University of Nebraska - Lincoln

Digital Commons@University of Nebraska - Lincoln

Dissertations, Theses, and Student Research Papers )
] ; Mathematics, Department of
in Mathematics

8-2015

The Strict Higher Grothendieck Integral

Scott W. Dyer
University of Nebraska-Lincoln, koyemsi@yahoo.com

Follow this and additional works at: http://digitalcommons.unl.edu/mathstudent
b Part of the Logic and Foundations Commons

Dyer, Scott W., "The Strict Higher Grothendieck Integral" (2015). Dissertations, Theses, and Student Research Papers in Mathematics. 67.
http://digitalcommons.unl.edu/mathstudent/67

This Article is brought to you for free and open access by the Mathematics, Department of at Digital Commons@ University of Nebraska - Lincoln. It
has been accepted for inclusion in Dissertations, Theses, and Student Research Papers in Mathematics by an authorized administrator of
Digital Commons@University of Nebraska - Lincoln.


http://digitalcommons.unl.edu?utm_source=digitalcommons.unl.edu%2Fmathstudent%2F67&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/mathstudent?utm_source=digitalcommons.unl.edu%2Fmathstudent%2F67&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/mathstudent?utm_source=digitalcommons.unl.edu%2Fmathstudent%2F67&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/mathematics?utm_source=digitalcommons.unl.edu%2Fmathstudent%2F67&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/mathstudent?utm_source=digitalcommons.unl.edu%2Fmathstudent%2F67&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/182?utm_source=digitalcommons.unl.edu%2Fmathstudent%2F67&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/mathstudent/67?utm_source=digitalcommons.unl.edu%2Fmathstudent%2F67&utm_medium=PDF&utm_campaign=PDFCoverPages

THE STRICT HIGHER GROTHENDIECK INTEGRAL

S. W. Dyer

A DISSERTATION

Presented to the Faculty of
The Graduate College at the University of Nebraska
In Partial Fulfilment of Requirements

For the Degree of Doctor of Philosophy

Major: Mathematics

Under the Supervision of Professors Mark Brittenham and Susan Hermiller

Lincoln, Nebraska

August, 2015



THE STRICT HIGHER GROTHENDIECK INTEGRAL

S. W. Dyer, Ph.D.
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Adviser: Mark Brittenham and Susan Hermiller

This thesis generalizes A. Grothendieck’s construction, denoted by an integral, of a
fibered category from a contravariant pseudofunctor, to a construction for n- and even
oo-categories. Only strict higher categories are considered, the more difficult theory
of weak higher categories being neglected. Using his axioms for a fibered category,
Grothendieck produces a contravariant pseudofunctor from which the original fibered
category can be reconstituted by integration. In applications, the integral is often
most efficient, constructing the fibered category with its structure laid bare. The
situation generalizes the external and internal definitions of the semidirect product
in group theory: fibration is the internal notion, while the integral is a form of the
external semidirect product.

The strict higher integral functor is continuous, and under mild assumptions the
integral n-categories produced are complete. The integral retains most formulae (like
Fubini’s theorem) familiar from analytic geometry, providing a useful calculus for

many applications in pure mathematics.
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Chapter 1

Introduction

All the higher categorical structures in this paper are of the strict variety, and the ad-
jective “strict” will be consistently suppressed. It is important to state this clearly and
early for the cognoscenti, but chapter 2 provides an introduction to higher categories
suitable for pure mathematicians, emphasizing especially those notions on which this
paper most relies. Strict higher category theory is an historically important special
case, almost always very well understood before generalization to the case of weak
higher category theory.

In his study of descent [4], A. Grothendieck originated the notion of a fibred cat-
egory, which led to much effort to generalize this to higher categories. Most notably,
C. Hermida [5] has illuminated the structure of the 2-category of fibred categories
using a definition for a fibred 2-category which admits good properties.

In his original study of fibration (to study descent), Grothendieck furnished a con-
struction which produces any fibred category from a contravariant, category-valued,
weak functor. This construction, most often denoted by an integral, generalizes the
external semidirect product of groups, and serves as an alternate characterization of

fibred categories. It is, perhaps, remarkable that this constructive approach seems



to have been mostly neglected by those seeking higher-dimensional generalizations.
While often referred to simply as the Grothendieck construction, I shall refer to it as
the Grothendieck integral, or simply the integral, despite its purely algebraic defini-
tion. (It is not the construction of the Grothendieck group, often also called simply
“the Grothendieck construction.”)

The central result of this paper is a generalization of the integral to strict higher
categories, but all the good behaviors exhibited by the construction are extensions of
this result. The basic construction occupies chapter 3, but a summary of the basics
is the content of section 3.8, included for easier reference. To mitigate the length and
technicality of the construction, I have tried to include informative examples from a
variety of pure mathematical persuits as early in the exposition as possible; I only
hope they do not distract. No example is necessary to understand the sequel. Sections
3.9 and 3.10 may be omitted without real loss of continuity. Section 3.9 shows that
the integral does not demand that we write the inflation and truncation functors
usually neglected notationally (as embeddings and forgetful functors generally are).
Section 3.10 gives a detailed description of the cell-structure of the resulting higher
integral categories, but the contrasting perspective of enriched categories (see chapter
2) seems almost always to be more useful.

In chapter 4, I develop the higher functoriality of the construction, arguably part
of the basic result, but also arguably part of its good behavior. It is noteworthy
that one may construct higher functors and natural transformations by way of the
integral, and not just higher categories. This use of the integral is a key to chapter 3,
as well as a hint of the limit properties of chapter 6; avoiding circularity in chapter 3
is one of its main technical complications. On a first reading, a peek at the results of
chapters 4 and 6 may make chapter 3 more easily decypherable.

Chapter 5 contains basic structural results more closely related to the historical



origins of integration as an alternate perspective on fibration. In particular, the
integrand is an n-category-valued n-functor, which can be understood as a suitably
indexed family of n-categories. These n-categories all embed in the integral (5.1.3) and
the integral naturally projects onto the index n-category (5.2.1 and 5.2.2). Perhaps
surprisingly, the relationship between fibration and integration becomes unclear (or
breaks down) in dimensions n > 2, as see the remarks following proposition 5.3.2.
This may help explain why prior strong results in the area seem to lie mainly in
dimensions n < 2. Chapter 5 does not furnish results used in the sequel, but the
priority of connecting to previous mathematics led to this ordering of the chapters.

Chapters 6 and 7 contain theorems of interest especially in (pure) applications.
In proposition 6.2.1, we see that under minimal hypotheses, integral n-categories are
complete with a constructive limit structure. As a result, the domain n-categories
Int,, and clInt,, of the co- and contravariant integral n-functors are complete this way,
and in proposition 6.3.1 we see that both these functors are continuous. (The special
case of binary and nullary products is the hint mentioned for chapter 3.) Chapter
7 shows that the order of integration may be reversed (as in Fubini’s theorem in
measure theory), which is surprisingly useful for a higher categorical understanding
of higher categories themselves. The comma categories that Mac Lane [9] calls a
“secret weapon in the arsenals of...experts” are example double-integral categories.

Finally, chapter 8 outlines a (parallel) program for generalizing this work to weak
higher categories. It is my hope that, in addition to helping to clarify less obviously
categorical mathematics, the integral construction may aid mathematicians in find-
ing the right definitions for weak higher category theory, and in understanding the
relationships between the many definitions currently available (see [8]).

Justifying a good general theory, like the integral, is subtle, being largely an issue

of anecdotal examples. I have tried to include many examples from diverse branches



of mathematics, but many other examples were not included. Some were excessively
specialized or technical, but most were omitted merely to avoid diluting the exhibition
of my core results. These results would not be hard to duplicate, once given the
propositions, but given their constructive nature I have lavished details on them,
hoping to save my readers time in putting them to good use in their own research.
The slogan should be something like “try integrating every functor you can.” I have
yet to find an n-category-valued n-functor of an n-category that does not clarify
results surrounding its origin; a particularly good example of this is example 3.7.2.
Particularly, I would be touched to hear of any other examples my readers may find;

should my work prove useful to you, I would ask to share in this joy.

1.1 A Few Specifics

To allow the reader more detail to hold onto when first reading this, consider a
category-valued functor Ug with domain A, writing Uy in place of the more usual
U(f). The classical (1-dimensional) integral category [, U contains (isomorphically)
each category U, for each object a of A, interconnecting them according to the func-

tors Uy given by U on each arrow f of A. Specifically, the objects of [ 4 U are
| [ Ul = {(a,u)|a € |A],u € [Ual},
while for objects (a,u) and (b,v), the hom-sets are
[fA Ull(a,u), (b,v)] = {(f,p)|a*f>b in A, Ufu*pﬂ) in Uy}
The identity at an object (a,u) is 1(qu) = (14, 1,) and the composition of
(f:p)

(a,0) — I (b, 0) — 0D (e, w)

is (9,9)(f,p) = (9f,q(Uyp)); the picture in U, is



Ugp q
Uyru . Uyv w .

The idea is that to map u in U, to v in U, we first push u into U, via some transition
functor Uy, and then pick an arrow p in U, from Usu to v. These details appear later
as 3.3.1 where their technicalities will be considered; for now, I have included them

for those readers for whom (as for me) specifics are part of the intuitive process.

1.2 Historical Origins and Intuitions

This section is more or less philosophical, and not strictly mathematically necessary.
Yet these remarks capture intuitions which I feel complete the mathematical picture.

Every good thing is a (higher) functor, but sometimes this can be less than ob-
vious. For example, the endomorphism monoid at an object in a category C' is not
a functor of ', but rather of the maximum subgroupoid YC' of C. In this way,
the maximum subgroupoid (2-)functor YT is important for more than just notational
reasons. Avoiding reference to elements has real benefits, but such constructions on
(n-)categories are important to reveal the (higher) functorialities and naturalities in
play. In this thesis I present such a construction, motivated at first by my rebellion
against the idea that the semidirect product construction was functorial in one of the
groups but not the other. Since then, I have found many examples of it, particularly
when good things don’t seem functorial. Like a good categorist, I wish I had learned
the abstraction before the examples, and so I hope to save the reader time.

One reason to focus on the integral construction is its frequent appearance in
pure mathematics outside category theory, where one of the primary roles categories
play is as a convenient language. Often, integration is useful in constructing ad hoc

domain or codomain categories to express the functoriality of seemingly non-functorial



constructions. It is also often arguably easier to fully construct the right functor to
integrate than to construct its fibred category directly and then indirectly recover the
functor integrated. This is especially useful when one wishes to pay more attention
to the (pure) application than to construction of its domain. As an added bonus, one
often obtains unexpected structural information as a side-effect of this approach.

In studying descent, Grothendieck initiated not only the study of fibred categories,
but also of pseudofunctors, now more commonly called weak 1-functors. In this way
Grothendieck can be credited as one of the first to recognize the value of so-called
weak higher categorical structures.

I have heard it said [1] of homological algebra that the best way to learn it is to
pick up a book on the topic and prove all the theorems for oneself. While this is
perhaps true of any branch of mathematics, the sentiment being expressed is that
the results are not hard, but the difficulty lies in knowing what to prove: firstly, it
must be true, but even harder, it must be useful. Most of this work has a similar feel,
but since the heart of the matter is constructive, I lavish details on the construction.
I also detail proofs those results that I found either tricky to establish or especially
important. But to really understand something, one has to teach it, which seems to

involve reinventing it for oneself. So, spoiler alert?



Chapter 2

Background

Above all else, do not read this paper in the order it is written, until you become
concerned with circularity ([3], chapter 2). Our main technical difficulty will lie in
boot-strapping the construction by loading the induction hypotheses with very special
cases of the most fundamental properties of the integral, which is, after all, our goal.
These properties can be understood before we check that circularity has been properly
eschewed, which may seriously help motivate and clarify the careful steps taken to
given the construction a proper foundation. In particular, none of the examples given

are mathematically necessary for the results to come.

2.1 Basic Notations and Terminology

Post-fixed operations such as -Cat, -Grph, -Mod are all understood to bind more
tightly (before) other operations, including those written in superscript. In particular,
n-Cat(A, B) = (n-Cat)(A4, B), n-Cat” = (n-Cat)* and so forth.

I denote isomorphism by ~. Diagrams used grammatically as statements com-

mute. The symbol O is used as a place-holder, as in f = f(O).



The following terminology is used throughout. An action X of a category C'is a
functor C—>=Set. When X is understood, for an arrow a—L>b of C and an element

p € X(a), I will write

calling X (f) the action of the arrow f. For an additional arrow b—>=c, we have
l,p =p and g(fp) = (¢9f)p, and conversely, these relations make X into a functor.

Recall that a functor is called faithful to mean that it induces injections on the
level of hom-sets. A concrete category C' is a category C' together with a canonized
faithful action. Diagram chasing happens in this context: to show that arrows are
equal, one can check that they act the same way. Every category n-Cat is concrete,
the canonical action being on the sets of cells.

Every paper is written for an audience, and in an effort to be as inclusive as possible
I have taken pains to ensure that background material is exhibitted in a greater level
of detail than some readers may care to process. In these cases, I have tried to include
short summaries, mostly packed full of the relevant notations, to serve as alternatives
for readers already well-versed in the concepts. Thus, occasionally, I may suggest
skipping to a section (like 2.3 or 2.4 for a rapid introduction to n-categories), or
browsing a section to determine which other sections to skip, skim or read in detail.

Now the exposition splits. Greater detail for the terse paragraphs that follow can
be found in the indicated section numbers.

(2.2) Affixing a prime to a categorical construction indicates passage to an en-
veloping (larger) universe of set theory. This is possible within ordinary (ZF+choice)
set theory by Godel’s completeness theorem.

(2.3) I write B-Grph for the category of B-enriched graphs, |d| for the object-set

functor from B-Grph, and I'(a,b) for the hom-object in the B-graph I' between the



objects a and b. The category of n-graphs is denoted n-Grph.

(2.4) T denote the (canonical choice of) terminal object of a category B by 1.
All my closed categories B will be cartesian closed, the closure adjunction being
B(a x b, c)%B(a, c’) with counit written eval = evalfﬁl. I refer to adjuncts under
this adjunction as curries, in honor of Haskell B. Curry. (This is almost common
among theoretical computer scientists.) The category B-Cat is the category of B-
enriched categories. In a B-category C, Cll9l denotes the identity 13——=C/(a,a) at

the object a of C, and C’L[Lb]c denotes the multiplication arrow
C(b,c) x C(a,b)—=C(a,c).

(When these notations are used in the sequel I will remind the reader what they
mean.) The (n+ 1)-category of n-categories is written n-Cat. I refer to the k-cells of
n-Cat, k > 1, as n-natural (k — 1)-transformations. For a k-cell f of an n-category C,
I write dom,, f and cod,, f for the domain and codomain m-cells, m < k < n. The
k-cells g and f are composable along an m-cell when cod,, f = dom,, g, and then this
composite is written g-,, f. Arbitrary dimensional cells are displayed diagramatically

with their dimension in brackets, so that

displays a j-cell x with dom;z = f and dom;x = g, where f and g are [-cells with
domain and codomain k-cells a and b, respectively. Any omitted dimension (outside
such a diagram) is 1, so - is composition along 1-cells; I reserve juxtaposition for -,
composition along 0-cells.

(2.5) For an n-category C, the opposite n-category obtained by reversing all 1-

cells is denoted C while the n-category obtained by reversing all k-cells in dimensions
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k > 1 is written C*. These dualities are the important ones for my constructions,
since the (n + 1)-functor n-Cat* 2 =n-Cat (reverse all cells) plays a central role.
I denote the truncation of an n-category C' to dimension k as |C]; or simply as
C' when the context demands a k-category. Likewise, [C']; denotes the inflation of
C' to dimension k (by adding identity cells only), and when the context demands a

k-category I may simply write C'. I identify, in a chain of subcategories,
0-Cat < 1-Cat < 2-Cat < ... < fdCat < co-Cat

where fdCat is the category of finite dimensional oo-categories (the colimit of the
truncation functors) and oco-Cat is the category of oo-categories (the limit of the
inflation functors).

If this whole section made sense, you’ll do well to skip to section 2.6.

2.2 Foundations

Since category theory tends to concern itself with the whole of a branch of mathemat-
ical endevor at a time, it runs into foundational considerations quickly. The collection
of all sets cannot be a set, by the axiom of regularity, or by Russel’s paradox.

The lack of proper foundations did not stop Euclid, Newton or Fourrier from pro-
ducing enduring mathematics; rather, their break-throughs (arguably) motivated the
development of our modern foundations (such as the theories of sets, limits and mea-
sures). The perspective of Thomas Kuhn’s “The Structure of Scientific Revolutions”
([7]) seems to apply in this way to mathematical history as well.

I'm not so much concerned with discovering the true foundations of mathemat-
ics, but rather with conducting my mathematics safely away from the fundamental

issues. Should set theory meet its end, whatever saves algebra, topology and analysis
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should save my work, too, since I don’t do any of the exotic things that define the
border between competing versions of set-theory. On the other hand, since sets are
O-categories, higher category theorists such as myself can no longer simply wash our
hands of this whole mess: set theory is (the O-dimensional case of) higher category
theory.

So the foundation I present here is not intended as the one true foundation for
all mathematics, although for all I know it might be. Here is one way that someone
who wants to use category theory within the scope of conventional set theory to do
it. Tacitly, such of us should be willing to assume the consistency of set theory,
no matter how much great logic of the last century has been devoted to this open
question. (Almost any competing set-theory will do, so long as it is known to be no
less consistent than Zermelo-Fraenkl and so long as it affords me the axiom of choice.)

Most pure mathematics is done using the Godel-Bernays axioms for set theory,
that is, “sets” and “classes,” but for categorical purposes this quickly becomes in-
adequate, as the collection of all classes cannot be a class. Moreover, the theories
of “sets” and of “classes” are elementary equivalent in the sense that any statement
(making no reference to the embedding of one model in the other) which is provable
in one is provable in the other.

The solution adopted by most categorists is to let the words “set,” “map,” etc.
play as variables. Thus a set is henceforth an element of some (variable) model of set
theory.

We still have the problem of obtaining the existence of a suitable tower of models
(the sets, classes and whatever-comes-nexts). An efficient short-cut to these results
of Godel-Bernays is an inductive process. Assume that standard (ZF+choice, to
be specific) set theory is consistent. Godel’s completeness theorem guarantees the

existence of a model, which is to say an actual set of elements (its “sets”) and an
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actual membership relation on it, for this consistent theory. Therefore, we have a
model of set theory within set theory.

We may now apply the completeness theorem inductively within this new model,
and iterate this process any finite number of times to obtain a tower of finitely many
nested models. It may be counterintuitive that the “real” sets are the outermost
model, but even “real” classes are born counterintuitively (at least to us mathematical
Platonists). I hereby proclaim a “set,” under ordinary circumstances, to be an element
of the innermost model so defined, and define a “class” to be an element of the next
innermost model. I will not need names for the elements of the outermost models,
and so I refrain from naming them. I hereby reserve the word “collection” for an
element of some unknown model of set theory.

Those wary of all this will easily be able to translate what I have done to “sets,”

)

“classes,” and just plain logic, since I will only ever need the innermost three models
of set theory, and the third level doesn’t even need a name. But for those whose
mathematical work doesn’t always start with (“small”) sets, it’s good to know nothing
in this paper really depends on that.

Notationally, I will affix a prime to the expansion of a construction based on sets
to a larger model. For example, by Russell’s paradox I can’t have Cat in Cat, so I

have to settle for Cat in Cat’ in Cat”, and so on. (But I promise no triple primes or

beyond.)

2.3 Globular Complexes and Enriched Graphs

Different expositions of this material are availible in [6], and [8]. However, what
follows is the most direct path to chapter 3.

A (directed) globular complex is a cell complex (with no second-countability as-
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sumed, and where recall the sets may be classes as in section 2.2) in which every k-cell
(k > 0) is simply attached to two (k — 1)-cells, designated its northern and south-
ern hemispheres, which either intersect in their shared boundary, or coincide. Their
shared boundary is called its equator, and each such cell is called a globe. (Despite
the euphonic vowel and stress shifts, one general meaning of “globular” is “like or
composed of globes” — check your favorite dictionary!)

In this perspective, to be completely rigorous, the 0-cells must all be considered
attached, north and south, to the unique (—1)-cell, representing the empty set. This
can be counterintuitive when thinking about the next picture, but the pictures for
k = 2 and k = 3 which follow should clarify the equatorial condition imposed above.
The terminology here may be considered more trustworthy than playful.

