and then plug in our
elements. In Figure 2 on the left are the old outputs of the two elements (i.e. 3 and 2 outputs) and on the
right their merged outputs. Now we can take everything together, i.e. plug in our elements from before to
compute zf s = 9 o z1. The degree (0,2) part of x5 is illustrated in Figure 3.
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old out from 4th{ {
/. o

o + o + —\—e
old out from 211(1{ ' { o\ —o { o \—o

FIGURE 2. merging of outputs

/ /. / ¢
+ ——\ - + e + /
(2) { .// (2) ) { % (2) 2) { .//‘X: (2)

FIGURE 3. The operation (2s)o,2

We also describe how the natural transformation associated to this acts on the Hochschild homology of a
commutative algebra A. The element z; s = x5 0 1 corresponds to a map

Ci(A,A)@C (A, A @ARA— Cu(AA) R Ciu(AA) ® A.

In the pictures we have given a description (up to sign) of what happens to an element with the first tensor
factor being of length 1 and the second tensor factor of length 3, i.e. for

(90) @ (ro @71 ®12) © (9) ® (h) € Co(A, A) @ Co(4, A) @ A® A

the pictures in Figure 3 describe the operation by plugging in go at (1), (1o ® 11 ® r2) at (2), g at (3) and h
at (4). If there is no input mapping to an output, a unit is inserted at that part of the output. Doing this in
the same order as the pictures are given in Figure 3, we get

(@)@ (ro®@m ®ry) ®gh—» (1)@ (ro@h@r2®@71) ® (g0 - 9)
(1)@ re®@me@her)® (0 -9)£(1)@(re®@re @711 ®h) @ (g0 - 9)
S Co(A,A)®Cg(A,A)®A.

3.2. Outline of the proof of Theorem 3.4. The proof of Theorem 3.4 is structured as follows:
e In Section 3.3 we construct a subcomplex D of the formal operations such that D < Nat([;4], [2])
is a weak equivalence.
e In Section 3.4 we split D = D& D and prove that the homology of D’ vanishes.
e In Section 3.5 we define another complex of operations D and show that the Eilenberg-Zilber quasi-
isomorphism defines a map D £Z, D which on each component on the level of elements corresponds
to “multiplication with the elements x5” as defined in Definition 3.3.
e Last, in Section 3.6 similarly to the proof of Theorem 2.8 we show that D' is spanned by elements x;
as defined in Definition 3.3.
Before we can start with our actual computations, we recall a few results about total complexes of multi-
chain complexes and the order of totalization. The two propositions follow from the fact that the spectral

sequences of the half plane double complexes are conditionally convergent together with work of Boardman
[Boa99, Theorem 7.2].

Proposition 3.7 ([Klal3a, Cor. B.12]). Let f : Cp 4 — Dp 4 be a map of left (respectively right) halfplane
double complezes. If [ is a quasi-isomorphism with respect to the vertical differential (i.e. an isomorphism
after taking homology in the vertical direction), f induces a quasi-isomorphism f : H,,,q Cpq — Hp’q D4
respectively f : D, , Cp.q = D, 4 Dpa-

Proposition 3.8 ([Klal3a, Cor. B.14]). Let f : C, 4 — Dp 4 be a map of left (respectively right) halfplane
double complexes. If f is a chain homotopy equivalence with respect to the horizontal differential (i.e. there
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exist g and h s.t. dporoh+hodper =go f—id and ' such that dpor o h' + h' odpor = fog—id), f induces
a quasi-isomorphism f : [, , Cp.q = 1, , Dp.q respectively f: €D, ,Cpq = @D, , Dp.g-

We will use the two propositions frequently throughout the computations.

3.3. A smaller subcomplex of the operations. Recall from the definition of the iterated Hochschild
construction in Section 1.2 that

N :=Natgom ([mi]; [m2])
=D™C"(Com(—, —))(mz))(m1)

2 I @ Oy Gy, (Gom(— 4 m— o)),
AL yeeshiny G15eeesding
the chain complex of a multi cosimplicial-simplicial abelian group which for fixed h;’s and j;’s is given by
Com(hy +14--+hp, +14+my, 51+ 14+ jn, + 1 +ma). To treat m; and ms equal to the other inputs,
we can view them as extra directions of the multicomplex which we only use in degree zero, i.e.

N= H @ cM ... Ol COCJ& 0y, Co - Co(Com(—,—)).
Bt yeeoshng G1seeesding

To rewrite the complex even further, we need some notation:

Let A be a d-multisimplicial abelian group with indexing set {1,--- ,d}. For a set M = {mq,--- ,my} C
{1,---,d} define diag™ A as the d — (n — 1) multisimplicial abelian group where we have taken the diagonal
in mq,---,my, i.e. these indices now agree. Write dp, = h1 +1+4---+ hy,, +1+m.

Since om(h,1) = Fom(1,1)®", we can rewrite
chi...chni 0. ~-C’OC]~1 -+ C;,, Co -+ Co(Com(—,—))
=CM ..M 0. 00y, - Oy, Co - Co(diagd (Fom (1, —) @ -+ @ Com(1,—)))

dn

where all indicates the set of all indices. The cosimplicial boundary maps are given by doubling a factor
Com(l,—). Let m € €om(j1 + 1+ -+ + jn, + 1 + ma,n2 + my) be the projection to the intervals, i.e.
m(i) = k for Y, (i +1) <4 < >, (Ji + 1) (setting j; = 0 for I > ny). Then given a generator
g€ Com(dp, j1+1+--+jn, +1 +mg) (i.e. g is a map of finite sets) we define f = wog: {1,--- Jdp} —
{1,-++ ,n2 +ma}. The map f is invariant under applying simplicial boundary maps to g and hence for each
fixed tuple {hq, ..., h,, } we can split

Cj, -+ Cj,,Co- - Co(diag?™ (Fom(1,—) ® - -- @ Com(1,—-)))

J1seeesdng dn

into subcomplexes indexed by maps f : {1,--- ,dp} — {1, - ,n2 +ms} such that the map in the i~th tensor
factor maps 1 to the f(i)-th interval. We write €omy;)(1, —) to indicate in which interval 1 is mapped.

Fix such a map f. Now we focus on a single j; for a moment. For simplicity of notation we choose i = 1.
The complex

C(diagd" (Comypy(1,— +ja+ 1+ +m2) @ @ Comypa,)(1,— +j2 + 1+ -+ +m2)))

dp
by the Eilenberg-Zilber Theorem (cf. [Wei95, Sec. 8.5]) is quasi-isomorphic to the totalization of the complex
Cu(Compy(1,— +ja+ 1+ +m)) @ @ Cu(Comypg, (1, — +j2a +1+---+myz)).

dp

Hence we can look at each C,(€omy( (1, — + j2 + 14 --- + m2)) separately. Assume that this is the j-th
factor, i.e. if f(j) > 1 we do not hit the interval belonging *. Then the differential on C.(%omy;) (1, — +
J2 4+ 14 -4 my)) is alternate zero and the identity and we have C,(Fomy;)(1,— 4+ ja +14--- +m2)) ~
Co(Comypy(1, =+ g2 + 1+ -+ +ma)) = Comyg)(1,52 + 14 - - 4+ mg) where the last isomorphism follows
from the fact, that it does not matter, whether we include a point, we never map to, or not. Iterating this
argument for all 1 < < j,, (and using Proposition 3.7), we can contract

EB Cj, - C;,,Co- - Co(diage" (Comy1) (1, =) ® -+ @ Comy (g, (1,-)))

J1sesdng

dp

to
P G (Gom(l,—+1)) @ - @ Cpa,y (Gom(l, — + 1))

J1sedng
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with j; := 0 if ny < < ng + my. The differential in the i—th direction comes from the simplicial boundaries
acting diagonally on all factors 7 with f(j) = ¢. Concluding, we can rewrite this complex as

@ @ Cj, - C;,,Co - Col

Jidng fi{l,,dn}
—{1,--- ,;na+ma}

diagtM =1} qiaglif O=natmab(gom (1, -y @ - @ Com(1, —))

dp

and (after using Proposition 3.7 and Proposition 3.8) get a quasi-isomorphism

N ~ H @ @ Ch]"'Chnlco"'COle"'Cj,lQCO"'C()(

hi,oshny fo{ldi} J1s i dng
—{1,--- ,na+ma}

diaglilf@=nztmat o QiagliFO=1} (@om(1, -) @ - -- ® Com(1, -)).

dp

We denote the last complex by D.

3.4. Splitting off an acyclic subcomplex. As a next step we split off an acyclic subcomplex from D.
Recall dp = hy + 1+ -+ + hy, + 14 my and define the subset F' C {f: {1,-- ,dp} —{1,--- ,ng—l—mg}}
by

:{f;{1,-.- Jdn} = {1, g +ma}| st flis

i.e. all the values belonging to one h; are equal.
The complement of this set is given by

(4141, 5, <, (h+1)} is constant for all ¢ < ng}

J<L

= {f L, dyy = {1, g+ ma}| st Fi st f\{sz hy+D)+1, 5, 2, (hy+1)} 18 DOt constant}.
Define

H @ EB Ch1,..chn100,..000j1...ijC’O...CO(

hi,oshng Fogi, o dng
diag 1/ (O=retmal L diag i D= (Gom(—, —) @ -+ @ Gom(—, -)))

dp.

and

H @ @ ch .. ~Ch"1CO~-~COCj1-~~C’jnzC’o~-~Co(

iy Fg1e g
dlag{ if@=natma}  iag U O=1 (Gom(—, =) @ --- @ Com(—, -))).

dp

Then we can show:
Lemma 3.9. Both D and D' are subcomplexes of D and we have a splitting

D~Da&D.
Proof. We need to show that the coboundary maps preserve the decomposition. Recall that the j—th cobound-
ary map belonging to a h; doubles the information of the hy + 14 -+ h;_1 + 1+ j—th factor and hence adds
in the same value for f. So if f was constant on {3, _; h; +1,- ngi hj + i} before, it will stay constant
on {3}, ;hj+i, > hj+i+1} (and on all other 1nterv.:xls7 since they did not get touched). Similarly,

if f was not constant on one of the intervals, it cannot become constant that way. This proves that both
complexes are actual subcomplexes and hence the lemma is proven. g

Lemma 3.10. The complex D' has trivial homology.
Proof. Recall that
H @ @ oh...chnC?. ..y, -+ Cj,,Co - Co(

Shag FOgiyedng
dlag{ ifD=natma}t . giag U O=1(gom(—, ) @ - -- @ Com(—, —))).

dp
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We give a decomposition of F’ into disjoint sets which are preserved by the boundary and coboundary
maps. This gives a decomposition of D’ into a direct sum of chain complexes.
Set F{ = {f € F, fl{1,.- h,+1} Dot constant} and in general

Ftl = {f S Fl?f|{z]<i(hj+1)+l7“'7Z]<1(h +1)} const. for all i < t, f‘{z]q(h F1HL 2 (1)} not const. }

i.e. F{ consists of those functions which are constant on the first ¢t — 1 intervals and non-constant on the ¢—th
one.

The coboundary maps send an element in F} to an element in the same F} since they preserve the set of
values of f on an interval. So F’ =[], F} and

— D
t
with

H @ @ Ch1...OthO...COle...CjHQCO...CO(

hny fEF] Ji, 3dng

diag if=natma}t . iag U O=1 (Gom(—, =) @ - - @ Com(—, —))).

dp
Define the multi-cosimplicial chain complex
Ao
= @ @ -~ Cj,,Co - Co(diaghilf @D=natma} . qiaglilf O=1H(@om(— —) @ - @ Com(—, —)),

fEF] 1, gngy

thus

D, = H oo e el L R
R, g

Since changing the order in the product total complex is an isomorphism, we can totalize first in the ¢t—th
direction and get

B [ OhChaco.coghan s

hi,hng

We view this as a double chain complex with the first differential the totalization of all h; besides h; and the
second the totalization of the ¢—th direction and the chain differential of A® " *. We want to give a retraction
of the total complex of this double complex. Giving a retraction of the double complex is a chain homotopy
equivalence between the double complex and zero. By Proposition 3.7 this yields a quasi-isomorphism ].N); to
0.

Let A"* = C*(A®**) be the multi-simplicial cochain chain complex where we applied the Moore functor
in the t—th direction. A contraction of this cochain complex for each multi- simplicial degree compatible with
all the other coboundary maps glves a prove that the associated chain complex D’ is acyclic.

We need to define a map s : D — D’ such that d;os+sod; = id. We will actually give a map s : D — D
fulfilling this property. Since we have split D into direct summands, the projection of this map to Dt gives
the contraction we asked for.

Fix f € F} and let € A}""° be in the summand belonging to f. Denote by s the codegeneracies of the
t—th cosimplicial set.

Let u(z) be minimal such that f(3_,_, h; +i+u(z)) # f(32;., hj +i+u(x) +1) (u(z) exists since f was
not constant on that interval). Define

(—l)h‘+"(z)+15?(z) (z) _ (_1)ht+u(z)+15?(1)(

S(Z)hly”'ahn = hi,+ hn z}ll,"',ht+1,--',hn)'
This map is a retraction, which can be checked by using the simplicial identities several times (and is

omitted here). O
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3.5. Applying Eilenberg-Zilber to unify outputs. Since we requested the functions in F' defining D to
be constant on the intervals belonging to the h;, a lot of data is redundant. Hence, we rewrite

@ H @ Chl"’chnlco"'COle' CJW2C0"‘CO(

Fi{Ll, nitma} Rk G100 dng
—{1,-- ,natma}

diagliF =1} qiaglilf D=natmab(@om(— )@ ... @ Com(—, —))).

ni+mi

D

11

So far we have shown D ~ N where the map is the embedding. Next, we show that D is quasi-isomorphic
to yet another complex 5, which we then are able to describe explicitly. Furthermore, the quasi-isomorphism
is given by the Eilenberg-Zilber map and corresponds to the composition with x5 in the elements of Definition
3.3.

Define

b= @ II P cmCL(Gom(- )@ -0 CMC, (Gom(—,-)))
F{l, - mitma}t haseshng lelng 4y
—{1,-- no+ma} 1;=0if f(i)>n2

®6ln1+1(‘50m(1,—))®~-®6l (€om(1,-))

nitmy

which is a subcomplex of
LF7H (L, na)]
EBN"“ ( by 1<n2+1,~-n2+m2>\]) '

Instead of summing over all /; with the condition that [; = 0 if f(i) > 0, we can introduce a new summation
by first summing over natural numbers j; for 1 < ¢ < ny (and setting jn,+1-- -, Jno+m. €qual to zero) and
then summing over all /; such that Zf(i):t l; = Jt, soO

p= @ Il & &

F{L, - matma} by hng G dng Lo lng +my
—{1,"- ,na+ma} > piiy=e Li=Jt

ch... .oty - Clyy o, (Gom(—, =) @ -+ @ Com(—,—) @ Com(l,—) ® - -- @ Com(1,—))
where C" and C, correspond to the i-th factor in the tensor product.
We now reorder the way we totalize the [;’s: We can first totalize in all the directions of each subset of I;’s

with f(i) = j for all j and then totalize all those together. For an ordered set M = {my, -+ ,m,} we write
Cuyr = Cp, -+~ Chpy . Given a multisimplicial set A and a fixed ¢ applying Eilenberg-Zilber in all directions

with f(i) =t
P CuyA=Cy, diaghO=1 4
l;
fi)=t
2 piy=t Li=dt

and hence after applying Proposition 3.7 and Proposition 3.8 we get a quasi-isomorphism

EZ:D— D @ H @ Chi...chmct...C0%y, - C;

Gno
FA{1, mid+ma} b, hag G100 dng
{1, ,nat+ma}

diagti? D=1} .. qiaglilf D=natmad(@om(— —) @ ... @ Com(—, —)))

ni+mq

Co - Col

which on elements applies the Eilenberg-Zilber morphism to the outputs which have equal value under f.
By the definition of the Eilenberg-Zilber map (cf. [Wei95, Sec. 8.5]) this corresponds to taking the shuffle
product and hence is multiplication with the element x2 given in Definition 3.3 (which was independent of
the choice of the h;’s).

3.6. Describing a subcomplex in terms of operations. As a last step we need to show that D is
generated by infinite sums of linear combinations of elements of the form z; as descrlbed in Definition 3.3.
We split D into summands Df for f:{1,---,n1+mi} = {1,--+ ,n2 +ma}. Then Df is given by
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ﬁf = H @ Chléll(%om(f,f))®~--®Ch"1€zn1(<gom(ﬁ*))

Riyeoshny lyeeslng +my
L=0 if f(i)>na

® 6lm+1 (Com(l,-)®-- ® élnﬁm (€om(1,-))
Furthermore, C*Cy(€om(—,—)) = C*(¥om(—,1)) is the cochain complex Fom(h,1) = * in each degree
h — 1 and has differentials 0 and the identity, alternately. The inclusion of the cochain complex with only

one nonzero entry Z = C9Cy(€om(—,—)) in degree 0 is a homotopy equivalence and hence induces a quasi-
isomorphism on total complexes. So after reordering, we get a quasi-isomorphism

Dy~ I @ "CL(@om(— )@ oC"C,, (Com(~,~))
hiyeoshny Lol 4my
f(i)<nz  f(i)<na

® 6l"1+1 (Com(l,-))®--- ® 6lnl+m1 (€om(1,-))
® C°Co(Com(—, =) ® - ® C°Co(Fom(—, —)) ® Co(Fom(l,—)) ® --- ®@ Co(Fom(1,—))

The terms COCq(€om(—,—)) correspond to those i with i < ny and f(i) > na, whereas the terms of the
form Cy(€om(1,—)) give those ¢ with ¢ > n; and f(i) > ng. The first ones are spanned by the element
p € Nat([3], [9]) and the second ones by id € Nat([], [{]).

Now we denote ¢ = [f~1({1,--+ ,n2})| and ¢’ = |f~*({1, -+ ,n2}) N {1,--- ,n1}| and after relabeling the
h; and [; are left to compute

[ D cn@on(—.-) e -eCTy, (Gom(~,~)@Ch,,, (Fom(l,-)® - T (Com(l,~))
Rayeeoshigr Tyl
which is congruent to
[ @ T"Cu@om(——-) - ©C"T, (Gom(-,~))
B yeeeshior Ly sl
® P C..,,(Gom(1,-)®- - @Cy(Com(l,-)).

Lo gl
We know that
1 ifli=0
Ci(Com(1,-))=C)(SH =<y ifl=1
0 else.

In terms of operations, 1 corresponds to sh® and y to B° and we thus conclude that the complex

B G, (Com,-)® T (Fom(l,-))
Lot gseensle
is homotopy equivalent to the complex spanned by tensor products of sh® and B°.

Now we can deal with the last part of the complex: Using the elements sh* and B* which we constructed
combinatorially earlier on, we can describe a general element in the homology of the above product. This
implies that the subcomplex generated by these cycles is quasi-isomorphic to the complex we were computing
so far.

For j = 0,1 let &@" € ChCy,1j(€om(—,—)) be defined via &% = shh and ¢-h = Bhi. Completely
analogous to the proof of Theorem 2.8, we can show:

Proposition 3.11. The complex
H @6}”6;1 (Com(—,—))®--® 5hd6lc, (Com(—,—))
hi 1

is quasi-isomorphic to the subcomplex which in degree n is given by elements of the form

oy

s:{1,--¢'}—{0,1} h1=0 ho
S s(i)=n

oo

~. ~. /
Til,m o &5 R ® &s(c)sher
—0

with 77:,1 e h, €.
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Again, in each degree this is a finite sum, since all the (¢p,); =0 for j < h;. More explicitly,

Ju Je!

(x)jh'“ G = Z Z e Z Thy e h, (6-9(1)JL1)]_l R ® (55(0 )’hC/)jc/'

s:{l.’--»c/}ﬁ{o,l} h1=0 her=0
S s(i)=n

Proof. The proof is an iteration of the argument in Section 2.
Denote by X the subcomplex described in the theorem, i.e.

oo oo
_ s ~s(1),h ~s(c’ he s
X, = Z E Z Thl,w,hc/c() 1®~-®C( )b Thl,w,hc/ez
s:{1,---¢'}—{0,1} h1=0 h.r=0
S s(i)=n

with trivial differential. We are going to multifilter the total complex and the complex X.
(1) For fixed numbers hq,...,hs € N we define

X,LLI’-”JLB/ _ Z ,r,s&s(l),hl R ® Es((;/)JLCI re?
s:{1,--c'}—>{0,1}
> s(i)=n

The map G/ ¢ Xhiwwhe (éhlé*(%om(—7—))®~-®6hc'6*(‘50m(—7—))) [~ Skl

i.e. to the shifted tensor product of the chain complexes oo, (€om(—,—)) defined by sending
FWh @ .. @ ahhe to (@EMM), ... (E‘S(C’>’hc’)hc, is a quasi-isomorphism. Since all the
involved chains are free, the tensor product commutes with homology. Then this map is the ¢’—fold
tensor product of the map in Corollary 2.7 and hence an isomorphism on homology.

(2) Fix 0<i¢ < and hy,--- ,h; € N. Now define

oo oo
N - -~ ’
XMoohi = E g e E Thitsee b e g ... @) he Thisyyehy €L
s:{1,--¢'}—{0,1} hi11=0 h.r=0
S s(k)=n

i.e. the complex where the values of the first 7 indices h; is fixed. We next prove that the map

_ —h1— e
gpetextotis I @ CMCL(Gom(—, =) @ -8 T T, (Com(—, -)
higryonher byl

defined on generators by

Es(l)’hl Q- ® és(c’),hc/ . (és(l),hl)hl Q- ® (Es@)’h"’)hv ® és(i+1),h7¢+1 R ® és(c’),hcx
is a quasi-isomorphism. For ¢ = 0 this gives the desired result.

The proof goes by decreasing induction on 7. The case i = ¢’ this was shown in the previous step.
Now choose 0 < i < ¢’ and assume the statement holds for 7 + 1. We view the complex as the total
complex of the double complex where we first totalized all but the h;y; direction and then totalize

the last direction. Thus we can filter the complex by h;11, i.e. the p-th term in the filtration is given
by
—h1 —hor
E,= 11 @ ", (Eom(—,-) @0 C T, (Fom(—,-)).
hiv12phito,...;hor byl
By [Wei95, Sec. 5.6] this filtration is exhaustive and complete. Again, its Ej-page is given by taking
homology in the vertical direction.
On the other hand we can define a similar filtration of X"t

S ST

s:{1,--¢'}—={0,1} hit12>p her
> s(k)=n

hi.

o0

s Sk o o g @b | s

Thigi, b © ® ®c Thig1,5h €Z
=0

o

Since 52(1)”“ =0 for k < h; and any s(i), the map Gﬁ“"“ ohi respects the filtration.

Furthermore, this filtration is exhaustive (since it starts with the whole complex) and complete
(as we take infinite sums, i.e. the product over h;). It collapses on the E%—page which then as the
quotient, Fy, (X)) /F, 1 (X}1") consists of all those terms where h;1q = p. Hence EJ, =

El, = XMeP. The map Gl on the p-th quotient now is precisely G;ﬂi’l'"’h“p and thus by
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induction it induces an isomorphism on the E'-pages of two complete, exhaustive spectral sequences.
Hence by the Eilenberg-Moore comparison theorem (see for example [Wei95, Theorem 5.1]) it is an
isomorphism on homology which proves the claim.

The proposition now follows from the case i = 0, since Gg is the inclusion of X into the total
complex.

a
Now we are finally able to put everything together and prove the main theorem:
Proof of Theorem 3.4. We have seen that the composition
D #% D < Nat([53]. [52])

is a quasi-isomorphism.
The first map actually splits into quasi-isomorphisms

Dy £4 by

given by multiplication with the element x5 described in Definition 3.3. Moreover, taking the results of the

last section together, we have seen that D ¢ C Nat([mh], [n1+m1—c)) is spanned by infinite linear combinations

of elements as described above. The only difference of these elements to the elements described in Definition
3.3 is, that we first chose f and then the k;’s. However, this commutes (it is equivalent to pulling out the
direct sum over the functions f out of the product over the k;’s). Hence the result follows. a
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NATURAL OPERATIONS ON THE HOCHSCHILD COMPLEX OF
COMMUTATIVE FROBENIUS ALGEBRAS VIA THE COMPLEX OF
LOOPED DIAGRAMS

ANGELA KLAMT

ABSTRACT. We define a dg-category of looped diagrams which we use to construct
operations on the Hochschild complex of commutative Frobenius dg-algebras. We show
that we recover the operations known for symmetric Frobenius dg-algebras constructed
using Sullivan chord diagrams as well as all formal operations for commutative algebras
(including Loday’s lambda operations) and prove that there is a chain level version of
a suspended Cacti operad inside the complex of looped diagrams. This recovers the
suspended BV algebra structure on the Hochschild homology of commutative Frobenius
algebras defined by Abbaspour and proves that it comes from an action on the Hochschild
chains.

INTRODUCTION

To a dg-algebra A one associates the Hochschild chain complex C,(A, A). Operations
of the form

O (A, A)®™ @ AP™ 5 O,(A, A)®"2 @ AD™2

have been investigated by many authors. We are interested in those operations which
exist for all algebras of a certain class, more concretely all algebras over a given operad
or PROP. In [Wah12], the complex of so-called formal operations is introduced, a more
computable complex approximating the complex of all natural operations for a given
class of (As—)algebras. In this paper we build a combinatorial complex mapping to the
complex of formal operations for the case of commutative Frobenius dg-algebras, defining
in particular a large family of operations for commutative Frobenius dg-algebras.

Before describing the complex of operations, we recall some of the operations known
so far, which we want to be covered by our new complex.

One of the main motivations for investigating operations on Hochschild homology is
given by string topology. String topology started in 1999 when Chas and Sullivan in
[CS99] gave a construction of a product H,(LM) ® H.(LM) — H._q(LM) for M a
closed oriented manifold of dimension d and LM the free loop space on M, that makes
H,(LM) into a BV-algebra. Afterward, more operations were discovered and in [God07]
the structure of an open-closed HCFT was exhibited on the pair (H.(M), H.(LM)),
yielding a whole family of operations

H,(LM)®" @ H,(M)®™ — H,(LM)®™ ® H,(M)®™

parametrized by the moduli space of Riemann surfaces.
Taking coefficients in a field and M to be a 1-connected closed oriented manifold, Jones
[Jon87] proved that there is an isomorphism

HH(C™(M),C~*(M)) = H™*(LM).

Moreover, if M is a formal manifold, i.e. if we have a weak equivalence C*(M) ~ H*(M
preserving the multiplication, we obtain an isomorphism HH,(C™*(M),C~*(M))
HH.(H*(M),H *(M)). Thus, under these conditions, operations

HH,(H™*(M), H*(M))®" @H*(M)®™ — HH,(H*(M), H *(M))®"@H *(M)&™
1

~—

12
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are equivalent to operations
H™*(LM)®™ @ H™*(M)®™ — H*(LM)®" @ H™*(M)®"2,

which are dual to the operations we ask for in string topology. On the other hand, H~*(M)
is a commutative Frobenius algebra, thus constructing operations on the Hochschild ho-
mology of commutative Frobenius algebras gives us (dual) string operations. This cor-
respondence can be applied even more generally. Working with a field of characteristic
zero and taking the deRham complex Q°*(M) instead of singular cochains, in [LS07] Lam-
brechts and Stanley prove that there is a commutative differential graded Poincaré duality
algebra A weakly equivalent to Q°*(M). A Poincaré duality algebra is a graded version
of a commutative Frobenius algebra. Hence, the Hochschild complex is isomorphic to
HH,(A™*, A™*) and string operations on H *(LM) correspond to operations on the
Hochschild homology of HH,(A™*, A™*).

In [GH09] Goresky and Hingston investigate a product on the relative cohomology
H*(LM, M) that is an operation which is not part of the HCFT mentioned above. We
define a product on the Hochschild homology of commutative Frobenius dg-algebras (or
more precisely on the split summand of positive Hochschild degree) and show that it is
part of a shifted BV-structure. Such a product also occurs in [Abbl3a, Section 7] and
[Abb13b, Section 6]. Simultaneously with the aforementioned paper we conjecture that
this product is the operation corresponding to the Goresky-Hingston product under the
above isomorphism (see Conjecture 2.14).

Since commutative Frobenius algebras are in particular symmetric, we want our com-
plex to recover all operations known for symmetric Frobenius algebras. Following the
work of Kontsevich and Soibelman for the action of the chains of the moduli space of
open-closed surfaces on the Hochschild chains of A-algebras (cf. [KS09]), in [TZ06]
Tradler and Zeinalian show that a certain chain complex of Sullivan chord diagrams acts
on the Hochschild cochain complex of a symmetric Frobenius algebra (a dual construc-
tion on the Hochschild chains was done by Wahl and Westerland in [WW11]). In [Wah12,
Theorem 3.8] this complex is shown to give all formal operations for symmetric Frobenius
algebras up to a split quasi-isomorphism.

On the other hand, every commutative Frobenius dg-algebra is of course a differential
graded commutative algebra. In [Klal3] we give a description of the homology of all
formal operations for differential graded commutative algebras in terms of Loday’s shuffle
operations (defined in [Lod89]) and the Connes’ boundary operator. Well-known opera-
tions which are covered in this complex are Loday’s A—operations and the shuffle product
Ci(A,A) @ C(A,A) — Cu(A, A).

The chain complex of operations on commutative Frobenius dg-algebras constructed in
this paper recovers all the operations just mentioned: The shifted BV-structure, the oper-
ations coming from Sullivan diagrams and the more classical operations on the Hochschild
chains of commutative algebras. In addition, this complex provides a large class of other
non-trivial operations and can be used to compute relations between the previously known
operations.

We now present our results in more detail. The main new object introduced in this
paper is what we call a looped diagram. A looped diagram of type [(m1+7;7212,n1)] is a
pair (I',%) where I' can be described as an equivalence class of one-dimensional cell
complexes (a “commutative Sullivan diagram”) built from ngy circles by attaching chords
with ny + m1 4+ ms marked points on the circles and % is a collection of ny loops on I'
starting at the marked points labeled 1 to ny. An example of a [(2}2)]7100ped diagram is
given in Figure 1.

The set of looped diagrams forms a multi-simplicial set with the boundary maps given
by identifying neighbored marked points on the circles and taking the induced loops. The

corresponding reduced chain complex defines ID([;}], [m2]), the chain complex of looped

diagrams. Inside ID([], [3]), we have a subcomplex D4 ([;m}], [m2]) of diagrams with an
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FIGURE 1. A [(2}2)]flooped diagram

open boundary condition which we use to construct operations on commutative cocom-
mutative open Frobenius dg-algebras (commutative Frobenius algebras without a counit).
In both complexes we can compose elements, i.e. we in fact construct dg-categories I'D
and (D4 with objects N x N and morphism spaces ID([}], [2]) and 1Dy ([t ], [m2]) and
show:

Theorem A (see Theorem 2.3). For any commutative Frobenius dg-algebra A there is
a map of chain complexes

Cu(A, A" @ A¥™ @ ID([mh), [ma]) — Cu(A, A)®"2 @ AP

natural in A and commuting with the composition in (D.
For any commutative, cocommutative open Frobenius dg-algebra A, we have a chain
map
Cu(A, )P @ A¥"™ @ ID L (], [m2]) = Ci(A, A)F"2 @ AD™2

natural in A and preserving the composition of {D. Moreover, all these operations are
formal operations in the sense of [Wah12, Section 2.

Moving on, we enlarge ID([;4], [ma]) to a complex ilD([;}], [m2]), where we take prod-

ucts over specific types of diagrams. In this complex not all elements are composable, but
we can show:

Theorem B (see Theorem 2.4). For A a commutative Frobenius dg-algebra there is a
map of chain complexes

CulA, A)P™ @ AP™ @ dD([I], [12]) — Cu(A, A)®™ @ A5

natural in A and commuting with the composition of composable elements in ilD. Again,
for A a commutative, cocommutative open Frobenius dg-algebra, we have a chain map

Cu(A, AP @ A™ @D, (3], [12]) — Cu(A, A2 @ A®™
natural in A.

We first explain how we recover the operations known from symmetric Frobenius al-
gebras. We denote the complexes of Sullivan diagrams by SD([,}], [m]) (see Section 1.1
for a definition). As already mentioned, Sullivan diagrams define natural operations for
symmetric Frobenius algebras, i.e. for A a symmetric Frobenius dg-algebra there is an

action
Cu(A, A)"™ @ A @ SD([i], [ma]) — Ci(A, A)®"2 ® A%™2
natural in A. There is a canonical way to build a looped diagram out of a Sullivan

diagram I' and thus there is a dg-map K : SD([;.]; [m2]) — ID([mi]s [m2]) commuting
with the composition of diagrams. In Proposition 2.7 we show that both actions (the
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one of D and the one of [D) are compatible, i.e. that given a commutative Frobenius
dg-algebra A the diagram

Ci(A, A)FM @ A%™ @ SD([mi], [ms])

id®n1 ®id®ml®K\L \

Co(A, A)®M @ A®™ @ ID([2], [72]) —= Ci(A, A)®n2 @ A®M2

commutes.

