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Chapter 1

Introduction

Arboreal singularities were originally introduced by Nadler in [Nad17] as a class of combina-
torial singularities of Lagrangian skeleta of symplectic manifolds. Nadler provided explicit
models, described by connected non-cyclic graphs, i.e. trees, for these arboreal singularities.
Furthermore, it is shown in [Nad17] that certain sheaf theoretical invariants of symplectic man-
ifolds could be combinatorially computed from their Lagrangian skeleton if all singularities
were of arboreal type. In [Nad16], Nadler presented a method to deform any Lagrangian skele-
ton to a skeleton with arboreal singularities such that certain sheaf theoretical invariants are
preserved. The combinatorial structure of arboreal singularities, and how this could be used
to combinatorially compute sheaf theoretical invariants, was further investigated by Zorn in
[Zor18]].

In [Stal8] Starston studied arboreal singularities in Weinstein manifolds, which are open ex-
act symplectic manifolds compatible with Morse theory. The central idea of Morse theory
is that (smooth) topological properties of a manifold can be investigated by looking at well-
behaving smooth functions, called Morse functions, and their gradient. In particular, the critical
points and gradient flow lines between those critical points of a single well-behaved function
reflect the properties of a manifold. A Weinstein manifold is an open exact symplectic mani-
fold equipped with a Morse function. The critical points and gradient flow lines of this Morse
function form a Lagrangian skeleton. Starkston showed that, under certain non-degeneracy
conditions that do not generally hold, the skeleton of Weinstein manifolds can be generically
perturbed to be arboreal.

Expanding on [Stal8] and [Eli17], where the arboreal models are decorated by signs, Alvarez-
Gavela, Eliashberg and Nadler introduced the class of signed arboreal singularities in [AEN22al.
Whereas the definition of arboreal singularities in [Nad17] only fixes the homeomorphism type
of the singularities, these signed arboreal singularities are determined up to ambient symplec-
tomorphism. In [AEN22al|, models for signed arboreal singularities, which are described by
trees with a decoration of signs on certain edges, are presented.

In [AEN22b] it is shown that the Lagrangian skeleton of any Weinstein manifold that admits
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a polarization, meaning its tangent bundle admits a global field of Lagrangian planes, can be
deformed to be arboreal. Furthermore, it is shown that such a Weinstein manifold can be
recovered from its arboreal skeleton.

This work aims to build a foundation for an arborealization program in smooth manifolds. The
main goals are: (i) to define arboreal singularities in smooth manifolds, (ii) to determine when
and how the smooth analogue of Weinstein manifolds, i.e. open smooth manifolds compatible
with Morse theory, can be perturbed to admit an arboreal skeleton, and (iii) when and how
such a smooth manifold can be recovered from its arboreal skeleton. The smooth structure is
less rigid and more malleable than the symplectic structure, often allowing for a more straight-
forward and transparent treatment of arboreal singularities in smooth manifolds compared to
arboreal singularities in symplectic manifolds.

This thesis is structured in the following way. In Chapter 2land Chapter 3| we discuss some ba-
sic notions and central results of Morse theory. First, in Chapter 2 we focus on Morse functions.
We define these Morse functions and prove the Morse lemma, which states that Morse func-
tions have a ridged local structure around their critical points, and show that smooth maps are
generically Morse. Furthermore, we prove the fundamental theorems of Morse theory, which
show that the critical points of a Morse function on a manifold determine the topology of that
manifold. Then, in Chapter 3| we shift our focus to the dynamics described by the gradient of
Morse functions. We show that the flow lines between critical points of such a gradient system
give a cellular-like decomposition of a manifold. In general this decompostion is not truly cel-
lular, the closure of a cell is generally not obtained by adding lower index cells. However, this
is the case under a certain transversallity condition, which we dicuss. Furthermore, we intro-
duce X-convex manifolds, the smooth analogue of Weinstein manifolds, and define the skeleton
of a X-convex manifold.

These two chapters give a brief introduction of some of the key concepts and intuitions in
Morse theory, but touch only upon a minor part of the rich theory. In particular we do not
discuss how Morse theory gives rise to a chain complex, Morse homology or the h-cobordism
Theorem. Interested readers are referred to the wide range of books and articles on Morse
theory, such as the classic books [Mil63] on Morse Theory and [Mil65] on the h-cobordism
theorem by J.W. Milnor or [Bot88]| for an historical overview of Morse theory up to the 1980s
by R. Bott. More contemporary treatments of Morse theory can be found, among many other
books on the subject, in [Mat02], [Nic11] and [ADE13].

In Chapter ] we discuss conical singularities, which serve as a motivation for our definition of
arboreal singularities in smooth manifolds. Following [Lau92], we show that if the gradient
of a Morse function satisfies a certain tranversallity condition and admits specific local models
around its critical points, this gradient induced a stratification with conical singularities.

In Chapter 5| we define the class of arboreal singularities in smooth manifolds and give ex-
plicit local models. We show that to every arboreal singularity we can associate a tree with a
decoration of signs on its edges.

In Chapter [f] we show that every manifold that can be decomposed as a compact domain
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with an infinite cylindrical attached to its boundary, can be given the structure of an X-convex
manifold with an arboreal skeleton. We do this by taking a X-convex structure, which we show
exists using results from Morse theory, and inductively deforming the manifold. In general
the singularities of the resulting skeleton admits multiple representations by different trees, in
particular different decoration of signs on the edges can be chosen. However, we show that if
the manifold is orientable there is a canonical choice of decoration by signs.

In Chapter [7]we present a procedure to recover an X-convex manifold from its arboreal skele-
ton if both the manifold and its skeleton are orientable. In this procedure, the orientation plays
a similar role to the polarization in [AEN22b].

In Chapter|[8|we discuss the directions further research might take.

Appendix [A| provides some background on symplectic, contact and Weinstein manifolds. In
Appendix |Blwe discuss arboreal singularities in symplectic manifolds, in particular we focus
on the definitions and some of the key properties of arboreal singularities as defined in [Nad17]
and [AEN22a]. We compare the models construced in [Nad17] and the models constructed in
[AEN22al|, and explicitly show that these constructions produce homeomorphic singularities.



Chapter 2

Morse Functions

The idea at the heart of Morse theory is that the topology of a manifold M can be determined
by studying smooth functions M — RR. In particular, the topology of M can be described by
looking at the critical points and the gradient field of a single so-called Morse function f : M —
R

In this chapter we approach Morse theory as a "critical point theory" in the way originally de-
veloped by H.C.M. Morse in the 1920s. We focus on how critical points of Morse functions
correspond to points where the topology of the domain changes and how this change is de-
termined by the critical point. In the following chapter we will shift our focus and consider
Morse theory through the lens of dynamical systems, a point of view initiated by S. Smale in
the 1960s, by studying the gradients of Morse functions in more detail.

We will begin the chapter with an illustrative example in Section In Section 2.2l we intro-
duce the notion of Morse functions, the main object of study within Morse theory, which are
functions satisfying a non-degeneracy conditions at their critical points. We formulate and
prove the Morse Lemma, which states that we have certain local models for Morse functions in
the neighbourhood of their critical points. Then we will discuss gradient vector fields of Morse
functions. These gradient vector fields will play a crucial role in Section where we show
that the topology of a manifold can be determined by the critical points of a Morse function on
that manifold. In particular we show that any Morse function gives a handlebody decomposi-
tion of its domain. In Section 2.4 we discuss the limitations of Morse theory as a "cricital point
theory" and motivate the need to study the gradients of Morse functions.

This chapter is largely based on the first four sections of [Mil63].

2.1 Height function on the torus
The main philosophy of Morse theory is that the topology of a manifold M can be determined

from the critical points of a well-chosen smooth map f : M — R. We illustrate this with the
classic example of the "height" function on a 2-dimensional torus T. Let V be a plane tangent

4
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v

Figure 2.1: The torus T with the points p, q,7, s and the plane V indicated.

to T, as illustrated in Figure and define f : T — R to be the distance from the V plane. We
write

" = {x € T| f(x) < a}

for the sublevel set of a2 € IR. We make the following observations, as illustrated in Figure

—_

. Ifa < f(p), then T* is empty.

2. If f(p) < a < f(q), then T is homeomorphic to a 2-cell.

3. If f(q) < a < f(r), then T* is homeomorphic to a cylinder.
4

If f(r) < a < f(s), then T* is homeomorphic to a punctured torus having a circle as
boundary.

a1

. If f(s) < a, then T is the full torus.

We see that the topology of M? changes as a passes through f(p), f(9), f(r) and f(s). From a
homotopy type point of view, the step 1 — 2 is given by attaching a 0-cell, since a 0-cell and a
2-cell are homotopic. The step 2 — 3 is, in terms of homotopy type, the attaching of a 1-cell.
The step 3 — 4 is also given by the attaching of a 1-cell. The final step 4 — 5 is given by
attaching a 2-cell.
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The points p, q,7,s € T are critical points of f, if we choose any coordinate system (x, ) around
of

these points the derivatives 5 and % both vanish. Furthermore, as will be shown in the next

section, we can pick coordinates (x,y) around p such that f(x,y) = f(p) + x> + y?, around g
such that f(x,y) = f(q) + x> — y?, around r such that f(x,y) = f(r) + x> — y* and around s such
that f(x,y) = f(s) — x* — y*>. We remark that the number of terms with a minus signs in the
expression for f correspond to the dimension of the cell that is attached as a passes through
the corresponding critical value.

0 cell 1 cell 1 cell 2 cell

€=
-OGwv 0-006-0
a=fp) flp)<a<fl@ fl@<a<f@) fr) <a<f(s) a = f(s)

Figure 2.2: Placeholder figure.

2.2 Morse functions

To be able to define Morse functions, we first have to introduce some auxiliary notions.

Definition 2.1. Let M be a smooth manifold and f : M — R a smooth function. A point p € M
is called a critical point of f if df, : T,M — TR is zero, we denote the set of critical points of

f by Crit(f).
The real number f(p) € R is called a critical value of f. A

Note that p is a critical point if and only if, for arbitrary coordinates (x1, ..., x,) around p, we
have
of _ of

371(’9) =..= axn(”) =0.

Definition 2.2. If p is a critical point of f we define a bilinear functional H Ix TyM x t,M — R
of T, M, called the Hessian at p, as

Hg (v, w) = 0p(@(f))
where 7 and @ are arbitrary extensions of tangent vectors v, w € T, M to vector fields. A

Lemma 2.3. The Hessian is symmetric and well-defined.

Proof. Begin by noting
Hf(v, w) — Hy(w, v) = 0,(@(f)) — @p(0(f)) = [0, @],(f) = O
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where [, @] is the Lie bracket of ¥ and @. Because p is a critical point of f all its directional
derivatives are zero. Therefore we have that [0, @],(f) = 0, thus H is symmetric.

Now, since 7, = v and Wy = w we see that
Hf(v, w) = v(@(f)) = —Hf(w,v) = w(3(f))

is independent of both the extension ¢ of v and the extension @ of w. O

Definition 2.4. A critical point p € M of f is called non-degenerate if the Hessian at p is non-
degenerate, i.e.

Hg(v,w) = 0 forallw € T,M if and only if v = 0.

A smooth function f : M — R is called Morse if all the critical points of f are interior, i.e. lie
on M — dM, and are non-degenerate. A Morse function f : M — R is called exhaustive if for
every ¢ € IR the sublevel set

{xre M| f(x)<c}

is compact. A

Example 2.5. In Figure[2.3)we have given an example of a Morse function and three examples
of non-Morse functions. The function f(x,y) = x> — y? is Morse, it has a single critical point at
the origin that is non-degenerate. The function f(x,y) = x* + 1> is not Morse, it has a single
critical point at the origin that is degenerate. The function f(x,y) = x? is not Morse, the critical
points form the x-axis and are all degenerate. The function f(x,y) = x?y? is not Morse, the
critical points form the x-axis and y-axis and are all degenerate. A

Note that if we choice local coordinates (x1, ..., x,), we can give an explicit representation of Hy

9

with respect to the % lpsoves Frm

| basis.

We write v = Zaiaix,' lpw = ija% |p and take the extension @ = ija% of w. This yields
! ] ]

2f

axiax]-

H¢(v,w) = v(@(f))(p) = v (Z bjgi) = Zaibj (p).
j i,j

Thus the representation of H; with respect to the aaTl s eees % |y basis is given by the matrix
0% f
(ax[ax]- (p)) :

The Hessian is non-degenarate if and only if the matrix representing the Hessian its respect to
the % |p, ey % |p basis is non-singular.

Definition 2.6. The index of a bilinear functional H on a vector space V is the maximal dimen-
sion of a subspace of V on which H is negative definite.

The index of Hy on T, M will be called the index of f at p. A
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Figure 2.3: One Morse function and three functions with degenerate critical points.

We now formulate the Morse Lemma, which will play a central and crucial role in the rest of
this thesis. Similar to how Taylor’s Theorem states that near a critical point a f is approximated
by a quadratic function, the Morse Lemma states that in an appropriate chart a Morse function
is precisely a quadratic function around its critical points.

Lemma 2.7 (Morse). Let p be a non-degenerate critical point for f : M — R. Then there is a
coordinate system (x1, ..., X,) on a neighbourhood U around p such that

Fx1, e Xn) = f(p) — X — e =23 + 23 + o+ X2
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on U. Furthermore, A is the index of f at p.
Before we prove the Morse Lemma, we first show the following lemma.

Lemma 2.8. Let f be a smooth function on convex neighbourhood U of 0 in R" with f(0) = 0. Then

n
f(xlr ceey xn) - Z xigi(xll ceey xn)
i=1
fore some suitable smooth functions g; defined on U with g;(0) = %(0).

Proof. Using the fundamental theorem of calculus and the chain rule we get

o fldf(tx, o txn) V& df
f(xl,...,xn)—/o Tdt_/o ;E(txl,...,txn)-xldt.

n
Thus we can set g;(x1, ..., xy) = fol ). %(txl, ..., txy)dt giving the desired result. O
i=1

We now prove the Morse Lemma.

Proof. We first show f is of the desired form.

Let U be a neighbourhood of p with local coordinates, we can assume that p = 0 and f(p) =
f(0) = 0. Using the previous Lemma we can write

n
flx1, e xn) = Zx]-g]-(xl, s Xn)
j=1
for (x1, ..., x,) in some neighbourhood of 0. Now, as 0 is a critical point
of
810 = 20 =0
/ ax]
thus we can apply Lemma2.8]to these g; to get
n
i(X1, ey Xn) = Y xihyj(x1, ..., Xp)
i=1

for certain smooth functions h;;. From this we obtain

n
f(xl,..., xn) = Z xz-x]-hz-]-(xl,..., xn).
ij=1

If we write hT] = %(hij + hj;) then hT] = h7, and f = inxjfﬁ, thus we assume without loss
of generality that h;; = hj;. Note that (h;;(0)) is precisely Hessian matrix times 1/2, and thus
non-singular by assumption.
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We now proceed by induction. Assume there are coordinates (i, ..., 1,) in a neighbourhood U
of 0 such that

fu) = iu% +.+£ uf,l + Z uiuHjj(uy, ..., uy)

ij=r

for some r and functions H;; such that (H;;(0)) is non-singular. We can apply a linear change
in the last n — r + 1 variables to assume that H,-(0) # 0, meaning that H,, # 0 on some open
neighbourhood U’ C U of 0.

We introduce new coordinates (v1, ..., v;), where v; = u; for i # r and
Ur(u) =V |Hrr(u)|[ur + ZuiHir(u)/Hrr(u)]-
i>r
Using the inverse function theorem we see that (v, ..., v,) are coordinate functions in some
sufficiently small neighbourhood of 0.

Without loss of generality we assume H,, > 0, then we get

2
H.\2 <‘E MiHir>
vp = Hy (”V +) Hw> = Hyuy +2) wuiHy + —————.
rr

i>r i>r Hrr
Thus
f = iu% +..+ u%,l + 2 uiu]-HZ-]-(ul, ceey I/ln)
ij=r
= tui ..t up g+ uyHy +2) uuiHp 4+ Y wuiHij(u)
i>r i,j>r
=doit.. k0l +0r+ ) uiujﬁi/j(u)

Lj>r
for new functions I/—IT] satisfying the induction hypothesis.

Note that under the assumption H,, < 0 we get almost the same result, with the difference
being that the sign of v? would be negative.

Using induction we conclude that f has the form

X1, Xn) = f(p) = X — oo = 25 + 251 + oo + X5

We will now show that A is the index of f at p. Assume f is of the form f = f(p) — x — ... —
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X3 422 gttt x2, then the Hessian with respect to the basis a%i | is given by

-2 0

0 2

Thus there is a subspace of T, M of dimension A where Hy is negative definite and a subspace
V of dimension n — A where Hy is positive definite. If there were a subspace of T, M on which
Hy were negative definite of dimension greater than A, this subspace would have to intersect

V. Thus there can not be a subspace of dimension greater than A on which Hf is negative
definite. We conclude that A is the index of f at p. O

We will call the coordinates (x1, ..., x;) on the neighbourhood U around a non-degenerate crit-
ical point p on which f has the form

fx1, e Xn) = f(p) = xF — oo = X5 + X541 + o+ X5
the Morse coordinates on the Morse neighbourhood of p.

Note that every Morse neighbourhood of a non-degenerate critical point p has only one critical
point, namely the point p. Thus we have the following direct corollary of the Morse Lemma.

Corollary 2.9. Non-degenerate critical points are isolated.
Every manifold admits Morse functions, in fact we have the following well known theorem.

Theorem 2.10. Let M be a smooth manifold, then the Morse functions form an open dense subset of
C*(M, R).
We give the most important steps of the proof, full details can be found in Section 1.6 of

[GG74].

Proof. We denote
§={o=j'f(p) € 'M,R) | rank(df), = 0}
and remark that p is a critical point of f : M — R if and only if j! f(p) € S.

We make the identification J'(M,R) = TM x R, we work in local coordinates and assume
that M = R" and p = 0. Now, locally, j! f(x) = (x,df(x), f(x)) and S = R" x {0} x R, where
we have made the identification TIR” = IR" x IR”. We see that the critical point p of f is non-
degenerate if and only if

jifis

at p. The assertion now follows directly from the Thom Transversality Theorem. O
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2.3 Homotopy type in terms of critical points

Throughout this section we fix a smooth n-dimensional manifold M and a smooth function
f M — R. We write

M = fY((—o0,a]) = {p € M|f(p) < a}
for the sublevel set.

As seen in Section[2.T|above, the topology of sublevel sets M* changes when a passes through
a critical value. In this section we describe exactly how the topology changes, we will see that
passing through a critical value yields a change in topology that corresponds to a A-handle
attachment, where A is the index of the corresponding critical point. At the end of the section
we discuss the challenges of recovering the smooth type of the manifold from a Morse function.

We first show that the topology of M” only changes when a passes through a critical point, and
that it remains stable as a varies over an interval containing only regular values.

Theorem 2.11. Let a < b and suppose that f~1([a, b]) is compact and contains no critical points of f.
Then the sublevel sets M® and MY are diffeomorphic.

Furthermore, M” is a deformation retract of MY, thus the inclusion M® — MV is a homotopy equiva-
lence.

Before we give the proof we formulate the following definition.

Definition 2.12. Let M be a smooth manifold equipped with a Riemannian metric g and let
f :+ M — R be smooth. The gradient of f with respect to the Riemannian metric g is the vector
field gradf € X(M) given by

(Y, gradf) = Y(f) = df(Y)
for any vector field Y. A
We now proceed with the proof of Theorem 2.11]

Proof. We fix a vector field X that is gradient for f with respect to some Riemannian metric on
M and use the flow to push M? down to M®. We define p : M — R to be a smooth function
that is % on f~!([a,b]) and 0 outside some compact neighbourhood of f~([a, b]).

Now pX is a vector field that vanishes outside a compact set, meaning it has global flow ¢° and
this flow is a diffeomorphism for every s € R. Let x € M and consider the map s — f o {°(x).
If *(x) € f~Y([a, b)), then

d N -
f o =pX() =1

thus f o °(x) = f(x) + s. We see that ¢~* is a diffeomorphism mapping M” to M".



CHAPTER 2. MORSE FUNCTIONS 13

M" Ib

M"* 3

Figure 2.4: Using the flow to push M’ down to M"“.

The map r¢ : M — M"“ defined as

X if f(x) <a
ri(x) = .
ra—fap(x) ifa < f(x) <D
is a homotopy from ro = id to r; which is a retraction from MP to M“.

We conclude that M” and M are diffeomorphic and that M* is a deformation retract of M?. [J

The following theorem states how M* changes as a passes through a critical value.

Theorem 2.13. Let f : M — R be a smooth function, let p be a non-degenerate critical point of index
Aand set ¢ = f(p). Suppose that for some sufficiently small ¢ > 0, f~1([c — ¢, ¢ + €]) is compact and
contains no critical points other than p. Then the sublevel set M "¢ is diffeomorphic to M ¢ with a
A-handle attached. In particular Mt is homotopic to M ¢ with a A-cell attached.

We will not give a complete proof, but only give a sketch the most important steps. A full
proof can be found in Section 1.3 of [Mil63]].

Proof. Consider Morse coordinates (x,y) € R* x R"~* in a neighbourhood U of p such that
2 2
f=c—llx[I” + [yl

on U. Let ¢ > 0 such that both f~!([c — ¢, c + ¢€]) and the ball of radius 2¢ centred at the origin
are contained in U.
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Let x : M — R be a smooth bump function compactly supported on some small neighbour-
hood of p. Then, for some small § > 0, we can define F = f — § such that

e F(p) <c—g
o Fl(—o0,c 4+ €]) = M,
¢ F and f have the same critical points with the same index.

Since F~!([c — ¢, c + €]) contains no critical points we can use Theorem above to see that
F~Y((—o0,c — ¢]) is diffeomorphic to, and a deformation retract of, M <.

Now, F~1((—oo,c — ¢]) is the union of M~¢, drawn in purple in in Figure and a small
neighbourhood of p, drawn in green.

=c+e Yy

Figure 2.5: The handle attachment in the Morse neighbourhood.

We write

H = F((—oo,c —e]) \ M

for the closure of the neighbourhood of p that is attached. This H is a A-handle with the core
C, drawn in orange, given by

C={lx|*<e y=0} (2.1)

in the Morse coordinates.

We can construct a deformation retract from M ¢ U H to M“ ¢ U C as indicated in Figure
Note that C is a A-disc with radius e that is attached along C N M°~¢ = 9C, thus C U M * is
indeed M ¢ with a A-cell attached. ]

By inductively applying Theorem we get the following theorem, the full details of the
proof can be found in Section 2.2 of [Nic11].
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Figure 2.6: Retracting the handle to its core.

Theorem 2.14. If M is compact and f : M — R is Morse, then M has a handlebody structure
determined by f, with one handle of index A; for every critical point p; of index Aj;.

In particular this yields the following corollary.

Corollary 2.15. If f : M — R is an exhaustive Morse function, then M is homotopy equivalent to a
CW-complex that has exactly one A-cell for every critical point of f of index A.

Remark 2.16. The handle decomposition of Theorem is iterative, it is build up one han-
dle at the time using the previously produced handlebody. There is no combinatorial data
describing the construction all at once. One of the goals of this thesis is to address this issue
via arborealization, where we are able to give combinatorial data that encodes all handles at
once. A

2.4 Limitations to critical point theory

Theorem 2.11] tells us that any exhaustive Morse function on a smooth manifold M gives a
handlebody decomposition of M, where every critical point corresponds to a handle with the
same index. It is, however, important to stress the attaching maps are induced by the flow of
the gradient vector field, meaning the attaching of the handles is also determined by the be-
haviour of the gradient far away from critical points and dependent on the chosen Riemannian
metric. Thus the data of the critical points and their index of a Morse function is not enough
to recover M as a handlebody, since this amounts to only giving the index of every handle.

We illustrate this using the following well-known theorem due to Reeb, which can be shown
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to be a corollary of Theorem and the Morse Lemma.

Theorem 2.17 (Reeb). If M is a compact n-manifold and f : M — R a Morse function on M with
exactly two critical points, then M is homeomorphic to a sphere.

