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Preface

The structure of the thesis is as follows:

Chapter 1. We give an abbreviated review covering the history of sub-Riemannian
geometry and some other related geometric and algebraic structures that play an impor-
tant role in this work. The mathematical prerequisites that are treated include contact,
CR and qCR manifolds, as well as principal bundles and the real division algebras of
quaternions and octonions.

Chapter 2. We discuss the main results of the present thesis, based on the tools
described in the previous chapter. The results presented in this thesis belong to two
topics in sub-Riemannian geometry namely, the sub-Riemannian structures on odd di-
mensional spheres arising from their structure as principal S* or S®—bundles, and the
kinematic system of a manifold rolling on another manifold without twisting or slipping.

In the former, we compare the horizontal distributions on odd dimensional spheres
arising from different points of view and we prove that they coincide. This allows us
to explicitly determine the sub-Riemannian geodesics in each case and obtain several
geometric corollaries. In addition we find a geodesic equation in the first quaternionic
H—type group H! by using variational arguments, and we describe the intrinsic sub-
Laplacian and heat kernel of the sphere S7 with respect to the contact distribution.

In the latter, we introduce the notion of intrinsic rolling and we show that all the
relevant information of the dynamics is contained in this coordinate-free definition. We
study the controllability problem in some examples and afterwards we study the exis-
tence of intrinsic rollings under various hypotheses. We finish this chapter with a sum-
mary and a list of open questions related to the results obtained here that will be dealt
with in future research.

Chapter 3. We include four papers, two of which are accepted for publication, one
is submitted and one is in preparation.
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Chapter 1

Introduction

This chapter contains some preliminaries in sub-Riemannian geometry as well as pre-
senting the main results of this thesis. In Section 1.1 we give a brief historical account of
the most relevant developments in sub-Riemannian geometry that are of importance for
us. Section 1.2 consists of an overview of the thesis, contextualizing the relevance of the
results here presented. Finally, Section 1.3 presents some mathematical prerequisites
and notations that are necessary for understanding the main ideas of this thesis.

1.1 Historical background

It is fair to say that sub-Riemannian geometry, as an area of differential geometry and
global analysis of importance on its own, was born with the paper [37] and its adden-
dum [38]. In this reference it is possible to find the introduction of some important
concepts for the theory, such as the cometric or the sub-Riemannian Christoffel sym-
bols, as well as the solution to early problems of the theory. The articles [7, 15, 27] were
also fundamental for the growth of the theory into an independent field of research. Cer-
tainly some of the techniques, the main examples of the theory and some applications
can be traced back to very early stages of differential geometry; for example, the prob-
lem of the sphere rolling on the plane as a quintessential example of a non-holonomic
system can be found in the scientific literature as far back as the late 19th and early
20th century [11, 12]. In any case, sub-Riemannian geometry owes its existence to the
—nowadays elementary— idea of non-integrable constraints, and thus, it has received in-
creasing interest in recent years in applied disciplines such as robotics, control theory,
financial mathematics and diverse physical theories.

Sub-Riemannian geometry can be thought of as a generalized Riemannian geometry
in the sense that we admit some of the eigenvalues of the metric to be infinite: some
directions in the tangent spaces are forbidden as velocity vectors of curves. The curves
whose velocity vectors almost everywhere satisfying the constraints are usually referred
to as horizontal or admissible. With this point of view, sub-Riemannian geometry can
be considered as an application of the well-known penalization methods to differential
geometry [28]. In this new framework, problems of existence of admissible trajectories
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and search for optimal ones become much harder than in classical Riemannian geometry,
but nevertheless they offer new techniques and sometimes even challenges to try to
extend some of the old results to more general situations.

The existence of admissible trajectories, also known as the accessibility problem,
has been known to differential geometers and control theorists for a long time. An early
particular solution —but nevertheless widely employed nowadays— is the Chow-Rashevskii
theorem [13, 30], by which any two points can be joined by an admissible curve, as long
as the space of admissible directions forms a completely non-integrable distribution. It
is interesting to note that this result contains as a particular case the celebrated Kalman
rank condition for controllability of linear systems, see for instance [35]. The complete
solution of the accessibility problem was found in [39] via a control theoretic approach.
The search for optimal solutions requires more subtle distinctions and it is currently
a subject of active research, see for example [8, 9, 10, 24]. In fact, the fundamental
question of the smoothness of minimizers, remains open and its solution is known only
in a few particular cases.

Finally, as a way of stressing the benefits of the symbiosis between sub-Riemannian
geometry and geometric control theory, let us briefly discuss the particular example of
rolling manifolds without slipping or twisting. The well-known two dimensional version
of this mechanical system has been important in robotics, see [26], while its higher di-
mensional formulation has shown to be very convenient when dealing with interpolation
problems, see [19]. The first time this dynamics was presented in the higher dimensional
context was in [33], where the definition is given for submanifolds of R™. The questions
of existence of rollings and of controllability of the system in dimensions bigger or equal
than three have been usually treated in a case-by-case approach, see [6, 18, 23, 40],
mostly employing the geometry and mechanics of Euclidean space and techniques of
control theory on Lie groups. An interesting fact to remark is that the particular case
of rolling a manifold over Euclidean space, known as development has been previously
addressed by geometers and probability theorists. In geometry it is used to obtain the
tangent space in any point, once the tangent space in one point is known [33], and in
probability it is used in order to define Brownian motion on a manifold [17, 21].

1.2 Overview of the thesis

The aim of this thesis is to study two topics in sub-Riemannian geometry: the sub-
Riemannian structures on odd dimensional spheres arising from their structure as prin-
cipal S' or S®—bundles and the kinematic system of a manifold rolling on another
manifold without twisting or slipping.

A first important result concerning the first of the problems treated in this thesis is
the equivalence between sub-Riemannian structures on S® arising from several geome-
trical contexts. More precisely, the CR geometry, the contact geometry, the principal
S1—bundle structure and the Lie group structure of S can be given a common sub-
Riemannian framework by understanding the holomorphic tangent space as the contact
distribution, and this distribution as an Ehresmann connection for the Hopf fibration.
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This vector bundle is trivializable via the Lie group action of S? to itself. Interestingly,
the first three constructions coincide for all odd dimensional spheres in the classical
settings. Some of the previous results were extended to the case of the action of S on
spheres S4+3 as subsets of (n+ 1)—dimensional quaternionic space. In all of these cases,
the sub-Riemannian metric is the one induced by the standard Riemannian metric on the
corresponding sphere. As a consequence of this equivalences, formulas for normal sub-
Riemannian geodesics as “twisted” Riemannian geodesics are presented and, moreover,
it is possible to detect when these geodesics are closed curves by determining whether
certain parameters are rational or not, extending a similar result for S®.

In addition, using variational arguments, it is possible to emulate a sub-Riemannian
geodesic equation for the quaternionic H—type group H! which resembles an analogous
one for the case of three dimensional Sasakian pseudo-Hermitian manifolds.

The problem of constructing an intrinsic sub-Laplacian for the contact S7 is also
addressed. We show that the sub-Laplacian of S7, considered as an S'—bundle, corres-
ponds to a sum of squares of vector fields. Such a result seems to be false for S7 with the
structure of an S®—bundle. The above characterization allows us to find a convenient
realization of the sub-Riemannian heat kernel of S7, considered as an S'—bundle, as a
composition of the Riemannian heat kernel of S7 and the unbounded operator of heat
flow along the Reeb vector field for negative times.

Concerning the problem of rolling manifolds, we construct the configuration space of
the mechanical system as an SO(n)—bundle, which captures the information determined
by the geometry of the manifolds. Additionally we construct an SO(N — n)—bundle,
which captures the information determined by the imbedding. With this definitions we
are able to formulate the no-twisting and no-slipping conditions in terms of a distri-
bution on the imbedding independent SO(n)—bundle, giving rise to the notion of an
intrinsic rolling. These conditions can be seen as direct generalizations of an analogous
construction for surfaces.

An important result in this direction is that given an intrinsic rolling of two manifolds
of dimension n and concrete isometric imbedding of these into RY, then there exists a
unique extrinsic rolling corresponding to the given intrinsic rolling, up to the initial
configuration of the rolling.

Having this appropriate coordinate-free setting, it is possible to address questions
related to controllability and geometric behavior of rollings in a better way. For example
it is possible to show that the sphere S™ rolling on R™ is a controllable system in contrast
to the case of the group of Euclidean rigid motions SE(3) rolling on its Lie algebra se(3),
which in fact induces a foliation of its 27-dimensional configuration space, where the
leaves have dimension 12. Finally, we present conditions for the existence of intrinsic
rollings under different assumptions, in terms of the generalized geodesic curvatures of
the rolling curves on each of the manifolds.
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1.3 Mathematical prerequisites

The aim of this section is to present briefly some general ideas, which will satisfy a
twofold purpose: to set the context for some of the results in this thesis, as well as to
fix notational conventions.

1.3.1 Sub-Riemannian manifolds

Let M be an n— dimensional connected smooth manifold. A smooth subbundle of the
tangent bundle TM — M is called a horizontal distribution or simply a distribution. If
H is a distribution then, for each p € M, H, denotes the fiber of H at p. The dimension
of H, is the rank of the distribution at p.

It is important to stress that the definition for distribution employed in this thesis
corresponds to the one used in the context of differential geometry. In problems moti-
vated by control theory or analysis, for example [25, 34], it is often convenient to define
a distribution D as a map D : M — Grass(T' M), where Grass(T'M) denotes the Grass-
manian bundle of T'M, such that D(p) is a vector subspace of T,M for all p and then
require extra conditions. Though this setting contains the aforementioned definition as
a particular case, its generality will be unnecessary for the purposes of the present work.

One of the main goals of sub-Riemannian geometry is to study curves that are ad-
missible in a certain sense. To be precise, an absolutely continuous curve v : [0, 1] — M
is called admissible or horizontal if 4(t) € H. () almost everywhere.

A distribution # is said to be bracket generating if the Lie-hull of its sections Lie(H)
equals T,M at each p € M. To be more precise, define the following vector bundles

H = H, HH = [H H]+H forr>1,

where [H,H*] = span{[X,Y] : X is a section of H,Y is a section of H*}. This vector
bundles naturally give rise to the flag

H=H'CH’CTH’C....
A distribution is bracket generating if for all p € M there is an r(p) € Z* such that
H W) = T,M. (1.3.1)

If the dimensions dim H;, do not depend on p for any r > 1, we say that H is a regular
distribution. The least r such that (1.3.1) is satisfied is called the step of H.

One of the core results used in order to relate the notion of path-connectedness by
means of horizontal curves and the assumption that # is a bracket generating distribu-
tion is the following theorem, usually referred to as Chow-Rashevskii theorem.

Theorem 1 ([13, 30]) Let M be a connected manifold. If a distribution H C TM is
bracket generating, then any two points in M can be joined by a horizontal path.
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With all of this at hand, we can define what a sub-Riemannian manifold is. A
sub-Riemannian structure on a manifold M is a pair (H, (-, )sr), where H is a bracket
generating distribution and (-,-)sg a fiber inner product defined on #, which varies
smoothly from point to point. A sub-Riemannian manifold is a triple (M, H, (-, )sr),
where (H, (-, -)sr) is a sub-Riemannian structure on M. If the sub-Riemannian structure
is clear from the context, we say that M is a sub-Riemannian manifold. In this setting,
the length of a horizontal curve v : [0,1] — M is

1
:Auwmmm,

where [[¥()||sg = (¥(t),%(t)) s whenever 4(t) exists.

Thus, it is possible to define the sub-Riemannian distance d(p, q) € [0, +00) between
two points p, ¢ € M by d(p, ¢) := inf £(v), where the infimum is taken over all absolutely
continuous horizontal curves joining p to ¢g. An absolutely continuous horizontal curve
that realizes the distance between two points is called a horizontal length minimizer.

In order to define what a normal geodesic is in the sub-Riemannian context, let
us digress briefly about the underlying Hamiltonian formalism. The sub-Riemannian
metric (-, -)sg defines a linear mapping 3, : M — T,M, referred to as the cometric,
by requiring that:

1/2

e The image of Ty M under 3, is H,.
e The equality (X, 8,A\)sr = A(X) holds for all X € H,, A € Ty M.

Observe that 3, induces a bilinear form Bp :TyM xTyM — R. An important feature
of the cometric 3, is that its dual map 8, : Ty M — T;*M = T, M coincides with 3,
where = denotes the the inverse of the canomcal 1somorphlsm of evaluation. On the
other hand, two important features of the induced map ﬁp are that it is symmetric and
nonnegative definite, meaning that Bp()\,,u) = Bp(u, A) and that Bp()\,u) > 0 for all
Ap€eTyM.

Given the cometric 8, : Ty M — H,, we have the Hamiltonian function

Hp. ) = 57(5,(0)

on T*M. Considering a trivializing neighborhood U, around p € M for the subbundle
H, one can find a smooth local orthonormal basis X3,..., Xy with respect to (-, -)sr.
The associated sub-Riemannian Hamiltonian is given by

1 k
q, EZA

m=1

where (¢, A) € T*U, and A ¢ ker 5,. A normal geodesic corresponds to the projection to
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U, C M of the solution of the Hamiltonian system

. 0H
% = o (1.3.2)
- OH
o= =2 1.3,

5 (1.3.3)

where (g;, ;) are the coordinates in the cotangent bundle of M.

On the contrary from the Riemannian case, for sub-Riemannian manifolds there can
be found examples of curves minimizing the length functional but not being the solution
of the Hamiltonian system (??). These curves are known as abnormal geodesics and to
this day it is still unknown whether all of them are smooth or not.

1.3.2 Contact manifolds

A manifold M of dimension 2n + 1 is said to be a contact manifold if there is a one form
w such that w A (dw)™ never vanishes. The subbundle £ = ker w is usually called contact
distribution. We can define w equivalently by requiring that dw defines a symplectic form
on &, see [14]. This explains why contact manifolds must have odd dimension, since it
is a well known fact from linear algebra that symplectic forms can only exist in even
dimensional vector spaces.

An important construction in contact geometry is the Reeb vector field, which is a
nowhere vanishing vector field R uniquely determined by the condition dw(R,-) = 0 and
w(R) =1.

As a consequence of Cartan’s formula for one forms, the contact distribution & is
always a bracket generating distribution of step two.

1.3.3 Principal bundles

Let @ and M be two manifolds. For a submersion 7 : @ — M with fiber Q, = 7 *(p)
through p € M, the vertical space at ¢ € @ is given by T;Qr and is denoted by V.
Note that V, = ker d,m. In this context, an Ehresmann connection for m: Q — M is a
distribution H C T'Q) which is everywhere transverse to the vertical space, that is:

Vo®H, =T,Q forevery g€ Q.

Let us assume that the submersion 7 : Q — M is a fiber bundle with fiber G, where
G is a Lie group acting on ) on the right. We say that = is a principal G—bundle with
connection H if the following conditions hold: G acts freely and transitively on each
fiber, the group orbits are the fibers of 7 : Q — M, and the action of G on @ preserves
the connection H. Observe that the second condition implies that M is isomorphic to
Q@ /G and that 7 is the canonical projection.

Let us denote the Lie algebra of G by g, and the corresponding exponential map by
expe : g = G. For the principal G—bundle 7 : @ — M, the infinitesimal generator for
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the group action is the map o, : g = T,Q) defined by

d
= — e
) = | aewelcd
for ¢ € @Q and ¢ € g. In the case of a principal G—bundle, for each ¢ € @ the infinitesimal
generator o, is an isomorphism between the vertical space V, and g. We refer to its
inverse as the g—walued connection one form.

1.3.4 CR and qCR manifolds

Let W be a real vector space. A linear map J : W — W is called an almost complex
structure map if J o J = —I, where I : W — W is the identity map. In the case
W = TPRQ”, p = (T1,Y1,--,Tn,¥n) € R?™ we say that the standard almost complex
structure for W is defined by setting

Ja(@:) =0y, Juldy) = —0,,,  1<j<n.

For a smooth real submanifold M of C™ and a point p € M, in general the tangent
space T}, M is not invariant under the almost complex structure map J,, for 7,C" = T, R>".
For a point p € M, the complex or holomorphic tangent space of M at p is the vector
space

H,M =T,M N J,(T,M).

Note that H,M is the largest subspace of T, M which is invariant under the action of J,,.
It can be shown, see [5], that if M is a real submanifold of C" of real dimension
2n — d, then
2n —2d < dimg H,M < 2n —d,

and dimg H,M is an even number.

A real submanifold M of C" is said to have a CR structure if dimg H,M does not
depend on p € M. In particular, every smooth real hypersurface S embedded in C"
satisfies dimg H,S = 2n — 2, therefore S is a CR manifold.

The definition of qCR manifolds, as quaternionic analogues of CR manifolds, is more
involved and requires some extra care in the hypotheses. For the moment, let us assume
that M is a manifold of dimension 4n + 3. For a triple of linearly independent 1-forms
w = (w1, ws,ws3) we define a triple of 2-forms p = (p1, pa, p3) as follows:

p1=dw; —2ews Awsz, ps =dws+2ws3Aw; and ps=dws+ 2w Aws,

where € = +£1.
The triple w is called an e—quaternionic CR structure (¢ = +1), if the associated
2-forms p,, a = 1,2, 3 satisfy the following conditions :

1. They are non degenerate on the codimension three distribution H = kerw; N
ker wy N ker ws and have the same 3-dimensional kernel V',
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2. The three fields of endomorphisms J, of the distribution #, defined by

Ji=—e(pslu) o pala, T = (prla) o psln and  Js = (paln) ! o palw,
anti-commute and satisfy the e—quaternionic relations

Ji=—eJi=—cli=-1 and JoJz=—cJ;.

For ¢ = —1, the e—quaternionic CR structure is called a qCR structure and for € = +1
the e—quaternionic CR structure is called para-qCR structure. The manifold M with
an e—quaternionic CR structure is called e—quaternionic CR manifold.

For more details on the geometry and examples of qCR manifolds, see [3].

1.3.5 Quaternions and octonions

The set of quaternions H is an associative real division algebra of dimension four, gen-
erated by the so-called quaternion units i, j, k and 1, that is

H={a+bi+cj+dk:a,bcdeR},
where the quaternion units satisfy the Hamilton relations
=3 =k =ijk=—1.

The conjugate of a quaternion ¢ = a+bi+cj+dk € H is the quaternion ¢§ = a—bi—cj—dk.
The norm of ¢ is the real number

|q‘ _ (a2 +b2 +62 +d2)1/2 — qql/Q.

The real part of q is a and the imaginary part of q is (b, c,d) € R3. Observe that the
quaternions of norm one form a Lie group which is diffeomorphic to the three dimensional
sphere S3.

The quaternionic exponential is defined by

e i+ bj + ck
@itk — cosv/a2 + 02 + 2 4+ sinva2 + b2 + 2 - oy ek ,
Va2 + b+ c?
for a,b,c € R.
The projective quaternionic space is the 4n—dimensional manifold
H~+! 0,...,0
pr — EP{0 00}

~

where ~ is the equivalence relation

v~w ifandonlyif v=w-A,



1.3 Mathematical prerequisites 9

for some A € H \ {0}. Note that HP! is diffeomorphic to the four dimensional sphere
5%, This can be shown by constructing a stereographic projection completely analogous
to the complex one.

The set of octonions O is a non-associative real division algebra of dimension eight,
generated by the so-called octonion units ey, ...,e; and 1, that is

O ={ap +aie; + ...+ arer : ag,...,a7 € R},

where the octonion units satisfy the relations in Table 1.1.

60‘61‘62‘63‘64‘65‘66‘67

€ ||| & €2 €3 €4 €5 €6 €7
€1||€1| —€ | €3 | —€2| €5 | —€4| —€7| €5
€2 || €2 | —€3| =€ | €1 €6 €r | —€4| —65
€3|€3] €2 | €1 | —€ | €1 | €| €5 | —€4
€4 €4] —€5| —€6| —€7| —€0| €1 €2 €3
€5]€5| €4 | —€7| €6 | —€1 | =€ | —€3| €2
€6 || €6 | €7 €4 | =€5| —€2| €3 | =€ | —€
€7 67| —€| 65 €4 | —€3| —€2| €1 | €0

Table 1.1: Multiplication table for the octonion units.

The conjugate of an octonion o = ag + aje; + ... + aze; € O is the octonion
0=ayg— ai€e; — ... — ayey. The norm of o is the real number

lo| = (a2 + ...+ a?)¥? = 05'/2.
The real part of o is ay and the imaginary part of o is (ay,...,a;) € R". The octonions
of norm one do not form a Lie group, but as a manifold they are diffeomorphic to the
seven dimensional sphere S7.

Analogously to the construction for quaternions, it is possible to define the octonionic
projective line QP! and the Cayley plane OP2. As commented in [4], the definition of
OP"™ makes sense only when n < 2. Asin the case of quaternions, there is a stereographic
projection that corresponds to a diffeomorphism between QP! and the sphere S8.
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Chapter 2

Main Results

2.1 Sub-Riemannian geometry of odd dimensional
spheres

This is the main interest of Papers A and B. We study the distributions of codimension
one on the spheres S?"*! arising from its CR, contact and principal S'—bundle struc-
tures. We show that these distributions coincide. Moreover in the case of S as a Lie
group, the same distribution is shown to be generated by left invariant vector fields.
Similar considerations follow for the spheres S4"*+3, where the distributions arising from
the qCR structure and the principal S®—action on S4**3 coincide. As a consequence of
these equivalences we find explicit formulas for the sub-Riemannian geodesics in all of
the above mentioned cases.

2.1.1 Codimension one case

Let us consider the complex hypersurface
S = L(2g, oy 20) €CMT P 4oL+ |z = 1, (2.1.1)

which corresponds to an odd dimensional unit sphere. For the rest of this subsection,
we will denote z; = z; + 1y;, where z;,y; € Rfor all j =0,...,n.

An important fact that holds immediately from (2.1.1) is that S is naturally
endowed with the structure of a CR manifold. Additionally, S?"*! is also a contact
manifold since

Wnt1 = —Yodxo + Todyo — - . — YndTy + Tpdy,

is a contact form. In fact one has the following Theorem.
Theorem 2 (Paper A) The one-form w1 satisfies
(dw,,,ﬂ)" N Wpt1 = n! - 2"dvolgent1,

where dvolgent1 is the Riemannian volume form for S*™*1 with respect to the usual
Riemannian metric (-, -).
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Note that if we give S?"*! the usual Riemannian metric (-, -), then its holomorphic
tangent space and the contact distribution coincide, since both of them correspond to
the orthogonal complement of the vector field

‘/n+1 = _y()aa:o + x[)ayo e T ynawn + xnayn‘

In fact, V,41 is the Reeb vector field for the chosen contact structure of S2"+1.
Additionally, we see from (2.1.1) that S*"*! has a natural U(1) action given by

(20, -y 2n) = (Azo, ..., Azp)

where A € U(1) denotes a complex number of norm one. This action induces the
projection
He Sl — Ccpn
(200---y20) = [20:...: 20

which is a principal U(1)—bundle. This projection is sometimes called generalized Hopf
fibration.

The Ehresmann connection corresponding to the orthogonal complement of the ver-
tical space for the submersion H¢ coincides with the contact distribution and complex
tangent space of S?"*1, since the vector field V,,41 is tangent to the fibers of the projection
Hc. The respective su(1)—valued connection form is given by iw,, 1.

Now let us consider horizontal curves with respect to the distribution H = ker wy, ;1.
Since it is a contact distribution, it is bracket generating of step two and thus, by
restricting the metric (-,-) of T.S**! to H, we obtain a sub-Riemannian manifold
(S* L H, (-, -)sr), where (-,-)sg denotes the restricted metric.

In this context we have the following characterization of normal sub-Riemannian
geodesics.

Theorem 3 (Paper B) Let p € S* ™ = {(zp,...,2,) € C"™ 2] + ... + |z, = 1}
and v € T,S*™ . If yr(t) = (20(t), . .., 2,(t)) is the great circle satisfying Yr(0) = p and
Ar(0) = v, then the corresponding sub-Riemannian geodesic is given by

Y(t) = (zo(H)e ™ V) g (e M)y (2.1.2)

A remarkable fact is that in the case of dimension three all the above mentioned
structures coincide with the left invariant sub-Riemannian structure induced by the Lie
group multiplication of S®. More precisely, S? is a Lie group isomorphic to the symplectic
group Sp(1) consisting of quaternions of norm one. By right translating the canonical
basis at the identity of the group (1,0) € S3, we obtain the vector fields

V(y) = 7y08Z0 + xoayo - ylazl + 1’1ayl7
_xlawo + ylayo + woaﬁcl - yanla
_yla«’co - mlay(] + yoaan + i’foayl,

<
ol
NN
S
I
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which are orthonormal with respect to (-,-). It can be easily seen that V = V; as
defined before, and thus the distribution span{X, Y} coincides with the corresponding
distribution H constructed above. Though not in the form of a theorem, this equivalence
can be viewed as one of the main accomplishments of Paper A.

In the case of dimension seven, S7 can be considered as the set of octonions of norm
one. In a similar way as in the case of S®, the sub-Riemannian geometry of S” can
be described by means of octonion multiplication, even though this structure does not
endow S” with a Lie group structure. Straightforward calculations give the orthonormal
vector fields

Yi(2) = —400u, + 200y, — Y102, + 210y, — Y20z, + 120y, — Y30z, + 30,
Yo(2) = —x10z + Y10y, + 2003 — Y00y, — X305, + Y30y, + X200z, — Y20y,
Y3(2) = —410s, — 210y, + Y00z, + 200y, + Y302, + 130y, — Y20u; — 120,
Yi(z) = —220z + 420y, + 2305, — Y30y, + 200z, — Y00y, — €10z, + Y10y,
Y5(2) = —120u, — 120y, — Y30y, — 230y, + Y00z, + 100y, + Y10z, + T10y,,
Y6(2) = —230m, + Y30y, — T20s, + Y20y, + 2100, — Y10y, + 100z — YOy,
Y7(2) = —¥y30s, — 230y, + Y20u, + 220y, — Y102, — 110y, + Y00z, + 00y,

by right translating the canonical basis at (1,0, 0,0) € S” using octonion multiplication.
Here the well-known fact that S7 is parallelizable can be seen explicitly. It can be easily
seen that Y7 = V} as defined before, and thus the distribution span{Y5, ..., Y7} coincides
with the corresponding distribution H as constructed above.

2.1.2 Codimension three case

Let us consider the quaternionic analogues of Subsection 2.1.1
SIS — L(qoy ... qn) € qoP 4.+ |gu]® = 1) (2.1.3)

For the rest of this subsection, we will denote q; = x5 + iys + jzs + kws, where
Ts,Ys, 25, Ws € R for all s =0,...,n.

As before, the spheres S*"*3 can be naturally endowed with the structure of a qCR
manifold, see for example [3]. An important difference is that in this situation, S+3
possesses three independent contact forms, namely

w}Hl = —yodxo + Todyo + wodzo — zodwy — ... — Ypdx, + Tpdy, + wpdz, — 2pdw,,
wTQLH = —zpdxg — wodyo + Todzo + Yodwy — . .. — 2pdx, — Wudy, + Tadz, + Ypdwy,
wzﬂ = —wodxg + 20dyo — Yodzo + Todwy — . .. — Wypdr, — 2, dy, + Yndz, + Tpdw,.

In a similar way, the spheres S**3 have a natural right Sp(1) action given by

(quaqn)'_)(qO)\,aqn)\)
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where A € Sp(1) denotes a quaternion of norm one. This action induces the projection

HP"
[90: .- qnl

H]HI : S4n+3
(qu s a(]n)

N
. )
which is a principal Sp(1)—bundle. This projection is sometimes called quaternionic
Hopf fibration.

Observe that if we give S the usual Riemannian metric (-, -), then the Ehresmann
connection corresponding to the orthogonal complement of the vertical space for the
submersion Hy coincides with the distribution % = kerw; ,; Nkerw? ; Nkerw?,,, since
the vector fields

an—H (p) = 7y08I0 =+ l‘oayo + woazo - Zoawo e T ynazn + xnayn + wnazn - Znawm
V,fﬂ(p) = —200, — WOy, + 005 + Y0Ouwy — - - - — 2n0u,, — WnOy, + 00z, + YO,
VTL3+1 (p) = —wo0zy + 200y, — Y00z + T00wy — - - - — WnOs,, — 200y, + Y0z, + Tn0u,,

are tangent to the fibers of the projection Hy. The respective sp(1)—valued connection
form is given by A = iw} | + jw?,, + kw? ;. Observe that V', |, V2, and V;?,| are the
corresponding Reeb vector fields determined by the contact forms w} ;,w?,; and w3, ;.

Now let us consider horizontal curves with respect to the distribution H. Since
S54+3 is a, qCR manifold, the distribution H is bracket generating of step two and thus,
by restricting the metric {-,-) of T.S4"*% to H, we obtain a sub-Riemannian manifold
(S4F3 M, (-, -)sr), where (-,-)sr denotes the restricted metric.

In this context we have the following characterization of normal sub-Riemannian
geodesics.

Theorem 4 (Paper B) Let p € S = {(qo,...,q,) € H"" ¢ |qo]® + ... + |gu]* = 1}
and v € T,S*" 3. If yr(t) = (qo(t), . .., qu(t)) is the great circle satisfying yr(0) = p and
Ar(0) = v, then the corresponding sub-Riemannian geodesic is given by

Y(t) = (qo(t) - e g(t) - e (2.1.4)

Note that the curve e *4® corresponds to the Riemannian geodesic in S® starting
at the identity of the group e = (1,0,0,0), with initial velocity vector

(0, *W71L+1 (v), *Wiﬂ (v), *Wiﬂ (v)).

In this case an analogy to the remark at the end of Subsection 2.1.1 is not straight-
forward. It turns out that in the case of dimension seven, the vector fields V3, V2 and
V3 coincide with the vector fields £[V5,Yy], 3[Ys, Ya] and 1[Y5, Yg] respectively, thus the
distribution in this case can be seen as the orthogonal complement to the Lie brackets
between Yy, Y5 and Ys. A major inconvenience is that a global basis of such a distribu-
tion is unknown, however, it can be completely described by appropriately constructed
charts. This corresponds to Theorem 5 in Paper A.
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2.2 Curvature of sub-Riemannian geodesics in H'

In recent years, mathematicians have seen the need for trying to obtain geodesic differ-
ential equations for different model sub-Riemannian manifolds. The case of the three
dimensional Heisenberg group with its usual sub-Riemannian structure was studied
in [31] and as was noted in [20], the same proof holds for all three dimensional Sasakian
pseudo-Hermitian sub-Riemannian manifolds, up to obvious modifications. It is of spe-
cial interest to observe that these differential equations are naturally connected with the
Riemannian concept of curvature.

Note that similar geodesic equations were found in [32], which hold for
all pseudo-Hermitian manifolds. An important difference is that the affine
connection considered , since the affine connection considered there is the
Webster connection and, in general, its torsion does not vanish.

2.2.1 Case of S

By studying the first variation of the sub-Riemannian length functional it is possible
to obtain a geodesic equation in the three dimensional case, assuming that the sub-
Riemannian manifold satisfies additional conditions on its geometry.

In this case it is fundamental to consider only variations that are admissible. More
precisely, a variation of a curve v : [a,b] — M is a C?-map 7 : I} x I, — M, where I, I,
are open intervals, 0 € I, and 4(s,0) = y(s). The variation curves 7(-, ) for fixed ¢ are
often denoted by ~.(-). A variation . of a horizontal curve v is called admissible if all
curves v, : I; = M are horizontal, v.(a) = v(a) and ~v.(b) = (b) for all € € I,.

In this context the following result has essentially been proved in [20, 31].

Proposition 1 (Hurtado, Ritoré, Rosales) Let (M, H, (-, )sr) be a Sasakian pseudo-
Hermitian sub-Riemannian manifold of dimension 3. Let vy : I — M be a C? horizontal
curve parameterized by arc-length. Then 7y is a critical point of length functional for any
admissible variation if and only if there is A € R such that v satisfies the second order
ordinary differential equation

Vi +20J(7) =0, (2.2.1)
where V is the Levi-Civita connection associated to the Sasakian metric, and J : H — H

is the almost complex structure.

The parameter A is called the curvature of 7 since in the case of the three dimensional
Heisenberg group, after projecting it to R? via the orthogonal projection
RZxR — R?
(z,t) — =z’
then A becomes precisely the curvature of the projected curve in R2. In the case of S3,
the parameter X is the curvature of the projection of v to S? via the Hopf fibration
S = S?

(zow) (22, ]2 — fuwf?)
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where $? C C x R.
An interesting result in this direction is a geometric realization of A in terms of the
initial velocity of the great circle which determines it.

Proposition 2 (Paper B) The curvature of the sub-Riemannian geodesic

(1) = e OV yp(t)
in S3, parameterized by arc-length, equals (v, V).

In [20] it is given a criterion saying that a sub-Riemannian geodesic in S® is a closed
curve if and only if A/v/1+ A? is a rational number. By Proposition 2, this criterion
can be written in terms of the initial velocity of the great circle giving rise to the
corresponding sub-Riemannian geodesic. This gives us the feeling that a more general
statement should hold. In fact, we have the following result.

