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A note on the (0o, n)—category of cobordisms

DAMIEN CALAQUE
CLAUDIA SCHEIMBAUER

In this extended note we give a precise definition of fully extended topological field
theories a la Lurie. Using complete n—fold Segal spaces as a model, we construct
an (oo, n)—category of n—dimensional bordisms, possibly with tangential structure.
We endow it with a symmetric monoidal structure and show that we can recover the
usual category of bordisms.
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534 Damien Calaque and Claudia Scheimbauer

Introduction

Topological field theories (TFTs) arose as toy models for physical quantum field theories
and have proven to be of mathematical interest, notably because they are a fruitful tool
for studying topology. An n—dimensional TFT is a symmetric monoidal functor from
the category of bordisms, which has closed (n—1)—-dimensional manifolds as objects
and n—dimensional bordisms as morphisms, to any other symmetric monoidal category,
which classically is taken to be the category of vector spaces or chain complexes.

A classification of 1—and 2—dimensional TFTs follows from classification theorems for
1- and 2—dimensional compact manifolds with boundary; see Abrams [1]. In order to
obtain a classification result for larger values of n one needs a suitable replacement of
the classification of compact n—manifolds with boundary used in the low-dimensional
cases. Moreover, as explained by Baez and Dolan [2], this approach requires passing
to “extended” topological field theories. Here “extended” means that we need to be
able to evaluate the n—TFT not only at n— and (n—1)—dimensional manifolds, but
also at (n—2)—, ..., 1— and 0—dimensional manifolds. Thus, an extended n—TFT is a
symmetric monoidal functor out of a higher category of bordisms. In light of the hope
of computability of the invariants determined by an n—TFT, eg by a triangulation, it is
natural to include this data. Furthermore, Baez and Dolan conjectured that, analogously
to the 1-dimensional case, extended n—TFTs are fully determined by their value at a
point, calling this the cobordism hypothesis. A definition of a suitable bicategory of
n-bordisms and a proof of a classification theorem of extended TFTs for dimension 2
was given by Schommer-Pries [49].

In his expository manuscript [40], Lurie suggested passing to (oo, n)—categories for
a proof of the cobordism hypothesis in arbitrary dimension n. He gave a detailed
sketch of such a proof using a suitable higher category of bordisms, which, informally
speaking, has zero-dimensional manifolds as objects, bordisms between objects as 1—
morphisms, bordisms between bordisms as 2—morphisms, etc, and for k > n there are
only invertible kK —morphisms given by diffeomorphisms and their isotopies. However,
finding an explicit model for such a higher category poses one of the difficulties in
rigorously defining these n—dimensional TFTs, which are called “fully extended”.

In [40], Lurie gave a short sketch of a definition of this (oo, n)—category using complete
n—fold Segal spaces as a model. Instead of using manifolds with corners and gluing
them, his approach was to conversely use embedded closed (not necessarily compact)
manifolds, following along the lines of Bokstedt and Madsen [12], Galatius [19] and
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Galatius, Tillmann, Madsen and Weiss [21], and to specify points where they are cut
into bordisms of which the embedded manifold is a composition. Whitney’s embedding
theorem ensures that every n—dimensional manifold M can be embedded into some
large-enough vector space and suitable versions for manifolds with boundary can be
adapted to obtain an embedding theorem for bordisms; see Section 8. Moreover, the
rough idea behind the definition of the n—fold Segal space is that it includes the data,
for k1, ..., ky, of the classifying space for diffeomorphisms of —in the i" direction
ki —fold — composable n—bordisms. Lurie’s idea was to use the fact that the space of
embeddings of M into R is contractible to justify the construction.

Modifying this approach, the main goal of this note is to provide a detailed construction
of such an (oo, n)—category of bordisms, suitable for explicitly constructing an example
of a fully extended n—-TFT, which will be the content of a subsequent paper [13]. As
we explain in Section 6.3, Lurie’s sketch does not lead to an n—fold Segal space, as the
essential constancy condition is violated. In our Definition 5.1, we propose a stronger
condition on elements in the levels of the Segal space. We show that this indeed yields
an n—fold Segal space PBord, . Its completion Bord, defines an (oo, n)—category of
n—bordisms and thus is a corrigendum to Lurie’s n—fold simplicial space of bordisms
from [40].

Furthermore, we endow it with a symmetric monoidal structure and also consider
bordism categories with additional structure, eg orientations and framings, which
allows us, in Section 10, to rigorously define fully extended topological field theories.

Our main motivation to have a precise definition of the (co, n)—category of bordisms
was the following: in the subsequent paper [13] we explicitly construct an example
of a fully extended topological field theory. Given an E,—algebra A we show that
factorization homology with coefficients in A leads to a fully extended n—dimensional
topological field theory with target category a suitable (co, n)—Morita category with
E, —algebras as objects, bimodules as 1-morphisms, bimodules between bimodules as
2—morphisms, etc.

Organization of the paper In Part I, consisting of the first three sections, we recall
the necessary tools from higher category theory needed to define fully extended TFTs.

Section 1 reviews the model for (co, 1)—categories given by complete Segal spaces and
recalls some useful information about other models. In Section 2 we explain the model
for (00, n)—categories given by complete n—fold Segal spaces and introduce a model
which is a hybrid between complete n—fold Segal spaces and Segal n—categories.
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We propose two equivalent definitions of symmetric monoidal structures on complete
n—fold Segal spaces in Section 3, one as a I'—object in complete n—fold Segal spaces
following Toén and Vezzosi [56] and one as a tower of suitable (n+k)—fold Segal
spaces with one object, 1-morphism, ..., (k—1)-morphism for k > 0 following the
delooping hypothesis.

Part II is devoted to the construction of Bord,, .

Our construction of the (oo, n)—category Bord, of higher bordisms is based on a
simpler complete Segal space Int of closed intervals, which we introduce in Section 4.
The closed intervals correspond to places where we are allowed to cut the manifold
into the bordisms it comprises. The fact that we prescribe closed intervals instead of
just a point corresponds to fixing collars of the bordisms.

Section 5 is the central part of this article and consists of the construction of the
complete n—fold Segal space Bord, of bordisms. We discuss variants of Bord,,
including (oo, d)—categories of bordisms and tangles for arbitrary d, and compare our
definition to Lurie’s sketch in Section 6.

In Section 7 we endow Bord,, with a symmetric monoidal structure, both as a I'—object
and as a tower, and compare the two definitions.

In Section 8 we elaborate on the interpretation of the objects in Bord, as n—bordisms.
Furthermore we show that the homotopy category of the (oo, 1)—category of bordisms
is what one should expect, namely the homotopy category of the (oo, 1)—category of
n-bordisms Bordf,oo’l) gives back the classical bordism category nCob.

Finally, in Section 9 we consider bordism categories with additional structure such as
orientations, denoted by Bordflr, and framings, denoted by Bordf{, which allows us to
define fully extended n—dimensional topological field theories in Section 10.

Conventions

(1) Let Space denote the category of simplicial sets with its usual model structure.
By space we mean a fibrant object in Space, ie a Kan complex.

(2) We denote the simplex category by A. Objects are finite ordered sets denoted
by [m] = (0 < --- < m) and morphisms are monotone maps. As an ordered set,
we can view [m] as a category. Functors between the associated categories arise
exactly from monotone maps. Thus, we can take the nerve of [m], which we
will denote by A™.
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(3) The geometric realization |Al] is the standard geometric simplex

{(XOa---,Xl) eRF: Y xi =1, ZO},
i

We denote the extended simplex {(xo, ... x;) eRIAL: YoiXi= 1} by |A],.
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PartI Symmetric monoidal (co, n)—categories

A higher category, or n—category for n > 0, has not only objects and (1—)morphisms, but
also k—morphisms between (k—1)-morphisms for 1 <k <n. Strict higher categories
can be rigorously defined, however most higher categories which occur in nature are not
strict. Thus, we need to weaken some axioms and coherences between the weakenings
become rather involved to formulate explicitly. Things turn out to become somewhat
easier when using a geometric definition, in particular when furthermore allowing
k—morphisms for all k > 1, which for k > n are invertible. Such a higher category
is called an (oo, n)—category. There are several models for such (oo, n)—categories,
eg Segal n—categories (see [27]), ®,—spaces (see [46]) and complete n—fold Segal
spaces (see [3]), which all are equivalent in an appropriate sense (see [53; 6]). For our
purposes, the latter model turns out to be well suited and in this part we recall some
basic facts about complete n—fold Segal spaces as higher categories. This is not at all
exhaustive, and more details can be found in eg [10]. We also refer to [9], especially
for their role in the proof of the cobordism hypothesis in [40].

Symmetric monoidal structures on (0o, n)—categories per se have not been very much
studied in the literature for n > 1 (even though they are particular instances of commu-
tative monoids in co—categories, which are extensively studied in [41]). We provide a
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brief review of these in Section 3 and describe them in two different, but equivalent,
ways: as ['—objects on the one hand and using the delooping hypothesis on the other
hand. A comparison follows from [23].

1 Models for (oo, 1)—categories

We start with n = 1. An (oo, 1)—category should be a category up to coherent homotopy
which is encoded in the invertible higher morphisms. In this section, we will mention and
give references for several models for (oo, 1)—categories we will use in the later sections.
A good overview on different models for (oo, 1)—categories and their comparison can
be found in [8]. It should be mentioned that, by [53], up to equivalence there is
essentially only one theory of (0o, 1)—categories; explicit equivalences between the
models mentioned here have been proved eg in [17; 7; 5; 28]. One additional model
which should be mentioned is that of Joyal’s quasicategories. It has been intensively
studied, most prominently in [38].

1.1 The homotopy hypothesis and (oo, 0)—categories

The basic hypothesis upon which co—category theory is based goes back to Grothendieck
[24] and is the following:

Hypothesis 1.1 (homotopy hypothesis) Spaces are models for co—groupoids, also
referred to as (oo, 0)—categories.

Given a space X, its points, ie O—simplices, are thought of as objects of the (co, 0)—
category, paths between points as 1-morphisms, homotopies between paths as 2—
morphisms, homotopies between homotopies as 3—morphisms, and so forth. With this
interpretation, it is clear that all »—morphisms are invertible up to homotopies, which
are higher morphisms.

We take this hypothesis as the basic definition, and model “spaces” with simplicial sets
rather than with topological spaces.

Definition 1.2 An (o0, 0)—category, or co—groupoid, is a space. According to our
conventions, it is a fibrant simplicial set, ie a Kan complex.

1.2 Topologically and simplicially enriched categories

Two particularly simple, but quite rigid models are topologically or simplicially enriched
categories.
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Definition 1.3 A topological category is a category enriched in topological spaces. A
simplicial category is a category enriched in simplicial sets.

Topological and simplicial categories are discussed and used in [38; 55]. However,
for our applications they turn out to be too rigid. We would also like to allow some
flexibility for objects, not only morphisms, thus also requiring spaces of objects.

1.3 Segal spaces

Complete Segal spaces, first introduced by Rezk [45] as a model for (oo, 1)—categories,
turn out to be very well suited for geometric applications. We recall the definition in
this section.

Definition 1.4 A (1-fold) Segal space is a simplicial space X = X, which satisfies
the Segal condition: for any n, m > 0, the commuting square

Xm4n —— Xm

L

Xy — Xo

induced by the maps [m] — [m+n], (0<---<m)—> (0<---<m), and [n] — [m+n],
O<---<n) (m<---<m+n), is a homotopy pullback square. In other words,
the induced map

Xm+n = Xm X;)l(o Xn
is a weak equivalence.

Defining a map of Segal spaces to be a map of the underlying simplicial spaces gives a
category of Segal spaces SeSp = SeSp, -

Remark 1.5 For any m > 1, consider the maps gg: [1] = [m], (0<1)—~ (B—1<p),
for 1 < B <m. Requiring the Segal condition is equivalent to requiring the condition
that the maps
h h
Xm — X1 X XX, X1

induced by g1, ..., gm are weak equivalences.

Remark 1.6 Following [40], we omit the Reedy fibrancy condition which often
appears in the literature. In particular, this condition would guarantee that for m,n > 0
the canonical map

Xm Xxog Xn = Xm X})’(O Xn
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is a weak equivalence. Our definition corresponds to the choice of the projective model
structure instead of the injective (Reedy) model structure, which is slightly different
(though Quillen equivalent) compared to [45]. We will explain this in more detail in
Section 1.4.3.

Definition 1.7 We will refer to the spaces X, as the levels of the Segal space X.

Example 1.8 Let C be a small topological category. Recall that its nerve is the
simplicial set

N@©n=Hom(n.c)= | |  Home(xo.x1)x - x Home(xn—1.Xn).
X05.-sXn €EObC
with face maps given by composition of morphisms, and degeneracies by insertions of
identities. The nerve N(C) is a Segal space. Moreover, a simplicial set, viewed as a
simplicial space with discrete levels, satisfies the Segal condition if and only if it is the
nerve of an (ordinary) category.

1.3.1 Segal spaces as (oo, 1)—categories The above example motivates the follow-
ing interpretation of Segal spaces as models for (co, 1)—categories. If X, is a Segal
space then we view the set of O—simplices of the space Xg as the set of objects. For
x,y € Xo we view

Homy (x, y) = {x} Xff(O X1 X?(O i

as the (oo, 0)—category, ie the space, of arrows from x to y. More generally, we view
X, asthe (0o, 0)—category — ie the space — of n—tuples of composable arrows together
with a composition. Note that given an n—tuple of composable arrows, the Segal
condition implies that the corresponding fiber of the Segal map X, — X x él(o . -xﬁ’io X1
is a contractible space. The map X, — X; determined by the functor [1] — [r],
0 <1+ 0 < n, can be thought of as “composition”, and thus we can think of the
n—tuple as having a contractible space of possible compositions. Moreover, one can
interpret paths in the space X; of 1-morphisms as 2—morphisms, which are invertible
up to homotopies, which in turn are 3—morphisms, and so forth.

1.3.2 The homotopy category of a Segal space To a higher category one can in-
tuitively associate an ordinary category, its homotopy category, which has the same
objects and whose morphisms are 2—isomorphism classes of 1-morphisms. For Segal
spaces, one can realize this idea as follows.
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Definition 1.9 The homotopy category h1(X) of a Segal space X = X, is the (ordi-
nary) category whose objects are the 0—simplices of the space X and whose morphisms
between objects x, y € X¢ are

Homy, (x)(x. y) = mo(Homy (x, )) = mo({x} x, X1 x4 ().

For x,y,z € Xy, the following diagram induces the composition of morphisms, as
weak equivalences induce bijections on mg:

(o} <y X 5, (D) x (v} <y, X1 5y, {2
— {x} ><§‘(0 X1 ><})’(0 X1 x})’(o {z} < {x} ><f,’(0 X5 x’}(O {z} = {x} x})‘(0 X1 x})‘(0 {z}.

Example 1.10 Given a small (ordinary) category C, the homotopy category of its
nerve, viewed as a simplicial space with discrete levels, is equivalent to C:

h1(N(C)) ~C.
The above example motivates the following definition of equivalences of Segal spaces.

Definition 1.11 A map f: X — Y of Segal spaces is a Dwyer—Kan equivalence if

(1) the induced map %1(f): h1(X) — h1(Y) on homotopy categories is essentially
surjective, and

(2) for each pair of objects x, y € X¢ the induced map

Homy (x, y) — Homy (f(x), f())

is a weak equivalence.

1.4 Complete Segal spaces

We would like the equivalences of Segal spaces to be the Dwyer—Kan equivalences.
However, instead of considering all Segal spaces and their the Dwyer—Kan equivalences,
it turns out that we can consider a full subcategory of Segal spaces which satisfy an
extra condition, called completeness, for which Dwyer—Kan equivalences have an
equivalent, simpler description. To make sense of this, we need to first introduce the
model categories involved.

1.4.1 The model structures of Segal spaces We now describe various model struc-
tures on the category sSpace of simplicial spaces. Ultimately, the goal is to have a
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model category whose fibrant objects deserve to be called ““ (oo, 1)—categories” and
whose equivalences are analogs of equivalences of categories. We will first introduce
model categories whose fibrant objects are Segal spaces. Then, in the next step, we
will fix the weak equivalences. We refer to [45; 28] for more details.

Let us first consider the injective and projective model structures on the category of
simplicial spaces, denoted by sSpace, and sSpace s respectively. Note that the fibrant
objects in sSpace o are the levelwise fibrant ones, while the fibrant objects of sSpace,,
turn out to be the Reedy fibrant simplicial spaces.! Conversely, every object in sSpace,,
is cofibrant; see for example [26, Corollary 15.8.8.]. These model categories are Quillen
equivalent (via the identity functor).

In the first step we perform left Bousfield localizations of the previous model structures
sSpace, and sSpace 5 with respect to the morphisms

Al Tl po -+ L po Al — A",

This provides two model categories, denoted by sSpacei’e and SSpacese, which still
are Quillen equivalent. For the injective model structure, it is immediate that fibrant
objects in sSpacege satisfy X, =5 X x Xo " XX, X1 and thus are Reedy fibrant Segal
spaces. For the projective model structure, it follows from [28] that the fibrant objects

in sSpaceij satisfy X, =X, xg’(o e xé}o X1 and thus are Segal spaces.2

1.4.2 Complete Segal spaces Although the model categories SSpaceE"' and SSpaceﬁre
have the (Reedy fibrant) Segal spaces as their fibrant objects, there are not enough weak
equivalences: every weak equivalence between Segal spaces is indeed a Dwyer—Kan
equivalence, but there are more Dwyer—Kan equivalences.

This problem can be circumvented by further localizing the model structures. For this
new model structure, the weak equivalences between Segal spaces turn out to be exactly
the Dwyer—Kan equivalences. We will see that these further localized model structures
have fewer fibrant objects, which are the complete (Reedy fibrant) Segal spaces. We
will focus on the case of the projective model structure, since the other case can be
found spelled out in great detail in many references, for example the original [45], but

1See for example [26, Theorem 15.8.7] for a proof that the injective and Reedy model structures
coincide.

2This terminology is not consistent throughout the literature: often “Segal space” includes the Reedy
fibrancy condition. Our examples will not be Reedy fibrant, which is the reason for our choice of
terminology.
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to our knowledge the former has so far only appeared in [28]. Moreover, although we
will phrase it for the projective model structure, the first part works the same in the
injective case. The difference appears when computing the involved mapping spaces
explicitly; see the remark below.

Intuitively, the condition we would like to impose is that the underlying co—groupoid
of invertible morphisms of the Segal space X, is already encoded by the space Xj.
To translate this, we first need to understand what the space of (homotopy) invertible
morphisms of X, is.

Let f be an element in X; with source and target x and y, ie its images under the
two face maps X1 = X are x and y. It is called invertible if its image under

g X (3= (o, Xad, ()= mo (D, Xa () = Homy, o) (x. 3)
is an invertible morphism in 41 (X), ie it has a left and right inverse.

To define the space of invertible morphisms, consider the walking isomorphism /[1],
which is the category with two objects and one invertible morphism between them,

=

Mapping the walking isomorphism into an arbitrary category C we get the isomorphisms
of C, and therefore the information about its underlying groupoid. Mimicking this
procedure for a Segal space X,, we consider the derived mapping space

Map, g5 (N1 [1]), X).

Moreover, an analog of [45, Lemma 5.8] shows that if an element in X is invertible,
any element in the same connected component will also be invertible. Thus we define
the space of invertible morphisms in X, to be the homotopy pullback?

Xilnv I, > X1

l |

nOMapsSpaceASfe (NU[1]),X) —— moX1 = noMapsSpm}e (AL, X)

Here, the bottom arrow arises from the obvious functor [1] — I[1].

3To compare with the definition in [28], note that the pullback is a homotopy pullback since the map
X1 — mo(X7) is a fibration.
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Finally, identity morphisms in X, should be invertible. Indeed, the degeneracy map
so: [1] — [0] factors as [1] — I[1] — [0] and induces a map

Xo — Xiv,
Definition 1.12 A Segal space X, is complete if the map X9 — X ilnv is a weak

equivalence. We denote the full subcategory of SeSp whose objects are complete Segal
spaces by CSSp = CSSp, .

Example 1.13 Let C be a category. Then N(C) is a complete Segal space if and only
if there are no nonidentity isomorphisms in C, ie the underlying groupoid of C is a set
(viewed as a category with only identity morphisms).

In order to compute X }“" explicitly, we have to be able to describe the (derived)
mapping space Mapjspm%(N(l[l]), X).

Lemma 1.14 We have a homotopy pullback square
Mapsspms;(N(l[l]),X) — X3
{O,2}H{1,3}l hy l{0,2}H{1,3}
XoxXg — X1 x X,

Proof Note that since X, was assumed to be a Segal space, it is fibrant, but N(/[1])
might not be cofibrant.* So, to compute the desired mapping space, we cofibrantly
replace N(I[1]) and then compute the mapping space in the underlying category,

Map, g5 (N(I[1]). X) = Map,gac (COf(N(I[1])). X ).

To compute the cofibrant replacement, the crucial observation (originally by [45],
reformulated by [6]) is that the nerve of /[1] can be obtained by the pushout of
simplicial sets

K = N Hpwappans (A T A).

This can be seen as contracting the edges {0, 2} and {1, 3} in the 3—simplex

3
N
/NG
o\
0—1

4For the injective model structure, it is cofibrant and therefore X ilnv is just the subspace of X1 of
invertible morphisms.
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We use an argument similar to that in [29, Remark 3.4], which observes the following:
K is given by a strict pushout along a diagram of cofibrant objects of which one arrow
is an inclusion. By [38, A.2.4.4], this is a homotopy pushout in the injective model
structure and therefore homotopy equivalent to the homotopy pushout in the projective
model structure. So a cofibrant replacement of K is given by taking the homotopy
pushout of the same diagram,

cof(K) = A} HZ{O.Z} 1.3} (AO nl AO)-

LAt

Finally, we obtain the space as the wanted homotopy pullback.’ |

1.4.3 Complete Segal spaces as fibrant objects There is a further model structure
on the category of simplicial spaces which implements completeness. It is obtained by
a further left Bousfield localization, with respect to the morphism

A — N(I[1]).

This provides two Quillen equivalent model categories, denoted by sSpacegse and

sSpaceJ(;SC. Fibrant objects in sSpacegse and sSpacefse are Reedy fibrant complete

Segal spaces and complete Segal spaces, respectively.

Summarizing, we have the diagram

sSpace, = o sSpacef

I I

sSpacege AN sSpace}Sf

I I

CSe &
sSpace AN

CS

sSpacef ¢

where the horizontal arrows are Quillen equivalences induced by the identity and the
vertical arrows are localizations.

The following theorem shows that in the localized model structure Dwyer—Kan equiva-
lences of Segal spaces indeed are weak equivalence, and therefore we have fixed the
concern mentioned above. We refer to [28, Theorem 5.15] for a proof, which makes
substantial use of the analogous result for Reedy fibrant Segal spaces in sSpacegse

from [45, Theorem 7.7].

5This can be compared to Rezk’s definition using the zigzag category 0 — 2 <— 1 — 3 and requiring
the morphisms 0 — 2 and 1 — 3 to be identities.
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Theorem 1.15 Let X and Y be Segal spaces. A morphism f: X — Y is a weak

equivalence in sSpacef}se if and only if it is a Dwyer—Kan equivalence.

As a consequence the obvious inclusions induce the equivalences of categories

C&S’p[[we_l] — SeSp[Q)ﬂ(_l] — Ho(sSpacejgse),

where DX and [we stand for the subcategories of Dwyer—Kan and levelwise weak
equivalences, respectively.

This justifies the following definition.
Definition 1.16 An (oo, 1)—category is a complete Segal space.

Remark 1.17 We denote the category of Reedy fibrant complete Segal spaces by
CSSp,., that is to say the fibrant objects in sSpacegse. Remember that sSpacegse and
sSpacejcrse are Quillen equivalent, so that the embedding CSSp, C CSSp induces an
equivalence CSSp, [fwe '] — CSSp[[we_l], of which an inverse is given by the Reedy
fibrant replacement functor (—)®. Sometimes it turns out to be more useful to work in
the model category sSpaceSSe

replacement functor does not change the homotopy type of the levels.

as every object is cofibrant. Note that the Reedy fibrant

Definition 1.18 The fibrant replacement functor in the model category sSpace;SC
sending a Segal space to its fibrant replacement is called completion. In [45], Rezk
gave a rather explicit construction of the completion of Segal spaces. He showed that
there is a completion functor which to every Segal space X associates a complete Segal
space X together with a map ix: X — X, whichis a Dwyer—Kan equivalence.

Remark 1.19 The completeness condition says that all invertible morphisms essen-
tially are just identities up to the choice of a path. In this sense, one might like to think
of complete Segal spaces as a homotopical version of skeletal® or reduced (see also [31])
category, and, since any category is equivalent to a reduced one, assuming this extra
condition is harmless. However, the information on the invertible morphisms is merely
encoded in a different way, namely in the spatial structure. Also, in the homotopical
situation, this intuition might be misleading: indeed, instead of thinking of a complete
Segal space as having few invertible morphisms, it is better to think of a complete Segal
space as having a “maximal” space of objects. This is illustrated by [45, Corollary 6.6].

6 A category is called skeletal if each isomorphism class contains just one element; see for example [47].
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A good example to keep in mind is a special case of [45, Remark 14.1]: given a group G,
we can view as a category with one object, and consider its nerve. Its completion is the
constant simplicial space BG.

Remark 1.20 The categories sSpace,, sSpace,., sSpaceS®, sSpace?e, sSpacejgse and
.sSpaceSSe
simplicial space X and any complete Segal space Y, the simplicial space Y X is a

complete Segal space.

are all Cartesian closed simplicial model categories. In particular, for any

1.4.4 The classification diagram: the Rezk or relative nerve Many examples of
(complete) Segal spaces arise by a construction, due to Rezk [45], which produces
a (complete) Segal space from a simplicial model category. More generally, several
authors [4; 37; 36] proved that this construction also gives a complete Segal space
for far-reaching generalizations of model categories, namely for relative categories
with certain weak conditions. For instance, categories of fibrant objects in the sense of
Brown satisfy the conditions to obtain a Segal space; if they additionally are saturated,
they lead to complete Segal spaces.

Definition 1.21 A relative category is a pair (C, W) consisting of a category C and a
subcategory W C C containing all objects of C. The morphisms in W are called weak
equivalences. A relative functor between two relative categories is a functor which
preserves weak equivalences. Together they form a category RelCat.

Definition 1.22 Let (C, W) be a relative category. Consider the simplicial object in
categories C, given by C, := Fun([n], C). It has a subobject C), where C)¥ C C, is
the subcategory which has the same objects and whose morphisms consist only of those
composed of those in W. Taking its nerve we obtain a simplicial space N(C, W), with

N@C.W)n =N@).

It is proved in [37] that this simplicial space satisfies the Segal condition if (C, W)
admits a suitable homotopical three-arrow calculus. Moreover, it is complete if it
additionally is saturated, ie a morphism is a weak equivalence if and only if it is an
isomorphism in the homotopy category. However, it is not levelwise” fibrant unless
we started with an co—groupoid. Its levelwise fibrant replacement is called the Rezk
or relative nerve or the classification diagram, which, by abuse of notation, we again
denote by N(C,W).

