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1 Introduction

Distributions are subbundles of the tangent bundle of a manifold. Many problems in control theory
can be modelled using distributions. An easy example of this is a coin rolling on a table (adapted
from [3]).

The position of the coin can be described as (z,y,6) € R? x S'. Here, the first two coordinates
(z,y) € R? indicate the position of the coin on the table, and the last coordinate § € S! describes
the direction of the coin. We use S', because we remember heads and tails. Intuitively, it is clear
that the motion of the coin is restricted. The change in position has to be proportional to the
direction, since the coin can only move in the direction it points to.

Concretely, if v(t) = (z(t),y(t),0(t)) is a path describing the movement of the coin, then the
change in position (2'(t),y’(¢)) has to be proportional to the direction (cos(6(t)),sin(f(t))). This
means that v has to satisfy any of the following equivalent conditions:

y'(t)  sin(6(t))
e v*a = 0 for the 1-form o = sin(#)dx — cos(0)dy.

o det (xf(t) 005(9“))) — sin(8(1))2/ (1) — cos(6(1))y/ (1) = 0.

e ~ is tangent to { = ker(a) = (cos(#)0, + sin(6)9y, dp) .

As we can see, ¢ is a subbundle of the tangent bundle T'(R? x S!), so ¢ is a distribution on
R? x S'. Moreover,

[cos(8)0y + sin(#)0y, O] = sin(#)d, — cos(8)0,,.

Especially,
(cos(0)9,, + sin(0)0,, g, [cos(0)D,, + sin(0)dy, Dp]) = X(R? x S1).

The distribution £ on R? x S! is an example of a bracket-generating distribution, meaning that
the set of vector fields on the manifold can be spanned by bracket expressions of vector fields in
the framing of the distribution. Chow’s Theorem tells us that if a manifold is endowed with a
bracket-generating distribution, we can connect any two points on the manifold by a path tangent
to the distribution ([8], [3]). In the case of the rolling coin, this means that the coin can roll to any
point on the table, as is intuitively clear.

When studying distributions, it is often useful to look at the vector fields tangent to the distri-
bution, instead of looking at the distribution directly. Vector fields provide more useful operations,
the Lie bracket chief among them. Bracket-generating is one of the properties of distributions which
is defined through Lie brackets.

In this thesis, we will also study filtered structures, which is a filtration of the tangent bundle
by distributions which behaves well with respect to the Lie bracket ([9]). A filtered structure
is of the form & C .-+ C &, = TM, where the & are distributions. Under some additional
regularity conditions (weak regularity), a bracket-generating distribution can generate a special
case of a filtered structure. In general, the lowest-order distribution &; does not generate the other
distributions in the filtered structures. An example of a filtered structure on R? x S! is given by
&1 C & C &3 with

& = (cos(0)0, + sin(0)9dy + Op)
& = (cos(0)0y + sin(6)0y, Og)
& = T(R* x Sh).



In particular, & does not generate & or &3.

For a filtered structure, the growth of the filtration and the behaviour with respect to the
Lie bracket can be packed into one algebraic object, called the nilpotentisation. It is given by
E1DE/6 D D En/Em—1- When restricted to a point, it is a Lie algebra.

Given a filtered structure, we can induce a local distance function by privileged coordinates,
which is a weighted system of coordinates centred at a point, where the weighting is induced by
the filtered structure ([9]). Through an open cover of the manifold, we can combine local distances
on the sets in the cover to create a global distance function on the manifold. The creation of this
global distance function is one of the original contributions of this thesis.

In Chapters [f]and [6] we will study the tangent cone of a manifold with a filtered structure. The
tangent cone appears when we ‘stretch’ the distances to infinity, while one point remains fixed ([§],
[6]). One would expect that by this zooming in process, we would lose all structure, but Mitchell’s
Theorem tells us otherwise. The main contribution of this thesis is a version of Mitchell’s Theorem
for filtered structures, Theorem (The usual version of Mitchell’s Theorem, Theorem is
stated in terms of weakly regular bracket-generating distributions. [8]) It tells us that the tangent
cone exists for a manifold with a filtered structure, and that it is equal to the simply-connected Lie
group with Lie algebra the nilpotentisation at the point.



2 Distributions

In this chapter, we will study distributions and their properties, laying the foundation for the rest
of the thesis. Instead of looking at a distribution directly, we will often study the set of vector fields
tangent the distribution, which have more useful operations. The most important operation will be
the Lie bracket of vector fields.

For a distribution &, we can study the growth of the set I'(§) of vector fields tangent to the
distribution with respect to the Lie bracket, giving us the associated Lie flag. The two extremes
in behaviour with respect to the Lie bracket are involutive distributions and bracket-generating
distributions. For the former, I'(£) forms a Lie algebra subalgebra of the Lie algebra of vector fields
on the manifold. In the latter case, I'(§) generates the set of all vector fields on the manifold.

Under certain regularity conditions, the associated Lie flag induces a notion of curvature, an
analogue of curvature for the Riemannian setting. As with Riemannian curvature, it measures how
far removed one is from the flat case. In the case of distributions, the flat case is an integrable (or
involutive) distribution. In the case of Riemannian metrics, it is the Euclidean case.

In Section 2:7] we will introduce the notion of filtered structures, which is a filtration of the
tangent bundle through distributions. This will be useful in later chapters, since it removes the
assumption of the lowest-order distribution generating the rest of the filtration.

This chapter is based on [3] and chapters 2 and 4 of [§] (for distributions), [9] (for filtered
structures), and [10] and chapter 3 of [4] (for the Campbell-Baker-Hausdorff formula). For more on
Pfaffian systems, see [I12]. For more on the Campbell-Baker-Hausdorff Formula, see [4] and [10].

2.1 Distributions, an introduction

Let us restate the definition of a distribution.

Definition 2.1. Let M be a smooth manifold. A distribution is a subbundle ¢ C T'M. The rank
of £ is the dimension of its fibres.

From the introduction we know that the model of the rolling coin on the table is an example of
a distribution. Another example is the following:

Example 2.2 (Martinet distribution). Consider the smooth manifold R3(z,y, z). Then
¢ = ker(dy — 2%dx) = <8m + zzﬁy, 3Z>
is a distribution, called the Martinet distribution. It has rank 2. A

It is useful to look at the vector fields tangent to a given distribution, which have more useful
operations. These tangent vector fields can tell us more about the properties of a distribution.

Definition 2.3. Let (M, &) a manifold endowed with a distribution. Then I'(§) C X(M) the set of
all smooth vector fields on M tangent to &.

As we will show shortly, the set I'(§) is a C°°(M)-module, which is defined as follows:

Definition 2.4. A C°°(M)-module is a set V' endowed with multiplication V x V — V, (v,w)
v+ w and scalar multiplication C* (M) x V — V, (f,v) — fv such that (V,+) is an abelian group,
and such that for all v,w € V, f,g € C°°(M) we have



* flgv) = (fg)v
o (fHgv=fvtgv
e flu+w)=fuo+ fw.
Proposition 2.5. Let & a distribution on M. Then I'(€) is a C*°-module of vector fields on M.

Proof. Let X, Y € I'(€), f € C*>°(M). Using the usual addition of vector fields and multiplication
with smooth functions, we have (X +Y), = X, + Y, for all p € M, and (fX), = f(p)X(p). By
the properties of these operations, it is enough to prove that X + Y, fX € I'(§). Note that for all
(p,v) € &, we have (X +Y),(v) = Xp(v) +Y,(v) =0, and (fX),(v) = f(p)X,(v) =0, which proves

our assertion. O

From this proposition, it follows that there is a natural map which sends distributions on M to
C*°-modules of vector fields on M given by & — T'(&).

Definition 2.6. Let I' a C°°-module of vector fields on M. Let
I(p) = {X,: X T}

the evaluation at p € M. Then T is of pointwise constant rank if there is £k € N such that
dim(I'(p)) = k for all p € M.

Because ¢ is a subbundle of T M, the set I'(£) is of pointwise constant rank. Moreover, if M is a
closed manifold, we can recover a distribution from a C'*°(M)-module of vector fields of pointwise
constant rank by evaluating at every point.

2.2 The associated flag

One of the most useful operations for studying distributions is the Lie bracket of vector fields. Since
X(M) is a Lie algebra, we may look at the behaviour of I'(§) with respect to the Lie bracket.
Bracket expressions will allow us to write iterated Lie brackets in a more convenient manner.

Definition 2.7. A bracket expression of length 1 is a string of the form ”"a;”, which has
the formal variable a; as input. A bracket expression of length i + j is a string of the form
"[A(as,...,a;), B(@it1, - - ., 0i+5)]”, where A(—) and B(—) are bracket expressions of length i, j
respectively.

The following lemma tells us that we can reduce any bracket expression into a linear combination
of bracket expressions of a nicer form, namely [, B(—)]. This result will be very useful later.

Lemma 2.8. Let A(—) be a bracket expression of length i whose entries are vector fields. Then
we can write it as linear combination of bracket expressions of the form [, B(—)|, with B(—) a
bracket-expression of length at most i — 1.

Proof. If i = 0,1, 2 the statement is trivial.
For i = 3, we have two options. Either A(—) is of the form [, B(—)] for B(—) a bracket expression
of length 2, or A(—) is of the form [[,],[,]]. Using the Jacobi-identity, we have:

(X, Y], [2,W]] = [2, W, [X, Y]] + W, [Z, [X, Y]]].

For i > 4, the result follows from similar computations, namely through repeatedly applying the
Jacobi identity until we have the desired result. 0



By keeping track of the lengths of bracket expressions, the Lie bracket gives rise to the associated
Lie flag. This will be a useful object for describing infinitesimal properties of the distribution.

Definition 2.9. The associated Lie flag of a distribution £ is defined as a sequence of C*°(M)-
modules )
r(g cr®(g) cr@( c - c X(M)

where 4

rOE) = (Ai(Xy,..., X)) : X1,...,X; € F(§)>C°°(M)
with A;(—) ranging over all bracket expressions of length at most i. Here, the brackets indicate the
span over C*(M).

Note that T (£) = T(€).
We return to our previous example of the Martinet distribution. For this distribution, it is easy
to calculate the associated Lie flag.

Example 2.10 (Martinet distribution). Consider again the Martinet distribution on R3(z,y, 2),
which is given by
¢ = ker(dy — 2*dx) = (9, + 2%0,,0.) .

We have:
[827 8:1: + Z2ay] = 228y
[8.2’ [623 aac + Z2ay” = 262/

It follows that I'(?) (€) has rank 3 everywhere, except at the hypersurface {z = 0} where it has rank
2, so T(?)(£) is not a distribution. Moreover, T'®) (¢) = X(M). A

As we see in the example above, I'¥ (¢) may not correspond to a distribution. This motivates
us to define the following:

Definition 2.11. A distribution ¢ is weakly regular if for all 4, T(V)(¢) is the C*°(M)-submodule
of vector fields which is tangent to a distribution, which we will call £,

For a general distribution &, we have by definition that TM(¢) ¢ T®?)(¢)  --- C X(M). Tt
is possible that the subsets remain strict, and that the sequence T (¢) ¢ T®)(¢) C ... keeps
growing. On the other hand, it is also possible that the sequence ‘stops’ at some point, i.e. we have

rWE cT® @) c--- cTt™(E) =1 (¢) = ... C X(M).
This is the case when ¢ stabilises.

Definition 2.12. Let (M, &) a manifold endowed with a distribution. Then ¢ stabilises if there
exists m € N such that T (&) = T (€) for all i > m.

There is a link between a distribution being stabilising and being weakly regular, as we see in
the following lemma.

Lemma 2.13. Let (M,§) a manifold endowed with a distribution. If £ is weakly regular, then it
stabilises.



Proof. Suppose that the Lie flag does not stabilise, i.e. for every m there is i@ > m such that
(&) # T (€). By definition, I'™) (&) € TV (¢), so it follows that rank(T'™ (¢)) < rank(I'®(¢)).
This means that for every k € N there is i such that rank(I'?(¢)) > k. However, T'()(¢) is the
C*(M)-module tangent to the distribution £, and therefore ¢) ¢ TM, so rank(I'V)(¢)) =
rank(¢(Y) < dim(M). This leads to a contradiction. So, there is m € N such that T'¥)(¢) = T'(™)(¢)
for all ¢ > m. O

Having established this link, we can introduce the notion of a growth vector. As the name
suggests, it is a vector which measures how a weakly regular distribution grows with respect to its
associated Lie flag.

Definition 2.14. The growth vector of a weakly regular distribution £ is the vector
(rank(éW), rank(¢®), . .., rank(¢(™))

where m is the step in which the associated rank stabilises.

2.3 Differential systems

Even when a distribution & is not weakly regular, not all is lost. The modules F(i)(f) in the
associated Lie flag are still reasonably well-behaved. For example:

Lemma 2.15. The T4 (&) are locally finitely generated as C™ (M )-modules.

Proof. We will prove the statement by induction on .

As a bundle, £ is trivial over any ball U C M. So there exists a local framing {X,..., X3} C
X(U). Any vector field tangent to £ can then be expressed as X = Zle f;X; for some smooth
functions f; : U — R. Hence, ") (¢) is locally finitely generated.

Next, suppose that T¢=1(¢) is finitely generated over U, and let {Y7,..., Yy, } € X(U) a local
framing for F(Fl)(f). By lemma any bracket expression of length ¢ can be written as a linear
combination of bracket expressions of the form [, B(—)] with B(—) a bracket expression of length
i—1. So, X € T@(¢) can be written as

k
ST+ gulX, )
1i=1

Ms

X =

J

for some smooth functions f;,g; : U — R. Hence, I (¢) is locally finitely generated. O
This motivates the following definition:

Definition 2.16. A differential system is a locally finitely generated C'*°(M)-module of vector

fields.

