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Introduction

In the field of differential topology, people are often interested in manifolds endowed with some
geometric structure. In this thesis we will look at geometric structures called distributions. In
particular, we are interested in a special type of distributions which are called bracket-generating.
In a moment, we will start off with giving a brief introduction to these objects. As one investigates
distributions, several questions frequently arise:

What manifolds admit such a structure?
Which of these structures are homotopic to each other?
What is the topology of the space of such structures?

A useful tool to try and answer these questions is the h—principle. Here the ‘h’ represents homotopy.
By showing that the h—principle holds for a certain family of geometric structures, we can gain
insights into the existence of these structures and the topology of the space of geometric structures.
In this introduction we will comment on this principle and discuss previous research conducted in
this field. Finally, we will discuss the outline of the thesis and discuss the main result it presents.

Distributions

Mathematically speaking, we define a distribution as a subbundle of the tangent bundle. So what
does this mean? At every point in our manifold, we can look at the tangent space which consists
of all vectors which are tangent to the manifold at that specific point. Taking a linear subspace of
these vectors at each point in the manifold, defines a distribution. As an example, suppose we pick
a 2-dimensional subspace, i.e. a plane, in a smooth manner at every point in the manifold. In this
case, we say a distribution is of rank 2. We can then investigate whether this plane turns when
moving into different directions, or if the plane stays still.

A more intuitive interpretation of a distribution is the following. One can see the vectors in the
distribution as the “allowed directions of motion”. To illustrate this concept, consider the example
of a coin rolling on a table. In Figure[I] the z— and y—coordinate indicate the position of the coin,
and € indicates the direction the coin points in. Hence, the state space of the coin can be described
by the manifold R x S'.

yn

X

Figure 1: Hlustration of the rolling coin distribution D g;y,.

We observe that the motions of the coin form a rank 2 distribution, D,.;,, which is spanned by the
following two vector fields:
Dooin = (0g, cos(0)0, +sin(0)0,).



Intuitively, the first vector field allows us to rotate the coin in any direction, and the second vector
field enables us to roll the coin in the direction it is pointing in. Note that by moving along these
vector fields, we can place the coin in any desired position and direction!

Keeping up with this philosophy, a question one can ask then is: given two points on the mani-
fold, can we find a path from one to the other, following the allowed directions of motion? This
brings us to the definition of bracket-generating distributions. We define these as distributions for
which at every point one can move in any direction by moving along infinitesimal directions tangent
to the distribution. Observe that the rolling coin example is indeed a bracket-generating distribution.

A way of mathematically measuring whether one can move in certain directions along a distribution,
is the Lie bracket. Namely, the Lie bracket of two vector fields measures their failure to commute.
Thus, applying the Lie bracket to two vector fields tangent to a distribution, can give us a third
direction, which we can apparently also move in, while staying tangent to the distribution. Therefore,
formally we define bracket-generating distributions as the following.

Definition 0.1. Let M be a manifold and let D € T M be a distribution on M. We can look at the
following sequence:

p":=pcp®:=[p,D]cD®:=[D,[D,D]]c-- - c TM.

We say D is bracket-generating if pW=1Mm for some I = 1.

Contact structures are a classic example of a widely-studied class of bracket-generating distributions.
They are defined on odd-dimensional manifolds and generate the whole tangent bundle by a single
application of the Lie bracket. FEngel structures are bracket-generating distributions defined on 4-
dimensional manifolds, which generate the whole tangent bundle after applying the Lie bracket twice.
This thesis will focus on bracket-generating distributions on 5—manifolds called (2, 3, 5)—structures.
The name is quite suggestive: these are distributions of rank 2, which after applying the Lie bracket
once, generate a rank 3 distribution and after two applications, generate the whole tangent bundle.
In 1910, the French mathematician Elie Cartan gave a solution to the (local) equivalence problem for
maximally bracket-generating 2-distributions on 5-manifolds, i.e. (2,3,5)—structures [4]. In doing
so, he made a surprising connection with the complex Lie algebra of type G5. Therefore, in the
literature, these structures are also referred to as distributions of Cartan type. Many of the original
contributions of this thesis are inspired by known results on contact and Engel structures, and in a
number of cases we shall therefore discuss these first, in order to justify and clarify the findings on
(2,3, 5)—structures.

Let us take a look at a real-life example of a (2,3,5)—manifold (i.e. a manifold that admits a
(2,3,5)—structure). Take a stationary ball of radius R and a second ball of radius r which rolls
on the first. See also Figure We can identify the configuration space () with the manifold
(g9,x) € SO3 x S, where the first term g describes the rotation of the second ball relative to
its initial position and Rx describes the point of contact between the two balls. Note that this
configuration space is 5-dimensional. It turns out that @ admits a (2,3, 5)—structure! Namely, the
distribution which describes the motions of the ball of radius r, where it rolls without twisting or
slipping, is a rank 2 distribution. We call it the rolling distribution, and denote it by D,, where
p = 73 is the ratio of the two radii. This distribution is a (2, 3,5)—structure, provided the values of
the Gaussian curvatures are disjoint, i.e. if R # r [2].

The h—principle

A PDR, short for partial differential relation, is a condition one can impose on a section and its
derivatives. For example, requiring that the derivative df : TM — TN of amap f: M — N is
injective, implies that f is an immersion. Sometimes we want to investigate whether an immersion
exists between two manifolds. A necessary condition, is that there exists a map f : M — N and
a lift F: TM — f*T'N. We call a pair of such maps a formal solution, and an actual immersion
a solution to the PDR. Thus, looking at the space of formal solutions, can help us in proving the
existence of actual solutions.

However, just proving that a formal solution exists is not sufficient. Hence, a natural question to
ask is:



Figure 2: Illustration of the rolling distribution [2} p.7].

Given a formal solution, can we transform it into a genuine solution?
This is where the h—principle comes into play, which we define as follows.

Definition 0.2. Let R be a PDR. We say R satisfies the h—principle if the inclusion
1 {solutions of R} — {formal solutions of R}

18 a weak homotopy equivalence.

Let us elaborate a little on this definition. Namely, showing that the inclusion above is surjective on
mo-level means that we can homotope every formal solution into a genuine one. Moreover, injectivity
of the inclusion map on my—level shows that any two solutions which are formally homotopic, are
also homotopic through genuine solutions. Thus, showing that the h—principle holds for a PDR, can
shed light on the existence and classification up to homotopy of certain geometric structures. Let
us give a brief history overview of this mathematical principle.

The concept of the h—principle first appeared in [25] by Gromov and [28] by Gromov and Eliashberg
under the name of w.h.e-principle. The name h—principle was first introduced in 1969 by Gromov
in his book [27]. Before the h—principle (or w.h.e.-principle) was officially defined, people already
proved that it holds for certain spaces of geometric structures. For example, Smale [39] (1958) and
Hirsch [29] (1959) proved that the inclusion

Imm’ (M, N) = Imm(M, N)

is a weak homotopy equivalence if dim(M) < dim(N). Here Imm? (M, N) is the space of formal
immersions, which contains the pairs of maps as discussed above. In 1969, Gromov showed that
there are more general methods for proving h—principles [24]. Namely, using these methods, he

proved the following powerful result. Note that we use Solgr (M) and Sol;;(M ) below, to denote the
space of solutions and the space of formal solutions of the partial differential relation R, respectively.

Theorem 0.3. [Gromov, 1969] Let M be an open manifold and E — M a vector bundle. Then any
open, Diff-invariant differential relation R C J'(E) satisfies the h—principle, i.e.

Solg (M) = Solly (M)
18 a weak homotopy equivalence.

We say a differential relation is open, if it is open in the topology endowed on the jet bundle, and
it is Diff-invariant, if it is invariant under diffeomorphisms of the base manifold M. For more on



jet bundles and differential relations we refer to [15]. It turns out that there are a lot of geometric
structures which can be expressed as an open and Diff-invariant PDR. This is because operators
such as the Lie bracket, the wedge product, the de Rham differential and forms are preserved by
diffeomorphisms of M. Therefore, for open manifolds, Gromov’s theorem is a very useful tool. Also
contact, Engel and (2,3, 5)-structures can be expressed as open, Diff-invariant PDR’s. A natural
question at this point is then the following: What about closed manifolds?

In 1983, Bennequin proved that the h—principle fails in general for contact structures on closed
manifolds [I]. However, it turns out that the h—principle on closed manifolds does hold for a spe-
cial family of contact structures, which are called overtwisted. For this, we go back to the 70’s,
when Lutz [37] and Martinet [30] showed that any closed 3-dimensional manifold admits a contact
structure. They used a construction which we call Lutz twisting. This turns out to be a very useful
construction, not only to prove existence, but also to prove that the h—principle holds for these
overtwisted contact structures. This was proven in dimension 3 by Eliashberg in 1989 [13]. Most of
the research conducted on contact structures in the past years has been on tight contact structures,
which are contact structures which are not overtwisted. Quite recently, in 2018, del Pino and Vogel
proved in their paper that on closed manifolds there is also an h—principle for overtwisted Engel
structures [12]. A main open question in the study of Engel structures is if the h—principle holds or
fails on closed manifolds in general.

After contact and Engel structures, (2,3,5)—structures are an interesting class of distributions to
investigate, for dimensional reasons. As mentioned before, we know by Gromov that the h—principle
holds for them on open manifolds. However, on closed manifolds we still know very little. Whether
the h—principle holds or fails in general is an open question! One can also wonder if, similarly to
contact and Engel structures, we can define a special class of overtwisted (2,3,5)—structures, for
which we could prove an h—principle on closed manifolds. This brings us to the contents of this
thesis.

What is the thesis about?

The goal of the thesis is to define a special class of (2, 3, 5)—structures, which are called overtwisted,
and to prove that the h—principle holds for these structures on closed manifolds. The idea will be to
define the overtwisted (2, 3,5)—structures in such a way that we precisely have all the ingredients in
order to prove that the h—principle indeed holds for them. The main result of this thesis is stated
in the following theorem.

Theorem 0.4. Let M be a closed 5-dimensional manifold. Then the inclusion
Dist(y 3,5 (M, A) = FDistl s 5 (M, A),
18 a weak homotopy equivalence.

Here, @ist(%gﬁ)(]\/[ ,A) and F 3315{(022,5)(M ,A) denote the spaces of overtwisted and formal over-
twisted (2,3, 5)—structures, respectively, both with a fixed embedding A of the overtwisted disc.
These concepts will be explained in more detail later on in the thesis. This result is an original
contribution to the research field. Since our focus is on proving Theorem [0.4] the structure of the
thesis is also adjusted accordingly. Let us give an outline of the contents.

The first two chapters will serve as introductory chapters. In Chapter [I]we discuss bracket-generating
distributions, and pay special attention to contact and Engel structures. As mentioned before, we
will often refer back to these structures, as our results on (2, 3,5)—structures will be inspired by
known results on contact and Engel structures. In Chapter [2| we introduce (2,3,5)—structures,
discuss a local description and prove that they can indeed be expressed as an open, Diff-invariant
relation.

In Chapter [3| we prove Theorem which shows that we can construct a (2,3,5)—structure on
mapping tori admitting a suitable formal (2, 3,5)—structure. This is a new result, and it already
highlights some of the constructions we will present in the proof of Theorem Subsequently, we
will discuss Lutz twisting in contact and Engel manifolds in Chapter [d} In Chapter [5] we will define
Lutz twisting in (2, 3,5)—manifolds, and this will resemble the constructions in Chapter After
having defined Lutz twisting, we can then define the notion of an overtwisted disc and thereafter



overtwisted (2, 3,5)—structures in Chapter@ Additionally, we will prove in this chapter, that in the
presence of one overtwisted disc, one can produce extra copies by homotopy. This will ensure that
we preserve the fixed embedding A of the overtwisted disc in the proof of Theorem In Chapter
[6] we will also discuss Conjecture [6.4] which will not be proved in this thesis, but we will use it to
prove the main result.

In several cases, the proof of that an h—principle holds follows a particular scheme. For instance, del
Pino and Vogel used this scheme in [I2] to prove the h—principle for overtwisted Engel structures on
closed manifolds. The idea is the following. First we triangulate the manifold, and then we obtain
the required condition in the codimension-1 skeleton. What is left, is to obtain the desired structure
in the top-simplices. This last step is also called the extension problem. In Chapter [7] we reduce
the proof of Theorem to the extension problem, and lastly in Chapter [8 we finish the proof of
Theorem by performing the extension.

To conclude, we will summarise the proof of Theorem [0.4] and discuss some open questions and
ideas for potential future research. The thesis also contains three appendices, which entail several
interesting topics in differential/contact topology I have researched during the making of this thesis.
They can provide more background into topics in the field, but in order to preserve the flow of the
story, they are not included in the main body.
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Chapter 1

Bracket-generating distributions

This chapter will be a brief introduction to distributions, and in particular bracket-generating dis-
tributions. Smooth distributions are locally spanned by vector fields, to which we can apply the
Lie bracket. Applying this operation iteratively can yield new, i.e. linearly independent, vector
fields. If eventually we can span the whole tangent bundle with these vector fields, we call a distri-
bution bracket-generating. Recall that the rolling coin distribution discussed in the introduction, is
an example of a bracket-generating distribution. The object of interest in this thesis is also a type
of bracket-generating distributions. In the first section of this chapter we will go over some basic
definitions regarding distributions and the Lie bracket, and in the second and third section we will
discuss two types of bracket-generating distributions, called contact and Engel structures.

1.1 Distributions

Let us formally define distributions.

Definition 1.1. Let M be a smooth manifold. A distribution of rank k on M is a rank-k
subbundle of TM. A distribution is said to be smooth if it is a smooth subbundle of T M.

We write Dist(M) for the space of all smooth distributions on M, and we endow it with the
Co—topology.

Remark 1.2. We note that there are two types of Whitney C” —topologies, the weak and the strong
C"—topology. See [21] for more on these topologies. When trying to prove an h-principle, one
should be careful with these topologies. Namely, differential relations are often open in the strong,
but not in the weak, because they involve constraints all the way up to infinity. Therefore, when
perturbing distributions in an e—close manner for € > 0 very small, we want to do this in the strong
topology. However, if we then construct homotopies between these distributions (by for example
linear interpolation), these will only be continuous in the weak topology. Therefore, we are interested
in the homotopy type of certain subspaces of Dist( M) with respect to the weak topology. >

If € is a distribution, we can write

£ = Upe]wgp
where ¢, is a k—dimensional linear subspace of T, M. Being a smooth distribution means that at ev-
ery point in the manifold there is a neighbourhood U, and smooth vector fields Xy, ..., X3 : U - T M,

such that &, is spanned by X[, ..., Xj|, for every p € U [36, p. 491]. All the distributions we will
be considering in this thesis are smooth.

Given a distribution, we can look at vector fields which are tangent to it. This gives us the following
correspondence:

{Distributions on M} < {C* — modules of vector fields of point wise constant rank on M}.

Here we identify a distribution £ with the space I'(§) € X(M) consisting of vector fields tangent to
&. We can recover £ from I'(§) by evaluating evaluating the vector fields at every point in M. The
space T'(€) is in fact a C* —module, which satisfies the sheaf condition.

Lemma 1.3. Let M be a smooth manifold and let £ be a distribution on M. Then T'(£) is a
C* -module.



Proof. Let X,Y € T'(¢) and let f € C(M). We note that X(M) is a C*—module with the
operations

(X+Y),=X,+Y,
(FX)p = f(P) X

Since &, € T,,M is a smooth linear subspace and X,,,Y,, € §,, we have that X, +Y),, f(p)X, € &,.
The module structure is immediately inherited from X(M). O

Remark 1.4. We introduce this correspondence as in the rest of the thesis we will often identify a
distribution with its sheaf of sections, i.e. the vector fields which are tangent to it. We will use this
identification from now on without explicitly pointing out the correspondence. >

1.1.1 Involutive and non-integrable distributions

The Lie bracket is an operator on vector fields, and since smooth distributions are locally spanned by
vector fields, we can apply this operator on them. The Lie bracket of two vector fields measures their
failure to commute. If the Lie bracket [ X, Y] of two vector fields X and Y tangent to a distribution
&, is linearly independent of the initial two, it means that we can also move in the direction [ X, Y],
while staying tangent to the distribution. This brings us to the next definition.

Definition 1.5. A distribution £ is said to be involutive if for every two vector fields X and Y
tangent to &, their Lie bracket [ X,Y] is also tangent to & [36, p. 492].

If ¢ = (X, | i € I) for vector fields X; on M, then we can define the following distribution:
[535] ‘= (Xza [Xj?Xk] | ia.ja k€ I)
If £ is an involutive distribution, we sometimes use the shorthand notation [£,£] C &.

Example 1.6. Let £ = (X,Y) be a distribution of rank 2 on R? spanned by the following two vector
fields
X =20, +0,+2(y+1)0, and Y =0, +y0..

We note that
[X,Y] =az _az _(y+ ]-)az =-Y

Therefore [£,£] € £, and thus £ is involutive [36] p. 498-499). A

We have seen that a distribution £ is involutive if [£,£] € £&. However, it can also be the case that
applying the Lie bracket yields a “new”, i.e. linearly independent, vector field. This motivates the
following definition for distributions of rank 2.

Definition 1.7. Let M be a smooth manifold of dimension n and let € be a rank 2 distribution on
M. We say & is non-integrable if [£,£] is a rank 3 distribution.

We denote by Dist,, ; (M) the space of non-integrable 2-distributions on M, and we endow it with
the C 1—topology. We endow this space with the C' ! —topology, as the key property of non-integrable
distributions has to do with first derivatives. We can also define a formal analogue of these distri-
butions.

Definition 1.8. Let M be a smooth manifold of dimension n. A formal non-integrable 2-
distribution is a pair € C £ where & is a rank 2 distribution and € a rank 3 distribution on M,
together with an isomorphism

EnE=EE.

We denote by FDist, ; (M) the space of formal non-integrable distributions and we endow it with
the Co—topology7 see also Remark We note that non-integrable distributions are also formally
non-integrable, where the isomorphism is induced by the Lie bracket. I.e. we have the inclusion



Remark 1.9. Let us clarify what we mean when we endow the space F®ist(M ) with the Co—topology.
First of all, we note that FDist(M) is a Serre fibration over a subset V' of Dist(M) X Dist(M) con-
sisting of pairs (52, 53) such that § C £, and where the projection map is given by projecting to the
distributions. Let (&, &, ), (€,€, @) € FDist(M). We want to define what it means for (¢, &, ¢) and
(£,E,5) to be close. We can endow the space Dist(M) x Dist(M) with the C°—topology, and the
space of linear maps can also be topologised by for example the topology induced by the Euclidean
metric by identifying linear maps with matrices.

We note that if € is Cc’—close to ¢, we have that ¢ is transverse to TM /. Let w1 : TM — &
be a projection onto £&. We can choose this projection by for example choosing a metric on
M. Let n : TM — TM/¢ be a quotient map such that §~ is precisely the complement of &, i.e.
n N(TM/[€E) = € We note that n”" o o (mlg A mlg) is a linear map from EANEto TMJE.

We then define (£,&, ) and (£,&,3) to be C'-close, if and only if ¢ and & and &€ and € are
C°—close as distributions, and @ and ' o ¢ o (m|g A m|g) are close as linear maps. One can
show that this topology on F®ist(M) is also the coarsest topology such that the projection map
FOist(M) - Dist(M) x Dist(M) is continuous. >

There exists in fact an h—principle for this type of distributions.

Theorem 1.10. Let M be an n-dimensional manifold with n > 3. Then the inclusion
Dist,, ; (M) — FDist, ; (M)
18 a weak homotopy equivalence.

A proof of Theorem can be found in [I0 p. 77] and it essentially uses the Smale-Hirsch theorem
for the h-principle for immersions. Since Smale-Hirsch also holds in a parametric and relative setting,
Theorem holds in a parametric and relative setting as well. This h—principle will be a useful
tool in this thesis to prove other h—principles.

1.1.2 Bracket-generating distributions

Since taking the Lie bracket of two vector fields yields another vector field, one can apply the Lie
bracket iteratively on vector fields tangent to a distribution. This motivates the following definitions.

Definition 1.11. We call a string “a”, where a is a formal variable, a bracket expression of length
1. We call
[Aay,...,a;), B(ajs1, -~-7ai+j)]

a bracket expression of length i + j + 1 where A(=) and B(—) are bracket expressions of length
it and j respectively [11, p. 5].

Definition 1.12. Let £ be a distribution. We define its associated Lie flag as the sequence of
C* -modules o @) 0 (e1)
K3 1+
' EcrEc.-..cr’(¢)cr (&c...

where I‘(i)(f) = (A(aq,...,a;)|a1, ...,a; € E)g is the C-span of bracket-expressions of length < i
11, p. 5].
ML, D /

We note that F(l)(f) =T'(¢).

Example 1.13. Let £ = (0, + 228y, 0.) a rank 2 distribution on R®. This distribution is also called
the Martinet distribution. We can compute the following Lie brackets,

2
[0, + 270y,0,] = =220,
[0.,—220,] = —20,.

From this follows that

T(€) = {0y + 2°9,,0.) ¢
T3(&) = (8, + 2°0,,0., ~220, ) o
(&) = (0, + 2°0,, 0., -220,, =20,) o= = X(R®).

10



Here X(M) denotes the module of all vector fields on M. We note that the corresponding distribution

of 1"(2)(5) is of rank 2 if z = 0 and of rank 3 if z # 0. Therefore, when we evaluate F(Q)(é) at every
point, this does not give us a well-defined distribution. This motivates the following definition. (LI}
p. 6]) A

Definition 1.14. We say a distribution £ is weakly regular if all the F(i)(f) in its associated Lie
flag correspond to genuine distributions. In this case we write F(Z)(f) = f(l) [11, p. 6].

We note that the Martinet distribution in Example is mot weakly regular.

Lemma 1.15. Let § be a weakly regular distribution on M. Then there exists an integer m such
that f(z) = §(m) for allizm [I1, p. 6].

Proof. Since ¢ is weakly regular, we know that all the lg(” are distributions. If f(iﬂ) * §(i) then
we must have that rank(¢""1) > rank(¢?), since € ¢ ¢V, However, the rank of all the

distributions in the Lie flag are bounded by the rank of T'M. Therefore, eventually the flag must
stabilise. O

This result justifies the following definition ([I1] p. 6]):

Definition 1.16. Let £ be a weakly regular distribution which stabilises in the m" step. The growth
vector of & is the vector given by

(rank(ﬁ(l)), 1"ank(§(2))7 cey rank(f(m))) .
All the distributions we will be considering in this thesis from now on will be weakly regular.

Definition 1.17. We say a distribution £ is bracket-generating if §(m) = X(M) for some integer
m=z1[11, p. 8.

If a distribution is bracket-generating, then infinitesimally, we are able to move in all directions of
the tangent space. This result is also known as Chow’s theorem [7]. We note that the Martinet
distribution in Example is bracket-generating as 5(3) = X(M). In the following two sections
we will discuss contact and Engel structures, which are both special types of bracket-generating
distributions. Also the structures we are mainly focusing on in this thesis, (2, 3,5)—structures, are
bracket-generating distributions on 5—manifolds, with growth vector (2, 3,5), as the name suggests.

1.2 Contact structures

In this section we will study a special type of bracket-generating distributions called contact struc-
tures.

Definition 1.18. Let £ be a rank-2 distribution on a 3-manifold M such that locally £ = (X,Y) on
an open U C M. We say £ is a contact structure on U if (XY, [X,Y])=TM on U.

We denote the space of contact structures on a 3-manifold M by Cont(M) and we endow it with
the C" —topology. We endow this space with the C’l—topology because when working with contact
structures, we are interested in first derivatives.

Example 1.19. Let £ be the rank 2 distribution on R? spanned by the vector fields 9, and 9, +y0,.
We note that
[0y, 0, +y0.] = 0.,

and thus £ is a contact structure. In fact, £ is called the standard contact structure on R3, and
it is depicted in Figure 11, p. 24]. A

Remark 1.20. Contact structures have a unique local model. This was proven by the French mathe-
matician Darboux [8], and the neighbourhoods which admit this model are also called Darboux balls.
See Section for a proof of this result using a technique called Moser’s trick. >

Remark 1.21. A contact structure can also be defined as the kernel of a 1-form « such that aAda # 0.
See [1I, p. 22] for a proof that this is indeed an equivalent definition. We will sometimes use
this equivalent definition in proofs. Furthermore, contact structures can in fact be defined on all
manifolds M with dimension 2n + 1 for n = 1. Then, a contact structure is defined as the kernel
of a 1-form « such that o A da™ # 0. This corresponds to a maximally non-integrable hyperplane
distribution. When we prove that contact structures have a unique local model in Section we
use this definition based on the 1-form. >

11
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Figure 1.1: Illustration of the standard contact structure on R® [15] p. 88].

Example 1.22. Let T® = S§' x S' x S' 3 (2,9, 2) denote the 3-torus and let k € Z* be an integer.
We can define the following distribution on T":

&k = (0, sin(mwkz)0, — cos(mkz)0,).
We note that
[0,,sin(wkz)0, — cos(mkz)0,] = wk cos(wkz)0, + ksin(nkz)0, ¢ &,
as sin(mkz)0, —cos(wkz)0, and wk cos(rkz)0, +mk sin(mwkz)0, are linearly independent for all z € s'.
We conclude that & is a contact structure on T° [I1] p. 24]. A

The next lemma tells us more about when distributions on R® are contact. For rank-2 distributions
on 3-manifolds, one can also interpret these as local conditions for being contact.

Lemma 1.23. Let & = (9,,cos(f)0, +sin(f)0,) be a distribution on R®, with f : R* 5 R a smooth
function. Then

- 1is contact if and only if % +0,

- is involutive if and only if % =0.

Proof. We note that
[azvcos(f)ay + Sln(f)az] = _Sin(f)fmay + COS(f)fmaz'

This is linearly independent of 9, and cos(f)d, +sin(f)0, if and only if f, = % # 0. And thus ¢ is
contact if and only if % # 0, and £ is involutive if and only if % =0. O
Remark 1.24. When we consider ¢ as a plane in ]R?’7 we note that & is contact if and only if £ is
turning in the x—direction, whereas £ is involutive if and only if the plane is still. Furthermore, we
note that the set {(m, y,z) € Rﬂ% ¥ O} is an open set, and thus being contact is an open property,
whereas being involutive is a closed property. Le. if £ is contact in a point, it is also contact in a
small neighbourhood around that point. This is not necessarily the case with involutive. >

1.2.1 The h-principle for contact structures on open manifolds

The formal analogue of a contact structure is defined in the following way.

Definition 1.25. A formal contact structure is a rank-2 distribution £ on a 3-manifold M

together with an isomorphism
EANE=TME.

We denote the space of formal contact structures by FCont(M ) and we endow it with the Co—topology.
We note that any contact structure is also a formal contact structure, where the isomorphism is in-
duced by the Lie bracket [T} p. 22-23]. L.e. we have the inclusion

Cont(M) - FCont(M), ¢w (§[.,.]).

12



Remark 1.26. Just like the space of formal non-integrable distributions, the space of formal contact
structures also forms a Serre fibration over Dist(M). When we say that we endow FCont(M)
with the C’O—topology, we mean this in the same way as we endowed the space FDist(M) with the
C°—topology, i.e. we endow the space Dist(M) with the C°—topology and we endow FCont(M)
with the coarsest topology such that the projection map FCont(M) — Dist(M) is continuous. »

The contact condition can also be expressed as a differential relation, and the following lemma shows
that this relation is in fact open and Diff-invariant.

Lemma 1.27. Being a contact structure is an open and Diff-invariant partial differential relation.

Proof. Let M be a 3-dimensional manifold. Then the following differential relation is equivalent to
the contact condition

Reontact = 173" (X1, X2)(M) | X1, Xo, [ X1, X5] are linearly independent} ¢ J'(TM x TM)

where X; and X4 are vector fields on M. Note that vectors being linearly independent is equivalent to
some determinant being non-zero. From this follows that R optact is an open subset of J ! (TMXTM).
Also, diffeomorphisms of M preserve the Lie bracket and determinants being non-zero, and thus
Reontact 18 indeed Diff-invariant. [

The following theorem states that the h—principle for contact structures holds on open manifolds.
This is a consequence of Theorem [0.3] by Gromov, and the previous lemma.

Theorem 1.28. Let M be an open manifold. Then the inclusion
Cont(M) — FCont(M),

18 a weak homotopy equivalence.

Naturally, one can ask whether the h—principle for contact structures also holds on closed manifolds.
In the early 80’s, Bennequin [I] showed that the answer in general is no. He proved the following
statement:

Theorem 1.29 (Bennequin). In the space of plane fields in S® there is a connected component that
contains two different connected components of positive contact structures.

This result shows that there is a connected component in F Cont(S3) which contains two contact
structures which are not homotopic. Le. this shows that the map mo(Cont(S®)) — mo(FCont(S*))
is not injective. Therefore, the h—principle for contact structures cannot hold in general for closed
manifolds. However, it does hold for a particular family of contact structures, called overtwisted
contact structures. We will discuss these objects in Section

1.3 Engel structures

In the last section of this chapter, we will take a look at another type of bracket-generating distri-
butions, namely Engel structures.

Definition 1.30. Let D be a rank-2 distribution on a 4-manifold M. We say D is an Engel
structure if

e £:=[D, D] is a rank 3 distribution,
o [£,E]=TM.

We denote the space of Engel structures on a manifold M by Engel(M) and we endow it with the
c? —topology. We note that when we are working with Engel structures, we are interested in the
first and second derivatives, which is why we endow it with the C’Z—topology.

Remark 1.31. Let D = (X;, X,) be an Engel structure. Then
o &= (XlaX27[X17X2]>7
i [575] = (XlaX27 [X17X2]7 [Xla [XlaXQ]L [X27 [X17X2]:]> =TM.
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We note that we must have that either [ X, [ X1, X5]] € € or [X,,[ X1, X2]] € €. Le. the map

DxE|D L, TM[E
induced by the Lie bracket has a kernel W C D, which we call the characteristic line field [12]
p. 6]. >
Remark 1.32. Just like contact structures, Engel structures also have a unique local model. This
was first proven by Engel in 1889 [16]. This is also where the name Engel structure comes from.
The result states that given an Engel manifold (M, D), with local coordinates (¢, x,y,z) € M, we

can (locally) write
D = ker(dz — ydx,dy — tdx) = (O, 0y + Y0, + t0y).

>

If D is an Engel structure, then £ = [D, D] is also a special type of distribution, called an even-
contact structure.

Definition 1.33. Let M be a 4-manifold and let £ be a rank 3 distribution. We say € is an
even-contact structure if [£,E]=TM.

It follows that D is an Engel structure if and only if £ = [ D, D] is an even-contact structure.