7Strictly speaking we should call this a (complete) Segal simplicial set, since we defined a space to be
fibrant.
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Example 1.23 Let C be a small category. Then it is straightforward to see that
N(C,Is0C) is a complete Segal space. Note that the natural morphism N(C) —
N(C,Is0(C) is a Dwyer—Kan equivalence. This exhibits N(C,Iso(C) as a completion
of N(C).

Now we can apply this construction to the model category of complete Segal spaces
from the previous section:

Definition 1.24 The (oo, 1)—category of (00, 1)—categories is N(CSSp, lwe).

Remark 1.25 The inclusions of the relative categories of cofibrant-and-fibrant objects
and of fibrant objects in a simplicial model category lead to equivalences of the
classification diagrams. Thus, the inclusions of relative categories (CSSp, fwe) C
(SeSp, DK) C (sSpace](fse, W) induce levelwise equivalences of complete Segal spaces,
ie equivalences of (o0, 1)—categories

N(CSSp, lwe) — N(SeSp, DK) — N (sSpaceJC,SS, W).

Remark 1.26 Morphisms in the homotopy category of (oo, 1)—categories are more
subtle: they are zigzags X — X; <= X5 — -+ — Y, where the wrong-way arrows
are weak equivalences and therefore more flexible.

We finally observe that a Quillen equivalence
L: MS N R
induces a weak equivalence of complete Segal spaces
X :=NWM,wepn) 2 NN, wey) =Y

between the associated classification diagrams. Indeed, the left derived functor LL =
Lo Q (Q being a cofibrant replacement functor) preserves weak equivalence and thus
induces a morphism L: X — Y, which can be proven to be a Dwyer—Kan equivalence
(this essentially follows from [16]).

1.5 Some other models for (oo, 1)—categories

We very briefly recall some other models for (oo, 1)—categories in this section which
were the motivation for some definitions later on.

1.5.1 Segal categories Let us mention another model for (oo, 1)—categories given by
certain Segal spaces, which avoids having to require completeness by instead requiring
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a discrete set of objects. This will be the motivation for the definitions of “hybrid
n—fold Segal spaces” in Section 2.3.

Definition 1.27 A Segal (1-)category is a Segal space X = X, such that Xy is
discrete, ie constant as a simplicial set. We denote by SeCat the full subcategory
of SeSp consisting of Segal categories.

Segal categories also are the fibrant objects in a certain model category that is Quillen
equivalent to 58pace?se; see the above-mentioned [8] or [39] for more details and
references. In particular, the embedding SeCat C SeSp induces an equivalence of

complete Segal spaces

N(SeCat, DK) — N(SeSp, DK).

1.5.2 Relative categories Following [5], a rather weak notion of (oo, 1)—category
is given by relative categories from Definition 1.21. One should think of the weak
equivalences W as being “formally inverted”. We have already implicitly used this to
define the (o0, 1)—category of (oo, 1)—categories.

Example 1.28 Let C = Chg be the category of chain complexes over a ring R and
let W C C be the subcategory of chain complexes and quasi-isomorphisms.

RelCat admits a model structure exhibiting it as a model for (oo, 1)—categories: in [4]

CSe

the model structure of sSpace

is transferred along a slight modification of the relative
nerve,

. CSe .
Ng: RelCat < sSpace > K,
thus making the above adjunction into a Quillen equivalence.

1.5.3 Categories internal to simplicial sets Instead of enriching categories in a
category of spaces as in Section 1.2, for certain applications it turns out to be useful
to also have a space of objects (thus allowing more flexibility than in topological
categories), but keeping strict composition (and thus having more rigidity than in Segal
spaces). This philosophy is implemented when considering categories internal to spaces.
We will use this model to construct examples of Segal spaces.

Definition 1.29 Let S be a category with finite limits. A category internal to S or,
for short, an internal category in S consists of objects Cp and C; together with source
and target morphisms s,7: C; = Cp, a degeneracy morphism d: Co — C; satisfying
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sod =tod = idg, and a composition morphism o: C; X¢, C; — C; satisfying
associativity and such that for any x € Cg, the maps —o d(x) and d(x) o — are the
identity. Let ZCat(S) denote the category of categories internal to S, where morphisms
from (Co,C1) to (Do, Dy) are pairs of morphisms C; — D; for i = 0,1 which are
compatible with the additional structure in the obvious way.

For short, we call an internal category a category internal to S = sSet. In this case,
we use the notation ZCat = ZCat(sSet).

Note that there is an equivalence of categories ZCat — Cat®” . Composition with the
levelwise nerve and swapping the simplicial directions gives a functor

N: TCat — Cat™" Y2, <S'paceA0p Y, sSpace .

In [28], similarly to RelCat, the model structures of sSpaceJS,e and sSpacngse are

transferred along N to endow ZCat with a model structure, the latter exhibiting it as a
model for (co, 1)—categories. Examples of fibrant objects in the former model category
are given by the following strongly Segal internal categories [28, Proposition 5.13];
their nerves are Segal spaces.

Definition 1.30 A strongly Segal internal category is a category C = (Co, C1) internal
to S = Space C sSet such that the source and target maps s, f: C1 — Cop are fibrations of
simplicial sets. We denote by ZCat>° the category of strongly Segal internal categories.

Remark 1.31 The condition that s and ¢ be fibrations ensures that the pullback along
them are homotopy pullbacks, and therefore NC is a Segal space. This condition
is sufficient, but not necessary, for an internal category to be a fibrant object for the
transferred model structure. On the other hand, the condition that Cy and C; be Kan
complexes is necessary.

Since the model structure was transferred, there is a Quillen equivalence given by the
nerve,
N: ICat — ‘sSpaceJSFe .

Moreover, categorical equivalences of strongly Segal internal categories are (by defini-
tion) precisely the morphisms that are sent to Dwyer—Kan equivalences by the nerve.
Thus, the induced morphism

N(ZCatse, cat.eq.) — N(SeSp, DK)

is an equivalence of complete Segal spaces.
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2 Models for (oo, n)—categories

As a model for (0o, n)—categories, we will use complete n—fold Segal spaces, which
were first introduced by Barwick in his thesis and appeared prominently in Lurie [40].
Details can be found eg in [39; 6; 10]. As mentioned above, (0o, n)—categories are
homotopical versions of weak n—categories. Recall that n—categories are inductively
built by taking categories (weakly) enriched in (n—1)—categories. For n = 2 these
are known as 2—categories (strict) or bicategories (weak). Alternatively, one could
choose to consider categories internal to (n—1)—categories, ie they have a whole
(n—1)—category of objects. For n = 2 these were first introduced under the name of
double categories by Ehresmann [18] and have been thoroughly studied in category
theory. Therefore, we will call the higher versions thereof n—uple categories.® Even
though we present our main example as an n—fold Segal space in the next part, it
actually arises from such an “n—uple” version, as we will see later on.

Moreover, it even comes from a more rigid model, namely from internal n—uple
categories, which are n—uple categories internal to simplicial sets. This model is the
easiest to define, which is why we start with it.

2.1 Internal n—uple categories

Iterating the approach in [28], one obtains a model for (oo, n)—uple categories given
by n—uple categories internal to simplicial sets, ie categories internal to the category of
(n—1)—uple categories internal to simplicial sets. Unraveling the definition for n = 2,
there is a space of objects, a space of “horizontal” 1-morphisms, a space of “vertical”
1-morphisms and a space of 2—morphisms, together with unit maps and composition
maps. For larger n, there is a space of objects and suitable spaces of higher morphisms
“in all directions”, again together with unit maps and composition maps. Equivalently,
an n—uple category internal to simplicial sets is a simplicial object in (strict) n—fold
categories. This model has been discussed in [15].

Our bordism category defined in the next part secretly is such an internal n—uple
category, however, details on this model were not available at the time of writing this
article, so we will present it in a different way here.

8This is nonstandard: usually they are called n—fold categories. However, by an unfortunate choice of
terminology, complete n—fold Segal spaces will correspond to n—categories. In order to hopefully reduce

confusion we will instead be consistent in using “uple” for internal versions and reserve “fold” for the
enriched, globular version.
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Remark 2.1 Composition is well defined on the nose, as opposed to the models we
will consider in the next sections.

2.2 n-uple and n—fold Segal spaces

Recall that an n—uple® simplicial space is a functor X: (A°?)*" — Space. An n—uple
Segal space is an n—uple simplicial space with an extra condition ensuring it is the
oo—analog of an n—uple category.

Definition 2.2 An n—uple Segal space is an n—uple simplicial space X = X, ., such
that for every 1 <i <n and every kq,...,ki—1,ki+1,...,kn >0,

Xkl 7"':ki—1 a.aki—‘rl a'":ki’l

is a Segal space.

Defining a map of n—uple Segal spaces to be a map of the underlying n—uple simplicial
spaces gives a category of n—uple Segal spaces, SeSp”" .

Imposing an extra globularity condition leads to a model for co—analogs of n—categories:

Definition 2.3 An n—uple simplicial space X,, .. . is essentially constant if the map

from the constant n—uple simplicial space Xo,.. o given by the degeneracy maps
Xo,...o > X

is a weak equivalence of n—uple simplicial spaces.

Definition 2.4 An n—fold Segal space is an n—uple Segal space X = X, . such that

forevery 1 <i <n and every kq,...,ki—1 > 0, the (n—i)—uple simplicial space

Xkl serski—1,0,0,.. 50
is essentially constant.!°

Defining a map of n—fold Segal spaces to be a map of the underlying n—uple simplicial
spaces gives a category of n—fold Segal spaces, SeSp, .

9 Again, usually this is called an n—fold simplicial space, but we use this terminology to emphasize the
difference.

10T be consistent with our choice of “uple” versus “fold”, we could call an n—uple simplicial space
which satisfies this extra condition an n—fold simplicial space.
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Remark 2.5 Alternatively, one can formulate the conditions iteratively. First, an n—
uple Segal space is a simplicial object Y, in (n—1)—-uple Segal spaces which satisfies
the Segal condition. Then, an n—fold Segal space is a simplicial object ¥, in (n—1)—
fold Segal spaces which satisfies the Segal condition and such that Y is essentially
constant (as an (n—1)—fold Segal space). To get back the above definition, the ordering
of the indices is crucial: X,  x, = Yk, )ky,...k» -

2.2.1 Interpretation as higher categories An n—fold Segal space can be thought
of as a higher category in the following way.

The first condition means that this is an n—uple category, ie there are n different
“directions” in which we can “compose”. An element of Xy, , should be thought
of as a composition consisting of k; composable morphisms in the i direction.

The second condition imposes that we indeed have a higher n—category, ie an n—
morphism has as source and target two (n—1)-morphisms which themselves have the
“same” (in the sense that they are homotopic) source and target.

For n = 2 one can think of this second condition as “fattening” the objects in a
bicategory. A 2—morphism in a bicategory can be depicted as

The top and bottom arrows are the source and target, which are 1-morphisms between
the same objects.

In a 2—fold Segal space X, ., an element in X1 1 can be depicted as

Jéo Xi0 Jt'QQ
S v 7
® e
XO,() >~ X(),l S U, € X()’l ~ X0,0
v Y
° °
& M S
Q Xi0 +
e %

The images under the source and target maps in the first direction X1,; = X1,0 are
1-morphisms which are depicted by the horizontal arrows. The images under the source
and target maps in the second direction X1,;1 = Xp,1 are 1-morphisms, depicted by
the dashed vertical arrows, which are essentially just identity maps, up to homotopy,
since Xo,1 > Xo,0. Thus, here the source and target 1-morphisms (the horizontal ones)
themselves do not have the same source and target anymore, but up to homotopy they do.
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The same idea works with higher morphisms; in particular, one can imagine the
corresponding diagrams for n = 3. A 3—morphism in a tricategory can be depicted as

<

whereas a 3—morphism, ie an element in X1 1,; in a 3—fold Segal space X can be
depicted as

Here the dotted arrows are those in Xo,1,1 =~ Xo,0,1 = Xo,0,0 and the dashed ones are
those in X1,01 > Xl,O,O .

Thus, we should think of the set of O—simplices of the space Xy, .. o as the objects

of our category, and elements of X 1,0..,0 as i—morphisms, where 0 <i <n is

.....

the number of 1’s. Pictorially, they are the i™ “horizontal” arrows. Moreover, the
other “vertical” arrows are essentially just identities of lower morphisms. Similarly to
before, paths in Xy, ; should be thought of as (n+1)—morphisms, which therefore
are invertible up to a homotopy, which itself is an (n-+2)—morphism, and so forth.

2.2.2 The homotopy bicategory of a 2—fold Segal space To any higher category
one can intuitively associate a bicategory having the same objects and 1-morphisms,
and with 2—morphisms being 3—isomorphism classes of the original 2—morphisms.

Definition 2.6 The homotopy bicategory ha(X) of a 2—fold Segal space X = X, , is
defined as follows: objects are the points of the space Xo,o and

Homy, (x) (x. y) = hy (Homy (x, y)) = hy ({x} <%, X1.0 5%, . {¥D)
as Hom categories. Horizontal composition is defined by
(ke o X, D < () 5, Xaex, (2D
— {xp <, X x})}o’. X105, Az}

< {x} X}}l(o,o X2, X})l(o,. {z} — {x} X})l(o,. X1, X};(O,- 3.
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The second arrow happens to go in the wrong way but it is a weak equivalence; therefore,
after taking hj, it turns out to be an equivalence of categories, and thus to have an
inverse (assuming the axiom of choice).

A proof that this definition indeed gives a bicategory will be the subject of a subsequent
article.

2.3 Complete and hybrid n—fold Segal spaces

As with (1-fold) Segal spaces, we need to impose an extra condition to ensure that
invertible k—morphisms are paths in the space of (k—1)-morphisms. Again, there are
several ways to include its information.

Definition 2.7 Let X be an n—fold Segal space and 1 <i, j <n. It is said to satisfy
(CSS') if for every ky,...,kji_1 >0,
Xkl,...,k,'_l,o,o,...,()
is a complete Segal space;
(SC/) if for every kq,...,kj—1 >0,
Xkl,...,kj_l,O,o,...,o
is discrete, ie a discrete space viewed as a constant (n—j+1)—fold Segal
space.
Definition 2.8 An n—fold Segal space is
(1) complete if, for every 1 <i <n, X satisfies (CSSi).
(2) a Segal n—category if, for every 1 < j <n, X satisfies (SC/).

(3) m-—hybrid for m > 0 if condition (CSSi ) is satisfied for i > m and condition
(SC/) is satisfied for j <m.

Denote the full subcategory of SeSp, of complete n—fold Segal spaces by CSSp, .

Remark 2.9 An n-hybrid n—fold Segal space is a Segal n—category, while an n—fold
Segal space is O—hybrid if and only if it is complete.

For our purposes, the model of complete n—fold Segal spaces is well suited, which
leads us to the following definition.

Definition 2.10 An (oo, n)—category is a complete n—fold Segal space.
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2.3.1 The underlying model categories Similarly to Section 1.4.3 there are model
categories running in the background. We can consider either the injective or projective
model structure on the category of n—uple simplicial spaces sSpace”, which we denote
by sSpace! and sSpace’; , respectively. Bousfield localizations at the analogs of the
Segal maps give model structures whose fibrant objects are (Reedy fibrant) n—uple
Segal spaces; further localizing at maps governing essential constancy, the fibrant
objects become (Reedy fibrant) n—fold Segal spaces, and a third localization at a
}SS} , respec-
tively, whose fibrant objects are (Reedy fibrant) complete n—fold Segal spaces; see

map imposing completeness gives model structures sSpaceSSLf’ and sSpace

[39; 6; 29, Appendix]. Note that, again, the identity map induces a Quillen equivalence
between sSpace!, and sSpace;’, which descends to the localizations.

Alternatively — and by [29, Appendix, Proposition A.9] equivalently — the construction
of complete Segal objects for absolute distributors from [39] provides an iterative
definition of these model categories by considering simplicial objects in a suitable

model category (which is taken to be the appropriate localization of sSpace or

n—1,c
sSpace, | £ respectively) and localizing at the maps governing the Segal condition,

essential constancy and/or completeness in the new simplicial direction.

Lurie [39] also provides a model category whose fibrant objects are Segal category
objects in some suitable underlying model category, thus allowing an iteration of the
construction of Segal categories as well. Applying this construction m times to the
above one for complete (n—m)—fold Segal spaces provides a model category whose
fibrant objects are m—hybrid n—fold Segal spaces.

One can show (see eg [3; 39; 10; 11; 57]) that equivalences between (possibly non-
complete) n—fold Segal spaces for this model structure are exactly the Dwyer—Kan
equivalences, which are defined inductively. For this we need the following inductive
definition of the homotopy category of an n—fold Segal space:

Definition 2.11 The homotopy category h1(X) of an n—fold Segal space X, ...,

the following category: Its objects are the O—simplices, ie the points of Xo, .. . For x
and y two objects, we let

Homy (x. y)e,.o i={x} X o X1 o X, )

be the (n—1)—fold Segal space of morphisms!! from x to y. Now let morphisms in
h1(X) from x to y be the set of isomorphism classes of objects in #1(Homy (X, )......),

1'we will revisit this notion in Section 2.4.4.
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which is already defined by induction. Composition is defined using the Segal condition
in the first index.

Definition 2.12 A morphism f: X — Y of n—fold Segal spaces is a Dwyer—Kan

equivalence if

(1) the induced functor i1 (f): h1(X) — h1(Y) is essentially surjective;

(2) for each pair of objects x, y € Xp,...,0, the induced morphism Homy (x, y) —
Homy (f(x), f(»)) is a Dwyer—Kan equivalence of (n—1)—fold Segal spaces.

Again we obtain equivalences of complete Segal spaces

N(CSSp,, lwe) — N(SeSp, ., DK) — N(sSpace,,, Wfse),

where W](fse is the subcategory of weak equivalences in the localization sSpacegf‘;.

Remark 2.13 CSS8p, is the subcategory of fibrant objects for a left Bousfield localiza-
tion of sSpacen, f and weak equivalences of complete n—fold Segal spaces are levelwise
weak equivalences. Denoting the category of fibrant objects in sSpace,Cl,Sce, the Reedy
fibrant complete n—fold Segal spaces, by CSSpn’c, the Quillen equivalence between
sSpace, . and sSpace, . induces an equivalence N CSsp, . lwe) — N(CSSp,,, lwe),
whose inverse is given by Reedy fibrant replacement (—)X.

Recall from Remark 2.5 that we can think of an n—fold Segal space in an iterative
way: we can view an n—fold Segal space as a Segal object in (n—1)—fold Segal spaces,
which we in turn can think of a Segal object in Segal objects in (n—2)—fold Segal
spaces, etc. Then condition (CSS’) above means that the i iteration is a complete
Segal space object. For more on this point of view, see [39; 25].

,,,,, o, its (n—fold) com-
pletion. This yields a map X — X, the completion map, which is universal among all
maps (in the homotopy category) to complete n—fold Segal spaces. It is a left adjoint
to the embedding of CSSpn[[we_l] into SeSpn[[we_l].

If an n—fold Segal space X, satisfies (SC/) for j <m, we can apply the completion

.....

functor just to the last # —m indices to obtain an m—hybrid n—fold Segal space X ..

°

its m—hybrid completion.
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2.4 Constructions of n—fold Segal spaces

We describe several intuitive constructions of (oo, n)—categories in terms of (complete)
n—fold Segal spaces.

2.4.1 Truncation Given an (oo, n)—category, for k <n its (co, k)—truncation, or
k—truncation, is the (oo, k)—category obtained by discarding the noninvertible m—
morphisms for k <m <n.

In terms of n—fold Segal spaces, there is a functor 7: SeSp, — SeSp,. sending X =
X......o to its k—truncation, the k—fold Segal space

k times n—Kk times

For economy, we will frequently use the notation 1 = (1,..., 1) for k 1’s, and similar.
If X is m—hybrid then so is 3 X by the definition of the conditions (CSSi ) and (SCj ).
In particular, if X is complete, then t; X is as well, and, thus, the truncation of an
(00, n)—category is an (00, k)—category.

Warning Truncation does not behave well with respect to completion, ie the truncation
of the completion is not the completion of the truncation. However, we get a map in
one direction

T (X) —— 1 (X)

1.~
% (X)

In general, this map is not an equivalence. So in general one should always complete
an n—fold Segal space before truncating it. For example, for n = 1 and a noncomplete
Segal space X, the truncation 71(X) = X is just the zeroth space, but the truncation of
the completion will be equivalent to the underlying co—groupoid X i“". The map in this
case is given by the degeneracy map. In the example X = N(G) from Remark 1.19,
the former is N(G)o = {*} and the latter is BG, which are not equivalent in general.

Remark 2.15 As explained above, the k—truncation of an (oo, n)—category X should
be the maximal (0o, k)—category contained in X. However, the image of the degeneracy

X1,.0,...,0 = X1,,,0,...,0
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consists exactly of the invertible m—morphisms for k <m <n if and only if X satisfies
(CSSi) for k <i <n. For example, if X = X, is a (1-fold) Segal space then X is
the underlying co—groupoid of invertible morphisms if and only if X is complete.

2.4.2 Extension Any (co,n)—category can be viewed as an (oo, n+1)—category
with only identities as (n4-1)-morphisms.

In terms of n—fold Segal spaces, any n—fold Segal space can be viewed as a constant
simplicial object in n—fold Segal spaces, ie an (n+1)—fold Segal space which is constant
in the first index. Explicitly, if X, . is an n—fold Segal space, then &(X).,. .. is
the constant simplicial object in the category of Segal spaces given by X, ie it is the
(n+1)—fold Segal space such that for every k > 0,

.....

and the face and degeneracy maps in the last index are identity maps.
Lemma 2.16 If X is complete, then &(X) is complete.

Proof Since X is complete, it satisfies (CSSi ) for i > 1. For i =0, we have to show
that £(X).,0,...,0 1s complete. This is satisfied because

(e(X)1.0...00™ =e(X)1,0...0= Xo...0 =e(X)o0....0,

since morphisms between elements x and y in the homotopy category of £(X ), k... k,

are just connected components of the space of paths in Xy,  x, . and thus are always

.....

invertible. a

We call ¢ the extension functor, which is left adjoint to t,,. Moreover, the unit id — 7; oe
of the adjunction is the identity.

2.4.3 Inverting Given an (0o, n)—category, for k <n we obtain an (0o, k)—category
by inverting the noninvertible m—morphisms for k <m <n.

We saw that the extension functor ¢ had a right adjoint t,. It also has a left adjoint 7,
which formally inverts all (n+1)—morphisms. For an n—fold Segal space X, this is
given by realizing the last index,

MX)ky,kn = 1 Xy o0l
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Here geometric realization amounts to taking the diagonal of the bisimplicial set

Xki.... k.o Since the diagram

.....

/8\
SeSp,., T SeSp,
~ "

e\ - e\ -
e >~
C88p,.,, T CSSp,
~ 7

of right adjoints commutes, the diagram of left adjoints commutes as well. Therefore,
completion and inverting commute.

2.4.4 The higher category of morphisms and loopings Given two objects x and y
in an (oo, n)—category, morphisms from x to y should form an (co, n—1)—category.
This can be realized for n—fold Segal spaces, which is one of the main advantages of

this model for (oo, n)—categories.

Definition 2.17 Let X = X, .. , be an n—fold Segal space. As we have seen above
one should think of objects as vertices of the space Xoy,.. 0. Let x,y € Xp,....0. The
(n—1)—fold Segal space of morphisms from x to y is

Homy (X, y)e,...e = {X} Xl/)l(().....‘,. Xie o x’)’(()...m.. {y}.
Remark 2.18 If X is m-hybrid, then Homy (x, y) is (m—1)—hybrid.

Example 2.19 (compatibility with extension) Let X be an (oo, 0)—category, ie a
space, viewed as an (oo, 1)—category, ie a constant (complete) Segal space &(X),,
where ¢(X); = X. For any two objects x, y € e(X)o = X the (o0, 0)—category, ie the
space, of morphisms from x to y is

Homy(x)(x, y) = {x} x2 ) e(X)1 x2 ) Ay} = {x} 5 {y} = Pathy (x. y).

the path space in X, which coincides with what one expects by the interpretation
of paths, homotopies, homotopies between homotopies, etc being higher invertible
morphisms.

Definition 2.20 Let X be an n—fold Segal space, and x € X an object in X. Then
the looping of X at x is the (n—1)—fold Segal space

Q (X)e,..o=Homy (x.x)., o ={x} . Xie oxf . {x)

..... L] ERE O,
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In the following, it will often be clear at which element we are looping, eg if there
essentially is only one element, or at a unit for a monoidal structure, which we define
in the next section. Then we omit the x from the notation and just write

QX =Q((X)=Q,(X).
We can iterate this procedure as follows.

Definition 2.21 Let Qg(X) = X. For 1 <k <n, let the k—fold iterated looping be
the (n—k)—fold Segal space

k k—1
Qy(X) = Q,(Qy (X)),
where we view x as a trivial k—morphism via the degeneracy maps, ie an element in
Q5=1(X)o..0 — X1,.0...0-
Looping k times commutes with taking the k—hybrid completion up to weak equiva-
lence, since completion is taken index by index:

Let X be a k—hybrid n—fold Segal space. Then for the k—hybrid completion X, which

.....

is complete, so by the universal property of completion, the horizontal map in the
following diagram exists:

L —

Qk(X) ----» QK(X)

(=

QF(X)
Lemma 2.22 Let X be a k-hybrid n—tfold Segal space. Then the induced map
QF (X) = ok (X)
is a levelwise weak equivalence.

Proof In the diagram

L —

Qk(X) ----» QF(X)

(=

Qk(Xx)

we know that the vertical map is a DK-equivalence, since completions are DK-
equivalences. Moreover, since X is hybrid, we have that Qk(X ) = X3 ,0,...,e and
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Qk ()?) =5 )?lk,-,m,-’ and by definition of (hybrid) completion, X1, ... .— )?lk,-,...,-
is just a completion, so it is a DK-equivalence. Thus, in the diagram

Xlk,o,...,o - Xlk,o,...,o
X1y 0,00

by the two-out-of-three property, the horizontal morphism is as well. But since both
X 1 e and Xy, o, are complete, it is a levelwise equivalence. a

2.4.5 Extracting n—fold from rn—uple Segal spaces We can extract the maximal
n—fold Segal space from an n—uple one by the following procedure. Let us recall
and introduce some notation for various model structures on the category of n—uple
simplicial spaces:

. sSpace(Cf)Se where fibrant objects are (complete) n—fold Segal spaces.

. sSpaceflCC)Se, where fibrant objects are Reedy fibrant (complete) n—fold Segal

spaces.

S
. sSpaceg .

, where fibrant objects are n—uple Segal spaces.
. sSpace'sléc, where fibrant objects are Reedy fibrant n—uple Segal spaces.

From now, let x € {c, f}. There are (two) Quillen adjunctions
.sSpacefle* T<_> sSpaceg.” .
Let us denote (in a rather unusual way)
L :=Rid: N(sSpace ,w.e.) — N(sSpacese ,w.e.).

