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1 Introduction

Cartan geometries are a solution to the very general question: what is a geometric
structure? Riemannian geometry, conformal geometry and projective geometry are
examples of geometric situations.

The mindset is the following. A Cartan geometry should first be a manifold with
an homogenous space attached to each point. For instance in Riemannian geometry
each point has an attached Euclidean space by equipping the tangent space with the



Riemannian metric. This data is then equipped with a Cartan connection explaining
how the homogeneous spaces are infinitesimally connected.

When one has two different Cartan geometries, one can ask if they are equivalent.
For instance, when are two Riemannian manifold isometric or at least locally isometric?
This is a deep question known under the general name of the equivalence problem. In
Riemannian geometry, the differential system g =} dxl? asks wether the space is locally
euclidean. It is the case if, and only if, a curvature tensor vanishes. Cartan geometries
give a similar procedure for all the geometries: a curvature tensor vanishes if, and only
if, the space is locally homogeneous.

But when the curvature is not zero, the equivalence problem is harder to solve. What
is the meaning of two curvature on two different spaces being equal? Cartan’s method
for the equivalence problem is a general procedure to study and solve this problem in
many situations. An important example is given by the class of the symmetric spaces:
those are the Riemannian spaces that are not flat but have a parallel curvature tensor.
With Cartan’s method one can verify when two spaces with this property are locally
equivalent or not.

In this course, we will describe Cartan geometries and introduce the local equiva-
lence problem between geometric structures. The main global problem we will deal
with is the classification of smooth Anosov flows on a compact three manifold and,
more generally, of non-compact automorphisms groups acting on a compact manifold
preserving a contact distribution and two transverse lines contained in the contact
plane at each point of the manifold.



2 Frobenius theorem, Pfaff equations and Cartan’s method

A distribution is a subbundle of the tangent bundle. We describe in this section criteria
in order to obtain submanifolds tangent to a distribution. The main result is Frobenius
theorem which is the foundation for all these integration criteria.

2.1 Frobenius theorem

A reference for this section is [Wa; Sp]. The basic theorem which is the foundation
of the theory is the existence of a local flow defined by a vector field. It is a natural
generalization of the following example.

Example 1 With mild regularity conditions (for instance C') a vector field on the real
line can be locally integrated. Let X = a(x)% such a vector field. A solution of the
Cauchy problem f/ = X(f;) with initial condition f; = x has a maximal solution defined
on an open interval (ay, bx) where a, or b, could be infinite. For instance, the field

0
X=x*=
xéx

can be integrated to f; = =. If x = 0 the solution is defined on the whole real line.

Otherwise solutions are defined on intervals defined by 7x # 1.
Theorem 2.1 (Local flow). Let X be a C' vector field on a manifold M. There exists

an open set A={ (t,x) | ay < t < by} c Rx M and a function ¢ : A — M (we write
¢(t,x) = p(x)), such that:

1. ¢ =1id (so, in particular, a, <0 < by),

2. ¢(x), for t € (ay, by), is the maximal solution of the equation % = X(¢p;(x))

with the initial condition ¢y (x) = x.

We will also use the time-dependent version of the local flow. That is, for a vector
field X;(x) which depends on time defined on an open subset 2 < R x M there exists a
local solution ¢; (£, xo) to the equation

dep¢ (1o, Xo)
dt
with initial condition ¢ (£, X9) = Xo.
The flow box theorem gives a local normal form for a vector field (we say we linearize
the vector field in local coordinates) on a manifold:

= X (P (19, X0)) (1)



Theorem 2.2 (Flow box). Let X be a C' vector field on a manifold M. For each x € M
there exists an open set U c M containing x and a chartp: U — R" ={(x1,---, x,)|x; € R}
such that (x) =0 and ¢ (X) = 6671.

Proof. Observe first that the flow lines do not intersect. The idea then is to follow the
flow starting from a hypersurface transverse to the vector field at the point x. The time
will be the first coordinate of an adapted chart.

One can always choose a chart ¥ : V — ¥(V) on a neighborhood V of x so that
w(x) =0 and . (X(x)) = 6671. Consider the hypersurface containing x defined by

w0, X2, -+, x,,)) with (0, X, -+, X,) € w(V). The existence of the flow implies that for
arelatively compact U c V, there exists € > 0 such that the flow is defined on (—¢,¢) x U.

Define then o (x1, x2,- -+, Xn) = ¢y, (w_l(((), X2,-++,Xp))), the flow at time x; starting at
the point 1//_1 ((0, x2,-++,xp)). On a perhaps smaller neighborhood one can invert o to

obtain a chart satisfying the condition of the theorem. Indeed:
o (i(x X ))—i¢ W '(0,x2,++, Xn)) )

* ax1 1) n _dt xlw y A2y yAn

= X(px, @10, x2,++, X)) 3)
=Xoo(x1,...,Xp). 4)
O

Should be an exercise:
In two real dimensions, one can improve the flow box theorem to obtain that two
given vector fields can be normalized to be along coordinates of a chart:

Proposition 2.3. Let X, and X, be C! vector fields on a two dimensional manifold M
which are linearly independent at every point. For each x € M there exists an open set
U c M containing x and a chart ¢ : U — R? = {(x1, x2)|x; € R} such that ¢(x) = 0 and
P+ (X1) € (G and . (X2) € (2.

Proof. We may suppose that there is a chart ¢ : V — ¥ (V) on a neighborhood V of x
so that ¢(x) =0 and . (X;(x)) = % and v, (X2 (x)) = &. The proof of the previous
theorem shows that there exists a neighborhood U of x such that each point y € U
is in a unique integral line of X; passing through a point (0, x2(y)) and a unique
integral line of X, passing through a point ! (x;(y),0). The map ¢ : U — R? defined
by y — (x1(), x2(y)) is C 1 with d¢(x) = id. This defines a coordinate chart in perhaps a
smaller neighborhood. O

Distributions on a manifold, that is, subbundles of the tangent bundle are examples
of geometric structures. In the following, for simplicity, we assume that a distribution
D c TM is of constant rank.



Definition 2.4. Let D be a distribution on a manifold M. We say that a submanifold
¢ : N — M is an integral manifold of D if d¢p(T,N) c D(¢p(x)) forall x € N.

An important problem is to give conditions so that the dimension of the integral
manifold coincides with the rank of the distribution. If this is the case, any vector field
contained in the distribution will be tangent to an integral manifold and therefore the
Lie bracket of any two vector fields contained in the distribution will also be contained
in the distribution.

Definition 2.5. We say a distribution D generated by vector fields {Xy,---, X,,} defined on
an open set U of a manifold is involutive if for all i and j, [X;, X;] is a vector field in the
distribution.

We can state now the main theorem of this section.

Theorem 2.6 (Frobenius). Let M be an m-dimensional manifold and D a C' distribution
of rank n. Then D is involutive if and only if for every x € M there exists a coordinate
chart (xy1,---, xm) such that D is generated by aixi,for l<isn.

Proof. The case n =1 is precisely the content of the flow-box theorem. The idea of the
proof for n > 1 is to linearize one of the generating vector fields around x and then chose
a hyperplane transversal to this field at x to obtain a distribution of rank n —1 on it and
then use induction.

Let us start with generating vector fields (aixl’ X>, -+, X;,) where we linearized the
first field in a coordinate system (xy, y», - - V) which we can suppose to be centred at
0. Here, in order to simplify notations we write % for the vector field on the manifold
defined by the corresponding vector field in the chart. The distribution D induces a
distribution D’ of rank n — 1 on the codimension one submanifold N passing through 0
defined by x; = 0: the distribution D' is generated by

Xi=Xi—Xi () (5)
6x1

for 2 < i < n. Indeed, these vectors are tangent to the transverse submanifold because
X;(x1) = 0. One proves that this distribution is an involutive distribution (exercise). Here,
for simplicity, we suppose that 7 = 2 and therefore the induced distribution is generated
by a vector field in N. Using the flow-box theorem again, there exists a neighborhood
of 0 in N with coordinates (w»,---, w;,,;) such that Xé = %. We claim the adapted
coordinates on a neighborhood of 0 in M are

(X1, Xm) = (X1, W2 0T, ++, Wy ©T) (6)



where 7 is the projection to NV along the orbits of 6%1 (in coordinates we have 7 (xy, y2, - ym) =
(¥2,+-¥m)). Firstobserve that, for i > 1, X7 (x;) = X (w;om(x1, 2, - ym)) = X3 (Wi (y2,- Ym))
and therefore by definition of the coordinate chartin NN, at points in N we have Xé (x;)=0

for i > 2 along N. We need to show that Xé (x;) =0, for i > 2, at all points in a whole
neighborhood of the origin. For that sake we compute

0
_X2

o (x:) ()

O rixy=xt 2%,
dxl 2 20)61

which, because the distribution is involutive, can be written as

9 10 =%, 25 4 a2 (e + an X 8)
axl 2 zéxl 16)61 ! 2020

for two functions a; and a,. The first two terms in the right side are clearly null. We
obtain then the differential equation

0
a_xlle(xi) = deé(xi)- 9)
For each i > 2, this is a first order ordinary differential equation with initial condi-
tion X, (x;) = 0 at a point (0, X2, - Xp,). By unicity, X, (x;) = 0 for all (x1,x2,---xp,) in a
neighborhood of the origin. O

Remark 2.7. We proved that a distribution is involutive if and only if for each y € M there
exists an integral manifold of maximal dimension equal to the rank of the distribution
passing through y. In local coordinates defined by Frobenius theorem the integral mani-
folds are given locally by (xy,-+,Xp) = (X1, , Xn, X0, -+ Xo), where x, forn < i < m,
are constants. In fact, one can prove that there exists a unique maximal connected integral

manifold passing through y (see [Wa]).

2.2 Differential ideals and the equivalence problem
2.2.1 Differential ideals and Frobenius theorem

The formulation of Frobenius theorem using differential forms makes computations
simpler. For this reason we introduce introduce in this section the notion of differential
ideals which will correspond to involutive distributions. Remark, indeed, that if a is a
1-form that annihilates a distribution then, since

da(X,Y) = X(a(Y))-Y(aX) -allX, YD, (10)



da vanishes on the distribution if, and only if, [ X, Y] also belongs to the distribution.

Let M be an n-dimensional manifold and Q* (M) be the set of smooth sections of
the space AT* M, the graded algebra of the exterior powers of the cotangent bundle.
The space Q* (M) is the space of all the differential forms of M.

Definition 2.8. An algebraic ideal I c Q* (M) is an ideal for the exterior algebra.

Definition 2.9. A differential ideal (we will denote it by EDI) I c Q* (M) is an homoge-
neous ideal for the exterior algebra which is closed under exterior derivative.

Here, homogeneous ideal means thatifa € I and a = al+---+aPisits decomposi-
tion with a’ € Q{(M) for0<i< p then al e Iforalli.

The (algebraic) ideal in Q* (M) generated by a 1-form 6 is given by all multiples of
this form by functions on the manifold. The differential ideal generated by a 1-form
0 consists of all combinations of 8 and df. Ideals of this type are studied in Pfaff’s
problem.

A simple case is the ideal generated by a unique closed form. A particular local
description of this ideal, which is simply all multiples of the closed form, is obtained
invoking Poincaré’s lemma.

Lemma 2.10. For any closed (p + 1) -form a there exits locally a p-form 5 such that
a=dg. (11)

Definition 2.11. Let I be a differential ideal. An integral submanifold is an immersion
¢: N— M such thatp*w =0 foranyw e I.

The most natural example of ideals in Q* (M) arises as the ideal I of forms which
annihilate a distribution D.

There is a correspondence between the distribution D and the ideal Ip. If the
distribution is given by k fields, we chose a coordinate system such that at a fixed point
the 1-forms dx!,---,dx* restricted to the distribution are independent, that is, they are
dual to a basis of the distribution at that point. They will then be clearly independent
ona ne_righborhood. One can write, restricted to the distribution, for k + 1< j<n, dx/ =
Zle cl! dx’. Therefore one gets (n — k) independent forms dx/ - Zle c{ dx! vanishing
on the distribution.

The ideal Ip is a differential ideal if, and only, if the distribution is involutive and
Frobenius theorem is stated in this language as the following.!

See E Warner, Foundations of differentiable manifolds and Lie groups.



Theorem 2.12 (Frobenius). Let I be a differential ideal locally (algebraically) generated
by (n— p) independent 1-forms. Then, for each x € M, there exists a unique maximal (of
dimension p) connected integral manifold of I passing through x.

In fact, it suffices that the 1-forms in the statement be of regularity C!.

Example 1 If the algebraic ideal is generated by a single 1-form 6, then being a differ-
ential ideal means that df = 0 A w, for w a 1-form. (Hence d0 A6 =0.)

Exercise Prove thatif 0(x) # 0 and 6 A dO = 0 then, at a neighborhood of x, there exists
a l-form such thatdfd =0 A a.

Example 2 If the ideal is generated by the 1-form dy — pdx and dp — F(x,y, p)dx in
R3 we obtain one dimensional integral submanifolds which correspond to solutions of
a second order differential equation.

Example 3 A partial differential equation of the form

[

Flxj,u,—|=0 (12)
axi

with 1 < i < n and with certain regularity conditions, can be translated into the problem

of finding integral submanifolds to the ideal generated by du — p; dx; restricted to the

submanifold defined by the function F(x;, u, p;) = 0 in R?"**1,

Exercise Consider M = R” x R” with coordinates (x, y) = (x1,**+,Xn, Y1, » Ym). For
each fixed y = (y1, -+, ym) € R, let 1 : R” — R be the canonical embedding. Let w' be
1-forms on M such that 1*w’ algebraically generate a differential ideal for each fixed
y € R™. Then the (algebraic) ideal generated by o’ and dyjforl< j<malsoisa
differential ideal.

2.2.2 Characteristic distributions

Frobenius theorem for differential ideal, as in 2.12, says that if a differential ideal is
algebraically generated by (n — p) independent one forms then one can find a local coor-
dinate system (x',---, x”, y',---, " P) such thatitislocally generated by dy,---,dy" V.
The distribution defined locally by y’ = constant is the Frobenius distribution which
is, at each point, dual to the subspace in the cotangent space defined by these forms.



To a differential ideal I one may associate a distribution Dj, called the characteristic
distribution (definition 2.13). If it is of constant rank then one proves it is an involutive
distribution. We call 67, the Cartan system, its dual space in the cotangent space at each
point. It turns out (retraction theorem) that the exterior algebra of the Cartan system
contains generators of the differential ideal and one can write generators of the exterior
differential system using forms on the algebraic ideal generated by %6;. This allows
us to reduce the number of variables used in the description of the system analogous
to the case in Frobenius theorem. Indeed, theorem 2.18 establishes that there exists
generators of the ideal I which only depend on the the y-coordinates associated to the
characteristic distribution.

Definition 2.13. Let I be a differential ideal. The characteristic distribution is defined by
Di(x)={veT M|, I, c I}. (13)
We say that the differential ideal is non-singular if the distribution is of constant rank.

Here I, is the ideal in A} M obtained by evaluating all elements of I at x.

Example In the particular case of a differential ideal generated by only one closed
2-form a the characteristic distribution is given by

D={veTM|i,a=0}. (14)

For instance, in R”, the ideal generated by the two form dx! Adx? +--- + dx?P~1 A dx??

has characteristic distribution of dimension n—2p generated by the vectors -2, 2p+1 <

) axi’
i<n.

More generally, one defines the rank of a 2-form « to be the number p satisfying
a? #0 and a”*! = 0. If the rank is constant the differential ideal generated by a closed
two form is non-singular of dimension n —2p. This can be seen using a normal form of
the 2-form as above at each point.

We can now state Cartan’s result on the integrability of the characteristic distribu-
tions.

Lemma 2.14. The characteristic distribution of a non-singular differential ideal is an
involutive distribution.

Proof. Let I be a differential ideal. From Cartan’s formula Ly = dotx + tx o d we obtain
that if X is characteristic then Lx I < I. Suppose now that X and Y are two characteristic
vector fields. From the formula (see equation 47 and Proposition 3.10, pg. 35, in [KoN])

Lxty =ty Ly =ty (15)

10



we that if X and Y are characteristic then [X, Y] is characteristic. O

Definition 2.15. The annihilator of the characteristic distribution Dy,
Cr(x)={0eT,M|0(v)=0veD;}
is called the Cartan system of 1.

The Cartan system describes, at each point, the smallest subspace of Ty M whose
exterior algebra contains generators of the ideal I(x). Although we state it for differential
systems, it is a purely algebraic result valid in the context of an ideal contained in an
exterior algebra.

Theorem 2.16 (retraction theorem). Let I be a non-singular EDI on a manifold M and
€ its Cartan system. Then there exists a set of elements of A* €| which algebraically
generate I. Moreover, €] is the smallest involutive differential system satisfying this

property.

Proof. 1. Suppose J c Ty M is a subspace such that A* J contains generators of I(x).
Then we claim that €;(x) c J. Indeed, if v € J* and a € I(x) then one can write
a =) a; A B; with B; € A* ] generating I(x). Therefore t,a =Y 1,a; A B; € I(x) so
that v € D(x) so J* c D;(x) and we conclude that €; c J.

2. Suppose that A*6;(x) does not contains all generators of I(x) and let 6 € I(x) be
a minimal degree element which is not in A*6;(x). If v € D;(x), then 1,0 € I(x) is
of lower degree and therefore it belongs to the ideal generated by €;(x).

Let (e;)1<i<p be a basis of D(x) and complete it to a full basis of T, M. Let 0% be
the dual basis of T; M. Observe that the form 6 — 0! A t,,0, if written in the basis
(0, does not have 6! in its developmentz. One can eliminate, in this way, all
terms containing 6’ for 1 < i < p. We obtain then a form in A*%;(x) which shows
that 6 itself is in this space.

O

Example Consider the differential ideal generated by a 1-form 6. The characteristic
distribution is given by

D={veTM|1,0 =0,1,d0 € (0) }. (16)

For instance, in R”, the ideal generated by the 1-form dax?Prl 4 xPHdx! + .-+ x2P dxP

has characteristic distribution of dimension n—2p — 1 generated by the vectors %,

ZFor instance, if = 0! A 6% + 6% A 03 then 6! A 1,0 = 0! AG?

11



2p+2 < i < n. Indeed, observe that in this case, if 1,0 = 0, 1,d0 € () if and only if
1,df =0.

Suppose that 8 does not vanish on a neighborhood of a point. The condition, for v
such that(,0 =0, 1,df €< 0 > is then equivalent to (,d0 A G = 0.

More generally we have the following.

Lemma2.17. Let0 be a 1-form. Suppose that there exists a number p satisfying d0” A0 #
0 and dOP*! A0 = 0 at each point. Then the differential ideal generated by the 1-form is
non-singular with the characteristic distribution of dimension n—2p — 1.