2.4 For completeness: Pfaffian systems and annihilators

So far, we have looked at distributions and the tangent bundle. But we can define a very similar
construction for the cotangent bundle, namely Pfaffian systems. Apart from being analogous to
distributions, there is a direct correspondence between distributions and Pfaffian systems. But first,
let us give a definition of a Pfaffian system.



Definition 2.17. A Pfaffian system [ on a manifold M is a subbundle of T* M.

As we have alluded to before, Pfaffian systems arise naturally from distributions through the
annihilator of a distribution.

Example 2.18. Let £ be a distribution on a smooth manifold M. The annihilator of ¢ is the set
Er={weT'M:wk)=0,Yc &}
Especially, it is a Pfaffian system. A

Let I be a Pfaffian system. Then we denote by I'(I) its space of sections, which is a C°°(M)-
submodule of Q!(M). On this space we can define similar (and dual) notions to I'(¢), the space of
sections of a distribution &.

Definition 2.19. Given a Pfaffian system I, its dual flag is given by
oy >y,
where T (I) = T'(I), and we define inductively
rO(1) = {a e TEI(]) : da(w, —) € TED(]), Yw € T*}.

Analogous to the growth vector of a weakly regular distribution, we can define the dual growth
vector.

Definition 2.20. Given a Pfaffian system I, its dual growth vector is the vector
(corank(D'M (1)), corank(T'®)(I)), . . ., corank(P(™) (1))
where m is the step in which the dual flag stabilises.

Note that the dual growth vector may change with the point.
The following lemma shows that the annihilator provides a duality between distributions and
Pfaffian systems.

Lemma 2.21. If € is a weakly regular distribution, then (I'()(€))+ = T@(&l).

Proof. We prove the statement by induction on 4. For i = 1, we have

CWE)F =T =1 =TW ().

Now suppose the statement is true for s — 1. We then have o € I'¥(¢1) if and only if da(v, —) €
P01 (¢4 for all v € T(€) by definition. So, if and only if da (v, w) = 0 for all w € T0~1(¢), because
(TE-D(e))L = =D (¢L) by the induction hypothesis. By Cartan’s magic formula, we therefore
have 0 = da(v,w) = a([v,w]). Because T'(¢) is spanned by all elements of the form [v,w] for
veT(€) =TW(¢) and w € TV (€), it follows that a € ') (¢1) if and only if o € (T (€))L, O

If ¢ is weakly regular, the dual growth vector of £ is equal to the growth vector of £. Generally,
the two might differ. This happens for example in the Martinet distribution.



Example 2.22 (The Martinet distribution). As we have seen before, the Martinet distribution is
the distribution
¢ = ker(dy — 2°dz) = (9, + 20, 0.)

on the manifold R3(z,y, z). Its annihilator is
¢t = <a =dy — zzdx>.

We will show that if d(ga)(v, w) = 0 for all v,w € I'(§), then g = 0.
Because ¢ is bracket-generating, we have that g must be zero in {z # 0}. By continuity, we then
have that g must also be zero in {z = 0}. Hence, I'V)(¢1) = 0. On the other hand, we have

[0.,0, + ZQ@y] = 220,.
Therefore, T (&1) £ (DM (€))L A

2.5 Some relevant cases

Both the associated Lie flag and the growth vector are differential invariants of a distribution. The
two extreme cases are given by involutive distributions and bracket-generating distributions. For
the former, the set of all smooth vector fields tangent to the distribution forms a Lie algebra. In
the latter, the smooth vector fields tangent to the distribution generate the set of all vector fields
on the manifold.

Definition 2.23. A distribution ¢ is involutive if I'¥) (¢) = T (¢) for all 4.
Equivalently, a distribution is involutive if I'(£) is a Lie subalgebra of X(M).

Definition 2.24. Let £ be a distribution, with rank(¢) = k. Then ¢ is integrable if there exist
local coordinates (21, ..., Tk, Tki1, - .-, Ln), Where € is given as the kernel of dzy1,...,dz,.

Integrable distributions are foliations.

Definition 2.25. A foliation of dimension k£ on a manifold M is a partition F of M into disjoint,
connected, immersed submanifolds of dimension k such that for every point p € M there is a chart
(U, ¢) with p € U and ¢(U) a k-dimensional cube in R™. For every N € F, we have either NNU = 0),
or NNU is a countable union of k-dimensional slices of the form 411 = cgy1,...,2T, = ¢,. Lastly,
a submanifold N € F is called a leaf.

Example 2.26. The collection of tangent spaces to the leaves of a foliation forms an involutive
distribution on M. A

The following theorem is an important and useful result (which we will not prove here).
Theorem 2.27 (Frobenius). A distribution is involutive if and only if it is integrable.

For a proof of Frobenius’s Theorem, see [5].

It is immediate that an integrable distribution is involutive. The other direction is harder to
prove.

On the other end of the spectrum of distributions are the bracket-generating distributions. In
that case, X(M) is completely generated by bracket-expressions of vector fields in T'().

Definition 2.28. A distribution £ is bracket-generating if there is an integer m such that
rm(e) = X(M).

Thus, if £ is bracket-generating, I'(§) generates X(M) as an algebra.



2.6 Curvatures

As we have seen before, the associated Lie flag is comprised of bracket-expressions of elements in
I'(£), and thus measures the non-integrability and weak regularity of a distribution £. If £ is weakly
regular, the Lie bracket induces a well-defined morphism

PO x 70 (¢) - T

Before we can define the morphism, we have to check that the Lie bracket is well-behaved with
respect to the grading.

Lemma 2.29. Let X € T (¢), Y € TW(¢). Then [X,Y] € TE+)(¢).

Proof. The Lie bracket is bilinear, so we may assume without loss of generality that X = A(X7,..., X;)
and Y = B(Y1,...,Y;). Here, A(—), B(—) are bracket expressions of length at most ¢, j respect-
ively, and Xy,...,X;,Y1,...,Y; € I'(§). Then [A(—),B(—)] is a bracket expression of length at
most ¢ + j, and therefore

[(X,Y] = [A(X1,...,X;),B(Y1,...,Y;)] e D0+ (),

Since the Lie bracket is a derivation, we get the following result:

Lemma 2.30. The Lie bracket yields a well-defined bundle morphism
Qi (€) : (gu)/,s(vz—l)) % (gw/gu—l)) —y £l+) gliti=1),
It is called the (i, j)-curvature.
Proof. Tt suffices to show that the map
L) x TW(g) » T (€) = T (¢) /T (g)

is C°°(M)-linear. Here, the second map is the quotient.
Let X e T@(€), Y € I'U)(¢), and f a smooth map. We have

(X, fY] = df(X)Y + fIX,Y].
Since df (X)Y € TU)(¢) € TUHI)(€), we have
(X, fY]= fIX Y] mod TEHH(g).
By a similar computation, [fX,Y] = f[X,Y] mod T¢+7=1)(¢). Hence, the map above is linear. [

We know from Lemma that any bracket expression A(—) of length ¢ can be reduced to a
linear combination of bracket expressions of the form [, B(—)] where B(—) is a bracket expression
of length ¢ — 1. This behaviour of bracket expressions translates to curvatures in the following way:

Lemma 2.31. All curvatures are determined by the ones of the form

Q1 () : €0 x (€9/607D) = gl /g,

10



Proof. By Lemma we can write any bracket expression A(—) of length i as a linear combination
of bracket expressions of the form [, B(—)], where B(—) is a bracket expression of length ¢« — 1. O

The assumption of weak regularity is necessary for the curvatures to be well-defined. However,
the rank of the curvature may vary with the point.

Example 2.32. Consider the manifold R®(x1, x2,y1, y2, z) endowed with a distribution £ given by
5 = ker(d’z - yldxl - f(yQ)de) = <ay178yzaaz1 + ylazv 8962 + f(y2)82> ’

with f : R — R such that f is identically zero on the region {y» > 0}, and strictly increasing
otherwise. The only non-trivial Lie brackets are:

[ay17611 + ylaz] = 8z
[8112’ 3562 + f(yQ)aZ] = f/(yQ)aZ'

We see that £ is bracket-generating and weakly regular. In particular, €2(; ;) has maximal rank
(namely, 4) if yo < 0, but rank 2 if yo > 0. A

2.7 Filtered structures

As we have seen, a weakly regular, bracket-generating distribution induces a filtration of the tangent
bundle through a sequence of distributions.

In Chapter 5 of the thesis, we will use filtered structures for weighted analysis. In Chapter 6, we
will state and prove a version of Mitchell’s Theorem for filtered structures, the main contribution
of this thesis.

Definition 2.33. Let M be a manifold. A filtered structure on M is a sequence of distributions
fi on M with &‘ g €i+1 for ¢ = 1,...,m— 1 such that

HC&LC...&n=TM

and [['(&), T'(&5)] € T(&its)-

Weakly regular bracket-generating distributions generate a special case of a filtered structure,
in which the lowest-order distribution generates the other distributions in the filtered structure.
Generally, this is not the case.

Example 2.34. Let (M,€) be a manifold endowed with a weakly regular, bracket-generating
distribution. Let & be the distribution corresponding to T'¥(¢), and let m be the step for which
the Lie flag stabilises. Then

§=4LCC&n=TM

is a filtered structure on M. A

We can think of vector fields as differential operators of order 1 acting on functions. In that
manner, we can compose them to yield higher-order differential operators. When we use filtered
structures, however, we want to regard certain vector fields as higher order operators. In some
analytic settings, this will allow us to define calculi of differential operators in which the notion of
ellipticity is different from the usual one.

11



Definition 2.35. Let X € X(M). Then X has order —i if X € I'(§;), but X ¢ I'(§;41). We write:
ord(X) = —i.

Let rank(¢;) = n;. In particular n,, = n, because &,, = TM. Moreover, let Xi,...,X,, be a
framing of T'M such that X;,...,X,, is a framing of ;. Then by definition, we have

ord(Xy) = =ord(X,,) = -1
ord(Xp,41) = -+ = ord(X,,) = —2
ord(X,,, _,+1) = =ord(X,) = —m.

We write —a; = ord(Xj).

Remark 2.36. If & C -+ C &, is generated by a weakly regular bracket-generating distribution
&, then the order of X = A(Xy,...,X,,) is related to the length of A. Indeed, ord(X) = —a if
and only if the bracket-expression A has length a and cannot be reduced to a linear combination
of bracket-expressions of length strictly smaller than a.

Normally, a Lie bracket is a differential operator of order 1, because it is a vector field. Even
though it is a sum of operators of order 2, cancellations take place. By definition, a bracket
expression is an iterated Lie bracket. A

Similar to weakly regular distributions, we can also define the curvature for filtered structures.

Lemma 2.37. The Lie bracket yields a well-defined bundle morphism

Qi gy (&Gi/&i—1) x (&/&§-1) = &itj/&iri—
called the (i, j)-curvature.

Proof. As in the proof of Lemma [2:30] it suffices to prove that the map

(&) x (&) = T(&irg) = D(&ins) /T (Eivrj—1)

is C*°-linear, where the second map is just the quotient map. So, let X € I'(§;), Y € I'(§;) and let
f € C(M). We have
(X, fY] = df(X)Y + fIX,Y]

and df (X)Y € I'(§;) C I'(&+;), and therefore
[)(7 fY] = f[)(7 Y] mod F(£i+j—l)-

By a similar argument, we have [fX,Y] = f[X,Y] mod I'(§;1;_1). Hence, the map is C*°(M)-
linear. O

For a distribution ¢ we have that T'(¢) generates all T()(¢), and therefore all curvatures are
determined by ones of the form Q; ;)(§), as we have seen in Lemma However, in the case of a
filtered structure, I'(§;) in general does not generate all I'(§;), and therefore €2(; ;) do not necessarily
generate all curvatures.
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2.8 Graded Lie algebras

We want to put curvatures together into an algebraic object which is easier to deal with. This will
be the nilpotentisation of a distribution. First, we need to introduce the notion of a graded Lie
algebra.

Definition 2.38. A graded Lie algebra is a Lie algebra (V,[,]) such that

e V is a graded vector space with decomposition
for some non-negative integer m.

e The Lie bracket is compatible with the grading: any bracket expression involving V, is zero,
and [V, V] C Vi,

A Lie algebra is nilpotent if any sufficiently long bracket expression is zero. A graded Lie algebra
is a special case of a nilpotent Lie algebra. More explicitly, we have:

Definition 2.39. A Lie algebra (V,[,]) is nilpotent if there is m € N such that
A(vl,...,vi) =0
for all v1,...,v; € V, and A(—) a bracket expression of length i > m.

Lemma 2.40. A graded Lie algebra (V,[,]) is nilpotent.

Proof. We prove by induction. By definition, we have [V}, V;] C Vi;;. Now, suppose that for B(—)
a bracket expression of length ¢ — 1, we have

B(ij' ) Vji,l) C ‘/j1+"‘+ji—1'

Let A(—) a bracket expression of length . Without loss of generality, we may assume that A(—) =
[, B(—)], where B(—) is a bracket expression of length ¢ — 1. Indeed, by a similar argument as
Lemma any bracket expression A(—) of length 7 is a linear combination of bracket expressions
of the form [, B(—)], where B(—) is a bracket expression of length i — 1.