Observe that on fibrant objects, L is nothing but the inclusion of (possibly Reedy
fibrant) n—fold Segal spaces into (possibly Reedy fibrant) n—uple Segal spaces. After
[25, Proposition 4.12], we know it has a right adjoint R . For the given (possibly Reedy
fibrant) n—uple Segal space X, we wish to compute R(X). By adjunction, we know
that

Map

.....

5$pacese (A. R(X)) = Map sSpaceg;”™ (L (A.) X)

where AE for k = (k1,...,kpn) is the n—fold simplicial set represented by
(k1] x -+ x [kn] € A,

and Maph denotes the derived mapping space.
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We will now find an explicit way to compute R(X) by finding cofibrant replacements
of L(AF). We start by recalling certain strict n—categories of the desired shapes, which
are all objects in Joyal’s category ®, [30; 46].
For k = (k1,...,kn), let ©* be the walking E—tuple of n—morphisms, which is the
strict n—category from [29, Definition 5.1]. We do not want to recall the full definition
here, but rather the intuition:

e Fork = (1,0,...,0), the category G)E = o — e s the walking 1-morphism.

e Fork = (2,0,...,0), the category ®1§ = e — ¢ — e is the walking composable

pair of 1-morphisms.
e« Fork = (2,1,...,0), the strict 2—category

k NN
of = e

is the walking horizontally composable pair of 2—morphisms.

e Fork= (3,2,...,0), we have the strict 2—category

e More generally, for k = (k1,...,kn), the strict n—category ©* has kq -k
n—morphisms, which are composable following the pattern of a grid of dimension
kix--xky.

The elementary building blocks for these categories are @™ where (n) = (1,,,0, .. .,0).
All others are built by gluing these in a grid of dimension ki x--- X kj. In [6], Barwick
and Schommer-Pries use the following definition, which can been easily seen to be
equivalent to the one in [29] by induction:

Definition 2.23 Let C! be the walking 1-morphism, ie the category with two objects
and one nonidentity morphism from one object to the other, C! = {¢ — o}. The strict
n—category O™ s defined inductively by the pushout square

0,1} xO@=D 5 Clxe®-D

| |

0,1} x {x} ———— M,

This immediately implies the existence of a surjective “collapse” map c,: C" — O
where C = (C')*" is the walking n—morphism as a strict n—uple category.
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The n—fold nerve of ®’; is

e levelwise fibrant (because Ok is discrete);
e a Segal space (because Ok is a strict n—category);

e complete (because Ok is reduced).

Let us thus abuse notation and still write @ for this (complete) n—fold Segal space.
Now we can write the formula for the cofibrant replacement, and therefore the recipe
for finding the underlying n—fold Segal space.

Theorem 2.24 Given an n—uple Segal space X, its maximal underlying n—fold Segal
space has levels, for k = (ky, ..., k,) € (AP)",
— h k
R(X); = Mapsspmg,* (0%, X).

e

Since ©°* is an n—fold cosimplicial object in strict n—categories (see [29]), this defines
a (complete) n—fold Segal space.

To prove this theorem, we need to understand what the cofibrant replacement L (A:) is.
The first step is a tool to compute the right-hand expression in the theorem, namely an
explicit cofibrant replacement of ok,

Proposition 2.25 For n = 1, the category ®(1), or rather its nerve, is cofibrant in the

projective model structure SSpaceé’S]; . For n > 1, a cofibrant replacement of 0®™ in

o n.f
the projective model structure of n—uple Segal spaces sSpaceg,

is given inductively
by replacing the pushouts in the definition by homotopy pushouts and er-1 by its

(inductively already defined) cofibrant replacement.

Proof Similarly to Section 1.4, we use an argument similar to that in [29, Remark 3.4],
which observes the following: ©?) is given by a strict pushout along a diagram of
cofibrant objects of which one arrow is an inclusion. By [38, A.2.4.4], this is a
homotopy pushout in the injective model structure and therefore homotopy equivalent
to the homotopy pushout in the projective model structure. So a cofibrant replacement
of ©@ is given by taking the homotopy pushout of the same diagram,

{0,1}xC! —— 2

Lo

{0, 1} x {*} —— cof(®(2))
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Now we proceed by induction. Assume we have shown the statement for k < n and
we have a cofibrant replacement cof(®)) given as in the proposition. Then, since the
map {0, 1} < C is a cofibration in the projective model structure, the map

{0, 1} x cof (@) — €1 x cof(@™ D)

is a cofibration. Moreover, {0, 1} x cof(@®~1), C1 x cof(@™~1) and {0, 1} x {}
are all cofibrant, so we can use the above-mentioned [38, A.2.4.4] again to see that
the strict pushout, which is weakly equivalent to 0™ isa homotopy pushout, and
moreover cofibrant. Summarizing, it is a cofibrant replacement of e, a

Remark 2.26 Similarly, we can obtain cofibrant replacements for ®% as defined
in [29] by replacing the pushouts in the definition by homotopy pushouts.

The remaining ingredient in the proof of the theorem is the following lemma.
Lemma 2.27 The natural map A* — ©F is a weak equivalence in sSpacese*

Proof We need to show that for any fibrant object ¥ in sSpace the induced map

Map” s (@k Y) — Map” s (Ak Y) is a weak equwalence of simplicial sets.

sSpace,’ sSpace,’

We show the claim for k = (k) proceeding by induction using the explicit cofibrant
replacement from the previous proposition. For k = 1, this is true, since oW =
A = Al Assume we have proven the statement for / < k. Then

Map” (@®), ) =5 Map"(C! x @~V y) x Map” ({0, 1}, Y)

Maph({O 1}x0*k—1Y)

~ Map (C1 x @K1 Y) < Y0>,(.2..,0

x2
YO o, ... .

~ Maph(C1 x @K1, Y)

~ Map"(©*~D Hom(C!',Y)).
Here the first equivalence uses that the cofibrant replacement of 0®) is the homotopy
pushout as described in the previous proposition, the next equivalence computes the

mapping spaces on the right and below the times symbol, the third equivalence uses

essential constancy of Yp., . . . and the last one uses that n—fold Segal spaces are

.....

Cartesian closed.
By the induction hypothesis, the natural map A®=D 5 @k=1) induces an equivalence
Maph (®(k_1), Hom(C L Y)) = Maph(A(k_l), Hom(C 1 Y)) ~ Maph(A(k), Y)
~Y (k)-

A similar argument works for general k. a
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Remark 2.28 The above lemma is equivalent to the observation that the model struc-
ture sSpgceie* can be obtained as the left Bousfield localization of sSpaceg.” along
A - OF,

Proof of Theorem 2.24 The following equivalences are compatible with the cosim-
plicial structure of A® and ©°:

R(X); = Map®(AF, R(X)) ~ Map" (L (&%), X)

Lemma 227 Map! (L (©F), X) ~ Map"(©F, X). 0

~

3 Symmetric monoidal structures

3.1 Definition via I' —objects

Following [52; 56], we define a symmetric monoidal n—fold Segal space in analogy

to Segal’s I'—spaces from [50]. This is a special case of commutative monoid in an

arbitrary (oo, 1)—category as defined in [41].

Definition 3.1 Segal’s category I' is the category whose objects are the finite sets
(m)=10,...,m}

for m > 0 which are pointed at 0. Morphisms are pointed functions, ie for k, m > 0,
functions

fi{m)—(k),  f(0)=0.
For every m > 0, there are m canonical morphisms
yg: (m) — (1), j>68g;,
for 1 < B <m, called the Segal morphisms.
Remark 3.2 T is a skeleton of the category of finite pointed sets Finy . In his original
paper [50], Segal defined I' to be the opposite category of Fin,. However, in the

literature, I has often appeared with the above convention.

Recall from Section 2.3.1 that the (0o, 1)—category of (oo, n)—categories is presented
by a model category in which the fibrant objects are complete n—fold Segal spaces.
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More precisely, the (oo, 1)—category of (0o, n)—categories is defined to be the complete
Segal space

N(CSSp,. fwe) ~ N(SeSp,. DX) ~ N(sSpace, . W),

We would now like to define a symmetric monoidal (oo, n)—category to be an (oo, 1)—
functor from I', viewed as an (oo, 1)—category, eg as N(I',Iso "), to the (oo, 1)-
category of (0o, n)—categories satisfying certain properties.

Using the strictification theorem of Toén and Vezzosi from [54] the (oo, 1)—category of

such functors can be computed using the model category (sSpaceSS})F of I'—diagrams

in sSpaceSS} endowed with the projective model structure,

N ((sSpaceg,S;)F W) = Mapf SpaceCSe, (N(T,IsoT'), N(sSpace,, W](;SC)).

Fibrant objects in the former are strict functors from I' to CSSp, . Thus, the following
definition suffices.

Definition 3.3 A symmetric monoidal complete n—fold Segal space is a (strict) functor
from T" to the (strict) category of complete n—fold Segal spaces CSSp, ,

AT - CSSp,,
such that for every m > 0, the induced map

A( I m): Afm) — (A(1)"

1==<m
is an equivalence of complete n—fold Segal spaces.
The complete n—fold Segal space X = A(1) is called the complete n—fold Segal space
underlying A, and by abuse of language we will sometimes call a complete n—fold

Segal space X symmetric monoidal if there is a symmetric monoidal complete n—fold
Segal space A such that A(1) = X.

Remark 3.4 1In particular, for m = 0, this implies that A(0) is levelwise equivalent
to a point, viewed as a constant n—fold Segal space, which we will denote by 1.

Remark 3.5 We can define symmetric monoidal n—fold Segal spaces in a similar way,
by replacing CSSp, by SeSp, .
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Definition 3.6 The (oo, 1)—category, ie complete Segal space, of functors from I’
to CSSp, . which as mentioned above can be computed using the model category of
I'—diagrams in sSpaceS’s]‘i, has a full sub- (oo, 1)—category of symmetric monoidal
complete n—fold Segal spaces. Similarly to Section 2.3.1, this (oo, 1)—category can
be realized as the localization of the projective model structure on (sé‘paceg’sj;)F with
respect to the Segal morphisms; see [29, Example A.11]. A 1-morphism in this

(00, 1)—category is called a symmetric monoidal functor of (co, n)—categories.

The completion map X — X is a weak equivalence. Moreover, since Dwyer—Kan
equivalences are closed under products, completion commutes with finite products of
Segal spaces (up to weak equivalence). Therefore we obtain the following lemma.

Lemma 3.7 If A: I’ — SeSp, is a symmetric monoidal n—fold Segal space, then

—_—

A:T —>CSSp,, (m)+ A(m),

is a symmetric monoidal complete n—fold Segal space.

Example 3.8 Let A: I' — SeSp be a symmetric monoidal Segal space. Consider the
product of maps y; X ¥, and the map y: (2) — (1), 1,2+ 1. They induce a span

A A
A1) x A1) (y1)xA(y2) A(2) A(y)

~

A(1).
Passing to the homotopy category, we obtain a map
hi(A(1)) x h1(A(1)) = h1(A(1)).

Toén and Vezzosi [56] showed that this is a symmetric monoidal structure on the
category h1(A(1)). Roughly speaking, this uses functoriality of A. Associativity
uses the Segal space A(3); A(0) corresponds to the unit; and the map c: (2) — (2},
1+ 2,2 +> 1, induces the braiding and commutativity.

Example 3.9 Truncations and extensions of symmetric monoidal (oo, n)-categories
are again symmetric monoidal. Let A be a symmetric monoidal n—fold (complete)
Segal space. Since 7j and ¢ are functorial and preserve weak equivalences and products
(since they are right adjoints), the assignments

i (A)(m) = 1 (A(m)).  e(A)(m) = e(A(m))
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can be extended to functors 7;(A) and e(A4), and the images of A(]_[1 <B<m yﬂ) are
again weak equivalences. Thus, they endow the k—truncation and extension with a
symmetric monoidal structure.

Example 3.10 Given a symmetric monoidal (possibly complete) n—fold Segal space
A: T — SeSp,, recall that A(0) is weakly equivalent to the point 1, viewed as a
constant n—fold Segal space. For every m > 0 there is a unique map (0) — (m), which
induces a map 1~ A(0) — A(m) which picks out a distinguished object 1,,) € A(m).
The looping of A with respect this object is also symmetric monoidal, with

QA)(m) = 2y, (A(m)).

which extends to a symmetric monoidal structure similarly to in the previous example.
Note that since the space of choices for the unit 1, is contractible, different choices
lead to equivalent loopings.

Example 3.11 Important examples come from the classification diagram construction.
Let C be a small symmetric monoidal category and let YW = IsoC. As we saw in
Definition 1.22, this gives a complete Segal space N(C,W). The symmetric monoidal
structure of C endows N(C, W) with the structure of a symmetric monoidal complete
Segal space:

First note that W>™ = Iso(C*™) for every m. On objects, let A: I' — CSSp be given
by A(m) = N(C*™,W*™),. We explain the image of the map (2) — (1), 1,21,
which should be a map A(2) — A(1). The image of an arbitrary map (m) — (I) can
be defined similarly.

An [—simplex in A(2)g = N(C xC,W x W)y is a pair

/ 7
Co s ... 2L ¢y, Doﬂ%“%l)l,
and is sent to

w1 W] w; @w;

Co® Do

C;®Dj.
Observe that w; ® w; is again in V. More generally, an /—simplex in

A2} = N(CxC, W x W)
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is a pair of diagrams

S S/ Ji g g g
CO,O i> CI,O A i> Ck,O DO,O i> DI,O i> A Dk,O
wo1 lwll lwkl lvm lvll Vk1

f f Ji g g 8k
CO,I i} Cl,l i} A} Ck,l DO,l i} Dl,l i} L} Dk,l

lw02 lwz 1 lwkZ lUOZ l“2 1 lvkz
lWOI lw 1/ lwkl lUOI l” 1/ lvkl

fi . g g 8k.l
COI ”>C11 > e >Ck1 D()J#)DLIA-“—)D](J

5

which is sent to the diagram

® ®
Co,0® Do,o M Ci0® D1y M)

lw01®v01 l/wll®vll

® ®
Co.1 ® Do 1 M) Ci1® D1y M)

o

of componentwise tensor products.

Finally, we need to check that A([],<g<,, vg) is a weak equivalence. This follows
from the fact that

(A{m)) = N W) = (NC. W)™ = (A(1))"™.

Remark 3.12 More generally, if we start with a symmetric monoidal relative category
(C, W) (adefinition can eg be found in [14]) such that all N(C*", W>*™) are (complete)
Segal spaces, then the above construction for (C, ) yields a symmetric monoidal
(complete) Segal space N(C, W).

3.2 Definition via towers of (n+i)—fold Segal spaces

Recall that a monoidal category can be seen as a bicategory with just one object.
Similarly, a k—monoidal n—category should be the same as a connected (k+n)-—
category with only one object, one 1-morphism, one 2—morphism, and so on up to
one (k—1)—morphism.
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We will base our definitions for (symmetric) monoidal (oo, n)—categories in this section
on this guiding principle, which often goes by the name “delooping hypothesis”.

Moreover, in our simplicial setting this principle turns out to be true almost by definition:
we will use that associative monoids in a (higher) category C can be described as
simplicial objects in C satisfying Segal conditions. This motivates the following
definition of a (k—)monoidal complete n—fold Segal space.

3.2.1 Monoidal n—fold complete Segal spaces To implement the above idea, we
first need to explain what “having (essentially) one object” means.

Definition 3.13 A connected or O—connected n—fold Segal space X is a pointed
object in n—fold Segal spaces, ie a morphism % — X from the constant n—fold Segal
space consisting of a point to X such that the map

,,,,,,

is a weak equivalence of (n—1)—fold Segal spaces. In particular, a connected n—fold
Segal space has a contractible space of objects.

Definition 3.14 A monoidal complete n—fold Segal space is a 1-hybrid (n+1)—fold
Segal space X (1 which is connected. Note that as X (1 is 1-hybrid, X(g,l.),m,. is

constant with values a discrete space. Thus, to be connected implies that X (gl.) L

equal to the point viewed as a constant n—fold Segal space; we again denote the unique
object by *. We say that this endows the complete n—fold Segal space

X=2xM=q,xWM)

with a monoidal structure and that XU is a delooping of X.

Remark 3.15 Without the completeness condition, we could define a monoidal n—
fold Segal space to be an (n+1)—fold Segal space X () which is connected. Then
Q*(X(l)) = Homy ) (%, *) is independent of the choice of point * € Xy . o and we
can say that this endows the n—fold Segal space X = Q(XM) = Q, (X)) with a

monoidal structure. However, for a complete Segal space X, the space Xy, .. o will not

be contractible (unless it is trivial). Thus, we need a model for (oo, n+k)—categories
which can have a point as the set of objects, 1-morphisms, et cetera. This motivates

our use of hybrid Segal spaces.
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Remark 3.16 Let X be an m—hybrid n—fold Segal space with m > 0 which is

connected. Then Xg,,. .. = *, and therefore the looping just is

.....

Q(X)o,...,o = {*} X?*} Xl,c,...,o X?*} {*} = Xl .

A similar definition works for hybrid Segal spaces.

Definition 3.17 A monoidal m-hybrid n—fold Segal space is an (m-+1)-hybrid
(n+1)—fold Segal space X1 which is connected. We say that this endows the m—
hybrid n—fold Segal space

X =xM)

with a monoidal structure and that X is a delooping of X.

Remark 3.18 Definitions 3.14 and 3.17 are special cases of the following more
general construction of monoids in a model category. Let M be a left proper cellular
model category, and consider the projective model structure on the category M2™ of
simplicial objects in M. By the strictification theorem by Toén and Vezzosi [54], the
(00, 1)—category of (oo, 1)—functors between the (oo, 1)—categories represented by
A% and M is equivalent to N(MA”, fwe). We say that an object X, € M2” is a
weak monoid if the Segal maps
X, — X7

are weak equivalences. One can show that the (co, 1)—category of monoids in the
(00, 1)—category N (M, we) — which is, as usual, obtained by a localization of the
model structure on MA” with respect to the maps governing the Segal morphisms —
is equivalent to the relative nerve of the relative category of weak monoids in M and
levelwise weak equivalences. Monoidal m—hybrid n—Segal spaces are exactly the weak
monoids in m—hybrid n-Segal spaces.

Example 3.19 Let C be a small monoidal category and let W = IsoC. As we saw in
Definition 1.22, this gives a complete Segal space N(C, W). The monoidal structure
of C endows N(C, W) with the structure of a monoidal complete Segal space:

Recall that C, was the simplicial object in categories given by C, := Fun([n],C). Let
Cm.n = C®™ be the category which has objects of the form

Co1 ®-®Com -+ 5 Cpo®@+® Cym
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for ¢; =¢j1 ® -+ ® ¢i;,m and morphisms of the form

Co1® - ®Com —2—++ —"5 Cro®-+® Cppm

5 g

D01®...®D0mL...LDM)@...@D’”"
where c1,...,cn, d1,....dy and fO,..., f" are products of m morphisms in C.

Consider its subcategory C,V,,V, » C Cm.n which has the same objects, and vertical mor-
phisms involving only the ones in W =1IsoC,ie f°,..., ™ are products of morphisms
in W.

Now let
e =N@EY,

be the (ordinary) nerve. By a direct verification one sees that the collection C,(’l_) isa
2—fold Segal space. Moreover,

(D C((),lr)l =N (Cff’o) = *, SO C(()}.) is discrete and equal to the point viewed as a
constant Segal space, and

(2) for every m > 0, we get that C,S},). = N(C}:IV’.) = N((C®™)") is a complete
Segal space.

Summarizing, C M is a 1-hybrid 2—fold Segal space which is connected and endows
QM) ~ Cil.) ~ N(C,W), with the structure of a monoidal complete Segal space.

3.2.2 k-monoidal n—fold complete Segal spaces To encode braided or symmetric
monoidal structures, we can push this definition even further.

Definition 3.20 An n—fold Segal space X is called j—connected if

le,(),o,...,-

is weakly equivalent to the point viewed as a constant n—fold Segal space.
Remark 3.21 Being j —connected implies being i —connected for every 0 <i < j.

Definition 3.22 A k-monoidal m—hybrid n—fold Segal space is an (m-+k)-hybrid
(n+k)—fold Segal space X ®) which is (k—1)—connected.
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Remark 3.23 Since X %) is (m+k)-hybrid, X g‘)o .. isdiscrete forevery 0 <i <k.
Thus, being (k—1)—connected implies that X ﬁ_‘)o . 1sequal to the point viewed as
a constant (n—i+1)—fold Segal space for every 0 <i <k.

By the following proposition, this definition satisfies the delooping hypothesis. In
practice we can use it to define a k—monoidal n—fold complete Segal space step-by-step
by defining a tower of monoidal i —hybrid (n+i)-fold Segal spaces for 0 <i < k.

Proposition 3.24 The data of a k —monoidal n—fold complete Segal space is the same
as a tower of monoidal i —hybrid (n+i)—fold Segal spaces X (*tD for 0 <i < k
together with weak equivalences

x ) ~ Q(X(j'H))
forevery 0 < j <k —1.
Definition 3.25 We say that these equivalent data endow the complete n—fold Segal

space
X=X0~quxW®)

with a k—monoidal structure. The (n+i+1)—fold Segal space X G+1) is called an
i —fold delooping of X .

Before proving the proposition, we need the following lemmas.

Lemma 3.26 If X is a k—monoidal m—hybrid n—fold Segal space and 0 <[ <k,
then X is an [ -monoidal (m+k—Il)-hybrid (n+k—I)—fold Segal space.

Proof Since X is a k—monoidal m—hybrid n—fold Segal space, X is an (m-+k)—
hybrid (n+k)—fold Segal space such that

X14_1.,0,...,0 = *.

This implies that X1, _,0,..0 = *. a

.....

Lemma 3.27 Let X be a k—monoidal m—hybrid n—fold Segal space. Then Q2(X) =
Q,(X) is a (k—1)-monoidal (m—1)-hybrid n—fold Segal space.

Proof This follows from

aaaaaa

since Xo,,...,0 = {*}. m|
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Proof of Proposition 3.24 Let Y be a k—monoidal n—fold complete Segal space. By
Lemma 3.26 it is a monoidal (k—1)-hybrid (n+k—1)—fold Segal space and we define
the top layer of our tower to be X ®) —y.

Now let X ®—1 = Q(X®)). By Lemmas 3.27 and 3.26, this is a monoidal (k—2)—
hybrid (n+k—2)—fold Segal space.

Inductively, define X = Q(X@+Y) for 1 <i < k — 1. Similarly to above, by
Lemmas 3.27 and 3.26, this is a monoidal (i —1)-hybrid (n+i—1)-fold Segal space.

Conversely, assume we are given a tower X @) as in the proposition. Since ¥ = X (k)
is a monoidal (k—1)-hybrid (n+k—1)—fold Segal space,

k
(1) You..o=X0 ==
Since X *~1 is a monoidal (k—2)—hybrid (n+k—2)—fold Segal space and by (1),
k k
<2) Ylaoa.a'"a. = Xl(,(io,...,t = {*} X;(k Xl(,o),.,...,. X;(k {*}
0.0.e.....0 0,0.0,....0
=X ®),,...

2 ®yuany

Since X ®) is k-hybrid, Y1 0., .= Xl({co),.,...,. is discrete and so Y7,0.e,...,6 = *.

Inductively, for 0 <i <k, since X®~) is a monoidal (k—i—1)-hybrid (n+k—i—1)—
fold Segal space and by (1), (2), ...,

V1,000 = X1 00
R T R R
=X 1, 0,00
=P SU P TRED (VR
Again, since x® g k—hybrid, we find that Y1, g.,.. .= Xl(]:,)o,.,...,- is discrete and
SO Y1;,0,0,...,6 = *. O

Given a bicategory C and an object x in C, the endomorphism, or loop, category
End¢(x) = ©,(C) is monoidal. Its monoidal structure comes from composition of
endomorphisms, which is encoded in the full sub-bicategory of C which has only the
object x. In analogy with topology, one can call this delooping B2, (C). We now
prove that a similar statement holds for n—fold Segal spaces. With the definition of
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“symmetric monoidal” appearing in the next section, it will become clear that this
provides an analog of Example 3.10 in this setting.

Recall from Section 2.4 the constructions of the truncation of an n—fold Segal space to
an (n—1)—fold Segal space and its left adjoint, extension. Truncation also has a right
adjoint, which is taking the 0™ coskeleton:

(cosko (X)), e...o = X.(f.l.il)§

face and degeneracy maps are given by partial projections and partial diagonals. Given
an n—fold Segal space X and 1 </ <n, we can first truncate / times and then take the
coskeleton / times to obtain an n—fold Segal space, which we abbreviate by coské (X).

Definition 3.28 Fix 1 </ <n. Let X,
The object x determines a map x: * — coskf) (X) using the degeneracy maps. We

.....

define a new n—fold Segal space pre 55; (X) as the homotopy pullback

pre £L (X ), o — Xo
! I
* ———— coské(X)

For pre &Bi (X) we have that, for 1 <i </,

pre 55;(X)kl,...,k,-_l,o,k,-+1,...,kn ~x = {X}
To obtain an /-hybrid Segal space, we discretize these spaces, ie we define
_ * = {x} if k; =0 for 1 <i <,
B pre SNP; (X)ky,...k, Otherwise,

with the obvious modified face and degeneracy maps.

Remark 3.29 Unraveling the coskeleton, for ky,...,k; > 0 the (n—/)—fold Segal
space SNPQ (X)ky,....k;o,..., 1S @ homotopy fiber

SNP,{((X)kl,...,k[,o,...,o e Xkl ..... kj,e,...,0

l lS
x x(k1+1)(kn+1)
* XO,...,O,o ..... .

where S: Xg, ko0 X(;(.(.’flotl.):."fk"Jrl) is the product of all maps arising from

the maps f;: [0] = [k;]. The remaining face maps send everything to the point *, which
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we identify with x, or, more precisely, its image under the appropriate composition
..... o LLXO,
.(x), where again we identify x

kl,c ..... «

.....

.....

with its image under the appropriate composition of degeneracy maps. Since X is an
n-uple simplicial space, EEQ (X) is well defined as an n—uple simplicial space. The
Segal condition is preserved, and, if X satisfied condition (CSSi ) for some i > [, then
SNP; (X) does too.

Lemma 3.30 Let 1 </ <n andlet X, . . bean n—fold Segal space which satisties
(CSS') for i > [. Then, for any x € X,...,0, the n—fold Segal space 5!3; (X) isan -
monoidal complete (n—I)—fold Segal space which endows Qi (X) with an [ -monoidal
structure.

Proof By construction, ifgc(X ) is (I—1)—connected. Since X satisfies (CSS) for i >1,
it is an /-hybrid n—fold Segal space. Finally, Qi(X )= Q;(iﬁ; (X)) by the following
lemma. |

Lemma 3.31 For an n—fold Segal space X, an object x € Xg, .0 and 0 <[ <n, we
have an equivalence
QL (@ (x)) ~ QL (x).

Proof This can be checked levelwise: exactly the parts of X which involve x remain
in §££c (X), and when looping at x that’s the part that is seen. o

This lemma gives a method for finding a k—monoidal structure as a tower.

Proposition 3.32 Let Y be an n—fold Segal space. Assume we are given, for
1 <1<k, an (n+1)—fold Segal space Y ©) together with an object y; € Y such that

0y ~ y =D
Q, (¥ D) ~ytD,

Then Y © has a k -monoidal structure. If all Y ® satisfy (CSS’) fori > 1, then Y@
is a k —monoidal complete Segal space.

