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1 INTRODUCTION

There is a canonical second order differential operator on any Riemannian manifold which reflects
its geometry, as well as standing as a prototype example of an elliptic operator; the Laplacian.
The most familiar example is R"™ endowed with the standard Riemannian metric, in which
case the Laplacian is A = Y1 | 81-2. For every elliptic operator L on a manifold there exists
a unique Riemannian metric g such that L is the sum of the Laplacian of g and first and
zero order terms. From this we can conclude that the Laplacian determines the Riemannian
metric uniquely. Additionally, the Laplacian is invariant under isometries, which is one of the
many connections between the Laplace operator and Riemannian geometry. We will consider
the Laplace operator acting on the subspace of smooth compactly supported functions in the
L?-space with respect to the Riemannian volume measure. In this setting the Laplacian is a
negative symmetric operator with respect to the L? inner-product. The Laplacian is also the
only elliptic operator inducing the Riemannian metric with these properties. When given a
compact Riemannian manifold it is well known, see e.g. [JoslI], that the eigenvalues of the
Laplacian {);},.7, can be ordered in the following way:

O=X>M 2>,

where A\; — —o0. In general, finding the eigenvalues explicitly is difficult. However, we can we
can use the geometry of the Riemannian manifold to get more information about the spectrum.
For example Weyl’s law, found in e.g. [Jos11], tells us that Vol(M) = (27)" lim, 00 %, where
N(r) is the number of eigenvalues greater that —r and Vol(M) denotes the volume of M. A
corollary of Weyl’s law is that isospectrical manifolds, i.e. manifolds where the spectrum of the
Laplacian operator coincides, have the same volume. We will however focus on the Lichnerowicz
estimate of the first eigenvalue, which states that if there exists a positive constant K such that

the Ricci curvature satisfies Ric (v, v) > KH’U”E then

—nNn

A < K.

n—1

The reason for this is that we want to study generalizations of this result for the sub-Laplacian.

A differential operator L is called hypoelliptic if Lu is smooth implies that w is smooth. This
class of differential operators include all elliptic operators. In much the same way Riemannian
geometry and elliptic operators are connected, we have a connection between hypoelliptic op-
erators and sub-Riemannian geometry. Informally, sub-Riemannian geometry can be viewed as
Riemannian geometry where we have imposed restrictions on the velocities. This is formalized
by defining a distribution H on the manifold and require all permissible curves to be tangent
to H. We call H for the horizontal bundle, and curves tangent to H are called horizontal. To
get the notion of length of horizontal curves we define a fiber metric h on H, which is referred
to as a sub-Riemannian metric. We will additionally impose the bracket generating condition
on H, i.e. the tangent bundle is equal to the span of iterated brackets of vector fields in H.
This condition has many important consequences for the geometry, for example ensuring that
it becomes a metric space and that locally minimizing curves always exist. For us, however, the
most important consequence is that the analogue of the Laplacian, called the sub-Laplacian,
is hypoelliptic, which follows from the conditions given in [Hor67]. When considered as an op-
erator on L? with respect to some fixed volume measure, we again get that the sub-Laplacian
is the unique symmetric operator inducing the sub-Riemannian metric h. Under the assump-
tion that the manifold is compact, the eigenvalues of the sub-Laplacian can be ordered in the



same way as for the Laplace operator. However, in the case of the sub-Laplacian less is know
about the interplay between the spectrum and the sub-Riemannian geometry. Therefore, a large
part of this thesis will be devoted to exploring the extensions of the Lichnerowicz estimate to
sub-Riemannian geometry.

This thesis is divided into three main sections and two appendixes. The appendixes will be
used to introduce the prerequisites for the main parts. In Appendix [A] we begin with a quick
introduction to spectral theory and self-adjoint operators, before moving on to second order
differential operators. As we will see both the Laplacian and the sub-Laplacian are examples of
such kinds of operators. Appendix [B] will begin by defining Lie groups and the Lie derivative,
which will be needed when computing examples. Since we will do a lot of computations in L2,
we give a short introduction to integration on manifolds. Lastly, we give some properties of
second order differential operators on manifolds.