We then have

AWVjy, - V5) = Vi, B(Vyy, .-, V5,
C [‘/}17‘/j2~--j'i]
C Vit

Especially, if A(—) is a bracket-expression of length i > m, we have
A(V;,,..., V) =0.

Hence, V is nilpotent. O

13



Remark 2.41. We can also build a graded Lie algebra with negative grading. In that case, it is a
Lie algebra (V,[,]) such that

V=2, VidoVe
for some non-negative integers mj, ms. The Lie bracket then is compatible as before, i.e. any

bracket expression involving Vi is zero, and [V;, V;] C Vi ;. However, it is not necessarily nilpotent.

Since v € V can have negative or positive grading, we can keep increasing or decreasing the grade
of a bracket expression so that we never land in V.. A

We will classify all Lie algebras of dimensions 2 and 3.

Example 2.42 (Heisenberg algebra). The first non-trivial example of a graded Lie algebra appears
in dim(V') = 3, which is the Heisenberg algebra. It is defined by the relation [e1,es] = e35. We
can choose many gradings, all of which are of the form:

gr(el) = i? gr(eQ) = j7 gr(e?)) =i+ ]
A

Proposition 2.43. Let (V,[,]) a graded Lie algebra, with dim(V') = 3. Then V is either trivial or
isomorphic to the Heisenberg algebra.

Proof. If (V,[,]) has no non-trivial bracket expressions, then it is trivial.
Suppose (V,,]) has one non-trivial bracket expression.

Claim 1. By possibly changing the basis, we have [e1, es] = e3.

Proof. Suppose [e1, e3] is not linearly independent from eq, ea. Then [e1, 2] = ey + peg for some
A 1 € K (where K =R or C depending on whether V' is a real or complex vector space). We have
le1, Aep + pea] = pler, es)

and similarly
[e2, €3] = —Aler, e2].

However, we have by the Jacobi identity that

le1, [e1, e2]] = [e1, [ea, e1]] — [e2, [e1, e1]]
= [_ela [617 62]]
= —[e1, e3]
and therefore [e1, [e1, e2]] = 0. By a similar calculation, it follows that [eq, [e1,es]] = 0. It follows
that o = A = 0. However, this contradicts the assumption that [e1, es] is non-trivial. Hence, by
possibly changing the basis we have [e1, es] = e3. O

So, V' is isomorphic to the Heisenberg algebra.

Now, suppose that (V,[,]) has two or more non-trivial bracket expressions. By possibly changing
the basis, we have [e1, e2] = e3 and [ez, e3] # 0. If gr(e;) =i and gr(ez) = j, then gr(es) =i+ j by
the first bracket expression. However, then

gr([ez, e3]) = gr(es) + gr(es) =i +2j > i+ j.

This contradicts the grading. So, (V,[,]) is either trivial or isomorphic to the Heisenberg algebra. O

14



Example 2.44 (Engel algebra). In dim(V) = 4 there is a non-trivial graded Lie algebra defined
by [e1,e2] = es, [e1,e3] = eq4, called the Engel algebra. Again, there are many possible gradings,
all of which are of the form:

gr(el) = Z.a gr(62) = j7 gr(e3) =1 +]a gr(e4) =2i +]
A

Proposition 2.45. Let (V,[,]) a graded Lie algebra with dim(V') = 4. Then V is either trivial,
isomorphic to the Engel algebra, or can be decomposed into the Heisenberg algebra and a trivial
part.

Proof. If (V,[,]) has no non-trivial bracket expressions, then it is trivial.

Suppose (V,[,]) has one non-trivial bracket expression. Then by possibly changing the basis, we
have [e1, ea] = e3. So, V' can be decomposed into the Heisenberg algebra and a trivial part.

Suppose (V,[,]) has two non-trivial bracket expressions. By possibly changing the basis, we
have [e1, ea] = e3 and [e1, e3] = e4. So V' is isomorphic to the Engel algebra.

Now suppose that (V,[,]) has three or more non-trivial bracket expressions. Then by possibly
changing the basis, we have [e1,e3] = e3 and [e1,e3] = e4, and some other non-trivial bracket
expression. By the linearity of the Lie bracket, the last non-trivial bracket expression is either [ez, 3]
or [eg,eq] for k € {1,2,3}. If gr(e1) = ¢ and gr(ez) = j, then gr(ez) =i+ j and gr(es) = 2i + 4. If
ler,eq] # 0 for k € {1,2,3}, then

gr(er; ea]) = gr(ex) + gr(es) > 20 +j

which contradicts the grading. If [es, e3] # 0, then gr([es, e3]) = @ + 24. It follows that i = j = 1,
and [ez2, e3] = Aey for some A € R\ {0}. Then we have

0 = Aer, e3] — [e2, e3] = [Ae1 — ea, e3].

In that case, we should change the basis to e1, Ae; — eg, e3,¢e4. In that case, (V,[,]) is isomorphic
to the Heisenberg algebra.

So, (V,],]) is either trivial, isomorphic to the Engel algebra, or it can be decomposed into the
Heisenberg algebra and a trivial part. O

We will now take the notion of a graded Lie algebra to a bundle-theoretical framework.
Definition 2.46. A weak bundle of graded Lie algebras is a pair (L — M, [,]) satisfying
e L — M is a graded vector bundle, i.e. L =®2L; ® L.

e The bracket [,] is an antisymmetric tensor from L to L such that it turns the fibres of L into
graded Lie algebras. Moreover, the pairing [,] depends smoothly on the base point in M.

If (L — M,],]) is locally trivial (i.e. modelled on a single Lie algebra), it is called a bundle of
graded Lie algebras.

15



2.9 Nilpotentisation

Given a distribution on a manifold, we can pack the information given by the growth vector and
the curvatures into a single algebraic object, as we alluded to before. This is the nilpotentisation.
We can do the same for filtered structures.

Definition 2.47. Given (M,£) a manifold with a weakly regular distribution. Let m € N the
minimal integer such that I'™) (¢) = T (¢) for all i > m. The nilpotentisation associated to ¢ is
the weak bundle of graded Lie algebras given by

L(§) = &2 Li(§) @ Loo(§)

where Li(&) = €M, Li(¢) = €@ /0D and L. (¢) = TM/™). Here, the Lie bracket is the
curvature.

Similarly, given M a manifold endowed with a filtered structure & C --- C &,,. The nilpo-
tentisation associated to the filtered structure is the weak bundle of graded Lie algebras given
by

L(§1 c---C fm) = @:’;1[@‘(51 e C fm)a

where Li(§1 C -+ C&p) =& and Li(§1 C - C &) = &i/§i-1-
In general, the nilpotentisation is just a weak bundle of graded Lie algebras.

Definition 2.48. A distribution £ is regular if the nilpotentisation L(£) is a bundle of graded Lie
algebras.

Similarly, a filtered structure & C -+ C &, is regular if L(&; C --- C &) is a bundle of graded
Lie algebras.

2.10 Lie group multiplication: the Campbell-Baker-Hausdorff formula

As we have seen, the nilotentisation is a weak bundle of graded Lie algebras. In particular, this
means that the restriction of the nilpotentisation to a point is a graded Lie algebra. Lie’s Third
Theorem (see [2]) there exists a corresponding simply-connected Lie group whose Lie algebra is
the nilpotentisation at a point. More generally, Lie’s Third Theorem states that for any finite-
dimensional real Lie algebra, there exists a corresponding simply-connected Lie group.

More concretely, let g a Lie algebra. Then the elements of the corresponding Lie group G are
given by exp(X) for X € g. Given X, Y € g we want to find Z € g such that

exp(X) exp(Y) = exp(Z)

in order to define the group multiplication. The Campbell-Baker-Hausdoff Formula then gives an
explicit solution for Z = log(exp(X) exp(Y)).

Theorem 2.49 (Campbell-Baker-Hausdorff formula). The solution Z for exp(X)exp(Y) = exp(Z)
can be written as a formal series of bracket expressions of X and Y. The first few terms of the
series are

1 1

log(exp(X)exp(Y)) =X +Y + %[X,Y] + E[X’ [X,Y]] - E[Y’ (X, Y]] +...
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See [4] and [I0] for an explicit formula of the series, and a proof.

In the case of a nilpotent Lie algebra g, this series is always finite. Therefore, the series converges
over the whole Lie algebra. Hence, the space underlying the Lie group is Euclidean. This means
that, as a space, the Lie group is equal to the Lie algebra, which is a Euclidean space.

For £ a weakly regular bracket-generating distribution, the Lie group with Lie algebra L(&)(p)
is a Carnot group.

Definition 2.50. A Carnot group is a Lie group with a graded Lie algebra of the form g = &2, V;,
where every V; is spanned by bracket expressions of elements of V7.
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3 Some control theory: the endpoint map and Chow’s The-
orem

In this chapter we prove Chow’s Theorem which tells us that for a manifold with a bracket-
generating distribution, we can connect any two points on the manifold by a path tangent to the
distribution. We have seen this before in the rolling coin example in the Introduction (Chapter [1f):
the coin could reach any point on the table because the distribution modelling the coin’s movement
was bracket-generating.

We will prove Chow’s Theorem using an endpoint map, which is defined in Section An
endpoint map sends an L2-function to a point in M. The endpoint map is a control problem, in
which the L2-function dictates the path. It returns the endpoint of the path. For Chow’s Theorem,
we will use a specific version of the endpoint map using the flows of vector fields in the framing of
the distribution and commutators of those flows. These paths are all tangent to the distribution,
and will approximate the flows of bracket expressions of those vector fields. So, to prove Chow we
will create an explicit path.

In section [3:4] we will define the Carnot-Carathéodory distance. Similar to a Riemannian
distance, it measures the distance between two points on a manifold by shortest paths. In the
Carnot-Carathéodory distance, however, we restrict to paths tangent to the distribution. Hence, it
measures the distance between two points through geodesics which are tangent to the distribution.
It is not a Riemannian distance, although it does arise from one. If two points cannot be connected
by a path tangent to the distribution, their Carnot-Carathéodory distance is infinite. By Chow’s
Theorem, we can connect any two points by a path tangent to the distribution, as long as the
distribution is bracket-generating. Therefore, the Carnot-Carathéodory distance between any two
points is always finite for a bracket-generating distribution.

This chapter is based on [§] (chapter 2), [1] and [3]. For more on Carnot-Carathéodory metrics,
see [7].

3.1 Flows

We will first discuss the relationship between the flow of a bracket expression of vector fields and
the commutator of the corresponding flows.

Definition 3.1. Let X be a vector field. Then we will write ¢% for the low of X.

Let us start with the easiest case of a bracket expression, namely one of length 2. For two vector
fields X, Y we can approximate the flow of [X, Y] by the commutator of flows [qﬁf, gb}‘ﬁ}

Proposition 3.2. Let X, Y € X(M) be two vector fields. Then quX’Y] = [(;5)‘?,(;53‘{2] + o(t).

Proof. We will show that ¢§( y] = [#%, @t] + o(t?), using local coordinates. Let p € M. W first

consider the Taylor expansion of qﬁ’[f; Y] (p) around t = 0, which is

S (p) = 0150 (0) + 12X, Y], + o(t?).
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On the other hand, we have by partial differentiation that

d

i d X
p (0%, ¢51(p) = ! Pl 0 93 0 o' 0 ¢35 (p)

t t=0
=X, — ¢y 0 X, 0 ¢3.°(p) + o(t?).

t=0

Differentiating again, we get

T Koo X0 0w+ ol = XV, ofs?),
Hence, we have
65,04 )(9) = [, 6477) (0) + 21X, ¥, 4 o)
= 912 (0) + X,V +o(s).
Hence, ¢y y| = (@, 8] + ot?), and therefore ¢l 1, = [@“f, qbﬂ +o(t). 0

We can generalise this result for bracket expressions of arbitrary length.

Proposition 3.3. Let A(—) a bracket-expression of length i, and let X1, ..., X; € X(M) be vector
fields on M. Then we have

1/4 1/4
s xrx = A (05 0k ) + ().
Proof. We will prove the statement by induction. For ¢ = 1, the result is trivial. In Proposition
[B:2] we proved the case for i« = 2. Now, suppose that the result holds i — 1. By Lemma [2.8]
we can write A(—) as a linear combination of bracket-expressions of the form [, B(—)] for B(—)
a bracket-expression of length ¢ — 1. Without loss of generality, assume that A(Xy,...,X;) =
[X1, B(Xs,...,X;)] for some bracket-expression B(—) of length ¢ — 1. By the induction hypothesis,
we have
£1/(—1)

1/G-1)
¢)tB(X27...,X1-) =B (¢>X2 s O ) + o(t).
Therefore, we have
A, - 0k,) = [0k, B (¢%,, -, ¢k,)]
= [¢g(1a¢t[3(X2,...,X,i):| + o(t").
Let p € M. As in the previous proposition, we will use the Taylor expansion at t = 0. We have

i—1 d i—1 _ it
[¢txl,¢§3(x2,.,,,xi)} (p) = @, O, © DB(Xarx1) © OX) © PBixs..x1)(P)

x5 © (X1)po ¢§?;2’,“,Xi)(p) + o(t?).

.....
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Differentiating again, we get
d

gi—1 _gi1
E o (Xl)p - ¢}3(X2,...,Xi) © (X1>p ° ¢B(X2,.A.7X,i)(p> + O(tg)

= [Xl, B(XQ, e aXi)]p + O(Si)

= A(Xl, . 7Xi)p + O(Si).
So, we have ¢Z(X1,...,Xi) = A(¢%,,..., ¢, )+o(t"), and therefore ¢f4(x1,...,xi) = A( EZ’ ce %l) +
o(t). O

With this, we can now define the endpoint map.