Proof. The two critical points p,q € M must be the minimum and maximum of f, we write
f(p) = aand f(q) = b, a < b. Using the Morse Lemma we must have that f~Yla,a+€]) and
F~Y([b — ¢, b]) are both n-cells if ¢ > 0 is small enough. From Theorem we know that M* ¢
and M"~¢ are diffeomorphic, thus M is the union of two closed n-cells that are glued along
their common boundary under a diffeomorphism.

We conclude that M is homeomorphic to S". O

However, this M is not necessarily diffeomorphic to the standard 5". As famously shown by
Milnor in [Mil56], there are manifolds that are homeomorphic but not diffeomorphic to the
7-sphere §7. In his paper Milnor shows that the manifolds he produces are indeed homeomor-
phic to §” by showing they are compact and constructing a Morse function that has exactly two
critical points on them. In fact, some exotic 7-spheres can be constructed by gluing two 7-discs
along their boundary via a diffeomorphism that "twists" the boundary, as shown by Milnor in
[MiI59].

In general only giving the data of the index of every handle is not even enough to determine the
topological type of the resulting handlebody. This can be illustrated by considering a handle
attachment to ID* along a knot K = S! C 9D* = S® Such a handle attachment corresponds to a
so called Dehn surgery on its boundary S° along K, the details of which can be found in Section
2.1 of [Nic11] and Section 9.G of [Rol76]. These Dehn surgeries can produce vastly different
manifolds, depending on the knot K and the framing of its normal bundle.

Any knot K C S® bounds a smoothly embedded and orientable Riemann surface & C S°. The
interior pointing unit normal along K is a nowhere vanishing section of the normal bundle
vK, thus it gives a framing of the bundle which we call the canonical framing of the knot K.
Note that such a framing gives a diffeomorphism between the tubular neighbourhood T of the
knot and the solid torus §! x ID2. We call A = S! x {0} C S! x D? the longitude of K and the
boundary 9ID? x {1} of a fiber of the normal disc bundle the meridian of K.

Any other framing on vK corresponds to a nowhere vanishing section of vK, and thus traces a
curve [ on 9T = S! x 9ID?. In Hy(S! x 0ID?, Z) we can write []] as

/1= [A+ plul,
The integer p is called the framing coefficient.

The manifold obtained by attaching a handle to S® along a knot K is completely determined
by K and the framing coefficient. For instance, attaching a handle along the trivial knot with
the canonical framing produces a 4-dimensional manifold with as boundary $? x S!, while
attaching the handle along the trivial knot with framing coefficient 1 produces ID* again.
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Figure 2.7: Embeddings of the trivial knot into $® with different framing coefficients, note that
the figure is necessarily inaccurate.

Another example is the attachment of a handle along the trefoil knot with framing coefficient
1, which produces the Poincaré homology sphere, which is a 3-manifold with the same homology
as the 3-sphere and fundamental group of order 120.

Figure 2.8: Embedding of the trefoil knot into %, note that the figure is necessarily inaccurate.

Thus, in general, a manifold is not determined by the handles in its handlebody decomposi-
tion, the attaching maps have to be specified. These attaching maps are determined by the
gradient. Therefore we will shift our focus from Morse functions to Morse dynamics, i.e. the
dynamics of gradients of Morse functions, in the following chapter.



Chapter 3

Morse Dynamics

In this chapter we study the gradients of Morse functions and how the flow of these gradients
determine the manifold. In particular we discuss that, for a compact manifold M equipped
with a Riemannian metric and fixed Morse function f : M — R, the manifold can be decom-
posed into the stable manifolds of the flow of the gradient of f.

The stable manifolds give a stratification of M by cells, i.e. disjoint open discs of varying
dimensions. In this sense they resemble a cellular decomposition, as already remarked in 1949
by Thom in [Tho49]. However, the cells do not generally form a cell-complex in the usual
sense because the closure of a cell is generally not obtained by adding lower index cells. By
imposing a transversality condition on the flow and compatibility of the vector field with the
Morse models, the stratification becomes more well-behaved.

We begin Section[3.1|by defining gradient-like vector fields, which can be define without picking
a Riemannian metric, and the (un)stable sets of gradient-like vector fields. In Subsection
we take a short deviation and consider when and how the theory for compact manifolds can
be adapted to non-compact manifolds. In particular we see that a certain class of manifolds,
which we call finite type X-convex, are completely determined by a compact neighbourhood
of their stable manifolds. We conclude this chapter with Section where we introduce the
Smale condition, which is a transversality condition on the stable and unstable manifolds. This
condition ensures that the closure of any cell is given by attaching lower dimensional cells. We
conclude with the definition of Morse vector fields, which are gradient-like vector fields that are
compatible with the Morse structure on Morse neighbourhoods. In the following chapter we
will show that the stable manifolds of Morse vector fields satisfying the Smale condition form
a cell-complex.

3.1 (Un)stable manifolds

We want to develop a theory that is not dependent on the chosen Riemannian metric. A fixed
Morse function f : M — IR has many different gradients, corresponding to different choices

18
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of metric on M. It can be difficult to check whether a given vector field X is the gradient of f
with respect to any metric. Therefore we wish to formulate a necessary condition for X to be a
gradient that can be easily checked without knowing the Riemannian metric.

We observe that for any metric g on M have
e gradf(f) = g(gradf,gradf) > 0 on M \ Crit(f),
¢ grad = 0 on Crit(f).
This motivates the following definition.
Definition 3.1. A vector field X € X(M) is called gradient-like for a smooth map f : M — R if
* X(f) > 0on M\ Crit(f),
* X = 0 on Crit(f).
A

Note that if X is gradient-like for f : M — R, the function f must increase along any flow
which is not a fixed point and thus gradient-like dynamical systems can not have periodic
orbits. In particular, if M is compact and X is gradient-like, any point x € M \ Crit(f) lies on a
unique 1-dimensional manifold "starting" at a critical point p and "ending" at a critical point 4.

We capture this behaviour in the following definition.
Definition 3.2. Let X be a gradient-like vector field for a smooth function f : M — R and let
p € Crit(f). The stable set of p is defined as
Stab(p) = {x € M | lim ¢'(x) = p}
—00
and the unstable set of p is defined as

Unstab(p) = {x € M | Jim o' (x) = p}
——00

where ¢' : M — M is the flow along X at time . A

For any smooth vector field X € X(M), at p € M where X vanishes, the differential d, X splits
the tangent space T,M as T,M = E, © E; @ Eg, where E~/*/0 are generalized eigenspaces
of T,M with —/ + /0 real part. A zero p of the vector field is called hyperbolic if Eg = {0}, a
classic result from the study of dynamical systems, see for instance Section 5.10 of [Rob%4], is
that the (un)stable sets of hyperbolic zeros are manifolds.

Theorem 3.3 (Stable Manifold Theorem). Let M be an n-dimensional manifold, let X € X(M) be a
smooth vector field and let p € M be a hyperbolic zero of X. Then the stable and unstable sets are the
unique smooth invariant manifolds tangent to respectively E, and E;J.

Remark 3.4. Let M be an n-dimensional manifold, let X € X(M) be a gradient vector field for a
Morse function f : M — R and let p € Crit(f) with index A. Then the linearization D, X splits
the tangent space T, M at a critical point p of M as TyM = E, & E; , meaning the zeros of X
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are all hyperbolic. The stable manifold of p is diffeomorphic to the open disc ID*, the unstable
manifold of p is diffeomorphic to the open disc ID"~*. A

For a compact M with Morse function f : M — IR the collection of stable manifolds {Stab(p)}pecm( )
gives a decomposition of M into disjoint cells, likewise the collection of unstable manifolds
{Unstab(p) } pecrit() also gives a decomposition of M.

However, in general this decomposition does not have the structure of a cell-complex, since
the closure of cells is not necessarily obtained by adding lower dimensional cells. We see this
in the example of the height function on the 2-torus in Section[2.1] of which the gradient vector
tield is drawn in Figure

S

p

Figure 3.1: A gradient vector field for the Morse function on the 2-torus.

The closure of the 1-cell Stab(r) is given by adding the point g, which lies on the 1-cell Stab(g).
Thus the closure of a 1-cell is not obtained by adding 0-cells but instead by adding a subset of
a 1-cell, meaning the decomposition given by the stable manifolds is not a cell-complex.

3.1.1 Non-compact manifolds

As discussed above, a gradient vector field of a Morse function on a compact manifold M gives
a decomposition of M into its stable manifolds. If M is not compact, we do not always have
such a decomposition. Not every flow has to settle in a critical point, instead a flow can also
go off to infinity. Thus not every point has to be contained in a stable manifold.

However, under certain conditions a non-compact manifold equipped with a vector field can
be completely determined, up to diffeomorphism, by a neighbourhood of its stable manifolds.
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Definition 3.5. An n-dimensional manifold M is said to be X-convex for a complete vector field
X € X(M) if there is an exhaustion by compact domains M = US> ; M* such that X is outwardly
transverse to the boundary of each M.

We call the pair (M, X) a convex structure. A

Note that closed manifolds equiped with a complete vector field X are X-convex.

‘-.ullt-....
Ll

Figure 3.2: This infinite cylinder is not X-convex, since there is no compact domain such that
the vector field is outwardly transverse to the boundary.

Figure 3.3: This infinite genus surface is X-convex.

Definition 3.6. The skeleton of an X-convex manifold M is defined as
Skel(M, X) = US>, Ni=o @1 (MF)

where ¢' : M — M denotes the flow along X at time ¢, i.e. the skeleton is the attractor of the
backwards flow of X.
We say (M, X) is finite type if its skeleton is compact. A

The X-convex infinite genus surface indicated in Figure 3.3|is not finite type, there is no com-
pact domain containing all its critical points and thus its skeleton can not be compact.

The X-convex punctured torus as indicated in Figure|3.4]is finite type
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Figure 3.4: An X-convex and finite type surface with its skeleton indicated in red.

Remark 3.7. If X is the gradient of a Morse function f : M — R, the skeleton is the union of
all stable manifolds

SkelM,X) = |J Stab(p).
peCrit(f)

A

We always assume that that (M, X) is finite type. Note that, since (M, X) is finite type, there
is a compact domain W C M such that Skel(M, X) C W and X is outwardly transverse to the
boundary oW.

Definition 3.8. Let (M, X) be a finite type convex structure, we call any compact W C M such
that Skel(M, X) C W and X is outwardly transverse to the boundary oW a defining domain of
M. A

Informally, one could say that a defining domain W C M captures all of the interesting
(smooth) topology of M. We make this precise in the following way.

Lemma 3.9. Let (M, X) be a finite type convex structure and W C M a defining domain. Then M is
diffeomorphic to the convex manifold

M := WU @W x [0, 0))
obtained by attaching a cylindrical end to oW and extending X as X = e X|ow-

Proof. We denote the flow along X at time t by ¢', and define the map & : M — M as the
identity on W and as

D(x, t) = ¢'(x)
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on dW x [0, o). Note that ® is smooth, we show that ® is a diffeomorphism.

First we show @ is a bijection. Let p € M, if p € W then ®(p) = p. If x € M \ W, then the flow
through p must pass trough a unique point x € dW at some time —t < 0 by the X-convexity
condition. Thus, thereis a (x,t) € dW x [0, c0) such that ®(x, t) = p. We see that P is surjective.
The injectivity of ® follows directedly from the and the uniqueness of flow; if &(x) = p €¢ W
it must be that x = p by the X-convexity condition and if p ¢ W there must be a unique
(x,t) € OW x [0, 00) such that ®(x, t) = p by the existence and uniqueness of flow.

Now we show that ® is an immersion, note that ® is the identity and thus an immersion on
W. For any t > 0, the map ¢' : 9W — ¢!(OW) is a diffeomorphism and & ¢' = X th 9W. Thus
we see that @ is indeed an immersion, we conclude that ® is a bijection. O

3.2 Smale vector fields

The following condition assures that the closure of each cell is given by adding lower dimen-
sional cell.

Definition 3.10. A gradient vector field X of a Morse function f : M — R is called Smale if for
every pair of critical points p, q € Crit(f) we have

Stab(p) rh Unstab(g).
A

If M is a closed smooth n-dimensional manifold and X a Smale gradient vector field for a
Morse function f : M — R with an index A critical point p, we know that the closure Stab(p)
of Stab(p) is obtained by adding the union of the stable manifolds of smaller index, see for in-
stance Section 3.2 of [ADE13]. Furthermore, as shown in Chapter 4 of [Nic11], the stratification
of M by the stable manifolds satisfies the Whitney conditions.

That the closure of every stable manifold is obtained by adding stable manifolds of lower index
can be understood in the following way. The transversality condition gives that, if Stab(p) N
Unstab(g) # @, we have

dim(Stab(p) N Unstab(g)) = dim(Stab(p)) + dim(Unstab(g)) — n.
If we write Ap, A, for the index of p and g respectively, we get
dim(Stab(p) N Unstab(q)) = Ay +n—A; —n = A, — Ay,

Now, if x € Stab(p) N Unstab(q), we must have that the entire integral curve through x must
be contained in Stab(p) N Unstab(g). Thus if Stab(p) N Unstab(g) # @ we must have that
dim(Stab(p) N Unstab(g)) > 1.

Therefore we see that if Stab(p) N Unstab(q) # @ we must have

Ap = A +1.
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Note that the vector field as indicated in Figure is not Smale, the intersection
Stab(r) N Unstab(q)

is 1-dimensional and thus not transverse. In general, it is difficult to explicitly find a metric
such that a gradient is Smale.

However, as shown by Smale, see for instance Theorem A of [Sma61]|, gradient vector fields of
Morse functions are generically Smale. Indeed, a small perturbation yields the Smale vector
field indicated in Figure

S

p

Figure 3.5: A Smale gradient vector field for the Morse function on the 2-torus.

Even though the stable manifolds of a Smale system give a well-behaving cell decomposition,
in the sense that the closure Stab(p) of a cell is given by attaching cells of lower dimension
and the stratification is Whitney, we can say little about the exact way the stable manifolds
of lower index attach to Stab(p) for general Smale gradients. In particular we de not have
specified local models around the singularities of the stratification. However, as we will show
in the following chapter, the local structure of Stab(p) is relatively simple if X is Smale and we
demand the following compatibility with the Morse model.

Definition 3.11. We say a smooth vector field X on M is Morse if it is gradient-like for a Morse
function f : M — R such that for every critical point there is a Morse neighbourhood on which
X corresponds to the gradient of f with respect to the canonical metric on R".

We say a smooth vector field X on M is Morse-Smale if it is Morse and Smale. A

Remark 3.12. Some texts use the term gradient-like to refer to our notion of a Morse vector field,
i.e. compatibility with the Morse model is imposed in the definition of gradient-like. We make
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the distinction between gradient-like and Morse vector fields because we later encounter a
wider range of gradient-like vector fields, which are compatible with different local models of
certain functions satisfying a more general non-degeneracy condition than the Morse condi-
tion. A

Note that there are Morse vector fields for every Morse function. One can construct a metric
on any manifold M by taking a locally finite cover by charts, pulling back the canonical metric
on every chart and gluing these together using a partition of unity. By including the Morse
neighbourhoods in this cover and taking an appropriate partition of unity we obtain a metric
on M such that the gradient of f is a Morse vector field.

The converse is also true for closed M, Theorem B of [Sma61] asserts that if X € X(M) is Morse,
then there is a Morse function f : M — R and Riemannian metric g on M such that X is the
gradient of f with respect to g. Thus, being Morse is equivalent to being gradient of a Morse
function with respect to a certain Riemannian metric.

However, we opt to formulate the definition of Morse vector fields as gradient-like vector fields
compatible with the local model because we often work in a set-up where a smooth manifold
M (without specified metric) and vector field X € X(M) are given but the Morse function is
not specified. Checking the global condition, i.e. checking if for a Morse function f there is any
metric such that X is the gradient of f with respect to the metric, is difficult. Comparatively
the gradient-like condition is easy to check.



Chapter 4

Submanifolds with Conical
Singularities

In this chapter will show, following F. Laudenbach in [Lau92|, that the closures of stable man-
ifolds of a Morse-Smale vector field have a relatively simple conical structure.

Consider a closed smooth n-dimensional manifold M and let X € X(M) be a Morse vector field
with associated Morse function f : M — R. Around any critical point p € Crit(f) we have a
Morse neighbourhood U with Morse coordinates (x, ) such that, on U, we have that

fey) = fp) — x> + [yl

and X is the gradient of f with respect to the canonical metric on R”. This situation is shown
in Figure 4.1} Then we can see that

Stab(p) N U = {(x,0) € U} and Unstab(p) N U = {(0,y) € U}.

Furthermore, as can be seen in Figure the vector field is radial in both the stable and
unstable manifold on U. In particular, X points inwards, i.e. towards the critical point, in the
stable manifold, and X points outwards in the unstable manifold.

This radial structure tells us that if the stable manifold Stab(g) of another critical point g inter-
sects the unstable manifold of p in its Morse neighbourhood, its closure Stab(g) is locally given
by taking the cone of the intersection Stab(q) N dU to p. This is illustrated in Figure

We begin this chapter by introducing the class of conical singularities and stratified spaces
whose singularities are all of the conical type, which we call submanifolds with conical singular-
ities. Some examples are given and certain important properties of submanifolds with conical
singularities are stated and proven. Then, in Section we show that stable sets of Morse-
Smale vector fields indeed form submanifolds with conical singularities. We conclude this

26
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1Y

Figure 4.1: A Morse vector field on an appropriate Morse neighbourhood with Morse coordi-
nates (x, y), the stable manifold coincides with the x-axis and the unstable manifold coincides
with the y-axis.

chapter with Section where we discuss the limitations of this description of stable mani-
folds as submanifolds with conical singularities if our goal is to recover the smooth type of a
manifold from (the neighbourhoods of) its critical points.

Throughout this chapter M is a closed smooth n-dimensional manifold and X € X(M) is a
Morse-Smale vector field with associated Morse function f : M — R with distinct critical
values.

4.1 Submanifolds with conical singularities

Definition 4.1. Conical singularities in n-manifolds form the smallest class Con; of germs of
closed stratified subsets in n-dimensional smooth manifolds such that the following properties
are satisfied:

(i) (Base case) Conj contains pt = R® C R"™.
(i) (Invariance) Cony is invariant with respect to diffeomorphisms.

(iii) (Stabilization) If £ = (£, ...,L9) C N is in Con with k < n, then the product D x X =
D x (Zg, ..., o, D) is in Cony 4.
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(a) The radial vector field in the stable manifold. (b) The radial vector field in the unstable manifold.

Figure 4.2: A Morse vector field along to the stable and unstable manifold on the Morse neigh-
bourhood of a critical point.

u

Stab(p)

Figure 4.3: The stable manifold Stab(g) is intersects Unstab(p), its closure is locally the cone of
its intersection with the boundary of the Morse neighbourhood.
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(iv) (Cones) If £/ = (%} ,,..,Zh) C S" 1isin Con]'_{, then
(D,c%; 4, ..., cXj) C D"

is in Cony, here c¥] denotes the cone on X/ with respect to the linear structure of ID".

Figure 4.4: Examples of conical singularities.
Definition 4.2. We say a stratified set > = (X, ..., X9) C M is a submanifold with conical singu-
larities (abridged: smcs) of dimension k if all of its singularities are conical singularities. A

Remark 4.3. A smcs of dimension k = 0 in M is a set of discrete points in M. A stratified set
Y = (X, ..., Xp) in M is a smcs of dimension k precisely if the following conditions are met:

(i) (Stability) For every p € %; \ ;1 there is a neighbourhood V of p diffeomorphic to a
product of discs ID* x D""* and a smcs T = (Tj_;, ..., Tp) such that

VNE =D x(Te_j, ..., To, D, ..., D).

(ii) (Cones) If p € ¥ there is an closed C! n-ball B centred at p such that
¥ =¥ NoB =X NS" !isasmcs of dimension k — 1in 8"
and
(B,BN, ..., BNZ) = (B, %, ..., cTh)

where cX! denotes the cone on X} with respect to the linear structure of the parametrized
ball B.

A
Example 4.4. Every manifold M with (possibly empty) boundary dM is a smcs
(M,oM, D, ..., D).
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oM

Figure 4.5: A manifold with boundary.

Example 4.5. The stratification of 5" given by lower dimensional spheres S C S! C ... C §" is
a smcs. A

Figure 4.6: The stratification of S given by S°  S! C S2.

Nonexample 4.6. The infinite spiral

S = {(tcos (1) ,tsin (1) | te (0,1])} u{0} c R?

is a stratified set (S, {0}) that does not satisfy the cone property at the origin in any chart There
is no ambient diffeomorphism from the neighbourhood of the origin to the closed half line in
IR? that is smooth in the origin.
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Figure 4.7: The infinite spiral.

It is a well-known fact the transverse intersection of two submanifolds is again a manifold.
Likewise the transverse intersection of a submanifold and an smcs is again an smcs, as formu-
lated in the following lemma.

Lemma 4.7. Let N be a n-dimensional manifold with a smcs ¥ = (X, ..., Xo) of dimension k. Suppose
S C N is a submanifold of codimension q that is transverse to %, then

(SN, .., SNE)

is a smscs of dimension k — g in S.

If S furthermore has a product neighbourhood D9 x S in N with S = {0} x S, there is a germ of
diffeomorphisms H : D9 x S — D7 x S along {0} x S commuting with the projection onto DY such
that HX) = D7 x (XN S).

Proof. We begin by proving the first assertion. By transversality we immediately see that S N
Let p € SNX; with [ > g, by the stability property there is a chart U around p such that
UNs =D 'x (Tr_y, ..., T, D, ... 0) =D x D71 x T

where T is a smcs of dimension k — [ in D"/, note that Ty = {p}. By transversality there is
a projection 7ty : DY x ID"71 — ID"71 that induces a diffeomorphism ¢y : UNS — D" 1
such that in the corresponding chart on S we have SNE = ID!~9 x T. Thus S N £ is smcs of
dimension k — gin S.

We now assume S has a product neighbourhood D7 x S in N with S = {0} x S.



CHAPTER 4. SUBMANIFOLDS WITH CONICAL SINGULARITIES 32

DM x D1

Figure 4.8: The product neighbourhood D7 x S can locally be identified with D7 x ID!~.

Locally we have projections
e tomy :DIxD"7 - UNS

"along the stratification" mapping UNX to SN X.

s (SNX)xD1

D1

Figure 4.9: The local projection along the stratification.

Note that every local projections ¢;* o 7y is the identity on {0} x (S N U). These local projec-
tions can be patched up to a global projection 77" : V' — S defined on small tube V around S
using a partition of unity.
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Furthermore, we have a projection 7/ : V — DY, given by the trivialization of the normal
bundle.

Now H = (n/, ") : V. — D x S is a germ of diffeomorphisms of D x S along {0} x S and
HEZNV) DI x (ENS). O

4.2 Stable manifolds as submanifolds with conical singularities

In this section we show that the closure of a stable manifold of a Morse-Smale system has the
structure of a smcs.

Theorem 4.8. Let X be a Morse-Smale vector field for f : M — R. If p is a critical point of index A,
then (Stab(p), Stab(p) \ Stab(p)) is a smcs of dimension A where Stab(p) \ Stab(p) is stratified by stable
manifolds of critical points of index strictly less than A.

Proof. Let p be an index A critical point of f. For a € R define

Sa(p) = Stab(p) N {f = a}.

Now, if 2 < f(p) such that [a, f(p)] does not contain any critical values besides f(p), S.(p) is
a sphere. As a decreases S,(p) remains a sphere until a coincides with a critical value of f at
some critical point g of index y; fore > 0, S f(g)—e 1S NO longer a smooth manifold. Recall that,
because X is Morse-Smale, we know p < A.