In Section [2| we start by reviewing some concepts from Riemannian geometry and developing
theory which we will need later. Afterwards, we define the Laplacian and give some basic
properties, for instance that the Laplacian is preserved under isometries and that it is essentially
self-adjoint on complete manifolds. To give some background and to motivate our approach to
the sub-Riemannian Lichnerowicz estimate we will give the complete proof of the Lichnerowicz
estimate in the Riemannian setting.

Section [3] begins with an introduction to sub-Riemannian geometry, giving some of the
relevant definitions and theorems for our results. We will discuss the bracket generating condition
and its consequences, which includes that every two point can be connected by a horizontal
curve, and the local existence of length minimizing curves. In this setting we will define the
sub-Laplacian and give some related properties, most of which can be found [Hor67], [FP83]
and [GT16a]. For example the fact that the sub-Laplacian is hypoelliptic, that on complete
manifolds it is essentially self-adjoint and the sub-Riemannian analogue of the Bochner formula.

Building upon this theory we will in Section [ state and prove a sub-Riemannian analogue of
the Lichnerowicz estimate, improving the result in [BK16] and [BKW16]. The new Lichnerowicz
estimate is valid in cases where the orthogonal compliment of H is not integrable and the Yang-
Mills condition does not hold, which were some of the requirements in [BK16] and [BKW16].
This makes us able to, not only estimate the spectral gap of more examples, but also to consider
families of sub-Riemannian metrics on a distribution #. This is done in Section [£.4] where we
consider SU(2) with a two dimensional bracket generating distribution H with a sub-Riemannian
metric h. Then we can define a family of sub-Riemannian metrics on SU(2) by conformal change
e2/h, where we can estimate the first eigenvalue for all f where the constant K, which depend
on f, is positive. In this setting K becomes the analogue of the bound on the Ricci curvature
from below.

In Section we give an example which is not totally geodesic. The example is on SU(2) x
SU(2), where we consider a family of distributions (H,,h,) with some fixed orthogonal com-
pliment (V,gy). In this example we can in general not use the Bott connection, since it fails
to be compatible with the taming metric. Our result however still hold with another choice of
connection. When we can not use the Bott connection the formula for estimating the spectral
gap becomes more complicated, see Theorem The example illustrates that the approach
given in this thesis gives us greater freedom in the choice of orthogonal compliment, which makes
the theory more flexible.



2 RIEMANNIAN MANIFOLDS AND THE LAPLACIAN

For completeness and to fix notation, let us begin by defining Riemannian manifolds. To us
a manifold will always be a second countable connected topological Hausdorff space which is
locally euclidean and endowed with a maximal smooth structure. Let M be a manifold, let
7w : B — M be a smooth vector bundle, and let I' (B) denote the set of all smooth sections on
m: B — M. A fiber metric g on 7 : B — M is a smooth section of the symmetric bundle
Sym? (B*) satisfying g, (v,v) > 0 for all nonzero elements v € B,. A more intuitive way to
look at fiber metrics is that they give an inner-product on each fiber of the bundle. If the fiber
metric g is defined on the tangent bundle, then g is called a Riemannian metric and we call
the pair (M,g) a Riemannian manifold. Every Riemannian metric g induces a canonical
map b& : TM — T*M defined fiberwise by (b8 (v)) (w) = g (v, w), for v,w € T, M. Since g is
non-degenerate, b8 is invertible, with inverse denoted by #8. A Riemannian metric induces a
fiber metric on every tensor bundle leM as follows: On T*M the fiber metric is defined by
(a, B)g+ = (18, 18B)g, and on T} M by

(d® - @done - Qu,dl® - 0d ® - ® Tp)gp = Iy (o, &7) g T (vy, 7).

2.1 Affine Connections and Curvature

To define essential objects like geodesic, curvature and the (sub-)Laplacian, we need to define
connections. Some of the theory developed in this section will not be used immediately, but
will be important later. The proofs of the statements not proved in this section can be found in
standard books on Riemannian geometry, see e.g. [Lee97].

Definition 2.1. Let m : B — M be a vector bundle. An affine connection on B is a map
V:T'(I'M) xTI'(B) — I'(B) satisfying for all X, Xy € I'(TM), Y1,Y> € I'(B), a,b € R and
f,9€C> (M)

1' va1+gX2Y1 == val}/l +gvX2Y17
2. Vx, (aY1 +bY2) = aVx, Y1 + bV, Y2 and
3. Vx, (f\1) = fVx, Y1 + (X1 f) Y1.

