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Chapter 1

Introduction

1.1 Topological field theories

In theoretical physics, a particle may be modelled as a physical field, which can be regarded as a smooth
section of a vector bundle over space-time. A quantum field theory is a model for studying the interactions
of particles through their underlying physical fields. Of particular interest is topological quantum field
theories (or simply topological field theories), which are qunatum field theories that are invariant under
the homotopy of the underlying space-time, and hence is insensitive to space-time warps.

Topological field theories turn out to have interesting applications in mathematics, for example in knot
theory, the classification of 4-manifolds, and in the study of moduli spaces in algebraic geometry. Atiyah
first axiomatised topological field theories in [Ati88] and gave some examples of known theories in dimension
n <3.

We give Atiyah’s definition of topological field theories in modern language [Lur09c]:

Definition 1.1.1. The bordism category Cob(m) is defined as follows:

1. An object of Cob(m) is given by a compact oriented (m — 1)-manifold.

2. For any pair of objects M, N € Cob(m), a bordism from M to N is a compact oriented m-manifold
B with an oriented boundary 0B = 0Byl dB; where 0By = M is the manifold M with the opposite
orientation and 0By =< N.

3. There is an equivalence relation on the set of bordisms from M to N given by orientation preserving
bordisms B — B’ such that it restricts to diffeomorphisms 0By — 0B} and 0B; — 0B;. Let
Homcob(m) (M,N) be the equivalence classes of bordisms from M to N under this equivalence
relation.

4. The identity morphism idys is given by the class of bordism given by M x [0, 1].

5. Given two morphisms represented by bordisms B : M — M’ and B’ : M’ — M", we can choose
the representatives such that the composition [B’ o B] : M — M’ represented by the bordism
B Uy B’ is a smooth manifold. It is clear that the definition is independent of the choice of any
such representatives.

A symmetric monoidal category (see Def. 2.6.1) is a category C equipped with a functor ® : CxC — C
satisfying the monoid axioms: there is a unit 1 € C and isomorphisms, for all objects a, b, c € C,

(a®b)®c=a® (b®c), 1xa™¥a™ax1, a®Rb=b®a
satisfying some coherence properties.

For example, the category Vect(k) of vectorspaces over a field k can be regarded as a symmetric monoidal
category with the usual tensor product.



Cob(m) can be endowed with a symmetric monoidal structure given by disjoint union of manifolds

H : Cob(m) x Cob(m) — Cob(m) : (M,N) —~ M UN.

A symmetric monoidal functor F : C — D between two symmetric monoidal categories is a functor
satisfying, for all a,b € C, the isomorphisms

Fla®b) = Fla)@ F(b),  F(lc)=1p
up to some coherence properties.
Definition 1.1.2 (Atiyah). Let k be a field. An m-dimensional topological field theory is a symmetric
monoidal functor Z : Cob(m) — Vect(k).

Expanding out the definition, we see that a topological field theory Z encompasses the following set of
data:

1. For each (m—1)-manifold M, a vectorspace Z(M), such that Z(0)) = k and disjoint union of manifolds
correspond to tensor product of vectorspaces: Z(M UN) = Z(M) ® Z(N).
2. For each bordism B : M — N, a k-linear map Z(M) — Z(N), satisfying the usual coherence axioms
for categories.
More generally, we can replace Vect(k) in the definition of a topological field theory with an symmetric
monoidal category C. We call such a functor a C-valued topological field theory.

Example 1.1.3. A 1-dimensional topological field theory Z can be explicitly described. The objects in
Cob(1) are unions of positively and negatively oriented points *; and *_ respectively. Let A = Z(x)
and B = Z(x_) be vectorspaces. Then, Z(X) for any object X € Cob(1) is given by the tensor product
of A and B.

The morphisms of Cob(1) are given by l-manifolds with boundaries. Since Z is a symmetric monoidal
functor, to describe Z, it suffices to describe it on connected bordisms. The connected bordisms are
precisely oriented line segments and circles. A line segment I can be viewed as a bordism in 4 different
ways:

1. Iy i %4 — xq: since I 22 {x,} x [0,1], Z(I) = id 4;

2. Iy i %_ — x_: similarly Z(I) = idp;

3. I3: 0 — *_ Uxy: let Z(I) =coev:k — B® A;

4 Iy Usx_ —0:let Z(I) =ev: AQ B — k.

The circle S can be seen as a composition I o I3, so Z(I) = ev o coev.

Figure 1.1: Compositions (I4 LI I1) o (I; UI3) and (Io U 1) o (I3 U I3) in Cob(1).

The compositions shown in Figure 1.1 demonstrate that the two morphisms

A id 4 ®coev A®B®A ev®id 4 A and B coev®idp B®A®B idp®ev B
are equivalent to the identity morphisms. This implies that B =2 AV is the dual of A, and they are finite
dimensional vectorspaces, so A =2 AY. Hence, we get a complete characterisation of the 1-dimensional
topological field theory by specifying a finite dimensional vector space A = Z(x4). This is essentially the
statement of the cobordism hypothesis in dimension 1.



Example 1.1.4. We can also give a general description of a 2-dimensional topological field theory Z. The
objects of Cob(2) are compact oriented 1-manifolds, so they are disjoint unions of circles with positive
or negative orientation. If Z (S}_) = A is a k-vectorspace, then a similar argument to above replacing line
segments with cylinders give Z(S') = AV to be the dual of A, so A= AV. Indeed there is an orientation
reversing diffeomorphism that send SJlr to S, so we may regard them as the same object S*.

There is a morphism P : S1US — St given by “a pair of pants” (see Figure 1.2) and a morphism S! — ()
given by a closed disc D. They induce maps of vectorspaces

A A A and k— A

which we view as a multiplication operation on A and identification of a unit. By considering various
compositions of bordisms, we can show that the multiplication operation satisfy associativity, identity and
commutativity axioms (this is a good drawing exercise; for a more algebraic discussion, see Section 4.1).
Hence, this gives A a k-algebra structure.

Furthermore, let tr : A — k be the morphism induced by D : S' — @. Then, the composition of the pair
of pants with the closed disc Do P 22 S! x [0,1] : ST U St — () gives a map

A A ANk

which can be interpreted as a perfect pairing of A with itself. Hence, A is a commutative k-algebra with
a non-degenerate trace map. Such an algebra is call a Frobenius algebra. Indeed, a 2-dimensional
topological field is fully characterised by any choice of such A (for a detailed account, see [Koc04]).

STuSst —— g

Figure 1.2: Left: “Pair of pants” in Cob(2). Right: A 2-bordism I; U Iy — I3 o I in Coy(2).

1.2 Extended topological field theories and the cobordism hy-
pothesis

However, topological field theories as defined above are too restrictive in many circumstances. For example,
in Cob(2), the only objects are disjoint unions of circles and bordisms are oriented 2-manifolds with
boundaries being disjoint union of circles. We will also like to include objects such as closed intervals and
bordisms between such objects and the topological field theories associated to them. In this case, we can
construct a bordism 2-category.

Definition 1.2.1. A (strict) 2-category C is a category enriched over categories, that is, it consists of
a collection of objects, and for every pair of objects a,b € Ob(C, a category Home(a,b). The objects and
morphisms in Home/(a, b) are called 1- and 2-morphisms respectively. Composition in C is given by functor

Home(a, b) x Home (b, ¢) — Home(a, ¢),

satisfying f oid, = f =1idp o f for all f € Hom¢(a,b) and the commutative diagram for associativity

Home/(a, b) x Home (b, ¢) x Home (¢, d) —— Home/(a, b) x Home (b, d) . (1.2.1)
Home (a, ¢) x Home (e, d) Home (a, d)

Inductively, a (strict) n-category is a category enriched over (n — 1)-categories.



We let Cobz(m) be the 2-category whose objects are compact oriented (m —2)-manifolds and 1-morphisms
are equivalence classes of compact oriented (m — 1)-manifolds. For any two 1-morphisms M, N : P — @
where P, (Q are objects of Coba(m), a bordism B : M — N is a m-manifold with boundary

oB=M [ (Pu@xp1) J[ N

(PUQ)x{0} (PuQ)x{0}

There is an equivalence relation on such bordisms which are given by diffeomorphisms which restrict to
diffeomorphisms on each of M, N, P x [0,1] and @ x [0,1]. The 2-morphisms are equivalence classes of
such bordisms. Composition is defined by choosing two suitable representatives and gluing them along
the boundary as in Def. 1.1.1. An example of a 2-bordism of Coby(2) that is not contained in Cob(2) is
shown in Figure 1.2.

It is possible to similarly define a k-category Coby(m) for k < m. However, as k grows, it is difficult
to keep track of the diffeomorphism classes and thus to check the associativity axiom. A solution is to
transfer the problem of tracking of such issues to a formal categorical problem. The construction of such
a categorical solution is the main topic of this thesis. We will give an informal discussion here.

First, we introduce a notion of weak n-categories.

Definition 1.2.2 (sketch). A weak 2-category C is the data of a collection of objects, and for each pair
of objects a,b € Ob(C, there is a category Home(a, b). Composition is given by functors

Home (a,b) x Home (b, ¢) — Home(a, ¢),

as in strict 2-categories, but are only required to satisfy the associativity and identity axioms up to natural
isomorphisms, that is, there are natural isomorphisms foid, & f 2 id o f for all f € Home(a,b) and the
square (1.2.1) is required to commute up to some natural isomorphism. The natural isomorphisms have
to satisfy some further coherence properties (see [Lei98]).

More generally, a weak n-category C is the data of a collection of objects, and for each pair of objects
a,b € ObC, there is a weak (n—1)-category Home/(a, b). Composition is required to satisfy the associativity
and identity axioms up to a notion of equivalences in weak (n — 1)-categories. Inductively, we can obtain
as a limit, a weak oo-category which has n-morphisms for all n > 1.

With an appropriate construction of weak n-categories, we can define Coby(n) as follows.

Definition 1.2.3 (sketch). Let Coby(n) be a weak k-category with the following set of data:

1. The objects are smooth compact oriented (n — k)-manifolds.
2. The 1-morphism is are bordisms between two objects.

3. For 1 < r < n, for any (r — 1)-morphisms M,N : P — @ where P,Q are (r — 2)-morphisms, a
r-morphism or a r-bordism is a smooth compact oriented (n — k + 1)-manifold with boundary

oB=(MuN) [ ((PuQ) x[o,1]).
(PUQ)x0,1

The r-morphisms are equivalence classes of such bordisms.

4. The identity map is given by idy; = M x [0, 1] and composition is defined of two bordism B : M — M’
and B’ : M’ — M" is done by choosing appropriate B = B and B’ = B’ such that B Ly B’ is
a smooth compact oriented (n — k + 1)-manifold (the fact that this is always possible is proven in
Section 3.1).

The checking of the associativity property can be avoided through higher categorical formalisms.

Cobyg(n) has a symmetric monoidal structure given by disjoint union of bordisms.

Definition 1.2.4. Let C be a symmetric monoidal weak n-category. A C-valued k-extended n-
dimensional topological field theory is a symmetric monoidal functor Z : Coby(n) — C.



It is under this context that Baez and Dolan conjectured the cobordism hypothesis [BD95]. It is formulated
for the n-category Cob!"(n) of framed bordisms (framing is a technical condition on the manifolds, see
Def. 3.3.1). Phrased in the notations of this chapter, the theorem is as follows.

Theorem 1.2.5 ((Baez-Dolan cobordism hypothesis)). Let C be a symmetric monoidal n-category.
The evaluation functor Z — Z(x) determines a bijection between the isomorphism classes of C-valued
extended framed topological field theories Z : Cobff(n) — C and fully dualisable objects of C.

The theorem says that we can uniquely determine a topological field theory Z : Cobﬁf(n) — C if we know
its value at the point *. Furthermore, each fully dualisable object of C (see Section 2.7) determines a
topological field theory.

However, this is not the form of the cobordism hypothesis that we shall consider in this thesis. There are
two main weaknesses in this formulation. Firstly, the notion of weak n-categories is particularly difficult
to properly define and work with. Secondly, in the bordism categories Cobyg(n), we lose all information
about the homotopy types of the diffeomorphism classes of bordisms.

Lurie reformulated the cobordism hypothesis in the context of (oo, n)-categories [Lur09c]. Very informally,
an (0o, n)-category is a weak oo-category in which all r-morphism for r > n are invertible. There turns
out to be several simple models of (00, n)-categories based on the idea of simplicial sets (see, for example,
[Ber10] and [BR12] for a survey of different models of (00, 1)- and (0o, n)-categories respectively).

The bordism (oo, n)-category Bord,, defined by Lurie (see Section 3.2) can roughly be interpreted as
extending the weak n-category Cob,,(n) by defining (n+1)-morphisms to be diffeomorphisms of n-bordisms
and r-morphisms for r > n to be homotopies between the (r — 1)-morphisms. For any pair of n-bordisms
B,B’': M — N, the mapping space map(B, B’) is an (0o, 0)-category whose objects are diffeomorphisms
from B to B’ and morphisms are homotopies. We can thus interpret map(B, B’) as a topological space of
diffeomorphisms from B to B’ (or as a simplicial set encoding the homotopy type of the topological space,
depending on the choice of the model of (oo, n)-categories).

In the language of (0o, n)-categories, Lurie formulated and proved the following form of the cobordism
hypothesis.

Theorem 1.2.6 (Cobordism hypothesis (Lurie)). Let C be a symmetric monoidal (0o, n)-category.
The evaluation functor Z — Z(x) induces an equivalence between the category Fun®(Bord!™ C) of ex-
tended framed topological field theories and the subcategory of fully dualisable objects in C.

1.3 Summary

The purpose of this thesis is to give a formal and complete construction of all the machineries necessary
to state the cobordism hypothesis as proven by Lurie in [Lur09c].

In Chapter 2, we define the notion of a symmetric monoidal (oo, n)-category with duals. The model for
(00, n)-categories we use is that of complete Segal n-spaces. Complete Segal 1-spaces was first defined by
Rezk [Rez01], and has since been proven to be equivalent to other models of (0o, 1)-categories [Ber07]. We
recall this notion in Sections 2.1 to 2.4, while detailing and verifying the modifications that Lurie made to
the definition for the context of bordism categories.

We then generalise to complete Segal n-spaces in Section 2.5, using the A°P construction of [Lur09c| and
[Berl1l], and prove the model structure theorem for complete Segal n-space. In Section 2.6, we generalise
the construction of symmetric monoidal (oo, 1)-categories given by Toén and Vezzosi [TV11] to (oo, n)-
categories, including a construction of the symmetric monoidal (0o, n)-category Fun ®(X,Y") of symmetric
monoidal functors between symmetric monoidal (co,n)-categories X and Y. We then follow [Lur09c| in
defining a symmetric monoidal (0o, n)-category with duals and prove the existence of a fully dualisable
subcategory. A consequence of this construction is a functorial way to define a maximal sub-(oco, r)-category
of an (0o, n)-category for r < n.

In Chapter 3, we construct the bordism (oo, n)-category using the machinery from the previous chapter.
We gather results from various papers and prove the topological background necessary for defining the
bordism category in Section 3.1, largely following the methods sketched in [GMTWO09, Galll]. We formally



define the bordism (0o, n)-category in the next section, and follow the steps as sketched in [Lur09c¢] to show
that it is a symmetric monoidal (oo, n)-category with duals. Finally, with all the necessary background,
we state the cobordism hypothesis in Section 3.3.

In the final chapter, we detail two computations involving the cobordism hypothesis, both sketched in
[Lur09c]. The first example is in an explicit computation of the topological field theories where C is a
category of E,-algebras in a symmetric monoidal category, for example E,-algebras in chain complexes
of k-modules. The second example is a characterisation of fully dualisable objects in symmetric monoidal
(00, 2)-categories.



Chapter 2

Symmetric monoidal (0o, n)-categories

In this chapter, we will present some categorical preliminaries needed in our subsequent definition of the
cobordism hypothesis. We will construct a model of (00, n) categories, namely, the complete Segal n-spaces
and its variants. Complete Segal 1-spaces were originally defined by Rezk [Rez01], and the theory was
extended to complete Segal n-spaces by Barwick in his unpublished PhD thesis (and later published in
[BSP12]). We will give a variant of that construction.

We will then show how we can endow certain Segal n-spaces with a (symmetric) monoidal structure, that

is, a functor
R:XxX—=>X

satisfying the associativity (and commutative) axioms. We can then perform algebraic operations on such
a Segal n-space X. We also define symmetric monoidal functors between symmetric monoidal categories
and conclude with the key result that the infinity category of symmetric monoidal functors Fun®(X,Y)
is an oco-groupoid.

We will begin our discussion with (0o, 1)-categories. They form the central part of all our constructions,
as (0o, n)-categories for n > 1 are built from the n = 1 case by a simple induction.

2.1 Simplicial spaces

We will first define the basic objects from which we build our (0o, 1)-categories. Segal spaces are presented
as simplicial spaces, that is, simplicial objects in the category of spaces, Sp.

We will be deliberately vague over the notion of space. Depending on the context, we will allow Sp = Top
the category of topological spaces, CGHaus the category of compactly generated Hausdorff topological
spaces, Sp = KComp = CW the category of Kan complexes or CW-complexes (they are equivalent
under their standard model category structures) or Sp = sSet the category of simplicial sets. We have
the inclusions

sSet D KComp = CW C CGHaus C Top.

Top is the most general context over which we can construct the complete Segal space. However, it is often
useful to restrict our attention to nicer topological spaces. The categories CGHaus is a suitable candidate
as it is Cartesian closed, that is, it has an internal hom-object that is right adjoint to the product.

Sometimes, it is useful to move from a topological space construction to a simplicial set construction,
which is notationally simpler and allows for simpler proofs. This is when we take Sp = KComp. Indeed,
this is the context under which Rezk defined Segal spaces in [Rez01] (he defined them on the category of
simplicial sets, but the Reedy-fibrant condition imposed implies that the simplicial sets in question are
Kan complexes). However, for many constructions, we have to start with simplicial spaces where we take
Sp = sSet. This is not a problem as the Kan complexes are precisely the fibrant-cofibrant objects in sSet.

Recall, from the theory of simplicial sets, that we have a category A which is a full subcategory of the
category of categories, whose objects are the finite categories [r] with n + 1 objects {0,...,r} and a



composable chain of morphisms {0 — 1--- — r}. A is equivalent to the category whose objects are finite
sets [r] = {0,...,r} and whose morphisms are order-preserving maps (not strict, i.e., (k) < ¢(1) if k <1).
Indeed, all the morphisms in A can be generated from a subset of morphisms

J J< J<i

J+1 53>

di:[r]%[rJrl]:jr—){ o1 >

si:[r]%[rl]:jH{j

The maps d’ and s’ are called the face and degeneracy maps respectively. They satisfy the cosimplicial
identities

ddi = didi=! i< j

sidt = disi ! i<j

sidi =1 =sidi*! (2.1.1)
sidt = di—1s 1>7+1

sist = sisitl i<j

Definition 2.1.1. A simplicial space (or simplicial 1-space or 1-fold simplicial space) is a simplicial
object in the category Sp of spaces, that is, a functor X : A°® — Sp. Let X,, be the topological space
X([n]) and let d; and s; be the images of d* and s* under X. Let 1-sSp = Fun (A°P,Sp) denote the
category of simplicial spaces. A map of simplicial spaces f : X — Y is thus a collection of continuous
maps fn : X, = Y, that commute with d; and s;. d; and s; satisfy the simplicial identities

did; = d;_1d; 1<

diSj = ijldi 1<

d;js; =1=djy15; (2.1.2)
dis; = s;di—1 1>7+1

8i8; = Sj415; 1<j

There is an embedding Sp — 1-sSp sending X to the constant simplicial space, also denoted by X,
where all X,, = X and the face and degeneracy maps are the identity maps.

A standard k-simplex AF is a simplicial set defined by [n] — Homa ([n], [k]) with the face and degeneracy
maps d; and s; given by precomposition with d’ and s' respectively. Let |A¥| € Top be the geometric
n-simplex, that is, the geometric realisation of A¥ [GJ99].

Suppose Sp is a subcategory of Top. To every pair of objects X,Y € 1-sSp, we can associate a simplicial
set M(X,Y), defined by
M(X,Y);, = Homy_ggp (X x |AF])Y)

where |AF| is taken as a constant simplicial space. This is called the function complex from X to Y.
We define the mapping space to be the geometric realisation of the simplicial set

Map; g (X,Y) = IM(X,Y)].

For Sp = KComp or in general Sp = sSet, the mapping space is equal to the function complex given by
the simplicial set
Map; 45, (X, Y ), = Homyggp (X x A™Y)

where A" is taken as a constant simplicial space.
We will now define a model category structure on 1-sSp.
Recall the definitions of a Cartesian closed, proper and cofibrantly generated model category structure.

Definition 2.1.2 ([Rez01]). We say that a category C is Cartesian closed if it has a final object, and
for any pair of objects X, Y, there exists a product X x Y and an internal hom-object YX satisfying for
all triplets of objects X,Y, Z € C, we have a bijection

Hom(X x Y, Z) = Hom(X, Z¥).
Let M be a Cartesian closed model category. The model category structure is said to be compatible

with Cartesian closure if for any cofibrations i : A — B and j : C — D and any fibration p: X — Y,

10



. . y . ion, :
(i) the induced map A x DUaxc B x C — B x D is a cofibration, which is trivial if either ¢ or j is; or
(ii) the induced map XB — X4 xy 4 YB is a fibration, which is trivial if either i or p is.

Definition 2.1.3 ([Hir03, Def. 11.1.1]). A model category is said to be proper if

(i) the pushout of a weak equivalence along a cofibration is a weak equivalence; and
(ii) the pullback of a weak equivalence along a fibration is a weak equivalence.

Definition 2.1.4 ([Hir03, Def. 13.2.1]). A model category is said to be cofibrantly generated if there
exist sets I and J of cofibrations and trivial cofibrations respectively such that a map f is fibration (resp.,
trivial fibration) if and only if it has the right lifting property with respect to J (resp., I).

There is a Quillen model category structure on Top and CGHaus.

Theorem 2.1.5. There exists a model category structure on Top and CGHaus, where f: X — Y isa

(i) weak equivalence if it is a weak homotopy equivalence, that is, mof : X — mY is a bijection
and m; f : m; X — m;Y is an isomorphism for all i > 1;

(i) cofibration if it satisfies the homotopy extension property, that is, for all continuous maps g:Y — Z
and homotopies H : X x I — Z such that go f = H o (id x {0}), there exists G : Y x I — Z such
that Gly xqoy = g and G o (f xid;) = H;

(iii) fibration if it is a Serre fibration, that is, it satisfies the right lifting property (RLP) with respect
to all inclusions ig : D™ < D™ x I where io(D™) = D™ x {0}.

CGHaus is Cartesian closed and the Quillen model category structure on CGHaus is compatible with
Cartesian closure. Both Top and CGHaus are proper. Top and CGHaus are cofibrantly generated by
generating cofibrations and generating trivial cofibrations

I'={|0A"| — |A"[} and J ={|A}| = |A"[}
respectively

Remark 2.1.6. Top is not Cartesian closed as it does not have internal hom-objects for all pairs X,Y €
Top. We say that X is exponentiable if there is an internal hom-object YX for all Y. X is exponentiable
if and only if it is core-compact, that is, for any € X and U 3 z an open neighbourhood, there exists
an open set V such that x € V C U and every open cover of U admits a finite subcover of V' [EHO01].
If X is Hausdorff, then it is core-compact if and only if it is locally compact (every point has a compact
neighbourhood), and in this case, if Y is Hausdorff as well, Y* = Homrop (X, Y) is given the compact-open
topology.

The product and the internal hom-objects in CGHaus is not the same as that in Top, since in general,
CGHaus is not closed under products and internal-homs. For any Hausdorff space X, the associated
compactly generated space k(X) is the set X endowed with the topology such that U C k(X) is open if
and only if UNC is open for all compact subsets C' C X [Ste67]. The topology on k(X) is finer than that
on X. We thus define X xcgHaus ¥ = k(X x Y) and (YX)cgHaus = k(Y X). (X xY) = X x Y and
kE(YX) =YX if X is locally compact.

In all the discussions below, all the spaces we consider as the exponential in internal-homs will be Hausdorff
and locally compact. In addition, all the spaces in the bordism categories will lie in CGHaus and are
locally compact. So, we can safely work in either category and we will not make the distinction.

Remark 2.1.7. For Hausdorff spaces, cofibrations can be characterised in another way. An inclusion
A — X is a neighbourhood deformation retract (NDR) if there exists a map u : X — I such that
u~1(0) = A and a homotopy H : X x I — X such that Hy = idx and H(a,t) = a for all a € A and
t € I and h(z,1) € A if u(z) < 1. That is, there is a neighbourhood U = u~1[0,1) C X that deformation
retracts onto A. A theorem states that an inclusion A — X is a cofibration if and only if it is a NDR
[May99, Ch. 6.4].

We have a similar Quillen model category structure on sSet:
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Theorem 2.1.8. There exists a model category structure on sSet, where f: X —Y is a

(i) weak equivalence if the induced map on the geometric realisation |f| : | X| — |Y| is a weak homotopy
equivalence;

(ii) cofibration if it is a monomorphism;
(i1i) fibration if it is « Kan fibration, that is, it satisfies the right lifting property (RLP) with respect to

all inclusions iy : A} — A™.

sSet is Cartesian closed and the Quillen model category structure on sSet is compatible with Cartesian
closure and proper. sSet is cofibrantly generated by generating cofibrations and generating trivial cofibra-

tions
I={0A" —» A"} and J={A} = A"}

The full subcategory of fibrant-cofibrant objects is KComp.
The relationship between the Quillen model category structures on topological spaces and simplicial sets
is given by the following Quillen equivalences.

Proposition 2.1.9. The geometrical realisation functor | — | : Top — sSet is left adjoint to the singular
complex functor Sing : sSet — CGHaus C Top, inducing Quillen equivalences

| — | : CGHaus = sSet : Sing and | — | : Top = sSet : Sing.

Just as the standard simplices A* for k& > 0 form an indexing set for simplicial sets, there is also a set
of indexing simplicial spaces {F(k)}. For every k, let the standard k-th simplicial space F(k) be the
simplicial space with the n-space given by the discrete space associated to the set

F(k)n = Homa ([n], [K])
and the face and degeneracy maps d; and s; given by the canonical maps induced by d* and s*.

If we regard a simplicial space as a bisimplicial set, then F'(k) and the constant simplicial space given by
AF correspond to the bisimplicial sets A* x {x} and {x} x AF respectively.

Let F be the simplex category whose objects are F(k) and morphisms are generated by the canonical
face and degeneracy maps d’. and st.

Note that any map of simplicial spaces F'(k) — X is determined by the image of idj,; € F(k); since all
other points in F'(k) can be obtained from idp,; through a sequence of face and degeneracy maps. Hence,
for any simplicial (topological) space X, we have the weak homotopy equivalence

Ma‘pl—sSp(F(k)?X) = ‘(Homl-SSP(F(k) X ‘An|>X))n|
|(Homsp ({idp x [A"], Xi))n| = [Sing(Xk)| = Xj.

Il

For Sp being a category of simplicial sets, we have the same weak equivalence.

We let OF (k) be the largest simplicial subspace of F'(k) not containing idjz) and for any X € 1-sSp, we
define
00X}, = Map,_¢5,(9F (k), X).

We can define a model category structure on 1-sSp using the Reedy model category construction (see
[Hir03]). The model structure can be given as follows:

Theorem 2.1.10. There exists a model category structure on 1-sSp, called the Reedy model structure,
where f: X —Y isa

(i) weak equivalences if fi : X — Yy are degree-wise weak equivalences;
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(i) cofibrations if the induced maps

X';,c H (U siYk—l) — Yk

UsiXk-1
are coftbrations in Sp;
(i1i) fibrations if the induced maps
X — Yy Xy, 0Xj (2.1.3)
are fibrations in Sp.
1-sSp is Cartesian closed and the Reedy model structure is compatible with Cartesian closure and proper.
It is cofibrantly generated by generating cofibrations
OF (k) x A Uppxoat F(k) x 0A" — F(k) x A, k,1>0
and generating trivial cofibrations
OF (k) x A Ugpyxat F(k) x Af — F(k) x AL, E>00<t<l

Remark 2.1.11. Our examples of Sp are actually cellular model categories, that is, cofibrantly generated
model categories satisfying some small conditions on the sets of generating cofibrations and generating
trivial cofibrations (see [Hir03] for the precise definition). Hirschhorn showed that the Reedy model
category structure on SpAop is also a cellular model structure. We need this fact in the construction
of the localisation of this model structure later.

To end of this section, we want to introduce a homotopy version of the mapping space. For any simplicial
set X, let (F x A) | X denote the category whose objects are the maps o : F(k) x A = X and the arrows
are commutative diagrams of simplicial spaces

F(k) x A" Z— X
GJ /
F(K') x A
Proposition 2.1.12. Let Sp = KComp or CW and X be a simplicial space. There is an isomorphism

X = colim F(k) x Al
(F(k)xAl'=X)e(FXxA)LX

Proof. This is because every functor D°? — Set from a small category D to the category of sets is the
colimit of representable functors (see [Mac71, Ch. IIL.7]). O
Corollary 2.1.13. Let X be a discrete simplicial space. There is an isomorphism

X colim F(k).
(F(k)—X)eFLX

Proof. This is because every discrete simplicial set X can be written as the colimit of F(k) x A°. O

We thus have for any discrete simplicial space X and simplicial space Y,

Map,_sgp(X,Y) = Mapl_ssp<( Fc(%l)ing)F(k), Y) = (F(E)IgX)Mapl_ssp(F(k), Y).