Second, restricting to those diagrams which only have leaves and no chords glued in,
we define a subcomplex iplDg o ([ ], [mz)) of dD4([mi], [a]). This subcomplex defines
operations for commutative algebras and contains Loday’s lambda operations. More
precisely, by [Klal3, Theorem 3.4] it gives all formal operations of differential graded
commutative algebras up to quasi-isomorphism. So in particular the complex of looped
diagrams includes (up to quasi-isomorphism) all formal operations on the Hochschild
chains of differential graded commutative algebras.

Last, we define another subcomplex piD>0, (n1,n9) C 1D, ([4], [2]) with pID2C,(n1,n2)
the PROP coming from an operad plD;%t(n, 1). We show that a topological version of this
operad is homeomorphic to a topologically desuspended Cacti operad and hence deduce:

Theorem C (see Theorem 4.7). The complex pID.Y, (n,1) is a chain model for the
twisted operadic desuspended BV-operad, i.e.

H,(pID22,(—, 1)) =25 BV

cact

as graded operads.

Here 571 denotes a desuspension with twisted sign. The sign twist comes from the fact
that we actually work with topological operads and suspend topologically by smashing
with the sphere operad (see Definition 4.3). As a corollary of the above theorem we can
deduce:

Corollary D (see Corollary 4.8). There is a desuspended BV-algebra structure on the
Hochschild homology of a commutative cocommutative open Frobenius dg-algebra (in
particular on the Hochschild homology of a commutative Frobenius dg-algebra) which
comes from an action of a chain model of the suspended Cacti operad on the Hochschild
chains. The BV-operator is the ordinary BV-operator on positive Hochschild degrees and
trivial on Hochschild degree zero.

The paper is organized as follows: The combinatorics used in the paper are given in
Section 1. We start with recalling the definitions of black and white graphs and Sullivan
diagrams in Section 1.1. In Section 1.2 we define looped diagrams and show that (D and
ID, are well-defined dg-categories. The two following sections 1.3 and 1.4 are very techni-
cal and not needed for the actual construction of operations (they will be used to construct
the commutative operations and the action of the Cacti operad). For getting an overview
over the results, we suggest the reader to skip them and come back later, if needed. More
precisely, in Section 1.3 we prove that the subcomplex of diagrams with a constant loop
is a split subcomplex and investigate how the composition looks like on the split comple-
ment of non-constant diagrams. In Section 1.4 we give a finer subdivision of ID>Y on the
level of abelian groups and afterward take the product over all the subgroups to get the
complexes ilD([;], [ma]) and D4 (1], [m2]). Composition is not well-defined on these
complexes, but we give some subcomplexes for which composition with every other ele-
ment is well-defined. Section 2 deals with the formal operations on the Hochschild chains
of commutative Frobenius dg-algebras. We start by recalling the definition of Frobenius
algebras in Section 2.1 and the definition and results on formal operations in Section 2.2.
In Section 2.3 we explain how to build formal operations out of looped diagrams, i.e.
prove Theorem A and Theorem B. In Section 2.4 we investigate the connection to the
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operations on symmetric Frobenius algebras stated above. Finally, in Section 2.5 we show
how the shuffle product, the Chas-Sullivan coproduct, the BV-operator and the shifted
commutative product defined in [Abbl3a, Section 7] and [Abb13b, Section 6] look like in
terms of looped diagrams and use the techniques of looped diagrams to prove a relation
between the new product and the BV-operator. In Section 3 we define the subcomplexes
of graphs giving the operations of commutative algebras and recall [Klal3, Theorem 3.4]
in terms of these diagrams. In Section 4 we define the complex plD.C,(n1,n2), prove
Theorem C and thus obtain the action of a desuspended cacti operad on the Hochschild
chains of a commutative Frobenius dg-algebra (see Corollary D).

In Appendix A we have listed all complexes defined in the paper together with a short
explanation and reference. We hope that this is helpful to keep track of the definitions
throughout the paper.
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Conventions. If not specified otherwise we work in the category Ch of chain complexes
over Z. We use the usual sign convention on the tensor product, i.e. the differential dy g
on V@ W is given by dygw (v ® w) = dy(v) @ w + (1)l @ dy (w).

A dg-category £ is a category enriched over chain complexes, i.e. the morphism sets
are chain complexes. We use composition from the right, i.e. we require the composition
maps £(m,n) ® E(n,p) — E(m, p) to be chain maps. A dg-functor is an enriched functor
® : £ — Ch, so the structure maps ®(m) ® £(m,n) — ®(n) are chain maps.
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Given a graded abelian group A we denote by A[k] the shifted abelian group with
(A[k])n, = An—k. Throughout the paper the natural numbers are always assumed to
include zero.

1. DEFINITIONS OF GRAPH COMPLEXES

In this section we define the chain complex of looped diagrams and its subcomplex of
positive diagrams. The complexes are an extension of a quotient of the chain complex of
Sullivan diagrams which we first recall. We mainly follow [WW11, Section 2].

1.1. Graphs. A graph is a tuple (V, H,s,i) with V the vertices, H the half-edges, s :
H — V the source map and ¢ : H — H an involution. A half-edge is a leaf if it is a
fixed point under i. A fat graph is a graph with a cyclic ordering of the half-edges at the
vertices. The cyclic orderings define boundary cycles on the graph which correspond to
the boundary cycles of the surface one gets by thickening the graph (for more details see
[WW11, Section 2.1}).

In the graphical representation the half-edges are glued to the vertices using s and to
each other using i.

An orientation of a graph is a unit vector in det(R(V II H)). Note that any odd-
valent fat graph has a canonical orientation and that an orientation of a fat graph with
even-valent vertices is given by an ordering of the (even-valent) vertices together with a
choice of a start half-edge h{ for each (even-valent) vertex (changing the position of the
odd-valent vertices in the ordering or changing the choice of their start half-edge does not
change the orientation). Denoting the half-edges belonging to a vertex v; by h; starting
from the start half-edge and following the cyclic ordering, the canonical orientation is
given by

Vi ARy A hy, Ava A AR

A black and white graph is an oriented fat graph where we label the vertices black or
white and allow the white vertices to have any positive valence, whereas the black vertices
are requested to have valence at least three. The white vertices are ordered and each white
vertex is equipped with a choice of a start half-edge. A [P]-graph is a black and white
graph with p white vertices and m labeled leaves, quotiening out the equivalence relation
of forgetting unlabeled leaves which are not the start half-edge of a white vertex. In the
graphical representation we mark the start half-edges by black blocks. An example of a
3]-graph is given in Figure 2(a). A special example of a [}]-graph is the graph [, which
will play a crucial role in defining operations. This graph is given by attaching n leaves
to the white vertex and labeling them starting from the start half-edge (for an example
see Figure 2(b)). In general we omit the label vy in the pictures if there is only one white
vertex.

2
1
@
) 3
() 4
(a) A general black and white graph of degree (b) The graph ls

4

FIGURE 2. A [§]-graph and the [{]-graph lg
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The degree of a black vertex of valence vy is given by v, — 3 whereas the degree of a
white vertex v, is defined as v,, — 1. The degree of a black and white graph is the sum
of the degrees over all its vertices.

The differential of a black and white graph is given by the sum of all graphs obtained
by blowing up all vertices of degree at least 1 in all possible ways, i.e. splitting the set
of half-edges attached to the vertex into two subsets (respecting the cyclic ordering and
with at least 2 elements in each if the vertex was black) and adding an edge in between
these. For more details on the differential and examples see [WW11, Section 2.5].

The chain complex of [P]-Sullivan diagrams is defined as a quotient of the above com-
plex of [P]—graphs by the subcomplex spanned by the graphs with at least one black vertex
of valence at least 4 and the boundaries of these graphs. Hence an element in this complex
is an equivalence class of graphs with all its black vertices of valence exactly 3 and the
equivalence relation is generated by the relation shown in Figure 3.

2 3

2: :3
- 1 4

FiGURE 3. The equivalence relation on Sullivan diagrams

In [WW11, Theorem 2.7] it was shown that this complex is isomorphic to the complex
of Cyclic Sullivan chord diagrams defined in [TZ06, Def. 2.1].

The dg-category SD is defined to have pairs of natural numbers [}] as objects and
morphism complexes SD([m'], [r2]) C [ny+m. +m,/-Sullivan diagrams the subcomplex of
the graphs with the first nq leaves being sole labeled leaves in their boundary cycle. The
composition is defined in [WW11, Section 2.8].

We want to define looped diagrams as an enlargement of a quotient of these.
1.2. Commutative Sullivan diagrams and looped diagrams.

Definition 1.1. A [P]-commutative Sullivan diagram is an equivalence class of [F]-
Sullivan diagrams by forgetting the ordering at the black vertices, i.e. the chain complex
[P] — CSD of [P]-commutative Sullivan diagrams is the quotient of [?]-graphs by

e graphs with black vertices of valence at least 4,
e the boundaries of such graphs and
e reordering of the half-edges at black vertices.

An example of two equivalent [}]-commutative Sullivan diagrams is given in Figure 4.

FIGURE 4. Two equivalent commutative Sullivan diagrams

Remark 1.2. Black and white graphs were defined with an orientation. As mentioned
above, any trivalent graph has a canonical orientation and so does every white vertex
(starting from the start half edge). Thus every Sullivan diagram has a canonical orienta-
tion. The relation we divide out is the commutativity relation together with the canonical



8 ANGELA KLAMT

orientation of the two graphs. From now on, we always work with the canonical orienta-
tion. However, the orientation was also used to define the sign of the differential and the
sign of the composition. We will spell out these sign explicitly, too.

In order to be able to define a composition, we need an additional structure analogous
to the one we lost going from Sullivan diagrams to commutative Sullivan diagrams. We
define a larger category of looped diagrams which includes all Sullivan diagrams without
free boundary as a subcategory.

Given a white vertex in a black and white graph with k half-edges attached to it, the
half-edges cut the circle around the white vertex into k parts. Given a labeling of the
white vertices v1,--- ,v, we label the segments at the vertex v; by szi, e ,sii following
the ordering of the half-edges at v;. These segments inherit a canonical orientation from
the ordering at the white vertex and hence we can talk about their start and end. By —sé,
we mean the segment with the opposite orientation, i.e. start and end got interchanged.
An example of the labeling of segments for one white vertex is given in Figure 5(a). An
arc component of a black and white graph is a set of half-edges and black vertices which
is path-connected with the paths in the graph not passing through a white vertex (i.e. in
pictures, a connected component of the graph after “deleting” the white vertices). For
example, the commutative Sullivan diagram in Figure 4 has one arc component, whereas
the underlying diagram of Figure 5(a) has two arc components (the one with the labeled
leaf and the one without).

1
1
si M st
55
(a) The segments around one white vertex (b) The loop v = {s3, 51}

FIGURE 5. A commutative Sullivan diagram with segments and a loop
starting from leaf 1

Definition 1.3. A loop in a [}]-commutative Sullivan diagram from an arc component a
to itself is an ordered set of oriented segments of the boundary circles of the white vertices
{ersih, - yersyi} for r >0, 1 <dy,--- i, < pand g € {—1,1} such that the following
conditions hold:

(1) elsg starts at the arc component a.

(2) 5rs;‘;’; ends at the arc component a.
(3) 5w+1siZE starts at the arc component at which 5wsi’: ends (which can be at a
different white vertex!).
(4) ewsy” # —cwr15t).
The loop is called constant if the set of segments is empty, i.e. if r = 0.
A loop from a leaf k to itself is a loop starting at the arc component the leaf belongs
to.
The composition 7y; * 9 of loops 71 and 79 both starting at the same leaf k is the

concatenation of these two loops (see Figure 6).
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A loop v starting at the leaf k is called irreducible if it cannot be written as the
composition of two non-trivial loops (i.e. the loop does not return to the arc component
of k before it finishes).

A positively oriented loop in a [P]-commutative Sullivan diagram is a loop such that
all orientations of the boundary segments are positive (i.e. g, = 1 for all w).

We draw a loop from a leaf by starting at the leaf and marking the segments of the
white vertex (with orientation). To keep track of their ordering, we also draw the loop
through arc components (dotted) even though this is not part of the data (i.e. changing
the way we walk through an arc component does not change the loop). This way, a loop
in a diagram is really represented by a loop in the picture. An example is given in Figure
5(b).

(€) M *vy2 = (Si 55)
FIGURE 6. Juxtaposition of loops

Definition 1.4. A [(mf ) —looped diagram is a [, {,,]-commutative Sullivan diagram with
n loops such that the i-th loop starts at the i-th labeled leaf.

An example of a [(0}2)]flooped diagram and an example of a [(0?2)]flooped diagram are
given in Figure 7. To indicate which path starts at which leaf we color the label of the
leaf with the same color as the corresponding loop.

FIGURE 7. Two looped diagrams

The decomposition of the underlying commutative Sullivan diagram into connected
components gives a decomposition of the looped diagram into connected components,
since every loop has to stay in a connected component.

We want to make a complex out of these diagrams and thus need to define a differential.
The differential is defined just as for Sullivan diagrams, where we blow up every possible
pair of neighbored vertices at the white vertex with alternating sign (this is equivalent to
the sign given by orientations, cf. [WW11, Section 2.10]).
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For a [(mljn)]flooped diagram (T',71,- -+ ,7,) the i-th blow up at the white vertex vy
is the [(m]f m)-looped diagram (I'V,~y,--- , ;) where " is the blow up of T' (as explained
in the end of Section 1.1) and the ] are given by the ~; after forgetting the segment sk
whenever it was part of the loop and relabeling all sg‘? for j > i. We define the differential
d to be the sum of all blow ups with the sign at each vertex v; alternating and starting
with (—1)1+2j<i sl Examples are given in Figure 8 and Figure 13.

FIGURE 8. The differential of a looped diagram (with one loop)

Lemma 1.5. The map d defines a differential on [(nfjn)]—looped diagrams. The chain

complez of these diagrams is called [(mp’n)] -ID.

Proof. One checks that the complex is the reduced chain complex of a p—multisimplicial
set obtained by allowing unlabeled leaves at arbitrary positions. At each white vertex
vr we have a simplicial set with boundary maps d; blowing up the (i — 1)-st and i-th
incoming leaves (and doing the induced procedure to the loops) and degeneracies adding
in a unit leaf in between the i-th and (i 4 1)-st vertex and replacing sf by the two pieces
(and relabeling the other segments at that vertex). The simplicial identities hold. g

Remark 1.6. In the previous proof we added a leaf to a vertex, replaced the correspond-
ing boundary segment by the two new pieces and relabeled the others. Morally, we did
nothing to our loop (cf. Figure 9), but being precise, given a looped diagram (T',v) after
adding a leaf to the white vertex vg in between the old edges j and j + 1 we get the
diagram (I”,+') as follows: The commutative Sullivan diagram I is the diagram I' with
the extra half-edge. The new loop «' is obtained from v by replacing all sf for i > j by
sf '\, and if s;? was in v with positive orientation, it is replaced by s;? followed by sé‘? 1 and

o . . . . . k k
if it appeared with negative orientation by —s7.; and —sj.

-
—
.
-
—

il
il

__________

F1GURE 9. Adding a leaf

Remark 1.7. The set of [(mli n)]flooped diagrams with all loops positively oriented is a
subcomplex of the whole complex. We denote this chain complex by [(nf, n)]fplD.

We now construct a dg-category out of [(nf »]-1D, extending the category of Sullivan
diagrams.
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Definition 1.8. Let ID be the dg-category of looped diagrams with objects pairs of
natural numbers [;:] and morphism {D([;4], [2]) given by the chain complex [(m, 41y n1)l~
ID and composition defined by taking elements x = (I',y1, -+ ,Yn,) € ID([;n}], [m2]) and

FIGURE 10. Composition o

y =" 7,) € ID([ma], [m3]) to the element yox = (I', 71, -+, Fn,) € ID([m}], [ma))
which is zero if there is an ¢ such that the loop v/ is constant and the vertex v; in I" has
more than one half-edge attached to it and else is computed as the sum of all possible
([G], 91, s gn,) (with a sign) obtained as follows

(1) The commutative Sullivan diagrams [G] are the equivalence classes of black and
white graphs obtained from x and y by
(a) removing the no white vertices from T,
(b) For each i =1,--- ,ng identifying the start half-edge of the i—th white vertex
v; of I with the i—th labeled leaf of I”,
(c) starting with ¢ = 1 and continuing inductively
(i) attaching the remaining half-edges from the vertex v; to the white ver-
tices of I'" along the loop 7/ following their cyclic ordering (in general
we here have several possibilities),
(ii) replacing the 7;- by the induced ones as describe in Remark 1.6 (which
morally does not do anything),
(d) attaching the last mo labeled leaves of T' to the leaves of I” labeled ng +
1, --n9 4+ mgy respecting the order.

(2) The gluing defines a map from the boundary segments around the vertex v; in I" to
ordered subsets of the loop v/ which are sets of boundary segments in [G]. All the
subsets are disjoint and putting them together following the order of the boundary
segments of v; reproduces the loop 7/. Since we have such a map for each i, we
get a map from {boundary segments in I'} to {boundary segments in [G]}. We
define g; to be the image of v; under this map.

The fact that the g; are again loops follows directly from the construction.

The orientation (and thus the sign) is obtained by juxtaposition of the orientations of
I and T” as explained in [WW11, Section 2.8]. However, we give a more explicit (but
equivalent) way to compute the sign. It is computed by putting all non-start half-edges
of I to the right of the start half-edge of the first white vertex in I in their cyclic order
and the order of the white vertices in I' (i.e. the first half-edge of the first white vertex
of T is next to the start half-edge of I'') and then computing the parity of the number of
half-edges they have to pass to move to their final position. If they are glued left of the
start half-edge of a white vertex then they can move to the right of the start half-edge of

the next white vertex in I which does not change the sign.
The identity element idni, in ID([mi]s [my]) is given by the element idpy IT- - Iidp, 1T
mi 0 0

idIT-- - ITid with idy, € ID([}), [3]) the [(0}1)}7100ped diagram shown in Figure 11(a) and
0
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1
2
(a) The first building block of (b) The second building
the identity block of the identity

FIGURE 11. The element id[(l)] € 1D7°([§], [§]) and the element id € ID([J], [{])

id € ID([§],[§]) the [(2?0)]flooped diagram (without white vertices and loops) shown in
Figure 11(b).

The composition defined above is associative. Examples are given in Figure 10 and
Figure 12.

Definition 1.9. Let D, be the dg-category of looped diagrams with positive boundary
condition with the same objects as ID and morphisms D4 ([;m}], [m3]) those looped dia-
grams in [(mlﬁsz,m)]le where every connected component contains at least one white
vertex or one of the my last labeled leaves, i.e. a leaf labeled by a number in {n; +m; +
1,....n1+my +m2}.

@}—‘

FiGure 12. Composition o

Definition 1.10. The dg-category plD (and plD.) of positively oriented looped dia-
grams (with positive boundary condition) has the same objects as [D and morphism
pID([mi]s [2]) given by the chain complex [(mﬁ%z,m)]fplD (lying in ID4([mi], [m2]), re-
spectively).
Similarly, the dg-category plD, of positively oriented looped diagrams with positive
boundary condition has the same objects as [D and and morphism plD ([, ], [ma]) those
n2

looped diagrams lying in the intersection of ID, ([;mi], [m2]) and pID([;t], [ma])-
Proposition 1.11. The composition o of looped diagrams defined above is a chain map

ID([mh]s [ma]) @ 1D ([mis), [ms]) = 1D ([mi ), [m))-
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Proof. Take z = (U1, -+, i) € ID([m) ], [ma)) and y = (I, 71, -+, ;) € ID([m], [m3))
We need to show that (—1)1*ldy oz + y o dz = d(y o ).

We refer to edges at the white vertex of the composition as coming from I' if they
where attached in the gluing process and as coming from I" if they were belonging to I"/
before. The differential in y o z comes from four different kinds of boundaries, which is
illustrated on the example in Figure 13 where we compute the differential of the second
to last summand of the composition shown in Figure 12. The four kinds of boundaries

FiGURE 13. The differential of the second to last term of the composition
in Figure 12

are described as follows:

(1) The boundaries coming from the multiplication of edges belonging to I together
(cf. first, second and last summand in Figure 13).

(2) The boundaries coming from the multiplication of edges originally belonging to
the same white vertex v; in I' or from two special kinds of boundaries: Those
arising from contracting the first segment of a loop g; if this segment starts at the
arc component which the old start half-edge of v; was attached to and ends at
the old second half-edge of v;. Similarly, we additionally take the terms obtained
from contracting the last segment of a loop g; if this segment starts at the old last
half-edge of v; and ends at the arc component which the old start half-edge of v;
was attached to (cf. second last summand in Figure 13).

(3) The boundaries arising from the multiplication of edges of T' and I together
(except for the two cases mentioned in the step before) (cf. third summand in
Figure 13).

(4) The boundaries obtained from the multiplication of edges of I' coming from two
different white vertices (cf. fourth summand in Figure 13).

We now show that dy o x gives exactly all summands appearing in 1., y o dz all those
appearing in 2. and that the sums of the diagrams in 3. and in 4. are zero (i.e. that
every diagram shows up twice with opposite sign).

(1) In dy we have two kinds of boundaries, the ones coming from contracting boundary
segments which are not contained in any loop and those contracting segments
appearing in loops.

In the first case the two neighbored edges will also be neighbored in y o x and
multiplying them first and then composing with z or first composing and then
multiplying is the same.

In the second case we again have to distinguish two cases. First, if we consider
contracting a segment 3? which appears in a loop but none of the loops only

consists of this segment (i.e. =] # {sé“}) Then in the composition there are
summands where we did not glue any edges into this segment. Contracting the



14

ANGELA KLAMT

segment in these summands of y o x agrees with the composition of  with those
boundaries of y where we contracted that segment in IV. Second, if we have a
loop v = {sf} but s? is not the whole boundary segment (in which case there
is no contraction on either of the sides) then the contraction of this segment is a
constant loop, so it only gives a term in the composition if there is only one edge
attached to v; in I' and the composition then makes the part of the loop going
around v; (if there was one) constant. But in yox the according segment can only
be empty in exactly this case and thus the terms agree.

So up to sign we have shown that dy o x agrees with the terms described in 1.

For the sign we divide the edges glued onto I into two pairs, those left of the
pair of edges of IV we multiply to get the considered element and those right (if
we have several white vertices in IV and the edges we multiply are attached to
v;, edges attached to a white vertex v; with j < i count as being left). Denote
the numbers by ej.rs and epjghe. We have |x| = ejepr + €pighe. The sign of the
boundary that multiplies the two vertices in d(y o z) changed by (—1)¢e/t against
the sign of the boundary of multiplying these edges in y. On the other hand, if
we first multiply the two edges in IV and then glue T' on, all the edges right of
this boundary have to move over one edge less to get to their position, so the
sign of the composition changes by (—1)¢risht. Thus the total difference in sign
is (—1)cestterione = (—1)1#l 50 the terms of (—1)1*ldy o # show up with the same
sign as those in d(y o x).

It is not hard to see that first multiplying neighbored edges around a vertex in x
(and contracting the loop accordingly) and then gluing the result onto y or taking
those summands of d(y o x) were we multiplied neighbored vertices coming from
x (and contracted the piece of the loop) agrees. The special cases described in 2
come from multiplying the start edge with the second or last edge and then gluing
it onto I'V. Similar considerations as in the first case show that the two terms show
up with the same sign.

Write v = (s1,...,s;) with the s; boundary segments in I''. If in z o y an edge
e of I' was glued as the last edge in a segment s; for j < [, then there is another
summand in zoy where all edges of I' different to e was glued to the same segment
as before, but e was glued as the first edge to s;11. The element obtained from the
first element by multiplying the edge e onto the arc component following s; agrees
with the one obtained from the second by multiplying e onto the arc component
before s;1 which is the same as the arc component following s; (by the definition
of a loop). An example is given by the red edge in the first and fifth summand
in the composition in Figure 12. The boundary multiplying it onto the little loop
(in the first case from the left in the second from the right) is the same.

Hence, all terms in the differential where we multiplied an edge of I' onto one
of I'" show up twice by the above argumentation.

Assume that the first of these two elements form a term in y o x with sign w

and its differential had sign o, so in d(y o x) the element has sign w-o. To get the
second the specified edge of T' is moved by r steps (to the right of the boundary
component). This means that it shows up with sign (—1)"w in y o z. Moving over
the neighbored edge does not change the sign of the differential and moving over
more edges changes it by —1 each time. Thus the boundary shows up with sign
(—=1)""1o, so in d(y o x) the element has sign (—1)"w - (—1)""1o = —wo, i.e. both
terms have opposite signs and cancel.
We are left to show that terms where we multiplied two edges of I' belonging to
two different white vertices together show up twice, too. However, since we glued
the edges inductively, the argumentation from the previous step works if we view
the edges of the first vertex as fixed and glue the edges of the second vertex onto
that graph.



OPERATIONS ON Cx(A, A) FOR COMMUTATIVE FROBENIUS ALGEBRAS 15

O

It is not hard to check that D, plD and plD, are subcategories.

The way we defined our category ID we obtain a functor K : SD — D which takes a
Sullivan diagram I' € SD([;}], [2]) and sends it to the looped diagram ([T'], 71, ,Yn,)
with ~; the loop starting from the i—th labeled leaf and following the boundary cycle the
leaf was in before (see Figure 14 for an example).

FIGURE 14. The functor K applied to a diagram in SD([}], [§])

Before moving on we want to imitate one more construction done to Sullivan diagrams:
To make them fit for string topology, in [WW11, Section 6.3+6.5] a shifted version was
considered. A Sullivan diagram S was shifted by —d - x(5, Oput), Where x(S, Oout) is
the Euler characteristic of a representative of S as a CW-complex relative to its outgoing
boundary (the ng white vertices and the mg labeled outgoing leaves). Similarly, we define:

Definition 1.12. Let [Dy to be the shifted version of [D where a looped diagram
(T, 1, y7n, ) gets shifted by —d - x (T, Oout)-

In particular, the functor K also gives a functor K : SDy — [Dy. For more details on
this construction we refer to [WW11, Section 6.5].

1.3. The split subcomplex of non-constant diagrams. For later purpose we want to
split off those diagrams which have constant loops. They clearly form a subcomplex and
as we will see below this subcomplex is split. In some situations it will be more natural
to work with the non-constant diagrams only.

Definition 1.13. A [(mlj ny)-looped diagram (T',y1,- -+ ,v,) is called partly constant if one
of the 7; is a constant loop. The subcomplex of ID([;}], [m2]) spanned by these diagrams
is denoted by D! ([;;L], [2])-

We define the map p; : ID([mi] [ms]) — 1D ([mi ], [mz]) € 1D ([, [mal) by
pj((r7’ylv v 77711)) = <F7’Yla s Y5—15 CSt,’)/j+1, ce. ;f)/nl)
where cst is the constant loop starting at the leaf j.
Lemma 1.14. The map p; is a chain map.

Proof. Contracting a boundary segment in I" which was part of the loop v; and then
forgetting the rest of the loop commutes with first forgetting the whole loop and then
contracting the boundary segment, thus p; commutes with the differential. ([

For a set T' = {t1,--- ,tx} C {1,--- ,n1} we define pr = p;, o---opy,, i.e. the map
making the loops corresponding to 7' constant.
Moreover, we define pest : ID([;nt], [2]) — (D[], [2]) by

ni
Pest = Z Z (_1)k+1pT

k=1TC{1,n1}
|T|=k
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Proposition 1.15. The map pest is a splitting of the inclusion of the subcomplex i :
D[], lma)) = D[], [ma)) d-e

Pest 01+ 1D ([imh], lma]) — 1D ([, )
1s the identity.

Proof. Let = (T, 71, -, Yy ) € IDY([1t], [m3]). For simplicity of notation we assume
that 71 is constant. For a set 7' with 1 ¢ 7' we have that pr = pgyyur. Since [{1} UT| =
|T| + 1 these terms show up with opposite signs and thus cancel. The family of all non-
empty subsets T with 1 ¢ T together with {1}UT are all non-empty subsets of {1,--- ,n1}
except for the set {1}. Thus the only non-trivial term in pest(x) is g1y () which is z since
the first loop was already constant. O

Definition 1.16. For a looped diagram (I',y1,...,vn,) € ID([;mi]s [m2]) we define

(L )5 e ees () = vy oo o) = Pest (D1, -+ o5 g )
The complex spanned by these diagrams is denoted by ID>Y([L], [m2])-

Since py = id we can rewrite

(Fv <71>7"'><7n1>) = Z (_1)‘T‘pT(Fa’71>-"7’Vn1)'
TC{1,,n1}

==

L7 N E y

(a) The diagram (b) The dia- (c) The  diagram
(T, (m1), {72)) with 1 = {s1} gram (I, (y)) with (T, (v)) with
and 7> = {s3} v ={s3,51} v = {s1,51}

FiGure 15. Three non-constant diagrams in the new notation

In pictures we mark the loops () by a bar at the start of the first boundary segment
contained in the loop and a bar at the end of the last boundary segment (so it is the
picture of (I, 71, ..., Vn,) With extra bars in there). Examples are given in Figure 15.

Corollary 1.17. We have a splitting
ID(lmy)s ) = 1D ([, ) @ 1D~ (], ) -

The part of the differential on ID>([;7t], [2]) coming from a boundary map contracting
a loop to a constant loop is trivial.

The above splitting induces an isomorphism of chain complexes ID>O([1], [#2]) =
ID([], [ 1D ([ ], [2]) under which the class of (T, {y1),...,{yn,)) is equivalent
to the class of (I';7y1,...,7n,). One might want to use the second one to compute the
composition of two elements in ID>°([}1], [2]). Unfortunately, the partly constant terms
which get subtracted in the definition of (T, (71),..., (s,)) can contribute non-trivially
to the composition. In the next part of the section we provide conditions under which
this phenomenon cannot occur.

To do so, we introduce a bit of notation:

We call a white vertex v; in a commutative Sullivan diagram I' singular if it is of degree
zero, i.e. there is only one boundary segment.

For a looped diagram x = (I',71,--- ,7¥n,) and a singular vertex v; we write x\s} :=
(T, y1\s%, -+, v, \8%), where yj\s§ is the loop without the boundary segment 33 An
example is given in Figure 16.
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FIGURE 16. v singular and vy\{s]}

For = (I,791,...,7m,) € ID([;m], [ma]) denote the set of singular vertices of I' by
Sy C {1,--- ,no} and define sp(x) = (x\T) for T' C S;. One checks that for T C S,
we have pesi(sT(x)) = s7(pest(z)) and thus sp(x — pest(x)) = (id — pest) (s7(z)) hence
st + ID>O([3], [12)) — D703, [12))-

For a looped diagram z = (T, (y1),. .., (ya)) € IDZO([1L], [#2]) we call a subset T of
the singular vertices S, loop-covering if there is at least one loop ~; that only consists
of boundary segments belonging to the white vertices in T (equivalently, Y\T' = cst). A
singular white vertex v; is called loop-covering, if T' = {v;} is-loop covering. Note that
if all vertices are loop-covering, also all subsets T C S, are loop-covering. The white
vertex in Figure 15(a) is not singular. In Figure 15(b) the vertex v is singular, but not
loop-covering. In Figure 15(c) both vertices v; and v are singular, but none of them is
loop-covering. However, the set T'= {v1,v2} is loop-covering.

We define
5(z) = > (=D Msp(z).

TCSy
T not loop-covering

Note that if for € ID>O([;t], [+2]) all singular vertices are loop-covering, then 3(x) =
x.

For elements z = (Fa <71>7 RN} <7n1>) € ZD>O([T7)1111]> [7771122]) and Yy = (Flv <71>7 Ty <7;LQ>) €
IDZO([2], [73]) we denote their lifts by T = (T, 91, ,7n,) € ID([Hi],[2]) and § =
Ty ) € ID([m3], [my)). Suppose their composition in ID is given by oz =
> ([Gl, g1, s gny)- Then we define

youx:= gof—pcst(@\oa}) = Z([G]a <gl>a T ,<gn1>)-

This is not a chain map, but it is not far from being one as in most cases it agrees with
the actual composition y o z. More precisely, we get:

Proposition 1.18. For elements x = (I, {(71),...,{(n,)) € IDZ°([W],[#2]) and y =
(T (V) () € IDZO([12], [43)]) their composition in terms of the above notation is
given by
yox =1y o35(x).
niy [na

In particular, yo x € lD>0([mJ7 [ms))-

Proof. Using the definition of x and y, we need to show that

—

(7 — Pest (D)) © (T — pest () = § 0 5(x) — pest (§ 0 5())

Let T'C S, be a subset that is not loop-covering. We claim that ;(l‘\) = s7(x). To see
so, recall that = takes a representation of Z as a linear combination of looped diagrams
and throws away the partly constant ones. Moreover, x = T —p.st(Z). We need to see that
the partly constant terms of 2\T = Z\T — p.st(Z)\T are exactly given by pest(Z)\T. It is
clear that all terms in pest(Z)\1" are still partly constant. Moreover, by the assumption
that no loop of z (and thus no loop of Z) is completely covered by T', the diagram z\T'
cannot be partly constant, which shows the claim.