Remark that in the case p = 0, the differential system is involutive and the character-
istic distribution coincides with the distribution ker6.

In order to prove the claim, first observe that d6” A 8 # 0 implies that the ideal
generated by 6 and df has characteristic variety of dimension less than or equal to
n—-2p—1, because 2p + 1 is the degree of a non-vanishing form in the ideal (which
has generators in the annihilator of the characteristic distribution by the retraction
theorem).

Consider now the map I:kerf — T; M/ <6 > given by the composition of ¢ : ker6 —
T M (defined by ((v) = ¢, df) and the projection Ty M — T; M/(0). Then, by definition,
the characteristic distribution coincides with D = ker I. Also, clearly we have the identity
dimker I + dimIm1I = n—1 as 6 is non-vanishing. Now, observe that 0 = 1,(d0”*! A 0) =
(p+1)1,d0 AdBP A 6. Considering the product ¢, d8 A d6” in the exterior algebra of
T¢ M/ < @ > we therefore obtain that dimIm I < 2p as df” is non-vanishing of degree
2p in the exterior algebra of T M/ < 0 >. This implies that dimker/ = n—1-2p and we
conclude thatdimD =n—-2p—1.

The generalization of Frobenius theorem to EDI is obtained in the following theorem.
It identifies the Cartan system associated to an ideal as giving the relevant coordinates
of the EDI. It shows that the retraction theorem can be implemented with generators
which depend only on a set of variables transverse to the foliation by the characteristic
distribution.

Theorem 2.18. Suppose I is a EDI such that €y is of constant dimension n— p. There
exists local coordinates (x',---,xP,y',---,y""P) such that dy',---,dy"" P generate 6;
such that I is generated by forms which depend only on the variables y',1 < i <n-p.

Proof. 1. Frobenius theorem guarantees a coordinate system (x!,--o xP, y1 oo yP)
such that, at each point, €;(x) has the basis (dy")1<ij<n- p- The retraction theorem
implies that there are generators of I in A*%;. We have to make sure that one can

12



choose generators of I which depend only on the y-coordinates and do not have
any dependence on the x-coordinates.

. Suppose that I is not the full exterior algebra A* M. We may then write a decompo-
sition of the ideal in homogeneous components, starting with degree one forms,
I=T'+1%+-. Let (¢*) be a basis of 1-forms of I'. Our goal is to find a basis (¢'%)

such that L 5_ (/) =0,for1<j<pandall k. From s ¢* =0 we have, for a fixed
ax/ oxJ
b

k k k pl
Lo ¢ :%mp =) a;¢’,
x l

oxJ

for functions a}“l (x,¥). Anew basis is defined by
¢*=32/¢"
r

where the functions zf form a basis (indexed by r) of the space of functions
satisfying the first order ordinary differential system (here j is fixed)

dzk
= Za z.
ax] i ]l

Indeed, we compute }; a;?lcpl =
L“p Z ¢”+szL ¢ = zzaﬂzrwim ¢

k pl k I
= a;' + z'La¢".
i r oxJ

Therefore ), sz o ¢'" =0 and the result follows as (zf) is invertible. By the
]

same argument apphed consecutively to each 7 we finally obtain a new basis
satisfying L_s ¢p* =0 for all j.

oxJ

. Now suppose each I’, for r < g, has generators defined with the y-variables.
Consider a basis (%) n of 19 modulo the ideal J9~! generated by all I", for r < g.

From (_o_y* € J97! we have, modulo J97},
oxJ

Lal// _ladw Zb]ll,[/

13



By the same argument as in the case of 1-forms we obtain finally a basis (1'~)
which satisfies
Lo y™ =0

oxJ

modulo J77!. This implies that
1k _ k k
L%W =)n FRACHT
% k

with 17’]? € J9-1 forms which depend only on the y-variables.

We define now forms 0}“ such that L 5 6}“ = w;? (see proposition 2.31). Then
axJ

y''k :w’k—zkn’;. /\19;.C satisfyLijw’]fk =0.
ox

We repeat the same argument for each % to obtain then a basis which depends
only on the y-coordinates.
O

2.2.3 The equivalence problem

The equivalence problem in its simplest form is the following. Let M; and M, be
manifolds of the same dimension n and {wi} and {wé} be coframe sections, thatis, n
independent 1-forms (at every point of the manifold). Does there exist a diffeomorphism

w: My — M, such that y* 0} = w! ? (17)

To answer that question Cartan used the graph method. The idea is to find the
map v by its graph in M; x M. The graph is obtained as an integral submanifold of
a differential ideal. In the following theorem we might have manifolds M; and M> of
different dimensions.

Theorem 2.19. Let M, and M, be manifolds and ,, 7, be the projections of My x M,
onto My and M, respectively. Let (w})1<i<n be a basis of 1-forms of M and (w})1<i<n be
a family of forms M, respectively. If the ideal of forms on M x M, generated by

7wt () - 15 (wh) (18)

is a differential ideal then, for each pair (x,y) € My x My, there existsa map ¢ : U — My,
defined on a neighborhood of x, such that ¢(x) = y and

¢* (W) = w!. (19)
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Proof. The generating 1-forms are linearly independent because wé are linearly in-
dependent. By Frobenius theorem, there exists a unique maximal submanifold G of
dimension n containing a point (x, y) € M} x M, which is an integral submanifold of the
differential ideal.

We show now that the submanifold is locally a graph. Consider a vector (vy, v,) €
TGcTM; x TM,. If (1)« (v1, v2) =0 then v; = 0 and therefore

7 (@) (01, v2) = 0} (1)« (v1, 12)) = 0 (20)

which implies (because G is an integral submanifold of the ideal) that 7 wé(vl, ) =0.
We conclude that v, = 0. Therefore T(y ;)G is isomorphic to Ty, M; and 7, is a local
diffeomorphism.

Let F: U — G be alocal inverse of ;. We have that F(m) = (m, ¢(m)) for a certain
function ¢p: U — Mj(thatis ¢ = mp0 F). Moreover, as 7t} (wi) -7, (wé) =0 on G, we obtain
F*(n} () — 73 (w))) = 0 and therefore w! = ¢* (wl). O

Remark In the theorem, if (wi)ls i<n generates T* M, then ¢ is an immersion. If fur-
thermore the dimension of M is n then the map ¢ is a local diffeomorphism.

Example As a first example we show how Poincaré’s lemma can be proved using
Theorem 2.19 . We let 0 be a closed form defined on M; and dx be the canonical form
on M, = R. Then 7] (0) — 75 (dx) generates a differential system. Therefore for any
(x,y) € M; xR, there exists a map ¢ : U — R, defined on a neighborhood of x, such that
¢(x) = yand ¢*(dx) = 0. Thatis 0 = d¢.

Example One special case occurs if we suppose that the coframes in M; and M, (which
we suppose of the same dimension) both verify the same differential equation with
constant coefficients:

do' = c}kwj Awk, 21)
with c;. ;. constant numbers shared by both M; and M,. Here we use Einstein convention
of sum of repeated indices. In order to show that the coframes are equivalent we verify

that the algebraic ideal generated by nfwi — 7, wé is a differential ideal:

d(ni‘wi - ﬂgwé) =7} (dw!) - 75 (dob) (22)
=7y (C]i'kw{ A w’f) -7, (c;:kwé A a)g) (23)
= c;k(nf(w{ Awt) -7} (wé/\wéc)) (24)

' ' k ' k k
c}k((nfw{—n;wé)/\ﬂ’fwl —n;a)]/\(n;wz—nfwl)) (25)
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so that the ideal is differential and M; and M, are hence locally equivalent.
The case of Lie groups is particularly important. With any left-invariant frame (X;)
and its coframe (w') we get structure constants c} .. verifying the preceding condition:

do’ = cho’ Aok, 26)

A basis of 1-forms (w".) on a manifold M is called a parallelism of M. An automor-
phism of a parallelism (w") defined over a manifold M is a diffeomorphism ¢: M — M
such that ¢* @' = w'. From unicity in the theorem above we obtain the following corol-

lary.
Corollary 2.20. Any automorphism of a parallelism with a fixed point is the identity.

Observe that an automorphism of a parallelism is an isometry of the manifold
equipped with the Riemannian metric defined by imposing that the coframe (w?) is
orthonormal.

A parallelism on M defined by a coframe (w?) can also be described by a map
w : TM — R which is an isomorphism restricted to the tangent space at any point. We
note then (M, w) a manifold equipped with an R”-valued 1-form defining a parallelism.
One can define a w-constant vector field associated to X € R" as the vector field on M
X(x) = w™1(X). For each sufficiently small X € R” we define an exponential map

exp(x, X) = ¢1(x), 27)

where ¢ (x) is the flow of X computed at the time 1. The differential of the exponential
map at the origin is the identity and therefore at each point x € M, exp(x,-): U — M isa
diffeomorphism between a neighborhood of the origin and its image.

Exercise Let g € Aut(M,w) be a sequence of automorphisms of M equipped with a
parallelism w : TM — R’ such that there exists x € M such that gi(x) converges. Then
g converges to an automorphism in the compact-open topology.

Definition 2.21. A Killing field of (M, w) is a vector field X on M such that its flow consists
of elements of the automorphism group.

The definition is equivalent to the condition that Ly’ = 0 for all i.

Let w: TM — R" define a parallelism on an n-dimensional manifold M. Let (X;)
be a dual basis corresponding to w. The definition of a Killing field X is equivalent to
LxX; =[X,X;]=0forall i. The set of Killing fields Kill(M,w) is a Lie subalgebra of the
the algebra of vector fields. Observe that it is of dimension less than n = dim M.
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Proposition 2.22. dimKill(M,w) <dim M

Proof. Indeed, fix a reference point p € M. For each Killing field X consider the vector
X(p) € T,M. We show that this map is injective and this implies the proposition. But
if X(p) = Y (p) then the difference X — Y generates automorphisms which have a fixed
point at p and therefore should be trivial. O

The subalgebra a c Kill(M,w) generated by the fields whose flows are globally
defined is shown to be the Lie algebra of Aut(M, w).

Theorem 2.23. Let A be a group acting on M by diffeomorphisms and let a be the set of
vector fields whose flows are globally defined in A . If a generates a finite dimensional Lie
subalgebra of the Lie algebra of vector fields then A is a Lie group with Lie algebra a.

Proof. Note exp tX the flow generated by a vector field X € a. First prove that the Lie
algebra a* generated by a is equal to a (we still don’t know a is a vector space). Indeed,
consider the simply connected Lie group A* whose Lie algebra is a* (denote by e¥ € A*
the element defined by Y € A*). If X, Y c a, then the flow defined by the composition

expXexptYexp—X,

is defined for all ¢. The corresponding element in the Lie algebra of a*, Ad, xY, belongs
then to a for all X, Y € a. Taking the differential of Ad,.xY at the origin, this implies that
adga c a. It follows that the vector space generated by a is a*. It remains to show that a
is itself a vector space. For that sake, consider a set of generators of a* contained in g,
{X1,---, X} and the map

A X1+ +apX, — e“X1... enXn g p*,

This is a local diffeomorphism defined on a neighborhood of the zero vector on a*.
Therefore, for each Y € a* one can write, for sufficiently small ¢,

exptY =expa; () Xy --expay, () Xy,

where a;(t) are unique. Now, for any ¢ one can obtain
t n
exp tY = (exp - Y) =(expai(t/n)X;---expay,(t/n)X,)",

which is well defined for n sufficiently large.

We might suppose therefore that a is a Lie algebra and that A* is the simply con-
nected Lie group (of smooth flows) generated by a. Clearly, A* is a normal subgroup of
A as the conjugation of a flow is also a flow. This implies that A has a unique structure
of a Lie group such that A* is its identity component (see section 1.3 in Kobayashi). O
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2.2.4 Pfaff problem and Darboux normal form

Consider a differential ideal on a manifold generated by a 1-form, say 6. One is interested
in giving a normal form for 6 by choosing appropriate coordinates. Pfaft’s problem is
the problem of finding integral manifolds of a system 6 = 0 where 0 is a 1-form. Here
one can multiply the 1-form by a nowhere zero function and the solutions will be the
same. In other terms, one is interested in finding a coordinate chart where the form
has a simple normal form up to a scalar function. The classification of normal forms is
simpler if we impose a constant rank condition on d6.

Let 6 be a 1-form. Recall, from 2.17, that if there exists a number p satisfying
dO” A6 # 0 and dOP*! A0 = 0 at each point, then the differential ideal generated by
the 1-form is non-singular with the characteristic distribution of dimension n—-2p — 1.
From theorem 2.18 one can find local coordinates (x1,---, x" 2P~ 1 yl, - ,y2p+1) such
that & depends only on the variables y’, 1 < i < 2p + 1. Another way to say this is that
0 = n* (w) for the projection in the y-coordinates 7 : R” — R??*! with dw” A w # 0 (that
is, w is a contact form).

In order to find a normal form for 0 it is sufficient to find a normal form for a contact
form. This is the content of Darboux’s theorem. We give a proof which uses Moser’s
trick.

Theorem 2.24. Suppose w is a contact form on a neighborhood of the origin in R>P*!,
Locally, there exists coordinates such that

2p+1

w=dy?P* " 4 yldy? + -+ yPP YR,

Observe then that the Pfaff form 6 will have the same normal form. The idea of the
proof is to obtain a local isotopy v, fixing the origin for all # € [0, 1] such that ] maps w
to the normal form.

Proof. Let wy to be the normal form dy??*! + yldy? +--- + y?P~1dy?? and define
w;=1-Hwy+ tw. (28)

First, without loss of generality, adjust the coordinates y?, using linear algebra, so that
dy2p+1 is equal to w and dw = dwy at the origin. With these conditions, it is clear that,
for all ¢, w; is contact in a small neighborhood of the origin.

We define the isotopy as the flow defined by a time-dependent vector field v; =
h¢R; + y; to be determined, where y; is horizontal with respect to w;, thatis w;(y;) =0
and R; is the Reeb vector field of the contact form w;. We impose that this isotopy
satisfies

*
Viwr=wo
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forall £ € [0,1]. By the lemma 2.4

d * P
0= E(%‘”t) =y} (@ +1(v) do + div)w,). (29)
The equation is satisfied if and only if
wr+i1(vy)dws +di(v)w, =0. (30)

Evaluating at R; we obtain
d)t(Rt)+dht(Rt) =0. (31)

Here, for every fixed ¢ we have an equation R;(h;) = —@;(R;), which can be solved on
a small neighborhood for a function /;. We want v, = 0 at the origin so that the origin
is fixed. Note that for every ¢, &; = 0 at the origin. We may impose then the condition
h;=0and dh; =0 at the origin for all t.

Now equation 30 determines the horizontal component y;. Indeed, combined
with equation 31 it implies that ((y;) dw; = —(@0; + d«(R;)w;) and this equation can be
solved for y; because dw; is a non degenerate bilinear form restricted to the contact
distribution kerw;. The fact that the flow fixes the the origin for all ¢ € [0, 1] implies
that the flow is well defined on a small neighborhood of the origin for all 7 € [0, 1]. This
concludes the proof. O

An immediate consequence of this result is the normal form for symplectic forms.

Theorem 2.25. Le Q) be a closed two form of constant rank p. Then there exists local
coordinates such that
Q=dx' Ady! +---+dx” Ady”. (32)

Proof. By Poincaré’s theorem one can write locally Q = df. We apply then the previous
theorem to 6 and differentiate back. O

2.3 Global problems: contact structures

Let M be a closed manifold and let ¢ be a contact distribution. Darboux’s theorem
says that there are no local invariants of that structure. The only invariants of such a
structure a global. We will prove in this section a global Darboux’s theorem giving a
normal form of a contact structure along a compact submanifold. Next, we show that
any deformation of the contact structure is equivalent to itself. This is a rigidity theorem
of contact structures and shows that different contact structures on a given manifold
are far apart. Also, we give a description of vector fields whose flows are automorphisms
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of the contact structure on the manifold. They are in correspondence with functions on
the manifold. This description shows that the group of diffeomorphisms preserving a
contact structure is infinite dimensional.

Two manifolds equipped with contact structures are called contactomorphic if there
exists a diffeomorphism between them which sends one distribution to the other. Let
¥ be an isotopy (a differentiable family of diffeomorphisms with ¥, = id) of a manifold
M and let X; be the time-dependent vector field on M defined by X; oy ; = y/(¢). That
means that v, is the flow of X;.

The fundamental theorem for global results is the completeness theorem of flows
on a compact manifold:

Theorem 2.26. On a closed manifold the flow of a vector field (time-dependent or not)
exists for all times.

The following theorem contains, as a special case, Darboux’s local form theorem for
contact structures.

Theorem 2.27 (Local structure around a compact). Let M be a manifold and N c M a
smooth compact submanifold. Suppose ¢y and ¢, are (co-oriented) contact structures
on M which coincide on N ( or more generaly (N TN =& N TN). Then there exists a
neighborhood of N and an isotopy v ; defined over that neighborhood such that vy, = id
and (o) =& with Vi = id.

Proof. The proof follows the same strategy of that of Darboux’s theorem. Suppose ¢
and ¢ are given by the 1-forms @ and a; respectively which we assume to coincide on
N. A weaker condition is that ay,,, = @1,,. Define the 1-form

a;=10-Dag+ta; (33)

which is clearly contact in a neighborhood of N by compactness. Moreover, at every
point of N, a; = ap when restricted to T N.

Define the isotopy as the flow defined by the time-dependent vector field v; =
h:R; + y; where R; is the Reeb field and y; is horizontal with respect to a;, that is
ai(y) =0.

We need

yia:= fiao (34)

for all ¢ € [0,1], where f; is a strictly positive function. As in the proof of the local
Darboux theorem, we use the formula

d
E(w’;a;t) =y (e +uv)das+duv)ay). (35)
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Equation 34 is satisfied if and only if
. _ fi o
at+L(vt)dat+dt(v,f)at—Tou/t Oy (36)
t

Evaluating at R; we obtain
. _ fi _
ar(Ry) +dh(Ry) = ?Owt = M- (37)
t

For a given function h;, u; is determined and by the previous equation di(v;) a; is
determined which in turn determines y;.

We want v; =0 on N in order that the isotopy preserves the form along the submani-
fold N. For that sake we impose the condition

dt+dht:0 (38)

along N. As dy|,, =0, for all £, we can also impose h; =0 on N and that condition is
compatible with the previous equation. O

Theorem 2.28 (Gray). Let¢; be a smooth family of contact structures on a closed mani-
fold. Then there exists an isotopy Y ; such that vy =id and v (o) = &;.