Proof The monoidal (n+/—1)—fold Segal space SByl(Y(l)) endows Y =1 with a
monoidal structure. Proposition 3.24 finishes the proof. a

3.2.3 Symmetric monoidal n—fold complete Segal spaces The stabilization hy-
pothesis, first formulated in [2], states that an n—category which is monoidal of a
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sufficiently high degree cannot be made “more monoidal” and, moreover, is symmetric
monoidal. For Tamasani’s weak n—categories, a proof was given by Simpson [51]; for
general n—categories a proof follows from Lurie’s proof of Dunn’s additivity in [41];
see [23] for details.

For (oo, n)—categories, we cannot expect stabilization: for instance, k—monoidal
(00, 0)—categories are (0o, k)—categories with one object, one morphism, etc up to one
(n—1)—morphism, which, in turn, are Ej —algebras (in Space). Note that since there are
E}j —algebras which are not E} 4 ;—algebras, there are k—monoidal (oo, 0)—categories
which are not (k+1)-monoidal. However, this motivates the following definition:

Definition 3.33 A symmetric monoidal structure on a complete n—fold Segal space X
is a tower of monoidal i —hybrid (n+1i)—fold Segal spaces X G+1) for ;i > 0 such that
if we set X(© = x , we have that, for every i >0,

XD~ Q(x i+,
3.3 Comparing the two definitions

In this section we show that every symmetric monoidal (oo, n)—category defined as
in Section 3.1 gives one as defined in Section 3.2. The converse is also true, but we
do not go into the details here. Essentially this is a consequence of Dunn’s additivity
(see [41]): starting with the definition via a tower of (A¥)°P—monoids, one can replace
them by Ej-monoids, which in turn, when letting k£ go to co, lead to a commutative
monoid. See also [23, Corollary 6.3.13].

We start with a symmetric monoidal (oo, n)—category defined as in Section 3.1, a sym-
metric monoidal complete n—fold Segal space X: I' - CSSp, . We will precompose
it with the functor

f:A® > T, [m]— (m),

which sends a map (f: [n] — [m]) in A to ]7: (m) — (n), where f(O) =0 and, for
e e fi) =1
oo min{i : f(i)=j} ifitexists,
fU)= 0 otherwise.
The composition
XW: a0 L1 X, cssp,

is an (n+1)—fold simplicial space. Moreover, since f sends the maps gg from
Remark 1.5 to the Segal morphisms yg from Definition 3.1, X js an (n+1)—fold
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Segal space. It satisfies (CSS’) for i > 1. Moreover, XD is connected. However, it
does not satisfy (SC/) for j = 1 since X, él.). may not be discrete. We can easily
remedy this problem: choose an object x € X 6,1.)“’0 and consider the (n+1)—fold Segal
space XM =& . ()? (1)) . Unraveling the definition, we have that

= if k1 =0,
ki,0,...,0 f(l) if kl #0’

kq,e,...,e
as complete n—fold Segal spaces. Note that choosing different x’s leads to equivalent
complete n—fold Segal spaces. Lemma 3.30 implies that X (1) is a monoidal complete
n—fold Segal space.

The higher layers of the tower are obtained from the maps I'* — I' coming from
taking the smash product of finite pointed sets, ie taking their product and identifying
anything containing a basepoint. Then, composing with f* we obtain

X O (AP« ﬁ) rc-r— CSSp, -
Similarly, X ®) is (k—1)—connected, but might not satisfy (SC/) for j < k. Choosing

.....

n—fold Segal space.

Part I The (oo, n)—category of bordisms

To rigorously define fully extended topological field theories we need a suitable (co, n)—
category of bordisms, which, informally speaking, has zero-dimensional manifolds
as objects, bordisms between objects as 1—-morphisms, bordisms between bordisms
as 2—-morphisms, etc, and for k > n there are only invertible k—morphisms. Finding
an explicit model for such a higher category, ie defining a complete n—fold Segal
space of bordisms, is the main goal of this part and this paper. We endow it with a
symmetric monoidal structure and also consider bordism categories with additional
structure, eg orientations and framings, which allows us, in Section 10, to rigorously
define fully extended topological field theories.

4 The complete n—fold Segal space of closed intervals

In this section we define a complete Segal space Int, of closed intervals in R which
will form the basis of the n—fold Segal space of bordisms. It will be a tool to record
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where (in the time direction) the bordisms can be cut. In particular, there will be a
forgetful functor from bordisms to these closed intervals. We start by defining an
internal category of closed intervals in R, whose nerve will give a complete Segal
space of certain tuples of closed intervals. However, for our model of the bordism
category, to avoid having to deal with manifolds with corners, we will instead want
to interpret the tuples of intervals as being closed in an open interval of finite length
(instead of R). This will be explained in Section 4.3. Finally, we could have chosen
that open interval to always be (0, 1) and thus fix the “length” in the time direction of
the bordism and its collars to be 1. This choice requires rescaling and will be explained
in Section 4.5.

4.1 Int as an internal category

We first define a category internal to topological spaces Jnt, which gives rise to a
strongly Segal internal category Int® of closed intervals in R.

The topological space of objects of Jnt, is
3) Jnt§ = {(a.b) :a <b} CR?

with the standard topology from R?. We interpret an element (a, b) € Int§ as the
closed interval I = [a, b]. This interpretation gives a bijection from the set of points
of the topological space Jntg to the set of closed bounded intervals

Jntg <— {closed bounded intervals I = [a, b] in R with nonempty interior}

which we use as an identification. In fact, Jnt{ is a submanifold of R? and to
get the desired Kan complex Intf,, we take smooth singular simplices (see eg [35]),
ie for [ > 0, the /—simplices are pairs of smooth maps a,b: |Al|, — R such that
a(s) < b(s) for every s € |Al|,. Faces and degeneracies are the usual ones. We view
such an [—simplex as a closed interval bundle and denote it by [a,b] — |Al|. or

(1($))se|ar), = (a(s),b(s))se|all, -

The topological space of morphisms of Jnt. is

@) Int§ = {(ao, a1, bo,b1):a; <b; for j =0,1 and ag <ay,bg < b1} CR?,
again with the standard topology from R*. Now we interpret (ag, a1, bo, b1) € Int{

as a pair of ordered closed intervals Iy < I, where Iy = [ag, bo] and I1 = [ay, b1].
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Here “ordered” means that ag < a; and by < by. This gives an identification of the
points of the topological space with certain pairs of intervals:

It «—{lo <Iy:1j =[a;,bj] with aj <b; for j =0,1 and ag <ay,bo <by}.

As above, Jnt{ has the structure of a submanifold of R* and by taking smooth singular
simplices we obtain a Kan complex Int{ whose /—simplices now are quadruples of
smooth maps ag, a1, bg, b1: |Al|e — R such that aj(s) <bj(s) for j =0,1, ap(s) <
a1(s) and bo(s) < by (s) forevery s € | A|,. We view such an [ —simplex as a closed in-
terval bundle with two closed subintervals and denote it by ([ag, bo] < [a1,b1]) = |AL|.
or (1o(s) < 11($)a), -

The face and degeneracy maps
S

L
Jntg —d - Int§
i

arise from forgetting and repeating an interval, respectively:
s: [ao, bo] < [a1,b1] — [ao. bo],
t: ao, bo] < a1, b1] +— a1, b1],
and
d: la,b]—[a,b] <]la,b].
Composition is given by remembering the outer intervals:

([ao, bo] < [a1,b1]) o ([a1,b1] < [az, b2]) = ([ao, bo] < [az, b2]).

Here s, t and d are smooth maps, so Jnt® is a category internal to manifolds. Thus,
when taking smooth singular simplices to get Int®, all the above assignments are
well defined for /—simplices as well and commute with the faces and degeneracies.
Moreover, s and ¢ are fibrations since they are restrictions of projections.

Remark 4.1 Even though we like to think of the /-simplices in Intg and Int{ as
“closed interval bundles”, we do not treat them as such: face and degeneracy maps
are not defined to be pullbacks of the bundles, which would only be defined up to
isomorphism; instead, they are defined explicitly at the level of spaces to ensure that
simplicial functoriality holds.

Summarizing, we obtain:

Lemma 4.2 Int is a strongly Segal internal category.
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Moreover, the spaces of objects and morphisms are contractible:
Lemma 4.3 Intg ~ Int{ >~ *.

Proof The underlying topological space is contractible as a subspace of R2* | 5o the
associated Kan complex given by taking smooth simplices is also contractible. a

4.2 Int° as a complete Segal space

We defined Int¢ as a strongly Segal internal category in the previous section. Its nerve,
constructed in Section 1.5.3, is a Segal space Int = N(Int®),. Let us spell out this
Segal space in more detail to become more familiar with it.

For an integer k£ > 0, let

5) ’Jnti = {(g,l_?) = (ao,....ak,bo,....bx) 1a; <b; for 0 < j <k and

aj—1<aj and bj_1 <bj for 1 < j < k} C R2k
with the subspace topology. As above, one can extract Kan complexes Int; by taking
smooth simplices. Note that for k = 0, 1 this coincides with (3) and (4) above. As
before, we interpret an element (¢, b) as an ordered (k+1)—tuple of closed intervals
I =1y <--- < Iy with left endpoints a; and right endpoints b; such that /; has
nonempty interior. By “ordered”, ie I; < I, we mean that the endpoints are ordered,
ie aj <aj and b; <bjs for j < j'.

Spatial structure of the levels The spatial structure of a level Intj. comes from taking
smooth singular simplices of the submanifold of R2¥ . Thus, an /—simplex consists of
smooth maps

A, >R, s aj(s).b;(s),

for j =0,...,k such that for every s € |Al|, the following inequalities hold:
aj(s) <bj(s) fori=0,...,k,
ai—1(s) < a;(s),
bi—1(s) <bj(s) fori=1,... k.

We denote an [—simplex by (Ip < --- < I}) = |Al|e or (Io(s) <--- < Tr($))se|n|
and call it a closed interval bundle with (k + 1) subintervals.

For a morphism f: [m] — [/] in the simplex category A, ie a (weakly) order-preserving
map, let | f|: |[A™]. — |Al|. be the induced map between standard simplices. Let
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f2 be the map sending an [—simplex in Int; to the m—simplex in Int; given by
precomposing with | f|:

F8: o) <+ < k@)gerary, = (T0(LF16) < -+ < T (| F10))) g aom,-

Notation 4.4 We denote the spatial face and degeneracy maps of Int; by d jA and s ].A
forO0<j<I.

The following lemma is a straightforward generalization of Lemma 4.3.
Lemma 4.5 Each level Int} is a contractible Kan complex.

Simplicial structure: the simplicial space Int By construction, since Int® was
strongly Segal, its nerve is a functor Int$: A°P — Space. Let us recall that to a morphism
g: [m] — [k] in A, it assigns

It £5 Intyy,  (Io(s) <+ < I (5))seiaif, P Ug@)(8) <+ < Toimy(9))ge|n), -

One could alternatively see this directly by observing that the assignment is clearly
functorial and f2 and g* commute for all morphisms f and g in A.

Notation 4.6 We denote the simplicial face and degeneracy maps by d; and s; for

0<j=<k.

Explicitly, they are given by the following formulas. The j™ degeneracy map is given

by doubling the j" interval, and the j face map is given by deleting the ;™ interval:
Iny 25 Intg gy, (lo <+ <) > o<+ <[ <Ij <---<Iy),

It L Inte_y. (Ig < <L) (o< < [y <o < I).
The complete Segal space Int¢

Proposition 4.7 Int is a complete Segal space. Moreover, the inclusion * < Int¢
given by degeneracies, where * is seen as a constant complete Segal space, is an
equivalence of complete Segal spaces.

Proof We have seen in Lemma 4.5 that every Int{ is contractible. This ensures the
Segal condition, namely that

h

c =~ c h c
Intk — Int] xInt8 xInt6 Int7,

completeness, and also that the given inclusion is a levelwise equivalence. a
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4.3 The internal category or complete Segal space Int of ordered closed
intervals in an open one

We now change our interpretation of the spaces (5): we do not identify them with the
spaces of ordered closed bounded intervals Iy < --- < I} anymore, but as ordered
intervals which are closed in (ag, by ), ie we interpret the elements as

where TJ = 1; N (ag, by) for 0 < j < k. Thus, in the generic case when a; # ag for
0<j <k and bj # by for 0 < j <k, then Iop <---<1I are the half-open or closed
intervals

(ao,bo] <lar,b1] <+ <[ag—1,br—1] =< ak.br).

If we view the elements in (5) in this way, we will denote the internal category (or
analogously the Segal space) by Int.

Note that the identity gives an isomorphism of complete Segal spaces describing the
change of interpretation,

It —»Intg, (Jo<-<Ip)r> o< <),

where TJ = I N (ag,by) for j =0,...,k. Conversely, [; = CIR(TJ'), the closure
of fj in R.

Definition 4.8 Let
Int; = (Int,)™".

We denote an element in Int} by
K1seeskn

!_= (Q_’b_) = (I(l) <= Ilii)lfiﬁn'

Lemma 4.9 The n—fold simplicial space Int

.....

Moreover, the inclusion % <> Int”

.....

constant complete Segal space, is an equivalence of complete n—fold Segal spaces.

Proof The Segal condition and completeness follow from the Segal condition and
completeness for Int,. Since every Inty is contractible by Lemma 4.5, (Int,)*" satisfies
essential constancy, so Int” is a complete n—fold Segal space. It also ensures that the
given inclusion is a levelwise equivalence. a
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4.4 The boxing maps

We will need the following maps for convenience later:

Definition 4.10 Fix k& > 0. The map of spaces
B:Iny —1Into, [=(lo<--=<1Ix)—>|A|er> B(I)=B(a.b)=(a0.bx) = &,

is called the boxing map.

Its n—fold product gives, for every k1,...,k, >0, amap B: Intg1 I e Intg which
sends an [ —simplex to the (family of) smallest open box(es) containing all intervals,

I~

=g << nsizn — |0

= B(I) = B@.D) = (ap. by, ) x-+x (a§. 0}, ) > |Ae.
We will usually view the total space of B(I) — |Al| as sitting inside R” x |A!|, as
Use|A1|e B(_I_(S)) x {s}.
We will also require the following rescaling maps.

.....

restriction of the product of the affine maps R — R sending af) to 0 and b;{ to 1. We
call it the box rescaling map.

4.5 A variant: closed intervals in (0, 1)

One might prefer to restrict to intervals which lie in (0, 1), modifying the definition to

e = {(a,b) = (a0, ....ax.bo.....by) :a; <b; for 0 < j <k,
O0=ap<a;<--<agandbyg <---<bp_; <bp =1} Clnt

The simplicial structure now has to be modified to ensure that the outer endpoints

always are 0 and 1. This is provided by composition with an affine rescaling map: Let

g: [m] — [k] be a morphism in A. Then, let

It 5 @D, (T << L) = | Ao > pe(go) < -+~ < Tgmy) = 1A e,

where the rescaling map pg = p(Ig(0) <** =< I¢(m)) is the unique affine transformation
R — R sending a4 (g) to 0 and bg () to 1.

Lemma 4.12 Intfo’l) is a complete Segal space.
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Proof The only thing which is not completely analogous to Int® is checking that it is a
simplicial space. Given two maps [m] -~ [k] £ [p], and [g <--- <[ ., the rescaling
map pgog and the composition of the rescaling maps pg o pg both send agog gy to 0
and bgog(m) to 1 and, since affine transformations R — R are uniquely determined
by the image of two points, this implies that they coincide. Thus, this gives a functor
AP — Space. O

Note that the degeneracy maps are the same ones, given by repeating an interval.
However, the face maps need to modified: after deleting an end interval we have to
rescale the remaining intervals linearly to (0, 1). Explicitly, for j = 0, the rescaling
map is the affine map pg sending (aq,1) to (0,1), po(x) = (x —a1)/(1 —ay) and,
for j =k, it is the affine map p: (0,br_1) — (0, 1), pr(x) = x/bg_1. Then,

©.1) 4j 1 ©0.1)

Int P
lp<--<[j<--<I if j#0.k,
Ip<---<I— 1 (0, (b1—a1)/(1—ay)] <---<[(ax—a1)/(1—ay),1) if j=0,
0, (bo)/(bg—_1)] <---<[(ax_1)/(bx—1), 1) if j=k.

Remark 4.13 An advantage of this “reduced” version is that the space of objects is
just a point: for k = 0, the condition on the endpoints of the intervals becomes ag = 0
and by = 1, so the only element is (0, 1) € Intg. In particular, Intg is discrete.

Remark 4.14 The boxing maps applied to Int( 1)

are trivial: for I = Iy <+ < I,
we always have that B(/) = (0, 1). Moreover, Int( D is the preimage of (0, 1) under
the boxing maps. Finally, note that the 51mphclal structure is defined exactly as the
composition

(0,1)

Int, —> Inty —> Int,, 2> In’[(0 1)

where p: I — (p(1))(I) consists of applying the box rescaling maps. Moreover, since

pot=id, the diagram

Inty 7—/—— (_, Int(o D

lg* lg*
Int,, —) Int(o D

commutes and shows that the simplicial structure is defined exactly in a way to ensure
that we a natural transformation of simplicial spaces

p: Int — ItV

which is a weak equivalence of complete Segal spaces.
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5 The (o0, n)—category of bordisms Bord,

In this section we define an n—fold Segal space PBord,, in several steps. However, it
will turn out not to be complete in general. By applying the completion functor we
obtain a complete n—fold Segal space, the (oo, n)—category of bordisms Bord,, .

Let V be a finite-dimensional vector space. We first define the levels relative to V
with elements being certain submanifolds of the (finite-dimensional) vector space
V xR" = V x B, where B is an open box, ie a product of n bounded open intervals
in R. Then we vary V, ie we take the limit over all finite-dimensional vector spaces
lying in some fixed infinite-dimensional vector space, eg R°°. The idea behind this
process is that by Whitney’s embedding theorem, every manifold can be embedded in
some large enough vector space, so in the limit, we include representatives of every
n—dimensional manifold. We use V x B instead of IV x R” as in this case the spatial
structure is easier to write down explicitly.

5.1 The sets of O—simplices of (PBord) ), . &,

The intuition behind the following definition should be the following. An element
(ie O—simplex) in the space (PBord,‘,/ )1,...,1 should be an n—fold bordism, ie a manifold
for which there are n “time” directions singled out and whose boundary is decomposed
into an incoming and an outgoing part in each of these time directions. This is a picture

— > time 1

time 2

of a simple example for n = 2:

An element in the space (PBordZ )ky.....k, should be an n—fold bordism, which is the
composition of k; bordisms in the first “time” direction, k» bordisms in the second
direction, and so on. This is a picture of an example for n =2 and k| =k, = 2:

e
el
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The pictures both depict the bordisms as embedded into R times the two time directions.
We would like to point out that the time directions have a preferred ordering, as we
will discuss in more detail later.

More generally, we will choose the bordisms to be equipped with an embedding into
some finite-dimensional real vector space V' times n time directions, which we single
out to track where the bordism is allowed to be cut into the individual composed
bordisms. Furthermore, to keep track of the “cuts”, we need to remember the data of

[ I
et

e
[/

In practice, we will keep track of little intervals surrounding the grid instead of the grid

the grid in the time directions:

itself. This should be thought of as remembering little collars around the cuts rather
than the cuts themselves:

We will explain how to recover the cuts and how to interpret the following definition in
the example and remark right after the definition. Moreover, we will relate it to more
classical definitions of (higher) bordisms in Section 8.

For § C{l1,...,n} denote the projection from R" onto the coordinates indexed by S
by ms: R" — RS. We will now define the sets of 0—simplices of (PBord,‘,/)kl vooikn
and denote them by (]P’Bord,ll/ )ky....k, to avoid adding an extra index. This notation
will only appear in this and the next subsection.
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Definition 5.1 Let V' be a finite-dimensional R —vector space, which we identify with
some R”. For every n—tuple ky,...,k, >0, let (IP’Bord,‘:)kl ,,,,,
of tuples (M, I = (Ié <...<7 ,ii)l <i<n), satisfying the following conditions:

k, be the collection

(I) Forl1<i<n,
(Ig <+ <I) ey,
(2) M is a closed and bounded n—dimensional submanifold of ¥ x B(/) and the
composition 7: M < V x B(I) — B(I) is a proper map.'?
(3) Forevery S C{l,...,n}, let ps: M = B(I) 5> RS be the composition
of m with the projection wg onto the S —coordinates. Then, for every 1 <i <n

.....

Example 5.2 An example of an element in (IP’Bord]F) is depicted below. It represents
a composition of three 1-bordisms, the first one of which is “degenerate”, ie a trivial
1-bordism between two points:

[ 1 o1 [ e 1 [ e \

N ] P - ]

ap ai bo b az by a3 b3
Remark 5.3 For kq,...,k,; >0, one should think of an element in (PBord,‘,/ Vicy . ke

as a collection of kj---k, composed bordisms, with k; composed bordisms with
collars in the i™ direction. They can be understood as follows:

e Condition (3) in particular implies that for every 1<i<n,atevery x € p{_l; v ]’ ),
the map py;y is submersive. So if we choose tJ’. el j’ , it is a regular value of py;y, and
therefore p{_li (ZJ’:) is an (n—1)—dimensional manifold. The embedded manifold M
should be thought of as a composition of n—bordisms where p{_l; (t;) is one of the
(n—1)—bordisms (or a composition thereof) in the composition:

12Recall the boxing map from Section 4.4.

Algebraic & Geometric Topology, Volume 19 (2019)



590 Damien Calaque and Claudia Scheimbauer

1
L e

t
e For any t]’.’_l € Ij?’_l and tl"_l € Il”_l, there is an inclusion of the preimages

Pona (@710 C ppl (7,

and by condition (3) the map pg,_1 ,) is submersive there. Therefore, the preimage
p{_nl_L n}((t]’-'_l, 1;')) is an (n—2)—dimensional manifold, which should be thought of as
one of the (n—2)-bordisms which are connected by the composition of n—bordisms M.
Moreover, again since pg,_1,,} is submersive everywhere in p{_nl_l}(l Jf’_l), a variant
of Ehresmann’s fibration theorem shows that the preimage p{nl_l}(tj’.’_l) is a trivial
fibration and thus a trivial (n—1)-bordism between the (n—2)-bordisms it connects:

n—1
1

1

. imi k n k . n i
Similarly, for (tjk, e, tjn) €l; x---x1I?, the preimage

Pt (@)

is a (k—1)—dimensional manifold, which should be thought of as one of the (k—1)—
bordisms which is connected by the composition of n—bordisms M.

(3]

e Moreover, the following proposition shows that different choices of “cutting points
t} el Jl lead to diffeomorphic bordisms. In the case when in. < a; +1- one should
thus think of the n—bordisms we compose as 7! ([T, b, a;. +1]) and the preimages
of the specified intervals as collars of the bordisms along which they are composed.
Otherwise, one should think of that n—bordism in the composition as being “degenerate”,
ie of being a trivial n—bordism.

We will come back to this interpretation in Section 8 when we compute homotopy

categories.
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Proposition 5.4 Let (M,]) € (PBord) )i, .k, Fix 1<i<nand 0<j < <k;.

i .0 i i i i i i i i .
Then, for any ui,v; € Ij and Ui, v, € Ij, such that ui; <uj, and v; <V, there is
a diffeomorphism

pigy (b)) = pig) (0}, vj)).

Proof Since the map py;, is submersive in / j‘ and / ;,, we can apply the Morse lemma,
which we recall in Theorem 8.11, to py;y twice to obtain diffeomorphisms

Py (b)) = pigy (Wh wl ) — py (), vhD). -
Applying the proposition successively for i = 1,...,n yields:

Corollary 5.5 Let (M,]) € (]P’Bord,ll/)kl,“_’k and let By, B, C R" be products of

nonempty closed bounded intervals with endpoints lying in the same specified intervals,

ie B; = Hl[u;,u;,] and B, = ]_[i[vji.,vj./], where 0 < j < j' <k; and uj.,vji. IS I}
; 4

J

a diffeomorphism

n

and ui.,, vh, € I}/ such that u; < uj./ and vj. < vj./ forevery 1 <i <n. Then there is
“1(B (B
n (B1) > (B2).

5.2 The spaces (PBord,)x,... .k,

The level sets (IP’Bord,Il/ )k,
which we construct in this subsection. Ultimately, we want the space to encode the

k, form the underlying sets of O—simplices of spaces

.....

diffeomorphisms of n—fold bordisms which are the composition of k; bordisms in
the i™ direction. More precisely, it should be the disjoint union of classifying spaces
thereof. It will only become apparent that the space we define is the desired one in
Section 8.2, in particular Proposition 8.17.

5.2.1 The topological space (*}3°8 orb,‘,/ )ky,....kn We endow the set

(PBord) ), ...k,

with the following topology, coming from modifications of the Whitney C°°—topology
on Emb(M, V x (0, 1)").

In [19], spelled out in more detail in [20], a topology is constructed!? on the set of
closed (not necessarily compact) n—dimensional submanifolds M C V x (0, 1)", which

13Both [19] and [20] use the notation W(V x (0, 1)) = Sub(V x (0, 1)").
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we identify with the quotient
Sub(V x (0. 1)") <= | | Emb(M. V' x (0, 1)")/Diff(M),
(M]

where the coproduct is taken over diffeomorphism classes of #—manifolds. It is given
by defining the neighborhood basis at M to be

(NCVxO,D)":NNK=jM)NK, jeW},

where K C V x (0, 1)" is compact and W C Emb(M, V x (0, 1)") is a neighborhood
of the inclusion M < V x (0, 1)" in the Whitney C°°—topology. Thus, we obtain a
topology on

Sub(V x (0,1)") x Inty ;.
where we view Jntzl ok, 3sA (topological) subspace of R2¥ as in Section 4.1.

For an element [ € ’JntZl ok, » Tecall from Definition 4.11 the box rescaling map
p(I): B(I) — (0,1)". Then we identify an element (M, 1) € (‘B‘Butb}{)khm,kﬂ
whose underlying submanifold is the image of an embedding t: M < V x B(I) with
the element ([p(I)ot], p(1)) in the above space. This identification gives an inclusion

......

which we use to topologize the left-hand side.

5.2.2 The space (PBord,‘,/ Vey,nnk
spaces, ie as Kan complexes, we can start with the above version as a topological

» Tomodel the levels of the bordism category as
space and take singular simplices of this topological space. However, smooth maps
from a smooth manifold X to Sub(V x (0, 1)") as defined in [20, Definition 2.16,
Lemma 2.17] are easier to handle. By Lemma 2.18 in the same paper, every continuous

map from a smooth manifold —in particular from |Al le —to (iB’BOtD,I,/ ky....k, can

.....

be perturbed to a smooth one, so the homotopy type when considering smooth singular
simplices does not change.