[llustrating the direction, north to south, by an arrow, at £ = 1, a globe is an

edge or arrow:

at k = 2 it is a disk directed as in:

T
\_/

and at k = 3 we can think of the usual globe mapping the Earth in the standard
terminology, although we have to direct the equator, say from 0 degrees longitude
to 180 degrees in each direction, and the hemispheres’ surfaces, say from the eastern
equator to the western, over the poles, finally directing the interior of the planet, from
the northern hemisphere to the southern.

Writing dom g and cod g for the northern, or domain, and southern, or codomain
hemispheres, respectively, of a globe ¢ in a globular complex I', and T'®) for the
collection of k-globes in I we arrive at a combinatorialization of I' as a collection of

maps:
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cod cod cod
satisfying the equatorial relations that dom dom = dom cod and coddom = cod cod.
(This hints at a homological boundary operator given by dom — cod, after lineariza-
tion, which I will have no use for.)
As such, these (combinatorial directed) globular complexes, or co-graphs, form a
category oo-Grph as the category of functors from J to Set, where J is the category

presented by the generators

do d1 da2
0 1 2
co c1 Cco
and “equatorial” relations d;d;;; = d;c;11 and ¢;dj1 = ciciy1, @ = 0,1,.... Thus a

(k)
morphism I'—>A in co-Grph consists of a sequence of maps (I'®) “—~A®), such

that,
dom cod
F(k) - F(kJrl) F(k) - F(k+1)
Wc)l iw(ml) and q,(k)i \ch(k-'—l)
AK) o Ak+1) A k) ~q Ak+1)
for k = 0,1,.... We may assume all the sets I'*) are mutually disjoint, for such

oo-graphs induce a dense full subcategory.

These notations won’t play much of a role in the sequel, but it is important to
have the right visual image of an co-graph. More important is the following alternate
formulation of the finite dimensional case, which, although perhaps less immediately
vivid, leads to much more pleasant bookkeeping:

For any base category B, the category B-Grph of B-enriched graphs (or B-graphs
for short) is defined as follows. The objects of B-Grph are ordered pairs I' =
(T}, (I'(a, b)) apejry), where |I'| is a set, called the set of vertices or objects, and each

['(a,b) is an object of B, called the quiver or hom-object from a to b in I'. The arrows
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I'—>A in B-Grph are ordered pairs ¢ = (|¢|, (Pap)aper)) Where \F\A\A] is a

Pa,b

map, called the object map for ¢ and each ¢, is an arrow I'(a, b) A(|ela, |¢]d) in B,
called the hom-arrow for ¢ from a to b. The composition and identities are reasonably
obvious.

This relates to the construction of co-Grph as follows. Define 0-Grph = Set to be

the category of sets, and then inductively define

(n + 1) -Grph := (n-Grph) -Grph,

n=0,1,..., calling each n-Grph the category of n-graphs. Each n-Grph is equivalent
to the full subcategory of oco-Grph of all globular complexes of dimension at most n.

To clarify, in detail, a 2-graph I' in 2-Grph has:

IT'|, its set of 0-cells

e ['(a,b), a 1-graph of cells going from the O-cell a to the 0O-cell b in T', for every

a and b, containing

IT'(a, b)|, the set of 1-cells from a to b in I" and, for every f, g € [['(a,b)],

I'(a,b)](f,g), the set of 2-cells from f to g, which must both run from a to b

by an equatorial relation.
I will associate to the left in expressions like the last one, i.e.
I'(ai, bi)izo = T'(ao, bo)(as, b) - - - (an, bn) = [- - - [ (a0, bo)] (a1, b1)] - - - [(an, bn)

refers to the k-graph of cells attached in I' from a,, to b,, which both run from a,,_;

to b,_1, ..., which both run from aq to by.
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2.4 Enriched and Higher Categories

Again, different expositions of this material are availible in [6], and [8]. However,
what follows is again the most direct path to chapter 3. (This remark repeats that
heading section 2.3.)

Higher categories have globular complexes as their underlying structure, but they
are most easily defined and manipulated as certain enriched categories, more akin to
the definition of enriched graphs.

Let B be a base category which is complete and closed. Recall these last two
adjectives:

The completeness of B means that every functor J —T. B has a limit LimT in
B. Writing B” for the category of functors from J to B, this means every diagonal
(constant functor forming) functor B—=>pB" has a right adjoint B'-5"B so that
B7(Ab, T) ~ B(b,Lim T) naturally in b and T'. In particular, B has all direct products,
including the empty product or terminal object 1. In Set, Lsee = {()} is the singleton
set of the empty tuple (the canonical direct product of zero sets), or choose your
favorite singleton. (More detailed background can be found in section 3.7.3.)

The assumption that B is closed means that for every object b of B, the functor

B (direct product by b) has a right adjoint B-2- B so that B(a x b, c)%B(a, A,

naturally in @ and c. At a =c"

, Writing
a1
eval =rad™ " 1.,

this is expressed by the universal property that every arrow a x b—' ¢ of B fac-

f'xb I . f!
& x b—=">c for a unique arrow a——=c’ of B, namely f’ = rad f,

tors as a X b
the right adjunct to f. In honor of Haskell B. Curry, I refer to f and f’ as “cur-
ries” of one another. (This terminology is common among certain computer-scientific

mathematicians.) In Set, ¢’ is the set of functions from b to c.
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We will construct the category B-Cat of B-(enriched) categories and B-functors.
As you read the following, it may help to think of B as the category Set of sets, in
which case, Set-Cat will be (equivalent to) the category Cat of categories. Enrichment
can be done in a fantastically more general setting (see [6]), but this would distract
from and delay the introduction of higher categories.

The category B-Cat is defined as follows. An object C' of B-Cat is a quadruple

C = (IC], (C(a,b)aseicr, (CTDY oy, (CELY o pecicr)

where (|C|, (C(a, b))qs) is the underlying B-graph of C, each Clll is an arrow 15——=C(a, a)
in B, called the identity at a, and each CL’. is an arrow C(b,c) x C(a,b) —= C(a,c) in B,
called the composition arrow from a to ¢ via b, subject to the following axioms. (Don’t

worry — I'll remind you of these last two notations when they are used in the sequel.)

Associativity: For a,b,c,d € |C| we have in B:

C X t[zb]c
Cle,d) x C(b, ¢) x Cla,b) —CP* % c(e.d) x Cla, )

Céf}ixc(a,b)i lcc[f]d

C(b,d) x C(a,b)

Identity: For a,b € |C| we have in B both:

clbll xC(a,b)

15 x C(a,b) C(b,b) x C(a,b)

and

C(a,b)xcllal]

Cla,b) x 1p C(b,b) x C(a,b)

\ lc};;,

C(a,b)
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where the arrows labelled “~” are the canonical isomorphisms.

Whew! That’s a B-category. In the case B = Set what we have defined is
equivalent to the usual definition of a category. (Although it lacks the disjointness
axiom that C'(a,b) NC(a’,V’) = 0 unless (a,b) = (a’,V'), the Set-categories satisfying
this condition form a dense, full, and therefore equivalent subcategory of Set-Cat.)

It is common enough for the compositions and identities in a B-category to be
denoted by single letters like m, u, ¢ and ¢, suppressing their abundant subscripts. In
applications, experience has shown this can waste effort, since many applications will
already have used these key letters. Of course, many readers will enjoy a reminder,
in the surrounding text, of the meanings of these complicated-looking notations, but
at least those who use this paper and its notations will be freed of trying to find new
letters to represent these core concepts. (Metric space enthusiasts, why not write
X(p) for the e-ball around p? That X is lazy — it can handle the extra work! Give
it a Minkowski sausage.)

The arrows D—-~C' of B-Cat, called B- functors, are B-graph morphisms satis-

fying the two conditions:

F preserves composition: For a,b,c € |D|, we have in B,

DL,

D(b,c) x D(a,b) D(a,c)

Fb,cXFa,bi iFa,c

C(|F[b,|Fle) x C(|Fla, | FIb) ——— C(|Fla, | Fle)
|Fla,|F|e
F preserves identities: We have, in B,
1z Dl D(a,a)
_\L lFa,a
1p———C(|Fla,|Fla)
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for every a € |D|.

It is customary to write simply Fla = |F|a in this context, as the absolute value
bars become a needless encumberance.

Now, B-Cat is complete and closed. Here are a few of the details; for all of them,
see [6], or just rewrite [9] in terms of diagrams — after all, this is what enrichment really
does. Let C' and D be B-categories. The B-category C' x D has |C' x D| = |C| x |D|
and [C' x D][(¢,d),(d,d")] = C(¢, ') x D(d,d'). Other limits in B-Cat have similar
descriptions in terms of limits in Set and limits in B. The B-category CP has |CP)|
the set of B-functors from D to C, and for S,T € |CP|, CP(S,T) is an equalizer of

a pair of arrows in B of the form
e pC(Sd, Td) Iy .e)pC(Sd, Te)Ped)

where these arrows have components currying

[Se]

C(SE’TG)XSd’eC(Se, Te) x C(Sd, Se) == C(Sd, Te)

C(Se,Te) x D(d,e)

and

[Td)
Sd,Te

10 XCBUTD 07, Te) x C(Sd, Td) 2 O(5d, Te)

D(d, e) x C(Sd, Td)

emulating the condition, for ordinary categories C' and D that S—X-T in OP is

natural at d—'>e in D,ie. in C,

Sd X% 1g

st |75

Se?Te

(It is a classical result that all limits can be obtained from just products and equalizers.

Recall, equalizers are the poor-man’s subobjects.)
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Now, finally, finally, the application. Define the category of 0-categories as 0-Cat =
Set and inductively define the category of (n+1)-categories as (n+1)-Cat = (n-Cat) -Cat,
n=0,1,.... An—-Cat-functor is called an (n + 1)-functor, and higher categories
and functors are n-categories and n-functors for unspecified n.

But what does all this amount to? An n-category C' is supported by an n-graph,
i.e. an n-dimensional (directed) globular complex. Every k-globe a of C, k < n has
an identity (k + 1)-globe 1, attached from a to a.

There is also a system of compositions; to describe them I need the notion of the
m~domain and m-codomain of a k-cell a, 0 < m < k < n, denoted dom,,, a and cod,, a
respectively. If m = k then dom,,, a = cod,, a = a. Otherwise m < k and we define
dom,,, a = dom,,, doma and cod,,, a = cod,,, cod a. Thus dom,,, @ and cod,,, a are either
a itself, or a northern/southern hemisphere, respectively, of dimension m along the
chain of attachments for a.

Now, for 0 < m < k < n, any two k-cells f and g of C' with dom,,, g = cod,,, f have
a composition along this common m-cell, denoted ¢ -, f, and both dom,, (g -, f) =

dom,, f and cod,,(g - f) = cod,, g. This is represented diagrammatically by

!
Al Hbm ———>C[m
[m] 0 [m] [m]

where a = dom,,, f, b = dom,,, g and ¢ = cod,, g. The cells in such a diagram which
may not be pictured in their true dimension are labelled by their true dimension,
enclosed in brackets. (So when m = 0 or kK = 1 we may omit these labels.)

%c[m], we identify f =1y =1;, =--- and g =1, =
1, =--- so that g-,, f is defined as a max{k, j}-cell. This very important convention

In the case a[m][—;%[m]

is at play whenever the dimension of a cell is lower than the context demands.

The associative law guarantees the nonambiguity of compositions such as

Ufm) = Blom) = Clom) =l -
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The identity laws assert that, for a[m]%b[m], fomla=f=1nf.
Finally, for 0 < m < k < < n, the (n —m)-functoriality of the composition along
m-cells gives a dimensional interchange law asserting the nonambiguity of composi-

tions such as

f 9
Am m Clm
T e T
:l [Kbe :i K4y l:
I’ g
Q[ b m Clm
R T BT
= l [k 4’ =i (k14 J/ =
Q) — ] ————> Clml

U U

which is to say that, when both sides are defined,

Y1) m (@ 10) =V m @) 1 (7 m 0)

If you collapse the vertical arrows to points, the picture resembles a butterfly’s four
wings, so these laws are also commonly known as butterfly laws.

In low dimensions, -1 is simply written -, and -o is written as juxtaposition. (Even
though I won’t have the pleasure of using it, note how sensible it would be to write
(®) = (1))

Conversely, this pile of compositions, identities, associative, identity and butterfly
laws does define an n-category, and so it helps inform our intuition of what one is. On
the other hand, the number of butterfly laws grows cubically with n since there is one
for every choice of 3 dimensions. Most of the time, mixing this globular perspective

with the enriched perspective will yield the most efficient proofs.
Example 2.4.1 (Ordered Categories).

For reasons soon to become clear, category theorists often study preordered sets,

i. e. those bearing reflexive and transitive relations. Classical order theory emerges
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then from basic facts about adjunctions and skeletons.

An ordered category C' is one in which every hom-set C(a,b) bears a preorder

relation, and in which every composition C(b,c) x C(a,b) C(a,c) is order-
preserving. They may equally well be defined as those 2-categories in which there is

at most one 2-cell from a given 1-cell to another 1-cell.
Example 2.4.2 (Rewriting Systems).

A rewriting system in monoid theory is an order relation on a free monoid. Think-
ing of this monoid as a category with exactly one object, x, we obtain an ordered
category, which is an example of a 2-category. To illustrate, here is a deduction that

under the rules ba — ab and aa — a we have aba — ab, pictured as a composition of

/ U\U \
* a * b *

Example 2.4.3 (Topological Spaces).

2-cells:

The 2-category Top of topological spaces, continuous maps, and relative homotopy
classes of map homotopies is given as follows. The 0-cells of Top are the topological
spaces, and the 1-cells of Top are the continuous maps. The composition of 1-cells
along 0-cells is the usual composition of maps along spaces.

Let I :=[0,1] be the usual subspace of the real line.
/

The 2-cells X /UFY are relative homotopy classes of homotopies I x X oy
\_/

g
with Hy = f and H; = g. Specifically, [H] = [K] precisely when there is a homotopy
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IxIx Xy with My = H, M, = K and for every t € I both (M), = f and
(M) =g.

For any map f, the identity 2-cell at f is 15 = [L] where L is the homotopy with
L; = f for every t € I.

For 2-cells that meet along a map, f ﬂ>g M h in Top(X,Y), the composite
along ¢ is [K] - [H] = [L] where L is the homotopy satisfying

Hy, for 0 <t <1/2
Lt:

K2t+1 for 1/2§t§1
for every t € I.
For 2-cells that meet along a space, as in

f g

X /I%Eﬂ\A Y /M;ﬂ‘\ Z
~ 7 T~ 7
f g
the composition [K|[H] = [L] is represented by the homotopy L with L, = K;H, for
every t € I.

The proof that composition along 1-cells is defined making each Top(X,Y) into a
category is virtually identical to the proof that the fundamental groupoid I1,Y is a cat-
egory. Indeed, if we take X to be the one-point space 1op, then the maps Iop——=Y
are the points of Y, and the 2-cells connecting them are the path-homotopy classes of
paths. In fact, IIY =~ Top(IL1op, Y) 2-naturally in Y. Every Top(X,Y) is a groupoid,
and fixing either X or Y gives a 2-functor, hence an homotopy invariant.

One must also verify well-definedness, the associative and identity laws for the

composition of 2-cells along 0-cells, as well as a single butterfly law, in order to

conclude this is an example 2-category.

Example 2.4.4 (n-Cat).
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The most protean example of an n-category for n > 0 is (n — 1) -Cat itself. When
the base category B is closed, B itself is a B-category, taking B(b,c) := ¢’ for the
hom-objects. (This notation is slightly ambiguous, but canonical actions are hardly
ever written.) Since every n-Cat is closed, every n-Cat is thus a n-Cat-category,
i.e. an (n + 1)-category. Sometimes understanding starts with believing, and this
is so miraculous it may help to think about low dimensions: 0-Cat = Set is a 1-
category, and 1-Cat ~ Cat is a 2-category. (The 2-cells of Cat are called natural
transformations. )

We have already met the 0- and 1-cells of n-Cat. For 2 < k < n + 1, the k-
S

cells DmC of n-Cat, which I shall call n-natural (k — 1)-transformations, are
\_/

T

families of (k — 1)-cells of C: X = (Sd%Td)de‘m such that for any d%c in D,

we have, in C,

Xd
Sd [764—1]) Td
Sf J{[l] [l]le
[k—1]
Se T Te
which is called the n-naturality of X at f.

This terminology is in keeping with the standard practice of making any omitted
dimension the classical dimension, one. In practice, an n-natural 3-transformation
is more commonly called a modification, while 4-transformations get called pertur-
bations, but it behooves us to have a name which is linguistically regular in the
dimension.

At kK = 2 we have dom X = S and cod X = T and for k£ > 2 we have dom X =
(dom Xd)ge|p) and cod X = (cod Xd)4e|p|. Note, if & > 2, then by a butterfly law it

suffices to check the square above at [ = 1.

Defining X f = (Xe)(Sf) = (T'f)(Xd) makes evaluation into an n-functor
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n-Cat(D,C) x D——=C.

Composition of k-cells along 0-cells is defined as in Cat: for

S U
D_ [k¥x _C_ kKW B
\___/ \___/
T \%4

and d € |D|, we have (YX)d =Y (Xd) = (VXd)(YSd) = (YTd)(UXd)

For arbitrary k-cells X and Y, k > 1 of n-Cat, composition along [-cells, [ > 0,
(when defined) is given by (Y -, X)d = (Yd) -;_1 (Xd), for all d € |D|.

Finally, the identity (k + 1)-cell 15 at a k-cell S, k > 0 is given on d € |domg S|

by (15)d = ISd'

2.5 Important Constructions

For any n-category C, the n-category C is the same n-category, but with all 1-cells
and the composition along 0-cells reversed. In the case n = 1, this is the usual
opposite category. The n-category C* is obtained by reversing all cells in dimensions
above 1 and all compositions in dimensions above 0. This other kind of duality plays
a role in my work, since reversing all cells and compositions defines an (n+ 1)-functor
n—Cat*ln-Cat, which I will use frequently. (A wise man [1] once told me that the
“Stars and bars” tell you what kind of math you're reading; now we, and in particular
you, know.)

For k < n and C an n-category, |C |, denotes the truncation of C' to a k-category
by discarding all cells above dimension k. When the context demands a k-category, I
may write simply C for |C'];. The limit of these truncation functors is the category
00 -Cat of oo-categories.

For k > n and C an n-category, [C'| denotes the inflation of C' to a k-category

by adding only identity cells above dimension n and extending the compositions to
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satisfy the identity laws in the only way one can. Again, when the context demands
a k-category, I may simply write C for [C']x. The colimit of these inflation functors
is the category fdCat of finite-dimensional co-categories.

Since |[C,]x = C for kK < n and any n-category C, we may identify each n-Cat

as a subcategory of fdCat producing a tower of subcategories:
0-Cat < 1-Cat < 2-Cat < ... <fdCat < co-Cat

I adopt this perspective throughout.

2.6 Miscellaneous Notations

When it is convenient for an n-functor or n-transformation F' to act on (apply to) a
subscript (rather than by juxtaposition), I will display it, at least once, as Fp.
When A and X are sets, an A-tuple f of elements of X is an element f € X4,

which is to say a function. One sees f written variously as

f: <fa>aEA = (fa)aeA = (A Sar f&)

I shall prefer and extend this first notation, to n-functors and n-natural k-transformations
as follows.

When Fla is an expression that yields a k-cell of an n-category B in an n-functorial
manner under the substitution of a k-cell a of an n-category A, I will write this n-
functor as F' = (Fa),ca. For example, for an n-functor 7 from an index n-category
J to an n-category C| it is customary to write Lim;c; T; for LimT = Lim(T});c; —
these notations make this notation (and others like it, which we will use) easier to

explain and understand.
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Likewise, when Gb is an expression that yields a k-cell of an n-category B in an
n-functorial manner under substitution of a k-cell b of the n-category A, I will write
this (contravariant) n-functor as G = (Gb)*<4.

Given an expression X, that yields a k-cell of an n-category B in an n-natural
manner under the substitution of a 0-cell a of an n-category A, this k-transformation
will be denoted X = (X,)aca, which, except for the presence of A rather than |A|,
is already our notation.

Finally, except in diagrams and except in the case of dom and cod, any omitted
dimension is 1. E.g. |C| = |C]; is a (1-)category, Cat = 1-Cat, functors are 1-

functors, natural transformations are 1-natural 1-transformations, and so on.
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Chapter 3

Strict Higher Grothendieck

Integrals

We now embark upon the main construction. It is rather lengthy, even after trimming
it down to the bare minimum, and quite abstract, so I have included examples and
low-dimensional details along the way in order to illuminate it as best I can.

The construction is an induction on the dimension n. There are two integrals,
one of a covariant n-functor, the other for a contravariant one. In each case, the cells
of the integral n-category are certain ordered pairs. The hom-(n — 1)-categories for
each type of integral are integrals of the opposite type, making it useful to develop
both side by side. In addition, we need a few properties of each integral: a hint of
their functorialities and a shadow of their continuities.

