Geodesics in geometry with constraints
and applications

Irina Markina

Abstract. In this course we will carefully define the notion of a non-holonomic
manifold wich is a manifold with a certain non-integrable distribution. We will
define such concepts as horizontal distribution, the Ehresmann connection,
bracket generating condition for a distribution, sub-Riemannian structure and
sub-Riemannian metric, Hamiltonian system, normal and abnormal geodesics,
principal bundle and others.
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1. Introduction

These notes are based on the course of lectures presented at the summer school
“Analysis - with Applications to Mathematical Physics” that took place at Georg
- August - Universitat, Gottingen, in August 29 - September 2, 2011. The main
purpose of these notes is to give a flavor of the subject that during the last decade
received the name Sub - Riemannian Geometry and that studies the geometry
of manifolds with non - holonomic constraints and presence of a positive definite
metric. This subject has attracted attention of scientists since 19-th century. We
will not describe the history of development of this subject, we only mention that
it was independently considered in several branches of mathematics such as non
- holonomic mechanics, geometry of bundles, CR manifolds, geometric control
theory and others.

It is supposed that the reader is familiar with basic notions of differential
geometry, topology, and Lie groups. Nevertheless, in order to keep self - sufficiency
of the notes, we present the main definitions and basic notions related to these
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topics in the Appendix A. It is advisable to consult first the Appendix A, if the
reader meets an unfamiliar notion.

The principal subject of the sub - Riemannain geometry, discussed in the
notes, is the notion of geodesics related to sub - Riemannian Hamiltonian func-
tions produced by a sub - Riemannian metric. We present basic models where the
sub-Riemannian geometry appears rather naturally. Based on these examples we
show main features and peculiarities of geodesics in geometry with non-holonomic
constraints. The structure of these notes is as follows. Section 2 collects main
definitions that reveal the similarity and difference between Riemannian and sub
- Riemannian geometries. Carnot groups and their particular examples are pre-
sented in Section 3. We describe the sub-Riemannian structure of odd dimensional
spheres in Section 4. Section 5 deals with principal bundles. After presenting main
definitions we reconsider examples of Sections 3 and 4 from the point of view of
principal bundles. Sections 6 is dedicated to a mechanical problem of rolling one
manifold over another, where kinematic constraints are described in the language
of a smooth sub - bundle of the tangent bundle of the configuration space. In the
last Section 7 we generalize some results obtained for principal bundles on the
infinite dimensional Lie group of orientation preserving diffeomorphisms of the
unit circle. Appendix A collects a vast of definitions and concrete formulas used
in the text. Some of them are well known, some of them are not widely presented
in the literature. As it was noticed above, we recommend for a not very experi-
enced reader to start reading the notes from Appendix A. Appendix B is short
and very technical, where we wrote some of the expressions that are useful, but
not necessary for the first reading.

2. Main definitions

2.1. Smooth manifolds, vector fields, tangent map

It is supposed that the reader is familiar with the notion of smooth or C*° mani-
folds. We set up main definitions and notations. A smooth manifold is a Hausdorff,
second countable topological space, where the smooth complete atlas is defined.
We write M for a smooth manifold, or rather M™ if we want to emphasize the
dimension n of the manifold. Let C°°(M) denote the space of smooth real valued
functions defined on M.
The tangent space at a point ¢ € M is denoted by T,M. Recall that any
element v, € T, M is a function vy: C*°(M) — R satistying two properties
1. R-linearity: vy(af + bg) = avy(f) + bug(g),
2. Leibnizian property: ve(fg) = vq(f)g(q) + f(q)ve(9)
for all a,b € R, f,g € C®(M), ¢ € M. The space T;M, g € M, is a real vector
space and therefore v, is called tangent vector.
Equivalently, a tangent vector vq at ¢ € M can be defined as an equivalence
class of parameterized curves through ¢, as follows. Let ¢: U — V, U C M,
V' C R"™ be a coordinate chart with ¢ € U and let ;1,72 be two smooth curves
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FIGURE 2.1. The notion of the tangent vector

defined on an interval I C R containing 0 such that ~;(0) = ¢. We say that v,
and 79 are “equivalent” or have the same “velocity vector” at t = 0 if two smooth
maps
It o(y(t)eV, i=1,2,

have the same first derivatives at ¢ = 0. The set of all equivalence classes of curves
through ¢ is called the tangent vector space T;M. Note that »~! induces a one-
to-one correspondence between the model space R™ and the tangent space T,M.
In fact, if ¢=(z) = ¢, z € V C R, then each vector v € R™ corresponds to the
equivalence class of the curve

[t = o Nz +tv)] € T,M.

The visualisation is presented at Figure 2.1.

After the previous definitions one can also say, that the notion of a tangent
vector v is the generalization of the derivative of C*°-functions along the direc-
tion v. If the chart (U7 o= (at,... ,x")) is chosen, then the standard notation for

the basis of T, M is ( R ) or shortly (01,...,0,). Any vector v € T,M

ozl ’ Oz
will be written in coordinates as v = Z?Zl v79;. Notice the position of indices!
The dual space to T, M is denoted by T7'M and the pairing is written as
(-,-)q, where we usually omit the subscript “¢”, see Definition 42. The dual basis
to (01, ...,0,) with respect to the pairing is denoted by (dz!,...,dz") and, by
definition, it satisfies (dz?,d;) = &;;, where &;; is the Kronecker symbol. Then
any co-vector A € T/ M is written in coordinates as A = Sory Ardz®. Notice the
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position of indices. The elements of 7,7 M are usually called co-vectors in geometry
and momenta in physics.

The tangent and co-tangent bundles are denoted by T'M and T*M, cor-
respondingly, consult Definition 59. Both vector bundles are C'°°-smooth mani-
folds [23, 117]. The notations

pry: ITM — M and pry: I"M — M
(¢v) = ¢ (@A) — q
will be fixed for the canonical projections from the tangent and co-tangent bundles
to the underlying manifold.

A wvector field X on a manifold M is a function that assigns to each point
q € M a tangent vector X (q) € T, M. We also write X, for the value of the vector
field X at the point g € M. If f € C°(M), then X f denotes a real valued function
on M given by

(X)g) =X(g)f, for all ¢ € M.

A vector field X is called smooth if for any f € C°°(M) the function X f: M — Ris
an element in C*°(M). If (U, = (z*,...,2")) is a coordinate chart, then any vec-
tor field X can be written in terms of coordinates as X (¢) = >-7_; X7(¢)9;. Then
the smoothness condition of the vector field X on the neighborhood U is equiva-
lent to the requirement that all functions X7, j = 1,...,n, are of class C>°(U). If
the functions X7, j = 1,...,n, are analytic in U, then the corresponding vector
field X is called an analytic vector field.

Another way to define a vector field X is to use the definition of a local section.
Namely, a vector fields X is a smooth map X: U — T'M, such that pr,; oX = idy
for any open set U C M. The section is global if U can be taken as entire M. We
write Vect M (Vect U) for the collection of smooth vector fields, defined on M (U,
U C M). Algebraically, Vect M is a module over the ring C*°(M) and a vector
space over the field R (or C if the manifold M is modelled over C™). Moreover, an
operation of multiplication of two vector fields can be defined. The multiplication
[,-] (that received the name commutator or the Lie product) is defined by

(X, Y]f = X(Yf) = Y(X]). (2.1)

The Lie product is a map [-,-]: Vect M x Vect M — Vect M satisfying the three
axioms of Definition 51. The set of smooth vector fields considered as a real vector
space endowed with the Lie multiplication forms a Lie algebra.

Definition 1. Let M and N be two smooth manifolds and F: M — N be a map.
The map F is smooth if the following holds. For any q € M and for any local
charts (U, ) of ¢ € M and (V,%) of F(q) € N, the composition 1o F o @~ is a
smooth map

YoFop™hpU) = (V)
in the sense of smoothness defined in the FEuclidean space R™.

The definition is illustrated in Figure 2.2. A diffeomorphism between two
manifolds is defined in a similar way.
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FIGURE 2.2. The smooth map F'

Definition 2. Let F': M — N be a smooth map. The differential of F at ¢ € M is
the linear map doF': TyM — TN such that

(qu(Xq))f = Xg(foF)
for any f € C®(N) and X, € T,M.
If the local charts (U, = (2',...,2™)) of g € M and (V,¢ = (y*,...,y"))
of F(q) € N are chosen, then

n

Za (k ))3k|Fq), j=1,...,m

k=1
The matrix {W( )} _is called the Jacobi matriz of the map F' with
k.j

respect to the given coordinate charts.

2.2. Distributions and non-holonomic constraints

Definition 3. Let M be a smooth manifold. A mapping D that assigns to every
point ¢ € M a linear subspace Dy of the tangent space T,M is called a singular
distribution on M.

Definition 4. A distribution D is called smooth on M, if for any q € M there is a
neighborhood U(q) and smooth linearly independent vector fields X1,..., X, such
that D, = span{ X1 (), ..., Xx(z)}, for all x € U(q).

A distribution D is called analytic if the vector fields X7,..., X} in Defini-
tion 4 can be chosen to be analytic. The smooth (analytic) distribution D on M is
a smooth (analytic) sub-bundle of the tangent bundle TM, and its rank is equal
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to k for all ¢ € M. In the case of a singular distribution the set of vector fields
Xi,..., X may not be necessarily linear independent, and therefore, the dimen-
sion of the linear subspace D, can vary from point to point.

From now on, we will work only with smooth distributions and smooth mani-
folds and therefore we omit the word “smooth”. Analogous definition can be given
for a map D* that assigns to any point ¢ € M a linear subspace in the co-tangent
space T, M and in this case it is called a co-distribution.

The notion of a smooth distribution naturally leads to the following ques-
tion. When does a smooth distribution or a smooth sub-bundle D C T'M define
a submanifold N inside of the original manifold M? The answer was given by
Frobenius [48].

Definition 5. A smooth distribution D on M 1is called involutive or integrable if
[X,Y] is a smooth section of D for any choice of smooth sections X andY of D.

Definition 6. A smooth submanifold N of a manifold M is the integral manifold of
a distribution D if for any point ¢ € N there is an open neighborhood U(q) C N
such that T,N = D, for any x € U(q).

Theorem 2.1. [48, 131] A submanifold N of a manifold M is the integral manifold
of a distribution D, if and only if, D is involutive.

In this case a foliation of the manifold M by integral manifolds N passing
through different points ¢ € M is produced. Somehow, one can not leave a chosen
leaf of the foliation produced by the integral manifold N of D and being touched
to the distribution D.

A smooth curve ¢: I — M can be considered as a smooth map between two
manifolds. In this case the image of the tangent vector % € T,I under the tangent
map dic: Ty — T,y M is denoted by ¢é(t), i. e. dic(Z) = ¢(t), and is called the
velocity vector of the curve c at t € I.

Definition 7. We say that a smooth curve c: I — M is tangent to the distribution
D (or horizontal) if the tangent vector ¢(t) belongs to the vector space Dy for
any t € I, whenever ¢(t) is defined.

One can release the condition of smoothness for the curve ¢ and require that
the curve has derivative almost everywhere on the interval I. If a distribution D is
involutive then given a point ¢ on its integral manifold /N one can reach only the
points on N being tangent to D. Let us ask the opposite question: when can we
reach any point (of the original manifold M) starting from a given one and always
staying tangent to the prescribed distribution D?

To answer this question we introduce a flag of distributions. Let X be a vector
field such that X, € D, for all ¢ € M. We denote by D + [X, D] the sub-bundle
of TM spanned by D and all the vector fields [X, Y], where the vector field Y is
such that Y, € Dy, ¢ € M. Thus

Dq+[X7D]q:span{D¢b[X7Y]q| V}/q EDZP qu}
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We also drop the subscript ¢ and write D + [X, D]. We define the k-bracket (k, X)
inductively by

bracket (2, X) =D+ [X, D], ..., bracket (k, X) = D + [bracket(k — 1, X), D].
More generally, changing the vector field X to the entire distribution D, we set
bracket (2, D) = D + [D, D], ..., bracket (k, D) = D + [bracket(k — 1, D), D].
We get a flag of distributions
D C bracket (2,D) C ... C bracket (k,D) C ....
A smooth section X of D is a k-step generator if
bracket (k, Xq) = T,M for any g€ M.

Similarly, a distribution D is said to be the k-step bracket generating (or completely
non-holonomic) distribution if

bracket (k, Dq) = T,M for every q € M.

We say that a distribution D is strongly bracket gemerating if Dy + [X, D], =
T,M for all non-vanishing X, € D,. If we do not emphasize the number of steps
for k-step bracket generating distribution, then we simply say bracket generating
distribution.

Example 1. Consider vector fields in R* written in coordinates (x,y, z,w):

0 0 0 0
1 2 Y 3= 52 +x 0
The distribution D = span{ Xy, Xo, X3} is 2-step bracket generating but not strongly
bracket generating.

If a distribution D is bracket generating and the dimension of brackets (k, Dy)
does not depend on the point ¢ € M for any k, then the distribution D is called
regular.

Now we are ready to formulate a sufficient condition for the connectivity
problem. This condition was independently proved by P. K. Rashevskii [119] and
W. L. Chow [33].

Theorem 2.2. [33, 119] If a manifold M is topologically connected and if a distri-
bution D on M 1is bracket generating, then any two points on M can be connected
by a piecewise smooth curve tangent to D.

Necessary and sufficient conditions for the connectivity problem in the case
of C'*°-manifold and C*°-smooth distribution can be found in [128]. See also ref-
erences therein.
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FIGURE 2.3. (R?, D) is horizontally connected, but D is not
bracket generating.

Example 2. In the following example we show that the Chow-Rashevskii condition
is not necessary for connectivity. Let M = R?, X; = %, Xo = (b(a:)a%, where the
C*°-function ¢ satisfies ‘

o(z) >0, it x>0,
¢(z) =0, it <0

It is clear that one can not move vertically in the left half-plane, but one can move
horizontally to the right half-plane, displace arbitrarily in the right half-plane and
proceed to the left half-plane, see Figure 2.3. In this example one can connect any
points in the plane being tangent to the distribution D = span{X;, X2}, but the
vector fields definitely do not span the entire plane at points ¢ = (z,y) with < 0.

Example 3. Another example of a bracket generating distribution is the Grusin
distribution spanned by vector fields in R?

studied by M. S. Baouendi in his PhD thesis in early 70-s, and then by numerous
authors, see for instance, [6, 25, 40, 52, 67, 129].

The latter two examples are based on non-smooth distributions.

Example 4. Historically the integrability condition was given in terms of one-forms,
but not in terms of vector fields. Let a manifold M be of dimension n and we want
to describe a distribution D C T M of rank k, k < n. To achieve this we need to
find n — k one-forms Oy, ...,0,_, such that the distribution D belongs to their
common kernel. The forms ©;, j =1,...,n — k, are called annihilators of D. It is
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equivalent to solve the system

O1(zt,...,2") =0

that received the name Pfaffian equations. This system is integrable if the one-
forms O1,...,0,_ are exact forms:

O1(xt, ... 2") = db(2t,...,2") =0
............... (2.2)

After integrating the latter system we get n—k functions describing a k-dimensional
integral submanifold of M defined by the integrable system (2.2) or by the invo-
lutive distribution D.

The Chow-Rashevskii Theorem 2.2 for an analytic co-rank one distribution
D, or for one Pfaffian equation was solved by C. Carathéodory. The result states
as follows. Let M be a connected manifold endowed with an analytic co-rank one
distribution D. If there exist two points A, B € M that cannot be connected by a
horizontal curve, then the distribution D is integrable. Or, formulating the negation
of the above statement if for any points A,B € M there is a horizontal curve
connecting these points, then the distribution D is non-integrable (completely non-
holonomic, bracket generating).

C. Carathéodory developed this theory due to the question posted by M. Born
to derive the second law of thermodynamics and the existence of the entropy func-
tion. Translating the problem into the geometric language we work with a man-
ifold M that is the set of all possible thermodynamical states of some isolated
system. The admissible or horizontal curves are adiabatic curves, such curves that
correspond to slow processes in time and such that during these processes (along
the admissible curves) no heat © is exchanged. C. Carathéodory wrote the con-
dition of an adiabatic process as a Pfaffian equation © = 0 on M. It was known
at that moment from works by S. Carnot, J. P. Joule and others, that there are
thermodynamical states A, B € M, which cannot be connected by an adiabatic
process (by an admissible curve). Carathéodory’s theorem states in this case that
the distribution defined by the Pfaffian equation © = 0 is integrable, that leads
to the existence of two functions 7' (temperature) and S (entropy) that locally
satisfy the relation © = T'dS. This proves the existence of the entropy function S,
as well as that the adiabatic process remains in the leaf (hypersurface) of the state
space M corresponding to the entropy function. The entropy function S tends not
to decrease, being constant or increasing, according to the second law of thermo-
dynamics.

Due to the names of S. Carnot and C. Carathéodory involved into this discov-
ery, M. Gromov called the sub-Riemannian geometry as the Carnot-Carathéodory
geometry.
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EXERCISES.
Decide whether the following distributions D = span{Xj, Xo} in R?® are
bracket generating and regular. Find one forms w such that D = ker(w).
1. Heisenberg distribution: X; = 8%7 X 8% + x%.

2. Martinet distribution: X; = 8%7 Xo = 8% + x2%.

2.3. Riemannian and sub-Riemannian manifolds

Let us recall some notions from the Riemannian geometry and compare basic
definitions in the Riemannian and sub-Riemannian settings.

Definition 8. A Riemannian metric is a map g: TaM x TaM — R, which is sym-
metric, bilinear, positively definite for any q € M, and smoothly varying with
respect to q.

If the coordinate chart (U,gp = (at,... ,:1:")) is chosen and (01,...,0,) is
the local basis of T,M, g € U, then g;; = ¢(0;,0;) is the associated matrix to
the metric g. Smoothness of g means that the matrix g;;(¢) = gi;(z!,...,2") is a
smooth function of (z!,...,2") in p(U).

The couple (M, g) is called a Riemannian manifold. It would be more correct
to say that the triplet (M,TM, g) is called a Riemannian manifold.

Definition 9. The distance d(qo,q1) between two points qo,q1 € M related to the
Riemannian metric g is defined by the equality

oo, =t { [ (stet0.e0)) " ),

where the infimum is taken over all curves c: [0,1] — M differentiable almost
everywhere in [0,1], and such that ¢(0) = qo, ¢(1) = q1.

We are ready now to define a sub-Riemannian manifold. Let M be a smooth
manifold and let D be a smooth distribution (a smooth sub-bundle) of the tangent
bundle TM.

Definition 10. A map gp: Dy x Dy — R which is symmetric, bilinear, positively
definite for any q € M and smoothly varying with respect to q is called a sub-
Riemannian metric.

Definition 11. The couple (D, gp) is called a sub-Riemannian structure and the
triplet (M, D, gp) is called a sub-Riemannian manifold.

If D =TM, then Definition 11 is reduced to the definition of a Riemannian
manifold. In this sense the sub-Riemannian geometry is a generalization of the
Riemannian geometry. The distance function related to a sub-Riemannian metric
gp is defined by

de-clavsan) =it { [ (ontare)) " ar), 23)
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where the infimum is taken over all horizontal curves c: [0,1] — M differentiable
almost everywhere in [0, 1] and such that ¢(0) = qo, ¢(1) = ¢1. Thus, we have added
the horizontality condition, ¢(t) € D), for the set of admissible curves. The set
of admissible curves is smaller, therefore, the d._.-distance is, in general, bigger
than the Riemannian distance if both metrics are defined on the manifold and
coincide on Dy, ¢ € M. Theorem 2.2 guaranties that the set of horizontal curves is
not empty and therefore, the function d._. takes only finite values. The distance
d.— is called the Carnot-Carathéodory distance due to the impact by S. Carnot
and C. Carathéodory described in Example 4. Let us suppose that a Riemannian
metric g and a sub-Riemannian metric gp are defined on a smooth manifold M,
and the Riemannian distance d and the Carnot-Carathéodory distance d._. on M
are produced, respectively. As a result, two metric spaces (M,d) and (M,d.—.)
and two topological spaces (M, 74) and (M, 7.—.) are defined, where the topology
T4 is generated by open balls in the d-metric and 7._. is generated by d._.-balls.
It is established that the topological spaces (M, 74) and (M, T._.) are equivalent,
but the metric spaces (M, d) and (M, d.—.) are not in general Lipschitz equivalent,
see [111, p. 27], [13, 55, 63, 114]. Example 5 shows non-equivalence of the metric
spaces (M, d) and (M, d._.) in some particular cases.

2.3.1. Riemannian and sub-Riemannian gradient. At the end of the subsection we
would like to say some words about the gradient vector field in sub-Riemannian
geometry. Let us recall that the gradient on the Riemannian manifold (M, g) is a
vector field “grad” such that it is detected by its action on smooth functions by

g(grad f, X)=Xf, forany X € Vect M and [ C®(M).

If a coordinate chart is chosen, then the gradient can be written as

af
_ ij ,
grad f = Zg e 9;, (2.4)
ij
where {g*}},_, is the inverse matrix to gi; = g(di,d;),4,j = 1,...,n. More details

about differential operators on Riemannian manifolds can be found in [117]. In the
case of a sub-Riemannian manifold (M, D, gp) the definition is analogous. A sub-
Riemannian gradient grady, is a horizontal vector field, such that

gD(gradD va) = X, (25)

for any smooth section X of D and f € C*°(M).

2.4. Hamiltonian formalism and geodesics

Let us compare the problem of finding a curve realizing the distance between two
points in the Riemannian and sub-Riemannian geometries.
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2.4.1. Geodesic on Riemannian manifolds. Historically, a geodesic was defined as
a curve v that locally realizes the distance between two points on a Riemannian
manifold. The corresponding equation is

V;Y(t)”'y(t) =0, ~v:I—= M, (2.6)

where V is the Levi-Civita connection, which is the generalization of the directional
derivative of vector fields defined on a Riemannian manifold (M, g), see Defini-
tions 45, 46, and 47. The connection V is compatible with the Riemannian metric
g, see Theorem 8.1 and [23, p. 53], [117, p. 59]. Geometrically, equation (2.6) also
implies, that the corresponding first geodesic curvature of the solution vanishes.
The physical interpretation asserts that solutions of equation (2.6) give trajecto-
ries of the motion of particles under the absence of any external force, motion of
“free particles” or “free motion”.

Given a coordinate chart (U p = ) the Christoffel symbols of
the Levi-Civita connection are 1ntroduced by Va 8 == Ffj(?k. Then equa-
tion (2.6) takes the form

=Y Thi'mil(t), k=1,...,n, tel. (2.7)
ij=1

Given a Riemannian metric g there is a predeterminant choice of the dual
space Ty M to the tangent space T, M given as follows. If v € T, M, then v*(-) =
g(v,-): Ty;M — R is a continuous linear functional, and therefore, an element of
T; M. We write it in coordinates. Let {9;}}_; be a basis of TyM and let {g;;}
be the matrix associated with the metric g, then dz* = 377, gi;0;, i = 1,...,n,
represent the basis of the dual Ty M. If v = 377 | v79; then v* = 331 vida’,
where v} = Z?:l gi;v7. This process is called “lowering indices” in physics.

We can say now that the Riemannian metric g defines a map g: TyM — Ty M,
which is an isomorphism between two vector spaces. Therefore, the inverse map
g1 TyM — TyM is defined. The map ! defines a metric on T;M, called a
co-metric, which we denote by ¢g~!. Thus, the co-metric is the map g~ ': TyM x
TyM — R defined by

gil(’l}*, ’LU*) — ’U* (gfl(w*)) — g(gil(’l)*), gfl(w*))
We see that maps g and §g—! became linear isometries between T, M and Ty M for
all ¢ € M. The matrix corresponding to g~! is the inverse matrix to {g;;} and it is

usually written as {g¥}. The process that associates a vector v = (v!, ... v") to
a given co-vector A = (\1,...,\,) by making use of the map §—! is called “rising

indices”:
n
_ gy _
—g gvx;, i=1,...,n.
—

We conclude that the Riemannian metric g defines a pairing

() T,M x TEM — R
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by
0, \) =g(v,57'(N) =97 (G(v),N), AeT;M, veT,M.
Having the co-metric and a chosen coordinate chart, we define the Riemann-
ian Hamiltonian function H: T*M — R by

1
59 “1Agr Ag) Z gINA; .

1]1

H(g,\) =

A solution of the Hamiltonian equations

OH(q(s), A(5))

i'(s) = — on q(s) = (z'(s),.... 2" (5)) (2.8)
Ai(s) = —w, A(8) = (A1(8), -5 An(8)), i=1,...,n,

s € I, is called the bi-characteristic curve. The projection of the bi-characteristic
curve to the manifold M is called geodesic. The vector field

= (OH(g)) 0H(gN)

(@A) = ( o ox )

is called Hamiltonian vector field. The Hamiltonian function is constant along the
bi-characteristic since

H(q(s), A(s))
ds

8H(q, )\) .4 aH(qv )‘) \

(= Nid'(s) + @' Ni(s)) = 0.

I

i=1

|

i=1

If a geodesic is parametrized by the arc length, then H = 1/2. Remark that
the notions of a local length minimiser and of a geodesic as the projection of a
bi-characteristic to the manifold coincide in the Riemannian geometry, see, for
instance [7].

Denote by <4, a geodesic starting from ¢ € M with the initial velocity
v € Ty, M. The notion of a geodesic leads to the construction of a map associating
to vectors from T, M points in a neighborhood of ¢ € M. The domain of definition
for this map is

D(q) ={veTyM | 3Fageodesic vq,:[0,1] = M, ~(0) =g, 7(0)=v}. (2.9)
Definition 12. The Riemannian exponential map exp,: D(q) — M is defined by
equ(v) =vw(1) forall ve D(q).

Actually the Riemannian exponential map is the composition of the following
maps.

T,M ——~TM T*M —2 o 70 225 (2.10)
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Here we denote by ¢ the inclusion of the tangent space T, M into the tangent
bundle, by g the association of the tangent and co-tangent bundles, by using the
metric g, by ® the flow produced by the Hamiltonian vector field on the co-
tangent bundle, see Definition 44, and by prj, the canonical projection to the base
manifold M. The concrete choice of the initial velocity v at ¢ € M gives the value
of the dual momentum A, € Ty M.

In the following proposition we collect some basic properties of the Riemann-
ian exponential map.
Proposition 1. [23, 117] Let v € D(q) be as defined in (2.9). Then

L. the exponential map exp, carries lines through the origin of TyM to geodesics
on M through q in the following sense

equ(tv) = Yg.t0(1) = Vg0 (t), t € [0,1];

2. for each q € M, there is a neighborhood V' of the origin in TyM, such that
the exponential map exp,: V' — U is a diffeomorphism onto a neighborhood
Uofqe M;

3. if U is a normal neighborhood of ¢ € M (U is the diffeomorphic image of a
starlike neighborhood of the origin in TyM), then for each point x € U there
is a unique geodesic Vg : [0,1] = U joining ¢ and x in U and 44,,(0) = v =
exp, ! (x).

EXERCISES.

1. Show that equations (2.7) and (2.8) are equivalent if we introduce the co-
vectors (called momenta in physics) A and the Christoffel symbols for the
Levi-Civita connection by

SR L™ om (00im . Ogim  Ogij
= gidl,  TH=-> g ( e J)-
5

2 ozt oxJ ox™

2 Suppose that a coordinate chart is chosen and Xi(g),...,Xn,(g) is an or-
thonormal basis of TyM. If the collection X;(x),...,X,(z) is smooth and
orthonormal in a neighborhood U of ¢, then the family of vector fields
X1,..., X, is called an orthonormal frame in U. Assume that an orthonormal
frame is given. Show that the Hamiltonian function can be written as

H(g,\) =

N =

S (Xila) A (211)

Hint. Write co-vectors in the form A = Y7 | A\;w’, where {w’}? , is the dual
basis to (X1, ..., Xn): (Xj,w) = 8.

3. Calculate the exponential map exp,: T;R" — R", where R" is considered as
a Riemannian manifold with the Euclidean metric. Let the Euclidean metric
be also defined on T,R". Show that the exponential map is an isometry.
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2.4.2. Geodesics on sub-Riemannian manifolds. Let (M, D, gp) be a sub-Riemann-
ian manifold. Let us assume that we are interested in finding the local minimizer
of the length functional (2.3) over all almost everywhere differentiable horizontal
curves, or in other words, we look for a curve that locally realizes the Carnot-
Carathéodory distance. We need to define an analogue of the Levi-Civita connec-
tion, but there is no metric defined on the entire tangent bundle. We will not enter
this question deeply, since it requires some amount of knowledge of differential
geometry, see, for instance [37, 53]. Instead, we adapt the Hamiltonian approach,
since it is more suitable for physical applications. We also distinguish length min-
imizers, curves realizing d._.-distance, and geodesics, which are projections of
bi-characteristic curves of the Hamiltonian system onto the underlying manifold.

To use the Hamiltonian approach we still have to overcome the absence of
a metric defined on the entire tangent bundle that was used for definition of the
dual to TM. Therefore, we assume that we are given a dual T*M (as a set of all
continuous linear functionals) and a pairing (-,-): T,M x Ty M — R that is the
evaluation of a functional over a vector.

Definition 13. We define a linear map g : TyM — TyM by the following two
conditions

L. the image of T; M s the linear space Dy C Ty M;
2. for Ay € Ty M the image GP(\,) is a vector X, € Dy, such that (Yq, \g) =
gp(Yq, Xq) for all Yy € D,,.

The map §» is an analogue of the map §~—' in the Riemannian geometry. The

map G defines the co-metric g : T;M xT;M — R by the following rule

gP(&N) = (G (N),€) = gp(37(€). 3" (\).

We still can write the matrix g/ for the co-metric g” in local coordinates, but we
have no analogue for g;; since the matrix g*/ is not invertible in this case.

Let us introduce the notation D, = ker(§”), ¢ € M for the kernel of the
linear map §”. The elements of the smooth sub-bundle D+ C T*M are called
annihilators of the distribution D since (Yy, &) = gp(Yy, 37 (&) = 90 (Yy, ﬁ) =0
for Yy € Dy, & € Dy . Then also

- — %
9PN &) =GP (&), Ag) = (0, 0) =0, V & €Dy, and V A\, €T, M.

As in the Riemannian case, having a co-metric, one can define the Hamilton-
ian function Hgg: T*M — R by

n

1 1 g
H.r(qg,\) = §gD()\q,)\q) =3 > 97NN, ge M. (2.12)

ij=1
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We call H,g the sub-Riemannian Hamiltonian function. Consider again the Hamil-
tonian equations (2.8). The first equation written in the form

@'(s) = _g"N;, i=1,....n, or i(t)=3g"() (2.13)
j=1

says that the velocity of the solution to (2.8) will be a horizontal vector field by
Definition 13.

Since the co-metric in sub-Riemannian case is not strictly positive definite,
it can happened that the sub-Riemannian Hamiltonian function vanishes. This
leads to two different types of geodesics: normal and abnormal. Recall that the
Hamiltonian function is constant along any bi-characteristic. If this constant is
zero, then the projection to M is called an abnormal geodesic. If the Hamiltonian
function is not zero along the bi-characteristic, then the geodesic is called normal.
If Xy,..., X} is an orthonormal frame of the distribution D, then the abnormal bi-
characteristic is a solution of the Hamiltonian system for k& Hamiltonian functions

Hi(q,\) = (A, Xi(q)) = 0, /\qEDj\{O}, i=1,...,k.

To find normal bi-characteristics we need to work with the Hamiltonian function
k
H(g, ) =Y (A, Xi(a))*.
i=1
We will mostly work with normal geodesics. The reader can find a lot of
useful information about abnormal geodesics in [97, 110]. Here we only want to
present a short description of D+ and the cases when the abnormal geodesics are
trivial.
Proposition 2. [97] Let D be a smooth distribution of rank k on an n-dimensional
manifold M. Then D+ is a smooth (2n — k)-dimensional sub-bundle of T*M. Lo-
cally, it can be described as a set of (¢, \) € T*M such that H;(q, \) = (Ag, Xi(q)) =
0,i=1,...,k, where {X;}¥_| is a local basis for D.

We remark that the sub-bundle D C T'M defines the set of annihilators
D+ C T*M. The converse is also true. Given a smooth sub-bundle D+ C T*M,
the distribution D C T'M is defined by

Dy={veT,M | (v,\g) =0, forall \,€ Dy}, q€ M.
Theorem 2.3. [97, 127] Let D be a smooth distribution on a smooth manifold M.
1. If D=TM, then there are no abnormal geodesics.

2. If D is strongly bracket generating, but D # T M, then the abnormal geodesics
are constant curves.

Proof. For some additional information about symplectic manifolds check Subsec-
tion 8.2. Let T': I — T*M \ {0} be an abnormal bi-characteristic curve for the
distribution D that we write as I'(t) = (y(¢), A(t)). Then if X is a smooth section
of D, then

Hx (D(t) = Hx (v(£), A(t)) = (A1), X (+(t))) = 0.
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If D = TM, then all possible Hamiltonians vanish, and since the pairing is non-
degenerate, we get A(t) = 0 for all ¢ € I. This contradicts the assumption that
At) € D#(t) \ {0}.

Let us assume now that D is strongly bracket generating and I',~y are as
above. It implies that Hy (I'(t)) = 0 for any Y € D. Differentiating with respect
to t the latter equality, we obtain

U (1)) = atty (0(1)) = 0. (214)

Suppose that the bi-characteristic I is the solution of the Hamiltonian system

—
[(t) = Hx(T(t), tel,
for some smooth section X of D. Then for any Y € D we get
—_— H .
Hix,y)(T(t)) = {Hx, Hy }(T(t)) = Q(Hx (T(t)), Hy (T(t))) = dHy (T(t)) =0
by Definition 49 and (2.14). We conclude that A(t) annihilates the tangent space
DV(t) + [X, D]V(t)’ tel

along 4. Since A(t) # 0, the condition Hx (I'(t)) = (A(¢), X(v(¢))) = 0 implies
that X (v(t)) = 0, i.e., ¥(t) = 0 by Corollary 9. We conclude that the curve = is
constant. U

The relation between the length minimizing curves and the geodesics (projec-
tions of bi-characteristics of the Hamiltonian system) in sub-Riemannian geometry
is expressed in the following theorem

Theorem 2.4. Let (M, D, gp) be a sub-Riemannian manifold.

1. If v: [a,b] = M is a length minimizer, parametrized by the arc length, then

v is geodesic (normal or abnormal) [97].

Every normal geodesic is a local length minimizer [15, 95].

There are abnormal geodesics that are local length minimizers [109, 110].

There are abnormal geodesics that are not local length minimizers [97].

If (M,d.—.) is a complete metric space for a Carnot-Carathéodory metric

de—c, then any two points can be joined by a minimizing geodesic. In par-

ticular, this is true for compact M[13, Theorem 2.7, p. 19 and Remark 2,

p. 20].

6. On a sub-Riemannian manifold with a bracket generating distribution of step
2, any length minimizing curve is C°°-smooth, or in other words there are
no strictly abnormal minimizing geodesics in this case [112, Theorem 4].

7. For a generic (in the Whitney C* topology) bracket generating distribution
of rank greater than or equal to three, there do not exist nontrivial minimizing
singular curves [30].

G
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At the end of this section we note that the sub-Riemannian exponential map
is produced in the same form as in (2.10), where the initial velocity vector is
horizontal. It is reflected in the following scheme

i3] priy

d T*M M, (2.15)

T*M

exp

Dy ——=D

where we have to change the metric dependent identification g of TM with T* M to
any other map j giving this identification. Unfortunately, not all good properties of
the Riemannian exponential map are inherited. For instance, the sub-Riemannian
exponential map is never a local diffeomorphism, since the map j is not invertible
for any ¢ € M.

EXERCISE.

1. Let (M, D, gp) be a sub-Riemannian manifold. Show that the co-metric g? is
non-negative definite, symmetric, and smoothly varying with respect to the
point ¢ € M.

2. Let M = R3 with coordinates ¢ = (z,, z). Find a basis of the distribution
D = ker{w = 2?dy — (1 —x)dz}. (Check if the basis X = 2,V = (1—-2) £ +

12% works.) Is D bracket generating? Regular? Find the matrix of the sub-

Riemannian metric gp making vector fields X, Y orthonormal. Find the sub-

Riemannian Hamiltonian function H generated by gp and the corresponding

Hamiltonian system. It was shown in [97] that the curve v: [a,b] — R3,

~(t) = (0,¢,0) is a length minimizer for the Carnot-Carathéodory distance if

(b — a) is small enough. Show that the curve 7 is not a bi-charcteristic for

the sub-Riemannian Hamiltonian function H. Conclude that the curve ~y is

a length minimizer but not a normal geodesic.

3. Carnot groups

Let us consider a special example of smooth manifolds, where the sub-Riemannian
structure appears naturally.

3.1. Short introduction to Lie groups

It is recommended for the reader who is not familiar with Lie group theory to
start from Subsection 8.3 of the Appendix A. A Lie group is an object that nicely
combine algebraic, geometric, and analytic properties. Namely, a Lie group G is a
pair (M, p), where

1. M is a C*°-smooth manifold modeled on some (complete locally convex)
vector space,

2. the map p: M x M — M satisfies the axioms of the group product,

3. the map p is compatible with the smooth manifold structure in the sense
that the map p: M x M — M is C'"°°-smooth as a map between the smooth
manifold M x M and another smooth manifold M.
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As usual in mathematics, we will write only G instead of (M, p) to denote the
group and the underlying manifold M.

Recall, that a Lie algebra is a pair (V,[-,-]), where V' = (V,+) is a vector
space over the fields R or C and [, -] is the Lie product introduced in Definition 51,
Appendix A.There is a close relation between Lie groups and Lie algebras.

FrOM A LIE GROUP TO ITS LIE ALGEBRA. To define the Lie algebra g of a Lie
group G we consider special vector fields on G. To describe this class of vector
fields we introduce the action of the group on itself. We call the mappings

I-(q) :==p(r,q) =71q, 7€G fixed, q€G is arbitrary,
the left action of G on itself and
r-(q) :=plg,7) =qr, T€G fixed, g€ G is arbitrary,

the right action of G on itself. Since the group multiplication and the inversion
are smooth, the maps [,,7,: G — G are smooth diffeomorphisms of G. Their
differentials dyl, : T,G — T; ()G and dyr-: T,G — T, ()G are linear maps of the
respective tangent spaces.

Definition 14. A wvector field X on G satisfying

dyl-(X(q)) = X (I-(q)) = X (q) (quT(X(q)) = X(r:(q)) = X(QT)),
for all 7,q € G is called left- (right-) invariant vector field.

The set of left invariant vector fields considered as a vector space over the
field R with the Lie product defined by the commutator of vector fields (2.1)
forms a real Lie algebra L. Of course, one needs to verify that the commutator of
left invariant vector fields is a left invariant vector field. Since any left invariant
vector field is defined by its value at the identity of the group e € G, there is an
isomorphism ¢ between the vector space T.G and L defined by

L3> X — X(e) € T.G, T.G>v—dl(v) € L.

This isomorphism ¢ can be extended to an isomorphism of Lie algebras if we define
Lie brackets in T.G as
[X(e), Y (e)] := [X,Y](e).

The Lie algebra (T,.G, [, -]) is denoted usually by g and is called the Lie algebra of
the Lie group G. The Lie algebra R of right invariant vector fields is isomorphic
to g if we set

R>[X,Y]+ —[X,Y](e) €g.
The dual space to the space of left invariant vector fields consists of left invariant
one-forms and they satisfy the Maurer-Cartan equations, see [131].

The next question is to find a map between a given Lie group G and its Lie
algebra g. The answer is given in terms of the exponential map exp: g — G. There
are essentially two ways to introduce the exponential map. The first one uses the
property that any homomorphism of Lie algebras can be lifted to a homomorphism
of the groups [87, 131]. The second one uses properties of solutions of ordinary
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differential equations [42].

THE FIRST WAY. Let (R, +) be the additive group of real numbers and ¢ be the

corresponding Lie algebra with generator %. Let G be a Lie group, g be its Lie

algebra, and X € g be an arbitrary element. Then the map h: v — g

t9ti LN tX eg, tekR,
dr
is a homomorphism from the Lie algebra v into the Lie algebra g. Theorems of Lie
group theory [87, 131] ensures that there is a unique Lie group homomorphism
cx, such that

d
cx:R—G, and decx =h, or ch(t%):tX.

In other words, the curve cx : R — G is a one-parametric subgroup of G and it is
such that ¢x(0) = e and ¢x(0) = X.

THE SECOND WAY. Let G be a Lie group, g be its Lie algebra, and let X € g
be an arbitrary left invariant vector field. Then the theory of ordinary differential
equations guaranties that the solution of the Cauchy problem

{ dex(t) — X (ex(t))
cx(0)=e

is unique, possesses the properties of one parameter subgroup of G, and ¢x (0) =
X (e) [42].

Definition 15. The map g 2 X — cx(1) € G is called the group exponential map
and denoted by exp. Thus

exp : g — G
X = Cx(l).

We will call the curve c¢x (t), t € R, the exponential curve and it is customary
to use also the notation exp(tX) instead of cx(t). The main properties of the
exponential map are listed in the Appendix A, Subsection 8.3. We write in these
notations

d _
.G > E’H exp(tX) = éx(0) = X(e) 2 X € g. (3.1)

Let us assume now that the Lie algebra g of a Lie group G is endowed with an
inner product (-, -). Then, by making use of left translations we can define a metric
g on the group. Namely, let vy, w, € T,G, then dyl,-1(vy), dgl,-1 (wy) € T.G. We
define

9(vg,wq) = (dgly—1(vg),dgly—1(wg)) for any g€ G. (3.2)
Using right translations we also can define a metric.

Conversely, if there is a Riemannian metric g defined on a Lie group G con-
sidered as a smooth manifold, then it is compatible with the Lie structure if it is
invariant under the action of the group on itself.
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Definition 16. A Riemannian metric g on G is called left invariant (right invariant),
if for any vg, wy € TyG the following holds:

9(vg, wq) = g(dgl7(vg), dglr(wq)) = g(vrgs Wrq),
(g(vq, wq) = g(dgrr(vg), dgrr(wy)) = g(vqT,qu)).

EXERCISES

1. Show that the following pairs are Lie groups.

a. (R,+).
b. (R,-), where “” is the usual product of real numbers.
c. (S1,-), where S! is the set of complex numbers of absolute value 1 and
is the usual product of complex numbers. The group (S, ) is also
denoted by U(1) and it is called unitary one dimensional group.
(

W

d. (M, "), where M is the set of (3 x 3) upper triangular real matrices
1 = t
01 vy |, z,y,t €R
0 0 1
and “” stands for the usual matrix product.

A group is called compact, if the underlying manifold is compact as a topo-
logical space. Which of the above mentioned groups are compact?

2. Show that if X, Y are left invariant (right invariant) vector fields on G, then
the commutator [X,Y] is also a left invariant (right invariant) vector field.

3. Find the Lie algebras corresponding to the Lie groups mentioned in the first
exercise. Describe the left invariant vector fields.

4. Show that the metric from (3.2) is a left invariant metric on the group.

3.2. Heisenberg group

We start from the simplest example of a sub-Riemannian manifold that is called
Heisenberg group.

3.2.1. The Heisenberg sub-Riemannian manifold. Consider the smooth manifold
R3 with coordinates ¢ = (x,y,t). Then T,R® = span{d,,d,,d;} and TR =
span{dz, dy, dt}. We define the smooth 2-dimensional distribution D as the span
of two vector fields

See Figure 3.1. Let us find a Riemannian metric g in coordinates (x,y,t) mak-
ing X,Y and T = [X,Y] = 0; orthonormal. So we have ¢(X,X) = g(X,Y) =
g(T,T) =1 and other values vanish. We express the basis (0, 9y, ;) in the form

1 1

Then by making use of the bi-linearity of g we get
2

911 = §(0z,05) =1+ yZ, g12 = g(azaay) = -

LYy

o 9= 9(0x,0) = %
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FiGurE 3.1. The Heisenberg distribution.

The matrix {g;;} takes the form

1+ =y
Yy _Z 1
2 2

Notice that det g = 1. It implies that the volume form in (R3,g) is given by the
standard Lebesgue measure: dx A dy A dt.

The distribution D is bracket generating of step 2 since [X,Y] = 9; := T and
T,R3 = span{X,Y,T}. Moreover, the distribution is strongly bracket generating
and we will be interested in normal geodesics only (by Theorem 2.3). The dual
basis to X,Y,T is

1 1
de, dy, w=dt— §$dy + §yd:1c.

(Verify it!) The form w is the annihilator of the distribution D and D+ = span{w},
therefore, we can also define the distribution D as D = ker(w) = {v = (z,y,2) €
R3 | w(v) = 0}. Define the sub-Riemannian metric gp as the restriction of the
metric g on the planes D, for all ¢ € R3. Then (R® D,gp) is the Heisenberg
sub-Riemannian manifold.