Proof. Let a; be a smooth family of forms corresponding to ¢;. We need to find a family
of diffeomorphisms v, such that ¢ a; = f;ao. Let v; be the vector field generating the
isotopy. By Lemma 2.4, this is equivalent to

d . :
a (V/?at) = frap= ?W:a’t = U/? (ar+i(v)da,+duv)a,). (39)
t

So that a necessary and sufficient condition for the existence of the isotopy is that

d;+i1(v)da;+divp)a; = ?owzl.at (40)
t

We impose that v, is horizontal, that is, a;(v;) = 0. We obtain the condition
. S
ar+i(v)da;=—oy, .a;. (41)
[t
If R, is the Reeb vector field for a; we have

@, (Ry) = Ji oyl (42)
fi

21



Therefore the function % o' is determined by the family a;. Going back to equation
41 the vector v, is determined as the form da;, restricted to the distribution, is non-
degenerate. As the manifold is closed the vector field v; can be integrated to obtain an
isotopy ;. O

A family of automorphisms v ; with vy = Id of a fixed contact structure ¢ defines a
vector field y/|, which is called an infinitesimal automorphism. In order to determine
the infinitesimal automorphisms, observe that we need to impose

yia=fa,

for the flow y; of the infinitesimal automorphism v, where a is a form whose kernel is
¢. Again, by Lemma 2.4, this is equivalent to

d * h . * *
E(UIIa) :fta:ﬁwta:u/t () da;+di(v)ay). (43)
t
A necessary and sufficient condition for the existence of the flow is that
_fi o
tvy)da+du(v)a = ?OW; .a. (44)
t

Write v = AR+ v where AR is the component of the vector field in the Reeb direction
R and v¢ is in the distribution. Then

Wvg)da+dA = ?ot{/{l.a.

t

The condition that v is an infinitesimal automorphism is therefore that, restricted to ¢,
dA=—u(vg) da.

As da is non-degenerate when restricted to ¢ we obtained the following description of
the Lie algebra of infinitesimal automorphisms.

Theorem 2.29. Let ¢ be a contact structure on a manifold. Then to any A € C*°(M)
one associates an infinitesimal automorphism v = AR + v¢ where v¢ is defined as the
horizontal vector field satisfying dA|, = —i(vs) da. This map is a bijection.

Observe that infinitesimal automorphisms vanishing at a point give rise to a group
of contactomorphisms with a fixed point xy. In fact this group is infinite dimensional.
It suffices to observe that it corresponds to functions A which vanish at that point and
such that d,, (xp) = 0. Compare this with what happens in Riemannian geometry, for
instance, where the group of isometries fixing a point is at most O(n) where n is the
dimension of the manifold.
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2.4 Formulae of exterior differentiation
We recall some definitions and formulae used in these notes.

Definition 2.30. Let X be a vector field and w a form defined on a manifold M. Define
the Lie derivative as d
Lxw=—vy;w
X q tWt o
Here vy is the flow defined by X.

The Lie derivative is a derivation of degree 0, thatis, Ly (wAa) = (Lxw) Aa+wA(Lxa)
for any forms w and a.

Proposition 2.31. Let X be a vector field and a a form defined on a manifold. Locally,
one can find a form w such that Lxw = a.

Proof. In local coordinates (x!,---,x"), given by the flow box theorem 2.2, we write

X= %. Write the forms in the appropriate basis obtained using the generators dx’, the

equation Lyw = a decomposes into differential equations in the variable x!

dw I
—=a
dxt !
corresponding to each coefficient w; and a; of the forms in the given basis. O

Definition 2.32. Let X be a vector. The inner product iy : Q! - Qi1 i >0, on the exterior
algebra is defined as a derivation satisfying

* 1xw=w(X) forw a I-form.
o ix(wA) = (xw) Aa+(—1)98%w A (1xa) for any forms w and a.

The following formulae are frequently used:

Lxw=1xdw+dixw. (45)
Lix,y;=I[Lx,Lyl. (46)
[Lx,ty] =tx,y]- (47)

Lemma 2.33. Let w; be a time-dependent family of differential forms on M. Then

E(W?(D[) :'ll/;< (d)t+Ltht). (48)
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Proof. If w; is a function then the formula is valid:

d

If w; is a 1-form then

* *
wt+ha)t+h _wtwt

d . .
& wiw) =1im

dt -0 h

* T +ut ¥
_limethh Yin@t Y 0=V, 0y
h—0 h

Vi @ — W, 01 (UM CTE T
) + . t
— lim t+h t+h +lim t+h
h—0 h h—0 h
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3 Lie groups and homogenous spaces

3.1 Lie groups and Lie algebras

We start with the definition of a Lie group. General references for this section are [Wa;
Kn; II; Sharpe].

Definition 3.1. A Lie group is a group G that is also a differential manifold and such that
the operations of multiplication and inversion are smooth. That is, the maps G x G — G
and G — G given by (x,y) — xy and x — x! are smooth.

Definition 3.2. A homomorphism H — G of Lie groups is a group homomorphism which
is a smooth map. The automorphism group of H is the group of bijective homomorphisms
of H into H.

Note that if we ignore continuity in the definition of homomorphisms of Lie groups
one might obtain a much larger set.

To each Lie group is associated a Lie algebra which can be thought as the space of
tangent vectors at the identity of the group.

Definition 3.3. A Lie algebra g over R is a real vector space of finite dimension equipped
with a bilinear map

[ ]:gxg—g, (53)
satisfying, for any x,y,z € g the anti-commutativity property [x,y] = —[y, x] and the
Jacobi identity:

[[x, ], 2] = [x, [y, 2]] = [y, [x, 2]]. (54)

Definition 3.4. A homomorphism a: h — g between Lie algebras is a linear map preserv-
ing the Lie bracket, that is, a([X,Y]) = [a(X),a(Y)] forall X, Y €. The automorphism
group of Yy is the group of bijective homomorphisms of by into §y.

Let G be a Lie group. If a € G is fixed, then one can consider the translations
L,(g) = ag and R,(g) = ga called left and right multiplication respectively.

Definition 3.5. A vector field X on a Lie group G is left invariant if, for any a € G,
(La)«(X) = X. Similarly, it is right invariant if (R;) . (X) = X.

Note that this condition means (L) (X(g)) = X(ag).

An important consequence of this definition is that left (or right) invariant vector
fields are determined by their value at the identity of the group and the Lie bracket of
two invariant vector fields is again invariant. Therefore the set of left invariant vector
fields forms a Lie algebra that can be identified to the tangent space of the group at the
identity.
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Definition 3.6. The Lie algebra of a Lie group G is the set
g={XeC®(TG)|VaceG, (Ly)«(X) =X} (55)

of left invariant vector fields on G equipped with the bilinear map given by the bracket
between vector fields.

A subgroup H c G which is a Lie group and such that the inclusion map is smooth
is a called a Lie subgroup. Imposing that the inclusion is an embedding is equivalent
to assuming that the subgroup is closed as a subspace of G (this result is called the
closed-subgroup theorem or Cartan theorem).

The relation between Lie algebra homomorphisms and Lie group homomorphisms
is described by the following Theorem. Its proof is an application of Cartan’s method.

Theorem 3.7. Let H and G be Lie groups and ¢: H — G a smooth homomorphism. Then
do.: b — g is a homomorphism. Conversely, ifa: ) — g is a homomorphism and H is
simply connected, then there exists a unique smooth homomorphism¢: H — G such that
a=ddoe.

Corollary 3.8. The automorphism group of a simply connected Lie group is isomorphic
to the automorphism group of its Lie algebra.

Exercice What is the group of automorphism of R? One has to distinguish the auto-
morphisms of Lie group from the automorphisms of the group without the differential
structure.

Examples

1. The additive group R”. The automorphism group coincides with linear isomor-
phisms of R”, that is to say GL(n,R). But note that the full group of group au-
tomorphisms (not necessarily continuous) of the group R” contains non-linear
maps.

2. The set of matrices with determinant one SL(#n,R) and the usual product of matri-
ces as group law.

3. Let GbealLie group, N c G be anormal subgroup and K < G a subgroup satisfying
NNnK ={e} and G = NK. (This last condition means that g € G can always be
written as nk with n € N and k € K.) With these conditions, we say that G is the
semidirect product of K and N and write G = N x K. Observe that if g; = n1k;
and g» = nak, then g, 8> = ny(ky l’lgkl_l)kl ko.
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An example is given by the affine linear group Aff(R"”) = R x GL(n,R). Given an
affine transformation T acting on the affine space R”, the choice of a base point
0 € R" allows to write

Tx)=c+ f(x) (56)

with ¢ € R" and f € GL(n,R). This decomposition is unique. Hence Aff(R") =
R GL(n,R). Note that the change of the base point from 0 € R" to { € R” translates
to:

(+T(x-O=C+(c—fO)+fx) (57)

therefore the linear part f of T is independent of the choice of the base point, but
the translational part depends on it.

The composition of two transformations T3, T> is given by:

T1 (T2 (x)) = c1 + filea + f2(x)) = (c1 + fi(c2)) + f1 f2(x) (58)

and it proves that Aff(R") is indeed the semidirect product R” x GL(n,R).
Note that a convenient representation of the affine group into GL(n+ 1, R) is given
by
(. f)— (g i) . (59)
. Semidirect products G = N x K are in correspondance with split exact sequences
1-N—-G—-K-1 (60)
and in the case of the affine group, we have indeed

0 — R" — Aff(R") — GL(n,R) — 1 (61)

with the last morphism being independent of the choice of a base point and
therefore is indeed restricted to the identity on GL(n, R).

. The three dimensional Heisenberg group Heis(3) is defined as

1l x z
Heis(3) = { (0 1 y)
0 0 1

The group law is again the matrix product and is described by

1 z\ (1 x 72 1 x+x z+zZ+x-y
0 y||0 yi=10 1 y+y (63)
0 1/\0 1 0 0 1
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Another description of the same group is given by C x R with the group law

(x+iyz)-(xX'+iy,z)=

1
(x+x')+i(y+y'),z+z'+E(xy'—yx’) : (64)

Both descriptions are compatible. One can start with the Lie algebra:

0
bm(g):{(o )} -
0

The exponential of an element is
0 1 x z+ %x y
exp| |0 =10 1 y . (66)
0 00 1

Therefore exp: heis(3) — Heis(3) is a diffeomorphism. The group law defines
a group structure on the Lie algebra by taking the logarithm: for X, Y € heis(3)
define

S O K
S < N

S O R
S < N

X-Y =log(exp(X)exp(Y)) = X+ Y+%[X, Y] (67)

and this law on heis(3):

0 x z\ (0 x' 2 0 x+x' z+z+3(xy —yx)
00 yl-lo o y|l=[o o vy (68)
0 0O 0 0 O 0 0 0

gives the second description.
In the case of the Heisenberg group (which is diffeomorphic to R®) one can use
the group operation on the Lie algebra to determine the automorphisms.

Proposition 3.9. The automorphism group of Heis(3) (described by coordinates
(x+1iy,1t)=(z,t) € CxR) is generated by the following transformations.

(a) Tmnsformations_(z, ) — (A(2), t) where A: C— C is symplectic with respect
to the formIm(zz') = xy' — yx'.
(b) Dilations (z,t) — (az,a*t), with a € R}.

(c) Conjugations by a translation (a+ib,c) € Heis(3): (x+iy, 1) — (x+iy, t+
ay—bx).
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(d) The inversion map (z,t) — (z,—1t).

Proof. We decompose an automorphism ¢: Heis(3) — Heis(3) by decomposing
its derivative d¢,: heis(3) — heis(3). With a linear automorphism d¢,, we can
write dpo(x+iy, t) = (A(x,y,t),at+bx+cy), where A alinear transformation and
a, b, c three real numbers.

We note that an automorphism has to preserve the center of the group: if { is in the
center, then 0 = d¢,[(, -] = [dpel,dde] = [dde(, ]. Therefore A can not depend on
t. (The center of heis(3) is exactly (0, t).)

From (A(x, y), at+ bx+ cy) one can compose with the conjugation by a translation
such that d¢, becomes (A(x, y), at). (Choose the translation (—c+ib,0).)

Next, if a is negative then we compose with an inversion. We obtain (A’ (x, y), |alf)
with A’ that is either A or A. Then we can compose by a dilatation by A = /] al_1
so that we obtain (1A’ (x, y), 1).

Now, because t is fixed, A A’ must be a symplectic transformation of C. O

Note Hilbert’s 5th problem deals with the question of to what extent a topological
group has a differential structure. This problem has many interpretations. One of
the most important of them was solved by Gleason, Montgomery-Zippin and Yamabe
among other contributions: every connected locally compact topological group without
small subgroups (a neighborhood of the identity does not contain a subgroup other than
the trivial subgroup) is a Lie group.

3.1.1 The Maurer-Cartan form

Given a Lie group G and its Lie algebra g, one might wonder how g controls the full
tangent space TG. Since G is a group, we can always translate T, G to any TG by doing
a left translation Lg or a right translation R,. We choose to identify any tangent space
T¢ G with the left translation (Lg).T.G. This identification defines a map TG — G x g
which is encoded by the Maurer-Cartan form.

Definition 3.10. The (left) Maurer-Cartan form on a Lie group G is the g-valued 1-form
0 defined by
VXg €TgG, 0(Xg) = (Lg); (Xg) € 9. (69)
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Note Let X be a vector field on G, then 0(X) = v is constant, if and only if, X is left-
invariant and X(g) = (Lg)« v. Choosing a basis of g defines a parallelism of G.

Cartan’s formula is also valid for vector valued 1-forms. That is, for any 1-form
a: TM — V with values on a vector space V, we have

da(X,Y) = X(a(Y)) - Y(a(X)) —a(lX, Y]). (70)
Proposition 3.11 (Structural equation). Forany X,Y € TG,
do(X,Y)+[0(X),0(Y)]=0. (71)

Proof. We can evaluate df(X, Y) by assuming that X, Y are extended by left-invariant
vector fields X* and Y *. For any left-invariant vector field X*, the image by the Maurer-
Cartan form is constant on X*(g) for any g € G. Therefore X*(6(Y ™)) and Y *(0(X™))
are both zero. Moreover, since X*, Y™ are left-invariant, so is [X*, Y*] and therefore
O(X*, Y*]) =[0(X),0(Y)]. O

Maurer-Cartan form in coordinates The choice of a basis (ey,..., ;) of g allows us to
write @ = (91,...,0™) by duality. With X; the left-invariant vector field verifying 6(X;) = e;,
we can determine the structure coefficients:

[Xi, Xj1 =) cf: X (72)
k
The structural equation becomes:
do* (X, Y) ==Y ck.0' n67 (73)
i<j

and the Maurer Cartan form is: .
0= Z Hl e;.

i

Note Here we use a convention which might be different in some cases (see [KoN] pg.
28) and is sometimes the cause of a factor of % in the formula. In fact we define

0L AO%(X,Y) =0 (X)®0%(Y) -0 (Y)®0%(X) (74)
in contrast with

0' NO*(X,Y) = %(Ol(X)®02(Y)—Bl(Y)®92(X)). (75)
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Example Consider the group SO(2) c GL(2,R). This group is parametrized as follows:

_[cos¢p —sing
8(¢) = (sinc/) cos¢ ) (76)
In that coordinate, we obtain
_[—sin¢ —cos¢
dgp = ( cos¢p — sincp) d¢ (77)
The Lie algebra is one dimensional and is generated by
0 -1
(1 0 ) . (78)

The Maurer-Cartan form translates dg, for any ¢ to dgo by a left translation. There-
fore it is given by

0p=g(p) " dgy (79)
-1
_[cos¢p —sing —sin¢ —cos¢
B (sincp cos¢ ) ( cos¢ —singb) d¢ (80)
0 -1
0 e o

Matrix groups If G < GL(n,R) is a matrix group with Lie algebra g ¢ M,,», one can
write the Maurer-Cartan form at g € G and it is given by 6 = g ldg.

Here we interpret dg as the differential of the embedding of G into the space of
matrices My x,. In coordinates, if g;; is the embedding, one has 6, = gi‘k1 dgj, which is
a g-valued 1-form.

Vector space valued forms The Maurer-Cartan form is an example of vector space
valued form. We define the wedge product of a V;-valued 1-form 6, and a V,-valued
1-form 6, to be the V; ® V,-valued form

01N 02(X,Y) =61(X)®02(Y) —01(Y) ®02(X). (82)
If there exists a bilinear map [-,-] : V x V — V we note the composition of A (for 1-forms)
and [+, -] by

(01 AB21(X,Y) :=[01(X),02(Y)] - [61(Y),02(X)]. (83)

Observe then that [0(X),0(Y)] = [0 A01(X,Y).
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Exercice (g-valued n-forms) Writing, in general, 0, for a g-valued n-form we may
define the exterior derivative and the product of two forms accordingly. Prove the
following formulae:

L 0,704 =(=DP90,4AOp],
2. CDPTO,AOG AO ]+ (D) ([0, AOLIAOg]+ (=1)TP[[0, A0, 1 A0
Moreover,

di6, AOg] =[d0, gl + (~D)PI* [0, AdO,). (84)

Darboux derivatives

A Maurer-Cartan form allows the computation of Darboux derivatives.

Definition 3.12. If f: M — G is smooth and if 0 is the Maurer-Cartan form of G then the
Darboux derivative of f is:
ff0=00f.. (85)

Example In R” the Darboux derivative is in a sense closer to the usual derivative than
the differential. Indeed, recall that if f: R” — R’ is smooth, then

Y(x,v) e TR", fi(x,v) = (f(x),dfx (). (86)

The maps f. and df depend on the base point. But with the Darboux derivative one
identifies all tangent spaces to the tangent space at the origin:

fr0x,v) =0(f(x),df () = T_fu,dfc(v) € To(R™) (87)
where T_ ¢y is the translation T_f(y)(z) = z — f(x).

Theorem 3.13. Let G be a Lie group with Lie algebra g and M a manifold. Suppose
there exists a g-valued 1-form ¢ defined on M satisfying the Maurer-Cartan formula
d¢o + %[4) APl = 0. Then for any m € M there exists a map [ : U — G defined on a
neighbourhood of m such that ¢ = f*6 where0 is the Maurer-Cartan form of G. Moreover
if f': U — G is another map satisfying this condition f' = Ly o f for a certain h € G.

