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Abstract

In this thesis we demonstrate a universal property of symmetric L-theory as a
space-valued functor from the category of Waldhausen categories with Spanier
Whitehead products in the sense of [WWO98]. Specifically, we characterise
symmetric L-Theory as the target of the “universal bordism characteristic of
symmetric Poincaré objects”. Furthermore, we show that the construction of
Quinn’s bordism spaces of ad theories in the sense of [LM14] satisfies an analo-
gous characterisation. The main novel ingredient of our work is the development
of a simple abstract setting for universality that unifies both examples.

There are two parts to this thesis: Part I establishes the abstract founda-
tions and describes applications. Part II is a technical extension of the first part,
based on a further analysis of sufficient conditions for universal bordism char-
acteristics and the problem of how to extend their targets to spectrum-valued
functors in a natural way. We introduce a second more specialised framework
for this investigation and illustrate the theory in two explicit examples; namely,
Quinn’s Bordism machine of ad theories and symmetric L-theory in the setting
of additive categories with chain duality introduced by A. A. Ranicki.
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Introduction

Algebraic L-theory was developed by C. T. C. Wall, A. A. Ranicki and A.
S. Mishchenko (see [Wal99, [Ran92l [Mis71]) as a receptacle for signature-type
invariants of closed manifolds and, most notably, surgery obstructions. It is
defined in terms of semi-simplicial spaces whose n-simplices are algebraic models
of compact A™-manifold-ads, i.e., manifolds with n 4+ 1 many boundary pieces
intersecting transversely and with empty total intersection; for example, a A°-
manifold is just a manifold without boundary and a A'-manifold is a manifold
with boundary in the usual sense.

L-theory should be regarded as a cousin of algebraic K-theory, which geomet-
rically serves as a receptacle for Euler-characteristic-type invariants. However,
in contrast to the feature of additivity of Euler-characteristic-type invariants
with respect to decompositions of the underlying space, the most important
property of signature-type invariants is bordism invariance.

Recent research ([Barl6l [ BGT13]|; see [StelT] in particular, for an elementary
and 1-categorical account) aimed at describing algebraic K-theory not only via
its construction, but rather by characterising it via a universal property, briefly
summarised as being “the universal additive characteristic”.

One of the two motivations of this work was to find a similar description of
algebraic L-theory via a universal property. The other motivation of this work
is based on the idea, popularised by Frank Quinn in his work on the surgery
exact sequence [Qui70l [Qui95] and much further pursued by Gerd Laures and
James E. McClure [LMT4] [LM13], that the construction of L-theory only relies
on having a suitable notion of A™-ads available, and so generalises to other
contexts. In this generality the simplicial construction is often referred to as
Quinn’s bordism machine; in the case of manifolds, for instance, the machine
gives rise to a geometric model for Thom spectra underlying bordism theory.
One may then wonder to what extent Quinn’s machine, in general, possesses a
universal property.

In this thesis we show that indeed both algebraic L-theory and Quinn’s bor-
dism machine satisfy a universal property, briefly summarised as being “the
universal bordism characteristic’. We formalise an abstraction of both con-
structions, called parametric realisation, in order to unify the proofs, and then
analyse two specific examples in detail, based on the availability of relevant
results in the literature: First, the case of Waldhausen categories with duality
in analogy to [Stel7] wherein parametric realisation corresponds to algebraic
L-theory; and second, the case of ad theories and Quinn’s bordism machine in
the sense of Laures-McClure.

Let us now explain the results of this work in more detail: We start by
placing ourselves into a minimalistic setting to describe parametric realisation



and its universal property. A complete introduction is given in Chapter

Let C be a category and denote by A°P the opposite of the category of non-
empty finite ordered total sets [n] = {0 < --- < n}, where n is a natural number,
and order-preserving injective maps. By a parametrisation structure on C, we
will mean a functor

p:CxA? = C
(¢, [n]) = c[n]

together with a natural transformation p. : ¢ 2 ¢[0]. We call the functor p the
parametrisation operator on C and p the unit.

Denote by Top, the category of pointed spaces and pointed continous maps.
In anticipation of our applications, one should regard a space-valued functor
Z : C — Top, on C as specifying the “closed objects” of C, or the abstract
analogues of closed manifolds, and the spaces Z(c[n]) as the space of n-parameter
bordisms in Z(c). For any functor Z : C — Top, we then define its parametric
realisation to be the functor PZ : C — Top, determined by taking geometric
realisation of the semi-simplicial spaces [n] — Z(c[n]), for all objects ¢ in C, i.e.,

PZ(c) = |[[n] = Z(c[n])||.
Note that the construction PZ comes with a canonical natural transformation
tz(c): Z(c) = PZ(c),

given by the composition of the natural transformation Z(u.) : Z(c) & Z(c[0])
and the inclusion of the 0-skeleton Z(c[0]) < PZ(c).

Definition 0.0.1. Let Z : C — Top, be a functor. A bordism characteristic of
Z is a pair (F,0) consisting of a functor F : C — Top, and a natural transfor-
mation o : Z = F such that the functor F satisfies the following condition called
bordism invariance: all face maps of the semi-simplicial space [n] — F(c[n]) are
weak equivalences, for all objects ¢ in C and all natural numbers n > 1.

Bordism characteristics of any given Z : C — Top, assemble into a cate-
gory, which we denote by Brd(Z); a morphism (F,o) — (F’,0’) is a natural
transformation 7 : F = F’ such that n oo = ¢’/. We call a morphism 7 in
Brd(Z) a weak equivalence if it is an objectwise weak equivalence and denote
the corresponding category obtained by formally inverting weak equivalences by
hBrd(Z2).

It is evident from the definition that the operation of parametric realisation
on a given functor Z defines a bordism characteristic (PZ,tz) of Z precisely
if PZ is bordism invariant. This latter assumption may not hold in general,
though. We defer a counterexample to Example

Nevertheless, under a mild symmetry assumption on the parametrisation
operator, we show that whenever the pair (PZ,tz) is a bordism characteristic
of Z, then it is the universal one in the following homotopical sense:

Theorem 0.0.2. Let (C,p,u) be a category with symmetric parametrisation
structure. Furthermore, let Z : C — Top, be a functor such that its parametric
realisation PZ is bordism invariant. Then the pair (PZ,i1z) is an initial object
in hBrd(Z2).



Theorem [0.0.2] will serve as a template for applications. Its proof depends on
the theory of semi-simplicial spaces and reasoning analogous to that of [Stel7].

Let us next outline our two main applications of Theorem Chapters
[2 and [3] are dedicated to thorough discussions.

First, we consider xWald, the category of Waldhausen categories with a
Spanier Whitehead product, alias Waldhausen categories with duality, as de-
veloped by Michael Weiss and Bruce Williams in [WW098]. The setting xWald
was introduced in the work of Weiss-Williams on automorphisms of manifolds
(see [WWS8S, WWS89, WW14, WWO01l, WW98, WW0Q]) as a generalisation of
the category of rings with involution, and should be viewed as a counterpart to
the setting of Waldhausen categories for algebraic K-theory.

As closed objects of xWald, we consider the symmetric Poincaré objects,
which satisfy a self-duality property in analogy to the Poincaré duality of man-
ifolds. We will denote the corresponding functor by sp : xWald — Top,. A
parametrisation structure on the category xWald was essentially described in
[WWO8] and symmetric L-theory L(C) of a Waldhausen category with duality
C is defined as the parametric realisation of the functor sp applied to C, i.e.,

L(C) := Psp(C).

It was observed in [WWO00] that symmetric L-theory satisfies the bordism in-
variance condition, or in other words, that the pair (L, s, : sp = L) is a bordism
characteristic of sp. We combine this observation with Theorem [0.0.2] to deduce
that the pair (L, tsp) is in fact a universal bordism characteristic of sp, and,
thus, satisfies a universal property:

Theorem 0.0.3. The pair (L, tsp) is initial in hBrd(sp).

To elaborate, Theorem [0.0.3] states that symmetric L-theory of Waldhausen
categories with duality is the universal target of bordism characteristics of sym-
metric Poincaré objects, in the sense that every natural transformation sp = F'
to a bordism invariant functor F' extends along ¢y, : sp = L to a natural
transformation L = F, up to inverting weak equivalences. Furthermore, the
extension is uniquely defined up to inverting weak equivalences.

As a demonstration of Theorem [0.0.3] we give the following application: One
of the main achievements of [WWO98] was to establish a relationship between
algebraic L- and K-theory to explain the existence of Rothenburg sequences.
The authors achieve this by constructing a natural transformation

= L= Kt

from symmetric L-theory to the Zy-Tate cohomology of K-theory.

We prove that the natural transformation = of Weiss-Williams can be charac-
terised as a morphism of bordism characteristics of symmetric Poincaré objects,
up to weak equivalence, as a consequence of the universal property of L-theory
stated in Theorem [.0.3

In our second application of Theorem we examine the category of ad
theories introduced by Laures-McClure [LM14]. Ad theories are a modern re-
formulation of Quinn’s “bordism-type theories” (cf. [Qui95]), serving as input
for Quinn’s bordism machine, and giving rise to highly structured models of
bordism-type spectra, such as L-theory spectra and Thom spectra. They are



defined as integer-graded (by dimension) categories A with involution together
with an integer-graded set of diagrams in A, called “ads”, indexed by the face
posets of ball complex pairs.

Let Ad denote the category of ad theories. A parametrisation operator on
Ad is described in [LM14], yet the proof that the construction is well-defined
was not presented there. We provide comprehensive details here to fill the gap,
and, moreover, show that the parametrisation operator extends over the whole
category of ball complex pairs.

We denote by Ball, the category of ball complex pairs and let c1®(A) (cl for
closed) denote the set of AY-ads of grading 0 of an ad theory A. (The grading is
chosen in order that the functor @ corresponds to the taking the zeroeth space
of Quinn’s bordism-spectra.) Quinn’s bordism-space machine Q is defined as
the parametric realisation of the closed objects functor cl’, i.e.,

Q:=Pcl.

It turns out that results of [LMI4] directly imply that the pair (Q,¢q0) is a
bordism characteristic. We furthermore prove that this pair defines a universal
bordism characteristic of the closed-object functor:

Theorem 0.0.4. The pair (Q, 1o0) is initial in hBrd(cl®).

The results described so far constitute the content of the first part of this
work. Part[II]of this work serves as a technical extension and elaboration of Part
[ based on a further investigation of parametric realisation and the conditions
of Theorem Our research is motivated by the following specific questions
inspired by [Stel7):

Let (C,p, p) be a category with parametrisation structure and Z : C — Top,
be a given space-valued functor on C. Under which conditions on the functor Z
and parametrisation operator p, can one deduce that:

1. The parametric realisation of Z is bordism invariant?
2. The parametric realisation of Z extends to an Q-spectrum functor?

The motivating aim behind the first question is to understand better the
role of the input functor Z in Theorem[0.0.2} and in particular, to find sufficient
conditions on the functor Z itself, rather than on its parametric realisation, so
that the pair (PZ,tz) is universal. The second question is motivated by the
fact that our main examples of parametric realisation are not just space-valued
but in fact take values in the category of infinite loop spaces, i.e., they appear
as zeroeth terms of (2-spectrum-valued functors. It is then desirable to find a
setting for parametric realisation in which the extension to spectra would be
described naturally.

In this work, we do not examine Questions (1.) and (2.) in full generality but
rather in the special situation that the parametrisation operator extends over
the category of ball complex pairs, motivated by the example of ad theories
and, furthermore, by the recent description of Tibor Macko and Spirou Adams-
Florou in [AFMI8] of additive categories with chain duality parametrised over
ball complexes.

More specifically, we introduce an axiomatisation of the extended features of
parametrisation in the category of ad theories called extended parametrisation



structures: These are parametrisation structures (p, ut) such that the parametri-
sation operator p is given by a functor p : C x Bally” — C, together with the
data of natural isomorphisms

ol BN (e[ M, N)[K, L] = ¢[(K, L) x (M, N)]

expressing associativity of the parametrisation operator with respect to the
product 'x’ of ball complexes (as CW complexes) and satisfying compatibil-
ity conditions with the unit p. : ¢ = ¢[0]. A formal introduction is presented in
Chapter 4l We then establish the following specialisation of Theorem [0.0.2] in
the setting of extended parametrisation structures, as a demonstrative answer
to Questions (1.) and (2.):

Theorem 0.0.5. Let (C,p,u,a) be a category with extended parametrisation
structure and Z : C — Set, be a functor. Suppose that p is combinatorial and
deloopable and that Z is local and surjective on expansions. Then the paramet-
ric realisation PZ is bordism invariant and extends to an -spectrum-valued
functor. In particular, the pair (PZ,1z) is initial in hBrd(Z).

The details and proof of Theorem [0.0.5] are described in Chapter [

For an illustration of the setting of extended parametrisation structures and
Theorem we discuss two examples in Chapters[5]and [6} First, we demon-
strate that Theorem [0.0.5| applies in the case of the category of ad theories
and the closed-objects functor cl®, thereby obtaining an alternative and second
proof of Theorem [0.0.4] This second proof highlights the special properties of
the closed objects functor which imply universality of Quinn’s bordism machine
and, moreover, it recovers the extension of Quinn’s bordism machine to spectra.

Second, we examine the setting of additive categories with chain duality
for algebraic L-theory in the sense of Ranicki [Ran92]. This setting generalises
that of rings with involution but is more specialised than that of Waldhausen
categories with duality.

We prove that one may assemble additive categories with chain duality into a
category with extended parametrisation structure such that symmetric L-theory
is given as the parametric realisation of the symmetric-Poincaré-complexes func-
tor. The definition of an extended parametrisation structure was partially de-
scribed in [AFM1§], in the sense that the authors construct additive categories
with duality, for every pair (A, X) consisting of an additive category with dual-
ity A and ball complex X, but functoriality of the construction is not described
there. Our work aims to provide the details, and, in particular extend the es-
tablished functoriality, due to Ranicki [Ran92], over the category of simplicial
complexes and simplicial inclusions to the category of ball complex pairs. As a
consequence, we are able to formulate a universal property of L-theory in this
setting.

In the course of editing the final drafts of this paper, the series of preprints
ICDH™20a, (CDH™20b, ICDH™20c| appeared in which a new variant of L-theory
in an oo-categorical setting is defined, and furthermore, shown to possess a
universal property. The universal property described there is similar in spirit to
the one demonstrated here but is not directly comparable, due to the difference
of setups; in addition, we note that our setup also applies in non-algebraic
situations.



Part 1

Universality and Main
Results



Chapter 1

An Abstract Universality
Theorem

In this chapter we develop a minimalistic framework for the study of universal-
ity of certain space-valued functors, motivated by applications to L-theory and
Quinn’s bordism machine. The central feature introduced is a semi-simplicial
construction on space-valued functors called Parametric Realisation (see Defini-
tion that serves to abstract the definitions of both L-theory and Quinn’s
bordism machine. The aim of the framework is to establish a universal property
for the parametric realisation of a given functor, as a blueprint for applications.

We introduce the notion of categories with parametrisation structures (Def-
inition to serve as minimal settings for parametric realisation. Roughly
speaking, a parametrisation structure equips a category with an internal rule
for determining “objects parametrised over an n-simplex”, for every natural
number n > 0. The exact definitions of parametrisation structures and para-
metric realisation are described in Subsection [1.1.1} assuming familiarity with
the fundamentals of semi-simplicial theory. We refer the reader to [ERW19] for
a concise reference on the latter.

The notions of bordism invariant functors and bordism characteristics are
introduced in Subsection[I.1.2]in order to describe a universal property of para-
metric realisation. The precise statement of this universal property is recorded
as the “Abstract Universality Theorem” (Theorem and we have devoted
Section to its statement and proof.

The proof of the Abstract Universality Theorem is heavily inspired by the
proof of a universal property of algebraic K-theory described in [Stel7]. In
particular, we rely on two facts about the geometric realisation of semi-simplicial
spaces that we record in Propositions and We expect these facts to
be well known, although we did not find precise statements or accompanying
proofs in the literature; we provide them here for completeness.

It turns out that the concept of Parametric Realisation has a broader scope
than our main applications. In Section [I.3] we illustrate a few simple exam-
ples, including the singular construction of topological spaces and the classifying
space construction for small categories.



1.1 Definitions

The following two subsections serve to collect preliminary definitions for the
Abstract Universality Theorem.

1.1.1 Parametrisation Structures and Parametric Realisa-
tion

Definition 1.1.1. Let A denote the category with

e objects: the non-empty ordered sets [n] := {0 < 1 < --- < n}, where
n >0, and

e morphisms: the injective order-preserving maps [n] — [m].
Furthermore, denote its opposite category by A°P.

Remark 1.1.2. Note that our notation is nonstandard; the category A is
usually denoted by A;y; in the literature (e.g., cf. [ERW19, §1.2]), and should
not be confused by the usual simplex category consisting of the same objects
as A but with all order-preserving maps as morphisms. We employ the simpler
notation A as we will primarily deal with semi-simplicial objects without any
specific degeneracy maps.

Definition 1.1.3. A category with parametrisation structure consists of a triple
(C,p, 1) where:

e (C is a category,
e p:C x A°? — C is a functor, called the parametrisation operator, and

e 1 :ide = p(—,[0]) is a natural isomorphism of functors C — C, called the
unit.

We will write c[n] and f[n] as shorthand for the notations p(c, [n]) and p(f,id},)),
respectively.

Remark 1.1.4. For intuition, it is helpful to regard the objects ¢[1] and ¢[n]
as the objects of bordisms and n-parameter bordisms of elements in ¢[0] 2 ¢,
respectively. This viewpoint is motivated by our main examples which arise
from bordism theory and will be described in the upcoming chapters.

The main relevance of categories with parametrisation structures is that they
serve as input for a simplicial construction on space-valued functors. Before
coming to the definition, we first introduce preliminary notation.

Notation 1.1.5.

1. For any two given categories A, B, we denote by Fun(A, B) the category of
functors from A to B where morphisms are natural transformations. Fur-
thermore, we employ the notation ssB3 in the case A = A°P, corresponding
to the category of of semi-simplicial objects in B.



2. We denote by Top, the category of pointed compactly generated spaces
and pointed continuous maps. Moreover, we let pt and * denote a fixed
terminal object of the categories Top, and ss Top,, respectively.

3. We let || — || : ss Top, — Top, denote geometric realisation (see Remark
1.1.6).
Remark 1.1.6. Geometric realisation || — || : ss Top, — Top, is defined by

assigning to a semi-simplicial pointed space X : [n] — (X,,z,) the pointed
space (|| X||, [|xol|]), where || X]|| is the quotient space given by

1X1] = <|_| X % A"|>/N.

n>0

Here |A™| denotes the standard topological n-simplex and ~ is the equivalence
relation generated by

(p*x,t) ~ (x, ¢«t), for all morphisms ¢ € Mor(A).

For more comprehensive details about geometric realisation of semi-simplicial
spaces, we refer the reader to [ERW19, §1.2].

Definition 1.1.7. Let (C,p, 1) be a category with parametrisation structure.

1. Let P, : Fun(C, Top,) — Fun(C, Top,) be the functor given by precom-
position with the parametrisation operator p and currying variables, i.e.,

P, : Fun(C, Top,) -2 Fun(C x A°, Top,) = Fun(C, ss Top, ).

We define an endofunctor P : Fun(C, Top, ) — Fun(C, Top,.), called Para-
metric Realisation on C, as the following composition:

[1=Ilo

P : Fun(C, Top,) RN Fun(C, ss Top,) —— Fun(C, Top,).

2. We furthermore define a canonical natural transformation ¢ : id = P as
follows: For any given functor F' : C — Top,, let tp : FF = PF be the
natural transformation whose component at an object ¢ in C is given by
the composition

F

tr(c) : F(e) .

F(c[0])) = PF(c),

=

where the hooked morphism F'(c[0]) < PF(c) denotes the inclusion of the
0-skeleton.

For every natural number n > 0 and functor F' : C — Top,, we will denote by
P,F :C — Top,,c— F(c[n])

the composition of P, F' with the evaluation functor ss Top, — Top,, Xe — X,
in degree n. Moreover we denote by F'(c[e]) the image of Py F' on an object ¢ in

C.



1.1.2 Bordism Characteristics

We are interested in finding a characterisation of the pairs (PZ,.z) for a given
category with parametrisation structure (C,p,u) and space-valued functor Z
depending upon conditions on the functor PZ and parametrisation operator
p. In the subsequent definition, we introduce a special category of pairs (F, o)
consisting of a space-valued functor F' from C and natural transformation o :
Z = F, called the category of bordism characteristics, as the most basic yet
interesting setting for this characterisation.

For precision, note that by a weak equivalence in Top,, indicated by the
notation ‘~’, we will mean the standard notion of a map f: X — Y of pointed
spaces inducing an bijection on the set of path components and an isomorphism
on all pointed homotopy groups.

Definition 1.1.8. Let (C,p, 1) be a category with parametrisation structure.

1. A functor F' : C — Top, is said to be bordism invariant if, for every
object ¢ in C, all face maps of the semi-simplicial space F(c[e]) are weak
equivalences, i.e.,

F(d;) : F(c[n]) 5 F(c[n —1])
for all objects cin C,n>0and 0 <i <n.

2. Let Z : C — Top, be a functor. A bordism characteristic of Z is a pair
(F, o) consisting of

e a bordism invariant functor F': C — Top,, and

e a natural transformation ¢ : Z = F' of functors C — Top,.
The natural transformation o is called a characteristic.

3. We assemble bordism characteristics of Z into a category Brd(Z), whose
morphisms 7 : (F,0) — (F’,¢’) are natural transformations n : F = F’
which commute with the bordism characteristics, i.e., such that noo = o’.

4. A natural transformation of Top,-valued functors on C, n : F = F, is
called a weak equivalence if, each component 7. : F(c) — F'(c) is a weak
equivalence of spaces, for all objects ¢ of C. A morphism 7 : (F,0) —
(F',c’") of bordism characteristics of Z is called a weak equivalence if
n: F = F is a weak equivalence of functors C — Top,.

5. We define the homotopy category of bordism characteristics of Z, denoted
hBrd(Z7), to be the category obtained by formally inverting weak equiv-
alences (see [DHKS04] §26.5] for the construction).

6. An initial object in the category hBrd(Z) is called a universal bordism
characteristic of Z.

Remark 1.1.9. The term bordism invariant issuggested by our main exam-
ples in which case the objects ¢[n], where n > 0, describe the “n-parameter
bordisms” in ¢. The condition that all face maps of the semi-simplicial functor
P, F are weak equivalences may then be interpreted to mean that the functor
F' is invariant under bordisms and all higher bordisms.
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Remark 1.1.10. The definition of the category of bordism characteristics of Z
is inspired by the definition of the category of global Euler characterstics given
in [Stel7].

Finally, we introduce a symmetry condition on parametrisation structures
that asserts that the operation of parametrisation is commutative up to natural
isomorphisms:

Definition 1.1.11. Let (C,p, 1) be a category with parametrisation structure.
We say the parametrisation structure (p, ) is symmetric, if there are natural
isomorphisms of functors C x A% x A% — C,

e« (c[n])[m] = (c[ml])[n],
such that the following properties hold:

1. s™ o 7™ =id,, for all ¢ € ob(C) and m,n > 0.

2. The symmetry morphisms s*" are compatible with the unit x4 in the sense
that the following trianges commutes, for all ¢ € ob(C) and k > 0:

c[H] c[H]
HCV *{k] Helk) *[k]
(clODIk] —=— (c[k)[0] (cK])[0] —=— (c[o])[k].

We call the morphisms s symmetry morphisms.

1.2 The Universality Theorem

In this section we will show that parametric realisation yields universal bordism
characteristics under suitable conditions. Precisely, we will prove the following
theorem:

Theorem 1.2.1. (Abstract Universality Theorem)

Let (C,p, ) be a category with symmetric parametrisation structure and let Z :
C — Top, be a functor such that its parametric realisation PZ is bordism
invariant. Then the pair (PZ,1z) is a universal bordism characteristic of Z

The proof of Theorem [1.2.1| relies on three preliminary lemmas, recorded as
Lemmas [1.2.6] [T.2.10] and [T.2.11] below.

In preparation for the first preliminary lemma, we recall the notion of a
homotopy cartesian square and a key result about the homotopy type of semi-
simplicial spaces.

Definition 1.2.2. Let C' x’}) B denote the homotopy pullback alias homotopy
limit of the diagram of spaces (C' — D < B) . A strictly commutative diagram
of spaces

—

Q—n
O«

—
11



is called a homotopy cartesian square or homotopy pullback square if the canon-
ical map A — C x% B is a weak equivalence.

Remark 1.2.3. We refer the reader to the book [MV15] for a comprehensive
reference on homotopy limits. The previous definition is based on Definitions
3.2.4 and 3.3.1 therein.

Proposition 1.2.4. Let X, be a semi-simplicial space such that all of its face
maps are weak equivalences. Then the inclusion of the 0-skeleton

Xo <= [| X
is a weak equivalence.

Proof. A map of semi-simplicial spaces fo : Xo — Y, is called homotopy carte-
sian ([ERW19L Definition 2.9]) if the squares

d;
X —— Xpnq

J/fn J/fi—l
d

Yn *1> Yn,1

are homotopy cartesian for alln > 1 and 0 < ¢ < n.

