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Abstract

Singularity Theory for Extended Cobordism Categories and an Application to Graph
Theory

by
Kyle Austin Miller
Doctor of Philosophy in Mathematics
University of California, Berkeley

Professor Ian Agol, Chair

In low-dimensional topology one often decomposes a space into pieces that can be individ-
ually understood then put back together, yielding a combinatorial description, and such
descriptions can be used for diagrammatic reasoning, computations of algebraic invariants,
constructions of new objects, and so on. A powerful tool for this is singularity theory, where
a classification of the types of singularities that generically might be present (for example,
Morse critical points) leads to systematic approaches to decompositions, and in the ideal
case the classification reduces to analyzing singularities of polynomial functions. We de-
velop singularity theory relevant to “n-categorical” decompositions of smooth manifolds, in
which pieces each have a recursive decomposition of their boundaries. In particular, we
study smooth functions from manifolds to flag-foliated R™, which serves as a model for the
composition laws of an n-category. We use a refinement of the jet transversality techniques
for the Thom—Boardman singularity types to define dense sets of functions that are suitably
generic with respect to the foliations. We show how to compute codimensions of the sub-
manifolds that correspond to a singularity type. For a few situations, for instance surfaces
with embedded curves, we carry out a classification of the germs that appear in this dense
set up to structure-preserving diffeomorphism. To this end, we prove stability results that
aid in proving equivalence of germs and in finding polynomial representatives.

We explain how to use this classification of singularities to give a presentation of the sym-
metric monoidal 2-category of curves with embedded curves. As an application, we give a
way to compute the Krushkal polynomial, which is a combinatorial invariant of graphs in
surfaces, using an extended TQFT on the symmetric monoidal 2-category of surfaces that
are decomposed into black and white regions.
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Introduction

There are a number of important tools in the study of manifolds that depend in some way
on the study of singularities. To name some basic examples:

e Morse theory uses Morse functions, and a careful analysis of critical points leads to the
existence of handle decompositions of manifolds. Furthermore, Cerf theory, which is a
special kind of path of Morse functions, gives moves that let one go between any two
handle decompositions.

e Knot diagrams depend on the existence of projections with transverse double points,
and these double point singularities, the crossings, have long been used to describe
the combinatorial structure of a knot. Every isotopy of knots can be perturbed and
decomposed into a small set of moves, the Reidemeister moves, and these arise as
different kinds of singularities: the moments where the knot temporarily fails to have
a knot diagram in general position.

e General position arguments in 3-manifold topology require the existence of a collection
of objects (such as curves or surfaces) being transverse to something else. Transverse
points of intersection are a kind of singularity.

In this thesis, we are interested in developing theory to work with generic functions M — R"
with R" foliated with the flag foliation. This way we can decompose the manifold, then
decompose the boundary of that manifold, and so on, which yields data that is amenable to
being used for generators or relations for n-categories.

One of the concrete goals of this thesis is to work out in full detail a presentation for a
2D cobordism category with defects for the purpose of showing that one can extend classical
graph invariants to extended TQFTs (functors from this cobordism 2-category to other 2-
categories). Some of these, for closed surfaces, coincide with pre-existing invariants such as
the Krushkal polynomial.

While in these low dimensions we could use ad hoc methods to derive a presentation, as
done in [Abr96] and [Koc04| for the 2D cobordism category, instead we will follow the lead
of Schommer-Pries in [SP09| and use jet transversality techniques from classical singularity
theory to develop higher Morse theory, using suitably generic smooth functions f : M —
[0, 1]™ to decompose a compact smooth m-dimensional manifold M in an “n-categorical” way.
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Before explaining how this is meant to work, it is instructive reviewing how Morse theory
gives “l-categorical” decompositions of manifolds, and in particular how it gives a set of
generators for the m-dimensional cobordism category Cob,,, which has as objects closed
(m—1)-manifolds and has as morphisms diffeomorphism classes of m-dimensional cobordisms
between them (where diffeomorphisms are relative to the boundaries). Given a cobordism
M, there is a smooth map f : M — [0, 1] transverse to {0,1} such that f~1(0) and f~*(1)
are respectively the source and target boundaries of M (and all such maps are homotopic).
If t € [0,1] is a regular value, we may represent M as the composition of the cobordisms
M' = f71([0,t]) and M" = f~1([t,1]), and by restricting f to these and reparameterizing
codomains we get smooth maps M’ — [0, 1] and M"” — [0, 1] that, in some sense, decompose
f. Recall that f is a Morse function if (1) its critical points are nondegenerate and (2) the
restriction of f to the critical points is injective — Morse functions are dense in C*°(M, [0, 1]),
so we may assume f is Morse. By decomposing M using regular values of f, it is possible
to give M as a composition of cobordisms that each have at most one critical point of f.
Reducing to the case of such a cobordism M:

e If M has no critical points, then it is induced by a diffeomorphism ¢ : f~1(0) — f~1(1)
in the sense that it is diffeomorphic to f~1(1) x [0,1] with ¢ defining the inclusion
f710) = f71(1) x {0} (such M are the isomorphisms in Cob,,).

e If M has a single critical point p, then p there is a coordinate chart (xy,...,z,,) such
that f is locally of the form f(z1,...,z,) = f(p) — 2 — - —af + a7 + -+ 22, for
some 0 < k < m. Analysis of this leads to a description of M as being diffeomorphic
to f71(0) x [0, 1] with a single k-handle D¥ x D™~* = D™ attached to f~1(0) x {1}
along its (OD*) x D™ * boundary (and smoothing corners).

Thus, morphisms of Cob,,, are generated by diffeomorphisms and handle attachments, where
the data of a handle attachment is an (m — 1)-manifold along with an embedded (9D") x
Dk,

The second part to understanding the 1-categorical decomposition is finding a complete
set of relations for these generating morphisms. An answer to this is Cerf theory [Cer70],
which studies paths of smooth real-valued functions. We will revisit this from the point of
view of jet transversality, but for now a Cerf function f : M x [0,1] — [0,1] is a smooth
map such that

1. the values of ¢ € [0, 1] for which f; is not a Morse function are isolated and in (0, 1);

2. if (p,u) € M x [0,1] is such that p is a degenerate critical point of f,, then there is a
coordinate chart (z1,...,x,) at p and a coordinate chart (¢) at u such that f is locally
of the form

fxy, ...,z 1) :f(p,u)—x%—---—xieriH+---+x72n_1+mm(j:t+x,2n);
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Figure 0.1: Graphics for Cerf function for M = S'. Left: the space S* x [0,1] with the
horizontal axis depicting the value of the Cerf function. Middle: the Cerf graphic, with two
cusps, two index-0 curves, and two index-1 curves. Right: The projection onto the time axis
including images of cusps.

3. if for u € [0, 1] there are distinct critical points p,p’ € M of f, with the same image,
then df(p,u)|T(p7u) 5 F df(p/7u)|T<p,u) 5, where S is the 1-dimensional submanifold

S ={(z,t) € M x [0,1] | = is a nondegenerate critical point of f;}.

Cerf functions are dense in C*(M x [0, 1],[0,1]), so every pair of Morse functions for M is
connected by a path of Cerf functions.

A key tool in the analysis of Cerf functions is the Cerf graphic I' C [0,1] x [0, 1], which
is the image of all of the singularities through the map F' : M x [0,1] — [0,1] x [0,1]
defined by F(z,t) = (f(z,t),t). (See Figure 0.1 for an illustration.) Let Sy C M x [0,1] be
the 0-dimensional submanifold consisting of the points from the second property of a Cerf
function (the cusps) and the self-intersection points from the third property. Furthermore,
let S; C M x [0, 1] be the 1-dimensional submanifold consisting of the nondegenerate critical
points of all those f; that are Morse functions, and let Sy C M x [0, 1] be the codimension-0
submanifold consisting of everything not in S and Ss. Letting 7 : [0,1] x [0,1] — [0, 1] be
the projection 7(y,t) = t, this decomposition has the property that both F|s, and (7w o F)g,
have constant-rank differentials for each i, and F|s, maps onto a codimension-i immersed
submanifold.

These rank properties and local models for the Sy, S, and S, strata are sufficient to
decompose the Cerf function “2-categorically” to obtain relations. The first direction of
decomposition is the Cerf function as a path, where we use m(F(S2)) as the singular values
for the function 7 o F', and similar to before by choosing ¢ outside this set we can give the
Cerf function as a composition of the sub-paths on [0,¢] and [t, 1], thus giving a relation
between two Morse functions as a pair of relations through a third. This lets us reduce to
three cases for Ss:
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Figure 0.2: A generic function f : S? — [0, 1]> whose 0-dimensional singularities consist of
two minima, a saddle, a maximum, and two cusps and whose 1-dimensional singularities
consist of six folds connecting them. Level sets of regular values of 7 o f horizontally have
isolated minima and maxima along these folds.

e S, is empty. Then the Cerf function ends up being induced by isotopies of M and
of the codomain [0,1], and one can argue that this carries a decomposition for fy
to a compatible decomposition for f; along with diffeomorphisms of each constituent
cobordism.

e S5 is a single cusp point. One may analyze the normal form from the second property
and determine that it is either a birth or a death of a canceling pair of a (k — 1)-handle
and k-handle, where 1 < k£ < n.

e S is a pair of nondegenerate critical points with the same image. This corresponds to
a pair of handles that can be attached in either order, and at the critical moment one
may regard the handles as having disjoint attachment submanifolds.

Without the categorical language, this is the basis for Heegaard diagrams, Kirby calculus,
thin position arguments of Gabai and Scharlemann—Thompson, and so on. For specifically
categories, this analysis was carried out by [MS] to characterize the cobordism category for
surfaces with boundary (for so-called “open-closed 2D TQFTs”).

Taking this “2-categorical” decomposition of Cerf functions seriously, Schommer-Pries
generalizes the notion of a Cerf function to 2-dimensional Morse functions f : ¥ — [0, 1] x
[0, 1], whose definition involves a stratification of ¥ such that (1) f and 7o f are constant
rank when restricted to each stratum and (2) each stratum has an associated local model
for its points. (See Figure 0.2 for an illustration.) For Cerf functions, 7 o F' was trivially
a Morse function for M x [0, 1], but for 2-dimensional Morse functions there are additional
singularities corresponding to 7 o f being a Morse function.

Decomposing 2-dimensional Morse functions in a similar way to Cerf functions yields the
“2-categorical” decomposition of 3. The 7 o f decomposition yields a vertical composition
of 2-morphisms that, away from the codimension-2 singularities, the f decomposition of
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level sets yields a horizontal composition of 1-morphisms that, away from the codimension-1
singularities, yields the O-morphisms (i.e., the objects, disjoint unions of points) of the 2-
category; each generating k-morphism is diffeomorphic to a k-disk. For relations, there is
a Cerf-like theory of paths between 2-dimensional Morse functions, whose graphics now lay
within the cube [0, 1]3. These are decomposed “3-categorically” in the same sort of manner.

There is one issue glossed over here, which comes from a desire to have the presentation
reflect the symmetric monoidal structure from disjoint unions — this additional structure
is essential to the 2-category’s finite presentation. The function f gives ¥ as a “singular”
covering space over [0, 1]2, with the cardinality of a fiber changing in a controlled way when
crossing points of I'. This covering space can have non-trivial monodromy, so it is not possible
to identify each fiber with a finite set in a locally constant way. To solve this, Schommer-
Pries introduces chambering graphs and foams, which respectively partition the 2D and 3D
graphics into codimension-0 chambers inside of which such a fiber identification is possible.
Along codimension-1 walls of these chambers there is a bijection to describe how sheets are
glued, and around codimension-2 cells there is a cocycle condition for these bijections. To
carry out this program, there is also a collection of moves for chambering graphs and foams
that are proved to be complete.

An alternative to the useful but ad hoc chambering graphs and foams is to appeal to
the fact that a monoidal 2-category is equivalently a 3-category with one object. This
suggests considering 3-dimensional Morse functions f : ¥ — [0,1]® to decompose . The
0-morphisms from the decomposition correspond to empty sets, which are the fibers outside
the image of f, and in this region the covering space trivially has trivial monodromy. A
benefit to this approach is that the pasting diagram for ¥ may be regarded as being inside
0, 1] itself, like with the “manifold diagrams” of Dorn [Dorl18| or the “surface diagrams”
of McIntyre and Trimble [Tril0]. Using Roseman’s work [Ros98|, Carter-Rieger—Saito gave
a l-categorical description of knotted surfaces in R* [CRS97|, which Baez and Langford
extended into a 2-category |[BL9S8|. In principle, one should be able to extract a description
of the 2-dimensional cobordism 2-category by looking at shadows of knots, however it would
be beneficial having a self-contained calculation using higher Morse theory. We will pursue
this idea for 1-categorical descriptions of graphs, using maps f : I' — [0, 1], but for surfaces
we will defer the computation for future work since it strains the scope of this thesis.

Having given all this motivation, we will now explain the basic notion we will use for
generic functions f : M — [0,1]". In general, we develop a version of the Thom—Boardman
classification of singularities for smooth maps between foliated manifolds, and in this case we
give [0,1]" the standard flag foliation, whose k-dimensional leaves are the cosets of [0, 1]¥ C
[0,1]™ for all 0 < k < n, or in other words the level sets of the projections m : [0,1]" —
[0,1]"/[0,1]*. Tt is possible to recursively construct the following stratification of M for a
dense subset of such f. We start with a single stratum, M itself, and then repeatedly apply
the following to replace strata with finer stratifications:

1. Given a stratum S, for each p € S we consider the rank of d(m o fl|s), for each
0 < k < n, which measures how transverse f|g is to each leaf of the foliation. Each
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possible sequence of ranks gives an associated submanifold of S, and together these
stratify S. (This ensures that each 7 o f|g is a submersion onto its image.)

2. Given a stratum S, a point p € S might locally be in the closure of other strata whose
union is locally a submanifold. We can carry out the previous rank decomposition to
further stratify S.

3. More delicately, given a stratum S, a point p € S, and a stratum S’ whose closure
contains p, we can consider the images of S and S’ locally as submanifolds of [0, 1]™.
There is a subspace of T [0,1]" that may be regarded as the tangent space of the
closure of S, and we stratify S based on the dimension of the intersection of this
subspace with T, f(.5).

4. If the images of one or more strata intersect, we may further stratify them by how
many points from these strata map to the same point. (To avoid this getting out of
hand, this is not applied to strata for which the restriction of f is a submersion.)

In summary: the strategy is to make everything in sight be as generic as possible with respect
to each other.

This process eventually stabilizes, and furthermore it is possible to compute the codi-
mensions of each stratum obtained this way, which is useful for determining which of the
strata might be nonempty. This is important because it leaves only a finite list of strata to
characterize.

Locally the images of the strata stratify [0,1]", giving a graphic that is “progressive”
in a similar sense to Dorn and McIntyre—Trimble, which is the property that allows us to
produce an n-categorical decomposition of M. Strata with codimension-k images in [0, 1]™
give k-morphisms for the category.

To handle a graph G embedded in a surface X with this framework, for example, we can
initialize the stratification with three strata: the vertices of GG, the interiors of the edges of
G, and the complement ¥ \ G. For relations, we can take the product of these strata with
[0,1] in ¥ x [0, 1]. We will carry this out for surfaces with embedded 1-manifolds. We will
also consider foliations of the domain; for example in our analogue of Cerf theory we give
M x [0, 1] the codimension-1 product foliation.

It should be said this stratification is insufficient to classify singularities completely, in
the sense that strata obtain in a particular way often consist of one of multiple types of
singularities. Despite this, for small n we are still able to derive and enumerate normal
forms for each stratum using only the way in which it was constructed. This is likely
due to the fact that, forgetting the foliation, only Morin singularities appear when n < 3.
These are relatively easy to analyze, and they are characterized by being those strata where
we recursively only consider whether d(f|s), drops rank by 1. When n = 4, elliptic and
hyperbolic umbilics can also appear, which would be necessary to analyze if we were to carry
out a higher-Morse-theoretic 4-categorical decomposition of 4-manifolds
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Overview

Chapter 1 goes over the necessary singularity theory for the analysis in Chapter 2. We
review standard jet bundle material, but in we include general information about pro-objects
and pro-open sets before introducing smooth manifold germs and maps between them in
Section 1.1.3, which we use as a device to avoid needing to choose collar neighborhoods when
gluing. We provide a parameterized version of the Hadamard Lemma in Lemma 1.1.69, and
in the next section we give versions of the Malgrange Preparation Theorem, a deep theorem
that lets us solve differential equations via algebra, and we give a parameterized version in
Corollary 1.1.76. A key theorem is the Thom Transversality Theorem in Section 1.2, which
lets us assume jet extensions are transverse to any countable collection jet submanifolds.
Section 1.3 explains the types of foliations we will come across, and there is a description of
them in terms of pseudogroups.

Section 1.4 discusses stability and proves some algebraic characterizations of stability
of a germ with a foliated codomain. We use these later to prove singularity types are
equivalent to one that is polynomially defined. After that is a description of the Thom—
Boardman singularity types, with an interlude in Section 1.5.1 to calculate normal bundles
to submanifolds of Hom(V, W) given by multiple rank conditions on multiple subspaces.

Then we enter Chapter 2, where we work out all the singularity types in a number of
situations. We replicate from scratch the definition and existence of Morse and Cerf functions
in Section 2.1 and then work out all the singularity types for curves in the plane in Section 2.3.
Starting from Section 2.4 we rederive the singularity types for R® — R™ with n = 1,2, 3.
This in some sense reproduces the work in [SP09], but we do it in a way that is much stricter,
which is to only use the diffeomorphism groups for the domain and codomain. Finally for
the chapter, starting from Section 2.7 we classify singularities for surfaces with embedded
curves, and what we derive are just singularities running through embedded curve, rather
than reproducing the whole calculation from the previous section.

Chapter 3 gives the presentations of the extended cobordism categories using the gener-
ators and relations we developed in the previous chapter. In Section 3.4 we show how to do
gradient flows like in Morse theory, where the answer is to use some Riemannian metric for
which the gradient is subordinate to all the singularities.

Chapter 4 is about some applications of the presentation. We define an extended TQFT
with 1-dimensional defects such that the two regions on either side are colored opposite
colors. We use this in Section 4.2 (and in particular Section 4.2.6 to give a the Krushkal
polynomial, which is an invariant of graphs in surfaces, as a simple state sum over a TQFT. In
Section 4.1.1 we give a characterization of a Frobenius algebra as a direct sum of a “radicular”
element and an element in the Jacobson radical.

The presentations for surfaces with embbedded curves are given in Figures 3.2 to 3.4,
and the black-white cobordism category presentation in Figure 4.2.



Chapter 1

Singularity theory for decompositions

1.1 Jet bundles

This section is a review of jets and jet bundles — experts of which should free to skip
ahead. In essence, the k-jet at x € M of a smooth map f: M — N is the kth-order Taylor
polynomial of f at x. This is defined in such a way that the k-jets assemble into a fiber
bundle J*(M, N) over both M and N, and f defines a section j*f : M — J*(M, N) called
the k-jet extension of f. For the special case of 1-jets, the jet bundle J*(M, N) can be
identified with Hom(T'M,TN) and j'f with df. The k-jet of f at x depends on no more
than the germ of f at = (see Section 1.1.4).
We will follow a combination of [GGT73|, [Hir76], [KMS93|, and [AGZV12].

Definition 1.1.1. Let M and N be smooth manifolds and p € M. Suppose f and g are
smooth maps M — N. We say f and ¢ have kth order contact at p if for every smooth
¢: N —Randy:R — M with y(0) = p, then p o f oy and ¢ o g o7 have the same kth
order Taylor polynomial centered at 0. The kth order contact class of f at p is the k-jet of
f at p, and it is denoted by j* f,.

JZ’f(M, N) denotes the set of k-jets at p € M of smooth maps M — N. The disjoint
union of these for all p € M is the set J*(M, N), known as the k-jet bundle.

The source map « : Jg(M, N) — M is defined by a(j*f,) = p, and the target map
B:JN(M,N)— N is defined by 5(j*f,) = f(p). We denote the set of k-jets with source p
and target ¢ by J¥(M, N),.

For a smooth map f : M — N, we write j*f : M — J*(M, N) for the k-jet extension,
which is defined by p — j* f,. O

Lemma 1.1.2. Let L, M, and N be smooth manifolds with p € L and q € M, and let
[ f' i L— M andg,g : M — N be smooth maps with ¢ = f(p) = f'(p). If j*f, = j*f, and
JFg, = jkg;, then j*(go f), = j%(g' o f")p. Thus, we are justified in defining the composition
o J;(MaN) X JII)C(LaM)q - J§<L7N) byjkgqo]kfp :]k<gof)p
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Proof. For all smooth ¢ : N — R and v : R — L with v(0) = p,
(pog)ofoy=(pog)ofoy

hence j*(g o f), = j*(g o f')p. Similarly, j*(g 0 f'), = j*(g" o f")p- =

The fibers of jet bundles are functorial on the category of pointed smooth manifolds, and
in some cases the jet bundles themselves are functorial:

Definition 1.1.3. Let L, M, and N be smooth manifolds and f: L —- M and g: M — N
smooth maps. We define the following induced maps:

o g.: JNL, M) — J*(L,N) by g.(j*hy) = j*(g 0 h), for ¢ € M,
o f*: JJ’f(p)(M, N) = JF(L,N) by f*(5*hs)) = j*(ho f), for p € L, and
e if f is a diffeomorphism, f*: J*(M,N) — J*(L,N) by f*(5%hy) = j*(ho g)j-1(p- O

For sake of fixing notation, we recall the definition of the kth order Taylor polynomial in
multiple variables:

Definition 1.1.4. Let U C R™ be open and f : U — R be smooth. The kth order Taylor
polynomial of f atp € U is
Orf(0)(x — p)t
g, = 3 2Oz =)

I!

<k

where I € N is a multiindex, and

’[|:[1+...+[m
nN=n...1,
ol f
orf =
1/ ohxy...0ma,
(z—p)' = (z1 —p)" - (T — P) ™

For smooth f : U — R”, then the kth order Taylor polynomial of f at p € R™ is

kap = (Tk(fl)lh S ka(fn)P)>

where f; is the ith component of f. O

Lemma 1.1.5. Let M and N be smooth manifolds and p € M, and suppose f, f': M — N
are smooth maps with f(p) = f'(p). Using the notation for local homeomorphisms (see
Definition 1.3.1), let ¢ : M o— R™ be a chart at p with p(p) =0 and let ) : N o= R™ be a

chart at f(p). Then j*f, = jkfl') if and only if TE(po fop g =TrEpo fop™t),.
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Proof. By Lemma 1.1.2, since ¢ and ¢ are locally invertible, j*f, = jkfj:2 if and only if
¥ o fop ™y = ¥ o f opt)y. Hence we may reduce to the case of smooth maps
f,f : R™ — R" sending 0 to 0. That is, we want to show j¥fy = j*f} if and only if
TFfo=TFf.

First suppose T*fy = T*f]. Whenever w : R® — R and v : R — R™ are smooth with
7(0) = 0, then wo fo~y and wo f' oy have the same kth order Taylor series at 0 by the chain
rule. Hence, j*fo = j* f{.

Conversely, suppose j5fo = j*fj. Let m; : R® — R be the standard projection for
1 <i < n, and for arbitrary constants cy,. .., ¢, consider maps v(t) = (cit, ..., ¢p,t). Since
m; o fo~yand m; o f’ o~ have the same kth order Taylor series, we have

811-061 81{001
S USO) 5~ ufi0)

1! 1!
<k 1<k
where ¢! = ¢l - .- ¢Im for each multiindex I. This is an equality between symmetric polyno-
mials in ¢y, ..., ¢,, hence we can deduce 0y f;(0) = 07 f/(0) for all |I| < k and 1. O

We have so far only defined J*(M, N) as a set, but it has the structure of a fiber bundle
over both M and N with respective projections a and 3. We will first describe J*(M, N)
when both M and N are open subsets of Euclidean spaces. Let P* denote the vector space

of polynomials in m variables of degree at most k. We give P® a smooth structure by using
(k+m)!
k!m!

the basis of monomials to identify it with a Fuclidean space of dimension . Given open

subsets U C R™ and V C R™ we define the function
Ty« JHU, V) = U x (PE)"
o= (a(0), T oo(0)).-
The Taylor polynomial Tkaa(c,) makes sense since the choice of smooth representative for
o does not matter due to Lemma 1.1.5. By the same lemma, we see T};,, is injective. We

define smooth maps o/ : U x (P*¥)* — U and 3’ : U x (P¥)» -V by o (z,p) = = and
p'(x,p) = p(x), and we see these and the other functions form a commutative diagram:

k
15,

JE(U, V) » U x (P

OéXﬁ A/

UxV

We use this to define a smooth structure on J*(U, V). In fact, T(’}y maps homeomorphically
onto the smooth submanifold (8)~1(V) = {(z,p) | p(z) € V}. The following lemma implies
that J*(M, N) is a smooth fiber bundle over M x N, where given charts ¢ : M o— R™
and ¥ : N o— R" then J*(im,im) is used as a local trivialization of J¥(M, N) over
dom ¢ x dom ).
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Lemma 1.1.6 (|GG73, Lemma I1.2.6]). With the above notation, suppose U’ C R™ and
V' CR™ are open, g : U — U’ is a diffeomorphism, and h : V — V' is a smooth map. Then

Thiyio (g7 ) oo (Thy) ™ - (B) (V) = U x (PL)"
18 smooth.

Proof. This map is defined by (z, p) — (g9(z), T"(hopog™)y(x)), where x € U and p € (PF)" is
such that p(z) € V. The first component is smooth since g is smooth. The second component
is smooth since by the chain rule the coefficients of the kth Taylor polynomial are smooth
functions of p and g(z). O

Theorem 1.1.7 (|[GG73, Theorem I1.2.7|, [KMS93, 12.4]). If M and N are smooth mani-
folds, then

(k+m)!

e J¥(M,N) is a smooth manifold of dimension m + n*"=>.

e a:J¥M,N)— M, B:J(M,N)— N, and a x B : J*(M,N) — M x N are smooth
submersions, each giving J*(M, N) the structure of a fiber bundle.

e If h: N — N’ is a smooth map, then h, : J*(M,N) — J*(M,N') is smooth.

e Ifh: M' — M is a diffeomorphism, then h* : J*(M,N) — J*(M', N) is a diffeomor-
phism.

e If f: M — N is smooth, then the k-jet extension j*f : M — J*(M,N) is a smooth
section of «.

Remark 1.1.8. One can identify J} (R, M) with TM thought of as velocity vectors, since for
o€ Jy(R,M)and ¢ : M — R, the value of 2|,_o(¢o00) does not depend on the representative
for o. This gives J} (R, M) the structure of a vector bundle. There is also a vector bundle
structure for J'(M, R), from the fact that R is a vector space, and J' (M, R), can be identified
with T*M since the map J}(M,R)o ® J} (R, M), — R given by 7 ® 0 = 2|, _o(700) is a
nondegenerate pairing.

For o € J;(M, N)g,, the induced map o, : Jj(R, M), — Jj(R, N), is linear, and in fact
we can view J'(M, N) as a vector bundle over M x N, giving an isomorphism of vector
bundles

JY(M,N) = Hom(TM, TN),

where Hom(T'M,TN) ) = Hom(T,M,T,N). From this point of view, j' f can be identified
with df : M — Hom(T M, f*T'N), which may be regarded as a section over the graph of f.

However, J¥(M, N) is not a vector bundle for general k. It at least has a canonical
section (over M x N) of jets of constant functions. See Section 1.1.4 for the well-known
characterization of J¥(M, N), as ring homomorphisms. n
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Lemma 1.1.9. Let M and N be smooth manifolds and k,¢ € N. The map

JEH(M,N) — JH(M, J(M, N))
3 = 3G

1s well-defined and smooth. In particular, we get a smooth map of bundles over M :

JOY M, N) — Hom(TM, TJ (M, N))
J = A )y

Proof. See, for example, the proof of [GG73, I11.3.4]. The idea is that if f € C*(M,N),
then j¢f : M — JY(M, N) is smooth by Theorem 1.1.7. Hence, this defines an element of
JE(M, J(M, N)). The k-jet of j* depends smoothly on only the partial derivatives of f up
to order k+¢, so this map C>*(M, N) — J*(M, J*(M, N)) factors through J***(M, N). The
second statement follows from Remark 1.1.8. O

Remark 1.1.10. The sequence of jet bundles assemble into an inverse system
J'(M,N) < J'(M,N) < J*(M,N) ¢ ---

by maps j**1f, — j*f,, which is, in coordinates, Taylor polynomial truncation. We will
only be using this inverse system to lift submanifolds of jet bundles to a common higher jet
bundle, but the inverse limit of this system, the infinite jet bundle J(M, N), can be thought
of as a bundle of infinite Taylor series. By a classic theorem of Borel, every element of
J(M, N) is in fact the infinite Taylor series of a smooth map M — N. |

1.1.1 Generalities about pro-objects

We will be using various notions of germs, and to make these precise this section collects
background on the theory of pro-objects of a category. Pro-objects are, informally, formal
cofiltered limits of objects. In the Bourbaki formulation of topology [Bou98|, pro-objects
appear extensively in the form of filters on a topological space, where they may be regarded
as “generalized sets.”

An example of how pro-objects are “generalized spaces” is in Stone duality. The category
FinSet of finite sets may be regarded as the category of finite discrete topological spaces.
Using the idea from algebraic geometry that the opposite category of a category of spaces
is its category of algebras, then it’s significant that FinSet®? is equivalent to the category
FinBool of finite boolean algebras. General boolean algebras are filtered colimits of finite
boolean algebras (which is to say Bool is equivalent to Ind(FinBool)), and so the category
Bool®® of spaces is equivalent to Pro(FinSet), the category of profinite sets. Profinite sets
have concrete descriptions as inverse limits of finite sets in Set.

Without exploring any sort of formal duality, an example we will consider is the category
Man of smooth manifolds and the functor C* : Man°® — R-Alg that takes a smooth manifold
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to its ring of functions. The category R-Alg already has all filtered colimits, and so we can
extend C'* to be a functor Pro(Man)®® — R-Alg, whose domain consists of “generalized
smooth manifolds.” The infinite jet bundle from Remark 1.1.10 is one such example of an
object in Pro(Man). For decomposition purposes, we are interested in “generalized smooth
submanifolds” that arise from formal intersections of open submanifolds. These have what
Schommer-Pries in [SP09| calls a halation structure, which gives a tidy way to compose
cobordisms without needing to choose arbitrary collar neighborhoods of the boundary.

For the following, we collect results from [Isa02|, Lurie’s account in [Lurl8, Section 6.1],
and properties of limits in the reference [Kel05, Section 3.4].

We start by working through facts about copresheaves for categories that admit finite
limits to try, and the definition of the category of pro-objects will appear in Definition 1.1.24
along with basic properties starting in Theorem 1.1.25.

Definition 1.1.11. Suppose C is a category. It is cofiltered if every finite diagram in C' has a
cone, and it is finitely complete it admits all finite limits (evidentally, every finitely complete
category is cofiltered). Dually, C' is filtered if every finite diagram in C' has a cocone.

A cofiltered limit in C is a limit lim;e; F'(7) for F' : I — C a functor with I a cofiltered
category. Dually, a filtered colimit in C is a colimit colim;e; F'(i) for F' : I — C a functor
with I a filtered category. O

Similarly to how finitely complete categories are characterized by having a terminal ob-
ject and admitting binary products and equalizers, recall that a cofiltered category C is
characterized by three properties:

1. There exists an object of C.
2. For all objects z,y € C there exists an object z € C and morphisms z — x and z — y.

3. For all objects z,y € C and morphisms f,g : ©+ — y there is an object z € C and
morphism e : z — x such that eo f =eog.

From these three properties one may deduce that every finite diagram in C has a cone.

Example 1.1.12. Suppose P is a poset thought of as a category, where for x,y € P with
r < y we have a morphism z — y. A subset FF C P is an order filter if the following
conditions hold:

1. F' is nonempty.

2. F is downward directed (for every x,y € F, there is some z € F such that z < x and
z < y).

3. F is upward closed (for every z € F'and y € P, if x <y then y € F).
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Since morphism sets in P are subsingletons, then the first two conditions of an order filter
imply that P is a cofiltered category. The third condition is unnecessary for this.

The poset Open(X) of open subsets of a topological space X is finitely complete (and
thus a cofiltered category) since it is a meet-semilattice with respect to intersections. O

Definition 1.1.13. Suppose C and D are finitely complete categories. We use [C, D] or
Fun(C, D) to denote the category of functors from C to D. A functor F' : C — Set is left
exact if for every finite diagram G : I — C then there is an isomorphism

F(lim G() ~ lim F(G(i).

iel
We write Fun'™(C, D) C Fun(C, D) for the full subcategory of left exact functors. O
For a small category C, we have the hom bifunctor C(—,—) : C°® x C — Set, and from

this we get the contravariant Yoneda embedding functor Y : C°® — Fun(C, Set) defined by
Y (c) = C(c, —) on objects. Elements of Fun(C, Set) are known as copresheaves, and functors
of the form C(¢, —) are known as representable copresheaves. The Yoneda lemma is that,
for all ¢ € C and F € Fun(C, Set), we have a bijection Nat(C(c, —), F') ~ F(c) defined by
n — n.(id.) that is natural in both ¢ and F.

Lemma 1.1.14. Suppose C is a finitely complete small category. For all ¢ € C' we have that
C(c,—) € Fun!™(C, Set).

Proof. This is a simple matter of expanding definitions. Suppose F' : I — C is a finite
diagram. Then since Set is complete and the hom functor is continuous,

Cle, =)(tim F(i)) = Cle,lim F(i)) ~ lim C(c, F(i)) ~ lim C(e, =)(F(i)) O

We review the well-known fact that every copresheaf is a colimit of representable co-
presheaves, which will be stated in Lemma 1.1.15. Given a functor F' : C — Set, its category
of elements el(F') has as objects pairs (¢,z) for ¢ € C and € F(c) and has as morphism
sets

el(F)((c,x), (d,y)) == {f € Clc,d) | F(f)(z) =y}
The category of elements has a projection functor el(F') — C defined by (¢, z) — ¢ on objects.

It is a fact that for G € Fun(C, Set) that there is a bijection

Nat(F,G) ~ lim F)G(c)

(e,x)€el(

defined by n — ((¢, z) € el(F) — n.(z)), and it is natural in F" and G. See for example [Kel05,
Eq. 3.30].

Lemma 1.1.15. Suppose C is a small category. For all F € Fun(C, Set) we have

F~ colim C(c,—),
(c,z)€el(F)oP

which is to say that F is a colimit of representable copresheaves.
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Proof. Let G € Fun(C, Set) be arbitrary. The following bijections are natural in G:

Nat( colim C(¢,—),G)=~ lim Nat(C(c,—),G)

(c,z)€el(F)or (c,x)€el(F)

Q
5
Q
o

(c,z)€el(F)

~ Nat(F, G).

Hence Nat(colimcg)cei(r)er C(c, —), —) ~ Nat(F, —), and thus by the Yoneda lemma we have
that colimc z)ce(myer C(c, —) = F. H

Warning 1.1.16. Colimits in the category Fun'®*(C, Set) need not coincide with colimits
in Fun(C, Set). For example, if C is finitely complete then the colimit of the empty diagram
in Fun'*(C, Set) is the functor ¢ — C(T,—) where T € C is the terminal object, but as a
colimit in Fun(C, Set) this is instead ¢ — @. We see in Lemma 1.1.19 that filtered colimits
can be safely calculated as colimits in Fun(C, Set). O

Lemma 1.1.17. Suppose C is a finitely complete small category and F € Fun'®*(C, Set).
Then el(F') is a cofiltered small category.

Proof. Let D : I — el(F) be a finite diagram. For i € I, write (¢;,z;) = D(i) for the
components. We have that lim;c; ¢; exists and that there is a bijection f : lim;e; F((¢;) —
F(lim;es ¢;). It is easy to check that (lim;e,, ¢;, f(i € I — z;)) is a cone for D. O

Lemma 1.1.18. Suppose C is a finitely complete small category. For all F € Fun'™(C, Set)
we have that F' is a small filtered colimit of representable copresheaves.

Proof. By Lemma 1.1.15, we have that I’ is a colimit of representable copresheaves over
the category el(F)°P. It suffices to show that el(F) is a cofiltered category, which we did in
Lemma 1.1.17. [l

Lemma 1.1.19. Suppose C is a finitely complete small category. Let D : I — Fun'®*(C, Set)

be a diagram with I a small filtered category. Then colimfg;l(c’set) D(i) is left exact. Hence,
Fun'**(C, Set) admits all small filtered colimits.
Fun

P I(C’Set) D(i) exists since Fun(C, Set) is cocomplete, where for
¢ € C we have F'(c¢) = colim;e; D(i)(c). Let E: J — C be a finite diagram. Then

Proof. The limit F' = colim,

F(lim$e; E(j)) = colim3e; D (i) (limSe; £(5))
~ colimyey im5ey D(i)(E(5))
~ lim3e colimiEy D(i)(E(5))

— limSe, F(E()))

jed

since in Set finite limits commute with filtered colimits (see [ML98, IX.2.1]). Therefore F is
left exact. O
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Lemma 1.1.20. Suppose C is a finitely complete small category. Let D : I — Fun'®™(C, Set)
be a small diagram. Then limfg(c’set) D(i) is left exact. Hence, Fun'™(C,Set) admits all
small limats.

Proof. This is similar to Lemma 1.1.19 but we replace “colim” with “lim” and instead make
use of the fact that small limits commute. O

Lemma 1.1.21. Suppose C is a finitely complete small category. Let D : Ix.J — Fun'*™(C, Set)
be such that I is finite and J is a small filtered category. Then

lim; e colimje; D(i, j) ~ colim;e hHI1 D(i, 7).
e

Proof. Both of these (co)limits exist by Lemma 1.1.19 and Lemma 1.1.20. We have that for
all ¢ € C that
lim;eg colimje; D(4, 5)(c) ~ colim;eg hr? D(i, j)(c),
1€

and this is natural in ¢, hence these bijections define a natural isomorphism between the
functors. m

Lemma 1.1.22. Suppose C is a finitely complete small category. Let D : I — C be a finite
diagram. Then

colimfg?;?(c’set) C(D(i),—) =~ C(lim D(i), —).

i€l
Proof. Since Fun(C, Set) is cocomplete, we know F' = colimfglo(g Set) ¢ (D(i), —) exists, and
what remains is to show that F' is left exact. Let £ : J — C be a finite diagram. Then,
F(lim E(j)) = coli D(2),lim E(j
(lim 5(5)) = colim C(D(7), lim E(5))

~ colimlim C(D(i), E(7))

iel°P jeJ

~ lim colim C(D(i), E(7))

jeJ ielop
= lim F(E(j
lim F(E()))
where the colimit and limit commute since [ is cofiltered and J is finite. O

Lemma 1.1.23. Suppose C is a finitely complete small category. Let D : I — C be a small
diagram such that colimer D(7) exists. Then

L[, @5 ¢(D(i), —) =~ C(colimie; D(i), -).
Proof. This is continuity of the hom functor. O]

We now give a definition of the category of pro-objects in Definition 1.1.24, which will
be followed up with the equivalent version from [Isa02| in Theorem 1.1.29.



CHAPTER 1. SINGULARITY THEORY FOR DECOMPOSITIONS 17

Definition 1.1.24. Suppose C is a finitely complete small category. Then
Pro(C) := Fun'™(C, Set)°?

is the category of pro-objects in C. Using the Yoneda embedding C < Pro(C) we regard C
as a subcategory of Pro(C) and identify ¢ € C with the pro-object C(c, —). O

Theorem 1.1.25. Suppose C is a finitely complete small category.
1. The embedding C — Pro(C) preserves finite limits and all small colimits.
2. Pro(C) admits all colimits (i.e., it is cocomplete).
3. Pro(C) is admits all small cofiltered limits.

4. Every object C in Pro(C) is a small cofiltered limit of objects in C, in the sense that
C~ limfer?(c) F(i) for some small cofiltered diagram F : 1 — C.

5. For C € Pro(C) and d € C, Pro(C)(C,d) ~ C(d), and this is natural in both C' and d.

6. For D : I x J — Pro(C) a diagram such that I is finite and J is a small cofiltered
category,
lim lim D(i, j) & lim colim D(4, j).
colm gy D J) ~ iy ooim DG
Proof. (1) is the dual of Lemmas 1.1.22 and 1.1.23, (2) is the dual of Lemma 1.1.20, (3) is
the dual of Lemma 1.1.19, (4) is the dual of Lemma 1.1.18, (5) is the Yoneda lemma, and
(6) is the dual of Lemma 1.1.21. O

Remark 1.1.26. The category Pro(C) is finitely complete, too, which is Corollary 1.1.41. =

Lemma 1.1.27. Suppose C is a finitely complete small category. Let D : I — C and
E :J — C be small cofiltered diagrams. Then, identifying D with lim}"e© D(i) and E with

i€l
limferg(c) E(j), we have that

Pro(C)(D, E) ~ lim colim C(D(7), E(7)).

jeJ el
Proof. This follows from exactness of the hom functor and the Yoneda lemma:

Pro(C)(D, E) = Pro(C)(Um:"9®) D(i), im"™© E(j))

1€l jedJ

~ lim®®, Pro(C)(Lim: 9 D(i), E(j))

jeJ el

— 1im®, Nat(C(E(j), —), colimie i< ¢(D(i), -))

e lop
Set

G colim3h C(D(i), E(j)). O

~ lim
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Remark 1.1.28. There’s a relatively straightforward formulation of morphism composition
from the point of view of the representation in Lemma 1.1.27. Suppose D : I - C, E: J — C,
and F': K — C are small cofiltered diagrams regarded as pro-objects. Let
fe 1jr51 chiImC(D(i), E(j)) and ¢ € lim colim C(E(j), F(k))
VIS 1€

keK jeJ

be morphisms. We construct

go f € limcolimC(D(i), F'(k))

keK i€l

using the following observation. The morphism f has the data that for all j € J there is an
i € I and an element f; € C(D(7), E(j)), and for g, for all k € K there is a j € J and an
element g, € C(E(7), F(j)).

Hence, the data for go f is that for all k € K, we take the j € J and the g, € C(E(j), F'(k))
from g and then take the ¢ € I and the f; € C(D(i), E(j)) from f, and then for this i € I we
set (go f)r == grof; € C(D(i), F(k)). This is reminiscent of the continuity of the composition
of continuous functions. ]

We give the following alternative definition of the category of pro-objects, which appears
in [Isa02].

Theorem 1.1.29 (Category of pro-objects, second version). Suppose C is a small category.
The category of pro-objects in C, which we temporarily denote Pro’(C), is the category whose
objects are small cofiltered diagrams I — C and whose morphisms sets for pro-objects X :
I —CandY :J— C are given by
/ — 1 . .
Pro’(C)(X,Y) = EIEIBlC(Z)élIIHC(XZ, Y;).

Composition is defined as in Remark 1.1.28. There is an embedding C — Pro’(C) by sending
c € C to the diagram C : x — C with C(x) = c.

If C is finitely complete, the functor F : Pro'(C) — Pro(C) defined by (C' : I — C) —

. Pro(C) . .
lim;. ;" Cj is an equivalence.

Proof sketch. The inverse is that every pro-object is a cofiltered limit. m

Recall that for a functor X : I — J, a description of the comma category (X | 7) for j € J
is that the set of objects is [],.; J(X(i),7) and the set of morphisms from (7, f € J(X (), j))
to (i, f' € J(X(i'),7)) is the set of all g € I(7,7') such that the following diagram commutes:

X(i) ——— X(7)
f f
\ j /

Recall also that a category I is connected if there is exactly one equivalence class for the
equivalence relation generated by asserting that i, € I are related if there exists a k € [
and morphisms £ — ¢ and k — J.
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Definition 1.1.30. A functor X : I — J is final if for all j € J the category (X | j) is
nonempty and connected. O

The significance is the following theorem:

Theorem 1.1.31 ([ML98, Theorem IX.3.1|). If X : [ — J is a final functor and F : J —
C is a functor such that coim(F o X) ewists, then colim F' exists and the canonical map
colim(F o X) — colim F' is an isomorphism.

Corollary 1.1.32. Suppose C is a finitely complete small category, F' : J — C is a small
cofiltered diagram, and X : I — J is a final functor between small cofiltered categories. Then

.. Pro(C . .. Pro(C .
hmjej( ) F(j) ~ hmiel( ) F(X(1)).
There is a useful tool for recognizing final functors between cofiltered categories:

Lemma 1.1.33 ([SP09, Lemma 3.26|). Let X : I — J be a functor between small cofiltered
categories. Then X is final if and only if for every j € J the category (X | j) is cofiltered.

Moreover, if X s full then X is final if and only if for every j € J there exists an i € I
and a morphism X (i) — j.

Remark 1.1.34. Suppose P is a poset category, F' C P is an order filter, and F’ C P is a
cofiltered subcategory such that F” C F. If the inclusion functor F' < F' is final, then the
upward closure of F’ is F'. The upward closed axiom of order filters can be thought of as a
normalization so that every inclusion that induces a final functor is an equality. ]

Theorem 1.1.35. Suppose C is a finitely complete small category, D is a small category
admitting cofiltered limits, and f : C — D is a functor. Then there is a functor F : Pro(C) —
D that preserves cofiltered limits such that the composition C — Pro(C) — D is naturally
isomorphic to f. This extension is essentially unique.

If Fun'(Pro(C), D) is the full subcategory of functors that preserve small cofiltered limits,
the functor Fun'(Pro(C), D) — Fun(C, D) induced by precomposition with C — Pro(C) is an
equivalence.

Proof. Define F' by

F(C) = limg,x)Eel(C) f(e).
We see that for C' € Pro(C) and d € D that
D(d, F(C)) = lim{gy)cacy D(d, f(e)) = Nat(C, (¢ = D(d, f(¢))),

Pro(C

el

D(d, F(lim}9© ¢;)) ~ Nat(lim22© C;, (¢ = D(d, f(c))))
~ limS Nat(C;, (c = D(d, f(c))))
~ limS; D(d, F(C;))

~ D(d,lim}; F(C)).

and this is natural in C' and d. Hence, if lim ) C; is a cofiltered limit,
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Since this is natural in d, we have that F (llmpé?(c) C;) ~ lim}.; F(C;), and so F preserves

cofiltered limits.
Now for essential uniqueness of the extension. If F’ : Pro(C) — D is another extension,
then since it preserves cofiltered limits we have that for all C' € Pro(C) that

. Pro(C
F'(C) ~ F'(lim (C;()e)el(c) c)
~ M, o) F (),

hence F'(C) is essentially determined by its restriction to C, which is to say it is essentially
determined by f. O]

Corollary 1.1.36. Suppose C and D are finitely complete small categories and f : C — D
is a functor. Then there is an induced functor F : Pro(C) — Pro(D) that preserves cofiltered
limits such that the compositions C — Pro(C) — Pro(D) and C — D — Pro(D) are naturally
isomorphic. This extension is essentially unique.

If f s left exact, then so is the induced functor F, because F s right adjoint to the
functor f*: Pro(D) — Pro(C) defined by f*(D) = D o f with D regarded as a functor.

Proof. We have the composition C ER S IR Pro(D), which is a functor from a finitely
complete small category to a small category that admits cofiltered limits. Hence by Theo-
rem 1.1.35 there is an essentially unique lift Pro(C) — Pro(D).

Now suppose that f is left exact. The claim is that for all C' € Pro(C) and D € Pro(D)
that we have isomorphisms

Pro(C)(f*(D),C) =~ Pro(D)(D, F(C))
natural in C' and D. We calculate that

Pro(D)(D, F(C)) = Pro(D)(D, lim{"\?) . f(c))

~ o) Pro(D)(D. f()

~ hIn(c z)€el(C) D( ( ))

~ Nat(C, f*(D))

= Pro(C)(f*(D),C). O
Warning 1.1.37. Cofiltered limits in C need not coincide with cofiltered limits in Pro(C).
For example, let Z2(R) be the poset category of all subsets of R, which contains Open(R) as a

subcategory. The inclusion Open(R) — Z?(R) induces a functor F' : Pro(Open(R)) — Z(R)

that preserves cofiltered limits. Let I C Open(R) be the subcategory of all open subsets
Open(R)

that contain 0, which is cofiltered. On one hand, lim ¢, "' s = & since this is the only open
set contained in every open set from I, but on the other limpé(}(or’en s # @ since
F(limspg}(Open(R)) s) = limi(IR) s = ﬂ s ={0}.

sel

This F' functor takes formal intersections of open sets to their intersection. O
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Suppose C is a finitely complete small category and [ is a small category. Consider the
functor Fun(/,C) — Fun(Z, Pro(C)) induced by C < Pro(C). Since Pro(C) admits small cofil-
tered limits, so does Fun(7, Pro(C)), hence the functor induces an essentially unique functor
Pro(Fun(7,C)) — Fun(/, Pro(C)). In many useful situations this functor is an equivalence.

Definition 1.1.38. A category [ is loopless if every endomorphism is an identity, and I is
cofinite if I is loopless and for all i € I there are only finitely many j such that 1(z,7) is
nonempty. O

Theorem 1.1.39 ([Isa02, 3.3, 3.6, 3.8|). Suppose C is a finitely complete small category and
I is a small category. Let F : Pro(Fun(,C)) — Fun(I,Pro(C)) denote the functor above.

o If I is finite, then F' is an equivalence.
o If I is cofinite, then F is essentially surjective.
e [f the morphism sets of I are finite, then I is essentially surjective.

Lemma 1.1.40 (Level representations). Suppose C is a finitely complete small category
and I a small category. Suppose the above functor F : Pro(Fun(/,C)) — Fun(/,Pro(C)) is
essentially surjective.

For every functor C' : I — Pro(C) there exists a functor C" : I x J — C with J a small
cofiltered category such that C' is equivalent to the functor i — limfé?,(c) C'(i,7). This functor
C' is known as a level representation of C'.

Proof. Since F' is essentially surjective, there is a pro-object in Pro(Fun(/,C)) whose im-
age through F' is isomorphic to C'. We may represent this pro-object as a cofiltered limit
over some cofiltered category J of elements of Fun(7, ('), and then we may use the natural
isomorphism Fun(J, Fun(Z, C)) ~ Fun(I x J,C). O

Corollary 1.1.41. Suppose C is a finitely complete small category. Then Pro(C) is finitely
complete.

Proof. Let F : I — Pro(C) be a finite diagram. By Theorem 1.1.39 and Lemma 1.1.40 there
is a level representation F” : [ x J — C for some cofiltered small category .J. Then one can

check that limfer?(c) F(i) is limfer?,(c) limS_; F'(i, ). O

1.1.2 Pro-open sets

For a topological space X, the poset category Open(X) is finitely complete since finite
intersections of open sets are open. Hence, we have a category Pro(Open(X)) of pro-open
sets.! Elements of Pro(Open(X)) may be regarded as formal intersections of open sets in that

!This is admittedly a misleading hyphenation, where “pro-(open set)” would be more accurate. Another
option is “open pro-subset” since it does turn out that pro-open sets are a kind of pro-object in the category
of subsets. A dear colleague suggested “protpen set,” but the only time one meets a dieresis is literature of
the non-mathematical type.
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each U € Pro(Open(X)) is represented by some small cofiltered diagram U : I — Open(X)

such that U = limf}é?(Open(X)) U;. Pro-open sets may be thought of as being “generalized open

sets,” we give a characterization in Lemma 1.1.46 that they are essentially order filters on
Open(X). This may seem like an unnecessarily abstract approach for this object, but we feel
that pro-objects motivate and give intuition for finding canonical constructions for germs.
Let us start by examining a basic invariant of pro-open sets. The inclusion Open(X) <
Z(X) into the poset of all subsets of X induces a functor
ker : Pro(Open(X)) — Z(X)

since 2(X) admits all cofiltered limits.? Representing pro-open sets U € Pro(Open(X)) by
small cofiltered diagrams I — Open(X), this functor has a simple description:

kerU = ﬂ U;.
iel
This functor is not in general an equivalence, but one can see that it is full and faithful when
X is a Ty space (Lemma 1.1.49).
We will now develop theory of pro-open sets. We would like to think of pro-open sets

as if they were sets as much as possible, but to avoid some pitfalls we will use the following
conventions:

e We use C and U for both pro-open sets and open sets.
e We use N for finite intersections of both pro-open sets and open sets.

e We use limit notation for infinite intersections since Open(M) does not generally have
them.

e When we work with arbitrary subsets A, we always write N'(A) for the pro-open set
generated by A since, for example, only N (AN B) C N (A) NN (B) generally holds.

In this section we use the convention that open sets are lower case (u, v, ...) and pro-open
sets are upper case (U, V, ...).

Lemma 1.1.42. Suppose X is a topological space. The category Pro(Open(X)) is thin (i.e.,
it is a preorder), and the inclusion Open(X) < Pro(Open(X)) is full. Hence, we are justified
in using the notation U C V' for Pro(Open(X))(U,V) # @.

Proof. Suppose U : I — Open(X) and V : J — Open(X) are pro-objects. Then
Pro(Open(X))(U,V) =~ lim,e s colim;e; Open(X)(U;, V;)
~ lim;e s colim;er {* | U; C V;}
~limjey {x| i e I,U; CV,}
~{x|VjeJJiel U CV}

Hence, these morphism sets are subsingletons for all such U and V. O

2This usage of “kernel” matches the corresponding notion in filter theory.
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Corollary 1.1.43. Suppose X is a topological space and U,V € Pro(Open(X)). Then
U CV if and only if for all v OV there exists some u 2O U such that w C v, where u and v
are open sets.

Corollary 1.1.44. Suppose X is a topological space and U € Pro(Open(X)). Then

U~ limprjoé()pen(x)) u
where the limit ranges over all u € Open(X) such that U C u.

Proof. One can check that, regarding U as an element of Fun®*(Open(X), Set), that el(U)
is equivalent to the full subcategory of Open(X) generated by all u € Open(X) such that

U C u. Hence limij‘;()oeﬁ(néf)) u = ling)((]Open(X D, a

Corollary 1.1.45. Suppose X is a topological space and f : Open(X) — C is a func-
tor to a small category admitting cofiltered limits. The essentially unique functor F
Pro(Open(X)) — C that extends f is given by F(U) = lm>-; f(u).

Lemma 1.1.46. Suppose X is a topological space. There is a one-to-one correspondence
between order filters on Open(X) and isomorphism classes of Pro(Open(X)). In particular,
letting F denote the set of order filters on Open(X), the function

F — Pro(Open(X))
Fi— (u—{x|ueF})
15 1njective and essentially surjective, and the function

Pro(Open(X)) - F
U+ {u € Open(X) | U C u}

18 surjective and essentially injective.

Proof. Suppose we have U € Pro(Open(X)) represented by U : I — Open(X) with I a
small cofiltered category. For all u € Open(X),

U(u) =~ Pro(Open(X))(U,u) = {x | Fi € I,U; C u}.

Hence, U is isomorphic to a pro-object whose values are either @ or {*}. We can use these
objects as the skeleton of the category Pro(Open(X)). It suffices to show that this skeleton
is in bijective correspondence with F.

For U in the skeleton, U is determined by the set {u € Open(X) | U C u} (and is, in
particular, isomorphic to the object set for el(U)), and one can check that this is an order
filter on Open(X) from the conclusion of the above calculation.

Conversely, given an order filter F' C Open(X), let U € Pro(Open(X)) be the pro-object
defined by U(u) = {* | u € F'} for all u € Open(X). Upward closure implies functoriality of
U, nonemptiness of F' implies F'(X) = {+} is the terminal object, and downward directedness

implies F' preserves binary products, thus F' is left exact since Open(X) is a poset category.
m
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Remark 1.1.47. Here is how we can use reindexing lemmas to yield a similar result, which
also reveals that the significance of filters is that they serve as the indexing categories for
pro-open sets. We start by showing that pro-objects can all be represented by inclusion
functors J < Open(X) where J is cofiltered. Given a pro-object U : I — Open(X), let
J ={U(i) | i € I}, which is a cofiltered subcategory of Open(X), and so the inclusion functor
V . J < Open(X) defines a pro-object. Let X : I — J be the functor from restricting the
codomain of U, hence U = V o X. By Lemma 1.1.33, to check that X is final it suffices
to check that (X | j) is cofiltered for each j € J. Objects of this category are inclusions
X(i) € j for i € I and morphisms are inclusions X (i) C X (j) induced from morphisms
f i — j, so it is easy to see that (X | j) is cofiltered. Thus, by Corollary 1.1.32 U and V'
define the same pro-object.

Now, let V : J < Open(X) be a pro-object where J C Open(X) is a cofiltered subcat-
egory. Replacing J with the upwards closure of J does not change the resulting pro-object.
Therefore, we may assume J is an order filter on Open(X). n

Definition 1.1.48. Suppose X is a topological space. Define the functor N : 2(X) —
Pro(Open(X)) by
1. Pro(Open(X))
N(A) = hmuE(Af())pen(X)) u,

where, using the notation for the coslice category, the limit ranges over open subsets u that
contain A. For A C X, we call N(A) the neighborhood pro-open set of A. When U is a
pro-open set, we write x € U for the relation N{z} C U. O

If u € Open(X), then note that AN'(u) = u as pro-open sets. Furthermore, for A C X
then one can check that A'(A) C u holds if and only if A C u does.

Lemma 1.1.49. A topological space X is Ty if and only if N : Z(X) — Pro(Open(X)) is
full and faithful.