Remark 1.34. We note that if £ is an even-contact structure then the map

Sxé’MTM

induced by the Lie bracket has a kernel W C £. This kernel is characterised by the property that
[W,E] € &, which means that all flows tangent to W preserve the even-contact structure £. >

Let us now look at some examples of Engel structures.

Example 1.35. Let D be a rank-2 distribution on R* given by D = (9,0, + 20, + wd,). We note
that

[0y, 0y + 20y + w0, ] = 0,
[0.,0, + 20, + w0, ] = 0,,.

Therefore
E:=[D,D] = (0,0, + 20y + wd,,d,)

is a rank-3 distribution, and
[€,€] = (8, 0y + 20, + 0., 0.,0,) = (D,,0,,0.,,) = TR".
We conclude that D is an Engel structure. Furthermore, since
[0w,0:1=0,
we note that (9,,) C D is the characteristic line field [11} p. 17]. A

Example 1.36. Let (M, &) be a contact 3-manifold, such that ¢ = (X,Y). We then define the
following distribution on M x [0,1]:

Dpty := (0, cos(t) X, +sin(t)Y}).
We note that

[0, cos(t) X, + sin(t)Y,] = —sin(t) X, + cos(t)Y),

[cos(t) X, +sin(t)Y,, —sin(t) X, + cos(t)Y,] = [X,,, Y, ].
Since £ is a contact structure, [X),,Y,] is linearly independent of X, and Y. Therefore D is an
Engel structure on M x [0,1] with the characteristic line field (d,). The Engel structure D is also

called the contact prolongation of £ [0 p. 5]. A

Just like in the contact case, we want to know when distributions on R* are Engel. Again, one can
also view these as local conditions for rank-2 distributions on 4-manifolds for being Engel. Before
we can look at these conditions, we need to define the concept of convexity.
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Definition 1.37. Let f: R - S" with n 2 2 be a map. We say f is convex at t if f(t), f(t) and
f(t) are linearly independent, i.e. the velocity and acceleration at time t are linearly independent
vectors.

Using this definition we can describe local conditions for being Engel in the next lemma [6, p. 5]:

Lemma 1.38. Let D = (0,,H = f0, + g0, + h0,) be a rank-2 distribution on R*, where frg,h:

R* > R are smooth functions. We may assume that H has unit length, and thus for each (x,y, z)
we can look at the map

Higyz) R - S

2Ys7)

Then D is Engel at (z,y,2,t) if and only if at least one the following conditions holds:

e the map H, , .) is convex,

o the vectors H,, »)(t) and H(myyyz)(t) span a contact structure in a neighbourhood Op((x,y, z)) X

{t}.

Proof. First of all, for £ to be a 3-distribution, we must have that [8;, H] =: H produces a new
linearly independent vector field. I.e. the map H,, ) is an immersion. It follows that & =
(0,, H,H). Then either H :=[8,, H] or [H, H] must give us the fourth linearly independent vector
field. This is equivalent to H, , .y being convex or the vectors H, , .y(t) and H(z,y,z)(t) spanning
a contact structure in a neighbourhood Op(z,y, 2) X {t}, respectively. O

1.3.1 The h-principle for Engel structures on open manifolds

The formal analogue of an Engel structure is defined in the following way.

Definition 1.39. A formal Engel structure is a rank-2 distribution D on a 4-manifold M together
with a flagWW ¢ D c € C TM, where W is a line field and € a rank-3 distribution, and isomorphisms

DAD=E|D and D/WAEID=TM/E.

We denote the space of formal Engel structures by F Engel( M) and we endow it with the C’O—topology.
We note that any genuine Engel structure is also a formal Engel structure, where the isomorphisms
are induced by the Lie bracket [12] p. 6]. I.e. we have the inclusion

Engel(M) - FEngel(M), Dw (W,D,[D,D],[.,.].[.,.]).

Remark 1.40. Just like formal non—inte%rable distributions and formal contact structures, we do not
literally endow F Engel(M) with the C” —topology, but by this we mean the following. We note that
FEngel(M) - Dist(M) x Dist(M) x Dist(M) is a Serre fibration where the projection is given by
projecting to the flag of distributions. We endow Dist(M) with the C’O—topology, and we topologise
FEngel(M) with the coarsest topology such that this projection map is continuous. >

The Engel condition can also be expressed as a differential relation, and the following lemma proves
that this relation is in fact open and Diff-invariant.

Lemma 1.41. Being an Engel structure is an open and Diff-invariant relation.

Proof. Let M be a 4-dimensional manifold. The the following differential relation is equivalent to
the Engel condition:

REngel = {jz(X1,X2)(M) | X1, X5,[ X1, Xo], [ Xy, [ X1, X2]] are linearly independent},

where X; and X, are vector fields on M. Using the exact same reasoning as in Lemma [1.27] it
follows that Rgyge C J 2(TM X T'M) is indeed open and Diff-invariant. O

The following theorem states that the h—principle for Engel structures on open manifolds holds.
Just like in the contact case, this is a consequence of Theorem by Gromov and the previous
lemma.

Theorem 1.42. Let M be an open manifold. Then the inclusion
Engel(M) — FEngel(M)

s a weak homotopy equivalence.
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Naturally, one can wonder if the hA-principle for Engel structures also holds on closed manifolds.
Unlike in the contact case, we do not know the answer to this question. Whether this is the case
is one of the main open questions in this field. However, we do know that there is a special class
of Engel structures, called overtwisted Engel structure, for which the h—principle does hold on
closed manifolds. This was proven by del Pino and Vogel in 2018 [12], as also mentioned in the
introduction.
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Chapter 2

(2,3,5)-structures

In this chapter we will discuss the main object of interest of this thesis, (2,3,5)—structures. Just
like contact and Engel structures, these are a type of bracket-generating distributions. We will first
discuss the definition and go over some local (2,3,5)—conditions. Thereafter, we will prove that
there exists a (non-unique) local model for (2, 3,5)-structures and we will define what we call the
standard (2,3, 5)—structure. Lastly, we will look at formal (2,3, 5)—structures and as a corollary of
Gromov’s h-principle, prove that the h-principle holds for (2,3, 5)—structures on open manifolds.

2.1 Definition and local conditions

The name of a (2,3, 5)—structure is certainly suggestive. The formal definition is the following.

Definition 2.1. Let M be a 5-dimensional manifold, and let D be a smooth rank 2 distribution on
M. We say D is a (2,3,5)-structure if D has growth vector (2,3,5), i.e. we have isomorphisms

pxDLd p®p
pxp®/p L par p®.

We denote the space of (2,3, 5)-structures by Dist(s 5 5)(M) and we endow it with the C?-topology.
Just like with Engel structures, when working with (2, 3,5)—structures we are interested in the first
and second derivatives, since we are applying the Lie bracket twice. This is why we endow it with
the C’Z—topology.

Remark 2.2. Recall that locally, smooth distributions can be described as a span of vector fields.
Let D = (X4, X,) with X; and X, vector fields on M. Then D is a (2, 3,5)-structure if
(X1, Xo, [ X1, Xo], [ X1, [ X, Xo]], [ X, [ X4, Xo]]) = TM.

If D is oriented and {X;,X,} is a framing of D compatible with this orientation, then we call
{X1, Xo, [ X1, Xo ], [ X0, [ X0, Xo ], [Xe, [ X0, Xo]]) a (2,3, 5)-framing. >

Example 2.3. Let
D = (9, X 1= 0, + y0, + 10, +1°0,),
be a rank 2 distribution on ]R5, with coordinates (¢, z,y, z,w). We see that
[0;, X] = 0 + 2t0,,,
[ata [atv X]] = za’wa
[Xa [ahX]] = _8,2-
Every Lie bracket gives a new vector field which is linearly independent from the previous vector

fields. From this follows that the growth vector of D is (2,3,5) and thus D is a (2, 3,5)—structure.
A

We now want to describe conditions for when a 2-distribution D is locally a (2,3,5)—structure.
These local conditions will help us several times later on in this thesis to prove that certain distri-
butions are (2,3,5).
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Fix coordinates (p,t) € D* xR, and let 8, € D. Let {W(p), X(p),Y (p), Z(p)} be a framing of Tp]D)4,
then we can identify the vector field

(p,t) = (Hp(t))1 - W+ (Hp(2))2 - X + (Hp(1))3 - Y + (Hp(t))s - Z,
with maps (H, : R — s? )pent. Thus D can be described in terms of a smooth ]D)4—family of curves
(Hp)pens- We write D = (0;, H).

Proposition 2.4. Let D be a 2-distribution on a 5-dimensional manifold, locally described by
D*—family of maps (Hp)pent- Then D is a (2,3,5)-structure near (p,t) € D* x R if and only
if the following conditions hold:

(i) H, is an immersion at time t.

(i) H,(t), H,(t), H,(t) are linearly independent, i.e. the map H, is conver at t,
(iii) (H,(t), Hq(t)) is a non-integrable 2-distribution in the level set Op(p) X {t},
(iv) [Hy(t), H,(t)] is linearly independent of H,(t), H,(t) and H,(t).

Proof. First of all, condition (i) is equivalent to D being non-integrable. Namely, we note that H,(t)
is tangent to D* x {t,} for ¢, € R, thus

[0, Hy(1)] = 8,(Hy (1)) = Hy(£)(8,) = 0,(H,,(1)) = 0 = H,,(1).

We also note that [0;, H,(t)] is tangent to D* x {t,} for t, € R, thus the condition of D being non-
integrable is equivalent to H,(t) and H(t) being linearly independent. In turn, this is equivalent
to the curve H), being an immersion.

Secondly, for D to be a (2,3, 5)-distribution, the distribution [D, D] must be bracket-generating,
i.e. we must have that

<at7 Hp(t)»Hp(t)v [atv Hp(t)L [Hp(t)v Hp(ﬂ]) =TM.

Since Hp(t) is tangent to the foliation by level sets D* x {t,} for t, € R, we have that [, Hp(t)] =
H,(t). Furthermore, [ H,(t), H,(t)] ¢ (H,(t), H,(t)) if and only if (H,(t), FH,(t)) is non-integrable.
Therefore, condition (i)-(iv) are then equivalent to

<ata Hp(t)va(t)7 Hp(t)7 [Hp(t)a Hp(t)]) =TM.

2.2 The Monge normal form

For contact and Engel structures we know that locally there exists a unique model, see Remark
and For (2,3,5)—structures we also have a local description, called the Monge normal
form [38, p. 1]. However, contrary to the contact and Engel case, this model is non-unique. In
this section we will define the notion of the Monge normal form, and we will prove that locally any
(2, 3,5)—structure can be put in such form. Lastly, we will define the standard (2,3,5)—structure,
which has a specific Monge normal form.

A Monge equation is a first order partial differential equation of the form
w'(x) = F(z,2(z),2'(2), 2" (2), w(z)). (2.1)

It turns out that it can be convenient to encode (2, 3,5)—structures by such Monge equations. We
note that any curve (z, 2(z), w(z)) € R® can be extended to a curve (z, 2(z), 2'(z), 2" (z), w(z)) €
JQ(R, R)XR = R, By construction, such a curve is tangent to the distribution given by

Dp = ker(dz — ydx,dy — tdz, dw — F(x, z,y,t,w)dx) = (0, 0, + y0, + 10, + F(x,2,y,t,w)0,).

Here we use the coordinates (z, 2, y,t,w) € R®. On the other hand, the projection of any curve which
is tangent to the distribution D (for which the pullback of dx is nowhere zero) to the (z, z, w)—plane
is also a solution to the differential equation . Thus, there is a clear correspondence between
Monge equations and distributions of the form Dp.
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Definition 2.5. We say the distribution

DF = (3,5,395 + y@z + tay + F8w>

with F : R° > R is in Monge normal form.

We see that

[0y, 0p + 40, + 10y + FO,,] = 0, + (0, F)0,,
[ataay + (atF)aw] = (attF)aw»
[0y + (0:F)0y, 0y + YO, + t0, + FO,,] = 0,

and thus D is (2, 3,5) precisely when 0y, F # 0. It turns out that any (2, 3,5)—structure can locally
be described by such a Monge equation for which 0;; F' is nowhere zero, which we prove in the next
proposition [22].

Proposition 2.6. Let (M, D) be a (2,3,5)—manifold, and let B C M be a ball in M with local
coordinates (x, z,y,t,w). Then there is a function F : R° = R with 0y F # 0 such that

D = Dp:= (0,0, + y0, + t0y + F(x,z,y,t,w)0,).
Proof. Locally, we can pick the following vector fields:
T,.XeD, Ye&/D, Z:=[X,Y], W linearly independent of X,Y and Z.

Thus, locally {T, X,Y, Z, W} is a frame for TR®. Using the flow of the vector field T, we can see
T = 0; as one of the coordinate directions, and we can assume that the vector fields X,Y, Z and
W are tangential to the fibres induced by this flow box. Then, for every value of ¢ we see that the
distribution

£:= (X, Y, W)

is an even-contact structure. There exists a Darboux theorem for even-contact structures [I1], p. 18],
and from this follows that there are coordinates (z, v, z,w) such that we can write

€ = ker(dz — ydz) = (9, + Y0y, Oy, Oy ).
We can then view the vector field X as a function of ¢, for which we have

Xzyw(t) = 0p +y0, + GO, + FO,,

with functions G, F : R’ - R. Since D is non-integrable, X, must be an immersion. From this
follows that 0;G # 0, and using the implicit function theorem we can replace G by t, i.e. X, (t) is of
the form

X,(t) = 0, + y0, + 10, + FO,,.

Lastly, we must have that 0, F is non-zero, which ensures that [T,[T, X ]] is linearly independent
of {T', X, [T, X ], [ X, [T, X]]}. O

As mentioned in the beginning of this section, this Monge normal form is not unique. Different
functions F' can yield equivalent 2-plane fields Dr. Monge equations have been used to classify
(2,3,5)—structures up to local diffeomorphism, see for example [43]. In the next definition we single
out the case where F = t>. Note that this is precisely the (2,3, 5)—structure from Example We
will use this local model later on when we define overtwisted discs in (2, 3,5)—manifolds in Chapter

Since F = #* is probably the most simple function one can think of, for which 9, F # 0, we refer
to it as the standard (2,3,5)—structure.

Definition 2.7. Let (R°, Dy,) be the (2,3,5)—manifold with
Dy = {0y, 0, + y0, + t0, + £0,).

We call Dy, the standard (2,3,5)—structure on D°.
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Example 2.8. In the introduction of this thesis we discussed the example of the rolling distribution.
Very recently, in February 2023, Randall proved in his paper [38] that this distribution has the

following Monge normal form:
1 \2
(\/zw - ) dx
2V/tx

where « is a constant depending on the radii R and 7. A

1
D, = ker|dz — ydx,dy — tdx, dw — (ty2 + pep

In Section we showed that given a contact manifold (M, ), we can construct an Engel structure
on the manifold M x [0,1]. We call this Engel structure a contact prolongation. Analogously, in the
next proposition we show that given an Engel manifold (M, D), we can construct a (2, 3,5)—structure
on the manifold M X [0, 1]. Similarly, we call this (2,3, 5)—structure the Engel prolongation.

Proposition 2.9. Let (M, Dg) be an Engel manifold. Then there exists a (2,3,5)—structure D3 3 5)
on M x [0,1], such that on every fibre, D2 3 5) restricts to the given Engel structure Dp.

Proof. We know that for Engel structures, there exists a local canonical form [I6]. I.e., there are
local coordinates (t,x,,2) € M such that

Dg = ker(dz — ydz, dy — tdz) = (0;, 0, + y0, + t0y).
Now let (¢, z,y, 2z, w) denote local coordinates in M X [0,1]. We can define the distribution
D235 := ker(dz — ydx, dy — tdz, dw — t2dz) = (O, 0y + 90, + t0, + t28w).

We note that this is indeed a (2, 3, 5)—structure, which restricts to Dy on each fibre M X {w}. O

2.3 The h-principle for (2,3,5)—structures on open manifolds

We can also define a formal analogue of a (2,3, 5)—structure.

Definition 2.10. A formal (2,3,5)-structure is a 2-distribution D on a 5-dimensional manifold
M together with a flag D C € C TM, where £ is a rank-3 distribution, and isomorphisms

DAD=E|/D and DAE|ID=TMJE.

We denote the space of formal (2,3,5)—structures by F®ist(y35)(M) and we endow it with the

C°—topology. We note that any genuine (2,3,5)—structure is also a formal (2,3, 5)—structure,
where the isomorphisms are induced by the Lie bracket. I.e. we have the inclusion

Dist(z3,5 (M) = FDistz 55 (M), Dw (D,[D,D][.,.],[.,.].

Remark 2.11. Just as with the other spaces of formal objects we have seen thus far, let us briefly
clarify what we mean when we endow F®ist(y 35 (M) with the C°—topology. We note that
FDist(y3,5) (M) — Dist(M)xDist(M) is a Serre fibration where the projection is given by projecting
to the distributions. We endow Dist(M) with the C”—topology and we topologise FDistp 55 (M)
with the coarsest topology such that this projection map is continuous. >

The (2,3,5)—condition can also be expressed as a differential relation, and the following lemma
proves that this relation is open and Diff-invariant.

Lemma 2.12. Being a (2,3,5)—structure is an open and Diff-invariant relation.

Proof. Let M be a 5—dimensional manifold. Then the following differential relation is equivalent to
the (2,3, 5)—condition:

R2,3,5 = (57 (X1, Xo) (M) | Xy, X5, [ X1, X1, [ X3, [ X1, X211, [ X2, [ X3, X5]] are linearly independent},

where X; and X, are vector fields on M. Using the exact same reasoning as in Lemma [1.27] it
follows that R(235) C J2(TM X T'M) is indeed open and Diff-invariant. O

The following theorem states that the h—principle for (2, 3,5)—structures holds on open manifolds.
Just like for contact and Engel structures, this is a consequence of Theorem by Gromov and
Lemma
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Theorem 2.13. Let M be an open manifold. Then the following inclusion
@iﬁt(27375)(M) hd f@iﬁt(27375)(M),

is a weak homotopy equivalence.

The main result of this thesis, as also mentioned in the introduction, is that the h—principle
also holds on closed manifolds, but for a special family of (2,3,5)—structures called overtwisted
(2,3,5)—structures. We will define these objects in Chapter [fj Whether the h—principle holds on
closed manifolds for (2,3, 5)—structures in general, is unknown.

Remark 2.14. Recall that for a manifold to admit a (2, 3,5)—structure, it must certainly admit
a formal (2,3,5)—structure. In [9] Dave and Haller address the existence problem of orientable
(2, 3,5)—structures, i.e. which manifolds admit an orientable rank 2 distribution with growth vector
(2,3,5)? Their approach is split into two steps. First some immediate topological obstructions are
observed, which has partly to do with Proposition For example, for a manifold to admit an
orientable (2,3, 5)—structure it must always be spinnable.

On open manifolds, if the topological requirements are met, then an orientable (2,3, 5)—structure
exists. The proof of this result uses the h-principle for (2, 3,5)—structures on open manifolds, i.e.
it is enough to show that the manifold admits a formal (2,3,5)—structure. However, we do not
know whether this h—principle holds for closed manifolds, and thus it is also not immediately clear
if every closed manifold admits an orientable (2, 3,5)—structure. Nevertheless, in [9] some examples
of (2,3,5)—structures on closed manifolds are constructed. >
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Chapter 3

Bracket-generating distributions
on the mapping torus

In this chapter we construct explicit bracket-generating distributions on mapping tori admitting
a suitable formal analogue of these distributions. For example, in the last section of this chapter
we will construct an explicit (2,3,5)—structure on all mapping tori admitting a suitable formal
(2,3,5)—structure. This is in fact a new result, as it was not known whether this was possible up
until now. Next to this being an original contribution of the thesis, this particular construction is
also quite interesting because it already highlights some of the key issues we are going to encounter
when proving the h-principle for overtwisted (2,3,5)—structures on closed manifolds. Namely, it
uses the idea of adding more turning into a structure, in order to achieve the (2,3,5)—condition.
See also the end of Section [3.3] for more remarks on this. In the first two sections we construct an
explicit contact structure and an explicit Engel structure on the mapping torus. These constructions
are more simple than the (2,3,5)—construction, and are thus enlightening to look at first.

3.1 A contact structure on the mapping torus

In this section we construct an explicit contact structure on mapping tori admitting a suitable formal
contact structure. We will first prove the following preparatory lemma, which allows us to write
distributions on the mapping torus in a certain form such that they are easier to work with.

Lemma 3.1. Let N be a parallelizable n—manifold with n 2 1 and let ¢ : N = N be a diffeomor-
phism. Let D be a distribution of rank 1 < k < n on the mapping torus
N x[0,1
. 01]
(z,1) ~ (¢(z),0)

which is parallelizable and transverse to the fibres. Then there exist vector fields X, ..., X;_1 on
N X R tangential to the fibres, and a map f: N X R — M, invariant under the Z—action given by

ZXNxXR—->NXR, (zz,t) (¢ (2),2z+1t)

such that
*
F D=(0;X1,.., Xp1).

Proof. We pick a vector field T' € D which is transverse to the fibres in M,,. Then let
fiNXR—> M,
be the map given by f(z,t) = ¢! (z), where ¢. is the flow of T at time ¢. From this follows that
T =8,

Furthermore, since f*D is a rank k distribution, we can pick vector fields X7, ..., X;_; on N x R
tangential to the fibres such that

f*D = <8t7 le ) Xk—l)'
We note that f is automatically invariant under the Z—action because the vector field T is defined

on the mapping torus M. O
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Remark 3.2. Note that the map f in the lemma above is a quotient map from N XR to the mapping
torus M,,. The flow of the vector field T' € D is in fact homotopic to the map . Therefore, when
we quotient using the map f or ¢, we obtain the same structure M,,. However, the map f has the
desired property that we can express (the pull-back of) D in the explicit form as above, which is
why we proved this lemma. The invariance under the Z—action will not be used in this section, but
it will become important in the last section where we construct a (2, 3,5)—structure on a mapping
torus. >

From now on, we will not explicitly write down the pull-back of the map we have constructed in the
lemma above, but we will just write down the formal contact structure in the desired form. Note
that we are thus implicitly using this pull-back in the proof of the next theorem.

Theorem 3.3. Let N be a parallelizable 2-dimensional manifold and let ¢ : N — N be a diffeo-
morphism. Let § be a formal contact structure on the mapping torus M, which is orientable and
transverse to the fibres. Then M, admits a genuine contact structure.

Proof. We note that Lemma allows us to write £ = (9;, X) where X is a vector field tangent
to the fibres. Let Y € T'M /¢ be a vector field on M, linearly independent of 9, and X, which is
tangential to the fibres. We then define the following vector fields on N X {t}:

X, := cos(kt) X, + sin(kt)Y;
?t = ?t'

Here k£ > 0 is a constant. We note that

Y, = X, = k(-sin(kt) X, + cos(kt)Y;) + cos(kt) X, + sin(kt)Y;.

For large values of k, the contribution of the derivatives of the frame {X;,Y;} becomes arbitrarily
small, and the vector fields X; and Y, become linearly independent. From this follows that £ :=
(9, X) is a genuine contact structure. O

Remark 3.4. Let us give some intuition behind the proof of Theorem [3.3] Imagine we reparameterise
the t—coordinate such that it becomes very stretched out. Then the derivatives of the frame {X;, Y;}
with respect to ¢ become almost zero. Therefore, if we then turn in X; and Y; with constant speed,
we obtain the contact condition. If we then parameterise the t—coordinate back to the starting
situation, we obtain the very fast turning which we see in the vector field X, defined above. >

3.2 An Engel structure on the mapping torus

Similarly as in the contact case, we are now going to construct an explicit Engel structure on all
mapping tori admitting a suitable formal Engel structure. Just as in the previous section, we use
Lemma to write a formal Engel structure in a form which is easier to work with. The following
theorem was first proven by Geiges [17], as an additional comment in a review on [33].

Theorem 3.5. Let N be a parallelizable 3-dimensional manifold and let ¢ : N = N a diffeomor-
phism. Let W C D Cc £ CTM be a formal Engel structure on the mapping torus

. N x[0,1]
Me = G~ (p(2).0)”

which is orientable and transverse to the fibres N X {t} for all t € [0,1]. Then M, also admits a
genuine Engel structure.

Proof. From Lemma [3.1] we know that we can write D = (9;, X) and € = (0;, X,Y) with X and Y
vector fields tangential to the fibres. Let W be a vector field also tangent to the fibres, and linearly
independent of X and Y. We then define the following vector fields

X, := cos(kt) X, + sin(kt)Y; + W,
?t = ?ta

Wt = Yt'
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Here k > 0 and 6 > 0 are positive constants. We note that
Y, = Yt = k(- sin(kt) X, + cos(kt)Y;) + cos(kt) X, + sin(kt)Y; + kﬁWt,
and
W, = )'(_'t = —k° (cos(kt) X, + sin(kt)Y;)+2k (- sin(kt) X, + cos(kt)Y;)+cos(kt)Xt+sin(l€t)}"/t+k6Wt.

We will show that for appropriate values of k£ and J, these three vectors X,, Y, and W, are linearly
independent. Note that this will mean that (9;, X) is in fact an Engel structure on M, (see also
Lemma |1.38]). We look at the following matrix

cos(kt) —ksin(t) + O(k°) —k?cos(kt) + O(k)
M :=|sin(kt) kcos(kt) + O(k°) —k*sin(kt) + O(k)
K0 O(k°) O(k)

We note that this is a matrix of the vectors Yt, ?t and Wt as columns, with respect to the basis
{X,,Y;,W,}. Here we have used to notation O(k") to indicate the terms of order at most k“.

We can work out the determinant of this matrix and we obtain

det(M) = k> + O(k*).
Again, O(k2+26) indicates terms of order at most k2**°. We note that if 0 < § < 1 and k > 1, then
we have that £°*° > k**?°. Thus choosing § < 1 and k sufficiently large enough, means that the
leading term will overcome the coefficients which appear in the error term. We conclude that there
exist k and ¢ such that the determinant of M is non-zero, and thus values for k and ¢ such that the
vector fields X, Y, and W, are linearly independent. We conclude that D := (9,, X) is an Engel
structure on M,,. O

Remark 3.6. Again, let us provide some intuition behind the construction above. The idea is
very similar to idea behind the construction in the previous section. Suppose we reparameterise the
t—coordinate such that it becomes very stretched out. Then the derivatives of the frame {X,, Y;, W, }
with respect to ¢t are almost zero. Thus by turning in X; and Y; with constant speed and adding
a small contribution of W, for convexity, we obtain the Engel condition. If we then reparameterise
the t—coordinate back to the original situation, we obtain the very fast turning we see in the vector
field X;. >

3.3 A (2,3,5)-structure on the mapping torus

In this section we construct a (2,3,5)-structure on all mapping tori admitting a suitable formal
(2,3,5)—structure. Up to now it was not known whether this was possible, and thus this construction
is an original result. Furthermore, the construction already highlights some of the key issues one
has to overcome when proving Theorem the main result of this thesis, on the h-principle of
overtwisted (2,3,5)—structures. To construct this (2, 3,5)—structure, we first prove the following
preparatory lemma. Note that we again use Lemma to write a formal (2, 3,5)—structure into a
form which is easier to work with.

Lemma 3.7. Let N be a parallelizable 4—dimensional manifold and let ¢ : N = N a diffeomorphism.
Let D Cc £ CTM be a formal (2,3,5)—structure on the mapping torus

. N x[0,1]
Me = G~ (p(a),0)

which is orientable and transverse to the fibres. Then there exists a rank 3 distribution E on M,
such that

o & is formally homotopic to &,
o € =(8,,X,Y) for vector fields X and Y on N X R tangential to the fibres,
o £n (N x {t}) is non-integrable for all t € [0,1].
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Proof. From Lemma we know that we can write f*D = (9,, X) and f*E = (9, X,Y) for vector
fields X and Y on N X R tangential to the fibres. We write & := (X;,Y;), and we note that this is
a distribution of rank 2 on the 4-manifold N x {t}. From the isomorphism D A £/D = TM[E we
obtain the isomorphism
NG =TMIE.

We then invoke Theorem first on the subsets N X [n —d,n + 0] C N X R for n € Z and for
some 0 < § < 1, relative to the endpoints of the intervals. From this we obtain a non-integrable
distribution & on N X {t} for t € [n — d,n + §] homotopic to &. Note that on every interval, the
distribution f*D looks the same (as it is a pull-back of a distribution by a quotient map), and thus
on every interval we can also choose ét the same. This will be helpful when we quotient again by
the map f to construct a distribution on the mapping torus.

We then do the same for the distributions & fort € [n+d—e,n+1—3 + €] with 0 < € < 4, also
relative to the end-points. This ensures that ét is non-integrable for all ¢ € [0,1]. Because the
h—principle in Theorem holds in a parametric setting, we can find vector fields X and Y such
that X, = X n (N x {t}) and V; = Y n (N x {t}) and & = (X,,Y;). Then the push-forward of the
distribution (9;, X,Y) by the map f is the desired distribution €. O

From now on we will use Lemma [3.1{and but for simplicity we will not explicitly write down the
pull-back by f. We will for example write D = (J;, X') for the distribution on M, but the reader
should note that implicitly we are using a pull-back of a quotient map which makes use of the flow
lines of the vector field transverse to the fibres and tangent to D.

Theorem 3.8. Let N be a parallelizable 4-dimensional manifold and let ¢ : N = N a diffeomor-
phism. Let D C £ C TM be a formal (2,3,5)—structure on the mapping torus
N x[0,1
. [0.1]
(z,1) ~ (¢(z),0)
which is orientable and transverse to the fibres N X {t} for all t € [0,1]. Then M, also admits a
genuine (2,3, 5)—structure.

Proof. From Lemma [3.1| we know that we can write D = (0,
we know there exists a rank 3 distribution £ = (9;, X,
& = (X,,Y;) is non-integrable.

)

X) and € = (9;, X,Y). From Lemma
) formally homotopic to £ such that

We now pick a vector field Z € ([X,Y]) on M, tangential to the fibres which is then linearly
independent of X and Y by construction. Furthermore, we pick a vector field W on M, tangential
to the fibres, which is linearly independent of X, Y and Z.

We then define the following vector fields on N X {t}:

X, := cos(kt) X, + sin(kt)Y; + k(;Wt

Yt = Xt
Zt - [ytvyt]
W,:=X,

Here k > 0 and ¢ < 0 are constants. Note that showing these four vector fields are linearly indepen-
dent, implies that (9;, X) is a (2,3, 5)-structure on M,. We will show that for appropriate values
of k and ¢, this is indeed the case.