The assumption that all face maps of X are weak equivalences may thus be
translated to the statement that the unique map X — * to the terminal semi-
simplicial space * is homotopy cartesian. The result then follows from [ERW19]
Theorem 2.12], which states that for a homotopy cartesian map of semisimpicial
spaces fo : Xo — Y,, the following square is homotopy cartesian:

Xo — [ Xl

lfo ll\f\l

Yo —— ||Ye]]
O

Remark 1.2.5. The analogous statement with homotopy equivalences in place
of weak equivalences goes back to Segal; see [Seg74 Proposition 1.6].

The first preliminary lemma is now immediate and highlights a crucial con-
sequence of bordism invariance condition:

Lemma 1.2.6. Let (C,p,u) be a category with parametrisation structure and
F :C — Top, be a bordism invariant functor. Then the natural transformation
vp : F = PF is a weak equivalence.

Proof. The result is obtained by applying Proposition objectwise, i.e., to
the semi-simplicial spaces F'(c[e]), for all ¢ € ob(C). O

By a pointed bi-semi-simplicial space we will mean a functor

X : (A x A)°? — Top, .

12



Our second preliminary lemma depends crucially on the fact that different ways
of realising bi-semi-simplicial spaces are equivalent. We formulate this precisely
in the following proposition:

Proposition 1.2.7. Let X, o be a bi-semi-simplicial space. Then there are
canonical homeomorphisms

[Xeoll = [l[n] = l[[m] = Xmnllll = [llm] = [[[n] = Xomllll.

Proof. We demonstrate the first homeomorphism. The second one is analogous.
Observe that

[ Xe ol := |_| X X |A™| X A" |/~
m,n>0
= | | L X < 1A™ < A" |/~ |~
n>0 \m>0

IR

I_I |_| Xm,n X |Am| /Nm ><|An| /Nn

n>0 \m>0

= | L lEm] = Xonall < [A"] | / ~n

n>0

Iln] = [lfm] = Xm.nllll,

where:

e ~,,n denotes the bi-semi-simplicial face relations generated by

(@ x )z, 8,1) ~ (2, Pus, Yut),
where ¢ x 1) € Mor(A x A).

/

e ~/ ~' denote the equivalence relations generated by

(2,5,8) ~ (¢ x id)"x, 6,5, ¢) and
(2,5,8) ~ ((id )"z, 5, .8),

respectively, where ¢, 1) € Mor(A).
e ~,.,~, denote the simplicial relations in the p, ¢ coordinates, respectively.

The first isomorphism is obtained from formal manipulation of colimits. The
second isomorphism follows from the fact that |[A™| is compact, for all m > 0,
and hence the product and quotient commute here. O

Remark 1.2.8. The result of the previous proposition is stated in [ERW19,
p. 5] for the setting of compactly generated spaces. The proof above serves to
complete the details, and also to demonstrate that the assumption of the setting
of compactly generated space is not in fact necessary.

13



Remark 1.2.9. The analogous result in the simplicial case is well known; e.g.,
see [Qui73| pp. 10-11].

We are ready for the second preliminary lemma:

Lemma 1.2.10. Let (C,p, ) be a category with symmetric parametrisation
structure. Then, for every functor F' : C — Top,, the two canonical natural
transformations

tpp, Pup : PF = P%F

differ by an automorphism of P>F.

Proof. Fix an object ¢ in C. By the previous proposition, the space P2F(c) is
homeomorphic to the realisation of the pointed bi-semi-simplicial space given
by ([m], [n]) — F((c[m])[n]), for all m,n > 0.

Let 7™ : |A™] x |[A™] — |A™]| x |A™| denote the homeomorphism exchang-
ing factors and s denote the symmetry isomorphisms corresponding to ¢, for
all n,m >0 . Then, the homeomorphisms

F(sm ™) xrmm . .
F((c[n])[m]) x |A"] x |A™] ——————= F((c[m])[n])) x [A™] x |A"],
for all n,m > 0, assemble to a homeomorphism

LI FlelnDim]) x |A" x |A™ = | | F((c[m])[n])) x [A™] x |A"].

n,m>0 n,m>0

Naturality of the symmetry morphisms s in the n and m variables implies
that the homeomorphism above descends to a well-defined self-homemorphism

U(c) : P?F(c) = P*F(c).

Furthermore, naturality of the morphisms s> in the variable ¢ implies that

the homeomorphisms ¥(c), where ¢ € ob(C), form the components of a natural
isomorphisms ¥ : P?F = P2F.

Now, observe that the natural isomorphism W restricts to a natural isomor-
phism ¢ : P(PyF) = Py(PF) of the 0-skeleta of P2F, and consider the following
diagram of space-valued functors:

”‘”/ N

ﬂh ﬂv

2 = 2
PF:‘IJ>PF.

IR

<

The arrows h and v in the diagram label the inclusion of the horizontal and
vertical O-skeleton of P2F, respectively. By definition of the maps ¥ and v,
the lower square commutes. Furthermore, the upper triangle commutes by
the assumption that the symmetry morphisms are compatible with the unit
. The desired result of this lemma now follows from the observation that the
natural transformations tpr and Pip correspond to the composites v o PF(u)
and h o P(F(u)), respectively. O

14



The final preliminary lemma asserts that the category hBrd(Z) is closed
under parametric realisation in the following sense:

Lemma 1.2.11. Let (C,p, 1) be a category with parametrisation structure. The
endofunctor P : Fun(C, Top,) — Fun(C, Top, ) and the natural transformation
¢ :id = P : Fun(C, Top,) — Fun(C, Top,) eztend to hBrd(Z) for any given
Z :C — Top,.

Proof. For any bordism characteristic (F, o) of Z, set P(F,0) := (PF,.p 0 0).
In order for this to be well-defined, we must show that PF is bordism invariant.
Let ¢ be an object in C, d; : ¢[n] — c¢[n — 1] be a face map, and consider the
following commutative diagram:

F(eln]) ——“L F(cfn - 1])
Lp(c[n])l lw(c[n—l])
PFE(c[n]) P pR(eln —1]).

By assumption, the map F(d;) is a weak equivalence, and hence by Lemma
the vertical arrows are too. It follows immediately then that the face map
PF(d;) is also weak equivalence. Thus, P(F, o) is a bordism characteristic.

Next, let  : (F,0) — (F’,0’) be a weak equivalence in Brd(Z) and consider
the following commutative diagram:

F:Z>F'

L pﬂz :HL F’

PF L2 ppr.

The map Pn : PF = PF’ is a weak equivalence by the 2-out-of-3 property
for weak equivalences. Hence, the functor P preserves weak equivalences, and
therefore descends to the homotopy category hBrd(Z).

Lastly, observe that for any given bordism characteristic (F, o), the natural
transformation tp : ' = PF determines a well-defined morphism of bordism
characteristics ¢(F, o) : (F,0) = P(F, o). O

We finally come to the proof of the Abstract Universality Theorem [1.2.1

Proof. Let Z : C — Top, be given and (F, o) a bordism characteristic of Z.
Consider the following commutative diagram of functors C — Top,:

o

Z~—— PZ--"3F

LZJ, lLPZ J{LF (1.1)

pz Lz, p2z L1 s PF.

\/’

Po

We claim there exists a unique morphism (PZ,.1z) — (F,0) in hBrd(Z).

15



e Proof of Existence:
Since F' is bordism invariant, it follows from Lemma [1.2.11] that the pair
P(F,0) is a bordism characteristic. Thus, we may consider the zigzag

(PZ,17) 28 P(F,0) & (F,0)

of bordism characteristics of Z. We claim that the previous zigzag repre-
sents a well-defined morphism (PZ,tz) — (F,0) in hBrd(Z): Indeed, this
is true since the map ¢y is a weak equivalence by Lemma (l.2.6] and more-
over, the outer square of Diagramcommutes, ie., (tp)"toPooLy =0,
by Lemma and functoriality of P.

e Proof of Uniqueness:
Note that, by assumption, the parametric realisation PZ of Z is bordism
invariant. It follows from Lemma that the natural transformation
tpz is a weak equivalence. Hence, by Lemma [[.2.10] the natural trans-
formation Ptz is a weak equivalence too. Consider now the following
zigzag:

5:(PZ.1y) Sf P(PZ,1z) %2 (PZ,12) 58 P(F,0) & (F,0).

Lemma [1.2.11] and the commutativity of the outer square and left hand
square of Diagram imply that & represents a well-defined morphism
(PZ,1z) — (F,0) in hBrd(Z). On the other hand, suppose we are given
a morphism in hBrd(Z), n: (PZ,tz) — (F,o0). Then, by commutativity
of the right hand square and lower triangle of Diagram the morphism
1 must also be represented by &. O

Remark 1.2.12. The Abstract Universality Theorem [I.2.1] and its proof were
inspired by the universality theorem [Stel7, Theorem 0.2] for algebraic K-theory
of Waldhausen categories.

Remark 1.2.13. The assumption in Theorem [I.2.I]that PZ is bordism invari-
ant is clearly necessary but non-trivial; we present a counterexample in Example
[L32]in the next section.

Remark 1.2.14. The proof of Theorem [I.2.] does not rely on any special
features about pointed spaces. In fact, the evident analogue of our results
hold for the category, Top, of unpointed spaces and continuous maps in place
of Top,, and may be proven by completely analogously. Our emphasis on
pointed spaces here is rather intended to prepare for our work in Part [[] and
the discussion of spectrum-valued functors.

1.3 First Examples
This section is dedicated to illustrating some simple examples of categories with
parametrisation structures.

We start with a trivial example to show that the bordism invariance condi-
tion may be empty.
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Example 1.3.1. Every category C admits a trivial parametrisation operator
p: C x A°? — C given by projection onto the first factor and unit given by the
identity u = id¢ on C. In this case, every space-valued functor from C is bordism
invariant and weakly equivalent to its parametric realisation. In particular, the
identity transformation id : F' = F' serves as a universal bordism characteristic
of F for every space-valued functor from C.

In our next example, we will demonstrate the opposite extreme case in
which bordism invariant functors are those that are homotopically constant,
i.e., weakly equivalent to a constant functor. This example also serves to high-
light the fact that parametric realisation does not automatically yield bordism
invariant functors and therefore the assumption of bordism invariance in Theo-
rem [[.2.1] is non-trivial.

Example 1.3.2. Consider the category Top of compactly generated spaces.
Every space X determines a semi-simplicial space [n] — X [n] with empty higher
simplices given by X[0] = X and X[n] = (), for all n > 1. It is clear that bordism
invariant functors F' : Top — Top, are precisely the homotopically constant
functors and are determined by the value F()). However, the parametric reali-
sation of a functor F': Top — Top, is not homotopically constant in general.

As an example, consider the embedding of the category of spaces into pointed
spaces given by adding a disjoint basepoint denoted by

id4 : Top — Top,, X — X,.
The functor id itself is evidently not homotopically constant, yet

is a natural weak equivalence since the geometric realisation of the terminal
semi-simplicial set * is contractible: Indeed, a nullhomotopy from the identity
map id|j,| on || * || to the constant map ¢j.,|| at the point || xo || is given by

H || ]] < [AY = ]+ ]]
(I 2] 8) = [Pengr, (1= s)t, )|l

Nevertheless, note that a universal bordism characteristic exists for every func-
tor F': Top — Top,, and is given by the unique natural transformation from
F to the constant functor at a point.

Our next two examples will show that the singular construction of topolog-
ical spaces and the construction of classifying space of categories yield exam-
ples of universal bordism characteristics. In these examples bordism invariance
translates to a homotopy invariance condition.

Example 1.3.3. Consider the category Top,. Let X/2"! denote the pointed
space of continuous maps from the topological n-simplex |A"™| to X, based at the
constant map onto the baspoint in X. A symmetric parametrisation structure
on Top, is given by

X|[n] := XAt

together with the evident unit px : X = X 1A%l In this case, bordism invariance
of a functor F' : Top, — Top, is equivalent to homotopy invariance, in the sense
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that the functor F', maps pointed homotopy equivalences to weak equivalences.
Indeed, a functor with the latter property is clearly bordism invariant. For the
converse, observe that the face maps

F(do), F'(d1) : F(X|A1|) — F(XIAOI)

admit a common section F(sg) : F(X) — F(X‘N') induced by the degeneracy

map sg : X — XA that takes a point in X to the constant map at that point.
Hence, if F is bordism invariant, the maps F'(dg) and F(dy) are equal in the
homotopy category hTop, obtained from Top, by inverting weak equivalences.
It follows that for any homotopy equivalence f : X — Y with homotopy inverse
g:Y — X, the following diagram commutes in hTop,:

The 2-out-of-6 property for isomorphisms in hTop, then implies that F(f) is
a weak equivalence, and hence F' is homotopy invariant since f was chosen
arbitrarily.

Consider now the forgetful functor U : Top, — Set, which takes a space to
its underlying set. By definition, for any space X,

PU(X) =U(XIA") = Sing, (X)
where Sing, denotes the usual singular construction on X, and hence,
PU(X) = [|Sing, (X)|
for any space X. It is well known that there is a natural weak equivalence,
[Sing, (X)[| ~ X,

given by evaluation (for the simplicial case, see [Mil57, Theorem 4]. Moreover,
the semi-simplicial case is a consequence of [RS71, Proposition 2.1].) In fact
the canonical characteristic cpy : U(X) < ||Sing,(X)|| is weakly equivalent to
the inclusion of points inc : U(X) — X. Since the identity functor idpep, is
clearly bordism invariant, the Abstract Universality Theorem then implies that
both (y and inc define universal bordism characteristics. In particular, every
natural transformation o : U(X) = F(X) from U to a homotopy invariant
functor F' : Top, — Top, automatically extends to a natural transformation
& : X = F(X), uniquely up to weak equivalence.

Example 1.3.4. Let Cat denote the category of small categories. A symmetric
parametrisation structure on Cat is given by

C[n] := Fun([n],C),

coupled with the obvious unit p¢ : C = Fun([0],C).
We call a functor F' : C — C’ a lax weak equivalence if there exists a functor
G : C' — C such that the two compositions, GF and F'G, agree up to a zigzag of
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natural transformations with the identity functors ide and ide:, respectively. It
can be shown in analogy with the reasoning in Example that the class of
bordism invariant functors from Cat are those which take lax weak equivalences
to weak equivalences.

Now consider the object functor ob, : Cat — Set,,C — ob(C) that assigns
to a category C its set of objects together with an additional basepoint. The
parametric realisation of the functor ob is easily seen to be weakly equivalent to
the usual classifying space construction on C equipped with a disjoint basepoint,
denoted by B,C, i.e.,

Pob(C) ~ B,C.

It is a standard exercise to prove that a natural transformation between any two
functors induces a homotopy equivalence on classifying spaces (e.g., see [Seg74]
Proposition 2.1]), whence it follows that the functor By is bordism invariant.
By Theorem we deduce that the natural transformation oby = By is
universal among natural transformations from ob, whose target converts lax
weak equivalences to weak equivalences.

Remark 1.3.5. For comparison, we would like to mention a number of other
examples that we found in the literature, which closely resemble parametric
realisation and the concept of bordism invariance, though do not fit into our
framework immediately. These include the operation of homotopisation in the
context of a homotopy invariant K-theory of rings discussed in [Weil3l Ch. IV,
§§11-12]; an auxiliary simplicial construction used by Waldhausen in relating A-
theory with the Whitehead space (see [Wal85, §3]; in particular p. 402); and the
construction of “concordance invariant” sheaves on the site of smooth manifolds
described in [EBBdBP19].
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Chapter 2

Application I: A Universal
Property of Symmetric

L-Theory

The theory developed in the previous chapter was primarily motivated by an
investigation into whether algebraic L-theory satisfies a universal property. In
this chapter we will now consider L-theory in a setting for which the theory
is directly applicable. Namely, we will examine universality of symmetric L-
Theory of Waldhausen categories with duality as developed by Michael Weiss
and Bruce Williams in [WW09S].

Our work in this chapter should be regarded as a complement to [WW?9S].
The setting of Waldhausen categories with duality was introduced there to serve
as a common input category for algebraic L- and K-theory of Waldhausen cat-
egories, and we recall the necessary background definitions in Section Note
that we assume familiarity with the fundamentals of Waldhausen’s algebraic K-
theory throughout this chapter and recommend the foundational article [Wal85)]
as a reference.

A construction of a parametrisation operator on the category of Waldhausen
categories with duality has been already described in [WW9S§|; however, not all
the details about its functorial properties were presented there. We review and
clarify these details in Section Furthermore, we prove that the parametri-
sation operator is part of a symmetric parametrisation structure.

One advantage of equipping Waldhausen categories with a notion of duality is
that it allows for the notion of symmetric Poincaré objects. Symmetric L-theory
can then be defined as the parametric realisation of the functor of symmetric
Poincaré objects. It turns out that the bordism invariance of symmetric L-
theory had already been considered, and proven in [WW98]. We recall the
details in Section and deduce from this observation a universal property of
L-theory (see Theorem : It states that symmetric L-theory of Waldhausen
categories with duality is the universal target for bordism characteristics of the
functor of symmetric Poincaré objects.

Our last Section is devoted to an application of this universal property
which may be briefly summarised as follows: The main construction in [WW98]
(see also [WW89] for the more classical case of rings with involution) describes a
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natural transformation, denoted by “ =7, between symmetric L-Theory and the
Zs-Tate cohomology of K-Theory. It was observed in [WWO00] that the Zs-Tate
cohomology of K-Theory is bordism invariant. We apply this observation and
the universal property of symmetric L-theory to obtain a characterisation of =
as a morphism of bordism characteristics.

2.1 Waldhausen Categories with Duality

We start by recalling the setting of [WW9§|. The most important feature is the
notion of a SW product defined as follows (cf. [WW98, Definition 1.1}):

Definition 2.1.1. Let C be a Waldhausen category and 0 denote its zero
object. A SW product on C is a functor

®:C xC — Top,,
(C,D)— CoD,

satisfying the following conditions:

o w-invariance: The functor ® takes pairs of weak equivalences to homotopy
equivalences.

o Symmetry: The functor ® comes with a natural isomorphism 7 : C©® D =
D ® C, whose square is the identity on C ® D.

e Bilinearity: For fixed but arbitrary D, the functor C — C ® D takes any
cofibre square in C to a homotopy pullback square of spaces. (A cofibre
square is a commutative pushout square in which either the horizontal or
the vertical arrows are cofibrations.) Bilinearity also means that 0 ® D is
contractible.

The isomorphisms 7: C ® D =2 D ® C are called symmetry operators.

Definition 2.1.2. We denote by xWald the category defined as follows:

e The objects of xWald are pairs (C, ®) consisting of a Waldhausen category
C and a Spanier Whitehead Product ® : C x C — Top,,, satisfying certain
axioms (see [WW9S8| §2, Axioms 1-5]). We call such a pair a Waldhausen
category with duality (WCD).

e A morphism of WCDs (E,9) : (C,®¢) — (D, ®p) consists of

— an exact functor E : C — D, and

— a natural transformation H : A ®¢ B — E(A) ©p E(B), which com-
mutes with the symmetry operators of the products ®¢ and GOp,
and maps nondegenerate components (see [WW98| Definition 3.6])
to nondegenerate components.

Remark 2.1.3. The category xWald originally appears in [WW98§]| (see Def-
initions 7.1, 9.2 and §12 therein).
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Remark 2.1.4. We have introduced the terminology “Waldhausen category
with duality” to emphasise that the SW product prescribes a notion of duality
on the underlying Waldhausen category, allowing for a description of L-theory
and an involution on K-theory.

Moreover, the notation ‘xWald’ is based on the ubiquitous x-prefix in the
paper [WW9g].

2.2 The Parametrisation Structure

The construction of a parametrisation structure on the category xWald has
essentially been carried out in [WWO98]. This section is dedicated to giving a
precise description and defining corresponding unit and symmetry operators.
We start by recalling the definition of a Waldhausen category with duality
parametrised over a given finite simplicial complex X as described in [WW98|
Definition 1.5].

Notation 2.2.1. Let sub(X) denote the poset of simplicial subcomplexes of
X ordered by inclusion and let F(X) denote the subposet on non-empty faces
of X.

Definition 2.2.2. Let (C,®) be a WCD and X a simplicial complex. We
define a WCD
Clx],0%)

as follows:

e C[X] is the category whose objects are the functors sub(X) — C, which
take all morphisms to cofibrations, take () to the zero object 0 and unions
to pushouts. The morphisms of C[X] are natural transformations of such
functors.

e A cofibration in C[X] is a morphism 1 : F' — F’ such that F(A) — F'(A)
is a cofibration, for all simplicial subcomplexes A C X, and such that for
each pair of subcomplexes A C B of X, the evident morphism

colim (F’(A) +— F(A) — F(B)) — F'(B)
is a cofibration.

o A weak equivalence in C[X] is a morphism n : F — F’ such that the
morphisms F(A) — F'(A) are weak equivalences, for all simplicial sub-
complexes A C X.

e The SW product ®* on C[X] is given by
F oY F':=holim,c(x) F(0) ® F'(0),
where the homotopy limit is taken over the poset F(X).

Remark 2.2.3. Homotopy limit is understood here in the Bousfield-Kan sense
(cf. [WWO9S8| §0.1]). In our calculations, we use the formula given in [MVI5]
Definition 8.2.1].
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Remark 2.2.4. Note that the symmetry operators
X.co¥XD=DeXC

of the SW product ®¥ are those induced from the symmetry operators
(1:C(0) ® D(0) = D(0) © C(0))ser(x) of the product ©.

It is proven in [WWO8, §8] that every such pair (C[X],®X) is a WCD, and
also, that the construction is functorial with respect to inclusions of simplicial
complexes A — X: Indeed, a simplicial inclusion f : A < X induces an exact
functor f* : C[X] — C[A] and a natural transformation

CoX D= f*Co* f*D

by restriction of parameters.

The functoriality of the parametrisation construction with respect to mor-
phism of WCDs is implicit from [WWO8| §12], but the details are not explicitly
described. Proposition [2:2.7) below serves to fill this gap. Its proof relies on
the following characterisation of nondegenerate components of the product ®X
demonstrated in [WWO98|, Proposition 8.8:

Proposition 2.2.5. For any objects B,C in C[X] and any path component
[n] € mo(B ©X C), the following are equivalent:

1. [n] is nondegenerate.
2. For each face s C X, the image of [n] under the specialisation map
To(B X O) — w5 (B(s) ® C(s/0s))
is nondegenerate.

Remark 2.2.6. The notation C(s/0s) was introduced in [WW98|, p. 565] and
denotes the cofibre of the map C(9s) — C(s). Moreover, the notation |s
denotes the dimension of a face s C X.

To elaborate, the specialisation map in Proposition [2.2.5]is induced from a
map of spaces
C X D — Qll(C(s) © D(s/8s))

defined (cf. [WWO98| p. 566]) as the composition of the map

C ¥ D = holim, e 7(x) C(0) ® D(0) — holim, ¢ 75y C(7) ® D(7/7 N ds)
with a homotopy inverse of the inclusion
Ql*l(C(s) ® D(s/ds)) = holim, ¢ 7(5) G(s) < holim,¢c 75y C(7) ©® D(7/7 N Js),

where G denotes the functor G : sub(s) — C given by: G(7) = pt, if 7 # s, and
G(s) =C(s) ® D(s/0s).

Proposition 2.2.7. A morphism (E,v) : (C,®) — (C',®') of WCDs induces
a morphism (E.,¥.) : (C[X],®%) — (C'[X], (®")X) of WCDs.
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Proof. We define the pair (E.,,) by applying the functor E' and the natural
transformation v pointwise. It is clear from definitions that the functor E, is
exact and that i, respects the symmetry operators. What is perhaps not im-
mediate is that the natural transformation ¢, maps nondegenerate components
to nondegenerate components. To see this, consider the following diagram:

mo(B 0X C) ————— m5(B(s) © C(s/0s))

! |

mo(E«(B)(@)* Ex(C)) —— ms(E(B(s)) ©' E(C(s/0s))).

The horizontal rows are specialisation maps and the left and right vertical map
are induced by the natural transformations v, and 1, respectively. The diagram
can be seen to commute, by the naturality of ¢, the definition of the specialisa-
tion maps, and the assumption that F is exact. It then follows from Proposition
2.2.5| and the assumption that i preserves nondegenerate components that the
natural transformation 4% preserves nondegenerate components. O

It is straightforward to check that the previous constructions of induced

morphism commute, in the sense that they define an unambiguous morphism of
WCDs
(C[x], %) = (C'[A, oY),

for all pairs (f, E) consisting of a simplicial inclusion f : A < X and morphism
E:(C,0)— (C',®) of WCDs. In summary, we obtain a functor

p : xWald xSimp?? — xWald
(X, (C,®)) = (C[X], %),

where Simp denotes the category of finite simplicial complexes and simplicial
inclusions. Since the category A embeds into Simp (cf. [Lan78, VIL5]) by
associating the set [n] to the standard topological n-simplex, for all natural
numbers n > 0, we may define a parametrisation operator p : xWald x AP —
xWald on xWald to be the corresponding restriction of the functor p to the
subcategory xWald x A°? C xWald x Simp°?.

Proposition 2.2.8. The parametrisation operator p admits a unit, i.e., there
s a natural isomorphism
pe : C =20

of WCDs.