Proof. A characterization of Ty spaces is that every set is the intersection of all the open
sets containing it, which is equivalent to ker oA being the identity. O

Lemma 1.1.50. If X is a topological space and {A;}; is a family of subsets of X, then
N(JA4) =JN ().

Proof. For every u € Open(X),

UAi Cu <<= Vi,A; Cu
= colim! ™M) Ar(4;) C w.

The conclusion follows from the Yoneda lemma. O]
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Lemma 1.1.51. If X is a topological space and A, B C X, then N(ANB) C N(A)NN(B).

N(B). O

Warning 1.1.52. It is not generally the case that N (ANB) = N (A)NN(B). For example,
if X =[0,1] c R, A= {0}, and B = (0,1), then on one hand N(AN B) = &, but on the
other N'(A) NN (B) # @ since every open neighborhood of 0 intersects (0, 1).

However, if F': [ — Z2(X) is a small cofiltered diagram, then one can at least say that,
for all w € Open(X), lim;e; N(F(¢)) C w if and only if there exists some ¢ € I such that
F(i) Cu. O

) S
Proof. This follows from the facts that N (AN B) C N(A) and N (AN B) C

Lemma 1.1.53. If X is a topological space, then X is a normal space if and only if for all
closed sets A, B C X then N(AN B) = N(A) NN (B).

Proof. First the converse. Suppose A, B C X are disjoint closed sets. By hypothesis,
N(A)NN(B) = @. Hence, there exist open neighborhoods v 2 A and v 2O B such that
uNv = &, as required for a normal space.

Second, suppose X is normal. It suffices to show that N (A) N N(B) € N(AnN B).
Suppose u 2 AN B is an arbitrary open neighborhood. Then A — u and B — u are disjoint
closed sets. Since X is normal, there exist disjoint open neighborhoods v4 2 A — v and
vp 2 A —wu. Hence, A CvyUu, B CvpUu, and (vq Uu) N (v, Uu) = u, which means
N(A) NN (B) C u, as required. O

1.1.3 Category of smooth manifold germs

We now apply the generalities from Sections 1.1.1 and 1.1.2 to smooth manifolds, and in
Section 1.1.4 we will resume our discussion of jets. The category we construct here is a
generalization of the category of smooth manifolds with halations from [SP09|, and the goal
is to be able to work with the many kinds of germs we come across. Our category should
generalize to sites, and we leave it to future work to properly develop this within the context
of topos theory.

The overall idea is to define functions on smooth manifold germs rather than define germs
of functions on smooth manifolds, lifting the concept to the domain. In the process, we also
generalize germs to mean arbitrary open filters on a manifold rather than the usual case of
the neighborhood filter at a point.

Definition 1.1.54. A smooth manifold germ is a pair (M, U) where M is a smooth manifold
(without boundary) and U € Pro(Open(M)). O

Recall that for M and N smooth manifolds, C°°(M, N) denotes the set of smooth maps
M — N. We can formally lift this to smooth manifold germs in the following way. We
may regard C'*° as being a functor Open(M)°® — Open(N) — Set, where, in particular, if
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we have open submanifolds U C U’ C M and V C V' C N, then we have a commutative
diagram of functions induced by these inclusions:

C>U", V) —— C=(U,V)

| |

C=(U", V') —— C=(U, V")

Then for smooth manifold germs (M,U) and (N,V') we define the set of smooth maps of
manifold germs to be

C=((MLU), (N, V) = lim colim €™ (u, v).
This is the essentially unique functor Pro(Open(M))°? x Pro(Open(N)) — Set, which we
also denote by C*>. Of course, if U : [ — Open(M) and V : J — Open(N) are small
cofiltered diagrams representing the smooth manifold germs, then we have the alternative
representation

C%((M,U), (N, V)) = lim colim C=(U (i), V ().

jed el
We now represent maps of smooth manifold germs in a more concrete way.

Lemma 1.1.55. Suppose (M,U) and (N,V) are smooth manifold germs. Let X be the set
of all pairs (u, f € C®(u, N)) with u 2 U such that for all open v 2V we have f~'(v) D U.
Define the equivalence relation ~ on X by (u, f) ~ («, ') if there exists some open u” O U
contained in wNu' such that flu = f'|ur. Then

C*((M,U),(N,V)) =~ X/~

where f € C®((M,U),(N,V)) is represented as an element of X by taking its projection to
colim, >y C*(u, N) and taking a representative, which is precisely an element of X.

Proof. This is a matter of unfolding definitions. O]

There is a composition law for smooth maps of manifold germs. Suppose (M, U), (M',U’),
and (M",U") are smooth manifold germs. We define

(M, U7), (M7, U")) x C=((M, U), (M, U")) = C=((M, U), (M", U"))

using the same principle as in Remark 1.1.28. We now give a description from the point of
view of Lemma 1.1.55. Suppose ¢ € C*((M,U), (M',U")) and v € C*((M',U"), (M",U")),
and represent ¢ by f € C°(u, M') with v O U open and ¢ by g € C*(u', M") with «' D U’
open. We have U C f~1(u), so U C un f~(u'). The composition 1 o ¢ is represented by
g © (flunf-1(w)), which one can check has the property that preimages of open supersets of
U" are supersets of U.
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Definition 1.1.56. The category of smooth manifold germs is the category whose objects
are smooth manifold germs and whose morphisms are smooth maps of smooth manifold
germs. O

Remark 1.1.57. If Man were finitely complete, another way we could have defined this cate-
gory is by identifying the relevant full subcategory of Pro(Man). In light of Theorem 1.1.29,
we still can by defining Pro(Man) as formal cofiltered limits, and this category still has all
the same shapes of limits and colimits as one would expect. From this perspective we can
construct limits and colimits in this Pro(Man) and then check whether they are smooth
manifold germs. ]

Suppose U € Pro(Open(M)) and u 2 U is open. Considering u as an smooth manifold
in its own right, we can define a pro-open set U’ € Pro(Open(u)) by the property that for all
v € Open(u), U’ C wifand only if U C w. Or, in other words, the inclusion u C M induces a
functor Open(u) — Open(M), and, by regarding U as an element of Fun'™(Open (M), Set),
then U’ is from precomposing with this inclusion. We write U |, for this restriction, with the
understanding that it is only valid when U C .

An essential feature of smooth manifold germs is that, up to isomorphism, one may
restrict the pro-open set to any open set containing it:

Lemma 1.1.58. Suppose (M,U) is a smooth manifold germ and w O U is open. Then
(M,U) =~ (u,Ul,).

Proof. The map v < M induces a map (u,U|,) — (M,U) of smooth manifold germs. It
also induces a map (M,U) — (u, U], ), which is the two-sided inverse of the above map. [

The main type of smooth manifold germs we consider are from the neighborhood pro-open
sets of subsets of the manifolds.

Definition 1.1.59. For M and N smooth manifolds and A C M and B C N subsets, we
define the notation CY¥ (M, N)p = C*((M,N(A)),(N,N(B))). If we omit either A or B,
we mean to take A = M or A = N respectively.

For f € C*°(M, N) such that for all open V DO B then f~*(V) D A, we write [flap €
C¥X(M,N)p for its germ. More generally, if U O A is open and f € C*°(U, N) satisfies
the same condition then we write [flap € CT(M,N)p as well for its germ. We write
[f]la € CF(M, N) for the special case of B = N. O

Remark 1.1.60. The special case C;°(M, N) for p € M is the usual set of smooth map germs
at p. More generally, for A C M the set CT (M, N) is known as the smooth map germs
along A (see [Nes20, Chapter 13| for example). Specialized to this situation, the set is given
by
CY(M,N)= colim C*(U,N
4 ( ) UeAlOpen(M) ( )
where A | Open(M) is all the open sets that contain A, slightly abusing comma category
notation since A is not necessarily an open set. [ ]
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Lemma 1.1.61. Suppose M and N are smooth manifolds and A C M and B C N.
1. If B is closed, then for all [flap € CFX(M,N)p, f(A) C B.

2. For allU O A open and f € C®(M,N), if f(A) C B then we have the corresponding
germ [flap € CFX (M, N)p.

3. If B 1is closed, then

(M. N)p ~ li (N A) C BY.
CY(M,N)g Ueﬁ%;g(M){feC (U,N) | f(A) € B}

Proof. (1) Suppose x € dom f is such that f(x) & B. Since N is a T space, there exists an
open set V C N such that B C V and f(z) € V. Hence, x ¢ f~!(V), and since A C f~1(V)
we have that © ¢ A. Therefore for every z € A, f(z) € B.

(2) If f(A) C B then for all open V' 2 B we have f~'(V) D A, hence f satisfies the
requirement to project to a germ.

(3) This follows from (1) and (2). O

Example 1.1.62. For p € M and q € N, the set C;°(M, N), is equivalently the set of germs
of smooth maps of pointed spaces. O

Lemma 1.1.63. Suppose M is a smooth manifold, n € N, and A C M and B C R" are
closed subsets. Then the map

{f e C*(M,R") | f(A) € B} = CF(M,R")p
defined by f > [f]lap is a surjection.

Proof. Let [flap € CT(M,R") be arbitrary, where f € C*°(U,R") for some open U DO A
and f(A) C B. We have that A and M\ U are disjoint closed sets, so since M is normal there
exist disjoint open sets V, W C M such that A C V, that M \U C W, and that V and W are
disjoint. Using bump functions (see, for example [Leel3, 2.25|), there exists a ¢ € C°(U,R)
such that ¢(V) =1 and (W) = 0. Since (¢ - f)|v = f|v, we have that [¢ - flas = [flas,
and since (¢ - f)|lwnu = 0, there exists a function f’ € C*°(M, N) such that f'|y = ¢ - f and

f'lw = 0. Because [f'|ap = [¢ - f]ap, we conclude that [f'|a s = [f]a5- O

Corollary 1.1.64. Let M, n, A, and B are as in Lemma 1.1.63. Then
CY(M,R")p = {f € C(M,R")| f(A) € B}/~

where ~ s the equivalence relation defined by having f ~ g if there exists some open neigh-

borhood U of A such that fly = glu-
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1.1.4 Jets and the local ring of germs of functions

In this section, we review the local ring of germs of smooth functions on a manifold and
use it to provide a standard algebraic interpretation of fibers of the jet bundle, and we give
cases where the ring of germs is isomorphic to a localization of the ring of smooth functions.
More generally, we review germs of smooth functions along subsets of a manifold, which may
be less familiar (see [Nes20, Chapter 13| for example). We do this from the perspective of
pro-objects, using what we have set up in Section 1.1.3.

Let M be a smooth manifold. The set C*°(M) := C*°(M,R) has a ring structure since
R is a smooth ring. For A C M, then C¥ (M), the ring of germs of smooth functions along
A. Recall that

CFM) = Ueffz)lli)grll(M) C=),

where the colimit ranges over open neighborhoods of A, abusing comma category notation.

For p € M, the special case C;°(M) is the ring of germs of smooth functions at p (or the
stalk of C°° at p). When it is not ambiguous, we may write C;° for C3°(M).

Remark 1.1.65. Thinking of C* as a functor Open(M)°® — R-Alg, then since R-Alg is co-
complete there is an induced functor C* : Pro(Open(M))°® — R-Alg. From this point of
view, the formula for germs along a subset A C M is

CF (M) = C*(N(A)) = C*(limy, 22000 U) = colimp 2 0 (D),

using the fact that cofiltered limits are carried to filtered colimits. Hence, we’re able to work
with smooth functions defined “on” A by having them come with a particular infinitesimal
extension to a neighborhood of A. [ ]

Lemma 1.1.66. Let M be a smooth manifold and A C M a closed set. The canonical
projection C°(M) — CY (M) is surjective. In particular, CF (M) is the quotient of C*° (M)
by the equivalence relation where f and g in C*°(M) are equivalent if there exists an open
set U C M such that fly = glu.

Proof. This is Lemma 1.1.63 and Corollary 1.1.64 specialized to B = N = R. O

Remark 1.1.67. This lemma is not generally true when A is not closed. For example, if
U =R\ {0} then CP(R) = C*°(U) has functions that are not restrictions of functions from
C>(R) such as z — z71. n

It is worth discussing the relationship between rings of germs and localizations of the
ring of smooth functions. For A C M, let
Sa={feC®M)|forall z € A, f(x)#0},

which is a multiplicative set. Recall that S;'C>(M) denotes the localization of C°°(M) by
S4, and it is the universal ring such that whenever h : C*°(M) — R is a ring homomorphism
with the property that that h(s) is a unit for all s € Sy, then h factors through S;*C>(M).
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Concretely, elements of S;'C*(M) may be written as formal fractions f/s with f € C>=(M)
and s € S4, with an equivalence relation such that f/s = f'/s" if and only if there exists
some t € S, such that t(fs' — f's) =0

Lemma 1.1.68. Let M be a smooth manifold and A C M a closed set. Then there is an
1somorphism

h: STIO%®(M) — C(M)
defined by h(f/s) = [f/s]a, regarding f/s as a function defined on the open set s~ (R\ {0}).

Proof. Note that for all s € S, that s is nonzero on the open set s7}(R\ {0}), hence s is a
unit in CP(M). Therefore, the canonical map factors as

C™(M) = S;'C=(M) L e (M),

where h is defined as in the lemma statement. By Lemma 1.1.66, the canonical map
C>®(M) — C¥(M) is a surjection, and thus so is h. It suffices to show that h is an injection.
Let f/s € S;*C>®(M) be such that h(f/s) = 0. Then there is some open neighborhood U
of A such that U C s7'(R\ {0}) and f/s|y = 0. We can multiply this through by s to get
that fly = 0. Let ¢ € C°(M) be such that ¢(A) = 1 and the support of ¢ is contained
within U (see |Leel3, 2.25] for instance). Then ¢ € S4 and p(1f — s0) =0, and so f/s =0
in ST'C>(M). Since f/s was arbitrary, h is injective. O

For p € M, the ring C;°(M) is a local ring whose maximal ideal m,(M) (also written m,,)
consists of those germs that vanish at p. Note that m,(M) = C3°(M ), regarding C5°(M ),
as a subset of Cp°(M). The preimage of m,(M) in C°°(M), which we also denote by m,,(M)
when it does not cause confusion, is also a maximal ideal and consists of all smooth functions
that vanish at p.

For f: M — R™ a smooth function, whether there exists an open neighborhood U C M
of p on which f is invertible is a property of the germ [f], € Cr(M,R") due to the inverse
function theorem, since the germ determines df, : T,M — Ty, R". When there exists such
an open neighborhood, then f|y is a chart centered at p, and with 7y, ..., 7, : R® — R being
the standard projections, the germs [m o f],, ..., [m, o f], define a system of local coordinate
germs. Germs xy,...,x, € C;°(M) define a system of local coordinate germs if and only if
the germ z; x --- x z, € C;°(M,R") is nonsingular at p.

The following lemma and corollary are surprisingly useful. We give a generalization of
the usual Hadamard lemma for families of functions.

Lemma 1.1.69 (Parameterized Hadamard lemma). Suppose M is a smooth manifold of
dimension m, Q is a smooth manifold, and p € M. Let xy,...,x, € m,(M) be a system of
local coordinate germs.

Suppose [floxp € Mgxp(Q X M). Then there are germs fi,. .., fm € O ,(Q X M) such
that

f=ho+- o+ fnm
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with the property that s — f;(s,p) is constant for all i.
Furthermore, if there is a k € N such that [f]gxpy € Moxp(Q X M)F, then there are germs
fr € C%5,(Q x M) for I € N™ ranging over multiindices with |I| = k such that

f= Z frer
[I|=k

with the property that s — fi(s,p) is constant for all I.

Proof. Define the smooth map h: Q x R™ x [0,1] — R by h(s,z,t) = f(s,tz). Then since
f(s,0) =0 for all s € Q,

f(s,x):h(s,x,l)—h(s,x70):/01 aa};(sxt / le (s,tx)d

Z

:;(/o ot )x

Hence, let fi(s,x) = 01 gf (s,tx)dt for each 7, which are smooth germs in s and z. Note
that %J;i(s,()) = 01 82155( s,0) dt = 0 since %(5,0) = 0, hence s — f;(s,0) is constant.

For the case of [f]gxp € Mgxp(Q x M)* we may iteratively apply the above k times. [

Corollary 1.1.70 (Hadamard lemma). Let M be a smooth manifold of dimensionm, p € M,
and f € m,. Let xq,...,x, € m, be a system of local coordinate germs at p. Then there are
germs fi,..., fm € C;° such that

f:flzl—i_—i_fmxm

Furthermore, if f € m’; Jor some k € N, then there are germs fr € Cp° for I € N™ ranging
over multiindices with |I| = k such that

[ = Z Jrzr.
|I|=k

We now resume our discussion of jets, giving some well-known algebraic characterizations.
The function j* : C*(M, N) — J*(M, N) depends only on the germ of a map, so it induces
a well-defined surjective function j¥ : C>°(M, N) — JF(M, N) for each p € M. Similarly, j¥
gives functions C3°(M, N), — J¥(M, N), for each p,q € M.

Lemma 1.1.71. Let M be a smooth manifold and p € M. Give sz(M, R) the ring structure
induced by the ring structure of R. The kernel of C° — Jf(M, R) is m’;“, hence

9] k+1 ~ 7K
O /mb+1 2 JE(MR).
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Proof. This is an invariant way of truncating a Taylor series to kth order, as can be checked
in coordinates. O

Given a smooth map f : M — N with ¢ = f(p), there is an induced map f*: C7° — C>°
defined by [g], — [go f],. Since f*m, C m,, we additionally have f*m*! C m/*! and hence
there is an induced map f* : C2°/mitt — C2° /mi*! of rings.

Lemma 1.1.72. Let M and N be smooth manifolds with p € M and q € N. Every element
J*f, € J;(M, N), induces a ring homomorphism (j*f,)* : Jf(N, R) — JI‘?(M, R), and every
ring homomorphism J(f(N, R) — J]f(M, R) is uniquely induced in this way. In particular,
the rule j*f, — f* defines a bijection

Jy (M, N)y = Homping (C° /mg*t, Cp° /mytt).

1.1.5 The Malgrange Preparation Theorem

For the purpose of analyzing singularities, the Malgrange Preparation Theorem is a useful
tool since it can be used to show that, for suitably large k, singularity types satisfying a
stability condition are determined by their k-jets — in particular, they have a polynomial
form up, modulo diffeomorphisms of the domain and codomain. Even if it were not helpful
for obtaining exact descriptions of singularities, having a finite-dimensional space helps limit
the search for singularity types. We reproduce the statements of theorems here, which are
drawn from [GG73|. We also prove parameterized versions of the theorem that will be used
in Section 1.4.

For the following, we let M and N be smooth manifolds, let p € M, let f € C;*(M, N),
and let ¢ = f(p). Recall that a C3°(M)-module A is also a Cg°(N)-module by the action
pa = f*(¢)a, where p € Cx°(N) and a € A.

Theorem 1.1.73 (Malgrange Preparation Theorem |[GG73, IV.3.6] and [Mat68|). Let S C
M be finite and let A be a finitely generated CF(M)-module. Then A is a finitely generated
C2(N)-module if and only if A/m,(N)A is a finite-dimensional vector space over R.

Theorem 1.1.74 (|GG73, IV.3.10]). Let A be a finitely generated C3°(M)-module, and let
er,...,ex € A. The elements ey, ... ex generate A as a C;°(N)-module if and only if the

images of ey, ... ey, generate A/mEt (M)A as a C°(N)-module.

Corollary 1.1.75 (|[GGT73, IV.3.11]). If the images of ey, ..., ex generate the vector space
A (M)A +mg(N)A), then e, ... ex generate A as a C3°(N)-module.

Proof. This follows from the preceding and Nakayama’s Lemma via Corollary A.1.2. m

The following parameterized and global versions of the preparation theorem are described
in [AGZV12, 1.4.2] in the case of A a ring of smooth functions, which we generalize here.
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Corollary 1.1.76. Let S be a smooth manifold, ty € S, and f € C’E’;to)(M xS, N). Let A be
a finitely generated C7y, \(M x S)-module, which we give the structure of a C7, (N X S)-
module via the map (z,t) — (f(x,t),t). Then A is a finitely generated C7; (N X S) module
if and only if A/(my, (S )A +my(N)A) is a finite-dimensional vector space over R.

Furthermore, ey, ..., e generate A as a C (N x S)-module if and only if their images
generate the vector space A/(my+! (M)A + mtO(S)A +my(N)A).

Proof. This is essentially Theorem 1.1.73, where mg ) (N x S)A = my (S)A + my(N)A by
Lemma 1.1.69. For the last part, we combine Theorem 1.1.74 and Corollary 1.1.75 and

use the fact that if pa € m’(”l)(M x S)A, then using Lemma 1.1.69 to write p(z,t) =

D141 k1 PLI(T DT Tt7. we can see that o; j(z,t)z't’a € my,(S)A when |J| > 0, hence
miFl (M x S)A + my, (S)A = mEH (M)A 4 my, (S) A O

M p.t0)

For M, N, and S smooth manifolds and p € M, we think of C73 (M x S, N) as being
smooth map germs parameterized by S. For each ¢; € S, there is a natural map C75 (M x
S,N) = Cr, (M x S, N) defined by [flpxs = [flpo):

Lemma 1.1.77. Let S be a compact smooth manifold and f € CJ5,o(M x S, N). Let A be a
finitely generated C35, 4(M x S)-module, which we give the structure of a C2; (N x S)-module
via the map (x,t) — (f(x,t),t). Then A is a finitely generated Cps5,o(N x S)-module if and
only if for all ty € S, A/(my,(S)A+my(N)A) is a finite-dimensional vector space over R.

Furthermore, ey, ..., ey generate A as a C3, (N x S)-module if and only if for all ty € S
their images generate the vector space A/(mit (M)A + my, (S)A + my(N)A).

Proof. The forward directions of each part are clear. We first show the converse of the
last part. Suppose e1,...,ep € A are such that for all ¢t € S their images generate
A (it (M)A + my, (S)A + my(N)A). Letting a € A, we will show that a = Zle i€
for some germs ¢; € Cg5 5(N X S).

For ty € S, by Lemma 1.1.68 the ring C7, (M x S) is the localization of C5 (M x S)
at the complement of m, ;) (M x S). Let Ato denote the localization of A at this set, making
it into a C¢7, )(M x S)-module. Since localization commutes with quotients, we have that
Ay /(mEH(M) Ay + my (S) Ay, + mg(N)Ay,) is a vector space spanned by the images of
e1,...,ex. Hence, by Corollary 1.1.76, A;, is generated by the images of e;,... e, as a

Clpte) (N x S)-module. There is a closed set Cy, C .S containing an open neighborhood of ¢
and functions ¢y,; € Cgle, (N x 5) such that the element S o ileile,, of Ag,, is equal
to the image [a]c,, -

Since S is compact, there is a finite subcollection C},,...,C;, for ¢1,...,t. € S whose
interiors cover S. Let {x:, }1<i<, be a partition of unity subordinate to the subcover. Then,

k r
Z (Z thSOtj,i) e = a,
i=1

J=1
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where we have xy,p;.; € C’;"; (N x S) by asserting it vanishes outside of NV x Cy,. Note that
the sum Z;Zl Xt;#t;,; makes sense because we can restrict the N components of the domains
of each ¢y, ; to be the same since there are finitely many of them. Thus A is generated by
€1,...,6€.

For the converse of the first part, use Corollary 1.1.76 to get finite sets of local generators
of A at each ty € S, use compactness in a similar way to get generators associated to a finite
collection of closed sets whose interiors cover S, then use a similar bump function argument
to yield elements of A whose localizations are the elements. The collection of these is a finite

generating set for A. O

1.2 The Thom Transversality Theorem

Recall that a smooth map f : M — N is transverse to a submanifoldl W C N on S C M,
denoted f M W on S, if for every p € SN f~H(W), then T, N = TypyW + df,(T,M). Or,
equivalently, if for such p the composition

df(p) © dfp : TpM — Tf(p)N/Tf(p)W

is surjective, where ¢ : TN — TN/TW is the quotient of vector bundles over W. When
S is omitted, we assume S = M. A standard fact about transversality is that if f M
W on M, then f~!'(WW) is an embedded submanifold of M whose codimension in M is
the codimension of W in N. Given the Whitney C'* topology on smooth maps M —
N (Definition 1.2.1), the set of maps transverse to W is dense (and in fact residual). A
powerful generalization of this transversality theorem is the Thom Transversality Theorem
(Theorem 1.2.9), which additionally lets us control the jets of a map. This is essential in
our classification of singularities — the only singularity types we need to consider are those
whose jet extensions are transverse to every orbit in the jet manifolds.

The treatment here closely follows [GGT73]. We first need to recall two topologies on
C>®(M,N).

Definition 1.2.1. Let M and N be smooth manifolds and C*°(M, N) the set of smooth
mappings M — N. The Whitney C*° topology on C*°(M, N) is the topology whose basis is
given by the collection of sets

B(U) = {f € C*(M,N) | j*f(M) C U}

for each k € N and open U C J*(M, N).
The weak topology on C*(M, N) is the topology whose basis is given by the collection
of sets
B(K,U) = {f € C=(M,N) | j*{(K) C U}
for each k € N, compact K C M, and open U C J*(M, N).
When no topology is specified for C*°(M, N), we assume the Whitney C* topology. ¢
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Remark 1.2.2. Suppose J¥(M, N) is given a metric compatible with M and N. A sequence of
functions f1, fa,... € C°(M, N) converges to f € C*°(M,N) in the Whitney C'* topology
if for each k there is a compact subset K, C M such that (1) the sequence stabilizes outside
K}, and (2) j*f; converges uniformly to j*f on K. |

Lemma 1.2.3. Let L, M, and N be smooth manifolds.
o 5 C®(M,N)— C®(M,J*(M,N)) defined by f s j*f is continuous.

o C°(L,M)x C>®(L,N)— C®(L,M x N) defined by (f,g) — (z — (f(z),g(x))) is a
homeomorphism.

e The composition map C°(M,N) x C>*(L, M) — C>(L,N) is continuous if L is com-
pact or if C*°(L, M) is replaced by the open subset of proper mappings.

Definition 1.2.4. Let X be a topological space. A subset S C X is residual if it is the
countable intersection of dense open subsets of X. X is a Baire space if every residual set is
dense. O

The Whitney C'*° topology lacks a countable base at every point and is not metrizable.
It is, however, at least a Baire space, which is sufficient for our purposes.

Lemma 1.2.5 ([Hir76, 2.4.4|). Let M and N be smooth manifolds and S C C*°(M,N). If
S is closed with respect to the weak topology, then S as a subspace of C°(M, N) with the
Whitney C* topology is a Baire space.

Corollary 1.2.6. Let M and N be smooth manifolds. Then C*(M,N) with the Whitney
C® topology is a Baire space.

We will also need a way to control the boundary conditions for the Thom transversality
theorem, which the following definition and lemma provides.

Definition 1.2.7. Let M and N be smooth manifolds, C' C M a closed subspace, and
f: M — N. Define C*(M, N; f|C) to be the set of g € C*°(M, N) such that g|c = flc. ¢

Lemma 1.2.8. Given the hypotheses of Definition 1.2.7, C*(M, N; f|C) as a subspace of
C*(M,N) is a Baire space.

Proof. By Lemma 1.2.5, we only need to show that C°(M, N; f|C) is closed with respect
to the weak topology. Let g € C*°(M, N) be in the complement of C*°(M, N; f|C). With
an x € C such that g(z) # f(x), let V'C N be a neighborhood of g(x) disjoint from f(x).
The set M x V is open in J°(M,N) = M x N, and B'({z}, M x V) is a basis neighborhood
of g disjoint from C*(M, N; f|C). O

We are now ready to state the transversality theorem, which includes a generalization by
Schommer-Pries to incorporate boundary conditions.
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Theorem 1.2.9 (Thom Transversality Theorem). Let M and N be smooth manifolds and
W a submanifold of J*(M,N). Then

T ={f € C*(M,N) | j*f m W}

is a residual subset of C*°(M, N). If W is closed, then Ty is open.
Furthermore, if C" C M is a closed subset and g : M — N a smooth map such that
¥ g MW on C, then Tyy N C>*(M, N; g|C) is a residual subset of C*(M, N;g|C).

Proof. See [GGT73, Theorem 11.4.9] or [Hir76, 3.2.8| for the first part. The second part is an
adaptation of [SP09, Theorem 1.7] and [GGT73, Theorem I1.4.11|, and we sketch the details
here. The beginning of the first part of the theorem is to choose a countable covering of
W by subsets Wy, Wy, ... open in W such that each W; satisfies (1) W, is a subset of W,
(2) W; is compact, (3) there exist coordinate neighborhoods U; of M and V; of N such that
(a x B)(W;) C U; x V;, and (4) U; is compact. Each W; is used to define an open subset
{f € C®(M,N) | j*f ® W on (j*f)~1(W;)}, and the intersection of all of these is Ty, so
the argument reduces to showing these are each dense. The argument proceeds by using a
jet bundle version of the parametric transversality theorem [GGT73, 11.4.7] to show that for
every f € C®(M, N) the set of perturbations to f that make j*f ® W on (j*f)~*(W;) is
dense, and notably this perturbation is supported on Us;.

Hence, given f € C®(M, N;g|C), since j*g is already transverse to W on C, we only
need Wy, W, ... to cover WNa ' (M\C). We can arrange for each U; to be disjoint from C,
and with such a choice it follows that the perturbations considered in the proof stay within
C>®(M,N;g|C). O

Remark 1.2.10. That the sets produced by the Thom Transversality Theorem are residual
means that, for any countable collection of jet transversality constraints, the set of smooth
functions satisfying them is dense. More precisely, given natural numbers k; and submani-
folds W; C J* (M, N) for all i € N, then (), Tw, C C*(M, N) is dense since it is a residual
subset of a Baire space. [ ]

We will also need John Mather’s multijet transversality theorem to put singularities with
intersecting images into general position.

Definition 1.2.11. Let M and N be smooth manifolds, and let M" denote the r-fold product
M x M x---x M. The fat diagonal A, C M" is the set {p € M" | p; = p; for some i # j},
hence the submanifold M"\ A’ is the space of r-tuples of distinct points of M.?

Given a multiindex k € N, the k-multijet bundle J<(M, N) is the pullback of the product
bundle [];_, J*¥(M,N) — M" to M" \ A%,. Elements of J¥(M, N) are called k-multijets.
There is a source map o : J(M,N) — M"\ A%, and target map 3 : J<(M,N) — N’
defined componentwise.

For a smooth map f: M — N, the k-multijet extension j<f : M"\ A%, — J¥(M,N) is
given by jkfp:(jklfpn-"ajkrfpr)- O

3The fat diagonal is not to be confused with the diagonal A%, = {(p,...,p) € M" |pe M} C M".
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Theorem 1.2.12 (Multijet Transversality Theorem). Let M and N be smooth manifolds,
k € N" a multiindex, and W a submanifold of J<(M,N). Then

T ={f € C*(M,N) | j*f AW}

is a residual subset of C*°(M, N).
Furthermore, if C" C M 1is a closed subset and g : M — N a smooth map such that
FXg MW on C, then Tyy N C®(M,N;g|C) is a residual subset of C>°(M, N;g|C).

Proof. The proof of the first part when ky = -+ = k, is given in [GG73, 11.4.13|, and the
following is a description for arbitrary multiindices. Let k’ € N” be a multiindex where
k' =---=k' and k; < k! for all i. Consider the map J¥ (M, N) — JX(M, N) defined com-
ponentwise by the projections J* (M, N) — J*% (M, N). Since each factor is a submersion,
the product is a submersion, and we can take the preimage of W to get a submanifold W’
of J¥(M,N). For f: M — N, j¥f M W if and only if j¥ f @ T, so the first part of the
theorem follows.

For the second part, a similar modification to the one in Theorem 1.2.9 can be made to
ensure perturbations have support disjoint from C. n

1.3 Foliated manifolds and distributions

Recall that a distribution is a subbundle of a tangent bundle, and that an integrable distri-
bution is one that can be locally given as the tangent bundle of a submanifold.

In our version of the Thom—Boardman singularities, we begin with families of integrable
distributions on the domain and codomain manifolds. The primary source of these distribu-
tions is from the standard foliation on a product of manifolds, where if M = My xMyx. .. M,,,
then at each point p € M we get a filtration of distributions

OngMlng(MlXMQ)Q"'QTP(MlXMQX"’XMm):TpM7

where the imprecise notation 7,(M; X --- X M) means the tangent space of the level set
containing p of the projection My x --- X M,, = M1 X --- x M,,. To classify singularities
means to enumerate the orbits of C>°(M, N) under the actions of diffeomorphisms of M and
N that preserve relevant structure — for example, diffeomorphisms that act invariantly on
a collection of distributions.

In this section, the aim is to precisely describe the diffeomorphisms for the foliation
described above. This is admittedly done in strictly more generality than necessary. We
review the definition of smooth manifolds via pseudogroups (see [GGT73| for reference), we
define foliated manifolds in these terms, and we show that foliated manifolds according to
this definition do give the usual notion of a foliated manifold. For a foliated manifold whose
leaves form a flag at each point, the transition maps have differentials taking values in a fixed
parabolic subgroup of the general linear group. We also give a description of the tangent
space of the diffeomorphism group as a restricted kind of vector field, which is used in the
definition of infinitesimal stability of germs (Section 1.4).
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Definition 1.3.1. For spaces X and Y, a local homeomorphism from X to Y is a home-
omorphism ¢ : U — V where U C X and V C Y are open subsets, which we may write
as ¢ : X o= Y with domy = U and codp = V. A local homeomorphism of X is a local
homeomorphism from X to X. O

Definition 1.3.2. A pseudogroup on R” is a collection I' of local homeomorphisms of R"
with the following properties:

1. idgn €T,

2. if p,¢ € I with dom ¢ = im then p o € T,

3. if p e, then ot €T,

4. if p € I" and U C dom ¢ is open, then ¢|y € T', and

5. if ¢ is a local homeomorphism of R"™ along with an open cover {U, },ec; of dom ¢ such
that ¢|y, €T for every o € I, then ¢ € T. O

Remark 1.3.3. More abstractly, we can understand pseudogroups in the following way. Con-
sider the sheaf F' on R™ where for U C R" an open set, F'(U) consists of continuous injective
maps U — R", which by invariance of domain are homeomorphisms onto their open images.
Each F(U) is a disjoint union of the sets F'(U,V) of those mappings ¢ : U — R" with
imp =V for V. C R" open. There is a map (—)~': F(U,V) — F(V,U) from taking inverse
functions, and hence F' defines a groupoid on the open subsets of R™. Thus a pseudogroup
on R" is, equivalently, a subsheaf I' of F' such that I defines a subgroupoid of the groupoid
for F. [ ]

Definition 1.3.4. Let M be a topological n-manifold (a second-countable Hausdorff space
that is locally homeomorphic to R™). Let A be a set of local homeomorphisms from M to
R"™, called charts, and let " be a pseudogroup on R™. A is a I'-atlas on M if

1. M =, domp, and
2. for all p,¢ € A, the transition function ¢ o ™| dom pndomy) 1S in T

Two I'-atlases are compatible if their union is a I'-atlas. A I'-structure on M is an equivalence
class of compatible I-atlases. (Note: a I'-structure is equivalently a maximal I-atlas.) O

Definition 1.3.5. For k € NU {co}, let diff*(R") be the pseudogroup of local homeomor-
phisms on R" that are in class C*. In particular, diff>(R") consists of local diffeomor-
phisms. O

Definition 1.3.6. A differentiable manifold of class C* is manifold with a diff*(R")-structure.
A smooth manifold is a differentiable manifold of class C°. O
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Definition 1.3.7. For G a subgroup of GL(R") and k& € NU {oo}, define the pseudogroup
Tk = {p € diff*(R") | for all z € dom ¢, dp, € G}. O

Definition 1.3.8. Suppose that M and N are n-manifolds, that N has a T'%-structure, and
that f : M — N is a homeomorphism. This induces a pullback T'f-structure on M whose
charts are given by ¢ o f : M o— R" for all charts ¢ : N o— R"™.

If both M and N have a I'f-structure, we say that a homeomorphism f : M — N is
a diffeomorphism if the pullback structures with respect to both f and f~! are compatible
with respect to the structures on M and N, respectively.

We write Diff (M, N) for the set of diffeomorphisms M — N. The diffeomorphism group
is Diff (M) := Diff (M, M). O

Definition 1.3.9. Let V be a finite-dimensional vector space and {U;};e; an I-indexed
family of subspaces. Then the stabilizer subgroup of this collection of subspaces is denoted

GL(V:{Ui}:) = {{g € GL(V) | gUi C Uy}
iel
A filtration of length m is a nondecreasing sequence of m subspaces Uy C Uy, C --- C U,
ending with U,, = V, and a (partial) flag is a filtration of increasing subspaces. For the
special case of a filtration, we write

GL(U, C--- CUy) = GL(V;{U;},). O

Remark 1.3.10. The subgroup GL(U; C --- C U,,) is known to be a parabolic subgroup of
GL(V); in the case that dim U; = i for all ¢ then it is a Borel subgroup. Borel subgroups of
GL(V) are all conjugate to the group of upper triangular matrices. ]

Example 1.3.11. If U is a k-dimensional subspace of an n-dimensional vector space V', then
the Grassmannian Gry(V') of k-dimensional subspaces of V' can be identified with the coset
space GL(V)/ GL(U C V). In more generality, GL(V)/GL(U; C --- C U,,) when dimU; =i
for all 7 can be identified with the flag variety on V': cosets of this subgroup are in one-to-one
correspondence with the set of all flags 0 C U] C --- C U, =V. O

Example 1.3.12. Consider a filtration U; C --- C U,,, = R™. Choosing a basis for R™ such
that each subspace is the span of some prefix of the basis, then elements of GL(U; C --- C
U,,) with respect to this basis are in upper-block-diagonal form:

All Al? e Alm
O A22 e A2m
0 0 - Anm

Letting k; = dim(U;/U;_4) for each 1 < i < m (and setting Uy = 0), then each A;; is a k; X k;
invertible matrix and each A;; is a k; X k; matrix. O



CHAPTER 1. SINGULARITY THEORY FOR DECOMPOSITIONS 40

.
-
-
-
-

Figure 1.1: Tllustrations of the product foliations of [0,1]* and [0,1]3. The foliated cube
(right) is thought of as a stack of 2-dimensional leaves that themselves are foliated squares,
and a foliated square (left) is thought of as a stack of 1-dimensional leaves.

Definition 1.3.13. Let {U;};c; be an I-indexed family of subspaces of R". Define the
pseudogroup

F({Uz}z) = F%OL(R”;{Ui}i)'
As a special case, for kq,...,k, € N with k; < --- < k,, define

Fky <+ < k) = F(RM}),

where include R* C R" in the usual way by (zy,...,7x,) — (21,...,24,,0,...,0).

A smooth {U;};-foliated manifold is a manifold with an F'({U;};)-structure, a A smooth
(ky < -+ < ky,)-foliated manifold is a manifold with an F(k; < --- < k,,)-structure, and a
smooth codimension-k foliated n-manifold is a smooth (n — k < n)-foliated manifold. O

This is not the usual definition of a foliated manifold, but it is equivalent, as we will see
shortly. While we do this in generality, in the sequel we only use the following standard
foliation on a product structure:

Definition 1.3.14. Let X4,..., X,, be smooth manifolds of dimensions ki, ..., k,,, respec-
tively. The product foliation on X; x---x X,, is the F(ky < kj+ky < -+ < ky+ko+- - -+kp)-
structure generated by the product charts ¢, x - -+ X ¢, with ¢; a chart on X; for all 7.
We write Diff(X; € X; x Xy C -+ C X3 X -+ x X,;,) to indicate the diffeomorphism
group for the product foliation. O

Remark 1.3.15. The product foliation is sensitive to the order of the product: X; x X5 and
X5 x Xj generally have different product foliations despite being diffeomorphic as smooth
manifolds. The 1-dimensional leaves (Definition 1.3.19) of R x R are either horizontal or
vertical depending on the product order (see Figure 1.1). ]
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What the definition of a {U;};-foliated manifold M gives us is an I-indexed family of
distributions for M:

Lemma 1.3.16. Let U C R™ be a subspace, and let M be a (U C R™)-foliated manifold.
There is a distribution V- C T'M with the property that whenever ¢ is a chart and p € dom ¢,
then V, = (diy) (V).

Proof. We can use p — (dy,) ' (U) to locally define a distribution over dom ¢, so what we
need to show is that the distribution is independent of the chart. Let ¢/ be another chart for
M, and let p € dom ¢ Ndom . If v € (dp,) *(U), then

dipy(v) = d(¢p o @_l)p(v)'

Since transition functions are in the F(U C R™) pseudogroup, by definition this is in U,
hence (dy,) ! (U) C (dip,)~'(U). By symmetry, this is an equality. O

Lemma 1.3.17. Let U be a subspace of R, f € F(U C R"), and x € dom f. Suppose
u € U is such that x +ut € dom f for all t € [0,1]. Then

flx+u)— f(x) e U.

Consequentially, f restricts to a local homeomorphism between the affine subspaces x + U

and f(z)+U.
Proof. Letting h(t) = f(z + tu), then

1 ah 1
Flo+w)— fa) = h(1) ~ () = [ Star = / o) dt.
0 0
For all t € [0, 1], since df, 4+, € GL(U C R"), then df, 4. (u) € U. Hence, f(x+u)—f(z) € U.
Therefore, by restricting to a star-shaped open neighborhood V' of u in dom f, then f
carries V to f(z) + V. O

Lemma 1.3.18. Let U C R™ be a subspace, and let M be a (U C R™)-foliated manifold.
The distribution V' from Lemma 1.3.16 is integrable.

Proof. Let p € M and ¢ be a chart for M with p € dom . Let P be a connected component
of o~ (¢(p) +U) containing p. The affine subspace ¢(p)+U is a submanifold and ¢ is a local
homeomorphism, so P is a submanifold of M. Let ¢ € P and v € T,P. Then since P has
the local defining function M o— R™ — R™/U from ¢ and the quotient, we see dy, € U,
and hence T, P C (dp,) ' (U) By consideration of dimension, this is an equality.

Now we will use Lemma 1.3.17 to show that, locally, P does not depend on the choice of
chart. Let 1 be another chart containing p, and define P’ to be the connected component of
¥~ (¢(p) + U) containing p. Consider the transition function v o=t which is an element of
the pseudogroup F(U C R™). By the lemma, the transition function locally sends ¢(p) + U
to 1¥(p) + U. Therefore, there is some open neighborhood of p inside of which P and P’
coincide. O
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Definition 1.3.19. Let U C R™ be a subspace, and let M be a (U C R™)-foliated manifold.
Given a chart ¢ for M and = € cod ¢, a plague P is a connected component P of ¢! (z+U),
which is a submanifold of dimension dimU. Let ¢p denote the restriction of ¢|p to P —
x + U, and let M’ be M with the final topology such that the maps pp are continuous for
all plaques P. A leaf is a connected component L. C M’, which is a smooth manifold of

dimension dim U with an atlas generated by the collection of the ¢p functions for all plaques
P with P C L. O

According to this definition, if L is a leaf of M, then the restriction to L of the map
M'" — M is a smooth immersion. Furthermore, for p € L, we have T,L = V,, where V is
the distribution associated to the (U C R™)-foliation from Lemma 1.3.16. This means that
for a ({U;};)-foliated manifold, at every point p, there is a leaf L; containing p associated to
each U; for ¢ € I. In fact, given a chart ¢, then letting P; be the plaque for U; at p for each
i € I, the plaques {P,;}; are locally modeled by {U;},.

If the subspaces are closed under intersection, then so are the leaves. In that case, for
each i € I, leaf L; inherits a F({U,},;<;)-structure, where U; is regarded as a subspace of U;.
Every leaf of L; is an intersection of L; with a leaf of M.

Example 1.3.20. If X4,..., X, are smooth manifolds of respective dimensions ki, ..., k,,,
then the leaves of the product foliation for X; x- - - x X, that contain a point p € X;x---xX,,
are

{p} € X1 x {(p2,..-.pm)}
C X1 xXox{(ps,---,pm)}

CXy XXXy X{(pm)}
C Xy %X X O

Lemma 1.3.21. Let {U;}; be an I-indexed family of subspaces of R™, and let M be a
{U, };-foliated manifold. Given p € M, there is a trivialization of the tangent bundle in an
open neighborhood W of p that trivializes each distribution V; (where V; is the distribution
associated to U; from Lemma 1.3.16). That is, if m : TM — M s the projection, the
distribution in 7= (W) ~ W x T, appears as W x V.

Proof. Any chart for the F'({U;};) structure suffices. O

Suppose M is a {U,};-foliated manifold and N is a {V}};-foliated manifold. For the local
classification of singularities for smooth maps M — N, in coordinates the problem is to
classify germs C5°(R™, R™) of functions that send 0 to 0, modulo the actions of F'({U;}:)o0
and F({V;}i)oo (the sets of germs of elements in the respective pseudogroups that send 0
to 0). The following lemma is stated in terms of charts, but consider also its application
in understanding germs of elements of the foliation pseudogroups, particularly when the
subspaces form a filtration.
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Lemma 1.3.22. Let k and m be natural numbers such that 0 < k < m. Suppose ¢ and ¢
are charts for a smooth (k < m)-foliated manifold M, and let f = 1) o 0™ (dom prdomy) b€
the transition function. Let (x1,...,xy) be local coordinates for ¢ and (y1,...,Yym) be local
coordinates for . Then for k+1 <i <m, locally f*y; is a function of Txi1,...,Tp.

Proof. By the lemma, the transition function induces a well-defined local homeomorphism
of R™/Rk, and with respect to the local coordinates (zgy1,...,Zm) and (Yri1, .- -, Ym) tO
parameterize the quotient, f*(y;) is a function of zxi1, ..., kny. O

Corollary 1.3.23. Suppose ¢, are charts for a smooth (ki < --- < ky,)-foliated manifold
M. Let the local coordinates with respect to ¢ and ) respectively be

(zlv s 7':Ck5m) and (yla cee 7ykm)7

and let f =1 o @71|<p(domgoﬂdomw) be the transition function. If 1 <1 <k,,, 1 <7 <m, and
ki1 <i <kj (setting ko = 0), then locally f*y; is a function of only vy,  11,..., T,

m

Example 1.3.24. For a (2 < 3)-foliated manifold, transition functions are locally of the
form

[y = f1($17332,$3)
[ y2 = fo(x1, 22, 73)
fys = fa(x3)
for locally defined smooth functions fi, fo, and f3. O

Remark 1.3.25. We will have occasion to consider families of diffeomorphisms, and one thing
we would like is a notion of the tangent space for the space of diffeomorphisms.

Suppose G C GL(R™) is a smooth Lie group and M is an m-manifold with a I'g-
structure. A smooth family of diffeomorphisms indexed by a smooth manifold C'is a function
g : C — Diff(M) that is smooth in the sense that the map M x C' — M defined by
(x,t) — gi(x) is smooth.

Let g : (—¢,e) — Diff(M) be a smooth family of diffecomorphisms Let ¢ : M o— R™
be a chart centered at p € M with ¢(p) = 0 and coordinates (zi,...,z,,), and let ¢ :
M o— R™ be a chart centered at ¢ = go(p) with coordinates (y1,...,¥,). With this, let
g :Ux(—=0,0) — R™ be g with respect to the charts, with § > 0 and the open neighborhood
0 € U C dom ¢ chosen so ¢’ is well-defined.

By the definitions of I’y and of diffeomorphisms, d(g;). € G for each t € (—4,9) and
x € codp. For fixed z, we may regard this as being a path in G, so by taking the time
derivative we get a path %gt’é)“(x,t) € Lie(G) in the Lie algebra, which we think of as a
subspace sitting inside Lie(GL(R™)) = Hom(R™ R™). We may reorder the differentials to
get d (88—{ ) € Lie(G) for all ¢, where we write %—{ : R™ — R™ for the derivative evaluated
at t. v '

We may think of Ba_gt’
as being the time deriva‘give of the family ¢ in a neighborhood of p. [ ]

as being a vector field on U, and this vector field may be regarded
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Definition 1.3.26. Let G C GL(R™) be a smooth Lie group, let M be an m-manifold with a
I'-structure, and let g € Diff(M). The tangent space T, Diff (M) at g is defined to be the set
of all smooth vector fields v € C*°(T'M) such that for all p € M and all charts ¢ : M o— R™
and ¢ : M o— R™ with p € dom ¢ and f(p) € cod, then h = dpovo ™! : R™ o R™
satisfies dh, € Lie(G) for all x in a neighborhood of ¢(p). O

Example 1.3.27. If R™ has a I'%F-structure with the identity map as a chart, the tangent
space Tiq Diff (R™) is the set of all smooth vector fields v € C°(TR™) such that dv, € Lie(G)
for all x € R™. O

Lemma 1.3.28. Let M be a (ky < -+ < ky,)-foliated k,,-manifold and let v € C°(TR™).
Give TM local coordinates (xy1,..., Tk, ,Y1,---Yk, ), where (xq,..., 2, ) parameterize an
open subset of M and, for each i, y; corresponds to 0/0x;. In these coordinates, v €
Tiq Diff (M) if and only if v satisfies the conclusion of Corollary 1.3.23, that v*y; is a function
of only vy, 41, ..., Tk, where 1 <i <ky, 1 <j<m, and kj_y <i<k; (setting ko =0).

Proof. The condition that v € Tiq Diff(M) is that dv, € Lie(GL(k; < --- < ky,,)) for all x.
This Lie algebra is the set of all upper-block-diagonal matrices of the form

Ay A - Al
0 Ay -+ Ay
0 0 - Anm

where Ay is a kg X k; matrix. Thus, for 1 <i,5 < k,, with (7, 7) in the zero region of this

matrix, 85;?# () = 0 for all z, implying v*y; has no functional dependence on x;. Conversely,
J
if v is of this form then we can see that dv, lies in the Lie algebra for all x. O]

Remark 1.3.29. There is a coordinate-free statement of this lemma for germs of diffeomor-
phisms at p € M. With ky = 0, for each 0 < i < m there is a (k,, — k;)-dimensional
smooth manifold germ M; (the “plaque space” at p) and a germ in C;°(M, M;) projecting
onto it — every open neighborhood of p contains a connected subneighborhood consisting of
ki-plaques, and the quotient by plaques in this neighborhood gives a (k,, — k;)-dimensional
smooth manifold; by taking the formal limit of these quotients over all such open neighbor-
hoods of p one obtains the manifold germ M;. Each M; has a tangent bundle T'M; defined
as a formal inverse limit, and for each for each 0 < i < j < m, we have a canonical smooth
map germ M; — M; and a bundle map germ T'M; — T'M;. Letting I be the poset category
with objects {0,1,...,m — 1} and morphisms i — j when i < j, then we can view both
{M;}; and {T'M;}; as functors from I to the category of smooth manifold germs.

The tangent space Tiq Diff (M) near p is, equivalently, the set of natural transformations
from {M,}; to {T'M,}; whose components for each i are sections of the projections T'M; — M,.
That is to say, an element of the tangent space is a collection of smooth section germs
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s; + M; — T'M; such that the following diagram commutes:

TMy — TM, H e » T'M,,_1
SOT SIT Sm—l]\
M, s M, $ oo > M1

The map sy determines the rest. Then, since M, is the manifold germ of M centered at p and

T My is the corresponding bundle germ, we can identify this set of natural transformations
as a subspace of C°(T'M). |

Definition 1.3.30. Let M be an m-manifold with I'gF-structure. A local diffeomorphism
is a local homeomorphism ¢ : M o— M such that the restriction domp — codyp is a
diffeomorphism. For p,q € M, we may consider the collection of all local diffeomorphisms
sending p to ¢, and the stalk of this directed system is Diff,(M),, the diffeomorphism germs
sending p to q. When p = g, we write Diff (M), the group of diffeomorphism germs at p. O

Lemma 1.3.31. Let G be a smooth Lie group, let M be an m-manifold with a I'y -structure,
and let p € M. Let v : [0,1] — Tiq Diff (M) be a smooth family of vector fields on M each
vanishing at p, and let go € Diff,(M) be a diffeomorphism germ. Then there is a smooth
family g : [0,1] — Diff ,(M) of diffeomorphism germs solving the differential equation

%g(m,t) = Ut(g(x7t)) g(l‘,O) = g()($),

where vi(g(t,x)) is from interpreting v, as being an element of C*(TM) and we regard
L g:(x) as an element of Ty, M.

Proof. The existence of a solution is from taking the flow of the vector field starting from
go, restricting the domains of the diffeomorphisms to a neighborhood of p as necessary for
there to exist a global flow. The flow has the property that p remains fixed through time
since the vector fields vanish there. Since the spatial derivative of the vector field locally lies
in Lie(G), by reversing the discussion from Remark 1.3.25 the resulting spatial derivative of
the solution lies in GG, so each g; is a local diffeomorphism centered at p. O

1.4 Stability

In general, if GG is a topological group acting on a topological space X, we say a point z € X
is stable if its orbit G is an open set. The sense in which such a point is stable is that small
perturbations of the point can be compensated for by the group action.

The ideal when it comes to a suitable notion of a “generic” smooth map M — N is a
stable map, which is a stable element of C*°(M, N) with respect to the action by Diff (M) x
Diff(N), where M and N might have additional structure (in the sense of Definition 1.3.7,
in which case the diffeomorphism groups are of structure-preserving diffeomorphisms). For
g € Diff (M), h € Diff(N), and f € C>(M, N), we use the action (g,h) - f =hfg™'.
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Table 1.1: Density of stable maps in C*°(M, N). The region where stable maps are not dense
is, roughly, when 7 <n < Im — & (see [Mat71] or [GGT3, p. 163)).
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Unfortunately, even for smooth manifolds M and N, stable maps are not in general dense
in C*°(M, N). Mather in [Mat71| gave the exact conditions on the dimensions of M and
N for which stable maps are dense (the dimension pairs for low dimensions are given in
Table 1.1). This provides a baseline for stable maps with respect to smooth manifolds with
additional structure — diffeomorphisms for foliated manifolds have orbits as least as fine,
making achieving stability no more easier. The table gives hope that in low dimensions
achieving the ideal is tractable.

As we discussed in Remark 1.3.25 and Definition 1.3.26, we may regard the tangent space
Tiq Diff (M) of Diff (M) at the identity to be some subspace of C*°(T'M), the space of smooth
sections of T'M (where if M is just a smooth manifold, then Tiq Diff (M) is C*(T'M) itself).
See, for example, [GGT3| for a description of the tangent space of the smooth diffeomorphism
group as a Fréchet manifold.

For f € C*(M, N), we may regard the tangent space TyC*(M, N) to be C®(f*T'N).
Taking the differential of the action of the diffeomorphism groups on C*°(M, N) yields a
map

C*(TM)® C*(TN) — C(f*T'N)
(v,w) = —fio+ ffw

where f,v and f*w are the vector fields defined by, for x € M,
(fiv)e = dfx(vs) and (ffw)e = W)

If f is stable, then this map is surjective. The converse yields the following definition:
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Definition 1.4.1. Let M and N be smooth manifolds, possibly with additional structure.
Let (M) C C*°(TM) and O(N) C C*(TN) respectively be the tangent spaces of the
structure-preserving diffeomorphism groups for M and N. We say that f € C*°(M,N) is
infinitesimally stable if the map

O(M) @ O(N) — C(f*TN)
(v,w) = —fio+ ffw

is surjective.
For p € M, we say that the germ f € C°(M, N) is (locally) infinitesimally stable if the
corresponding map 6,(M) @ 0,(N) — C*(f*T'N) of germs of sections is surjective. O

The implicit function theorem does not apply to Fréchet manifolds, so infinitesimal stabil-
ity does not immediately imply stability. For smooth manifolds with no additional structure,
Mather proved that if f is proper and infinitesimally stable then it is indeed stable. It should
be noted that local infinitesimal stability of all germs of a smooth map is not sufficient for
infinitesimal stability since it ignores interactions between germs with the same image.

Local notions of stability are still useful since they are a necessary condition for stability,
so we will define what it means for germs to be stable. After showing that infinitesimal
stability implies local stability for smooth maps to R™ with a product foliation, as a corollary
we will have that local infinitesimal stability implies local stability for germs from a smooth
manifold to a (k; < --- < k,)-foliated manifold.

Definition 1.4.2. Let M be a manifold with a I'¥-structure and N a manifold with a I'7-
structure. Let f € C°(M, N), and f € CP(M, N)y be map germs. We say f and [’ are
equivalent if there exist diffeomorphism germs ¢ € Diff,(M),, and ¢ € Diff (M), such that
o f= fop (see Definition 1.3.30). O

After a perturbation of a stable map, its map germs can be said to move according to the
diffeomorphisms that carry the map back to its original configuration, so the correct notion
of stability of map germs needs to account for the fact that small perturbations can move
their centers. This definition is from Poénaru [Poé74, ILIIL1]:

Definition 1.4.3. With M and N as in Definition 1.4.2, let f € C*°(M,N) and p € M.
The germ [f], € C;°(M, N) is (locally) stable if for all small enough neighborhoods U € M
of p, there exists a neighborhood V' C C*(U, N) of f|y such that for all f" € V|, there exists
a point p’ € U such that [f], is equivalent to [f'],. O

For infinitesimal stability implying stability, we rely heavily on the work of Dufour and
Buchner [Duf75,Duf77,Buc77]. They each extended the work of Mather to apply to stability
of diagrams of smooth maps. The global version can be generalized to the case where each
leaf space is a manifold, but we leave it in terms of product foliations due to its applicability
to n-categorical decompositions. The more general local version is given as a corollary.
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Theorem 1.4.4. Let M be a smooth m-manifold, and let R™ be given the standard prod-
uct (RFr C RF2 C ... C R*)-foliation, where k, = n. If f € C(M,R") is proper and
infinitesimally stable, then it is stable.