Let (x,y) € R¥ x R"7# be Morse coordinates on a neighbourhood U of g such that on U

fay) = f@) — |1x)* + y|)?

and X is the gradient of f with respect to the Euclidean metric on U. We define the level sets

Vo ={f=f(q—¢}, Vi={f=f@+¢

and remark that V_ = §#~! x ID"~# under the correspondence (, 0v) <+ (u cosh 6, v sinh §) and
V, 2 ID¥ x §"~#~1 under the correspondence (1, 8v) < (u sinh 6, v cosh 8). We write

S, =5""1tx{0}cV_ and S_.={0} xSs"F1cv,.
Note that by the Smale condition Stab(q) N {f = f(gq) + ¢} is transverse to the sphere S .

We formulate the following lemma.

Lemma 4.9. Let X be a smcs of dimension k in V. that is transverse to S with non-empty inter-
section. Define X._ to be the closure in V_ of the set of points V_ which lie on a gradient line passing
through %, then X._ contains S_ and is a smcs of dimension k.
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Proof. On U the flow lines of X are orthogonal trajectories of the surface — ||x|* + ||y||* =
constant, thus the gradient lines passing through (x, y) can be parametrized as (tx, t "'y). There-
fore, if either x or y is zero the trajectory is a straight line segment trough (x, y) coming from
the origin, meaning that no points of S_ lie on a gradient line passing through . If both x
and y are non-zero the trajectory passing through (x, y) is a hyperbola passing through some
point (u cosh 6, usinh 8) € V_ and a corresponding point (1 sinh 6, u cosh ) € V..

Using polar coordinates (¢,9,7) € §! x 8”771 x [0,1] in V_ = &~ x D" ' and V; = D' x
§"-=1 we see the the identity map V. \ S; — V_\ S_ gives the correspondence (1 cosh 6, u sinh 6) <
(usinh 6, u cosh ).

Define K = X, NS, which is a smcs as shown in Lemma .7} Note that S, has a product
neighbourhood ID* x S, in V. such that S, = {0} x S, thus by Lemma [4.7] there is a diffeo-
morphism H : D¥ x §""#~1 — DF x §""#~1 along {0} x S, such that H(X;) = D¥ x K near
{0} X S+.

From the proof of Lemma 4.7 we know, using polar coordinates, that the diffeomorphism H
is of the form H(ep,¥,r) = (@, ¢(¢, ¢, 1), r) with P(¢,1,0) = . Note that H could also be
considered as a map H: S+ 1 x D" # — S#=1 x D" # which is also a diffeomorphism.

Now, we see that
H(Z‘+ \K) = {((Pr I,L’/r)‘(l) S Sy_lzw(gﬂ,l/),i’) c K,r > 0},

and thatin V_, H (X_\ S-) is given by the same formula. Thus, by taking the closure, we see
that

HE_)=9""1xcK.
We conclude that ¥~_ is a smcs containing S_. O

Using this lemma we see Stab(q) N {f = f(g) — €} is a smcs with a new singular stratum. The
theorem now follows by recursion. O

Remark 4.10. Theorem implies that, if M is closed, the stable manifolds give the structure
of a CW-complex on M. If M is not closed but instead X-convex, the stable manifolds give the
structure of a CW-complex on the skeleton Skel(M, X). JAN

4.3 Limitations

Submanifolds with conical singularities have a high level of regularity and give rise to well-
behaving conical models around the singularities, nonetheless, they do have their limitations.
Conical models form a continuous family of models, with which we mean a small perturbation
of the model gives a new, non-isomorphic, model.
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Figure 4.10: Non-isomorphic conical models.

This is illustrated in Figure[d.10} there is no ambient diffeomorphisms between the two models,
since such a map could not be smooth in the point of the cone. Therefore the two conical
models are not equivalent.

This means that a small perturbation of the Morse-Smale vector field yields vastly different
models around every critical point.

To avoid this kind of behaviour we would like to have a discrete family of models, such that
a small perturbation yield the same model. Furthermore, our goal is to describe these models
combinatorically, allowing for a completely combinatorial description of the complex given by
stable manifolds.



Chapter 5

Arboreal Hypersurface Singularities in
Smooth Manifolds

In this chapter we define the class of arboreal hypersurface singularities, which are an adaptation
of the class of arboreal singularities as introduced by David Nadler in [Nad17]. Whereas the
original arboreal singularities are used to describe Legendrian and Lagrangian singularities
in symplectic and contact manifolds, our arboreal hypersurface singularities describe strati-
tied hypersurface singularities in smooth manifolds. Furthermore, we show that each class
of germs of arboreal hypersurface singularities is determined by discrete combinatorial data
given by a special signed rooted tree T = (T, p, €), anon-cyclic connected graph T with a condition
on the degree of each vertex, a distinct root vertex p and signs + on each edge.

In the next chapter we discuss how to perturb Morse-Smale systems such that the singularities
in their skeleta are arboreal hypersurface singularities. To do so, we "spread out" the critical
points into manifolds of critical points.

Figure 5.1: Spreading out the critical points.

If we do this in such a matter that the stable manifolds have codimension 1, they are locally
separating and we can locally choose an "up" and "down" direction. Recall that in the Morse

36
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Figure 5.2: Perturbations away from the critical points yield germ diffeomorphic singularities.

case we demanded that, in some specified coordinate system, the vector field is locally radial
in the unstable manifold. In the neighbourhood of the spread out critical points we want the
vector field to be vertical, i.e. normal to the stable manifold in some coordinate system around
the manifold of critical points. Then, close to the critical manifolds, there are coordinates such
that the trajectory through a point p in a unstable manifold is locally given as the straight half-
line starting at the natural projection of p to the critical manifold and passing through p. In
particular, a stable manifold S entering this coordinate neighbourhood of a critical manifold C
is locally given as the vertical cone of the intersection of S with the boundary of the neighbour-
hood.

Figure 5.3: Two neighbourhoods of critical manifolds in their unstable manifold. The critical
manifolds, indicated in red, have codimension 1. The vector fields, indicated in green, are
vertical. Stable manifolds enter the neighbourhood, indicated in orange, and are locally given
as a vertical cone, indicated in blue.

We begin this chapter with the definition of arboreal hypersurface singularities in Section
Then, in Section[5.2}, we produce explicit local models for the arboreal hypersurface singulari-
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ties where each model is associated to a special signed rooted tree. In Section 5.3 we prove the
Stability Theorem and use it to show that each arboreal hypersurface singularity is germ
diffeomorphic to one of the models produced in Section Furthermore, we show that this
Stability Theorem also holds parametrically. We conclude this chapter with Section where
we generalize the definition of arboreal hypersurface singularities to allow for strata with
boundary. Furthermore, we produce and produce local models associated to special signed
rooted trees with certain extra combinatorial data for these generalized arboreal singularities.
We prove that a similar Stability Theorem holds for these generalized arboreal hypersurface singu-
larities and use this Stability Theorem to conclude that each generalized arboreal hypersurface
singularity is germ diffeomorphic to one of the produced models.

5.1 Arboreal hypersurface singularities

Before we can define arboreal hypersurface singularities we first need give a more formal def-
inition of the vertical cone operation. Let H C R” x % and let 77 : R" x §° — IR" be the obvious
projection. Given a point p € H we denote the straight half-line beginning at 77(p) and passing
trough p by C(p) . The vertical cone C(H) C R"*! is the union UpenC(p).

Definition 5.1. Arboreal hypersurface singularities form the smallest class Arbe P of germs of
closed stratified subsets in n + 1-dimensional smooth manifolds such that the following prop-
erties are satisfied:

(i) (Base case) Arbgy P contains pt=R°C R.
(ii)) (Invariance) Arbe ¥ is invariant with respect to diffeomorphisms.

(iii) (Stabilization) If H C M is in ArbZW , then the product H x R C M x Risin Arsz’fl.

(iv) (Vertical cones) Let 7t : R” x §8° — R” be the obvious projection. If H; C R” x S is an

arboreal hypersurface singularity germ from Arb},;y_lg1 centred at z; € R” x S, the union
R" U C(H;) of the vertical cone with the zero-section forms an arboreal hypersurface

singularity germ from Arbzy P

Furthermore, if H;, Hy C R" x S° are disjoint arboreal hypersurface singularity germs

from ArbZ{ P\, such that H; and H, are centred at z1,z; € R" x S* with 71(z1) = 71(z2),
and the map 7t|g,um, is self-transverse as a map of stratified spaces, then the union R" U

C(H1) U C(Hy) of the vertical cones with R"” forms an arboreal hypersurface singularity
germ from Arb’fly P,

A

Note that the condition that 77| g, g, is self-transverse as a map of stratified spaces is a natural
one if we want the models of arboreal hypersurface singularities to be stable, i.e. we want
the models to form a finite and discrete family. Transverse intersection is stable while non-
transverse intersection is unstable, thus allowing for non-transverse self-intersection would
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possibly lead to an infinite and continuous family of models.

Remark 5.2. Every arboreal hypersurface singularity admits a canonical stratification, since
every arboreal hypersurface singularity can be obtained through a series of stabilizations,
vertical cones and diffeomorphisms applied to the base case. This base case, R’ C R, is a
smooth manifold and thus has a canonical stratification. The stabilization H x IR of a strati-
fied set H C M with stratification (Hy, ..., Hy) admits a canonical stratification (H, X R, H, 1 X
R, ..., Hp x R,®). Similarly, because the transverse intersection of strata yields a manifold, the
vertical cone operation applied to stratified Hy, H» C M gives a set with a canonical stratifica-
tion. A diffeomorphism ¢ : (M, H) — (M’, H') arboreal hypersurface singularity germs carries
a stratification of H to a stratification of H'. A

5.2 Arboreal hypersurface models

We now construct explicit local models for the arboreal hypersurface singularities, to do so we
tirst need to introduce some auxiliary notions.

5.2.1 Fully signed rooted trees

A graph G is a set of vertices V(G) and a set of edges E(G) such that E(G) is a subset of the set of
two-elements subsets of V(G). We denote the number of vertices of G by v(G).

Two vertices a, B € V(G) are called adjacent if {w, B} € E(G), a graph G is called connected if any
two vertices o, B € V(G) can be linked by a walk, i.e. a sequence of edges {«, v1}, {71, 72}, -, {70, B} €
E(G).

A graph G is called acyclic if there are no non-empty walks in which all edges are distinct and
all vertices except for the first and last are distinct.

Definition 5.3. A tree T is a nonempty, finite, connected acyclic graph. The degree of a vertex a
of a tree T is the number of adjacent vertices, i.e. the number of edges incident on «.

Arooted tree 7 = (T, p) is a pair of a tree T and a distinguished vertex p € V(T) called the root.
We denote the set of non-root vertices N(T) = V(T) — {p} and the number of non-root vertices
by n(T).

A fully signed rooted tree T = (T, p,€) is a rooted tree (T, p) and a decoration ¢ of a sign £ on
each edge of T. A

In a tree T there is always a unique minimal path, meaning a nonrepeating sequence of edges,
connecting any two vertices. The vertices V(T) of a rooted tree have a natural poset structure
with unique minimum p and & < B if the unique minimal path between  and p contains «.
We call a vertex that is maximal with respect to this partial order a leaf.

We introduce the following variation on signed rooted trees.

Definition 5.4. A special signed rooted tree T = (T, p,¢) is a fully signed rooted tree satisfying
the following conditions.
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¢ The root p has degree at most two.
¢ Every non-root vertex has degree at most three.

¢ The edges between any vertex and its (at most two) predecessors do not have the same
sign.

A

Figure 5.5: Two signed rooted trees that are not special. The tree on the left has a root of degree
3, the tree on the right does not satisfy the condition on the signs.

5.2.2 Arboreal model T-hypersurfaces

Definition 5.5. Let S be a finite set, we write R® for the Euclidean space of S-tuples of real numbers.
A

Remark 5.6. For any finite set S we can fix a bijection S — {1,2,...,||S||}, which induces an
isomorphism RS = RISIL we mostly consider S = V/(T), if one wishes to fix a bijection V(T) —
{1,2,...,0(T} it is best to consider an order preserving bijection. A
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We now define our models for arboreal hypersurface singularities. These models are a signed
variation on Nadler’s construction of rectilinear arboreal hypersurfaces in [Nad17], similar to
Starkston’s signed construction in [Stal§].

Definition 5.7. Let T be a special signed rooted tree. Then the arboreal model T-hypersurface,

Hr, associated to T, is the stratified subset of RV(™) given by the union Hy = |J P, were
acV(T)
we define

P,X = {xa = 0, S,B,,B’xﬁ > 0 for all ﬁ < a} C ]RV(T).

Here g g denotes the sign of the edge {B, B} between B and its unique neighbour B’ such that
B < B’ < a,ie. theedge {B, B’} points towards «. A

Each stratum P, has a co-orientation given by dx,. The geometric meaning of the signs of T is
that, if the vertices a < B share an edge, the sign ¢, 5 = +1 if and only if P4 is on the +-side of
P, with respect of this co-orientation.

Remark 5.8. Different special signed rooted trees may yield germ diffeomorphic arboreal
model hypersurfaces, in particular two different choices of signs on the same underlying tree
give germ diffeomorphic arboreal model hypersurfaces.

Let T and T’ be two special signed rooted trees with the same underlying rooted tree, i.e.
T = (T,p,¢) and T' = (T,p,¢’). We write e,3 and ¢ ; for the sign in respectively T and
T’ of the edge between a non-root vertex a and its unique predecessor. The map RV™ —
RYD,  {x,} — s,x,gcsfx,&{xa} is a diffeomorphism of (RV(™), Hy) to (RV(™, Hy).

These different trees associated to the same (up to ambient diffeomorphism) stratified spaces
correspond to different chosen co-orientations of the strata. In the next chapter we discus when
and how the strata can be equipped with a canonical co-orientation. A

5.3 Stability of arboreal hypersurface singularities

Definition 5.9. Let T be a special signed rooted tree with n = v(T) < m. A closed subset H C
M of a smooth m-dimensional manifold M is called an arboreal hypersurface of type (T, m) at p if
the germ of (M, H) at p € H is diffeomorphic to the germ of the pair (R"” x R"~", Hy x R"™")
at the origin.

A closed subset H C M of a smooth m-dimensional manifold M is called an arboreal hypersur-
face if it is an arboreal hypersurface of type (T, m), for varying T, at every p € H. A

The goal of this section is to show that the classes of ArbY? correspond to arboreal hyper-
surfaces of type (T, m) for varying special signed rooted trees T with at most m vertices, as
formulated in the following theorem.

Theorem 5.10. Per dimension m, Definition [5.1|produces only finite many local models up to ambient
diffeomorphism. More specifically, every class in the collection Arbl¥P
rooted tree T with at most m vertices.

can be assigned a special signed
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Figure 5.6: Some examples of arboreal model T-hypersurfaces for different special signed
rooted trees.

Note that, as a result of Remark E the tree T assigned to a class in Arb}nzyp is generally not
unique. Any special signed rooted tree with the same underlying rooted tree but different

signs can also be assigned to this class.

To be able to prove Theorem [5.10|we first show the following Stability Theorem. This theorem
asserts that, under the conditions of Definition the vertical cone of two arboreal hyper-
surface of respective type (T, m) and (T’,m) union R, is an arboreal hypersurface. This
theorem is the analogue of Theorem 3.5 in [AEN22a|] for our smooth set-up and is proven
using the same technique.



CHAPTER 5. ARBOREAL HYPERSURFACE SINGULARITIES IN SMOOTH
MANIFOLDS 43

Theorem 5.11 (Stabilty Theorem). Let T be a special signed rooted tree, set m = v(T) and let
@1 @ R™ — R™ x S0 be embeddings mapping 0 to (0, £1) € R™ x S® = R™ x {—1,1}. We write
7 R™ x 8 — R™ for the obvious projection.

Write T 1 and T _ for the two special signed rooted trees obtained from T by deleting the root vertex and
restricting the signs, where the index & of the trees corresponds to the sign of the edge between the root
p and incident vertex/vertices. We write Hy = ¢+ (Hy, x R™™"*), where n+ = v(T+), and define
H=H,UH_.

Suppose that H projects self-transversely under rt. Then H = R™ x {0} U C(H), where C(H) denotes
the vertical cone of H, is an arboreal hypersurface of type (T, m + 1) at the origin.

ot g g

A1 TS AT

Figure 5.7: The strategy of the proof, we inductively normalize the pieces of H.

Note that one or both of the trees T, and T_ might be empty, which is the case if the root p of
T has degree one or zero.

Proof. We need to show that the germ of H at the origin is diffeomorphic to the germ of the
model (T, m + 1)-hypersurface singularity, we proceed by induction over the number of ver-
tices of T.

For the base case, assume T has a single vertex. Then T, = T_ = @, meaning that H = @
and thus # = R™ x {0}. Now, the germ of (R"*!,R™ x {0}) is diffeomorphic to the germ of
(R™*1, Hy x R™) = (R"™1, {0} x R™).

For the inductive step, assume T has n vertices and assume the assertion has been established
for all special signed rooted trees with n — 1 vertices. Consider a leaf g of T, without loss of
generality B € V(TT). We denote the tree obtained from T by deleting f by T’, and the
tree obtained from T by deleting 8 by T’. We first "straighten", or normalize, the pieces of H
corresponding to the vertices of T’, such that they align with the arboreal model hypersurface.
Then we normalize the piece of H corresponding to f without moving the pieces that have
already been normalized.

Recall that per definition in RV(™T")

H’]['+ - U Pp‘.
acV(TT)
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By construction the germ of (R"™, H,) is diffeomorphic to the germ of (R™, Hy, x R™™"+) and
thus diffeomorphic to the germ of (R", (Uycy(r+)Py) x R"7"+). We write H[«] for the piece
of H, corresponding to P, under this diffeomorphism.

Note that
Hr, = Hy x R U Py,

Thus, if we define H', := Hy \ H.[B], we see that H’, is an arboreal hypersurface of type
(T’_,m) at the origin. Because v(T’) = n — 1, we have by induction that H' := R™ x {0} U
C(H!. U H_) is an arboreal hypersurface of type (T’, m). Therefore we may assume

H' = Hp x R" "+,
We write H[a] = C(H4[«]) and remark that H = H' U C(H4[B)).

We now normalize C(H[f]), to this end let Ag = (Ap, p, £p) be the linear special signed rooted
subtree of T = (T, p, &), with vertices V(Ag) = {a € V(T)|a < B} and restricted signs. We set
d = ov(T) — v(Ap) to be the number of complementary vertices.

We consider the (Ag, m)-hypersurface K C H given by the union K = U,ey( Aﬁ)’H[(x] of the
smooth pieces of H indexed by a € V(Ap). Note that for A;S =AgNT and K' = KNH' we
have

IC/ — HA:g % Rm7ﬂ+1+d‘

Now we only need to normalize the smooth piece #[S]. Observe that K is an arboreal (Ag, m)-

H, /N Hﬂ l

SR DY
Figure 5.8: First normalizing all but one smooth piece and then treating the complementary
directions as parameters.

hypersurface and thus there is a (germ of a) diffeomorphism ® of the germ of (R", K) to the
germ of (R™, H Ay X R™-"+4) Meanwhile

K=K UK[B]= Hapy R™ "4 KC[B] and Hp, = Hay, UPs.

Thus it must be that ® maps K’ to itself (as a set, not necessarily pointwise), none of the smooth
parts of H A are homeomorphic and thus any smooth part of H A must be mapped to itself.

Therefore we can normalize H[B] while not moving K'. Using that H projects self-transversely

under 7T we can view the complementary directions R"~"+1+4 as parameters, so we can assure
' is also preserved. O
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We have the following direct corollary.

Corollary 5.12. Every arboreal hypersurface of type (T, m) is an arboreal hypersurface singularity as

in Definition
Proof. Fix m > 1, the claim follows by strong induction over the number of vertices v(T).
For v(T) = 1 we see that (R™, {0} x R"~!) is the m-fold stabilization of (R, pt).

Let 2 < n < m and assume all arboreal hypersurfaces of type (T, m) with v(T) < n are arboreal
hypersurface singularities as in Definition[5.1} We fix a special signed rooted tree T with v(T) =
n and write T for the trees obtained from T by deleting the root vertex as in Theorem [5.11}

We embed Hy, x R~ into R x S” as
H, = Hr, x R" " x {1}
and we embed Hy_ x R"™ " into R™ x S as
H_ =R""" x Hyr_ x {-1}.
Now we see that

Hyp x R"™" = R"™ UC(H,) UC(H_)

meaning Hy x R C R™ is in Arb:f P 1, thus the arboreal hypersurface of type (T, m) is an

arboreal hypersurface singularity as in Definition[5.1|by the vertical cone property. O

We are now ready to prove Theorem [5.10}

Proof. We now prove that every class in Arbilny P can be assigned a special signed rooted tree T
with at most m vertices by induction over m.

By definition Arbgy P has only a single local model, which is indeed germ diffeomorphic to
(R, Hs) = (R, {0} x R), where e denotes the special signed rooted tree with one vertex.

Assume every class in Arbgqy 'V can be assigned a special signed rooted tree T with at most m — 1
vertices, so if H C M isin ArbZly i ; then (M, H) is germ diffeomorphic to (R™, Hy X R (M),

Any class in Arbl¥” with m > 1 can be represented as either a stabilization H x R of some
HC Min Arbl,;yf , or the vertical cone of Hy, H, C R" x S in Arbhmyf 1

In the former case the class in Arb,?” is represented by the same special signed rooted tree with
at most n — 1 vertices as H, since the germ diffeomorphism (H, M) — (R", Hy x R"~*M) can
be extended to a germ diffeomorphism

(M x R, H x R) — (R"*!, Hy x R" 1M,
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In the latter case the class in Arb." is represented by the special signed rooted tree T formed
by joining the special signed rooted trees T; and T; representing H; and H, at a root. To see
that T has at most m vertices we assume that v(T) > m, meaning that m; +my = o(T1) +
v(T2) > m. Then we can assume H; = Hy, x R"™"™ and H, = Hy, x R""", meaning the
strata containing the origin are {0} x R”~!1=™ and {0} x R™ =" respectively. Thus it is
not possible for these strata to be projected transversely in R™, which is a condition on the
projection in Definition 5.1} thus v(T) < n.

Now Theorem[5.11]asserts that R™ U C(H;) U C(Hy) is an arboreal hypersurface of type (T, n +
1) at the origin. O

5.3.1 Parametric stability

In this section we show that the proof of Theorem also holds parametrically, yielding the
following parametric stability Theorem.

Theorem 5.13. Let T be a special signed rooted tree, let m > v(T), let ¢ : R™ — R™ x S° be families
of germs of embeddings mapping 0 to (0, 41) € R™ x 8 = R™ x {—1,1} and let 7t : R™ x S¥ — R™
be the obvious projection.

Write T and T _ for the two special signed rooted trees obtained from T by deleting the root vertex and
restricting the signs with the index =+ of the trees corresponds to the sign of the edge between the root p
and incident vertex/vertices.

We write H,. = ¢'.(Hr, x R" ") where ny = v(Ty), define HY = HY U H’ and define HY =
R™ x {0} UC(HY), where C(H) denotes the vertical cone of HY.

Suppose that each HY projects self-transversely under 7.
Then there exists a family of (germs of) diffeomorphisms of the germ of (R™, HY) to the germ of (R™ X
Hy x "),

Proof. As in the proof of Theorem we proceed by induction.

For the base case assume T has a single vertex. Then T, = T_ = @, meaning that HY = @
and thus HY = R™ x {0}. The germ of (R"*!,R™ x {0}) is diffeomorphic to the germ of
(R™*1, Hpr x R™) = (R™*1,{0} x R™).

For the inductive step, assume T has n vertices and assume the assertion has been established
for all special signed rooted trees with n — 1 vertices. As before we consider a leaf  of T, we
assume without loss of generality that § € V(T") and denote the tree obtained from T by
deleting B by T’_ and the tree obtained from T by deleting 8 by T'.

We write Hi[lx] for the smooth piece of H, indexed by « and define H;y = Hi \ Hi[ﬁ]

By induction, H"Y = R" x {0} UC (H;y U H”) is an arboreal hypersurface of type (T’, m). There-
fore we may assume

H/y = HT’ X ]Rmin%kl.
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As before we consider Ag = (A, p, €p) the linear special signed rooted subtree of T = (T, p, &)
with vertices V(Ag) = {a« € V(T)|a < B} and restricted signs. We set d = v(T) — v(Ag) to be
the number of complementary vertices.