To find the normal geodesics on the Heisenberg sub-Riemannian manifold we
write A = &dx + ndy + 0dt for any co-vector A. Since the basis X, Y is orthonormal,
the Hamiltonian function is

H(g0) = 5 (0302 + (7)) = 5 (€~ 5007 + (n + 362)?).
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The Hamiltonian system and the initial conditions are
& =&~ 50y
y=mn+ 50z
t=3mz—&y)+10*+y%)  |2(0) =y(0) =t(0) =0
5 R

~Leo -1

6‘—0,

We need projections of the bi-characteristics of H onto R3, therefore, we try to
reduce the Hamiltonian system to a system containing only the variables (x,y,t).
We differentiate the first two equations and replace { and 7 from the fourth and
fifth equations. It gives

{Z:éﬁy o (5)=0 (Y T)(5) e

Then multiplying the first equation by y and the second by x we notice that the
third equation is equivalent to the condition

i(s) = 5 (@(9)g(s) — y(s)i(s)). (3.7)
The solution (s) = (z(s),y(s),t(s)) is

2(s) = & sin(lfols) — 2 (cos([fols) — 1),
5\(COS(|90| s) = 1) — 7 sin(|6o|s), if B £0  (3.8)
t(s) = S (6o]s — sin(|fols)),

<

=
»

N
|

and
x(s) = &os, y(s) =mnos, t(s) =0, if 6y =0. (3.9)
The graph is in the Figure 3.2.
Let us look at the condition (3.7) of the Hamiltonian equation. To understand

better this equation let us calculate the velocity vector of any curve in the basis
X, Y,T. Let c(s) = (x(s),y(s),t(s)), s € I, be a curve, then

é(s) = ()0 +9(s)0y + ()0 = i(s) (Bw - %y(s)@t) +9(s) (By + %x(s)@t)
+ () + ils)y(s) — 5(s)(s))

= (5) X (els)) + 95)Y (e(s)) + (H(5) + 5 (3)y(s) — 39()2(3) T(els).

To be a horizontal curve, the coordinate of ¢ in front of the vector field T have
to vanish for all s € I, that leads to the equation (3.7). Thus, the third equation
of the Hamiltonian system (3.5) is just the horizontality condition, and it is not
surprising due to the general fact (2.13).
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FIGURE 3.2. Geodesics on the Heisenberg group

Observe the following relations between the initial values for the Hamiltonian
system and the initial velocity vector: £y = £(0), no = ¢(0). The values 4(0) and
(0) and the initial point completely define the initial velocity £(0). So, fixing the
initial velocity we still have countably many geodesics starting from the origin,
that are parametrized by the parameter 6y and connecting a fixed point (0, 0,¢).
To see this we parametrize all geodesics, starting from the origin with a fixed initial
velocity (£, 70), in the unit interval [0, 1]. Denote by x1 = x(1), y1 = y(1) the final
point of these geodesics. We assume 27 +y7 = 0, that means that geodesics connect
the origin with a point (0,0,¢1) on t-axis, as it is shown in Figure 3.2. Then,

2, o _ sin’(jfo])

Tty =—F5 2 +m) = bl =2mn, neN

0==x
|0o]?

by solutions (3.8). The corresponding value of 1 is (&3 + 73). The complete
description of geodesics on the Heisenberg sub-Riemannian manifold can be found
in [20, 77, 88].

The geodesics (3.8) (3.9) are local length minimizers by Theorem 2.3. The
length of a sub-Riemannian geodesic v: I = [0,7] — R3 is

T
length(n) = / ()2 + §()2)/2ds = (€2 + 72)/°T.
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If there are several sub-Riemannian geodesics connecting the origin with a point
g € R3 and they are parametrized by the arc length, then the curve of the small-
est length is the minimizing curve, realizing the Carnot-Carathéodory distance
between the origin and ¢ € R3.

3.2.2. Heisenberg sub-Riemannian manifold as a Lie group. Let us consider the
following non-commutative group on the smooth manifold R3. Define the product
for 7 = (z,y,t) and ¢ = (21,91, 11) by

1
7q = (z,y,t)(x1,y1,t1) = (r + 21,y +y1,t + 01 + §(wy1 — 21Y)). (3.10)

As a motivation for this law one can consider the product of (4 x 4) real matrices

1 =z y t 1 1 wn t1
0 1 0 % 0 1 0 ”2—1
00 1 -3 0 0 1 —%
0 0 0 1 0 0 O 1
1 z4z y+uy t+t+ 3(ay — 21y)
0 1 0 y'zyl
0 0 1 —%
0 0 0 1

that leads to formula (3.10). It is an easy exercise to verify that the product (3.10)
satisfies the group axioms. The identity e of the obtained group has coordinates
(0,0,0) with respect to this multiplication and the inverse element to (z,y,t) is
(—z,—y, —t). The pair, consisting of the smooth manifold R? and the introduced
group law, is called the Heisenberg group and is denoted by H'. This group law
defines the left translation: [-(q) = 7q. The left translation I by 7 = (z, vy, z) has
the differential at e = (0,0,0) written in coordinates (z,y,t) as

1 0 0
dely = 0 1 0
—%y %x 1

The action of d.l, on the basis (95, 9y, 0;), that coincides with (X,Y,T) at e, gives
the basis (X, Y, T) at 7. We conclude that the basis (X, Y, T) is just the basis of left
invariant vector fields on the group H'. They form the famous Heisenberg algebra
h! which is by definition a 3-dimensional Lie algebra with only one non-trivial
commutator: [X,Y] =T and all other commutators vanish. We use the identifica-
tion of the Lie algebra of left-invariant vector fields with T.H'. The exponential
map is a global diffeomorphism [50] in this case. The coordinates on the group H!
are of the first kind and are given by

Hlgq:(;pvy,t):exp(an—l—yY—l-tT), :cX+yY+tT€f)1.

The inverse map to the exponential restores the group multiplication law from
the commutation relations of the Heisenberg algebra in the following way. Let
V=2X+yY+tT € b, Vi = ;X +y1 Y +t:7 € bt and 7 = exp(V), ¢ = exp(V1),
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then by the Baker-Campbell-Hausdorff formula (8.1) (BCH-formula for short) we
obtain

1
7q = exp(V)exp(V1) =exp(V+WV + §[V’ i +...)

1

exp ((z+2)X + (y+y1)Y + (t+ )T + 5@y — z1y)T)
1

= (z+zLy+yt+t+ 5(35241 —z1Y)),

that coincides with (3.10).

There is a norm || - ||z on the group H! which is a direct analogue of the Euclidean
norm in R3. It is defined by

1/4
= ((;52 ) +t2) .= (z,y.1). (3.11)

If we stretch the basic elements X and Y of the Heisenberg algebra by a number
s > 0, then the bi-linearity of the commutator implies [sX,sY] = s*T. Making
use of the BCH-formula we get the dilatation ds on the group:

5s(7) = 6s(,y,t) = (sz, sy, 5°t). (3.12)

This dilation, which is called the homogeneous dilation is compatible with the
norm in the sense that the norm becomes a homogeneous of order one function:

185 ()l = [l (s, sy, 5°) s = 8|7l

Compare this situation with the Euclidean norm and the usual dilation in R3! The
Heisenberg distance function dyn is

dep (7,9) = |77 q|m -

By Exercise 2, the Heisenberg distance dy: and the Carnot-Carathéodory distance
d._. are equivalent.

Example 5. Let us show that the Heisenberg distance and the Euclidean distance
dg are not Lipschitz equivalent, even locally in R3. Take two points e = (0,0,0)
and ¢ = (0,0,t). Then

dgp (e,q) = V/[tl,  de(e,q) = i,

which shows non-equivalence of the distance functions. This also proves that the
metric spaces (R?, dg) and (R3, dgn ) are not equivalent. But the topological spaces
(R3,7r) and (R3, 1) are equivalent since any Heisenberg ball contains an Eu-
clidean ball and vice versa. We also present the picture of balls in different metrics
in Figure 3.4.

The metric with the matrix (3.4) is a left invariant metric on H'. The distri-
bution D = span{X,Y}, where X,Y are defined in (3.3), itself can be called left
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F1GURE 3.3. The Heisenberg and the Euclidean balls inside each other.

FiGURE 3.4. The Euclidean, Heisenberg, and Carnot-
Carathéodory balls.

invariant since it is completely defined by X (e) = 9;, Y (e) = 9, and D, = dl, D..
The differential operator

0? 0% 1 2 0 o\ 0

A, —X24v2—- 2 _ 4 =4 (g2 2_—(—— —)— 3.13
B + Ox? (’9y2+2(:Zj ) 4 * y/ Ot (3.13)
is called sub-Laplacian. It is an analogue of the Laplace-Beltrami operator A =
53—;2 + aa_;z + g—; in R? with respect to the Euclidean metric. Observe that the
homogeneous function N(7) = ((z2 + y?)? + t2)1/4 for 7 = (z,y,t) € H' is con-
nected to the fundamental solution T'(7) to the sub-Laplacian (3.13) as follows
I(r) = %. The constant ¢(Q) < 0 can be calculated explicitly and @ = 4 is

the Hausdorff dimension of the metric space (H*, dy1), see [49].
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Let us present the formulas for the gradient on H! in coordinates. In order
to use formula (2.4), we calculate the inverse matrix to (3.4):

1 0 ~%
gv=1 0 1 3
Rt
Then
O, f Ouf — 501 Xf
o (o | = 0,1 + 30if _ vy
orf N LY, SYf—4X[+Tf
Thus
o %f Ou
gradf=g7 | O,f |-| 8 | =XfX+YFY+TST.
O f O

The horizontal gradient “gradj,” is the projection of “grad” onto D = span{X,Y}
and it is written as grad,, f = (X f,Y f) in the left invariant basis X,Y of D.

3.2.3. Heisenberg group and isoperimetric problem. Let us recall the ansient story
of Dido, or Elissa in Greek version, the founder and the first Queen of Carthage (in
modern-day Tunisia). She was daughter of the king of Tyre and after the dangerous
for her life intrigues of her brother Pygmalion she had to leave her land. Eventually
Elissa and her followers arrived at the coast of North Africa where Elissa asked
the local inhabitants for a small piece of land for a temporary refuge until she
could continue her journey. She was allowed to have only as much land as could
be encompassed by an oxhide. Elissa cut the oxhide into thin strips so that she
had enough to encircle an entire nearby hill. According to this legend, Elissa was
the first person who solved the isoperimetric problem of enclosing the maximum
area within a boundary of a fixed length.

The dual problem is to find a minimal length curve enclosing the fixed area.
Let us formulate this problem mathematically. Introduce the coordinates (z,y)
on the plane R? and let c(s) = (z(s),(y(s))), s € I, be a closed curve in R?
that encloses a bounded domain 2. Then the area A of Q can be calculated as
JodA = [ dt by the Stokes theorem. Here the area form dA = dx A dy is the
differential of the one form dt = i(xzdy — ydx). The variational problem with
constraint is formulated as follows:

Find a closed curve c: I — R? of minimal length [ \/3%(s) +32(s)ds, such
that the area A = fc dt = %fc(:zrdy — ydz) enclosed by this curve is fized.

Let us introduce the third coordinate ¢ that will reflect the change of the area
swept by the curve c(s) = (z(s),y(s)), s € I, i. e,

t(s) = = (z(s)y(s) —y(s)i(s)) forall sel. (3.14)

N =
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We associate the family of curves v: I — R?, v(s) = (z(s), y(s),t(s)) to a single
planar curve c(s) = (x(s),y(s)), s € I, in such a way that we obey the con-
straint (3.14). Integrating condition (3.14), we get

t—to =5 [ (e)il) - u(s)i() ds,

which means that the area enclosed by the planar curve ¢ and the straight line
connecting the end of ¢ with the origin, is equal to the change of the vertical
coordinate of v (here we assumed ¢y = 0), see the Figure 3.5. Another desirable

Area

FI1GURE 3.5. The sub-Riemannian length of the curve is equal to
the area of the projection

condition is to find a Riemannian metric g in R® such that the length of v: I —
R3 is equal to the length of the planar curve c. In order to satisfy it, we find a
distribution D of planes in R3 such that v will be tangent to D and the length
of the vector é(s) = (#(s),y(s)) in R? coincides with the length of the vector
Y(s) = (&(s),9(s),i(s)) € D5y C R In this case we only need the restriction
gp of the Riemannian metric g to planes D, () that will be the sub-Riemannian
metric. Thus the distribution D has to be annihilated by the form dual to the
additional velocity coordinate ¢ of the spacial curve . So

D(z,y,t) = ker(w) = ker(dt — %(xdy — ydx)),

and the sub-Riemannian metric gp is just the Euclidean metric on D making the
basis of D orthonormal. The reader may recognize the Heisenberg manifold in the
space (R3, D, gp) described in the first part of Subsection 3.2. More information
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about the relation between the isoperimetric problems and the Heisenberg groups
the reader can find in [6, 22].

3.2.4. Variational equation on the Heisenberg group. For the sake of completeness
we would like to mention the variational equation for geodesics on H! obtained
in [122]. Let g be a left invariant Riemannian metric on the Heisenberg group, such
that the left invariant vector fields X, Y, T are orthonormal at each point ¢ € H*.
We emphasize that it is a Riemannian, but not a sub-Riemannian metric. Let V be
the Levi-Civita connection associated with g. Let J be an almost complex structure
on D defined as in (3.17). To formulate the result we also need to introduce the
set of admissible curves for the variational problem. Recall that we are looking for
a horizontal curve ¢ connecting go € H' and ¢; € H' and minimizing the length
functional

} Y2 s, (3.15)

1) = [ [atets).c6s)

The set of admissible curves for variation is just the set of horizontal curves con-
necting the points gy and ¢;. Since all considered curves are horizontal we can
change the Riemannian metric ¢ in (3.15) to a sub-Riemannian metric gp ob-
tained by restriction of g on D at each point of the Heisenberg group.

Theorem 3.1. [122] Let y: I — H! be a smooth (C?) horizontal curve parametrized
by the arc length. The curve v is a critical point of the length functional (2.3) for
any admissible variation, if and only if, there is s € R such that v satisfies the
second order ordinary differential equation

Vi + 250J (%) = 0. (3.16)

This result was recently extended to higher dimensional Heisenberg groups [121].
The parameter s is called the curvature of the sub-Riemannian geodesic 7y since the
projection of v to R? is a curve with the curvature s. The value s = 0 corresponds
to straight lines parallel to R2.

3.2.5. Heisenberg algebra and inner product. Finishing discussions on the Heisen-
berg group, we want to show that the commutation relations of the Heisenberg
algebra induce a natural inner product on the Heisenberg algebra under an addi-
tional condition. Let us use the notations: X, Y, T for the basis of the Heisenberg
algebra h', U = span{X, Y}, V = span{T'}, and h* = U@ V. The one-dimensional
vector space V is naturally isomorphic to R! by fixing the basis element 7. There-
fore, V' possesses the metric, such that the length |T| = 1. Thus, V' becomes a
normed vector space (V|- |), and therefore, a metric space.

The commutator [-, -] on the Heisenberg algebra h! produces a bi-linear skew
symmetric form w(-,-): U x U = V by w(uy,us) := [u1,us], ur,uz € U. Let J
be an almost complex structure on U, that is, a linear map J: U — U defined on
the basis by

J?=—Idy, and J(X)=-Y, JY)=X. (3.17)
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Observe that J is compatible with the commutator structure in the sense that the
brackets are invariant under the transformation J. We have

@(JX,JY) = [JX,JY] = [-Y,X] = [X,Y]

for the basis of U, and thus by bi-linearity of w, for any vector from U. Verify,
that —J also possesses the same properties.

The skew symmetric bi-linear form w and the compatible almost complex
structure J define a symmetric bi-linear form g(-,-): U x U = V by g(Z,W) =
w(JZ,W). Indeed, linearity is obvious and symmetry follows from

g ZW)=w(JZW)=w(JJZ,JW) = —w(Z,JW) = w(JW,Z) = g(W, Z).
On the basis elements of U we get
IX, X)=w(JX,X)=T, ¢(¥.Y)=w(JY,Y)=T, g¢(X,Y)=0.

Recalling that we use the isomorphism V with R', we conclude that ¢ is a metric
making X,Y orthonormal.
Consider now the commutator as an adjoint map

adx: U —>V: adx(Z) = [X, Z],

(for the definition of the adjoint map and details see Appendix A, Subsection 8.3).
Then ady: (ker(adx))t — V is an isomorphism, where the orthogonal comple-
ment is taken with respect to the metric g. Moreover, adx is an isometry form
(ker(adx))t to V, since the length 1 basis element Y is mapped to the length 1
basis element 7. The same holds for ady. In the construction here we used the
almost complex structure J.

Let H! be a Heisenberg group. Left translations of the plane U = span{X, Y}
defines the distribution

1 1
D(m,y,z) = Span{X = 8m o §y8t5 Y = ay + Exat}

on H'. Left translations of the inner product g becomes the left invariant sub-
Riemannian metric gp. We conclude that the commutation relations on the Heisen-
berg algebra and the presence of the compatible almost complex structure J nat-
urally lead to the left invariant sub-Riemannian structure (D, gp) on the group
H*'. More about this see [77].
EXERCISES.
1. Show that the Carnot-Carathéodory distance function on the Heisenberg sub-
Riemannian manifold is homogeneous with respect to the dilation (3.12).
2. Show that any two homogeneous with respect to the dilation (3.12) distance
functions d; and dy are equivalent on the Heisenberg group; that is, there are
constants C, C > 0, such that

Cdl (Ta q) < d2 (Ta q) < édl (7—7 Q)a T,q € Hl .

3. Verify that the Heisenberg distance function dy: is symmetric and satisfies
the triangle inequality. If you did not succeed see [89].
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4. Show that geodesics (3.8) and (3.9) are invariant under the left translation
defined by the multiplication (3.10).

5. Prove that all geodesics on the Heisenberg group can be obtained by left
translations of geodesics (3.8) and (3.9) starting from e = (0,0, 0).

3.3. H-type groups

The Heisenberg type groups (H-type for shortness) were introduced by A. Ka-
plan [77] and have been studied extensively by many mathematicians, see for
instance [21, 26, 36, 78, 83, 120].

The Heisenberg-type groups H are the groups whose Lie algebras § are gen-
eralizations of the Heisenberg algebra in the following sense. Let a vector space h
endowed with a commutator [, -] and an inner product (-, -). We suppose that the
commutator defines the decomposition

h=UeV, [UUCV, [UV]=][V,V]={0},

and, moreover, this decomposition is orthogonal with respect to the inner prod-
uct. The next assumption is the compatibility between [-,-], (-,-), and an almost
complex structure. We assume that there is a map

J : V = End(U)
T — Jp,

that satisfies

(JrX,Y)=(T,[X,Y]), forany X, Y €U, andany T € V. (3.18)
This immediately implies the skew-symmetry of Jp for any T € V:

(JrX,Y) = —(X, JrY). (3.19)
Here J! denotes dual map to Jr. For any element X € U the adjoint map adx (-) =
[X,]: U — V gives the decomposition
U = ker(adx) @& (ker(adx))L,

where the orthogonal complement is taken with respect to the inner product (-, -).
We say that the Lie algebra bh = (UEBL Vo[, (- )) is of H-type if for any X € U,
(X, X) =1 the map
adx: (ker(adx))J' -V
is an isometry onto V. The last condition is equivalent to
J2 = —|T|*1dy, forall T €V, (3.20)

where Id;; denotes the identity mapping in End(U) [36]. The conditions (3.19), (3.20)
imply

JTJT/ + JT/JT = —Q(T, TI) IdU7 for all T, T/ S ‘/, (321)
see [36]. When there exists a linear mapping J: V — End(U) satisfying (3.19)
and (3.20) or (3.21), U is called the Clifford module over V. The relation between
H-type groups and Clifford modules was carefully studied in [36]. Some interesting
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generalization where an inner product is changed to an arbitrary non-degenerate
scalar product can be found in [34, 35, 59].

In Theorem 3.2 a result on the classification of H-type algebras is presented.
We need some definitions.

Definition 17. The algebra b satisfies the J? condition if, whenever X € U and
T, 7' €V with (T,T") = 0, then there exists T" € V', such that

Jrdr X = Jrn X. (3.22)

Denote by hi the Euclidean n-dimensional space, by b7 the n-dimensional
Heisenberg algebra, by b3 the n-dimensional quaternion H-type algebra, and by
b the octonion H-type algebra. The lower index corresponds to the topological
dimension of V' and the upper index reflects the real, complex, quaternion and
octonion topological dimensions of U.

Theorem 3.2 ([36]). Suppose that by is an H-type algebra satisfying the J? condition.
Then b is isometrically isomorphic to b%, b7, b5 or to hi.

This classification is intimately related to Clifford algebras. The first three
of H-type algebras are also connected to division algebras of real, complex, and
quaternion numbers since all of these algebras are isomorphic to some Clifford
algebras. The last one b is not related to division algebra of octonion numbers,
since the algebra of octonion numbers is not isomorphic to a Clifford algebra due to
non associative product of octonions. The groups related to division algebras were
studied in [21], where the parametric formulas of geodesics and other questions
also were obtained. We present their construction in the following subsection.

3.3.1. Constructions of groups related to division algebras. Before we describe
the general construction of groups HZ, H7}, HY, and H}, we would like to recall
the Cayley-Dickson construction of division algebras R (real numbers), C (com-
plex numbers), Q (quaternion numbers), and O (octonion numbers). The Cayley-
Dickson construction explains why each algebra fits neatly inside the next one.
Recall that the division algebra means that each non-zero element has a unique
inverse. The Cayley-Dickson construction is given nicely in [8].

The complex number, as well known, can be thought of as a pair (a, b) of real
numbers a,b € R. We define the conjugate to a real number as a* = a and the
conjugate to the pair as

(a,b)" = (a*,—b). (3.23)
Then the Cayley-Dickson product is defined by
(a,b)(c,d) = (ac — db*,a*d + cb). (3.24)

Now we can think of a pair (a, ) as a quaternion, where a, b € C. The conjugate is
defined as in (3.23) and the product as in (3.24). We obtain the quaternion numbers
Q that form a non-commutative algebra with respect to (3.24). Finally, we define
an octonion as a pair (a,b) with a,b € Q, the conjugate as in (3.23), and the prod-
uct (3.24). The octonions with the multiplication (3.24) form a non-commutative,
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non-associative algebra. Actually, we can continue the Cayley-Dickson construc-
tion doubling the dimension and getting a bit worse algebras. First we loose the
fact that every element is its own conjugate, then we loose commutativity, asso-
ciativity, and finally we loose the division algebra property. An algebra possesses
a division property if

xy =0 implies =0 or y=0.

Using the Cayley-Dickson product, we first describe the following groups: Eu-
clidean n-dimensional space Hj = R", the n-dimensional Heisenberg group HY,
the n-dimentional quaternion H-type group H%, and the octonion group H:. The
corresponding Lie algebras b, b7, %, and hi are infinitesimal representations of
these groups.

We recall that the definitions of H} and hi differ from the ones in [36]. In our
construction we used the octonion product which is not associative, therefore, it
can not give a Clifford algebra, where the product is associative by definition. The
group corresponding to the classification of Theorem 3.2 is essentially the same as
we present, where the product of octonions has to be changed to an associative
multiplication, presented in [36].

THE EUCLIDEAN SPACE. The group Hf} = (R", +) is a trivial example of an H-type
group. We have the identifications

by = TeR" = R™ = span{0,1,...,0pn }.

Left invariant vector fields are linear combinations of (9,1,...,0,») with con-
stant coefficients. The exponential map is the identity map. Since all commutators
[0ri, Opil, 1,5 = 1,...,n, vanish, we get

ho =U@YV, U=R" V={0}
THE HEISENBERG GROUP HY. In the notation of the Heisenberg group H} = ((C” X

R, o) the upper index stands for the complex dimension of C™ that corresponds
to the real dimension 2n of the space U in hT = U & V. The lower index reflects
the real dimension of R that is isomorphic to the center V of the algebra. We
start from n = 1, and then generalize it to an arbitrary n € N. Complex numbers
considered as a vector space have 2 basis vectors that we call units, since their
squares have absolute value 1:

real 1=(1,0), 1>=1, and imaginary 4= (0,1), i’ = —1.
Take a complex number z = (x1,22), 21,22 € R, and a real number t. Define a

new non-commutative law between the elements 7 = [z,t], ¢ = [¢/,t'] € C x R by

1
Tog=rq=[z [ ] = [+ 2t + 1+ 5(z0) -2, (3.25)

where firstly we take the Cayley-Dickson product zi = (21, 22)(0,1) and then the
inner product “” of vectors z,2’ € R2. We write 7¢ instead of 7 o ¢ for the HY}
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group product to simplify the notation. If we use the representation of ¢ as the
(2 x 2) matrix
(23]
-1 0|’
then the group law can be written as

7q = [z, t)[Z, V]| = [z + 2/t + 1 + %(12) - 2]. (3.26)

Using the algebraic form of a complex number z = x; +ixs = Rez +iImz, we can
write (3.25) in the form

1
Tq = [2,t][Z, ] = [z 4+ 2t +1 + 5Im(z*z’)],

where 2*2’ is the Cayley-Dickson product of z* by z’. The non-commutativity
of the new multiplication law in C x R is seen for the last variable t € R. The
dimension one of the second slot of coordinates reflects the existence of only one
imaginary unit. The reader easily recognizes in (3.26) the Heisenberg group H!
multiplication law (3.10).

In order to present an n-dimensional analogue of the Heisenberg group we
take two n-dimensional vectors of complex numbers w = (z1,...,2,) and w' =
(21,...,20) where 2, = ' +iz%, 2] = (2') +i(2?)", 1 = 1,...,n. The matrix i is
changed to a block diagonal matrix J = diagi with n matrices i on the diagonal.
The multiplication law between the elements 7 = [w,t] and ¢ = [w/,t'] € C" x R
is transformed into the following one

7q = [w,t][w, '] = [w+w t+t +

> (ai) - ]
=1

= [w+w, t+t + §(Jw).w']

1
= [w+w, t+t + §Im(w*w')],

=N

where w*w’ = >, 2/2]. The unit element is e = (0,0) and (—w —t) = (w,t)~"
is the inverse element to (w,t).

A left invariant basis of the Heisenberg algebra h’, n € N, is obtained as in the
one dimensional case by translation of the basis vectors {0,11, 0,21, 0:}]_; by del-.
With [ =1,...,n we get

1 1
X = 8wu - §$21(9t, Xo = (9@1 + §x116t, and T = 0;. (3.27)

Let us introduce the notations U = span{Xi;, X9}~ ,, V = span{T}. Since
[X11, Xo1) = T and other commutators vanish, we get h7 = U @ V. Let the
inner product (-,-) in b} be such that basis vectors become orthonormal. The
condition (3.18) holds due to the commutation relations. The endomorphism Jp
is represented by the matrix J, which possesses properties (3.19), (3.20). The J?
condition holds trivially, since dim V' = 1. The space (U, J, (-, -)) is isomorphic to
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the space of complex numbers (C", 4, | - |), with usual multiplication, which is the
simplest example of a Clifford algebra with generators 1, 1.

QUATERNION GROUP HY. In the notation of the quaternion group Hj = (Q" X
R, o) the upper index denotes the quaternion dimension of the space of quater-
nions Q™ that corresponds to the real dimension 4n of the horizontal distribution.
The lower index in this case reflects the real dimension 3 of the center of the Lie
algebra h%. As previously, we start from the one-dimensional case: n = 1, and then
consider its multidimensional analogue. Quaternion numbers @, which we think
of as pairs of complex numbers, have one real unity 1 = (1,0), 12 = 1, and three
imaginary units

i1 = (i,0), iz = (0,1), i3 = (0,i), such that % =i3=1i3=iyiziz = —1.
The Cayley-Dickson product is no longer commutative, for example,
1199 = —igl] = —i3, 19i3 = —igly = —11, i3l] = —i1l3 = —io. (3.28)

In order to construct the quaternion H-type group H}, we take a quaternion
q = (21, 22), 21,22 € C, and three real numbers ¢1, ta,t3 that reflects the three
dimensional nature of the space of the imaginary quaternions. Define a new non-

commutative law between the elements h = [q,t1,t2,t3] € Q x R® and p =
¢, 1), 15, t5] € @ x R by
hp = [q7t17t27t3] [qlvt/lvt/%té] (329)

1, . 1, . 1, .
=lg+d ti+t+ 5(%1) ¢t + 1o+ 5((122) ¢ty + 15+ 5(%3) -],
where qig, k = 1,2,3 is the Cayley-Dickson product for the quaternions and “.”
is the inner product in R*. As in the case of the Heisenberg group we can use the
matrix representation of the imaginary units

0 -1 0 0 0 0 -1 0
. |1 o0 of . |0 0 01

"=l 00 —1|'2T|1 0o o0 o0] (3.30)
0 01 0| 0 =1 0 0

000 0 —17

, 00 -1 0

B=101 0 0]

10 0 0|

and rewrite the group law (3.29) in the form
1, 1. L.
hp=lg+d ti+ 8+ 5(a) - o+t + S (i2g) -d's ta+ 15+ 5(13g) - 4.

Using the imaginary units we can represent a quaternion ¢ in the algebraic form
as

qg=a+ i1+ iy +i30 = a+i1lmiq + ixImzq + islmsgq.
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Then the multiplication law (3.29) admits the form
hp = [q7t17t27t3][q/7t/17t/27té] (331)

1 X 1 X 1 y
=Imi(¢* ), to +ty 4+ sIma(q™¢'), t3 +t3 + sIms(q” ¢')],

2 2 2
where ¢* ¢’ is the Cayley-Dickson product of ¢* by ¢'.

=lg+q ti+t +

To give an n-dimensional analogue of the quaternion H—type group, we
take the m-dimensional vectors of quaternion numbers w = (q1,...,qn), W =
(¢, ..,q,). Each of the matrices i,,, m = 1,2, 3, is changed to the block diagonal
matrix J,,, = diagi,, with n (4 x 4)-matrices i,, on the main diagonal. The multi-
plication law between the elements h = [w, t1,ts2,t3], p = [w', 1], th,t4] € Q" x R3
is
hp = [’U}, t17 t?a t3] [wlu t/17 t/27 t/3]

1o 1o
=[w+w' t+t) + B Z(qn&)qf,tz +ty+ B Z Qi2)q, ts +t5 + 5 Z Qi3)q))
1=1 =1

1 1
5 @2w) 't + 8y 4+ 5 () )

1 1 1
=[w+w t; +] + §Im1 (w*w'), ty +th + §Im2(w* w'), t3 +th + §Im3(w* w')],

1
=[w+w',t +t'1+§(J1w)-w’,t2+t'2+

where w* w' = Y, qf q;. The unit of the group Hj is e = (0,0) € Q" x R? and
the inverse element to (w,t1,t2,t3) is (—w, —t1, —ta, —t3), w € Q", #1,t2,t3 € R.

The quaternion algebra b3, € N, is the direct sum of U @ V', where
U = span(X11, Xo1, X31, X1, -+, X1, Xon, X3n, Xan)

with
1
Xu(w,t) =04, + 3 (— 220, — 2310y, — T410y,),
1
X2l('w t) 6m21 + 5(&611(9151 + .%'4[(9,52 - xglatS),
N I=1,...n, (3.32)
X3l(w t) amz + 5 ( — .%'41(9,51 + .’L‘llatz + ZCQlatS),
1
X (w,t) =04, + 3 (2310, — 22101, + 21104,),
and w = (q1,...,qn) = (T11,%21, %31, Ta1s .-, T1n, L2n, L3n,Tan). Lhe subspace

V is spanned by {Ty,Ts, T5} with T, = 9, . The following commutator relations
(X, Xot| =T, [Xu, X =T, [Xu, Xy| =15,
(Xo, X3) = T3,  [Xop, Xy = —To, [Xz1, Xy =T1,
hold for I = 1,...,n and all other brackets vanish. Thus, the condition (3.18) is
verified with respect to the inner product making the bases of U and V' orthonor-

mal. The endomorphisms Jr, are represented by matrices J,,, m = 1,2,3. The
J? condition holds due to relation (3.28).



38 I. Markina

Remark 1. If we involve only two imaginary units into the construction, then we
obtain the quaternion H-type group with two dimensional center V. Taking into
consideration only one of the i, £k = 1,2,3, we get a group isomorphic to the
Heisenberg group HY.

OcTONION H-TYPE GROUP HE. Octonions or Caley numbers, which we think of as
pairs of quaternion numbers, have one real unit 1 = (1,0), 12 = 1 and 7 imaginary
units

J1=(i1,0), Jj2=(i2,0), Jjs=(i3,0), ja=(0,1),
Js = (0,41),  Jje = (0,42), jr = (0,13),
whose squares equal (—1). The rule of multiplication is presented in Table 9 in
Appendix B. The product of octonions is not associative, for example,
J1(j2js) = —Jjr, (J1j2)ja = jr.
We take an octonion w = (¢1,¢2), ¢1,q2 € Q and t € R7, corresponding to the 7-

dimensional space of imaginary octonions. Define a new non-commutative product
law for elements

h=[wt€0OxR" and p=[w,t]=c0 xR’

by
hp = [w, )W, t'] = [w,t1,... t7][w, 1], ..., 7]
1, 1
= [w+w, t; +t]+ 5(111]1) w4+ 5(11}]7) -w'] (3.33)
/ / 1 * /! / 1 * /
= [w+uw' t +t1+51m1(w w'), ... ,t7+t7+51m7(w w')],
where wj,, m = 1,...,7, and w* w’ are the Cayley-Dickson products and “” is

the inner product in R®. As in the previous cases e = (0,0) is the unit element of
the group HY, (w,t)™1 = (—w, —t).

There is no matrix representation of ji since the multiplication between ji is
not associative, in contrast to the matrix multiplication. Nevertheless, it is possible
to associate a matrix J,, with any imaginary unit j,, which can be considered as
a replacement of endomorphism Jz, , m =1,...,7. The matrices J,,, are given in
the Appendix B. Using J,, we write the multiplication law (3.33) as follows

1 1
hp = [w, t][w', '] = [w+w', t1 +t] —§(wJ1)-w’, . ,t7—|—t’7—§(wJ7)-w’]. (3.34)
Notice some properties of the matrices J,,:
32 =-U 3 =-3, J'=J, m=1,...,7, (3.35)

where U is the (7 x 7) identity matrix. The product of the matrices J,, does not
correspond to the product of the corresponding imaginary unities j,,, for example,

j1j2:—j3, but J1J2§£—J3.
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The matrices J,;, do not represent the imaginary units in octonion algebra Q,
but they can be used to write the group law and the left invariant basis of the
corresponding algebra.

The algebra b? is the direct sum U &V, where U = span(Xj, ..., Xg) with

7
1
Xi(w,t) = O + 5 ;1(me)latm, I=1,...,8 (3.36)
where w = (x1,...,2s) and (zJ,,); is the I-th coordinate of the vector xJ,,. We

give the coefficients (zJ,,); in the Table 1. For instance, to write the vector field
X, we take the first line from the Table 1 and get

1
X1 (’LU, t) = 811 + 5 ( — xgﬁtl — $38t2 — x46t3 — x58t4 — x68t5 — $78t6 — x88t7) .

The subspace V is spanned by {Ti,...,T7} with T}, = 0, . The non-vanishing

O | O | Ots| O | Oty | O1g | Oy
X1 | —wo | w3 | T4 | =75 | —T6 | —T7 | —78
Xo| 1| myg|—x3| @We|—T5|—Tg| X7
X3 | —x4| m T2 | w7 | @ | —T5 | —Tg
Xy| w3 |—m2| T1| T8 | —T7| X6 | —s
X5 | -2 | —x7 | —28| @1| X2| T3| X4
Xe| o5 |—wg| @7 |-—T2| x1|—T4| =3
X7 | x| @5 | —x6|—T3| Ta| T1| 72
Xg | —w7| 6| 5| —T4|—23| T2| M1

TABLE 1. The product zJ,,

commutators are given in Table 2 showing that condition (3.18) still holds.

X1 | X2 X3 Xa| X5| Xe| X7] Xs
X, 0] Th| To| T3] Tu| 15| Ts| T-
X, | -Th 0 Ts | -To| 15| -Tu| -T:| Ts
X5 | -Ts | - T 0| Th| To| Tr| -Ti| —-T5
X, | -T5| T|-Th 0| T | -Ts| 15| -Tu
X5 | -Tu| -T5 | -T6 | -T- | 0] T1| T»]| T3
Xo | -T5 | Tu| -T-| Ts|-Tu 0 -T5| T»
X7 | -Ts| To| Tul| -T5| -To| T3 0] -7
Xs | -15 | -Ts | T5| Tul|-T5 | -T»| Th 0

TABLE 2. Non-vanishing commutators
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Using the normal coordinates (w,t) for the elements, we identify the elements of
the group with the elements of the algebra via the exponential map exp: ht — Hi:

8 7
H'17 > (x17---7$8,t1,---,t7) & (Zxkxk + Z tme> € h%
k=1 m=1

3.3.2. Groups related to division algebras considered as sub-Riemannian mani-
folds. The group Hj is a usual Euclidean space, since V' = {0}. The sub-Riemannian
metric is the Riemannian metric given as a left translation of the Euclidean prod-
uct by abilian group law “4”. Further,

H;’ll = (R2n+1aDagD)7 Hg = (R4n+3aDagD)v H§ = (RlSaDagD)v

where the left invariant distributions D are such that D, = span{Xi(q), ..., Xa(q)}.
Here left invariant vector fields X, j = 1,...,a = dim U, are given by (3.27), (3.32),
and (3.36). We use as the underlying smooth real manifolds for groups the real
vector spaces RZ*+1 R4"+3 and R that isomorphic to C* x R, Q" x R3, and
O x R7, respectively. The metric gp is such that the basis of D, becomes orthonor-
mal in each case. The distributions D are of step 2, strongly bracket generating
and regular.

In order to present normal geodesics on H-type groups related to division
algebras, we denote all of them by H. We also use the notations o = dim Uy,
B = dimV, for all ¢ = (z,t) € H = R* x R, A = (£,0) € T;H. Then the

Hamiltonian function is

H(q,\) = H(x,t,&,0)

S x? =3 i(i(zl)Q) ( 25: 02) + M- ¢
=1 =1

=1 m=1

N =

where “” denotes the usual inner product in R* and M = me:l O0mdm. The
matrix M is skew symmetric.
The corresponding Hamiltonian system is

i =%l =2+Mu

& = - —LjoPa— Mg
g~ — _9H _

m Ot

and the initial conditions are x(0) = ¢(0) = 0, £(0) = &, 6(0) = 6p. We see from
the last equation that the f-coordinates of the momentum are constants 6. The
system (3.37) is reduced to

i =2Mi
. 1 . (3.38)
t=—5dmz-2, m=1,...,05.
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The solutions of the system (3.38) for 6y # 0 are

{x(s) = Lo lfol N (0) + S22elD 1 4 (0)

m 00)m|2(0)]% sin(2s|6
¢ (S):(o)4|9|0|(2)\ (S_ ( \o\))7

(3.39)

3100] m=1,...,0,

where Id is the identity matrix in R®. If 6y vanishes, then the geodesics are straight
lines starting from (0, 0) with the initial velocity &, 8o = 0, remaining in the space
t = 0. Analysing the solutions, we obtain the information about the behaviour of
geodesics similar to the Heisenberg group. Projections to any 3-dimensional sub-
space containing two coupled z-coordinates and one t-coordinate give the Heisen-
berg picture, see Figure 3.2. The detailed study of this question can be found
in [21].

In the work [58] the authors obtained an analogue of the variational equa-
tion (3.1) for the H-type group H} = (R7,p), where the group law p is given
by (3.31).

Theorem 3.3. Let~y: [a,b] — H} be a horizontal curve, parameterized by arc length.
Then v is a critical point of the functional for the Carnot-Carathéodory distance,
if and only if, there exist numbers 1, 39, 23 € R such that v satisfies the second
order differential equation

Vid =2 > sandm(¥) = 0. (3.40)
m=1,2,3

Here J,,, m = 1,2, 3, are the almost complex structures given by the endo-
morphisms Jz,,, m = 1,2,3 in the definition of H. The Levi-Civita connection V
is compatible with the extension g of the sub-Riemannian metric gp from D onto
the entire tangent bundle TH3. The Riemannian metric g is left invariant. The
question whether there are similar equations for other H-type groups is still open.
See an analogue of equation (3.40) in Subsection 5.5.

We also present here formulas for horizontal gradients on groups H, written
in the left invariant bases (X1,...,X,) given in (3.27), (3.32), (3.36) and in the
standard basis {01, 0m}, I =1,...,a, m=1,...,3

B
1
gradp = (X1,..., Xq) = (grad, +3 > (mx)dr,,), (3.41)

m=1
with grad, = (9z1,...,0z0).
3.3.3. Action of groups related to division algebras on the Siegel upper half spaces.

Let C*™! be the (n + 1)-dimensional complex space. We use the notation z =
(7', zp41), where 2/ = (21,...,2,) € C". The set

Uy ={(21,. -+, 2n31) €C"M 1 dRe (2p41) > |22 = Z |z1%}
1=1
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defines the Siegel upper half space in C"*!. Let B¢ denotes the unit ball in C*+!:

n+1
Be = {(w1,...,wpyq) € CM Z lw)? < 1}.
=1

Then the Cayley transformation

Wp+1 = 1_2"4’17 w; = 2 ) l:17 , 1,
1+ Zn+1 1+ Zn+1
and its inverse
Zn+1 = 71 — U}n+17 2] = 72’LUI s l = 1, . ,n,
1+ Wn 41 1+ Wn 41

show that the unit ball B¢ and the Siegel upper half space U, are biholomorphically
equivalent.

Let Q"™ n+1 € N, be an (n+ 1)-dimensional quaternion vector space. The
elements of Q" are (n+1)-tuples of quaternions that we denote by ¢ = (¢, gn11),
¢ = (q1,...,q,) € Q", with the norm |¢q|? = 27;11 lq|?. The Siegel upper half space
in Q"' can be defined by analogy with the complex case as:

n
Upn ={(q1,- -, qnr1) € Q"2 4Re (gni1) > Z > =1q'*}.
1=1
The unit ball Bg in Q" is
n+1
By ={(h1,. ., hny1) € Q"1 Z [ha|* <1}
1=1
Since the multiplication of quaternions is not commutative there are two forms
of Cayley transformation that give the symmetric geometry. The (left) Cayley
transformation, mapping the Siegel upper half space U, onto the unit ball Bg, has
the form

(1 + h:1+1)(1 - hn+l)
11+ hpgr [?

_ 2hi(L+ Rl )
= 2h(1 + hy, 1_ 2%\ Al
=2t )= S

for I =1,...,n. The inverse transformation from Bg onto U, is

1 a(l+qny)

11+ gny1]?’
1 (M=) +g5yq)

Ppt1 (1 Qn-i-l)(l + qn-i-l) |1 + Qn+1|2

for I = 1,...,n. The Cayley transformation is biholomorphic in the quaternion
sense, where the notion of a quaternion holomorphic function is not a direct gen-
eralization of a holomorphic complex function, it requires some additional inputs,
see, for instance [39, 68].

Gnt1 = (1 + hps1) (1 — hpy) =

)

)

by = q(1 + gny1)
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Continuing by analogy, we define the Siegel upper half space in Q2. We con-
sider only 2-dimensional octonion vector space: 02 = {o = (0/,02) : 0,02 € O}
with the norm |o|? = |0’|? +|oz|?. The Siegel upper half space ¢; and the unit disk
By is defined as

Uy ={(0',02) € 0% : 4Re(02) > |0/|*},
Bo = {("',r2) € Q*: |7/|? + |ra)? < 1}.
The transformations
o =2r'(141ry) 02 = (1419) 11 —1y),
map the Siegel upper half space onto the unit ball and the map
=0 (14 0y)7", ry = (1—09)(1+09)7"

acts from the unit ball to the Siegel upper half space. To verify this we observe
that

*
-1z

R

where z is a complex number, a quaternion or an octonion, and xy is the Cayley-
Dickson product. Let us denote by (¢’, ¢) an element of one of the above mentioned
Siegel upper half spaces, and by (h’, h) a point from the corresponding unit ball.
Then

(xy)" =y"2", =

WP =n0(h) =PI+ a7,
[h|? = hh* = |1 - q]?|(1 +¢) 1%,
and
WP+ = (g P+ 11— ad)A+ 9~ < 1.
Since (14 q)~> = |(1 + ¢)| 2, we have
¢'1? + 11 —ql* = ¢']* + 1+ [a]* = 2Re (q) < [(1 +q)]* = 1+ [¢[* + 2Re (q),
that yields |¢'|* < 4Re (q).

Let K be one of the following spaces C**1, H**! or Q2. We denote by p =
(¢’,q) a point from the Siegel upper half space U,, of K. The boundary of U, is

U, = {(¢'q) €K : 4Re(q) = |¢|* = Zlqzl}

We mention here three automorphisms of the domain Z/{n: dilation, rotation and
translation.

Dilation. Let p = (¢,q) € Uy,. For every positive number 6 we define a dilation

ds(p) by )
55(]9) = 58((]/7‘1) = (Sqlu S Q)-
The non-isotropy of the dilation comes from the definition of U,.

Rotation. For every unitary linear transformation U that acts on C™, H" or O, we
define the rotation Rot(p) on U,, by

Rot(p) = Rot(q', q) = (U(q'). q).



44 I. Markina

Both the dilation and the rotation are extended to mappings on the boundary
oU,,.