Proof. Observe that an object F' : sub(A%) — C in C[0] and natural transfor-
mation of functors F; = F» in C[0] are uniquely defined by their value on the
non-empty cell 0. A natural transformation p = (u, ¢) may now be defined as
follows:

e Let pe : C = C[0] be the isomorphism of Waldhausen categories which
takes an object ¢ of C to the object pc(c) in C[0] given by uc(c)(o) = ¢,

and a morphism a J, bin C to the natural transformation pe(f) : pe(a) =

ic(b) given by pe(f)(@) = pe(a)(@) > pe(®) (o).
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e Let Map(pt, C ® D) denotes the space of maps from the point to the space
C ® D with compact open topology. Then, clearly

1e(C) @ pe(D) = holim e (C)(0) @ pe(D)(e) = Map(pt, C © D)

for all C, D € ob(C). We now define ¢¢ : C © D = Map(pt,C © D) to be
the natural homeomorphism given by x — (f, : pt — ).

The inverse to (uc, ¢c) is given by (ugz', ¢z') where ug' : C[0] — C evaluates
at the cell o. O

Proposition 2.2.9. The parametrisation structure (p, ) on xWald is sym-
metric.

Proof. Let (C,®) be a WCD and X and Y be simplicial complexes. We define
a natural morphism of WCDs

(so e ™) (CIXDIY] = (CIYDIX]

as follows: The morphism 3" : (C[X])[Y] — (C[Y])[X] exchanges the order of
evaluation on subcomplexes of X and Y. More precisely, sé(’y sends an object
F of (C[X])[Y] to the object s(F) in (C[Y])[X] that satisfies

s(F)(A)(B)

S(F)(A)(B C B)
S(F)(A C A)(B)

F(B)(4),
F(B C B')(A), and
F(B)(AcC A),

for all A, A’ € sub(X) and B, B" € sub(Y).
Furthermore, sé(’y is defined to take a natural transformation n : F; = Fj
to the natural transformation s(n) : s(F1) = s(Fz) given by

s(n)(A)(B) = n(B)(A),

for all A € sub(X) and B € sub(Y).
It is routine to check that the functor sé(’y is exact and has inverse sé/’X
Next, observe that for every pair C, D of objects in C, we have equivalences
of pointed spaces:

C(@*)Y D = holim, ¢ 7(yy C(0) ©* D(0)
= hOlimUe]:(y) hOlimTe]:(X)
= holimTe]:(X) hOlimo.ej:(y)
= holim, ¢ 7(x) holimye 7 (v s(C)(7)(0) © s(D)(7)(0)
= holim,¢ p(x) s(C)(r) ©" s(D)(7)
=:5(C)(©") ¥ s(D),

where the isomorphism comes from the natural isomorphism commuting ho-
motopy limits (cf. [MV15l Proposition 8.5.5]). We therefore obtain a natural

isomorphism
Ye 0N D = s(0) (@) s(D).
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A straightforward inspection shows that the morphisms 1/12( Y are compatible

with the symmetry operators. Moreover, the fact that 1/)2( Y maps nondegen-
erate components to nondegenerate components can be seen using the charac-
terisation of nondegenerate components in Proposition More precisely, it
may be verified that, for all o € F(Y) and 7 € F(X), the following diagram
commutes:

mo(C(©X)'' D) ————— To|4r|(C(0)(7) ® D(a/d0)(7/07))

m(wé‘ﬂl J:

mo(s(C)(©V)¥s(D)) —— oy 417 (s(C)(7)(0) © 5(D)(7/07)(0/00)),

where the horizontal arrows are specialisation maps.
Finally, a direct computation shows that the triangle of Waldhausen cate-
gories and exact functors

Keln) pe(n]
(Cln])[0] ——— (Clo])[n]

commutes for all n > 0 and Waldhausen categories C, and that the triangle of

spaces

C(EA"AD — "¢ ¢(eA°)A"D

also commutes for all pairs of objects C, D of any given WCD (C, ®). Thus, the
symmetry morphisms are compatible with the unit u. O

2.3 Symmetric Poincaré objects and L-Theory

We next turn to the description of the symmetric Poincaré objects and sym-
metric L-Theory of WCDs following [WW98| §9].

Notation 2.3.1. 1. Let Zy denote the cyclic group of order 2 and EZy be
a contractible space with a free Zs-action.

2. For an object C' of a WCD (C,®), let (C ® C)"”2 denote the homotopy
fixed point space of C' ® C' with respect to the Zs-action coming from the
symmetry morphisms, i.e., the space of all Zs-maps ¢ : EZy; — C © C.
Furthermore, for any homotopy fixed point ¢ : EZs — C ® C, let ¢y €
C ® C denote the value of ¢ on the basepoint.

Definition 2.3.2. Let (C,®) be a WCD. A symmetric Poincaré object in C
is an object C in C together with a point ¢ € (C' ® C)"?2 whose image ¢g in
C ®C is in a nondegenerate component. The set of symmetric Poincaré objects
in C is denoted by sp(C) and regarded as a pointed space equipped with the
discrete topology, where the basepoint is given by the zero object 0 of C and
the homotopy fixed point ¢g € (0® 0)"?2 determined by the basepoint of 0® 0.

26



Remark 2.3.3. Note, we have dropped the usual prefix “0O-dimensional” in
the definition of a symmetric Poincaré object from [WW9S], for simplicity.

Functoriality of sp is defined as follows: For every morphism of WCDs
(E,¢): (C,0¢) = (D,®p), the induced map of sets sp(C) — sp(D) is given by
the assignment (C,¢) — (E(C),¥(¢)). We denote the corresponding functor
by

sp : xWald — Top, .

Definition 2.3.4. Symmetric L-theory L : xWald — Top, is defined as the
parametric realisation of the symmetric-Poincaré-objects functor sp, i.e.,

L:=Psp.
Proposition 2.3.5. The functor L : xWald — Top, is bordism invariant.

Proof. By definition, bordism invariance of the functor L means that all face
maps of the semi-simplicial spaces L(C[e]) are weak equivalences for all Wald-
hausen categories with duality (C, ®). This fact was stated in [WWO00, p. 695] as
part of the proof that the spaces L(C) admit a bi-semi-simplicial model given by
the rule ([m], [n]) — L((C[m])[n]). We note that the proof strategy for bordism
invariance is to study the induced maps on homotopy groups directly, using
the fact that the semi-simplicial sets sp(C[e]) are Kan for all C (see [WWO9S|
p. 570)). O

Propositions [2:2.9] and [2.3.5] imply that the conditions of Theorem [I.2.1] are
satisfied. Thus, we deduce that symmetric L-theory of Waldhausen categories
with duality is the universal target for bordism characteristics of symmetric
Poincaré-objects:

Theorem 2.3.6. The pair (L, tsp) is a universal bordism characteristic of sp.

Remark 2.3.7. One may view Theorem [2:3.6] as a formalisation of the idea
presented in [WWO8| p. 536, Example 2] of symmetric L-theory as the bordism
theory of symmetric Poincaré objects.

2.4 Characterisation of the Weiss-Williams map

The purpose of this section is to demonstrate how the universal property of
symmetric L-theory can be used to characterise the Weiss-Williams =-map
from symmetric L-Theory to Zs-Tate cohomology of K-theory constructed in
[WW9S]. We start with a recollection of the description of Tate K-theory given
in [WW98].

Notation 2.4.1. 1. Let Spectra denote the category of CW-spectra and
maps in the sense of Adams (see [Ada74, §II1.2]; and also [Swi02, Ch. 8] for
another account). Moreover, denote by Zs- Spectra the category whose
objects are CW-spectra X equipped with a celluar automorphism X — X
and morphisms are maps of CW-spectra compatible with the involutions.

2. Let Q= : Spectra — Top, denote the functor taking a spectrum to its
infinite loop space given by Q2> X = hocolim,, 2"X,,, where n € N.
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3. Let (—)*h%2 : Z,- Spectra — Spectra denote the Tate construction (see
[WWOS, §9.10]).

4. Let K : xWald — Z,- Spectra denote the K-theory functor of Weiss-
Williams (see [WW9Eg, §7]) and K : xWald — Top,, its composition with
Q.

Definition 2.4.2. The Z,-Tate cohomology of K is defined as the composition
Q> o(—)t%2 0 K : xWald — Top, and will be denoted by K%z,

Remark 2.4.3. The functor K is defined in a similar way to Waldhausen’s
K-theory functor (see [Wal85]). In fact, it is shown in [WWO98| §7] that there
is a natural equivalence between them, obtained by forgetting the Zs-action.

Remark 2.4.4. The Tate construction on a Zs-spectrum X*%2 can be de-
scribed (see [WWO98| Properties 9.11]) as the cofibre of a certain norm map

N : Xpz, — X2

from the homotopy orbit spectrum Xz, of X to the homotopy fixed point
spectrum X%z of X. See also [WW89, §2] for another description.

Our interest in the Zs-Tate cohomology of K-theory is its bordism invariance
property. The following proposition records this result:

Proposition 2.4.5. The functor K2 : xWald — Top, is bordism invari-
ant.

Proof. The property that the face maps of the semi-simplicial space K*"%2(C[s])
are homotopy equivalences, for arbitrary C, is proven in [WWO00, p. 696] and
obtained from the analogous statement on the level of spectra given in [WWO98|
Theorem 9.12]. For the convenience of the reader we sketch the argument for
the proof of the latter here:

Central to the proof is the notion of an induced spectrum which is defined as
follows: a spectrum X with an action of a discrete group G is said to be induced
if there exists a spectrum Y and an equivariant map X A G4 — Y from the
smash product X A G4 to Y which is an ordinary homotopy equivalence (cf.
[WW9S| p. 572]). It turns out to be a formal property of the Tate construction
that it vanishes on induced spectra (see [WW98|, Properties 9.11])

Consider now the semi-simplicial spectrum [m] — K(C[m]), for any given
Waldhausen category with duality C. It is shown in [WW098| Lemma 9.4]) that
the homotopy fibres of the last vertex maps K(C[m]) — K(C[0]) are induced as
Zo-spectra, for arbitrary m. The result then follows by the vanishing property
of the Tate construction. O

We next recall the construction of the Weiss-Williams map Z : L = K2
relating L-theory to Zs-Tate cohomology of K-theory. The map = is induced
from a certain natural transformation ¢ : sp = K'*%2 defined on [WWO00,

p. 571]. Before coming to the definition, we introduce more notation following
[WW9S8| Remark 4.4].

Notation 2.4.6. For any WCD (C, ®), let zwC denote the topological category
whose objects are triples (B, D, z) where B, D are objects in the category of
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weak equivalences wC of C and z € B ® D is nondegenerate. A morphism from
(B1,D1,21) to (Ba, Da, 29) is a pair of weak equivalences By — B, D1 — Do
such that the induced map B; ® Dy — By ® Dy takes z1 to zo. Furthermore,
let |zwC| denote the classifying space of zwC.

It is a part of their construction (see [WW9S, §7] for details) that the spaces
K(C), where C denotes an arbitrary WCD, come with a natural transformation

X : JzwC| = K(C)

that is compatible with the Zs-actions. Hence, there is an induced map on
homotopy fixed points,

"2 zwC M2 = K (C)"22.
Furthermore, observe that there is a natural tranformation
v :sp(C) = |zwC|"

defined by assigning to a symmetric Poincaré object (C, ¢) of the given Wald-
hausen category with duality (C,®) the point

|(C,C,¢o)| € |zwC|"?2.

Finally, let € : K"”2 = K72 be the canonical inclusion. The natural transfor-
mation ¢ : sp = K72 is then defined by the following composition:

€ :5p(C) % |zwC|M% 5= Kh2(0) S K2 ().

By Proposition we know that the functor K*"%2 is bordism invariant. It
follows that (K*"%2 ¢) is a bordism characteristic of the symmetric-Poincaré-
objects functor, i.e., (K*"?2 ¢) € Brd(sp).

Remark 2.4.7. In contrast, note that the functor K"?2 does not yield a bor-
dism characteristic of sp, since it is not bordism invariant. In fact, the para-
metric realisation of K22 is related to K22 by a chain of weak equivalences.
This fact is proven as [WWO98, Theorem 9.14] and is the main reason that the
functor K*"22 was considered there (cf. [WWS9, §0]).

By the universality property of symmetric L-theory (Theorem , we
deduce immediately that the natural transformation & : sp = K*"%2 extends to
a natural transformation Z : L = K22 along tsp : Sp = L, which is unique up
to homotopy:

Corollary 2.4.8. There exists a unique morphism
E:(Lytsp) — (K22 ¢)
in hBrd(sp), the homotopy category of bordism characteristics of sp.

Corollary thus gives a simple characterisation of the morphism = be-
tween symmetric L-theory and Zs-Tate cohomology of K-theory as a morphism
of bordism characteristics of the functor sp.
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Remark 2.4.9. Note that the original natural transformation L = K%
defined in [WWO98|, Theorem 9.14] has in fact the same definition as the natural
transformation constructed in Theorem [1.2.1] as part of the existence proof;
namely, = is represented by the composite:

— P L peth
Z: L =L pKthe K2 [ithZs
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Chapter 3

Application II: A Universal
Property of Quinn’s
Bordism Machine

This chapter is devoted to our second main application of the Abstract Univer-
sality Theorem We examine Quinn’s bordism machine in the setting of
ad theories as developed by Laures-McClure in [LM14], and show it is charac-
terised as the universal target for bordism characteristics of a suitable functor
of “closed objects”. In fact, we regard Quinn’s bordism machine as yielding
the prototypical example of a universal bordism characteristic because of the
generality of the setting of ad theories.

Our results are dependent and supplementary to those of [LM14]. Therein
(see [LM14] p. 1170]), it was stated that one can define ad theories, for any ball
complex and any ad theory. However, the details about the functorial nature
of the construction were not given. Our aim is to provide those details here
and, in addition, show that the construction yields a symmetric parametrisation
structure on the category of ad theories. Section is dedicated to these tasks
and constitutes the main technical contribution of this chapter.

We will not define the parametrisation structure on the category of ad the-
ories directly but rather present an extended definition to allow ball complex
pairs as input, in preparation for our work in Part The extension of the
parametrisation structure to ball complex pairs requires a slight restriction of
the axioms of an ad theory. For accuracy, we will make a thorough review of
the foundations and axioms in Section [3.]

In subsection we recall the definition of Quinn’s bordism-space machine
from [LM14] and identify it as the parametric realisation of the closed-objects
functor. Thereafter in subsection we show how the bordism invariance
property of Quinn’s bordism machine follows from results of [LM14] and thereby
admits a universal property by Theorem [3.3.9}

We note that the definitions related to ad theories are based on the foun-
dational paper [LMI4] and the more recent articles [BL17] and [BLMI9]. We
refer the reader to these sources for comparison and examples.

31



3.1 The Setting of Ad Theories

This section is devoted to the description of the category of ad theories. Our
exposition is based on [LMI14] §§2-3], and also influenced by [BLI17, §2] and
[BLM19, §3].

A description of the category of ad theories requires introducing certain di-
agram categories indexed over certain posets of ball complex pairs. The main
relevance of ball complex pairs is that they form a convenient category of com-
binatorial spaces closed under forming products.

We have organised our exposition as follows: Section [3.1.1] records the basic
definitions pertaining to ball complexes and their associated posets. Section
[3-1:2] introduces certain diagram categories indexed over such posets. Finally,
Section presents the definition of the category of ad theories.

Note, we assume familiarity with basic notions from Piecewise-Linear (PL)
topology and the incidence theory of regular CW complexes; we refer the reader
to [RS72] for an introduction to the former, and to [Whi78, Ch. II., §6] or
[Mas91l, Ch. 4., §5-7] for details about the latter.

3.1.1 Ball Complexes and Associated Cell Posets

We start by collecting the necessary background about ball complexes from
[LM14] §2] and [BRST6, pp. 4-5].

The category of ball complexes

Definition 3.1.1. 1. Let K be a finite collection of PL balls in some Eu-
clidean space, and write | K| for the union U,c 0. We say that K is a ball
complex if the interiors of the balls of K are disjoint and the boundary
of each ball of K is a union of balls of K. The balls of K will be called
(closed) cells of K.

2. An isomorphism of ball complexes K — L is a PL homeomorphism
| K| — |L| which takes closed cells of K to closed cells of L.

3. A subcomplex of a ball complex K is a subset of K which is itself a ball
complex with the inherited cell structure.

4. A morphism of ball complezes K — L is the composite of an isomorphism
with an inclusion of a subcomplex.
We denote the category of ball complexes by Ball.

Definition 3.1.2. 1. A ball complex pair (K, L) is a pair of ball complexes
such that L C K is a subcomplex.

2. A morphism of ball complex pairs (K, L) — (K’, L) is a morphism of ball
complexes f : K — K’ such that f(L) C L'.
We denote the category of ball complex pairs by Ball,. Furthermore, we let
K denote the ball complex pair (K, ).

A technically useful feature of the category of ball complexes, in contrast to

the category of simplicial complexes, is that it is closed under the formation of
products. These are defined as follows:
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Definition 3.1.3. 1. Let K and M be ball complexes. The product of K
and M is the ball complex denoted by K x M whose closed cells are the
products of closed cells in K and M.

2. Let (K, L) and (M, N) be ball complex pairs. The product of (K, L) and
(M, N) is the ball complex pair (K x M,L x NUK x N).

Another important feature of ball complexes is that the cells of a ball complex
K induce a regular CW structure on its underlying space. Thus, we may speak
about the incidence number (see [Whi78| p. 82]), denoted by [(c,0), (¢’,0")] €
{0, £1}, of a pair of oriented cells ((o,0), (¢’,0')) of K, where |o| = |o’| +1. For
reference in later calculations, we will record here the canonical orientations on
products of ball complexes following [Whi78| p. 88]:

Given two oriented ball complexes (X, 0x) and (Y, oy ), we denote by ox X oy
the orientation on X x Y defined by the following incidence relations, where
7 C 7’ and o C ¢’ are oriented cells of X and Y, respectively:

[0/ x 1,0 x 7] = [0, 0]
o x 7,0 x7]= (=)« 7] (3.1)

Next, we define the notion of subdivision and residual complex in accordance
with [LM14, Definition 2.2].

Definition 3.1.4. A subdivision of a ball complex K is a ball complex K’ with
the following two properties:

e |K|=|K'|, and
e cach closed cell of K’ is contained in a closed cell of K.

A subdivision of a ball complex pair (K, L) as a ball complex pair (K’, L) such
that K’ and L’ are subdivisions of K and L, respectively.

We call a subcomplex of K which is also a subcomplex of K’ a residual
subcomplex.

Finally, we record that the category of ball complexes receives a faithful func-
tor A — Ball, taking the set [n] to the standard n-simplex with its standard
PL-structure, for all n > 0. We denote the image of [n] under this embedding
by A™.

Cell Posets

A fundamental property about ball complexes is that they naturally yield posets
via cell inclusion. We make this precise in the following definition:

Definition 3.1.5. For any ball complex pair (X,Y), we define its face poset,
denoted F(X,Y), to be the poset consisting of the closed cells ¢ in X not in Y
under the relation of face inclusion i.e., 0 < ¢’ in F(X,Y) if and only if o C o’.

Remark 3.1.6. Our notation for face posets is based on that of [BVS'93|
Appendix 4.7].
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We will also need to work with an inflated version of these posets as defined
in [LM14] Example 3.6]. Preliminary to the definition is the notion of a Z-graded
category defined as follows:

Definition 3.1.7.

1. An involution i on a category A is an endofunctor i : C — C such that its
square is strictly equal to the identity functor on C.

2. A Z-graded category is a quadruple (A,i,dim, ), consisting of a small
category A with involution 4, an involution preserving functor dim : A —
Z into the poset of integers Z (equipped with trivial involution), and an
involution preserving section @) : Z — A to dim : A — Z, such that the
objects B(n),ecz (called basepoints) are initial in the following sense:

For all n € Z, there is a unique morphism ((n) — a, whenever
dim(a) > n.

We call dim the dimension function of A and set 0,, := 0(n), for all n € Z.

3. A morphism between Z-graded categories (A, i, dim, () and (A’,4’, dim’, 0)
is a functor F : A — A’ of the underlying categories which decreases the
dimension of objects by an integer k, preserves the basepoints and strictly
commutes with the involutions, i.e.,

e dim(F(a)) = dim(a) — k, for all a € ob A,
e F(0,)=0,_g, for all n € Z, and
e Foi=ioF: A— A.
The integer k is called the degree of the morphism and a morphism F :

A — A’ of degree k is called a k-morphism. We denote the corresponding
category of Z-graded categories by Caty.

Remark 3.1.8. Deﬁnition is based on [LM14, Definition 3.3]. However,
note that we additionally demand the existence of unique morphisms from base-
points to any other object in 4. This assumption is innocuous though necessary
for our formulation of the axioms (see Remark[3.1.15)). We note that it is trivially
satisfied in the standard examples of ad theories (see [LMI4, §§6,7,9 and 11]).

Remark 3.1.9. Note in particular that O-morphisms of Z-graded categories
are dimension preserving.

Definition 3.1.10. For any ball complex pair (K, L) let cell(K, L) be the Z-
graded category whose underlying category has object set:

ob(cell(K, L)) := {(o,0) |0 € F(K, L), 0 an orientation of o} U {0, } nez.

The objects of cell(K, L) are called oriented cells and the empty cells {0, }nez
serve as basepoints. In addition to the identity morphisms, there are unique
morphisms:

e (0,0) = (0,0),if 0 < 0’, and 0,0 are arbitrary,
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e (), — (0,0), if n <|o’|, and
o 0, — 0, if n <m.

The involution swaps orientations of cells and acts trivially on the basepoints.
The dimension function is defined by taking the dimension of cells and the index
of basepoints.

Tt o —— o7 o —>0+<—T
Ny
T g —> 0 TO*>0' <—7’1

Figure 3.1: A schematic of the posets cell(A%), cell(A', {1}) and cell(A') (from
left to right) with basepoints suppressed. The cells labelled by 7¢, and 7§, for
€ = £ and i = 1,2, denote the O-dimensional cells of A%, and A, respectively.
The cells labelled by o¢ denote the 1-dimensional cells of A'. The superscripts
€ = =+ refer to the two possible orientations and the arrows indicate the relations
between the cells.

Some examples of cell posets are illustrated in Figure It was remarked
in [BL17, p. 2] that the assignment

(K,L) — cell(K, L)

is functorial. We describe the induced maps explicitly here, for completeness:
A morphism of ball complexes f : (K, L) — (M, N) induces a O-morphism of
Z-graded categories cell(K, L) — cell(M, N) determined by the following rules:

(0,0) = (f(0), fo), if o ¢ L, o arbitrary
(0,0) = D5 if o € L,0 arbitrary,

where the notation f.o denotes the induced orientation of the cell f(o), given
by pushforward of the orientation class 0. We will not distinguish between a
morphism of ball complex and its induced map on posets.

It will be important to deal with morphisms of cell posets not necessarily
induced by a map of ball complex pairs. We introduce the following category
as a setting for such abstract morphisms between ball complexes:

Definition 3.1.11. The category CBall, has object and morphism sets de-
fined by

ob CBall, := ob Ball,
Moregan, (K, L), (M, N)) := Morcgat, (cell(K, L), cell(M, N)).

For all k € Z, we call a k-morphism (resp. k-isomorphism) 6 : (K, L) — (M, N)
in CBally a k-morphism (resp. k-isomorphism) of ball complexes.

The most important class of abstract morphisms of ball complexes are those
which are incidence compatible. We define this condition in agreeance with
[LMT14] Definition 3.7(i)]:
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Definition 3.1.12. Let 6 : (K,L) — (K’,L’) be a k-morphism, where k € Z.
We say 0 is incidence compatible if

[(07 0)’ (0,7 0/)] = (_1)k [9(07 O)’ 9(0',7 0/)],

for all pairs of oriented cells ((o,0), (6/,0")) in cell(K, L) such that |o| = |o’/|+1.

3.1.2 Categories Parametrised over Ball Complexes

For any Z-graded category A and ball complex pair (K, L), we introduce func-
tor categories denoted A[K, L] as a generalisation of the construction of the
categories A[K] from [LM14], p. 1170] to pairs.

Definition 3.1.13. We define a functor

Caty xBally? — Caty,
(A, (K,L)) — A[K, L],

as follows: Let (K, L) be a ball complex pair and (A, dim, 4, () be a Z-graded
category. The underlying category of A[K, L] is defined to have object set

pre 4(K, L) := Morgat, (cell(K, L), A),

and morphisms given by natural transformations. An element of pre 4 (K, L)
is called a (K, L)-pread in A. We say a pread has dimension k if it is a —k-
morphism of Z-graded categories. The set of k-dimensional preads is denoted
by pre " (K, L).

The unique (K, L)-pread of dimension k which takes values in the base-
points of A is defined to be the k-dimensional basepoint of A[K, L] and will be
called the trivial k-dimensional (K, L)-pread in A. The involution on A[K, L]
postcomposes a diagram X with the involution 7 of A.

We declare a morphism f : (K, L) — (K’, L) of ball complexes to induce a
morphism of Z-graded categories

P AK' L) - AIK, L],

for every Z-graded category A, by precomposition. Furthermore, a k-morphism
F: A— A of Z-graded categories induces a k-morphism

F,: AIK, L) — A[K, L),

for all ball complex pairs (K, L), by postcomposition. More generally, a pair
(f, F) with f and F as above, induces a morphism of Z-graded categories

(f* Fo) s A[K' L') —» A'[K, L]
X—FoXof.

Remark 3.1.14. The terminology “pread” and the notation “pre’j‘(K ,L)” are
based on [LM14], Definition 3.8].