Now, the above formula is equivalent to showing that

> > pr(@)opu(@) = > > pu(fosr(@).

TC{1,,n2} UC{1, n1} TCSy UC{l, m}
T not loop-covering
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The proposition follows via the following steps which hold for general elements a =
(A A1, Any) € 1D([mi]s [m3]) and b= (A, A, -+ X)) € ID([m)], [ma)):

(1) For U CA{1,--- ,n1} we have py(aob) =aopy(b).

(2) The singular vertices of a and pr(a) agree. For any sets T C S, and U C
{1,--+ ,n1} the equality sy (py(a)) = py(sr(a)) holds, since removing first part of
a loop via a singular vertex and then the whole loop commutes with first removing
the whole loop and then everything else at the white vertex.

(3) We have pr(b)oa =0 for T ¢ S,, since then we have a vertex with more than
one edge glued to a constant loop.

(4) We have bo sp(a) = pr(b) oa for T' C S, since in pr(b) o a all the loops around
the singular vertices in T' become constant (because we removed them in b) and
this is the same as first removing them and then gluing them onto b.

(5) For T' C S, such that T'is loop-covering, we have 3 ;¢ . m}(—l)‘U'sT(pU(a)) =
0. To see so, assume that T" covers the loop ; of a, i.e. ~y; only consists of boundary
segments of white vertices belonging to T. For U C {1,--- ,n1} with j ¢ U, we
get st(pu(r)) = sr(puuysy(w)), which implies the above claim.

Plugging this in, we obtain

S0 w@ew@®Z Y Y pr@ow@

TC{L, - 2} US{L, - ;n1} TCSz UC{1,n1}

2 S Gosrw(@)

TCSx UC{l,+,n1}
T not loop-covering

2 ¥ S Gopulsr(@)

TCSe UC{1,- ,n1}
T not loop-covering

S S puosr(@)

TCS, UC{1,ni}
T not loop-covering

—
~

—~
N

and thus the proposition is proven.
O

Corollary 1.19. Let x € ID>([p}], [72]) and y € IDZ°([12],[m2]) and assume that all
singular vertices in x are loop-covering. Then their composition is given by

yox =youx.
This holds in particular if x has no singular vertices.

1.4. The type of a diagram and products of diagrams. In this section we provide a
finer decomposition of ID([,}], [ma]) on the level of abelian groups. This part is particularly
technical and we invite the reader to skip it and come back later if needed.

As already described above, we can concatenate subloops in a commutative Sullivan
diagram which start at the same labeled leaf. We denote the concatenation of two
loops v and 7' by v *+'. For a commutative Sullivan diagram I" with ¢; loops fy;. for
1 < i < t; starting at the j-th labeled leaf for 1 < j < n, we define the element

(T (Vs W) (0, ) € ID([R], [h2]) as

(Fa <’7117"-77§1>7"'><7}w'-'77fzn>) = Z Z (_1)2j(tj_‘UjD(Fa7TUlv'-'a’V:LUn)
Ulg{lv"'ztl} U’ng{177tn}
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A 1 5] .
where we define fy;.kUJ = 'y;J o -*fy;] ifU; = {ujl, e ,uL-UJl} is non-empty and 7;'-‘(2) = cst
the constant loop if U; is empty.
Note that we can assume that all the 7;’s are not constant since otherwise the element
(T, (v, o)y (4, oo 2En)) is zero. Moreover if all ¢ were 1 we recover the defini-
tion of the non-constant diagrams D> used in the previous section. Furthermore, if at

least one of the t; is zero, then (T, (v},..., "), ..., (7L,...,~4%")) is a partially constant

diagram.
In the pictures we draw the diagram (T, (71, ...,7), ..., (3, ..., 7)) like the diagram
(D, yd 5o % fyil, o yh x ok yte) but adding bars at the end of each of the loops ! (for

an example see Figure 17).

\ \
(W (W
(a) The diagram (T, {y*,~?)) with (b) The diagram (T, (\', A%, \3)) with
= {s%,s%} and % = {s:l,,} A= {si}, A2 = {s%} and A3 = {s:l,,}

FIGURE 17. Two elements of ID([{], []) depicted in the new notation

Now we restrict to those diagrams where all the subloops 'yg are irreducible, i.e. cannot
be written as concatenation of non-constant loops.

Definition 1.20. An irreducible [(mp7 n)|-looped diagram is given by an element of the form
T, (v, i)y, (3, ... 2En)) such that all the loops 4! are irreducible. The type
of an irreducible looped diagram (T, (7,...,7), ..., (3}, ..., 7)) is defined to be the
tuple (t1,--- ,t,).

The abelian group spanned by irreducible looped diagrams of type (t1,--- ,t,) is de-
noted by D!t ([J1L][72]).

The type of a looped diagram is not preserved by the differential, hence the groups
[Dstn ([1L])[#2]) are in general not chain complexes.
One checks that every [(nﬁ n)]—looped diagram can be written as the linear combination

of irreducible [(mp, n)]—looped diagrams and vice versa. Hence we can rewrite the complex
of looped diagrams as

Dl ) = @ Dt (] )

L1, 5tng
with
D (), ) = @ Dt (], 2D
tl,"‘,tnl
3 j s.t. t;=0
and
DOl a2 @ Dt (L ).
tly'“,tnl

t;>0 for all j
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Similarly to working out the composition for positive diagrams explicitly, we want to
say a few words about the composition of irreducible looped diagrams. For x and y two
irreducible looped diagrams, in y o = all old loops of y are not allowed to be empty. This
means that we either have to glue an edge in there or they afterward have to be covered
by a loop again. Moreover, if they were covered but no edge was glued, the diagram where
this subloop is omitted has to be subtracted. For an example see Figure 18. Instead of
taking the direct sum over all types of irreducible looped diagrams (which as explained
just is the complex of looped diagrams) we want to take the product. Unfortunately, in
the product complex over all types composition is not always well-defined. Nevertheless,
we will use this complex and later on deal with composition.

Ho® &

FIGURE 18. composition of irreducible looped diagrams

Definition 1.21. For n; > 0 the chain complex of products of irreducible looped diagrams
iD([mi], [2]) is defined as

D), ) =[] 10t (], [

t17...7tn1
and
D ([l ) = [T 10" (Gl [n2)
t;>0

Similarly, we define D ([7], [72]), iplD([], [72]) and iplD (7], [22]) as the prod-
ucts over all types restricted to these subcomplexes.

We see that
iAD ([t ], [ma]) = ID (i), [ma)) © iDO ([ ], [ma))-
If n; = 0, we obtain

D ([, ], (7)) = @Dy L)) = 1D (), l)-

In order to see that the differential on /D and the other product complexes is well-
defined, we need to check that for a fixed type (t1,...,t,) there can only be finitely many
types (t},...,t),) such that the differential has non-trivial elements of type (t1,...,tp).
However, one checks similarly to the computations done for non-constant diagrams that
the differential is zero if an irreducible loop gets contracted and hence in the resulting sum-
mands of the differential there are at least as many irreducible loops as before. Therefore,
the differential of a looped diagram of type (¢},...,t)) has summands of type (¢1,...,%,)
only if ¢ < ¢;. Thus, on the product over all types, the differential is still welldefined.
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Definition 1.22. For two elements a = > >, --- 22?1:1 aty,.. 1, € UD([m}]; [ma]) and
b=>7"1 Zf:zzl bty tn, € WD ([ma]; [my]) the pair (a,d) is called composable if

o oo (0.9} o
g e g g e E btll,.--,tfn2 (@] atl,m,tnl
t1=1

tny=1t,=1 =1

only contains finitely many summands of type (u1,...,uy,) for arbitrary u; € N.

Definition 1.23. Let plDgqr+ consist of those graphs in plD, where all loops consist of
exactly one boundary segment of a white vertex which is the first boundary segment of
that white vertex.

Proposition 1.24. Let a € ilD([;}], [m2]) and b € ilD([mi], [ms]). If one of the following
conditions holds, the pair (a,b) is composable:

(1) n =0, i.e. a €ID([,2],[2]) and b arbitrary,
(2) b lies in the direct sum complez, i.e. b € ID([;3], [my)) and a is arbitrary,
(3) we have a € iplDgyart([;mi], [mz]) and b arbitrary.

Note that for a € ID([p}], [mi]) and b € ID([m3], [my]) their composition is just the
composition b o a by definition.

Proof. If ny = 0 by definition a is contained in ID([,2 ], [+3]) and thus it is a finite sum
of diagrams in this complex. It is sufficient to show that for x a looped diagram in
ID([,Y ], [72]) and y € ID([2], [m3]) there are only finitely many types (t},...,t,,) the
diagram y can have such that the composition y o x is non-trivial. We have (> 72, t})
irreducible loops in y. By the observations we made earlier, we know, that we either have
to glue an edge into each of these loops or cover it with a loop of . Since x does not
have any loops, we have to glue at least one edge of x in into each irreducible loop for
the composition to be non-trivial. There are only |z| edges which get glued to y, thus the
composition is trivial whenever (> 2, 1) > |z|.

If ny # 0 we show that for a given type (t1,...,t,,) there are only finitely many

types (t1,...,tn,) and (t},...,t,, ) such that the compositions (btiwwt%z oai, . t, ) have
summands of type (ui,...,u,,). In the second case by assumption only finitely many

types occur in b, i.e. we only need to show that for an arbitrary looped diagram y
there are only finitely many types a looped diagram z can have, such that y o z has
type (u1,...,un,). However, for a looped diagram z of type (ti,...,t,,) the type of
the composition y o x is bounded below by (t1,...,t,). Therefore, in the (ui,...,upn,)
component of the composition, we can only have elements resulting from the composition
of Aty b, With & < w.

The proof of the last case is particularly technical and difficult to explain. Since the
fact is not used later on, we omit the proof. O

The later proposition and the associativity of o imply that the union of morphism
spaces [[,,, , D[], [m3]) is & left iplDsiqr-module and ][ UD([;mt], [m2]) a right
ID-module.

n2,ms2

2. THE NATURAL OPERATIONS FOR COMMUTATIVE FROBENIUS ALGEBRAS

2.1. The category of commutative Frobenius algebras. This paper deals with com-
mutative Frobenius algebras, so we start with recalling definitions on the subject.

Definition 2.1. A Frobenius algebra A is given by an abelian group equipped with the
following data:

e a multiplication m : AQ A — A and a unit 14 : Z — A such that m and 1 4 define
an algebra structure on A
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e a comultiplication A : A - A® A and a counit n : A — Z such that they define
a coalgebra structure on A

satisfying the so called Frobenius relation Aom = (m®id)o(id®A) = (id®m)o (A®id).
If A is a chain complex, we obtain Frobenius dg-algebras.

We denote the twist map A® A - A® A by 7.

A Frobenius algebra is called symmetric if nom o7 = nom and it is commutative if
moT =m. A commutative Frobenius algebra is cocommutative, i.e. 70 A = A.

An open Frobenius algebra is a Frobenius algebra without a counit. It is cocommutative
if 7o A = A. In this case commutativity does not imply cocommutativity (but we will
only work with commutative cocommutative open Frobenius algebras).

The open cobordism category ¢ was defined in [WW11, section 2.6] to be the dg-
category with objects the natural numbers and morphism &'(n,m) the chain complex
of oriented fat graphs with n + m labeled leaves (for the definition see Section 1.1),
ie. O(n,m) = [,%,]-Graphs. The category sFr = Hy(0) is the category with the
same objects but with cobordisms sF'r(n,m) = Hy(O)(n,m) := Hy(O(n,m)). This
chain complex consists of trivalent graphs module the sliding relation (cf. Figure 3), i.e.
sFr(n,m) = [,,9,]-Sullivan diagrams, so these are Sullivan diagrams without white ver-
tices. A split symmetric monoidal functor ® : Hy(&) — Ch, i.e. an sFr-algebra is an
open TQFT and by [LP08, Cor 4.5] these algebras are precisely the symmetric Frobenius
dg-algebras. Usually one would pass to the closed cobordism category to deal with com-
mutative Frobenius algebras, but we instead want to continue working with graphs (as it is
for example done in [Koc04, Chapter 3]). Adding the commutativity relation is equivalent
to forgetting the ordering of the edges at the vertices. Thus the PROP cF'r of commuta-
tive Frobenius algebras can be defined to have objects the natural numbers and morphisms
cFr(mi,ma) = D([,0], []) = Ho(O)(m1,ma)/ ~ = [, Lm,|-commutative Sullivan dia-
grams. So a commutative Frobenius dg-algebra is a strong symmetric monoidal functor
from cF'r to chain complexes. Forgetting the counit is equivalent to restricting to dia-
grams with the positive boundary condition (i.e. forcing every connected component to
have an output). Thus we can define the PROP c¢Fr, of commutative cocommutative
open Frobenius algebras to have morphism spaces cFr (mq, ma2) = D4 ([,2 ],[,%,]). Hence
a commutative cocommutative open dg-Frobenius algebra is a strong symmetric monoidal
functor cFry — Ch.

Moreover, we also have a graded version of commutative Frobenius algebras where the
comultiplication has degree d and the counit has degree —d. Analogously to [WW11,
Section 6.3] for symmetric Frobenius algebras, the shifted PROP c¢F'ry; then agrees with
the PROP where we shifted the commutative Sullivan diagrams I" by —d - x(T', Oout) (as
defined in the end of Section 1.2), i.e. cFrq(mi,m2) =1Dg([,0], [2,]).

2.2. Formal operations.

2.2.1. Definitions of the Hochschild complex and formal operations. Let £ be a PROP
with a multiplication, i.e. a dg-PROP with a functor Ass — £ which is the identity on
objects. We define mﬁj € E(k,k — 1) to be the image of the map in Ass(k,k — 1) which
multiplies the i—th and j—th input and is the identity on all other elements.

We recall the definitions of the Hochschild and coHochschild constructions of functors
from [Wah12, Section 1].

For ® : £ — Ch a dg-functor the Hochschild complex of @ is the functor C(®) : £ — Ch
defined by

C(@)(n) = P @k +n)[k —1].
k>1

The differential is the total differential of the differential on ® and the differential coming
from the simplicial abelian group structure with boundary maps d; = @(me’i 4o +idy)
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where we set m’,j’ kel = m’,;l and degeneracy maps induced by the map inserting a unit
at the 7 4+ 1-st position.

The reduced Hochschild complex C(®)(n) is the reduced chain complex associated to
this simplicial abelian group, i.e. the quotient by the image of the degeneracies.

Iterating this construction, the functors C'"™)(®) and é(n’m)(q)) are given by
Cmm) (3 .= C™(®) (m) and "™ (@) = T"(®) (m).

Working out the definitions explicitly, one sees that

12

crm@) = @ B+ o Fm)lj -+ o — ).

J121, gn 21

The category of £-algebras is equivalent to strong symmetric monoidal functors @ :
& — Ch, sending an algebra A to the functor A®~. For an algebra A, the Hochschild
complex C(A®7)(0) is the ordinary Hochschild complex C4(A, A) (and similarly for the
reduced complexes). Furthermore, we have an isomorphism

(2.1) CmM(A®7) = O, (A, A)B" @ A®™

natural in all E-algebras A.
Dually, given a dg-functor ¥ : £ — Ch its CoHochschild complez is defined as

D(¥(n)) = [] ¥(k+n)[1 -k

k>1

with the differential coming from the cosimplicial structure induced by the multiplications
and the inner differential on ¥. Again, we can take the reduced cochain complex D(¥)(n).
By [Wah12, Prop. 1.7 + 1.8], the inclusion D(¥) — D(¥) and the projection C(®) —
C (V) are quasi-isomorphisms.

We can also spell out the iterated construction explicitly, i.e. for a functor ¥ : £ — Ch
we get

D*(W)(m) = [ Wi+ +ja+m)ln = (r+ -+ ).
Jiysdn
The complex of formal operations Natg (4], [ma]) is defined as all maps
cm) (@) — ¢nzm2) (p)

natural in all functors ® : £ — Ch.
In [Wah12, Theorem 2.1] it is shown that

Nate ([my], lms]) = D™ C"(E(=, =) (m2)(ma),

which is used to compute the complex of formal operations explicitly.
Instead of testing on all functors ® : £ — Ch we could test on strong symmetric

monoidal functors only and denote the operations obtained this way by Nat ([;ii], [#2])-
Via the isomorphism in equation (2.1) a transformation in Nat§ ([;n}], [m2]) corresponds

to an operation
Co(A, A)P™M @ AP™ 5 C (A, A)®"2 @ A9™2

natural in all £-algebras A, so in other words it is a natural transformation of the
Hochschild complex. Since every transformation in Natg ([m4], [m2]) is in particular natural
in all strong symmetric monoidal functors, we have a restriction map p : Natg([;nL], [m2]) —
Natg ([;mt], [m2]), so every formal operation gives us a natural operations of the Hochschild
complex of £-algebras. In general we do not know whether this map is injective or sur-

jective (for more details on this matter see [Wah12, Section 2.2]).
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2.2.2. Formal operations for commutative Frobenius algebras. We now focus on the case
where £ = ¢F'r. Using the definitions of the previous section, we can describe the com-
plexes C" (cEFr(my, —))(mz) and C" (cFry(my, —))(mz) as follows:

Lemma 2.2. There are isomorphisms
C"(cFr(my, =) (m2) 2 ID([,9 ], [m,]) = i tma] — €SD

and
6n(CFT‘+(m1, _))(m2) = lDJr([n?J? [ﬂ?z])

This is a direct analog of [WW11, Lemma 6.1] in the commutative setting and the
proof works completely similar.

Applying the coHochschild construction n; times, we can describe the formal operations
for cFr and cFry via

Nater, ([m], [n2]) = D™ (C™ (eFr(=, =) (m2))(m1)
= I PG5, s 2D — i)

Jioesng
and
— 0 .
Naterr, (il 2 = [T 1D+ ([t Gy +mals 2D [ — i,
.jl PR 7jn1

Since every commutative Frobenius algebra is in particular a commutative cocom-
mutative open Frobenius algebra, we have an induced inclusion Natep,, ([mi], [m2)) <
Natepr([my]s [ma]). Under the above equivalences, this inclusion corresponds to the inclu-
sions of the subcomplexes lD+([j1+-~~+(y)'nl+m1]7 [ma]) < lD([j1+~--+2n1+m1]7 [ma])-

The composition in Nat.p, (and thus also in Nat.p, +) is described in terms of the right
hand side as follows:

n n:

For T € Hjlv"'yjnl [ty my+ma] — ¢SD and T" € Hj1,-~~,jn2 ittty ma-+ms] — €SD
we get (I"oT')j, ;. by attaching a summand G in (T')j, . ;,, which has ny white vertices
with each ki, ..., k,, half-edges, to the element (I’ )kl,m,an- This is done by taking away
the white vertices from G and gluing the k; + --- + kj, half-edges onto the according
labeled leaves of (F’)kh,,.kw.

Before we move on, we want to say a few words about how to view an element in x €
I, . dny lD([j1+---+9nl+m1]a [m2]) as an operation on commutative Frobenius dg-algebras,
i.e. how to extract an operation

COL(A, AP @ A™ — OC (A, A)®™ @ A™2,
We fix a tuple (j1,- -, jn,) and an element
(a(l]®- . .®aj1.1)®. ~@(af'®- .®a;?i1)®b1®. @by, €CCY, (A, A)@- - '®CCjn1 (A4, A)@A™.

To get the resulting element in C'C, (A, A)®"2 ® A™2, we need to consider z;, 41... gny+1 €

0 . . . . . no
ID([jy+14+jn, +14+m)s [ma)) which is a linear combination of [j, 41+ j,, +14m; +m,|-looped

diagrams. We start with writing a(l], e ,ajl-l on the first j; + 1-leaves and continue by

putting the other af following their order. Then we write the by on the leaves labeled
gp+14+--+gp,+1+1ton+1+---+ju, +1+m;. We put units on all unlabeled
leaves. Now we have moy labeled leaves where we have not written an element of A on.
We view these and the half-edges attached to the white vertices as ends of the graph
for a moment. Starting from the leaves labeled with elements of A, we read the black
vertices of the diagram as multiplications and comultiplications, i.e. whenever two edges
meet the assigned elements are multiplied together and if an edge is split up into two the
assigned element is comultiplied. Iterating this until we hit the ends of the graph (the
remaining my leaves and all half-edges attached to the white vertices) we obtain a linear
combination of the diagram where we assigned values in A to all ends of the graph.
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We read off our element in CC,(A, A)®" @ A™2 by starting with the white vertices:
Each white vertex corresponds to one copy of CCy(A, A). In the procedure described
above, an element of A is assigned to each half-edge attached to a white vertex. If the
white vertex has degree k, i.e. k+ 1 edges attached to with labels cg, - - - ¢;, the resulting
element lies in CC%(A, A) and is given by ¢g ® ¢x. The elements assigned to the mq leaves
give the resulting elements in A®™2,

al al
S o2 4 S oad 6 St ab ad
Y Y~ DA
[N NN ((]/l)// /1/
6 6 ! aO) 1.2
! aq a

aiag

FIGURE 19. How to read off operations

In Figure 19 we have illustrated how to evaluate an element of ID([3,},,],[]), as part
of an operation in Nateg,([7], []), on an element (a} ® a} ® a}) ® (ad) ® b € CC2(A, A) ®
CCp(A, A) ® A. The sum in the last picture is the sum coming from the comultiplication
of a} using Sweedler’s notation A(a}) = > (aj) ® (a})”. The element we read off is
(Yo bal @ (af) @ (a})”) ® ajad € CO2(A, A) ® A.

2.2.3. Splitting off zero chains. It is well-known that for a commutative algebra A the
Hochschild chains C, (A, A) split as Cy(A, A) & Cso(A, A). This relies on the fact that
d(ag ® a1) = ag - ap — (—1)lollalg; . gy = 0 by the commutativity of A. It generalizes
to the Hochschild complex of functors, since we already get dy = —d; € €om(2,1) and
thus d = 0 € ¥om(2,1). Hence for ® : ¥om — Ch the differential on degree one of the
Hochschild complex C,(®) is trivial and we get a splitting C(®) = Cy(P) B Cso(P). This
generalizes to the iterated complex C("™) () = D51, j,>1 201+ +jn+m) which
we therefore can rewrite as: - -

crm@y= P P Gt tatm)
SC{1, n} ji>2,i¢S
with j; = 1 if ¢ € S, where the first direct sum is a direct sum of chain complexes.

For each S C {1,---,n} with [S| = k the sum B> ;056 P(j1 + - + jn + m) with
ji = 1 for i € S is isomorphic to ®jriz2 ®(jp, + -+ + jr,_, + k+m) given by relabeling
those j; with i ¢ S to j,, and moving the j; with ¢ = 1 to the end (with a sign involved).
Defining C’;O’(n’m) = @jIZQ’“,7jn22 ®(j1 + -+ + jn + m), we see that

D PUr + +dr o+ ki m) = 7RI (@)
G, >2
and hence we get can rewrite it as a direct sum of chain complexes as
cmm) (P @ >0 (n=ISlm+150) ().
SC{1,n}
Defining NatZ%([;+], [#2]) := homg (C>%(mvm)(—), C(n2:m2) () we conclude
Nate ([3], [#2]) = homg (Cm) (=), C2m2) (—))

- @ homg(C>0:(n17‘S‘yml+|S|)(_),C(’I’LQ,MQ)(_))
SC{1,--,n1}

= P NaZ(2 5 2D
SC{1,---,n1}
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The same works for the reduced Hochschild construction and reduced natural transfor-
mations, i.e.
Nate([ml. 2 = €@ Nate ([0 2D,
SC{1,+,n1}
which again is a splitting on the level of chain complexes. Similarly, for a functor ¥ :
£ — Ch we define D>%"(W)(m) := [I;;2 ¥(j1+: - +jntm). Going through the proof of

[Wah12, Theorem 2.1] one sees that Niatgo([ﬁfl], [ma]) = D™ (C™"(E(—, =) (m2))(m1) ~
D>0m (€™ (& (=, =) (ma)) (m1):

Using the positive coHochschild construction, we can identify the subcomplex Natzgr
via the following:

~—>0 .
Natoe (i), hal) =~ [T 1Pty s 72D 02 — S,
J1>1, gny >1

2.3. Building operations out of looped diagrams. We describe a dg-functor from (D
to Nat.r, which is the identity on objects. Thus we assign an operation on commutative
Frobenius dg-algebras to every looped diagram. In the two sections afterward we will
show that this actually covers interesting operations.

Recall the graph [; € lD([g], [&]) defined in Section 1.1 given by a single white vertex
with j leaves attached to it and let id,,, € ID([,0],[,0.]) be the identity element, so we

mi

have (I, -+ 11, Wiy )} € ID ([t o, +mas i) of degree 3 ji —ni.
Theorem 2.3. There is a functor of dg-categories
J : 1D — Nat.p,

which is the identity on objects and sends a looped diagram G € ID([;nt], [m3]) to (G o
(U -+ T Tidin)) gy, oy € Ty oy P (Guctot g +mals b)) 01 = ] The functor
restricts to functors

>0
cFry-

ID; — Nates,, , ID>0 - Nat_p, and ID>° — Nat

Proof. After assembling everything together, Lemma 2.2 says that [D is an extension of
cFr in the sense of [WW11]. Then the theorem follows by [WW11, Lemma 5.12]. How-
ever, one can also directly check that the functor preserves the identity and composition.
O

The above theorem provides us with a big family of operations. Unfortunately, these do
not cover all operations we know, in particular not all operations coming from operations
on commutative algebras (which will be investigated in Section 3). The next theorem
provides a bigger set of operations, but we have to be more careful with composition,
since as seen earlier, i[D is not a category anymore.

Theorem 2.4. We have dg-maps

Jerr  UD([my), [ma)) — Naterr([mh ], [m3])
and
Jerry, + D4 ([mh], [73]) — Natepr, ([mi], [nz])

preserving the composition of composable objects.

Proof. We need to show that the map is well-defined, i.e. that an infinite sum a =
PPN --Zf:l:l Ay, tn, € UD7O([4], [m2]) is taken to a well-defined element in the

complex [] D([j1+---+(3)'n1+m1]a [m2]). So we show that for a fixed tuple (ji,- -+, jn,)

Ji, 7jn1

only finitely many of the J(as, . are non-zero. In the composition with a

St )Gt ng)
diagram of type (t1,---,t,,) none of the > t; loops can be empty and by composing

with [;’s only leaves are glued on. Hence for the composition to be non-zero we need
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that j; > ¢;. Thus the claim is shown. We only need to see that composition of com-
posable elements is preserved. In order to do so we use that all operations in Nat.p,
are composable, so if two elements a = 3777 -+ 320" _yar,.p,, € UD([mi], [ms]) and

b= Z?,le e Z;’:Z:l bt/17...’t%2 € iD([mi], [m]) are composable then

J(boa)=J § E btg, Aty © Ot ity
(bt;, Aty © atl,--.,tn1>

(bt’l, St )O J (at17-~-7tn1)

so the composition agrees. U

Remark 2.5 (Operations of type (t1,---,t,)). At this point we want to explain how
the map J.p, actually acts on an element of type (t1,--- ,t,,). There is an easy way to
read off the operation of such an element without going back to the original definition of
the type. For a general element z = (T, (v, ... ,ﬁ PR - S ,Wf{;l» € ilD([mi], [ma])
of type (t1,--- ,tn,) the composition with (I}, 1, 1idyy,, ) is trivial if there is a
Ji < t; and is given by all possible ways of (for each i) gluing the j; labeled leaves along
the 4] (respecting the order of the leaves and the loops) such that we glued at least
one leaf to each 7] (and gluing the m; extra leaves as usual). In particular the image
Jerr(z) € Nat([;m], [ma]) acts trivial on all Hochschild degrees (ji,...,Jn,) With j; < t;
for some 1.

2.4. Connection to non-commutative operations. The analog of the functor J has
been defined in the context of symmetric Frobenius algebras in [Wah12, Section 3]. There,
it was even shown to be a split quasi-isomorphism of complexes:

Theorem 2.6 ([Wahl2, Theorem 3.8]). The functor
JHO :SD — Natspr

defined by sending a graph G to (G o (lj; IL--- 1L 15, 1lidm,))j,, 4., @ a split quasi-
isomorphism.

Using the functor sF'r — ¢F'r which induces a functor Natsp, — Nat.r, and recalling
the functor K : SD — [D defined at the end of Section 1.2 (cf. Figure 14), one checks
that the definitions were made to make the following proposition true:

Proposition 2.7. The diagram

J
SD % Natyp,
L
ID — > Nat p,

commutes.

Remark 2.8. Everything done so far works also in the shifted setup, in particular we
get a functor

J: Dy — Natcprd
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and a commutative diagram

T,
SDy;—— Natsprd

<
1Dy — > Natery, .

2.5. First examples of operations and relations. Before we investigate some sub-
complexes of D more systematically, we want to represent some of the known operations
on the Hochschild homology of commutative Frobenius algebras by looped diagrams and
apply the new tools to easily prove a relation between some of them.

B

(a) The identity ) The image of the identity under J

FIGURE 20. The element 1d[0] e ID7O([4), [{]) and its image in Natep,., ([§], [§])

Example 2.9 (Identity). As seen before, the diagram 1d[ | € IDZO([§], [§]) shown in Figure

20(a) corresponds to the identity in Natepr, (3], [¢])- In order to see this in pictures, we

spell out the map J : ID7O([}], [3]) — Natep,, ([3], [3]) explicitly. By definition in degree j
we have J(ld[ })J = 1d[ 1 © l;. There is only one way to glue the edges of I; onto 1d[ D
0

the resulting diagram in ID, ([J], [}]) is shown in Figure 20(b), where we labeled the leaves
of l; by a1,---,aj. Given a Hochschild chain a; ® --- ® a; the image of the operation is

now given by reading off around the white vertex. Thus we get ag ® - - - ® a; back.

9 a“
(@]
b3
a

ar b ar by air by
1 2
= b3 a2 — bg by + ag by
b2 a2 b3
(a) The shuffle product pr (b) J(pr)2,3 =pro (l21113)

FIGURE 21. The element pr € IDZ°([2], [{]) and the degree (2, 3) part of
its image in Nategr, ([3], [§])

Example 2.10 (Shuffle product). The operation pr € ID7°([2], []) shown in Figure 21(a)
is the shuffle product on the Hochschild homology. The composition pr o (I;, 1L [;,) glues
the first labeled leaves of [;, and [;, onto the start half-edge of pr and all other edges
around the white vertex keeping the cyclic ordering of the edges coming from [;, and the
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cyclic ordering of the edges coming from /;,. Thus it produces all shuffles of these edges
and hence corresponds to the shuffle product on the Hochschild chains. The example is
illustrated in Figure 21(b) for j; = 2 and jo = 3, where we again already labeled the
leaves by a; and b; to give a clearer understanding of the final operation.

i

2\

{ b.

(a) The comultiplication A (b) The BV operator (c) The element D

'\

Ficure 22. The comultiplication, the BV-operator and the boundary
element D

Recall from the introduction that for a 1-connected closed oriented manifold, we have
an isomorphism HH,(C™*(M),C~*(M)) = H™*(LM). On H™*(LM) we have a coprod-
uct (the dual of the Chas-Sullivan product) and a BV-operator. On the other hand,
working with coefficients in @, by [LS07] there is a commutative Frobenius algebra A of
degree d for d = dimM such that we have a weak equivalence C*(M) ~ A and hence
HH,(C™(M),C™™(M)) =2 HH.(A™*,A™"). Since A™* is a commutative Frobenius al-
gebra of degree —d, we have an action of ID_z on HH,(A™*, A7) and can show:

Proposition 2.11 (BV-structure on H*(LM,Q)). Working with coefficients in Q, the
coBV structure on HH,.(C™*(M),C~*(M)) = HH.(A™*, A™), induced via the above iso-
morphism by the dual of the Chas-Sullivan product and the BV-operator on H™*(LM, Q),
is generated by the operations J(A) € Natep, ([, [3]) and J(B) € Natep, ,([L], [3]) with
A e ID_y([§], [B) and B € ID_4([}], [§]) the shifted versions of the diagrams illustrated in
Figure 22(a) and Figure 22(b).

Proof. The diagrams A and B are the images of the diagrams illustrated in [WW11,
Figure 13] under the functor K : SD — ID>%. Thus, the result is a direct consequence of
[WW11, Prop. 6.10]. O

7 7 X
\___,// \\___,/ \\___//

FiGUure 23. The product u

Example 2.12 (Product of suspended BV-structure on H H,). The image of the diagram
p € IDZO([3], [&]) shown in Figure 23 (in both ways of visualizing it as an element in {D>°
and [D) defines a product on the Hochschild chains of commutative cocommutative open
Frobenius dg-algebras. This product was introduced in [Abb13a, Section 7] and [Abb13b,
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Section 6], where it was also shown that together with the BV-operator it induces a BV-
structure on the Hochschild homology. In Section 4 we will show that it is part of a
desuspended Cacti operad.