Forp € M and f € C;°(M,R"), if f is locally infinitesimally stable, then it is locally
stable.

Proof. Letting kg = 0, for each 0 < i <7 — 2 let m; : R"/RF — R"/R**! be the canonical
quotient. Consider the diagram (called a cascade by Dufour):

M LR T R/RR T T2 R RE

Letting kg = 0, there is an action of Diff(M) x Hng‘gr_1 Diff (R"/R¥) on C=(M,R") x
[Tocicr 2 C (R™/R¥ R /R*+1) defined by

(ga 9o, - - - 797“71) : (fa h07 R her) = <90fg717 glhogala s 7gr71hr72g;_12)-

Ignoring the foliation structure, the differential of this action at the diagram above is

T:C*TM)® @ CX(TR/RY) = C=(f'TR) & P O=(mT(R"/R"))

0<i<r—1 0<i<r—2
(v, {wi}i) = (= fev + frwo, {—(mi)ww; + (7)) Wigs ).

If this map is surjective, the cascade is infinitesimally stable. Infinitesimally stable cascades
of proper maps are stable by [Duf75].

We will show that f is infinitesimally stable in this sense and then relate stability of the
diagram back to stability of f. To show the above map is surjective, suppose {¢, {¢;}:} is
an arbitary element of the codomain of 7. We claim that there is an element {v, {w;};} of
the domain of T" such that T'({v, {w;};) + {¢, {¥i}:} = {¢’, {0}:} for some ¢ € C°(f*TR").
Start with {v, {w;};} = {0,{0};}. Let 0 < i < r — 2 be least such that {¢', {¢}};} =
T({v,{w:};) + {o, {¢i}:} has ¥} # 0. The equation (m;).w} = 1} can be solved for w; since
(i)« is surjective. Replacing w; with w;+wy, then we may assume 7 = 0 for all i < j < r—2,
and then we may recurse until ¢’ = 0 for all j.

We will find some {a,{b;};} in the domain of T" such that T'({a,{b;}:}) = {¢',{0}:}.
For each 0 < i < r — 2, we have the condition —(m;).b; + (m;)*b;x1 = 0. Using standard

(y1, - ., yn) coordinates for R", we have for each i representations
bi= > Bii(Wks1,---  Yn) 7y
ki<j§n

The condition is thus

— > Bii Wk, - JYn) gy + > Bt iUk Yn) gy = 0.

kir1<j<n kit1<j<n
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Hence, for each i and j, Bij (Yr;+15 - - -+ Un) = Bit1(Ykis1+15 - - - » Yn), Which inductively implies
that Boj(v1,. .., yn) = Bij(Yki+1,---,Yn) for all 4 and j such that 0 < i < r —2 and k; <
Jj < n. We can see that (1) {fo;}1<j<n determines the rest and (2) [y, is a function of
only Y, +1,---,Yn, where ¢ is such that k; < j < k;y1. Thus, Sy € C°(TR") must satisfy
Lemma 1.3.28 and may be regarded as being an element of Tjq Diff(R* C ... C R*). Since
by hypothesis f is infinitesimally stable, there exists some a € C*°(T'M) and by € C*°(TR"™)
such that f.a+ f*by = ¢’ and that by satisfies the above constraints. Hence, T'({a, {b;}:}) =
{¢',{0};}. Subtracting the correction from before, we have T'({a,{b;}:} — {v,{w;}:}) =
{¢,{wi}i}. Therefore, T is surjective and the cascade is infinitesimally stable.

Since the cascade is thus stable, its orbit under the action of the product of diffeomor-
phism groups is open. Thus, restricting this orbit to C*° x {0}¢<;i<,—2 yields an open orbit
under the Diff (M) x Diff(R* C ... C R*) action, and therefore f is stable.

Now for the statement about local infinitesimal stability. The notion of local infinites-
imal stability of a cascade is the same except we work with germs everywhere. For [f], €
C(M,R") locally infinitesimally stable, we may assume the domain of f is suitably re-
stricted such that it is infinitesimally stable. This local result is incidental to the underlying
proofs of the above global result. A quick overview: there is a large enough & € N such
that any germ with a jet in the same orbit as j*f, in J*(M,R") is equivalent, and there is
a small enough neighborhood of f such that any ¢ in it has a jet extension j*¢ transversely
intersecting this orbit near j* f,. O

Corollary 1.4.5. Let M be a smooth m-manifold, let p € M, and let N be a smooth
(k1 < -+ < ky)-foliated n-manifold (with k, = n). If the germ f € C°(M,N) is locally
infinitesimally stable, then it is locally stable.

Proof. Working in coordinates, this follows immediately from Theorem 1.4.4. O

Definition 1.4.6. A map germ f € C°(M, N) is finitely determined if there is some k € N
such that every f' € C>°(M, N) with jz fo=J" [, is an equivalent germ. We say such a germ
is k-determined. O

A k-determined map germ is, in local coordinates, equivalent to a polynomial, which is a
desirable property because it helps bound the effort that goes into classifying singularities. If
there is a universal bound on k for all locally stable germs, then the classification of finitely
determined germs reduces to the study of orbits of a Lie group action on a finite-dimensional
manifold (the jet space), and [Mat69b, Lemma 3.1] can be used to classify orbits.

Theorem 1.4.7 (Tougeron’s Finite Determinacy Theorem). When M and N are both
smooth manifolds with no additional structure, every locally infinitesimally stable germ in
C*(M,N) is (dim N + 1)-determined.

Proof. See, for example, [AGZV12, 1.6.3]. O
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Theorem 1.4.8 (Nakai). If M is a smooth manifold and N is a (ky < --- < k,.)-foliated
manifold. There is some d € N such that every locally infinitesimally stable germ s d-
determined.

Proof. In Theorem 1.4.4 we analyzed local infinitesimal stability in terms of local infinitesimal
stability (and thus local stability) of cascades. According to [Nak89, Theorem 0.3.1], since
these are finite convergent trees, local stability is finitely determined. This d is not given
explicitly, however. O

Remark 1.4.9. Based on examples, it appears that a locally stable germs f € C§°(R™, R"),
where R™ has the product (1 < --- < n)-foliation can be put into a polynomial form such
that f; has degree at most n + 2 — ¢ for all 1 < i < n. It is plausible that there is a finite
determinacy theorem with these degree bounds.

Even without this finer result, we still can check that germs are “locally infinitesimally
k-stable,” which is whether the map 6,(M) & 0,(N) — C°(f*TN)/m, (M) is surjective
(i.e., whether the equations for local infinitesimal stability can be solved to order k). [

We conclude by giving technical lemmas for more relaxed algebraic conditions for deter-
mining local infinitesimal stability of Morse 2-functions and Morse 3-functions.

Lemma 1.4.10. Let f € C;°(M, R?)y for M a smooth manifold and R? with the standard
product foliation. Let (y1,y2) be standard coordinates for R?, and use yy for coordinates for
R?/R. If

Cr(f'TR?) = f.CX(TM) + f* O (R?) 5 + f O3 (R?/R) 5

Ay1 0y2

+ mo(R?/R)C°( f*TR?) 4 my(R?*)>Co°(f*TR?),

then f is locally infinitesimally stable (and thus locally stable).*
FEquivalently, f is locally infinitesimally stable if

CR(f'TR?) = f.C*(TM) + (7, f) O (f*TR?) + R2- + Rfi 2= + R

Oy2’
where (7, f2) € C°(M) is the ideal generated by f} and f,.

Proof. Wassermann in [Was75, Corollary 1.8| gives a useful version of Nakayama’s Lemma
(Lemma A.1.1) that can apply to this situation, though we give a proof using the more
general Lemma A.1.3. Similar to Theorem 1.4.4, we consider the cascade

ML R? I R2/R.

N.B. In mo(R?)?C°(f*TR?) for example, since Cp°(f*TR?) is a Cp°(M)-module then we are effectively
multiplying by the ideal C;°(M)my (R%)2.
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This cascade induces a system of rings and modules:

C5°(R2/R) —=— Cgo(R2) —L— (M)

C(T(R2/R)) C(TR?) Co(TM)

\ l”\ lf

m™T(R*/R))  C(f*TR?)
We define the R-modules A and B by
A=CP(T(R*/R)) & C3°(TR?) & C°(T M)
B = C(m*T(R*/R)) & C°(f*TR?)
and, similarly to Theorem 1.4.4, define T': A — B according to the diagram, which in

symbols is
T(u,v,w) = (m"u — v, ffv— fiw).

Define the following Jacobson ideals:
I, = my(R?/R) C my(R?*/R)
= Cg°(R*)myo(R*/R) + mo(R*)* C mo(R?)
I = C*(M)mp(R?/R) + C2°(M)mg(R*)* € m, (M)
We can see that
Co*(R*)* (1) = Cg° (R*)mo(R*/R)
Coo (M) f*(Io) = Cp° (M)mo(R*/R) + Cp° (M )mg(R*) = 1,
hence these Jacobson ideals satisfy the hypotheses of the lemma.
We now check the adequacy conditions for the special case where (2) does not hold for

the “i = 27 condition. In the following, note that Cy°(M)f*Ci°(TR?) = Cx°(f*TR?) and
Co°(R?)mC5°(T(R?/R)) = C° (v T'(R?/R)).

e Condition at C5°(m*T'(R?/R)). Suppose we are given a submodule N C C5°(7*T(R?*/R))
such that
C(m*T(R*/R)) = N + 7*C°(T(R?/R)) + I,C° (7*T(R?*/R)).
It suffices to prove that C5°(m*T(R?*/R)) = N + 7*C°(T(R?*/R)). Letting L =
Cso(m*T(R?/R)), the assumption is equivalently that the map
7 C(T(R*/R)) — L/(N + mo(R*/R) L + mo(R?)*L)

of C°°(R?/R)-modules is a surjection. Since C°°(R?/R) is generated by the one element
6%2 then by Corollary 1.1.75 we have that 7* : C5°(T(R?*/R)) — L/N is a surjection

as well, and hence L = N + 7*C5°(T(R?/R)).
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e Condition at C’;O( f*TR?). Suppose we are given that
Cgo(f*TRz) = f.C(TM) + O (TR?) + IC;O(f*T]R2).
It suffices to prove the following:
C(f*TR?) = £.C(TM) + f*C5°(TR?)
IC;o(f*T]RQ) =1f.C2(TM) + f*I,C(TR?)

Since I C C,(M)my(R?), then Theorem 1.1.73 applies to the assumption, yielding the
first equation. Multiplying the first equation by I yields the second equation.

Hence, the adequacy conditions are satisfied.
Now we check that B = T(A) 4 I,C*(m*T(R?/R)) + IC°(f*TR?). Similar to the

argument in the proof of Theorem 1.4.4, since 7, is surjective we only need to check that
CO(f*TR?) C T(A) + [,C®(x*T(R*/R)) + IC3°(f*TR?).
One can see that this is satisfied if
CR(fTR?) = f.C(TM) + f*C5o(R?) 2 + f*C5°(R?/R) 2= + ICX (f*TR?),

which is our hypothesis, hence by Lemma A.1.3 we have that B = T'(A). Like in Theo-
rem 1.4.4, since B = T(A) then f is infinitesimally stable (and thus locally stable).
For the equivalent formulation, we compute that

mo(R*/R)Co°(f*TR?) + mo(R*)*Coe (f*TR?) = (f2)Cp° (f TR?) + (f1, f2)°Co° (f*'TR?)
= (/1. O (f'TR?).

The module f*Cg° (]RQ)aiy1 consists of elements p(f1, fQ)a%l’ and by the Hadamard Lemma
(Lemma 1.1.69) there are constants cg, ¢; € R and functions ¢11, @12, p2 € C5°(R?) such that

o(f1, f2) = co+ erfr + eu(fr, f2) [T + @12(f1, f2) frfe + ©2(f1, f2) fo.

Hence frC5 (R?) 5o o C R2 5 + R fl(.9 + (f2, f2)C°(f*TR?). Similarly, f*Cg°(R?/R)z-
+ (f2, fg)Coo( f TR?). Therefore the hypothesis may equivalently be written as

8y2 =

8y2

CO(f*TR?) = f.CX(TM) + (f1, f2)C°(f*'TR?) +R% +]Rf18y +RZ O

Oy~
Corollary 1.4.11. Let f € C°(M, R%) for M a smooth manifold and R* with the standard
product foliation. Then f is locally infinitesimally stable if
CX(f*TR?) = L.OX(TM) + (f1, f2) O (f'TR?) + my (M) C°(f*TR?)

o 9
+Ra_yl+Rflay + Ry

Hence, local infinitesimal stability is determined by the 4-jet of f.
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Proof. Let A = f.C*(TM) + (f7, f2)C;°(f*TR?). Since we assume that C>°(f*TR?)/(A +
m, (M )4050 (f*TR?)) is a vector space of dimension at most three, by Corollary A.1.2 we
deduce that
m,(M)’C(f*TR?) C A.
Thus, m,(M)*Cy°(f*TR?) C A, so we have that
CR(f TR?) = f.C°(TM) + (ff, f) O (f TR?) + R~ + Rfigo- + Ry

By Lemma 1.4.10, f is locally infinitesimally stable.

We now consider the claim that local infinitesimal stability is determined by the 4-
jet. Suppose f' € Cp°(M,R§) is another germ with j'f, = j7f;. Let (z1,...,2,) be
coordinates for M and (y1 Yo) the standard coordinates for R2. leen that j*f, = ]4 ' then
in coordinates there are functions ¢, ps € mp(M) such that f' = f+ . For uy, us, wl, Wy €
C(M), then

(w1 33{1 + UQai; +wi(f1)*5 T w2f23y1> (ul 9oy T U2, 812 +wy fi 52 oy T wa f2 3y1)

—ulax —l—uza‘P +w1(2f1901+801)6y1 +w 29028_312'

This difference is an element of m,(M)*C>*(f*TR?) C m,(M)A. Defining A" = fL.C>*(TM)+
((f1)% f5)C((f')*TR?), then calculation implies A" C A since each element of A" is a sum
of elements of A. We also see from this that A C A" 4+ m,(M)A. Since A" + m,(M)A C
A+ my(M)A and A+ my(M)A = A, then A"+ m,(M)A = A. By Nakayama’s Lemma,
A" = A, hence C*(M,R?*)/A" = C*(M,R?)/A, so by Lemma 1.4.10 we see f is locally
infinitesimally stable too. O

Lemma 1.4.12. Let f € C°(M,R")y for M a smooth manifold and R" = R x R™* with
the standard product foliation for some firted 0 < k < n. Let (y1,...,yn) be the standard
coordinates for R", and use (Ygy1,...,yn) for coordinates for R™/R¥. If

CR(f TRY) = LOX(TM)+ ) | f*CP (R EZ + > [*OF(R"/RY) 2
1<i<k k+1<i<n
+ mp(R"/RM)CX(f*TR™) 4+ mg(R™)" 1O (f*TR™),
then f is locally infinitesimally stable (and thus locally stable).

Proof. The proof is along the same lines as Lemma 1.4.10. We consider the cascade M ER
R™ = R™/R* which induces the following system of rings and modules:

Cg (R /RF) — = C5°(R™) —L— C5o(M)

O (T(R™/R)) C(TR™) Cx(TM)

\ [ -

(T T(R"/RY))  C(f*TR™)
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We define the R-modules A and B and the homomorphism 7' : A — B using the obvious
generalization. Define the following Jacobson ideals:

I, = my(R"/R¥) C mo(R™/R¥)
Iy = C5°(R™)mg(R"/RF) 4 mp(R™)"++1 C my(R?)
I = C(M)mg(R"/RF) + C° (M )mg(R™)* ™ C m,, (M)

With these choices, the argument from Lemma 1.4.10 carries through, where we use n—k+1

instead of 2 since the n —k elements any ey % generate C5°(T(R™/R¥)) as a C5°(R™/RF)

module. O

Corollary 1.4.13. Let f € C*(M, Ry for M a smooth manifold and R™ = R™ x R with
the standard product foliation. Then f is locally infinitesimally stable if

CX(f*TR™™) = f.C*(TM) + IC*(f*TR™™) +m,(M)*2Co*( f*TR™™)

1<i<n+1 1<i,j<n
where I C C*(M) is the ideal I = (fy,..., fa)* + (fat1)-

Proof. This follows from the same sorts of calculations in Lemma 1.4.12, and then using
the application of Nakayama’s lemma from Corollary 1.4.11, where now the quotient has
dimension at most n + (n + 1). O

Lemma 1.4.14. Let f € C°(M, R3)o for M a smooth manifold and R? given the standard
product foliation. Let (y1,ys,y3) be coordinates for R, and use (y2,y3) for coordinates for
R3/R and (y3) for coordinates for R®/R?. If

G (f'TRY) = f.C(TM) + f*C5* (R?) 5o, + fC3°(RP/R) 5 + f*C5° (R /R?) 5o

Y2 0ys
+ my(R?/R?)C°(f*TR?) + mo (R /R)*C°( f*TR?),
then f is locally infinitesimally stable (and thus locally stable).

Proof. The proof is similar to Lemma 1.4.10, but now there is a system of four rings, and
we use the following Jacobson ideals:

I, = my(R*/R?) C mo(R?*/R?)
I = C°(R?/R)mg(R?/R?) + my(R? /R)? C my(R*/R)
Iy = C§°(R*)mo(R*/R?) + C3° (R*)mo(R? /R)? C my(R?)

I = C(M)mo(R?/R?) + C°(M)mo(R*/R)* C my,(M). O
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1.5 The Thom—Boardman singularities

The higher-Morse-theoretic decomposition we use relies on a generalization of the classifica-
tion of singularities of smooth maps developed by Thom and Boardman in [Tho56, Boa67|.
This purpose of this section is to review this theory and to lay the groundwork for the
generalization.

Suppose M and N are smooth manifolds of respective dimensions m and n. For f €
C*(M,N) in a dense subset, Thom and Boardman defined, for all » € N and i1,...,7, € N,
locally closed submanifolds S[iy][is] ... [i,](f) € M that stratify M.> (Strictly speaking, the
submanifolds nest, and only those of these that end in a single 7, = 0 form a stratification
of M.)

It starts with the simplest classification of points of M, which is how far the differential
df drops rank:

S[ia)(f) = {p € dom f | drkdf, = ir}.
(The dropped rank is drk df, = min(dim 7, M, dim T,y N) — rk df,.) For f in a dense subset,
S[i1](f) is a submanifold of M, and so one can define

Slia][i2] (f) = Slia] (lsinin)-

Again, for f in a dense subset, S[i1][i2](f) is a submanifold of S;(f). In this way one
recursively defines
Sliallia] - - [ir] (f) = Slir](fls7ir]fia)...lir—11()-

The result is a stratification of M such that within each stratum S the differential d(f|g)
has constant rank. If p € S[iy][is]...[i](f), we say that f has a S[iy][ia]...[i,] Thom—
Boardman singularity at p. It is a local classification in that the type of a Thom-Boardman
singularity depends on no more than the germ of f at p, and the classification is invariant
under diffeomorphisms of M and N.

It should be said that what is meant by a classification of singularities is, generally
speaking, a characterization of the orbits of smooth map germs [f], € C;°(M, N), up to the
actions of the groups Diff,(M) and Diff ,(N) of smooth map germs of diffeomorphisms that
preserve relevant structure, for instance orientations or foliations. The Thom-Boardman
singularity type is not a complete classification of singularities (for example [Por72]), but
it can be a useful first approach. In small enough (co)dimensions, the Thom—-Boardman
singularity type can be enough to derive a finite list of possible normal forms for a singularity.
As an example from Morse theory, nondegenerate critical points of a smooth map f : R™ — R
are the S[1]]0] singularities, and one can determine that they are locally modeled by quadratic
forms. The signature of a quadratic form is a singularity invariant, and the signature is
sufficient to further stratify S[1][0] into the m remaining singularity types.

We will be considering a variation on Thom-Boardman singularities, taking into account
foliations on the domain and codomain, and to see how to do this it is worth going into

5The traditional notation is S;,4,...;,, however in anticipation of singularity types with more complicated
symbols we use 1 x 1 matrices for consistency.
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detail about how to show the above stratification of M can be carried out. A beautiful
algebraic approach by Boardman [Boa67| and Mather [Mat73] involves defining subvarieties
of the jet bundles J*(M, N) for each Thom-Boardman singularity type and then applying
Theorem 1.2.9 (the Thom Transversality Theorem). These subvarieties stratify the jet bun-
dles themselves, and thus if f : M — N is in the dense set for which the jet extension
j*f + M — J*¥(M,N) is transverse to the subvarieties, the preimage of the stratification
stratifies M.

We will use the Porteous intrinsic derivative to define the relevant submanifolds of the
jet bundles [Por71], which we have found to be adaptable in refining singularity types based
on foliations and other data.

Here is the high-level strategy for the construction of the jet bundle submanifolds for the
Thom-Boardman singularities. Suppose we have defined a submanifold S C J*(M, N) to
classify singularities, where we say a smooth map f : M — N has an S singularity at p € M
if j*f, € S. By the Thom Transversality Theorem, for a dense set of smooth maps, when
f has an S singularity at p its jet extension intersects S transversely, and so the S points
of such an f form a submanifold S(f) C M. When j*f, € S, the condition j*f M S at p is
whether the map

g, 0 d(5" f)p : T,M — Ny S

is surjective, where NS = T'J¥(M, N) /TS is the normal bundle of S, pulling back T'J*(M, N)
to be a bundle over S. In the case that j*f intersects S transversely, these assemble into a
map of vector bundles over S(f), and we can identify the tangent bundle of S(f) with the
kernel bundle K C T'M over S(f) of this map. There also is another way in which the maps

assemble into a map of bundles. The differential of j*f at p is determined by j*™f,, so,
lifting S to S” C J*Y(M, N), the differential defines a map of bundles over S:

D:S"— Hom(TM,NS)
G e = ey, 0 d(GR 1),

where T'M stands for the pullback of TM along o : J*(M, N) — M and then pulling it back
to S. Inside S’ is the subset of (k+1)-jets whose k-jet extension intersects S transversely, and
in the ideal case this set forms a submanifold S” C S’. Now that we have this bundle map, we
can make use of the structure of Hom(7T'M, NS) to stratify S”. For each j*™'f, € S”, we can
consider S(f) to be a submanifold locally at p, and in particular d(f|s.s)p : TpS(f) = Ty N
is well-defined, which by our identification from earlier is the restriction of df,, to the kernel
K,. The kernels assemble into a vector bundle K over S, so we may consider the restriction
map Hom(T'M,NS) — Hom(K,NS). Let S[i] C S” denote the set of (k + 1)-jets whose
image in Hom(K, NS) has dropped rank i. In the ideal case, for all i € N the set S|[i
is a submanifold, and we say these S[i| manifolds refine the S-type singularity.® We then
recursively refine submanifolds in this way:.

6We ignore S’\ S since these jets only appear for smooth functions whose jet extension is not transverse
to S, and such functions are in the complement of a dense set by the Thom Transversality Theorem.
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To be able to pull this off, there are two ingredients: (1) we need to be able to efficiently
characterize the normal bundle NS, and (2) we need to be able to show that the rank
decomposition of Hom (K, NS) pulls back to a decomposition of S”. The key is that for each
S we consider:

e the composition S” — Hom (K, NS) is a submersion onto its image, and we can char-
acterize this image;

e the intersection of this image with the submanifold Hom'(K, NS) C Hom(K, NS) of
homomorphisms that drop rank by ¢ is still a submanifold; and

e as a submanifold of the image, we can characterize the normal bundle of this intersec-
tion to get a normal bundle for S[i] in S”.

The process naturally gives a direct sum decomposition of the normal bundle of each singu-
larity type, with the next direct summand coming from the Porteous intrinsic derivative.

The main way we will modify the above process is to consider dropped ranks in more
than just Hom(K, N.S). For example, foliations of the codomain give a filtration of T, M by
taking preimages of tangent spaces through df,, beyond just the filtration 0 C K, C T,M,
and we can consider the submanifold of Hom(7T'M, NS) from specifying dropped ranks for
each subspace. If we have submanifolds of the domain, then for singularities along that
submanifold we can also consider the intersection of the filtration with its tangent space. To
do this process effectively, we need to develop methods to calculate normal bundles in these
situations.

We have not said anything about classifying multi-singularities arising from sets of points
mapping to the same point, but in essence the only difference is that we use multijets and
the Multijet Transversality Theorem (theorem 1.2.12).

1.5.1 Submanifolds of linear maps with rank conditions

For our classification of singularities, we need to be able to calculate normal bundles for
certain intersections of submanifolds of Hom(V, W), where V' and W are finite-dimensional
vector spaces.

For a € Hom(V, W), let drka = min(dim V,dim W) — rka be the amount by which a
drops rank, and for » € N define the topological subspaces

Hom"(V, W) = {a € Hom(V, W) | drtka = r}.

These manifolds are analyzed in [GG73]|, where the normal bundle at a € Hom"(V, W) is
shown to be naturally isomorphic to Hom(ker a, cokera), but we are interested in a more
general setup. Given a finite index set I, suppose for all i € I that V; C V and W; C W
are subspaces and r; € N (note: subspaces are allowed to repeat). For a € Hom(V, W) and
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i€ I weleta; : V; - W/W, denote the composition V; < V SW — W/W;. The subset in
particular that we are interested in is

Hom(V, W {r:};) := () {a € Hom(V, W) | a; € Hom" (V;, W/W;)} . (1.5.1)

iel

While this notation is ambiguous, {V;}; and {W;}; will be clear from context.

When the collections {V;}; and {WW;}; are closed under intersections, we will show that
Hom(V, W; {r;};) is a submanifold and give calculations for normal bundles in Theorem 1.5.15
and Corollary 1.5.20. Note that the condition drk a; = r; is equivalent to dim(V;Na'(W;)) =
k; for k; = r; + max(0,dim V; + dim W; — dim W), which is the dimension of the kernel of
a;. We will find it more convenient to work with the kernel dimensions {k;}; in this section.
Whether we are using the dropped-rank convention or the kernel convention is determined
by whether we are using {r;}; or {k;},.

Recall that the Grassmannian Gr,(V'), for V a finite-dimensional vector space and 0 <
n < dimV, is the moduli space of n-dimensional subspaces of V. The smooth manifold
structure for Gr, (V') is given by the following: for U € Gr,(V) and a choice of section
s: VU = Vof q:V — V/U, there is a chart for Gr,(V') centered at U whose inverse is
given by

I': Hom(U,V/U) — Gr,(V)
f=Au+sfulueU}.

This should be thought of as giving the graph of f in the coordinate system associated to the
splitting of V' given by s and ¢. The tangent bundle for Gr, (V') is canonically isomorphic to
Hom(U, V/U), where by abuse of notation “U — Gr,(V)” is the tautological vector bundle
whose fiber at a point of Gr, (V') is the point itself as a vector space.

Supposing for all i € I we have subspaces V; C V and numbers k; € N, we define the
following Schubert-variety-like subset of Gr,(V):

Va(Vi{Viti; {ki}i) = ﬂ{U € Gr,(V) | dim(U NV;) = k;}.

el

The first thing we will show is that when {V;}; is closed under intersections that this is a

smooth submanifold of Gr,(V'), and as a corollary we obtain a description of its tangent
bundle.

Definition 1.5.1. A semilattice I is a poset such that for all 7, 7 € I there exists a greatest
lower bound of {7, j}, denoted by i A j € I called the meet. A semilattice is bounded if it has
a maximum element T € [. O

Remark 1.5.2. A bounded semilattice is a poset that, as a category, is finitely complete. In
other words, it is closed under meets of arbitrary finite subsets. If S C [ is finite, we write
AS for the greatest lower bound of S, which we also write as /\, 4 7. |
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Remark 1.5.3. Given a family {V;};c; of distinct subspaces of a vector space V, if the family is
closed under pairwise intersections then we may give I the structure of a semilattice defined
by (1) for all 4,j € I, then ¢ < j if and only if V; C V; and (2) for all 4,j € I, then i A j
is the element such that V;,; = V; N'Vj}. If the family has a maximal subspace, then I is a
bounded semilattice.

Another way to give this data is as a binary-product-preserving functor I — Subspace(V)
from a semilattice I to the poset category of subspaces of V. If I is a bounded semilattice,
then the corresponding concept is instead a left exact functor I — Subspace(V'). [

Definition 1.5.4. Let {V;}; be an I-indexed family of subspaces of V', let n € N, and for
each i € I let k; € N. Then we define

Va(Vi{Vidis{ki}i) = Va(Vi{Viti {ki}i) /~
where ~ is the relation where U ~ U’ if and only if, foralli € I, UNV, =U'NV,. O

The purpose of this space is to record only the portion of U that is within the subspaces.
Certainly, if there is an ¢ € I such that V; C 'V, for all j € I, then the map

Vo (Vi {Vitis {kiti) — Vi, (Vis {Vi}i; {ki})

defined by [U] — U N'V; is a homeomorphism.

For each i € I, the restriction of U € V,,(V;{V;};; {k:}:) to V; defines the element U NV
of Gry, (V;), and more specifically of Vi, (Vi; {V;};<i, {k;}j<i). This is functorial in the sense
that, whenever ¢/ <, there is an induced map

Vi, (Vi AV }i<is Ak }i<i) = Vi, Vs {Vibicor, {Rs b i<ir)

defined by intersecting the element of the Grassmannian with V;;. The problem we now
consider is in organizing the data of how these spaces fit together. We think of the amount
of “new” information about U that U NV, provides by considering how much of it can be
recovered from the images U N Vj, for all i’ < i. Then by walking up the I semilattice, we
construct coordinate charts from only the new information that arises at each step.

Definition 1.5.5. Suppose [ is a poset. A downward set is a subset S C [ such that if
1€l, 7€ Sand i < jtheni € S. For § C I, the downward set generated by S is the
minimal downward set containing S C I and is denoted by

1S:={jel]|j<iforsomeieS}.

We write ]S := ]S if we wish to make I explicit. The set [°S;= (}.S)\ S (or 1]°95) is
the open downward set generated by S. O
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To organize the data, rather than considering individual indices, we instead consider
restrictions to entire downward sets. For downward sets S C S’ C I, there is an induced
map

VS(V§ {Vz‘}z‘eS/§ {ki}ieS’) - V;;(V; {V;}ieSQ {k1}165>
We will show that this map is a fiber bundle and describe the fibers. In particular, we will
do so for the case that S’ has one more element than S, and the rest follows by induction.

In the following, for i € I we will have k; denote the dimension of UNV;/>,_,UNV;
for U € V,(V;{V;};,{k;};). This does not depend on the choice of U and these numbers

are the unique solution to the equations k; = Zj < k:; for all 7 € I. They can be calculated
by inclusion-exclusion on the semilattice as

Bi=ki— Y (=D
DETCL% 4

Lemma 1.5.6. Suppose {V;}; is a finite I-indexed family of distinct subspaces that is closed
under intersections, let n € N, and for all v € I let k; € N. Let m € [ be some mazximal
element. Define the map

v Vo (Vi{Vitigm: {kitizm) = Grag,—i, (Vin)
U] =Y Uny;
<m

and form the fiber bundle E — Gry,, s (Vi) whose fiber over W is given by Gry (Vi /W).
The map

Vo (Vi {Vikis {kiti) = Va(Vi {Vidizems {Fitizm)
induced by the inclusion I\ {m} C I of downward sets is a fiber bundle isomorphic to an

open subspace of v*E. In particular, the fiber above [U] € V(V;{V;} izm; {ki}izm) is the
open subspace

Vi, (Vi /7 ([U]); { (0 (IU]) + Vi) /1 ([U]) Ficm; {0} icom) € Girgg, (Vin /7 ([U]))
and the inclusion of this fiber into Vo (V;{V;}i; {k:}:) is given by

nwy = Ve, Vi /YUD; GV UD + Vi) A (UD Yicms {0}icm) = Vi (Vi {Vidis {ki})

WeW+) Uny,
i#Em

These bundles fit into a commutative diagram mapping fibers injectively to fibers:

Vo(Vi{Vitis{ki};) ———— E

! |

VZ(V, {‘/Z}Z#m, {kz}z;ém) % Grkm_k%(vm)
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Proof. We see that +y is well-defined since k;, = dimV,,/>"._ UNV; and dimV,,, = k,,,. The
fiber bundle E is from taking the tautological vector bundle W’ for Gry,, s (Vy,), forming
the vector bundle V,,,/W’, and then taking Grj, of the fibers.

Next we show nyy is well-defined. Given W in the domain of 5y, then by choosing some
splitting V,,, = v([U]) ® V;,./7([U]) we may lift W to being a k,-dimensional subspace of V,
whose intersection with v([U]) is trivial. Hence, W + ~([U]) is a k,,-dimensional subspace,
and since the difference in any two sections of V,,, — V,,,/v([U]) has its image lying in U,,,
the choice of section does not change the resulting subspace. Thus adding »_, 2 U NV,
to W yields a well-defined subspace. The subspace is not n-dimensional, however, but
noy N Y; Vi = nup is of the correct dimension if it satisfies all the subspace dimension
constraints, which we now check.

We see that 7 (W) Ny ([U]) = y([U]) for all W. Thus, for i < m, since y([U])NUNV; =
U NV, we have nuy(W)NUNV; =UNV;. From this we get the inequality

dim(ny (W) NV;) > dim(nuy(W) NU NV;) = dim(U NV;) = k;.

The function W — dim(n;y(W) N'V;) is upper semi-continuous, and thus the set of those
W e Gry (Vin/v([U])) for which this inequality is an equality for all k; is open. Supposing
these inequalities are equalities, then we see

W (y([U]) + Vi) [ (IU]) = (W +~([U]) n Vi) /4 ([U]) = (v(IU]) + U N Vo) /4 ([U),

which is O-dimensional, and thus W lies inside the domain of 7. For injectivity, note that
we can recover W by intersecting with V;,, and quotienting by . 2m Vi- [

Corollary 1.5.7. Suppose {V;}; is a finite I-indexed family of distinct subspaces that is
closed under intersections, let n € N, and for all i € I let k; € N. Then V(V;{Vi}i; {ki}s)
is a smooth submanifold. In particular, V,(V;{Vi}ti; {ki}:) is a smooth manifold.

Proof. 1f I is the empty set, then this is Gr,({0}), which is a smooth manifold (though
potentially empty). Now we proceed by induction on the cardinality of I. Let m € I be
maximal. By the lemma, we may regard V. (V;{V;};; {ki}:) as being an open subspace of
the pullback of a smooth fiber bundle over a Grassmannian. By induction, v is a smooth
map, and so the pullback inherits a smooth structure. O

Corollary 1.5.8. Assume the same hypotheses as the lemma, with m € I maximal. Let
U] € V(V;{Vi}i;{ki}i). The fiber bundle from the previous lemma yields the following
short exact sequence:

unv, U+V,
O—>Hom( * )

Zi<m Uun V;’ U
- T[U}VE(V; {Vz‘}z‘; {kz}z)
= Ty Va (Vi {Vitizm: {kitizm) — 0
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Proof. A representation of [U] in the fiber is U' = (U N'V,,,)/~([U]), and

Vi/YUD)  o Ve U4V
Unv)(U) Uvnv, U

which we can use to calculate the tangent space for the fiber:

T Vi, (Vi [A([U]); {(V([U]) + Vi) /A ([U]) Yims {0} icm)
= Ty Griy, (Vi /([U]))
= Hom(U', (Vi /A([U]))/U")
= Hom(U', (U + V,,,)/U)

62

With this we can write the short exact sequence for the tangent spaces in the desired way. [

Corollary 1.5.9. Suppose {V;}; is a finite I-indexed family of distinct subspaces that is

closed under intersections and includes V', let n € N, and for all i € I let k; € N. For

U € Vo(V;{Vi}i; {ki}s), recursive application of the previous lemma yields the following

isomorphism:

Zj<iUﬂV}" U

i€l

ToVu(Vi{Vitis {ki}i) = @Hom ( vnv. U+ Vi) .

Furthermore, the dimension of the tangent space is

dim Ty Vo (Vs {Vi}is {ki}e) = D K{(dim V; — k;).

el

Example 1.5.10. Suppose we have four subspaces of V' with the following Hasse diagram:

Vv

:
Vi

NS
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We can use the corollary to give the tangent space of V,,(V;{V;}i; {k:}:) at U as

Hom u K
Unv, U

& Hom vnvs UtV
UnVatUNVs U
UNVs U+ Vs Unv; U+ Vs
H H
© Om(Umfl’ U ) Om(Um/l’ U >
U+V,
@Hom<UﬂVl, ;1)

Notice that the codomains are all ordered by inclusion in the same way the subspaces are.
Furthermore, the direct sum of the domains gives a decomposition of U. The dimension of
the tangent space at U is

ki(dim Vi — ky) + ky(dim Vo — ko) + K5 (dim Va3 — k3) + ky(dim Vy — ky) + n/(dim V' — n)
where
ki = ky ky = ky — ky ky = ks — ky Ky =ky— ko — ks +k n =n—k
which are obtained by inclusion-exclusion. O

Lemma 1.5.11. Suppose {V;}; is a finite I-indexed family of distinct subspaces that is closed
under intersections, let n € N, and for alli € I let k; € N. For U € V,,(V;{Vi }i; {ki}i), then
we have a canonical isomorphism

TyVu(V; {Vikii {ki}) = ({f : Hom(U, V/U) | f(UNV;) € U5
icl
and it commutes with the canonical isomorphism Ty Gr, (V) =2 Hom(U, V/U) by the natural
inclusions.

Proof. Since it is a submanifold, we have the inclusion TyV, (V; {V;}i; {ki}s) C Ty Gr,(V),
which we compose with the isomorphism Ty Gr, (V) = Hom(U, V/U). Now that we have
established that V,,(V;{V;}i; {ki}:) is a submanifold, we can determine what the tangent
space is inside Hom(U, V/U) more directly.

Let i« € I and consider V,,(V;V;;k;). This has a map to Gry,(V;) by U — U NV, and
induces a map

TuVa(V: Vi ki) = Tuay, Gry, (Vi) = Hom(U NV, %),

rUNv;

The preimage of this hom set in Hom(U, V/U) is the set of all f such that f(UNV;) C &4
Since V,(V; V;; k;) is precisely those elements of Gr, (V') that can restrict to Gry,(V;), this
characterizes the tangent space.

By intersecting these conditions for all ¢ € I, we get the desired result. O]
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Remark 1.5.12. If we do not require that the set of subspaces be closed under intersection,
then, if it is locally a submanifold at all, V,,(V;{V;};; {k:}:;) might not have constant dimen-
sion. For example, consider the following subspaces of R® with each e; € R® a standard basis
vector:

Vi = (e1, ez, €4, €5) Vy = (€2, €3, €4, €5)

The subspaces U = (eq, e, e3) and U’ = (ey, e5,¢e6) are in V3(V; V], V5;2,2), and using the
characterization of the tangent space from Lemma 1.5.11, whose proof computes the tangent
space directly as an intersection of tangent spaces, one can calculate that the dimension at U
would be 6 and the dimension at U’ would be 5, with the difference being that Vi NVoNU =
(e2) and Vi NVoNU' = (ey, e5) have different dimensions. What we can say, however, is that
we have a stratification

V3(ViVi, V;2,2) = | Va(Vi VA, Vo, Vi N Vs 2,2, k)

keN

by submanifolds. These submanifolds are nonempty exactly when k£ € {1,2}, and using
Corollary 1.5.9 we calculate that their dimensions are given by 5+ 2k — k2. A warning: the
dimension formula is positive for all 0 < k < 3, however £ = 0 and k = 3 are non-viable
since these give negative-dimensional direct summands. [ ]

Now that we have the Lemma 1.5.11 formulation of the tangent bundle of the space
Vo (Vi {Vi}i; {ki}i), we can work out a useful description of the normal bundle. Assume the
hypotheses of that lemma, that {V;}; is closed under intersections, but also suppose V' is
included among the subspaces. Regarding I as a poset category, the indexed family may
be regarded as a functor V, : I — Vect, sending 7 to V; and 7 < j to V; — V,. Given
U € Vo(V;{V;}i; {ki}:), there are also functors UNV, : I — Vect and (U +V,)/U : I — Vect
sending 7 respectively to U NV, and (U + V;)/U. An element f € TyV,(V;{Vi}i; {k:}i) of
the tangent space describes a natural transformation from U NV, to (U + V,)/U, where f;
is the restriction of f to Hom(U NV;, (U + V;)/U). Naturality is that for ¢ < j there is a
commutative diagram:

unv, — UnYy;

lfi 1

UtV . , U4V
U U

We summarize this in the following lemma.

Lemma 1.5.13. Suppose {V;}; is a finite I-indexed family of distinct subspaces that is
closed under intersections and contains V', let n € N, and for alli € I let k; € N. Then for
U eV, (Vi {Vi}i; {ki}i), the tangent space at U is

TyVu(Vi{Viti; {ki}i) = Hom(U NV, (U + V4)/U)
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where Vg s the indexed family as a functor I — Vect and the homomorphism set is in the
category of natural transformations.”

Proof. As discussed, every tangent vector gives a natural transformation like this using
the respresentation of the tangent space from Lemma 1.5.11. Conversely, given a natural
transformation n : U NV, — (U + V4)/U, since V is one of the subspaces, say V,,, then 7,
is a map U — V/U that we can take to be the tangent vector. We see 7; agrees with the
natural transformation for 7, since V; C V and so there is a commutative diagram from
naturality that implies 7); is determined by 7,,. O

Lemma 1.5.14. Suppose {V;}; is a finite I-indexed family of distinct subspaces that is
closed under intersections and contains V', let n € N, and for alli € I let k; € N. Then for
U e V.(Vi{Vi}i; {k:i}i), the normal space in Gry (V') at U is

v
NuVn(ViiVitisikiyi) = H Unvi,
Vi (i )  Hom (U0 Ve 7y )

where V, is the indexed family as a functor I — Vect and the homomorphism set is in the
category of natural transformations.

Proof. The normal space is defined by the short exact sequence
0= TuVo(Vi{Viti; {ki}i) = Tv Grg (V) — NuVu(V; {Vi}i; {ki}i) = 0
and substituting the spaces we know, this short exact sequence is isomorphic to
0 — Hom(U NV, (U 4+ V4)/U) — Hom(U,V/U) = NyV,(V;{Vi}i;{ki}:) = 0

where the first map sends a natural transformation to its map on V. For f € Hom(U,V/U)
and i € I, by restricting and projecting we get a map f; : UNV; — V/(U +V;). This extends
to a map Hom(U,V/U) — Hom(U N'V,,V/(U + V4)) since for i < j, we have commutative
diagrams

unv, — Uuny;

lf i lf j
vV W Vv

U+V; T U4V

(Note that V/(U + Vi) : I — Vect sends morphisms to surjections rather than injections.)
We claim this map is surjective by the following algorithm. Suppose we have a natural
transformation f : U NV, — V/(U + V,) with projections f; for all i € I. We inductively
define a linear map fg : > ..U NV; = V/U on downward sets S C I. Suppose j € [ is

a minimal element not in the downward set S. Consider U N'V; N>, U N V;, which is

"We use “Hom” rather than “Nat” to underline that these are linear maps, albeit ones that preserve
additional internal structure.
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the subspace of U NV} in the domain of definition of S. Choose a complementary subspace
V] C UNV;to this. Restricting f; to V/ — V/(U + Vj), choose an arbitrary lift of it to
fi Vi = V/U. We can add f; to fs using a splitting of U NV} to get the map fsugy-

We claim that this map fits into a short exact sequence:

0 — Hom(U N V4, (U 4+ V,)/U) = Hom(U,V/U) = Hom(U NV,,V/(U + V,)) = 0

For f € Hom(U NV,, (U 4 V,)/U), the image in Hom(U N V,,V/(U + V4)) at i € I is

unv, > UL V/U — V/(U + V;), and since f restricted to U NV is f;, we know its
image lies in (U + V;)/U, which is being quotiented out. Therefore the image is 0. Next, for
f € Hom(U, V/U) mapping to 0, this means for all ¢ the restriction to U NV, has an image
that, when quotiented by U + V4, is 0, hence f(U NV,) C (U + V,)/U. Therefore f lies in
the image of Hom(U NV, (U + V4)/U).

Since this is a short exact sequence, we obtain the identification of the normal bundle
with this set of homomorphisms of natural transformations. O

We now return to the setup for Equation (1.5.1). Let I : Hom(V, W) — Graimv(V x W)
be the inverse coordinate chart centered at V' x 0 € Grgimy(V x W) using the canonical
splitting V- x W =V x 0@ 0 x W; the graph of a € Hom(V, W) is given by I'(a) = {(v, av) |
veVl}

Theorem 1.5.15. Let I be a finite index set, and for each i € I let V; CV and W; C W
be subspaces and let r; € N. Suppose the family {V; x W;}; consists of distinct subspaces,
is closed under intersections, and contains V- x W. Let Hom(V,W;{r;};) = (;e;{a €
Hom(V, W) | drka; = r;} be as in Equation (1.5.1) with a; : V; — W/W; the restriction and
projection of a, and let T' : Hom(V, W) — Graimv(V x W) be as immediately above. Let
k; = r; + max(0,dim V; + dim W; — dim W) for all i € I (the kernel dimensions associated to
the dropped ranks). Then

Hom (V, W; {ri}:) = T Vaimv (V x Wi {V; x Wik, {ki}s),
and thus Hom(V, W;{r;};) is a submanifold of Hom(V,W). For a € Hom(V,W;{r;};), we

have the following natural isomorphism:
T, Hom(V, W {r;};) = (\{f € Hom(V, W) | f(kera;) C ima; + W;}
i€l
where im a; + W; means q~*(im a;) for the quotient map q : W — W/W,. Furthermore, we
have the following natural isomorphisms:
T, Hom(V, W;{r;};) = Hom(ker ao,im a, + W)
N, Hom(V, W; {r;};) = Hom(ker a,, coker a,)

Here, a, € Hom(V,, W/W,) is the natural transformation associated to {a;}; for a given a,
and whose kernels, cokernels, and images define functors I — Vect.
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Proof. For a € Hom(V, W) and i € I,
C(a)N (Vi x Wy) ={(v,av) | v € V; and av € W}
= {(v,av) | v € kera;}.
This is isomorphic to ker a; via the projection onto the first component. Hence, dim ker a; =

k; if and only if dim(I'(a) N (V; x W))) = k;.
For the tangent space, by Lemma 1.5.11 we have

T, Hom(V, W {ri}:) = ({f € Hom((a), V x W/T(a)) | f(I'(a) 1V, x W) C HRRatey.

The projection 7 : I'(a) — V defined by (v, av) = v is an isomorphism, as is the map
0 : VxW/T'(a) — W defined by ¢((v,w)+TI'(a)) = w — av. Thus, we have an isomorphism
Hom(V, W) — Hom(T'(a),V x W/T'(a)) defined by f + 1)~! o f o o that we can use to get

an isomorphism

T, Hom(V,W; {r;};) = ﬂ{f € Hom(V, W) | f(m(T(a) NV; x W;)) C (p(F(a);(‘/;)xWi)}‘

el

We know that 1 (T'(a) N'V; x W;) = ker a;, and we can see that o((I'(a) + V; x W;)/T'(a)) =
im(aly;) + W;. Hence, the condition in each set is f(ker a;) C im(aly;) + W;.
For the next isomorphism, by Lemma 1.5.13 we have

T, Hom(V, W; {r;};) = Hom(I'(a) N (Ve x W4), (I'(a) + Vs x W) /T'(a)),
and by the same maps above this is Hom(ker a,,im a, + W,). By Lemma 1.5.14,
N,Hom(V, W;{r;};) 2 Hom(I'(a) N (Ve x W,),V x W/(T'(a) + V4 x W,)).
Since I'(a) €V x W and
F(a)+VixW;=T(a)+ Vi x04+0xW; =T(a)+ 0 x im(aly;,) + 0 x W,

we have
V< W = W ~ Wi _ coker(a;)
D(a)+V;x W;  im(aly,) + Wi im(a;) e
Therefore we have the identification N, Hom(V, W; {r;};) = Hom(ker a., coker a,). O

Remark 1.5.16. For convenience, here is an unpacked version of the natural isomorphism for
the tangent space at a € Hom(V, W {r;},):

T, Hom(V, W; {r};) = ﬂ{f € Hom(V, W) | f(V;Na™ (W;)) C (Vi) + Wi},

This natural isomorphism respects the inclusion 7, Hom(V, W; {r;};) C T, Hom(V, W) and
the natural isomorphism 7, Hom(V, W) = Hom(V, W). n
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kera;; —— kera;o, cokera;; ——» coker aqo

[ [ !

~
NoH = Hom [ ker gy < keragy » cokeras; — coker ag

[ [ )

ker as; — kerasy, cokeras; —» coker ass

Figure 1.2: The normal space at the homomorphism described in Example 1.5.19

Example 1.5.17. The normal space at a € Hom"(V, W) is
N, Hom"(V, W) = Hom(ker a, coker a).

The dimension of this space is (dim V' —rk a)(dim W —rk a), which in terms of dropped rank
is (dim V' — min(dim V, dim W) + drk a)(dim W — min(dim V, dim W) + drka). Thus,

dim N, Hom"(V, W) = r(r + |dim V' — dim W]). O

Example 1.5.18. Suppose V; CV and H = {a € Hom(V, W) | drk(aly,) = r}. Then the
normal space at a € H is

NH, = Hom(ker(aly, ), coker(aly,)).
The calculation of dimension in terms of r is essentially the same as in the previous example:

dim NH, = r(r + |dim V} — dim W1). O

Example 1.5.19. Suppose we have subspaces V;; € V and W;; C W with 1 <+¢ < 3 and
1 < j < 2 that are bifiltered (if ¢ < ¢ and j < j’ then V;; C Vi;y and W;; C Wyyr). Also
suppose we have dropped ranks r;; € N, and let H = Hom(V, W; {r;;};). If a € H, then the
normal bundle of H at U can be represented as in Figure 1.2, where a;; : V;; — W/W; is
the restriction and projection for a, and the homomorphism set is understood to be the set
of natural transformations between the functors represented by these diagrams. O

Corollary 1.5.20. Let I be a finite index set, for each i € I let V; CV and W; C W be
subspaces and let r; € N, and suppose the family {V; x W;}; is closed under intersections.
Let H = Hom(V, W;{r;};). Consider the trivial bundle over H with fiber Hom(V,, W/W,),
and let A : H — Hom(V,, W/W,) be the section sending each a € H to its associated natural
transformation. Then the normal bundle of H is naturally NH = Hom(ker A, coker A).
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Proof. We have TH C T Hom(V, W) = Hom(V, W) naturally, and all isomorphisms from
Theorem 1.5.15 were natural. In particular, the isomorphism NH = Hom(ker A, coker A) is
from restricting and projecting a representative of a given vector in the normal bundle (a
homomorphism) to its kernel and cokernel. O

1.5.2 The intrinsic derivative

We now resume our discussion of the intrinsic derivative. Suppose V and W are smooth
vector bundles over a smooth manifold M and f : M — Hom(V,W) is a smooth section.
Suppose that f, € Hom"(V,,W,) at p € M, where V,, and W, denote the fibers at p. The
intrinsic deriwative D f, of Porteous |[Por71] is the following composition of maps:

T,M KN Ty, Hom(V, W) — Ny Hom"(V, W) = Hom(ker f,, coker f,).

The map Df, depends only on the 1-jet j' fp, and so the intrinsic deriative of a germ [f],
at p is well-defined.

Remark 1.5.21. Recall that if 7 : Hom(V, W) — M is the bundle projection, then there is
an induced surjective map of vector bundles dr : T Hom(V, W) — T'M whose kernel is the
vertical tangent bundle, which is canonically isomorphic to 7* Hom(V,W). This fits into a
short exact sequence of vector bundles over Hom(V, W):

0 — 7" Hom(V, W) — T Hom(V, W) — #*TM — 0

The short exact sequence splits, but not canonically (splittings are equivalently connections
on ). If f: M — Hom(V,W) is a smooth section such that f, € Hom"(V},, W,), then
for v € T,M we have df,(v) € Ty, (V,W) ~ T,M @© Hom(V,,W,), and, conceptually, the
intrinsic derivative is extracting the portion of the Hom(V},, W,) component of df,(v) that is
independent of the choice of splitting. [

Remark 1.5.22. This is explained in [Boa67] in the following way. If p € M and w € W, is
in the zero section, then one has a canonical splitting of the sequence

0= Wy —=T,W —=T,M—0

Furthermore, if s : M — W is a section with s, in the zero section, then the differential ds,,
yields a linear map T,M — W, by using the splitting. Hence, whenever x : M — V is a
section such that f,ox, = 0, then from the section f oy we obtain a linear map 7, M — W,,.
If x, = 0, then we can write x = >, a;p; with each a; : M — R a smooth function that
vanishes at p and each p; : M — V any section, and we can calculate that the T,M — W,
map associated to foa;p; is v — (doy),(v)(f o p;)p, whose image lies in coker f,. This means
that we can define a linear map ker f, — Hom(7}, M, coker f,) by extending a kernel vector to
a section y, obtaining the map associated to f oy, and then composing it with the quotient
W, — coker f, to remove the dependence on the choice of x. [
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Remark 1.5.23. Here is a description of how Df, is computed in a trivialization. Suppos-
ing V=M x RF and W = M x R, then Ty Hom(V,W) = T,M & Hom(R* R") and
Ty, Hom"(V,W) = T,M & T, Hom"(R¥,RY). The quotient of these is Ny, Hom"(R* R,
and as in Theorem 1.5.15 (and in particular Example 1.5.17), the normal bundle can be
identified with the subspace Hom(ker f,, coker f,). For v € T,M, the intrinsic derivative
Df,(v) € Hom(ker f,,coker f,) is the result of restricting df,(v) to ker f, and composing
with W, — coker f,. That is to say, after choosing splittings V' = ker f, @ coim f, and
W =1im f, & coker f,, the block matrix for df,(v) has the following form:

ker f,  coim f,
im f, * * -
coker f, | Df,(v) *

Remark 1.5.24. The intrinsic derivative is merely a linear map defined over a single point
of M and not immediately a section of a vector bundle. If M’ = f~!(Hom"(V,W)) is a
submanifold of M, then the intrinsic derivative may be regarded as a section of a vector
bundle over M’ in the following way. Let K be the vector bundle over M’ of kernels of f
and L the vector bundle over M’ of cokernels of f (these form valid vector bundles because
f has constant rank on M’). Then the intrinsic derivatives assemble to form a section

Df : M — Hom(T M|y, Hom(K, L))

This means that in the ideal case when f M Hom"(V,W) on M, the intrinsic derivative
forms a section over the submanifold f~!(Hom"(V,W)). The following Lemma 1.5.25 gives
a necessary and sufficient condition for this to occur. [ ]

Lemma 1.5.25 ([GGT73, V1.3.7]). Suppose V' and W are smooth vector bundles over a
smooth manifold M, p € M, and f : M — Hom(V,W) is a smooth section such that
fp € Hom"(V,,, W,,). The following are equivalent:

1. Df, : T,M — Hom(ker f,, coker f,) is surjective.
2. f m Hom"(V,W) at p.

Proof. The normal bundle to Hom"(V, W) at f, is isomorphic to the normal bundle to
Hom"(V,,W,) at f,, so the intrinsic derivative may be regarded as taking values in the
normal bundle to Hom"(V, W) at f,, and f M Hom"(V, W) at p is equivalently stated as that

T,M KN Ty, Hom(V, W) — Ny, Hom"(V, W) is surjective. O
All of this generalizes to the situation from the previous section. Suppose {V;}; and

{W;}; are I-indexed families of subbundles of vector bundles V' and W, respectively, such
that {V; x W;}; is closed under intersections and contains V' x W, and suppose r; € N for



CHAPTER 1. SINGULARITY THEORY FOR DECOMPOSITIONS 71

all i € I. If drk(f,) = r; for all 4 € I (that is, if we have f, € Hom(V},, W,;{r;}), then we

define an intrinsic derivative D f, by the composition

T,M 5 Ty, Hom(V, W {ri}) — Ny, Hom(V, W {r:}) & Hom(ker (f,)., coker (f,).)

using the isomorphism from Theorem 1.5.15, where by (f,)s we mean the natural transfor-
mation in Hom((V},)s, W,/(W})e) associated to f,. It has the same sort of description for
how it is computed in a trivialization, though coming up with a matrix form involves finding
bases that are compatible with each of the subspaces in the families.

Lemma 1.5.26. Let H = Hom(V,W;{r;};) using the preceding hypotheses, which is a
smooth fiber bundle over M. Suppose p € M and that f : M — Hom(V,W) is a smooth
section such that f, € Hy,. The following are equivalent:

1. Df, : T,M — Hom(ker (f,)e, coker (fy)e) is surjective.
2. fhH atp.

If f ™ H, then the intrinsic derivative forms a section Df : TM — Hom(ker f,, coker f,)
over the submanifold f~'(H).