We see that
Y, = ft =k (—sin(kt)f(t + cos(kt)fft) + kéﬁft + cos(kt)j(t + sin(kt)f/},
and
Et = [Yta?t]
= 10 (cos(kt)[ Wy, Vi1 — sin(kt)[Wh, X,]) + K[ Xy, V] + K[, W,
+ K (cos(kt)[f(t, Wt] + sin(kt)[Y}, Wt] + cos(kt)[Wt,);(t] + sin(kt)[W,, f@])

+ cos>(kt)[ Xy, X, ] + cos(kt) sin(kt) ([Xt, Y]+ [Yt,ict]) +sin(k)[ Y, V7.
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Lastly we see that
W, =X,

= -k (cos(kt)f(t + sin(k;t)f/t) + 2k (— sin(kt))L(t + cos(k;t)f/t) + kéﬁft + cos(kt))?t + sin(kt)l:/t.
We then look at the following matrix

cos(kt) —ksin(kt) + O(1)  OK'™®)  —k®cos(kt) + O(k)
sin(kt)  keos(kt) + O(1)  O(K™)  —k*sin(kt) + O(k)
0 o(1) kE+ O™ O(k)
K° oO(1) o) O(k)

M :=

We note that this is a matrix of the vectors X, Y, Z, and W, as columns, with respect to the ba-
sis {X,,Y;, Z,, W,}. Here we have used the notation O(k") to indicate the terms of order at most k“.

One can compute the determinant of this matrix and we obtain
det(M) = £**° + O(K*) + O(k*%).

We note that for all =1 < § < 0 we have that 4 + 6 > 3,4 + 26. Thus, choosing k sufficiently large,
means that the leading term will overcome the coefficients which appear in the error term. We
conclude that there exist £ > 0 and —1 < § < 0, such that the determinant of M is non-zero, and
thus values for k and d such that the vector fields X,,Y,, Z, and W, are linearly independent. We
conclude that D := (9;, X) is a (2,3,5)—structure on M.,,. O

Figure 3.1: Illustration of the vector field X, from the proof of Theorem Here the black
horizontal axes represent the vector fields X, and Y, and the vertical axis represents W,. The blue
dots indicate the tilted vectors X,, Y. and W.. We see that the vector field X, indicated here by
the green line, turns quite aggressively in the X’t and YQ direction, and there is a slight contribution
in the W, direction for convexity.
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Remark 3.9. Let us make some remarks regarding Theorem and its proof.

(i)

(iii)

First of all, let us give some intuition behind the construction above. A way of thinking about
it is the following. Imagine we reparameterise the ¢t—coordinate such that it becomes very
stretched out. Then this will make the family of non-integrable distributions & more constant
in ¢. In this way, the first and second derivatives of the frame {X,,Y;, Z;, W;} can be made
arbitrarily small. If we then turn in X, and Y; with constant speed, and add a little W, for
convexity, we obtain the (2, 3,5)—condition. If we now parameterise the t—coordinate back to
[0,1], we obtain the very fast turning which we see in the vector field X, defined above.

In the proof above, we can actually also choose § > 0, but we should however be more careful.
Let us explain. Let A be a vector field linearly independent of X , Y and Z , then we note that
& ® (A;) is an even-contact structure. We can choose W, to be in the kernel W, of & & (A,).
This means that [W,, & @ (4,)] € & ® (A,). This ensures that the Z component in the vector
field Z, does not get killed by the k% _term. One can compute a similar matrix M and its
determinant, and one will see that for 0 < § < %, this matrix has non-zero determinant.

We have shown in this chapter that in a quite similar manner, one can construct contact
structures, Engel structures and (2,3, 5)-structures on all mapping tori admitting a suitable
formal analogue of these structures. An open question at this point is the following: does a
similar construction also work for other rank-2 distributions?

As also mentioned in the beginning of this chapter, the construction of the (2, 3,5)—structure
on the mapping torus already highlights some of the key issues we are going to encounter when
proving the h—principle for overtwisted (2, 3, 5)—structures on closed manifolds. Namely, when
we reduce the problem to the extension problem in Chapter[7] we use a very similar construction
in order to achieve the (2,3, 5)—condition in a neighbourhood of the codimension-1 skeleton.
There, we also use this idea of dilating the parameter ¢, such that the derivatives of the
frame with respect to ¢t become very little, and introducing the turning in order to achieve the
(2, 3,5)—condition.
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Chapter 4

Contact and Engel Lutz twisting

In this chapter we will focus on modifications of distributions called Lutz twisting. Lutz twisting is
a surgery on a distribution where part of it is replaced by a distribution which “twists” more. For
contact and Engel structures, Lutz twisting has already been introduced before in the literature, see
[20] and [12], and we will discuss these in the next two sections. In order to define Lutz twisting,
we first discuss the concept of adding torsion into a structure. This is a more general construction,
and Lutz twisting will be a specific case of adding torsion along certain hypersurfaces.

So why are we interested in these surgeries? Well, using the Lutz twist, one can define the notion
of an overtwisted disc in a contact or Engel manifold. Structures containing an embedding of an
overtwisted disc are so called overtwisted. For overtwisted contact and Engel structures there exist
h—principles on closed manifolds. This makes the Lutz twist an interesting concept to investigate. In
the next chapter, we will define the notion of a (2, 3, 5)—Lutz twist, which will very much resemble the
twisting in the contact and Engel case. Thus, it is insightful to treat the contact and Engel twisting
first. Eventually, we will use the (2,3,5)—Lutz twist, to prove the h—principle for overtwisted
(2,3,5)—structures, i.e. Theorem [0.4]

4.1 Contact Lutz twisting

In this section we will discuss torsion and Lutz twisting in contact structures. Torsion in contact
manifolds was first introduced by Giroux in [20], and is therefore often referred to as Giroux torsion
in the literature. Adding torsion or Lutz twisting, is a surgery performed on contact structures,
which again yields a contact structure containing more “twisting”. Lutz twisting was first discussed
in R. Lutz’s thesis [37] (which was never published), and thus the surgery is named after this French
mathematician. Lutz introduced this procedure in order to construct examples of contact structures
in manifolds other than S*. At the time, only few examples were known, and this allowed him to
construct contact structures in all closed 3-manifolds. The result that every orientable manifold
admits a contact structure, was shown and published by Martinet in [30], in which he used/altered
the construction of Lutz.

4.1.1 Local model along a hypersurface

Giroux torsion is a surgery in a contact manifold which is performed along hypersurfaces. There-
fore, we are first going to describe a local model for a contact structure along a hypersurface in this
subsection.

Let (M, &) be a contact manifold and let N be an orientable transverse hypersurface. In order to
define torsion, we want to describe £ in local coordinates along N. Therefore, let T be a vector field
tangent to £ and transverse to N, and let ¢; denote its flow. Taking € > 0 small, we can use the flow
of T' to describe a tubular neighbourhood U(N) = N X (—¢,¢) of N = N x {0}. This allows us to
take coordinates (p,t) € N X (—¢,¢), such that 9, =T

We can then pick a vector field H on N X (—¢,¢) such that ¢ = (9;, H). This means that we can
describe & by maps (H, : (—€,€) — Sl)pe ~, by normalizing the vector field H, and we can look at
the vector field

H:=[0,, H].
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We are now ready to prove the following proposition. It gives us an explicit description of £ in the
tubular neighbourhood of N.

Proposition 4.1. Let (M, &) be a contact manifold, and let N C M be a transverse hypersurface.
Let U(N) = N x (—¢,¢€) be the tubular neighbourhood induced by the vector field T € D, as described
above. Then there is a framing {X € ENTN,Y} of TN such that & in U(N) can be described as

&(p,t) = (0, H = cos(t) X, + sin(t)Y,).

Proof. Because of how we constructed U(N) we know that we can describe £ in this neighbourhood
as

£= <8t7H>

where
Hp(t) = (Hp(t))l * Xp + (Hp(t))Q : Y;m

for vector fields X and Y on U(N). If we choose the vector field X € £ N TN, then we must have
that 0,(H,(t))2 # 0, as { is a contact structure. Therefore, using the implicit function theorem, and
rescaling the vector fields, we get that £ is of the form

£=(0, H =X, +1tY,).

Then, by reparameterising the t—coordinate and scaling the vector fields, we get that there are
vector fields X € £ N TN and Y such that £ is of the desired form

£ = (0, H = cos(t) X, +sin(t)Y})

on U(N). O

4.1.2 Construction of the contact Lutz twist

In this section we will describe the construction of adding Giroux torsion along a hypersurface,
and thereafter define Lutz twisting. Let (M, &) be a contact manifold and let N be a hypersurface
transverse to £. From Proposition we know that there is a tubular neighbourhood U(N) =
N X (—¢, €) where we have an explicit description of what £ looks like, namely

&(p,t) = (0, H = cos(t) X, + sin(t)Y,).
Therefore, we can describe the structure § by a family of maps H), : (—¢,€) — st given by
H,(t) = (cos(t),sin(t)) .

Note that the coordinates of these maps are determined by the directions of the vector fields X, and
Y, and thus depend on the point p € N.

To introduce torsion in the contact structure, we are going to replace the maps (H,)yen, by maps
(Gp)pen- The maps (G,)pen : (€,€) = S' consist of three parts:

(1) The first part of the curve is equal to H,((—¢,0]).
(2) The middle part of the curve is a loop in S" starting and ending at H,(0).

(3) The last part of the curve is equal to H,([0,¢€)).

The explicit expression for the curves (Gp)pen : (€, €) = S' is then given by

T+e€ . (T+eE
(cos( t+7r),sm( t+7r))
€ €
for t € (—¢,¢€). Note that we have adjusted the speed and have translated the variable ¢, such that
the curves are defined on the interval (—¢, €).

By replacing the maps (H,)pen by (Gp)pen, we obtain a new structure which we will denote by
L(£). We note that £(£) has the following properties:

e L(&) is the same as £ outside of the tubular neighbourhood N X (—¢,¢),
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e L(&) is tangent to the vector field T on N X (—¢,¢€),

e the distribution £(£) makes an additional turn along d; with respect to €.
We claim that the resulting structure is again a contact structure.
Lemma 4.2. The structure (M, L(£)) is a contact manifold.

Proof. First of all, we note that we have only altered the contact structure inside N X (—¢, €), thus
we only have to prove something inside this neighbourhood. We consider the curves (G,),en from
the construction above. We note that these curves are immersions, which is a sufficient condition
for being contact. O

The construction we described above, is the process of adding torsion along the hypersurface N.
Lutz twisting is a special case of adding torsion, which we specify in the next definition.

Definition 4.3. Let (M,€) be a contact manifold, and let N C M be a transverse hypersurface.
Then, we say the contact structure L(£) is obtained from & by the construction described above, by
adding Giroux torsion along N.

If N the boundary of a tubular neighbourhood of a transverse knot, then we say L(£) is obtained
from & by adding a Lutz twist along N.

Figure 4.1: An illustration of a contact Lutz twist added along the boundary of the tubular neigh-
bourhood of a transverse knot + : S' — M. Here the tubular neighbourhood is indicated in blue,
and the distribution £(£) in red. We see the £(£) makes a full turn around dv(L), in the radial
direction (which is the t—direction in the construction we have seen).

Remark 4.4. As mentioned in the introduction of this chapter, Lutz twisting allows us to define
the notion of an overtwisted disc in a contact manifold. We will not formally define this here, but
here is is the general idea. Recall, that a Lutz twist contains a neighbourhood where the contact
structure makes a full turn, i.e. a 2r—turn. We can look at a subset of this contact manifold, where
the contact structure only makes half a turn, i.e. a w—turn. This contact submanifold is called an
overtwisted disc. In Figure[4.2) we see an illustration of the overtwisted disc. It portrays a slice of the
tubular neighbourhood of the transverse knot along which we Lutz twist. Note that in this picture,
the Lutz twist starts all the way in the center, i.e. at the knot. This structure is homotopic to the
structure we originally defined as the Lutz twist.

A contact structure is called overtwisted if it contains an embedding of the overtwisted disc. It turns
out that the h—principle holds for overtwisted contact structures on closed manifolds. This was first
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proven by Eliashberg in 1989 [13].

We point out that in the Engel and the (2, 3, 5)—case, the overtwisted disc will be defined as adding
a full Lutz twist along some hypersurface. In fact, we could also define the overtwisted disc in a
contact manifold as a full Lutz twist, because it turns out that these definitions are equivalent. I.e.
a contact structure which contains an overtwisted disc defined by half a Lutz twist, is homotopic to
a contact structure with an overtwisted disc defined by a full Lutz twist, and vice versa. However,
the half-Lutz twist definition is more common in the literature, which is why we also introduce it
here. >

Figure 4.2: An illustration of the overtwisted disc [31, p. 148]. Here the planes portray the distri-
bution at that point, and we see that moving radially outward, the distribution makes half a turn.

4.2 Engel Lutz twisting

In this section we will discuss Engel torsion and Lutz twisting. Just like in the contact case, adding
Engel torsion is a surgery on Engel structures, and Engel Lutz twisting is a specific case of adding
torsion along certain hypersurfaces. The surgery was first introduced by del Pino and Vogel in [12],
and it allowed them to prove an h-principle for overtwisted Engel structures on closed manifolds.
The material in this section is based on their paper, but the construction given here is more explicit.
This will also be insightful for the next chapter, as in Section we will see how to construct a
(2,3,5)—Lutz twist, which will be done in a very similar manner.

4.2.1 Local model along a hypersurface

Similarly as in the contact case, Engel torsion is added along a hypersurface transverse to the distri-
bution. Therefore, we first want to describe an Engel structure along such a transverse hypersurface.
We will construct a local model in this subsection.

Before we can describe this local model, we need to do some preliminary work. Let (M, D) be an
Engel manifold and let IV be an orientable transverse hypersurface. Let £ denote the distribution
[D, D]. We note that we can also define the following distributions:

e aline field Ly := DNTN,
e a plane field £y := € N TN which contains L.

N" = {z € N|£&y is a positive contact structure close to z}
N~ ={x € N | &y is a negative contact structure close to x}
N =N—-(N"UN").

We note that N is transverse to W at all z € N* U N™, and W is tangent to N at all points
z € N, Since being contact is an open condition, we note that the sets N* and N~ are open and
by construction N %is closed. See Figure for an illustration of these spaces.

In order to define adding torsion, we want to describe D in local coordinates along N. Therefore, let
T be a vector field tangent to D and transverse to N, and let ¢, denote its flow. Taking € > 0 small,
we can use the flow ¢; of T to describe a tubular neighbourhood U(N) = N X (—¢,¢) of N = N x {0}.
This allows us to take coordinates (p,t) € N X (—¢,¢€), such that 9, = T. We want to choose this
vector field T such that the neighbourhood N X (—¢, €) has certain nice properties. Namely,

31



Figure 4.3: An illustration of D along a hypersurface N.

e Outside a little neighbourhood of N° x (€,€) we choose T such that it is tangent to W,

e If T is tangent to W at (p,0), then the orbit of T' through p for ¢t € (—¢,€) is part of the leaf
of W at p,

e If T is not tangent to W at (p,0), the orbit of T through p for ¢t € (—e¢, €) is never tangent to
W.

These assumptions on T ensure that the properties 9, has at a point (p,0) € N x {0} also hold at
the entire fibre {p} X (—¢,¢€).

Since we have chosen T tangent to D, we can pick a vector field H on N X (—¢,¢) such that
D ={(9,,H), and DNT(N X {t}) is spanned by the restriction of H to N X {t}. In fact we can then
describe D by maps (H, : (—€,€) = 82)peN, and we can look at the vector fields

H:=[8,,H] and H:=[0,, H].

On N° we know that W is tangent to N, and thus 9, is not tangent to W. Therefore, ( H, H, H) isa
framing of TIN. We have already fixed an orientation of N, and thus this framing is either positive
or negative. This gives us reason to define the following spaces:

N = {x € N|(H,H,H) is a positive framing of TN at z}
N*" ={z € N|(H, H, H) is a negative framing of TN at z}.

In order to construct a local model of an Engel structure along a hypersurface, we need to pick a
framing of the hypersurface in a careful way. This motivates the following definition.

Definition 4.5. Let (M, D) be an Engel manifold and let N C M be a hypersurface transverse to
D. We say that {X,Y,Z}, where X, Y and Z are vector fields on N, is a frame associated to
(D,N) if Xe€e DNTN,Y e€eENTN and {X,,Y,,Z,} is a frame of T,N forp € N.

Using such framings, the following proposition gives us a more explicit description of D in U(N).

Proposition 4.6. Let (M, D) be an Engel manifold and let N C M be a hypersurface transverse to
D. Let U(N) = N X (—¢,€) be the tubular neighbourhood induced by the vector field T as described
above. Then there is a frame {X,Y, Z} associated to (D, N) such that D in U(N) can be described
as

D(p,t) = (0, H = cos(t) X, +sin(t)Y, + g(p,t) Z,)

where g : N X (—¢,€) > R such that
e g(p,t) =0 if 9, is tangent to W at (p,0), i.e. if pE NTUN",
e g(p,t) is convex if p € N,
e g(p,t) is concave if p € NOT.
Proof. As discussed above, we have that D = (9;, H) where (H), : (—¢,€) = S2)peN with
Hp(t) = (Hp(t)1 - Xp + (Hy(8)2 - Yy, + (Hy(t))3 - 2.

Since D is an Engel structure at least one of the two conditions must hold
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(i) the vectors H,(t), Hp(t) and ﬁp(t) are linearly independent,

(i) (H,

(1), H,

»(t)) span a contact structure in a neighbourhood of (p,t).

This means that the curves H, : (=€, €) — S? must be immersions, and thus by choosing X € DNTN
and Y € £ NTN appropriately, and invoking the implicit function theorem, we get that the Taylor
expansion of H,, looks like

H,(t) = X, +tY, + O(t).

By scaling the vectors and reparameterising the t—coordinate, we can write
H,(t) = cos(t) X, + sin(t)Y, + O(t%).

Note that these vector fields X and Y are not the exact same as before, but for simplicity we still
denote them like this.

Since D is an Engel structure we must have that the image of H,, is either convex or concave (in
the case of condition (i)), or that H,, is contained in a maximal circle on the sphere (in the case of
condition (ii)). In both cases we have that H,, is graphical over the equator spanned by the vector
fields X and Y. Therefore, using the implicit function theorem we get that there is a vector field Z
on N such that

H,(t) = cos(t) X, +sin(t)Y, + g(p,t)Z,

for a function g : N X (—¢,e) — R. On the subspace N° ¢ N we have that (H, H, H) forms a
framing of TN, which means that the function g must be either convex or concave here. Since this
framing is positive on N %* we must have that g is convex here, and on N %~ we must have that g
is concave. If 0, is tangent to W at (p,0), we are in the situation of condition (ii). Therefore, g can
be chosen to be 0 at these points. O

The last thing we will show in this subsection, is that we can homotope an Engel structure such
that it has an even more explicit local model around a transverse hypersurface. This will help us in
the next subsection to define Engel torsion in a very explicit way.

Lemma 4.7. Let (M, D) be an Engel manifold and let N C M be a hypersurface transverse to D.
LetU(N) = N x(—¢,¢€) be the tubular neighbourhood induced by the vector field T as described above.
Then there is a frame {X,Y, Z} associated to (D, N) such that D is homotopic as Engel structures
to D, which in a neighbourhood N X (=6,68) with 0 < § < €, can be described as

D = (8, H = cos(t)X,, +sin(1)Y, + a(p)t’Z,),
where o : N = R is a function such that
e a(p)=0ifpe N'UN",
e a(p)>0ifpe N,
e a(p)<0ifpe N~ .
Proof. From Proposition we know that in U(N) the Engel structure D can be described as
D(p,t) = (0, H = cos(t) X, +sin(t)Y, + g(p, t) Z,)

with g as in Proposition From the properties listed in the proposition, we know that g is of the
form 5
9(p,t) = a(p)t + O(t"),

where a: N — R is as in the statement. We then define the following vector fields for s € [0,1]:
Fy(p,t) := cos(t) X, +sin(t)Y, + g:(p,t)Z,

with
9s(p,t) 1= sg(p,t) + (1 = 5) (x(D)g(p. 1) + (1 = x(1))a(p)t*) .

Here x is a bump function which is 0 in a very small interval around ¢ = 0, as depicted in Figure
We note that x is of order % and ¥ is of order Eiz
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—€ 0 €

Figure 4.4: Illustration of the bump function used in the proof of Lemma (and later on also in
the proof of Lemma .

Let D (p,t) := (9, Fs(p,t)). We see that Dy is of the form
Dy = (8, cos(t) X, + sin(t)Y,, + a(p)t’Z,)

in a small neighbourhood around ¢ = 0, and that D; = D. We want to show that the distributions
D, are in fact Engel structures in U(N). We see that

gs(p 1) = 59(p,t) + (1= 5) (X(£)(g(p, ) = a(p)t”) + x(t)(3(p, 1) = 2a(p)t) + 20(p)t)
Gs(p.t) = sig(p,t) + (1= ) (X(1)(g(p, 1) — a(p)t”) + 2x(t) (9(p. t) = 2a(p)t) + x(t)(§(p. t) — 20(p)) + 2a(p))

Furthermore,

Fsyp(t) = —sin(t) X, + cos(t)Y), + g:(p, t) Z,
F,,(t) = —cos(t) X, — sin(t)Y, + §.(p, 1) Z,.

We want to show that F ,(t), F.’S’p(t) and Fs’p(t) are linearly independent. From our assumptions
on y we see that

gs(p,t) = 5 (20(p)t + O(t*)) + (1 = 5) (o (%) O(*) + O()O(*) + Qa(p)t)
(0 ) = 5 (2a(p) + O(1)) + (1 — 5) (o (612) O(*) + 20 (%) O(%) + O()O(1) + 2a(p)) .

We note that for ¢t € (—¢, €) and € small, that the vector field F () is close to X, Fsyp(t) close to

Y, and F&p(t) close to =X, + 2a(p)Z,. Then by Lemma it follows that indeed for p € N the
distributions D, are Engel.

Now for p € N*UN™ we have that a(p) = 0, and thus F.‘syp(t) is not necessarily linearly independent
of F, ,(t) and F, ,(t). We then compute

[Fup(t), B p(1)] = [X,, Y1+ (1= O() 3 (0, ) X, Z,] + O(1)ga(p )] Vs Z, ],

where we used the fact that g = 0 for p € N*"UN". For p in the interior of N* U N~ we have that ¢
is zero, and thus g, is constantly zero. It follows that on the boundary of N U N7, the derivative
gs must also be zero. From this follows that [Fj ,(t), Fs ,(t)] = [X,,Y,], and since {X,,,Y}} is
non-integrable for p € N* U N™, we note that F (1), Fs’p(t) and [Fsyp(t),Fs’p(t)] are linearly
independent on N* U N~. We conclude that D, is also Engel on N* U N, which finishes the
proof. O
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4.2.2 Construction of the Engel Lutz twist

In this section we will describe the construction of adding Engel torsion along a hypersurface. As
mentioned before, the idea of this construction is based on the construction in [I2], but in this
section we will additionally give a more explicit formula for the torsion. Thereafter, we will define
Lutz twisting as a specific case of adding torsion along certain hypersurfaces. In Section [5.2f we will
see how to construct a (2,3,5)—Lutz twist, which will be done almost analogously.

Let (M, D) be an Engel manifold and let N be a hypersurface transverse to D. From Proposition
4.6| we know that there is a tubular neighbourhood U(N) = N X (—¢,€) where we have an explicit
description of what D looks like, namely

D(p,t) = (0, H = cos(t) X, +sin(t)Y, + g(p,t) Z,)

with g ¢ N X (—¢,¢) = R as in Proposition From Lemma we know that D is homotopic
through Engel structures to D, which in a neighbourhood N x (—=4,d) with § < € can be described

as
D = (8, H = cos(t) X, +sin(t)Y, + a(p)t’Z,)

with a(p) as in Lemma We can describe the structure D on N X (=4§,8) by a family of maps
Hy:(=0,0) = S? given by

1
V1+a(p)tt

Note that the coordinates of these maps are determined by the directions of the vector fields X, Y,
and Z,, and thus depend on the point p € N.

H,(t) = (cos(t), sin(t), a(p)t?).

To introduce torsion in the Engel structure, we are going to replace the maps (ﬁp)pe ~ by maps

(Gp)pen. First, we construct a C?-family of maps (Fp)pen, and then we smooth this family to
obtain (G, )pen-

The curves (F,)pen & (=0,0) = S? consist of three parts:
(1) The first part of the curve is equal to H,((=d,0]),

(2) The middle part of the curve is the unique circle in S* through H,(0), tangent to the equator
spanned by X, and Y}, and which has the same curvature as ﬁp at t =0,

(3) The last part of the curve is equal to H,([0,4)).
To explicitly construct these curves we first need to find the curvature of Ep at t = 0.

Lemma 4.8. The curvature of the map Fp :(=6,8) > S? given by

(1) = ——(cos(t), sin(t), a(p)t)

V1+a(p)?tt
at t =0 is equal to \/1 + 4a(p)?.

(1)

Proof. Let T(t) = T o then the curvature of Ep at t is given by
P
|7'()]
K(t) = — .
| H ()]

For shorthand notation we use a, := a(p). We note that
ﬁ;(t) =(1+ af,t4)_3/2 (—(1 + a§t4) sin(t) — 20412,133 cos(t), (1 + a§t4) cos(t) — 20(12,153 sin(t), 2apt) .

It follows that

V(@ +a2th)? + 40810 + 40212

—
|Hp(t)| =
(1+ a2th)?P2

b
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and thus

1
T(t) = (—(1 + af,t4) sin(t) — 2af,t3 cos(t), (1 + af,t4) cos(t) — 2a12,t3 sin(t), 2apt) .
\/(1 +a2th)? + dogt® + 4a2t?

Differentiating this expression and filling in ¢t = 0 we get
T'(0) = (=1,0,20),

and thus

] / 02
k(0) = l'f,((‘”)'l = 114 L =/1+4a2
H,(0

O

1

From this follows that the middle part of the curve F), is a circle of radius tangent at the

27
P

point (1,0,0) to the equator spanned by X,, and Y,,. Such a circle can be described by the following
formula:

2
e 4o sin (¢ 2a 2av, cos (t
H(C%() + - sin (t) p__Z7p () , forte[0,2nr].

L+day  1+4aj’ \[14 402 1+40  1+4a]
Note that when a(p) = 0, this formula describes the equator spanned by X, and Y.

Combining this curve with the map Ep(—é,é ), we can find an explicit expression for the curves
(Fp)pen t (=6,0) — SZ, consisting of three parts:

(1) Fort € (—5, —”—'5} it is given by

7r+\/1+4a1276
1 7T+\/1+4O¢1276 T 7r+\/1+40412,(5 T
cos ,sin t+ ,
)4

t+
Loz /1+4a’2’5t+ . \/1+4ag5 \/1+404,2, w/1+4a,2,6 \/1+4af,
U V1+4a2s V1+da2
2
(ﬂ +4/1+ 404%5 . )
p

\/1+4a12,5 \/1+4a?,

_ L) ) . .
(2) Fort e [ el 7r+\/1+4a§§:| it is given by

4

+64/1+4a2 . +6/1+402 +8y/1+4a?
cos(ut+7r> 2 sm(%t+ﬂ) % QQPCOS(%t+7T)
p

4o
P
+ ) ) -
1+4a2 1+4a2 /1 +4a2 1+4a2 1+4a2

(3) Fort e [”—'5 5) it is given by

m+yf1+4a28’

1 ( (w+\/1+4a§6 T ) (7r+\/1+4oz12,6 T )
cos t— ,sin t— ,
\/Hag(ﬂmét _ )4 1+4a28 V1 +4a? V1 +4a28 V1 +4a?

V1+4a2s - Vi+da2
2
T+4/1+4a20 .
o t— .
: \/1+4a1275 \/1+404%

Note that we have adjusted the speed and have translated the variable ¢ such that the curves are
defined on (—4,8) and are C2. In Figure you can see what the maps (F},),en look like.




N

NN N°

Figure 4.5: Illustration of the maps (F,)yen, which are formed by adding an extra loop, indicated
in blue, to the maps ﬁp, with the same convexity as Ep at t = 0. On the subsets N* or N~ we know
from Proposition that the image of ﬁp is a piece of the equator through (1,0,0) and (0, 1,0).
The map F), is this curve Fp with an additional loop around the equator. On the subset N O we

know that the map ﬁp is convex, and on N %~ is concave. The maps F}, are in this case the same
but with an extra convex or concave loop in the middle.

We now want to smooth (F},),en to obtain the desired maps (G,)pen. The relevant properties of
the curves (F},)pen depend only on their 2—jet, as we are only interested in first and second deriva-

tives when working with Engel structures. The three segments of the curves are already C’2—smooth,
and any C*-small smoothing yields therefore a smooth family of curves (G,)yen Wwith the same
properties regarding convexity as (F),)pen-

By replacing the maps (ﬁp)pE ~ by (Gp)pen, we obtain a new structure which we will denote by
L(D). We note that £(D) has the following properties:

e £(D) is the same as D outside of the tubular neighbourhood N x (=4, 4),
e £(D) is tangent to the vector field T on N x (=4, 46),

e on N" U N~ the even-contact structures associated to £(D) and D are the same, but £(D)
make an additional turn along 9;.

We claim that the resulting structure £(D) is still an Engel structure.
Lemma 4.9. The structure (M, £(D)) is an Engel manifold.

Proof. First of all, we note that we have only altered the Engel structure inside N x (=4, 4d), thus
we only have to prove something inside this neighbourhood. We consider the curves (F},),en from

the construction above. We note that whenever Ep is a convex or a concave curve, so if F},. This is
a sufficient condition for £(D) to be an Engel structure.

Let U be the set of p € N such that Fp is everywhere tangent to the equator through (1,0,0)
and (0,1,0). By construction, the maps F}, are also tangent to this equator, see also Figure

However, we cannot immediately conclude that £(D) is Engel from this. This is because the set U
is closed and the contact condition (also condition (ii) in the proof of Proposition must hold in
a neighbourhood of the point. To fix this problem, we note that the maximal circles tangent to the
curves [, C®-converge to the equator as (p,t) approaches U. Therefore, the contact condition, i.e.
condition (ii), must also hold in a small neighbourhood of U. We conclude that E(B) is indeed an
Engel structure everywhere. O

Definition 4.10. Let (M, D) be an Engel manifold and N C M a transverse hypersurface. By
Lemma[{.7] we know that we can homotope D such that it is of the form

D = (8, H = cos(t) X, + sin(t)Y, + oz(p)ﬁzZp)7
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in a neighbourhood N X (=6,6), with § > 0 and {X,Y, Z} a frame associated to (D, N), as in Lemma

!

Then, we say the Engel structure £L(D) is obtained from D by the construction described above, by
adding Engel torsion along N.

If N is a 3-torus, then we say L(D) is obtained from D by adding an Engel-Lutz twist along N
[12, p. 22-23].