Proposition 3 (Paper B) Let v: R — 52 be a complete sub-Riemannian geodesic
parameterized by arc-length, with initial velocity v € T,S*™ ! where S*™*! is considered
as a principal S*—bundle. Then v is closed if and only if

<’U, ‘/n+1>

—_— & ().
AN

Similarly, if v : R — S*+3 be a complete sub-Riemannian geodesic parameterized by
arc-length, with initial velocity v € T,S*"*3, where S*™3 is considered as a principal
S3—bundle. Then v is closed if and only if
v, V! v, V? v
Vi) VR V) o

ol = ol " el

2.2.2 Case of H!

When trying to extend Proposition 1 to the case of manifolds of dimension 7 with a sub-
Riemannian structure of corank three, one finds some technical problems not present in
the case of dimension 3. The first step in this direction is studying the first quaternionic
H—type group H!, see [9].

Let us consider the 4 x 4 matrices Z, J and K, given by

01 00 00 0 -1
-1 0 00 00 -1 0
1= 00 01"7_01007
00 —-10 10 0 O
0 0 —-10
0 0 01
1 0 00
0 -1 00
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Note that Z,J and K are a fixed representation of the quaternion units, that is if U
denotes the identity matrix of size 4 x 4, then span{U{,Z, J,K} is isomorphic to H as
algebras via the isomorphism

¢ :span{Ud,I, T, K} - H
given by o(U) =1,0(Z) = i,¢0(J) = 7, p(K) = k and extended by linearity.
The seven dimensional quaternionic H—type group H' corresponds to the manifold
R* @ R? with the group operation o defined by

1 1 1
(z,2)0(2',2") = <x +2 a4+ 2+ QI/TIZ’,ZJ + 25 + ixlzj’Z’C + 2k + Qx'Tle)

T are the corre-

where z = (21, 27,2¢) € R, x,2’ are column vectors in R* and 27, 2’
sponding row vectors obtained by transposition.

The Lie algebra h! corresponding to H! is spanned by the left invariant vector fields

R N N S
B 090, T 2 2027 4623 02 )

Xo(z,2) = 2L 1( 0yl +x8),
Oory 2 0zr 0zg 0z
Xs(z, 2) (%3 % <+w4021 —i—:cg% +;L'18(ZK> ,
YRR A WO R 1)
Zz(x,z) = %7 Zg(x,z) = %, Zi(z,2) = %

at a point (z,2) = (x1, 79, T3, 74, 27, 27, 2c) € H'. A Riemannian metric (-,-) in H! is
declared so that Xi,..., Xy, Zz,..., Zx is an orthonormal frame at each (z,z) € HL.
The sub-Riemannian structure on H' we are interested in is defined by the left invari-
ant distribution D = span{ X, X, X3, X4} and the restriction of the metric previously
defined.

In this context, the following theorem holds.

Theorem 5 (Paper B) Let«y : [a,b] — H' be a horizontal curve, parameterized by arc
length. Then 7 is a critical point of the sub-Riemannian length functional if and only if
there exist Ar, A7, A\ € R satisfying the second order differential equation

Vid =2 > AJ(§) =0. (2.2.2)
r=7,7,K

where V is the Levi-Clivita connection associated to the Riemannian metric previously
defined and Jz,J7, Jc : D — D are the almost complex structures

JT(X):QVXZT‘7 T:I,j,’C,
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2.3 Intrinsic sub-Laplacian of S’

The notion of hypoelliptic operators in connection with sub-Riemannian geometry first
came up in the seminal paper [16], where the celebrated Hormander condition is intro-
duced. Interestingly enough, the condition for hypoellipticity of differential operators
in the form of a sum of squares is equivalent to the condition of the Chow-Rashevskii
theorem for the corresponding vector fields. During several decades, a mayor interest
in CR geometry and in the study of Carnot groups was the analytic properties of sub-
Laplacians satisfying Hormander condition, regardless of eventual dependence on the
choice of coordinates. This technical inconvenience was solved in [1] by using the notion
of Popp’s measure to define a sub-Riemannian divergence, which naturally defines an
intrinsic sub-Laplacian maintaining its hypoelliptic character.

Employing the aforementioned construction, we show that the intrinsic sub-Laplacian
of S7, considered as a principal S*—bundle, is a sum of squares and as a corollary we see
that the heat kernel of the sub-Laplacian commutes with the heat flow in the direction
of the Reeb vector field.

2.3.1 Popp’s measure for contact manifolds

In this subsection, we briefly come back to the general situation in which (M, H, (-, )sr)
is a sub-Riemannian manifold, where H is a bracket generating distribution of rank k,
and M has dimension n. As observed in [1], for analytical reasons it is convenient to
assume that H is a regular distribution. Recall that H is a regular distribution if the
so-called growth vector

(dim H,, dim ’Hg, ..., dim 7-/,];)

does not depend on the point ¢ € M. The reason for this assumption will be made clear
in Subsection 2.3.2.

The construction of a sub-Laplacian defined intrinsically required a correct definition
of divergence in the sub-Riemannian setting. On the other hand, an appropriate defini-
tion of sub-Riemannian divergence required the knowledge of a volume form capturing
the geometric information of the bracket generating distribution at the level of vector
fields.

The main idea in this context is to note that a flag
F-FKhCFkKhC---CF,=F
of vector subspaces of a vector space E induces a canonical isomorphism
N B N Gr (F)"
where Gr (F) is the graded vector space associated to the flag F' defined as

Cr(F)=F®FR/R®- & F/F.
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For the construction of the isomorphism, see [28, Chapter 10].

Given the fact that a surjection from an inner product space to a vector space induces
an inner product on the target, we see that if H is a bracket generating distribution,
then the map _

H, = (MY,
MU - ®v; — [vg,[ve, [+, 0] ]
endows the space Gr(#), with an inner product, arising from the inner product on
@521 &’ H, inherited from (-,-),z. Since any finite dimensional inner product space
possesses a natural volume form, there is a canonical isomorphism
A'Gr(H); —=R,

which, up to sign, induces a well-defined element in A" 7T M. The corresponding
n—form, denoted by psg is called the Popp measure of the sub-Riemannian manifold
<M7H7 <'7 '>5R)’

An important example is provided by contact manifolds. As it is observed in Paper B,
in the case of Riemannian contact manifolds of dimension 2n+1, the n—form ;5 locally
takes the form

Hsr = M1 A oo AT A Top1,

where 71, . .., T, is a dual basis for a local orthonormal frame of the contact distribution
and my,1; is dual to the Reeb vector field. In particular, given the trivialization of T'S”
presented in Subsection 2.1.1, we have a global description of Popp’s measure for S7
with distribution of corank 1, given by

dYi A ... AdYs.

2.3.2 Sub-Laplacian and heat kernel for S*

In [1] the definition of an intrinsic sub-Laplacian is introduced by generalizing the Rie-
mannian concepts of gradient and divergence to the sub-Riemannian context. The ho-
rizontal gradient Vg f is defined by the equation

(Virf(p),v)sr = dpf(v)v
and the sub-Riemannian divergence divsgX of a horizontal vector field X by
divir X psr = Lxpisr,

where psg is Popp’s volume form, and Lx denotes the Lie derivative in the direction
of X. Note that the bracket generating condition is essential for the choice of Popp’s
measure, and thus, essential for the definition of the sub-Riemannian divergence.The
intrinsic sub-Laplacian A,gf is given by
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If the distribution under consideration is regular, this operator is hypoelliptic. As it is
noted in [1], the Grushin plane gives an example of a bracket generating distribution
which is not regular and its intrinsic sub-Laplacian is not hypoelliptic.

Let {X1,..., X} be alocal orthonormal basis of H and consider the corresponding
dual basis {dXy,...,dXg}. It is possible to find vector fields { Xy41,. .., X,} such that
the vector fields {Xi,...,X,} span TM and such that Popp’s volume form is locally
given by

sp = dX1 A ANAXE ANdX g AL AN AX,. (2.3.2)

In this setting, the sub-Laplacian Asgf can be written explicitly as

k n
Arf = (Lﬁrf + Ly, [y dX([X,, XA)) : (2.3.3)
r=1 s=1

Thus we have the following result.

Theorem 6 (Paper B) Let H be the contact distribution for S7 and {-,-) g the restric-
tion of the usual Riemannian metric in R® to H. Then the intrinsic sub-Laplacian of
(ST, H, (-,-)sr) is given by the sum of squares

An important fact that the operator A,g on S7 satisfies is that it commutes with the
operator defined by the Reeb vector field Y;. In other words, the following result holds.

Theorem 7 (Paper B) The operators Ayg and Y2 commute.

Theorem 7 has as a consequence a characterization of the sub-Riemannian heat kernel
in S7 in terms of the Riemannian heat kernel and the unbounded operator of heat flow
along the Reeb vector field for negative times.

Corollary 1 Denoting by Agr the Riemannian Laplacian in S7 with respect to the usual
Riemannian structure, we have that

e—tAsR _ e—tAS7etYf.

2.4 Intrinsic rolling of manifolds

The aim of this section is to provide a coordinate-free version of the definition given
in [33] for the system of two connected Riemannian manifolds of dimension n > 2,
one of which is rolling on the other one without slipping or twisting. The so-called
controllability question asks if any given configuration of the manifolds can be obtained
from any other one by an appropriate rolling. The idea is to find the answer to the
controllability question from geometric information of the manifolds.
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The fact that the kinematic constraints of no-slipping and no-twisting can be under-
stood as a distribution of rank n over the manifold corresponding to the configuration
space of the system, which is a manifold of dimension w, transforms the controlla-
bility question into a sub-Riemannian problem: if we know that the rolling distribution
is bracket generating, then the system is controllable. We can give an answer to the
converse statement in the analytic category. If the manifolds and the distribution are
analytic, the converse of the Chow-Rashevskii theorem is true, thus controllability holds
if and only if the distribution is bracket generating. This section treats the results
obtained in Paper C.

2.4.1 Extrinsic definition of rolling

Let M and M be connected oriented Riemannian manifolds of dimension n. Let + and 7
be orientation preserving isometric imbeddings of M and M into R™*” for an appropriate
choice of v, which exist due to [29]. Here R™*” is equipped with the standard Euclidean
metric and standard orientation. Let us identify the abstract manifolds M and JE with
their image under the corresponding imbeddings. These imbeddings of M and M into
R™ split the tangent space of R"™ into direct sums:

T,R™ = T,Ma&T,M*, z€M,
TR = T:MaeT:M*, el

(2.4.1)

A notational convention that will be used throughout this section is that a vector
ve TR, 2 € M, will be written as v = v + v+, Whelre/\vT € T,M and v+ € T,M*.

Let V denote the Levi-Civita connection on M or on M. The context will indicate
on which manifold the connection is defined. The Levi-Civita connection on R"*” is
denoted by V. If X and Y are tangent vector fields on A, then

VxY(2) = (VV(2)', zeM,

where X and Y are any local extensions to R"*” of X and Y, respectively. Similarly, if
T is a normal vector field on M and X is a tangent vector field on M, then the normal
connection is defined by

ViY() = (VT(x)", zeM,

where T is any local extension to R™*” of Y. Equivalent statements hold for M. Capital
Latin letters X,Y, Z denote tangent vector fields and capital Greek letters T, ¥ denote
normal vector fields. We denote by % the covariant derivative associated to the Levi-
Civita connection on M or on M. , and similarly % denotes the covariant derivative
corresponding to the normal connection.

The following definition is a reformulation of rolling as presented in [33, Appendix B]
with the additional condition of preserving orientation.



22 Main Results

Definition 1 A rolling of M on M without slipping or twisting is an absolutely conti-
nuous curve (z,g) : [0,7] — M x Isom™ (R™*") satisfying the following conditions:

(i) 3(t) = g(t)a(t) € T,
(ZZ) dg( ) t)M = Tg(t)ﬁ,
(iii) No slip condition: Z(t) = dg(t)&(t), for almost every t.

(iv) No twist condition (tangential part):

D
dg(t)—Z(t fd t)Z,
o) 2 2(t) = Dagle
for any tangent vector field Z(t) along x(t) and almost every t.

(v) No twist condition (normal part):

dglt) T w(t) = 2 dg(1) (1),

for any normal vector field U(t) along x(t) and almost every t.
(vi) dm(t)g(t)\Tz<t)1w Ty M — Tg(t)]/\i 18 orientation preserving.

Here Isom™* (R"™) denotes the space of affine oriented isometries of R™”, that is,
the Lie group SE(n + v).

2.4.2 Intrinsic definition of rolling manifolds

Let us introduce the configuration space @, which can be thought of as all the relative
positions in which M can be tangent to M. Define the SO(n)—bundle over M x M by

Q={q e bonf (.M, T:0]) | v € M, e}, (2.4.2)

Here Isomg (V, YA/) denotes the group of linear orientation preserving isometries between
the oriented inner product spaces V' and V. We denote bym:Q — Mx M the canonical
projection. In what follows, () will denote indistinctly both the configuration space of
the kinematic problem and the SO(n)—bundle (2.4.2). It is important to stress that the
SO(n)—bundle @ is, in general, not principal for n > > 3.

Fixing a pair of imbeddings ¢ and 7 of M and M into R™” respectively, we can
construct an SO(v)—bundle P, ; of isometries of the normal tangent space over M x M.
This construction is analogous to @, but restricted to the normal directions of the
imbeddings. The aforementioned bundle is given by

P o= {p e Tsom} (T, M+, T-0MY)| o e M5 e JW} . (2.4.3)

The dimension of P, ;is 2n + <" U Observe that @ is invariant of the choice of imbed-
dings, while P,; is not. As in the case of @, the SO(v)—bundle P,; is, in general, not

principal for v > 3.
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Proposition 4 (Paper C) If a curve (z,g) : [0,7] — M x Isom™ (R™") satisfies (i)-
(vi) of Definition 1, then the mapping

t = (dg(t) |z, a1, dg ()7, e ) =2 (q(t), p(2)) ,
defines a curve in QQ @ P,z with the following properties:
(I) no slip condition: Z(t) = q(t)i(t) for almost every t.

(1) no twist condition (tangential part): q(t)5Z(t) = 2q(t)Z(t) for any tangent vector
field Z(t) along x(t) and almost every t.

(I1I) no twist condition (normal part): p(t)%\ll(t) = %p(t)\ll(t) for any normal vector
field U(t) along z(t) and almost every t.

Conversely, if (¢,p) : [0,7] = Q & P,z is an absolutely continuous curve satisfying
(I)~(1I1), then there exists a unique rolling (z,g) : [0,7] = M x Isom™ (R"*"), such that

dg(t)|r, ., = q(t) and dg(t)|z, a0 = p(t)-

Proposition 4 is the first step in a coordinate free version of the rolling manifolds
problem, since it allows to split the information of the rolling in the tangent directions
and the normal directions with respect to the imbedding. This motivates the following
definition.

Definition 2 An extrinsic rolling of M on M is an absolutely continuous curve
(Q7p) : [077—} — Q SY PL,?
satisfying (I)-(I1I) in Proposition 4.

Note that Proposition 4 means that a rolling in the sense of Definition 1 uniquely de-
fines an extrinsic rolling and vice versa. Restricting conditions (1)-(III) to the bundle @
gives a purely intrinsic definition of rolling.

Definition 3 An intrinsic rolling of M on M is an absolutely continuous curve
q:[0,7] = Q,
satisfying the following conditions: if x(t) = pryq(t) and 2(t) = pryyq(t), then
(I') no slip condition: Z(t) = q(t)&(t) for almost all t;

(II') no twist condition: q(t)5Z(t) = Bq(t)Z(t) for any tangent vector field Z(t) along
x(t) and almost every t.
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Observe that condition (1I’) implies that Z(t) is a parallel tangent vector field along
x(t), if and only if ¢(¢) Z(¢) is parallel along Z(¢) for almost all ¢. In this sense, Definition 3
naturally generalizes the definition given in [2, Chapter 24] for 2-dimensional Riemannian
manifolds imbedded in R3.

A natural question is whether an intrinsic rolling extends uniquely to an extrinsic
one dependent on given imbeddings. This is answered by the following theorem.

Theorem 8 (Paper C) Let q : [0,7] — Q be an intrinsic rolling and let (xo,To) €
M x M be the point pry,. 579(0). Assume v : M — R and 7 : M — R™ are given
imbeddings.

Then, given an initial configuration po in the fiber of P,z over (xg,To), there exists a
unique rolling (¢,p) : [0,7] = Q & P,7 satisfying p(0) = po.

2.4.3 Distribution

The goal of this subsection is to find a distribution corresponding to the restrictions of
no-twisting and no-slipping. This distribution is called rolling distribution. Let U C M
denote a neighborhood around z, such that both bundles TM — M and TM+ - M
become trivial when restricted to U. Define U C M around 7 similarly. Let {e;}}_,,
{ex}5_y, {é:}7, and {é.}7_, denote positively oriented orthonormal frames of TM|y,
TM|y, TM) | and TM Y5, respectively. There is a trivialization

Q& Pdluxg = UxU x SO(n) x SOW), (2:44)
(Q7p) = (l’, €, A’ B)7

given by
x:prU(q7p)7 /I\:prﬁ(%p)v
A= (aiy); ;= = ({aej. €)1 -
B = (bfi)\):,)\:l = (<p€/\7€n>):,/\:1-
Let us consider the following global left invariant basis of TSO(n) defined by
n a a
ij A) = ria_ . Uri s |
W]( ) ;(CL aarj a‘]aa”_)
where A = (a;;) € SO(n).
Definition 4 For a vector field X on M, we define the vector fields V(X) and V*+(X)

on Q & P,z, such that under any local trivialization h as in (2.4.4) and for any pair of
isometries (q,p) € (Q & P,7) ), the following hold

ah (V(X)(g.p) = 3 ((Txwes@)seila) = 3 ay (Vaxwes(@). qeila)) ) Wis(4),

i<j
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ah (V-(X)(a.9) = D ((Thwere), exl@) - ZbM Vix(ofal®), pen(2)) ) Wir(B),

K<

for A= (a;;) € SO(n), B = (bsy) € SO(v) and (z,%) € M x M.

The vector fields V(X) and V*(X) allow us to define the rolling distributions for
the case of intrinsic and extrinsic rolling. This definition is contained in the following
proposition.

Proposition 5 (Paper C) A curve (¢(t),p(t)) in Q & P,z is a rolling if and only if it
is almost everywhere tangent to the distribution E, defined by

Egp) = {Xo + ¢Xo + V(Xo0)(q,p) + V*(Xo)(q,p)| X0 € T, M},

where (¢,p) € (Q ® P.2)(az), the fiber of Q & Pz — M x M over (z,7) € M x M.
Moreover, a curve q(t) in Q is an intrinsic rolling if and only if it is almost everywhere
tangent to the distribution D

D, = {Xo + ¢Xo + V(Xo)(q)| Xo € T,M?},

for each q € Q2 ).

2.4.4 Examples of controllability

In this subsection we briefly discuss two examples of manifolds rolling: The group SE(3)
rolling on its Lie algebra se(3) and the n—dimensional sphere S™ rolling on R™. The
first of these examples is non-controllable while the second one is completely controllable.
More details concerning both examples can be found in Paper C.

SE(3) rolling on se(3)

Let SE(3) be the group of orientation preserving isometries of R3. We consider the case
of SE(3), endowed with a left invariant metric that will be defined later, rolling over its
tangent space T1SE(3) = se(3) at the identity, with the restricted metric.

Give SE(3) coordinates as follows. For any « € SE(3) there exist C' = (¢;;) € SO(3)
and r = (ry,79,73) € R3, such that x = (C,r) acts via

z(y) =Cy+r, for all y € R3.
The tangent space of SE(3) at z = (C, r) is spanned by the left invariant vector fields

0 0 1 o
(C den 6)021> -2 Z (cﬂ o Cﬂacﬂ) (2.4.5)

Jj=1

1 0 0 1 0 0
-V, = — == = — Cig—— 2.4.
= 2 2 (C 8(‘13 ¢ 8031) 2 Z <CJ1 ang €3 8Cj1> ( 6)

J=1

ep =Y =

&\H
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1 0 0 1 < 0 0
3=Y3 = — O — | = —= g—— — Cj3—— 2.4.
“s 3 \/§ <C 8623 C 8032> 2 Z <C]2 aCj3 6'73 861'2) ( 7)

j=1
d =9
=Xpy=C-— = k= k=1,23. 2.4.8
€43 k (97”k Z Cik 8rj ) ) 4 ( )
Define a left invariant metric on SE(3) by declaring the vectors ey, ..., eg to form an

orthonormal basis. We will determine whether this system is controllable or not. Note
that Q = SE(3) x R® x SO(6), because both manifolds SE(3) and R® are Lie groups, so
their tangent bundles are trivial.

By Proposition 5 and Definition 4, the distribution D over @) is spanned by

Zy = Y1+(JY1+T\1/§W23+%W45,

Zy = Ya+qYs— ﬁwm + %szm (2.4.9)
Zy = 5/},+CIY3+T\15W12+%W567
K1 :X1+qX17 K2:X2+QX27 K3:X3+QX3 (2410)

The distribution D defined by the vector fields (2.4.9) and (2.4.10) is not bracket
generating, indeed
D? = D & span {Wia, Wiz, Was},
D? = D? @ span{qYi, qYs, qYs}, (2.4.11)
D4 — D37

and so dim D? =9, dim D*¥ = 12 for all k£ > 3 and the step of D is 3.

The fact that the system is not controllable follows from a version of the Orbit
theorem in the analytic category, see [2, Chapter 5]. In this case, the tangent space of
the orbits and the Lie hull of D coincide. Since the manifold @) and the distribution D
are analytic, the non-controllability of the system is equivalent to the fact that D is not
bracket generating.

S™ rolling on R"

It is proved in [40] that rolling S™ on R™, n > 2, as submanifolds imbedded in R™** is a
controllable system, i.e. any configuration can be obtained from an initial one by rolling
without twisting or slipping. To prove this result the author first rewrites the kinematic
equations as a right-invariant control system without drift, evolving on a connected Lie
group G, in order to apply a theorem for controllability on Lie groups proved by Jurdjevic
and Sussmannn [22] which reduces the controllability issue to proving that the rolling
distribution generates the Lie algebra of G. This theorem results from an adaptation to
Lie groups of the Chow-Rashevskii theorem. Here we briefly discuss the fact that the
distribution D from Definition 4 is bracket generating in this case, thus obtaining the
controllability of this system directly as consequence of the Chow-Rashevskii theorem.
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Consider the unit sphere S™ as the submanifold of the Euclidean space R"+1,

_{xo,,.., ) € R 22 + - +xi:1}7
with the induced metric.
For an arbitrary point & = (Zo,...,&,) € S™, at least one of the coordinates
Zoy .-, %, does not vanish. Assume that Z, # 0, and consider the neighborhood

U= {(xg,...,2,) € S"| £z, > 0}, where the choice of the £ sign corresponds to
the sign of Z,,. To simplify the notation, we define the following functions on U

n

_ 2 2

= T, .
r=j

These functions are always strictly positive on U, and we use them to define an or-
thonormal basis of TU. We will write simply s; instead of s;(z), since dependence of
is clear from the context. Define the following vector fields on U

S]‘ 3 I]‘_l - c? .
0= [ = T |, =1,...,n. 2.4.12
K 1 ( 8xj_1 + Sj Zr (’):rr> J ) " ( )

S
Jj—1 r=j

These vector fields form an orthonormal basis of the tangent space over U.
Consider the vector fields X = ey, + gex, + V(ex) which generate the distribution D,
introduced in Proposition 5, restricted to U. We have the explicit form

k-1

Xk(x7 + Zazkez Z \/‘2171 7k(A)

i=1

In order to determine the commutators [ X}, Xj], let us assume that & > [. Lengthy

calculations show that .
Ti-1

V/Si-151
Define the vector fields Yy, for [ < k, by

[(Xk, X)) = X — Wi

Tj—1

Yi. = 1X;, Xi
Ik (X, k}"’m

X =Wy

Finally, let Z; = [Yi2, Xo] = Zailéiv and

=1
Zk—Xh}/lk Zazkem k:27"'>n'

We conclude that the entire tangent space T'Q) is spanned by {Xj}7_1, {Yik hi<ick<n
and {Z}7_,. Hence, D is a regular bracket generating distribution of step 3, which
implies that the system of rolling S™ over R" without slipping or twisting is completely
controllable.
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2.5 Existence of rollings

Paper D of the present thesis deals with problems of existence of intrinsic rollings as
defined in the previous section. This is a work in progress, here we show some of the
results obtained so far.

In the literature of probability theory, see for instance [17, 21], the notion of de-
velopment is the main tool to construct Brownian motions on Riemannian manifolds.
This procedure starts with a curve z : [0,7] — M and an initial rolling configuration
go = (z0,Z0,A0) € Q of M rolling on R". The development along z is equivalent to
constructing a curve 7 : [0, 7] — R™ as follows:

Z(t) = qo o expy, o x(t), (2.5.1)

where exp,, denotes the Riemannian exponential mapping of M at xo = x(0). Note that
Z(0) = Zy. Using this curve, we can define A : [0, 7] — SO(n) as follows. Let Xi,..., X,
be an orthonormal basis of T,, M and )?Z = qoX; be the corresponding orthonormal basis
of T;,R"™. By parallel translating both bases along = and Z, we define the vector fields
X;(t) and X;(t) along = and 7 respectively. The map A(t) is defined as the isometry
mapping X;(t) to X;(t). Note that by construction A(0) = A.

With these notations, we have the following result.

Proposition 6 (Paper D) Let z : [0,7] — M be a geodesic in M and let T : [0,7] —
R™ be defined by equation (2.5.1). The curve

g : [0,7] = Q=UxUxSO(n)

to= o (2(1),2(1), At) (2.5.2)

defined for a sufficiently small time T and a sufficiently small neighborhood U x U of
(20, To) € M x R™ is an intrinsic rolling.

This shows that given a geodesic in M, it is possible to construct an intrinsic rolling
over R". A natural step is to discuss the existence of an intrinsic rolling of two manifolds,
M and M, following given trajectories z : [0,7] = M and Z : [0, 7] — M. More precisely,
the problem asks whether a rolling of the form

q 0,7 — Q

t o= (a(t),2(t), A1) (2.5.3)

exists, whenever the curves = : [0,7] = M and 7 : [0, 7] — M are given.
The following theorem gives necessary and sufficient conditions for the existence of
the map (2.5.3) in the case of Riemannian surfaces.

Theorem 9 (Paper D) Let M and M be two Riemannian connected surfaces. Let
x:[0,7] = M and T : [0,7] = M be two curves of class C* parameterized by arc-length
and geodesic curvatures ky(t) and k,(t) respectively. Then, there is a rolling along x and

Z if and only if ky(t) = zg(t).
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An interesting consequence of Theorem 9 is the following corollary.

Corollary 2 (Paper D) With the notation and hypotheses of Theorem 9, let us assume
that M = R? with the usual Riemannian structure and the curves x : [0,7] = M and
7 :[0,7] = R? are simple loops, where x(0) = x(7) and T(0) = Z(7). Let o be the angle
between (0) and z(7), then

kq(t)dt = .
0

In order to find a condition similar to the one in Theorem 9 in the case of rolling
manifolds of higher dimension, it is necessary to find the correct analog to the geodesic

curvature. The definition that is suitable in this context can be found in [36, pp. 21-32].
Then the analog of Theorem 9 in higher dimension is the following.

Theorem 10 (Paper D) Let M and M be two Riemannian manifolds of dimension
n, and let x : [0,7] = M and T : [0,7] — M be two curves of class C™ parametrized by
arc-length. Suppose that both x and T have n well defined Frenet vector fields and n — 1
geodesic curvatures {r;}'—{ and {K;}=] respectively. Then there exists a rolling along
x(t) and Z(t) if and only if

As a consequence of Theorem 10 for sufficiently small 7, Proposition 6 and the
uniqueness of rollings, see [33, p. 381], we have the following corollary.

Corollary 3 (Paper D) With the notation and hypotheses of Theorem 10, consider a
given initial configuration for a rolling (xo, Zo, qo) € Q, where zg = z(0) and Ty = Z(0),
and assume x is a geodesic in M. Then, for sufficiently small values of T, the equality

Z(t) = qo o exp,, o x(t)

holds if and only if k; = £K;.
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2.6 Future research

Based on the results described in the previous sections, some related questions arise and
are posed here as open problems to be treated in the future.

e Detailed study of the intrinsic sub-Laplacian and heat kernel of general sub-
Riemannian principal bundles, in terms of the geometry of the fibers and base
spaces.

e Formulation of a geodesic equation for S” endowed with its qCR structure.

e Connectivity by geodesics in general sub-Riemannian principal bundles.

e Applications of intrinsic rollings to interpolation theory and controllability.

e Geometric characterization of abnormal extremals in rolling problems.

e Study of the motion planning problem for rollings of higher dimensional manifolds.

e Extend the results of existence of rollings to more general cases.
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SUB-RIEMANNIAN GEOMETRY OF PARALLELIZABLE
SPHERES

MAURICIO GODOY MOLINA
IRINA MARKINA

ABSTRACT. The first aim of the present paper is to compare various sub-
Riemannian structures over the three dimensional sphere S originating
from different constructions. Namely, we describe the sub-Riemannian
geometry of S° arising through its right action as a Lie group over itself,
the one inherited from the natural complex structure of the open unit ball
in C? and the geometry that appears when it is considered as a principal
S!—bundle via the Hopf map. The main result of this comparison is that
in fact those three structures coincide.

We present two bracket generating distributions for the seven dimen-
sional sphere S7 of step 2 with ranks 6 and 4. The second one yields to a
sub-Riemannian structure for S7 that is not widely present in the litera-
ture until now. One of the distributions can be obtained by considering
the CR geometry of S7 inherited from the natural complex structure of
the open unit ball in C*. The other one originates from the quaternionic
analogous of the Hopf map.

1. INTRODUCTION

One of the main objectives of classical sub-Riemannian geometry is to
study manifolds which are path-connected by curves admissible in a certain
sense. In order to define what does admissibility mean in this context, we
begin by setting notations that will be used throughout this paper. Let M
be a smooth connected manifold of dimension n, together with a smooth dis-
tribution H C TM of rank 2 < k < n. Such vector bundles are often called
horizontal in the literature. An absolutely continuous curve v : [0,1] — M
is called admissible or horizontal if 4(t) € H a.e.

Distributions satisfying the condition that their Lie-hull equals the whole
tangent space of the manifold at each point play a central role in the search
for horizontally path-connected manifolds. Such vector bundles are said

2000 Mathematics Subject Classification. 53C17, 55R25, 32V15.

Key words and phrases. sub-Riemannian geometry, CR geometry, Hopf bundle, Ehres-
mann connection, parallelizable spheres, quaternions, octonions.
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to satisfy the bracket generating condition. To be more precise, define the
following real vector bundles

H' =H, H = [H, H]+H forr>1,
which naturally give rise to the flag
H=H'CH’CH'C...

Then we say that a distribution is bracket generating if for all x € M there
is an r(x) € Z* such that

(1) H@ =T, M.

If the dimensions dim H! do not depend on z for any r > 1, we say that
H is a regular distribution. The least r such that (1) is satisfied is called
the step of H. We will focus on regular distributions of step 2. In [18] the
reader can find detailed definitions and broad discussion about terminology.

The following classical result shows the precise relation between the notion
of path-connectedness by means of horizontal curves and the assumption
that H is a bracket generating distribution.

Theorem 1 ([11, 23]). Let M be a connected manifold. If a distribution
H C TM is bracket generating, then any two points in M can be joined by
a horizontal path.

We recall the definition of sub-Riemannian manifold.

Definition 1. A sub-Riemannian structure over a manifold M is a pair
(H, (-,-)), where H is a bracket generating distribution and (-,-) a fiber inner
product defined on H. In this setting, the length of an absolutely continuous
horizontal curve v : [0,1] — M s

() = / 1K ®lldz.

where ||[¥(t)||? = ((t),5(t)) whenever %(t) exists. The triple (M, H, (-,-)) is
called sub-Riemannian manifold.

Thereby, restricting our considerations to connected sub-Riemannian man-
ifolds endowed with bracket generating distributions, it is possible to define
the notion of sub-Riemannian distance between two points.

Definition 2. The sub-Riemannian distance d(p, q) € [0, +00) between two
points p,q € M is given by d(p,q) := inf £(v), where the infimum is taken
over all absolutely continuous horizontal curves joining p to q.

An absolutely continuous horizontal curve that realizes the distance be-
tween two points is called a horizontal length minimizer.
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Remark: The connectedness of M and the fact that H is bracket generating,
assure that d(p, ¢) is a finite nonnegative number. Nevertheless the bracket
generating hypothesis, required for the previous definition, is possible to
be weakened. In fact, in [25] the author finds a necessary and sufficient
requirement to horizontal path-connectedness for a manifold in terms of the
corresponding distribution. Clearly, this theorem contains, as a particular
case, the bracket generating condition.

Historically, the first examples of sub-Riemannian manifolds that have
been considered were Lie groups, see e.g. [2, 6, 9, 14, 17]. Due to its alge-
braic structure, it is sufficient to define appropriate distributions at the iden-
tity of the group. Right (or left) translations allow to find globally defined
bracket generating distributions of right (or left) invariant vector fields. An
important role has been played by considering domains in Euclidean spaces
with special algebraic structures (such as the Heisenberg groups, H—type
groups as their natural generalizations to Clifford algebras, Engel groups,
Carnot groups, etc.). Particular attention have had the three dimensional
unimodular Lie groups which were studied, for example, in [2, 6, 14] and
the Heisenberg group, see [13]. The main purpose of this communication is
to present recent results concerning different sub-Riemannian structures of
the second simplest family of examples of manifolds, namely, spheres. The
main tool for the study of sub-Riemannian structures on spheres arise from
the G—principal bundle structure given by the Hopf fibrations. We are also
inspired by the article [26], where the close relation between the Hopf map
and physical applications is presented.