We could directly define the space (PBord,Il/ )k,
of (213%0170,11/ ki ...k, - However, we will first give a very explicit description of it.

k, to be the smooth singular space

.....
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Definition 5.6 An /-simplex of (PBordZ ki ...k, consists of tuples

n

(M, I(s) = (Ij(s) <+ < Ili,» (5))se|all,)
such that:

..... n

(2) M is aclosed and bounded (n+/)—dimensional submanifold of

V x B(I(5))sein), €V xR" x| A,

such that!4

(a) the composition 7: M — V x B(!_(S))se|A1|e —> B(I(s))s€|Al|e of the
inclusion with the projection is proper,

(b) its composition with the projection onto |A!|, is a submersion M — |Al|,
which is trivial outside |A!| C |AY],.

(3) Forevery S C{1,...,n},let
ps: M > B(I(5))seinr, CR" x |A]e 75 RS x AL,

be the composition of 7 with the projection wg onto the S—coordinates. Then,
forevery 1 <i <n and 0 < j; <k;, atevery x € p{_l}{ (Use\Nle I}i (s) x {s}),
the map pyg; .,y is submersive.

From the definition of smooth map in [20, Definition 2.16, Lemma 2.17] we immediately
get:

Lemma 5.7 An [-simplex of (PBord,‘l/ )k,
(PBBord, k... -

Remark 5.8 For / =0 we recover Definition 5.1. Moreover, for every s € |Al le the
fiber My of M — |Al |e determines an element in (PBord,‘l/ Vicy o >

k, 1s exactly a smooth [ —simplex of

.....

(Mg) = (Mg CV x B(I(s5)), I (s)).

We will use the notation 75: My — B(I(s)) for the composition of the embedding
and the projection.

Remark 5.9 The conditions (2)(a)—(b) and (3) imply that M — |Al le is a smooth
fiber bundle, and, since |A|, is contractible, even a trivial fiber bundle. The proof is a
more elaborate version of the argument after [21, Definition 2.6].

14Recall that we view the total space of B(I) — |Al le as sitting inside R” x |Al |e as the union

Usejarl, BA()) x is}.
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.....

Definition 5.10 Fix k > 0 and let f: [m] — [/] be a morphism in the simplex
category A, ie a (weakly) order-preserving map. Then let | f|: |A|, — |Al|, be the
induced map between standard simplices.

Let /2 be the map sending an /—simplex in (PBord,Il/ )ky....k, tothe m—simplex which

.....

consists of:

(1) For 1 <i <n, the m—simplex in Int;, obtained by applying f Al
FAU) < < T ))seiar,) = (T F19) < - < Te(LF165)) s mm -

(2) The (n+m)—dimensional submanifold f AM CcV xB(I(s)) se|am|, obtained
by the pullback of M — |A!|, along | f|. Note that its fiber at s € |A”|, is
(fAM)s = lel(s) and

fAM = Mg xis).

SE[A™ |,

The above assignment is indeed well defined since the underlying assignment for the
underlying intervals is well defined and, since the map | f| is a submersion, the pullback
of M — |Al|, along | f] is also a submersion. Moreover, the assignment is functorial,
since pullback commutes contravariantly with composition, and thus (PBord,‘: Yy ken
is a simplicial set.

is the smooth singular space of

..... n

Proof By definition, the simplicial maps f2 are induced precisely by the maps
1 1A e — & o

Notation 5.12 We denote the spatial face and degeneracy maps of (PBordZ Vicyken
by d/.A ands/.A for0<j <I.

Example 5.13 We now construct an example of a path. It shows that cutting-off part
of the collar of a bordism yields an element which is connected to the original one by
a path.

Let (M)=(M.I=(I§ <+ <1} )i=1,..n) € (PBord) ), .k, and fix 1 <i <n.

n
We show that cutting off a short enough piece in the i™ direction at an end of an
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element of (PBordZ )ki....k, leads to an element which is connected by a path to the
original one. Fix 1 <i <n and let ¢ < bf) — af).

Choose a smooth, increasing, bijective function [0, 1]— [0, ¢], s — &(s), with vanishing
derivative at the endpoints.

For 0 < j <k; and s € [0,1] C |Al],, let
I}(s) = (a6+8(s),b;€i)ﬂ1?v

and then B(I(s)) = (aé + 8(5),b;€.) C B(I). For s <0 and s > 1 let the family
be constant. Then let M (e) be the preimage of the subset | e|al], B (I(s)) x{s} C
B(I) x |AYe of M x |Al|, — B(I) x |Al|., ie the submanifold

M(g) — M x|A,

! !

Usejatl, BU($)) x {s} —— B(I) x|A']

Then (M(¢), I(s)) is a 1-simplex in (PBord,‘,/)klw_,k with fibers

n

M(e)s = pg ((ag + (), by)).

Remark 5.14 In the above example we constructed a path from an element in
(PBord,‘: ki,...k, tOits cutoff, where we cut off the preimage of p;” 1 ((af), ¢]) for suit-
ably small &. The same argument holds for cutting off the preimage of p;~ 1 ([b};i =4, b};i )
for suitably small §. Moreover, we can iterate the process and cut off ¢; and §; strips
in all i directions. Choosing &; = %(bf) —af)) and §; = %(b;q —a;cl_) yields a path to
its cutoff with underlying submanifold
n
cut(M) = ! ( [ (@b +bp). 3(a, + b;;i))).

i=1
5.3 The n—fold simplicial space (PBord,)..... .

We make the collection of spaces (PBord,‘l/ )e,....o into an n—fold simplicial space by

lifting the simplicial structure of Int:"’f .o+ We first need to extend the assignment
([k1], - .. [kn]) = (PBordy) )i, ...k,

to a functor from (A°P)",
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Definition 5.15 For every 1 <i <n, let g;: [m;] — [k;] be a morphism in A, and
denote by g = (g;); their product in A". Then

(PBordZ)kl,...,kn g—) (PBordrIZ/)mlg---,mn

applies g to the i  tuple of intervals and perhaps cuts the manifold. Explicitly, on
[ —simplices, g* sends an element

(M CVxBUIO)) ey, 1) = (I5(s) <+ < I} (s)=y)

to

(M =27 (B I(6Dseiart,) €V x BUG) el
g D)) = (L)) =+ = Ly Oy )

where 7: M C V x B(l—(s))semqe —> B(Z(S))se|Al|e' Note that (g*M)s = g* M.

Note that as the manifold g* M is the preimage of the new box, we just cut off the
part of the manifold outside the new box. This is functorial, as it is functorial on the
intervals, and, if g;: [k;] = [l;-] and g = (g;);, the following diagram commutes by
construction:

M ) g*M ) g¥g*M

I | |

B(I())seiat), 2 BE@*I($))sein), 2 BE*E*U(5)))seal),

Notation 5.16 We denote the (simplicial) face and degeneracy maps by

. |4
d;: (PBord, ),

. v v
s;: (PBordy, )k, ...k, = (PBordy, )i, . k;+1....k,

.....

for0 <j <k;.

Notation 5.17 Recall from Remark 5.3 that for kq, ..., k, > 0, one should think of a

O—simplex in (PBord,I{ )ki....k, as acollection of k1 ---k, composed bordisms with

n

k; composed bordisms with collars in the i" direction. These composed collared
bordisms are the images under the maps

D(j1, ..., jx): (PBord} ), ...k, — (PBord) )11
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for (1 < j; <ki)1<i<n arising as compositions of inert face maps, ie D(j1,..., ji)
is the map determined by the maps
d(ji): [l = [ki].  O0<D = (i —1<ji),

in the category A. This should be thought of as sending an element to the (i, ..., jr)®
collared bordism in the composition. Moreover, we will later use the notation

D'(ji): (PBord) ),...k, — (PBord! )i, 1. &

for the maps induced by just d(j;). By abuse of notation, we will denote the sub-
manifold d(j;)*M by D (j;)(M).

Proposition 5.18 The spatial and simplicial structures of (PBord,Il/ )e,...,e are compati-
ble, ie for f: [I] — [p]., gi: [mi] — [ki] for 1 <i <n, the induced maps
A and g*

commute. We thus obtain an n—fold simplicial space (PBord,Il/ ) IS

Proof Since Int” is a simplicial space, it is enough to show that the maps commute
on the manifold part, ie

g*fAM=ng*M.
This follows from the commuting of the following diagram, in which all sides arise
from taking preimages:

> V x B(g*1(s))se|am),
o
idx| £ o idx| £

77777777 g*fAM:ng*M

V x B(I(5))se|am|,
-

-
-
-
-

fAM ¢mmmimiiee

!

i VXB(!_(S))SEIA”e

AN

AN

>V x B(g*1(5))se|a,
Y

The preimages are taken over B(g*!_(s))semme C B(I(S))se|Am|e and | f|: |A"]e —
|Al|,, respectively, which affect different components of

Vx {J (BU)x{s}) CVxR"x|A",
SE|AM |,
so they commute. a
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5.4 The complete n—fold Segal space Bord,

We will now prove that PBord,Il/ leads to an (oo, n)—category, ie a complete n—fold
Segal space of bordisms.

Proposition 5.19 (PBord))),,..... is an n—fold Segal space.

Proof We need to prove that the Segal condition is satisfied and globularity.
Step 1: Segal condition Fix fixed ki,...,k, > 0. We need to show that for every
1 <i <n,and k; =m +1, the Segal map

. v
Ym,i: (PBordy )iy, . ki,...kn
v h v
- (PBordn )kl ,,,,, m,..., kn x(PBOrd}.l/)kl ..... 0..... kn (PBordn )kl sssss L., kﬂ

is a weak equivalence. From now on we will often omit writing out the indices for
a # 1 for clarity.

Since every level set (PBord,‘,/ )ki.....k, 1s @ Kan complex by Proposition 5.11, ie fibrant,

n

the homotopy fiber product on the right-hand side can be chosen to be the space of
triples consisting of two points and a path between their target and source, respectively.

Note that an element in this space is given by a triple consisting of
M. D)= @M CVxBI).T=(U§<- <L d§ <+ ST )i<jzn,ji),
(N,J)=(: NCVxBJ),J=(<<J,J] << J,{j)lsjsn,#,-),
together with a path & from the target
D' (m)(M. 1) = (D' (m)(M), Iy, (I§ <+ < I{ )1<jn,ji)
of (M, I) in the i™ direction to the source
D'(D)(N.J) = (D'()(N). Jg. (Jg <+ < T Di<jsn,j#i)
of (N, J) in the i™ direction (using Notation 5.17).

The Segal map y,, ; factors as a composition

Ym,
(PBord) ), —=5 (PBord) )m x?PBorng)o (PBord)');
©) l I
V C \ 7l
(PBord) )™ > P
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as follows: Informally, the lower right-hand corner is the subspace of triples for which,
for the directions besides the i™, the tuples of intervals agree and the path of intervals
is constant. The lower left-hand corner is the subspace thereof, for which in addition,
in the i™ direction, I,’;1 = Jé, and along the path this interval stays constant. We will
define these spaces below. Our strategy to prove that y,, ; is a weak equivalence is to
show that all three maps are weak equivalences. Here the left vertical map is the main
step of the proof — this is where “composing” the bordisms happens, as we will see
below. That the bottom and right vertical map are weak equivalences follows from a
rescaling procedure. Let us first define the two spaces in question.

For the lower right-hand corner, for 1 < j <n and j # i, consider the j™ forgetful
map
PBord) —Int, (M.I)w1/.

The canonical maps from the pullback to the homotopy pullback
Int, = Int, Xy, Int, — Int, xf’m. Int,

(which is a weak equivalence since a deformation retract is straightforward to write
down and rescales the second tuple of intervals) for varying j induce a (strict) pullback
square

ey ®

m,l 14 h |4
P.""’. - (PBordn )0,...,0,m,0,...,o X(PBord,‘{)o,...,o,O.o,.A..o (PBOI'dn ).’"".’l’.’

| !

Int*#—D — s IntX (=1 xh IntX(—1
.,...,0 .,...,0 It

*s

The strict pullback of this diagram consists of exactly those pairs whose j™ tuples
of intervals agree for every j # i, and is constant along the path (but the embedded
manifold can still vary).!>

For the lower left-hand corner, consider the canonical map
h
Int,, X, 0 Int; — Inty,, X, o Int;
(which is a weak equivalence since both sides are contractible).
15Since the right vertical map is a weak equivalence, if the diagram were also a homotopy pullback
diagram, we would immediately see that the left vertical map is a weak equivalence as well. However,

neither map in the diagram is a fibration (nor even a “sharp map” a la Rezk [44]), so we need to find a
different strategy.
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Now form the (strict) pullback

P_':fj_l,, — Inty, Xﬁno Int;

T

(PBOI‘d,I{)T_’_l,,. H Intm Xln[() Intl

It consists of exactly those pairs whose j" tuples of intervals agree for every j #i and
is constant along the path (but the embedded manifold can still vary), and, in addition,
in the i direction, the last interval of the first element is the first interval of the second
element.'®

The left vertical map in (6) is a weak equivalence We first fix once and for all a
“smoothed diagonal” D C [0, 1]: it is the graph of a map ¢: [0, 1] — [0, 1], which has
vanishing derivative in [0, %] and [%, 1] (we could also choose fixed shorter intervals)

and is bijective with smooth inverse in [%, %], for example

I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
! !
I
1 2
3 3

We will use this to define a deformation retract of y™!, which we suggestively call
glue. The homotopy exhibiting the deformation retract will use the following two
modified functions for t € [0, 1]. Let

s;=t-¢ and ¢p=1+7-(c—1).

Then for 7 =1 we have that ¢ = ¢§ = ¢}, and for t =0 we have ¢ =0 and ¢/ = 1.
Moreover, for every 7, both ¢f and ¢! are smooth and bijective onto their image.
These give “flatter” diagonals Dy ; and Dy ;:

16 Again, the right vertical map is a weak equivalence, and it would be more convenient to take the
homotopy pullback. However, the same problem appears as in the previous situation.
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Q

ﬁ

WINF -

]
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Recall from above that an element in (PBord,‘l/ ):"l is given by a pair (M, ]) and

(N, J) and a path / from the target of the former to the source of the latter, along which
the interval is constant. We will use this path / to glue the embedded manifolds M
and N. A similar argument works for /—simplices in (PBord,‘: )f”l .

The 1-simplex /4 by definition is a submanifold P of'” V x (¢, b) x |Al|. such that
the composition with the projection mg;y: P — (c,b) x |Al|. is a submersion. We
rescale the fixed smoothed diagonal D linearly to obtain a smooth diagonal DS in
(c.b) x |Ale.

Consider the preimage Pgiag Of 7y of DSP . Since the projection myy: P —
(c,b) x |Al, is submersive, a Morse lemma style argument shows that this preimage
Pgiag is diffeomorphic to both D(m)(M) and D(1)(N). Thus we glue the manifolds M
and N over Pgjae to obtain M Up ding N. We realize it as a submanifold of VxR x(a, d)
by using

e MxMx{0}CVx{0}x(a,b)CV xRx(a,d),
e N Nx{l}cVx{l}x(c,d)yCV xRx(a,d),
and, using the coordinate in |Al|, = R,
* Puiag CVXRx(c,b)CV xR x(a,d).
However, note that the extra copy of R introduced above is not necessary: Let
D = ({0} x (a,c) UDP U1} x[b.d)) CR x (a,d).

Then the projection onto the second coordinate induces a diffeomorphism D = (a,d).
Thus, composing the embedding of the submanifold into V x R x (a,d) with the

17 Actually, of V x (¢,b) x B((IJ <+ < I} )i<j<n,jzi) X |Ae.
J - =
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projection onto V' x (a, d) still is an embedding,
M Upy,, N =V x(a,d).

The same construction works for /—simplices: the same argument goes through with
(M, I) and (N, J) now being [ —simplices, and thus submanifolds of V x (a, b) x |Al le
and V x (c,d) x |Al|, respectively, and P a submanifold of V x (c,b) x |Alt1],.
Moreover, since the shape D was chosen once and for all, this construction commutes
with the spatial structure and indeed gives a map of spaces

glue: (PBord) )™ | — (PBord) ). v kime..o-

We claim that this is a deformation retract of Y™ : Indeed, glueo y™l is the identity,
since the path between the source and target in the image of y™! is constant. As for the
other composition ym’l o glue, this sends a pair of elements (or /—simplices) (M, I)
and (N, J) together with a path & from the target to the source to a pair (1\7 ,I) and
(]'\7 ,J) which is not the original one (in fact, the latter pair has a constant path h ).
However, there is a homotopy from Y™ o glue to the identity as follows: For t € [0, 1],
send (M, 1), (N, J), h to the following pair: Modify the above construction by using
Ds,¢ and D, , instead to obtain Pdsi;fg and Pdti’,;. Now one can glue M with P(fi;; and
N with Pdti’arg and embed each as above to obtain (M., I) and (N, J). A path h,
between their target and source is given by the restriction of P to (ie the preimage of)
the part between D ; and D, ;. For T = 0 this is the identity map, and for t =1,

this is exactly Y™ o glue.

“Rescaling”: the bottom and right vertical maps in (6) are weak equivalences Both
maps are part of a deformation retraction. Let us describe the right vertical map first.

The idea of “rescaling” is illustrated in the following picture forn =2,i =1,/ =m =1
and kp, = 2:

|
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Note that we just depict the cutting lines, not the intervals around them. The rescaling
is performed on the right-hand piece.

The deformation retract is given as follows: we observed above that the canonical map
Int, = Int, XInte Int, — Int, xf’m. Int,

levelwise has a deformation retraction. We will lift this to the desired deformation
retraction.

An element (or /—simplex) in the right-hand side is given by a triple (I, J, h), where
h is a 1—simplex (or (I41)-simplex) from / to J, which we denote by I — |Al|,.
The latter determines a family of diffeomorphisms B(J) — B(/(s)) and we send a
triple (M, 1), (N, J),h) to a triple (M, I), (Ns, J ), hs), where (Ny, Js) is given
by the composition

N CV xB(J)—=V xB(U(s)).

We need the family of diffeomorphisms to have the following property: if for ev-
ery s € [s, 1], the cardinality |/;(s) N 1j41(s)| is O or 1, then b;(1) — b;(s) and
aj1+1(1) — a;11(s). Such maps are easily defined in a piecewise linear way. However,
we need them to be diffeomorphisms and vary smoothly in the parameter s, which
requires smoothing. One explicit way of doing this smoothing uses flows along vector
fields as in the proof of Theorem 8.15(1).

As for the horizontal map, the rescaling in the i direction, let B(I') = (a, b) and aj.
and bj’. the left and right endpoints of 7 j’ ;and B(J') = (c,d) and cj’. and d j’ the left
and right endpoints of J /’ . Similarly to above, by rescaling (¥, J), we can assume that
we have rescaled the embeddings and intervals so that I, = J§ = (ay,,b) = (c,d}),
and along the path this interval stays constant. This assumption implies the intervals
can be “glued” (or rather, concatenated) to obtain an element in Int, :

1
]

a by al,

1
]

chl,=b "7 c

I | —T

| | 1
1
~

~.

@
Similarly to above, this can be implemented using a deformation retraction of
Inty, X, 0 Int; — Int,, xf’m 0 Int;,

which is lifted to one of the inclusion.
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Step 2: globularity We show that the degeneracy inclusion map
(PBord))) < (PBord),)
ord,, ki,....,ki—1,0,0,...,0 ord, ki,ki—1,0.ki 4 1,....kn
admits a deformation retraction and thus is a weak equivalence.

Consider the assignment sending a pair consisting of ¢ € [0, 1] and an /-simplex
(M CV x BU©)). (1P (5))12p<i- (@h(s). (). (1% (8))i<azn) eyl

. Vv
n (PBOI‘dn )kl,---,ki—l,O,ki-i-l ,,,,,

(M CVxBU), (I (5)12p<i- (@h(s), bo()), (1% (5,1))i<asn) 1yl x(o.1]):
where for o > i and every 0 < j < kg,

a¥(s,1) = (1—e(0)ag (s) + e(t)ag (s),

b (s, 1) = (1— ()b (s) + £(1)bg. (5).

for a smooth, increasing, bijective &: [0, 1] — [0, 1] with vanishing derivative at the
endpoints. This is a homotopy

. |4 |4
H: [O? 1] X (PBordn )k1,...,ki_l,O,ki+1,...,kn g (PBOI'dn )k],...,ki_l,O,ki+1,...,kn

exhibiting the deformation retract.'® Note that B(1 (s, 1)) = B(I (s)) forevery ¢ € [0, 1].
Moreover, for t = 0 we have that / j‘." (s,0)=1 ;" (s) and the [—simplex is sent to itself.
For t =1 we have

I%(s.1) = (@%(5). B, (5)),
so the image lies in (PBord,I,/);cl ceoki—1,0,0,0..,0 -

It suffices to check that for every 7 € [0, 1] the image indeed is an [—simplex in
(PBordrIl/)kl,...,k,‘_l,O,k,‘+1,...,kn . Since (M’ !(S))E(PBord}I/l/)kl,...,ki_l,O,ki+1,...,kn , this
reduces to checking:

Foreveryi <a <n and 0 < j <kq, atevery x € P{_al}(qu(s»t)se|A/|e)’
the map pyq. .. »y 1s submersive.

Since in the i™ direction we only have one interval, we have that
Piiy (@ (s). by(9))sejary,) = M.

18T be precise, we take ¢ € |Al|, and extend the assignment so that it is constant outside [0, 1].

Algebraic & Geometric Topology, Volume 19 (2019)



A note on the (00, n)—category of cobordisms 605

so, in particular, p{l}((ao(s) bl 0()se|arl,) 2 p{a}(l (s,0)5¢ar,)- Therefore, con-
dition (3) in Definition 5.6 on (M) for i implies that py; . is a submersion in
p{_l; ((af)(s),b(’)(s))sew‘e) =MD p{_al}(lj‘-"(s,t)se|Az|e), SO Pfa,..n} 1S submersive
there as well. O

Remark 5.20 It is much easier to see that the “strict” Segal condition also holds,
ie that

v
(PBordy, iy,... ki +k/ . kn

L)(PBOI'dZ)kl,m,kl-, .k (PBord )iy (PBOI‘d )kl ki seeskin

An element in the right-hand side is a pair of submanifolds M C V X (ao, bg;) and
N C V x(ao, bk ) which coincide on the intersection V' x (ak by;) together with
intervals Io <--- < Iy, and Io <...< Ik/ such that I, = Io So we can glue them
together to form a submanifold M UN C V x (ap, bk/) and concatenate the intervals
Ip<---<1 k; < I 1<.--< I kl{Z

ao 1 b1 ... ap by @
([ [ 1 L ]
{ L ] L ]

S
S

N}
=

Thus, the above strict Segal map even is a homeomorphism.

Note that this construction also extends to / simplices we glue together subman-
ifolds of V' x (ao(s), bg; (s))se|ar), and V x (do(s), bk/ (5))sejal|, to form one of
V x (ao(s), bk’ (5))se|all, -

Remark 5.21 It can be checked that the maps
(PBord) Ve, ksdey — (PBOrd) i, 0.k

are not fibrations unless k; =--- =k, = 0. If they were, this together with the previous
remark would have simplified the proof of the previous proposition. However, we can
still conclude that PBord,‘: fits into a stricter model for (oo, n)—categories; for n =1, it
is a fibrant object in the model category of internal objects from [28] and Section 1.5.3
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(even though it is not strongly Segal). For n > 1, it is a fibrant object in the model
category of internal n—uple categories from [15] and Section 2.1, although it seems
not to be a fibrant internal n—fold category, since the identities are not strict.

So far the definition of PBord,I,/ depended on the choice of the vector space V. However,
in the bordism category we would like to consider all (not necessarily compact) n—
dimensional manifolds. By Whitney’s embedding theorem any such manifold can be
embedded into some finite-dimensional vector space V, so we need to allow big enough
vector spaces.

Definition 5.22 Fix some countably infinite-dimensional vector space,!® eg R>.
Then we define PBord,, to be the homotopy colimit of n—fold Segal spaces>°

PBord, = lim PBord! = hocolimy cge PBord! .
VCRe®

Remark 5.23 If the vector space V is r—dimensional, the n—fold Segal space PBordZ
is also interesting in its own right. It describes codimension-r fangles; see also
[40, Section 4.4]. For example, if n = 1 and r = 2, we obtain a Segal space of
1-dimensional tangles in R3. We will elaborate on this more in the next section.
Moreover, we have not used that V' is a vector space. Instead, one could take V' to be
some fixed manifold (as in eg [20]). This requires some extra care which we will not
pursue here.

The last condition necessary to be a good model for the (oo, n)—category of bordisms
is completeness, which PBord,, in general does not satisfy. However, we can pass to
its completion Bord,, .

Definition 5.24 The (o0, n)—category of bordisms Bord,, is the n—fold completion
PBord,, of PBord,, which is a complete n—fold Segal space.

Remark 5.25 For n > 6, PBord,, is not complete; see the full explanation in [40, 2.2.8].
For n =1 and n = 2, by the classification theorems of one- and two-dimensional
manifolds, PBord,, is complete, and therefore Bord,, = PBord, .

19The definition does not depend on the choice of the countably infinite-dimensional vector space; any
such is the colimit over all finite-dimensional vector spaces.

20The identity map from the model category of n—fold simplicial spaces to the model category of

n—fold Segal spaces is a left adjoint (since it is a localization) and therefore preserves homotopy colimits.
Thus, the homotopy colimit can be computed in n—fold simplicial spaces.
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6 Variants of Bord, and comparison with Lurie’s definition

6.1 The (0o, d)—category of n—bordisms and tangles for any d > 0

For d > 0 we define a d—fold Segal space whose top, ie d —morphisms are n—
dimensional bordisms. For d < n this amounts to extending the category of n—
dimensional bordisms only down to (n—d )—dimensional objects.

Definition 6.1 Let V' be a finite-dimensional R—vector space, which we identify with
some R". Let n >0 and d =n + 1 > 0. For every d—tuple ky,..., kg =0, we
let (PBordi;V)kl,m,kd be the collection of tuples (M, ] = (I(’; <...< Ilii)lﬁifd)
satisfying conditions analogous to (1)—(3) in Definition 5.1, ie

(1) Forl1<i<d,
(Ig <+ < I ) €ny,.
(2) M is a closed and bounded n—dimensional submanifold of ¥ x B(/) and the
composition 7: M < V x B(I) — B(I) is a proper map.
(3) Forevery S C{l,....d}, let ps: M =5 B(I) Z5> RS be the composition

of 7 with the projection g onto the S—coordinates. Then for every 1 <i <d
and 0 < j; <k;, atevery x € p{_li (I}i), the map py; . gy is submersive.

We make (PBordﬁ;V) k1,...k, into a space similarly to (PBord,Il/ Vet oidp -

Proposition 6.2 (PBordi;V).,... o is a d = (n+1)—fold Segal space.
Proof The proof is completely analogous to the proof of Proposition 5.19. a

Again we take the homotopy colimit of n—fold Segal spaces, ie in the model category
sSpace}Sf f over all finite-dimensional vector spaces in a given infinite-dimensional
vector space, say R%°:
PBordfi = colim PBordi;V.
VCRo®
Definition 6.3 For [ <0 let d =n+! <n and let Bord’,, which we will also denote by
Bordf,oo’d) , be the d —fold completion of PBordf, , the (00, d)—category of n—bordisms.