Proof. We consider, in the product M x G, the Lie algebra valued form

w =17 (p) — 75 (0),
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where 7, and 7, are the projections of the product on each of the factors. Let I be the
ideal generated by the components w; of w. This is a differential ideal because

2dw =2y (dp) — 75 (dO)) = -7y ([p AP + 75 ([0 AO])

=—[(m]p—m0) APl — [m50 A (T]p—756)]

and we invoke theorem 2.19 (p. 14) to conclude the existence of themap f: U — G.
A submanifold passing through another point (my, hg) is clearly given by (m, h f (m))
and by unicity this implies that ' = Ly o f. O

The exponential map

One parameter subgroups of a group G are defined by elements of the Lie algebra. For
any X € g one defines a homomorphism

expy: R— G, (88)
which is the unique homomorphism satisfying exp} 6 = X.
Definition 3.14. The exponential map exp: g — G is defined by
exp(X) =expy(1). (89)

Although exp has several properties analogous to the real exponential, due to the
non-commutativity, one has a more complicated formula for the product of two expo-
nentials (it is the Baker-Campbell-Hausdorff formula which is only valid locally):

exp(X)exp(Y) =exp|X+ Y+%[X, YI+---]. (90)

If ¢: H— G is a group homomorphism one has

expodp, = poexp,. 91)

Lemma 3.15. Let X* be a left-invariant vector field corresponding to an element X € g.
Then its flow is given as the right multiplication by the exponential map Rexp(rx).

Proof. Since X* is left-invariant, so must be its flow. Therefore the integral curve at
g € Gis given by Lg exp(#X) = Rexp(rx)8- Hence the flow is given by Rexp(rx)- O
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3.1.2 The adjoint representation

An action of a Lie group G on a manifold induces a representation of the group on
the automorphism group of the tangent space of a fixed point of the action. For, let
¢: Gx M — M be an action with a fixed point G- p = p at p € M. Then for every
g € G, define ¢pg : M — M (¢pg(x) = (g, x)) and then the automorphism p(g) = gbg*lp :
TpM — T, M. One verifies that the map p : G — Aut(T, M) defined by p(g) = pgisa
representation.

In particular the adjoint action G x G — G defined by (g, h) — ghg~! induces the
representation Ad: G — Aut(T.G) (observe that Aut(T,G) is isomorphic to GL(n,R) with
n = dimg G). For g € G, Adg is the automorphism

Adg(X) =d(h— ghg™he(X) = (Lg)«(Rg-1)+ X (92)

The adjoint representation is also exactly what we need to compare the Maurer-
Cartan form 0 defined by left-invariance with the action by right translations.

Proposition 3.16. For any g € G, the Maurer-Cartan form 0 verifies
RO(X) = Ad;l(H(X)). (93)

Proof. Assume that X = (L,). v. By the preceding definition, we have:

Rz0(X) = 0((Rg) .« X) (94)
=0((Rg)«(Ly)+V) (95)

= 0((Ly) + (Rg) V) (96)
=0((Rg) V) 97)

= (Lg),' (Rg)wv =Ady" v. (98)

O

The differential of Ad at the origin g = e is denoted by ad: g — End(T.G):
adx = dAd.(X). (99)
It is in fact given by the bracket of the Lie algebra.
Lemma3.17. Let X,Y € g=T,G. Then

dAd.(X)(Y) =adx(Y)=[X,Y]. (100)
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The adjoint automorphism by g € G fits in the following commutative diagram

Ad(g)
—

\Lexp \Lexp (101)

G 298 ¢

and the adjoint representation satisfies

g a—d> End(g)

\Lexp \Lexp (102)

G 245 Aut(g)

More generally, we have:

Proposition 3.18. The differential of the representation Ad: G — Aut(T.G) at g € G
computed at the vector X* = (Lg)« X €TgG is

dAdg (X)(Y) = Adg(adx(Y)). (103)

Proof. Writing a path through g as Lgy (¢) with y(0) = eand y(0) = X we have Adp, (5 (Y) =
AdgoAdy ) (Y). Therefore

(dAdg(X)(Y) = 1

(Y) =Adgoadx(Y). (104)
=0 n

Proposition 3.19. If0¢ is the Maurer-Cartan form, then for any function v with values
in G and any 1-form a with values in g,

Ady w06 =-v "0, (105)
d(Ady (@) = [~y~""06 A Ady (@) + Ady dar (106)
=Ady ([ 06 A a] +da). (107)

3.2 Homogeneous spaces

Homogeneous spaces will be the flat model geometries. They appear naturally when
there exists a transitive action. Indeed, if G x M — M is a transitive action one can
identify M with the quotient G/ H, where H, is the isotropy subgroup of a chosen

element x € M. A different choice gx € M gives rise to the isotropy Hg, = g Hy gL
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Definition 3.20. A homogeneous space is a differential manifold obtained by the quotient
of a Lie group G by a closed Lie subgroup H c G. We note the set of left cosets gH by G/ H-

The group G acts transitively on the homogeneous space G/ 77 by left translations,
the isotropy subgroup at the identity being H.

Note If H were not closed then the quotient G/ 77 would not be separated with the
quotient topology. In general, an immersion of a Lie group into a Lie group is called a
Lie subgroup. If a subgroup of a Lie group is path-connected then it is a Lie subgroup by
a theorem of Kuranishi-Yamabe. Closed subgroups are, on the other hand, embedded
submanifolds.

Examples

1. The Euclidean space.

The group of the isometries of the Euclidean space is Eucl = R” x O(n). It acts on
R” with isotropy O(n). Therefore R" = EUCI/O( n) @ homogeneous space.

2. The hyperbolic space.

Hyperbolic space is the simply connected complete constant negative sectional
curvature Riemannian space. Its connected isometry group is SO(n,1) with
isotropy SO(n). Here SO(n, 1) is the group preserving the quadratic form

idgn 0
(0 _1). (108)

3. The similarity group acting on R".

The connected similarity group is the group Sim(R”) = R"” x (R} x O(n)). Itis a
subgroup of the affine group Aff(R"). Transformations of R} x O(n) are of the form
AP(x) with A > 0 and P an orthogonal transformation.

The similarity group is the conformal group acting on R”. (Each conformal
transformation has to be defined on the full space R".) Therefore, it consists
of the transformations of R” which preserve angles. The isotropy at the origin is
R} xO(n).

4. The conformal sphere.

There are more conformal transformations than just Sim(R”). But those are not
defined strictly on R” but rather on the one-point compactification S"”. The
conformal sphere is the homogeneous space PO(n + 1,1)/ Sim(R").
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5. The projective space.
The projective space RP” is the homogenous space GL(n + 1,R)/ H where
*  *
H—{(O A)‘AEGL(n,R)}. (109)

6. Flag spaces.

The projective space is an example of flag spaces. A flag is a sequence {0} c V] c
--- < V,, = F"" for any field F. For instance, the projective space FP”" is the set of
lines in F**1,

A complete flag is a flag with dim V; = i. They are maximal in length. When F=C
we get an homogeneous space structure with the quotient

SUU Sy < - < ) (110)

7. Stiefel manifolds.

The space of orthonormal k-frames in R” (with 0 < k < n) is the Stiefel manifold
S(k, n). It is possible to show that

Stk,n) =50 6y . (111)

8. Every manifold is a homogeneous space.

The full group of the diffeomorphisms of a manifold is not a Lie group but might
be described by an analogous structure with infinite dimension.

The easiest situation is for a compact manifold, say M. The smooth diffeomor-
phism group Diff> (M) has a structure of a Fréchet Lie group which is homeomor-
phic to the space of smooth vector fields. The group Diff*(M) acts transitively
on M. Therefore, any manifold can be considered as a homogeneous space
Diff>(M)/ H, where H is the isotropy at a point in M, that is to say, the set of
diffeomorphisms fixing the point. We will not deal with infinite dimension Lie
groups.

3.2.1 The tangent space

With a homogeneous space G/ 7 the tangent space can be described infinitesimally and
the action of G (on the left) can be measured.
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At eH, the tangent space is naturally isomorphic to g/h as linear spaces. Therefore,

the tangent bundle of the homogenous spaces TG/ 7 can be seen as a quotient of the
trivial bundle G x g/b by the right action of H:

(g,v)-h=(ghAd(h) 'v). (112)

We write the quotient as
Gxp g/b. (113)

Note that at the isotropy H < G, the action of h € H on a point pHis hpH = hph ' H
and therefore H acts on T, HG/ 7 by Ad(h).

Proposition 3.21. There exists a canonical isomorphism
TG/ = Gxu%, (114)
Proof. Letn: G— G/H be the quotient map. Let ¢p: G x g/b — TG/H be defined by

P(g,v)=(8H,m.(Lg)x ). (115)

We prove that this map is well defined in the quotient by the right action of H. Note that
7«(Rp)« =7 since mo Ry =mwand . (Lg)« = (Lg)«TT+.

¢((g,v)-h)= (/)(gh,Ad(h)_lv) (116)
= (ghH, 7. (Lgp)« Ad(R) ™' v) (117)
= (gH, (Lg) 70+ (Rp) 4 V) (118)
= (gH, (Lg)7.v) = $(g, V) (119)

We can check that this morphism is injective at every point. If ¢(g, v) = (gH,0) then
7. v =0 and therefore v € . It is surjective by dimensionality. O

3.2.2 Effective pairs

It is important to keep track of both groups G and H and not only their quotient space.
On the other hand it is reasonable to consider only connected quotients G/ -

Definition 3.22. We will refer as a Klein geometry a pair (G, H) such that the homoge-
neous space G/ T7 is connected.
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There are two conditions which one can add without much loss of generality, namely,
that the action of G be effective and that G be connected.

Note that if g € G acts trivially on G/ 7 then geH = eH and therefore g € H. Let
h € Hbe acting trivially. For any g € G and any coset p H we would have that ghg ™' pH =
g(h(g ' pH))isequalto g(g~! pH) since h acts trivially on g~! p H and therefore ghg "' pH =
pH. So if h acts trivially, then ghg ™! does too.

Definition 3.23. We say that a maximal subgroup K c H which is normal in G is the
kernel of a Klein geometry. The action of K is trivial and we say that the geometry is
effective if K = {e}.

If K is the maximal normal subgroup in H (the definition implies that K is a closed
subgroup of G) one can consider the effective geometry (G/ K> H/ &) which describes

G
the same homogeneous space as e K)/( H L) It is diffeomorphic to G/ 7 with an

equivariant action by G/ K-

Sometimes one might consider non-effective Klein geometries. For instance, SL(2, R)/SO )
corresponds to the hyperbolic geometry but the subgroup Z, < SL(2,R) generated by
—id is a maximal normal subgroup contained in SO(2). Nonetheless, this subgroup is
discrete and is does not intervene infinitesimally.

If G is not connected one can consider the connected component containing the
identity G, c G and we obtain that G/ 77 is diffeomorphic to Ge/( HNG,) with an equiv-

ariant action by G,. This follows since if G/ 17 is connected, one has G = G.H. On the
other hand, one can prove that if H is connected then G is also connected.
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4 Principal bundles

Consider a smooth right free action
u:PxH—P (120)

of a Lie group H on a manifold P. We denote Rj, the right action of H:

Vhe H,YpeP Ry(p) =ulp,h). (121)
Such an action p is called proper if for any Kj, K; compact subsets of P, the set
{he HIRp(K1) N K, # @} (122)
is compact.
Let M be a manifold and H a Lie group. A (right) principal bundle
n:P—-M (123)

consists of a manifold P with aright action p by H which is locally trivial: for each x € M,
there exists a trivialization over an open set U containing x

V=(myy): 7 (U)—-UxH (124)
that is a diffeomorphism and such that
W(u(u, h) = (r(w), yg(u)h). (125)
A characterization of right actions which gives rise to principal bundles is the follow-
ing.
Proposition 4.1. Let u: P x H — P be a proper smooth right free action. Then P S isa

smooth manifold with the quotient topology and it has a unique smooth structure such
that the projection P — P /17 defines a right H-principal bundle.

Example Homogenous spaces are an important class of examples
m: Gx H—G/y (126)
where the right action u: G x H — G is the Lie group law:
wu(g, h) = gh. (127)

This action is indeed proper. For if h; € H and K;, K> < G are compact, assume
that R, K1 N K> # @. We need to prove that s; converge (up to a subsequence). For
each i, let kl1 € K7 and kf € K> such that Ry, Icl.1 = kl2 But both k} and kl? converge (up
to a subsequence) to k; and k» respectively. Hence h; = (kl.l)_lkl? converge (up to a
subsequence) to k; k,. The limit lies in H since it is closed.
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Definition 4.2. Letm,: Py — M, and ny: P, — M be two right H-principal bundles. A
H-bundle diffeomorphism F: Py — P, is a diffeomorphism that preserves the fibers and
verifies F o Ry, = Ry, o F (it is right equivariant).

Since an H-bundle diffeomorphism preserves the fibers, it defines a diffeomorphism

f: My — M. Hence, following diagram commutes.

P, — p,

\Lﬂl \Lf[g (128)

M L> M,
4.1 Frame and coframe bundles
4.1.1 Some linear algebra

The linear group of matrices GL(7, R) does not act canonically on a vector space. Indeed,
an isomorphism GL(V) = GL(n,R) relies on a choice of a basis of V. However, GL(7,R)
does act canonically on the spaces of the frames and coframes of V. Let

F ={(ey,...,e,) is an ordered basis of V}. (129)

We say that F is the space of frames of V.
In order to deal with right actions on principle bundles we will consider the right
action of GL(n,R) on the frame bundle F given by

e/ =g Ve, (130)

where (gl! ) is a matrix g € GL(n,R). (We assume the Einstein summation convention.)
This right action on F corresponds to a right action on F*, the space of coframes:

F*={(e,...,e") is an ordered basis of V*}. (131)

This last action is given by:

e = elb! (132)
with (b;.) a matrix b € GL(n,R). The correspondance with the action on F is determined
by the relation ei,(ej) = 6;'.:

1k

i (133)

ei'(ej) = ekb;;(emg_l;?l) = b;'cg
and the equation b,’;g_lf = 6; shows that b = g in GL(n,R).
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4.1.2 Bundles and the tautological form
Definition 4.3. The frame bundle on a smooth manifold M is the set
F ={v|v isaframe at a point of T} . (134)
And the coframe bundle is:
F* ={w|w is a coframe at a point of Tps} . (135)
By the preceding considerations, we will consider each bundle F and F* as a right
principal GL(7n, R)-bundle.
Note A reduction of the principal bundle F and F* to a subbundle (not necessarily
principal) corresponds generally to the choice of a geometric structure on M.

Definition 4.4. An H-structure on a smooth manifold M is a principal subbundle of F
(or F*) with fiber a closed subgroup H < GL(n,R).

Examples

1. ARiemannian geometry on M, that is to say a Riemannian metric, corresponds to
the choice of a subbundle of orthonormal frames or coframes.

2. A conformal geometry on M, that is to say a conformal class of Riemannian
metrics, corresponds to the choice of a subbundle of frames that are orthonormal
up to an homogeneous factor.

3. Acontactstructure on a 3-manifold M, thatis to say the data of an everywhere non-
integrable plane distribution D> c TM corresponds to the choice of a subbundle
constituted of vectors (v1, v», v3) such that (v, v») generates D?.

As a matter of fact, those three subbundles are principal. The first for the choice of
O(n) € GL(n,R), the second with R, O(n) € GL(n,R) and the last with P, < GL(3,R) the
set of the matrices:

< GL(3,R). (136)

A coframe bundle over a manifold is a special principal bundle obtained as a sub-
bundle of the bundle of all coframes over a manifold. They occur naturally when a
geometric structure is described by fixing a set coframes.
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More generally, suppose (U, {wi}) and (U,, {wé}) are two open sets with sections of
coframes and H a subgroup of GL(n,R), the group of the coframe bundle. We think
of them as two geometric structures defined on these open sets. The equivalence
problem is the question of whether there exists a diffeomorphism y : U; — U, such
that y* (wé) = a){ h;'., with (hj.) € H. Cartan’s method consists of building a canonical
connection on a principal bundle associated to the geometric structure.

There are two fundamental observations. The first one is that, given a section of
coframes w’ and a group H, it is natural to consider the principal bundle 7 : P — M of
all coframes w’ h'. This doesn’t solve the problem but makes the computations more
intrinsic. The second observation is that one can define 7 linearly independent 1-forms
on P by, at the point p = {w'} € P,

0),(1) = W}y (T (V).

These forms are called tautological forms. They do not form a basis of forms of P
because all of them vanish on vertical vectors.
Using a local section {w/} we can trivialize the fiber bundle and write any other

coframe as p = {w/ h;} Then 6},(v) = wjjr(p) (7 (v))h;:, or in other words,

i _x, i
Hp—n (wn(p))hj.

which, by abuse of notations, we write 9;, = wfr(p) h; or, writing 8 = (8,---,0™), w =
(!, 0™ and h = (hj.), as
0=wh.

The construction of the coframe principal H-bundle P; and P, above U; and U, allows
us to consider the lifting of the equivalence problem:

Proposition 4.5. There exists a diffeomorphism ¢ : Uy — U, satisfying
¢* (@5) = wihj

for a function (hj.) : Uy — H if and only if there exists a diffeomorphism ¢ : Py — P such
that
¢*(02) = 06,.

Proof. Suppose ¢: U; — U, such that ¢* (w») = w h exists (that is (<p‘1)*(w1) =wyh™h).
By abuse of notation we write here h~! for k™! oy ~1. Define ¢: P; — P, by

Plw1g)=¢ (w18 =wh 7 g.

43



Then, in coordinates as above, ¢*02,, -1, = ¢* (W2h ') = w18 =014, 4.

On the other hand, if ¢* (0,) = 01 , we show first of all that ¢ sends fibers to fibers. If X
is a vertical vector tangent to a fiber of P; then 0, (. (X)) = ¢*(02)(X) = 6,(X) = 0. This
shows that (,B* (X) is vertical. This defines a function ¢ : U; — U,. Now, we can obtain the
result by observing that there exists a function h : U; — H such that ¢* (w,) =w h. O

There exists a related notion of tautological form for a frame bundle n: P — M.
Define the fundamental form6: TP — R" by:

0],(X) = 0'(X),---,0"(X)) (137)

where 0% (X) are the coefficients of the vector 7, (X) on the basis v = (v',---, v"). That s,
7. (X) = L. (X) 07,

A section 0: M — P corresponds to the choice of a frame at each point x € M. A
section o is also called a moving frame. Any other moving frame « is then determined
by a right translation by a function h: M — H:

a(x) =o(x)h(x). (138)

4.2 Ehresmann connections

Invariant vector fields With a right principal bundle P, one can consider a canonical
vector field X™* associated to any X € h:

. d
X (p)= d_Rexp(tX)p . (139)
4 =0

An alternative definition of X* is the following. With u: P x H — P the right action, we
have

X*(p) = el () (0, X). (140)

For instance, in the case where P = G is a Lie group and H c G, we get that X* is
again the left-invariant vector field X* (p) = L, (X).

Definition 4.6. An Ehresmann connection w on P is an hy-valued 1-form satisfying:
1. foranyhe H, R, = Ad(h Yw;
2. forany X eh, o(X*) = X.