The following celebrated theorem in topology, see [1], gives a very strong
restriction on the problem of finding globally defined sub-Riemannian struc-
tures over spheres.

Theorem 2 (Adams). Let S"~! = {z € R" : ||z||?> = 1} be the unit sphere in
R", with respect to the usual Buclidean norm || -||. Then S™! has precisely
o(n)—1 linearly independent, globally defined and non vanishing vector fields,
where o(n) is defined in the following way: if n = (2a +1)2° and b = ¢ + 4d
where 0 < ¢ < 3, then o(n) = 2°+ 8d.

In particular, two classical consequences follow: S*, S® and ST are the only
spheres with mazimal number of linearly independent globally defined mon
vanishing vector fields, and the even dimensional spheres have no globally
defined and non vanishing vector fields.

The condition that a manifold M has maximal number of linearly inde-
pendent globally defined non vanishing vector fields is usually rephrased as
saying that M is parallelizable. The fact that St, S® and S” are the only par-
allelizable spheres was proved in [7] and that the even dimensional spheres
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have no globally defined and non vanishing vector fields is a consequence of
the Hopf index theorem, see [27].

This theorem permits to conclude at least two major points of discussion:
there is no possible global basis of a sub-Riemannian structure for spheres
with even dimension and it is impossible to find a globally defined basis for
bracket generating distributions, except for S® and S7. The fact that S® and
S7 can be seen as the set of quaternions and octonions of unit length will
play a core role in many arguments throughout this paper.

The main results that we present here are: a comparison between three
sub-Riemannian structures of S® and the constructions for two different
sub-Riemannian structures for S”. More specifically, the first result can be
summarized as an equivalence between the sub-Riemannian geometry of S°
arising through its right Lie group action over itself as the set of unit quater-
nions, the one inherited from the natural complex structure of the open unit
ball in C? and the geometry that appears when considering the Hopf map
as a principal S'—bundle. Notice that this structure admits a tangent cone
isomorphic to the one dimensional Heisenberg group in the sense of Gromov-
Margulis-Mitchell-Mostow construction of the tangent cone [15, 20, 21, 22].
With respect to the second result, by considering the CR structure of S7
inherited from the natural complex structure of the open unit ball in C*, we
obtain a 2-step bracket generating distribution of rank 6. This construction
is intimately related to the Hopf fibration S — S7 — CP?3, in the sense that
the holomorphic tangent space defining the CR structure is an Ehresmann
connection, that is, the orthogonal complement to the vertical space defined
by the Hopf fibration as a principal S'—bundle. This fact is generalized
to all odd-dimensional spheres and, moreover, it implies that the tangent
cone for (2n + 1)—dimensional spheres is isomorphic to the n—dimensional
Heisenberg group. Making use of the quaternionic analogue of the Hopf map
53 — 87 — S* we present another 2-step bracket generating distribution
that has rank 4. We conclude that the sphere S7 admits at least two different
sub-Riemannian structures. The tangent cone, in the first case, is isomor-
phic to the 3-dimensional Heisenberg group, and in the second case it has
the structure of the quaternionic Heisenberg-type group with 3-dimensional
center [9]. In both cases we present the basis of the horizontal distribution
that is very useful in future studies of geodesics and hypoelliptic operators
related to the sub-Riemannian geometry of spheres. We would like to note
that, in the case of the rank 6 distribution the given basis is globally defined,
while in the case of the rank 4 distribution the search for a globally defined
basis will be analyzed in a forthcoming paper. It is also expected that S7
with the structure induced by the quaternionic Hopf fibration satisfies the
conditions of a qCR—manifold in the sense of [3].
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2. S% AS A SUB-RIEMANNIAN MANIFOLD

Throughout this paper H will denote the quaternions, that is, H = (R*, +, o)
where + stands for the usual coordinate-wise addition in R* and o is a non-
commutative product given by the formula

(o + 1@ + x9j + x3k) © (Yo + y1i + y2j + ysk) =
= (Toyo — T1Y1 — T2Y2 — T3y3) + (T1Yo + Toyr — T3Y2 + Tayz)i+

+(22y0 + T3y1 + Toyz — T1Y3)J + (T3Yo — T2y1 + T1ya + Toys) k.
It is important to recall that H is a non-commutative, associative and
normed real division algebra. Let ¢ = t + at + bj + ck € H, then the
conjugate of ¢, is given by

g=t—ai—bj—ck.

We define the norm |q| of ¢ € H by |q|> = ¢q.

The realization of the sphere S® as the set of unit quaternions, produces
a Lie group structure induced by quaternion multiplication.

The multiplication rule in H induces a right translation R,(x) of an el-
ement x = xg + 1% + x2J + w3k by the element y = yo + 17 + Y25 + ysk.
The right invariant basis vector fields are defined as Y'(y) = (R,(z)).Y (0),
where Y(0) are the basis vectors at the unity of the group. The matrix
corresponding to the tangent map (R,(x))., obtained by the multiplication
rule, becomes

—Y1 Yo Y3 Y2
R,(x)), =
( ‘/( )) —Y2 Y3 Yo —W1

—Ys Y2 W Yo
Calculating the action of (R,(z)). in the basis of unit vectors of R* we
get the four vector fields

N(y) = %00y, + 110y, + Y20y, + y30,,,

V(y) = —110y, + Y00y — Y30y, + Y20y,
X(y) = =120y, + Y30y, + Y0y, — 110y,
Y(y) = —y30y, — Y20y, + Y10y, + YoOys-

It is easy to see that N(y) is the unit normal to S* at y € S3 with respect
to the usual Riemannian structure (-,-) in TR*. Moreover, for any y € S*

(N(),V(y)y = (N), X))y = (N(),Y(y))y, =0
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Since the matrix
Y Yo —Ys Y2
—Y2 Y3 Yo —WU1
—Ys —Y2 U1 Yo
has rank three, we conclude that the vector fields {V(y), X (), Y (y)} form
an orthonormal basis of T},S® with respect to (-, -),, for any y € S3.
Observing that [X,Y] = 2V, we see that the distribution span{X,Y} is
bracket generating, therefore it satisfies the hypothesis of Theorem 1. The
geodesics of the left invariant sub-Riemannian structure of S? are determined
in [10], while in [17] the same results are achieved by considering the right
invariant structure of S3.
Notice that the distribution span{X,Y} can also be defined as the kernel
of the contact one form

w = —y1 dyo + Yo dyr — y3 dy> + y2 dys.

Remark: It is easy to see that [V, Y] = 2X and [X, V] =2V, therefore the
distributions span{Y, V} and span{X,V'} are also bracket generating. The
corresponding contact forms are

0 = —yadyo + ys dy: + yo dy> — y1 dys
and

N = —Yysdyo — Y2 dyr + y1 dy2 + yo dys
respectively. This means that there is a priori no natural choice of a sub-
Riemannian structure on S generated by the Lie group action of multipli-

cation of quaternions. Any choice that can be made, will produce essentially
the same geometry.

3. 5% As A CR MANIFOLD

Consider S® as the boundary of the unit ball B* on C2, that is, as the

hypersurface
S = {(z,w) € C*: 22 + wiw = 1}.

The sphere S? cannot be endowed with a complex structure, but nevertheless
it possess a differentiable structure compatible with the natural complex
structure of the ball B* = {(z,w) € C? : 2z + ww < 1} as an open set
in C2. We will show that this differentiable structure over the sphere S3
(CR structure) is equivalent to the sub-Riemannian one considered in the
previous section. We begin by recalling the definition of a CR structure,
according to [5].

Definition 3. Let W be a real vector space. A linear map J : W — W is
called an almost complex structure map if JoJ = —1I, where I : W — W s
the identity map.
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In the case W = T,R*™ p = (21,1, ..,Tn, Yo € R*, we say that the
standard almost complex structure for W is defined by setting

Jn(0;) = 0y, Jn(0y;) = —0q;, 1<j<n.
For a smooth real submanifold M of C" and a point p € M, in general the
tangent space T, M is not invariant under the almost complex structure map

J, for T,C™ = T,R?". We are interested in the largest subspace invariant
under the action of .J,.

Definition 4. For a point p € M, the complex or holomorphic tangent space
of M at p is the vector space

H,M = T,M 0 J,(T,M).
In this setting, the following result takes place, see [5].

Lemma 1. Let M be a real submanifold of C™ of real dimension 2n — d.
Then
2n — 2d < dimg H,M < 2n —d,

and dimg H,M is an even number.

A real submanifold M of C" is said to have a CR structure if dimg H,M
does not depend on p € M. In particular, by Lemma 1, every smooth real
hypersurface S embedded in C" satisfies dimg H,S = 2n — 2, therefore S is
a CR manifold. This fact applies to every odd dimensional sphere.

The question addressed now is to describe H,S®. By the discussion in the
previous paragraph, H,S% can be seen as a complex vector space of complex
dimension one. This description is achieved by considering the differential
form

w = Zdz + wdw
and observing that ker w is precisely the set we are looking for. Straightfor-
ward calculations show that

ker w = span{wd, — z0,}.
In real coordinates this corresponds to
1

WO, — 20y = 5(—X +1iY),
where X and Y were defined in Section 2. It is important to remark that
this is precisely the maximal invariant J,—subspace of 7,5%, namely

Jo(X) =Y, J(Y)=-X,

then Jy(span{X,Y}) = span{X, Y}, but Jo(V) = —N ¢ T,S? for any point
p € S3. Therefore, the distribution corresponding to the right invariant

action of S® over itself is the same to its one dimensional (complex) CR
structure.
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Remark: The distribution associated to the anti-holomorphic form
w = zdZ + wdw
is the conjugate to the previous one and isomorphic and isomorphic to the
2-dimensional real distribution . More explicitly:
ker w = span{—wd; + 20z}

and in real coordinates this corresponds to

1

The same almost complex structure as the previously described can be
obtained by means of the covariant derivative of S considered as a smooth
Riemannian manifold embedded in R*. Namely, in [17] it is introduced
the mapping J(Z) = V;V, for Z € TS?, were V denotes the Levi-Civita
connection on the tangent bundle to S® and V is the vector field defined in
Section 2.

4. S® AS PRINCIPAL BUNDLE

In this section we describe how the structure of a principal S*—bundle over
53 induces a bracket generating distribution on S3. Namely, it is possible
to consider S? as a S'—space, according to the action

A (z,w) = (Az, Aw),
where A € S' = {A € C: |A\]? = 1} and (z,w) € S = {(z,w) € C? :
22 + wf? = 1}.

Consider the Hopf map h : S* — S? as a principal S'—bundle, see [16, 19],

given explicitly by

h(z,w) = (|2* = |w]?, 2z),
where S? = {(z,() € R x C : 22 +|(|*> = 1}. Clearly, h is a submersion
of S% onto S?%, and it is a bijection between S*/S' and S?, where S/S" is
understood as the orbit space of the S*—action over S%, previously defined.

Let p = (w9, () € S%. Tt is easy to verify that h=(p) = (20, wp) mod S,
where (zg, wp) is one preimage of p under h. Consider the great circle

Y () = ¥ (29, wp), t €10,1],

in S, that projects to p under the Hopf map. Consider the tangent vector
field, defined by
Yp(t) = 2mie™ (29, wo) € T, 1) S”.
We write the curve v, and the map d,, ,h in real coordinates, then
W(t) = (1), w(t)) = (zolt) + ix1(t), w2(t) + ixs(t))
(.I'()(t), .Z'l(t), iEQ(t), $3(t))
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and
1’0(1‘) .Tl(t) —.%‘Q(t) —.I'g(t)
[d%(t)h] =2 (L'Q(t) ’L'3(t) .%'o(f) T (t)
—a3(t) wa(t) @i(t)  —wo(t)
Thus, the Hopf map induces the following action over the vector field 4, (t):

wot) w(t) —e) s\ PO (0
[doyhlip(®) = 4m | @a(t) @a()  wo(t) ai(t) |1 50| = |

—ra(t) @) m(t) —we(t) /1 G 0

Therefore, if [d,,)h] is a full rank matrix, we would have characterized the
kernel of it, by

(2) ker d, (yh = span{7 (1)}
Notice that, using the notation of Section 2, the following identity holds
(3) o(t) = 2wV (9 (1))

To see that the matrix [d,,h] is full rank, observe that
[ whlldymh]" = 41,

where I3 denotes the identity matrix of size 3 x 3. This implies that [d,, 5]
is full rank.
Before describing how the Hopf map induces a horizontal distribution, it

is necessary to present some definitions found for example in [22, Chapter
11].

Definition 5 (Ehresmann Connection). Let M and @ be two differentiable
manifolds, and let ™ : Q — M be a submersion. Denoting by Q,, = 7~ 1(m)
the fiber through m € M, the vertical space at q is the tangent space at the
fiber Qr(q) and it is denoted by V.

An Ehresmann connection for the submersion 7 : QQ — M is a distribution
H C TQ which is everywhere transversal to the vertical, that is:

V, & H, = T,Q.

We apply Definition 5 to the map h in order to define the Ehresmann
connection. Since we know that kerd,h = span{V(p)}, for every p € S3
by (2) and (3), and moreover,

(X(@), V(P)p = (Y(p), V(P))p = (X(p), Y (P))p = 0,
where (-, ), stands for the usual Riemannian structure defined at p € S3,
we see that

(4) H, = span{X(p),Y(p)}
is an Ehresmann connection for the submersion h : S* — S? with V(p) as a
vertical space.
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Definition 6. Let G be a Lie group acting on Q and 7 : Q — M a submer-
sion, with Ehresmann connection H, which is a fiber bundle with fiber G.
The submersion m is called a principal G—bundle with connection, if the
following conditions hold:

e (G acts freely and transitively on fibers,

e the group orbits are the fibers of m: Q — M (thus M is isomorphic
to Q/G and m is the canonical projection) and

e the G—action on Q preserves the horizontal distribution H;

We conclude that the Hopf fibration is a principal S'—bundle with con-
nection H, defined by (4).

Definition 7. A sub-Riemannian metric (-,-) on the principal G-bundle
m: G —= M is called a metric of bundle type if the inner product (-,-) on the
horizontal distribution H is induced from a Riemannian metric on M.

The sub-Riemannian metric (-, -)|3, obtained by restricting the usual Rie-
mannian metric of S% to the distribution  is, by construction, a metric of
bundle type.

Thus the Hopf map indicates, in a topological way, how to make a nat-
ural choice of the horizontal distribution # that was not obvious when we
considered the right action of S? over itself.

Remark: Observe that the considered vector fields coincide with the right
invariant vector fields. This phenomenon does not appear when we change
the right action to the left action of S% over itself.

5. TANGENT VECTOR FIELDS FOR S”7

In Sections 5 to 7 we will study different sub-Riemannian structures over
the sphere S7, using the ideas of Sections 2 to 4. As a result, we obtain two
structurally different types of horizontal distributions. One of them of rank
6 and other of the rank 4. Moreover, as we shall see, the sub-Riemannian
structure induced by the CR structure and quaternionic analogue of the Hopf
map are essentially different. We start from the construction of a convenient
basis of tangent vector fields to S”.

The multiplication of unit octonions is not associative, therefore S7 is
not a group in a contrast with S%. Nevertheless, we still able to use the
multiplication law in order to find global tangent vector fields. To do this,
we present a multiplication table for the basis vectors of R®. This non-
associative multiplication gives rise to the division algebra of octonions

0= Span{607617 €2, €3, €4, €5, €, 67}'

According to Table 1, the formula for the product of two octonions is pre-
sented in Subsection 8.1 of the Appendix. This multiplication rule induces
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ol er [ e [ es |en|es | eo|er

€o || €0 €1 €9 €3 €4 €5 €6 (&g
€1 || €1 | —€o €3 —€9 €5 —€4 | —€7 €g
€ || €2 | —€3 | —€p €1 €g er —€4 | —€5
€3 || €3 €9 —€1 | —€p €7 —€g €5 —€4
€4 || €4 | —€5 | —€g | —€7 | —€p €1 €9 €3
€5 || €5 €4 —e7 €g —€1 | —€y | —€3 €9
Cg || €6 (&4 €4 —€5 | —€2 €3 —€p | —€1
erjér] —% | € €4 | —€3 | —€2| €1 | —€o

TABLE 1. Multiplication table for the basis of Q.

a matrix representation of the right octonion multiplication, given explicitly
by:

Yo —Y%1 —Y2 —Ys —Ys —Ys —Ye —Yr
Y1 Yo Ys  —Y2 Ys —Ys —Yr Ye
Y2 —Ys Yo n Ys Yr Y4 —Ys
Ys Y2 —Y1 Yo Y. —Ys Y5 —UYa
(Ry(). = Yo —Ys —Y¢ —Yr Yo Y1 Yo Y3
Ys Yo —Yr Yo Y1 Yo Y3 Y2
Ys Y7 Ya —Ys —Y2 Y3 Yo —W1
Yo —Ys Ys Yo —Ys —Y2 U1 Yo

We are able to find globally defined tangent vector fields which are invari-
ant under the right product rule. We proceed by analogy with Section 2.
The explicit formulae are given in Subsection 8.2 of the Appendix. The
vector fields {Yy,..., Y7} form a frame for TR® and, as in Subsection 8.2,
the vector fields {Y7, ..., Yz} form a frame for T'S7. More explicitly, we have
that the following identities hold

where (-, -} is the standard Riemannian structure over R® and d;; stands for
Kronecker’s delta.

Remark: Recall that in contrast with quaternions, the matrix represen-
tation (Ry,(z)). of right octonion multiplication is only a convenient way
of writing the formula presented in Subsection 8.1 of the Appendix. For
quaternions this is actually a representation of quaternion product, but it
cannot be such for octonions since they are non-associative and matrix mul-
tiplication is associative.
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6. CR STRUCTURE AND THE HOPF MAP ON S7

In [22, Chapter 11] it is briefly discussed the general idea of studying a
sub-Riemannian geometry for odd dimensional spheres via the higher Hopf
fibrations. Namely, consider S*"*!' = {2z € C"*' : ||z]|> = 1}, then the
Sl—action on $?"*! given by

A (2055 2n) = (AN20y -, AZn),

for A € S' and (20,...,2,) € S**! induces the well-known principal
S'—bundle S* — §2+1 Ly € P given explicitly by

S5 (20,0 20) = H(20, 0 20) = [20 0+ ¢ 2] € CP",

where [zp : -+ - : z,] denotes homogeneous coordinates. This map is called
higher Hopf fibration. The kernel of the map h: S?"*! — CP" produces the
vertical space and a transversal to the vertical space distribution gives the
Ehresmann connection. We show that the vertical space is always given by
an action of standard almost complex structure on the normal vector field
to S?"*1 and the Ehresmann connection coincides with the holomorphic
tangent space at each point of S?+1,

Theorem 2 asserts that any odd dimensional sphere has at least one glob-
ally defined non vanishing tangent vector field. If the dimension of the sphere
is of the form 4n+ 1, then it has only one globally defined non vanishing tan-
gent vector field. In the case that the dimension of the sphere is of the form
4n + 3, then the sphere admits at least three globally defined non vanishing
vector fields. Any sphere S?"*1 possesses the vector field

V’ﬂ+l(y) = 7ylayo + yoayl - ySayz +... = y2n+28y2"+1 + y2n+16y2n+2~

Observe that this vector field has appeared already in two opportunities:
the vector field V' in Sections 2, 3 and 4 corresponds to V,; and the vector
field Y in Subsection 8.2 of the Appendix corresponds to V.

The vector field V,, 1 encloses valuable information concerning the CR
structure of S?"*1. We know by Lemma 1 that, as a smooth hypersurface
in C"*! the sphere S$?"*! admits a holomorphic tangent space of dimension

dimg Hp52"’+1 =2n

for any point p € S**!. The following lemma implies the description of
H,S5*"*! as the orthogonal complement to V1.

Lemma 2. Let W be an Fuclidean space of dimension n + 2, n > 1,
and inner product (-,-yw. Consider an orthogonal decomposition W =

span{X,Y} @, W with respect to {-,)w and an orthogonal endomorphism
AW — W such that

A(span{X,Y}) = span{ X, Y},
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then W is an invariant space under the action of A, i.e.
AW) =W.
Proof. Let v € W, then for any «a, 8 € R it is clear that
(Av,aX + BY)w = (v, A(aX + BY ))w = (v, A aX + BY))w.
Since A(span{X,Y}) = span{X, Y}, there exist a,b € R such that
A aX + BY) = aX +bY,
and therefore
(Av,aX + Y )w = (v,aX +bY)w =0,
which implies that Av € W. U

As an application of Lemma 2, it is possible to obtain the explicit char-
acterization of the previously mentioned space H,S*"!.

Lemma 3. The vector space H,S*"™ is the orthogonal complement to the
vector Vo 1(p) in T,S5%" L, for any p € S+

Proof. Consider the vector space
W, = span{N,1(p)} @, T,5*" " = T,R*"*2

where N,.1(p) is the normal vector to S?"*! at p. The standard almost
complex structure map Jy41 : W, = W, is orthogonal. Moreover

Jn+1(Vn+1(p)) = - n+1(p)7 Jn+1(Nn+1(p)) = Vn+1(P)-

Using the decomposition W, = Wp @, span{V,,11(p), Noy1(p)}, it is possible

to apply Lemma 2 in order to conclude that Wp, which is the orthogonal
complement to V,,11(p) in Tp52”+1, is invariant under J,41. Since dimg W), =

2n, we conclude that Wp = H,5%" O

Remark: The space H.5?"*! can also be described as the kernel of the one-
form

9n+1 = ZodZ() + ...+ anZn

Indeed, consider X € HS?"*!, then by straightforward calculations we have
(5) anJrl(X) = <X7 Nn+1> +i<Xa Vn+1> =0.

Lemma 3 provides a horizontal distribution of rank 2n for the spheres
52+ by considering the holomorphic tangent space. The goal now is to
prove that this distribution is bracket generating. In order to do this, let
us state a simple result establishing the bracket generating property for an
arbitrary contact manifold.
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Lemma 4. Let M be a (2n+ 1)—dimensional contact manifold with contact
form w, then & = kerw is a bracket generating distribution of rank 2n and
step 2.

Proof. Recall Cartan’s formula for a differential one-form w, namely
(6) d(X, V) = X(w(Y)) — Y (@(X)) - w((X,Y])

for all X, Y € TM. See [8] for the general formulation. It follows from (6)
that £ is Frobenius integrable if and only if dw(X,Y) = 0 for all X,Y € &.
Thus, if w is a contact form, then dw(X,Y) # 0 for all X,Y € TM and,
therefore ¢ is not Frobenius integrable. This implies the bracket generat-
ing property for ¢, since if [X,Y](p) ¢ &, at any point p € M for some
X(p),Y(p) € & then span{[X,Y](p)} ® &, = T,M. O

By Lemma 4, to prove that HS?"*! is bracket generating, it is sufficient
to find a contact one-form w1 such that HS*"*! = kerw, ;. In order to
achieve this, consider

(7) Wn4+1 = Im 9n+1 = _yldyO + y()dyl e T y2n+1dy2n + y27bdy2n+l
defined on S?"*1. By (5), the relation HS?"*! = ker w,,; holds immediately.

Theorem 3. The one-form wy1 defined in (7) is a contact form. More
specifically, wyy1 satisfies

(dwn+1)" N wpy1 = n! - 2"dvolgent1,
where dvolgant1 is the volume form for S*+1.
Proof. We observe that
dwpir = 2(dyo N dys + ... + dyzn A dyoni1)-
Now, recalling the multinomial formula

p i im

i1+ im=p

where ( P . ) denotes the multinomial coefficient -
11

n . .
(8) (dwnp)" =2" Y~ (202 >(dy0/\dy1)10A_,./\(dy%/\dy%ﬂ)l" =

0+...+in=n

n

9) =nl-2% > (dyo Adyr) Ao A (dyzy Adyazen) A A (dyan A dysnia),
7=0

where CZ:I;C means that this term is ommited. The fact that the differential
one-forms are grouped in pairs in (8), permits us to use the multinomial
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formula. Equality (9) holds since in the summation the only non-zero terms
are those when i, ... i, € {0,1} and ip + ...+ ¢, = n. In this case

n n! |
. )= =———=nl
Qg+ ip or-1r-...-1!

Taking the exterior power of w,,1 and expression (9) we see that

2n+1
(dwnﬂ)” N Wpt1 = n!.2" Z (—1)]y]dy0 VANRIVAN dyJ VANAN dy2n+1
j=0

=n!- 2"dvolgen+1.

The following corollary holds, by Lemma 4 and Theorem 3.

Corollary 1. The holomorphic tangent bundle HS**! is a bracket gener-
ating distribution of step 2 and rank 2n.

An important consequence of Theorem 3 follows by considering a classical
result by G. Darboux, see [12]. In modern terms, this theorem asserts that
every (2n + 1)—dimensional contact manifold is locally the n—dimensional
Heisenberg group. This means precisely that the tangent cone of S?"*! as
a sub-Riemannian manifold with distribution HS?**! and metric induced
by the usual Euclidean metric in R?**? is isomorphic to the n—dimensional
Heisenberg group.

It is necessary to remark that in general there is no globally defined basis
for HS?"*1. By Theorem 2, this is only possible for S* and S”. A basis for
this distribution in the case of S® was already discussed in Section 2. Here
we present an explicit proof that shows the bracket generating property of
the basis of HS" invariant under right octonion multiplication. A similar
proof and other considerations concerning the hypoelliptic nature of the
sub-Laplacian associated with the distribution HS7 can be found in [4].

Theorem 4. The subbundle H = span{Ya,..., Yz} = HS" of T'S" is a
bracket generating distribution of rank 6 and step 2.

Proof. Define the following vector fields

vi(y) = Y10y + Y50y, + YOy, — Y10y,
Va2(y) = YoOy, — Y70y, — Y20y + Y30y,

Us1(y) = —Ys0y, — Y40y, + Y10y, + YoOys,
vsa(y) = —Y70y, — Y6Oy; + Y30y, + YoOys,

and observe that vy, + v = Yy and vs; + v52 = Y;. By straightforward
calculations we see that

(Va1 (Y), Yo(y))y = (vaz(y), Yo(y))y = (vs1(y), Yo(y))y = (vs2(y), Yo(y))y = 0,
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(a1 (), Y1(y))y = (va2(y), Y1(y))y = (vs1(y), Y1(y))y = (vs2(y), Y1(y))y =0,
which implies that vy1, V42, vs51, U592 € span{Ya,...,Y7}. The following com-
mutation relation

[Va1, V51] + [Va2, V5] = —2Y)
implies that the distribution # is bracket generating of step 2. O
Remark: It is possible to repeat the previous argument with other pairs of

vector fields. For example, if instead of Y; and Y5 we employ Y5 and Y3, we
can consider the vector fields

V21(y) = —Y20y, + Y30y, + YOy, — Y10y,
V(Y) = Y60y, + Y10y + YaOys — Y50y,
031(y) = —Y30y, — Y20y, + Y10y, + YoOy,.,
v3a(y) = Y10y, + Y6Oys — Y5Oy — YaOy,,

satisfy vo; + voy = Yo, w31 + w3 = Y3 and
[Ua1, V31] — [va1, v31] = —2Y].

We can proceed in a similar way if we use Y5 and Y7.

We conclude this section by proving that the line bundle span{V, .} is
the vertical space for the submersion given by the Hopf fibration S' —

g2+t M cpr. This implies that the distribution H defined in Theorem 4
is an Ehresmann connection for H. To achieve this, we recall that the charts
defining the holomorphic structure of CP™ are given by the open sets

U.={[z0:":2n] : 2 #0},

together with the homeomorphisms

[o] PR Uk — cr
. . 20 Zk—1 Zk+41 Z
[Z().....Z,J — (57..., Zk7 Zk"”’i-

Then, without loss of generality we will assume that n = 3 and we will
develop the explicit calculations for £ = 0. The other cases can be treated

similarly.
Using the chart (U, pq) defined above, we have the map
poo H : ST — c?
(ZOa 21,22, Z&) = (%7 z%a %),

which in real coordinates can be written as
ToT2 + T1T3 Tox3 — T1T2 ToTg + L1235

woo H(wg,...,x7) = < 2 2 2 2 2 2
Ty + T Ty + 1 Ty + T
ToTs — T1T4 ToXe + T1X7 ToT7 — $1I6>
2 2 J 2 2
Ty + T3 Ty + 77

) ) 7

2 2
Ty + xy
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The differential of this mapping is given by the matrix

d(pgo H) =
2 2 2 2 .
(@3 —ad)wa—2zgriey  (sh—2d)ws—2wowizs @0 o 0 0 0 0
Gk G Cre R R
(@2—ad)zs+2xzizy  (ei—ad)ez—2wozizs @ o 0 0 0 0
e G T A
(22—ad)zy—2zgzias  (zR—22)zs—2woriza 0 0 zq ) 0 0
, (}%+$?)2 , G +a3)2 wg+e] of+ef
(22—ad)ws+2womizs  (22—ad)wa—2wpa1 75 0 0 o 20 0 0
(z3+27)? (x2+23)2 22+a?  w3+ad
22 > 2
(22—ad)zg—2zpziar  (sR—zd)wr—2m07176 0 0 0 0 20 2
(a3+27)2 (z3+a7)? @gte]  wgtai
(23 —ad)zr+2zgz126 (23 —ad)zg—2z0z 7 0 0 0 0 oz _®g _
=21=0)? 2+20)? p e S e

By straightforward calculations, we know that
det([d(eo o H)][d(wpo © H)]') = ( + 27) ™ = 20| " # 0,
therefore, the matrix d(¢o o H) has rank 6 or equivalently:
dimg ker d(pg o H) = 2.
Moreover, since
d(po 0 H)(Nn41) = d(o © H)(Vis1) = 0,
by direct calculations, we conclude
ker d(pg o H) = span{ N, 11, Voy1}

This implies that
ker dH = span{V,41}.

7. APPLICATION OF THE FIRST QUATERNIONIC HOPF MAP

Trying to imitate the work already done for S3 we find through the
quaternionic Hopf bundle S — S7 — S* a natural choice of horizontal
distributions. We consider the quaternionic Hopf map given by

h: S = S4

(10) (z,w) = (|22 = |w|?, 22w) °

which can be written in real coordinates as:

(11) h(xo,...,x7) = (23 + 23 + 25 + x5 — 2] — 2% — 2% — 22,

2(woxq + X175 + Tokg + T327), 2(—ToT5 + T1T4 — ToL7 + T3T6),
2(—xwoxe + T1T7 + Loy — T3T5), 2(—XoT7 — T1X6 + Tols + T3Tq)).

The differential map dh is the following:
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Zo I T2 I3 —T4 —X5 —Tg —XA7
Ty Is T i Zo T T2 I3
dh=2| —x5 x4 —T7 g r1 —Ty T3 —To
—Tg T Ty —X5 T2 —x3 —Xp I
—T7 —Tg T Ty T3 T2 —T1 —o
Since none of the commutators [Y;,Y;], 4,7 = 1,...,7 coincides with the
Yy, k=1,...,7, we look for the kernel of dh among the commutators Y;;,

i,7 = 1,...,7. We found that [dh]Yss = [dh]Yis = [dh]Yss = 0. Define
V= (Yas, Yie, Vi)

Our next step is to find the horizontal distribution span{#H} that is
transversal to span{V'} and bracket generating: span{H}, @ span{V}, =
T,S7 for all p € S7. To begin with we define five basis for horizontal distri-
butions, that we will work with

Ho = {Yar, Yo, Yer, W},
Hl = {1/347 }/})57 YZ’)67YT37}7 HZ = {Y'247Y'257}/267}/27}7

Hs = {Y14, Y15, Y16, Yz}, Ha = {You, Yos, Yoo, Yor},

where the vector field W will be defined later and the notation Yy, = Y}, is
chosen for convenience. The numeration is valid only for this section.

We collect some useful information about sets H,,, m = 0,...,4, that we
will exploit later.

1. All vector fields inside H,,, m = 0,1,2,3,4 are orthonormal (we do
not count W before we precise it).

2. All of collections H,,, m = 0,1,2,3,4 are bracket generating with
the following commutator relations:

1 1 1 .
5[}/]'%}/]'5] :}/45a 5[}/]%}/]6] :}/467 5[}/]'5’}?6] :}/56" ] 207172a3>

1 1 1

§[Y47,Y57] = Yis, §[Y477Ys7] = Y, 5[5/5773/67] = Y.

3. We aim to calculate the angles between the vector fields from H,,,
m = 0,1,2,3,4 and between vector fields from H,, and V. Before-
hand, we introduce the following notations for the coordinates on the
sphere S* given by the Hopf map S? — S7 — S4.

ace = YUYy —vi— v — v — 3,

ann = 2(Yoya + y1Ys + Y2Ys + Ysy7),
(12) az = 2(=YoYs + Y1¥s — Y2y7 + YsYs),

asz = 2(=YoYs + Y1yr + Y2Ya — Y3Ys),

ass = 2(=Yoyr — Y1¥s + Y2Ys + YsYa).
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The first index of a,, reflects the number of the collection H,,,, where
they will appear and the second one is related to the number of the

coordinate on S*.