Translation. We use the notation H for the groups HY, H%, HE. To every element
[w,t] of H we associate the following affine self-map of U,,. Notice that it is a
holomorphic map for the cases C**!, Q1. This map is the action on the left of
the group H on U,,:

|w]®

1., .
[w,t].(¢',q) = (¢ +w,q+ o q +i-t). (3.42)

Here i -t = Zle ixtr. This mapping preserves the level sets, given by the function

r(p) = 4Re (q) — |¢'*. (3.43)
In fact, since |¢' + w|* = |¢'|* + |w|* + 2Re (w*q1), we obtain
|w|2 1 VAN ) 2 _ 42
ARe (g + = + 5w'q) — |¢' + w]” = 4Re(q) — |¢]"

Hence, the transformation (3.42) maps U,, onto itself and preserves the boundary
U,

Let us check that the mapping (3.42) defines an action of the group H on
the space U,,. If we compose the mappings (3.42), corresponding to elements [w, t]
and [w, s] € H, we get

[w,1].([w, 5].(d', 0))
wlz w2 1 1
=(w+w+qd,q+ % + % + §(w+w)*q’+ §w*w+z’- (s+1)). (3.44)
On the other hand, the transformation corresponding to the element [w, t][w, 5] is

[w, t][w, s].(¢", q)
wHwl? 1 N 1. N .
z(w—i—w—i—q’,q—i—' 1 | +§(w+w) q’+§z-1mw wHi-(s+1)). (3.45)

Observing that

2 2 2 1 1
w + 51 Imw*w = —|u:1: + % + ERC (w'w) + 51 JImwtw
ol | P, 1.
- 4 Zwrw
4 4 207

we conclude that (3.44) and (3.45) give the same result. Thus, (3.42) gives us
a realization of H as a group of affine (¢g-holomorphic) bijections of U,,. We can
identify the elements of U, with the boundary via its action at the origin

h(0) = [w, 1].(0,0) = (w, [w|* +i - 1),
where h = [w, t]. Thus,
H 5 [w,t] = (w,|w]*> +1i-t) € OU,.



Geodesics in geometry with constraints 45

We may use the following coordinates (¢',t,7) = (¢, t1, ..., tdim vy, ) o0 Up:
Z/{n = (q/aq) = (q/ath)v tk = Imk% k= 15 B 7ﬂ7 r= T(q/aq) = 4Re (q) - |q/|2'

If 4Re (q) = |¢'|?, then we get coordinates on the boundary 0, of the Siegel upper
half space

aun > (qla q) = (q/u tlu oo 7tdimV2)7
where t; are as above and r = r(¢’,¢) = 0.

3.4. Carnot groups

The following example includes connected simply connected Lie groups G whose
Lie algebras are the direct sum of their subspaces

g=V10Va®...Vn,

such that [Vi,Vi] = Vi1, k= 1,2,...,m — 1, and [V4, V;,] = 0. Since the com-
mutators have finite length the algebras and the groups are nilpotent. The Lie
algebras are also graded: [V}, V] C V4 and stratified

otevicVieWC...C L, Vi.
Such kind of groups received the name the Carnot groups in literature.
3.4.1. Two step Carnot groups. The two step Carnot groups G are those possess-
ing Lie algebras g which are nilpotent of step 2, graded, stratified:
g=Vi& Vs, Vi,Vi] C Vo,  [Vi, Vo] = [Va, Vo] = {0}.

The group underlying manifold is R**? o = dim Vi, 8 = dimVs. The group
multiplication law can be written by making use of a R?-valued skew symmetric
form Q: RY x R® — RA. Namely, if we write (v, v2), (v}, v}) € Vi @ Va for the Lie
algebra elements, then

[(1}1, ’02)7 (’Ui ) Ué)] = (Oa Q(vla vi))
If we write 7 = (z,t), ¢ = (z1,t1) for the elements of G, then
1
7q = (z,t)(z1,t1) := (x + 21, t + 61 + 59(,@, x1)) (3.46)

by the BCH-formula. All H-type groups and groups related to division algebras are
examples of 2-step Carnot groups. Another treatment of 2 step nilpotent groups
by making use of metric, see [43, 44].

3.4.2. Engel group. The Engel group is an example of a 3-step Carnot group. The
underlying manifold is R*. We use coordinates ¢ = (z,v, 2, w). Let us calculate the
Lie group multiplication law by making use of the BCH-formula for a nilpotent
group of step 3:

exp(F1) exp(Fy) =

1 1 1
=exp(F1 + Fr + §[F1,F2] + E[Flu [F1, Fo]] — E[FQ’ [F1, Fy]]).  (3.47)
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The Lie algebra for the Engel group has to satisfy the relations
(X,Y]=2, [X,Z]=aW, [Y,Z]=0W, a,beR.
For example, if we choose a slight modification of the Heisenberg vector fields
X =0, — %y@z + 20y, Y =0,+ %w@z — 204,
then we get
(X,)Y]=0.:=2, [X,Z]=-0w:=W, [Y,Z]=0,=W. (3.48)

If we write F; = ;X + 4, Y + 2,.Z + w;W, i = 1,2 then the BCH-formula (3.47)
and the commutation relations (3.48) lead to the group law

(@1, 91,21, w1) (22, Y2, 22, w2) =

1
= (z14x2,01+y2, 21+ 22+ §(x1y2 — T2y1), (3.49)

1 1 1
wy + w2 — 5(17122 —T921) + 5(24122 —y2z1) + E(yl —y2)(x1y2 — x2y1))-

Another coordinate representation of the Engel group can be found in [37].
EXERCISES

1. Find the matrices of left invariant Riemannian metrics for groups related to
division algebras. These metrics should also make the left invariant basis

{(X1,....Xa,T1,.... Ts}, a=dimU, B=dimV

orthonormal.
2. Find gradients and sub-Laplacian operators.

4. Sub-Riemannian spheres

In this section we will consider sub-Riemannian manifolds whose underlying smooth
manifolds are odd dimensional unit spheres. For the beginning we pay special at-
tention to the spheres S® and S7. We will see how the same sub-Riemannian
structure is defined by considering S® as a group, as a CR-manifold, and as a prin-
cipal U(1)-bundle. We also compare construction of sub-Riemannian structures on
53 and S7. The reason why we present the examples of S and S7 is that we can
consider these spheres globally as manifolds endowed with a globally non-vanishing
linearly independent basis. The structure of the basis on any sphere is given in the
following theorem.

Theorem 4.1. [1] Let "' = {x € R" | ||z||% = 1} be the unit sphere in R",
with respect to the usual Euclidean norm || - ||g. 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.
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In particular, two classical consequences follow: S', S3 and S” are the only
spheres with a maximal number of linearly independent globally defined non-
vanishing vector fields, and all even dimensional spheres have no globally defined
and non-vanishing vector fields. Rephrasing the property of a manifold M to have
maximal number of linearly independent globally defined non-vanishing vector
fields one says that M is parallelizable. The fact that S, S2 and S” are the only
parallelizable spheres was proved in [17]. Even dimensional spheres have no glob-
ally defined and non-vanishing vector fields which is a consequence of the Hopf
index theorem, see [130].

4.1. Sub-Riemannian structures on S°

4.1.1. S? as a Lie group. Consider the smooth manifold $3:
§% ={z = (% 2", 2% 2%) e R | |||} = 1}.

In order to introduce the multiplication between the point of S3, we consider
the set S3 as a subset of the quaternion numbers Q of norm one. Recall that
Q = (R* +,), where + stands for the usual coordinate-wise addition in R* and
“” is a non-commutative product g iven by the formula

3 3
@+ atin) - (0 + Y wtin) = (@0 -ty - Py’ -ty
k=1 k=1

(a4 2%t — 2Py + 22y

+ (@0 + 23yt + 2% —2P)in  (4.1)

+ (@3 — 2%yt + 2ty 4 2%%P)is.
The conjugate of ¢ = (20 + S5_, #¥i), is given by ¢ = (20 — 3°5_, 2¥i;,) and
the norm |q| of ¢ € Q is defined by |¢|*> = ¢g. The realization of the sphere S3
as the set of unit quaternions with the multiplication (4.1), gives the Lie group
S3 = (S3,.).

The multiplication rule (4.1) induces a right translation r,(g) of an element

q=2a° +22:1 x¥i;, by the element 7 = yo—i-zzzl y¥i),. The matrix corresponding
to the tangent map dr,(q), obtained by the multiplication rule, becomes

y° y(l) y23 y?
-ty =y
dr; =
T 2 P L
2 1 0

Calculating the action of dr;(g) on the basis of the unit vectors (dy, 01, 02, 03), we
get four vector fields

N, = y080 + y181 + y282 + y383, V., = —y180 + y081 — y382 + y283,

X, =—y?00+y301 +y°02 —y 05, Y, = —y30y — y?01 +y'02 + y°0s.
(4.2)
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It is easy to see that IV, is the unit normal to S3 at 7 € S® with respect to the
Euclidean inner product (-,-) in R*. Moreover, for any 7 € S3
(vav‘r) = (NTvXT) = (N‘raYT) =0
and
(NruN‘r) = (VT7VT) = (X7—7X7—) = (YT,YT) =1.
Since the matrix

-y =yt oyt
has rank three, we conclude that the vector fields {V(7), X (7),Y (7)} form an
orthonormal basis of T,-S® with respect to (-,-),, for any 7 € S3.

Observing that [X,Y] = 2V, we see that the distribution D = span{X,Y} is
bracket generating, strongly bracket generating, and regular, therefore it satisfies
the hypotheses of Theorem 2.2 and Theorem 2.3. Notice that the distribution
D = span{X,Y} can also be defined as the kernel of the contact one form

w=—y1dy’ +yody' —ysdy® + y2 dy®. (4.3)

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

0=—yody’ +ysdy' +yody® —yidy’, 1= —ysdy’ —yady +y1dy® +yody’,

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

EXERCISES

1. See that the constructed group (S3,-) coincides with the matrix group Sp(1).
2. Show that the constructed group (S3,-) is isomorphic to the group SU(2) of
matrices

(zl 2 ) 212+ |22|? =1, 21,25 €C.

—22 Z1
Use the correspondence
q= 20 + xlil + x2i2 + x3i3 oz = 20+ ixl, 29 = 22 + iz’
4.1.2. S® as a CR manifold. Consider S® as the boundary of the unit ball B¢ € C2,
or the hypersurface
S = {(z,w) € C*: 22 + ww = 1}.
The sphere S? cannot be endowed with a complex structure since it has 3 dimen-
sional tangent space. Nevertheless it possesses a differentiable structure compatible

with the natural complex structure of the ball Bc = {(z,w) € C?: 2z + ww < 1}
as an open set in C2. We show that this differentiable structure over the sphere S3,
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called CR structure, is equivalent to the sub-Riemannian one considered in the pre-
vious subsection. We begin by recalling the definition of a CR structure, according
to [14].

In the case W = T,R*, ¢ = (2}, y',...,2",y") € R?*", we say that the
standard almost complex structure for W is defined by setting

J(azy‘):ayg‘, J(ayj):—axj, 1<j53<n.

For a smooth real submanifold M of C" and a point ¢ € M, in general, the
tangent space T, M is not invariant under the standard almost complex structure
map J: T,C" — T,C", T,C" = T,R*". We are interested in the largest subspace
invariant under the action of J.

Definition 18. The holomorphic tangent space H,M of M at q is the vector space
HM=T,MNJ(TyM) for a point ¢ & M.

A real submanifold M of C" is said to have a CR structure if dimp HyM does
not depend on g € M. A result of [14] implies that every smooth real hypersurface
S embedded in C™ satisfies dimg HyS = 2n—2, therefore, S is a CR manifold. This
fact applies to every odd dimensional sphere, considered as an embedded manifold
to C".

Let us describe the holomorphic tangent space H,S®. The space 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. Straightforward calculations show
that

ker(w) = span{wd, — z0, }.
In real coordinates this corresponds to
1
W0, — Z0y, = 5(—X +1iY),
where X and Y were defined in (4.2). It is important to remark that this is precisely
the maximal 1-complex-dimensional J-invariant subspace of 7,53, namely
J(X) =Y, JY)=-X.

Then J(span{X,Y}) = span{X, Y}, but J(V) = =N ¢ T,5? for any point q € S>.
Therefore, the right invariant distribution corresponding to the left action of S3
over itself coincides with the 1-complex-dimensional holomorphic tangent space.

Remark 3. Essentially the same almost complex structure can be obtained by
means of the Levi-Civita connection V on S considered as a smooth Riemannian
manifold embedded into R*. Namely, in [74] it is introduced the mapping Jy (W) =
VwV for W € D, and the vector field V' defined in (4.2).

EXERCISE
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1. Show that the distribution D = HS? at ¢ € S® can be also defined as a set
of complex 2-dimensional vectors that are orthogonal to n = 29, + wd,, with
respect to standard Hermitian product (v,n)y = 0111 + U2n9 at each point

qe s
D,={veT,C*| (v,n)g =0, n=20,+wd,, zweC}
4.1.3. S? as a principal U(1)-bundle. In this part we describe how the structure
of a principal U(1)-bundle over S* induces a bracket generating distribution on
53. More details about the relation between principal bundle and sub-Riemannian

geometry will be given in Section 5. The group U(1), consisting of complex numbers
of absolute value 1, acts on the right on the manifold 52 by

w: o S3IxUQN) — S3
(z,w)v = (zv,wv).
Here v e U(1) = {v € C: |[v|* =1} and (z,w) € S* C C2.
Consider the Hopf map h : S® — S2 [71, 98], given explicitly by
h(z,w) = (|2|* — |w|?, 22w),

where S? = {(z,{) € R x C: 22 +|¢|? = 1}. Clearly, h is a submersion of S* onto
S2, and it is a bijection between S3/U(1) and S?, where S3/U(1) is understood
as the orbit space of the U(1)-action over S3.
Let p = (20, (o) € S?. Consider the great circle
Yp(8) = (20, wp)e*™, s €10,1],

in S2, that projects to p under the Hopf map. Here (zg,wp) is a point in the
pre-image of p under h. Consider the tangent vector field, defined by

Ap(8) = 2mi(20, wo)e* ™ € T%(S)Sg.

We write the curve 7, and the map d, (5)h in real coordinates. Then

T(s) = (2(s),w(s)) = (2°(s) + iz’ (s), 2% (s) + iz*(s))
= (2°%(s), 2" (s),2%(5),2°(5))
and
a(s) al(s) —aP(s) —a’(s)
h=2 22(s) a3(s)  a%(s)  al(s) |. (4.4)
—2°(s) 2%(s)  ='(s) —a°(s)
Thus, the Hopf map induces the following action over the vector field 4,(s) =
ivp(s):

d

p(s)

20(s) zt(s) —ax?(s) —a3(s) ilgg 0
dyhla) =2 26) 26) ) 26 || B | =0
—23(s) 2%(s)  al(s) —2%s) #3(s) 0
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Therefore, if d. (s h is a full rank matrix, then we would have characterized the
kernel of it, by

ker (d., (s)h) = span{4,(s)} = span{V,, (s}, (4.5)
since ,(s) = 27wV, (5) by (4.2). In order to see that the matrix (4.4) is full rank we

observe that [d. (sh][d, s)h]"" = 413, where I3 denotes the identity (3 x 3)-matrix.
This implies that d, )h is full rank.

Now we describe how the Hopf map induces the distribution D constructed in
the previous subsections. Define the distribution D as the orthogonal complement
to the kernel of dh with respect to the Euclidean inner product (-,-) in R*. More
precisely,

D,={veT,8*| (v,w)=0 Y w € ker(d,h)}.
Since we know that ker(dyh) = span{V(¢)}, and moreover,
(Xq, V) = (Y;p Vg) = (Xquzz) =0,
we see that
D, = span{X,, Y,}. (4.6)

In the literature the distribution obtained by this way is called the Ehresmann
connection and ker(dyh) is called the vertical space. We give a general definition
of the Ehresmann connection in Subsection 5.1.

The action of the group U(1) on the manifold S* satisfies the definition of
the principal bundle, see Definition 21. We conclude that the Hopf fibration is a
principal U(1)-bundle. Moreover the distribution D is invariant under the right
action of U(1):

dqr+(Dq) = D, (o) = Dgr, T€U(), q€5°

Thus, the Hopf map, written in coordinates, indicates, in a topological way, how
one makes a natural choice of the horizontal distribution D that was not obvious
when we considered the left action of S® over itself.

The sub-Riemannian metric gp is defined by restricting the usual Riemannian
metric on S3 to the distribution D. Summarizing the last three subsections we
conclude that all presented constructions lead to the sub-Riemannian manifold
(S%,D, gp), where

D, = span{X,,Y,}, q= (20, 2" 2% %),
X, = —$2310 + ;v?’axl + .’L‘Oazz - xlazs, Y, = —xgazo - $26x1 + .’L‘lazz + xoazs,
and the sub-Riemannian metric gp = (-,+)|p is the restriction of the Euclidean
inner product (-,-) in R* to the distribution D.

Let us find an analogue of the horizontality condition (3.7) for S3. A smooth
curve ¢: I — 53 is horizontal if ¢(s) € D) for all s € I or if the third coordinate
in the decomposition

¢ = a(s)X(c(s)) + B(s)Y (c(s)) + (s)V (c(s))
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vanishes. Write ¢(s) = (xo(s),xl (s),x3(s),x4(s)) and ¢(s) = Zi:o 2%0),. Then,
since

8(s) = (T(c(s)),¢(s)) = —a'a® + 2%%" — 2°3® + 2%3°
by (4.2), we conclude that the curve is horizontal if it satisfies the differential
equation

—z1(5)i%(s) + 2%(s)d' (5) — 23(s)d2 (s) + 2%(s)3(s) =0, se€ L. (4.7)
It is a reformulation of the condition ¢ € ker(w), where w is the one-form from (4.3):
w = —atdx + 29! —23dr? 4+ 22dx3. This form can be written as w = dAg; —dAss,

where dAg; = 20dx! — 2'da®, dAsy = a3dx? — x2da® are the area forms on the
planes (2°,z') and (23, 22), up to the factor 1/2, respectively. Let us denote by
Ap1 the area swept by the projection of the curve ¢ onto (2%, z')-plane, and by Asz
the area swept by the projection of the curve ¢ onto (23, 22)-plane. Then the curve
¢ is horizontal if and only if Ag; = Asz, see Figure 4.1. Compare this with the
isoperimetric property of a horizontal curve on the Heisenberg group H'. Observe

01

FIGURE 4.1. Projections of ¢ to the planes (xo,z1) and (z3,x2).

that the considered vector fields X, Y,V are right invariant vector fields produced
by the left action of S on itself. The right action of the group S? on itself leads
to left invariant vector fields on S3. This phenomenon is general for the action of
groups, see Appendix A.

The geodesics can be found by making use of the Hamiltonian approach as
in the case of the Heisenberg group, but the Hamiltonian equations in this case
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are much more difficult. This method was exploited in [28, 29], where the sub-
Riemannian structure was defined by left invariant vector fields.

The authors of [74] showed that the result of Theorem 3.1 remains true for
the sub-Riemannian manifold S, where they used the complex structure described
in Remark 3. They considered the horizontal distribution defined by the right
invariant vector fields on S3.

We will present a different method to find sub-Riemannian geodesics on S3.
This method is valid for all odd dimensional spheres and even for all principal
bundles with the appropriate choice of metrics. It will be one of the main points
of consideration in Section 5.

4.2. Sub-Riemannian structures on S7

4.2.1. Tangent vector fields for S7. In this section we obtain two structurally
different types of horizontal distributions on S7. One of them is of rank 6 and the
other is of rank 4. We start from the construction of a convenient basis of tangent
vector fields on the sphere S”.

The multiplication of unit octonions is not associative, therefore S” is not a
group in contrast with S3. Nevertheless, we are still able to use the multiplication
law in order to find global non-vanishing tangent vector fields. In calculations we
use a slightly different multiplication table of unit octonions from what we consid-
ered in Subsection 3.3 and that leads to a different product. It is more convenient
for our purpose in this subsection. Both the multiplication table of unit octonions
and the product of two arbitrary octonions are presented in Appendix B. The
multiplication rule induces a matrix representation of the right octonion multipli-
cation, given explicitly by:

T T e T
T T T T s
v o=yt Syt S Tyt =P
e | 0w
A T VL VA T Ve
vyt =yt =yt 0 = P
T T e T T T S A
yvoo= oyt = =yt

for 7 = y° + 22:1 yF .

We are able to find globally defined tangent vector fields which are invariant
under the right multiplication rule. We proceed by analogy with the constructions
made for S3. The explicit formulas of vector fields are given in Appendix B. The
vector fields {Y1,...,Y7} form a frame for TS” and Yj is the normal to S7. More
explicitly

(Yi(r),Y;(r)). =0y, T€8, 4,jef{0,1,...,7}
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where (-,-) is the standard inner product in R®, and d;; stands for Kronecker’s
delta.

4.2.2. CR structure and the Hopf map on 52711, Before we go further in studying
structures on S7, we present general relations between the CR structures on odd
dimensional spheres and the higher dimensional Hopf fibration.

Consider S?"t1 = {2 € C*"* | |2]|> = 1}. Then the right U(1)-action on
S27+1 given by

(20, 2n).U = (200, ..., 2p0),
for v € U(1) and (20, ..., 2,) € S?"! induces the principal U(1)-bundle U(1) —
§2n+1 e pn given explicitly by

S 5 (20, 2n) = B(20, -y 20) = |20 -+t 2n) € CP™,

where [zg : -+ : z,] denotes homogeneous coordinates. This map is called higher
Hopf fibration. The kernel of the map h: S?" ! — CP" gives the vertical space at
each point of $27*+1. The horizontal distribution or the Ehresmann connection D
is given by the orthogonal complement to the vertical distribution V' with respect
to the inner product of R2"+2. We show that the vertical space is always given by
the action of standard almost complex structure in C**! on the normal vector field
to §27*+1 and the Ehresmann connection coincides with the holomorphic tangent
space at each point of S2"*1,

Theorem 4.1 asserts that any odd dimensional sphere has at least one globally
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 tangent vector
field. If 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 S2"*! possesses
the vector field

V=—y'0+y°01 — y*0 + ... — y*" 2 02pi1 + v T Oonsn. (4.8)

Observe that this vector field has appeared already in two cases: as the vector field
V for S3, and as the vector field Y; for S7.

The vector field V' encloses valuable information concerning the CR structure
of S2"*1, A result of [14] states that the sphere S?"*!, as a smooth hypersurface in
C"*1) admits a holomorphic tangent space of dimension dimg(H,S*"*1) = 2n for
any point ¢ € S?"*+1. The following lemma implies a description of the holomorphic
tangent space H,S?" "1 as the orthogonal complement to V.

Lemma 1. Let W be an Fuclidean space of dimension k + 2, k > 1, with an
inner product (-, )w and let X, Y be two vectors from W. Consider an orthogonal

decomposition W = span{X,Y} &, W with respect to (-,-)w and an orthogonal
endomorphism A : W — 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 «, 8 € R it is clear that
(Av,aX +BY ), = (v, A" (aX + BY)),, = (v, A" (X + BY))
Since A(span{X,Y}) = span{X, Y}, there exist a,b € R such that
AN aX + BY) = aX + 1Y,
and therefore, (Av,aX +5Y),, = (v,aX +bY), = 0, which implies Av € W. O

we

As an application of Lemma 1, it is possible to obtain an explicit characteri-
zation of the space H,S?"+1,

Lemma 2. The vector space H,S*" ! is the orthogonal complement to the vector
V, € T,5*" " from (4.8) for any q € S*"T1.

Proof. Consider the vector space
W, = span{N(q)} @, T,S*" ' = T,R*"*+2

where N(q) is the normal vector to S?"*! at the point g. The standard almost
complex structure map J: W, — W, is orthogonal. Moreover, J(V(q)) = —N(q),

J(N(q)) = V(g). Using the decomposition W, = Wq @, span{V(q), N(q)}, it is
possible to apply Lemma 1 in order to conclude that Wq, which is the orthogonal
complement to V(q) in T,S*" !, is invariant under J. Since dimg Wq = 2n, we
conclude that Wq = H,5°"+1, O

The space HS?"*+! can also be described as the kernel of the one-form
0 = Zodzo + ... + Zndzy,.
Indeed, consider X € HS?"*+1, Then by straightforward calculations we have
0(X)=(X,N)+i(X,V)=0. (4.9)

Lemma 2 provides a horizontal distribution of rank 2n for the spheres S$27+1!,
by considering the holomorphic tangent bundle: D = HS?"*1, The bracket gen-
erating property follows from the following general result for an arbitrary contact
manifold.

Definition 19. Let M be a (2n + 1)-dimensional manifold. A smooth one form w
is called contact if it satisfies the condition

wg A (dwg)™ #0  for any ¢ € M.
The pair (M,w) is called a contact manifold.

Lemma 3. Let M be a (2n + 1)-dimensional contact manifold with contact form
w, then D = ker(w) is a bracket generating distribution of rank 2n and step 2.
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Proof. Recall Cartan’s formula for a differential one-form w, namely
dw(X,Y) = X(w(Y)) = YV(w(X)) — w([X,Y]), (4.10)

forall X, Y € TM. It follows from (4.10) that D is Frobenius integrable if and only
if do(X,Y) =0 for all X,Y € D. Thus, if w is a contact form, then dw(X,Y) #£ 0
for all X,Y € TM and, therefore D is not integrable. This implies the bracket
generating property for D, since if [X,Y], ¢ D, at any point ¢ € M for some
X4, Y, € D, then span{[X,Y],} & Dy = T, M. O

By Lemma 3, in order to prove that HS?"*! is bracket generating, it is
sufficient to find a contact one-form w such that HS?"T! = ker(w). To achieve
this, let us consider

w=1mo = —y1dy’ + yody" — ... = Yant1dy™" + yandy*" " (4.11)
defined on S?"1. By (4.9), the relation HS?"! = ker(w) holds immediately.

Theorem 4.2. [57] The one-form w defined in (4.11) is a contact form. More specif-
ically, w satisfies (dw)™ Aw = n!-2"dvolgzen+1, where dvolgzn+1 is the volume form
for S?ntL,

The following corollary holds by Lemma 3 and Theorem 4.2.

Corollary 1. The holomorphic tangent bundle HS?*" 1 is a bracket generating dis-
tribution of step 2 and rank 2n.

An important consequence of Theorem 4.2 follows by considering a classical
result by G. Darboux, see [38]. 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 $?"*1 as a sub-Riemannian
manifold with distribution HS?"*! and metric induced by the usual Euclidean
metric in R?"*2 is isomorphic to the n—dimensional Heisenberg group. See [13, 63]
for the definition of the tangent cone to a sub-Riemannian manifold.

It is necessary to remark, that in general, there is no globally defined basis
for HS?"*1. By Theorem 4.1, this is only possible for S% and S7. A basis for
the distribution in the case of S has already been discussed. An explicit proof
that shows the bracket generating property of the basis of HS” can be found
in [9, 10, 57].

We conclude this section by proving that the line span{V'} from (4.8) forms
the kernel of dh, where h is the Hopf fibration U(1) — §2+1 —5 CP". The or-
thogonal complement to V is the horizontal distribution D = HS?"*1. To achieve
this, we recall that the charts defining the holomorphic structure of CP™ are given
by the open sets

U, ={lz0: " :2zn] : 2z #0},
together with the homeomorphisms
Pr U, — cn
[20:...:20] — (2_2""722:722—:17”' 7;_:)
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Then, without loss of generality we assume that n = 3 and perform explicit cal-
culations for £ = 0. Other cases can be treated similarly.
Using the chart (Up, ¢o) defined above, we have the map
pooh S7 — c3

Z1 22 23

(20,21,22,23) (Z—O, 0 ;),

which in real coordinates can be written as

0 0 h(z v7) = (£C0$2 + T1T3 ToT3 — T1T2 ToTa + T1Ts
0 Oy« vey L7 - 2 2 ) 2 2 ) 2 2 ’
Ty + xy ry + oy Ty + xy
ToTs — T1T4 ToTe + T1T7 ToL7r — T1L6
2 +22 7 xR+ x4
0 1 0 1 0 1
The differential of this mapping is given by the matrix
d(go o h) = (A, B) € R®*®
4] ;
where A € R®%2 and B € R%C have the following forms
(1}%—13(2))132—2101113 (mg—mf)m3—2101112
G T
(i —z3)x3+2zoz1 22 (zi—xg)xa—2x0x123
o (5-+e1)? , etep)?
T —L5)Ta—220T1T5 (zg—x7)xs—2T0T1T4
PEWSAL] PEAY
A= (zg+=7) (zg+=7)
(w?—18)15+2101114 (m%—mg)m4—2101115
, @otei)? , (etep)?
(z]—xg)xe—2x0oT 17 (z§—x7)x7—2T0T1T6
(z5+27)? (z3+=7)?
2 2 2 2y
(z]—xg)x7+2T0T1T6 (z]—xy)r6—2T0T127
(2§ +=7)? (2§ +=7)?
and
) T
_ Tl o
m%-{-ml w%—i—m? 10 10 0 0
0 1
p=| ° 0 #@a @ Y 0
o 0 0 -l Lo 0 0
w%-{-;ﬂf w%-{-;ﬂf
Zo L1
0 0 0 A
_ 1 0

By straightforward calculations, we know that
det([d(po o h)]fd(ipo 0 W]") = (& +3) ™ = [20] 1 £,

therefore, the matrix d(¢g o h) has rank 6 or equivalently dimg (ker d(pgoh)) = 2.
Moreover, since d(¢g o h)(N) = d(po o h)(V) = 0, by direct calculations, we
conclude

ker (d(¢o o h)) = span{N,V}.
This implies ker(dh) = span{V'}.
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4.2.3. Application of the first quaternionic Hopf map. We wish to find with the
help of the quaternionic Hopf bundle §% — S7 — S4 a natural choice of horizontal
distributions of rank 4 on S7. The right action of S on S7 is defined in the
following way. Represent any point of S” as a pair of quaternions (qi,g2) of the
norm |(q1,¢2)| = 1. Any point in S® is also a quaternion v € S% of unit norm.
Then the right action is
p: STx 8 — S7
(q1,¢2)v = (q1v,q2v),

where ¢;v and gov are the usual products of quaternions. We consider the quater-
nionic Hopf map given by

h ST — 54

4.12
(zw) > (2l ~ fwf?, 220) 412
which can be written in real coordinates as:
h(zo,...,o7) = (v3 + 2] + x5 + 235 — 25 — 2} — 3 — 22, (4.13)
2(xoxq + T125 + Tows + T327), 2(—Tox5 + T1X4 — T2X7 + T3T6),
2(_5[:05[:6 + X127 + X2y — LL‘3£L‘5), 2(—,@0,@7 — 1% + Toxs + $3$4)).
The differential map dh is the following:
Zo Ty T2 r3 —T4 —Ts —Teg AT
T4 Zs Ze Z7 Zo Z1 Z2 Zs3
dh =2 —I5 Ty —X7 Te T —X0 Tr3 —X9
—Tg X7 Ty —Tp o —I3 —Xo T
—I7 —Tg Is T4 I3 T2 —X1 —Xo
Since none of the commutators [Y;,Y]], 4,5 = 1,...,7 coincides with Y}, for
k =1,...,7, we look for the kernel of dh among the commutators Y;;, i,j =
1,...,7. The precise form of commutators is given in Appendix B. After te-

dious calculations we find that dh(Yys) = dh(Yae) = dh(Yse) = 0. Define V =
{Y4s5, Yi6, Ys6}. Notice that the commutation relation between Yy5, Yye, Yse are:

[Yis, Yae] = Yse, [Yas, Ys6] = Yas, [Ys6, Yas) = Yag
reflecting that they form a Lie algebra for the Lie group S® = SU(2). As in the

previous cases we define the horizontal distribution D or the Ehresmann connection
as an orthogonal complement to V with respect to the usual inner product in R8.
The sub-Riemannian metric gp is the restriction of the inner product from R®
to D.

Remark 4. Another way to construct the horizontal distribution was proposed
in [57] The authors presented several bracket generating distributions transversal
to V. None of them has a globally defined non-vanishing basis, meanwhile the ver-
tical space V has such kind of the basis. The authors of the paper [9], see also [10],
presented another horizontal distribution of rank 4 that was constructed consid-
ering the Clifford algebra structure of S” and that possesses a globally defined
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non-vanishing basis. However, in this case a globally defined basis of the verti-
cal space, different from V constructed above, was not found. We would like to
draw the attention to the paper [10], where complete description of trivializable
sub-Riemannian structures on S2"*! induced by Clifford algebras is given.

5. Principal bundles

In this section we show the explicit formulas for geodesics on any odd dimensional
spheres. They were found by making use of a result from [111]. To present this
result we give all necessary definitions, prove the theorem of existence of geodesics
and apply it to odd dimensional spheres. At the end, we will give some applica-
tions of the geometry of principal bundles to physics and will illustrate them by
exploiting the results from previous sections. We recommend the book [76] as an
introduction to the theory of smooth bundles.

5.1. Ehresmann connection

In this subsection we describe two possible ways to introduce sub-Riemannian
structures on a smooth manifold M, provided that there exists a submersion
m: M — B to another smooth manifold B. We call the map 7w projection and
the manifold B the base space. For ¢ € M we call the pre-image F, = 7 1(b),
b = 7(q), the fiber through a point ¢ € M. The set Fp is a smooth submanifold
of M. Since the differential map d, is surjective for all ¢ € M, the kernel ker(d,m)
is non-empty. We denote it by V;, and call it the vertical space at ¢ € M. The col-
lection of all vertical spaces is called wvertical distribution or vertical sub-bundle
V € TM. The vertical space is actually the tangent space V; = T, F to the fiber
F' passing through gq.

Definition 20. An Ehresmann connection for a submersion w: M — B is a distri-
bution D C T M that is everywhere transverse and of complementary dimension
to the vertical distribution V :

T,M=D,®V,  q€cM.

Notice that & denotes only transversality of two vector spaces at ¢ € M,
but not orthogonality, because there was no any kind of metric defined on M
up to the moment. The vector space D, is an example of a horizontal vector
space and the Ehresmann connection is an example of a horizontal distribution.
Notice that given a submersion we always have a vertical distribution and the
construction of the horizontal distribution or the Ehresmann connection is the
question of mathematical art.

There are two ways to introduce the sub-Riemannian structure on a manifold
M by making use a given submersion 7: M — B.

CASE 1. SUB-RIEMANNIAN STRUCTURE BY RESTRICTION. Suppose that we have
a submersion m: M — B and that the manifold M is endowed with a Riemannian
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metric gar. Let V; = ker(dgm). Define the horizontal vector space D, as the orthog-
onal complement to the vertical space V; at each ¢ € M with respect to the given
metric gyr: Dg @1 Vy = Ty M. The obtained horizontal distribution D will be the
Ehresmann connection, since it is orthogonally transversal to V' at each point. If
we denote by g, the restriction of the Riemannian metric gas to the distribution
D, then (M, D, gnr,, ) is the sub-Riemannian manifold defined by the submersion
and the Riemannian metric gpr on M. In this case the sub-Riemannian length of a
horizontal curve is equal to the Riemannian length, since the vertical components
vanish.

CASE 2. SUB-RIEMANNIAN STRUCTURE BY LIFTING. Suppose now that for the
submersion 7: M — B the Ehresmann connection D is defined, and moreover, the
base manifold B is endowed with a Riemannian metric gp. Since the restriction
dgm|p,: Dy — Tr(qB is an isomorphism, we can pullback the metric gp to the
horizontal space D, at each ¢ € M. Denote the obtained metric by gp,,. Thus,

gBp (v, w) = gp(dyn(v),dgm(w)), v,we Dy, g€ M.

The obtained metric varies smoothly with ¢ € M. The triplet (M, D, gp,,) is called
a sub-Riemannian manifold induced by the Ehresmann connection D on M and
by the Riemannian metric gg on B. In this case we get the following properties.

1. If a horizontal curve -y is given on M, then the sub-Riemannian length of -y is
equal to the Riemannian length of its projection to B. This is obvious, since
the vertical component of the velocity vector of a horizontal curve «y in T, M
is absent, and moreover, the vertical space is projected to the 0-subspace in
each tangent space Ty, B.

2. What happens if we are given a curve on the base space and we pull it back
to the manifold M? Define the horizontal lift of a curve c: I — B to M. The
horizontal lift of the curve c is a curve v: I — M such that

(1) 4(t) € Dyy and (2) 7(y(t)) =c(t) forall tel.

The horizontal lift of a Riemannian geodesic in B is a sub-Riemannian geo-
desic in M. If the Riemannian geodesic in B is a length minimizers between
its end points, then its horizontal lift is a sub-Riemannian length minimizer
between the corresponding fibers.

Remark 5. It is natural to ask, when the horizontal lift exists. We will not discuss
it here. But if it exists, then given a point ¢ € M and a curve ¢ starting at m(q),
the horizontal lift v of ¢ starting from ¢ € M is unique.

Now, having these two ways of constructing sub-Riemannian structures on
M, we can ask when these structures coincide. Suppose we are given a submersion
7 of a Riemannian manifold (M, gps) to a Riemannian manifold (B, gg) and the
Ehresmann connection D is orthogonal to ker(dr) everywhere. If the restriction
dgm|p,: (Dg,dnp) — (Tr(q) B, gB) is a linear isometry for corresponding vector
spaces for all ¢ € M, then (M, D, gnr,,) = (M, D, gp,,)- In this case the submersion
7 is actually a Riemannian submersion, see Definition 41.
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5.2. Metrics on principal bundles

A definition of a fiber bundle is given in Appendix A, Definition 59. We present the
definition of the principal bundle in the smooth setting. Let M and B be smooth
manifolds and let G be a Lie group. Recall that an action of a Lie group on a
smooth manifold is a smooth map by definition.

Definition 21. Let M, B, and G be as above. A fiber bundle (F, M, B, ) is a smooth
principal bundle if the typical fiber F' has the structure of a Lie group G and, more-
over, the group G acts freely and transitively on each fiber, see (Definitions 56, 57).

In the case of principal G-bundle we have the following properties.
Proposition 3. [75, 125]

1. The action pr: M — M of the group G is a proper map for any 7 € G, that
18, the pre-image of a compact set is compact.

2. The base space B is diffeomorphic to the space M /G of orbits of the group G.
The space M /G becomes a smooth homogeneous manifold.

3. The map m is a natural projection w: M — M /G onto the quotient space and
it is a smooth submersion.

We assume from now on that the group G acts on the right: ¢ — ¢.7 for
7 € G, g € M and we will omit the word “smooth” in the notion of principal
bundle.

Definition 22. Let w: M — B be a principal G-bundle, D be the Ehresmann con-
nection and let gp be a sub-Riemannian metric on M associated with D. If gp is
invariant under the right action of G on M, that is,

gp(vg, wq) = gp (drr(vq)vdrr(wq)) =9p(Vgr,wer), TEG, g€ M,
then the metric gp is said to be of bundle type.

Example 6. Let us suppose that m: M — B is a principal G-bundle and suppose
that M is endowed with a Riemannian metric gy; which is invariant with respect
to the right action of G. Let D be the distribution from the Case 1. Then the
restriction gar, of gar to D gives a bundle type metric.

In what follows we want to present the special situation, where geodesics can
be calculated by making use of Riemannian and sub-Riemannian metrics. Assume
that m: M — B is a principal G-bundle, gps is a Riemannian metric on M, and
D, is the horizontal space orthogonal to the vertical space V; = ker(d,m) at each
q € M with respect to gas. We also suppose that the Riemannian metric g is
right G-invariant. In addition to the above described structure we assume that
the distribution D is furnished with a sub-Riemannian metric gp of bundle type.
We say that the metric gy is compatible with gp if the restriction g, = gum|p
coincides with gp on M, that is

gump (Vg, wq) = gp(vg,wq) for all vy, wqg € Dy andall g€ M.
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Now let us consider the restriction gps, := gar|v of gar to the vertical subspace
Vqg CTyM, g € M. The metric gar, is defined on the tangent space V; to the fiber
G at each g. Since there is an isomorphism between V, and the Lie algebra g of
the Lie group G, the metric gas,, defines a bilinear symmetric form I;: g x g — R,
which is called the moment of inertia tensor at ¢ € M. We can express it in the
following way. By making use of the group exponential map expg: g = G, we
introduce the infinitesimal generator map o, for the right G-group action on M.
Namely,

d
04:9— Vg CTyM issuchthat g>¢w— % Oq.exp(eﬁ). (5.1)
€ le=

Let us observe the following feature. Fixing fiber, by choosing a point ¢ € M
and a local trivialization, we identify the fiber with the Lie group G. Now we can
consider ¢.7 not only as a right action of the Lie group G (7 € G) on M along the
fiber, but also as the action on the left of ¢ (considered as an element of G) on the
Lie group G, or

q.7 = lg(7). (5.2)

So, it is convenient to think of the infinitesimal generator of the right action
as of a locally left invariant vector field, since

70(©) = 5| _ a-ew(e) = L] l(e(©) = diy(6)

by the property 1 in Theorem 8.2 or by the definition of the exponential curve in
Subsection 3.1, see (3.1). Then we define the bilinear symmetric tensor I,: gx g —
R by

L(&m) = gary (94(€)04(n),  Emew, g€ M. (5:3)

We conclude that if a right G-invariant Riemannian metric g is given on a princi-
pal G-bundle 7: M — B, then we define the sub-Riemannian structure (D, gas,, ),
with D = V1, and the moment of inertia tensor I, (5.3) by means of restrictions
of qgMm-

Conversely, if we have a sub-Riemannian structure (D, gp) with the metric
gp of bundle type and a moment of inertia tensor I;: g x g =+ R, ¢ € M, then we
can define a Riemannian metric gys as follows. Let us write any vector vy € T, M
according to the transversal decomposition D, @ V; as vy = vp, + vy,. Then the
Riemannian metric gy is defined by

gM(’Uqawq) = gD(Uanqu) + ]Iq (O'q_l(’UVq)u O_q_l(qu))u

where the inverse map o, 1 is well defined. In order to check that the obtained
Riemannian metric gps is compatible with the bundle type metric gp we observe
that

e D, and V; become orthogonal with respect to gs, since if v4 € D, and
wy € Vg, then g(vg, wq) = gp(vg,0) + 1, (O,a;l(wq)) =0;
e the restriction of gps to the distribution D coincides with gp,
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e to be right G-invariant the metric g); has to satisfy the relation

g (Vg wq) = gu(drr(vg), drr(wq)) = gr(Vg.r, We.r)- (5.4)

Let us reformulate the last condition in terms of the symmetric bi-linear
tensor I,. The left-hand side of (5.4) yields

gM(vqawq) = gD(quaqu) +]Iq(§a77)7 (55)
where 0,4(§) = vy,, and 04(1) = wy,. The right hand side of (5.4) leads to
QM(Uq.‘rv wq-‘r) =43pD (dTT (UDq)7 dr- (qu)) +1gr (Ca X)7 (5-6)
where 04.-(¢) = drro4(§) and 04.-(x) = dr-o4(n). Let us calculate dr,oq(&).
We get
drrog(§) = —‘ qexp(e&)T i C]T(T_l exp(ef)T)
T d dele=0
d
= —’ qrexp (€ Ad,-1(€)) = .- (Ad,-1(§)). (5.7)

where Ad is the adjoint action of G over g, for definition see Example 13. For
the relation of the adjoint map and the exponential map see Appendix A.
Analogously, we get drroq(n) = 0q.-(Ad,-1(n)). Since gp is right invariant
by definition of a bundle type metric, the equalities (5.4), (5.5), and (5.6)
imply

I,(&,m) = Igr (Adr-1(§),Ad-1 () or L4r(&n) =TI, (Ad-(€), Adr(n))

by changing ¢ to ¢!, and then, 77! to 7. We conclude that to make the
constructed Riemannian metric gy invariant under the right action of the
Lie group G, we have to require that the given inertia tensor I, should be
invariant with respect of the adjoint action of G on its Lie algebra g.

After all these discussions, we define a metric that we will work with. We will use
the terminology of [111].

Definition 23. A Riemannian metric gy on a smooth manifold M is said to be of
constant bi-invariant type if

1. gar s right G-invariant,

2. its inertia tensor 1, is independent of ¢ € M.

The word “constant” refers to the independence of the moment of inertia
tensor from the points of the manifold. The bi-invariance reflects the fact that the
inertia tensor defines a bi-invariant metric along the fiber G. We discuss it in the
following remark.

Remark 6. BI-INVARIANT METRICS ON LIE GROUP. Since the Lie algebra g is
related to the tangent spaces T;G to its group by left translations, any tensor ©
on the algebra g corresponds to a left invariant tensor 7" on its group G, because
T is defined by making use of left translations to bring © to each point g € G. If,
moreover, the tensor © on g is invariant under the adjoint action of G on its Lie
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algebra g, then the left invariant tensor 7" on G becomes right invariant. Applying
this considerations to the bi-linear symmetric non-degenerate form I, on g, we
obtain that it generates a bi-invariant metric on the fiber G through the point q.
We see that the adjoint invariance on g means that I, is constant along the fiber
through the point q.

5.3. Geodesics theorem

Before we state and prove one of the principle theorems, we formulate an auxiliary
statement.

Let G be a Lie group, g be its Lie algebra and let gz be a bi-invariant
Riemannian metric on the group, that may be given by an adjoint invariant bi-
linear symmetric form on g as was noticed in Remark 6. Thus, the Lie group
is also considered as a Riemannian manifold (G, gg). There are two exponential
maps defined in this case: the group exponential expg: g = G and the Riemann
exponential map (expr)e: TeG ~ g — G.

Proposition 4. [106] In the above stated notations the two exponential maps coin-
cide.

In other words the Riemannian geodesic through the identity of the group
G coincides with the one-parameter subgroup produced by the group exponential
map.

Let m: M — B be a principal G-bundle and let g5; be a Riemannian metric of
constant bi-invariant type. Let D be the Ehresmann connection which is orthogonal
with respect to gar to the vertical space V; at each ¢ € M. Let gp and gy denote
restrictions of gys to D and V, respectively. Recall that the infinitesimal action
0q: 8 — Vg is an isomorphism by (5.1). Denote by proj, the projection from T, M
to V, at each ¢ € M. The composition A = oq_l o projq is called the g-valued
connection form, see diagram (5.8).