It can be shown that VxY (p) only depends on X at the point p, and on Y along a smooth
curve tangent to X,. Let Xy,...,X,, and E1,..., E, be local frames for TM and 7 : B — M,
respectively. Define the Christoffel symbols Ffﬁ of the connection with respect to the local
frames by Vx,Eg = >\ _, I'73Eq. The Christoffel symbols determine the affine connection
uniquely in the domain of the local frames by the formula

r

ViV =) X(Ya)+iiXin8F?B E.,

a=1 i=1 p=1

where X =Y " X'X; and Y =Y. _ | Y?E,.

Given an affine connection V on 7 : B — M and a smooth curve v : (a,b) — M, we define
the parallel translation of a vector v € T, )M, where tg € (a,b), along v to be the unique
solution v (t) € T4 M of the differential equation v (tg) = v and Vv (t) = 0.



Proposition 2.2. Let V be an affine connection on the bundle w: B — M of rank r. Then at
every fixed point p there exists a local frame En, ..., E, about p such that (Van)p =0, for any
vector field X .

Proof. 1t is enough to show that the Christoffel symbol vanishes at p, since

VxE, = zn: Z XT? Ep.

i=1 B=1
Let {eq} be a basis for the fiber By, and let (z1,...,xy) be a coordinate frame centered at the
point p which maps to some star shaped domain in R". If y = (y1,...,y,) is any point in the

coordinate frame written in local coordinates, then v, denotes the curve v, (t) = ty. For every
point y in the domain of the chart we define the extension of e, denoted E, (ty), by parallel
transport e, along the radial curve 7,. Doing this along all radial curves create a local frame
on 7 : B — M which we denote by {E,}. This fact, in turn, means that

v’yy(l)EO‘ = Z vyi@'E = Z%V&Ea = 07
1=1 i=1

by using the definition of parallel translation together with 4, (1) = >, v;0;. Hence the
Christoffel symbols satisfy
yilG + - +ynlG, = 0.

Since this is true for any y we have that
oG + -+ 2,05, = 0.

Taking the derivative with respect to x;, we get that

—

ng = —:clc‘)jfgl — e a:jﬁjl“gj — :L’najrgn,

where ~ indicates that the term is omitted from the sum. Since the frame was centered at p we
have that I'g; (p) = 0, which completes the proof. O

We say that a local frame Ei,..., E,. on the vector bundle 7 : B — M is parallel at the
point p if (VxE;), =0 for all X € I'(T'M). Often when we are given a fiber metric we would
like the given local frame to be orthonormal with respect to the metric. Given a fiber metric g
on m: B — M, we say that V is compatible with g if

X (g(Y,2)=g(VxY,Z2)+g(Y,VxZ).

Corollary 2.3. Let g be a fiber metric on the bundle m : B — M compatible with the affine
connection V and let p € M. Then there exists an orthonormal local frame which is parallel at
the point p.

Proof. Let v,w € By, let v be a smooth curve through p and V' and W the parallel translates
of v and w along -y, respectively. Then

d

7 &8 (Vo) =g (V5V. W) +g(V.V5W) =0,
hence g (V, W) is constant along . This means that if {e,} is an orthonormal basis in the proof
of Proposition then {E,} is orthonormal. O



A special class of affine connections are the linear connections, which are connections on
the tangent bundle.

Lemma 2.4. Given a linear connection V on M, there is a unique affine connection defined
on each tensor bundle leM, also denoted by V, which coincides with the original on T M and
satisfying;

1. on C* (M), Vxf=X(f),
2. Vx(F(X)G) = (VxF)®G+F®(VxG) and

3. Vxtr (F) = trVxF where the trace is taken over any pair consisting of a higher and a
lower index.

Additionally, we get that V has the following properties
e Vx (w(Y))=(Vxw)(Y)+w(VxY), forwel' (I*"M) and X,Y € T'(T'M).

o if FeTl (leM), then the affine connection can be computed as follows;

(Vx F) (wl,...,wl,Yl,...,Yk> :X(F (wl,...,wljyl,...,yk)>

l k
_ZF(wl’_..,VXwi’...,wl’Yl,...,Yk> —ZF(wlj...,wlel,.__,VXYj,...,Yk>.
i=1 j=1

Using affine and linear connections V we can define several tensor fields. The most important
for us are the torsion, Hessian and curvature.
The torsion with respect to a linear connection V is the (2, 1)-tensor field TV defined by

TV (X,Y)=VxY —VyX — [X,Y].