If Y is Reedy-fibrant, then Map, g, (F(k),Y) = Y}, are trivial fibrations for all k, so the limit is the same
as homotopy limit, and we have

lim M F(k).Y)>s lim Y
e Mapissp(F (k) Y) = | lim T

However, in general, limits do not preserve homotopy. To solve this problem, we define the following;:
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Definition 2.1.14. Let X be a simplicial space (Sp = KComp or CW). We define the homotopy
mapping space of X to Y to be

. l
HoMap ¢, (X,Y) = - kl;glirlI;X)Mapl-ssp(F (k) x ALY).

If X is discrete,

HOMapl—sSp(Xa Y) = (F}%(]g)lE[lX)Mapl—sSp(F(k)vy) — (Fl}(k))lan)Yk

In fact, we will only use the discrete case.

The homotopy mapping space in our discussion of non-Reedy-fibrant Segal spaces is the generalisation of
the mapping space in Rezk’s discussion of Reedy-fibrant Segal spaces.

Example 2.1.15. It is clear that HoMap, ¢g,(F'(k), X) = Map, 4g,(F(k), X) for all k and simplicial
space X.

Since we can write OF (k) = UX_ d'F(k — 1), we have HoMap, g, (0F(k), X) is equal to the homotopy
limit taken over the diagram with k + 1 copies of X;_1, indexed as X,g_l, . ,X,’j_l with the arrows
Xiia
d;
N
X — X0,
for all ¢ < j.
Let R : 1-sSp — 1-sSp be a fibrant replacement functor. Then, the weak equivalence Y = R(Y’) induces
a weak equivalence
HoMap; _¢g,(X,Y) = HoMap, _¢g,(X, R(Y)) = Map;_¢g,(X, R(Y)).

Thus, for any map of simplicial spaces f : A — B and simplicial space X, HoMap, 4g,(f, X) is a weak
equivalence if and only if Map; ¢, (f, R(X)) is.

2.2 Segal spaces

We are now ready to define Segal spaces.

Definition 2.2.1. Let Sp = Top, CGHaus or KComp. A Segal space (or Segal 1-space) W is a
Reedy-cofibrant simplicial space satisfying: for all m,n € N, the square

Wonan — Wi, (2.2.4)
[
W, ——— W,y

is a homotopy pullback (in the model structure for Sp), where s and ¢ are induced by [0] 3 0 — 0 € [n]
and [0] 2 0 — m € [m] respectively. That (2.2.4) is a homotopy pullback is called the Segal condition.

Let 1-SeSp C 1-sSp denote the full subcategory of Segal spaces in the category of simplicial spaces.

Remark 2.2.2. We impose the condition that a Segal space is Reedy-cofibrant in order to define a
completion functor later (which is a pushout). The completion functor can be constructed without the
Reedy-cofibrant hypothesis, but it is only well-defined up to homotopy. Reedy-cofibrancy is a very weak
condition. For Sp = KComp, cofibrations are monomorphisms, so all simplicial spaces are Reedy-
cofibrant. For Sp = Top or CGHaus, a simplicial space X is Reedy-cofibrant if (but not only if) the
spaces X are Hausdorff and the inclusion

(U Sikal) C Xk

is an embedding. All the simplicial spaces we will encounter are Reedy-cofibrant.
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For 0 <i < k, let o’ : [1] — [k] be the map sending (0,1) — (i,i + 1). Let G(k) C F(k) be the simplicial
subspace generated by o' € F(k);. Equivalently, o’ induces a map F(1) — F(k) and we define G(k) to be

G(k) = Ui’ F(1) C F(k). (2.2.5)
The inclusion ¢" : G(n) — F(n) induces a map
HoMap, ¢, (9", W) : HoMap, ¢g,, (F'(n), W) = W,, — HoMap, 45, (G(n), W). (2.2.6)

Proposition 2.2.3. Let W be a Reedy-cofibrant simplicial space. The following are equivalent:

(i) W is a Segal space;
(i) For each n > 2,

bn : W — holim(W7 22 Wy <2 Wy 22 Wy <& - 2o W <& o) (2.2.7)

18 a weak equivalence;
(i4) For each n > 2, HoMap, ¢, (¢", W) given by (2.2.6) is a weak equivalence.
Proof. (1)=-(ii): Suppose W is a Segal space. By (2.2.4), Wy — holim(W; — Wy «+ W) is a weak
equivalence. Suppose we have proven (2.2.7) for n — 1, then by (2.2.4) and the induction hypothesis,
Wn :—) holim(Wn_l — WO — Wl) :—> hohrn(W1 — WO — = W() — Wl)
(ii)=(i): Suppose (2.2.7) is a weak equivalence. Then, for m = n = 1, we have the homotopy pullback

square in (2.2.4). By induction, suppose we have shown the Segal condition for all m +n < p, then we
have the diagram

Xp holim (X, = Xo < Xp_m)

holim(X; — Xg -+ = Xp + X1)

so the horizontal map is also a weak equivalence.

(i)« (iii): Using (2.2.5), we easily see that HoMap; s, (¢", W) = ¢n. O

Recall that in Top, a homotopy pullback can be explicitly constructed as a homotopy fibre product
X2y =Xx;2720x, Vv

Remark 2.2.4. At this point, we should contrast our definition with that given by Rezk in [Rez01]. Rezk
defined a Segal space as a Reedy-fibrant simplicial space (Sp = sSet) satisfying (2.2.4). The Reedy-fibrant
condition immediately implies that the simplicial sets in question are Kan complexes. Our definition when
Sp = KComp is weaker as we do not require Reedy-fibrancy. Indeed, most of the Segal spaces we will
construct are not Reedy fibrant. However, Reedy fibrancy is just a formal condition guaranteeing that the
simplicial space is a fibrant object in the model structure for Segal spaces. We can obtain a Reedy fibrant
Segal space by taking the fibrant replacement without any loss of information.

If we assume W is Reedy fibrant, the limits are automatically homotopy limits, so W' is a Segal space if and
only if Wy, — Wi Xw, Wy, are weak equivalences if and only if for all n, there exist weak equivalences

b Wi — Hm(W; 9% W <2 Wy 20 Wy <2 2w <2 )
if and only if for all n, there exist weak equivalences

Mapl-sSp(¢n7 W) : Mapl-sSp(F(n)7 W) = Wn — Mapl-sSp(G(n)? W)
The following examples are due to Rezk [Rez01].
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Example 2.2.5 (Discrete nerve). Let C be a category. The discrete nerve discnerve C' of C' is the
simplicial space whose n-space is given by the set

{eo f—1>01 ECN ﬁ)cnm € Ob(, f; € Mor C}

of chains of morphisms in C' of length n. The face and degeneracy maps are defined by

do(co L5 I ey = (e 2 I en), da(eo DI e = (0 B - I )
dl(c()i)' .f—n)Cn):(Cof—l>... fia Ci—1 firiofs Cit+1 fite f_">cn) fOI‘lSZ<’I’L

i ide, i n .
si(cof—1>~--f—">cn):(c0f—l>~-~£>ci1—Z>cifi>--~f—>cn) for 0 <i<n.

It is clear that discnerve C' is a Segal space. Indeed it is a Reedy fibrant Segal space since all discrete
simplicial spaces are Reedy fibrant.

For example, we have F(k) = discnerve[k]. Note that discrete nerves do not preserve categorical equiva-
lences: two equivalent categories may have non-Reedy equivalent discrete nerves.

Example 2.2.6 (Classifying diagrams of categories). This is another construction of a Segal space
from a category. Let C be a category and W be a subcategory such that Ob W = Ob C and Homyy (z,y) C
Homg(z,y) for all x,y € Ob (C). We call the morphisms in W weak equivalences. For any category D,
we define the category we(CP) to be the subcategory of the category C'¥ consisting of functors D — C
with natural transformations « : F — G such that ag € W for all d € Ob D.

Given a pair (C,W), we define a simplicial space N(C,W) (Sp = sSet) where
N(C, W), = nervewe(C™)

and the face and degeneracy maps are determined by precomposition with d* or s* applied on [m]. nerve :
Cat — sSet is the simplicial nerve functor [GJ99]. It is convenient to view an n-simplex of N(C,W),, as
a commutative diagram

coo — Co1 — 0 7 Con
+ 1 3

¢ciop — €1 — =+ — Cin
+ + + (2.2.8)
3 1 3

Cm0 — Cm1 — = — Cmn

where the horizontal arrows are in W.

The discrete nerve discnerve C' can be seen as N(C, Cy) where Cy is the subcategory where Ob Cy = ObC
and only contains the identity morphisms.

Let W = iso C be the subcategory consisting of all isomorphisms in C. We write N(C) for N(C,iso (),
the classifying diagram of the category C.

There is a canonical inclusion discnerve C' — N(C) induced by the inclusion Cy — isoC'.

Proposition 2.2.7. N(C) is a Reedy-fibrant Segal space.

Proof. First, we have to prove that N(C),, € KComp C sSet. This is true since we(Cl™) is a groupoid
as all the natural transformations are indeed natural isomorphism, so its simplicial nerve is a Kan complex.
The proofs that N(C) is Reedy-fibrant and satisfies the Segal condition are simply checks on the extension
of the diagram (2.2.8). O
Rezk also proved that a functor F' : C' — D is an equivalence of categories if and only if the map of
simplicial spaces N(F') : N(C) — N(D) is a weak equivalence.

Example 2.2.8 (Classifying diagrams of model categories). This is one of the most important
examples of Segal spaces. Let C = M be a closed model category and W be its subcategory of weak
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equivalences. We write N(M) = N (M, W) for its classifying diagram. We remark that this notation will
not risk confusion with that in the previous example. Any category C with finite limits and colimits can be
regarded as a model category with weak equivalences being the isomorphisms and all maps being fibrations
and cofibrations. Then, the classifying diagram with this model structure is precisely the classifying
diagram of the category.

In general, however, N(M) is not a Segal space, since the m-spaces N(M),, are not Kan complexes as
not all weak equivalences are invertible (they are weak Kan complexes). To each model category, we have
the associated category mM. s of fibrant-cofibrant objects and homotopy classes of morphisms. This is
obtained from M by applying the fibrant and cofibrant replacement functors R and ). They induce a
Reedy weak equivalence N(M) — N(mM,y).

Thus, NM) satisfies the Segal condition (2.2.7). The Reedy-fibrant replacement N/ (M) is thus a Reedy-
fibrant Segal space. This is the classifying diagram of the model category M.

Segal spaces can be seen as a model for (oo, 1)-categories.

Definition 2.2.9. Let W be a Segal space. Let ObW be the points of Wy (or the 0-simplices of Wy in
the case where Sp = KComp). Given any z,y € Ob W, let mapy, (x,y) be the homotopy fibre of (z,y)

in the map

W1 —>(d1’d0) WO X Wo.

For any x € Ob W, let id, = sox € mapy, (z, ).

Remark 2.2.10. If W is Reedy-fibrant, then W7 — Wy x Wy is a fibration, so mapy, (z,y) is simply the
fibre of (z,y). For every Segal space W, there is a functorial Reedy-fibrant replacement W +— R(W') which
is a Reedy weak equivalence. Hence, mapy, (z,y) — map g (R(2), R(y)).

This gives a natural realisation of a Segal space as an (0o, 1)-category. The 1-morphisms are the points of
mapyy (z,y), the 2-morphisms are the paths (or 1-simplices) in mapy; (z,y), etc. Since the objects of Sp
are topological spaces or Kan complexes, the n-morphisms for n > 1 are invertible. We will often write
l-morphisms as f : x — y for f € mapy, (z,y).

For any (n+ 1)-uple of objects (zo,...,z,) in ObW, we can define mapy, (o, ..., Z,) to be the homotopy
fibre of the map
Xn — (Xo)n

induced by ]! ,[0] = (0,...,n). Using the Segal condition (2.2.7) and the commutative diagram

~

ho ho
X, X1 xB2 X X,

N

XOX'~'XXO

we have a weak equivalence of homotopy fibres

mapyy, (2o, - - -, Tn) — mapy, (2o, 1) X -+ X mapy (Tn_1, T ).
If there is no risk of confusion, we will drop the subscript W.
Let us now define the homotopy category of a Segal space W.

Two 1-morphisms (i.e., points) f, g : x — y are homotopic (written f ~ g) if f and g lie in the same path
component of map(z,y) (or there exists a 1-simplex h € map(z,y) such that d;(h) = f and do(h) = g).
Given two 1-morphisms f :z — y and g : y — z, we can define the composition go f : © — z as follows:
by the Segal condition, we can lift (f,g) to h € map(x,y, z), and let g o f = d;(h). The sequence of maps
is given in the diagram below, where the horizontal map is a weak equivalence:

(d2,do)

map(z,y, z) —————— map(z,y) X map(y, z) (2.2.9)
d]l
map(z, z)

17



Proposition 2.2.11. Composition of 1-morphisms as described above is well-defined up to homotopy. The
composition is associative and respects the identity up to homotopy, that is, given f :w — x, g:x — y
and h :y — z, we have (hog)o f ~ho(go f) and foidy ~ f ~idgo f.

Proof. Let h and h' be two choices of the lifting of (f,g) described above. (2.2.9) gives an isomorphism
mo(da, dp) : momap(w, x,y) — mo(map(w,z) X map(z,y)). So, there exists a path (or 1-simplex) k joining
h and h'. Then, d; (k) is a path (1-simplex) joining d; (h) and d; ('), so dy(h) ~ di (k).

To prove the second part of the proposition, we show that there exist choices of the composition that give
equal, and not just homotopic results. Suppose we are given f: w — z,g:x — yand h : y — z. The
construction of ho (go f) can be given by the diagram

map(w, z,y, ) (ds.dodo) map(w, z,y) x map(y, z) (d2.d0)xid map(w, z) X map(x,y) X map(y, z)
dll ds xidJ{
map(uw, y, ) —— 2 map(w, y) x map(y, 2)
|
map(w, z)

ho(go f)is determined by a lift k£ € map(w, z,y, z) of (f,g,h). In the analogous diagram for (ho g) o f,
k is also a lift of (f, g, h) by the commutative diagram (a consequence of the simplicial identities (2.1.2))

(d3,dodo)
map(w, z,y, z) ~ map(w, x,y) X map(y, 2)

(dzds,do)JN NJ(dQ,do) xid

idx (da,d
map(w, ) x map(z, y, 2) — e ® s map(w, z) x map(z,y) x map(y, 2)

~

Hence, (hog)o f =didok = didik =ho(go f).

To show that f oid, ~ f, we note that k = sof € map(w, w, z) satisfies (da,dp)k = (idy, f) and d1k = f,
so we can choose f oid,, = dik = f. Similarly, id, o f ~ f. O
By the above proposition, we have a well-defined category:

Definition 2.2.12. Let W be a Segal space. We define the homotopy category Ho W to be the category
with ObHoW = Ob W and for all z,y € Ob W, Homy, w (z,y) = momapy, (x, y).

Example 2.2.13. For any category C, Ho NC' = Hodiscnerve C' == C.

We want a notion of equivalences of (0o, 1)-categories. A good notion of equivalence must necessarily imply
an equivalence of the homotopy categories. However, it is not sufficient, as we also want an equivalence
in the higher homotopy structures. An equivalence of homotopy categories only tells us that there is a
bijection between the path components of the mapping space, but nothing about the higher homotopy

groups. An appropriate notion of equivalence was introduced by Dwyer and Kan in the context of simplicial
categories [DK80]. Rezk adapted it for Segal spaces.

Definition 2.2.14. A map f: U — V of Segal spaces is a Dwyer-Kan equivalence if

(i) the induced map Ho f : HoU — HoV is an equivalence of categories; and

(ii) for each pair of objects z,2’ € U, the induced function mapy (z,2’) — mapy (fz, fz') is a weak
equivalence.

Let ObU/ ~ denote the equivalence classes of objects in U under homotopy equivalence. We can refor-
mulate condition (i) as

(i’) the induced map ObU/ ~— ObV/ ~ is a bijection on the equivalence classes of objects.
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The pair of conditions (i’) and (ii) is equivalent to the pair (i) and (ii).

Proposition 2.2.15. In the diagram of maps of Segal spaces

v—2lov 2w,
\M“/
h

if two of the maps are Dwyer-Kan equivalences, so is the third.

Proof. The result is clear on the homotopy categories. On the mapping spaces, it is a consequence of the
similar diagram for weak equivalences in model categories. O

As an important example, we relate discrete nerves to classifying diagrams.

Proposition 2.2.16. The canonical inclusion discnerve C — N(C') is a Dwyer-Kan equivalence.

Proof. We have Hodiscnerve C =2 Ho N(C) = C. For any z,y € ObC, mapgisenerve o (%, y) is the discrete
simplicial set Homc (z,y) while map y (¢ (z,y) is homotopy equivalent to Home (7, y) (we can construct a
homotopy similar to that in Example 2.3.4). O

The following construction is a technical tool we need in defining the cobordism category. We wish to
consider non-unital categories, that is, categories that do not contain the identity maps on objects.

Definition 2.2.17. Let Ay C A be the sub-non-unital-category of A with the same objects but only allow

morphisms [m] — [n] which are strictly increasing. The morphisms in A¢ are generated by the face maps
d.

Definition 2.2.18. A semisimplicial space is a functor W : Ag? — Sp, with the induced face maps d;.
The category of semisimplicial spaces is denoted by 1-semisSp = Sp o

A semiSegal space W is a semisimplicial space satisfying the Segal condition (2.2.4) for all m,n € N.
The category of semiSegal spaces 1-semiSeSp is a full subcategory of 1-semisSp.

For any semiSegal space W, we can similarly define its homotopy category Ho W, which will be a non-unital
category.

There is a forgetful functor For : 1-sSp — 1-semisSp that sends W +— W|A3p. Note that the forgetful
functor induces the identity map on the n-spaces: For(W),, = W,,. So, For(W) satisfies the Segal condition
(2.2.4), which is a homotopy pullback square on Sp, if and only if W does. We summarise this in the
following proposition:

Proposition 2.2.19. Let W be a simplicial space, then W is a Segal space if and only if For(W) is a
semiSegal space.

2.3 Complete Segal spaces

While a (00, 1)-category can be modelled by a Segal space, such a model is not completely satisfactory.
There are too many Segal spaces in the following sense. We can impose a model category structure 1-SS
on 1-sSp related to Segal spaces (Thm. 2.4.6). However, a Dwyer-Kan equivalence of Segal spaces may
not be a weak equivalence in that model structure. This is not a problem with the choice of the model
structure. There are non-equivalent Segal spaces that give rise to equivalent (0o, 1)-categories (Dwyer-Kan
equivalence). For example, we have already noted in Example 2.2.5 that discrete nerves of equivalent
categories may not be equivalent.

To solve this problem, we will construct a refinement of Segal spaces, called the complete Segal spaces. In
the next section, we will show that there is an appropriate model structure 1-CSS on 1-sSp (Thm. 2.4.7)
such that weak equivalence of complete Segal spaces in that model are precisely Dwyer-Kan equivalences.
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In fact, we have more: a map of Segal spaces in 1-CSS is weak equivalence if and only if it is a Dwyer-Kan
equivalence.

We begin the construction. Let W be a Segal space and x,y € ObW. We say that a 1-morphism g : x — y
is a homotopy equivalence if there exist f,h : y — x such that go f ~ idy, and hog ~ id,. By
associativity up to homotopy, we have h ~ hogo f ~ f.

Definition 2.3.1. Let W be a Segal space. The space of homotopy equivalence is the subspace
Whoequiv C W1 of homotopy equivalences.

Remark 2.3.2. Suppose W is Reedy fibrant, then Rezk showed that Wheequiv is @ union of path compo-
nents of W [Rez01]. This is not true in general.

Note that the map so : Wy — W, factors through Wheequiv since sox = id; € Wheequiv for all z € Wy.

Definition 2.3.3. A complete Segal space is a Segal space W where the map sg : Wy = Wheequiv iS a
weak equivalence.

Example 2.3.4. The classifying diagram N(C) of a category C' is a complete Segal space. It is easy to
check that N(C)noequiv C N(C')1 consist of commutative diagrams of the form (2.2.8) where all maps are
isomorphisms. Consider the maps

Co—> " —>Cp
S0 ¢ N(O)O %N(C)hoequiv : (CO — —>Cn) — \l,id id\l,
Co—> ‘" —>Cp
Coo —* =+ =7 Con
dl : N(C)hoequiv _>N(C)0 : \lx \l/ = (COO — _>00n)-
Clo —> '+ 7 Cin

It is clear that dyso = idy(c), and we have a homotopy

1
H N(C)hoequiv x A —>N(C)hoequiv

Coo —> > Con Coo —> =7 Com —7 Com+1 —7 7 Con

! U IS (ORUURNVS TORRS 1l IS I ! ! !

C10 =7 " =7 Cin Coo —> - =7 Com 7 Clym+1 —7 0 7 Cin

between idx(0),,equ, a0d sodi. Hence, N(C)o — N(C)noequiv is a weak equivalence.

Example 2.3.5. The classifying diagram N/ (M) of a model category M is a complete Segal space since
it is Reedy-weak equivalent to N(mM.y) which is a complete Segal space.

As in 2.2.6, we will like to be able to represent the condition of Segal completeness. Let E = discnerve I[1]
where I[1] is the category with objects 0, 1 and non-identity morphisms 0 — 1 and 1 — 0 which are inverse
to each other. We have the natural inclusion i : F/(1) — E. We can decompose 7 into a chain of inclusions

FO)=EW cE®@ c...cE

where EU) is the smallest sub-simplicial space containing the chain of maps 0 — 1 — 0 — - - - of length j.
We have E = colim EU).

The following theorem gives a representation of the inclusion Wheequiv — W1 up to weak equivalence:

Theorem 2.3.6 ([Rez01, Thm. 6.2, Prop. 11.1]). Suppose W is a Segal space. Then the map
HoMap, g, (£, W) — Wy
induced by the inclusion i : F(1) — E factors through Wheequiv C W1 and induces a weak equivalence

HOMa‘pl—sSp(Ev W) l> Whoequiv~

Proof. The proof is technical and is presented in [Rez01, Sec. 11] for Reedy-fibrant Segal spaces. The
general proof is the same, replacing mapping spaces with homotopy mapping spaces. O
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We can thus reformulate the completeness condition as follows

Proposition 2.3.7. Let W be a Segal space. The following are equivalent:

(i) W is a complete Segal space;
(ii) the map Wo — HoMap, 4g,(E, W) induced by the unique map E — F(0) is a weak equivalence;

(iii) for allm > 1 and every map f: OA™ x F(1) = W such that f(OA™ x {idp11}) C Whoequiv, there exists
a homotopy pushout square

AA" x F(1) —

w
lidxé’ lid
w

AA™ x F(0) ——

Proof. (1)< (ii) The map s : [1] — [0] extends to I[1] — [0], so we have a map of discrete nerves
F(1) = E — F(0). Applying HoMap, 4g,(—, W) and Thm. 2.3.6, we have the commutative diagram

WO —_— HOMapl—sSp(E7 W)

L ™~

Whoequiv — Wl

The vertical map is a weak equivalence, so Wy — Whgequiv 1S @ weak equivalence if and only if Wy —
HoMap, g, (£, W) is.

(1)< (iil) This is a purely formal result. m,—1 Wy — Tp—1 Whoequiv i an isomorphism (bijection for n = 1)
if and only if the pushout square in (iii) exists for all maps f such that f(OA™ x {idj1;}) C Whoequiv- O
The 0-space of a Reedy-fibrant complete Segal space can be characterised as follows:

Proposition 2.3.8. Let W be a complete Segal space. Then there is a bijection moWy = Ob W/ ~ where
Ob W/ ~ is the set of homotopy equivalence classes (x ~y if they are homotopy equivalent).

Proof. Since Wy — Whoequiv is @ weak equivalence, we have a bijection moWy — moWhoequiv- Hence, there
is a path from z to y in Wy if and only if there is a path in Whgequiv from id, to id,,.

Consider the homotopy pullback diagram

hoequiv(z, y)—— map(z,y) —— {(z,9)}

J |

Whocquiv( W1 WO X WO

Thus, = ~ y if and only if hoequiv(z, y) is non-empty if and only if there is a path in Wheequiv from id, to
idy,. O
We will like to construct a functor to obtain a complete Segal space from a Segal space in a universal way.

Definition 2.3.9. Let W be a Segal space, a Segal completion (or simply completion) of W is a complete
Segal space W with a map W — W which is universal among all maps from W to complete Segal spaces.

Proposition 2.3.10. There exists a functorial Segal completion W — W.

Proof. We construct the completion using the small object argument. We can decompose the map s°
F(1) — F(0) into a cofibration followed by a trivial fibration:

F(1) < N(I[1]) = F(0) = N([0]).

21



The second map is a trivial fibration since I[1] is equivalent to [0], and so their classifying diagrams are
Reedy-weakly equivalent.

We inductively define Segal spaces W. Let W° = W. Assume that W has been defined. Consider the
set D! of all maps ‘
f:0A" x F(1) - W*

ranging over all n and all maps such that f(9A™ x {idp}) C Wﬁoequiv. We define Wt to be the pushout

I ep (0A" x F(1)) s i

J]H(idxso) l . (2.3.10)

Hep: (OA™ x N(I[1])) —— i+t

Note that since the left hand map is a cofibration and W is cofibrant, the square is a homotopy pushout.

Let W = colim W*. Since A" x F(1) is compact, any map f : OA™ x F(1) — W factors through some
Wi, so we have a commutative diagram

f ) —
DA™ x F(1) Wi W

e Nk

OA" x N(I[1]) —— W} —— Witl —— 5

where W} is the pushout of the first square. The larger rectangle is in fact also a pushout: by composition

OA™ x F(1) Lwi s w5 W7, we obtain a series of pushouts WJZ for j > 4. The commutative
diagram
Wz*)WZJrlg)g)w

|77

Wi —— Wit —— .

shows that colim W; = colim W7 = W. So , we have

BA™ x F(1) —— 37 DA™ x F(1) —L— 77
colim lidxso = ch)lglrzn colim Jidxso = ccj)l>1rzn W; =W.
OA™ x N(I[1]) IA™ x N(I[1])

Thus, Wis a complete Segal space by Prop. 2.3.7(iii).

We need to prove that j : W — W is initial among all maps from W to a complete Segal space. Given
any map GO : W9 — Y where Y is complete, we note that GO(WhOCquiv) C Yhoequiv- The pushout squares
(2.3.10) (which are also homotopy pushouts) and Prop. 2.3.7(iii) thus give us the homotopy squares

I ep(@am x F(1)) —2L i 6

Y
J]_[(idxso) J J
Gt v

[ epi (OA™ x N(I[1])) —— Wit =—

We hence obtain a unique (up to isomorphism) G*° = colim G* : W = colim W' — Y satisfying G® o j =
GY.

The construction can easily be seen to be functorial (this is true of all constructions using the small object
argument). O

22



To conclude this section, we will construct a variant of the completion functor for Reedy-fibrant Segal
spaces.

Definition 2.3.11. Let W be a Segal space, a Reedy-fibrant Segal completion of W is a Reedy-fibrant
complete Segal space W with a map W — W which is initial among all maps from W to Reedy-fibrant
complete Segal spaces.

The Reedy-fibrant Segal completion Wis a Reedy-fibrant replacement of the Segal completion W, and in
Sec. 2.4, we show that it is Dwyer-Kan equivalent to W, and hence so is W.

Proposition 2.3.12. There exists a functorial Reedy-fibrant Segal completion W — w.

Proof. First, let R(W) be a Reedy-fibrant replacement of W. Prop. 2.3.7(ii) applied to a Reedy-fibrant
Segal space X implies that X is complete if and only if Xq = Map; g, (F, X). This implies that X is

complete if and only if

8A”><E#>X

J{idxso Jid
OA™ x F(0) —— X
is a homotopy pushout for all maps f: A" x B — X.
The map F — F(0) can be decomposed into a cofibration followed by a trivial fibration
E — N(I(1)) — F(0). (2.3.11)
Using the small object argument as in the proof of Prop. 2.3.10, we obtain j : R(W) — W which is initial

among all maps W to Reedy-fibrant complete Segal spaces. O

Note that the Segal completion and Reedy-fibrant Segal completion functors are unique by the universal
properties.

2.4 Segal space model structures and equivalences

We will now define the Segal space and complete Segal space model structures. We construct them as a
localisation of the Reedy model category structure.

First, we present some background on localisation.

Definition 2.4.1. Let M be a model category, and S a set of morphisms in M. An object W is S-local
if it is fibrant and for every map f: A — B in S, the induced map of function complexes

Map/\/l(fa W) : Ma‘p./\/l (B7 W) — Map./\/l (A7 W)
is a weak equivalence of simplicial sets.