We look at he family of (A, m)-hypersurface KV C ‘HY given by the union KY = U,cy, Aﬁ)Hy [«]
of the smooth pieces of # indexed by a € V(Ag). For Ay = AgNT" and KY = KY NH"Y, we
have

K = HA’ﬁ % ]Rm—n-kl—i-d'

We now normalize the smooth piece H[B].

Since KV is a family of arboreal (Ag, m)-hypersurface, there is a family of diffeomorphism @Y
of the germs of (R™, KY) to the germ of (R™, H A % R™-7+d) Meanwhile

KV = K" UKY[B] = Hpy, x R™ "1+ K] and Hp, = Hpy UP.

Thus it must be that ¥ maps K to itself (as a set, not necessarily pointwise) meaning we can
normalize 7Y[B] while not moving K. Using that HY projects self-transversely under 7t we
can view the complementary directions R"~"*1+% ag parameters so we can also assure H" is
also preserved. O

5.4 Generalized arboreal hypersurface singularities

We will need a mild generalization of arboreal hypersurface singularities, similar to the gen-
eralization from manifolds to manifolds with boundary, to allow for strata with boundary.
These kind of singularities occur when we allow the critical manifolds to have a boundary.
This generalization amounts to including one extra base case to Definition

/

Figure 5.9: Two hypersurface singularities of strata involving boundary.

Definition 5.14. Generalized arboreal hypersurface singularities form the smallest class Arb$™""
of germs of closed stratified subsets in n + 1-dimensional smooth manifolds such that the fol-
lowing properties are satisfied:



CHAPTER 5. ARBOREAL HYPERSURFACE SINGULARITIES IN SMOOTH
MANIFOLDS 48

(i) (Base case) Arb‘genhyp contains pt = R C R and Arbfenhy P contains {0} x [0, 00) C R2.
(ii) (Invariance) Arb%e"hy P is invariant with respect to diffeomorphisms.

(iii) (Stabilization) If H C M is in Arb§”"™”, then the product H x R C M x R is in ArbS*}*".

(iv) (Vertical cones) Let 77 : R" x S° — R” be the obvious projection. If H; C R" x SVisa
generalized arboreal hypersurface singularity germ from Arbie_ni1 Y centred at z; € R" x
80, the union R" UC (H4) of the vertical cone with the zero-section forms a generalized

&

hypersurface singularity germ from Arb$"P

Furthermore, if Hy, Hy C R" x S° are disjoint generalized arboreal hypersurface singu-

larity germs from Arbii"f P such that H; and H, are centred at zq,z, € R” x 8 with
7(z1) = 7(z2), and the map 7t|p,uH, is self-transverse as a map of stratified spaces, then
the union R” U C(H;) U C(H») of the vertical cones with IR” forms a generalized arboreal

hypersurface singularity germ from Arb$"P

A

The rest of this section is dedicated to showing that every class in ArbE™P can be assigned a
special signed rooted tree with certain extra data.

Definition 5.15. A special signed leafy rooted tree (T, () is a special signed rooted tree T with a
collection ¢ of marked leaf vertices, each decorated with a sign =+. A

From a special signed leafy rooted tree (T, {;) we can construct a special signed rooted tree T™
by adding a vertex above each leaf « € ¢ and giving each edge between a leaf and its added
vertex the sign corresponding to the leaf.

Using special signed leafy rooted trees we can define model generalized arboreal hypersur-
faces. These models are a signed variation on Nadler’s construction of generalized rectilinear
arboreal hypersurface in [Nad16], similar to the signed construction in [Sta18].

Definition 5.16. Let (T, {;) be a special signed leafy rooted tree, the generalized arboreal model
(T, £e)-hypersurface, Hr ), associated to (T, £¢) is given by the union

H(T,fg) = U Pa C RU(T+).
a€V(TH)\¢

A

Example 5.17. The singularity shown at the left in Figure [5.9|is the generalized arboreal model
(T, £;)-hypersurface associated to the special signed leafy rooted tree with one vertex, which is
also a marked leaf which has been given a positive sign.

The righthand singularity depicted in Figure 5.9|is the generalized arboreal model hypersur-
face associated to the special signed leafy rooted tree with two vertices, {p, a }, with a positive
decoration on its one edge and « as marked leaf, decorated with a positive sign. A
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Using these models we can generalize Definition[5.9

Definition 5.18. Let (T, /) be a special leafy signed rooted tree with n = o(T*) < m. A
closed subset H C M of a smooth m-dimensional manifold M is called a generalized arboreal
hypersurface of type (T, £¢, m) at p if the germ of (M, H) at p € H is diffeomorphic to the germ of
the pair (R" x R™™", H(y ¢, X R™"") at the origin.

A closed subset H C M of a smooth m-dimensional manifold M is called a generalized arboreal
hypersurface if it is a generalized arboreal hypersurface of type (T, {¢, m), for varying (T, ¢;), at
every p € H. A

Remark 5.19. We note that the base case pt = R C R in Arbgenhy P is germ diffeomorphic to
(R, H(s,2)), Where e is the rooted tree with one vertex. Furthermore, {0} x [0, c0) C R? is germ
diffeomorphic to (R?, H(,4)), where the root is taken as a leaf and given a positive sign. AN

We have a Generalized Stability Theorem for generalized arboreal hypersurface.

Theorem 5.20 (Generalized Stability Theorem). Let (T, ¢;) be a special signed leafy rooted tree, set
m = o(T), let g+ : R™ — R™ x S° be embeddings mapping 0to (0, £1) € R x S = R" x {-1,1}
We write 7t : R™ x SY — IR™ for the obvious projection.

Write (T, ) and (T —, £_) for the two special signed leafy rooted trees obtained from (T, {¢) by delet-
ing the root vertex and restricting the signs. We write Hy. = @+ (H, x R""*) where ny. = v(T4)
and define H = H, UH_.

Suppose that H projects self-transversely under 7t. Then H = R™ x {0} U C(H), where C(H) denotes
the vertical cone of H, is an arboreal hypersurface of type (T, ¢, m + 1) at the origin.

Proof. The proof is very similar to the proof of Theorem which is Theorem for¢ =@,
with some minor variations that we spell out.

We proceed by strong induction over the sum n of the number of vertices of (T, /) and the
number leaves in ¢, note that the base case is already established since a rooted tree with one
vertex has no leaves.

Assume that the assertion has been established for all special signed leafy rooted trees with
v(T)+ || < n. Let (T, ¢) be a special signed leafy rooted tree with v(T) + |¢| = n, assume
¢ # @ since this case has already been covered by Theorem Let B € /, without loss of
generality p € V(T ). Similar to above we write (T’,, ¢, for the special signed leafy rooted
tree obtained from (T, /;) by removing . We write T~ for the special signed rooted tree
obtained from (T, /;) by adding a vertex above the marked leaves and denote the vertex
added above 8 by .

The germ of (R™, H ) is diffeomorphic to the germ of (R™, H, ¢,y X R"™") and per definition
Hr, ¢,y = Hr, x R®U P,

We write H.[B] for the smooth piece of H; indexed by 3 and see that H’, is a generalized
arboreal hypersurface of type (T, ¢, m) at the origin. Thus, by induction, ' = R™ x {0} U
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C(H!. U H_) is a generalized arboreal hypersurface of type (T, ¢',, m) and we may assume
Hl = H(T/Jr’gir) X RminjLz.

We consider the linear special signed leafy rooted subtree (A % l B) and set d to be the number
of complementary vertices.

Now we have a (A % 14 B m)-hypersurface given by the union K = U,cy Aﬁ)?-l[tx] such that for
(A’ﬁ,é’g) = (A LgN (T’ ¢)and K' = K NH' we have

K = H(A;@,Z’ﬁ) w RM—n+2+d
But K is an arboreal (A, £ p-M)-hypersurface and thus there is a diffeomorphism @ of the germ
of (R™, K) to the germ of (R", = H| IWARS R™—"+2+d) - Ag before, this diffeomorphism must

leave K’ fixed. By viewing the complementary directions as parameters we can assure H' is
also preserved. O

Using the Generalized Stability Theorem we get the following theorem through induction over
v(T) + || in the same manner as in the proof of Theorem Remark serves as the
induction steps.

Theorem 5.21. Per dimension m, Definition produces only finite many local models up to ambient

diffeomorphism. More specifically, every class in the collection ArbS, "YP can be assigned a special signed
leafy rooted tree (T, £,) with v(T) + |¢| < m.

In the same way as for non-generalized arboreal hypersurface singularities, the proof of Theo-
rem can also be done parametrically, yielding the following theorem.

Theorem 5.22. Let (T, £) be a special signed leafy rooted tree, let m = v(T), let 7. : R™ — R™ x SY
be families of germs of embeddings mapping 0 to (0,+1) € R™ x 8% = R" x {—1,1} and let 7 :
R™ x 89 — R™ be the obvious projection.

Write (T 4, ¢) and (T _, £_) for the two special signed leafy rooted trees obtained from (T, £) by deleting
the root vertex and restricting the signs. We write HY. = ¢’ (Hy, x R™"+) where ne = v(Tx),
define HY = H’. U H” and HY := R™ x {0} UC(HY).

Then there exists a family of (germs of) diffeomorphisms of the germ of (R™, HY) to the germ of (R™ X
Hr o1y x R+,



Chapter 6

Producing Arboreal Skeleta

In this chapter we prove that any manifold M that can be decomposed as a compact domain
with an infinite cylindrical attached to its boundary, can be equipped with an X-convex struc-
ture such that its skeleton is an arboreal hypersurface. We do this by starting with an appropri-
ate Morse function on M and "spreading out" its critical points to manifolds of critical points.
This procedure increases the dimension of the stable manifolds, thus it can not produce a hy-
persurface skeleton if one of the bones has codimension 0. In particular this means that closed
manifolds do not admit arboreal skeleta.

In Section we define Morse-Bott functions, which are smooth functions with a relaxed non-
degeneracy condition at their critical points, and Morse-Bott vector fields, which are gradient
vector fields of Morse-Bott functions that are compatible with their local structure around
critical points. Then, in Section |6.2| we discuss properties of finite type X-convex manifolds
with Morse-Bott vector fields. We explain how every manifold that can be decomposed as
a compact domain with an infinite cylindrical attached to its boundary, can be given a finite
type X-convex Morse-Bott structure such that all the stable manifolds have positive codimen-
sion. Section |6.3|is dedicated to proving that, if M is a manifold with a finite type X-convex
Morse-Bott structure whose skeleton has positive co-dimension, then M admits a finite type
X-convex Morse-Bott structure with an arboreal skeleton. We conclude this chapter with Sec-
tion where we discuss how to make consistent choices for the signs on the edges of the
trees describing the arboreal singularities.

Throughout this chapter M is an n-dimensional manifold.

6.1 Morse-Bott vector fields

Recall that a Morse function f on M is a smooth map f : M — IR whose Hessian is non-
degenerate at every critical point. A corollary of the Morse Lemma is that the critical points of
a Morse function must be isolated, while we want to be able to "spread out" the singularities
occurring at critical points. We slightly relax our notion of non-degeneracy to allow for smooth

51
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manifolds of critical points. The following notion on non-degeneracy is due to R. Bott, it is
slightly to restrictive for our purposes, but serves as a starting point for our even more general
definition.

Definition 6.1. A classic Morse-Bott function on M is a smooth map f : M — R such that each
connected component C of Crit(f) is an embedded submanifold of M and the Hessian of f
defines a fiberwise non-degenerate pairing on the normal bundle of C. A

Remark 6.2. If we fix a Riemannian metric on M, the Hessian Hy splits the tangent space
TyMasE} @ Eg @ E, into generalized eigenspaces with eigenvalues having positive, zero and
negative real part at any critical point p € C C Crit(f). The non-degeneracy condition on
the Hessian of f in the normal bundle of a connected component C C Crit(f) is equivalent to

demanding that TC = E°|. A
Example 6.3. Recall that the function f(x,y) = x? is not Morse, since the critical points form

the x-axis and are all degenerate. It is, however, classic Morse-Bott.

The function f(x,y) = x%y? is not classic Morse-Bott, the critical points form the x-axis and
y-axis and thus a connected component of Crit(f) is not a smooth manifold. A

100

80

T
e

/\0 p

in

@) fx,y) = () fx,y) = 7y

Figure 6.1: A classic Morse-Bott function and a function that is not classic Morse-Bott.

Just like Morse functions, classic Morse-Bott functions admit canonical local models around
critical points. This property is captured in the Morse-Bott Lemma, a proof of which can for
instance be found in [BH04].

Lemma 6.4 (Morse-Bott Lemma). Let f : M — R be a Morse-Bott function and let C C Crit(f) be
a connected component of dimension d. Let p € C, then there exists an open neighbourhood U of p and
a smooth chart ¢ : U — R? x R™4, such that

° q)(p) =0,
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e oUNC)={(x,y,2) € REx R"¥ % x RY|x =y =0},
* (Foo ™)@y = fC) —[lx|* + |yl
where k < n — d is the index of the Hessian at p, and f(C) is the common value of f on C.

A direct corollary of the Morse-Bott Lemma is that the index k of the Hessian is constant on the
connected component C C Crit(f), we say C is a critical manifold of index k.

We generalize the definition of Morse-Bott to allow the critical manifolds to have boundary, but
do control the function close to the boundary of the critical manifolds such that it is compatible
with the local form of classic Morse-Bott functions.

Definition 6.5. A smooth function f : M — R is Morse-Bott if for each connected component
C of critical points of f we have the following non-degeneracy condition

¢ Cis an embedded submanifold with (possibly empty) boundary in M,
e TC = Eolc.
Moreover, for any critical manifold C we demand the following local models.

e If p ¢ 9C, there is an open neighbourhood U of p and a smooth chart ¢ : U — R"” with
¢(p) = 0 such that

pUNC) ={(x,y,2) e R*xR" " *xRIx =y =0
and

(foo™) (xy,2) = FO) —Ilx[* + Iyl
withk <n—d.

* If p € dC, there is an open neighbourhood U of p and a smooth chart ¢ : U — R with
¢(p) = 0 such that

pUNC)={(x,y,2) e R"xR" ¥ xRix=y=0, 2 <0
and

(foo™) D) =fO — |21 + lyII* £ plz)zt
with p : R — [0, 1] a smooth bump function satisfying
- p =0on(—0o,0],
- p = 1on[g o) for some ¢ > 0,
- p<0andp’ > 0on (0,¢) for the same .

In the same way as for Morse functions, we say (x,y, z) are the Morse-Bott coordinates on the
Morse-Bott neighbourhood U. A
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Remark 6.6. The space of allowed p is convex, thus the local model is well defined up to a
contractible choice. A

Note that the required local models only impose extra conditions on critical manifolds C with
dC # @, if C has no boundary the Morse-Bott Lemma shows that the non-degeneracy condi-
tion implies the existence of these local models.

As before, we consider vector fields compatible with these local models.

Definition 6.7. We say a smooth vector field X on M is Morse-Bott if it is gradient-like for a
Morse-Bott with boundary function f : M — R such that for every critical point there is a
Morse-Bott neighbourhood on which X corresponds to the gradient of f with respect to the
canonical metric on R" A

Figure 6.2: A critical manifold of a Morse-Bott vector field with a repelling boundary point and
a critical manifold with an attracting boundary point.

Remark 6.8. From the local models we see that the stable and unstable set of a zero p of a
Morse-Bott vector field are the unique invariant manifolds that are tangent to respectively E,;

and E;{. A

6.2 Morse-Bott X-convex manifolds

Recall that a convex structure is a pair (M, X) of an n-dimensional manifold M and a complete
vector field X € X(M) such that there is an exhaustion by compact domains M = U;"Zle
such that X is outwardly transverse to the boundary of each M*. Furthermore, recall that the
skeleton of (M, X) is given by

Skel(M, X) = U, N0 ¢~ {(MF)

Definition 6.9. A convex structure (M, X) is said to be Morse (resp. Morse-Smale/Morse-Bott) if
X is Morse (resp. Morse-Smale/Morse-Bott). JAN

Remark 6.10. The skeleton of a Morse-Bott convex structure is the union of the stable man-
ifolds of all the critical sets. We only consider finite type (M, X), i.e. (M, X) with compact
skeleton. The stable manifolds give a disjoint cover of the skeleton, thus every Morse-Bott
vector field considered has a finite number of critical manifolds. A
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The specific Morse-Bott function f : M — IR associated to a Morse-Bott convex structure
(M, X) is not part of the data, we only require its existence. The function f can be considered
to be the primitive of X. In fact, there is never a unique associated Morse-Bott function; any
addition of a non-zero constant yields a new function that is again Morse-Bott.

It is, however, often convenient to pick a fixed associated Morse-Bott function for a Morse-Bott
vector field.

Definition 6.11. A Morse-Bott (resp. convex structure (abridged: MBc-structure) (M, X, f) is a
Morse-Bott convex structure (M, X) with a choice of f : M — R associated to X. Likewise, a

Morse-Smale convex structure (M, X, f) is a Morse-Smale convex structure (M, X) with a choice
of f : M — R associated to X. A

Definition 6.12. A homotopy of MBc-structures is a 1-parameter family (X}, f;) of MBc-structures
such that there is an exhaustion by compact domains M = U,‘f:le such that for each ¢, X; is
outwardly transverse to the boundary of every MF. If there is a homotopy of MBc-structures
between two MBc-structures (Xo, fo) and (X1, f1), we call them MBc-homotopic. A

We use the following terminology of L. Starkston in [Sta18].

Definition 6.13. If C is a connected component of zeros of a Morse-Bott vector field X, we say
A = Stab(C) is a bone of the skeleton and C is the marrow of the bone.

We say a bone A has a joint Hon A if H = Ay N Ast.

The index of a bone is the dimension of the stable manifold of any point in the marrow, we
denote the index of & by i(d). A

We record the following properties of joints, which were proven for joints of symplectic arbo-
real skeleta in Lemma 3.10 of [Stal8].

Lemma 6.14. 1. If Ay has a non-empty joint on Ay, then A, can not have a non-empty joint on Ay.

2. If A has a non-empty joint on Ay, and A; has index k > 0, then there is a bone Az such that both
Ay and Ay have non-empty joint on As.

Proof. We write Cy, C; for the marrow of Aj, A, respectively. If A has a non-empty joint on Ay,
it must be that the value of Morse-Bott function f on C;, f(C;), must be strictly greater than
f(Cy). This proves the first assertion.

For the second assertion, consider a point p € A; N Ay. There must be a point g € C, whose
unstable manifold contains p. Because the index of A; is greater than zero, the stable manifold
of ¢ must also contain some point r # p. This r must be in the unstable manifold of some zero
of the Morse-Bott vector field, which lies on the marrow of some bone Asz. By the first assertion,
we know that Ay # Agj.

Now, there is a broken flow-line from Aj through A; to A, which by gluing has a nearby
unbroken flowline from Az to A;. O
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If a bone has codimension 1 we call it a hypersurface bone, if all bones in a skeleton are hyper-
surface bones we call the skeleton a hypersurface skeleton.

Our goal for the rest of this chapter is to find a procedure to homotope a given MBc-structure to
a MBc-structure with a hypersurface skeleton such that all its singularities are of (generalized)
arboreal type, we call this procedure arborealization.

We do this by spreading out the critical points, obtaining higher dimensional critical manifolds
and thus higher dimensional bones. This procedure can only increase the dimension of bones,
thus it can not produce a hypersurface skeleton if one of the bones has codimension 0.

Definition 6.15. A MBc-structure (X, f) is called nice if every bone of the skeleton of (M, X) has
positive codimension. A

Note that closed manifolds can not admit a nice MBc-structure, a smooth map on a closed
manifold must obtain a maximum at some critical manifold C. Then we see from the local
models that the bone Stab(C) must have the same dimension of the manifold.

However, any manifold M that can be decomposed as a compact domain D with boundary
and an infinite cylindrical end dD X [0, c0) attached to this boundary oD, i.e.

M=D |J 9D x[0,00),
oD x {0}

admits a nice Morse structure.

Lemma 6.16. Let M be a manifold with a compact domain with non-empty boundary D C M such
that M = D Uyp g0y 9D x [0, 00), then M admits a nice Morse structure.

Proof. Theorem 8.1 from [Mil65] asserts that D can be equipped with a nice Morse function
f : MTIR whose critical points are all interior. We extend this function as e° f on the cylindrical
end. 0

The following theorem shows that it is sufficient to construct an arborealization procedure for
nice Morse-Smale convex structures, since every nice MBc-structure is MBc-homotopic to a
nice Morse-Smale convex structure.

Theorem 6.17. Any MBc-structure (X, f) is MBc-homotopic to a Morse-Smale convex structure
(Y, g), in particular any nice MBc-structure is MBc-homotopic to a nice Morse-Smale convex struc-
ture.

We give a sketch of the proof, the details can be found in Section 5 of [BHOS].
Proof. Let C;, withi = 1,...,k, be the connected components of critical points of f. For every i

let T; be a small tubular neighbourhood around C; such that T; is covered by opens on which
X is gradient with respect to the canonical metric. Pick a positive Morse function f; on C; and
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extend it to T; by making f; constant in the direction normal to C;. Let p; be a smooth bump
function that is equal to 1 on C; and compactly supported on T;, we define

k
Q= f+te (;Pdﬂ)

For appropriate p; and ¢ sufficiently small, g; is a Morse function for every t € (0,1] while
go = f. For every t € [0,1] we define Y; to be the gradient of g;, with respect to the canonical

-----

is gradient like for g;. Since the Smale condition is generic, each p; can be chosen such that
(Y1, g1) is Morse-Smale.

The pair (Y3, gt) is a MBc-homotopy between (X, f) and (Y, g) = (Y1, 1)- O

Remark 6.18. If A; is the index of C; and p € C; is a critical point of f; of index Ay then p is a
critical point of index A; + As of ¢ as produced by the lemma above. A

6.3 The arborealization procedure

This section is dedicated to proving the following theorem.

Theorem 6.19. Let (X, f) be a nice Morse-Smale convex structure on M. Then there is a homotopy
(X4, ft) of MBc-structures such that (Xo, fo) = (X, f) and (X1, f1) has an arboreal skeleton.

The proof consists of two steps: first we produce a MBc-homotopy from an arbitrary Morse-
Smale convex structure (X, f) to a MBc-structure with a hypersurface skeleton by spreading
out the critical points to critical manifolds. Then we perturb this MBc-structure such that all
singularities are arboreal.

Figure 6.3: Spreading out the critical point of a Morse-Smale vector field to a critical manifold
of a Morse-Bott vector field.
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We do not want to thicken a critical point to a critical manifold in such a way that stable
manifolds of other critical points attach to the boundary of the critical manifold, i.e. we want
to avoid the situation where a bone A; has a joint on the boundary of another bone A,. We
say that a skeleton has interior joints if for any pair of bones Aq, A, the (possible empty) joint
A1 N A, is disjoint from the boundary 9A,.

The following lemma assures that we can move the stable manifolds "out of the way" before
we spread out the critical points to critical manifolds.

Lemma 6.20. Let (X, f) be a nice Morse-Smale convex structure on M and let p be a critical point of
f of index k. Then there is a homotopy (Xy, f;) of nice Morse-Smale convex structures from (X, f) =
(Xo, fo) to (X1, f1) such that:

® There is a neighbourhood V of p on which we have coordinates (x,y) = (X1, ..., Xk, Y1, s Yn—k)
centred at p such that f1(x,y) = fi(p) — ||x||* + |ly||* and X, is the gradient of f; on V.

* The Morse-Smale convex structures (X, f) and (X, f;) agree outside some neighbourhood U of p.

e For any other critical point x # p of f, the intersection of V and the stable manifold of s is
contained in {y; < 0}.

Figure 6.4: Moving the stable manifolds.

Proof. Let U be a Morse-Smale neighbourhood of p with associated coordinates (x,y) = (x1, ..., Xk, Y1, .., Yn—k)
centred at p such that f(x,y) = f(p) — ||x||* + ||y||* and X is the gradient of f on U.