A
/\
05 E ker(dym) =V, £ T,M (5.8)

0_71

Q

Let expp be the Riemannian exponential map generated by gy and let
Yo.r(t) = expg(tv) be the Riemannian geodesic passing through ¢ € M with
the initial velocity vector v € Ty M. We project this Riemannian geodesic to the
base manifold B obtaining a curve m(7, r). Then we lift horizontally (v, r) to
M and obtain a curve that we denote by vsgr.

Theorem 5.1. [111] In the above mentioned notations the curve ysg is a normal
sub-Riemannian geodesic starting at q € M. It is given by the formula

Vsr(t) = 1, r(t) expg(—tA4(v), v e TyM. (5.9)
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Proof. We follow the ideas in [111]. Since the decomposition of D @, V is orthog-
onal with respect to the Riemannian metric gy, and gp and gy are defined by the
restriction of gs to the corresponding distributions, we can define three Hamilton-
ian functions Hg, Hsr and Hy . Here we denote by Hpg the Riemannian Hamilton-
ian function related to the Riemannian metric gps, by Hsg the sub-Riemannian
Hamiltonian function related to the metric gp, see (2.12) and by Hy the vertical
Hamiltonian function related to gy and constructed by the same rule as in (2.12).
Then the orthogonality of the composition D &, V implies that Hsg = Hgr — Hy .
Let us also use the notations

expr: TyM — M, expyp: Dy —+ M, expy:Vy,—+ M, qgecM.

The rough idea of the proof is to show that if these Hamiltonian functions Pois-
son commute, then the corresponding flows on T*M produced by its Hamiltonian
vector fields also commute. Therefore, if v = vp 4 vy is the initial velocity vector
written according to the decomposition Dy ® V; = T, M, then the flow commu-
tativity property leads to the commutativity of the exponential maps, that is

exp,r(tvp) = expg(tv) expy (—toy ).

In the last step of the proof we observe that expy (—tvy ) coincides with the group
G exponential map because the metric gy is bi-invariant along the fiber through
qge M.

The first step in the proof of the theorem is to show that the Hamiltonian
functions Hg, Hsg, and Hy Poisson commute. Actually we only need to show
that {Hsg, Hy} = 0. We use the local trivialization for the bundle 7: M — B.
Let U C B be a neighborhood of 7(q), then 7=1(U) is diffeomorphic to G x U. At
the level of cotangent bundles it leads to the diffeomorphism
TiagyM =T"(GxU)=2T"G x T"U.

™

Let us use the coordinates 7~ 1(U) 3 ¢ = (7,b) = (7},...71,b},...,b*) € G x U,
I +k =n=dim M for points, and T; M > X\ = (u,p) = (i1, -, 1,1, -+ Pk) €
T;G x TyU for momenta. Since the moment of inertia tensor I is independent
of ¢ € M and it is independent of the horizontal part of any vector, the dual
tensor I*: g* x g* — R is also independent of ¢ € M and p € T,;U. This im-
plies that Hy (7,b, u,p) is only a function of the p-variables: Hy = Hy (u). The
right invariant property of the metric gp leads to independence of the correspond-
ing Hamiltonian function Hsg from 7-slot of variables: Hig = Hsgr(b, ut, p). The
Poisson brackets are

l k

OH,p OHy OH,r OHy
{H5R7HV}: (; 8,“] aTj +; 8])] 8bj)

( "~ OH,g OHy | <~ 0Hip 8HV).

_l’_
= O Ow; i Ob; Op;
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In the last sum we have 2 _ 9Hv(w) _ 9Hv(w) _ ( 5pq 9Hsrlbap) _
oT; b, Op; oT;

0, that implies {Hsg, Hy } =]O. We conjclude that Jﬁows ®p, P,r, andj@v on

T*M corresponding to Hpr, Hsgr, and Hy, respectively, commute. Recall that
the exponential map is a composition of the following maps, see (2.10).

TM M —2 > 70 2

duality I
- —= M

T,M

3

exp

where we have to change the corresponding flows and T, M to D, and V, respec-
tively. We see that the commutation of the flows leads to the commutation of the
exponential maps and we have

exp,p(tv) = expg(tv) expy (—tv), t€1 (5.10)

for Hig = Hp — Hy, where v € T,M is the initial velocity vector that corre-
sponds to the choice of A in the flow. The curve expg(tv) = v, r(t), t € I, is
the Riemannian geodesic on M, starting from ¢ € M with the initial velocity
v € TyM. Recall, that the exponential curve expy (—tv) produced by the Hamil-
tonian function Hy (u) is independent of p variables in the momentum slot. It gives
expy (—tv) = expy (—tvy ). Now we exploit the fact that the Riemannian geodesic
expy (—tvy) coincides with the geodesic (or one-parametric subgroup) given by
the group exponential map exp(—to~!(vy)). The composition of the projection
of v to the vertical space V; and of the map o, I is called a g-valued connection
form A,: T,M — g, see (5.8). So equation (5.10) takes the form (5.9).

Let us make some observations. The vector v is just an initial velocity vector
at ¢ € M. The element —tA,(v) € g, and therefore, the vector tv — o(tAq(v))
is horizontal for any ¢ € I. So the velocity vector of the resulting curve in the
right-hand side of (5.10) is horizontal for any moment ¢, and the resulting curve
in the left hand side is a horizontal geodesic. (I

It is shown in [111] that, moreover, all normal sub-Riemannian geodesics are
given by the formula (5.9).

5.3.1. Geodesics on odd dimensional spheres. In the case of odd dimensional
spheres

n
S = {(20, 21,0 0) €C | DD [P = 1,
§=0

there is a natural action of U (1) given by q.v = (zv, z1v, . .., 2,v), where v € U(1).
This action induces the Hopf fibration U(1) — S?"*! — CP", which forms a
principal U(1)—bundle with connection D given by the orthogonal complement to
the vector field

Vy =40 + 20y, — ... — y" 0y, +2"0,, (5.11)

at each ¢ = (2°,4°,... 2" y") € S?"H1 {2, = 2 +iyl 7o, with respect to the
usual inner product in R2"*+2, As it was shown, this distribution can be also given
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by ker w with respect to the contact form w = —yodz® +zody’ —. . . —yndx" +z,dy™.
Note that V;, = qi, ¢ € S*" 1, where ¢ is thought of as a radial vector at the origin
to the unit sphere, i is the complex imaginary unit, and ¢.i = ¢i, i € u(1l) is the
u(1) action.

Consider the sphere (S?"*1 D, gp) as a sub-Riemannian manifold with the
sub-Riemannian metric gp obtained by the restriction of the usual Riemannian
metric g on T'S?"*! to the distribution D. As a direct application of Theorem 5.1,
it is possible to describe all normal sub-Riemannian geodesics for S2"*!. The Lie
algebra u(1) is one dimensional, its typical elements are purely imaginary numbers:
¢ = ia. The u(l)—valued connection form is A,(v) = ig(v,V,), v € T,S*" 1
and g(v,V;) is just the projection of v to the vertical space V; by making use
of the Riemannian metric g. The Riemannian metric g on S2"*! is of constant
bi-invariant type, because we have

d .
oq4(§) = e lePU(l)(ff) = qia = aVy,
e=0

for any q € S?"*! and ¢ = ia € u(1). Therefore, the moment of inertia tensor is
given by

H‘I(év 5) = Hq(iav Zd) = g(qua 6“/(1) = 05&7
which does not depend on ¢ € M. By Theorem 5.1, we have the following result.

Proposition 5. Let ¢ € S?"*! and v € T,S*" L. If yr(t) = (20(t), ..., 2n(t)) is
the great circle satisfying vr(0) = q and Yg(0) = v, then the corresponding sub-
Riemannian geodesic vsgr is given by

Ysr(t) = (zo(t)e_itg(”’v‘l), .. ,zn(t)e_itg(”’vf’)) , teR (5.12)

To analyze formula (5.12) we recall that the Riemannian geodesic starting at
q € S™ with a velocity v € T,S™ for any sphere S™ is a submanifold of R" ! is
given by:
v .
vr(t) = qcos(||v||t) + m sin(||v||t), where |v] = /g(v,v). (5.13)
The great circle yg(t) on S?"*+1 considered as a submanifold of R2("+1) = Cn+1,
will be written in complex notation as yr(t) = (20(¢),...,zn(t)). Observe that
V(3(6)) = A(t).d and Vy = V(3(0)).
The following corollary can be thought of as a sort of Pythagoras theorem for
sub-Riemannian spheres.

Corollary 2. For a horizontal sub-Riemannian geodesic on S*"*1 of the form (5.12)
the following equation holds

19sr @I + g% (v, V) = [[v]|*.

Thus, its sub-Riemannian velocity is constant and its sub-Riemannian length for

t € a,b] is £(y) = (b — a)y/[[v]]* = g*(v, Vq).
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Proof. Denote by (-,-)g the standard Hermitian product in C"*!, Re (-, )y =
g(-, ). By straightforward calculations, we have

(Ysr,VsrR)H =
= ((_ig(vv Vg + Ar)e 9V (—ig(v, V)R + ”'YR)efitg(v’V"))H

= ¢*(0, V) (vr, YR) 1 + (YR, ) H + 9(v, Vo) (((YRs YR) H — i (YR, YR) 1)
= ¢*(v,Vy) + lv]|* = 2% (v, V).

The assertion follows. O

Corollary 3. If a curve Ysp(t) = yr(t)e= 9 Va) is parameterized by arc length
then [o]> = 1+ ¢3(, V).

Corollary 4. The set of sub-Riemannian geodesics arising from the great circles
vr(t), such that Yr(0) € D is diffeomorphic to CP™.

Proof. In this case, any sub-Riemannian geodesic starting at ¢ € S?"*! with the
initial velocity v € D C T,5%" ! coincides with the corresponding great circle,
because the condition 4r(0) € D is equivalent to g(v, V) = 0, thus

v
Yor(t) = peos(vllt) + o sinllvlle)

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

Observe that the manifold CP™ can be seen as a submanifold of S?"*! which
is transversal to V' along the fiber containing ¢ and it can be thought of as a sophis-
ticated analogue of the horizontal space at the identity in the (2n+1)—dimensional
Heisenberg group.

5.3.2. Curvature or charge of sub-Riemannian geodesics on S3. The following
equation
VionYsr + 25¢J (Ysr) = 0, (5.14)

obtained by variational method, is true for length minimizers in S® [74]. Here V
is the Levi-Civita connection associated with the Riemannian metric on S* and J
is an almost complex structure on S? satisfying J(X) = Y, J(Y) = X.

The geometers call the parameter s in (5.14) the curvature of 5, since after
projecting the curve 55 via the Hopf fibration, sz becomes precisely the curvature
of the projected curve in S2. Note that curves of zero curvature are the horizontal
great circles. Physicists call the parameter s¢ charge or phase and denote it by A.
We return to the notion of a charge later in Subsection 5.5.

Since on S? all length minimizers are given by normal geodesics, we conclude
that solutions of (5.14) coincides with (5.9). Let us see closer on this relation.

Proposition 6. The curvature of the normal sub-Riemannian geodesic

Yen(t) = m(t)e 190
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in S3, starting from q € S* with an initial velocity v € T,S®, parameterized by arc
length, equals the value g(v, Vy).

Proof. Recall that the Lie group structure of S as of the set of unit quaternions,
induces the globally defined vector fields (4.2). Let ¢ = (2%, 2,22, 23) = v(0) € $3
be an initial point of v and let v = (v°, v, 02, v3) = 45(0) € T,5° be an initial
velocity of the corresponding great circle vg. By direct calculation, we have
V() = fx ()X (1) + fr ()Y (v(2)), (5.15)
where, denoting o = ¢g(v, X), 8 = g(v,Y’), we have
fx(t) = acos(2tg(v,V)) + Bsin(2tg(v,V)),
fy (t) = Beos(2tg(v,V)) — asin(2tg(v, V)).
It follows from this decomposition that
J((@®) = = fy (X (v(1) + [x (DY (v(1)). (5.16)
It remains to determine the term V+%. As it is well-known for submanifolds
of R™, the vector field V4 corresponds to the projection of the second derivative

4 to the tangent space of the submanifold. In this case, differentiating (5.15) we
obtain

Vi =29(v, V)(fy )X (v(t)) — fx @)Y (v(1)) = —29(v, V) J(¥(1)).
This finishes the proof. O

In [74] the problem of existence of closed sub-Riemannian geodesics is also
discussed. Their result states that a complete geodesic v in S® parameterized by
arc length, with curvature s is closed, if and only if, »/v/1 + »? € Q. This result
can be generalized to any odd dimensional sphere.

Proposition 7. Let v,r: R = St be a complete sub-Riemannian geodesic pa-
rameterized by arc length, with an initial velocity v € T,S*" 1. Then ~ysg is closed
if and only if
g9(v, Vq)
1+ g2 (v, ‘/:1)

Proof. The curve v,g: R — S?"*! is closed, if and only if,

—iTq(v Y
g = eI Va) (qcos(||v|T) + Wsm(llvlT))

€ Q.

for some T > 0. Since v € T,5%"*!, we know that v is orthogonal to the vec-
tor joining 0 € R?*"*2 and ¢, with respect to g. Thus, sin(|[v||T) = 0, which
forces T = kn/||v||, k € Z. To complete the argument, we only need to see that

,mk(M) . .
+e T~/ q = q for some k € Z, if and only if,
\% V.
9w Vo) _ 9Ve)
[[o]l 1+ g%(v, V)

where we have used Corollary 3. O
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EXERCISE.

1. Calculate directly that the curve (5.9) is horizontal.
2. Write the equation of geodesics starting from the point ¢ = (1,0,0,0). What
is the value of s at ¢ = (1,0,0,0)?

5.3.3. Sub-Riemannian geodesics on 5413, Let us consider the sphere
n
S = {(qo, -y qm) € QT | ) gi? =1}
j=0

The right action of the group Sp(1) = SU(2) = S3 on §*"*3 is defined by q.v =

0y ey Gn)U = (QoU, . .., qnv), ¢ € S*T3. This action induces a quaternionic Hopf
(g an)-v = (q nv), q q p
fibration S% — §4"1+3 — HP™, given by
h Gan+3 — HP™ (5.17)
(qu---aQn) = [qOZ---5Qn]' '

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

‘/ql = —yoawo “+ Ioayo “+ U)Oazo — Zoawf) — ... — y"@zn —+ Inayn + wnazn — z"@wn,
Vq2 = —2%0,0 — w90 + 2°0,0 + Y00 — ... — 2" 0pn — W Oyn + X" 0o + Y" O,
Vq?’ = —w29,0 + 29,0 — y°00 +2%00 — ... — W Dpr — 2"y + Y Oun + T Oy,
at each ¢ = (20,9°, 20, w°, ..., 2", y", 2", w") € S 3 with respect to the usual

Riemannian metric g on S4"*3. It is easy to see that the following commutation
relations hold for V!, V2 V3

[VI,VQ] — VS, [V2,V3] — Vl, [VB,Vl] — VQ.

Thus one recovers the fact that span{V;', V2, V;}} considered as the Lie algebra
sp(1) is isomorphic to the Lie algebra of the Lie group S3.

All in all, the studied sub-Riemannian manifold is (S*"*3, D, gp), where
D+ =V = span{V!, V2 V3} with respect to the usual Euclidean metric g in
TS4"*3 and gp is the restriction of g to D. Compare it with the sub-Riemannian
manifold S27+1,

It is an established fact that the distribution D is bracket generating. The
geometry of spheres S4"*3 is known to be a quaternionic analogue of CR-geometry,
see [5]. Note that the vectors V!, V.2, V3 coincide with q.i1, ¢.i2, ¢.i3, respectively.
Here q.i) is the action of sp(1).

To apply Theorem 5.1 in this situation, it is necessary to specify the sp(1)-
valued connection form associated to the Hopf map h from (5.17). In this case,
the connection form is given by

A(U) = ilg(va ‘/ql) + 7;29(1)5 ‘/¢12> + Z.39(’07 ‘/113)5
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where v € TqS4”+3. The Riemannian metric ¢ is of constant bi-invariant type,
since for any ¢ € 43 and € = ijay +isan +izaz €sp(l), ar €R, k=1,2,3, (¢

is a pure imaginary quaternion) we have
d ; ) .

oq(§) = e qexpg, ) (€€) = a1q.i1 + aaq.iz + asq.iz = a1V, + a2V + agV>.

e=0

Therefore, the moment of inertia tensor, given by

3 3 3 3 3
I,(§:¢) = Hq(z e Zikdk) = g(z arVy, de‘/f) = Z Qg
k=1 k=1 k=1 k=1 k=1

does not depend on the point. As for Proposition 5, we have the following result.

Proposition 8. If vr(t) = (qo(t), ..., qn(t)) is the great circle satisfying yr(0) = ¢q
and 4r(0) = v € T,S%"*3, then the corresponding sub-Riemannian geodesic is
given by

Ysr(t) = (qo(t) e g (t) - 6_“‘(”)) : (5.18)

In Proposition 8, the quaternionic exponential is defined by

ettbizteis — co54/a2 + b2 + 2 + sin Va2 + b2 + ¢2 - ai + biz + cis
VaZ+ 2+ 2
for a,b,c € R. Note that the curve e *4(*) is simply the Riemannian geodesic in
S3 starting at the identity of the group e = (1,0,0,0) € S3, with initial velocity
vector (0, —g(v, V), —g(v, V), —g(v, V).

Corollary 5. The set of sub-Riemannian geodesics in S*"3 arising from great
cir%lle; Yr(t), such that 4r(0) is orthogonal to span{V;', V.2, V3} is diffeomorphic
to "

Corollary 6. Let vsg: R — S4F3 be a complete sub-Riemannian geodesic param-
eterized by arc length, with the initial velocity v € T,S*" 3. Then v is closed if
and only if
g, V}) g, V) g(v,V2?)
ol ol 7 vl

€ Q.

Corollary 7. For the horizontal sub-Riemannian geodesic of the form (5.18) the
equality | or (8)|2+ [ A@)|2 = [[v][2 holds, where || A(v) |2 = g2(v, V1) +92(v, V2)+
2 3

9* (v, V).

We leave the proofs of Corollaries 5 - 7 as an exercise.

5.4. Geodesics related to Yang-Mills fields.

This subsection is aimed at a description of sub-Riemannian geodesics produced by
a principal G-bundle 7: M — B as was described in the Case 2 of Subsection 5.1.
Recall that in this case the Ehresmann connection or the horizontal distribution
D transversal to the vertical distribution V' = ker(dr) is given. Moreover, the sub-
Riemannian metric gp is given as a pullback of the Riemannian metric gp from
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TB to the distribution D. We also require that the sub-Riemannian structure
(D, gp) is invariant under the right action of the structure group G. We want to
write geodesic equations for the sub-Riemannian manifold (M, D, gp).

To describe sub-Riemannian geodesics and explain their physical meaning,
we need to introduce more definitions related to the notion of a principal bundle.
Let the base space B be endowed with a Riemannian metric gg. A Riemannian
metric is a positively definite quadratic form and in physics it represents the kinetic
energy of a system in the space B. Consider electromagnetic charged particles (or
color-charged particle, or particle with other characteristics) moving in B. The
information about charges is encoded in a compact Lie group G, that is usually
SU(n) in physics. External forces also can be presented by their action on B. The
motion of the particle is not free since it must respect some symmetries, such as the
isometry group on the base space and transformations of the structure group G.
Let us avoid constraints as we did solving the Dido problem. We add more variables
that allows to inherit the information about the presence of charges encoded in G,
so that to each point b € B we associate a copy of the group Gy. In the enlarged
space M we assume that the structure group G acts freely and transitively such
that M receives the structure of a principal G-bundle. The choice of the horizontal
distribution is dictated by the external forces acting on the particle on the base
space B and it is expressed through the curvature of the connection one form
annihilating the horizontal distribution.

The motion on the total space M is governed by a Lagrangian. If the La-
grangian has redundant degrees of freedom or gauges, then the transformations
between possible gauges, given by observed physical laws, are called gauge trans-
formations, or gauge symmetries. So gauge transformations are automorphisms
of the principal bundle, and they form a group with respect to the composition
of the bundle automorphisms. To the principal G-bundle we associate a vector
bundle with the same base space where the typical fiber is the representation of
G. The obtained vector bundle is called an associated bundle and the gauge group
Gau(M) consists of all smooth sections of the associated bundle. The trivial section
b — idy of the associated bundle corresponds to the identity bundle automorphism,
see [81, 108].

The electromagnetic charged particles are described by the theory of princi-
pal U(1)-bundles. We can think of charges as of elements of the space g* dual to
the Lie algebra g corresponding to one dimensional structure groups U(1) or R.
In mathematical theory charges are elements of dual Lie algebras, because they fit
better to the situation in which the geodesics are produced by bi-characteristics on
the co-tangent bundle T* M of M. Yang and Mills [105] proposed the theory gen-
eralizing the gauge theory from principal U(1)-bundles to principal U(n)-bundles.
For instance, SU(2) symmetry group is used in the isospin model, SU(2) x U(1)
symmetry group describes electroweak interaction, and SU(3) symmetry group is
the subject of quantum cromodynamics.
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The G-group action on M with G invariant Riemannian metric, produces an
action on T*M and both the Hamiltonian function and the flow on T*M corre-
sponding to the Hamiltonian vector field are invariant under this action. Thus, it
seems natural to reduce the space T*M to the space of orbits T* M /G and consider
the flow on the reduced space T* M /G. This reduction is called the Poisson reduc-
tion. The idea to consider the reduction of spaces endowed with some structures
(Poisson, symplectic, Kéhler) comes from works [100, 101]. The dynamics on the
reduced space is related to sub-Riemannian geodesics on M, whose projections on
the base space B are trajectories of the motion of charged particles in Yang - Mills
fields and the corresponding equations are called the Wong equations.

In the case of a one dimensional structure group the dynamic is quite well
known, since the reduced space T*M /G is diffeomorphic to 7*B ® R and for each
fixed value of the charge we get its level set in T*M/G that is diffeomorphic to
T*B. This level sets are glued together to form the entire reduced space T*M/G.

For a non-abelian group G acting on M the structure of the reduced space
T*M /G is more complicated and it is isomorphic to T* B® Ad* (M), where we have
to change the quite simple component R representing the abelian charge to the
bundle Ad*(M) over the same base space B that is associated with the principal
G-bundle 7: M — B.

The motion of a “free” particle on the base space B means absence of forces
acting there and the trajectory of “free motion” is the geodesic given by the equa-
tion

Ve =0, V isthe Levi-Civita connection on B.
If a force F' is present, then the equation changes to the Newton equation
Vee =F
of geodesics on the manifold B for a particle of constant charge and unit mass. If
the charge is non-abelian, then it is encoded in the bundle Ad*(M) and the right
hand side of the last equation depends in a complicated way on charge. Moreover,
the condition on the level sets of an abelian charge changes to the requirement to be

a “co-variantly constant” charge. To formulate the Wong equation supplemented
by the conservation condition for the charge we start from necessary definitions.

5.4.1. Structure of the reduced space. INDUCED ACTION OF GROUP ON TANGENT
AND CO-TANGENT BUNDLES. Let m: M — B be a principle G-bundle. The right
action of G on M produces right actions on TM and T*M. They defined by the
following:

w: TMxG — ™™

(gv).r = (g7, dr (v)), (5.19)

and
w: T"MxG — T*M
(@w)m = (g7 (dr-)* (W),
where (dr;)* is the dual operator to the differential dr, of the right translation r
by 7 € G.

(5.20)
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The factorization of T M by the action (5.19) leads to the factor space TM/G
with elements [g, v]. Define the projection 7: TM/G — B by
m(lgv]) :=7(e) € B,  [q,0] € TM/G.

We get a vector bundle over the base space B, where we will denote the projection
7 simply by 7. Thus, we have w: TM/G — B. Analogously, taking the factor of
T*M by the action (5.20) of G, we get a vector bundle 7: T*M/G — B.

We aim to construct THE BUNDLE MAP TM/G — TB. The principal G-
bundle
m: M — B

after differentiating leads to the bundle map

dr: TM — TB.
Let us take the factor by the action of G of both parts. The action of G over T'B
is trivial: TB/G = TB. Thus we get a bundle map

dgm
Wy —T,B

|

TM/G—~~TB
prBl lprs
B B.

By making use of the dual map (dm)*, we get an analogous bundle map

. dgm)
Wy <" TyB

|

T M/G 1
A
B B.

Actually, we need to verify that the maps dr and (dn)* are equivariant with respect
to the action of the group G:

dﬂ((qvvq)'T) = dTr(Qa vq)-T = (W(Q)a dﬂ(vq)) = (ba wb)a
where (q,vq) € TyM and (b, wy) € Tyr(q)B. The group G acts on TM on the right
and since the action of G on T'B is trivial, we also can suppose that it acts on the
right. To show the equivariance we recall that the decomposition D&V =TM is
preserved under the action of G. Therefore
dn((q, Uq)'T) = dn((g.7,dr- (UqlD + Uq|V)) = (71’((].7’), dﬂ'(vq-le) + d”(vq.‘er))
= (ﬂ-(q)v wﬂ'(q.‘l’)) = (ba U)b),
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where dm(vg.-|v) vanishes. The proof for the bundle map (dn)*: T*B — T*M/G
is similar.

Observe that ker(d,m) =V, ¢ € M, b = 7(q), and the typical fiber W} of
the bundle TM/G splits into parts isomorphic to the vertical V, and horizontal
D, spaces. Moreover, D, is isomorphic to the typical fiber T3 B of the bundle T'B.
Sections of the bundle prg: T B — B are vector fields on B. Sections of the bundle
prg: TM/G — B are right invariant vector fields with respect to the action of G.
We finish the construction of the bundle map TM/G — TB.

Now we find the BUNDLE MAP T'B — T'M/G. We start from recalling that
there exists a bundle map h: TB — T M that we called the horizontal lift such
that the image hq(TpB) is Dy C TyM, where Dy & V;, = T, M. To show that the
map h is equivariant under G we take a point (g,v4|p) € Ty M and its pre-image
(b,wp) = (7(q), Wr(q))- Then on the one hand

h((b,wp).T) = h((b,ws)) = (¢,v4|D) (5.21)
since the action of G on T'B is trivial. On the other hand

h(b,wp).m = (¢, v|p).T = (¢.7,dr-(vg|D))
h(ﬂ-(q'T)vwﬂ(q.T)) = h((b7 U}b)) = (Qa vq|D)- (522)

The chains of equalities (5.21) and (5.22) show that h is an equivariant map.
Roughly speaking, the horizontal lift & is the inverse map for dr|p:

hq

dgm
V,® Dy =T,M —— Ty,(,B.

Since the map h is equivariant, we can take the factor of h: TB — T'M by the
action of G and get the induced bundle map, that we again call h:

hq
Wy, ~V, ® D, ~—— T,B

| |

TM/G TB

prBl lprs

B B.
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The bundle map
W
Wy ~ V@& Dy —=T;B

| |

T*M/G—~T°B

pry J/ lpf}é
B B.
is produced similarly. Here D, = Im(h,) is isomorphic to Tp,B, b = w(q), and V, =
ker(d,m). At the co-tangent bundles level we get D) = Im(d,7*), V* = ker(h;
and Dy is isomorphic to Ty B.
Resuming the discussion of the two last parts, we conclude that we con-
structed two maps between bundles TM/G and T B, and T*M /G and T*B:

dm h*
T™M/GT TB, T*M/G_ " T*B.
h dm™

In these maps the horizontal distribution D is the image of some map, meanwhile
the vertical part is the kernel of some other mapping. In the next step we change
the role of D and V.

ADJOINT AND CO-ADJOINT BUNDLES, ASSOCIATED WITH THE PRINCIPAL BUNDLE
m: M — B. Let us suppose that a principal G-bundle 7: M — B is given. Recall,
that in this case

e the typical fiber F' is isomorphic to the group G,
e the group G acts on F' by right (or left) translations.

Then it is possible to define the associate bundle, where

e the typical fiber F' is isomorphic to some vector space F,
e some other action of G on F is defined.

It is achieved in general through the representation of G on E. We will give the
definition only in the particular case, when E = g (or E = g*) and the action of
the Lie group G is the adjoint action on its Lie algebra g (or the co-adjoint action
on its dual Lie algebra g*).

The adjoint fiber bundle Ad(M) to a principal G-bundle 7: M — B is the
vector bundle 7: Ad(M) — B with a typical fiber isomorphic to g. The action of
the group G on the fiber g is defined by the adjoint action g 3 £ — Ad,(§) € g
for all 7 € G. To construct the adjoint bundle Ad(M) one starts from the direct
product M x g and then, taking factor by the right action of G defined on M x g
by

u: Mxg)xG — Mxg
(q,8).7 — (q.T, Ad771(§)).
Here we used that the group G acts on the right on M and that the adjoint
action on g is the left action since it comes as a differential of the left action a

(5.23)
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(by conjugation), see (8.2) and (8.5). This definition of the action is compatible
with the definition of an equivariant (right-left) map. The adjoint bundle Ad(M)
is produced by factoring M x g by the right action (5.23). The standard notations
in the literature are Ad(M) or M x aq g. The equivalence class [q,&] € Ad(M) of
the representative (¢,&) € M x g is also often written as ¢¢ due to the mnemonic
cancelation rule (q.T, Ad, -1 (5)) = ¢&, where 7 is canceled. The projection map 7
from Ad(M) to the base space B is defined by 7([g, &]) := 7(q).

The co-adjoint bundle Ad*(M) is the vector bundle 7: Ad*(M) — B with
the typical fiber g*. The bundle Ad* (M) is obtained by division of M X g* by the
right action of G on M x g*:

u: Mxg-yxG — M x g*

(qw).r = (¢rAd ()’ (5.24)

The next step is to reveal relations between the adjoint bundle Ad(M) and

the vector bundle TM/G.

Find the BUNDLE MAP Ad(M) — TM/G.

As usual, we start from the principal G-bundle, where the group G acts on
the right on M. The right translation r generates the infinitesimal generator

oq: 89—V, CT M,

(see Example 12). Let us vary ¢ € M and we get a bundle map

— .V, cT,M

g
Mxg—2=V CcTM

Pras lprM

M M.

The map o is equivariant:

0((q,8).7) :=0(q.7,Ad -1 (§)) = drro(q,€) :=0(q,&).7, TEG.
Indeed,

olam Ad,+(€) = | grAd(exp(ee) = L] ar(r exple)r)

drrdly(§) = drro(q,§).
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Dividing by actions (5.23) and (5.24) we come to the bundle map

Tq Tq

g Vo CTyM or g V,cT,M
(M x 9)/G—2=V/G C TM/G Ad(M) —2>V/G ¢ TM/G
prM\L lprM PTB\L lprB
M/G M/G. B B.

Thus, the image Im(o) = V/G is the collection of right invariant vertical vector
spaces.

Construction of the BUNDLE MAP TM/G — Ad(M). The auxiliary map
here is the g-valued connection one-form A,: T,M — g introduced in (5.8). The
connection form is uniquely defined by two conditions

1. ker(A,) = Dy and
2. Ajoo,=1dg for any ¢ € M.

The second condition says that after the projection on the vertical space V the
connection form is the canonical identification between V' and the Lie algebra g.
The map A: TM — M X g is equivariant:

A((g,v|v).7) : = A(g.7,dr-(v]v)) (5.25)
= A(g,vlv).7 = (¢,€).7 == (¢.7,Ad, 1 (€)),

where we consider only the vertical part v|y of a vector v € T, M, since the
horizontal part belong to the kernel of A,. To prove (5.25), we note that v|y =
04(&) and Ag(v]y) = £ from the Property 2. This and equivariance of ¢ imply the
equivariance of A as follows

A(gr,dr-(vlv)) = A(q.r,drro(q.)) = A(q.7,0(q.7,Ad,-1(€))
= (¢7,Ad;-1(9)) = (¢,€)-7 = A(g, vlv).T.
The factorization by the action of G leads to the bundle map

Aq

9 T,M
Lo
Ad(M) <—TM/G

where ker(A) = D/G. The construction of dual bundle maps is straightforward.
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THE ISOMORPHISM OF BUNDLES TM/G AND TB @& Ad(M). Summarizing
everything for the constructed bundle maps, we get

o4 dqm
0 "W, "TB  for b=ml(q).

| L1
o drm
Ad(M) TM/G TB
-~ -~
A h
Moreover,
Im(hy) = Dy = ker(4,), Im(oy) = Vy = ker(d,m),
Ay o004 =1dg, drgohg =1Idp,B.
So, we conclude that the typical fiber W, is isomorphic to the product g x T, B

that leads to the isomorphism of bundles

TM/G o TB @ Ad(M)
[4: (hq(w) +04(8))]  +— (b, w) © g€
[q, v] — (ﬂ'(q), dqﬂ'(v)) & [q,A44v)].

Here hy(w) € Dy is the horizontal lift of w € Ty B and 04(§) € V; is a vector
field. The result d,m(v) represents the horizontal part of v € T,M and A,(w) is
the missing vertical part regarded as an element of g. Let us emphasize one more
time that the constructed bundle isomorphism is induced by chosen Ehresmann
connection D that is invariant under the action of the structural group G.

Remark 7. Let us present the gauge group Gau(M) acting on the principal G-
bundle 7: M — B. To do this, let us recall that a section of a fiber bundle ¢: E —
B is any function f: B — FE satisfying ¢ o f = Idg. The bundle isomorphism
o: Ad(M) < V/G C TM/G gives a correspondence between the set S of all
sections of the adjoint bundle 7: Ad(M) — B and the set £ of G invariant
vertical vector fields on M, since the set £ is the set of sections of the bundle
m: V/G — B. Thus the bundle map o induces the isomorphism 7: S «» L.
Another observation: if there is a G-invariant map ®: M — M, then factor-
ization by the action of the group G induces the map ®: M/G = B — M/G = B.

Definition 24. The gauge group Gau(M) of the principal G-bundle m: M — B is
the set of all G-invariant maps ®: M — M such that the induced map ® is the
identity on B : ® =1Idp.

The Lie algebra gau(M) for the gauge group Gau(M) is the set of G-invariant
vector fields on M, which is exactly the set £, which is -isomorphic to S. Conclu-
sion: the sections of the adjoint bundle Ad(M) form the Lie algebra of the gauge

group.
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The physicists are actually interested in working with the dual isomorphism
T*M/G = T*B & Ad" (M), where in the construction of the co-adjoint action
on g* and dual maps o*, A* to o, A are used. Roughly speaking, the bundle
isomorphism T*M /G = T*B@® Ad* (M) is the splitting of the reduced phase space
into the vertical part encoded in Ad*(M) (generated by the action of G) and the
complementary horizontal part isomorphic to T*B.

5.4.2. The Wong equation. The main goal of this part is to introduce the geodesic
equation on the reduced space T*M/G. To do this we need to introduce the cur-
vature form ) of the Ehresmann connection D and the covariant derivative for
sections on the co-adjoint bundle Ad*(M).

CURVATURE FORM. A curvature two-form 2 on M associated with the Ehresmann
connection D measures the behavior of two horizontal vector fields X,Y € D with
respect to each other, or more precisely, {2 maps a pair X,Y € /\2 D to a vector
(—=[X,Y] mod D) € V. Since the connection one-form A gives an identification of
V' with the Lie algebra g, we define the g-valued two-form 2, by

—A,(X,Y)) if X,Y €D,

for all ¢qe M.
0 othewise, oral 4

Q(X,Y) = {
Since the form A is defined on G-invariant vector fields, we get —A([X,Y]) =
dA(X,Y) — [A(X), A(Y)] and we conclude that

O =dA—-[AA]

The form €2 is G-equivariant, since the form A is so. The equivariance of €2 allows
to extend the definition of 2 to the bundle map

Q

/\2 D, —2 =g factoring by G /\2 D, _ g
2 Q ](
N'D——Mxg (/\QD)/GLAd(M)
per lprM prg Prp
M M B B

The last property is reflected in the name of the curvature two-form Q as Ad(M)-
valued curvature form.

COVARIANT DERIVATIVE FOR SECTIONS ON THE CO-ADJOINT BUNDLE Ad*(M).
Let ¢: B — Ad(M) be a section, and X € Vect B, then we would like to define
the covariant derivative Dx1 that for any chosen ¢ and X gives a section of the
adjoint bundle Ad(M) that is

Dxtp: B — Ad(M).
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To define it we first relate a map F': M — g to ¥ by the following

B3b-% (¢,6) = (¢, F(q)) € Ad(M),

where b = 7(q), ¢ € M, and £ = F(q) € g. The map F should be equivari-
ant: F(q.7) = F(q).7 = AdT 1(F(q)), since @ is equivariant by definition. The
differential map
dF': TyM — Trpe=g
(Qa 1)) = (Qa qu(’U))
leads to the bundle map dF': TM — M x g. If we show that dF is equivariant,
then by taking factor by the action of group, we get a bundle map

dF: TM/G — Ad(M)
that sends any point (¢,Y), with ¢ € M and Y being a G-invariant vector field,
to the point (¢,d,F(Y)) € Ad(M), where F': M — g is equivariant. But ¢ € M
is such that 7(¢q) = b € B, and Y is the horizontal lift by h of some vector field
X € Vect B. So given b € B, X € Vect B, the composition dF'(ho X) is the desired
section
v: BSTB S TM/6 % Ad(M).
The following chain of equalities shows that dF': TM — M X g is equivariant
dF (q.7,dr-h(X)) = (q.T, dFy.-(hX(q.7))) = dF(q, M(X)).T

due to the equivarience of F'.

THE WONG EQUATION. Let ¢: I — B be a curve on the base space, that represents
the trajectory of the motion of some charged particle. Then ¢(t) € Vect B is the
vector field along ¢ and the horizontal lift A sends this vector field to D,y C
Tv(t)M, or

. h )

Tieey B 3 (c(t), (1)) = (v(1), h(é(t))) € Dy C TyyM,  w(v(t)) = c(2).
The contraction .0 of Ad(M)-valued two-form © on h(¢) is Ad(M)-valued one-
form along c:

Q) == Q(h(¢),): TB — Ad(M).
Take any section A(t) = A(c(t)) of the co-adjoint bundle Ad*(M) along the curve ¢
on the base space B. The section A represents the charge (electromagnetic or color-
charge) of a particle moving in B. The duality of Ad(M) and Ad*(M) produces a
momentum in 7% B, by

Acal) = (Me(t)), 162(-))-
The pairing (-,-) associates to each vector field X € TB a real number given
by the pairing between A(c(t)) € Ad*(M) and iz Q(h(X)) € Ad(M) along the
curve c. Thus Ae o € T*B. Now we exploit the Riemannian metric gg given on
the base space B and find the canonical dual Afsz € TB to A q. The vector field
Afsz represents a force acting on the base space B produced by the charge A\ of
the particle. This force is called the Lorentz force.
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The presence of the non-abelian Lorentz force AZ&Q leads to the equation
called the Wong equation,

Ve = Afszv (5.26)
where the non-abelian charge A has to satisfy the condition
DypyMc(t)) =0, forany tel (5.27)

expressing the property that the charge has to be “co-variantly constant” along c.

The second order differential equations (5.26) and (5.27) have the solution
that is the curve (c(t), AM(c(t))) € Ad*(M), ¢t € I, in the co-adjoint bundle lying
over the curve c in the base space B. The system of equations can be rewritten
as the first order system on T*B @& Ad*(M) by introducing the momentum p(¢) =

p(c(t)) € T, B along the base curve c. We again use the metric tensor gp and

define the co-vector p(t)(-) = gg(¢(t),-). Then (p,\) € T*B & Ad*(M).

Since we have the isomorphism TM/G = T*B @& Ad* (M), the solution (p, A)
on T*B®Ad" (M) is also solution on T M /G. The following theorem is an analogue
of Theorem 5.1 produced for the Case 2 and it expresses the relation between sub-
Riemannian geodesics in Case 2 and the solutions of the Wong equations.

Theorem 5.2. [111] Let ' = (v, p) be a normal sub-Riemannian bi-characteristic
for (M,D,gp), produced by the principal G-bundle m: M — B, where the sub-
Riemannian structure (D, gp) is G-invariant and gp is the pullback of the Rie-
mannian metric gg on B. The projection of T onto TM/G = T*B & Ad* (M) is
the solution of the Wong equations (5.26) and (5.27).

Conversely, let c(t) € B, t € I, be a solution of the Wong equation (5.26)
complemented by (5.27) and h(c(t)) be its horizontal lift to M. Then h(c(t)) is
a normal sub-Riemannian geodesic for (M, D, gp) described as above. The non-
abelian charge A € Ad" (M) corresponds to the co-vector p € T*M.

Instead of presenting the proof of the theorem, that can be found in [111],
we show the relation between this theorem and the examples of Carnot groups
considered in Section 3.

5.5. Examples of solutions to the Wong equations
Before we present the examples, let us do some observations about the Wong equa-
tion (5.26).

CONSERVATION OF ENERGY. By definition, Affg(v) = (Ac(t)), Q(h(¢), h(v))).

Since the form €2 is skew symmetric, then for v = ¢ we get AZ&Q(C.) = 0 that leads
to (V¢¢, ¢) = 0 by the Wong equation (5.26). Since the derivative of the kinetic en-

ergy is <4 (%(é, c>) = (V¢¢, ¢) = 0, we conclude that the kinetic energy is constant
along solutions of (5.26). This energy is equal to the value of the sub-Riemannian
Hamiltonian function along the corresponding sub-Riemannian geodesic.

RELATION TO PHYSICS. If the group G acting on M is abelian, then the Wong
equations are known as the Lorentz equations. In this case the adjoint bundle
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Ad* (M) is the trivial bundle M X g*, where elements of the fiber g* represent
charges. The condition of the covariant constancy (5.27) asserts that the charge
A(t) is constant. The rest (5.26) is the family of equations, parametrized by the
charge. These sub-Riemannian geodesics, corresponding to the bundle type struc-
tures are projected to the motion of a particle on the base manifold B under the
influence of the magnetic field €2, defined by the curvature of the horizontal distri-
bution D. We get a family of curves parametrized by the charge A. This observation
is one of the main parts of the Kaluza-Klein theory. The Lorentz equations play
an important role in classical electrodynamics and both the classical and quantum
versions of electromagnetism are highly successful physical theories.

The quantum version of non-abelian gauge theory are quite successful and
actively developing subject as we discussed at the beginning of the section. The
interesting peculiarity is, that in contrast to the abelian electromagnetic case, the
non-abelian quantum theory has no physically meaningful classical analogue, or
in other words, there are no such thing as a classical quark (non-abelian electron),
or classical gluon (non-abelian photon). It seems that the non-abelian Lorentz
equations have no useful physical applications in high energy particle theory, but
they found their impact on the mechanical systems such as falling, swimming,
orbiting, and rolling. In the next section we get a description of the rolling system
of two bodies, leaving out other applications apart. The reader can find interesting
examples of principal bundles associated to mechanical systems in [111].

5.5.1. Heisenberg group. THE HEISENBERG MANIFOLD. Let B = R? be the base
space, where an electrically charged particle will move. Assume that B is endowed
with the usual Euclidean metric and we will use the standard coordinate system
b= (z,y). Let m: M = R® — B, be the principle R-bundle, where 7 = pry o is
the projection on the plane formed by two first coordinates. The action of the
structure group G = (R, +) is defined by

7% R3xR — R3
(@, 8)7 = (2,9t +7).

The vertical space is V, = ker(r) = span{d;}. Let us chose the horizontal distribu-
tion D = span{d,, 9y }. Then the connection R-valued one-form is just A = dt and
the curvature form 2 = —dA = 0. We see that there is no magnetic field and the
motion is a free motion on the base space, or its copy. Geodesics are straight lines.
The sub-Riemannian metric gp, which is the pullback of the Euclidean metric, is
the Euclidean metric on D. The distribution D is orthogonal to V' with respect
to the Euclidean metric in R3, it is not bracket generating, the sub-Riemannian
manifold (R3, D, gp) is the foliation by planes t = constant, and the motion is
possible only inside of a plane defined by the initial position of the particle.

We choose now the horizontal distribution in another, non-trivial way, for
instance D = span{X, Y}, where

X:@x, Y:(?y—l-xat,
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or in a more symmetric way
1 1
X =0, — —yO0, Y =0y + -x0;.
2 2
In this case the reader recognizes the Heisenberg distribution. Since
dn(X) =0y, dn(Y) =0y,

the pullback of the Euclidean metric from R? to D is represented by the iden-
tity matrix and makes the vector fields X,Y into the orthonormal basis of D.
The connection form is A = dt — %xdy + %yd:v and, as we remember, it is the
dual form to the vertical vector field T' = 0;. The vector fields X,Y,T and their
commutation relations define the Heisenberg group structure in R? through the
BCH-formula (8.1).

The curvature form 2 = —dA = dx A dy is constant, non-vanishing and
is equal to the volume form on R2. Any form Q = F(x,y)dz A dy represents a
magnetic field in the base space B = R2, that also can be thought as a field
0dyAdt+0dt Ndz+ F(z,y)dx Ady orthogonal to the base space B. As it is known,
in order to be a magnetic field the form € has to satisfy the Maxwell equation
d) = 0, which is true in this case. Observe that in the presence of the abelian
structure group the curvature form given by 2 = —dA (since [4, A] = 0 in this
case) automatically satisfies the Maxwell equation. In the case F(z,y) = constant
the magnetic field coincides up to a constant with the Heisenberg curvature form.

Let us have a look on the Lorentz equation (5.26). The Lie algebra of the
structure group is R and the dual to it is also R. Thus, the co-adjoint bundle
is a trivial bundle with the typical fiber R. The covariant derivative is the usual
derivative and we get that the charge A has to be constant by (5.27). The horizontal
lift h maps the velocity vector ¢ = 20, + 90, € T.R? to ¢ = & X (c) + Y (c) € D..
Moreover,

Vee=2¢, 0 =Q(c),
and the Lorentz equation becomes
é=—=2(¢).