Remark 3.1.15. The sets pre 4(K, L) were originally defined as certain subsets
of the sets pre 4(K) (cf. [LM14, Definition 3.8(iii)]). In the defintion above

36



we have followed the conventions of [BLI7, [BLMI9]. The equivalence of both
definitions was remarked in [LMT4, Remark 3.9]. For the convenience of the
reader, we demonstrate the comparison here: For any ball complex pair (K, L),
let ey 1y pre 4(K, L) — pre 4 (K) be the map of sets induced by the inclusion
ek,n) : K — (K, L), i.e., the map €(x,1) 18 given by extending a (K, L)-ad to a
K-ad by evaluating to the basepoint over the subcomplex L.

Then for any Z-graded category A, the maps 52‘K7L) spre4 (K, L) — pre4(K)
identify pre 4 (K, L) with the subset of pre,(K) whose elements are those K-
preads in A that restrict to the trivial L-pread in A via the inclusion L — K.
Indeed, an inverse to €* is given by the map nZ‘K,L) : pre4(K) — prey (K, L)
induced from the inclusion of posets 1,y : cell(K, L) — cell(K). Note, in
particular, that in order for the composite st,L) o nE*K7L) to be the identity,
we require the additional assumption that the basepoints in 4 are initial (see
Definition to exclude the existence of non-trivial maps from basepoints.

More generally, abstract morphisms of ball complexes induce morphisms
on categories of preads. The following definition serves to explain this and
generalises [LM14, Definition 3.7(ii)]:

Definition 3.1.16. Let A be a Z-graded category with involution i. For any
k-morphism
0 : cell(K, L) — cell(K', L"),

in CBally, we define a k-morphism of Z-graded categories
0*: AIK',L'] - AK, L],

by assigning to each I-dimensional (K’, L’)-pread X in A, the (I—k)-dimensional
(K',L')-pread in A,
0*X :=i* o X 0.

Moreover, each natural transformation n : X = X’ of [-dimensional (K’, L’)-
pread X, X’ in A is assigned the natural transformation 6*n : 6*X = 6*X’

defined by
0*n(o) =i (1(6(0))),
for all (o,0) € cell(K, L).

Remark 3.1.17. Definition [3.1.16] should be regarded as a partial exten-
sion of Definition [3.1.13] Indeed, the definition of the induced morphisms
0* : AIK',L'] — A[K, L] of the former agree with the latter in the case that
0:(K,L)— (K',L’) comes from a map of ball complexes, as those morphisms
are O-morphisms. Furthermore, the morphisms 6* are natural in the variable A.

The reader should be aware, though, that the assignment 6 — 6* is not
strictly functorial, but rather satisfies (6 o ¢)* = i*'1)* 0 0* for all k-morphisms
f and [-morphisms 1 in CBalls.

Remark 3.1.18. The involution terms i*! do not play an essential role in this

chapter and the reader may choose to ignore them for now. However, they will
be needed later in Chapter [5]in order to get signs correct.
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3.1.3 Ad Theories
Let Sety denote the category of Z-graded sets.

Definition 3.1.19. An ad theory consists of a quintuple

A,i,0,dim, ad 4 : Ball5? — Sety,
2

where the quadruple (A, 4,0, dim) is a Z-graded category and ad4 is an i-
invariant subfunctor of pre, satisfying the axioms below. The elements of
ad 4 (K, L) are called (K, L)-ads in A.

absolute: A (K, L)-pread is a (K, L)-ad if and only if it extends to a K-ad

(see Remark [3.1.15)).

pointed: The trivial K-preads in A are K-ads.

local: A K-pread is an K-ad if it restricts to a o-ad for each closed cell o

of K.

cylinder: There is a natural transformation J4 : ad4(—) = ad4(— x A1)

of functors Ball — Sety with the following properties:

— J maps trivial ads to trivial ads.
— For every K-ad X, the restrictions of J4(X) to K x {0} and K x {1}
coincide with X i.e.,
JoX =X =jiX,

where ji denotes the composition of the evident isomorphism of ball
complexes K = K x {k} and inclusion K x {k} — K x Al for
k=0,1.

gluing: For each subdivision (K’,L’) of (K, L), and each (K’,L’)-ad X,
there is a (K, L)-ad which agrees with X on each residual subcomplex.

reindexing: For every incidence compatible k-isomorphism
0:(K,L)— (M,N)
in CBally, the induced k-isomorphism of sets,
0" : pre 4 (M, N) — pre 4 (K, L)
maps ads isomorphically to ads, i.e, restricts to a k-isomorphism

0% : ada(M,N) > ad (K, L).

The functor ad 4 is called the ad structure of A. We will denote the quintuples
(A,i,0,dim, ad 4 : Bally? — Setz) more simply by (A, ad4), or by A, when the
ad structure is clear from context.

A morphism of ad theories (A,ady) — (A’,ad 4 ) is a O-morphism F : A —
A’ of Z-graded categories such that, for all ball complex pairs (K, L), the induced
map of sets

prep(K, L) : pre 4 (K, L) — pre 4, (K, L)

maps ads to ads.
We denote the corresponding category of ad theories by Ad.
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Remark 3.1.20. The definition of the axioms above is a partially restricted
version of [LM14], Definition 3.10] and also influenced by [BLI7, Definition 2.1].
We have imposed the following restrictions:

1. Our gluing axiom is a relative version of that given in [LM14]. We need
the relative version so that the functor category A[M, N] inherits an ad
structure from the ad theory A for any ball complex pair (see Proposition
below). The point being that we need to ensure that trivial ads are
glued to trivial ads.

2. A morphisms of ad theories must be dimension preserving. The reason is
that we want certain shift functors (see Section [3.3)) to define non-trivial
automorphisms on Ad.

3.2 Parametrisation in the Category of Ad the-
ories

The aim of this section is to demonstrate that the category of ad theories admits
a symmetric parametrisation structure.

3.2.1 The Ad Structure on Categories of Preads

We begin by showing how the Z-graded categories A[M, N| can be equipped with
an ad structure, for all ball complex pairs (M, N) and ad theories (A, ad 4). The
absolute case, (M, N) = (M, ), was described in [LM14], p. 1170]. The idea of
the construction is to transfer the ad structure from A to the functor categories
A[M] using the product-hom adjunction

(AM])[K] = A[K x M],

natural in all variables (see [BL17, Lemma 3.3]). Explicitly, one identifies every
arbitrary k-dimensional pread in (A[M])[K],

X :cell(K) — A[M]
(0,0) = X0, 0],

with the corresponding k-dimensional pread in A[K x M] given by

a(X):cell(K x M) —» A
(0 x 1,0 % 0') = X|o,0](1,0).

The same idea applies in the case of ball complex pairs, yielding the following
proposition:

Proposition 3.2.1. There are natural isomorphisms
M,N),(K,L ~
aQPNIUISD L (AM, N))[K, L) 2 A[(K, L) x (M, N)
of functors Caty xBally? x Bally? — Caty.

The morphisms aE“M’N)’(K’L) from Proposition m will be called associa-

tivity morphisms. We defer to Section for an explanation of the terminology.
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Definition 3.2.2. Fix an ad theory (A,ad4) and ball complex pair (M, N).
We define an ad structure ad 457,57 on A[M, N] as follows:

Let n € Z. The n-dimensional (K, L)-ads in the category A[M, N] are
the n-dimensional (K, L)-preads in A[M, N] which are adjoint to n-dimensional
(K x M, K x NUL x M)-ads in A via the adjunction « given in Proposition

B2l ie.,
X € ad’yy (K, L) if and only if a(X) € ad’y((K, L) x (M, N)).

Proposition 3.2.3. The pair (A[M.N],adsar.n7) 45 an ad theory, for all ad
theories A and ball complex pairs (M, N).

Proof. Checking the axioms is straightforward from the definitions. The main
idea is to use the adjunction « to transfer the problem to A and work with the
axioms there. We record the details here for completeness. Fix a ball complex
pair (K, L).

e absolute:
Let X be a (K, L)-pread in A[M, N]. We must prove that X is a (K, L)-ad
in A[M, N if and only if £ ;) (X) is a K-ad in A[M, N].

Observe that by the definition of the ad structure on A[M, N], the previous
statement is equivalent to proving that a(X) is a (K, L) x (M, N)-ad in A
if and only if a(efy ;) (X)) is a K'x (M, N)-ad in A. By the absolute axiom
for the ad theory A, this corresponds to showing that EEFK,L)X(M,N)Q(X)
is a K x M-ad in A if and only if €%, s n) (e ) X)) is a K X M-ad in
in A. The latter statement follows from the fact that there is an equality
of K x M-ads in A:

E’IK(X(M,N) (O‘(g?K,L)X)) = €>(kK,L) X (M,N)a(X)

Indeed, the equality can be seen considering the following diagram, whose
top square commutes by naturality of o and lower triangle commutes by
functoriality of pre 4:

(K.L)
pre 4z, v (5, L) — pre 47, v (K)

J» J»

id)*
pre (K, L) x (M, N)) S22 bre (K x (M, N))

) \ JE;(X(M’M
€(K,L)x(M,N)

pre 4 (K x M).

e pointed:
The trivial K-pread in A[M, N| corresponds under the bijection a to the
trivial (K x M, K x N)-pread in A. The latter is an ad in A by the
absolute axiom since it extends to the trivial K x M-ad in A.

e local:
Let X be a K-pread in A[M, N], which restricts to a o-ad, for each closed
cell 0 of K. We need to show that X is an ad, i.e., that «(X) is an ad
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in A, or equivalently that its extension 5}‘(X(M,N)a(X) is a K x M-ad in
A. By the locality axiom for the ad theory A, it suffices to show that
5}X<M’N)a(X) restricts to a o X ¢’-ad, for every pair of closed cells o, ¢’
of K and of M, respectively.

Let o, 0’ be given. By naturality of o and the definition of the ad structure
ad 4[ar,n), we know that the restriction of a(X) to o x (M, N) is a o x
(M, N)-ad in A. Now, consider the commutative diagram

pre (K x (M,N)) —— pre4(K x M)

| L

pre (o x (M,N)) —— pre (0 x M) —— pre 4(o x '),
induced from the diagram of inclusions of ball complexes

Kx(M,N)+—KxM

I [ ™

X (M,N) «—— o0x M +—— o xo.

The fact that €3/ (X)) restricts to a o x o'-ad then follows from an
easy diagram chase.

e cylinder:
We define the required natural transformation, J4[as, 7, by the formula

Ty (X) = 07 (Ereancuny) T Takon oy (X),
where X is a K-ad in A[M, N], and
T* :ad (K x M x A') — ad4(K x A' x M)
is induced from the isomorphism of ball complexes,
T:KxA'xM~KxMxA!,

given by interchanging factors. In other words, J4a,n7 fits into the fol-
lowing commutative diagram:

ad apns, ) (K) ————— adap v (K x A')

Jam, N l
ad (K x (M, N)) ad (K x Al x (M, N))
l€;<><A1><(M,N)
E’;(x(JM,N) adA(K X Al X M)
T

ad4(K x M) — ada(K x M x Al).

We claim that J4as,n) is well-defined. First, we will show that it is well-
defined as a map of sets: Let X be a K-ad in A[M, N]. Then, by definition,
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a(X) is a K x (M, N)-ad in A, and hence, the extension €, nya(X)
restricts to the trivial K x N-ad in A. Now, since J4 preserves trivial ads,
the ad J 4%, (a7, (X)) restricts to the trivial K x N x A'-ad, and thus

the composition (5;(xA1><(M 1\,))71 o (T*JAe*KX(M N)a) is well-defined.
Next, note that naturality of J 4[as,n] follows directly from the naturality
of a and J4, and functoriality of ad 4. Furthermore J4(ps, n) maps trivial
ads to trivial ads since it is a composition of maps with this property.
Finally, let X be a given K-ad and k € {0,1}. Then, the following com-

putation is obtained by naturality of «, functoriality of ad 4 and the defi-
nitions of T* and J4:

Jedap,n(X) = j;a_l(EEFKXAl><(M,N)))_1T*JA€}X(M,N)Q(X)
=alj; (E;(XAl><(M,N))_lT*JAg*Kx(M,N)a(X)
= a_l(5*K><(M,N))_1jZT*']AE}<{><(]V[,N)O‘(X)
= 0‘71(’3;@(M,N))_ljZJAgﬂx(M,N)a(X)

L
E1r(x(1\4,1\/)04(X)

= 071(5}“1\/1,1\/))
= X.

e gluing

Let (K', L") be a subdivision of (K, L) and let X’ be a given (K', L')-ad
in A[M, N]. Our aim is to glue X’ to a (K, L)-ad X in A[M, N], which
agrees with X’ on every residual subcomplex.

Observe that the ball complex pair (K’, L") x (M, N) is a subdivision of
(K,L) x (M,N). Hence, by the gluing axiom for A, we find a (K, L) X
(M, N)-ad in A which agrees with «(X’) on every residual subcomplex.
Denote this ad by Y and set X := a~}(Y).

e reindexing:
Let § : (K,L) — (K',L’") be an incidence compatible k-morphism in
CBall,. Then the k-morphism of cell posets
0 xid: (K,L)x (M,N)— (K',L") x (M, N)
given by
0 x id((0,0) x (o', ) := (0(0) X (,0"),

where (0,0) x (¢/,0") € cell((K, L) x (M, N)), is also incidence compatible.
Furthermore, the following diagram can be seen to commute by inspection:

pre 4z, vy (K, L) —r pre 4, ) (K, L)

pre((K', 1) x (M, N)) %% pre y((K, L) x (M, N).
The result now follows from the reindexing axiom for A.
This completes the proof that (A[M, N],ad 4[as,n7) is an ad theory. O

Remark 3.2.4. We mention that analogous arguments using the adjunction
a had also been given in the proof of [BLIT, Proposition 3.4].
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3.2.2 Functoriality of Parametrisation

We turn to proving functoriality of the assignment
(-A? (M7 N)) = (A[Ma N]a ad.A[M,N])'

We will write A[M, N] for (A[M, N],ad 4[as,n7) from now on, if it does not lead
to confusion.

Proposition 3.2.5. Let § : (K,L) — (K',L") be a morphism of ball com-
plex pairs and F : A — A’ be a morphism of ad theories. Then, the induced
morphism of Z-graded categories

(0", F): AIK', '] - A[K, L]
defines a morphism of ad theories.

Proof. To ease readability, we only illustrate the proof of the case L = L' = {);
the general case being analogous. We need to show that, for all ball complex
pairs (M, N), the induced map on (M, N)-preads

pregs p,) (M, N) : pre i) (M, N) — pre 4 g (M, N)

maps ads to ads. Let X be a (M, N)-ad in A[K']. Observe that pre g p (M, N)
is equal to the composition prey. (M, N)oprep_ (M, N) and consider the following
diagram:

pregp, T€g+
preA[K,](M,N) 41?) preA,[K,](M,N) L preA,[K7L](M,N)

pre 4 (M, N) x K') 2275 pre (M, N) x K') % pre ., (M, N) x K7).

The diagram commutes, by naturality of «, so it suffices to show that the pread
(id x8)*(prep(«(X))) is an ad in A’. By assumption, prep maps ads to ads.
Thus, prep(a(X)) is an ad in A’. Functoriality of the ad structure ad 4 then
implies that (id x0)*(prep(«(X))) is also an ad in A’. O

Propositions and taken together show that there is a well-defined

functor:

p:Ad xBall? — Ad.
(A, (M,N)) = A[M,N].

We let p denote the restriction of p to the subcategory Ad xA°? C Ad xBalls”.

3.2.3 Properties of Parametrisation

Our goal in this subsection is to show that the parametrisation operator p on Ad
extends to a symmetric parametrisation structure. We begin by constructing a
unit:

For an ad theory A, let p 4 : A[0] — A denote the functor given by evaluation
at the cell ({0}, +1) in cell(A%), where +1 denotes the canonical orientation on

{0}
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Proposition 3.2.6. The evaluation maps p4 define a natural isomorphism
A0 S A

of functors Ad — Ad, i.e., the parametrisation operator p on Ad admits a
unit.

Proof. Clearly the collection p 4 define a natural isomorphism of the underlying
Z-graded categories. We must show that pre, , maps ads isomorphically to ads
for all ad theories A. Fix an ad theory A4 and arbitrary ball complex pair (K, L).
Now, let u denote the isomorphism of ball complexes

w: (K,L) S (K,L) x A°

x — (z,{0}).
and consider the following triangle:
pre 40 (K, L)
/ Xrejft
pre (K, L) x A%) u pre 4 (K, L).

It is straightforward to check from definitions that the triangle commutes. Since
both a and u* map ads isomorphically to ads, it follows from commutativity
that the map pre, , must preserve ads too. O

Next, we construct symmetry morphisms for the parametrisation structure
(p, 1) using the associativity isomorphisms a. The first observation is that the
associativity morphisms « define morphisms of ad theories, not just of Z-graded
categories:

Proposition 3.2.7. For all ball complex pairs (K,L) and (M,N), and each
ad theory A, the natural isomorphism

QNI UISD) L A[M, N)[K, L) 2 A[(K, L) x (M, N)]

maps ads isomorphically to ads.

Proof. For readability, we only present the proof for the absolute case; the
relative case is completely analogous. Let A be an ad theory and K and M
be ball complexes. Furthermore, let (U,V) be a ball complex pair, and set
B = A[M], C = (A[M])[K] and D = A[K x M]. Now consider the following
diagram of sets:

pre_x,m (U,Vv)

preg (Ua V) = prep (U7 V)
U

K. (
Jo

pres (U, V) x K)

V) J{aixl\l,(U‘V)

—>QM’(U,V)XK pre4((U, V) x K x M).
A
The diagram commutes by associativity of the product of ball complexes. Fur-
thermore, the definition of the ad structure on categories of preads implies that
KxM,(UV) M,(UV)xK K,(U,V) . .
the maps, a4 ,Q and o preserve ads. It immediately
follows that the map preg . (U, V) preserves ads. O
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Proposition 3.2.8. The parametrisation structure (p, u) on Ad is symmetric.

Proof. Let A be an ad theory. For any ball complexes K and M, denote by
™mr : M x K 2 K x M the isomorphism of ball complexes given by in-
terchanging factors, and define symmetry isomorphism s%’K by the following
composition:

oM T

sME(AM)K] =2 A[K x M]

K

=%
15

A[M x K] = (A[K))[M].
Notice that the relation T]%/[’ x = 1 implies that

MK KM _ .

s, 08 =id,
for all ball complexes K and M.

Next, for a given n > 0, let u; : A™ =2 A% x A" and uy : A™ =2 A" x A

denote the canonical isomorphisms, and consider the following diagram of ad
theories:

Tn 0 n,0

(A[n])[0] 2225 A[A x A7 A[A™ x A <2 (A[0])[n]

uf uy
KA[n] waln]

The outer triangles commute by inspection, and the inner triangle commutes
by functoriality of the parametrisation operator. Therefore, the symmetry mor-
phisms SZ(O, where n > 0, are compatible with u. O

3.3 Closed Objects and Quinn’s bordism ma-
chine

In this section we introduce Quinn’s bordism machine and show it defines a
universal bordism characteristic.

3.3.1 Definitions

Definition 3.3.1. Let (4, ad4) be an ad theory. We define the pointed graded
set cl(A) of closed objects of the ad theory A to be the set of A’-ads in A4, i.e.,

cl(A) := ad4(A"),

where the trivial A%ads in A serve as basepoints. The pointed set of closed
objects of A of dimension —k will be denoted by cI*(A).

Remark 3.3.2. The terminology is motivated by the ad theory of (oriented
topological) manifolds (see [LM14, §6]), in which case closed objects correspond
to closed manifolds.

Since morphisms of ad theories preserve ads by definition, taking closed
objects of fixed grading k defines a functor cl* : Ad — Set, on the category
of ad theories. We introduce automorphisms ¥* : Ad — Ad that shift the
dimension of objects by an arbitrary integer k to relate the different gradings:
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Definition 3.3.3. Let (A, 4, dim, (), ad 4) be an ad theory and k € Z. We define
Y* A, the k" shift of A, to be the ad theory (A, i, dimsx 4, Dss 4, ads 4), where

dimyk 4(a) := dim(a) — k,
@z;kA(n) = @(TL - k),
ad% 4 (K, L) := ad’{™ (K, L),

for all objects a of A, ball complexes (K, L) and integers n € Z.

The construction is evidently functorial. Moreover, it is clear that we have an
equality of functors, cl® = cl®oX~* for all k € Z. For simplicity, we distinguish
the functor c1® and call it the closed-objects functor-

Definition 3.3.4. Quinn’s bordism-space machine Q : Ad — Top, is defined
to be the parametric realisation of the closed-objects functor ¢l i.e.,

Q:=prcl.

Our definition of Quinn’s bordism machine is different but equivalent to the
one given in [LM14, §15]. There, Quinn’s bordism machine is described in terms
of the individual spaces of the Quinn spectrum associated to an ad theory. We
recall how these were defined, following [LM14l Definition 15.4].

Definition 3.3.5. Let A be an ad theory.
1. For k > 0, let Px(.A) denote the pointed semi-simplicial set with
e n-simplices given by
Py(A)y, = adj(A"),

e face maps induced by functoriality of the ad structure, and

e n-dimensional basepoint defined to be the trivial A"-ad in A, for all
n > 0.

2. Let Qx(A) denote the geometric realisation of the semi-simplicial set

Pu(A).

The comparison of Q with the assignments A — Q(A) may be now stated
as follows:

Proposition 3.3.6. There are natural isomorphisms
Q=" A) = Qk(A)
of functors Ad — Top, for every k > 0.

Proof. Let k > 0 be given and A be an arbitrary ad theory. We define a natural
isomorphism of pointed semi-simplicial sets

c’((Z"A)[e]) = Pi(A) (3-2)
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with components cl’((2¥A4)[n]) = Py(A),, for n > 0, given by

¢

ad% (A® x A™) 2 ad%,  (A™) = adk (A™),

IR

A’ ((Z*A)n]) = ad(se )i (A°)

where u} is induced from the evident isomorphism uy : A™ = A% x A", Compos-
ing the isomorphisms (3.2) with geometric realisation then yields the required
natural isomorphisms. O

Remark 3.3.7. The shift functors ¥ in fact commute with the parametri-
sation operator on Ad. We will prove this later in Lemma of Chapter
Bl

3.3.2 Universality of Quinn’s machine

The final ingredient in the proof of universality of Quinn’s bordism machine is
the verification of bordism invariance:

Proposition 3.3.8. Quinn’s bordism machine Q : Ad — Top, is bordism
tmvariant.

Proof. This is essentially a special case of [LMI4] Lemma 17.10(i)], though
obscured by notation. We clarify this here for the benefit of the reader:

Fix an ad theory A. By definition, the semi-simplicial space |R3[e]| in the
statement of that lemma has p'* space R2[p] (where p > 0) given by

R3[p] = ||lg] = adZ (AP x A9)]|.
Now, observe that for all p, ¢ > 0 the composition of natural isomorphisms
ad (AP x A7) = ad? (AY x AP) = ad%, (AY)

given by functoriality of ad 4 and the definition of the ad structure on A[p| yield
an isomorphism of topological spaces

R3[p] = Q2(Alp)).

Part (i) of [LMI4, Lemma 17.10] may then be translated as the claim that the
face maps of the semi-simplicial space given by

[p] = Q2(Alp])

are all homotopy equivalences. Its proof, as described there, is obtained by direct
comparison of homotopy groups (which is sufficient since all spaces involved are
CW complexes). It follows from the natural identification Q(X2.A4) = Q2(A)
described in Proposition and invertibility of the shift functor X2 that the
functor @ must be bordism invariant, as required. O

In summary, the combination of Propositions[3.2:8] [3.3-8 and Theorem [T.2.1]
yields a characterisation of Quinn’s bordism machine Q as the universal target
for bordism characteristics of the closed-object functor:

Theorem 3.3.9. The pair (Q, te0) is a universal bordism characteristic of cl’.
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Part 11

A Study of Extended
Parametrisation
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Chapter 4

The Abstract Universality
Theorem Revisited

In Chapter [T)we introduced the setting of categories with parametrisation struc-
tures to study the universality of parametric realisation, motivated by our appli-
cations to L-theory and Quinn’s bordism machine. Our main result established
there, the Abstract Universality Theorem, describes minimal conditions such
that parametric realisation yields universal bordism characteristics.

Although the Abstract Universality Theorem was entirely sufficient for our
purposes in Part |l it has two conceptual shortcomings: Firstly, it does not give
intuition for the circumstances under which the bordism invariance condition
is satisfied. Secondly, the theorem has no apparent connection to the stable
nature of our examples, in the sense that they, in fact, take values in infinite
loop spaces. Our desire for this latter connection is inspired by analogy with
[Stel7] on the properties of global Euler characteristics.

The intent of this chapter is to demonstrate an example of a more structured
setting for parametric realisation which addresses these shortcomings. Specifi-
cally, our objectives are to establish a setting for parametric realisation wherein
natural sufficient conditions for bordism invariance exist and to formulate a
refined version of the Abstract Universality Theorem that gives conditions for
both bordism invariance and stability of the parametric realisation of a given
functor.