Fix 6 > 0 such that the ball centred at p with radius 2 with respect to the standard Euclidean
metric associated to the coordinates (x, y) is contained in U, we denote this ball by B,;. We write
S5 = Unstab(p) N Sys for the intersection of the boundary Sys of this ball with the unstable
manifold Unstab(p).

Note that on U we have Unstab(p) = {x1 = ... = xx = 0}, meaning the vector field X is
precisely the outward normal of S} ;. Therefore Unstab(p) and Sy; have transverse intersection,
thus their intersection is a manifold.
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Figure 6.5: The Morse neighbourhood of p.

The Smale condition now gives that for any critical point s of f we must have either
Unstab(p) N Stab(s) = @ or dim(Shs N Stab(s)) < dim(S).

This means that for any critical point s of f the intersection S/; N Stab(s) has measure zero in
Shs- Since f has a finite number of critical points, the union

S = U Shs M Stab(s)

s critical poin of f

has measure zero in S} and thus its complement in S/ is dense. Therefore it must be possible
to embed a small disc D into S}, that does not intersect any stable manifold. We rotate our
coordinate axis in the y hyperplane such that the y,_j axis passes trough the centre of D.

Now, using generalized polar coordinates (7,6, ...,6,_x_1) on U’ = U N Unstab(p), we can
parametrize S); as

Y1 = 26 sin 0y sin ;... sin 0, _k_1
Y1 = 206 cos 0 sin Oky...sin 0, __1

Yn—k = 20080, _(_1
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7

26

Figure 6.6: The embedded disc D, indicated in yellow, and the stable manifolds in that enter
Unstab(p), indicated in purple.

such that D is give by 0,1 < e.

Let x : [0,00) — [0,1] be a smooth monotonically decreasing step function which is 1 on a
neighbourhood of [0, 4?] and vanishes on a neighbourhood of [46%, ). We define

®; : [0,00) x [0, 7]" 1 — [0,00) x [0, )" ¥, (1,04, ..., 0_1) v (r, 01, ..., Hi(r, 0, 1))
where H; : [0,00) x [0, 7t] — [0, 7T] is defined as

(14+tx(r?) (£ —1))6 for0 < 6

0 — ) (1—1‘)((1’2) (z(gi’fn)—i—l)) +7 fore<6

We remark that Hy(r,0) = 6, Hi(r,0) = 0 and H;(r, t) = 7t. Furthermore, for all » > 26 we have
Hi(r,0) = 0 and for all r < § we have Hy(r,¢) = 7.

Hy(r,0) = {

Note that for any ¢ € [0, 1] and r € [0, o0) the map Hy(r, —) : [0, r] — [0, 7] is a diffeomorphism
leaving the boundary fixed, from which we see that ®; is a diffeomorphism that leaves the
boundary fixed for every t € [0, 1]. Thus, using generalized polar coordinates, every ®; gives
a diffeomorphism ®; : B); — Bj;. By using generalized cylindrical coordinates on By, this
diffeomorphism can be extended to a diffeomorphism

®; : Bys — Bos,  (%,7,01, 000, Op_i_1) — (5,7, 01, ., Hi(\/ 72 + ||| 0ui1)).-
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This map leaves a neighbourhood of the boundary fixed, since x vanishes on a neighbourhood
of [46%,) and thus can be extended to a diffeomorphism ¥; : M — M that is the identity
outside of By;.

The homotopy of nice Morse-Smale (X;, f;) is now given by pushing (X, f) forward along ¥:.
Outside Bys, and thus also outside U, we have constructed ¥; to be the identity. Therefore
(X, f) and (X, f;) agree outside of U.

Figure 6.7: The resulting Morse-Smale convex structure (X1, f1).

Note that on B;
fil,y) = (f o ¥, ) = filp) — [1xI* + lyl>

and X; is the gradient of f; with respect to the canonical metric.

To see that the intersection of B; and the stable manifold of any critical point s # p is contained
in {y,_x < 0} we first remark that on U’ the vector field X is radial. Thus the integral curve
passing trough a point (0,26, 64, ...,0,_x_1) € U’ is parametrized by {(r,61,...,0,_x_1) | 7 €
(0,c0]}. Now, let g = (0,26, 61, ...,0,_x_1) € Stab(s) for some critical point s # p. Note that
Y1(9) = g, thus from the existence and uniqueness of solutions to differential equations and
the definition of X; as the pushforward of X along a diffeomorphism, we know the integral
curve of X passing through g must be taken to the integral curve of X; passing through g.
In particular this means that the integral curve of X; passing through g must pass through
¥1(0,0,61, ..., 0, _k-1) € {yn_x < 0}, and by construction ¥1(0,6, 01, ...,0,_x_1) € {yn_x < 0}
since D N Stab(s) = @.
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Since Xj is radial on Bs we see that the intersection of Bs and Stab(s) is contained in the {y,, ; <
0} hypersurface. O

The following lemma asserts that we can spread out the critical point into a critical manifold
such that its stable manifold had codimension 1.

Lemma 6.21. There is a homotopy (X, ft) of nice MBc-structures from the standard radial structure
k n—k
(X, f) = (—2 Y %0y +2 ¥ yidy, — x>+ HyH2> on R¥ x R"=F with a single critical point of
i=1 j=1
index k < n at the origin to a nice MBc-structure (Xy, f1) such that

* The critical manifold C = Crit(f1) is a n — k — 1-dimensional disc contained in

{(x,y,2) e R" X R x R" ¥ 1| x =y =0}

e The bone Stab(C) has codimension 1.
® The MBc-structure (X1, f1) agrees with the standard radial structure of index k outside some
neighbourhood U of C.
Proof. Let x : [0, 00) — [0, 1] be a smooth function such that for small fixed J,e > 0 withe < §
e x=10on|[0,0 +¢],
e x=0o0n[20 —¢, ),
e x<land ' <0on(d+¢25—c¢).

For t € [0,1] we define the family of functions

P REXRX R 1 S REXR xR, p=(x,y,2) — (x,y, 1—tx (||p||2)z> .

We define f; = ¢/f = f oy, ie. the pullback of f by ;. Explicitly, for p = (x,y,2) €
RF x R x R**1,

fitey,2) = = |x|® + 7+ [L=tx (IIp1?) ] 111

The gradient of f; using the standard metric gives the family

k
Xp=2| = Y xdg +ydy + [1-tx(lpl?)] ¥ 2o,
i=1 j=1

—tx'(1p*) llz1* (

k
1=

n—k—1
1 j=1

of vector fields.
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Now, X; = 0if and only if either p = 0 or t = x(||p||*) = 1 and x = y = 0. We show this by
case distinction. If z = 0 we see X; = Oif and only if x = y = 0. If z # 0 and X; = 0 it must be
that

1—tx(llpl?) = tx'(Ilp)1?) lIz)1> = o.

Note that —tx([|p||*) = —1and —tx'(||p]|*) ||z|* = 0, thus we must have

x(llpl*) =1 and 2 (lpl?) 1lz)* = 0

for X; = 0 to hold. We see that tx(||p||*) = 1if and only if t = x(|p|*) = 1, which also
implies that tx'( ||p|]2) |z||* = 0. In this case X; = 0 if and only if x = y = 0.

We observe that indeed (Xo, fo) = (X, f), that C = Crit(f) is an n — k — 1-dimensional disc
contained in {x = y = 0}, that Stab(C) has codimension 1 and (X3, f1) agrees with the radial
structure when ||p||* > 26. O

We combine the above two lemmas to obtain the following corollary.

Corollary 6.22. Let (X, f) be a nice Morse-Smale convex structure on M. Then there is a homotopy
(X4, ft) of MBc-structures such that (Xo, fo) = (X, f) and (Xy, f1) has a hypersurface skeleton with
interior joints.

Proof. The assertion follows by first inductively applying Lemma on all critical points of
f. We then inductively apply Lemma on a Morse neighbourhood of every point, in order
of increasing index. O

We now show that a MBc-structure with such a hypersurface skeleton can be perturbed to a
MBc-structure with an arboreal skeleton

Lemma 6.23. Let (X, f) be a MBc-structure on M with a hypersurface skeleton with interior joints,

then there is a generic perturbation X of X such that (X, f) is a MBc-structures with an arboreal
skeleton.

Note that this generic perturbation of X constitutes a MBc-homotopy.

Proof. On every Morse-Bott neighbourhood there is, using Morse-Bott coordinates (x,y,z), a
canonical projection (x,y,z) — (x,0,z). With a generic perturbation X of X, away from the
critical manifolds and such that X is still gradient-like for f, we can make all the hypersurfaces
in the skeleton project transversely under the projection (x, y,z) — (x,0, z).

Any s € Skel(M, X) is contained in a unique bone A; and lies in the closure of a (possibly
empty) collection of bones Ay, ..., Ay, having a joint on A containing s.

We show by strong induction over m, the number of bones whose closure contains s, that s
is an arboreal singularity. If m = 1 the point s does not lie on any joint, thus it is either a
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smooth point of the skeleton or lies on the boundary of A;. In the former case the skeleton is
a generalized arboreal hypersurface of type ((e, D), n) at s, in the latter case the skeleton is a
generalized arboreal hypersurface of type ((e, ®), 1) at s.

Now let m > 1 and suppose that for every point s’ € Skel(M, X) that lies in the closure of less
than m bones, the skeleton has a generalized arboreal singularity at s’.

Note that, by assumption, s is an interior point of Ay if m > 1. Furthermore, we may assume
that s is a critical point, i.e. we may assume that s lies on the marrow C; of A;, by the product
symmetry.

Using Morse-Bott coordinates (x,y,z) centred at s we consider the lifts s := (0,%4,0) for
sufficiently small § > 0. It must be that there is a subset

{Al.l_/“'/Ai;;_} C {Az, ...,Am}
of bones containing s_ in their closure. Likewise there is a subset
{Al’r,..., Al$+} (- {AZI ceey Am}

of bones having s, in their closure. Note that these two subsets are disjoint and together
contain all A,, ..., A,,.

Since m+ < m —1 < m, the inductive hypothesis yields that the skeleton has a (generalized)
arboreal singularity of type (T, /4) at the points s... Now, by the vertical cone property of
arboreal singularities, we know the skeleton has a generalized arboreal singularity of type
(T, ¢) ats. Here (T, /) is the tree obtain by joining (T_, /_) and (T4, /) at a root and decorating
the edges incident to the root with the signs corresponding to the lift. O

These three lemmas prove Theorem together with Theorem we conclude that every
nice MBc-structure is MBc-homotopic to a MBc-structure with an arboreal skeleton.

6.4 Co-oriented arboreal skeleta

The signs on the vertices of the trees describing arboreal singularities correspond to "up" or
"down" in the Morse-Bott neighbourhood. But, in general the Morse-Bott neighbourhoods
do not have a canonical choice of up and down, since the bones of a skeleton do not have a
canonical co-orientation. Different (local) co-orientations of the bones yield different choices
of signs for the trees describing the singularities, as already discussed in Remark Thus, if
no extra conditions are imposed on M and the skeleton, a skeleton can have many different
combinatorial descriptions.

However, if M and all bones of the skeleton are orientable, an orientation of M induces a co-
orientation of every bone. We call such a skeleton with an induced co-orientation of every
bone a co-oriented arboreal skeleton. A co-oriented arboreal skeleton has a unique combinatorial



CHAPTER 6. PRODUCING ARBOREAL SKELETA 65

~ ’@a
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Figure 6.8: Different choices of local co-orientation lead to different combinatorial descriptions
of the same arboreal skeleton.

description that is compatible with the co-orientation of each bone. Note that the arborealiza-
tion procedure described in this chapter produces a skeleton with discs as bones, thus if M is
orientable the procedure can be used to obtain a co-oriented arboreal skeleton of M.
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Figure 6.9: Two spaces with diffeomorphic arboreal skeleta, but non-diffeomorphic co-oriented
skeleta.



Chapter 7

Thickening Arboreal Skeleta

We wish to be able to recover an X-convex manifold M, as defined in Definition with an
arboreal skeleton from the combinatorial data of this skeleton. In this chapter we describe how
M can be recovered from its skeleton if this skeleton is co-oriented, i.e. M and all bones are
orientable as defined in Section [6.4] The orientability condition on M is necessary to produce
a thickening of the skeleton that is unique up to diffeomorphism. A given skeleton may have
multiple, non-equivalent, thickenings if we allow non-orientable thickenings, as illustrated in

Figure

-
S~

Figure 7.1: Arboreal skeleta can have multiple non-equivalent thickenings if we allow for non-
orientable thickenings.

We will recover M by thickening every bone A as its trivial line bundle A x IR; we give this line
bundle an MBc-structure such that A is its skeleton. Then we inductively glue these line bun-
dles using the combinatorial data from the skeleton in such a way that we recover a manifold
with the same skeleton as M.

To be able to inductively build up the manifold we need to impose some extra conditions on
our skeleton, namely that the skeleton can also be inductively build up via a gluing construc-
tion. In particular, we do not allow for situations as pictured in Figure where a bone of an

67
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. N

Figure 7.2: Thickening the bones and gluing them using the data from the skeleton.

arboreal skeleton self-intersects. The arboreal skeleta obtained from the arborealization proce-
dure as described in the previous chapter satisfy these additional conditions.

Figure 7.3: An arboreal skeleton where a bone attaches to itself, our procedure will avoid this
type of complicated behaviour.

In Section [7.1} we will generalize the definition of X-convex manifolds and MBc-manifolds to
allow for manifolds with corners, as we will produce manifolds with corners as intermediate
steps during our inductive gluing procedure. This section is an adaptation of Section 2.3 of
[AEN22b] to our smooth set-up. Then, in Section we will discuss how to glue X-convex
manifolds with corners in a way such that we can control what the skeleton of the resulting
manifold will be. The techniques developed in this section are the smooth set-up analogue of
the techniques developed for Weinstein manifolds with corners in Section 2.5 of [AEN22b]. In
Section 7.3l we give an invariant description of an arboreal skeleton, i.e. without needing an
ambient space, as we have defined arboreal skeleta as stratified hypersurfaces that are locally
given by arboreal models up to ambient diffeomorphism. This description is based on the
definition of arboreal spaces in Section 3.1 of [AEN22b]. The main result of the chapter is Section
where we give a thickening procedure for co-oriented arboreal skeleta and show that the
germ of this thickening at the skeleton is unique up to diffeomorphism.

7.1 Morse-Bott X-convex manifolds with corners
Let R’} denote the subset of R” where all of the coordinates are nonnegative, i.e.

R = {(x1,....xs) € R"| x1 >0,..,x, > 0}.
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Definition 7.1. Let M be a topological n-dimensional manifold with boundary. A chart with
corners for M is a pair (U, ¢) of an open set U C M and a diffeomorphism ¢ : U — U, where
uc R is an open subset. Two charts with corners (U, ¢), (V, ¢) are smoothly compatible
if the composition g o p=1 : YU N V) — @(U N V) admits a smooth extension in an open
neighbourhood of each point.

A smooth structure with corners on a topological manifold M with boundary is a maximal col-
lection of smoothly compatible chart with corners whose domain cover M. A topological man-
ifold with boundary together with a smooth structure with corners is called a smooth manifold
with corners.

The n-dimensional smooth manifold with corners M has a corner of order k < nat p € M if
there is a neighbourhood of p in M diffeomorphic to a neighbourhood of the origin in [0, 1)F x
R"~*. We denote the set of order k corners of M by 9, M. The interior in 9y M of a connected
component P of d;yM is called a boundary k-face, we call a boundary 1-face a boundary face. A

|

oM

Figure 7.4: A manifold with corners.

We assume that every k-face P has an embedded collar neighbourhood P x ZF C M, where 7
denotes the germ of [0, 1) at 0. Near each point p € 9yM we have canonical collar coordinates
p = (x,t), where x € oyM and t = (t,...,t) € Zk. Ina neighbourhood of p the k-face 9y M is
given by t; = ... = f; = 0 and for all j < k the components of d;M whose closure contain p are
given by setting j of the t coordinates equal to zero. We assume these collars are compatible in
the sense that the remaining n — j coordinates t; parametrize the collar structure for ;M x Z" -
near p.

Definition 7.2. Let M be a manifold with corners, W C M is an (embedded) submanifold with
corners if it is a manifold with corners and the inclusion W — M is a smooth embedding.

A submanifold with corners W C M has a vertical boundary 3,W = dW N M and a horizontal
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boundary 0,W = oW N oM. A

Definition 7.3. An m-dimensional manifold with corners M is said to be X-convex for a com-
plete vector field X € X(M), if there is a compact submanifold with corners W C M, called a
defining domain, such that the following properties hold.

¢ The vector field X is outwards transverse to the vertical boundary d,W and the union of
forward trajectories of X starting at 9, W is equal to 9, W U (M \ W).

e Each k-face P of the horizontal boundary d,W is an X|p-convex manifold with corners
containing a defining domain N C P, called the nucleus of P. Furthermore, on the canon-
ical collar neighbourhood P x Tk of P with coordinates (x, t) we have Xa,n = (X]p)x-

If manifold with corners M is X-convex we say the pair (M, X) is X-convex with corners. JAN

Note that the defining domain is not part of the data, only its existence is required. An X-
convex manifold with corners can have many different defining domains. However, it will
often be convenient to consider a certain fixed defining domain. Recall Lemma which
states that M can be recovered up to diffeomorphism from any defining domain W C M by
adding cylindrical ends.

Figure 7.5: An X-convex manifold with corners.

Definition 7.4. The skeleton Skel(M, X) of an X-convex manifold with corners with defining
domain W is given by

Skel(M, X) = ﬂt>0<p’t(W)

where ¢ is the flow at time t along X. A
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Thus the skeleton is defined as the attractor of the negative flow as before for MBc-manifolds
without corners.

Remark 7.5. On the canonical collar neighbourhood of a k-face P of the horizontal boundary
0yW with nucleus N C P, the skeleton of (M, X) is given by Skel(N, Xy) X Tk, JAN

Definition 7.6. An X-convex with corners (M, X) is said to be Morse-Bott if there is a smooth
function f : M — R such that

* X is Morse-Bott for f on the interior M C M,
e X|p is Morse-Bott for f|p on every k-face P,
¢ using coordinates (x, ) on the collar neighbourhood P x Tk we have f(x, t) = flp(x).
As before, we call the pair (X, f) the MBc-structure. A

We stress that the Morse-Bott function f is not part of the data of an MBc-manifold with cor-
ners, it is only required to exist, and there is no canonical choice of Morse-Bott function. It is,
however, often convenient to pick a Morse-Bott function on an MBc-manifold with corners.
We will denote an MBc-manifold with corners (M, X) with a specified choice of Morse-Bott
function f : M — R by the triple (M, X, f).

Remark 7.7. Without loss of generality we may always assume that a defining domain W of
an MBc-manifold with corners (M, X, f) is given by a sublevel set { f < a} such that 9,W is a
regular level set { f = a} and no critical values of f are greater than a. A

In the same way as for MBc-manifolds without corners, we define the notion of homotopy and
isomorphism for MBc-manifolds with corners.

Definition 7.8. A homotopy of MBc-structures on a manifold with corners M is a 1-parameter
family (X, f;) of pairs of MBc-structures.

A diffeomorphism ® : M — M’ between MBc-manifolds with corners (M, X) and (M’, X') is
called a MBc-manifold with corners isomorphism if ®*X' = X. A

7.2 MBc-buildings

In this section we describe how to build up an MBc-manifold by gluing together MBc-manifolds
with corners in such a way that we can control what the skeleton will be. Ultimately, the goal
is to start with an arboreal skeleton S and use this gluing procedure to inductively build up a
MBc-manifold with skeleton S.

First we describe how to modify an MBc-manifold with corners such that a boundary nucleus
on the horizontal boundary becomes an interior set. We call this procedure the horizontal-to-
vertical nucleus conversion; it is the smooth set-up analogue of the nucleus-to-hypersurface con-
version for Weinstein manifolds with corners as defined in Section 2.5.1 of [AEN22b]. Then
we will describe how to modify an MBc-manifold with corners such that a certain specified
defining domain embedded into the vertical boundary becomes a nucleus on the horizontal
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boundary. This we call the vertical-to-horizontal nucleus conversion; it is the smooth set-up ana-
logue hypersurface-to-nucleus conversion as defined in Section 2.5.3 of [AEN22b].

7.2.1 Conversion between horizontal and vertical nuclei
Horizontal-to-vertical nucleus conversion

Let (M, X, f) be an MBc-manifold with corners and let P be a boundary face of M with nucleus
N C P. Let W C M be a defining domain for (M, X, f), following Remark[7.7]we assume W is
a sublevel set {f < a}.

|
N SkelH — N Skel
|

|
|

Figure 7.6: Horizontal-to-vertical nucleus conversion.

Consider the canonical collar neighbourhood U = P x 7 of P C M with coordinates (x, t). We
attach the half-infinite collar P x (—o0,0] to P x Z along their common intersection P x {0}
and write

U=U [J Px(~0,0] and M =M |J Px(~o,0]
Px{0} Px{0}

Recall that on U we have f(x,t) = f|p(x), we extend the coordinates (x,t) to U and define
f: M — R to be the extension of f to M given by f = f on M and

flx,t) = flp(x) + p(t)?

on U. Here p : R — [0,1] is an appropriate monotone smooth bump function that is non-
negative on (—co,0) and 0 on [0, ).
We extend the vector field X € X(M) to M as the gradient of f on P x (—o0,0]
Recall from Deﬁnitionthat, using the coordinates (x, t) on U, we have f(x,t) = f|p(x). Thus
we have that WN U is given by { f|p < a}. Fix ¢ > 0 small, by attaching

{(x,t) € P x (—00,0] | f< a+e}

to W along their common intersection, we obtain a defining domain W for (ZT/I\, }A(, f ). Thus we
see that M is X-convex with corners, moreover, by construction it is an MBc-manifold with
corners.
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Definition 7.9. The MBc-manifold with corners (Z\//T, ?) is called the horizontal-to-vertical nucleus
conversion of MBc-manifold with corners (M, X) and nucleus N. A

Note that the operation of horizontal-to-vertical nucleus conversion only depends on the con-
tractible choices of a collar neighbourhood and smoothing p, thus it produces an MBc-structure
unique up to MBc-homotopy.

Remark 7.10. There is a canoniAcal lift 1\7\ of the nucleus N C P to the vertical boundary BUW.
Explicitly, we can parametrize N C d,W as

{C[xeN p*(O)F =}
in the bicollar neighbourhood of N. A
Remark 7.11. By construction Skel(M\, 5(\) = Skel(M, X). JAN

Vertical-to-horizontal nucleus conversion

Let (M, X, f) be an n-dimensional MBc-manifold with corners with defining domain W, we
assume W is a sublevel set { f < a} of f such thatd,W isaregularlevelset {f = a}. Let(A,Y,3)
be an (n — 1)-dimensional MBc-manifold with corners with defining domain B = {g < b}, we
will modify (M, X, f) to obtain an MBc-manifold whose horizontal boundary has a face with
nucleus B. From Lemma 3.9 we know this boundary face with nucleus B is diffeomorphic to
A.

Fix ¢ > 0 small, we define
Be:={g<b+e} CA,

which we can consider to be the space obtained from B by attaching small cylindrical ends to
aan
Consider an embedding ¢ : B — d,W that extends to an embedding ® : B, < d,W.

Let Be x Z be the collar neighbourhood of B, in W and consider the manifold with corners w
obtained by the gluing

W=W [J Bex[-1,0]
B.x{0}

We extend the coordinates (x,t) on B, X Z to B, x T Ug.x {0} Be X [—1,0] and extend f|w to W
as

flet) = 1 = x(s)f(x, 1) + x(s)g ().

Here x : [—1,1) — [0, 1] is a smooth monotone bump function thatis 1 on [—-1, —1/2] and 0 on
[0,1).
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Figure 7.7: Vertical-to-horizontal nucleus conversion.
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Figure 7.8: Smoothening the construction.

Now we smoothen this construction by replacing B, x [—1,0] with

(e Ax[-1,0] | gx)<b+(1—x(t)/2e}.