The last equation coincides with the Hamiltonian equation (3.6) with 6, = A. So,
geodesics produced by these equations are the Heisenberg geodesics described in
Subsection 3.2.

HEISENBERG MANIFOLD AND S WITH THE KAHLER STRUCTURE. Suppose that
we are given as the base space a manifold B, endowed with the Kahler structure.
Let us recall the definition of a Ké&hler manifold.

Definition 25. Let M be a complex integrable manifold with corresponding complex
structure J. We say that a Riemannian metric gy is compatible with J if

gu (v, w) = gy (Jv, Jw), forall v,weTyM, qge M.
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The triplet (M, J,gar) is called an Hermitian manifold. The compatible J
and gy defines a skew symmetric form w by

w(v,w) = gm(Jv,w) forall v,weT,M, qe M (5.28)
and it is called the associated Kahler form. We can retrieve gps from w also.

Definition 26. A Kdhler manifold is a complex integrable manifold M endowed
with the complex structure J, compatible Riemannian metric gy, associated Kdahler
form w, such that dw = 0.

It is important for us to know that the Kéhler form w and the Riemannian
metric gps are related by (5.28). We suppose that the curvature form {2 is given
by the Kéahler form w. The Lorentz equation becomes

Vee = —AJo(C).

We recognize the variational equations (3.16) and (5.14) obtained by variational
methods for the Heisenberg group and for the Hopf fibration on S3. Observe that
the Levi-Civita connections in (3.16) and (5.14) are connections related to Rie-
mannian metrics on the total space M and the solutions 7 are the sub-Riemannian
geodesics on M. Meanwhile, the Levi-Civita connection in the Lorentz equation
is the connection related to the Riemannian metric on the base space B and the
solution is a curve c¢ in the base space, parameterized by the charge. However,
projections of v coincide with ¢, as was asserted in Theorem 5.2.

CURVATURE OF GEODESICS ON SURFACES. Let B be an oriented surface (two di-
mensional manifold) furnished with a Riemannian metric gg. Let w be its area
form. The equation w(v, w) = w(Jv,w) for v,w € T, B defines an almost complex
structure Jp: T3 B — T B on B.

Consider a principle U(1)-bundle 7: M — B over B. The curvature form
) can be written as Q = Fw for some F' € C*°(B). The scalar field F or the
endomorphism F'J: TB — T'B defines the magnetic field acting on the surface B.
The Lorentz equation becomes

Ve = —FJ.(¢)

for a particle of unit charge. Suppose that the geodesic ¢ is parametrized by arc
length: gp (¢, ¢) = 1. The geodesic curvature kgeoq(t) along cis defined by kgeoq (t) =
gB(Jc(¢), Vee) and the Lorentz equation is equivalent to

Kgeoa(t) = F(c(t)).

Suppose now that the magnetic field F is constant, that leads to the constant
geodesic curvature. Thus, if the base space B is the plane then the geodesics are
circles, which coincides with the Heisenberg case. If B is the two dimensional
sphere S2, then geodesics will be great circles and this is reflected in the picture
of the Hopf fibration S® over S2.
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5.5.2. Quaternionic H-type group with the Lorentzian metric. In this example we
take as the base space B the Minkowski space R*! = (R* gg), where gp is a
non-degenerate metric tensor of index 1 having the associated matrix

Define the principal R3-bundle 7: R**t? — R* with the standard projection into
the four dimensional subspace, where the abelian group (R?,+) acts by

1 R7 x R3 - R7

b e R*.
(b,t1,ta,t3).(T1,72,13) — (b, t1 +T1,t2 + T2, t3 + 73),

Analogously to the Heisenberg manifold we find the vertical space V;, ¢ =
(b,t1,ta,t3) by V = span{d:,, O, 0¢, }. We chose the horizontal distribution D
as the span of Xj1, Xo1, X351, X41 in (3.32). With this we get the Ehresmann
connection and recuperate the structure of quaternionic H-type group of the lowest
dimension. The choice of the basis for D is completely defined by the choice of
almost complex structures (3.30). The pullback of the Minkowski metric is now a
non-degenerate metric of index 1, converting the vector fields X171, Xo1, X31, X41
into an orthonormal basis and defining the first one X;; as a globally defined
timelike vector field. The corresponding geometry can be called the sub-Lorentzian
geometry. Different types of sub-Lorentzian manifolds were studied in [27, 61, 62,
90, 91, 92].

The curvature form € defines an R3-valued constant magnetic field. The
projections of sub-Lorentzian geodesics into the Minkowski base space are divided
into three different causal type and were considered in details in [91].

The change of principle R3-bundle to the bundle 7: B x S' — B, B =R3!,
where the abelian group U(1) acts on the slot S by the standard multiplication
of complex numbers, leads to the classical Kaluza-Klein model.

EXERCISE

1. Consider a round version of the Heisenberg group H' = R3 = R? x S! as
principal U(1)-bundle, where the action is defined by

(RZx SHYxU(1) — RZxS!
(09,6900 o (5,y,e00).

Find a horizontal distribution with non-trivial curvature form. Write basic
vector fields for the horizontal distribution and find the commutation rela-
tions between them. Do they form the Heisenberg algebra? If yes, find the
group multiplication law in R? by making use the BCH-formula.

2. Construct the Kaluza-Klein model, associated with two-step Carnot groups
in Subsection 3.4.



Geodesics in geometry with constraints 87

6. Rolling manifolds

Rolling surfaces without slipping or twisting is one of the classical kinematic prob-
lems that in recent years has again attracted 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 be-
ing tangential to a smooth sub-bundle of the tangent bundle ot the configuration
space that we call, as before, the horizontal distribution. The precise definition
of the mentioned motion in the case of two n-dimensional manifolds imbedded
in RY, given for example in [125], involves studying the behavior of the tangent
bundles of the manifolds and the normal bundles induced by the embeddings. This
extrinsic point of view, which depends on the embeddings, has been successfully
applied, for instance in [72, 73]. The drawback of the extrinsic approach is that the
geometric descriptions depend strongly on the embedding under consideration.

So far, few attempts have been made to formulate this problem intrinsically.
An early enlightening formulation is given in [18], that is achieved by means of an
intrinsic version of the moving frame method of Elie Cartan, see [24, 126]. One of
the important results established there is the bracket generating property of the
rank two distribution corresponding to no-twisting and no-slipping restrictions,
namely, if the two surfaces have different Gaussian curvature, then the distribu-
tion is bracket generating, see [18]. A control theoretic approach to the same prob-
lem, studied in [3], has the advantage that the kinematic restrictions are written
explicitly as vector fields on the appropriate configuration space.

We present here a short description of a generalization of the kinematic prob-
lem for two n-dimensional abstract manifolds rolling without twisting or slipping
via an intrinsic formulation. We define the configuration space of the system,
present an extrinsic definition of rolling for manifolds imbedded into the Eu-
clidean space, several equivalent definitions of rolling, involving intrinsic charac-
teristics, and discuss their relations. The intrinsic approach permits to determine
the embedding- independent information contained in the extrinsic definition.

6.1. Rolling of embedded manifolds

Let M and M be oriented, connected, n-dimensional Riemannian manifolds iso-
metrically imbedded into R™", equipped with the standard Euclidean metric
and standard orientation. Isometrical embeddings always exist due to a result of
Nash [115] and we denote them by ¢ and 7, respectively. The corresponding Rie-
mannian metrics on M and M coincide with the restrictions of the Euclidean
metric from R and they will be denoted by gy and 931

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 those related to the
ambient space RV, N = n + v, will carry a bar (7).
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Note that for any manifold M imbedded in R™*¥, there is a natural splitting
of the tangent space of R into a direct sum:

x = x EB x ) x E ) .
T,R"™ =T, M & T,M* M (6.1)

where T}, M is the tangent space and T, M is the normal space to M at z. Accord-
ing to the splitting (6.1), any vector v € T,R"™" z € M, can be written uniquely
as the sum v = v" 4 vt, where v" € T, M, v € T,M*. Analogous projections
can be defined for M. .

Let V denote the Levi-Civita connection on M or on M. The “ambient” Levi-
Civita connection on R"*¥ is denoted by V. Note that if X and Y are tangent
vector fields on M, and T is a normal vector field to M, then

VxY(2) = (VgV (@), ViT():=(VgT(@) , zeM,

where X, Y and T are any local extensions to R™*? of the vector fields X, Y and
T, respectively. Equivalent statements hold for M.

If Z and ¥ are vector fields along a smooth curve z: I — R"¥ we use
D Z(t) to denote the covariant derivative of Z along the curve 2 and %—j\lf for the
normal covariant derivative of ¥ along 2 (these notations are according [117, p.
119]), see also Appendix A, Subsection 8.1. Observe that an isometric embedding

of M into R™™" induces the equalities

D d \' Dt d _\*

dt <dt > ’ dt (dt )
A tangent vector Z along a smooth curve x is parallel if %Z(t) =0 forevery t € I.
We say that a normal vector field ¥ along z is normal parallel if %W(t} = 0 for
every t.

Definition 27 is a reformulation of the definition of a rolling map contained
in [125, Appendix B]. The group SE(N) of orientation preserving Riemannian
isometries of RY will play an important role. For the definition of the group SE(N)
see Appendix A, Subsection 8.3.

Definition 27. A rolling of M on M without slipping or twisting is a smooth curve
(,R): [0,7] = M x SE(n+ v) satisfying the following conditions:
(i) 2(t) == R(t) (t) € M,
i) dy(eyR(t) ToeyM = Ta) M, N
(iil) doyR(E)| 7,0y TuryM — To) M is orientation preserving.
) No slip condition: T(t) = d)R(t) &(t), for everyt.
) No twist condition (tangential part) :

D D

for any tangent vector field Z(t) along x(t) and every t.
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(vi) No twist condition (normal part) :

Dt Dt
= W(t) = —
a Y=g

for any normal vector field U(t) along x(t) and every t.

From now on we omit words “without slipping or twisting” just writing “a
rolling”. Condition (v) is equivalent to the requirement that any tangent vector
field Z is parallel along the curve z if and only if d, R Z is parallel along Z. As a
consequence, this condition is automatically satisfied in the case of manifolds of
dimension one. Similarly, condition (vi) is equivalent to the statement that any
normal vector field ¥ is normal parallel along the curve x if and only if d,R ¥
is normal parallel vector field along Z. Thus, for embeddings of co-dimension one,
condition (vi) holds automatically.

Example 7. Consider the submanifolds of R3, defined by
M = {(#1,sin6,1 —cosf) € R*| z, €R, 6 € [0,2m)},
]/\4\: {(J_Jl,fz,()) S R3| T1,%2 € R, } .

These are a cylinder and a plane. The rolling map

1_31 fl
R(t):z2=| Z2 | — Tocost+ (T3 — 1)sint + ¢ ,
T3 —Zosint + (3 — 1) cost + 1

describes the rolling of the infinite cylinder M on M along the Zs-axis with con-
stant speed 1. Any choice of a smooth curve z € M, given by

x(t) = (Z1,sint, 1 —cost), T €R, telCR,

defines the rolling

FIGURE 6.1. Rolling of the cylinder over the plane
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Notice that Definition 27 ignores physical restrictions given by the actual
shapes of the imbedded manifolds. If we think of M and M as touching along the
curves x and Z and rolling according to the isometry R, then we cannot rule out
the possibility that there might be transverse intersections between the manifolds
other than the contact points.

6.2. Intrinsic rolling

In this section we introduce a new object called intrinsic rolling.

6.2.1. Frame bundles and bundles of isometries. Let V' and V be two oriented
inner product n-dimensional spaces. We denote by S O(V V) the collection of all
linear orientation-preserving isometries between V' and V. When V = V we write
SO(V) instead of SO(V, V). Note that SO(V) is a group. Given any choice of the
basis in V', we can write an element of SO(V') as an (n X n)-matrix. However, since
there is no canonical choice of the basis on V, the group SO(V) is not canonically
isomorphic to SO(n).

For any pair M and M , we introduce the space @) of all relative positions in
which M can be tangent to M

Q= {q € SO(T,M,T:M)|z € M, 7 € M} . (6.2)

This space is a manifold with a structure of an SO(n)—fiber bundle over M x M
and can be considered as the configuration space of the rolling. Its dimension is
@. Notice, that it is not a principal SO(n)—bundle since the action of SO(n)
on the fiber depends on the choice of coordinates in M and M. To see this in more
detail, we describe the space @ in terms of frame bundles. Let F and F be the
oriented orthonormal frame bundles of M and M. , respectively. As we know from
Subsection 8.5.1 of Appendix A, F' and F are principal SO(n)-bundles.

Consider F x F as a bundle over M x M. The group SO(n) acts on the right
on F and F and we can divide by this action diagonally on fibers. Then, we can
identify Q with (F x F)/SO(n) by the map assigning to cach equivalence class
[£, f] the mapping ¢ € Q, such that

fi=alfj, for j=1,...,n. (6.3)
Clearly, this construction does not depend on the choice of a representative of an
equivalence class of (F x F))/SO(n). Conversely, given an isometry ¢ € @Q, there
exists a unique equivalence class of frames satisfying (6.3).

As we see, we can define the right action by SO(T, M) or the left action by
SO(T@]\//T ) on (F x F)/SO(n). Since both groups are not canonically isomorphic
to SO(n) (except for the case when n = 2), the configuration space @ = (F X
F)/S0(n) does not have the structure of a principal SO(n)—bundle. However,
since @ is an SO(n)—fiber bundle we can exploit its local properties and think
that it looks locally like the product M x M x SO(n). Let U be a neighborhood in
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M such that F|y is trivial and let v be a section of F|y: v(z) = (vi(x),. .., v, (x)),
x € M. Each section determines a left action of SO(n) on F|y. To see this,
recall that for each x € U, the frame v(x) can be considered as an isometry
v(x) : R™ — T, M. The left action takes the following form: if f € F, is any other
frame at x € U, written in terms of the frame v as

fi=> fijvi(x),
i=1
then 7 = (75)7';_; € SO(n) acts on the left on f via the equation

n
T.fi = Z JigThiVks i=1...,n

ik=1

Observe that this action depends on the choice of the frame v.

This defines local left and right actions of SO(n) on @ as follows. Let U
and U be neighborhoods in M and M respectively, so that both frame bundles
trivialize over these neighborhoods. Let v : U — F|y and 6 : U — ﬁ|ﬁ be sections.
We define the left action of 7 € SO(n) on @ with respect to ¢ by

T'f] = (T'q)fj’

where the left action of 7 on fj is defined with respect to v and fj = qf; for
j =1,...,n. Similarly, the right action of SO(n) on @ with respect to v is defined
by

fj = (¢q.7) (Tﬁl.fj).

Remark that if we have a matrix representation of an element 7 € SO(n) in

n

coordinates of M by 70 = {gﬁ(ﬁi, qvj)} then we have

i,j=1"
{g]/\}[\(ﬁzu (TQ)UJ)}:]:l = T70, and {g]/\}[\(ﬁh (qT)UJ)}ijl = T0T, TE SO(’I’L)

6.2.2. Reformulation of rolling in terms of bundles. Both formulations of rolling
surfaces given in [3, 18] define the configuration space as a manifold of isometries
of tangent spaces of M and M , as we did before, without taking into account
the embedding into the ambient space. The condition (vi) imposed over a rolling
(z,R) by Definition 27 is non-trivial whenever the codimension v of the imbedded
manifolds is greater than 1. So, it is natural to suppose that the total configuration
space of the rolling system will have a normal component which takes care of the
action of R on the normal bundle. Therefore, by analogy with the construction
of @, we define a fiber bundle over M x M of isometries of the normal tangent
space. Let ¢ : M — R™ and 7: M — R™ be two embeddings, given as initial
data. Let ® be the principal SO(v)—bundle over M, such that the fiber over a
point & € M consists of all positively oriented orthonormal frames {ex(x)}5_,

spanning T, M~. Let ® be the similarly defined principal SO(v)—bundle on M.
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As it was done previously, we identify the manifold (® x ®)/SO(v) with
Pri= {p € SO(T,M*, T-MY)| € M,7 ¢ J/\/[\} . (6.4)

The space P, 7 is not in general a principal SO(v)—bundle, but there are local left
and right actions defined similarly as on Q. We notice and reflect it in notations
that @ is invariant of embeddings, while P, 7 is not. We obtain dim(P, ;) = 2n +
@. We form the direct sum Q@ P, ; for the fiber bundle over M x M, so that the
fiber over (z,Z) € M x ]/\4\, is Q(m,/m\) X PL,Z\(LE,L/E\)' Thus dim(Q@PL)?) = w
The following proposition allows to reformulate Definition 27.
Proposition 9. If a curve (z,R) : [0,7] = M x SE(n + v) satisfies the conditions
(i)-(vi) in Definition 27, then the mapping
t = (duoyR(O)| 1,0 M duy R(E) |1,y a2 ) =2 (a(t), p(2))
defines a curve in Q © P, ; with the following properties:
(1) no slip condition: T(t) = q(t)i(t) for every t.

(I) no twist condition, tangential part: q(t) 2 Z(t) = Lq(t)Z(t) for any tangent

vector field Z(t) along x(t) and every t.
(IIT) no twist condition, normal part: p(t)%kll(t) = %—:p(t)\lf(t) for any normal

vector field U(t) along z(t) and every t.

Conversely, if (g,p) : [0,7] = Q & P,z is a smooth curve satisfying (I)-(III),
then there exists a unique rolling

(z,R): [0,7] = M x SE(n +v),
such that dy iy R(t)|7,,, M = q(t) and dpyR(#) |7, a2 = p(1)-
Proof. Assume that (z,R): [0,7] = M x SE(n + v) is a rolling map satisfying
(i)-(vi). The conditions (i) and (ii) assure that
dz(t)R(t”Tw(t)M S SO(Tw(t)M, Ti(t)M) and

_ (6.5)
dotyR(E)|7, 0 110 € SO(Toiy M, Ty M ).

Since dy )R (t) must be orientation preserving in R"** for any ¢ € [0, 7] we con-
clude that both of the mappings (6.5) are either orientation reversing or orientation
preserving. The additional requirement (iii) implies that (g, p) is orientation pre-
serving. The conditions (I)-(III) correspond to the conditions (iv)-(vi).

Conversely, if we have a curve (¢,p) in Q & P,z with projection (x,Z) into
M x M, then we have an isometry R € SE(n-+v) in the following way: R(t): T
A(t)z + a(t), A(t) € SO(n + v), where A(t) = d,yR(t) is determined by the
conditions

dm(t)R(t) |Ta:(t) M = q(t)|Tz(t) M, dz(t)R(t) |Tm(t) ML = p(t) |Tm(t) ML
Then for images of d,)R(t) we have

Im (dm(t)R(t) |Tz(t) M) = Ti(t)Ma Im (dz(t)R(t) |Tm(t) Mt ) = Ti(t)ML :
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The vector a(t) is determined by a(t) = Z(t) — A(t)z(t) for any t € [0, 7]. O

The one-to-one correspondence between rolling maps and smooth curves in
Q& P, 7, satisfying (I)-(III), naturally leads to a definition of a rolling map in terms
of these bundles.

Definition 28. A rolling of M on M without slipping or twisting is a smooth 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 every t,
(I) no twist condition, tangential part: q(t)2 Z(t) = 2q(t)Z(t) for everyt € [0, 7]
and for any tangent vector field Z along z,
(ITI) no twist condition, normal part.'p(t)%:\ll(t) = %p(t)\lf(t) for everyt € [0, 7]
and for any normal vector field ¥ along x.

Proposition 9 implies that the bundle Q@ P, 7 can be seen as the configuration
space for a rolling of two isometrically embedded manifolds ¢: M — R™™ and
Tt M — R According to [125], the dimension w corresponds to
the degrees of freedom of the system.

A purely intrinsic definition of a rolling is deduced from Definition 28, by
restricting it to the bundle Q). This concept naturally generalizes the definition
given in [3] for 2-dimensional Riemannian manifolds imbedded into R* and we use
the term intrinsic rolling for this object.

Definition 29. An intrinsic rolling of two n-dimensional oriented Riemannian

manifolds M on M without slipping or twisting is a smooth curve q: [0,7] = Q,

with projections x(t) = prys q(t) and Z(t) = pry;q(t), satisfying the following con-

ditions:

(I') no slip condition: Z(t) = q(t)i(t) for all t,

(IT) no twist condition: Z 1is a parallel tangent vector field along the curve x, if
and only if q Z is parallel along T.

Remark 8. If n-dimensional manifolds M and M are imbedded into Euclidean
space R"T! then for each pair of points (z,Z) € M x M, there is a unique orienta-
tion preserving isometry p: T, M+ — TEJ\/ZJ-. Hence, since P, 7-is an SO(1)-bundle,
it can be identified with M x ]\/4\, and so Q@ ® P, 7= Q. In this case we see that the
notion of rolling in Definition 28 coincides with the intrinsic rolling in Definition 29.

6.2.3. Extrinsic and intrinsic rollings along the same curves. Let (z,7): [0,7] —

M x M be a given pair of curves. We aim to give an answer to the following
questions:

e If ¢; and go are two intrinsic rollings of M on M , along curves x and Z, how
are they related? What properties of the rolling are defined by fixing the
paths x and Z7

e Suppose an intrinsic rolling ¢ and embeddings ¢: M — R"™ and 7: M —
R™ are given. Is it possible to extend ¢ to a rolling (¢, p)? Is this extension
unique?
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The following example clarifies the situation for one dimensional manifolds, where
different embeddings are easy to describe.

Example 8. Consider M = R, with the usual Euclidean structure, and M =
S1, with the usual round metric and positive orientation counterclockwise. Let
x:[0,7] = S be written as 2(t) = ¢*()| where ¢ : [0,7] — R is an absolutely
continuous function. Since SO(1) = {1}, the configuration space @ for the intrinsic
rolling is just M X M. The no-slipping condition implies that

z(t) = 2(0) + ¢(t) — #(0),
and we may assume Z(0) = ©(0) = 0. We consider different rollings of M on

M under various embeddings. Without loss of generality, we may assume that
R(0) = idgi+v is the identity map in R, We will use r = (rq,...,7r14,) for
coordinates of R,

Case 1: Consider the embeddings
o M = R? oo M — R?
e i (sinp,1—cosyp) ’ I = (2,0)°
Simple calculations show that there is only one possible rolling.

Case 2: Consider the embeddings
o . M — R3
e (singp, (1 — cosg)cos by, (1 — cosp)sinby) ’

/L\Q : ]/\Z — R?
z — (z,0,0)°
where 6 is any fixed angle from (0, §). Conditions (ii), (iii) and (iv) of Definition 27
imply that the differential d,)R(t) of R(t), t € [0,7], in matrix form can be
written uniquely as

1 0 0 cosp(t) sine(t) 0 1 0 0
0 coss(t) sins(t) —sinp(t) cosp(t) 0O 0 cosby sinby |,
0 —sins(t) cosx(t) 0 0 1 0 —sinfy cosbo

for some smooth function s: [0, 7] — R. To satisfy the normal no-twist condition,
dy(+)R(t) must map the normal parallel vector fields on M

€1 = —sin w(t)% + cos ¢(t) cos 90% + cos p(t) sin 90%,

0
€ = — Sinooa—r2 + cos@oa—rg,
to normal parallel vector fields on M. Calculating the covariant derivative of
dyt)R(t)er and dy4)R(t)e2, we conclude that s(t) is constant and the assumption
R(0) = idgi+» implies that the constant is 0. Hence, the circle will roll along the
line with a constant tilt given by 6y, see Figure 6.2.
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FIGURE 6.2. Case 2: S! rolling on R. Different tilting angles give
different embeddings, but equivalent rollings.

Case 3: Consider the isometric embedding of Masa spiral.

/L\g : ]/\Z — R?
T = % (cosZ,sinZ, 7),
and ¢9 from the previous case. In this situation, the circle M will rotate along the
spiral M. Checking the normal no-twist condition we came to the same conclusion
that the path is uniquely determined by the initial angle 6.

Note that in all the cases above, the intrinsic rolling t +— (e?()| o(t)) either
uniquely induces a rolling, or the rolling is determined by an initial configuration
of the normal tangent spaces, which corresponds to the initial tilting angle 6y. In
fact it is also possible to find a choice of basis, consisting of normal parallel vector
fields, so that the normal component of the rolling p is constant with respect to
this basis. We show in Lemma 4 below that this holds generally.

Let z: [0,7] - M and Z : [0,7] — M be two fixed curves. We denote by
{e;(t)}}—; a collection of parallel tangent vector fields along x(t) forming an or-
thonormal basis for T, ;) M and by {ex(f)}5_; a collection of normal parallel vector
fields along x(t) forming an orthonormal basis for T4 M. Such vector fields can
be constructed by parallel transport and normal parallel transport along z(t). Sim-
ilarly, along Z(t), we define parallel frames {é;}7; and {€.}%_;. Recall that Latin
indices 1, j, ... vary from 1 to n, while Greek ones k, A, ... vary from 1 to v.

The following lemma shows that the image of a parallel frame over M has
constant coordinates in a parallel frame over M. This reflects the fact that rolling
preserves parallel vector fields.

Lemma 4. A curve (¢,p): [0,7] = Q @ P,z satisfies (II) and (III) if and only if
the matrices

A(t) = (ai; (1)) = (95785, q(t)e;)),  B(t) = (bua(t)) = (977(éx (1), p(t)ex(2))),

are constant for any t € [0, 7].
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Proof. Check that the derivatives a;;(t) and b;(t) vanish, see also [56]. O

The following theorem gives an answer to the first question raised at the
beginning of Subsection 6.2.3.

Theorem 6.1. [56] Let q: [0,7] = Q be a given intrinsic rolling map without slip-
ping or twisting with projection pr,, 17q(t) = (x(t),2(t)), t € [0,7]. Define the
vector spaces

V= {v is a parallel vector field along x, and gp(v, &) =0 for all t},

~

V= {@ is a parallel vector field along =, and gz ;(v, E) =0 for all t}.

Then dimV = dim V 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 curves x and T
if and only if kK < 1.
(b) Ifk > 2, all the rollings along x and T differ from q by an element in SO(V).

In particular, if the curve z: [0,7] — M is a geodesic, we have the following
consequence of Theorem 6.1.

Corollary 8. Assume that the curve x is a geodesic in M. Then there ezists an
intrinsic rolling of M on M along (x,T) if and only if Z is a geodesic with the
same speed as x. Moreover, if n > 2, and if Vs defined as in Theorem 6.1, then
dimV =n — 1, and all the rollings along x and T differ by an element in SO( ).

Concerning the problem of extending intrinsic rollings to extrinsic ones, the
following theorem gives a complete answer to the question posed at the beginning
of Subsection 6.2.3.

Theorem 6.2. Let q: [0,7] — Q be an intrinsic rolling and let v: M — R** and
T: M — R be given embeddings. Then, given an initial normal configuration

P0 € (P.2)(w0,30)s Where (w0,%0) = pr,,, 77 9(0),
there exists a unique rolling (¢,p): [0,7] = Q & P, 7 satisfying p(0) = po.

Proof. Let {ex}5_; and {éx}"_; be normal parallel frames along curves z and Z,
respectively. Let By € SO(v) be defined by

By = {bﬁA}Z,)\zl = {g(gﬁ(o)vpo EA(O))}:)\:l )
where g is the Euclidean metric in R"*”. Then p(t) must satisfy
bex = G(E(t), p(t) ex(t)) for any t € [0,7],

by Lemma 4, and it is uniquely determined by this. O
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We already gave the answer about the uniqueness of the intrinsic rolling ¢
in Theorem 6.1. Then the extension (g, p) was proposed in Theorem 6.2. Now the
natural question arises: whether the extrinsic part p is unique. In order to answer
this question we define the vector spaces

E = {e(t) is a normal parallel vector field along z(t) and g(&(t),€(t))) =0},
E = {?(t) is a normal parallel vector field along Z(t) and g(f(t),?(t))) = O} ,

with inner product g and orientation induced on TM* and TM* from embed-
dings. Both vector spaces have dimension v. An extrinsic rolling (g, p) extending

an intrinsic rolling ¢ is determined up to a left action of SO(E) or, equivalently,

up to a right action of SO(E). Both SO(E) and SO(E) are isomorphic to SO(v),
but not canonically.

6.3. Distributions for extrinsic and intrinsic rolling
The aim of this subsection is to formulate the kinematic conditions of no-slipping

and no-twisting in terms of a distribution. In this setting, a rolling will be a smooth
curve almost everywhere tangent to this distribution.

6.3.1. Local trivializations of (). Let 7: Q @ P,; — M x M denote the canonical
projection. Consider a rolling R(t) = (¢,p): [0,7] = Q ® P, 7, then 7o R = (2, 7).
Given an arbitrary o in the domain of R, let U and U denote neighborhoods of
x(to) and Z(tp) in M and M, respectively, such that both bundles TM and TM*
are tr1v1al1zed being restricted to U. In the same way we chose 17 such that both
TM and TM* are tr1v1al1zed when they are restricted to U. This 1mphes that the
bundle 7: Q ® P,; = M x M trivializes when it is restricted to U x U.

Each of the requirements (I)-(III) can be written as restrictions to R. We
show, that all admissible values of R form a distribution; that is a smooth sub-
bundle of T(Q & P, 7). We will use the local trivializations to describe this distri-
bution.

6.3.2. The tangent space of SO(n). Let U and U be as in Subsection 6.3.1. The
tangent space Tm~ (U x U) is isomorphic to the following direct sum under the
trivializaition
Tr YU x U) = TU x TU x TSO(n) x TSO(v).

The decomposition requires to know a detailed description of the tangent spaces
TSO(n) and TSO(v) in terms of left and right invariant vector fields.

We start by considering the embedding of SO(n) in GL(n). Denote the matrix
entries of a matrix A by (a;;) and the transpose matrix by A'". Then, differenti-
ating the condition A*A = 1, we obtain

TS50(n ﬂ ker w;, wij = Z (arj dar; + ari day;) .

i<j r=1
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It is clear that the tangent space at the identity 1 of SO(n) is spanned by
0 0

1] 1):= - ’
WJ( ) 8aij 8aji

1<i<j<n.

We denote so(n) = span{W;;(1)} following the classical notation. We use left
translations of these vectors to define

- 0
Wz] (A) = dlAW'LJ Z (am — afr\j%) (66)

=

as global left invariant basis of T.SO(n). Note that the left and right action in
TSO(n) is described by

dlA (60/” ) Z arz ar 5 dTA (aaw > Z Js i .

We have the following formula to switch from left to right translation and the

other way around,
o0 - 0
dl - rilsg d )
() = X oo (2 (50

r,s=1

0 0
o () = oo (0 (30))

r,s=1

Therefore, the right invariant basis of T'SO(n) can be written as
dra(Wiz(1)) = Z(airajs — ajrais)Wrs(A) = Ady—1 (Wi (A)).
r<s
If W;;(A) is defined by (6.6) and i > j, (so W;;(A) = —=W,;(A)) then the bracket
relations are given by
(Wi, Wia] = 6. Wir + 6; Wi — 0; s Wi — 65, Wig.

The detailed calculation presented in this subsection can be found in [56].

6.3.3. Distributions. Now we are ready to rewrite the kinematic conditions (I)-
(III) as a distribution. Let R: [0.7] — Q& P, 7 be a rolling satisfying the conditions
(I)-(I1I). Consider it image under the trivializations. Then

_a:+x—|—uzla”a + Z bﬁA (6.7)
Condition (I) holds if and only if Z(t) = ¢(t)@(t), ¢ € [0,7].
We want to write the last two terms in (6.7) in the right invariant basis of

corresponding tangent spaces of SO(n) and SO(v), based on conditions (II) and
(I10).
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Satisfying (II), we obtain

K, A=1 b,{)\
= (gf\} (Vip 'enp ten) — giM\(V;‘i(t)@\,Q)) Adp-1 (Wer(B)).
K<
Here €;,€;,€4,6x, J = 1,...,n, & = 1,...,v, are orthonormal bases of corre-

sponding tangent and normal spaces and gar, g7 93 gj\-? are restrictions of the

Euclidean metric on corresponding tangent and normal spaces of M and M.

Note that given an orthonormal bases e;, €;, €., €, and the vector field & along
2 on M we used the rolling map (g, p), satisfying no-slipping condition (I) and no-
twisting conditions (IT), (IIT), to obtain all the terms of the vector field R defined
on the bundle @ © P, ;. Thus the vector field & was lifted from M to the vector
field R on Q ® P, 7. We generalize this notion in the following definition.

Definition 30. If X is a vector field on M, then we define V(X) and V*+(X) as
the vector fields on QQ ® P, 7, such that under any local trivialization h and any

(q,p) € 7~ 1(x) they satisfy

dh (V(X)(q,p)) = Z (9m (Vx@yej,ei) — gﬁ(vqx(m)qej, qe;)) Wiz (A).  (6.8)

i<j

dh (V*(X)(g,p)) = Z (QALJ(V)L((QC)@MGH) - g]J/\'_/[\(V;_X(m)pE)UpEN)) Wir(B).
KA
(6.9)

Notice that if Y(z) = X (z) = v € T, M, then V(Y)(¢,p) = V(X)(¢,p) for
every (¢,p) € (Q® P, 7),. Hence, we may define V(v)(q, p) whenever v € T, M and
(g,p) € (Q® P, 7)s. Also notice that the map X — V(X)) is linear. The same holds
for V.

At first glance, it may seem that all of the coefficients of W;;(A) and Wy (A)
in (6.8) and (6.9) vanish from conditions (II) and (III), that is not true, however.
Even though 2 X (x(t)) = V)X (x(t)) for any tangential vector field X along z,
in general, V ;1 q(t)e; does not coincide with 2¢(t)e;(z(t)). To see this, notice
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that
D s S
7705185 (T(1)) = 45j5(T(1)) + a5V 65(Z (1))
= a5j85(2(1)) + as; Vi) €s(T(t)),
while V ;105565 (2(t)) = a5V gi(4)€s(w(t)). Similar relations hold for %.
We sum up our considerations in this section and define distributions
Q S PL,T B (Qap) = E(q,p) - T(q,p) (Q S PL,T) and Q >q— Dq - Tq(Q)

Proposition 10. A curve (g(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

E(gp) = {v+qv+V()(g,p) + V' (v)(g,p)|v € Tu M},
where (¢,p) € (Q ® P.7)(2,3)-
Using the same symbol to denote the restriction of V(X) to @, we have

Proposition 11. A curve q(t) in Q is an intrinsic rolling if and only if it is a
horizontal curve with respect to the distribution D, defined by

D,={v+qu+V©)(@)|veT:M}, q€Qs.

We mention the book [19], where the strong approach to the control theory
from the viewpoint of differential geometry is presented. Moreover, we recommend
preprint [31] and [32, 60, 64] as a most complete sources of information about
rolling of n-dimensional manifolds and the controllability of this process.

6.4. Examples of rollings and their controllability

In this section, we show two examples of rolling configurations, namely the sphere
S™ rolling on R™ and the special Euclidean group SE(3) rolling on its Lie algebra
se(3). The first case is controllable, which follows from the fact that the distribution
D, encoding rolling without slipping and twisting, is bracket generating and thus
the Chow-Rashevskii theorem holds. The second example is not controllable, which
follows from the orbit theorem and a strong version of it for the case of analytic
manifolds, see [3]. For the second example we study a particular intrinsic rolling,
which we extend to an extrinsic rolling. This exemplifies the result obtained in
Theorem 6.2.

A CONTROLLABLE EXAMPLE: S™ ROLLING ON R"™. We want to illustrate the

properties of the distribution D from Proposition 11, by proving that the unit

sphere S™ in R™*! rolling over R" is a completely controllable system. This result

was obtained in [132] by different methods. The aim of this subsection is to show

the controllability of the system directly from the Chow-Rashevskil theorem.
Consider the unit sphere S™ as the submanifold of R*+!,

St = {(xo,...,x”) e R | ki_o(xk)z = 1},
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with the induced metric g. For an arbitrary point # = (2°,...,3") € S", at least
one of the coordinates ,...,Z" does not vanish. Without loss of generality, we
may assume that £ # 0, and consider the neighborhood

U={(@"...,2") €S" 2" >0},

where the choice of the + sign depends on the sign of ™. To simplify the notation,
we define the functions s;(z) = >, (x")2 on U, for j = 1,...,n, that are strictly
positive on U. We use them to define an orthonormal basis of TU. Define the
vector fields e; on U

- b -1 I 0
ej = |2 + =3 . i=1,....n. (6.10)

— - x
. —1 . r
Sj—1 oxd 8 Oz

=]

These vector fields form an orthonormal basis of the tangent space over U and
we denote by I‘fj the Christoffel symbols with respect to the basis {e;}7,. We

set ¢; = % to be the standard basis of TR™. Let us state two technical lemmas
T

whose proofs can be obtained by direct calculations or found in [56].

i—1
Lemma 5. Let 1 <i < j <n. Then Fij = —Ldkd forallk=1,... n.
\/S8i—15i
For convenience, we denote ' = \/% = —I‘Za, a=1,...,n. The proper-

ties of the Levi-Civita connection V have the following consequences:
o The compatibility of V with the metric g and g(e;,e;) = §;;, imply that
T}, = —T%,;- In particular, T}, = 0.
e The symmetry of V implies that, if [ < k, then

n
lex,e1] = Veper = Veer = Y g(Veye1 — Veyen, ei)e; = ey,
i=1

Lemma 6. The vector fields e, on the sphere satisfy

0, k>1,
e (T) =4 —1/sp, k=1, kl=1,2,...,n
—T'TF, k<l

Observe that Vg, é; = 0, and [éx,é] =0 for all k,l =1,...,n.

Consider the vector fields X, = ey + ger, + V(ey), restricted to U, which span
the distribution D introduced in Proposition 11. In this case, we have the explicit
form

n k—1
Xz, &, A) = ex(x) + Y a*e;(@) = Y T' Wik(A).
=1 =1

In order to determine [X}, X;], we assume that k& > [. Then

(X5, X)) =T X3, — Wi
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Define the vector fields Y, for | < k, by Vi := [ X, Xi] + I' X}, = Wy Finally,
let

Zy = [Yia, Xo] = Za 6, Zrp=|X1,Yi = Zalkez, k=2,...,n.
i=1
We conclude that the entire tangent space is spanned by the vector fields { X }7_;,
{Yir}1<ick<n and {Z;}}_,. Hence, D is a regular bracket generating distribution
of step 3, which implies that the system of rolling S™ over R™ is completely con-
trollable.

6.4.1. A non-controllable example: SF(3) rolling on R®. We consider the case of
SE(3), endowed with a left invariant metric defined later, rolling over its tangent
space at the identity T1.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 the
system is controllable.

We give SE(3) coordinates as follows. For any = € SE(3) there exist C' =
(cij) € SO(3) and r = (r1,72,73) € R3, such that = = (C,r) acts on R? via

x(y) =Cy +r, for all y € R3.

The tangent space of SE(3) at x = (C,r) is spanned by the left invariant
vector fields

1 B, 0 1 < B, B,
=Y = — . — . = e g
1 ! \/5 (C 8012 ¢ 8021 ) 2 Z (Cﬂ 8Cj2 €2 8Cj1 )
1 0 0 1 < 0 0
=Y, =—|(C- - C- - S ip—
€2 2 \/5 ( 8013 8031 ) 2 4 1 (0]1 8Cj3 0]3 8Cj1 )

1 0 0 1< 0 0
— V.= — (C- _C. - Y Y
ARV ( dcas 3032) 2 Z (cﬂ dejy 30;‘2)

Jj=1
3

0 0
e =Xy =C-— = Cik = k=1,2,3.
k+3 k o ; k or

Define a left invariant metric on SE(3) by declaring the vectors ey, ..., es to
form an orthonormal basis. The mapping
ijej Il,IQ,I3,$4,$5,I6) ERG

permits to identify 5e( ), endowed with the induced metric, with RS endowed with
the Euclidean metric. We write é; = 8;%@ on R® and study the behavior of the
intrinsic rollings of SE(3) on RS. Note that the configuration space @ for intrinsic
rolling is 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.
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The covariant derivatives V., e; are non-zero only in the following cases

1 1 1
VyYo=——=Y;, VyY;=—Y5 VyY3=——2Y,
v, Ya WAL n¥s =75 v, Y3 okl
1 1
Vv, X = 7 (02,5 X1 — 01,k X2), Vy,Xi = 7 (03,6 X1 — 01,6 X3),
1
Yy Xp = — (836X — 03 1. X3) |
vy Xk ﬁ(s,k 9 — 02,5 X3)

where §; ; denotes the Kronecker symbol. On the other hand, it is well-known that
V¢, €; = 0 for any 4, j. Proposition 11 and Definition 30 show that the distribution
D over @ is spanned by

1

2V2

1

1
\/§W45’ Zy =Yy +qYo — —=Wiz +

Z1=Y1+qY1 + Vo

Was +

1
Zs=Ys+qYs + —=Wio +
3 3 Tqrs 2\/5 12

K = X1 +¢Xy, Ky = X5 + ¢Xo, K3 = X3+ ¢Xs.

In the case of D, defined by the vector fields (6.11) straightforward calcula-
tions yield that the flag associated to D is of the form

D? = D ®span{Wia, Wi3, Was},
D3 = D?@®span{qY1,qY2,qY3}, (6.12)
D4 — D37

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

It follows from (6.12) that the distribution is not bracket generating and
we can not produce all the tangent space to the configuration space, that has
dimension 27 at each point. We conclude that the system is not controllable by
orbit theorem [3].

6.4.2. Concrete example of an extrinsic and intrinsic rolling. We present the con-
struction of the intrinsic rolling of the manifold M = SE(3) over RS: ¢(t) =
(x(¢t),Z(t), A(t)), with initial conditions

z(0) =Idgs, Z(0)=0, A(0)=1
and the curve z: [0,7] — SE(3)

cosf(t) sinf(t) 0 1 0
x(t)y=| —sind(t) cosé(t) 0 y2 | + 0 , y € R (6.13)
0 0 1 Y3 ¥(t)

where 0(t) and ¥(t) are smooth functions with 6(0) = ¢(0) = 0. Then
&= V20(t)Y1 + (t) X3
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for every t, and the intrinsic rolling has the form ¢ = v/20(t)Z; + 9 (t)K3. This
implies that

R . . . ) 1
B0) = VB0 @Y + (0 aXa, A0 =00) (3 W)+ Wis()) - (014)
for almost every ¢. It follows from the first equation in (6.14) that
tr
#(t) = (V2601),0,0,0,0,0(1)) .

where " denotes transposition. By exponentiating the second equation in (6.14),
we obtain

1 0 0 0 0 0
0 cos eTt)) sin @) 0 0 0
At) = 0 —sin (@) cos @) 0 0 0
0 0 0 cosf(t) sinf(t) 0
0 0 0 —sind(t) cosf(t) 0
0 0 0 0 0 1

EMBEDDING OF SE(n) INTO EUCLIDEAN SPACE. In the next step we want to
extend the intrinsic rolling to the extrinsic rolling. We choose the following iso-
metric embedding of SE(n) into the Euclidean space R +D° Identify an element
C € R™+D” with the matrix

C11 e C1,n+1
6 =
Cnt1,1 "' Cpntlntl
Define the inner product on R(n+1)? by <€1,62> = trace ((él)tUQ) . Note that

since (C,C) = Z?;;ll |;;|%, the metric (-,-) coincides with the Euclidean metric

n+1
in R®+D*, From this we get that { ag} is an orthonormal basis for the
i) 4 5=1

tangent bundle TR +D? with respect to (-, ).
We define the embedding of SE(n) into R™+D° by

L SE(n) — RO+
— cC r\ .
z=(C,r) —» C= ( 0 1 )

This mapping is in fact an isometry of SE(n) onto its image. To see this, notice
that the metrics coincide at the identity, and that the metric of R("+1)2, restricted
to the image Im(¢) of ¢, is left invariant under the action of SE(n). Hence, the
metrics on SE(n) and Im(¢) coincide, and ¢ defines an isometric embedding.

EXTRINSIC ROLLING OF SE(3) OVER se(3). We will use the constructed embedding
to build an extrinsic rolling of SE(3) over se(3) in R® and we write M for the
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image of SE(3) in R'® under this embedding. Denote 9;; = %, then the vector
fields spanning T'M are

3 3
1 1
e1=Y1=—72) (Ca0ia —Ti2Oi), e2=Ya=—7xY (endis—Ciz0in),
2 V2 =
B 3
e3 =Y = 7 > (@io0is —Tisdin) . esyh = X = _Cklia, k=1,2,3,

i=1 i=1
(6.15)
where we suppressed dv in the notation. We introduce an orthonormal basis of

TM+

3 3
1 1
T =— Z (€10j2 +€j2051), To=—=> (¢10;3+7¢;3051),
Vi P>
1 3
T3 = ﬁ 2 (Ej28j3 + Ejgan) ,
3
\I/)\ :Zéj)\aj)\a A= 172537 E# :84#7 H= 1’2’3’4' (616)
j=1

We denote by M the image of RS into R6 by the embedding

1~ L~ =
10 R E X ? T2 X4
e ek T ——=T 0 =3 T
(x17x27x3ax4ax57x6) 'i> \{iAl 1 -~ \/50 3 /\5
vt T aTs L6
0 0 0 0

We have the following orthonormal basis of TM ,

-1

_ 1
NG

V2
é3+k = Oka, k=1,2,3,
while the vector fields spanning TM* are
1 1 1
V2 V2 V2

€3+I€ = 8/{&7 R = 172;37 é6+% = 84%7 n = 172)374'

(012 — 021), €2

>

R 1
(013 — 031), €3 = —2(523 — 032),

(012 + 021), €2 (013 +031), €3 (a3 + O32),

€1 =

In order to extend an intrinsic rolling ¢ with w(q) = (z,Z), we find an or-
thonormal frame of normal parallel vector fields along curves « and Z. Along =, we
may use the restriction of {é,@}if):l. For the curve z the answer is more complicated.