The product u shows similar behavior as the Goresky-Hingston product on H*(LM, M)
(cf. [GHO09]). For example, the composition of the Goresky-Hingston coproduct with the
Chas-Sullivan product is zero. We can show a similar observation for o A, namely:

Proposition 2.13. The composition po A is a boundary in ID([}],[}]), i.e. it gives a
trivial operation on Hochschild homology of commutative cocommutative open Frobenius
dg-algebras.

Proof. In Figure 24 we have computed poA. This is equal to the boundary of the element
D defined in Figure 22(c). O

==~

FIGURE 24. The composition po A = d(D)

Hence simultaneously with [Abb13b] we conjecture:

Conjecture 2.14. Under the isomorphism H *(LM,Q) = HH.(C~*(M),C~*(M)) =
HH,(A™*, A™*) the the Goresky-Hingston product corresponds to the (shifted) operation
induced by p € ID>(13], [§]) shown in Figure 23.

3. THE OPERATIONS COMING FROM COMMUTATIVE ALGEBRAS

We have a map of PROPs €om — cF'r which is the identity on objects and an inclusion
on morphism spaces (since the structure of commutative Frobenius algebras includes the
structure of commutative algebras). Therefore, we get an inclusion Natey,,, — Nat.p,.
This inclusion is split and factors through Nat.p;, .

In [Klal3] we recalled the shuffle operations defined in [Lod89] and computed the
homology of Nat,,, in terms of infinite sums of shuffles of these. In this section we define
a split subcomplex of iplD([; |, [m2]) whose image under the map J.py, : iplD([;nt], [m2]) —
Nater,, ([mi], [me)) defined in Theorem 2.4 is quasi-isomorphic to Natgom ([mi], [me)). On
the level of complexes we give an even smaller subcomplex of iplD([t], [mz]) which has

trivial differential such that the map to Natgom ([mi]s [ma]) is @ quasi-isomorphism, too.

Definition 3.1. The subcomplex plDgom ([mi], [ma]) of pID4 ([mi]s [m2]) is spanned by all
looped diagrams (I', 1, -+ , ¥, ) such that I is a disjoint union of ng white vertices with
trees attached to it (i.e. leaves multiplied together and attached to the white vertex and
thus each irreducible loop goes once around the whole vertex) and ms labeled outgoing
leaves with trees attached to them. The complex iplDyom ([ms], [ma]) is given as above by

taking products over the type of diagrams as defined in Section 1.4.

Note that an element of type (¢1,--- ,t,,) corresponds to the i—th loop given by ~; =
(o, ,0) with o the loop going once around the vertex starting at the leaf 7. An example
N——
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3 Liny

FIGURE 25. An element in plDgonm ([4], [2]) of type (2,1,1,1)
of an element in plDyom (3], [3]) of type (2,1,1,1) is given in Figure 25 (where we label
the leaves corresponding to my and mg with subindices).

Example 3.2. We can describe the generators of plDy o, ([3], [§]) explicitly:

In degree zero it is generated by a family of elements sh™. The element sh™ of type
n is defined as (T, (o, -+ ,0)) where I' is the diagram with one white vertex and the leaf
attached to the start half-edge and o the loop going once around the vertex (i.e. we have
n irreducible loops around the vertex). For n = 0 we only have the underlying diagram,
representing the inclusion of the algebra. For an example see Figure 26(a).

The above elements have been defined using the type decomposition from Section 1.4
which we need to use if we want to take products over the elements. However, we saw that
we can rewrite them by ordinary elements in plD([}], [§]). Thus for n > 0, we define the
element A" to be the diagram in piD([}], [{]) looping around the white vertex n times (i.e.
the loop o*™ which is not irreducible) and thus A’ = sh”. These elements give us another
generating family of pID>°([}], [§]) and we will come back to them when explaining the
operations corresponding to these diagrams. An example is given in Figure 26(b).

For the degree one part of plDgom([3], [§]) we only give the generating family in terms
of the type decomposition: Recall from Figure 22(b) that the BV-operator is the looped
diagram with a unit at the start half-edge, one labeled incoming leaf attached to the white
vertex and a loop going once around from that leaf.

The elements B" of type n are defined as B o sh™, so they are given by the same graphs
as the BV-operator but have n irreducible loops going around (cf. Figure 26(c)).

&-

(a) The element sh? (b) The element \? (c) The element B?
FIGURE 26. General elements in pID([}], [§])

Lemma 3.3. All morphisms in iplDyy,, are composable and thus iplDygy,y is a dg-
category.

Proof. Tt is enough to check the claim on generators. Given a € plDgom([im], [m2]) of
type (t1,...,tn,) and b € plDgom([ma)s [my]) of type (t],...,t,,) we give conditions on
the type of the composition being non-zero. First, every irreducible loop of a becomes
an irreducible loop in the composition, i.e. the type of non-trivial elements in a o b is
bounded below by (t1,...,tn,).

In plDgom ([mi]s [ma]) we can rewrite every diagram as a diagram without loops together
with its type. In particular, in aob the underlying diagrams are of the form aoI” for IV the
underlying diagram of b. Assuming that the minimal non-trivial type of the composition
aobis (ui,...,up, ), we obtain that composition with (ly;+1 L -+ I Iy, +1 Hidy,) is
non-trivial (different underlying diagrams of the same type have different images under



32 ANGELA KLAMT

this composition). Thus J(b o a)(ul+17...7un1+1) is non-zero. However, we know that in
the composition (J(b) o J(a))i, - 1,,, one glues the summands of J(a)y, ... 1, onto terms
(1)1, jn, With Y7 ji = deg(a) + > _(l; — 1). For this to be non-zero, we need J(b)j, ... j,,
to be non-zero, which is only true if j; > ¢; for all . Thus we conclude that > ¢} <
> ji = deg(a) + > u; and hence for any type (uj--- ,up,) occurring in b o a we have
Yt —deg(a) < > u; and t; < w; for all i. This proves the lemma. O

There is an analog of Lemma 2.2 for commutative algebras:
Lemma 3.4. We have an isomorphism
C"(Gom(mi, —))(m2) = pIDgom ([, [mz))
and hence a weak equivalence
[T 2iDom Gyt uy s 2D 1 = ] = Nateom (7], [2]).
1o vy

It follows that the diagram

[T oy PPGom ([t +ma s ] 1 — S Nategom ([mi ], [ms])

|

v, g, PP Lot gy s b)) 1 — 23]

commutes.

Hence the dg-map Jep, @ iplD([i], [#2]) — Natep- (], [2]) restricts to a dg-map
Jgom Z‘pllD%om([rriﬁ]a [771;22]) - Nat(ﬁom([ﬁlﬂ’ [TTP-’LLQQ])

By Lemma 3.3 all morphisms in iplDg,,,, are composable and since J.r, and hence
also Jyom preserve the composition of composable objects, the map Jyo, is a natural
transformation of categories Jgopm, @ ipIDgom — Natgom.

Let my., ... r, be the [(O}n)]flooped diagram with the tree with n leaves labeled r1 to ry,
attached to the start half-edge, no other half-edges attached to the white vertex and a
loop going around the white vertex for each ¢. For n = 0 the diagram mgy only has a
unit at the start half-edge. Denote by m,, ... ,,, the [, fl’o)]flooped diagram consisting of
the tree with incoming leaves labeled by ry,-- -7, and one outgoing leaf. For m = 0 this
diagram only has one unlabeled half-edge which is the outgoing leaf (i.e. it is a unit).

Natepr ([mi]; )

1 A
7 1 4
o :
7
1 out
(a) The element sh? (b) The element B> (c) The element (d) The element
m1,4,6,7 m1,4,6,7

FIGURE 27. Building blocks of ];l\ﬁ(gom

Definition 3.5. The subcomplex ];l\l/)cpom([fﬁll], [m2]) of PIDgom ([ms]s [ma]) spanned by
elements x obtained as follows: Given

e a function f: {1, -+ ,n1 +mi} — {1, -+ ,na +ma};

e a tuple of integers (t1,--- ,tn,) (the type), with ¢; = 0 if f(i) > ng,

e a function s: f~1({1,--- ,n2}) — {0,1}
we define x = x9 o 1 as the composition of two looped diagrams z; and zs with z; €
pl,D(fom([TTrLlH? [mﬁjbl—c]) and z3 € plD(gom([ml"F(;’Ll—C]? [7?122]) for ¢ := |f_1({17 T 7n2})|‘
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e The element z1 = x} IT... 10 :c’f”ml is defined as the disjoint union of n; + my
elements with each one incoming leaf (such that we relabeled the leaf of the ith
element by ¢ for : < n; and j,,, for j =i —ng for ny <7 < my + ny after taking
disjoint union). These elements are defined as follows:

—If1<i<ng and
* if f(i) < ng then 2% € plDyom([d], [§]) is given by

;) shhioifs(i) =0
1'1 - t: .
B'  if s(i) = 1.
« if f(i) > mo and thus t; = 0, then 2% = id € pIDZ0 ([I],[{]), the
constant diagram with the incoming leaf glued to the outgoing leaf.

— Forni +1 §i§n1+m1. we have
x If f(i) < ng then 2} € plDgom([Y], [¢]) given by

) {sho if s(i) = 0
1

T =

BY if s(i) =
x If f() > ng then 28 =id € pZDCgom([ 1, 19).
Thus 7y =21 IT... 11 m’f1+m1 € pID([mi]; lmy+m1—c))-

e The element 2o € plD([mler,c] [m2]) multiplies the i—th incoming vertex onto the
outgoing vertex f(7) (and the incoming leaf onto f(¢) for i > ny). More precisely,
T2 = Myy-1(1)} Im... 11 M{f~1(ny)} Hm{ffl(nﬁl)} Im... Hm{ffl(nﬁm)}.
We define z}ﬁ)%om([%], [ma]) analogous to before by taking products over the type of
these elements.

An example of such an element in ﬁ%)om([%], 1) with t1 = 1, t2 = 2, f(1) = f(2) =

f(4) =1and f(3) =2, s(1) = s(3) =1 and s(2) = 0 is given in Figure 28. We have
T € plD‘Kom(g]? [:ﬂ) and x9 € pl,D‘Kom([Zﬂ? H])

L5 Lo
3
: L,
P
m1

) The element x1 (b) The element x2
2 2, |t 2 Ly

1 Lin, - 1 Lin,

my

(¢) The element x = x2 0 1

FIGURE 28. An element in ;;l\f)%m([%], i)

Since both elements 1 and z3 have trivial differential, the differential on the com-
plexes plDy, m([mils [m3]) and iplDe o, ([mi]; [m3]) 1s also trivial. Note moreover, that

ZplD‘w”om([ ] [ ]) Zplp‘fom([ ] [(1)])

We denote the further restriction of Jyop, to zpnggom(["l] ["2]) by Jgom. In [Klal3,
Section 2.3] we recalled Loday’s lambda and shuffle operations A* and sh* (cf. [Lod89])
and defined operations B* as the composition of the shuffle operations with Connes’
boundary operator and used the families sh* and B* to build general operations in
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Natgom ([mi], [m2])- Up to sign, the shuffle operations act on the Hochschild degree n
by taking all (p1,- -, pi)-shuffles in ¥,, with p; +---pr, = n and all p; > 1 and view these
as elements in ¥om(n+1,n+ 1) leaving the first element fixed. Using this combinatorial
description and recalling from Remark 2.5 how to read off operations of type k, it is not
hard to see that Jyop, sends the looped diagram sh* to the operation sh* € pID([}], [1])-
Both, as diagrams and as operations we can rewrite the family A\* in terms of the sh*
with the same coefficients occurring and hence see that jcgom also sends the diagrams
M* to the corresponding operations A* € pID([}], [i]). Hence this way we recover Lo-
day’s lambda operations. Since we have already seen that Connes’ boundary operator is
send to B under Jyom,, the same follows for the B¥. Moreover, the looped diagrams
and x9 constructed in Definition 3.5 are send to the operations z; and xo in Definition
[Kla13 Def. 3.3]. Therefore the complex spanned by the diagrams of type (t1,...,t,,) in
zpngom([ 1] [mz]) is mapped to the complex Ay, ... 4, as defined in [Klal3, Def. 3.3] and

thus Jgom(zplllgom([ ' mal)) = 11 A4, b, - In [Klal3, Theorem 3.4] we prove that the
inclusion of this complex into Natcgom([ﬁﬁ] [n2]) is a quasi-isomorphism, thus in terms of

looped diagrams the theorem can be restated as:

Theorem 3.6 ([Klal3, Theorem 3.4]). The map Jgom i a quasi-isomorphism, i.e.

Tgom + iDID o (i), [72]) = Natigom ([r], [#2])

and the left complex has trivial differential, thus on homology

H.(Jgom) : iPID o (s)s [72]) = He(Natgom (53], [72])-

Corollary 3.7. The inclusion iplDy,,, ([, mals [m2]) = iplDgom ([ms]s [m2]) is a quasi-isomorphism.

Proof. Since the differential does not contract a loop going around a whole vertex and

all loops are irreducible and of this kind and there is an isomorphism of chain complexes

plDf;(’);;l’tnl (], [92]) = plDegom ([, Y, )s [ma]) and similarly by the restriction of this iso-
t1,5tn T~

morphism we have pnglom Y] [m2]) = pIDg o ([, S, )s [m2]). Moreover, by Lemma

3.4 and the following constructions Nateom ([m, %, )s [m2)) = PIDgom ([, %n, ], [h2]) and

the map Jigom in this case is given by the embedding of pIDyym ([ %) [H2]) into this

mi+niy

complex. Since jgom is a quasi-isomorphism, the embedding

pZD%om([ml?i-nl]’ [7222]) - plD(gom([ml(—)‘rnlL [77322])

is a quasi-isomorphism and thus by the isomorphism of complexes stated above, so is

1, ,tn t1, tn
DD (], [92]) = pIDy " (], [w2))-

Since homology commutes with products, the map
——t1,ln t1, ,tn
T pDeon "Gl =TI piDg ™ (i), )
(tla . tn]_) (tly”' 9tn]_)

is an isomorphism on homology and thus the corollary is proven. O

Corollary 3.8. The map Jgom : tplDgomn — Natgom i a quasi-isomorphism of dg-
categories.

Proof. We have seen earlier that Jg,,, is a dg-functor. Thus we only need to show that it
is a quasi-isomorphism. By Theorem 3.6 and Corollary 3.7 the maps j:gom and iy, are
quasi-isomorphisms. Furthermore, Jgom, © tgom = jcgom and hence it follows that Jg,, is
a quasi-isomorphism for all morphism spaces. O



OPERATIONS ON Cx(A, A) FOR COMMUTATIVE FROBENIUS ALGEBRAS 35

4. THE SUSPENDED CACTI OPERAD AND ITS ACTION

ni

In this section we define a subcategory plD.2,(n1,n2) of piDZ°(['], [?]) and show that
it is quasi-isomorphic to a suspension of the cacti quasi-operad. We start with operadic
constructions and definitions.

4.1. Operadic constructions. First we give some operadic tools. We only consider
non-unital operads, i.e. operads indexed on the positive integral numbers. Furthermore,
sometimes we will have to work with quasi-operads. A quasi-operad fulfills the same
axioms as an operad beside associativity (for more details see [Kau05, Section 1]).

We work with (quasi-)operads in chain complexes, topological spaces and pointed topo-
logical spaces.

To switch between these, we need the following constructions:

Proposition 4.1. e For P an operad in topological spaces with all structure maps
proper, the level-wise one-point compactification P is an operad in pointed spaces
(cf. [AK13, Prop. 4.1]).
e Let P be an operad in topological spaces and I an operadic ideal. Define P/I in
level n to be the pointed space P(n)/I(n) with basepoint I1(n). Then P/I is an
operad n pointed spaces.

Next we define some operads used later on:

Definition 4.2. The open simplex operad D is the topological operad with D(n) =
A"l = {(s1,-++,8,) | 0 < 55 < 1,5 s; = 1} the open standard n — 1-simplex, with
Y.n—action given by permuting the coordinates and composition defined by
o : AF=1 x An—1 _y Antk=2
(tla"'tk) O; (Sl)"' 7571) - (817"‘ 3 Si—1, 54 'tl)"' y Si 'tkusi-i-l;"' 7Sn)'

The sphere operad Sph is the one-point compactification of D, i.e. Sph(n) = D(n)".

Note that the operad D is a retract of the scaling operad R~q defined in [Kau05, 5.1.1]
and given by R~o(n) = RZ;. The retraction from R~ to D sends a tuple (rq,...,r,) €
RZ, with R =) r; to (B,..., %) € e An-1,

The operads D and Sph have also been defined in [AK13] where they are denoted by
A?*l and 5, respectively. There, it is also mentioned that one can use the sphere operad
to define operadic suspension. To make this more precise, we recall:

Definition 4.3 ([LV12, Section 7.2.2]). The desuspension operad S~! is defined as the
endomorphism operad of s~!'K with s~! the shift operator, thus

S71(n) = hom((s'K)®", s7'K).
For a graded operad O its operadic desuspension is defined as
s10(n) =87 1(n) ® O(n),

as the Hadamard tensor product of operads (cf. [LV12, Section 5.3.3]). We define the

twisted desuspension operad S1= H,(Sph) the reduced homology of the sphere operad.
This operad equals S~!(n) as a graded Yn—module, but the signs in the composition
differ. We define the twisted operadic desuspension by

5710(n) = 8 H(n) @ O(n).

Defining the topological operadic desuspension of an operad P in pointed spaces as
Sph AP, on reduced homology one obtains H,(Sph A P) = 5L H,(P).
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4.2. The cacti-like diagrams. In this section we define the different kinds of looped
and Sullivan diagrams used later on.

Definition 4.4. An [(offl)]flooped diagram (I",y1, -+ ,79n,) belongs to plDcget(n1, n2) if
it fulfills the following properties:
e The white vertices in I' are not connected, i.e. I' is the disjoint union of no
commutative diagrams.
e The underlying commutative Sullivan diagram has a representation embeddable
into the plane.
e Every boundary segment of any white vertex in I' is part of exactly one loop ~;
and all these loops ~; are irreducible and positively oriented.
e If an arc component (i.e. the connected components after removing the white
vertex) has genus g (as a graph) there are exactly g constant loops attached to it.

This defines a complex, since by the irreducibility of the loops around the white vertex,
genus in the graph can only be created if a loop is contracted completely and thus there
is a constant loop belonging to the new genus.

Denote by plDSt,(n1,ny) the subcomplex of partly constant diagrams (i.e. at least one
of the loops is constant) which in particular contains all diagrams with genus in the arc
components by the last condition in the definition. Let plD;%t(nl, ny) be the subcategory
of pID>Y(["4], ['#]) given by the non-constant diagrams as introduced in Section 1.3. Since
the white vertices are not connected, all singular vertices must be loop covering and hence
by Corollary 1.19 we have an isomorphism of dg-categories

pID22,(n1,m2) = plDeger(n1,m2) /pIDEL, (n1, n2).

cact

cact

1
(a) T € pIDZ2,(3,1) (b) A different embedding of (¢) The corresponding cacti-
r like Sullivan diagram F'(I")

FIGURE 29. A looped diagram in plD2%,(3,1), the embedding used to
obtain a Sullivan diagram and the corresponding cacti-like Sullivan dia-

gram

By the description every diagram is a disjoint union of looped diagrams with at least
one incoming leaf and hence

plDCQCt(n17 n2) = H pchact(th 1) X X pchact(tnga 1)
f:{l,...,nl}—>{1,-~~,n2}
[ surj, ti=|f 1)

and similarly for pIDSt, (ny,n2) and pID2C, (n1,n2). Furthermore, the chain complexes

PlDeact(n, 1), pIDEL,(n, 1) and pID22,(n, 1) define non-unital dg-operads. An example of

cact cact
an element in plD.2,(3,1) is given in Figure 29(a).

Before we give an actual definition of the cacti operad, we define the complex of cacti-
like [l]-Sullivan diagrams:
Definition 4.5. A Sullivan diagram I' € [!] — Sullivan diagrams is cacti-like if

e it is embeddable into the plane,
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e the arc components have genus zero as graphs (i.e. viewed as CW-complexes they
are contractible),
e the diagram has exactly n boundary cycles, each labeled by a leaf.

In a first step, we show that on the level of diagrams we have a bijection:

Lemma 4.6. We have a bijection

n

<F7’Yl: T 7771) € plDCaCt(”u 1)

with K the map described at the end of Section 1.2 forgetting about the cyclic ordering at
the black vertices though remembering a loop for each boundary cycle.

K : {Cacti-like [}] — Sullivan diagrams} — { non-constant looped diagrams }

Proof. The map K has an inverse F’ which can be described as follows: After forgetting
the labeled leaves, for any looped diagram (I, y1, -+ , V) € plDeqet(n, 1) with no constant
loops the commutative Sullivan diagram I" can be uniquely (up to the equivalence relation
on Sullivan diagrams) embedded into the plane such that the last segment of the white
vertex is on the outside of the graph. To see so, one verifies that the data of a commutative
Sullivan diagram of degree d without genus in the arc components is equivalent to dividing
{0,---,d} into a disjoint union of subsets and connecting all elements of one subset by
an arc component. This becomes unique if the diagram was embeddable into the plane
before and if we glue onto an interval instead of a circle (which we do by the condition
that the last boundary segment lies outside the graph). To define the inverse map F', for
a looped diagram (I';y1, -+ ,¥n) € plDeaet(n, 1) we then choose the labeled leaves to be
inside the loop which starts at this leaf (this is possible since the loops do not overlap).
It is not hard to see that after forgetting the loops this embedding into the plane gives a
cacti-like [l]-Sullivan diagram. An example of the chosen embedding of the diagram in
Figure 29(a) and the corresponding cacti-like Sullivan diagram are shown in Figure 29.
By definition, the composition F' o K is the identity. In order to see that K o F' is the
identity too, one checks that every cacti-like [l]-Sullivan diagram can be embedded into
the plane such that the last segment of the white vertex is on the outside of the diagram.
Choosing this embedding and using the fact that F' is well-defined, i.e. independent of
the embedding, it follows directly that K o F' is the identity. (Il

4.3. The cacti operad. In this section we recall the definition of the (normalized) Cacti
operad with spines. The original definition goes back to Voronov in [Vor05]. For an
overview over different definitions of cacti see [Kau05]. We use the definition given in
[CV05, Section 2.2].

An element in Cacti(n) is given by a treelike configuration of n labeled circles with
positive circumferences ¢; such that ) ¢; = 1 (usually one uses the radii, but for our setup
working with the circumferences immediately is easier) together with the following data:
(1) A cyclic ordering at each intersection point, (2) the choice of a marked point on each
circle and (3) the choice of a global marked point on the whole configuration together
with a choice of a circle this point lies on. Treelike means that the dual graph of this
configuration, whose vertices correspond to the lobes and which has an edge whenever
two circles intersect, is a tree. In the normalized cacti Cacti!(n) all circles have the same
radius/circumference. This is only a quasi-operad, since associativity fails (cf. [Kau05,
Remark 2.9.19]).

In [LUXO08] it is shown that Cact can be equivalently defined using the space of chord
diagrams. To avoid even more notation, we apply the equivalence of Sullivan chord
diagrams and Sullivan diagrams as defined in Section 1.1 and give a description of Cacti'
and Cacti in these terms: Cact'(n) is a finite CW complex with cells AMM=1 5 ... x
ATr(M=1 for each T a cacti like [L]-Sullivan diagram whose boundary cycle belonging to

the i—th labeled incoming leaf consists of fr(i) pieces. Thus the t{, . ’t;r(j) give the
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FIGURE 30. Three different representations of the same element in Cacti'(4)

lengths of the pieces of a lobe starting at the spine (marked point) of the lobe. Hence we
have an isomorphism

Cactil(n) = U Aff‘(l)_l X oo X Afr(n)—l

FE[}l]fSullivan diagrams, cacti- like

where A™ is the standard simplex. The correspondence is shown in Figure 30, where we
have drawn an element in Cacti'(4) first as an ordinary cactus, then as a Sullivan chord
diagram with the corresponding arc lengths in Al x A x A% x A! (i.e. the description
corresponding to [LUXO08]) and then in terms of the definition given in the lines above
(Sullivan diagram with arc lengths in Al x Al x A% x A1),

The attaching maps identify an element (T, ((1,... ’?}r(l)?’ PN (2 ?F(n)))) with
one of the ¢/ = 0 with the pair (I, ((¢,... ,t}r(l)), st ,t?r(n)))) where t] is
omitted and T" is the Sullivan diagram where the i—th boundary segment belonging to
the boundary cycle labeled by the j—th leaf is contracted. In Figure 31 we have given an
example, where in the left representative the length ¢3 (so the last length belonging to the
boundary cycle labeled by the leaf 3) equals zero and in the right representative the last
segment of the boundary cycle of the diagram (which in this case is the first boundary
segment belonging to white vertex) got contracted.

FIGURE 31. The gluing relation in Cacti'(4)

As a space, we have Cacti(n) = Cacti'(n) x A" where the extra parameters specify
the lengths of the loops. So we get

Cacti(n) = U AT=1 o o AfP(R)=1 o An—1
FE[}l]—Sullivan diagrams, cacti- like

and the equivalence relation coming from the one in Cacti'(n).
By [Kau05, Cor. 5.2.3] the homology of the quasi-operad Cacti® is equivalent to the
homology of Cacti as a graded operad. As announced in [Vor05, Theorem 2.3] (see
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[Kau05, Theorem 5.3.6] for a complete proof), the cacti operad is homotopy equivalent to
the framed little disc operad, and by [Get94] the singular homology of the framed little
disc operad is isomorphic as an algebraic operad to the BV-operad. Thus,

H,(Cacti') = BV
as an equivalence of graded operads.

4.4. Result and proof. Now we have given enough definitions to state the main theorem
of the section:

>0

i, 1) is a chain model for the twisted operadic desus-

Theorem 4.7. The complex plD
pended BV-operad, i.e.
H.(plD22,(—,1)) =25 'BV

cact
as graded operads.

Before we prove the theorem, we first want to point out the consequence for the oper-
ations on Hochschild homology:

Corollary 4.8. There is a non-trivial desuspended BV-algebra structure on the Hochschild
homology of a commutative cocommutative open Frobenius dg-algebra (in particular on the
Hochschild homology of a commutative Frobenius dg-algebra) which comes from an action
of a chain model of the suspended Cacti operad on the Hochschild chains.

More precisely, the product is the product given by the action of the looped diagram
shown in Figure 23 and the BV-operator is trivial on Hochschild degree zero and the ordi-
nary BV-operator on all other degrees. Spelling out the product explicitly, one sees that
this BV-structure agrees with the BV-structure on the Hochschild homology of positive
Hochschild degree given in [Abb13a, Section 7] and [Abb13b, Section 6].

To avoid introducing more notation, we write plDeger(n,1)e and plDSL, (n,1)e for
the associated simplicial sets of the chain complexes (where we allow unlabeled incom-
ing leaves at any point of the white vertex, cf. the proof of Lemma 1.5) and take
their geometric realization. We define an operad structure on this space and show
that on homology we have an isomorphism of operads Hi (plDeact(—,1)/pIDEE(—,1)) =
H.([pDeact(— Dal  [PIDEL (—, 1))a]):

Write Xo = plDeact(—,1)e. We first explain why we do not need to care about de-
generate simplices (i.e. diagrams with unlabeled leaves attached to the white vertex at
other positions than the start half-edge). Denote the non-degenerate part by Xu°" %,
Since the boundary of a non-degenerate element in X, is non-degenerate, the simplicial

. o —d
realization is the realization of X¢°" ¢%9

Xl =TT < A/ ~
k

as a semi-simplicial set, i.e.

with (z,8%) ~ (d;z,y).

So an element in the geometric realization is an equivalence class of a looped diagram
together with an assignment of lengths to each piece of the white vertex. Thus a point in
the geometric realization is a diagram where we consider the white vertex as a circle of
length one up to the equivalence relation of rescaling and sliding the arc components. For
composing y onto the i—th loop of z we assume that the boundary segment belonging to
the i—th loop of = have lengths (s1,...,s,). Then composition onto the i—th loop rescales
the white vertex of y to lengths > s; and glues the diagram into these pieces gluing the
start half-edge onto the labeled leaf and considering the arc components to have lengths
zero. This is similar to the gluing in the arc complex and fat graph considered in [Pen87],
[KLPO03] and others. An example of such a composition is shown in Figure 32, where we
glue an element in [plDeqact (2, 1)e| onto the second loop of an element in |plDeget (3, 1)e| and
thus obtain an element in |plDeqct(4,1)e|. We have written the lengths of the boundary
segments of the white vertices next to the vertex in the picture. To stay with the notation
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we use in operads we write y o; x if we glue y onto the i—th loop of x (i.e. we switch the
order against the ordinary gluing in the chain complex of looped diagrams).

FIGURE 32. An example of the composition in |plDeqet(—, 1)e|, gluing the
left element onto the second (blue) loop of the right one

Lemma 4.9. With the above operad structure on plDeget(—, 1), we obtain an isomorphism
of operads

H.(plDeact(—,1) /pIDioer (=, 1)) = Hu(|plDeact(—, 1al, [PIDEe (=, 1))a ).

Proof. Given a simplicial set X,, we have an isomorphism of chain complexes C(X,) =
CE" (|X,]) where C, denotes the normalized chains whereas C¢" stands for the cel-
lular chains of a complex. In our situation this induces isomorphisms plDc4et(n,1) =
O (|plDeact (2, 1)a]) and pIDgL, (n, 1) = W (IpIDgL, (n, 1)a]). Since the operadic com-
position on the geometric reahzatlon is a cellular map we get an induced composition on
the cellular complexes. Hence we only have to check that on homology the composition
commutes with the isomorphisms.

A diagram = € plDeget(n, 1) of degree k is mapped to the cell given by the z x Ak,
Given a cell z x A* and a cell y x Al with the i-th loop of y non-constant, gluing = x A*
onto the i-th loop of y x Al we obtain the union of the A¥*! cells which one gets by
gluing the diagram y onto the diagram z in all possible ways. The signs come from the
orientation of the cells. By the definition the complex z € plDSL,(n, 1) gets mapped to
the cells belonging to the operad |piD%L,(—,1))|. Since both are operadic ideals, we get
the wished isomorphism on homology. O

Lemma 4.10. We have a homeomorphism of opemds in pointed spaces
[PIDeact(—, 1)a| / |PID5ot; (=, 1)a| = Cacti®
where Cacti® is the one-point compactzﬁcatzon of the cacti operad.

We do not see an easy proof of the fact that the structure maps in Cacti are proper
and hence that the structure maps in Cacti¢ are continuous. However, proving the home-
omorphism in the above statement and checking that it preserves the obvious structure
maps then implies the continuity of these maps.

Proof. Note that [plDSst,(n,1)s| is a closed subspace of the compact space [plDegct(n, 1)
(which is the realization of a finite simplicial set). It is a point set topological exercise that
when given a compact space X with a closed subspace X', the one-point compactification
of X\ X’ (the complement of X’ in X) is homeomorphic to X/X’. Hence proving a
homeomorphism

[PIDeact(n; 1)s| \ [pIDS; (1, 1)a| = Cacti

C

induces a homeomorphism

‘pchact(_a 1)o| / ‘plDCSt ) ‘ = CCLCtZ

cact
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which sends |plDSL (—,1)s| to the point at infinity of Cacti®.

Take (z,y) with = (T, v1, - ,Yn) € plDeact(—, 1) and y = (sg,- -+ ,sk) € A" such
that [(z,9)] € |plDeact(n, 1)e|\ [pIDSE,(n,1)a|. This is equivalent to assuming that
is non-constant and that in y not all of the s; belonging to the same loop in z are
zero. More precisely, for F'(z) the corresponding cacti-like Sullivan diagram defined in
Lemma 4.6 and fr the map which counts how many of the boundary components of
the white vertex belong to each boundary cycle, we reorder and relabel (sg,--- ,sk) to
(th,... ’t}‘pm(l)’ ... ’t?p(r)(n)>' Then the assumption on y is equivalent to B; =3 t} +
0 for all <.

We send the pair (z,y) to

/1 ty m tn
(. ey o )
Rl’ ) Rl ) 9 Rn’ ) Rn

lying in Cacti(n) in the “cell” belonging to F'(I'). Away from the boundary the coordinates
of the simplex (i.e. the s;) just give us the lengths of the pieces of the arc of a cacti.
The map is well-defined, since the equivalence relation given by the geometric realiza-
tion (contracting a piece of the boundary is equivalent to setting the corresponding t?
zero) is the same equivalence relation as we have on cacti.
We next construct an inverse. Given

((t1,- ,t}r(l),t%, o ty)s (B, Ry)) € ATM=1 s Afr(m=1 o An—t

), (R1,...,Ry)) € AtM=1u o Afr() =15 An—1

in the “cell” corresponding to a cacti-like Sullivan diagram I, it is mapped to
[(K(T), (Ry-#1,-++ Ry -t} 1y, Ra - 11, o, By ()] € [PIDeact(n, 1)a] -

It is not hard to check that this map is an inverse to the first one. Moreover, both maps
are continuous, hence we have constructed the asked homeomorphism.