We start from Hy and calculate the inner products:

(13) (Yas, Yer) = —(Yae, Ya7) = (Ys6, Yar) = ago-

All other vector fields are orthogonal. We continue for #;.
(Yas, Yas) = —(Yas,Yas) = (Vig, Yaa)
(Yas,Ys7) = 2(—yoys + y1ya + Y2y7 — YsYs)

(Ya, Yar) = 2(—yoYs — Y1yr + YoYa + Y3ys)

(Yss, Yar) = 2(yoyr — v1¥6 + Ya¥s — Yaya)
All other vector fields in H; UV are orthogonal. For the set Hy we see the

following:
7<Y;157§/26> = <K167}/25> = 7<}/567}/24>
(15) (Yis, Yor) = 2(Yoys + Y1Ys — Y2Ys — Y3y7)
(Yie, Yor) = 2(—woyr + ¥1¥s + Yols — Y3ys)
(Yse, Yor) = 2(—wolYs — Y1¥7 — Y2Ys — Y3Ys)

a1
12
a13
ai4.

@22
21
24
a3

The other products between vector fields from Hy U V' vanish. For Hj3 the

situation is similar.

<Y2157 }/16> = _<n67 }/15> = <}/567 }/14>
(16) <Y457 Y17> = 2(*yoy7 —Y1Ye — Y2Ys — y3y4)
(Yae, Yir) = 2(—Yoys + Y1¥s — Y2Us + Y3y7)

(Ys6,Y1ir) = 2(—YoYs — Y1¥a + Y2y7 + Y3Vs)

a33
34
a31
a32

All other vector fields from Hz UV are orthogonal. For the last collection

H,4 we obtain.

(Y5, Yoo) = —(Ya6,Yos) = (Yae, You)
(17) (Yis, Yor) = 2(yoYs — Y17 + Y2¥a — YsYs)

(Yo, Yor) = 2(—Yoys — t1Ya — Yoy7 — Y3Ys)

(Ys6, Yor) = 2(Yoya — ¥1¥s — YoUs + Y3yr)

with the rest of the product vanishing.

[¢27)
@43
42
41

We notice some relations between the coefficients a,,,. The coordinates

on S* possesses the equality
(18) a%o + a%l + a§2 + a§3 + ai4
The direct calculations also show
“(ZJO + a‘%l + a%2 + a%3 + a%4
(19) a%o + a%l + a§2 + ‘133 + a§4
ago + a§1 + a§2 + a§3 + a§4

2 2 2 2 2
gy + a3q + Qg + a3 + ayy

—_ = =
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In other words the sum of the squares of the cosines between vector fields
from H,, UV, m = 1,2,3,4 is equal to 1 — a3;,. Let us consider 2 cases:
0<a30§1anda(2)0:0.

CASE 0 < ad) < 1.
This case corresponds to any point on S* except of the set
(20) St=Ayo +ui +ys+us=yi+yi g +yi=1/2)

We observe that the sum of the square of the cosines from (19):

4
Y ar,=1-ay, m=1234
k=1

belongs to the interval (0, 1) and no one of the cosines can be equal to 1. We
conclude that each of H,,, m = 1,2,3,4, is transverse to V. Particularly, if
a2, = 1 then Zi:l a2, =0 and H,, LV. The latter situation occurs in the
antipodal points (£1,0,0,0,0) € S* or is to say on the set

So={y+yi+y+ys=0yi+yi+ys+ys =1} U

(21) +vi+y+y=1ui+y+y+ys=0es"

We also can consider a collection Hg, as a possible horizontal bracket
generating distribution, if we choose an adequate vector field W. If ayy €
(0,1) we have

O<ail+a32+ai3+ai4:1—ago<1

and none of the products in (17) can give 1. We conclude that Yp7 can not
be collinear to V- = {Yi5, Yis, Ys6}. Therefore, we choose W = Yy;. By
the same reason we could take Yj7, 7 = 1,2,3. In the case when a}, = 1
the vector fields Y7, j = 0,1,2,3 are orthogonal to V' from (14)- (17) but
H,o is collinear to V' from (13) and the collection Hy with W = Yj7 is not
transverse to V.

CASE aj, = 0.
In this case the distribution H, nicely serves as a bracket generating if we
find a suitable vector field W. Notice that (18) becomes

(22) ai + ag? + a§3 + az214 =1

The @y can not vanish simultaneously. Without lost of generality, we can
assume that aqy # 0. Then a3, + a3y + a3y = 1 —a%, < 1 from (19) and
the products (17) imply that Yy7 is transverse to V' and can be used as a
vector field W. In the case a3, = 1 we get that Yy; is orthogonal to V. Since
WY, j =4,5,6 the collection Hy with any choice of Yj7, 7 =0,...,3 will
be orthonormal.

We formulate the latter result in the following theorem
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Theorem 5. Let (10) be the quaternionic Hopf map with the vertical space
V' = {Yis, Yi6, Ys6},

S1 and Sy are given by (20) and (21). Then the Hopf map produces the
following Ehresmann connection H,, p € S7:
(1) if p ¢ Sy then H, = (Hum)p, for any choice of m =1,2,3,4;
(i) if p & Sy then H, = (Yar, Ysr,Yer, Yjr)p, for any choice of j =
07 17 27 37’
and we have respectively
(i) span{(Hn)}, @ span{V}, = T,57, m =1,2,3,4 for pe ST\ 5.
(ii) span{Yiz, Ya7, Yor, Yjr}p ®@span{V}, = 17,57, j=10,1,2,3 for pe€
ST\ Ss.
Remark: During the referee process, we were pointed out of the paper [4]
where a globally defined basis of the horizontal distribution of rank 4 was
constructed considering the Clifford algebra structure of S7. However, in
this case a globally defined basis of the vertical space was not found. In our
case, we present a globally defined basis of right invariant vector fields of the
vertical space that correspond to the Lie algebra su(2) of the S®—bundle.
Nevertheless we did not succeeded in constructing a globally defined basis for
the horizontal distribution. The question if both the horizontal distribution
and the S%—fiber are trivializable, remains open.

8. APPENDIX

8.1. Multiplication of octonions. Let

01 = (Toeo + T1€1 + T2€g + T3€3 + Ta€s + T5€5 + Tees + T7€7)
and

02 = (Yoeo + y1€1 + Ya€2 + Yses + yaea + Yses + Yses + Yrer)

be two octonions. Then we have according to Table 1

01092 = (Toeg + T1€1 + Toes + Tze3 + Taey + Tses + Tges + T7€7)0
(Yoeo + yre1 + yaea + yses + Yaea + Yses + Yoo + yrer) =
= (ToYo — T1Y1 — TaYa — T3Y3 — TaYs — TsYs — TeYs — T7Y7)€ot
+H(@1Y0 + Toy1 — T3Y2 + Tays — Tsys + TaYs + T7Ys — Teyr)e1+
+(T2yo + T3Y1 + ToY2 — T1Y3 — TeYa — TrYs + TaYe + Tsyr)eat
(z3Y0 — Tay1 + T1Y2 + ToYs — TrYa + TeYs — TsYe + Tayr)es+
(T4¥0 + T5Y1 + TeYa + T7Y3 + ToYs — T1Ys — TaYs — T3Yr)eq
( )
( )

+ +
+

+

T5Yo — TalY1 + TrY2 — TeYs + T1Ys + ToYs + T3Ys — TaY7)es5+
+(ZeYo — T7Y1 — TaY2 + TsYs + Toys — T3Ys + ToYs + L1Y7)es+
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+H(x7yo + TeY1 — TsYa — TaYs + T3ya + Tays — T1Ye + Toyr)er.

8.2. Vector fields. According to the previous multiplication rule, we have
the following unit vector fields of R® arising as right invariant vector fields
under the octonion product.

Yo(y) = Y00y, + Y10y, + Y20y, + Y30y, + YaOy, + Y50y, + ysOys + Y70y,
Yi(y) = —10y, + Y00y, — Y30y, + Y20y, — Y50y, + YaOys — Y70y, + YsOy,
Ya(y) = —y20y + Y30y + 900y — 110y, — Y6y, + Yr0ys + yaOys — Y50y,
Ys(y) = —y30y, — y20y, + 10y, + yo8y; + y78y4 + Y60ys — Y5Oy — Y10y,
Yi(y) = — 483;0 + y5ay1 + yb’ayz ays + y08y4 - 18115 - Qays + y38y7
Ys(y) = Y50y, — a0y, — Y10y, — Y60ys + 110y, + Y00y, + Y30y, + Y20y,
Ys(y) = Y60y, + Y10y, — Ya0y, + Y50y, + Y20y, — Y30y, + Y00y — Y10y,

Yi(y) = —y10y, — Y60y, + Y50y, + YaOyy — Y30y, — Y205 + Y105 + YOy,

The vector fields Y;, i = 1,...,7 form an orthonormal frame of 7,57,

p € S7, with respect to restriction of the inner product (-,-) from R® to the
tangent space 1,57 at each p € S.

8.3. Commutators between vector fields. Let us denote by Y;;(y) =
+[Vi(y), Y;(y)] the commutator between the right invariant vector fields un-
der the octonion product, described in the previous Subsection, we have the

following list:

Yi(y) = Y30y, +v20y, — ¥10y, — Y00y; + Y70y, + Y6O0y; — Y50y — YaOy,
Yis(y) = =420y, + Y30y, + 400y — 110y, + Y60y, — Y70y; — YaOys + Y50y,
Yis(y) = Y50y, + Y40y, — Y10y, — Y60y, — Y10y, — YoOys + Y3Oys + Y20y,
Yis() = —va0y, + Y50y — Y60y, + Y70, + Y00y, — Y10y + Y20y5 — Y30y,
Yie(y) = 10y, + Y60y + Y50y, + Ya0ys — Y30y, — Y20y, — Y10y — YOy,
Y17(y) = _yGayo + y78y1 + y4ay2 - y58y3 - y28y4 + y3ay5 + yans - ylazn
Yos(y) = 10y, — Y00y, + Y30y, — Y20y, — Y50y, + Y10ys — Y10y, + Y60y,
Yos(y) = Y60y + Y10y + YOy, + Y50y, — Y20y, — y30ys — YOy, — Y10y,
Yos(y) = =70y, + Y60y, + Y50y, — Y40y, + Y30y, — Y20y — Y10y + 400y,
Yos(y) = =940y, — Y5Oy, + Y60y, + Y70y, + Y00y, + 10y — Y20y — Y30y,
Yor(y) = Y50y, — ya0y + Y10y, — Y60y, + Y10y, — Y00y + Y30y, — Y20y,
Vau(y) = —y10y, + Y60y — Y50y, + YaOyy — Y30y, + Y20y, — 110y + YOy,
Vas(y) = —Y60y, — Y10y, + Ya0y, + Y50y — Y20y, — Y305 + YoOys + Y10y,
Yas(y) = 50y, — Y40y, — Y10y, + Y60y, + Y10y, — YoOys — Y3Oys + Y20y,
Ysr(y) = 940y + ¥s0y, + Y60y, + Y70y, — Y00y, — 10y5 — Y20ys — Y30y,
Yis(y) = 10y, — Y00y — Y30y, + Y20y, + Y50y, — Y10y; — Y10y, + Y60y,
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Yis(y) = 420y, + y30y — Y00y, — Y10y, + Y60y, + Y70y, — yaOys — Y50y,
Yir(y) = —y30y, + y20y — 410y, + Y00y, + Y70y, — Y60y + Y50y — YaOy,
Yao(y) = —usOy + Y20y — 110y, + Y00y, — Y70y, + Y6Oys — Y50y, + yaly,
Yor(y) = =20y — Y30y + Y00y, + 110y, + Y60y, + Y0y — yaOyy — Y50y,
Yor(y) = 104 — Y00y — Y30y, + Y20y, — Y5Oy, + YaOys + Y7045 — Y60y, -

REFERENCES

(1] J. F. Apawms, Vector Fields on Spheres. Ann. of Math. (2) 75 (1962) 603-632.

[2] A. AGRACHEV, U. BOSCAIN, J.-P. GAUTHIER, F. Ross1, The intrinsic hypoelliptic
Laplacian and its heat kernel on unimodular Lie groups. To appear in J. Funct. Anal.,
available at arXiv:0806.0734.

[3] D. ALEKSEEVSKY, Y. KAMISHIMA, Pseudo-conformal quaternionic CR structure
on (4n + 3)— dimensional manifolds. Ann. Mat. Pura Appl. (4) 187 (2008), no. 3,
487-529.

[4] W. BAUER, K. FURUTANI, Spectral analysis and geometry of a sub-Riemannian
structure on S and S7. J. Geom. Phys. 58 (2008) 1693-1738.

[5] A. BoGGESS, CR manifolds and the tangential Cauchy-Riemann complez. Studies
in Advanced Mathematics. CRC Press, Boca Raton, FL, 1991. 364 pp.

[6] U. Boscain, F. Rosst, Invariant Carnot-Caratheodory metrics on S%, SO(3), SL(2)
and lens spaces. SIAM J. Control Optim. 47 (2008), no. 4, 1851-1878.

[7] R. Bort, J. MILNOR, On the parallelizability of the spheres. Bull. Amer. Math. Soc.
64 (1958) 87-89.

(8] H. CARTAN, Differential forms. Dover Publications, Inc., New York, 2006. 167 pp.

[9] D.-C. CHANG, I. MARKINA, Geometric analysis on quaternion H-type groups. J.
Geom. Anal. 16 (2006), no. 2, 265-294.

[10] D.-C. CHANG, I. MARKINA, A. VASIL’EV, Sub-Riemannian geodesics on the 3-D
sphere. Complex Anal. Oper. Theory, DOI 10.1007/s11785-008-0089-3.

[11] W.-L. CHow, Uber Systeme von linearen partiellen Differentialgleichungen erster
Ordnung. (German) Math. Ann. 117 (1939) 98-105.

[12] G. DARBOUX, Sur le probléme de Pfaff. Bull. Sci. Math. 6 (1882) 14-36, 49-68.

[13] B. GAVEAU, Principe de moindre action, propagation de la chaleur et estimées sous
elliptiques sur certains groupes nilpotents, Acta Math. 139 (1977), no. 1-2, 95-153.

(14] V. YA. GERSHKOVICH, A. M. VERSHIK, Geodesic flow on SL(2,R) with non-
holonomic constraints. (Russian) Zap. Nauchn. Sem. Leningrad. Otdel. Mat. Inst.
Steklov. (LOMI) 155 (1986), Differentsialnaya Geometriya, Gruppy Li i Mekh. VIII,
7-17, 193; translation in J. Soviet Math. 41 (1988), no. 2, 891-898

[15] M. GrRoMoV, Carnot-Carathéodory spaces seen from within, sub-Riemannian geom-
etry, Prog. Math. 144 (1996), 79-323. Birkhiuser, Basel.

(16] H. HoPF, Uber die Abbildungen von Sphdren auf Sphdren niedrigerer Dimension.
Math. Ann. 104 (1931), 637-665.

[17] A. HurraDO, C. ROSALES, Area-stationary surfaces inside the sub-Riemannian
three-sphere. Math. Ann. 340 (2008), no. 3, 675-708.

[18] W. Liu, H. J. SUSSMANN, Shortest paths for sub-Riemannian metrics on rank-two
distributions. Mem. Amer. Math. Soc. /bf 118 (1995), no. 564, 104 pp.

[19] D. W. Lyons, An elementary introduction to the Hopf fibration. Math. Mag. 76
(2003), no. 2, 87-98.



24

MAURICIO GODOY M., IRINA MARKINA

[20] G. MARrauLls, G. MosTow, Some remarks on the definition of tangent cones in a

Carnot-Carathodory space. J. Anal. Math. 80 (2000), 299-317.

[21] J. MITCHELL, On Carnot-Carathéodory metrics. J. Differential Geom. 21 (1985),

35-45.

[22] R. MONTGOMERY, A tour of subriemannian geometries, their geodesics and applica-

tions. Mathematical Surveys and Monographs, 91. American Mathematical Society,
Providence, RI, 2002. 259 pp.

(23] P. K. RASHEVSKIL, About connecting two points of complete nonholonomic space by

admissible curve, Uch. Zapiski Ped. Inst. K. Liebknecht 2 (1938), 83-94.

[24] R. STRICHARTZ, Sub-Riemannian Geometry. Journal of Differential Geometry, 24

(1986) 221-263.

[25] H. SussMANN, Orbits of families of vector fields and integrability of distributions.

Trans. Amer. Math. Soc. 180 (1973), 171-188.

[26] H. K. URBANTKE, The Hopf fibration—seven times in physics. J. Geom. Phys. 46

(2003), no. 2, 125-150.

[27] J. Vick, Homology Theory: An Introduction to Algebraic Topology. Graduate Texts

in Mathematics, Vol 145. Springer-Verlag New York, 1994.

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF BERGEN, NORWAY.
E-mail address: mauricio.godoy@math.uib.no

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF BERGEN, NORWAY.
E-mail address: irina.markina@uib.no



3.2 Paper B

61

3.2 Paper B



SUB-RIEMANNIAN GEODESICS AND HEAT OPERATOR
ON ODD DIMENSIONAL SPHERES

MAURICIO GODOY MOLINA
IRINA MARKINA

ABSTRACT. In this article we study the sub-Riemannian geometry of the
spheres S?"*1 and $4"*3  arising from the principal S'—bundle structure
defined by the Hopf map and the principal S®—bundle structure given
by the quaternionic Hopf map respectively. The S! action leads to the
classical contact geometry of S$2"*1, while the S action gives another
type of sub-Riemannian structure, with a distribution of corank 3. In
both cases the metric is given as the restriction of the usual Riemannian
metric on the respective horizontal distributions. For the contact S7
case, we give an explicit form of the intrinsic sub-Laplacian and obtain
a commutation relation between the sub-Riemannian heat operator and
the heat operator in the vertical direction.

1. INTRODUCTION

One of the main objectives of classical sub-Riemannian geometry is to
study manifolds which are path-connected by curves admissible in a certain
sense. Admissibility refers to a constraint on the velocity vector of an ab-
solutely continuous curve 7 : [0,1] — M, where M is a smooth connected
manifold. More precisely, if H C TM is a smooth distribution, then = is
admissible or horizontal if 4(t) € H a.e. The distribution H is often called
horizontal distribution in the literature.

The idea of studying sub-Riemannian geometry arising from well-behaved
fiber bundles was introduced by R. Montgomery in [15], although the Rie-
mannian analogue had been studied many decades before. The idea is the
following: given a submersion 7 : ) — M between two Riemannian man-
ifolds @ and M, where dim M < dim @), define a “horizontal” distribution
over () by the pull-back bundle 7*(T'M) of the tangent bundle of M via 7.
In the case when we have a principal G—action over ) preserving the fibers
of the submersion, the manifold M can be identified with the orbits of the
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action and, after some technical assumptions, it is possible to obtain an
explicit characterization of sub-Riemannian geodesics.

The aim of the present article is to describe the sub-Riemannian geom-
etry of two sub-Riemannian structures for odd-dimensional spheres. More
specifically, we study the sub-Riemannian geometry arising from the contact
distribution for the spheres S*"*! with metric given as a restriction of the
usual Riemannian metric, and the one arising from the quaternionic Hopf
fibration for the spheres S47+3.

This article is organized as follows. In Section 2, we give some standard
definitions of sub-Riemannian geometry which will be needed in the rest of
the paper. In Section 3 we give an explicit description of sub-Riemannian
geodesics in spheres $?"! endowed with the standard contact distribution
and we study some of their geometric properties. In Section 4 we use the
obtained form of geodesics in the case of S® to give another interpretation to
a result by Hurtado and Rosales in [11]. With this new point of view, we are
able to extend their result to contact spheres of an arbitrary odd dimension.
Section 5 is the analogue to Sections 3 and 4 for the case of spheres of the
form S+ endowed with a distribution of corank 3. Section 6 is somewhat
different technically, but it is in spirit related to the core of this article.
It deals with a geodesic differential equation for the quaternionic H—type
group studied in [4], obtained generalizing the techniques in [17]. The reason
for studying this equation here is to pose the question of a similar equation
for the case of S7 and a distribution of rank 4. Section 7 consists of the
construction of the intrinsic sub-Laplacian for S7. The main result states
that it is the sum of the squares of an orthonormal basis of the horizontal
distribution. Finally, Section 8 employs the previous construction to obtain
a simple form of the heat operator for S7 in a similar way as obtained in [3].

2. PRELIMINARIES AND NOTATIONS

2.1. Sub-Riemannian geometry. Let us first give some general defini-
tions, which will be adapted to our purposes when it will be necessary. Let
M be a smooth connected manifold of dimension n, together with a smooth
distribution H C TM of rank k, 2 < k < n. The manifolds of our interest
are endowed with distributions satisfying the bracket generating condition,
i.e. distributions whose Lie hull equals the full tangent bundle of M. To be
more precise, define inductively the vector bundles

H =H, H T =[H H+H forr>1,
which naturally induce the flag

H=H'CH*CH}C....
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We say that H is bracket generating if for all x € M there is an r(z) € Z*
such that

(1) H® =T, M.

If the dimensions dim H!, do not depend on z for any r > 1, we say that H
is a regular distribution. The least r such that (1) is satisfied is called the
step of H. In this paper we will focus on regular distributions of step 2.

A natural question to pose is, given M and H, whether one can join any
two points of M via a horizontal curve, i.e. an absolutely continuous curve
v : [0,1] — M which satisfies 4(¢t) € H almost everywhere. A complete
answer to this question was given in [19], which shows a deep generalization
the celebrated Chow-Rashevskii theorem, see [7, 16], that gives a sufficient
condition and can be stated as follows:

Theorem 1. Let M be a connected manifold and H C TM be a bracket
generating distribution, then the set of points that can be connected to p € M
by a horizontal path coincides with M.

Remark: A slightly more general version of Theorem 1 states that, if M is
not connected, then the set of points that can be connected to p € M by a
horizontal path is the connected component containing p. Since we assumed
the manifold to be connected, the general formulation is unnecessary.

After these preliminaries, we are ready to specify the class of manifolds
of our interest.

Definition 1. A sub-Riemannian structure over a manifold M is a pair
(H,(-,-)sr), where H is a bracket generating distribution and (-,-)sg is a
fiber inner product defined on H. The triple (M, H,{-,-)sr) is called sub-
Riemannian manifold.

In this context, the length of a horizontal curve 7 : [0,1] — M is defined
to be

) = / 4 ®lldz.

where ||¥(4)[12 = (1), ¥(t))sr whenever 4(t) exists.

This notion of length gives rise to the Carnot-Carathéodory distance
d(p,q) between two points p,q € M, given by d(p,q) := inf {(v), where
the infimum is taken over all absolutely continuous horizontal curves joining
p to q. An absolutely continuous horizontal curve that realizes the distance
between two points is called a horizontal length minimizer. It is clear that
if H is bracket generating then d(p, ¢) is a finite nonnegative number.

Considering a trivializing neighborhood U, around p € M for the sub-
bundle H, one can find a local orthonormal basis X, ..., Xy with respect
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to (-,-)sr. The associated sub-Riemannian Hamiltonian is given by

g, 0) = 5 3 A (@),

where (¢,A) € T*U,. A normal geodesic corresponds to the projection to
U, C M of the solution of the Hamiltonian system

.o

%“ = 3 N

: oH
M= dq;”

where (g;, \;) are the coordinates in the cotangent bundle of M.

Remark: It is possible to define sub-Riemannian geodesics in a more general
context. There are many interesting problems related to the classification
of such curves, their analytic and geometric properties. In [12] the prob-
lem for the case of rank two distributions is studied and essentially solved.
Nevertheless, in the case of step two distributions, the general notion of
geodesic gives rise to two cases: curves consisting of one point and normal
geodesics. Thus, normal geodesics are the only interesting case for our pur-
poses. Note that in this case normal geodesics are local length minimizers,
in the sense that any sufficiently small arc of a normal geodesic minimizes
the length functional. On the other hand one of the particular features of
sub-Riemannian geometry, as the sub-Riemannian Heisenberg group exem-
plifies, is that it is possible to find arbitrarily close points that can be joined
by normal geodesics with different lengths.

2.2. Sub-Riemannian principal bundles. Our first goal is to recall a full
characterization of normal geodesics in the case of sub-Riemannian princi-
pal bundles. As a direct application we obtain an explicit formula for the
sub-Riemannian geodesics on odd-dimensional spheres, with respect to dis-
tributions of corank 1 and 3 in Sections 3 and 5 respectively. For the sake
of completeness we recall some definitions and notations given in [15].

For a submersion 7 : Q — M with fiber Q,, = 7=!(m) through m € M,
the vertical space at ¢ € @) is given by T,(Qr() and it is denoted by V. In
this context, an Ehresmann connection for # :  — M is a distribution
‘H C TQ which is everywhere transversal to the vertical space, that is:

Vo H, =T,Q forevery q € Q.

Let us assume that a Lie group G acts on ) in such a way that 7 : Q — M
becomes a fiber bundle with fiber G. We say that the submersion 7 is a
principal G—bundle with connection H if the following conditions hold: G
acts freely and transitively on each fiber, the group orbits are the fibers of
m: @ — M, and the G—action on @ preserves the connection . Observe
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that the second condition implies that M is isomorphic to Q/G and 7 is the
canonical projection. We will refer to the connection H as the horizontal
distribution.

For the rest of this section, let us denote the Lie algebra of G by g, and
the corresponding exponential map by exps : g — G.

Definition 2. For the principal G—bundle m : Q — M, the infinitesimal
generator for the group action is the map o, : g — T,Q defined by

d
) = | aewa()

forq € Q and § € g. If the metric (-,-) in Q is G—invariant, we have a
well-defined bilinear form

I[Q(gﬂ 77) = <0q§a Uq77> ) 57 n € g,

which is called the moment of inertia tensor at q.

The G—invariant Riemannian metric on @ is said to be of constant bi-
invariant type if its moment of inertia tensor I, is independent of ¢ € Q.
Recall also that, in the case of a principal G—bundle, for each ¢ € @ the
infinitesimal generator o, is an isomorphism between the vertical space V;
and g. We refer to its inverse as the g valued connection one form.

With all of these at hand, we can state the main tool required in this
section. This will imply almost immediately Corollaries 1 and 2 which are
of core importance in the present paper. The proof of the following theorem
can be found in [15].

Theorem 2 (Horizontal Geodesics for Principal Bundles). Let 7 : QQ — M
be a principal G—bundle with a Riemannian metric of constant bi-invariant
type. Let H be the induced connection, with g valued connection one form A.
Let expy be the Riemannian exponential map, so that yr(t) = expg(tv) is
the Riemannian geodesic through q with velocity vector v € T,Q). Then any
horizontal lift vy of the projection wo~vg is a normal sub-Riemannian geodesic
and is given by
V() = expg(tv) expg(—tA(v))

where expg © § — G is the exponential map of G. Moreover, all normal
sub-Riemannian geodesics can be obtained in this way.

Remark: In Theorem 2, the sub-Riemannian geodesics are considered with
respect to the metric induced by restricting (-, -) to H. Recall that constant
bi-invariant metrics must be G—invariant.

3. SUB-RIEMANNIAN GEODESICS ON S?7+1

In the case of odd dimensional spheres S?"*1, embedded as the boundary
of the unit ball in C"™, there is a natural action of S* = U(1) on it, via
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componentwise multiplication by a complex number of norm 1. This action
induces the well known Hopf fibration S' — §?"*! — CP", which forms a
principal S'—bundle with connection # given by the orthogonal complement
to the vector field

(2) VnJrl (p) = _y()axo + x()ayo T eee T ynazn + xnayn

at each p = (To, Yo, - - -, Tn, Yn) € ST, with respect to the usual Riemann-
ian metric of S?"*! as embedded in R2("+1) = C"*+1. In [9] it is shown that
this distribution coincides with the holomorphic tangent space HS?"*! of
S52*1 thought as an embedded CR manifold and that it also coincides with
the contact distribution given by kerw with respect to the contact form

w = —yodxg + Todyg — . . . — Yndxy + Tpdy,.

Note that the components of the vector V,,41(p) are the same as in the u(1)
action ¢ - p.

As a direct application of Theorem 2, it is possible to describe all sub-
Riemannian geodesics for the sphere S?**1 as a sub-Riemannian manifold
equipped with connection % and with metric restricted from R*"+1). By
the results discussed in [9], the holomorphic tangent space for S?*! is the
distribution induced by the principal S*—bundle given by the Hopf fibration
St — Sl CP™ with u(1)—valued connection form A(v) = i{v, V,41),
v € T,8* 1 V1 denotes V,,;1(p) and (-,-) stands for the standard inner
product in R2*+D_ Moreover, the usual Riemannian structure on S?**+! is
of constant bi-invariant type, since we have

qexpyy(€§) = ai- g = aVy41(q),
e=0

d
de
for any ¢ € S**! and £ = ia € u(1). Therefore, the inertia tensor is given
by
I,(ia, i&) = (aVpy1(q), aVoia(q)) = aa,

which does not depend of the point.
By Theorem 2, we have the following result.

Corollary 1. Let p € S* ™ = {(z0,...,2,) € C"™ i 20> + ...+ |z0)? = 1}
and v € TS . If yr(t) = (20(1), ..., 2a(t)) is the great circle satisfying
vr(0) = p and Yr(0) = v, then the corresponding sub-Riemannian geodesic
is given by

(3) ~(t) = (zo(t)e_”(”’v”*”, o zn(t)e_it<“"/"'+1>) .

In order to analyze in more details formula (3), let us introduce some
notations and the necessary setup. Recall that the Riemannian geodesic
starting at p € S™ with velocity v € T,,S™ of any sphere S™ as a submanifold
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of R**!, with the standard Riemannian structure, is given by:

(4) Vr(t) = peos(||v|t) +TZHS111(\\U||t)7

where |[v]|* = (v,v). In the case of our interest, a great circle yp(t) in S
as a submanifold of R2*+1) = C"*! will be written in complex notation as
Yr(t) = (20(t),. .., 2a(t)). For notational simplicity, the action of A € S*
over (pg, .. .,pn) € S is denoted by X -p = (Apo, ..., Aps). Let us write
¥(0) = r(0) = p = (ag + ibo,...,a, +ib,) € S* and 4(0) = v =
(o +iBo, -,y +18,) € T,5*" 1. Observe that Vi,1(7(t)) =i -~(t). As
above, V41 = V,11(7(0)).

Remark: In the subsequent calculations, the notation (-,-)y will denote
the standard Hermitian product in C**!. We recall that the standard inner
product (-,-) in R2("+1) gatisfies

Re <.’ '>H = <.’ >
Theorem 2 assures that v is a horizontal curve, i.e. (¥(t), V,11(v(t))) =0,
nevertheless it is possible to check directly this by straightforward calcula-

tions. Since some of the computations will appear later, it is convenient to
write them down. First notice that

), Ve (YO E = ((—i(v, Vasa)VR(E) + AR (t))e V),
ie Vet n () i
= —(, Vas)(Vr(t), Yr() i — i(Fr(t), Yr(t))
= —(v,Vay1) —i(yr(®), vr(1)) u-

Thus the problem is now to determine the value of

n

Gr(t), ve®)n =Y at)z(t).

k=0

By straightforward calculations, it is easy to see that

Yo a®)z(t) = (cos’(Jullt) = sin®(fo]lt)) D (aran + bb) +

k=0

+i > (B — bray,)

k=0
= (p,v) cos(2[|v[[t) + (v, Vaya)
(5) = 7;<U7Vn+1>7
yielding to (¥(t), Vay1(7(¢)))n = 0, which implies the horizontality of the

curve (t).
Let us now address the problem of connecting two points in S?"*! by sub-
Riemannian geodesics. We know by Theorem 1 that it is possible to find a
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horizontal curve I : [0,7] — S?"*! such that

(6) L) =p and D(T)=q,

for any pair p,q € S?"*! and all fixed time parameter 7 > 0. A natural
question to ask is whether I' can be taken as a geodesic in (6). Due to the
complexity of the problem, we will give a partial answer to it. It is important
to remark that Proposition 1 is a direct analogue of the result obtained in

[5, Theorem 1] in the particular case of n = 1, i.e. for the three dimensional
sphere.

Proposition 1. The set of sub-Riemannian geodesics arising from great
circles yg(t) such that g(0) € H = kerw is diffeomorphic to CP™.

Proof. In this case any sub-Riemannian geodesic starting at p € S?"! with
initial velocity v € H C T,5?"*! coincides with the corresponding great
circle, since the condition 4z(0) € H = kerw is equivalent to (v, V,+1) = 0,
thus v
3(0) = peos(ollt) + o sin o)

whose loci is uniquely determined by the point [v] € CP™. O

Observe that this CP™ can be seen as a submanifold of S?**! which is
transversal to V,,,; along the fiber containing p. As remarked in [5] for S3,
this can be seen as a sophisticated analogue of the horizontal space at the
identity in the (2n 4+ 1)—dimensional Heisenberg group.

Let us conclude this discussion with an interesting result which will be
of importance in the following Section. This can be thought of as a sort of
Pythagoras theorem for contact spheres.

Proposition 2. For a horizontal sub-Riemannian geodesic of the form
~(t) = (zo(t)e_m”’v"*”, A zn(t)e_it<”"v”“>)
the following equation holds
IFEOI + (v, Vasa)® = [Jv]*.
Thus, its velocity is constant and its sub-Riemannian length for t € [a,b] is
() = (b—a)y/l[vl]* = (v, Var1)*.
Proof. By straightforward calculations, we have
GO a = (=i, Var)(t) + Fr(t))e 1,
(=i{v, Vas)va(t) + Ya(t))e V0t
(0, Vart)2(r(8), vr () 11 + (TR (E), AR (8))
+(, Vi) (YR, YR) I — 1(YRs YR) 1)
(0, Varr)® + [[0]* = 2(v, V).