We first study the value of V+ for different choices of vector fields.

(1) V%E, = 0, for any tangential vector field X, and Z,, as in equation (6.16).

(2) V§kT = 0, for any normal vector field T, and X}, as in equation (6.15).
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(3) Otherwise, the results are presented in the following table

Ty Ty T3 vy Uy Us
v% I v - [ — T ﬁrz _%rl T, 0
ng —ﬂTg 5 (\111 — \113) ﬁTl —§T2 O §T2
T 1 1 1 1 1
v)/S _mTQ 2—\/§T1 5 (\]JQ - \113) 0 _§T3 §T3

We use the relations above to construct an extrinsic rolling by making use of the
curve (6.13). Since @(t) = V20(t)Y1 (x(t)) + 1 (t) X3(z(t)), the vector field

3
V() =D (al)Ta(@(®) + vsea()Ua(2(1)))
A=1

is normal parallel along z(t) if

0 9 6
(Dl — % (U4 — U5)> T+ <’I'J2 + §U3> Ty + <’I.J3 — 51)2) T3

0 0
+ | Va4 —=v1 | P14+ |05 — —=v1 | P2 +v6¥3 = 0.
( TR 1) 1 ( G 1) 2+ veW¥3
Hence we define a parallel orthonormal frame along z(¢) by
1. 1 .
€1(t) = cos Y1 (x(t)) — —=sin OV (z(t)) + —=sin Vo (x(t)),

V2 V2

ex(t) = cos (g) Ta(a(t)) +sin (g) Ta(a(t)),

es(t) = —sin (g) To(x(t)) + cos (g) To(a(t))

ca(t) = 5 sin 0T (o(0) + S (0(0) + 5 (o).
es(t) = _% sin 67 ((t) + ywl(m)) + L;OSH\IJQ(:C(U),

es(t) = U3(x(t)) and egra(t) = Ex(z(t)), A=1,2,34.

Thus p(t) is represented by a constant matrix in the bases {ex(¢)}1%, and {é.(¢)}12,.

Let us choose p(t) to be the identity in these bases, due to the given embedding.
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The curve R(t) = (q(t),p(t)) in SE(16) is given by R(t)(t)T = AT + 7(t),
where A(t) equals
286 sin 6

cos0—1

©
&

cos? & s 0 0 0 0 0 0
sing’ o 8 0 0 sin? 8 sin 0 0 0 0 0
2 2 2 2
0 0 cosg 0 0 0 sing 0 0 0
0 0 0 1 0 0 0 0 0 0
e sin® 4 0 0 cos?§ _sing o o0 0 0 0.10x6
(‘,05271 _sin@ 0 0 si1219 cos? % 0 0 0 0
0 0 —sing o0 0 0 cos g 0 0 0 )
0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 cwg —sin §
0 0 0 0 0 0 0 0 sing cos §
06><10 16
9 9 k

and T(t) = (—1, E,O,O7 ﬁ’ -1,0,0,0,0,—1,0,0,0,0,0 ) . Here, 0,,,x, denotes

the zero matrix of size m x n and 14 is the identity matrix of size 6 x 6.

7. Group of diffeomorphisms of the circle

In this section we consider one of the simplest examples of an infinite dimensional
manifold possessing rather good structure and having various applications. We
start from the definitions, then we give motivations and we finish with some results
concerning sub-Riemannian structure of this example. The material of this section
can be found in [81, 93, 99, 108, 116].

7.1. Manifold and group structure of Diff S'.

Let S' be the unit circle with the standard counterclockwise orientation that we
will think of as R mod 27Z. Denote by Diff S' the set of all C*°-diffeomorphisms
of S! preserving the orientation. This is an open subset of the infinite dimensional
space C*°(S1, S1) of all C*°-smooth maps of the circle, see Exercise 1. The topology
defined on the space C>°(S', S!) is the C* topology, which corresponds to the
uniform convergence of all derivatives of h € C*°(S?, S1) and it can be described
by the countable system of semi-norms

[hllm = sup [K™(6)].
pest

The set Diff S*, considered as an open set of C>°(S*, S1), inherits the C*°-topology.

Define the group operation in Diff S* as the composition of two diffeomor-
phisms and the inverse element of the group as the inverse map. The identity
map id: S' — S becomes the unit of the group. We would like to consider the
defined group as an infinite dimensional analogue of a Lie group. To do this we
need to define a manifold structure on the topological space Diff S*. We start from
the choice of a model vector space V, where the coordinate charts (U, ¢) with U
being an open set on Diff S! and ¢: U — V C V being a diffeomorphism, will
be constructed. The space Vect(St) of all C*° real vector fields on the circle is a
good candidate for the model space V since it possesses the Frechét topology and
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it is one of the examples of a locally convex complete topological vector space.
The vector fields S* 3 6 — v(0) % = v(0)dy € Vect(S!') can be associated with
the space C°° (S, R) of real functions v. A sketch of the construction of the chart
is given below. Let us consider the following neighborhood Vg of 0 € Vect(S?!):
Vo = {v € Vect(S') | |v| < 7}, where |v| is the absolute value in R. Then there is
a homeomorphic map v: Vo — Uy € C(S*, S1) to a neighborhood

Up={fe€C>(S",8")| f(0)#—0, forall eS8}

of the identity map id € C>°(S*, S). Construction of ¢ see in Exercise 2. Choose
an open set U C Uy consisting of diffeomorphisms. Then U is a neighborhood of
id € Diff S1. Then the set V = ¢~}(U) will be an open subset of Vy € Vect(S?).
Thus, we constructed the chart (U, ¢), ¢ = 9~ 1|y in a neighborhood of the identity
map id € Diff S1. To construct a complete atlas we exploit the group structure of
Diff St. If U is a neighborhood of id € Diff S*, then f.U = {¢ € Diff S* | ¢ =
foh, heU} is aneighborhood of f. Having the map v, we define ¢y: V — f.U
for any f € Diff S* as the composition f o . Then the chart (Uy,py), where
U = fU and py = 1/1]71|f,U is the corresponding local chart about any group
element f € Diff S*. The reader has to verify that any composition ¢y, o cp}l is a
smooth map in Vect(S?!).

As we know, the space Vect(S!), endowed with usual brackets for vector
fields, forms a Lie algebra, that we shall denote by the same symbol Vect(S!). On
the other hand, the space Tiq Diff S* furnished with brackets for tangent vectors is
the Lie algebra diff of left invariant vector fields. As we discussed in Subsection 2.1,
a tangent vector is the equivalence class of all curves f: R — Diff S! such that
f(0) = id and that have the same initial velocity. Such curves can be seen as
smooth functions

FiRx SY— S £(0,0) =0,

where f(to,0) € Diff St for any fixed value ¢y € R. The velocity vector at t = 0,
corresponding to the equivalence class [f], is a vector field

0
0) = — t,0
W0 = 5| (.0, Jel),
defined on S'. By this we identify Vect(S') and diff with the Lie product [X,Y] =
YX — XY. Now we explain why the sign in the latter commutation relation is
opposite. The action of the group Diff S' on the circle S', considered as a smooth
compact oriented manifold, is defined as the natural left action

p: DiffS'x S' - S!
1.0 = f(0).
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The differential du acts at the level of tangent spaces: du: T'(Diff ST x S1) =
T Diff S* x TS — T'S*. In order to make the following diagram commutative

T(Diff S* x S1) 3 w(f,0) —L= v(f(0)) € TS

wT T

Diff §* x S' 5 (f,0) ——— f(0) € S!

or du(w(f,0)) = v(u(f,0)) = v(f()) we have to extend the elements of diff as
d

de
wo € iff = Tiq Diff ST 2 Vect(S!) and the exponential map is defined in (7.1).
In this way we associate the elements of 0iff with right invariant vector fields
on Diff S*. The bracket in iff is defined as in Vect(S'), but with the opposite
sign, see the discussion in Subsection 3.1. Thus

right invariant vector fields on Diff S*, or w(f,-) =

O(exp ewp) f(-), where

0iff = ((Vect("), [, ]) with [udy, vs] = (—uv’ + u'v)d.

The group exponential map is defined in a standard way through one para-
metric subgroup in Diff St. The one parametric subgroup R > ¢ — f(t,6) € Diff S!
of diffeomorphisms for any fixed value 8y € S' is the solution of the Cauchy prob-
lem

@t =v0) €15, where w(0) = f(t,0)
6(0) = fo.

Thus, the solution 6(t) = expy, (tv) is the exponential curve that carries each line
t — tv through the origin in Vect(S') to the one parametric subgroup in Diff S*
and

exp: Vect(S') — Diff St

v — exp(v) (7.1)

is the Diff S'-group exponential map.

The interesting feature is that, in contrast to finite dimensional groups, there
is no neighborhood of id € Diff S!, where the exponential map would be diffeomor-
phism. The map is not locally surjective. No matter how small the neighborhood
U of the identity map id € Diff S, there is f € U such that f does not belong to
any one-parametric subgroup, or f ¢ Im(exp), see Exercise 3.

Moreover, the map exp is not injective. Let f, be a rotation by the angle
2. 9 L. 2% The map f, belongs to the closed subgroup S' C Diff S* of
rotations in Diff S1. Any one-parameter element of S! is generated by a constant
vector field v in (7.1). Let

H = {¢ € Diff S* | ¢(9+2%) :¢(9)+2%}
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be the subgroup of Diff S' of all periodic diffeomorphisms with period 27” It easy
to see that f,, commutes with H. Then since

S'> fa=0¢fup ! €0S'97!, b eH,
we conclude that f,, belongs to all one-parametric subgroups from ¢S'¢~!, ¢ € H.

Finally, we state a property of the group Diff S and its Lie algebra Vect(S*)
whose proof can be found in [70].

Proposition 12. The group Diff S' is a simple group.

For practical purposes it is convenient to introduce a basis of Vect(S!). Since
we identify the vector fields v(6)9p with smooth real functions v(f) on S and the
latter can be developed into the Fourier series, therefore, the Fourier basis cos(nf),
sin(nf), n = 0,1,...is a natural choice of a basis for Vect(S!).

We observe also that all f € Diff S are periodic functions with the period
27 in the following sense

F(0+27) = £(0) + 2.

EXERCISES
1. Define
: 1£6) — f@)l 1, gl 1
= f h ;8= S C*>(S).
n(f) 9,1961;}170#19 |9_/(9| ? where f — ’ fe ( )
Here || - || means the Euclidean distance in R? and S* considered as an em-

bedded manifold to R2. Verify that 7 is a continuous function of f. Conclude
that since n(f) > 0 if and only if f is a diffeomorphism, the set Diff S* is an
open set in C>°(S1,S1).
2. Let
Vo = {v & Vect(SY) | |v| <7},
with || - || being the absolute value in R and

U= {f e C=(S",SY)| f(0)#—0, ¥z S'}

be neighborhoods of 0 € Vect(S!) and the identity map id € C*°(S*, S?),
respectively. We construct a map ¢ : Vo — Uy by the following. Define a map
y: S — St for v € Vj as a map that sends a point § € S* to the end point
of the arc of length |v|, which starts at 6 with the initial velocity v(6). Show
that 1 is the homeomorphism from V 3 v — ¥, € Up.

3. Let n € N be big enough, and e € (0,1). We think of S' = {§ € R
mod 27Z}. Consider the diffeomorphism

F(O)=0+ g + esin®(nh).

Show that by choosing n and e we can make f(6) so close in C*°-topology
to the identity map as we want. Show that f has only one periodic orbit of
period 2n. (Hint: start from 6 = 0.) Show that starting from any other value
0 € (0,7/n) we get a non-periodic orbit. Conclude that f cannot belong to
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any one-parameter subgroup of Diff S*. Indeed if it belonged to exp(v) for
some v € Vect(S"), then it would be a rotation f(#) = 6 + Z, since after 2n

2n
repetitions we get (f(())) = 21 = f(0 + 27). But we know that it is not

true since all other points of S' do not belong to the same orbit of f. See
also [81, 108, 116].

4. Calculate the commutator in Vect(S!) for its basis cos(nf), sin(nf), n =
0,1,....

7.1.1. Central extensions of Diff S! and Vect(S'). To introduce the central exten-
sions of the Lie-Frechét group Diff S! and its Lie algebra Vect(S!) we start from
the linear object, i. e. from the Lie algebra.

Definition 31. The central extension g of a Lie algebra g by the Lie algebra R of
real numbers is the set g xR and new Lie brackets [(§,a), (n,b)]g, £&,m € 9, a,b € R,
satisfying the axioms of Definition 51.

In this case R becomes the center of the extended Lie algebra. The simplest

trivial example of a central extension is the direct product g x R with the Lie
brackets defined by

[(570’)7 (nvb)]ﬁ = ([5777]97ab - ba) = ([5777]970)'

We are interested in a non-trivial extension. In order to get it we need to find
an invariant skew symmetric bi-linear form w: g x g — R, such that the new Lie
bracket [(§,a), (n,b)]5 = ([§,n]g,w(&, 7m)) in the extended Lie algebra g satisfies
the axioms of Definition 51. It leads to the condition on w, which is called cocycle
condition:

w([&nl, €) +w(ln, ¢],€) + w([¢, €],m) = 0. (7.2)

The form w is called a 2-cocycle, and the terminology comes from the cohomology
theory. It was shown in [54] that there is an essentially unique non-trivial 2-cocycle
for the Lie algebra Vect(S!), which is called the Gelfand-Fuchs Lie algebra cocycle.
It is given by the following form w.

w(u(0)d9,v(0)ds) = % 1/(9)1)”(9)619:2L u'(0)dv’
St ™ Jst

IR NI W0)
= = Sld t( 20 o) ) do. (7.3)

The central extension of the Lie algebra Vect(S') by R is called the Virasoro
algebra, is denoted by vit and it is unique up to an isomorphism. The name of
the algebra is coming from the name of the Argentinian physicist Miguel Angel
Virasoro, who invented the idea of central extension for Vect(S!) in his physical
calculations. In physics, actually, a more general 2-cocycle is used. Let us explain
the mathematical background of this more general 2-cocycle.
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Definition 32. A 2-cocycle w: g x g — R s called a 2-coboundary if there exists a
linear map n: g — R such that w(§,v) = n([€,v]) for all &, v € g.

Let us assume that the central extension g of a Lie algebra g is given by
a 2-coboundary 1, . g. (€,a) € § and [(&,a), (v,b)] = ([& 0], 7([&,0]). Then the
change of the variables (§,a) — (£, a — n(§)) leads to

(&, v],n([€, v])) = ([¢, ©], 0).

We again obtained the trivial extension. By this observation, in describing different
central extensions one is interested only in the 2-cocycles modulo 2-coboundaries.
Meanwhile, in physical applications the following general form of the 2-cocycle
wh, ¢ for some positive constants h, ¢ is used:

whe(u(0)Dp, v(0)0p) = % /S ((h - 1_02)1/(9) - %v’”(e))u(e) 9.  (7.4)

The constant ¢ received the name central charge in physics and its value depends
on the underlying physical theory. The cocycle w from (7.3) is obtained, up to
the normalization factor 5, by setting h = 15 and is often called the classical
Gelfand-Fuchs 2-cocycle. The following question arises: is there a group, whose Lie
algebra is vit? The answer is positive. The corresponding group is called the real
Virasoro-Bott group and is denoted by Vir. The Virasoro-Bott group as a set is
the direct product of Diff S' and R: Vir = Diff S* x R. In this case the group

multiplication law in Vir can be defined as follows
(f,a)(h,b) = (foh,a+b+ A(f,h), fheDiff S, a,beR, (7.5)

where \: Diff S x Diff S! — R is a smooth function that makes the multiplication
law (7.5) associative. The associativity of (7.5) corresponds to the group cocycle
identity:

A(foh,g) +A(f,h) = A(f,hog) + AR, g). (7.6)
The infinitesimal version of the Lie group 2-cocycle is the Lie algebra 2-cocycle.
The following theorem gives the group 2-cocycle for the classical Gelfand-Fuchs
2-cocycle and was obtained for the first time in [16].

Proposition 13. The map
B: Diff S! x Diff St — St
(f,h) — & [ log(f o h) dlogh/
is a continuous 2-cocycle on the group Diff St. Here f,h € Diff St and f',h’ are

their derivatives with respect to 6 € S*.

Proof. For the proof we need to verify the group 2-cocycle condition (7.6) and then
to check that the infinitesimal version coincides with the classical Gelfand-Fuchs
2-cocycle w. The details can be found in [81]. O

As in the case of the central extension of a Lie algebra, any central extension
of a Lie group is defined up to a 2-coboundary.
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Definition 33. A smooth 2-cocycle \: G x G — R is called a 2-coboundary (on G)
if there exists a smooth map F: G — R such that

A(foh) = F(f) + F(h) = F(f o h).

Two group 2-cocycles define isomorphic extensions if they differ by a 2-
coboundary. Let us construct a group 2-coboundary for the group Diff S'. First,
we write the general Lie algebra cocycle wy, . in the following form

wh.o(u(0)D9,v(0)0p) = % 5 ((h—l—CQ)U'(e)—l—CQU'"(e))ude
1 27

= — (auv/ + ﬂu/v”) do =: aa(u,v) + b(u,v),
2 0

where a = h — {5, B = {5 and we used integration by parts of periodic functions

u and v on S*. Let us verify that a(u,v) = 5= 0277 uv’ df is the Lie algebra 2-

2
coboundary. Introduce the functional

1 27
n(udy) = %/0 u(6) db,

expressing the mean value of u on S!. Observe that

luel) = 5 [ (O)0(6) v (O)ue) a9
27
= —2% ; u(0)v' (0) df = —2a(u,v)

by integration by parts. Thus a is a group 2-coboundary. The second part b(u,v) =
= 02 " u'v" df is the Gelfand-Fuchs algebra 2-cocycle. The multiplication law (7.5)

takes the form
(f.a)(h,b) = (f oh,a+b+aA(f.h) + BB(f,h), f.heDifS', abeR.

Here B(f,h) is the Bott 2-cocycle given by Proposition 13 and A(f,h) is the
group 2-coboundary satisfying Definition 33. To find the smooth function F from
Definition 33 we verify the following two properties.

1. Since the identity element on Vir has the form (id, 0) we get A(f,id) =0 =
F(id) = 0, id € Diff S* by the multiplication law (7.5).

2. In order to obtain the inverse element to (f,a) € Vir in the form (f~
we require A(f, f1) =0 = F(f)+F(f~) =0.

7_0’)

27

The function F(f) = [;" (f(#) — 0) df obviously satisfies the first property. Let
us show that it also satisfies the second property.
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STEP 1. First we assume that f(0) = 0. Then f(27) = 27 and f is strictly
increasing on [0, 27]. Thus

F+FU = [0+ 170 - 20) a8

27 f 27 27
= / / dfdy + / / dfdy — 47 = 0.
0 0 0 f

STEP 2. Now we assume that f is an arbitrary element of Diff S1. Define
£(8) = f(0+ f~(0)). Then f(6) satisfies three properties:

a) f()
Mf <> 70 - 110,
c) (9+s)d9— " (f(8) + s) db for any s € R.

Indeed, the properties a), b) are obvious and to show ¢) we observe that f(6) — 0
is a periodic function with the period 27 by f(0 + 27k) = f + 27k, k € N. Then

27 . 2m+s 27+s
fo+s)ds = / f(9)—9d9+/ 0.do

0

= [T ie - 0as Sor e )
0
_ [T £(0)do + 2ms = /% (£(6) + s) do.
0

0

We continue to prove the second property for an arbitrary f € Diff S* and deduce

F(f)+F(f7)

/QW £0)+ £70) — 29) df
0

0= 171(0) + F0) + £ (0) — 20) do

I
S—
¥
oumnN VoumnN oumnN

F0) = F7H0) + f710) + f1(0) - 29) 9
= F(H+F(f =0
by the Step 1 and a), b), c).
We conclude, that

2m
A(f,h) = /0 (f(0) + 1(0) = (f o h)(0) — 0) db. (7.7)

The last step in defining group 2-coboundary A is to verify that the infinites-
imal version of A from (7.7) coincides with the algebra 2-coboundary a. We will
use the following.
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Proposition 14. [81] Let A: G x G — R be a group 2-cocycle defining a central
extension by R of the group G. Then the algebra 2-cocycle a: g x g — R defining
the corresponding central extension of the Lie algebra g of G is given by

d? d?
) = T A 7h5 - —‘ A hsu 9
a(u,v) dtds ‘t:O,s:O (£, hs) dtds |t=0,s=0 (hs, f2)
where fi and hg are smooth curves in G such that
d d
dt t:oft - dsle=o * — ¥
Now, differentiating (7.7) we obtain
2w 800 90y
Jo (— a0 o195 Ns + %%hsmft) d9’t:0 o

2m

=[5 (—vdeu+ udev) df = —2mn([u,v]) = 4mwa(u, v).
Normalizing the 2-coboundary (7.7), we finally deduce

1 27
A = 3= [ () +106) = (£ o1)(0) ~0) o,

Example 9. Here we present the Heisenberg algebra from the central extension
point of view. Take the abelian Lie algebra g = R? and an arbitrary skew symmetric
bilinear form w: R? x R? — R. Since the Lie algebra g is abelian, the 2-cocycle
condition (7.2) is trivial and the form w satisfies it. The resulting central extension
of R? by R is the set h = R? @ R endowed with the brackets
[hl, hg] = [(’Ul, ’I”1>, (1)2, TQ)] = (O,W(Ul, 'UQ)).

Note that the choice of any other skew-symmetric bilinear form leads to an isomor-
phic Lie algebra h. The Lie algebra b with a non-degenerate form w is a represen-
tative of this isomorphism class and it is called the three-dimensional Heisenberg
algebra.

The n-dimensional analogue can be obtained by taking g = R?>"*! and an
arbitrary skew symmetric bilinear form w: R2"*1 x R2"*+1 & R,

We even can continue and present an infinite dimensional version of the
Heisenberg algebra as a central extension of the space

5=/ €C(s.8Y) | () = 3= [ s@an =0},

The space g is considered as an abelian algebra. Since a function with vanishing
mean value can be written as a Fourier series

oo
f() = Z Xy, cos(nb) + y, sin(nh),
n=1
it can be interpreted as a point in an infinite dimensional space. The 2-cocycle
w: g X g— R is given by

w(f,g) = . f(0)g(0) db. (7.8)
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EXERCISES

1. Prove the cocycle condition (7.2) for the Gelfand-Fuchs cocycle (7.3).
2. Calculate the Heisenberg group 2-cocycle that corresponds to the algebra
2-cocycle (7.8).

7.1.2. Complexification of Vect(S') and the Virasoro algebra. The next step is to
consider complexifications of Vect(S!) and vir and their relations to Diff S* and
Vir. The reader who is not familiar with the general construction of complexifica-
tion can find all the necessary definitions in Appendix A, Subsection 8.4.

The complexification Vect(S') ® C consists of smooth complex-valued vector
fields v(0)dy defined on S, that can be identified with the space C>°(S*,C). The
natural basis is the complex valued Fourier basis e, := —ie**?9y, k € Z, produced
from the real Fourier basis. The commutation relations for basic vector fields on
Vect(S') ® C are

[em,en] = (0 —M)emin, m,n € Z.

These relations are known under the name of Witt, and the Lie algebra whose basis
satisfies the Witt relations is called the Witt algebra. So the complexification of
the Lie algebra Vect(S?) is the Witt algebra. Actually, the complex valued vector

fields e, = —ie**?9y can be extended to meromorphic vector fields Lj, = zF+! diz on
CuU{oo}, that are holomorphic vector fields in C\{0}. The extended to the Riemann
sphere C = CU{oo} algebra of complex valued vector fields {"T1L}2e s also

called the Witt algebra.

The complexification of the Lie algebra Vect(S!) does not correspond to any
Lie group. The explanation can be the following. First, we observe that the Lie
algebra Vect(S!) contains Lie sub-algebras gp = span{dy, sin(kf)dy, cos(k6)y},
k = 1,2,.... All these sub-algebras are isomorphic to the Lie algebra sl(2,R).
The algebras gj can be integrated to subgroups Gy, of Diff S'. The subgroup G,
is the projective special linear group PSL(2,R) and Go = SL(2,R). All other
groups Gy, are k-fold coverings of Gi. It is known that to the algebra s((2,C),
which is the complexification of s[(2,R), there correspond only 2 complex groups
G§ = PSL(2,C) and GS = SL(2,C). All other groups Gy, k > 2, do not admit
complexifications.

The second observation is that the real Lie algebra Vect(S!) is contained
in the complex Lie algebra Vect(S!) ® C and therefore the real Lie sub-algebras
gr are contained in the corresponding complex Lie sub-algebras g ® C. If the
complex group (Diff S1)€ existed then it would contain the real group Diff S' and
the real subgroups Gy, would belong to the complex subgroups G%. It is known
that PSL(2,R) = G, ¢ G} = PSL(2,C), SL(2,R) = G C GS = SL(2,C), and
no other complex subgroups of (Diff $)® containing Gy, k > 2. The rigorous proof
can be found in [118].
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Instead of a complex structure, the group Diff S! admits a left invariant CR
structure according to [96], that is constructed as follows. Define a subalgebra

h(10) = { Z ane™dp € Vect(SY) © C, a, € (C} (7.9)
n=1
of Vect(S') @ C. The set h9) is just the set of all vector fields having vanish-
ing mean value on the circle. The sum h9 @ h(1.0) is of complex co-rank 1 in
Vect(S!) @ C, whence we obtain a left invariant CR structure on Diff St. In addi-
tion,

[Z 4,600y, Z dne—meae} — Z (k + n)anare'"—509,
n=1 n=1 k,n=1

which is not in h(19 @ §(1.0) unless all a,, = 0. Thus (Diff S*, §(1:0)) is strongly
pseudoconvex.

We now move to the complexification vit ® C of the central extension of
Vect(S1) that is the Virasoro algebra bir. As a vector space vit ® C is the complex
vector space generated by eg,c, where ey is the basis of Vect(S!) @ C and the
generator ¢ is called the central element. To define the bracket on vit ® C we
extend the real Lie algebra 2-cocycle

2m
s (11, 0) = 2i / (au(0)'(6) + Bu! (6)0" (6)) do (7.10)
™ Jo
to the complex valued cocycle
wig: Veet(S') @ C x Vect(S') ® C — C

by the standard procedure of extension of the integral to complex valued functions.
Then the commutator becomes

[(v, pe), (u, v6)] = ([0, u], wgp (v, ), [(v,0),(0,0)] =0,

v,u € Vect(S') ® C, u,v € C. The value of wgﬁ on the Witt basis e, = —ie* %9y,
k € Z is given by

(e ™0y, —iei™00y) = {—i(an + Bnd) ?f n+m=0,

0 if n4+m#0.
The complexification pit®C of it is also called the Virasoro algebra and in physics
it is used more than the real Virasoro algebra.

Are there complex groups that correspond to vit ® C? In the work [96] the
author proved that the Virasoro-Bott group Vir admits a left invariant complex
structure. It means that the complexified Virasoro algebra vivt & C admits the
splitting

vit ® C = vit? @ pic( OV
and the manifold (Vir, Uit(l"o)) can be considered as a complex manifold. To prove
that Vir is a complex group one has to verify that the multiplication and inversion
become holomorphic maps, but we leave it to the reader. L. Lempert shows in his
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work [96] that there is actually a family of complex structures, that are defined
as follows. Fix any purely imaginary complex number i3, > € R, and define
subalgebras

pie(10) — {(Zanemea@ ,isage) €oit®C, {an}oly €C, x€ R} (7.11)

n=0

and vit®Y = it Since vir ® C = vit™Y @ Uit(o’l), we obtain a family of left
invariant complex structures on Vir parametrized by s € R.

7.1.3. Homogeneous manifold Diff S*/S!. Let us denote by S* the closed subgroup
of Diff St generated by rotations of the unit circle: 7(6) = 6 + b, b € R mod 277
if 7 € S'. Suppose that S! acts on Diff S! on the right

w: Diff St x ST — Diff S*
f.r —  for=f(r).

Then the right quotient Diff S*/S! has a manifold structure. Since the group S*
is not a normal subgroup, then the manifold Diff S'/S* has no group structure.
The CR structure h 9 of the group Diff S* presented at (7.9) is invariant under
the right action of S*. The action of S is transversal to CR structure, therefore
the quotient Diff S1/S! inherits the complex structure from the CR structure.

The space Diff S1/S? can be considered as a homogeneous space, where the
group Diff St acts on the left by composition

p: Diff St x Diff $1/St  —  Diff St/S?
f-h —  foh=f(h).

Indeed, if h1, he belong to the same equivalence class on Diff S*/S*, then hfl ohs is
a rotation. Therefore the images f(h1), f(hz) belong also to the same equivalence
class on Diff S*/S! because the composition [f(h1)]™* o f(ha) = hy' o hy is the
rotation.

The manifold

(Diff $*/5', D) with DY = digps (1), (7.12)

where dpuy is the differential of the left action of the group Diff S* on Diff S*/S?,
is a strongly pseudo-convex CR manifold due to the properties of h(1:0).

The subalgebra h(1:%) can be also obtained in the following way. To the Lie-
Frechét group Diff S! there corresponds a Lie algebra Vect(S*). Let us denote the
Lie algebra of the group of rotations S! by s'. The space s' consists of constant
vector fields on the circle. Then the tangent bundle of the quotient Diff S*/S* has
sections that are vector fields invariant under the right action of S, or, in other
words, Ty(Diff S'/S') is isomorphic to Vect(S!')/s'. This space is the space of
vector fields with vanishing mean value on the circle. The almost complex structure
on Vect(S!)/slis given by the Hilbert transform J, which is easier to describe
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through the Fourier basis as

Ju(0) = i —ay sin(nf) + by, cos(nh) for (7.13)

n=1

v(f) = Z ap, cos(n) + by, sin(nh).

n=1

Then
(Vect(Sl)/sl)(l’o) = {v0y —iJ(v0p)}

n=1

7.1.4. The groups Vir and Diff S' as principal bundles. The aim of this subsection
is to explain the bundle structures of the groups Vir and Diff S' over the base space
Diff St/S1.

Proposition 15. The following bundle structures exist.

1. The bundle 7: Diff S* — Diff S1/S* is a principal U(1)-bundle
2. The bundle I1: Vir — Diff S1/S* is a trivial C*-bundle.

Here C* is the multiplicative group of complex numbers C \ {0}. To prove
the proposition one can show that the manifolds Vir, Diff S', and Diff S1/S?!,
considered with their complex and CR structures, are bi-holomorphically equiv-
alent to some spaces of univalent functions, where the bundle structure is more
transparent. We start from the definitions of these spaces.

Let Hol(B¢) denote the space of holomorphic functions in the unit disk B¢ C
C. The subspaces A and .Zo of Hol(B¢) are defined by

Ao ={f€C=(Bc) | feHol(Be), f(0)=0}, Ag={feA]| f(0)=0},

where Bg is the closure of the unit disk Bc. The classes A and .Zo are complex
Frechét vector spaces, where the topology is defined by the semi-norms

1 £llm = sup{| "™ (z)| | =€ Be}-
The topology is equivalent to the uniform convergence of all derivatives in Be.
Notice that both Ay and JZO can be considered as complex manifolds, where the
real tangent space is naturally isomorphic to the holomorphic part of the splitting
under the induced almost complex structure from CV. Then we define

F={f€ Ay | f isunivalent in B¢ and injective on the boundary dBc}.

Geometrically, the class F defines all differentiable embeddings of the closed disk
Bc to C and analytically it is represented by functions f = cz(1 + oo enz™),
¢, cn, € C. As asubset of Ag the space of univalent functions F forms an open subset
inheriting the Frechét topology of complex vector space Ag. Next we consider the
class

Fi={feF | I 0)=1}
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whose elements can be written as f = ¢2(14+Y 7 | ¢,2"), # € R mod 27Z. The
set JF1 is a pseudo- convex surface of real codimension 1 in the complex open set
F C Agp. The last class of functions is
Fo={fer | f(0)=1}

The elements of this class have the form f = z(1+ > 7, ¢,2"). It is obvious
that Fo can be considered both as the quotient ;/S! and as the quotient F/C*,
C* = C\ {0}. In the latter case, F is the holomorphic trivial principal C*-bundle
over the base space Fy (since the projection is just dividing by a non-zero complex
number). The topological structure of the circle bundle F; over the base space Fy
is more complicated.

Since the set Fy can be also considered as an open subset of the affine space
v+ /To, where v(z) = 2, the tangent space TyFy inherits the natural complex
structure of the complex vector space Ay [4]. The real tangent space TyFy with
the induced almost complex structure from JZO is isomorphic to the complex vector
space T;l’o)}'o of the splitting TF, ® C = TWOFy & T(ODF,. Moreover, the
affine coordinates can be introduced so that to every f € Fyp, written in the form
f(z) =2(14 3,7, cnz™) there will correspond the sequence {c, }72 ;.

Theorem 7.1. The following statements are true.

1. The Virasoro-Bott group Vir with the left invariant complex structure
(Vir, vie9)

defined by (7.11) is bi-holomorphic to F [96].

2. The group Diff S with its left invariant CR structure (Diff S*, h(10)) (7.9) is
isomorphic to the strongly convexr hypersurface Fy C F [96].

3. The homogeneous space Diff St /S with its complex structure

(Diff §* /5, D10
introduced by (7.12) is bi-holomorphic to Fo [96, 84].

It can be shown that Diff S1/S! admits not only a complex but even a
Kéhlerian structure [4, 84]. Proposition 15 follows from Theorem 7.1 and the known
bundles in space of holomorphic functions: principal C*-bundle 7 — Fy and the
circle bundle F; — Fy. Recall that the group C* is the multiplicative group of
complex numbers C \ {0}. The bundle maps of Theorem 7.1 are expressed in the
following diagram.

c* OF «— L VinC c*
Pryy Rl PTpy Rl lprby R lprby R
Sl OF <L Diff 1+ G

prfol lprniff sl/st

Fo <25 Diff S'/81.
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Here F, Fy are corresponding bi-holomorphic maps from Theorem 7.1 and Fj gives
the isomorphism of CR structures. The left and right hand side extremes represent
the typical fibers and the central part shows the projections of total spaces to the
base spaces JFy and Diff S1/S1.

Now we briefly describe the bijective map between Fy and Diff S1/St. Let
Fé be the complement to the closure B¢ of the unit disk Be. For any f € Fo,
we define a matching function g: E(CC — C, such that the image g(EE) coincides
with the complement to closure f(Bc). Assume also that the map g satisfies the
normalization g(co) = co. Note that such g exists by the Riemann mapping theo-
rem. Since both sets B¢ and E(CC have a common boundary S' and the functions f
and g have smooth extensions through S', the images g(S') and f(S') are defined
uniquely and represent the same smooth contour in C. If g and g are two matching
functions to f, then they are related by a rotation

3¢ =g(Cw). ¢eBg, |w=1.
Thus for an arbitrary matching function g to f € Fp the diffeomorphism h €
Diff St, given by
™ = (7o g)(e"), (7.14)
is uniquely defined by f up to the right superposition with a rotation. The relation
Diff S'/S' s [h] & feF

given by (7.14) defines a holomorphic bijection Diff S'/S* =2 F,. The composition
f~1o g is often called a conformal welding.

The left action of Diff S' on Diff S1/S! is transferred to the left action
over Fy. It was shown in [4] that the action pf: Fo — Fo is a holomorphic map for
any fixed f € Diff S. The infinitesimal generator of this action o;: Vect(S') —
Ty Fo is given by the variational formula of A. C. Schaeffer and D. C. Spencer [124,

page 32]
i) e G [ (wf () 2 u(w)d
op[uds](z) : o J( flw) > w(f(w) —

S Tf]'—o

| 8

(2))
defined for f € Fo, udy € Vect(S?). It extends by linearity to a map
L[f,"): Vect(S1) @ C = Ty Fo @ C = T Fy 0 TV 7.

The variation L[f, -] defines also an isomorphism of vector spaces h9) Tf(l’o)]-"o,
which is given explicitly by
Li[f] = LIf, ex](2) = 2" (), (7.15)
er = —ie™95 € p0 Li[f] e TV Fy, k=1,2,...

by making use of the residue calculus, see e.g.; [4, 83]. Taking the antiholomorphic
part of the basis e_j, = ie= @9y, k = 1,2,..., we obtain expressions for L_[f] €
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T;l’o)}'o which are rather difficult. The first two of them are
Lalfl(z) = f'(2) = 2e1f(2) - 1,
f'iz) 1 >
L_ = ——— -3 —4
2f](z) = = oy " dat (ci —4e2) f(2),
and others can be obtained by the Witt commutation relations [4, 84]
[Lk, Ln] = (n — k)LkJrn, k, n € 7. (716)

Here we use the affine coordinates f = z(1 + Y .7, ¢p2™) <> (c1,¢2,...). The
vector fields Ly, k € Z, are right invariant since they are produced by infinitesimal
generator of the left action of the diffeomorphism group on the space Fy. The
constant vector ug = —i is mapped to Lo[f](z) = zf'(z) — f(z). The right invariant
vector fields L, k € Z were obtained in [84] and received the name of Kirillov’s
vector fields, see also [4]. We have

TiEil’O)]:o = span{Lo[id], L1[id], Lo[id], ...} = span{2?, 2% .. .}.

7.1.5. KdV and Virasoro-Bott group. Let us impose an L2-inner product (-, )2
on the algebra vir by

((u(0)0s, a), (v(6)dy, b))L2 = % . u(@)v(0) db + abd. (7.17)
Then by right translations we define a right invariant L2-metric on the Virasoro-
Bott group. We are interested in finding a geodesic equation on the group Vir
with respect to the L2-metric. First we present the Hamiltonian equation on Lie
groups. In this case it can be rewritten as an equation on its dual Lie algebra
g*. We start from the Poisson structure on the group naturally defined by a Lie
algebra structure, and then present the Hamiltonian equation on g* corresponding
to this Poisson structure.

Definition 34. The natural Lie-Poisson (or Kirillov-Kostant-Poisson) structure
{-,-} defined on the dual Lie algebra g* is
{0 C=(e") xC=(g") — C>(g")
(f(w),g(w)) = ([duwf,dug,w).

Here, as usual, (-,-) is the pairing between g and g*. The functions f, g are
from C*°(g*), w € g* and dy f,dwg € T.5(g*). We identify elements of T, (g*) with
g and think of df, dg as elements of the Lie algebra g.

Now if f € C*°(g*), then the Hamiltonian equation takes the form

M = {H, fHw) = ([duwH,dyf],w) = (ada, m(dyf), w)

dt
= {dwf,adg, g (w)).
Since the left hand side can be written as (d,, f,w), we get that the Hamiltonian
equation on g* takes the form

w(t) =adg, ., m(w(t)) (7.18)
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Let A: g — g* be any invertible self adjoint operator, e. g. (A£, w) = (¢, Aw),
where (-, -) is the pairing between g and g*. Such operators are often called “inertia
operator”. Define the Hamiltonian function H: g* — R by

*

1
H(w) := §<w,A_1w>, w e g~

Then d,, H(w) = A~'w, and the Hamiltonian equation takes the form

W(t) = ady -1, (w(t)). (7.19)
Let us apply this calculus to the Virasoro-Bott group. As we know, the Lie
algebra vit consists of vector fields (v(0)dp, a). The dual space vit* for infinite di-
mensional space vit is too large, therefore one usually consideres its “smooth part”
in the following sense: for every non-zero element vdy € vitr there is an element
w € vir® such that (v, w) # 0 and the converse is also true. The dual space
pit* can be identified with so called smooth quadratic differentials (u(0)(d6)?,a),
u € C*(S',R), see [82]. The pairing is defined by

1
<(u(9)(d9)2,a), (v(9)89,b)> = —/ v(0)u(6) do + ab. (7.20)
2w S1
The co-adjoint action of the Lie algebra vit on its dual vit* is the following
* 2 — (99, _ /] 2
ad(u(e)ag,b) (u(6)(dh)?,a) = ((—20"u — v’ — av”")(dh)?,0). (7.21)

Generally, the presence of any inner product (-,-) on a Lie algebra g allows
to construct the inertia operator A by (u,v) = (A(u),v) for all u,v € g. It is
analogous to the situation when a metric on a Riemannian manifold M produces
the identification T;, M with its dual T; M, g € M. The Ly product (7.17) and the
pairing (7.20) define the following inertia operator

A: it — vit”
(w(0)g,a) + (u(B)(dB)?,a).
The Hamiltonian function defined by the product (7.17) and the pairing (7.20) is

H((u(0)(d0)?,a)) = % /S1 u?(0) do + a*

and d(u(e)(d9)2,a)H = (u(0)9y, a). Then substituting (u(0)(d#)?,a) for w in (7.19)
we get
d
7 (u(6)(d8)?, a) = ((—3uw’ — au")(d6)?,0).
The last equation is reduced to the system
o = —3uu —au”, (7.22)
0.

The first equation is the Karteweg-de Vries (KdV) non-linear evolution equation
that describes traveling waves in a shallow canal. The second equation is just
saying that the parameter a is a real constant.
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Remark that the Euler equation for the L? metric on the group Diff S' is
called the Hopf or inviscid Burgers equation. We will obtained it in Subsection 7.2.

EXERCISES

1. Prove the formula for the co-adjoint action (7.21) using the pairing (7.20)
and the definition (ad; w,n) = —(w,ad¢ ) for £, 71 from a Lie algebra and w
from the dual to the Lie algebra.

OTHER INTERESTING EQUATIONS. On the groups Diff S and Vir more metrics can
be defined. Let us describe them and write the corresponding geodesic equations.

On the Virasoro algebra Vir and on Vect(S!) the following weighted family
of metrics (-, ')Hi , can be defined

(009, a), (udp,b)) ;1 = / (awu + Bo'u’)db + ab. (7.23)
a,B S1
Theorem 7.2. [80] The Euler equations for the right invariant metric (-,-) 1 o
a # 0 on the Virasoro-Bott group are given by the following system 1
ot + 3uu) — B(@" + 2u'u” +uu” + au) = 0 (7.24)
o = 0,

for (u(0,t)0g,a(t)) € Vir for each t € 1.

For a = 1, § = 0 equation (7.24) is the KdV equation (7.22). Fora = =1
one recovers Camassa-Holm equation. For a = 0, 8 = 1 equation (7.24) becomes
the Hunter-Sazton equation. Note that in the case o = 0 the metric (-,-)p ;
becomes the homogeneous degenerate (-,-);;: metric and therefore to define the
Euler equation one has to consider the homogeneous space Diff S'/S! and define
the geodesic flow on it (for details see [80]).

CONTOUR DYNAMICS AND VIRASORO ALGEBRA. The relations between contour
dynamics, stochastic evolution equations, conformal field theory and the groups
Vir and Diff S were described in [11, 12, 46, 47, 99].

7.2. Sub-Riemannian geodesics on Diff S'.

In this section we present some results for sub-Riemannian geodesics on the groups
Diff S' and Vir. First we describe the horizontal sub-bundles and metrics on them.
Then we present some formulas for normal geodesics and discuss the controllability
of these groups with respect to the chosen horizontal sub-bundles.

7.2.1. Horizontal sub-bundles. Recall that the linear map 7: Vect(S!) — R given
by

27
n(udyp) = %/0 u(6) do, (7.25)

associates to each vector field from Vect(S') its mean value on the circle. The
kernel of 7, consisting of all vector fields with zero mean value, is isomorphic to
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Vect(S')/s', where s' as before denotes the subalgebra of Vect(S') of constant
vector fields, corresponding to the abelian group of rotations S'. We use the no-
tation Vecto(S1) = Vect(S')/st. Then Vect(S1) = Vecty(St) & st.

Define a horizontal sub-bundle H of T Diff S* by left translations of Vecto(S?!).
A horizontal sub-bundle £ of T Vir is left translations of (Vecto(S'),0) on Vir.
Then the complement of (Vecto(S b, 0) in pit is given by

5! = {(ap0y,a) € vit : ag,a € R}

and we have vit = (Vecto(S?),0) @ s'. The algebra &' is an abelian sub-algebra
of vir corresponding to the abelian sub-group

St ={(6— 0+by,b) € Vir : by, b € R}.

Proposition 16. The sub-bundle H of T Diff St is invariant under the action of
rotations S' and the sub-bundle £ of T Vir is invariant under the action of S*.

Proof. If p: 0 — 6+ by is a rotation, then
d
Ady(u)(0) = - Lio(bo +exp(eu(® — bo)) = u(f — by).

Therefore, n(Ad,(v)) = n(u), which means that # is invariant under the action
of S'. By similar arguments & is invariant under S*. O

7.2.2. Sub-Riemannian metrics and normal geodesics. Let us describe left-invariant
metrics on H and €. We start with H. Let (-,-)1'? denote the standard L? inner
product on Vect(S!)

2m
(u&g,vag)l’o = i/ u(8)v(6)de.
2 0

Let g*Y be the Riemannian metric obtained by left translation of (-,-)1:?, and let
h'0 be its restriction to #.