From this smoothened W we can obtain an MBc-manifold by attaching a cylindrical end

M =W [ 9,W x[0,00),
W

extending f to Mas e f (here s denotes the cylindrical coordinate), and extending X/ to M as
the gradient of f outside W. Note that W is a defining domain for M and B, /2 is a boundary
face of the horizontal boundary 9, W with nucleus B.

Definition 7.12. The MBc-manifold with corners (M, X) is called the vertical-to-horizontal nu-
cleus conversion of the MBc-manifold with corners (M, X) and nucleus B along ¢. A

Note that the vertical-to-horizontal nucleus conversion depends only on ¢ and the contractible
choices of collar neighbourhoods and smoothing function x, thus the result of the vertical-to-
horizontal nucleus conversion along ¢ is unique up to MBc-manifold with corners homotopy.
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Remark 7.13. By construction we have tha’ﬁkel(ﬂ, X) is the union of Skel(M, X) and the sat-
uration of the skeleton Skel(A,Y) C B C 9, W by the backwards flow, i.e.

Skel(M, X) = Skel(M, X) | Ur=09 'Skel(A, )

where @' denotes the flow along X at time ¢.

Thus, under the transversality conditions as specified in Definition the skeleton of M is
arboreal if the skeleton of M is a smooth manifold and the skeleton of A is arboreal. A

Lemma 7.14. Let (M, X) be the vertical-to-horizontal nucleus conversion of the n-dimensional MBc-
manifold (M, X) with nucleus B C A along ¢ : B — W, where W is a defining domain of M and B
is a defining domain of an (n — 1)-dimensional MBc-manifold (A,Y). Let the skeleton of M be smooth
and the skeleton of A be arboreal, and assume the projection

T: W — Skel(M, X)

given by the backward flow of X restricts to a self-transverse map 7|seia,y) of stratified spaces. Then
Skel(M, X) is arboreal.

Proof. This follows directly from the vertical cone property of arboreal hypersurface singular-
ities as given in Definition [5.1} O

7.2.2 Gluing

We distinguish two different types of gluing of MBc-manifolds with corners. The first is hor-
izontal gluing, where two MBc-manifolds with corners are glued along horizontal boundary
faces with isomorphic nuclei. The second type of gluing is vertical gluing, where a horizontal
boundary face of one MBc-manifold with corners is glued into the vertical boundary of another
MBc-manifold with corners. This section is an adaptation of Section 2.6 of [AEN22b].

Horizontal gluing

Let (M, X), (M’, X") be two MBc-manifolds with corners, let D, ..., P, be non-adjacent boundary
faces of M and P, ..., P/ be non-adjacent boundary faces of M'. Denote by N; and N; the nuclei

of P; and P]-/ and suppose that for each 1 < j < [ there is an isomorphism ¢; : N; — N]( of
MBc-manifolds with corners.

Lemma 7.15. We can extend each y; to an MBc-manifold with corners isomorphism ¥; : P; — P]( .

Proof. By definition P; is the union of N; and all the forward trajectories of X starting at d, N,
meaning that if x € P; either x € N; or there is a unique pair y € d,N; and ¢ € (0, c0) such that
x = ¢(y), where ¢' denotes the flow along X at time t. Likewise P]( is the union of N]{ and all

the forward trajectories of X' starting at d,NJ, for every x’ € P; either x’ € N or x’ = ¢/ ‘')
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for some y' € 9,N; and t € (0,0). We extend ¥; to P; as mapping x = ¢'(y) to ¢"((y))- By
construction

¥iX' = X.
P P’
A~ o~ /\//\/
N ¥ (N
S

/_\//\//\/

Figure 7.9: Horizontal gluing.

Definition 7.16. The horizontal gluing of (M, X) and (M, X') along {¢;}; is the MBc-manifold
(MU M, XU X') where we identify P; ~ P]-/ via ¥;. A

Remark 7.17. The skeleton of the horizontal gluing of M and M’ is the union of the skeleta of
M and M/,
Skel(M U M’, X U X') = Skel(M, X) U Skel(M’, X'),

where the skeleta are glued along {;}; restricted to the skeleta of N;. A

Vertical Gluing

Definition 7.18. Consider a pair of n-dimensional MBc-manifold with corners (M, X) and
(M, X) with defining domains W and W’ respectively.

Let (A, Y) be an (n — 1)-dimensional MBc-manifold with corners with defining domain B, sup-
pose we have an embedding B — d,W that extends to an embedding B, — d,W, with B,
as above. Let N be a nucleus of a horizontal boundary face of W and let ¢ : N — A be an
MBc-manifold with corners isomorphism.

Then the vertical gluing of (M, X) and (M’, X') along ¢ is the composition of the vertical-to-
horizontal nucleus conversion of (M, X) with nucleus ¢ : B — 9,W as in Definition and
the horizontal gluing along ¢ as in Definition[7.2.2] A

Note that the resulting MBc-manifold with corners is unique up to isomorphism and the skele-
ton of the vertical gluing is the union

Skel(M, X) U Skel(M, X)

where (M, X) denotes the vertical-to-horizontal nucleus conversion of (M, X) given by B —
o W.
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N _ (N _ A

J_|;}|_k

Figure 7.10: Vertical gluing.

7.2.3 MBc-buildings

MBc-buildings are the iterated vertical gluing of MBc-manifolds with corners, they are the
smooth set-up analogue of Wc-buildings as defined in Section 2.7 of [AEN22b].

Definition 7.19. Let (M, X3), ..., (M, Xi) be MBc-manifolds with corners with defining do-
mains Wi, ..., Wx. We inductively define a k-level MBc-building

(MkMMk 1% ——)Ml)

A 1-level MBc-building is (M1, X1), suppose the k — 1-level MBc-building

Q=M ¥ .2 My
is defined.

Consider a collection of nuclei {N;}; of boundary faces {P;}; of Q. Write N = U;N; and let
Px—1: N = 9, W be an embedding that extends to an embedding N, — 9, Wj.

Then the k-level MBc-building

M 25 My 22 5 M) = M 250

is defined as the vertical gluing of Q to Mj along ¢x_. A

7.3 Arboreal Spaces

Recall that we assigned a generalized arboreal model hypersurface Hry C R™™ to every
special signed leafy rooted tree (T, /). Whether a stratified hypersurface H C M is arboreal is
dependent on the way H lies in M, for every p € H the germ of (M, H) at p must be diffeo-
morphic to the germ of some (R™, Hrr ¢y X R™™") at the origin. Thus we can not yet talk about
an arboreal space without its ambient space, which we want to be able to do to recover the
smooth type of an MBc manifold from the combinatorial data of its skeleton.

Forc > 0and m > n(T) + c we setd = m — n(T) — c and define

H(T,E, m, C) = H(T,Z) X ]R X RC}O CR"*°x RC}O
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M,

Figure 7.11: An MBc-building.

We denote by O(T, m, c) the structure sheaf of functions restricted from smooth functions on
R™7¢ x RS by the inclusion H(T, £, m,c) — R™¢ x RS,

Definition 7.20. An m-dimensional arboreal space with corners (A, O) is a locally ringed compact
Hausdorff space locally modelled on

(H(T, ¢, m, c), O(T, £, m, c))
for varying special signed leafy rooted trees (T, ¢) and ¢ < m — n(T).
If (A,O) is locally modelled on (H(T, ¢,m,c), O(T, ¢, m,c)) for varying special signed leafy
rooted trees (T,¢) and ¢ < 1, we call (A, O) simply an arboreal space with boundary. If (A, O)

is locally modelled on (H(T, ¢, m,0), O(T, ¢, m, 0)) for varying special signed leafy rooted trees
(T, ¢), we call (A, O) an arboreal space. A

Note that the boundary of an arboreal space with boundary is again an arboreal space (without
boundary).

Remark 7.21. Recall that the model generalized arboreal hypersurface of the special signed
leafy rooted tree (T, () is a union of disjoint pieces, Hr, = Urev(r) ¢ Pr, meaning we also
have the disjoint smooth hypersurfaces

H(T, €, m,c)y := Py x R? x RS,

Thus an arboreal space with boundary A is the union A = U;A; of disjoint smooth pieces
A s which are maximal connected subsets that restrict to a smooth piece H(T, ¢, m, c), in every
model. Furthermore, since A is compact, A must be the union of a finite collection of smooth
pieces (possibly with boundary). A

7.4 Thickening co-oriented arboreal skeleta

Consider an arboreal space A.
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DAY

Figure 7.12: One arboreal space and two arboreal spaces with boundary

Definition 7.22. An orientable arboreal space is an arboreal space whose smooth pieces are all
orientable. A

Remark 7.23. The smooth pieces of the skeleta of the MBc-manifolds obtained from the arbo-
realization procedure as described in Chapter|f|are discs. Thus the arborealization procedure
produces skeleta which are orientable arboreal spaces. A

As explained in Remark the arboreal space A can be written as the disjoint union A =
U;A; of smooth pieces. Equivalently, A is the union A = U;A, of closed smooth manifolds with
corners such that each point of A lies in the interior of precisely one A;, where the interior is
taken with respect to the subspace topology in A.

Definition 7.24. An arboreal n-building is an orientable arboreal n-space with corners, A, whose
closed smooth manifold with corners pieces can be ordered Ay, ..., A; such that:

* each A_; = U, A, is an arboreal space with boundary;
* A_j, is obtained from A_; by gluing a collection Sl = UZ-S{ of boundary components
Sl c dA_;to Ajalongamap ¢j: S/ — A;.
We call the pieces A, that are closed smooth manifolds with corners, the building blocks. A

Remark 7.25. By construction the boundary of each A_; is an arboreal (1 — 1)-building with
the building blocks given by the boundaries dA;. A

Note that the arborealization procedure described in Chapter[6] produces an arboreal skeleton
that has the structure of an arboreal building.

The blocks of an arboreal building admit a thickening to MBc-manifolds as trivial line bundles,
these thickenings form the building blocks of an MBc-building that produces M.

Definition 7.26. Let A = U;¢j¢/A; be an arboreal n-building, the canonical MBc-thickening of a
block Ajis the n-dimensional MBc-manifold with corners

with the Morse-Bott vector field X = 2td;, the gradient of the Morse-Bott function f : A x R —
R, (x,t) — t2. A defining domain is given by W(Aj) = A; X [—1,1], which has vertical
boundary d9,W(A;) = A; X sv,
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We give M(A;) the product orientation induced by the orientation of A; and the canonical
orientation of RR. A

The rest of this chapter will be devoted to proving the following theorem, which is the main
result of this chapter.

Theorem 7.27. Let A = Us¢j<kA; be an arboreal building, then there is a thickening of A to an
orientable n-dimensional MBc-manifold with corners (M, X) that has A as its skeleton such that 0A C
oM.

Furthermore, the germ at A of such a thickening is unique up to diffeomorphism leaving A pointwise
fixed.

(a) A thickening we do not allow, since it is not
orientable. (b) The orientable thickening.

We first show the following lemma.

Lemma 7.28. Let (M, X) be an MBc-manifold thickening of A = Uy<j<xAj, then the germ of M at A
has the structure of a k-level MBc-building.

Proof. We proceed by induction over the number k of building blocks of A.
Let k = 1, then (M, X) is per definition a 1-level MBc-building.

Let k > 1 and assume the assertion has been established for k — 1. We take a small tubular
neighbourhood N of Ay such that N m A and Skel(M, X) N N retracts to Ay, as indicated
in Figure Note that this tubular neighbourhood is the trivial line bundle over Ay, thus
it is diffeomorphic to the canonical thickening of A;. Under the identification of N and the
canonical thickening M(Ay), we have

Skel(M, X) NN = A, UC(N N A),

where C(N N A) is the vertical cone of N N A, i.e. the saturation of N N A under the backward
flow of the Morse-Bott vector field on M(Ay).

This tubular neighbourhood N "splits" the germ of M at A into a piece contained in N, which
we denote My, and a piece whose skeleton is isomorphic to Ay, which we denote M. The
germ of M is obtained through a horizontal gluing of My and M_, alongi: NN A — N. Note
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M, M(Ax)

Figure 7.14: Splitting the germ of M at A to obtain an MBc-building.

that Mj is the vertical-to-horizontal nucleus conversion of the canonical thickening of Ay and
nucleus NN A alongi: NN A — N. Thus, equivalently, the germ of M is obtained through a
vertical gluing of M to the canonical thickening of Ay alongi: NN A — N.

By out induction hypothesis, the germ of M_; at Ay is a (k — 1)-level MBc-building. We
conclude that, per Definition the germ of M at A is a k-level MBc-building. O

We now prove Theorem

Proof. We proceed by induction over the number k of building blocks of A. For k = 1 the
canonical MBc-thickening of the single block is an MBc-manifold thickening. Any orientable
MBc-manifold thickening of A = A; is an orientable line bundle over Aj, and since A; is an
orientable, connected, closed manifold with corners it admits only one orientable line bundle
up to diffeomorphism, being the trivial line bundle. So any MBc-manifold thickening of A =
A; is diffeomorphic to the canonical MBc-thickening of A;.

Let k > 1, assume the assertions have been established for all orientable arboreal buildings
with k — 1 blocks and let A be an arboreal building with k blocks. By definition, Ay is an
arboreal building with k — 1 blocks, meaning it has an MBc-manifold thickening M(A k) with
defining domain W(A _¢) such that the germ of M(A_y) at A_ is unique up to diffeomorphism
leaving A fixed. Recall that by the definition of arboreal n-buildings, A is obtained from
A _; by gluing a collection S* = U;S¥ of boundary components S¥ € dA_; to Ay along a
map P : Sk — Ay. We write Pz-k for the boundary face of the horizontal boundary 0, W(A_x)
containing S¥ and denote P¥ = U;Pk.

We formulate the following lemma.

Lemma 7.29. The gluing map gy : S* — Ay can be extended to an orientation preserving embedding
(or, equivalently, an orientation preserving injective immersion since we consider germs) Yy of the
germ of 9A i at S* into Ay that leaves S* pointwise fixed. The map ¥ can be canonically lifted to an
orientation preserving embedding ¥y of the germ of OA _y at S into Ay x S°.
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Furthermore, the space of orientation preserving embeddings of the germ of dA -y at S¥ into Ay leaving
Sk pointwise fixed is contractible, meaning the embedding ¥y is unique up to isotopy.

Proof. As stated in Remark[7.25, the boundary of Ay is an arboreal building with k — 1 blocks.
This means that S is an arboreal space with an orientable thickening T, and the germ of T at
Sk is unique up to diffeomorphism. Any neighbourhood of ;(S¥) in Ay constitutes an oriented
thickening of y(S¥). Because ¢ is an embedding and the germ of any thickening of S at S is
unique up to diffeomorphism, we see that the germ of T at S¥ is diffeomorphic to the germ of
Ay at lpk(Sk). Thus, the gluing map ¢ : Sk — A can be extended to an orientation preserving
embedding of the germ of dA _; at S¥ into Ay

The existence of the lift follows from the definition of arboreal singularities and how a special
signed leafy rooted tree determines an arboreal model.

To put it more precisely, every point x € S¥ has a neighbourhood U C S, a collar neighbour-
hood U x Z C Ak and a neighbourhood V. C A_xyq,suchthat U C UxZ C V. Now, V'is
modelled on (H(T, ¢,m,c), O(T, ¢,m,c)),and U x Z C V corresponds to one of the at most two
subtrees obtained from T by deleting the root vertex. The sign of the edge between the root of
T and the root of the subtree corresponding to U x Z C V gives the lift of y(x); if the sign is
positive ¥i(x) = Pr(x) x {1} and if the sign is negative ¥i(x) = ¢p(x) x {—1}.

Let ¥} be another orientation preserving embedding of the germ of dA _; at S* into Ay x S°
leaving sk pointwise fixed. Fix a Riemannian metric on Ay x SY. For all x € 0A sufficiently
close to S¥ we must have that ¥;(x) and ¥ (x) are in a geodesically convex neighbourhood.
Following these geodesics gives an isotopOy H; between Hy = ¥y and H; = Y} that leaves S
pointwise fixed. Consider a point p € S, we denote the maximal connected smooth piece of
Sk containing p by S. By assumption ¥i|g = ¥} |gr = Hi|s for all t € [0,1]. Thus we see that

d(¥plt,s = d(¥p)pl1,s = d(Hp)plT,s

forall t € [0,1]. We decompose T,M as T,M = T,S & v,,S, where vS is the normal bundle of S.
Note that S is a hypersurface and thus v,S is 1-dimensional, we pick a basis vector of v,S and
denote it by v. Since both ¥} and ¥} are orientation preserving and their differentials restricted
to the tangent bundle of S agree, it must be that d(¥}),v and d(¥}),v lie on the same side of the
hypersurface T,S.

Therefore any convex combination of d(¥),v and d(¥}),v must lie on the same side of the
hypersurface Ty, Yr(S) = lel/((p)‘I’;((S), from which we see that d(H;),v always lies on the
same side of the hypersurface Ty, (,) ¥ (S). Thus the determinant of d(H}), never changes sign,
in particular, this means the determinant of d(Ht)p never vanishes. Thus H; is an isotopy of
injective immersions close to S*.

We remark that this construction of the isotopy can be done with any number of parameters,
from which we conclude that the space orientation preserving embeddings leaving S* point-
wise fixed is contractible. O
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Figure 7.15: The homotopy between the vS component of the differentials d'¥ and d'¥;.

We now obtain a an MBc-manifold thickening M(A 1) of A through a vertical gluing of
M(A<k+1) to M(Ak) via ‘Yk.

Let M be another MBc-manifold thickening of A. We split the germ of M at A, as in Lemma
into My and M. such that the germ of M is obtained through a vertical gluing of M_j
to the canonical thickening of A;. By our induction hypothesis, the germ of M, at Ay is
unique up to diffeomorphism. By Lemma the space of admissible vertical gluing maps
is contractible, thus the germ at A of the result of the vertical gluing of M. to My must be
diffeomorphic to the germ at A of the thickening M(A 1) produced described above. O

Remark 7.30. The construction of the thickening as an MBc-building is inductive, but in con-
trast to the handlebody given by a Morse function as discussed in Chapter2|all the data of this
building is given at once by the skeleton. A



Chapter 8

Outlook

In this chapter we discuss some open questions that further research might aim to answer.

One question is how the results of Chapter [/|can be generalized to non-orientable manifolds
and skeleta with non-orientable smooth pieces. To be able to do this, more data should be
provided with the arboreal skeleton. One expects this data to amount to giving a collection of
Cech-cocycles.

Another question is how the arborealization program can be used to compute invariants of
manifolds. Following the backwards flow gives a retraction of an X-convex manifold to its
skeleton, thus the manifold and its skeleton have the same homotopy type. Therefore it should
be straightforward to recover homotopy invariants from the skeleton. Since it is possible to
recover an orientable manifold from its co-oriented arboreal skeleton, one would expect that
all smooth invariants of the manifolds can be computed from its skeleton.

Furthermore, one wonders under which conditions a cobordism between two manifolds can
be recovered from the intersection of the skeleton of the cobordism with its boundary. To be
able to recover the cobordism, more data should be provided. For instance, in the situation
as drawn in Figure it should be indicated that all the points on the intersection with the
boundary are connected via the skeleton. The question is what extra data should be given and
how this data can be presented.

Another question is how different skeleta of the same manifold can be related and how this
could be used to develop a homotopy theory. Can the results of Chapter [l and Chapter [7] be
generalized to a 1-parametric set-up, and how do the phenomena of 1-parameter families of
functions, such as birth-death pairs and handle slides, translate to the arboreal setting?

84
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Figure 8.1: A cobordism with an arboreal skeleton and its intersection with the boundary.



Appendix A

Symplectic Geometry, Contact
Geometry and Weinstein Manifolds

In this chapter we give the definition and some examples of symplectic, contact and Weinstein
manifolds, and record some notions and results from the study of these manifolds crucial for
our understanding of arboreal Lagrangian and Legendrian singularities. This chapter offers
only a minimal introduction to the vast field of study of symplectic and contact geometry,
discussing only what is needed to be able to define Weinstein manifolds and arboreal singu-
larities.

In Section we define symplectic vector spaces. Then, in Section we discuss symplectic
manifolds, which are manifolds with a symplectic structure on their tangent bundle. We give
examples and formulate the well-known Darboux’s Theorem for symplectic manifolds. In Sec-
tion[A.3|we discuss the closely related notion of contact manifolds. We give examples, explain
the connection between symplectic and contact manifolds and formulate Darboux’s Theorem
for contact manifold. We conclude with the definition of Weistein manifolds, which are sym-
plectic manifolds compatible with Morse theory, in Section

The first two sections are based on Chapters 2 and 3 of [MS17] and Chapters 1, 2 and 3 of
[SilO1]. The third section is based on Chapter 1 and 2 [Han08] and the fourth section is based
on Chapter 11 of [CE12].

A1 Symplectic vector spaces

Definition A.1. A symplectic vector space is a pair (V, w) of a finite dimensional real vector space
V with a bilinear form w : V x V' — R such that

¢ The form w is skew-symmetric, i.e.

w(v,w) = —w(w,v)

86
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forallv,w e V.

¢ The form w is non-degenerate, i.e.
kerw={v eV |w(w)=0forallw e V}
is trivial.
A

A skew-symmetric version of the Gram-Schmidt process yields the following theorem.

Theorem A.2. Let (V,w) be a symplectic vector space. Then there is a basis ey, ...,eu, f1, ..., fn f V
such that

w(ei, ) = w(fi, fj) =0 forall i and j
wlei, fj) = bij forall i and j.

We call such a basis ey, ..., ey, f1, ..., fu of V a symplectic basis.

Note that a direct corollary of this theorem is that every symplectic vector space is even di-
mensional.

Definition A.3. Let (V,w), (V’,w’) be symplectic vector spaces. A linear map ¢ : V. — V' is
called symplectic if p*w’ = w. A linear symplectic bijection is called a linear symplectomorphism.
A

Definition A.4. Let (V,w) be a symplectic vector space. The symplectic complement of a linear
subspace W C V is defined as the subspace

WY ={veV|w@w)=0forallwe W}.

A subspace W C V is called
e isotropic if W C W¢;
e coisotropic if W C W;
e symplectic if WN W« = {0};
® Lagrangian if W = WY,
A

Remark A.5. From Theorem[A.2]we see that an isotropic subspace W C V of a 2n-dimensional
symplectic vector space has at most dimension 1, a Lagrangian subspace is an isotropic sub-
space of maximal dimension. A
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A.2 Symplectic manifolds

Definition A.6. Let M be a manifold. A 2-form w € O?(M) is say to be symplectic if w is closed,
ie. dw=0,and wy : T,M x T,M — R is symplectic for all p € M.

A symplectic manifold is a pair (M, w) of a manifold M equipped with a symplectic form w.

A symplectic submanifold of M is a submanifold S C M such that w|s is a symplectic form on S.

An isotropic submanifold of M is a submanifold on which the symplectic form restricts to zero.
A closed subset of a symplectic manifold is called an isotropic subset if it is stratified by isotropic
submanifolds. If an isotropic submanifold has maximal dimension, i.e. half the dimension of
the ambient symplectic manifold, we say it is a Lagrangian submanifold. A

Example A.7. Let M = R?" with coordinates x1, ..., X, p1, ..., Pn. The form

woy = dxi A dp,

n
i=1

is a symplectic form on M. This form is called the standard form on IR*". A

Example A.8. Let M be an n-dimensional manifold and consider its cotangent bundle T* M.
Let U be a coordinate neighbourhood for M with coordinates x1, ..., x, and associated coordi-
nate neighbourhood T*U with coordinates x1, ..., x4, C1, ..., ¢ for T*M. Then

w = dei N dE;
=1

is a symplectic form on T*M. A

Using the symplectic basis of the tangent space from Theorem at every point p € M, we
get the following result.

Proposition A.9. Let M be an 2n-dimensional manifold, a 2-form w € Q?(M) is symplectic if and
only if w" # 0, i.e. w is a volume form.

Proof. First let w € O?*(M) be symplectic. For any p € M we have a symplectic basis as in
Theorern Now, using the notation of Theorem we see that w,(e1, ..., en, f1, ..., fn) # 0.