Remark 1.5.27. Since we can consider multiple different families of subspaces, there is no
longer “the” intrinsic derivative, and we will often work with multiple families simultaneously.
This can give us multiple submanifolds of M to work with, which can yield additional
subspaces that we can use for rank constraints. [ ]

1.5.3 Symmetric products and more submanifolds of linear maps

The definition of the singularity types involves taking iterated intrinsic derivatives of the
differential. In coordinates, the kth intrinsic derivative is some restriction and projection of
the kth iterated Jacobian of a smooth map that can be given in an invariant way, where the
kth iterated Jacobian of a smooth function f : U — R"™ with U C R™ open is defined to be,
using (x1, ..., 2,,) for the standard coordinates for R™ and (1, ...,y,) for R

JEf U — Hom((R™)®* R™)
m m 6’“ " . n
I|—>U1®"'®Uk'—> lzzvljlvkjk@x%(x)
i1=1 Je=1 J1 Jk ie1

The Jacobian Jf = J'f is df : U — Hom(R™,R") in coordinates, and the second iterated
Jacobian J2f is the Hessian Hf : U — Hom(R™ @ R™ R"). These are called iterated
Jacobians since the differential of J*f is a section

d(J*f) : U — Hom(TU, T Hom((R™)%* R™))
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and this is induced by a map U — Hom(R™, Hom((R™)®* R")) since the tangent bundles
are trivial. Applying the tensor-hom adjunction to this yields J*+1f.

In general, J* f, € Hom((R")®* R™) is a symmetric function due to the symmetry of tak-
ing partial derivatives. We take a diversion through the generalization of symmetric products
introduced by [Boa67, Por71| to handle symmetries in the higher intrinsic derivatives.

Definition 1.5.28 ([Boa67]). Let V' be a vector space and n € N. The nth symmetric
power VO™ of V' is the quotient of the nth tensor power V®" by the permutation action of the
symmetric group S, where o € S, has the right action (1 ®---®x,) 0 = 2,0) @ - @ T (n)-

For subspaces Wy, ..., W,, C V., the symmetric product Wy, ® --- ©® W, is the image of
the composition W, @ - - @ W,, < V& — VO, O

Remark 1.5.29. The iterated Jacobians define functions J*f : U — Hom((R™)®* R"). Tt
should be pointed out that the function

Cy*(R™ R") — [ [ Hom((R™)**, R")
keN

defined by [f], = (J*f,)ren is surjective, since this is giving the Taylor series of the germ
with respect to the chosen coordinates (see Remark 1.1.10). In particular, this product is
non-canonically isomorphic to the infinite jet space J,(R™,R"™). The grading induced by the
product is not preserved by changes of coordinates, with the change in J*f, depending in
some complicated way on J'f, for all i < k. Instead, there is a filtration on the infinite
product, where subspace i € N is given by those element a € [], Hom((R™)*, R") for which
a; = 0 for all 1 < j < 7. From the point of view of the infinite jet space, for each i € N there
is a projection J,(R™ R") — J;(Rm,R"), and the preimage of the set of jets of constant
functions gives subspace ¢ of the filtration. [ ]

Lemma 1.5.30. Suppose W1, ..., W,, CV are subspaces of a vector space V', and let U be
a vector space. The map W1 & --- W, - W, ® .- © W, induces an injection

Hom(W; ®---© W,,U) =< Hom(W; ® --- @ W,,, U).

If f s in the image, then for all vy @ --- @ w, € W1 ® --- @ W, and o € S, such that
W) @ -+ @ Womy € Wy ® -+~ @ W, then

f(wl R--® wn) = f(wg(l) Q- ® wa(n))'

In particular, f is in the image if and only if there exists an f : VO — U such that the
following diagram commutes:

ven —y yor

T
WMe---W, —— U
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Proof. By exactness, we have the following commutative diagram of injections and surjec-
tions:

Hom (Ve U) < > Hom (Vo™ U)

| |

Hom(Wj ® --- @ W,,U) +—— Hom(W; ®---© W,,U)

In particular, the bottom arrow is an injection. If f is in the image of this map, then certainly
tensor factors can be reordered in the described way since these have the same image in V©".
Furthermore, the characterization of elements of the image in terms of the existence of an
extension to V" follows from surjectivity of Hom(V®™", U) - Hom(W; ® --- © W,,,U). O

Corollary 1.5.31. Suppose Wy,... ., W, C V are subspaces such that there exists a basis
for V' for which each W; is a span of some subset of the basis vectors. Letting U be a
vector space, then Hom(W; @ --- © W,,,U) can be identified with the set of linear maps
f Wi®- - W, — U that satisisfy the property that for allw; ® - - Qw, e W1 ®---QW,
and o € S, such that ws1) ® -+ @ Wen) € WL @ -+ @ W, then

f(wl R ® wn) = f(wa(l) Q- ® wa(n))‘

Proof. By the previous lemma, it suffices to show that there is a symmetric function f :
V@ — U such that f is the restriction of f. Let {e;}; be a basis for V such that each Wj is
a span of basis vectors. We define f on a basis by the following. For e, ®--®ej, €V a
simple tensor of basis vectors, if there is a permutation o € .S, such that

Coj) @ Doy EWI1 @+ @ W,

then set f(e;, O ®e;) = fler(j) @+ @ €y(j,), and otherwise set f(e;, ®---®e;,) = 0.
This rule does not depend on the choice of o because if o’ € S,, were another permutation
with the same property, then using o’c~! in the hypothesis gives

fleo() ® @ o)) = flor(ji) @+ @ €07(j))-

We also see that f is symmetric since (1) for a simple tensor with a permutation that carries
it into W, ® --- ® W,,, we just established that every permutation of that simple tensor
yields the same value through f, and (2) for simple tensors without such a permutation, no
permutation of it has one either, so all permutations take the value 0 through f. Lastly,
fw @ 0w, = flu @ @w,) forall w, @ -+ @w, € W1 & ---® W, since we may
write this as a linear combination of tensors of basis elements, and this identity holds for

such elements by construction. O]

Remark 1.5.32. Tt is tempting to reduce this to the hypotheses that for all w; ® --- ® w,, €
Wi ®---®@W, and 1 < j <k <n such that w;, w, € W; N W, then

f(wl®"'®wj®"'®wk®"'®wn):f(wl®"'®wk®"'®wj®"'®wn)-
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However, not every permutation can be factored into transpositions of this type. For exam-
ple, consider R? as the span of (ey, eq, €3), and let

Wy = <€1>€2> Wy = (627€3> W3 = <€3,€1>

Then e; ® e5 ® e3 and e ® e3 ® e; are both in W; ® Wy ® W3 (and have the same image in
Wy @ Wy ® Ws), and indeed their indices are related by a 3-cycle, but every transposition of
indices yields a vector outside W; ® Wy @ Wj. [ |

Lemma 1.5.33. Let Wy, ..., W,, CV be subspaces of a vector space V', and let W| CV be
another subspace such that Wi C W{. Then there is an induced injective map

W@ OW, =W ®- W,
Proof. By definition of the symmetric product, W, ©® --- 0O W, CW| ®---© W,. O

1.5.4 The singularity types

Using what we have developed, we will now describe a generalization to the Thom-Boardman
singularity types. Unlike the classical types, these types are more of a general framework;
it is a suggestion for how to incorporate as many subspaces as you can get your hands on.
We do not prove here that we can carry out a procedure to define jet submanifolds of all
orders, partly because we do not need them in low dimensions, and partly because it is not
yet clear what is the “correct” general procedure. We also do not give general formulae for
normal bundles of higher-order types here, since the ones that arose for our classification of
singularities were simple enough to compute as needed.

Suppose M and N are foliated manifolds (as in Section 1.3). By virtue of being foliated,
they each have a corresponding family of integrable distributions. Let I and J be finite
index sets, and for each ¢ € [ and j € J let V; € T'M and W; C T'N each be one of these
integral distributions. We assume the families {V;} and {I¥;} are closed under intersections
and contain no repetitions, but we do not assume they contain TM or T'N. These define an
(I x J)-indexed family {V; x W;} that is closed under intersections.

Recall from Remark 1.1.8 the isomorphism J'(M, N) = Hom(T'M,TN) as bundles over
M x N. For each (I x J)-indexed family {r;;} of natural numbers, we define the first-order
types S[{ri;;}] C J*(M, N) by taking the preimage of the submanifold Hom(T'M, T N;{r;;})
through this isomorphism:

JYM,N) —=—— Hom(T M, TN)

J J

SH{rij}] —— Hom(TM,TN; {r;})

Definition 1.5.34. For S C J*(M, N) a submanifold and f : M — N a smooth map, we
write S(f) for the set of S-type singularity points of f, which consists of those p € M for
which j*f, € S. That is to say, S(f) = (j*f)~(9). O
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Remark 1.5.35. Theorem 1.2.9 (the Thom Transversality Theorem) implies that the set of
f € C®(M,N) for which f is transverse to each S[{r;;}] is dense. Hence, for f in this dense
subset the S[{r;;}](f) sets are submanifolds of M. [

Now that we have the first-order types, we next want a way to determine whether a
jet extension is transverse to the S[{r;;}] manifolds. For f € C*(M, N) such that j'f, €
S[{ri;}], then there is a second intrinsic derivative® d?f, := D(df),

d*f, : T,M — Hom(ker (df,), coker (df,)e)

that by Lemma 1.5.25 is surjective if and only if j'f intersects S[{r;;}] transversely at p.
The second intrinsic derivative d?f,, depends only on the 2-jet jf,, in the sense that by
Lemma 1.1.9 there is a smooth map J?(M, N) — Hom(T'M,T Hom(T M, TN)) defined by
7% fp > d(df),. Hence, we can classify the 2-jets of generic maps according to their S[{r;;}|
types.

We now work our way up to second-order types. Let S[{r;}]’ C J*(M,N) be the
preimage of S[{r;;}| through the projection J*(M, N) — J'(M, N). We define the following
bundles over S[{r;;}]:

e K[{r;;}] is such that over j!f, the fiber is the functor ker (df)e : I x J — Vect.
o L[{r;}] is such that over j'f, the fiber is the functor coker (df), : I x J — Vect.

The sense in which these are bundles is that these functors are describing an I x J-indexed
family of vector spaces, albeit with the additional structure of having smoothly varying mor-
phisms between them. The second intrinsic derivatives of the elements of S[{r;;}|" assemble
into a map of bundles over S[{r;;}]:

S[{ry}) —% Hom(TM, Hom(K[{ry}], L[{r;}]))

| |

SH{rijt] SH{rijt]

The interpretation of Hom(K[{r;;}], L[{ri;}]) is the vector bundle such that over j'f, the
fiber is the vector space of natural transformations between the two functors.

The idea now is to use d? to further stratify S[{r;;}]' by rank conditions. A technical
complication is that, while we have the machinery to show that various rank conditions
define submanifolds of Hom (7'M, Hom (K [{r;;}], L[{ri;}])), the map d? is not in general a
surjective submersion, so a priori we do not know whether we can take the preimage of
these submanifolds through d? to further stratify S[{r;;}]".

By adjunction, we have the isomorphism

Hom(T'M, Hom(K [{ri; }], L[{ri;}])) = Hom(TM @ K[{ri;}], L[{ri;}]).

8We will try to consistently call this the “second intrinsic derivative” rather than “intrinsic derivative.”
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Thus, for j2f, € S[{ri;}]’, the (i,j) € I x J projection of d?f, may be seen as an element of
Hom(T,M & ker(V; 2 Ty,) NJW;), coker(V; L2 Ty N/W;)).

This element may be regarded as a restriction and projection of the iterated Jacobian J2f,,
so it is symmetric. Using the symmetric product from Section 1.5.3, we may view the
(i,7) € I x J projection of d*f, as an element of

Hom (T,M ® ker(V; L2 Ty,  N/W;), coker(V; L2 Ty, N/W;))
and in fact we may view d? as a map
d2
S[{ri} — Hom(TM © K[{ri;}], L[{ri;}]),

where the meaning of 7'M ® K [{r;;}] is to take the symmetric product componentwise (giving
another functor I x J — Vect). By the discussion about iterated Jacobians, d? is surjective.
It is a submersion, too, by the following argument. Since the distributions are integrable,
there are trivializations of the tangent bundles such that the distributions {V;} and {W;}
take the form of trivial bundles in the trivializations (see Lemma 1.3.21). This homogeneity
implies that it suffices to show that d* is a submersion on fibers. The fiber above j!f, in
S[{ri;}| is, in coordinates, the second-order Taylor polynomials of f at p that coincide with
J'f, to first order, hence all of J?f,, is realized in the fiber. In coordinates, d* is computing
a restriction and projection of J?f,, and restrictions and projections are submersions.

Before describing the second-order types, we mention some properties of the subspaces
of the bundle TM over j'f, € S[{r;;}] that we have at our disposal: the distributions {V;}
at p, the kernels K[{r;;}] at j'f,, and also T,M itself. For i,s € I and j,j' € J, we have
a commutative diagram of kernels and cokernels, where recall that the meet A is defined to
be such that Vi,y = V; NV and Wjs;» = W; N W, and for notational compactness we write
K, j for K[{ri;j}];j and L;; for L{{r;;}]:;:

Km KMZ’J/\J’ K%’J’

[ [ {

Vi Vip ——— W

iz L |

TpM/Wj S TPM/Wj/\j’ — TpM/VVj’

l l l

Lij ¢ Linvjny — Luy
When j = j/, we can see that K;yy; = K;; N Ky j, and when i = ¢, we can see that
K;;ny = K;; N K; j. Hence, the kernels are closed under intersections. Furthermore, the
intersection of (V;), and Ky ; is Ky ;, hence the collection of all V;, K[{r;;}];;, and TM
over j!'f, is closed under intersections.

7R



CHAPTER 1. SINGULARITY THEORY FOR DECOMPOSITIONS 77

We should also mention subspaces of Hom(K[{r;;}], L[{ri;}]). To be able to apply our
normal bundle machinery, we want these subspaces to be closed under intersections. As this is
a vector space of natural transformations, we have projections to Hom (K [{7; }ap, L[{74; }|ab)
for each (a,b) € I x J, and the kernels of these projections give subspaces. However,
they are not necessarily closed under intersections. Instead, for every A C [ and B C J
whose corresponding subfamilies are closed under intersections, we can restrict the natural
transformations to the category A x B. The kernels associated to these restriction maps
then give a family of subspaces (and in fact subbundles) that are closed under intersection.

Now let I” and J’ be finite index sets, where for each ¢ € I’ and j € J' we let V/
be a subbundle of the T'M bundle and W, be a subbundle of the Hom (K [{ri;}], L[{ri;}])
bundle, both only of the types mentioned above, such that {V;/} and {I/,} are closed under
intersections and contain no repetitions. We assume 7'M is among the V; and the zero
subspace is among the W7.

For each (I" x J')-indexed family {7} of natural numbers, we have a submanifold
Hom(T'M, Hom(K [{ri;}], L[{ri;}]); {rjs; }). Assuming that its intersection with Hom(T'M ©
K[{rij}], L[{ri;}]) is also a submanifold, then we define the second-order type S[{r;; }][{r},; }] C
S[{ri;}| to be the preimage of this submanifold through d*.

Remark 1.5.36. The reason we included T'M in the {V/} family and the zero subspace in
{W}} is that this lets us encode surjectivity of the second intrinsic derivative as a rank
condition. The second-order types that encode non-surjective second intrinsic derivatives do
not generically occur — thus we do not further stratify such types.

We can generically assume we are only considering the case where on 7'M the second
intrinsic derivative is surjective. We can also generically assume that for each j/ € J’
that the projection TM — Hom(K [{r;;}];, L[{r;}];) of the second intrinsic derivative is
surjective. [

The next step is working out the condition on 3-jets for which a map’s jet extension
intersects S[{r;}][{r};; }] transversely. Suppose j*f, € S[{ri;}|[{rj;}] with f generic. In
the basic form, we calculate the normal bundle for the rank conditions in Hom(T'M ©
K[{ri;}], LI{ri;}]), calculate the third intrinsic derivative, and then check that it is surjective.
There is of course the complication that this normal bundle is for a more complicated space
than before, but we handle this on a case-by-case basis.

For higher types, there is more information we may make use of. As discussed, for each
j" € J" we have a projection of the second intrinsic derivative

d*f, : T,M — Hom((K [{ri;}]j1)p, (LI{ris i),

and since we assumed this is surjective, there is a smooth submanifold S[{r;;}|;/(f) of “j”

points of f whose tangent space at p is the kernel of this j/ projection of d?f,. These second
intrinsic derivatives assemble into a bundle map over this submanifold. Assuming the rank
conditions {rj,;} define a submanifold of Hom(7,M © (K[{ri;}];)p, (L[{rij}];)p) and that
we can calculate a normal bundle P[{r;;}];[{r} ; }], for it, the j' projection bundle map has



CHAPTER 1. SINGULARITY THEORY FOR DECOMPOSITIONS 78

a third intrinsic derivative,

& fo : TS [{ri; i (f) = Py l{ri e

This third intrinsic derivative depends on no more than the 3-jet of f. For all j',j” € J'
such that j' < j”, we have a commutative diagram:

TSty (F) ——2 P[{ry Yl Y

J !

T,S[{rig () 25 Pl{ri i [{ri

This means d” f, can be seen as a natural transformation T,S[{rs;}e(f) = P[{ri;He[{rir;1}y
of functors J' — Vect. Care must be taken with this since it’s a bundle map only over
SHrij {7 31(f), which limits the potential for higher derivatives since the intrinsic deriva-
tive depends on having bundles defined on an open neighborhood of p.

Let S[{ri;}][{ri:;}]' € J?(M, N) be the preimage of the submanifold S[{r;;}][{r;}] €

J?(M, N). Making use of the J*(M, N) — Hom(TM,TJ*(M,N)) map from Lemma 1.1.9,
we may obtain a bundle homomorphism over S{{r;; }|[{ri,; }]:

SHri iy 1 S Hom(TS[{ri}e, PI{rssa[{rh, 1)

Being loose with notation, T'S[{r;;}|e is the bundle whose fiber above j2f, is the functor
(j' € J') = TS[{riy}ly(f), and similarly for P[{ry}|e[{r}:;;}]. Then, in a similar way as
before, we may look for rank conditions that define submanifolds in the image of d* and pull
them back, yielding third-order types. We must take care in choosing our rank conditions.
For j” > j" we have that S[{r;;}|;; € S[{ri;}];~, so bundles associated to j' cannot necessarily
be used in rank conditions associated to j” — intrinsic derivatives depend on having a bundle
defined in a neighborhood of p.

Now it is time to use these ideas to compute singularity types. It should be said that it
is easier to execute it in practice than to explain it in the abstract.
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Table 2.1: Classification of Morse singularities.

Type Codim. Representative germ See:
S[0] 0 ffy=m Lemma 2.1.2
S[1] m ffy=—ai—- —ai+ai,+--+22, Lemma 2.1.3

Table 2.2: Classification of Cerf singularities.

Type Codim. Representative germ See: Suspends
S[9] 0 ffy=ux Lemma 2.1.8  S[0]
STo1[0] m ffy=—a} - —a3} Lemma 2.1.9  S[1]

+ @i+,
Slo ] m+1 fy=—al—- . —zf Lemma 2.1.10

2
m—1

+xi+1—|—-~—|—x
+ T (t + 22)

SloNslor  mim  fry=—af—-- -y Lemma 2.1.12
+ @y T g,
foy=—@))* = = (a3,)°

+ ("El)i’—l—l e (2,)?




CHAPTER 2. CLASSIFICATION OF SINGULARITIES 81

In this chapter we work through the classification of singularities for a number of sit-
uations. We start in Section 2.1 by showing how to use our version of Thom-Boardman
singularities to derive the singularity types for Morse and Cerf theory. In Section 2.3 we
derive singularity types for curves and graphs in the plane along with their Cerf theory when
the plane is given the standard R C R? foliation, which is the model useful for decomposing
diagrams for monoidal categories. Then, in Sections 2.4 to 2.6 we classify the singularities
for the Morse and Cerf theory of maps 3 — (R C R?) for X a surface, reprising [SP09| but
with exact normal forms. Finally, Sections 2.7 to 2.9 is a classification of singularities for the
Morse and Cerf theory for maps 3 — (R C R?) when the surface ¥ contains a 1-manifold.
Since most of the singularities we come across are in some way Morin singularities due to
the low dimensions involved, Section 2.2 is a general overview.

In tables of singularity types, we will list a family of polynomial representatives (what we
call “normal forms,” which are not generally canonical to be clear!) per Thom-Boardman
symbol. Our spaces of singularities have no moduli, which is to say each terminal Thom—
Boardman class corresponds to only a finite set of equivalence classes of germs, and we can
generally represent these in tables by giving schemata for the plus and minus signs. In higher
dimensions one will not be so lucky.

2.1 Morse and Cerf theory

In this section, as an exercise we apply the machinery to rederiving the descriptions of Morse
and Cerf functions. It is well-known that the Thom—Boardman classification is sufficient for
density of Morse functions [GG73|, and it is also sufficient for Cerf functions when allowing
a more lax notion of equivalence [SP09], but we will demonstrate that the classification can
be used to derive the notion of a Cerf function with the strict notion of equivalence. It
is also worth reviewing this since we will lean heavily on the techniques demonstrated in
the Morse Lemma and applications of Lemma 1.1.69 in later classifications. The resulting
representative jets for Morse and Cerf singularities are respectively summarized in Tables 2.1
and 2.2, and note that these results coincide with the classical theory.

2.1.1 Morse singularities

First, we take on Morse functions, which are a certain kind of generic function in C*°(M,R)
for M a smooth m-manifold. The first-order singularity types are S[r] C J'(M,R), where
r € N is the dropped rank for the differential — the only possibilities of course are r € {0, 1}.
The codimension of S[r] in J'(M,R) (and thus the codimension of this type of singularity
in M) is given in the following table:

Type  S[0] S[I]
Codim. 0 m
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The second intrinsic derivative d*f, : T,M — Hom(K|[0],, L[0],) for the S[0] type is the
zero function since L[0], := coker df, = 0 for j' f, € S[0], and so it is automatically surjective.
If j1f, € S[1], its second intrinsic derivative is a function

d*f, : T,M — Hom(K|[1],, L[1],)

with K[1], = T,M and L[1], = T,R, following the convention that ¢ = f(p). For this to be
surjective, then, by dimension, the restriction d?f,| K[1], 18 a bijection, so the third intrinsic
derivative will be the zero function, and thus there is nothing more to classify.

Hence, S[0] and S[1] enumerate the viable Thom—Boardman singularity types, and with
those determined we next consider multijet singularities. Letting A% = {(y,y) | y € R}
be the diagonal, we may take its preimage 8~'(A%) € J®Y (M, R), which is a submanifold
of codimension 1. We can take the preimage of S[r;] x S[rs] C J'(M,R) x J'(M,R) in
JUED(M,R), which is a submanifold of codimension (r; + 73)m. One can check that its
intersection with 37!(A%) is a submanifold of codimension (r; + ro)m + 1, which we call
S[ri]|[re], and the set S[ri]|[r2](f) is pairs of distinct points (p1,ps) € M x M such that
f(p) = f(p2), p1 € S[r1](f), and ps € S[ra)(f). Thus, applying Theorem 1.2.12 (the
Multijet Transversality Theorem), there is a dense subset of maps M — R whose multijet
extension jU : M2\ A2, — JEYD (M, R) is transverse to S[ry]|[r2], and for such a map f,
S[ri]|[r2](f) has codimension (ry + ro)m + 1 in M?\ A%,. The types where r; = 0 or ry = 0
are uninteresting since S|[0] is the type for a submersion, and for the remaining case we see
that S[1]|[1](f) is empty since the type has too high of codimension.

By Theorems 1.2.9 and 1.2.12, the subset of C*° (M, R) whose jet extensions are transverse
to S[r] and S[ri]|[r] for all r,7,79 € N is a residual subset, and thus dense — functions in
this dense subset are called generic. We now classify the singularities in coordinates, starting
from these types.

Remark 2.1.1. At this point we can infer that generic functions have the property that the
set of critical points is S[1](f), this set is discrete, and all the critical values are distinct
since S[1]|[1](f) is empty. n

Recall from Definition 1.4.2 that two germs o, 7 € C;°(R™, R) are equivalent if there is a
diffeomorphism germ ¢ € Diff,(R™) and a diffeomorphism germ 1) : Diff ;) (R) () such that
o =1 orT1op. We will be using the convention that p = 0 € R™. By equivalence, we may
also assume that our germs are all in C;°(R™, R)j.

Lemma 2.1.2. If f € C°(R™,R) is a generic germ that is an S[0] singularity (i.e., j' f, €
S[0]), then, up to equivalence, it is given by

f(x) = 1.

Proof. After a linear change of variables, we may assume df = [1 0o --- 0}. By the
constant rank theorem, there is a change of coordinates for R™ and R such that on a neigh-
borhood of p, f(z) = Jf,(z), thus we get the desired from f(z) = z;. ]
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Lemma 2.1.3 (Morse Lemma). If f € C°(R™,R) is a generic germ that is an S[1] singu-
larity, then, up to equivalence, it is given by

f(x) = amai + - + anay,
where ay, ..., a, € {—1,1}.
Proof. By assumption, df, = 0, and we can calculate that the second intrinsic derivative is

d’f, : R™ — Hom(R™, R)
v (w > wTHf(p)v)

where H f(p) is the Hessian matrix of f at p. Since j! f is transverse to the S[1] submanifold,
d? f, is surjective, which implies H f(p) is nonsingular. Symmetric matrices can be orthog-
onally diagonalized, so there is a linear reparameterization such that H f(p) is diagonal.
Scaling variables, we may assume the diagonal entries are £2.

Applying the Hadamard lemma (Lemma 1.1.69), there are functions h;; € C*°(R™) for
all 1 < < 75 < n such that

v) =Y hij(x)zix;

1<i<j<n

where h;;(p) = £1 and h;;(p) =0 if i < j. Let a; = h;;(p) for all 1 <i <n.

We show by induction on 0 < k& < n that there is a reparameterization of the domain
such that (1) forall 1 <i <k, h; =a; and (2) forall 1 <i < kand i < j <n, h;; =0. The
base case k = 0 is vacuously satisfied. Assume the induction hypothesis is true for some k,
which gives the representation

f(x) = maxi+ - +apa; + Z hij(x)zz;.

k<i<j<n

Extracting those terms involving x;,1, we may rewrite this as

f(x) = a1 @s + -+ apxi + i1 o1 (2) 27 + T Z hitr(x)z; + Z hij(x)x;x;.
k+1<j<n k+1<i<j<n

Consider the reparameterization with z; = x; for all i # k and
— Tpt1
T, = /| har ()] (xz h+ Y el ) :
| kk k+1<]<n

The Jacobian of this reparameterization at p is the identity matrix (hence invertible) thus
it is a valid reparameterization. It is completing the square for zy, so applying it (and going
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back to having z1, ..., x,, denote the coordinates in place of Ty,...,7Z,,), the result is that
we may assume hy, = a, and furthermore

f@) = a1@ + -+ apai + apazy o + > hy(a)mi.

E4+1<i<j<n
This completes the induction. O

The results are summarized in Table 2.1, which records representative germs for each
singularity type.

2.1.2 Cerf singularities

We now move on to the Cerf singularities. A Cerf function is a path through C'*(M,R) of
functions that are generically (in a suitable sense) Morse functions. With the appropriate
topologies, a smooth such path is equivalently an element of C*°(M x [0, 1],R). The more
classic way to study these is to consider instead functions f € C*(M x [0,1],R x [0, 1]) with
the property that f(z,t); =t for all (z,t) € M x [0,1]. This constraint is inconvenient to
incorporate into the Thom—Boardman framework, so instead what we will do is make things
generic with respect to the product foliation of M x [0,1]. An intuition behind this is that
a function f € C*°(M x [0,1],R) defines the function F': M x [0,1] — R x [0, 1] given by

Using the product foliation for R x [0, 1] (since, after all, we are wanting to do a 2-categorical
decomposition of smooth homotopies between Morse functions), then the second intrinsic
derivative of this with respect to just the foliation on the codomain is a function

d*F, : T,(M x [0,1]) — Hom (ker dF}, — ker d(F}),, coker dF,, — coker d(F),) ,

and we have kerdF, = T,M N kerdf,, kerd(F;), = T,M, and cokerd(F,), = 0. After
a foliation-preserving linear change of coordinates in the codomain, coker dF, = coker df,.
Thus, the second intrinsic derivative reduces to being a map

d*F, : T,(M x [0,1]) — Hom (ker (dfy|z,ar), coker df,)

In particular, we get 7),M in an intrinsic way from the foliation of the codomain, and 7, M
forms a distribution for the domain that foliates it. From this point of view, we may as
well start with this foliation. The only catch is that when we consider equivalence of germs
C(M x [0,1],R), we apply “affine” diffeomorphisms to the codomain. In other words, we
consider equivalence of germs as if they were germs in the F' form:
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Definition 2.1.4. Let M and N be smooth manifolds with structure, and let p € M
and to € R. Germs f,f" € CF, (M x R,N) are Cerf equivalent if the germs F,F' €

Chogy (M xR, N x R) defined by
Fl(x7t>:f(x7t) F{([L‘7t>:f,($7t)
Fy(z,t) =t Fy(z,t) =t
are equivalent with respect to Diff, ) (M x R) and Diff(N x 0 € N x R). O

For example, adding an element of C;°([0,1],R) to a germ or negating t gives a Cerf
equivalent germ — up to Cerf equivalence we may assume for f € C°(M x [0,1],R) that
f(p1,t) =0 for all ¢.

Remark 2.1.5. This is the same notion as equivalence of 1-dimensional unfoldings; see [Was75]
for an introduction to this theory of Thom and some generalizations to unfoldings with,
essentially, foliated additional parameters. [

Another way to justify this type of equivalence is that translations of a Morse func-
tion through time are “uninteresting,” so we may as well ignore translations in our classi-
fication. Supporting this is the following general lemma about suspensions of germs (see
Definition 2.1.14):

Lemma 2.1.6. Letm,n,s € N and f € C§°(R™xR*,R") be such that df |r,gs = 0. Suppose f
is a generic Thom—Boardman singularity with respect to {ToR™} for the domain and {ToR™}
for the codomain. Then F € CP(R™ x R*,R™ x R®) defined by F(x,t) = (f(x,t),t) is a
generic Thom—Boardman singularity with respect to R™ x R® and the product foliation on
R™ x R*. This also holds when R™ x R*® is not given the product foliation.

Proof. The differential of F' has the form

[t

and hence the second intrinsic derivative is a function

ToR™ Nkerdfy  coker dfy
d*Fy : Ty(R™ x R*) — Hom j : l

ToR™ 0

By the assumption that df |r,rs = 0 we have coker dfy = coker (dfy)|r,rm. We also have that
ToR™ N ker dfy = ker (dfo)|r,rm, thus d?Fy|r,rm = d?fo (which holds even if R™ x R?® is not
given the product foliation). Hence, d?Fy is surjective because d? fy is. For the higher intrinsic
derivatives, the pattern is (1) that we look at restrictions to the same subspaces of TyR™
(starting with ker dfy) as we would if we had started with f and (2) that ker d* fy C ker d* I,
so each d*1F} is surjective since d**! f; is. O
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With that said, we will now analyze the Thom—Boardman singularities up to Cerf equiv-
alence for C*°(M x [0,1],R) where the domain is given the product foliation, but we only
consider the T'M distribution and we never look at rank on 7'(M x [0,1]) (this is not invari-
ant under Cerf equivalence). With a nod toward the motivation for these singularities, we
will write the first-order types as S[g], which helps distinguish them from their S[r] Morse
counterparts.

The S[§] € J*(M x [0,1],R) type is given by those j'f, such that df, |z, has dropped
rank equal to r. The codimensions from before still apply, and the only possibilities are
r € {0,1}. The S[3] type has no subtypes, so we turn our attention to S[}]. The second
intrinsic derivative for j2f, € S[}] is a function

d*fp : T(M x [0,1]) = Hom(K[§],, L[],

with K[g], = ker (dfy|n,m) = T,M and L[1], = coker (dfy|z,n) = T,R = R. In particular it
is given by

d*f, : T,(M x [0,1]) — Hom(T, M, R)
v (e Hfp(v®@w))

where we use the inclusion T,M — T,(M) & T,([0,1]) = T,(M x [0,1]) to evaluate the
Hessian. Recall that the kernel of d?f, is the tangent space to S[}](f) at p, which we see is
1-dimensional when d?f, is surjective.

The second-order types are S[{][r] C J*(M x [0, 1],R) of those jets j* f, such that d* f, |7, ar
has dropped rank equal to r (recall: this corresponds to the dropped rank for d(f] S[2]( #)p)-
By consideration of the 1-dimensionality of S[}](f), the possibilities are r € {0,1}. The
type S[§]]0] has no subtypes, but subtypes of S[§][1] cannot yet be excluded. Restricted
to T,M, the second intrinsic derivative d?f, is the Hessian restricted to 7T,M @ T,M. For
this type, there is a one-dimensional kernel K[}][1], C T,M of the Hessian, and the third
intrinsic derivative can be calculated to be a function

d*f, : T,8[5](f) — Hom(K[§][1], © K[§][1],, R).

Both the domain and codomain of this function are one-dimensional, so surjectivity reduces
to d® f, being nonzero and thus a bijection. Thus, S[}][1] has no subtypes.

We thus have that the viable Thom-Boardman singularity types are S[3], S[§][0], and
S[$][1]. We defer discussion of multijet singularities to Section 2.1.2.

By Theorem 1.2.9 (the Thom Transversality Theorem), there is a dense subset of C*°(M x
[0, 1], R) of generic functions that have the property that their S[J], S[4], S[§]]0], and S[§][1]
points stratify M x [0,1]. We now derive normal forms. We again use the convention that
p=0¢€R™ xR, and we use the coordinates (z1, ..., zy,t) for R™ x R. It is relatively easy
to derive a normal form for the k-jet of a kth order type, and then using stability results
from Section 1.4 we can exactly identify equivalence classes.
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Remark 2.1.7. Even before obtaining normal forms, what we know so far is that for a generic
f € C®(Mx]0,1],R), there is a one-dimensional submanifold S[}](f) of those points (x,t) €
M % [0,1] where f; has a critical point, and furthermore the one-dimensional submanifold
S[81[0](f) is where S[{](f) meets the leaves of the foliation transversely, and the zero-
dimensional submanifold S[}][1](f) is where it temporarily becomes tangent to the leaves. m

Lemma 2.1.8. If f € C°(R™ x R, R) is a generic germ that is an S[§] singularity, then,
up to Cerf equivalence, it is given by

f(xa t) =T
Proof. After a linear change of variables from GL(R™ C R™ x R), we may assume df =
[1 0o --- O]. By the implicit function theorem, there is a function ¢ : R™ x R — R such

that

f((p(fl, e ,fm, t),fg, e ,fm, t) = fl
for all (Ty,...,%Tm,t) € R™ x R. The following is a valid coordinate change for F(R™ C
R™ x R):

r1=@(T1,...,Tm, 1) Ty = To Loy = T t=1¢
With it,
fry = flz1,29,. .., 2m,t) = f(O(T1, ..., Ty ), Tas ..., Tm, L) = Ty,
which has the desired form. O

Lemma 2.1.9. If f € C;*(R™ xR, R) is a generic germ that is an S[][0] singularity, then,
up to Cerf equivalence, it is given by

flz,t) = a1zt + - + a2,
where ay, ..., an, € {—1,1}.

Proof. Since it is an S[}] singularity, df,|g= = 0, and by a Cerf change of coordinates for the
codomain we may assume df, = 0. As we determined earlier, the second intrinsic derivative
is

d*f, : T,(R™ x R) — Hom(R™, R)
v (w = Hfp(v@w)).

Since we are considering type S[}][0], then d?f,|gm is surjective, and hence the Hessian
restricted to R™ ® R™ is nondegenerate. We have ker d*f,, = T,,S[§][0](f), hence S[4][0](f)
is one-dimensional, and also we see S[}][0](f) intersects R™ x 0 transversely. Thus, there
is a local parameterization v : R o— S[}][0](f) with ~(¢)2 = t for all ¢ € dom~. With
this we construct the change of coordinates z = T + y(t); and ¢t = ¢, after which we may
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assume S[{][0](f) coincides with 0 x R in a neighborhood of p. Replacing f(z,t) with
f(z,t) — f(0,t) gives a Cerf equivalent germ, so we may further assume that f(0,¢) = 0
for all £. Thus, we may apply the Parameterized Hadamard Lemma (Lemma 1.1.69) to get
germs fi; € C°(R™ x R) such that

f(ZE, t) = Z fij(x’ t)CCZZL’]

1<i<j<n

Like in the Morse Lemma (Lemma 2.1.3), after a linear change of coordinates we may assume
H f, is diagonal when restricted to T,R™ ® T,R™. The structure of the proof of the Morse
Lemma carries through to this parameterized situation since there is an € > 0 such that for
all [t| < e, fi(0,t) # 0, and furthermore the coordinate changes always preserve t. Thus,
there is a coordinate change such that f can be written in the desired form. O]

Lemma 2.1.10. If f € C°(R™ x R,R) is a generic germ that is an S[§][1] singularity,
then, up to Cerf equivalence, it is given by

flz,t) = alx% 4+ 4 am_len_l + T (t + xfn)

where ay, ... ,am—1 € {—1,1}. Such a germ is locally stable with respect to Cerf equivalence
and 1s 3-determined.

Proof. Unlike in Lemma 2.1.9, ker d?f, is now a one-dimensional subspace of T,M. After a
Cerf change of coordinates and a linear change of coordinates for R™, we may assume that
df, = 0, that kerd*f, is R,, = {z € R™ | 1 = -+ - = 2,1 = 0}, and that in coordinates d?f,
is in the form

2 0 0 0 =
0 =+£2 0 0 =
o 0 --- £2 0 =*
o0 - 0 0 1}

Running through the proof for Lemma 2.1.3 using the Parameterized Hadamard Lemma like
in Lemma 2.1.9 and making sure to also clear out z;t terms, there is a change of coordinates
such that

flz,t) = a3+ -+ apr22, | + hz, )22, + xp,t
for ay,...,am—1 € {=1,1} and h € C;°(R™ x R,R). Since h(p) = 0, by the Hadamard
Lemma there are functions hy, ..., h,, such that h = thg + x1hy + -+ + x,,hy, and by a
Morse-lemma-style changes of coordinates, we may assume hq, ..., h,_1 = 0. Hence,

flz,t) = a1zt + -+ am122,_ | + hop(z, )22, + ho(z, )22 t + 200t

The third intrinsic derivative computes %(p) = 6h,,(p), which must be nonzero for j2f to
be transverse to S[}][1]. By scaling z,, and ¢ as needed, we may assume that h,,(p) = 1.
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The change of coordinates with z,, = T, — ho(z, t)Z?, lets us assume hy(p) = 0, and therefore
we have found a normal form for the 3-jet of this singularity:

flz,t) = az 4+ 4 apora?, |+ 23 + zpt +r(x,t),

where r € mﬁ. We may assume 7(0,¢) = 0 by subtracting r(0,t) from f via a Cerf change of
coordinates. By the Parameterized Hadamard Lemma (Lemma 1.1.69), there are functions
rr € C°(R™ x R) such that

r(z,t) = Z r(x, t)al.

[1]=4

Using 2%, ...,22 | to clear out terms like in the Morse Lemma, we may assume that
r(z,t) =r'(z, t)xt

for some 1" € C°(R™ x R).
For ¢ > 0, consider the substitution z; = ¢'/?%; for 1 < i < m, z,,, = ¢/°%,,, t = /%,
and y = cy. This has

— ) ) 3 = T A=A 1 1)2- 1/2— 1/3=  2/37
f*y:alxl+---+am_1xm_1+xm+xmt+c/:vmr(c/xl,...,c/xm_l,c/mm,c/t).

Thus, for arbitrarily small ¢ we can make all higher derivatives become arbitrarily small.
Hence, within every neighborhood of ;2% + -+ - + a,, 122, + 23, + x,,,t in the C*™ topology,
there exists a germ that is equivalent to the given S[}][1] germ. It suffices now to show that
f is locally stable since then there exists a change of coordinates that can eliminate 7/, and
this furthermore implies that f is 3-determined.

We can show f is locally stable by showing that the map F(x,t) = (f(x,t),t) is locally
stable using Corollary 1.4.11. Let R = C;°(R™ x R) and let

A=Y R 4+ R + (f2,)C(F*TR?) + m,(R™ x R)*C*(F*TR?),
=1

which is an R-submodule of C3°(F *TR?). What we need to show is that

CO(F'TR?) = A+ RZ- + Rf 52~ + Ry

Oy2 "
We have
g—i = (2a;2; + xilg_;)a% =, 2az‘561;8%1 for1<i<m
8827_1:1 = (31’7271 +1+ 47’,1‘;{; + ZL‘;;%)% =4 x$n<3 + 47"1},0%
%—fzwm(1+xf’n%’z)%+aiy2 =A xmaiyl+aiy2?

where we have reduced these calculations modulo (t)Co°(F*TR?) +m,(R™ x R)*C2°(F*TR?)
in particular. Since we can divide by 3 + 4r'x,, and 2a; for all 1 < ¢ < m, we see that
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A contains (xl, ey T 1, T m,t)ai Using xma‘z =4 —a%, we also see that A contains
(1, .y T, t) Agam using 7 8 =4 Ty a , then with the Hadamard lemma we deduce
that
0 0 __ Yoo * 2
A+R8_g/1+R8_y2 = C°(F"TR").
This completes the proof that f is locally stable. m

The results are summarized in Table 2.2.

Multijet Cerf singularities

For multijet singularities, like before we can take products of singularity types in the multijet
bundle then take an intersection with an appropriate submanifold. We are only interested
in when two singularities take the same value at the same time. Let k € N* be a multiindex.
The submanifold that represents taking the same value is 371(Ak) C J*(M x [0,1],R).
For the submanifold that represents occuring at the same time, recall the source map « :
JE(M x[0,1],R) — (M x [0, 1])* \AMX[O 1+ 80, letting ¢ + M x [0, 1] [0, 1] be the projection
to time, we have a map 7, o o : JX(M x [0,1],R) — [0, 1], and thus (7;* o a)~ (Afo 1)
is the submanifold. Thus, we can intersect products of singularities in the multijet bundle
with the submanifold
ﬁil(Aﬂk{) N (Wth © 0‘)71<AF0,1])7

which has codimension 2k — 2.

We ignore S[§] since such points are submersions. With S [(1)][7”1]][ |[r2] denoting the in-
tersection of S[}][r1] x [§][r2] with the above submanifold in J? (M x [0, 1], R), we calculate
the following codimensions in consultation with Table 2.2:

Type  S[l0N[s][0] STol0N[o[2]  STol[o][1]
Codim. 2m + 2 2m+3 2m + 4

Since the domain for the multijet transversality theorem is (M x [0,1])%\ A2 Mx[o,1]» Which
has dimension 2m + 2, this means only the first of the three generically occurs. Then we
consider triple coincidences of this remaining type:

Type  S[5]J[0][[5][0][[5][O]
Codim. 3m +4

This time (M x [0,1])?\ A3, 0,1 has dimension 3m + 3, so they do not generically occur.

The S[3]10]|[3]1]0] type smgularity has dimension 0, so there are no further subtypes.
Applying Theorem 1.2.12 (the Multijet Transversality Theorem) to all the multijet singu-
larity types mentioned yields a residual subset of C*°(M x [0, 1], R), which we can intersect
with the residual subset we obtained from the last section to get a residual (and thus dense)
subset of generic functions. These are the Cerf functions.
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Definition 2.1.11. Let M and N be smooth manifolds with structure. Let S C M be
a finite set and let ¢ € N. We call C3(M, N), the collection of multigerms, and it is
equivalently the disjoint union [[ .o Cp°(M, N),. The group ([, Diff,(M)) x Diff,(N)
acts on multigerms, and multigerms in the same orbit are called equivalent multigerms.!
Similarly, we say elements of U, (M x R, N) are Cerf equivalent multigerms if the
corresponding multigerms Cg5,, (M xR, N xR) with the second component being the identity

on R are equivalent (like in Definition 2.1.4). O

Exact normal forms for multigerms are more difficult to come by since each germ in the
multigerm has the same codomain, so there is less freedom to reparameterize. In this case,
however, since Lemma 2.1.9 mostly applied domain transformations, we can still get an exact
normal form. Let p,p € R™ be distinct points and let ¢ = 0 € R.

Lemma 2.1.12. If f € C'(O;O)(RmXR, R), and f" € C'(C’;,70)(Rm><R, R), define a generic multi-
germ that is an S[}][0]|[§][0] multisingularity, then, up to Cerf equivalence, the multigerm
15 given by

flz,t) = a3 + - + apa?,
f@ t) = ady(2))? + -+ ap, (a),)* + ¢,

/

') are coordinates centered at p/,

where (x1,...,%,) are coordinates centered at p, (z,...,x
and where ay, ..., am,ay,...,a, € {—1,1}.

Proof. The germs together define a germ f x f' € C7(R™ x R x R™ x R,R x R), where
p = (p,0,p,0). Recall that we are considering the multijet submanifold

BHAR) N (0 a) 7 (AR) N S[B1[0]I[61(0],

and we need the multijet extension j%2(f x f’) to be transverse to this submanifold at
322(f x f")p. The transversality condition associated to (7% o a)"}(A2) results in us only
needing to check transversality when both time variables are equal. Since TA% is spanned
by 8%1 + 9%2’ the quotient of TIR? by this can be represented by differences of coefficients,
so the S71(A2) transversality condition is that the differences in the differentials of the two
functions is surjective. Thus, the function we need to consider for this multisingularity is
F e O (R™ x R™ x R) defined by F(x,2',t) = f(x,t) — f'(2',1).
Each germ is a S[}][0]-type singularity, so their differentials are zero. Hence,

de = [lem O15xm amf(pa O) - aOlf/(p/’O)} :

By Cerf equivalence, we may assume that dy; f(p,0) = 0. This must be surjective to meet
the 371(A2) transversality condition, and thus dy; f'(p/,0) # 0.

!Note that Diff, (V) acts on the germs simultaneously.
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Then we can essentially apply the argument of Lemma 2.1.9 to reparameterize the two
germs as

flz,t) = a1zt + -+ apal, + o(t)
[l t) = ai(ah)? + -+ al, (2,)? + (1)

By Cerf equivalence, we may assume that ¢(¢) = 0, and then since we established that the
first derivative of ¢’ is nonzero, by the inverse function theorem we may reparameterize t to
let us assume that ¢'(t) = t. O

We have now handled multigerm singularities such that the germs are mapping to the
same point, but there is still an additional type of multigerm singularity. To be able to
generalize to foliations, what we have not done is consider germs that map to the same point
after being projected to maps R™ x R — R/R. These functions are trivial in this case, but
they do serve an important function: by making our Cerf functions generic with respect to
this, what happens is that S[}][0] singularities cannot happen at the same time since the
codimension is 2m + 3 in a (2m + 2)-dimensional space.

This completes the classification of Cerf functions. We summarize most of the structure
of Cerf graphics here, and what would remain is to analyze the singularity types to see
exactly how they fit together, as we will illustrate in Chapter 3 for cobordism categories.

Theorem 2.1.13. Let f be a Cerf function in C>°(M x [0,1],R) (that is, f is in the dense
subset of generic functions with respect to the jet and multijet submanifolds from this and the
last section). Define F': M x [0,1] = R x [0,1] by F(z,t) = (f(x,t),t) and 7 : R x [0,1] —
0,1] by w(y,t) =t. Then:

o M x [0,1] is stratified by S[J](f), S[§][0](f), and S[§][1](f) points.

o The S[}][0](f) points are further stratified by whether or not they appear in one of the
S[5101[6][0](f) pairs.

e The images of all these strata (except S[§](f)) through F are disjoint, and wherever
S[SI0](f) points have the same image they come in pairs as S[§][0]|[§][0](f) points.

o The images of the S[}][1] points through wo F are disjoint.

The Cerf singularities are enumerated in Table 2.2. The meaning of the “suspends”
column is whether the singularity is a suspension of another:

Definition 2.1.14. Let m,n,s € N and f € C§°(R™,R"). The suspension of the germ f is
the smooth map F' € C°(R™ x R*, R™ x R?) defined by F(z,t) = (f(z),t).2 O

2In singularity theory literature, this is the simplest kind of unfolding of a germ.
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Remark 2.1.15. We usually imagine the codomain of a suspension is given the product folia-
tion. If Morse functions are the objects of a category and Cerf functions are the morphisms,
then suspension is the operation that gives identity morphisms. In the context of higher
categories, the s = 1 suspension corresponds to taking an m-morphism and constructing its
identity (m + 1)-morphism. u

Lemma 2.1.16. Let m,n,s € N and f € CP(R™ R™). Suppose f is a generic Thom—
Boardman singularity. Then the suspension F' € C3°(R™ x R*,R" x R?®) of f is a generic
Thom—Boardman singularity, even when the codomain (but not the domain) is given the
product foliation.

Proof. This is a specialization of Lemma 2.1.6. O]

Lastly, a word about the existence of Cerf functions between any two Morse functions.
Given Morse functions fy, fi € C*°(M,R), then we can see they can be turned into Cerf
functions fj € C>(M x [0,e],R) and f{ € C®°(M x [1 —¢,1],R) for 0 < e < by fi(z,t) =
fi(x). The reason our versions of the transversality theorems (Theorems 1.2.9 and 1.2.12)
also accept a closed subset is that they allow us to show that there exists a Cerf function
f e C®(M x[0,1],R) such that fo(x) = f(z,0) and fi(x) = f(z,1). All we need to do is
take f} and f] together and fill in values for M x [—¢,1 — ¢] in some arbitrary smooth way,
which is possible by using a straight-line homotopy that we smooth at the endpoints using
bump functions. Thus, since the set of Cerf functions is dense, every open neighborhood of
this filled-in function contains a Cerf function.

If we assert that Cerf functions are equivalences in the category of Morse functions on a
given smooth manifold, then all objects are isomorphic. In this sense, we can say that the
choice of a Morse function can be made arbitrarily.

2.2 The Morin singularities

The Morin singularities [Mor65] are certain germs f € C3°(M, N) with dim M < dim N such
that Cp°(M)/Cs° (M) f*my ) is isomorphic to R[z]/(2"t!) for some k > 0. Equivalently, they
are the Thom-Boardman singularities with j* f, € S[1][1] - - - [1][0] (and j* f transverse to this
jet submanifold). The case of dim M = dim N is explained in [GGT73].

All the singularities we will meet are essentially Morin singularities, at least after for-
getting additional structures such as foliations in the codomain — and our stratifications
are generally refinements of the Thom-Boardman stratification. This is because of the low
dimensions we consider: if j' f, € S[r|, then the second intrinsic derivative is a function

d2fp : T,M — Hom(K]r],, L[r],)

where dim K[r], = r and dim L[r], = dim N — dim M + r, hence the codimension of S[r|(f)
in M is r(dim N —dim M +7). As Table 2.3 illustrates, when dim M < 3 then, for the dense
subset of germs with jet extensions transverse to S[r] for all » € N, the only types that occur
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Table 2.3: Generically occurring types S|r] for maps M — N in low dimensions; sets indicate
values of r. By definition, Morin singularities occur only outside the shaded region.

dim N
dim M 1 2 3 4 5 6 7 8

1oy {0y {0y {0y {0} {0} {0} {0
0.1} {01} {01} {0} {0} {0} {0} {0
0.1} {0.1} {01} {01} {01} {0} {0} {0
0.1} {0.1} {01} {0.1.2y {01} {01} {01} {0}
0,1} {0.1} {0,1} {01} {012} {01} {01} {0.1)
0,1} {0.1} {0,1} {0.1} {0,1.2} {0,1,2} {0.1,2} {o0,1}
0,1} {0.1} {0,1} {01} {01} {0,1,2} {0.1,2} {0,1,2}
{0,1} {o0,1} {0,1} {o,1}  {o0,1} {0,1,2} {0,1,2} {0,1,2}

0O ~J O U k= W N

Table 2.4: Generically occurring Morin singularity types for maps M — N in low dimensions.
Each cell gives the minimal k for which S[0], S[1][0], ..., S[1]¥[0] are the only generically
occurring Morin singularities. Shaded cells indicate possibility for non-Morin singularities.

dim N
dimM 1 2 3 4 5 6 7 8
1 1 0 000 0 0 0
2 21 0 0 0 0 O
3 3110 0 0
4 4 2 1 1 0
5 5 2 1 1
6 6 3 2
7 7 3
8 8

are S[0] and S[1]. The large region where only S[0] singularities occur can be summarized
in the following classical theorem:

Theorem 2.2.1 (Weak Whitney Immersion Theorem). Let M and N be smooth manifolds
with 2dim M < dim N. The dense subset of C>°(M,N) from applying Theorem 1.2.9 to
{S[r] | » € N} consists only of immersions. Thus, every smooth map f : M — N can be
Whitney C*° approximated by an immersion

Proof. Let X C C*(M,N) be the described subset. By the previous discussion, since
2dimM < dim N, if f € X and j'f € S[r] then r = 0, and j'f, € S[0] is exactly the
condition that f is an immersion at p. O
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With essentially the same proof, we can give an analogous theorem for approximating
smooth maps by ones with only Morin singularities. The bound clarifies the importance of
Morin singularities in low dimensions:

Theorem 2.2.2. Let M and N be smooth manifolds with dim M < %dimN + 1. The
dense subset of C°(M,N) from applying Theorem 1.2.9 to the set of all Thom—Boardman
singularity types consists only of maps whose germs are all Morin singularities.

For sake of demonstration, we go through the analysis of Morin singularities within the
Thom—-Boardman framework. We do not derive the normal forms, and instead we reproduce
the result from [Mor65] in Theorem 2.2.5.

Suppose that m = dim M and n = dim N, that m < n, and that f € C7°(M, N) is
generic and an S[1] singularity. Let K = ker df, and L = coker df,, the dimensions of which
are dim K = 1 and dim L = n — m + 1. The second intrinsic derivative is a surjective map

d*f, : T,M — Hom(K, L)

Since K is one-dimensional, T,M © K = T,M ® K, so we do not need to worry about
symmetry. The S[1][r] type is for drkd?f,|x = r, and if r = 0 then d*f, = 0. Otherwise,
for S[1][1] we have ker d*f, | = K and coker d?f,|x = Hom(K, L). Thus, with T,S[1](f) =
ker d* f,,, the third intrinsic derivative is a surjective map

&fy + T,S[LI(f) = Hom(K, Hom(K, L),

whose codomain we may write as Hom(K®? L). The S[1][1][r] type is for dtkd®f,|x = r,
and the cycle repeats; more formally:

Lemma 2.2.3. Let m = dimM, n = dimN, m < n, and f € C>*(M,N). Fori > 1,
define S[1]* by S[1]! = S[1] and S[1]"*' = S[1]'[1]. Suppose k > 1, jffp € S[1*, and 5 f is
transverse to S[1]" for alli. Then, with K = ker df, and L = coker df,,, the (k+1)th intrinsic
derivative is a surjective map

d*tf, : T,S[1]F — Hom(K®* L)

that in coordinates is given by restricting the iterated Jacobian J*™ f, to T,S[1]* @ K®* and
taking the image in the quotient L. Thus if f is a S[1]*[0] singularity, in coordinates J*1f,
restricted to K®*+1) is nonzero.

Furthermore, the dimension of T,S[1]* ism —k(n —m+1). Hence, if p= |
only Morin singularity types that generically occur are

|, the

_m
n—m-+1

S[0], S[1[0], S[2[0), ..., S[1*~[0], and S[1]*[0].

Proof. Through our discussion we already showed all of this for £ = 1 except for noting that
dim 7,,S[1] is m — (n —m + 1) since dim Hom (K, L) = n —m + 1. We proceed by induction
and assume k is such that all the hypotheses hold and that f is a S[1]**! singularity. Then
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the restriction d*™ f,|x has rank 0, so the kernel is K and the cokernel is Hom(K®", L).
Since dim K®* = 1 and K C T,S[1]*, the normal bundle calculation does not have to address
symmetry of d*™1f,, hence the next intrinsic derivative is a map

d*t2f, . T,S[1]* — Hom(K, Hom(K®* L))

which by the tensor-hom adjunction is of the desired form. Lastly, we have dim 7},S[1]*"! =
dim T,S[1)* —dim L =m — (k + 1)(n — m + 1). O

Corollary 2.2.4. Suppose dim M < % dim N +1 and let “generic” refer to maps in the dense
subset from Theorem 2.2.2. The only possible Morin singularity types that generically occur
are

S10], S[[0], and S[HAJ[0]

with the exception of dim M = dim N = 3, in which case S[1][1][1]]0] is an additional possi-
bility. Furthermore, if 2dim M < dim N + 1, only S[0] and S[1][0] singularities generically
occur. (See Table 2.4.)

The following theorem is due to Morin in [Mor65]. Some examples are given in Table 2.5,
Table 2.6, and Table 2.7.

Theorem 2.2.5. Let m <n and let p=0 € R™. For k >0, suppose f € C(R™,R") is a
S[1]%[0] singularity and generic (its jet extensions are transverse to S[1]' for all i > 0). Let
g=n—m-+1. Then, up to equivalence, f is given by

Jor1<j<m-—1, [y =z,
k
for1<j<gq-—1, [ Ym—14j = Zx(j—l)k—l-imfn
i—1

k—1

* _ o k+1 7
f Yn =T,  + E L(qg—1)k+iLyn-
i=1

Furthermore, f is locally stable and (k + 1)-determined (Definition 1.4.6).
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Table 2.5: The generic germs C5°(R?, R?) are equivalent to one of the following. Note that
the illustrations use x5 for the third dimension to make the structure of each singularity type
clearer. The S[0] and S[1][0] types are suspensions of the same types for C§°(R, R).