In order to make the notation more palatable, I hereby coin the following nota-
tions, which the next section will clarify. (The angle brackets refer to the notations

of the last section.)

hd faeA Ua := fA<Ua>a€A = fA Uno



29
o [TV JRRR = [PV
¢ f(avb)eAxB Ua X Vp 1= fceAxB Uproje X Viroj' ¢
° f(a,b)eAxB U, x V= fceAxB Upoje X Vg

Here, ALS A % BLOJ.;B is the product diagram for A and B, which here denote

n-categories.

3.1 The Structure of the Induction

There are three steps for each n:

U
1. Integration of n-functors: From an n-functor A——>n-Cat with A in n-Cat
we obtain [ 4 U in n-Cat. The cells of / 4 U are certain ordered pairs, and, when

defined,

(9,0)(f;p) = (9, ¢(Usom, 4P))

for cells (g,q) and (f,p) of [,U. Likewise from an n-functor B—"n-Cat
with B in n-Cat we obtain fB V in n-Cat. Again the cells of fB V are certain

ordered pairs, and, when defined,

(9.0)(f,p) = (9, (Veou, £2)P)
for cells (g, q) and (f,p) of fB V.

2. Mapping Integrals: From an n-natural transformation in (n + 1)-Cat’

U
A—>n-Cat

Fl e l:

B TD>n—Cat
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with A—2>B in n-Cat, we construct the n-functor

fb:Fa Fa

f, U [V, also written [,_, U,

beB ‘/b :

On cells (f,p) of [, U,

fF Ff) COdofp)

Likewise, from an n-natural transformation in (n + 1)-Cat’

with C—5=D in n-Cat, we construct the n-functor

G d=Gec
fCU Je fDV,alsowritten fceCUCQIdEDVd.

On cells (g, q) of fc U,

[/ Q)(g,9) = (Gg. Qagomo 42)-

3. Products of Integrals: Given n-functors A Cat and BLn—Cat, with

both A and B in n-Cat, we get an isomorphism of n-categories

[faeA Ud] x [fbeB Vil = f(a,b)GAxB Ua X Vs,

while from n-functors Zin—Cat and Ein—Cat, with both A and B in

n-Cat, we get an isomorphism of n-categories

[faEA Ua] % [fbeB %] Z f(a,b)EAXB U, x V, .
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In both cases, on cells, o((a,u), (b,v)) = ((a,b), (u,v)).

Before implementing this induction, a few remarks are in order. The base case
n = ( is rather special — it is the only place where the references to n+1 above actually
matter. In step 2, since A and C are n-categories, P and () are only n-natural, so
forn > 0, P and @ lie in n-Cat < (n + 1)-Cat, but at n = 0, P and () must lie in
Cat = 1-Cat since 0-Cat has no (nonidentity) 2-cells, being only a 1-category.

Nonetheless, this phrasing of the inductive hypothesis allows n = 0 to be treated
like any other n. A less efficient approach would be to base the induction at n = 1
using the results of 3.3.1 and 3.4.1, but this duplicates the work done in 3.3, which
is still necessary in full generality. Therefore, I have based our induction at n = 0,
despite this subtlety.

The other remark is that the objects asserted to lie in n-Cat exist within the
innermost (“small”) model of set-theory, since n-Cat is not decorated with a prime
(see 1.2). In particular, when A and every U, lie in the innermost model, so does

i) 4 U and likewise for contravariant integrals.

3.2 The Case n=0

Let n = 0.
To integrate a functor A% 0-Cat with A in 0-Cat, that is to say, a family

(Ua)aca of sets, we put
JoeaUa = [ YU, = {(a,u)|a € A,u e U,}.

This makes sense since A = A. The composition checks since the only cells above

dimension 0 are identities.
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So, the integral of a O-category-valued O-functor is a particular construction of the
disjoint union of the image 0-categories.

To integrate the natural transformation in Cat,

U,
A—2>n-Cat

Fl e i_

B TD>n—Cat

with A—2>B in 0-Cat, which is to say simply a family of maps P = (Uaiﬂ/pa YacA,

put

[ Pl(a,uw) = [[* Pl(a,u) = (Fa, Pyu)

for every (a,u) € fA U. This makes sense since F = F, Fa € B and P,u € Vp,, and
it is the required function.
Finally, for functors in Cat, A" 0_Cat and BAO—Cat, with both A and B

in 0-Cat, note that the following conditions are equivalent:

hd ((CL,U), (b7U>> € [fA U] X [fB V]

(a,u) € [,U and (b,v) € [,V

a€cAandueU,andbe Bandv eV

(a,b) € A x B and (u,v) € U, x V},

((aa b)> (ua U)) < f(a,b)eAxB Ua X Vs

so that the required formula o((a,w), (b,v)) = ((a,b), (u,v)) defines a bijection

[faeA Ua] X [fbeB %] Z f(a,b)eAxB Us X V.

Since the integrals of covariant and contravariant integrals agree in dimension 0, the

contravariant case is the same.
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Before proceeding to higher dimensions, there is a pattern which will persist that
U
may help the reader understand the construction. Let A—>0-Cat with A in 0-Cat.

There are evident embeddings for every a € A, and an evident projection:

U, —™ o [ U0 g

This will remain true for the integrals of both covariant and contravariant n-functors,

but I will not explore it until section 4.

3.3 Integrating Covariant n-Functors

Let n > 0 and assume the induction hypothesis in dimension n — 1.
U . : .
Let A—=>n-Cat be an n-functor with A in n-Cat. The n-category fA U is con-
structed as follows.

The objects are

|fAU| - f|A| ajU = faem\ |Ual,

and for objects (a,u) and (b,v), the hom-(n — 1)-categories are

[, Ulla,w), (b,0)] = [T U (U, v).

The identity at an object (a,u) is

1(a,u) = (1a; 1u)>

(b,0)]

a,u),(c,w)

and for objects (a,u), (b,v) and (¢, w), the composition (n— 1)-functor [[, U]E

from (a,u) to (¢, w) by way of (b,v) is
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/4 U1[(b,v), ( x [[4U] s (b,0)]
= (def. of homs)

[ U U, w)]) x [T UV, )]
J~<g,f>eA<b,c>xA<a,b> U(Uyv,w) x Uyp(Usu,v)
S 1,

fheA(a,c) U (Unu, v)

= (def. of homs)

L[4 Ull(a, ), (c, w)]

where I, ; = [UC][U"U} (Ue(Ugv,w) x [Ugly;un). Here [Uc][g,ii”] is composition in U,

Ugru,w U,W

from Uypu to w by way of Uyv and [Ug]UfW, is the action of the n-functor UbiUc
on the hom-(n — 1)-category U,(Usu,v). So, on cells (y, x) of U.(Uyv,w) x Up(Usu, v)

we have

Iy p(y.2) = U5 (Ue(Ugv, ) X [Uglv;u) (0, 2)

= [UJ57) (y. Uyz)

Ugru,w

= y(Uyz).

If this makes sense, chasing an arbitrary k-cell ((g, q), (f,p)) from top to bottom,
using the inductive formula for mapping contravariant integrals, the composition

satisfies the required formula

(9,0)(f,p) = (9f, 4(Udom, 4P)),

since dom; g in A is domg g in A(b, ¢).
Now let’s check that these definitions make sense. The object-set makes sense

by the case n = 0, and the integrand (U,(Usu,v))7€4(@®) used for defining the hom-
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(n — 1)-categories is indeed a contravariant (n — 1)-category-valued (n — 1)-functor of

A(a,b). The identities exist because
f€lA(a,a
law = (Lo 1) € |[[, U] )]l = [T O (U, w),

since 1, € |A(a,a)| and 1,, € |Uy(Ur,u, u)| = |Us(u, w)).
Verifying that the compositions are (n — 1)-functors by induction, after scrutiny
to vet the definition, comes down to verifying the (n — 1)-naturality of the integrand

1

.f» which makes sense as

Uc(Ugv,w) x Up(Upu, v)
U (Ugv,w) x Uo(Uy fu, Ugv)
Ugv]

i[Uc]U fuww

Uc(Ugpu, w)

So we must check that, for any (k + 1)-cells of A,

f g
/7+1]1}\ /k+1]u \
\ / \,“______,/

I’ g

that is, k-cells of A(b,c) x A(a,b), that, in (n — 1)-Cat,

g g0

Uc(Uyv,w) x Up(Upu,v) Uc(Ug pru, w)
Ue(Uyv,w) x Uy (Uypu,v) l (k] (k] J{UC(U»WPU/(LU)

Uc(Ugv, w) x Up(Uyu, v) Uc(Ugru, w)

a.f

Calculating that, for an arbitrary j-cell (y,z) of U.(Uyv, w) x Uy(Upu,v), we have

[Ue(Uspu, w)ly pr(y, ©) = [Ue(Urpu, w)[y(Uy)] (action of Iy 1)

= y(Uyz)(U,,u) (action of U.(OJ,0))
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and

1, 1 (U(U,0,0) x Uy(Uyu,0) (9, 2)

= I, ;(y(Uy), 2(Uyu)) (actions of U,(0J,0), U,(J1,0))
= y(U,0) (U, (z(Uu))) (action of I, ;)
= y(U,0)(Uyx)(UgUyu) (U, is an n-functor)
= y(U,0)(Uyz)(Ugpui) (U is an n-functor)

this is just that in U,,

Ugx

Ugf’LL ] Ugf/u ] UgU
k] k] | Uy fru [k] | Uyv
Uy vf v
(4] 7]
Ug/f/u Ug/;r Ug/’U m w

which follows as the triangle commutes because yo = v f’ - gp and U is an n-functor,
while the square is the n-naturality of U, at x. Thus, the compositions are (n — 1)-
functors.

To conclude that [ 4 U is in fact an n-category, we have left only to check the

associative and identity laws for composition along O-cells. On k-cells, k > 1 of | 2 U

(f:p) (9,9) (h,r)
(a’ U) T) (b7 'U) [k] <C7 /IU) [k] (d’ x)



we find that

(h,m)[(g. 0)(f, P)]

= (h,7)(9f,a(Udgom, 4p))

= (hgf,7(Usgom, n(a(Usgom, 4))))

= (hgf,r(Udomy 1) (Udom: nUdom: gP))
= (hgf, 7 (Udom, 1) (U(dom, h)(domy 9)P))
= (hgf,7(Udom, n0) Udom, (hg)P))

= (hg,7(Udom, n9))(f.p)

= [(h,7), (9, 0)](f,p)

as well as that

Lieaw)(9,9) = (1, 1w)(9, q)
= (1097 1w(U’doml ICQ))
= (ga Ulcq)

=(9,9)

and that

(9, D)0 = (9,0)(1p, 1)
= (glba Q(Udomlglv))
= (97 qudomlgv)

= (9,9)

(def. of composition)

(def. of composition)

(Udom, 1 1s an n-functor)

(U is an n-functor)

((dom; h)(dom; g) = dom;(hg))
(def. of composition)

(def. of composition)

(def of 1(C7w))
(def. of composition)
(dim1.=1)

(action of Uy, = 1y,)

(def of 1(b,v))
(def. of composition)
(Udom, ¢ 1s an n-functor)

(identity law)

37
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which completes the proof that [ 4 U is an n-category.

We can now state the 1-dimensional covariant integral in full detail!
Details 3.3.1 (1-dimensional covariant integral).

If n =1 then [, U has object set

| [ Ul =A{(a, v)la € |A],u € [Ud}
and for objects (a,u) and (b, v), hom-sets
L[, Ull(a,u), (b,v)] = {(f,p)|a*f>b in A, Upu—2>v in U, }.
The identity at an object (a,u) is 1(44) = (14, 1,) and the composition of
(f.p)

(a, 1) — TP (b 0) — 9D (e w)

is (9,9)(f.p) = (gf,q(Uyp)); the picture in U, is

Ugp

Ugsu Ugv 1 w .

The idea is that to map v in U, to v in U, we first push u into U, via some functor

Uy, and then pick an arrow p in U, from Uyu to v.
Example 3.3.2 (Subspaces).

Let 29 be the covariant power-set functor Top——=0rd < Cat, where Ord < Cat is
the subcategory of (pre)orders (categories in which every hom-set is either a singleton
or empty). Thus, for any space X with subsets A and B there is an arrow from A to

B in 2% precisely when A C B, and for any map Xtovin Top,
2/A = (y e Y|y = fx for some x € A)

is the direct image of A.

The category [ XeTop 2% is the category of spaces and subspaces. Indeed,
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‘fXGTOsz’ = ((X,A)|X € |Top|, A € |2X)),

(f:1)

and in this category, (X, A) (Y, B) means that Xovin Top, that A €

2%, and that 2/ A—->B in 2, ie. 2/A C B.
Example 3.3.3 (Covering Spaces).

Let E—"+B be a covering space, and define a functor HlXiSet < Cat as
follows. For z € [ILX| = X, let E, = n'(z). For 2— >y in I, X, define the
function ExiEy onp € E, by E.p = cod[y,p], where [y,p] denotes the unique
lift of v with domain p in II; E. This makes sense because 7 cod[y, p] = cod 7|y, p| =
codvy =y.

To see that Ep is a functor, let x—w>y—5>z in I} B. For p € E, we have

Es,p = cod[d7, p| (def. of E)
= cod ([0, cod[y, pl][7, p]) (uniqueness of lifts)
= cod|d, cod[y, p]] (cod of composite)
= Escodlv, p] (def. of E)
= EsE.p (def. of F)

and also By, p = cod[l,,p| =codl, =p=1gp.

Integrating, we have Z = fx E,, which turns out to be (isomorphic to) II; E.

(7,2)

cell1 B

(y,q) of Z means that x—7>y inlhB, np=z,m1q=1y

Indeed, a cell (z,p)

and in (the set) E, we have E.p = cod[y, p]—=>¢.

Mutually inverse functors Z—2>II; E—2>7 are given by O(x,p) =p, O(v,1,) =

[v,p] (where (x,p) = dom(y,a) = dom(y,1,)), ®p = (7p,p), and Pa = (7, leoda)-

The pleasure of checking these details is left to the reader.
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Example 3.3.4 (Slice/Comma Categories).

For any functor A—~>B and object b of B, we can form the “slice” or “comma’”
category [ _, B(b, Na). The objects are pairs (g,4) with g € |A| and b—->Ng in B.

An arrow (g, i)ﬂ(h,j) consists of an arrow g*f>h in A and an arrow

B(b,Nf)i = (Nf)i—=j in B(b, Nh).

But B(b, Nh) is a 0-category regarded as a 1-category, so the only arrows are identi-
ties: z = 1; and j = (N f)i. The only arrows take the form

(Filnpyi)
—_—

(9,1) (h, (Nf)i),

indicating that, in B,

e

b Nf

N

Nh

Composition is by “stacking” these triangles. Note: even if Nf = N f’, the arrows

(f, Ywpyi) and (f', 1(wpry;) are distinct unless f = f.
Example 3.3.5 (Free Groups).

In the previous example, take A = Grp, the category of groups, B = Set and let
N be the forgetful functor. Let b be any set and b—">NF}, be the usual inclusion of
generators into the group Fj freely generated by b. The universal property of ¢ may be
expressed by observing that (F},7) is initial in [, cGrp Set(b, NG). Since any two initial
objects are isomorphic in a unique way, we see that any two groups freely generated
by b are isomorphic in a unique way commuting with the insertions of generators.

(This is typical of the use of slice categories.)
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Example 3.3.6 (Varianced Categories).

Let G be a group (or monoid) acting on a category C. This is to say, there is a
functor G—22> Cat with U, = C for the unique object x of GG, regarded as a category.
Call the elements (arrows) of G variances on C. I will call [, U the G-varianced
version of C'.

For example, in the case of G = {£1} acting on the category Cat by —C = C and
—F = F for any functors D—E+C in Cat. The varianced version of Cat obtained
has one object (x,C) for every C' € | Cat|, and the arrows are of two types, either

of the type (x, D)@(*, C), meaning that D—"~C in Cat (F is covariant) or of

the type (%, D)(L)’FQ(*, C), meaning that D—-—~C' in Cat (F is contravariant). The
composition in the G-varianced version of Cat is the old-fashioned calculus of mixed-
variance functors, e.g. composing contravariant with contravariant gives covariant,
etc. as has been encoded by the arithmetic of G.

A similar example is to let G = {£1} act on the category Vct of complex vector

spaces by assigning to each vector-space V' its conjugate —V with the same addition,

but scalar product given by
(avin — V)= (avin V)

for scalars a and vectors v, and by assigning to each linear mapping V—LsW the
same map, but with domain —V and codomain —W. The resulting G-varianced
category again has one object per vector space, and one type of arrow per element of
G. The arrows coresponding to +1 are the linear maps, and the arrows coresponding
to —1 are the antilinear maps. The arithmetic of G again encodes the variance of the
composition of two such maps.

It may feel quite different, but suppose C' is actually a group (or monoid). Then

U is an action on the left by G on (', and the resulting G-varianced category is the
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left-handed version of the semidirect product group C xy G.
Example 3.3.7 (Idempotents in Semigroups).

There is a functor SgpLCat assigning to every semigroup S the category ES
of idempotents in S. The objects of ES are the idempotent elements of S, and an
arrow e——f in ES is an element a € S with fae = a. The composition in ES of

le=e

e—2>f—sgis e—2>g, and the identities are e

e. This captures order
information about the idempotents of S, e.g. e—L ~¢ in ES means that f < e, while
e—f>f in £S means that fe = f.

Integrating yields a category of all idempotents in all semigroups. In ngp E the

arrows (.5, e) (e.e)

(T, f), from an idempotent e of S to an idempotent f of T', con-
sist of a morphism S——T in Sgp and an element a € T such that pe—"~f in ET,

i.e. fa(ype) = a. This relates to Nambooripad’s work in [10].

3.4 Integrating Contravariant n-Functors

Let n > 0 and assume the induction hypothesis in dimension n — 1, and that we can
integrate covariant n-functors, which is the first half of step 1 at n.

W
Let B—=>n-Cat be an n-functor with B in n-Cat. Form the n-functor

=

* V=

B n-Cat* n-Cat,

and integrate it to define

B —% *¢ —k
f V:fE*DV :fbeﬁ*% :
Any k-cells of [ & V', composable along a 0-cell,

(f:p) (9,9)
(a,w) ™ (b,v) i (c,w),
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*

are k-cells of [, 5 Vi,

(9,9) (f:p)

with composition along (b, v) in fbeE* V,', given by

(f.2)(9,9) = (f9,2(Vaom 1 9)),

where dom; f and fg¢ are computed in B and P(Viom, f*q) is computed in v." Thus,
n fBV = fE*Vb* )

(9, 0)(f,p) = (9, (Veod, £2)P),

computing ¢gf and cod; f in B instead, and (Voq, r¢)p in V, instead. This is the
formula the induction requires.

So I fibbed when I said there were two different integrals, but it was a white lie
— attempting this induction with only one integral in hand would result in a sort
of duality-blindness. The slight complication of a second integral seems more than
off-set by organizing these last details away from the main inductive loop.

Moreover, contravariant integrals seem common in practice, so it seems worth
documenting their properties instead of deriving them each time.

Note that
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as in the covariant case. There is also a useful formula for the hom-(n — 1)-categories

of fB V. Let (a,u) and (b,v) be objects. Now,

*

|:/B V} [(a,u), (b,v)] :E [(a, ), (b, v)]

- | [ w0

*

feB (b, a)
V. Vi v, 4l

feB(ab)” -,

lu, Vvl

g |
-

—/ Valu, Viv]
f€B(a,b)

Again we are in position to detail the 1-dimensional case for clarity.

Details 3.4.1 (1-Dimensional Contravariant Integral Categories).

Let n = 1. Thus [ Py = fbeﬁ V}, since there are no cells above dimension 1 to

reverse. We find the object set to be
| [PV ={(a,u)|a € |B| and u € |V, ]}
and the hom-set from an object (a,u) to another (b,v) to be
[fB Vll(a,u), (b,v)] = {(f,p)|a*f>b in B and u——=Vsb in V,}
with the composition of

(a,u) — 7 (b, 1) — 2 (e w)

given by (g,¢)(f,p) = (9f, (Vrq)p). The picture in V; is

§
u—LsVio S ViVw = Vypw .
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The idea is that to map u in V,, to v in V}, we first pull v back into V, via some functor

V¢, and then we pick an arrow p.
Example 3.4.2 (B-Graphs).
For any base category B, the category of B-graphs is
B-Grph = [V Cat(V x V, B).