As is easily seen from the definition, the torsion is skew-symmetric. For us the following property
of the torsion will be useful for computations.

Lemma 2.5. For any f € C*™ (M) and for any linear connection V we have that
(Vxdf) (V) = (Vydf) (X) = —df (TV (X, Y)).
Proof. If we use the definition of how V acts on forms we get

(Vxdf) (V) = (Vydf) (X) = X (df (YV)) = df (VxY) =Y (df (X)) + df (Vy X)
= —df (VxY = VyX) =Y (X (f)) + X (Y (/)
= —df (VxY = VyX) — (= [X,Y]([))
= —df (TV (X,Y)).

O]

A linear connection V is said to be symmetric if its torsion tensor is identically zero, i.e.
TV = 0. If the linear connection is symmetric, then

(Vxdf) (Y) = (Vyvdf) (X),



by the previous lemma.
Given a linear connection V we define the Hessian of a tensor F' to be

ViyF =VxVyF —Vy,yF,

where X,Y € I'(T'M). The Hessian is tensorial in X and Y, i.e. linear over C* (M). A short
calculation shows that V%{,Y [ = (Vxdf)(Y) and using Lemma ﬁ we have that

TV (X,Y)(f) =Vixf—Viyf (2.1)

It follows that V? is symmetric when acting on functions if and only if the connection is symmet-

ric. Equivalently, the Hessian has an anti-symmetric part if and only if the linear connection has

torsion. Later in this thesis we will use the Hessian of a connection to define the (sub-)Laplacian.
The curvature endomorphism is defined on a tensor F' by

RY(X,Y)F =VxVyF —VyVxF = Vixy|F = [Vx,Vy]F — Vx| F.

We can also define the curvature endomorphism over any bundle by using the same formula.
Intuitively the curvature tells us how far the Lie bracket and the affine connection are from
commuting. If they do commute, i.e. the curvature endomorphism is identically zero, then we
say that the affine connection is flat. The next proposition is proved in e.g. [Tay11].

Proposition 2.6. If V is a flat affine connection on m : B — M, then there exists a parallel
local frame {Ey}, i.e. a local frame such that VxE, =0 for all X.

In the next section we will define the Levi-Civita connection. The term flat comes from the
theorem which tells us that if the Levi-Civita connection is flat, then the Riemannian manifold
is locally isometric to Euclidean space, see e.g. [Lee97].

Lemma 2.7. Assume that we are given an affine connection V on some bundle m : B — M
compatible with a fiber metric g. Then

(RY (X,Y)E,F)g = —(E,RY (X,Y) F)g,

for all E,F € T'(B) and X,Y € I'(TM). In other words, RV (X,Y) is skew-symmetric with
respect to g on each fiber.

Proof. By direct computation we obtain

(VxVyE, F)g —<VyVXE F)g — (Vixy|E, F)g

= X ((VyE, Flg) =Y ((VxF, E)g) + (E,VyVxF)g =Y ((Vx E, F)g)
X((VyF, E)g) = (E,VxVyF)g — [X,Y]((E, F)g) + (E, Vixy)F)g
=X (Y (B, F)g)) = X ((E,VyF)g) =Y (X ((E, F)g)) + Y (VX E, F)g)
X ((VyF,E)g) — [X,Y]((E, F)g) — (E,RY (X,Y) F)g

—Y((VXE, Flg) +
_<E7 RV (Xa Y) F>g



Given the local frames Xi,...,X, and FEi,...,E. on the tangent bundle and the bundle
w: B — M, respectively, the curvature can be written as

n T
RV(X,Y)E = Z Z X'YIEFR 4 B,
i,j=1k,l=1
where X =Y | XX, Y =37 | VIXjand E =) E'E).
When we want to compute the curvature of any affine connections we will use the following

lemma. To make the result easier to state we will first introduce the notation for cyclic sum.
We use the symbol O as an abbreviation for the cyclic sum, e.g.