A morphism g : X — Y in M is a S-local equivalence if for every S-local object W, the induced map
of simplicial sets
Map/\/l (ga W) : Map./\/l (K W) — Map./\/l (X7 W)

is a weak equivalence of simplicial sets.
Definition 2.4.2. The left Bousfield localisation of M with respect to S is a set of data LgM
consisting of the underlying category M and the following classes of morphisms:

(i) the class of weak equivalences is the class of S-local equivalences of M;

(ii) the class of cofibrations is the class of cofibrations of M;

(iii) the class of fibrations is the class of maps with the RLP with respect to all cofibrations which are
also S-local equivalences.
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LsM as defined above, in general, does not satisfy the model category axioms. However, when it is, it
corresponds to the usual notion of “localisation”, in the following sense.

Theorem 2.4.3 ([Hir03, Thm. 3.3.19]). Let M be a model category and S a set of morphisms in M.
Suppose LgM is a model category. Then, the identity map j : M — LgM is a left localisation of M
with respect to S, that is, for any model category N and left Quillen functor F : M — N such that

LF :Ho (M) — Ho (N)

sends S to invertible morphisms in Ho (N), F factors through j.

The main existence theorem for left Bousfield localisation can be stated as follows:

Theorem 2.4.4. Let M be a left proper cellular model category (e.g. M = 1-sSp). Then, for any set
of morphisms S in M, LgM 1is a left proper cellular model category. The fibrant objects of LsM are
precisely the S-local objects of M. A weak equivalence in M is an S-local equivalence. Conversely, an
S-local equivalence between S-local objects is a weak equivalence in M.

Proof. See [Hir03]. O
Note that left Bousfield localisation does not preserve the property of compatibility with Cartesian closure.

For simplicial spaces, Rezk gave a simple criterion to check if the localisation is compatible.

Proposition 2.4.5 ([Rez01, Prop. 9.2]). Let S be a set of morphisms in 1-sSp. Suppose for each S-local
object W, WFW s also an S-local object. Then, Lg(1-sSp) is compatible with Cartesian closure.

Theorem 2.4.6. There exists a model category structure on 1-sSp with the following properties:

(i) The cofibrations are the Reedy cofibrations.

(ii) The weak equivalences are maps f such that Map, g, (f, W) is a weak equivalence for all Reedy-fibrant
Segal spaces W.

(i11) The fibrations are the maps that satisfy the right lifting property with respect to all trivial cofibrations.
This is called the Segal space model category structure on 1-sSp, and is denoted as 1-SS. The

fibrant objects are precisely the Reedy-fibrant Segal spaces. A Reedy weak equivalence between two objects
XY is a weak equivalence in 1-SS and the converse is true if X, Y are Reedy-fibrant Segal spaces.

For Sp = CGHaus or sSet, this model structure is compatible with the Cartesian closure.

Proof. 1-S8S§ is obtained as the left Bousfield localisation of the Reedy model structure on 1-sSp with

respect to the set of maps
S ={G(k) = F(k)|k € N}.

By (2.2.6), we see that the S-local objects are precisely the Reedy-fibrant Segal spaces. Apply Theorem
2.4.4.

For the proof of compatibility with Cartesian closure, refer to [Rez01, Sec. 10]. O

Theorem 2.4.7. There exists a model category structure on 1-sSp with the following properties:

(i) The cofibrations are the Reedy cofibrations.

(i) The weak equivalences are maps f such that Map, g, (f, W) is a weak equivalence for all Reedy-fibrant
complete Segal spaces W'.

(iii) The fibrations are the maps that satisfy the right lifting property with respect to all trivial cofibrations.
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This is called the complete Segal space model category structure on 1-sSp, and is denoted as
1-CSS. The fibrant objects are precisely the Reedy-fibrant complete Segal spaces. A Reedy weak equivalence
between two objects X,Y is a weak equivalence in 1-CSS and the converse is true if X,Y are Reedy-fibrant
complete Segal spaces.

For Sp = CGHaus or sSet, this model structure is compatible with the Cartesian closure.

Proof. 1-CSS is obtained as the left Bousfield localisation of the Reedy model structure on 1-SS with
respect to the map f : E — F(0). By Cor. 2.3.7, we see that the f-local objects are precisely the Reedy-
fibrant complete Segal spaces. Apply Theorem 2.4.4.

For the proof of compatibility with Cartesian closure, refer to [Rez01, Sec. 12]. O

Definition 2.4.8. We will denote by 1-SeSp and 1-CSeSp the full subcategories of Segal spaces and
complete Segal spaces respectively, endowed with the complete Segal space model structure.

Corollary 2.4.9. Let W be a (complete) Segal space that is exponential (i.e. the internal hom-object W
exists for all X ), then for any simplicial space X, WX is a (complete) Segal space.

Proof. First, suppose W is Reedy-fibrant and X is Reedy-cofibrant, so W and X are fibrant and cofibrant
objects in 1-SS (resp., 1-CSS) respectively. By the compatibility with Cartesian closure, W¥ is also a
fibrant object in 1-8S (1-CSS), hence a complete Segal space.

In general, let W — R(W) be a Reedy-fibrant replacement of W and Q(X) — X be a Reedy-cofibrant
replacement of X, so they are Reedy weak equivalences. Hence, WX — R(W)2X) is a Reedy weak
equivalence, hence WX is a (complete) Segal space. O

We will now present some results on equivalences of Segal spaces. Recall that aside from the weak equiv-
alences in the various model category structures, we have also introduced Dwyer-Kan equivalence. We
summarise the results that Rezk proved in [Rez01] regarding the relationships between these equivalences,
while providing slightly simpler proofs and generalisations to non-Reedy fibrant Segal spaces.

Lemma 2.4.10. A Reedy weak equivalence of Segal spaces (as objects in 1-sSp) is a Dwyer-Kan equiva-

lence.

Proof. Let f : U — V be a Reedy weak equivalence of Segal spaces and Ho f : HoU — HoV the
induced functor on the homotopy categories. We want to show that Ho f is essentially surjective. For
any v € ObHoV = Ob V|, since g fo : moUy — moVp is a bijection, there exists u € ObU such that f(u)
and v are in the same path component of Vy. Hence, mapy, (f(u),v) ~ mapy (v,v) ~ mapy (v, f(u)) are
weakly homotopic in V4. Let f € mapy (f(u),v) and g € mapy, (v, f(u)) be lifts of id,, and F' and G be the
homotopies from f to id, and g to id, respectively. Using the weak equivalence Vo — V; x Vi, we get the
composition F o G = dy(lift of (G, F')) which is a homotopy in V; from f o g to id,. Hence, f o g =id, in
Hoy. Similarly, go f = id (), f(u) Zvin HoV.

For any z,y € U, we have
mapy; (z,y) = holim((z,y) — Uy x Uy < Up) = holim((f(z), f(y)) — Vo x Vo < V1) = mapy (f(z), f(v))
since f : U — V is a degree-wise weak equivalence. Hence, f is a Dwyer-Kan equivalence. O
Proposition 2.4.11. Let f : U — V be a morphism between two Reedy-fibrant complete Segal spaces.
Then, the following are equivalent:

(i) f is a Reedy weak equivalence;

(i) f is a weak equivalence in 1-SS;

(iii) f is a weak equivalence in 1-CSS;

(iv) f is a Dwyer-Kan equivalence;
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Proof. (i)<(il)<(iii) is a consequence of the Bousfield localisation (Thm. 2.4.4) and that U and V are
fibrant objects in 1-CSS.

(i)=(iv) is proven in Lemma 2.4.10.

(iv)=(i): Suppose f is a Dwyer-Kan equivalence between complete Segal spaces. Condition (i’) of
Def. 2.2.14 and Prop. 2.3.8, we have a bijection

moUop gObU/ ~— 1oV gObV/N

Since for any base point € Obz, map(z, ) — map(fz, fz) is a weak equivalence, we have Uy — V; is a
weak equivalence. Consider the homotopy diagram

map(z,y) — {(z,y)}

N

Uy ——— Uy x Uy

map(fz, fy) —| > {(fz, fy)}

N S

Vi—=WxW

The back square is a homotopy pullback since map(x,y) — map(fz, fy) is a weak equivalence. Since the
top and bottom squares are also homotopy pullbacks, so is the front square. Hence, Uy x Uy — Vi x Vj
being a weak equivalence implies that U; — V; is a weak equivalence. Weak equivalences in the higher
degrees follow from the Segal condition. O

Corollary 2.4.12. Let f : U — V be a morphism between two complete Segal spaces. All the equivalences
in Prop. 2.4.11 are the same:

Duwyer-Kan equivalence <= Reedy weak equivalence <=
Weak equivalence in 1-SS <= Weak equivalence in 1-CSS

Proof. Recall that there is a Reedy-fibrant replacement functor R : 1-sSp — 1-sSp which preserves Segal
spaces and complete Segal spaces and such that X — R(X) is a Reedy weak equivalence for all simplicial
spaces X. Since Reedy weak equivalences are weak equivalences in 1-§S and 1-CSS, the commutative

diagram
f
U
( (f) R

RU) 2 gy

4>V

implies that a map f : U — V of Segal spaces is a Reedy weak equivalence (or weak equivalence in
1-88 or 1-CSS) if and only if R(f) is a Reedy weak equivalence (or weak equivalence in 1-8§S or 1-CSS,
respectively).

Similarly, by Lemma 2.4.10, Reedy weak equivalences are Dwyer-Kan equivalences, so the vertical arrows
are Dwyer-Kan equivalences. Hence, f : U — V is a Dwyer-Kan equivalence if and only if R(f) is. [
Some of these equivalences can be generalised to Segal spaces.

Theorem 2.4.13. Let Sp = sSet or CGHaus and f : U — V be a morphism between two Segal spaces.

f is a Dwyer-Kan equivalence if and only if f is a weak equivalence in 1-CSS.

Proof. The functorial Segal completion gives us a diagram

H——

|-

<t——<



The vertical arrows are weak equivalences in 1-CSS and Dwyer-Kan equivalences by Cor. 2.4.16 below.
Hence, f is a weak equivalence in 1-CSS (Dwyer-Kan equivalence, respectively) if and only if f is. The
result then follows from Cor. 2.4.12. O

We now show that the completion functor is a weak equivalence in 1-CSS and a Dwyer-Kan equivalence.

Lemma 2.4.14. The inclusion E — N(I[1]) is a weak equivalence in 1-CSS and a Dwyer-Kan equivalence.

Proof. Recall that N(I[1]) — F(0) = N(]0]) is a Reedy weak equivalence since [0] — I[1] is an equivalence
of categories. So, it suffices to show that F — F(0) is a weak equivalence in 1-CSS, but this is true since
1-CSS is defined to be the Bousfield localisation of 1-SS with respect to this map.

That it is a Dwyer-Kan equivalence is a consequence of Prop. 2.2.16 since £ = discnerve I[1]. O

Proposition 2.4.15. Let Sp = sSet or CGHaus. The Reedy fibrant Segal completion W — W is a weak
equivalence in 1-CSS and a Dwyer-Kan equivalence.

Proof. First, let us assume that pushout squares which are also homotopy pushouts send Dwyer-Kan equiv-
alences to Dwyer-Kan equivalences, and that the filtrant colimit of a diagram of Dwyer-Kan equivalences
is a Dwyer-Kan equivalence.

We will show that the construction by small object argument given in Prop. 2.3.12 is a weak equivalence
in 1-CSS (Dwyer-Kan equivalence, respectively). By Lemma 2.2.16, E = discnerve I[1] — N(I[1]) is a
weak equivalence in 1-CSS and Dwyer-Kan equivalence. Since the push out squares are also homotopy
pushouts, they preserve weak equivalences (Dwyer-Kan equivalences). W — W+l is a weak equivalence
(Dwyer-Kan equivalences) for all i. Hence, W — W = colimWi is a weak equivalence (Dwyer-Kan
equivalences).

It now remains to prove the two claims. In both cases, the corresponding result is clear with homotopy
categories and equivalences of categories. For Sp = sSet or CGHaus, they are locally finitely presentable
categories, and so is 1-sSp = Fun (A°P Sp). Hence, filtrant colimits commute with finite limits (in
particular, pullbacks). This implies that given a filtrant colimit f = colim f;, the filtrant colimit of
map(fiz, f;y) is map(fz, fy). The result now follows since weak equivalences are preserved by homotopy
pushouts and filtrant colimits. O

Corollary 2.4.16. Let Sp = sSet or CGHaus. The Segal completion W — W is a weak equivalence in
1-CSS and a Dwyer-Kan equivalence.

Proof. By the universal properties, there exists a unique map W — W and W = W. In the diagram

W*)W%W7
\/

~

since two of the maps are weak equivalences (Dwyer-Kan equivalences, resp.), so is the remaining. O
In light of the relation between the complete Segal space model structure and Dwyer-Kan equivalences, it
is reasonable to take complete Segal spaces as our notion of (oo, 1)-categories.

Definition 2.4.17. An (oo, 1)-category is a complete Segal space.

Remark 2.4.18. As previously mentioned, this notion is not entirely standard. Most authors (e.g.
[Rez01]) take Reedy-fibrant complete Segal spaces for Sp = KComp as a model of (0o, 1)-categories.
Finally, we will like to understand what are the co-groupoids in the category of (oo, 1)-categories. Intu-
itively, we can make the following definition.

Definition 2.4.19. We say that a Segal space W is an oo-groupoid if HoW is a groupoid. W is an
oo-groupoid if and only if all 1-morphisms have homotopy inverses.
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We will like to compare this definition of co-groupoids with other known models of co-groupoids, for
example, the Kan complexes. To do so, we need to quickly review the notions of quasicategories (for a
more detailed discussion, one can refer to, for example, [Joy08]).

A quasicategory is a simplicial set X satisfying the internal Kan condition, that is, for all £k > 0 and
0 < i < k, any map A¥ — X can be extended to A¥ — X. This can be given by the diagram

Af —— X
‘L//H

Ak

Joyal showed that quasicategories give a good model of (00, 1)-categories. There is another model structure
on sSet, known as the Joyal model structure, which we will denote by QC, in which the cofibrations are
monomorphisms and the weak equivalence are categorical equivalences (see [Joy08]). The fibrant-cofibrant
objects are precisely the quasicategories. Indeed the standard model structure on sSet is the left Bousfield
localisation of QC with respect to the outer horn inclusions. The two model category structures coincide
on the full subcategory KComp of Kan complexes. Joyal and Tierney also showed that the quasicategory
model is equivalent to the complete Segal space model (where Sp = sSet):

Theorem 2.4.20 ([JT07, Thm. 4.11]]). There is an adjoint pair of functors
pi: QC — 1-CSS : i}

which is a Quillen equivalence.
Proof. See [JTOT]. O

The functor p} sends a simplicial set X to the discrete simplicial space given by [k] — X}, while the
functor i1 sends a simplicial space Y to the simplicial set [k] — (Y%)o. The notations i; and p; refer to
the fact that they are induced by the inclusion i; : A — A X A into the first component and the projection
p1: A X A — A of the first component if we view simplicial spaces as bisimplicial sets (with the vertical
Reedy model structure).

If X is a Kan complex, then p; X is a simplicial space in which all 1-morphisms have homotopy inverses by
the outer horn extensions. Taking its fibrant replacement in 1-CSS, we thus get an co-groupoid. Conversely,
if Y is an oo-groupoid in 1-CSS, i7Y is a Kan complex since every 1-morphism has a homotopy inverse.
Hence, we get an equivalence of categories:

Corollary 2.4.21. The Quillen equivalence of Thm. 2.4.20 induces an equivalence of homotopy categories
L(Rop]): HoQC D HoKComp — Ho1-SeSp, C Ho1-CSS : Ri]

where R is a fibrant replacement functor in 1-CSS and 1-SeSpy, is the full subcategory of co-groupoids in
1-CSS.

2.5 Segal n-spaces and complete Segal n-spaces

In this section, we will generalise the notions defined in the previous sections to give a suitable construction
for (0o, n) categories. Most of the work will proceed by induction on the (0o, 1) category case.

Definition 2.5.1. A simplicial n-space (or n-fold simplicial space) is a simplicial object in the category
(n — 1)-sSp of simplicial (n — 1)-spaces, that is, a functor X : A°®? — (n — 1)-sSp. Let X = X([k])
denote the k-th simplicial (n — 1)-space, with the usual face and degeneracy maps d; and s;. The simplicial
n-space can also be viewed as a functor X : (A°P)” — Sp. Let Xy, . .k, = X([k1],-..,[kn]), with the
order of the indices such that X = X ([k]) = X ({[k]} X AP x -+ X AP) = X} o .

The category of simplicial n-spaces is the functor category

n-sSp = Fun (AP, (n — 1)-sSp) = Fun ((A°P)", Sp).
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There is an embedding Sp < n-sSp that takes a space X to the constant simplicial n-space X where
Xtk = X for all kq,...,k, > 0. For r < n, we can also embed r-sSp — n-sSp as a r-constant
simplicial n-space by mapping a simplicial r-space X to the simplicial n-space, also called X, where

We say that X is a discrete simplicial n-space if X}, is a constant simplicial (n — 1)-space for all k. We
say that X is r-discrete if X}, is an (r — 1)-discrete simplicial (n — 1)-space, that is, Xk, . k,.e, .. 1S &
constant simplicial (n — r)-space.
The function complex from X to Y is the simplicial set M(X,Y) where

M(X,Y)), = Hom,,ssp(X x AF.Y) or Hom,, ssp(X x |AF],Y)

where A* (|A*| for Sp = Top or CGHaus) is the (geometric) k-simplex taken as a constant simplicial
n-space.

For each 0 < r < n, we can define a notion of r-mapping space, which is a simplicial r-space (simplicial
0O-space = space).

For r = 0, as in the n = 1 case, we define Mapg_ssp(X,Y) = |IM(X,Y)| for Sp = Top or CGHaus and
Map;,_.gp(X,Y) = M(X,Y) if Sp = KComp or sSet.

For r > 1, let F.(k) be the discrete simplicial r-space where
Fy(k) = Homa ([, [k))-
We can further regard F.(k) as a r-constant simplicial n-space for any n > r. Explicitly,
Ee(k)u,...1, = Homa ([ln—ria], [K])-

We have F(k) = F(k) as defined in Section 2.1. We can also set Fy(k) = A* or |A¥|. Note that F,.(k) is
generated by idjy) € F(k)g.

We can construct the r-mapping space by induction on r: the k-simplicial (r — 1)-space of Map;, 5, (X,Y")
is defined to be
Map), o5 (X, Y)r = Map] 5 (X x F.(k),Y)

n-sSp
For 7 = n, we obtain the internal hom-object Y = Map),_.g,(X,Y).
Alternatively, we see that for r < n,
Map], esp (X, Y )k, b, = Map)) g (X X Fr(ky) x -+ x Fy(ky),Y).
For simplicity, write F) (ki,..., k) for F, (k1) x -+ X F,_r+1(ky). Let F] be the category consisting of
objects Fl(ki,..., k).
We have

Mapg_ssp(Flf(ku ooy kn), Y) = Homyssp ({ide, b % - X {idp, )b Yo okn) = Yo,k

Hence,

Map” & (F,(k),Y)

n-sSp

(Mapy,_ogp (Fn(k) x P (k1o kne1), Y ) ey

..... 1 )ktsebn 1 = Y.

IR
=
x

Let OF, (k) be the largest simplicial subspace of F), (k) not containing idjy.
As for n = 1, there is a Reedy model category structure on n-sSp.

Theorem 2.5.2. There exists a model category structure on n-sSp = Fun (A°P (n — 1)-sSp), called the
Reedy model structure, where f : X =Y is a

(i) weak equivalences if fi : Xy — Yy are degree-wise weak equivalences (in (n — 1)-sSp);
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(i) cofibrations if the induced maps
Xk- H (U SiYk—l) — Yk
UsiXk—1
are cofibrations in (n — 1)-sSp;

(i11) fibrations if the induced maps
Xk — Yk XYy, 8Xk

are fibrations in (n — 1)-sSp.

n-sSp is Cartesian closed and the Reedy model structure is compatible with Cartesian closure and proper.
It is cofibrantly generated and cellular.

Note that this is equivalent to the Reedy model structure obtained regarding n-sSp as Fun ((A°P)", Sp)
since they have the same weak equivalences and fibrations.
As for n = 1, any simplicial space can be written as the colimit of some “standard simplices”.

Proposition 2.5.3. Let Sp = KComp or CW, then for any simplicial n-space X, we have

=] colim F(ky,. .. k) ¥ Al
(Fr(ky,e.., kn)xAl—X)EFn | X

If X is r-discrete, then

X colim E7 (k).
(Fr(k)—X)eFr X

The notion of mapping spaces Map;, 4g,(X,Y’) is not homotopy invariant if ¥ is not Reedy-fibrant. We
can use the decomposition of a simplicial space to define a homotopy invariant version of the mapping
space.

Definition 2.5.4. Let X be a simplicial space with Sp = KComp or CW and Y be any simplicial space,
then the homotopy s-mapping space is defined to be

HoMap;,_.g,(X,Y) = _— F(Llir)ri AHx)lwaqa;i_ssp(M;(k;l, o k) X ALY,

If X is r-discrete, the homotopy (n — r)-mapping space is

HoMap! & (X,Y) = holim X)Map"_r (Fy(k1y... k), Y) —

holim Yk k. e °-
n-sSp (Fr(kn o) — n-sSp Lyeneshr, @5eeey

Fr(ki,...kr)—X

We are now ready to define Segal n-spaces.

Definition 2.5.5. A simplicial n-space X is essentially constant if there exists a weak equivalence
X — X' where X’ is a constant simplicial n-space.

Definition 2.5.6. A Segal n-space W is a Reedy-cofibrant simplicial n-space satisfying

(i) W}, are Segal (n — 1)-spaces;

(ii) for all k,! € N, the square
Wit —— Wy

L

W, —— Wy
is a homotopy pullback in the Reedy model category structure on (n — 1)-sSp; and

(iii) Wy is essentially constant.
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The category of Segal n-spaces n-SeSp is a full subcategory of n-sSp.
We will sometimes call a Reedy-cofibrant simplicial n-space satisfying (i) and (ii) but not (iii) a pre-Segal

n-space.

As in the n =1 case, the Segal condition can be reformulated as
~ . do dy do do dy
Wi — holim(Wy —= Wy «— W1 — -« —= Wy «— W)
is a weak equivalence or equivalently

HoMap! & (F,(k), W) = HoMap"_&_ (G (k), W)

n-sSp n-sSp
is a weak equivalence, where 4
Gn(k) = UZJaiF, (1) C Fy (k).

The essentially constant condition can also be reformulated as a weak equivalence
HoMap,, sp, (Fi (0, k2, ..., ky), W) = HoMap),_.g,,(F7(0,...,0),W).
for each (ka,..., k).

We can unfold Def. 2.5.6 to give a precise description of a Segal n-space in terms of Segal spaces:

Definition 2.5.6A. A Segal n-space is a Reedy-cofibrant simplicial n-space W : (A°P)" — Sp satisfying

(i) forall 1 <i<nand ky,..., ki1, Kig1,- - ks Why ko e kivs,.. k, 15 @ Segal space; and

(i) for all 1 <4 <mand k1,...,ki—1, Wi, ... ki_1.,0,e,...,e 1S essentially constant.
As before, Def. 2.5.6A can be rephrased using (2.2.6)

(i) for all 1 <4 < n and n-uple (ki,...,k,), there is a weak equivalence
HoMap}, osp (Fir (k1. kn), W) =
HOMap?l_ssp(F,Z_l(kl, ceay ki—l) X Gn—z(kl) X Fg_‘i(ki-l-la ceey k‘n), VV)7

(ii) for all 1 <i<mn and (n — 1)-uple (k1,...,ki—1,kit1,--.,kn), there is a weak equivalence

HoMap}, osp (Fir (K1, .., ki—1,0, ki, ... kn), W) — HoMapy, g (Fy(k1, . . ki—1,0,...,0),W).

We will now define the homotopy category associated to a Segal n-space.

Definition 2.5.7. Let W be a Segal n-space. Let Ob W be the points in Wy, o. For any zo,...,zx €
Oby, let mapiy, (2o, . . ., %) be the homotopy fibre of the map of simplicial (n — 1)-spaces Wy, — (Wp)*+1
at (xo,...,xx). mapyy(To,...,rx) is a Segal (n — 1)-space since, using Def. 2.5.6A, we can easily check
that the weak equivalences are preserved under homotopy pullbacks. By the Segal condition, we have the
weak equivalence
1 ~ 1 1
mapyy (zo, - . ., Tk) — mapyy (g, 1) X ... X mapy (Tr—1, Tk).

Inductively, for 1 < r < n and fy,...,f; € map%l(xo,...,xk), let mapjy, (fo,..., fi) be the homotopy
fibre of the map of simplicial (n — r)-spaces

map’{,;l(xl, B (map};l(:z:l, . ,a:k)o)lﬂ.

A 1-morphism is an object f : x — y in map‘l,v(x,y) for objects x,y € ObW. An r-morphism f:z — vy
is an object in mapjy, (x,y) where  and y are (r — 1)-morphisms. Two r-morphisms f,g : * — y are
homotopic if they lie in the same component of map”(z, y)o,....0-

Given two r-morphisms f :x — y ans g : y — z, let k be a lift of (f,g) under the weak equivalence
mapiy (z,y, 2) — mapjy (z,y) x mapjy (y, ). (2.5.12)

The composition g o f is defined to be dik € mapj, («, z).
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Proposition 2.5.8. Composition of r-morphisms is well-defined up to homotopy in mapyy, (x, z). Compo-
sition is associative and has identity up to homotopy.

Proof. The proof is identical to that of Prop. 2.2.11. O

Definition 2.5.9. Let W be a Segal n-space. The homotopy 1-category (or simply homotopy cate-
gory) HoW = Ho W is the category with objects ObW and for each pair x,y € Ob W, Homiy (z,y) =
momapy, (z,y)o,... o0 is the set of path components of the space mapiy (2, y)o....0-

We can also define a higher categorical version of homotopy categories. However, since the homotopy 7-
category is an example of a weak r-category and is difficult to construct, we will only define the homotopy
2-category which we will need later in studying the adjoints in a Segal n-space.

Definition 2.5.10. A bicategory C is the following collection of data (see [Lei98] for the complete
definition):
e a class of objects ObC, called 0-cells;

e for each pair of objects A, B, a category C(A, B) whose objects are call 1-cells and morphisms
2-cells;

e for objects A, B, C, an identity functor ¢4 : * — C(A4, A) and a composition functor pa, g.c : C(A, B)X
C(B,C) = C(A,C);

e natural isomorphisms p4,c p o (1a,,c X ide(o,p)) = UAB.D O (ide(a,By X 1B,c,p) (associativity),
[A,B,BO (idC(A,B) Xig) = ide(a,py and a4 o (idC(A,B) Xig) = ideca, By (identity) satisfying the
pentagon law.

Definition 2.5.11. The homotopy 2-category Ho W of a Segal n-space W is the bicategory where

ObHo,W = ObW;

for each pair z,y € Ob W, Ho oW (z,y) = Homapiy (z,y);

the identity functor is defined by * — spxz € Homapiy (z,x) and the weak equivalence (2.5.12) gives
an equivalence of homotopy categories and hences a functor

Ho mapyy (z,y) x Homapy, (y, z) — Homapy, (z,y, z) — Homapy, (z, 2);

Prop. 2.5.8 gives the natural isomorphisms which we can check to satisfy the pentagon law.

We will extend the definition of Dwyer-Kan equivalences (Def. 2.2.14) inductively to Segal n-spaces.

Definition 2.5.12. A map f: U — V of Segal n-spaces is a Dwyer-Kan equivalence if

(i) the induced map Ho f : HoU — HoV is an equivalence of categories; and

(i) for each pair of objects z, ' € U, the induced function map; (x,z") — mapy (fz, fz') is a Dwyer-Kan
equivalence of Segal (n — 1)-spaces.

Let ObU/ ~ denote the equivalence classes of objects in U under homotopy equivalence. We can refor-
mulate condition (i) as

(i) the induced map ObU/ ~— ObV/ ~ is a bijection on the equivalence classes of objects.
The pair of conditions (i’) and (ii) is equivalent to the pair (i) and (ii).

Using Ag, we obtain a series of definitions and results similar to before.
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Definition 2.5.13. A semisimplicial n-space is a functor X : (Ag?)" — Sp. Equivalently, for n > 2,
it is a functor X : AJ” — (n — 1)-semisSp where n-semisSp is the category of semisimplicial n-spaces.

A semiSegal n-space is a Reedy-cofibrant semisimplicial n-space X : AJ’ — (n — 1)-semisSp satisfying
the conditions in Def. 2.5.6 (replacing Segal (n — 1)-space with semiSegal (n — 1)-space).

Proposition 2.5.14. Let W be a simplicial n-space. Then W is a Segal n-space if and only if W|(A8P)n
is a semiSegal n-space.
As before, Segal n-spaces do not give a correct notion of (oo, n)-categories. We will like to define complete

Segal n-spaces.