Because of the way we defined the maps, it is also clear that composition is preserved
on [plDeqct(n, 1)a| \ |[PIDEE, (1, 1)s|. Composition on [plDeact(n, 1)e] / [pIDSE, (0, 1)e | sends
everything containing the basepoint to the basepoint and hence agrees with the compo-
sition of the one-point compactification.

|

The next step of the proof goes along the lines of [Kau05, Section 5]. We first need to
define two further operads, one given by a semi-direct product and the analog given by
the semi-direct smash product.

Recall the simplex operad D with D(n) = A"l Let D x Cacti! be the operad with
(D x Cactil)(n) = D(n) x Cacti'(n) with diagonal ¥, —action and the composition which
for (d,c) € D(n) x Cactil(n) and (d',c') € D(k) x Cactil(k) is defined by

(d,c)o; (d',¢) = (dojd,cof ¢)

with ¢ o ¢ computed via the following procedure: Write d’ = (dy, - - - ,d) and rescale ¢
by d’, i.e. scale the j—th lobe by d;. Then we glue ¢’ into the i-th lobe of ¢ and rescale
all lobes back to length 1. A more general theory of the semi-direct product of operads
can be found in [Kau05, Section 1.3].

Similarly, we define the operad Sph A Cactil with pointed spaces (Sph A Cactil)(n) =
Sph(n) A Cactil (n), where Cactil (n) is the space Cacti'(n) with added disjoint base-
point. The composition is defined by

(dAc)o; (dNc)y=(do;d) A (c ;? )
with
~ {* if any of ¢, ¢ or d is the base point

!/
cof ¢ else.
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On the level of spaces we have
(D(n) x Cacti'(n))® = D(n)° A Cacti*(n)¢ = Sph(n) A Cactil (n)

since Cacti'(n) is a finite CW-complex and hence compact, i.e. its one-point compact-
ification just adds a disjoint basepoint. We defined the operad structures exactly such
that

X
N C ~ -1
(D x Cacti')® = Sph A Cactil.

Rewriting the first part of [Kau05, Theorem 5.2.2] in terms of the simplex operad, we
have:

Lemma 4.11. There is a homeomorphism of operads
Cacti = D x Cactil
and hence
Cacti® = (D x Cacti*)¢ = Sph A Cacti .

As the last step, we need the analog of the second part [Kau05, Theorem 5.2.2], which
is the analog of the comparison between loops and Moore loops:

Lemma 4.12. There is a homotopy equivalence of pointed quasi-operads

Sph A C’acti}r ~ Sph A C’acti}r.

Proof. Completely similar to [Kau05], the perturbed and unperturbed multiplications are
homotopic. Choosing a line segment from d’ € A*~! to the midpoint of the simplex
(1/k,...,1/k) and denoting the corresponding path dj, the homotopy for the pointed
quasi-operad composition is defined by

(d,c)o; (d,c)=(do;d,c ojt )
where we rescale ¢’ by d. O
Now we are able to prove the main proposition of the section:

Proof of Theorem 4.7. Collecting all the homeomorphisms and homotopy equivalences of
(quasi-)operads shown in this section, we get the following isomorphism of operads,

H, (plD e (— 1))gH(pl’Dcact(_al)/plDf:Zit( 1)

H([plDeact(—, 1), [PIDiger(—, 1))
=H (’pchact ‘/‘plpggtct ) ))-‘)
~ [, (Cacti€)
=~ [1,(Sph A Cactil,)

=~ H,(Sph A Cactil )
~ S~ ® H,(Cacti)

where the last step is the Kuenneth morphism H,(X) ® H,(Y) — H,(X AY) which is

an isomorphism since H, (X) is free in the case considered here. Moreover, the Kuenneth
morphism is a symmetric monoidal functor and thus preserves the operad structure.
Since H,(Cacti) is the BV operad, the isomorphism of operads

H.(pID2(—,1)) =S '@ BV
follows. O
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In the two tables below we give an overview over all the complexes defined in the paper.
Table 1 gives the basic definitions of the complexes and Table 2 applies constructions to
complexes € from the first table.

pchact (nl ’ n2)

tices of I' connected, I' is embed-
dable into the plane, all loops ir-
reducible, every bound. segm. of
white vert. is part of exactly one
loop, one constant loop per genus

€ Name (if | Description of generators z = | Place
given) Loy, smy) €F defined
in  the
paper
. looped dia- | I' a commutative Sullivan diagram | Def. 1.8
D ([ [ma)) grams with ni1 + m1 + ms labeled leaves
and ni loops starting at the first n;—
labeled leaves
. looped dia- | x € ID([;m], [m2]) such that every | Def. 1.9
D4 ([mh], [m3)) grams with | connected component contains at
positive bound- | least one white vertex or one of the
ary condition | mo last labeled leaves
S positively ori- | x € ID([mL], [m2]) (or D4 ([my]s [ma])s | Def.
plD([m}l], [m%])7 ented  looped | resp.) such that all loops are posi- | 1.10
PID(lma, [m3)) diagrams (with | tively oriented
positive bound-
ary condition)
I x € plD([;'], [mi]) such that each | Def.
PUDstart([m} ], lma]) loop ~; consists of exactly one | 1.23
boundary segment of a white vertex
which is the first boundary segment
of that white vertex
w11 i z € plDi([;mt], [m3]) such that T' is | Def. 3.1
PIDgom ([mil; [m3]) a disjoint union of no white vertices
with trees attached to it and mq la-
beled outgoing leaves with trees at-
tached to them
- z € plDgom([my]s [ma]) built via a | Def. 3.5
PIDg o ([mh]; [ma)) specific procedure described in Def.
3.5
x € plDL(['¢],['¢]), all white ver- | Def. 4.4

TABLE 1. Definitions of the (sub)complexes of [D
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9 Com- | Name Definition of x € & Place
plex? de-
fined
in the
paper
G Yes the degree of a looped diagram | Def.
(F,(fyll,...,fy?>,...,<’y%,...,’y%")) is| 1.12
shifted by —d - x(T, Oput)
¢t | No irreducible = (0, (v, i), (7, oY) | Def,
looped dia- | (for the notation cf. Section 1.4) such | 1.20
grams of type | that all the loops 7/ are irreducible
(t17' T 7tn1)
¢St Yes partly constant | x € €' "1 with at least one t; = 0 | Def.
diagrams (spanned by those z = (I',y1,- -+ ,Yn,) | 1.13
with one of the v; constant)
€= Yes non-constant | x € €1t with all ¢; > 0 (split com- | Def.
diagrams plement of ¢°!) 1.16
i€ Yes Products of | 9 = ch_._ oy ¢"oltna e, infinite | Def.
irreducible sums of elements, in general composi- | 1.21
looped dia- | tion is not well-defined
grams
TABLE 2. Constructions applied to complexes € C ID([;nt], [m2])
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NATURAL OPERATIONS ON THE HIGHER HOCHSCHILD
HOMOLOGY OF COMMUTATIVE ALGEBRAS

ANGELA KLAMT

ABSTRACT. We give the definition of higher (co)Hochschild homology of dg-functors in
the sense of Pirashvili and define their formal operations in the sense of Wahl, which give
a complex of operations on the higher Hochschild homology of commutative algebras.
In certain cases we obtain smaller models of the operations and identify them with the
dual of the chains on the mapping space of simplicial sets.

INTRODUCTION

Given a simplicial set X, and a commutative algebra A one can associate to this data
a chain complex CHx, (A), the higher Hochschild complex of A with respect to X defined
in [Pir00], where the classical Hochschild complex is the one associated to the standard
simplicial decomposition of the circle. In this paper, we are interested in the chain complex
of natural operations on the higher Hochschild complex of given types of algebras such
as commutative algebras, Poisson algebras or commutative Frobenius algebras. Following
the approach of [Wahl2], we approximate this chain complex by a complex of formal
operations which we identify in certain cases. Our methods differ from [Wahl12] in that
we only work with strictly associative algebras. This allows us to use simplicial techniques
to give easier proofs of many results in [Wah12] in the case of strictly associative algebras.

Let € be a commutative PROP, i.e. a symmetric monoidal dg-category with objects the
natural numbers equipped with a symmetric monoidal dg-functor i : ¥om — £ which is
the identity on objects (where €om is the commutative PROP which is the Z-linearization
of the category of finite ordinals). An £-algebra is a strong symmetric monoidal functor
® : £ — Ch. Let X, be a simplicial finite set. The higher Hochschild complex of & with
respect to X, (in the sense of [Pir00]) denoted by C'Hx, (®(1)) is the total complex of
a simplicial chain complex which in simplicial degree k is given by ®(1)®1Xkl where | X|
denotes the cardinality of the set X;. The boundary maps are induced by the boundary
maps of the simplicial set. Similarly, one can define the higher Hochschild homology for
any dg-functor ® : £ — Ch (not necessary strong symmetric monoidal) by taking the
total complex of the simplicial chain complex with simplicial degree k equal to ®(| Xx|).
Again, the boundaries are induced by the boundary maps of X, which act on ® via the
functor ¢ : ¥om — £ (see Definition 2.3). This defines a functor

Cx,(=): Fun(&,Ch) — Ch

and the construction can be extended to arbitrary simplicial sets using homotopy colim-
its. When restricted to strong symmetric monoidal functors, Cx, (®) is isomorphic to the
higher Hochschild complex CHx, (®(1)). On the other hand the higher Hochschild con-
struction can be defined via an enriched tensor product which then, working in the model
category of topological spaces instead of chain complexes looks similar to the definition
of topological Chiral homology.

In the first part of this paper we work in the category of chain complexes and are
interested in the natural transformations of the (iterated) higher Hochschild homology
of £-algebras with respect to simplicial sets X, and Y, denoted by Nat?(X.,Y.) =
Hom(CHx,(—),CHy,(—)). We define the complex of formal operations as the com-

plex Natg (X, Ye) = Hom(Cx, (—),Cy,(—)), i.e. we test on all functors and not only on
1
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the strong symmetric monoidal ones. Hence, there is a restriction from Natg(X,, Ys) to
Natg (X, Ys). Analogously to [Wah12, Theorem 2.9] we give conditions on the PROP
implying that the restriction is injective/surjective/a quasi-isomorphism (see Theorem
3.4).

The higher Hochschild complex is invariant under quasi-isomorphisms of functors and
quasi-isomorphic to its reduced version (see Section 2.2). It actually can be defined as a
functor Cx, (®)(—) : Ch — Ch and so we can consider the iterated Hochschild complex.
We show that for two simplicial sets X, and X/ there is a quasi-isomorphism between
Cx,(Cx;(®)) and Cx, 11x;(®) (see Theorem 2.13) and so the general case is covered (up
to quasi-isomorphism) by taking the higher Hochschild complex once.

We similarly define the higher coHochschild complex Dy, (®) of a coalgebra (see Def-
inition 2.4) and in general of dg-functors ¥ : £ — Ch. The formal operations between
these are defined as Nat2 (X,,Y,) := Hom(Dx, (—), Dy, (—)). Our first technical theorem
connects the two complexes of formal operations to a third more computable complex:

Theorem A (Theorem 3.2 and Theorem 3.6). For any commutative PROP £ and sim-
plicial sets X, and Y, there are isomorphisms of chain complexes

Natg(Xe,Ys) = Dx, (Cy, (E(—, —))) = Natg (Ye, Xo).

For ordinary Hochschild homology this has been proved by Wahl in [Wah12, Theorem
2.1].

In the second part of the paper we consider the case £ = ¥om. Under two types
of conditions on X, and Y, we identify the complex Naty o, (Xe, Ye) with other, better
known complexes.

First, working over a field F, for X, arbitrary and Y, a simplicial set that is weakly
equivalent to a simplicial finite set, a quasi-isomorphism of functors C*(Y,*7) ~ A®~ :
% om — Ch induces a quasi-isomorphism

Natgom(Xe, Ye) ~ CHyx,(A)*

(see Proposition 4.2). In particular if Q C F, the deRham algebra Q°(Y,;F) fulfills this
property (see Appendix A) and therefore

Natgom(Xe, Ya) = CHy, (Q°(Ya; F))*.

Our second computation of Natgem (X, Ys) is when the dimension of the simplicial
set X, is smaller than the connectivity of Y,. Using Bousfield’s spectral sequence (see
[Bou87]), we get a quasi-isomorphism between Naty o, (Xe, Ye) and the simplicial chains
on the topological mapping space homyoy, (| Xe|, |Ye|). We show moreover, that this quasi-
isomorphism preserves some extra structure close to a comultiplication:

Theorem B (See Theorem 4.11). For an arbitrary simplicial set Y, and a finite simplicial
set Xo such that dim(X,) < Conn(Y,), there is weak equivalence

O (Homrop(|Xal, [Ya])) = Natgom(Xa, Ya).

If we take homology with coefficients in a field F, the comultiplication on the homology
H,(Natgom (X, Ye); IF) induced by the one on H,(Homrop(| Xel,|Ye|); F) commutes with
restriction to the filtration of Nat, i.e.

H,(Natgom(Xe, Ye); F) —— H,(Natgom(Xe, Yo ); F) ® Hy(Natyom (Xe, Ye); F)

H,(Nat?™(X,,Y,); F) H,(Nat™(X,,Y,);F) ® H.(Nat™ (X, Ys); F)
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and
H,(Natgom(Xe, Ye); F) —— H,(Natyom(Xe, Ye); F) @ Hy(Natyom(Xe, Ye); F)
| |
H.(Nat?™ (X, Ya): F " 228 (Nat™ L (X, Ya): F) @ H.(Nat™ (Xa, Ya): F)
commute.

Here, Nat™(X,, Ys) is the filtration of Naty ey, (Xe, Ye) by its cosimplicial degree. The
families of maps Ag,, : Nat?™(X,,Y,) — Nat™(X,,Y,) ® Nat™(X,,Y,) and Ag, 1 :
Na‘chJrl(X.7 Y,) — Natm‘H(X., Y,) ® Nat"(X,, Ys) come from a comultiplication on the
cosimplicial simplicial abelian group underlying Nate o (X, Ys).

The proof of Theorem B is similar to the proof of [PT03, Theorem 2] and [GTZ10a,
Proposition 2.4.2] but since we are in a kind of dual situation and we do not know a
reference for the theorem in this situation, we need to check the compatibility of the
maps again.

The last part of the paper is an attempt to carry over the techniques to a much broader
generality. We work with .# the monoidal model category of chain complexes (with the
projective model structure) or topological spaces (with the mixed model structure) and €
a small category enriched over .#. We define the Hochschild construction of an enriched
functor ® : £ — .# with respect to an enriched functor A : £ — Ch as a specific
model for the derived tensor product. More explicitly, for chain complexes and a functor
A : & — Ch with an h—projective replacement By — A (see Def. 5.2) we define

Ca(®) = @ Ba

and similarly the coHochschild construction as
D4(¥) = homgor(By, V).

In particular the condition of being an h-projective resolution implies that Cy(—) is a
model of the left derived functor of ®® A and D 4(—) a model of the right derived functor
&

of homgop (A, —). Hence for any dg-category & with a map &€ — &', the Hochschild
construction defines a functor Cy(—) : Fun(€’,Ch) — Ch and given A, A" : & — Ch
we can define the formal transformations Nate/(A, A’) as all transformations of these
functors. We can prove more general versions of Theorem A and in particular deduce:

Corollary C (see Cor. 5.15 ). Let £ and £’ be small categories cofibrantly enriched over
Ch together with a functor & — £’ and let A, A’ : £% — Ch be two enriched functors.
Then

Natg/(A, A,) ~ DACA/(((;,(*, *))

The paper is organized as follows: In Section 1 we fix notations and conventions on
(double) chain complexes and simplicial sets. More details are given in Appendix B,
which we will refer to if needed. In Section 2.1 we give the definitions of the higher
Hochschild and coHochschild complexes which are the main subject of the paper. In
Section 2.2 we establish basic properties of these using the simplicial structure given in
our situation. In Section 2.3 we show that the iterated higher (co)Hochschild complex
up to quasi-isomorphism is covered by the single one by applying it with respect to the
disjoint union of simplicial sets. In Section 3 we define the formal operations of the
(co)Hochschild construction and state Theorem A. We also explain the connection to
monoidal functors and define the Ay, and Asg,,4+1 maps which are used in Theorem B. In
Section 4 we fix the commutative PROP and state examples where the formal operations
can be identified with the dual of the higher Hochschild complex of some algebra. The
proof of the examples is given in Appendix A. Finally, in the last part of this section
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we establish the details from [Bou87] to give a proof of Theorem B. Section 5 deals
with the more general setup in monoidal model categories. In Section 5.2 we define the
(co)Hochschild complex in chain complexes and topological spaces and state the analog
of Theorem A for general dg-categories. In Section 5.4.1 we explain how to see higher
Hochschild homology in this more general setup and how to deduce Theorem A from the
more general theorems given before.
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discussions, questions and comments. I would also like to thank Grégory Ginot and
Dustin Clausen for fruitful discussions. The author was supported by the Danish National
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1. HOMOLOGICAL ALGEBRA SETUP

1.1. Chain complexes and double complexes. Throughout this paper we will use
chain and double chain complexes as dg-categories. In this section we give the sign
conventions and notations used later on.

Notation 1.1 (Sign Conventions). In this paper Ch means the category of Z-graded
chain complexes over Z, unless otherwise specified. For two chain complexes A, and B,
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we fix the differential on Ay ® B; to be da ® id + (—1)¥id ® dg. A dg-category € is a
category enriched over Ch, i.e. it has morphism spaces % (a, b) which are chain complexes
together with chain maps k — %(a,a) and €(a,b) ® €(b,c) — €(a,c) which fulfill the
unit and associativity conditions. Note that by this convention postcomposition with
morphisms acts from the right. For an abelian category <7 the dg-category Ch(«7) has
chain complexes C, in & as objects. A morphism f of degree k in Ch(Cj, D,) is a
family of maps (f,) : Cp = Dpyp in &/, The differential on Ch(Cy, D) is defined as
d(f)i = (=1)(dpo fi— fi_10dc) : C; — Djyq_1 (note that by the convention of functions
acting from the right the sign differs from the usual one). For o/ the category of abelian
groups, we define the dual (A.)* := Ch(A,,Z) with Z the trivial complex concentrated
in degree 0. For an element f € A}, ie. f; =0 for i # k, one gets d(f); =0 for i # k + 1
and d(f) = (-1 f o dy.

A map f : Cy — D, in Ch(«) is called a chain map if it is a degree zero cycle
in Ch(Cy, Dy). A chain map is a quasi-isomorphism if it induces an isomorphism on
homology. Two chain maps f,g : C. — D, are chain homotopic if there is a degree one
map s € Ch(Cy, D,); such that dos+sod = f —g. A chain map f : C, — D, is a chain
homotopy equivalence if there exists a map g : D, — C, such that fog and go f are
homotopic to the identity of D, and C,, respectively.

For a dg-category % a dg-functor ® : ¥ — Ch is an enriched functor, i.e. the structure
maps

¢ : P(a) @ €(a,b) — &(b)

are chain maps.

Notation 1.2. A double chain complex C, , is for each p,q an abelian group C,, with
maps dp, : Cpq = Cp_1,4 and d,, : Cp g — Cp 4—1 such that dj ody, =0, d, od, = 0 and
dp od, = d, ody. By this, a double chain complex can be viewed as a chain complex
of chain complexes in two ways: The first one has in each degree p the chain complex
B, = Cp« (i.e. the differential dj, : B, — Bj,_1 is the horizontal one). The second one
has in degree ¢ the chain complex D, = C, 4 and the differential is the vertical one.

These two ways of seeing double chain complexes as objects in the abelian category of
chain complexes induce two structures of a dg-category on the category of double chain
complexes.

More precisely, we define the dg-category d Ch" to have as objects double chain com-
plexes Ci . A morphism of degree k in dChh(CM,D*’*) isamap f: Cix = Digpn
which is a chain map with respect to d, (i.e. d, o f = fod,). The differential of f is
given by dh(f)p,q = (_1>p(d% © fpq = fp-1,4° d}cl')

Similarly, the category d Ch" is the category with the same objects but inheriting the en-
riched structure with respect to the vertical differential. An element f € d Ch¥(C\ «, Dy )
isamap f : Cyxx — Dy +yp which is a chain map with respect to dj, and has differential
d*(f)p.q = (=1)Udp © fpq = fpg-1°dE)-

Chain maps of double chain complexes, i.e. maps of degree zero commuting with both
differentials, are precisely the degree zero cycles of the morphism complexes of either
category.

We want to define the total complex of a double complex such that it gives a dg-functor
dCh” — Ch. This is done as follows: For a double complex C,,, define TotI1(C) to be
the product double complexr with

Totll(C) = [] Coq
ptg=n
and the direct sum double complex

Tot®(C)n = @D Cpg

ptq=n
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both with differential d, , = d;’ + (=1)Pdy. Note that for a first or third quadrant double
complex both complexes agree.

We define sTot!1(C') and sTot®(C) to be the switched double complezes with the role of
the horizontal and vertical direction switched. As an abelian group sTotl1(C)) = TotI1(C)
and sTot®(C) = Tot®(C) but the differentials are dj, g = (—1)%d +d?. In both cases, the
switched and unswitched complex are isomorphic via the isomorphism

(1.1) x € Cpq, x— (—1)Pa.
For f € dCh"(Cyx, Dy ) of degree |f| (i.e. fpq: Cpq — Dpgyip) and x € Cpy we
define(Tot(f)(2))pg = foq(Tpq) and sTot(f)(x) = (~1)¥Pf(z) for both the product and

the direct sum total complexes. With these definitions both functors are dg-functors
dCh” — Ch (see Proposition B.1).

For a double complex C), ; we define its filtration by columns as

Fo=] Cpa

p<s

For a right half plane (first and fourth quadrant) double complex, the product becomes
a direct sum, whereas for a left half plane (second and third quadrant) double complex
it can be non-finite. This filtration yields the spectral sequence of double complexes (see
Appendix B.3). The spectral sequence of a right half plane double complex converges
to the direct sum total complex, the one of a left half plane double complex converges
conditionally to the product total complex. We show that this implies that for C), , and
D, , both either right or left half plane double complexes and a chain map f : C, ; — D, 4
which is a quasi-isomorphism in d Ch” (i.e. a quasi-isomorphism with homology taken in
the vertical direction), f induces a quasi-isomorphism of their direct sum or product
complexes, respectively (see Corollary B.12). If on the other hand f : C,, — D, is
a quasi-isomorphism in d Ch” (i.e. in the category with the horizontal differential) the
spectral sequence argument used in the previous case does not work. However, if f is
a chain homotopy equivalence in d Ch” it still induces a quasi-isomorphism of the direct
sum or product total complexes, respectively (see Corollary B.14).

1.2. Simplicial sets. In this section we recall the sign conventions and notation for
(co)simplicial sets.

Denote by A the simplex category with objects totally ordered finite sets and mor-
phisms order preserving maps. Let &/ be an abelian category. A simplicial object Ao in
o/ is a functor A, : A’ — of. We denote the boundary maps by d; and the degeneracy
maps ;.

The chain complex Cy(As) € Ch(4) is given by Ay in the k-th degree and differential
d=3so(=1)"di.

Definition 1.3 (cf. [Wei95, Chapter 8.3]). The normalized chain compler N.(Al) €
Ch(«) is defined to be
n—1
Nn(A) = ﬂ ker(di : Ap — Ap_1).
i=0
The degenerate subcomplex D, (A) is given by

D, (A,) = U im(s;).

A cosimplicial object B® in an abelian category .27 is a functor B® : A — /. We denote
the boundary maps by d’ and the degeneracy maps s’. The cochain complex C*(B®) €
coCh(«7) is given by B¥ in the k-th degree and it has differential d = Z?:Ol(—l)”kdi.
By our sign conventions in Notation 1.1, given a simplicial abelian group A, with dual
cosimplicial abelian (Ae)*, we get C*((Ae)*) = (C_«(A4s))*.
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For a simplicial set X, we write Cy(X,) for the chain complex given by the chain
complex associated to the linearization of X,, i.e. Ci(X,) := C.(Z[X,]). Since this
linearization is never applied to simplicial abelian groups, we use the same notation in
both cases.

Definition 1.4. The normalized cochain complex N*(B®) € coCh(</) is given by
n—1 '
N"(B®) = ﬂ ker(s': B® — B™™ 1),
i=0

The degenerate subcomplex D*(B®) is defined to be
D"(B®) = | Jim(dy).
Notation 1.5. We define the reduced Moore complex C, of a simplicial object A, as
C.(A) := Ci(As)/Dy(As)
and the reduced Moore cocomplex C" of a cosimplicial object B® as
C"(B®) := N*(B*).

Proposition 1.6 ([Wei95, Lemma 8.3.7 and Theorem 8.3.8|,[Frel2, Lemma 4.2.5]). For
a simplicial object Aq in an abelian category </ we have

Ci(As) = Ni(As) ® Di(As)
and there is a natural chain homotopy equivalence
N.(As) =P CL(As).
Together, we have
C.(A,) > C.(A,).
Dually, for a cosimplicial object B® we have
C*(B*) =2 N*(B*) ® D*(B*)
and a natural chain homotopy equivalence
C"(B®) = N*(B*) ~" c*(B*).
For a simplicial abelian group Ae and its dual cosimplicial abelian group A%,

(Cu(Aa))* = C* (A7) and (Ci(As))" = O (A7)

2. HIGHER HOCHSCHILD HOMOLOGY

Our definitions of the higher Hochschild complex and coHochschild complex of commu-
tative algebras are analogous to the definition of the Hochschild complex for A,.-algebras
given by Wahl and Westerland in [WW11] and the coHochschild complex defined in
[Wah12]. Many of the statements proved in this article have been proven by the afore-
mentioned authors in their case. The proofs generalize but sometimes also simplify by the
tools of simplicial sets we have in our setup. Furthermore, the definition of the Hochschild
complex for functors in the ungraded setup already occurs in [Pir00].
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2.1. Definition.

Notation 2.1. Let FinSet be the category of all finite sets with all maps between them
and FinOrd the category of sets n = {1,...,n} with all maps between those. For this
paper we fix an equivalence of categories S : FinSet — FinOrd. Given a finite ordered
set, from now on we denote the cardinality and the set by the same symbol.

Notation 2.2. Denote by €om(—,1) the unital commutative operad which has one
operation of degree zero in each degree m > 0. Let ¥om(m,n) be the induced linearized
Prop. We note that as categories ¥om = Z[FinOrd], i.e. the category with the same
objects but the linearized homomorphism sets and that we have the embedding functor
L : FinOrd — %om which is the identity on objects.

Let £ be a symmetric monoidal dg-category equipped with a functor i : om — £. We
assume that 7 is a bijection on objects.

Definition 2.3. Let ® be a dg-functor from £ to Ch. Let Y, be a simplicial finite set
(i.e. Yy is finite for each k). We define the higher Hochschild complex of ® with respect
to Ys as Cy, (®) : £ — Ch via

(2.1) Oy (@) : € 220 cpa” Sy gop 2, oy
where Fy, (®) sends a set n to the simplicial chain complex

Fy,(®)(n) : A? Yo, pinSet 55 Finord XM @om L £ 2 on.

The reduced Higher Hochschild complex of ® is defined via

Fy, (®) sTot®
—_—

(2.2) Cy.(®): € cnd” % gon Y o

where C, is the reduced chain complex functor defined in Definition 1.3. The construction
so far is functorial in Y, so we can generalize to arbitrary simplicial sets as follows:
If Y, is any simplicial set we define
Cy,(®)(n) := colim Ck,(®)(n)

Ke—Ye,
Ko finite

and
Cy,(®)(n) := colim Cg,(®)(n)

Ke—Ye,
K, finite

as the colimit over all simplicial finite subsets of Y,.

Following [Pir00] there is a different definition using enriched tensor products. Given
a simplicial finite set X, we define

Lxom(n) = @ Com(n, Xj, L m)[k]
k

with differential d : €om(n, Xy I m) — €om(n, Xx_1 II m) given by postcomposition
with d' = Zfzo(—l)idi where the d; € €om (X II'm, X;_1 Il m) are the maps induced by
the simplicial boundary maps d; : X, — Xp_1. Zx, m is a covariant functor €om — Ch.
If X, is an arbitrary simplicial set, we set

Lxom = colim L, m.

Ke— X,
K, finite

Then we have an isomorphism
Cx,(®)(m) = Lxym @
Com
where the right hand side is the enriched tensor product as defined in Definition 5.1.
Throughout the first part of the paper we will not work with this definition, but we
return to this description in Section 5.
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Definition 2.4. Let ¥ be a functor from £° to Ch and let Y, be a simplicial finite set.
We define the higher coHochschild complex of ¥ with respect to Y, as Dy, (¥) : £ — Ch
via

Tot!1

W) opd o pon Ch

(2.3) Dy, (¥) : &P ———
where Gy, (¥) sends a set n to the cosimplicial chain complex

I ,
Gy,(¥)(n): A Yo, PinSet® 2 FinOrd® XM, gomer & gor Yy o

C™ is the Moore functor defined in Definition 1.4 and r turns a cochain object into a chain

object with the opposite grading (i.e. sending a cochain complex A® to a chain complex

A_;).

Similar to above we can define the reduced Higher coHochschild complex of ¥ to be

roC" 11
(2.4) Dy, (@) : g W, cpa o0 oy ot oy,
Again, if Y, is any simplicial set we define
Dy, (¥ = li Dy, (Y
vo (V)(n) (K.—Ig/l.,)w K. (¥)(n)
Ko finite
and
Dy, (¥ = li D, (¥
SRR
K, finite

as the limit over all finite sets.
Again, we can define Dy, (¥) in terms of %y, equivalently via
Dy, (¥)(m) = homgomer (L, m, V)
where home,or(—, —) denotes the enriched hom as defined in Definition 5.1.
Remark 2.5. For a simplicial finite set the functor Cy, (®) can be described more ex-
plicitly:
Oy, (®)(n); = €D (Vi 1ln),
k+Hl=j
with the differential of € ®(Y) IIn) given by

d(z) = de( '“Z O(d; Widy) ().

Here, d; : Y, — Y1 is the face map of the simplicial set.
The reduced functor is given as the quotient

éy.(q))(n)j = @ (I)(Yk 11 n)l/Uk
k+l=j

with

k—1

Up =Y im(s; Lid,)

i=0
where the s; : Y1 — Y are the degeneracy maps of the simplicial set. Similarly, we
have

DY.( ) ]* H \I/Ykﬂn)
l—k=j
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For y € Dy, (¥) the differential is

k+1
d(y)r = Z(—l)HkH‘I’(di idy)(yes1) + (—1) dw (i)
= k1 ‘
= (=DF(dw(yr) = > _(-1)"U(d; Widy) (ys-1)).
=0

The reduced complex is the subcomplex

k—1
Dy, (¥)(n); = ] ) ker(¥(s'1In)).

l—k=j i=0

Remark 2.6. Taking £ = Fom and ® : ¥om — Ch strong symmetric monoidal (i.e.
®(n) @ ®(m) = ®(n + m) in a natural and symmetric way), ®(1) is a commutative
differential graded algebra. ®(n) is isomorphic to A®™ and in this case our definition of
the higher Hochschild complex for a simplicial finite set agrees (up to sign twist) with the
higher Hochschild complex C'Hx, (A) defined by Pirashvili in [Pir00] (see also [GTZ10b)).
For an element € A®X*_ the isomorphism correcting the sign is given by z (—1)'“”"%.
For £ arbitrary, a strong monoidal functor ® : £ — Ch induces a strong monoidal functor
®oi: Fom — Ch by precomposing with the inclusion of ¥om into £ and the higher
Hochschild complex of ® agrees with the higher Hochschild complex of ® o 1.

Remark 2.7. Let S! be the simplicial set with two non-degenerate simplices p and ¢
lying in degree 0 and 1, respectively. We then have S} = {yk, - ,yl,j} with y¥ = (s0)*(p)
and yf = Sk_15k—2 - 5; -+ So(t). This is a simplicial model of the circle. Moreover, it is
isomorphic to the simplicial set with S{ = {0, ,k} and

, ' fori <j , ) forj#n
ai(j) = § = and () =7 7

j—1 fori>j 0 forj=n.
Given a dg-functor ® : & — Ch we have Cg1(®)(n) = C(®)(n), where C(®)(n) is the
Hochschild complex of the functor ® defined in [WW11]. The isomorphism corrects the
sign, for * € ®((k + 1) + n) it is given by x — (=1)*z. Similarly, for ¥ : £% —
Ch, Dgi(¥)(n) = D(¥)(n) with D(¥)(n) the coHochschild complex defined in [Wah12].
Again, the sign twist between the two definitions for y € U((k + 1) + n) is given by
y = (=1)ky.
2.2. Basic properties of the higher Hochschild and coHochschild functors.