This definition restricts to the Maurer-Cartan form in the case where M collapses to
one point. Considering the projection G — G/ H as a homogeneous space, a connection
is only a part of the Maurer-Cartan form of G.
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Note An equivalent formulation arises if we consider the distribution D defined by the
kernel of w. That distribution is an invariant horizontal distribution as Ry, D = D.

Lifting curves An Ehresmann connection defines a way to make a parallel displace-
ment along curves of M from the fiber at the origin of the curve to the fiber at the end of
the curve.

Lety: [0,1] — M be a smooth path in M. Then there exists a unique lift y: [0,1] — P
such that

d _
ay(t) € kerwyy) (141)

with an initial condition y(0) = p.

Lemma 4.7. Both conditions Ry w = Ad(h Hw and w(X*) = X are equivalent to the
following.
Ryo=y"0p+Ady) o, (142)

where 0 is the Maurer-Cartan form of H and v is any smooth function with values in
H.

To be entirely precise, if : X — H is a smooth map, then one defines Ry,: P x X —
P x H— P and we state

Ryw(u, V)lpx) = v 0u)lx +Ad(y () o). (143)

Proof. Since R[;w is a differential form, we can consider separately vectors (u,0) and
(0,v) at (p, x) € P x X. Since Ry = po (id xy) we only need to show the equivalence with:

prow, v)lgpn =0n ) +Ad(h) ™ w(w) (144)

since the precomposition by (id xy) . would conclude the proof.

With vectors (u,0)|(,n), the product p. (u,0) is equal to Ry, (u). Hence the preceding
formula and the first condition are equivalent.

With vectors (0, v) (1), the product u. (0, v) gives exactly V*(u(p, h)) where V* is
the invariant vector field corresponding to 68 (v). Hence the preceding formula and the
second condition are equivalent. O
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5 Cartan geometries

5.1 Definitions

Definition 5.1. A Cartan geometry modeled on (g,b) is a right H-principal bundle P —
M, with Lie(H) =0, together with a 1-form w: TP — g, called a Cartan connection,

verifying:

1. ateach p € P, w is an isomorphismT,P — g;
2. forallhe H, Rjow=Ad(h)'w;

3. forall X e h and X* the corresponding invariant vector field, w(X™) = X.

Note A Cartan connection defines a parallelism of P since T,P =~ g by w. Hence
TP=Pxg.

Note There are many possible choices for models G/ H with Lie(G) = gand Lie(H) = §.
Usually we deal with an effective pair (G, H), with connected groups H and G.

Definition 5.2. The homogeneous space G/ [ is reductive if there exists a linear decom-
position

g=bep (145)
such thatp is Ad(H)-invariant.

Example A semidirect product N x K defines a reductive homogeneous space

N xK/K.

Note When a homogenous space is reductive, one can decompose a Cartan connection
w that has values in g along h and p, that is to say w = wy, + wy. The factor wy, is then an
Ehresmann connection.

By the same proof as in the case of an Ehresmann connection (see 4.7 (p. 45)), we
have:

Lemma 5.3. The two last conditions of the definition of a Cartan connection are equiva-
lent to:
Ryw=AdW) ' w+y* 0y, (146)

where 0y is the Maurer-Cartan form of H and y : P — H is any smooth function with
valuesin H.

46



Definition 5.4. The curvature of a Cartan geometry is
Q(u, v) =dw(u, v) + [ww),w)]. (147)

IfQ=00nTP, then we say that the Cartan geometry is flat.

Homogeneous spaces The simplest example of a Cartan geometry is the fiber bundle
G— G/ 17 equipped with its Maurer-Cartan form 6. In this case Q = df + %[6 AB]=0is
the structural equation.

Lemma 5.5. Ify : P — H is any smooth function with values in H then
R,Q=Adw)~'Q. (148)

Proof. As proved previously, we have Ryw = Ad(W)'w +y*0y. In the case of linear
groups the formula can be written

Ryw=y oy +y~ dy.

We compute the pull-back of the curvature. This is most easily obtained in the case of
linear groups and we leave the general case as an exercise.

R{;Q :R{;(dw+w/\w)
= R;;, dw + R{;w A R{;,w
=R, do+ @ oy +y~ dy) Ay oy +y 7 dy)
=R, do+y oy Ay oy +y oy Ay dy+y T dy Ay T oy +y T dy Ay T oy

We need a formula for d(R,w). We obtain:
dRyw) =dy ™ oy +y ' dy)
=y ldy Ay oy +y T doy -y oy Ay dy -y dy Ay Ty
Substituting the formula for d(Ry,w) above we have
R, Q=y'Qy=Adw)"'Q. (149)
O

Recall that we can identify T, H with the tangent space of the fiber at p € P. Indeed
the function H — P defined by h — ph is a diffeomorphism for each fixed p.
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Lemma 5.6. The curvature Q(u, v) vanishes if u or v are tangent to the fiber (belong to

T,HcT,P).

Proof. Assume that u€ T, H. Lety: P — H be such that y(p) = e and v (u) = —w(w).

Then

Ryo| )=y 0n(w +Ady (p) o)

=—owWw+wu)=0

hence w(Ry , u) = 0 implies Ry, u =0 and we get

AdW)~'Q(u, v) = Q(Ry, 1, Ry, v) = A0, Ry, v) = 0.

5.2 Bianchiidentities

The derivative of the curvature gives the Bianchi identities.

Lemma 5.7. Let P — M be a Cartan geometry and wp its connection. We have

dQ=[QAwp].
Proof. We differentiate by definition of the curvature.
1
dQ = d(dwp + 5 [wp A a)p])
L dlwp Awp]
=—dlwpAw
5 dlwpAwp

1
=3 ([dwp Awp] — [wp Adwp])

= [dwp Awp]

= [(Q—%[wp/\wp])/\wp

1
=[QAwp] - 5[[wp ANwp] Awp]

=[QAwp]

Indeed, [[wp A wp] A wp] = 0 by using the Jacobi identity.
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5.3 Example 1: Riemannian geometry

As one can anticipate, a Cartan connection on a Riemannian geometry will be a cer-
tain Ehresmann connection combined with the tautological form. But as usual in
Riemannian geometry, one can consider many connections. Only one will have van-
ishing torsion. It is that property that will determine the corresponding Ehresmann
connection.

We start with a description of Eucl(n), the group of the isometries of the Euclidean
space. This space is the model for the Riemannian geometry. By the identification
Eucl(n) = R” x O(n), one can represent Eucl(n) — GL(n + 1,R) by

(x,A) — (A 0). (161)
x 1
So the Lie algebra is:
_[o(n) O
eucl(n) = ( R" 1). (162)

An important observation is that the adjoint action by an element of the orthogonal
subgroup is a right translation on the R” coordinate:

A7l 0\(Id O0\(A 0\ (Id 0
(0 1)(u 0)(0 1)_(11,4 1)' (163)
The Maurer-Cartan form 6, can be written:

_ w 0
Okuc = & 1dg=(9 0), (164)

where w and 0 are respectively the Maurer-Cartan forms of O(n) and R". And the
structure equation becomes

(dw+w/\w 0)_(0 0). (165)

dd+6Aw 0] |0 O

Given a Riemannian manifold M we obtain the O(n) coframe bundle P of all or-
thogonal basis of the dual tangent space. Part of the Cartan connection is given by

the tautological form which we denote by 8. We will describe the (Levi-Civita) Cartan
connection wp decomposed as:

@ O). (166)

‘”P:(e 0
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Along any local section o: U — P, we get a trivialisation 7 1 (U) = U x H (Here
H = O(n)). A first observation is that the Maurer-Cartan form of H, A~' dA, can be seen
as a o(n)-valued 1-form on P by pulling it back by the projection on the second factor.
We observe then that for all X € o(n) and denoting X* the corresponding fundamental
field we have
ATTdAX*) = X,

Indeed, write a local section as a moving coframe 6 = (9). A trivialisation of the coframe
bundle is obtained through the map (x, A) — 8 A. We have

d
X*=—(0Ae'™*
= (94e™)

Therefore A"'dA(X*) = A7} dA(% (AetX)ltzo). The forms 6’ are defined on M and there-
fore we may, write expanding on a basis of two-forms,

[£=0"

a0 = =3 ;07 06", (167)
jk

with functions a;. . verifying a;. P = —a,’cj. This can be written as
df=-0rw,

where w is the matrix (aj.ka).

Recall that the tautological form can be written with the help of a moving coframe:

QQA :H*QA,

which we write, for simplicity, as 8 = 8 A. Now we can differentiate the tautological form
with the help of a moving frame:

df=(dg)A-0dA=-0AwA-0dA
=—0ANAT'TWA-OAATTdA.

We obtained therefore a 1-form w = A"'wA + A~1 dA defined on P with values in
gl(n,R) satisfying
do+0Aw=0.

Observe that w satisfies, for all X € o(n)
(X" =X.

This construction depends on the choice of the section. The ambiguity in the definition
of the form w is explicited by Cartan’s lemma.
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Lemma 5.8. There exists a unique skew-symmetric matrix of 1-forms w such that
do+0nw=0.

Proof. To understand the ambiguity of w, suppose there is another one ' satisfying the
equation. One obtains that A (w — ') = 0. Writing w — @’ as a matrix c;. ka one obtains,

using Cartan’s lemma, that c]". K= c,’;j.
The next step is to obtain the condition of skew-symmetry on w. Given w' satisfying

; I — ; : .l ] _
the equation d0 + 0 A 0" = 0 we write the equations of skew-symmetry : a; et a, =

1i 1j i i _ i
ajk+al.k+cjk+cl.k—Oandsolvethemforcjk.

We have
i Jo_ i 1j

CiktCip = (ajk+al.k)

o ky_ (0 1k

(Cki+cji)_ (akl.+6lji)

k

C.

i _ 1k 1i
lj+ckj—(al.j+akj)

Adding the three equations gives the unique values c;'. .. defining a skew-symmetric  in
terms of the 1-form w’. O

Proposition 5.9. The eucl-valued form on P given by
wp = w 0
P=le o
is a Cartan connection on P.

Proof. . The fact that wp is an isomorphism at each point of P follows from the fact
that 6 is a tautological form and from the condition w(X™) = X for X € o(n). We verify
the transformation properties for a Cartan connection. For instance, consider the w
component of the eucl-valued form. We compute the action by an element A € O(n)
on the right of the coframe bundle:

dOA) =(dO)A=-0NwA=

=—(0A) A A wA),

which means precisely that
RZ(ng) = Ad 41 wg.
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The curvature of the Cartan connection is given by

do+ownw 0)

Q=dwp+wpAwp= 0 0

so we obtain that the Cartan geometry is torsion free. Writing W = dw + @ A w we may
express in coordinates:
i _pi ok, pl
W; =R;,0° nO,
. i __pl __pi
with R}y = =Ry = —Rjp.
The Bianchi identity is given by differentiating Q = dwp + wp A wp, that is

dQ = da)p/\a)p—a)p/\d(up =Q-wphwp)Nwp—wp AN Q—-—wpAwp)=QAwp—wpAQ.
Or, in matrix form:

K 1 VRV A

dQ:(oo o oJle o/ ls o/lo o WA 0)°

Therefore W A 0 =0 (first Bianchi identity) and dW = W A w —w A W (second Bianchi
identity). Usually one writes, in coordinates, W]? AB) =0and d W].’ =Lk (WEA a);? -w! A

k
ij). Substituting W]é' = R; k 19’“ A 6! in the first Bianchi identity one has
R 05 A0'AOI =0
jkl =

which implies R;kl + Rlijk + Rlidj =0.

5.3.1 Gauss-Bonnet theorem

In this section we prove Gauss-Bonnet theorem for compact surfaces. In dimension two
the coframe bundle P over the surface X is a circle bundle. We consider the tautological
forms 6,02 and the 2x2 skew symmetric connection form w;. In this case there is only

one relevant form wé. The curvature form is then

W:( 0 dwé).

1
—-dw, 0

Thatis, in this case the curvature form on P is exact. Moreover, because the structural
group is abelian, from the formula R; W = Adg-1W = W we obtain that Qé is the pull-
back of a form defined on = which we usually denote by Kdv where dv = 6! A 6 is the

volume form associated to the metric in X and does not depend of the choice of coframe
{0',6%}.
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Theorem 5.10. Let X be a compact oriented surface with Euler characteristic x(X). Fix a
Riemannian metric and let Kdv the curvature form on M defined as above. then

1
ELKdv:)((Z).

Proof. Consider a section of P over the complement of a finite number of points F ¢ M
(this is always possible even if we chose F to have only one point). This is equivalent
to a choice of a global unit vector field on the complement of F. Indeed, choosing a
unit vector field fixes, for an oriented surface, an orthogonal vector field which defines a
positive basis. Reciprocally, from a coframe one can define the dual basis and choose
the first basis vector.

Choose small discs A; around the isolated points and one computes using the
section s: 2\ F — P;

dev:f Kdv+ Kdv:f Ql+ Kdv.
b 2\Ui A Ui A S(E\U; A Ui A

Now we use the fact that Q is exact and Stokes theorem:

deU:f dwl + Kdv:f Wy + Kdv.
b3 sCA\U; A Ui A; s@U; AY) Ui A;

The last integral tends to zero when the radius of the discs vanish while
1

— w3 — index of the vector field.
27 Jsou;a)

Indeed, one computes this integral using a coframe 6’ i defined on A i, that is, with no
singularities. We may write then (by the formula Ry = Adg1w+g~'dg) wy = W} +d¢
where ¢ is the angle between the coframes. Remark that this angle is the same as the
angle between the vector fields associated to them. In the limit, the integration of the
first term disappears as the circles get smaller and the integration of the second term
tends to the index of the singular vector field.

We conclude the proof by invoking Poincaré-Hopf theorem: the index of the vector
field = y(2). O

5.4 Example 2: web geometry
Web geometries on R? are a way to study the geometry of differential equations

dy = F(x,y)dx. (168)

The geometric data correspond to the three distributions defined by the axes and the
tangent lines defined by the differential equation.
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Definition 5.11. A web on R? is the data of three line distributions Ly, Ly, L3 < TR? such
that any two are linearly independent at each point.

By duality, a line corresponds to the kernel of a form: L; = kera!. The forms are
defined up to a scalar multiple. That is, a! and Aa! generate the same line L;. Hence,

by rescaling, since a® = Aa! + pa?, we can assume that a® = a! — a?.

Definition 5.12. A coframe of a web on R? is the data of three 1-forms a', a?, a® € T*R?
2

such that any two are linearly independent at each point and a® = a' — a?.

Observe that a coframe is in fact the data of only a! and a?. So it is indeed a coframe
of R2. The bundle of all coframes of a web on R? is an R*-principal bundle. Indeed, if !
becomes 1;a! and a? becomes A,a? then 1;a' — 1,a? must still be proportional to a3,
hence 17 = 1.

Flat model A flat model for this geometry is given by a! = dy, @ = dx and the third
form a? = dy —dx (this corresponds to the differential equation dy = dx) . We admit
that the invariance group is exactly G = R x R* where R? acts by translation and the
isotropy H = R* by dilation. A representation G — GL(3,R) is given by:

A 0 0
(x,,)—10 A 0]. (169)
x y 1
One can check that in this representation,
0 0 O
AdA Hx, =0 0 of. (170)
xA yA 0
The Maurer Cartan-form is
w 0 0
0 w O
6! 0% 0
whose components satisfy the equations
dw =0,
do' +0' hw=0,
do*+6* Aw=0.
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The torsion free Cartan connection Let 6 = (6',02) be the tautological form of the
coframe bundle P.

Proposition 5.13. There exists a unique 1-form w on P such that
do' =wno'
do* = w A

w 0
0o=|0 w

0" 0

Moreover, the g valued form

S O O

|

Proof. Welet §' be a section of the tautological forms so that the tautological forms are
described by

—
—

is a Cartan connection.

0 =70".

We obtain then, observing that dg I are basic forms,
i i i_dA i o
do’ =dAn0" +1dO" = TAH +7°0° NO“,
where 7! are functions on P. Now we can write

dA
do' = (T —-tle*H a0t

dA
do* = (+ 7°0") A O°.
Therefore w = % +720' — 1162, One can also easily verify that the g valued form is a
Cartan connection. O

The curvature of that Cartan connection is of the form

KO A2 0 0
Q=do+dND = 0 KO AB% 0],
0 0 0

where K is a real function defined on P. The component K' A 62 is known as the
Blaschke-Chern curvature. Observe that K0! A 62 is well defined on R2.
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Exercise Let T2 be a torus equipped with a web structure. Then

KO' A 0% =0.
T2
Application Consider the equation
dy=F(x,y)dx (171)
and the corresponding web
a' =dy, (172)
a’ = F(x,y)dx, (173)
a’ =dy-F(x,y)dx= al —a? (174)

where F(x, y) does not vanish.
By following the method, we differentiate (a!, a?). It gives:

da'=0 (175)
OF

da® = —dynad 176

a 3y yAdx (176)
10F

=——dyna? 177

F oy YA (177)

and it determines a connection form w (actually a pull back by the section of the coframe
bundle) verifying da = w A a:

w= la—F dy. (178)
Foy
Hence, the Blaschke-Chern curvature is:
dw = %(1—132—1;) dxAdy (179)
:l(az—F—la—Fa—F)dx/\dy (180)
F\0xd0y F oxdy

-1( 0°F 10F0F\ ;

:ﬁ(axay—ﬁaa)a ANa”. (181)
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For instance, it vanishes for any F(x, y) linear in x and y, or any F independent from
x or y. It does not vanish with F(x, y) = sin(xy). Indeed:

62
533y = —xysin(xy) + cos(xy), (182)
10F0F  cos(xy)?

—— =Xy 183
F 0x dy Y sin(xy) o)

5.5 Example 3: path geometry

The model space for path geometry is G/ 7y where G = SL(3,R) and H = B, the so called
Borel subgroup of G of upper triangular matrices. It can be realized as a flag manifold
F)», the space of complete flags in R3. For more details see [IL] and [MmZ2].

Definition 5.14. Le M be a real three dimensional manifold and TM be its tangent
bundle.

1. Apath structure £ = (E', E?) on M is a choice of two line sub-bundles E! and E?
in TM, such that E* n E? = {0} and E' ® E? is a contact distribution.

2. Astrict path structure 9 = (E VE20yonMisa path structure with a fixed contact
form 0 such thatker6 = E' & E2,

3. A (local) automorphism of (M, 9") is a (local) diffeomorphism f of M that preserves
E', E?2 and®.

The condition that E! @ E? be a contact distribution means that, locally, there exists
a one form 6 on M such that kerf = E' @ E? and 6 A d6 is never zero. On the other
hand, for strict path structures we impose the existence of a globally defined contact
form 0. Therefore, strict path structures are unimodular geometries: there exists a
canonical volume form pg- =0 A dO on M, preserved by the automorphism group of 9~
(in contrast, path structures are not unimodular).