Indeed, the O-cells are (V, Fo) where V' is a set and F € |Cat(V x V,B)| is a
family F' = (F,3)(apev=v of objects of B, which we might as well write as (V, F)) =
(IT'], (I'(a, b)) apeiry), as in the introduction.

The 1-cells T—2>A are pairs ® = (f,¢) with \I‘|*f>|A| in Set and ¢t an element

of
| Cat(|T'| x [T, B)[(I'(a, b)) @pyeirixiry: [Cat(f x f, B)(A(e, d)) cajelalxialll
which is just
| Cat(|T'] x [T, B)[(T'(a; b)) @pyerrix[r)> (A(fa; [b))@peprixr]-

Because |T'| x |I'| is 0-dimensional, the naturality condition for ¢ is vacuous, so we
might as well write & = (f,t) = (|<I>|,<F(a,b)ia>bA(|<I>|a, |@[D) )apeiry), as in the
introduction.

We now see some details slighted in the introduction. Both

Ir = (L), (Ir(ap))apelr)), i-e. [1r] = 1jp) and (1r)ap = Ireap),

and for composable arrows in B -Grph,

P

r—2-A-2%

HT;

we have O = <|@H(I)’, <@<I>a,<1>bq)a,b>a,be|1"|); i.e. ‘@(I)‘ = ’@Hq)‘ and [@q)]a,b = @qba,tbbq)a,b;

the picture in B being
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(Pa,b

T(a,b) A(®a, Bb) — "™ T(Oda, OD) .

A direct calculation of the associative and identity laws would be fussy, but the laws

follow directly from the construction of the contravariant integral.

Example 3.4.3 (Rings as Modules).

O0-Mod

The contravariant functor Rng Cat assigning each ring R its category
R-Mod of R-modules is well-known. (Actually, several are known, depending on
whether we ask rings to be commutative, associative or unital, for example, but in
this case we don’t need to know.) We may thus form M = fRERngR—Mod, the
category of all modules over all rings.

This is usually the wrong thing to do, since ring-theorists typically use [J-Mod as
an invariant of rings, studying R-Mod to study R.

But for considering R as an R-module, it’s just right. Define a functor Rngia/\/l

by mapping R——=S in Rng to
Ap=(p,p)
AR = (R,R)————=AS = (95,9)

which is an arrow of M because ¢ is a ring homomorphism from R to S and

R—w>(f—Mod)S is R-linear. Indeed, for r,s € R,

p(rs) = ((er)(ps) in §) = (r(ps) in (pS5)-Mod)

because ¢ is a ring homomorphism and by the definition of the scalar product of
(p-Mod)S.
Similar remarks hold for the case of the action by left translation of a group,

monoid or semigroup on itself.

Example 3.4.4 (Ringed Spaces).
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The contravariant functor assigning each topological space X its category Shy of
sheaves of rings is well-known (to some algebraic geometers). The category of ringed
spaces, well known to the same people, is just f Top Shg. This and further applications

in algebraic geometry can be found in [11].

3.5 Mapping Integrals

Assume n > 0, the induction hypothesese in dimension n — 1 and step 1 in dimension

n. Let an n-natural transformation

U,
A—>n-Cat

Fl s i

B ?D> n-Cat

be given with A—L-B in n-Cat.

P
Define the n-functor [, U e

J5V on objects by | [, P| = Jir 1BIP, ie.

as

Jo—pla [Pal
’fAU’ = fa€|A| |Usl i ’fbe|B| V| = |fBV’;

giving the desired action on O-cells by the 0-dimensional case: | [}, P|(a,u) = (Fa, Pu).

On the hom-(n — 1)-category from (a,u) to (b,v), inductively define

[, Ull(ay ), (b, 0)] —LePesear 1 vira, Pa, (Fb, B)]

:i l:

feA(ab B(Fa,Fb
f e Ub(Ufu> U) fnga,bf[Pb}U fge ( ) VFb(VFfP“u’ va)
Fuv

Now, if this makes sense, chasing a cell (f,p) of [[, U][(a, ), (b,v)] we find that

[Jr P = (F'f, Byp) = (F'f, Peodo D),



which is the desired formula on cells.
Fa,b

Since A(a,b)

[Pb]Ufuﬂ’

that Uy(Usu,v)

(k + 1)-cell of A,

f
0l _be b,

f/

that is, for any k-cell ¢ of A(a,b), that in (n — 1)-Cat,

[Pb]Uf/u,v
Up(Upru,v) Vo (Vg Pyu, Pyv)
Uy (Upu,v) i [K] (k] lVFb(VFwPa%Pb”)
Up(Usu,v) Vio(Vip Pyu, Pyv)

[Pb]Ufu,v
which makes sense because

[Pb]Ufu,v

Up(Usu, v)

(and likewise for f’) by the naturality of P at f (or f’).

Vpb(PbUfu, va) == Vpb(VFfPau, va)

Accordingly, let = by any cell of U,(Upu,v) and calculate that

[BolvjunlUs(Ugts, v)]z = [B]uuplz(Upu)]
= Bylz(Usu)]
= [Pyz][BU,u]
= [Pyz][Vry Paul
= Vo (Viy Pou, Pyv)|[Pyx]

= [VFb(VFLpPaua Pb'U)][Pb]Ufu,vm

(action of U,(0J,0))
([Py]vsuw is Py on a hom)
(P, is an n-functor)
(n-naturality of P at ¢)
(action of Vg, (O,0))

([Py)uuw is P, on a hom)
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B(Fa, Fb) is an (n — 1)-functor, it remains only to check

Viy(VesPau, Byv) is (n — 1)-natural in f, i.e. that for any
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So at least [, P is a (n — 1)-Cat-graph morphism - it has hom-(n — 1)-functors.
It remains only to see that it preserves the composition along 0O-cells and identities

at O-cells. Accordingly, let k-cells of [ 1 U,

be given, and calculate that

[/F P} [(9:9)(f;p)] = [/F P} (9.f, 4(Udom, ¢P)) (def. of composition)
= (F(9). P(a(Usomy 4p))) (action of /F P)
= ((Fg)(Ff), (Peq)(P.Udom, gp)) (F and P, are n-functors)

= ((F9)(Ff), (Peq)(VFdom; ¢op)) (n-naturality of P at dom; g)

= ((Fg)(F ), (Pq) (Vaom, rgPop)) (F dom; g = dom; Fg)

= (Fg, Peq)(F f, Pop) (def. of composition)

(o) ([[ros) [

and that
[ / Pllow = | / Pl(1,,1,) (def. of 140))
F F

= (F1,, B1,) (action of/ P)

F
= (1, 1p0) (F and B, are n-functors)
= 1(Fb,va) (def Of 1(Fb,va)>
= 1[fF P](b,v) (action Of/ P)

F

Therefore, [, P is indeed an n-functor.

For the contravariant case, let an n-natural transformation
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_ Un
C —n-Cat
G Q0 l=

be given with C—5-D in n-Cat.
Applying [0* and composing with O we have an n-natural transformation

=%

_ U* O
" ——n-Cat* —n-Cat

G*l los l= l=
D"~ n-Cat” = n-Cat

vetting the definition [ “0= [z O°Q* , which we may also write as

C ) —x* 0  —x*
f U:fceé* Ue fdeﬁ*vd :fDV'

fd:é*ca**
It satisfies the required formula on k-cells (g,¢q), & > 0, because (codpg in 6*) =

(domg g in C).
Example 3.5.1 (Right-Handed Semidirect Products).

Let M be a monoid acting on the right by endomorphisms on another monoid S.
This amounts to a functor M£>Mon to the subcategory Mon of monoids within
Cat, mapping the unique object x5, of M to S. The (right-handed) semidirect product
is M xyS=] My, (Note to group theorists: the left-handed semidirect product of
monoids is different, even though for groups it is the same. The left-handed semidirect
product is a covariant integral, from the previous example 3.3.6.) For the record, for

all (m, s),(m',s") € M xy S their product is
(m,s)(m/,s") = (mm/, (Uyys)s’) = (mm/, sm/s’),

writing the action exponentially.
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— W
Let N be another monoid, and N—=>Mon be another such action, this time
on a monoid T'" = V,, where xy denotes the unique object of N. Given a natural

transformation

_ U
Mi>Mon

o| i lz

N TD> Mon
with ¢ a morphism of monoids, we obtain a monoid morphism

pexr=[*m

My S=["U "V =NxyT.

Since M has only one object x5, 7w is completely determined by the morphism

S=U, %Vw*M:V;N:Tv

*M

to which I will now refer, less pedantically as simply 7. The naturality of 7 states
that, for m € M (that is, xy— %y ), we have wU,, = V,,,m. Writing the actions as
exponents, this says that for all m € M and s € S, 7(s™) = (7ws)¥™.

Checking directly that (¢ x m)(m,s) = (¢m,ns) for (m,s) € M xy S defines a

monoid morphism may entertain the reader, but we have already proved this.

3.6 Products of Integrals

Assume n > 0, the induction hypothesis in dimension n — 1 and steps 1 and 2 in

dimension n.
. U \% . .
Given n-functors A—=>n-Cat and B—>n-Cat, with both A and B in n-Cat,

we seek an isomorphism of n-categories

[Juea Ual X [fyep Vil = JameasxnUa x Vo,
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acting on cells by o((a,u), (b,v)) = ((a,b), (u,v)).
We have an n-natural transformation

<UaX%>(a,b)6AxB

Ax B n-Cat
projl Uy l=
A O n-Cat

Ta,b

where proj is the projection, by taking m,; as the projection U, x V, U, for

every (a,b) € |[A x B|. Indeed, for any k-cell of A x B,

(f:g) /7 1/
(0.0) —22 (@)

the very definition of Uy x Vj is as the unique k-cell so that, in n-Cat,

Ta,b Pa,b

U, U, xV, Vi
Uy l (%] UpxVy l (%] (%] lVg
Ua/ Tal b Ua/ X %/ Pal b %l

where the top and bottom rows are product diagrams. The left-hand square proves
7 to be n-natural.

Consequently, there is an n-functor

f(a,b)eAxB Ua X Vs - AU

given by o = [ . On k-cells ((a,b), (u,v)),

KO((G’ b)> (U, U)) = (proj(av b)7 Teodg a,codg b(uv U)) = (a’ u)

Similarly, we have an n-functor

f(a,b)eAxB Ua X Vs - JsV

given by r; = [ P’ B is the other projection from A x B

oroff P> where A x B

and p is defined above, with . Again, for all cells ((a,b), (u,v)) of any dimension,



k1((a,b), (u,v)) = (b,v).

There is thus a unique n-functor 7 so that, in n-Cat

f(a,b)eAxB Ua X Vp

JaU " sV

\/

[fA U] x UB V]

where the unlabelled arrows are the projections. Chasing an arbitrary cell we find

7((a,0), (u,v)) = (Ko((a, 1), (u, v)), k1((a, b), (u, v))) = ((a,u), (b, v)).

Now all that remains to show is that 7 is invertible; then we can put o = 771

Consider the action of 7 on an arbitrary hom-(n — 1)-category

P [CUXR R

N U Vo] () ). () )
ceEAXB
/hG[AXB][(a,b),(c,d)}

[UprOJ (c,d) X erj (e,d) ][(Uprojh X VrO_j h)(ua U), (w, SL’)]

(f,9)€[AxB][(a;b),(c,d)]

[Ue x Vall(Uy x Vo) (u, v), (w, )]

(f,9)€A(a,c)x B(b,d)

/ A B b,d
/ VW Vi) ()
/ Uu(Upu, w) x Va(Vyv, )
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which 7((a,b),(u,0)),((c,d),(w,z)) MAPS tO

[ 0] <[ v]] et on.rtte. . oo
([ o] [ [ v]] i .o, o ao

- | [ o]t cun < | [ v] oo @

[ rfed(ac) gEB(b,d)
:/ U.(Uyu,c) x/ Va(Vyv, )

On hom-(n — 1)-categories, 7 is thus o' from the contravariant case in dimension
n — 1, so the induction hypothesis applies to show that every hom-(n — 1)-functor
of 7 is invertible. But |7| is also invertible, by the dimension 0 case. Therefore T is
invertible, concluding the covariant case.

Changing gears, now suppose we have n-functors A% _Cat and Egn—Cat,

with both A and B in n-Cat; we now seek an isomorphism of n-categories

[f(LGA Ua] « [beB %] z f(ab YEAX B U < % ’

acting on cells by o((a,u), (b,v)) = ((a,b), (u,v)).
Well, it’s easy. Observing that C x D' = C x D for all n-categories C' and D,

we just define

f(ab YEAXB U X ‘/b

lz

U, xV} ><Vb

R|a

[ U x [P W)

K
[faeA fbeB* %

where the lower o comes from the covariant case.

~
~
o

f(ab €A xB

This concludes the main induction we embarked on back in section 3.1. A cele-

bration is in order. If you were disturbed by the notation’s lack of reference to the
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dimension, you may prefer to skip ahead section 3.9 next, where I show that the

integrals are compatible with the dimensional tower
0-Cat < 1-Cat < 2-Cat < ... <fdCat < co-Cat

so that the notation is actually nonambiguous. On the other hand, if you found the
lack of details or examples for higher dimensions more annoying, then the next section

is for you.

3.7 Details and Examples

Having completed the main induction, we are now in a position to give some higher
dimensional examples and details. The first one is a friendly one, in dimension 2.
Then I give is two foundational examples, in dimensions 2 and n. Probably the

J"AGTL -Cat (

most important example, in dimension n + 1, is the domain Int, = n +

1)-Cat'(A, n-Cat) of the covariant integral in dimension n as an (n + 1)-functor, yet

to come in chapter 4.
Details 3.7.1 (2-Dimensional Covariant Integral Categories).

Let A—"2-2_Cat be a 2-functor. In the 2-category fA U, the cells take the form

where a € |A] and u € |U,| (and likewise for (b, v)), where a—L b in Aand Uju—L>v

in Uy, as in the 1-dimensional case (and likewise for (g, q)), and where, in A,



and in Uy,

Uyu—L>v

Umul o lz

UQU?U
Composition along 1-cells is defined for

(aa U’) % (b7 U)

the picture in U, being

which makes sense because
(Ulu)(Umu) = (Ul : Um)u = (Ulmu)

Composition along 0-cells is defined for

(fp) (hyr)
e T N e T —
(a,u)  W$maz)  (byv) Wy  (cw)
e g
(9:9) (k,s)

26
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(h,r)(f,p) = (hf,r(Unp)),

as in dimension 1, and by

(L, y)(m, x) = (Im, y(Unz)),

because h = dom; [. The picture in U, is

Unru Uy ! w
U}Lmul ,U,Uhx l: =
Uh u Uyv . w
g Ungq h
Ulgul Ul’l)l l}y =
Uou w
kg Ukq Upv s

which makes sense because
(Ulgu)(Uhmu) = [Ulg . Uhm]u = Ulg.hmu = Ulmu.

The NE square commutes for obvious reasons, and the SW square is the naturality
of U (from Uy to Uy) at Ugu—q>v.

The identities are comparatively boring.
Example 3.7.2 (The Fundamental Groupoid).

The fundamental groupoid I1; X of a topological space X is a well-known 2-functor
from Top to Cat < 2-Cat. The integral 2-category P = fTop I1; serves as a convenient
domain for a fundamental group functor.

The cells of P are
()

B

(X, I(]) Y([H]1p) (Y7 ?JO)

where in Top,
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f

X um Y,
\/

g

and zg € X = |[II; X/, while in in I, Y,

fl’o L> Yo

| e |-

9%o ——"Yo
the 2-cell 1, being forced — as a 1-category, II;Y" has only identity 2-cells. Here,
H® = (II[H])x is the path-homotopy class of (H (t, z¢))c; and we see from yH*0 =
¢ that any loop in YH™p~! bounds a disk in Y, a condition necessary for the 2-cell
([H],1,) to exist in P.

So the O-cells of P are pointed spaces, but the 1-cells aren’t just the basepoint-
preserving maps. They are arbitrary continuous maps coupled with a sort of correc-
tional path-class from the image of the domain basepoint to the codomain basepoint.
(So the maps aren’t really completely arbitrary, as both basepoints must lie in the
same path-component of the codomain space.)

Now we can formulate a 2-functor P——=|Grp| mapping every 1-cell of P to a
group homomorphism, and taking every 2-cell to an identity. (So in the situation
above, we will have 71 (f, ) = m1(g,7).) The role of the correctional path-homotopy
class in every 1-cell is to disambiguate how to navigate the potential change in base-
point. So this 2-functor will neatly package the conventional functoriality of the
fundamental group with the classical facts about change of basepoint.

Let 7 (X, zo) be the usual fundamental group, continuing with the typical cell of
P above.

The group morphism (X, z) ™1 (fy¢)

m(Y,yo) is given on & € m (X, zo) by
(T1(f, )€ = o(f€)p ™!, where f& abbreviates (IT; f)¢. The picture in I1;Y is
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ot 7€

Yo fxo fxo L7

It is a morphism: for ¢, ¢ € m (X, z9) we have

[m1(f 0)1(C6) = ¢(f(CE)¢™ (def. of m(f,¢))
= o(fOfE)e™ (1, is a 2-functor)
= o(fQe  e(fE)e™ (™" = 1ya0)
= ([m(f, @)IO([m(f, 9)]E) (def. of m1(f, )

To see that m(f, ) = m(g,7), let £ € m (X, xp) and form in I1;Y,

-1
y0L>fx0 i fxo L7

N

?Jo?fxo p fxo Yo

the left square commuting by the definition of the 2-cell ([H], 1,), the right square
by the left square, and the middle square by the naturality of TI;[H] at . The top
row is [m1(f, ¢)]¢ which equals the bottom row, [m(g,7)|¢.

To see that P—=|Grp]| is a 2-functor we have left only to check that it preserves

the composition of 1-cells, so let £ € m1(X, z) and let

(f#) (g:7)
(X7 5130) a (Y7 yo) atl (Z> Zo)
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be composable arrows in P. Compute that

[m1((g, M, eDIE = [mi(gf, v (90))]E (composition in P)
=(99)(9£E)(v(g9)) " (def. of m)
= v(g0)(9fE) (g™ )7 (distribute inverse)
=(gle(fOe™ )™ (factor out g/II, is a 2-functor)
= [m(g: e (fE¢™] (def. of mi(g,7))
= [m1(g, Vlm(f, 9)I€ (def. of m1(f,¢))

and
(M1l (x20)]€ = [m1(1x, 1a)1€ (def. of 1(x.4))
= 14, (1x§)1,} (def. of m(1x,14,))
—¢ (IT is an n-functor; arithmetitic in II,Y’)
= 1o (Xa0)f (action of 1 (x 4))

Background 3.7.3 (Limits in n-Categories).

For an index category J, a J-complete n-category C' is an n-category together
with a specified right n-adjoint €Y —""~C' to the diagonal (constant functor forming)

n-functor C—=>C" via the isomorphism of (n — 1)-categories
C’(Aa, S)—2~C(a, Lim S),
n-natural in both the object a of C' and the functor J 5.0 I write

.9 .1
projiy = lim™" 1iims
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(here a = Lim S) for the counit. If you are familiar with limits in n-categories, skip

to the example following.

In perhaps more familiar terms, the functors S are J-indexed systems in C' and

the k-transformations Aa%s in C7 are k-cones from a to S: m-natural families

of k-cells (a%Si)ie ; of C. The n-universal property of proj states that, for every

k-cone Aa%S in C, limp is the unique k-cell of C' such that, in C”,

Aa

(K]
Alimp | [k] S

proj®

ALimS

ie., in C,

Pi
(]
limp | [k] St

Lim .S

for every object ¢ of J. The limit object is often written

In the most familiar terms, at J = {0,1}, a J-complete n-category is one with
all binary products, and LimSg = Sy x S;. At n = 2 (say in Cat or in Top), the

2-universal property of the product can be illuminated by exploring how two 2-cells
F; Fox I

— ’
X?Y}, 1= 0,1, give rise to a 2-cell X/M:r;kHl Yy x Y7, writing Agx Ay for

Gi G0>.<G1
F0><F1
. . . . . /——~—~‘\ .
lim Ag. (Note: Fyx F} is quite different from Fy x Fy: X x X UHoxH: Yy X Y] — this
\_ ______ /’7
GoXGl

is why lim must differ from Lim notationally.)
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Example 3.7.4 (Lim as an n-Functor for Varied Indices).

Let J be the full subcategory of Cat of all J for which a given n-category C'

—n-Cat(J,C). Now, L is n-dimensional since each

is J-complete. Form Lo = [, -

n-Cat(J,C) is n-dimensional, but in the first coordinate of any k-cell we find only
identities when £ > 1. We can construe limits in C' as an n-functor EcﬂC, as
follows.