Notation 6.4 For [ <0 let d =n+1 <n and let Bordfloo’d)’v be the d—fold
completion of PBordfl’V. If V is r—dimensional and / = 0, this is the unframed
version of what Lurie calls the (oo, n)—category of n—tangles Tang,ll/, nar 10 [40].
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Remark 6.5 For / > 0, the underlying submanifold of objects of PBorde ie ele-
ments in (PBordfl)o ,,,,, 0, are n—dimensional manifolds M which have a submersion
onto R”*! This implies that M = &. Thus, the only objects are (@, I}, ..., 16’+l) and
(PBordfl)o, L0 = Intg o > . Similarly, (PBord )0k, kg, = IntG Kopdin sy =¥
Thus, (PBordﬁl)o,. » is equivalent to the point viewed as a constant (n—1)—fold Segal
space. Similarly, (PBordfl)l /—1,0,e,...,e 1S €quivalent to the point viewed as a constant

.....

(n—1)—fold Segal space. These will appear again later in Section 7.2.

6.2 Unbounded submanifolds, (0,1) as a parameter space and cutting
points

6.2.1 Unbounded submanifolds We could have omitted the condition that M be
bounded in condition (2) in Definitions 5.1 and 5.6, requiring it only to be closed. This

dunb

modification leads to an n—fold simplicial space PBord,™ together with a levelwise

inclusion
PBord, < PBord’™.

Recall from Remark 5.14 that for every element in (PBordy ), ...k, We constructed a

.....

path to its cutoff. There is a similar cutoff path for every element in (PBordE“b) Kiyokn
to an element whose underlying submanifold

n
cut(M) = 1 ( l_[( bl %a 1))
i=1
is bounded in the V —direction. Moreover, this construction extends to /—simplices.
Altogether, it shows that the inclusion is a levelwise equivalence of n—fold simplicial
spaces. Finally, since PBord, is an n—fold Segal space, PBordzrlb is as well.

6.2.2 Restricting the boxing to (0, 1)” Instead of basing PBord,, and PBordf, on
Int, we could instead use Int(>>" from Section 4.5. This approach leads to (n+/)—fold

D using the box rescaling maps p(7): B(I) — (0, 1)"+l and

Segal spaces PBordi,’(O’
the functor p from Definition 4.11 and Remark 4.14. It fits exactly into a commuting
diagram

PBord, —2— PBord;*V

| |

"t 2 (Int(o’l))x(”"‘l)
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where the vertical maps are the forgetful maps. Any simplex

McVxBI).I=I<--< I]il-)lgign+l)

is sent to
— i — . — .
(M cVx B2 v 0, 1" (p(D)(U1§) <+ < o)) 1 <i<n+1)-
On a fixed level, ie for fixed k1,..., k,4;, there is an inclusion of spaces

i (PBordy Oy, . <> (PBord))k, kot

and the above map is a retract of the inclusion. The (n+/)—fold simplicial structure

needs to be modified by rescaling maps to ensure that the boxing stays (0, 1)"+l : For a

morphism g =[] g; in A" the associated morphism of spaces is po g o¢. Since p
only involves rescalings, PBordfl SLAN PBordf,’(O’l) is a levelwise weak equivalence, so
in particular also a DK-equivalence of n—fold Segal spaces. We leave it to the reader

to fill in the details.

6.2.3 Cutting points Another variant of an n—fold Segal space of bordisms can
be obtained by replacing the intervals [ j’ in Definition 5.1 of PBord, by specified
“cutting points” tJ’- , which correspond to where we cut our composition of bordisms.
Equivalently, we can say that in this case the intervals are replaced by intervals consisting
of just one point, ie a} = b} =: l} . The levels of this n—fold Segal space PBord’, can
be made into spaces as we did for PBord, , but we now need to add paths between
0-simplices which coincide inside the boxing of ¢’s, ie over [t(}, t]il] X x [t ti‘n].
However, for PBordﬁ; the Segal condition is more difficult to prove, as in this case we
do not specify the collar along which we glue. Since the space of collars is contractible,
sending an interval / with endpoints ¢ and b to its midpoint ¢ = %(a + b) induces an
equivalence of n—fold Segal spaces from PBord, to PBord),. We will not elaborate
more on this variant and leave details to the interested reader.

6.3 Comparison with Lurie’s definition of bordisms

In [40], Lurie defined the n—fold Segal space of bordisms as follows:
Definition 6.6 Let V be a finite-dimensional vector space. For every n—tuple k1, ...,

kn >0, let (PBord,Il/’L)kl,.__,kn be the collection of tuples (M, (Zé <...< t]i.)i=1,...,n),
where:
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(1) Forl1<i<n,
i i
[0<...<[k[

is an ordered (k;+1)—tuple of elements in R.

(2) M is a closed n—dimensional submanifold of V x R” and the composition
w: M — V xR" — R” is a proper map.

(3) For every S C{l,...,n} and for every collection {j;};cs, where 0 < j; <k;,
the composition ps: M Z>R" — RS does not have (¢;,);es as a critical value.

(4) For every x € M such that piiv(x) € {té,...,t,’;,}, the map pgit1,. »y is
submersive at x.

It is endowed with a topology coming from the Whitney topology similar to what we
described in Section 5.2.1. Similarly to before, let

PBord,%: lim PBordZ’L.
VCRoe

Comparing this definition with Definition 5.1 and PBord’, from Section 6.2.3 above,
our condition (3) on PBord), is replaced by the two strictly weaker conditions Q3)
and (Z) on PBord,f , which are both implied by (3):

Lemma 6.7 Let M be aclosed n—dimensional manifold and w: M — R”". Moreover,
for1 <i <n let (té <... < [k ) be an ordered (k;-+1)—tuple of elements in R.
Denote for S C {1,...,n} the composition M > R" — RS by pg. Assume that
condition (3) from Definition 5.1 holds, ie forevery 1 <i <n and 0 < j; <k; for
ny 18 submersive at x . Then:

.....

X € M such that pgy(x) = Z}Z_, the map py;

(3) For every S C{l,...,n} and for every collection {j;}ics, where 0 < j; <k;,
the composition ps: M Z>R" — RS does not have (t;,);cs as a critical value.

(4) For every x € M such that pgy(x) € {té,...,t,ii}, the map py; 41

.....

submersive at x.

Proof Let ip = min S. Consider the diagram
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For (3) let x € pgl ((t;)ies)- Then pga(x) = t]l:f) , 50 by assumption the map pg;,. . 2}

0 ’ ’
is submersive at x. Since proj is submersive, ps = projo py;, ...} is also submersive
at x.

For (Z) note that if py; 4y is submersive at x then pgi g, . ) is submersive at x. O

However, Lurie’s n—fold simplicial space PBord,f is not an n—fold Segal space, as we
will see in the example below. Thus, our PBord’, is a corrigendum of Lurie’s PBordZ
from [40].

Example 6.8 Consider the 2—dimensional torus 7' in R x R?, embedded such that the
projection onto R?2 is an annulus, and consider the tuple (T C RxR2, t(} , tg <...< t,fz) s
where t(} is indicated in the picture of the projection plane R? on the left:

1
Iy

Then, because of condition (§), tg <...< t,fz can be chosen everywhere such that

any (10,1 ]‘2

picture. Thus, if tjz and tjg are in two different connected components of this line

) is not a point where the vertical (Z(} —)line intersects the two circles in the

minus these forbidden points, there is no path connecting this point to an element in the
image of the degeneracy map. However, it satisfies the conditions (1), (2), (§) and (Z)
in the definition of (PBord% )0.k5 > SO (PBordzL )o,. 1s not essentially constant.

6.4 The n—uple Segal space PBord""*

Consider the following interval version of condition (§) in Definition 6.6:

(3") Forevery S C{1,...,n} and for every collection {j; };cs, where 0 < j; <k;, the
composition pg: M > R” — RS does not have any critical value in (I i )ies -

It ensures that the fibers pgl((t},.)fes) for t}i el le are (n—|S|)—dimensional smooth
manifolds. This can be interpreted similarly to in Remark 5.3 as follows: Choosing
t le < ZJ‘:_,, we picture the composed bordism as

([T 15).

which, by condition (3') is a “cubical” n—dimensional bordism whose sources and
targets in each direction are themselves “cubical” (n—1)-dimensional bordisms, and,
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furthermore, its diffeomorphism class does not depend on the choice of cutting points ¢ le ;
see Section 8.1 for more details. Our condition (3) — which we saw in Lemma 6.7 to
imply (3) in the point version; the same argument shows that it implies (3’) in the case
of intervals — ensures in addition the globularity condition, namely that the source
and target of the n—dimensional bordism are (n—1)—dimensional bordisms which
themselves have the same source and target. This is reflected in the essential constancy
condition, namely that we have an “n—category” instead of an “n—uple category”.
Thus, relaxing condition (3) in Definition 5.1 to (3"), we obtain:

Definition 6.9 The n—uple Segal space PBordZple has levels whose elements are tuples
of (M, I = (Ié <... < I]ii)lfisn), satisfying conditions (1) and (2) in Definition 5.1
and (3).

Using the construction in Section 2.4.5 one can see that PBord,, indeed is the maximal
uple
no -

n—fold Segal space underlying the n—uple Segal space PBord

Proposition 6.10 The maximal underlying n—fold Segal space of PBordl,iple is equiv-
alent to PBord,, .

Proof Recall from Section 2.4.5 that the levels of the maximal underlying n—fold
Segal space of a n—uple Segal space X are given by

R(X); =Map"(©*, X).
The remaining structure arises from that of X.

The levelwise inclusion ¢: PBord,, — PBordzple and the weak equivalence from
Lemma 2.27 give a map

PBord, ~ Maph (Ak , PBord,,)

~ Maph (@k, PBord,) — Maph (G)k , PBordele) = R(PBordele).

By the Segal condition, it suffices to show that this map is an equivalence at every
(i) =(1;,0,...,0) (AOP)k. To compute the correct mapping spaces, we use the
cofibrant replacement of @@ from Proposition 2.25.

Let C be the n—uple category, or rather its nerve, the n—fold simplicial space which
is the image of the Yoneda embedding of ([1],...,[1]) € A and thus is cofibrant for
the projective model structure. Then

Map”(C?, PBordy"®) = (PBordy®) ;).

Algebraic & Geometric Topology, Volume 19 (2019)



A note on the (00, n)—category of cobordisms 613

Now we proceed by induction. The first index for which there is something to show is
i = 2. Using the explicit cofibrant replacement from Proposition 2.25, we compute that

R (PBordzple)(z) = Maph (®(2), PBordflple)

is the homotopy pullback of the diagram
(PB Ordzple) 2)

!

(PBord;ple)o x (PBord,,” le)0 S (PBord;l,ple)(l) X (PBord;ple)(l)

From this, we see that an element in R(PBordEple)(z) is an element in (PBord;ple)(z)
together with a path from its source and target to elements in (PBordele)o. By
Theorem 8.15 such a path determines a diffeomorphism between the composed bordisms
associated to the start and the end (the source and target, respectively) of the path, which
in turn are elements in (PBord, ]e)o. Thus, they satisfy condition (3") everywhere,
ie the projection 7 is a submersion. This property is preserved by diffeomorphisms,
which implies that the source and target of the element in (PBord;ple)(z) also satisfy
this condition. So the original element must satisfy condition (3). and thus lies in
(PBordy)(2)-

For i > 2, again using the explicit cofibrant replacement, there is a homotopy pullback
diagram
R(PBordy") ;) ———— Map(C x cof(®¢~1)), PBord"")
I |
1 1 1 1
(PBordj, gp ¢ x (PBord, gp f (PBordn)l(]f_el) X (PBordn)l(lf_el)

Since there is a surjection C! — C! x O~ elements in the top-right corner arise
from elements in Maph (ct, PBordflple) = (PBordEple)(,-). Moreover,

Map(C x cof(© ™), PBord,”) = R((PBord;)1.e.....e)i-1)-

The induction hypothesis implies that elements therein are elements in (PBordEple)(i)

which satisfy condition (3) in Definition 5.1 or i > 1.

Thus, elements in R(PBordEple)(l-) are such elements together with a path from their
source and target to elements in (PBordele)o. Unraveling this condition as in the base
case, we see that this implies condition (3) for i = 1. O

Algebraic & Geometric Topology, Volume 19 (2019)



614 Damien Calaque and Claudia Scheimbauer

Example 6.11 (the torus as a composition) The difference between the n—fold and
the n—uple Segal spaces can be seen when decomposing the torus, viewed as a 2—
morphism in the respective n—(uple) categories. We will omit drawing the intervals
outside of the torus and just draw the “cutting lines”, which should be understood as
actually extending to small closed intervals around them.

The torus as a 2—morphism in Bord;ple can be decomposed simultaneously in both
directions. One possible decomposition into in some sense elementary pieces is the
following:

However, similar to the argument in Example 6.8, this decomposition is not a valid
decomposition in Bord,, as condition (3) in Definition 5.1 is violated.

The torus as a 2—morphism in Bord, can only be decomposed “successively”, so we
first decompose it in the first direction, ie the first coordinate, eg as

which is an element in (Bord,)4,1 and then decompose the two middle pieces, which
are the images under the compositions of face maps

D'(2), D'(3): (Bordz)s,1 = (Bordy)1,1

) (=
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Altogether, a possible decomposition of the torus into elementary pieces in Bordy is

e LS
]

This of course is also a valid decomposition in the 2—fold category Bord,” le

2 -

7 The symmetric monoidal structure on bordisms and
tangles

The (0o, n)—category Bord, is symmetric monoidal with its symmetric monoidal
structure essentially arising from taking disjoint unions. In this section we endow
Bord;, with a symmetric monoidal structure in two ways. In Section 7.1 the symmetric
monoidal structure arises from a I'—object. In Section 7.2 a symmetric monoidal
structure is defined using a tower of monoidal i —hybrid (n+i)—fold Segal spaces.

7.1 The symmetric monoidal structure arising as a I' —object

We construct a sequence of n—fold Segal spaces (PBord,‘: (m))a...... which forma I'-

.....

object in n—fold Segal spaces, which in turn endows Bord,, with a symmetric monoidal
structure as defined in Section 3.1.

Definition 7.1 Let V be a finite-dimensional vector space. For every k1, ..., ky, let

(PBord,I,l/ (m))k,....k, be the collection of tuples

.....

(Mla"'ava(IéS."Slléi)l.: ..... l’l)y

where each (Mg, (I <. < I]i.)i=1,...,n) is an element of (PBord,‘,/)kl,__.,k and

My,..., My, are disjoint. It can be made into an n—fold simplicial space similarly to

PBord,I,/ . Moreover, similarly to the definition of Bord,,, we take the homotopy colimit
over all V' C R®° and complete to get an n—fold complete Segal space Bord,, [m].

Proposition 7.2 Let

' — SeSp,, (m) > PBord,(m),
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where to a morphism f: (m) — (k) in I we assign the map

PBord,, (m) — PBord,, (k),

(Ml,...,Mm,I’s)r—>( [T Mg..... ][] Mﬂ,l’s).

Bef—1(1) Bef—1(k)

This assignment is functorial and endows Bord,, with a symmetric monoidal structure.

Proof By Lemma 3.7 it is enough to show that the assignment is a functor I" — SeSp,,
with the property that for every m > 0 the map

l_[ yg: PBord, (m) — (PBord, (1))™

1<B=<n

is an equivalence of n—fold Segal spaces.

Functoriality follows from the functoriality of taking preimages. For m = 0 both sides
are contractible. For m > 0 the map [ [, 5, g is a levelwise inclusion and we show
that levelwise it is a weak equivalence.

First, we can show that for every k1, ..., k,, the space (PBord, (1))2”1’...’,(" is weakly
equivalent to its pullback, which we will denote by P, along the diagonal map
IntZ1 I e (Int’lz1 e )™ . The argument is analogous to the proofs of the rescaling
steps in the proof of the Segal condition in Proposition 5.19. Note that P™ is the
subspace of those elements for which the intervals coincide, and [, - g<n Vp factors
through P™.

Now, we will exhibit an explicit deformation retraction of
l—[ yg: PBord, (m)g, . .k, = P™.
1<B=<n
which shows that the two spaces are equivalent.

Consider the family of embeddings ¢5: V — R ® V, v > (s, v), parametrized by
s € [0, 1]. Note that this also induces a family of embeddings R — R @ R =~ R,

Let (My),...,(My,)) be any k—simplex in the target P . We construct a k—simplex
in PBord, (m),
original one at 1 and the new k—simplex at 0. The map F is defined as follows: For

k, together with a map F': AF x [0,1] — P™ restricting to the

.....

fixed s, it consists of the k—simplex which is defined by composing the embedding
My < V x B(I) with the embedding (. This depends smoothly on s (and nothing
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else). For s > 0, this indeed lands in PBordy (m)g,
disjoint. The construction is compatible with the simplicial structure, since ¢; did

k, » since the images of M; are

.....

not affect the copy of B(/). Altogether, this induces a strong homotopy equivalence
between the above spaces. a

Remark 7.3 More generally, the same construction works for Bord,(fo’d) ford <nm
using a sequence of d —fold Segal spaces PBordL (m) for l =n—d.

7.2 Looping, the monoidal structure and the tower

Our goal for this section is to endow Bord,, and Bord,(fo’d) with symmetric monoidal
structures arising from a tower of monoidal [ -hybrid (n4/)—fold Segal spaces Bordf,l)
for [ > 0. We will prove a stronger statement first, namely that the tangle categories

Bordfloo’d) 'V are r—monoidal if V is r—dimensional.

Recall from Section 6.1 the (n+/)—fold Segal spaces PBordé of n—dimensional bor-
disms. We saw in Remark 6.5 that PBordil is (I—1)—connected if / > 0. However, it
does not have a discrete space of objects, 1 -morphisms, ..., (/—1)—morphisms. For
[ < 0 the situation is even worse as PBordiI is not even connected. However, in any
PBordL, there is the distinguished object

I =(2,0,1),...,(0,1)),
and by Proposition 3.32 it suffices to prove the following theorem.
Theorem 7.4 Forn + 1 >k > 0 and an (r—1)—dimensional vector space V, there is

a weak equivalence
QK (PBord>") 2> PBord! %V @R

which induces a weak equivalence u: Q’é(PBordfl) — PBordil_k .

Since looping and hybrid completion commute by Lemma 2.22 the following corollary
is immediate.

Corollary 7.5 Let n >0 and d <n, and let V be an r —dimensional vector space.
d’(1oo,aV),V

)

e The tangle categories Bord}f and Bor are r —monoidal.

e The bordism categories Bord, and Bord,(,oo’d are symmetric monoidal.
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We can extract the k—monoidal (n+/)—fold complete Segal spaces which form the
tower for the symmetric monoidal structure:
Definition 7.6 For k > 0 and d > 0, the (n+/)—fold Segal space
K (PBordk ~(1=4))
is (k—1)—connected and satisfies
QK £k (PBordk~=Dy) ~ QK (PBordk~=9)) ~ pBord; "~

by the above theorem. Its k—hybrid completion thus is a k—monoidal complete (d +k)—
fold Segal space. The collection thereof, for kK > 0, endows the complete d—fold
Segal space Bordg,oo’d) = Bordfl for d = n + [ with a symmetric monoidal structure.
For d = n, we obtain the symmetric monoidal structure on the complete n—fold Segal
space Bord,.

Since Q"4 (Bordy,) is complete, the universal property for the completion Bordf,oo’d)
of PBordg_” applied to the map PBordg_” ~ Q"4 (PBord, ) — "% (Bord,) gives
the following corollary.
Corollary 7.7 There is a morphism of symmetric monoidal (oo, d)—categories
Bord,(fo’d) — Q"% (Bordy,).
Remark 7.8 Since completion and looping do not necessarily commute, this map is
not necessarily an equivalence.
Proof of Theorem 7.4 It is enough to show that
LR ~ I-1,R"
Q2 (PBord,, )= HomPBordf{qu (2, 9) ~ PBord, .
The statement for general k follows by induction.

We define a map
Uur: Q (PBordfl’Rril) — PBordfl_l’Rr

by sending an element in HomPBord%qu (D, Dy pgs s
(M) = (M SR x(ag.b}) x BU). 1§ < I}, T = (1§ <--- < I} )12))

I
e (PBOI‘dn) l,kz,...,kn+1 ’
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to
(Mj—y) = (M S (R x (ag. b)) x BU).I = (I§ <--- < I} )I13).
—,~—/
=V

so it “forgets” the first specified intervals. In the above, we view V = R’ ! x (ad.b})
as a vector space using a diffeomorphism (ao, bl) ~ R, and thus get an isomorphism
V=R’

First of all, we need to check that this map is well defined, that is, that (M;_;) €
,,,, k1 The condition we need to check is the second one, ie we need
to check that M C V x B(I) is a bounded submanifold and M < V x B(I) — B(I)
is proper. Since py 1(101) = pl_l(lll) = &, we know that M is bounded in the
direction of the first coordinate, since M = pl_l([bé, a%]), and moreover, we know
that M — B(I4 <1}, 1) is proper. Together this implies the statements.

We claim that the homotopy fibers of this map are contractible. The homotopy fiber at
a point
(M) = (M SR x B(I). [ = (I§ <--- < I} ) 2])

in the target consists of pairs of:

e A l-simplex (M) in (PBordl LR ks with endpoint (M7).

----- n+l
e For the source vertex (Mp), a choice of pair of intervals which “bound” the
manifold in the last coordinate in R”, ie an element 101 <] 11 in Int; such that

(Mo SR” x B(1(0)). Ig < I{.1(0) = (I{(0) <--- < I} (0))!2])

€ sz(PBordf;]R Viearoden s

In the presence of the 1-simplex, the choice of the intervals is equivalent to the choice
of such intervals for the original element (M), since they can be transported back
and forth along the 1-simplex. Thus, the homotopy fiber is a product of the space of
paths to the chosen (M) (which is contractible) with the space of choices of pairs of
intervals as in the second item, but for the original (My).

We claim that this latter space is contractible as well: The fixed submanifold M; C
R” x B(I) is a bounded and closed submanifold. Therefore, it is bounded in the
R” —direction. Therefore, the image of the projection pgy: M1 — R} is bounded
and the intervals can be chosen to be any intervals which lie of either side of the convex
hull of this image. The complement of the convex hull has two connected components
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and each interval can be chosen arbitrarily in one of the connected components. The
space of subintervals of a given interval is contractible, and therefore the homotopy
fibers are contractible. O

7.3 Comparison of the symmetric monoidal structures

Starting with the I'-object PBord, (—): I' — SeSp, we can extract, as explained in
Section 3.3, the /™ layer of a tower for this symmetric monoidal structure on PBord,, .
It is the (n-+/)—fold Segal space PBord,(—)<; given by precomposing PBord, (—)
with the map (A°P)! f—l> 'Y 25 T'. We now show that it is equivalent to the layers of
the tower constructed in the previous section.

Proposition 7.9 The (n+1)—fold Segal spaces

PBord, (—)<; and %L (PBord))

are weakly equivalent.

Proof Recall from Section 6.2.2 the variant of bordisms which are constrained to the
box (0, 1)". The rescaling maps determine a weak equivalence

PBord, 2> PBord/, (1,
Similarly, rescaling determines a weak equivalence
PBord,, (—) 2> PBord®V (-

to a I'—object in n—fold Segal spaces, where PBordS,O’l) (m) is the obvious modification
constraining the bordisms to the box (0, 1)” and using rescaling maps as in Section 6.2.2.
We will construct a weak equivalence between PBordflO’l) (=)<1 and &fg (PBordfl’(O’l))
as the colimit of a zigzag of maps below. We need this intermediate step of constraining
bordisms to the box to ensure that the maps in this zigzag are indeed functorial.

To shorten notation, for an ascending sequence Vo C V7 C Vo C -+ of r—dimensional
vector spaces V;, let

Y, = PBord;lO'l)’V’(—)sl and X, = ilg(PBordi’(o’l)’V’).
We will work with V,, = R” and use the standard inclusions R” =~ R” @ {0} < R"*1.

They induce levelwise inclusions ty: X, < X,41 and ty: Y, — Y, 41.
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We will construct a sequence of maps

Xrt1
\ / X gr+/ \fr+/ /
r+l r+21
such that f, og, ~ty and g,4; o fr ~ tx. This will induce the weak equivalence on

the homotopy colimits.

The first map f; : forgetting certain intervals For k1,..., ks, j1,...,j; >0, con-

sider a general element in (X, 47)k,,... k., /1,....j; given by

where [ € Int” “and J e It Note that B(I) x B(J) = (0.1)" x (0.1)!
k1,....kn -

R” x R’. The condition that the prelmage of the projection map over the intervals in J
be empty implies that M is the disjoint union of the preimages

Mm1,...,m1 = D(mla .. aml)(M)
for 1 <i <[ and 1 <m; < j;. In brief, the image under f; will be same embedding,
but tracking these disjoint manifolds, together with just the intervals 1.

To implement this, we order the M,,, . m, lexiographically. Finally, we relabel
them from 1 to j; ----- j; according to this ordering, which amounts to setting
My = My, for s =my+ Y _,(mi —1)- j1--+ ji-1.

The image under f; has to be an element in

Viis, . .
Yot Dby ookon sy = PBordy ™ (it ik

For this, we use a fixed diffeomorphism (0, 1) = R, which induces a diffeomorphism
B(J) =V} to transfer the vector space structure. This in turn induces an isomorphism
V,4; =V, x B(J). Then we let the image of the general element above be

(My,...,Mj,..;,, 1), where My 1L---1 Mj,..;, CV,y;x B(I).

We remark that this assignment is functorial in kq,...,kn, j1...., j;, as the diffeo-
morphism is fixed once and for all and the map just forgets certain intervals and orders
the manifolds in the disjoint union in a functorial way.

The second map g, : adding certain intervals back in Conversely, to define the
map gr: Y, — X;, start with a general elementin (Y;)k, .. k,.j1,....j; » €lven by

(My,...,Mj,...;,, 1), where My .- Mj,..;, CV, x B(I).
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Set
M:MIHH-HMJ'I...jl,

and for 1 <i <[ and 0 <m; < j;, set
; _[ 2m;  2m; +1
mi 2ji+17 2j; +1

i| N (0,1),
so the intervals are equidistributed among (0, 1). Now we realize M as a submanifold
of V; x B(I)x B(J) =V, x(0,1)" x (0,1)" in the following way:

For 1 <s < j;---Jj; find the relabeling in the converse direction: find my,...,my
such that s = m + le-:z(mi —1)-j1--- ji—1. For example, m; = |s/(j1--- ji—1)],
etc. Then, we use the inclusion of midpoints of the m}h interval

(Czh e o

2j1+177777 25 +1
and set
2my+1 2my+3 - 2my+1 2my+1
MszMsX%( 1Ty 2 2)} CerB(l)x{( 1 2)}
2j1+1 2j+1 2j1+1 2j+1

C VyxB(I)xB(J).
The images of the M by construction will be disjoint, so together we get
M CV,x(0,1)"x(0,1)! =V, x B(I)x B(J).
Together with the intervals / and J, this gives an element in X, .

Again, it is straightforward to check functoriality: the only choice was that of the extra
intervals J, and this choice was canonical because we chose them to be equidistributed
in (0, 1). Moreover, they are sent to each other under the face and degeneracy maps
of Int®>)) because of the extra rescaling step. This is the reason for constraining the
bordisms to the box in this proof.