Definition 2.5.15. A l-morphism ¢ : z — y is a homotopy equivalence if there exist f,h: y — x such
that go f ~ id, and ho g ~ id;. Let Wheequiv C Wi be the maximal subsimplicial (n — 1)-space with
objects being homotopy equivalences between 1-morphisms. The embedding Wy =% W, factors through
Whoequiv~

Since all homotopy equivalences g lie in Wi g, o, we get that Wheequiv 1S @ constant simplicial (n — 1)-
space. Indeed, g is a homotopy equivalence if and only if it is a homotopy equivalence in the Segal
1-space (Wgo,....0)k. Hence, Whoequiv is the constant simplicial (n — 1)-space determined by the space
(We.0,....0)hoequiv- Thus, Wy — Wheequiv is a weak equivalence if and only if Wy o — (We0,....0)hoequiv S

Definition 2.5.16. A complete Segal n-space W is a Segal n-space satisfying:

(i) Wy is a complete Segal (n — 1)-space for each k; and

(ii) Wo — Whoequiv 1S a Reedy weak equivalence of Segal (n — 1)-spaces.
By the argument above, we can rewrite condition (ii) as
(ii’) Wayp,....0 is a complete Segal space.
We will sometimes call a pre-Segal n-space satisfying (i) and (ii) a pre-complete Segal n-space.

Unfolding the definition, we can explicitly describe a Segal n-space as follows:

Definition 2.5.16A. A complete Segal n-space is a Segal n-space W satisfying: for all 1 <14 < n and
ki, .. ki—1, Wiy ki1 .e0,..0 18 a complete Segal space.

Let E, be the r-discrete r-constant simplicial n-space generated by the space E = discnerve I[1]. We can
define the Segal space and complete Segal space model structures as localisations of the Reedy model struc-
ture on n-sSp. By Prop. 2.3.7, the condition in Def. 2.5.16A can be represented by the weak equivalence

~

HoMap,, .gp (Fir (K1, ..., ki—1,0...,0),W) =
HoMap$) g (Fr (k..o kic1) X By x FP =} (kig, ..o kn), W).

As in Section 2.3, we can construct completion functors.

Definition 2.5.17. Let W be a Segal n- space. A Segal completion (or simply completion) of W is a

complete Segal n-space W with a map W — W which is universal among all maps from W to complete
n-Segal spaces. A Reedy-fibrant Segal completion of W is a Reedy-fibrant complete Segal n-space W
with a map W — W which is universal among all maps from W to Reedy-fibrant complete n-Segal spaces.

Proposition 2.5.18. Let W be a Segal n-space. There exists a functorial Segal completion W — W and
a functorial Reedy-fibrant Segal completion W — W.

Proof. The proof is by the small object argument and is similar to that for Props. 2.3.10 and 2.3.12.
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The Segal completion W is constructed as the colimit of pushouts of the diagrams

aAl><F,?(kl,...,ki,1,1,07...,0) ! w

J

OA! x Fril_l(]fl, .. ~7ki—1) X N(I[l])z X F,:;:Z(O, .. ,O)

where N (I[1]); is the i-discrete i-constant simplicial n-space and

f(aAl X {ld[kl] X ~--id[;€i71] X ldm X ld[O] X oo X ld[o]) C (Wk-,l7,,,,]@-,1,o,O,...,O)hoequiv.

The Reedy-fibrant Segal completion W is constructed using the diagrams

DAl x Fi~1(ky, ... ki_1) x Ei x F'=i(0,...,0) —— 4w

|

OAL x Fi=Y(ky, ... ki—1) x N(I[1]); x F"=}(0,...,0)
O

Theorem 2.5.19. There exists a model category structure on n-sSp = Fun ((A°P)", Sp) with the following
properties:
(i) The cofibrations are the Reedy cofibrations.

(i) The weak equivalences are maps f such that Map?l_ssp(f7 W) is a weak equivalence for all Reedy-
fibrant Segal n-spaces W.

(iii) The fibrations are the maps that satisfy the right lifting property with respect to all trivial cofibrations.
This is called the Segal n-space model category structure on n-sSp, and is denoted as n-SS. The

fibrant objects are precisely the Reedy-fibrant Segal n-spaces. A Reedy weak equivalence between two objects
X, Y is a weak equivalence in n-SS and the converse is true if X, Y are Reedy-fibrant Segal n-spaces.

For Sp = CGHaus or sSet, this model structure is compatible with the Cartesian closure.

Proof. n-8S is obtained as the left Bousfield localisation of the Reedy model structure on n-sSp with
respect to the set of maps

S = {F Ry kin) X Goilka) X Fp =l (Rigs - kn) = F (R, k)b
U {F,:'(]{il, - 7ki_1,0, - ,0) — F:(k‘l, ey ki_l,O,k‘i, . ,kn)}
Theorem 2.4.4 implies the rest of the statements.
The proof of compatibility with Cartesian closure is similar to that given in [Rez01, Sec. 10]. O
Theorem 2.5.20. There exists a model category structure on n-sSp = Fun ((A°P)™, Sp) with the following
properties:

(i) The cofibrations are the Reedy cofibrations.

(ii) The weak equivalences are maps f such that 1\/Iap?l_ssp(f7 W) is a weak equivalence for all Reedy-
fibrant complete Segal n-spaces W .

(i5i) The fibrations are the maps that satisfy the right lifting property with respect to all trivial cofibrations.
This is called the complete Segal n-space model category structure on n-sSp, and is denoted
as n-CSS. The fibrant objects are precisely the Reedy-fibrant complete Segal n-spaces. A Reedy weak

equivalence between two objects X,Y is a weak equivalence in n-CSS and the converse is true if X,Y are
Reedy-fibrant complete Segal n-spaces.

For Sp = CGHaus or sSet, this model structure is compatible with the Cartesian closure.
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Proof. n-CSS is obtained as the left Bousfield localisation of the Reedy model structure on n-SS with
respect to the set of maps

S={F"k1,....ki_1) x By x F'" ki1, ..o ky) = F(k1, ... kiz1,0...,0)}.
Theorem 2.4.4 implies the rest of the statements.
The proof of compatibility with Cartesian closure is similar to that given in [Rez01, Sec. 12]. O
Definition 2.5.21. We denote by n-SeSp and n-CSeSp the full subcategories of Segal n-spaces and
complete Segal n-spaces endowed with the model structure of n-CSS.
We have same results regarding equivalences of Segal n-spaces as for Segal 1-spaces.

Theorem 2.5.22. Let f : U — V be a morphism between two complete Segal n-spaces. Then, the following
notions are all equivalent:

Duwyer-Kan equivalence <= Reedy weak equivalence <=
Weak equivalence in n-SS <= Weak equivalence in n-CSS

Let f: U — V be a morphism between two Segal n-spaces. f is a Dwyer-Kan equivalence if and only if f
is a weak equivalence in n-CSS.

The Segal completion map W — W and the Reedy-fibrant Segal completion map W — W are both weak
equivalences in n-CSS and Dwyer-Kan equivalences.

Proof. The proof follows by induction on n. Assuming that the identification between the different equiv-
alences has already been shown for Segal (n — 1)-spaces and using the fact that

Fi Mk, k1) x By < EP =i (kis1y .o kn) = Fr(k1y. .. kiz1,0...,0)

—1

is both a weak equivalence in n-CSS and a Dwyer-Kan equivalence, the remainder of the proof for Segal
n-spaces is exactly the same as in the n = 1 case. O

As in the previous section, it is reasonable to take complete Segal n-spaces as our notion of (oo,n)-
categories.

Definition 2.5.23. An (co,n)-category is a complete Segal n-space.

We can also embed m-SeSp into n-SeSp for r < n. Let Sp = sSet.

Definition 2.5.24. A Segal (n — 1)-space in n-CSS is a Segal n-space such that all n-morphisms
are invertible up to homotopy, that is, for all (n — 2)-morphisms z,y, the category Homap"~!(z,y) is a
groupoid.

Claim 2.5.25. There is an equivalence of homotopy categories
L(Rop}]):Ho(n —1)-SeSp — Hon-SeSp,,_; : Ri}
where R is the fibrant replacement functor in n-CSS and n-SeSp,,_; is the full subcategory of Segal (n—1)-
spaces in n-SeSp.
We give an idea of how to prove the above claim.

Sketch of proof. First, note that we can define a Reedy model structure on n-sSp over the Joyal model
structure QC on sSet. Applying the left Bousfield localisation as in Thm. 2.5.20, we obtain a model
structure which we will call n-CSSg¢c. The fibrant-cofibrant objects are Joyal-Reedy-fibrant simplicial
n-spaces satisfying the Segal, completeness and essentially constant conditions. In particular, for any
fibrant-cofibrant object X, Xy, .., are quasicategories.

By induction on n and Thm. 2.4.20, we obtain a Quillen equivalence

p i (n—1)-CS8Sgc — n-CSS : ]
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where p} takes a simplicial (n — 1)-space X to a simplicial n-space [k1,...,kn] = Xk, &

ko, and ¢ takes
a simplicial n-space Y to a simplicial (n — 1)-space i{Y where (i{Y)y,.. ..k, , are simplicial sets given by
(k] = (Yoo ks ko

The identity functor (n — 1)-CSS — (n — 1)-CS8Sg¢ is compatible with the model category structure and
the two model category structures are the same on the subcategory (n — 1)-SeSp (where we require each
underlying simplicial set to be a Kan complex).

As in the proof of Cor. 2.4.21, given any Segal (n — 1)-space X, all n-morphisms in pj X are invertible
up to homotopy, so its fibrant replacement in n-CSS is a Segal (n — 1)-space. Conversely, for any Segal
(n — 1)-space Y in n-SeSp, i7Y is a Segal (n — 1)-space. This completes the proof of the theorem. O

Definition 2.5.26. For 1 < r < n—1, a Segal r-space X in n-CSS is a Segal r-space i; X in (n—1)-CSS.
An oo-groupoid in n-CSS is an co-groupoid in (n — 1)-CSS.

2.6 Symmetric monoidal Segal n-spaces

We have thus far defined a notion of (0o, n)-categories, specifically the complete Segal n-spaces. We would
like to endow the category with an additional “algebraic” structure. Informally, given an (co,n) category
C, we want to define a functor ® : C' x C' — C' that is associative, symmetric and has an identity.

First, we recall the definition of a symmetric monoidal (1-)category.

Definition 2.6.1. A (symmetric) monoidal category is a category C equipped with a bifunctor ® :
C xC —C,aunit 1 € C and the following natural isomorphisms:

a®(b®c) = (a®b)®c
a®l a3 1®a
(a®@b = b®a)

for all a, b, ¢ € C, satisfying the some coherence properties (see [Mac71]). A monoidal functor ' : C — D
between two (symmetric) monoidal categories is a functor with the following natural isomorphisms in D:

Fle)@ F(d) = Fle® ) and F(1¢) = 1p
satisfying some coherence properties (see [Mac71])
The product of (symmetric) monoidal categories is (symmetric) monoidal, by taking ® to be component-
wise.

For infinity categories, the logical extension of the definition will be to replace natural isomorphisms with
natural weak equivalences and to ask that they are coherent up to homotopy. Checking the coherence
properties, while already difficult for 1-categories, will be forbidding in higher category settings.

To generalise the construction to higher categories, we will use an alternative internal definition of sym-
metric monoidal categories. The ideas are derived from Segal’s I'-space construction.

Let I'w, be the skeleton of the category of pointed finite sets. We write the objects of ' as (r) = {0,...,r}
pointed at 0. The morphisms are pointed maps of sets. Define I'; to be the category with the same objects
as I, and such that each morphism is the data of a pointed map of sets ¢ : (k) — () together with an
ordering within each set ¢~1(i) for 1 < i <. There is an obvious forgetful functor ¢+ : I'; — I's..

In particular, we have the maps
pi: (r) = (1) : j = i
inT;and Ty for 1 <7< r.
Definition 2.6.1A. A pre-monoidal category is a functor X : I'; — Cat. Let X,. = X ((r)]).

A monoidal category is a a pre-monoidal category X such that the induced maps
T T
[1ei: % =[x
i=1 i=1
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are equivalences of categories for all » > 0. For r = 0, this implies that Xy = {*} is a single point.
A pre-symmetric monoidal category is a functor X : I',, — Cat. Let X, = X (({r)).

A symmetric monoidal category is a pre-symmetric monoidal category X such that the induced maps

T T
H Pix + Xy — H X1
i=1 i=1
are equivalences of categories for all r > 0.

The 2-category of (symmetric) monoidal categories is thus a full subcategory of the 2-category of categories.
There is a forgetful functor from the 2-category of symmetric monoidal categories to the 2-category of
monoidal categories given by pre-composition with ¢ : 'y — I'.

The two definitions are equivalent by the following identification:
Proposition 2.6.2. Let X be a monoidal category as in Def. 2.6.1A. The unique inclusion sq : (0) — (1)
defines an object 1 = so.(*) € Xy. The diagram

dl*
Xog—— X,

P
-
d2*><d0*lw .
)
-
X1 X X1

defines a bifunctor ® : X7 x X1 — X;. (X1,®,1) is a symmetric monoidal category in the sense of
Def. 2.6.1.

Conversely, given any monoidal category (C,®,1), there is a well-defined functor X : Ty — Cat such that
X, = C®" is the category of r-uples of objects in C. This gives a monoidal category as in Def. 2.6.1A.

There is a similar identification for symmetric monoidal categories.
Proof. We omit the proof. O

We can extend the ideas of Def. 2.6.1A to infinity categories. Toén and Vezzosi [TV11] gave a construc-
tion for symmetric monoidal (oo, 1)-categories. We give a simple generalisation to (oo, n)-categories. For
infinity categories, the right notion of symmetric monoidal structure should allow for associativity and
commutativity up to homotopy. Therefore, it is natural to replace I'y and I', with their infinity counter-
parts. As I'y and 'y, are 1-categories, all higher morphisms are invertible, so it suffices to replace them
with (oo, 1)-categories.

We recall the notions of the classifying diagrams for categories and model categories in Examples 2.2.6
and 2.2.8. For n = 1,00, N(I';) = N(I',isol';;) is the classifying diagram of the ordinary category T',,.
N(n-CSS) = N(n-CSS,wen-CSS) is the classifying diagram of the model category n-CSS with respect to
the weak equivalences.

Definition 2.6.3. A pre-monoidal simplicial n-space is a map of simplicial spaces X : N(T'y) —
N(n-CSS). Let X, = X({r)) € n-CSS.

A monoidal simplicial n-space is a a pre-monoidal simplicial n-space X such that the induced maps

Hpi* X, — HX1
i=1 i=1

are Dwyer-Kan equivalences of Segal n-spaces for all » > 0. For r = 0, this implies that X is weakly
equivalent to a point (seen as a constant simplicial (n — 1)-space).

A pre-symmetric simplicial n-space is a map of simplicial spaces X : N(I'ss) — N(n-CSS). Let
X, =X({r)) e n-CSS.
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A symmetric simplicial n-space is a pre-symmetric monoidal category X such that the induced maps

Hpi* X — HXl
i=1 i=1

are Dwyer-Kan equivalences of Segal n-spaces for all r > 0.

A (pre)-(symmetric) monoidal Segal n-space (complete Segal n-space, respectively) is a (pre)-
(symmetric) monoidal simplicial n-space such that X; is a Segal n-space (resp., complete Segal n-space).

The underlying Segal n-space of a (symmetric) monoidal Segal n-space X as defined above is X;. The
identity object is given by sg.(x) € Ob X;. The diagram

P12x

Xo—— X4

P
7
* XP2x | g
P1 le e
Ve

X1XX1

where p12 : [2] — [1] sends 1,2 — 1 (we choose any ordering in I'y), gives a non-functorial map (i.e. not
a map of simplicial n-spaces) ® : X7 x X; — X;: we can lift each element in X; x X; to X2 but not
necessarily in a functorial way. Nevertheless, the induced map

[ HOX1 X HOX1 —)HOXl

is a functor and exhibits Ho X; as a (symmetric) monoidal category. By the equivalence Ho X, — Ho (X;)",
Ho X, is a (symmetric) monoidal category as well.

If X5 and X; are Reedy-fibrant complete Segal spaces, then the Dwyer-Kan equivalence Xy — X7 x X; is
a homotopical equivalence, so it has a homotopy inverse. The composition of this homotopy inverse with
P12+ + Xo — X5 gives a functorial map (i.e. a map of simplicial n-spaces) ® : X7 x X7 — Xj.

Conversely, given a complete Segal n-space W and a map of simplicial n-spaces ® : W x W — W | it has a
(symmetric) monoidal structure if there is a map of simplicial spaces X : N(I';)) = N(n-CSS) (n = 1,00)
such that X, — W" is a Dwyer-Kan equivalence for all r.

Let X and Y be two (symmetric) monoidal (oco,n)-categories. We will like to consider (symmetric)
monoidal functors between these two categories. Intuitively, a symmetric monoidal functor is a natu-
ral transformation between the two functors X,Y : N(I'y) — N(n-CSS). We can view the collection of
(symmetric) monoidal functors Fun ®(X,Y) as a sub-(co, n)-category of Fun (X,Y), the category of all
functors from X — Y obtained by forgetting the monoidal structure. Formally, we define Fun®(X,Y) as
follows:

Definition 2.6.4. The collection of (symmetric) monoidal functors between two (symmetric) monoidal
simplicial n-spaces X and Y forms a simplicial n-space Fun® (X,Y) given by

.....

where map(—,—) are the mapping spaces in the (0o, 1)-category N7 (n-CSS)NUn) and F(ki,..., k)
are constant functors N(I',) — N/(n-CSS). The face and degeneracy maps are induced by those on
Flkr,. .. k).

A (symmetric) monoidal functor from X to Y is an object in Fun®(X,Y).

Proposition 2.6.5. Fun®(X,Y) is Reedy weakly equivalent to the homotopy limit of the diagram

X
Y, K\&;

v V[l =[] inT,.
Yl,X“ 4

Hence, by Cor. 2.4.9, Fun®(X,Y) is a (complete) Segal n-space if Y is a pre-(symmetric) monoidal
(complete) Segal n-space.
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Proof. We will give the proof for monoidal simplicial n-spaces. It suffices to check the assertion on each
space, that is that Fun®(X,Y)s, . is the homotopy limit of the diagram

n

map(X; x F(ki,.... k), Y1) 4,

—_— /
map(X; x F(ki, ... kn),Yy) Vo:[l]— [l
—
map(Xl/ XF(kl,...,kn),)/l/) ¢

where the mapping spaces are in N/ (n-CSS). The inclusion 7, : F(0) — N(I',)) sending [0] — [I] induces
the commutative square

Map(N(T,)) x F(1), N/ (n-CSS)) —— Map(F(0) x F(1), N*(n-CSS))

J |

(Map(N(T,), N¥ (n-CS88)))? ———— (Map(F(0), N/ (n-CSS)))>.

Taking the fibre at the point (X x F(ki,...,k,),Y) € (Map(N(A°P), N/ (n-CSS)))?, we get the commu-
tative diagram

map(X x F(k1, ..., kn),Y) —— map(X; x Fky, ..., kn),Y)

J |

(X x F(ky,...,kn),Y) — (Xy x F(k1,...,kn),Y)).

Any F € Ob (map(X x F(ki,...,ky),Y)) is uniquely determined by a collection {7;"F'};>( satisfying, for
any ¢ : [l] — [I'], the homotopy commutative diagram

o F
Xy x F(ki,... . k,) —— Y]

| Jm
EF

Xy x Fky, ... k) —— Y.

Hence, Fun®(X, Y)k,,... .k, is the required homotopy limit. O

n

Remark 2.6.6. The above proposition also establishes a morphism from the (oo, n)-category of (symmet-
ric) monoidal functors Fun®(X,Y) to the (oo, n)-category of functors Fun(X,Y) = Y;*'.

In general, Fun®(X ,Y) does not have a monoidal structure. This can be seen for monoidal ordinary
categories: given two monoidal functors .G : X — Y and z,2’ € X,

(Fo@)(zes)2(FRG)(r)0(FoG)(2) =2 F(r)@G)@ Fr')@G@') 2 Fror) e Gr o),

so F'® G is not a monoidal functor unless Y is symmetric monoidal. We have the same result for (oo, n)-
categories.

Proposition 2.6.7. Let X be a pre-monoidal simplicial n-space and 'Y be a symmetric monoidal (complete)
Segal n-space. Then, there exists a symmetric monoidal (complete) Segal n-space Fun®(X,Y’) such that
Fun®(X,Y); = Fun®(X,Y).

Proof. We define two functors aq, Bk : I'ac — I'ee. On objects, they send (k) — (ki) and (I) — (kI)
respectively. Let 0 < x < kl, then there exists a unique representation x = ak + b where 0 < b < k. For
any ¥ : (k) — (k'), define oy (v)(z) = ak’ + ¢ (b). For any ¢ : (I) — (I'), define Bx(¢)(z) = ¢(a)k + b.

Define Y®! to be the composition of functors Y o N (o), so Yk®l =Y} It is easy to check that Y® is a
symmetric monoidal (complete) Segal n-space.
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For any ¢ : (I) — (I}, we can define a functor ¢ : Y& — Y& by Yy, LUICOEN Y for each k > 0. This is

a symmetric monoidal functor since the squares

B (¢)*
Yig % Vi

al(d’)*l Jaﬂ(d))*
B (6)+

Yiir —— Y
commute for all ¢ : (k) — (K').

Define the functor Fun®(X,Y) by Fun ®(X,Y); = Fun®(X,Y®!") and the maps induced by ¢z. It is now
immediate that Fun ®(X,Y) is a symmetric monoidal (complete) Segal n-space. O

Note that we can construct the Segal completion of a (symmetric) monoidal Segal n-space by completing
it degree-wise.

Proposition 2.6.8. Let X be a (symmetric) monoidal Segal n- -space. We define its Segal completion
to be the (symmetric) monoidal complete Segal space X where (X)r = X,. The Segal completion is initial
among all (symmetric) monoidal functors X — Y where Y is a (symmetric) monoidal complete Segal
n-space.

Proof. That X isa pre-(symmetric) monoidal complete Segal n-space is clear by the universality of the
Segal completions X, — X,. It is symmetric monoidal since the Segal completion map is a Dwyer-Kan
equivalence, so it induces a diagram of Dwyer-Kan equivalences

X, — (X1)"

ok
X (%)

The universal property of the Segal completion map for symmetric monoidal Segal n-spaces follows imme-
diately from the universal property for the Segal completion on each degree. O

The constructions of (symmetric) monoidal (oo, n)-categories given above can also be derived from a
topological setting. A monoidal (co,n)-category as defined above is an example of an Fj-algebra, that is
an associative algebra.A symmetric monoidal (co,n) category has the structure of an F.-algebra, which
roughly translates to saying that the symmetric monoidal operation ® is commutative up to a contractible
space of homotopies. More generally, we will construct the little m-cube algebras E,,, which are standard
examples of an E,,-algebras, and show that N(I';) is equivalent to E, as (oo, 1)-categories for n = 1, co.

Definition 2.6.9. The little m-cube algebra E,, is a topological category whose objects are finite

disjoint union of m-dimensional cubes I = []""_, I where I! = I"™ = [0,1]™, and whose morphisms are

Mapg, (I I7") = ] Rect(I73. ") = 11 HRect iy 1)
SClk] ¢€Homr  ((k),(1)) @

where Rect (I}', I™) is the space of rectilinear embeddings. Composition is given by composition of recti-
linear maps.

The little co-cube algebra is the colimit E,, = colim,,E,,. Explicitly, it is a category whose objects
are finite disjoint unions of co-dimensional cubes and

Mapg,_ ((k), (1) = 11 HRect B I7)-

¢eHomr, ((k), (1)) i=1

By the equivalences between the different models for (oo, 1)-categories (see, for example, [Ber10, Lur09b]),
we can associate to each topological category C a complete Segal space N(C). Explicitly, N(C) can be given
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as the Segal completion of a Segal space discnerve C where discnerve Cj is the discrete space of objects in
C and for each k£ > 0,

(discnerveCy); = {(hl, ... h) € MapTOp(\Aleap(xo,a:l) X ~~map(xk_1,xk))‘ xT; € ObC}.

Note that f : x — y in N(C) is a homotopy equivalence if there exists g : y — x such that go f ~ id,
and fog ~id,. N(C) is a complete Segal space satisfying HoC = Ho N(C) and for any z,y € ObC,
mape (z,y) = mapyc)(z,y). The functor C'— N(C) from the category of topological categories to 1-CSS
is a Quillen equivalence.

Proposition 2.6.10. Forn = 1,00, N(I';) and E,, are equivalent as (0o, 1)-categories, that is, Dwyer-Kan
equivalent.

Proof. We will make free use of the fact that topological categories and simplicial categories are Quillen
equivalent to complete Segal spaces as models of (oo, 1)-categories.

There is an obvious functor E, — I';), which induces a map of simplicial spaces N(E,) — N(I';)). There
is a clear bijection between the objects of N(I',) and N(E,), so it suffices to show that for any k,1 > 0,
the induced map mapy g, )((k), (1)) — mapr, ((k), (1)) is a weak equivalence.

For nn = 1, we note that each map ¢ € Rect(I,I) is uniquely determined by the pair (a,b) = (¢(0), #(1) —
¢(0)). Hence,
Rect (I, 1) = {(a;, bi)1<i<x } C I**.

Since the coordinates b; can be retracted to 0, it follows that Rect (I, ) is homotopic to the space of
k-uples {(a;)1<i<k|a; # a; ¥V i # j}. The latter space is homotopic to the discrete set of permutations
Sym,, of k£ objects. Hence,

l
MapEl (<k>7 <l>) = H H Rect(wal(i), Iz)
peHomr _ ((k), (1)) i=1
l
= I1 [T Symys-1(sy = Homr, ((k), (1)).

$eHomp__ ((k), (1)) i=1

For 1 = oo, we apply Prop. 3.1.3 proven in the next chapter to show that Rect (I?°, I°°) is contractible, so
Homg__ ({(k), (1)) is homotopic to the discrete space

1T [1{+} = Homr_ ((k), (1))
) i=1

¢eHomr __ ((k),

O

By the above proposition, we can equivalently define a (symmetric) monoidal Segal n-space to be a map
N(E1) = N(n-CSS) (N(Ex) = N(n-CSS) respectively). We will use this definition in the proving that
the bordism category is symmetric monoidal. In general, we can define an E,,-monoidal simplicial
n-space to be a map N(E,,) = N(n-CSS).

Remark 2.6.11. There are several other definitions of monoidal infinity categories given by other authors.
Another common definition is using the characterisation of a monoidal category as a functor A°P —
Cat. This characterisation gives us a monoidal simplicial n-space as a functor N(A°P) — N(n-CSS) (for
example, see [Lur09a], the exact definition defers slightly depending on the model of (oo, 1)-categories
chosen).

There is a morphism N(A°P) — N(I'1), but it is not an equivalence of (oo, 1)-categories. Nevertheless, it
induces a weak equivalence N (n-CSS)NI') — N(n-CSS)N(A™) in 1-CSS. Hence, the two definitions of
monoidal simplicial n-spaces are equivalent.

This definition can also be extended to E,, monoidal catlegories for n > 1. A E,, simplicial n-space is
a map of simplicial spaces N(A°P) — N(n-CSS)N(A"")""" A symmetric monoidal simplicial n-space is
thus a collection X = (X,;,)m>0 of E,, simplicial n-spaces X,, such that X,,([1]) = X,,—1.
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2.7 Duals

Let C be a symmetric monoidal Segal n-space. The cobordism hypothesis states that every symmetric
monoidal functor Z : Bordflr — C is determined up to canonical isomorphism by Z(x). However, not all
objects in C can be written in the form Z(x) for some Z. The class of such objects is precisely the fully
dualisable subcategory of C. We will explicitly construct it in this section.

First, we consider the notion of a dual in an ordinary monoidal category:

Definition 2.7.1. Let C be a monoidal category (as in Def. 2.6.1). An object ¥ € ObC is a right dual
of z € Ob C' if there exist evaluation (or counit) and coevaluation (or unit) maps

evy i@z’ —1 and coevy 11— 2V @u,

such that the COHIpOSi(iOl’lS
id, Vg < < Ve ®idg
idz ®coe x Vi z ev, ®id

v Coevy ®id v id v ®evy
_— —_—

2V RrezY
are equal to id, and id,v respectively. The right dual zV is unique up to unique isomorphism.

We can analogously define a left dual. An object z € C is dualisable if it has both a left and a right
dual.

If C is a symmetric monoidal category, then there is a unique isomorphism between the left and right
duals, so we will call the unique object =V the dual of x.

We say that C' has duals (for objects) if every object € Ob C has both left and right duals.

Example 2.7.2. Let Vect, be the category of vectorspaces over a field k. It is a symmetric monoidal
category under the usual tensor product ®. The dual of any finite dimensional vectorspace V is the
usual dual vectorspace VV = Homg(V, k). If V is infinite dimensional, the dual vectorspace V'V is not a
categorical dual of V: there exists a evaluation map evy : V ® V¥ — k but there is no coevaluation map
satisfying the identities. Indeed, a vectorspace is dualisable if and only if it is finite dimensional.

Let C be a symmetric monoidal category, let C* be the full subcategory of objects with duals. Then, Cfd
has duals. Indeed, the inclusion Cfd < (' is final in the category of functors from symmetric monoidal
categories with duals to C since objects with duals map to objects with duals.