Now let w € O?(M) be a 2-form such that w" is a volume form and assume w is not symplectic.
Then there must be a p € M such that w), is not symplectic, thus there mustbea 0 # v € T,M
such that w(v,w) = 0 for all w € T,M. Now, we see that for all A € R it must hold that
w(Av,w) = 0 for all w € T,M. Therefore the linear subspace < v > must be contained in the
kernel of w. From this we directedly see that it must be that wZ = 0, which is in contradiction
with the assumption that w is a volume form.

We conclude that w € O?(M) is symplectic if and only if w" # 0. O
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Definition A.10. Let (M, w), (M’, w') be 2n-dimensional symplectic manifolds. A diffeomor-
phism ¢ : M — M’ is called a symplectomorphism if ¢p*w’ = w. A

A central result in symplectic geometry is Darboux’s Theorem, which states that any 2n-
dimensional symplectic manifold is locally symplectomorphic to (R?", cwy).

Theorem A.11 (Darboux). Let (M, w) be a symplectic manifold of dimension 2n. Then every p € M
has a coordinate neighbourhood U with a coordinate map ¢ : U — U’ C R*" such that ¢*wy = w.

As a result of Darboux’s Theorem all symplectic manifolds of the same dimension are locally
equivalent. In particular, the only local invariant of symplectic manifolds up to symplectomor-
phism is the dimension of the manifold.

A.3 Contact manifolds

Definition A.12. A hyperplane field { on a manifold M is a codimension 1 subbundle of the
tangent bundle TM. A
We note that, locally, any hyperplane field ¢ is the kernel of some 1-form a € Q}(M).

Definition A.13. Let M be an (2n + 1)-dimensional manifold, a hyperplane field ¢ is said to be
maximally non-integrable if for every 1-form a such that { = ker «, we have

a A (da)" #£ 0.

We call such a hyperplane field ¢ a contact structure, we call a 1-form « such that ¢ = ker « a
contact form. A

Remark A.14. Equivalently, one could say that a hyperplane field { C TM in the tangent
bundle of a (2n 4 1)-dimensional manifold is maximally non-integrable if for very 1-form «
such that ¢ = ker &, we have (da)"|z # 0. Following Propositionthis implies that (¢, do|¢ )
is a symplectic vector space and that da|s is a symplectic form on ¢. A

Example A.15. On R?"*+1 with Cartesian coordinates (x, Y1, - Xnt+1, Yn+1), the 1-form
n
wg = dz + Z x;dy;
i=1

is a contact form. The contact structure { = ker «g is called the standard contact structure on
R2n+1 A

Example A.16. Let (x1,y1,..., Xn+1,Yn+1) be Cartesian coordinates on R¥*t" and consider the
unit sphere $"*1 C R?"*2. Then the 1-form

n—+1

a =) xidy; — yidx;
i—1

is an contact form on $?**1. The contact structure ¢ = ker « is called the standard contact
structure on the unit sphere S*" 1. A



APPENDIX A. SYMPLECTIC GEOMETRY, CONTACT GEOMETRY AND WEINSTEIN
MANIFOLDS 90

T

Figure A.1: The contact structure ker(dz + xdy) ([HanO8], p. 4)

Example A.17. Let M be an n-dimensional manifold. Note that the space J' M of 1-ets can be
canonically identified with T*M x R. A point in J'M is a triple (x, p,z), where x € M, p is a
linear form on TyM and z € R. Then the 1-form o« = dz — ) p;dx; is a contact form, we call

Gt = kera

the standard contact structure on the 1-jet bundle. A

Definition A.18. Let (M, ¢) be an (2n + 1)-dimensional contact manifold. A submanifold L C
M is called isotropic if T,L C ¢, for all p € L. A closed subset of M stratified by isotropic
submanifolds of M is called an isotropic subset of M.

If an isotropic submanifold L C M is of dimension n, we say L is a Legendrian submanifold. A

Remark A.19. Let L C M be an isotropic submanifold of an (2n + 1)-dimensional contact
manifold (M, ¢) and let « be the 1-form defining ¢.

Then «a|; = 0, thus da|; = 0, meaning that for every p € L we have that T,L C ¢, is an
isotropic subspace of the 2n-dimensional symplectic vector space ({p, dalz,). Thus a Legen-
drian submanifold is an isotropic submanifold of maximal dimension. A

Example A.20. Let M be an n-dimensional manifold, consider the space J!M = T*M x R of
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1-jets with the standard contact structure. Any smooth map f : M — J'M defines a section

x> jUf(x) = (x,df(x), f(x))

of the bundle ' M — M. Note that f is a embedding and f*(dz — pdx) = 0, from which we see
that j!(M) is a Legendrian submanifold of J' M. JAN

Lemma A.21. The germ at the origin of a isotropic submanifold L C T*IR" of the cotangent bundle
with the standard Liouville structure A = pdx admits a unique lift to an isotropic germ at the origin of
the 1-jet bundle J'R" with the standard contact structure & = ker « where & = dz — pdx.

Proof. We write i : L — T*IR" for the inclusion. Note that i*A is closed, meaning, locally, i*A is
exact.

Therefore, locally, there is a primitive f of i*A. Now, a lift to an isotropic germ is given by the
map (i, f). Such a lift is unique up to a translation along the z-axis, thus there is a unique lift to
an isotropic germ at the origin. [

Definition A.22. Let (M, &),(M’, &) be (2n + 1)-dimensional contact manifolds. A diffeomor-
phism ¢ : M — M’ is called a contactomorphism if df(§) = ¢'. A

Theorem A.23. Let (M, ) be an (2n + 1)-dimensional contact manifold with contact form « and let
p € M be a point. Then p has a coordinate neighbourhood U with coordinates x1,..., Xu, Y1, ..., Yn, Z
such that p = (0, ...,0) and

n
aly =dz+ indyi.
i=1

1

A.4 Weinstein manifolds

Definition A.24. Let (M, w) be a 2n-dimensional symplectic manifold equipped with an exact
symplectic form w. A Liouville form is a choice of primitive A, i.e. A is a 1-form such that
w = dA. The vector field Z that is w-dual to A, i.e. such that 1zw = A, is called the Liouville field
of A. A

Remark A.25. If Z is a Liouville vector field for a Liouville form A, Cartan’s formula yields
Lyw = 1zdw +dizw = dA = w.

This means if Z integrates to a flow Z' : M — M, it satisfies (Z)*w = e!w. This means that
symplectic form expands as one flows along Z. Similarly

LzA = izw +dizA = A
meaning the flow of Z expands the Liouville form, i.e. (Zf)*A = ¢!A. A

Definition A.26. A Liouville domain is a compact exact symplectic manifold (M, A) with bound-
ary such that the Liouville field Z is outwardly transverse to the boundary oM. A
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Note that
AAMMWJ:OyMMW¢WF1:%qMM”:%qw?

Thus positive transversality of Z at the boundary is equivalent to requiring Ay, to be a contact
form such that the orientation defined on dM by the volume form A A (d/\)g;/ll coincides with
the orientation of M as the boundary of M.

Definition A.27. The skeleton of a Liouville domain (M, A) is the attractor of the negative flow
of the Liouville field, i.e. the subset

Skel(M,A) = () Z7H(M) C M.

t>0
A

Note that the skeleton of a Liouville domain is a closed subset of a compact set and thus com-
pact.

Definition A.28. A Liouville manifold (M, A) is an exact symplectic manifold M such that the

Liouville field Z is complete, i.e. has global flow, and there is an exhaustion M = |J M*
k=1

by compact domains with smooth boundaries along which the Liouville field Z is outwardly

transverse. A

Remark A.29. Any Liouville domain (M, A) can be completed to a Liouville manifold (]/\/I\, ?\)
by attaching the forward trajectories of Z starting at M. Explicitly,

M=M |J @Mx][0,c))
OM~oMx{0}

and A is extended to M as ¢° (Alaam) on the attached cylinder. We will call a Liouville manifold
obtained by completing a Liouville domain a finite type Liouville manifold, the Liouville domain
giving the Liouville manifold is called defining. A

Definition A.30. The skeleton of a Liouville manifold (M, A) is given by
Skel(M,A) = | N 2~H (M),
k=1t>0
i.e. it is the attractor of the negative flow of the Liouville vector field. A

Lemma A.31. A Liouville manifold (M, 7) is of finite type if and only if its skeleton is compact.

Proof. Consider a finite type Liouville manifold (M, 1) with defining domain M. Since all
points in M — M lie on the forward trajectory of Z starting at a point 0M and the Liouville

field is outwardly transverse we see that Skel(l/\/I\, /A\) = Skel(M, A). Thus the skeleton of a finite
type Liouville manifold is compact.
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Now consider a Liouville manifold (M, ) with compact skeleton. Let k be sufficiently large
such that a neighbourhood of the skeleton of M is contained in Z/\/I\k, we write ¥ = dMF. The
forward flow of Z starting from X gives a diffeomorphism M — Int(MF) ~ % x [0, 00) because
for every point p € M the negative flow Z~!(p) gets arbitrarily close to the skeleton as t — oo

and thus is contained in M* for sufficiently large t. Under this diffeomorphism we see that
the Liouville form A = izw corresponds to e'a where t € R is the parameter of the flow and
N = )\2. ]

The Weinstein condition amounts to the additional demand that the Liouville field is Morse-
Bott.

Definition A.32. A Weinstein domain (resp. Weinstein manifold) (M, A, @) is a Liouville do-
main(resp. Liouville manifold) (M, A) with a Morse-Bott with boundary Liouville field Z. A

As shown in Section 2.2 of [Stal8], the skeleton of a Weinstein domain is an isotropic set.

Proposition A.33. Let M be a Weinstein domain with Liouville vector field Z. For any connected com-
ponent C of zeros of Z, the stable manifold Stab(C) is an isotropic submanifold (possibly with boundary).
Thus, the skeleton of a Weinstein domain is an isotropic subset.



Appendix B

Arboreal Lagrangian and Legendrian
Singularities in Symplectic and Contact

Manifolds

In this chapter we define the classes of arboreal Lagrangian singularities and arboreal Legendrian
singularities, which are stratified Lagrangian singularities in symplectic manifolds (resp. Leg-
endrian singularities in contact manifolds). Furthermore, we give local models for these singu-
larities and show that each class of germs of arboreal Lagrangian singularities (resp. arboreal
Legendrian singularities) is determined by discrete combinatorial data given by a non-cyclic
connected graph, i.e. a tree, with some extra combinatorial data.

We begin this chapter with the definition of arboreal Lagrangian and Legendrian singularities
in Section [B.1]as originally formulated in [AEN22a|. Then, in Section [B.2} we produce arboreal
models via a gluing construction as first defined by Nadler in Section 2.1 of [Nad17]. We can
associate such a gluing to every tree. This gluing construction fixes only the homeomorphism
type of the singularity, not the smooth, symplectic or contact type. In Section we give
another construction of arboreal models, following Section 2 of [AEN22a||, where arboreal sin-
gularities are produced as positive conormal bundles of certain hypersurfaces. These models
are associated to trees with extra data on the vertices and edges, and the construction fixes the
diffeomorphism type of the model. These two constructions are equivalent, in the sense that
the singularities they produce are homeomorphic, as we show in Section

We will then, in Section discuss a Stability Theorem from Section 3 of [AEN22a] which
shows that each of the arboreal Lagrangian singularities is germ diffeomorphic to one of the
arboreal models. We conclude with Section where we generalize the arboreal models to
allow for strata with boundary. We prove that a similar Stability Theorem holds for these
generalized arboreal singularities.

94
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B.1 Arboreal Lagrangian and Legendrian singularities

Before we can define arboreal Lagrangian and Legendrian singularities we need to discuss
some auxiliary notions.

Recall from Lemma that the germ of an isotropic submanifold of T*IR" at the origin lifts
to an isotropic germ at the origin of the 15jet bundle J'IR". As a corollary, the germ at the origin
of any simply-connected isotropic subset L C T*R" admits a unique lift to the germ at the
origin of an isotropic subset LcC J'R". We want an arboreal Lagrangian singularity in T*IR"
to lift to an arboreal Legendrian singularity in J'IR”. We wish for our arboreal Lagrangian and
Legendrian singularities to be compatible with this lift.

Furthermore, we want to have a coning operation analogous to the vertical cone in the defini-
tion of arboreal hypersurface singularities. From Darboux’s Theorem we know that all contact
manifolds of the same dimension are locally contactomorphic, so we define this coning oper-
ation for a specific class of contact manifolds, namely unit spheres with the standard contact
structure. For an isotropic subset A C S*R" = §?'~! of the cosphere bundle we define its
Liouville cone C(A) C T*IR" to be the closure of the trajectories of the Liouville vector field p%
going trough A. We note that this Liouville cone is isotropic.

We are now ready to define arboreal Lagrangian and Legendrian singularities, the following
definition is Definition 1.1 from [[AEN22al.

Definition B.1. Arboreal Lagrangian (resp. Legendrian) singularities form the smallest class Arb,""?
(resp.ArbZO"t) of germs of closed stratified isotropic subsets in 2n-dimensional symplectic (resOp.
(2n + 1)-dimensional contact) manifolds such that

1. (Invariance) Arb;/"" is invariant with respect to symplectomorphisms and Arb{™" is in-

variant with respect to contactomorphismes.

2. (Base case) Arby"" contains pr = R’ = T*R? = pt.

3. (Stabilizations) If L C (X, w) is in Arb;/"", then the product L x R C (X x T*R,w +dp A
dq) is in Arbiyflp.

4. (Legendrian lifts) If L C T*R”" is in Arb;’"?, then the Legendrian lift L c J'R" is in
Arb%",

5. (Liouville cones) Let Ay, ..., Ay C S*IR" be a finite disjoint union of arboreal Legendrian
germs from Arb®" centred at points z1,...,zx € S*R". Let 7t : S*R" — R" be the front
projection and suppose

* 7(z1) = ... = 7(z¢);
e For any i and stratum Y C A;, the restriction 7]y : Y — R" is an embedding;

e For any distinct iy, ..., 7, and any set of strata Y;, C A;,...,Y; C A, the restriction
7T|y1,1 U..LY, 18 self-transverse.
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symp
0o .

Then the union R" U C(A1) U...U C(Ag) forms an arboreal Lagrangian germ from Arb
A

B.2 Gluing construction

We begin by giving the construction of arboreal singularities as originally introduced by Nadler
in [Nad17]. These arboreal singularities are constructed by gluing Euclidean spaces, this pro-
duces topological stratified spaces whose strata have no canonical smooth structure. Thus this
original construction yields homeomorphism classes of singularities, rather than symplecto-
morphism or contactomorphism classes.

Before we give the gluing construction of arboreal sinuglarities, we first recall some notions
from Chapter |5, A graph G is a set of vertices V(G) and a set of edges E(G) such that E(G) is a
subset of the set of two-elements subsets of V(G). Two vertices «, f € V(G) are called adjacent
if {a, B} € E(G), avertex T € V(G) is caled a terminal vertex if it has a single adjacent vertex.
A graph G is called connected if any two vertices , 3 € V(G) can be linked by a walk, i.e. a
sequence of edges {&, 11}, {71, 12}, - {vn, B} € E(G). A graph G is called acyclic if there are
no non-empty walks in which all edges are distinct and all vertices except for the first and last
are distinct. A tree T is a nonempty, finite, connected acyclic graph.

Figure B.1: A tree.

For any finite set S we write R® for the Euclidean space of S-tuples of real numbers, note that
RS =~ RISI, In particular, for a tree T, we introduce for each vertex « € V(T) the Euclidean
space £r() ~ RV} of tuples {x, (&) }cv(r)\ (o} Of real numbers.

Definition B.2. For an edge {«, B} € E(T) we define the {a, B }-edge gluing as the quotient of
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the disjoint union of Euclidean spaces

(er@]]er®)/ ~
with {x,(x)} ~ {x,(B)} whenever
xp(a) = x4(B) 2 0 and X (&) = x,(B) for all v # «, B € V(T).
A

Definition B.3. The arboreal singularity £1 associated to a tree T is the quotient of the disjoint
union of Euclidean spaces

er=( [ &)/~

acV(T)

where ~ is the equivalence relation generated by the edge gluing for all edges {«, p} € E(T).

.o V

Figure B.2: Some arboreal singularities obtained from the gluing construction with the associ-
ated trees.

The following Lemma explains how the Euclidean spaces £7(a) and £7(B) are glued in £1 for
non-adjacent vertices o, B € V(T).

Lemma B.4. Let «, B € V(T) be two vertices and suppose the shortest path between them consists of k
edges with the successive adjacent vertices & = yo, Y1, ..., Yk = B-

Then, inside of £, the Euclidean spaces £1(x) and L£1(B) are glued under the identification {x.(x)} ~
{x,(B)} whenever

Xy, (@) = xp, (B) = O0foralll <i<k
X () = x,(B) for all v # 7o, ..., vk € V(T).

Proof. Because T is acyclic only the edges on the shortest path between a and p play a role.

We proceed by induction over k, the number of edges in the shortest path between « and .
Note that for k = 1 the statement of the Lemma is exactly the {«, f}-edge gluing.

Assume the statement holds for k — 1, meaning that £r(x) and £7(7x_1) are glued in £7 by
making the identification {x-(«)} ~ {x,(7x-1)} whenever

X, (@) = X, (Y1) = Oforall 1 <i<k—1
x0(@) = 2%, (1) for all 7 70, ., Y1 € V(T).
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Note that the {,_1, B}-edge gluing makes the identification {x,(yt_1)} ~ {x,(B)} whenever

xg(Yk-1) = Xy, (B) = 0
%, (7k_1) = () for all y # 11, B € V(D).
Thus we see that {x,(x)} ~ {x,(B8)} whenever
Xo, (@) = x4, () = 0forall1 <i<k
X (&) = x,(B) for all ¥ # o, ..., vk € V(T).
O

The following Lemma gives an alternative description of £r that will be useful when compar-
ing this gluing construction to the conormal construction in Section

Lemma B.5. Let T be a tree and suppose T € V(T) is a terminal vertex of T. Define the tree T with
vertices V(T) \ {7} and edges E(T) \ {7, a}.

Then there is a canonical homeomorphism

r =~ (21, xR(7) . (DCITE{O} (Lr.(@ x ]R{g%})
Tt

Proof. Note that for any v € V(T:) we have
2r(y) = RV = RVINU{T = £r.(7) X R{7}
and
er(1) = RVOMT = ¢ (a) x R,
Thus we see that

Lr = < 11 2T(’Y)>/N

YeV(T)

— <£T<r> I smwxm{f})/fv

YeV(Tr)
= (ETT(IX) x R™ T £r, x IR{T}) / ~

where €1 (x) x R1*} is attached to £r, x RI™} by the {r,a}-edge gluing. This means that
L1, () X R{x} gets attached along

£r.(@) x R © 27, () x R
which can be less redundantly described as attaching
£r.(@) x RY € 27, () x R
along £ () x {0}. O
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B.3 Conormal construction

We now give the construction of arboreal models as originally introduced in [AEN22a]. To
every signed rooted tree, which is a tree with certain extra data on vertices and edges, we will
associate a cooriented graphical hypersurface. The positive conormal, which we define below, of
these graphical hypersurfaces will be our arboreal singularities. As we will see, this construc-
tion yields stratified singularities with symplectic (resp. contact) structures on each strata. This
construction is motivated by the following notions.

n
Let T*R" denote the cotangent bundle with canonical 1-form pdx = Y, p;dx; where p =
i=1

(p1, ..., pn) are the dual coordinates to x = (xy,...,x,). Let J'R" = R x RT*R" denote the
n

1-jet bundle with contact form dxo + pdx = dxo + Y pidx;.
i=1

Given a function f : R" — R with graph Ty = {xo = f(x)} C R x R" we have the conormal
Lagrangian of the graph

9 ]
Lr, = {x0 = f(x), pi = —Poai} C T*R™!
1
and the conormal Legendrian of the graph

)
Ar, = {xo = f(x),po=1pi = _83{} C J'R".

B.3.1 Quadratic fronts
We first define the maps whose graphs we will consider.

Definition B.6. For i > 0 we define functions #; : R — R by the inductive formula

ho =0, hi = hi(x1, ., X)) = X1 — hi_1(x2, ..., ;)%

]’li,]' = hi_]-(x]-H, ceey xi).

Note that hi,() = hi(xl, ceey xz-) and I’li,i,1 = h](xi) = Xj.

Example B.7. For small i we have

hi(x1) = x1, ha(x1, X2) = x1 — X3,

ha(x1, %2, X3) = x1 — (X2 — x3)?, hy(x1, X2, X3,x4) = X1 — (x1 — (X2 — x3)?)%.
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Definition B.8. Forn > 0 and i = 0, ..., n we define the smooth graphical hypersurfaces
"T; = {xo = hlz} c R**1

and the union

(a) The hypersurfaces 1Ty, in green, and T, in (b) The hypersurfaces 2T, in green, 2T, inred, and
blue. 2T'», in blue.

Figure B.3: Quadratic fronts, (JAEN22a], p. 5, p. 6).

Remark B.9. Note that we have the identities
"y =T x R foralli =0,..,n
ATy =""1T;_4 foralli=1,..,n.
A

Given a function f : R” — R we can equip the graphical hypersurface I'r = {x0 = f(x)} C
R x R" with the a coorientation given by the conormal that is positive in the d,, direction.
We call this coorientation the graphical coorientation, we equip every "I'; with the graphical
coorientation.

B.3.2 Conormal Lagrangians and Legendrians

We now look at the conormal Lagrangians and Legendrians of these quadratic fronts.

Fori=0,let"Ly = R" C T*R" denote the zero-section. Fori = 1, ..., n we denote the conormal
Lagrangian

"Li = Liap, , C T'R”
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of the graph "=1T;,_; C R" and consider their union

n

Similarly, for i = 0, ..., n, introduce the conormal Legendrian
"A; = Aur, C J'R"

of the graph "T; C R"*! and consider their union

n

Remark B.10. Observe that "L; C T*IR" is given by the equations
5 n n ah%l )
X1 = hi,l' Z p]dx] = — Z pliax" dx] = —p1dhi/1 = —pldxl
j=2 j=2 j

Thus the Liouville form pdx vanishes on "L; C T*IR", meaning that T("L;) C ker (dxo + pdx).
Therefore the lift of "L; to J'IR” = R x T*R" zero primitive, i.e. {0} x" L; is Legendrian. A

We have the following Lemma on compatibility between this lift and the conormal Legendrian.

Lemma B.11. The contactomorphism
S 'R = J'R",  (x0,%,p) = (X0 — p1/4, X1+ P1/2, X2, wees Xy Py ooy P)

takes the Legendrian " A; isomorphically to the Legendrian {0} x" L; and thus the union " A isomor-
phically to the union {0} x" L.

Proof. We note that "A; C J'IR" is defined by the equations

xg = I? pdx = —dh? = —2h;dh; = —2h;(dx; — 2h; 1dh; 1)
and thus in particular p; = —2h; and 27:2 pjdxj = 4hihi1dh;y = —2p1hi1dh;; and "L; C T*R”
is given by the equations

n
X = Y pidx; = —pidhiy = —2pihiadh; .
j=2

We write (Xo, X, p) = S(xo, x, p) for (xo, x, p) €" A; and see
Xo=x0—pi/d=Exo—h)=0 Xi=xi+pi/2=x1—h=x1—(x1—h})=h}.

Thus we conclude that "A; is taken isomorphically to the Legendrian {0} x" L; and thus the
union "A is taken isomorphically to the union {0} x" L. O
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B.3.3 Distinguished quadrants

To construct the arboreal models we need to specify distinguished quadrants of the "I' and
introduce signs, the geometric meaning of which will become clear below.

For a list of signs € = (¢, ..., €,) we define the involution o : R" — R” given by
Oe(X1, ooy Xn) = (€1X1, ooy EnXn)-
Define the signed domain quadrant "R C R" to be the closed subspace
"Rf = {eoe1hipo0e <0, ..., €j_1€ihi i1 0 0p < 0}.
Define the cooriented hypersurface "I C R""! to be the restricted signed graph
"I = {x0 = €ohj 0 0} |nge
with the graphical coorientation. More explicitly "I’} is given by the equations
Xo = £0hi2 00, goerhigooe <0,...,&,_18h;;_1 00, <O0.