Here we have used equation (5). The proposition follows. O
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Remark: According to Proposition 2, the condition that a curve ~(t) =
e~ Vi) y (1) is parameterized by arclength is equivalent to require that
[0]* =1+ (v, Viiy1)*.

4. CURVATURE OF SUB-RIEMANNIAN GEODESICS ON S°

In [11], the authors describe the horizontal geodesics of the three dimen-
sional sphere with respect to its contact distribution, obtaining an explicit
expression for these curves. The key tool to achieve this is the following
proposition.

Proposition 3. Let v : I — S be a C? horizontal curve parameterized by
arc-length. Then v is a critical point of length for any admissible variation
if and only if there is A € R such that v satisfies the second order ordinary
differential equation

(7) Vi +20J(7) =0,
where V is the Levi-Civita connection and J is the standard almost complex

structure on S°.

The authors call the parameter A above the curvature of ~, since after
projecting it via the Hopf fibration, A\ becomes precisely the curvature of the
projected curve in S2. Note that the curves with zero curvature are precisely
the horizontal great circles. It is our purpose to find an explicit expression
for )\ in terms of known parameters of the sub-Riemannian geodesics of S,
as presented in Corollary 1.

Proposition 4. The curvature of the sub-Riemannian geodesic
,Y(t) _ 6—i<v,V2>t,YR(t)
in S3, parameterized by arc-length, equals (v, Vs).

Proof. The Lie group structure of S as the set of unit quaternions, induces
the globally defined vector fields

V(p) = _ylazl + xlayl - yZazz + $2ay27
(8) X(p) = _IQaII + y2ay1 + xlazz - ylaygv
Y(p) = —yzaml — Igayl + ylam + l’law,

at p = (x1,y1,%2,y2) € 53, which are orthonormal with respect to the usual
Riemannian structure of R3. Observe that V(p) = Va(p) as defined in (2).

Let p = (x1,y1,%2,%2) = ¥(0) € S? be the initial point of v and let v =
(Vzys Vyy, Uiy, Uy ) = YR(0) € T,,S? be the initial velocity of the corresponding
great circle. By direct calculation, we have
(9) V() = fx (X (@) + )Y (1 (1)),
where, denoting o = (v, X), 8 = (v,Y), we have

fx(t) = acos(2t(v, V) + Bsin(2t(v, V)),
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fr(t) = Bcos(2t{v,V)) — asin(2t{v, V)).

It follows from this decomposition that

(10) J(3(1)) = = fr (X (v(1) + Fx ()Y (7(2))-

It remains to determine the term V.¥. It is well-known that for sub-
manifolds of R", the vector field V% corresponds to the projection of the
second derivative 4 to the tangent space of the submanifold. In this case,
differentiating (9) we obtain

Viy = 2(, V) (KX (1) — [x(O)Y (1(1)))
= —2(v, V) J(4(1))-
The proposition follows. (|

Remark: Note that in case p = (1,0,0,0) € S, a great circle starting at p
with velocity vector v = (0, vy,, vs,,vy,) € T,S% is given by

fYR(t): <COS(||Ut) ” || || ||

Then, the corresponding sub-Riemannian geodesic is

(11) Y(t) = e R(1),
where v§2 +v§2 = 1, since the curve is parameterized by arc-length. It follows
that the curvature is given by (v, V5) = vy,.

In [11] the problem of existence of closed sub-Riemannian geodesics is also
discussed. Their result is that a complete geodesic v in S* parameterized
by arc-length, with curvature A is closed if and only if A/v/1 + A\? € Q. This

result can be generalized to any odd dimensional sphere.

L sin(|v][t), —= sin(||v||¢),

” H %111(|U||f)>

Proposition 5. Let v: R — S?"! be a complete sub-Riemannian geodesic
parameterized by arc-length, with initial velocity v € T,S*" ™. Then v is
closed if and only if

<’U, V;l+1>

———— € ).
TN

Proof. The curve 7 : R — §2"*! is closed if and only if for some T' > 0

i sm(leT))

Since v € T,5?" we know that v is orthogonal to the vector joining
0 € R>*?2 to p, with respect to the usual Riemannian structure of R?"+2,
This means that sin(||v||T") = 0, which forces T' = kn/||v||, k € Z.

To complete the argument, we only need to see that

b= e i Vas)T <p cos(|[v||T") +

ie*ik((ﬂ,%ﬁﬁ/”“”)”p =p
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if and only if

bl VTL I Vn
(v, Vas1) _ (v, Vas1) €Q,
[[o] V1t (v, Vag)?
where we have used the remark after Proposition 2. O

5. SUB-RIEMANNIAN GEODESICS ON S4+3

Let us consider the sphere S**3 embedded as the boundary of the unit
ball in (n+ 1)—dimensional quaternionic space H"*1. As usual, let us denote
the quaternionic units as 4, j, and k. There is a natural right action of
Sp(1) = 5% on H™*!, via componentwise multiplication by a quaternion of
norm one. This action induces a quaternionic Hopf fibrations S — S4+3 —
HP™, given by

H . S4n+3 — Hpn
(go,---rqn) = go:-..:aul

This submersion forms a principal S3—bundle with connection given by
the orthogonal complement to the vector fields

VLt () = =00z + 300y, + w00z — 2000 — - - - —YnOup +Tn 0y, + W0y, — 200
VnQ+1 (p) = =200, — W00y + 2002 +Y0Owy — - - - — 200, —Wn Oy, + 00z, +YnOu,,,
Vr?ﬂ (p) = — w0y +200y, =400z + 200wy — - - - = Wn Oy, — 200y, +Yn 0z, + 00w,
at each p = (20, Yo, 20, W0 - - - , Tn, Yn, Zny Wy) € S with respect to the

usual Riemannian metric of $43 as embedded in R* 1) = H1, Tt is easy
to see that the following commutation relations hold for V', |, V2 ,, V3

[Vn}+17 ‘/n%kl} = 2Vf+1> [V2+1a Vn:irl] - 2Vn1+1a [K}«Ha Vrirl] = _2Vn2+1'

n

Thus one recovers the fact that span{V;',,(p), V.21 (p), V;?,1(p)} is isomor-
phic as Lie algebra to sp(1), the Lie algebra associated to S°.

It is a well established fact that this distribution is bracket generating.
In fact, the geometry of this spheres S*"*? is known to be a quaternionic
analogue of CR-geometry, see [2]. Note that the components of the vector
V.l 1(p) are the same as in the sp(1) action p-i. Similar statements hold for
V2 .(p), V2.1 (p) and p- j, p - k respectively.

In order to apply Theorem 2 in this situation, it is necessary to specify
the sp(1)—valued connection form associated to the submersion H. In this
case, the connection form is given by

A(v) = i(v, an+1> + j(v, Vn2+1> + kv, Vr?+1>

where v € T,5?"™, V2, | denotes V%, (p) (a = 1,2,3) and (-,-) stands for

the standard inner product in R*™*D . Moreover, the usual Riemannian
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structure on S4"*3 is of constant bi-invariant type, since for any ¢ € S4"+3
and & =ia + jB + ky € sp(1), o, 5,y € R we have

d ‘ ‘
—|  aexpyy(e€) = agq-i+Bg-jt+yg-k
0

de| _
= avrll+1(CI) + BVnQJrl(Q) + ’YV7?+1(Q)~
Therefore, the inertia tensor is given by
I, (i + 58 + kv, id + i3 + k) =
= <aVn+1(Q>5Vn2+1(q) + 7V7§+1(q)7 an+1(Q)BVn2+1(q) + :YVT?H(Q» =
= ad + BB+,

which does not depend of the point.
As for Corollary 1, we have the following result.

Corollary 2. Letp € S = {(ug, ..., u,) € H"™ : Jug|*+. ..+ |un|? = 1}
and v € T,S* 3. If yp(t) = (uo(t), ..., u,(t)) is the great circle satisfying
vr(0) = p and 4g(0) = v, then the corresponding sub-Riemannian geodesic
is given by

(12) Y(t) = (uo(t) - et () .eftA('u)) .

In Corollary 2, the quaternionic exponential is defined by

e¥tbitek — oo /a2 1 02 + 2 +sinvVa2 +F b2+ 2 - w7
N
for a,b,c € R. Note that the curve e *4(*) is simply the Riemannian geodesic
in 2 starting at the identity of the group e = (1,0, 0, 0), with initial velocity
vector (07 _<Ua Vn1+1>a —(’U, VnQ+1>, _<Uv V713+1>)
Corollary 2 implies immediate analogues to Proposition 1 and to Proposi-
tion 5, which we state for the sake of completeness. Proofs are adaptations
of the aforementioned Propositions.

Proposition 6. The set of sub-Riemannian geodesics in S™3 arising from
great circles yr(t) such that 4g(0) is orthogonal to V' y, V2., and V2, is
diffeomorphic to HP™.

Proposition 7. Let v : R — S*"3 be a complete sub-Riemannian geodesic
parameterized by arc-length, with initial velocity v € T,S*" ™. Then v is
closed if and only if

<U7 an+1> <U7 Vn2+1> <’U7 ‘/n3+1>
foll> "ol " ol

In analogy with Proposition 2, let us consider a similar statement in the
case of the spheres S4+3,

€ Q.
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Proposition 8. For a horizontal sub-Riemannian geodesic of the form
~(t) = (wo(t) CeTHAW L wn(t) - eftA(”))
the following equation holds
15N + 1A@)1* = [lo]l?,
where [|A(v)|1* = (v, V1) + (v, Vi)? + (v, Vi)

Proof. Recall that if v is a sub-Riemannian geodesic, then the length of the
velocity vector ||%(¢)|| does not depend on ¢. Thus without loss of generality
we can assume t = 0. Let us introduce the following notation

p = 7(0) = (o, Yo, 20, W, - - -, T, Yn» Zns W) € Gints,

— 3 — (1 P P 4n+3
v = Yg(0) = (Ul'o’ Uygs Vzgs Vwg s+« + 5 Vs Vyry Uz s Uy, ) € 1,5 .

Differentiating equation (12) and evaluating at ¢ = 0, we have

H0) = v = {0, Vi)V — (0 V)V = (0, Vi) Vi
The orthogonality of the vector fields V!, ,, V2 |, V.2, | implies the desired
relation.

O

6. CURVATURE OF SUB-RIEMANNIAN GEODESICS ON H!

The proof of Proposition 3 is given in [17] for the case of the three di-
mensional Heisenberg group. As mentioned in [11], the proof for the case
of the sub-Riemannian three dimensional sphere is basically the same. The
authors have pointed out, in private communication, that the same result
holds for all three Sasakian pseudo-Hermitian manifolds.

Note that that if M is either the Heisenberg group of topological dimension
3 or the sphere S3, with Reeb vector field R, then the quotient vector bundle

TM/span{R} — M

is trivial. We have not been able to show that the corresponding vector
bundle

TS" /span{V; V2 VL — S7
is trivial, which makes difficult to find an analogous argument to the one
employed in [11].

The main goal of this section is to find an analogue to Proposition 3 for the
Gromov-Margulis-Mitchell-Mostow tangent cone of S7, see [10, 13, 14, 15],
which corresponds to the seven dimensional quaternionic H—type group H',
as presented in [4]. Observe that the idea of studying the tangent cone before
the sub-Riemannian manifold of interest corresponds to the case in [17],
since the three dimensional Heisenberg group is the tangent cone to the
sub-Riemannian $®. We will study whether this method extends to S7 in a
forthcoming paper.
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6.1. The quaternionic H—type group H'. Let us consider the 4 x 4
matrices Z, J and K, given by

01 00 00 0 —1
-1 0 00 00 -1 0
1= oo o1l 901 o o]
00 —1 0 10 0 0
0 0 -1 0
0 0 01
K=11 0 00
0 -1 00

Note that Z, J and K are a fixed representation of the quaternion units, .e.
if U denotes the identity matrix of size 4 x 4, then span{i/,Z, J,K} = H as
algebras via the isomorphism

o :span{Ud,Z,T,K} - H

given by o(U) = 1,90(Z) = i,¢(J) = j, (K) = k and extended by linearity.
The seven dimensional quaternionic H —type group H' corresponds to the
manifold R* @ R?® with the group operation o defined by

1
(x,2)0 (,2) = (x +2 a4 2+ 3 " T,

1 1
zg+ 2+ 5 2T Tx, 2 + 2 + B zr’Tle>
where z,y, z are column vectors and /7, /7, 2’7 are row vectors in R*.
The Lie algebra h' corresponding to H' is spanned by the left invariant
vector fields

1 0 0 0
X (: = — +- — —
i(7,2) 0z + 2 ( 2027 4327 0z;g> ’
0 1 0 0 0
X _ . - —_ -
2(2,2) 0xy + 2 ( 11821 %827 +x432;g> ’
0 1 0 0 0
X5 = 1 4
3(z, 2) s + 5 <+148 . + xgazj + Il@z,g) ,
0 1 0 0 0
X _ - e -
4(@,2) Oxy * 2 < 13821 * xl@zj x282K> ’
0 0 0
Z. = — =—) Z = —
Z(.’L'7Z) 32’17 j(.%',Z) 8zj’ K(m Z) 3Z)C
at a point (z,2) = (21,2, T3, %4, 21, 27, 2¢) € HL. A Riemannian metric
(-,-) in H' is declared so that X7, ..., X4, Z7, . .., Zx is an orthonormal frame

at each (z,z) € H'. The sub-Riemannian structure on H! we are interested
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in is defined by the left invariant distribution D = span{ X, X2, X3, X, } and
the restriction of the metric previously defined.

Observe that D is bracket generating of step two. In fact, we have the
commutator relations

(X1, Xo] = [X5,X4] = —Z,
(13) [(Xo, Xa] = [X1, Xy = Zg,
(X1, X3 = X, Xo] = Zk.

All the remaining commutators between the chosen basis of h* vanish.
From the well-known Koszul formula for the Levi-Civita connection asso-
ciated to the metric (-, )

(Z,VyX) = %(xm 2+ Y(Z,X) — Z(X,Y)—

_<[X7 Z]7Y> - <[Y> Z]aX> - <[Xa Y}7Z>)>

see for example [8], the orthonormality of the basis { X1, ..., X4, Z7,..., Zx},
and equations (13) we get that

1
<Xb7 VXGZT> = _§<[XaaXb]7 ZT>7 <Z57 VX(LZT‘> = 07

for any a,b=1,...,4, r,s =Z,J,K. This translates to the equation

1 4

(14) vXaZ" = _5 ;([Xav Xb]7 Zr>Xb7

which reduces to the following identities

1 1 1 1

VX1ZI = §X27 VX2ZI = _§X17 VX;;ZI = §X47 V)(4ZI = _§X37
1 1 1 1

ViZs ==X, Vils=—3X, ViZs=5Xa VaZs=5X,

Vi, Zx = f%X& Vi, Zx = %X47 Vi, Zx = %Xh Vi, Zk = —%Xz.
Therefore, it follows that the maps J,. : D — D defined by
J(X)=2VxZ.,, r=1,J,K,
are almost complex structures. Note that the equation
(15) (Jr(Uh), Us) + Uy, J,(U2)) = 0

holds for every r = Z, 7, K and every Uy,Uy € D. Note in particular that
equation (15) implies that (U, J,.(U)) =0 for all U € D.
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6.2. A variational argument. Consider a manifold M and let H C T M
be a distribution. A variation of a curve v : [a,b] — M is a C*map 7 :
Iy x I = M, where I, I are open intervals, 0 € Iy and 5(s,0) = v(s). In
what follows, we will denote 4(s, &) = ~.(s).

Let W, be the vector field along 7. given by

_07-(s) Oy
We.(s) = or | =5 8, €).
Note that the vector fields W, and 4. commute

Weid = | 5152 G52 = | 5 g5 52 =0

A variation 7, of a horizontal curve « is called admissible if all curves
Y. + 1 = M are horizontal, v.(a) = v(a) and 7.(b) = ~(b) for all € € I.
Observe that for an admissible variation of -, the vector field Wy vanishes
at the endpoints of v: Wy(y(a)) = Wo(y(b)) = 0.

Let us study an admissible variation ~. of a horizontal curve v in the case
of H!, with the Riemannian metric defined in the previous Subsection. Since
the variation is admissible, we have

(Jes Z1) = Ve, Zg) = (3, Zx) = 0.

In what follows, for an arbitrary vector field X on H!, we will denote by
Xy and Xy the orthogonal projections of X to the horizontal distribution
D C TH! and the vertical bundle span{Zz, Z, Zx} respectively.

The horizontality conditions (., Z.) = 0, for r =Z, 7, K, yield

0= 2| GeZ) = (TwhZ)+ (V)
= (VsWo, Z,) + (¥, Vg, Z)
= ;Y<W0v ZT) - <W07 v"/ZT> + (77 J”‘(WOH)>
= ;Y<W07 ZT) - <W011’ JT(7)> - <JT(7)7 WOH>
= Y(Wo, Z;) = 2(Woy, Jr (),
where we have used equation (15) and Vz 7, = 0.

In fact the converse statement also holds.

Lemma 1. Let W be any C' wvector field along v such that W(y(a)) =
W(v(b)) =0 and that satisfies

0=4W, Z) = 2(Whn, J:(7))-
Then there exists an admissible variation . of v such that

0

% » v(s,e) = W.
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Proof. Let us decompose W = fﬁ+’l/l7, with WJ."y and f(y(a)) = f(v(b)) =
0. With this definition, we have

WAy = f, (W, 1, (3)) = (W, (7)), (W, Z) = (W,Z,).

Observe that the term f4 will not contribute to any admissible variation,
therefore we can assume that W _L5. Let s € I; and € > 0 sufficiently small.
Define the mapping

F(s,e) = €XPy(s) (W (s)),

where exp is the exponential map associated to the metric (-,-) of H'.

If W is horizontal in some nonempty interval I C I, then W = Wy and
also (Wg, J.(%)) = $%(Wg, Z,) = 0. This implies Wy = A(p)7, but since
Wy L4, then Wy = 0.

If W (sp) is not horizontal, then F(s,¢) defines locally a surface which is
foliated by horizontal curves and it is transversal to the horizontal distribu-
tion, since it contains curves in nonhorizontal directions. This implies there

exists a C? function g(s,¢) such that

7(8) = expy s (9(s, €)W (s))

0
is a horizontal curve. Choosing ¢ such that ‘ f(s0,€) = 1, we obtain

e=0
an admissible variation 7. of v with associated vector field W. O

With this result at hand, we can formulate the main theorem of this
section.

Theorem 3. Let vy : [a,b] — H' be a horizontal curve, parameterized by arc
length. Then v is a critical point of the length functional if and only if there
exist Az, A7, \c € R satisfying the second order differential equation

(16) Viv =2 > M(3) =0.
r=1,7,K

Proof. Let v : I = [a,b] — H' be a horizontal curve, parameterized by arc
length, and let . be an admissible variation of v, with vector field U. The
first variation of the length functional, see [6], is given by

d

Liw) = — / (V34 U).

e=0

Suppose 7 is a critical point of the first variation, that is

/ (Vs3,U) = 0.

I
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The condition ||¥|| = 1 implies (Vs%,4) = 0. Since (},Z,) = 0 for
r=171,7,K, we have
0=5(%2Z) = (Vi1 Ze) + (3, V5Zr)
= (V54,20 + (3, (7))

= <v"/;y7 ZT>
Therefore, counting dimensions
r=71,7,K

In order to prove that the functions g, are constant, fix three C! functions

fz, 7, fic : I = Rsuch that f,.(a) = f.(b) =0 and /fr =0forr=27,7,K.

Consider a vector field U such that Uy = 3, —r.7.x Irdr(¥) and (U, Z)(s) =
2 f fo(t)dt. We claim that U satisfies

WU, Z) = 2(Un, J,(3),
for r =7,7,K. To see this, observe that

0.2 = dis (2 /a fr(t)dt> =2f,(s)

2<U'H,Jr(;y)> :2< Z feje(V)aJr(’Y)> :2fr(8)'

s=1,J.,K

and also

Thus, by Lemma 1, we can conclude that U is a vector field for an admis-
sible variation of 7. By the variational identity (17), we obtain the equality

0:/I iy, Uy = > /fr s Ie(4)),

r=1,7,K
which is valid for any three functions with mean zero. This implies that the
functions (V+74, J-(§)) are constant, and thus we obtain equation (16), for
suitable constants Az, A7, A € R.

Conversely, let us assume that v is a horizontal curve, such that ||§| = 1
and it satisfies the differential equation (16), for some Az, A7, A\c € R. We
need to show that

[@0) =0
I
for any C'-smooth vector field U, vanishing at the endpoints of + and sa-
tisfying
7<Uv ZT> = 2<UH7 JT(’V))v
where r =7, 7, K.
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Let us write U = Uy + Uy = Uy + Z 92y, where g.(v(a)) =
r=7,7 K
gr(7(b)) = 0, then

/IWW,U) = -2 > A / y=-2 > A /

r=1,7,K r=1,7,K

- _IZJ;CA/ _;MA/ YUy, Z.)
= _;K)\/ _;}C /dt g-(7(t))) =0.

O

7. THE INTRINSIC SUB-LAPLACIAN FOR S7 WITH GROWTH VECTOR (6, 1)

In [1] the authors presented an intrinsic form of the sub-Laplacian, by
means of Popp’s measure pg, introduced in [15]. The aim of this section is
to construct this differential operator for the case of S” endowed with the
contact distribution, introduced in Section 3.

7.1. Construction of the intrinsic sub-Laplacian. Let (M, H, (-, )sr)
be a sub-Riemannian manifold, where H is a regular distribution. The basic
idea is to define the intrinsic sub-Laplacian Aygf of a function f: M — R
of class C?, in analogy to the Riemannian case. To do this, let us define the
horizontal gradient Vg f by the equation

(19) (Vsrf(p), v)sn = dpf (v),

and the sub-Riemannian divergence divsgX of a horizontal vector field X
by

(20) diVsRX,UsR = LX/LSR,

where psp € A"(T*M) is a fixed non-vanishing n—form, known as Popp’s
volume form, and Ly denotes the Lie derivative in the direction of X. The
intrinsic sub-Laplacian is given by

(21) Asrf = divsr(Vsrf).-

For full details about its construction, see [1, 15].

Remark: In the Riemannian case this definition coincides with the classical

definition of the Laplacian, see for example [18]. As pointed out in [1], the

regularity hypothesis over the distribution cannot be avoided since for exam-

ple, in the case of the Grushin plane, the operator (21) is not hypoelliptic.
Let {Xi,..., Xk} be a local orthonormal basis of H C T'M and consider

the corresponding dual basis {dX7,...,dX,}. It is possible to find vector
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fields {Xg11,...,Xn} such that span{Xy,...,X,,} = TM and such that
Popp’s volume form is locally given by

In this setting, the sub-Laplacian Asrf can be written explicitly as

(23) Arf=Y <L§<rf + LfoZdXs([Xr,Xs])) :

r=1 s=1

7.2. Examples. The case of the intrinsic sub-Laplacian for S® is implied by
the following result, characterizing Popp’s volume form for contact manifolds
of dimension 3.

Proposition 9 ([1, 15]). Let M be a three dimensional orientable contact
manifold with a sub-Riemannian metric defined on its contact distribution.
Let {X1,X5} a local orthonormal frame for its contact distribution. Let
X3 = [X1, Xo] and {dX1,dXs,dX3} be the dual basis to {X1, Xo, X5}. Then
the form dX; A dXy A dX3 is an intrinsic volume form.

In particular, for the sphere S° endowed with the contact distribution
generated by the globally defined vector fields (8), with commutator

(X, Y](x) = 2V(2) = 2(=210z, + 200s, — 230, + T20r,),

Popp’s volume form, as constructed above, is 2dX A dY A dV, and the
intrinsic sub-Laplacian is given by

Arf = (X2 +Y?)f.

In general, we can extend the previous result to construct locally Popp’s
volume form over contact manifolds of arbitrary dimension. Let M be a
contact manifold of dimension 2n + 1, with contact form w and contact dis-
tribution £ = kerw. The distribution £ is bracket generating of step two,
see [9]. Assume that M has a Riemannian metric g such that, in a neighbor-
hood of each p € M, there is an orthonormal basis B = {v1, ..., vy, Vant1}
for T, M satisfying &, = span{vy, ..., vs,}. Following the construction in [15]
we have that Popp’s volume form in this case is given locally by

(24) s = T1 A oo A Tapat,

where B* = {my,..., 11} is the dual basis for B.

In the case of the contact structure of S7, let us consider the vector fields
X1,..., X7 presented in the Appendix. Since the vector fields X; and Vj
from equation (2) coincide, the contact distribution on ST introduced in
Section 3 corresponds to

H = kerw = span{Xs, ..., X7}.

In this context we have the following
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Theorem 4. Let H be the contact distribution for ST and (-,-)sg the re-
striction of the usual Riemannian metric in R® to H. Then the intrinsic
sub-Laplacian of (ST, H, {-,-)sr) is given by the sum of squares

7
A=Y X
a=2

Proof. The construction of Popp’s measure leads to the globally defined n
form
MsR:Xm/\.../\dX7,

which is precisely the Riemannian volume form of S”. Simple calculations
show that

(25) de([XmXb]) = (Xb7 [Xa7Xb]>sR:07 CL=2,,..,7 b:177
The theorem follows from formula (23). O
Remark: A complete list of the commutators [X,, X3, for a < b, can be
found in [9, Section 8]. This list can be used to check equation (25) directly.
8. HEAT OPERATOR FOR S7 WITH GROWTH VECTOR (6,1)

The aim of this section is to show that the above constructed operator
A,r commutes with the operator X2. A similar observation was exploited
to study the heat operator for the sub-Riemannian structure of SU(2) & S3
in [3].

The main result of this Section is formulated as follows.

Theorem 5. The operators A,z and X? commute.

Proof. Let us introduce the following change of coordinates for S7:

2o +iry = €% cosn cost

96 To+ixg = €2sinn; cosy)
(26) x4+ izs = €83 cosnysiny
Tg +iry = e sinmysiny

By the chain rule, the symbol of the sub-Laplacian A,z = X2 +... + X2
is a quadratic form with matrix

ham,v) -1 ~1 -1 0 0 0
1 ho(my) -1 -1 0 0 0
-1 1 hy(pd) -1 0 0 0
1 -1 -1 hme) 00 0|,
0 0 0 0 sec2tp 0 0
0 0 0 0 0 esc?p 0
0 0 0 0 0 0 1

where the coefficient functions hq, ho, hg and hy are given by
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B sec? () sec? (1))
8

+2cos(2¢) + cos(2(m + w)))7

CSCZLSSGC% (6 +2cos(2m) + cos(2(m — )~

—2cos(2¢) + cos(2(m + ’l/)))) )

_ w <6 — 2c08(212) + cos(2(nz — ¥))+

+2 cos(2y) + cos(2(n2 + ¢)))a

i, v) = (= 6+ 2cos(2n) + cos(2(n — )+

ha(mi, ) =

hs(n2,v)

2 2
—w( — 6 — 2cos(2n2) + cos(2(ng — ) —
—2c0s(2¢)) + cos(2(ne + 1/))))
Observe that hy, ..., hy are independent of &,...,&. On the other hand,
the vector field X, written in the new coordinates, becomes
Xy = 851 + 852 + 853 + 854‘

Since the coefficients of A,p are independent of the variables &i,&s, &3
and &, it is clear that the operators Az and X; commute. The Theorem
follows. 0

ha(n2, ) =

—tA 2

Let us denote by e™"+# the semigroup of operators acting on Ly _,
infinitesimal generator A,z. The operator e **+F is known as the sub-
Riemannian heat operator. As a consequence of Theorem 5, we get the
announced result.

with

Corollary 3. Denoting by Agr the Laplace-Beltrami operator in S with
respect to the usual Riemannian structure, we have that

eftA

57 — e*i(AsRJerQ) _ eftAsRe—tX‘f

Proof. Since Agr = A,g+ X2, we have by the commutativity of the operators

(27) g7 e—t(AsR+X12) _ e—tAsRe—tXf

)

yielding to the stated result. O

The theory of unbounded operators allows us to rephrase the result in
Corollary 3 as:

Corollary 4. The sub-Riemannian heat operator e=**

eftA

sk jgs given by

2
SR — e*iAS7etX1.



SUB-RIEMANNIAN ODD DIMENSIONAL SPHERES 23

9. APPENDIX: TANGENT VECTOR FIELDS TO S7

Octonion multiplication induces the following orthonormal basis of T'S7
with respect to the restriction of the inner product (-,-) from R® to the
tangent space 1,57 at each p € S”.

Xi(z) = —210 + 200z, — 304, + 204, — X502, + T40p; — T704; + X604,
Xo(z) = —290z, + 305, + 000z, — 1025 — T60uy + T70z; + X405 — T50,,
X3(x) = —x304 — X20s, + X104, + X00py + 704, + X60s; — X505 — T40s-
Xy(x) = —240p + 502, + 2602, — X704, + £00s, — X105y — 22045 + 230,
Xs5(x) = —x50py — X40s, — 704, — T60ps + 10, + T00sy + T30 + T20s,
Xo(x) = —x60z, + 2702, — T40p, + X502, + T20z, — X305, + TOs — T10x,
X:(z) = —2704 — 260z, + T50u, + ©40p; — X305, — 205, + X105 + 00,

1]
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AN INTRINSIC FORMULATION OF THE ROLLING
MANIFOLDS PROBLEM

MAURICIO GODOY MOLINA
ERLEND GRONG
IRINA MARKINA

FATIMA SILVA LEITE

ABSTRACT. We present an intrinsic formulation of the kinematic prob-
lem of two n—dimensional manifolds rolling one on another without twist-
ing or slipping. We determine the configuration space of the system,
which is an wfdimcnsional manifold. The conditions of no-twisting
and no-slipping are encoded by means of a distribution of rank n. We
compare the intrinsic point of view versus the extrinsic one. We also show
that the kinematic system of rolling the n-dimensional sphere over R"
is controllable. In contrast with this, we show that in the case of SE(3)
rolling over se(3) the system is not controllable, since the configuration
space of dimension 27 is foliated by submanifolds of dimension 12.

1. INTRODUCTION

Rolling surfaces without slipping or twisting is one of the classical kine-
matic problems that in recent years has again attracted the attention of
mathematicians due to its geometric and analytic richness. The kinematic
conditions of rolling without slipping or twisting are described by means of
motion on a configuration space being tangential to a smooth sub-bundle
that we call a distribution. The precise definition of the mentioned motion in
the case of two n-dimensional manifolds imbedded in R™, given for example
in [11], involves studying the behavior of the tangent bundles of the man-
ifolds and the normal bundles induced by the imbeddings. This approach
leads to significant simplifications, for instance, it suffices to study the case
in which the still manifold is the n—dimensional Euclidean space. The draw-
back is that the geometric descriptions depend strongly on the imbedding
under consideration.
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So far, however, little attempts have been made to formulate this prob-
lem intrinsically. An early enlightening formulation is given in [2], in which
the authors study the case of two abstract surfaces rolling in the above de-
scribed manner. This is achieved by means of an intrinsic version of the
moving frame method of Elie Cartan which, for this case, coincides with the
classical intrinsic study of surfaces, see [12]. One of the important results
established in [2] is the non-integrability property of the rank two distri-
bution corresponding to no-twisting and no-slipping restrictions, namely, if
the two surfaces have different Gaussian curvature, then the distribution is
of Cartan-type, see [4]. A control theoretic approach to the same problem,
studied in [1], has the advantage that the kinematic restrictions are written
explicitly as vector fields on appropriate bundles.

We present a generalization of the kinematic problem for two n—dimensio-
nal abstract manifolds rolling without twisting or slipping via an intrinsic
formulation. We define the configuration space of the system, which is an
243 _ Jimensional manifold and which is a direct analogue to the one found
in the references [2] and [1]. We give several equivalent definitions of rolling
motion involving intrinsic characteristics and those that depend only on
imbedding and discuss their relations. This new definitions permit to de-
termine the imbedding-independent information contained in the extrinsic
definition of the rolling bodies problem presented in [11]. Moreover, we re-
lax the smoothness condition of the rolling map up to absolutely continuity.
This allows to enlarge the class of mappings under consideration, still giving
the possibility to apply the fundamental theorems of differential geometry
and control theory without changing drastically the main classical ideas of
rolling maps. The conditions of no-twisting and no-slipping define a dis-
tribution of rank n in the tangent bundle of the configuration space. We
write explicitly the distribution as a local span of vector fields defined on
the configuration space. We test the bracket generating condition of the
above mentioned distribution on the known example [14] of rolling the n-
dimensional sphere over the n-dimensional Euclidean space and the special
group of Euclidean rigid motions SE(3) rolling over se(3). As a result we
obtain the controllability of the first system and the non controllability of
the latter.