Remark 4.11. Similarly as in the contact case, the Engel-Lutz twist is also used to define the notion
of an overtwisted disc in an Engel manifold. This is introduced in [I2]. In this paper, Engel-Lutz
twisting is defined as adding Engel torsion along a 3-torus which is obtained from a transverse knot.
The fact that the hypersurface is constructed from a transverse knot, is used in the proof of the
h—principle for overtwisted Engel structures on closed manifolds. The definition of the overtwisted
disc also contains several additional technical conditions. Here we do not discuss this result or proof,
and thus we have slightly simplified the definition of the Lutz twist above. >

Remark 4.12. To conclude this chapter let us briefly recap the constructions we have seen. In the
contact case we have seen how we can replace the structure in a neighbourhood of a transverse
hypersurface with a structure which “twists” more. As seen in Figure this literally meant that
the contact structure would make an additional loop in Sl, with respect to the t—direction. Similarly,
in the Engel case we have seen how we can replace the structure in a neighbourhood of a transverse
hypersurface with a structure which also contains more twisting. The resulting structure makes an
additional loop in SZ, parameterised by the t—coordinate, with the same convexity as the original
structure. Both resulting distributions are again contact or Engel. In the next chapter we will
introduce the notion of (2,3,5)—torsion and the (2,3,5)—Lutz twist. This construction will very
much resemble the constructions we have seen in this chapter. >
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Chapter 5

(2,3,5)-Lutz twisting

After having discussed contact and Engel Lutz twisting in the previous chapter, we are now going
to discuss Lutz twisting in (2, 3,5)—manifolds. The material in this chapter is inspired by the
Engel-Lutz twist construction and we follow a very similar scheme as before: we first introduce
local models of a (2,3,5)—structure along a hypersurface, and then introduce the torsion in such
a model. The (2,3,5)—Lutz twist is a specific case of adding torsion, and it will be important for
defining overtwisted (2,3,5)—structures and proving that the h-principle holds for this family of
(2, 3,5)-structures on closed manifolds. The results in this chapter have not been introduced before
in the literature, and thus this chapter is an original contribution of the thesis.

5.1 Local model along a transverse hypersurface

Let (M, D) be a (2,3,5)-manifold and let N be an orientable transverse hypersurface. Just like in
the previous chapter, we first want to find out what the (2, 3,5)—structure looks like in a neighbour-
hood of N.

First of all, let £ denote the distribution [ D, D]. We then note that we can also define the following
distributions:

e a line field Ly := DNTN,
e a plane field £y := £ N T'N which contains Ly,
e a 3-dimensional subspace Fy := [y, &n] of TN which contains &y .

In order to describe D along N, we choose a vector field T' tangent to D and transverse to N, and we
let ¢; denote its flow. We can use the flow ¢, to describe a tubular neighbourhood U(N) = NX(—¢,¢).
This leads to the following definition.

Definition 5.1. Let (M, D) be a (2,3,5)—manifold and N C M a hypersurface transverse to D.
We say that the tubular neighbourhood U(N) as described above, is the tubular neighbourhood
associated to T'.

On this tubular neighbourhood we have that D = (0,, H) where H is a vector field tangent to N.
From this follows that we can describe D as a family of maps (H, : (=€, €) = s? )pen- We can then
look at the vector fields

H:=[0,,H] and H :=[d,,H].
Since D is a (2,3,5)-structure, we must have that (H, H,H,[H, H]) is a framing of TN (see also
Proposition [2.4). By fixing an orientation on N, this framing can be either positive or negative.

In order to construct a local model of a (2, 3,5)—structure along a hypersurface, we need to pick a
framing of the hypersurface in a careful way. This motivates the following definition.

Definition 5.2. Let (M, D) be a (2,3,5)—manifold and let N C M be a hypersurface transverse to
D. We say that {X,Y, Z, W}, where X, Y, Z and W are vector fields on N, is a frame associated
to(D,N)ifX e DNTN,Y €eENTN, Z € Fy and {X,,Y,, Z,, W} is a frame of T,N forp € N.

Using such framings, the following proposition gives us a more explicit description of D in U(N).
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Proposition 5.3. Let (M, D) be a (2,3,5)—manifold and let N C M be a hypersurface transverse
to D such that Ly is a trivial line field. Let U(N) be the tubular neighbourhood associated to T.
Then there exists a frame {X,Y, Z, W} associated to (D, N), such that D in U(N) can be described
by the model

D(p,t) = (0, H = cos(t) X, +sin(t)Y, + g(p,t)Z, + h(p,t)W,)

where
e g: N X (—¢,¢) > R a function which is cubic in t,
e h:NX(—¢€¢€)— R a function which is quadratic in t.

Proof. Let {T,X,Y, Z, W} be a framing of T M such that {X,Y, Z, W} is a framing of TN associated
to (D, N). As also discussed above, we get that D = (0;, H) where (H, : (—¢,€) = S?’)Z,EN with

Hy(t) = (Hp(t))1 - X + (Hp(8))2 - Y + (Hy())3 - Z + (Hp(t))s - W.
Since D is a (2,3, 5)-structure the following conditions must hold (see also Proposition :
(i) H, is an immersion at time t.
(ii) Hp(t),Hp(t), Hp(t) are linearly independent, i.e. the map H, is convex at t,
(iii) (H,(t), H,(t)) is a non-integrable 2-distribution in the level set Op(p) x {t},
(iv) [Hp(t), Hp(t)] is linearly independent of H,(t), Hp(t) and ﬁp(t).

We note that we can rescale the vector field X, such that the coefficient in front of it becomes 1.
Then let a(p,t) be the coefficient in front of Y. Since H,, is an immersion, we know that d,a # 0,
and thus we can apply the implicit function theorem parametrically on ¢, and replace a by t. Le.
we now have that H,(t) is of the form

H,(t) = X, +tY, + B(p,t)

where B(p,t) is a vector in the span of Z and W. Rescaling the vector fields X and Y and
reparameterising in ¢, we can write

H,(t) = cos(t) X, +sin(t)Y, + B(p,t)
where again B(p, t) is a vector in the span of Z and W. We can Taylor expand B(p,t) as follows
B(p.t) = t'F, + G(p,t)

where (F,G(—,t)) = (Z, W), and G(p,t) is of third order in t. This follows from the convexity of
the curve H,,. We can also expand G(p,t) as

u(p, t)F, + v(p,t)Z,,
with functions v and v both vanishing up to order three. From this follows that we can write
H,(t) = cos(t) X, +sin(t)Y, + g(p, t)F, + h(p,t)Z,,
where g(p,t) = t* + u(p, t) is quadratic in ¢ and h(p,t) = v(p,t) is cubic in ¢, which was the desired
result. O

In order to construct an explicit formula for torsion in (2, 3,5)—manifolds, we want to simplify the
local model that we have seen in the previous proposition. Thus, in the next lemma we prove that
any (2,3, 5)-structure is homotopic to a (2,3, 5)-structure which has a more simple description in a
neighbourhood of a given transverse hypersurface. Note that we are replacing the distribution with
a distribution with the same 2-jet.

Lemma 5.4. Let (M, D) be a (2,3,5)—manifold and let N C M be a hypersurface transverse to
D. Let U(N) be the tubular neighbourhood associated to T. Then there exist a frame {X,Y, Z, W}
associated to (D, N) such that D is homotopic as (2, 3,5)—structures to D which in a neighbourhood
N X (=6,8) with § < € can be described as

D(p,t) = (8, H = cos(t) X, + sin(t)Y,, + t°W,,).
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Proof. From Proposition we know that in U(N) the (2,3,5)-structure D can be described as
D(p,t) = {0y, H = cos(t) X, +sin(t)Y, + g(p,t)Z, + h(p,t)W,,)
with g cubic and h quadratic in ¢, i.e. we can write
g(p,t) =t + O(t") and h(p,t) = t* + O(t").

Note that with a rescaling of Z, and W), we can indeed assume that the coefficients in front of 3
and ¢ in g and h above are 1. We then define the following vector fields for s € [0,1]:

Fy(p,t) := cos(t) X, +sin(t)Y, + gs(p,t) Z, + hs(p, t)W,
with

gs(p,t) := sg(p,t) + (L = s)x(t)g(p, t)

and )

hs(p,t) 1= sh(p,t) + (1 = s)(x()h(p,t) + (L = x(¢))t")
where x is a bump function which is 0 in a very small interval around ¢ = 0, as depicted in Figure
We note that y is of order % and y is of order 6%

Let Dy(p,t) := (0, Fs(p,t)). We see that Dy is of the form

Dg = (0, cos(t) X, + sin(t)Y), + tQWp)

in a small neighbourhood around ¢ = 0, and that D; = D. We want to show that the distributions D,
are in fact (2,3, 5)-structures in U(N). Recall the following conditions for being a (2, 3, 5)-structure

(see also Proposition :
(i

) Fs, is an immersion at time .
(i) F p(t) E, P(1), F, p(t) are linearly independent, i.e. the map Fj , is convex at t,
)

(i) (F,,(t), Fs,(t)) is a non-integrable 2-distribution in the level set Op(p) X {t},
(iv) [Fsp(t), Fsm(t)] is linearly independent of Fs,p(t),FS’p(t) and Fsyp(t).
Since the coefficients in front of X, and Y, have not changed, we note that Fj, and FSJ, are still
linearly independent, and thus Fj , is an immersion (condition (i)).
For condition (ii) we see that
F, ,(t) = cos(t) X, +sin(t)Y, + gs(p,t)Z, + hs(p, )W,
F, ,(t) = =sin(t) X, + cos(t)Y, + gs(p,t) Z, + hs(p,t)W,,
F, ,(t) = —cos(t) X, —sin(t)Y, + §s(p,t)Z, + hs(p,t)W),.
We note that
9s(p,t) = sg(p,t) + (1 = s)x(t)g(p, t) + (1 = s)x()g(p,t)
Gs(p,t) = sg(p,t) + (1 = s)X(t)g(p, t) + 2(1 = s)x(1)g(p, t) + (1 — s)x(t)§(p. 1)
ha(p,t) = sh(p,t) + (1= 5) (X(£)(h(p, t) = £*) + x()h(p,t) +2(1 = x(1))t)
he(p.£) = shp.t) + (1= ) (( (A1) — ) + 200 h(p.£) — 26) + X(Dh(p. 1) + 201 = x(1))) .

As a result of our assumptions on Yy, we have the approximations

gs(p,t)=5(3t2+(9(t3))+(1—3)(9(1)(75 +0(th) + (1= s)O@) (36" + O(1"))
a3l )

ds(p.t) = s (6t + O*)) + (1 - 3)0( £ +0(t") +2(1-5)0 (%) (3% + O(t))) + (1 - 5)O(¢) (6t + O(t*))

ho(pt) = s (2t + O(£*)) + (1 - 5) ( (%) o) + 0(t) (2t + O(t*)) + 2 (1 - (’)(t))t)
1

ﬁs(p,t)=s(2+0(t))+(1—s)(o(—2 +2o( )(’)t ) + x(t) 2+O(t))+2(1—x(t)))
s(2+(9(t))+(1—3)( ( o(t )+20(%)O(t )+X(t)(9(t)+2>

1
2

'
2+ s0(t) + (1 - s)((’)( )0@3) + 20(2)0@ ) + (’)(t)(’)(t)).
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Furthermore we have that

cos(t) = 1+ O(t%), sin(t) ~t, g,(p,t) ~°, hylp,t) ~ ",
Therefore, for ¢ close enough to 0, we have that Fj , lies very close to the vector field X, Fs’p very

close to the vector field Y, and F s,p very close to the vector field =X, + 2W,,. From this follows that
indeed for ¢ close enough to 0, we have that F , is convex.

For condition (iii) we compute

[Fop(t), Fap()] = [X,, Y, 1+ (cos(t)ga(p, t) + sin(t)ga(p, £))[ Xy, Z, ]
+ (cos(t)hs(p, 1) + sin(t)hs(p, 1)) [ Xp, W, ] + (sin(t)gs(p, 1) = cos(t)gs(p, 1)) Yy, Z,]
+ (Sin(t)hs(pvt) - COS(t)hs(p, t))[Ypa Wp] + (gs(pvt)hs(pat) - hs(pat)gs(pat))[zpa Wp]

For t close to 0, we have that [F, ,(t), Fi ,(£)] is close to the vector field [ X,, Y, ]. Since near 0, the
vector fields F ,(t), Fs,, and Fy ,(t) lie very close to the vector fields X, ¥, and =X, + 2, re-
spectively, it follows that (F; ,(t), Fs,p(t)) is indeed non-integrable, and [F ,(t), F&p(t)] is linearly

independent of Fj ,(t), Fs’p and Fs,p(t).

We conclude that D is homotopic through (2, 3,5)—structures D, to Dy, which on N X (=46, 46), for
a 0 < ¢, is of the form
Dy = (8, cos(t) X, + sin(t)Y,, + t°W,,).

This was the desired result. O

5.1.1 Reducing convexity

As mentioned before, in order to explicitly define torsion in a (2, 3,5)—manifold, we need to work
with a local model around a transverse hypersurface. In the previous subsection we have shown that
there is indeed a local model (Proposition , and that we can simplify it by homotopy (Lemma
5.4). In this subsection we show that we can further homotope the distribution in Lemma while
keeping the frame fixed, such that it becomes “less convex”. This will ensure that once we add
(2,3, 5)-torsion, the resulting structure is still (2,3,5). For the proof of this result we will need a
bump function of which we can control its second derivative. Let us give the construction of such a
bump function.

1 /.

~

o

0 a 2a 2a+c 3a+c 6

Figure 5.1: Illustration of the step function ¢, which is build up out of 5 parts, as given in equation

E.1).

42



First take a look at Figure Here we portray a step function (. We see that it is formed out of
5 parts, which are explicitly given by

0 if t € [0, al,
q- (t—a)2 if t € [a, 2a]
¢(t) = 12qat+qa —M ifte[2a,2a+c] - (5.1)
—q-(t-3a-c)’ +1 ift € [2a + ¢,3a + ]
1 if t € [[3a+c,0)

We note that at the points t = a, 3a + ¢ the function ( is automatically C !, For the function ¢ to be
C! at the points t = 2a, 2a + ¢, we need to demand that

_ c+ 12+1
a=-5 1€ %

From this follows that we can choose ¢ freely, and still construct a C' function ¢. Furthermore,
we note that ¢ is not c’. Namely, in the first, third and last part of the function, the second
derivative is 0, whereas the second derivative in the second part is 2¢, and in the fourth part is —2gq.
However, we can take a 02—smoothing of the function ¢, which we will still denote by (, which has

an arbitrarily close 1—jet, and is C?—smooth. We note that we can pick this smoothing such that
¢"(t) € [-2q,2q] for all ¢ € [0,0).

By mirroring the function ¢ in the y—axis, we get a C?—smooth bump function, which we will denote
— =
by ¢, see Figure Its second derivative ¢ (t) lies in [—2q, 2q¢] for all t € (=46, 6).

2 - /

N T

Figure 5.2: Illustration of the bump function Z, which arises by mirroring the C?-smooth step
function ¢ in the y—axis. We will use this bump function in the proof of Lemma

Using this bump function, we are now going to homotope the local model from Lemma to a
model which is less convex.

Lemma 5.5. Let (M, D) be a (2,3,5)—manifold and let N C M be a hypersurface transverse to D.
Let U(N) = N X (—e¢,¢) be the tubular neighbourhood associated to T. Let {X,Y,Z, W} be a frame
associated to (D, N). By Lemma we know that D is homotopic to D, which on a neighbourhood
N X (=6,0), for § < e, is given by

D = (8, H = cos(t) X, +sin(t)Y,, + t°W,).

Then for every 0 < a < 1, there is a homotopy between D and D through (2,3, 5)—structures, where
D on a neighbourhood N X (—p, ) with p < € can be described as

D(p,t) = (9, H = cos(t) X, + sin(t)Y,, + at’W,,).

Proof. From Lemma we know indeed that D is homotopic to D through (2, 3,5)—structures,
and D can be described in a neighbourhood N x (—4,4) as

D(p,t) = (8, H = cos(t)X,, + sin(t)Y, + °W,).
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We then define the following distributions on N X (=4, 46),
Dy := (0, Fs p(t) = (cos(t) X, + sin(t)Y, + f5(t)W}),

with
Fo(8) 1= (1= s)t” + s(C(1)E° + (1= C(1))at”),

where Z is the bump function as constructed above, and 0 < o < 1. We note that Dy = D and that
Dy = (0, cos(t) X, + sin(t)Y), + atQWp)

in a neighbourhood N X (—p,pn) for p < 6. We want to show that the distributions D, are
(2,3, 5)—structures by showing that the conditions from Proposition hold for the maps Fj ,.

We note that condition (i) is satisfied since we have not changed the coordinates in front of X, and
Y,,, which ensure that F; ,(t) and Fsyp(t) are linearly independent. For condition (ii) we compute:
Fy ,(t) = cos(t) X, + sin(t)Y, + fs(£)W,
F.'S,p(t) = —sin(t) X, + cos(t)Y, + fs(t)Wp
Fs,p(t) = —cos(t)X, — sin(t)Y, + fs(t)Wp.

Since f,(t) is quadratic in ¢, we note that the vector field F; ,(t) lies very close to the vector field
X,,. Furthermore, we see that

f(t) =201 = )t + 5 (C(t) (£ - o) + () (2t - 201) + 20t
fl) =201 = ) + 5 (C0) (£ = ar®) + 20(1) (2 - 20¢) + (1) (2 - 20) +2a).

We can then make the following approximation:
: B 1Y /.2 2
fo®) =201 -s)t+s|0| 5 (t* = at®) + O(t)(2t — 2at) + 201 |

From this follows that the vector field stp(t) lies very close to the vector field Y,. Now let us unpack

all the terms in the expression fi(t). We know that ((t) € [—2q,2q], and that ((t) is of order t.
We then see that

Fot) =2 = 25(1 = ) + sC(1)(1% = at?) + 4stc(t)(1 = @) + sO(t)(2 = 2a).

We note that the term 4stZ(t)(“1 — «) is positive for all ¢ € (=4, ), that the term sO(¢)(2 — 2a) is

small, and that also the term sC(¢)(¢* — at?) is small if we choose ¢ small. Therefore, we can make
sure that f,(t) > 0 for all ¢ € (=4,0). This means that the vector field Fs,p(t) lies very close to
the vector field =X, + ¢(p, s)W,, where ¢ : N x [0,1] = R, is a function depending on p and the
homotopy parameter s. From this we may conclude that Fy ,(t), Fs’p(t) and F"Syp(t) are linearly
independent.

For condition (iii) we compute

[Fop (1), Fs p ()] =X, Y, ]+ (cos(t) fs(8) + sin(t) £ (8))[ X, W, ]
+ (sin(t) £, () = cos() fo(¢))[ Yy, W), 1.

Using the approximations above, we note that for ¢ close to 0, the vector field [Fj ,(t), Fs,p(t)] lies
very close to the vector field [ X,,,Y,,]. Using the fact that (X,,Y},) is a non-integrable distribution,
we can conclude that for ¢ close enough to 0, (F ,(t), F; ,(t)) is also a non-integrable distribution,

and [Fs’p(t),FS’p(t)] is linearly independent of Fj ,(t), Fs’p(t) and Fs’p(t).

It follows that for ¢ close enough to 0, D is homotopic through D; through (2,3, 5)-structures, which
proves the desired result. O
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Remark 5.6. We note that the homotopy in Lemma keeps the frame fixed, and reduces the
convexity of the map H. Therefore, this homotopy is only Cl—small, whereas the homotopy in
Lemma is C*—small. In the next chapter we explain how to add a (2,3,5)—Lutz twist in this
particular model. For the resulting structure to still be (2,3,5), we needed to reduce the convexity
of H, which is why we introduce this particular homotopy in Lemma Just like in the Engel case,
the (2,3,5)—Lutz twist will be constructed by adding an extra loop to maps Fp S (—pp) > S

for p € N. Here the equator of S? is spanned by the vector fields X and Y as in Lemma We
need the loop to be relatively close to this equator, as the properties of the vector fields X and
Y will ensure that property (iii) of Proposition holds for the resulting structure. Reducing the
convexity of the map H will ensure this, although it may seem counter-intuitive at first. >

5.2 Construction of the (2,3,5)-Lutz twist

In this section we will describe the construction of adding (2, 3,5)—torsion along a hypersurface. As
mentioned before, this construction will resemble the construction of the Engel-Lutz twist. After we
have described how to add torsion, we will define (2, 3,5)—Lutz twisting.

Let (M, D) be a (2,3,5)-manifold and let N be a hypersurface transverse to D. From Proposition
[5-3] we know that there is a tubular neighbourhood U(N) = N X (—e¢, €) where we have an explicit
description of what D looks like, namely

D(p,t) = (0, Hy(t) = cos(t) X, +sin(t)Y, + g(p,t)Z, + h(p,t)W,)

with g and h as in Proposition From Lemma [5.4] and [5.5] we know that D is homotopic through
(2,3, 5)-structures to D which in a neighbourhood N X (—p, 1) with p < € can be described as

D(p,t) = (8, Hy(t) = cos(t) X, + sin(t)Y,, + at’W,),

with 0 < a < 1, as in Lemma We can describe the structure D by a family of maps (ﬁp) :
(=, ) = S? given by

Hy(t) = 4(cos(t),sin(t),at2).

1
V1+ o2t
Note that the coordinates of these maps are determined by the directions of the vector fields X, Y,
and W,,, and thus depend on p € N.

In this section we explain how to introduce (2,3,5)—torsion in D. We do this by replacing the
family (H,)pen by maps (Gp)pen. Just like in the Engel case, we first construct a C*-family of

maps (F),)pen and then we smooth this family to obtain (G, )pen. The maps (F},)pen ¢ (—p, p) = S?
consist of three parts:

(1) The first part of the curve is equal to ﬁp((—,u, 0]),

(2) The middle part of the curve is the unique circle through FP(O), tangent to the equator
spanned by X, and Y}, and which has the same curvature as Fp at t =0,

(3) The last part of the curve is equal to H,([0, 1))

From Lemma E we know that the curvature of ﬁp at t = 0 is equal V1 + 4a?%. From this follows
that the middle part of the map F), is a circle of radius L tangent at the point (1,0,0) to the

Oé2 ’
equator spanned by X, and Y),. Such a circle can be described by the following formula:

cos (t) 40° sin () 2a 2 cos (t)
1+4a® 1+40% V1+402 1+40®2 1+4+4a? )’

for t € [0,27].

Combining this map with the curve Ep(—u, 1), we can find an explicit expression for the curves
(Fp)pen + (=p, ) = S® consisting of three parts:
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o r o
(1) For ¢t € ( 1, —w+mu] it is given by

1 7r+\/1+4042uﬁ+ T . 7r+\/1+4042#t+ m
cos sin
\/1+a2(ﬂ+mﬂt+ x )4 V1+4a2p V1+4a? V1+4a2p V1+4a?

Vi+aaZp Vi+4a?

2
7T+v1+4a2ut+ T
o .
V1 +402p V1 + 402

_ T T e .
(2) Fort e [ P H\/Hmz“] it is given by
oS ( 7T+N\/1+4a2t n 7r) o2 sin ( m+pV1+4a3 - ﬂ) ) Q0L COS ( 7T+ll«\/1+4a2t " 7r)
Iz " a Iz o Iz
1+ 40?2 14402’ VI + 402 "1+ 4a? 1+ 402

(3) For t € [ﬁ,ﬂ) it is given by

1 7r+v1+4a2ut 0 ) 7r+v1+4a2ﬂt 0
Ccos - sin - ,
\/1+a2(”+mﬂt— . )4 V1 +402p V1 + 402 V1 + 4a2p V1 + 402

Vi+daZp Vi+4a?

2
7T+\/1+4a2ut T
o - .
V1 + 4a2p V1 + 4a?

Note that we have adjusted the speed and have translated the variable ¢ such that the curves are
defined on (—u, p) and are C*. In Figure you can see an illustration of F},. We see indeed that

the second part of the curve is an extra loop, tangent to H,, at ¢ = 0, with the same curvature.

Figure 5.3: Tllustration of the maps (F,)pen from the (2,3, 5)—torsion construction. Here the yellow
curve represents H,((—u, 0]), the purple circle is the middle part of the curve F, and the pink curve
represents the curve H,([0, 1)).

We now want to smooth the family (F),),en to obtain the desired maps (G,)pen. The relevant
properties of the curves (F,),en regarding convexity, depend only on their 2-jet. Any C?-small
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smoothing yields therefore a smooth family of curves (G)),en with the same properties (F},)pen-

By replacing the maps (ﬁp)peN by (G,)pen We obtain a new structure L£(D). We note that £(D)
has the following properties

e L(D) is the same as D outside of the tubular neighbourhood N x (=, 1),
e £(D) is tangent to the vector field T on N X (—p, i),

e the structure E(E) makes an extra turn in the W-direction with respect to the original struc-
ture D.

We claim that for appropriate values of a, the resulting structure £(D) is still a (2, 3, 5)-structure.

Lemma 5.7. Let D be defined as in Lemma . Then for every a > 0 small enough, the structure
(M, L(D)) as described above, is a (2,3,5)—manifold.

Proof. First of all, we note that we have only altered the (2, 3,5)-structure inside the tubular neigh-
bourhood N x (—pu, i), thus we only have to prove it is (2,3,5) in this region. We consider the
curves (F,),en from the construction above. To prove that £(D) is (2,3,5) we should prove the
following conditions from Proposition

(i) F), is an immersion at time t.

(ii) Fp(t),Fp(t), Fp(t) are linearly independent, i.e. the map F , is convex at t,
(iii) (F,(t), Fp(t)) is a non-integrable 2-distribution in the level set Op(p) x {t},
(iv) [F,(t), Fp(t)] is linearly independent of F,(t), Fp(t) and Fp(t).

Since Fp is (locally) an immersion everywhere, and the added turn in the middle part of F), is also
an immersion, we conclude that F), is a local immersion for every t € (—pu, ). Furthermore, since

H, is convex or concave, F), is also convex or concave, and thus F,(t), Fp(t) and Fp(t) are linearly
independent vectors. This ensures conditions (i) and ( i).

For condition (iii) first let ¢ € [— O ], then we see that

7T+\/1+4a2p. 7r+\/1+4a2;t

a— + +
F,(t) ) (cos(ﬁluut+7r),sin(7r 'ut+7r),0),

and

7r+;,n/1+4a T+pvi+da : m+pv1+da?

F(t)_”““/m —Sln( t+7r) cos(Tt+7r) 2asm(Tt+ﬂ')
P 1+4a ’ V1 + 402 ’ 1 + 402
thus 0o m™+ T+ T+
F()g MM(_Sm( u'ut+7r),cos( Mt+7r),0).
Therefore, we see that
a=0 T+ of(m+ T+ 1

[ (8), F(1)] < = (cos ( ; t+7r)[X Y,] - sin ( t+7r)[ ]) T2 lhx,v,].

From this we see that
(F (1), By(1)) 5 (X, Y,)

prtp
and combining this with
a—>0 m+ M

[E,(1), E,(1)] —

[ P p]v

we can indeed conclude that condition (iii) holds for t € [— —L L ]

7'r+\/1+4(x2u’ 7r+\/1+4(x2;,t ’
For t € (- ——%]u[—%)h rves F, are essentially the same as the cur
or t W, v - 1+4a2#,u the curves p are esse tially the same as the curves

Ep, up to a translation of the variable ¢t. Since (Fp(t),ﬁp(t)) spans a non-integrable distribution
for t € (—p,p), we can conclude that (F,(t), F,(t)) also spans a non-integrable distribution for
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o T T
t€ ( K 7r+\/1+4a2pj| v |:7r+\/1+4a2;¢“u).

For the last condition, first let ¢ € [— R ] We see that
7r+\/1+4a2u 7r+\/1+4a2u

““th+7r> —sin( t+7r) 2acos(

1 +4a? ’ V1 + 402 ’ 1 +4a?

T+uv1+da? 7r+;,wl+4a2t + 71')
H |

2
7T+,uv1+4042> —COS(
m

Fp(t) = (

We note that [F,(t), Fp(t)] has a Z,-component whereas F,(t), Fp(t) and Fp(t) do not. Therefore,

L. . . _ T T
condition (iv) indeed holds for ¢ € [ VAT mva )

. _ _ T L T L .
Again, fort € ( v ] U[ Vi ,u) the curves F), are essentially the same as the curves
J— . . _ _ T p T
H,, up to a translation of the variable ¢. Therefore, for ¢ € ( L4 H\/HM%] U [H\/Hm%, u),

condition (iv) already holds for the curves F,.

Since these conditions only depend on the 2-jets of the curves (F),),en, they automatically also hold
for the maps (G))pen. From this we may conclude that £(D) is a (2, 3, 5)-structure. O

Remark 5.8. In the proof above it becomes clear why we needed to reduce the convexity of the
functions H in Lemma Namely, we see that only for small values of o > 0, the distribution
L(D) is a (2,3,5)—structure. Intuitively, if & > 0 is large, the W,-component in part (2) of the
function F, becomes quite large, which means that the extra loop moves further away from the
equator spanned by X, and Y,,. This then could influence the non-integrability of the distribution

(Fp(t)7Fp(t)>- | 2
We are now ready to introduce the definitions of (2,3, 5)—torsion and Lutz twisting.

Definition 5.9. Let (M, D) be a (2,3,5)—manifold, and let N C M be a transverse hypersurface.
From Lemma we know that we can homotope D such that it is of the form

D =(0,H = cos(t) X, + sin(t)Y, + atQZp)

in a neighbourhood N X (=, p) with p > 0 and {X,Y,Z, W} a frame associated to (D, N), as in
Lemma . Let 0 < a < 1 be small enough such that L(D) is a (2,3,5)—structure.

Then, we say the (2,3,5)—structure L(D) is obtained from D, by the construction described above,
by adding (2,3,5)—torsion along N.

If N is the boundary of the tubular neighbourhood of a transverse 3-manifold, then we say E(E) 18
obtained from D by adding a (2,3,5)— Lutz twist along N.

Remark 5.10. Let us shed some light on why we define (2,3, 5)—Lutz twisting along the boundary
of the tubular neighbourhood of a 3-dimensional submanifold. In the next chapter we will define
the overtwisted disc in a (2, 3, 5)—manifold by Lutz twisting in a particular setting. In the extension
part in Chapter [8] we will need to move the overtwisted disc around in the manifold, as we will
use it to obtain the (2,3,5)—condition in the top-simplices. It turns out that it will be easier to
move around 3-dimensional transverse submanifolds, and thereby moving around the overtwisted
disc. This is why we define Lutz twisting along these particular hypersurfaces. >

Remark 5.11. Let us comment on some notation. Let (M, D) be a (2,3, 5)-manifold and let N ¢ M
be a transverse hypersurface. From now on, we will write £(D) for the structure which is obtained
from D by adding a (2, 3,5)—Lutz twist along N. Note that this does not change the definition. We
first still implicitly carry out the homotopy from Lemma before we add the torsion, but we do
not denote this. >
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Chapter 6

The overtwisted disc

Recall that in Chapter |5} we have defined (2,3,5)—torsion and Lutz twisting. The goal of this
chapter is to define the notion of an overtwisted disc in a (formal) (2,3,5)—manifold. Also re-
call that the main result we are trying to prove, Theorem [0.4] is an h—principle for overtwisted
(2, 3,5)—structures, i.e. (2,3,5)—structures which contain an embedding of the overtwisted disc.