In L¢, the k-cells

mean that in 7,

are 1-cells, while in n-Cat,

o J
=T [k+114X TF

c~—L K
ZT [k+1[JY TG

C - L

with the composite (G,Y)(F, X) = (FG,Y - XG), as pictured.
We define Lim(J,S) = LimS and Lim(F,X) = lim(X - proj° F'), a k-cell from
Lim(J,S) to Lim(K,T) since X - proj° F, in n-Cat,

/ ’ i N\
4 LB A/L_-SS\\‘O
e
\\ [k+1)4X S

\

/
\



is a k-cone from Lim .S to 7.

This is n-functorial along 0-cells as

Lim 1k = Lim(1g, 17)
= lim(1 - proj’ 1x)
= lim proj”
= liimT

= lLimk,1)

and, for every object ¢ of J,

proj!’ Lim[(G, Y)(F, X)]

= proj’ Lim(FG,Y - XG)

= proj’ lim(Y - XG - proj° F'G)
= (Y- XG - proj° FQ)i

= YiXci projjg;

= Y; projg; [lim(X - proj” )]

= [(V" - proj” G)i][lim(X - proj F)]

= proj/[lim(Y - proj” G)][lim(X - proj® F)]

= proj! [Lim(G, Y)][Lim(F, X)]

(def. of 1(x1))

(def. of Lim)
(identity laws)
(def. of proj’)

(def. of Lim)

(compose in L¢)

(def. of Lim)

(n-U.P. of proj!)

(def. of - in n-Cat)

(n-U.P. of projg;, - in n-Cat)
(def. of - in n-Cat)

(def. of proj¥)

(def. of Lim)

so that by the n-universal property (n-U.P.) of proj’,

Lim[(G,Y)(F, X)] = [Lim(G, Y)][Lim(F, X)].
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It is n-functorial along k-cells, k > 0 as, for I-cells (F, X) and (F’, X’) to be compos-
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able along a k-cell, we must have F' = F’ by the form of Ls so that X and X’ are

composable along a k-cell in n-Cat and we find

Lim[(F, X") - (F, X)]

= Lim[(F, X" -, X)] (compose in L)
= lim((X - X) - proj® F) (def. of Lim)
= lim((X" - proj® F) - (X - proj° F)) (butterfly law)
= [lim(X" - proj® F)] -4 [lim(X - proj® F)] (lim is an (n — 1)-functor)
= [Lim(F, X")] -4 [Lim(F, X)] (def. of Lim)

by dimensional interchange and the (n — 1)-functoriality of of lim.
This explains (among other things) why pull-backs always map to direct products;

take J to be the free category generated by
0——r=<—-1

to get a pull-back, and consider the inclusion F' into J of K = {0, 1}, which gives a
direct product. Now Lim(F, 1r) is the usual map from pull-back Lim(.J, S) to product
Lim(K,T) where T restricts S.

3.8 Summary

Here, for reference, I gather the useful details emerging from the main construction.

Given n-functors and n-natural transformations

1"

U — W

A—"sn-Cat B—->n-Cat A"—Zsn-Cat
Fl 4P lz GJ/ 1Qo i=

I om- _’4> - _”4> -
A T Cat B'—>n Cat B'—>=n Cat

=] O O
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with F, G, A” and B” cells of n-Cat, we have all of the following;:
Proposition 3.8.1 (Universes). Both [, U and [PV lie in n-Cat.

Proposition 3.8.2 (Object Sets). Both| [, U| = [, I0|U = [, 4 |Ua| and| [Pv]=

JPNOW = [ V-

Proposition 3.8.3 (Hom (n — 1)-Categories). For all (a,u), (b,v) € | [, U],
3 Ull(a, ), (b,0)] = [T Uy (U, v)

and for all (a,u), (b,v) € | [P V],
V@), (0,0)] = [ Vol Vo).

Proposition 3.8.4 (Dualizations). Both

3

fA U — IZ* E*U* _ faGZ* Fa*

and

B —* *’” . 5k
[PV =[OV =g T
Proposition 3.8.5 (Arithmetic). In [, U, when defined,

(9,0)(f,p) = (9f, 4(Udom, ¢P)),

and in fB V', when defined,

(9,0(f,p) = (9f, (Ucod, 10)P)-

P
Proposition 3.8.6 (Actions of Integral Functors). The n-functor [,U L S U

acts on cells by

fF Ff Pcodofp)
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G
while the n-functor fB 1% ERC fB' V' acts on cells by

[/ Q9. 9) = (Gg, Qgomo 42)-

Proposition 3.8.7 (Cartesian Isomorphisms). The isomorphisms of n-categories,

[foca Ual X [fyeun Ub - f(a,b)eAxA” Ua x Uy

Q

and

AR JaDEBXB" sy,

s

are both given on cells by the formula

U((a7 u)v (bv U)) = ((a’ b)7 (u’ U))

3.9 Inflation and Truncation of Integrals

In this section I show that the integrals are compatible with the tower
0-Cat < 1-Cat < 2-Cat < ... <fdCat < co-Cat

so that the notation is not ambiguous in terms of the dimension, and the integral

thus extends to fdCat and oco-Cat.

Proposition 3.9.1 (Compatability with Truncation). For m-functors (not n-functors!)

Ul — v
A—">m-Cat and B—=>m-Cat, we have the equalities of n-categories:

s Ul = Joe g, Walw and Lf7 V], = [ (13,

Proof. For n = 0, this follows by definition, the O-truncation being the object set.
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Inducting, for the covariant case, note the object sets coincide and for objects

(a,u) and (b,v) so do the hom-sets, by induction

|/ UJn a0, 00 = || [ 0] (@ oo ””Jn_l

FeA(ab)
/ Up(Usu, v)

I
|

n—1
felA(ab)Jn—1
LUs(Uru, v) Jna

/fe [ A]n(a,b)

LUan(Uf% v)

_ { / ew”m Jn} [(a, u), (b,v)]

The identities remain the same, as does the composition. To see this latter fact, look
at the definition of the compositions, and note how each step is compatable with
truncation; this is an easy but highly notational exercise.

For the contravariant case, by the covariant case,

-G

n

_ / Vb*J
| JveB™ n

- [
be| B’ |n

- [
be|B|n
be|B|n

_ / Vil

*

*

QED

Corollary 3.9.2. For U and V oo-category-valued oco-functors, both fA U and fB V
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are oco-categories when interpretted as the limits of the towers

S faeLAJnLUaJ” S faeLAJn+1 WaJntr < -+

and
e < [ W < [ Vg <
(Since Caty, is the limit of the truncations.)

Proposition 3.9.3 (Compatability with Inflation). For m-functors, 0 < m < n

U —V
A—">m-Cat and B—=>m-Cat, we have the equalities of n-categories:

”A Ulnt1 = faemnﬂ [Ualntr and ffB Vg = fbe[B]nH [Velnt1-

Proof. At m = 0 in the covariant case, the object-sets coincide and for objects (a, u)

and (b,v), so do the hom-sets:
[[4 U@, u), (b.0)] = {(f.p)|a—b in A, U0 in Up}
is either just {(14,1,)} (when (a,u) = (b,v)) or () (otherwise), as is
{(f.p)la—"=b in [A], Up—"v in [Up]} = [[,c0 [Ua]ll(@. ), (b,0)]
The identities are unchanged, as is the composition — there are only identities to
compose. The contravariant case of m = 0 is similar.

The remainder of the proof is the same as that of the last proposition, changing

floors to ceilings and incrementing every dimensional subscript by one. QED

Corollary 3.9.4. For U and V' finite-dimensional co-category-valued co-functors of
finite-dimensional co-categories, the integrals [ 4 U and Ik By are finite dimensional

when interpretted as the colimits of the towers

oo < fCLELAJn LUaJn < a€|Alnt1 LUaJn—l-l < -
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and
g [P < Py <

(Since fdCat is the colimit of the inflation functors. Note by finite dimensionality

that these towers stabilize for some n at the colimit.)

3.10 Cell Structure of Integrals

The definition of the integrals given so far is an inductive one. While I tend to prefer
the inductive perspective of the definition of higher categories by enrichment, there
will always be those who prefer the cellular definition, in terms of n-graphs.

Here is the cellular structure for the integrals, if only to convince you you don’t
really want to know. (The following is occasionally useful, but better avoided where

possible.)

Theorem 3.10.1 (Cell Criterion). For an n-functor A£>n—Cat, we have
(f.p) € |[[a U] [(as, ws), (bs, vi) )iz
exactly when
€ |Alai, b)i=g| and p € [Upy (24, 4:)i=)

where ap = by = f, woc = Usug and
(

Vig1 5 WiC 1 even
W;41C = (221,2,...,16—1)

W;C -5 Ui4-1 1 odd
\

and
(
(wiait1,v;) i even

(i, 4:) = (i=0,1,....k—1)
(us, wibi11) 1 odd

.
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Likewise, for an n-functor B——sn-Cat, we have

p) e |[J7V] bt et

exactly when

f € |B(a,b)i=| and p € |V (2, yi)i=y

i) 71

where aj, = b}, = f, wjc = Vv, and
(
/ /
we UL Noeven
/ _ ) —
Wy, €= (i=1,2,....k—1)

/ / /
| Une1 W odd

and
§
(un,wpbr, ) n even
(T, yn) = (i=0,1,... k—1)
k(w al.,v)  noodd

n“'n+1» Up,

Proof. We induct, the base case being vaccuous at k = k' =0 or easy at k = k' =
if you're suspicious of starting at zero.

Inductively (k > 0), the following conditions are equivalent: that

(f.p) € ’ {/A U] (@, u;), (bz’,Ui)]f;ol
gEA(ao,bo) k2
= / Upy (Ugtio, vo) | [(@ig1s Wit1), (bis1, Vir1)];—g
and, under the substitutions

B = A(a07 bO)a V= <Ubo(Ugu07 U0)>g637 Cl; = Aj+1, b; = bi+l7

!/ /
w; = U1 and v; = v;qq
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which yield

wye = V),
= [Ubo (U6u07 UO]UI
=1 -9 Ucuy
= V1 0 WpC

= wiC

so that, inductively

AN _ o .
W;C ;Wi = Wip1C *i41 Ujp2 = Wig2C T €Vel

I
Wiy =
/ / ! .
Vipq 5 WiC = Vigo “jp1 Wip1C = WipoC 4 odd
and thus
I _ . .
; (uivwi z‘+1) - (ui+1>wi+1bi+2> = ($i+1,yi+1) 1 even
(z},y1) =
! ! ! .
(wiai+17 V) = (Wit1@it2, Viy1) = (Tiv1, Yiyr) @ odd
that both

fe \A(ai,bi)f:_ol
= |A(ao, bo)(@is1, bis1)i=g

= [B(aj, b))

(2
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and

P € |Usy(@is ¥i)imok — 1
= ‘Ubo (Ual U, Uo)($i+1, yz‘+1)§:02

= [Vig (a1, ¥)i5

proving the covariant case.

The contravariant case follows the covariant under the substitutions
A=B,Uu=0V"
a; = b, b; = a,,
w; = v}, and v; = u}:

that

<f,p>eH/Bv] ), (o)

- / TV (o), (b, o)
B

L
J

] (¥ ), ()1 5"

B”
U:| i, U'z (bmvz)]f:_ol

is logically equivalent to the conjunction of

f € |B(a;, b))

i) 71

= [B" (¥}, a})iy"

7 ZZ

= |A(ai, b;)f
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with

p € |V ()b
= Vo ()i

= U, (i, )24

because we have

and, as such, inductively

Vig1 5 WiC = Wic Ul = Wi, c 1 even
Wit1C =

/ / / / .
WiC 5 Uip1 = Vi 5 Wic = wi ¢ 1 odd
so that

: ) (Witip1,v:) = (Wibi, 1, w;) = (y;,2;) @ even
Ti,Yi) =
(ug, wibiyr) = (v, wiai, ) = (y;, ;) 4 odd

QED

3.11 Domains of Integration

There are many full sub-(n+ 1)-categories C of n-Cat to which the integrals restrict in

the sense that if A—"2~C is an n-functor with A € IC| then [, U € |C| and if B—2-C
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is an n-functor with B € |C| then fB V € |C|. Let’s call such sub-(n + 1)-categories
domains of integration.

Examples of domains of integration include Mon, the category of monoids, Ord,
the category of (pre)orders, and according to the following, also the categories Grpd

of groupoids, Grp of groups and EqR of equivalence relations.

Lemma 3.11.1 (Isomorphism Criterion). Let A and B lie in n-Cat and let A—"Sn Cat
and B—2n-Cat be n-functors.

If the 1-cell (f,p) of [, U is an isomorphism, then

(fip) ' =10,

and conversely, if both f and p are isomorphisms, then (f,p) is an isomorphism.

Again, if the 1-cell (g,q) of fB V' is an isomorphism, then

(907 ="V,

and conversely, if both g and q are isomorphisms, then (g,q) is an isomorphism.

Writing YC' for the groupoid of isomorphisms in a category C, we have both
Y[, U= [ yy YU, and Y [PV = [*TF 1V,

Proof. Let (a,u) Uv) (b,v) ) (a,u) in [, U, and suppose (g,q) = (f,p)~".

Thus both

(9f,aUqp)) = (9:0)(f,P) = Liaw) = (1a; 1)
and

(f9.p(Urq)) = (f:p)(9,0) = Lpw) = (1b, L0).

From the first coordinates, we see that g = f~!. From the second coordinates, we see

that
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1, = q(Uyp) = q(Us-1p) = q¢(U; 'p)

and that 1, = p(Uyq); applying Us-1 = Uf_1 to this,

Uy 1, = 1U;1v (functoriality)
— U plUy)] (rhs)
= [Uf_lp} [Uf_lUfQ] (functoriality)
= (U;'p)q (cancellation)

so that ¢ = (Uf_lp)’1 = Uf_lpfl.
(f,p)

Conversely, should both f and p be invertible, with (a, u) (b,v)in [, U as
Uf71p*1

-1
above, note from Ufu—pyu in U, that vp—>Ufu lies in U, so that Uflv U;lUfu =u

(FrU e

lies in U, and hence (b, v) (a,u) liesin [, U. It is left only to compute

the composites

(U () = (FH (U7 ) (Us-1p)) (def. of composition)
= (1g, (Uf_lp_l)(Uf_lp)) (cancellation, U is a functor)
= (1g, Uf_l(p_lp)) (Uf_1 is a functor)
= (1g, Uf_llUfu) (cancellation; p vetted above)
= (1a, 1U;1Ufu) (Uf_1 is a functor)
= (1q4, 1) (cancellation)

= 1(a7u) (def of 1(a’u))



76

and

(fo) (LU ™) = (U U ) (def. of composition)
= (1,,pp™ ") (cancellation)
= (1, 1,) (more cancellation)
= 1(p) (def. of 1(44))
It is now immediate that Y [, U = [ ., TU,.
As for the contravariant case, observe that TCW = TC  for all categories C.

Therefore,

*

B —%

T / Vot / 7
beB"

-7 / Vv,
beB”

so that (g,q) is invertible if and only if both g and ¢ are invertible and the formula

for (g,q)~! is immediate. QED

Writing Cate for the full sub-(n + 2)-category of (n + 1)-Cat = (n-Cat)-Cat of
all (n + 1)-categories whose hom n-categories lie in C, we also see that whenever C is
a domain of integration, so are Catc, Catcat,, CatCatCatC, and so on. So, for example,
the 3-category Cato,q of ordered categories is a domain of integration. (After all,

Ord < Cat is already a 2-category and enrichment adds a dimension.)
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Finally, let C and D be domains of integration. Let £ be the full sub-(n + 1)-
category of C consisting of all C' € |C| whose truncations to dimension k lie in D:
|Cx € |D|. By the compatability of the integral with truncation, we see £ is also
a domain of integration. So, for example, the categories of ordered groupoids, of n-
categories with only one object and of 5-categories in which every 3-cell is invertible,
are all domains of integration.

In short, domains of integration abound.
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Chapter 4

Higher Functoriality

What we have accomplished in the main construction is to state the action of the co-
and contravariant integration (n + 1)-functors on 0- and 1-cells. Now we turn our

attention to their action on k-cells.

4.1 The Higher Functoriality of the Covariant
Integral

Let Int, = fAen'Cat(n + 1)-Cat'(A, n-Cat) be the category of “integrands;” this will
be the domain for an (n + 1)-functor Intngn-Cat with [5(A,U) = [, U for O-cells
(A,U) € |Int, |, which is to say, pairs of an n-category A € |n-Cat| and an n-functor
Ug € |(n+ 1)-Cat'(A,n-Cat)|. (Since A is n-dimensional, any (n + 1)-functor from
A is actually an n-functor. As in the main construction, the presence of n + 1 in the
definition of Int,, is only necessary at n = 0.)

We have already defined [ on 0O-cells. For (A,U),(B,V) € Int,, define [5 on

hom-n-categories by taking
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Int,[(A,U), (B, V)]

[ (n + 1) -Cat/ (A, n-Cat)][(A, U), (B, V)]

Jren-caram(n +1)-Cat'(A,n-Cat)[U, VF]
Uola,uy.e.v)

n-Cat(f, U, [5V)

as the curry of the n-functor

Uren copm(+1)-Cat' (A, n-Cat)[U, VF]] x [, Ud]

Jirayen-caramwal(n +1)-Cat'(A,n-Cat)[U, VF] x U,]
J= fb:Fa EF,(L
Joe Vi
where Fp,(Pa,u) = Pyu for all (P,u) € |(n+ 1)-Cat'(A,n-Cat)[U, VF] x U,|.

Verifying the n-naturality of EFr, means checking that, in n-Cat’,

(n +1)-Cat'(A,n-Cat)[U, VF] x U, Ere Vi
(n+1) -Cat!(A,n-Cat)[U,V X]x Uy i (K] (] lvx ;
(Tl + 1) —Cat’(A, n —Cat)[U, VG} x Uy Fon Ve

for every k-cell (F, a)%((l, b) of n-Cat(A, B) x A, which is to say, every pair

of a (k+ 1)-cell A5 B of n-Cat and a k-cell a—L=b of A.
(k+1] [k]

Using the n-naturality of P at f and the definition of X, in n-Cat and in B

respectively:

UaiVFa Fa

Xy
Ufl[k] [k]lVFf Ffl[k][x
b

UbTb>VFb FbTGb
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calculate
Vx,Epa(P,u) = Vx, Pu (def. of Er,)
= Vi, () Patt (def. of Xy)
= Vx,VrsPou (V' is an n-functor)
=V, PUu (n-naturality of P at f)
= (VX - P)b)Usu (def. of - in n-Cat)
= Eqo(VX - P,Usu) (def. of Egy)

which is Eg p[(n+1)-Cat'(A, n-Cat)[U, V X|xU;](P, u) by the actions of (n+1) -Cat(dJ, )
and Uy. Thus |5 is a (n+ 1)-Cat’-graph morphism.
Chasing cells (F, P) of Int,[(A,U),(B,V)] and (f,p) of [, U we find that

e PI(f.p) = Jol(F, P), (f.p)] = JUF. f),(P.p)] = (F'f, Peods 1P);

as before.
It remains only to check that fD respects identities of 0-cells and composition

along 0-cells. Accordingly, let

(F,Po) (G.Qn)
T AL T —
<A7 U) (k4 Mg (B, V) (kLo (07 W)
S o e
(F',P}) (G".Qp)

be cells in Int,,, noting that
(G, Q)(F, P) = (GF,QF - P)
and
(L,Y)(M,X)=(LM,YF'-X).

For any arbitrary cell (f,p) of [, U we find that
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Ly, Wi(f,p) = (af, (Lwb)p) = (f, 1u,p) = (f,p) = 11, u(f,p)

and

P = Ff, Peod, i t | P

o] |[r| =] @) s P ction of [ P)

= (GF ¥, Quod 1 Peoi 19) (action of [ Q)

G

= (GFf,Qrcodo fPeods £1) (cody F'f = F cody f)

= (GFf,((QF - P)cody f)p) (def. of - in n-Cat)

= [ QF - P} (f,p) (action of QF - P)

GF GF

so that fD preserves composition along 0-cells when applied to 1-cells. When fD is
applied to k-cells, k > 1, it produces a k-cell of n-Cat which is completely determined

by its action on O-cells (a,u) of [, U. In this case we calculate

][] x| =] [ v] o x (action of [ )

= (L, YraXau) (action of / Y)
L

= ((LM)a,[(YF'- X)a]u) (def. of eval,- in n-Cat)

:{/LMYF/.X} (a,u) (actionof/LMYF/'X)

Therefore, the covariant n-dimensional integral is an (n + 1)-functor of Int,,.
Details 4.1.1 (2-Naturality of Integral Transformations).