Type Codim. Representative germ Illustration Name
S[0] 0 [y =m0 [ local
frya = a9 homeomorphism
S{1][0] L fyp=mn " fold
frys = a3 ‘
S[a][L)o] 2 [y =m0 cusp
Yo = mymy + 23

Table 2.6: The generic germs C{°(R? R?) are equivalent to one of the following. This
local model for the S[1][0] singularity is known as a Whitney umbrella (also illustrated in
Figure 2.1).

Type Codim. Representative germ Mlustration Name

S [O] 0 [y =m . immersion

ffy2=0
[fys = a9 !k~

S[1][0] 2 [m=x
[y = w129

ffys = x5

pinch point
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Table 2.7: The generic germs C5°(R?, R?) are equivalent to one of the following. The illus-
trations use z, as a time parameter, showing the x5 = —1 and x5 = 1 cross-sections. The
swallowtail is named for the shape of the image of the S[1][0] and S[1][1][0] points in R?.
The first three types are suspensions of their C5°(R?, R?) counterparts.

Type Codim. Representative germ [lustration Name
S[0] 0 [y =m local
fys = a9 - homeomorphism
[ys = w3
S[1][0] 1 [y = fold
[y = o -
[rys = 90% ' ’
S[a][a)[o] 2 [y =m0 cusp
Y2 = x2 lP >
frys = wyag + 2° f f |
S[1][1][1][o] 3 [y =m L ' , swallowtail®
[y2 =2 ->
[fys = 123 + szg, + Ié <

& The illustration only shows one possible time parameterization, and other choices of time axes lead to very
different illustrations.

2.3 Curves and graphs in the plane

In this section, we consider generic maps of 1-manifolds and graphs in the plane. Generic
maps of closed 1-manifolds give the theory of knot shadows, which are diagrams of knots and
links without over/under crossing information. We then extend this to be able to handle
graphs by introducing vertices along the 1-manifolds. We also do all of this but with respect
to the product foliation on the plane, which is a way to get a monoidal category description
of curve and graph diagrams.

One of our motivations for working out the singularities for curves and graphs is that these
correspond to surface graphs minus the surfaces. Surface graphs are strictly more difficult,
and it is good to have a complete list of moves for the “2-categorical” decomposition of graphs
to double check things later. Also, graphs are a case where we actually carry out the idea of
doing an “(n + 1)-categorical” decomposition for n-dimensional objects to get an n-category
with a monoidal structure.

The principal complication with 1-manifolds in R? is that their Cerf theory involves pinch



CHAPTER 2. CLASSIFICATION OF SINGULARITIES 99

(Z

Figure 2.1: A 2D Whitney umbrella in R? parameterized by (s, t) + (st, s*,¢). The locus of
double points ends in a pinch point singularity at (0,0, 0).

4 =" U4
AR I XR X%

Figure 2.2: The three types of Cerf singularities for generic maps C°°(C,R?), where C is a
I-manifold. For f € C®(C x R,R?), the top illustrations are of (z,t) — (f(z,t),t), and
the bottom are of ¢ € {—1,0,1} time slices. The knot diagram analogues of these moves
are respectively known as the Reidemeister I, II, and III moves. In Table 2.9 they are called
Slol([o], STEIIELM 0J[0], and STEII[GIIG]-
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point singularities through time. Considered as a map R? — R?, these are type S[1][0] Morin
singularities, which are locally modeled by the Whitney umbrella; see Figure 2.1. Pinch point
singularities correspond to the Reidemeister I move (see Figure 2.2), but they cause some
trouble for the basic Thom—Boardman classification since the only submanifold that arises
through the process is the pinch point itself, so there are no higher intrinsic derivatives to
consider. This means that there is nothing to ensure that the move does not happen “all at
once.” That is to say, the locus of double points intersecting the leaves of the R? x R product
foliation might not do so transversely at the pinch point.

This is certainly not the first time singularities of smooth homotopies of plane curves
have been worked out. Dufour in [Duf83] found stable families of plane curves using generic

diagrams R L R? 2 R? where f is a submersion. One side effect of this setup is that generic
families curves are almost always in constant motion, a feature that our method does not
share.

2.3.1 Curves

Letting C be a 1-manifold, we consider singularities for maps in C°°(C,R?). Singularities for
germs are very straightforward. As we discussed in Section 2.2, type S[r] C J'(C,R?) has
codimension 1 + r, thus generically only S[0] points occur (in other words, Theorem 2.2.1
applies).

Multijets are also straightforward. The codimension of S7*(AZ;) C JY'(R,RR?) in the
multijet bundle is 2, and so the type S[0]|[0] of pairs of S[0] germs with the same image has
codimension 2 in R xR\ A%. Triple intersections do not generically occur because S[0]|[0]|[0]
ends up having codimension 4 in the three-dimensional space R x R x R\ A%.

As the following lemma shows, the normal form for the double point singularity is a pair of
transversely intersecting lines, which we give a quick proof of. See, for example [GGT73, I11.3]
details about the general case; multijet transversality for immersions gives normal crossings,
which are locally modeled as intersecting vector spaces.

Lemma 2.3.1. Let C' be a smooth 1-manifold and f : C*(C,R?). Suppose p,p’ € C are
distinct points such that the multijet for [f], and [f], is an S[0]|[0] singularity. Then there are
local coordinates x centered at p, x’ centered at p', and (y1,ys) centered at ¢ = f(p) = f(p')
such that

Loy =2 foyr =0
frya =0 foya =o'
(We write f, for [f], here and in tables.)

Proof. Tt is easy to check that being transverse to 5~(A2,) implies that 7,C+T,,C = T,R?.
Thus C7 ) (C x C, R?) defined by (z,2') — f(x) + f(«’) is locally a homeomorphism. [
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Table 2.8: Classification of plane curve singularities.
Type Codim. Representative germ  See:
S[0] 0 ffypn == Theorem 2.2.5
[y =0
S10][0] 11 foym=z fyy1=0 Lemma 2.3.1
oy =0 frys =1
Table 2.9: Classification of plane curve Cerf singularities.
Type Codim. Representative germ See: Suspends
S[9] 0 == Lemma 2.3.7  S[0]
J'y2=0
S[81][0] 2 fryp = ot + Lemma 2.3.6
frys = a?
SIS ;[0 0] 11 o= fyy1 =0 Lemma 2.3.8  S[0]|[0]
fova=0 frya =21
SIS T[T 0]]0] 2|2 fimm=x foy = x’ Lemma 2.3.9
Foy2 =0 foy2= (') +1+ 0, 1)’
STONISTST @ 222 fom=x fon=0 foyp= 2" Lemma 2.3.10

Lye=0 foy=1a" foy=a"+t

2 Representative germ is to first order.

Like usual, we define a generic map in C*(C,R?) to be one in the dense subset from
applying Theorems 1.2.9 and 1.2.12 with all the S[r| types for all » € N and the multijet
types S[0]|[0] and S[0]|[0]|[0]. We summarize this in the following theorem:

Theorem 2.3.2. Let f € C=(C,R?) be generic. Then

1. f is an immersion;

2. no triple points occur (that is, | f~(y)| <2 for all y € R?); and

3. double points are locally modeled as transversely intersecting lines.
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Cerf singularities for curves

Now we consider Cerf singularities like in Section 2.1.2. We are considering C>°(C x R, R?)
where C' x R has the product foliation, and we use erf equivalence (Definition 2.1.4). Recall
that the Cerf equivalence class of f € C3°(C' xR, R?) corresponds to the equivalence class of
the map F: C x R — R? x R defined by F(x,t) = (f(x,t),t) with respect to the codomain
foliation.

The type S[§] € J'(C x R,R?) denotes when the restriction of the differential to T'C
has dropped rank equal to r, with r € {0,1}. For j'f, € S[§], since ker df, = 0, the second
intrinsic derivative is zero so there are no subtypes. For j'f, € S[}], the second intrinsic
derivative is a function

d*fy : T,(C x R) — Hom(K[§],, L[§],)

with K[§], = T,C and L[§], = Ty)R?, hence S[§](f) has codimension 2 in C' x R. There
are no more subtypes by continuing in this way:.

At this point, it is not clear that the S[}] type is not sufficient — there do exist germs
of this type that are not locally stable. We will now calculate a 2-jet normal form for this
type, using the p =0 € R x R convention.

Lemma 2.3.3. Suppose f € C;°(R x R,R?) is such that j'f is transverse to S[§] at p.
There exists some 11,79 € m;; such that f is Cerf equivalent to

fx,t) = (xt +ri(z, 1), 2% + ro(x,1)).

Proof. After a Cerf equivalence, we may assume f(0,¢) = 0, and after a linear change of
domain coordinates we may assume that

5=

' tip(xy 2

Using the convention that 0;;¢ = ERT ), the second intrinsic derivative is, in coordinates,
L1023

d*f, : R x R — Hom(R, R
p

a20fl(]0) 811]01(29)
v {320f2(p) (911f2(P)] !

where we identify Hom(R, R?) with R%. Since d?f, is surjective by the transversality hypoth-
esis, this matrix has rank 2. After a linear change of coordinates in the codomain, we may
assume that dog fo(p) = 2 and Oy f1(p) = 0. There is then a linear change of coordinates in

the domain such that
[azofl (p) 811f1(p)} _ [0 1]
020 f2(p)  O11f2(p) 2 0|

Since we assumed Oy f1(p) = 0 and Joa fo(p) = 0, we have shown that f is Cerf equivalent to
a function with the desired 2-jet. m
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If we look at the behavior of the second-order approximation f(x,t) = (xt,z?) as t varies,
we see that there is a problem:

AN

The top part of the figure is showing the image of R x R in R? x R, and the bottom part is
showing f; for a handful of values of . This qualitatively cannot be locally stable — how can
all the double points happen all at once at ¢ = 07 The Thom-Boardman stratification does
not promise local stability, so it is not surprising that this might happen, but it is somewhat
surprising that it fails in such low dimensions.

There a few ways we might solve this. A first is to appeal to the fact that, after we apply
the multijet transversality theorem, we can assume the locus of double points away from this
singularity will be transverse to the leaves of R? x R at all but finitely many points, so we
can locally correct the problem after the fact since we know how it supposed to look. This is
not satisfactory, however, since a purpose of this toy example is to show that we can derive
singularities in a systematic way.

A second is to characterize the locus of the nearby double points. Forgetting the foliation
on the domain, since this is a Morin S[1]]0] singularity (Table 2.6) it is locally stable, hence
the topology of the double points is determined by just the 2-jet. With the parameterization
immediately above, we see the double point locus is (0, u) for u € R\ 0, and thus the closure
is a smooth submanifold containing the pinch point (0,0) itself. With this, we can justify
speaking of the double point locus at the pinch point. Then we can try to construct a jet
submanifold whose transversality condition ensures the double point locus is suitably generic
(one should think about wanting to have it be generic with respect to the R x R foliation,
being tangent to the leaf R x {0} at a single point). The complication here is that this
requires being able to calculate such a solution and determining how it varies with r; and
ro, and then finding a coordinate-invariant characterization of the transversality condition.
To demonstrate the first half, we have the following lemma, which suggests that generically
a function of the given form has 95r1(0,0) # 0:

Lemma 2.3.4. Let f € C°(R x R,R?) be defined by f(x,t) = (wt + ri(x,t), 2> + ro(z,t))
for some ri,7, € md. Define F € C*(R x R,R*> x R) by F(x,t) = (f(x,t),t) Then if
V]o € CP(R,R x R), satisfies F(y(u)) = F(y(—u)) for all uw € dom~ and Jyo = [}], then

0
F(y(u)) = u? " 1 0.0) + O(u)?.
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Proof. Calculate using third-order Taylor polynomials. O]

A third (and related) method is to consider some kind of “probe,” like in [Por83] (and
explored further in [K10]). Porteous considered ideas that we will recount here for motivation,
but we do not use them directly. The first is that for germs f € C5°(R? R)g, one can take a
probe p € C5°(R,R?)g, compose this probe with derivatives of f,

R % R? 2% Hom((R?)™, R),

and then take derivatives d"™(d™f o ¢)o of this composition evaluated at zero. For a given
probe, one gets a set of all pairs (m,n) for which d"*'(d™f o ¢)y = 0, and then one can
consider the set of all sets of these pairs for all probes.

Remark 2.3.5. An invariant of germs up to equivalence is the collection of all these sets of
pairs, and Porteous worked out “the best” sets to characterize many different singularity
types, including the Thom-Boardman types (not just the generic ones, of which there are
only two for maps R? — R). Through this, Porteous discovered another description for the
Thom—Boardman singularity types.

A Boardman indez is a sequence (71, . . ., 1) of non-increasing natural numbers, and these
sequences are ordered lexicographically. For a germ f € C3°(R™,R"™), a probe associated to
the Boardman index consists of a family of germs ¢; € C§°(R", R"~1) with d(¢;)o injective for
all 1 < i < k (setting ro = n) such that d(fe1)o = 0, d(d(fe1)p2)o = 0, d(d(d(fe1)p2)ps) =
0, and so on. If such a probe exists and there exists no probe for a greater Boardman index
with the same length k, then f is said to have type S[ri]...[rr]. An interesting property
about probes of both types is that, for a fixed probe, the conditions (except for maximality)
are linear in the germ f. [ ]

For exploratory purposes, let us see what the above Lemma 2.3.4 might give us. The
foliation-respecting projection onto (R? x R)/R? gives the map u — —3u?d50r1(0,0), which
generically ought to be nonzero. If we then look at f(x,t) = (zt + 23, 2%) through time, we
see that the problem is indeed resolved:

AN

If we look at the map (x,t) — (xt + 23, 22, t) projected onto the (y;,y3) plane, this turns out
to be a cusp singularity (S[1][1][0] in Table 2.5), which we illustrate with a bit of perspective
here by looking at the previous illustration “from above”
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The rough idea for to proceed is that we want to find an invariant way to define such a
projection (a “coprobe”) from a germ with a S[}] singularity and then show that we can
make the germ be generic with respect to this projection.

Consider f € C°(C x R,R?), generic of type S[§], and recall that the second intrinsic
derivative is a surjective function

d*f, : T,(C x R) — Hom(T,C, T,R?)

that is nonzero when restricted to 7,,C'. Thinking of d* f,|1, ¢ as a function T,C©T,C — T,R?,
then we have a one-dimensional subspace im d?f,|7,c € T,R?. Let ¢ € C’;"(RZ, R)o be any
function such that we have a short exact sequence

0 = imd?f,|r,c — T,R? % TR — 0.

This ¢ serves as a projection R? — R near ¢, locally defining a codimension-1 foliation. We
claim we can ask for f to be generic with respect to ¢ in a way that has no dependence on the
choice of . Supposing we have chosen coordinates to put f into the form of Lemma 2.3.3,
then, using only the assumptions that ¢(q) = 0, J10¢(¢) = 1, and 9p1¢(q) = 0, one can
calculate that

(po f)(z,t) =at+ %83,07“1 (p)a® + %6’2717"1 (p)a*t + %81,27“1 (p)at?® + %80,37“1 (p)t® + O(z, ).
(In fact, the dependence on the choice of ¢ only begins to appear in the fourth-order terms.)
We temporarily let S, [%5] (f) € C xR denote points for singularity types with respect to ¢,
where p’ € S, [%] (f) means that a; = drkdfy |7 ,c and ap = drkd(p o f)y|r,c. We can see

that, up to second-order, d(¢ o f)|rc is t and df |r¢ is [ L], so it follows that p € S, [(ﬂ (f)is
the unique point of that type in a small enough neighborhood of p and, using “x” to denote
“no constraint,” that S, [%] (f) is a 1-dimensional submanifold germ of C' x R such that

1,5, [%] (f) =T,C.

1

The second intrinsic derivatives with respect to ¢ for S, [3]-type points form a bundle over

Sw[(ﬂ (f), where for p’ € Sw[(};] (f) it is a map

d2fp’ : sz(C X R) - Hom(Tp/C’, Tf(p’)RQ/ im(d(gp © f)p’))‘
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We define Sgp[(}ﬂ [b](f) to be those points p’ € SJ%](]‘) such that drk(d?fy|T,C) = b.
Evidently, S, [%] [1](f) = S[{](f). Thus, we can extract a third intrinsic derivative for f as

a S[{] singularity by using the fact that p € S, [(ﬂ [1](f). Using the fact that 7,5, [%] (f) =
T,C, the third intrinsic derivative is a linear map

&*f, : T,C — Hom(T,C, Hom(T,,C, T,R?*/ im d° f, |1,c))-

Both the domain and codomain of this function are 1-dimensional, and with some identifi-
cation of the spaces with R, we have d®f, = 03 r1(p), which does not depend on ¢. The
transversality condition for this singularity is that 05 ¢r1(p) # 0, matching up with expecta-
tions from the prior exploration.

How do we construct this jet submanifold? We start by lifting S[}] to S[3]" € J3(C x
R, R?). The second intrinsic derivatives define a bundle map

d?: S[§] = Hom(T(C x R), Hom(T'C, TR?))

of bundles over S[}]. We let S[§]” C S[}]’ be those germs for which d? is surjective, which
defines an open submanifold. Each j2f, € S[}][1] has a corresponding one-dimensional
subspace im (d? f,|z,¢), and by considering TR? as a bundle over S[§][1] (via the pullback
over 3 : S[}][1] — R?), these subspaces assemble into a subbundle B of TR? For each
jet in j3f, € S[}]", for each j3f, € S[}][1]', as we saw there is a well-defined map d®f, :
T,C — Hom(T,C, Hom(T,,C, T,R?/im d® f,|1,c)) where ¢ € CF (R*R), and by using B
these assemble into a bundle map from S[}]”. Then define S[}][1][r] for 0 < r < 1 is those
jets j3f, € S[§][1]" for which drkd®f, = r, where the “[1]” in the name comes from thinking
of & f,|r,c as having dropped rank equal to one. For codimension reasons, only the r = 0
occurs for generic functions.

Lemma 2.3.6. If f € C°(R x R,R?) is a generic germ that is an S[}][1][0] singularity,
then, up to Cerf equivalence, it is given by

fryr = at + 23

frys = a?
Proof. Continuing from where we left off in Lemma 2.3.3, we found the second intrinsic
derivative could be put into the form

d*f, : R x R — Hom(R, R?)
v [0 1] v
20
Then the third intrinsic derivative, justified above, is
d*f, : R — Hom(R, Hom(R, R?/0 x R))
v = O30 f1(p)v
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This does not need to be surjective, but since S[{] has codimension-2 already, we can con-
clude 050 f1(p) # 0.

Using techniques from the parameterized version of the Morse Lemma (Lemma 2.1.9), we
can reparameterize x such that f*y, = 2 exactly, and this does not change the above anal-
ysis. After scaling z, ¢, and y,, we may assume that dsof1(p) = 6, and by reparameterizing
(as a Cerf equivalence) with

Ty = Y1 — 3021h(p)y2ys — 2012h(p)y1ys — 2003 (p)y3 Yo = Yo Us = Y3

we may assume that we have, for some h € m;l,,

fry = ot + 2 + h(z, 1)
frys = a?.

Continuing in this way (using the lower order terms of f*y;, f*yo, and f*y3), we can apply
another Cerf reparameterization to let us assume that h € mg, and again to let us assume
that h € (2°) + mg, where we cannot eliminate the 2 by a Cerf reparameterization. We will
show that for all £k € N we are able to reparameterize the germ to put it into the form

fry = at + 2 + ca® 2 + h(a,t)
[y =a®,
with ¢ € R and h € m%™2* where we have already shown the base case. We see that
f*y1 = ot + 23(1 + cx®TF)). Consider the reparameterization

— z -
T =t
e Uy = —2 s =y
= = —— 2 = UY3.
Tyt 2 (L+epthy ’
Since qrotmar = @ — cx®™* + .., we have that 2 = 7 4 g(7) for some g € mo(R)****. Then,
e 1 - L -
'y, = m(xt + 231+ cx®™)) =Tt + 23 =T+ T + W (T, 1)
2
*— x _ =2
s (1 + c(a2)1+k)2 .
f*ys =1t

for some h' € mf,“k. We can then clear the degree-(5 + 2k) terms from A’ by a Cerf
reparameterization like before, letting us assume that h' € mf,”k, and then we can clear
every degree-(6 + 2k) term expect for, possibly, 262 which lets us assume that f*y, =
wt 4 2 4+ cx™* 4+ h(z,t) for some ¢ € R and h € m3™*, as desired.

Having proved this, we have a sequence of equivalent germs for all £ that converge in the
Whitney C° topology to the germ given by (z,t) — (zt + 23, 2%), so it suffices to prove that

this germ is locally stable. Suppose f is this germ, thought of as a germ in C;°(R x R, R?).
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We use Corollary 1.4.13. Letting I = (f1, f2)> + (fs) be an ideal of C;°(R x R), we
calculate that I = (x?,¢). It suffices to show that the quotient

A= CR(fRY)/(LCF(T(R x R)) + IC (fTR?) + my(M)°C2 (f*TR?))

is a vector space generated by the set

_J o o
o= {3?41’3?;2’3213 f13y1 f13y2 f28y1 f23y2}'
We calculate that
fore = (t+ 32 )ai + 2050 =4 30 0 4 205
f*a_xz o ayl + 3 31/3

Thus, for all k£ € N we have the reduction rules

xkﬂa% =, _%$k+2a%l
xkaiyg, =, _karlaiyl’
and so we can see that A is generated as a vector space by the set {ai, xai, xQBi, x?’ai, ai}
Y1 Y1 Y1 Y1

We calculate

% = 8%1 f 13%1 =4 $38%1

%:% fla_yz EA:L‘?)(%ZE %flaiyl =40

fzay2 =A _%lAByl =4 0.

Therefore A is indeed generated as a vector space by the set S. O

Multijet Cerf singularities for curves

Now that we have placed our Whitney umbrellas in the umbrella stand, let us return to the
general analysis. We found all the germ Cerf singularities (which we list in Table 2.9), so
next are multijet singularities. The process is similar to Section 2.1.2, but we are looking at
intersections with the submanifold

B7HAg2) N (¥ 0 a) TH(Az) © JH(C x R, R?),

where k € N* is a multiindex. The codimension of this submanifold is 3k — 3. Since the codi-
mensions of S[J] and S[}][1][0] are respectively 0 and 2, we get the following codimensions
for multijet singularities between two singularity types:
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Type  S[§lII8] S[8ll6
Codim. 3 5 7

Since the domain for the multijet transversality theorem is (C' x R)? \ A%, p, which has
dimension 4, only S[9]|[§] can generically occur. For the next table, we look at codimensions
for more combinations of the S[J] singularity:

Type SN]SR SEIBIIEIIIE]
Codim. 3 6 9
Ambient dim. 4 6 8

Thus, the only additional possibility is triple intersections.

An additional wrinkle compared to the analysis of double points earlier in Lemma 2.3.1 is
that curves are now allowed to become momentarily tangent, which requires higher multijet
singularity types.

We start with f € C{Ofp,to),(p’,to)}<0 x R,R?), with p # p/, which we assume is a generic
multigerm of type S[J]|[3]. To deal with transversality for 3~ (AZ2,), we immediately pass to
the quotient space (TR?)?/T'AZ, by subtracting corresponding codomain coordinates. And
for transversality to (7% o a)"'(A2) we identify ¢ coordinates. The function we thus need

to consider is F'(z,2',t) = f(x,t) — f(2,t), whose differential is

dF(p,to),(plth) : TpC D Tp/C ) EOR — TqRQ

a1of1(p) —(710f1(p/) a01]‘11(]9)—301fl(]0’) v
O fa(p) —0iwfe(P') Ooifa(p) —Onfo(p')]

Since both germs are S[J] singularities, restricted to T'C' they are both nonzero. After a
change of coordinates, we may assume the differential has a matrix of the form

1 -1 0
[ 0 —a b ]
for some constants a and b. For subtypes, we have the subspaces 1(;:,)C, Ty +,)C, their
direct sum, and 7,C ® T,,C @ T;,R. The differential is injective when restricted to either
TC individually, so we define S[8][[3];[r1 72] to be the type where the dropped rank on
Tipt0)C @ Ty 49)C is 71 and the dropped rank on T,C ® T,,C' @ T} R is ry. If r5 > 0, then
its second intrinsic derivative brings the total codimension to 5, which does not generically

occur. The type S[J]|[9];[0 0] has no subtypes, so we look toward S[§]|[3];[1 0]. We get a
second intrinsic derivative

|

d*Fipp 1)+ T,C' @ TyC @ Tp,R — Hom(K[]|[3)5[1 0, L§]I[§]:[1 0])

where K[J]|[8];[1 0] is spanned by (1,1,0) and L[§]|[3];[1 0] is T,R?*/T,R, so the total
codimension for this singularity type is 4, and thus still generically possible. Remembering
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that there are two spatial variables, so derivatives of one function with respect to the other
spatial variable is zero, as a matrix we can write d*F as

v [0 fa(p,to) —00fa(D te) Ofa(p,te) — O fa(p/ to)] v

We can restrict to K[J][[§];[1 0] to get further subtypes, and for codimension reasons generi-
cally we need the function to not be zero, hence Oy fo(p, to) # O20f2(p’, to). We call this type
S[EITE L1 0j[0].

Lemma 2.3.7. If f € C°(R x R,R?) is a generic germ that is an S[3] singularity, then,
up to Cerf equivalence, it is given by

==
[y =0
Proof. This is essentially the same as Lemma 2.1.8. ]

Lemma 2.3.8. If f € C{°€p,0),(q,0)}<0 x R,R?), defines a generic multigerm that is an
SI311131;10 0] multisingularity, then, up to Cerf equivalence, the multigerm is given by

f(z,o)?/l = f(;',o)?/l =0
f(tn,o)yZ =0 f(tn/,o)y2 =1

Proof. This is similar to Lemma 2.3.1, but we use the local homeomorphism (z,z’,t)
(f(x,t) 4+ f(2',t),t) to reparameterize. O]

Lemma 2.3.9. If f € C{°€p,0),(q,0)}<0 x R,R?), defines a generic multigerm that is an
SI3II13];11 0][0] multisingularity, then, up to Cerf equivalence, the multigerm is given by

/

f(*pﬂ)yl =7 f(*p’,O)y1 =7
f(*on)y2 =0 fEkp’,O)yQ = ('r/)Q + O(xlv t)g

Proof. There is a reparameterization of the codomain to get fi(z,t) = x and fy(z,t) = 0,
and by the inverse function theorem we may assume f;(z/,t) = z’. By assumption about the
multisingularity type, then fo(z',t) = a(x’)? +bx't +ct + dt* + h(z, t) for some constants with
a#0and c#0and h € m:(”p,’o). Using the inverse function theorem, we can reparameterize
t so that ¢ = 1 and d = 0, and we may reparameterize such that a = 1. Then we can
complete the square for 2’ to eliminate the 2zt term, which introduces a t term in f(2’,t),
which we can cancel out using a Cerf reparameterization, but this introduces a t term in
fi(z,t), which we can cancel out by reparameterizing x. Hence, we have

fpoh =2 [ o1 = x’
fpoyy2 =0 fr0)ye = ()2 4+t + h(z,t)

3
for some h € me, o)- O]
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Lemma 2.3.10. If f € C=(C x R,R?) is such that for three distinct points p,q,7 € R that
f(,0) = f(q,0) = f(r,0) and the germs of f at these three points define a generic multigerm
of type S[OISII[8], then, up to Cerf equivalence, the multigerm is, to first order, given by

Loy =x foyn =0 [y =a”
foy2=0 foya =1 flyg =a" +t

Proof. To avoid tedium, we appeal to the fact that the codimension begins at 6 for triple sin-
gularities, so nontrivial higher intrinsic derivatives to not occur generically. Hence restricted
to each germ we have immersions through time, and restricted to pairs they intersect trans-
versely. Also, this can be given as a zeroth-order type, so everything must be expressable as
linear functions. O

While we handled multijet singularities for germs that map to the same point, we still need
to consider multijet singularities for when germs are projected to be maps C' x R — R? /R2.
Such functions are trivial still (and it will get more interesting once the codomain has a
foliation) but there is still a consequence, which is that none of the following singularities
generically occur at the same time: S[{][1][0], S[8]I[8];[1 0][0], and STJI[S]I[§]. This handles
multijet singularities.

2.3.2 2D Morse and Cerf theory for curves

For a monoidal category decomposition of 1-manifolds, we can consider generic maps C' — R?
where R? is given the product foliation (or in other words, generic cascades C' — R?* — R).
These are 2D Morse functions. The result of this analysis is well known (see Figure 2.3
for illustrations of the singularities), but it serves as another example for using the refined
Thom—Boardman classification to derive normal forms for singularities.

This is not going to be too much different from Table 2.8 and Table 2.9, and the main
difference is that the projection of generic 1-manifolds to R?/R must be a Morse function
as well, so we will see local minima and maxima as well as the 2D version of the 1D Cerf
singularity. The results are listed in Table 2.10 and Table 2.9. Once we later have all the
singularities for curves on surfaces, we can see that this is a complete set of singularities for
the shadows of those curves.

Let C be a 1-manifold. A germ f € Cp°(C,R?), has type S[73] if the dropped rank of
df, is 1 and if the dropped rank of df, when projected to R?/R is ro. These must satisfy
0 <ry <ry <1, and the following are all the types along with their codimensions and
simplified normal bundles:

Type  K[5] L[] Hom(K[r;], L[73])  Codim.
S[9] 00 0 0 0
S 0T, TR?TR-»TR2T,R Hom(T,C,T,R/T,R) 1
S[l] T,0—=T,C  TR>—T,R)/T,R Hom(T,,C, T,R?) 2
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Table 2.10: Classification of plane curve 2D Morse singularities.

Type Codim. Representative germ See:

S[6] 0 flyp=0 Lemma 2.3.11
[y =2

S[Y] 1 ffyr=x Lemma 2.3.12
fya = z”

S[RII3] 11 foym=0 fyy1 =1 Lemma 2.3.13
L=z fyyp=2a

Table 2.11: Classification of plane curve 2D Cerf singularities.

Type Codim. Representative germ See: Suspends
s|6 0 f=0 Lemma 2.3.14  S[{]
=2
S g_ 0] 1 ffypn == Lemma 2.3.15 S[Y]
_ [Ty2 = z’
S —g_ 1] 2 ffyn=x Lemma 2.3.16
o frys = at + 23
s[i19100] 2 fry =t 4o Lemma 2.3.17
o [y = z’
stelia]s00 1 =0 fiy =2 Lemma 2.3.18  S[0]|[0]
foye =2 frys =1
s[eli[elnoo) 22 £m=0 fim=@)?+t+0@'1)° Lemma23.19
fova=a fyya =1
s[e]i[3] o0 202 fry=t+O0(,t)? fiy =2 Lemma 2.3.20
o foya=1 Foya = ()
s[ealife] m © 02 fiyp=a fp=—a L=t Lemma 2.3.21

*

f;QQ =T f;/?JQ — I/ fp//yQ = x”

& Representative germ is to first order.
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S[6] (1] STHIITS]

Figure 2.3: Ilustrations of the 2D Morse singularities from Table 2.10.

A

SHIRIC

XX VY
K XM
SHIHIH

Figure 2.4: Illustrations of the 2D Cerf singularities from Table 2.11 except for suspensions.
Each set of three diagrams is showing the t = —1, t = 0, and ¢ = 1 frames of a movie.
Interchange moves are in Figure 2.6.
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Only the first two types occur generically. The first has no subtypes, and neither does
the second due to codimension. Like usual, let p = 0 € R and ¢ = 0 € R?, and let z the
coordinate for R centered at p and (y;,ys) be coordinates for R? centered at g.

Lemma 2.3.11. If f € C*(R,R?), is a generic S[{] singularity, then up to equivalence it
s given by

=0
=2

Proof. For this type, df, = [$] for a,b € R and b # 0. Using the coordinate change T = f»(z)
(which is valid by the inverse function theorem), we may assume f*y, = x. The following is
a foliation-respecting coordinate change:

U=y — fi(y2)
Yo = Y2
and f*y; = f*y1n — f*fi(y2) = fi(z) — fi(x) = 0. This gives the desired form. ]

Lemma 2.3.12. If € C°(R,R?), is a generic S[§] singularity, then up to equivalence it is
given by

=
frys = a®
Proof. For this type, after scaling y; we may assume that df, = [{]. The second intrinsic

derivative is
d*f, : T,R — Hom(T,R, T,R*/T,R)
V= [82f2(p)] v,

which for codimension reasons means 0, fo(p) # 0. Thus, fo(2) = h(x)z* for some h € C;°(R)

such that h(x) # 0. With the coordinate change T = +/|h(x)|z, we may assume that
f2(x) = £2%. By the inverse function theorem, 7j; = y; o f; and ¥, = 5 is a valid coordinate
change, and f*y; = y1(f1(z)) = x. This gives the desired form. O

The analysis of multijet singularities from Section 2.3.1 carries over to imply that only
STO|[?] singularities occur, where the {x} signifies “no rank condition.” Since S[?]|[?]

already has codimension 2, by further consideration of codimensions only S[J]|[J] generically
occurs.

Lemma 2.3.13. If f € O ,(C, R?) is a generic S[§]|[3] multisingularity, then up to
equivalence it is given by

[y =0 Sy =o'

foye =1 foya =o'
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Proof. Both germs have a nonzero differential in the y, direction, so we can use the inverse
function theorem to reparameterize x and 2" such that fry, = = and foye = x’. Then we
can cancel out fry; like in Lemma 2.3.11. Next, let h € CF(R,R)o be the germ such that
fyy1 = h(2'). Note that we can extend z +— z/h(z) to be a smooth function at 0 since
01h(0) # 0. We reparameterize with 7, = y192/h(y2) and 7, = y2, which gives

fo¥r = 0x/h(z) =0 Sy = h(@)a' [h(z') = o/
This is gives the desired form. m

We now have to consider multijet singularities for germs that map to the same point
after they are composed with the projection R? — R?/R. The analysis here is simple due to
codimensions: the S[{] and S[J]|[§] singularities cannot occur with the same R?/R value.
This is in accordance with the fact that R? — R?/R must be a Morse function, which is a
weaker statement since we also have a condition on S[§]|[§] singularities.

The results of the analysis of singularities of maps C — R? are in Table 2.10 and are
illustrated in Figure 2.3.

2D Cerf singularities for curves

Now we consider Cerf singularities, which will be a refinement of the Cerf singularities we
found in Section 2.3.1.

We are considering germs in C;°(C' x R, R?) where C' x R has the product foliation as
does R?, up to Cerf equivalence. Let 7 : R*> — R?/R be the foliation-preserving projection

onto leaf space. The type S[%} C JY(C x R,R?) denotes those jets of germs f such that

drk df,|r,c = 71 and drkd(7m o f)p|r,c = r2. The table of simplified normal bundles and
codimensions from the beginning of this section still applies, which we reproduce here to
with minor changes to specialize the singularity symbols:

Type K[Oz] L[Oz] Hom(K[%],L[%]) Codim.

s[8]  o0=o0 0 0 0

0
0
0
S|1] 0= T,0  T,RYTR-»TRYTR Hom(T,C,TRY/T,R) 1
i T, T,C TR TRYTR Hom(T,C, T,R?) 2

S__

This time, all three are generically possible since the domain is two-dimensional. The first
has no subtypes.

The S [g] type has subtypes S [g] [r] where r = drkd® f,|r,c. None of these have sub-

types themselves, and S [g] [0] and S [g] [1] are the generic possibilities, respectively having

codimensions 1 and 2.
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4 9 f 9 b

Figure 2.5: The S [ i } [1] singularity type has codimension 3, so it does not generically occur

since the domain of a Cerf function is two-dimensional. The singularity is unstable, and with
a slight perturbation it decomposes into a collection of other Cerf singularities.

The S [ é] type is a refinement of the Whitney umbrella singularity S[}] from the previous
section. Like before, we are justified in using im d? fplr,c as an additional subspace. The
subtypes are S [é] [1] where r is the dropped rank when the germ is considered as a S[}]

singularity, — that is to say, it is the dropped rank of the projection of d*f, to a map
T,(R x R) — Hom(T,C, T,R?/T,R):

2
T,(R x R) — s Hom(T,C, T,R?)

}

2
T,(R x R) —3 Hom(T,C, T,R?/T,R)

The 1 in the symbol is there to remind us that we have an additional subspace, and it denotes
the fact that when projected to im d? f, |7, the dropped rank is 1. Only S [é] [9] generically

occurs since S[(ﬂ [1] has codimension 3. Then S[é] [9]]0] is the only subtype of S[(ﬂ [9]

that generically occurs. (See Figure 2.5 for a way to perturb S[é] [1].)

Lemma 2.3.14. If f € C*(R x R,R?), is a generic S[%} singularity, then up to Cerf
equivalence it is given by

=0

[fyp=x
Proof. The argument from Lemma 2.1.8 works to let us assume f*y, = z. Then the idea

from Lemma 2.3.11 works to clear out f*y;. O]

Lemma 2.3.15. If f € C;°(R x R,R?), is a generic S[g} [0] singularity, then up to Cerf
equivalence it 1s given by

ffyr =2

[y =1"



CHAPTER 2. CLASSIFICATION OF SINGULARITIES 117

Proof. After Cerf equivalence, we may assume that S [g] [0](f) is locally 0 x R and further-

more that the differential vanishes on this submanifold. Then we can do a parameterized
version of Lemma 2.3.12. O

Lemma 2.3.16. If f € C;°(R x R, R?), is a generic S[g} [1] singularity, then up to Cerf

equivalence it is given by

==
frys = at + 23
Proof. After a reparameterization, we may assume that df, = [§§]. The second intrinsic

derivative is a map

df, : T,(R x R) — Hom(T,R, T,R?/T,R)
v [Dfa(p) O1fa(p)] v,

where we identify the codomain with Hom(R, R). Since drk d?f,|7,r = 1, then we have that
O f2(p) = 0 and 011 fo(p) # 0. After a reparameterization we may assume that i fo(p) = 1,
and also dpa fo(p) = 0. The third intrinsic derivative is

d*f, : T,R — Hom(T,R, Hom(T,R, T,R*/T,R))
V [830f2(p)] v,

and hence 939 f2(p) # 0 since d®f, is generically surjective. With another reparameterization,
we may additionally assume that Osqf2(p) = 6. Thus, we have that

ffyr =2+ r(x,t)
frys = ot + 2% + ro(z,t)

with 7, € m? and 7, € m} with dso72(p) = 0. Note that the lowest-order term of i) is
z'y! | so by doing reparameterizations with 7, = y; + cyjy3 for suitable ¢ and with ¢ + j > 2
we may assume that ry € m’; for any k£ > 2 we wish, and this does not affect r,. Write
ro(w,t) = 324 i g 8ij(, t)x't? using the Hadamard lemma for some functions s;;, with s3g €
m,. We may assume so3 € m,, as well after a Cerf reparameterization. Then,

f*y2 = SL’t(l + 821<SL’, t)JJ + 812($, t)t) + $3 + Sgo(x, t)l’s + 803($, t)ts

We can substitute T = x(1+ so1(x, t)x + s12(x, t)t) and ¢ = ¢, which introduces terms of order
> 4 into f*ys and terms of order > 2 into f*y;. We are still able to assume that r; € ml; for
any k > 2 we wish, and now we may additionally assume that r, € mﬁ.

We can eliminate the t* term from ry, and then we can eliminate the 2t/ terms 1 < 4,5 < 3
and ¢+ j = 4 using the same idea as above, but this time it introduces terms of order > 5 into
f*y2. We still possibly have a 2* term in ry after this. Supposing f*y, = xt+a3+cxi+ri(z,t)
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with 71 € m), then we can write f*y, = xt + 2°(1 4 cx) + r1(2,t) and then substitute
7 = x(1 + cx)'/3, which introduces 2%t terms to f*y,. Substituting z = Z + ;@2 + c37° for
suitable ¢y and c3 cancels out these terms through the fourth order. Hence, we may assume
[fys = at + 23 + (2, t) with r; € mz. Everything here adapts to being able to clear out
terms to allow us to suppose that r| € m’; to any k we wish.

Thus, we have a sequence of equivalent germs that converges to the germ (x,t) — (z, xt+
23,t) in the Whitney C*° topology. Hence, it suffices to show that this germ is locally stable.
We will use Lemma 1.4.14. We calculate the ideal I = (t) + (xt + 2°,¢)* = (25,t), and let
A= f.CX(T(R x R)) + IC(f*TR?). It suffices to show that

O3 (f'TR®) = A+ ['CR(RY) s + [ CR(R¥R) 2 + *C(RY/R?) 2.
We first calculate that
a _ d N8 _— 9 2.9
a _ .9 B

Thus, for all £ € N we have the reduction rules

ko _ o kt20
T oy =A 3z Oy2
k0 — k1l 0
dys — A Oy’
and hence we just need to check that we have aiyg’ . ,x5a%2 in the right-hand side of what

we need to show. We have xkaiyl in the right-hand side for all £ € N, thus we have

2?2, ..., 2°2. Since we have ;- in the right-hand side we have z;2-. We also have
Y2 Y2 Y3 Y2
8%2. We have therefore established the equality. O

Lemma 2.3.17. If f € C*(R xR, R?), is a generic S[(ﬂ [9]]0] singularity, then up to Cerf

equivalence it is given by

ffyr = at + 2
[y =2a°

Proof. The analysis and reparameterizations from Lemma 2.3.6 are all valid with a foliated
codomain as well. Hence, given any such f we can create a sequence of germs that converge
to the desired germ in the Whitney C'*° topology. What remains is to use Lemma 1.4.14 to
show that the desired germ is locally stable.
This time the ideal we have is I = (t) + (2?)? = (z*,¢), which is exactly the same as
before. Letting A = f.Co*(T(R x R)) 4+ IC;*(f*TR?), it suffices to show that
CR(f'TR?) = A+ fC(RY) g + [ O (RP/R) o + f*C5° (RP /R?) 5

dys "

One can check that the rest of the proof of Lemma 2.3.6 applies. n
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2D multijet Cerf singularities for curves

Now that we have found these singularities, we continue on to classify the multijet singular-
ities. The codimension analysis for multijet singularities from Section 2.3.1 still applies, and
these are the only possibilities due to codimensions:

N R RIRCAGHIRLR

Codim. 3 4 6
Ambient dim. 4 4 6

Suppose f € O, .o (C X R, R?), with p # p'. Like before, to handle the 57'(AZ2,)
and (72 o a)71(A2) transversality conditions the relevant function is F(z,2’,t) = f(x,t) —
f(2',t) whose differential is

dF(P,to),(p’,to) : TpC D Tp/C D EOR — TqR2

U= {310f1(]9) —310f1(p,) a01]01(17)—301fl(17,) v
810f2(p) —810f2(p’) 801]"12(10)—301]'12(10,) .

AS [ rzl ] | |:7"22 } type is that, for the projection to T,R? /T, R, the restriction to T,C has dropped
rank 7 and the restriction to 7,,C has dropped rank rs.
The analysis of S[§]|[§] carries over to S[%] | [g], though we have to take care that we

only do foliation-respecting changes of coordinates. We may assume that the differential has
a matrix of the form

0 —a b

1 -1 0

for some constants a and b. We define subtypes S [ §] | [%] :[r1 2] where r; is the dropped rank
when restricted to T,C'@®T,yC and 7, is the dropped rank on all of T,C®T,,C®T, R. If r5 > 0
then the codimension would be too high, so generically o = 0. The type S [g} \ [(é} ;[0 0] has

no subtypes, and we next look at S [ﬂ | [%} ;[1 0]. We get a second intrinsic derivative
Flpy o) T,C  TyC ® T, R — Hom(K | §]1]§ ;11 01, 28] 1] 3]:(1 0))
where K[g} | [%];[1 0] is spanned by (1,1,0) and L[ﬂ | [%];[1 0] is T,R?/T,(0 x R), so the

total codimension for this singularity type is 4, and thus still generically possible. As a
matrix we can write d?F as

v [Daofi(p,to) —00fi(p to) Oinfi(p,to) — O fi(psto)] v
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We can restrict to K [((Oﬂ | [g} ;[1 0] to get further subtypes, and for codimension reasons we
generically need the restriction to be nonzero, hence Oy f1(p, to) # O20f1(p,t0). Thus, we
obtain the two types S[%] | [%] ;[0 0] and S[%] | [%] ;[1 0][0] from S[%] | [%].

Next we move to type S [g | g . There are a few singularity types involved here: the

type S [g} | [%} where we disregard the foliation of the domain, the type S [g] for the point
P/, and the type S[%} | [g] itself. In a neighborhood of p’, both S[g} ] [g] (f) and S[g} (f)
are one-dimensional submanifolds intersecting at a point S [g} | [El))] (f). The purpose of the

next subtypes are to (1) ensure the second singularity is S [g} [0] and (2) ensure that these

two submanifolds intersect transversely. We may assume that the differential has a matrix

of the form
[ 0 1 0o1fi(p) — Oorfi(p) }
1 0 Oofalp) — Qo1 fa(p')
(

The kernel of this is (01 f2(p) — Jo1 f2(P'), Oo1f1(p) — Do1 f1(p'), —1), which indicates that the
tangent space at p’ of S[g] | [g}(f) is spanned by (Jo1f1(p) — Jorf1(p'),—1). As a S[g]
point, we have a differential

df(p’,to) : T(pljto)((] X R) — TQR2

v {1 501f1(p'7t0)}

0 o1 fa(p',t0) v

with a second intrinsic derivative

@ i t0) : T t0) (C X R) — Hom(T\y 4,)C, T,R*/T,R)
v [Daofo(P s to) Ounfo(p' to)] v

0

Hence T{y 1,)S [ [1)} (f) = ker d*f(y 1) is spanned by (011 fo(p', to), —Oa0 f2(p', o). By surjectiv-

ity, Oaof2(p',to) # 0, for the two tangent spaces to be unequal, the condition we are looking
for is 820f2<p/, to)(a()lfl(p/) — 301f1 (p)) 7é 611f2(p’, to) To implement thiS, we have a rank
condition for d?f(, 4, restricted to the subspace spanned by (9o fi(p) — o1 f1(p), —1). By

codimension considerations, the generic possibility is for the dropped rank to be 0. We

denote this subtype by S[g} \ [g} [0];]0].

Lemma 2.3.18. If f € Cf?p,o),(p',o)}(c x R,R?), defines a generic multigerm that is an

S[%] | [%} ;[0 0] multisingularity, then, up to Cerf equivalence, the multigerm is given by

f(;,o)yl =0 f(igqo)yl =1
JL1(>‘;J,0)y2 =1z f(ﬂ;;/,o)y2 =2
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Proof. We may reparameterize such that the differential has the matrix

0 -1 0

1 -1 0

We can reparameterize such that S[g] | [E(ﬂ ;[0 0](f) is contained in {p, ¢} x R near (p,0) and

(¢,0). Then we can reparameterize such that f(*p’o)yl =0 and f&}o)yQ = z, and then we can
do a similar sort of reparameterization as in Lemma 2.3.13. O

Lemma 2.3.19. If f € Cf?p,o),(p',o)}(c x R,R?), defines a generic multigerm that is an
S[%] | [g} ;[1 0][0] multisingularity, then, up to Cerf equivalence, the multigerm is given by

Sy =0 [ oy = (2')? +t+O(a',t)?
fooye =2 Sy oye =2
Proof. The argument from Lemma 2.3.9 applies. O

Lemma 2.3.20. If [ € Cf(op’o)(p,’())}(C’ x R,R?), defines a generic multigerm that is an
S [%] | [g} [0];]0] multisingularity, then, up to Cerf equivalence, the multigerm is given by

fpoyr =t+ O(z, t)? [0y = (z')?
f{kp,o)y2 =2 f{p’,O)yQ =

Proof. There is a S [g] [0] singularity at (p’,0), so we can first apply the all the reparame-
terizations from Lemma 2.3.15 to let us assume that

f(z/?o)yl =1
f(;',o)y2 = ().
We may also assume that f;, ,y> = . In consideration of 0 f2(p', to)(0o1 f1(p') — D01 f1(p)) #

O11f2(p', to), we have the condition dy; fi(p) # 0, and we can assume it is 1. We can repa-
rameterize the codomain to cancel any x term from f(*p oY1 leading to

fooy =t +h(z,1) foroy = 7'+ c(a')?
Fpoy2 =7 ooy = (@)
for some h(z,t) € m?) and ¢ € R. There is an invertible function germ ¢ : R — R such that

g(z' + c¢(2)?) = 2/, and by substituting with 7;) = g(y;) we have fiy 01 = «'. This does
not change the form of f, o v:. O
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Figure 2.6: The four types of interchange moves, which are multijet Cerf singularities for
the composition with the R? — R?/R projection. Each diagram shows the t = —1 and t = 1
frames of a movie, with the break indicating arbitrary horizotal separation in space.

Lemma 2.3.21. If f € C°(C x R,R?) is such that for three distinct points p,q,r € R that

f(p,0) = f(q,0) = f(r,0) and the germs of f at these three points define a generic multigerm

of type S[g] | [g] | [g] , then, up to Cerf equivalence, the multigerm is, to first order, given

by

fom=1 fom = =2 fiy=t
fpye =2 fova =1 frys = 2"

. . o . 0
Proof. The considerations are similar as before, but we need to be sure each germ is an .S [8]

singularity, which means 0y f> is nonzero at each point. ]

We have found all the multijet singularities for germs that map to the same point, but
we have not yet considered multijet singularities for germs that map to the same point when
projected to be maps C' x R — R?/R or C' x R — R?/R.

We start with C' x R — R?/R. Observe that none of the singularities listed in Figure 2.4
when projected can occur at the same time since they all have codimension-3. The next
observation is that the suspensions of the S[{] and S[$]|[$] singularities listed in Figure 2.3
when projected cannot occur at the same time and map to the same point as projections
of the Figure 2.4 singularities, also due to codimension. What remains is considering pairs
of projections of suspensions of the S[{] and S[J]|[§] singularities. Each of these defines
a 1-dimensional singularity manifold in C' x R, and the next multijet singularity types are
for these manifolds mapping to R2R transversely — these end up being interchange moves.
We do not do the analysis here, but the result is that the images of the projections of
these (multi-)singularity types can coincide at single points in time, and it is similar to the
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analysis of interchanges of Morse critical points (the type S[§][0]|[{][0] multisingularities).

We illustrate the possibilities in Figure 2.6 and we do not attempt to construct a naming
convention for the types.

Lastly, we consider C' x R — R?/R for all the types considered to this point, and the
only thing this does is allow us to say that, generically, the interchange moves do not occur
at the same point in time. This completes the classification of the multijet singularities.
Except for the interchange moves, the results are summarized in Table 2.11 and illustrated
in Figure 2.4.

2.3.3 Graphs

We briefly mention how to modify the theory of singularities to handle 2D Morse and Cerf
theory for diagrams of graphs in the plane. A graph T is a finite 1-dimensional CW complex
with V(I") its O-cells (the vertices) and E(I") its 1-cells (the edges). Graphs aren’t manifolds.
However, each 1-cell of a graph can be given a smooth manifold structure by regarding
them as being diffeomorphic to the standard unit interval [0,1] C R (and, if we wish, we
may use the smooth manifold germ N([0,1]) so that it comes with an extention to some
neighborhood).

We can regard I' as a colimit over its cells in the usual way, which we describe here. Let
E and V be a finite sets and let s,t : E — V be functions. For each e € E we have a
map f.{0,1} — V sending 0 to s(e) and 1 to t(e). Then I' is the pushout in the following
diagram:

| 40,1} —— | |[0,1]

eceE eckE

ll—leEE fﬁ l

V—T

Given this, we can give I" something akin to a smooth structure, where C*°(I") is a defined
as a limit using the following pullback diagram from applying the C* functor to the above
diagram:

L] C~(0,1}) «— | ] c>(0,1))

eclk ecE

f I

C>®°(V) +— C>=(I)

This is all to say that C°°(I") consists of functions I' — R that, for all edges, its restriction to
that edge is smooth. We regard C*(I") as a subring of C*°(| |.. 5[0, 1]) when I' has no isolated
vertices — if there are isolated vertices, then each isolated vertex contributes an additional
R direct summand. Similarly, for M a manifold we can define C*(I", M) by applying the
C*®(—, M) functor instead.
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For M a manifold, we define J*(I', M) to be J*(|]..5[0,1], M). There is an additional
projection o’ : J*(I', M) — T using the map | |, [0,1] — T. For f € C>(T), its jet
extension is a map j* f : | |,c5[0,1] — J*(I', M). This handles the fact that at a vertex there
is one jet per incident edge.

We can adapt the Thom Transversality Theorem to the case of J¥(I', M) and its jet ex-
tensions. Given a submanifold W C J*(I", M), we can break it up into one piece W, per edge
e for the part lying over the e copy of [0,1]. Then we can see that Ty, = {f € C°(I", M) |
g*f M W.} is a residual subset of C°°(T', M) by modifying the proof of Theorem 1.2.9 to
take care at the endpoints of e, where we argue that perturbations of f|. can be extended
into perturbations of f in an arbitrary C* neighborhood of f. Then, Ty = (,cxTw. is a
residual subset. Hence, by the following lemma, the set of functions in C*°(T", M) whose jet
extensions are transverse to any given countable collection of jet submanifolds is dense.

Lemma 2.3.22. Suppose I' is a finite graph. Then C*(T") is a Baire space.

Proof. We may suppose that [ has no isolated vertices since we can add isolated vertices
to a graph without changing whether C*°(T") is a Baire space. By Lemma 1.2.5, we need
only show that C*°(T") is closed with respect to the weak topology. Given an arbitrary
feC®(.crC([0,1]))\C>=(T), then there is a vertex v and two edges e and €’ incident to
it with conflicting values at their corresponding endpoints x and y. There exist disjoint open
neighborhoods U, of f(z) and U, of f(y), and {g € C*®(|],cx[0,1]) | g(x) € U, and g(y) €
U,} is an open neighborhood of f in the weak topology. O]

There is also a multijet transversality theorem, but in the definition of the multijet bundle
we have to make sure to that our definition of fat diagonal is with respect to ¢/, i.e., the jets
have to be above distinct points of T'.

Let us consider functions f € C*(T',R?) where R? has the product foliation. There is
still a notion of germs for graphs and we can study and classify the singularities of f. The
new thing is germs of diffeomorphisms at vertices — vertices must map to vertices since I'
is not smooth at them (so degree-2 vertices are indeed distinguished from interior points of
edges) and also the degree of a vertex is a diffeomorphism invariant.

The analysis of singularities for non-vertex points has already been done in Section 2.3.2.
What remains is the understanding the behavior of vertices and how vertices interact with
other singularity types.

Let v € V(I') be a vertex. For each edge e incident to v, letting x € e be the corresponding
endpoint, we can define S,[r] at x for whether drkd(I' — R?/R), = r. If r > 0, then the
codimension of the singularity type is 2, so it does not generically occur. Thus, we can
assume that, in the image of f, edges always meet vertices transverse to the foliation. We
can see that the classification of singularity types at v is then indexed by pairs (n,m) with
n+m the degree of v, where n is the number of edges incident from below and m the number
of edges incident from above — this is as expected.

Furthermore, we can define multijet singularity types for whether vertices coincide with
each other or with interiors of edges, or whether vertices have the same value in R?/R as other
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vertices or codimension-1 singularities. The upshot is that, due to their high codimension,
none of these coincidences occur.

We could pursue the 2D Cerf theory of maps from graphs to the plane, which involves
defining smooth functions on 2D CW complexes, but we will not pursue it here.

2.4 Classification of 1-dimensional singularities

Over the next few sections, we classify singularities of maps R” — R” for 1 < n < 3, with R"
given the standard foliation. For the n = 3 case, we will only consider Cerf singularities since
our main application is presenting 2D cobordism categories. This work is a recapitulation
of the analysis in [SP09| but with special emphasis obtaining exact normal forms — i.e., on
classifying the open orbits of C§°(R™, R")y under the Diff(R™) x Diff(R C --- C R") action.
Section 2.7 picks up with the classifications of maps of manifolds with a codimension-1
submanifold.

The n = 1 case is the simplest case: we consider smooth map germs f : R — R up
to the action of Diff,(R) x Diff,(R), with the germ centers p = 0 € R for the domain and
qg = f(p) = 0 € R for the codomain. This is a special case of Section 2.1, and we have it
here for completeness. The results are summarized in Table 2.12.

Table 2.12: Classification of germs of 1-dimensional singularities.

Type Codim. Representative germ See:
S10] 0 ffyr =14 Lemma 2.4.1
S[1] 1 [ry = 22 Lemma 2.4.2

Table 2.13: Classification of germs of 2-dimensional singularities.

Type  Codim. Representative germ See: Suspends
S[9] 0 [y =m Lemma 2.5.1 S[0]
[ Y2 = 12
S[6][0] 1 fryp =1} Lemma 2.5.2 S[1]
J Yo = 9
Sloll 2 fry = zx0 + 23 Lemma 2.5.3
S Yo = 9
STHI[O] 2 o= Lemma 2.5.4

[y = £t + 23




CHAPTER 2. CLASSIFICATION OF SINGULARITIES 126

Table 2.14: First-order types of 2-dimensional singularities. We use a compact notation for
subspaces of T,R? or quotients of T,R?. For example, Ry is both 7,,(0xR) and T,R?/T, (R x0).