In the previous chapter we have seen that Lutz twisting in (2,3, 5)—manifolds is defined as adding
torsion along the boundary of the tubular neighbourhood of a transverse 3-manifold. In the first sec-
tion of this chapter, we will look at the existence of such transverse 3-manifolds in (2, 3, 5) —manifolds.
Thereafter, in Section [6.2] we will show how to shrink the tubular neighbourhood of such a sub-
manifold, which will secure some desired properties of these objects. In Section [6.3] we will discuss
a result on transverse embeddings, Conjecture which will introduce another property the over-
twisted disc will have to possess. In the fourth section, we will then be ready to formally define the
overtwisted disc.

Last but not least, we will show that we can replicate these discs via homotopy such that extra copies
appear. See also Proposition We call this the self-replicating property of the overtwisted disc.
This will be useful in the final step of the proof of Theorem the extension, where we use the
overtwisted disc to obtain the (2,3,5)—condition in the top-simplices.

The material in this chapter has not been published before, and thus this is an original contribution
of the thesis.

6.1 Transverse submanifolds

In this section we will show that transverse 3—submanifolds exist in (2, 3,5)—manifolds. As men-
tioned before, Lutz twists are added along the boundaries of tubular neighbourhoods of transverse
3-manifolds. To prove that these submanifolds exist, we use the fact that there is a (non-unique)
local model for (2,3, 5)—structures, the Monge normal form, as explained in Section

Lemma 6.1. Let (M, D) be a (2,3,5)—manifold, and let B C M be a ball in M with local coordinates
(t,z,y, z,w) such that
D = (0,0, + y0, + t0y + F(t,x,y, z,w)0y)

with F': R = R a function with 0y F # 0. Then there is an embedding
g:D*sBcM
such that L := g(]D)S) is transverse to D.
Proof. We denote D* := {(z1, 24, 23) | 27 + 25 + 25 < 1}, and we map
g(x1,m9,23) = (0,0,121, 29, l23),

where [ is chosen such that indeed g(D®) ¢ B. We note that L = g(D®) = (0y,0,,0,), and thus by
construction, L is transverse to D. L]

This lemma tells us that there exist transverse 3-dimensional submanifolds L in a (2, 3, 5)—manifold.
We note that the boundary of the normal bundle, 9v (L), is a hypersurface along which one can add
torsion.
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6.2 Shrinking the tubular neighbourhood

In the previous section we have seen that transverse 3-manifolds exist in (2,3,5)—manifolds. The
boundary of the tubular neighbourhood of such a submanifold is a hypersurface. In this section we
will introduce some notation which will allow us to introduce some properties for these hypersur-
faces. The goal of this, is to specify a condition which allows us to shrink the tubular neighbourhood
as much as we want. This will help us later on in showing that in the presence of an overtwisted
disc, new ones appear via homotopy.

Let us work in the same setting as in Lemma [6.1} By the tubular neighbourhood theorem we know
that
ov(L) = O(L x D}),

where h is the radius of the 2-disc which is small enough such that v(L) C B and that dv(L) is
transverse to D. Recall from the proof of Lemma that we constructed L such that it has radius
l. From now on, we say

[ is the radius of v(L) and h is the height of v(L).

Figure 6.1: Illustration of a transverse 3—manifold in a ball B ¢ M. Here we see that the normal
bundle v(L), indicated in red, has height h, and that the 3-manifold L, indicated in blue, has radius
l.

In the next section, we will define the overtwisted disc in a (2, 3, 5)—manifold as a Lutz twist which is
added along a hypersurface of the form dv(L) (along with some other properties). A crucial property
of the overtwisted disc will be that we can shrink the tubular neighbourhood of L, such that the
middle part of it becomes as thin as we want, while also staying transverse to the distribution.
See Figure [6.2] for an illustration of this. We need this property later on, for moving pieces of the
overtwisted disc around in the manifold, while also staying transverse to the (2,3, 5)-structure, and
for showing that in the presence of an overtwisted disc, new ones appear via homotopy.

V(L)

Figure 6.2: Illustration of a 3-manifold L, indicated in blue, and its normal bundle v(L), indicated
in red, which has been shrunk such that it becomes very thin in the middle part of L.

The reason we shrink it in this hourglass shape, is because at the edges we want the structure to
match up nicely with the rest of the structure outside B. We should however, be careful, because
we still want the red band to be transverse to D. We note that the radius [ of L is given by the
embedding, but that we are free to choose the height h of v(L). We will now explain how to choose
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h small enough such that we can indeed shrink dv(L) in this way, while preserving transversality.

First of all, we note that there are local coordinates, such that D cuts L vertically, i.e. it makes a
90 degree angle with respect to L. However, moving away from L, this angle will change. Take a
look at Figure [6.3] Here we denote this angle by 6 and it changes roughly linearly in h. We want
the angle that the red line makes to be less than the angle that the distribution makes, i.e. less than
0. This gives us the following bound:

l/%<tan(giC"h).

If we choose h small enough, we note that % +C-h=z %, and thus the following bound is sufficient:

ol 7
h < min 110 | = o

We call 7y the shrinking constant of L ,as setting this bound for h will give us a lot of freedom in
shrinking the tubular neighbourhood. As mentioned before, this will be a very important property of
the overtwisted disc later on in the extension part, for moving pieces of the overtwisted disc around
in the manifold, while also staying transverse to the distribution, and for showing the self-replicating
property of the overtwisted disc.

b
AN

Figure 6.3: In blue we see a transverse 3-manifold L with radius {. Along L the distribution is
vertical, which is illustrated by the vertical orange lines, but moving away from L, the distribution
will tilt. The angle it makes is given by #. We want this angle to be less than the red angle indicated
in the figure, which ultimately defines the shrinking constant 7, as defined above.

6.3 Transverse embeddings of 3-manifolds

As mentioned before, the overtwisted disc will be defined as a Lutz twist which is added along the
boundary of the tubular neighbourhood of a transverse 3-manifold. For the extension part of the
proof of Theorem we will need to move the overtwisted disc towards the top-simplices. Recall
from the introduction that we can reduce the h-principle from Theorem [0.4] to an extension problem,
where we only need to obtain the desired (2, 3,5)—condition in the top-simplices. We will do this
by moving the 3-manifold, while also keeping it transverse to the distribution. This brings us to the
following definition.

Definition 6.2. Let M be manifold, D a distribution on M and N a manifold with dim(N)
dim(M). We say an embedding f : N — M is transverse to D, if

IA

dp f(TyN) @ Dy(py = T,M
for everyp € N.

We can also define a formal analogue of these types of embeddings.

Definition 6.3. Let M be manifold, D a distribution on M and N a manifold with dim(N)
dim(M). A pair (f,(Fs)se[o0,1]) is called a formal transverse embedding if

IA

o f:N = M is an embedding,
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e for every s €[0,1], Fy : TN - TM is a monomorphisms which lifts f, i.e.

N—L s nm

T, 1

TN 25 TM
commutes,
o Fy=dg and F(T,N) & Dy) = T,yM for everyp € N.

For moving transverse 3-manifolds around in our manifold, we would like to have an h—principle
for these maps. This brings us to the next statement. Note that this statement contains the term
“loose”, which we will comment on in Remark

Conjecture 6.4. Let M be a n—dimensional manifold, and D a bracket-generating distribution on
M. Let N be a manifold such that codim(N) = rank(D). Then, there exists an h—principle for
transverse embeddings of N with respect to D if

e codim(N) = 3,
e codim(N) =2, and if the embeddings of N into M are loose.

Remark 6.5. Let us briefly comment on the term “loose” in Conjecture In [35], Murphy proves
an h—principle for a class of Legendrian embeddings in contact manifolds of dimension greater or
equal to 5. She calls these Legendrian embeddings loose. The idea is very similar to that of proving
an h—principle for distributions which are overtwisted. Namely, the class of embeddings is defined
in such a way, that all the ingredients are present to prove that the h—principle indeed holds. This
is also how we want to define these loose transverse embeddings, but since the statement has not
been proven yet, the explicit definition of loose is not immediately clear at this moment.

We are not going to prove this result in the thesis, due to its complexity and lack of time. Unfortu-
nately, there has not been a proof written down in the literature yet, which is why we denote it as a
conjecture. However, for now, we will think of loose transverse embeddings as a class of transverse
embeddings, for which the A—principle above indeed holds. >

As a corollary of Conjecture [6.4] we have the following result.

Corollary 6.6. Let (M, D) be a (2,3,5)—manifold and let
fo:LP oM, fl:UcCLoM
be embeddings transverse to D, with U = D* and fo loose. Then there exist maps
feit Lo M
transverse to D for all s € [0,1] with fs|or, = folor, and fily = fi-

This corollary will help us in Chapter [§]to attach pieces of the overtwisted disc to the top-simplices.
Since we need to use this result when moving the overtwisted disc, we will need the embedding of
the 3-manifold which we use for the Lutz twisting, to be loose. Therefore, when we formally define
the overtwisted disc, the term “loose” will also appear.

6.4 The overtwisted disc

In this section we will formally define the notion of an overtwisted disc in a (2, 3,5)—manifold. We
will define it by adding a Lutz twist along the boundary of the tubular neighbourhood of a transverse
3-manifold. The definition given here is very similar to the definition in [I2] by del Pino and Vogel for
overtwisted discs in Engel manifolds. Just like the overtwisted disc in Engel manifolds, we will require
the overtwisted disc in a (2, 3,5)—manifold to satisfy an additional quantitative property. Note that
the definition below contains a looseness assumption, which does not appear in the definition in [12].
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Definition 6.7. Consider the (2,3,5)—manifold (D°, Dy;) and let L be a 3-dimensional submanifold
as in Section [0.1], with shrinking constant 1y, which is embedded in M by a loose embedding. Let
Ov(L) denote the boundary of the tubular neighbourhood of L, and let OU(L) denote the boundary
of a slightly smaller tubular neighbourhood of L. Let L(Dg,;) be the (2,3,5)—structure obtained from
D, by adding a (2,3,5)—Lutz twist along Ov(L). Then

Aor = (D°, Dor = L(Dy,)) € (D°, Dyy)

1s an overtwisted disc.

We say a (2,3,5)—manifold (M, D) is overtwisted if there is an embedding
¥ Aor = (M, D)
which pulls back the (2,3,5)—structure, i.e. (D) = Dor.

Remark 6.8. Let us explain why we add the Lutz twist in the definition above, not along dv(L),
but along the boundary of a slightly smaller tubular neighbourhood d7(L). This ensures that the
overtwisted disc is entirely contained in the tubular neighbourhood v(L). This will help us later on
when we shrink the overtwisted disc in showing the self-replicating property in Section[6.5] See also
Figure for an illustration of the overtwisted disc. >

V(L)
V(L)

Figure 6.4: An illustration of the overtwisted disc as in Definition [6.7] Here the 3-dimensional
submanifold L is indicated in blue, and the boundary of the tubular neighbourhood v(L) in red.
Furthermore, we note that the Lutz twist, which is schematically indicated in green, is added along
the boundary of the slightly smaller tubular neighbourhood o(L).

We denote the space of overtwisted (2, 3,5)—structures by 3315{(02?;,) 5)(M), and we can endow it with
the subspace topology coming from Dist(5 5 5)(M ). The statement we are trying to prove, Theorem
is on the space of (2,3,5)—structures with a fized overtwisted disc. By this we mean that we
are essentially establishing a specific model for the overtwisted disc, by fixing an embedding.

Let A : D° - M be a smooth embedding. We define @istgg)5)(M7A) C Dist(z 35 (M) to be
the space of those (2,3,5)—structures such that the pullback by A is Dop. Similarly, we define
f@iﬁtggb)(M,A) C FDistz 35 (M) to be the space of formal overtwisted (2,3,5)-structures,
which are genuinely (2,3,5) on im(A), and the pullback by A is Dor. We endow both spaces with
the subspace topology.

Remark 6.9. In the next section we will show that in the presence of an overtwisted disc, we can
produce new ones by homotopy. This allows us to use/alter one of these discs in the proof of Theorem
while there is also still a disc present of the fixed model. In the extension part of the proof
of Theorem we will move pieces of the overtwisted disc around in the manifold. As explained
before, we shall need to shrink the tubular neighbourhood v(L) for this. The upshot of defining
the overtwisted disc in the standard (2,3, 5)—structure D, is that the latter is preserved under the
scaling we will perform (see also Lemma . >

6.5 Self-replication of the overtwisted disc

In Chapter [§] we are going to use the overtwisted disc to prove Theorem [0.4] However, as mentioned
earlier in this chapter, the spaces Z‘Dist(ozgﬁ)(M, A) and f@iﬁt(ozgﬁ)(M, A) contain structures with a
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fized embedding of the overtwisted disc. When we use the disc in the extension part, how do we know
if it is still the same as the initial model? In this section we are going to show that in the presence of
an overtwisted disc, we can produce new ones by homotopy. We call this the self-replicating property
of the overtwisted disc. It allows us to leave one of these discs (in the fixed model) for what it is.
So when we talk about self-replication in this section, we mean that we are going to homotope the
structure, such that another copy of the overtwisted disc will appear. In this section it will also be-
come clear that the shrinking constant in Definition[6.7] will be a key ingredient in the self-replication.

Let us briefly outline how we are going to show this self-replicating property. In the first subsection
we are going to shrink the tubular neighbourhood v(L) by using a scaling map. Thereafter, we are
going to construct a bump function, which will allow us to construct a hypersurface along which we
can Lutz twist. In the last subsection, we will show that Lutz twisting along this newly constructed
hypersurface, will produce two overtwisted discs in the initial model.

6.5.1 Shrinking the tubular neighbourhood

For the self-replication, we first want to shrink the original overtwisted disc. We do this by scaling
the tubular neighbourhood v(L) by the following map:

7/})\ : D5 - D57 (x,z,y,t,w) g ()‘x7>‘327>‘2y3)‘t7)‘3w)7

where 0 < A < 1 is a constant. See Figure for an illustration of this. We write ¢*(v(L)) for the
scaled tubular neighbourhood.

Figure 6.5: An illustration of the scaling function %y applied to the tubular neighbourhood v(L),
where L is a 3-dimensional submanifold transverse to the (2, 3, 5)—structure. We denote the shrunken
tubular neighbourhood by 3 (v(L)).

An important property of the map 1, is that it preserves the (2,3, 5)—structure Dy; along v(L).
This is proven in the following lemma.

Lemma 6.10. Let (D°, Dy,) be the standard (2,3,5)—manifold with
Dyi = (84,0, +y0, + 0, +£°9,,).

Then the diffeomorphism 1y preserves D.

Proof. We note that D, = ker(a, 8,7) where

a=dy—tdx
8 =dz —ydx
v =dw — dx.
We see that
via = Ndy - Ntdr = Va
VB = Ndz = Nydr = X3
Uiy = Ndw = \*Pdr = Ay,
Since ker()\2a, )\3ﬁ, )\37) = ker(a, 3,7), the diffeomorphism %y indeed preserves Dy;. O
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6.5.2 A suitable bump function

In this subsection we construct a bump function which will connect the smaller tubular neighbour-
hood 9} (v(L)) to the edge of the ball B, see Figure This will ensure that when we Lutz twist
along this newly-formed hypersurface, it all matches up nicely to the rest of the (2, 3,5)—structure.
If we view the radius of L as the x—axis, with x = 0 as its center, we note that the figures in
this section portray the positive x—values. For the negative z—values, we perform the processes
described in this section analogously, but mirrored in z = 0.

We need the bump function to have the following properties:

h

e The slope of the function should be at most i

e As )\ gets closer to 0, the bump function should contain a larger horizontal part at height Ah.
e At the upper corner the function should contain a small horizontal part at height h.

Let us shed light on why we want these properties for the bump function. In Definition we
required L to have shrinking constant 9. In Section [6.1| we explained that requiring h < 75 means
that we can cut off the tubular neighbourhood v(L) with a slope of l/% as in Figure while
the distribution stays transverse to v(L). Therefore, the first condition above, ensures that the
distribution is still transverse to the bump function. The second condition will become more clear
in the next section. Namely, in this horizontal part at height Ah, we will eventually see the (scaled)
original overtwisted disc, plus an extra copy next to it. This is why we require the bump function to
be more horizontal when A gets closer to 0. Lastly, we require the function to contain a small part
of height h at the upper corner, because when we Lutz twist along the bump function, we want it
to match up with the Lutz twisting at the boundary of (L) in a smooth manner.

; i Lt B
i
/|
/|
I / |
/ i
.: / |
| Y AN 1
32 £ 0+¢
L‘

Figure 6.6: An illustration of the bump function ¢y which connects 1y (v(L)) to the edge of the
ball B. Note that ¢, partly runs along the dotted line with slope %.

Let us give a more explicit expression for this bump function to show that it indeed exists. We can
express the dotted line in Figure by a map f: R — R with

flm) = %m — 3h.

Note that for simplicity we parameterise the length and height of the overtwisted disc by a single
parameter, while in fact A depends on two and [ on three variables. However, this construction still
clearly illustrates the purpose and properties of the bump function.

We can then construct the map ¢y : [0, + €] = R with

Y if m € [0, 2437]
pa(m) =1 %m —-3h if me [221],
h itmel[l,l+¢€]

which has all the desired properties as discussed above. We then take a C'-small smoothing of ¢,
(which we will still denote by ¢, ), which will give us a smooth function with the same desired prop-
erties. The bump function ¢, ([0, + €]) together with the scaled tubular neighbourhood 3 (v(L)),

55



form a hypersurface along which we can Lutz twist. In the next section we will see that when we
do this carefully, two copies of the overtwisted disc will appear.

6.5.3 An extra copy of the overtwisted disc appearing

In the previous subsection we showed that we can construct a bump function ¢, which connects
Py (v(L)) with the edge of the ball B. We note that d(¢x(v(L))) and ¢, together form a hy-
persurface, which we denote by H,. See also Figure We denote the boundary of the tubular
neighbourhood v(L) by H;. In this subsection we will show that along Hy we have an isomorphic
copy of the (original) overtwisted disc in D along Hy, and thereafter we will show that next to the
overtwisted disc along H, there exists another isomorphic copy. Recall that this was the purpose
of this section, and that we call this the self-replicating property of the overtwisted disc.

 p—
| X

Figure 6.7: Illustration of the hypersurfaces H; and H,. The hypersurface H) is formed by the
scaled boundary 9(¢} (v(L))) and the bump function ¢, .

First of all, suppose we ‘undo’ the Lutz twist of D along H;. We denote the resulting_structure by
L£7'(D). Recall from Definition that £ (D) looks like D,; over B. From Lemma we know
that this local model is preserved under the scaling of ¥,. We then want to add a Lutz twist along
H,, in such a way, such that there appears an overtwisted disc along H, which is isomorphic to the
initial overtwisted disc along H;. This is shown in the next lemma.

Lemma 6.11. Let £,(£ (D)) denote the structure which arises from adding a Lutz twist along
H,. Then, for every X, there exist an isomorphism

-1 -1
Dy 2 La(L (D))ot wiryy) = L1(L (D)),
from an overtwisted disc along d(¢x(v(L))) to the initial overtwisted disc.

Proof. Recall from Section that we constructed the Lutz twist using a vector field T' € D trans-
verse to the hypersurface. On H; we denote this vector field by Tj. On 9(¢x(v(L))) we have
the vector field ¢ (7}). On the bump function ¢, we connect the vector field ¥} (7;) to Ty in a
continuous way. Note that this is possible because H) is a hypersurface transverse to D. We denote
the resulting vector field by 7. See also Figure below.

We use this Ty to Lutz twist along H, and we denote the resulting distribution by £,(£'(D)).
Note that the structure £, (£ (D)) then matches up nicely at the edges, and that we automatically
have an isomorphism:

@y L3 (L7 (D)) |agws iy = L1(L£7H(D)),

from the overtwisted disc in £,(£™'(D)) along 8(¢5(v(L))) to the initial overtwisted disc in
£(£7Y(D)) = D. O

To prove that an extra copy of the overtwisted disc appears next to the overtwisted disc along
A(YX(v(L))), we first look at the following lemma.

Lemma 6.12. Let G be a Lie group,

c:GXN->N, (gx)ympg-x
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Figure 6.8: Illustration of vector fields transverse to the hypersurfaces H; and H, used in the proof
of Lemma Here T} and 9} (T}) are indicated in blue. The vector field T} is formed by ¥} (T7})
and the orange vectors which connect 1} (7}) to Ty. We choose Ty in such a way that it is a
smooth vector field tangent to the distribution and transverse to H, which agrees with 1 (7}) on
(X (v(L))), and agrees with T} on the small horizontal part in the top right corner. Note that one
could also in fact take T to be vertical on the entire hypersurface H,, as H, itself is never vertical.

an action of G on the manifold N, and let D be a (2,3,5)—structure on the manifold N X (—¢,¢€).
Suppose that D is preserved under the action

5—:GXNX(_€7€)_)NX(_€76)3 (g7l',t)|—)(g’$,t),
then L(D) is also preserved under &.

Proof. Recall from the construction of the Lutz twist in Section we use the model
D(p,t) = {8y, Hy(t) = cos(t)X,, + sin(t)Y, + at’W,,),

with 0 < @ < 1, coming from Lemma[5.5] to add the extra loop. Also recall from Lemma[5.4] that the
frame {X,Y, Z, W} is associated to (D, N), meaning that X e DNTN,Y € ENnTN and Z € Fy.
If a Lie group action preserves D, these vector fields are preserved, and thus this local model is also
preserved. Meaning if we Lutz twist using this local model, the structure £(D) is also preserved
under the Lie group action. O

Using this lemma we can prove that next to the overtwisted disc along d(1x(v(L))), another (iso-
morphic) copy of the overtwisted disc exists.

Proposition 6.13. In the presence of one overtwisted disc with a given model (i.e. a given embed-
ding A 1 Aor = (M, D)), we can produce another one with the same model by homotopy, which
preserves the formal data. More specifically, in the setting of this section, mext to the overtwisted
disc along O(¢Px(v(L))), there exists another isomorphic copy along Hy.

Proof. First of all, we note that the standard (2,3,5)—structure D, can be given as the kernel of
three 1-forms:
Dy, = ker(dy — tdz, dz — ydz, dw — t°dz).

This kernel is invariant under translations in the z— and w—direction, and thus by Lemma the
structure £(Ds;) is also invariant under translations in the z— and w—direction.

Recall from Section that the transverse 3-manifold L was spanned by the directions 9,, 0. and
Oy- Therefore, the structure EA(E_l(D))|3(¢;(V(L))) is preserved when moving in the horizontal
part of Hy at height Ak along the 0, and 0,, direction. From this follows that an isomorphic copy
of the overtwisted disc appears next to the overtwisted disc along d(¢ (v(L))).

By Lemma we know that the overtwisted disc along d(1X(v(L))) is isomorphic to the initial
overtwisted disc. Therefore, we have indeed shown that in the presence of one overtwisted disc with
a given model/embedding, we can produce another one with the same model by homotopy. We note
that the homotopy preserves the formal data, as it is a homotopy of genuine (2, 3, 5)—structures. [
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Chapter 7

Reducing to the extension problem

In this chapter we will discuss several results and techniques which will help us to reduce the proof
of Theorem to a simplified problem, namely an extension problem, as also discussed in the
introduction of this thesis. This means that after this chapter, we will only need to achieve the
(2,3,5)—condition in the top-simplices in order to prove Theorem In the first subsection we
will discuss the setting of the problem we are trying to reduce. Thereafter, we will look at adapted
triangulations, which will help us achieve the (2, 3,5)—condition in the codimension-1 skeleton in the
third section in a controlled manner. As a consequence of this result, we will prove the h—principle
for (2,3,5)—structures on open manifolds in the last section. Recall that this last result is also an
immediate consequence of Gromov, and the proof we present also uses similar techniques as in the

proof of Theorem

7.1 Setup

Let M be a 5-dimensional closed manifold, and let
DcécTM

be a formal overtwisted (2, 3,5)—structure. We will from now on sometimes also just write D for
the formal (2,3,5)—structure, which implicitly comes with this flag and the isomorphisms from
Definition Furthermore, we require that D contains an embedding A of the overtwisted disc.
As a corollary of Theorem we will also prove that the h-principle is relative in the domain.
Therefore, let U ¢ M be a closed submanifold such that:

b D|U is (23375)7
e the manifold M\U is connected,
e A is contained in M\U.

Lastly, in order to talk about angles and distances we fix a Riemannian metric on M.

The goal of this chapter is to homotope the formal (2,3,5)—structure D such that it becomes
genuinely (2,3,5) in the complement of some nice-looking open subsets of M. These subsets are
called shells, and on these we will ultimately perform the extension.

Definition 7.1. Let D C £ C TM be a formal (2,3,5)—structure on M such that D = (T, X) for
two vector fields T and X on M. Let ¢ > 0 be a given constant. We define a shell to be an open
subset V. C M such that

e D is(2,3,5) on a neighbourhood of the boundary,
e Vs a flow box of T. Let 0y denote the vector field T in the coordinates of V.

e The angle between D|;—o and D|;=, is bounded (in absolute value) by ¢ > 0, for every ty. The
same holds for €.
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Remark 7.2. Let us briefly clarify the third condition in the definition above. A shell is a flow box
of a vector field T', and thus we can express T as 9, in V. This means that D = (9,, X), and we can
view the vector field X as a map

X:(=e,e) oS, te X(1).

The third condition in Definition [[.I] ensures that when we move in the t—coordinate from one side
to the other side of V, this map does not change that much. We will need this later on in the
extension part where we “fill up” the top-simplices with pieces of the overtwisted disc. 2

The following statement will be the main result of this chapter:

Proposition 7.3. Let D C £ C TM a formal overtwisted (2,3,5)-structure. Then there is a formal
overtwisted (2, 3,5)-structure L
DcécTM

satisfying the following conditions:

(i) It is homotopic to the original formal data, relative to A and U.
(i) D is (2,3,5) in the complement of a finite collection of shells.

We can immediately carry out a first reduction of the problem, by applying Gromov (Theorem [0.3)).
Namely, let B be a closed ball in M such that A ¢ B. We note that M\B is an open manifold.
We can therefore use Gromov to homotope the formal structure to a genuine (2, 3,5)—structure on
M\ B, relative to the boundary B and relative to U. This allows us the rest of the proof to assume
that M = D°, and that the formal (2,3, 5)—structure is genuinely (2,3,5) near the boundary OD°.
Since now M is orientable, we know by Proposition that D is also orientable. This allows
us to write D = (T, X) for vector fields T and X on M, which form a positively oriented basis
for D. In the next section we will therefore often write 7' C D C & for the flag of the formal
(2,3,5)—structure D. We note that this first reduction step preserves the formal data coming from
the formal (2,3, 5)—structure, as it is an application of an h—principle.

7.2 Adapted triangulations

An important ingredient in the proof of the h-principle is a triangulation 7 of our manifold M,
which is adapted to some particular distributions on M. Namely, we want the simplices to be small
enough such that these distributions are almost constant with respect to the affine coordinates of
the simplices. The definitions and lemmas which we will discuss in this section are very similar to,
and inspired by, the definitions and lemmas in Section 6.2.2. from [I2]. In [I2] the definitions and
results are focused on the parametric h-principle for Engel structures, but since the h-principle we
are trying to prove is not parametric, the definitions and statements here are simplified.

7.2.1 General position and adapted triangulations
We start with some definitions on simplices and triangulations.

Definition 7.4. Let M be a manifold of dimension m and & a smooth distribution of codimension
q on M. A top-simplex o C M is in general position with respect to £ if the linear projection
o - Rm/ﬁp, for all p € M, maps each q-dimensional subsimplex of o to a non-degenerate simplex
of R = R™[¢,. We note that this linear projection is defined in the affine coordinates provided by
the simplex o.

We say a triangulation T of M is in general position, if every top-simplex is in general position.

If T is a triangulation which is in general position with respect to a distribution £, then it follows that
every simplex of T is in fact transverse to £&. Now let D be a formal (2, 3, 5)-structure, with a vector
field T C D tangent to D. Recall that a formal (2,3,5)-structure comes with a flag D ¢ £ ¢ TM.
For our construction we want a triangulation with simplices transverse to these distributions, which
leads to the following definition.

Definition 7.5. A top-simplex 0 C M is adapted to T C D C £ if o is in general position with
respect to the distributions T, D and E.

A triangulation T is adapted to T ¢ D C £ if
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o every top-simplex o € T is adapted to T C D CE,
e it is a triangulation of the pair (M, Op(U)), where Op(U) is a neighbourhood of U.

We then introduce some notation which will help us point out some useful properties of adapted
triangulations. Let o be an adapted top-simplex. We write T, C D, C &, for the restrictions of the
spaces T'C D C &£ to o. Since o is adapted, T,,, D, and &, are transverse to the subsimplices of o.
Therefore, given a codimension-1 subsimplex of o, T, is nowhere tangent to it, D, intersects it in a
line field and &, intersects it in a plane field.

We then fix orientations of T, and D, which allows us to define the following space:
o_ :=union of those faces where T, points into o.

As stated above, D, cuts codimension-1 subsimplices in a line field, and thus we can also define the
following space:
H:=To_nD,.

We note that ‘H divides the boundary of o_ into two parts:

O_o_:

dy0_:

subspace of o_ where H points inwards

subspace of o_ where H points outwards.

Both these spaces are codimension-2 complexes and homeomorphic to closed balls.

Remark 7.6. In Figure[7.1]you can see an illustration of these spaces. Note that o is here represented
as a 3-simplex, as a 5-simplex is hard to draw. A useful property of these adapted triangulations
becomes apparent in this figure. Namely, we note that the line field #, informally speaking, starts
at one side of the face and moves towards the other side of the face. Later on, in the extension part,
we will use the flow of this line field to move a piece of the overtwisted disc, along the bottom of the
simplex. >

0.Co0

Figure 7.1: Ilustrations of the different subsets of o as defined above [12] p. 36]. The vector field T'
is given by the vertical direction, the bottom face represents o_ and the thickened line the subspace
0_o_. The lines on the bottom face represent the line field H which is tangent to D.

7.2.2 Existence of adapted triangulations

In this section we show that adapted triangulations actually exist, and also certain covers associated
to these triangulations.