The new setting is based on special features of the example of ad theories.
Recall that the parametrisation operator on the category of ad theories extended
over the category of ball complex pairs. Such an extension turns out to be
technically convenient due to several formal properties of the category of ball
complex pairs: namely, the combinatorial nature of its objects and the existence
of a symmetric monoidal product ‘x’ and of relative objects (i.e. pairs). We
abstract the properties of the parametrisation structure on ad theories with
the notion of extended parametrisation structures. The details are described in
Section L1

A significant benefit of working in the setting of extended parametrisation
structures is that there exist a rich variety of natural conditions on space-valued
functors related to bordism invariance. We have devoted Sections
and to introduce and compare these conditions.
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In detail, section describes two sufficient conditions for bordism invari-
ance of a space-valued functor. The first condition is a formal strengthening
of the bordism invariance condition, resembling a natural notion of homotopy
invariance in this setting, inspired by the theory of homotopy invariant functors
from the category of ball complex pairs to spaces from [BRS76]. The second
condition is a combination of a reduction of the bordism invariance condition
with a strong invariance property with respect to subdivisions (see Definition
4.2.7)).

Section [£-3] introduces two important classes of space-valued functors for
our reassessment of the Abstract Universality Theorem that we call stable and
linear. Stable functors naturally extend to spectrum-valued functors under a
certain invertibility assumption on the parametrisation operator (see Definition
and serve to conceptualise and abstract the delooping of Quinn’s bordism
machine Q to a spectrum-valued functor. It turns out that the condition of sta-
bility is related to bordism invariance under certain assumptions. We introduce
the class of linear functors, inspired by the analogous notion from the theory
of calculus of functors, as a convenient subclass of functors satisfying both of
these conditions. In addition to being bordism invariant and stable, they also
satisfy homotopy invariance and certain locality properties.

In Section [£:4] we show that the condition of linearity can be significantly
reduced under a certain combinatorial assumption on an extended parametrisa-
tion structure (see Definition . The result is a key ingredient in the proof
of a refinement of the Abstract Universality Theorem and is described precisely
in Lemma [£.4.9

Our final Section is devoted to the establishment of the specialised Ab-
stract Universality Theorem (Theorem which gives conditions on an ex-
tended parametrisation structure and a discrete (i.e. set-valued) functor such
that its parametric realisation is both bordism invariant and stable. As a
byproduct we also formulate conditions such that the parametric realisation of
a discrete functor is even linear (Theorem [4.5.7). We note that our analysis is
restricted to discrete functors, motivated by the examples treated in subsequent
chapters.

4.1 Extended Parametrisation Structures

Definition 4.1.1. A category with extended parametrisation structure consists
of a quadruple (C, p, u, @) where

e C is a category,
e p:C x Bally? — C is a covariant functor,
e 4 :ide = p(—,AP) is a natural isomorphism of functors C — C, and

{agK’L)’(M’N)} is a natural isomorphism

I EOIN) (oM, N])[K, L] = ¢[(K, L) x (M, N)]

of functors C x Ballj” x Ball}” — C that is compatible with p in the
following sense: For every object X of Bally and every object ¢ € ob(C),
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the following two triangles commute:

c[X] c[X]
pe[X] my He[X] w3
/ X)Ao\ / A% x
(A [X] ——— ¢[X x A% ([X])[A"] ——— ¢[A° x (X)]

where the morphisms 7] and 75 are induced from the projection isomor-
phisms m : X x A° S X and 7 : A% x X = X, respectively. The
morphisms of « are called associativity morphisms.

We will use the shorthand c[K, L] and f[K, L] for p(c, (K, L)) and p(f,id(x, 1)),
respectively. Moreover, we denote the morphims p(id., j) by j¥, or simply j*,
whenever ¢ € ob(C) is fixed.

Remark 4.1.2. The data p and «a of a category with extended parametrisa-
tion structure may be interpreted to express unit and associativity laws of the
operator p in analogy with the notion of a category C with monoidal action (see
[Lan78, p. 174]) by the monoidal category of ball complex pairs (Bally, x, AY).
However, note that we do not assume the usual coherence relations here so that
a category with extended parametrisation structure need not necessarily come
from an action.

Remark 4.1.3. Our notation j* for the induced morphisms p(id,, j) in C, with
c a fixed object, is chosen in order to be consistent with the notation used in
the example of ad theories (see Chapter [3|) and those relating to L-theory (see
Chapters [2| and @

Example 4.1.4. Consider the category Bally”. The product x on Ball3”
induces a parametrisation operator on Bally? given by

(X,Y)[K,L] .= (K,L) x (X,Y),

for every pair of ball complex pairs (X,Y) and (K, L). The unit isomorphism
wx : X =2 X x A® is defined by inverse to the projection 71 : X x A? 22 X the
associativity morphisms « are given by identity morphisms.

Example 4.1.5. Let C = Top,. For any ball complex pair (K, L) and pointed
space (X,x), let p(X, (K, L)) := XUKLILD be the space of continous maps of
pairs (| K|, |L]) — (X, z), based at the constant map at the basepoint z of X.
Furthermore, let pn: X =2 X 1A%l be the canonical natural homeomorphism. The
exponential law for pairs of spaces induces natural homemomorphisms

ag(K’L)’(M’N) :(X(\M|,\N|))(|K\»\L|)g X (B xM|,|KxNULxM|)
It is not hard to show that the parametrisation structure of an extended

parametrisation structure admits natural symmetry morphisms. We record this
fact in the following proposition:

Proposition 4.1.6. Let (C, p, u, &) be a category with extended parametrisation
structure and let pjao» denote the restriction of p to AP C Bally”. Then, there
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are natural isomophisms of functors C x Ball3” x Bally? — C,
sUOL (LN (e[K, L)) [M, N = (c[M, N))[K, L],
such that (pmop,u) defines a symmetric parametrisation structure on C.

Proof. An analogous argument is presented in the proof of Proposition
and the details are omitted. The idea is to use the symmetry of the product
x of Ball, together with the additional data «, and its compatibility with the
unit p. O

The symmetry assumption for the parametrisation structure in the Abstract
Universality Theorem is thus automatically satisfied in this setting. We
therefore obtain the following reformulation of the Abstract Universality Theo-
rem in the context of extended parametrisations structures:

Theorem 4.1.7. Let (C,p, u,a) be a category with extended parametrisation
structure and Z : C — Top, be a functor. Suppose that parametric realisa-
tion of Z is bordism invariant. Then the pair (PZ,1z) is universal bordism
characteristic of Z.

4.2 Two Sufficient Conditions for Bordism In-
variance

In this section, we present two natural sufficient conditions for bordism invari-
ance, under the assumption that the parametrisation structure is extended.

We first recall the notion of an elementary expansion of ball complexes (cf.
[ILM14] Definition 14.6]) in preparation for the first condition.

Definition 4.2.1. An inclusion of ball complex pairs (Ko, Lg) < (K, L) is
called an elementary expansion if the following properties are satisfied:

1. Ly = LN K,.

2. K has exactly two cells, say A and a, that are not in K, such that a is a
codimension-one face of A (cf. Figure .

3. A and a are either both in L or both not in L.

Furthermore, a morphism in Ball, is called an ezpansion, if it is a composition
of elementary expansions.

Figure 4.1: An elementary expansion with additional cells labelled A and a.
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Definition 4.2.2. Let (C,p, i, @) be a category with extended parametrisation
structure and let F': C — Top, be a functor. We say F' is homotopy invariant
if it takes expansions of ball complexes to weak equivalences, i.e., if for every
object ¢ in C and expansion of ball complex pairs e : (K,L) — (K',L’), the
induced map F(e}) : F(c[K', L]) — F(c[K, L]) is a weak equivalence.

Remark 4.2.3. The term “homotopy invariant” is inspired by the notion of
homotopy invariant functors from the category of ball complex pairs to spaces
from [BRS76] and based on the classical result (see [BRST76, Theorem 3.2]) that
the homotopy category of ball complexes, i.e., the category whose objects are
ball complexes and morphisms are homotopy classes of continuous maps of ball
complex pairs, may be obtained by localising with respect to expansions.

Proposition 4.2.4. Let (C,p, u, &) be a category with extended parametrisation
structure. If F': C — Top, is homotopy invariant, then it is bordism invariant.

Proof. This is immediate from the observation that the inclusion
i . +1
0 AT — AT

of the it" face AT of A™*! is an expansion for all n > 0 and i € {0,...,n + 1}.

To prove this observation, let such n and 7 be given and choose j € {0,...,n+
1} \ {i}. We expand inductively over cells containing the vertices ¢ and j of
increasing dimension (cf. Flgure 4

A S N N A

Figure 4.2: The inclusion 6° : AP — AP*! for p = 2 decomposed into elementary
expansions; in the first step we adjoin a 1-cell. In the second and third step, a
2-cell. In the final step, we adjoin a 3-cell. The shading in the final figure is
meant to indicate that the simplex and bottom face are filled.

Precisely, we first adjoin the pair of cells ({i, 7), (¢)) to the face AP, then all
pairs ((i,7, k), (i,k)), where k € {0,...,n+ 1} \ {¢,7}, to the union A U (3, j),
and so on until we have adjoined the pair ({0,...,n + 1),(0,... ,3, con+ 1)),
consisting of the unique n + 1 dimensional cell of A"*1 and its j face, to the
horn A;L'H c AntL O

Remark 4.2.5. Alternatively, one may deduce the result of the above Propo-
sition from [BRS76l Theorem 3.2] and the observation that any face inclusion
5% A" — A"l is a homotopy equivalence.

We turn to our second sufficient condition for bordism invariance. It is
based on the following condition that resembles a weaker form of the bordism
invariance condition:

Definition 4.2.6. Let (C,p, i1, @) be a category with extended parametrisation
structure and F' : C — Top, be a functor. We say F' is weakly bordism invariant

53



if the face maps
F(do), F(d1) : F(c[AY]) = F(c[A?)

are weak equivalences and homotopic, for all objects ¢ in C.
In our next lemma, we show that weak bordism invariance implies bordism

invariance whenever the functor in question is invariant under subdivisions as
described in the following definition:

Definition 4.2.7. We say F' is invariant under subdivisions if, for every ball
complex K and subdivision K’ thereof, the inclusions of the ends

K(—)(KxAl)KU{l}KW—*K’
X

induce weak equivalences

F(c[K]) & F(c[(K x AY) Kxu{l} K')) 5 F(c[K"]).

Lemma 4.2.8. Let (C,p, i, @) be category with extended parametrisation struc-
ture and F : C — Top, be a functor. If F is weakly bordism invariant and
invartant under subdivisions, then F is bordism invariant.

Proof. Let ¢ be an object in C and let p > 2 and 0 < k < p be given. Observe
that the ball complex A! x AP~ is isomorphic to a subdivision of AP, such that
the k" face AL of AP is identified with the subcomplex {0} x AP~1 C Al x AP~!

(cf. Figure [4.3).

Figure 4.3: Identifications of the prisms (A' x AP~!) with subdivisions of the
(p + 1)-simplex AP for p =2 and p = 3.

Now, denote by MP the ball complex obtained by gluing A! x AP~1 to the
face {1} x AP C A' x AP, and let N? denote the subcomplex A! x AP c MP.
Moreover, let ig : AP < MP and i; : A' xAP~! < MP denote the face inclusions
and if : AP~1 < NP and i} : {0} x AP~! — NP denote their restrictions to the
subcomplexes AP C AP and {0} x AP~1 € Al x AP™1, respectively (cf. Figure

) .

Figure 4.4: The ball complexes M? and N2, and the inclusions iy and i;; the
subcomplex N2 C M? is indicated by the shading.
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By assumption, F' is invariant under subdivisions, and hence the maps ig
and 47 induce weak equivalences

F(c[AP]) «— F(c[MP]) = F((c[A' x AP7Y]).
F(ig) (i)
Similarly, the face inclusion jo : AP~ =2 {0} x AP~1 < Al x AP~! induces a
weak equivalence

F(j3) : F(c[A' x AP7Y]) — F(c[AP7Y)).

Now let jn : NP — MP denote the inclusion and consider the following
diagram of spaces:

F(c[M?])
F(c[AP)) F(c[NP]) F(c[AY x AP~1)) (4.1)
F(c[AP1])

In order to show that the face map F(dy) is a weak equivalence, it suffices to
show that the outer square of Diagram commutes up to homotopy. Func-
toriality of F' implies that the inner squares of Diagram commute, i.e., the
composites,

F(dy) o F(ig), F(jg) o F(i}) : F(c[MP]) — F(c[AP™1])
are equal to the composition of the restriction map
F(jn) « F(c[MP]) = F(c[N"])
with the restriction maps
F(ig"), F(if") : F(c[N?]) = F(c[AP™1]),

respectively. The latter maps are in fact homotopic by the assumption that F'
is weakly bordism invariant. Indeed, this may be seen using associativity of the
parametrisation operator. It thus follows that the composites F'(dy)o F (i) and
F(j§) o F(i%) are also homotopic. O

4.3 Stable and Linear functors

In this section we introduce two special classes of space-valued functors from
a category with extended parametrisation structure. We begin by introduc-
ing a condition on parametrisation structures essential to the construction of
deloopings of space-valued functors:

Definition 4.3.1. Let (C,p, u, ) be a category with extended parametrisa-
tion structure and denote by [Q2] the functor p(—, (A, 0A)) : C — C. The
parametrisation operator p is called deloopable, if the functor [?] is an equiva-
lence of categories. We will write ¢[Q] for [Q]c.
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Remark 4.3.2. The terminology is based on the example of ad theories: For
an ad theory A, the object A[Q] describes the ad theory of (Al dA!)-ads, or
‘bordisms with empty boundary’ of A. It is suggestive to think of such bordisms
as ‘loops’, or endomorphisms from and to the empty set, motivated by the theory
of cobordism categories of manifolds wherein bordisms of manifolds are regarded
as morphisms between manifolds. The assumption that the parametrisation
operator p on a category C is deloopable may be then interpreted to mean that
any object ¢ in C itself describes the theory of loops of some other object, or
admits a “delooping” in this sense.

We furthermore mention that the square bracket notation [§2] is employed
to emphasise that the operation of looping comes from the parametrisation
operator itself.

Definition 4.3.3. Let (C,p, i, @) be a category with extended parametrisation
structure such that p is deloopable and let F' : C — Top, be a functor. Denote
by [8] and by {0} the functor p(—, (A',{1})) : C — C and the ball complex pair
({0},{0}), respectively. We say F is stable if the following conditions hold:

1. F is reduced, i.e., F(c[K, K]) ~ pt, for every ball complex K.

2. F wvanishes on null bordisms, i.e., for all objects ¢ in C,
F(c[9]) ~ pt.

3. F is additive, i.e., for every object ¢ in C, the square

F(c[Q]) —— F(c[9))

F(c[{0}]) —— F(c)
induced from the commutative square of ball complex pairs

(AL 0AY) «——— (AL {1})

[ |

({0}, {0}) «—— {0}
and the natural identification p_ ! : ¢[AY] 2 ¢, is homotopy cartesian.

Remark 4.3.4. The term “vanishes on null bordisms” is also based on the
example of ad theories, wherein the objects ¢[d] describe the theory of null
bordisms in ¢ (cf. Remark [£.3.2). We will relate this vanishing condition to
bordism invariance in the next section.

The additivity condition is inspired by the additivity theorem for cobordism
categories of manifolds described in [Stel§].

The main importance of the class of stable functors is that they automatically
extend to -spectrum-valued-functors. By an “€2-spectrum” we mean a slightly
more general notion than the usual one (cf. [Swi02, Definition 8.41]) that admits
more flexbility in defining structure maps.
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Definition 4.3.5. 1. An Q-spectrum consists of a pair (X, k) where:

e X = (X%),ey is a sequence of homotopy cartesian squares of pointed
spaces,

XKoo — Xiu
=yl

fo — Xiy
such that the spaces X}, and X¢, are contractible for all i € N.
e k= (Ki)ien is a sequence of homeomorphisms of pointed spaces,

Ki : X%l = Xéz)rl
We denote the spaces X?; and X%, x’;(i X, by X; and QX;, respectively,
11

for all 7 € N, and call the morphisms k; connecting homomorphisms.

2. A map of Q-spectra f : (X,x) — (Y,n) is a sequence (f: X* — Y?);ey
of maps of homotopy cartesian squares compatible with the connecting
homomorphisms, i.e., f consists of a collection of morphisms of pointed
spaces fi, : Xi, = Yy, where k,l € {0,1}, such that the following cubes
and squares are strictly commutative, for all ¢ € N:

i i
%
. Xoo X6

foo
. / ‘ . )/fél ;
Ybo _— YOl Xi 1 i

10 Xll )

Xgo —= Yo
T T

i i
Yip ——— Y

We denote the category of Q-spectra by 2Spec.

Remark 4.3.6. The usual data of an {2-spectrum, i.e., a sequence of pointed
spaces X; and weak equivalences s; : X; — QX; 1 for i € N, can be seen to
define an Q-spectrum (X, k) in the sense above, by considering the squares

Xi o =4 AKX,

R T

pt — X;

and maps k; = idx,, where AX; here denotes the based path space of X; and
the maps s;_; denote the composites X;_; St OX, C AX;.

Proposition 4.3.7. Let (C, p, u, &) be a category with extended parametrisation
structure such that the parametrisation operator is deloopable. Furthermore, let
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F :C — Top, be a stable functor. Then F' extends to a functor F : C — Q)Spec
such that the 0" component of F is equal to F.

Furthermore, every natural transformation n : F = G of stable functors on
C extends to a natural transformation n : F = G of spectrum-valued functors.

Proof. Choose an inverse X to [2] and a natural isomorphism v : id¢ = [2] o X.
For i € N, denote the i*" iterate of ¥ by ¥¢ and moreover denote the objects
([Q] 0 £%)c and ([0] o )¢ by £'c[Q2] and X'c[d], respectively. For a given object
¢ in C, we define an Q-spectrum ¢ — (E(c);, k§) by

F(Zi[Q]) —— F(Xic[0])

F(c)i = l l

F(Xc[{0}]) —— F(Xic)

and

kS = F(vsi,) : F(S'c) = F(Xc[Q)),
for all ¢ € N. A morphism ¢ — ¢ in C clearly induces a map of Q-spectra
(F(c), k%) = (F(c), ) by functoriality of the parametrisation operator on C
and the functors ¥ and F'. The second statement of the proposition is immediate
from definitions. O

Remark 4.3.8. The notation %‘c[)] and Xc[0] in the definition above is jus-
tified since the functors ¥* commute with the parametrisation operator p in the
sense that there are natural isomorphisms of functors C — C,

HK’L : EZ Op((K, L)v —) = p((Ka L)v _) © Eiv
for all i € N. Indeed, the existence of the natural isomorphisms x** follows

formally from the existence of symmetry morphisms for the parametrisation
operator p as in Proposition [£.1.6]

Remark 4.3.9. The choice of inverse ¥ to [] is not necessarily unique, al-
though any two choices are naturally isomorphic. In the examples described
in subsequent chapters, there is a natural choice for ¥ given by “shifting the
grading”.

Definition 4.3.10. Let (C,p, i, @) be a category with extended parametrisa-
tion structure. We call a functor F' : C — Top, absolute, if F' is reduced and
if, for every ball complex pair (K, L) and object ¢ in C, the following square
induced by functoriality is homotopy cartesian:

F(c[K, L)) —— F(c[K])

| |

F([L, L]) —— F(c[L]).
If, in addition, F' takes every pushout diagram of ball complexes

XNYy — X

| |

Y — XUY
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to a homotopy pullback square

F([XUY]) ——— F(c[X])

| l

F(c[Y]) —— F(c[X NY]),
we say F'is local.

Definition 4.3.11. Let (C,p, i, @) be a category with extended parametrisa-
tion structure such that the parametrisation operator p is deloopable. We call
a functor F' : C — Top, linear if it is homotopy invariant, stable and local.

Remark 4.3.12. The term linear is inspired by the notion of “linear” functors
from the theory of functor calculus. We refer the reader to [MVI5, §10.1] for
further details about the latter theory.

We are primarily interested in linear functors since they form a convenient
class of stable and bordism invariant functors. Observe that bordism invariance
follows immediately from Proposition [4.2.4] We note this statement in the
following proposition for future reference:

Proposition 4.3.13. Let (C,p, u,«) be a category with extended parametrisa-
tion structure such that the parametrisation operator p is deloopable, and let
F :C — Top, be a linear functor. Then F is bordism invariant.

4.4 A Criterium For Linearity

Our goal in this section is to establish a reduced criterium for linearity of a
space-valued functor from a category with extended parametrisation structure
C. Notice that linear functors are, by definition, necessarily absolute and vanish
on null bordisms. The reduced criterium states that these latter conditions are
in fact also sufficient under certain assumptions on the parametrisation operator.
One of these assumptions is the following extended functoriality condition on
the parametrisation operator that suggests that parametrisation only depends
on the underlying posets of ball complexes:

Definition 4.4.1. Let (C,p, i, @) be a category with extended parametrisation
structure. We call the parametrisation operator p combinatorial if, for every
incidence compatible O-isomorphism of ball complexes in CBall,

0:(K,L)=(K', L),
there is an isomorphism
0% : c[K',L'] = c[K, L],
natural in the variable ¢ and such that the following conditions are satisfied:

1. 6* agrees with the induced maps given by the parametrisation operator
whenever 6 comes from a map of ball complexes.
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2. (B o))" = Y* o 6*, for all incidence compatible 0-isomorphisms of ball
complexes 6 and .

3. For any pair of morphisms of ball complexes (f, f’) and any pair of inci-
dence compatible 0-isomorphisms (6, 0") such that the following diagram:

(K,L) —— (K', L)

f |

(M,N) -2 (M, L")
commutes in CBalls, the induced square

oM, L] —2 ¢[M, N]

b

oK, L] —C— ¢[K, L]
commutes in C.

Remark 4.4.2. Definition is motivated by the reindexing axiom for ad
theories and the extended functoriality of the construction of categories of preads
(see Remark [3.1.17)). Note that the axiom only stipulates the existence of addi-
tional morphisms for any dimension preserving maps into or from ball complex
pairs since every incidence compatible O-isomorphism of absolute ball complexes
K — L already comes from a map of ball complexes. Indeed, this is easily seen
from the fact that a morphism of ball complexes is determined by its induced
map on face posets (see [BVST93, Corollary 4.7.9]).

Remark 4.4.3. Condition (2.) of Definition is not critical to our work,
but is rather included because of its naturality.

We will build up to a criterium for linearity by establishing the conditions
of stability, locality and homotopy invariance in turn. First, we record that un-
der the combinatorial assumption on the parametrisation operator the absolute
conditon described in Definition can be strengthened to pairs:

Proposition 4.4.4. Let (C,p, u, &) be a category with extended parametrisation
structure such that p is combinatorial. Let F' : C — Top, be an absolute functor.
Then, for every ball compler K and pair of subcomplexes Ky and L thereof, the
square of spaces

F(c[K,KyUL]) — F(c[K, L))

| l

F(C[KQ,Ko]) —_— F(C[Ko, KQ N L])
induced from the commutative square of ball complex pairs

(K(),KO M L) _— (K, L)

| |

(Ko, Ko) —— (K, KoUL)
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is homotopy cartesian.
Proof. Observe that the inclusion maps
(Ko, KoNL) = (KgUL,L) and (K, Ko) — (Ko UL,KyUL)
induce 0O-isomorphisms of posets
cell(Ko, KoNL) = cell(Kog UL, L) and cell(Ky, Ko) = cell(Ko U L, Ko U L).

Since p is combinatorial, it therefore suffices to show that the left hand square
in the following commutative diagram is homotopy cartesian:

F(¢[K,KoUL]) — F(c[K,L]) ——— F(c[K])

l l |

F(c[KoUL,KyUL]) —> F(c[KoUL,L]) — F(c[KoU L))

| l

F(c[L,L]) —— F(c[L]).

The result now follows immediately from the assumption that F' is absolute
and the pasting lemma for homotopy cartesian squares (see [MV15, Proposi-
tion 3.3.20]). O

As a corollary of Proposition [£.:4.4) we deduce that, in the presence of a
deloopable and combinatorial parametrisation operator, absolute functors which
vanish on null bordisms are automatically additive, and hence stable:

Corollary 4.4.5. Let (C,p,pu, @) be a category with extended parametrisation
structure such that p is deloopable and combinatorial. Let F : C — Top, be an
absolute functor which vanishes on null bordisms. Then F' is stable.

Proof. The functor F' is reduced and vanishes on null bordism by assumption.
Additivity of F' follows from the previous proposition applied to the case K =
A, Ko = {0} and L = {1}. O

Our next proposition states that, in the restricted setup of a combinatorial
and deloopable parametrisation operator, an absolute and stable functor is in
fact local.

Proposition 4.4.6. Let (C, p, u, &) be a category with extended parametrisation
structure such that p is deloopable and combinatorial. Let F' : C — Top, be an
absolute and stable functor. Then F is local.

Proof. Let X,Y be ball complexes, and ¢ be an object in C. By the assump-
tion that the parametrisation operator p is combinatorial, the inclusion of ball
complex pairs

(X, XNY)—= (XUY)Y)

induces a homeomorphism

F([XUY,Y]) = F(c[X, X NY)),
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for all objects ¢ in C. Hence, since F' is absolute, the vertical homotopy fibres
with respect to the basepoint components of the square

F([XUY]) ——— F(c[X])

| |

F(c[Y]) ——— F(c[X NY))

are weakly equivalent. By the assumption that F is stable, we furthermore
deduce that the square is homotopy cartesian since all spaces and maps involved
are loop spaces and maps thereof. To see the latter observation, let ¥ denote an
inverse to [Q]. Then, stability of F implies that there exists a zigzag of natural
weak equivalences between the spaces F(c[K]) and the spaces QF(3¢[K]), for
an arbitrary object ¢ in C and ball complex K, where QF (X¢[K]) denotes the
space of based loops of the pointed space F(Xc[K]). O

It remains to establish homotopy invariance. The following proposition is
a critical component in the proof and shows the main technical advantage of
working with stable functors:

Proposition 4.4.7. Let (C, p, u, &) be a category with extended parametrisation
structure such that p is deloopable and combinatorial, and let F' : C — Top, be
an absolute functor which vanishes on null bordisms. Moreover, let K be a ball
complex, Ko and L be two subcomplexes thereof, and j : (Ko, KoNL) — (K, L)
denote the inclusion.