Before we present the equations for sub-Riemannian normal geodesics with

respect to the metric h’*?, we formulate a general result that can be found in [65,
66] and that defines the geodesic equation and the exact form of normal geodesics
under some invariance conditions. We mention also reqular infinite dimensional Lie
groups, see [108, 116]. For the first reading the reader can pay a small attention
to this, since up to now all known Lie groups are regular groups. Nevertheless,
this condition ensures, particularly, the existence and smoothness of the group
exponential map, that may be not bijective. The assumption about the existence
of the map ad;r is also nontrivial in the infinite dimensional case.
Theorem 7.3. [65] Let G be an infinite-dimensional reqular Lie group and K be
its connected subgroup. Denote by g and € their respective Lie algebras. Let (-,-)
be an inner product in g for which adgT exists for any € € g. Assume that b = £+
and g = h & E. Define the horizontal distribution H by left translations of b. Let
g be a Riemannian metric on G obtained by left translation of (-,-) and h = g|y.
The following statements hold.
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(a) If (-,-) 4s ad(€) invariant and if vg: [0,1] — G is a Riemannian geodesic
with respect to g, then

A(t) = pres(3r(t),  te[0,1]
is constant. Here pry: g — € is the orthogonal projection with respect to (-, -)
and £ ((t)) = dy-11)l(7(t)) is the left logarithmic derivative.
(b) If (-,-) is AA(K) invariant and if vsg: [0,1] = G is a sub-Riemannian geo-
desic with respect to h, then vsr is a normal geodesic, if and only if, it is of
the form

Ysr(t) = Yr(t) - expg(—At), A = prg me(ﬁR), t €10,1], (7.26)

where yg: [0,1] = G is a Riemannian geodesic with respect to g.

(c) The left logarithmic derivative usg(t) = £*(sr(t)) of the curve vsg: [0,1] —
G satisfies the equation tsp(t) = adIsR(t) (usg(t) + A) with a constant A and
te0,1].

To write the equation of an H-horizontal normal geodesic on Diff S we have
to check the conditions of Theorem 7.3 for G = Diff S* and K = S'. We start from
the calculation of the adjoint operator adlae with respect to the inner product
(-,)10 on Vect(S), that is defined by (ad,y, v, wp)* = (v3p, adys, W) ° =
(v0y, [uDg, wp])1 Y. We drop the symbol dp to simplify the notation. We calculate

1 27

= (v, —uw +u'w)'’ = (—wow' +u'vw) df

1,0 _
) 27 0

(ad,) v, w
1 2T
= — (wv’ + 2u'v)wdf = (uv’ + 2u'v,w)"°
2 0
using integration by parts. Remember that all the functions u,v,w are periodic
on [0, 27], and therefore the term outside of the integral vanishes. We conclude

ad, v =wv' + 2u'v, udp,v0y € Vect(S") (7.27)
Proposition 17. The inner product (-, )10 is Ad(S')- and ad(s')- invariant.

Proof. As in general, the invariance with respect to the adjoin action of the Lie
group implies the invariance with respect to the adjoin action of the Lie algebra,
the Ad(S')- invariance implies ad(s')- invariance. Nevertheless, we present both
proofs. It was shown in the proof of Proposition 16 that for the rotation p(6) = 0+b
the adjoint action of p € S on Vect(S?) is expressed as Ad, u() = u(f —b). Then
(Ad, u, Ad, v)"0 = (u,v)", since u, v are periodic with period 2.
Denote by pg = 0y the basis vector for s'. Then
(adp, u, )" = ([po, u, v)"° = —(u', )"
= (u,v)"" = —(u, [po,v])"* = —(u,ad;),v)l’o.

It implies that the inner product (-,-)1? is invariant under the adjoint action of

the algebra s!. O
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Moreover, the subspaces Vecto(S') and s' are orthogonal with respect to
the inner product (-,-)1°, making the linear map n from (7.25) an orthogonal
projection onto s!.

We see that all the hypotheses of Theorem 7.3 are satisfied. Thus, a normal
H-horizontal geodesic v: I — Diff St is the solution to the equations

k() = u, i =ad, (u+\) = 3uu’ + 2 ', u € Vecto(S?), A € R.

The Riemannian geodesics obtained for A = 0 are solutions to inviscid Burgers’
equation @ = 3uu’. For the map 7: Diff ST — Diff S'/S* we denote the base space
Diff S1/S! by B. Let b%? be the Riemannian metric on B = Diff S1/S? obtained
as a pushforward of h% by 7. Then the Riemannian geodesics in B with respect
to b0 are projections (7).

Now we consider a more general family of metrics than just the Lo-metric.
Define a two-parameter family (-, -)8"6 of scalar products on Vecto(S!) by the
formula

(u,v)gﬁ = 217r/0 W(au(@)v(@) + Bu/(0)v'(0))dO, wu,v € Vecto(S*).

The scalar product is non-degenerate for a # —n?3, n € N, and is positively
definite only if § > 0 and o > —f. We extend the inner product (-, -)S‘ﬁ to the
entire Lie algebra Vect(S!) by the formula

(u,v)*P = (u —n(u),v — n(v))gﬁ + n(u)n(v) u,v € Vect(S1). (7.28)

Let us define a Riemannian metric g*? by left translation of (-,-)*?, and let h®?
be its restriction to H. Theorem 7.3 can be applied also in this case and we deduce
that an H-horizontal normal geodesic : I — Diff S! with respect to the metric
h? is a solution to the equations

k() = u, B — ot = Bun’” + 2u'u") — 3auu’ + 20u’,  u € Vecto(S1).

If b®? is the Riemannian metric on B = Diff S*/S' induced by h®? as a push-
forward, then the Riemannian geodesics on B are given as projections m(v) of
solutions. The details can be found in [65].

Now we present metrics and normal geodesics for the Virasoro-Bott group
Vir,,,,, where the sub-index corresponds to the 2-cocycle w,,,. We extend the inner
product (-, -)*? to the Virasoro algebra vit,,,,. The extension is given by the formula

((uag, a1), (voy, ag))aﬁ

Let gﬁf be the Riemannian metric on Vir,, obtained by left translations of (-, )ﬁf,
and let hz‘f be its restriction to the sub-bundle £.

Let us calculate the adjoint ad(Tu)a) of ad(, ) with respect to the metric
(-,-)}2). Notice that

1

2

= (u, ’U)aﬁ + ajas.
Nz

W (u,v) =

2
/0 (pu(0)v'(8) + vu' (0)v" () db = —(u, L)Y,
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where we used the notation L, v = (— w+ Vaa—;)v the operator —pu + 1/88—922 is also

known as the Hill operator. Then we calculate

1,0
(ad&,a) (’U, b)? (w7 C)) » = (U7 [u7 w])l)o - bwuu('wu u)
M4 (w, b)Y (7.29)

1,0

= (adz v,w)

= ((uv’ +2u'v 4+ bL, ', 0), (w, c))
nv
by formula (7.27).

The conditions of Theorem 7.3 are satisfied. The left logarithmic derivative
(u(t),0) € (Vecto(S'),0) C g, of an E-horizontal normal geodesic (v,b): I —
Vir,,, with respect to the metric h};,? is a solution to the equation (w,0) =
ad(Tu)O) (u + A1, A2), A1, A2 € R. This means that the curve (v,b) is a solution
to

() =u, with 4= 3uu'+ 2\ — Xap)u’ + Ao, u € Vecto(S*). (7.30)

The corresponding Riemannian geodesics with respect to gé:(l) satisfy the KdV
equation, as was shown in Subsection 7.1.5 for an analogous right invariant metric.
The equations for a normal geodesic with respect to the general metric hfjf can
be found in [65].

7.2.3. Metrics on H corresponding to invariant Kahlerian metrics. In this subsec-
tion we discuss metrics on the sub-bundle H of T Diff S! obtained by the pullback
of some Kéhlerian metrics defined on B = Diff S1/S*, where we identify B and
Fo as it was made in Subsection 7.1.4. Recall that the left action of Diff ST on
Fo is well-defined. Let us choose an Hermitian metric on the base space Fg as-
suming that this metric is Kéhlerian and invariant under the action of Diff S*. All
pseudo-Hermitian metrics on Fy are included into the two-parameter family bg,
see [83, 85, 86]. It is sufficient to describe this metric only at idp. € Fo because
at other points of Fy the metric b,g are defined by the left action of Diff St. Any
smooth curve f; in Fo with fo = idp. can be written as

fi(z) = z+t2F(2) + o(t), FeA.

Hence, we can identify Tiq,_  Fo with Ag by relating the equivalence class [t — fi]
to F'. With this identification, the metric b,g € Fo can be written as

baﬁ|idBC (F1, F2) = %//B (O‘FIIF/Z +5(2F{)I(Z'T2I)/)d0(z)a

=2 (an + Bn’)anbn, (7.31)

n=1
where do(z) is the area element and Fi(z) = Y. 7 an2", Fa(z) = >0 byz™.
If « # —n?B,n € Z, then the metric b,s is non-degenerate pseudo-Hermitian.
Otherwise, bog degenerates along a distribution of complex dimension 1. Moreover,
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we require 5 > 0 and —a < 3 in order to obtain a positively definite Hermitian
metric. Since it is impossible to write the left action of Diff S! on F explicitly, it
is not easy to describe b,g globally on Fy. However, these metrics can be pulled
back to H by projections 7: Diff S* — Fg. Consider the injective map

diqm: VeCto(Sl) — TidBC]:Og Ao
uag — F -

Then the elements F' and u are related by the formula, see [85]

F(e) = ~(u(8) —iJu(0)).

N | .

where J is from (7.13). Observe that
2 — -
buslon, (FuFo) == [ (aF{F, + R GFY )ao(:)
C

— _?’ / / (adFl AdFy + Bd(2F]) A d(z—Fé))

- (aFl dFs + B(zFl’)d(zFQ’)) .
g1

s

So we conclude that for u,v € Vecto(S!), and Fy = %(u — iJu), = %(’U — iJU)

bagsliap, (diamu,diamv) =
. (a(u —iJu)d(v +iJv) + B(u' —iJu') d(v" + iJv/))
4 St
. (a(udv—iJudv+iude+Jude)
47 S1
+ B dv' —iJu dv' +iu dJv" + Ju' de’))
S (a(udv—!—Jude)—Fﬂ(u’dv’—FJu’de’))
4 St

1
+— (a(Judv—ude)—Fﬂ(Ju/dv’—u/de’))
4 St
= iwag (U, v) + was(Ju,v),

where wap is 2-cocycle (7.10) and we used [o udv = [o Jud(Jv) in the last
equation, that can be shown by Fourier expansions. The corresponding to the
cocycle wyg inner product on Vecto(S') is obtained by

(u,v)ap = was(Ju,v).
Observe that
(u,v)ap = —(Ju',v)%, u,v € Vecto(S'). (7.32)

Extend ( , )ap to an inner product on the whole algebra Vect(S') as in (7.28). Let
gq be the Riemannian metric obtained by left translation of ( , )3, and let hag
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be the metric restricted to H. We apply Theorem 7.3 and deduce that a normal
critical curve v: I — Diff St is the solution to

k() = u, —aJi' + B = —a(uJu” +2u?)+ B(uu"" +2u" )+ 20/, N € R.

Here we used the property (7.32), see also [65]. We conclude that the geodesics
for b can be found by solving the above equation for A = 0 and then projecting
them to Fj.

For («a,8) = (1,0), this is a special case of the modified Constantin-Lax-
Majda (CLM) equation. For more information, see [45], where the Riemannian
geometry of g ¢ is considered.

7.2.4. Controllability on Diff S'. Before we formulate the main result in control-
lability, we describe some special subgroups of Diff S*.
We start from subalgebras of Vect(S!). For each n € Z, let us define

Pn = cosné g, k, = sinnf 0y.

The Lie brackets are given by

(K kn] = 242K 4 5% Ko, (7.33)
[pmvpn] = _m;nkmfn - ?karn, (734)
Py kn] = =232 Dm—n + "5 Prgm. (7.35)

It is easy to see from (7.33-7.35) that b,, = span{po, pn, kn} are subalgebras of
Vect(S1), and that b,, is isomorphic to su(1, 1) for each n. To each Lie sub-algebra
h,, C Vect(S!) corresponds a subgroup H, of Diff S*.

To show that any two points on groups Diff S' or Vir can be connected by
‘H- or, respectively, £-horizontal curve, we use the invariance of these horizontal
sub-bundles under the corresponding group action. We start from a general result.
Assume that a horizontal sub-bundle # is invariant under the action of some
subgroup K of a given group G. Then, if the tangent bundle TK is transversal to
‘H, the question of controllability is reduced to the question whether elements of
K can be reached from the unity of G by an #-horizontal curve.

Lemma 7. Let G be a Lie group with the Lie algebra g, and let a left- (or right-)
invariant horizontal sub-bundle H be obtained by left (or right) translations of a
subspace ) C g. Assume that there is a sub-group K of G with the Lie algebra £
such that g = p @ ¢ for some p C h. Suppose also that by is Ad(K)-invariant. Then
any pair of elements in G can be connected by a smooth H-horizontal curve, if and
only if, for every a € K there is an H-horizontal smooth curve connecting 1 € K
and a.

Proof. We present the proof for the case of a left-invariant sub-bundle H. Let
¢: [0,1] — G be any curve (not necessarily horizontal), connecting the points ag
and ap, and having left logarithmic derivative u. Using left translation of ¢ by a; L

we can assume that ap = 1. Let pr,: g — £ be the projection with the kernel
pCh.
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Consider the projection k(t) = preu(t), t € [0, 1]. Let ¥ be a curve in K with
left logarithmic derivative k, starting at 1. Then the left logarithmic derivative of
the curve 9(¢)~! is — Ady k.

Let us show that the curve v;(¢t) = c(t) - 9(t)~ %, t € [0,1], is H-horizontal.
We calculate the left logarithmic derivative of 44 (¢) and find

RKE(De(e(t) - 9(t) ")) = Adyy (u(t) — k() € b,
since b is Ad(K) invariant. Hence, we have constructed an H-horizontal curve 71,
from 1 to a; -9(1)~!. Applying the right translation by (1), that keeps the curve
H-horizontal because of the Ad(K)-invariance of fj, we get a curve from ¥(1) to
ay. Moreover, by the hypothesis of the theorem, we can connect 1 with ¥(1) by a
smooth horizontal curve ~». Finally, we glue the curves v; and 72 into one smooth
curve by slowing exponentially down to zero speed at the connecting point. (|

Theorem 7.4. The following is true.

(a) Let H be a choice of a horizontal sub-bundle on Diff S' defined as in Sec-
tion 7.2.1. Then any pair of points can be connected by an H-horizontal curve.

(b) Let € be a choice of a horizontal sub-bundle on Viry, defined as in Sec-
tion 7.2.1. Then any two points on Vir,, can be connected by an E-horizontal
curve.

Proof. To prove (a), it is sufficient to show that any two points in Diff S can be
connected by an H-horizontal curve. Due to Lemma 7, we only need to verify that
id € Diff S! can be connected with any element in S! by an H-horizontal curve.
The subgroup S! is contained in H, for any n, in particular, S' can be considered
as a subgroup of H;. Any H-horizontal curve in Hy, will have left logarithmic
derivative in b, N Vecto(S') = span{ki,p1}. Since [p1,k1] = po, the horizontal
distribution H restricted to H; is bracket generating. The group Hj is finite-
dimensional, therefore we can apply the Rashevskii-Chow theorem to conclude
that every point in Hy, including points in S', can be reached by an H-horizontal
curve.

To prove (b), we need to show that any point in §* = {6 (§+a,b) € Vir,,, }
can be connected to (id,0) € Vir,, by an £-horizontal curve. Let

ﬁn = {(¢7a) € Vir,uu : d) €H,, ac R}
which has Lie algebra

~

bn = span{(po, 0)7 (pn7 O)a (knv O)v (07 1)}

Unfortunately, the sub-bundle restricted to the group Jﬁln is not bracket generating.
We need to find a smaller subgroup. The Lie algebras §,, have special subalgebras

/t\n = Spall {(p07n2V - ,u')a (pna 0)7 (kna O)} .

Denote the corresponding subgroups by 'Tfn On the contrary to what holds on ﬁn,
the distribution £ restricted to any subgroup T,, is bracket generating, and so all
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elements in such a subgroup '/Ifn can be reached by an £-horizontal curve. It is
clear that

@nﬁglz{(9H9+r,r(n2y—u)) : T €RY,

where S? is the subgroup of translations in HTH\l Since S! is isomorphic to R2 as
a group and v # 0, we can find unique elements g; € 'fj N §1, 7 = 1,2 such that
g =9g1-9g2 = g2 -g1 for any g € S1. Denote by ¢1 and ¢y curves that connect
(id,0) € Vir,, with g1 and go, respectively. We can reach g by first following a
curve ce and then moving to g by a curve from g o ¢; to g1, that is the translation
of ¢; by go. This finishes the proof. O

The question of the controllability on infinite dimensional manifolds is very
difficult and is not well studied. We mention the book [93], where the smooth
calculus on most general complete topological locally convex vector spaces is pre-
sented and the theory of infinite dimensional manifolds is also developed, see
also [108, 116] for the study of infinite dimensional Lie groups. The analogous
of the Chow-Rashevskii theorem for the Hilbert manifolds can be found in [69] for
the Banach manifolds in [94] and for manifolds modelled on more general complete
topological vector spaces see [79].

8. Appendix A

8.1. Smooth manifolds
Definition 35. A topological space S is second countable if its topology has a count-

able base, that is a countable collection B of open sets such that every open set is
a union of some sub-collection of B.

Definition 36. A set P is a submanifold of a smooth manifold M if:

1. P is a smooth manifold,
2. the inclusion map j: P — M is smooth and at each point p € P its differential
dgj: TyP — Ty M 1s injective.

Some authors require that P is also a topological subspace of M.

Definition 37. An immersion p: M™ — N is a smooth map such that the dif-
Jerential dgp: Ty M™ — T, N™ is injective for all ¢ € M. It is equivalent to say
that the Jacobi matriz of dgp has rank m relatively to one (hence every) choice of
coordinate system.

Definition 38. An embedding ¢: P — M of a manifold P into a manifold M is

L. an injective immersion, such that
2. the induced map ¢: P — ¢(P) C M is a homeomorphism onto the sub-

space ¢(P)
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= rilglx at)

Immersion, Sub-manifold, Imbedding

but not a submanifold but not an embedding
FI1GURE 8.1. Difference between immersion, embedding and submanifold.

If P is a submanifold of M, then the inclusion map j: P — M is an embed-
ding. Conversely, if ¢: P — M is an embedding, then this map induces a manifold
structure on the image ¢(P) C M and the induced map ¢: P — ¢(P) is a diffeo-
morphism. The map ¢o ¢ L: ¢(P) — M is the inclusion j: ¢(P) — M which is
smooth and whose differential is injective as a composition of two injective differ-
entials d¢ o d(é‘l). We conclude that ¢(P) is a submanifold of M. In Figure 8.1
one can see the difference between embedding and submersion of the manifold
P = R into the manifold M = R2.

Definition 39. A submersion w: M — B is a smooth surjective map such that the
differential dym: TyM — Ty(q) B is surjective for all ¢ € M.

Definition 40. Let (M, gpr) and (N, gn) be two Riemannian manifolds. A diffeo-
morphism v: M — N is called a Riemannian isometry, if

gu (v, w) = gn(dgt(v), dge(w))  for all v,w € TyM and all g € M.
Definition 41. Let (M, gn) and (B,gp) be two Riemannian manifolds and let
L
w: M — B be a submersion. Let TyM = ker(dym) &1 (ker(dqw)) be the orthog-

onal decomposition with respect to gas. If the restriction dr|ier(q,): ker(dgm) —
Tr(q)B is a linear isometry for any q € M, then the map = is called the Riemann-
ian submersion.

Definition 42. A pairing between the tangent and the co-tangent bundle is a map
() TyM x Ty M — R
which is bi-linear, non-degenerate, and smoothly varying with respect to ¢ € M. It

is non-degenerate in the sense that if (v,\) = 0 for allv € TyM and A\ € Ty M,
then A = 0.



134 I. Markina

Definition 43. An absolutely continuous curve c: I — M is an integral curve of a
vector field X € Vect(M) if it satisfies the differential equation

¢(t) = X(e(t)), forall tel.

A vector field X is called complete if each of its non-extendable integral curves
(starting from different points ¢ € M) is defined on I = R. Let us denote by ¢4 x
the integral curve of a complete vector field X starting at ¢ € M. Thus the curve
cq,x is a solution of the Cauchy problem

(t) = X(c(t)), c(0)=gq, teR.

Definition 44. The flow of a complete vector field X on a smooth manifold M is
the map X: Rx M — M given by

~

X(tv Q) = cq,X(t)v

where cq x is the non-extendable integral curve of X starting at g € M.

Proposition 18. The flow X of a complete vector field satisfies the conditions:
1. )A((O, ): M — M is the identity map of M,
2. X(s+t,-) = )?(s, (X(t, D) = X(s,)) o X(t,-) for all s,t € R. As a corollary
we conclude that flows commute for fized times,
3. the map )A((s,) M — M is a diffeomorphism for any s € R, where the
inverse map is X " 1(s,-) 1= X(—s,-).

We need the completeness assumption in order to work with the entire man-
ifold M and not only locally. For arbitrary vector fields one can define a local
analogue of the flow.

Now we define a Levi-Civita connection. We start from the definition of the
affine connection.

Definition 45. An affine connection V on a smooth manifold M is a map

V: Vect(M) x Vect M — Vect(M)
(X, Y) — VxY,
satisfying the following properties
1. VixqigvZ = fVxZ+gVyZ,
2. Vx(Y+2)=VxY +VxZ, forall X,Y,Z € Vect(M) and f,g € C>°(M).
3. Vx([Y) = [VxY + X())Y,

The notion of the affine connection leads to the definition of the covariant
derivative along a given curve. Namely, let an affine connection V be defined on a
smooth manifold M. Suppose that c¢: I — M is a smooth curve and X: I — TM
is a vector field along the curve c. Then there exists a unique correspondence which
associates to a vector field X another vector fields 2% along ¢ by the rule

dt
DX
W = VCX(C(t))
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The covariant derivative % satisfies the properties

D DX DY D df D
E(X+Y>_W+W’ E(fX)_<£)X+fEX’

where f is a smooth function along the curve c.

Definition 46. An affine connection V on a smooth manifold M is symmetric if
VxY - VyX =[X,Y] foral X,Y € Vect(M).

Definition 47. Let (M, g) be a Riemannian manifold with an affine connection V.
We say, that the affine connection V is compatible with the Riemannian metric g

if
X(g(Y,2)) =g(VxY,Z)+g(Y,VxZ) forall X,Y,Z € Vect(M).
The following theorem asserts that the existence and uniqueness of the Rie-

mannian metric guarantees the existence of an affine connection that is compatible
with the Riemannian metric and symmetric.

Theorem 8.1. [23, 117] Given a Riemannian manifold (M,g) there is a unique
affine connection V, called the Levi-Civita connection, such that V is symmetric
and compatible with the metric g.

8.2. Symplectic manifolds

Definition 48. A non-degenerate skew symmetric real valued 2-form $ is called
a symplectic form. The pair (N,Q)), where N is a smooth manifold and Q is a
symplectic form, is called a symplectic manifold.

In some literature it is also required that €2 is a closed form.

Definition 49. Let (N,) be a symplectic manifold and H € C*(N) a function,
then the associated with H Hamiltonian vector field ﬁ is defined by

(X, H) = dH(X) forall X € Vect(N).

The Poisson brackets between functions H, K € C*°(N) is the directional de-
rivative of one function in the direction of the Hamiltonian vector field, associated
with another function. Namely,

(H, K} := dK(H) = Q(H, K).

As an example, consider a smooth manifold M and its co-tangent bundle
T*M. Recall that if prj,: 7*M — M is the canonical projection, then

d(pry): T(T*M) — TM.

We use the notation (-,-) to denote the pairing between TM and T*M. Define a
real valued one-form w: T (T*M) — R on the manifold N = T*M by

w(gn (V) = (d(pryy)(v),A), v € T (T"M).
Then the 2-form Q = dw is a symplectic form. Verify it!
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If we chose a chart (U7 o= (2, ... ,x”)) on M, then it induces the chart
(T*U, @ = (z',...,2" A1, ..., )

on T*M. The canonical projection prj, and its differential take the matrix form

x Lyxn O x Lyxn O
prM:< OX 0) = dprM:< OX O)'

Therefore, the one-form w at a point (g, \) = (z!,..., 2™, A1,..., \,) is written as

W(gn) = 2oj—1 Ajda’. The symplectic form Q becomes Q = 3°7_ | d\; A dz’. The
Hamiltonian vector field is

" /0H 9 OH 9
(00 =2 (aAj 07 Ox aAj)
j=1
and the Poisson brackets are

" OH 0K 0H 0K
{H=K}=;(3—M@ - )

To each vector field X € Vect(M) we associate the function Hx: T*M — R by
Hx (g, A) = (X (), Ag)-
Then one can associate the Hamiltonian vector field ﬁ x to the function Hy in the

following way. If X (¢) = >"p_; X* (2!, ..., 2" and A, = 374 Nj(a',... ") da
then Hx (g, A\) = >_7_; Aj X7(q) and

e ) =3 (Y02 — [ wxta)] 22).
k=1 J

j=1
Now it is obvious that

d(priy)(H x(q,\) = X(q) forall (g, )) € T*M.

Corollary 9. Geodesics produced by the Hamiltonian function Hx coincide with
integral curves of the vector field X .

If X € Vect(M), then the vector field ﬁx is called the Hamiltonian lift of X.
EXERCISES.
1. Let (N,Q) be a symplectic manifold. Verify that (C*°(N),{-,-}) is a Lie
algebra and the map H — H is a Lie algebra homomorphism
(COO(N)v{'v'}) — (VeCt(N)v['v'])'
2. Let M be a smooth manifold. Show that { Hx, Hy } = Hx yj for all X,Y €

Vect(M). Conclude that the map X — Hyx produces a homomorphism of
Lie algebras

(VeCt(M)v['v']) — (COO(T*M)v{'v'})'
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8.3. Lie groups
The content of this subsection can be found in [42, 87, 108, 131].

Definition 50. A Lie group G is a smooth (finite dimensional) manifold M and a
group such that the operations of
multiplication p: MxM — M,
() — ¢
and
inversion int: M — M,
r — a7l
are smooth maps between corresponding smooth manifolds: M x M — M and
M — M, respectively.

It is customary to use the letter G to denote the underlying manifold M and
the pair (M, p) in the case of Lie groups.

Definition 51. A Lie algebra g over R (C) is a real (complex) vector space V

together with an operation [-,-]: V- x V. — V (called the bracket, commutator, or
Lie product) satisfying the following three azioms:
1. skew symmetry: [X,Y] = —[Y, X],

2. bi-linearity: [aX +bY, Z] = a[X, Z] + b[Y, Z], a,b € R(C) (and the same with
respect to the second term),
3. Jacobi identity: [[X,Y],Z] + [[Z, X], Y|+ [[Y,Z],X]=0
forany XY, Z €V.

We will use the letters g, 0, ... to denote the also underlying vector spaces
V,U,... in the case of Lie algebras.

Example 10.

1. The general linear group GL(n,R) = GL(n) is the Lie group of all (n x n)-
matrices L with real entries such that det L # 0. Since the determinant
function det: R®* — R is smooth, the underlying manifold of GL(n) is an
open subset in R"™ defined by the complement to the inverse image of the
function “det” of the value 0 € R. The group multiplication is the multipli-
cation of matrices. The corresponding Lie algebra gl(n,R) = gl(n) is formed
by all (n x n)-matrices and isomorphic to R™ as a vector space. The commu-
tator in GL(n) is the commutator of two matrices. The group GL(n) is the
group of all non-degenerate linear transformations of R™. In a similar way
the group GL(n,C) can be defined.

2. The orthogonal group O(n,R) = O(n) is the subspace of GL(n) such that
L'"L = LL'" = 1d, where L'" is the transpose to L € O(n). Verify that in
this case det® L = 1. The smooth underlying manifold for O(n) is the level
set of the function “det” inside of R"" and it consists of two connected com-
ponents corresponding to the value 1 and -1 of “det”. The special orthogonal
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group SO(n,R) = SO(n) is the subset of O(n) whose matrices have determi-
nant 1 and the underlying manifold is the connected component containing
the identity matrix. Both groups have the same Lie algebra o(n) consisting
of (n X n)-matrices that are skew symmetric: L' = —L. The main feature of
these groups is that under their transformations the Euclidean inner product
in R™ is preserved. (Why?)

3. The unitary group U(n) is the group of (n x n)-matrices with complex entries
such that L'"L = LL" = Id, where L' is the transposed and conjugate
matrix to L € U(n). The special unitary group SU(n) is the subset of U(n)
whose matrices have determinant 1. The Lie algebra u(n) is the set of (n xn)-
matrices that are skew-Hermitian symmetric: L*" = —L. The Lie algebra
su(n), n > 2, is the subset of u(n) having vanishing trace. The unitary and
special unitary groups preserve the Hermitian product (z,w) = Y _, zFw"
in C".

4. The symplectic group Sp(n) is the group of (n X n)-matrices with quater-
nion entries such that L"L = LL' = Id, where L'" is the transposed and
quaternion conjugate matrix to L. The Lie algebra sp(n) is the set of (n x n)-
matrices that are skew-Hermitian symmetric: L = —L. Symplectic groups
preserve the Hermitian product in the n-dimensional quaternionic space Q™.

5. The special Euclidean group SE(n), or the group of rigid motions in R™ is
the group consisting of rotations and translations in R™. An element 7 €
SE(n) is usually written as a pair 7 = (A4, a), where A € SO(n) and a is
a n-dimensional vector. The multiplication is given by 7v = (A,a)(B,b) =
(AB, Ab + a). Thus the group SE(n) is the group of all isometries in the

n(nt+l)
2

Euclidean space. Its dimension is , where n stands for translations and

@ is the dimension of SO(n).

We define the exponential map and list its properties. Let (R, +) be the addi-
tive group of real numbers and t be the corresponding Lie algebra with generator
%. Let G be a Lie group, g be its Lie algebra, and X € g be an arbitrary element.
Then the map

h: ¢ — g
td X
is a homomorphism of the Lie algebra v into the Lie algebra g. The theorems of
Lie group theory [87, 131] ensure that there is a unique Lie group homomorphism
cx, such that

d
cx:R—G, and dcx =h, or ch(tﬂ):tX.

In other words, the curve cx: R — G is a one-parametric subgroup of G and it
is such that cx(0) = e and ¢x(0) = X. The curve cx(t), t € R, is called the
exponential curve and it is often denoted by exp(tX), t € R. The map

exp: g — G
X = exp(X).
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is called the exponential map. We list the properties of the exponential map in the
following theorem.

Theorem 8.2. [87, 131] Let X belong to the Lie algebra g of a finite dimensional
Lie group G. Then the following properties hold.

1.

A e

The exponential curve exp(tX) = cx(t) for each t € R satisfies

d
tX)=—
t=0 exp(tX) dt

dt

(see also the definition of the exponential curve in Subsection 3.1).

(exp(ti1 +t2)X) = (exp(t1 X)) (exp(t2X)), for all t1,t; € R.

exp(—tX) = (exp(tX))il for each t € R.

The map exp: g — G is a C°°-map between two manifolds.

The differential at zero vector of the exponential map dyexp: Tog — T.G is
the identity map g — g, where we identify elements of g with Tog and with
T.G. An important corollary is that exp gives a diffeomorphism between a
neighborhood of 0 € g and a neighborhood of e € G.

The left translation of cx by 7 € G given by ¢é = I (cx(t)) = Tex(t) is the
unique integral curve of the left invariant vector field X ()?(e) = X) such that
it starts at the point 7: ¢(0) = 7. As a particular consequence, left invariant
vector fields are always complete.

The one-parametric flow of diffeomorphisms )?(t, 7): G = G associated with
a left invariant vector field X (X(e) = X) is given by X(t,7) = Tex(t) =
Tex ()T, where ro (v is the right translation by cx(t).

In the neighborhoods of 0 € g and e € G, where exp is a diffeomorphism, the
inverse map is defined and is called logarithm. It expresses the product of two
exponents through the Baker-Campbell-Hausdorff formula [123], whose first
terms are given as follows

t:OCX(t) = éx(O) =X,

exp(X)exp(Y) = exp(X—l—Y—l—%[X,Y]—i—ll—Z[X,[X,Y]]
- 1—12[Y,[X,Y]]+...). (8.1)

It is useful to keep in mind the following diagram defining the exponential

map as time-one value of the exponential curve. For chosen X € g

t%erﬂgatX = X —expX =cx(1)

Idl lexp(tx)

The straight line tX € g is mapped to the one-parametric subgroup cx(t) =
exp(tX) € G.
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Definition 52. A subgroup N of a group G is called a normal subgroup if it is
invariant under conjugation; that is, for each element n € N and each 7 € G the
element TnT=t € N.

Definition 53. A group G is called simple if it is a non-trivial group and there are
no other normal subgroups except the trivial subgroup and the group itself.

A group that is not simple can be decomposed into two smaller groups, a
normal subgroup and the corresponding quotient group, and the process can be
repeated.

8.3.1. Action of Lie groups on manifolds. Let M be a smooth manifold and let G
be a Lie group.

Definition 54. An action of G on M on the left is a smooth map pu: G x M — M
such that

p(et,q) = pls, u(r,q)),  ple,q) =g,
forall¢, 7€ G and q e M.

If u: G x M — M is an action of G on M on the left, then for a fixed
¢ € G the map g — u(s,q) is a diffeomorphism of M which we will denote by p..
Similarly we define a right action.

Definition 55. An action of G on M on the right is a smooth map p: M x G — M
such that

w(q,om) = p(p(e;<),7),  plge) =q
forall¢, 7€ G and q e M.

We also use the notation 7.q instead of u(7,q) for the left action and ¢.7
instead of (g, 7) for the right action.

Definition 56. We say that a Lie group G acts freely on the right on a smooth
manifold M if for all g € M, q.1 = q.< if and only if 7 = ¢. Equivalently: if there
exists ¢ € M such that q.1 = q (that is, if T has at least one fized point), then T is
the identity element e € G.

Definition 57. We say that G acts transitively on the right on M if for any q,p € M
there is T € G such that q.T = p.

The same definitions can be given for the left action of the group G on a
manifold M.

Example 11.

1. The flow on M defined in Definition 44 is an example of the action of the
group (R, +) on a smooth manifold M.

2. The action pu: GL(n) x R™ — R"™ of the general linear group in R™ is defined
as a product of an (n X n)-matrix by an n-vector written as a column (or
(n x 1)-matrix).
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. Let 8"7! = {z € R"| ||z||g = 1}. The action p: O(n) x S"~t — §7~ 1 is
defined as a product of an (n x n)-matrix from O(n) by a vector from R™ of
the length one.

. The multiplication law in any Lie group G produces two actions on itself: left
and right translations. Recall that the action

I: GxG —» G
(r,v) = 71U,

or l(1,v) =1, (v) = T.v := Tu, is the left translation and

rm GxG —= G
(v,7) — T,

or r(v,7) = r-(v) =v.7 := vT is the right translation.
. Define a left action a of a Lie group G on itself by

a: GxG — G
(r,0) = TUTL, (8.2)

or a(t,v) = a,(v) = 7.v := 7vr L. This action is called the action by conju-
gation or the inner automorphism. This action produces other very interesting
actions of G on its the Lie algebra g and even an action of the Lie algebra g
over itself, see Example (14).

. Define a left action of a group G on its tangent bundle T'G by

p: GxTG — TG

8.3
T.(q,v9) —  (7q,dglr(vg)). (8.3)
The right action of G on T'G is defined analogously.
. Define the left action of a group G on its co-tangent bundle T*G by
u: GxT'G — TG (8.4)

T'(Qawq) = (T%(dql‘r)*(wq))v

where (dgl;)* the dual map to the differential d4l,. The right action of G on
T*G is defined analogously.
. The Adjoint action of a Lie group G on its Lie algebra g is defined by

u Gxg — g
(1,6) = Ad-(§)

The definition of the adjoint map Ad,: g — g is given in Example 13. The
adjoint action uses the notion of the action a by conjugation (8.2) which is a
left action. Therefore, the action Ad is an action on the left.

. The co-adjoint action of a Lie group G on the dual to its Lie algebra g* is
defined by

(8.5)

w Gxg* — g
(r,w) — Adi(w)

See the definition of the co-adjoint map Ad}: g* — g* in (8.9).

(8.6)
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10. An action on the left of the special Euclidean group SE(n) over R™ is defined
by
w: SE(Mm)xR* — R
(A4,a).x — Az +a.
To proceed with examples of the action of a Lie group G on its Lie algebra g

(the underlying manifold is just the vector space T.G) we make some observations
about the differential map at the identity of an action u on G. Let

w:GxG—G.
Fix one variable 7 € G and consider
pur:G—-G

as a diffeomorphism of the group G. Then the differential at e € G is the linear
map
deu-,—: TeG — T#T(e)G = TTG.

Let us consider three examples of an action u: translations r, [, and the action by
conjugation a.

Example 12. Let p be the right translation r: G x G — G, r,(q) = ¢.7. We want
to understand how ¢.7 changes with respect to the variable 7 near 7 = e. This
variation is called the infinitesimal generator of the right action r,(g) at point ¢
and is denoted by o,. To calculate o, we observe that the map ¢.7 with fixed ¢
and variable 7 is just the left translation ¢.7 = I,(7), so

Oq = delq: T.G — qu(e)G = TqG,
or it is customary to write
0q4: 98— T,G.
We conclude that the map o, generates a left invariant vector field on G, since it
translates an element £ of the Lie algebra g to a vector field X, = dcl4(§) that

will be left invariant by definition. In a practical way the map o, is calculated by
making use of the exponential curve by the following

70(6) = | aexp(e€) = | 1,(exp(c6)) = dlyd (exp(et)lemo) = dly(€).
(8.7)

Analogously, the left translation [ has its infinitesimal generator, that is the
map g — 1,G generating right invariant vector fields. The formula corresponding
to (8.7) is

d d
04(§) = | _ exp(e€))a = | _ rq(exp(e€)) = dry(€). (8.8)
Example 13. Now we consider u = a,

a(r,q) = ar(q) =7¢7': G = G,
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which is not only a diffeomorphic map of the underlying manifold of the group G,
but it also preserves the group structure, so the map a, is a group automorphism
and we write a; € Aut(G). The differential of a. at the identity is

deCLTZ TBG — Ta,(e)G = TeG.

From general group theory [87, 123, 131] it is known that d.a, preserves the
Lie algebra structure of the vector space T.G (since a, preserves the Lie group
structure). So we can write

dear:g— g
and conclude that it is an automorphism of Lie algebras. It is denoted by Ad, :=
dea, and is called the adjoint map at 7 € G. Thus Ad. (&) € g for any £ € g, or

Ad;:g—g, Ad; € Aut(g).
Now let the variable 7 vary and consider the adjoint map
Ad: G — Aut(g)

as a homomorphism of groups, where to the product in G there corresponds a
superpositions of linear maps in Aut(g). This map is also called the adjoint rep-
resentation of the group G on its Lie algebra g, or the adjoint action of the group
G on its Lie algebra g.

Let the adjoint map Ad,: g — g at 7 € G be given, and let (-,-) be the
pairing between the Lie algebra g and its dual g*. The co-adjoint map or the dual
representation Ad}: g* — g* at 7 € G is defined by

(Adf(w), &) = (w,Ad,-1(§)), €€9, weg (8.9)
Example 14. Since the map Ad sends e € G to Id € Aut(g), the differential d. Ad
at e € G is the linear map

de Ad: TeG — TId Aut(g)

and, moreover, it is a homomorphism of the Lie algebra g = (TG, [-,]) and the
Lie algebra End(g) = (T1q Aut(g), [-,-]) of all linear transformations of g, where
the Lie brackets are defined through the composition of linear maps from End(g).
The map d. Ad is denoted by ad and is called the adjoint representation of the
Lie algebra g over itself, or the adjoint action of the Lie algebra g over itself. The
construction is reflected beautifully in the following commutative diagram:

G -2 Aut(g)

eXPg ] T exp

g T End(g)

or, in other words,

Adexp@(ﬁ) = exp(adf)’ €y, eXp(G(g) €G.
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Notice that expg in the left hand side is the exponential map from the Lie algebra
g to its Lie group G. The right hand side exp is the exponential map from the Lie
algebra End(g) to its Lie group Aut(g).

An interesting feature of the map ad € End(g) is the following. If we fix £ € g,
then

ad¢: g — g

is the map given by ade n = [£, 7], where [-, -] are Lie brackets on g, see [87, 131].

Notice here also the relation between the adjoint action Ad, of the group
G on its Lie algebra g, the action a, on the group G by conjugation, and the
exponential map expg reflected in the following commutative diagram:

G-Y-~G

expg T ]expG

7% 8

or in other words Texp(¢)7~! = exp(Ad, €), ¢€g, TEG.
Example 15. [81] The co-adjoint action of a diffeomorphism f € Diff S on the
dual vit”™ of the Virasoro algebra is defined by the following formula
Ad*: Diff S x vit* - pit”
FO)-(u(O)@0),0) = () (7202 + aS()) (d6)2,a),

where f/f// / (f//)2
—3/2
SH=~"—mz —
(f)
is the so-called Schwarzian derivative of the diffeomorphism f.
The following interesting observation concerns the tangent bundle of a group G.

The action, right or left, of a group G on itself induces an action on the tangent
bundle TG making the last one into a group.

Proposition 19. [108] The product map induces a smooth associative map
P T(GxG)~TGxTG — TG,
that makes the tangent bundle of a Lie group G into a Lie group TG.
Proof. Let (7,v.) and (g,vy) be two points on T'G, then we define the multiplica-
tion law p: TG x TG — TG by
ﬁ((ﬂ vr), (97“9)) = (79,vr *vg) = (79, Vrg),

where the vector v,4 € T;,G is obtained in the following way. Consider smooth
curves

VYrovrt [_17 1] =G, Yo, 0) =, Y0, (O) = Ur,
and

Yg,vq * [_17 1] — G, Vg,v4 (O) =9, '.Yg,vg (O) = Vg.
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Then the product -y, (t) *x Vg, (t) in G is defined for any ¢ € [~1,1] and defines
a curve

’77'_(],1)7—9 : [_17 1] — Gu ’77'9,1)7-9 (0) =79, ’3/Tg,v7-g (0) = VUrg = Ur ¥ Vq.
So the product v, x v, is the initial vector velocity of the product curve .44,
obtained by multiplication of v, ,_ by vg,u,- (]

The natural projection pr: TG — G induces a group homomorphism

pr: (TG,p) — (G, p).
The kernel of this homomorphism is isomorphic to the abelian additive group of
tangent vectors at the identity of the group T.G. In other words, there is a short
exact sequence
0—T.6 -5 TG 5 G — 1

of smooth group homomorphisms. Here o is the infinitesimal generator of the right
action of the group G on itself that associates a left invariant vector field to any
vector £ € T.G. Let us define a map

2:G—=TG

%
that to any element 7 associates (1, 0 ;) € TG, i. e., the null section at tangent

space T;G. Then the composition G = TG 5 G is the identity map on G.
This means that the group TG can be decomposed as a semi-direct product

TG =T.G x G,

where T,.G is a normal subgroup on TG: (¢,§) € T.G C TG, and G is a subgroup
of TG: G > 7 (1, ?T) € T'G. The semi-direct product can be written by making
use of a homomorphism h: G — Aut(7.G) [87] by

(& 7)(n,9) = (Ehr(n),T9),

where h;: T.G — T.G is the action of the subgroup G C T'G over the normal
subgroup T.G C TG [87]. Since the elements of T.G can be considered as elements
of a subgroup T.G of the group T'G and they are also elements of g, then it can be
shown that Ad is the suitable homomorphism. Thus the semi-direct product can
be written as
(& 7)(n,9) = (£Ad-(n), 79),

where the product of & by Ad,(n) is considered as the product in the normal
subgroup of the group T'G.

Definition 58. Let G be a group and A, B be two sets where the group G acts. A
map F: A — B is said to be equivariant, if

F(rq) = 71.F(q) for left-left action,
F(q.7) = Flq).7 for right-right action,
F(gr) = 771F(q) for right-left action,
F(rq) = F(q).77} for left-right action,

for all T € G and all q € A.
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The definition says that an equivariant map is a map that commutes with the
action of the group in the domain of definition and on the target space. As we can
see, the definition depends on whether right or left action is chosen on the domain
of definition and on the target space of F. Equivariant maps are also known as
G-maps or G-homomorphisms.

EXERCISES

1. We present here one more point of view on the map ad. Let us fix any vector
£ € g and see the difference between ¢ and the result of adjoint action Ad of
Gon¢eg:

Ad, €&
Then the differential of the map G > 7 — Ad, £ — € € g at the identity 7 = e
is denoted by ad¢ and it is a linear map ad¢: TcG — Tcg. After identifications
T.G ~ Teg ~ g and proving the correspondence of Lie brackets, we come to
the previous definition of ad¢: g — g.
Show that ad¢(n) is bilinear and satisfies ade¢ () = — ad,(£).

2. Verify that the pair (TG, p) from Proposition 19 satisfies the definition of a
Lie group.

3. Show that T.G is a normal subgroup of TG and G is the complementary
subgroup.

4. Show that ade(n) = [€, 1]

5. Check that the dual representation Ad*: G — Aut(g*) from (8.9) is a group
homomorphism.

6. Define the co-adjoint map ad;: g* — g* by (adi w,n) = —(w,aden), &1 € g,
w € g*. Verify that the co-adjoint map ad*: g — End(g*) is an algebra
homomorphism.

8.4. Complexifications
Here we present definitions of complexifications of real vector spaces, complex and

CR structures on manifolds and Lie groups, including the infinite dimensional case.