There exists a unique vector field R such that d6(R,-) = 0 and 6(R) = 1, called the
Reeb vector field of 0, that we will also call the Reeb vector field of the strict path structure
9 . In particular, the distribution E 1 & E2 of a strict path structure J is thus oriented,
and the manifold M supporting 9 is orientable.

3If the contact distribution is oriented, then there exists a global contact form. Indeed, using a global
metric on the distribution one can define locally a transversal vector to the distribution taking a Lie
bracket of orthonormal vectors in the distribution. This defines a global 1-form.
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Flat path model Flat path geometry is the geometry of real flags in R3. That is the
geometry of the space of all couples (p, [) where p € RP? and [ is a real projective line
containing p. The space of flags is identified to the quotient

where B is the Borel group of all real upper triangular matrices.

Flat strict path model The Heisenberg group Heis(3) is the flat model for the strict
path geometry. With
Heis(3) = {(x,y,1) e R*} (185)

and the multiplication defined by (x1, y1, t1)- (X2, 2, £2) = (X1 + X2, Y1+ V2, L1 + Lo +2(X1 )2 —
X2¥1)). We consider the left invariant distributions determined by their value at the
origin:

0 0
Ei = — E,= — 1
1 ox and 2 0_’)/ (186)

and it has a global corresponding contact form:
0=dt—xdy+ydx. (187)
5.5.1 Path structures and second order differential equations

A second order differential equation in one variable is described locally as

d*y dy
—=Fl|x,y,—|. 188
dx? (x y dx) (188)

Introducing a new coordinate p = %, we define a path structure on a neighborhood of
a point in R3 with coordinates (x, ¥ Dp):

E; =ker(dy — pdx) nker(dp — Fdx), (189)
E; =ker(dx) nker(dy). (190)

The contact structure is defined by the form
0 =dy—-pdx. (191)

By defining the forms Z! = dx and Z? = dp — Fdx, one has that dg = Z! A Z2.
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One can show that every path structure is, in fact, locally equivalent to a second
order equation. That is, there exists local coordinates such that E; and E, are defined
via a second order differential equation as above.

For, one first finds coordinates such that E, = kerdxnkerdy by the flowbox theorem.
Forms which annihilate E; + E; should be described by gdx + pdy, for functions g
and p. Without loss of generality, one can assume locally that dx + pdy and using the
contact condition one concludes that x, y, p are local coordinates. Then E; = ker(adp +
Bdy+ydx)nker(dy — pdx) and one let, for a # 0, without loss of generality, § = 0 and
a=1.

Local equivalence (also called point equivalence) between path structures happens
when there exists a local diffeomorphism which gives a correspondence between the
lines defining each structure.

One can choose a contact form 6 up to a scalar function and interpret this as follows:
one has an R*-bundle over the manifold given by the choice of 8 at each point (one
might keep only positive multiples for simplicity). Over this line bundle one defines the
tautological form wg, = 7*0a. This bundle is trivial if and only if there exists a global
contact form 6.

Let 6 and local forms Z! and Z? defining the lines as above such that df = Z! A Z2.
There exists global forms Z! and Z? if and only if there exists global vector fields along
the lines. Clearly, if the contact distribution is oriented, it suffices that there exists a
global vector field along one of the foliations by lines.

5.5.2 Examples

Example 1 Consider the Heisenberg group
Heis(3) ={(z,1) e Cx R} (192)

with multiplication defined by (zy, t1) - (22, f2) = (21 + 22, 1 + 2 + 2Im 2, Z2). The contact
form
0=dt+xdy—ydx (193)

is invariant under left multiplications (also called Heisenberg translations). If A <
Heis(3) is a lattice then the quotient A\He1s(3) is a circle bundle over the torus with a
globally defined contact form.
Alattice A determines a lattice I'  C corresponding to the projection in the exact
sequence
{0} — R — Heis(3) — C — {0}. (194)
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There are many global vector fields in the distribution defined by 6 and invariant under
A, it suffices to lift a vector field on C invariant under I'. All circle bundles obtained in
this way are not trivial and the fibers are transverse to the distribution.

Example 2 We consider the torus T3 with coordinates (x, 1) E R/Z3 and the global
contact form
0, =cos(2nnt)dx —sin(2nnt)dy. (195)

There are two canonical global vector fields on the distribution given by
0 ) 0 0
— and sin(2znt)— +cos2nnt) —. (196)
ot 0x oy

In this example, the fiber given by the coordinate ¢ has tangent space contained in the
distribution.

Example3 An homogeneous example is the Lie group SU(2) with left invariant vector
fields X and Y with Z = [X, Y] and cyclic commutation relations. The vector fields X
and Y define a path structure on SU(2).

Example 4 Another homogeneous example is the Lie group SL(2,R) with left invariant
vector fields X and Y with Z = [X, Y] with [Z, X] =2X and [Z, Y] = —-2Y given by the
generators in s[(2):

01

X = 0 0) (197)
0 0

v=|, 0) (198)
1 O

z=(} _1). (199)

The path structure defined by X and Y induces a path structure on the quotient
F\SL(Z’R) by a discrete torsion free subgroup I'  SL(2,R). This structure is invariant
under the flow defined by right multiplication by e’Z.

Example 5 Let Z be a surface equipped with a Riemannian metric. The geodesic
flow on its unit tangent bundle T'X defines a distribution which, together with the
distribution defined by the vertical fibers of the projection of the unit tangent bundle on
%, defines a path structure which is not invariant under the geodesic flow. For = = H,
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the hyperbolic upper plane, we obtain T!x = PSL(2, R) with distributions defined by the
left invariant distributions X — Y and Z (using the same generators of the Lie algebra
5[(2) as in the previous example).

5.5.3 Path structures with a fixed contact form

We now go back to strict path structures, by considering the specific case of Cartan
geometries modeled on Heis(3), the flat model of strict path structures. So G denotes
from now on the subgroup of SL(3,R) defined by

a 0 0
G:x%O
< Yy

a
and H c G the isotropy subgroup of G defined by

a 0 O
H:{(O ai 0)}. (201)
0 0 a

The Heisenberg group is identified to:

1 00
Heis3)=4q|x 1 Of;. (202)
z y 1

The semidirect structure G = Heis(3) X H is described by the action of H on Heis(3) by

conjugation:
1 1 a 1
1 3
a? x 1 = =|a’x . (203)
é z y 1 a z %y 1

Writing the Maurer-Cartan form of G as the matrix

acR*, (x,y,2) eR® } (200)

w 0 0
0! 2w 0 (204)
0 6> w
one obtains the structural equations:
do+0*n0' =0

do'-3wna0'=0
d6?>+3wn0%*=0
dw=0.

(205)
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Let M be a three-manifold equipped with a strict path structure 9 = (E 1 E2 0) with
Reeb vector field R. Now let X; € E!, X, € E? be such that df(X;, X») = 1. The dual
coframe of (X!, X2, R) is (a!, a?,0), with two 1-forms a; and a; verifying d0 = a' A a?.

At any point x € M, any coframe (6,602,0) verifying d9 = 6! A 6? is of the form

1
0' = a®a’, 02:—3a2 (206)
a

with a a function with values in R*.

Definition 5.15. We denote by : P — M the right R* -coframe bundle over M given by
the set of coframes 61,62,0).

We will denote the tautological forms defined by 6!, 62 and 6 by using the same
letters. That is, we write 8/ = 7*0".

Proposition 5.16. There exists a unique Cartan connection on P — M
w 0 0
w=[0' 2w 0 (207)
0 0> w

such that its curvature form is of the form

1 dw 0 0
Q:dw+§[w/\w]:dw+w/\w: Ort! —2dw 0 (208)
0 OAnT? dw
witht' A0? =12 A0 = 0.

Observe that the condition 7! A 8% = 72 A§' = 0 implies that we may write 7' = 7,62
and 7% =730

Proof. We differentiate the tautological forms. One obtains with 8! = a3a!:
do' =3a*dana’ +a*da’ (209)

da
:—391/\7+a3 Bv'aa' +b10 A a?) (210)
for a certain function by and a 1-form v! defined on M. Rearranging terms we obtain

d
6" :—301/\(—a+v1)+a6b10/\62. 211)
a
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Analogously we have

de? =360 A %+ v? +&9/\91 (212)
a ab

for a certain function b, and a 1-form v? defined on M. Observe now that by differenti-
ating df = a' A a? one obtains that

d’0=0=da' ra®-a' Ada? (213)

=-3a'Av' Aa®-3a' A d?® AV (214)

This implies that the terms in 6 of v! and v? are the same. One can therefore define a
unique w by adding to 92 — ! the term in v? which is proportional to 62.

Unicity of this construction follows easily from Cartan’s lemma. The verification that
itis actually a Cartan connection is left to the reader. O

The Heisenberg group as a strict path flat space revisited The Heisenberg group

1 00
Heis3):={ [y 1 0||(x,5,2)eR®
z x 1

is the model of strict path structures. We consider on Heis(3) the left-invariant structure
(RX,RY,Z*), where X, Y are the left invariant vector fields and Z* the left invariant
1-form induced by the basis
x=(909),v=(180),z=(000) (215)
010 000 100

of its Lie algebra. To describe the automorphism group of this structure, we introduce
the subgroups

a 0 0 a 0 0
P={|0 L o | |acR }cG={|y L 0 ||aeR, (x,y,2eR®
0 0 a zZ X a

of SL(3,R). We verify that
w: (h,p) eHeis(3) x P— hpeG.

is a group isomorphism between G and the semi-direct product Heis(3) x P, where P
acts on Heis(3) by p-h:= php~L.
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Define the left action of G = Heis(3) x P on Heis(3):
hp-x:=h(pxp™)

for any (h, p) € Heis(3) x P and x € Heis(3).
This action being transitive, it induces an identification of Heis(3) with G/P, by
choosing the identity e for base-point.

Lemma 5.17. G is the automorphism group of the strict path structure on Heis(3).

Proof. Itis easy to verify that RX, RY and Z are fixed by the adjoint action of P, so that
G acts on Heis(3) by automorphisms of its strict path structure. In order to show that
this is full automorphism group we use first the Heisenberg translations to reduce the
question to the isotropy group. O

An example with constant curvature Consider SL(2,R) with its left invariant vector
fields defined by a Lie algebra basis (E, F, H) of s((2) with [E,F] = H, [H,E] = 2E and
[H, F] = —2F. Explicitly:

01

E=|, 0) (216)
00

F=| 0) (217)
1 0

H=|, _1). (218)

The structural equations of SL(2,R) for a dual basis al,a?,0 are:
dd+a'ra’=0
da'-2a'r0=0 (219)
da?-20na®=0.

Indeed, note that:

1 1 Lan2  _on2
(9 a)/\(@ a):(a A 2a° N0 (220)

a’ -0 a’ -0 —20na? —-a'nd?]”

Now, we define a strict path structure on SL(2,R). At any point, we do a left trans-
lation (by SL(2,R)) of (RF,RE, H). It defines a path structure. It is strict with the left
translation of 6. The tautological forms are 0, 0! = a®a? and 0> = a3a’.
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We can now compare with the previous proposition and the structural equations of
the strict path geometry. That is to say, we compare the two sets of equations:

dO+a'ra®=0 do+6>r0'=0
da'-2a'A0=0 and { dO?> +3wAO* =0 AT? (221)
da®-20na’=0 do'-3wna0' =0T

We read those equations in the section (al, a?,0). The first equation of both systems
is indeed verified:
do+60*n0'=dO+a' Aa?=0. (222)

The equations in second position:
da'-2a' A0 =0and d6*+3wA0* =0 AT (223)

show that 72 = 0 and w must be %6 along the section (a!,a?,0). The last equations
shows that 7! = 0 and w is again %9.
As a consequence, the strict path structure on SL(2,R) has curvature:

262N 0" 0 0
o= o -%26*Ar0' 0o |. (224)
0 0 £6%n 0!

One can think of SL(2, R) with the above strict path structure as a constant curvature
model. Observe that one can vary the curvature by choosing different multiples of H.
The curvature sign corresponds then to different choices of orientation.

The automorphism group of this structure is SL(2,R) x R*. The action is through
left translations by SL(2,R) and right translations by R* identified to the one parameter

subgroup
el 0
tlo

Indeed, this group acts simply transitively on the adapted coframe bundle P over SL(2,R)
and preserves the connection.

te R} (225)
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6 Curvature

6.1 Universal covariant derivative

We consider a Cartan geometry P — M with connection w : TP — g. Although the
following definition makes sense for general maps f: P — V we will consider only the
more interesting case of equivariant maps and, in particular, the curvature function. Let
p: H— GL(V) be a representation of the structural group and f : P — V map satisfying,
forall he H,

R, f=ph™)f.
A special case is the the representation Ad : H — Aut(g) and the function being the

Cartan connection. Another example is the curvature function K : P — V where V =
Hom(Azg,g) defined in 6.3.

Definition 6.1. Let f : P — V be an equivariant map. The universal covariant derivative
of f with respect to X € g is the map

Dxf:=w1(XF.
In other words, the universal covariant derivative of f is the map
Df:=w'()feg e V.

Note that it is defined on P and not on M. It is also important to observe that Df is
an equivariant function with values in g* ® V with the representation on g* ® V given by
Ad* ® p. The universal covariant derivative along the fibers is easy to compute in the
case of these equivariant functions:

Lemma 6.2. Let f : P — V be a function satisfying the transformation R, f = ph™Hf.
Then, forall X € b,

Dx f(p):=—p«(X) f(p),

where p.(X) = L|,_op(e™).

Proof. From

d
Dxf(p) =0 ' X)f(p) = fr (@ H (X)) (p) = EH:OJC(PetX)

we obtain p
Dxf(p) = Elt:op(e_tx) f(p)=-p.(X) f(p).
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6.2 The curvature function

One can define a function with values on a vector space which contains the same
information as the curvature 2-form. Let V = Hom(A?(g/h), g).

Definition 6.3. Let P — M be a Cartan geometry with connection w and curvature Q.
We define its curvature function
K:P—-V.

by
K(p)(w,v) =Q (0™ Wy, ' W))). (226)

It is well defined since Q vanishes on b.

Note The curvature function K has values in b if, and only if, Q has vanishing torsion.

In the case the Cartan geometry is reductive, one can write g = n@®h as an H-module
decomposition. One can decompose the universal covariant derivative by projecting it
into n and h. We write Dy, for its projection into n and call it the covariant derivative of
the reductive Cartan geometry.

Definition 6.4. Let P — M be a reductive Cartan geometry (g =na b)) with connection
wn and curvature Q. It has constant curvature if K does not depend on P.

Definition 6.5. A reductive Cartan geometry modeled on g =n &V is said to be locally
symmetric if the curvature function satisfies Dn K = 0.

Let now W € TM and W be the unique lift to TP such that wy (W) = 0. Define the
covariant derivative VK by the formula

VK = Dy, K.

6.2.1 Curvature function on a coframe bundle

In the case the Cartan bundle is a coframe bundle one can use the tautological forms 6°
to express the curvature as
_pi piapi
Q=R;,0° nO’.

Therefore, the curvature function is given by K (ek el = R;. Kl The covariant derivative
of the curvature is given by
D'K(e'®efoel)y =o' (eK(e e =R],,,
i _ pi r
where dekl = Rjkl,rg .
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6.3 Mutations

Definition 6.6. Let P — M be a Cartan geometry modeled on (g,h). Its torsion is the
projection of the curvature Q) by g — g/h'

Note When the model space is reductive, that is to say there exists p that is Ad(h)-
invariant and g = ) @ p, then the torsion is the p factor of Q.

Example In Riemannian geometry the torsion vanishes exactly for the Levi-Civita
connection. It is indeed what we constructed by asking df + 0 A w = 0.

Definition 6.7. Let (g1,h) and (g2,h) be two geometric pairs sharing a same group H
corresponding to ) and having two respective adjoint representations Ad, : H — Aut(g;)
andAd;: H — Aut(gy).

A mutation is a linear isomorphism

A g1 — g2 (227)

such that

1. forallhe H and u € g1, A(Ad, (h)(u)) = Ada (h)(A(w));

2. Aly is the identity;

3. ingz/b, we have A([u, v]) = [A(u), A(v)].
Examples The three constant curvature models for the Riemannian geometry are
mutations. Let R” = Eucl+(n)/so(n)’ sn =S0(n+ 1)/80(11) and Hf = SO(n, 1)/80(11)'
The three Lie algebras so(n + 1),s0(n,1) and eucl(n) are decomposed into so(n) ® R".

Note that so(n) is the Lie algebra of a shared isotropy H = SO(n). Let A € so(n) and
v € R". Then the mutations are deduced from the three following representations.

A v
euc[(n):{ 0 0)} (228)
50(n+1):{ _/)V g)} (229)
so(n,l):{f; g)} (230)
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Proposition 6.8. Let (g;,h) and (g2,h) be two geometric pairs with a mutation A: g, —

g2.
If P — M is a Cartan geometry modeled on (g,,h) with Cartan connection w, then

w2 :/10(1)1 (231)

gives a Cartan connection for P — M modeled on (g2,h). Furthermore, the curvature (),
becomes:

Qz:/1091+%([w2/\w2]—)L[wl/\wl]). (232)

Proof. Since A is an isomorphism, w; is a linear isomorphism at each point: T,P — g».
It verifies the other properties since on the equivalent property we have:

Ryws = (Aow))(Ry,) (233)

=A(v* 0 +Ad) () w) (234)

=y 0y +Ada(w) T Aow, (235)

=y 0y +Ady (p) lw,. (236)

The identity on Q, follows by definition. O

Note If Q; has vanishing torsion then Q, does too since A preserves b.

Theorem 6.9. Let P — M be a Cartan geometry modeled on (g,,h) with connection
w and curvature Q). Assume it has constant curvature and vanishing torsion. Then
A: g1 — g2 = g1 defined linearly by id (g, is a linear copy of g1) but with bracket

(u, vlg, = [u, vlg, — K(u,v) (237)
defines a mutant geometry on which P — M is flat.

Proof. We prove first that g, is well defined. It only depends on wether the bracket is
indeed a bracket of Lie algebra. It is certainly anti-symmetric and bilinear since K is a
2-form. The Jacobi identity is comes from the following computation.