Lemma 7.7. There exists
e a cover {U;} of M\Op(U U A) by balls that are flow boxes of T, and
e an adapted triangulation T,

such that every top-simplex o € T is contained in some U;.
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Proof. By compactness of M we know that there is a finite covering of M\Op(U U A) by flow
boxes of T. We can then fix a triangulation subordinate to this covering. We then apply to this
triangulation what is called Thurston’s jiggling. This is the carefully perturbing and subdividing of
the simplices using crystalline subdivision. Thurston’s jiggling yields a triangulation in which the
simplices are indeed in general position with respect to a certain distribution, and the argument can
be applied to all the distributions involved. See also [40] for the original argument by Thurston. [

Definition 7.8. Let T = {0} be an adapted triangulation. A covering {U(c)}eer of M\Op(U U A)
is associated to T if:

(i) We have 0 C Ugic,U(a') for every o € T.

(i) Each U(o) is a flow box of T. From this follows that we can divide the boundary of U(c) into
two parts, the horizontal and vertical part:

8h1/l(a) := subspace of OU(c) which is transverse to T,
"U(o) :

subspace of OU(a) which is tangent to T.

(iii) U(o) andU(c') only intersect if o' C o or o Co'. Furthermore, if o C o, then U(c) intersects
OU(c') in its vertical part.

Furthermore, if 0, = T in an open U(c), then we callU(c)|,=, the fibre of U(c) att =t,. We also
use the notation U(c); for the fibre of U(c) at t.

In the following lemma we prove that given a certain adapted triangulation, one can actually con-
struct such an associated covering.

Lemma 7.9. Given an adapted triangulation T and a covering {U;} as in Lemma there exists
a covering {U(o)}ser of M\Op(U U A) associated to it.

Proof. Every top-simplex o € T is contained in some flow box U; of T. We use induction on the
dimension of ¢ to prove the result.

First, suppose dim(c) = 0. We fix a neighbourhood U (o) of ¢ which is a flow box of T. We fix
its length along the flow lines of T'; but shrink the neighbourhood in all other directions. Since all
simplices are transverse to 7T, it follows that all incident 1-simplices will enter through 0°U(o).

Suppose the statement holds for all simplices of dimension dim(c) = n < dim(m). Now let dim(o) =
n + 1. In order to construct the neighbourhood U(o), we first slightly shrink the simplex o, which
yields a simplex o', such that the boundary of o' is still contained in Urgold(7). Thereafter, we
thicken the slightly smaller simplex o' to a neighbourhood #(o) such that the thickening along T
is much greater than in the other directions. This will give the desired property that simplices
containing o will enter U (o) through 9"U(c). O

7.3 Achieving the (2, 3, 5)-condition in the codimension-1 skele-
ton

In this section we will show that we can homotope a formal (2,3, 5)-structure such that it becomes
genuinely (2,3,5) in a neighbourhood of the codimension-1 skeleton. Since this neighbourhood
is open, we could achieve this by applying Gromov. However, when we use Gromov, we do not
know precisely what the resulting structure will look like. In this section, we will achieve the
(2,3,5)—condition around the codimension-1 skeleton in a controlled way. Namely, after we have
proven Proposition we know quite well what the distribution looks like in the shells. This will
help us in Chapter [8) when we perform the extension. The results in this section are new and thus
this section is an original contribution of the thesis. Proposition will follow as a corollary of
this result. The proofs in this section are very similar to the construction of the (2, 3,5)—structure
on the mapping torus in Section [3.:3] We first prove the following preparatory lemma of which the
statement and proof resemble the statement and proof of Lemma (3.7

Lemma 7.10. Let T C D C £ be a formal (2,3,5)—structure, and let T be an adapted triangulation
with {U(c)}geT an associated covering. Then there is a rank 3 distribution £ such that
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o & and & agree on U U A,

o £=(T,X,Y) for vector fields X and Y tangential to the fibres of U(c),
o & :=En (U(o) N {t}) is non-integrable for all t,

o D :=(8,,X) is formally homotopic to D.

Proof. Recall that 7 being an adapted triangulation also means that there is a subcomplex 75 C T
which triangulates the boundary dOp(U U A). Since D is already (2,3,5) on U and A, we are only
going to perform modifications on 7\75. This will ensure the first property in the statement. We
will be working inductively on the dimensions of the simplices o € T\75.

First let o be a 0—simplex, and let &(o) be the corresponding neighbourhood coming from the
associated covering of 7. Recall that U(c) is a flow box of T, and we denote by 0; the local
coordinate direction of this vector field. Note that we can parameterise ¢ such that o lies in the fibre
t = 0. We then pick a vector field X which lies in D and is tangential to the fibres, i.e. we have

D = (8,, X).

We also pick a vector field Y € £ tangential to the fibres, and linearly independent of X, i.e. we
have
g = (325, X, Y)

We note that on every fibre, we can view &, := (X,,Y;), where X, := X nU(0), and Y, := Y nU(0c),,
as a 2-distribution on a 4-manifold.

From the isomorphism D A £/D = TM /£ we obtain the isomorphism

§e NG =TMIE.

We then invoke Theorem parametrically in . From this we obtain a non-integrable distribu-
tion ét on U(o),, homotopic to &. This means that we can find vector fields X and Y such that
& = (X,,Y,), where X; := X nU(c); and Y, := Y nU(0);. We then define the rank-3 distribution
€ =(8,,X,Y) on U(c), which has the desired properties.

Now let o be a 1-simplex and U(c) the corresponding neighbourhood. Again, we have that U(c) is
a flow box of T, and thus we can denote one of the coordinate directions by 0;. We want to carry out
the same process as above to yield the desired distribution €. However, we should be careful about
overlapping neighbourhoods U (c') for o' € 0. Using the h—principle from Theorem relatively
to these overlapping neighbourhoods, ensures that we do not alter the distributions we have already
constructed around the 0-simplices.

We can iterate this process until we have dealt with all the simplices. The resulting distribution £
has the desired properties. We note that D and D are formally homotopic, as the main ingredient
we use in this proof is an h—principle (and thus the formal data is preserved). O

Using this lemma we will now show that we can homotope the formal (2,3, 5)—structure such that
it becomes genuinely (2,3,5) in a neighbourhood of the codimension-1 skeleton.

Lemma 7.11. Let T C D C & be a formal overtwisted (2,3,5)—structure. Let T be an adapted
triangulation with {U(c)}seT an associated covering. Then, there is a plane field D such that

(i) D is formally homotopic to D through plane fields containing T,
(ii) D and D agree on U U A
(i) D is (2,3,5) inU(c) for every o € T with dim(o) < dim(M).

Proof. Just as in the previous lemma, we are only going to modify D on 7T\75, and we will be
working on the dimension of the simplices o € T\ 75.

From Lemma we know that there exists a rank-3 distribution € with all the properties as listed
in the lemma. We now pick a vector field Z € ([X,Y]) tangential to the fibres of U (o), which is
linearly independent of X and Y by construction, and we pick a vector field W tangential to the
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fibres such that locally we have TM = (8,, X,Y, Z, W).

Now let o be a 0-simplex, and let (o) be the corresponding neighbourhood coming from the asso-
ciated covering of T. Note that U(c) is a flow box of T = 9,, and assume that ¢ € (=6, ) for some
§ > 0. Now take a look at a function p : (=6,8) = (=6, d) depicted in Figure[7.2]

[0)

p

=) 0 [0)
=)

Figure 7.2: Tllustration of the function p : (=4,8) — (=4,5) used in the proof of Lemma Note
that in a neighbourhood around 0, p is almost constant.

We then look at the pull-back of the vector fields X, Y, Zand W by p. We note that by do-
ing this, there is a neighbourhood around the simplex ¢ where the vector fields p*(X), p*(Y),
p*(Z) and p*(W) depend very little on ¢. Le. we can assume that the derivatives of the frame
(p"(X), p*(YV,), p*(Z,), p* (W)} with respect to t are arbitrarily small. Additionally, we note that
the dilation p preserves the formal data, i.e. D is formally homotopic to p*(D)

Let ¢ be the bump function from Figure as constructed in Subsection We then define the
vector field X by

Xy = (1= (1)) cos(t) + C(4))p" (Xp) + (1 = C(#)) sin(t)p™ (V;) + (1= {(1))E°p™ (W),

We are going to show that D = (8,5,?). is (27 3,5) in a neighbourhood of . Therefore, we want to

take a closer look at the vector fields X, Xt and [Xt,yt]. We will do this in the neighbourhood
around o where the vector fields p*(X), p*(Y), p*(Z) and p* (W) depend very little on ¢. Assuming

here that the derivatives {p*(X,), p"(Y2), p*(Z:), p* (W)} with respect to ¢ are arbitrarily small, and
thus ignoring these terms for now, we have the following:

X, = (1= cos(0)U8) = (1= T sin(®)) p" (X) + (= sin(8)(8) + (1= C1)) cos()) p" (Vo)
+(=£C0 + (1-T0) 2t) " (W)

X, = ((1 = cos(0)<(t) + 2sin(1)0(1) = (1= (1)) cos(t) ) p" (X0)
+ (= sin(0)C() = 2cos(HC(#) - (1= (1) sin(t)) p* (V1)
+ (=£7C() = 41C(t) + 21 - X)) " (W)

(X0 X = (1= ) + cos(D(1)(1 = 4(1)) = sin()C(1) ) p* ([ X, VD) +

(=720 + (cos(t)2t +sin()e) (1 = E(1)° + (26(1) = 2T = 1)) p* (X1, W)
+ ((sin(£)2t = cos()t) (1= ¢(£))°) " ([Ve, p" W2 ])-
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By construction we have that close to 0, the bump function Z is either 0 or of order t2, its derivative
is either 0 or of order ¢, and its second derivative is either 0 or of constant value between —2¢ and

2q. In the case where Z = 0, the vector fields X;, X,;, X, and [yt,yt] are automatically linearly
independent. In the other case, we can look at the following approximations:

Xy = ((1=0()(1+0()) + Ot*)) p"(X;) + (1= O(£*))O(1)p™ (V;) + (1 = O(£*))E*p" (W),
= (0(Ho®) - (1- o)) o) p" (X)) + (0(MO(#) + (1~ 0(")) (1+0("))) p" (V)
+(—t*o@) + (1= 0(t%)) 2t) p" (W)
= (0(%) - £25 + 20(1)O(t) - (1 - O(t*)) (1 + O())) p" (X,)
+(0(t) - 25 = 2(1+ O()) O(t) - (1 - O(*))O(1)) p* (Vy)
+(—t7 - £25 — 4tO(t) + 2(1 - O(£*))) p* (W)

(X0 X1 = (1= 0(*)? + (1+0(#)) 0 (1 - O(#2)) = O(1)OM)) p* ([ X, Vi 1)+
(o) o) + ((1 + 0(t")) 2t + O(1)t*) (1 - O())” + (2t0(£*) - *O(1) ) (1 - O(t*)))
p" (X, W21) + ((O(t)2t = (1+ O@*)) £)(1 = 0(t))?) p* ([Ve, W2]) -

From this follows that for ¢ close to 0, and thus close to o, the vector field X, is close to the vector
field p*(X,), the vector field X, is close to p*(Y;), the vector field X, is close to —p™ (X;) +2p* (W,),

and the vector field [X;, X,] is close to p*([X;,Y;]). Therefore, D = (9;, X) is indeed (2,3,5) in
a neighbourhood of o. Since these vector fields are so close to each other, we note that D is also
formally homotopic to p*(D).

Now let o be a 1-simplex and U(o) the corresponding neighbourhood. Again, we have that (o) is
a flow box of T', and thus we can denote one of the coordinate directions by 9;. We want to carry
out the same process as above to yield the desired plane field D. However, just like in the previous
lemma, we should be careful about overlapping neighbourhoods U (a') for ' ¢ o. We know from
Definition that U(o) intersects dU(o') in its vertical part, i.e. the part where T is tangent to
ou (a'). This means that along these fibres, we have already constructed the desired plane field D.
Using Lemma we know we can homotope D along these fibres such that it has the form

(0, cos(t) X, + sin(t)Y, + tzZp)7

and we cut off away from U’, with an appropriate bump function, to yield a smooth distribution.
We note that this is a C”—small change, and thus this distribution is homotopic to the distribution
before. We can then construct X, around ¢ in the same way as before, and interpolate between
the distribution at the O-simplices. This constructs a distribution, which we will also denote by D,
which is (2, 3,5) in a neighbourhood around o.

We can iterate this process until we have dealt with all the simplices of positive codimension. The
resulting distribution D is then indeed (2,3,5) in a neighbourhood of the codimension-1 skeleton,
D =D onUUA and D is formally homotopic to D. O

Remark 7.12. In the proof above, the idea is the following. We dilate the {—coordinate such that it
becomes very stretched out. This makes the family of non-integrable distributions §t more constant
in ¢. Therefore, the first and second derivatives of the frame {X, Yt, Z,,W,} are made arbitrarily
small. We then turn in the X; and Y; direction and add a little W, for convexity, and we obtain
the (2,3,5)—condition. We note that this is very similar to the idea behind the mapping torus
construction in Section There we did not explicitly carry out the dilation, but the idea was the
same. See also Remark [3.9]i). >

We are now ready to prove the main result of this chapter.

Proof of Proposition[7.3. From Lemma [7.7] we know that there exists an adapted triangulation, and
from Lemma [7.9] we know that there exists a covering associated to this triangulation. Then by
Lemma [7.11] there exists a formal (2,3, 5)—structure D which is formally homotopic to D, relative
to A and U, and which is genuinely (2, 3,5) in a neighbourhood of the codimension-1 skeleton.
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What is left is to construct the shells. Let U (o) be a neighbourhood from the associated covering of a
top-simplex 0. We know that ¢/(o) is a flow box of T', and by possibly shrinking this neighbourhood,
we have that D is (2,3,5) on the boundary. Furthermore, we want the angle that the distributions
D and £ make with every fibre ¢t = t; to be bounded by a given constant ¢ > 0. We can achieve
this by possibly dividing the constructed neighbourhood into several separate neighbourhoods. The
resulting neighbourhoods are shells. Since the manifold we are working on is closed and thus compact,
there are finitely many top-simplices, and thus finitely many shells. We conclude that D is (2, 3,5)
in the complement of a finite collection of shells. O

7.4 The h-principle for (2,3,5)—structures on open manifolds

In this section we will discuss an immediate consequence of Lemma [7.11] Namely, that the inclusion
of the space of (2,3,5)—structures into the space of formal (2,3, 5)—structures on open manifolds,
induces a surjection on my—level. See also Lemma [7.16] We have seen before in Section [2.3] that
the h—principle holds for (2, 3,5)—structures on open manifolds, and Lemma is also a corollary
of this result. However, in this section we will prove it using Lemma [7.11] and the fact that the
handle-dimension of an open manifold is strictly smaller than its dimension. This will also highlight
why in the closed manifold case we in fact still need to perform the extension. Let us first look at
the concept of handle-dimension.

Definition 7.13. Let M be a smooth manifold. Suppose there exists a simplicial complex K of
dimension n, with a deformation retract

(%)se[o,l] M- K

onto K, such that v, is a diffeomorphism for all s # 1, but there is no simplicial complex K' of
dimension n — 1 with the same property, we say the handle-dimension of M is n.

Theorem 7.14. The handle-dimension of an open smooth manifold M, is smaller than its dimen-
sion.

Proof. We will give a brief sketch of the proof as it is quite technical. The idea is the following. Pick
a triangulation 7 of M. We then construct a graph ¢ : G = M with the following properties:

e © does not intersect simplices of codimension greater of equal to 2,
e ¢ contains the barycenters of all top-simplices,

e ©(G) is a union of affine simplices connecting each barycenter to the boundary of some
codimension-1 face,

e G is a tree (a connected graph with no cycles).

This graph allows us to define an isotopy (1 ):e[0,1], using the isotopy extension theorem, such that
the image of v lies in the complement of the barycenters of the top-simplices. O

Remark 7.15. The proof of Gromov’s h—principle, Theorem [0.3] is in fact also a consequence of this
theorem. Therefore, using this theorem to prove the h—principle for (2,3,5)—structures on open
manifolds, is in fact very similar to redoing the proof of Gromov applied to this specific case. >

Combining this theorem with Lemma we can now (re)prove the following result.

Lemma 7.16. Let M be an open manifold. Then the following inclusion
@iﬁt(2)375)(M) hd f@iﬁt(27375)(M)

induces a surjection on my—level.

Proof. Let D be a formal (2,3,5)—structure on an open manifold M. By Lemma we know
that there exists a formal (2,3,5)—structure D which is homotopic to D, and which is (2,3,5)
along the codimension-1 skeleton. Since M is open, we know that the handle dimension is strictly
smaller than dim(M). From this follows that there exists a deformation retraction of M to a
neighbourhood which lies in the complement of the barycenters of the top-simplices. Let (15)sef0,1]
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denote this deformation retraction. Now let (¢;):e[1,2] be an isotopy pushing the top-simplices minus
barycenter radially out towards their boundaries. We conclude that

(¢1041)"(D)

is a (2,3, 5)—structure on the whole of M, which is homotopic to D by the homotopy (¢} (5))%[071].
O

Remark 7.17. The proof of Lemmal[7.10]relies heavily on this deformation retraction described above.
Since the handle dimension of a closed manifold is not necessarily strictly smaller than its dimension,
we cannot invoke this trick. Therefore, we need to work a bit harder to prove the h-principle for
overtwisted (2,3,5)—structures on closed manifolds. Namely, we need to still obtain the (2,3,5)-
condition in the top-simplices. Recall from the introduction, that this is precisely what is called the
extension problem, and that we will use the overtwisted disc to achieve the (2, 3,5)—condition on
the whole manifold. >
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Chapter 8

The extension

In this chapter we will prove the main result of this thesis. Let us repeat the statement.

Theorem Let M be a closed 5-dimensional manifold. Then the inclusion
Dist(hg (M, A) = FDist(g 5 (M, A),

is a weak homotopy equivalence.

We will do this by first proving that this inclusion induces a bijection on my—level, i.e. the first
sections of this chapter will be devoted to proving the following theorem.

Theorem 8.1. Let M be a closed 5-dimensional manifold. Then the following map
. 0T . 0T
Ly = T (@15t(27375)(M7 A)) — 7o (]“@15{(27375)(]\47 A)) ,

induced by the inclusion @iﬁt(OQg)S)(M7 A) - f@istggﬁ)(M, A), is a bijection.

In Chapter [7] we reduced the surjectivity part of this problem to the extension problem. Le.
given a formal (2, 3,5)—structure, we found a way to homotope it to a formal (2, 3,5)—structure
which is (2,3,5) in the complement of a finite collection of shells. What is left is to obtain the
(2,3,5)—condition in these shells. We do so by first remodeling these neighbourhoods such that
they are easier to work with. Next, we will recall a result from Chapter [6] which will help us to
a move piece of the overtwisted disc towards a shell. Thereafter, we will show how we can use the
overtwisted disc to “fill up” the shell, and thereby obtain the (2,3, 5)—condition. This finishes the
surjectivity part of the proof of Theorem [8:1} After that, we will prove that the map is also injective,
by using very similar techniques as we used for the surjectivity part. The last section of this chapter
focuses on proving that the inclusion is also an isomorphism on higher homotopy groups, which will
finish the proof of Theorem [0.4]

The material presented in this chapter has not been published before, and thus this is an original
contribution of the thesis. As a small remark, the proofs presented in this chapter are slightly less
detailed than the proofs we have seen before. We invite the reader to think about, and fill in these
details.

8.1 Set up

Let us quickly recap the setting we are working in and what we have achieved in Chapter [7] Let M
be a closed 5-dimensional manifold and let

DcécTM

be a formal overtwisted (2,3,5)—structure with a vector field T € D. Let A be an embedding of
the overtwisted disc into (M, D), and let U € M be a submanifold such that

i D|U is (2a375)7

e M\U is connected,
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e A is contained in M\U.

In Chapter [7] we proved that there is a formal (2, 3,5)—structure
DcécTM

which satisfies the following conditions:

(i) Tt is homotopic to the original formal data through plane fields containing 7', relative to A
and U.

(ii) D is (2,3,5) in the complement of a finite collection of shells.

For the surjectivity part of Theorem what is left is to homotope D such that it becomes (2, 3, 5)
also in the shells. The proof of Proposition [7.3] uses a triangulation 7 adapted to T' C D C £ with
associated covering {U(c)},e7. We will continue to use this same triangulation and covering in this
chapter.

8.2 Remodelling the shells

In this section we explain how we want to remodel (or view) the shells, such that they are easier
to work with once we perform the extension. Recall from Section that a shell is an open subset
V' € M such that

e Dis (2,3,5) on a neighbourhood of the boundary,
e V is a flow box of T', so we can denote T'= 0; in V,

e the angle between D|;—o and D|;~, is bounded (in absolute value) by a given constant ¢ > 0,
for every ty. The same holds for £.

We want the opens which we are going to perform the extension on, to have the following additional
properties:

(i) They are of (smooth) cubic form, meaning their boundaries have a (4-dimensional) bottom
and top face, connected by (4-dimensional) side faces in a smooth manner,

(ii) They are flow boxes of T, and the bottom and top face are transverse to T,

(iii) On the bottom face there should be flow lines tangent to D going from one side face to the
opposite side face.

See also Figure for an illustration of this. We can in fact easily construct these opens. Namely,
in Chapter [7| we constructed the distribution D by making it (2,3,5) in a neighbourhood of the
codimension-1 skeleton, and we chose the shells by looking at slightly smaller copies of the top-
simplices. Within this neighbourhood of the codimension-1 skeleton, we have enough freedom to
choose such a neighbourhood of cubic form, as described above. Note that the initial properties of
a shell are then still satisfied.

Furthermore, recall that the triangulation we are working with is adapted to the vector field T,
meaning that the faces of a top-simplex are transverse to T. If we choose the faces of cube close
enough to the boundary of the top-simplex, this will mean that also the bottom and top face are
transverse to T'. Lastly, recall from Remark that if a triangulation is adapted to a distribution
D, then on the bottom of each top-simplex, there are flow lines tangent to D flowing from one side to
the other. See also Figure [7.1} This is a property which follows from the fact that the distributions
T and D are transverse to all simplices in 7. Since we have not altered T, this is still the case.
So, again, choosing the cube close enough to the boundary of the top-simplex will yield the same
property, and thus property (iii).

In the rest of this chapter, we shall work with these opens, and refer to them as cubical shells.
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Figure 8.1: Tllustration of a shell in cubical form. Here the vector field T' = 9, is the vertical direction,
and the blue flow lines on the bottom are tangent to D.

8.3 Moving the overtwisted disc

As mentioned before, we want to use the overtwisted disc to fill up the cubical shells. This requires
that we find a way to move the overtwisted disc towards the shells. For this we recall the following
result from Chapter [6]

Corollary Let (M, D) be a (2,3,5)—manifold and let
fo: LM, fi:UcLoM
be embeddings transverse to D, with U = D* and fo loose. Then there exist maps
fe: L= M

transverse to D for all s € [0,1] with fs|or = folor and filu = fi-

From Definition [6.7 we know that we define an overtwisted disc in a manifold as a Lutz twist added
along the boundary of the tubular neighbourhood of a transverse 3-manifold L, which is embedded
by a loose, transverse embedding. Corollary tells us how to move this 3-manifold, and thus we
have a way to move the overtwisted disc to the cubical shells. See also Figure[8.:2l We note that for
every shell, we only move a piece D® ¢ L towards it.

Figure 8.2: Illustration of how we move a piece of the overtwisted disc towards a cubical shell, using
Propositionto move the 3-manifold L. Recall that the Lutz twist is added along v(L).
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8.4 Filling up the shells

We will obtain the (2,3,5)—condition in the cubical shells in two steps. First, we stretch out the
tubular neighbourhood v(L) along the bottom of the cube. Secondly, we stretch out the Lutz twist
coming from the overtwisted disc all the way to the top of the cube. Doing so, we need to be
careful that the resulting distribution is still smooth and matches up nicely with the neighbourhood
of the boundary of the cube where the distribution is already (2,3,5). If we have achieved the
(2,3,5)—condition in the cubical shells, we can use this in the next section to show that we can
homotope a formal overtwisted (2,3, 5)—structure, into a genuine overtwisted (2, 3,5)—structure.

8.4.1 Moving along the bottom of the cube

We first take a look at the following lemma. It states that we can isotope transverse hypersurfaces,
through transverse hypersurfaces, using flows of transverse vector fields.

Lemma 8.2. Let D be a rank 2 distribution on a manifold M. Let N be a hypersurface which is
transverse to D. In particular, let X be a vector field tangent to D and transverse to N. Let p;
denote the flow of X. Then @(N) is also transverse to X, and thus to D, for all time t.

Proof. Let q € p4(N) such that ¢,(p) = ¢ for p € N. Since N is transverse to X, we know that
T,N ® X, = T, M.
We then note that

Tq(@t(N)) @ Xq = (dp@t)(TpN) @ (X ° Qot)q
= (dp(pt)(TpN) o (dp<pt)(Xp)
= (dp(pt)(TpN o Xp)

= (dpsot)(TpM)
= T,M.

The last step is justified by the fact that ¢, is a diffeomorphism and thus d,p; : T,M — T, M is a
bijection between tangent spaces. This shows that indeed ;(N) is transverse to X, and thus to D,
for all time ¢. O

Recall that we can use Corollary to move (piece of) the overtwisted disc towards a cubical shell.
We now want to use this idea of moving transverse hypersurfaces along flows of vector fields, to push
the boundary of the tubular neighbourhood dv(L) along the bottom of the cubical shells. Recall
that on the bottom faces of the shells we have flow lines tangent to D. We will move part of dv(L)
along these flow lines to obtain a neighbourhood of L which covers the whole bottom face. This idea
is written down formally in the next lemma. The idea of the proof is very similar to that of Lemma
3.2)

Lemma 8.3. Let B C M be a 4-dimensional submanifold which is isomorphic to the space [0, 1]4,
Let L be a 3-dimensional manifold which we can embed in B as [0,1]> x {0}, and let v(L) denote
its normal bundle. Let D be a rank 2 distribution on M. Let X be a vector field tangent to D with
flow ¢, for which there ezists a map f :[0,1]° X {0} > R such that

07([0,17% x {0}) = [0,1]% x {1}.

Le. the flow lines of X on B, flow from one side to the other. See also Figure[8.3 for an illustration
of this setting. We can then use the flow of X to isotope the boundary Ov(L) in the direction of
[0,1]* % {1} such that the resulting neighbourhood around L covers all of B, and the boundary is
transverse to D. See Figure[8.] for an illustration of this result.

Proof. Let N be a subset of Jv(L) which is a thickening of the intersection of dv(L) with B. We
note that we can choose NV such that N is transverse to X. See also Figure Let N be a slightly
smaller thickening inside N. We then construct the following function:

g:N->R, pwx(p)f(p),

70



viL)

Figure 8.3: Illustration of the setting of Lemma [8:3]

Figure 8.4: Illustration of the result of Lemma (8.3

where xy : N — [0,1] is a smooth bump function which is 1 on N and 0 near the boundary of N,
see also Figure [8.6] We can then define the map

0g N =M, pe @up(p).

Note that ¢, is a diffeomorphism onto its image. We then want to show that ¢, (N) is still transverse
to the vector field X.

Let ¢ € ¢,(N) such that ¢,(p) = ¢ for p € N. Since N is transverse to X, we know that
T,N ® X, = T, M.
We then note that

Ty(pg(N)) & Xy = (dppg )(T,N) © (X 0 p)4
= (dppg (TN ) @ (dypy)(X,)
= (dppy)(T,N & X))
= (dp<Pg)(TpM)
=T,M.

Here in the last step, we use that di, |y is a bijection on tangent spaces. From this we can conclude
that o, (V) is still transverse to the vector field X. We note that (0v(L) — N)U,(N) is a smooth
hypersurface transverse to D, of which its inside is a neighbourhood of L which covers B. O

Using the homotopy of the tubular neighbourhood v(L) above, we can stretch out the piece of
overtwisted disc along the bottom face of the cubical shell. This is shown in the next lemma.

Lemma 8.4. Let M be a manifold and let D C £ C TM be an overtwisted formal (2,3,5)—structure
on M. Let C be a cubical shell disjoint from the overtwisted disc, and let D be genuinely (2,3,5)
in a neighbourhood of the boundary OC. Suppose we have used Corollary[6.6 to move a piece of the
overtwisted disc towards C. Let D' denote this distribution. We can then homotope D', such that the
resulting structure is overtwisted on the whole bottom face of the shell C'. The resulting distribution
s formally homotopic to D'
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Figure 8.5: Illustration of the proof of Lemma [8:3]

1 X

o~

N

Figure 8.6: Illustration the bump function x used in the proof of Lemma

Proof. First of all, we can use Lemmato push the boundary dv (L) along the bottom face as also
portrayed in Figure and We do this carefully, such that v (L) stays in the neighbourhood
of 8C where D' is (2,3,5). To obtain a distribution which is overtwisted along the bottom of the
shell, we stretch the Lutz twist along the bottom face as we push the boundary dv(L). Note that
essentially, we are just reparameterising in the X —direction. The resulting distribution is formally
homotopic to D', as this proof just uses homotopies of distributions which are genuinely (2,3,5). O

8.4.2 Moving the overtwisted disc vertically

In the previous subsection we have shown how we can stretch out the overtwisted disc along the
bottom of the cubical shell. What is left, is to use this overtwisted disc to fill up the shell in the
vertical direction, i.e. from bottom to top. This is formulated in the following lemma.

Lemma 8.5. Let M be a manifold and let D C £ C TM be an overtwisted formal (2,3,5)—structure
on M. Let C be a cubical shell disjoint from the overtwisted disc, and let D be genuinely (2,3,5)
in a neighbourhood of the boundary C. Suppose we have used Corollary[6.6 to move a piece of the
overtwisted disc towards C, and we have used Lemma[8.]] to push the disc along the bottom of the
shell. Let D' denote this resulting distribution. Then there exists a constant ¢ > 0 (as in Definition
, such that we can homotope D', using the overtwisted disc on the bottom, making it (2,3,5) on
whole of C. The resulting structure is formally homotopic to D'

Proof. First of all, recall from the definition of a shell that the vertical direction is parameterised
by the t—coordinate, and that we have the following property. Given a constant ¢ > 0, the angle
between Dl and D], is bounded (in absolute value) by ¢ > 0, for every ¢;, and the same holds
for £. At the end of this proof, it will become clear how we should choose c.

Take a look at Figure where we portray the side face of the shell C'. Along the bottom, there is
an overtwisted disc, and in orange we have indicated the hypersurface along which the Lutz twist is
added. Since D is (2,3,5) in a neighbourhood of dC, we can find another hypersurface, indicated
in blue in Figure [8.7] along which one could Lutz twist. Note that the blue and orange hypersurface
overlap near the bottom. We then use Corollary to move a piece of overtwisted disc towards C,
such that we also obtain a Lutz twist along blue. We place this Lutz twist in such a way that it
matches with the Lutz twist along orange at the overlapping areas.