The structure of the present paper is the following. Section 2 is an in-
troductory section where we collect necessary definitions and discuss the
motivation for the reformulations of kinematic conditions of no-twisting and
no-slipping for the rolling problem. We present two formulations and show
their equivalence. Section 3 gives a good starting point for comparing differ-
ent approaches, known in the literature for 2-dimensional rolling manifolds.
In Section 4 we give the main formulation of extrinsic rolling as a curve on a
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configuration space defined as a direct sum of fiber bundles over the Carte-
sian product of the two rolling manifolds and we prove the equivalence of
the new extrinsic definition of rolling with the previous ones and deduce the
intrinsic definition of a rolling map. We also prove a theorem distinguish-
ing the imbedding independent information contained in the definition of
extrinsic rolling. Section 5 is dedicated to the construction of two distribu-
tions in the tangent bundle of the configuration space. These distributions
encode the no-twisting and no-slipping kinematic conditions of the extrinsic
and intrinsic rollings. These rollings can be written as curves in the con-
figuration spaces tangent to the corresponding distributions. In Sections 6
and 7 we present detailed calculations for the two aforementioned examples:
rolling the n-dimensional sphere over the n-dimensional Euclidean space and
rolling SE(3) over se(3). In the first case the distribution is bracket generat-
ing, coinciding with the result obtained in [14]. In the second case we obtain
that the configuration space, of dimension 27, is foliated by 12 dimensional
submanifolds.

2. DEFINITION OF ROLLING MAP FOR MANIFOLDS IMBEDDED IN
EUCLIDEAN SPACE

2.1. Rolling without twisting or slipping for imbedded manifolds.
We start from the classical definition of rolling without slipping or twisting
of one manifold over another manifold inside the Euclidean space. .

Let us start with some notations. Throughout this paper, M and M will
always be oriented connected Riemannian manifolds of dimension n. By the
well known result of Nash, see [8], there are isometric imbeddings of M and
M , denoted by ¢ and 7 respectively, into R"*” for an appropriate choice of v.
Here and in what follows R"" will always be equipped with the standard
Euclidean metric and standard orientation. As long as there is no possibility
for confusion, we will identify the abstract manifolds M and M with their
images under the corresponding imbeddings. The imbedding of M into R**
splits the tangent space of R™™ into a direct sum:

(1) TR =T,M & TmMLa x € M.

In general, any objects (points, curves, ...) related to the manifold M will
be marked by a hat (7) on top, objects related to M will be free of it,
while terms related to the ambient R™™ space carry a bar (7). We use
Isom(M) for the group of isometries of M, and Isom™ (M) for the group of
sense preserving isometries.

We start by given the definition of rolling without twisting and slipping
as found in [11].
Definition 0. Let JM.,]\? be submanifolds of R"™. Then, a differentiable
map g : [0,7] — Isom(R™™) satisfying the following conditions for any
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t € [0,7] is called a rolling M on M without slipping or twisting. The
rolling conditions:

e there is a piecewise smooth curve x : [0,7] = M, such that
- g()z(t) € M,
= Ty (9(O)M) = Tyayery M.
o Furthermore, the curve Z(t) := g(t)xz(t) satisfies the following
— no-slip condition:
9(t)g(t)~'2(t) =0,
— no-twist condition, tangential part:
d(g(t)g(t) ) TswM C To(g(t)g(t) " M)*,
— no-twist condition, normal part:

d(§(1)g(t) ") oy M+ C To(g(t)g(t) " M).

Remark 1. In the previous definition, we explicitly state that g : [0,7] —
Isom(R™"") is differentiable. This is not stated in [11], but conditions con-
taining ¢ are required to hold for all £. Also, a minor inaccuracy in the
no-twisting conditions is corrected.

It is clear that Definition 0 is of extrinsic nature. Thus, in order to

obtain an intrinsic formulation of the rolling problem, we want to change
the original definition as follows:
(1) Making x(t) part of the data of the rolling: The reason is to give a
local character to conditions of rolling without twisting or slipping. This
will emphasize the dependence of the rolling not just on the isometry g but
also on a curve x along which the rolling of M on M can be realized. In
some particular cases, this may lead to small changes in terminology. The
following example illustrates these ideas.

Ezample 1. Consider the submanifolds of R3, defined by
M = {(21,sin6,1—cosf) e R*| z; €R, § € [0,2m)},

—~

M = {(Z1,72,0) € R*| 7,7, €R, }.
The rolling map

(Z’l -/El
gt):z=1| Za | — Tocost + (T3 — 1)sint + ¢ ,
T3 —Zosint 4 (T3 — 1) cost + 1

describes the rolling of the infinite cylinder M on M along the Z,-axis with
constant speed 1. Then there is an infinite choice of curves z(t) € M, given
by

x(t) = (Z1,sint, 1 — cost), T €R
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along which the rolling ¢ can be realized. However, if we make z(t) as part
of the data, then each choice of the curve z(t) will correspond to different

rollings (:r(t)7 g(t)).

(2) Relaxing the differentiability conditions for g(t): We think that the con-
ditions of differentiability of g(¢) for all ¢ € [0,7] and piecewise smooth-
ness of x(t) are too restrictive. The requirement that (z,¢) : [0,7] —
M x Isom(R™") is absolutely continuous or Lipschitz seems more natu-
ral, since this allows us to implement results from control theory, see Sub-
section 3.2. In this context, absolute continuity of a curve (z(t),g(t)) on
M x Isom(R"™™") is considered with respect to the parameter ¢, as in [1,
Chapter 2].

(3) Introducing orientability assumptions: In order to have a connected con-
figuration space, we exploit the orientability assumption of M and M. Since,
as mentioned before, the rolling conditions will be local, we may choose an
orientable neighborhood of the starting point even on any non-orientable
manifold. We will use this to impose some practical restrictions to the defi-
nition of a rolling.

e Since g(t) is continuous, it is either always orientation preserving or
orientation reversing isometry of R™*” for all ¢. Given a rolling g(t) of
M on M , we may assume that g(t) is always orientation preserving by
changing the orientation of R™™. To obtain an orientation preserving
rolling from an orientation reversing rolling ¢(t) of M on M. , pick any
constant orientation reversing isometry go of R"*”. Then gog(t) is
an orientation preserving rolling of M on go(]\/i ).

e It is intuitively clear that for a fixed ¢, dy«)g(t) maps elements from
T.yM to Tg(t)]/\i and elements from TI(,g)ML to Tg(t)ﬁl- (for more
details see Subsection 2.2). Hence, the matrix form of d,)g(t) splits
in the following way:

Tz(t)M Tm(t) ]\/{L
_ Alt) 0 oy M

Since g(t) is orientation preserving, both linear maps du)g(t)|z, ., mr
and dz(t)g(t)\Tw(t) ML are either orientation preserving or orientation
reversing. By continuity, du()g(t)|r,, ar is either orientation preserv-
ing or orientation reversing for all t. We will require that dg) g(t) ‘TI WM
is always orientation preserving. If dy)g(t)|r,,» is orientation re-
versing, pick any constant orientation preserving isometry gy : R"™ —
R™™ so that
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is orientation reversing. It is sufficient to show that it reverses the
orientation at one point in order to show that it reverses orientation
at all points due to the fact that M is oriented. Then gog(¢) will be
a rolling of M on gOJ/VT which is orientation preserving on the tangent
space at z(t).
Implementing the above changes to Definition 0, we obtain the following,
from which several equivalent reformulations will be presented later.

Definition 1. A rolling of M on M without twisting or slipping is an ab-
solutely continuous curve (x,g) : [0,7] — M x Isom™ (R™*"), satisfying the
following conditions:
(i) A( )= g(t)x(t) € Z/\4\/,\f07“ allt €10, 7].
(i) T (g(t)M) = TyyM, for all t € [0, 7].
(iil) No Slzp condztzon g(t) o g7 ()Z(t) = 0, for almost every t.
(iv) No twist condition (tangential part):

d(g(t) 0 g™ (1) (Tan M) € Toa(t) o g~ (M),
for almost every t.
(v) No twist condition (normal part):

d(g(t) o g7 (1)) (TeyM ™) C To(g(t) 0 g~ ' (t) M),
for almost every t.
(vi) dayg(t )‘Tz(t)M s ToyyM — Ty M is orientation preserving, for all
telo,7].

We omit, from now on, the words “without twisting or slipping”, just

writing “a rolling of M on M. Furthermore for given curves a:(f) and Z(t)
in M and M respectively, the expression ”a rolling of M on M along z(t)
and Z(t)” w111 mean a rolling (z,g) : [0,7] — M x Isom™ (R"™) so that
g(t)x(t) = Z(t).
Remark 2. The definitions we will be working with ignore physical restric-
tions given by the actual shapes of the manifolds. Intuitively, if we think
of the manifolds in Definition 1 as physically touching along the curves z(t)
and &(t) and rolling according to the isometry g(¢), then we cannot rule out
the possibility that there might be non-tangential intersections between the
manifolds other than the contact points.

Example 2. Consider the imbedded surface
M = {(z1, 29, 23) € R5|xf —a2 a3 =0, 22 422 <1},
and M = R2, imbedded as an affine plane. Assume that both manifolds M

and M carried the induced metric. We can clearly define a rolling of M on
M in terms of Definition 1, but there is no way to connect the saddle point
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in M with any point in M without there being intersections between the
surfaces.

2.2. First reformulation. We aim to give a definition of the rolling of
Mon M in a way that is more fruitful for future considerations. We fix
some notations first. According to the splitting (1), any vector v € T,R"*",
x € M, can be written uniquely as the sum v = v 4 v+, where v € T, M
is tangent to M at x, while vt € T,M* is normal. Analogous projections
can be defined for M. -

Let V denote the Levi-Civita connection on M or on M. The context
will indicate on which manifold the connection is defined. The “ambient”
Levi-Civita connection on R"*" is denoted by V. Note that if X and Y are
tangent vector fields on M, then

ViY(x) = (ViV(@)', wzel,

where X and Y are any local extensions to R™* of the vector fields X and
Y, respectively. Similarly, if T is a normal vector field on M and X is a
tangent vector field on M, then the normal connection is defined by

ViY() = (VT(x)", zeM,

where YT is any local _extension to R™ of the vector field Y. Equivalent
statements hold for M. If no confusions arise, we will use capital Latin
letters X, Y, Z to denote tangent vector fields and capital Greek letters T, ¥
for notation of normal vector fields.

For a fixed value of 2z € M and a fixed vector field Y, the vector VxY (z)
only depends on the value of X (). Therefore, for v € T, M, we will use V,Y’
or V,Y(z) to mean VxY (), where X is an arbitrary vector field satisfying
X(z) = v. We will use the same convention when V is interchanged with
v+

If Z(t) is a vector field along z(t), we will use £ Z(t) to denote the covariant
derivative (corresponding to V) of Z(¢) along x(t), and for any normal vector
field ¥(¢) along z(¢), %\P(t) denotes the normal covariant derivative (see [7,
p. 119]). Recall that if M is imbedded isometrically into R™”, then

S~ (320) . B (3e0)

where Z(t) and ¥(¢) are tangential and normal vector fields, respectively,
along a curve in M.

We say that a tangent vector Y'(¢) along an absolutely continuous curve
z(t) is parallel if 2Z(t) = 0 for almost every ¢. Notice that it is possible to
define the notion of parallel transport even though the derivative i(t) exists
only almost everywhere, see, e. g., Existence and Uniqueness Theorem in [10,
Appendix C]. Namely, for any absolutely continuous curve z : [0,7] — M
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and for any v € T,uyM, 0 < to < 7, there exists a unique absolutely
continuous tangent vector field Z(¢) along z(¢), such that Z(t) is parallel
and satisfies Z(tg) = v.

We say that a normal vector field W(¢) along x(t) is normal parallel if
%(t)\ll = 0 for almost every ¢. A normal analogue of parallel transport is
defined likewise.

We are now ready to give a new formulation of the rolling map.

Definition 2. A rolling of M on M without slipping or twisting is an ab-
solutely continuous curve (x,g) : [0,7] — M x Isom™ (R"") satisfying the
following conditions:

(i) 2(t) = g(t)x(t) € M,

(ii") dg(t)ToyM = T t)M
(iii") No slip condition: Z(t) = dg(t)i(t), for almost every t.

)

(iv’) No twist condition (tangential part):
D D

t)—Z(t) = — Z

do) 220 = Dag(o 2.

for any tangent vector field Z(t) along x(t) and almost every t.
(V') No twist condition (normal part):

D+ D+
dg W(t) = —dg(t)V(t
o0 2w = D)
for any normal vector field V(¢ ) along x(t) and almost every t.
(vi") dayg(t )‘Tme Ty M — Ty )M is orientation preserving.

Lemma 1. Definitions 1 and 2 are equivalent.

Proof. Since (i) and (i’) coincide, we begin by proving the equivalence of (ii)
and (ii’). Restricting the action of g(t) to M, we observe that the differential
dyty9(t) maps Ty M into Tyuye) (g(t) M) by definition, and hence (ii) holds
if and only if (ii’) holds.
In order to prove the equivalence between (iii) and (iii’) we write a curve
g(t) in Tsom™* (R") as
g(t) : x> A(t)T +7(), 7 e R",

where A : [0,7] = SO(n + v) and 7 : [0, 7] — R"*. Thus dzg(t)v = A(t)v,
v € TR and we get

g(t) 0 g7H(#) (1) = g(D)a(t) = At)a(t) + F(t)

- % (A(t)z(t) + (1) — At)i(t) = 2(t) — dg(t)i(t).

whenever #(t) is defined. Hence g(t) o g7 (t)Z(t) = 0 almost everywhere if
and only if Z(t) = dg(t)2(t) almost everywhere.



ROLLING MANIFOLDS 9

Before we continue with the final two conditions, notice that (ii’) actually
states that both dg(t)(Tum M) = Tswy M and dg(t)(TmM*) = Tse M* hold
due to the splitting (1). Hence, the inverse differential dg='(¢) = (dg(t))™*
also maps tangent vectors to tangent vectors and normal vectors to normal
vectors. This allows us to restate (iv) and (v) as the conditions

(dg(t)vT)—r =0, and (dg(t)vL)l =0,
holding for almost every ¢ and for any v € T,y»R", decomposed as the
sum of v" € Ty;yM and v+ € T,y M+ via the splitting (1). We calculate
. . d d T
(dg(t) (1)) = | 5 (dg(t) Z(2) = dg(t) { = Z(1)
D
dt

for any tangent vector field Z(t) along z(t), for any value of ¢ where i(t) is
defined. By similar calculations, using a normal vector field U(t) along x(¢),
we obtain

0

dg(t) Z(1) — dg 5 Z(1)

Aglt) T W(t) = (1) W),

O

Remark 3. The following observations are useful for the understanding of
the nature of a rolling map.

e The proof of Lemma 1 shows that indeed condition (ii’) is equivalent
to the statement

dg(lf)TgC(t)]WL = TQ(”M\L.

e Condition (iv’) is equivalent to the requirement that any tangent
vector field Z(t) is parallel along z(t) if and only if dg(¢)Z(t) is
parallel along Z(t). As a consequence, this condition is automatically
satisfied in the case of one dimensional manifolds.

e We can reformulate (v’) in terms of normal parallel vector fields.
Namely, condition (v’) is equivalent to the statement that any normal
vector field U(¢) is normal parallel along x(¢) if and only if dg(¢)¥(t)
is normal parallel vector field along Z(t). Thus, if the manifolds
are imbedded into Euclidean space and the codimension is one (i.e.
v = 1), condition (v’) always holds.

3. PREVIOUS INTRINSIC DESCRIPTIONS OF ROLLING MAPS DIMENSION 2

The aim of this Section is to present the different intrinsic formulations
of a rolling map appearing in literature for two dimensional manifolds. The
two best known formulations are given in [1, 2]. We start by introducing the
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configuration space of the rolling for the general case of n dimensional mani-
folds and then proceed to describe the previously mentioned two dimensional
situation.

3.1. Frame bundles and bundles of isometries. Let SO(V, ‘7) denote
the collection all linear orientation preserving isometries between the ori-
ented inner product spaces V' and V. We write simply SO(V) for the group
SO(V, V).

For any pair M and M of oriented connected Riemannian n-dimensional
manifolds, we introduce a manifold @ of all the relative positions in which
M can be tangent to M. This SO(n)—fiber bundle over M x M is defined by

Q= {q € SO(T,M, TsM)| z € M, 7 e M}

and can be considered as the configuration space of the rolling.

The configuration space ) can be also described in the following way. Let
F and F be the oriented orthonormal frame bundle frame bundles of M and
M, respectively. If fi,..., f, is an oriented orthonormal frame at x, then
each such frame may be considered as a mapping f € SO(R", T, M), where
R™ has the Euclidean structure and standard orientation, and

(2) f(0,...,0,1,0,...,0) = f;.

1 in the j—th place

This gives us an obvious action of SO(R") = SO(n) on the right, inducing
a principal SO(n)-bundle structure on F. On the fiber over each point z,
we also have a left action by SO(T,M). This group is isomorphic to SO(n),
although not canonically when n > 3. Therefore we have no natural left
action of SO(n) on Q. Similar considerations holds for F.

Consider F x F as a bundle over M x M with SO(n) acting diagonally on
the fibers. Then, we can identify  with (F x F)/SO(n) by the following
map. Let f be a frame in F' at * € M and similarly let f be a frame in F
at 7 € M. Then to each equivalence class (f,f) - SO(n) we associate the

mapping ¢ € SO(T, M, TEZ/V\), so that

(3) .f =qo f>

that is, the mapping satisfying fj =gqf; for j =1,...,n. Clearly, this con-
struction does not depend on the choice of a representative of an equivalence
class of (F x F))/SO(n). Conversely, given an isometry, there exists a unique
equivalence class of frames satisfying (3).

Except for the case when n = 2, ) does not possess the structure of a
principal SO(n)—bundle in a natural way. However, @ does look locally like
a trivial product of M x M and SO(n). Let U be a neighborhood in M,
such that F trivializes over U. Then there is a section e of F|y, that is, a
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smooth function on U so that for any = € U, e(z) € SO(R™, T,,M). Another
way to see this is that, if we define vectors e;(z) in a similar way as in (2)
for e(x), then each mapping e; : « + e;(z) is a vector field on U. These
vector fields have the property that for any x € U,

61(33)7 AR en(l‘),
is a positively oriented orthonormal basis of T,,M. On this section of F|y,
we can define a left action of SO(n) on F|y relative to e. This can be done
by using e(z) : R* — T, M at any point = € U, to give an isomorphism of
SO(n) and SO(T,M). The corresponding action takes the following form.
If f € F,,z € U is any other frame, and

fi =Y fijeilx),
i=1
then the left action of A = (ay;);';=; € SO(n) relative to e is defined by

A-fj:Zfijakiek, _]21,771
ik=1
From this we can locally define a left and right action on ). Let U and
U be neighborhoods in M and M respectively, so that both frame bundles
trivialize over these neighborhoods. Let e : U — F|y and é : U— ﬁ|0 be
sections. Then the left action of A € SO(n) with respect to é, is defined so
that if fj =gqf;for j=1,... n, then

A-fi=(Aqf;,

where the left action of A on fj is defined with respect to €. Similarly, the
right action with respect to e is defined by

fi=(a- (A1),

Remark that if Ay = ((é;, g¢;));;_,, then

((éi, (A~ q)ej))t._, = AA, and ((éi, (g~ A)ej))i._ = AgA.

i,j=1 i,j=1

Since @ is an SO(n)—fiber bundle over M x M, it has dimension @
as a manifold.

3.2. Agrachev-Sachkov formulation of rolling surfaces. A previous
definition of a rolling map can be found in [1], where only 2-dimensional
manifolds imbedded into R? are considered. Although it only deals with the
imbedded case, the definition of the rolling is intrinsic in the sense that it
does not depend on the imbedding.

The configuration space for rolling one surface on another is ¢, which is
now 5-dimensional, since M and M are 2-dimensional. A rolling is then an
absolutely continuous curve ¢ : [0,7] — @ satisfying the following: if x(t)
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and Z(t) are the projections of ¢(¢) into M and M then the following two
conditions are satisfied:

e 10 slip condition: 7 = q(t) z(t) for almost every ¢ € [0, 7];
e 1o twist condition: Z(t) is a parallel tangent vector field along z(¢)
if and only if ¢(¢)Z(t) is a parallel tangent vector field along Z(¢).

Notice that there is no condition corresponding to the normal no-twist, since
the manifolds here have codimension 1. In Section 4 we will show how this
definition fits into our Definition 2.

The no-slip and no-twist conditions can be described by means of a dis-
tribution D in the tangent bundle of ). By distribution, we mean a smooth
subbundle of the tangent bundle. Then the “no slip — no twist” condition
will correspond to the requirement () € Dy for almost every t. The
distribution D has the following local description. In any sufficiently small
neighborhood U C M of y € M we pick a pair of tangent vector field ey, es,
such that {e1(z), es(z)} is a positively oriented orthonormal basis for every
x € U. Define é1, é; in a similar way in a sufficiently small neighborhood U.
Since the rotation group SO(2) has dimension 1, we simply need to know
the relative angle 6 to describe ¢ with respect to the frames given by {e1, ex}
and {é, é2}. More precisely, 0 is defined by

ger = cosfé; + sinfé,y,
ges = —sinfé; + coshés.

~

Thus, if m: Q — M x M is the natural projection, then any ¢ € 7~1(U x U)

is uniquely determined by the coordinates (z,Z,0), (x,Z) € U x U.
Let ¢1, o, ¢1 and ¢, be the so-called “structural constants”, defined by the
commutation relations

[61, 62] = ci1e1 + Co€9, [él, ég] = Elél + Egég.

~

Define the vector fields X; and X, on 7=}(U x U) by

o ~ ~ . 0
X1 =e1 4 coshé; +sinféy + (—cy + ¢ cosh + ¢y sinf) —

08’
0 )
Xy = ey —sinfé; + cosBéy + (—cog — ¢ 8in 6 + & cos 9)% .

Then D|r1(le7) is spanned by X7, Xo.

The connectivity by a curve tangent to the distribution D is the princi-
pal problem. More precisely, given two different states gy, q1 € @, we ask
whether there exists a rolling motion ¢ : [0,7] — @, such that ¢(0) = ¢o and
q(1) = @17 The advantage of the formulation of no slipping and no twisting
conditions in terms of a distribution, is that the question of connectivity
may be reformulated through admissible sets or orbits in control theory.
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Given a distribution D on an arbitrary manifold @, a curve ¢ : [0,7] = Q
is said to be horizontal (or admissible) with respect to D if ¢ is an abso-
lutely continuous curve satisfying ¢(¢t) € D for almost every ¢. The orbit
of D at a point qq is the set of all points ¢; € @ so that there exists a
curve ¢ : [0,7] = @, with ¢(0) = go and ¢(7) = ¢1, which is horizontal with
respect to D. We denote this set by Oy (D). It is clear that if ¢; € Oy (D),
then Oy (D) = Oy (D). The Orbit Theorem [6, 13] asserts that Oy, is an
immersed submanifold of ) and describes the tangent space of the orbit in
terms of the diffeomorphisms of Q. A precise statement using the chrono-
logical exponential and a broad discussion about the Orbit Theorem can be
found in Chapter 5 of [1].

Also, define the flag associated to the distribution D inductively by

D' =D and D'*' = D + [D, D'].
We say that D has step k > 2 at ¢ if k is the maximal integer, so that
k—1 k _ b+l
Dy €Dy =D;".

If Dé“ = D, for any integer k, we say that D has step 1 at ¢. The Orbit
Theorem then tells us that D('; C T,0,,(D), where k is the step at ¢ €
O, (D). In particular, if @ is connected and there is an integer & such
that D¥ = TQ, then O, (D) = Q. The previous result is known as the
Chow-Rashevskil theorem [5, 9] and the distribution D is called bracket
generating.

We will use the expression that D has step k if D has step k for any ¢ € Q.
Remark that if D is of step k, and there is a local basis of vector fields of
DF in a neighborhood around any point in @, then

D = T,04(D).

We now go back to the intrinsic definition presented in [1], where @ is
the described 5-dimensional configuration space and D is spanned locally
by (4). This definition can be restated as following: a curve ¢(¢): [0,7] — @
is the rolling map of M on M if it is tangent to D. The main result of [1],
is the following description of orbits of D. Let »(z) and 32(Z) denote the
Gaussian curvature of M at x and of M at T, respectively.

Theorem 1. For any qo € Q, the orbit al qo satisfies dim Oy (D) = 2 if
and only if »(pry, q) — 2(pri7q) = 0 for every ¢ € Oy (D). Otherwise,
dim O, (D) = 5.

Remark 4. In contrast to the definition in [11], the definition in [1] deals
with absolutely continuous curves. The advantage of this, is the ability to
apply the Orbit theorem and the Chow-Rashevskii theorem. This was one of
the reasons for us to define a rolling map in terms of absolutely continuous
curves. Remark that all these theorems also hold if we consider Lipschitz
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curves instead of absolutely continuous. Hence, we always may interchange
“absolutely continuous” with “Lipschitz” for all considerations in the present

paper.

3.3. Bryant-Hsu formulation of rolling surfaces. In [2] the authors
give an intrinsic formulation to the problem of rolling two abstract surfaces
M and M with respect to each other. The main tool in this formulation is
Cartan’s general method of moving frames, that is, determining canonical
forms on an appropriate SO(2)—bundle.

Let M and M be two connected oriented Riemannian manifolds of di-
mension 2. Consider the respective frame bundles F', F'. Then, as discussed
in Subsection 3.1, the corlﬁguration space @ for this kinematic system can
be identified with (F' x F)/SO(2). The conditions of no twisting and no
slipping can be understood by means of the canonical one-forms ay, aa, a9y
on F and ay,0s, ap; on F. Recall, that these forms satisfy the structure
equations

dOél = Q921 A\ g, dal = agl A\ ag,
doy = —ag Aoy, doiy, = —Qg1 A0y,
dam = xo N\ g, dagl = x al N 6?2,

where 5 and 3 are the Gauss curvatures of M and M respectively, see [12,
Chapter 7].

The rank two distribution D over ) corresponding to the “no slip — no
twist” conditions is the push-forward of the vector fields, solving the Pfaffian
equations

(5) (11—@1:(12—(322021—@2120,

under the natural projection 7 : F' x F— Q. At the points where s — 3 # 0
the distribution D is of Cartan type, that is, the distributions

D*=D+[D,D] and D*= D?+[D,D?

have rank 3 and 5 respectively, see [2]. This implies that, under the condition
2 — 22 # 0, the distribution D is bracket generating of step 3. To see under
which conditions D is of Cartan type, define the following one-forms over
the product F' x F

1 1 L
0, = 5(041 —ay), b= 5(042 —Qy), O3= 5(0421 — an1),

1 . 1 -
Wy = 5(041 +a1), wp= 5(042 + ),
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and observe that the following identities hold:

1 ~
d91 = 93 A Wy =+ 5(0&21 + 0121) AN 927
1 ~
d92 = *63 A w1 — 5(0{21 + 0[21) A 917
1 ~
dfs = 2(% H)wp Awa + = ((%—l— 72) (w1 Ay —wa ABy) + (3 — 22)01 A 92).
Denote by D = ker 6 Nker 3 Nker 03 the space of solutions of the system

(5) and let X = (X1, X5),Y = (V1,Y3), Z = (Z1, Z3) be a local basis of D
chosen such that

Oél(Xl) 1 (X ) = 0 al(XQ) = 1, az(XQ) 0
ar() =0, (V) =1, @(¥)=0, &Yy =1,
O[l(Zl) = 0 (Z = 0 al(ZQ) = O, OZQ(ZQ) =0.

Observe that for a sufficiently small open neighborhood U x UcMxM
of (p,p), the differential of the projection  is

dporgen™ @ LU xs0(2) x TU x s0(2) — T,U x TpU X s0(2)
(‘,L.aAmUaB) — ((L’,’y,A—B)

for any C,C € SO(2) and where T¢ SO(2), T5S0(2) and T,a-, SO(2) are
identified with s0(2) in the usual manner. By the construction of the canon-
ical forms on the frame bundles, it is clear that XY ¢ ker dm, whereas it
is possible to choose locally Z such that Z € ker dmw. Thus since ker dm has
dimension one, we have locally

ker dm = span{Z}.
This implies that a local description of D is given by
D = span{dn(X),dn(Y)}.

Recall Cartan’s formula for a differential one form 7 and any two local
vector fields v, w, given by

dn(v, w) = v(n(w)) = wn(v)) = n(lv, w)).
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In our case, the previous equation implies the following equalities

B Y) = (V) =0

W (X.2) = ~Bi([X.Z]) =0,
a,(v.2) = ~6,([v.2) =0,
AB(X.Y) = ~6:((X,Y]) =0,
W(X.Z) = ~6a([X.Z]) =0,
dby(Y, Z) —0,(Y, Z]) =0,
W(X.Y) = —0i(X.Y]) = ;w %)
A5(X.2) = ~03((X.2)) =0,
A05(Y.2) = —0y((Y.Z]) =

It follows from these equations, that [X, Z], [Y, Z] belong to D and [X,Y] ¢
D if and only if the difference of curvatures s — 3 does not vanish identically.
In fact, counting dimensions, we see that span{X,Y, Z [X,Y]} = ker6; N
ker 0. It is clear from the choice of Z that [X,Y] ¢ kerdr since if [X,Y] =
kZ for some k € R, then df3(X,Y) = —k05(Z) = 0 which contradicts our
assumption. This implies that span{dn(X),dn(Y),dr([X,Y])} = D; is a
distribution of rank 3. Analogously we obtain

del([va] X) = _91([[X7YLX]):07

dal([X Y] ) = _91(“X7 YLY]) = 93([X7 Y])v
dOQ([X Y] X) = 792(“‘)(7 YLX]) = 793([){7 Y])7
o ([X,Y],Y) 0.

By similar considerations, we can see that
span{X,Y, Z, [X, Y], [[X,Y], X],[X, Y], Y]} = T(F x ﬁ)7
which implies that
span{dr (X), dr(Y), dr([X,Y]), dr([[X, Y], X]), dn ([[X, Y], Y])} = D,

is a distribution of rank 5.

These calculations imply that D is of Cartan type whenever s — 3 does
not vanish identically. Since the configuration space @) is 5-dimensional,
the distribution D is bracket generating and thus, by the Chow-Rashevskii
theorem we can completely solve the connectivity problem. In the case
when s = 3, the distribution D is integrable and therefore @ is foliated by
submanifolds of dimension 2.

It is mentioned in [2], that their construction does not depend on imbed-
ding into Euclidean space, however no attempts are made to compare this
definition to the one for imbedded manifolds.

We present a simple example, illustrating the above mentioned approach.
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Example 3. Let us consider the problem of the two dimensional sphere S2
rolling over the Euclidean plane R?. We can embed these surfaces in the
three dimensional Euclidean space R? via the parameterizations

S% = {(cos f cos @, sin @ cos p,sin p) : —1 < O < T, —g <p< g},

R? = {(2,,0) : z,y € R}.
It follows from straightforward computations that, in this case, we have
ayp = cospdl, ag=dp, w9 = sinedl;
ay =dzr, dy=dy, ay =0.
Thus, equations (5) take the form
cos pdf — dx = dp — dy = sin pdf = 0.
It is easy to see that
dagy = cos pdf N dp = ay A am, daiy; = 0,

from which it follows that s = 1 and > = 0. Since the difference of the
Gaussian curvatures does not vanish identically, we obtain the well-known
result that it is always possible to achieve any configuration from a given
one by rolling the sphere over the plane without slipping or twisting.

4. INTRINSIC ROLLING

4.1. Reformulation of the rolling motion in terms of bundles. Both
formulations of rolling maps given in [1] and [2] only use the configuration
space as a manifold of isometries of tangent spaces of M and M , without
taking into account the imbedding into an ambient space. However, neither
of these descriptions attempts to give any justifications for why the ambient
space may be ignored, nor do they attempt to compare the intrinsic definition
and the extrinsic definition given for imbedded manifolds in [11]. We would
like to find a reformulation of Definition 2 in such a way that the conditions
(i")-(vi’) are stated both in terms of intrinsic conditions given on ) and some
additional conditions given on another bundle, that carries the information
on imbedding.

The conditions imposed over a rolling (z,g) by Definitions 1 and 2 are
nontrivial in normal directions for the imbedding of the manifolds with codi-
mension v greater than 1. So, it is natural to suppose that the total config-
uration space of the rolling dynamics will have a normal component which
will takes care of the action of g on the normal bundle. Therefore, we make
the following analogue  construction, as we did for @, in order to construct a
fiber bundle over M x M of isometries of the normal tangent space. We start
from a pair of imbeddings ¢ : M — R™™ and 7: M — R""”, given as initial
data. Let ® be the principal SO(rv)—bundle over M, such that the fiber
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over a point x € M consists of all positively oriented orthonormal frames
{ex(z)}5 spanning T, M L. Let ® be the principal SO(v)—bundle similarly

defined on M. Likewise we did in Section 3.1, identifying (F x F)/SO(n)
with

(6) Q:{qGSO(TZM,TEJ/VT)’xeM@e]/VT},
we identify (® x ®)/SO(v) with
(7) Pori= {p € SO(TIM{TQJW)( veM7e 1\7} .

As for (), the space P,7is not in general a principal SO(v)—bundle, but there
are "local” left and right actions defined similarly as on @) in Section 3.1.
We notice and reflect it in notations that @ is invariant of imbeddings, while
P, is not.