Readers may notice that the definition of a dual object is similar to the definition of adjunction between
functors. In fact, we can generalise adjunction to 1-morphisms in any 2-category.

Definition 2.7.3. Let C be a 2-category. A 1-morphism ¢ : y — x is right adjoint to a 1-morphism
f:x — y if there exist unit and counit maps

w:idy =+ go f and v:fog—idy,
such that the compositions

f%foidxM)fogofﬂ)idyofgf

g=id;og —>u><id gofog —>id><v goidy, =g
are equal to id; and id, respectively.
A 2-category C has adjoints (for 1-morphisms) if every 1-morphism f has both left and right adjoints.

Example 2.7.4. Let Cat be the 2-category of (small) categories. Then a functor (1-morphism) F': C — D
has a left/right adjoint if and only if it has a left/right adjoint in the classical sense.

Example 2.7.5. Let C be a monoidal 1-category, and BC be the two category which has a single object
* and such that Hompe (%, %) = C.

Then z € C has a left/right dual 2V if and only if x € Hompc (%, %) has a left/right adjoint V. Hence, C
has duals for objects if and only if BC has adjoints for 1-morphisms.
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We can generalise the concept of having adjoints to higher categories. To avoid complications with notions
of homotopy equivalences, we shall go directly to infinity categories using the formalism of Segal n-spaces.

Definition 2.7.6. Let W be a Segal n-space. W has adjoints for 1-morphisms if the homotopy 2-
category Ho oW has adjoints for 1-morphisms. For 1 < r < n, W has adjoints for r-morphisms if for
all z,y € ObW, mapiy (z,y) has adjoints for (r — 1)-morphisms. W has adjoints if W has adjoints for
r-morphisms for all 1 < r < n.

Intuitively, we want to say that a monoidal (co,n)-category C has duals if it has dual for objects (HoC
has duals) and it has adjoints for r-morphisms for all 1 < r < n. Recall that with our construction, the
underlying Segal n-space of a monoidal Segal n-space X is map (x, ).

Definition 2.7.7. Let X be a monoidal Segal n-space. X has duals for objects if Ho X; has duals for
objects. X has duals if Ho X; has duals for objects and X; has adjoints.

Remark 2.7.8. If X is a monoidal Segal n-space defined by a strict functor X : A°? — n-CSS, then
X can be regarded as a Segal (n + 1)-space, so X has duals if and only if X has adjoints as a Segal
(n + 1)-space.

To every symmetric monoidal (co, n)-category, we can associate a sub-symmetric monoidal (oo, n)-category
with duals.

Theorem 2.7.9. Let X be a (symmetric) monoidal (complete) Segal n-space. There exists a (symmetric)
monoidal (complete) Segal n-space X' with duals and a (symmetric) monoidal functor X' — X that
is final in the category of (symmetric) monoidal functors Y — X where Y is a (symmetric) monoidal
(complete) Segal n-space with duals.

Proof. For each k > 1, Ho X is a (symmetric) monoidal category, so we have the full subcategory
(Ho X;)M. Let X .. be the largest subsimplicial n-space whose objects are Ob (Ho X 1), More precisely,
X, is defined by the homotopy pullbacks

(X))o — (Xk)o (X))t ——— (X )i
l l and l J for I > 0.
Ob (Ho X)® —— Ob (Ho X) (Xi)o) —— ((Xk)o)!

Thus, X, is a (complete) Segal n-space with duals for objects.

The inclusion X; — X is final in the category of functors from the underlying space of a (symmetric)
monoidal Segal n-spaces with duals for objects to Xj;. So, for any morphism ¢ : (k) — (I), we have a
unique factorisation

X]; — Xi

[
31X (¢) JX(@
1
X{‘)Xl

which commutes with composition. This exhibits X’ = (X},)r>0 as a (symmetric) monoidal full (complete)
subSegal n-space of X with duals for objects, and X’ — X is final in the category of functors from a
(symmetric) monoidal (complete) Segal n-space with duals for objects to X.

To construct a (complete) subSegal n-space with adjoints for r-morphisms, we proceed by induction on 7.

Let r = 1 and n > 1. Let Ho X% be the subcategory of Ho X, consisting of all objects and 1-morphisms
which have both left and right adjoints. Then Ho X is a 2-category with adjoints. Let X be the largest
subsimplicial n-space such that Hos X’ = Hoo X34, As before, this can be expressed in terms of homotopy
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pullbacks
(Xih ———— (Xh
l l and
Mor ; (Ho X ;)2 —— Mor (Ho X7)

(X1 (X1

lN J,N for I > 0.

(XD xxq, o Xxp, (X1 —— (X1)1 Xxy - Xx5 (X1

It is clear that X is a Segal n-space. If X is complete, then so is X’ since all homotopy eqiuivalences have
left and right adjoints, s0 (X])hoequiv = (X1 )hoequiv-

X has adjoints for 1-morphisms and X] — X; is final in the category of functors from the underlying
space of a (symmetric) monoidal complete Segal n-space with adjoints for 1-morphisms to X;. Similar to
before, using the identity Xy ~ (X1)¥, we can construct the (complete) Segal n-space X} with adjoints
for 1-morphisms for all & > 1 and show that X’ = (X} )r>0 is a (symmetric) monoidal (complete) Segal
n-space with adjoints for 1-morphisms to X.

Now, suppose r > 1 and n > r. ([I[] — (X;)1) is a (symmetric) monoidal (complete) Segal (n—1)-space. By
the induction hypothesis, there exists a (symmetric) monoidal (complete) Segal (n — 1)-space ((X;)})i>o0
with adjoints for (r — 1)-morphisms. We can define the (complete) Segal n-space X| with adjoints for
r-morphisms as above, and hence X’ — X the (symmetric) monoidal (complete) subSegal n-space with
adjoints for r-morphisms.

Finally, given a symmetric monoidal Segal n-space X, we can make a chain of replacements
X0 x5 xn2 L, x4 X

where X0 is the replacement of X' with duals for objects and X"~ is the replacement of X" with adjoints
for r-morphisms. Since each replacement preserves adjoints for i-morphisms for ¢ > r, X" has adjoints for
i-morphisms for all i > 7. So, X' = X0 has duals. By the universality of each replacement, X — X is
final in the category of all functors from a (symmetric) monoidal (complete) Segal n-space with duals to
X. O

It follows from the unicity part of the theorem that a symmetric monoidal complete Segal n-space X has
duals if and only if X = X4,

Remark 2.7.10. Let n-SeSp® be a category whose objects are symmetric monoidal Segal n-spaces and
for any two objects X,Y, Hom(X,Y") is the set of symmetric monoidal functors from X to Y. Then,
Thm. 2.7.9 implies that X +— X' defines a functor from n-SeSp® to the full subcategory of symmetric
monoidal Segal n-spaces with duals, and this functor is right adjoint to the inclusion of the full sub-
2-category into n-SeSp®. That is, for any symmetric monoidal Segal n-space X with duals and any
symmetric monoidal Segal n-space Y, there is a Dwyer-Kan equivalence

Homn—SeSp® (X’ Y) = Homn—SeSp® (Xv de)'

Corollary 2.7.11. Let X be a symmetric monoidal Segal n-space with duals and Y be a symmetric
monoidal Segal n-space. Then there is a Dwyer-Kan equivalence

Fun®(X,Y) 2 Fun ®(X,Y™),

Proof. If X has duals, so does X x F(ki,...,ky) x Al for all k1, ..., ky,l € Z>o. Hence, Thm. 2.7.9 gives
a degree-wise bijection of sets

(Fun® (X, Y)g,

.....

The equivalence is functorial by Remark 2.7.10, so it commutes with face and degeneracy maps of X. This
gives us a Reedy weak equivalence of Segal n-spaces

Fun®(X,Y) = Fun®(X, YT,
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Finally, it remains to show that the equivalence is compatible with the symmetric monoidal structure. By
the universal property, since (Y)®* has duals, there is a map (Y)®F — (Y®k)fd - y®*  This induces
a functor Fun ®(X,Y) — Fun ®(X,Y) which is a Reedy weak equivalence on degree 1. The Dwyer-Kan
equivalences

Fun®(X,Y), 2 (Fun®(X,Y);)* = (Fun®(X, Y™),)* ~ Fun ®(X, Y™),
give us the equivalence of symmetric monoidal Segal n-spaces. O

Definition 2.7.12. An object x € Ob X is fully dualisable if it is contained in the essential image of
X' 5 X that is, if it is homotopically equivalent to some 2’ in the image of the map.

Corollary 2.7.13. Suppose X is a symmetric monoidal Segal n-space with duals, then its Segal completion
X has duals.

Proof. The completion map X — X factors through X fd 5o by the universality of the Segal completion,
X~ x, O
Finally, we prove a couple of results to relate duals and adjoints to co-groupoids.

Lemma 2.7.14. Let C' be a 2-category and f : x — y a 1-morphism in C. Then, f admits a left and a
right adjoint if f is an isomorphism. The converse holds if all 2-morphisms in C are invertible.

Proof. If f is an isomorphism, then there exists g : y — x such that go f 2 id, and fog =id,. So, g is
both a left and a right adjoint to f.

Conversely, suppose all 2-morphisms in C' are invertible, and let g be a right adjoint to f. Then, there
exist 2-isomorphisms
u:idy; = go f, v: fog—idy.

Hence, g is isomorphic to f. Similarly for f admitting a left adjoint. O

Definition 2.7.15. An r-morphism f : x — y in a Segal n-space is homotopy invertible if it is invertible
in Ho mapyy, (z,y).

Proposition 2.7.16. Let W be a Segal n-space. Suppose every r-morphism is homotopy invertible, then
W has adjoints for r-morphisms. The converse holds if all (r+1)-morphisms are also homotopy invertible.

Proof. This is a direct consequence of the above lemma. O

We immediately get the following corollary:

Corollary 2.7.17. Let W be a Segal n-space. If W has adjoints for r-morphisms for all r < n, then W
is an co-groupoid.

Remark 2.7.18. Note that the above corollary implies that a Segal n-space W cannot have duals when
viewed as a Segal (n + 1)-space unless it is an co-groupoid.
For any (0o, n)-category, this gives us a construction of a maximal sub-co-groupoid.

Proposition 2.7.19. Let X be an (oo, n)-category. For each 0 < r < n, there exists a maximal sub-
(0o, 7)-category X" — X in n-CSS such that all maps from (co,r)-categories to X1 factors through
X7

The map X — X, is right adjoint to the inclusion r-SeSp® — n-SeSp®. For any (00, 7)-category X in
n-CSS® and (0o, n)-category Y, there is a Dwyer-Kan equivalence of (oo, n)-categories

Fun (X,Y) & Fun (X,Y").
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Proof. The construction is similar to that given in the proof of Thm. 2.7.9. We can construct a chain
X Xt 55X X=X

where each map X*~! — X% is the universal replacement of X* with a sub-(oco,n)-category where all
k-morphisms have adjoints. Thus, X" has adjoints for k-morphisms for all » < k < n and is a (oo, r)-
category by Cor. 2.7.17. The universality of each replacement and the fact that an (oo, r)-category has
adjoints for k-morphisms for all » < k < n gives the universality of the construction.

The last two statements follow from Remark 2.7.10 and Cor. 2.7.11. O
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Chapter 3

The bordism category

In this chapter, we will use the formal machineries from the last chapter to define the bordism category
in the form that Lurie gave in [Lur09c]. We will start off by proving some topological preliminaries. The
main part of the chapter will be dedicated to proving that the bordism category is a symmetric monoidal
Segal n-space with duals. The key steps in the construction and the proof are summarised in [Lur09c,
Chap. 2.2], with some elaborations given in [Mal]. We will conclude the chapter with the formal statement
of the cobordism hypothesis.

3.1 Moduli spaces of bordisms

In the construction of the bordism categories, we need to understand the topology on the set of cobordisms.
We shall present a collection of relevant results in this section. Most of the constructions were originally
presented in [GMTWO09, Galll].

Let M be a smooth compact abstract real manifold (with or without boundary) of dimension m and V a
finite dimensional real vector space. Let Emb(M, V') be the set of all smooth embeddings of M into V. We
can endow Emb(M, V) with the Whitney C*°-topology. A basis of open neighbourhoods of f € Emb(M, V)
can be given by

V(f,8) = {g € Emb(M, V)[[|D*(g — f)|| < &, ¥ k}

where £ = (g9, €1, ...) is a bounded sequence in Rx.

The set of all compact smooth submanifolds of V' diffeomorphic to M can be identified with
BY; = Emb(M, V) /Diff(M).
Let R>® = hﬂn R™ given by standard inclusions R” C R"*!. We can then define the inductive limits

Emb(M,R¥) = lim Emb(M,V) and By = Emb(M,R®)/Diff(M)= lm B}
VCR®® VCR>®
dimpg V <oco dimp V<oco

induced by inclusions of vectorspaces. We have the induced final topology on Emb(M,R>) and Bjy.

The collection of all compact submanifolds of dimension m — 1 in V' is denoted by By (m) = [ BY;
where the disjoint union is taken over all diffeomorphism classes of smooth compact manifolds of dimension

m — 1. Let Bo(m) = H[M] By = hgv By (m).

The following results allow us to identify the space of subvarieties Bj; with the abstract diffeomorphism
group Diff (M).

Definition 3.1.1. Let G be a topological group. A principal bundle is a fibre bundle 7 : E — M with a
right action ' x G — F that preserves the fibre and is free and transitive.

Proposition 3.1.2. 7 : Emb(M,R*) — By, is a principal Diff (M)-bundle.
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Proof. Set theoretically, there is a bijection Emb(M,R*) — Bjs x Diff(M). Hence, any X € By has a
contractible neighbourhood U such that 7#=*(U) = U x Diff (M) is a trivial bundle. Emb(M,R>) — By,
is principal by the definition of B),;. O

Proposition 3.1.3 ([Sta]). Emb(M,R>) is contractible.

Proof. Consider the embedding S5 : R® — R* sending (2;)52; — (0,21,0,22,0,...). This induces a split
exact sequence
0—R® 2R B Re g

. . Sy +S_
where P, (x;) = (x1,23,25,...). We thus have an isomorphism R> @ R>® "=

($1,0,$2,0,..).

R where S_(x;) =

Consider the homotopy
H:R*®xI—=>R*: (v,t)—~ (1 —t)v+tSyv.

For each t € [0,1], H, is injective, otherwise there exists v # v’ such that Sy (v —v') = —t71(1 —t)(v — )
but S} has no eigenvectors. Hence, for each ¢, H; defines a smooth embedding.

H induces a smooth homotopy
H, : Emb(M,R*°) x I — Emb(M,R*°) : (¢,t) — H; o ¢,
thus idgmb(arre) ~ Sts-
Pick ¢y € Emb(M,R*>) and let ¢p = S_ $o. Consider the smooth homotopy
G : Emb(M,R*°) x I — Emb(M,R*) : (¢,t) — (1 — )5S+ + teo.

It is well-defined since for all ¢ # 0, S_ Py ((1—t)S;d+tdo) = teoo is an embedding, so (1—1t)S ¢+t is as
well. G gives a homotopy of S, to the constant map Emb(M,R>) — ¢o, so composing with the homotopy
H., gives a deformation retraction of Emb(M,R>) onto {¢o}. Hence, Emb(M,R>) is contractible. O

Corollary 3.1.4. There is a weak equivalence from the classifying space BDiff (M) (the geometric real-
ization of the nerve of Diff(M)) to By .

Proof. This follows immediately from the fact that Emb(M, V) — By is a principal Diff (M )-bundle and
Emb(M, V) is contractible. O

However, when considering bordisms, we will like to consider embeddings which are well-behaved on the
boundaries. Given a smooth compact abstract real manifold M of dimension m with boundary OM =
OoM U O M and V a finite dimensional vectorspace, we let Emb((M,9, M),V x [0,1]) be the set of all
smooth embeddings ¢ of M into V x [0,1] such that ¢(M) N (V x {v}) = ¢(8, M) for v = 0,1 and such
that ¢(M) intersects V' x {v} transversely (that is, for any z € ¢(0, M), Tp(p(M))+ T, (V x {v}) = T,,V).
Emb((M, 0, M),V x [0,1]) C Emb(M,V x R) is endowed with the subspace topology.

The set of all compact smooth submanifolds (X, 9y X, 01X) of V' x [0, 1] diffeomorphic to (M, dyM, 1 M),
such that X NV x {v} = X, for v = 0,1 and such that X intersects V' x {0,1} transversely, can be
identified with

Bir.o,m = Emb((M,0,M),V x [0,1])/Diff (M, 8, M)

where Diff (M, 9, M) is the space of diffeomorphisms of M that restrict to diffeomorphisms on 9yM and
01 M. We similarly define

Emb((M,d,M),R® x [0,1]) = lig  Emb((M,8,M),V x [0,1]),

VCR*™

dimg V <oo

Buo,m = lim B},

VCR™®

dimg V<oo

BY(m)= [[ Birom and Bi(m)= ][ Bumom
[M,0, M] [M,0, M)
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where the disjoint unions are taken on all diffeomorphism classes of smooth compact manifolds of dimen-
sion m with boundary (we allow all diffeomorphisms of manifolds, not imposing any conditions on the
restrictions to partitions of the boundaries).

We can take it one step further. Let £ > 1 be an integer. Let M be a smooth compact abstract
manifold of dimension m. Let M; C M (1 < i < k) be smooth closed submanifolds of dimension m with
boundaries OM; = Oy M; LI 91 M; such that M = UleMi7 M; N M1 = O1M; = OgM;yq for 1 < i < k,
OM = 0yMy U 01 My, and M; N M; = 0 if j # ¢ —1,4,7+ 1. Let the set of such manifolds be denoted as
M

Let Emb((M, {0,M;}),V x [0,1]) be the set of all smooth embeddings ¢ of M into V x [0, 1] such that
there exists a set {0 =ap < a1 < ... < ap = 1} satisfying

(i) 7 Y(ap) = OpMo and 7~ '(a;) = 1 M; for i > 1 where 7 is the composition M %V x [0,1] — [0,1];
and
(il) ¢(M) intersects V x {ay, ..., ar} transversely.

Emb((M,{0,M;}),V x [0,1]) € Emb(M,V x R) is given the subspace topology. We similarly define
Diff (M, {8, M;}), BY; (9, 01,3 Emb((M, {8,M;}), R x [0,1]), Bas (o,11,3, By (m) and By (m).

As with By, we can relate By, s, 1,3 and Diff (M, {0, M;}).
Proposition 3.1.5. Emb((M, {0, M;}),R> x [0,1]) = Bas,1a,,} s a principal Diff (M, {0, M;})-bundle.
Proof. Emb((M,{0,M;}),R> x [0,1]) = B (s, m,} is a fibre bundle since it is a restriction of the fibre

bundle Emb(M, R* xR) — Bas to By ga,a,}- That it is principal follows immediately from the definition
Of BM,{auMi}' D

Lemma 3.1.6. Emb(M, [0,1) x R*) and Emb(M, [0, 1] x R*>) are contractible.

Proof. We can construct S; and P, as in Prop. 3.1.3, but the sequence

0= JxR® 5 JxR® 25 JxR™ 550

where J = [0,1) or [0, 1] is no longer exact. However, we can still construct the section S_ and have an

inclusion J x R*® @ J x R*® % J x R, The rest of the proof follows as above. O

Proposition 3.1.7. Emb((M, {0, M;}),R> x [0,1]) is contractible.

Proof. We first consider Emb((M, 0, M),R> x [0, 1]). Tt is isomorphic to the fibred product
Emb(0o M, R> x {0}) X Emb(8, M,k x[0,1]) EmMb(M, R x [0, 1]) X gmb(a, 0,r x[0,1]) Emb(91 M, R> x {1})
where the maps are given by restrictions.

Since each of the spaces in the fibred product can be strongly deformation retracted to a single point in a
compatible way, so can the fibred product. Hence, Emb((M, 9, M),R* x [0, 1]) is contractible.

In general, Emb((M, {0, M;}),R*> x [0, 1]) is isomorphic to the fibred product
k—1
<H Emb (0 M;, R™) x J> X b1 03 0,k x0,17) EMD((M, {80 My, 01 M }), R x [0,1])
i=1

where J = {(z1,...,25-1) € (0,1)* 7 L|z; < 23 < -+ < x_1}. J and all other factors in the fibred product
are strongly deformation retractable to a single point in a compatible way, so Emb((M, {0, M;}), R* %[0, 1])
is contractible. O

Prop. 3.1.5 and 3.1.7 immediately gives us the weak equivalence as before:
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Corollary 3.1.8. There exists a weak equivalence BDiff(M, {0, M;}) — By (o, M} -

One of our primary purposes in introducing the weak equivalence above is to establish a weak equivalence
between the bordism moduli spaces defined above and a collared version that we will define below. The
collared version is useful in allowing us to construct smooth composition of bordisms, which is not possible
in the bordism moduli spaces defined above (Given X € Byrg,pm and Y € By g, v with a 01X = 0100Y,
the union X U 01Y where 01Y is a shift of Y from R™ x [0, 1] to R* x [1, 2] may not be smooth).

Let dgM C OM be a component of the boundary of M. The tubular neighbourhood theorem [Hir94, IV,
Thm 5.1] states that there exists an embedding 9y M x [0,1) — M. We call the image of N x [0, 1) a collar
of Nin M.

Recall the manifold with n + 1-distinguished submanifolds (M, {0, M;}) defined above. For each 9, M;, we
can choose a collar ¢, ; : 9,M; x [0,1) = C,,; C M; such that Cp; N Cq,; = 0.

Let Emb.((M, {0,M;}),V x [0,1]) C Emb((M, {0, M;}),V x [0,1]) be the set of all smooth embeddings
that maps each collar ¢, ; trivially into a cylinder 9,M; x [a,]), that is, the set of smooth embeddings
¢ € Emb((M, {0, M;}),V x [0,1]) such that

dle,., = (Dlo,a, X hui)oc, |

for some monotonous map h,,; : [0,1) — [0,1].

We define Diff .(M, {9, M;}) to be set of diffeomorphisms whose action on the collars is the trivial extension
of its action on the boundaries, that is, diffecomorphisms f € Diff (M, {9, M;}) such that

flo,.. = cvio (flo,m; X idjo,1)) © C;ll
Let BXM,{BVMi} = Emb.((M,{0,M;}),V x [0,1])/Diff .(M, {0, M;}).
Similarly define Emb,.((M, {9, M;}),R> x [0,1]), Be 1o, 0.} and Be(m).

As before, we have the following results:

Proposition 3.1.9. Emb.((M,{0,M;}),R> x [0,1]) — B a,m,}y s a principal Diff.(M, {0, M;})-
bundle, Emb.((M, {0, M;}),R>® x [0,1]) is contractible and there is a weak equivalence

BDiff.(M, {0, M;}) = Beargo, 0,y

Proof. The only point that needs to be proven is that Emb.((M, {9, M;}),R> x [0, 1]) is contractible. Note
that the collared embedding space is isomorphic to the fibred product

k
Emb((M, {0, M;}),R*> x [0,1]) XEmbuc,., k> x[0,1]) <Emb(30M1,ROO) X HEmb(aleRw)>
=1

where the map Emb(0yM;,R>) x Hle Emb(d; M;,R*®) — Emb(UC, ;, R* x [0,1]) is given by

(05 -+ Bk) = (o X ho1) 0 o1 U (¢ X hig)ocigU---U(dr X hig)ocpy.

As in the proof of Prop. 3.1.7, the spaces in the fibred product are all strongly deformation retractable
in compatible ways to points, so they give a strong deformation retraction of the fibred product, so
Emb.((M, {0, M,;}),R> x [0,1]) is contractible. O

We now want to show that the inclusion B as (o, 0,7 — Bar{o,m,} is a weak homotopy equivalence.

Let N C M be a submanifold and dgM be a component of the boundary of M such that dyM C N.
Define Emb(N, M,9yM) to be the set of all smooth embeddings ¢ of N into M such that ¢|s,as is a
diffeomorphism on 9y M.

Proposition 3.1.10. The inclusion Diff .(M, {0, M;}) — Diff (M, {0, M;}) is a weak equivalence.
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Proof. Recall that
Diff. (M, {0, M;}) = {f € Diff(M, {0, M;})| flo,, = cvio (flo,ar, X idp1)) 0 ¢, i ¥ v,i}

We can thus construct Diff (M, {9, M;}) via a sequence of pullbacks:
Diff (M, {0, M;}) = Dot — D11 — Dos — ... — Dy, — Do 41 = Diff(M, {0, M;})
where D, ; is the pullback of the following term D, ;; given by the square
Dy ————Dvs f
R
Diff (0, M;) — Emb(C,;, M;, 8,M;)  fle,.
gr—cy; 0 (g xidjp,1)) © c;i

where Emb(C, ;, M;, 0, M;) is the space of embeddings ¢ of C,; into M; such that ¢|s, a, is a diffeomor-
phism of d, M; and such that ol¢(C, ;) — 0, M; is contained in the interior of M;.

The vertical arrow D, ;; — Emb(C, ;, M;, 0, M;) given by the restriction map is a surjection and hence a
fibration by [Cer61, Chap. II, 2.2.2, Cor. 2].

Let Emb.(Cy ;, M;, 0, M;) be the image of the inclusion Diff(9,M;) — Emb(C, ;, M;, 0, M;) given by
the lower horizontal arrow. Then, Emb.(C, ;, M;,0,M;) — Emb(C, ;, M;,d,M;) is a weak homotopy
equivalence by [Cer61, Chap. II, 4.2.3, Cor. 3].

Hence, since Top is a proper model category, D, ; — D, ;s is also a weak homotopy equivalence. O

Proposition 3.1.11. The inclusion B. a go,m,y — Bugo,ny, and hence Bex(m) — Br(m), are weak
homotopy equivalences.

Proof. Consider the diagram of fibre bundles

Diff (M, {0, M;}) —— Emb.((M, {0, M;}), R> x [0,1]) —— Be.ar o, M}

Diff (M, {9, M;}) —— Emb((M, {8, M;}),R*> x [0,1]) —— Bar,{o, M}

The left and middle vertical arrows are weak homotopy equivalences, so by the long exact sequence of
homotopy for fibrations, the right arrow also induces a weak equivalence. O

Remark 3.1.12. Indeed, we can generalise Prop. 3.1.11. Let Z C By, (s, 0,) be any subspace such that
the preimage of Z in Emb((M, {0, M,}),R*> x [0,1]) is contractible, then diagram of fibre bundles implies
that Z N Be ar (0,03 — Z is a weak equivalence.

We can inductively generalise Emb((M, {9, M;}),V x [0,1]) and By (s, n,} to higher dimensions.

Recall we defined M! to be the set of pairs (M, {8, M;}). Now, suppose we have defined M" for all r < n
and let n <m = dim M. We describe an element of M™. Let M be a smooth abstract compact manifold
(with boundary) of dimension m. Fix positive integers ki, ..., k, and partition M into k; -- -k, closed
submanifolds Mj, . ;. with boundaries such that

n

oMy, 4, = (31'70Mj1 ..... gn U O0ia My, . jn>,

i=1
8M = U ((Uai,OM..A,L.“) U (U@ZJM&,» and
M] n M..‘,ji+1,... = ZlMJ = i,()M..»’ji+1,u.

with this given partition is an element of M™~!. Such

R PR

(M, {0,,My;,1}) defines an element of M™.
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We define Emb((M, {9;,, My;,3}),V x[0,1]") to be the set of smooth embeddings of M € M" of dimension
m into V x [0,1]" such that there exist sets {0 = afy < a} < --- < aj, = 1} for each 1 <i < n satisfying

(i) for each 1 <i <mn,

% J

“1(i) = Uinodiadiennn 020Mi iy 1 i seengn 5 =0
Ujly---a]’ifhji«#l ..... In 8i71Mj1y~-~7ji71).j7ji+17-~~:jn j - 1
where 7; is the projection M — V x [0,1]™ — [0,1]1%} to the i-th component of [0, 1]";
(ii) for any S C {1,...,n} and any collection of indices {js}scs where 0 < j; < ks, X intersects
V x [0, 11— 5 T _o{a;,} traversely; and

(iii) for any 1 < i < n, the projection M — V x [0,1]* — V x [0, 1]##+1+7} is a submersion for all points
x € M that project to the set {af,...,a} } in R,
n,V r .
As before, we can define BM,{(’%,VM(“}} = Emb((M,{0;,, M }),V x [0,1]")/Diff (M, {0;,, M;,y). We
similarly obtain the colimit BY; (00, Mp50) taken over all finite dimensional vectorspaces V.
A8i0 My,

For any n-uple k = (k1, ..., k,) of non-negative integers, let k;,,...,k; be positive and the remaining in-

dices be 0. We define B}"" (m) and BJ!(m) to be the disjoint union of BTI\L/}Z&@,VM{%}} and BXL{{?%VM“M}}

respectively over all isomorphism classes of (M, {0; d,VM{jid}}lﬁdﬁr) where M € M" is a manifold of di-
mension m —n +r.

We can also define a collared version By, (m) and show that By, (m) — By(m) is a weak equivalence.