At this stage, the primary reason to exhibit the 2-naturality of an integral trans-
formation is to help the reader follow these recursive definitions by unrolling them a

bit. A secondary reason is to showcase the efficiency of the integral: the n-naturality
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we check here is guaranteed by the construction, and would be nontrivial to check
directly.

Let’s check the 2-naturality of the transformation in 2-Cat,

Jr P
T~
U X sV
Ja@
arising from the 2-cell of Inty,
(valj)
— T
(A,Un) (Mo, Xo) (B, Vo)
\_/
(GvQD)
which means that, in 2-Cat’,
A——=2.Cat A——2.Cat
Gl<M|F P = X=> G 1Q =
B % 2-Cat B % 2-Cat

since n =2 > 0.
Now, for (a,u) € | [, U, [[;; X](a,u) = (M, X,u) so the 2-naturality we must

check, for every 2-cell of [, U,

is that in [, V,

([ Pl(g,9)

[/ QI(f:p)

PR ——

— U



83

which after integration amounts, in f gV, to

(Ffvpbp)
T T
(Fa, Pau) Y(F'm,Ppx) (Fb, Pb’U)
\\-_______—-/
(Fg,Pyq)
(Ma,Xau) (Mp,Xpv)
(vapr)
T T s
(Ga,Quu)  WGm@x)  (Gb, Q)
—TGQ:Q;‘;)

which in turn amounts, after composition, to the equality of
(Mp, Xpv)(Fm, Pox) = (My(Fm), (Xpv)(Vag, Po))
with
(Gm, Qur)(Ma, Xau) = ((Gm)Ma, (Qur)(VarXau)).

The equality of the first coordinates is just the 2-naturality of M at m, that in B,

Fy

/\
Fa LFm Fb
\_/

Fg
M, My,

while the equality of the second coordinates uses the 2-naturality of M at m again,

the naturality of of the 2-transformation X at f, that in 2-Cat,

Vg Pa
T
U a I Xa VGa
\_/’



84

and the 2-naturality of the transformation X, (in the last diagram) at the 2-cell x of

Xbl

Ufui>v

| |

Uy —v
q

to justify what we have already proved abstractly, that, in Vg,

VMbe"U
VMb PbUfu WV Pox VMbev
- W\ /@,
VMbVFfPaU VMbeUgU
VGfVMa Pau Xpv
XpUjpu | =VgrXau
VGanu va
— % =
QbUfu 1Qpz Qv
m %’
QbUgu

Whew! But remember, we don’t have to check these details every time — they are

among those guaranteed by construction. For future reference, note as above:

Proposition 4.1.2 (2-Cells of Int,). The 2-cells of Int,
(F?PD)
—TT T
(A,Un)  Woxo) (B, Vo)
\_/
(GzQD)

mean exactly that, in n-Cat’,
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A n-Cat A n-Cat
GleM|F P = X=> G 1Q =
B n-Cat B n-Cat

|4

4.2 The Higher Functoriality of the
Contravariant Integral

Let cInt,, = [fBen'Cat*[(n + 1)-Cat'(B,n-Cat)]*]* be the category of “cointegrands;”
this will be the domain of the contravariant n-dimensional integral (n + 1)-functor

fD, which will be the composition, in (n + 1)-Cat’,

hnt, — [fBen—Cat*[(n 4+ 1)-Cat'(B, n-Cat)]*
[[A=B" [(n+1) Cat' (B” OO0
It — U«Aen—Cat(n +1)-Cat’(A, n-Cat)]*
ol
n-Cat”
o

n-Cat
Vetting this definition is an exercise in dualities. I shall need two temporary
notations to do it. For the n-category obtained by reversing only the 2-cells of an
n-category C, I shall write 5, and for the n-category obtained by reversing all k-
cells of C', k > 3, I shall write C*. The integrand defining cInt,, makes sense as the

composition, in (n + 1)-Cat’ of

—— O ——fnt+1)-Cat'@On-Ca)]* O+
n-Cat = n-Catr——n-Cat n-Cat*——n-Cat;

the first step is the ﬁk—image of the (n + 1)-functor mln—Cat, so the whole

process is B — B — (n + 1)-Cat'(B,n-Cat) — [(n + 1)-Cat'(B,n-Cat)]*. The
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substitution A = B indeed runs from n-Cat* to n-Cat and the integrand

Jp=[(n+1)-Cat'(B", 005 .

makes sense in n-Cat, as

[(n+1)-Cat'(B,n-Cat)]* = Cat)r ,(B,n-Cat)
JB\L J{D*E,R—Cat
(n+1)-Cat'(B 7n_cat?n+1)-€at’(§*,ﬁ*gn +1)-Cat'(B ,n-Cat")

using the (n+1)-functor n-Cat*—=>n-Cat. Chasing a cell Y of (n+1)-Cat'(B, n-Cat)
we obtain the formula JgY =0 Y*.

This definition will make sense if Jg is m-natural in B, and then, chasing an
arbitrary cell (B, V) of cInt,, we find fB V = W* as before.

To see that Jp is n-natural in B, we must show that for any k-cell of (n+1)-Cat’,

BWC’)

that, in n-Cat’,
[(n + 1)-Cat'(C, n-Cat)]* =<~ (n + 1)-Cat'(C", n-Cat)
[(n+1)-Cat’ (F,n-Cat)]* l J/ (n+1)-Cat' (F* ,n-Cat)

[(n + 1) Cat'(B,n-Cat)]* —— (n+1)-Cat'(B", n-Cat)

so let X be any cell of (n + 1)-Cat’(C,n-Cat) and compute

[(n+1)-Cat'(F ", n-Cat)]JoX = [(n+ 1)-Cat'(F, n-Cat)][0 X*| (action of J¢)
=OXF (action of (n + 1)-Cat'(O,0))
=0 (XF)" (0" is an (n + 1)-functor)
= Jp(XF) (action of Jp)

= Jp[(n+1)-Cat'(F,n-Cat)]*X  (action of (n + 1)-Cat'(d0,0))
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Example 4.2.1 (B-Grph is 2-Functorial in B.).

For a natural transformation

S
N
X
\\_ 7
T

B C

we can define a natural transformation

Grg
T
Grg IGrx Gre
\_________/

by using the fact that B-Grph = fveset Cat'(V x V, B) in concert with the higher

functoriality of the contravariant integral. Indeed, we take
S -Grph = fvzv Cat'(V x V,9)
and
X -Grph = ["=Y Cat'(V x V, X)

by the classical result that these integrands are n-natural. This forshadows (add
reference).

The resulting structure, for a morphism I'—2>A in B-Grph, is that |S-Grph | =
II'|, (S-GrphT')(a,b) = S(T'(a,b)), (S-Grph @), = SPqp, |S-Grph ®| = |®|, | X -GrphT'| =
Ijr| and

(X -Grph F)a,b:XI‘(a,b)

(S-GrphT')(a,b) (T'-GrphT')(a,b) in C for a,b € |T'|.

- Grph . . - :
The 2-functoriality of Cat'——> Cat’ is an artifact of the 2-functoriality of inte-

gration, for if F' and G are k-cells (k = 1,2) of Cat’ which are composable along an



[-cell, then

V=V
(G 1 F)-Grph = / Cat'(VxV,G+ F)

v=v
= / Cat'(V x V,G) - Cat'(V x V, F)

v=v V=V
= [/ Cat'(V x V, G)} " [/ Cat'(V x V, F)

= G -Grph - F -Grph
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(def. of -Grph
(Cat'(V x V,0) is a 2-functor
(def. of - in cInt,

(def. of -Grph

The number of details to check making such a definition without the aid of the

higher functoriality of the integral is a good demonstration of the efficiency it affords.

4.3 An Isomorphism of Interest

Proposition 4.3.1 (There is only one integral). Recall the (n+1)-functor in the first

step of the definition of the contravariant integral:

chnt, = [P [(n + 1)-Cat'(B, n-Cat)]"]*
MJ/ [A=B" [(n+1)-Cat'(B*,0)|0%
Int: = [ [ (n +1)-Cat'(A, n-Cat)]*
Now, w is an isomorphism clnt,, = Int’ of (n + 1)-categories, and

O

clnt,, n-Cat

wlz zl[[l*]*
|nt:; ————n-Cat*

ol

(Here [O']* is the O*-image of the duality T .)

]*
B,n -Cat

Proof. Both coordinates of the integral defining w are isomorphisms, so by the func-

toriality of the contravariant integral and the isomorphism criterion, w is invertible.
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Moreover, the duality O is invertible, whence its [J*-image must be invertible. The

final square in the proposition simply rephrases the earlier definition of [ Jin terms

of |- QED

Remark: On cells (A,U) of Int,, (W )*(A,U) = (A",0°U*), reflecting the om-

* reverse all cells

nipresence of this pattern throughout this work. That w and (w™)
above dimension 1 is perfect, since we always apply O to the resulting integral, flip-
ping exactly those cells back in the right direction. This justifies obtaining cells of

clnt,, or Int, in this way.
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Chapter 5

Embeddings and Projections

The material in this section is not used much in the sequel, but deserves an early
exhibition for several reasons: it is helpful in picturing the general structure of integral
categories, it connects with the historical interest in fibration, and it differentiates

integration and fibration in dimensions beyond the second.

5.1 Embeddings

Proposition 5.1.1 (Embedding Criterion). For

(A, Un)— L (B, vA) in Int,,
and
(C, W) — 22 (D, X0) in cint,

the n-functor fFP 18 an embedding if both F' and every P, are embeddings, while

similarly the n-functor [ “ Q is an embedding if both G and every Q. are embeddings.
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Proof. At n =0, let (a,u),(b,v) € [,U. If [[ P)(a,u) = [[, P](b,v), that is, if
(Fa, P,u) = (Fb, By), then Fa = Fb, whence a = b and P,u = P,v = P,v, whence
u = v. The same proof applies to fG Q.

For n > 0 we induct. In the covariant case, | f » P| is injective by the 0-dimensional

case, and the hom-(n — 1)-functors

1[4 Ull(a,u), (b, v)] Je Plton. 0 [, VII(Fa, Pyu), (Fb, Pyv)]

:i i:

J7AD Uy U, ) [P i Vg P, P

fg:Fa’bf[Pb}Ufu,v
are all embeddings by induction, since every Fy; and every [P]y,y,, are embeddings.
In the contravariant case, G and every @* = (E*Q*)c are embeddings, so f “ Q=

fé* E*Q** is an embedding. QED

Proposition 5.1.2 (Direct products are integrals of constants). For n-categories A

and B,
AxB=[_,B=[""B.

Proof. At n =0,
JoeaB=[""B={(a.b)lac Abe By =Ax B.
For n > 0, in the covariant case, we have

A X Bl = Al % |B| = [, 1Bl = [, Bl

so the object sets coincide.

Note that the integrand (B),c4 satisfies

<B>aEAf =1p

for every k-cell f of A with k& > 0.
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For objects (a,b) and (¢, d), the induction hypothesis yields that the hom-(n — 1)-

categories
[A x Bl[(a,b), (¢,d)] = A(a,c) x B(b,d) (def. of A x B)
feA(a c)
= / (induction)
feA(a,c)
/ B(1pb,d) (identity law)
[ B} (c,d)] (def. of homs)

are equal. Now, every identity 1(,p) = (1a, 1) also agrees, so we are only left to check

the composition along 0-cells. Accordingly, let

(0:0)— (e V) ) i f e B,

and calculate that, in [ _, B

(f,7g/)(f7 g) = (f/fa g,<1Bg)) = (f,fa g/g)

as it isin A x B.

In the contravariant case, we have simply

AxB=AxB =[_+B =[“"B.
QED

Remark: We recover the familiar fact that the direct product group (or monoid)

is the semidirect product with trivial action.

Proposition 5.1.3 (Canonical Embeddings). For (A,Un) € |Int, | and any object a

of A, we have the canonical embedding

Us

JaU
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given on cells u of U, by emb, u = (a,u), where here a denotes the identity of the
same dimension as w. Similarly, for (B, Vo) € | clnt, | and any object b of B, we have

the canonical embedding

embb

Vo

/v,

given on cells v of V, by emb,v = (b, v), where here b denotes the identity of the right

dimension.

Proof. Abbreviate 1, _ca to simply 1, and for objects z in an n-category X, let §x
be the name 1——n-Cat of z, given on the unique object O € 1 by [§z]0 = z. (In
other words, let § be the canonical isomorphism from X to X!.)

Now, emb, is the composition

f§a 1§Ua

Ui—>1xU—[, ., Us [,U,

where =& is the canonical isomorphism, the equality comes from the last proposition,

and the third embedding comes, by the embedding criterion, from the transformation

Ua
ILL>TL -Cat

§al o, l

AT>n—Cat
reflecting that U(§a) = §U,, since every n-functor from 1 is an embedding.

Likewise, emby, is the composition

I 15y,

% ~ I]_X% = fl‘e]l‘/b fBV7

where the third embedding comes, by the embedding criterion, from the transforma-

tion
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which reflects that V§b = §V,. QED

Remark: The images of these canonical embeddings are called the fibers of the

integral, and the cells contained in these fibers are called flat cells.

5.2 Projections

Proposition 5.2.1 (Canonical Projections). For (A,Un) € |Int,| and (B,Vn) €
|cInt,, |, we have canonical projection n-functors

projp, v

A and fBV4>B,

Proja,u

JaU
given in both cases on cells (f,p) by proj(f,p) = f.

Proof. In the case n = 0 there is nothing to check.
For n > 0, in the covariant case, it is clear that proj, ;; preserves identities at 0-cells
and composition along 0O-cells. It remains only to see that it has hom-(n — 1)-functors.

Let (a,u) and (b,v) be objects of [, U. Now the hom-(n — 1)-functor mapping
JaUllta,w), (b, 0)) = 740 Oy(Ugu,0)
to A(proja p(a,u), proj4 (b, v)) = A(a,b) is just
[Projaul(au,b.e) = prOjA(a,b),(Ub(Ufu,v)>f€A<a»b)7

according to its required action on cells, and it is an (n — 1)-functor by induction.

In the contravariant case, we have

*

ProJp,y = PrOJB" (), v -

forced on us by the required action of projgy, on cells. QED

Proposition 5.2.2 (Naturality of the Projections). In (n + 1)-Cat’,
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Jn Jo
T T
Int,, {projp n-Cat and clnt,, Uprojry n-Cat.
\_/ \_/
proj proj°°

Proof. The bottom (n + 1)-functors vet by the definitions of Int,, and clnt,, (4.1 and
4.2). The (n+ 1)-naturality of the covariant projector proj in dimension n just means,

for every k-cell of Int,,

(F,P)
(40— (B V),
that in n-Cat,
Proj4.u
JaU ’
fppi[k} [HLF

which is obvious: chasing a j-cell (f,p) of [, U we have

PrOjB,v[fF P](f,p) = PrOjB,v(Ffa Peod, fp) =Ff= FPrOjB,V(f7 p).

The (n + 1)-naturality of the contravariant projector proj in dimension n just

means, for every k-cell of clnt,,

(F.P)
(A0) "0 (B V),
that in n-Cat,
fA U PFOJA,U A

fFPi[k] [k]lF
[PV ————B
projp v

which is equally obvious. QED
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5.3 Canonical Lifts

Certain cells play a large role in the definition of a fibration or 2-fibration. They are
usually called cartesian cells, but I will call them canonical lifts. First, let’s define

them.
Proposition 5.3.1 (Canonical lifts exist). Let
(A,Un) € |Int, | and (B, Vo) € |cInt, |.

Assume k > 1. For any k-cell of A, a%b and any u € |U,|, there is a k-cell f =
lift[f, (a,u), (A, U)] of [, U with domg f = (a,u), given by f = (f, lyu). Likewise, for
any k-cell of B, awb and any v € |Uy|, there is a k-cell g = lift'[g, (b,v), (B, V)]
off V' with cody § = (b,v), given by § = (g, 1v,.).

Proof. At k =1, in the covariant case, the arrow U qu)U su of U, shows that, in
.U, (b Usu). In particular, domg f= (a,u). In the contravariant case,
the arrow V;,v*gﬂ/gv of U, shows that, in fB Vv, (a, Vv) (b,v). In particular,
cody g = (b,v).

For k > 1, induct on k + n.

In the covariant case, consider the (k — 1)-cell, by induction
cod f = lift[cod f, (a, u), (A, U)] = (cod f, 1, 1u),

with domg c/oa/f = (a,u) and write (b, v) = cody c/o_a/f. Now induct in the hom-(n—1)-

category

[, Ull(a,u), (b,0)] = [*4“ Uy(Upu, v)
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to find

lift'[£, (cod £, Ly ju), (A(a, b), (Up(Upu, v)) <40
= (/s Lt Upum) iy o)
= (fa 11Ucodfu(Ufu))

= (f, 1vu)

=f

with domg f = (a,u) since f lies in the hom-(n — 1)-category L[, Ull(a,u), (b,v)].

For the contravariant case,

g = liftlg, (b,v), (B",O°V*)] = (9, 15;%,) = (9, 1v,)

has domy § = (b,v) in [ O V* = fB V , and hence cody g = (b,v) in fB V. QED

Proposition 5.3.2 (Canonical factorizations). Let (A,Un) € |Int, | forn < 2. Then
every k-cell of of fA U, k > 1, has a canonical factorization as a composition of a

canonical lift with a flat cell (one in the image of one of the canonical embeddings).

Proof. 1 prove this for the case k = n = 2, since this proof contains the details of the

cases (k,n) € ((1,1),(1,2),(2,2)). The 2-cell of [, U,

(f:p)
T
(a,u) Wmaz) (b,v),
\_‘—___/

(9,9)

factors, using the canonical lifts 1, g and m of f,g and m at (a,u), as

(a, u) (b, Usu) — P (b, v)

:J/ Im (b,Umu)l I(b,z) l:
(a,u) ———— (b, Uyu) (b.v)

(b,q)
QED
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Remarks: The uniqueness of such factorizations is the universal property used in
the less constructive definition of fibrations through lifting properties.

We see also, that in dimensions n < 2, every integral n-category is generated by
its canonical lifts and its flat cells. In fact, by composing such diagrams one can easily
discover relations sufficient to present these 2-categories in terms of these generators.

On the other hand, this situation fails miserably for n = 3 and beyond. In detail,
for (A,Up) € |Ints], at a 3-cell of [, U,

(f.p) (f:p)

""" T
(a,u) W¥ma) (b,v) x> (a,u) Wy  (bv),

(9.9) (9,9)

the flat cell for y (rotating the picture by 7 /2 for typographic reasons) makes sense

as

(bv U) —_— (b7 U)

(b,p)

(b,9)

(bx)=>

(bv U) —_— <b> U)

(b,p)

(b> Ufu)

(by)=

(valu)

(b,9)

(b, Ugu)

and as such is not even composable with the canonical lift of p at (a,u), which makes

sense, in terms of the canonical lifts of m,l,f and g at (a,u), as

(b’ Ufu)

~m

(b7U7nu)

(b, Ugu)

(a,u) ————— (a, u)

(b7 Ufu)

b,Umu)
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rendering a factorization of (u, x) through fi impossible.

5.4 Integral n-Functors and k-transformations

Definition 5.4.1. For (A,U),(B,V) € |Int, |, to say a k-cell (either an n-functor

or a (k + 1)-transformation) [, U%fB V' is integral over a k-cell A[—irB is to

assert that, in n-Cat,

[0tV

projl lpmj
[]

ATB

commutes. Likewise, for (A,U),(B,V) € |clnt, |, to say a k-cell fAU [ZE fBV is

integral over a k-cell ATIZ})B is to assert that, in n-Cat,

A [} B
J°uU e %
projl ipmj
A—M . p
'

commautes.

Example 5.4.2 (Integrals are integral).

(F.P)

If (A, U)—

(B,V) in Int, [cInt,, respecively] then [, P [fF P, respectively]

is integral over F' (5.2.2). We are about to see that these are the only n-functors and
k-transformations which are integral.

It will follow that Int, is isomorphic to the (n+ 1)-category of covariant integral n-
categories, integral n-functors and integral k-transformations, and similarly for cInt,,.
The situation is generalizes the short exact sequences characterizing the semidirect

product of groups.
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Theorem 5.4.3 (Integral n-functors are integrals). Let
(4,Un), (B, Vo) € [Int, |

and let the n-functor fA Ui>fB V' be integral over A-L-B. Define

(F7PD)

(A, U) (B,V)

in Int,, for all a € |A| by the universal property of embeddings; in n-Cat,

U, emb, fA U proj A

) b

VFa fB V proj B

embp,

Then ® = [ P.
Likewise, let (A,Un), (B, Vo) € |clnt, | and let the n-functor fA ULIBV be
integral over A-E-B. Define

(F7PD)

(A,U) (B,V)

in cInt,, for all a € |A| by the universal property of embeddings; in n-Cat,

U, emb, fA U proj A
B
VFa embp, f 4 proj B

Then ® = [T P.