Proposition 2.8. Let Y, be a simplicial set. For a dg-functor ® : &€ — Ch the functors
Cy,(®) and Cy,(®) : & — Ch are dg-functors. Similarly, for ¥ : E — Ch a dg-functor,
Dy, (¥) and Dy, (¥) : £’ — Ch are dg-functors.

Proof. We only prove the case of simplicial finite sets, the general case follows by similar
arguments about colimits and limits.

To break up the proof into steps, we have to equip the categories Ch?” and Ch®
with dg-structures: Similar to the definition of d Ch" we take the levelwise dg-structure
on Ch®”. An element in Ch®” is a simplicial chain complex, i.e. a double graded
family of abelian groups A, . such that the simplicial structure maps and the differentials
d" : Ae . — Aesr1 commute. For two simplicial chain complexes A and B, we define
the complex Ch®” (A, B) in degree k to consist of maps f : Aq — Be itk such that f
commutes with all simplicial structure maps. The differential of f is given as d(f),, =
(=1)9(dSP o fpq — fpg—1 0 dSP). Similarly, we equip the category of cosimplicial chain
complexes Ch® with a levelwise dg-structure.

Now we have to show:
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(1) The functors Fy,(®) : £ — Ch2” and Gy, (¥) : £ — Ch? are dg-functors.

(2) The functors C, : Ch®” — dCh", C, : Ch®” — dCh", C* : Ch®” — d Ch" and
C" : Ch®” — dCh" are dg-functors.

(3) Tot!l and sTot® : d Ch? — Ch are dg-functors.

2. follows from the definition of the dg-structure on Ch®” and dCh’, since both are
levelwise and the (co)simplicial structure maps become the horizontal differential of the
double complex. 3. is proved in Proposition B.1.

To show 1. we compute:

Fy, (®)(n) ® E(n,m) — Fy,(®)(m)
for all simplicial degrees and show that this is a dg-map. The map
oY, In)®E(m,m)— &(Y;Im)

is induced by the degree zero embedding £(n,m) — E(Y; I n,Y; Il m) sending a map f
to idy; I f. This embedding is a chain map since it commutes with the boundary maps.
Moreover, the map

O(V;IIn)@EY; IIn,Y; IIm) — &(Y; [Im)
is a chain map since ® is a dg-functor. Therefore, the composition
OY;lIn)®EMm,m)—2(Y;In)®@EY; Un,Y; Im) — &(Y; LIm)

is a chain map. A similar computation shows that Gy, (¥) is a dg-functor, too.
Combining the three steps, we have shown that all mentioned functors are compositions
of dg-functors, i.e. dg-functors themselves. O

The previous proposition allows us to iterate the Hochschild and coHochschild con-
structions. Properties of this are given in Section 2.3.

Proposition 2.9. Let Y, be a simplicial set.

(1) If ® ~ @' : £ — Ch are quasi-isomorphic functors, then Cy,(®) ~ Cy, (') are
also quasi-isomorphic functors. The same holds for the reduced complexes. In
particular, the limit in the definition of Cy,(®) for Ys a simplicial non-finite set
18 a homotopy colimit.

(2) If O ~ V' : £P — Ch are quasi-isomorphic functors, then Dy, (V) ~ Dy, (¥’)
are also quasi-isomorphic functors. The same holds for the reduced complexes. In
particular the limit involved in the construction for simplicial non-finite sets is a
homotopy limit.

Proof. The proof is analogous to [WW11, Proposition 5.7] and [Wah12, Corollary 1.5].
Natural transformations of functors ® — ®" and ¥ — ¥’ induce natural transformations
of functors Cy, (®) — Cy, (®') and Dy, (V) — Dy, (¥'), respectively, by composing with
the natural transformations in the according steps of the construction. We are left to
show that these natural transformations are quasi-isomorphisms.

(1) For a simplicial finite set we have an induced map of simplicial chain complexes
Fy,(®)(n) — Fy,(®')(n). This map is a quasi-isomorphism in each degree, i.e. a
quasi-isomorphism of simplicial chain complexes. Applying C, (or C.) gives us
a degreewise quasi-isomorphism Ci(Fy, (®))(n) — Ci(Fy,(®'))(n), i.e. a quasi-
isomorphism in d Ch". By Corollary B.12 this yields a quasi-isomorphism of the
direct sum total complex. Similarly, by the proof of [Pir00, Theorem 2.4] the
complexes Zy, ., are levelwise projective € om-modules and hence the levelwise
tensor product

Lyym(n) ® &= colim ®(Y, Im)

Com Ke—Y,
K, finite
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preserves quasi-isomorphisms. Hence a quasi-isomorphims ® ~ & again implies
a quasi-isomorphism in d Ch¥ and the result follows.

(2) Again, we get a degreewise quasi-isomorphism Gy, (¥)(n) — Gy, (¥')(n) (respec-
tively of the limits) and thus an induced quasi-isomorphism of product double
complexes.

g

The next proposition is similar to [Wah12, Section 1.2]. However, we will give a sim-
plified proof making use of the simplicial tools that we have in our situation.
Proposition 2.10. Let Y, be a simplicial set.

(1) For ® : & — Ch the split projection Cy,(®)(n) — Cy,(®)(n) is a natural quasi-
isomorphism for allm € £.

(2) For W : £ — Ch the split inclusion Dy, (®)(n) — Dy, (®)(n) is a natural quasi-
isomorphism for allmn € £.

Proof. Since homotopy limits and colimits preserve quasi-isomorphisms, it is enough to
prove the theorem for simplicial finite sets.

(1) By Proposition 1.6 the projection
Cu(Fy, (2))(n) = Cu(Fy,(®))(n)

is a natural chain homotopy equivalence in d Ch".

By Corollary B.14 this induces a filtered quasi-isomorphism between the chain
complexes sTot® (C(Fy, (®)) and sTot®(C(Fy,(®)) and hence a filtered quasi-
isomorphism between Cy, (®)(n) and Cly, (®)(n).

(2) Again, the map

i1 C7 (G, (¥))(n) — C*(Gy, (¥))(n)

is a natural chain homotopy equivalence in d Ch” and induces by Corollary B.14
the stated quasi-isomorphism.

g

Proposition 2.11 (Duality). Let ® : € — Ch be a dg-functor and X a simplicial set.
Then

(Cx.(®))" = Dx,(27)

where ®* : £°P — Ch is the dual functor, i.e. ®*(m) = (®(m))*. The same holds in the
reduced case.

Proof. Since dualizing takes colimits to limits, it is enough to check this on simplicial
finite sets.
Let X, be a simplicial finite set. As abelian groups we have

(Cx.(®)(n))" = (EB Cr(®(Xe I n)))
k

= [T(Cu@(x. 1n)))*
k

= H CH(®(X, 11 n)*) by Proposition 1.6
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and similar in the reduced case. We check that this fits with the differential. For y =
(y1) € [, (X LI n)* of total degree r, i.e. y; +1 =1 for all [, we get

do=(y)e = (=1)"(y o do)r
= (=1)"(yr o da + (—1)|y’“*”(2(—1)iyk—1 o ®(d;))

= (—D)H g0 dg + (=1)FT O (=1 ko1 © B(dy))

%

On the other hand
dp(y)r = (dp(y))k
= (=1)F(do+(yr) = > _(—=1)'®(di) (yx-1))

= (—DF((=1)yp 0 dp — > (=1) g1 0 B(dy)).
So the differentials agree.
O

2.3. Iterated Hochschild functors. Since the higher (co)Hochschild construction of a
dg-functor is again a dg-functor, we can iterate it. In the first part of this section we show
that the iteration of the higher Hochschild construction with respect to two simplicial sets
X, and Y, is the same as applying the construction once with respect to the disjoint union
Xo11Y,. This is the analog of the last part of [GTZ10b, Prop. 2] which there was proved
for algebras. In the second part we apply the Hochschild construction to strong symmetric
monoidal functors ® : &€ — Ch and show that Cx, (Cy, (®)) = Cx, (®) @ Cy, (P).

2.3.1. Disjoint Union.

Lemma 2.12. For two simplicial finite sets Yo and Y] and a functor ® : £ — Ch and for
each n € € there is a chain homotopy equivalence of complezes in d Ch"

(2.5) Cu(Fyumyz (®)(n)) = sTot T, Cu(Fy, (Co(Fyz (®)(n)))

where STOt%Q : tri Ch — d Ch applies the functor sTot® in the first two directions of a
triple chain complex. The map is natural in n and P.

Proof. If we apply the Eilenberg-Zilber Theorem (cf. Theorem B.7) to the bisimplicial
chain complex A, o defined via

. d Y/
AP x Aop Yoxid, FinSet x A% 22y BinSet x FinSet

X5, pinOrd x FinOrd 2% FinOrd L(_—Hn)> Com L5 £ 2 Ch,

we get a chain homotopy equivalence between Ci(diag, Aes) = Ci(Fy,11y;(®)(n)) and
Tot® C.Cy(Aee) = Tot® Cy(Fy, (Ci(Fy;(®)(n)) which is natural in n and ®. Postcom-
posing with the isomorphism between Tot® and sTot® described in Equation (1.1) is also
natural in n, since a map n — n’ induces the identity in the first two directions of the
triple chain complex and these are the only directions involved in the sign. Hence, the
whole construction is natural in ®. O

Since the order of taking total complexes does not matter, we obtain
sTot™ (sTot{, Cu(Fy, (Ci(Fyy(®)(n)))) = Oy, (Cyy(®)(n)).
Moreover, by definition sTot®(C (Fy,11y; (®)(n))) is equal to Cy,11y; (®)(n).
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Theorem 2.13. For any simplicial sets Yo and Y] and a dg-functor ® : £ — Ch there is
a quasi-isomorphism of functors

Cy. (Cy;(®)) = Cy,my ().

Proof. We first show the theorem for simplicial finite sets. By Corollary B.14 and the
aforementioned equalities the chain homotopy from Lemma 2.12 induces the requested
quasi-isomorphism in this case. Since tensor product commutes with directed colimits,
the non-finite case follows. O

Everything we did above dualizes to the cohomological case, hence we deduce:

Lemma 2.14. Forn € &, two simplicial finite sets Yo and Y] and a functor ¥ : £°P — Ch
there is a chain homotopy equivalence in d Ch"

(2.6) C*(Gyayz () =2 Totly C* (G, (C*(Gyz (¥)(n))

where Totlljl2 : tri Ch — d Ch takes the totalization in the first two directions of a triple
chain complex.

Since taking the product total space of a trisimplicial space is associative (i.e. it does
not matter which two directions one pairs first), we have

Tot!(Toty 2 C*(Gy, (C*(Gy; (¥)(n))) = Dy, (Dy;(¥)(n)).
Moreover, by definition TotH(C*(Gy.Hy_/ (¥)(n))) is equal to Dy, iy; (¥)(n).
Theorem 2.15. For any simplicial sets Yo and Y] and a dg-functor ¥ : £°? — Ch there
is a quasi-isomorphism of functors Dy, (Dy;(¥)) = Dy, 11y (¥).

Proof. For simplicial finite sets this is again a direct consequence of Corollary B.14.
For arbitrary simplicial sets, it follows from the fact that Dy, commutes with limits. [

2.3.2. Symmetric monoidal functors. For a symmetric monoidal category £ a functor
® : £ — Ch is called symmetric monoidal if there are maps ®(n) @ ®(m) — ®(n + m)
which are natural in n and m and compatible with the symmetries, the associators and
unitors in & and Ch. The functor @ is called strong if these maps are isomorphisms and
h-strong if they are quasi-isomorphisms.

In this case we want to give an easier description of the iterated Hochschild construction.
For a functor ® : £ — Ch or a functor ¥ : £ — Ch and a collection of simplicial sets
{X1,..., X} we have functors

Cxp( Cxi(®)-):&—Ch
and
Dxp(--Dx1(¥)---): P — Ch,

respectively.
Notation 2.16. To simplify notation, we write

Cxp,..xi(®)(m) := Cxp (- Cxy(®)---)(m)
and

DXf,...,X}(‘I’)(m) == Dxyp(-- DX,I(‘I’)' -+)(m)

and similarly in the reduced cases.

Lemma 2.17. Fizr a collection {X},... . XM} of simplicial finite sets and my € &.
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(1) For ® : £ — Ch we have

Cxpr, . xi(®)(m1)

12

P oxp, I X Tmy)

klv’”vknl
and
Cym x1(®)(m)= P (X, T X7 D)/ Uk,,... ko,
kl’“-,knl
with
ni
Uky oo, = > > im®( des & sz)
j=1 1

For x € @(X,%l - X3 Ilmy) the differential is given by

do () +Z Dl RS (1 S(id11d, de)()

(2) For ¥ : & — Ch we have

Dym  xai(@)(my) = J[ WX}, - X7 Tmy)

k17-"7kn1

® sy

and

ny kj—1

EX. x1 () (m1) = H ﬂ mk‘erzdﬂs Jsz)
o k1,....kny j=1 =0

Fory € Dym  x1(V)(ma) the differential is computed via
ni
dD(y)knl, = (—1) 2= "y (Y, ooy

ny . X7
fZ D)2 M N (1)1 (id T d; 7 Tid) (Y, oy 1)

7
The following proposition is the analog of [WW11, Prop. 5.10].

Proposition 2.18. Let {X]}, ..., X7} be a collection of simplicial sets and m € N. If
® : & — Ch is symmetric monoidal there are natural maps

A:Cx1(®2)(0) @ @ Cxp(9)(0) ® D(1)*™ = Cxn

and
A éX}(@)(O) (SRR 6){2 (®)(0) ® q)(l)®m — GX:L7...7X.1((I>)(m).

These maps are quasi-isomorphisms if ® is h-strong. For simplicial finite sets these are
isomorphisms if ® is strong.

Proof. In the case of simplicial finite sets the proof works completely analogously to the
proof of [WW11, Prop. 5.10]. For arbitrary simplicial sets we need to show that the
maps are quasi-isomorphisms if @ is (h-)strong. Commuting colimits and tensor products
proves the statement for arbitrary simplicial sets. (Il
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3. FORMAL AND NATURAL OPERATIONS OF THE HIGHER HOCHSCHILD COMPLEX
FUNCTORS

3.1. Formal operations. The definitions and results in this section are analog to those
in [Wah12, Section 2].

Recall from Notation 2.16 that for a collection of simplicial sets {X(!,..., X} and a
natural number m; € N we denote the iterated Hochschild and coHochschild constructions
by Cxm  x1(®)(m1) and Dym 1 (¥)(m1), respectively. Thus, we have functors

CXM X}(—)(ml) : Fun(E,Ch) — Ch

o sy
and
D ymi

@ seecs

X}(_)(ml) : Fun(&°,Ch) — Ch.

Definition 3.1. For collections {X{,..., X2} and {Y.!,..., Y72} of simplicial sets and
natural numbers m; and me the chain complex of formal operations Natg between these
functors is defined to be
Nate({Xq, ..., X0}, mp; {Ve, ... Y22}, ma)
= hOm(CXfl 7...,X.1 (_)(ml), CY."Q 777777

and similarly in the reduced setup
Nate({Xq, ..., X2}, my; {Y), ..., Y02} ma)

= hOm(CX:u e (—)(ml), 6)/:127”.7)/.1 (—)(mg))
We now state the main theorem used to compute the formal operations.

Theorem 3.2. There are isomorphisms of chain complexes
Nate({Xq, ..., X0}, my; {Y .. Y2} ma)
= DXI” X,l(CY."2 Y}g(_7 —)(m2))(ma)

----------

and
Nate({ XL, ..., X0 my {Y]) . Y2 my)
= bxfl,‘..,x,l (61/,"2,...,1/.15(_7 —)(m2))(ma).

The theorem can be proved completely along the lines of the proof of [Wah12, Theorem
2.1]. However, in Section 5.4.1, this is deduced from the more general setup of Theorem
5.14. Moreover, we can deduce the following corollary:

Corollary 3.3. We have quasi-isomorphisms of chain complexes
Nate({Xq, ..., X0, m; {YS, ..., Y3}, mo)
~ Nate({X,, ..., X0} mas (Y, Y0 ) mo)
~ Natg(Xg ... X0 [T v ...y [ ]

mi ma
~ Nate(Xg ... X0 ]+ v ...y [T »).
mi m2

Proof. We write Fy = {X!, ..., Xm}, Fy = {Y}, ..., YM} IIX = X 1. X" ][«

mi
and IIY = Y} II... Y™ 1., *- Then the previous theorem reduces the corollary to
showing that

Dpy Cry (E'(=, —))(m2)(m) ~DpyCry (€'(—, =) (m2)(m1)
~DuxCuy (€'(—,—-)) ~DuxCuy (€'(—, —))-
By the first part of Lemma 2.10 and Theorem 2.13 all the involved Hochschild con-
structions are quasi-isomorphic. Moreover, by Lemma 2.9 the coHochschild construction
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preserves quasi-isomorphism and again by Lemma 2.10 and Theorem 2.15 all the different
coHochschild constructions above are quasi-isomorphic. Hence, the corollary follows. [

3.2. Restriction to natural transformations of algebras. This section is similar to
[Wah12, Section 2.2]. For simplicity we restrict to simplicial finite sets, but all the results
hold up to quasi-isomorphism in the general case, too.

Denote by C’;@g.(—)(m) the restriction of the higher Hochschild construction to strong
symmetric monoidal functors and similar for the iterated functor. By Proposition 2.18
we have an isomorphism

CL()0) © - ® C()0) & ()™ = CL, i (—)(m).
Denote by
Nat$({X,, ..., X0 m {YS, ..., Y02}, mo)
= Hom(CLu 1y ()m), Oy ()(m2))
the natural transformations between those functors. There is a restriction map
r:Natg({ X2, ..., XM}, my; {YE, ..., Y2}, my)
— Nat@ ({Xq, ..., X0 b m {Y], ... Y2} ma).

For a symmetric monoidal functor ® : £€ — Ch we define U(®) = ®(1) the forgetful
functor. Then we define p to be the map

p: E(my1,me) — Hom(U®™ U®M2)

which associates to an element of £ its action on all £-algebras. Completely similarly to
[Wah12, Theorem 2.9] one can show

Theorem 3.4. For a commutative Prop £ The restriction map r : Natg — Nat? 18
injective (resp. surjective) if and only if p : £(my, m2) — Hom(U®™ U®™2) is injective
(resp. surjective).

Remark 3.5. By [Wah12, Example 2.11], p (and therefore r) is always injective if £ is
the Prop associated to an operad. Moreover, by [Fre09] for F a field of characteristic 0
and &£ a prop coming from an operad over the category of (ungraded) vector spaces over
[F one gets an equivalence £(s,t) = hom((Uy)®", (Uy)®®), with Uy the forgetful functor
from E-algebras to vector spaces (for more details cf. [Wah12, Example 2.13]).

Unfortunately, this also implies that in this case p cannot be an isomorphism. To see
so, note that since &(s,t) = hom((Uy)®", (Uy)®*) we would want to get an isomorphism
hom((Uy)®", (Uy)®%) =2 hom(U®", U®?), i.e. a map A®" — A®S commuting with algebra
morphisms must be determined by what it does in degree 0. This is not true, since a
morphism of algebras over ¥om needs to respect the twist map. Therefore, there cannot
be a morphism f sending an element b of odd degree to an element f(b) of even degree
(or the other way round). To see so, note that (f @ f)(b® b) lies in Agyen @ Aeven, i-€-
the twist acts as the identity. Precomposing with the twist, i.e. applying the twist to
b® b is the same as multiplication with —1, i.e. 7((f ® f)(b®b)) = —(f ® f)(7(b®@ b))
and hence f does not commute with the twist map. Thus, we can define a natural map
v:A® A — A with

a-b if a or bis of even degree

b) =
va®?) {2a -b if both a and b are of odd degree.

Hence, we found a transformation v which is not determined on degree zero and thus p
cannot be an isomorphism in this case.
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3.3. Formal operations of the coHochschild construction. We can define formal
operations on the coHochschild construction in a similar way to those on the Hochschild
construction.

We define
NatPe({ XL, ..., X", my; {YL, ..., Y2}, my)
= hom(DX?I,...,X.l (=) (m1), Dyrz  ya (—)(m2))

and similarly in the reduced setup

NatPe({X1, ..., XM, ma; {Y), ... Y}, ma)
= hom(bxﬁl X}(_)(ml),ﬁy,”,...,y,l(—)(m2))-
Theorem 3.6. There are isomorphisms of chain complexes
NatPe({Xq, ..., X0}, my {Ve ..., Y}, mo)
= DY.nQ,...,Y.l(CXI”,...,X}E(_’ —=)(m1))(m2)
and similar in the reduced case. In particular,
Nate({X4, ..., X0}, my {Y, .. YI2) ma)
~ NatPe({YL, ..., Y72} mo: { X2, ..., XM, my).

-----

Again, in Section 5.4.1, this is deduced from the more general setup of Theorem 5.16.

3.4. Coalgebra structures. From now on we focus on Natg(X,,Ys) for two simplicial
sets Xo and Y,, which by Corollary 3.3 covers the general case of families of simplicial
sets up to quasi-isomorphism.

We are going to describe a coalgebra structure on the quotients of a filtration of the
natural transformations of a fixed inner degree. This will give us structure on Natg (X, Ye)
if £ is concentrated in degree zero. In Theorem 4.11 in certain cases we describe a weak
equivalence between Natg(X,,Y,) and the cochains of the topological mapping space
between the realizations of X, and Y,. In homology with field coefficients, we show that
the structure on the quotients agrees with the one induced by the coproduct on the chains
of the mapping space.

To define the structure on the quotients, for a cosimplicial simplicial set A3, we define
a coalgebra structure on C*C,(Z[A:]) where Z[—] : FinSet — Ab is the linearization
functor.

Proposition 3.7. Let A3 be a cosimplicial simplicial abelian group. The double complex
C*C (A7) is a counital coalgebra. The comultiplication is the degree zero chain map of
double complexes given by

CRCY(AS) 25C*C)(diag® diags(AS @ A2))

AW, O (diag®( @D Ci AL ® CyA3))
l1+lo=l

P P chaaecto,a
ki+ko=k l1+l2=l
=(C*C(A2) ® C*CL(AY)]

with A being the diagonal map. The counit is the constant one map on CoCY(A2) and
zero elsewhere.

The coalgebra structure commutes with taking the reduced Moore complex C, instead
of C and the same holds in the cosimplicial directions, i.e. taking C" instead of C*.
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Proof. We need to show the axioms of a coalgebra, i.e. coassociativity and counitality.
We note that (A ®id) o EZ* 0o AW o A = EZj5 30 AWs30 (A x id) o A where we apply
the Eilenberg-Zilber and Alexander-Whitney map to the 2nd and 3rd directions of the
trisimplicial set (A x id) o A(A?). It is clear that (A x id) o A = (id x A) o A. O

We would like to have a comultiplication on the product double complex, but unfor-
tunately since the tensor product does not commute with infinite products, we need to
filter the complex.

For a cochain chain complex Dgg (second quadrant double chain complex) the filtra-

tion of Tot!l D by columns defined in Section 1.1 is given by (Fp(D))¢ = [[e>m1 DF.
I—k=t

For a cosimplicial simplicial group let
=[] C*C.(A2)/Fn(C*C.(A2)).

This quotient is isomorphic to the chain complex (@ k<m CkCy(A?2),d), with the new
—k=

differential being zero in the cochain direction for k = m and equal to the old differential
otherwise.
Since the filtration is decreasing, we get surjective maps

T™(A7) 25 TTHAD)

which under the isomorphism stated above are just the projections onto the smaller sum.
Moreover, T'(Ag) = lim T (Ayg).

Proposition 3.8. Let Ay be a cosimplicial simplicial abelian group and A the comulti-

plication defined in Proposition 3.7. A induces maps T?™(A?) ELLN Tm(As) @ T™(A?)

and T?MH1(Ag) — Bami1 T (A2) @ T™(AS) such that the diagram

(3.1) T2 (Ag) — 22 pmil(A%) @ T (AS)
lp2m+l \me+1®id
T2 (Ag) — 22 T (AS) © T™(AS)

pom l 1d@pm

T2 (Ag) S T (A2 © T (A)

commutes.

Proof. We have to check that the map which sends the element [x] € T?™(A2), to [A(x)] €
(T™(A3) @T™(A?))n commutes with the differential. We use the identification under the
isomorphism given above and show that there is a map

P ckcay.d| - | P craa.d| e | @ ckAr).d
k<2m k<m k<m
I—k=t I—k=t I—k=t

For 2 € C*Cy(A2) with k < 2m, the differential is just the normal differential on the
total complex. The comultiplication maps x to A(z) € @y, 4 k-1 Di, 11,—1 Ch Oy (A ®
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C*2Cy,(A2). By the definition of the new differential, the projection

B @ et

k1+ko=kl1+l2=l

- P P cha,a).dle| @ cPC,AL).d
t1+to=l—k ki<m ko<m
li—k1=t1 lo—ko=t2

is a chain map. Similarly one checks that for € C?™C;(A?), the only non-zero part of the
image of Ap,(z) lies in @y, ,;,—; C™C, (A7) ® C"Ci, (A7). The cohomological differential
vanishes on both sides and thus the map is a chain map.

The computations for Ag,, 11 are analogous to the ones above.

By similar considerations one checks that the diagram mentioned in the proposition
commutes.

g

To apply the proposition to the complex of formal transformations of fixed inner degree,
we first start working with Dx,Cy, (£(—,—)). This complex is given as a totalization of
the triple chain complex C*C,E (X, Ye)« where £(—, —), are the morphisms of degree r
(where we forgot about the differential on £). To avoid confusion, from now on we fix a
degree r, i.e. work with the double chain complex C*C,E(X,,Ys),. It is possible to bring
the last direction into the picture, but this will not be used in this paper and seems to
be rather confusing. So £(X,,Ys), is a cosimplicial simplicial abelian group and we can
take its total complex. In degree p is given by

T(DX. (Cy, (5(_7 _)T)) = H (CkClS(Xh YO)T)'
l—k=p
We filter it as done before to obtain the quotients 7 (Dx, (Cy, (£(—, —);)). Thus, we get
maps
Az : T2 (Dx, (Cy, (E(=, =)r) = T (Dx, (Cra(E(—, —)r) @ T (Dx, (Cra (E(=, —)r)
and
Azt : T H(Dx, (Cro (E(=, =)r) = T H(Dx, (O, (E(=, —))@T™ (Dx, (Cy (E(—, —)r)

fitting in a diagram of the form (3.1) given in Proposition 3.8. If £(—, —) is concentrated
in degree zero we have T'(Dx, (Cy, (E(—,—)o)) = Dx.Cy.(E(—,—)).

On the other hand, for any ® : £ — Ch and fp : ®(Xi)n — P(X;)m the map f
has degree (I +m) — (k+n) = (I — k) + (m —n). We refer to the first term as the
simplicial degree | f|simp of f and to the second as the inner degree | f|inn. So the complex
C*Cyhom(®(X,)), ®(Ye))inn=r of morphisms of a fixed inner degree r is a double chain
complex, too. Taking all homomorphisms which are natural in ® we get a double chain
complex C*C, hom(— (X)), —(Ys))inn=r, which by a similar proof to the one of Theorem
3.2 is isomorphic to the double chain complex C*C.E(X,,Ys),. Hence we can define

Nat(Xe, Yo)inn=r := | [ C*Crhom(—(X.)), = (Ya))inn=r
I—k
so that the isomorphism above gives us an isomorphism
T(DX- (CY. (8(—, _)7‘) = Nat(Xn Y;)inn:r-

The quotients Nat™ (X, Ys)inn=r are defined as the images of the respective quotients
T™(Dx,(Cy,(E(—,—),). By the isomorphisms we get maps

Aoy, Nath (Xo, }fo)innzr — Natm(Xo, K)z‘nnzr ® Nat™ (Xn Yo)inn:r
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and
Aot : Nat?™ (X, V) inn—r — Nat™ (X, Ya)inn—r @ Nat™ (X, Ya)inn—r

fulfilling the properties proved in Proposition 3.8.
Assembling what we have said, we get:

Proposition 3.9. For two simplicial finite sets Xo and Y the isomorphism in Theorem
3.2 induces isomorphisms

T(DX. (CY. (g(_v _)T))) = NatE(Xh Yo)inn:T~

The complex Natg (X, Ye)inn=r admits a filtration with quotients NatZ' (X, Ys)inn=r to-
gether with maps Aoy, and Aoyt fitting into a commutative diagram of the form (3.1)
given in Proposition 3.8. In particular, in the case when E(—,—) is concentrated in degree
zero, Natg (X, Ye)inn=0 = Natg(Xe, Ys) and we obtain a filtration of the space of formal
transformations together with maps Aoy, and Aoy 1.

4. FORMAL OPERATIONS FOR THE COMMUTATIVE PROP

For this section we fix £ = Fom.

4.1. Small models for the formal operations. In this section we aim for an eas-
ier and smaller descriptions of Nate o, (Xe, Ye), which by Theorem 3.2 is isomorphic to
Dx,Cy,(€om(—,—)). We start with rewriting the morphism spaces ¥om(r,s). For
this, recall the linearization functor Z[—] : FinSet — Ab which sends a finite set M
to the free abelian group of formal linear combinations of elements of M. This in-
duces a functor from ¥om to Ab via the following: An object s is sent to Z[s] and
the map Com(s,t) = Z[FinOrd(s,t)] — Ab(Z][s],Z[t]) is the linear extension of Z[—] :
FinOrd(s,t) — Ab(Z][s], Z[t]).

Moreover, taking products inside Z[—] gives us a functor Z[(—)*~] : €om x €om —
Ab which sends an object (¢, s) to Z[s!]. For an element g € FinOrd(t,t') we have an
induced map Z[s"'] — Z[s'] sending a tuple (a1, - - - ,ay) € s' to (ag(1y, -+ > agu)) € s'. The
action of €om® is again the linear extension of this map FinOrd(t,t') — Ab(Z[s"], Z[s]).

Lemma 4.1. There is an equivalence of functors
Com(—,—) 2 Z[(—-)* "] =2 Z[-]9 : Com® x Com — Ab.

Proof. A morphism in FinOrd(t, s) is given by specifying the image for each point of
t independently, i.e. FinOrd(t,s) = FinOrd(1,s)*! = s*!. Since linearization sends
products to tensor products we get an isomorphism %om(t,s) = Z[s]®!. By definition,
these isomorphisms are natural. [l

By the above considerations, for a simplicial finite set Y, we get a functor
Ci(Z[Y)T]) : €om® — Ch
which is the same as the functor C,(Y,*7). Its dual is given by C*(Y,*~) : ¥om — co Ch.

Proposition 4.2. Let Xq be an arbitrary simplicial set and Yo a simplicial finite set. We
have an isomorphism

Dx,(Cy,(Fom(—,-))) = (Cx,(Dy, (Z[(=)""])")" = (Cx. (C* (¥ T))".

Moreover, working with coefficients in a field F and given a commutative cochain algebra
A* in Ch(F — mod) such that C*(Y*™) and (A*)®~ are quasi-isomorphic functors from
¢om to Ch(F — mod) we have

Dx,(Cy,(€om(—, —)) = Cx,(A¥7)" = CHx, (A)",
where the last term is the dual of the higher Hochschild homology of A.
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Proof. By the previous lemma %om(—, —) is isomorphic to Z[(—)*~] as a bifunctor and
we therefore obtain Dx, (Cy, (€om(—,—))) = Dx,(Cy,(Z[(—)*"])). By Proposition 2.11

we have
(Cy. (Z[(=)"7D" = Dy, ((Z[(=)*7])")-
Moreover, since (Cy, (Z[(—)**])) = C.(Y.**) is degreewise free and finitely generated for

any k (since Y, is finite in each degree), dualizing twice is isomorphic to the identity, i.e.
we get isomorphisms of functors

Cy. (Z[(=)*7]) = Dy, ((Z[(=)*7])")"

Plugging this into our original expression and using Proposition 2.11, we have
Dx,(Cy.(Z[(=)""1)) = Dx.(Dy, (Z[(=)*7D")") = (Cx (Dy, ((Z[(=)*7D)")".

Since Dy, ((Z[(—)**])*) = C*(Y**), the first chain of isomorphisms follows.

For the second part of the proposition let A* be a commutative cochain algebra such
that (A*)®~ and C*(Y,*") are quasi-isomorphic functors. By Proposition 2.9 we get
a quasi-isomorphism Cx, (C*(Y,*7)) ~ Cx, ((A*)®7) and likewise for their dual spaces
(since we work over a field).

By Remark 2.6, the isomorphism Cx, (A®~) =2 CHx,(A) holds.