(u, [v, wlg,lg, = [u, [v, wlg,lg, — K(u, [v, wlg,) (238)
= [u, [v, wlg, 1g, — [u, K(v, w)lg, — K(u, [v, wlg,) + K(u, K(v, w)) (239)

= [u, [v, wlg, lg, — [u, K(v, w)lg, — K(u, [v, wlg,) (240)

—[v, [u, wlg,lg, = —[v, [u, wlglg, + [v, K(u, w)lg, + K(v, [u, wlg,) (241)
[, vlg,, wlg, = [[u, Vg, w]gl - K([u, vlg,, w) - [K(w, v), wlg, (242)
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Hence the Jacobi identity only depends on a circular identity of K (u, [v, w]) and [K (i, v), w].
For this we use the Bianchi identity.

Let U,V,W be o ! (w),w™ ' (v), 0~ (w). Then, since the curvature is constant, (we
now take every bracket in g;)

dQU, Vv, W) =-Q([U,V],W)+QU,[V,W]) - Q(V,[U, W]) (243)
and the Bianchi identity say this is equal to
[QU, V), 0o(W)] - [w), 2V, W)] + [w(V),Q(U, W)]. (244)
With a torsion free curvature we have also:
Q[U,V],W)=K(lu,vl - K(u,v), w) = K([u, vl, w). (245)
So the Bianchi identity states:
—K([u, v], w)+K(u, [v,w) -K(v, [u, w]) = [K(u, v), w]-[u, K(v, w)]+[v, K(u, w)] (246)

finishing to prove that [+, ]4, is a bracket.
Now we prove that we have indeed a mutation. We need to prove that [Ad(h)u,Ad(h) v]g, =
Ad(h)[u, vlg,. This equality will be proved if we show

K((Ad(h)u,Ad(h)v) = Ad(W) K (u, v). (247)
It is true since by constant curvature:
QU, V) =Ad(h)1QAdRU,Ad(B) V). (248)

Finally, the new connection is indeed flat by the preceding proposition and a straight-
forward computation. O

As an example of mutation using Theorem 6.9 we consider the strict path structure
with constant curvature described in section 5.5.3. Its curvature is given by

262N 06! 0 0
Q= o0  -20*A0! o | (249)
0 0 26°n0!

Recall that the Lie algebra of G = Heis(3) x P is the algebra g = heis(3) ® p where p is
the Lie algebra of P, whose adjoint action on feis(3) is described by

(X,Y]=Z,[D,X]=X,[D,Y]=-Y,[D, Z] =0, (250)
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with D the generator of p verifying

e5 0 0
exp(tD)=| 0 e25 0
0 0 e

We define, as in Theorem 6.9 a new Lie algebra structure on the vector space g by
the following relation for u, v e g x g:

[u, vl :=[u, vl - K(u, v). (251)

We denote by g’ the Lie algebra defined by the vector space g endowed with the Lie
bracket [-,-]’. Now g’ is described by the following relations:

[X,Y]'=Z-3D,[D,X]'=X,[D,Y]'=-Y,[Z,X]'=(Z,Y]'= D, Z]' = 0. (252)

The conclusion of Theorem 6.9 applies and we obtain that this Cartan geometry is a
flat (g’,0) Cartan structure. In the following we will show how to identify the algebra g’
to SL(2,R) x A.

The Lie algebra of SL(2,R) x A is the direct sum sl & a, and the copy of H=(} % ) in
the right factor of sl ® a is denoted by T. Note that [T,-] =0 on sl, ® a.

We define a group isomorphism A: P — A by

a% 0 0 % 0 % 0

a a

1 0 az2J]\0 a-:
0 0 as

Define a vector space isomorphism g’ — sl, @ a by:

3 3 3 1
A(X)—\/;E,A(Y)——\/;F,A(Z)—ET,A(D)—5(H+ T). (254)

A simple computation shows that A is a Lie algebra isomorphism from g’ to sl, & a.
One can interpret this isomorphism as a mutation isomorphism A: heis(3) @ p —
sl @ a. That is:

Lemma6.10. 1. Thedifferential of A at the identity coincide with Aly: p — a.
2. Foranyu,v e g: [AMu), A(v)] = A[u, v]) modulo a (the brackets being respectively

insly®aandheis3) ®p).
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3. Foranyp € P: Ao Ad, = Adp) © A (the adjoint actions being respectively within
the Lie groups Heis(3) x P and SL(2,R) x A).

Proof. 1. This directly follows from the definitions of A and A.

2. Infact for u, v e g, K(u,v) € p and [A(u), A(v)] = A([u, v]) = A([u, v]) — A (K (u, v)).

4. For p € P written as in (253), the matrix of Ad), in the basis (X, Y, Z, D) is the diagonal
matrix [a,a"!,1,0], and the matrix of Ady(p) in the basis (E,F, H, T) is the diagonal
matrix [a,a"',1,1]. The claim directly follows from the definition of A. O

6.4 Developing map and uniformization of Cartan geometries
6.4.1 Path development

Lemma 6.11. Let f: [0,1] — g be a smooth function. Let w: TX — g be a complete
parallelism (its constant vector fields v~ (v) are complete, i.e. have flows fully defined on
R) verifying the structural equation. Then the differential equation

Yio=[fde (255)
has a solutiony: [0,1] — X that is unique once an initial condition y(0) = x € X is given.

Proof. Note that f dr verifies the structural equation. By Cartan’s method, a local solu-
tion does always exist and is unique once an initial condition is given. We have to show
that a solution can always be extended to the full interval [0, 1].

Suppose that a local solution y is only defined for ¢ < 1. Then y(#) escapes every
compact set of X when ¢ — 1. Butwhen ¢ — 1, f(#) — v € g and a global solution to
Y*w = v exists by completeness of w on X. A contradiction. O

The development of paths follows from this lemma. We let w = 65 be the Maurer-
Cartan form of a Lie group G. Any path 6: [0,1] — P defined on a manifold P equipped
with a g-valued 1-form w: TP — g gives by pulling back the 1-form 6*w. Then by what
precedes, 6*w = y*0¢ for apath y: [0,1] — G.

In our context P will be the total space of a principal bundle P — M and the form w
will be a Cartan connection.

Definition 6.12. Let P be a smooth manifold equipped with a g-valued 1-form w. Any
path §: [0,1] — P determines a path D(6): [0,1] — G such that

§*w=D©)"0g (256)

and D(0) is unique as soon as D(0)(0) € G is prescribed.
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The map giving the endpoint:
E(6)=D(5)(0)"'D©)(1) (257)
is well defined and does not depend on the choice of D(6).

The map E is defined on the space of the paths of P. Its values are in G. Now, the
goal is to obtain a map
F:P—-G (258)

that would be a complete integration of w:
F*06 =w. (259)

The most natural way would be to fix p € P and define F(z) as E(6) for any path 6
joining p to z. With this goal in mind, one needs to compare the different values of E for
different paths joining the same points.

A natural assumption is to compare paths that have the same homotopy class in
m1(B p). Those have indeed same endpoints by E if the space P is flat.

Lemma 6.13. If there exists F such that F*0¢ = w then w verifies the structural equation
1
dw + > [wAw]=0. (260)

Proof. This follows by naturality of the pulling-back and the fact that 0 itself verifies
the structural equation. O

Since 7 is defined on the whole T|0, 1], the function f is bounded.

Proposition 6.14. Let P be a smooth manifold equipped with a g-valued 1-form o
that verifies the structural equation. If H: [0,1] x [0,1] — P is an homotopy between
01=H(,t) andd, = H(1, t) then E(1) = E(02).

Proof. Since w verifies the structural equation, one can apply Cartan’s method. Again,
by completeness of the Maurer-Cartan form, it defines a complete integral Hg: [0,1] x
[0,1] — G such that

H}0G=H"w. (261)

Since H is ahomotopy, H* w vanishes on [0, 1] x {0, 1}. Hence Hg does too and it furnishes
an homotopy in G. Therefore H; has two equal endpoints for Hg(0, t) = D(6;) and
Hg(1, 1) = D(65). O
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Definition 6.15. Let P be a smooth manifold equipped with a g-valued 1-form w verifying
the structural equation. The monodromy morphism

Oy:m(Pp)—G (262)

is the value of E(0) for any 6 realizing a chosen class [0] € m1 (P, p). It is a group homomor-
phism by concatenation of paths. Its image is the monodromy subgroup @, (71 (B, p)) < G.

Corollary 6.16. Let P be a smooth manifold equipped with a g-valued 1-form. There
exists a global map F: P — G such that

F'Os=w (263)

if, and only if, w verifies the structural equation and its monodromy is trivial.

6.4.2 Flat Cartan geometries

Now we consider a Cartan geometry P — M. The development F of P in G will allow to
define a developing map from M to G/ 17- Here we can see M as the space of the paths
of M modulo homotopy.

A first step is to verify that the principal H-bundle structure on P is compatible with
the one on G under F.

Lemma 6.17. Let P — M be a Cartan geometry modeled on a reductive pair (g,b) with a
(non-necessarily flat) Cartan connection . Let: [0,1] — P be a path and vy : [0,1] — H
be a smooth function. Then

D(6w) = D6y (264)

if we have the compatibility D(6w)(0) = D(6)(0)y (0).
Proof. Both D(6w) and D(8)y are paths on G with same initial point. We only need

to check that their derivatives are equal since the unicity of the development of paths
would conclude. Indeed we have:

DY) *0c = 6y)*w (265)
=Ady) 10w+ 0y (266)
=AdW) ' D(6)* 0 + v 0y (267)
= (D©B)y)*bg. (268)

O
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Proposition 6.18. Let P — M be a Cartan geometry modeled on an effective Kleinian
pair (g,b) with a flat Cartan connection w. Then there exists a local diffeomorphism

D: M- Gy (269)
called a developing map.
Proof. With the universal cover 7, : M — M we define the pulled-back bundle P by
P={(p,x) e Px M|7p(p) =m (0)}. (270)

We have the projection maps 77: P — P and 7 R P — M. The pulled-back Cartan
connection wp = 71" w defined on P has still flat curvature by naturality.

TP —= TP — g <5— TG
l l

p—"sp G (271)

lﬁ = o

LM Gy

The short exact sequence of the fiber bundle H — P — M shows that
m1(H,e) —»nl(ﬁ, p) —»m(]\A/f,x) = {e}. (272)
By composition with the monodromy morphism, we obtain the exact sequence:

{e} = @y, (11 (H, ) — Oy (11 (P, p)) — fe} (273)

showing that the monodromy of P is trivial. (Note that qbwﬁ (m1(H, e)) is trivial since
H c P is developed by the identity diffeomorphism to H c G.)
By the preceding corollary, we obtain a development

F,,: P—G. (274)

It is necessarily a local diffeomorphism that preserves the fibers since w5 identifies the
tangent space of each fiber with §.
Therefore, F,; descends to a developing map

D: M- Gy (275)

that is again a local diffeomorphism. O
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Proposition 6.19. Under the same assumptions, the developing map D: M — G/ I is
paired with a holonomy morphism

p:m(M,x)—G (276)
that is equivariant:
Yy em (M, x),Yye M, D(yy) = p(y)D(y). 277)
Proof. Recall that with the universal cover 77, : M — M we constructed
P={(x,p) e MxP|m (x)=np(p)}. (278)
The left action of 7 (M, x) on M can be lifted to P by:
Vyem (M), y-(x,p)=(y-x, p). (279)
Hence 7] oy = ;. We obtain:
Wp=T1 W=y w=Y"wp. (280)

Since y is an automorphism of P, it corresponds to a left translation p(y) of G. For
indeed, with any path 77 based at p € P, the forms n* w5 and n*y* w5 are equal and hence
the endpoints of their developments differ by p(y) which does not depends on 7. It
can be checked that p is indeed a morphism by concatenation of loops in 7, (M, x). It
verifies the equivariance property by what precedes. O

Theorem 6.20. Let P — M be a Cartan geometry modeled on an effective Kleinian pair
(g,b) with a flat Cartan connection w. If the Cartan connection w is complete, that is to
say every w™'(v) vector field is complete (its flow is defined on R), then the developing
map

D: M- Gy (281)

is a covering map. If G/ g is also simply connected then it follows, with T’ = p(n1(M, x))
the image of the holonomy morphism, that D is a diffeomorphism and

M=pGyy (282)

Proof. The developing map D is a cover if, and only if, it has the lifting property. That is
to say, we check that D can lift uniquely any path in G/ 77 with the choice of base points

xeMand D(x) € Gy

Any smooth path §: [0,1] — G/H can be lifted in G by a path 5 [0,1] — G. Then
o* 0g = fdt. Bylemma 6.17 (p. 74), there exists a unique path y: [0,1] — P such that
Y*wp = fdt. Then the projection of y in M lifts § by construction. O
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Corollary6.21. Let P be smooth manifold equipped with a complete parallelismw: TP —
g verifying the structural equation. If P is simply connected, then P is diffeomorphic
to G the unique simply connected Lie group with Lie algebra g. Its group law is the
concatenation of paths.

6.4.3 Constant curvature

The preceding construction on flat Cartan geometries can be generalized for Cartan
geometries with constant curvature and flat torsion. Indeed, recall that the mutation of
a pair (g, h) allows us to obtain a Cartan geometry with a flat curvature.

Corollary 6.22. Let P — M be a Cartan geometry modeled on an effective Kleinian pair
(g, b) with Cartan connection w. Assume that w is complete, has constant curvature K
and vanishing torsion. Then there exists a Lie group Gg which has for Lie algebra a
mutation of g with Lie bracket:

Vx,yeg, [x,ylk =[x, ylg— K(x, ). (283)
If GK/ 17 is simply connected then there exists a subgroup I'x < Gk such that

M=p Ok (284)

by a geometric isomorphism.
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7 Strict path geometry and large automorphism group

7.1 Large automorphism groups: some dynamics

The automorphism group of a geometric structure can be equipped with the compact-
open topology. One can then consider those structures with large symmetries in the
sense that their automorphism group is non-compact. They should be very special
and probably can be described in a more precise way (see [DG]). One example of this
phenomenon is the following theorem by Obata and Lelong-Ferrand ([O; LF]).

Theorem 7.1. Let M be a manifold equipped with a conformal structure such that
Aut(M, [g]) does not act properly. Then either M is the sphere with its standard conformal
structure or M is R" with its standard conformal structure.

Observe that if M is compact, the non-compactness of the automorphism group
implies that the conformal structure is flat.

7.1.1 Poincaré’s recurrence theorem

We will need to pass from a non-compact Lie group action to a recurrent action. This is
easily achieved through measure preserving maps.

Definition 7.2. Let (M, 1) be a finite measure space and ¢ : M — M be a measurable
map. We say that ¢ is measure preserving if g. L = u, that is, for every measurable subset
Ac M we have u(¢p~ (A)) = u(A).

The simpler examples of measure preserving maps are isometries defined on a Rie-
mannian manifold but more flexible examples are given by symplectic transformations
of a symplectic space. We will deal mainly with smooth transformations over manifolds
equipped with a volume form.

The definition of recurrent point for a dynamical system involves only the topology
of a space:

Definition 7.3. Let M be a Hausdorff topological space and ¢ : M — M be a map. We say
that x € M is a recurrent point if, for each neighborhood U of x,

{neN|f"(x)eU}
is infinite.

A basic theorem on dynamical systems is the following Poincaré’s recurrence theo-
rem for maps which are measure preserving
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Theorem 7.4 (Poincaré’s recurrence theorem). Let (M, 1) be a finite measure space and
¢ : M — M be a measure preserving map. Then, for any measurable subset A< M and for
almost every x € A, the set

{neN|¢p"(x)e A}
is infinite.
Proof. The statement is equivalent to the condition that for any NV € N the set

En(@) ={xeAl¢"(x) e M\ Afor n= N}

satisfies

1 (En()) =0.
Observe that Ey/(¢p) = Uiﬁ’]}l E1(¢%). We need to show therefore only that (E1 () =0.
Observe now that

E=E(@)=An[)¢ " (M\A)
n=1

sothat g ™" (E)ynE=@forn=1as Ec Aand ¢ "(E) c M\ A. Therefore, more generally,
we have ¢~ (E)n ¢~ " (E) = ¢ for all n # m.
Now, as the map is measure preserving, one has

pM) = p (U3, 97" (B)) Zlu(dfn(E)) = ;u(ﬂ).

We conclude that for a finite measure space p(E) = 0. O

To obtain recurrent points we use the following theorem which is a consequence of
Poincaré’s recurrence theorem.

Theorem 7.5. Let (M, 1) be a finite measure space where M is a Hausdorff second count-
able space and p a Borel measure. Let ¢ : M — M be a measure preserving map. Then,
almost every x € M is recurrent.

Proof. Exercise. O

In order to deal with actions by automorphisms groups and not only with iterations
of a single map one introduces the following definitions. Here G is a topological group
which will be a Lie group or a countable discrete group. More generally, G is a locally
compact second countable topological group.

Definition 7.6. Let (M, 1) be a measure space and G x M — M be a measurable action.
We say the action is measure preserving if gt = forall g € G.
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Definition 7.7. Let M be a Hausdor{f topological space and G x M — M be a continuous
action. We say that x € M is a recurrent point for the action if there exists a non-relatively
compact sequence gy € G satisfying gxx — X.

If G is a subset of the space of homeomorphisms of M, there exists a sequence gy of
homeomorphisms which leaves every compact in the compact open topology on the
space of homeomorphisms and such that gix converges to x. Poincaré’s recurrence
theorem implies that measure preserving actions are recurrent almost everywhere (see
[FK]):

Theorem 7.8. Let (M, 1) be a finite measure space where M is a Hausdorff second count-
able space and p a Borel measure. Let G x M — M be a measure preserving action. Then
almost all points of M are recurrent.

Proof. We prove first that for every A < M and almost all x € A the set
Ra={geG|gxeA}

is not relatively compact. We conclude then the proof by the same argument as in 7.5
using a countable base of open subsets. For each compact subset K c G define

Bx={xeM|gxe A°forall ge K°}.

We claim that u(Bg) = 0. As G is a countable union of compact subspaces the comple-
ment of the set R4 = Ug Bx will be of zero measure and the theorem is proved.

In order to prove the claim define for L c G a countable dense symmetric subset (it
contains the inverse of each of its elements), the set:

Ck={xeA|gxeAforallge LNnK*}.

We show now that there exists a sequence of elements (g;) in L such that gi_IC x are
disjoint and this clearly proves the theorem as M is of finite measure. In order to
construct the sequence, start with g; € L and chose g, such that g,g; ' € Ln K°. Clearly
81(8; ' Ckn g Cx) = 818, ' Cx N Cx = @. By induction, suppose (g;)1<i<; are chosen
such that gigjfl €eLnK‘fori,j<r. Thenn;_(LNK°g;=n]_LNK°g; # @ and one
choses g,; in the intersection. The sequence is constructed and this finishes the
proof. O

A non-wandering point x € M for the action of G is a point such that for every
neighborhood U of x the set {g€ G | gUnNU # @} is not relatively compact. Suppose
now that the measure p is a non-trivial Borel measure. By Poincaré recurrence theorem,
if the action is measure preserving then all points are non-wandering points.
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In what follows, we consider a special non-compact one parameter subgroup of
diffeomorphisms: Anosov flows. An Anosov flow preserving a geometric structure
imposes a very strong constraint on the geometry. We will see later that even if the group
of automorphisms is discrete (in contrast with a flow) the geometry might be equally
constrained.