3.2 Bordism category as a symmetric monoidal Segal space

In this section, we will give a precise construction of the bordism category as a symmetric monoidal Segal n-
space. We proceed with the construction as follows: we first define SemiBord,, as a semisimplicial n-space.
This construction is geometrically intuitive and it is easy to show that SemiBord,, is a semiSegal n-space.
We then construct the simplicial space PBord,, and show that it is weakly equivalent to SemiBord,,
as semiSegal spaces, so PBord,, is a Segal n-space. Finally, we show that there exists a well-defined
symmetric monoidal structure on PBord,,.

We start with a Segal 1-space. We define the following semisimplicial space.
Definition 3.2.1. We define a simplicial space SemiCob(m)" as follows:

Let SemiCob(m)y§ be the set of pairs (X, ag) where X is a smooth compact submanifolds of V' without
boundary of dimension m — 1 and a¢ € R.

For k > 0, let SemiCob(m)} be the set of pairs (X, (ag < -+ < ag)) where a; € R and X is a smooth
compact submanifold of V' X [ag, ai] of dimension m such that
(1) o0X=Xn (V X {ao,ak}),
(ii) X intersect V x {a;} transversely for each 0 < ¢ < k (i.e, for all z € X N (V x {a;}), T,V =
T, X + T, (V x{a;})).
SemiCob(m),‘; C B) x R? is given the subspace topology.

For any strictly increasing map f : [k] — [l], we define the induced map f* : SemiCob(m)/ —
SemiCob(m)} by

fr(X, (a0 < <a))(X N (V x[ago), apm)]), (aro) < - <apw)))

The spaces SemiCob(m)} together with the above maps give a semisimplicial space SemiCob(m)". We
define
SemiCob(m) = lim SemiCob(m)".

VCR>
dimg V <oo
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We have SemiCob(m)y = By(m) and SemiCob(m), = Bj(m) x J C Bi(m) x R? for k > 0 where
J = {(ao,ar) € R?|ag < ay}

We will sometimes write an element of SemiCob(m);, as X = (X, (ap < --- < ay)), and if there is no

ambiguity, we may simply denote it as X.

We can also define a collared version:

Definition 3.2.2. We define SemiCob,(m)" as follows: let SemiCob,.(m)y = B} (m) and for k > 0,
we define SemiCob,(m)}) as above, with an additional condition

(iii) for every i, there exists a neighbourhood W C [ag, ax] of a; such that X N(V x W) = (X N(V x
{a;})) x W.
By Prop. 3.1.11, we get that the inclusion map
SemiCob.(m) — SemiCob(m)
is a Reedy-weak equivalence.

Proposition 3.2.3. SemiCob.(m) is Reedy fibrant.

Proof. We need to check that

(dose-ydn)

SemiCob.(m), 0(SemiCob.(m),)

|
{(Xo, ey Xn) S (SemiCobc(m)n,l)”+1|din = djlei Vi< ]}
is a Serre fibration for all n.

For n = 0, this holds since all objects in Top are fibrant.

For n > 2, the above map is an isomorphism since the elements of 9(SemiCob(m), ) are precisely of the
form

(X N(R* x [a1,ax)),a1 < -+ < ag),(X,a0 < ag <---<ag)...
ceey (Xa ap < ---<ag-1 < ak)v (X N (ROO X [a()aak—l])aao << ak—l))
and the collar allows us to glue X N (R* x [ag,a1]) and X N (R*> X [ay, az]) for n = 2.
The main part of the proof is for n = 1. We need to show that the map SemiCob.(m); — SemiCob(m)gx

SemiCob(m) given by restriction to the boundaries is a fibration. Since By(m)xJ — Bj(m) is a fibration,
it suffices to show that B;(m) — Bg(m) x By(m) is a fibration. Consider the commutative diagram

I  Emb.((M,d,M),R>® x [0,1])

dim[M]=m — ( I Emb(N,ROO)) X ( [I  Emb(N, Roo))

dim[N]=m—1 dim[N]=m—1

| |

Bc71(m) Bo(m) X Bo(m)

Since the vertical arrows are fibrations, we can lift any diagram
Jk-1 ——— B.1(m)
L
¥ —— Bo(m) x Bo(m)
to

I Emb.((M,0,M),R>* x [0,1])

_ ,
I+t dim[M]=m

ik

[k-4>( I Emb(N,R‘X’))x( II Emb(N,ROO)).

dim[N]=m—1 dim[N]=m—1
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Since I* and I*~! are connected, we can restrict to a single component. Note that a map I*~! —
Emb,.((M, 9, M),R>® x [0,1]) can be viewed as a continuous embedding

(M,0,M) x I*"1 — R x I*=1 x [0, 1].
Hence, we just need to show that given continuous embeddings
(M,0,M) x I* 2 LR 5 "1 5 [0,1],  8,M x I* 1 x I 25 R® x I* 1 x [ for v =0,1

which are smooth and collared when restricted to any fixed point in I*~! or I* and such that g, (z,0) =
flo,mxre—1(x), we can extend them to a continuous embedding

(M,0,M) x I* 1 x I - R® x I*"1 x I x[0,1]
which is smooth and collared when restricted to any fixed point in I*.

Let
= (0oM x [-2,0]) | | M | | (@:M x [1,3]),
oM M
so there is a homeomorphism ¢ : M — M; that sends the collars Cy and C; into 9yM x [-2,—1] and
M x [2,3] respectively.

Define f, : M x I* L3 R x 1F=1 % [0,1] by

f(x) r €M xIF!

go(z, =)  x=(z1) € M x I*1 x [~t,0]
fi(@) =< golz, —t (z,1) € DM x IF1 x [=2, 1]

gi(z,l—=1) z=(z,1) € M x I¥1 x[1,1 +1]

g1(z,1) = (2,1) € O.M x I*1 x [1 +1t,3].

Let o : [—2,3] — [0,1] be linear maps and let f; = (id sy k-1 X o) 0 f; 0 ¢. Thus,
fo: (M, 0,M) x TF71 x {t} — R>® x I*=1 x {t} x [0,1]

is a continuous family of continuous embeddings. By Whitney’s approximation theorem [Lee03], we can
approximate the family f; continuously with continuous embeddings that are smooth and collared when
restricted to any fixed point in I*~!. Furthermore, this approximation can be chosen to fix f; where it is
already smooth, that is, fixing fo and a collared neighbourhood around ¢~ (9g M x [-2, —1]UO M x [2, 3].
This gives a continuous embedding

ho:(M,0,M)x I* 1 x T - R® x I*" 1 x I x [0,1]

which is smooth and collared when restricted to any fixed point in I* and correspond to g, on the
restrictions. Finally, since there exists a smooth transformation from f to fo, we can extend it to a smooth
transformation on A that fixes the boundaries. Composing the transformation with h gives us h that
corresponds to f on (M,8,M) x I*~1 x {0}. O

Proposition 3.2.4. SemiCob(m) is a semiSegal space.

Proof. Since SemiCob.(m) — SemiCob(m) is a weak equivalence, it suffices to prove the Segal condition
for the former. SemiCob.(m) is Reedy fibrant, so by Remark 2.2.4, we just need to show that the maps

SemiCob.(m) 2, SemiCob. (1)1 XSemiCob(m), " ** XSemiCob(m), SemiCob.(m);
are weak homotopy equivalences.
By the strong deformation retractibility of J and R, we have the diagram
Bep(m) x J —— (Be,i(m) X J) Xpym) = X Bo(m) (Be,1(m) x J)

] d

(T15--yTk)

B ,(m) ————— Bc1(m) XBy(m) * -+ X Bo(m) Be,1(m)
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where 7; : B.x(m) — Be1(m) takes X = U¥_, X}, € Bi(m) to (idre~ x 0)(X;) where o is a linear function
taking [a;—1, a;] to [0, 1].

It suffices to show that the bottom arrow is a weak equivalence. Indeed it is a homotopy equivalence. We
can define a homotopy inverse

’L/} : Bc)l(m) XBo(m) XBo(m) Bc,l(m) — Bc,k(m)
by sending (X1,...,Xy) to X = U, (idg~ x 0;)X; where o; is the linear map sending [0, 1] to [71, £].

X is a smooth compact submanifold of R* x [0, 1] since for each Xj, there exists ¢ > 0 such that X; N
R x [%,% +¢€) = 0o X; X [%,% +e€) and X; NR>® x ( —€, 7] = 01X; x (¢ — ¢ ¢]. Hence, ¢ is
well-defined.

We have (71,...,7) 0t =id. For any sequence 0 = ag < ... < aj = 1, there exists a k-piecewise linear
function o : [0, 1] — [0, 1] such that o(a;) = . We have a piecewise linear homotopy h : [0, 1] x[0, 1] — [0, 1]
that takes idp 1] to o. This induces a homotopy H : B. x(m) x [0,1] — B r(m) given by

Ht(X) = (idRoo X ht)X
H,(X) is smooth since X has a trivial collar at each of the non-smooth points of h;. Hence, o(ry,...,7%) ~
id. [
We can extend our definitions to higher Segal spaces.

Definition 3.2.5. Let SemiBordth be a simplicial n-space in which each space (SemiBordx,n)kmm)kn
is defined as follows:

Suppose k;,, ..., k; are positive and the remaining k; are 0. An point in (SemiBorde,n)kO’,_,kn is a tuple
(X, (ap < -+ < ag),...,(af <--- < ap)) where a’ € R and X is a smooth compact submanifold of

V x [T, af, af,] of dimension m — n +r such that

(i) 0X = X N (V x [Tiey {agts o });

(ii) for any S C {i1,...,i,} and 7-uple (aj )ses with 0 < js; < k, for each s € S, X intersects V x

s

(Htgs[ag,a};t]) X (Tl,esfas.}) transversely;

(iii) for any 1 <14 < n, the projection
X =V x H[a%,aij] — H [ap, az,]
j=1 j=i+1

is a submersion at all points 2 € V whose projection into R{"} lies in the set {aj), ..., a} }.

SemiBord" ko.... k. C BT ~(m —n+r) x R is given the subspace topology.
m,n/)Ro;--- Kig s oski,. g g

For any strictly increasing map f = (f;) : [[im,[ki] — [Ii-,[l:], we define the induced map f* :
(SemiBord,, ,,)i....., — (SemiBord,, . )i,.....k, DY

(X, (aé << a{j)) = (X N (V X H[ai‘j(o)’a;j(kj)])’ (a’}i(o) << a}i(ki))>'
e=1

The spaces (SemiBordXL’n);€ together with the above maps give a semisimplicial n-space SemiBord:,/Ln.
We define
SemiBord,,, = lim SemiBordy, ,.

VCR™®
dimg V<oo

We have SemiBord,, ; = SemiCob(m) and we denote SemiBord,, = SemiBord,, ,,.

Replacing with collared embeddings, we get SemiBord, ., ».
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Proposition 3.2.6. SemiBord, ,, , s Reedy-fibrant and SemiBord,, ,, is a semiSegal n-space.

Proof. The proof that SemiBord. ., , is Reedy-fibrant and that SemiBord, ,, , satisfies the Segal con-
dition is similar to that for SemiCob(m).

It remains to show that the Segal (n — i)-spaces (SemiBord,, »)k,....k;_1,0,e,...,e are essentially constant.
As before, showing that (SemiBord,, »)k,,... ki 1,0,kis1,. kn — (SemiBord,, n)k, .. k_,.0,.,0 is a weak
equivalence is equivalent to showing that the map

. n n
e Bkl,-4-71€i—170,kz‘+17-~7kn_)Bk17---,ki—1707---,0
[
oo 7 _ 1+1 n
X Xn|R X(H[ao,ak> (H{a0}> = i@, al)
j=1 j=i+1

is a weak equivalence where 7y is the projection X — []7_, . [ap, aféj].

Givenany X € By 1. | 0kis1,.. k.o TX 18 aproper submersion. So, by Ehresmann’s fibration theorem, 7x

is a locally trivial fibration onto its image. By the conditions on the boundaries, we see that wx is surjective,
and since H;:l H[af), aij] is contractible, wx is a trivial fibration. Hence, we have a homeomorphism

r

X a3l al) x ( I1 [a{),afcj]). (3.2.1)
j=it1

Recall that

n _ n
Bkhm,ki—l,o’m,o - H BM,{Oi,uM{ji}}'
[M{0:,0 M 4,1}

For each M, define M = M x (Hid>i[0, 1]) with partitioning
Vi Jig =1 ]
Mgy, = Moy < (T] [22— k—d])
1qg>1 td td

for 1 < j;, < k;, for each 44 > 4. Then, the homeomorphism (3.2.1) implies that

n _ n
Bkl,-»~’kz‘—170,ki+1,~-7kn - BM 10i, ,,M{Jl} {sz}}
(M {0:,, Mg,y }]

and ® factors as a disjoint union of

®.: B? — B~
M - PM{8;,, My} M {0:,, My, 5, 3}

It suffices to show that ®,; is a weak homotopy equivalence. This is true using the long exact se-
quence for fibre bundles as in the proof of Prop. 3.1.11 and the facts that Emb(M,{9;,M;,3}) and

Emb(]f\\f7 {Biyyﬂ{jj}y{ﬁd}}) are contractible, and that
Diff (M, {0;,, M{j,3 }) — Diff (M, {0, Mj.3,5i 3 })

is a weak homotopy equivalence (cf. [Cer61, Chap. II, 4.2.3, Cor. 3]). O

We are now ready to define the Segal space PBord,, ,, which will be our main object of study.

Let Sub(V x R™) be the set of smooth closed (but not necessarily compact) submanifolds of V' x R™ of
dimension m and without boundary. We can construct a topology on Sub(V x R™) by the basis

NEW)={Y eB/|YNK = f(M)NK for some f € W}

for all K C V x R™ compact and open subsets W C Emb(M,V x R™) where M is an abstract smooth
manifold of dimension m. Let Sub(R*> x R") = lim,, Sub(V x R™).

Definition 3.2.7. Suppose m > n. Let (PBOI‘de,n)kl,_.,k" be the set of tuples (X, (aj < -+ <
ag, ), (ag <--- <ap ) where a; € R and X C V x R is a smooth (not necessarily compact) manifold
of dimension m satisfying
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(i) the composition X < V x R"® P2 R is proper (i.e. the preimages of compact sets are compact);
and

(ii) for all S C [n] and (is)ses where 0 < i, < ko, X intersects V x RIM=5 x {a; |s € S} transversely,
that is, (a;,)ses is not a critical value of the map X — V x R™ — RS.

(iii) for all 1 < ¢ < n, the projection map X — R{+L-n} §s a submersion at all z € X whose image
under the projection to R lies in {a},... ,ay )

(PBord}, )k,...k, C Sub(V x R") x R*k1++kn is endowed with the subspace topology. For any

morphism f = (fiy-o s fn) ¢ [k1] X - X [kn] = [l1] x --+ X [ln], we define the induced map f* :
(PBord,, ,)i,....1, — (PBord,, ,)i,...k, by

Fr(X (g <---<a,), ooy (ag < - <ap) = (X, (af,0) < - < a0y o0 (@) < - < afa)-

The spaces (PBordxm) ki1,....kn together with the above maps give a simplicial n-space PBordT‘;m. We
define
PBord,,= lim PBord,,,.

VCR™
dimg V<oo

Similarly, we let PreCob(m) = PBord,,,; and PBord,, = PBord,, ,,

Let PBord?n ,, be the subsemisimplicial n-spaces consisting of all objects of the form (X, (a} < -+ <

| ;
ap, )y (ag < ... <ag ).
There is a canonical morphism of semisimplicial spaces PBord,Omn — SemiBord,, , given by sending

(X, (ap < -+~ < ag,)) = (X N (R x [ag, ax]), (ag" < -+ < ay )

where k;,, ..., k;. are the indices greater than 0.

Proposition 3.2.8. The arrows in the diagram

PBord), , — PBord,, ,

|

SemiBord,, ,

are all Reedy weak equivalences. Hence, since SemiBord,, , is a semiSegal n-space, PBord,, ,, is a Segal
n-space.

Proof. PBord®  can be given as the product space B x J where B is the image of the projection

m,n

PBord,, ,, — Sub(V xR") and J is the contractible open subspace [];_,{a} < --- < af } C Rt +hn,
We have PBord,, , = B x J and J is also contractible, so the horizontal arrow is a weak equivalence.

For the vertical arrow, we shall give the proof for the case n = 1 to avoid cumbersome notation. The proof
for n > 1 is similar, and we will only describe the construction for one of the steps below.

We will show that for all £ > 0, the map = : PI'eCobO(m);C — SemiCob(m)y, is a trivial fibration.

To show that it is a fibration, consider, for K = I", any commutative diagram

K—2— PreCob"(m),

id x {O}l lﬂ

K x I —2 SemiCob(m)j.
Let ®(k) = (X, (ap < --- < ag)) and U(k,t) = (Y, (ay < - < a},)) where k € K and t € I. Define
Y = 04 —ap-t (X N (R x (—00,a0])) U Z(0at—ap—tXlag, Ylay) UY

UZ(YlapUa;cfakthXlak) Uoar —ay+t (X N (R* x [ay, OO)))
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where oy is a shift on the last coordinate, X|, = X N (R x {a}) and for Zy & Zy, Z(Z1,Z2) = Z1 x I
is a smoothly embedded cylinder joining Z; and Z,. Hence, Y € PreCob’(m); and n(Y) = Y. In other
words, Y is a a smooth extension of ¥ by X N (R x (—o0, ag]) and X N (R*> X [ag, 00)).

Using Whitney’s approximation theorem as in the proof of Prop. 3.2.3, we can construct
K x I — PreCob’(m)y : (k,t) = (Y, (ao < --- < az)) = (Y, (ap < --- < ag))

continuous in K x I, thus giving us the required lifting.

For the remainder of the proof, we will work with the collared version. Define PreCob’(m); to be the
pullback

PreCob!(m), — PreCob’(m);
SemiCob.(m); —— SemiCob(m)y.

Since 7 is a fibration, so is m.. Since Top is proper, the two horizontal maps are weak equivalences. So 7
is trivial if and only if 7. is trivial. Indeed, we will show that 7. is a deformation retraction.

We can define an inclusion ¢, : SemiCob,(m), — PreCob?(m); by extending any ¥ € SemiCob,(m);

by cylinders. More precisely, let ¢.(Y, (ag < -+ < ag)) = (Y, (ap < - -+ < ax)) where

Y = (Y4 X (—00,a0]) UY U (Y]q, X [a,o0))).
It is clear that 7 o tc = idgemicob, (m),- It remains to show that tc o Tc ~ idprecob?(m); -
For any X € PreCob’(m); and 0 <t < 1, define

Xy = 0 tan(nt/2) (X N (R x (—00,a0])) U (X]ay X [ao — tan(mt/2), ao)) U (X N (R x [ag, ax]))
U(X|ak X lag,ar + tan(ﬂt/2)]) U Otan(xt/2) (X N (R* x [ak,oo))).

X; is a smooth embedded manifold because of the embedded collared neighbourhood at ag and ay, (see
Fig. 3.1). For t =1, let

X1 = (Xap % (—00,a0]) U (X N(R* X [ag, ax])) U (X]a, X [ax,o0)).

Figure 3.1: Schematic representation of the homotopy ¢t — X;.

In the topology of Sub(R> x R), a basis of neighbourhoods of Xj is given by N (K, W) where K is compact
and W C Emb(X,R*> x R) such that there exists f € W with f(X) = XoN K. For any compact K, there
exists tx sufficiently close to 1 such that K C R X [ag — tan(wt/2), ax + tan(wt/2)], so X¢,, € N (K, W)
for all W. Hence, X1 = lim;_,1 X;.

This gives us a homotopy

H : PreCob(m); x I — PreCob?(m); : (X, (ag < --- < ag),t) = (X, (ag < --- < az))
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where H(—,0) = idprecob?(m), and H(—,1) =t om.

For PBord? = — SemiBord,, , where n > 1, we describe the construction of t.. Given X € R*> x

m,n

(ITi-:[ab, a},,]) a collared manifold, let Xo = X and define inductively, for 0 < r < n,

n

X, = (Xl|ogg xR® xR x (—00,a0] x ( [] lab.ai,]) UXr
i=r+1
u(x ap X R¥ x R™! x [a, ,00) x ( H [ag), at,.]))-

i=r+1

Let 1c(X, (a})) = (X,, () € (PBOng@,n)kl,...,kn- The rest of the proof is similar to the case n =1. O

This leads us to the definition

Definition 3.2.9. The bordism (oo, n)-category of manifolds of dimension m Bord,, , is a Segal
completion of PBord,, ,. We also write Cob(m) for Bord,, 1.

Remark 3.2.10. Prop. 2.3.10 gives a construction of Bord,, , as an infinite sequence of pushouts, but
this does not give an explicit definition of the complete Segal n-space. However, in this paper, a direct
definition of Bord,, , is unnecessary. As we are only interested in topological field theories, which are
functors from Bord,, ,, to a complete Segal n-space C, it suffices to work with the Segal n-space PBord,, ,
since all functors PBord,, , — C factors through the completion.

We shall show that we can endow PBord,, , with a symmetric monoidal structure and that PBord,, ,, is
a symmetric monoidal Segal n-space with duals. Informally, the symmetric monoidal functor ® takes two
bordisms M and N to their disjoint union. However, since PBord,, ,, is the space of embedded manifolds,
we need to specify a choice of embedding. Similarly, the dual of a bordism M with boundaries dgM and
01 M can be regarded as the same bordism M taken with an opposite orientation. We will formalise these
statements in the following results.

Theorem 3.2.11. There exists a symmetric monoidal Segal n-space PBord%n : NT') - N(n-CSS)
such that (PBordy;, )1 = PBord,, ,.

Proof. We will write A = PBord%n for short. By Prop. 2.6.10, it suffices to construct an infinity functor
from Eo, to N(n-CSS). In fact, we can do better, we will construct a strict functor A : Es, — n-CSS.

For each r, we define A, as in Def. 3.2.7, except that we take X C (]_[::1 R$°) x R™. Hence, we have
precisely Ay = {0} and A; = PBord,, .

There exists a diffecomorphism ® : Int(7*°) — R> where Int(X) is the interior of a topological space X.
Then, any morphism (S, f) : (k) = (I) in Eoc where S C [k] and f € Rect(If5), I}®) induces a corresponding
morphism

(S, f)* : A —)Al
l
(X, (ai)) ((H@ X 1an) ofo (ch—l x ian) (Xm (HR;’O) X R”),(a;l)) .
i=1 S i€S

It is clear that composition of maps is well-defined, hence this gives us the required functor.

Finally, we need to show that the pre-symmetric monoidal Segal n-space so constructed is symmetric
monoidal, that is, [] pas : Ay — [])—; A1 is a Dwyer-Kan equivalence for all r.

Let
pa = idje € Rect(13°, IT°) C Mapg__([r], [1])

be the lift of pg in Eo. By the contractibility of Mapg__([r],[1]), it suffices to show that [] pg« : A, —
[T),_, A1 is a weak equivalence.
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As in Prop. 3.2.8, we have a diagram of weak equivalences

AY ={(X, (a5, <))} A, ={(X, (a5, <))}

| |

A, = {(X 0 ((TIR*) x [ag, ay, ] x -+ x [ag, a} 1)), (af, <)) }

So, it suffices to check that @ : ZS — (Zﬁ’)’“ is a homotopy equivalence. By Remark 3.1.12, we can work
with the collared version Zgﬂn.

We construct a homotopy inverse as follows. First, note that for any choice of (a} < --- < a};i)i and
(aff <--- < aj})i, there exists a piecewise linear function T(ai),(alf) : [T:=1lab, aj, ] = TTi=laf, afl.] whose
graph is obtained by linear interpolations among the points {((a},...,a} ), (a}),... ,a}*))}.

We can then define ¥ : (ASJ)T — AS,T by

(Xt i > ( L % 000, 0,50 (01 ):

d=1

Fig. 3.2 shows an example of ¥ applied in the case r = 2.

Figure 3.2: Schematic representation of the map W.

Then, ¥ o ® = id and as in the proof of Prop. 3.2.4, we have a homotopy ® o ¥ ~ id. O

Remark 3.2.12. From the above construction, we see that in the symmetric monoidal structure of
PBord,, ,, the identity is given by the empty set () and given any two object X and Y, the symmetric
monoidal operation X [[Y is given by the embedding of ¥(X,Y) € Ay into A; via some embedding of
R JR>® — R°.

Theorem 3.2.13. PBord%n has duals.
Proof. We need to show the following:

(i) for any X = (X,a},...,a}) € (PBord,,n)o.. 0, there exists Y € (PBord,,)o.. o and spaces

M,N € (PBord,, »)1,0,.,0 such that &4M = dyN =% X QY and dgM = d1N = Q, satisfying the
adjoint identities.
(ii) for any 1 <r < n and r-morphism

X = (X, (a(l) < a%)? ) (a6 < a;)7 a6+1, SR ag) € (PBOI‘dm’n)1’“,’1’0’0,“"0,

there exists a left and a right adjoint YEYERe map(X|ar, X |a6) and counit and unit maps

L M* NE L
Y o X = s50(Xlag), s0(Xl|ay) = XoY",
R M7 N* R
XoY™ == s0(Xar), s0(X|ap) ==Y 0 X

in (PBord,, »)1....1,1,0,...,0, Satisfying the adjoint identities.

Indeed, it suffices to show the above in SemiBord,, , since counit and unit maps in SemiBord,, ,
satisfying the adjoint identities (with so(X) replaced by X X [ag, a;] for some ag < a1) can be extended to
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counit and unit maps in PBord?mn7 and hence are equivalent to counit and unit maps in PBord,, ,, by

Prop. 3.2.8. Hence, by the same proposition, PBord,, ,, has duals or adjoints if and only if SemiBord,, ,,
has.

First, we describe a “semi-circular” rotation construction that we will use in the proof later. Let Z C
V x [0,00) x {0} be a smooth embedded manifold. Define

Ci(Z) ={(x,tcosh,tsinf) € V x R x [0,00)|x € Z,t € [0,00),0 € [0,7]}.

Let Cy(Z) = (idy x ¢)(C4(Z)) where ¢ : R x [0,00) — R x [0,00) is a diffeomorphism of the half plane
that fixes the boundary R x {0} and sends the semicircle C' = {(z, y)|z* +y* = 1} into an open rectangular
boundary @) with rounded corners (see figure below).

Q

\¢5 ¢

Similarly define C_(Z) to be the points (x, t cos 0, ¢ sin 6) for 6 € [—pi, 0] and C_(Z) = (idy x —¢) o C_(Z).

(i) Let X = (X,ad,...,al) € (SemiBord,, ,)o,... 0. Without loss of generality, assume af = 0 and
X C Hy x {0} x R"™! where Hy = {(2;);>1 € R®|0 < 21 < 1}. This is possible since X is compact.

Let R(X) be the reflection of X across the hyperplane RS, = {(zi)i>1 € R®[z1 = 0} and ¥ =
(R(X),a},...,al). We shall show that Y is the dual of X. X ® Y can be represented by the
manifold X [JR(X) C R*® x {0} x R, so we can take it to be

X®Y = (XUR(X),ap,...,af).
We define the counit and unit to be

M = (C4(X), (0 < 1),3,....a}) € map' (X © Y, 0)
N = (C-(X),(~1 < 0),d3,...,a5) € map' (0, X ® Y).

(In this construction of C+ (X|o), we take V'x [0, 1] x {0} = [0, 1] xR, x {0} xR™~1.) The composition

X (XX[0,1)UN XoY®oX Mu(Xx[-1,0)) X,

where X X [a,b] = (X X [a,b], (a < b),a?,...,a}), can be represented by a manifold that is diffeomor-
phic to X x [0, 1] (see Fig. 3.3), hence it is equivalent to X x [0, 1]. The other composition is similar.

X XURX)UX X

Figure 3.3: Schematic representation of the counit M, the unit
N and the composition (M [J(X x [0,1])) o (X x [-1,0]) [T V).
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(ii) By Prop. 3.1.11, it suffices to work in SemiBord,. ,, ,,. Let
X = (X, (a(l) <ai),..., (ag < af)) € (SemiBord. m.n)1,....1,00,....0-

Without loss of generality, assume that X has a collared neighbourhood around af, and af (so that
we can smoothly join manifolds on the r-th coordinate) and assume that 0 = af < af = 1.

Similarly to the first part, let R(X) be the reflection of X across the hyperplane R x R"~! x {0}
and let Y = (R(X), (a} < al),...,(—=1<0)). Thus, X oY and Y o X can be given by

(R(X) [1x (@b <al),....(-1< 0))) and (alR(X) [To-1X.(ah <al),.... (-1 < 0)))

Xlo X1

where o, is a shift on the r-th coordinate by a.