Then, the induced map F(j%) : F(c[K,L]) — F(c[Ko, Ko N L]) is a weak
equivalence for all objects ¢ in C if and only if the space F(c[K,Ky U L)) is
contractible for all objects ¢ in C.

Proof. Let ¢ € ob(C) be given. Since F is absolute, it follows from Propositon
that the space F'(c[K, KoU L]) is a model for the homotopy fibre of F(j7)
over the basepoint component. Hence, F'(¢[K, Ko U L]) is contractible whenever
F(j¥) is a weak equivalence.

Conversely, assume that F(c[K, L]) is contractible, for all objects ¢ in C. By
assumption, we also know that F' is absolute and vanishes on null bordisms. It
then follows from Corollary [£.4.5] that F is stable. Furthermore, Proposition
implies that the map F(j}) comes from a map of Q-spectra. In particular,
we may form the following commutative diagram:

F(52)

F(c[K, L]) F(c[Ko, Ko N L])

I I

LCUED, p(sie{k, Ko N L][9)

QOF(Se[K, L)) —2FY%) , Qp(Se[Ko, Ko N L)),

where the vertical equivalences come from the structure maps of the Q-spectra
F(c[K,KyU L)) and F(c[Ko, Ko N L]), and ¥ denotes a fixed choice of inverse
to [Q].
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From the diagram, it is clear that the map F'(j}) is a weak equivalence if and
only if the map QF(j3.) is a weak equivalence. To prove the latter statement
it is sufficient to show that the map

F(j5.) : F(Sc[K, L)) — F(Xc[Ko, Ko N L))

induces an isomorphism on homotopy groups m; over the basepoint compo-
nent for all k& > 1, yet this is a direct consequence of Proposition since
the homotopy fibre of F'(j3.) over the basepoint is homotopic to the space
F(X¢[K, Ky U L]), and is thus contractible by assumption. O

Proposition 4.4.8. Let (C, p, u, ) be a category with extended parametrisation
structure such that p is combinatorial and deloopable. Furthermore, let F :
C — Top, be absolute and vanishing on null bordisms. Then F is homotopy
tmovariant.

Proof. Tt suffices to show that F' takes elementary expansions to weak equiv-
alences. Let ¢ be an object of C and e : (Ko, Ly) — (K, L) be an elementary
expansion. Moreover, denote by A, a the cells that do not belong to Kj.
If A € L, then F(e}) is an isomorphism since e induces a 0-isomorphism of
posets
cell(Ko, Lo) = cell(K, L).

Next, let n denote the dimension of K and X denote the ball complex
(ALY 0AY=L If A ¢ L, then there is an incidence compatible 0-isomorphism
of posets

6 : cell((A', {1}) x X) = cell(K, Ko U L),

which identifies the pair of cells ((0,1)",{0} x (0,1)"~1) with the pair (A, a).
Furthermore, since p is combinatorial and associative we deduce that
FE 1 2
F([K, KoUL)) = F(c[(A",{1}) x X]) = F(([X])[0]).
By assumption, the latter space is contractible, and hence the former is too. It
now follows from Proposition that the map F'(e*) is a weak equivalence. [

From the combination of Corollary and Propositions and [4.4.8]

we immediately deduce the following criterium for linearity:

Lemma 4.4.9. Let (C,p,u,a) be a category with extended parametrisation
structure such that the parametrisation operator p is deloopable and combinato-
rial. Furthermore, let F': C — Top, be an absolute functor which vanishes on
null bordisms. Then F is linear.

Lemma[£.4.9]serves as a tool in proof of the specialised universality theorem,
described in the next section. We also note the following corollary that gives a
number of reformulations of the bordism invariance condition in the context of
a combinatorial and deloopable parametrisation operator:

Corollary 4.4.10. Let (C,p, u, @) be a category with extended parametrisation

such that p is combinatorial and deloopable. Let F : C — Top, be an absolute
functor. Then the following three conditions are equivalent:
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1. F is homotopy invariant.
2. F is bordism invariant

8. F wvanishes on null bordisms

Proof. The implication of Conditions (1) to (2) and (3) to (1) follow directly
from Propositions and respectively. Furthermore, the implication
(2) to (3) can be easily seen by considering the following homotopy cartesian
square:

F(c[Ah {1}]) ——— F(c[A")

| e

pt = F(c[{1}, {1}]) —— F(c[A%]).
O

Remark 4.4.11. The idea to deduce bordism invariance from the vanishing on
null bordism condition was inspired by a similar idea used in the proof for the
bordism invariance of Zs-Tate cohomology of K-theory described in [WWO9S|
Theorem 9.12]).

4.5 A Specialised Universality Theorem

The aim of this section is to demonstrate a specialised version of the Abstract
Universality Theorem in the case of a category with extended parametrisation
structure C. To simplify the analysis we will only consider functors Z : C —
Top, such that the spaces Z(c) are equipped with the discrete topology. We
call such functors discrete and employ the notation Z : C — Set,.

Recall that an ordered simplicial complex defines a semi-simplicial set with
the same sets of simplices, and face maps induced by the ordering of the vertices
(e.g., see [Ran92, Example 11.1]). Our first result serves as a key preliminary
observation and states that, under the assumption of locality, the parametric
realisation of Z at an object ¢ of C represents the assignment K — Z(c[K]) over
the category of finite ordered simplicial complexes:

Proposition 4.5.1. Let (C,p, i1, &) be a category with extended parametrisation
structure and K be a finite ordered simplicial complex. If Z : C — Set, is
local, then the set of semi-simplicial maps K — Z(c[e]) is isomorphic to the set
Z(c|K)), for all objects ¢ in C. Furthermore, the isomorphism is natural with
respect to inclusions L C K of finite ordered simplicial complezes.

Proof. For any finite simplicial complex K, we call a simplex o € F(K) mazimal
if for any 7 € F(K), 7 > o implies that 7 = 0. We view K as the union of
its maximal simplices {0;};=1,..n, where o; # o; for all i # j, and define the
rank of K to be the number of maximal simplices. The proof will be obtained
by induction on the rank of K. Let ¢ denote a fixed object of C.

Case rk(K) = 0: This case corresponds to K = () and is true by the assump-
tion that Z is absolute since Z(c[0]) = Z(c[0, 0]) = pt.

Case 1k(K) = 1: Without loss of generality, we may assume K = A", for
some n > 0. A semi-simplicial map A™ — Z(c[e]) is determined uniquely by
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its value on the unique maximal simplex of A", i.e. by a choice of n-simplex in
Z(c[e]). Moreover, the n-simplices of Z(c[e]) are just the elements of Z(c[A"]),
by definition. The correspondence is thus clear.

To see that the correspondence is natural, let Map (—, Z(c[e])) denote the
functor which takes an ordered simplicial complex K to the set of semi-simplicial
maps K — Z(c[e]). We must show that, for any inclusion i : L < K of simplicial
complexes of rank at most 1, the diagram of pointed sets

Map (K, Z(c[o])) — Z(c[K])
J{Map(LZ(c[.]) lZ(i*)
Map (L, Z(c[o])) —— Z(c[L])

commutes, where the horizontal functions denote the correspondence just de-
scribed. The cases where K = () or L = () are trivial and the case where both
K and L have rank 1 is immediate from the definition of the face maps of the
semi-simplicial set Z(c[e]).

Next, let K be a given ordered simplicial complex with 7k(K) =n > 2, and
suppose that the statement of the proposition holds for all simplicial complexes
with rank less than n. Denote by K’ C K the simplicial subcomplex of K given
by the union U;=1 . n—10;. Furthermore, set 0 := o, and K" := o N K.

Then, by the universal property of the pushout a map K — Z(c[e]) is
equivalent to a pair of maps (K’ — Z(c[e]),c — Z(c[e])) which agree over K.
Since K" is equal to the union of simplices Ui=1,....n—10 N 0y, it clearly follows
that rk(K") < n — 1. By the induction hypothesis we deduce that every map
K — Z(c[e]) corresponds to a pair (z,y) € Z(c[K']) x Z(c|o]) such that the
elements x and y restrict to the same element in Z(c[K"]). Note that such
a pair (z,y) corresponds uniquely to an element in Z(c[K’' U o)) = Z(c[K])),
by the assumption that Z is discrete and local. Analogous reasoning, using
locality of Z to reduce to the inductive case, shows that the construction is
independent of the choice of maximal simplex ¢, and natural with respect to
simplicial inclusions. O

Remark 4.5.2. Proposition is based on similar observations [LM14], Re-
mark 15.4], [Ran92| p. 142] in the case of the closed-objects functor of ad theories
and algebraic L-theory, respectively.

Definition 4.5.3. Let (C,p, i, @) be a category with extended parametrisation
structure and Z : C — Set, be a functor.

1. Wesay Z is surjective on expansions if, for all objects ¢ in C and elementary
expansions B — F of ball complexes, the induced map of sets

Z(c[E]) = Z(c[B])
is surjective.

2. We say Z is a Kan functor if, for every object ¢ € C, the semi-simplicial
set Z(c[e]) is Kan (see [RS71, p. 329]).

We will now apply Proposition to formulate conditions on a category
with extended parametrisation structure C and discrete functor Z from C which
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imply that Z satisfies the Kan condition and, moreover, that its parametric
realisation is absolute.

Lemma 4.5.4. Let (C,p,u,a) be a category with extended parametrisation
structure and Z : C — Set, be a functor. Suppose that Z is local and sur-
jective on expansions. Then, Z is a Kan functor and its parametric realisation
PZ is absolute.

Proof. We first prove that Z is a Kan functor. Let ¢ be an object in C. By the
previous Proposition the Kan condition for the semi-simplicial set Z(c[e])
is equivalent to the statement that, for all n, k, where n > 0 and 0 < k < n, the

restriction map
Z(c[A"]) = Z(c[AF])

is surjective, where A7 denotes the k' horn of A" (see [RS7I, p. 323]). The lat-
ter statement follows directly from the fact that the inclusions A} — A™ are all
elementary expansions, and the assumption that Z is surjective on expansions.
We next claim that the functor PZ is reduced. Let ¢ be an object in C
and K be a ball complex. By associativity of the parametrisation, there are
homeomorphisms
Z((c[K, K])[A"]) —————— Z(c[K x A", K x A"]),

n
a‘(:K,K),A

for every n > 0. Since Z is discrete and reduced, the latter spaces must be
singeltons. Hence, the semi-simplicial set Z(c[K, K][e]) is isomorphic to the
terminal semi-simplicial set %, and thus, upon applying geometric realisation,
we obtain a homeomorphism PZ(c[K, K]) 2 || x||. The claim is now immediate
since the geometric realisation of * is contractible (cf. Example[1.3.2)).

We now turn to proving that the functor PZ is absolute. Let i : A <— X be
an inclusion of ball complexes and ¢ be a given object of C. We must show that
the square

PZ(c[X, A]) —— PZ(c[X])
l J{PZ(i*) (4.2)
PZ(c[A, A]) —— PZ(c[A])

is a homotopy pullback. First note that, by the assumption that Z is absolute
and discrete, the underlying square of pointed semi-simplicial sets

Z(e[X, Alls]) —=— Z(c[X][s])

l lpz(z‘*)

Z(c[A, Allo]) = + —=— Z(c[A]]o])

is a pullback square. Moreover, the horizontal arrows are inclusions, up to
isomorphism. Since the geometric realisation preserves inclusions, it follows
that Square is a strict pullback square of pointed spaces. It therefore
suffices to show (cf. [MV15, Proposition 3.2.13]) that the map PZ(i*) is a
Serre-fibration. We will prove that the underlying map of semi-simplicial sets

Z(i*[e]) : Z(c[X][o]) = Z(c[A][e])
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of PZ(i*) is a Kan fibration, whence the result follows since Kan fibrations
geometrically realise to Serre-fibrations by a well known result of Quillen (see
[Qui6T]).

For fixed n > 0 and 1 < k < n, consider the following commutative diagram:

Tn

Z((XNIA™) —— Z((IXDIAR] X z((eqaniag) Z(([ADIA"])

%a =

Z(c[X x A"]) ——— Z(c[X x A}]) X Z(c[AxA}]) Z(c[A x A™]) (4.3)

, %TT{
Tn Wk

Z(c[X x A} Uaxan A x A™).

The horizontal arrows and the arrows labelled by « in Diagram are induced
by functoriality of Z and the associativity morphisms of the parametrisation,
respectively. Furthermore, the map 7 is induced by functoriality of Z. Note
that 7 is a homeomorphism by locality of the discrete functor Z. From Lemma
we see that the Kan condition for the map Z(i*[e]) is equivalent to the
statement that the maps ry , are surjective. By commutativity of Diagram
it thus suffices to show that the maps r;l’k are surjective for all ball complex
pairs (X, A). We may reduce the proof via cellular induction to checking just
two cases:

CaseI: X = AU o, where 0 = A® is a 0-dimensional ball. In this case,
X xA"=AxA"Uo x A" and X X A Uaxar AX A" =Ax A" o x A}.
Then, by locality of Z, the maps ry, ,, are surjective if and only if the maps

Z(clo x A"]) = Z(c[o x AE))

are surjective, for all n and k. However, the latter lifting problem is equivalent
to the statement that Z(c[o][e]) is a Kan semi-simplicial set, by associativity of
the parametrisation operator on C, and thus the claim follows.

Case II: X = AUo and ANo = do for a ball o of dimension greater than
0. Observe that in this case the inclusion map

(X X AR) Utaxap) (Ax A™) = X x A"

is an elementary expansion of ball complexes. The result is then immediate
from the assumption that Z is surjective on expansions. O

Remark 4.5.5. The proof of the Kan property for the functor Z given in
the previous proposition is based on a similar argument the case of ad theories
described in the proof of [LMI4, Lemma 15.12].

In our next lemma, we give conditions on a category with parametrisation
structure and discrete functor such that parametric realisation yields a stable
functor.

Lemma 4.5.6. Let (C,p,u,a) be a category with extended parametrisation
structure whose parametrisation operator p is combinatorial and deloopable. Let
Z : C — Set, be an absolute and Kan functor. Then the parametric realisation
PZ of Z is stable. In particular PZ vanishes on null bordisms.
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Proof. We have already shown that PZ is reduced in the previous proposition.
We must then show that, for every object ¢ in C, the following square is homo-
topy cartesian:

PZ(c]Q)) — PZ(c[d])

l J (4.4)

PZ(c[{0}]) —— PZ(o),

and moreover that the space PZ(c[d]) is contractible.

The proof strategy is to construct a commutative cube of semi-simplicial
sets:
, Z(c[Y[e]) . Z(c[0][e])

QZ(c[e]) AZ(cle])

IR

H)/

where QZ(c[e]) and AZ(c[e]) denote the semi-simplicial loop and path space
of the semi-simplicial set Z(c[e]) (see [Nic82| p. 13] for definitions). The maps
0 Z(c[e]) — AZ(c[e]) and AZ(c[e]) — Z(c[e]) in the cube are the inclusion and
path evaluation map, respectively.

The existence of such a cube suffices since the realisation of the back face
yields Square and the realisation of the front face is homotopy cartesian by
the assumption that Z(c[e]) is a Kan semi-simplicial set (cf. [Nic82 Proposi-
tion 1.3.5]).

We turn to constructing the isomorphisms of semi-simplicial sets ¢ and :
For any n € N, let S and T! denote the ball complex pairs (A" ! d,, A" U
{n+1}) and (A" x A, A" x A!), respectively; moreover, let S? and T2 denote
the ball complex pairs (A"! {n +1}) and (A" x A, A" x {1}), respectively.
Note that we have inclusions S? < S and T? < TS for all n € N. The
nt" components of the semi-simplicial maps ¢ and v are then defined as the
compositions,

| ’
Z(c[{0}][e]) ‘ Z(c[e])
Z(

b+ Z( o) = Z((CANA) 2 212 "L 2([5%) 2 (el
b+ Z(No])a = Z((NIAY) E 2(e(2?) "L 2(el57) 2 AZ(clo))n

for arbitrary n € N, where:
e o and o denote the corresponding associativity morphisms.

e The isomorphisms 7, and 7/, are determined by the assumption that Z is
absolute and discrete. To be more precise, note that for all ball complex
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pairs (K, L), the diagram of pointed sets

Z(c[K, L)) — Z(c[K])

| |

pt = Z(c[L, L]) —— Z(c[L])
is a pullback diagram. Considering the cases (K, L) = S and (K, L) = S?
yield the isomorphisms 7, and «},, respectively.

e The isomorphisms qgfb and 1/3; are induced by the incidence compatible
0-isomorphisms of cell posets

bn - cell(S5) = cell(TS)
P+ cell(S9) 2 cell(T),
suggested by the homeomorphisms of topological spaces:

A" x AVJA™ x {1} = AT
(u,8) = ((1 = s)u, s).

We present an explicit formula for precision. Let o denote the orientation
of A™ defined via the standard incidence numbers

[(o, ... V&), (Vo, ..., Tsy ... 0p)] = (—=1)7,
for all pairs ((vo, ... vk), (vo,-..,0i,...,V)) consisting of a k-dimensional
face (v, ...vx) and its i*" subface (vg,...,0;, ..., v%).

Then the isomorphism of cell posets v, : cell(S2) 2 cell(T?) is given by

((vo,...,vk—1) x {0,1),0x 0), ifvy=n+1
(<U0""’Uk>’0)'_>{ (<vg,...,vz>1>< (0),0 x 0), iva#nJrl,

where (vg,...v;) is a k-dimensional face of A™*!. Furthermore, the re-
striction of 1, along the evident inclusion of posets cell(S5) < cell(S9)
determines the isomorphism ¢, .

The fact that the maps ¢, and ¥,, indeed assemble to maps of semi-simplicial
sets follows from the naturality of the associativity morphisms « together with
Condition (3) of combinatoriality (see Definition of the parametrisation
operator p. O

Combining the results of Lemmas[.5.4] [£.5.6| and [f.4.9] yields our main result
regarding properties of parametric realisation of a discrete functor:

Theorem 4.5.7. Let (C,p,u,a) be a category with extended parametrisation
structure and Z : C — Set, be a functor. Suppose that the parametrisation
operator p is combinatorial and deloopable, and that the functor Z is local and
surjective on expansions. Then the parametric realisation PZ of Z is linear,
i.e., stable, local and homotopy invariant.
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Proof. By assumption, the category with extended parametrisation structure
(C,p, p, @) and functor Z satisfy the conditions of both Lemmas and
Hence, the parametric realisation of Z must be absolute and stable. Since
stable functors also vanish on null bordisms by definition, the result follows
immediately from the criterium for linearity described in Lemma [£.4.9] O

Remark 4.5.8. Theorem is inspired by work of S. Buoncristiano, C. P.
Rourke and B. J. Sanderson on the construction of homotopy invariant functors
Ball, — Set (see [BRS76, §§6-7]). In particular, the conditions of locality
and surjectivity on expansions are based on the glueing and extension axioms
(Axioms E and G) defined there.

As a corollary of Theorem [4.5.7] we obtain a specialised version of the Ab-
stract Universality Theorem in the case of discrete functors defined on a category
with extended parametrisation structure:

Theorem 4.5.9. Let (C,p,u,a) be a category with extended parametrisation
structure and Z : C — Set, a functor. Suppose that the parametrisation op-
erator p is combinatorial and deloopable and that the functor Z is local and
surjective on expansions. Then the pair (PZ,1z) is a universal bordism charac-
teristic of Z.

Moreover, every natural transformation n : PZ = F to a stable functor
F :C — Top, extends to a natural transformation n: PZ = F of Q-spectrum-
valued functors. B

Proof. By Theorem [4.5.7] we deduce that the parametric realisation of Z is
linear. In particular, Proposition implies that PZ must be bordism in-
variant. Universality of the pair (PZ,tz) now follows directly from Theorem
29 Wi

The second statement of the theorem is an immediate consequence of Propo-
sition 4.3.7 and the fact that linear functors are stable, by definition. O

Theorem should be regarded as an exemplar of a result describing
conditions directly on a given functor Z and the parametrisation structure such
that parametric realisation of Z yields a universal bordism characteristic whose
target naturally takes values in infinite loop spaces, and, moreover, such that
maps from the target to stable functors respect the delooping.
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Chapter 5

Example I: Properties of
Quinn’s Bordism Machine

In this chapter we review the example of ad theories and Quinn’s bordism
machine from Chapter [3] in terms of the theory of extended parametrisation
structures.

Our main goal is to show that the conditions of the specialised universality
Theorem are satisfied in the case of the closed-objects functor Z = cl°,
thereby highlighting properties of cl° that lead to universality of Quinn’s bor-
dism machine Q. In parallel, we additionally deduce that Quinn’s bordism
machine Q is a linear functor in the sense of Definition Our results
turn out to provide an alternative interpretation of Quinn’s bordism machine
and properties of bordism groups of ad theories established in [LM14]. The
comparison is given at the end of the chapter.

We have divided our analysis into two sections: In Section we establish
the special properties of the parametrisation structure on the category of ad
theories Ad. More precisely, we verify that the parametrisation structure is in
fact extended, and then prove that the parametrisation operator is combinatorial
and deloopable in the sense of Definitions[4.3.I|and [4.4.T] respectively. In Section
we prove that the closed-objects functor cl® is both local and surjective on
expansions, and then verify Theorem [4.5.9

5.1 Further Properties of Parametrisation

Recall from Section |3.2.2] Section and Proposition the definitions of
the parametrisation operator p : Bally? x Ad — Ad, unit u : A[A%] 2 A, and
associativity morphisms « : (A[K, L])[M, N| & A[(M, N)x (K, L)], respectively.

Proposition 5.1.1. The quadruple (Ad,p,u~t, ) defines a category with ex-
tended parametrisation structure.

Proof. The proof is a straightforward inspection. In particular, the argument
for compatibility of a with the unit p is analogous to the one given at the end
of the proof of Proposition [3.2.§ O

71



Our next goal is to show that the parametrisation operator p on Ad is de-
loopable and combinatorial. The proofs depend on the observation, described
below in Lemma that the reindexing axiom for ad theories admits a
stronger reformulation. We introduce the notion of a k-morphism in the cat-
egory of ad theories to formulate the result. Recall the definition of the shift
functors ¥ from Definition [3.3.3}

Definition 5.1.2. Let k € Z. A morphism of ad theories A — X*B, equiva-
lently, X% A — B, is called a k-morphism of ad theories A — B.

Lemma 5.1.3. Let A be an ad theory. Then, for every incidence compatible
k-isomorphism 0 : (K,L) — (K', L") in CBally, the induced k-isomorphism

0° . AIK', L] - AIK, L]

maps ads isomorphically to ads, and thus defines a morphism of ad theories.
Moreover, the isomorphisms 0* are natural in the variable A.

Proof. Let (M, N) be a ball complex and 6 : (K,L) — (K’,L’) be an inci-
dence compatible k-isomorphism. Then 6 induces an incidence compatible k-
isomorphism
idx6:(M,N) x (K,L) — (M,N) x (K',L')
(0,0) x (¢/,0") = i*19!((5,0) x (0, 0)).

Moreover, the following diagram can be checked to commute by inspecting def-
initions (the signs of Definition [3.1.16| are needed here):

pregs (M,N)

preA[K,’L,}(M,N) preA[K’L](M, N)

pre4 (M, N) x (K, L)) "% pre , (M, N) x (K, L)).

The statement of the lemma would follow if the map prey. (M, N) preserves ads,
but this is immediate from the reindexing axiom for the ad theory A. O

Corollary 5.1.4. The parametrisation operator p on Ad is combinatorial.

Proof. By the previous lemma, each 0-morphism 6 : (K, L) = (K',L’) of ball
complexes induces a natural isomorphism 6* : A[K, L] &2 A[K’,L'] of ad the-
ories. It is straightforward to check that the conditions of Definition are
satisfied. O

Lemma 5.1.5. The parametrisation operator p on Ad is deloopable, i.e., the
functor

Ad — Ad,
A — A[Q],

is an equivalence of categories. An inverse is given by the shift functor
¥:Ad — Ad.
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Proof. We define an incidence compatible (—1)-isomorphism of cell posets:

s:cell(A%) — cell(AY, 0AY)
({0),0) = ((0,1), 0).

s(a)
N
a Do Do

Figure 5.1: A partial diagram of cell(A%) and cell(Al, JA'), showing the cell
a = ({0),0) € cell(A®) and its image s(a) in cell(Al,0A!) under s. The
basepoint () and arrow @y — s(a) in cell(A!,JA!) are drawn doubled and
underneath s(a) to indicate the dimension shift and to suggest the interpration
of s(a) as a 'bordism with empty boundary’.