U

In the following remark and proposition, we show that we actually can weaken the
conditions on Y, such that Y, only needs to be weakly equivalent to a simplicial finite set.

Remark 4.3. For Y, an arbitrary simplicial set, we still get an isomorphism between
the chain complexes Cy,(€om(k,—)) and C.(Y.**). This is true, since we obtain an
isomorphism of chain complexes
Cy, (€om(k,—)) == colim C.(Z[KX*]) = C.(Z[( colim K¢)*F]) = C.(YF).
Ke—Ya, Ke—Ya,
Ko finite Ko finite
Since Cy and Z[—] are left adjoint functors and hence commute with colimits we have

an isomorphism between colim g, v, C.(Z[K3*]) and C.(Z[(colim g, .y, Ke¢)*¥]). From
K, finite K, finite
now on, we do not distinguish between these functors.

Proposition 4.4. Let X, and Y, be arbitrary simplicial sets. For a simplicial set Y]
being weakly equivalent to Ye we get a quasi-isomorphism

Dx,Cy,(€om(—,—)) ~ Dx,Cy;(Com(—, -))
and the maps
T™(Dx,Cy, (€om(—, —-))) = T (Dx,Cy;(€om(—, -)))

commute with the Ay defined in Section 3.4.
The same holds for the reduced functors.

Proof. By Lemma 4.1 and the previous remark, we have Cy, (€om(—, —)) = C«(Z[YJ)™)).
A weak equivalence Y, ~ Y/ induces a weak equivalence of simplicial abelian groups
ZIYXT] ~ Z[Y!™"] (cf. [GJ09, TII 2.14]) commuting with the ¥om® action on these
functors. By the Dold-Kan correspondence this gives a quasi-isomorphism of functors
Co(Y7) ~ Cu(Y*7) : €om® — Ch. By Proposition 2.9, applying Dy, afterward pre-
serves quasi-isomorphism. Moreover, the construction gives us maps of double complexes
(before taking TotH). Therefore, we get induced comultiplications on both double com-
plexes as described in Proposition 3.7. By the naturality of the Alexander-Whitney and
Eilenberg-Zilber maps, the quasi-isomorphism commutes with the comultiplication on the
double complexes and therefore with the induced maps Ay on the quotients. O
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In the following theorems we give an example where we can apply Proposition 4.2,
namely the deRham algebra of a simplicial set which is weakly equivalent to a simplicial
finite set. The proof of the theorem is given in Appendix A.

Theorem 4.5. Let F be a field such that Q C F, Xo an arbitrary simplicial set and
Y, a simplicial set weakly equivalent to a simplicial finite set. Then there is a quasi-
isomorphism

Natgom(Cx,; Ov.) = (CHx, (2°(Ye)))" = (CHx, (Q°(|Ye])))"

4.2. Relationship of the formal operations and the mapping space. Making use
of [Bou87], in this section we prove that under certain conditions there is a weak equiva-
lence between Naty o, (Xe, Ye) and the singular chain complex of the topological mapping
space homro, (| X[, [Y]). On Cy(homy,(|X],]Y|)) we have an actual coalgebra structure
with comultiplication being the composition of the induced map of the diagonal and the
Alexander-Whitney map (which the cupproduct is dual to). Working with coefficients
over a field F, this induces a coalgebra structure on H,(homr,,(|X|,|Y])) and thus by
the aforementioned isomorphism a coalgebra structure on H,(Dx,(Cy,(€om(—,—)))).
This restricts to the A maps on the quotients of the filtration of the space introduced in
Section 3.4.

We start with recalling definitions about cosimplicial simplicial sets and introduce the
language used in [Bou87].

For a simplicial set X, its n-skeleton (sk,X)e is the subsimplicial set of X, generated
by the simplices of degree < n.

The standard cosimplicial simplicial set Ay is defined via

Ay =homa(—,—) : A% X A — Set.

This means that in cosimplicial degree m it is given by the standard simplicial set AJ* =
homa (—, m). The n-skeleton (sk,A)s of Ag is in each cosimplicial degree m the n-skeleton
of the s1mphclal set A ie. (skpA)T = (skpA™).

For two simplicial sets X, and Y,, the simplicial mapping space is the simplicial set
whose n-th level is given by

Map(Xe,Ys)n :=homgaor (Xe x AL, Y,).

For a cosimplicial simplicial set Z3 the cosimplicial realization Tot Z, is the simplicial
set whose n-th level is given by

(Tot Z)y := homgyaxaor (AY x AL, Z2) € [ Map(Ak, Z8),
k>0

i.e. cosimplicial maps in the simplicial mapping space. We define a filtration (Tot,, Z) by
(Toty, Z)n, = homg,axacr ((skmA)s x AY, Zy). Hence, we obtain maps (Toty,+1 Z)e —
(Tot,, Z)e and the cosimplicial realization can be rewritten as the limit (Tot Z)s =
limy,, (Toty, Z)e.

The total complex T, Z of the double complex of a cosimplicial simplicial set T, Z =
Tot!ll C*(C,(Z2)) and its filtrations T™ = i< 6kél(Z:) were already discussed in
Section 3.4. Recall that T, Z is the limit of its filtration, i.e. T, Z = lim,, T™Z.

Denote by ev[™ the evaluation map T™((sky, A)S x Toty, Z)) — T™(Z2). We define the
element c, as the identity map in homa ({p}, {p}), i.e. ¢, € C,C"(A?). Let ¢™ € T™(A?)
be the image of > " ¢; under the projection on T™(Ag). The element ¢™ has trivial
differential in T™(A2). Moreover, note that C(A") = 0 if k > n.

Following [Bou87] we define the maps A, via

(4.1) A Co(Toty, Z) 25 (T ((sknA)2))o @ Cx(Totm Z)

B2, (1 (skun A)s X Toty Z))a < (T™(Z2))..
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We know that the reduced cochains have the structure of a coalgebra, i.e. we have maps

C«(Toty Z2) =N C(Toty Z) ® Ci(Toty, Z). Using the projection maps py j : C(Toty Z) —

C.(Tot; Z) for k > j, we define AJ°" as the composite

(4.2)  Cu(Totam Z) 2> Cu(Totom Z) ® Cs(Totam Z) — Cy(Toty Z) ® Cx(Totm Z)

with the last map being pay, m ® pom,m. Similarly, A;fo

ot | is the composite

(4.3)

A J— J— J— J—
C*(T0t2m+1 Z) = C, (T0t2m+1 Z) & C*(T0t2m+1 Z) — C*(Toth Z) & C*(Totm Z),

with the last map being pam+1,m+1 @ P2m+1,m-

These induce commutative diagrams

(4.4) C.(Tot Z) —2—~ C,(Tot Z) ® Cx(Tot Z)
J{pzm J{pm@)pm

_ ATot _

Cy«(Totoy, Z) — C(Tot,, Z) ® C«(Toty, 2)
and
(4.5) C.(Tot Z) —2 = C,(Tot Z) ® C.(Tot Z)

ipzmﬂ J{pm+1®pm
Tot

2m+1 —

— A —
C«(Totoms1 Z) — Cy(Totym41 Z) @ Ci(Toty, Z).

We now show that the A, commute with the A,,.

Lemma 4.6. The diagrams

Tot

C.(Totoy, Z) —2 C(Tot,, Z) ® C(Tot,, Z)

AQm

"7 T Z @ TmZ
and
_ AT, _
Cy(Totomy1 Z) —— C(Totyms1 Z) @ Cu(Toty, Z)
ik2m+1 lAm+1®>\m
Mz Bami Tz @ TmZ
commute.

Proof. We define the maps Ag,, and Ay, 11 on the intermediate spaces used in the defi-
nition of Aoy, and Agj,4+1, respectively (cf. Equation (4.1)).

(1) On C.(Toty, Z) for k = 2m or k = 2m + 1, the maps AJ°" and A%, | have been
defined in Equation (4.2) and Equation (4.3), respectively.

(2) On (T*((skmA)2))o®Cx(Tot Z) it is given by 72 30(A®ALY) where 72 3 permutes
the second and third term.

(3) On T*(((skmA)s x Tot Z))4 it is given by Ay.

(4) On (T*Z?2), it equals Ag, too.

(1) The map C.(Tot,, Z) cBid, T™(A2) ® Cy(Toty, Z) sends z + ¢™ @ x. We show

that Aoy, (c?™) = ¢™ @ ¢™ and Agyi1(c?™H) = ™1 ® ¢™. Since the ¢™ are of
total degree zero, permuting them with other elements does not create a sign.
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By Proposition 3.7, this reduces to showing that the comultiplication A on the
double complex C*C,Aj sends the element ¢, € CPC,A] to > ® Cp,-
Recall that Apy is given as

p1+p2=p P1

Aror 1 Cp(A7) S50, (A7 x AP) 2% () T, (A7) @ Ty (A7)
p1+p2=p
5 D D e Tuan).
P1+p2=p q1+q2=p
Since C,(A") = 0 for a > b, the image lies in D, po=p Cp, (APY) @ Cp, (AP2). In
each summand of the reduced complex only one pair of non-degenerate simplices

survives, since all summands not belonging to the identity permutation in EZ*
are degenerate.

(2) The map T™((sknA)2)o @ Ca(Toty Z) 225 T™((skynA)® x Toty Z)s: On both
sides we first apply A, and then AW in the simplicial direction. For any two
simplicial sets A, and B,, the diagram

Cr(As) @ Ci(B.) Lk Chyi(diag(Ae x B))
lAWoA* RAWOoA,
@6131 (AO) ®6/€2 (AO) ®€l1 (BO) ®612 (BO) AWoA,

P Cr, (As) © T, (Bs) @ Cry(As) ® Ciy(Bo) —2= @ C,., (diag(As X Bs)) @ Ch, (diag(Ae x Ba))

commutes ([FHTO01, 1.4 b)]). Hence, in our case applying AW oA, commutes with
the asked morphism. Since we apply EZ* to the cosimplicial direction on both
sides, which is not affected by the morphism, it preserves the comultiplication.

(3) The map evl™ commutes with the As, and Asgyi1 by the naturality of EZ*,
AW and A,.

O

We will show that under some conditions the map A : C(Tot Z) — (T(Z2))« induced
by the maps A, : Ci(Toty, Z) — (T™(Z2))+ is a quasi-isomorphism. If this is a case the
above commutativity result implies that the comultiplication on the homology with field

coefficients induces the Ax maps on the quotients:

Lemma 4.7. Let F be a field and assume that the map \ : Cy(Tot Z) — (T(Z2))«
induced by the maps Ay, : Ci(Toty, Z) — (T™(Z2))« is a quasi-isomorphism. Denote by
A H(T(Z2);F) — H(T(Z3);F) @ H(T(Z3);F) the image of the comultiplication on

H.(Tot Z;F) under Hy,(\). Then the following diagrams commute:

A

H.(T(23); F) H.(T(23);F) ® H.(T(Z3); F)

ip?m lpm Qpm

H.(T?™(Z2);F) H:Bam) H (T™(Z2);F) @ H(T™(Z2); F)

and

H.(T(23); F)

H(T(23);F) @ Hi(T(Z3); F)
lp2m+1 ipm+1®pm

H (T4 (7)) 282 g (pmd (723)F) @ H, (T™(22): F)
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Proof. During the proof we use the notation C, = C,(Tot Z), C™ = C(Tot,, Z), B, =
(T(Z3))x and B}* = (T™(Z3))«. To check the commutativity of the diagrams (we only
do it for the first one, the second one works the same), we notice that in the diagram

C, 2 C, ®C,

P2m (1)
Pm&pPm
A2m

cm = oM oM

A2 lkzm (4) lAm(@)\m 3) A®A

Aom
B¥m =% B ® B

P2m
Pm@pPm

B, B, ® B

all the squares commutes. This holds, since (1) commutes by diagram (4.4), (2) and (3)
by the definition of A as the induced map on the limits and (4) by Lemma 4.6.

Since we work over a field (i.e. the Kuenneth Theorem holds) the above diagram
induces a diagram on homology

H.(C;F) = H.(C;F) ® H((C;F)
H.(p2m)

Ho(Aom) H(pm)®Hx(pm)

H.(C?™F) — H.(C™ F) ® H,(C™;F)

H.(A2m
H,(BF) S, (B F) @ H.(B™:F)

H. (p2m) (5)

A H (pm)@H«(pm)
H.(B;F) H,(B;F) ® H,(B;F)

where the comultiplication A : H.(T(Z2);F) — H.(T(Z2);F) ® H.(T(Z?);F) is the map
that makes the outer square commute. Since all subsquares beside (5) commute by the
above argumentation, the square (5) also commutes and we have proved the lemma.

O

Before actually applying Bousfield’s spectral sequence theorem and achieving a quasi-
isomorphism, we need one more technical lemma:

Lemma 4.8. ForY, a Kan complex and Xo a simplicial set, the cosimplicial simplicial set
Y, X+ = homges(Xe, Ys) is fibrant (in the Reedy model structure on cosimplicial simplicial
sets, see [GJ09, Chapter VIL.4]), i.e. the maps

homSet(Xn7 Y;) — [ l]lnfk] homSet(XIm Yo)

are Kan fibrations for all n.

Proof. Since limy,)_,x) homge (Xp, Ye) is isomorphic to homge;(colimy, .z Xk, Ye), we

n>k
have to check that the maps

homSet (Xn> Yo) — homSet(C?h% Xka Y;)a
n|i—
n>k
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given by precomposition with the map colimy,)_,x) Xx — X5, are Kan fibrations. Denote
n>k
L, X = colimpy)_, ) Xk. The map L,X — X, is the embedding of the degenerate n-
n>k
simplices and thus it is injective.

Rewriting homget(Xn,Ys) = [Ix, Yo = I, xYe X Ilx,\1,x Ye and analogously
homget(LnX,Ye) = [, x Yo = I1g, x Yo X HXn\LnX * the asked map is the product of
the identity on the first factor and the map Y, — * on the second factor.

The latter maps are fibrations, since Y, is a Kan-complex. The identity maps are

fibrations, too. Since the product of Kan fibrations is a Kan fibration, the lemma is
proven. ]

For a finite simplicial set X, denote by dim(X,) the maximal degree of a non-degenerate
simplex in X,.

Let Y, be a simplicial set. The homotopy groups are defined as those of the topological
realization of Y,. We work with unpointed simplicial sets, i.e. unpointed spaces. For Y,
path-connected the homotopy groups are well-defined defined by the choice of an arbitrary
base point (up to non-canonical isomorphism). If the fundamental group is abelian and
acts trivial on all higher homotopy groups (i.e. Y, is simple), the isomorphism is canonical.

For a simplicial set Y, we write Conn(Y,) for its connectivity, i.e. the smallest k& > 0
such that 7;11(Y) # 0. The homotopy groups of a cosimplicial simplicial set are the
cosimplicial set of homotopy groups in each degree, i.e. (mx(Z9))" = m,(Z7).

For a topological Hausdorff space Y we have an equivalence S,(hompg,(|X|,Y)) =
Map(Xe, Su(Y)).

For the cosimplicial simplicial set Y;X¢, by arguments similar to [PT03, 1.5], the fol-
lowing holds

Tot(YX*) = Map(X.,Ya).
Moreover, for a space Y, we conclude

Tot(Se(Y)™*) = Map(Xe, Se(Y)) = Se(homr,(|X],Y)).

Theorem 4.9. Let X, be a finite simplicial set and Y, be a simple Kan complex such
that dim(Xe) < Conn(Y,). Then the maps Ay, induce a quasi-isomorphism

A: Co(Map(X,,Ys)) — T(YSX).

Proof. The proof goes similar to the argumentation for the pointed case in [Bou87, Ex-
ample 4.3]. By [Bou87, Lemma 2.3] the map A is an isomorphism on homology, i.e. a
quasi-isomorphism if the spectral sequence of a fibrant cosimplicial simplicial set ZJ con-
verges. By [Bou87, Theorem 3.2] for a fibrant cosimplicial simplicial set Zg with each ZJ*
simple, the spectral sequence converges, if the following two conditions hold:

(1) H"mpin(Ze) =01if n <0.

(2) For all n there are only finitely many m such that H™ 1, (Zs) # 0.

If we plug in Z2 = Y, X+, with Y, simple, we get

H"™ i (YE) = 7" T (Homger (Xo, Ya))
:Hm(HomSet(Xoa 7Tm+n(Yo))) = Hm(c* (Xo); 7Tm+n(Yo)>-

The second last equality holds since homotopy groups commute with products. In the
case of Y, a Kan complex, Z7 is fibrant by Lemma 4.8.
Rewriting the conditions for the convergence of the spectral sequence, we obtain

(1) H™(Cy(Xe); Tm+n(Ye)) = 0if n < 0.
(2) For all n there are only finitely many m, such that H™(Cy(Xe); Tm4n(Ys)) # 0.
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By the universal coefficient Theorem (cf. [Hat02, Theorem 3.2]) we have a (split) short
exact sequence

0 = Ext(Hp—1(Ci(Xe))s Tngn(Ye)) = H™(Ci(Xe); Timin(Ye))
s hom(Hyp (Co(Xa)), Ton(Ya)) — 0

Since C,,(X,) is nonzero only for m < dim(X,), Ext(H;y, 1(Ce(Xe)), Tman(Ye)) and
hom(H,,(Cy(Xe)), Tm+n(Ye)) are both zero for m — 1 > dim(X). Thus, Condition 2.
holds.

To check H™(Cy(Xe); Tm4n(Ys)) = 0 if n < 0, we are left to show that the left term
of the short exact sequence vanishes for m — 1 < dim(X) and the right term vanishes for
m < dim(X).

By the connectivity of Yy, mpin(Ye) = 0 for m +n < Conn(Y'). Hence, if we assume
m < dim(X) and n < 0, we have m +n < m < dim(X) < Conn(Y), i.e. Tpmin(Ye)
vanishes for m < dim(X). Then the first and third term in the short exact sequence also
vanish and H™(Cy(Xe); Tm+n(Ye)) = 0 for m < dim(X). So far we have shown that the
last term of the long exact sequence always vanishes and the first term vanishes as long
as m — 1 # dim(X). Assume m — 1 = dim(X). The group H g, x)(C«(Xs)) is free since
édim( x)+1(Xe) = 0 and thus there are no boundaries divided out when taking homology.
So Ext(Hdim(X)(C*(XO))v 7Tdim(X)JrlJrn(Y-)) = Ext(Hdim(X)(C*(XO))v 7sz'm(X)JrlJrn(Y-))
vanishes. Taking all this together, we have shown that Condition 1 holds and proved

the theorem.
O

Plugging in the Kan complex S,(Y") for a space Y, we get

Corollary 4.10. For a finite simplicial set Xo and a topological space Y with dim(X) <
Conn(Y'), there is a quasi-isomorphism

A Cu(Homrop(|Xe|,Y)) — T(Se(Y)X).

Taking coefficients in a field F, the homology of H.(Homre,(|Xe|,Y);F) is a coalgebra and
thus the homology H.(T(Se(Y)X*);F) is a coalgebra, too. Using this coalgebra structure
over a field, we get commuting diagrams

H, (T(Ss(Y)¥*); ) H(T(Sa(Y)**);F) @ Hu(T(Se(Y)**); )

| i

H(T2(So(YV) 5 ); B 2220, (T (S0 (Y)X); F) @ Ha(T™(S4(Y)X*); F)

and

HL(T(S4(Y)X*); F) H(T(Su(Y)X);F) ® H.(T(Sa(Y)*); F)
HA (T (S0(Y X)) S B (1 (5,(V) X ); ) @ B (T7(Sa(Y)#); F)

Proof. By Theorem 4.9 the map A is a quasi-isomorphism. Lemma 4.7 gives us the

commutativity of the diagrams.
O

Taking everything together, we have:

Theorem 4.11. For an arbitrary simplicial set Yo and a finite simplicial set Xo such
that dim(X,e) < Conn(Ys), there is weak equivalence

Cu(Homrop(|Xel, |Ye|)) =~ Natgom(Xe, Yo) = Natgom(Xe, Ye).
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Taking coefficients in a field F the comultiplication on H.(Natyom(Xe,Ye); F) induced by
the one on H,(Homrop(|Xe|, |Ye]); F) commutes with restriction to the filtration of Nat,
i.€.

H,(Natgom(Xe,Ys); F) — H,(Natgom(Xe, Ya); F) @ H, (Natyom(Xe, Ya); F)

H,(Nat*™(X,,Ys);F) H,(Nat™(X,,Y,);F) ® H.(Nat" (X, Ys); F)

and
H*(Natcgom(X., Y.); IE‘) — H*(Natcgom(X., Y.); ]F) ® H*(Natcgom(X., Y.); ]F)
2m+\1L *(AQm"'l}{ m+1 \L m
H*(Nat (X., Y.);JF —_— *(Nat (X.,Y.);IF) ® H*(Nat (X., Y.);F)
commaute.

Proof. We only need to check that all quasi-isomorphisms involved respect the Ag-maps.

e From Corollary 4.10 we have a quasi-isomorphism of coalgebras
Ci(Homrop(|Xal, |Ya]) = T(Se(|Ya])*).
e By definition
T(Se(Y)**) = T(Homser(Xe, Se(Y)) = Dx,(C,(va)y F[=]%7)))-

e For any simplicial set Y,, one has Y, ~ S¢(|Ys]), so by Proposition 4.4 we have a
quasi-isomorphism

Dx.(Cs,(va))(F[=1%7))) = Dx.Cs,(va))(€om(—, —)) ~ Dx,Cy,(Com(—, -)),

which commutes with the A; maps.

e By the construction explained before Proposition 3.9 the (quasi-) isomorphism
Dx,Cy,(€om(—,—)) = Natgom(Xe,Ye) = Natgom(Xe,Ys) commute with the
Aj-maps.

Taking these steps together, the theorem is proven. O

5. THE GENERAL SETUP IN CLOSED MONOIDAL MODEL CATEGORIES

Let .# be a closed monoidal model category and £ a small category enriched in .#. In
this section we define the Hochschild and coHochschild construction for .# = Top or Ch
and modules over &, i.e. for enriched functors ® : £ — # and ¥ : £P — 4, respectively.
Then we can also define the formal operations and prove generalizations of Theorem 3.2
and Theorem 3.6 for chain complexes. We hope to achieve results for topological spaces
too and state what properties should suffice. This is work in progress. All the functors
considered are enriched over .# and so are the categories £ and £’, if not stated otherwise.

5.1. Derived tensor products and mapping spaces. We recall definitions and con-
structions on the derived tensor product and the derived end. We mostly follow Emily
Riehl’s notes [Riel2].

Definition 5.1. Let £ be a small .#-enriched category, G : EP — # and F : £ — M
enriched functors. The enriched coend or enriched tensor product of F' and G is defined
as

F @G = coeq [[(F@) @ G(d)) ®E(d,.d) =[] F(d) @ G(d)
d,d d
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Similarly, for F,G : £ — .# the enriched end is defined as

homg (F, G) = eq H hom(F(d),G(d)) = H hom(&(d, d'), hom(F(d), G(d)))
d d,d’

So far, the constructions do not respect weak-equivalences in the functors. This is
repaired by taking the homotopy coend or homotopy end (by taking the homotopy co-

L
equalizer and equalizer) which are denoted by — ® — and Rhomg(—, —), respectively.
&

In the unenriched setup, one would use the bar and cobar construction to give an ex-
plicit construction (and thus a proof of the existence) of the derived functors. This is
not always possible in the enriched setup. For the rest of this section we will work with
chain complexes and compactly generated topological spaces equipped with the projec-
tive and mixed model structure, respectively (for more details on the model structures cf.
Appendix B.4).

Definition 5.2. Let £ be a small category enriched in Ch. We call a functor By : £P —
Ch an h-projective replacement of a functor A : £°? — Ch if there is a levelwise quasi-
isomorphism B4 — A such that homgor (B4, —) is a right derived functor of homgos (A, —)

L
and — ® By is a left derived functor of — ® A.
& &

Similarly, for topological spaces we define:

Definition 5.3. Let £ be a small category enriched in T'op and Q(—) an enriched levelwise
cofibrant replacement functor, i.e. it induces a continuous map between the hom-spaces
hom(X,Y) and hom(Q(X),Q(Y)) for two topological spaces X and Y. We call a functor
By : E°? — Top a topological h-projective replacement of a functor A : £P — Top if
there is a levelwise weak equivalence B4 — A and if there are natural weak equivalences
such that homgop (B4, —) is a right derived functor of homgor(A, —) and Q(—) (? By is

L
a left derived functor of — ? A where Q(—) is an enriched levelwise cofibrant replace-

ment functor , i.e. it induces a continuous map between the hom-spaces hom(X,Y") and
hom(Q(X), Q(Y)) for two topological spaces X and Y.

Note that on topological spaces we replace the other tensor functor levelwise cofibrantly.
This is a weaker condition than the one we ask in chain complexes. On the other hand,
in chain complexes we often can find replacements B4 satisfying the stronger condition.

A functor B : € — A is called (topological) h-projective if it is a (topological) h-
projective resolution of itself, i.e. if the enriched tensor product realizes the derived
tensor product.

In the remainder of this section we want to give constructions of h-projective replace-
ments in spaces. However, these only work under certain conditions.

We start with the definition of the bar construction:

Definition 5.4. For a small .#—enriched category &, two functors G : £P — # and
F: & — A, the enriched simplicial bar construction is the simplicial object in .#Z whose
n—th level is defined as

Bu(F,£,G)= [ Fldo)®E(do,dr)® - ®E(dn1,dn) ® G(dy)
do, - ,dnEE

with the i—th face map being induced by the composition £(di—1,d;) ® E(d;, dit1) —
E(di—1,di11) for 0 < i < n and the induced maps on F'(dy) and G(dy,) for i =0 or i = n,
respectively. The degeneracies are the maps induced by the map * — £(d;, d;) plugged in
at the ¢ + 1-st position.
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For .# = Top the enriched bar construction is then the geometric realization, i.e.
B(F,E,G) = |Be(F,E,G)|
and for .# = Ch it is the totalization of the double chain complex C,(B.(G, &, F)), i.e
B(F,&,G) = Tot® Cy(B«(F, &, G)).

Similarly, for two functors F,G : £ — .# the enriched cosimplicial cobar construction

is the cosimplicial object in .# with n—th degree given by
C™(G,E,F) H hom(G(do) ®@ E(dp,d1) @ -+ @ E(dn-1,dyn), F(dn))
o)

with the face map for 0 < ¢ < n coming from the composition and the n—th face map
being induced by applying the extra map to F(d,—_1).

For .# = Top the enriched cobar construction is the totalization, i.e.

C(G,E,F) =Tot(C*(G,E, F))
and similarly for .# = Ch it is the total product complex of the double complex, i.e.
C(G, &, F) = Totll(C*(G, &, F)).

Note that for both bar constructions defined above, we can apply the enriched Yoneda
Lemma levelwise and get an isomorphism/homeomorphism

B(F.£.G) = F © B(£.£,G)

where B(E,E,G) : EP — M takes x € & to B(E(x,—),E,G). Moreover, taking the
category £ instead of £ and thus F' : (EP)P — 4, we get

B(F,€,G) = B(G,E, F).

Lemma 5.5. Let £ be an # —enriched category where # = Ch or Top. Then we can
express the cobar construction via the bar construction as follows:

C(G,&,F) =2 homg(B(G,E,E), F).

Proof. We first show that C*(G, &, F) = homg(Be(G,E,E), F), so in each level we first
need to give an isomorphism C"(G,E,F) = homg(B(G,E,E), F). We see

homg (B, (G, E,E), H homg (G(do) ® E(do,dy) @ -+ - ® E(dp—1,dp) ® E(dp,—), F)

H hom(G(dp) ® E(do,d1) ® -+ @ E(dn-1,dy), F(dn))

where the last step is the enrlched Yoneda Lemma. One easily checks that the simplicial
structure maps of B, get mapped to those of C*®. Therefore we obtain C*(G,E&, F) =
homg(Be (G, E,E), F) and hence, since Tot is the dual of geometric realization (it is the
end corresponding to the coend of geometric realization), we have

C(G,E,F)=Tot C*(G,E,F) = Tothomg(Be(G,E,E), F) = homg(|Be (G, E,E)|, F).

Thus the lemma is proven for .# = Top. Since taking Tot? is dual to taking TotH, the
same holds for .#Z = Ch. O

We need to give the right setup for the bar construction to be an h-projective replace-
ment:

Definition 5.6. Let £ be a small category enriched over T'op or Ch (equipped with the
mixed and projective model structure, respectively). The category £ is called cofibrantly
enriched if

e all the morphism spaces are cofibrant and
e the maps id — £(a,a) are cofibrations for all a € £.
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In the mixed model structure for spaces (cf. Appendix B.4.1) this requires all mor-
phism spaces to be strong homotopy equivalent to CW-complexes and the embeddings
of the identity to be Hurewicz cofibrations that are composition of a relative homotopy
equivalence and a relative CW-complex (cf. Appendix B.4.2). On chain complexes the
conditions are always fulfilled if all the £(a,a) are bounded below, levelwise projective
and the inclusion of the identity is a cofibration.

For .# = Top, the following theorem allows us to use the bar construction:

Theorem 5.7 ([Shu06, Theorem 23.12], for more details see [Riel2, Sec. 9.2]). Let £ be

a cofibrantly enriched topological category and let Q be an enriched cofibrant replacement.

Then an explicit model for the derived functor of the enriched tensor product — ® — is
&

L
given by — (? — = B(Q(—),&,Q(—)). An explicit model for the derived enriched end is

given by Rhomgop(—, —) = C(Q(—), &, —).
In particular, for every A : EP — Ch the functor B(E,E,Q(A)) is a topological h-
projective replacement.

Note that we did not need to use a fibrant replacement for the cobar construction, since
all spaces are fibrant.

For chain complexes we hope that the enriched bar construction is h-cofibrant, too.
However, for the moment we can only show that it preserves weak-equivalences.

Proposition 5.8. Let £ be cofibrantly enriched over chain complexes and A : EP —
Ch. Then B(—,&,Q(A)) and C(A,E,—) preserve weak equivalences. Again, Q(—) is a

functorial cofibrant replacement.

Proof. For the proof assume that A is levelwise cofibrant. We need to check that both
C(A,E,—) and B(—,&, A) preserve quasi-isomorphisms. A quasi-isomorphism ® ~ &’
induces quasi-isomorphisms
hom(A(do) & 5(d0, dl) (SRS ®5(dn_1, dp, ), (I)( n))
~ hom( (do) 8 do,d1> ®g(dn_1,dn),‘b/(dn)>

and
A(do) ®€(d0, d1) X - - '®€(dn_1, dn) ®(I)(dn)2A(do) ®5(d0, dl) &-- '®g(dn_1, dn) ®(I),(dn)

for all d; € £ since both A and £(—,—) were levelwise cofibrant. Thus we can apply
Corollary B.12 to compare the total complex of the double complex C*(A, &, ®) with
C*(A,E,9') and B.(A, &, ®) with B,(A, &, ") which proves the claim. O

5.2. Hochschild and coHochschild construction and formal operations. In this
section we fix two small, .#-enriched categories £ and &’ for .# = Top or Ch together
with an enriched functor & — £’. To define the Hochschild and coHochschild construction,
we have to distinguish the two cases. First assume that £ is enriched over Ch.

Definition 5.9. For an h-projective functor B : £P — Ch the Hochschild functor Cp(—) :
Fun(&,Ch) — Ch sends a functor ® : £ — Ch to

Cp(®) =28 B.

Similarly, the coHochschild functor Da(—) : Fun(E°,Ch) — Ch sends a functor ¥ :
EP — M to

DB(\IJ) = hOmgop (B, \If)

If £ is enriched over Top, we define:
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Definition 5.10. For a topological h-projective functor B : £P — Top and ) an enriched
cofibrant replacement functor the Hochschild functor Cg(—) : Fun(&, Top) — Top sends
a functor ® : £ — Top to

Cs(2)=Q(D) @ B.

Similarly, the coHochschild functor D4(—) : Fun(€°,Top) — Top sends a functor U :
EP — M to
DB(\IJ) = homgop(B, \I/)

In both cases (i.e. if £ is enriched over .# for .# = Ch or Top), we can define:
Definition 5.11. If A has a (topological) h-projective resolution B4 then we define
Ca(=) = Cp,(-)

and
Da(=) = Dp,(—).

L
The above give specific models for the derived enriched tensor product — ® A and the
&

derived enriched hom functor Rhomgor (A, —). Moreover, since a choice of h-projective
resolution is involved, the Hochschild and coHochschild constructions are only well-defined
up to weak equivalence. In topological spaces if £ is cofibrantly enriched, we can fix a
standard model by choosing B4 to be the bar construction. However, for chain complexes
we will see that all further definitions also only depend on the choice of h-projective
resolution up to weak equivalence.