8.4.1. Complexification of a real vector space. A complezification of a real vector
space V is the tensor product V' ® C over R, where the generators are v ® 1 and
v®i, v € V.So, V®C are all possible linear combinations of v ® 1 and v ® 1,
v € V with real coefficients, modulo the equivalence relations
(1+12) Rz~ Q2412 2,
V® (21 4+ 22) VU@ 21 + U 22,
aw®z~vdaz, aclk

The real dimension of V' ® C is 2dim V. The multiplication by complex numbers
is defined by

alv@z)=v®az, for a,z€C, and veV.

It makes the space V ®C into a complex vector space of complex dimension dim V.
The generators for complex vector space V ® C are v ® 1 and v ® i. The real space
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V is naturally imbedded into V' ® C by identifying V' with the space V ® 1 (any
element v € V is identified with the element v ® 1 € V ® C). The conjugation for
V ® C is defined by
VRz:=vdZ.

As an application we consider a complexification of a smooth real manifold
M of real dimension n. For any g € M, the complex vector space T, M @ C is called
the complezified tangent space and T; M ® C is called the complezified co-tangent
space. The complex space Ty M ®C can also be regarded as the complex dual space
of TuM ® C by defining the pairing

(v®z,§Dw) = (v,§)zw, for veTyM, {€T;M, z,weC,

for any point ¢ € M. The complexified tangent bundle is T*M = quM(TqM ®(C)
and the complexified co-tangent bundle is T°M = quM(T;M ® (C). A com-
plezified vector field L on M is a smooth section of TCM, which means that L
assigns to each ¢ € M a vector L, € T,M ® C. In any smooth coordinate system
(U, = (z',...,2™)) we can express L as

Ly=) I7(q)0ys,
j=1

where L7, j = 1,...,n are smooth, complex valued functions defined on U C M.

If M is complex manifold of complex dimension n, then it is important to
distinguish between the real tangent bundle and the complexified tangent bun-
dle. The real tangent bundle T'M corresponds to a smooth manifold M of real
dimension 2n. Its fiber T; M is a real vector space and has real dimension 2n. The
fiber T, M @ C of the complexified tangent bundle is a complex space of complex
dimension 2n.

8.4.2. Complex structures. If the real vector space V is of even dimension, then
it is possible to define an almost complex structure J, that is, a map J: V — V,
such that J2 = —Idy.

Example 16. Let V = T, R?*" = C". Take the coordinates ¢ = (21, Y1, -, Tn, Yn)-
The standard almost complex structure for T,R?" is defined by setting
J(0pi) = Oy, J(0yi) = =04, j=1,...,n, (8.10)

on the standard basis. Then J extends by linearity to all 7,R?". This almost
complex structure is designed to simulate the multiplication by i = v/—1.

The standard almost complex structure J* on the co-tangent space T;R% 18
the following

J*(dx?) = —dy? J*(dy’) = —da?, j=1...,n

An almost complex structure can be defined on a real tangent space of a
complex manifold M by pushing forward the complex structure from C" up to M
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via a coordinate chart. For ¢ € M and a holomorphic chart (U, (), (: U — C", we
define J,: TyM — T,M by

Jo(L) := de(q) ¢ I (dgC(L)), (8.11)
where J in the right hand side is the standard almost complex structure in C".
The definition implies that if ¢ = (z1,...,2), 2; = 2/ 4+ iy?, then J4(0,s) = 9,
and Jg(0yi) = =0y -

If J is an almost complex structure on a real vector space V, then we can
extend it to an almost complex structure Jc on the complexification V' ® C by
setting

Je(vz):=JWw)®z, veV, zeC.
Then
Jo(®@) = Jow, for weV®C. (8.12)

The linear map J¢ has two eigenvalues ¢ and —i, since J(% = —Idygc. The corre-
sponding eigen spaces are denoted by V(1% and V(%D Thus we have

VeC=ve0gyll

from linear algebra. The property (8.12) implies V(1.0) = V(01 Let us construct
bases for V19 and V(1) First we observe that v and Ju are linearly independent
over R in V|, since J has no real eigenvalues. Then

{v1 —iJvy, ..., v —iJu,} (8.13)
is a basis for the complex n-dimensional vector space V(19 and
{v1 +iJvy,...,vn +iJv,} (8.14)

is a basis for the complex n-dimensional vector space V(%1 Recall, that dim V =
2n.

Let see how it works for a complex n-dimensional manifold M. Let (z1,. .., 2q)
with 2; = 27 +iy’ be a set of local holomorphic coordinates and the almost complex
structure on T,M, g € M, is given by (8.11). Define the vector fields

%(aﬂ—iayj) O: = 2By +idy), j=1,....m.

9, — .
J J 2

Then in view of the above discussions, a basis for Tq(l’O)M is given by {0,,,...,0.,}
and a basis for Tq(o’l)M is given by {0z, , ..., 0z, }. Due to the form of the bases the

spaces Tq(l’O)M and Tq(o’l)M received the names holomorphic and antiholomorphic
tangent vector spaces. The Hermitian inner product on T;M ® C is defined by
declaring that {0,,,...,0.,,0z,...,0z, } is an orthonormal basis.

Let M now be a real manifold, such that at each ¢ € M the tangent space
T,M admits an almost complex structure J,: T, M — T, M. Then it leads to the
splitting 7€M = TWOM @ TOD M into the holomorphic and antiholomorphic
bundles, and each of them is naturally isomorphic to the real tangent bundle
of M, but now they are equipped with an additional structure J,. If (-0 M is
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integrable, that is, [T(HOM, TN ¢ TOOM, then the pair (M, TMOM) is
called a complex manifold.

8.4.3. Lie groups, Lie algebras and complexification. Let us impose a Lie algebra
structure on V' and see how one can define a complexification g ® C of the Lie
algebra g = (V, [, ]). All that we need is to define the Lie bracket

[v®a,ue b :=[v,ul ®ab, v,ueg, a,feC. (8.15)

Next we consider the relation between the almost complex structure and the Lie
algebra structure. Let G be a Lie group and g be its Lie algebra. Let J: T.G — T.G
be an almost complex structure. It determines the splitting T.G  C = g C =
g1 @ g(Ob  If the subspace g(1? is a Lie subalgebra of g ® C, then the pair
(G, g™9) is called a left invariant complex structure. This structure is also right
invariant, if g(*% is adjoint invariant with respect to the adjoint action of the
group G, or Ad, ¢ € g9 for all € € g9 and 7 € G.

We define now a CR-structure on a real manifold N. We follow a scheme, that
is suitable for finite and infinite dimensional manifolds. Let TN be the tangent
bundle and D be a corank 1 smooth sub-bundle, where an almost complex structure
Jg: Dg = Dy is defined. Let TN ® C be the complexified tangent bundle, then D®
C is a complex corank 1 smooth sub-bundle, where the splitting D ® C = D10 @
DO s defined. If [D(10), DO ¢ DO then D10 is called an integrable CR
structure and the pair (N, D(1:9)) is an integrable CR manifold.

Example 17. Let N be a real hypersurface in a complex manifold (M, T A7),
Define

DO — 7O Ny NTM @ C.
Then (N, D19) is a CR manifold with the CR structure D1 inherited from
the complex manifold (M, T M ). The manifolds S* C C? and the boundary of
the Siegel upper half space in C? have CR structures induced from C2.

A CR manifold is strongly pseudo-convez if [L, L], ¢ Dél’o) @ D,(Jo’l) for any

local non-vanishing section L of D(1:9),

If we have a Lie group G with a Lie algebra g, then a left invariant CR
structure is defined by a splitting h(1? @h 1) of a complex co-rank 1 subspace g&C
with subalgebras h(19) and h(©1) = §(1.0), This structure is strongly pseudoconvex
if [¢,€] ¢ H(10) @ (O holds for any non-zero & € h(19),

EXERCISES

1. Show that the standard almost complex structure (8.10) in 7, R*" is an isom-
etry in R?".

2. Show that the description of J given in (8.11) does not depend on the choice
of coordinate chart. Conclude that the push forward of the standard almost
complex structure J from C" to a complex manifold is well defined.

3. Prove (8.12).

4. Show that v —iJv € V19 and v 4 iJv € VO for any v € V.
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o

Prove that (8.13) and (8.14) are linearly independent systems.

6. Find the dual basis for {0,,,...,0,,,0z,...,0z, } with respect to the stan-
dard Hermitian product.

7. Verify that the Lie bracket defined by (8.15) is C-linear, skew symmetric and

satisfies the Jacobi identity.

8.5. Fiber bundles

Definition 59. A fiber bundle is a collection (F, E, B, ), where in general F, E, B
are topological spaces and w is a continuous map w: E — B. It can also be written
as

F—E-5B or shortly E 5 B.

1t is required that for any x € E, there is an open neighborhood U C B of w(x)
(which will be called a trivializing neighborhood) such that 7=1(U) is homeomorphic
to the product space F' x U, in such a way that w carries over to the projection
onto the second factor. In other words, the following diagram should commute:

I U) 2= Fx U,

T
pry

U

where the map pry: F' x U — U is the natural projection on the second coordinate
and ¢: 71 (U) — F x U is a homeomorphism. The set of all (U;,¢;) is called a
local trivialization of the bundle.

Thus for any b € B, the pre-image 7~ !(b) is homeomorphic to F and is
called the fiber over b. The set B is called the base space, E is the total space and
the map 7 is the projection map. Every fiber bundle 7: £ — B is an open map,
since projection pry is an open map. Therefore, B carries the quotient topology
determined by the map 7.

Definition 60. A bundle n': E' — B’ is a sub-bundle of the bundle 7: E — B,
provided E' is a subspace of E, B’ is a subspace of B and 7’ = 7t|g: B/ — B’.

If we speak about smooth fiber bundle, we require that F, F, B are smooth
manifolds and all other maps are smooth. A smooth sub-bundle (F’, E’, B, 7|g)
of a bundle (F, E, B, ) is a smooth bundle such that the inclusions

jF:F/—>F, jE:E/—)E
are smooth.
Definition 61. Let n': B — B and w: E — B be two bundles over the same base

space B. A bundle map (bundle morphism) u: (7T’: E — B) — (7TI E— B) 18
a map u: E' — E such that 7’ = wu. The last equality is the requirement that the
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following diagram commutes

—>-u—>-E

N

Definition 62. The fiber product (direct sum or Whitney sum) of two bundles
7' E' = B and w: E — B over B is the bundle I1: E' ® E — B, where

EeoE={(d,q e B'xE | 7'(¢)=n(g), and TI(¢,q) =7'(¢) =7(g)}.
The fiber I7(b) of II: E' & E — B over b € B is
7'~ b) x 771 (b) C E' X E.

8.5.1. Frame bundle. Let (M, gps) be an n-dimensional oriented Riemannian man-
ifold. The frame bundle 7: F' — M is a fiber bundle, whose total space F' consists
of collections (g, v1,...,v,) € M x (T, M)™ such that gas(v;,v;) = 0;;. An element
(¢,v1,...,v,) is an orthonormal basis of T, M. Sections of the frame bundle are
called orthonormal frame fields, and they are just assignments to any point ¢ € M
of some orthonormal basis (v1,...,v,) € T4M. If SO(T;M) is the group of orien-
tation preserving isometries of the vector space Ty M, then there is a natural left
action of SO(T,M) on the frame bundle F given by

w: SO(TyM)xF — F
T(qavlv"'vvn) — (an'(vla"'vvn))v
where 7.(v1,...,vy,) is just an isometrical transformation of the basis (v1,...,vy).
If 7 is written as a matrix in the basis (v1,...,v,), then it is a product of an

(n X m)-matrix by a (n x 1)-column.
It is possible to think of the frame field (or just a frame) as a linear isomor-
phism f,: R™ — T, M that assigns to any standard basic element

e; =(0,...,0,1,0,...,0)

with 1 on j-th place of R", the component v; of (v1,...,v,). The map f; belongs
to the space SO(R™, T,M) of all isometrical transformations from R", with the
standard Euclidean metric, to the vector space T, M, endowed with some inner
product. In this case it is possible to define the right action of the group SO(n) of
F by
w:  FxSO(n) — F
(¢./)m = (¢[f7),

where f.r = for1 = f(r) is the composition of the isometry in R™ and then the
map f,. It gives the principal SO(n)-bundle structure for the frame bundle F.
Notice that there is no natural left action of SO(n) on the fiber over ¢ € M, but
only the action of SO(T;M). The group SO(T,M) is not canonically isomorphic
to SO(n) when n > 3.
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The Table 3 represents products of unit octonions that were used in the construc-

tion of the octonion H-type group H:.

9. Appendix B
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J7
—J6

Js

—J6

Js

J6

J7

Ja

J7

—Js

Js

Ja
—J7

—Jr

J6

Ja

—J6

J1

J2

J3

J3

Jo
=1

gr |l 1 =i | —do | —Js |

—J6

—Ja

J2
—J3

J1

Jo |

J7
—Ja
—Js

J1

-1
J3
—J2

Js |
—Ja
—J7

J6

J1

J2

J3
[ |

Js

J6

J7

TABLE 3. Multiplication table of unit octonions j,

The precise forms of the matrices J,, for the product in the octonion H-type

group H} are given below.

0 0 017

0
0
0
1

—1

0 0 0

-1

0

0 0

0

0 0

—1

0 0 0 0 1
0 0 0 0 O
00 0 0 O
0 0 0 0 O

-1

—1

0
0

10 0 O

0

0

1

0 0 0

0 0
0

—1

0 0 0

0 0 0

-1

—1
0

0 0

00 -1 0 0 O
0 -1

0

0 0 O

0

07
0

-1 0 0 0

0

0 0 0 -1 0

0

0 0 0 -1 0

0

0 00 0 -1

0
0

1

0 0 0

0 00 0 O
-1

0
0 0

0 0 O

0

0

0 0 0 O
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J7
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OO OO OO O

VECTOR FIELDS ON S7. Table 4 gives products of unit octonions and allows
to calculate the product of two arbitrary octonions. It was used to calculate the
vector fields on S7

[do| g1 | o | ds | da | Js | s | Jr
JollJo| Jr | g2 | g3 | Ja | Js | Js | J7
Ji|di| —Jo| J3 | —d2| Js | —Ja| —Jv| Js
JellJe | —Js|—Jdo| 71 | Js | Jr | —Ja| =75
Js |l g3 | Je2 | =Ji| —Jo| Jr | —Je| J5s | —Ja
Ja || Ja| —Js | —Je | —Jr | —Jo| J1 | J2 | J3
Js || Jds | Ja | =J7| J6 | —J1| —Jo| —J3| J2
Je || Je | Jr | Ja | =Js|—J2| Js | =Jo| —n
JrllJr| —Je | Js | Jda | =Js| —J2| J1 | —Jo

TABLE 4. Multiplication table for the basis elements of Q.

Let o1 = (2o + x'j1 + 2%jo + 2%js + x%js + 2°j5 + 2%j6 + 27j7) and
02 = (yj0 + v +¥%j2 + y3is + yia + v°js + y%j6 +y j7) be two octonions. Then
we have according to Table 4:

0109 = (xojo + xtj + 2%y + 233 + a:4j4 + 255 + 2%j6 + x7j7)o
(%50 +y 1 + v%a + y3is + yhis + vPds + y0he + v dr) =

= (200 — 2yt — 22y? — 2%y3 — 2yt — 2By5 — 280 — 2TyT)jo+
@ty + 2%t — By 4 22y® — 2Byt + aty 4 2TyS — aSyT)j 4
F(@?y0 + 23yt + 20y — 2ly® — 2Byt — 2Ty + atyS + 25yT) ot
F(@%y0 — 22yt + aly? + 203 — 2Tyt + aBy5 — 2548 + alyT)jst
Faty0 + 25yt + 2By + 2Tyd + 20yt — 2ty — 2%y0 — 2ByT)jat
F(@0y0 — oty + aTy? — 283+ alyt + 20y + 2%y8 — a2yT)js+
(280 — 2Tyl — 24y + 25y + a2yt — 23y + 1%yP +alyT)jr

F(@Ty0 + 2Byt — 2Py — 2ty Byt 4 2y — 21y + 20y
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According to the multiplication table for octonions, we have the following

unit vector fields in R® arising as right translations of Oyi, 3 =0,...,7 under the

octonion product. If ¢ = (y°,...,y7) € S7, then
Yo(q) = y°0y0 +y'0p +y?0y2 + y*0ys + y*0ys +y°0ys + y°0ys + y 0,
Yi(g) = —ylayo + yoayl - y33y2 + y23y3 - y53y4 + y48y5 - y78y6 + y63y7
Ya(q) = —y*0y0 + 420 +y°0,2 —y 0y — y50,1 +y 05 + ¥ Oys — y° 07
Yi(q) = —y38yo — y28y1 + y18y2 + yoﬁys + y78y4 + y68y5 — y56ys — y48y7
Yi(q) = —y43yo + y58y1 + y63y2 - y73y3 + y08y4 - ylayz» — y23y6 + y38y7
Ys(q) = —y58yo — y48y1 — y78y2 — yGBys + y18y4 + yoays + y36ys + y28y7
Yo(q) = —yGByo + y78y1 — y48y2 + y58y3 + y28y4 — y36ys + yoays — y16y7
Yi(q) = —y 0y — %0, + 4702 + 40y — y20,0 — y?0s + Yy Oys + y00,7.

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

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

COMMUTATORS BETWEEN VECTOR FIELDS

Let us denote by Y;;(q) = 3[Yi(q), Y;(q)] the commutators between the con-

structed above vector fields Y}, j = 0,...,7. We have the following list:

Yi2(q) = y3ayo + y28y1 — ylayz — yoﬁys + y78y4 + y68y5 — y56ys — y48y7
Ylg(q) = —y28y0 + y38y1 + yoayz — ylays + y68y4 — y78y5 — y48y6 + y58y7
Yia(q) = y58yo + y48y1 — y78y2 — yﬁﬁys — y18y4 — yoays + y3ay6 + y28y7
Yis(q) = —y"0y0 + 420, —y°0,2 +y 0ys +y°0ys — y'Oys + y?0ys — Y20,
Yi6(q) y78yo + yﬁﬁyl + y58y2 + y48y3 — y38y4 — y28y5 — ylays — y08y7
Vir(g) = —y%9,0 +y" 0, +y 02 — y*0ys — y20y1 + y20ys + ¥ 0ys — y Oyt

Yas(q) = y'0p — 4’0 +y*0ye —y?0ys —y?0ys +y'0ys — y 0y + 00,7
Ya4(q) YO0y +y 0 + 402 +y°0ys — y? 0y — Y205 — Y 00 — y' 0,7
Yos(a) = —y 00 +y°0 +9°0,2 — y s +y*0ys — 4?0y — y'Oys + 40y
Yas(a) = 900 —y°0yr +1°0y2 +y 0ps + 9 01 +y'0ys — y*0ys — 40,7
Yor(q) = 4’0y —y* 0 +y 0y — %0y +y' 0y — 4 0ys + ¥ 0o — Y0y

Vas(q) = —y 00 + 9 0y —y 02 +y 0y — Y 0y + yP0ys — y'Oye + Y 0y
Y35(q) —yﬁayo - y78y1 + y48y2 + y58ya — y28y4 — y38ys + yoﬁye + y18y7
Y36(q) Y0y —y* 0y —y 0,2 + Y 05 +y' 0y — Y 0y — yPOyo + 120,
Yar(q) = 4 00 + 1y 0 +4°0,2 +y 0y — 4 0y — y'Oys — y?0ys — YO0y
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Vis(q) = y'0y0 — %0, — y°0p2 + y70ys + y°0ys — y*0ys — Y Oy + 4 0y
Yis(q) = y°0y0 +4°0 — 20,2 — y'0ys +y°0ys +y 05 — y 0y — Y 0yr
Yir(q) = =400 + 20 —y 02 + 9y 05 +y 0y — y 05 + Y 0y — y' 0y
Yss(a) = —y°0p0 + 520 —y' 02 + 300 — y 0y +1°0,5 — 40,0 + 30,7
Yor(q) = 4200 — 4’0 + 402 + y'0ys — y°0,7

Yor(q) = ylay“ - yoayl - y38y2 + y28y3 - 9581/4 + 9481/5 + y7ay6 - 968y7'

coarz=z

BASIC NOTATIONS

is the set of positive integer numbers

is the set of real numbers

is the set of complex numbers

is the set of quaternion numbers

is the set of the Caley numbers (octonions)

are smooth manifolds

is the tangent space at the point ¢ € M

is the cotangent space at the point ¢ € M

is the tangent bundle for a manifold M

is the cotangent bundle for a manifold M

are the canonical projections from T M, T*M to M

is the set of smooth vector fields on M

are smooth vector fields, elements of Vect(M)

is the unit circle

is the group of orientation preserving diffeomorphisms of S*
is the Virasoro-Bott group

is the Virasoro algebra

is a smooth distribution on M, horizontal sub-bundle of T'M
is a smooth co-distribution on M, smooth sub-bundle of T*M
is the set of annihilators of D, horizontal sub-bundle of T'M
is a Riemannian metric

is a sub-Riemannian metric related to the distribution D

is a sub-Riemannian co-metric related to the distribution D
is a curvature form of a horizontal distribution

is a connection form of a horizontal distribution

is the infinitesimal generator of a group acting on a manifold
is the Levi-Civita connection

is a Hamiltonian function

is the Hamiltonian vector field associated to a function H
are Lie groups

are Lie algebras

is the group of automorphisms of F

is the Lie algebra of endomorphisms of £

is a vector space and its dual
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- is the Euclidean inner product
(+,) is an inner product
(-,-) is a pairing between W and W*
{-,-} are Poisson brackets
[-,] is the commutator
|| - ||z is the Euclidean norm
Il - |l is the Heisenberg norm
dg is the Euclidean distance function
dy is the Heisenberg distance function
de—c is the Carnot-Carathéodory distance function
f|s is the restriction of the function f to the set S
grad f is the Riemannian gradient of a function f
gradp f is the sub-Riemannian gradient of a function f
R is the rolling map

Acknowledgment

It is not a duty, but a pleasure to thank the organizers of the school “Analysis - with
Applications to Mathematical Physics” in Géttingen, and in particular, Wolfram
Bauer, for the invitation, warm hospitality, an extraordinarily interesting school,
and the indispensable help in preparation of these notes.

I am grateful to the Analysis Group at the University of Bergen for the cre-
ative friendly atmosphere and the infinite source of ideas, questions and emotions.
Particularly, I would like to express deep gratitude to my co-authors with whom I
shared hard hours of work and lovely time of mathematical conversations.

Special sincere thanks to my lovely husband Alexander Vasiliev for his sup-
port of all my initiatives.

References

[1] J. F. Adams, Vector fields on spheres. Ann. of Math. (2) 75 (1962), 603—632.

[2] A. Agrachev, M. Caponigro, Controllability on the group of diffeomorphisms. Ann.
Inst. H. Poincaré. Anal. Non Linéaire 26 (2009), 2503-2509.

[3] A. Agrachev, Y. Sachkov, Control theory from the geometric viewpoint. Encyclope-
dia of Mathematical Sciences, 87. Control Theory and Optimization, II. Springer-
Verlag, Berlin, 2004. 412 pp.

[4] H. Airault, P. Malliavin, Unitarizing probability measures for representations of
Virasoro algebra. J. Math. Pures Appl. 80 (2001), no. 6, 627-667.

[5] 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.

[6] N. Arcozzi, A. Baldi, From Grushin to Heisenberg via an isoperimetric problem. J.
Math. Anal. Appl. 340 (2008), no. 1, 165-174.

[7] V. L. Arnold, Mathematical methods of classical mechanics. Translated from the
1974 Russian original by K. Vogtmann and A. Weinstein. Corrected reprint of the



Geodesics in geometry with constraints 157

second (1989) edition. Graduate Texts in Mathematics, 60. Springer-Verlag, New
York, 516 pp.

[8] J. C. Baez, The octonions. Bull. Amer. Math. Soc. (N.S.) 39 (2002), no. 2, 145-205.

[9] W. Bauer, K. Furutani, Spectral analysisand geometry of a sub-Riemannian struc-
ture on S* and S”. J. Geom. Phys. 58 (2008), 1693-1738.

[10] W. Bauer, K. Furutani, C. Iwasaki, Trivializable sub-Riemannian structures on
spheres. Bull. Sci. Math. 137 (2013), no. 3, 361-385.

[11] M. Bauer, D. Bernard, SLE martingales and the Virasoro algebra. Phys. Lett. B
557 (2003), no. 3-4, 309-316.

[12] M. Bauer, D. Bernard, Conformal field theories of stochastic Loewner evolutions.
Comm. Math. Phys. 239 (2003), no. 3, 493-521.

[13] A. Bellaiche, The tangent space in Sub-Riemannian geometry. in Sub-Riemannian
geometry Edited by André Bellaiche and Jean-Jacques Risler. Progress in Mathe-
matics, 144. Birkhduser Verlag, Basel, 1996. 393 pp.

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

[15] V. G. Boltyanskii, Sufficient conditions for optimality and the justification of the
dynamic programming method. STAM J. Control 4 (1966), 326-361.

[16] R. Bott, On the characteristic classes of groups of diffeomorphisms. Enseignment
Math. (2) 23 (1977), no. 3-4, 209-220.

[17] R. Bott, J. Milnor, On the parallelizability of the spheres. Bull. Amer. Math. Soc.
64 (1958), 87-89.

[18] R. Bryant, L. Hsu, Rigidity of integral curves of rank 2 distributions. Invent. Math.
114 (1993), no. 2, 435-461.

[19] F. Bullo, A. D. Lewis, Geometric control of mechanical systems. Modeling, analysis,
and design for simple mechanical control systems. Texts in Applied Mathematics,
49. Springer-Verlag, New York, 2005. 726 pp.

[20] O. Calin, D. C. Chang, P. Greiner, Geometric analysis on the Heisenberg group
and its generalizations. AMS/IP Studies in Advanced Mathematics, 40. American
Mathematical Society, Providence, RI; International Press, Somerville, MA, 2007.
244 pp.

[21] O. Calin, D. C. Chang, I. Markina, Geometric analysis on H-type groups related to
division algebras. Math. Nachr. 282 (2009), no. 1, 44-68.

[22] L. Capogna, D. Danielli, S. D. Pauls, J. T. Tyson, An introduction to the Heisenberg
group and the sub-Riemannian isoperimetric problem. Progress in Mathematics,
259. Birkh&user Verlag, Basel, 2007. 223 pp.

[23] M. P. do Carmo, Riemannian geometry. Mathematics: Theory & Applications.
Birkh&user Boston, Inc., Boston, MA, 1992. 300 pp.

[24] E. Cartan, Les systemes de Pfaff, a cing variables et les équations aur dérivées
partielles du second ordre. Ann. Sci. Ecole Norm. Sup. 27 (1910), no. 3, 109-192.

[25] C. H. Chang, D. C. Chang, B. Gaveau, P. Greiner, H. P. Lee, Geometric analysis

on a step 2 Grusin operator. Bull. Inst. Math. Acad. Sin. (N.S.) 4 (2009), no. 2,
119-188.



158 I. Markina

[26] D. C. Chang, I. Markina, Geometric analysis on quaternion H -type groups. J. Geom.
Anal. 16 (2006), no. 2, 266-294.

[27] D. C. Chang, I. Markina, A. Vasil’ev, Sub-Lorentzian geometry on anti-de Sitter
space. J. Math. Pures Appl. 90 (9) (2008), no. 1, 82-110.

[28] D. C. Chang, I. Markina, A. Vasil’ev, Sub-Riemannian geodesics on the 3-D sphere.
Complex Anal. Oper. Theory 3 (2009), no. 1, 44-68.

[29] D. C. Chang, I. Markina, A. Vasil’ev, Modified action and differential operators on
the 3-D sub-Riemannian sphere. Asian J. Math. 14 (3) (2010), no. 4, 439-474.

[30] Y. Chitour, F. Jean, E. Trélat, Genericity results for singular curves. J. Diff. Geom.
73 (2006), no. 1, 45-73.

[31] Y. Chitour, P. Kokkonen, Rolling Manifolds: Intrinsic Formulation and Controlla-
bility. arXiv:1011.2925

[32] Y. Chitour, P. Kokkonen, Rolling manifolds on space forms. Ann. Inst. H. Poincaré
Anal. Non Linéaire 29 (2012), no. 6, 927-954.

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

[34] P. Ciatti, Scalar products on Clifford modules and pseudo-H -type Lie algebras. Ann.
Mat. Pura Appl. 178 (2000), no. 4, 41-31.

[35] L. A. Cordero, P. E. Parker, Isometry groups of pseudoriemannian 2-step nilpotent
Lie groups. Houston J. Math. 35 (2009), no. 1, 49-72.

[36] M. Cowling, A. H. Dooley, A. Koranyi, F. Ricci, H-type groups and Iwasawa de-
compositions. Adv. Math. 87 (1991), no. 1, 1-41.

[37] D. Danielli, N. Garofalo, D. M. Nhieu, Sub-Riemannian calculus on hypersurfaces
in Carnot groups. Adv. Math. 215 (2007), no. 1, 292-378.

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

[39] C. A. Deavours, The quaternion calculus. Amer. Math. Monthly, 80 (1973), 995—
1008.

[40] J. Dou, P. Niu, J. Han, Polar coordinates for the generalized Baouendi-Grushin
operator and applications. J. Partial Differential Equations 20 (2007), no. 4, 322—
336.

[41] P. I. Dubnikov, S. N. Samborskii, Controllability criterion for systems in a Banach
space (Generalization of Chow’s theorem). Ukraine Math. J. 32 (1979), no. 5, 649—

653.
[42] J. J. Duistermaat, J. A. C. Kolk, Lie groups. Universitext. Springer-Verlag, Berlin,
2000. 344 pp.

[43] P. Eberlein, Riemannian submersion and lattices in 2-step nilpotent Lie groups.
Comm. Anal.Geom. 11, (2003), no. 3, 441-488.

[44] P. Eberlein, Geometry of 2-step nilpotent Lie groups. Modern dynamical systems
and applications,67-101, Cambridge Univ. Press, Cambridge, 2004.

[45] J. Escher, B. Kolev, and M. Wunch, The geometry of a vorticity model equation.
Commun. Pure Appl. Anal. 11 (2012), no. 4, 1407-1419.

[46] R. Friedrich, W. Werner, Conformal restriction, highest-weight representations and
SLE. Comm. Math. Phys. 243 (2003), no. 1, 105-122.



Geodesics in geometry with constraints 159

[47] R. M. Friedrich, The global geometry of stochastic Léwner evolutions. Probabilistic
approach to geometry, 79117, Adv. Stud. Pure Math., 57, Math. Soc. Japan, Tokyo,
2010.

[48] G. Frobenius, Uber die Pfaffsche probleme. J. fiir Reine und Agnew. Math 82 (1877),
230-315.

[49] G. B. Folland, A fundamental solution for a subelliptic operator. Bull. Amer. Math.
Soc. 79 (1973), 373-376.

[50] G. B. Folland, E. M. Stein, Hardy spaces on homogeneous groups. Mathematical
Notes, 28. Princeton University Press, Princeton, N.J.; University of Tokyo Press,
Tokyo, 1982. 285 pp.

[61] W. Fulton, J. Harris, Representation theory. A first course. Graduate Texts in Math-
ematics, 129. Readings in Mathematics. Springer-Verlag, New York, 1991. 551 pp.

[62] N. Garofalo, D. Vassilev, Strong unique continuation properties of generalized
Baouendi-Grushin operators. Comm. Partial Differential Equations 32 (2007), no.
4-6, 643-663.

[63] Z. Ge, Betti numbers, characteristic classes and sub-Riemannian geometry. Illinois
J. Math. 36 (1992), no. 3, 372-403.

[64] I. M. Gel'fand, D. B. Fuchs, Cohomology of the Lie algebra of vector fields on the
circle. Functional Anal. Appl. 2 (1968), no. 4, 342-343.

[65] V. Gershkovich, A. Vershik, Nonholonomic manifolds and nilpotent analysis. J.
Geom. Phys. 5 (1988), no. 3, 407-452.

[66] M. Godoy Molina, E. Grong, 1. Markina, S. Leite, An intrinsic formulation of the
rolling manifolds problem. J. Dyn. Control Syst. 18 (2012), no. 2, 181-214.

[67] M. Godoy, I. Markina, Sub-Riemannian geometry of parallelizable spheres. Rev,
Mat. Iberoam. 27 (2011), no. 3, 997-1022.

[58] M. Godoy, I. Markina, Sub-Riemannian geodesics and heat operator on odd dimen-
sional spheres. Anal. Math. Phys. 2 (2012), no. 2, 123-147.

[69] M. Godoy, A. Korolko, I. Markina, Sub-semi-Riemannian geometry of general H-
type groups. Bull. Sci. Math. 137 (2013), no. 6, 805-835.

[60] M. Godoy Molina, E. Grong, Geometric conditions for the existence of an intrinsic
rolling. arXiv:1111.0752

[61] M. Grochowski, Geodesics in the sub-Lorentzian geometry. Bull. Polish Acad. Sci.
Math. 50 (2002), no. 2, 161-178.

[62] M. Grochowski, Reachable sets for the Heisenberg sub-Lorentzian structure on R3.
An estimate for the distance function. J. Dyn. Control Syst. 12 (2006), no. 2, 145
160.

[63] M. Gromov, Carnot-Carathéodory spaces seen from within. in Sub-Riemannian ge-
ometry Edited by André Bellaiche and Jean-Jacques Risler. Progress in Mathemat-
ics, 144. Birkh&user Verlag, Basel, 1996. 393 pp.

[64] E. Grong, Controllability of rolling without twisting or slipping in higher dimensions.
SIAM J. Control Optim. 50 (2012), no. 4, 2462-2485.

[65] E. Grong, 1. Markina, A. Vasil’ev, Geometry with non-holonomic constraints on
infinite dimensional manifolds. arXiv:1201.2251.



160 I. Markina

[66] E. Grong, I. Markina, A. Vasil’ev, Sub-Riemannian structures corresponding to
Khlerian metrics on the universal Teichmller space and curve. 760 years of analytic
functions in Lublin”in memory of our professors and friends Jan G. Krzy?, Zdzis?aw
Lewandowski and Wojciech Szapiel, 97116, Monogr. Univ. Econ. Innov. Lublin,
Innovatio Press Sci. Publ. House Univ. Econ. Innov. Lublin, Lublin, 2012.

[67] V. V. Grusin, A certain class of hypoelliptic operators. (Russian) Mat. Sb. (N.S.)
83 (125) (1970), 456-473.

[68] K. Giirlebeck, W. Sprossig, Quaternionic and Clifford Calculus for Physicists and
Engineers. Chichester: John Wiley and Sons, 1997. 371 pp.

[69] E. Heintze, X. Liu, Homogeneity of infinite dimensional isoparametric submanifolds.
Ann. of Math. (2), 149 (1999), 149-181.

[70] M. R. Herman, Simplicité du groupe des difféomorphismes de classe C™, isotopes
a Uidentité, du tore de dimension n. (French) C. R. Acad. Sci. Paris Sér. A-B 273
(1971), A232-A234.

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

[72] K. Hiiper, F. Silva Leite, On the geometry of rolling and interpolation curves on S™,
SO, and Grassmann manifolds. J. Dyn. Control Syst. 13 (2007), no. 4, 467-502.

[73] K. Hiiper, M. Kleinsteuber, F. Silva Leite, Rolling Stiefel manifolds. Internat. J.
Systems Sci. 39 (2008), no. 9, 881-887.

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

[75] D. Husemoller, Fibre bundles. Third edition. Graduate Texts in Mathematics, 20.
Springer-Verlag, New York, 1994. 353 pp.

[76] D. D. Joyce, Riemannian holonomy groups and calibrated geometry. Oxford Grad-
uate Texts in Mathematics, 12. Oxford University Press, Oxford, 2007. 303 pp.

[77] A. Kaplan, Fundamental solutions for a class of hypoelliptic PDE generated by
composition of quadratics forms. Trans. Amer. Math. Soc. 258 (1980), no. 1, 147—
153.

[78] A. Kaplan, On the geometry of groups of Heisenberg type. Bull. London Math. Soc.
15 (1983), no. 1, 35-42.

[79] M. Khajeh Salehani, I. Markina, Controllability on infinite-dimensional manifolds.
arXiv:1209.1796

[80] B. Khesin, G. Misiolek, Fuler equations on homogeneous spaces and Virasoro orbits.
Adv. Math. 176 (2003), no. 1, 116-144.

[81] B. Khesin, R. Wendt, The geometry of infinite-dimensional groups. A Series of
Modern Surveys in Mathematics [Results in Mathematics and Related Areas. 3rd
Series.], 51. Springer-Verlag, Berlin, 2009. 304 pp.

[82] A. A. Kirillov, The orbits of the group of diffeomorphisms of the circle, and local
Lie superalgebras. (Russian) Funktsional. Anal. i Prilozhen. 15 (1981), no. 2, 75-76.

[83] A. A. Kirillov, Geometric approach to discrete series of unirreps for vir. J. Math.
Pures Appl. 77 (1998), 735-746.

[84] A. A. Kirillov, D. V. Yuriev, Representations of the Virasoro algebra by the orbit
method. J. Geom. Phys. 5 (1988), no. 3, 351-363.



Geodesics in geometry with constraints 161

[85] A. A. Kirillov, Kdhler structures on K-orbits of the group of diffeomorphisms of a
circle. Funct. Anal. Appl. 21 (1987), no. 2, 42-45.

[86] A. A. Kirillov, D. V. Yur’ev, Kdihler geometry and the infinite-dimensional homoge-
nous space M = Diff  (S*)/Rot(S"). Funct. Anal. Appl. 21 (1987), no. 4, 284-294.

[87] A. W. Knapp, Lie groups beyond an introduction. Second edition. Progress in Math-
ematics, 140. Birkh&user Boston, Inc., Boston, MA, 2002. 812 pp.

[88] A. Korényi, Geometric properties of Heisenberg-type groups. Adv. in Math. 56
(1985), no. 1, 28-38.

[89] A. Kordnyi, H. M. Reimann, Quasiconformal mappings on the Heisenberg group.
Invent. Math. 80 (1985), no. 2, 309-338.

[90] A. Korolko, I. Markina, Nonholonomic Lorentzian geometry on some H-type groups.
J. Geom. Anal. 19 (2009), no. 4, 864-889.

[91] A. Korolko, I. Markina, Geodesics on H-type groups with sub-Lorentzian metric and
their physical interpretation. Comp. Anal. Oper. Theory. 4 (2010), no. 3, 589-618.

[92] A. Korolko, I. Markina, Semi-Riemannian geometry with nonholonomic constraints.
Taiwanese J. of Math., 15 (2011), no. 4, 1581-1616.

[93] A. Kriegl, P. W. Michor, The convenient setting of global analysis. Mathemati-
cal Surveys and Monographs, 53. American Mathematical Society, Providence, RI,
1997. 618 pp.

[94] Yu. S. Ledyaev, On an infinite-dimensional variant of the Rashevski-Chow theorem.
Dokl. Akad. Nauk 398 (2004), no. 6, 735-737.

[95] E. B. Lee, L. Markus, Foundations of optimal control theory. John Wiley & Sons,
Inc., New York-London-Sydney 1967. 576 pp.

[96] L. Lempert, The Virasoro group as a complex manifold. Math. Res. Lett. 2 (1995),
no. 4, 479-495.

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

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

[99] I. Markina, A. Vasil’ev, Virasoro algebra and dynamics in the space of univalent
functions. Five lectures in complex analysis, 85116, Contemp. Math., 525, Amer.
Math. Soc., Providence, RI, 2010.

[100] J. Marsden, A. Weinstein, Reduction of symplectic manifolds with symmetry. Rep.
Mathematical Phys. 5 (1974), no. 1, 121-130.

[101] K. R. Meyer, Symmetries and integrals in mechanics. Dynamical systems (Proc.
Sympos., Univ. Bahia, Salvador, 1971), pp. 259-272. Academic Press, New York,
1973.

[102] P. W. Michor, D. Mumford, Riemannian geometries on spaces of plane curves. J.
Eur. Math. Soc. (JEMS) 8 (2006), no. 1, 1-48.

[103] P. W. Michor, D. Mumford, An overview of the Riemannian metrics on spaces of
curves using the Hamiltonian approach. Appl. Comput. Harmon. Anal. 23 (2007),
no. 1, 74-113.



162 I. Markina

[104] P. W. Michor, D. Mumford, J. Shah, L. Younes, A metric on shape space with
explicit geodesics. Atti Accad. Naz. Lincei Cl. Sci. Fis. Mat. Natur. Rend. Lincei
(9) Mat. Appl. 19 (2008), no. 1, 25-57.

[105] R. L. Mills, C. N. Yang, Conservation of isotopic spin and isotopic gauge invariance.
Phys. Rev. 96 (1954), p. 191.

[106] J. Milnor, Morse theory. Annals of Mathematics Studies, No. 51 Princeton Univer-
sity Press, Princeton, N.J. 1963. 153 pp.

[107] J. Milnor, D. Husemoller, Symmetric bilinear forms. Ergebnisse der Mathematik
und ihrer Grenz-gebiete, Band 73. Springer-Verlag, New York-Heidelberg, 1973.
147 pp.

[108] J. Milnor, Remarks on infinite-dimensional Lie groups. Relativity, groups and topol-
ogy, II (Les Houches, 1983), 1007-1057, North-Holland, Amsterdam, 1984.

[109] R. Montgomery, Abnormal minimizers. SIAM J. Control Optim. 32 (1994), no. 6,
1605-1620.

[110] R. Montgomery, A survey of singular curves in sub-Riemannian geometry. J. Dy-
nam. Control Systems 1 (1995), no. 1, 49-90.

[111] 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.

[112] R. Monti, The regularity problem for sub-Riemannian geodesics. Springer, INDAM
Series, 2013.

[113] T. Nagano, Linear differential systems with singularities and an application to tran-
sitive Lie algebras. J. Math. Soc. Japan 18 (1966), 398—404.

[114] A. Nagel, E. M. Stein, S. Wainger, Balls and metrics defined by vector fields. I.
Basic properties. Acta Math. 155 (1985), no. 1-2, 103-147.

[115] J. Nash, The imbedding problem for Riemannian manifolds. Ann. of Math. 63
(1956), no. 2, 20-63.

[116] H. Omori, Infinite-dimensional Lie groups. Translated from the 1979 Japanese orig-
inal and revised by the author. Translations of Mathematical Monographs, 158.
American Mathematical Society, Providence, RI, 1997. 415 pp.

[117] B. O'Neill, Semi-Riemannian geometry. With applications to relativity. Pure and
Applied Mathematics, 103. Academic Press, [Harcourt Brace Jovanovich, Publish-
ers], New York, 1983. 468 pp.

[118] A. Pressley, G. Segal, Loop groups. Oxford Mathematical Monographs. Oxford Sci-
ence Publications. The Clarendon Press, Oxford University Press, New York, 1986.
318 pp.

[119] P. K. Rashevskil, About connecting two points of complete nonholonomic space by
admissible curve. Uch. Zapiski Ped. Inst. K. Liebknecht 2 (1938), 83-94.

[120] F. Ricci, The spherical transform on harmonic extensions of H-type groups. Differ-
ential geometry (Turin, 1992). Rend. Sem. Mat. Univ. Politec. Torino, 50 (1992),
no. 4, 381-392.

[121] M. Ritoré, A proof by calibration of an isoperimetric inequality in the Heisenberg
group H". Calc. Var. Partial Differential Equations 44 (2012), no. 1-2, 47-60.



Geodesics in geometry with constraints 163

[122] M. Ritoré, C. Rosales, Area-stationary and stable surfaces in the sub-Riemannian
Heisenberg group H'. Mat. Contemp. 35 (2008), 185-203.

[123] A. A. Sagle, R. E. Walde, Introduction to Lie Groups and Lie Algebras. Pure and
Appl. Mathematics, 51. Academic Press, New York-London, 1973. 361 pp.

[124] A. C. Schaeffer, D. C. Spencer, Coefficient Regions for Schlicht Functions (With a
Chapter on the Region of the Derivative of a Schlicht Function by Arthur Grad).
American Mathematical Society Colloquium Publications, Vol. 35. American Math-
ematical Society, New York, 1950.

[125] R. W. Sharpe, Differential geometry. Cartan’s generalization of Klein’s Erlangen
program. Graduate Texts in Mathematics, 166. Springer-Verlag, New York, 1997.
421 pp.

[126] I. M. Singer, J. A. Thorpe, Lecture notes on elementary topology and geometry.
Undergraduate Texts in Mathematics. Springer-Verlag, New York-Heidelberg, 1976.
232 pp.

[127] R. S. Strichartz, Sub-Riemannian geometry. J. Diff. Geom. 24 (1986), 221-263;
Correction, ibid. 30 (1989), 595-596.

[128] H. J. Sussmann, Orbits of families of vector fields and integrability of distributions.
Trans. Amer. Math. Soc. 180 (1973), 171-188.

[129] J. T. Tyson, Sharp weighted Young’s inequalities and Moser-Trudinger inequalities
on Heisenberg type groups and Grushin spaces. Potential Anal. 24 (2006), no. 4,
357-384.

[130] J. Vick, Homology Theory: An Introduction to Algebraic Topology. Graduate Texts
in Mathematics, Vol 145. Springer-Verlag New York, 1994.

[131] F. W. Warner, Foundations of differentiable manifolds and Lie groups. Graduate
Texts in Mathematics, 94. Springer-Verlag, New York-Berlin, 1983. 272 pp.

[132] J. A. Zimmerman, Optimal control of the sphere S™ rolling on E™. Math. Control
Signals Systems 17 (2005), no. 1, 14-37.

Irina Markina
Department of Mathematics, University of Bergen, Norway
e-mail: irina.markina@uib.no