See Figure for a geometric illustration. By Lemma [5.1.3] we obtain a
natural isomorphism

s* o M
S(A[Q]) =2 A[AY] =2 A,
The result now follows from the observation that the shift functors commute
with the parametrisation operator p in the sense that

(kA)K, L) = SF(A[K, L))

as ad theories, for every ad theory A, ball complex pair (K, L) and integer k.
We will make this observation explicit for completeness. Let A be an ad
theory, (K, L) a ball complex pair and k € Z. Notice that the underlying Z-

graded categories of (X*A)[K, L] and S*(A[K, L]) are equal. Indeed, for each
n € Z, we have equalites of sets:

ob™ ((SFA)[K, L]) = {(K, L)-preads in $* A of dimension n}
= {(K, L)-preads in A of dimension n — k}

)-

)-
=ob" ( )
=ob" (2F(A [K,L])).

Moreover, the morphisms sets in both cases are just the natural transformations.
Finally, for any ball complex (M, N), observe that:

ad (s k1) (M, N) = ad;kA((M, N) x (K, L))
L ((M, N) (K 1)

2 n+k
= adly 1) (M, N)

def
= adzk(A K L])(M7 N).

Hence, the ad structures, ad{r 4yx 1) and ad$ 4k, 1), agree. O
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5.2 Properties of Closed Objects and Quinn’s
Machine

We next study properties of the closed-objects functor cl°.
Lemma 5.2.1. The functor c° is local.

Proof. Let A be an ad theory and consider a ball complex K. The inclusion
() — (K, K) evidently induces an isomorphism of cell posets cell( K, K) 2 cell(().
Hence, the ad structure of the categories A[K, K| is trivial. It follows that the
set cl’(A[K, K]) consists of a point, and thus the functor cl® is reduced.

Next, let 7 : L — K be an inclusion of ball complexes and consider the
following square:
l®(e{k, 1))
—=c

cI’(A[K, L)) 1°(A[K])

l lclo(f‘)

d°(A[L, L]) —— cl®(A[L)).
It follows from the absolute axiom for the ad theory A and the assumption that
basepoints in A are initial that the square is a pullback square. In particular,

the square is homotopy cartesian since all spaces involved are discrete.
Finally, let X and Y be ball complexes. We claim that the restriction map

r e (AX UY]) = cd®(A[X]) Xaoapxny)) c’(AY])
is an isomorphism. First, note that the map r is injective since any functor
F:cell( XUY)— A

is evidently determined by its restriction to the subposets cell(X) and cell(Y).
For surjectivity, let (z,%) be a given element of cl°(A[X]) X a0 (A[XNY]) (A[Y]),
and let

z:ce(XUY)—= A

be the (X UY)-pread defined by:

(0,0), if (0,0) € cell(X),
(0,0), if (0,0) € cell(Y),
(f), if f € Mor(cell(X)),
(f), if f € Mor(cell(Y)).

Observe that the pread z is an ad in A, by the locality axiom for the ad theory 4.
A preimage of (z,y) under r may now be obtained from z via the identification
ad% (X UY) = cl’(A[X UY]) given by the following composition:

ad% (X UY) 2 ad%(A° x (X UY)) = ad%xuy(A%) = c°(A[X U YY),

where the first isomorphism is induced by the projection A® x (X UY))
XUY.

0 m
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It was proven in [LM14, Lemma 14.7] that, for every ad theory A and every
elementary expansion (Ki, L1) — (K, L), the restriction of sets of ads

ad®(K,L) — ad”(K,, L)

is surjective, for every integer kK € Z . As a direct corollary, we obtain the
following lemma:

Lemma 5.2.2. The functor cl® is surjective on expansions.

Corollary [5.1.4] Lemmas [5.2.1] and [5.2.2] and Proposition [5.1.5] imply that

the conditions of Theorem [4.5.7]and Theorem [4.5.9] are satisfied for the category
with extended parametrisation (Ad,p,u !, ) and the closed-objects functor
cl’. The following results are thus immediate consequences:

Theorem 5.2.3. The pair (Q,iq0) is a universal bordism characteristic of
cl®.  Moreover, every natural transformation n: Q = F to a stable functor
F : Ad — Top, extends to a natural transformation n : Q = F of spectrum-
valued functors. B

Theorem 5.2.4. Quinn’s bordism machine Q is linear, i.e., local, stable and
homotopy invariant.

Theorem [5.2.3] should be regarded as an extension of Theorem with
the extra property that maps from Quinn’s bordism machine to a stable functor
extend to maps of their associated spectra. In the following remarks, we explain
how Theorem compares to results already established in [LM14]:

Remark 5.2.5. It is proven in [LMI14, Proposition 15.9] that the functor Q
extends to an 2-spectrum-valued functor via a direct construction. Theorem
.24 reinforces this result and, in addition, shows that the stability of the functor
Q can be deduced as a consequence of formal properties of the functor ¢l° and
the parametrisation structure on Ad.

Remark 5.2.6. Associated to any ad theory are abelian groups, called bordism
groups and denoted by T%(K, L), for any ball complex pairs (K, L) and integer
k (see [LMT4, §14]). These were shown to form a cohomology theory on the
category of finite CW pairs (see [LMI14, Theorem 14.11]).

It is not hard to see that the homotopy groups of the spaces Q(A[K, L]) are
naturally isomorphic to the bordism groups of an ad theory A; an argument in
the case (K, L) = (A% ) is illustrated in [BLMI9, Remark 3.1], and the general
case is similar. The idea is to exploit the Kan description of homotopy groups
(e.g., see [Nic82l p. 11]) and the combinatorial axiom for ad theories. We may
therefore translate the condition of homotopy invariance of the functor Q as the
homotopy invariance of the bordism groups T*(K, L). The latter statement had
been proven in [LM14, Proposition 14.2] and Theorem recovers this fact.

Remark 5.2.7. The property that Q is local, in particular absolute, im-
plies the existence of a long exact sequence of bordism groups for an arbi-
trary ball complex pair (K, L). A direct construction of such a sequence was
given in [LMI4l Definition 14.10]. The additional insight made here is that
the existence of the sequence comes from a fibre square and that the maps
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Q(A[K]) — Q(A[L]) are fibrations with fibre Q(A[K, L]) (compare the proof of
Lemma [4.5.4]).
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Chapter 6

Example II: Symmetric
L-Theory of Additive
Categories with Chain
Duality

This final chapter is devoted to a second illustration of the theory of extended
parametrisation structures. Specifically, we return to consider symmetric L-
theory, but now our analysis takes place in the algebraic setting of additive
categories with chain duality (ACCDs) introduced by A. A. Ranicki. For back-
ground material, we refer the reader to [Ran92] and [AFMI8]. We note that our
exposition has also benefited from [Wei09], [RW12], [KMM13] and [CLM21].

The setting of ACCDs has two advantages over the more general setting
of Waldhausen categories with duality considered in Chapter Firstly, it is
more concrete in the sense that every ACCD is an example of a WCD (see
[WW9S8| Example 1.A.1]). Secondly, a description of an extended parametrisa-
tion structure on the category of ACCDs has already been partially developed
in [AFMIS]. Our analysis is intended to be complementary to [AFMIS], and
consists of a summary of partial results aimed toward showing that symmet-
ric L-theory of additive categories with chain duality is the universal bordism
characteristic of symmetric Poincaré complexes.

We have organised the chapter as follows: Section describes the setting
of additive categories with chain dualities and the notion of symmetric Poincaré
complexes based on [Ran92].

Section [6.2] is dedicated to the development of an extended parametrisation
structure on the category of ACCDs and its properties. We build on results of
[AFMI8]. Therein, a construction of ACCDs parametrised over any oriented
ball complex X is given. However, functoriality of the construction is not dis-
cussed. We show the construction is functorial and record the result in Theorem
6.2.17 The proof requires careful attention to orientations and is the main tech-
nical part of this chapter. We have devoted Subsections and to the
setup and proof. In addition to establishing the existence of a parametrisation
operator on the category of ACCDs, we will also show that it yields an extended
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parametrisation structure such that the parametrisation operator is deloopable
(Theorem [6.2.28]). This latter result is the subject of Section and should
be regarded as the main result of this chapter.

In the final Section [6.3] we prove that the functor taking symmetric Poincaré
complexes of an additive category with chain duality is absolute in the sense
of Definition In addition, we provide an outlook on the universality of
symmetric L-theory in the context of ACCDs.

6.1 Chain Dualitites and Symmetric Poincaré
Complexes

We define a category of additive categories with duality based on [Ran92, Defi-
nitions 3.2 and 3.7].

Notation 6.1.1. For an additive category A, we denote by B(A) the addi-
tive category of bounded chain complexes in A together with chain maps. In
addition, we let {4 : A — B(A) denote inclusion into degree 0.
Definition 6.1.2.

1. An additive category with chain duality (ACCD) is a triple (A, T, e) where:

e A is an additive category,
e T:A — B(A) is a contravariant additive functor, and
e ¢:T?= (4 : A — B(A) is a natural transformation

such that the following conditions hold for all objects M of A:
(a) e(T(M))oT(e(M)) =idr : T(M) — T*(T(M)) — T(M).
(b) e:T?(M) — M is a chain equivalence.

The pair (T, e) is called a chain duality on A. Furthermore, the chain
complex T(C) is called the dual of the chain complex C for any chain
complex C € B(A).

2. A morphism (A, T,e) — (A", T',¢") of additive categories with chain dual-
ity consists of a pair (F,G), where

e F: A — A’is an additive functor, and
e G:T'F= FT:A— B(A) is a natural transformation,

such that for all objects M in A,

(a) the chain map
G(M): T'"F(M) = FT(M)
is a chain equivalence, and

(b) the following diagram commutes in B(A’):
7' Fr(M) T Fre ()
T’G(M)l JFe(M)

T?F(M) — F(M).
e'F(M)

78



The composition of two morphisms (F1,G1) : (A, T,e) — (A',T",¢’) and
(Fy,Go) : (AT, ¢') — (A", T",e") is defined as the pair (F3, G3) where

° Fg,:FgoFl:A—H&”and

o G3(M) = FyG1(M) o GoFy (M) : T"F3(M) = F3T(M), for all M €
ob(A).

We denote the category of additive categories with chain duality by ACCD.

Remark 6.1.3. To keep notation simple, we use the same notation for a func-
tor T : A — B(A) and its extension T : B(A) — B(A) (as defined on [Ran92,
p. 25]); likewise for natural transformations thereof (cf. [AFMIS8, Proposi-
tion 3.1]).

Remark 6.1.4. Morphisms between ACCDs are usually considered in the
more general context of algebraic bordism categories (see [Ran92, Ch. 3]). We
only consider ACCDs here for simplicity.

Note also that, in contrast to [Ran92|], we include the natural transformation
G as data in a morphism of ACCDs. This is necessary in order to define a functor
of symmetric Poincaré complexes (see Proposition below).

Proposition 6.1.5. The composition of morphisms in ACCD is well defined.

Proof. Consider two arbitrary morphisms (F1,G1) : (A, T,e) — (A", T",¢') and
(F2,Gso) : (A, T,¢') — (A", T",e"). Property 2(a) for the composite (F3,G3)
is clearly satisfied. To establish Property 2(b) we must show that, for any fixed
M € ob(A), the outer square of the following diagram commutes:

7" By Ry T(M) T o ey 29T B e T ()
T”FgGl(M)l ngT’G(M)

T T By (M) 220 o2 () FaFye(M)
T”GzFl(M)l &M(M)

(T")2FyFy (M) (M)

FyFy (M).

Indeed, the top-left square commutes by naturality of G2, and the other inner
squares commute as applications of Property 2(b) to the morphisms (F1,G2)
and (FQ, GQ) O

The concept of chain duality in an additive category gives rise to the notion
of symmetric Poincaré complexes in an additive category A. We briefly recall
the construction here and refer to [AFMI8| pp. 6-8] and [Ran92, pp. 27-30] for
more details.

Let (A, T, e) be an ACCD and let Ab denote the additive category of abelian
groups. The functor T" induces a pairing

—®a —:B(A) x B(A) — B(Ab)
given by
C ®a D :=Homy (T(C), D),
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where the chain complex of abelian groups Homy (T'(C), D) is defined as in
[Ran92] p. 26]. Furthermore, the pair (T, e) yields natural switch isomorphisms

Te,p:C®yD = D®yC

given by the composition of natural isomorphisms

id c
coD L per?C) "2 Dy C.

The switch isomorphisms satisfy Tab = Tp,c, for every chain complexes C, D

in A. In particular, there are canonical involutions 7¢,c on the chain complexes

of abelian groups C' ® C, for every bounded chain complex C' in A.

Notation 6.1.6.

1. Let Zo = {1,t} denote the cyclic group of order 2 and Z[Zs] denote the
group ring of Zs over the ring of integers Z. Furthermore, let W denote
the standard free Z[Z5]-module resolution of Z, i.e.,

W = 2] S Z(Z0]) S 2[Z0] 'S Z[Z)].

2. Let ¢ : T(C) — C denote the underlying chain map of a 0-cycle ¢ €
Homygz, (W, C @4 C), ie,

¢o = ¢(1) € Hom(T'(C), C)o,
where 1 € Wy = Z[Zs] is the unit.

Definition 6.1.7. A symmetric complex in an additive category with chain
duality (A, T, e) is a pair (C, ¢) consisting of:

e a finite chain complex C' in A, and

e a0-cycle ¢ € Homyz,| (W, C®s C)o, called the symmetric structure on C.

If the underlying chain map of ¢ is a chain equivalence ¢q : T'(C) = C, we call
the pair (C, ¢) a symmetric Poincaré complex.

Remark 6.1.8. A symmetric Poincaré complex in the sense of the definition
above is usually called a 0-dimensional symmetric Poincaré complex in the liter-
ature (e.g., see [Ran92 Definition 1.6]). We have dropped the dimension prefix
for simplicity as it does not play role in our work.

Definition 6.1.9. Let (A,T,e) be an additive category with chain duality.
We denote the pointed set of symmetric Poincaré complexes in A by sp(A),
where the basepoint is given by the zero object in B(A) together with its unique
symmetric structure.

In the next proposition, we show that the construction of the sets sp(A) are
functorial with respect to morphisms of ACCDs. This fact was proven as part of
the proof of [Ran92, Proposition 3.8]. More precisely, it was shown there that
a morphism of algebraic bordism categories induces a map on L-groups. We
recall the proof in order to demonstrate the need of the natural transformation
G as data in a morphism (F,G) of ACCDs.
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Proposition 6.1.10. The assignment
(A, T,e) — sp(A)

induces a functor
ACCD — Set, .

Proof. Let (F,G): (A,T,e) — (A’,T',€’) be a morphism of ACCDs. The map
sp(F, G) : sp(A) — sp(A)
of pointed sets is induced by a natural transformation
(F.G")ep : C®a D — F(C)®u F(D) : B(A) x B(A) — B(Ab)
defined as follows: For every objects M, N in A, let
(FG*)mn : M@y N — F(M) @a F(N)
be the map of abelian group chain complexes given by

(F*G*)M,N M@y N — F(M)®ap F(N)
(¢p:T(M) = N)—= (F(¢)oG(M) : T'F(M) — FT(M) — F(N)).

It can be seen that the natural transformation F,G* commutes with the switch
isomorphisms so that the morphism (F.G*)¢ ¢ induces a well-defined morphism
of chain complexes

(F*G*)C7C : HOHIZ[ZZ](VV, C ®4 C) — HomZ[Zz](VV, F(C) XA’ F(C))

for any chain complex C in B(A). The map sp(F,G) is now given by sending
a symmetric Poincaré complex (C, ¢) in A to the symmetric Poincaré complex

(F(C), (F.G")c,c(9))- H

6.2 The Extended Parametrisation Structure

The main goal of this section is to prove that there exists an extended parametri-
saion operator on the category ACCD. Our results expand upon the construc-
tion of ACCDs parametrised over oriented ball complexes given in [AFMIS].
The role of orientations is suppressed in [AFMI8|, however it is clear that dif-
ferent choices of orientation lead to isomorphic definitions. On the contrary, we
will take orientation into account in order to give a careful proof of functoriality
of the parametrisation construction.

We have divided this section into three parts: In Section we recall the
description of ACCDs parametrised over a ball complex, highlighting the depen-
dancy on orientations. Then, we extend the construction to ball complex pairs.
In Section we prove that the construction is functorial. Lastly in Section
we show that the operation of parametrisation equips the category ACCD
with an extended parametrisation structure, whose parametrisation operator is
deloopable.
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6.2.1 ACCDs Parametrised over a Ball Complex

Recall (see Definition [3.1.5) the notation F(X) for the face poset of a ball
complex X. We define additive categories parametrised over a ball complex
following [AFMIS8| Definitions 4.5 and 4.2]:

Definition 6.2.1. Let X be a ball complex and A an additive category.
1. An object M in A is X-based if it is expressed as a direct sum
M= @ M)
ceF(X)
of objects M (o) in A.

2. We define A*(X) (resp. A.(X)) to be the additive categories of X-based
objects M in A, where a morphism f : M — N is a collection of morphisms

f=A{fro:M(c) = N(7) : 7,0 € F(X)}

in A, such that f,, : M(c) — N(7) is zero unless 7 < o (resp. 7 >
o). The composition of two morphisms f : L — M,g : M — N is the
morphism go f: L — N defined by

(9o fpo = @ 9p,rfr0 t L(o) = N(p).

TEF(X)

Remark 6.2.2. The morphisms in A*(X) (resp. A,(X)) can be regarded
as upper (resp. lower) triangular matrices with composition given by matrix
multiplication.

Definition 6.2.3. Let A be an additive category and X be a ball complex
pair. We let A*[X] (resp. A.[X]) denote the additive category whose objects
are covariant (resp. contravariant) functors

M: F(X)— A,
and morphisms are natural transformations of such functors.

Fix an ACCD (A, T, e) and oriented ball complex (X, 0). The duality functor
Tix,0) : A*(X) = B(A*(X)) on A*(X) is defined in [AFMIS| Definition 5.1] as
a composition of functors:

[7] T

Tix,0) : A"(X) — A"[X] — B(A).[X] hexg) B(A*(X)).

We will recall the definition of each of these functors following [AFM18|, Defini-
tions 4.3, 4.14 and 4.25].

Definition 6.2.4. Let A be an additive category and X a ball complex. The
covariant functor

[-]: A" (X) — A"[X]
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assigns to an object M of A*(X) the functor [M] : F(X) — A given by

[M](0) := P M(r),

<o

[M](0 — o) := [M](0) — [M](c"),

for all 0 € F(X) and 0 < ¢’ € F(X).

Moreover, [—] assigns to a morphism f : M — N in A*(X) the natural
transformation
[f]: [M] = [N]
given by
o) = @ frp: P M) = PN()
p<r<c p<c <o

for all o € F(X).

Remark 6.2.5. The functor [—] is denoted Zx » in [AFMI1§]. We prefer to
use the square bracket notation from [Ran92].

Definition 6.2.6. Let (A, T, e) be an ACCD and X be a ball complex. Define
T, : A*[X] — B(A).[X] to be the contravariant functor given by postcomposi-
tion with 7.

The definition of the functor sh(x ,) involves the cellular chain complex with
Z-coefficients C(X;Z) of an oriented ball complex (X,0). We define the latter
first in terms of the suspension functor on chain complexes.

Notation 6.2.7. Let S* denote the signed suspension functor of Ranicki (cf.
[Ran92, p. 25]) defined by assigning to a chain complex (C,d) in an arbitrary
additive category A the chain complex given by (S¥C),, := C,,_) and dere =
(—=1)kdm=F* for all n € Z.

We regard C(X;Z) as an object in B(Ab*(X)) with C(X;Z)(s) = S!°1Z,
for all 0 € F(X), and differentials given by incidence numbers with respect to

the given orientation on X.

Definition 6.2.8. (cf. [AFMI18| Example 4.26]) Let (X, 0) be an oriented ball
complex. The corresponding shift functor

sh(x.0) : B(A).[X] = B(A*(X))

assigns to a given contravariant functor C' : F(X) — B(A) the chain complex
sh(x,0)(C) in B(A*(X)) with components given by

sh(x,0)(C)n(0) 1= C(0) 0o/,
for all n € Z and o € F(X), and differentials (dsp ., (c))7,» equal to

n—|o]|

(doxizy)lh @2 C(1 = 0)pjo) + (1)1 (ide(x2)) 1) ®2 dogy >

foralln € Z and 7 < 0 € F(X).
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Furthermore, the functor sh(x o) assigns to every morphism f : C' — D in
B(A).[X] the morphism

shix,0)(f) : sh(x,0)(C) = sh(x,0)(D)

with components

(Sh(X,O) (f))?,a = (idC(X,Z))‘TO,-L' Rz f(a)nf\a\a
foralln € Z and 7 < 0 € F(X).

Remark 6.2.9. The tensor product ®z is defined in [AFMIS| Definition 4.21]
and depends on a choice of basis for the Z-modules C(X;Z),(c). This is the
reason we work with explicit orientations of X. It is well known (e.g., see
[CEGT, p. 54, Theorem 5.4]) that other choices of orientation of X lead to
isomorphic cellular chain complexes. From this fact, it can be easily seen that
the corresponding shift functors are isomorphic (cf. [AFMI8|, Proposition 4.22]).

The duality functors T(x . yield pairings
— ®@a+(x) — : B(A*(X)) x B(A*(X)) — B(Ab.(X))
and corresponding switch isomorphisms

TM, T x.0y (M) * M @p(x) T(x,0) (M) = T(x,0) (M) @n=(x) M,

where M € A*(X) and (X, o0) is an arbitrary oriented ball complex. We refer
to Definition 4.5 and Proposition 5.7 of [AFMIS], respectively, for the explicit
constructions.

Definition 6.2.10. Let (A, T, e) be an ACCD and let (X, 0) be an oriented ball
complex. The ACCD of X-based objects in A with respect to the orientation o
is defined as the triple (A*(X), T(x,0), €(x,0)), Where the natural transformation
€(X,0) T(pr) = 1+(x) I8 given by

6(X70)(M) = TJV[vT(X,o)(M) (idT(X,o)(M))7 for all M € Ob(A*(X))

Remark 6.2.11. The definition of the natural transformation e x ,) in the
previous definition is based on [AFMI8| Propostion 5.8]

In [AFMI8] §5], it is shown that the triples (A*(X), T(x.0),€(x,0)) do indeed
define additive categories with chain duality, for every ACCD A and oriented
ball complex (X, o).

We will now extend the previous definition to pairs, in analogy to the case of
ordered simplicial complex pairs described in [Ran92l Definition 13.3]. Note, by
an orientation of a ball complex pair (X, A), we will simply mean an orientation
on the ball complex X.

Definition 6.2.12. Let (A, T,e) be an additive category with chain duality
and let (X, A, 0) be an oriented ball complex pair. The ACCD of (X, A)-based
objects in A is defined to be the triple (A*(X, A), T(x, 4,0); €(x,4,0)) Where:
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e A*(X,A) C A*(X) is the full subcategory of A*(X) generated on objects
M such that
M(o) =0, if 0 € F(A),

and

® Tix,A,0) and e(x, 4,0 are the restrictions of T(x ,) and e(x o), respectively,
to A*(X, A).

We will employ the more compact notation A*(X, A,0) to denote the triples
(A*(X), T(x,4,0), €(X,A,0))-

We will next present explicit formulas for the chain duality (7{x,.),€(x,0))
of A*(X,o0), for any fixed ACCD (A, T, e) and oriented ball complex (X, 0), in
preparation for computations in the proceeding section.

The following formula for 7 x ,) can be immediately obtained from its defi-
nition: For an object M = @, M (o) in A*(X), the r-chains of the chain complex
Tx,0)(M) in B(A*(X)) are given by

Tx,0) (M) = @ Tix,0)(M)n(0),
ceF(X)

where

Tix,0) (M T(@M >

o'<a n—|o|

Moreover, the differentials

(dT(x‘o)(M))::U b's (M)n(O') — T(X,o) (M)n—l (T),

with respect to the cells 7,0 in F(X), are given by

(dT(X 0)(M) ‘U @ d;;;\/[?a/)’ if 7= g,
o' <o

(dT(x o) (M) ) [ ] ([M](T> — [M](U))n,‘g‘v ifr <o, |T| = |U| -1

(dT(X o>(M)) =0, else,

where [0, 7] denotes the incidence number of the oriented cells o and 7 of X.
The components of the map of chain complexes in B(A*(X)),

ex,o) (M) : T3 (M) — M,

for a given object M in A*(X), may be obtained by examing expression (5.1)
in the proof of [AFMI8, Proposition 5.9] for the case C = M, and by using
additivity of e. To state the result, denote by

T(x,0)(M)ro : Tx o) (M)o(o) = T*(M (7))o (6.1)

for arbitrary 7 < o € F(X), the signed projection map in A

@ﬂ-( @TXO T(Xo) kﬁ"@T

k,l€Z kez lez
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whose components are given by

kl . E(U? k)T(j(M)];T)k—‘O"7 ifl=k— ‘0|7
M)z = { 0 otherwise,

where
e(o, k) = (=1)lelE=loD+3lol(ol-1) (6.2)

and j(M )’;‘T denotes the composite inclusion
GM)5 - T(M(7))k— o] = Tx.0)(M)k(0) = [T(x,0)(M)](0)- (6.3)
Then, the chain map e(x ) (M) : T% (M) — M has components
ex.0) (M), = e(M(7))o © T(x,0)(M)r.0 : T¢x o) (M)o(0) — M(7),  (6.4)
ifn=0and 7 <o € F(X), and e(x o) (M)}, =0, otherwise.
Remark 6.2.13. Note that the formulas for e x ,)(M) do not depend on the

differentials of T{x ,)(M), and thus are independent of the orientation o.