Type Repres. df, K[ ] L] Hom(K[7; ], L[r]) Codim. Generic
S[9] [39] 0— Ry 0—-0 0 0 v
STl [69] Ry = Ry Ry —0 Hom(Ry,Ry) 1 v
S[%] [(1)8] RQ — ng RQ —» RQ HOI’Il(Ru,RQ) 2 v
S[%] [8 8] Ris = Ry Rys - Rys HOIH(ng, ng) 4

Let S[r] € J}(R,R) denote those jets with dropped-rank r, and clearly only r = 0 and
r =1 occur.

Lemma 2.4.1. If f is a S[0] singularity, then f is equivalent to f(x) = x.
Proof. Since df, # 0, df, is an isomorphism, so the inverse function theorem applies. O
Lemma 2.4.2. If f is a S[1] singularity, then f is equivalent to f(x) = x°.
Proof. Since df, = [O], the second intrinsic derivative at p is
d*f, : R — Hom(R, R)
v (wew [0af(p)] v)

where we identify T,R = T,R = R. For this to be surjective, dof(p) # 0. Hence by

Lemma 1.1.69, we have f(z) = h(x)x? for some smooth h : R — R with h(p) # 0. With
h(p)

O = T = +1, the following is a valid coordinate change:
y=ay T =+/|h(z)|x
and we see f*y = 72 O

2.5 Classification of 2-dimensional singularities

We now consider smooth map germs f : R*? — (R C R?) up to the action of Diff,(R?) x
Diff (R C R?), with the germ centers p = 0 € R? for the domain and ¢ = f(p) = 0 € R? for
the codomain. The results are summarized in Table 2.13 and illustrated in Figure 2.7. This
classification, in terms of stable cascades R? — R? — R, appears in [Arn76, Theorem 5.1].
The classification, up to a weaker form of equivalence, also appears in [SP09].

The first-order classification of singularities is given by symbols S[§], where a is the
dropped rank of df,, itself and b is the dropped rank of 7 o dfp, where 7 : TR* — TR?/TR.
These are summarized in Table 2.14. The representative df, is obtained by applying some
(foliation-preserving) diffeomorphisms that are linear transformations to the domain and
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S16]

@”I\ o o

S[H110]

A N LA

Slollt

Figure 2.7: Hlustrations of the 2D singularities from Table 2.13. Each set of three diagrams
is showing (1) the domain, with singularity submanifolds in blue, (2) the domain “in flight,”
(3) the image in the foliated codomain. The S[1][0] singularity has two variants from the
choice of sign.

Figure 2.8: Illustrations of the 2D multigerm singularities, both variants of S[}][0]|.S]§][0].
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codomain. The calculation of the normal bundle for the type uses a compact notation for
kernels and cokernels — we give the correspondence in the following table rather than try
to explain the rule:

T,R? T,R2
R, T,(Rx0) T,R?/T,(0x R)
Ry, T,(0xR) T,R%/T,(R x 0)
Ry, T,R? T,R>

Lemma 2.5.1. If f € C*(R*,R?), is a generic S[§] singularity, then it is equivalent to
flz) ==z

Proof. Using a reparameterization that makes df,, the identity matrix like in Table 2.14, then
the inverse function theorem gives an element ¢ : Diff (R?) such that f o =id. [

2.5.1 Type S[1;0]

Let us consider the S[}] type. Using a reparameterization that puts df, into the form in
Table 2.14, then by the implicit function theorem there is a function v/ : R? — R such that
fo(z1,%(x1, x2)) = x9. The change of variables z1 = Z; and xy = (T, T2) gives

fye = fa(@1,22) = fo(T1,¥(T1,T2)) = To
and hence we may assume that fo(z) = xo.
The df, matrix has ker df, = R, and coker df, = Ry, using the convention from the table.
The second intrinsic derivative is then
d*f, : R* — Hom(Ry,R;)
v [00fi(p) Oufi(p)] v,

where we identify Hom(R;, R;) with R for the purpose of this formula. We define the type
S[§][r] for drk d? f,|g, = 7. These are summarized in Table 2.15.

Lemma 2.5.2. If f € C*(R* R?), is a S[}][0] singularity, then there exist coordinates such
that

[ =ai

f*yz = T2

Table 2.15: Second-order types for S[}].

Type  Representative d?f, Addl. Codim. Codim. Generic

S[5][0] [20] 0 1 v
S[§1A] [01] 1 2 v
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Proof. By Lemma 1.1.69 there are functions h;; : R? — R such that f*y; = hgo(z)z] +
hi1(x)x129 + hoo(x)z3, and hoo(p) # 0 since Do fi(p) # 0. After a Morse Lemma style
reparameterization, we may assume that hog(x) = £1 and hyi(x) = 0, and by possibly
negating y; we fix hgo(z) = 1. From this, we calculate the local ring of the singularity:

Gt (R?)/Co(R?) f* (y1, y2) = G (R?) /(2] + hoa(w)a3, w2) = R[]/ (a7).

By the Malgrange Preparation Theorem (Theorem 1.1.73), 1 and x generate CEO(RQ) as a
Co°(R?)-module. Hence there exist a, 3 € C2°(R?) such that hoy(z) = f*a+zf*3, and thus

o1+ hoo(w) = @i + (ffa + 2 f*B)ag = (w1 + 523" B)* + 23 f o — Jua f* 5%

Applying the change of variables

Ty =21+ %rc%f*ﬁ Ty = T2
U=y — 0+ 118 o= Yo
then f*y, = 72 and f*y, = Ty, as desired. O

Lemma 2.5.3. If f € C*(R* R?), is a S[§][1] singularity, then there exist coordinates such
that

Fryn = wyag + o

[ Y2 = x
Proof. Since 0o f1(p) = 0 and d?f, is surjective, we have 011 f1(p) # 0. Rescaling y;
we may assume O fi(p) = 1, giving the “representative d?f,” in the table. The kernel
of d*f, gives T,S[§](f) = Ry, and the third intrinsic derivative is a map d*f, : R, —
Hom(R;, Hom(Ry, R;)). To simplify notation, identify Hom(R;, Hom(Ry,R;)) with R:

&f,: Ry — R
v O30 f1(p)v

Surjectivity implies 039 # 0. This germ is precisely the m = 1 case of Lemma 2.1.10, hence

there exists a Cerf change of coordinates to put f into the desired form (and moreover f is
3-determined). O

2.5.2 Type S[1;1]

Using the df, from Table 2.14 for S[{], then, using the convention from the table, the
normal bundle for the second intrinsic derivative is isomorphic to the two-dimensional space
Hom(Ry; < R?, Ry — R,), where recall R, denotes both 0 x R and R?/(R x 0). This is
isomorphic to Hom(R? Ry), hence the second intrinsic derivative is given by

d*f, : R* — Hom(R? Ry)

o (et [P} Suir)])
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Define subtypes S[1][r] by the dropped rank of the restriction to d?fp : Ry — Hom(Ry, Ry).
We do not consider restrictions such as Ry — Hom(R?, R,) since they all have full rank due
to d? f, being generically surjective. Note that even though d?f, is affected by symmetry of
partial derivatives, since we are projecting to Ry — Hom(Rg, Ry) the usual normal bundle
calculations still apply for the third intrinsic derivative.

For S[1][1], then Oy fa(p) = 0, so the third intrinsic derivative with respect to this
subtype is

d3f3 Ry — R
V= 303f2(p)7)

This subtype has codimension equal to 3, so it does not generically occur.

Lemma 2.5.4. If f € C*(R* R?), is a S[1][0] singularity, then there exist coordinates such
that

f*yl =T
ffys = ax% + x%

where a € {—1,1}.

Proof. We have that dpaf2(p) # 0 and that the matrix for d?f, is non-singular. Thus, we
may apply a reparameterization in the style of the Morse Lemma using the variable order
To, 71 to let us assume that f*y, = 27 + 22. Negating y» if needed, then there exists some
a € {—1,1} such that f*y, = az? + x3. The effect of these reparameterizations is that
fryr = x1 + h(z) for some h € m.

Consider for >0 the substitution x; = ¢y, xo = ¢To, J; = cy1, and 7, = c*yo. Then

[y, =7 + ¢ 'h(cTy, cTy)
fP, = aT} + 75,
Since h € mf,, as ¢ — 0 then ¢ 'h(cTy, cTy) converges to 0 in the C*™ topology. Hence
it suffices to show that the limiting case is locally stable, for which we will use We use
Corollary 1.4.11.
Consider the germ with f*y; = x; and f*y, = ax% + :c% We calculate the ideal I =
(f*y2, f*y2) = (22, ax? + 23) = (22, 22). Furthermore,
o _ 9 0
f*B_xl o + 2ax, dy2
a B

Let A= f,CX(R?) 4+ IC°(f*TR?). It suffices to show that

00 [ £ 2\ o] el o]
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We see that every :L‘ilx%a%k is equivalent modulo ]C’;O(f*T]RQ) such a term with 0 <4,7 < 1.

Using f*aizu then modulo A we may assume that £ = 2, and then f*aizl gives us that if 7 > 0

the term is in A. By this reasoning, such terms that might not be in A are -2~ and :1318%2.

Oy2
The latter is equivalent modulo A to _%a%ﬁ so we are done. O

2.5.3 Multijet singularities

We will mention the multigerm singularities that can occur, but we will not formally derive
normal forms. Like usual, for codimension reasons generically the codimension-2 singularities
cannot coincide with any other singularity type other than S[J]. The interesting type is
S[§1[0][[31]0], which is a multijet singularity where two S[}][0] types map to the same point
(this is illustrated in Figure 2.8). The S[}][0] type gives a curve of singularities, and the
images of these curves can meet — generically, they must meet transversely.

2.6 Classification of 3-dimensional Cerf singularities

Our goal is to classify the 3-dimensional singularities that will help us determine the relations
for an extended 2D TQFT. For this end, we do not need to consider all germs f : R® — (R C
R? C R?), but rather those from maps ¥ x I + ¥ x I that commute with the projection
to I. Hence, we will instead consider smooth map germs f : R® — (R C R?> C R?), up to
the action of Diff,(R?) x Diff,(R C R? C R?), with the germ centers p and ¢ like before,
and where f3(x) = z3. We call these Cerf singularities, which we hope does not cause
confusion in context — these 3-dimensional Cerf singularities are the Cerf singularities for
the 2-dimensional singularities classified in Section 2.5.

We analyze such germs as germs [’ € C’]/‘)>°(R2 xR, R?) up to Cerf equivalence, where R? xR
is given the product foliation R? C R3 and R? is given the standard R C R? foliation. Recall
that Cerf equivalence means that we consider such germs up to equivalence as R* — R? maps
with foliated codomain. The results are summarized in Table 2.16, with germs represented
in this f’ form, and illustrated in Figure 2.9.

The first-order classification of maps (R? C R?) — (R C R?) up to Cerf equivalence is

given in Table 2.17. The singularity types are denoted by S [%], where r; = drkdf, and

ry = drkd(7 o f),, where 7 : R* — R?/R is the foliation-respecting projection. Like usual,
the additional 0 in the symbol is a reminder that these maps are implicitly extended with
f3(r) = 3 and a R C R? C R? foliated codomain.

Lemma 2.6.1. If f € C;°(R% R?), is a S[(g)] (0] singularity, then there exist coordinates
such that

[y = [ 1y = 2

Proof. This is essentially the same as Lemma 2.5.1. [
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2.6.1 Type S[1;0;0]
After a reparameterization by linear maps in Diff ,(R* C R?) and Diff (R C R* C R?), the
differential of a S [é] singularity can be put into the form as in Table 2.17:

00 0
dfp:{o 1 0}

Using the implicit function theorem, we may reparameterize further so that fo(z) = 5.
The normal bundle for this type is isomorphic to Hom(R;,R;) where, continuing with the
convention from before, R; denotes both R x 0 x 0 and R?/(0 x R). Hence, identifying R
with this normal bundle, the second intrinsic derivative is
f,:R* -5 R
v [3200f1(p) oo f1(p) alOlfl(p)] v

Table 2.16: Classification of germs of 3-dimensional Cerf singularities.

Type Codim. Representative germ See: Suspends®
S_§_ 0 ffyr=o Lemma 2.6.1 S[0], S[}]
o Y2 = a2
S—é_[oo] 1 fry = a7 Lemma 2.6.2 S[1], S[{][0]
o [y = 2
S _é_ [10][0] 2 fry = ziw9 + 28 Lemma 2.6.3  S[}{][1]
[ye = a2
S 51) [10][1] 3 fry1 = 2@ + 2223 + 27 + O(x)® Lemma 2.6.4
Fryp = (14 0(x)*)z
S é [11][98] 3 ffy1 = 2113 + 2125 + ax’ + O(z)*  Lemma 2.6.5
[y = 2
SIIEE 2 fyi=m Lemma 2.6.6  S[1][0]
o frye = azi + 23+ O()’
s|ilise) 3 fy=(1+0@)n Lemma 2.6.7
o frys = wixy + @5 + 2] + O(2)"*
S _é- [59] 3 i =(14+0(2))r Lemma 2.6.8

f*ys = 2129 + 2523 + 25 + O(2)*

& See Tables 2.12 and 2.13.
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Figure 2.9: Illustrations of the 3D Cerf singularities from Table 2.16. Each set of three
diagrams is showing the ¢t = —1, ¢ = 0, and ¢ = 1 movie frames. Suspensions of 2D

singularities are not shown.

Table 2.17: First-order types of 3-dimensional Cerf singularities.

Type

Repres. df, Codim. Generic

S

S
S
S

0

T 1T 1T 1T
O O OO0+ OO
L 1oL 1L 1L

[0 0] 0 v
[676] 1 v
[000] 2 v
[660] 4
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We define subtypes S [é} [ s] where r is the dropped rank when d?f,, is restricted to Ry, and

s is the same when restricted to Ry5. The possibilities are enumerated in Table 2.18. For
the “representative d*f,” column, we perform the usual kinds of changes-of-variables to put
the matrix into the given form.

Lemma 2.6.2. If f € C°(R*,R?), is a S[é} [00] singularity, then there exist coordinates
such that

frp =i

[ Y2 = x2
Proof. The proof is essentially the same as Lemma 2.5.2, but we make use of f3 = x3 to help
clear out more partial derivatives of f;. m

Type S[1;0;0][1 0]

The second intrinsic derivative for type S [é] [1 0] can be put in the form represented in
Table 2.18:

Pf,: R®* =R
vi— [0 1 0]
The kernel of this map is 7,5 [é], and the normal bundle for S [é] [10] is isomorphic to

Hom(Ry,R) ~ R, where as usual R; = R x 0 x 0. The third intrinsic derivative is given by

Cf, Rx0xR—-R
v [Oso0fi(p) Dot fi(p)] v

We define subtypes S [é} [10][r] based on the dropped rank of d*f, when restricted to R;.

These are summarized in Table 2.19 and will be analyzed in the following lemmas.

Table 2.18: Second-order types for S [é} .

Type Representative d*f, Addl. Codim. Codim. Generic
S:é:[oo] [200] 0 1 v
S:é:[lo] [010] 1 2 v
S:é:[ll] [001] 2 3 v
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Lemma 2.6.3. If f € C;°(R*,R?), is a S[é] [10][0] singularity, then there exist coordinates
such that

[y = xiwg + 23
[ ya = x
Proof. This is similar to Lemma 2.5.3 (and by extension the m = 1 case of Lemma 2.1.10),

but we can make use of f3(z) = x3 to clear out more terms, and so there exists coordinates
such that

fry = z129 + 25 + ()

[ Yo = x2
for some r € mé. The argument in Lemma 2.1.10 carries over for why the closure of the orbit
of this singularity type contains the germ with » = 0, so it suffices to show that the germ

with » = 0 is locally stable.
We use Lemma 1.4.14 with the germ as a map R?* — R®. We have

o _ 2\
f*é?_m = (l’g -+ 31’1)8—y1
o _ .. 9 9
Feoes = W15y T 3y

o _ 8
f*a—m—a—yg

and we calculate the ideal I = C°(R?) f*(mg (R?/R?) + my(R*/R)?*) = (23,23). Letting
A= f.CX(TR?) + IC(f*TR?), then it suffices to show that

CF(FTRY) = A+ fOR(RY) 2 4 OB R) L + ['C(RYRY)
We see that f.C°(TR?) gives 8%22 =4 —xlaiyl and 8%3 =, 0. We also have x%a%l =4 9:1:‘118%1,
hence A contains (21, 23, xg)aiyl.

Using f*C"X’(]RE‘)a%l, we can get 8%1’ :Bga%l, and x%aiyl. Using f*C"O(R?’/R)%, we can

get :Ulaiyl and xi’a%l. This completes the proof. O

Table 2.19: Third-order types for S[é} [10].

Type Representative d®f, Addl. Codim. Codim. Generic
qwmm] [60] 0 2 v

SMpmu [02] | 3 v
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Lemma 2.6.4. If f € C;°(R*,R?), is a S[é][ 0][1] singularity, then there exist coordinates
such that

fry1 = 2129 + 2223 + 21 + O(2)?
[rye =1+ g(@))zs
where g € m2.
Proof. In this case, G300 f1(p) = 0, s0 G201 f1(p) # 0 by surjectivity of d° f,. Hence by rescaling
y1 we obtain the @3 f, listed in Table 2.19.
Consider now the fourth intrinsic derivative. We have ker d® f, = TpS[é} [10], and the

normal bundle for S [é] [10][1] is isomorphic to R, hence d*f, is given by

d'f, Ry - R
v Oaoo f1(p)v

By surjectivity, Osoof1(p) # 0.
After a reparameterization of the form ¥, = y; + ays + byiy» + cys, we may assume all

partial derivatives through the second vanish for f;(z) — x1x9. By Lemma 1.1.69, there are
functions h;j, such that

fi(z) = x120 + Z hiji(2) 2 o)k

itj+k=3

with hse0(p) = 0 and hggi(p) = 1. Reparameterizing with z; = 7 — $h102(p)Z3 and then
reparameterizing y; to cancel out the new zoz3 quadratic term, we may assume hyge(p) = 0.
Additionally, we may assume hgo3(p) = 0 by a reparameterization of the form 7, = y; + ays.
Thus, by reparameterizing

1,k
T =1x1+ E hiji(x)zia) ok

we may assuine
f1 (ZE) = XT1T2 + h300<x>x? + hQOl(CL’)I'%JIg -+ thQ(I').Z‘lIg + hoog(l‘)(lfg -+ O(l’)5

with hop1(p) = 1 and hseo(p) = hio2(p) = hoos(p) = 0. In particular, all partial derivatives
through the third vanish for fi(z) — x 29 — 2323.

A substitution of the form z; = Ty, 1y = Ty + aT3, 3 = T3 along with §; = vy,
Yo = Yo — ay3, Y3 = y3 lets us assume dog1hig2(p) = 0. Additionally, by rescaling all the
variables, we may assume 0190h3o0(p) = 1.
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by Lemma 1.1.69 again, there are functions h;j; with hgp(p) = 1 such that

fi1(x) = 2129 + 2323 + hyoo(2) 2] + haio(z) 2320 + hor (z)27 23
+ hop (%) 22973 + hooa (2) 2323 + h12(2) 2170275 + hyo3(2) 7125
+ ho3(2)z923 + hoos ()23 + O(2)°
= (1 + haio(2)2] + hory (x) 2123 + h112(I)$§)$1$2
+ (1 + haor (2)x1 + hooa(7)3) 2325
+ haios(2) 2125 4 haoo(7) 2] + hos(2)zo2h + hoos(z) 23 + O(2)°.

By a reparameterization of the y variables, we can assume hg13(p) = 0 and hgos(p) = 0. By
virtue of Lemma 1.1.69, hjg3, ho1z and hgos are in m, and so their corresponding terms are
in m). Similarly, hao(z)x] € 1 + m>. Together, these let us simplify the expression:

fi(@) = (1+ haio(x)af + hon (2)2125 + hira(2)23) 212
+ (1 + hg[)l(l")ivl + h202($)$3)$%1‘3
+ 27+ O(z)°.

The substitution T; = /|1 + hgo1(x)z1 + hoge(z)x3|21 lets us write
fi(z) = g(x)x129 + azizs + 21 + O(x)°
with g : R® — R such that g(p) = 1 and g — 1 € m] and with a € {—1,1}. Lastly, by
Ty = g(x)zy and potentially negating y3 we get the result. O
Type S[1;0;0][1 1]
In this case, as represented in Table 2.18, the second intrinsic derivative is
&f, R® - R
v [0 0 1]
The kernel of this map is 7,5 [é], and the normal bundle for S [é] [11] is isomorphic to
Hom(R;2, R), where R;5 = R? x 0. The third intrinsic derivative is given by

dgfp : ng — Hom(ng, R)

o (s [t} o))

We define the subtypes S [é] [11][¢?] by the dropped ranks for the restrictions d®f, : V —

Hom(W,R) with VW € {Ry, Ri2}. By reason of codimension, a = b = ¢ = 0 is the only
possibility.
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Lemma 2.6.5. If f is a S[é} [11][99] singularity, then it is equivalent to a germ with

[y = iws + w23 + axt + O(x)"!
S Y2 = a2
where a € {£1}.

Proof. After a reparameterization, the Hessian for f; is

Hfl(P) =

— o O
o O O

1
0
0
After another reparameterization, the matrix for d* f, is

0300.J1(p) 821of1(p)] _ {6@ 0]
O210f1(p) O120f1(p) 0 2b

with a,b € {—1,1}. After yet more tedious reparameterizations, we can get
fi(x) = 2123 + ax? + bryas + O(x)*.

Changing signs of variables yields the result. O

2.6.2 Type S[1;1;0]

After a reparameterization by a linear map in Diff ,(R C R? C R3), the differential of a S [é]
singularity can be put into the form as in Table 2.17:

100
dfp:lo 0 0]

Using the implicit function theorem, we may reparameterize further so that fi(x) = z;. The
normal bundle for this type is isomorphic to Hom(Ry < Rjs, Ry — Ry) where Ry denotes
both 0 xR x 0 and R?/(Rx0). This is isomorphic to the two-dimensional space Hom (R, Ry).
Hence, the second intrinsic derivative is

d*f, : R* — Hom(R;z, Ry)

T 8200f2(p) (9110f2(]?) 8101f2(p)
vr—>(w»—>w {anoﬁ(p) 8020f2(p) ao11f2(p)} U)

We define subtypes S [

scheme:

O

] [% 7] where r, s, and ¢ are dropped ranks according to the following

T Oorhi(p) Orroh(p)
Hom(Ry, Ry) | % ¢ ks of {020 P) Ouo p}
Hom(R;2, Ry) [ * * } OF CoTanss o O110h(p)  Oz00h(p)
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For example, s is the dropped rank for both d*f, : R* — Hom(Ry,Ry) and d?f, : Ry —
Hom(R2,Ry). The cases where the second intrinsic derivative are surjective are listed in
Table 2.20, and as usual we reparameterize to get a “representative d?f,” — both a and b
are —1 or 1.

Lemma 2.6.6. If f is a S[[ﬂ [9 9] singularity, then it is equivalent to a germ with
Jfyp=m
fyp = axi + a3+ O(x)’

where a € {—1,1}.

Proof. This is essentially the same as Lemma 2.5.4, where we can use a reparameterization
with 7, = ya + cy? for some ¢ to remove a 3 term. O

Lemma 2.6.7. If f is a S[

O

} [0 9] singularity, then it is equivalent to a germ with
[ = (14 g())a

fryo = mas + 5 + 2} + O(x)*

where g € my,.

Proof. By usual sorts of parameter changes, the d*f, can be put into the form as show in
Table 2.20. We can furthermore put the Hessian of f; at p into the form

0 0 1
Hfy(p) = |0 2a 0
1 0 0

with a € {—1,1}. Using Morse-lemma-like reparameterizations and Lemma 1.1.69, there are
functions hyjy, : R* — R such that

fg(l‘) = hQOO(x)x? + GZE% + hoog(l’)l’§ -+ thl(ZL‘)I'lZL‘g

Table 2.20: Second-order types for S [(ﬂ .

Type Representative d*f, Addl. Codim. Codim. Generic
SHI 1% 5,8) 0 2 %
JHI [35.4] 1 3 %
JHI) 1288) 1 3 %
s[i]r [%85) 2 1
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where hooa(p) = 0 and hyp1(p) = 1.
The kernel of d2f, is Tpsm _which is R, and the normal bundle for the subtype at p is

isomorphic to Hom(ker d? f,|gz, coker d* f, |rz). We have ker d? f,|gz = R and coker d? f,|g2 ~
Hom(R,Ry), so it is 1-dimensional. Hence, we can write the third intrinsic derivative as

&f,:R—=R
V= 6’300f2(p)v

and thus Osp0f2(p) # 0, and by rescaling variables we may assume Jspf2(p) = 6. By
Lemma 1.1.69, there are functions hjj, : R* — R such that

fQ(I) = 173 + CLJ]% + hg()(](l')l'? + hglo(l’)x%.l’g + ]’L201 (ZE)I%ZL’:;
-+ hlog(l').%ll'g —+ hou(%)l’gﬂ?g + hoog(l’)l’g

+ h111 (l’)$1$2$3

and hsp(p) = 1. Using another Morse-lemma-like reparameterization, we may assume hgjg =
ho21 = hi11 = 0, and we may also assume hgoz(p) = 0 and hsgo(p) = 0.

fg(ﬂ?) =T1T3 + am% + .’L'? + h201(x)x%a:3 + hlog(l’)l'lxg + O(l’)4
= (1 —f- hggl(l')l’l + thQ(ZE)lL‘g)[ElIg + am% —|— I’? —f- 0(17)4

Reparameterizing T; = (1 + hao1 ()21 + hig2(x)x3)x; yields the result. O

Lemma 2.6.8. If f is a S[(ﬂ [§ 9] singularity, then it is equivalent to a germ with
fryr= 1+ g(a))y
f*ys = 2129 + 2523 + 25 + O(2)*

where g € m,,.

Proof. By usual sorts of parameter changes, the d?f, can be put into the form as show in
Table 2.20. With a € {—1, 1}, we can furthermore put the Hessian of f; at p into the form

H fy(p) =

o g O
o O 2
o O O

Identifying the normal bundle at p with R, the third intrinsic derivative is

&f, Ry - R
v+ Opa1 fa(p)v
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and thus dg2; f2(p) # 0. Restricting d? f, to Ry in the codomain, we get a map

d2fp : ]Rg — HOm(RQ,RQ)
v (w — w?l [anon(p) D020 f2(p) ao11f2<p)] U)

and we have already established that this matrix is [« 00]. The third intrinsic derivative of
f with respect to this is

dsfp tRoz3 = R
v = [Dosof2(p)  Ooz21fa(p)] v

There are subtypes based on the dropped rank when restricted to Ry. Since S [é] [(39]is a

codimension-3 singularity, by reason of codimension, we may assume Jy3o f2(p) # 0.
By Morse-lemma-like reparameterizations and Lemma 1.1.69, there are functions h;j :
R3 — R such that

fo(x) = azy s + hogo()23 + hort (€)2223 + hooo (z) 23
and ho2o(p) = ho11(p) = hoo2(p) = 0. Further application of Lemma 1.1.69 gives

fg(l’) = ari1xs + hlgo(l’)xll’% + hogo(%)l’% + h021 (ZE)ZE%J]g
+ h111($)$1$2$3 + hou(&?)l’gl‘%
+ h102($)l‘1$§ + hoog(l‘)[ﬂg

with hgso(p) = b and hga1(p) = ¢ where b, ¢ # 0. Reparameterizing, we may assume hgp3(p) =
0, hence

fo(z) = (a + higo(x)x9 + hipy (2)x3) 3120 + DTS + CT3T3
+ h()m(l’)l’gl'g + hlog(l')l‘ll’% + O(JZ)4

A substitution with z; = T + k72 for some k (followed by a reparameterization of the
y variables to clear out the resulting T2 in f*y;) lets us assume hgi2(p) = 0. Similarly,
one with x9 = 7y + ki% for some k lets us assume higa(p) = 0. Hence, substituting 7, =
(@ + higo(x)zo + hi11(x)23) 1 gives

filz) = (a7 + g(x))z
fo(z) = 2129 + b2h + cxias + O(x)?

with g € m,,. Scaling variables gives the result. ]
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2.6.3 Multijet singularities

There are some important multijet singularities that occur now at this higher dimension.
The codimension-3 singularities of course do not generically map to the same point or occur
at the same point in time. More interestingly, the S[§][0]|[§][0] singularities (see Figure 2.8
themselves have multijet singularities similar to those moves from Figure 2.4 that are like the
Reidemeister IT and Reidemeister 1 moves — the images of the singularity submanifolds may
become momentarily tangent, and three may coincide for a single moment in time. Another
interesting move is that the suspensions of the codimension-2 two-dimensional singularities
can momentarily intersect suspensions of S[}][0], which is when these singularity points
move past a fold. There are also many interchange moves to change the temporal ordering
of codimension-2 singularities. We do not enumerate them here.

2.7 Classification of (0 + 1)-dimensional singularities

We now extend the work from Sections 2.4 to 2.6 to the case of singularities of manifolds
containing a codimension-1 submanifold, which we will pursue for the remainder of the
chapter. It should be said that the way we add rank conditions for a submanifold is to take
a submanifold in the jet bundle that lies over the given submanifold — a consequence to
this is that the codimension of a first-order singularity is normal bundle dimension plus the

Table 2.21: Classification of germs of (0 4 1)-dimensional singularities.

Type Codim.* Representative germ See:

Sloo] 1 [y = Lemma 2.7.1

2 The convention is that the codimension is with respect to the
manifold, not the submanifold.

Table 2.22: Classification of germs of (1 + 1)-dimensional singularities.

Type Codim. Representative germ” See: Suspends
S[66] 1 [y =20 Lemma 2.8.1 S[oo]
[ya =11
S[98] 2 [y =m Lemma 2.8.2
[Ty = x% + T2
S[8olloo] 2 fry =220+ 224+ 0(x)® Lemma 2.8.3
JTye = m1

b The submanifold is parameterized by ;.
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/

VA A

S[Y o]

Figure 2.10: Illustrations of the (1 + 1)-dimensional singularities from Table 2.22. This is
using the same convention as Figure 2.7, but the 1-dimensional submanifold is depicted in
green.

codimension of the submanifold.

In this section, we consider 0-dimensional submanifolds in a 1-manifold. In particular,
we consider generic germs f : R — R with a fixed 0-dimensional submanifold R® C R in
the domain. As usual, let p = 0 € R be the center of the germ, where p € RY, and let
¢ = f(p) = 0. The classification is done up to Diff ,(R) x Diff,(R) where the Diff,(R)
component leaves the submanifold invariant (which is trivially satisfied in the 0-dimensional
case).

The classification is easy. In general, we let S[a 5] be the submanifold of J'(R,R) when
pulled back along the inclusion R? < R, where a denotes the dropped rank of the differential
when restricted to R? (only 0 is nontrivial) and b denotes the usual dropped rank; hence
S[os] C S[b]. In particular, S[oo] = a (R N S[0] and S[o1] = a ' (R%) N S[1]. These are
submanifolds of codimensions 1 and 2, and the latter does not generically occur.

Lemma 2.7.1. If f is a S[o0] singularity, then it is equivalent to a germ with
fryn=m

Proof. The proof in Lemma 2.4.1 goes through; every element of Diff,(R) fixes R". O

2.8 Classification of (1 + 1)-dimensional singularities

In this section, we consider germs f : (R C R?) — (R C R?) where R in the domain is con-
sidered to be a submanifold (and not a leaf of the product foliation). Let p =0 € R C R? in
the domain and ¢ = f(p) = 0. The classification is done up to Diff,(R?* R) x Diff (R C R?)
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where Diff,(R?; R) indicates those elements of Diff ,(R) that leave the submanifold R invari-
ant. While Diff (R C R?) C Diff ,(R? R), this is a strict inclusion since diffeomorphisms do
not need to preserve any foliation of the submanifold’s tubular neighborhood. The classifi-
cation of germs is summarized in Table 2.22 and illustrated in Figure 2.10.

To define the first-order singularity types, let C' = R and ¥ = R? in the domain to help
distinguish them from the codomain. The differential df,, is an element of Hom(7,%, T,R?),
and we consider the four images of df, in the following diagram of hom sets:

Hom(T,C, T,R?) «———— Hom(T,%, T,R?)

| |

Hom(T,C, T,R?/T,R) «—— Hom(T,%, T,R?/T,R)
The type S[§ 3] € S[§] indicates that the images of df), lie in the following submanifolds:

Hom"(T,C, T,R?) Hom®(T, %, T,R?)

Hom®(T,C, T,R?/T,R) Hom*(T,,%, T,R?/T,R)

We think of the first column as coming from fiber bundles over C rather than over X. The
subset of those elements of Hom(7,%, T,R?) whose images lie in the above submanifolds
is a submanifold as well, and they assemble to form a submanifold of J'(X,R?) over C.
For jet transversality, we automatically have transversality in the horizontal direction, and
what remains is transversality in the vertical direction. Let K,, K;, K., Kg and L, Ly, L., Lg
respectively be the kernels and cokernels of the images of df,, where the indices suggest
which images they correspond to. The second intrinsic derivative in this situation is a map

Ky, — K. L,— L.
d2fp : T,C — Hom j j , l l
Ky — K; Ly — Ly

Restricting a S[§] submanifold to C' yields a submanifold of one higher codimension, hence
only S[§] and S[}] (see Table 2.14) generically occur over the submanifold. For example, if
a =1 (and thus b = 1), then the normal bundle would contain Hom(7,C,R?), so it would
be at least a codimension-3 phenomenon and generically not occur.

The generic first-order singular types are listed in Table 2.23. The codimensions are with
respect to ¥ = R?, and the “representative df,” column is from applying linear coordinate
changes that leave C' = R invariant.

Lemma 2.8.1. If f is a singularity of type S[J 8], then it is equivalent to a germ with

[y = 2o
[Ty = a1
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Proof. By the implicit function theorem, there is a function v : R? — R such that, for all z;
and x5 in a neighborhood of 0, fo(¢)(z1, x2), x2) = x1. The change of variables

r1 = P(T1, T2)

l‘ngg

corresponds to an element of Diff,(R?; R), and hence we may assume fo(z) = z1. The map
z — (f1(z2,21),x9) is an element of Diff (R C R?), and using its inverse to reparameterize
the codomain lets us assume f(z1,0) = (0,z;) for all z; in the domain. Hence, f itself is a
valid coordinate change for the domain, the inverse of which gives the result. O

2.8.1 Type S[0 0;1 0]

Following Table 2.23, we reparameterize such that the differential is
df, - R* — R?
. 10
v 0 1l?

The normal bundle for the second intrinsic derivative over C' is then

0——0 Ry—»0
Hom j j : l l = Hom(Ry, Ry)

Ry — R, Ry —=0
Hence the second intrinsic derivative is

d*f, : Ry — Hom(Ry,Ry)
v (w s wh [Oa0falp)] v)

Surjectivity implies Oag fo(p) # 0.

Table 2.23: First-order types of (1 4 1)-dimensional singularities.

Type Representative df, Codim.* Generic

S100] [9 0] 1 v
S[1 0] [07] 2 v
S19 0] [90] 2 v
Sl o [67] 3

& We give the codimension with respect to the manifold,
not the submanifold.
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Lemma 2.8.2. If f is a singularity of type S[9 8], then it is equivalent to a germ with

[y =
ffys = :cf + 29

Proof. By Lemma 1.1.69, there are functions h;; : R? — R such that fo(x) = 22+ hao(z)2? +
hi1(x)x129 + hog(x)x3 with hog(p) # 0. After a reparameterization, we may assume fo(z) =
2o+ 22+ hoa(x)23. Furthermore, the reparameterization with z; = 7, and zy = Ty + hoo ()73
fixes R, and with it we may further assume fy(z) = w9 + z%. Note that the ideal (fi, f2) is
(21, 22), hence by the Malgrange Preparation Theorem there exists some smooth function «
such that z; = a(fi, f2). The reparameterization with 7, = a(y1,y2) and 7, = yo gives the
desired form. O

2.8.2 Type S[0 1;0 0]

Using the parameterization like in Table 2.23, assume
df, - R* — R?
v 00 v
10
The component of the normal bundle corresponding to the submanifold in this case is trivial,

so instead we start with this as a S[}] singularity. The normal bundle at p in this case is
Hom(Ry, Ry), hence the second intrinsic derivative is

d*f, - R? = Hom(Ry, R, )
v (w= wh [0 fi(p) Ooafi(p)] v)

We have both R (from the submanifold’s tangent bundle) and R, available for restriction,
hence we have a natural splitting for R?. Let S[J}][a 5] denote the subtypes where a is the
dropped rank from restricting to R and b is the dropped rank from restricting to Ry. Since
S[8§][av] € a™Y(R) N S[§][b], by consulting Table 2.15 only b = 0 generically occurs, and
S[98][a 0] has codimension at least 2 in J?(R? R?).

If @ = 1, then 011 fi1(p) = 0 implies the third intrinsic derivative would have a 1-
dimensional codomain, giving a total codimension of 3. This does not generically occur,
hence we may assume a = b = 0.

Lemma 2.8.3. If f is a singularity of type S[) §][00], then it is equivalent to a germ with

[y = m1m9 + 25 4+ O(2)?
f*?/Q =T
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STt

Figure 2.11: Illustrations of the (2 + 1)-dimensional singularities from Table 2.24. This is
using the same convention as Figure 2.10, and each group of three diagrams depicts the
t=—1,t=0, and t = 1 movie frames.

Proof. By the implicit function theorem, we may assume fy(x) = x;. The above considera-
tions, and further reparameterizations, let us assume the Hessian of f; is of the form

0 1
Hivp) = [1 Qa]
with a € {—1,1}. After negating variables as needed, this yields

fryr = x1w9 + 23 + h(zy, 79)
[y =11

for some h € mf,. m

2.9 Classification of (2+ 1)-dimensional Cerf singularities

In this section, we now consider germs of a two-dimensional submanifold in R? with codomain
(R C R?* C R?) for a three-dimensional decomposition. Like in Section 2.6, since we are
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wanting to derive relations between surfaces, what we are actually considering are curves C
in a two-manifold ¥ and then studying generic germs (C' C ¥) x I — (R C R) x [ that
commute with the projection to I.

We again work with germs up to Cerf equivalence. Thinking of the curve as R C R2
then we are considering germs f : (R x 0 x R C R?) — (R C R?), implicitly extended with
f3(z) = x3. These are classified up to the action of Diff,(R?* C R* R x 0 x R) x Diff (R C
R? C R?), with p and ¢ as usual. The results are summarized in Table 2.24 and Figure 2.11.

Valid reparameterizations need much more care: we need to ensure that we preserve the
R? C R3 product foliation in the domain while also sending R x 0 x R to itself. In particular,

Table 2.24: Classification of germs of (2 + 1)-dimensional Cerf singularities.

Type Codim. Representative germ® See: SuspendsP
S-§§- 1 [y = Lemma 2.9.1 S[o0],S[39]
[y =m0
S gg— 0] 2 [y =m Lemma 2.9.2  S[{9]
_ fryo =i +
S gﬁ_ 1] 3 ffyr=x1 Lemma 2.9.3
) f*ys = 29 + 2123 + 2% + O(2)*
S_gé_[oo;o] 2 ffy1 = 2129 + 25 + O(x)? Lemma 2.9.4 S[$§][o0]
[y =1
S —§ é— [10:0] 3 ffy1 = 2129 + 2323 + 25 + O(2)* Lemma 2.9.5
[y =1
S -§ é- [00;1] 3 f*y1 = Toxs + 23 + xiwy + O(2)* Lemma 2.9.6
[y =m0
S —i é— [3] 3 fry =22 + O(x)* Lemma 2.9.7
o f*ys = 29 + 2123 + 27 + 23
S g%- 0] 3 ffy1 =z, + O(x)? Lemma 2.9.8

ffys = x% + x1T9 + axg + z173 + O(x)3

& The submanifold is parameterized by z1, and the “time” parameter is x3. Recall we assume f*ys = x3.
b See Tables 2.21 and 2.22.
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if ¢ € Diff ,(R? C R* R x 0 x R), then there are functions 1, @9, 93 such that

©1(x1, 22, 23) = Y1 (21, T2, T3)
<P2(SC171327373) = Z/12($1751327373)

@3(IE1, T2, $3) = w3(x3)

and with ¢9(xq1,0,23) = 0 for all x; and x5 in the domain.
The first-order singularity types are defined like they were in Section 2.8. We define

S [% gl] for the dropped ranks of f, where a, b, ¢, and d play a similar role as they did in

S|4 q], where the first column is for restrictions to submanifold C', but now the second is for
restrictions to the leaf 3 of the product foliation of ¥ x I. In particular, we consider the
images of the restriction of df, to T,X in

Hom(7T,C, T,R?) «———— Hom(T,%, T,R?)

| |

Hom(T,C, T,R?/T,R) «—— Hom(T,%, T,R?/T,R)

This is defined so that S [g fﬂ cs [2} As we have been doing for Cerf singularities, the

final row of 0’s is to distinguish these from the (1 + 1)-dimensional singularities.

The first-order singularity types are summarized in Table 2.25. We start the enumeration
by using the generic types from Table 2.17, none of which can be excluded by codimension
when intersected with a~!(C' x R). Codimensions in the table are one more than the dimen-
sions of the normal bundles for the second intrinsic derivatives over C' x R.

Lemma 2.9.1. If f is a singularity of type S[g §} , then it is equivalent to a germ with
[y = o
[y =m0

Proof. An argument similar to the one in Lemma 2.8.1 applies: we apply a coordinate change
to the codomain so we may assume that f(z1,0,z3) = (0,21, x3), and then use f itself as a
coordinate change for the domain. O

2.9.1 Type S[00;1 0;0 0]

As in Table 2.25, for a S [g §} singularity there is a linear change of coordinates such that

1 00
010

the differential has the matrix
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The normal bundle in this case is Hom(RRy, Ry), hence the second intrinsic derivative is

d’f:Rx0xR — Hom(R;,Ry)
(Uas (w = w’ [3200f2(p) (9101f2(17)} U)

Define the subtypes S [g

oo

} [r] where r is the dropped rank when restricted to R;.
Lemma 2.9.2. If f s a singularity of type S[g §} [0], then it is equivalent to a germ with

[y =m
fys = a2t + s
Proof. For this subtype, there is a change of coordinates such that the matrix for d*f,, is [2 o].

The kernel of d?f, is TPS[E §] and is equal to 0 x 0 x R, thus S[El)) §] (f) is a 1-dimensional

submanifold of R x 0 x R. Let v : R — R x 0 x R be a parameterization of this submanifold
with ~3(t) = t for all t. Reparameterizing with x1 = 71 + 71(Z3), 2 = T, and z3 = T3, we
may assume the singularity submanifold is 0 x 0 x R exactly. Furthermore, reparameterizing
with

m: U1 _f1(0707y3)
% =Yz — f2(0707y3)
Y3 =Y3

we may assume that f(0,0,z3) = (0,0,23) for all x3 in the domain. Rescaling z; using
a function of x3, we may assume d2f(070,x3) has the matrix [20] for all 3 in the domain.

Table 2.25: First-order types of (2 + 1)-dimensional singularities.

Type Representative df, Codim.* Generic
[00] 010
00

S_oo_ [100] 1 v
[00] 100
10

S_oo_ [010] 2 v
01
00 000

S_oo_ [100] 2 v

s[16] [000] 3 v
L0 O]
[0 1] 100
11

S_oo_ [000] 3 v
[11] 010
11

S_oo_ [000] 4

& We give the codimension with respect to ¥ x I.
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Applying Lemma 1.1.69 to fy as a function of just x; and xs, then since f5(0,0,z3) = 0,
there are functions h;; : R* — R such that fo(z) = xo+ hoo(x)2] + ha1(2) 2122 + hoo(7)23. By
a coordinate change, we may assume fo(x) = 9+ 3 + hoo(z)z3. The result is from adapting
the rest of the argument from Lemma 2.8.2. m

Lemma 2.9.3. If f is a singularity of type S[

oo
[elen)en]

}[1], then it is equivalent to a germ with
i =1
Fyp = w0+ 2y + 27 + O(x)*

Proof. For this subtype, we may assume the matrix for d?f, is [01]. We now consider the
third intrinsic derivative. Restricted to Ry, the kernel is R; and the cokernel is Hom (R, Ry) =
R, so we get

&f, R — R
v = a300f2(p)v

Hence, since this is surjective we may assume O30 f2(p) # 0, and by a reparameterization

that 5’300f2 (p) = 6.
By Lemma 1.1.69 there are functions h;jy, : R? — R such that

fo(z) = 2o + Z hiji(2) 2 whak
i+j+h=2

such that hogo(p) = 0 and hip1(p) = 1. Reparameterizing with

= _ = _ E : i.J-1 k =
I = hml(x)xl Ty = 1 + hijk<x)x1$2 X3 T T3 = XT3
i+j+k=2
Jj>0
then we may assume

fg(l‘) = T2 + hgog(l‘)[[’% + 13 + hQ(n(fL’)I?)’.

Like usual, we may assume hgp(p) = 0 by a coordinate change with 7, = y2 — hooa(p)y3.
Thus, there are functions h;jy, : R?® — R such that

fg(ﬁ(]) = Ty + 13 + hgoo(l’){[‘? + hgl()(l’)x%l'g + h201 (ZL’)ZL‘%.I’?,

+ hlog(x).ib’lxg + h012<.§L’)I2$§ -+ hgog(%)l’g

Again, we may reparameterize to eliminate terms with a factor of x5 or z1x3 beyond the first
two, and we may assume hgy3(p) = 0. We obtain

fg(l') =9 + X123 + h300($)l’? + hoog(l‘)mg.
Since hzoo(p) = 1, this is fo(z) = 9 + 2123 + 23 + O(x)*. O
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2.9.2 Type S[0 1;0 0;0 0]

As in Table 2.25, for a S [(é é} singularity there is a linear change of coordinates such that

0 00
100

Since f is locally an immersion when restricted to the submanifold (like in Section 2.8.2),

the differential has the matrix

we may as well consider this first as a S [é] singularity. The normal bundle is Hom(Ry, R;),

hence the second intrinsic derivative is
d*f, : R* — Hom(Ry, Ry)
V= (w = w’ [anofl(p) D20 f1(p) 8011f1<p)] U)
Define subtypes S[% é] [ s:t] where r = drkd?f,|g,, s = drkd?f,|g,,, and t = drkd?f, |, -

This notation is designed so that S[g é] [rsit] C S[é} [rs]. Since Ry = T,,C" and R split
Rio = T,%, the s value is determined by r and ¢. The possibilities are listed in Table 2.26.

Using the implicit function theorem like before, we may reparameterize x; to let us
assume fo(z) = x1.

Lemma 2.9.4. If f is a singularity of type S[§ é} [00;0], then it is equivalent to a germ
with

[y = za0 4 75 + O(x)°
[y = m
Proof. There is a linear reparameterization such that, for some constants a;;; € R,

2 2 2 2
fi(x) = aspor] + T122 + G101T173 + T3 + a1 TaTs + agexs; + O(x)”.

Table 2.26: Second-order types for S [(8) é].

Type Representative d?f, Addl. Codim. Codim.* Generic
S@é-[oo;o] [120] 0 2 v
s[88]110 0] [100] 1 3 v
L0 O
S|00|[001] [02+] 1 3 v
L0 O
o1
5_88_[11;1] [001] 2 4

& We give the codimension with respect to ¥ x [I.
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Reparameterizing with 7, = y; — a200y5 — @101Y2Y3 — Goo2y3 lets us assume
fl(SC) = 1%y + Qig + Qp11X2T3 + O(;C)z
The coordinate change with 7, = 1 + agp1123 and ¥, = y1 — ap11y3 gives the result. O

Lemma 2.9.5. If f is a singularity of type S[§ é} [10;0], then it is equivalent to a germ
with

ffy1 = 2129 + 2323 + 25 + O(2)*
[y = a1
Proof. Restricted to Ry, the kernel of d?f, is Ry and the cokernel is Hom(Ry,R;), and

restricted to Ry both of these are trivial. Hence, the normal bundle for calculating d*f,, is
Hom(Ry, Hom(Ry, Ry)) = R. We have

d3fp Ry - R
v = 8021f1(p)v

hence Oyo1 f1(p) # 0.
We may also consider f as a S [é] [1 0] singularity. Consulting Table 2.19, by considera-

tion of codimension it must be a S [é} [10][0] singularity. To make use of this, we calculate

d? f, for this type. The normal bundle is the same, but now

&cf,:0xR* 5 R
v = [8030f1(p) Oo21.f1 (p)} v

The subtype S [é] [10][0] corresponds to the dropped rank of the restriction of this to Ry,

thus Oogo f1(p) # 0. By scaling the coordinate variables, we may assume Jyo1 f1(p) = 4 and
8030f1(]9) = 6.

Using reparameterizations similar to Lemma 2.9.4, then by Lemma 1.1.69 there are con-
stants a;jy, R? — R such that

f1(p) = z129 + 2iw3 + 25 + Z agprirhal + O(x)*
i+j+k=3

where agy; = 0 and ag3p = 0. A reparameterization with 7, = y1 — >, ., 4 aiorysrh lets us
assume that

f1(p) = 2129 + w313 + 25 + Z agpti ol + O(x)h

it+j+k=3
3>0
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Using the change of coordinates

_ — i—1,.0—1_k =

T, =T To=29 | 1+ g iRty Xy Ty T3 = T3
i+j+k=3
i>0,>0

we may furthermore assume that
Si(p) = w1y + 2523 + 25 + agiaral + O(x)".

Lastly, the coordinate change

rKL =71 — aoufg Ty = T2 r3 = T3
7= Uy = Yo + Q01293 Us = Y3
gives the desired result. O]

Lemma 2.9.6. If f is a singularity of type S[§ é} [00; 1], then it is equivalent to a germ
with

f*y1 = Toxs + 23 + xiwy + O(2)*

[y =m0

Proof. In this type, the second intrinsic derivative gives 0110f1(p) = 0 and dgo f1(p) # 0.
The second intrinsic derivative also needs to be surjective restricted to C' x R, which gives
Oo11f1(p) # 0. Passing to the third intrinsic derivative, we have a map

&’ f, : T,C — Hom(ker d° f,| 1, ¢, coker d° f,| 1, ¢)

which computes 0a1¢ f1(p), and hence generically 0s10 f1(p) # 0. Rescaling variables, 020 f1(p) =
2, Oo11f1(p) = 1, and 0910 f1(p) = 2. After the usual reparameterizations, the can see that
the 2-jet of fi is

f1(p) = xow3 + 23 + O(x)?.

There are constants a;;;, € R with as;9 = 0 such that, after a reparameterization like in
Lemma 2.9.5,

f1(p) = zox5 + 23 + 2325 + E agpti ol + O(x)h
itjth=3
>0

The change of coordinates

Y1 = Y1 — @120Y1Y2 — Qp21Y1Y3 Yo = Yo Ys = Y3
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lets us furthermore assume that
fi(p) = Toxs + 22 + 22wy + ag30x3 + 122073 + a111712073 + O(2)*,
and with z; = 7, — %aulfg and Y, = Yo + %aulyg, that
f1(p) = wow3 + 23 + w9 + a03075 + ag127273 + O(2)*.
Then, with To = 25(1 4 ag1223), that

f1(p) = wows + 22 + 2229 + agsoxs + appizixs + O(2)*

Lastly, the change of coordinates

T =1 Ty = To(1 — Jaoso(x2 — T3) — ag2123) T3 = T3
Yy =1 + (a021 - %ao3o)y3 Yo = Y2 Ys = Y3
gives the desired form. m

2.9.3 Type S[1 1;1 0;0 0]

As in Table 2.25, for an S [(11) é} singularity there is a linear change of coordinates such that

000
010

The normal bundle at p for the second intrinsic derivative, is

the differential has the matrix

]Rl —> Rl ]ng e RI
Hom | - | [ | | = Hom(®: k) ~ R
]Rl —> Rl Rg — 0
so we write the second intrinsic derivative as

df,: Rx0xR— R
D200 f1(p) Oro1fi (p)}
—>
! {azoofz (p) O fa(p) ’
The normal bundle at p canonically splits as Hom(R;, R?) = Hom(R;, R;) & Hom(R;, Ry),

and we define subtypes S [é é] [%] according to the following scheme:

R,
Hom(Ry,Ry) | *
Hom(R;,Ry) |
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Since S [é é] is already codimension-3, the only subtype that generically occurs is S [é é] [3].

Hence, Os0f1(p) # 0 and a0 f2(p) # 0. We may rescale variables so that dan f1(p) = 2 and
Oa00f2(p) = 2. By the usual changes of coordinates, we may assume 0j10f1(p) = 0 and
D01 f1(p) = 0. Since d? f, is surjective, then 011 fo(p) # 0, which after rescaling variables we
may assume is 1.

Just like for Lemma 2.3.6, along R x 0 x R we have another third intrinsic derivative
from using the cokernel of d®f,|7,r. Projecting to the cokernel for this restriction can be
represented by v — [O200f1(p) — O200f2(p)]v, and then the third intrinsic derivative for this
is a map

T,(R x 0 x 0) = R
V= [8300]”1(])) - 8300f2<p)] v

and so for codimension reasons we need 030 f1(p) # O300.f2(p)-

O
OO

Lemma 2.9.7. If f is a singularity of type S[ }[8], then it is equivalent to a germ with

[y =2t + O(x)*
Yo = 2o + 11203 + 2] + 25 + O(:c)4

Proof. This is a matter of clearing out terms to the fourth order, given what we have so far
deduced about the 3-jet. O]

2.9.4 Type S[0 1;1 1;0 0]

As in Table 2.25, for an S [g (ﬂ singularity there is a linear change of coordinates such that

1 00
000

The normal bundle at p for the second intrinsic derivative, is

the differential has the matrix

00— Ry Ry —» Ry
Hom J: j , l l = Hom(R12, Ry) ~ R?

Rl —> ng RQ e RQ

so we write the second intrinsic derivative as

dZ(f’RX()XR)p : TP(R x 0 x R) — Hom(ng,Rz)

U = {3200,102(27) a101f2(]0) v
3110f2(P) 8011f2(p)
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We can restrict this to Ry and Hom(R;, Rs), and so dago fo(p) # 0 due to codimensions. We
can clear out 0101 f2(p) using a Morse-like substitution — this may introduce some first-order
t terms in f; but these can be eliminated by a Cerf reparameterization.

We also have a second intrinsic derivative for this as a S [(ﬂ singularity:

d*f, : T,R* — Hom(R;3, Ry)

5200f2(p) 3110f2(p) a101f2(p)
v (w ais {3110](2(]9) Do20 f2(p) 8onfz(p)} U)

For codimension reasons, this must be a S [i] [99], so Do20f2(p) # 0 and the matrix

{azoofz (p) O110f2 (p)}
O110f2 (P) On20 f2 (p)

is non-singular. If it were the case that 0j10f2(p) = 0 or Jo11 fa(p) = 0, then the tangent
space to S [(ﬂ (f), which is ker d?f,, would contain R; or R3, and so we could take a third

intrinsic derivative for the R x 0 X R submanifold, which would exceed our codimension limit,
and so generically 0119 f2(p) # 0 and 912 f2(p) # 0.
For sake of having a symbol, we will write S [g é] [0] for this type.

Lemma 2.9.8. If f is a singularity of type S[g

O

} [0], then it is equivalent to a germ with

ffon=x + 0(37)3
[ryo = 22 + 2129 + az? + 1125 + O(2)?

for some a € {£1}.

Proof. This is a matter of clearing out terms to the third order, given what we have so far
deduced about the 2-jet. O]

2.9.5 Multijet singularities

The multijet singularities of surfaces with embedded curves have no surprises. We still have
all the multijet singularities for surfaces without embedded curves, of course, but now we
have moves for having codimension-2 singularities pass across images of the curves as well
as Reidemeister II and III moves for images of curves and between images of curves and the
fold curves.
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Chapter 3

Presentations of cobordism categories

The goal of this chapter is to provide presentations of cobordism categories using the clas-
sifications of singularities we have carried out in Chapter 2. We first explain how to obtain
generators and relations for the cobordism 2-category of surfaces with embedded curves as
a monoidal 2-category. We then explain how to adapt the chambering graphs and foams
from [SP09] to give a presentation as a symmetric monoidal 2-category. In principal, one
could study 3D Morse functions of surfaces to obtain a presentation as a symmetric monoidal
2-category in a natural way, but a tradeoff is that we would need to work out the Cerf theory
of the multijet singularities — maps R? — R3 can generically have curves of transverse dou-
ble points, and these have associated Roseman-like moves, but with the added complication
that these double point curves are generic with respect to the R3 foliation.

The focus on this chapter is merely to give a presentation of these categories. While we
will cover some theory to make special use of our strict adherence to classifing singularities
with respect to the relevant diffeomorphism groups, we do not include the theory of 2-
categories and their presentations, and instead we direct the reader to the account in [SP09]
for symmetric monoidal 2-categories. We also mention [Dorl8| for the general principle of
decompositions using n-cubes with a “globularity condition” — globular sets by themselves
have a deficiency where, for example, horizontal composition of 2-cells is indistinguishable
from whiskering the 2-cells and then vertically composing. By working with such globular
cubes, we can be sure that, if needed for coherency arguments, explicit reassociation occurs
(such reassociation is the role of the interchange moves).