Now take a look at Figure[8:8 We know that the vertical direction of a shell is parameterised by the

t—coordinate, and thus we can reparameterise ¢, such that the bottom of the shell is at level ¢ = 0,
and the top at level ¢t = 1. Figure [8.8] shows a homotopy, which brings the orange hypersurface up,
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Figure 8.7: Illustration of the side face of the shell C'. In orange and blue we see two hypersurfaces
of tubular neighbourhoods around the boundary of the shell. Along these hypersurfaces, there are
Lutz twists, which we indicate by the small green twist.

such that the middle part is situated at ¢ = % Note that we construct this homotopy using similar
techniques as in Lemma [822] When performing this homotopy, we stretch out the Lutz twist along
orange such that it fills up the whole shell. Note that the resulting distribution is (2,3,5) in C, and
during this process, we have pushed some area which is not (2,3,5), above the shell. We denote the
resulting distribution by D,.

t=

r A

<t
]

-

g

t—-—oé i,

Figure 8.8: In this illustration we portray the homotopy of the orange hypersurface as used in the
proof of Lemma The hypersurface is pushed to the level ¢ = 1, and during this process, the

2 )
Lutz twist is stretched and eventually fills the whole shell.

Now take a look at Figure[8.9] Here we see a very similar homotopy, where we push the blue hyper-
surface down to half way the shell (i.e. t = %) Again, when we perform this homotopy, we stretch
out the Lutz twist such that it fills the whole shell. Note that again, the resulting distribution is
(2,3,5) on C, but we have pushed some region where the distribution is not (2, 3, 5), below the shell.

To obtain the desired distribution, we interpolate from Dy to D; in the t—coordinate, when moving
from the bottom to the top of the shell. We denote the resulting distribution by D'. So why is D'
(2,3,5) on C (and a neighbourhood of C)? Recall that when moving from bottom to top in a shell,
in the direction of the t—coordinate, the distributions D and £ do not change drastically. Namely,
this was bounded by a constant c. When we choose ¢ small enough, the distribution at the bottom
and the top will look very similar. Therefore, the Lutz twist around orange and blue will also look
very alike. This means that the linear interpolation between Dy and D; will not be that aggressive,
and thus the resulting structure will be (2,3,5). Also, note that by linearly interpolating from D,
to D, the regions which were not (2,3,5) which we pushed out of C' in the homotopies of Figures
and are not present in the resulting distribution D' anymore.
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Figure 8.9: In this illustration we portray the homotopy of the blue hypersurface as used in the
proof of Lemma, The hypersurface is pushed down to the level t = %, and during this process,
the Lutz twist is stretched and eventually fills the whole shell.

We note that D is homotopic to Dy, and by linear interpolation, it is homotopic to D'. Lastly, we
note that this homotopy is also a formal homotopy, as we chose the constant ¢ > 0 small. Namely,
because of this, D and £ change very little when moving from bottom to top, and also Dy and Dy
differ only very little. Therefore, all the homotopies in this proof preserve the given formal data. [

8.5 Proof of Theorem [8.1]

We have now gathered all the ingredients in order to prove the surjectivity part of Theorem In
this section we will combine all these results, also from previous chapters, to prove that the inclusion
indeed induces a surjection on path components. Thereafter, it turns out that we can use many
of those same techniques and results in order to prove the injectivity on mg-level. This finishes the
proof of Theorem 8.1

8.5.1 Proof of my-surjectivity

Theorem 8.6. Let M be a closed 5-dimensional manifold. Then the following map, induced by the
inclusion, is a surjection:

o (Dist(a's 5y (M, A)) = o (FDist(yg 5 (M, A)).

Proof. Let D C £ C TM be a formal overtwisted (2, 3,5)—structure with embedding A : App =
(M, D), which is already (2,3,5) on a subset U € M. From Proposition we know that there
exists a formal (2,3, 5)—structure o

DcécTM

which is homotopic to the original formal data, relative to A and U, and D is (2,3,5) in the com-
plement of a finite collection of shells.

From Proposition [6.13] we know that in the presence of an overtwisted disc, we can produce another
one with the same model, by homotopy, which respects the formal data. We still denote the resulting
structure, after carrying out this homotopy, by D € £ C TM. We then pick one of the overtwisted
discs, and we focus on a single shell. As discussed in Section [8:2] we can view this shell as a cubical.
We then use Corollary to move a piece of the overtwisted disc towards the cubical shell. This
corollary respects the formal data, as it is an h—principle. Thereafter, we use Lemma to push
the overtwisted disc along the bottom face. Lastly, we use Lemma [8:5] to stretch out the overtwisted
disc in the vertical direction, and obtain a distribution with the (2, 3,5)—condition in the whole shell.

From Proposition [7.3] we know that there are only finitely many shells, and thus we can choose
a constant ¢ > 0, such that we can perform this homotopy on every shell. This procedure yields
a genuine overtwisted (2,3, 5)—structure, which we will denote by D'cé&cTM , which contains
an (original) embedding A : Apy = (M, D) of the overtwisted disc, is not altered on U (see also
Corollary , and is homotopic to the initial formal (2,3,5)—structure D ¢ £ ¢ TM. We note
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that all the homotopies carried out in this proof respect the original formal data coming from the
formal (2,3,5)—structure D ¢ £ C TM, and thus this proves indeed that the map in the statement
is surjective. O

8.5.2 Proof of my—injectivity

In this subsection we will prove that the map in Theorem is also injective. This finishes the
proof of this theorem, as we have already showed that it is surjective. As mentioned before, the
injectivity proof uses many of the same techniques and results as the surjectivity proof. However,
since we are working with a homotopy of formal (2,3,5)—structures which we want to turn into
genuine (2,3, 5)—structures, we need to apply several of these results in a parametric setting. We
do not explicitly prove that these results also hold in a parametric setting, which is why the proof
below is given as a sketch.

Theorem Let M be a closed 5-dimensional manifold. Then the following map
. OT . OT
Ly + T (@15{(27375)(M7 A)) — 7o (]"@15{(27375)(]\47 A)) s

induced by the inclusion @iﬁt(ozg)5)(M7 A) - f@istggﬁ)(M, A), is a bijection.

Sketch of proof. From Theorem we know that the map in the statement is a surjection, so
what is left to show is that is it also an injection. Therefore, let Dy and D; be two overtwisted
(2,3,5)—structures with a fixed embedding of the overtwisted disc A : Agr < (M, D), that are
homotopic as formal overtwisted (2, 3,5)— structures. Let (D)se[0,1] C }"@iﬁtgg’s)(M,A) denote
this homotopy.

Consider the 6-dimensional manifold M x [0, 1], where [0,1] is parameterised by s. From Lemma
[777 and [7.9] we know there exists an adapted triangulation together with an associated covering.
Using Thurston’s jiggling [40], we can ensure that this adapted triangulation is also transverse to
the fibres M x {s}. Shortly, it will become clear why we put this extra condition on the triangulation.

We note that the distributions D, are all transverse to simplices of positive codimension. Therefore,
we can use the same techniques as in the proofs of Lemma Lemma and Proposition [7.3]
but in a parametric setting, to obtain a homotopy of distributions (58)56[071] with Dy = D, and
D; = Dy, such that the 53 are (2,3,5) in the complement of a finite collection of shells. We can
do this relatively to s = 0,1, as Dy and D; are already genuinely (2,3,5). We note that in this
case, shells are open sets of M X[0, 1], and thus 6-dimensional. We will refer to these shells as 6-shells.

What is left is to obtain the (2, 3,5)—condition for the distributions on the fibres of the 6-shells. For
this we will need the overtwisted discs, but since we want to keep a copy of the initial embedding,
we need to replicate it. From Proposition we know that in the presence of an overtwisted disc,
we can produce another one with the same model by homotopy. We carry out this process for all the
distributions D, parametrically in s, to yield a homotopy of distributions with each two copies (or
more if necessary) of the initial embedding A : Agr <= (M, D). We will still denote this homotopy

by (Bs)se[o,l]-

We have constructed the triangulation in such a way that all the simplices are also transverse to the
fibres M X {s}. From this follows that the fibres of the 6-shells are either 0-simplices, or 5-shells.
See also Remark for more comments on this. Now, as described in Section we can view 5-
dimensional shells as cubical. Similarly, we view 6-shells as cubical, if each fibre over s is a 0-simplex
or a 5-dimensional cubical shell, in the sense of Section [8.2)

We then apply Corollary [6.6] in a parametric sense, i.e. we move a piece of the overtwisted disc
times a piece of the interval [0,1] and attach it to a cubical 6-shell, by attaching it on every fibre
over s to the cubical 5-shells in the same way as in Figure but smoothly with respect to s. We
then apply Lemma to push the overtwisted disc along the bottom of every 5-dimensional shell,
which we again do in a smooth manner with respect to parameter s. Lastly, we apply Lemma [8.5
parametrically in s, to stretch out the overtwisted disc in the vertical direction of every 5-shell, and
by this we obtain distributions on the fibres, which are (2,3,5) on the 5-shells.
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From Proposition we know that there are only finitely many 6-shells, and thus we can carry out
this process finitely many times. This procedure yields a homotopy of (2, 3, 5)—structures, which we
will denote by (D’s)se[o,m with D = Dy and D = Dy, and which contain an (original) embedding
A Aor = (M, D) of the overtwisted disc. O

Remark 8.7. In the proof of Theorem above, we triangulate the manifold M X [0, 1] such that
the simplices are also transverse to the fibres M X {s}. We do this such that on each fibre, a 6-
dimensional simplex either looks like a O-simplex or a 5-simplex. This makes it easier to apply the
results we have already proven for 5-simplices, like Corollary [6.6] Lemma [8:4] and Lemma [85] In
the next section, we will prove that the inclusion

L1 Dist s 5) (M, A) = FDistl s 5 (M, A),

also induces a bijection on higher homotopy groups. For this, we will need to look at S"—families
of formal (2,3,5)—structures. We will then triangulate the manifold S” x M and require that the
simplices are also transverse to the fibres {x} X M, for € S". This is for precisely the same reason.
Then the cut of the top-simplices with the fibres {z} x M will either look like 0- or 5-simplices,
which makes it easier to apply results we have already seen for 5-simplices. >

8.6 Higher homotopy groups

Recall that a weak homotopy equivalence means that a map induces an isomorphism on not just
path-components, but also on higher homotopy groups. Therefore, to prove Theorem [0.4] we need
still need to prove the theorem below. Just like the my—injectivity part, the proof of this theorem
uses a lot of the same results and techniques that we used for the my—surjectivity part. However,
now we need to adapt it to S"—families of (formal) (2, 3,5)—structures. The proof given below is
more of a sketch, to provide the idea of the proof, but the reader is welcome to fill in the technical
details.

Theorem 8.8. Let M be a closed 5-dimensional manifold. Let Dy be an element in @iﬁtggﬁ)(M, A).
Then the following map,

. ,OT . ,oT
Ly * Trn(@‘st(Z,S,S)(Mv A)7 DO) - Trn(‘F:D‘st(Q,S,S)(Mv A)7 L(DO))
induced by the inclusion ¢ 915’:8275)(M, A) - f@istggﬁ)(M, A), is a bijection for alln = 1.

Sketch of proof. First, we want to show that the map ¢, is surjective. Let f : 8" — ]-'@istg{;)ys)(M, A)
be a pointed map. We can also view this map as an S"—family of formal (2,3,5)—structures

(D, )zesn. Let us give an outline of the proof. Note that the structure is very similar to the proof
of Theorem B.11

e First, we construct an adapted triangulation, which is also transverse to the fibres {z} X M
for x € S".

e Thereafter, we use the same techniques as in Proposition [7.3] but parametrically in z, to
obtain an S"—family of formal (2,3, 5)—structures (D, ),es", where each D, is (2,3,5) along
the codimension-1 skeleton.

e Hereafter, we move a region OX A(Aor), where O is an open in S”, towards every top-simplex.
We do this by applying Corollary but then in a parametric setting.

e Lastly, we use this overtwisted region to fill up the top-simplex and obtain the (2, 3, 5)—condition.
We note that for every top-simplex, its cut with the fibre {z} X M is transverse, and thus of
the form of a 5-simplex. Therefore, on every fibre, we can use Lemma [8.4] and Lemma
parametrically, to obtain the (2, 3,5)—condition in the top-simplices. See also Remark

From this we obtain an S”—family of (2,3, 5)—structure (D) es» which are homotopic to the orig-
inal family (D, ),esr we started with. This proves that the map ¢, is surjective.

For the injectivity, let fo, f; : S" — @istgg75)(M,A) be two pointed maps, and let (hs)se[0,1] *
S" - f@istggﬁ)(M,A) be homotopy with hg = fy and h; = f;. We then want to construct
a homotopy (gs)sef0,17 * S" — ’Dist(Ong)(M,A) with go = fo and g; = fi. Note that this boils
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down to homotoping a S™ x [0, 1]—family of formal (2, 3,5)—structures (D, s))(z.5)esmx[0,1] into a
S™ x [0, 1]-family of genuine (2, 3, 5)—structures, relative to 0 and 1. To construct this homotopy,
we use a very similar strategy as in the proof of Theorem Let us again give an outline of the
proof.

e We first construct an adapted triangulation of 8" x M X [0,1], such that the simplices are
also transverse to the fibres {z} x M x [0,1] for € S", and to the fibres S” x M x {s} for
s €[0,1].

e We then use the same techniques as in Proposition but parametrically in (x, s), to obtain
an S" x [0, 1]—family of formal (2, 3,5)—structures (D, s))(x.s)esmx[0,1], Where each D, ) is
(2,3,5) along the codimension-1 skeleton.

o Thereafter, we move a region O X A(Apr) X (a,b), for an open O € S™ and an open interval
(a,b) C [0,1], towards every top-simplex. Again, we do this by applying Corollary but
then in a parametric setting.

e Lastly, we use this overtwisted region to fill up the top-simplex, and obtain the (2, 3, 5)—condition.
Again, we note that for every top-simplex, its cut with a fibre {z} X M X {s} is transverse,
and thus of the form of a 5-simplex. Therefore, on all those fibres, we can use Lemma [8.4
and Lemma [8.5] in a smooth manner with respect to the parameters x and s, to obtain the
(2,3,5)—condition in the top-simplices.

From this we obtain an S™ x [0, 1]—family of (2, 3,5)—structures (sz,s))(z,s)esnx[o,l]; which is ho-
motopic to the original family (D, s))(z,s)esmx[0,1]- This proves that the map ¢, is injective. O

The main result of this thesis, Theorem follows from Theorem and Theorem Le. this
proves the h—principle for overtwisted (2, 3,5)—structures on closed manifolds!

Recall, that we reduced the statement of Theorem in Chapter [7] to an extension problem.
In fact, all the results we presented in Chapter [7] were relative to a region U, where the formal
(2,3,5)—structure was already (2,3,5). Moreover, the results and constructions in Chapter [ and
Chapter [§] do not alter the distribution on this region U. Therefore, to conclude this final chapter,
and as a corollary of Theorem we have the following result.

Corollary 8.9. Let M be a closed 5-manifold, and let U € M be a closed subset such that M\U
is connected. Suppose D € f@iﬁtggé)(M,A), with D|y is (2,3,5) and A is contained in M\U.
Then there exists a homotopy (Ds)sef0,1] C F@iﬁtggﬁ)(M, A) such that

[ ] _Do = D,
e D;=D onUUA,
° D1 (S @15{(02?;’5)(M,A)
Furthermore, let Dy and Dy be two elements in @iﬁtggﬁ)(M,A), such that Dy|y and Dq|y are

(2,3,5), and let (Dg)se[0,1] be a homotopy in f@iﬁtggﬁ)(M, A) such that D,|y is also (2,3,5) for
every s € [0,1]. Then there exists a homotopy (D;)se[o,l] C @ist(ofsﬁ)(M, A), such that

e Dy =Dy and D = Dy,
. DgzDS on U UA.

We note that this statement is a result on path-components, but that a similar result can be formu-
lated for the higher homotopy groups.
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Conclusion

In this thesis, we looked at a specific type of bracket-generating distributions, called (2,3,5)-
structures. The primary goal was to prove an h—principle on closed manifolds, for a particular
family of (2, 3,5)—structures, which are called overtwisted. As mentioned in the introduction, prov-
ing an h—principle for a certain type of geometric structure, can tell us more about the existence
and topology of the space of such structures. Let us repeat the main result of the thesis.

Theorem Let M be a closed 5-dimensional manifold. Then the inclusion
Dist( s 5) (M, A) o FDist( s 5) (M, A),
is a weak homotopy equivalence.

This is a new result, and thus an original contribution of the thesis to the research field.

So how did we prove this theorem? The general idea for proving an h—principle for overtwisted
structures, as also seen in the contact [I3] and Engel case [12], is that we define the overtwistedness
in such a way, that we have all the necessary ingredients for proving the h—principle. This is also the
approach we used in this thesis. We defined Lutz twisting in (2, 3,5)—manifolds, using the contact
and Engel case as a source of inspiration. This allowed us to define the overtwisted disc, for which we
proved a self-replicating property. To establish the surjectivity on my—level, we then reduced The-
orem to an extension problem, i.e. we homotoped a formal overtwisted (2, 3, 5)—structure, to a
distribution which is already (2,3,5) in a neighbourhood of the codimension-1 skeleton. Hereafter,
we used the (extra copy of the) overtwisted disc, in order to “fill up” the top-simplices, and obtain the
(2, 3,5)—condition on the whole manifold. We defined the overtwisted disc in such a way that it has
all the properties we need in order to perform this extension. Using many of the same techniques, we
were also able to prove the injectivity on my—level, and the isomorphisms on higher homotopy groups.

Now, let us reflect on some limitations of this thesis. First of all, the proof of Theorem uses a
statement we did not prove within the thesis, namely Conjecture We did justify why we can
use it, but due to a lack of time, we did not provide a proof. Additionally, the proofs in Chapter
are less detailed than the proofs presented in the chapters before. Especially when we apply results
in a parametric setting, we do not always explicitly show how we do this. Both of these limitations
are due to time constraints, and we invite the reader to think about these details.

To conclude, we are going to discuss some open questions and ideas for potential further investigation,
which arise from the material presented in this thesis. These questions and ideas could be used as
inspiration for future research. Note that the limitations described above, form the first items in
the list below.

o First of all, as mentioned above, we did not prove Conjecture in this thesis. This is a
statement on an h—principle for a special class of transverse embeddings, which we call loose.
A similar statement has been proven by Murphy in [35], for loose Legendrian embeddings in
contact manifolds. Similarly, one could explicitly define the definition of a loose transverse
embedding in a manifold endowed with a bracket-generating distribution, and prove that the
h—principle holds.

o Many of the results and proofs in this thesis are inspired by results and proofs in [12]. In this
paper, del Pino and Vogel proved the h—principle for overtwisted Engel structures on closed
manifolds, in a parametric setting. In this thesis we also stated a parametric h—principle, and
we proved, although at some points a bit more sketchily, the full weak homotopy equivalence.
Omne could try and use the more explicit proofs presented in [12] to also make some of the
proofs in this thesis, regarding parametricity, more detailed.
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o The next four items all entail possible generalisations of the results in this thesis. First of
all, (2,3, 5)—structures were a natural choice of object to investigate after contact and Engel
structures, because of dimensional reasons. Therefore, the next object of interest could be
distributions with growth vector (2, 3,5, 6), as these are maximally non-integrable distributions
of rank 2 on 6—manifolds. One can define what it means for (2,3,5,6)—structures to be
overtwisted, and prove an h—principle for them on closed manifolds. However, one could also
try a more general approach, and define overtwisted maximally non-integrable distributions
of rank 2, on manifolds of arbitrary dimension! Many of the techniques used for the contact,
Engel and now the (2, 3,5)—case, are very much related, and this makes it plausible that we
can indeed generalise to arbitrary maximally non-integrable distributions of rank 2.

o The previous generalisation will probably also make it easier, to possibly generalise the result
to arbitrary maximally non-integrable distributions (so not necessarily of rank 2). One would
have to think about what an overtwisted disc would look like in such a structure, and how we
would use it to achieve the h—principle. A first thing to investigate, is whether we can construct
a similar reduction argument as has been done for contact, Engel and (2, 3, 5)—structures.

o A different way of generalising to higher dimensional manifolds, is the following. Recall
that we can also define contact structures on higher odd-dimensional manifolds as maximally
non-integrable hypersurfaces. In [3] Borman, Eliashberg and Murphy establish a parametric
h—principle for overtwisted contact structures on manifolds of all dimensions. It would be
interesting to investigate how their approach is related to the approach we follow in this the-
sis, and to perhaps use this to generalize the methods used to prove Theorem to higher
dimensional manifolds.

o For the last generalisation, note that in this thesis, we focused on distributions of rank 2
on 5-manifolds, which are everywhere maximally non-integrable. However, suppose we con-
sider distributions of rank 2 which are non-integrable, but not everywhere maximally non-
integrable? For example, suppose we look at overtwisted distributions which have growth
vector (2,3,5) almost everywhere, but which are (2,3,4,5) along a hypersurface? Could we
also prove an h—principle on closed manifolds for those structures? And what about even
less regular behaviour? We note that when we allow very irregular behaviour, too far from
maximally non-integrable, then an h—principle would be immediate, as we have a lot more
flexibility. However, there are a lot of cases where an h—principle is not immediate, and thus
are definitely interesting to investigate.

o In this thesis, we have defined overtwisted (2,3,5)—structures as (2,3, 5)—structures which
admit an embedding of an overtwisted disc. This is a quite formal definition. A question
which arises, is if there are more conceptual ways of thinking about and defining an overtwisted
disc. This could help us in finding more intuitive examples of overtwisted (2, 3, 5)—structures.
For contact structures, there are several equivalent criteria to decide whether a structure is
overtwisted. For example, the standard Legendrian unknot is loose, and also, there is an open
book compatible with the contact structure, which is negatively stabilised. See [B] for more
equivalent criteria. Can we find such equivalent criteria for overtwisted (2,3, 5)—structures?

o In [9], Dave and Haller discuss the existence question for (2,3,5)—structures on orientable
manifolds. They obtain a complete answer in the open case, but not entirely for the closed
case. Thus, this is a first open question. Another question would be, what closed manifolds
admit an owvertwisted (2,3,5)—structure? Using the h—principle proven in this thesis, we
can already reduce this question to investigating which manifolds admit a formal overtwisted
(2,3,5)—structure. For contact structures, we already know that there are some criteria that
obstruct overtwistedness. For example, an overtwisted contact manifold cannot be the bound-
ary of a symplectic manifold, which was proven by Gromov [26] and Eliashberg [I4]. Can we
find similar criteria for overtwisted (2, 3,5)—structures?

o Often, it is interesting to investigate whether there are any intuitive or physically motivated
examples of mathematical objects. In the introduction of this thesis we saw a physical exam-
ple of a (2, 3,5)—structure. Namely, the motion of a ball rolling on a stationary ball without
twisting or slipping. This raises the question, are there any physical examples of overtwisted
(2,3,5)—structures? In the contact case, we do have a physical example. Namely, the velocity
field of an inviscid, incompressible fluid flow on a 3-dimensional Riemannian manifold, corre-
sponds to a contact 1-form. In [19], Ghrist and Komendarczyk show that the so called “energy
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minimizing flow” is not necessarily a tight contact structure, but can also be overtwisted. Is
there a similar example for overtwisted Engel or (2,3, 5)—structures?

Last, but certainly not least, whether the h—principle holds in general for (2, 3,5)—structures
on closed manifolds, is of course still an open question. This will probably be a harder question
to answer compared to the ones posed above. Namely, also for Engel structures, this is still
one of the main open questions in the field.
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Appendix A

Moser’s trick

In this appendix we are going to prove two strong results regarding (contact) forms. The proofs of
both statements use a technique called Moser’s trick. The trick is named after J. Moser, a German-
American mathematician, who used the trick in 1965 to prove a statement on volume forms and
when they are conjugate by a diffeomorphism of M [34]. It turns out that the trick can be used to
prove many other results, of which we will discuss two in this appendix.

A.1 Gray Stability

In this section we will prove the well-known result of Gray’s stability [23]. From this statement
follows that any two contact structures which are homotopic to each other, in fact only differ by
a diffeomorphism of the manifold. This makes working with contact structures really flexible, as
invariants we define will remain unchanged when we homotope a contact structure. We first look at
two preparatory lemmas before we prove the result.

Lemma A.1. [18, p. 404-406] Let o be a differential k-form on a manifold M, and (1 )ie0,1] an
isotopy of M. Define a vector field X; on M by %1/},5 = X, 0y (i.e. Yy is the flow of X;). Then

d * *

= (Wia) =1 (Lx,a).
Proof. The statement follows from observing that:

(i) the formula holds for functions,

d, « d
a(i/ftf):a(fﬂbt)

= dfo Sy,
=df o (X;01y)
=y (ux,df)
=, (Lx,f).

(ii) if it holds for differential forms « and S, then it also holds for a A 3,

d * *
S (W7 (@) AGE(B))

Dt (@) AT (8) + 07 (0) A 0l (8)

= 5 (Lx,0) A 07 (8) + 6 (0) A (L, B)
= (Lx,a AB+aALx,B)

=7 (Lx,(a A B)).

d «
Ewt (A pB)
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(iii) if it holds for «, then also for da,

d, « d *
E(wt da) = E(d% @)
d, «
= d%(ﬂ’t @)
= dipy (Lx, )
= 97 (dLx, )
= ¢; (Lx,da).

(iv) the algebra of differential forms is locally generated by functions and their differentials.

The next lemma is also proven in [I8, p. 59-60], and we use the same structure of proof here.

Lemma A.2. Let (o;)ief0,1] be a smooth family of differential k-forms on a manifold M, and
(¥4 )tef0,1] an isotopy of M. Define a vector field X, on M by %wt = X; oy (i.e. Yy is the flow of
X;). Then

d d
o (wfat) = ZZ): (aat + L'Xtat)~
Proof. We know from Lemma that for a time-independent k-form o we have
d * *
= (Wia) =1 (Lx,a).

Using this, we see that

d * T/Jt*+h@t+h - ¢:04t
— a;) = lim
dt (wt t) h=0 h
* * * *
— 5 Ui Qeen — ren0y + Yoy — Py oy
= lim
h—=0 h
Qirp — Q Vrnoy — Vr o
- lim o ( t+h t)+hm t+h Xt t Ot
ow”h h ho0 h

* d *
=1y (%%) + 9y (LXtat)
« [ d
= a0 (1/)t at) =y (%O‘t + LXtO‘t)~

O

The next theorem states the result of Gray’s stability. For the original proof we refer the reader to
[23]. The proof worked out below is based on the proof in [I8, p. 60-61], and as mentioned before,
it uses Moser’s trick.

Theorem A.3 (Gray’s stability theorem). Let M be a closed manifold and let (o )ieo,1] be a smooth
family of contact forms on M. There there is a smooth family (1 )ter0,1] C Dif f(M) and a smooth
family of non-vanishing functions (f;)iero,17 on M such that

Yo =id and Yoy = fag.
In particular, if we set & = ker(oy ), then the & are diffeomorphic under 1, to &;.

Remark A.4. As stated before, we shall prove this result using Moser’s trick. The idea is the
following. We assume that 1), is the flow of a time-dependent vector field X;. Then the result we are
trying to prove can be reformulated as a result concerning X;. If this result can be proven, we can
then integrate X; to find ¢;. Note that we are working on a closed manifold, which is convenient,
because then the flow of X; will be defined on the whole manifold. [I8| p. 60] >
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Proof. We shall obtain ¢, by finding the corresponding vector fields X, such that

d .
Eq’[}t = Xy oy, g =id.

We now differentiate both sides of the desired equation with respect to ¢, which gives us:
d d d -1
%(Tﬁ:at)=(%ft)'ao=(§ft)‘(ft) ¢:at=gt‘¢:at

where g, 1= (%ft) S(f) 7
Note that we are precisely in the setting of Lemma [A22] Therefore we have the identity
d d
o (¢:at) = ¢: (Eat + ﬁXtat)-
Using this we get
* d *
Py T Ly, o | =gi s .
By removing t; on both sides of the equation we get
d -1
R + Lx,a = (gt oy ) sy = hy ooy,
where h; 1= gy o 1y ', We thus want to find vector fields X, such that the identity above holds.

Using the Cartan formula the desired equation becomes

T +dix, 0 + vy, dog = hy - oy

If we choose X; € & = ker o; then the equation becomes

d
7Rl + vy, doy = hy - oy (A1)

Now let R; be the Reeb wvector field associated to «; (see also Remark [A.5). Then R, satisfies
R; € ker(oy) and a¢(R;) = 1. Plugging in R; in equation gives us the following:

d

%O‘(Rt) = hy.

Now let Z; € & = ker(a;), and let us plug in Z, into equation this gives us

d
%%(Zt) + LXtdat(Zt) =0,
S0
LXtdat = _dtlkerat~

Since da; is non-degenerate, this determines X; uniquely. Then we can find 1; by integrating X,.
The functions f; are uniquely determined from h; and ; with the initial value fy = 1. O

Remark A.5. In the proof of Theorem [A-3] we use a vector field called the Reeb vector field. Given a
contact form «, the Reeb vector field is defined as the unique vector field R,, which has the properties

da(Ry,—) =0, a(R,)=1.

We note that the Reeb vector field is really connected to the contact form, and not to the contact
structure the form defines. Namely, two different contact forms which define the same structure,
may have very different Reeb vector fields. >
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A.2 Darboux’s theorem

In this section we will prove another important result on contact structures using Moser’s trick. In
the previous section we saw that contact structures are very flexible, as there are no local invariants.
Darboux’s theorem states that we can describe any contact structure on a manifold locally by the
same model, called the standard contact structure (see also Figure .

Darboux’s theorem is quite useful when working with contact structures, as for any point in the
manifold, one can pick a neighbourhood with local coordinates (which is also called a Darbouz ball)
such that the contact structure is of standard form. Let us formally state the result. The proof
below is based on the proof in [I8, p. 67-68], and for the original proof we refer the reader to [g].

Figure A.1: The standard contact structure on R® spanned by the vector fields 9, and 9, +y0, [42].

Theorem A.6 (Darboux’s theorem). Let v be a contact form on a manifold M of dimension 2n+1,
and let p € M. Then there are coordinates x1,...,Ty, Y1, Yn, 2 0N a neighbourhood U C M of p
such that

aly =dz + ijdyj.

7j=1

Proof. We pick a neighbourhood V of p such that V = R*™* and p = 0. We then choose linear
coordinates Xy, ..., Ty, Y1, s Yn, 2 ON R*"*! such that on TOJRQM1 we have that

a(0;) =1,

Ly, da = 0,

0,50y, €kera(j =1,...,n),
dov = Y0y daj A dy;.