O f(X1, X2, X3) = f (X1, X2, X3) + f (X3, X1,X2) + f (X2, X3,X1).

Lemma 2.8 (First Bianchi Identity for Affine Connections with Torsion). Let V be a linear
connection on M. Then

ORY (X1,X2) X5 =0 (Vx; TV) (Xo, X3) — O TV (X1, TV (X2, X3)) ,
for any X1, X9, X3 € T (TM).
Proof. Writing out the right hand side we get

O (Vx,TV) (X2, X3) — O TV (X1, TV (Xa, X3))
=0 Vx, (T(X2, X3))+ O TV (Vx, X0, X3) — O TV (Vx, X3, X2)
— O Vx, (T(X2,X3)) + O Vx,x) X1+ O [X1, T (X2, X3)]
=—OTV(Vx, X2, X3) + O TY (Vx, X3, X2) + O Vop(x, x0) X1+ O [X1, T (X2, X3)] .
Using that
O f(X1, X2, X3) =0 f (X3, X1, X2) =0 f (X2, X3,X1),

along with the definition of torsion gives

— OTY (Vx, Xa, X3)+ O TV (Vx, X3, X2) + O Ver(x, x) X1+ O [X1, T (X2, X3)]
= — O Vv, X3+ O Vi, Vx, Xat+ O [V, Xa, Xs] + O Vi, x,X2— O Vi, Vi, X3
+ O [X2, Vx, X3+ O Vv, x; X1— O Vyy, x, X1— O Vix, x5 X1+ O [X1, T (X2, X3)]
=0 Vx,Vx, Xo+ O [Vx, X2, X3] — O Vx,Vx, X3+ O [X2, Vx, X3]
— O Vg xq X1+ O [X1, Vi, X3] — O [X1, Vx, Xo]
=0 RY (X1, X3) X3.

O

When the linear connection is symmetric the formula above is traditionally called the first
Bianchi identity.



2.1.1 The Levi-Civita Connection

In Riemannian geometry we can define a unique linear connection, called the Levi-Civita con-
nection, which is not necessarily the case in sub-Riemannian geometry. The uniqueness of this
connection is proved in standard books on Riemannian geometry, e.g. [Lee97].

Definition 2.9. The Riemannian connection, also called the Levi-Civita connection, is
the unique linear connection which is both symmetric and compatible with the metric.

In the rest of the section on Riemannian geometry we are going to assume that the given
linear connection is the Levi-Civita connection. Let Xi,..., X, be a local frame for T M, and
denote g (X;, X;) by g;j. Then the Christoffel symbols can be computed locally by

o = 2(X (g0) + X; gw) — X (93)
+ g ([Xi, X5, Xi) — g ([X5, Xi], Xi) — g ([Xi, Xi], Xj)). (2.2)

We will use this formula when doing examples in Section and
Let
T() ={V:(a,b)=TM:V(t)eTyyM},

where V € T () are smooth the curve v : (a,b) — M. We say that an element V € T ()
is extendable if there exists a smooth extension of V' defined on an open set containing the
curve . Given a linear connection V and a curve v : I — M there exists a unique operator
D: : T (y) = T () defined by the properties;

1. D¢ (aV +0W) =aDy (V) +bDy (W) for a,b € R and V,W € T (v),
2. Dy (fV) = fV + fD,V for f € C*®(I),
3. DV (t) = V,y(t)f/, where V is an extension (if possible) of V.

The operator Dy is called the covariant derivative along ~. A geodesic with respect to the
affine connection V is a curve satisfying Dy = 0, i.e. the covariant derivative of 4 along ~
is zero. Geodesics are unique in the sense that all geodesics (defined on a connected interval)
starting at a point v (¢9) = p and with initial velocity ¥ (¢g) coincides on common domain. This
gives us the concept of a maximal geodesic starting at the point p with initial velocity v € T, M,
denoted by ~,.