By abuse of notation, we will use Q@ P, 7 for the fiber bundle over M x M ,
so that the fiber over (z,Z) € M x M\, is Quaz) X Piag)-

Proposition 1. If a curve (z,g) : [0,7] = M x Isom™ (R"™) satisfies (i’)-
(vi’) of Definition 2, then the mapping
L (dg(t)|Tz(t)]\/I7 dg(t)|Tz(t)Mi) = (q(t),p(t)) )
defines a curve in QQ @ P, with the following properties:
(1) no slip condition: T(t) = q(t)i(t) for almost every t.
(IT) no twist condition (tangential part): q(t)2Z(t) = Dq(t)Z(t) for any
tangent vector field Z(t) along x(t) and almost every t.
(IIT) no twist condition (normal part): p(t)2-W(t) = d—; (t)U(t) for any
normal vector field U(t) along x(t) (md almost every t.
Conversely, if (q,p) : [0,7] = Q @ P,; is an absolutely continuous curve
satisfying (1)-(II1), then there exists a unique rolling (z,g) : [0,7] = M x
Isom™ (R™*"), such that dg(t)|z,,m = q(t) and dg(t)‘Tz(t)]wL = p(t).

Proof. Assume that (z,g) : [0,7] — M x Isom™ (R"*") is a rolling map
satisfying (i’)-(vi’). The statements (i’) and (ii’) assure that

d (t)|Tz(t)M S SO( Z@)M Tg(t)]/w\) and

(8)
dg(t)|r, Mt € SO(T, t)M s Ta ML)

Since dg(t) must be orientation preserving in R™" we conclude that both of
the mappings (8) are either orientation reversing or orientation preserving.
The additional requirement (vi’) implies that (g, p) is orientation preserving.
The conditions (I)-(III) correspond to the conditions (iii’)-(v’).

Conversely, if we have a curve (¢q(t),p(t)) in @ & P,; with projection
(x(t),Z(t)) into the product manifold M x M, then we may construct the
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isomorphism g € Isom™*(R"*") in the following way. We write g(t) : Z —
A(t)z + 7(t), A(t) € SO(n + v), where A(t) = dg(t) is determined by the
conditions

dg(t)sz(t)M = q(t)|Tz(t)A'I7 dg(t)

TyyML = p(t)|T,,<ﬁ)Jvfl~
Then
Image dg(t)|Tz(t>M = T,;(t)]/w\, Image dg(t)'Tx(t)]\/[L = Tg(t)]T/j}L.
The vector 7(t) is determined by 7(t) = Z(t) — A(t)z(t). O

The one-to-one correspondence between rolling maps and absolutely con-
tinuous curves in ) & P, 7, satisfying (I)-(III), naturally leads to a definition
of a rolling map in terms of these bundles.

Definition 3. A rolling of M on M without slipping or twisting is an abso-
lutely continuous curve (¢, p) : [0, 7] — Q® P,z such that (q(t), p(t)) satisfies
(1) no slip condition: T(t) = q(t)i(t) for almost everyt,
(II) no twist condition (tangential part): q(t)2Z(t) = 2q(t)Z(t) for any
tangent vector field Z(t) along x(t) and almost every t,
(IIT) no twist condition (normal part): p(t)%\lf(t) = %p(t)\ll(t) for any
normal vector field U(t) along z(t) and almost every t.

A purely intrinsic definition of a rolling is deduced from Definition 3,
by restricting it to the bundle ). This concept naturally generalizes the
definition given in [1] for 2-dimensional Riemannian manifolds imbedded
into R and we use the term intrinsic rolling for this object.

Definition 4. An intrinsic rolling of two n-dimensional oriented Riemann-
ian manifolds M on M without slipping or twisting is an absolutely con-
tinuous curve q : [0,7] = Q, satisfying the following conditions: if x(t) =
pry, q(t) and Z(t) = prypq(t), then

(I') no slip condition: Z(t) = q(t)&(t) for almost all t,

(IT") no twist condition: Z(t) is a parallel tangent vector field along x(t), if
and only if q(t)Z(t) is parallel along Z(t) for almost all t.

4.2. Comparing rolling and intrinsic rolling along the same curves.
Suppose that the projection of a rolling map into M x M is a fixed pair of
curves. Questions that naturally arise are:

o If (q1(¢),p1(t)) and (g2(t), p2(t)) are two rollings of M on M, along
z(t) and Z(t), how do they relate to one another? How many of the
properties of the rolling are fixed by choosing paths?

e Suppose that an intrinsic rolling ¢(¢) and two imbeddings, ¢ : M —
R and 7: M — R™  are given. When can the intrinsic rolling
q(t) be extended to a rolling (¢q(t),p(t))? Is this extension unique?
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Before we start working with this, let us consider the following simple ex-
ample, where the different imbeddings are easy to picture.

Example 4. Let us consider M= R, with the usual Euclidean structure, and
M = S', with the subspace metric, when considered as the unit circle in R?,
with positive orientation counterclockwise. Let x : [0, 7] — S! be written as
z(t) = ¥, :]0,7] = R being an absolutely continuous function. Since
SO(1) is just the trivial group, Q@ = M x M. Tt is clear from the no-slipping
condition that
2(t) = 2(0) + ¢(t) — ¢(0).

Without loss of of generality, we may assume Z(0) = ¢(0) = 0. We consider
the possible rollings under different imbeddings. In the following cases, er
and é; will always be positively oriented unit basis vectors for TM and T M
respectively (when they are seen as sub-bundles of TR restricted to either

—

M or M), while {e)}5_, and {é,}/_, are positively oriented bases of TM*

—

and TM*. The coordinates of R1*” will be denoted by (71, . ..,Z,).
Case 1: Let us consider the simplest example, with

1 M — R% 111 €% (sinp, 1 — cos ),
T MoR, T iEe (3,0).

Then
e1(e?) = cos npi(Ll(ei‘p)) + sin @i(q(ew)),
07 0%
WY 9 i 9 i
er1(e'%) = —smgpa—fl(z/l(e ))—l—cosgpa—@(q(e )),
(@) = (@), 6 = 5 G@)
Here, also SO(v) is trivial, so there is so there is only one way to roll.

Case 2: We do the same imbeddings as above, only increasing the codimen-
sion by one.

1o M — R, Ly €% (sinp, 1 — cos p,0),
n: MR, h:Ee (2,0,0).

Then

) 0 ) 0 )
iy ip : ip
e1(E%) = 05 o 1a(e%) +sin o (a(e),
i . 9 i 9 i
€1(e’¥) = —sin w—aj (12(€*%)) + cos w—ai (e2(e%)),
1 2

EM%:%WM%%
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o 0 f O s O
é(7) = 67‘51(L2(I>)7 é(z) = 8@02(%’))7 &(T) = 8;1‘:3(L2(I))'
Now we know that the matrix representation B of p(t) with respect
to the bases {ex}5_; and {é,}%_,, can be represented as
(é1,p(t)er) (é1,p(t)ea) cosO(t) sinf(t)
B= . . = . 2).
(fnied enien ) = ( Saaiy amety ) €500)

We calculate the restrictions of 6(¢) given by (III).
L

p(t) o (a(0)) = p(0) Vs = 0 = - plt)er (1)

= —0(t)(sinO(t)é; + cos O(t)é,) + cos b(t )Vf(t é —sind(t )Vf(t :

= —0(t)(sinO(t)é; + cos O(t)és),

for almost every ¢, so 6(t) is a constant.
Case 3: We continue with v = 2, but change the imbedding of M to a spiral.

1o M — R, Ly 1 €% (sinp, 1 — cos p,0),
~ 7 3 ~ 1 P PN
r3: M — R”, 13T %(cosx,smx,x).

Then
1(6) = 05 P (13(¢'%)) + sin 9o (15(e?),
[‘)xl 0

0, o, .
1(e"¥) = —sin gpa—jl(Lg(e #)) + cos @8—@(@(6 ),

PP\ a ip
eae )—%(LQ(G )

m

(@) = s (= sin @ () + cos T (@) + 5 (3.

R 1 0 0 0 . .

€ (7) = 7 (— smx—l(Lg(x)) + cos:zca (13(7)) — aj?)(bg(x))) ,
é9(T) = —cos E@T‘n (12(7)) — sin 58—@(2\5(55))

We have the same matrix representation of p(¢),

_ [ (npt)er) (ér,p(t)ez) \ _ cosf(t) sinf(¢)
b= ( (é2,p(t)er) (€2, p(t)e2) > B ( —sinf(t) cosb(t) ) € 50(2).

We calculate the restrictions of 6(¢) given by (III).
L

D
P(t)vi(t)ﬁ =0= Ep(t)

= —0(t)(sin O(t)é, + cos O(t)é,) + cos 9(,)Vg(t)€1

—sin H(t)ngég
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_ @ y sin O(t)é; + cos 0(t)é
- <\/§ 6(t)> (sinf(t)ér + cosO(t)éa),

so 6(t) = 6y + %%(t) So now, the circle M will rotate along the

spiral M , but its path is determined by the initial angle. Notice also
that if we define a new orthonormal frame of TM~ by

7 <%>A (’”E)A
=cos | —= | é —sin ([ —= ] éa,
1 \/i 1 \/i 2

o (EN, 7.
9 = SIn (\@) €1 + cos <\/§> €9,
then p(t) becomes a constant matrix with respect to the bases €1, €;
and ’Y‘l, T,.
We see that for cases above, the intrinsic rolling ¢ +— ("), ©(t)) either
uniquely induces a rolling, or the rolling is determined by an initial config-
uration of the normal tangent spaces given by 6(0) = 6y. Note also that we
are able to find a choice of bases so that p(t) is constant with respect to this
basis. Notice that these bases consist of normal parallel vector fields.

We continue to work with oriented manifolds M and M imbedded in R
and containing curves x(t) and Z(t), respectively. In the remaining of this
section we will use the following notations: {e;(t)}}_, will be a collection
of parallel tangent vector fields along z(t) that forms an orthonormal basis
for TyyM at each point of M, {ex(t)}5_; will be a collection of normal
parallel vector fields along z(t) forming an orthonormal basis for Ty M.
We know that we can construct such vector fields by parallel transport and
normal parallel transport along xz(t). Parallel frames {é;}7; and {é.}7_,;
will be defined similarly along Z(¢). Recall that Latin indices 4, j, ... always
go from 1 to n, while Greek ones &, A, ... vary from 1 to v.

The following lemma reflects that a rolling map preserves parallel vector
fields. Namely, the image of a parallel frame over M has constant coordinates
in a parallel frame over M.

Lemma 2. A curve (q(t),p(t)) in Q & P,z in the fibers over (x(t),Z(t)),
satisfies (II) and (I11) if and only if the matrices A(t) = (a;;(t)) and B(t) =
(bn)\(t))’ deﬁned by

aij(t) = & (H)q(t)e; (1), baa(t) = E()p(t)ex(?),
are constant.
Proof. Let (q(t),p(t)) be an absolutely continuous curve. Then we have
<éi., éj> = <6i7éj> =0 and

ai(t) = (&, q(t)e;) + <é7:, ;t(q(t)ej)>
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by the product rule. The vectors q(t)~'é;, q(t)e; are tangent, so (q(t)~'é;, ¢;) =
(éi,q(t)e;) = 0 and

ay(t) = (€ d(te;) + (@i, a(t)és) + (& alt)e;)

= {ewilte) + ) e = (2 e — 02, )

. D D
= <ei7 aq(t)ej — q(t)dtej> = 0.

So (II) holds if and only if @;;(t) = 0. Similar result holds for the basis of
the normal tangent bundle. 0

The following two theorems give the answer to the questions raised at the
beginning of this section.

Theorem 2. Let q : [0,7] — Q be a given intrinsic rolling map without
slipping or twisting with the projection pr,,. w7 qo(t) = (x(t),Z(t)). Define
the vector spaces

V ={w(t) is a parallel vector field along x(t), and {v(t),z(t)) =0 for a.e. t},

V= {ﬁ(t) is a parallel vector field along T(t), and (O(t),Z(t)) = 0 for a.e. t} ,

with the inner product and orientation induced by the metric and orienta-
tion on M and M, respectively. Then the two vector spaces have the same
dimension, and if we denote this dimension by k, the following holds.

(a) The map q is the unique intrinsic rolling of M on M along z(t) and
Z(t) if and only if k < 1.

(b) If k > 2, all the rollings along x(t) and Z(t) differ from q by an
element in SO(V).

Remark 5. Both the inner product and orientation are preserved under par-
allel transport. Hence, for any pair v, w € V, the value of (v(t), w(t)) remains
constant for any ¢. The metric on M therefore induces a well defined inner
product on V. Similarly, we can say that a collection of vector fields is pos-
itively oriented if it has this property for one value of ¢ (and consequently

for all values of ¢). Similar considerations hold for V.

Proof. Pick frames of parallel vector fields {e;}?; and {¢é;}I, along z(¢) and
Z(t), respectively, such that ¢(t)e; = é;. This is possible due to Lemma 2. We
also choose the frames in a way that the k first vector fields are orthogonal
to Z. Notice that e1,...,e, then forms a basis for V', and é4,...,¢é, for V.
Writing 7 = S0, Z,(t)é;(t) and & = S0 @(t)ei(t), we get T;(t) = @4(t)
and 7y (t) = --- = Zx(t) = 0. So, if § is any other rolling, then A = (a;) =
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((éi(t),q(t) e;(t))) is clearly of the form

(9) A= < 5o > . A eso),

where 1,,_y, is the ((n — k) x (n — k))-unit matrix. This will be unique if &
is 0 or 1.If k > 2, there is more freedom, since it is not determined how an
arbitrarily rolling ¢ should map V into V.

The converse also holds, that is, for any matrix A on the form (9), there
is a rolling corresponding to it. g

Theorem 3. Let q : [0,7] = Q be an intrinsic rolling and let v : M — R
and 1 M — R™ be given imbeddings. Then, given an initial configuration
D0 € (Pop) (wo.50)> (T0, To) = Pry 77 4(0), there exists a unique rolling (q,p) :
[0,7] = Q & P,z satisfying p(0) = po.

Proof. We pick normal parallel frames {e,(¢)}5_; and {é.(t)}%_, along z(t)
and Z(t), respectively. Let By € SO(v) be defined by

B = (bm\) = ((E\N(O)vpo EA(O») .
Then p(t) must satisfy

bn)\ = <€K(t)7p(t) EA(t)>7
by Lemma 2, and it is uniquely determined by this. g
Remark 6. Define the vector spaces

E = {€(t) is a normal parallel vector field along ()} .

E = {€(t) is a normal parallel vector field along #(t)},

with inner product and orientation induced by TM* and TM~ respectively,
in a similar way to what we described in remark 5. For a fixed intrinsic
rolling ¢, a way of describing any extrinsic rolling (¢,p) extending ¢ is to
say that it is determined up to a left action of SO(E) or, equivalenAtly, it

is determined up to a right action of SO(E). Both SO(E) and SO(E) are
isomorphic to SO(v), but not canonically.

Corollary 1. Assume that z(t) is a geodesic in M. Then there exists an
intrinsic rolling of M on M along (x(t),Z(t)) if and only if Z(t) is a geodesic
with the same speed as x(t). Moreover, if n > 2, and if Vs defined as in
Theorem 2, then

dimV =n— 1,
and all the rollings along x(t) and Z(t) differ by an element in SO(V).
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Proof. Taking into account the equality %i’\(t) = DBq(t)i(t) = q(t)2i(t), we
conclude that if x(¢) is a geodesic then Z(¢) is also geodesic. In order to
satisfy (I) we need to require that the speed of Z(t) is the same as the speed
of z(t). Conversely, the equality of speeds implies condition (I).

We start the construction of rolling map by choosing e; (¢) = % that
is parallel along z(¢). The remaining n — 1 parallel vector fields we pick up
in a way that they form an orthonormal basis together with e;(t) along the
curve z(t). We repeat the same construction for a parallel frame {é;(¢)}1,
along Z(t). Define the intrinsic rolling ¢(t) by
er(t) q(t) e;(t) = €5(t) q(t) ex(t) = 015,

A= (é:+1(t) q(t) €j+1(t))zj_:11 )
where A" € SO(n—1) will be a constant matrix. Conversely, we can construct
a rolling by formulas (10) starting from A" € SO(n — 1). O

(10)

5. DISTRIBUTIONS FOR ROLLING AND INTRINSIC ROLLING MAPS

The aim of this Section is to formulate the kinematic conditions of no-
slipping and no-twisting in terms of a distribution. In this setting, a rolling
will be an absolutely continuous curve almost everywhere tangent to this
distribution.

5.1. Local trivializations of Q). Let 7 : Q ® P,z — M X M denote the
canonical projection. Consider a rolling () = (¢(¢), p(t)), then 7o y(t) =
(z(t),2(t)). Given an arbitrary o in the domain of y(¢), let U and U denote
neighborhoods of z(ty) and Z(¢p) in M and M, respectively, such that the
both bundles TM — M and TM* — M trivialize being restricted to U.
In the same way we chose U , such that both TM — M and TM* —
M trivialize when they are restricted to U. This implies that the bundle
QOF,;— Mx ]T/T, trivializes when it is restricted to U x U. To see this, let
{e;}i-1, {exfioy, {€i}ie, and {é.}}_, denote positively oriented orthonormal
bases of vector fields of TM|y, TM>|y, TJ/M\|0 and T]/VTH[;, respectively.
Then there is a trivialization
(1) Q& Py — U xﬁ x SO(n) x SO(v)
(Q7p) = (1.71:7A7 B)7
given by projections
T = prU(qap)7 %\: prfj(Q7p)a
A= (aij)Zj:1 = ({qe;, éi>)2j:1’ B = (bm\):,/\:l = (<P€A7€m>)Z,A:1-
The domain of 7 can be chosen connected, containing t,, and such that its
image lies in 7(U x U). Let us identify ~(t) with its image under the

~

trivialization given by (x(t), Z(¢), A(t), B(t)).
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Each of the requirements (I)-(III) can be written as restrictions to (¢).
We will show, that all admissible values of 4(t) form a distribution; that is
a smooth sub-bundle, of T'(Q) & P,7). We will use the local trivializations to
describe this distribution.

5.2. The tangent space of SO(n). Let U and U be as in Section 5.1. Then
we get in trivialization
Ta (U x U) = TU x TU x TSO(n) x TSO(v).

The decomposition requires that we present a detailed description of the
tangent space of SO(n) in terms of left and right invariant vector fields.
We start by considering the imbedding of SO(n) in GL(n), the group of
invertible real n x n matrices. Denote the matrix entries of a matrix A by
(a;;) and the transpose matrix by A’. Then, differentiating the condition
AtA = 1, we obtain
TSO(n m ker w;;, wij = Z (arj day; + ay; da,j) .

1<y r=1
It is clear that the tangent space at the identity 1 of SO(n) is spanned by
0 0
Wi' 1 = — 5
j( ) 8(11-]- Baﬂ-
We denote so(n) = span{W;;(1)} following the classical notation. We use
the left translation of these vector to define

n 6 8
(12) Wis(A4) 1= A Wi(1) = 3 <a”8a- a arj@dn)

r=1 ]

1<i<j<n.

as global left invariant basis of T'SO(n). Note that the left and right action
in T'SO(n) is described by

0 = 0
A- = E — A= E
day; = o dar; aau a]saals

We have the following formula to switch from left to rlght translation

0 o 9
A- 872] = Zamm = Z CL”(S‘L Z (L”a%agl

r=1 rJ lr=1 lr,s=1

and the other way around,

0 - 0 - 0 - 0
da; A= ; ajs%is = 192:1 ajsfsi,z%lS = Z s irQir 5
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= 0
- Z Qjs Qi (A : aars> .

r,s=1

Therefore, the right invariant basis of T'SO(n) can be written as
Wij(1) - A= Ad(AYWi(A) =Y (airajs — ajrai) Wia(A).
r<s

If we let W;; be defined (12) also when 4 is not less then j, (so W;; = —W);)
then the bracket relations are given by

(Wi, W] = 6;6Wir + 05 Wik — 031 Wj1 — 0, Wi

5.3. Distributions. Now we are ready to rewrite the kinematic conditions
()-(I1I) as a distribution. Let 7(¢) be a rolling satisfying the conditions
(I)-(I1I). Consider it image under the trivializations. Then

(13) A(t) = @ (t) + z(t +§:1%3 +NZ bm
If we denote @(t) by Z(t), then (I) holds if and only if Z(t) = q(t)Z(t).
We want, basing on conditions (II) and (III), write the last two terms

in (13) in right invariant basis of corresponding tangent spaces of SO(n) and
SO(v). We start from (II) and remark that

q(t)e; Zau &, and ¢ '(t)é Za”
i=1

for orthonormal bases {e;}7_; and {e] . Condition (IT) holds if and only
if ¢De;(x(t)) = Dqe;(x(t)) for j =1,...,n, that yields

0—<q5te]-(x(t)) f;qe](l"(t)) >

= (Vzwes, q ') — <Z ajér, ?7> - <Z ai;Vqz el ?7> :
I=1 =1

n

n
= Z ai {V zwej, e1) — i — Z aj (Vazwer, i)
=1

=1



28 M. GODOY, E. GRONG, I. MARKINA, F. SILVA

for every i,j = 1,...,n. Hence, the third term in (13) can be written as
follows
"0 0
> dijs— = Z Zazz (Vzwes er) = Z% (Vazwenés) | 5.—
ij=1 @i ij=1 i

n

0
- Z<V2<t>€jvel>f4 3% Zqu(tez,@ Fan A

ji=1 3,l=1
Z (Vzwej e) A da;; Z airtjs (Vaz(ne, ) A - da
ij=1 . ,9,r,5=1 "
n n . n R 0
= Z <<Vz(t>eja ei) — Za‘“j <V’IZ“>€S’ Zam;er>> A daij
Q=1 s=1 =t l
n 13}
(14) = D (Vzwes ) = (Vazwaes,ae) A+ 5 —
ig=1 N

The coefficients in the basis A- - in the sum (14) are skew symmetric, from
J
the property of the Levi-Civita connection. Now we can write

(15) Z i~ 3 = ((Vzmes i) = (Vazwaes, ae:)) Wi (A).

1,7=1 i<j

Written in a right invariant basis, we obtain

(16)
0]
Z S D =D ((Vawa & a7 'e) = (Vozwés, &) Ad(A™HWi;(A).
7,j=1 1<j
Similarly, (III) holds if and only if
(17)

Z b,g,\ab — = > (<V§(t)eA,eK> - <V3‘Z(t)pq7pe,€>> Wa(B).

K,A=1 R<A

= 5 ((VEp e ) = (Viginée) ) Ad(B) W (B).

K<A

Definition 5. If X is a vector field on M, then let us define V(X) and
V(X)) the vector fields on Q & Pz, such that under any local trivialization
h as in (11) and any (q,p) € 7 1(x) they satisfy

(18)  dh(V(X)(4:p) = D> ((Vxwes: €1) = (Vaxwaes, ges)) Wij(A).

i<j

(19) dh (VL(X)(CLP)) = Z (<V§(z)€x7€n> - <VqLX(z)pE)\7p€K>) Wa(B).

K<
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Notice that if Y (z) = X (z) = Xo € T, M, then V(Y)(q,p) = V(X)(q,p)
for every (q,p) € (Q & P,7),. Hence, we may define V(Xy)(q,p) whenever
Xo € T, M and (g,p) € (Q & P,7),. Also notice that the map X — V(X)) is
linear. The same holds for V.

Remark 7. Notice that, at first glace, it may seem that all of the coefficients
of W;;(A) and Wy (A) in (18) and (19) vanish from conditions (II) and (III).
This is not true, however. Even though, for any tangential vector field X

D
D X(al1) = Vao X (1),
in general, Vg;1)q(t)e; does not coincide with 2q(t)e;(z(t)). To see this,
notice that
D N [ N .
%asjes(x(t)) = asjes(I(t))—l—asjvi(t)es(:r(t)) = a,j€5(T(t))+as; Vi s(2(1)),
while

Vi) si€s((1)) = a5 Vi €s(w(t))-

Similar relations hold for g—:.

We may now sum up our considerations that have been made in this
Section in the following result.

Proposition 2. A curve (¢(t),p(t)) in Q ® P,z is a rolling if and only if it
is a horizontal curve with respect to the distribution E, defined by

Egp) = {Xo + ¢Xo + V(Xo)(q.p) + V*(Xo)(q,p)| Xo € LM}, (g,p) € (QBP.2)..

If we use the same symbol to denote the restriction of V(X) to @, we also
have

Proposition 3. A curve ¢(t) in Q is an intrinsic rolling if and only if it is
a horizontal curve with respect to the distribution D, defined by

Dq = {Xo + qX() + V(X(])((])|X0 € TZM}, qc Qz

6. A CONTROLLABLE EXAMPLE: S™ ROLLING OVER R"

6.1. Formulation of the rolling. We want to illustrate the properties of
the distributions, by proving that the unit sphere S in R"*! rolling over R"
is a completely controllable system, by showing that the distribution D is
bracket generating. This result was obtained in [14], but we want to present
this example here in order to illustrate the advantages of our theory.

Consider the unit sphere S™ as the submanifold of the Euclidean space
R

S ={(zo,...,xy) ER"™aF+ -+ 2] =1},

with the induced metric.
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For an arbitrary point & = (Zo,...,%,) € S™, at least one of the coordi-
nates Iy, . . . , T, does not vanish. Without lost of generality, we may assume
that Z, # 0, and consider the neighborhood

U= {(zo0,...,2,) € S"| £, >0},

where the choice of the £ sign depends on the sign of Z,,. To simplify the
notation, we define the following functions on U

n
r=j

These functions are always strictly positive on U, and we use them to define
an orthonormal basis of TU. We will write simply s; instead of s;(x), since
dependence of z is clear from the context. Define the following vector fields
on U

S5 0 il — 0 .
20 = | - 2 = | =1,...,n.
20) N §j-1 ( Ojy " 5j ;x 6%-) / "

These vector fields form an orthonormal basis of the tangent space over U.

We set ¢; = (?i to be the standard basis of R"™.

7
Before proceéding with the necessary calculations, let us state two tech-

nical Lemmas whose proofs can be found in section 6.2 and 6.3.

Lemma 3. Let 1 <i< j<n. Then

Ti 10k
<v6keja 6@) = _\;ﬁ - = <V€kei7 ej) 5
11— 1

foranyk=1,... n.
Remark 8. The properties of the connection V have the following conse-
quences:
e The compatibility of V with the metric and (e;, e;) = 0 ;, imply that
<V5k€j7 ei> == <v€k€i7 ej> :
In particular, (V,,e;, e;) = 0.
e The symmetry of V, imply that if I < k, then

n

lex,er] = Ve,e0 — Veer = ; (Ve,er = Veer, i) e = ] €.

Lemma 4. Fork,l=1,2,...,n

0 k>l

. < X1 > _i et
L) =

V/Si-18;5 B/ T W N

V/Sk—15KkSkSj—1
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It is a direct consequence of the choice of the vector fields é; that V¢, &, =
0, and [é, 6] =0forall k,i=1,...,n
Consider the vector fields X = e, + ger, + V(ex) which generate the
distribution D, introduced in Proposition 3, restricted to U. In this case,
we have the explicit form
k—1

Ti-1
X A = ik€i —F— Wik A).
w(x, 2, A) = er(x +Zak€ ; T_lsiwk( )

In order to determine the commutators [ X}, Xj], let us assume that k > [.
Then

‘r’L 1 Ii 1
[ Xk, X)) = [ex, ] E E zkajl€g+§ g Wiiairé;

S
i=1 j=1 7’ j—1 i=1 J— 1 J
-1 k—1 -1 T
et St T
€k < ) Wi+ E e ( ) Wi+ E E [Wikawjl}
) V/Sj—155 91 154 =1 = 1,/91 15iSj—-185—1
k—1 n n
— ep— b aﬂdkl ajrp0i1) €+ E (a0 — ayd;y) é;
Vgllql o1 g1 VSi-18 glzlvsﬂlﬂ

k-1 k-1

1 Ti—1% -

W Z : i—1L]-1 z :
S t \/S S1S8;-15; z

! i=l+1 1=15124-1¢ i=1 j=1

Ti— 1$j 1

(=03 Wik +8; ;W)

S§i—15;5j—18;

x . 1 x? L 1

Ll—1 Lg—1 -1

=——\|er+ E ake g 7”% + ——+—+ E <—> ”lk
/791 5 ( JkC3 — /Si—1S; > ( S S1—1951 e Sj Sj

j=1 i=1

T
= —X} — W
\/ S1-151

Define the vector fields Yy, for [ < k, by

.
Yie == [Xy, Xi] + 7%)(1@ = Wi.
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Finally, let

n

Zy = [Y127X2] = Zailéia

i=1

Zk X175/ik Zalkel', k:27"'7n'

We conclude that the entire tangent space is spanned by { Xy}, {Yix }1<i<k<n
and {Z;}7_,. Hence, D is a regular bracket generating distribution of step
3, which implies that the system of rolling S™ over R™ is completely control-

lable.

6.2. Proof of Lemma 3. The proof of this Lemma is rather technical and
it consists mostly of rewriting formulas in an appropriate way. We begin
with some observations.

® s, 1= 1‘ _1+ 55
o If His the Heaviside function

1 whenz >0
H(J’)_{o when z <0

then
0

%Sj = 2IkH(k' *‘])

e For any integer j,
H(j) = do; + H(G = 1).
e Due to the identity

<87ei>_ S; ( 6kl 1+Ikl'i_1H(]€—7:)>’
Oz, Si—1 5

we obtain

< - d > [s < x; 1 22H (r — 2))
Z Tr7 6 )= I'r ri—1 + —
r=k 8:C’!‘ Si—1 S;

= T;—1 — (éde{k s H(Z — k- 1))
Si—1

Si

S sgH(k—1—1
=T i <6z,k+%(”) .
S;

Si—1
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Step 1: Finding Vaa e;. We calculate

0 [ _wmHk=d) gy, [2

D, \ 551 5j-15; Sj-1
1 1 ;
= l’kH(k‘ ) SJ ( — > — Ikdk,j—l fij
Sj-1 \5;  Sj-1 Sj-1
_ S <IkI]2‘—1H(k —J) _ xkfsk,jl)
Sj—1 Sj—-1S5; Sj—1
and get
_ cprl H(k—j T30k i—
VB < kb1 ( J)_I"k k,j 1>e]
Oz Sj-15; ijl
(5k] 1 Z 21'9 1%'kH — j Z l’jle(k’ — j)i
sj 1 sj 1= 8% 8 5; oxy,

. (l‘k.T] 1H(k’ —j) _ Ql‘kH(k‘ —]) _ l‘k(sk’j_1> o
= -]

Sj-15; S; Sj—1
/ 6k] 1 d 2$kH(k’ — ]) 15} Ij,lH(k‘ — j) 0
+ Sj—1 < Z 3 Sj 01}]’,1 + Sj 8xk

L0k i
<ka(]€ )SJ LT + Tk kj 1) e;
Sj—1S5; Sj—1

. 0 0
s 5 (5k] 12% —J) <xj_18:xk szaxj1>)

Step 2: Calculating Veke]-. Using Step 1 and formula (20), we are able to
compute

= Sk = Tp—1
Veei=,/— |-V E vV o e;
] ~ Orkl l zz]

: Sii1+8;  Tp_ 10k
_ 9k<<$k1H(kj—j—1)9] 1+9J+Tk1k.,j>ej

Sk—1 Sj-15; Sj—1

0 d
Y <5m Z% —-j—1) <~70j181%_1 — 2Tk1(,)%_1>>

2 .
Th_ sii14+s; x5 H(H—k—-1
+ k—1 ( <Smax{]‘7k} j—1 J + 7—1 (J )) 6]'

Sk Sj—-1S5; Sj—1
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1 S5 - d 19}
+— Lz, HG—k—-1) E xr —l—zr g Tp—=— — 28 maxfikl =——
s;\ 551 -1 H(j i 1T R oz, a {J,k}axj_1

Step 3: Obtaining (Ve,e;,e;). We calculate it case by case,
e if £ = j, then

= Sk Sk
Ve, €r = e — — E 8
Sk—1 \ Sk—1 Sk—1 Ly

Tp_1 Sk—1 + Sk 1 Sk - 0 0
+ - e+ —4/— | Th- Tpm— — 28 7——
Sk ( sir s\ sk ( ¥ 12; oz, Mok

r=

n
Sk [ Th—1Sk — Tp_15k — Th—15k—1 1 Sk 0
=,/— eh— —y)—— Y T
ox,

Sk—1 Sk—15k Sk \ Sk—1
r=k
Tk—1 Sk 0
' ( AT
Sk Sk—1 0Tp_1
n
1 0
= - Ty
Sk :
k=1, 57 Oz,
and so

Ti1 S ( Skle(k' —1— 2)> .I'l,lH(k —1— 1)
0ik—1 + = -
Si vV Si—-15i

Sg—1\ Si—1

e if k£ < j, then

Voey = [ (Tt (- Sf*”ux?*l e;
o Sk—1 Sk 8.7;1 5]‘—1 ’
1 0
+— Ti_ IT +x xT —

Sk k—1
=,/— —2e;+2¢;) | =0
(( J »)

o if j <k, then

= Sk Si_1+ 8 1 Si 0 0
Vekej = e ((lle € — — L Tj 173 —— — 21’]@,17
Sk—1 Sj—-1S5; Sj Sj—1 ka,l a$]‘,1

L1 Sj—1 + Sj 1 Sj - d d
+ — s ei+—,/—— | x;_ T,— — 28
Sk ( ( k Sj—15; > J Sj Sj—1 g-1 ; 3$T kal']‘_l
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SkSj Tj-1 d QIk_l 15} Tp-1Tj-1 - 0 2Ik_1 19}
= - + + Tpm— —
Sk—155-1 Sj 8xk_1 Sj 6:rj_1 SESj —n 8IT Sj 81’]'_1
Tj-1
= ——¢€
v/ Sj—15j

The conclusion is that all the Christoffel symbols T'y; = (Ve,e;, ¢;) vanish,
except for

; Ti_
k J Jj—1 .
I =-T,=—"22 j<k
Sj—-15;

6.3. Proof of Lemma 4. We need to consider three cases. Observe that
0 < T > Ok fo,lfgl—uc
Oz, \\/31-181 B V1S sie1 V/sust

1 mzeH(k=1)  1xzpH(k—1)

Si—1 \/ S1-151 Si \/Si-151

1 (6 (Sl + Slfl)xlflflikH(k — l))
1—1,kS1 — s

/3 S
Sl_lsl

SO

( i1 ) Sk ( ( (si+ si—1)mi1xp 1 H(k — 1 — 1)>
€k =\ 3 |\~ 5z,k81 -
V/ S1-151 S1_181Sk—1 S1

Tho1 o (s1 + si—1)xi—12, H(r — 1)
| 011081 — .
+ s ZI <l 1,rS1 %

r=k

_ Sk (_6l,k81 + (Sl -+ Sl_l)Il_l.CCk_lH(k‘ - — ].)