For another enriched category £ with a functor i : £ — &', a functor ® : &' — # the
composition ® o7 defines a functor & — Ch. For A : P — # and ® : &' — .# we write
Ca(®) := Cy(Poi), i.e. wesee Ca(—): Fun(&',.#) — #. We use this to define the

formal operations:

Definition 5.12. Let A and A’ be two contravariant functors A, A’ : £% — .# which
have h-projective resolutions B4 and By4/. Then the formal operations are defined as the
mapping space

Natgr (Av A/) = homFun(S’,///) (CA(_)7 CA’(_))'

Similarly, the coformal operations are defined as the mapping space
Nat£ (A, A') = hom pyn(erer 4y (Da(=), Dar(=)).

Note that the above definition depends on the choice of h-projective resolution we have
chosen for A and A’. However, for chain complexes we will see later that up to weak
equivalence the spaces Natg/ (A, A’) and Nat (A, A’) are independent of this choice. To
avoid confusion, from now on we assume that we have fixed h-projective resolutions B4
and By for A and A’, respectively.

Remark 5.13. If we can choose B4 and By such that C4(®) and Cyu/ (®) are cofi-
brant, i.e. Ca(®) and Cyu/(P) are in particular cofibrant replacements of any model
of the enriched derived tensor product, then Natg (A, A’) = hom(Cs(—),Ca(—)) =

L L
R hom(C4(—),Ca(—)) and since Rhom(C4(—),Ca(—)) ~ Rhom(— (? A, — <§8§ A,
we have
L L
Nate/(4, 4') = Rhom(~ § A, — & 4.

Unfortunately, we do not see how to achieve this generalization in the case of chain com-
plexes. However, working in topological spaces with £ cofibrantly enriched, the enriched
bar construction B(Q(®),&,Q(A)) is cofibrant, since it is the geometric realization (i.e.
a left Quillen functor) of the Reedy cofibrant simplicial space Be(Q(®),E, Q(A)).
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Theorem 5.14. Let € and £’ be small categories enriched over Ch together with a func-
tor € — & and let B,B" : £ — Ch be two h-projective functors. Then we have an
isomorphism

Natg/ (B, B') = DpCpi(E'(—, —)).

For the general case, we can deduce:

Corollary 5.15. Let £ and &' be small categories enriched over Ch together with a functor
E—E andlet A, A" : £ — Ch be two functors which have h-projective resolutions. Then

Natgr(A, A/) ~ DsCy (8/(—, —))
and in particular Natg: (A, A") is independent of the choice of h-projective resolutions.
For the coformal transformations we can only prove the theorem in the case of .# = Ch.

Theorem 5.16. Let £ and &' be small categories enriched over Ch together with a functor
E — & and let B and B’ : £ — Ch be two h-projective functors. Then we have an
isomorphism

Nat2 (B, B') = Dp/Cp(&'(—, —)).

Corollary 5.17. Let £ and £ be as above and A, A’ : EP — M be two functors which
have h-projective resolutions. Then we have a weak equivalence

NatED’ (A7 A,) = DA’CA(S,(_v _))
and again Nat?, (A, A') is independent of the choice of h-projective resolution.

The corollaries all follow from the fact, that D4C4/(E'(—, —)) (up to weak equivalence)
is independent of the choice of h-projective resolution, since both D4 and Cy4: are so and
D 4 preserves weak equivalences (since it is a model of a derived functor).

It is work in progress to achieve similar theorems for topological spaces. The main
ingredient is a cofibrant replacement functor ) which is continuous (as explained earlier),
strong monoidal and comonadic. Under this conditions one can prove the analog for
topological spaces. A nice application would be to compute the formal operations in the
case of Chiral homology, which for Disk‘f,{ the framed m—disk operad and M a framed
m~—manifold is computed as

/ =9 gé Eas.
M Diski,l
Since we are not aware whether a cofibrant replacement functor with the above properties
exists, we cannot say anything more about that case here.

5.3. The proofs for chain complexes. In this section we give a proof of Theorem 5.14.
We first check:

Lemma 5.18. Let .# be a closed monoidal model category and € and £ be small cate-
gories enriched over . together with a functor & — &'. Moreover, take B : £ — A
and functors Hy : Fun(E, #) — Fun(&E, #) and Hy : Fun(E, #) — 4. Then we have

an isomorphism

hom(H(—) ng) B, Hs(—)) = homgop (B, hom(H;(—), Ha(—)))
where in both cases the hom-sets are natural in all ® : &' — A .

Proof. Under the tensor hom adjunction, all morphisms in hom(H;(®)®B, Ha(®)) natural
&

in @ correspond to homgop (B, hom(H1(®), Ho(®P)) natural in ®. Since the naturality is
only used in the second hom, this is the same as (compatible) maps from B into the set
of all elements of hom(H;(®), Hy(P)) that are natural in . O

Next we check:
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Lemma 5.19. For a functor H : Fun(&',Ch) — Ch we have an isomorphism
homFun(S’,Ch)(_(e)7 H) =Ho 5/(67 _)'
Proof. For each ® : £’ — Ch we define a map

Fy:E&'(e, ) 683) B — hom(®(e), ® <§g§> B)

as the adjoint of the map

Fp:&(e,~)® B ®(e) > d® B
& &

given by sending an element f ® b ® = to f(x) ® b. One checks that this is defined on
equivalence classes of the coend and is natural in ®.
Given a natural transformation v € hom(—(e), (—)

&

&
&'(e,—) and thus get ver )y € hom(E'(e,e),E (e, —) %} B). Evaluating at the identity
id € &'(e, e), we define

B) we can plug in the functor

G : hom(—(e), (—) (? B) = &'(e, ) (%) B

as G(V) = l/g/(&_) (ld)
We need to show that the two maps are inverse to each other: The composition G o F'
sends an element f ®b € &'(e,—)® B to (foid) ® b = f ® b and thus equals the identity.
&

To see that F'oG is the identity we fix a natural transformation v € hom(—(e), (—)® B)
&

and an element z € ®(e). Define a natural transformation p, € £'(e,—) — ®(—) by
sending an element f € &'(e, k) to f(x) € ®(k). The naturality of v induces a commutative
diagram

E'(e,e) —=E&'(e, —) (ES@B

lﬂ/z,e iuz

®(e) * ~®®B
&

for every .

Checking the diagram on id € £'(e, e), the composition via the lower left corner gives
v(z) whereas the composition via the upper right corner is G o F(v)(x). Thus v(z) =
G o F(v)(z) for all natural transformations v and for all , hence F' o G = id. O

Proof of Theorem 5.14. By the definition, we have that Nat. (B, B’) is given by the col-
lection of compatible morphisms in hom(® ® B, ® ® B’) which are natural in ® : &’ — Ch.
E E

Applying Lemma 5.18 to H; = id and Hy = — %) B’ we get
hom gy (er,cn) (Ca(—), Cpr(—)) = homgor (B, hom pyy e, cny (—, — ® B')).
By the previous lemma we obtain hom gy, g chy(—; — (Egi) B)) =& (e,—) ? B’ and thus
homee (B, hom e i (— —  B)) & homeen(B,€/(~, -) & B) 2 DuCiy (€'(~, )

where the last isomorphism is given by the definition of the coHochschild and Hochschild
complex. Thus the theorem is proven. O

Next we give a proof of the theorem for the coformal operations:
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Proof of Theorem 5.16. We start with describing a map Fy : homgop (B, E'(—, —)® B) —
&

hom(homgor (B, ¥), homgop (B’, ¥)) for all ¥ : £’ — Ch that is natural in ¥. Using the
tensor-hom adjunction, we need to construct a map

Fy : homgon (B',E'(—, —) <§£§> B) ® homgop(B, ¥) — homgor (B’, ¥).

For f € homgop (B, V) we have a map
R € homgor (E'(—, —) ? B,&'(—,-) @gg )

defined as Ry = id ® f. One checks that this is well-defined with the end and coend
constructions involved. Moreover, the evaluation ev is an element in homgop (E'(—, —) ®
&

U, ¥). For h € homgop(B',E'(—, —) (? B) and f € homgor(B, ¥) we define Fy(h ® f) as

the enriched composition
R
B 58— )oB L )ov Sy,
& E

ie. Fy(h® f)=evo Ry o h € homgop(B', ).
The inverse map G is easier to construct. Given v € hom(homgor (B, —), homgor (B, —))
we want to apply v to the functor £'(—, —) ® B. This gives us a map
&

l/(g/(_7_)(§3) : hOmgop(B, g/(—, —) (? B) — hOmgop(B/, 5/(—, —) (? B)
which we evaluate on the element w € homgor (B, E'(—, —) <§£§> B) defined by w(b) =id ®b.
Hence G = Ve~ -)gB) (w) € homgor (B',E'(—, —) (259 B).
We need to show that the two maps are inverse: To see that G o F' is the identity, for
f =id € homger (B, B) we need to show that F(e/(_ _)op)(id ® f) = id. Plugging in the
definition we see that ev o Ry = id and thus the claim follows.

To show F oG = id, we fix a ¥ : €2 — Ch and f € homgor (B, ¥). We define a
map Hy € homgor(E'(—,—) ® B,¥) by Hf = evo Ry. Given a natural transformation
&

v € hom(homgop (B, —), homgonr (B, —)) we thus get a commutative diagram

hotnger (B, &' (—, —) @ B) —— %) Yomeo (B, E'(—, —) ® B)
& E

in* \LHf*

homgor (B, ¥) - homgop (B, ¥)

where Hy_ is the induced map by postcomposition.
Evaluating the diagram on the element w = id ® — € homgor (B, E'(—, —) ® B) via the
&

upper horizontal map it is sent to v(g/(_ _)g, py(w) = G(v) and postcomposition with H;
gives F(G(v))(f). On the other hand, Hf ow = f and thus composition via the lower
left corner is vy (f). Hence vy (f) = F(G(v))(f) for all f and v and thus FoG =id. O

5.4. Applications to higher Hochschild homology. In this section we want to apply
the results proved so far to higher Hochschild and Chiral homology. In both cases we
want the categories £ and £’ to be PROPs enriched over Ch or Top, i.e. they are enriched
symmetric monoidal categories with objects the natural numbers including zero (so we
also assume that the structure maps are enriched monoidal functors). Moreover, for
simplicity, we always assume that the functor £ — £’ is the identity on objects.
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5.4.1. Higher Hochschild homology as a derived tensor product. In this section we focus
on the setup to deduce Theorem 3.2 and Theorem 3.6 from Theorem 5.14 and 5.16. From
now on we choose £ = ¥om. Given a simplicial set X, we want to use the chain complex
Zx, mentioned in Section 2.1 to rewrite the higher Hochschild complex Cx, () defined in
Definition 2.3 as the complex C'¢, (®) defined in Definition 5.9 and similarly for Dx, (V)
and D, (V). So we recall and define:

Given a simplicial finite set X, we define

Zx.(e) = P Com(e, Xy,) k]
k

with differential d : €om(e, X)) — €om(e, Xx_1) given by postcomposition with d' =
Zfzo(—l)idi where the d; € €om(Xy, X;_1) are the maps induced by the simplicial
boundary maps d; : X — Xg_1.

Similarly, for a family of simplicial finite sets {X{,---, X2} and a natural number m
we define

gXl

PETEIT)

xom@) = @ Comle, X} M- IXP Wm)ky + -+ k)
kl?"'ykn

where the differential comes from the boundary maps of the multisimplicial abelian group
structure on €om(e, X} 11 --- 11 X2 I m).
For X, an arbitrary simplicial set we define

(5.1) gx. (6) == colim g[{y (6)
Xet— KKl i KD
K} finite

and similarly for the iterated construction.
Analogously, we define the complex

Zxi xemle)= € Com(e, X, - TXE TTm)[ky + -+ kn) /Upy e

@10y i

klv"' an

with Uy, ...k, the image of the simplicial degeneracy maps, i.e. §X1

FETEET)

xp.m(e) is the
reduced chain complex of the multisimplicial abelian group €om(e, XX 11 --- 11 X2 1T m).
Again, for simplicial non-finite sets, we take the similar construction of equation (5.1).

Lemma 5.20. We have isomorphisms

P ® Lyi xpm = Cxi xp(®)(m),

“om

P ® Lxi xom=Cxi . xn(®)(m),

G om

(
homgomer (Lx1 . xpms ¥(=)) = Dx1 xp(¥
(

homegomer (L 1. xpm> ¥(=)) = Dx1 xn(¥

LR

and

natural in ® and W, respectively. In particular given two families of simplicial sets
{XL ..., XY and {Y,... Y 2} together with natural numbers my and mso there are
1somorphisms

Nate({X2,..., XM}, my {YL, ..., Y72} my) = Na,tg(gX.ljn.’X:H’ml,3}/17‘..7}/."2’”12) and

Nate({Xo, ..., X b mi {0 Y02 ) ma) & Nate (Lxa xm s Ly i m,)

o M1’ .

where the left hand sides where defined in Definition 3.1 and the right hand sides of the
equality is the complex of formal operations defined earlier in this section.
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Proof. Plugging in the definition for a simplicial finite set, we get
QL xim=P ® P Comle, X - TXE Tm)ky+ -+ k)
Com

gom k1, kn

~ P o}, O--TXp Wm)[ks + - + kn)
ki, ,kn
= CX}, ,Xn(q))(m)
which follows from the Yoneda lemma. One easily checks that the differentials agree and
that the isomorphism factors through the reduced versions. Since the tensor product

commutes with colimits, the result for simplicial non-finite sets follows. The proof for the
coHochschild construction works similarly. O

Lemma 5.21. For a family of simplicial sets (X1l ..., X2} and a natural number m the
functors Lx1  xp . and Lx1  xp ., are h-projective.

Proof. In Proposition 2.9 we have shown (both in the finite and non-finite case) that

the functors Cx1  xp(=)(m), Cxi. xn(=)(m), Dx1 _ xp(=)(m) and Dx1  xn(—)(m)

preserve quasi- isoniorphism and thus so do the functors — Rz om EX}W7 Xzi,m, — Q%om

Lx1. xnm» homegomer (Lxi xpmy —) and homegemer (L x1. xn . —) by the previous

lemma. Hence they give a model for the derived tensor product and hom, respectively. [
Now we are finally able to deduce Theorem 3.2 and Theorem 3.6:

Proof of Theorem 3.2 and Theorem 3.6. Since both Ly1  xn ,, and Lx1  n . are h-
projective, the assumptions of Theorems 5.14 and 5.16 are fulfilled. By the 1somorph1sm
in Lemma 5.20, this implies the reduced and non-reduced versions of Theorem 3.2 and
Theorem 3.6. O

Remark 5.22. Let Ay be the dg-PROP encoding A.—algebras, i.e. algebras only asso-
ciative up to homotopy (see for example [WW11, Sec. 3.1]). We say that & is a PROP
with A,.-multiplication, if there is a functor 7, — &£’ which is an isomorphism on ob-
jects. For such a PROP &' with A..-multiplication, two enriched functors ® : £ — Ch

and ¥ : &P — Ch, in [WW11, Def. 5.1] and [Wahl12, Def 1.1] the Hochschild and
coHochschild complex were defined as

C(P)(m) = &(— 4+ m) EL A
and
D(¥)(m) = hom 4or (&, ¥(— + m))

for £ a complex of graphs (defined more generally later). For a fixed m we can again
change .Z slightly to some ™ and can rewrite

C(®)(m) = ®(—) A® zm
and
D(W)(m) = hom 4o (£, ¥(—))
and thus can use Theorem 5.14 to reprove [Wah12, Theorem 2.1].

APPENDIX A. MORE DETAILS FOR THEOREM 4.5

Let F be a field with Q C F. We briefly recall details on the de Rham algebra and give
a proof of Theorem 4.5. This is mainly based on material from [FHTO01, Chapter 10].

Definition A.1. The simplicial deRham algebra is the graded commutative simplicial
cochain algebra 2} with n-simplices
* F[to,..‘,tn]®A(dt0,...,dtn)
Q= ,
(to+ - +t,— L, dtg+ -+ dty)

It:| =0, |dt;] =1
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with differential
of
a(f) = —-dt;
(f) atl (2]
for f € Flto,...,tn]/(O_ti —1). The simplicial de Rham algebra of a simplicial set X,
*(X,) is the graded commutative simplicial cochain algebra

2" (Xe) = Hompor (X, 2;)
inheriting the algebra structure from 2.

For a topological space this gives the usual de Rham algebra Q*(X) if we take the sim-
plicial set Se(X), the singular chains of X. Moreover, there is a natural quasi-isomorphism
0 (X,) = Q% (| Xa ).

Theorem A.2 ([FHTO01, Theorem 10.9]). For each simplicial set there is a zig zag of
natural quasi-isomorphisms

N"(X,) — 0+ C*(X,).

Note that the naturality ensures that we have a zig zag of quasi-isomorphisms of func-
tors between C*(Y,*7) and Q*(Y, ™) : ¥om® — Ch.

Since —®— is the coproduct in cdga, for two simplicial sets X, and Y, the maps induced
by the projections X x Y — X and X xY — Y induce a map Q*(X,) ® Q*(Y,) —
02*(Xe x Ys), which is known to be a quasi-isomorphism. By definition, this map is
associative, i.e. we get a quasi-isomorphism Q*(X,)®@Q*(Ye) R0 (Zs) — O (Xe X Yo X Z).
Denote by 7 the algebraic twist on Q*(X,) ® Q*(Y,) and Q*(7) the twist induced by the
twist on the level of simplicial sets on Q*(X, x Y,). We want to see that the following
diagram commutes:

0" (Xo) @ Q*(Ye) —— Q" (Xo X Ys)

\L‘r \LQ*(T)

D (Y,) @ Q" (Xo) — Q*(Ye x Xo).

Precomposing with the inclusions of Q*(X,) and Q*(Y,), respectively, going via the up-
per right corner and going via the lower left corner commute. Therefore, by the univer-
sal property of the coproduct, the diagram commutes. Similarly, taking id ® Q*(f) on
0" (Xe) ® 2*(Y,) and then mapping to 2*(Y, x X,) commutes with first mapping there
and then taking Q*(id x f). Furthermore, the diagram

0*(Xo) @ 0 (X,) — (X, x X,)

lu iQ*(A)

0 (Xe) 0 (Xe)

commutes and tensoring with the unit agrees with the map induced by forgetting the
corresponding copy of X,. Thus we have shown that permuting any two factors or mul-
tiplying any two factors is preserved under the quasi-isomorphism Q*(Y¥*) ~ Q*(Y,)®*
and hence we have a quasi-isomorphism of functors

CHY) ) = QY T) = Q*(Ye)® : €om® — Ch.
Applying Proposition 4.2, we have proved Theorem 4.5.

APPENDIX B. ALGEBRAIC TOOLS

In this appendix we give some additional proofs needed in Section 1 and some back-
ground on spectral sequences of double complexes and homotopy limits.
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B.1. Functorality of Tot and sTot. Let Ch and d Ch" be the dg-categories of chain
complexes and double chain complexes with respect to the vertical differential, respec-

tively, which were defined in Section 1. There we also defined the (switched) total complex
functors (s) Totll : d Ch” — Ch and (s) Tot® : d Ch” — Ch.

Proposition B.1. The functors Totll, Tot®, sTotll, sTot® : dCh" — Ch are dg-
functors.

Proof. The calculations are the same for the direct sum and product complexes. There-
fore, we omit the label and handle both cases at the same time. We start with the
unswitched double complex: Let f be a map f : Ce o — Dq op|f|- We compute

dTot(f)pg = (— )p+q(dD of—f Odc)
(=DPF(dy o f + (~1)Pdy) o f = fody — (=1 f o dy)
< D(dy o f = fody])
= Tot(dy([))-
To avoid confusion, we do the second computation on elements, i.e. we look at
d(x @ sTot(f)) — d(sTot(f)(z)).
We get
d(x @ sTot(f))
= dx ®@ sTot(f) + (=1)PT92 ® d(s Tot(f))
= dy(z) ® sTot(f) + (—1)?dp(z) ® sTot(f) + (=1)" "z @ d(s Tot(f))
= sTot(f)(dy(2)) + (=1)7sTot(f)(dn(z)) + (=1)P"d(sTot(f))(x)
= (=Y f(dy(2)) + (=)D f(dy () + (=1)PHd(sTot(f))(x).
On the other hand
d(sTot(f)(x)) = (=1)PVd,(f(x)) + (=)@ Dy, (f(2)).
Comparing the two results, we obtain
(=DM f(d () + (~)ID0 (0 () + (1P 9d($Tot( ) ()

= (=1)PHld, (f(2)) + (=1)PHIHat g, (f(z))
& (=1)7"d(sTot(f))(x)

= (=DVP(dy(f(2)) = f(do(@))) + (=1)HD¥(dy (f(2)) — f(dn(2))

and plugging in the assumptions on the right side we get

/\\_/

& (=1 d(sTot(f)) (x) = (=1)P+(dy (f)(x)) +0
&d(sTot(f))(z) = (=1)HPd, (f)(x).
However, computing sTot(d,(f))(x) we have

sTot(dy(f))(x) = (=1)/%DPa,(f)(x) = (=1) P, ()(x)
i.e. for any x we have that d(sTot(f))(z) = sTot(d,(f))(x) hence the claim follows. [
B.2. The Eilenberg-Zilber Theorem. In this section we recall the simplicial and

cosimplicial Eilenberg-Zilber and Alexander-Whitney maps and the Eilenberg-Zilber The-
orem. This is based on [Wei95, Chapter 8.5] and [GMO04, Appendix 3].
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Definition B.2. For a bisimplicial object A+ in an abelian category 2/ the simplicial
object diag,(Ae ) is given by composing the diagonal map A — A x A with A, .. Thus
diag,,(Aee) = Apn-

Similarly, for a bicosimplicial object B®*® in an abelian category «/ the cosimplicial
object diag®(B**) is the composition of the diagonal map A — A x A with B**. Thus
diag"(B**®) = B™".

We first work in the simplicial setup (cf. [Wei95, Chapter 8.5.]).
Definition B.3 (Alexander-Whitney map). Let A4 be a bisimplicial object with hor-

izontal boundary maps dzh and vertical face maps df. For p + ¢ = n the map AW, , :
Appn — Ay 4 is defined as

h h
by -edhdy - dy.
~—
p

The sum over all p and ¢ yields a map AW,, : A, , — Tot? C.Cy(As,e) and assembling
all these maps gives a chain map

AW : C,(diag, Aee) — Tot® CiCy(Aae)
called the Alexander-Whitney map. The map is natural with respect to morphisms of
bisimplicial objects.
Furthermore, the map is well-defined on reduced complexes and we have a commutative
square
C.(diag, Aee) —22 Tot® C,C\(Asa)
C,(diag, Aee) —2X Tot® C,C,(As.a).
Remark B.4. For a trisimplicial object Ao with boundary maps d}, d? and d?, we
can iterate the Alexander-Whitney map. The map (AW ®id) o AW
C.(diag, Aees) — Tot? Tot??2 CiCy(Aaee)
is induced by maps AWp, psps @ Annn = Api pops With p1 4 p2 + p3 = n defined as
1 1 52 2 52 2 3 3
Ay y1rdyody-did oy dyody - df.
p1 p1+p2

This explicit definition of the maps implies the coassociativity of the Alexander-Whitney
map, i.e. (AW ®id) o AW = (id®@ AW ) o AW.

Definition B.5 (Eilenberg-Zilber map). Let A.+ be a bisimplicial object with code-

generacy maps s and s¥. For p+q = n the map EZ,, : Ay, — A, is defined to

be
sgn h h v v
Yo DI s Sh) T Sha)-
(pyq) shuffles 1

The sum of these maps gives a chain map
EZ : Tot® C.Cy(Ase) — Ci(diag, Aes),

called the Eilenberg-Zilber map. It is natural with respect to morphisms of cosimplicial
objects.

The Eilenberg-Zilber map commutes with restriction to the reduced complex, too.

Remark B.6. Via the explicit formulas of the Eilenberg-Zilber map given above, it is
easy to check that it is associative.
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Theorem B.7 (simplicial Eilenberg-Zilber). For a bisimplicial object Aee in an abelian
category &/ the maps EZ and AW yield chain homotopy equivalences

AW : Ci(diag, Aes) = Tot® C.Cu(Ase) : EZ
restricting to the reduced complexes.
Dually, for a cosimplicial object B®** we define
AW* : Tot® C*C*(B**) — C*(diag B**)
EZ* : C*(diag® B**) — Tot® C*C*(B**)

using the coface maps and codegeneracies, respectively. Again, the maps commute with
restriction to the reduced complexes.

Theorem B.8 (cosimplicial Eilenberg-Zilber, [GMO04, A.3|). For a bicosimplicial object
B** in an abelian category </ the maps EZ* and AW™ yield chain homotopy equivalences

AW* : Tot® C*C*(B**) = C*(diag® B**) : EZ*
restricting to the reduced complexes.

B.3. Spectral sequences for double complexes. We recall the results for spectral
sequences of right and left half plane double complexes, i.e. complexes being zero in the
left and right halfplane, respectively.

Theorem B.9 ([Wei95, Section 5.6.]). Let Cp, be a right half plane double complex.
Then filtration by columns gives a spectral sequence with Equ = Cpq, E;jq = HJ(Cpx,dy)
and B2, = H;L(Hg(C*j*), (—1)%dp,) strongly converging to Hpyq(sTot®(Cy ).

Now let Cp, 4 be a left half plane double complex. The filtration by columns was defined
as Fy = Totll(C, ,) for s > 0 and
Fy=]Cpa

p<s

This gives us a descending filtration --- C F,_1 C Fs C --- starting at Fy = Totll Chq
with (Fs)stt/(Fs—1)s+t = Cst. Therefore, by [Wei95, Theorem 5.4.1] the associated
spectral sequence has the form

EP? = Hy(Cpov,do) = Hyyg(Totl1 C, ).
This spectral sequence does not need to converge, but it always converges conditionally:

Theorem B.10. For any left half plane double complex the spectral sequence associated
to the product filtration by columns defined above is conditionally convergent.

Proof. Applying [Boa99, Theorem 9.2] we have to show that the filtration is exhaustive,
complete and Hausdorff. The fact that | J, Fs = Fy = TotlI(C. .) shows that the filtration
is exhaustive. By [Wei95, Section 5.6], the spectral sequence is complete Hausdorff. [

Theorem B.11. In both situations (i.e. either right or left half plane double complez)
a morphism of double complexes inducing an isomorphism on E,.-pages for some r > 0
mduces an isomorphism of filtered groups on the target.

Proof. In the case of strong convergence (i.e. right halfplane double complex) this follows
by the classical Comparison Theorem ([Wei95, Theorem 5.2.12]).

In the second case, by [Boa99, Proposition 2.4] we have an isomorphism between the
FE+ and RE. pages. Moreover, both spectral sequences converge to the limit by the
previous theorem. Applying [Boa99, Theorem 7.2], we get an isomorphism of filtered
groups. O
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Corollary B.12. Let f : C,q — Dp4 be a map of left (respectively right) half plane
double complexes. If f is a quasi-isomorphism with respect to the vertical differential
(i.e. an isomorphism after taking homology in the vertical direction), f induces a quasi-

isomorphism f : 1], , Cpq = 11, , Dp,g respectively f: D, , Cpq = D, 4 Ppg-

Proof. A map f as given in the corollary induces an isomorphism of the Fi-pages of the
respective spectral sequences. Thus, by the previous theorem, the claim follows. O

If we have a map which is a quasi-isomorphism with respect to the horizontal differen-
tial, we have to ask for stronger properties for it to induce a quasi-isomorphism of total
complexes, namely it has to be a chain homotopy equivalence. To deduce this result, we
need a small technical lemma from homological algebra:

Lemma B.13. Let & and P be two abelian categories and F : of — P an additive
functor. Then the induced functor F : Ch(«/) — Ch(Z) preserves chain homotopy
equivalences.

Proof. For f and ¢ inverse chain homotopy equivalences, we have maps K, L such that
dpy10 Ky + Kpy10dy, = fpogy, —id and dpy1 0 Ly + Ly 0ody, = gy © fr, — id. Since
F is additive, F(dy41) 0 F(K), + F(K)pi1 0 F(dy) = F(f)n o F(g)n — id and F(dp41) o
F(L), + F(L)py1 0 F(dy) = F(g)n o F(f)n —id, i.e. F(f) and F(g) are inverse chain
homotopy equivalences. [l

On the other hand, for a chain map f : Cp, ; — D, 4 being a chain homotopy equivalence
in d Ch" (as defined above) it also induces a quasi-isomorphism of the respective total
complexes (see Corollary B.14).

Corollary B.14. A chain-homotopy equivalence of (double) complexes Cy . and 6* £ N
dCh" or D, . and 15** in d Ch" (i.e. with respect to the horizontal differential) in-
duces quasz isomorphisms of total complexes sTot® Ciy sTot® C* + and Totll Dy, ~
Totll D D, ., respectively.

Proof. Given chain homotopy equivalences

i¢ Cix & CN'*,* :pc and P : D, = INDM :pD,
respectively, by the additivity of the homology functor H, : Ch — Ab and Lemma B.13

we get a chain homotopy equivalence after taking homology in the vertical direction, i.e.
maps such that both compositions are chain homotopic to the identity:

H,(Cyy,d2) = H*(C~'*7*,d2) :p¢ and P : H,(Dsx,d2) = H*(E*y*,dg) :pP.

This implies that the maps induce isomorphisms after taking homology in the horizontal
direction, i.e.

i€ Hy(H (Chnydy), dy) = Hy(Ho(Con,ds), dy)
and N

iP Ho(Ho(Dsu,dy),d1) = Hy(Hu(Dsx,ds), dy).
So looking at the associated right and left half-plane spectral sequences of the double
complexes (cf. Theorem B.9 and B.10, respectively), i¢ and i are maps of spectral
sequences inducing isomorphisms on the FEs-pages. By Theorem B.11, this yields filtered
isomorphisms of sTot® Ci s sTot® C’* « and Totl] D, , ~ Tot!l D D, ., respectively. O

B.4. The model structures on topological spaces and chain complexes used
in Section 5. Here we recall the mixed model structure on topological spaces and the
projective model structure on unbounded chain complexes over a ring which are used in
Section 5. Given a model category .#, we denote by (C, W, F') the tuple of the sets of
cofibrations, weak equivalences and fibrations.
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B.4.1. The mized model structure on topological spaces. In this section we follow the
introduction to the mixed model structure on compactly generated topological spaces
provided in [MP11, 17.3 and 17.4].

The mixed model structure, which mixes the Quillen and the Hurewicz model structure
on topological spaces, was first introduced by Cole in [Col06]. Cole proves more generally
that given a category .# with two model structures (Cy, Wy, Fy,) and (Cp, W, F},) such
that Fj, C F, and W), C W, there is a model structure (Cy,, Wi, Fyp,) with W, = W,
and F),, = Fjy and the cofibrations are those maps j € Cj, which factor as j = f o4 with
f €Wy, andie C,.

In topological spaces (Cy, Wy, Fy;) is chosen to be the Quillen model structure, so the
weak equivalences W, are the weak homotopy equivalences, i.e. the maps that induce
bijections on path components and an isomorphism on homotopy groups for all choices
of basepoints. The g-fibrations Fj are the Serre fibrations. Then the g-cofibrations are
defined to be those maps, which have the left lifting property with respect to the acyclic
gq—fibrations.

The Hurewicz (or Strgm) model structure (Cj, W, F}) has as weak equivalences the
homotopy equivalences and F} and C} the Hurewicz fibrations and cofibrations, respec-
tively.

Then the mixed model structure has as weak equivalences the weak homotopy equiv-
alences and the fibrations the Hurewicz fibrations. Hence the cofibrations are those
Hurewicz cofibrations j, that factor as j = f o¢ with f a (strong) homotopy equivalence
and ¢ a Quillen cofibration. Since one composes with a homotopy equivalence afterwards,
one can assume that i : A — X is a relative CW-complex.

The following facts where shown in [Col06]:

Every space is fibrant.

The cofibrant spaces are exactly those which are strongly homotopy equivalent to
CW-complexes.

The model structure turns Top into a closed monoidal model category.

There are Quillen adjunctions to both Top with the Quillen and Top with the
Hurewicz model structure.

The last two properties imply that we have a strong monoidal Quillen adjunction to
simplicial sets.

B.4.2. The projective model structure on unbounded chain compleres. On unbounded
chain complexes Ch(R) for R a commutative ring, we use the projective model struc-
ture. More details can be found in [Hov99, 2.3] and [MP11, 17.3 and 17.4].

The weak equivalences are the quasi-isomorphisms. The fibrations are the levelwise
surjective maps, i.e. p : X, — Y, is a fibration if p; : X — Y3 is surjective for all k.
The cofibrations are a little more difficult to describe explicitly and therefore are omitted
here. Cofibrant objects are levelwise projective, but the converse is only true for bounded
below chain complexes. Every chain complex is fibrant in this model structure.

The model category Ch(R) is a strong monoidal model category. It is cofibrantly
generated and thus there is a functorial cofibrant replacement functor.

By [Hov01, Cor. 3.7] the derived tensor product can be computed by only replacing
one of the factors cofibrantly.
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