7.1.2 Anosov diffeomorphisms and flows

Definition 7.9. Let M be a compact manifold and ¢ : M — M be a diffeomorphism. We
say ¢ is an Anosov diffeomorphism if there exists an invariant splitting TM = E°* & E*
of the tangent bundle where E* and E" are non-trivial distributions of constant rank
verifying the following estimates (with respect to any Riemannian metric on M).

1. The stable distribution E* is uniformly contracted by ¢", i.e. there are two con-
stants C >0 and 0 < A <1 such that foranyne N and x € M:

| deg”| || = CA™ (285)

2. The unstable distribution E* is uniformly expanded by ¢", i.e. uniformly con-
tracted by (¢™"):
| dxp™"| || = CA™. (286)

The simplest example is the following determinant one linear map defined on R?
b= ()
y) 1 1)
which induces a diffeomorphism ¢ : T> — T? on the torus quotient space
T =R*/Z°.

Observe that the eigenvalues of A are given by A = % and 17! = 3_2—‘/5 with correspond-

1-v5 1+v5
ing eigenspaces E° and E" generated by ( i ) and ( i ) Also, one can identify E*®

and E* on the tangent space of the torus which is identified at each point to R?. We
obtain for the euclidean norm:

e |l = A" e[l = A",
and
[ ded™[gull = A7 | pull = A"
Important properties of this map are the following (see [KH]):
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1. The fixed points of ¢ are dense in the torus.
2. ¢ is topologically transitive (there exists a dense orbit).

3. ¢ is topologically mixing (for any two open sets U and V there exists N € N such
that " (U)nV forall n= N.

It is not known which compact manifolds admit Anosov diffeomorphisms. It is
a general belief that they must be infranil manifolds, that is, compact quotients of
nilpotent Lie groups by a discrete subgroup. For the 2-torus one can prove that they are
all conjugated by a C!-diffeomorphism to a linear one corresponding to a determinant
one integer matrix as in the example above.

We get now to the definition of Anosov flows:

Definition 7.10. A non-singular flow (¢") of class C*® on a closed Riemannian manifold
M is called Anosov, if its differential preserves a splitting TM = E*® E° ® E* of the tangent
bundle, where E° = RX° with X° the (non-singular) vector field generating (¢!), and
where E° and E" are non-trivial distributions of constant rank verifying the following
estimates (with respect to any Riemannian metric on M).

1. Thestable distribution E® is uniformly contracted by (¢"), i.e. there are two con-
stants C >0 and0 < A <1 such that foranyt€e Rand x € M:

<CAL (287)

x| e

2. The unstable distribution E° is uniformly expanded by (¢"), i.e. uniformly con-
tracted by (¢~ "):

| dxop™| pul| = CAL (288)

Observe that the definition does not depend on the Riemannian metric because
any two metrics are equivalent on a compact manifold. In the definition of Anosov
flows, no regularity is requested on the stable and unstable distributions. Even if they
are automatically Hélder continuous ([]), E® and E* have, in general, no reason to be
differentiable (even if the flow is C*°).

A first example of an Anosov flow is obtained through the suspension of an Anosov
diffeomorphism:
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Suspension of an Anosov diffeomorphism Let M be a manifold and ¢ : M — M a
map. The mapping torus is the manifold

Zp=Mx[0,1]/(x,0) «~ (¢p(x), 1).

We define the suspension flow (pé) : Zp — Zg to be the flow given locally by the formula
) (’; (x,s) = (x, s+1). Observe then that ¢ (’; (x,1) = (¢p(x), 1) for 0 < r < 1 and, more generally,
¢$*+%xJ)=(¢”umr)mr05tsl.

Exercise: Prove that the suspension flow of an Anosov diffeomorphism is an Anosov
flow.

The suspension flow has the property that the distribution generated by the stable
and unstable distributions is integrable. Indeed its integral submanifolds are the leaves
M x {so} where 0 < sy < 1.

One can define a strong equivalence between flows by imposing conjugation via a
diffeomorphism.

Definition 7.11. Two flows, (¢?) on M and (¢') on N, are equivalent if there exists a
diffeomorphism h: M — N such that the flow (h™! oy’ o h) is equal to (¢").

One usually allows reparametrizations of the orbits as in the following much weaker
notion of equivalence.

Definition 7.12. Two flows (¢") on M and (y?') on N are orbit equivalent if there exists
a diffeomorphism h: M — N such that the flow (h™' oy o h) on M is a time-change of
("), i.e. there exists a time-change functionT: Rx M — R (satisfying t(t,x) =0 for t = 0)
such that ™" (x) = (h Yoy’ o h)(x) for all (t,x) € Rx M.

A particular class of Anosov flows is the one preserving a contact form 8. This implies
that it also preserves a volume form. In dimension three this is 6 A d6.

An important problem concerns the existence of a dense orbit of a dynamical system
or a group action. Indeed, a dense orbit will imply that the geometry is close to being
homogeneous.

General Anosov flows are not necessarily topologically transitive. The first exam-
ples of nontransitive Anosov flows were constructed in [FW]. On the other hand one
can prove (see [KH]) that the nonwandering set of an Anosov flow admits a spectral
decomposition, that is, a disjoint decomposition

N
Nw=JQ;
i=1
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where each Q; is a closed invariant subset where the flow is topologically transitive.
In the case of a volume preserving flow, the nonwandering set coincides with the
manifold and therefore the decomposition is trivial and one concludes that the flow is
topologically transitive.

A corollary of this result is the following

Theorem 7.13. Let (¢p") be an Anosov flow on a compact manifold M preserving a contact
form. Then the flow is topologically transitive (it is in fact topologically mixing, see [KH]
pg. 576).

7.1.3 Geodesic flows

Definition 7.14. For a complete Riemannian manifold (M, g) define the geodesic flow
¢': TM —TM by

d
p'(x,v) = exp,(1v), — exp,(1v) |. (289)

Exercise Prove that thisisindeed a flow.

Note Since geodesics can be parametrized by unit tangent vectors, the flow itself
preserves the unit tangent bundle:

T'M = {(x,v) e TM | gy(v,v) = 1}. (290)
So we consider the geodesic flow restricted to the unit tangent bundle
e T'M—-T'M (291)
and one should note that the fiber of T' M — M is compact and diffeomorphic to the
(n—1)-sphere.
The hyperbolic half-place Recall that for this model, the metric is given by

3 dx? +dy2 3 |dz|?

ds® = :
S y? (Im z)?

(292)

The induced volume form is
1
dv= _y2 dxdy. (293)

We recall the description of the geodesics of hyperbolic space and the description of
its isometry group:
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Proposition 7.15. The orientation preserving isometry group of the hyperbolic upper-half
place is PSL(2,R) which acts by Mo6bius transformations:

(a b).z_ az+b (294)

c dl 7 cz+d

Proposition 7.16. The geodesics of Hf{ are vertical lines or circles perpendicular to the
R-axis.

We also recall the fundamental uniformization theorem describing all complete
hyperbolic surfaces as quotients of Hf{.

2
Theorem 7.17. Every complete surface of constant curvature —1 is a quotient F\HR fora
torsion free discrete subgroup I c PSL(2,R)

The orientation preserving isometry group PSL(2,R) acts on TlHi with trivial isotropy.
We identify then T'HZ with PSL(2, R). For instance one can fix the point i € H and the
unit vertical vector v = i based at i and obtain all the other unit vectors (at every other
point) by & - v for h € PSL(2,R).

The geodesic passing through i in the direction v = i is given by ie’ and therefore
ie' is again the tangent vector at ie’. In order to identify the flow along that geodesic,

one can observe that the family
ol/2
e )

is such that g; - i = ie’. One concludes that the orbit of the vector v by the geodesic flow
is given by g;.

Suppose now that h € PSL(2,R) gives a different vector h-v € Tle{. Then the
geodesic determined by this vector is the image of the geodesic determined by v that is
hg'. We obtain therefore that the geodesic flow in PSL(2,R) is given by right multiplica-
tion by g’.

We describe now the stable and unstable distributions. Given a geodesic y,(f) (say
defined by a vector v based at z), one can consider the set of points equidistant from
a point in the geodesic along positive times and containing z. The limit for ¢t — +oo
is a Euclidean circle tangent to the real line (for geodesics which are half-circles) or
horizontal lines (for vertical geodesics) called the horosphere S;. The set of inward
unit orthogonal vectors to a horosphere (called the horocycle in Tle{) define geodesics
which all converge towards the same point at infinity as y,(f). Analogously we define
the horosphere S, obtained by taking limits of circles centered on the geodesic along
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negative times. The set of inward unit orthogonal vectors to that horosphere define
geodesics which all converge towards the same point at infinity as y, (—1?).

The horocycle flow k} : T' Hz — T' Hz is defined to be the map moving vectors along
S} to the left of v with unit speed. Analogously, the horocycle flow h;: T'Hz — T' Hz is
defined to be the map moving vectors along S;, to the right of —v with unit speed. We
have h; = —h* (-v).

The horosphere S;: is the horizontal line y = 1 in the half plane which is an orbit of
the left action by

Lo (1t
i=lo 1)

In the identification of PSL(2, R) with T HIZ{ we obtain then that the horocycle flow is
hi (@) =g hy.
Analogously the other horocycle flow is given by

hi(g)=g-h;.

- 10
m=7 1)

Exercise: Prove that g;o h{ = h? , o g; and, analogously, g0 hs = hgr © g;.

where

Consider PSL(2, R) identified with T'H. Any metric defined on T, PSL(2,R) can be
extended to a left-invariant metric which can be seen as an invariant metric on T'Hj
under the action of PSL(2,R).

Proposition 7.18. The geodesic flow on TlH% is Anosov with respect to any left-invariant
metric.

Proof. Atv=ic T%H%, consider the three vectors in TyTlH%{ corresponding to the three
flows. That is to say:

d , 3 0)
=— = : 296
0= 7,8 (v) - (0 -1 (296)
d .. (01
el—ah (v) t:O_(O NE (297)
d , 0 0
ez—ah (v) [:0—(1 0). (298)




We compute || gi e;|| for an invariant metric on TIH%{. We have :

|gleol = g_té _Oé)gt = (é _0%) = lleoll, (299)
|gler] = g_tg (l,)gt =H(8 e(;t) =e'llesl, (300)
Iteal =g (( o)&]=]( o) =<t @01

0

On a compact surface Let X = O\H% be the quotient by a cocompact lattice I'g
PSL(2,R) (without torsion). Since PSL(2,R) acts simply transitively on the unitary tan-
gent bundle of H3, one verifies that the geodesic flow on the unit tangent bundle T'X
is smoothly conjugated to the right diagonal flow (by a constant time-change) on the
quotient O\PSL(Z’ R),

Geodesic flows of compact hyperbolic surfaces are very specific.

1. Their stable and unstable distributions both are C* (because they arise from
left-invariant distributions on the Lie group PSL(2,R)).

2. The distribution E’ @ E“ is moreover a contact distribution and Anosov flows
verifying this last property are called contact-Anosov.

3. If (¢") is a contact-Anosov flow with smooth invariant distributions and X is its
infinitesimal generator, then we define the canonical 1-form 0 of (¢?) by 0|gsepu =
0 and 6(XY) = 1. This is a contact form with kernel E* & E¥. By construction, (¢?)
preserves the strict path structure I = (E*, E%,0) that we call canonical.

Note that the structures obtained in this way have a purely geometrical specificity:
the Reeb flow of their contact form is a flow of automorphisms of the structure I (this
has no reason to be true in general). Indeed, the Reeb vector field of the canonical
structure of (¢?) is its generator X°, so that the Anosov flow itself is encoded in the
structure J .

7.2 Strict path geometry with non compact automorphism group
This section is based on [FMMV] (see also [MM]).

Definition 7.19. A group acting on a manifold is topologically transitive if it has a dense
orbit.

87



Theorem 7.20. Let (M, E' & E2,0) be a strict path structure on a closed three-manifold
M. We assume that Aut(M) is topologically transitive. Then the canonical curvature of M
is constant with vanishing torsion and its connexion is complete. By Theorem 6.20 (p. 76)
and Corollary 6.22:

*

~ i * ~ ~SL(2,R) xR
M:r\Hels>4R+/R:kr or M=\ (2,R) x +/A(Ri)' (302)

where A(R}) is the diagonal embedding of R} in the product.

Lemma 7.21. Under those assumptions, the curvature is constant and is of the form

RO AG?
Q= —2RO' A 6? ) (303)
RO A 6?
Proof. A priori, the curvature of M is of the form
dw
Q=|710n6* -2dw (304)

0 20 00" dw
with Té, T% two functions and a decomposition of dw into:
dw=RO'ANO* + WO NG+ W20 AO? (305)

with R, W1, W?2 three functions. To prove the theorem, we need to prove that only R is
non zero.

The idea is that an automorphism preserves the curvature, so the curvature must
be stable under a sequence of transformations that is not relatively compact but the
existence of recurrent points impose strong constraints.

Recall that, if h the matrix with diagonal (a, a2 a), R;‘lw = w, R;‘lwl = a®w! and
R;‘lwz = %wz. Also, Ry Q= Ad(h)~1Q and we get:
dw
RiQ=|a’1;0n0°  —2dw : (306)
0 a3t A0 dw

Taking into account the change of w, ! and w? we obtain the curvature functions
change. Indeed from

Ry dw=(R;R)R;0" AR;0° + (R, WO AR; 0" + (R, W*)0 A R; 0
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= (RER)O' AO*+ (R, WHa 0 A0 + (R;;Wz)ise NG?
a

and, as this expression is equal to dw, we have

Similarly, we obtain
1,

Ry* T2—a 12, Ry* asrl‘

Also, the Bianchi identities link together T;, T% with Wl and W2,

dQ=[QAw] (307)
dw w
=|70A6* —2dw A6t 2w (308)

0 200 0" dw 0 6 w

d(Ti0A0%) =10 AO* Aw—2dw A B!
{d(r{@x\el) = 2720 AO' A w+dw A H? (309
d(T30 A0*) =130 AO* A w—2W?O AO* A O'
{d(rfe/\el)=—2r§9/\91/\w+w19/\91/\92 (310

Now, these two equations clearly imply that if 72 = 7 = 0 then W! = W? = 0. We need to
show Tl = T; 0.

As the group of automorphisms is non-compact and preserves the measure induced
by the contact form we apply Poincaré’s recurrence theorem: almost all points are
recurrent. Let x € M be a recurrent point and ¢ € Aut(M) a non relatively compact
sequence such that ¢ (x) — x.

That means that at x we have (p,’ZGI = ai@l = R,’;kel and (p,";GZ 1 92 R, 62 with
ayx — +oo. On the other hand the curvature is preserved by the automorphlsm group so
¢;Q = Q. Comparing with the above equation for R}, Q = Ad(a;)~'Q, shows 7, = 0 and
by the same argument ‘L’% =0. O

The fact that there exists a dense orbit implies that the function R defined on the
base manifold M is constant. The proof of the theorem now relies on the completeness
of the structure. By Carriere [Carriere] and Klingler [Klingler] it is indeed the case. (See
also [DZ].) In the proof we assume that the structure is of class C?. Indeed we use the
dynamics to obtain information about the curvature. If we suppose the structure is of
class C® we can give away the hypothesis of the existence of a dense orbit and use the
dynamics again to show that the curvature function is constant.
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Indeed, observe that R is a function defined on M. If the structure is of class C3,
taking its differential, we write

dR = Ry0 + R10" + R,6?,

where (0,01,62) is an adapted coframe on M. Now we consider a recurrent point x € M
with ¢ a non-relatively compact sequence of automorphisms such that ¢y (x) — x. R is
invariant under automorphisms and therefore we have

dR = ¢} (dR) = Ryo prpjf + Ry 0 pp;0" + Ry 0 e 6°.

But ¢70 =0, ¢p;0" = a;0' and ¢;6° = aikez with a; — oo at x. As R; o ¢r(x) — R;(x),
we conclude that R; = R, = 0. Finally, the fact Ry = 0 is implied by the zero torsion
condition.

7.2.1 Heisenberg lattices with non compact automorphism groups

Consider the basis (e1, e, e3) of heis(3) with the brackets [e;, e2] = e3 and [, e3] = 0. The
action of R} on (e, ez, e3) is given by the diagonal matrices (in this basis)

A
R} = A7t A€ERT 3. (311)
1

(Note that (ey, ez, e3) corresponds under the connexion to 61,62,0).)

Lemma 7.22 ([DZ]). Up to finite index, a closed manifold F\Heis(?)) A R*/R* is given by
a subgroup I’ c Heis(3) that is a cocompact lattice of Heis(3).

Alattice in Heis(3) projects to a lattice in R? following the following exact sequence
0 — R — Heis(3) ~ R* — 0,

giving an exact sequence
0—-Z—-T—-TI,—0.

In the following proposition we characterize hyperbolic transformations of R?, that
is, transformations written in a basis of eigenvectors as

o o)

which preserve a lattice of R?. Those transformations will give rise to automorphisms of
the Heisenberg group which preserve a lattice in Heis(3) which will induce an automor-
phism on a compact quotient of the Heisenberg group.
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Proposition 7.23. There exists a non trivial automorphism ¢ € R} (identified to diagonal
matrices in SL(2,R)) preserving a cocompact lattice T» of R? if, and only if, ¢ verifies a
quadratic equation ¢* = g — 1 with q = 3 an integer.

Note that in such a case, we can explicitly give a lattice:

==l 20

since indeed the automorphism preserves the lattice:

(x,7) € ZZ} (312)

Pl 1 2
= ‘;¢__¢1) (314)
[ SI6 ) 15
for the last matrix belongs to GL(2, Z).
Proof. 1f
rzz(l’:}ll ;’fz)zz (316)

then the fact that the automorphism preserves a lattice translates to:

¢ vi v2) (v wva\fa b
( <P_l) (wl LU2) B (w1 wz) (c d)' (317)
with
a b
(C d)EGL(Z,Z). (318)

In particular, the trace of the automorphism must be an integer g € Z This proves
that Z[¢] is a quadratic extension of Z. Indeed, note that ¢! = g — ¢ and therefore
¢? = qp—1. We also have g = 3 since ¢p # 1. O

Corollary 7.24. Such an automorphism ¢ can not be the time t = 1 of a flow because q is
an integer.
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