3.2 The endpoint map

Given (M, ) a manifold with a distribution, and p € M. We can ask which points on the manifold
we can reach through a path tangent to the distristibution which starts at p. Chow’s Theorem [3.13]
tells us that if € is bracket-generating, then we can reach any point in the manifold through such a
path. In order to prove Chow’s Theorem, and to solve the question which points we can reach by
a path tangent to the distribution, we will first look at which points near p we can reach by a path
tangent to £. For this, we will use a special version of the endpoint map.

In this section, we let {X7,..., X)} a framing of £ centred at p. We write ¢! for the flow of X;
at time .

Definition 3.4. The endpoint map based at p is the map
L%([0,1],R*) - M
u— x(1)
where z(t) is the unique solution of the local control problem given by
{a’c(t) = Sy () Xi(@ (1)
z(0) = p.

As we said, we are specifically interested in paths which are tangent to the distribution. By
choosing u carefully, we can create such paths through solving the control problem. We know from
the framing that we can reach the points of the form ¢ = (Z)? (p). We can express these explicitly
using the endpoint map as follows:

Definition 3.5. Let v/ : [0,1] — RF with

Vil(t) = (tl,O,...,O)
vE(t) = (0,t5,0,...,0)

() = (0,...,0,t).
Then ¢! (p) = 2(1), where x(t) is the solution of

{a‘c(t) = Y0 (0F),; (0, (2(0) = t: X (x(t))
z(0) = p.
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We can even reach the points of the form ¢ = [ ) (bﬂ (p). In order to do this, we first define
the commutator of paths.

Definition 3.6. Let u,v : [0,1] — RF be paths, given by u(t) = (ui(t),...,usr(t) and v(t) =
(v1(t),...,vg(t)). We define the concatenation of paths as follows:

~J2u) iftelo,
u-v(t) = {2v(t) ifte[l 1],

We define the commutator of paths as

[u,v] =uw.v.(—u).(—v).

Remark 3.7. The concatenation of paths is not the same as the usual concatenation in algebraic
topology for the product in the fundamental group or the fundamental groupoid. In the definition
of the concatenation of paths we are adding a dilation, because these paths are the derivatives of
the paths which are of interest to us. The derivatives do get dilated when we run over the path
faster. A

In the next proposition, we see how the commutator of flows can be described as a solution of a
differential equation involving the commutator of paths. We will later use a generalisation of this
to define the endpoint map.

Proposition 3.8. The commutator of flows (¢}, ¢%](p) equals x(1), where x(s) is the solution to
the differential equation

#(s) = Sz [ il () Xa(a(s))
z(0) = p.
Proof. We have
Yorg e e = ((F ) e ) e
and therefore

(s fselod]

8t : 11

bttty Y Bs—1)  ifse[g ]
T T Sy e[l )
'y;%(2s —1) ifsel3,1].

In order to get a reparametrisation of the integrated path, we reparametrise and rescale this path
as follows:

vl (4s), if s € [0, §]
at : 11
otas—n ety
7(5) = At . 1 3
v; (45 —2) ifs €[5, q]
v M (4s—3) ifse[3,1].
Hence, [¢;, #%](p) is indeed a solution of
k
= i) Xi(x(s),
=1
where x(0) = p. O
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We can generalise this result for bracket expressions of any length:

Proposition 3.9. Let A(—) a bracket expression of length i, then A( ;1,... ,gb;»i)(p) = x(1), where
x(s) is the solution of the differential equation

i(s) = Y8 AGYE ) (5) X (2(s))
z(0) = p.

Proof. We prove by induction. It follows by Proposition that the statement is true for bracket
expressions of length 2.

Now suppose the statement is true for bracket expressions of length i — 1. By a similar argument
as Lemma[2.8) we can write A(—) as a linear combination of bracket expressions of the form [, B(—)],
with B(—) a bracket expression of length ¢ — 1. Without loss of generality, assume that A(—) =
[, B(—)]. We have

Vi (85) itse 0.4

B(’ygtvv’}/gt)(&s—l) if se [—’7}

e B, yi)](s) = § )2 5 i 11
J J J 7j14t(;1f_1) 5 ifse [%7%]
B(v, 2,520 (2s = 1) if s e [3,1).

To obtain a reparametrisation of the integrated path, we reparametrise and rescale as follows:

74 (4s) if s €0, ]
(s) = B(y;l;,...,’y;-lf)(éls—l) if se [i,%]
T 5t (4s) (45 - 2) if s e[l 3]
B('yj:‘4t,...,'yj:4t)(4s—3) if s €[2,1].
So then A(¢% ..., % )(p) = [#%,, B(d%,, ..., 5 )](p) is the solution of the differential equation
k
#() = DL AW 7)3(8) X (2(5))
j=1
with z(0) = p. O

3.3 Chow’s theorem

We now come to the main result of this chapter, which is Chow’s Theorem. It tells us that for M a
smooth manifold, endowed with a bracket-generating distribution &, we can connect any two points
on the manifold by a path tangent to the distribution.

The following remark tells us that the bracket-generating condition is indeed necessary.

Remark 3.10. In general, we cannot connect any two points on a manifold by a path tangent to the
distribution. For example, the result does not hold for an involutive distribution. If £ is involutive,
then Frobenius’s Theorem tells us it is also integrable. This means that the paths tangent to
¢ through a fixed point p € M form a smooth immersed manifold of dimension k = rank(§), which
is called the leaf through p. Then, if ¢ € M does not lie on the leaf through p, we cannot connect
them via a path tangent to &. A
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Before we state Chow’s Theorem, we first define a special case of the endpoint map. We restrict
the input of paths w so that we can only use paths which are concatenations of paths using the
framing of the distribution. This allows us to only move in directions which are tangent to the
distributions.

Definition 3.11. Let (M, ¢) a manifold of dimension n with a bracket-generating distribution of
rank k, and let p € M. Let Xi,..., X, be a framing of £ around p. For k+1 < i < n, let
X; = A;(Xq,...,Xg) such that X;,..., X, forms a framing of TM around p. Here A; are bracket
expressions of length a;. Write

ot = {fbtxi . o it1<i<h
A; (aﬁxl yeees Oy ) ifk+1<i<n.
Then the endpoint map adapted to the framing X;,..., X, is defined as:
Y:R" - M
(t1,. o tn) > @m0 -0 @B 0 ¢l (p).

Remark 3.12. This is a special case of the original endpoint map. Indeed, we can write it as a

control problem, where ¥(t1,...,t,) = z(1) is the solution to
B(t) = D25y u(t) X (2 (1))
z(0) =p

with

k n 1/a; 1/a;

. t. t.

w) =30+ X ()
i j=k+1

Through this, we effectively reduce the domain of the original endpoint map to a finite-dimensional

subspace, which we identify with R*. The domain of the original endpoint map was L?([0, 1], R¥),

which is an infinite-dimensional space. A

Theorem 3.13 (Chow). Let (M, &) be a manifold of dimension n with a bracket-generating distri-
bution of rank k. Then any two points p,q € M can be connected by a path tangent to £.

Proof of Theorem[3.13 Let Xy,...,X, and ¢!,..., ¢! be as in Definition By Proposition
8t = o, + ol0).

We claim that for any j, the points p and ¢>§ (p) can be connected by a path tangent to £. Indeed,
for j < k, the flow lines of qﬁ; are tangent to £. If j > k, then qb; (p) can be reached from p by
flowing iteratively along each element in the bracket expression that defines ¢t.

We use the endpoint map v at p. For any point p’ € M, the flows ¢g<j (p') at p’ are C*°-functions
in the variable t. Therefore, for j = 1,...,n we have that gf);» (p') are also C*°-functions, since they
are either a vector field flow at p’, or a bracket-expression of flows at p’. It follows that 1) is also
C°°, since it is the composition of C*-functions. Moreover, 1.(9/0t;)|, . _o o) = X; for
j =1,...,n. By the inverse function theorem, 1) is a C°°-diffeomorphism near the origin. By
construction, p can be connected to any point in the image of ¥ with a path tangent to £&. We can
construct an endpoint map for any point p € M, so any two points in M can be connected by a
piecewise linear map tangent to &. O
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For an alternative proof of Chow’s Theorem, see [g].
A direct consequence of Chow’s Theorem is the following:

Corollary 3.14. Let (M,¢) be a manifold with a bracket-generating distribution. Let p,q € M,
and let v a path connecting p and q. Then for every ¢ > 0, there is a path . tangent to & which
connects p and q, and ||y — Yel|sup < €.

Proof. Let € > 0. Let v:[0,1] = M, v(0) = p, ¥(1) = ¢. Divide [0, 1] into intervals of length 1/N,
for some integer N, > 1/e.

For every i € {0,...,N. — 1}, let U; C M be a neighbourhood of «([i/N, (i + 1)/N.]) such that
for all p; € v([i/Ne, (i + 1)/N]), p2 € Us we have |[p1 — pa|| < e. Then UY;" covers ~([0,1]), and
every U; is a manifold with bracket-generating distribution ¢| U,

By Chow’s Theorem, we can connect the points v(i/N.), v((i +1)/N,) € U; with a path 4, tangent
to &|y;,. Concatenating these paths, we get a path v = J0 * - -+ * n,-1 which connects 7.(0) = p
and 7.(1) = ¢, which is tangent to &, and such that ||y — ve||sup < €. O

The following example shows that the result of Chow’s Theorem can hold without the assumption
that the distribution is bracket-generating.

Example 3.15. Consider R?(z, v, 2) with distribution

§ =ker(dz + f(y)dz) = (0> — f(y)0:,0y)
where f : R — R such that f(y) =0if y <0, and f'(y) > 0if y > 0. We have

[8$ - f(y)amay} = f/(y)az~

Hence, € is a foliation on {y < 0}, and is bracket-generating on {y > 0}.

Consider two points (z,y, 2z) and (2/,y’,2") with y,y’ < 0. We will show that we can connect
these points by a path tangent to &.

Start at (z,y, z) and then move to (z,0, z) via a straight path (which is contained in the leaf).
Then move from (z,0, z) to (2/,0,z’) on {y > 0} via Chow’s theorem. Lastly, move from (z’,0, z’)
to (2,4, 2') via a straight path, which is contained in the leaf. VAN

3.4 A note on Carnot-Carathéodory metrics

Given a manifold with a distribution, we can ask which pairs of points we can connect through
paths tangent to the distribution. As we have seen in Chow’s Theorem, we can connect any two
points by a path tangent to the distribution if the distribution is bracket-generating. However, this
is not true in general. The Carnot-Carathéodory is defined as the infimum over all paths tangent
to the distribution which connect a given pair of points. If this distance is infinite, no such paths
exist.

Definition 3.16. Let (M, £) be a manifold endowed with a distribution, and let g be a Riemannian
metric on M. The Carnot-Carathéodory distance between two points p, ¢ € M is defined as

de(p,q) = »yeircl*f {length(v)},

where C) 4 is the set of all curves tangent to the distribution { which join p, g. Here, length(vy)
indicates the length with respect to g.
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In the case of a bracket-generating distribution, then d.(p,q) is always finite. This follows
directly from Chow’s Theorem[3.13] As we mentioned in Section[2:10} there is a Carnot group whose
Lie algebra is the nilpotentisation at the point. Given a Riemannian metric g on the manifold, we
can endow the first level £ of the nilpotentisation with the metric g, and thus build a bundle of
Carnot groups.

Control theory deals with understanding the paths that minimise the Carnot-Carathéodory
distance. For more one these minimising paths, see [8] Chapters 1 and 3 and Appendix E.
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4 Weighted analysis

Given a filtered structure on a manifold, we can introduce weights to the vector fields on M to
partly ‘remember’ the structure of the nilpotentisation. The filtration at the bundle level given by
a filtered structure defines a filtration at the level of sections.

As we mentioned before in Section in the discussion before Definition the order of
vector fields, that we can think of vector fields as differential operators of order 1. However, in the
context of filtered structures, we regard certain vector fields as higher-order differential operators.

Concretely, if & C --- C &, is a filtered structure on a smooth manifold M, we say that
X € X(M) has weight i if X € T'(§;) and X ¢ I'(§;11). Using the notion of weight, we can define
the order of smooth functions on M, by keeping track of the weights of the vector fields for which
the directional derivative of the function vanishes.

Furthermore, we will introduce the notion of privileged coordinates, which are coordinate func-
tions on the manifold which ‘remember’ the filtered structure. This will give another (equivalent)
way to calculate the order of a function.

Lastly, we will define dilations with respect to the privileged coordinates, and introduce the
notion of homogeneous vector fields. This will allow us to find a basis for the nilpotentisation.

So, let M a smooth manifold of dimension n, and let & C --- C &, = T'M a filtered structure.
Let n; the rank of the distribution &;. In particular, n,, = n. We can choose a framing X1,..., X,
of TM such that for all ¢ we have that X;,...,X,, is a framing of &;.

This chapter is based on [I], [6], and chapters 2 and 8 of [8] (distributions) and [9] (filtered
structures).

4.1 Nonholonomic derivatives, orders

Using the vector fields in the framing, we can introduce nonholonomic derivatives. It is a kind
of directional derivative, but one which remembers the order of the vector fields which define the
direction.

For all 4, let the integer a; be such that X; € I'(&,,) and X; ¢ I'(§4,+41)-

Definition 4.1. Let p € M and let f be a smooth function defined on a neighbourhood of p. A
nonholonomic derivative of f of order « is defined as

Xiy oo X, f
where a;, + -+ +a;; = a.