3.1 Globular sets

Part of the data of a category is a directed graph, and any generalization of categories to
higher categories needs a generalization of directed graphs to combinatorial structures with
cells of higher dimensions. Simplicial sets are one option, where an n-cell is an n-simplex.
Globular sets are another, where an n-cell is an n-globe, which is best thought of as being
the combinatorial model of a closed n-ball given a CW structure with two k-cells for all
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0 < k < n and a single n-cell, but where for each pair of k-cells one is the “source” and the
other is the “target.” This structure naturally lends itself to composition operations. We
draw the following material from |[Lei03].

Definition 3.1.1. The globe category G is the category whose objects are denoted by [n]
for all n € N and whose morphisms are generated by o, : [n] = [n+1] and 7, : [n] = [n+1]
for all n € N, subject to the relations, for all n € N,

On4190n = Tp41 ©0p

Op4+1 0Ty = Tpn+1 O Ty
That is, both o, and 7,, equalize the pair of maps 0,11 and 7,41. O
Definition 3.1.2. A globular set X is a functor G°® — Set. The category of globular sets
gSet is the category Fun(G°P, Set).

We write X, for the set X ([n]) of n-cells of X, and we write s = X (o) and t = X (1) for
the source and target maps, respectively:

5t Xy — X,

t: X1 — Xa.
We say X is an n-globular set if X; = @ for all 1 > n. O
Example 3.1.3. The standard n-globe G™ is the globular set defined by
Gy ={eg ent - Gui={es e} Gy = {en}

with s,¢ : Gy — G? defined by s(z) = ¢; and t(z) = ¢; forall 1 <i <n and z € G},,.
The cells in G™ are in correspondence with the cells in the closure an n-dimensional cell of
the n-fold suspension of S° as a CW complex.

Another characterization of this globular set G" is as the functor Hom®(—, [n]). Mor-
phisms in G are uniquely represented in form id, ¢*, or 7% with k& > 1, and so Hom®([i], [n])
has two elements if ¢ < n, one if ¢ = n, and zero if 7 > n. This means that if X is a globular
set, then by the Yoneda lemma

Hom(G", X) ~ Hom(Hom®(—, [n]), X) = X,,.
That is to say, n-cells of X are in one-to-one correspondence to maps from G" to X. O

Example 3.1.4. Every globular set can be reconstructed by gluing together its contituent
globes. This is due to the sheaf version of Lemma 1.1.15. If X is a globular set, then its
category of elements el(X) has as objects pairs ([n], z) for x € X,,, and as morphism sets

el(X)(([nl, @), (Im],y)) = {f € G([m], [n]) | X(f)z = y}.
Then

~ . Set n
X =~ cohm%[n]7%)6610{)0p G",

where G" is the standard n-globe. One can also geometrically realize a globular set in this
way by replacing G" in the colimit by, for example, a CW complex with the same cell
structure and taking the colimit in the category of CW complexes. O
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3.2 Manifolds with faces and halated manifolds

In foliated R?, a subset S C R? is a 2-cube if there is some g € Diff(R C R?) such that
S = ¢[0,1]%. Our basic strategy for decomposing a generic function f : ¥ — [0,1]* with
[0, 1]? foliated is to find some decomposition of [0, 1]? into 2-cubes such that each pre-image
is a manifold with corners that satisfy a “globularity condition,” where the {0,1} x [0, 1]
sides could, in principal, be crushed to {0,1} x {0}, which makes them well-suited for a
2-categorical (rather than a double categorical) decomposition. In this section we go into
detail about the version of manifolds with corners we use.

Let us review how manifolds with faces are defined in the literature. Recall that an
n-manifold with corners is a second-countable Hausdorff space M locally modeled on the
principal orthant R%, C R" such that transition maps are the restrictions of elements of
diff>*(R"™) to RZ, (that is, they are local homeomorphisms of RZ, that extend to diffeo-
morphisms on an open neighborhood in R"). For each 2 € M, we define c¢(z) € N to be
the number of coordinates in ¢(z) that are zero, where ¢ : M o— RZ, is any chart with
z € dom ¢, and this number does not depend on ¢. A connected face of M is the closure of
a connected component of {x € X | ¢(xz) = 1}, and a face is a union of disjoint connected
faces. The global structure of manifolds with corners is not generally well-behaved since a
connected face might be self-incident. Introduced in [J68|, a manifold with faces M is a
manifold with corners such that each = € M belongs to ¢(x) different connected faces. Every
face of a manifold with faces is itself a manifold with faces. Adding additional structure to
this definition, a (k)-manifold for k € N is a manifold with faces M along with an ordered
k-tuple (Mo, ..., My_1) of faces such that My U ---U Mj_; contains every face of M and for
all 7 # j, M; N M; is a (possibly nonempty) face of both M, and M. These were noticed to
be useful in [Lau00] for the cobordism theory of manifolds with corners, and they were put
to use in [LPO8| and [Mor07| for extended bordism categories.

In our variant, we wish to (1) build horizontal and vertical faces into the definition and
(2) use manifold germs so that gluing along these faces do not require any arbitrary choices.
We now continue with definitions.

Let Rsg = {xr € R |z > 0} and n € N. Each subset f C {1,...,n} defines a subspace
H; = Span{e; | i € f}, and the intersection H; NRY, is the f-face of R%,. Each z € R, is
associated to the face f, = {i € N| 1 <i <n and z; # 0}. - -

Consider the pseudogroup I'2, of R™ that is the sub-pseudogroup of diff**(R") consisting
of those local diffeomorphisms ¢ : R” o— R™ such that, for all € dom ¢,

1. € RY, if and only if p(z) € RZ, and
2. forall f C{1,...,n}, if v € Hy, then (x) € Hy.

Suppose M is a manifold with I'?, structure. Let core(M) C M consist of those points
x € M for which there exists a chart ¢ : M o— R™ with 2 € dom ¢ such that (z) € RZ,,
a property that does not depend on the choice of ¢. For x € core(M), we let f, be f@(;),
where ¢ is once again a chart with z € dom .
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Such manifolds have, for each f C {1,...,n}, a closed set My = {z € core(M) | f, = f}.
The manifold with corners core(M) is a manifold with faces and furthermore an (n)-manifold

.....

Definition 3.2.1. Let n € N, and consider the category of manifolds with I' structures.
For f C {0,....n}, a halated (f,n)-manifold" is a smooth manifold germ (M’,N'(M})) for
M' a manifold with I'2, structure. When the ambient dimension is unambiguous, we call
this a halated f-manifold, or when f = {1,...,n} we call this a halated n-manifold.

If M is a halated f-manifold represented by (M, N'(M})), for each f" C f let My be the
halated f-manifold (M', N'(M},)), called the f'-face of M. There is a canonical inclusion
Mypcy: Mp — My induced by the identity on M.

A diffeomorphism of halated f-manifolds is an isomorphism of the smooth manifold germs
that is representable by I'%, diffeomorphisms. Put another way, (M, N (M;)) is diffeomor-
phic to (N,N(M,)) if there exist open neighborhoods U D M; and V O M, and a T'%,
diffeomorphism f : U — V such that f(My) = M,. 0

Remark 3.2.2. Suppose f C {1,...,n} and M is a halated f-manifold. There is a well-
defined (n — |f|)-dimensional normal bundle to M by taking the smooth manifold germ
(M',N(M3})) for M and computing the normal bundle to M} in M’. The normal bundle is
trivial, trivialized by the tangent spaces of each Hy;y for i € f at M. [ ]

Definition 3.2.3. For M a halated f-manifold represented by (M', N'(M})), let core(M) =
M J’c, which is the forgetful functor from halated manifolds to C'**° manifolds. O

This extra information in a halation is unique up to noncanonical diffeomorphism as the
following lemma shows:

Lemma 3.2.4. Suppose that f C {1,...,n}, that M and N are halated f-manifolds, and
that h : core(M) — core(M) is a diffeomorphism such that c(f(x)) = c(x) for all x € M.
Then M and N are diffeomorphic.

Proof. Represent M as (M',N'(M¢{)) and N as (N', N(N})). Both core(M’) and core(N')
are (n)-manifolds, and by [Lau00] there exists a collar neighborhood in the following sense.
For each s C t C {1,...,n} there exists an embedding

Coct  (Rg)se X M! — (REq)¢e X M

with the property that CsCt|(R*>LO)tc>< m: is the inclusion map id x M{-,, and furthermore the
family of all these embeddings is functorial. The vector field integration argument that
produces these can be extended to provide a bicollar neighborhood of core(M’) in M’. By
taking such a bicollar neighborhood for N’ as well, we can extend the diffeomorphism h into
some neighborhoods of M} and N;. ]

“Halated” as in “with a halo.”
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Definition 3.2.5. Suppose M is a halated (f, m)-manifold and N is a halated (g,n)-
manifold, with M represented by (M',N(M})) and N by (N, N(N;)). Let fug C
{1,...,m+n} denote the set fU{i+m |i € g}. We define M x N to be (M’ x N', N'(M} x
N;)), which is a halated (f U g, m + n)-manifold. O

Example 3.2.6. We give the unit interval I = [0, 1] the structure of a halated 1-manifold.
The interval has the set {0,1} as its @-face. Then, for n € N, we have I as a halated
({1,...,n},n)-manifold. For example, I? is a halated 2-manifold with four faces (the top
face being I? itself):

(It)i..;; = D

S/ ~
@y = = @y=11
AN v

(E'), '-"-: ..

Each of these pictures should be regarded as being manifold germs in R?, O

Definition 3.2.7. A globular halated ({1,...,k}, n)-manifold is comprised of the following
inductively defined data:

e A halated ({1,...,k},n)-manifold M and a family of halated (f,n — 1)-manifolds
Me(f) forall f C{1,...,k—1}.

o A decomposition of the face My, 1y into a disjoint union of globular halated ({1,. .., k—

-----

1}, n)-manifolds sM and tM, respectively called the source and target of M.

e Forall f/C fC{l,...,k—1} an embedding M°(f") < M°(f) of halated manifolds
such that the embeddings are functorial.

e Forall f C {1,...,k—1} adiffeomorphism hs : M°(f)x1 — My, such that hp(M°(f)x

.....

that for all f/ C f C{1,...,k — 1} these maps fit into a commutative diagram

hy
M°(f') x I —"= My

/ l

h
Me(f) x T — = My
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We call each collapse face My a suspension of M°(f) and each M°(f) a collapse of
Myiqry? We call the maps hy the collapse diffeomorphisms. O

Example 3.2.8. The halated manifold I™ is globular, as illustrated in the following diagrams
for I? and I3.

L‘ Iiizs =00 T—

Isi"“ = eexL
f{z.ﬁ =/ T

]:3

£
]
A sort of picture to keep in mind is a foliation-respecting singularity type:

o — x1

OJ, a

l ¢ & )
A
=== ;I

This, more precisely, is a globular halated manifold with an embedded codimension-1 sub-
manifold. The submanifold itself is a globular halated manifold as well, whose faces are the
intersections with the faces of I3. O

Remark 3.2.9. Globular halated n-manifolds are like globes in that sources and targets satisfy
ssM = stM and tsM = ttM. The data also allows one to crush faces in the I direction of
each collapse diffeomorphisms. Crushed globes have been used for globular set description of
cobordisms, see for example pinched products in [MW12]. A benefit to not crushing cubes
into globes is that whiskering does not require dealing with singular manifolds. ]

Remark 3.2.10. Our definition of globular halated n-manifolds is roughly equivalent to the
definition of the haloed bordisms defined in [SP09]. The role of a series of co-oriented
halations is played by halated (f,n)-manifolds, where the I'?, structure supplies all the
co-orientations. - ]

2N.B. This terminology is meant to evoke the sense of suspensions of singularities rather than suspensions
of topological spaces.



CHAPTER 3. PRESENTATIONS OF COBORDISM CATEGORIES 164

3.3 Cobordism bicategory

We give some details about the cobordism bicategory for surfaces, but we point the reader
toward [SP09] for more elaboration using a similar setup.

The collection of halated n-manifolds have n different directions for composition opera-
tions, one per (n — 1)-dimensional face. In our definition of halated n-manifolds, we required
that charts preserve the entire subspaces Hy = Span{e; | ¢ € f}, which gives us a well-defined
reflection operation:

Definition 3.3.1. Suppose M is a halated (f, n)-manifold. For every subset s C {1,...,n}\
f, there is halated (f, n)-manifold sM defined by taking all charts for M and flipping all the
coordinates contained in s. O

Suppose we have halated (f, n)-manifolds M and N, and furthermore suppose, for f' C f
with |s| = |f| — 1 that we have an (f’,n) manifold A and embeddings fy; : A — M and
fn :{i}A — N for some i € f\ f’ that respect the halation structure such that fy; and fy
map onto a connected component of the f’-faces. Then we claim we can form the pushout

A M

[ |

N —— MUy N

where {i}fx indicates the map from including A into {i} Ny rather than {i}A into Ny.
Furthermore, this pushout has the property that core(M Us N) = core(M) Ugore(a) core(N),
which is a sense in which halations yield canonical gluings. It should be said, though, that
we still need to choose a representative for the resulting halated manifold.

The reason we can form this pushout is that we can represent M as a manifold germ
(M',N(Mj})) and N as (N', N(N})), then use the existence of a bicollar neighborhood for
M'" and N’ to glue M' and N’ along some open neighborhood of the image of A contained
in this bicollar neighborhood. Writing M’ U, N’ for this glued manifold temporarily, then
MUy N is (M"Uaq N',N(M} U N})), where we identify M} and N} with their images in
M" Uy N'. One can check that this construction yields a halated ( f, n)-manifold.

For each n € Nand k < n, let Bord,, ; be the set of compact globular halated ({1, ..., k}, n)-
manifolds, where compact means the core of the underlying halated manifold is compact.
Then Bord, = | |;_,Bord, x is something like a quasicategory, in that compositions exist
but without any promise of associativity or other coherence. We mention these compositions
here.

For M, N € Bord,, s, we have a subset Bord,, j+1(M, N) of all F' € Bord,, x+; such that
sF'= M and tF = {n}N. Then for L, M, N € Bord, , there is a well-defined map
Bord,, x+1(M, N) x Bord, g+1(L, M) — Bord,, x4+1(L, N) defined on the underlying halated
manifolds by (F', F) — F' Uy F. To extend this to a map of globular halated manifolds,
we glue the collapse diffeomorphisms end-to-end using some fixed identification I U, I = I,
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where p is the one-point (&, 1)-halated manifold that embeds into 0 in the first 7 and 1 in
the second — note that we can do this gluing since the diffeomorphisms are diffeomorphisms
of halated manifolds.

Remark 3.3.2. Of course, this composition operation is not associative. This is due to the
fact that gluing three copies of I two at a time is non-assocative. We could potentially
remedy this by having globular halated n-manifolds use arbitrary closed intervals [0, a] for
a > 0 rather than fixing a = 1, since then there is an associative way to compose such
intervals. [

There is also, for each n € N, a monoidal composition Bord,, (M, N)xBord,, x(M', N') —
Bord,, x(MUM', NUN’) by taking disjoint unions. It is worth pointing out that this operation
is also not associative since disjoint unions require an encoding, for example X Y = {(0, z) |
re XtU{(l,z)|yeY}.

We have another operation, which is whiskering. For F' € Bord,, x11(M,N) and L €
Bord,,; such that ssF = {k — 1}tL, then we can use the collapse diffeomorphism for F
to glue L x I along sF, yielding an element of Bord,, x1(M Ui, L, N U, L). Note that
N Uy, L uses the collapse isomorphism to do the gluing, since N and L might otherwise be
incompatible.

The essence of the cobordism n-category Cob,, is that we take Bord,; to be the k-
morphisms for all 0 < k < n, modulo the relation that n-morphisms are equivalent if they
are diffeomorphic, and with identity maps given by M x I € Cob, (M, M). Then for each
M, N € (Cob,), the set Cob, (M, N) has the structure of an (n — k)-category since we get
weak associativity of compositions.

This was a brief explanation of cobordism categories using globular halated manifolds,
and since our goal is to give a presentation of some concrete cobordism categories we will
stop here.

3.4 Gradient flows

Suppose f : ¥ — R? is a generic 2D Morse function and let 7 : R? — R?/R be the standard
projection. Like in 1D Morse theory, we can use gradient flows to decompose ¥ into well-
understood pieces, which we describe how to do in this section. See Figures 3.2 to 3.4 for
illustrations of all the pieces that we found through our classification of singularities; this
includes singularities of surfaces with embedded curves.

Generic 2D Morse functions have a stratification of the domain into locally closed singu-
larity submanifolds. These singularity submanifolds have the property that f and 7o f are
immersions when restricted to them. Furthermore, there are multijet singularity subman-
ifolds associated to subsets of points that have the same image, and these have the same
properties.

Hence, a singularity has codimension 2 if and only if d(7 o f) restricted to its singularity
submanifold has rank 0.
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Definition 3.4.1. Suppose f : ¥ — R? is a generic 2D Morse function. A vector field
V € O®(TY) is subordinate to the singularities if for all singularity submanifolds S C ¥ and
r €S, we have V, € T,,S. O

Lemma 3.4.2. Suppose f : ¥ — R? is a generic 2D Morse function. There exists a
Riemannian metric on X such that the gradient vector field V(m o f) is subordinate to the
singularities and vanishes only at codimension-2 singularities.

Proof. For each p € ¥, the germ [f], is equivalent to one of the singularities in our clas-
sification, and so there exists a chart neighborhood U of p such that f|y has coordinates
given by one of the normal forms. One can see that in each case there exists a Riemannian
metric such that the gradient vector field V(7o f|y) is subordinate to the singularities in U.
Then we can get a Riemannian metric from these using the standard partition of unity and
paracompactness argument, and this Riemannian metric has the desired properties. O

Lemma 3.4.3. Suppose [ : ¥ — R? is a generic 2D Morse function. Let to < t; be real
numbers such that (o f)~1([t, t1]) intersects no codimension-2 singular submanifolds. Then
there exists a diffeomorphism h : f~'(to) x I — f(m o )" ([to,t1]) such that h restricts to
diffeomorphisms ' (to) x {0} — f(mwo )~ ({to}) and f~'(t) x {1} = f(mwo f)~"({ts}).
Furthermore, each singularity submanifold in (mo )71 ([to, t1]) is a union of the h(x x I) sets
1t intersects.

Proof. Give ¥ a Riemannian metric such that V(7 o f) is subordinate to the singularities.
Since there are no codimension-2 singular submanifolds in (7 o f)~!([to,#1]), the gradient
is non-vanishing in this region. We then take the flow of V(m o f)/|V (7w o f)[?, for time
in the interval [0,%; — to], which after identifying this interval with I yields the desired
diffeomorphism since this is the height-parameterized flow like in Morse theory. The last
claim of the lemma follows from the vector field being subordinate to the singularities. [

Now we understand what occurs between codimension-2 singularities, and now we need a
description of what occurs at codimension-2 singularities. To do this, we develop structures
we use for the decomposition.

Definition 3.4.4. For n € N, suppose R" is given the standard R C --- C R" flag foliation.
An n-cube is a set of the form g[0, 1]" for some g € Diff(R C --- C R"™). We give n-cubes the
structure of a globular halated n-manifold through its identification with [0, 1] as a subset
of R™, O

Remark 3.4.5. In the following, we will be somewhat loose with terminology and speak of
“isomorphism.” What we mean is that we are constructing particular decompositions and
carrying around a combinatorial description of it. [

Theorem 3.4.6. Suppose f : ¥ — R? is a generic 2D Morse function. For every p € R?
and open neighborhood U O p there exists a 2-cube C' C U such that the smooth manifold
germ (2, f~Y(C)) and inherits the structure of globular halated 2-manifold, which is to say the
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Figure 3.1: When there is a codimension-2 singularity, there is a cube containing the value
q and a corresponding decomposition that gives the surface a description as a whiskering by
a 1-manifold in Cobs.

preimage of each f-face of C is an f-face of f~1(C) and the collapse diffeomorphisms for the
globular structure are pulled back to f~*(C). Furthermore, this globular halated 2-manifold
1s isomorphic to one of the standard ones from Figure 3.2.

Proof. For each ¢ € R?, the preimage f~!(q) intersects one or more singularity submanifolds.
Shrink U until f~(U) is a disjoint union of neighborhoods, one per point in f~!(q). If any
p € f~Y(p) is a codimension-2 singularity, then we can disregard it in the following analysis
since f~1(C) for any 2-cube C' C U will lift to a diffeomorphic cube in a neighborhood of
p. Let S C f~1(q) be the set of non-codimension-2 singularities. We have analyzed all the
possibilities through our analysis of multigerms, and for each of theme one can find a 2-cube
C in U with the desired property. See Figure 3.2 for illustrations of the globular structure
of each singularity type and how it maps to a 2-cube in R2. O]

Remark 3.4.7. Given such a globular halated 2-manifold in ¥, note that the faces that are
collapsed are all in the codimension-0 singularity submanifold, which follows from the fact
that the collapse diffeomorphims are pulled back through f, so they yield diffeomorphisms
of those faces onto faces in R?, and importantly faces are halated, so this extends to a
diffeomorphism of an open neighborhood of those faces. [ ]

Lemma 3.4.8. Suppose f : ¥ — R? is a generic 2D Morse function and that for real numbers
to < ty there exists exactly one codimension-2 (multi)singularity p in (o )~ ([te, t1]). Let C
be a cube in R X (tg,t1) containing f(p) of the type from Theorem 3.4.6, and let sq, s1 € (to,t1)
with sy < s1 be the yo coordinates of the sides of C'. Using C', decompose R X [to, t1] into five
regions as depicted in Figure 3.1. Then (1) f~1(C) is isomorphic to the disjoint union of
one of of the standard globular halated 2-manifolds associated to codimension-2 singularities
and some number of identity morphisms (call this disjoint union A) (2) f~1(R X [so, s1]) is
isomorphic to a left- and right- whiskering of A (call this B), and (3) f~1(R X [to,t1]) is
1somorphic to B.

Proof. Let C be as stated. When we construct a Riemannian metric such that V(7w o f) is
subordinate to the singularities, we may use the collapse faces of C' as additional “singulari-
ties” for the gradient to be subordinate to (and in general, for other dimensions, we can ask
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for the gradient to lie in the I direction from the collapse diffeomorphisms). Have done so,
the resulting flows follow the collapse faces, so we can use the flow from Lemma 3.4.3 for the
two regions L and R of R X [sq, s1] outside C. Hence, f~'(R x [s, s1]) is the whiskering of
FHC) by f7HLN (R x {so}) and f~H(L N (R x {sp}). Furthermore, since codimension-2
singularities do not occur simultaneously, we can “peel off” identity morphisms from f~!(C).
For the rest, note that in the R x [ty, so] and R x [sq, ¢1] regions we can apply Lemma 3.4.3. [

Warning 3.4.9. While we mention disjoint unions, we are not claiming to be decomposing
these pieces using the monoidal structure of the cobordism 2-category. There is still an issue
of separating the manifold into sheets, which the next section comments upon. O

This lemmas gives a way to decompose any surface into whiskerings of 1-manifolds com-
posed with one of the standard 2-manifolds associated to codimension-2 singularities. What
remains is to decompose 1-manifolds. For generic f, when ¢ € R is such that R x {0} con-
tains no codimension-2 singularities, then we can restrict to studying the restriction of f to
S7HR x {0}) — R x {0}. This is itself generic, so we can continue the decomposition. In
this case, it is simply a Morse function of 1-manifolds, so we skip it here.

Hence, we have described a way to use gradient flows to decompose a surface > that has
a 2D Morse function f : ¥ — R? into pieces from Figure 3.2. And of course, since 2D Morse
functions are dense, this means we can decompose every compact surface in such a way by
perturbing the constant-zero function.

For relations, we apply a similar process to 3D Morse functions ¥ x I — R3. This time we
look for 3-cubes in R? that contain a codimension-3 singularity and decompose ¥ x I using
gradient flows. We have illustrations of all the codimension-3 singularities and a globular
halated 3-manifold structure that maps to a 3-cube in Figures 3.2 to 3.4.

We mention that decompositions for the case of surfaces with embedded curves is handled
in essentially the same way since we can treat the curves as if they were singular submanifolds.

3.5 Symmetric monoidal structure

One aspect we did not deal with in the previous section is decomposing manifolds using the
symmetric monoidal structure of the cobordism category. There is a fundamental problem
that needs solving. For f : ¥ — R? a 2D Morse function, let ¥° be the preimage of R?
minus any singular values. This open submanifold is a collection of connected components,
the sheets, that f embeds in R%. To yield a monoidal decomposition, a naive approach
would be to totally order the sheets, but the total ordering needs to be compatible with
the singularities in the sense that singularities cannot occur between sheets at points where
there is another sheet between them. This quickly leads to impossibilities.

What Schommer-Pries proposed is to cut apart the sheets into chambers with tools called
chambering graphs (for ) and chambering foams (for ¥ x I). One way to conceptualize
these is that we want a function ¢ : ¥ — R that is generic with respect to f, and then
we use the collection of double points (the chambering graph) to decompose 3. This is
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Figure 3.2: Illustrations of singularities with choices of neighborhoods such that the codomain
is an n-cube and the domain is a manifold with faces. Suspensions are not shown, and not
all multigerm singularities are present. Continued in Figure 3.3.
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Domain Codowmdin

Figure 3.3: Continuation of Figure 3.2, and continued in Figure 3.4.
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Domain Codowmain

Figure 3.4: Continuation of Figure 3.3.



CHAPTER 3. PRESENTATIONS OF COBORDISM CATEGORIES 172
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[ X1

Figure 3.5: The 2-morphisms that are the symmetry generators for the 2D cobordism 2-
category, which are all from the analysis of Cerf functions of curves in the plane from Sec-
tion 2.3.2. The second and fourth are consequences of symmetric monoidal 2-categories.

Figure 3.6: The 3-morphism that the double point relation for surfaces with embedded
curves. We do not show the ones that are consequences of symmetric monoidal 2-categories.

equivalent to studying 3D Morse functions f : ¥ — R3, where the projection onto R?/R
gives all the singularities we have found so far, and the additional (multi)singularities yield
all the symmetry generators. The component f; is precisely the o function.

We can deduce what the additional singularities and multigerm singularities must be,
since for codimension reasons a 3D Morse function cannot have double points occuring at
a codimension-3 singularity. This means that, away from such codimension-3 points the
3D Morse function is a Cerf function for curves in surfaces, which we already analyzed in
Section 2.3.2.

Hence, by cutting up sheets along these loci of double points we have a way to totally
order the remaining sheets and glue them back together using generators for the cobodism
2-category.

What remains is finding the relations between these types of singularities and the singu-
larities we have found so far. We refer to [SP09, Figure 3.8] for now for the relations, and
for embedded curves in surfaces one can deduce that there must be a move like Figure 3.6
and that all other relations on symmetry generators are consequences of symmetric monoidal
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Figure 3.7: Decomposition of a 2D Morse function for RP?. Each vertical slice (a 2-
morphism) has a single 2-morphism generator. The l-morphisms between these slices are
shown, and then these are sliced horizontally, with a single 1-morphism generator per slice.
To the left, in blue, is a 2D Morse graphic showing the images of the singular points; many
intermediate moves are for bookkeeping in the symmetric monoidal 2-category.
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2-categories.

Remark 3.5.1. Although they are sufficent, from the perspective of Cerf theory of R? — R3
functions, the relations in the lower-left corner of [SP09, Figure 3.8] are not generic since
with a slight perturbation the relation decomposes into a sequence of more obviously stable

relations:
(KD > o,
o716 - [

This uses a relation that is not present in the figure, the double-point flip:

Taking horizontal slices through time, the knot theoretic interpretation of this move is that
doing a single Reidemeister I move is equivalent to do a Reidemeister II move and then a
Reidemeister I move. ]

Example 3.5.2. In Figure 3.7 we decompose RP? as an element of the symmetric monoidal
2-category of 2D cobordisms. It is sliced into 2-morphisms, with one generating 2-morphism
per piece, and then the intervening 1-morphisms are sliced, with one generating 1-morphism
per piece. O
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Chapter 4

Applications

4.1 Black-white extended 2D TQFTs

This author’s original motivation for computing a presentation for the symmetric monoidal 2-
category of surfaces with embedded curves was to study a particular extended 2D TQFT with
defects, which we describe in this section. In this TQFT, oriented surfaces are decomposed
into a black and a white region, separated by a common 1-dimensional submanifold. We
extend this TQFT in Section 4.2 with an additional 0-dimensional defect type to encode
surface graph invariants as extended TQFTs.

These are a sort of “surface algebra” analogue of the planar algebras described in [Jon]|, in
that planar algebras come with a natural black/white checkerboard coloring, and so we ex-
tend this structure to diagrams on surfaces. Black-white 2D TQFTs, as surfaces constructed
from patchworks of planar algebra diagrams, were studied in [KPS], and also related are the
black-white “picture TFQTs” in [FNWW]|.

Consider the class of compact oriented surfaces with embedded 1-dimensional subman-
ifolds such that the complement of the submanifold is given a locally constant function
coloring each point either black or white. For surfaces with boundary, we require that the 1-
manifold intersects the boundary transversely. We call these black-white surfaces, the points
colored black or white the black region and the white region, respectively, and the 1-manifold
the strings. There is a cobordism 2-category for these.

Definition 4.1.1. Let BW2Cob denote the symmetric monoidal 2-category for cobordisms
of black-white surfaces, where a k-morphism is an globular halated ({1,..., &}, 2)-manifold
arising as a manifold germ of a black-white surface such that the defect meets each face
transversely. O

Remark 4.1.2. In [SP09], Schommer-Pries showed how to carry out a characterization of
extended oriented 2D cobordisms as an example of more sophisticated techniques that work
for more sophisticated structures on manifolds. Simplifying this, we say an orientation of a
surface X is a function p that assigns to each x € ¥ a generator u, € Hy(3, X\ {z}) = Z
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Figure 4.1: A 2-morphism in BW2Cob. Using the bottom-to-top convention, this is a mor-
phism from the disjoint union of an interval and a circle to an interval, where each interval
is separated into two white and one black regions and the circle is separated into two white
and two black regions. The 2-morphism has four strings.

such that for all x € ¥ there exists a neighborhood U C ¥ homeomorphic to a disk such
that there exists a generator uy € Hy(X,3 \ U) & Z such that for all y, the natural map
Hy(E, 2\ U) — Ho(X,X \ {y}) maps py to p,. We use this notion of orientation for
BW2Cob, and there is no difficulty in gluing such functions together when doing the various
compositions the category provides.

Additionally, the black-white coloring can be represented as the additional structure of
a codimension-0 submanifold representing the black region. There is no difficulty in gluing
such data. ]

Example 4.1.3. For a representative example, see Figure 4.1. O

Theorem 4.1.4. The category BW2Cob is the symmetric monoidal 2-category presented by
the morphisms and relations illustrated in Figure 4.2.

Proof. The additional structure on the cobordisms (orientations and colorings) is simple
enough that in our 2D Morse functions and Cerf functions, we can simply ignore it, classify
singularity types, decompose, and then work out how the structure should be reattached to
the pieces, which can be done without any choices. We take the classification of singularities
for surfaces with embedded curves and then consider all possible 2-colorings and orientations.
We illustrate the results in Figure 4.2, modulo obvious symmetries. O

Definition 4.1.5. Let C be a symmetric monoidal 2-category. A topological quantum field
theory (or TQFT) for BW2Cob is a symmetric monoidal homomorphism BW2Cob — C.! ¢

In the next sections we review the algebraic theory to make sense of some example
TQFTs, and we will continue in Section 4.1.2.

1Refer to [Stal3] for definitions, reproduced in [SP09, Appendix C].
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Figure 4.2: Generators of BW2Cob. For 2-morphisms and 3-morphisms, we gives representa-
tives up to vertical and horizontal reflection, orientation changes, and black-white reversals.
We do not include symmetry generators or identities, which come from the definition of a
symmetric monoidal 2-category.
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4.1.1 DMorita category

Of particular interest for the target category for a TQFT is the Morita category k-Alg,
where, for k a commutative ring, objects are k-algebras, 1-morphisms are bimodules, and
2-morphisms are bimodule homomorphisms (intertwiners). Over the next few subsections
we review properties of this category as well as Frobenius algebras, which play a role in the
classification of k-Alg,-valued extended 2D TQFTs.

Given k-algebras A, B, and C' and bimodules 4Mp and gN¢, the composition of the
bimodules is given by tensor products over the intermediate algebra B:

M@pN

AM BN (¢ = A C.

One can think of k-Alg, as being a generalization of the category of algebras and their
homomorphisms, since if f : A — B is an algebra homomorphism, then we have the bimodule
4Bp with the A action given by ab = f(a)b for a € A and b € B.

Tensor products of k-algebras gives a monoidal structure to the category, where k is the
monoidal unit. This is compatible with the morphisms and 2-morphisms in the following way.
For 4Mp and ¢ Np bimodules, the tensor product of MXN = M ®; N is a (A®; C, By D)
bimodule:

Ay, C JMEN g QR D.
Furthermore, if f : 4Mp — sMp and g : ¢ Np — ¢ N are bimodule homomorphisms, then
f X g is a bimodule homomorphism of (A ®; C, B ®; D)-modules:

MXN

N

A®pC My B D.

~_ |

M'RN’

For k-algebras A and B, the twist 74 p, which gives k-Alg, the structure of a symmetric
monoidal category, is A ®; B as a (B ®; A, A ®; B)-module.

Let k-Alg,(A, B) denote the morphism set of all (A, B)-modules. This forms a monoid
under direct sums, where the additive unit is the zero (A4, B)-module. The monoid structure
is compatible with the 2-morphisms, which is to say that, for bimodule homomorphisms
f:aMp — sMp and g : AN — 4Np, there is a bimodule homomorphism f & g as follows:

Mé&N
/\
A feg B

N VS

M'®N’

It should be noted that the monoid axioms are only true up to coherence, for example
M1 @ (MQ @ Mg) ~ (Ml @ Mg) @ M3.
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Thinking of k-Alg,(A, B) as a symmetric monoidal category, the objects are (A, B)-
modules and the morphisms are bimodule homomorphisms. The hom sets of k-Alg,(A, B),
comprising of k-linear maps, are k-modules.

For A a k-algebra, let A°P be the same algebra but with opposite multiplication p°? = por.
For a (A, B)-module M, there is an opposite (B°?, A°?)-module M°P with the opposite action:

A«¥—B =  A» 25, Bor,

In general, if M is a (A®y, B, C')-module, we may treat it as a (A, B°°®;C)-module. A special
case is when M is an A-bimodule, where M can be thought of as a (k, A°° ®; A)-module,
with A°P ®, A being known as the enveloping algebra of A.

Let evy be A as a (k, A°? ®; A)-module and let coevy be A as a (A ®; AP, k)-module.
These bimodules give A as a right dual of A°P in k-Alg,, and similarly A°P as a right dual of
A. Hiding some isomorphisms (such as A®;k = A) this says that, up to some 2-isomorphism,
the compositions satisfy

A ANev 4 A ®k Aop ®k A coev 4 KA A _ A A A
and
Aop ev 4 XA°P Aop R0 A R Aop A°PKcoev 4 AoP _ Aop Aop AP

This will be illuminated in Section 4.1.1, where we will also see, for instance, how M°P may
be formed from M through compositions with ev and coev.

Trace diagrams of bimodules

In this section, we recall trace diagrams (also known as tensor networks, Penrose notation,
string diagrams, etc.), but as applied to objects and 1-morphisms of k-Alg,, giving a conve-
nient notation for writing tensor products of bimodules. Our temporary convention in this
section is that tensor products over k are left-to-right and morphisms go bottom-to-top, to
match Appendix A.2, and when we work with 2-morphisms we will rotate these diagrams
90 degrees counterclockwise.

We write an (A, B)-module M as

4

M

ot



CHAPTER 4. APPLICATIONS 180

For bimodules over tensor products of algebras, we may use multiple arrows to indicate this.
For example, if M is a (A® B,C° ® D)-module, we may write either

cwen) X A

Mooor M
aon) N

where downward-oriented arrows correspond to the opposite algebra.
The X tensor product of bimodules is given by juxtaposition:

L1,
ol ok ]

Since for an (A, B)-module M we have A ®4 M ®p B = M (that is, A and B as
bimodules over themselves are the identities for k-Alg,), vertical lines without a bimodule
can be thought of as being the identity:

Connecting bimodules together corresponds to composition. For example, the relations that
the ev, and coev, bimodules satisfy can be written as

Seeing that this is a “topological” identity, we will henceforth omit ev, and coev, on bends
in the arrows. For example, if M is an (A, B)-module, the opposite (B°P, A°?)-module M°P
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is given by
) // _ P
M P MeP
[

Arrows can cross, and the interpretation is to use the twist bimodules 74 5. The way in
which arrows are immersed ends up being immaterial: all that matters is what is connected
to what and with what orientation.

For an A-bimodule M, the ev, and coevor bimodules let one define a trace tra(M),
which is a k-module:

tra(M) = A@ = M/(am ~ma:a € A and m € M).

The trace tra(A) is also known as A/[A, A], where [A, A] is the k-module {ab—ba | a,b € A}.

A trace f: A — k for a k-algebra A is a k-linear map that factors through trs(A), which
is to say f(ab) = f(ba) for all a,b € A. From the point of view of the double commutant
theorem for A as an (A, A)-module, a way to state the Artin-Weddernburn theorem is that if
A is semisimple, then A = @, V) ®p, V) where X ranges over isomorphism classes of simple
A-modules (V) being a representative right A-module, V{ = Hom(V), A) the corresponding
left A-module, and D) = End4(V)) a division ring). Each direct summand may be identified
with the matrix ring Maim(v,)(Dx). With this decomposition, we calculate

tI‘A<A) = @U'AG/X ®D>\ V)\) = @U'DAG/)\ ®A V/() = @U'DA(D/\) = @DA
A A A A

Hence trs(A) may be identified with the center Z(A) when A is semisimple. For example,
every trace on M, (k) must be of the form m +— ¢ . m;; for some scalar ¢ € k.

We mention that if A and B are bialgebras, then the coinvariants of an (A, B)-module
M come from another trace diagram, using k as a trivial module (whose module structure
depends on a counit):

k

Al

M = M/(am ~ e(a)m and mb ~ me(b) :a € A, b€ B, and m € M).
5t

k
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Frobenius objects

In this section, we give the definition of a Frobenius object in a category. There are some
cases for which the ® bimodules for a k-module A define a Frobenius object.

Definition 4.1.6. In a monoidal category C with monoidal unit I, a Frobenius object is an
object A with both a monoid structure (A,n : I — A,u: A® A — A) and a comonoid
structure (A, e: A — I,A: A— A® A) that satisfy the Frobenius aziom:

NS}
S S
| AN |

If C is a symmetric monoidal category, we call the object symmetric if e o u7 = € o u and
commutative if o1 = p. O

There are many consequences to the Frobenius axiom. For example, e o y and A on are
pairings that give A as a self-dual object. Another is that any planar tree-like composition of
€, i, m, and A (in that the diagram contains neither loops nor crossings) is equal to any other
such composition with the same number of top and bottom arrows. This gives a well-defined
family of morphisms u* : A®™ — A®™ for n,m € Zs, that may be recursively defined by
the formulas

L pg=eomn,
2. pp =,
3.1 =¢,

4. ppty =t o (B ® id®("_1)) for n > 1, and
5.0+ = (A ®id®™ DY o i for m > 1.

In particular, 3 = p and p? = A.

An invariant pairing o : AQ A — I for a monoid A is a morphism satisfying oo (pu®id4) =
oo (idg ®A). It is called nondegenerate if it has an inverse ¢ : I — A ® A satisfying the sort
of relation ev and coev satisfy, and in particular these give A as a self-dual object. For a
Frobenius object, the composition € o ;4 is a nondegenerate invariant pairing.
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Proposition 4.1.7. Suppose (A,n: I — A,jun: A® A — A) is a monoid in a monoidal
category C. If there exists a mondegenerate invariant pairing o : A® A — I or if there is a
morphism € : A — I such that 0 = € o i is a nondegenerate pairing, then A is a Frobenius
object with € = 0 o (n®ids) and A = (u ®idy) o (ida ®c), with ¢ : [ — A® A being the
inverse for o.

Frobenius algebras

A Frobenius k-algebra is a Frobenius object in the category of k-modules. A Frobenius
algebra is a kind of algebra but with additional structure.

Warning 4.1.8. A Frobenius algebra is an algebra with specific additional structure (the
choice of A and €). Algebras that admit a Frobenius algebra structure almost never do so
in a unique way. O

Warning 4.1.9. The comonoid structure of a Frobenius algebra A does not generally give
A a bialgebra structure. Many Frobenius algebras are simultaneously bialgebras (like the
group algebra of a finite group), but the comultiplications and counits do not coincide. ¢

Example 4.1.10. If £ is a field, then for every element ¢ € k there is a commutative
Frobenius algebra defined by

p(a @ b) = ab ila)=a
Ala)=c'®a e(a) = ca. O
Example 4.1.11. The prototypical example of a noncommutative Frobenius algebra is the
matrix ring A = Mat,,, (k) with k& a field. Let E;; € A denote the matrix with a 1 in the

(i,7) entry and zeros elsewhere, and let §;; € k denote the Kronecker delta, which is 1 if
1 = j and otherwise 0. The Frobenius algebra is defined by

1(Eij @ Ere) = 01 B i(l) =id = Z E;
i=1
A(Ey) = By ® Ey €(Eij) = dij.
k=1

That is, the multiplication is the standard matrix multiplication u(A ® B) = AB, and
the counit is the trace e(A) = tr A. As the counit is the trace, this Frobenius algebra is
commutative. O

Example 4.1.12. A commutative Frobenius algebra that shows up in Khovanov homology
is A = R[z]/(«?) is defined by

pla®b) = ab i(l)y=1
Al)=1Rz+z®1 €(1)=0
Alx)=z®z e(r) =1
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This is a non-semisimple algebra, unlike the previous examples. O

Since we are discussing Frobenius algebras, we give some results on the structure of Frobe-
nius algebras over a field. Theorem 4.1.29 gives a decomposition of a Frobenius algebra into a
semisimple and a “radicular” part using an element, the distinguished element, that is simple
to define. We also characterize symmetric Frobenius algebras up to graphical equivalence,
which is whether Frobenius algebras give the same interpretation to trace diagrams with no
inputs or outputs, and in Theorem 4.1.35 we give a classification for symmetric Frobenius
algebras over algebraically closed fields up to graphical equivalence.

For the rest of the section, assume that k is a field. We let A be a k-algebra for the
following definitions.

For a left or right A-module M, the socle soc(M) is the sum of the simple submodules
of M, and it is the largest semisimple submodule. With A as an A-bimodule, if soc(4A) =
soc(Ay), we will write soc(A) for the socle of A, which is a two-sided ideal in this case. The
Jacobson radical rad(A) is the intersection of all the maximal left (or right) ideals of A, which
is a two-sided ideal such that the cosocle cosoc(A) = A/rad(A) is the largest semisimple
quotient algebra.

Given a subset S C A, let ann™(S) = {z € A: 25 =0} and ann®(S) = {y € A: Sy =0}
be the left and right annihilators of S, respectively, and ann(9) is a left ideal and ann®(S)
a right ideal. If I C A is a left ideal, then ann®(/) is a right ideal, and if I C A is a right
ideal, then ann®(I) is a left ideal.

If A is a Frobenius algebra, let (—, —) denote the nondegenerate bilinear form € o p.
For a subset S C A, let *S = {z € A: (2,58) = 0} and S* = {y € A : (S,y) = 0}
and be the left and right orthogonal complements of S, respectively (where, for example,
(S,y) = {(z,y) : x € S}). With V C A a subspace, H(VL) =V = (+V).

The Nakayama automorphism ® : A — A is defined by (z,y) = (y, ®(z)) for all z,y € A.
With V' C A a subspace, (V+)* = ®(V). A symmetric Frobenius algebra is one whose
bilinear form is symmetric, in which case +(—) = (=)* and ® = id.

Lemma 4.1.13. Let A be a Frobenius algebra. If I C A is a left ideal, then ~1 is a right
ideal. If I C A is a right ideal, then I+ is a left ideal.

Proof. Suppose I C A is a left ideal, hence AI = I. Then (11A)I = L1(AI) =+I1 =0, so
+JA =+1, thus *1 is a right ideal. The second statement is similar. O

Lemma 4.1.14 ([Jan59, Lemma 4.1]). Let A be a Frobenius algebra. If I C A is a left ideal,
then I+ = ann®(1I) is a right ideal. If I C A is a right ideal, then 1 = ann™(I) is a left
ideal.

Proof. For all y € A, we have the following chain of equivalences:
Iy=0 < (Alyy=0 < (Al,Ly)=0 < (I,y)=0,

where the first equivalence is due to nondegeneracy, the second is due to associativity, and
the third is due to I being a left ideal. Therefore, ann®(7) = I+. O
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Lemma 4.1.15 ([Jan59, Theorem 6.4]). Let A be a Frobenius algebra. Then soc(4A) =
soc(Aa) and soc(A) = rad(A)*+ = Lrad(A).

Proof. Right complementation bijectively carries minimal left ideals to maximal right ideals,

hence
soc(4A)*t = (Z m) = r]mL =rad(4),

where the sum and intersection range over minimal left ideals. Similarly, by considering
minimal right ideals, soc(A4)* = rad(A), hence soc(4A) = soc(Ay). O

Definition 4.1.16. Let e;,...,e, € A be a basis for a Frobenius algebra A, and let
el,...,e" € A be a dual basis, in the sense that (e;,¢’) = §] for all 1 < 4,5 < n. The
distinguished element is w =), ele; € A. O

Remark 4.1.17. The distinguished element has numerous properties. It is nearly central
(Lemma 4.1.19), it is a sort of dual to the trace form (Lemma 4.1.21), and Aw? is the largest
semisimple subalgebra that is a direct summand (Theorem 4.1.29). |

Remark 4.1.18. Graphically, w = é = (po7oA)(1), where 7 : A®? — A®? is the trans-

position map defined by  ® y — y ® x. This is because A(1) = >, e; ® ¢'. One can also

check that w = (po (id ®®) o A)(1). Equivalently, w is either of the two partial traces of the
comultiplication.?

In [LP]|, they describe a projector that is w times a suitable unit with the same diagram.

n

Lemma 4.1.19. If A is a Frobenius algebra and a € A, then aw = w®(a). Furthermore,
d(w) =w.

Proof. Using a diagram for p o (id ®w), one drags the id around w, which yields a twist on
its string that is equal to an application of ®. O]

Lemma 4.1.20 (Dickson’s criterion). Let A be a finite-dimensional algebra over a field k of
characteristic 0, and let try : A — k denote the trace of the action of A on its left reqular
representation. Then rad(A) = rad(trs), where rad(tra) = {r € A : tra(rA) = 0} is the
radical of the symmetric bilinear form a ® b — tr(ab).

Proof. Let r € rad(A). Nakayama’s lemma implies rad(A) is a nilpotent ideal, hence for all
s € A the element rs is nilpotent. Similarly, left multiplication by rs is a nilpotent linear
operator, thus tra(rs) = 0. Hence rad(A) C rad(try).

2Given a linear map f : U® V — U ® W with U a finite-dimensional vector space, the partial trace
of f with respect to U is a map V — W defined by v — Y, (u’, f(u;,v) 1)) f(ui, v)(2) in sumless Sweedler
notation, where {u;}; is a basis of U with a corresponding dual basis {u'}; of U*.
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Conversely, let 7 € rad(tra). For all s € A and n > 1, tra((rs)”) = tra(r(s(rs)" 1)) = 0.
Hence left multiplication by 7s is nilpotent, so the right ideal rA is a nil ideal, and thus
nilpotent since A is artinian. Hence rad(try) C rad(A). O

Lemma 4.1.21. Let A be a Frobenius algebra over k. Then the function (— w) : A — k is
equal to tra(—).

Proof. This is due to the fact that for z € A, (z,w) is the trace of (u(x,—) o (coev®id) o
(id ® ev), which is equal to p(z, —). O

The following lemma appears in [Abr96] for the special case of A being a commutative
Frobenius algebra.

Lemma 4.1.22. If A is a Frobenius algebra over a field k of characteristic 0 then soc(A) =
Aw.

Proof. Using Lemma 4.1.21 for the characterization of tr,, then by Lemma 4.1.20, rad(A)
is {r € A: (rA,w) = 0}. By associativity, this is {r € A : (r, Aw) = 0} = (Aw)*. Hence, by
Lemma 4.1.15, soc(A) = rad(A)+ = Aw. O

Lemma 4.1.23. Let A be a Frobenius algebra and m C A be a minimal left ideal. The
following are equivalent: (1) wm =0, (2) m C rad(A), and (3) m* = 0.

Proof. The set wm is a left ideal since wm = wAm = Awm. Then,
wm=0 < Awm=0 < mCann®(Aw)= (Aw)’ =rad(A).

Since m is a minimal left ideal, m C soc(4A). If m C rad(A), then m? = 0 since the radical
annihilates the socle. Conversely, for every simple A-module M, there is a descending chain
of modules M D mM D m?M = 0, hence mM = 0 by simplicity. Since this is true for all
such M, m C rad(A). O

Corollary 4.1.24. Let A be a Frobenius algebra and I C A a minimal two-sided ideal. Then
either (1) wl =0 and I Crad(A) or (2) wl =1 and I Nrad(A) = 0.

Lemma 4.1.25. For A a Frobenius algebra and I C A a minimal two-sided ideal with
wl =1, then I is a unital subalgebra of A.

Proof. Since wl = I, there is an e € [ such that we = w. For each x € I, there is an 2’ € [
such that z = wz’/, so ex = ewr’ = P(we)r’ = ¢(w)z’ = war’ = x. Similarly, for each z € I,
there is an 2’ € I such that © = 2'w, so re = 2’we = 2’w = x. Therefore, e € I is a unit. 0O

Lemma 4.1.26 ([Nak41,Abr96|). Suppose A, A’, and A" are k-algebras with A = A" & A”,
andlete: A—k, e A —k, and €' : A” — k with e = € +¢€". Then € gives A the structure
of a Frobenius algebra iff € and € respectively give A’ and A" the structures of Frobenius
algebras.
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Definition 4.1.27. A Frobenius algebra A is radicular if soc(A) C rad(A). O

Remark 4.1.28. In [Hal40|, an algebra A is bound to its radical (or, is a bound algebra) if
ann®(rad(4)) N ann®(rad(A)) C rad(A). In the case of a Frobenius algebra, this is ex-
actly that soc(A) C rad(A). This is equivalent to the definition in [Jan59|, where a bound
Frobenius algebra is one where every minimal two-sided ideal squares to zero. ]

The following is largely [Jan59, Theorem 6.5], but strengthened to given an explicit
splitting, using the distinguished element. One can also view it to be a specialization and re-
finement of [Hal40, Theorem 2.2|, which shows that every k-algebra is uniquely decomposable
as a semisimple algebra and a bound algebra.

Theorem 4.1.29. Let A be a Frobenius algebra. Then A = w?A + (w?A)* is an algebra
direct sum decomposition, where w?A is semisimple and (wW?A)*t is radicular.

Proof. The socle decomposes as a direct sum soc(A) = w?A + soc(A) Nrad(A), with w?A
being the sum of the minimal two-sided ideals I C A for which wl = I.

The intersection w?A N (w?A)* is a two-sided ideal. Since (w?A)T = ann®(w?A), any
minimal two-sided ideal contained in the intersection squares to zero, but since w?A is the
sum of minimal two-sided ideals that square to themselves, the intersection is trivial, and
hence A = w?A + (w?A)* is a direct sum as ideals.

Let e € w?A be the unit. Then since 1 — e annihilates w?A, 1 — e € (w?A)L. Hence
(w?A)* is a unital subalgebra, so the direct sum is as a direct sum of algebras.

The subalgebra w?A is semisimple since it is a sum of minimal left ideals. The subalgebra
(w?A)* is radicular since rad(A4) = rad((w?4)!1) and, if there were a minimal left ideal
m C (w?A)*, then m? = 0 since w?Am = 0. O

Definition 4.1.30. A graphical element of A is an element composed out of u, A, €, 1, and
transpositions. In other words, graphical elements are elements obtained from Frobenius
algebra trace diagrams with zero inputs and one output. O

Lemma 4.1.31. Graphical elements of a symmetric Frobenius algebra A are in the center.
For example, the distinguished element w € A is central.

Definition 4.1.32. Two Frobenius k-algebras A; and A, are graphically equivalent if for
every Frobenius algebra trace diagram with no inputs or outputs, interpreting the diagram
with respect to A; or As yields the same value. Equivalently, it is if for every graphical
element a; € Ay, then, defining ay € A, to be the element taking a trace diagram for a; and
interpreting it to be a trace diagram with respect to As, we have €;(a;) = ez(as). O

Lemma 4.1.33. With 7 : A®? — A®? being the transposition * @ y — y & x, the linear
map ® = poroA : A — A commutes with multiplication by graphical elements and has

o(p(z)) = @(z)w for all z € A.
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Theorem 4.1.34. If A is a symmetric radicular Frobenius algebra, then it is graphically
equivalent to A’ = kl[z]/(z") with n = dimrad(A) and any functional ¢ : A" — k with
€(1) =€(1) and € (z" ') = 1.

Proof. Given a Frobenius algebra trace diagram G with no inputs or outputs, let Z(G) € A
denote its interpretation. We can put it into normal form where Z(G) = e(w?’) where
a,b>0and vy = po(P®id)o Aol € A is the “genus element” (by thinking of a trace
diagram as a ribbon graph). If @ > 1, then Z(G) = 0 since w? = 0. If a = 1, then
Z(G) = dim(A), and if a = 0, then Z(G) = €(1).

Suppose g € A is a graphical element, and let f(x) = ®(gx) be a linear map N — N.
By the previous lemmas, f3(z) = ¢3®(x)w? = 0 for all z € N, hence f is nilpotent and has
trace 0. Since tr(f) = €(gy), we have that if b > 0, Z(G) = 0.

Thus, Z(G) depends only on dim(A) and €(1). Therefore A is graphically equivalent to
A" = klx]/(2™) with any ¢ : A" — k satisfying €'(1) = ¢(1) and €'(z") = 1. O

Theorem 4.1.35. If A is a symmetric Frobenius algebra over an algebraically closed field,
then it is graphically equivalent to Mat,, (k) @ - -- @ Mat,, (k) ® k[z]/(z") form >0, n; > 1
for all i, and n > 0, with some choice of counit. The matrixz rings are from the Artin—
Wedderburn decomposition of cosoc(A), and n = dimrad(A).

Proof. By Theorem 4.1.29, A = A’® N with A’ semisimple and N radicular. By the Artin—
Wedderburn theorem, A is a direct sum of matrix rings over division rings over k; since
k is algebraically closed, these division rings are just k. Applying Theorem 4.1.34, N is
graphically equivalent to k[z]/(z™). O

Morita contexts

Suppose A and B are two k-algebras. If A and B are isomorphic in k-Alg,, then they are
said to be Morita equivalent. In particular, this is saying that exist bimodules sMp and
BN 4 such that 4 M ®p N4 is isomorphic to 4A4 and g N ®4 Mp is isomorphic to g Bpg.

A refinement of this is a Morita context, which is an adjunction (4 Mg, pNa,n : pBg —
BN ®4 Mp,e : AM ®p Nx — aA4) where n and € are invertible. We may depict the
equations for an adjunction in the following way using string diagrams, reading bottom-to-
top:

Since the morphisms are invertible, then the 180 degree rotation of these equations also holds.
Morita contexts are the adjoint l-equivalences in k-Alg,. (Note Morita contexts are more
general, and we are stating the version in which the Morita theorems apply. See [Lam99, 18C—
D|. The present version appears in [SP09] and [HSV16].)
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A morphism of Morita contexts (4Mp, pNa,n,€) and (4Mp, Ny, 7', €') consists of a
morphism f : M — M’ of (A, B)-modules and a morphism g : N — N’ of (B, A)-modules
such that the following diagrams commute:

B M @p Ny —2225 M ®p N,

BN ®4 Mp % BN/®AM/B A

Morita contexts between A and B form a category in this way.
We now follow [HSV16] for some facts about Morita contexts between Frobenius algebras.
For A a k-algebra, recall that we defined the trace of an (A, A)-module tra(A), which is
also known as A® 4g 400 A or A/[A, A]. Suppose B is another algebra and (4 Mg, gNa,n, €) is a
Morita context. Through “proof by rotation” we get a canonical isomorphism try A = trg B:

A ]

rk\
M
Mo 2 T B 8 2 18
N M M N e
N

e
R

N
z A =
Az @ A%A

Definition 4.1.36 ([HSV16]). Let A and B be two symmetric Frobenius k-algebras and let
(aMp, pNa,n,€) be a Morita context and let f : try A — trg B be the canonical isomor-
phism. Since the Frobenius algebras are symmetric, their counits €4 and ep factor through
A — trgnA — kand B — trg B — k. We call the Morita context compatible with the
Frobenius algebras if the following diagram commutes:

tra A ! s trg B

~

k

The diagonal arrows are the factored Frobenius algebra counits. O

Note that [SP09| has a second compatibility condition, but [HSV16| points out that this
definition is sufficient. The main point is that tr4 A inherits a Frobenius algebra structure
from A, and we wish for the canonical isomorphism to be an isomorphism of Frobenius
algebras.