$3 L S1SK-1 Sy
el (SCIlSlH(l —1-k)— (0 + Sll)zllsmw{k’l}>> .
Sk Sl
e If k =1, then
o ( Tp—1 > _ <_3k o skt Sk—l)xk—15k>
/Sk—15k s:, Sk Sk
1 st (et sl —s) 1
s2 Sk S

o If £ > [, then
. ( Ti—1 ) . Sk ((91 + S1-1)T1m1%ko1 T (S0 + 511)9El18k) -0
k - = 0.
\/SiZ181 S S8 s Sk si
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o If £ <[, then

Ti-1 Sk Th—1 (s1+ s1-1)21-15
€k =\ 3 Tyasy————————
\/ Si-151 S1_1S51Sk—1 Sk S1

Trp—1T1—1

\ Sk—1SkSi1—-151

7. A NON-CONTROLLABLE EXAMPLE: SE(3) ROLLING OVER R®

7.1. Calculation of the dimension of the orbits. Let SE(3) be the
group of orientation preserving isometries of R®. We consider the case of
SE(3), endowed with a left invariant metric defined later, rolling over its
tangent space at the identity 7j SE(3) = se(3), with metric obtained by
restricting the left invariant metric on SE(3) to the identity. Our goal is to
determine whether any two points in the configuration space can be joined by
a curve tangent to the distribution presented in Definition 5. This problem
is equivalent to the controllability of the system, that is, we want to obtain
any configuration by rolling without twisting or slipping, from a given an
initial configuration.

We give SE(3) coordinates as follows. For any x € SE(3) there exist
C = (¢i;) € SO(3) and r = (r1,79,73) € R3, such that = = (C,r) acts via

x(y)=Cy+r,  forallyeR’

The tangent space of SE(3) at x = (C,r) is spanned by the left invariant
vector fields

e =Y :i(c o _ (. f’)

V2 " 1z dca1
(21)
13 P d
=52 (leaTﬂ - CﬂaTﬂ)
v 1 o o
ex =Y, —@(C'BTS—C'@C&)
(22)
1 3 el 12}
=521 (Cﬂ@ - Cj:%@)
v 1 o o
e3=1Y; _ﬁ<c.80723_0.3632)
(23)

Sl

3 0 _ .. 9
Z]‘:l (CJZaCJ3 01308]2)
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9 <~ 9
24 ks = X =C - — = k= k=1,2,3.
( ) €k+3 k ark ; Cik (97"]' ) 4y
Define a left invariant metric on SE(3) by declaring the vectors ey, ..., eg

to form an orthonormal basis. The mapping

A A A A

permits to identify se(3) endowed with the induced metric, with R® with the
Euclidean metric. We write é;, = B%k on R® and try to see how the intrinsic
rollings of SE(3) on R® behave. Note that Q = SE(3) x R® x SO(6), because
both manifolds SE(3) and R® are Lie groups, so their tangent bundles are
trivial, and dim @ = 27.

Let us denote by V the Levi-Civita connection on SE(3) or R with re-
spect to the corresponding Riemannian metrics defined above. The covariant

derivatives V,,e; are nonzero only in the following cases

VynYe = VY = _m}/}s
VvYs = —VyY = %YQ
VY = VY= —27\1/53/1
VnXp = % (020 X1 — 014X2)
VX, = % (031 X1 — 014 X3)
Vy, X, = 1 (03,6 X2 — 02, X3)

S

where 9, ; denotes the Kronecker symbol. On the other hand, it is well-
known that V¢ é; = 0 for any ¢, j. Proposition 3 and Definition 5 show that
the distribution D over @) is spanned by

Zy = Yi+gi + ﬁwzs + %Wéﬁn

Zy = Y2+(IY'2—$W13+%W467

25

(25) Zy = Y3+qYs+ ﬁwm + %Wss,
K, = Xi+qXy,
Ky = X5+ qXo,
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In order to determine the controllability of rolling SE(3) over R®, we
employ the Orbit Theorem [6, 13]. In the case of D, defined by the vector
fields (25) straightforward calculations yield that the flag associated to D is
on the form

D2 = D D Span {W127 ng, W23}7
(26) D* = D?@®span{qY,qY, qY3},
DY = D37
and so dim D? = 9, dim D* = 12 for all k¥ > 3 and the step of D is 3.

Let (20, Ty, Ag) be an arbitrary point in @, and let Oy, 5,,4,) denote the
subset of all points in ¢ which are connected to (g, T, Ag) by an intrinsic
rolling. The Orbit Theorem asserts that, at each point, D? is contained in
the tangent space of the orbits. However, since we know that D? has a local
basis, we have the stronger result of

Ta5.4O(w050.40) = Dz

holding for all (z,Z, A) € O(430,40)-

It follows from (26) that Oy, z,4,) has dimension 12. Since O(y, ,,40) 1
not the entire ), we conclude that the system is not controllable.

We end this Section with a concrete example of an intrinsic rolling ¢(t) =

(x(t),Z(t), A(t)), where
z(0) = idgs, Z(0) =0, A(0)=1.
Define the curve z : [0,7] — SE(3) by

cosf(t) sinf(t) 0 Y 0
(27)  z(t)y=| —sinf(t) cosf(t) 0 vy | + 0 ,
0 0 1 Y3 P (t)

where 6(¢) and ¢(t) are absolutely continuous functions with (0) = ¢ (0) =
0. Then & = ﬂ@(t)Yl_—ﬁ— ¥ (t) X3 for almost every ¢, and the rolling has the
form ¢ = v/20(t)Z, + 1 (t) K3, or equivalently

(28) B(t) = V20(t)Y: +1)(t)Xs
(29) B(t) = V20(t) Vi + U(t) ¢ X5
(30) At = 00 (J0nt) W)
for almost every ¢. It follows from equation (29) that
V20(t)
0
3(t) = 8
0

e(t)
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Equation (30) can be written as

Aty =A- <9(2ﬂW23(1) +0(t) W45(1)> )

which can be solved by exponentiating to obtain

1 0 0 0 0 0
0 cos (%) sin @) 0 0 0
A(t) = 0 —sin (@) cos @) 0 0 0
0 0 0 cosf(t) sinf(t) 0
0 0 0 —sinf(t) cos(t) 0
0 0 0 0 0 1

7.2. Imbedding of SE(n) into Euclidean space. Since it is less obvious
how to extend an intrinsic rolling of SE(3) on se(3) to an extrinsic rolling
in ambient space, we describe an isometric imbedding of SE(n) into the
Euclidean space R(+D?, Identify an element C € R™D? with the matrix
€11t Clayl

6 — . .

Cn411 *° Cpglntl

Define the inner product on R+1* by
<61762> = trace ((él)tég) .

Note that since
n+1

<€7€> = Z |Eij‘27
ij=1
the metric (-, ) coincides with the Euclidean metric. From this we get that

n+1 ;
{ 613} is an orthonormal basis for the tangent bundle TR™D* with
i =1

respect to (-, ).
We define the imbedding of SE(3) into R+D* by

L: SE(n) — RO+’
= cr
z=(C,r) —» C= ( 0 1 >

This mapping is in fact an isometry of SE(n) onto its image. To see this, no-
tice that the metrics coincide at the identity, and that the metric of R(”“)z,
restricted to Image ¢, is left invariant under the action of SE(n). Hence, the
metrics on SE(n) and Image ¢ coincide, and ¢ defines an isometric imbedding.
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7.3. Extrinsic rolling. We will use the imbedding from Subsection 7.2 to
construct an extrinsic rolling of SE(3) over se(3) in R'®. We use 9;; to

denote 5%. For the sake of clarity, we denote by M the image of SE(3) by

t. Then the vector fields spanning T'M are

13

e =Y =— (€10s2 — Ci20i1) ,
13

eg =Yy = — (€10s3 — Ci30i) ,
13

e3=Ys=—=> (CinOiz — CizOi2),
3

esqr = X = Z@k@@ k=1,2,3,

j=1

where we suppressed d¢ in the notation. We introduce an othonormal basis
of TM+

3
1

Tl = ﬁ Jz:; (Eﬂ@jz + Ejzajl) s
13

Ty=— ¢j10;3 + C;3051) ,

2 ﬁ;( J1Y53 J3 Jl)

13

Ts=—=) (2053 +Cj305),
\/5]2:; 729 339j

3
Uy=> endin, A=1,23
j=1

E)\ :84;u n= 172a374
We denote by M the image of RS into RS by the imbedding

0 %fl %@ T4
AAAAAA o | —5&m 0 4T3 Ty
(71,02, T3, T, Ts, Tg) \{5,\ 1~ V2 ~
—ﬁxz —\ﬁ"g 0 Tg
0 0 0 0
We have the following orthonormal basis of ™ ,
R 1
€1 = ﬁ(am - 321),
. 1
€2 = (O13 — O31),

S

2
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. 1
€3 = ﬁ(azs - 632),

é3+k :ak4 k= 17273
while the vector fields spanning T]/\/['\L

€ = (612 +0n),

€y = (313 + 031),

€3 =

<= 8l

(823 + 032),

é3+f{ = amm K= ]-7 2737

€6+,€ :84,€ K = 1,2,3,4.
In order to extend an intrinsic rolling ¢(t) with w(q(¢)) = (z(t), Z(t)), we
will find an orthonormal frame of normal parallel vector fields along x(t)

and Z(t). Along Z(t), we may use the restriction of {¢,}.",. For the curve
x(t) the answer is more complicated.

We first study the value of V* for different choices of vector fields.
(1) V%Z, = 0, for any tangential vector field X.

(2) Vx, T =0, for any normal vector field T.
(3) Otherwise

Tl TQ Td \Ijl lIIZ \de
Vi |5 (0 = 0y) | —55T5 =Ty =30 371 | O
Vi | —asTe | s 5y 0 [T [Ty

We use the above relation to construct an extrinsic rolling. We will illustrate
this by considering the curve (27).

Since #(t) = V2 6(t )Yl(x(t)) U (t) Xs(z(t)), the vector field

Mu.

U(t) =y (a®)Ta(x(t) + vspa()Ua(z(?)))

>
Il

1

is normal parallel along z(t) if

0 0 9
<@1 - % (U4 — U5)> Tl + (Ug + 2’1}3) TQ + <U5 — 2’U2> TJ

+ (’U4 + jivl> \Ijl + <U5 — jﬁvl) \1/2 + Uﬁ\Ijg =0.
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Hence we define a parallel orthonormal frame along z(t) by

e1(t) = cos 01 (2 (1)) — % in 00, (2(1)) + % sin 005 (2(1)) .

ex(t) = cos (Z) To(z(t)) + sin (Z) Ts(z(t)),

€3(t) = —sin (g) Yo (z(t)) + cos <Z) Ts(x(t))

cosf +1 1—cos@

e(t) = — sin 07, (2(t)) + ) +

V2

1—cosé 1+ cosé

e5(t) = ——— sin 07, (2(¢)) + R () + T ()

V2
e6(t) = Ws(z(t)),

€6+)\(t) = E)\(Z‘(t)) 5 A= 17 2,3,4.

Thus p(t) is represented by a constant matrix in the bases {e,(¢)}12, and
{&:(1)}10 . Let us choose p(t) to be the identity in these bases, since this is
the configuration given by the imbedding.

The curve g(t) = (g(¢), p(t)) in Isom™ (R) is given by

gt)T = AT +7(t),

where
2 0 16 sin 6 cos —1
cos® 3 —=5 0 0 = ] 0 0 0 0
=5 0 cos? % 0 0 sin? % =5 6 0 0 0 0
0 0 cos? 0 0 0 smf 0 0 0
0 0 o0 1 o0 0 00 0 0 0
75;2L0 sin? % 0 0 cos? % — Sig g 0 0 0 0 010><6
s 00— 1 i in ¢ 20
_ cosf=1  _sin o 0 = o 00 0 0
At) = 0 0 —sin 0 0 0 cos? 0 0 0
0 0 0o° 0 o 0 00 1 0 0
0 0 0o 0 0 0 0 0 cos % —sin g
0 0 0o 0 0 0 0 0 sing cosi
06>< 10 16
t
0 0

and 7(t) = (—1,\/5,0,0,\/5, -1,0,0,0,0,—-1,0,0,0,0,0 ) . Here, 0,,,x,, de-

notes the zero matrix of size m x n and 14 is the identity matrix of size 6 x 6.
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GEOMETRIC CONDITIONS FOR THE EXISTENCE OF
INTRINSIC ROLLINGS

MAURICIO GODOY MOLINA
ERLEND GRONG

ABSTRACT. We present necessary and sufficient conditions for the exis-
tence of intrinsic rollings of manifolds. Given a curve in one manifold
and an initial configuration, the existence of a rolling follows from the
construction of the development of a curve. We show that it corresponds
to a rolling without slipping or twisting. Given two curves one in each of
the rolling manifolds we find conditions under which an intrinsic rolling
exists following the curves in terms of generalized geodesic curvatures.

1. INTRODUCTION

Rolling surfaces without slipping or twisting is one of the classical kine-
matic problems that in recent years has again attracted the attention of
mathematicians due to its geometric and analytic richness. A very interest-
ing historical account of problems in non-holonomic dynamics can be found
in [3] in which the problem of the rolling sphere is presented as one of the
first examples of a non-holonomic mechanical system. The interest in this
particular case can be traced as far as the late 19th century and early 20th
century, for instance, see [5, 6]. Recent developments searching to explain
the symmetries of the system can be found in [1, 4] and a detailed exposition
of the non-holonomy of the rolling sphere is presented in [11].

The definition of the so-called rolling map, which corresponds to rolling
manifolds of dimension higher than two imbedded in R™ without slipping
or twisting, was given for the first time in [14]. This was the starting point
of [7] where this extrinsic point of view was shown to be equivalent to a
purely intrinsic condition and a condition depending solely on the imbed-
dings of the manifolds. The extrinsic point of view, which depends on the
imbeddings, has been successfully applied in some particular cases, obtaining
interpolation results [9] and controllability [12, 16].

In the present article we address the problem of existence of rollings for
two abstract manifolds of dimension n. We employ the coordinate-free ap-
proach introduced in [7] which allows us to consider the problem with purely
intrinsic methods. The existence questions treated in this paper are two:

2000 Mathematics Subject Classification. 37J60, 53A55, 53A17.
Key words and phrases. Rolling maps, moving frames, Frenet vector fields.
1
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finding a rolling along a given curve in one of the manifolds and an initial
configuration, and determining conditions for a rolling to exist whenever the
projection curves of the rolling are given in both of the manifolds.

This paper is organized as follows. In Section 2 we briefly recall the
definition of an intrinsic rolling. In Section 3 we show that the well-known
construction of development corresponds to a rolling without slipping or
twisting. In Section 4 we find a complete characterization of curves along
which surfaces can roll on each other. As a corollary, we obtain a geometric
consequence of rolling a surface on R? along a loop. Finally in Section 5 we
deal with the higher dimensional situation, which requires the introduction
of Frenet vector fields in order to generalize the notion of geodesic curvature.

Acknowledgments: We thank Georgy Ivanov, Irina Markina and Mar-
tin Stolz for their willingness to discuss some of the results presented here,
as well for their useful suggestions and remarks.

2. INTRINSIC ROLLING

The aim of this Section is to provide the necessary background and nota-
tions of the coordinate-free approach of rolling manifolds without slipping
or twisting as presented in [7]. As customary, in the rest of the article we
use simply rolling to refer to rolling without slipping or twisting.

Let M and M be two connected Riemannian manifolds of dimension n.
The configuration space @ for the intrinsic rolling is the SO (n)—bundle

(1) Q={qebon (T.MT:0I)| v e M e},

where Isom™ (V, W) stands for the space of linear isometries of the inner-
product spaces V and W. As noted in [7], the bundle @ can also be repre-
sented as -

Q= (FM x FM)/SO (n),
where F'M denotes the oriented unit frame bundle of M, i.e. the principal
SO (n)—bundle where the fiber over a point x € M is the collection of all
oriented orthonormal frames in T, M, and the quotient is with respect to the

diagonal SO (n)—action on the cartesian product of F'M and FM.

Remark 1. Unless n = 2, the SO (n)—bundle @ is not principal in the
general case.

Denoting by pr,, : @ — M the projection onto M and similarly the
projection pryz, we have the following definition.

Definition 1. An intrinsic rolling of M on M is an absolutely continuous
curve q : [0,7] = Q, satisfying the following conditions: if x(t) = pryq(t)
and Z(t) = prypq(t), then
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(1) no slip condition: T(t) = q(t)i(t) for almost all t;
(II) no twist condition:

o) 2 2(0) = a()2(0)

for any vector field Z(t) along z(t) and almost every t.

In the previous definition, the symbol % stands for the covariant derivative

associated to the Levi-Civita connection on M or M.

The main result in [7] states that given an intrinsic rolling ¢, isometric
imbeddings of M and M into RV , for a sufficiently big N, and an initial
configuration of the imbedded manifolds, there is a unique rolling in the
sense of Sharpe [14, Appendix B] yielding to the same dynamics as the
original rolling q.

In the following Sections, the letter @ is employed uniquely as the config-
uration space of the intrinsic rolling for the manifolds under consideration
and it will always be considered as the bundle of isometries (1). Similarly,
all the manifolds are connected and Riemannian.

3. CONSTRUCTION OF A ROLLING: DEVELOPMENT

3.1. Development. In the construction of stochastic trajectories on man-
ifolds, the idea of a development plays a central role. Let us shortly recall
the definition and construction of a development.

A general frame at © € M is an isomorphism f : R" — T, M, and denote
the set of all general frames at « by F..(M). Any general frame at x induces
a choice of a basis of T, M given by

fi=1r00,...,1,...,0), j=1,...,n.
~——

1 in the j—th place

The general frame bundle F (M) =[], F.(M) can be naturally be given the
structure of a manifold of dimension n(n+1) with a principal GL,,(R)—struc-
ture. The manifold structure of F(M) is such that the natural projection
7w F(M) — M is a smooth map.

Let M be equipped with an affine connection V. A curve into the general
frame bundle f : [0,7] = F(M) is called horizontal if the vector fields f;(t)
are parallel along the curve wo f : [0,7] — M. The tangent vectors of all
horizontal curves form a distribution F called the Ehresmann connection
associated to V. For any point f € F(M), a horizontal vector v € E is
called the horizontal lift of X € Ty M at f, if m,u = X. Since 7,|g, is an
isomorphism of vector spaces, the horizontal lift is well defined. Write Hx (f)
to denote the horizontal lift of X at f. Note that, given a differentiable curve
x :[0,7] — M, the horizontal lift f(t) = (fi(t),..., fa(t)), where each f;(t)
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is parallel along x(t), satisfies the differential equation

(2) Haw (f(1) = f(2).
The horizontal curve f(t) solving (2) is only determined up to an initial
condition f1(0),..., f,(0).

Definition 2. A curve T : [0,7] — R", where Z(0) = 0, is called the anti-
development of x : [0, 7] — M, if there is a horizontal curve f(t), so that

(o £)(t) = a(t) and
(3) FOEW) = ).

It is convenient to remark that, using (2), equation (3) is often equivalently
written as

(4) F@) = Hyy ) (F (1))

For the applications of developments to Brownian motion on manifolds
and related topics, the interested reader can consult [8, Chapter 2] and [10].
In the firt reference it is also possible to find the comment that the develop-
ment corresponds to a rolling with no slipping of M on R”, but no further
interpretation is given.

3.2. Development as an intrinsic rolling. The aim of this subsection
is to reinterpret the definition of development presented in Subsection 3.1
as an intrinsic rolling, where one of the manifolds is R™. The main idea is
to show that equation (3) is equivalent to the no-slip condition, while the
requirement of f(t) being horizontal with respect to £ is equivalent to the
no-twist condition.

Let x(t) be a differentiable curve in a connected oriented Riemannian
manifold M. Let V be the Levi-Civita connection on M and let FM be
the oriented unit frame bundle. Note that we can consider the Ehresmann
connection F as a subbundle of TF M, since parallel transport preserves the
orientation and orthonormality of a frame in F M.

Without loss of generality, we can assume that the tangent bundle of M
is trivial. This is possible since our considerations are of local nature. Let

e1, ..., e, be a global oriented basis of orthonormal vector fields. This choice
induces coordinates in F'M given by
(5) F(M) — M xS0(n) whenever f; = Zfijei(:r)

foo—= (@, (fiy)
Note that the choice of the basis {e;}? ; implies that

Hk(f) ::H —Pk Z fr] kra

2,7,r=1

fZ]
where I}, := (e,, V,es) are the Christoffel symbols of M.
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Let M = R™ with the Euclidean metric and the standard orientation and
let Z(t) = (Z1(t), ..., Zn(t)) be the anti-development of z(t). Let

~ 0

e = —
J ~
3xj

be the standard basis for TM. As in (5), this choice of basis defines a

trivialization of FM. Let f(t) be a horizontal lift of Z(t) to F(]Tl\) By
straightforward calculations, we have that

(6) Fu® =0, () =3 Fa®e@®)),

~

For practical purposes, we will pick the horizontal lift f(¢) satisfying the
relations f;(t) = €;(Z(t)).

Let us consider the coordinates of the velocity vectors &(t) and Z(t) given
by

(1) = (&(1), e;(x(t)) and  Z;(t) = (T, ¢,(Z(1))).
Note that the relations (3) and (4) imply that

(7) Zi=Y fudi,
i=1

n

(8) fij=— Z g friTh-

k,r=1

In this terms, the connection between developments and rollings is rather
straightforward. For each ¢ € [0, 7], define an isometry ¢(t) by

F()y = a()f (1),

If we write ¢;; = (€;, ge;), then g;; = >, ﬁ,. fjr. Simple computations allow
us to reformulate equation (7) as the no-slip condition

T = q(t) (1),
and similarly, equations (6) and (8) imply the relation
Gij = Z jkqirFZjv
k,or=1

which is equivalent to the no-twist condition, see [7].
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3.3. Construction of a rolling. The aim of this subsection is to show an
explicit construction of the development along a curve z : [0,7] — M for a
sufficiently small 7 > 0 in terms of the Riemannian exponential of M. As
seen in Subsection 3.2, this is essentially the same as constructing an intrinsic
rolling of M on R™ along the curve x starting at a given gy = (¢, %o, Ag) € Q,
where z(0) = zy and Ay is an isometry between T, , M and T5,R™.

Let us assume that the curve x is a geodesic in M. This condition is
necessary for the proof of Proposition 1 to be valid. The case for general
curves will be addressed in future research.

Let U x U C M x R™ be a neighborhood of (zq,Zg) € M x R™ such that
the bundle Q‘Uxfj is trivial and the inverse of Riemannian exponential map
at xg restricted to U is an isometry. Assume 7 is sufficiently small so that
z([0,7]) C U.

We construct a curve Z : [0, 7] — R™ as follows:
9) Z(t) = Ago exp;o1 ox(t),

where exp,, denote the Riemannian exponential mapping of M at zo. Using
this curve, we can define amap A : [0, 7] — SO(n) as follows. Let X1,..., X,
be an orthonormal basis of T, M and )?Z = @oX; be the corresponding
orthonormal basis of T5,R™. By parallel translating both bases along x and
Z, we define the vector fields X,(¢) and X;(t) along = and 7 respectively.
The map A(t) is defined as the isometry mapping X;(t) to X;(¢). Note that
by construction A(0) = Ay.
With these notations, we have the following result.

Proposition 1. Let z : [0,7] — M be a geodesic in M and letT : [0,7] — R"
be defined by equation (9). The curve

g @ [0,7] = Q=UxUxSO(n)
(10) to= (x(t), (), At))

defined for a sufficiently small T, is an intrinsic rolling.

Proof. The no-twist condition is satisfied by construction, thus we only need
to check that the no-slip condition

holds. Since x is a geodesic, it can be written locally as exp, (tv), where
v = £(0). This implies that locally

(1) = Ao(v)1,

and thus Z(t) = A(t) i(t) = v. 0
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4. EXISTENCE OF INTRINSIC ROLLINGS IN DIMENSION 2

The aim of the present section and Section 5 is to discuss the existence of
an intrinsic rolling of two manifolds, M and M , following given trajectories
x:[0,7] > Mand Z: [0,7] — M. More precisely, the problem asks whether
a rolling of the form

(11)

q : [0,7] — Q
toe (x(t),2(t), A1)

exists. Before trying to give sufficient conditions for the general situation,
let us see the concrete case of surfaces. We follow the notation in [2].

Let us assume that the curves z and T are parametrized by arc-length.
It is clear that requiring x and Z to have the same length is a necessary
condition for the existence of ¢ as in (11). It is easy to construct examples
to see that this is not sufficient. For the case of surfaces this problem has
a complete solution, assuming the curves are sufficiently regular, as seen in
the following Theorem.

Theorem 1. Let M and M be two Riemannian connected surfaces. Let
x:[0,7] = M and T : [0,7] — M be two curves of class C?, parameterized
by arc-length and geodesic curvatures kq(t) and Eg(t) respectively. Then,
there is a rolling

qg : [0,7] — Q
toe (x(t),2(t),0(2)

along x and T if and only if ky(t) = Eg(t).

Proof. Note that the condition that x and Z have the same length assures
that, if there is a rolling, the no-slip condition is already satisfied. This
means we should prove the no-twist condition only.

Let v : [0,7] — [0,27) be a curve of class C! such that

&(t) = cos(v(t))er + sin(v(t))ea,

where {e1, e} is an oriented local orthonormal frame in M, and define the
curve 6 : [0,7] — [0,27) of class C! such that

Z(t) = cos(v(t) — O(t))e; + sin(v(t) — 0())es,

where {€1,€,} is an oriented local orthonormal frame in M.
Define the local normal vector fields

N(t) = —sin(v(t))er + cos(v(t))ez,

]V(t) = —sin(v(t) — 0(t))e1 + cos(v(t) — 0(¢))es,
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and then the geodesic curvatures of z and Z have the form

(12) ) = (G0N0 ) = i(0) - o)~ sin(o(0)h

N D: -
(13) Rt) = { 0.5} -
= 0(t) — 6(t) — cos(v(t) — O(t))T'L, — sin(v(t) — 6(t))TL,,
where I'l,, '}, are the Christoffel symbols of the basis {e;, es}, and similarly
for T'{,, ['3s.
From the equations (12) and (13), we see that the equality
kq(t) = ky(t) is equivalent to the condition

0(t) = cos(v(t))TL, + sin(v(t)) Ty — cos(v(t) — O(1))T'L, — sin(v(t) — 6(2))TL,

which coincides with the no-twist condition in dimension 2 found in [2,
Chapter 24]. O

This result has the following Corollary, which is a very interesting geo-
metric consequence and answers a question posed by R. Montgomery [13] in
the case that one of the manifolds is R? and the trajectories are loops, as
seen in Figure 1.

FIGURE 1. A sphere S rolling following a loop Z(¢) in R2.

g\orollary 1. With the notation and hypotheses of Theorem 1, assume that
M = R? with the wusual Riemannian structure and the curves
z:[0,7] = M and T : [0,7] — R? are simple loops, where x(0) = (1)
and T(0) = Z(7). Let o be the angle between ©(0) and &(T), then

/OT kq(t)dt = .
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Proof. Since M= R?, we have fb = f%Z = 0, thus
kg(t) = kq(t) = 0(t) = ().

Since the curve 6 : [0, 7] — [0, 27) must be a loop, we have that

/ O(t)dt = 0,
0
which implies that

/OT ke (1)t = /OT(@(t) —(8))dt = v(r) — v(0) = a.
The Corollary follows. O

5. EXISTENCE OF INTRINSIC ROLLINGS IN DIMENSION n

In order to find a condition similar to the one in Theorem 1 in the case
of rolling manifolds of higher dimension, it is necessary to find the correct
analog to the geodesic curvature. The definition that is suitable in this
context can be found in [15, pp. 21-32].

Let z(t) be a curve of class C™ parametrized by arc length. Consider the
following process

e Define vy (t) = &(t).

o If T vy # 0, a.e., define vy to be a unit vector field satisfying

D
a U1 (t) = K1 (t)’l}g(t),

for some function r;(¢) of class C" 2.

o If %vj_l + Kj—ovj_2 # 0, a.e., define v; to be a unit vector field
satisfying
D
(14) 7 vj-1(t) + Kj—2vj-2(t) = K1 (t)v; (1),
for some function r;_y(t) of class C"7.

Note that k;(¢) is a direct analog to the geodesic curvature. Whenever
it exists, the vector field vq(t) is orthogonal to v; as can be seen from the
definition of covariant derivative

(0. 5y () = 5 g7 (B0 (0) =0,

where the last equality hold since v;(¢) has norm one. Similarly, since vq(t)
has norm one, it follows that

(15) <'UQ(t), % vg(t)> —0.
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The fact that (v;(t), v2(¢)) = 0 implies
(16) 0= 5 (0020 = {11(8. () + (o) (1)) =
_ <v1(t), % Uz(t)> +ra(t) = <vl(t), % os(t) + k1 () (t)> 7

Equations (15) and (16) imply that the vector field
D
dt

is orthogonal to both v1(t) and vs(t). By defining the vector fields v;(t)

inductively by (14), we see that (v;(t),v;(t)) = J;; for all 4, j as long as the
vector fields exist.

va(t) + k1 (H)vi(t)

Definition 3. The vector field v;(t) is called the the j—th Frenet vector field
of the curve x. The function k;(t) is called the j—th geodesic curvature of
the curve x.

Remark 2. In the literature it is common to require that «;_; is positive,
see for example [15, Chapter 7B]. We do not adopt this convention since, in
that case, it is usual to also require that % Vj_1+ Kj_ovj—s # 0 for all ¢. For
the purpose of the following results both v; and «;_; are only defined up to
signs.

Theorem 2. Let M and M be two Riemannian manifolds of dimension n,
and let z : [0,7] = M and T : [0,7] — M be two curves of class C™,
parametrized by arc-length. Suppose that both x and T have n well defined
Frenet vector fields and n — 1 geodesic curvatures {r;}/—{ and {F;}'={ re-
spectively. Then there exists a rolling along x(t) and Z(t) if and only if

(17) ﬁj:iEj7 ]:17777/

Proof. Write {v;}7_; and {9;}}_, for the Frenet vector fields along z and 7.
Assume that there is a rolling ¢(¢) along x(t) and Z(t). From the no-slip
condition, we know that ¢(t)vi(t) = v;(¢). From the no-twist condition and
induction, it follows that g(t)r;_1(t)v; = K;_1(t)v;(1).
Conversely, assume that (17) holds. By changing the sign of ¥;, we may
assume that x; = &; for j =1,...,n. Define

o(t) = q(t)v; (1)
In order to see that ¢(t) is a rolling, we need to show that if w is any vector
field along z(t), we have

D

D alty(t) = alt) w(r).
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This equality holds since

k
o020t = o) Y 2w, =

L =N =N D
(W) + wj(—Kj-10j-1 + Kj+10541)) = pr q(t)w(t).

Il

1

j
This concludes the proof. O

Proposition 2.4 in [14, p. 381] establishes the existence and uniqueness
of the rolling map, whenever a curve in one of the manifolds and an initial
configuration are given. This proposition, as written in the source, has an

innocent error in the formulation, since the result holds only for sufficiently
small time intervals. To see this, simply pick

M ={(z,y,2) eR*: 2+’ + (: — R)* =R’} and
M={(z,y,2) ER®: 2’ +y+2<1,2=0},
where R > 1/m, the curve in M to be geodesic arc
x(t) = (Rsint,0, R(1 — cost)), t€[0,7],

and the initial contact point in (0,0,0). As can be easily seen, when rolling
along x, we “run out of space”, see Figure 2.

T

FIGURE 2. An impossible rolling: the manifold M is “too small”.

Corollary 2. With the notation and hypotheses of Theorem 2, consider a
given initial configuration for a rolling (xo, Zo, o) € Q, where xy = x(0) and
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Zo = Z(0), and assume z is a geodesic in M. Then, for sufficiently small
values of T, the equality

Z(t) = qo o expy, o z(t)
holds if and only if k; = £K;.

Proof. By Proposition 1, for sufficiently small ¢, the curve go o exp; ! ox(t) is
the projection onto R™ of a rolling. By uniqueness, it must satisfy x; = £K;
by Theorem 2. The converse holds by similar arguments.
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