Proof. In both cases, the image of ® emb, is ¢ proj;}U<a> which lies in proj];}V<Fa>,
since ® is integral over F', which is the image of embp,. Thus, in both cases, n-
functors P, are defined by the universal property of embeddings, since ® maps the
image of emb, into the image of embg,.

At n =0, P is vacuously O-natural and for (a,u) € [, U,
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®(a,u) = (Fa, P,u) = [ [, P]

the first coordinate since ® is integral over F' and the second because u € U, and P,
is the restriction of ® to the image of U,.

Now let n > 0 and examine the covariant case. On 0O-cells we have |®| =
f‘F‘ IO|P = | [, P| by the O-dimensional case. Let (a,u),(b,v) € | [, U]. Now, by
the definition of the projections, ® 4 ) b,v) is integral over Fyroj(a,u) proj(b,v) = Fap 50 by

induction we may form

emb

Ub(Ufuv ’U) ffEA(mb) Ub(UfU, ’U) ke A(CL, b)
Qs i‘l’<a,u>,<b,v> lFa,b

Vieo(Viy Pau, Pyv) ngB(FmFb) Vo (Vg Pau, Pyv) B(Fa, Fb)

embp proj

where the middle column contains the hom-(n — 1)-categories
[, U] , (b,v)] and [ [, V][(Fa, Pyu), (Fb, Pyv)).

Now, emb; = [emby]i;4,, and embpy = [embgry]v,.; p,u P, are restrictions, so Qy =

[P]u;u,v s a restriction. By induction we have

=F, —F,
Do) = 7 Qr = [T By,

making & = || » P by definition, if only we can show that P is n-natural; even with-

out the naturality of P we have the formula ®(f,p) = (Ff, P,p) on cells (f,p) of

fA , (b, ).

To see that, in n-Cat’,

AL Cat

Fl I l

B —V>n-Cat

we must show, for every (k + 1)-cell, k > 1 of A,
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that, in n-Cat,

Ua i) VFa
Usoi[k] [k}le
Up e Vep
the case for 1-cells f of A being handled by the 2-cell 1.
Accordingly, let u%v in U, be an arbitrary cell, and let m = max(j, k). It will

suffice to check both that P,Usp = Vg P,p and that BU,v = Vp,P,v, since by the

definition of evaluation, we have both that, in U,

Ufu

Upp

Usp | 1] ]
Usv [k]U Ugv
@
and that, in Vg,
VFfPau
VP |l ]VF“’P"”
Vi P (%]
FflgU VFgPaU

F@Pav



so that then we will have

BUgp = By[(Upv)(Uyp)]
= [PbU(pU] [PbUfp]
= [Vrp Pav][Vry Pup) (we will show)

- VFgo Pap

for every p so that B,U, = Vg, F,, which is the n-naturality of P we seek.

To see that P,Usp = Vs P,p consider the cells of f 2 U,

a (fvl 11)
(a,0) — 37 (a,0) ——

(b,v) .
(The 1-cell is the canonical lift of f at (a,v).) Now,
(f7 Ufp) = (f7 1va(Ufp)) = (f7 ]—va)(aap)v

so that in [, V,

(Ff, BUgp) = (f, Usp) (action of ®)
= [®(f, 1y,0)][®(a, p)] (® is an n-functor; factor (f, Up))
= (F'f, Bluw)(Fa, Pop) (action of ®)
= (Ff, 1prfv(VFfPap)) (def. of composition)
= (Ff,VrsPup) (identity law)

The desired equality is obtained by extracting the second coordinates.

103

To see that P,U,v = Vi, P,v, consider the (n—1)-natural () coming from the hom-

(glegu)

(n — 1)-category of [, U containing the 1-cell (a,u)

naturality of @ at ¢ gives us that, in (n — 1)-Cat,

(b,Uyu). The (n — 1)-
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Qg

Ub(Ugu, Ugu)
Ub(U¢u,Ugu)\L[k] [k}lVFb(VF¢Pau7PbUgu)

Ub(UfU, Ugu) Vpb(VFfPau, PbUgu)

Vpb(FFgPau, PbUgu)

(here, v = U,u) so that,

PUyu = [Bylvuu,uUsu (restrict P, to hom)
= QrUyu (Qy restricts B)
= Q[lu,u(Uypu)] (identity law)
= Qs[Up(Upu, Ugu)| 1y, (action of Uy(O,0))
= [Vies(Vrp Pou, BUu) Qg 1y, ((n — 1)-naturality of Q at @)
= [Vies(Vrp Pou, BUGu)| [Py]u,u,v,ulu,u (Q, restricts B,)
= [Virs(Vrp Pou, BUu)| Pyly,. (unrestrict Py, from hom)
= [Vies(Vrp Pou, BUu)]1p,u,u (P, is an n-functor)
= [Veo (Vo P, PBUgu) | vy, pou (n-naturality of P at g)
= lvp, Pou(Vro Paut) (action of Vg, (O, 0))
= VrpPou (identity law)

concluding the covariant case.
Now the contravariant case will be easy. Since ® is integral over F, by the
covariant case we have

— emby Tk proj —

Ub— = Joealo — 4

Qai J/q)* F

—x 17k —x%
R —
VFPa ~embps Joem Vo B

and so P = E*Q* is n-natural, and



105
P=0 =[nQ = [~OP =[P,
concluding the proof. QED

Theorem 5.4.4 (Integral k-transformations are integrals). Let (A,Un), (B, Vo) €

Int, and assume the k-transformation [, U [krfl] [V in n-Cat is integral over
the k-transformation AW—A&)B inn-Cat. Then there is a (k+1)-cell (A, U) (1\/[1;)1(]5) (B,V)

in Int,, given by (M,, X,u) =Ty, for all a € |A] and u € |U,|, such that I’ = fMX.

Likewise, if (A,Un), (B, Vo) € clnt,, and if the k-transformation fA U%jﬁ 1%

in n-Cat is integral over the k-transformation A B inn-Cat, then there is a

M
[k+1]
(MD7XD) (B, V) '[/n/ Clntn; given by (Ma’ Xau) g Fa7u f07“ all a 6 |A|

e+1]
and u € |U,|, such that T" = fMX.

(k+1)-cell (A,U)

Proof. For the covariant case, the first thing to note is that the definition makes
sense. Indeed, the first coordinate of I', ,, must be M, since I' is integral over M, and
the second coordinate is what we seek to define. If this definition for X is suitably
natural, we’ll be done, since I" is completely determined by it action on objects (a, u)
of [,U and [[,, X](a,u) = (M, X,u).

Let ® = dom; ' and ¥ = cod;I'. Then & is integral over the n-functor F =
dom; M, and V¥ is integral over G = cod; M. By the previous theorem, we have both
P and Qq so that (F, P),(G,Q) € |Int,[(A,U),(B,V)]| enjoy both ® = [, P and
U= [.Q.

Now, X makes sense since ®(a,u) = (Fa, P,u) and ¥(a,u) = (Ga,Q,u) and
therefore

Fa,u:(MayXau)
(k]

(Fa, Pu) (Ga,Qqu) in [V,

which means that in Vg,
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Xau
(K]

Vi, Pau Q.

We need to show that X is a n-natural k-transformation from VM - P to @, i.e.

that for every 1-cell a—TL b of A that, in n-Cat,

Vg Pa
U, .
[k] llX a G
a \N“/ a
Qa
Uy Var
Vi, Py
e
U, (KUXs VGb
Qs

in symbols, that XbUf = ngXa.
Let u € |U,| and consider the canonical lift (f,1y,,) of f at (a,u), which has

images (I)(fa 1Ufu) = (Ffa PblUfu) = (Ff7 ]-PbUfu) and \Il(fa 1Ufu) = (Gfa 1QbUfu)~ The
naturality of I' at (f, 1y,,) gives that, in [, V,

(Ffa w)
(Fa, Pu) )

(Ma,xawl[k] [k]i(MbvxbUf“)

(Ga, Q.u) T (Gb, QpUyu)

GflQuu;u

(Fb, PbUfu)

whence

(My(Ff), XoUpu) = (My(F f), (XoUsu) (Vag, 1p,uu)
= (M, XoUsu)(F'f, 1p,u0;u)
= (Gf, 1upu)(Ma, Xqu)
= ((Gf)Ma, 1,upu(Vas Xau))

= ((Gf)Ma, Vg Xau),

proving that XyUsu = VgrX,u for every object u of U,, and hence that the k-

transformations XUy and VX, are equal, completing the proof for the covariant
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case.
For the contravariant case, note that T is integral over M~ to obtain a (k+ 1)-cell

Y of Int, such that T = [5+ Y. Putting X = O°Y*, we have that
r=0 =]V =[.0x =YX

QED
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Chapter 6

Limit Properties

So far we have seen that integration produces n-categories, n-functors and n-natural
k-transformations. Now we will see that, under appropriate conditions, they are good

ones.

6.1 Background and Notation

The following notations were introduced in background 3.7.3. Recall, for an index
category J, a J-complete n-category C'is an n-category together with a specified right
n-adjoint C” HM_C to the diagonal (constant-forming) n-functor C—2-C7 via the

isomorphism of (n — 1)-categories
C’(Aa, )2~ (a,Lim S),
n-natural in both the object a of C' and the functor J 5.0 I write
proj% =lim " 1img

(at @ = Lim S) for the counit. These notations are unusually well-chosen, so I repeat

them here — background 3.7.3 may help connect this to other expositions of categorical
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limits.
Let D—X~C be an n-functor between .J -complete n-categories and let J —5.D be

a functor. The canonical arrow F Lim S

Lim FS of C is can}. = lim F proj®:

canS
FLimS Lim £'S
Si
for every i € |J]. It is not hard to see that cany. is n-natural in both S and F: if
S F
J@D@C in n-Cat,
T G
then in D both
FlLimS Lim F'S FLimS Lim F'S
FSi FSi
FLimX | [K] [k}lin Kl LimFX and Yims|[¥] [MJ{YSZ- (k] | LimYS
FTi GSi
A projf T A pk
FLmT Lim F'T GLimS LimGS
anF n

for every i € |J|; the triangles are the definitions of the canonical arrows, the the
trapezoids, from left to right are the F-image of the definition of Lim X, the definition
of Lim FX, the n-naturality of Y at proj? and the definition of LimY'S.

To say the functor F is J-continuous is to assert that every canonical arrow cany.

S

% = [can¥]t. Tt is not enough to

is an isomorphism, in which case I will write nacy,
ask that F'LimS = Lim F'S for every S — we must ask that they be isomorphic in
the right way. (The situation is akin to examples showing a Banach space can be
isomorphic (in the wrong way) to its double-dual without being reflexive.)

For a set J of index categories, an n-category C' is J-complete when it is J-

complete for every J € J. Likewise an n-functor F' is J-continuous when it is
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J-continuous for every J € J. These are the 0- and 1-cells of the (n + 1)-category
Cmpf of J-complete categories. The (k + 1)-cells of Cmpg are arbitrary the n-
natural k-transformations. (The n-naturality above shows that any k-transformation
is automatically compatible with the limit process.) In the case J = | Cat| we speak
simply of complete n-categories and continuous n-functors.

The completeness of n-Cat will also be a prerequisite. Indexing by i € J, let (C;);
be a n-Cat-valued functor. We have |Lim; C;| = Lim; |C;| in Set, with elements all
| J|-tuples (a;); = (a;)ies) With a; € |C;| and Cy,a; = a; for every i—j in J. The
hom-(n — 1)-categories of Lim; C; are [Lim; Cy][(a;)i, (b:):] = Lim;[Cilay,..  beom: Where at

dimi =0, [Ci]a; 5, = Ci(ai, b;). Indeed, given i—">j—">75" in J,

[Onm]adom nm>bdomnm [CnCm]azybz
= [Cn]Cmai,Cmbi [Cm]ai,bi
= [Cn]aj,bj [Cm]ai,bi

= [Cn] Cm}

Gdom nsDdom n [ Adom m sbdom m

Thus, an [-cell (afl)l%<bl>l in Lim; C; is a |J|-tuple of [-cells ai%bi in C; for
every i € |J|. At such a cell the projections are defined as proj§ci>i( fi)i = fi

For a fixed J-complete n-category C' the J-completeness of every hom-n-category
C4 = n-Cat(A, C) and the J-continuity of every translation C¢ = n-Cat(G,C) for
G an n-functor will also arise. In C4, Lim; F; is given on cells a of A by the formula

[Lim; Fi]a = Lim; Fja, taking the latter limit in C. The projections are given by

pr0J§F1>Z a = prongia>. For a functor A i> B, for every cell @ of A and every 1 E |J|
we find that proj§Fi>i Ga = pron(F Gy _ pron(FiG” so that the canonical arrow canfg oo

from CYLim; F; = (Lim; F;)G to Lim; C°F; = Lim; F;G, is the identity, proving C¢

continuous.
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6.2 Completeness and Continuity of Integrals

Under the right hypothesese, integral n-categories are J-complete, with limit struc-

tures as computable as the ingredients we use to build them.

Proposition 6.2.1 (Completeness Criterion). If ZiCmpZ is an n-functor with

A€ |Cmp! |, then fA U € |Cmp! | and indexing by i € J, we may take

® lel(al,’(h) = (lez a;, lez U .<ai>iui>

PrO)gom 4

<Uro'<ai>?Ui>
° projg(“““i»i = proj§ai>i, proj,' e i | for alli € |J|, and

U LU
< proj o) >

[ ) ||ml(fl,pl) = ||mZ fi7 (III’nZ pz) naCU

codq lim; f;

Proof. We’ll tame the notation as we go: it only looks messy because it has to stand
alone in the statement of our proposition.

The first step is to write Usu as u/. Since U is contravariant, this leads to pleasant
formulas like u/9 = (u/)? and (g,q)(f,p) = (gf, ¢ /p).

Next, let S = ((a;, u;));, and 7o = proj(D‘m". Shorten dom, to 0.

The first thing to check is that the implied functors exist. Now, (a;); = proj, y((as, u:))
is a functor to A by composition.

Let a = Lim; a;, which exists since A is J-complete.

As for

Z = <U -(ai)iui> = <u?6l>“

PrOlgom ;

consider cells i——=j——=Fk of .J.
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(am,um)

Un.
Now, u; € |U,,|,s0 Zi = ufa =] € |U,| since Uy, —=U,. Also, (a;,u;) (aj,u;)

. A U . . .
in [ U, so we have u,—>uj™ in U,, so that Zm = u?» = uJi runs from Zi to

A T;

U;

= u;rj = Zj so at least Z is a graph morphism into U,.
Calculate
(anma unm) = (arw un)(arrw um) = (a'na'ma ugmum)

by the functoriality of S and the composition of [ ‘U (since dim a,,, = 1). This gives

that w,, = uimu,,. Hence,

Z(nm) = uponm (def. of Z)
=i (Onm = 1)
= (U™ Uy, )™ (above)
= 0mTigy T (U is a functor)
=yl (7 is a cone)
= ulomyom (vet n and m)
= (Zn)(Zm) (def. of Z)

Also,

(almuli) = 1(ai,ui) = (1(11'7 1u1>
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by the functoriality of S, whence u,, = 1,, and

Z1; = u;rm’ (def. of 7)
= uj; (vet 1;)
=1y (above)
=1, (U is a functor)
— L, (dimi = 0)
=1y (def. of Z)

completing the proof that Z is a functor into U,.
Let w = Lim Z, which exists since U, is J-complete and write pg = projé.

Now, (m;, p;)): is a cone from (a,u) to S: in fA U,

(a,u) — =P (a;,uy)

T e

(a,u) e (aj,u;)

for every i—"=j in J because
(@ win ) (73, pi) = (am i, upi pi) = (@i, up?™ p;) = (75, p;)

both 7 and p being cones.
It remains only to see that (m;, p;)); is the universal cone to S. Suppose ((fi, pi)):

is an [-cone from (b,v) to ((a;,u;));. Let i—">j be an arrow in J. In [, U we have

(b, v) — 2 (s, w)
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so that (fj?p]) = (amuum)(fzupl) = (amfiaufqulfipi)a whence f] = amfi and p; =
udfip,. Thus, (f;); is an l-cone from b to (a;); and (p;); is an l-cone from v to

(u§°d1f9i>z-. Thus we have f = lim; f; so that in A,

(2

] .
b fi i

and we have p = (lim; p;) nac so that, in Uy,

lim; p;

] T
/ 7rai)cod1 f nac cod; f

v (Lim; u] ~— Lim; U

7 .
cody f
P \L P 1 %

u?’@i codi f _ ugodl foi

Therefore, (7Ti>pi)<f7p) = (mif, ﬂdelfp) = (fi>Pz‘)a proving that the [-cone <<fiapi)>i

factors through the cone {(m;, p;));.

Conversely, suppose (7, p;)(f,p) = (f;, pi) for all i. Then 7, f = f; and pS°" fp=

pi, forcing f = lim; f; and p = (lim; p;) nac. QED
s I o (F,P)
Proposition 6.2.2 (Continuity Criterion). Let (A, U)
e

(B,V) be an arrow

of clnt,, with A—L-B in Cmp?. Then fAU fBV is in, Cmp..

ai,ug))i

Proof. Let J—otidli, ((as )

I A7 be any functor, and write (7, pi) = proj; for every
i € |J|. Taking a = Lim; a; = domg 7; and indexing with ¢ € J, by the completeness

criterion (6.2.1),

P
can?FP = Iim,-[/ P(ms, ps)

= IImZ(Fﬂ'Z, Papi)

= (Iimi Fr, (“mi Papi) naCVFcodllim
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Now, lim; F'r; = caniﬁ> is invertible since F'is J-continuous, asis lim; P,p; = can;a”d"”” ii

by the J-continuity of Uaiﬂfpa in Cmpi.
Since both coordinates are invertible, the isomorphism criterion (3.11.1) applies

to show that the canonical arrow is invertible. Every canonical arrow for [ " P takes

this form, completing the proof. QED

6.3 Continuity of Integration

Proposition 6.3.1 (Continuity of Integration). Both integrals
Int, ——>n-Cat

and

fl:l
clnt, ———n-Cat

are continuous (n + 1)-functors (in Cmp],, ;).

Proof. For every n-category A, (n + 1)-Cat’'(A,n-Cat) is complete, and for every n-
functor F, (n+1)-Cat'(F,n-Cat) is continuous because n-Cat is complete. Therefore,
by the completeness criterion (6.2.1) Int, is complete, as is cInt,, ~ Int},.
As usual, we will induct on n, proving the contravariant case from the covariant
one. The following boilerplate is useful in both the base case and the induction.
(AsUE))s

To show that fD is continuous, indexing with ¢ € J, let J———Int,, be any

functor. By the completeness criterion (6.2.1) we have
leZ(A“ UZ) = (lel A27 lel Uiﬂdomi)

U'mdom

where 7o = proj4:. Write pg = proj* ). We must confirm that

— canl@aU) _ 0
can = Canf[] = ||mi fD(Wiapi) = Ilmi fﬂi Pi
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is an isomorphism

JoLim;(4;,U7) — f,_imi A, Lim; U'Ttgom i = Lim; fAi Us.

At n = 0 we calculate, for ((a;);, (u;);) € fLiva Lim; U'gom: that

(%) can((as)s, (us)i) — [lim,; /

U

~ ([ pltas ()

= (miaq)i, [pi(ai)i](us)i)i
= ((ai,us))i

| pil((@i)i, (u;)i)

It is immediate that can is injective. Let ((a;,u;)); € Lim; fAv Ui, and i—7 in J.

Now, a; € A;, u; € U,, and
(aj,4;) = [, U™ (ai, w;) = (Amai, Ug'u;)
so that a; = A,,a; and

. = my, . — m L m
uj = Ugtu; = U o ui = U,

Wdomm(ai)iui.
All told, we see (a;); € Lim; A; and (u;); € Lim; Ufrdomi(ai)i = [Lim; U'mrgom)(a;); so that
(@) (ui)i) € fLimy 4 Lim; U'taom i, and (*) proves can is surjective, hence bijective.