Y is both the left and the right adjoint to X: we can embed X and R(X) into R® x R"*! using
the embedding R x R" =2 R>® x R" x {0} C R® x R"*!. The counit and unit maps of Y as a left
adjoint are given by

MY = (Ci(01R(X)), (a5 < af),..., (=1 <1),(0 < 1)) € map™ (Y 0 X, X|o x [~a,a])
NP = (C_(X),(a} <al),...,(~1 < 1),(~1 < 0)) € map’ 1 (X|; x [~a,a], X oY)

where 0 < a < 1. As in the previous proof, we can check that the compositions (N* x id) o (id x M*)
and (id x N*) o (M" x id) are equivalent to the identities. The construction of the counit and unit
maps for the right adjoint is similar. O

Remark 3.2.14. Note that PBord%n does not have adjoints for n-morphisms (otherwise, by Prop. 2.7.16,
it will be an co-groupoid) since given any n-morphism X, although we can define R(X) by taking the
reflection on the last coordinate, we are not able to construct the counit and unit morphisms given by the
“semi-circular” rotation, which requires an n + 1-th coordinate.

Corollary 3.2.15. Bord® . is a symmetric monoidal complete Segal n-space with duals.

m,n

Proof. This follows from Thms. 3.2.11 and 3.2.13, using Prop. 2.6.8 and Cor. 2.7.13. O

3.3 The cobordism hypothesis

With the setup given in the previous sections, we are now ready to present the Baez-Dolan cobordism
hypothesis as given by Lurie in [Lur09c].

Definition 3.3.1. Let M be a manifold of dimension m. A framing of M is a trivialisation of the tangent
bundle of M, that is, an isomorphism Ty, — R}, where R} is the trivial bundle of rank m on M. More
generally, for n > m, a n-framing of M is a trivialisation of the stabilised tangent bundle Ty ® R}, ™.

An n-framed manifold of dimension m < n is a manifold M with a specified n-framing ¢ : Tpy DRy, ™ —

R"™. An n-framed morphism of n-framed manifold is a smooth map f : M — M’ and a map of vector

bundles F : Ty @Ry, ™ — Tar R’X[,m, such that the induced maps on the stabilised tangent bundles
and the trivial bundles commute with the trivialisation, that is, we have a commutative square

_ F o
Ty @Ry ™" —— Ty & Ry

-

77& ﬁ Ry

We can similarly construct SemiBordff%n and PBordfﬁw as sub-(semi)Segal n-spaces of SemiBord,, ,,
and PBord,, ,, respectively, where we only consider framed embeddings of framed manifolds. As before,
this gives us the symmetric monoidal complete Segal n-space Bord%’fﬁ with duals.
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For any symmetric monoidal (co,n)-category C, there is an evaluation functor
Fun ®(Bord®™,C) - C

determined by Z ++ Z(*) where # is a point in (Bord™)y _o. The cobordism hypothesis can be stated as
follows:

Theorem 3.3.2 (Cobordism Hypothesis)([Lur09c, Thm. 2.4.6]). Let C be a symmetric monoidal
(00, n)-category with duals. The evaluation functor

Fun ®(Bord®",C) = C: Z — Z(¥)
factors through the sub-oo-groupoid C° of C and the induced functor
Fun ®(Bord%",C) — C°
is a Dwyer-Kan equivalence.

Remark 3.3.3. We can show that Fun ® (Bord®"™, C) is an co-groupoid, so the evaluation functor factors
Z — Z(x) factors through the sub-oo-groupoid.

Note that since C is complete Segal n-space, by the Segal completion (Prop. 2.5.18), we have a Dwyer-Kan
equivalence
Fun ®(Bord®™,C) — Fun ®(PBord®™ (),

so we can describe a topological field theory in terms of the Segal n-space PBord? =3

Since Bord®™ has duals, for any symmetric monoidal (0o, n)-category C, Cor. 2.7.11 gives a weak equiv-
alence

Fun ®(Bord®", ™) — Fun®(Bord?™",C).
Hence, the theorem can be reformulated for all symmetric monoidal (oo, n)-categories C.

Corollary 3.3.4 (Cobordism hypothesis). Let C be a symmetric monoidal (0o, n)-category. The eval-
uation functor
Fun ®(Bord®",C) = C: Z — Z(%)

factors through the fully dualisable sub-co-groupoid (C*)° of C and the induced functor
Fun ®(Bord®™",C) — (Cfd)o

is a Dwyer-Kan equivalence.

The cobordism hypothesis, in this form, states that any framed extended topological field theory is uniquely
determined by its evaluation at a point. Furthermore, any object X € C that is fully dualisable in C°
uniquely determines a framed extended topological field theory.
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Chapter 4

Applications of the Cobordism
Hypothesis

In this chapter, we will consider some more concrete examples of the cobordism hypothesis that are
frequently studied. In the first example, we consider a special class of symmetric monoidal (co, n)-categories
C for which we can give an explicit construction of the topological field theories. In the second example,
we study in detail the notion of fully dualisable for n = 2.

4.1 Algebras in a symmetric monoidal (oo, 1)-category

First, we present some categorical preliminaries needed for the later discussions. Much of this section is
based on the ideas in Chapter 4 of [Lurl2].

Example 4.1.1 (Algebras in Mody). Let k be a field. The abelian category of k-modules Mody, has a
natural symmetric monoidal structure given by the usual tensor product ®j. A k-algebra A is a k-module,
with an additional multiplication operation A x A — A that is bilinear, has an identity and satisfies the
associativity axiom. In other words, it is a k-module equipped with two maps

k— A and AR A— A
satisfying a commutative diagram for associativity.

Given any k-algebra A, we can define a subcategory 4Mod (or Mod 4, respectively) of left (resp., right)
A-modules, whose objects are k-modules M equipped with a map A®@ M — M (resp., M ® A — M)
satisfying some commutative diagrams. Given two k-algebras A and B, the subcategory 4BiModpg of
(A, B)-bimodules is the subcategory of right B-modules in the category of left A-modules. The objects
can be given by k-modules M equipped with a map A® M ® B — M satisfying some coherence properties.

Given two bimodules 4 Mp and pN¢, there is a well-defined composition given by the relative tensor
product 4Mp ®p pN¢. We can thus define the following 2-category Alg, (k). Let the objects of Alg, (k)
be the k-algebras in Mody. For any two k-algebras A and B, the category of morphisms Hom(A, B)
is given by the category of (A, B)-bimodules 4BiModg. Composition of 1-morphisms is given by the
relative tensor product.

The purpose of this section is to generalise the construction in the example above to any symmetric
monoidal (0o, 1)-category. Recall the definitions of monoidal and symmetric monoidal (oo, 1)-categories
using I'; and T'o (Def. 2.6.3).

Let S be a symmetric monoidal (0o, 1)-category, that is, a map of simplicial spaces N(I's) — N(1-CSS)
with S, being complete Segal spaces. We can define the algebra and module objects in S. The following
definitions are similar to those given in [Lurl2, Chap. 4].

The topological category E; can be given a pre-symmetric monoidal structure. Let E?k denote the
category consisting of k-uples of objects of Ob E; and component-wise morphisms. There exists a functor
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E; : Tow — TopCat from I's to the category of topological categories taking (k) — E?k. For any
morphism ¢ : (k) — (I) in T, E1(¢) : E®* — E® is a functor which takes

X; = :
( ' H I>1gigk ~ ( H Xj)gigl
1<5<ry JEHTL(4)

and any morphism

(Xiﬂyihgiswﬁ( H XjM H Yj>

1<i<i’
JjeEH1(4) JEPT1(3)

The pre-symmetric monoidal category F; is in fact symmetric monoidal. We are only interested in the
underlying pre-monoidal structure though.

Definition 4.1.2. Let Ass® : N(T';) — N(1-CSS) be the monoidal complete Segal space obtained from
the composition

Ass: T — T LN TopCat N, q1c8s.

Definition 4.1.3. Let S be a symmetric monoidal (co,1)-category. The symmetric monoidal (oo, 1)-
category of associative algebras in S is the symmetric monoidal (0o, 1)-category of monoidal functors

Alg®(S) = Fun ®(Ass, S).

Let Alg(S) = Alg®(S); be the underlying (oo, 1)-category. The full subcategory {I;} C E; induces an
inclusion * — Ass. This induces a monoidal functor

Alg®(S) = Fun®(Ass,S) — Fun®(x,S) = S.
An associative algebra in S is a monoidal functor Ass — S, that is, an object in Alg(S).

Remark 4.1.4. We can justify this definition as follows. To each associative algebra A € Alg(S), let
A € Sy be the image of I; € Ass; = E; and k-times product A® --- ® A be the image of (k). The unique
map ) — I1) in E; and any embedding I LI I — I determine maps

1A and AR A— A

The remaining morphisms in E; give the associativity and identity axioms up to coherence. The monoidal
structure of Ass is compatible with the monoidal structure of S.

To each associative algebra A, we can also define an opposite algebra, where the multiplication action is
reversed. This is done as follows.

There exists a functor op : E; — E; that is the identity on objects and for any morphism ¢ : [[¢ I — [[5 I,
op(¢) is given by the composition (J[5 o) o o ([[g0) where o : I — I is given by o(t) =1 —t.

op induces functor op : E®¥ — E®¥ for all k > 1 and hence a natural transformation op : Ass — Ass.
Definition 4.1.5. The opposite algebra A°P of A is the associative algebra Aoop : Ass — S. We
immediately have (A°P)°P = A.

Since S is symmetric monoidal, we get 1°P = 1.

We can further proceed to define the modules of associative algebras.

Definition 4.1.6. Let LM be a topological category defined as follows:

e the objects of LM are
Ob (LM) = {Ir =[zire ZZO} U{L UL|7 € Zso}
i=1

where I; = I, = [0, 1];
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e for any finite subsets of indices A C Z>0U {x}, let Iy = [[,c4 Ia- For any I4,Ip € Ob(LM), the
space of morphisms Map; ;(14,Ip) is the space of all rectilinear embeddings ¢ : I¢ — I with S C A
(we allow S = () satisfying

(i) if x € A, then x € S and * € B;
(i) 6(1.) C I,; and
(iii) ¢(I.) is the rightmost component of the image in I, that is, for all I, C ¢~1(I.), ¢(07,) < #(0r,)
where 07, is the point 0 € Ig;

this construction gives Mapy (A, B) as a subspace of [[g- 4 Rect([[,cq Is: [Tpep Iv);

e composition is given by composition of maps.

Note that if x € A and * € B, then Mapy (4, B) = 0.
E; is a full subcategory of LM.

We can analogously define RM by requiring ¢(1.) to be the leftmost component in condition (iii).

Let LM®* denote the topological category of k-uples of the forms
(I,,l,...,I,,k) o (I,....L, I, UL)
and component-wise morphisms.
We can similarly endow LM with a pre-monoidal structure LM : T'; — TopCat sending (k) — LM®F.

The morphisms in LM are given by disjoint unions in a similar manner to that in the construction of E;
above.

Definition 4.1.7. Let LM : N(I';) — N(1-CSS) be the pre-monoidal complete Segal space induced by
the composition I'y % TopCat L 1-CSS.

Let S be a symmetric monoidal (oo, 1)-category. The symmetric monoidal (oo, 1)-category of left modules
in S is the symmetric monoidal (oo, 1)-category of monoidal functors

LMod®(S) = Fun® (LM, S).
Let LMod(S) = LMod®(S); be the underlying (co, 1)-category. The inclusion Ass — LM induces a
monoidal functor LMod®(S) — Alg®(S). Let A € Alg(S); be an associate algebra. The (0o, 1)-category

of left A-modules 4LMod(S) is given as the homotopy fibre of the functor LMod(S) — Alg(S) of the
underlying (0o, n)-categories at A, that is, it is the homotopy pullback in the diagram

4LMod(S) — {A}

J J

LMod(S) — Alg(S).

Note that 4LMod(S) does not have a natural monoidal structure as the fibre does not preserve the unit
of the monoidal operation.

A left A-module in S is an object in 4LMod(S).

We can similarly define the symmetric monoidal (0o, 1)-category of right modules RMod®(S) and the
(00, 1)-category of right A-modules RMod 4(S) using RM.

Remark 4.1.8. An object M € LMod(S) gives an associative algebra A = M(I;) and a left A-module
M = M(x). Any embedding I U I, — I, gives the action A® M — M of A on M. The two embedding
pathways gives a homotopy commutative diagram

LuLul 22,

iduig*J/ l

I1Jl, —— 1,

where 419 : [y U Iy — I and io, : Io U I, — I, are some embeddings, demonstrate the associativity of the
left action of A on M up to homotopy.
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Note that there is also a functor LM — Ass which is the identity on the subcategory Ass and sends I, [ I,
to I,+1, and sending a morphism in LM to the corresponding map. This induces a monoidal functor
Alg®(S) — LMod®(S) which sends an associative algebra A to a left A-module M where M(I;) =
M(I.) = A and the module structure A ® A — A given by the left multiplication in the algebra. This
functor thus exhibits each associative algebra A as a left module over itself. When we write A as a left
module, we will always refer to this module structure unless stated otherwise.

We can also define bimodules in S.

Definition 4.1.9. Let BM be a topological category defined as follows:

e the objects of BM are
T S
Ob (BM) = {,.I =[[.11r € Zzo} U {IS =[zlse Zzo} U{IUL UL|r s € Zso)
=1 =1

where ;I = I, = I, = [0,1]; we call .I and I, the left and the right components respectively and I,
the module component;

e for any I4,Ip € Ob(BM), the space of morphisms Mappy;(I4,I5) is the space of all rectilinear
embeddings ¢ : Is — Ip with S C A satisfying

(i) if x € A, then x € S and * € B;

(ii) ¢ takes left (resp., right, module) components of Ig into the left (resp., right, module) compo-
nents of Ig; and

(iii) ¢(I«) lies to the right of the images of all left components of I4-1(,y and to the left of all
right components, that is, for all .1 C ¢~(I,), ¢(0,;) < ¢(07,) and for all I, C ¢~ (L),
#(01,) = #(0r.);

this construction gives Mappgy;(A, B) as a subspace of [[ g 4 Rect( Hecs Is: Hoen Ib);
e composition is given by composition of maps.

LM and RM are full subcategories of BM. Ass can be viewed as a full subcategory of BM in two different
ways, by embedding into {,I} or {Is}. We denote the two embeddings Ass — BM as ¢, and g respectively.

Let BM®* denote the topological category of k-uples of the forms

(nL.oond) o (L, L) or (nLeo,n L IULL I ..o L)

and component-wise morphisms. As before, we can endow BM with a pre-monoidal structure BM : I’y —
TopCat sending (k) — BM®*.

Definition 4.1.10. Let BM : N(T';) — N(1-CSS) be the pre-monoidal complete Segal space induced by
the composition I'y BM, TopCat N 1css.

Let S be a symmetric monoidal (oo, 1)-category. The symmetric monoidal (0o, 1)-category of bimodules
in S is the (0o, 1)-category of monoidal functors

BiMod®(S) = Fun®(BM, S).

Let BiMod(S) = BiMod®(S); be the underlying (oo, 1)-category. The two inclusion 1, 1z : Ass — BM
induce monoidal functors ¢}, % : BiMod®(S) — Alg®(S). Let A, B € Alg(S) be associate algebras. The
(00, 1)-category of A, B-bimodules is given by the homotopy fibre

4BiModg(S) —— {(4, B)}

l (trstr) l

BiMod(S) ——— Alg(S) x Alg(S).
We also define 4BiMod(S) and BiMod 4(S) to be the homotopy fibre of 7, and g respectively at A.
An (A, B)-bimodule in S is an object in 4BiMod(S)p.
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Remark 4.1.11. As before, an object M € BiMod(S) gives the data of two associative algebras A =
M(;7) and B = M(I;) and a module M = M(I,), together with the left and right actions A ®@ M — M
and M ® B — M. The homotopy commutative diagram

AM®B——AQM

L

M@B—M

demonstrates the compatibility of the left and right module structures.

As for left modules, there is a monoidal functor Alg®(S) — BiMod®(S) that exhibits each associative
algebra A as a bimodule over itself with the left and right module structures given by left and right
multiplication respectively.

Lemma 4.1.12. There ezists a monoidal functor op : LMod®(S) — RMod®(S) which sends a pair
(A, M) to (A°P, M), and which is a Dwyer-Kan equivalence. Hence, a left A-module is a right A°P-module.
Similarly, for RMod®(S) — LMod®(S) and BiMod®(S) — BiMod®(S).

Proof. We can extend the functor op : E; — E; to op : RM — LM using the same operation on all objects
and morphisms of RM. Note that the reflection o(¢) = 1—t sends the leftmost object of I, to the rightmost
object, hence op takes a morphism in RM to a morphism in LM.

The commutative diagram

ElLEl

|, ]

RM —— LM

thus induce a homotopy commutative diagram

LMod®(S) —— RMod®(S)

| |

Alg®(S) —=— Alg¥(S).

where the lower horizontal arrow takes A to A°P. The upper horizontal arrow gives the required map.

To check that op is an Dwyer-Kan equivalence, we first note that it is essentially surjective on objects,
since each pair (4, M) € ObRMod®(S) has a preimage (A°P, M). The weak equivalences

maPLMod®(S)((Aa M),(B,N)) — mapRMod®(S)((Aop7 M), (B°?,N))

are consequences of the fact that op : Ass — Ass is an equivalence of categories, and hence, so is op :
RM — LM. O

Lemma 4.1.13. Let 1 = 1g be the unit of the monoidal operation on S. The composite functor
1LMod(S) — LMod(S) — S;

where the second map is induced by * — I, € LM is a Dwyer-Kan equivalence. Hence, 1BiMod(S) —

RMod(S) is a Dwyer-Kan equivalence.

Proof. 1t is clear that the composite functor is essentially surjective since every M € S can be regarded as

a left 1-module.

map, ,voa(s) (M, IV) is contained in the space map(F(0) x F(1),S) C map(LM x F(1),S) since we are
restricting to morphisms that fix the associative algebra 1. Hence, map, ;noa(s) (M, N) — mapg(M, N)
is a weak equivalence. O
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Corollary 4.1.14. There exist monoidal functors BiMod®(S) — LMod®(S) and BiMod®(S) —
RMod®(S) taking (A, B, M) to (A® B, M) and (A°° @ B, M) respectively. Hence, an (A, B)-bimodule
M can be seen as a left A® B°P-module or right A°P @ B-module, and by Lemma 4.1.18, as a (A® B°P,1)-
bimodule or a (1, A°°? ® B)-bimodule.

Proof. We will only construct the first functor, the other is similar. The inclusions LM — BM and
RM — BM induce

BiMod®(S) & LMod®(S)  and  BiMod®(S) £ RMod®(S).
Composing op to the second map gives us a functor

L,opoR
( )

BiMod®(S) LMod?(S) x LMod®(S) £ LMod®(S)

where the second map uses the pre-monoidal structure on LM. The composition takes an object (A, B, M)
to (A ® B°P, M). O

Let BiMod®(S)®* denote the homotopy limit of the diagram

BiMod®(S) ‘i, Alg®(S) <& B1Mod®(S) Ly R BiMod®(S)
with k copies of BiMod®(S).

For any symmetric monoidal (0o, 1)-category S, Lurie demonstrated the existence of a symmetric monoidal
functor

BiMod®(S)®% — BiMod®(S)
that takes a pair of bimodules (4 Mp, pN¢) to an (A4, C)-bimodule 4M ®p N¢. This is done using the

two-sided bar construction ([Lurl2, Chap. 4.3.5]). Informally, on each pair of bimodules (4 Mg, pN¢),
define the simplicial object Bar(M, B, N) € sBiMod(S) by

Bar(4M, B, N¢), = AM ® B®* @ N¢

where B®* is the n-fold tensor product of B. The outer face maps dy and dj, are induced by the module
structure maps M ® B — M and B® N — N respectively while the inner face maps d; are induced by
the algebra structure map B ® B — B between the - and (i + 1)-th copies of B. The degeneracy maps s;
are induced the algebra unit map 1 — B fori=1,...,k — 1. Then,

AM ®p No = hocolimBar(4 M, B, N¢).

We call this construction the relative tensor product of bimodules in S. It can be made precise as a
monoidal functor of (oo, 1)-categories using constructions similar to that given above. The relative tensor
product satisfies all the properties of the usual relative tensor product of modules, including

A4 M~ M, (M@s N)®@p P~M®a (N ®p P)
up to coherent homotopy.

Definition 4.1.15. Let Alg((@l)(S) denote the symmetric monoidal pre-complete Segal 2-space whose 0-
space is (Alg%)(S).)O = Alg®(S) and whose k-space is (Alg%)(S) )k = BiMod®(S)®k The degeneracy
maps are given by canonical inclusions. The outer face maps dy, dy, : Alg Ve — Alg(l)(S) )k—1 are

induced by the maps ¢} and ¢} respectively while the internal face maps for 1 < < k are induced by
the relative tensor products. Let Alg(S) = Alg( )(S) be its underlying (oo, 2)-category.

Alg‘(gi) (—) is a functor from the category of (small) symmetric monoidal (oo, 1)-categories to the category
of (small) symmetric monoidal pre-complete Segal 2-spaces since the construction is functorial on each
k-space.

We can describe Alg;)(S) as follows: the objects of Alg)(S) are associative algebras in S and a 1-
morphism from A to B is an (4, B)-bimodule. 2-morphisms are given by maps of bimodules (A, B-bilinear
maps), and higher morphisms are homotopies between such maps.
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Proposition 4.1.16. Alg‘(gi)(S) has duals for objects.
Proof. Let A: Ass — S be an associative algebra in S. We claim that the opposite algebra A°P is a dual
of A.

Aisa (A, A)-bimodule, with the left and right module structures given by the algebra structure AQ A — A.
Indeed, it represents the identity morphism A — A. We can also regard it as a (1, A ® A°P)-bimodule or
an (A ® A°P,1)-bimodule. Similarly, A°P is both a (A°P? x A,1)-bimodule and a (1, A°® x A)-bimodule.
So, to prove that A°P is the dual of A, it suffices to show that the compositions

A(AR A%) R@agaorga (AR A)a  and  4or (AP ® AP) @ gorgagaer (AP @ A) gop
are equivalent to 444 and go0 A%, respectively as (1,1)-bimodules, that is, as objects in S.

By the property that A4 M = M = M ®4 A if the associative algebra A acts on the module A by right
or left multiplication respectively, we have

(A® AP) @agaorpa (AR A) 2 AP @ porga (AR A) 2 AP Q00 A2 A
as objects in S, and similarly for the other map. O
However, in general, Alg‘(gi)(S) does not have adjoints for 1-morphisms. Nevertheless, we can consider its
maximal (0o, 1)-subcategory.
Definition 4.1.17. Let Alg?l)(S) be the maximal symmetric monoidal sub-(oo, 1)-category of Alg‘(gi)(S)
(see Prop. 2.7.19). We view it as an object in 1-CSS by applying the functor 3.
We immediately get:

Corollary 4.1.18. Alg(()l)(S) has duals as an (oo, 1)-category.

More generally, we can define an (0o, n)-category Alga)(S) of E,-algebras [Lur09c]|.

Definition 4.1.19. Let AlgV®(S) = Alg®(S) and inductively define Alg™®(S) = Alg®(Alg"~D(S)).
We call objects in this symmetric monoidal (oo, 1)-category E,-algebras of S, so associative algebras are
Ei-algebras. Let BiMod(")®(S) denote the symmetric monoidal (0o, 1)-category given by the homotopy
pullback

BiMod™?®(S) —— Alg™®(S)
BiMod®(S) —— Alg®(S).
Similarly define BiMod(”)@(S)‘@’C to be the homotopy limit of the diagram
BiMod™®(S) & Alg™®(S) ¢ BiMod™®(S) L ... & BiMod™%(S)

with k copies of BiMod™®(S).

Remark 4.1.20. An E,-algebra A can be regarded as a monoidal functor Ass™ — S, with each copy of
Ass defining a distinct “multiplicative” structure A® A =+ A on the algebra, such that they are mutually
compatible, that is, there are homotopy commutative diagrams

m;®id a

ARARA——FARA

idA®ij/ J{mj

A9A—" A

This gives A an E,-monoidal structure. Alternatively, we can construct Ass™ as for Ass replacing E;
with E,, and show that Alg™®(S) =~ Fun®(Ass™,S).
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The map Alg(”)®(S) — Alg("71)®(S) takes an E,-algebra and view it as an E,,_;-algebra by forgetting
one of the algebra structures. Hence, such a map is not canonical as it depends on the choice of the
structure to forget. However, by the Eckmann-Hilton argument, all compatible multiplicative structures
on an FE,-algebra are equivalent, so the different maps are equivalent.

The objects of BiMod(”)(S) are bimodules AMpg of E,-algebras A, B, taken with respect to some global
choice of one of the algebra structures on each E,-algebra A, that is, by viewing the E,-algebra as an
F-algebra.

Definition 4.1.21. Let Alg(?n)(S) be the symmetric monoidal pre-complete Segal (n + 1)-space whose
O-space is (Alg%l)(S).)O = Alg(n_l)(Alg(”)®(S)) and whose k-space is

(Algd (S)a) = Algf, ) (BiMod™®(8)%*).

The degeneracy and face maps are given by applying the functor Algaq)(_) to the degeneracy and face
maps of Alg%)(S).

The construction gives Alg%)(—) as a functor from the category of symmetric monoidal (oo, 1)-categories
to the category of symmetric monoidal pre-complete Segal (n + 1)-spaces.

Claim 4.1.22. Alg(?n)(S) has duals for objects and adjoints for r-morphisms for all v < n.

Sketch of proof. The proof that Alg((@n)(S) has duals for objects is the same as in Prop. 4.1.16.

To show that Alga)(S) has adjoints for r-morphisms, we want to proceed by induction on n. The main

idea of the proof is to endow BiMod(”)(S) with a different monoidal structure that is compatible with
composition in Alg%)(S).

Alg,)(S) can be scen as a functor AP — 1-CSS. By Remark 2.6.11, there is an equivalence N (1-CSS)N ()
N(1-CSS)NA™) 50 Alg ;) (S) can be regarded as a “non-unital” monoidal (oo, 1)-category of BiMod(S)
where the monoidal operation is given by the relative tensor product. It is non-unital as there is no unique
unit object 1, alternatively, we may regard every associative algebra as a unit object when viewed as a
bimodule over itself.

Restricting to the sub-(oco, 1)-category BiMod(")(S) of bimodules over E,-algebras, the monoidal oper-
ation can be shown to be E),-monoidal, that is, the restricted functor Algg?))(S) : A% — 1-CSS can be
shown to factor through E,,.

For any non-unital E,-monoidal (oco,1)-category X, we can construct Alg®(X) and BiMod®(X) as
before, but as non-unital E,_;-monoidal (oo, 1)-categories. Hence, Alg((@n_l)(X ) is well-defined as non-

unital F,,_i-monoidal pre-complete Segal n-space and Algafl)(X ) has duals for objects.

Since (Alg(a)(S).)l = Alg%ﬁl)(BiMod(")(S)) and Alg‘afl)(Alg(l)(S)) have the same underlying pre-

complete Segal n-space Alg(BiMod(") (S)) and the monoidal structure in the latter is given by composi-
tion, Alga)(S) has adjoints for r-morphisms for 1 < r < n if and only if Algafl)(AIg(l)(S)) has duals
for objects and adjoints for r-morphisms for 1 < r < n — 1. The result then follows by induction. O

Definition 4.1.23. Let Alg?n) (S) be the maximal symmetric monoidal sub-(co, n)-category of Alg%l)(S),
seen as an object in n-CSS.

Corollary 4.1.24. Alg,(S) has duals.

Example: Differential graded category over a commutative ring k

The key example that motivates the construction of algebras comes from a generalisation of the 1-category
of modules to higher categories.

Definition 4.1.25. A differential graded category (or dg-category) is a category enriched over chain
complexes.
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Definition 4.1.26. Let k be a commutative ring. Define dg-Ch(k) to be the dg-category whose objects
are chain complexes of k-modules (unbounded or bounded below) and for any chain complexes A,, B,, the
morphisms form a chain complex mapy, cp, (As, Be)s Where

mapdg_Chk (Ao; Bo)i = {fo : A- — Bo—i—i}

and the differential maps d : mapg, cp, (Ae; Be)i — Mapy, cn, (Ae, Be)i—1 are given by

d(f)=d%o f = (=1)'fod™.

It is easy to check that d2 = 0.

Tabuada showed a “zig-zag” series of Quillen adjunctions between the model category of dg-categories
and the model category of simplicial categories [Tab10]. The construction for a functor from dg-categories
to simplicial categories is given explicitly by Lurie in [Lurl2, Chap. 1.3.1]. Applying the classifying
diagram construction to the simplicial category then gives a complete Segal space. The main idea of the
constructions is to truncate the chain complexes of morphisms and only consider the sub-chain complex
that is bounded below at 0.

In the case of dg-Ch(k), we can construct the associated complete Segal space directly. Let Chg(k) denote
the underlying ordinary category of dg-Ch(k), that is, the category with Ob Chgy(k) = Obdg-Ch(k) and
for each pair of chain complexes A,, B,,

HomCho(k) (Au Bo) = MaPgg_Ch,, (Au Bo)0~

For any two chain maps f,g: Ae — B,., write
A A
h h
f—yg or fl:>lg
B B

for a chain homotopy between f and g, that is, a chain map he : A — Bey1 satisfying

dB  ohy +hy_10di = fro— gn vV n.
We can compose chain homotopies: given fi,g1 : Ae — Be and fa,g2 : Be — C4 and chain homotopies
f1 M g0 and fo 25 go, the composition is given by the chain homotopy

ha,h hoo f1+g20h
<f20f1 g>92091) = (fQOfl %92091)-

It is easy to check that composition is associative. This gives a strict 2-category Ch; (k) where Ob Ch; (k) =
Obdg-Ch(k) and for any two chain complexes A,, Bo, Homcn, (k) (Ae, Bs) is the category with objects
being chain maps and morphisms being chain homotopies.