The homotopies It is easy to see that f; og, ~ty: For an element in the composition,
the manifolds in the disjoint union are “spread out” over different points in (0, Dl =
B(J)CR!:

(My,...,Mj,..;,, 1), where My U---1 Mj,..;, CVyxB(I),
maps to

7__?__7 WCI'C = 1 oo -C rX , X , — rx _—X __’
M.1J here M =M, L---UM;,..;, CVx(0,1)" 0.0 =V.xB(IxB(J
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which in turn maps to
(M1,...,Mj,..;,, 1), where My L1--- U Mj,..;, C Vyyy x B(I).
However, for the latter element, consider the homotopy
H: [0, 1]er+l—>Rr+l, (t, X1 s X V1 s YD) (X1 Xy B Y1 e, B Y)).
For any 7,
((H: xidgo,1y0) (M) CR™ x (0, 1" =R x B(I), )

still is an elementin (Y, 1)k, k., /1. and for r = 0 we get back the element we

Jio
started with.

A homotopy from the other composition g,4; o f, to tx is also straightforward to
construct. i

Corollary 7.10 The two symmetric monoidal structures on Bord, constructed in the
last two sections are equivalent.

Remark 7.11 It is straightforward to get a similar result for Bordf,oo’d).

8 Interpretation of bordisms as manifolds with corners and
the homotopy category

In this section we compare our definitions to the definitions of higher bordisms from
[34; 33; 49; 12], which are certain manifolds with corners. We first recall the definition
and show that every bordism in that sense leads to an element in our space of bordisms
from the previous section and vice versa. Then we prove that every path in our space of
bordisms leads to diffeomorphic bordisms as manifolds with corners, and explain that
the spaces indeed are the disjoint union of classifying spaces of diffeomorphisms of
bordisms, as suggested in Section 5.2. Finally, we show that the homotopy category of
our symmetric monoidal Segal space of bordisms recovers the usual bordism category.

8.1 Bordisms as manifolds with corners and embeddings thereof

For the definition and notation for (k)-manifolds used in this section we refer to [34].
In brief, a (k)—manifold is a manifold M with “faces”?! together with an ordered
n—tuple (01 M, ..., M) satisfying

21For an n—dimensional manifold M with corners, for any x € M the number of zeros c(x) in
the coordinates of x in any chart is independent of the chart (by a chart we mean a diffeomorphism
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() oyMU---UdM = oM, and
(2) 9;MNa;M is aface of 9; M and 0; M forevery i # j.

The number k indicates that the manifold has corners of codimension k, which are
exactly the components of ;M N---Ndx M.

Example 8.1 Consider the biangle as a manifold with corners:
do M

T >

M

It is a manifold with faces: every point x in the interior has c¢(x) = 0, every point
in dyM Nd, M has c(x) =2 and is a face of both d; M and d, M, and every other
point has c¢(x) = 1 and lies either in d1 M or in d, M. Moreover, the ordered pair
(01 M, 9, M) gives M the structure of a (2)—manifold.

An k-bordism is a (k)-manifold such that for each d; M we distinguish between an
“incoming” and an “outgoing” part. We will see later that we can think of it as having
k “directions” in which there is an “incoming” and an “outgoing” part of the boundary.

Definition 8.2 e A (cubical) O—bordism is a closed manifold.
e An n—dimensional cubical k—bordism is an n—dimensional (k)-manifold whose
k—tuple of faces is denoted by (01 M, ..., dp M) together with decompositions
M = 8i,injw i 8i,outju

such that 0; ;, M and 0; oM are (n—1)—dimensional cubical (k—1)-bordisms.

e An n-dimensional k—bordism is an n—dimensional cubical k—bordism such
that d; ;s M and 0; oM are trivial in the sense that there are (n—k—1+4i)—
dimensional (i —1)-bordisms M; ;, and M, o, such that there are diffeomor-
phisms

0iinM = M;in x [0, 11F77 and  8; oM 2= M; oy x [0, 1]F7

forl1<i<n-—1.

x>U — V CRL;). A connected face of M is the closure of a component of {x € M : c(x) = 1},
ie of the (n—1)—dimensional part of the boundary. An n—dimensional manifold with faces is an n—
dimensional manifold M with corners such that any x € M is in exactly c(x) faces, ie if x is in the
(n—k)—dimensional part of the boundary, then it lies in k different faces.
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Remark 8.3 For k = 2 our definition of 2-bordism agrees with that in [49]. One
should think of M; ;, and M; oy as the i —source and i —target of M.

Example 8.4 Anexample of a 2—dimensional 2—bordism is illustrated in the following
picture:

Its tuple (01 M, d, M) of faces is given by the vertical and the horizontal faces, respec-
tively.
Example 8.5 Let M = [0, 1]%. It is a k—bordism with

3iinM = (0,171 x {0} x [0, 1]F~" and  8;0uM = 1[0, 1171 x {1} x [0, 1] 7.

A (k)-manifold M determines a functor
M: [1]k — Top,

M(@) = N0y M if a# (1,.... 1),
M(,....1)=M.

Recall the following embedding theorem via “neat” embeddings for (k)-manifolds.

a=(a1,...,ak)r—>

Theorem 8.6 [34, Proposition 2.1.7] Any compact (k)-manifold admits a neat
embedding in Rﬁ x R™ for some m, ie a natural transformation (. M — R’i x R™
such that

(1) t(a) is an inclusion of a submanifold for all a € [1]¥;
(2) the intersections M (a) N (R™ x ]R{Ii (b)) = M (D) are perpendicular forall b <a.

We adapt the definition of a neat embedding for (k)-manifolds for bordisms.

Definition 8.7 A neat embedding 1 of a (cubical) k—bordism M is a natural transfor-
mation of M to R™ x[0, 1]¥ for some m, both viewed as functors [1]¥ — Top, such that

(1) t(a) is an inclusion of a submanifold for all a € [l]k respecting the prescribed
decomposition of the faces of the bordism;

(2) the intersections M(a) N (R™ x [0, 1]% (b)) = M(b) are transverse for all b < a.
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To prove that any k—bordism admits a neat embedding, we use that any (k)-manifold
admits a compatible collaring:

Lemma 8.8 [34, Lemma 2.1.6] For a € [1]¥ we write 1 —a = (1,...,1)—a. Any
(k) —manifold M admits a {k)—diagram C of embeddings

C(a < b): RE (1 —a) x M(a) < RE (1—b) x M(b)

with the property that C(a < b) restricted to Rﬁ(l —b) x M(a) is the inclusion map
idx M(a <b).

Now the embedding theorem for (k)-manifolds leads to an embedding theorem for
(cubical) k-bordisms. Such embedded cubical k—-bordisms appear in [12].

Theorem 8.9 Any n—dimensional (cubical) k —bordism M admits a neat embedding
into R™ x [0, 1]¥.

Proof Let M be an n—dimensional k—bordism. By the above theorem, there is a
(neat) embedding ¢: M <—>IR’_‘Ir xR™ c RET™M =R™ for some m’ and m =m’ +k. We
will use that the product of an embedding with any smooth map still is an embedding.
For this, we will construct a smooth map h: M — [0, 1]¥ such that its product with ¢
is a neat embedding.

The idea for 4 is that the decomposition into disjoint unions of the boundary components
of the k—bordism determine a decomposition of the collars as well. Starting with the
lowest-dimensional corners M (0), we use this decomposition to define 4 on each
component using either the collar coordinate or one minus the collar coordinate in each
coordinate direction. Then we proceed by induction on the dimension of the corner
and define & successively on M(a).

Recall from Example 8.5 that [0, 1]¥ is a k—bordism. We fix a collaring, eg the one
given by the embeddings determined by diffeomorphisms

R x [0, 11F7@ = [0, 1)* x o, 1]F 72 :

A3

[T

I

L

Algebraic & Geometric Topology, Volume 19 (2019)



A note on the (00, n)—category of cobordisms 627

Let a = (a;) € [1]F. Write |a| = > a; and S(a) ={i :a; =0} C{l,...,k}. Note
that |S(a)| =k —|a|.

By the above lemma, there is a collaring of the (k)-manifold M. The collaring
gives an embedding C(a < 1): Rf_(a) x M(a) — M(1—0) = M whose image is a
neighborhood U(a) of the corner M (a). The decompositions d; M = 9; inM 11 0; oM
give a decomposition of M (a) into 2/5@! disjoint components:

May= () M= [\ GamMUduM= || Maw.
{i:a;#0} {i:a;#0} ac[1]IS@I

ie an element ¢ € M(a) lies in M(a, «) if and only if

0 if c €d;mM,
o =
YT if ¢ € 9 ouM.

This decomposition also determines a decomposition of U(a) into 2k—lal disjoint
components U(a, o) for a € [1]5@ such that U(a, «) is the image of Ri(a) xM(a, )
]k

under C(a < 1). The chosen collaring of [0, 1]¥ induces one on [0, 1]5@ | which

in turn determines an embedding (4: Rf_(a) < [0, 1]%@ for any particular corner
a € [115@ [0, 1]5@ | Note that the images of these embeddings for varying corners

are disjoint. We define A, on U(a, ) to be the composition
Ula,a) = Ri(a) X M(a, ) pry ]R{i(a) Loy [0, I]S(a)‘

Fora=0¢ [l]k, ie the lowest-dimensional (ie (n —k)—dimensional) corners of M, the
function hg: U(0) — [0, 1]¥ is the restriction hlyo) to U(0) of the desired function /.

For a > 0, assume £ is already defined on U(b) for b < a with |b| = |a| — 1. Fix
a € [1]5@ and let B € [1]5®) be such that B; = «; for every i € S(a) C S(b). Then
U,B) CcU(a,a). Since U(b, B) are disjoint for varying § and the collarings restrict
compatibly, we can choose a smooth function

hg: Ula,a) — [0, 1]{1""’k}\S(‘1)

such that the product with h, agrees with & on U(b, §) for all such 8. This defines a
smooth map h: M — [0, 1]%.

We claim that the product ¢ x h: M < R™ x [0, 1] is a neat embedding of k—bordisms.
The first condition is fulfilled by construction, as % is defined so that M(a, ) is sent to
a(c) €[0, 115@ . For the second condition note that by construction, M(a, o) = h Y e),
M, B) = h;l(ﬁ), and hp = hg x hg o on U(b, ). But on U(b, B) the function
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hg o is a projection onto the extra collar coordinate, with M (b, B) the preimage of

0 € R4. Thus the intersection is transversal. O
Conversely:

Proposition 8.10 For [ > —n and d = n + [, any element in (PBord Vky....k, leads
toa (ky,...,kg)—fold composition of n—dimensional d —bordisms.

Proof Let (M C V x B(I),I) be an element in (PBordﬁ,);cl k, - As usual, we use

.....

the notation 7: M < V x B(I) — B(I). Then for (1 < j; < ki)1<i<q define

Mjla---,jdzn_l(l—[[ (2aj 1+ 1) 3(61 +2b', )])

i
They are n—dimensional cubical d —bordisms since they are manifolds with corners

with a decomposition of the boundary given by the preimages of the faces of the cube,
similarly to Example 8.5:

ig,inMjy....ja :”_l(n[ (2a] 1+ 1),3(a +2bl)] { (2a] 1+ 1)}

xl_[ (2a] 1 +bj L), 3(a +2b! )])

l>lO

and
igyouMjy,....jg =7 ( [TIA@ai_, + b)), L@k +2b1)] x (L@} +2b1))
x [TI3@d}_, +bj_p). 3@} + 2b})])'
i>ig
The triviality condition to be a d —bordism follows from condition (3) in Definition 6.1.

Note that we essentially extracted the underlying k—bordisms from Remark 5.3 and
Notation 5.17.

n_l(l_[[ (d'_ | +bi_)). (@] +2bl)]x[§(2a;i_2+b;i_2),%(a;l+2bj.)]

xl_[ (2aj 1-i— 1) 3(a +2b". )]) O

i’>i
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8.2 A time-dependent Morse lemma and spaces of bordisms

We have already seen in Remark 5.3 and Notation 5.17, and in Corollary 5.5 and
Proposition 8.10, that the Morse lemma allows the interpretation of an element in
(PBord!) )y,
paths in that space lead to diffeomorphisms of the composed bordisms and remark on

k, asacomposition of kg --- ky bordisms. In this section we will see that

.....

why this space should be thought of as the classifying space of these diffeomorphisms.

The following theorem is the classical Morse lemma, as can be found eg in [43].

Theorem 8.11 (Morse lemma) Let f be a smooth proper real-valued function on a
manifold M. Let a < b and suppose that the interval [a, b] contains no critical values
of f.Then M® = f~'((—o0,a]) is diffeomorphic to M® = f~1((—o0, b]).

We repeat the proof here since later in this section we will adapt it to our situation.

Proof Choose a metric on M, and consider the vector field
_ WS
IVy fI?
where V), is the gradient on M. Since f has no critical value in [a, b], V' is defined in
f~Y((a —e, b + €)) for suitable €. Choose a smooth function g: R — R which is 1
on (a — %e, b+ %6) and compactly supported in (¢ —€,b + €). Lift g to a function
g: M — R by setting g(v) = g(f(»)). Then
_ W/
=g 3
Vy f]

is a compactly supported vector field on M and hence generates a 1—parameter group

of diffeomorphisms
Ve M — M.

Viewing f —(a +1) as a functionon R x M, (¢, y) — f(v)—(a+1), we find that in
fH (0 Le.b+ L),

h(f—a+n)=1=—2L

IVy f1?

(f—(a+)=V-(f —(a+1)),
and so the flow preserves the set

{@&.y): fy) =a+1}.
Thus, the diffeomorphism v3_, restricts to a diffeomorphism

Vb—alpga: M® — MP. O
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In Lemma 3.1 in [22], Gay, Wehrheim and Woodward prove a time-dependent Morse
lemma which shows that a smooth family of composed bordisms in their (ordinary)
category of (connected) bordisms gives rise to a diffeomorphism which intertwines
with the bordisms. We adapt this lemma to a variant which will be suitable for our
situation in the higher categorical setting.

We start by defining some rescaling data to compare bordisms with different families
of underlying intervals.

Definition 8.12 Let (Io(s) <--- < Ix(s)) — | Al |, be an /—simplex in Int . A smooth
family of strictly monotonically increasing diffeomorphisms

(5,62 (ao(s). br(s)) = (@o(1). be (1)) e

is said to intertwine with the composed intervals if the following condition is satisfied
for every morphism f: [m] — [I] in the simplex category A: Let | f|: |A"]| — |AL|
be the induced map between standard simplices. For every 0 < j < k such that

o cither for every s € | f|(|A™]) the intersection /;(s) N 1;41(s) is empty,

 or for every s € | f|(|A™]) the intersection /;(s) N I;41(s) contains only one
element,

we require that for every s € | f|(|A™]),

by (s) 2 bi(1). aj1(5) 2 a1 (1) ¢

ap(0) a1(0) bo(0) b1(0) az(0) b2(0) az(0) b3(0)
[ [ 1 ] [ 1 [ \
— i S R— I ]
§ I’I / / E \\I
Ps,t “\ J /’l ,/
(pO,l \\ I\ // //
t B / v
( 11 9 [ \
\ ] L ] L ] L i
ap(1) bo(D) a1 (1) b1(1) az20)  b2(1) as(1) b3(1)

Remark 8.13 It is enough to check this condition for m <.
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Definition 8.14 Let (/o(s) <---<1Ir(s)) — [0, 1] be a 1-simplex in Int . A rescaling
datum for I is ais a smooth family of strictly monotonically increasing diffeomorphisms
@s,t: (ao(s), br(s)) = (ao(t), by (t)) for s,t € [0, 1] such that

(1) ¢s,s =1id for every s € [0, 1],

(2) @5t = ¢; 4 forevery 5,1 €[0,1],

(3) (¢s,t)s,re|Al), intertwines with the composed intervals.
Theorem 8.15 Let (M CR” x B(I) x |Al|,, I) be a 1-simplex in (PBord})x, . .-
Then:

(1) Forevery 1 <i <n, there is a rescaling datum goé’t for I'.

(2) There is a smooth family of diffeomorphisms

(Y500 Mg — My)g sefo,1]

such that Vs, = idy, and Y50 = Yy sl which intertwine with the composed
bordisms with respect to the product of the rescaling data

05 = (#5)7=1: BU () = BU ().
By this we mean the following: denoting by ms the composition
M = V x B(I(s)) = B(I(s)),

for 1 <i <n and 0 < j;,l; <k; choose any

t/ll € I/l[ (s) such that </3£,, (t/ll) € I/ll (),

tf € 1](s) suchthat ¢} (t]) € I} (¢).
Then g ; restricts to a diffeomorphism

n . . n . .

w5 ( [t tl’i]) R ( [ [los.c (@) 0s. (tl’i)]),
i=1 i=1
ie writing B = ]_[?Zl[lji , tlii],
M; «———— 77 (¢s.4(B))

Vst /{ Vst - \l/ﬂl

— 4 -
My <—— 7 (B) ¢s,t(B)

\Lﬂs \Lﬂs Ps.t

BUG) > B~
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Proof The main strategy of the proof is the same as for the classical Morse lemma.
Namely, we will construct a suitable vector field whose flow gives the desired diffeo-
morphisms. First, we fix the metric on M induced by the restriction of the standard
metric on R” x B(/) x |Al|,. Recall from Remark 5.9 that the map M — |Al],
exhibits M as a trivial fiber bundle, so there is a diffeomorphism M = |Al|, x N as
an abstract manifold. For every s € [0, 1], the fiber My is diffeomorphic to N as an
abstract manifold. We fix the metric on N induced by the diffeomorphism N = M,
and use the notation fy: N =~ My < V x B(I(s)) = B(I(s)).

For Steps 1-3 assume that / = —(n — 1). The general case applies these arguments in
each direction separately.

Step 1: disjoint intervals First assume that for all 0 < j <k and for every s € [0, 1]
we have
Li(s)NIjy1(s) =@.

We first define suitable vector fields V; and W; in neighborhoods of the preimage
under f* of (Useo,1715} X 1 (s) such that their flows will preserve the preimages of
the left and right endpoints of the intervals, respectively. Then we use a partition of
unity to obtain a vector field V defined on [0, 1] x N which gives rise to the desired

diffeomorphisms.

Let

Aj= |J Ix @) clo.1]xN, Bi= ] {s}x £ (b(s) C[0. 1]xN.
s€l0,1] s€[0,1]

Now for 0 < j <k consider the vector fields

Vy fs Vy Js
Vj _ (as,as(aj(S)—ﬁ)lvyy;:|z)’ [/Vj = (8s,as(bj(s)_f.s‘)|vyy]{s|2);

where V), is the gradient on N. Since f; has no critical value in /; (s), the vector fields
V; and W; are defined on f_l(Uj), where U; is aneighborhood of Use[O,l]{s}XIj (s).
Moreover, viewing a;: (s, y) + a;(s) as a function on [0, 1] x N,

Vy f
Vy f12
So the vector field V; is tangent to A; and, similarly, W is tangent to B;.

Vi(f —aj)=0s(f —a;j)+09s(aj—f) (f —aj) = 8s(f —a;)+0s(a;— f) =0.

We would now like to construct a vector field V on [0, 1]x N which, forevery 0<j <k,
at A; restricts to V; and at B; restricts to W;, and such that there exists a family of
functions (cx: [0, 1] = R)xey; () such that
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o xl0) = x, exls) € Ij(s),
e the graphs of ¢, for varying x partition USE[O,I]{S} x[aj(s),bj(s)], and
* Vistangent to Cx = (Jsepo,17{s} X £ ex ().

We will use cx to define ¢g s(x) = cx(s) and ¢5; = @o, © (po_’;. Moreover, the

diffeomorphisms 5, will arise as the flow along V.
Fix smooth functions g, i{j : Use[o’l]{s} x B(I (s)) = R>¢ which satisfy the following
conditions:

(1) g, and h ; are compactly supported in U; .

(2) g;j =1 in a neighborhood of grapha; = {(s,a;(s)) : s € [0, 1]} and Ej =1in

a neighborhood of graphb; .

3) g —|—Ej =1in USG[O,I]{S} x 1 (s), and the supports of the g; +fzj are disjoint.
Lift the functions g; and Ej to functions g;, h;: [0, 1]x N — R by setting g; (s, y) :=
gi(s, fs(v)) and hj(s,y) :=h;(s, fs(»)). Then consider the vector field on f~1(U;)

\Y
Vi = (as’ (gj 0s(aj) +hjds(bj) — aS(f)) IVyyffP)'

This vector field is supported on the support of g; + h; and thus extends to a vector
field on N. Note that V; (s, y) = Vj (s, y) for (s,y) € Aj, and V; (s, y) = W; (s, y) for
(s,y) € B;.

Now let V be the vector field on [0, 1] x N constructed by combining the above vector
fields as follows:

@ V=(3s’ S (784 (ay) + hyds(by) — 05 /) 2L )

2
0<j<k IV Jsl

Note that in o, 17{8} % f; 1 (1 (), it restricts to V; .

In order for V to be tangent to Cy, the functions ¢y must satisfy V;(f —cx) =0 at
points in Cyx. Expanding the left-hand side as

\Y%
VIS =€) =0 =)+ (& 3u(a)) 4 o) =)
= —0s(cx) + &;0s(a;) + hjds(b))
leads to the ordinary differential equation with smooth coefficients on [0, 1],
as(Cx)(S) = g] (Sa Cx(s))as(aj)(s) + h] (S7 Cx(s))as(bj)(s)’
cx(0) = x.

(f —cx)
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By Picard-Lindeldf, it has a unique, a priori local, solution. To see that it extends to
every s € [0, 1], consider the smooth function F: [0, 1] x N — Use[O,l]{s} x B(1(s))
defined to be 7 under the diffeomorphism M = [0, 1]x N, so F(s,y) = (s, f(s,y)) =
(s, fs(»)). Since 7 is proper, so is F. Moreover, Cx = F~!(graphc,). For fixed x,
graph cy sits inside the support of g; + h j, for some j, and thus is compact in
USG[O’I]{S} X B(I(s)). Therefore, Cy lies in a compact part of [0, 1] x N and thus the
local solution exists for all s € [0, 1].

We now define our rescaling data essentially by following the curve c,. Explicitly,
let go,s: B(L(0)) — B(I(s)) be defined on [a;(0),b;(0)] by sending xg to cx,(s).
Note that by construction, it sends a;(0) to a;(s) and b;(0) to bj(s). Since the
solution ¢, of the ODE varies smoothly with respect to the initial value x this map
is a diffeomorphism. So we can define ¢;: B(I(s)) — B(I(t)) on [a;(s),b;(s)] by
sending Xy = Cx,(5) to cx,(¢). We extend ¢y ; to a diffeomorphism in-between these
intervals in the following way. Let & s h i1 [0j(0),a;4+1(0)] — R be a partition of unity
such that ;E‘,- is strictly decreasing, Ej (bj(s)) =1, and Zj (aj+1(s)) = 1. Then, for
xo € [bj(0),a;+1(0)] set

Cxo(8) = &j(X0)ch, (0)(5) + i (x0)¢q; 11 (0)(8) and @51 (Cxo(5)) = Cxo (7).

As mentioned above, we obtain the diffeomorphisms v, by flowing along the vector
field V. Since V is tangent to the sets Cy = USE[O,I]{S} x fiHex(s)) for x €
Io(0) U---U I (0), the flow preserves Cx, and (Jsepo 1785} % £ (9),aj+1(5)])
in-between. Again, this implies that the flow exists for all s € [0, 1]. It is of the form
W(t—s,(s,y) = (., Vs, (y)) for 0 <s <t <1, where (V)5 se[0,1] i a family of
diffeomorphisms on N. We transport them under the diffeomorphism M =~ [0, 1] x N
to diffeomorphisms (Vs,: Ms — M) +[0,1], Which by construction intertwine with
the composed bordisms with respect to the rescaling data ¢y ;.

Step 2: common endpoints Now consider the case that for 0 < j <k we have that
either for every s € [0,1], I;(s) N I;+1(s) = @, as in the previous case, or for every
s € [0, 1] we have

1) N 11 ()] = 1.

In this case, one can modify the above argument. We explain this for the case of two
intervals with one common endpoint, ie b; (s) = a;+1(s).

Instead of choosing smooth functions g;, Ej, gi+1s EJH: Use[o’l]{s} x B(I(s)) >R
such that the supports of g; 4+ h; and g;41 + h; 1 are disjoint (which now is not
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possible), we fix three smooth functions f}, gj, Ej: Use[O,l]{S} x B(I(s)) = R which
satisfy the following conditions:

(1) f}, gj and Ej are compactly supported in U; UUj 4.

2 f; = 1 in a neighborhood of grapha; = {(s,a,;(s)) :s5€[0,1]}, g =11in
a neighborhood of graphb; = grapha; i and h; =1 in a neighborhood of
graphbjy1.

3) fj +g + hj =1 in Usepo 1788} x (Zj (s) U Ij+1(s5)), and the support of the
fj +g+ h; ; is disjoint from the sums associated to the other intervals.

Now continue the proof similarly to above.

Step 3: overlapping intervals with nonempty interior If for some 0 < j <k the
intersection /;(s) N I;+1(s) has nonempty interior for every s € [0, 1], then one can
do the above construction with the intervals /;(s) and /;1(s) replaced by the interval
Ii(s)Ulj1(s).

Step 4: partial overlaps (mixed cases) When the above cases are mixed, we can
combine the cases treated so far. We will illustrate this in the case when the intervals
first are disjoint and then start overlapping. The other cases are treated similarly.

Let us assume that there is an § such that /;(s) N /j41(s) = & for s < §, and
Ii(s) N Ijy1(s) # @ for s > §. In this case, X = b;(§) = a;+1(5), which is a
regular value of f5. Since f is smooth, there is an open ball U; centered at (5, X)
in Use[o’l]{s} x B(I(s)) such that for (s,x) € U, x is a regular value of f;. Let
§ < § be such that for every § <s < §, the set {s} x [a;(s),bj+1(s)] is covered by
vu ({s} x (I (s)U Ij+1(s))). Choose sg and to such that § <sg <fg:

bj(0)  a;j+1(0)

S0
to <

aj4+1(1) bi(1)

In [0, 0], we are in the situation of disjoint intervals and can use the first construction
to obtain cy )(s) and V(D (s, y) for s < 1.
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In [so, 1], we apply the construction from Step 1 to the intervals ;(s) and I;41(s)
replaced by the interval [a;(s), b;+1(s)] to obtain ¢y )(s) and V@ (s, y) for s > 5.

Now choose a partition of unity G, H: [0, 1] = R such that G|jg o) = 1. H|[z,,11 = 1,
and G is strictly decreasing on [so, fo]. For s < ¢ define

cx(s) =GP () + H(s)eP (). V(s.y) = Gs)V (s, y) + Hs)VP (s, y).
Then define ¢, and V¥, as before.
Step 5: several directions Assume now that / > —(n —1). Let
st N = Mg — V x B(I(s)) = B(I(s))

and for 1 <i <n denote by (p;)s: N — B(I'(s)) the composition of g with the
projection to the i coordinate. Note that by condition (3) in Definition 5.1, the
function (p;)s does not have a critical point in / 6 (syu---Ul ,ii (s).