Using the notion of nonholonomic derivatives, we can define the order of smooth functions at a
point.

Definition 4.2. The order of f at p is greater than or equal to s if all nonholonomic derivatives of
f of order smaller than or equal to s — 1 vanish at p. We write ord,(f) > s. Moreover, ord,(f) = s
whenever ord,(f) > s but not ord,(f) > s+ 1.

We can also define the order of differential operators and vector fields. For differential operators,
we can express it in the vector fields of the framing.

Proposition 4.3. If D is a linear differential operator, we can write D as

D =Y caX{t. . X3
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where the sum is taken over all multi-indices o« = (a, ..., ay), and ¢ € C°(M,R) is non-zero for
finitely many terms.

Definition 4.4. A vector field X has order greater than or equal to —s whenever X € I'(¢;). We
write ord(X) > —s. Moreover, ord(X) = —s whenever ord(X) > —s but not ord(X) > —s + 1.

A differential operator D has order greater than or equal to —s if for all a such that ¢, # 0 we
have > | a;a; < s. We write ord(D) > —s. Moreover, ord(D) = —s whenever ord(D) > —s but
not ord(D) > —s + 1.

Remark 4.5. A vector field X has weight 4 if and only if ord(X) = —¢, meaning there is a direct
connection between weight and order. A

4.2 Privileged coordinates

In this section, we will define privileged coordinates. It is a coordinate system, centred at a point p
on the manifold, which ‘remembers’ the filtered structure. More specifically, it remembers weight.
Using the privileged coordinates, we will show how they relate to the framing of the filtered struc-
ture, and use them to define a local distance function. This distance function will allow us to
measure the distance between the base point p and points near p. If a metric is fixed, this will
function as an approximation of the Carnot-Carathéodory metric for filtered structures.

Definition 4.6. Let z1,...,x, be a system of coordinates centred at p. Then xi,...,x, are
privileged if ord,(z;) = a; and dx1, ..., dz, form a basis of Ty M adapted to the filtered structure,
meaning that dzq,...,dz,, form a basis of T'(§;)(p) for all 1 <i < n.

Let z1,...,x, be a system of privileged coordinates. By possibly changing the order of the
indices and rescaling, we may assume that X;z;(p) = 1. Fixing a metric g on the manifold, we can
choose X; to be orthonormal for g. In that case, the x; are roughly orthogonal.

Proposition 4.7. We can express X; in these privileged coordinates as follows:
0 ;0
X;=— Bl —
! ({91'Z + Z ¢ al'j
J s.t.
aja;
where Bg is a smooth function with ord, (Bf) > a; — a;.
Proof. First, let us start with a naive expression, namely

X= 24yl

We will prove that Bg = 0 whenever a; < a;.
Claim 2. The order of Bg at p is greater than or equal to a; — a;.

Proof. By definition, ord,(z;) = a;, and therefore X;, ... X; X;2;(p) = 0 whenever a;, +---+a;, +
a; < a; — 1. Therefore,

X, .. X3, Bl(p) = (X, ... X)) (Xiz;)) (p) = 0

whenever a;, +---+a;, < a; —a; — 1. Hence, ord, (Bf) > a; — a;. O
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If a; > a;, we are done.

Now, let a; < a;. Since Bg is smooth, we always have ord, (Bi) > 0. Because z1,...,x, are
privileged coordinates, we have ord (%) = —a;. We have for
i 0 ; 0
ord <Bf) > ord, (Bf) + ord ()
8$J‘ al‘j
2 0— a;
> —a;.

If Bg # 0, we have B2 ¢ [(€a,+1) \T'(&,;). But then X; € T'(&4,41) \ T'(&s,), so ord(X;) > a;

i Oxj

which is a contradiction. Hence, B = 0 whenever a; < a;. So indeed,

9 L0

aj>a;

O

Definition 4.8. The local distance function at p induced by the privileged coordinates
T1,...,%Tp 18

dp(p,q) = d(0, (w1, @n)) = |wa| 4o a4 [V
where ¢ lies in the domain of the privileged coordinates x1, ..., Z,.

Note that the local distance function is not equivalent to the usual distance. It measures the
shortest distance with respect to (the weighting induced by) the filtered structure, which means
that growth in certain directions is not linear. Moreover, it is truly local. Since it is defined by a
system of privileged coordinates, it can only measure the distance from p to a point ¢ in the domain
of the system of privileged coordinates. We cannot measure from p to any point on the manifold.

The local distance function satisfies the triangle inequality (for norms).

Proposition 4.9. For any q1, g2 € M we have

dp(p, 1 + q2) < dp(p, q1) + dyp(p, g2)-
Proof. By definition, we have
dp(p: 1 + q2) = d(0, (z1 + y1,. .., Tn + Yn))

I R e e R S L o R

Claim 3. For all 1 <i < n, we have |2; + y;|"/% < |z % 4 |y;|*/ .
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Proof. We have |z; + y;| /% < |z;|*/% + |y;|*/@ if and only if

@i+ gl < (Jal /4 il /)

a;
= Z (%) |xl_|(arj)/ai yi|j/az"
=0 N/
Note that we always have
lzi +yil < @il + |yl
a;
<> <a.1) Jag | (7 s
=0/
Therefore, we always have |z; + y;|Y/% < |z % + [y; |/ O
From the claim, it follows that
n
dp(Ps 1 + q2) = Z i + |V

il /o 4

M- -

<

-
Il

—~

dp b, ql) + dp(pa (]2)

O

Lastly, we will define a weighted norm, which is similar to the usual notion of a norm, but it is
required to ‘behave well’ with respect to dilations, which are defined as follows for a general graded
metric space:

Definition 4.10. Let (V,d) be a graded metric space. Then a dilation on V are functions function
0:V — V for r > 0 such that for every z,y € V we have d(d,x, 6,y) = rd(z,y).

Definition 4.11. A weighted norm on R"™ (as a graded vector space) is a continuous function
[| - || such that ||z|| > 0 for all z # 0, for all z, y we have ||z + y|| < ||z|| + ||y|| and such that
[|0:x]| = t||x|| for all ¢ > 0.

Example 4.12. Two examples of weighted norms are

n

el = |l

i=1

and

]| = sup Jas[ /5.
i

A

Remark 4.13. Any two weighted norms are equivalent, since they are a finite distortion of each
other. A
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4.3 Privileged distances, and the order of functions

We will now take a step back from the local distance function, to consider the privileged distances,
of which the local distance function is an example. These are distance functions which behave well
with respect to the order. Using privileged distances, we can give another definition of the order of
a smooth function. We will show that the local distance function is a privileged distance, providing
a new order for smooth functions. We will prove that this is equivalent to our earlier definition of
order.

Definition 4.14. A distance function d is privileged if for all smooth functions f around p and
for all ¢ in the domain of f, we have

ordy(f) > 5 & |£(a)| = O(d(p,q)")-

An alternative way of defining the order of a smooth function is to define it through privileged
coordinates.

Definition 4.15. Let f a smooth function defined in a neighbourhood of p. Then f has order s
with respect to d whenever |f(q)| = O(d(p, q)*) but |f(q)| # O(d(p,q)*™!). Here, d is a privileged
distance function.

The next example shows that two privileged distance functions do not necessarily have to be
equivalent.

Example 4.16. Consider R as a weighted vector space, of weight 1. Now, consider two sequences

(pi)ieN and (qi)ieN with ) )

Pi = 5> 9 = 53 1
22 22 + 5
Let f: R — R be a continuous function such that

f(Pi)=%7 f(qz‘)ZQQi%

_ 1
2
Especially, we have
Pi > @ > Piv1 = Py,

and we have

pi = f(pi) > flai) > f(pit1) = pit1.
Now, let d be the Euclidean metric, which is a privileged distance function at 0. Then f*d is also
a privileged distrance function, with

1
£7d(0,pi) = |pil, frd(0,q;) = m
To check that f*d is privileged, it is enough to check that x = O(f*d(0,z)) for all z € R,
since any smooth function can be described by its Taylor series at 0. We have p; = O(f*(0,p;)),
because f(p;) = p;. Moreover, we have ¢; = O(f*d(0, ¢;)) because f(gq;) < ¢;. Therefore, we have
by continuity of f that x = O(f*d(0,z)) for all = close to zero.
Although both d and f*d are privileged distances, they are not equivalent. We have lim; . f(g;)—
¢? — 0, which implies that f*d(0,¢;) is more or less ,/g;, which is clearly very different from
lgi| = d(0, ¢;). A
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We will show that the definition of order with respect to the local distance function is equivalent
to our earlier definition of order (which was defined through nonholonomic derivatives). In order
to prove this, we will first show that the local distance function, which arises from a system of
privileged coordinates, is a privileged distance function.

Proposition 4.17. The local distance function induced by privileged coordinates is privileged, i.e.
ord,(f) > s if and only if

|f(z1,...,2,)| = O (<|$1| N ‘xi‘l/ai L |xn|1/m)5).

Proof. Without loss of generality, assume that X;z;(p) = 0;;. Let f a smooth function defined in
a neighbourhood of p. Let ) cqz® the Taylor expansion of f in the privileged coordinates, with
a = (aq,...,ap) varying over all multi-indices.

Claim 4. We have
1 ifa=
)(alﬁ (p) { 1o /6

0 otherwise.
Especially, we have ord,(z%) = >i, aua; =: w(a).

Proof. We can calculate explicitly. We have

a a1 a Qn,
a,.B Y Y B1 Bn
X“z" (p) (8331) (85%) oz (p)

_J1 ifa=p
10 otherwise.

From this, it follows immediately that ord,(z®) = w(«). O

It follows from the claim and the Taylor expansion of f that X f(p) = co. Therefore, ord,(f) >
s if and only if ¢, = 0 whenever w(a) < s—1. Especially, ord,(f) > s if and only if ¢, = 0 whenever
a=(B,...,Bi/a...,Bn/m) with B another multi-index and Y"1 , 8; = w(a) < s — 1.
Claim 5. We have ord, ((zl NS x}/m)s> =s.

i

Proof. We have

(x1+~~+:ci/a’+~-~+x}/m) = E x| o™
a s.t.
artetan=s

Moreover, we have

n

n
aq Oti/ai ap/m\ __ —
ordp(gzt1 T Lzl )— g (ai/ai)-ai—g ;.
i=1

i=1

Hence, we have

Qg /ag
ord, g it i/ Lgln/m| =,

a s.t.
ai+-tap=s
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From the claim, it follows that ord,(f) > s if and only if

lf(x1,...,2,)| =0 (<|$1| N ‘xi‘l/ai bt |xn|1/m)8) .

O

Now, we can prove that the order of a smooth function at a point is the same under the old
order of smooth functions, and with respect to the local distance function.

Lemma 4.18. The two definitions of order are equivalent.

Proof. Let f a smooth function defined on a neighbourhood of p. By Proposition [4.17] we have that
all nonholonomic derivatives of of f of order < s — 1 vanish at p if and only if

|f(x1,...,2,)| =0 (<|x1| NI ‘xi‘l/ai et |xn|1/m)8) .

Moreover, there is a nonholonomic derivative of f of order s which does not vanish at p if and only
if
1 1/a: 1 s+1

|f(x1,...,2n)| #O <<|x1| + ot |y lai 4oL 4 |2, /m) > )

Hence, the two definitions of order are equivalent. O

4.4 Dilations and homogeneity

In this section, we will use privileged coordinates to define dilation at a point. Dilations are
somewhat similar to scalar multiplications, but they remember the grading. Using dilations, we
will define homogeneity of vector fields and smooth functions, and will construct a homogeneous
approximation for vector fields. This will ultimately allow us to use the framing of a filtered
structure to create a basis for the nilpotentisation.

Once again, let M be a manifold endowed with a filtered structure & C --- C &,, = T M.

Definition 4.19. A dilation induced by a system of privileged coordinates z1,...,z, at
the point p is a function §° with r > 0, which satisfies

(O (@1, &y ev oy ) = (ray, oo %@y, 7y,
For a smooth function f, the dilation 62 satisfies
(OB f(z1y ey @iy an) = flrmy, .o a7 2.

Definition 4.20. Let X € X(M) be a vector field on M of order —s. Then X is homogeneous
at p if (6P)*X = r~5X. Similarly, a smooth function f on M of order a is homogeneous at p if

OR) f=ref.
Note that the privileged coordinates are homogeneous, in particular.

Proposition 4.21. Let X, Y € X(M) homogeneous of order —s1, —so respectively. Then [X,Y]
is homogeneous as well.
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Proof. We calculate:
(07)"[X, Y] = [(67)" X, (67)"Y]
= [r~1X,r %Y
=r-(ts2)[x ],

We can decompose a vector field into homogeneous parts.

Proposition 4.22. Let X a vector field of order —s at p. Then we can write
X=X 4 xCsth) 00 x4 x©) L ox (@) 4

where X9 is a homogeneous vector field with ord, (X(i)) =1.

Proof. We calculate the decomposition inductively. First, we define

X% = lim r°0* X.

r—0

Because ord,(X) = —s, we have X (=) = 0. Moreover, ord,, (X - X(*S)) > —s + 1 whenever
X # X(=9) So, we can calculate

X5 = Jiy o1 (X - X(‘S)) :
r—0

We have X(=5*1 is either homogeneous at p of order —s + 1 or zero. Continuing in this manner,
we define for general ¢ > —s that

X0 = lim =iy (X = X9 = x ot — o x G0,

r—0
By induction, we have X (9 either zero or homogeneous at p of order i. Hence, we have
X =Xx0C9 4 xCs+h) 00 x4 x0) L ox(@) 4
O
Remark 4.23. In the case of the trivial grading, this is just the usual Taylor expansion. A

We can define X = X% with ord,(X) = s. By the following lemma, we can equivalently
define X = lim, o r5(6P)* X.
Lemma 4.24. We have for all i > —s that
lim rs((s,’f)*X(i) =

r—0 0 otherwise.