6.2.2 Functoriality of Parametrisation
In this section we will show that the assignment
(X, 4,0) = A™(X,0)

is functorial with respect to morphisms of ball complex pairs. In order to take
into account the orientations we introduce the following category equivalent to
Ball, whose objects are oriented ball complex pairs.

Definition 6.2.14.

1. Let oBall, be the category whose objects are oriented ball complex pairs
(X, A, 0) and morphism sets are given by

MorOBallz ((X7 A7 0X)7 (Y7 B7 OY)) = MorBallz ((Xa A)7 (K B))

Also, let oBall C oBall; denote the full subcategory on absolute objects
i.e., on objects of the form (X, 0, 0).

2. A morphism (X, A,0x) — (Y, B,oy) is called an inclusion in oBally, if
the underlying map of ball complexes is an inclusion (X, A) — (Y, B) of
ball complex pairs, and the orientation oy on Y agrees with ox over the
subcomplex X.

Recall that every morphism in Ball, factors as the composition of an iso-
morphism followed by an inclusion. Similarly, note that we may factor every
morphism f: (X, A,0x) — (Y, B,oy) in oBall, uniquely as a composition

(X,A,0)

< IR

(f(X)7 f(A)v Of(X)) 7) (Y7 B7 OY)a
where f is an isomorphism and j is an inclusion in oBalls.
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The proof of functoriality of the construction (A, (X, A,0)) — A*(X, 4, 0)
with respect to morphisms of ball complexes relies crucially on the fact that the
assignment of cellular chain complexes

(X,0) = C(X;Z)

is functorial with respect to morphisms of ball complexes. The analogous state-
ment for arbitrary CW complexes is well known (e.g., see [GeoO8, Proposi-
tion 2.3.4]); the point being that cellular chain complexes admit a description
independent of orientations in terms of singular homology (e.g., see [Geo0S|
§2.3]).

We will denote the chain map induced from a morphism of oriented ball
complex pairs f : (X,0x) — (Y,0y) by

f#:C(X;Z)— C(Y;Z).
Moreover, we denote by [f : o, 7] the integer components of the linear maps
(fg)n : C(X52Z)n — C(Y;Z)n (n € Z)

with respect to any oriented mn-cells o and 7 of X and Y, respectively, and call
them mapping degrees in accordance with the literature (e.g., see [LW69, p. 165,
Definition 3.7])

Remark 6.2.15. Note that mapping degrees are fully determined in the case
of a map of ball complexes (e.g., see [LW69, p. 172, Theorem 4.7]).

We require the following proposition about mapping degrees of morphisms
in oBall,, as preparation for the proof of functoriality:

Proposition 6.2.16. Let f: (X, 0x) — (Y,0y) be a map of oriented ball com-

plexes and denote by f = jo f its canonical factorisation into an isomorphism
followed by an inclusion of ball complexes. Then

[f -0, T] = 6Tf(0) [f_ g, f_(o)]v

for all oriented n-cells o and T of X and Y, respectively, where ;) denotes
the Kronecker delta function.

Proof. Since f maps every n-cell o isomorphically onto the n-cell f(o), the map-
ping degrees [f : o, 7] vanish, for all 7 # f(o) (cf. [LW69, p. 166, Corollary 3.9]).
Furthermore, the equality fu = jx o fx implies that

o] =Sl rlf 0,7,

T/

for all oriented n-cells o and 7 of X and Y, respectively, where the sum runs
over all n-cells 7 of f(X). It is clear the mapping degrees of an inclusion j
satisfy

[J : 7_/77—] = 57’7’,

for all oriented n-cells T of f(X) and 7 of Y. Hence, it follows that
[f 2o, f(0)] =f : 0, f(0)]

for all oriented n-cells o of X, completing the proof. O
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Lemma 6.2.17. The assignment
(AT e), (X, A4,0)) = A*(X, A, 0)

induces a functor
p: ACCD x oBall;? — ACCD.

Proof. We will demonstrate functoriality of p over the full subcategory ACCD x
oBall C ACCD x oBall;. The extension to ball complex pairs follows trivially
by restriction.

First consider an ACCD (A, T, e) and a morphism of oriented ball complexes
f:(X,0x) — (Y,0y). We define an additive functor

fF AN (YY) - AY(X)

to be given by

P M) | = P Mflo)

o€ F(Y) oEF(X)
f*(qS)T,a L= ¢f(7'),f(0)7
for all M € ob(A*(Y)), ¢ € Mor(A*(Y)) and 7,0 € F(X).
We also let f7 : A*[Y] — A*[X] and fg,) : B(A).[Y] — B(A).[X] de-
note the additive functors induced by precomposition with the map of posets

F(f) : F(X) = F(Y) determined by f. Now, consider the following diagram
of additive categories:

A (V) — T A y] — T B(A)L[Y] ) prat(Y))

I I |50 | (6.5)
) (A*(X))

— sh(x,ox
AX) —E s arx] — T BA),[X] S,

It is easy to see that the left and middle square in Diagram [6.5] commute. We
claim that the right square commutes up to natural isomorphism.

First, consider the case that f is an inclusion. Then the right square in
Diagram [6.5] commutes on the nose, and, hence, we have an equality of functors:

G(f): Txf* = f*Ty : A*(Y) — B(A*(X)).

More generally, the map f may be factored uniquely as a composition of an
isomorphism f : (X,0x) — (Z,0z) and an inclusion j : (Z,0z) < (Y, 0y). The
chain isomorphism fz : C(X;Z) = C(Z;Z) of Z-modules is used to define a
chain isomorphism H(f)(C) : sh(x,ox)f*(C) = [*sh(z,0,)(C) in B(A*(X)), for
all C in B(A).[Z], as follows: The components of H(f)(C) are given by

H()(C), = 6,0l : 0 f0))id 7]

for all n € Z and o0 € F(X). Let jIE(A) : B(A)L[Y] — B(A).[Z] be defined in
analogy to fi,). We then define G(f) : Tx f* = f*Ty : A*(Y) = B(A*(X)) to
be the natural transformation with components for all M € ob(A*(Y")) given by

G(f)(M) := H(f)(ja)Te[M]) : Tx f*(M) = f*Ty (M).
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We claim that the pair (f*, G(f)) is a well-defined morphism of ACCDs. To
ease readability, we will suppress the orientation of ball complexes from notation
in the following calculations. Using Formula for the components of ex and
ey, we compute that

frey (M),

ey (M)(r) f(o)

(M(f(7)% 0y (M) (). £ (o)
(f*M(T))O © 71'X(JM]M)T,U
x(F*(M)% iy 50)

for all M € ob(A*(Y)) and 7 < o € F(X). Moreover, a straightforward com-
putation shows that

Ty (M) 4(r),5(0) © GU )Ty (M))g 5 = 7x (f* M) 7.0 0 Tx (G(f)(M))g o

as morphisms Tx f*Ty (M)o(a) — T*(M(f(7))o in A for all M € ob(A*(Y))
and 7 < ¢ € F(X). It follows that the following diagram commutes in B(A*(X))
for all M € ob(A*(Y)):

e
(&
e

G(Ty (M
Tx Ty (M) 0 112 (01
Tx(G) | lf*ey(M)
2 f* *
Tx f*(M) (7 D) fr(M).

Finally, we claim that composition of the induced morphisms is well-defined.
Let g : (Y,oy) — (Z,0z) be a morphism of oriented ball complexes and let
h:(X,ox) — (Z,0z) denote its composition with f. In order to see that the
composite of the maps (f*, G(f)) and (¢g*, G(g)) of ACCDs is equal to the map
(h*,G(h)), observe that, for all M € ob(A*(Z)), n € Z, and 7,0 € F(X), the
components of the chain map G(h) : Tiz,,,)h* — h*T(x ) are given by

T,0

G, = [ 0 h(@)id7 o -
Similarly, one may compute that

(F*G(g) (M) 0 G(f)(g" M), = 3 £(0). 5(F @I : 0 F@Nidpqi 0o -

The claim then follows from the relation of mapping degrees

9: f(0).g(f(@)IIf : 0, f(0)] = [l : 0, h(0)], for all 0 € F(X),

which can be seen to hold by Proposition and the equality of chain maps
h# = g# e} f#

Next, we consider functoriality of p with respect to morphisms of ACCDs.
We will again suppress orientation from notation; a fixed orientation on any
given ball complex being implicit. Let (F,G) : (A, T,e) — (A, T',¢') be a
morphism of ACCDs and X be an oriented ball complex. Since F' is additive,
it restricts to a well-defined additive functor

F:A*(X) > (A)*(X).
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Consider now the following diagram of additive categories:

A*(X) — Af[X] —Z B(A),[X] —2 B(A*(X))
F F. JF* JF (6.6)
(A (X) Lo (wryx] T B(A)[X] -5 B((A) (X)),
The left and right hand squares in Diagram can be seen to commute using
additivity of F', and the middle square commutes up to the natural transforma-
tion

G :TiF, = F, T, : A*[X] — B(A"),[X],
obtained by applying G pointwise. Hence, there is a natural transformation
Gx :TxF = FTx : A*(X) — B((A")*(X))

given by
Gx (M) := shx(Gs([M))) : T4 F(M) — FTx(M),

for all M € ob(A*(X)).

We claim that the pair (F, Gx) is a morphism of ACCDs. First, notice that
the maps Gx (M) : T4\ F(M) — FTx (M) are chain equivalences for every M €
ob(A*(X)) since all the diagonal components Gx (M), » are chain equivalences
(cf. [AFM18|, Proposition 4.13]). It remains to check Property (b) of Definition
0.1.2)

Let M € ob(A*(X)), 7 < 0 € F(X) be given, and consider the following
diagram in A:

Gx(Tx (M))? ,

TY FTx (M)o(0) ' FT%(M)o(o)
w: lF(ﬂ'(M)T,U)
TLGx (M), TFT(M(r)) "L ppe a7y, (6.7)
|, |Fecen,

(T5)2F(M)o(0) ~rai? (T7)?F(M(7))o

7(F(M))+.o F(M(T)).

_—
e'F(M(T))o

The projection map

4(M)ro = P a" : P T (FTx(M)r(0))r = P T (FT(M(r)))s

klEZ keZ Iz
in Diagram [6.7] is given by

. [ el )T FGM)Y )imjo),  if 1=k — o]
a(M) { 0, otherwise,

where the sign a(o, k) and morphisms j(M )’ﬁa are defined as in Equations
and respectively. The lower right inner square of Diagram then com-
mutes by the assumption that (F,G) is a morphism of ACCDs. Moreover, the
other inner squares can be seen to commute using the additivity of G and T".
Thus, the outer square of Diagramcommutes implying that the pair (F,Gx)

is well-defined morphism of ACCDs.
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The final assertions that the assignment (F,G) — (F,Gx) is compatible
with composition, and that it commutes with the assignment f — (f*, G(f))

are straightforward.
O

Remark 6.2.18. Functoriality of the construction of the ACCDs A*(X) with
respect to inclusions of simplicial complexes was proven in [Ran92, Proposi-
tion 5.6]. The argument given there inspired our construction of the induced
maps f* for an inclusion of ball complexes. Note that functoriality with respect
to morphisms of ACCDs has not, to the author’s knowledge, been thoroughly
examined in the literature.

A direct consequence of Lemma is that there exists a functor
p(w) : ACCD x Bally” - ACCD

for every choice of section w : Bally, — oBally. For the purposes of demon-
stration, we will work with a fized section w in the rest of this chapter. We
denote the corresponding parametrisation operator simply by p. Moreover, we
introduce the convention that the additive categories A*(X, A) are assumed to
be equipped with the chain duality prescribed by the fixed section w unless
otherwise specified. Lastly, for convenience, we will also make the following
assumptions on the section w:

1. w is absolute: For every ball complex pair (X, A), the map w(X) —
w(X, A) is an inclusion of oriented ball complexes, i.e., the orientation
on w(X, A) agrees with the orientation on w(X).

2. wis simplicial: If X is a simplicial complex, then the orientation on w(X)
is given by the standard simplicial incidence numbers:

[(Voy -y UkY, (Voy vy iy ooy V)] = (—l)i,

for all k-cells (v, ...,vx) of X and their i*" subfaces (vo,..., v, ..., vg).

Remark 6.2.19. The first assumption ensures that the chain duality of the
ACCD A*(w(X, A)) is precisely the restriction of that of A*(w(X)); not just up
to isomorphism. The second convention ensures compatibility with [Ran92].

6.2.3 Properties of Parametrisation

In this subsection we will show that the parametrisation operator p is part of
an extended parametrisation structure (p, y, &) on the category ACCD, and,
moreover, that it is deloopable.

The construction of the unit p is straightforward. Denote by

pa A =AY (AD)

the natural isomorphism of additive categories given by considering objects as
sums over the singleton set F(A%). It is then routine to see that we have an
equality of functors

TAOIJA = /LAT A — B(A*(AO))

and moreover, that the following proposition holds:
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Proposition 6.2.20. The collection of morphisms
M= {(uAvld) : (A7 T7 6) = (A*(Ao)vTAoaeAO)};

where the index runs over all ACCD (A, T, e), assemble to a natural isomorphism
of functors.

The more difficult task is the construction of associativity morphisms. Our
strategy makes use of an auxiliary construction that is independent of any choice
of preferred section w : Ball, — oBally and described in Lemma [6.2.22] The
construction relies crucially on the existence of a canonical choice of orientation
on products of oriented ball complexes (recall Formula and the subsequent
facts about mapping degrees of morphisms of ball complexes, whose proof can
be easily checked using the characterising properties of mapping degrees (e.g.,
see [LW69, p. 172, Theorem 4.7]).

Proposition 6.2.21. In the following statements, we assume that products of
ball complexes are equipped with the canonical product orientation.

1. Let f: X — X' be a map of oriented ball complexes and Y be an oriented
ball complex. The mapping degrees of the induced maps f xid : X XY —
X' xY andidxf:Y x X —-Y x X' satisfy

[f xid: o x7,0" X 7| =65 p(o)0rm[f 1 0,0 = [ild X[ :7 % 0,7 X 0]
for all oriented n-cells o of X, o' of X' and 7 and 7" of Y.

2. Let X be an oriented ball complex. The mapping degrees of the projections
m X xAY = X and mp : A x X — X satisfy

[7T1 By pl] = 5p/7r1(p)
[772 ‘v, V,] = 51/’71'2 (v)

for all oriented n-cells p of (X x A%), v of (A” x X) and p’ and v' of X.
Lemma 6.2.22. There are natural isomorphisms
g ox Y BoY) (A% (Y, B oy))* (X, A,0x) = A*((X, A) x (Y, B),0x X oy)
of functors ACCD x oBally? x oBally” — ACCD that are compatible with .

Proof. Let (X,0x) and (Y, oy) be oriented ball complexes and denote the prod-
uct X XY equipped with the product orientation by (W, oy ). The isomorphism
of face posets

F(W)— F(X)x F(Y)
(o xT)+— (0,7)

induces a natural isomorphism of additive categories

a Y (AT(Y)(X) = AT(W)
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given by

e’ P P Mo |=| P Mo,

cEF(X)TEF(Y) oxTeF (W)
di,y(gb)(TXT,(T/XT/ = ((¢)a,a’)7‘,7”
for all M € ob((A*(Y))*(X)), ¢ € Mor((A*(Y)*(X)), 7,7 € F(Y), and 0,0’ €
F(X).
A straightforward calculation using the incidence relations shows that,

for all M € ob((A*(Y))*(X)), the following equality of chain complexes in
B(A*(W)) holds:

XY XY
Tiw,ow)@y " (M) =ay"" (Tiv,o0)) (X,0x) (M)

Furthermore, it can be seen using Formula that the triangle

TRy oy (@0 (M) & (Tiyv.00))Ex o) (M)

e(me)ﬁf’Wm v 4(6(1/,03/))()(,0)()(1\/[)
ay (M)

commutes in B(A*(X x Y)), for every M € ob((A*(Y))*(X)). Hence, the
pair (di’y,id) defines a morphism of ACCDs. We claim that the collection

o= {(dg’y, id)} defines a natural transformation of functors ACCD x oBall x
oBall - ACCD.

Naturality in the variable A is immediate from definitions and additivity of
F'. Moreover, naturality dg*y in the variables X and Y, and its compatibility
with g can be checked with the aid of Propositions [6.2.16] and [6.2.21]

Lastly, we define the morphisms dXX’A’OX)’(Y’B’OY)

, for arbitrary ball complex
pairs ((X, A4, 0x) and (Y, B, oy )), by restriction of the morphisms df{’y along the
inclusions (A*(Y, B))*(X, A) C (A*(Y))*(X). It may be seen that these are well-
defined and extend the naturality of «, by using the additivity of dff’y and the
functoriality of the extended functor p of Proposition [6.2.17] respectively. O

Corollary 6.2.23. There are natural isomorphisms
X,A),(Y,B . . .
af B (A (Y B))* (X, A)) = AT((X, A) x (Y, B))
of functors ACCD x Balls” x Ball;”? — ACCD, compatible with the unit .

Proof. Recall we have fixed a section w : Ball, — oBalls. For a given pair of
ball complex pairs (X, A) and (Y, B), let ox, oy and oxxy denote the orien-

tations of w(X, A), w(Y, B) and w((X, A) x (Y, B)), respectively. The isomor-
(X,A),(Y,B)

phisms o are then defined as the composition of the isomorphisms
dXX’A’OX)’(Y’B’OY) described in Lemma [6.2.22 with the isomorphism of ACCDs
(10", G(id)) : A™((X, A) x (Y, B),0x % oy) = A*((X, 4) x (V, B)),

induced from the morphism of oriented ball complex pairs

id : ((X, A) X (K B),OX X Oy) = ((X, A) X (K B),OXXy).
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The conditions of naturality of a and compatibility with g hold by the corre-
sponding properties of & and the functoriality of the parametrisation operator
p. O

Lastly, we will prove that the parametrisation operator p is deloopable. In
analogy with the example of ad theories, it will be helpful to introduce auto-
morphisms ¥* : ACCD — ACCD on the category of additive categories with
chain duality that shift the grading in chain duality by an integer k.

Definition 6.2.24. Let (A, T, e) be an additive category with chain duality.
For k € Z, we let ©*A be the additive category with chain duality (A,Tg,e),
where

T =Sk oT:A—B(A).

Moreover, ¥ assigns to a morphism of ACCDs (F,G) : (A, T,e) — (A", T',¢’)
the morphism (F, S™*G) : TFA — ZFA/.

Remark 6.2.25. The minus sign in the definition Ty = S™*T is introduced in
order that the notation ¥ agrees with that of Chapter [} cf. Remark [£.3.9]

Proposition 6.2.26. The functors
¥*: ACCD — ACCD
are well defined.

Proof. We will begin by showing that the triple (A, Ty, e) defined above is indeed
an additive category with duality, for any given additive category with duality
(A,T,e) and k € Z. Only property (a) of Definition is not immediately
clear. Let M be an object of A. Then, by definition of the chain duality (7, e),

e(T(M)) o T(e(M)) = idr(ar)

is an equality in of morphisms in B(A). Applying the chain suspension functor
S~F to the previous equation yields

S (e(T(M)) o T(e(M))) = S~*(idr(ar) ).
Moreover, functoriality of S~* implies that
She(T(M)) 0 ST (e(M)) = ids-rz(ar)

It is easy to see that S~ commutes with e. Hence, by associativity of compo-
sition, we deduce that

e(T(M)) o Ty (e(M)) = idry (ar),
as required.
Next, we consider functoriality of ©*. Let (F,G) : (A, T,e) — (A’,T’,¢') be
a morphism of ACCDs. For any object M in A, the chain map
ST*FG(M): STFTF(M) = S™*FT(M) = FS™*T (M)

is a weak equivalence since S—F preserves weak equivalences.
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Moreover, by the assumption that (7', e) is a chain duality, and the observa-
tion that the functor S~ anticommutes with contravariant functors and natural
transformations thereof (cf. [AFMIS| p. 22]), it follows that the following square
commutes in B(A), for every M € ob(A):

—ka—k
S+ 5k Fr(A) 5 T P2y
S’kT’G(M)l J/Fe(M)
T2F(M) —— & F(M).

e F(M)
0

We come to the proof of deloopability of the parametrisation operator p on
ACCD.

Proposition 6.2.27. There is a natural isomorphism
(K, k) : D7'A S (A*(AY,0AY), Tia1 pa1), e(ar,0a1))

of functors ACCD — ACCD. In particular, the parametrisation operator p is
deloopable.

Proof. Fix an ACCD (A, T,e). Let E denote the unique 1-dimensional cell of
A'. We define an isomorphism of additive categories

K:AS A (AY,0AY)
by formal “suspension”, i.e., K is given by

¢ K(a) = ©oer(ar)F(a)(o) where

K(a)(o) :=a, if, o = F,
K(a)(o) :=0, else
for all a € ob(A).
e K(f):K(a)— K(a'), where
K(f)(r,7") = f ifr=71"=F,
K(f)(r,7') =0, else

for all morphisms f :a — a’ in A.

Now, for all M € ob(A), let
K(M) : T(Al,é)Al)K(M) = KT_l(M)

be the isomorphism of chain complexes in A*(Al, A1), whose components are
given by
KM = (=)" 2 idsran, .
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for all n € Z. A straightforward inspection then shows that the following
diagram:

KT_1 (M) 2

TamKT (M) ———— KT2,(M)

TAlﬁ(M)l J{Ke(M)

T3, K(M) ————— K(M
Al ( ) 6A1K(M) ( )

commutes in B(A*(A!, 0A)), for all M € ob(A). O

In summary, Lemmas [6.2.17] Proposition [6.2.20] and Corollary [6.2.23
together imply that the category ACCD admits the structure of a category

with extended parametrisation structure. We record the result in the following
theorem:

Theorem 6.2.28. The quadruple (ACCD, p, u, ) defines a category with ex-
tended parametrisation structure with deloopable parametrisation operator.

6.3 Outlook on Symmetric L-Theory of ACCDs

We define symmetric L-theory of additive categories with chain duality in anal-
ogy to Definition [2.3:4] for the case of Waldhausen categories with duality. Note
that this definition agrees with the geometric realisation of Ranicki’s symmet-
ric L-theory functor L defined in [Ran92, Definition 13.2] over the category
ACCD.

Definition 6.3.1. Symmetric L-theory of additive categories with chain du-
ality L : ACCD — Top, is defined as the parametric realisation of the
symmetric-Poincaré-complexes functor sp, i.e.,

L:=Psp.

Remark 6.3.2. We expect that the pair (L, tsp) is a universal bordism char-
acteristic, and indeed this would follow from [Ran92, Proposition 13.7] which
states that the assignment K +— L(A*(K)), for any fixed ACCD A, is a co-
homology theory over the category of ordered simplicial complexes; bordism
invariance of L is immediate from the homotopy invariance of L.

However, the proof of [Ran92, Proposition 13.7] appears to have a gap: In
[Ran92, Errata p. 140] Ranicki cites [LMI14] Remark 16.2] as an ingredient in
the proof. The latter depends on the application of [LMI14], Theorem 16.1]
to suitable ad theories of symmetric Poincaré complexes, yet only the case of
additive categories of R-modules for a ring R is considered in [LMI14] leaving
the statement of [Ran92, Proposition 13.7] for the general case, i.e., arbitrary
A, open.

In closing, we summarise a number of formal properties of the symmetric-
Poincaré-complexes functor sp towards a proof of universality of the pair (L, tsp)
following the strategy developed in Chapter

Proposition 6.3.3. The functor sp : ACCD — Set, is absolute.
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Proof. Let K be a ball complex and (A, T, ¢) be an ACCD. The additive category
A*(K, K) is by definition trivial, implying that sp(A*(K, K)) is a point. Hence,
the functor sp is reduced.

Next, consider the following commutative square of pointed sets for a given
inclusion j : A < X of ball complexes:

sp(A™(X, 4)) —— sp(A™(X))

l lSp(j*)

pt = sp(A*(4, A)) —— sp(A™(4)).

We claim that the square is a homotopy pullback square. Since the spaces in
the square are discrete and sp(A*(A, A)) = pt, all we need to show is that
sp(A*(X, A)) is equal to the fibre of the restriction map

sp(j7) : sp(A™(X)) — sp(A™(A)).

Firstly, notice that sp(A*(X,A)) C sp(A*(X)) because the chain duality on
A*(X, A) is defined to be the restriction of the chain duality on A*(X). Secondly,
a chain complex C' € B(A*(X)) satisfies j*C = 0 as chain complexes in A*(A),
precisely when C' € B(A*(X, A)). It follows that (C,¢) maps to the basepoint
in sp(A*(A)) if and only if (C, ¢) € sp(A*(X, A)). O

It is well known that the functor sp is Kan (e.g., see [Ran92, Prop. 13.4]).
The proof of the Kan condition of the semi-simplicial sets [n] — sp(A*(A™))
for a given ACCD A is verified there by observing that its set of n-simplices,
sp(A*(A™)), is isomorphic to the set of semi-simplicial maps A™ — sp(A*(A®)),
for all n € N (cf. Proposition , and by showing that the restriction maps

sp(A”(A")) — sp(A™(A}))

induced by the elementary expansions A} — A™ are surjective, for all n > 0
and 0 < k <n.

Based on this observation and the previous proposition, we expect that the
symmetric-Poincaré-complexes functor sp is both local and surjective on expan-
sions.
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