For n > 0, let B[n| denote the 2-category with 2 distinct objects z,y, Hom(z,z) = {id,}, Hom(y,y) =
{idy }, Hom(y, z) = 0 and Hom(z, y) = [n]. So, Hom(B[n|, Chy(k)) is the category of chains of homotopies
f()Lfl iﬂ)fn

A map g: Ay — B, is a homotopy equivalence if there exists f, f’ : B, — A, and homotopies go f — idp
and f'og — id4. Let Chyeequiv(k) be the sub-2-category of Ob Chy (k) with Ob Chygequiv(k) = Ob Chy (k)
and such that Homcp,,,, ... (k) (Ae, Be) is the full subcategory of Homcp, (x)(Ae, Be) consisting of the
homotopy equivalences.

Definition 4.1.27. Let Ch(k) denote the complete Segal space defined by Ch(k)o = nerve Chypequiv(k)
and, for m > 0, Ch(k),, is given by

[n] = N(Hom(B[n], Chy(k)), Hom(B[n], Chhoequiv(k)))m,m.-
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The proof that Ch(k) is a complete Segal space is easy and similar to that for the construction for Segal
completion that Rezk gave in [Rez01, Sec. 14]. We instead give a visualisation: An n-simplex in Ch(k),,
can be viewed as a diagram of chain homotopies

110 m10 pill cee pmil piln L pmin 11n miln
g g g g
AOOH"'HA"ZO . . . . AOOH...*)AmO

J{fllo \Lfmu) hl:rnl .. hmml hlmn .. hmmn \Lflln J/fmln

J/fl{;lL?nO o lflmo \Lfqul:m o lfl'm.n
AOm‘%..:*}Amm Aom‘ﬂ..'.;)Amm

where ¢** are homotopy equivalences.

Tensor products of dg-algebras are defined as follows: let A,, Bs be chain complexes of k-modules. Then
their tensor product (A ® B), is given by

(A®B)n = @ Ap@kBq
p+g=n

and the differential maps are given by
dla®b) =d*a®b+ (—1)Pa® dPb where a @ b € A, ® B,.

The tensor product defines a symmetric monoidal structure on Ch(k). The monoidal structure (associa-
tivity and identity) is strict and can be verified on the underlying category Chy(k). The symmetry map
is given by

a®b— (-1)Pb®a where a ® b € A, ® By.

We thus get a symmetric monoidal structure on Ch(k) induced from that of Mod(k). However, this
symmetric monoidal structure is not homotopy invariant in Ch(k), unless k is a field, in which case all
dg-k-modules are projective.

Instead, we can define the derived tensor product [Toé07]. A®y, — is a left Quillen functor (viewing Ch(k)
as a dg-category), so we can define its left derived functor A ®% —. Explicitly, the derived tensor product
is given by

A®YB=Q(A) ek B

where Q(A) is a cofibrant replacement of A in the compatible model category structure of Chg(k) (that
is, the model structure that makes N(Chg(k)) = Ch(k). If we take Ch(k) to be the category of chain
complexes bounded below, then Q(A) is precisely a degree-wise projective replacement of A in Mod(k).

We take the symmetric monoidal structure on Ch(k) to be that induced by the derived tensor product
k.

An object in A € Alg(Ch(k)) is a monoidal functor Ass — Ch(k). Let A = A(I1), then by Remark
4.1.4, there are morphisms
k—A and AxA—-A®A— A

in Ch(k), which satisfy associativity and identity axioms, thus endowing A with a dg-k-algebra structure.
l-morphisms A — B in Alg(Ch(k)) are natural transformations between A,B : Ass — Ch(k), giving
commutative diagrams

AxA——BxB,

|

A—B
hence they are precisely the dg-k-algebra maps. Higher morphisms give the chain homotopies between

1-morphisms. Thus, Alg(Ch(k)) is the symmetric monoidal (oo, 1)-category of dg-k-algebras.

By a similar argument, objects in LMod(Ch(k)) are pairs (A, M) of a dg-k-algebra A and a left dg-A-
module M. A morphism (A, M) — (B, N) is a pair of maps: dg-k-algebra map A — B and a dg-A-module
map M — N viewing N as a A-module. Hence, the (oo, 1)-category 4JLMod(Ch(k)) is precisely the
(00, 1)-category of left dg-A-modules. Similar arguments hold for RMod(Ch(k)) and BiMod(Ch(k)).
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The relative tensor product in Ch(k) is defined by the two-sided bar construction. Since associativity and
identity are strict, it is easy to see that the underived relative tensor product is given by the colimit

idy®mp, N

m g ®idNy
M ®B N = COhm BiMod(Chg(k))Bar(M7 B, N) = colim BiMod(Cho(k)) (M ® B X N _— M ® N)

in the category BiMod(Chy(k)). So, for any dg-algebra B and right and left dg-B-modules Mg and g N
respectively, we have

(M®pN), = ( @ Mp®Nq> /R
ptg=n
where R is the sub-module generated by mb®n —m ®bn where m € M,,,n € Ny, b€ B, and p+q+7r = k.

We take the compositions in Alg;)(Ch(k)) to be the derived relative tensor products
M ®p N = Q(M) ®q(s) N

Alg;)(Ch(k)) is the symmetric monoidal (0o, 2)-category with objects being dg-k-algebras, 1-morphisms
being bimodules, and 2-morphisms being morphisms of bimodules. Composition of 1-morphisms is given
by the standard derived relative tensor product of dg-modules.

Alg® (Ch(k)) is the category of strictly commutative dg-k-algebras. However, given a commutative dg-
k-algebra A, the space of algebra structures on the underlying dg-k-module A may not be contractible.
Indeed, A is an FE,-algebra if and only if the space of algebra structures, given by the 0-space of the
pullback

AlgStr(A) —— {4}

| |

Alg(Ch(k)) —— Ch(k)s,

is (n — 1)-connected. By the Eckmann-Hilton argument, we know that if a dg-k-algebra A has two
different compatible monoidal structures, then they are equivalent and all other monoidal structures on
A are equivalent to them. Hence, if A is an associative dg-k-algebra that is not an Fs-algebra, then the
O-space of AlgStr(A) is discrete.

Alg,)(Ch(k)) is an (co,n + 1)-category whose objects are E,, dg-k-algebras, r-morphisms are bimodules
of F,_,+1 dg-k-algebras equipped with FE,,_, dg-k-algebra structures for 1 < r < n, n-morphisms are
bimodules, (n+ 1)-morphisms are maps of bimodules, and higher morphisms are homotopies between such
maps.

Application: Topological chiral homology

The cobordism hypothesis (Thm. 3.3.2) as stated in the last chapter gives a unique (up to homotopy)
topological field theory Z¢ : Bord™ — C for each fully dualisable object C' € ObC such that Za(x) = C.
However, in general, given a bordism M in Bordff (more formally, M € SemiBordg), it is difficult to
compute Z¢o(M).

However, in the case of C = Alg?n)(S), it is possible to explicitly compute Z¢ (M) for all M. We give a

sketch of the construction of topological chiral homology and its application to extended topological field
theories, as given in [Fral2, Ginl3, Lurl2].

Let A be the topological category whose objects are finite disjoint unions of open discs [[ D™ and whose
morphisms are open rectilinear embeddings. Thus, A can be seen as a subcategory of E,,. A has a monoidal
structure given by disjoint union on objects.

Let M be a framed manifold of dimension n. Let Ay be a topological category whose objects are pairs
(X,j,h) where X € Ob A, j: X — M is a framed open embedding and % is a homotopy between the
canonical framing on [[ D™ and the pullback of the framing of M. The set of objects of Aps can be seen

as a subspace of
(oo}
[ Emb’ ( 1z M)
i=1 i

74



where Emb’ (X, M) c Emb(X, M) is the space of framed embeddings. For any (X,j,h), (X', 5/, ) €
Ob Ay, define Map 4, ((X, 4, k), (X',4',h")) to be the space of pairs (¢, f) where ¢ : X — X’ is an open
rectilinear embedding, that is a morphism in A and f : I — A is a continuous path in Ajp; such that
f(0) =j and f(1) = j' o ¢. It is given a topology as a subspace of Map 4(X, X') x Embf(X7 M)T. There
is a canonical forgetful topological functor Ay, — A.

Let A be an E,-algebra in S. There is a monoidal functor A — Alg(()n)(S) which sends the disjoint union
of k copies of D to the k-times tensor product A ® --- ® A. Define the topological chiral homology of
M, denoted by | u A, to be the homotopy colimit of the composition

An — A — Alg,(S).

We need to impose some conditions on S to ensure that the homotopy colimit exists. A good monoidal
(00, n)-category S is one that admits small sifted colimits and such that the tensor product ® : Sx S — S
preserves small sifted colimits (see [Lur09b]).

If M is an n-framed manifold of dimension m < n, define

/ A= / Al
M MxDn—m

If i : D™ — M is a homeomorphism, then all other embeddings [[ D™ — M factors through 4, and hence
Jy A=A
M

Example 4.1.28. Let M = S! with the canonical framing. For any k > 0, we have diagrams of embeddings

a1@---Qarrrai---ag

A @ ARE Bunay

a1®'”®ak’—>a2'”akall J

Jsr A

N

which induces a cyclic permutation of the terms in the maps A®---® A — A. Hence, |, g1 A is the universal
object that is equivariant under the action of any finite cyclic group, which can be computed to be the
Hochschild homology

A=A @ A
g1 A®Acp

Since S is a good symmetric monoidal (0o, 1)-category, [ A gives a monoidal covariant functor from the
(00, 1)-category of n-framed manifolds to Alg,,(S), taking finite disjoint unions to the monoidal operation
® in S.

Let M be an framed manifold of dimension n with boundary M. Let M° be the interior of M. By the
collared neighbourhood theorem, we can write M? = M 11 ([0,1) x M), so there is an open embedding
MU (D' x 9M) — M? which induces a map

(/MOA)®(/6‘MA)—> A

If [, A is an algebra, this gives [, , A a [;,, A-module structure.

If M = M; UM, is a framed manifold such that X = M; N My C OM; N OMs>, then fMl A and sz A are
right and left ([, A)-modules respectively. The inclusions

X‘)Ml

J

Mo
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gives [ A as the homotopy pushout in the diagram

fXA%fM1A7

L

fMQA*}fMA

hence [,, A= (fMl A) ®f A fMQ A.

This gives another way to look at Example 4.1.28. We can decompose S' as the disjoint union of two
closed intervals I glued together at their endpoints. Taking care of the orientations of the endpoints, we

obtain
/ A= /A ® /A%A A .
st I [a.AJI A®AcP

* LI

Recall that a manifold in M € (SemiBordff)l ,,,,, 1 has boundary OM = UQ; , M where 1 < ¢ < n and
v = 0,1. the inclusions (D' x 9;oM) U M° U (D' x 8;1M) — MP° gives [,,o0 A the structure of a
(fai oM A, f&: Y A)-bimodule. The interiors (9;,M)° of the boundary components are mutually disjoint,
the intersection of the boundary of the boundary components establish relations between the different
module structures on [, A. Inductively, this establishes [, A as an n-morphism in Alg,,(S).

Any manifold M € (SemiBordff)k1 _____ &, can be decomposed as a union of k; - - - k,, submanifolds M;,

in (SemiBordff)L,,,,l, intersecting only on their boundaries (see Chap. 3.1), hence fMU A can be identified

as the relative tensor products of the [ M0 A with respect to the shared boundaries. Hence, [ o A is
1 n

..... in

an object in Alg?n)(S)kh__,kn.

Hence, M — [ 4 M defines a functor from SemiBordir to Alg(()n)(S), which extends in an obvious way to
a functor PBord!" — Alg?n)(S) (by truncating the manifolds).

The above argument gives a sketch of the proof of the following theorem

Theorem 4.1.29 ([Lur09c, Thm. 4.1.24]). Let S be any symmetric monoidal (0o, 1)-category. Given any
E, -algebra A € Alg(()n)(S), there exists a unique (up to homotopy in Fun®(Bordg,Alg?n)(S))) framed
extended topological field theory Z : Bordir — Alg?n)(S) such that Z(x) = A. Z can be defined explicitly
be

PBord™ > M — [ A
M

Example 4.1.30. Let n =1 and A € Alg;)(S). Let Z: SemiBord — Alg?l)(S) be a topological field

theory with Z(x) = A. The objects of SemiBordlir are disjoint unions of points, each with an orientation.
In Example 1.1.3, we showed that if Z takes the positively oriented points %, to A, then it takes the
negatively oriented points x_ to its dual A°P (see also the argument in [Lur09c, Prop. 1.1.8, Example
1.1.9]). Hence, the images of disjoint union of points are tensor products of copies of A and A°P.

As in Example 1.1.3, the connected 1-morphisms or framed bordisms are line segments and circles. Line
segments I can determine framed bordisms in 4 ways: di(I1) = do(I1) = *4; di(J2) = do(I2) = *_,
dy(I3) = . Ux_,do(I3) = 0; or di(I4) = 0,do(I4) = *_ Ux,. Their images under Z are the bimodules
AAA, 400 AP gov, agaor A1 and 1 Agepga Tespectively. We have St = I3 U, s 14, s0O

Z(SY =2 Z(I3ul) 2 Z(I3) o Z(I}) =1A ® A
AQA°P
is the composition ev4 o coev 4.

However, in contrast to Example 1.1.3, Z encodes more higher homotopical information. For example, the
mapping space map(f, )) has a connected component
Bgi = Emb™ (S, R>® x R)/Diff™ (S') =~ CP>.

It carries the group action of Diff™($1) = Diff"(S!) = SO(2) = S*. The SO(2) action on an embedded
manifold S* induces an SO(2) action on Z(S') 2 A ®agaor A. Since S! is invariant under the SO(2)
action and Z is a symmetric monoidal functor, Z(S') is equivariant under the same action. We have
already seen it for finite cyclic actions in Example 4.1.28.
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Example 4.1.31. Let n = 2 and A € Alg,)(S) be an Er-algebra. St is taken as a 2-framed manifold and
Jg1 A is an object in (Alg(()Q)(S)l)LO = Alg(l)(BiMod(l)@)(S)). More specifically, since S* € Map* (6, 0),
/. g Ais a (1,1)-bimodule which is also an associative algebra. Recall that by definition of topological
chiral homology for 2-framed 1-manifolds,

/A:/ A=A ® A
St S1x D1 AQA©°P

and the multiplicative structure is induced by an inclusion (S* x D) U (S x D) — (S x D).

Specifically, for S = Ch(k), the multiplcation is given by the standard product of tensor algebras (a ®
b)(a' @V) = (—1)deadesa qq’ @ bb'. Tt is well defined since A is a commutative dg-algebra.

4.2 The cobordism hypothesis in dimension 2

Recall from the previous section that the symmetric monoidal (oo, n)-category Alg?")(S) of E,-algebras
has duals, so every object is fully dualisable and determines a unique topological field theory by the
cobordism hypothesis. However, in general, given an object C' in a symmetric monoidal (oo, n)-category
C, it is difficult to determine if C is fully dualisable. In this section gives a simple condition to check this
in the case n = 2.

Fully dualisable objects in a symmetric monoidal (oo, 2)-category

Let C be a symmetric monoidal (oo, 2)-category. For any object X to be fully dualisable, X must have
a dual XV. Furthermore, the counit and unit maps evy and coevy must be contained in C™, that is to
say, evyx and coevx have left and right adjoints, and furthermore, their adjoints themselves have left and
right adjoints, and so on. However, the following lemma shows that it suffices to check that either evx or
coevx has left and right adjoints.

Lemma 4.2.1. Let C be a symmetric monoidal (00, 2)-category. Suppose X € ObC has a dual XV and
that the counit map evx : X ® XV — 1 has both a left adjoint evk and a right adjoint evi. Then, the
unit map coevx has both left and right adjoints as well, and there exists S,T € Obmapg(X, X) such that

(i) T=S"1 thatisToS=SoT =idx; and
(i)
vl = (idxv ® S) o coevx vl = (idxv ® T) o coevy
coevit = evx o (S ®@idxv) coevl = evx o (T ®idxv)
L/R L/R

where evy " and coevy " are the adjoints post- and pre-composed with the symmetry map X @ XV =
XY ® X respectively.

Proof. The duality of X and XV gives the Dwyer-Kan equivalence

= mapg(1, XY ® X)
f = (iddxv® f)ocoevy
(evx ®idyx)o(idx ®g) <« g
which associates to e~v§( and e~v§ objects S and T in map(X, X) respectively. Hence, we can take
vk = (idxv ® S) ocoevy and &vi = (idxv ® T) o coevy.

Similarly, there is a Dwyer-Kan equivalence mapg(X ® XV, 1) & mapg(X, X) and the images of S and T
under this equivalence are

coevl =evx o (S®idxv) and coevk =evy o (T ®@idxv).
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Using the fact that evk and evg are adjoints of evy, it is immediate to verify that coevi and coevk are

the right and left adjoints of coevy respectively.

~

By duality, (evy ® idy) o (idx ® coevy) = idx, so it is self-adjoint. We can compute its left adjoint
explicitly to get

idy = (idx ®coevk)o (evk ®@idx) 2 (coevk ®@idx) o (idy ® 6v%)
= (eVX & ldx) o (T & idxv®X) @) (idX®Xv & S) o (ldx ® COQVX)
>~ So(evx ®idyx)o (T ®idxvgx)o (idx ® coevy) =2 SoT
by the dualities given above. Similarly, using the right adjoint, we get idx =T o S. O

Proposition 4.2.2. Let C be a symmetric monoidal (00,2)-category. Then X € ObC is fully dualisable
if and only if X has a dual XV and the counit map evx : X ® XV — 1 has both a left and a right adjoint.

Proof. The necessity of the conditions is clear. Conversely, suppose X hasadual XV andevy : X@XV — 1
has a left adjoint and a right adjoint evi,evl : 1 — X ® XV. By the lemma above coevx have left and
right adjoints as well.

The formulation of evf(/ R and coevf(/ R in terms of S and T in the lemma above allows us to define further

adjoints. For example, evk has a left adjoint given by

&k = evx 0 (S2®@idyv) = evy o (T2 @idxv).
In general, for all integers n, evy o (S" ®idxv) has a left adjoint (idyv ® S1~")ocoevy and a right adjoint
(idxv ® S717") o coevy while (idxv ® S™) o coevx has a left adjoint evx o (S71" @ idyv) and a right
adjoint evx o (S17" ®idxv). Hence, evx and coevy lie in C' and X is fully dualisable. O

Recall from the previous section that the symmetric monoidal (oo, 2)-category Alg% (S) has duals for
objects but not adjoints for 1-morphisms. We can use this proposition to characterise the fully dualisable
objects in Alg%)(S).

First, note that for any associative algebra A, we can endow the (0o, 1)-category of (A, A)-bimodules with
a symmetric monoidal structure as follows: consider the underlying pre-complete Segal 2-space Algy (S)

of Alg%)(S). Let Mod(A) denote the maximal sub-complete Segal 2-space of Alg)(S) consisting of a

single object {A}. We can regard it as a functor A°®? — 1-CS§S. By Remark 2.6.11, there is a Dwyer-
Kan equivalence N(1-CSS)N(A™) = N(1-CSS)NT') | so Mod(A) can be regarded as a monoidal (0o, 1)-
category. The monoidal operation is given by the relative tensor product with respect to A. We will call
objects of Mod(A) A-modules.

In fact, if A is an Ep-algebra, the maximal sub-complete Segal (n + 1)-space Mod(A) of Alg,(S)1
containing a single object {A} can be regarded as a functor (A°P)™ — 1-CSS. The Dwyer-Kan equivalence
N(1-CSS)NA™)" = N(1-cSS)N (E,,) implies that Mod(A) is an E,-monoidal (co, 1)-category. If A is an
E.-algebra, that is, if A is an E,-algebra for all n, then, by the strictification theorem [Rez01, TV02],

N(1-C88Im (A™)") & N (1-¢88)“lim (NA™)" = colim N(1-CS8) N A™)"
>~ colim N (1-CSS)NEn) =~ N(1-CSS)cim N (En) =~ N(1-CSS)N Ee)
so Mod(A) can be regarded as a symmetric monoidal (oo, 1)-category.
The informal discussion above allows us to give the following proposition/definition.

Proposition 4.2.3. Let A be an E,-algebra in S. Then sBiMod(S) can be given an E,-monoidal
structure Mod(A) with the monoidal operation given by relative tensor products with respect to A.

Example 4.2.4. Let k be a commutative ring. If S = N(Mod(k)), then Mod(A) = N(Mod(A)) is the
monoidal (oo, 1)-category of A-modules (as defined classically) and it is symmetric if A is commutative.

More generally, if S = Ch(k), then Mod(A) is the monoidal (0o, 1)-category of chain complexes M, such
that M; is an A;-module for each i € Z, with the module structures compatible with the differential maps.
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Let A be an associative algebra in S and let A° = A® A°P € Alg(S). We characterise the full dualisability
of A in terms of its dualisability in Mod(1) and Mod(A°).

Let B be is an Fs-algebra, that is, there is an equivalence B°? = B. Let M be a right B-module, then
by the Fs, structure, we can also view it as a right B ® B-module, with the right multiplication done
twice. Note that the space of such right B ® B-module structures on M fixing a right B-module structure
is connected, but not contractible unless B is an F.-algebra. However, they are equal in the homotopy
2-category of Alg(l)(S), where we will be working when studying adjoints, so we shall not distinguish
them. Hence, we can regard M as a (B, B)-bimodule.

It is easy to see that A€ is an Fs-algebra. Recall that an associative algebra A can be regarded as bimodules
AAA, acAy or 1A(geyop = 1 A4, By the above argument, we may also regard A as a bimodule 4¢ A 4e or
by forgetting the A-module structure, as 1 A;.

Definition 4.2.5. Let A be an associate algebra in Alg(S). We say that A is proper if A is dualisable
as an object in S = Mod(1). We say that A is smooth if A is dualisable as an object in Mod(A°).

Theorem 4.2.6. Let A be an associative algebra in S. Then, A is fully dualisable in Alg%)(S) if and
only if it is smooth and proper.
Proof. By Prop. 4.1.16, A has a dual A°P.

First suppose A is fully dualisable. Hence, the counit map s A; has both a left and a right adjoint, given
by 154 and 1T 4. respectively. We shall show that S and T" are the duals of A in Mod(A°) and Mod(1)
respectively.

Given that S is the left adjoint of A in Alg;)(S), we have unit and counit maps

u:1—>S?A and AR S — A°
e 1

By the arguments above, we can regard S as a (A¢, A¢)-bimodule as necessary. It is easy to see that the
adjunctions in Alg(S) induce adjoint functors

— (? 1SAc : BiMOdl(S) — BiMOdAe (S) L — 1(4@ AﬁAla
acAq (? — 1BiMOd(S) — AcBiMOd(S) 115 1(4@ -,

in particular, they induce Dwyer-Kan equivalences

Mapginod(s) .- (M ® Spe,N) = MapBiMod(S)l(M’NS% Ay)
(idy ®ae v) o (f @1ids) <« f
Map ,. BiMod(s) (4° 4 ‘? 1P,Q) = Map, ginmoas) (P15 % Q)
g = (ids ®a g)o (u® ida)

for bimodules M, N, P, Q.

Set f: 4c A1 — acAjq the identity map and g : 4c A ®1 A®4ec — gc Age the right A°-module structure map
in the adjunction equations above.

The first equation gives the A¢-bilinear map v : A ®1 S — A°. By the universal property of the relative

id . .
tensor product, v factors through A®1 S = A®; A°®ae S 994§ ® 4 S to give a homotopy commutative
diagram

A v e
952

4

A®S
Ae

The second equation gives us an (1, A®)-bilinear map @ : A° — S ®4 A. Since A° is Fs, any left or right
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A¢-linear map is homotopic to some A°-bilinear map. This gives us a homotopy commutative diagram

1A€AE 412) ]'S j?i AAE

[k

e A 4 %AGS% Age

We want to check that ev and coev are the evaluation and coevaluation maps for S as a right dual of A in
Mod(A¢). We have a homotopy commutative diagram

AcApe AcApe

g ®id
g T v®id

id | AEA?AeAE&)AeA(?S?AAe d

ar—~>a®1 T

id

id®coev AeA ? S g@ AAe ev®id

which shows that the composition of the top row is homotopic to the identity. Similarly, we can show that

coev®id id®ev
AeSAe 4} AeSg@ A? SAe % ASSAG

is homotopic to the identity.

For the converse direction, suppose A has a right dual S in Mod(A¢). Then, we can similarly check that
1S ae is the left adjoint of 4 A; with the unit and counit maps given by

1—>Aeﬂ>SggA and A<§1§S—>A/<_§‘§S—>Ae.

The proof that T is right adjoint of A in Alg)(S) if and only if it is the dual of A in Mod(1) is similar. [

While the theorem gives a characterisation of fully dualisable objects in Alg;)(S), the definitions of
smooth and proper algebras given in Def. 4.2.5 is rather obscure. The terms smooth and proper come
from algebraic geometry and correspond to the geometric properties of smoothness and properness on
schemes (properness gives a notion of compactness). Kontsevich and Sobeilman gave some examples of
smooth and proper algebras in categories over smooth schemes, which illustrate the geometric nature of
these definitions [KS09]. In line with the discussions above, we will give some more explicit definitions for
module categories.

Example 4.2.7. Consider the ordinary abelian category Mod(k) where k is a commutative ring. For
any commutative ring A, a module M € Mod(A) is dualisable if and only if it is finitely generated and
projective (see Prop. 4.2.9 below). Hence, a k-algebra A is fully dualisable in Alg)(S) if and only if it is
finitely generated and projective in Mod(k) and Mod (A ® A°P) (see, for example, [SP11, Appendix A]).
In fact, this is also equivalent to saying that A is finite semisimple k-algebra.

Example 4.2.8. In the case of S = Ch(k), we can show the following:

Proposition 4.2.9. Let A = A, € Ch(k) be an associative dg-k-algebra and M € Mod(A,). The
following are equivalent:

(i) M is dualisable in Mod(A).

(i) There exists n < oo and ki,...,k, € Z such that there is a commutative diagram of A-linear maps

M @i Al —5 M

idas
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(i11) M 1is finitely generated and projective as an A-module.

Proof. (i)=-(ii): Suppose M has a dual M" in Mod(A), so there are evaluation and coevaluation maps
M@sMY 5 A  and  AD M @aM

satisfying the adjoint identities. Let n(1) = Y1 | x; ® y; where x; € MY [—k;] and y; € M[k;] for each i
(M[k] is the shift of M by degree k). The adjoint identity idy; = (idps @ 1) 0 (e ® idps) gives

= (idy @ 1) 0 (e @idar)(m) = Y e(m @ z;)y;
i=1
Hence, the composition of the maps
n n n
M — @A[k}z] cm—= (e(m®a;))i, and Alki] = M : (a;)i2q — Zaiyi
i i=1 i=1

gives id ;.

(ii)=-(iii): That M is finitely generated is immediate as @ ; A[k;] — M is surjective. A[k;] are projective
A-modules, and so is @, A[k;]. Hence, given any surjection N — N’ in Mod(A) and a map M — N,
the commutative diagram

gives a lift M — N. Hence, M is projective as an A-module.

(iii))=>(i): Suppose M is finitely generated and projective as an A-module. Let MY = Hom 4 (M, A) be the
k-chain complex given by
HOHIA(M, A)l = HomMod(A) (M, A[—l])

with the differential (df)(m) = d(f(m)). Since M is finitely generated, there exists a surjection ¢ :
@, Alk;] — M. Let y; = ¢(0,...,1,...,0) € M be the image of the i-th coordinate, so (y1,...,y,) is a
set of generators for M. By the projectivity of M, this induces a surjection

b HomA(M,@A[kiD @HomA (M, A @MV ] = Hom (M, M).
i=1
Choose (z1,...,%,) € @, MV [—k;] such that ¥(z1,...,2,) =idp. (@1,...,2,) is a set of generator for

MY. Define the A-linear maps

E:M@AMV—>A:yi®xj»—>6ij and n:A—>MV®AM:1'—>in®y,».
i=1
It is easy to check that they are the evaluation and coevaluation maps for MV, so M is dualisable in
Mod(A). O

The third condition can be phrased in a more general setting of dg-categories (see [Kel07]). An A-module
satisfying the third condition is usually called perfect. Keller proved that an object in a dg-category is
perfect if and only if it is compact, that is, for any small indexing category I and (N;);e; € Mod(A)!,
the map

cclylei}n Mappjoa(a)(M; Ni) = Mapyioaa) (M, hoggllim N;)

is an isomorphism in Ho (sSet) [Kel07].

Hence, a dg-k-algebra A is proper if it is a perfect dg-k-module and smooth if it is a perfect A® A°P-module.
Explicitly, A is a perfect dg-k-module if and only if ), dimy H;(A) < oo.
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