Define the union

n
nre — U nl—vls
i=0

Remark B.12. Note that h;;_; = x; and thus ¢;_i¢;h;;_1 0 0z = x;, therefor every "I'{ only
depends on the first i signs ¢y, ..., £;_1 but not on ¢;. In particular the union "I'* is independent
of g,. A

Lemma B.13. Fix a list of signs € = (o, ..., €,) and set ¢’ = (€1, ..., €,). The homeomorphism
s:e0)Rs0 x R" — ¢gR>9 x R",  (x0, X1, X2, ..., Xn) — (X0, X1 + €0+/€0X0, X2, -+, X1)
gives an identification
s("T%) = ggR>o x" 1 T%,
forevery 0 < i < n.
Proof. Recall "T* is defined by
X0 = thl2 o0y, goethipooe <0,...,ei_18hi;1 00 <O.
and thus in particular

Xo = sohi2 Yo go€1hig o oe = goeh; o o < 0.
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When gpxg > 0 and gpe1h; o 0z < 0 the equation xp = ;30hl-2 o 0; is equivalent to /epxy =
—egpe1h; o 0¢. This can be rewritten in the form

X1 + €0\/€0Xg = €1h7_q 1 0 0.

Since exg = hl2 o0y > 0 we see that s maps "I into egR>o X {x1 = slhl{l 1 00¢ }. Now note that
the functions h; 1, ..., h;;_1 cutting out "I'{ are independent of the coordinates xo, x; and thus
push forward to the same functions #; 1, ..., h; ;1 that cut out

n—1y¢ _ 2
1_'1-71 C {x1 = 81]’[1‘71/1 O(TS/}.

To see that s gives a cooriented identification note that the coorientations of "I' and "‘1Ff.,_1 are
positive in respectively the dy, and d,, direction. The d,, component of 5.9y, is in the positive
direction and thus s gives a cooriented identification. O

The following corollary explains the geometric meaning of the signs e.

Corollary B.14. Fix signs € = (gg, ...,€,). Fori =0, ...,n — 1, we have ¢; = £1 if and only if "T'; 1 is
on the £-side of "T'; with respect to the graphical dxo-coorientation.

Moreover, fori =1,...,n — 1, we have ¢; = £1 if and only if "TI'; 1 N" T'g is on the -side of "I'; N" Iy
with respect to the graphical dxi-coorientation.

Proof. We proof the assertions by induction. For i = 0 we have "Iy = {x9p = 0} and "'} =
{x0 = eo(e1x1)* = eox?, epe1(e1x1) = €ox1 < 0} and the first assertion holds.

For i > 0 both assertions follow immediately by inductively applying Lemma [B.13] O

We record the following direct corollary of Lemma that will prove useful in comparing
the different constructions of arboreal singularities.

Corollary B.15. The map s : egR>o x R" — ¢0R>g x R" restricts to a homeomorphism
slipe " T8 S {0} x R" U ggRZ0 x"~ 1T,
By recursively applying the map of Lemma we get homeomorphisms
"¢~ R, x {0} x R*™
0 LnJlR;O x {0} x R",
i=0

Fix signs ¢ = (eo,.,,,.€4—1). Fori = 0let "L§ = R" C T*R" denote the zero-section. For
i =1,...,n we introduce the positive conormal bundle

"Lf = vk T, C T'R”
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determined by the graphical orientation and define the union

n
HLS — U nng.
i=0

Note that "L{ is Lagrangian.

Fix signs & = (¢, .,,,.€x) and for i = 0, ..., n define the Legendrian
l’lAf C ]an
that is the lift of the front "I} C R"*! and their union

n
nAE — U n Als
i=0
We have the following Lemma similar to Lemma [B.11]

Lemma B.16. Fix signs € = (¢, ..., €,) and set € = (e1, ..., €n). The contactomorphism
580 : ]1]Rn — ]1]Rn/ (XOI X, P) = (x() - SOP%/‘L X1 + eop1 /2/ X2, eer Xy Py eeer Pn)

takes the Legendrian " A% isomorphically to the Legendrian {0} x ”Lf’ and thus the union " A* isomor-
phically to the union {0} x" L¢.

Proof. The assertion follows from the proof of Lemma with the extra conditions
eoe1hipgo o <O0,...,ei1€hj;_1 0 0e 0.

Observe that if ege1hjp o 0 < 0and p; = —2epe1h;g o o, then p; > 0, meaning that we indeed
map to the positive conormal. As in the proof of Lemma the remaining functions are
independent of xg and x;. We conclude that S, takes "A¢ to {0} x" L. O

B.3.4 Conormal arboreal models

Before we construct the models for arboreal singularities, we first fix some terminology. Recall
a rooted tree T = (T, p) is a pair of a tree T and a distinguished vertex p € V(T) called the root.
We denote the set of edges of 7 by E(7) = E(T) and introduce the set of non-root vertices
N(T) = V(T)\ {p}, we write n(T) = |N(T)|.

Recall that the vertices V(7) = V(T) of a rooted tree have a natural poset structure with unique
minimum p and & < f if the unique shortest path between f and p contains «. For every non-
root vertex a of 7 there is a unique parent vertex ¥ such that ¥ < « and thereisno p # &, €
V(T) withw < B < a. We call a non-root vertex « that is adjacent to exactly one vertex a leaf
and denote the set of all leaves by L(T).

Definition B.17. A signed rooted tree T =(T, p,€) is a rooted tree (T, p) such that each edge of T
not adjacent to the root p has a decoration of a sign +1. A
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p

Figure B.4: A signed rooted tree.

Note that signed rooted trees are different from fully signed rooted trees, in the latter case all
edges have a sign while in the former case the edges adjecent to the root do not have a sign.

Given a signed rooted tree T = (T, p, €) we write V(7A') = V(T) for the set of vertices, E(7A-) =
E(T) for the set of edges, N(7) = N(T) = V(T) \ {p} for the set of non-root vertices and
o(T) = |V(D|, n(T) = |[ND)|

We first produce conormal arboreal models for a subclass of signed rooted trees.

Conormal arboreal models for linear trees

Definition B.18. For n > 0, the signed rooted tree with vertices V(A,) = {0,1,...,n}, edges
E(Ay) = {{i,i+1}|i=0,..,n—1} and root p = 0 is called the linear signed rooted n-tree. = /A

By definition, the sign a of a linear signed rooted n-tree is a length n — 1 list of signs (a1 2}, -, {1 —1,0})-
We set € = (ay19}, - A{n—1,1}, 1), the length 7 list of signs obtained by padding 4 by adding a
single 1 at the end.

Definition B.19. Let A, = (A, p, a) be a linear signed rooted tree and set ¢ = (a, 1).

1. The arboreal Ay-front is the empty set H4, = @ inside the point R?. For nn > 1, the arboreal
A,-front H 4, is the cooriented hypersurface

Hy, =""'T¢ C R".

2. For n > 0, the arboreal A,-Lagrangian L4, is the union of the zero-section and positive
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conormal

Ly, =R'Uvj,Hy, C T*'R",

3. For n > 0, the arboreal A,-Legendrian, A 4, is the lift

AAn+1 = {0} X L.An'

Figure B.5: Two A, fronts with positive and negative sign, (JAEN22a], p. 13)

We can also give a more invariant description of these arboreal models by viewing the ambient
space R" as RN where the ordering of the coordinates matches that of N(A,,).

We rename the smooth pieces of the A,-front, indexing them by the non-root vertices
H; =""1T¢ | C Hy, i€ NUA)={1,..,n}.

Then we can write the .4,,-Lagrangian as the union of smooth pieces L; indexed by the vertices,
where Lo = R" C Ly, and

L= V]EnHi C LAH, i€ N(.An) = {1,...,71}.

Lastly, we can write the A,-Legendrian as the union of smooth pieces A; indexed by the ver-
tices

A= {0} x L;, i€ V(.An) = {0,...,1’1}.
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Figure B.6: Two A3 fronts with different choices of signs, (JAEN22a], p. 14)

Conormal arboreal models for general trees

We now construct conormal arboreal models for general trees, let ’/7\' = (T,p, ) be a signed
rooted tree. To each leaf B € L(T) we can associate the linear signed rooted tree Ag = (Ag, o, ap)
where Ag is the full subtree of T with vertices V(Ap) = {a < B € V(T)} and restricted sign
decoration ag.

For each leaf B € L(T) the inclusion N(Ag) C N (7A‘) induces a natural projection

g : RVT) — RN,

Definition B.20. Let 7 = (T, p, €) be a signed rooted tree.

1. The arboreal model ’/7\'-front is the singular hypersurface given by the union

~

H= = UA 7ty (Ha,) C RN
BeL(T)

where A/g C RNp) is the arboreal A/;—front.

2. The arboreal model ?—Lagmngian is the union to the zero-section and positive conormal

_ _RND )t . +N(T)
Lz =RNDUvt - Hz ¢ TR,
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3. The arboreal model ’?—Legendrian is the lift

Az = {0} x Lz C J'RND).

Figure B.7: Two arboreal fronts for non-linear trees with different choices of signs, (JAEN22a],

p- 15)

Similar to our approach for the A, 1 case, we can index the smooth pieces of the T -front by
non-root vertices

H, = n; (Ha,) C Hz, « € N(T)

where 8 € L(T) is any leaf with w < pand Hy, C Hy, is the corresponding smooth piece. No
that every H, has a coorientation induced by the coorientation of H 4.

Likewise, we can index the smooth pieces of the ?—Lagrangian by vertices where L, = RN M c
L= and
T

Lo = vl 7 Ha C L7, a € N(T)

and we can index the smooth pieces of the ?—Legendrian by vertices

Ag={0} x Ly C A, x € V(T).
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Remark B.21. Let 7\' be a signed rooted tree and let T be a leaf of ’7A' Then we have identifica-
tions

H7A— = H?\{T} x R U H-,
L7A. = L?\{T} x RYU L,
A? = A?\{T} x RTUA-.

B.4 Comparing the gluing and conormal construction

We will now show that the arboreal model Lz Lagrangian corresponding to a signed rooted

tree ’/7\- = (T, p, €) is homeomorphic to the arboreal singularity £1 of T as defined in Section
We begin by showing this for linear trees.

Lemma B.22. For any linear signed rooted tree A, = (Ay, p, a) there is a stratified homeomorphism
La, = La,.

Proof. We use induction, first note L 4, = R? and £4, = R? and thus £,4, ~ L 4,. Now assume
L4, =Ly,

for some n > 1.

Directly from the definition we see

La,,, =R'UybHa,,, € TR

=R"Uvg, " 'T*

n—1
=R"U vﬁn( U ”—1r§>

i=0

n+1

n—2
-1 -1
=TR" UV§H< U rf.) Uvie "'T5 4
i=0
We first take a closer look at the first two factors. Recall that for 0 < i < n we have

_ _ !
"I~ " xR,

where ¢’ = (1, ..., €,), giving

n—2

R" uV§n< U ”1r§) =Ly xR,
i=0
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We now consider the last factor. Up to homeomorphism the positive conormal v, H of a
hyperspace H C IR" is obtained by attaching a half line R in the positive conormal direction
at every point. Note that the coorientation of "', and any "~ !T¢ agree on their intersection,
which can be seen inductively by applying Lemma[B.13]

n—2
Thus v, "~ 'T%_; C Ly, , canseen as attaching "~1T¢ | x Rx to R" Uvg, ( ‘UO ”‘U"f) along
i=

n—2
nere < {0} U ( e ek r;_1> X Rxo.
i=0
Recall, as stated in Corollary that we have the canonical identification
"I ~ Ry x {0} x R* 1
Thus we have canonical identifications

"I =R x o},

n—2 n—2
U "'minmtr g~ [ Ry x {0} x RE> x {0}.
i=0 =0

Now, note that

n—2
112;51 x {0} x {0} |J < U R, x {0} x Rggz—i x {0} x 1R>0>
i=0

is exactly the boundary of the positive quadrant
Qn = {(x0, ..., xn) € ]R”H]xn,l =0,x; >0foralli #n—1}

in the x,_1 = 0 hyperplane of R"*!. The gluing in of v, "I _, is precisely attaching the
interior of the positive quadrant to the boundary. Thus

n—2
Ly =R U Vﬁ"( U nlrf) !5[ o
i=0 n

Now note that the quadrant Q, admits the representation Q, ~ dQ, x R>¢ and that there is a
piecewise linear homeomorphism 0Q,, ~ R"~1. We conclude that

La,, ~La xR J] R"'xRyg
R*-1x{0}

which is the exact same representation as appears in Lemma We conclude that

Lo ~ Ly (B.1)
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Theorem B.23. For any signed rooted tree T = (T, p, ¢), there is a stratified homeomorphism
ST >~ L7A_.

Proof. We proceed by induction over the number n of non-root vertices. Note that the case of
n = 0is a direct result of Lemma above.

Assume the statement holds for all signed rooted trees with n — 1 non-root vertices for some
n > 1. Let 7\' = (T, p, ¢) be a signed rooted tree with n non-root vertices, we assume ’/7\' is not a
linear signed rooted tree, as this case is covered by Lemma m Consider any leaf T € L(T),
denote its associated linear signed rooted tree A, C 7A’, and denote the signed rooted tree with
n — 1 non-root vertices obtained by deleting T by 7A'T Recall, from the discussion in Section

L-=U

T La

chV('?)

_ mV@ o+
=R ) Ve He

N {1} +
= LTT x R1* UVRN@HT

—~

Now consider a vertex a« ¢ A and a leaf B € L(T) with a < B. Note that N(Ag) N N(A:) =
@, thus there is an inclusion N(Ag) C N (7A’) \ N(A;) that induces a natural projection 7z :
RNM\N(A) _y RNA8) which is a restriction of the projection g : RN (M) —y RNA9). Recall that
H, = nlgl(H Ag,), Mmeaning that

Hy = 75" (Ha,,) % RNA)

From this we see that H, and H: are not tangent along their intersection and thus must have
different conormals along their intersection. In contrast, for any v € A; we have that H; and
H,, have the same conormal along their intersection as a result of the proof of Lemma|[B.22]

Thus v H;: C L? can be seen as attaching H, x R> to RV U H, along

+ oyt
RN aeN(Tz) "RNT)

He x {0} U U (HynH) xRy

YeV(AN{T})

By the discussion above we can conclude that

and thus
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B.5 Stability of the conormal construction

Now that we have constructed the models for arboreal fronts, Lagrangians and Legendrians,
we are ready to define arboreal fronts, Lagrangians and Legendrians.

Definition B.24. Arboreal fronts, Lagrangians and Legendrians are defined as follows.

1. A closed subset H C M of a (m + 1)-dimensional manifold M is called an arboreal front if
the germ of (M, H) at any point m € M is diffeomorphic to the germ of (R" x R™™", Hz x
IR™~") at the origin, for a signed rooted tree T with n = n(T) < m.

2. A closed subset L C X of a 2m-dimensional symplectic manifold (X, w) is called an
arboreal Lagrangian if the germ of (X, L) at any point A € L is symplectomorphic to the
germ of the pair (T*R" x T*R"™", L? x IR™~™") at the origin, for a signed rooted tree 7
withn = n(7A') < m.

3. A closed subset A C X of a (2m + 1)-dimensional contact manifold (Y, ¢) is called an
arboreal Legendrian if the germ of (Y, A) at any point A € L is contactomorphic to the
germ of the pair (J}(R"” x R"™" = JIR"R" x T*IR’"_”,A? x IR™~™") at the origin, for a
signed rooted tree T with n = n('/f) < m.

The pair (T, m) is called the arboreal type of the germ of H, L or A. A

The goal of this section is to prove the following theorem.

Theorem B.25. To each class in Arb;"" we can assign a signed rooted tree T = (T, p, &) with at most
n + 1 vertices, thus Definition B.1|produces only finitely many local models up to ambient symplecto-
morphism per dimension n.

This theorem is a corollary of the following Stability Theorem, which is Theorem 3.5 from
[AEN22a]. Let t* M denote the germ of T*M along the zero-section M.

Theorem B.26. Let 7AE, ,ﬁ be signed rooted trees with roots p1, ..., px. Fixm > n = Y n(7A}) and
let pj : t'R™ — JYR™ be germs of embeddings with disjoint images. Denote zj == ¢j(0), N =
q)f(L?j X ]Rm*”(ﬁ)),]' =1,...,k. Suppose that
1. 7(zj) = Oforallj=1,..k
2. the arboreal Legendrian A := szlAj projects transversely under the front projection 7 :
J'R™ — R x R™.

Then there is a signed rooted tree T, obtained by joining all ’/7\; to a common root p along their roots p;
and picking appropriate signs for the edges {p;j, a}, such that R™ U C(A) is an arboreal Lagrangian of
type (T, m). Here C denotes the Liouville cone. Equivalently, there is a diffeomorphism  between the
germ of Hz x R""T) and the germ of the front 7t(A).

We can now prove Theorem [B.25
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Proof. The assertion follows by induction over dimension n. By definition Arb;""" has only a
single local model that is represented by the signed rooted tree consisting of only one vertex.

Now assume the assertion has been established for n —1 > 0. Any class in Arbily'ﬂp withn > 1
can be represented as either a stabilization L x R of some L in Arb;”"/ or the Liouville cone of

appropriate Ay, ..., Ay from ArbS”".

In the first case the class in Arb;"" is represented by the same signed rooted tree as L, which
has less than 1 — 1 by the induction assumption.

In the second case the class is represented by a signed rooted tree T formed by joining the trees
7; with root p; assigned to the Legendrians A; at a common root p.

From the transversality condition on the projection we know 7A' has at most n vertices. O

B.6 Generalized arboreal models

To allow for interactions between strata when some strata have boundary, one needs a mild
generalization of our arboreal models. Nadler introduced these generalized arboreal singularities
in [Nad16], we expand on the definition in [Nad16] by adding signs to the construction in
a fashion inspired by the construction by Starkston in [Stal8]. Every generalized arboreal
singularity can be assigned a signed rooted tree with some extra data.

Definition B.27. A signed leafy rooted tree (T,0)is a signed rooted tree 7 with a collection ¢ of
marked leaf vertices. A

From a signed leafy rooted tree (T, ) we can construct a signed rooted tree Tt by adding a
vertex above each leaf T € £ and giving each edge between a leaf T € £ and its added vertex
the sign of the unique edge incident on 7.

Recall that we could index the smooth pieces of the arboreal model T front, Lagrangian and
Legendrian by the vertices of 7.

Definition B.28. Let (7\', ?) be a signed leafy rooted tree.

1. The generalized arboreal model (7A’, {)-front is the multi-cooriented hypersurface

H

_ N(T*
Fo = U HDCCH?+CR()

xEN(T H\L

where H, is the smooth piece of H=, indexed by «.
2. The generalized arboreal model T, ¢)-Lagrangian is the union

. _ sRN(T™)
L7y = u Ly C Lz CT'R
a€V(TH\C

where L, is the smooth piece of L7, indexed by a.
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3. The generalized arboreal model (7\', {)-Legendrian is the union

A U AccAz CJ'RNTD

xeV(TH\L

T0n~

where A, is the smooth piece of Az, indexed by a.

Figure B.8: A generalized arboreal singularity.

The following description of generalized arboreal models will prove useful.

Lemma B.29. Let (? , ¥) be a signed leafy rooted tree, denote the signed rooted tree obtained by deleting

all leaves in ¢ from T by T~ and denote the set of vertices added above the leaves £ by ¢*. Then we have
canonical identities

H
L

/¢ 12
= Hz, \ Hz x RIUH- x R?,

V4 14
=Lz \ Lz x RIU L~ xR

(7,0
(T,0)

Proof. Note that

Hap = Hy \ U He,

Tel
Lz = Lz \ | H-.
Tel
By Remark B.21|we know that for any 7 € ¢*
Hzy = Hpp\ 1y % R"U H,,
Ly = Las (1 X RTUL,.
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From this we get

H=, = H= x R Urgp+ Hy,
L7A_Jr = L7A_ X ]RW UT€g+ LT.

Meaning that

Hz. \H’T xR = Urerr He,
Lz, \ Lz x R = Urgpi Le.

Similarly we get

H-=Hz xR U H,
Lz =Lz xR U L.

Meaning that

¢ 200
Hz, \ Hz x RY'UHz x R* = H~ \ |J Hx,
Tel
¢ 210
Lz \Lz x R ULZ lezL%\U/HT.
TEL

Definition B.30. We can now define generalized arboreal singularities.

1. A closed subset H C M of a (m + 1)-dimensional manifold M is called a generalized
arboreal front if the germ of (M, H) at any point m € M is diffeomorphic to the germ

of (R" x IR’"_”,H(? X R™~") at the origin, for a signed leafy rooted tree (7A', £) with

n:n(’/ﬂ—i—wgm.

2. A closed subset L C X of a 2m-dimensional symplectic manifold (X, w) is called a gen-
eralized arboreal Lagrangian if the germ of (X, L) at any point A € L is symplectomorphic

to the germ of the pair (T*R" x T*R™™", Lz X R™~") at the origin, for a signed leafy

rooted tree (T, £) with n = n(T) + |¢| < m.

3. A closed subset A C X of a (2m + 1)-dimensional contact manifold (Y, ¢) is called a
generalized arboreal Legendrian if the germ of (Y, A) at any point A € L is contactomorphic

to the germ of the pair JYR" x R"" = [IR"R" x T*IR’”*”,A(?,@ x R™™") at the origin,

for a signed leafy rooted tree (T, £) with n = n(T) + || < m.
The triple (T, ¢, m) is called the generalized arboreal type of the germ of H, L or A. A

Using the Stability Theorem we can show the following Stability Theorem for generalized
arboreal Lagrangians.
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Theorem B.31. Forj = 1,...,k, let (’/7\], ¢}) be signed leafy rooted trees with roots p;. Fixm > n =
) n(T)) + |¢;| and let g : #*R™ — J'R™ be germs of embeddings with disjoint images.
o i — o] - m=n(T)=|fly i —
Denote zj := ¢;(0), A q)](LU%_) x R PN, j =1, ..., k. Suppose that
1. 7(zj) =0forallj=1,..,k

2. the arboreal Legendrian A := U;»;lAj projects transversely under the front projection 7 :
JIR™ — R x R™.
Then there is a signed leafy rooted tree (T, 0), obtained by joining all (77, ¢}) to a common root p along
their roots p; and picking appropriate signs for the edges {p;, a}, such that R™ U C(A,) is a generalized
arboreal Lagrangian of type (T, ¢,m). Here C denotes the Liouville cone. Equivalently, there is a
diffeomorphism 1 between the germ of H z , x R™ "D~ and the germ of the front 7T(A).

Proof. The assertion follows from applying Theorem to different signed rooted trees ob-
tained from the signed leafy rooted tree (7, ¢).
Let 7\;_ denote the signed rooted tree obtained from 77 by deleting the marked leaves /; and

let ’7/\? denote signed rooted tree obtained by adding a vertex above each leaf T € ¢; as defined
above. We write

Aj’_ = (p](L?]_ X :[Rm_n(Ti)), A_ - U;‘(:()Aj,_,
A? = (L x R, AY = Uk A0
A = gj(Lg x R"TD), AT = U

Then, using Theorem we know there are families of diffeomorphisms ¢~/%+ between the
germ of H?, s+ and the germ of the front (A~ ),

Now, by Lemma we know

l 20
L L,?j+\L,?j0><]I{|‘UL?j,><R| |

Tty ~
and since ¢; is an embedding
N = NT\NOYN~
and since all ¢; have disjoint images
A=AT\A"UA".
Meanwhile

 —H- \H- xRYUH~ xR
Hg = Hz \ Hy x RITU HZz xR,
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Thus the diffeomorphisms ~/%* between the germ of Hz j,, and the germ of the front

(A=) give a diffeomorphism between the germ of H 0 and the germ of the front 77(A).
’ O
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