{X(S) ifi=—s
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Proof. Because X is homogeneous of degree i, we can calculate explicitly

ifi=-—s

, o X (=9)
lim rs(éf)*X(z) =rstix () = ]
r—0 0 otherwise.

O

The following proposition shows that the map X +— X is well-behaved with respect to the Lie
bracket. When we will later prove that Xl, o Xn generates a finite-dimensional nilpotent Lie
algebra (which is isomorphic to the nilpotentisation), this ensures that bracket expressions still
respect the grading (which is especially important in the case of a filtered structure arising from
a bracket-generating distribution). It is remarkable that these homogeneous vector fields produce
such a Lie algebra, since most pairs of vector fields generate infinite-dimensional Lie algebras.

Proposition 4.25. Let X, Y € X(M) two wvector fields, with order —sy, —sa respectively. If
[X,Y] #£0, then

X.Y]=[X.V]
and [Y,\Y] is homogeneous of order —(s1 + s2).
Proof. We can expand the vector fields in their homogeneous parts, i.e.
X=x0 4 xEatl 4

and
Yy =y(s2) p y(=setl) o

By definition, X = X and ¥ = Y(=52), Therefore,
%, 9] =[x,y
Moreover, we have

oo o0

[X,Y] = Z X Z vy (@)

i=—51 Jj=—s2
-y ¥ {Xm’y(j)} ,
i=—81 j=—S2
Particularly, we have
X Y0 =% [X(i)’y(j)}.
it+j=l
Since [X, Y] # 0, we have
[(X,Y] = [X,Y]Guts2) [ x y)(Slsats) )

and [X,Y](=(s14s2)) — [X(_Sl),Y(_S2)] . Especially, we have

X,Y] = [X“Sl),Y(*Sz)} - [XY} .
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Remark 4.26. Let us consider (M, &) a manifold endowed with a bracket-generating distribution.
Let X1,..., Xy a framing of £&. By definition, there are Xy11,...,X, with X; = A;(Xy,..., X})
such that Xi,...,X,, form a framing of TM. By the previous proposition, we have that X, =
Ai(f(l,...,f(k). A

The next lemma shows that applying the map X — X to the framing of the filtered structure,
gives a basis for the nilpotentisation.

Proposition 4.27. The Lie algebra spanned by Xh ..., X, is the nilpotentisation of €& C - - C &y
Proof. For every i, we have that X,..., X, is a framing of §;. Therefore,
X1 mod (I'(§i-1)), ..., Xy, mod (I'(§-1))
spans I'(&;)/T'(&;—1). Since X1,...,Xn,_, € T'(&-1), it follows that for all 1 < j <n;_;
X;=0 mod (I'(§i-1))

and therefore
Xni,l—i-l mod (F(gz—l)) cees Xni mod (F(gz—l))

span I'(&;)/T'(§-1). We have dim(I'(§;)/T(&—1)) = n; — ny—1, so the above is indeed a basis for
L(&)/T(&i-1)- ) )
Similarly, Xy, ,+1,...,Xp, are linearly independent, and are homogeneous of weight i. Let I'; be
spanned by )A(mfﬁ_l, e va as a vector space over R. If [XZ, Xj] # 0, then [Xi, XJ] is homogeneous
of order —(a; + a;). Therefore, we have {f‘l, f‘J} - f‘iﬂ-.
As a vector space, ['(&;)/T'(&—1) is isomorphic to I';, by

Xj mod (Fi—l) — Xj.

Moreover, D@D, is isomorphic as a graded Lie algebra to the nilpotentisation of £, C - -+ C &y,.
O

Therefore, this construction of the Lie algebra of homogeneous vector fields does not depend on
the choice of a framing of the filtered structure up to isomorphism.

4.5 Global distance

We have seen before how we can construct a local distance function on a manifold endowed with
a filtered structure. We can also construct a global distance function. We do this by taking the
infimums over the lengths of concatenations of the integral curves of frames, where the distance on
each integral curve is given by the degree of a vector field. This gives a Manhattan-style distance,
since we are only allowed to move along curves tangent to the framing.

More specifically, let (M,&; C &,,) be a manifold endowed with a filtered structure. We can
cover M by open balls U; with i € I for some indexing set I, i.e. M C |J;c; U;. Choose the balls
small enough so that for every i € I there is a framing X7, ..., X} of the filtered structure on U,
with X% ... ,X;j a framing of &; for j = 1,...,m. Similar to Section we want to reach any
point on the manifold through concatenations of integral curves of the framing.

Let us first define the length of a flow curve.
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Definition 4.28. Let X € X(M) of order —s, and let ¢’ be the time ¢ flow of X. Then the length
of ¢ is given by
length (¢%) = RAS

We can extend this definition to concatenations of vector fields.
Definition 4.29. Let Xq,..., X € X(M) of orders —s1, ..., —sy respectively. Then the length
of qbt)él 0---0 qbé?k is given by
length ( t)él o---0 ¢thk) = length ( }1) + .-+ +length ( gék)
= |t1|1/81 L |tk|1/5k.

Remark 4.30. For the X} we have in particular that length ( f)(l) =tl/a, A

Using this, we can define a global distance as the infimum over all paths which are concatenations
of the flows of the vector fields in the framing over U;.

Definition 4.31. The global distance d associated to the framing X1,...,X,, on M is defined
as

d(p,q) = inf {length
(p,q) = inf {length(¢)}
where C), 4 is the set of paths which are concatenations of ¢, for i € I and 1 < j < n;.

The global distance depends on the choice of framing, since that is what dictates which directions
we are allowed to take.

Lemma 4.32. The global distance is a metric, i.e. for any p,q,v € M the global metric satisfies
1.d(p,q) =0 <= p=g¢q
2. d(p,q) = d(q,p)

3. d(p,q) < d(p,7) +d(r,q).

Proof. If p = q then it is trivially true that d(p,q) = 0. Now, suppose that d(p, q) = 0. Let C}, , be
the set of all paths connecting p and q. Then we have

0=dip.q) = inf {length()} > inf {lensth(s)} > 0.

Therefore, p = q. So, d(p,q) =0 < p=gq.
Moreover, we have

d(p,q) = ¢eircl,f {length(¢)}
=, Eiggp{length(—@}
=, Eiggp{length(@}

= d(q, p)-
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Lastly, let C} .o C Cp 4 be the subset of paths which flow through r. We then have

d(p,q) = . inf {length(¢)}

<, inf {length(¢)}

p,Tq

< inf length(¢) + length
< e, {length(¢) + length(y)}

=, inf {length(9)} + inf {length(v)}
=d(p,r) +d(r,q).
O

We will leave it as an open question to further define the properties of this global distance. For
example, if a filtered structure arises from a bracket-generating distribution, it is unclear how it
relates to the Carnot-Carathéodory distance.
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5 The tangent cone

In this section, we will define the tangent cone to a metric space. For a metric space (X, d) and a
point xg € X, its tangent cone at xo appears when we stretch the distances to infinity, while the
position of the point xy remains the same.

In order to properly define the tangent cone, we first need to define the Gromov-Hausdorff
distance, which measures the distance between two metric spaces. This in turn allows us to define
the limit of a sequence of metric spaces, which is what the tangent cone is, if it exists.

Although one would expect that the tangent cone forgets all structure, Mitchell’s theorem will
show us that this is not the case. Indeed, for a manifold endowed with a filtered structure, the
tangent cone exists, and is equal to the Lie group whose Lie algebra is the nilpotentisation of the
filtered structure at a point.

Lastly, we will construct an explicit group product on the tangent cone, using dilations and
privileged coordinates. Being a Lie group, the tangent cone has a group structure. It is not clear
at the start, however, how the group structure relates to the filtered structure.

This chapter is based on [1], [7] and chapter 8 of [g].

5.1 Dilations

Before we do anything else, we will consider the following two definitions. These notions will be
used throughout this chapter, and it is useful to know what exactly these mean.

Definition 5.1. A pointed metric space is a pair (X, z¢), where X is a metric space and zp € X.
The point x is called the base point.

The next definition is a restatement, and expansion, of Definition 410}

Definition 5.2. Let (X,d) a metric space, and > 0. An r-dilation is a map J, : X — X such
that d(d,(z),,(y)) = rd(z,y) for all z, y € X.

If (X,z0) is a pointed metric space, then we require that the r-dilation fixes the base point, i.e.
0r(z0) = 0.

5.2 Convergence of metric spaces

In this section, we will define the Gromov-Hausdorff distance, which measures the distance between
two metric spaces. First we define the Hausdorff distance, which measures the distance between two
subsets of a metric space. This allows us to define the Gromov-Hausdorff distance by measuring the
distances between embeddings of two metric spaces into another (larger) metric space. Moreover,
we will define what it means for two metric spaces to converge. We will use this to check whether
the tangent cone exists.

In order to define the Hausdorff distance, we will need the following definition.

Definition 5.3. Let (X, d) a metric space, and A C X. Then the j-neighbourhood of A is the
set
Ns(A) ={z € X : Ja € A such that d(z,a) < d}.

Definition 5.4. Let (X, d) a metric space, A, B C X. Then the Hausdorff distance between A
and B is
dy(A,B) =inf{é : A C Ns(B), B C Ns(A)}.
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We can generalise the concept of Hausdorff distance to measure the distance between two ‘ab-
stract’ metric spaces, by embedding them into a larger metric space while remembering their sizes
through preserving the distances on the images.

Definition 5.5. Let (X,dx), (Y,dy) be two metric spaces. An isometric embedding is an
embedding f: X — Y such that f*dy = dx, i.e. f preserves distances.

Definition 5.6. Let (X,dx), (Y, dy) two metric spaces. Then the Gromov-Hausdorff distance
between X and Y is defined as

dou(X,Y) = infdg(i(X),j(Y)),

where the infimum is taken over all metric spaces (Z,dz) and isometric embeddings i : X — Z and
j:Y — Z (i.e. all spaces Z for which such isometric embeddings exist).

The above definition of a Gromov-Hausdorff space is rather impractical when doing computa-
tions. Lemma [5.8| will provide an easier alternative through the notion of compatible metrics.

Definition 5.7. Let (X,dx), (Y, dy) be metric spaces. Then metric d on the disjoint union X [[Y
is compatible if d|x = dx and d|y = dy.

Lemma 5.8. Let X, Y be metric spaces. We have
dep(X,Y) =inf{d(X,Y) : d compatible on XHY}.

Proof. Define § = inf{d(X,Y) : d compatible on X [[Y}. Let d be a compatible metric, and let
i:X —> X][[][Y and j : Y — X][Y be isometric embeddings. By definition of the Gromov-
Hausdorff metric, we have dgg(X,Y) < d(i(X),j(Y)). Hence, dgu(X,Y) < 6.

On the other hand, let i : X — Z and j : Y — Z be isometric embeddings into a metric space
(Z,dz). Ti(X)Nj(Y) =0, then X[[Y = ¢(X) U (Y), so the restriction of dz to i(X) U j(Y)
gives a metric d on X [[Y such that d(X,Y) = dz(i(X),j(Y)) > 0.

Now consider the case that i(X) N j(Y) # 0. For € > 0, define I, = [0,¢]. On Z x I, we define

the metric

d((x,1), (y.8)) = Vdz(@,y)* + |t — s,
Embed X into Z x I by io(z) = (i(x),0), and embed Y into Z x I. by je(y) = (j(y),€). Then
io(X)Nje(Y) =0, and

d(io(X),je(Y)) = Vdz(i(X),j(Y))2 + €2 > 6.

Letting ¢ — 0, we have dz(i(X),j(Y)) > 4.
Thus, dgr(X,Y) > 6. Hence, dgy(X,Y) = 6. O

When two compact metric spaces are isometric, we already know the Gromov-Hausdorff distance.

Proposition 5.9. Let X, Y be compact metric spaces. If X andY are isometric, then dgp(X,Y) =
0.

Proof. If X and Y are isometric, there is a bijective isometry f : X — Y. So, f(X) =Y. By
definition, for every A C Y, we have Ny(A) = A. Especially, we have

deu(X,Y) <dp(f(X),Y)=0.
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Now that we can measure the distance between two metric spaces, we can define convergence
for metric spaces.

Definition 5.10. Let {X;} a sequence of metric spaces. They converge to a metric space (Y, dy)
if deg(X;,Y) — 0asi— oo.

Although the definition above is natural, it is not as useful when a sequence of metric spaces
converges to an unbounded metric space. Intuitively, the sequence of intervals {(—,%)};cn should
converge to R. However, since R is unbounded, we have lim; o dgm ((—%,7),R) = co. In the case
of pointed metric spaces, it therefore is useful to introduce a new notion of convergence.

Definition 5.11. Let (X;,z;) a sequence of pointed metric spaces. It converges to a pointed
metric space (Y,y) if for every r > 0, the r-balls around z; in X; converge to the r-balls around y
inY.

The notion of an approximate isometry will be useful when proving that a sequence of metric
spaces converges. An approximate isometry will allow us to find an upper bound for the Gromov-
Hausdorff distance in some cases.

Definition 5.12. A map f : A — Y satisfying the assumptions of Lemma [5.13| is called an
approximate isometry, or a (4, ex, €y )-isometry, between X and Y.