Theorem 4.1.37 ([HSV16]). Let A and B be semisimple symmetric Frobenius algebras
over an algebraically closed field k and suppose (aMp, pNa,n,€) is a Morita context. Let
(S1,...,S;) be the simple modules of A and (T4,...,T,) of B. After a permutation of the
simple modules,

AMB%@Si@?kTi BNA%@Ti@%Si-

=1 =1
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Furthermore, if we write A = @;_, Mat., (k) and B = @_, Maty, (k) with respect to the
lists of simple modules (using the Artin—Wedderburn theorem) then the Morita context is
compatible with the Frobenius algebras if and only if for all i, eA(idMatCi) = eB(idMatdi).

This theorem is implicitly making use of the following lemma, seen in [Koc04| for instance:

Lemma 4.1.38. With A = Mat,(k), then if ¢ : A — k is a counit giving a symmetric
Frobenius algebra structure, € = ctrgn for some nonzero ¢ € k.

Proof. Recall that, since try, and e both give Frobenius algebra structures, there is a unit
u € A such that e(x) = tryn(zu) for all z € A. For € to give a symmetric Frobenius algebra,
the Nakayama automorphism must be the identity, which implies u is in the center of A.
Therefore, since the center of A is isomorphic to k£, we have our result. O

4.1.2 Extended 2D TQFTs

In [SP09]|, Schommer-Pries classified k-Alg,-valued TQFTs for the extended cobordism cate-
gory for oriented 2D surfaces, providing the oriented version of the 2D cobordism hypothesis.
We give a simplified version here for the case of an algebraically closed field k. Define Frob
to be the symmetric monoidal 2-category whose objects are Frobenius algebras, whose 1-
morphisms are Morita contexts compatible with Frobenius algebras, and whose 2-morphisms
are isomorphisms of Morita contexts. Then the symmetric monoidal 2-category of oriented
2D TQFTs Fung(CobJ", k-Alg,) is equivalent to Frob via the weak 2-functor that sends Z to
Z(+), where + denotes the positively oriented point.

Here is a brief overview of how some of this works. Suppose Z is such a TQFT. We get
some algebras and modules from the 0- and 1-morphisms:

2(¢) =A
?:(*-’) =B
Z2(D) = gl
Z(C’j = N gen
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Then from the cusps we can get a Morita context on A and B°P:

A
YL

Cusps are certainly invertible, and the swallowtail singularity provides the adjunction rela-
tion.

One can observe that the Morse cap provides a function try A — k and that the saddle
provides a function s : A® A - A® A:

+
- AoA
Ve —__—,)
'— T
A oA

One can check that A — try A — k gives a counit and the function A — A ® A defined by
a — as(l ® 1) defines a comultiplication, giving A the structure of a symmetric Frobenius
algebra. A reason the Morita context is compatible with the Frobenius algebras is that one
can turn a Morse cap inside-out (this is, in some sense, what the “proof by rotation” from
earlier was doing, but for a cylinder).

Furthermore, there is a map from try A ® A to A:

(

It gives a map from try A — Z(A), and it is an isomorphism. With this it is possible to
deduce that A is semisimple. By symmetry, B is also a semisimple Frobenius algebra.

Once one works out that a pair of semisimple symmetric Frobenius algebras with a
compatible Morita context is sufficient to define a TQFT, then Schommer-Pries uses a care-
ful analysis of the TQFT category and a Whitehead’s theorem for symmetric monoidal
2-categories to prove the equivalence.
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4.1.3 The data of a black-white TQFT

We now give a description of the data that goes into a black-white TQFT. Suppose that
Z is an k-Alg,-valued TQFT for BW2Cob, with £ an algebraically closed field. There are
four algebras involved associated to the black and white points with positive and negative
orientation:

Ay = Z(-l—b) Ay = Z(+w)
By = Z(—») By = Z(~w)

Since the uncolored cobordism category includes into BW2Cob as both monochromatic black
and monochromatic white surfaces, then it follows from Schommer-Pries’s theorem that
all four algebras have the structure of semisimple symmetric Frobenius algebras, and the
pairs (A, By) and (A, B,,) have associated Morita contexts compatible with the Frobenius
algebras.

There are also four modules associated to the 1-morphisms for color changes:

-m—i — oam—1 —_
8+ Ws w4t B B w WwW-  B-

These have adjunctions from all the 2-morphisms of the following type:

In the terminology of [Lau]|, these are ambidextrous adjunctions, and as such their pairwise
compositions define four Frobenius algebras — it should be noted that these are Frobenius
algebras over one of the four point algebras rather than over k.

We leave the full analysis of black-white TQFTs for future work.

4.2 Surface graph invariants

In this section, we give a way to represent surface graph invariants from combinatorics as
extended black-white TQFTs with additional codimension-2 defects to represent edges. (As
a side note, explaining this carefully was the original goal of this thesis, but the detour
through the land of singularity theory turned into a longer adventure than anticipated!)

We give background on graphs, surface graphs, and their invariants from the combina-
torics literature, and in Section 4.2.6 we give an extended TQFT that computes a normal-
ization of the Krushkal polynomial.
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4.2.1 Conventions

A graph G = (V,E) is a set V of vertices and a set F of edges with a map E — V*2/S,
sending an edge to the unordered pair of its endpoints. That is, our notion of a graph allows
loops and multiple edges. Unless otherwise specified, our vertex and edge sets will be finite.
An oriented graph instead has a map E — V*? assigning an ordered pair of endpoints to
each edge.

Each graph has a topological realization as a CW complex. Vertices and edges correspond
to O-cells and 1-cells, respectively, and the map F — V*?/S, describes the attachment maps
for each edge. We will tend not to make a distinction between an abstract graph and its
topological realization. We presume we are working in an unspecified stratified smooth
category, where an embedding of a graph requires that all pairs of edges incident to a vertex
meet transversely.

A surface graph is an embedding G < ¥ of the topological realization of a graph G into
the interior of a compact oriented surface ¥. Two surface graphs i : G — Y and i’ : G — ¥
are equivalent if there is an orientation-preserving diffeomorphism h : ¥ — 3’ such that
i = h oi. Isotopies of maps G < X extend to equivalences.

A cellular or combinatorial embedding (or cellulation) G — ¥ is a surface graph with X
closed such that the complement of a regular neighborhood of G in ¥ is a disjoint union of
closed disks, called faces.

Up to equivalence, every cellular embedding G < ¥ has a well-defined (geometric or
Poincaré) dual cellular embedding G* < ¥ obtained from the dual cell structure, where the
faces of GG correspond to the vertices of G*, and the edges of G and G* are in one-to-one
correspondence. The surface ¥ can be given a handle decomposition where the 0-handles
and 2-handles respectively correspond to the vertices of G and G* and where the 1-handles
correspond to the edges of both G and G*, as illustrated in Figure 4.3.

A ribbon graph is a surface graph ¢ : G — » such that i is a homotopy equivalence.
A ribbon graph can be thought of as a handle decomposition of a surface, all of whose
components have nonempty boundary, where the 0-handles and 1-handles correspond to the
vertices and edges, respectively. (Recall: a k-handle for a 2-manifold is D¥ x D?>7*. The
SY% x D! boundary of a 1-handle is glued into the D° x S! boundary of the 0-handles.)
Figure 4.4 is an example of a ribbon graph with a handle decomposition.

Given a surface graph i : G < X, the restriction G — v(i(G)) to the closure of a regular
neighborhood of G gives a ribbon graph. For cellular embeddings, this map has an inverse
given by gluing disks into the boundary components of the ribbon graph. Thus, when G — X
is either a cellular embedding or ribbon graph, we may refer to the faces F(G) and boundary
components OG for either case. As a small extension to this, for every surface graph G <— %
we may refer to G for the boundary of a ribbon graph restriction.

Given a subset A C FE(G) of edges for a surface graph G — X, G — A denotes edge
deletion, which is the restriction (V(G), E(G) — A) — X. If e € E(G) is not a loop, then
G /e denotes edge contraction, which is from collapsing e and its two endpoints into a single
vertex.
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Figure 4.3: A portion of a graph and its dual, with a compatible handle decomposition.

Figure 4.4: A genus-1 ribbon graph whose underlying topological graph is a theta graph.
Contrary to its portrayal, this is an abstract surface, and the crossing is merely an artifact
of its non-planarity.

For G a graph, the ith Betti number is b;(G) = rank H;(G), and we will elide parenthesis
and write b;(V(G), E(Q)) for b;((V(G), E(G))). Given a surface graph G — X, the genus
9(G) is g(v(i(G))), the genus of the corresponding ribbon graph, where for a disconnected
surface the genus is the sum of the genera of each component, and for a non-closed surface
the genus is the genus of the surface obtained by gluing disks into each boundary component.
In general, g(G) < g(X) with equality iff G — ¥ is a ribbon graph or cellular embedding.

At least for ribbon graphs and combinatorial embeddings, the relationship between the
notation commonly found in graph polynomial literature and this notation from algebraic
topology is given in Table 4.1. The correspondence comes from linear algebra of the incidence
matrix. If A is the oriented incidence matrix for an oriented graph G, with the columns and
rows of A corresponding to the edges and vertices, respectively, then

0 s ZIEGI A ZIV©@I

is a cellular chain complex for G as a CW complex. Then with n(A) being the nullity of A and
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Table 4.1: Correspondence between the combinatorial notation and the topological notation
we use, where G — X is a ribbon graph or cellular embedding.

Combinatorial Topological

v(G) IV(G)]

e(G) |E(G)]

c(G) bo(G) = bo(%)

r(G) IV(G)| = bo(G)

n(G) b1(G)

be(G) bo(0G) = |F(G)| = bo(0%)
c(G)+n(G) = be(G) 29(G)

r(A) being the rank of A, we have b,(G) = rankker A = n(A) and by(G) = rank coker A =
|[V(G)| — r(A). By definition, n(G) = n(A) and r(G) = r(A).

The complementary genus g*-(G) for i : G — ¥ any surface graph is g(3 — v(i(GQ))).
This is an abuse of notation, with g*(G < X) being more precise. A cellular embedding is
characterized by g+ (G) = 0 with ¥ being a closed surface. Similarly, the ith complementary
Betti number is b (G) = rank H;(3 — v(i(G))), by a similar abuse of notation.

Some useful identities between all these graph invariants are given in Appendix A.3.

4.2.2 Partial duality

In [Chm09], Chmutov defines general edge contraction for ribbon graphs and cellular embed-
dings by generalizing the fact for planar graphs that edge contraction corresponds to deleting
the edge from the dual graph. The main ingredient is a factorization of the graph dualization
operation. For an edge e of a ribbon graph G, the partial dual 6.G is a ribbon graph with
the same edge set, but the handle attachments for the ribbon graph is manipulated like so:

mO'\

The data for the handle attachments is known as an arrow presentation. This operation is an
involution in that 6.0.G' = G. For e and f distinct edges, 0.0;G' = 0;0.G, and G* = 0g()G,
where () is the composition of all d. for e € E(G).

The general edge contraction is defined to be G/e = 6.G — e, which has the following
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illustrated effect, depending on whether the edge is a loop:

P
o > <

Given distinct edges e and f,

(Gle)/f =065(0.G —e) = f =0;0.G —e— f
= 0.6,G —e— f=(G/f)]e.

Therefore G/A for A C E(G) is well-defined.
We provide another explanation for Chmutov’s edge contraction. The following is a
generalization of the notion of a surface graph.

Definition 4.2.1. An archipelago on a closed oriented surface X is a collection of disjoint
1slands, which are compact connected submanifolds of ¥, and edges, which are disjoint paths
in the complement of the islands, the endpoints of which intersect the boundaries of the
islands transversely. The union of the interiors of the islands is called land, the boundaries
of the islands are collectively the coast, and the complement of the islands is called sea. ¢

Remark 4.2.2. Surface graphs are in correspondence with archipelagos whose islands are all
disks. ]

There are two operations one may perform to an edge e in an archipelago G — . The
first is edge deletion G — e — X, and the second is landfill G/e — X, where a regular
neighborhood of the edge is replaced by land. If e is not a loop, then this joins two islands
into one island, and if e is a loop, this adds a handle to the island. For example, a disk island
becomes an annulus.

Another operation one may apply to an archipelago is surgery in the land or sea, modi-
fying the surface while leaving the coast and edges the same. Any time there is an essential
loop in the land or sea disjoint from the edges, 1-surgery (which involves cutting along that
loop then gluing in two disks) reduces the genus of the surface. We can also add or remove
closed surfaces that are entirely land or sea. An archipelago from a surface graph, when
taken up to 1-surgery in the sea and up to removal of sea spheres, has a representative that
is a cellular embedding. The equivalence class for a surface graph is known as a virtual graph
in [MSM20].

Consider archipelagos up to 1-surgery in the land and up to removal of land spheres.
Then there is a representative archipelago that comes from a surface graph. Given a ribbon
graph G with a cellular embedding G < ¥, edge contraction G /e for e € E(G) is from taking
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G /e < X up to l-surgery in the land. G/e is the ribbon graph from the representative that
is a surface graph, as illustrated below:

Since (G/e)/f = (G/f)/e as archipelagos, we have another proof that (G/e)/f = (G/f)/e
for ribbon graphs.

4.2.3 The Krushkal polynomial and other graph polynomials

Many interesting ring-valued graph invariants f satisfy a deletion-contraction relation, which
for fixed constants a and b is a linear relation of the form

f(G) = af(G —e) +bf(G/e)

that holds for all graphs GG and edges e of a particular type, such as non-loop or non-bridge
edges. Examples include the chromatic polynomial [Birl3, Whi32|, the flow polynomial
[Tut47], the partition function of the Q-states Potts model in statistical physics [Wu82|, and
the Jones polynomial of an alternating knot from its Tait graph [Thi87|. Tutte initiated the
study of graph invariants satisfying deletion-contraction relations |Tut47, Tut54|, and the
Tutte polynomial Tg(z,y) for a graph G = (V, E) is the “universal” polynomial invariant
that satisfies, for each edge e € F,

o if e is a bridge, Tg(x,y) = 2T e(x, y); and
e if ¢ is neither a loop nor bridge, T = Tg—. + Tg/e.

With the normalization that Tg(x,y) = y° if all 7 edges of G are loops, then it can be given
as a sum over all subsets of edges of G = (V, E):

Te(z,y) = Z(w — 1)b0(VUA)*b0(G) (y — 1)61(VUA)'
ACE
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When G < ¥ is a planar cellular embedding, T (x,y) = Tg-(y, ).

The Bollobds—Riordan polynomial BRg(x,y,z) for an (orientable) ribbon graph G =
(V, E) is the most-general polynomial invariant that satisfies the same two relations as the
Tutte polynomial but for ribbon graphs [BR01,BR02]. It, too, can be given as a sum:

BRG(.Z', y’ Z) — Z (.Z' _ 1)b0(VUA)—b0(G)yb1(VUA)sz(VUA)-i-bl(VUA)—bo(a(VUA))
ACE

— Z bo(VUA bO(G)ybl (VUuA) z?g(VUA) )

ACE

Notably, BRe(z,y,1) = Ta(x,y).
The Krushkal polynomial Pgx(x,y,a,b) is an invariant of surface graphs G < ¥ that
extends the Bollobas—Riordan polynomial to have a duality relation [Krull], and it is defined

by the sum

Z 2Po(VUA)—bo(G) /~c(VuA)OLg(vuA)bgL(VuA)7

PG‘—)E(xay7aab) = Y

ACE

where for a surface graph H < X there is a homological invariant defined by
k(H) = dim(ker(i, : Hi(H;R) — Hi(X;R))),

which satisfies k(H) = by (H)—g(X)—g(H)+g*(H) [Krull, 4.7]. Given a cellular embedding
G — X, there is a duality relation

PG(x7y7a7b) = PG*(?J;%@ CL).

The relationship to the Bollobas—Riordan polynomial is that for a ribbon graph or cellular
embedding G — X,

BRG(‘/I;’:%Z) = yg(E)PG‘—)E(x - 1,y7y227y_1)-

Furthermore, Tg (7, y) = y?*) Paes(z,y,y,y~"). Using the identities from Proposition A.3.3,

PGc_m(I, y, a, b) _ xfbo(G)yfbo(E) Z xbo(VuA)ybOL(VUA)ag(VUA)bgL(VUA)_

ACE

In this form, the duality relation for a cellular embedding is obvious.
Substituting out genus using those identities, this is

Pecss(,y, a,b) = 3700y~ (q=1p)zIVIpe(=)—bo()
Z(xa)bo(VuA)(yb)b(#(VuA)(ab—l)%\A\(ab)_%bo(a(VUA))‘

ACE

We use the following as our version of the Krushkal polynomial:
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Proposition 4.2.3. For G — X a surface graph with ¥ a closed surface, the Krushkal
polynomial is a renormalization of

Pé'(—)E(‘raaaba ¢) = Z 214l bo(VUA) b (VUA) bo (D(VUA)) (4.2.1)
ACE

in the sense that

Poors(,y, a,b) = a0 Dy=0® (@1 p) 2V B (b)Y, wa, yb, (ab) ™).

4.2.4 An invariant from a TQFT

Let G < ¥ be a surface graph with ¥ a closed surface and G = (V, E). Given a TQFT Z :
BW2Cob — k-Mod (or an extended TQFT Z : BW2Cob — k-Alg,), we can construct a graph
invariant with values in k that has a “universal deletion-contraction rule.” If Z is an extended
TQFT, the invariant takes graphs-with-boundary and outputs bimodule intertwiners.

By Z(¥,G) we will mean the value Z((X,v(G))) € k for (X, v(G)) € Mor(@, @), which

is from interpreting the given graph as the black region. Define

Plos(x) =Y aMZ(S,V U A),
ACE

which comes from taking the following linear combination of elements along each edge of G:

— = )¢
X -~ B

More precisely, the edge expansion is an element of £ Mor(@, X5) which is plugged into an
element of Mor(X;l ‘El, @) that comes from the rest of the graph.

Remark 4.2.4. This has a close connection to the medial construction (described in [EMM13]
for surface graphs). The complement in ¥ of the union of a graph and its dual is a collection
of quadrilateral faces, two vertices of each coming from G and G*. By taking the vertices
that do not come from either G or G* then taking edges through each quadrilateral that
connect them, we get a 4-regular graph called the medial graph. The medial graph’s faces can
be checkerboard colored: faces containing a GG vertex are colored black and faces containing
a G* vertex are colored white. This is gives a “singular” morphism. The singularities may
be resolved in two ways to get an actual morphism, corresponding to either including or
excluding the edge from the set A. See Figure 4.5 for an illustration. [ ]
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Figure 4.5: (a) A local picture of a graph and its dual. (b) The medial construction, giving
a “singular morphism.” (c) The two ways to resolve the singularities so that the resulting
graphs are the black and white graphs for the resulting morphism.

The edge expansion should be thought of as being a projective linear combination that
we have immediately renormalized to eliminate an unnecessary variable. This particular
normalization is also analogous to the partition function of the Q)-states Potts model.

Remark 4.2.5. Notice that this polynomial immediately generalizes to archipelagos (Defini-
tion 4.2.1). For an archipelago G' < 3, let land(G) be the land. Then we may define
P s(x) =Y 2" Z(2 land(G/A)),
ACE

which is a sum over all choices of landfilling or deleting edges from the archipelago. [ ]

Proposition 4.2.6. The polynomial P? satisfies, for e € E a non-loop edge,

PC?‘—>2<I') = ng/e%E(x) + PGZ—EHE(I')‘
If G1 — ¥y and Gy — X5 are surface graphs, then

PngG2;>21H22 (x) - ng—}El (‘/L‘)ng<—>22 (x)
And for the empty surface graph, PZ . (x) = 1.
Proposition 4.2.7. Letting Z' : BW2Cob — k-Mod be the TQFT coming from reversing
the roles of the black and white regions, there is a duality relation for cellular embeddings

G — X given by ) o :
PG(—>E($) =a”1p, *c—>2($_ )
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Figure 4.6: Replacements for black and white triangles. Triangles without a boundary edge

receive a (co)multiplication for the corresponding Frobenius algebra, triangles with boundary
edge get two strands, one for the algebra and one for the boundary vector space

4.2.5 The Krushkal polynomial via a trace diagram

We can create a classic state sum TQFT (as in [FHK] or [LP]) to calculate the Krushkal
polynomial.

Let @B, Qw, and Qg be non-negative natural numbers. We give the field k a Frobenius
algebra structure with (1) = 1. Then, let B be the Frobenius algebra k92 and W be the
Frobenius algebra k%%, both as direct sums of the Frobenius algebra k. Let V be a vector
space of dimension @y.

The B Frobenius algebra has the property that trace diagrams D with no boundary
strands evaluate to Q%O(D), where by(D) is the number of connected components in D when
thought of as a graph. Similarly for W (with Q?,?,(D)) and V' (with ng(D)). In particular, the
Frobenius algebras B and W are special, that © o A = id, which implies that in any trace
diagram we can delete non-bridge edges without changing the value — hence, the diagrams
reduce to trees, and using the identity axiom to contract edges one is left with a disjoint
union of vertices, each of which evaluates to the dimension of the Frobenius algebra due to
the choice of counit.

Given a black-white surface X, there exists a triangulation of it for which the boundary
of the black region is contained in the 1-skeleton and every triangle has at most one edge
from the boundary. If ¥ has boundary components, then we can arrange for there to be no
contiguous edges of the same color. Then, using the replacements in Figure 4.7, we construct
a trace diagram associated to the triangulation. Note:

e The Frobenius algebras B and W do not depend in any way on the orientations, so the
trace diagram makes sense no matter how the pieces are connected up. An equivalent
construction here is to associate to each edge of the triangulation either B, W, or V
depending on whether it is an edge in the black region, an edge in the white region, or
an edge on the boundary of the regions, then for each face we associate a Kronecker
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delta with indices for each edge of the faces color, and finally for each vertex on the
boundary we associate a Kronecker delta with indices for the two incident edges.

e The black region induces an orientation on the boundary, which is why the boundary
vector spaces do not need an inner product for contraction — we can use the dual
pairing.

e The choice of triangulation does not matter since the Frobenius algebras are special
and since subdividing a boundary edge does not change what the V part of the trace
diagram evaluates to.

e Each boundary component yields a vector space of the form B, W, or (BQV @ W ®
V*)¥" where n is the number of incident black regions.

Hence, we may define Z : BW2Cob — k-Mod to be the state sum TQFT constructed in this
way.
These replacements give

b A) ~bE(VUA) ~bo(d A
PEs(z)= Y aMIQRVeVqQu VORI — pL (2, Qp, Qw, Qo)
ACE(G)

which is the version of the Krushkal polynomial in Proposition 4.2.3.
Remark 4.2.8. The TQFT extends the Krushkal polynomial to archipelagos. ]

Remark 4.2.9. The PZ polynomial also can be constructed for ribbon graphs by cellularly
embedding them. Because the white region is a collection of disks, we can be more economical
with our replacement scheme and create a trace diagram in the neighborhood of the graph
itself. In the following, the black curves correspond to V', the blue graphs to B, and the red

TR
|

Alternatively, we could place a red vertex in the center of each complementary cell in the
cellular embedding and run edges through the opening is the second term of the edge ex-
pansion. With this version we can see the duality relation for the Krushkal polynomial in a
very direct way. ]

+
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Figure 4.7: The values of the TQFT Z for which PZ gives our normalization of the Krushkal
polynomial from Proposition 4.2.3. Morphisms labeled “id” stand for the obvious isomor-
phism. The missing generators from this list are all obtained from swapping the roles of
black and white.

4.2.6 An extended TQFT for the Krushkal polynomial

In this final section, we categorify the construction from Section 4.2.5 to show that there
exists some extended 2D TQFT that computes the Krushkal polynomial. As a quick remark
about what it means for the TQFT to compute the polynomial. In principle, one could
define a version of BW2Cob with 0-dimensional singularities between the black and white
regions, like in Figure 4.5, and then one can associate to this singularity a morphism that
expands to the PZ state sum that we have been working with.

Let B and W be the Frobenius algebras from the previous section of respective dimensions
QB and Qw, and let V be a vector space of dimension (). For simplicity in presentation,
assume that V' is an inner product space, and let eg,...,eq, denote an orthogonal basis.
Recall Sweedler notation, where if x € B, we write A(z) = Y. a1y @ T(2):-

Both B and W are commutative Frobenius algebras, so they are equal to their opposites.
We will construct a TQFT for unoriented surfaces since the construction does not depend on
orientation, and then that way we can assign the same value to generators that are different
only in orientation.

With that said, define an TQFT Z : BW2Cob — k-Alg according to Figure 4.7. Checking
that these satisfy the relations is mostly trivial. First, we have defined this using a pair of
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semisimple symmetric Frobenius algebras, and so from the Schommer-Pries classification we
only need to check relations involving the boundary. Going through relations in Figure 4.2:

e The “adjoint cancelation” corresponds to absorbing a counit for B, a unit for A, and
canceling the coeval /eval for V.

e The “boundary cusp slide” and “boundary fold slide” are trivial.

e The “boundary saddle slide” is just like the adjoint cancelation, but without needing
to change anything for V.

e The “boundary cup/cap slide” is similar, but the cup/cap is also a unit/counit.

Another argument we could make is that since we are tensoring the boundary in over k, we
can cut the surfaces open along the boundary and homotope each region to the boundary
without changing the assigned intertwiner.

Thus, we have a TQFT. With a little thought, we can see that on closed surfaces it
computes the same value as the construction from Section 4.2.5. A way to see it is using
the above observation about cutting the surface open along the boundary — the boundary
itself contributes a factor of Q5 per component, and for a monochromatic component we can
puncture it without changing the value, and by puncturing it in the center of each vertex of
a triangulation we can view the component as being a trace diagram for the corresponding
Frobenius algebra.
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Appendix A

Additional material

A.1 Adequate homomorphisms

There is a version of Nakayama’s Lemma for families of modules over families of rings.
The lemma is essentially due to Mather, but other than some elements in [Mat69a] it went
unpublished (and then rewritten by Baas and left unpublished yet again), and then published
in some form by others, for example [Duf75], [Buc77] and [Dam84]. Our proof is adapted
from the one found in the appendix of [Ber08].

Damon has a theory of adequate systems of rings [Dam84|, but it is universally quantified
over all modules, rather than the modules present in the family, which made it difficult for
this author to see where it was safe to relax the adequacy property without reproving things
from scratch as we do here. We remove generality that does not pertain to its use to analyze
cascades, and we expose internal details that have been relaxed as far as possible. This was
in an attempt to get a concrete bound on finite determinacy for singularities with a foliated
codomain; given the difficulty of finding a complete proof of this lemma, we include it here.
For convenience, we first state Nakayama’s lemma and a corollary.

Lemma A.1.1 (Nayakama’s Lemma). Let R be a unital commutative ring, and let I C R be
an ideal that is a subset of every mazximal ideal of R (I is called a Jacobson ideal). Suppose
M a finitely generated R-module. We give a few formulations:

1. If N € M is a submodule such that M = N + IM, then M = N.
2. If IM = M, then M = 0.
3. If N and N’ are submodules of M and N C N'+ IN, then N C N'.

Proof. For the third, we have N + N" C IN + N’, so applying the second for the quotient
module M /N’ gives N + N’ C N’ hence N C N'. O
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Corollary A.1.2. Let A be a unital commutative algebra over R and let I C A be a Jacobson
ideal. Suppose M is a finitely generated A-module, N C M is a submodule, and d,k € N are
such that

d = dimg M/(I"*M 4+ N) < k.

Then I¢M C N.
Proof. Let B = M/(I*"1M + N), and consider the descending chain
BDIBDI*BDOI°BD---

Since B is a finite-dimensional vector space of dimension d, there must be some 0 < i < d
such that . A

I'B=1"B.
Since this means [(I'B) = I'B, then I'B = 0 by Nakayama’s Lemma (Lemma A.1.1), which
implies /¢B = 0. Thus, I*M C I**'M + N. Applying the third formulation of Nakayama’s

Lemma using the Jacobson ideal I*T179 we get I9M C N. O
Lemma A.1.3. Lets € N, let Ry, ..., R be unital commutative rings, and for each1 < i < s
let v; © Ry — R;11 be a ring homomorphism. Let Iy C Ry, ..., I C R, be Jacobson ideals

(see Lemma A.1.1) such that p;(1;) C L4 for all 1 <i < s. For each 1 <i<'s, let M; and
N; be finitely generated R;-modules and let a; : M; — N; be an R;-module homomorphism.
For each 1 <i < s, let 5; : M; — N;y1 be an R;-module homomorphism over ¢; (that is,
Bi(rm) = @;(r)Bi(m) for allr € R; and m € M;).

Ry — 2 Ry 25 ... 2 R,
M, M, M,
[P [N N -
N, N, N,

Let M = @, M; and N = @, N;, and define f: M — N by

f(my,...,mg) = (cy(my), Br(m1) + aa(ma), ..., Bs—1(ms—1) + as(ms)).

Suppose this system of rings and modules satisfies an adequacy condition: For each 2 < i <
s, let N[ ={n € N;|n € f(3icj<, M)}, and suppose that whenever

Ni= N/ + Bia(Miy) + Lifi1(M; 1)
then
(1) Rifi—1(M;—1) C© N+ Bi—1(M;-1) and
(2) IiBi—1(Mi—1) © LiNj + Bi—1(Li-aM;—1).
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Keeping everything else the same, if Ny = 0 and adequacy condition (2) does not neces-

sarily hold fori = 2, then (i) N = f(M) and (ii') >, ;o  LiN; € LB1(M1)+ f (D ocics LiMi).

Proof. If s = 0 this is trivial, and if s = 1 this reduces to Nakayama’s lemma. We induct on
the number of nonzero modules in the diagram when s > 2. If both M; = 0 and N; = 0, then
we can remove them and reindex everything, and otherwise we consider two cases: whether
Ny #0or Ny =0.

First suppose that Ny # 0. Let N' = @,_,., N;, and let f': M — N’ be the composition
of f and the projection onto N’ (or equivalently f' = f — ;). Since we assume f(M) +
> M; = M, we have that f'(M)+ > ,.,.,L;N; = N'. The adequacy condition is still
satisfied by this f’ system since it does not involve oy, hence we may apply the induction
hypothesis to get

(i) N'=f'(M) and  (1i") D i, LiNi © /(D0 1<ic, LiMi).
With ¢ : Ny < N’ the natural inclusion, let M{ = (c0 81)7" f(3_,<,<, M;), which is equiva-

lently

We have a3 (M) C f(M), since for all m' € M| there is an m € > ,_... M, with 8;(m’) =
f(m), and a;(m’) = f(m’ —m). Also, we have ay(I;1M]) C f(>,cic, IiM;), since for all
r € I and m’ € M!, because S (rm’) = ¢(r)B1(my) and (1) € I, then by (ii') there is an
m € Y ooieq LiM; such that p(r)fi(m') = f'(m), so aq(rm’) = f(rm' —m).

We claim that it suffices to show N; = ay(M]). We see f'(M) C f(M) since for m € M,
f'(m)— f(m) € Ny = a; (M) C f(M), thus f'(m) € f(m)+ f(M) = f(M). For (i), we see
by (i') that

M{ = {m1 EMl

N = Ny + N = ai(M]) + f(M)  f(M),

and thus N = f(M). For (ii): Since 1N; = ay(l1M]), we see that f'(3, ., liM;)
f(21gigs I;M;) because for all m € Zlgigs I;M;, then f'(m) — f(m) € [Ny = a(l, M])
f(21gigs L;M;), so f'(m) € f<21§i§s I;M;). Therefore, applying (ii'),

> LN;=ILNi+ Y LN Con(l,M)+ f (Z IM) Cf(Z IM)

1<i<s 2<i<s 1<i<s 1<i<s

We will show that N; = a;(M/) by showing Ny = aq(M7) + I; N7, which suffices due to
Nakayama’s lemma since [V is a finitely generated R;-module and [; is a Jacobson ideal.
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Recalling the assumption N = f(M) + . I; N;, then by (ii'),

N:f(M)+[1N1+f( I;M;

1<i<s

= f(M)+ LNy + B (11 M) +f< )

= f(M)+ LN, + (11 My).

Projecting onto the Ny component, we have Ny C «y(M;) + I;N;. Letting ny € Ny be
arbitrary, then there are some m; € M; for 1 < i < s as well as an n} € 1N, and an
m} € I;M; such that ny = f(my + --- 4+ ms) + n] + B1(m]). Collecting the Ny and N’
components, we have ny = oy (mq) +nf and 0 = Bi(mq) + f(ma + - - - +my) + S1(m}). From
the second equation, we deduce m; +m) € M]. Thus, ny = ag(my +m}) + n} — ay(m})
has ag(my +m)) € a;(M]) and n] — a1(m}) € I1 Ny, hence ny € ay(My) + I;Ny. Therefore
Ny = ay (M) + I N1, completing the Ny # 0 case.

We now continue with the second case for the induction, which is that N; = 0. Consider
the induced Ro-module Ry ®p, M;, where Ry is an Rj-module via ;. This is a finitely
generated Ry module, since if {a;}; is a finite generating set for M; as an Rj-module, then
{1 ® a;}; is a finite generating set for Ry ®p, M;. We define v, : Ry ®g, My — Ny by
r ® m — rf1(m), which is well-defined because for r € Ry, 19 € Rs, and m € My,

Y1(re @ rim) = rof1(rim) = o1 (r1) Bi(m) = Y1 (ra1(r1) ® m).

We use this to construct a new system of rings and modules with fewer nonzero modules:

R2 P2 y R3 ¥3 N Ps—1 RS

(Ry @p, M) ® M, M; cee M,
] e N N

N, Nj N,

We show that this satisfies the adequacy condition involving the N/ modules for 3 <i < s,
which are the same for this modified system. The property still holds for 4 < i < s, so we
just have to check ¢ = 3. Since the relevant diagonal homomorphism is 0+ 5, what we need
to show is exactly our assumed N hypothesis, so the condition is satisfied.

Let M' = (Ry ®r, M1) ® @yeic, Mi, and let f': M’" — N be defined by f'|r,ep v, =M1
and f'|n, = flu, for 2 < i < s, which is the map analogous to f for this diagram. Then,
since im~y; = imfy = f(M), we see f'(M') = imy + > o, f(M;) = f(M), and thus
f'(M') + 3, ;N; = N by the assumption that f(M) + > . I;N; = N. Therefore we may
apply the induction hypothesis to get that

(i) N=f (M) and (ii") Ypeie, LiNi C f (Ia @p, My + > 51, IiM;).
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Note that we can equivalently write these as

(i') N = RQﬁl(Ml) + f(Zzgigs Mz) and (ii') Zzgigs IiN; © 1251(M1) + f(ZQSigs IzMz)

Recall that we have defined in the lemma statement the Ry-submodule

NézNﬂWf(ZMi) - {n2€N2 mef(ZMi)}.
=2 =2

We claim it is sufficient to prove that No = N} + 51(My) + I5,(M;). Given this, by the
adequacy condition for NV} we get

(1) Refi(My) € N3+ B1(My)  and  (2) LA(My) C LNy + Bi(1iMy).
Since Nj C f(M), by (i') and (1),

N = Ry (M) + f (iMz> C Ny + B (M) + f <§:MZ> C f(M),

i=2 =2

and hence (i) holds. Since N} is an Rp-submodule and Nj C f(3°7_, M;), then LN C
f (O, IiM;) because (¢j 0 -0 @30 ¢)(l) C I; for all 3 < j < s. Thus, using (ii') and
(2), (ii) also holds:

ZIiNi C LB (M) + f (Z IiMi> C LN, + f (Z [iMi> cf (Z [iMi> :
=2 =2 =1 =1

Now we will show that we indeed have Ny = Nj + B1(My) + [oB1(M:) and 3 i N; =
f(3 s<j<s M;). By assumption and by (ii') we have that

N = f(M) +iIiNi =f(M)+ Lo (M) + f (iLMz>

= f(M) + L3, (M;) :
=f (Z Mz) + B1(My) + L1 (My).

Intersecting each side with Na, we get Ny = NJ, + B1(My) + I51(M7). This completes the
N1 = 0 case, and therefore the induction argument. O

A.2 Symmetric monoidal categories

This section is a brisk review of symmetric monoidal categories, compact closed categories,
and symmetric monoidal functors. See [Sel] for a more in-depth overview of these concepts
and graphical notations.
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A monoidal category is a category C along with (1) a horizontal composition bifunctor ® :
CxC — C, (2) a unit object 1 € C, (3) a natural isomorphism a, . : (zQy)®z - 2@ (y® 2)
called the associator, and (4) natural isomorphisms A, : 1® x — z and p, : 2 ®1 — =
respectively called the left unitor and the right unitor. These must satisfy two conditions.
The first is the pentagon identity

Aw,z,y

((w®x)®y)®z%®ﬂf(w®x)®(y® 2) — S we (R (YR =2))

law,x,y@)idz idw ®aac,y,z]\

Qw,x®y,z

(w@(z®y) ®=z rw® (r®y)Q2)
The second is the triangle identity
(1) ®y y 1@ (10y)
pxm A@Ay
TRy

The point is that the set of objects for C has the structure of a monoid, but all the axioms
of the monoid are represented as isomorphisms in the category. The pentagon and triangle
identities guarantee that any sequence of re-parenthesizations and introductions or removals
of identity objects in a horizontal composition results in the same object, rather than an
object that is merely isomorphic (this is known as “coherence”).

A strict monoidal category is a monoidal category whose a, A, and p morphisms are
identities. Every monoidal category is equivalent through monoidal functors (defined below)
to a strict monoidal category.

A symmetric monoidal category C is a monoidal category with a natural isomorphism
B,y :r®y — y®x called the braiding satisfying B, , o B,, = id;g, and the hezagon
identity

(@Y @z 25 re (YR 2) 2% (o) e

le,ycgidz lay,z,z

(YR )Rz 25 y @ (¢ ® 2) OB YR (2@ )

An important example of a symmetric monoidal category is R-Mod, the category of
modules over a commutative ring 2. The braiding By y : M @ N — N ® M is given by
m®n+— n®m. A special case is Vecty, the category of vector spaces over a field k.

A graphical calculus for working with (symmetric) monoidal categories is string dia-
grams. Horizontal compositions of objects and morphisms by horizontal juxtaposition, and
morphism composition is by vertical concatenation. Identity objects are suppressed, and
identity morphisms are represented by vertical lines. We take the convention that mor-
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phisms go from bottom to top. The braiding morphisms can be represented as follows:

The left-hand representation is as a “coupon,” and the right-hand representation suggests
certain valid topological manipulations. For example, the equation By, o B,, = id,g,
corresponds to a homotopy of an immersion of strings in the plane:

X )
Y X =
% Y X ).

Naturality of the braiding is that, for every morphism f : x — vy, the following diagram
commutes:

id.
z®xl—®f> 2Ry

le,x le,y

id.
x®2ﬂ8—1>y®z

A graphical representation of this is
INAE y é;fl-
t X FI
Combining the hexagon identity with naturality applied to B, . yields another homotopy of

immersions of strings:
ZE v; ,2(;\ 1; i;” | x
x) ¥y \E x/ N £

Therefore, the braiding yields representations of the symmetric group S,, — End¢(2z®")
for every object # € C and n € Zsg, where 1°"+Y) = 7 @ 2" and 2%° = 1. This is what is
“symmetric” about a symmetric monoidal category. For an element o € S,,, we denote the
induced endomorphism as o, : £®" — %",

An exact pairing between two objects x and y in a monoidal category C is given by a
pair of morphisms ¢ : z ® y — 1 and n: 1 — & ® y such that (e ® id,) o (id, ®7) = id, and
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(id, ®€) o (n ® id,) = id,. In such an exact pairing, y is called the left dual of x and y is
called the right dual of x. (That is, = is left dual to y if the functor z ® — is left adjoint to
y ® —, which is to say Hom(z ® z,w) = Hom(z,y ® w) naturally in z and w.) Graphically,

Y
- X and X * S y
Y

An autonomous category (or rigid category) is a monoidal category such that every object
has both a right and left dual, and a compact closed category is an autonomous symmetric
monoidal category. The graphical language for compact closed categories allows for strings
to reverse direction, with the understanding that a portion of a string labeled x in the reverse
direction corresponds to the dual object x*, which is a well-defined notion since z and x**
are naturally isomorphic. “Cups” and “caps” from backtracking correspond to the respective
71 or € for the exact pairing. Hence, the equations for duals are represented as

and — X

!
=

>
l

Furthermore, the relationship between the braiding, cups, and caps is that twists may be
removed:

\
>

x

Therefore, diagrams for compact closed categories are invariant under planar isotopies and
arbitrary string rerouting moves — that is, all that matters is what is connected by strings,
but not the route by which a connection takes place — where invariance means such moves
correspond to well-formed equations. This is in contrast with general braided monoidal
categories, where the strings might be knotted.

Example A.2.1. The category of finite-dimensional vector spaces over a field k is a compact
closed category. So is the category of finite-dimensional super vector spaces, which are Z/27Z-
graded vector spaces with braiding v ® w — (—1)"lw ® v for homogeneous vectors v and

w. O

A (strong) monoidal functor F : C — D between monoidal categories C and D is a functor
along with an isomorphism € : 1p — F'(1¢) and a natural isomorphism p, , : F'(z) ® F(y) —
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F(x ® y) subject to two conditions. The first is associativity

(F(z) ® F(y)) ® F(2) "5 Pz ®y) @ F(2) 25 P((z @ y) @ 2)

)
[ E—— |Fa

F(z) ® (F(y) ® F(2)) “2% F(2) ® Fly ® 2) %% F(z ® (y ® 2))
The second is unitality

e®id id ®e

Ip @ F(z) 2% (1) ® F(x) F(z) @ 1p 2425 F(a) @ F(1e)
l)\?(m) l’ulc’x and lp%,)(z) lﬂm,lc
F(x) “romy Fl® ) F(x) D) Flz®1)

A (strong) symmetric monoidal functor F : C — D between symmetric monoidal cate-
gories C and D is a monoidal functor such that the following diagram commutes

F(x)® Fly) "2 F(y)  F(x)

lﬂr,y lﬂy»x

F(Ba,,
Flzx®y) B, Fly®z)

A monoidal natural transformation between two monoidal functors F,G : C — D is a
natural transformation ¢ such that the following two diagrams commute:

F(z) ® F(y) 2% G(x) © G(y)

1p
l”f,y L“gy and y \DJ
F(1c) e L G(1e

Flx®y) _ Py, Glr ®vy)

)

Two monoidal categories are monoidally equivalent if there is an equivalence of categories
using monoidal functors and monoidal natural transformations.

Example A.2.2. With R a commutative ring, let F' : Set — R-Mod be the functor sending
a set to a free R-module with that set as its basis.

The category Set is a symmetric monoidal category with disjoint unions as the horizontal
composition and the empty set as the unit object, and the category R-Mod is a symmetric
monoidal category with direct sums as the horizontal composition and the zero module as
the unit object. With respect to these structures, F' is a symmetric monoidal functor.

Also, the category Set is a symmetric monoidal category with cartesian products as the
horizontal composition and the one-point set as the unit object, and the category R-Mod is
a symmetric monoidal category with tensor products as the horizontal composition and R
as the unit object. With respect to these structures, F' is a symmetric monoidal functor.

This is akin to ring homomorphisms being monoid homomorphisms with respect to two
sets of monoidal structures. O
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A.3 Topological graph identities

Many computations with graph polynomials involve the many identities between the various
topological invariants of the underlying spaces. As a reference, we give identities and gener-
ating sets of topological invariants for a few situations. With these we may tell whether two
graph polynomials are renormalizations of one another by rewriting expressions in terms of
a given generating set.

We will consider topological invariants to be functions G — Q with G the set of all
combinatorial objects under consideration. These form a vector space over Q, and it is in
this sense we will speak of linearly independent graph invariants.

A.3.1 Graphs
Consider a graph G = (V| F) and a subset A C F of edges. We use Betti numbers by(G) for

the number of connected components and b;(G) for the dimension of the cycle space. By
Euler characteristics, the principal identities are:
bo(G) = b1(G) = |V| — |E]

bo(VUA)—=b(VUA) =|V]—|A4]
Proposition A.3.1. Consider a graph G = (V, E) and a subset A C E(G) of edges. The
invariants |V|, |E|, bo(G), |A], and bo(V U A) are independent, and we may write

01(G) = bo(G) — [V] + |E|

Proof. The vectors (|V(G)|, |E(G)|,by(G)) for Gy a graph with a single vertex, G» a graph

with a single vertex and a loop, and (G5 a graph with two vertices and an edge between them
are (1,0,1), (1,1,1), and (2,1,1), which are independent. a

A.3.2 Compact subsurfaces

Let ¥ be a closed orientable surface, B C ¥ a compact subsurface, W = cl(¥ — B), and
o= BNW. We use g for the genus of the given surface after being closed up.

e by(X) = by(X) and by(o) = by(0) by Poincaré duality.

2g(X) = b1(X2) by definition.

bo(B) + by1(B) — ba(B) — bo(0) = 2g(B) by Euler characteristics.

bo(W) 4+ by (W) — ba(W) — by(0) = 2g(W) by Euler characteristics.

ba(B) + ba(W) — bi(B) — by(W) + b1(X) + bo(B) + bo(W) — 2b9(X) = 0 by the Euler
characteristic of the Mayer—Vietoris sequence for ¥ = B U W, simplified.
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Krushkal in [Krull] defines the invariant k of an embedding B < ¥ to be
k(B — %) = dim(ker(H(B;R) — H{(%;R))).

The discussion in [Krull, Section 5.1] applies to arbitrary subsurfaces (not just regular
neighborhoods of graphs) thus there are relations like [Krull, (4.7)] for B and W:

k(B) = —g(B) + g(W) + bi(B) — g(%)
k(W) = —g(W) + g(B) + by (W) — g(2).
Proposition A.3.2. Let ¥ be a closed orientable surface, B C ¥ a compact subsurface,

W =cl(X—B), ando = BNW. Then by(X2), g(X), bo(B), bo(W), ba(B), bo(W), g(B), and
g(W) are independent with

bo(0) = g(2) — bo(E) + bo(B) — g(B) + bo(W) — g(W)
bi(B) = g(X) — bo(X) + ba(B) + g(B) + bo(W) — g(W)
bi(W) = g(¥) = bo(2) + bo(W) + g(W) + bo(B) — g(B)

k(B) = =bo(%) + ba(B) + bo(W)

k(W) = —=bo(X) + b2(W) + bo(B).

A.3.3 Surface graphs

Consider a surface graph G — ¥ with ¥ closed and G = (V, E). Then with B = v(G) a
regular neighborhood of G, since by(B) = 0, some of the identities from Appendix A.3.2 look
like

o bo(G) + by (G) — by(8G) = 29(G)
¢ bg(G) + b1 (G) = b5 (G) = W (0G) = 29°(G)

o b3(G) — b1(G) = bH(G) + bi(E) + by(G) + b (G) — 2by(Z) = 0
* k(G) = —9(G) + g"(G) + bi(G) — g(%).

Proposition A.3.3. Let ¥ be a closed orientable surface, G — ¥ a surface graph with
G=(V,E), and AC E. Thenby(X), g(2), [V], b3(G), |Al, bo(VUA), by (VUA), g(VUA)
are independent with
bo(O(VUA)) = —|V|+ Al +2b(VUA) —29(VUA)
bl(VuA) —|V] 4+ Al +bo(V U A)
by (VU A) = 2g() — 200() + by (G) + [V] = |A] + by (V U A)
g (VUA) = g(Z) = bo(Z) + V]| — |A| = bo(V U A) + g(V U A) + by (VU A)
E(VUA)=—by(2) + by (VUA)
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Proof. Since |V| — |A] = by(VUA) — b (VUA) and
bo(VUA) = b (VUA)+b(VUA)+by(0(VUA)) =2by(VUA) —29(VUA),

then using bo(V U A) = 0 we can solve for by(9(V U A)). O

A.3.4 Cellular embeddings and ribbon graphs

Proposition A.3.4. Let G — X be a cellular embedding with G = (V, E), and let A C E.
Then by(2), 9(X), [V, |A], bo(V U A), by (VU A), g(V U A) are independent with

bo(O(VUA)) = —|V]+|A] +2b(VUA) —29(VUA)

)
bl(VUA) —|VI+ A+ bo(V U A)
by (V U A) =2g(X) = 2b0(2) + [V] = [A] + b5 (V U A)
g-(VUA) =g(2) = bo(D) + V] = |A] = bo(VUA) +g(VUA) + by (VU A)
E(VUA) = —by(Z) + by (VU A)
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Symbols

X o= Y (local homeomorphism from X
toY), 38

U|, (restriction of pro-open set to open
set), 27

[C, D] (category of functors from C to D),
14

[f]a (germ of f along A), 27

[flas (germ of fin CP (M, N)g), 27

f MW (fis transverse to W), 34

1S or ]S (downward set generated by
S), 59

1S or I]°S (open downward set
generated by 5), 59

x € U (element of pro-open set), 24

VO (nth symmetric power), 72

W © W' (symmetric product), 72

(X | j) (comma category), 18

T (maximum element), 58

i A j (meet of i and j), 58

AS (meet of every element in S), 58

A
k-Alg, (Morita 2-category), 178
a (source of k-jet), 8

B
B (target of k-jet), 8

C

Cob,,, (m-dimensional cobordism
category), 2

cod ¢ (codomain of definition), 38

223

C*(M) (ring of smooth functions
M = R), 29

CY (M) or CY (ring of germs of smooth
functions M — R along A), 29

Ce(M) or C° (ring of germs of smooth
functions M — R at p), 29

C>®(M,N) (smooth maps M — N), 25

CY (M, N)p (smooth maps of smooth
manifold germs from N(A) to
N(B)), 27

CY (M, N) (smooth map germs M — N
along A), 27

C(M, N) (germs of smooth maps
M — N at p), 27

C>(M, N; f|C) (smooth maps that agree
with f on C), 35

D

A%, (diagonal), 36

A, (fat diagonal), 36

Df, (intrinsic derivative), 71

Diff (M) (diffeomorphism group), 39

Diff(M, N) (diffeomorphisms), 39

Diff,,(M) (group of diffeomorphism
germs), 45

Diff,(M), (diffeomorphism germs), 45

Diff,(M; N) (group of diffeomorphism
germs leaving N invariant), 144

dom ¢ (domain of definition), 38

drk a (dropped rank), 57

F

F(ky <--- <k,) (pseudogroup for
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foliations), 40

F({U:};) (pseudogroup for family of
integrable distributions), 40

Fun(C, D) (category of functors from C to
D), 14

Fun'®*(C, D) (category of left-exact
functors), 14

G

G (globe category), 159

I'% (local diffeomorphisms with
differentials in G), 39

GL(V;{U,}:) (subgroup stabilizing
subspaces), 39

Gr, (V) (Grassmannian of n-dimensional
subspaces of V'), 58

gSet (category of globular sets), 159

H

Hom"(V, W) (linear maps with drk = r),
57

Hom(V, W; {r;};) (linear maps with drk
conditions), 58

J

7% f, (k-jet of f at p), 8

JE(M, N) (k-jet bundle), 8

j*f (k-jet extension), 8

J¥(M, N) (multijet bundle), 36
J%f (multijet extension), 36
JF(M,N) (k-jets of maps at p), 8
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JY(M, N), (k-jets of maps at p with
target q), 8

JEf (iterated Jacobian of f), 71

J(M, N) (infinite jet bundle), 12

K

ker U (kernel of a pro-open set), 22

M

m, (M) or m, (maximal ideal of C°), 30
N

N (A) (neighborhood pro-open set of A),

24
P

PF (degree < k polynomials in m
variables), 10
Pro(C) (category of pro-objects), 17

S
S(f) (S-type singularity points of f), 74

T
T*f, (kth order Taylor polynomial of f at

p); 9
tra(M) (trace of a module), 181

A%
V,,(V;{Vi}i; {ki}i) (submanifold of

Grassmannian), 58
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A
atlas, 38

B
Baire space, 35
black-white surfaces, 175

C
cascade, 48
category
cofinite, 21
connected, 18
finitely complete, 13
loopless, 21
category of elements, 14
Cerf equivalence, 85
Cerf singularity, 131
chart, 38
cobordism category, 2
cofiltered
category, 13
limit, 13
copresheaf, 14
representable, 14
cosocle, 184

D
diagonal, 36
diffeomorphism, 39

group, 39
diffeomorphism germs, 45
distinguished element, 185
distribution, 37

225

integrable, 37

downward set, 59

E

generated by set, 59

enveloping algebra, 179
equivalent map germs, 47, 82

F

Cerf equivalence, 85
Cerf multigerms, 91
multigerms, 91

fat diagonal, 36
filtered

category, 13
colimit, 13

filtration, 39

finite determinacy, 49
flag (partial), 39
foliation

manifold, 40
product, 40

Frobenius algebra, 183

distinguished element, 185
radicular, 187
special, 201

Frobenius object, 182

commutative, 182
symmetric, 182

functor

final, 19
left exact, 14
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G

globe category, 159

globular halated manifold, 162
globular set, 159
Grassmannian, 39, 58

H

Hadamard Lemma, 30
halated manifold, 161
Hessian, 71

I
infinitesimal stability, 47
interchange moves, 122
intrinsic derivative, 69
second, 75
third, 78

iterated Jacobian, 71

J
Jacobian, 71
Jacobson ideal, 211
Jacobson radical, 184
jet, 8
bundle, 8
extension, 8
infinite, 12

K
knot shadow, 98

L
local coordinates

germs, 30
local diffeomorphism, 38, 45
local homeomorphism, 38
localization, 29

M

Malgrange preparation theorem, 32
meet, H8

monoidal category, 216

Morita 2-category, 178

Morita context
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compatible with Frobenius algebras,
189
Morita equivalence, 188
Morse Lemma, 83
multigerms, 91
multijet
bundle, 36
extension, 36
transversality theorem, 37

N
Nakayama automorphism, 184

(0]
order filter, 13

P
plaque, 42
pro-objects

category of, 17

category of (second version), 18
pro-open set, 21

neighborhood of A, 24
pseudogroup, 38

R

radicular, 187

residual subset, 35

ring of germs of smooth functions
along A, 29
at p, 29

S
S-type singularity points, 74
semilattice, 58
bounded, 58
smooth manifold, 38
smooth manifold germ, 25
category of, 27
composition of smooth maps of, 26
smooth map of, 26
smooth map germ
along A, 27
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at p, 27
smooth map germs

parameterized, 33
socle, 184
stable

germ, 47

map, 45
suspension of germ, 92
symmetric power, 72

symmetric product, 72
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T

Thom Transversality Theorem, 36
topological quantum field theory, 176
TQFT, 176

trace of module, 181

transition function, 38

transverse, 34

A%

weak topology on C*°(M, N), 34

Weak Whitney Immersion Theorem, 94
Whitney C* topology on C*(M, N), 34



	Contents
	List of Figures
	List of Tables
	Introduction
	Singularity theory for decompositions
	Jet bundles
	Generalities about pro-objects
	Pro-open sets
	Category of smooth manifold germs
	Jets and the local ring of germs of functions
	The Malgrange Preparation Theorem

	The Thom Transversality Theorem
	Foliated manifolds and distributions
	Stability
	The Thom–Boardman singularities
	Submanifolds of linear maps with rank conditions
	The intrinsic derivative
	Symmetric products and more submanifolds of linear maps
	The singularity types


	Classification of singularities
	Morse and Cerf theory
	Morse singularities
	Cerf singularities
	Multijet Cerf singularities


	The Morin singularities
	Curves and graphs in the plane
	Curves
	Cerf singularities for curves
	Multijet Cerf singularities for curves

	2D Morse and Cerf theory for curves
	2D Cerf singularities for curves
	2D multijet Cerf singularities for curves

	Graphs

	Classification of 1-dimensional singularities
	Classification of 2-dimensional singularities
	Type S[1;0]
	Type S[1;1]
	Multijet singularities

	Classification of 3-dimensional Cerf singularities
	Type S[1;0;0]
	Type S[1;0;0][1 0]
	Type S[1;0;0][1 1]

	Type S[1;1;0]
	Multijet singularities

	Classification of (0+1)-dimensional singularities
	Classification of (1+1)-dimensional singularities
	Type S[0 0;1 0]
	Type S[0 1;0 0]

	Classification of (2+1)-dimensional Cerf singularities
	Type S[0 0;1 0;0 0]
	Type S[0 1;0 0;0 0]
	Type S[1 1;1 0;0 0]
	Type S[0 1;1 1;0 0]
	Multijet singularities


	Presentations of cobordism categories
	Globular sets
	Manifolds with faces and halated manifolds
	Cobordism bicategory
	Gradient flows
	Symmetric monoidal structure

	Applications
	Black-white extended 2D TQFTs
	Morita category
	Trace diagrams of bimodules
	Frobenius objects
	Frobenius algebras
	Morita contexts

	Extended 2D TQFTs
	The data of a black-white TQFT

	Surface graph invariants
	Conventions
	Partial duality
	The Krushkal polynomial and other graph polynomials
	An invariant from a TQFT
	The Krushkal polynomial via a trace diagram
	An extended TQFT for the Krushkal polynomial


	Bibliography
	Additional material
	Adequate homomorphisms
	Symmetric monoidal categories
	Topological graph identities
	Graphs
	Compact subsurfaces
	Surface graphs
	Cellular embeddings and ribbon graphs


	Notation Index
	Index