Now let n > 0 and suppose the (n — 1)-dimensional integrals are continuous. By
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the case n =0, |can| = lim; fw |O|p; is bijective. On a hom-(n — 1)-category,

[/Limi 4, Lim; Uiﬂdomi} [((@i)i, (wi)i), ((ba)is (vi)s)]
/fe[umi Aill(ai)i(b:)i]

[(Lim; U'mgom i) (i) [((Lim; U'mtaom, ) f) (wi)s, (v ):]

feLimi[Ai]adom i:bdom i i . .
= / [Lim; Uy, (U, pui)i, (03)i]

Lim; [Ai]adom i:Pdom i . i feLim; [Ai}“dom i'bdom i
- <L|mi[Ubdomi]U:—Zmi . fUdom; Vdom i >
om 12

the action of can is

i ((@i)s,(us)q),((bs)i,(vi)s)
i ((@i)as(ui)i)s((bi)iy(vi)i)

. [mil(as);,(0:); fetimilAiagon i bgom i
~ lim, (o)
2

which is the canonical (n — 1)-functor for the contravariant integral at

. feLimi[Ai]adom . bdom .
. . ) . 17 1
(lei [Ai]adom i:bdomz‘ ? <L|m1 [Udemi]Udom g fudom iyUdom i >

Tdom 4

in clnt,,_; because

Til(ai)is(bi); = [prOJi }
[ ]( )i»(bi) (@i)is(bi)q

— proji[Ai]adom i:Pdom i >’
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and

<[,0( ) ]Uﬁif VU felimiAilay,, ;)

bdom i

— < [proj (Uzﬂ'dom z>1 (bz)l] U;"rifui,vi >

'<Uédom 1>2
- [proji ]U};,,fui,vi
' f
.<[U§domi]vﬁz:;;fw>i
= \ Proj;
f

[ . ] fElei[Ai]adomi7bdomi
U lgydom @
bdom i U"dom if Ug,v4 ]

= proj, ‘.

!

Therefore, being bijective on 0-cells an an isomorphism on every hom-(n — 1)-

category, can = Can}(“ivU")h
[m]

is an isomorphism, as claimed.
. o . .
In the contravariant case, f is defined as the composite

ol o
cIntnL>|nt:;fi>n -Cat*—=>n-Cat

of three continuous (n + 1)-functors: w and O are continuous because they are

isomorphisms, and [ [5]* is continuous because [ is continuous. QED

6.4 Sums of Integrals

Our integrals also respect coproducts, producing pleasing formulas when the coprod-
ucts are denoted by sums. Since coproducts are colimits, this seems worth mentioning
here, but since the formulas are examples of exchanging the order of integration, it
will be more efficient to treat them in chapter 7.

The key observation will be that when A is 0-dimensional,

ZaeA Us = faeA Ua,
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where each U, is an n-category. One inclusion is immediate from proposition 5.1.3
(canonical embeddings of the n-categories U, ), the other from proposition 3.8.3 and
induction, although these reasons may be more technical than the fact is. (A more

direct consideration may be more convincing.)

6.5 Integrals of Composite Functors

Another miscellaneous limit result is the following.

Proposition 6.5.1 (Integrals of composites are pull-backs). From the identity trans-

formations, in (n + 1)-Cat’,

UF — VG
A——n-Cat A——>n-Cat
Fl Ulyr \L: a e l:
B?n-Cat §7>n-Cat

u] a]

with both A—2~B and A—%>B in n-Cat, we obtain pull-back diagrams

f 1UF P f 1., =
[ UF —* [,U [veg—=—"“— "y
pmjl lpmj and pmji lproj
A - B A - B

in n-Cat.

Proof. The squares commute by the naturality of the projections. Induct on n, work-

ing first on the covariant case. Supposing, in n-Cat,

Di>fBU

Pl |

AT>B

we will show there is a unique n-functor R so that, in n-Cat,
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D”" ““““ — Q
AN

N

fAUFﬂ)fBU

P
iji lproj
N

A . B

In dimension n = 0, suppose R exists. Let d € D and write Rd = (ag, uq). Now,

aq = proj Rd = Pd is determined by P, and uy is determined since

(Fad,ud) = [IF 1UF](ad,ud) == [fF 1UF]Rd == Qd

Conversely, taking ay and ug from P and @) as above does define a map, since uy €
Ura, so that Rd = (aq,uq) € [, UF. The contravariant case coincides.

Suppose n > 0 and inductively assume the proposition holds in dimension n — 1.
Thus, |R| is uniquely determined by the case n = 0, if R exists. Again, write |R|d =

aq,uq) for d € . Let d,e € , and consider the hom-(n — 1)-categories
for d € |D|. Let d D d der the h 1
A= [fA UF)[(aa; ua), (ae, ue)] = ffeA(ad’ae) Ura,(Urjug, ue)
and
B = [[,, Ul[(Fag, uq), (Fae,uc)] = [*<PE@T) Uy (Ugug, ue).

Form the diagram of (n — 1)-categories:

D(d7 e) — Qd,e
\R
d,e _
\ fg—Fad,ae.f 1UFa5(UFf“dv“€)
- A B
d,e
proji ipfoj
Alag, ae) - B(Fag, Fa,)
aq.ae

The outside commutes by assumption and the inner square is a pull-back by induction,

so there is a unique (n—1)-functor R;. commuting as pictured. Thus, there is a unique
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(n — 1) -Cat-graph morphism R commuting as needed. It remains only to see that R

is in fact an n-functor.
Take arbitrary k-cells of D,
¢ v
e
As before, write Ry = (a.,u,) where a, = Py and (Fa.,u,) = Q7. Now,
Uy = P(yp) = (PY)(Py) = aya,

and

(Faqyg, typ) = Q(7p)

= (@)(Qv)

= (Favauv)(Fa%wp)

= ((Fa’y)(Faso)7u'y(Udom1 FCLWUW))

so that .y, = uy(Udom, Fa, Uy), Whence

R("}/SO) = ((I'ygo;u'yso)
= (a4, 1y (Udom, Fa, tiy))

= (ay, uy)(ag, uy) = (Ry)(Ryp)

Also,
a1, = Ply=1pg = la,
and
(Fay,,ui,) = Qla = 104 = LFaguy) = (1rags Lu,)

so that u;, = 1,, and thus



Thus, R is an n-functor.
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Rld - <a1d7 U’ld> = (1ad7 1ud) - 1(ad,ud) = 1Rd'

Noting that n-Cat has pull-backs, we thus obtain a unique isomorphism between

the canonical pull-back object and [ 4 UF, proving the n-universal property defining

a pull-back square in the covariant case.

As for the contravariant case, by the covariant case we have the pull-back in

n-Cat*,

* fé* 1ﬁ*

£

Juea Ve Joes Vo
projl iproj
A" — B

G

and applying the continuous (n + 1)-functor O we obtain the desired pull-back in

n-Cat.

QED
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Chapter 7

Exchange of Integrals

Now I have the pleasure of proving certain results reminiscent of Fubini’s famous
theorem, that we can exchange the order of any two integrals, be they covariant,
contravariant or both. Consequently, we may exchange the order of integration for

any finite number of integrals.

7.1 Preliminaries

In the case of Fubini’s theorem, one must first show that each single integral is a
measurable function. For us, we must show that each single integral is an n-functor

of the right variance.

Lemma 7.1.1 (Single integrals are n-functors). Let A and B lie in n-Cat.

Un

(i) Let Ax B

n-Cat be an n-functor. Then both (fbeB Uap)aca and (faeA Uap)ven

are n-Cat-valued n-functors.

Vo

(ii) Let Ax B n-Cat be an n-functor. Then both <fb€B V)24 and <fa€A Vin) P8

are n-Cat-valued n-functors.
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(iii) Let A x B n-Cat be an n-functor. Then both ( fb B Wap)o€4 and fae Wab)ben

are n-Cat-valued n-functors.

Proof. Ad (i), for the first functor, we have, in n-Cat’,

<fb€B Ua,b>a€A

A n-Cat
rad Ul TID
n-Cat'(B, n-Cat) (n +1)-Cat'(B,n-Cat) s Inty

Here, recall rad U is the right adjunct of U, from the definition of n-Cat as a closed
category.

In other words, for aTZfa’ in A, we have defined

<fbeB Ua,b>aeAf = szb Upp = le<Uf,b>beB-

The case of ([, _, Usp)bep is similar, but using rad(U3) in place of rad U where

Ax B b Bx A

~
~

is the canonical isomorphism commuting with the projections.
As for (ii), consider the n-functor
A x B —Yon-Cat*—Eon Cat.
Applying (i) we get an n-functor (f, z- Vb )uege from which we obtain the n-functor

(e Vs Vaex which is ( [PV, ,)a€4. The other n-functor is similar.

For (iii), by (i) we have the n-functor

<fbeB Wap)aca = <fbeB Wap) 24,

while by (ii) we have the n-functor

faEA W)l = faeA Was)beB-

QED
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7.2 Homovariant Exchange of Integrals

In this section we show that the order of integration may be exchanged for two

integrals of the same variance. This will be a consequence of the following:

Proposition 7.2.1 (Rectangular integration). For A, B € |n-Cat|, (A x B,Un) €

Int,, | and (A x B,Vg) € |cInt, |, we have isomorphisms of n-categories
g

f(a,b)eAxB Ua : faeA fbeB Uap and f(a’b)eAXB Va,b4:>fa€A beB Vb
both via ¢((a,b),u) = (a, (b,u)) on cells.
Proof. For n = 0, the equivalence of the conditions
e ((a,b),u) € f(a’b)eAxB Uab
e (a,b) ¢ Ax Bandue€ Uy
eacA beBandueU,
e acAand (bu) € [,_zUsp

e (a,(byu)) € faeA fbeB Udp

shows that ¢ is a bijection. The same goes for contravariant integrals.
Consider the covariant case, with n > 0. Now, |p| is bijective by the case n = 0.

On hom-(n — 1)-categories, ¢ is



[f(a,b)eAxB Ua,b] [((av b)a u)> ((Ca d)? U)]

f(fvg)E(AXB)[(avb)v(cvd” U

f(f,g)EA(GqC) XB(b7 )

)

ffeA(avc) fgeB(bv )

ffEA(a,c) ngB(b,d)

= (def. of hom in [)

C,d<Uf7gu7 v)
= (def. of hom in A x B)

d Uc,d(Ufygu, U)

~
~

d qu(Uf,gu, U)

= ((c,9)(f,0) = (f,9))
Uc,d(Uc,gvab% U)
= (def of hom in L/;)EB Uc,b)

ST L U0, Upga), (d, )]

= (action of [,_p Usy)

ST Uaall(foey Up) (b, w), (d,0)]

[faEA fbeB Ua,b] [(a7

= (def. of hom in [)
(b)), (¢, (d, v))]
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an isomorphism by induction. Thus, ¢ is a (n — 1)-Cat-graph isomorphism. At a

0-cell ((a,b),u),

Lo(ab)w) = La (b))
= (Lo, L)
= (L, (16, 1))
= ¢o((1a, 15), 1)
= @(l(a,by L)

= ¢L(ab)u)

while for k-cells of f(a Uap,

,b)EAXB

(def. of )
(def. of identity)
(def. of identity)
(def. of ¢)
(def. of identity)

(def. of identity)
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((a’ b)7 u) % ((a/7 b’), u’) % ((a//, b//)7 u//)

we find

el((f',9),0)((f,9),p)] = o((f',9)(f:9), P’ (Udomy 57 domy ¢P)) (def. of composition)

=o((f'1,9'9): P’ (Udomy #.domy ¢'P)) (def. of composition)
= (1", (9", 7' (Udom, f',dom: ¢'P))) (def. of )
= (f"f,(9'9, 7' (Uar domy ¢ Usom, s,0'P))) (U is a functor)
= (f'f.(d",')(9, Ugom, 1P)) (def. of composition)
= (f'f.(d.p) [( /b ) Udom, f/,b) (g, p)} ) (preliminaries)
= (f'.(g",0)(f,(9:p)) (def. of composition)
= [p((f,d),p)le((f. 9): p)] (def. of )

which shows ¢ to be an isomorphism of n-categories.

In the contravariant case, ¢ is given as
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f(a,b)GAXB Va7b

= (def. of [7)

Sz Vab

5

7| =~

%

fan* fbeE* avb*

= (O is self-inverse)

*

—

fan* fbeﬁ* V‘Lb*
= (def. of [*%)

"

acA *
f © fbeﬁ* Vap
= (def. of [*F)

faEA beB va,b

QED

Corollary 7.2.2 (Homovariant exchange of integrals). For A, B € |n-Cat|, (A x

B,Un) € |Int, | and (A x B,Vn) € |clnt, |, we have isomorphisms of n-categories

faeA fbeB Ua,b = beB faeA Ua,b

and

faEA beB ‘/;17}) ~ beB faEA ‘/2171)’
in both cases given by (a, (b,u)) — (b, (a,u)).

Proof. By rectangular integration and the functoriality of the integral on the canonical

AXx B~ B x A,
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faeA fbeB Uavb

-1 |~
%) ~

f(a,b)eAxB a,b

f(b,a)eBxA Uap

v~
fbeB faeA Uap
The contravariant case is the same, mutatis mutandis . QED

7.3 Heterovariant Exchange of Integrals

We now show the order of integration can be reversed for integrals of differing vari-

alces.

Proposition 7.3.1 (Heterovariant exchange of integrals). For an n-functor

_ vs
Ax B &

n-Cat
with A, B € |n-Cat |, writing U = U(a,b), we have an isomorphism of n-categories
acA a ¥ a€A yrq
f fbeB Ub =~ fbeB f Ub ’
given on cells by ¢(a, (b,u)) = (b, (a,u)).

Proof. In the case n = 0 we are faced with a homovariant exchange of integrals, which
we have already proved valid.
For n > 0, we know || is bijective by the case n = 0. On hom-(n — 1)-categories

we find inductively that ¢ acts as



S s Usli(a

, (b)), (¢, (d, v))]
= (def. of hom in faEA)

ffeA(a,c) [fbeB Up[(b, u), (fbeB Ulf)(d, v)]

ffEA(a,c) [beB Ul;l

ffEA(a,c

prl

€B(b,d)
I Jrea,

= (action of [,_p UJ)
(b, w), (d, UJv)]
= (def. of hom in [,_,)

€BbA) rra/77a
)fg Ud(Ugu7 U({’U)

~
~

) U:il(U;]lua U({’U)

c

= (def. of hom in fQEA)

SIS U (@, U, (e, )]

= (action of faeA Us)

JIEECO U U (a,w), (e0)]

= (def. of hom in [,_p)

Uoes [ U2, (a,w)), (d, (e, 0))]

and so ¢ is a (n — 1)-Cat-graph isomorphism. At a 0-cell (a, (b, u)) we see

Ol = ¢(la, Lpu))
= ¢(1a, (1p, L))
= (1, (1a, 1u))
= (16, L(au))
= 1(b,(0w)

= Lo(a,(bu))

while for k-cells of [*“* [, Ug,

(def. of identity)
(def. of identity)

(def. of ¢)
(def. of identity)
(def. of identity)

(def. of ¢)
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(a, (b, u)—LE (1t ) LD i iy,

we have

(]

WW%MWMWWKLﬁWM%WM(MWmMQ

o1, (g U™ ) (9,p)) (action of integral)
= o(f'£,(9'9, (U™ "0) Uom, ¢2))) (compose inside)
= (g9, (. U D) Usorm, 47))) (def. of ¢)
= (9'9, (1", ") (f, Ugom, ¢P)) (factor inside)

acA
= (g9, (f", D) [(/ Ugomlg’> (f, p)}) (action of integral)

= (¢, (f",0)(g, (f.p)) (factor outside)
= [o(f, (¢, P)le(f. (9.P))] (def. of )
showing that ¢ is an n-functor, hence an isomorphism of n-categories. QED

7.4 An Alternate Development

An alert reader will have undoubtedly noticed that we could have made do with just

the heterovariant mixed integral from the beginning. In detail, if we defined a double

integral

a A acA
[ oo U =" fyen Us

recoordinatized with cells (a, b, u) replacing cells (a, (b, u)) we would have hom-(n—1)-

categories

I

GA
Joew Ui

} [(a,b,u), (c,d,v)] = [ geBdedU“uUf)

feA(a,c)
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which are also double-integrals, obviating the need to weave the covariant and con-
travariant integrals side by side, since they could be recovered by taking A or B as
the terminal n-category 1. These double-integral n-categories correspond exactly to
bifibred n-categories without the need to reverse cells in every other dimension.

On the other hand, the continuity of the contravariant integral translates through
duality to something awkward for the covariant integral, and these double-integrals
are not as common in practice as their single counterparts. Moreover, the sensory
overload resulting from this development (where the contravariance details alone are
difficult to notate) led me to separate the integrals for clarity.

I wish to state, however, a few foundational examples, using these double (or if
you prefer, heterovariant) integrals, that I find quite intriguing. In order to do this,

let me write

ffaEA Ug’ proj A % B

beB

for the n-functor with components isomorphic to the projections from the iterated
integrals in both orders.
First, let me mention two propositions which we would encounter along this al-

ternate development.
Proposition 7.4.1 (Biintegration is (n + 1)-functorial). Let
bint = [APIEn-Con-Cet(, 4 1) Cat'(A x B,n-Cat)

be the (single integral!) (n+ 1)-category of n-dimensional “biintegrands,” where here

n-Cat is n-Cat with only the 2-cells reversed. Then the double integral ffDD s an

(n + 1)-functor from blnt to n-Cat.

Proposition 7.4.2 (Biintegral k-cells are biintegrals). If a k-cell ® is biintegral over

k-cells F' and G in the sense that
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J s U =3[ Jico Vi

prcul p“”i
FxG

Ax B CxD

(K]
then there is an n-natural k-transformation

Ul:’

Ax B n-Cat
FxGl[k] [k+114Po l

Cx D——5—n-Cat

O

(F,.G,P)

so that (A, B,U) (C,D,V) lies in blnt and ® = [ [5 P

Example 7.4.3 (n-Natural Transformations).

S

The n-natural transformation A?B in n-Cat is the same as a diagram
\_/

S [531C(Sa, Tb)|

X/
\ %

Ax A
where A = 1,x1, is the diagonal n-functor (acting on cells by Az = (x,z)); the

correspondence is given as
z'a
X = (Sa—=>Ta)ueca

where X'a = (a,a,2'a) for a € |A|. Indeed, for k-cells fin A (k> 0), X'f = (f, f,1)

asserts the n-naturality of X at f.
Example 7.4.4 (Lawvere’s Higher Adjunction Criterion).

For B—>A—Y~B in n-Cat, a diagram
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I 2 | A(Fb, a) v [ 22 B(b, Ua)|
Ax B

is the same as an n-adjunction

A(Fb,a)

B(b,Ua)

(F left n-adjoint to U).

In fact, this is a direct generalization of exercise IV. 1. 2 in [9], which is easily
proved by adding [k]’s to proposition III. 2. 1 (the Yoneda lemma) and to either
theorem IV. 2. 2(ii) or (iv) (the left and right adjoint criteria). Alternately, one can

apply proposition 7.4.2.
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Chapter 8

Further Directions

The pressing issue of how to define weak n-category theory is the topic of the book [8],
which is lengthy mostly due to the large number of competing definitions and their
complexity. The topic is further confused by the fact that category theory defines
the notion of equivalence of definitions. A typical result takes the form “definition
A is equivalent (under definition A’s notion of equivalence) to definition B, when
interpretted within definition A in a particular way.” Of course, the number of
pairings of definitions already seems hard to manage, so if any of them could be
excluded, even temporarily, that would be a boon to the field. The integral, involving
only one definition of weak n-category theory at a time, can serve as a useful litmus
test to focus effort on those definitions which can support it.

(Those who have never been exposed to the complexities of coherence theory,
which is the hallmark of weak categorical thought, may wish to consider an early
such problem: Faced with a bifunctor which is associative up to a nonidentity natural
isomorphism, what conditions do we need to check to guarantee we can ignore the
lack of associativity on the nose? A good concrete example is the tensor product of

modules over a commutative ring: how do we prove no trouble will ever come from
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failing to parenthesize them? Or perhaps more to the point, how do we prove only
wasted effort will be involved in always completely parenthesizing them?)

It is easy to adapt the 1-dimensional case to weak monoidal categories. Coher-
ence conditions for the higher-dimensional transformations in the higher categories
of weakly monoidal strict n-categories become immediately apparent upon trying to
proceed to larger n, but the diagrams involved are large (and infinite in number, as
n is unbounded). Untangling these coherence conditions could exclude (even if only
temporarily) some of the competition for the most general definition.

A more obvious first step is to weaken the n-functor integrated while retaining the
strictness of the resulting integral n-category. (For this, the integrand will probably
have to be strict-n-category-valued.) F. Borceux ([2]) offers a good look at this
program in dimension 1, as originated by Grothendieck whose original application
required this level of generality. Unfortunately, the equations involved will be an
order of magnitude more complicated than those explored in this thesis.

Together, these last two problems should be very good preparation for the most
general problem of completely weakening the higher integral. And, if we are lucky
enough that something as good as the integral can survive the passage into a weak
theory, this should help focus us on that definition of weak higher category theory,

even if the most general definition eventually selected is not so fortunate.
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