Lemma 5.13 (Approximate isometry criterion). Let X, Y be metric spaces, AC X, and f : A =Y
not necessarily continuous, § > 0 such that for all a1, as € A

|dy (f(a1), f(a2)) — dx(a1,az)| < 4.

Suppose that there are ex, ey > 0 such that for the metric dx we have © € N¢, (A) for all x € X,
and for the metric dy we have y € Ne, (f(A)) for ally €Y. Then

dGH(X, Y) < maX{Ex, €y} + 5/2
Proof. We will define a compatible metric d on X [[Y. For x € X, y € Y define

d(z,y) = inf {dx(z,a) +dy(f(a),y)} + /2.

We first check that the triangle inequality holds, so that d is indeed a metric. Let 1,202 € X, y € Y.
We check that d(z1,y) + d(y, z2) > d(z1, z2). We have

dar,9) +dly22) = inf {dx (o, )+ dy (o), )}
+ Jnf {dx(22,a2) + dy (f(az),y)} + 0.
On the other hand, we have
d(z1,22) = dx (z1,22) < dx(x1,a1) + dx (a1, a2) + dx(az, x2).

By assumption, we have

dx(a1,az) < dy(f(a1), f(az)) +9
< dy(f(a1),y) +dy(y, f(a2)) + 0.
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Hence,

d(x1,22) < dx(21,a1) + dy(f(a1),y) +dy (y, f(az)) + dx(az, x2) + 0.
Taking the infimum over all a1, a2, we get that d(x1,z2) < d(x1,y) + d(y, z2).
Now, let = € X, y1,y2 € Y. We check that d(yi1,z) + d(x, y2) > d(y1,y2). We have

d(y1, ) + d(z,y2) = ailéfA{dX(l", a1) +dy (f(a1),y1)}
+ ing{dX(x, az) +dy (f(az),y2)} + 9.
as
On the other hand, we have
d(y1,y2) < dy(y1,y2)

< dy(y1, f(a1)) +dy (f(a1), f(az)) + dy (f(az),y2).

By assumption, we have
dy (f(a1), f(az)) < dx (a1, a2) +0
<dx(ai,z)+ dx(z,a2) + 6.
Hence,
d(y1,y2) < dy(y1, f(ar1)) +dx (a1, ) + dx(x,a2) + dy(f(az),y2) + 9.
Taking the infimum over all a1, as, we get that d(y1,y2) < d(y1, ) + d(x, y2).
So, d is indeed a metric.
By assumption, for all x € X, there is a € A such that dx(a,z) < ex. We have
d(z,a) < dx(a,z)+3/2 <ex + /2.
So X C Ns,(Y) for the metric d, where 61 = ex + /2. Similarly, for every y € Y, there is a € A
such that dy (f(a),y) < ey. We have
d(a,y) < dy(f(a),y) +6/2 <ey +0/2.

So Y C Ns,(X) for d, where d5 = €y + 6/2. So by Lemma [5.8] we have

dGH(X, Y) < max{él,ég} = maX{Ex,Ey} + 5/2

5.3 The tangent cone and Mitchell’s theorem

Using the tools from the previous section, we can now properly define the tangent cone. Moreover,
we will formulate Mitchell’s Theorem, which shows how the tangent cone of a manifold endowed
with a filtered structure and the nilpotentisation are related.

Definition 5.14. Let (X, () a pointed metric space, with metric d. Then its tangent cone is
given by limy_, (X, 2o, Ad), if the limit exists.

Our goal for the next few sections is to prove the following theorem:
Theorem 5.15 (Mitchell’s theorem for filtered structures). Let (M,& C --- C &) a manifold
endowed with a filtered structure, and p € M. Let X1,...,X, be a framing of TM such that
Xi,..., Xy, is a framing of & fori=1,...,m. Let d be the global metric associated to X1, ..., Xy.

Then the tangent cone of (M,& C -+ C &) at p exists for d, and is equal tot he simply-connected
Lie group with Lie algebra L(§& C -+ C &n)(p), the nilpotentisation at p.
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5.4 Continuous expansion property

To prove Mitchell’s theorem, we will need the notion of the continuous expansion property. If a
metric space has this property, it means that the J-neighbourhood of a ball of radius € looks like
we would expect, namely a ball of radius § + €. In Lemma [5.17] we will show how we can use this
property to prove that the tangent cone exists.

Definition 5.16. A metric space X has the continuous expansion property at a point x € X
if N5(B(z,€)) = B(z,d +¢) for all 4, € > 0.

The continuous expansion property holds for Riemannian metrics, Carnot-Carathéodory metrics
and global metrics for a manifold with a filtered structure (because they are all defined by lengths
of curves). It may fail, however, for discrete metric spaces.

Lemma 5.17. Let (X, zq) a pointed metric space with metric dy that admits dilations 6,. Suppose
that d is a metric defined in a do-neighbourhood U of xq, and |0)(d — do)| = o(r) uniformly on U
as v — 0. If both d and dy have the continuous expansion property at xg, then the tangent cone of
(X, x0) exists and is equal to (X, dy,xq).

Proof. Let B, (€), Bo(e) be the ball of radius ¢ around xy with respect to the metric (1/7)d, dg
respectively. By assumption, for all 1,22 € U we have

|d(d,21,0r22) — do(brx1, 6rz2)| < f(r)

for some function f such that f(r)/r — 0 as r — 0. Since the ¢, are dp-dilations, we can rewrite
the estimate above as

[(1/r)d (6,21, 0,22) — do(z1, x2)| < f(r)/r.

Let h(r) = f(r)/r. By the estimate above, 4, is an approximate isometry between By(€) and B,.(€).
Setting x1 = xg gives
|(1/r)d(z0, 6r2) — do(zo, w2)| < h(r).

So, &,(Bo(e — h(r)) C B.(¢) and B,(e — h(r)) C §.(Bo(e)). Take A = 6, (B,(€)) N Bo(e) as the
domain of ¢,. We then have that By(e — h(r)) C A and B,.(e — h(r)) C 6,(A). From the continuous
expansion property, it follows that d, is a (h(r), h(r), h(r))-approximate isometry, and therefore
den(Br(€), Bo(e)) < 3h(r)/2. Since h(r) — 0 as r — 0, the result follows. O

5.5 Metrics on the Lie group with Lie algebra the nilpotentisation

First, consider (M, &) a manifold with a weakly regular, bracket-generating distribution, and let
p € M. Then L(§)(p) is a Lie algebra associated to a Carnot group G. We can apply left-
multiplication by elements of the Carnot group on £ (p) C L(€)(p) to extend it to all of G. By
taking the Riemannian metric g on & (1)(p), we can extend it by left-invariance to all of G, which
gives us a Carnot-Carathéodory metric.
Now, let (M,& C --- C &) a manifold with a filtered structure, and p € M. Then L(& C
- C &n)(p) is a Lie algebra for a simply-connected Lie group G. Applying left-multiplication
by elements of the Lie group on L(& C --- C &,)(p) lets us extend it to all of G, providing a
left-invariant filtered structure 51 c---C ém on G. With this, we can create a global metric on G
by taking a framing of the filtered structure 51 C---C ém.
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5.6 Mitchell: the proof

Finally, we can prove Mitchell’s theorem. First, we will state and prove the regular version of
Mitchell’s Theorem, which is the original version. After that, we will prove Mitchell’s Theorem for
filtered structures, which is an original contribution of this thesis.

Theorem 5.18 (Mitchell, regular version). Let (M, &) a manifold endowed with a bracket-generating,
weakly regular distribution, and p € M. The tangent cone at p exists for the Carnot-Carathéodory
metric, and is equal to the Carnot group with a left-invariant Carnot-Carathéodory metric and with
graded Lie algebra L(£)(p), the nilpotentisation of & at p.

Proof. Let {X1,..., Xk} be a framing of £ around p. Because £ is bracket-generating, there exist
Xit1,-.., Xy given by X; = Aj(XZ.{,...,X,JI;_L such that {X1,...,X,} span X(M). Here A;(—)

K3
J
is a bracket expression of length a;. Let m the step for which the Lie flag stabilises. By possibly
rearranging the order, assume that az41 < apy2 <--- <ap =m. For j <k, let a; = 1.

For j <k, let ¢} = ¢th, the flow of X;. For j >k, let ¢} = A; ( t)éij,..., %aj ) As in Chow's
1 ‘aj
Theorem, we define the endpoint map 1 based at p:
Y:R" — M
(tla'“vtn) — ¢fzn S Od)gz O¢t11(p)

The t; are privileged coordinates. For r > 0 we define the dilation

(5T(t1,...,t]‘,.. 7tn) = (Ttl,.. .,’I“ajtj,...,rmtn).
Let u € L2([0,1],R¥). Let z(¢) be a solution to the control problem
k
(1) =) ui(t)X;(x(t), x(0)=0,
j=1
and let z(t) be a solution to

k
H) = > w0, @0). (0 =0.

We have X; = Xj(faj) + Xj(fajﬂ) + ..., and X](.faj) = X;. Hence, we can write R; = X; — X,
and ord,(R;) > —a;. Therefore we have

k

k
Z“j(t)Xa‘ => ui(X; + Ry),

Jj=1

and ord,(R;) > —1. Let d be the Carnot-Carathéodory distance associated with &, and let dy

be the Carnot-Carathéodory distance associated with f, which is the distribution with framing
Xi,..., Xy. We have |z;(t) — #;(t)] < Ct? for some constant C, so do(x(t),#(t)) < Ct' /™ so

167 (d — do)| = O(t"+/™) = o(t).
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So by Lemma [5.17] we have that the tangent cone exists and is equal to the Lie group with Lie
algebra the nilpotentisation at p. O

Theorem 5.19 (Mitchell for filtered structures). Let (M,& C -+ C &) be a manifold endowed
with a filtered structure, and let p € M. Then the tangent cone at p exists for the global metric
associated with the filtered structure, and is equal to the simply-connected graded Lie group with
left-invariant global metric and with Lie algebra L(&; C --- C &4,)(p), the nilpotentisation of the
filtered structure at p.

Proof. Let X1,...,X, bea framing of "M around p adapted to the filtered structure, i.e. X1,..., X,
is a framing of &; for 1 <1i < m. We define the endpoint map 1 based at p as:

i

Y:R" > M
(t1, .- tn) > @ 0+ 0% (p).
Then the ¢; are privileged coordinates. For r > 0 we define the dilation
Or(t1y e ostiyeeoytn) = (Ptr, oo, 7%, o0 1™ Ey),

where a; is the weight of X;. Let u € L?([0,1],R™). Let x(t) be a solution to the control problem
n
#(t) =Y w(t)Xi(z(t),  x(0)=0,
i=1

and let Z(t) be a solution to
i(t) = Zui(t)f(i(i(t))a #(0) = 0.

We have X; = Xi(_ai) + Xi(_a#l) +...,and Xi(_c“') = X;. Hence, we may define R; = X; — Xi,
and ord,(R;) > —a;. Therefore, we have

Z ui () X; = Z ui (1) (X; + R).

Let d be the global distance associated with &, and let dy be the global distance associated with f ,
the filtered structure arising from X7, ..., X,,. We have |z;(t) — 2;(t)| < Ct**! for some constant
C, so do(x(t), 2(t)) < Ct*+1/™ 5o

167 (d — do)| = Ot /™) = o(t).

So by Lemma [5.17} the tangent cone exists and is equal to the simply-connected Lie group with Lie
algebra L(§ C -+ C &m)(p). O
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6 The tangent cone as a group

In this section we will offer a geometric interpretation interpretation of the group structure of the
tangent cone, and see how it arises from the filtered structure on the manifold. As we have seen
in Mitchell’s Theorem, the tangent cone is the Lie group whose Lie algebra is the nilpotentisation
of the filtered structure at the base point. The nilpotentisation at the base point induces a group
multiplication on the tangent cone. In this section we will show that the group multiplication arises
from the dilations associated to the filtered structure.

We construct a group product by mimicking the standard construction for constructing a group
product on a smooth manifold. Here, we think of vectors as equivalence classes of paths, and of
vector fields as equivalence classes of (time-dependent) flows. The group operation then is the
composition of flows, which at equivalence class level is addition.

We will explicitly define a group multiplication on the tangent cone by defining a group mul-
tiplication on equivalence classes of paths on the manifold which are rectifiable at the origin and
which start at the base point. A path is rectifiable at ¢ = 0 when its growth is at most linear near
the origin, measured with respect to the local distance function induced by privileged coordinates.
(It therefore must behave well with respect to the dilations.) Since every element of the tangent
cone can be embedded in one of the equivalence classes of rectifiable paths, the group multiplication
for the rectifiable paths is also a group multiplication on the tangent cone.

This chapter is based on [6] and [7], which state the results in terms of distributions. We adapted
these results to suit filtered structures. For a global perspective on the tangent cone, see [I1].

6.1 Rectifiable paths and rectifiable families

Let us start by giving an explicit definition for paths rectifiable at ¢ = 0, and what it means for
them to be equivalent. As we have said before, our main goal for this section is to find a group
multiplication on the equivalence classes of these rectifiable paths.

As a reminder, the local distance function is defined as follows:

Definition 6.1. The local distance function at p induced by the privileged coordinates
Tlyeeos Xy 1S

dp(pq) = d(0, (w1, wn)) = |wa| o a5 4 [V
where ¢ lies in the domain of the privileged coordinates x1, ..., Z,.

Instead of using the local distance function, one could do the same construction with the global
distance function.