You can find these local coordinates by applying the normal form theorem for skew-symmetric forms
on a vector space. Let ag :=dz + Z?:l x;dy;. Note that ag is of the desired form. Let

a; = (1= t)ag + ta
denote a homotopy between oy and a. At 0 we have that
ap = (1—=t)(dz) +t(dz) =dz =«
and . .
Zda:j A dyj) = Zdajj A dy; = da.
— L

J= J=1

day = (1—t)<idxj/\dyj)+t(

J=1

Therefore, because « is a contact form, all the a; are also contact forms at 0. Since being a contact
form is an open condition, there is a small neighbourhood around 0 such that a; is a contact form
for t € [0,1].

We now want to use Moser’s trick to find an isotopy (t)se[0,1] of a neighbourhood of 0 such that
¥ oy = a. As before, Moser’s trick entails differentiating the desired equation with respect to ¢ and
assuming 1), is the flow of a time-dependent vector field X,;. Doing the former we get

d
E"/’:at =0.
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Using Lemma [A2] we get
d
w: (Eat + /:,Xtat) =0.

Using that v, is a diffeomorphism and the Cartan formula, we get

d
prRl +Lx, 0 = prRel +dix,0q + vx,day = 0.

We now write X; = H;R; + Y; where R; is the Reeb vector field of oy, Y; € & := kera; and H; is a
function. Writing X, in this way gives us the following,

d
T +d (o (H Ry +Y3)) + (doy) (Hi R, +Yy) = 0,

d
%O{t + dHt + dOét (}/;g) = O,

d
%at + dHt + LY'tdOét = 0.

We now use the same trick as in the proof of Theorem We plug a vector field into the equation
above, from which we obtain a different equation. Plugging in the Reeb vector field R; gives us

d d
Eat(Rt) +dH,(R;) + ty,doy(Ry) = Eat(Rt) +dH,(R;) = 0,
S0 J
dH,(R;) = _%at(Rt)

We can now find the function H; in a small neighbourhood of the origin by integrating this equation.
Note that this neighbourhood must be small enough such that none of the Reeb vector fields R; have
closed orbits, as otherwise integrating would give 0. As usual with finding functions by integration,
we can set that H,(0) = 0. Furthermore, since o, = a at the origin, we have that %at = 0 at the
origin. From this follows that dH,;|, = 0.

Now that we have found the functions H;, we can use the equation

d
Eat +dH; + LytdOét =0,

to find Y;. We have that
d
Ly, doy = — dH,,
and since da; is non-degenerate we can determine Y; uniquely from this, with Y;(0) = 0. Since we
set X, = H,R, +Y;, we have now found the desired vector fields X,. We note that X,(0) = 0 for all

t, because H,(0) = 0 and Y;(0) = 0.

We define v¢; to be the local flow of X;. This flow is not necessarily everywhere defined. However,
since X;(0) = 0 for all ¢ € [0, 1], the flow is defined in the origin. Since the domain of definition of
a local flow on a manifold is always open, the domain of definition of ¢, is open. Therefore, ¥ is in
fact defined on a small neighbourhood of 0. And thus, we have found a neighbourhood U around p
with U = R*™" and p = 0, such that

dﬁk aly = ap.

This means that
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Appendix B

Contact embeddings

In this appendix, we will be interested in certain embeddings into overtwisted contact manifolds. In
the first section we will define a formal analogue of a contact embedding, and see that any such object
in an overtwisted contact manifold, can be homotoped into a genuine contact embedding. Moreover,
in the second section, we will define the concept of a formal Legendrian, and similarly show that any
formal Legendrian in an overtwisted contact manifold can be homotoped into a genuine Legendrian.
These results highlight that the existence of an overtwisted disc may be very helpful for proving
h—principles for certain structures on contact manifolds.

B.1 Constructing contact embeddings

In this section, our goal will be to construct a genuine contact embedding on an overtwisted contact
manifold, using a formal analogue of such a map. This is a first step into the direction of proving an
h—principle for such embeddings. When proving this, the overtwistedness will be a key ingredient.
Let us first look at the definition of a contact embedding.

Definition B.1. Let (M,¢) and (N,&y) be contact manifolds. A map f : (N,&x) = (M,€) is
called a contact embedding if it is an embedding, and it pulls back the contact structure & to &y,

ie. frE=¢En.
There is also a formal analogue of this definition, which is defined as follows.

Definition B.2. Let (M,£) and (N,{y) be contact manifolds. We say (f : N — M, (& )ie0,17)
is a formal contact embedding if f : N — M is an embedding and (& )ier0,1] s a homotopy of
distributions such that & = f € and & = £y

The theorem below tells us that given a formal contact embedding we can use the formal data to
turn the embedding into a genuine contact embedding. The proof of the theorem below was first
written down by Borman, Eliashberg and Murphy in [3] Corollary 1.4], but the ideas used in the
proof were already thought of by Gromov much earlier.

Theorem B.3. Let (M,£) be an overtwisted contact manifold, and (N,&xN) a contact manifold
where N is compact with boundary. Furthermore, let (f : (N,&n) = (M, ), (& )ier0,1]) be a formal
contact embedding, such that f(N) is disjoint from an overtwisted disc in M. Then there is a contact
embedding

Fi(N.&x) = (M,€)
where N = N — (0N x[0,6]), for & >0 small, is a slightly smaller copy of N, and &5 = Enl| 57, with
f homotopic to f|x.

Proof. We define the following distributions on M for ¢ € [0,1]:

§~= &t on f(N)C
T x(@)e&  onw e f(N),

where x : M — [0,1] is a bump function which is 0 on f(N)“ and 1 on a slightly smaller open U
in f(N), see also Figure This gives us a homotopy of distributions (& )eo,17 on M. We note

that & = € and f*(&) = &€y on U due to the cut-off function.
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w
Figure B.1: A schematic drawing of the bump function x used in the proof of Theorem [B.3]

In [I1} p. 35-37] it is shown how we can deform the homotopy (ét)te[m] into a homotopy of genuine
contact structures on M, which we will still denote by (&;).e[0,1]- Recall that this process uses the
overtwistedness of M. On M X {1} we have that f*(&|y) = Enlf1(vy, which is already contact.

We note that this process of making the homotopy contact, changes the contact structure 51 |7 on a
small region near the boundary of U. However, there is still a slightly smaller copy of N of U, and

thus of N, such that f*(&|px)) = &1lx = Enl 5

Then by Gray’s stability (Theorem |A.3) there exist diffeomorphisms (v, : M — M)efo,1] with
o = id and Vi (&) = &. We note that ¢, o f : (N,&x) = (M, €) is an embedding and we see that
on N we have

(1o )y = Wi Gy = £ (EDNx = £ - x(@))e&)lx = T (fulén))Ix = Enlx
We set f := 1, o f and conclude that
fr(N,€x) = (M,¢€)
is a contact embedding with £ = &x| 5, which is homotopic to f by the homotopy of embeddings
(¥ © fieo,1]-

O

Remark B.4. By the tubular neighbourhood theorem we know that there exists a neighbourhood of
ON which is of the form ON X [0, €) for some € > 0. Therefore, in the statement above, we can write
the slightly smaller copy N of N as N = N — (ON x [0,6]), for 6 > 0 small. >

B.1.1 Corollary on convex boundary

In Theorem we have seen that we can homotope a formal contact embedding in an overtwisted
contact manifold, into a genuine contact embedding. However, there is one catch, we need to slightly
shrink the domain manifold N into a smaller copy N, as the structure &y has been altered along
the boundary during the proof. In this subsection, we shall discuss a particular setting where we
can avoid this technicality. For this, we first need to look at the following two definitions.

Definition B.5. Let (M, &) be a contact manifold, and let X be a vector field on M. Let @, denote
the flow of X. We say X is a contact vector field if for all t € R, the flow ¢; is a contact
diffeomorphism, i.e. ¢; is a diffeomorphism such that

P& =¢.

Definition B.6. Let (M,£) be a contact manifold. We say a hypersurface W C M is convex if
there exists a contact vector field X in (M,£), such that X 4 W.

Requiring the boundary of the domain manifold N to be convex, will give us a more clean result as
a corollary of Theorem
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Corollary B.7. Let (M,£) be an overtwisted contact manifold, and (N,Exn) a compact contact
manifold with boundary, and ON convex. Furthermore, let (f : (N,&n) = (M,§), (& )ie[0,1]) be a
formal contact embedding such that f(N) is disjoint from an overtwisted disc in M. Then there is
a contact embedding

g: (N7£N) - (Mvg)
homotopic to f.
Proof. Since ON is convex, we know there exists a contact vector field X which is transverse to ON.

We can then use the flow ¢; of this vector field, to “push in” the contact structure. Namely, there
exists an s € R such that ¢,(N) C N, where N is the space from Theorem Then

(I)t : (NvgN) - (@t(N)vgN)

for t € [0, s] is a homotopy of contact embeddings. From Theorem we also know there exists a
contact embedding

Fi(es(N), €x) = (M€).
Then ~
fo(I)S : (NagN) - (Mvg)

is a contact embedding which is homotopic to f (by using the homotopy of embeddings ®; from
above, and the homotopy stated in the proof of Theorem . O

B.2 Constructing Legendrian knots

In this section we will look at formal Legendrian knots, and how we can homotope these into
genuine Legendrian knots. We will prove a statement on overtwisted contact manifolds which will
use Theorem Let us first define these objects.

Definition B.8. A formal Legendrian knot is a pair (g,(Gs)se[0,1]) where g : St 5 (M, €) is a
a smooth knot, (M, €) an overtwisted contact structure and for every s € [0,1], Gy : TS' — TM s
a monomorphism which lifts g, i.e.
s' —L—» M
1 Gs T
78" —— TM
commutes, with Go = dg and Gy : TS' - &.

To construct a genuine Legendrian out of such a structure, we will first need to take a look at the
following two preparatory lemmas.

Lemma B.9. Let E be an oriented vector bundle over S'. Then E is trivial.

Proof. Consider the map A
F:[0,1] -8, te

Then f*FE is a vector bundle over [0,1]. Since [0,1] is contractible we know that f*E = [0,1] xR"
where n = rank(E). By definition of the pull-back there exists a continuous bundle map F : f*E —
FE, ie. a continuous map F' such that the following diagram commutes

[0,1]xR" —£5 E
71'[0,1]\L lﬂsl
[0,1] —— &

and F' is an isomorphism on the fibres. Therefore, we can construct a unique linear isomorphism
Ay :R" - R", such that det(A;) > 0 and F(0,v) = F(1, A;(v)). From this follows that all vector

bundles over S' are obtained from a trivial vector bundle over [0, 1] by identifying (0,v) ~ (1, A(v))
for an A € GL*(n,R). Note that A € GL"(n,R), precisely because F is oriented, and thus A must
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be orientation preserving. We note that GL"(n,R) has only one path-component, and thus there
exists a path A, for ¢ € [0,1] such that A4y = A~ and A, = id. Then we see that

[0,1]xR"/ ~ia= [0,1] X R"/ ~4, (t,0) > (t, A, 0 A(v))

is a bundle isomorphism. Note that [0,1] X R"™/ ~;q is just the trivial bundle. We can conclude that
indeed any orientable vector bundle over S' is trivial. O

Lemma B.10. There ezists a retract from R* x [0,1] to
(R* x {0,1}) U ({(0,0)} x [0,1]).

Proof. We note that we can identify R® with the space (-1, 1)2. Using this identification, we are
first going to construct a retract from A := (-1,1)* x [0,1] to

B:=((-1,1)" x {0,1}) u ((-1,1) x {0} x [0,1]).

We do this by viewing A as a subspace of ]RS, and picking a point a above it, and a point b below it.
See also Figure Let A, denote points (x1,x2,23) € A for which x5 = 0, and A_ those points
for which x5 < 0. We then construct a retract

7"1:A—>B

by sending a point x € A, to the first point of intersection of the line through x and a with the
subspace B C A, and by sending a point € A_ to the first point of intersection of the line through
2 and b with the subspace B € A. We note that this map is continuous, and well-defined on A, N A_.
Furthermore, note that for y € B, we have r{(y) = y, and thus we can conclude that r; is indeed a
retract.

Glx) 1

-3 / iy

Figure B.2: Illustration of the retract r; : A - B used in the proof of Lemma [B:10]

Secondly, we are going to construct a retract from
C:=(-1,1) x(0,1)

to
D:=((-1,1) x{0,1}) u ({(0,0)} x [0,1]) .

We do this by viewing C' as a subspace of R* and picking a point ¢ above it and a point d below
it. See also Figure Let C, denote the points (21,z5) € C for which z; = 0 and C_ denote the
points for which z; < 0. We then construct a retract

7’2:0—>D

by sending a point x € C, to the first point of intersection of the line through z and ¢ with the
subspace D C C, and by sending a point x € C_ to the first point of intersection of the line through
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Figure B.3: Illustration of the retract ro : C — D used in the proof of Lemma [B-10}

z and d with the subspace D C C'. We note that this map is continuous and well-defined on C, NnC_.
Furthermore, note that for y € D we have r5(y) = y, and thus we can conclude that r, is indeed a
retract.

Note that we can view D and C as subsets of B, as also indicated in Figure [B:4] We can then
construct a retract from A to the space

2
E:=((-1,1)" x {0,1}) u ({(0,0)} x [0,1])
using the retracts 1 and 9. Namely, we first apply r; : A —» B, and then apply the map

ro(z) fzeC

B - FE, xH{
T else.

This is a continuous map for which r(z) = x if x € E. Therefore, r is the desired retract.

D

-1 / - ~1
Z4 W

Figure B.4: Illustration of the space D as a subset of the space B, which we use in the proof of
Lemma [B.10i

O

Remark B.11. We note that the proof of Lemma can be generalised to produce a retract from
R" % [0,1] to (R™ x {0,1}) U (0 % [0,1]). Namely, one can construct and compose similar retracts
as in the proof of Lemma[B.10] to get the desired map. We will use this fact to prove the main result
of this section. >

We are now ready to prove that every formal Legendrian knot in an overtwisted contact manifold,
is in fact homotopic to a genuine Legendrian knot. We note that the statement below makes use of

90



Theorem and that this theorem uses the overtwistedness of the contact structure. See also [35]
Theorem 1.2] for a proof by Murphy of this result.

Theorem B.12. Let (g, (Gy)sef0,1]) be a formal Legendrian knot in an overtwisted contact manifold
(M,&). Then g is homotopic to a Legendrian knot.

Proof. First of all, we isotope g such that it is disjoint from the overtwisted disc Do C M. We can
do this by for example picking a point in the Do and pushing the knot out radially, see also Figure
B.5]

Figure B.5: Pushing the knot g radially out of the Doy C M, as done in the proof of Theorem [B:12]

We then define normal bundles
vy 1= TM|G(TS").

We note that 1 is the normal bundle of g(Sl) and that 1 is homotopic to v for every s € [0,1].
We denote this homotopy by ps.

We have that
TMlSl = Gl(Tgl) (&) 141

and we know that G takes values in £. From this follows that v; is framed by £. Since each v, is
homotopic to v, each v, also receives a framing.

By Lemma we know that each v, is trivial, so v, = s’ x R? and Dy, = S' x D*. We then look
at the bundles TDv, and we note that we have a splitting at Sl,

TDv,|s =TS' @ Ly & L.

Here we define Ly to be the orthogonal complement of TS' inside &, and Lq to be the orthogonal
complement of T s' @ Ly.

We then look at the following contact manifolds

(]D)Vs,gleg)
where &, is given by one of the following contact structures:
&leg 1= ker(dy + xdt) = (0, + x0,, 0,),

or
&leg = ker(cos(t)dx + sin(t)dy) = (0, sin(t)0, — cos(t)0,).

These two models are depicted in Figure
We note that in both models, s'is tangent to §.,. We note that these are the two possible models

for Legendrian knots, where in the first model &, is coorientable and in the second it is not.
Furthermore, we note that in the first model we have

TSl = <at + xay)a LO = (ax,>a Ll = (6:1/)7
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Figure B.6: Illustration of the two models for (Dv,(g),&ey), used in the proof of Theorem

and in the second model
TS' = (0r), Lo = (sin(t)0, — cos(t)9,), Ly = (cos(t)d, +sin(t)d,).
We then define the following maps
F,:TDv,|s =TS' ® Ly ® L, » TM|g

by Fs := (Gs, ps). Note that Fy = (dg,id), and Fy = (Gy, p1) thus Fy(§.,) = &
We then want to construct maps
H,:TDhv, » TM

such that H|s: = F,, Hy = id and Hy(.,) = £ Note that this is a homotopy extension problem.
We see that

13

Use[o,l]T(S1 x D%)
= TS' x TD* x [0,1]
=S' xR xR* x R? x [0, 1].

USG[O,I]TDVS

We note that the homotopy extension problem comes down to showing that
(S" xR xR* x R* x {0,1}) U (S' x R x {(0,0)} x {(0,0)} x [0,1])
is a retract of S' x R x R x R” x [0,1]. This is equivalent to showing that
(R* x {0,1}) u (0 x[0,1])
is a retract of R* x [0,1]. This follows from Remark
We then define a formal contact embedding (f, (&s)se[0,17) by
Fi(NEy) = (M,€&y), where N :=S' xD(Lo ® Ly) = Dig(g) and &y = &ieq

together with the formal data
gs = Hs(fleg)'

We note that Hy(&eg) = &eg and &1 = H1(&1eg) = Enrlpug(g)-

We then apply Corollary [B.7 and conclude that f is homotopic to a genuine contact embedding
Fo(N&n) o (M,6).

This means that f e =E&n = &leg> and thus f |st is a Legendrian knot which is homotopic to g. [

Remark B.13. In the proof above we identify Dy, as S' x D?. Note that explicitly we are looking at
g(Sl) C M, but we just identify it with a copy of S'. This is the reason why we want Hy = id and
why in the formal data for the formal contact embedding we have & = &urlpy,(g) = e >
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Appendix C

Orientations

In this appendix we shall discuss a property of smooth manifolds called orientation. Intuitively, an
orientation is a choice between two different ways in which objects can be situated with respect to
their surroundings. For 2-dimensional manifolds, choosing an orientation is the same as choosing
what should be a clockwise and what should be a counterclockwise rotation. Not all manifolds are
orientable! See also Figure Here we see that the sphere can be given an orientation, but the
Mobius band cannot. Namely, it is impossible to choose a consistent way of defining a clockwise
turning on the band, because as we move along the manifold this choice will be flipped.

Figure C.1: A sphere is orientable but a Mobius band is not [36] p. 378].

In this appendix we will first discuss some definitions and basic results regarding orientations. After
that, we will look at orientations in relation to contact, Engel and (2, 3,5)—structures.

C.1 Definitions and basic results

This first section will be a brief introduction to orientations. First, we will look at orientations on
vector spaces. This will then allow us to also define this concept on manifolds, and thereafter on
vector bundles. Many of the statements in the next two subsections are sourced from [36], but at
times some of the proofs which were left out have been filled in (namely, the proofs of Lemma

and Lemma |C.7)).

C.1.1 Orientations on vector spaces

The goal of this subsection is to define orientations on vector spaces. We first look at the following
definition.

Definition C.1. Let V' be a vector space of dimension n > 1, and let (vy,...,v,) and (wy, ..., wy)
be ordered bases of V. Let (BZJ) denote the transition matriz, i.e.

v; = ngj
We say (vy,...,v,) and (wq,...,w, ) are consistently oriented if (Bf) has positive determinant.

Lemma C.2. Let V be a vector space. Being consistently oriented is an equivalence relation of the
set of all ordered bases of V. Furthermore, there are exactly two equivalence classes.
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Proof. We note that this result is a consequence of properties of the determinant. Namely, re-
flexivity follows from the fact that the identity matrix has positive determinant. Furthermore,
symmetry follows from the fact that det(B_l) = ﬁ, and lastly, transitivity follows from the fact
that det(B-A) = det(B)-det(A). Thus, being consistently oriented is indeed an equivalence relation.

Now let [u;], [v;] and [w;] be equivalence classes of ordered bases, and suppose that [u;] # [v;]
and [u;] # [w;]. Let _
u; = Agvj, u; = Bfwk. and wv; = wak.

It must hold that det(AZ) < 0 and det(Bf) < 0, and we see that

u; = szj = AgCJI»ka,
thus BY = AgC]’?. From this must follow that det(C’f) > 0. Therefore, [v;] = [w;]. O
This result allows us to define the following concepts.

Definition C.3. Let V be a vector space of dimension n = 1. We define an orientation on V to
be an equivalence class of ordered bases. If (vq,...,v,) is an ordered basis, we write [vy,...,v, ] for
its equivalence class of consistently oriented bases, and —[vy, ..., v, ] for its opposite orientation.

Let V' a wvector space with dim(V') = n = 1, together with a choice of orientation. Then we say V
is oriented. Any basis (vy,...,v,) which is in the equivalence class of the orientation is said to be
positively oriented, and any basis which is not, is said to be negatively oriented.

For a vector space V with dim(V') = 0, we define an orientation on V to be a choice between +1.

Example C.4. Let (eq,...,e,) be the standard basis of R". We call the orientation [eq, ..., e, ] the
standard orientation on R". A

C.1.2 Orientations on manifolds
Now that we have defined orientations on vector fields, we can move on to manifolds.

Definition C.5. Let M be a smooth manifold. A choice of orientation on every tangent space of
M, is called a point wise orientation.

Observe that this definition is not very useful yet. Namely, note that the orientation could switch
to its opposite when moving through the manifold. We need to define conditions, such that nearby
tangent spaces carry the same orientation. This motivates the next definition.

Definition C.6. Let M be a smooth manifold of dimension n. Let (Xi,...,X,,) be a local frame
for TM on an open U ¢ M. We say (Xy,...,X,,) is positively oriented if for all p € U,
(Xi1lps s Xnlp) is a positively oriented basis for T,M. Analogously, we can define negatively
oriented local frames.

A point wise orientation of M is called continuous, if every p € M is in a domain of an oriented
local frame. A continuous point wise orientation on M, is called an orientation on M.

We say M is orientable, if there exists an orientation we can define on it. Analogously, M s
non-orientable, if we cannot define an orientation on it.

Intuitively, it would be logical if connected components of manifolds have only two possible orienta-
tions. The following proposition proves this result.

Proposition C.7. Let M be a smooth, connected and orientable manifold. Then M has exactly two
possible orientations.

Proof. First of all, we note that if O is an orientation on M, then —O is also an orientation on M
different from O.

Now let @ and O be two orientations on M. We use the notation O,, for the orientation of T}, M
induced by O. We then define the following set:

A:={pe M|O, =0,}.
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We want to show that this set is open in M. Let p € A. Then there exists a local frame (X;) on an
open U C M containing p, which is positively oriented with respect to O. Similarly, there is another
local frame (X;) on an open U C M containing p, which is positively oriented with respect to O.
We can assume U to be connected, and by possibly reducing it to a smaller neighbourhood of p, we
can also assume that U ¢ U.

Since p € A, we have that O, = @p. Therefore, the transition matrix (Bf (p)) such that
Xilp = sz (p)lepa
has positive determinant. Furthermore, we note that the map

det : U >R, g~ det(B(q))

is continuous, detpy is nowhere vanishing and detg(p) > 0. From this follows that det(B)|y > 0.
Therefore, U C A, and thus A is indeed open.

Using the exact same argumentation as above, one can also show that M — A is also open in M.
Since M is connected, it must follow that A = M or A = @. In the first case, we have that O = O.
In the second case we have that O and O are two distinct orientations with O, # O,, for p € M.

For any other orientation @ we must have that 5,, =0, or 5,, = @p for all p € M. Using the same

argumentation as above, it must follow that O = or O = . This proves that there are exactly
two possible orientations for M. O

To conclude this subsection, we look at one more result which gives us a class of manifolds which
are always orientable.

Lemma C.8. Let M be a parallelizable smooth manifold. Then M is orientable.

Proof. Since M is parallelizable, there exists a global smooth frame (X;). We define a point wise ori-
entation on M by setting (X;|,) to be positively oriented. This point wise orientation is continuous,
as every p € M is in its domain. O

Example C.9. From Lemmawe can conclude that several manifolds are orientable. For exam-
ple, R", the n—torus T", Sl, S% and S7 are all parallelizable, and thus orientable. Furthermore, all
Lie groups are also parallelizable and thus orientable. We also know that products of parallelizable
manifolds are again parallelizable manifolds, and thus also orientable. A

C.1.3 Orientations on vector bundles

To conclude this section, we look at orientations on vector bundles. We shall see that these are
in fact a generalization of orientations on manifolds. First, we need to define the notion of an
orientation-preserving map [36] p. 383]:

Definition C.10. Let M and N be oriented smooth manifolds, and let F : M — N be a local
diffeomorphism. We say F is orientation-preserving, if the isomorphism d,F maps positively
oriented bases of T),M to positively oriented bases of Tp,yN. We say F' is orientation-reversing,
if d,F' maps positively oriented bases of T,M to negatively oriented bases of TN .

We then define orientations on vector bundles.
Definition C.11. Let 7w : E —» M be a smooth vector bundle. An orientation on E is
(i) an orientation on each fibre E, for p € M, such that,

(i) for each point p € M, the local trivialisation
bu :UXR" > 7 Y(U),
with p € U, is fibrewise orientation-preserving, i.e.
6u(g, =) R" > 7 ' (U), tm dulg.t)

is orientation-preserving for all ¢ € U.
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Here R" is endowed with the standard orientation, as described in E:vample 132, p. 96].

This definition is in fact compatible with the definition of an orientation on a smooth manifold, as
we will see in the next lemma.

Lemma C.12. Let M be a smooth manifold. Then M is orientable if and only if TM 1is orientable.

Proof. We note that the second condition in Definition is equivalent to there being sections
S1, 8 2 U = 71'_1(U) such that the basis (s1(q), ..., s,(q)) is positively oriented for each q € U.
Since we are working with the tangent bundle, sections are vector fields. And thus, this conditions
is equivalent to a point wise orientation being continuous. O

We will now prove a lemma which will be useful in the remaining sections of this appendix.

Lemma C.13. A vector bundle E is orientable if and only if its determinant bundle det(FE) is
orientable.

Proof. Suppose det(F) is orientable. Let (¢;) be a trivialisation of det(E) with cover (U;) of M.
Let (¢;) be a trivialisation of E with cover (V;) of M. We can assume that each V; is connected.
Note that for every v;, det(z;) is a trivialisation of det(E) on V;. We note that condition (ii) in
Definition is equivalent to the transition maps between trivialisations having positive determi-
nant. See also [36] p. 381-382].

Now let p € V; n U;. We can consider the transition map between det(t);) and ;. Since det(FE)
is oriented, the sign of the transition map between det(v;) and ¢;, which we will denote by p;, is
independent of the U; such that p € U;. Therefore, the following map is well-defined:

Vi = {1}, ¢ sign(p;).
Since V; is connected, this map is constant on V;. Then we can modify the map 1, if necessary, by

composing with a reflection, such that we may assume that the transition map is positive.

We will now show that these modified trivialisations (¢;) ensure that E is orientable. We note that
the transition map between 1; and vy, has positive determinant if and only if the transition map
between det(1);) and det(v) is positive. Both ¢; and v, have positive transition maps with 1; for
any ¢ such that p € U;. Therefore, their transition map must also be positive.

Conversely, assume that E is oriented. Again, let (¢;) be a trivialisation of E with cover (V;) of M.
Then (det(z);)) is a trivialisation of det(E) with cover (V) of M. The transition maps are positive,
as the transition maps of (¢;) have positive determinant. O

C.2 Contact structures

Having defined orientations on vector spaces, manifolds and vector bundles, we now shift our focus
to distributions again. In this section we will focus on contact structures, and we will see that any
manifold which admits a (formal) contact structure, is in fact canonically oriented.

Lemma C.14. Let M be a 3-manifold which admits a formal contact structure §&. Then M is
canonically oriented [11, p. 23].

Proof. Since € is a formal contact structure we have the following isomorphism
EnE=det(E) =TM/E.

We see that
TM =0 TMJE,

and thus
det(TM) =det(§) @ TM[E=TM]E®TME.

We note that TM /£ is a line bundle and it is known that the tensor product of a line bundle with
itself is in fact trivial. It then follows from Lemma that M is indeed naturally oriented. [
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C.3 Engel structures

In this section we will discuss some results regarding (formal) Engel structures and orientability. The
results from this section are sourced from Chapter 2 in [4I]. Recall that an Engel structure comes
with a flag W ¢ D ¢ &€ ¢ TM, where W is the characteristic line field and £ is an even-contact
structure. The first result we will discuss in this section has to do with even-contact structures.

Proposition C.15. Let £ be an even-contact structure on a 4-dimensional manifold M. Then an
orientation of the characteristic line field VW induces an orientation on M, and an orientation on
M induces an orientation on W.

Proof. Locally, we can look at a hypersurface N which is transverse to YW. We note that TN N € is
a contact structure, and thus by Lemma [C.14] N is canonically oriented. Therefore, an orientation
of W yields an orientation on M, and also the other way around. O

The next result shows that if a manifold admits an Engel structure, then the even-contact structure
has a canonical orientation.

Proposition C.16. Let (M, D) be an Engel manifold. Then the even-contact structure £ = [D, D]
is naturally oriented.

Proof. Let X and Y be two vector fields such that locally D = (X,Y) around p € M. Then
[X(p),Y(p),[X,Y](p)] is an orientation of £. Changing X or Y, or their signs, leaves this orien-
tation the same, so it is independent of the choice of X and Y. O

Finally, we see that an oriented manifold with an oriented Engel structure is in fact parallelizable.
Proposition C.17. Let (M, D) be an Engel manifold with D and M oriented. Then TM = R*.

Proof. Recall that an Engel structure comes with a flag W ¢ D ¢ £ ¢ TM. We note that

D & TM

T™M =We W @ D @ =
Using Proposition [C.15] and Proposition [C.16] and the fact that D and M are oriented, we note that
this is the sum of four oriented line bundles. Thus indeed TM = R*. O

C.4 (2,3,5)—structures

To conclude this appendix, we will look at (2,3,5)—structures and orientations. The next result
shows that an orientation of a (2,3,5)—structure induces an orientation on the manifold and vice
versa.

Proposition C.18. Let M be a manifold which admits a (2,3,5)—structure D. Then M is ori-
entable if and only if D is orientable.

Proof. Recall that a formal (2, 3, 5)—structure comes with a flag D ¢ £ ¢ T M, and the isomorphisms
DAD=det(D)=&/D and DAEID=TM/E.

We note that TM /€ = D by the isomorphism induced by taking the tensor product with £/D. This
follows from the second isomorphism above. Using this, we get

TM=De&&|/DeTMJE =D &det(D) ® D.

Therefore,
det(TM) = det(D)® = det(D).

From Lemma it now follows that indeed M is orientable if and only if D is orientable. O
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