By Steps 1-3, for each i we get a vector field of the form

i \Y (pi)s )
= (9, T (s, y)—2PDs_
Y ( GG, (s

for a function IT; (s, y); eg see (7). We combine them to obtain a new vector field on
[0,1] x N given by

(pi)s )
=05, Y II;(s, Vy
( ’ Z SNATIXE
For i # j the projections (p;)o and (p;)o are orthogonal with respect to the metric
on N and, moreover, (p;)s and (p;)s stay orthogonal along the path, because the
change of metric on N = M induced by the embedding of M respects orthogonality
on B(I). This implies that

A
|Vy(pi)s|2 /

and so V still is tangent to the respective C )’C in each direction and thus its flow, if it

= 0ij,

exists globally, will give rise to the desired diffeomorphisms and rescaling data.

The global existence follows from the special form of the vector field. Given a point
(t, y¢) € N, the flow will preserve a set of the form

(5. 9) 1 5 (Vs) = (b (8), - R (8)) = (E1 (). ... Enls))},
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where the right-hand side is in the notation of Example 5.13, and ¢, () = § () =y:.
One can show, as in the example, that this set lies in a compact part of N and thus the
flow exists globally. a

We can now relate the spaces of bordisms to diffeomorphisms of bordisms in a more
classical sense.

Definition 8.16 Building upon the previous section, in particular Proposition 8.10,
we define a diffeomorphism of a (ki,...,kg)—fold composition of n—dimensional
d —bordisms to be a diffeomorphism of the composition which “intertwines with”,
ie restricts to, the composed bordisms.

The above theorem shows that a path in (PBordi,) k1,....k, l€ads to such an intertwining

.....

diffeomorphism of the compositions at the start and at the end of the path. Actually,
much more is true.

Proposition 8.17 For fixed k1,...,k; and a (kq, ..., kgz)—fold composition M of
j4» which we denote by (M, (M;,,....;,)), con-
sider the group of such intertwining diffeomorphisms Diff(M, (M;, ... ;,)). Then
(PBordf,)kl k, Is the disjoint union of classifying spaces of Diff(M, (M;, ... j,)),
where the disjoint union is taken over diffeomorphism classes.

n—dimensional d —bordisms M,

.....
.....

.....

Proof We sketch the argument, essentially following the argument for Sub(M, R*)
being a classifying space for the group of diffeomorphisms of M, and its modifications
in [21; 40]: Consider the space Emb((M, (Mj,,....j.)). R x [0, l]d) of neat em-
beddings of the composition which restricts to neat embeddings of the composed

.....

bordisms. It is nonempty by the embedding theorem for d —bordisms (Theorem 8.9)
and contractible, which can be seen similarly to Emb(M, R°°) being contractible. We
get a principal Diff(M, (M;, ... j,))—bundle

Emb((M, (M}, ... ;,)), R® x [0, 1]9)

— Emb((M, (Mj,.....;,)), R® x [0, 1]9) /Diff(M, (M}, . j,))-

.....

The disjoint union over all diffeomorphism classes of the right-hand side is equivalent
o (PBord, ), ...k, - .
8.3 The homotopy category 5/, (Bordf,°°’1))

The goal of the section is to show that there is a equivalence of symmetric monoidal
categories between the homotopy category of the (oo, 1)—category Bord,(fo’l) and the
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usual unoriented bordism category nCob. In fact, even more is true: one can show
that there is an equivalence of symmetric monoidal bicategories between the homotopy
bicategory of the (o0, 2)—category Bordf,oo’z) and the unoriented bordism bicategory
defined in [49]. This will be proven in a subsequent article.

8.3.1 The symmetric monoidal structure on /1 (Bordf,oo’l)) The (o0, 1)—category
Bord®>D = Bord, *~V ~ Q"~1(Bord,)

has a symmetric monoidal structure defined in two ways similarly to that of Bord;.
Both induce a symmetric monoidal structure on the homotopy category /1 (Bordg,oo’l)).

We now make this symmetric monoidal structure more explicit for later purposes.

..coming from a I' —object We can either obtain the symmetric monoidal structure
as a ['—object on Bord,(,oo’l) ~ Q" 1(Bord,) by iterating the construction of the
symmetric monoidal structure on the looping from Example 3.10 or by constructing
a functor from an assignment [m] — Bord;(n_l)[m] as mentioned in Remark 7.3.
In the second case, Bord_(n_ )[m] arises, similarly to Bord, [m] from the spaces

.....

(Ml»---»Mm,(IOE"’SIk))’

where My, ..., My, are disjoint n—dimensional submanifolds of V x B({) = (ao, bx),
and each (Mg, (Ip <--- < I)) € (PBordy ™"V,

We saw in Example 3.8 that a I"'—object endows the homotopy category of its underlying
Segal space with a symmetric monoidal structure. Explicitly, in the second case, it
comes from the maps

Bord; V(1) x Bord; "~ (1) L222

(Mq,1),(M3z,1) «— (M1, M2, 1) — (M1 UM, 1I).

<—= Bord, "~ (2) X5 Bord, "~1(1),

..coming from a tower To understand the symmetric monoidal structure on the
category h (Bord,(,oo’l)) coming from a symmetric monoidal structure as a tower, we
use that Bord,(fo’l) = Bord;("_l) has a symmetric monoidal structure coming from the
collection of k—hybrid (k+1)—fold Segal spaces given (essentially) by the k—hybrid

completion of
K (PBord< == 1),
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This symmetric monoidal structure induces one on the homotopy category
hl(Bordgoo’l)) o~ hl(Bord;("_l)).

Since completion is a Dwyer—Kan equivalence — see Definition 1.18 —it is enough to

understand the symmetric monoidal structure on /4 (PBord;(n_l)).
The monoidal structure arises from composition in PBord,I,_("_l), the next layer of the
tower PBord,zi_("_l) gives a braiding and the higher layers show that it is symmetric

monoidal; see Section 3.3. Consider the diagram

(PBord,li_("_l))l,. x"

1-(n—1)
(PBord\ ==y, (PBordn ),e

ﬁ;di (PBord! ="y, | LI (PBord}~=1y, .
Similarly to Remark 3.16, we find that
%, (PBord! "=y, '~ Q(PBord! ==V, ~ (PBord, "),
and, together with the maps above, this gives a monoidal structure
hy(PBord; =) x iy (PBord, #~V) — hy (PBord; "~ V).

We spell this structure out explicitly. Consider two objects or 1-morphisms represented
by elements

(M)=(M CVxB(),I), (N)=(NCWxB(),])

in (PBord;("_l)) x for k =0 or k = 1. Without loss of generality we can assume that
V=W =R", that (M),(N) € (PBord,;("_l)’]R )k » and that (perhaps after rescaling)
I = 1. Furthermore, choose ¢ > 0 such that (M), (N) € (PBord;(”_l)’B(c’r))k. What
follows will be independent of the choice of c.
Under the map £, (c): PBord;(n_l)’B(c’r) —-Q (PBord,ll_("_l)’Rr_1 ) from Theorem 7.4,
(M) and (N) are sent to
(M) = (M SR x(=(c+1).c+ 1) x B, (~(c + 1), —c] < [e.c +1). 1),
(N1) = (N SR (=(c+1),c+1)x B(I),(=(c + 1),—c] < [e,c + 1), ]).
Now we can use the gluing procedure as in the proof of the Segal condition for PBord,,
in Proposition 5.19. In this case, the sources and targets of (M) and (Np) are all
empty, so the construction of the glued element is as follows: We choose a path from
(N1) to another element (N,) by moving the first coordinate in the box so that the pair
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(M), (N2)) lies in

(PBord}~»=1)y, | (PBord, ™"~ V)y .

X —
(PBord, """ D)o o
ie so that

(N2) = (N SRt (c,3¢+2)x B(I),(c,c +1] < [3¢c + 1,3¢ +2),1).
Since dll (My)) = d(} ((N1)) = @ we have that M and N, are disjoint as submanifolds
of R"™1 x (=(c +1),3¢ +2) x B(Z). So the glued element is
(MIN CVg_yx(—=(c+1),3¢c+2)x B(I),

(—(c+1),—c]<[c.c+1]<[3¢+1,3¢+2),1).
The third face map d 11 sends it to
(MUN C Vg x(=(c+1),3c+2)x BUI).(—(c+1),—c] <3¢ +1,3¢ +2),I),
which by u,: Q(PBord,li_("_l)’Rr) — PBord;(n_l) is sent to

(MUN CR” xB(I),I).

8.3.2 The homotopy category and nCob Our higher categories of bordisms give
back the ordinary categories of n—bordisms, as we see in the main proposition in this
section. First, let us briefly recall the definition of the symmetric monoidal category of
bordisms. A good reference for the details and subtleties is eg [32].

Definition 8.18 The symmetric monoidal category of n—dimensional bordisms nCob
is defined as follows:

e Objects are closed (n—1)—dimensional smooth manifolds.

e A morphism from M to N is a diffeomorphism class of n—dimensional cobor-
disms from M to N, where an n—dimensional bordism from M to N is a
smooth manifold ¥ with boundary, together with a specified diffeomorphism
0Xx=MIUN.

e Composition of morphisms ¥1: My — M; and X,: M; — M, is given by the
diffeomorphism class of the gluing X1 Lz, 25.

e The identity morphism on M is the diffeomorphism class of the cylinder
M x [0, 1] viewed as a morphism from M to M.

e The symmetric monoidal structure is given by taking disjoint unions of objects
and morphisms.
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Remark 8.19 An n-dimensional bordism ¥ from M to N is exactly an n—dimen-
sional 1-bordism X as in Definition 8.2 with 0;,2X = M and dyy X = N.

Proposition 8.20 There is an equivalence of symmetric monoidal categories between

)

the homotopy category of the (oo, 1)—category Bord,(,oo’1 and the category of n—

bordisms
hiy (Bord,(1°°’1)) ~nCob.

Proof We first show that there is an equivalence of categories /1 (Bord,(,oo’l)) ~ nCob
and then show that it respects the symmetric monoidal structures.

Rezk’s completion functor is a Dwyer—Kan equivalence of Segal spaces, and thus by
definition induces an equivalence of the homotopy categories. So it is enough to show
that

h1(PBord, *=1) ~ nCob .

We define a functor
F: h (PBord;(”_l)) — nCob

and show that it is essentially surjective and fully faithful.

Definition of the functor By definition, an object in /; (PBord;("_l)) is an element
(M) = (M CV x(a,b),I = (a,b)) € (PBord, " V)o. Since 7: M — (a,b) is
submersive and proper, in particular %(a +b) is aregular value of 7w and 7! (% (a +b))
is a closed (n—1)—dimensional manifold. We define

F(M))=n""(Xa+b)).

A morphism in & (PBord;("_l)) is an element in no((PBord;(”_l))l), represented
by

(N) = (N CV x(ag,b1), Io = (ao, b1] < I = [a1,b1)) € (PBord,, "~ V).
We let F' send (N) to the isomorphism class of
N =71 ([3Qao + bo). (a1 +2b1)]).
This is an n—dimensional manifold with boundary
71 (3(2a0 + bo)) L~ (3 (ay +2b1)).
Since 7 only has regular values in /o and /;, the Morse lemma gives diffeomorphisms

ﬂ_l(%(zao—l-bo))%ﬂ_l(%(ao-i-b())) and n_l(%(a1+2b1))gn_l(%(al—kbl)).
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Thus, F((N)) is an n—dimensional bordism from the image of the source F(do(N))
to the image of the target F(dy(N)).

We need to check that this assignment is well defined, ie independent of the choice of the
representative of the isomorphism class. Any two representatives (Ng) and (Np) are
connected by a path in (PBord,, (n= 1))1 . From this path we can obtain another one which
has “shorter” intervals, namely just by shrinking them to (aq(s). 5 (2ao(s)+bo(s))] and
[%(al(s) +2b1(5)), b1 (s)). Now Theorem 8.15 gives a diffeomorphism v¢,1: No —
N1 which restricts to a diffeomorphism v¥o,1: No — N.

The Morse lemma implies that any image of the degeneracy map in (PBord;(n_l))l
is sent to an identity morphism in nCob and that F' behaves well with composition.

The functor is an equivalence of categories Whitney’s embedding theorem shows
that F is essentially surjective. Moreover, it is injective on morphisms: Let ¢g: Ng <
VxB(l)and t1: Ny—> W xB (Z) be embeddings which are representatives of two
1-morphisms (No CV xB(l), 1) and (N CW xB (Z) Z) which have diffeomorphic
images. Without loss of generality we can assume that V =W and [ = Z Then there is
a diffeomorphism : No — N1, which can be extended to the rest of the collars, ie we
get a diffeomorphism : Ng — Nj. Since Emb(Ng, R® x B([1)) is contractible, there
is a path from (g to ¢ o, which induces a 1-simplex (N C V x B(I) x [0, 1], B(1))
in (PBord;(n_l))l such that the fiber at s = 0 is (No C V x B([), I) and the fiber
at 1 is (im(t; oY )(No) = N1 CV xB(1),1).

It remains to show that F is full. In the case n = 1,2 this is easy to show, as we
have a classification theorem for 1— and 2—dimensional manifolds with boundary.
In the 1—dimensional case it is enough to show that an open line, the circle and the
half-circle — once as a bordism from two points to the empty set and once vice versa—
lie in the image of the map, which is straightforward. In the 2—dimensional case, the
pair-of-pants decomposition tells us how to embed the manifold.

For general n we need to find a suitable embedding of our bordism. Theorem 8.9
provides one for much more general k-bordisms, but as there is a much simpler
argument for k = 1, we provide it here.

We first embed the manifold with boundary into R+ x R2” using Laures’ embedding,
Theorem 8.6, for manifolds with boundary. Then the boundary of the half-space is
I(RT x R?") = R?". We want to transform this embedding into an embedding into
(0,1) x R2" so that the incoming boundary is sent into {€} x R?” and the outgoing
boundary is sent into {1 —e} x R?",
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We first show that the boundary components can be separated by a hyperplane in R?”.
The boundary components are compact, so they can be embedded into (large enough)
balls B2". By perhaps first applying a suitable “stretching” transformation, one can
assume that these balls do not intersect. Now, since 2n > 1 we have that the config-
uration space of these balls o (Conf(B2", R?")) = x is contractible. Hence, there is
a transformation to a configuration in which the boundary components are separated
by a hyperplane, without loss of generality given by the equation {x; = 0} C R?".

Consider the restriction of the (holomorphic) logarithm function with branch cut —i R
to (RTxR)\{(0,0)} = H\0C C. Itis a homeomorphism to {(x,y) €R?:0<y <m}.
We can apply log xidg2n—1 to (RT xRy, )xR2"~! and, composing this with a suitable
rescaling, obtain an embedding into (e, 1 —€) x R?". Now choose a collaring of the
bordism to extend the embedding to (0, 1) x R?".

The functor is a symmetric monoidal equivalence In the case of the structure
coming from a I'—object, one can, similarly to the previous paragraph, define an
equivalence of categories

Fm]: hlBord;("_l)[m] — nCob™ .
Then one can easily check that the following diagram commutes:

hiBord, ™ V[1] x hyBord; “"V[1] 4= hiBord, " "V[2] — hiBord; " V(1]

[px o ¢

nCob xnCob nCob xnCob # nCob

Thus, we have a functor of I"—objects in categories. Finally, there is an equivalence of
categories between I'—objects in categories and symmetric monoidal categories, which
is a direct consequence of Mac Lane’s coherence theorem for symmetric monoidal
categories [42].

For the case of the structure coming from a tower, we explicitly saw that the symmetric
monoidal structure on /1 (Bordfloo’ 1)) sends two objects or 1-morphisms determined by

(M) =(M S VgxB(I).I), (N)=(NCSVgxB(I).I)
to

(MUN)=(MIUN <V xB(I),I),
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where the images of M and N lie in disjoint “heights” in the vj—direction in V.
Thus, under the functor F the element (M LI N) is sentto F((M)) I F((N)).

Finally, in both cases, any element represented by (&, I) is sent to &. a

9 Bordisms with additional structure: orientations and
framings

In the study of fully extended topological field theories, one is particularly interested in
manifolds with extra structure, especially that of a framing. In this section we explain
how to define the (oo, n)—category of structured n-bordisms, in particular for the
structure of an orientation or a framing.

9.1 Structured manifolds

We first recall the definition of structured manifolds and the topology on their morphism
spaces making them into a topological category. In the next subsection we will see
that the smooth singular simplices on these topological spaces essentially will give rise
to the spatial structure of the levels of the n—fold Segal space of structured bordisms
similarly to the construction in Section 5.2.

Throughout this subsection, let M be an n—dimensional smooth manifold.

Definition 9.1 Let X be a topological space and £ — X a topological n—dimensional
vector bundle which corresponds to a (homotopy class of) map(s) e: X — BGL(R")
from X to the classifying space of the topological group GL(R™). More generally,
we could also consider a map e: X — BHomeo(R”) to the classifying space of
the topological group of homeomorphisms of R”, but for our purposes vector bun-
dles are enough. An (X, E)—structure or, equivalently, an (X, e)—structure on an
n—dimensional manifold M consists of the following data:

(1) amap f: M — X, and
(2) an isomorphism of vector bundles

triv: TM =~ f*(E).

Denote the set of (X, E)—structured n—dimensional manifolds by Mang,X’E).

An interesting class of such structures arises from topological groups with a morphism
to O(n).
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Definition 9.2 Let G be a topological group together with a continuous homomor-
phism e: G — O(n), which induces e: BG — BGL(R"). Asusual, let BG = EG/G
be the classifying space of G, where EG is the total space of its universal bundle,
which is a weakly contractible space on which G acts freely. Then consider the vector
bundle £ = (R" x EG)/G on BG. A (BG, E)-structure or, equivalently, a (BG, e¢)—
structure on an n—dimensional manifold M is called a G —structure on M . The set of
G —structured n—dimensional manifolds is denoted by Man,?.

For us, the most important examples will be the following three examples.

Example 9.3 If G is the trivial group, then X = BG = * and E is trivial. Then a
G —structure on M is a trivialization of TM, ie a framing.

Example 9.4 Let G = O(n) and e = idp(,). Then, since the inclusion O(n) —
Diff (R") is a deformation retract, an O(n)-structured manifold is just a smooth
manifold.

Example 9.5 Let G = SO(n) and e: SO(n) — O(n) be the inclusion. Then an
SO(n)-structured manifold is an oriented manifold.

Definition 9.6 Let M and N be (X, E)-structured manifolds. Then let the space of
morphisms from M to N be

Map®-E)(M, N) = Emb(M, N) xI!_ b ot (M) MaP x (M. N).

Taking (singular or differentiable) simplices leads to a space, ie a simplicial set of mor-

phisms from M to N. Thus, we get a topological (or simplicial) category ManS,X’E) of

E)

(X, E)-structured manifolds. Disjoint union gives ./\/lan,gX’ a symmetric monoidal

structure.

Remark 9.7 For G = O(n) we recover Emb(M, N), and for G = SO(n) the space
of orientations on a manifold is discrete, so an element in Mapso(”)(M ,N) is an
orientation-preserving map.

If G is the trivial group, we saw above that a G —structure is a framing. In this case,
the above homotopy fiber product reduces to

X,E _ h
Map™-E)(M, N) = Emb(M, N) XMaper ) Fr(TM)Fr(TNy) Map(M. N).

Thus, a framed embedding is a pair ( f, h), where f: M — N lies in Emb(M, N) and
h is a homotopy between the trivialization of TM induced by the framing of M and
that induced by the pullback of the framing on N.
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9.2 The (00, n)—category of structured bordisms

Fix a type of structure given by the pair (X, £). In this subsection we define the n—fold
(complete) Segal space of (X, E)—structured bordisms Bordf,X’E).

Compared to Definition 5.1, we add an (X, E)-structure to the data of an element in a

level set.

Definition 9.8 Let V' be a finite-dimensional vector space. For every n—tuple k1,
cois k=0, let (PBordS,X’E)’V)kl,m,kn be the collection of tuples

.....

where
(1 (M, (Ié <...< I,éi)?zl) is an element in the set (PBOrd,L/)kl,...,k,, , and

(2) (f.triv) is an (X, E)-structure on the (abstract) manifold M.

Remark 9.9 There is a forgetful map
U: (PBord )Yy, |k, — (PBord, )ik,

forgetting the (X, E)—structure.

.....

(M, fuiv, I(s) = (Ig(s) < -+ < T, ())seiar), )
such that:

1 I= (Ié <...< I]ii)liiin — |Al|, is an [ —simplex in Intzl,...,k .

(2) M is a closed and bounded (n+1)—dimensional submanifold of ¥ x B(I) such

that??

(a) the composition 7: M <> V x B(I) — B(I) of the inclusion with the
projection is proper,

(b) its composition with the projection onto |Al le is a submersion 7;: M —
e,

(¢) (fitriv): ker(Dm;: TM — T|A le) —> f*E is a fiberwise linear isomor-
phism.

22Recall from Section 4.4 that B(I) denotes the total space of B(1) — |Al le and is the subspace
Usejall, BUA(5)) x {s} of R™ x| Al
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(3) Forevery S C{l,...,n},let ps: M => B(I) C R" x |A!], 25 RS x |Al],
be the composition of 7w with the projection wg onto the S—coordinates. Then
forevery 1 <i <m and 0 < j; <k;, atevery x € pﬁ(]}i (s) x {s}), the map

P{i,...n} 1S submersive.

Similarly as for PBord, the levels can be given a spatial structure with the above
[ —simplices and then the collection of levels can be made into a complete n—fold Segal
space Borng’E) .

Moreover, Bord,(,X’E) has a symmetric monoidal structure given by (X, E)-structured

versions of the I'—object and of the tower giving Bord,, a symmetric monoidal structure.

9.3 Example: objects in Bordfzr are 2—dualizable

In dimension one, a framing is the same as an orientation. Thus the first interesting
case is the two-dimensional one. In this case, the existence of a framing is a rather
strong condition. However, we will see that any object in Bordgr is 2—dualizable.
Being 2—dualizable means that it is dualizable with evaluation and coevaluation maps
themselves have adjoints, see [40].

Consider an object in BordY, which, since in this case Bordf = PBord{l by Remark 5.25,
is an element of the form

(M SV x(@'.b")x (@*.b%). F.(a".bY). (@*. b)),

where F is a framing of M. By the submersivity condition (3) in the definition
(Definition 5.1) of PBord;, M is a disjoint union of manifolds which are diffeomorphic
to (0, 1)2. Thus, it suffices to consider an element of the form

((0,1)* € (0, 1)%, F., (0, 1), (0, 1)),

where F is a framing of (0, 1)2. Depict this element by

One should think of this as a point together with a 2—framing,
i 2
1
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We claim that its dual is the same underlying unstructured manifold together with the

S

An evaluation 1-morphism ev ~ 2 between them is given by the element in (Bord); o

opposite framing

which is a strip, ie (0, 1)?, with the framing given by slowly rotating the framing
by 180°, and is embedded into R x (0, 1)? by folding it over once as depicted on the
right:

7N N

A coevaluation coev_ 2 is given similarly by rotating the framing along the strip in
the other direction, by —180°.

The composition

is connected by a path to the flat strip with the following framing, given by pulling at
the ends of the strip to flatten it:

NN AN

This strip is homotopic to the same strip with the trivial framing. Thus the composition

is connected by a path to the identity and thus is the identity in the homotopy category.
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Similarly,
(evz? ®ids2 )o(ids2 ®coevs? ) ~ids? .

In the above construction, we used ev _r, 2 and coev s 2, which arose from strips with
framing rotating by £180°. A similar argument holds if you use for the evaluation any
strip with the framing rotating by am for any odd integer « and for the coevaluation
rotation by Bm for any odd . Denoting these by ev(x) and coev(f), they will be
adjoints to each other if o + § = 2.

The counit of the adjunction is given by the cap with the framing coming from the

trivial framing on the (flat) disk:

Similarly, the unit of the adjunction is given by a saddle with the framing coming from
the one of the torus which turns by 2z along each of the fundamental loops:

Then the following 2—bordism is also framed and exhibits the adjunction:
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Remark 9.11 One can use a similar, but much longer, argument to show that objects
in Bord!T are in fact n—dualizable.

10 Fully extended topological field theories

Now that we have a good definition of a symmetric monoidal (oo, n)—category of
bordisms modeled as a symmetric monoidal complete n—fold Segal space, we can
define fully extended topological field theories a la Lurie.

10.1 Definition

Definition 10.1 A fully extended unoriented n—dimensional topological field theory
is a symmetric monoidal functor of (o0, n)—categories with source Bord,, .

Remark 10.2 Consider a fully extended unoriented n—dimensional topological field
theory
Z: Bord, — C,

where C is a symmetric monoidal complete n—fold Segal space. We have seen in
Corollary 7.7 and Section 8§ that there is a map

nCob >~ hj (Bordfloo’l)) — h1 ("1 (Bordy,)).
Precomposition of Q%‘l (Z) with this map induces a symmetric monoidal functor
nCob — h1 ("~ (Bord,)) — h1 (7, (),
ie an ordinary n—dimensional topological field theory.
Additional structure Recall from the previous section that there are variants of Bord,
which require that the underlying manifolds of their elements be endowed with some

additional structure, eg an orientation or a framing. These variants lead to the following
definitions.

Definition 10.3 Fix a type of structure given by the pair (X, E). A fully extended

n—dimensional (X, E)—topological field theory is a symmetric monoidal functor of

(00, n)—categories with source Bordf,X’E).

In particular, the most interesting cases are the following:
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Definition 10.4 A fully extended n—dimensional framed topological field theory is a
symmetric monoidal functor of (co, n)—categories with source Bordﬁf.

Definition 10.5 A fully extended n—dimensional oriented topological field theory is a
symmetric monoidal functor of (oo, n)—categories with source Bord,) .

10.2 n-TFT yields k-TFT

Every fully extended n—dimensional (unoriented, oriented, framed) TFT yields a
fully extended k —dimensional (unoriented, oriented, framed) TFT for any k£ < n by
truncation from Section 2.4.1.

Note that for k < n, we have a map of k—fold Segal spaces

PBord; — 7% (PBord,) = (PBord; )., 0

n—k

(M x (0, 1) =V x(0,1)"* x B(U), 1,0, 1)_)-

The completion map PBord,, — Bord,, induces a map on the truncations. Precom-
position with the above map yields a map of (in general noncomplete) n—fold Segal
spaces

PBord; — 1% (PBord,) — 13 (Bordy).

Recall from Section 2.4.1 that since 7% (Bord,) is complete, by the universal property
of the completion we obtain a map Bordy — 7% (Bord, ), which is compatible with the
symmetric monoidal structure (for both approaches).

Remark 10.6 This map is usually not an equivalence, since completion does not
commute with truncation. Moreover, if we equip the bordisms with an orientation
or a framing, the image of PBord; in 73 (PBord,) consists of those n—oriented or
n—framed bordisms whose orientation or framing is a stabilization of a k —orientation
or k—framing.

We conclude that any fully extended n—dimensional (unoriented, oriented, framed) TFT
with values in a complete n—fold Segal space C, Bord, — C leads to a k—dimensional
(unoriented, n—oriented, n—framed) TFT given by the composition

Bord; — 13 (Bord,) — 1 (C)

with values in the complete k—fold Segal space 7% (C).
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