Definition 6.2. A smooth path v(¢) on M with v(0) = p is rectifiable at ¢t = 0 if

dp(p,7(t)) < Ct

as t = 0 for some positive constant C, where d,, is the local distance function.

Definition 6.3. Let v1(t), 72(t) two smooth paths on M with v1(0) = v2(0) = p. Then 7, (¢) and
~2(t) are equivalent at p if
t= dy(p, () — 72(t) = 0

ast — 0.
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Lemma 6.4. The tangent cone of M at p is the set of equivalence classes of all smooth paths
with v(0) = p which are rectifiable at t = 0.

In order to define a group product on the equivalence classes of smooth paths rectifiable at
t = 0, we will need the notion of a family of segments rectifiable at t = 0 for which we can define
a product. Families of segments rectifiable at t = 0 are a collection of paths rectifiable at t = 0
under some additional conditions. Similar to equivalence of rectifiable paths, we can also define
equivalence of families of segments rectifiable at ¢t = 0. Later, we will show that the equivalence
classes of families of rectifiable segments only depend on the equivalence classes of the rectifiable
paths which represent them, and therefore defines a product on equivalence classes of rectifiable
paths, and therefore the tangent cone.

Definition 6.5. A family of segments rectifiable at ¢t = 0 is a smooth map
F:MxI—M

where [ is an open neighbourhood of 0 € R, such that
1. F(p,0)=pfloralpe M

2. t — F(p,t) is uniformly rectifiable at ¢ = 0 for all p € M, i.e. for every compact neighbourhood
K C M of p there is a constant Cx > 0 and a compact neighbourhood I C I of 0 such that
for all (¢,t) € K x Ig

dQ(Q;‘F(Q7t>) S OKt

Definition 6.6. The product of two families F7, Fa of segments rectifiable at ¢t = 0 is defined as
F1 O-FQ(pat) = fl(fQ(pat)at)'
If]:l:Mx]lﬁMand]:g:MXIQ%M,then]-"lo]-—z:Mx(IlﬂIQ)%M.

By Lemma we can embed any representative of an element of the tangent cone in a family
of segments rectifiable at ¢ = 0. This means that if the product respects equivalence, then it defines
a product on the tangent cone. First, let us check that the product of two families of segments
rectifiable at t = 0 is a family of segments rectifiable at ¢t = 0.

Lemma 6.7. Let F1, Fo two families of segments rectifiable at t = 0. Then Fi o Fo is a family of
segments rectifiable at t = 0.

Proof. We check that Fj o Fy satisfies all conditions in the definition of a family of segments
rectifiable at ¢t = 0.

Because F; and F3 are smooth, it follows that F; o F5 is also smooth.

We have for all p € M that

F10Fa(p,0) = F1(Fa(p,0),0) = Fi(p,0) = p.

Lastly, we check that ¢ — F; o Fa(p,t) is uniformly rectifiable for all p € M. By definition, for
all compact neighbourhoods K C M of p there is a constant C'xx > 0 and a compact neighbourhood
I C I of 0 such that for all (¢,t) € K x Ik we have

dq(Qa ‘FQ(q’t)) S CKt
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Now, let L = Fo(K x Ig). Because F» is continuous and Fo(K x {0}) = idg, we have that
L is a compact neighbourhood of p. By definition, there is a constant C; > 0 and a compact
neighbourhood I, C I of 0 such that d4(q, F1(q,t)) < Cpt for all (¢,t) € L x Iy,. In particular,

dr, (g0 (F2(q, 1), F1(Falg, 1)) < Crt

as t — 0. Because d,; depends smoothly on the point ¢, there is a constant C such that
dq(q, F1(F2(q, 1), 1) — Falg, 1) < Crt

as t — 0. So, we have for all (¢,t) € K x (Ix NI) that

dq(q; F1 0 Fa(g,t)) = dg(q, F1(Fa(q, 1), 1))
=dq(q, F2(q,t) — Fa(q,t) + Fi(F2(q,1),1))
< dq(q, F2(q,t)) + dy(q, F1(Fa(q, 1), 1) — Fa(g,t))
< Cgt+ Oyt
= (Cxk +Cp)t

ast — 0. O

We also have the notion of equivalence, which is a similar notion to the equivalence of paths
rectifiable at ¢t = 0.

Definition 6.8. Two families F7, F2 of segments rectifiable at t = 0 are equivalent if
tild]ﬁ(p,t)(fl(pa t)v}—2(p7 t)) —0ast—0

uniformly on compact sets on the domain of F; o F2. We denote the equivalence by F; ~ Fo.

6.2 Weighted norms

We will now return more explicitly to the filtered structure, using dilations and privileged coordin-
ates. Ultimately, this will provide a more concrete way of checking whether a smooth path is
rectifiable at ¢ = 0, through checking its behaviour with respect to privileged coordinates, and
giving a more coordinate-based approach.

From now on, we will once again assume that M is a manifold of dimension n, endowed with
a filtered structure & C --- C &, = TM. Let n;, = rank(¢;), and let X5,..., X, a framing of TM
such that Xi,...,X,, is a framing of ¢,. Lastly, let —a; be the order of X;.

Given K C M a compact neighbourhood of p, we can choose a neighbourhood U C R"™ such

that the map
exp,, : T — exp (Z :CiXi> (p)

i=1
is a diffeomorphism from U to its image expp(U ) for all p € K. Furthermore, if we fix the point
p € K, we can define

6115) epr(.T) = expp(at (J]))
for all ¢ for which the right-hand side is defined. Now, let

gzp = (epr)fi .
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Moreover, let
P _ 5 P
it 5755@'
and
4 = li 5 P _ li P
U = lim U = lim &7,.
gz,oo t—o00 tgl t~>oo£l’t

Note that £ C --- C &b, is filtered structure on R™ which corresponds to the grading introduced
by the original filtered structure.

For the rest of this section, we assume that ||z|| = sup; |z;]'/%. Moreover, we will write || - ||;
when we want to indicate that the norm-distance is with respect to the framing §; X, ...,d; X,,.
Note that ||- || = || -||- Moreover, we write || - || for the weighted norm with respect to the framing
of the nilpotentisation. To indicate the base point, we write || - ||¥ or || - ||E, or || - |-

Lemma 6.9. We have lim;_oo||z]|t = ||2|]co-
Proof. This follows from the fact that lim, o, =%} = X, for all i = 1,...,n. O

In the following proposition, we show that the weighted norms are well-behaved when the base
point p varies over a compact subset.

Proposition 6.10. Given € > 0 and K C M compact, there is 6 > 0 such that for every p € K
and 0 < t < § we have
(1= olzl[5 < t7H|oFz|P < (1+¢)||2] |2

Proof. Fix p € K. We have
IEZIR

L L —
t]]0p—1 ]|
Because lim;_, o |||t = ||2]|co We have
el
JES]RS

6.3 The weighted norm and rectifiability

Because exp,, : U — expp(U ) distorts distances by a bounded factor, we can use the norm-distance
to check whether a curve is rectifiable at the origin through its behaviour with respect to exp, and
the dilations.

Corollary 6.11. Let v a curve in exp,(U) C M with v(0) = p. Then ~(t) is rectifiable at t =0 if
and only if (exp,) 167, ~(t) has a limit in R™ ast — 0. Let this limit be z°. Then 2° is the unique
element in R™ such that t — exp, 6;x is equivalent to t v ~(t).

Proof. We have

[1(exp,) =671y ()] = (16,2 (exp,) Ty (B)]]
~ t~dy(p, y(2))
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as t — 0, where ~ means distortion by a bounded factor. If «(t) is rectifiable at ¢ = 0, then
dy(p,7(t)) is bounded as ¢ — 0. Therefore, sup, [t~ (exp,)~!y(t)|*/* is bounded as ¢t — 0. Write
z;(t) = ((exp,) '7(t))i. Then we have x;(t) = t*y;(t) for all i, where y; is a smooth function. So
limy 0 y(t) = y:(0).

Lastly, assume that x, 2°

are elements of R* such that
t~td,(p, exp,, (1) — expp(5tx0)) -0
ast — 0. Then ||z — o||co = 0, S0 = x0. O

The following lemma shows that there are explicit correspondences between paths and families
of segments rectifiable at ¢ = 0 and smooth paths in U. Especially, we can express paths rectifiable
at t = 0 and families of segments rectifiable at ¢ = 0 as smooth paths or functions on the manifold.

Lemma 6.12. Let z(t) be a smooth path in U with x(0) = 0, and let y(t) = exp,(z(t)). Then the
following holds:

1. ~(t) is smooth, and v(0) =p
2. 7(t) is rectifiable at t = 0 if and only if lim;_,0 6}, 7(t) = lim;_, exp(d;-12(t))(p) exists.

3. Let F be a family of segments rectifiable at t = 0. Then lim;_,o(exp,) 81 (F(p,t)) = 2°(p)
exists, and we have

(exp,) ' F(p,t) = 6:(z"(p) + tz* (p, 1)),

where 2°(p), 1 (p,t) are smooth functions. Conversely, any family F(p,t) satisfying this
condition is a family of segments rectifiable at t = 0.

4. Set FO(p,t) = exp,, 6;zo. Then F ~ FO.
5. The map F +— FO is constant on equivalence classes.

Proof. The first three assertions follow from Corollary
We have

t_ldp(p, F(p,t) — FO(p,t)) = t_ldp(p7 expp(ét(xo +tat)) — expp(étﬂco))
~ |lzo + tz1 — 2olloo = 0

ast — 0.
Next, suppose Fi, Fo are two families of segments rectifiable at t = 0 such that F; ~ F». For
i =1,2 we have F; ~ F?, and therefore FY ~ F3. So, we have

10 (9 (p) — 22| [% = |23 (p) — 25(p)|[5, — 0
as t — 0. So for all p we have 29 (p) = 29(p). O

The following two lemmas will allow us to prove that the product on families of segments
rectifiable at ¢ = 0 provides a product on the equivalence classes of paths rectifiable at t = 0, and
therefore a product on the tangent cone.

Lemma 6.13. The product of families of segments rectifiable at t = 0 respects equivalence.
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Proof. Let F1, F2 be two families of segments rectifiable at ¢ = 0. By the previous lemma, we have
F; ~ F? with
F(p,t) = expp((Stm?) and F;(p,t) = epr(ét(x? + ).

It suffices to prove that
t_ldp(p’]:l O.Fg(p,t) _]:{) O.Fg(p,t>) —0

as t — 0 uniformly on compact sets in M. We have
Fio Fa(p,t) = expp(ét(a:(l) +tal + 2 4 tad))

and
Fo Fl(p,t) = expp(ét(a:(lJ +29)).

So, we have
t 1y (p, Fy o Falp, t) — FY o F(p,t))
~ (1001 (8¢ (2 + ta + a5 + targ) — 02 + 235))||oo
= ||z + tay + 23 + tay — (2F + 25)[|
= Htx% —&—ta:%Hoo —0

as t — 0 on compact sets on M. Here, ~ signifies distortion with a bounded factor. Hence,
Fio0Fy ~ FP o FY. Because equivalence is transitive, the result follows. O

Lemma 6.14. Let x1(t), z2(t), y1(t), y2(t) be paths rectifiable at t = 0 with x;(0) = y;(0) = po.
Assume x1 ~ xo and y1 ~ yo. Let F1, Fa, G1, Go be families of segments rectifiable at t = 0 with
Fi(po, t) = x;(t) and Gi(po,t) = y;(t). Then

t~Ydp, (po, F1 0 G1(po, t) — F2 0 Ga(po,t)) — 0
ast— 0.

Proof. Set
G = ity s 507 ),

so FY = exp, (¢ p). Similarly, set
Mip = lim S;-1exp, ' Gi(p, t)
so that G = exp,(0¢7;p). It suffices to prove that

t~tdy, (po, FY 0 G (po,t) — F3 0 G3(po,t)) — 0 (

—_
~

ast — 0.

Because z1(t) = Fi(po, t) is equivalent to z2(t) = Fa(po, t), we have (1 p, = Ca.py, .. FL(po,t) =
F3(po,t). Similarly, we have 11 p, = 72,55, 50 G (po,t) = G3(po,t). Let p = p(t) = exp,, (6111,p,) =
exp,, (0¢72,p, ). Then equation [1}is equal to

n n

dpy [P0, 0220 | exp | 00D (Gip)i X | 0 expy, (5immpe) —exp | 6 Y (Cap); X | © exp,y (31m2,50)

Jj=1 Jj=1
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‘We have

n

o, exp | o Z(Ci71’)ij o exp,, (0¢7i,po )

j=1

= 6521 exp (St Z(CL;D)]X] o exp (St Z(?’]i)po )ij (po)
Jj=1 7j=1

=oxp [ Y 1% (Gip)i0r1 Xy | oexp [ Y 4% (ipo) 01X | (po)-

j=1 j=1

As t — 0, we have t%0;-1 X; — X ; on some neighbourhood of py. Therefore, as the expression
above approaches

n n

exp [ Y (Gipo)i X5 | oexp [ Y (mipe); X; | (po)

Jj=1 Jj=1

as t — 0. Hence,
t™ dp, (po, i © G (po,t) — F5 0 G5 (po, 1)) — 0

ast — 0. ]

By the previous two lemmas, it follows that:

Theorem 6.15. Let x1(t), x2(t) be equivalent smooth paths in M rectifiable at t = 0. Let Fyi, Fo
be families of segments rectifiable at t = 0 with F;(p,t) = x;(t). Then the equivalence class of
F1oFa(p,t) depends only on the equivalence classes of x1(t) and x2(t), and hence defines a product
of elements of the tangent cone at p.

o1
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