The Riemannian exponential map Exp : £ — M, where

E={veTM:[0,1] € D(v,)}

is an open set containing the zero section, is defined by Exp (v) = 7, (1). It can be shown that the
exponential map is smooth and ~, (t) = Exp (tv). The restricted Riemannian exponential
map Exp, is defined by restricting Exp to &, = T, M (€. About every point p in M, there are
neighborhoods U C &, and p € V C M such that Exp, : Y — V is a diffeomorphism. Using
this fact we can define what is known as normal coordinates about a point p, which are
coordinates centered at p with the additional property that if ¢ € V then the geodesic from p to
q, written in coordinates, is a straight line.

Define a continuous curve v : [a,b] — M to be absolutely continuous if its derivative exists
almost everywhere and in any coordinate frame satisfies the fundamental theorem of calculus.



Let «y : [a,b] — M be an absolutely continuous curve, then we can define the length of v to be

I(y) = fab |7 (t) ||gdt. Denote by Cq. (A, B) the set of all absolutely continuous curves starting
in A and ending in B. Then the distance between two points A and B is defined by

d(A,B)= inf I(y).
(4, B) o ()
It can be showed that the topology induced by the distance function is the same as the original
topology of the manifold, see for instant [Lee97]. We use the notation

diam (M) = sup d(z,y),
z,yeM

to denote the diameter of the manifold.

An isometry between two Riemannian manifolds (M, g) and (N, g) is a diffeomorphism
v:(M,g) — (N, g) where ¢*g = g. Since isometries preserves the Riemannian metric, we have
that it also preserves the distance. It is true, but not trivial to show, that distance preserving
maps are isometries. Any isometry ¢ : (M, g) — (IV, g) preserves the Levi-Civita connection, i.e.
V&Y = Vi* xp+Y, where V& and V& are the Levi-Civita connections on M and N, respectively.
This is showed by proving that the pullback of the Levi-Civita connection is also compatible
with the metric and symmetric. Then equality will follow by uniqueness. As a corollary we
obtain that isometries preserves the curvature endomorphism and Hessian.

A minimizing curve is a curve whose length is equal to the distance between its endpoints.
There is a very strong connection between curves of minimal length and geodesics, namely
that every unit speed minimizing curve is a geodesic, and the partially converse statement,
every geodesic is locally a minimizing curve. If A, B are two arbitrary points on the manifold,
then there might exist everything between none and infinitely many minimizing curves between
the points. We say that a Riemannian manifold is geodesically complete if every maximal
geodesic is defined for all ¢ € R.

Theorem 2.10 (Hoph-Rinow). A Riemannian manifold is geodesically complete if and only if
it is complete as a metric space with respect to the distance defined above.

The proof of the above theorem can be found in [Lee97]. Using the Hoph-Rinow Theorem,
one gets that on complete manifolds there always exists a minimizing curve between any two
points.

The Ricci curvature RicY : T (TM)®T (TM) — C™ (M) is defined to be the trace of the
first and the last component of the curvature endomorphism with respect to the Riemannian
metric g. Given a local orthonormal frame X1,..., X, the Ricci curvature can be written as

RicY (X,Y) =) (RY (X;, X)Y, Xy)g.
=1

Writing it relative to the given local orthonormal frame we get the components Ric;; = > ), Rkijk.
By using the first Bianchi identity together with Lemma [2.7] we get that

(RY(X,Y)Z,X)g = (RY (X, 2) Y, X)g,

hence it follows that the Ricci curvature is symmetric. The proof of the next theorem can be
found in e.g. [Lee97].



Theorem 2.11 (Bonnet-Myers’s Theorem). Let (M,g) be a complete connected Riemannian
manifold, and assume that Ric (X, X) > 2 where X is a vector field. Then M is a
compact manifold with finite fundamental group and of diameter at most mR.

The question may also arise what happens if under the conditions of the Bonnet-Myers’s
theorem the diameter is maximal, i.e. wR. The next theorem answers that question and is
proven in [Che75].

Theorem 2.12. Assume that (M,g) is a complete Riemannian manifold where the Ricci cur-

vature satisfies Ric (X, X) > ”R21 |X||2. Furthermore, assume that the diameter of the manifold

is mazimal, i.e. diam (M) = wR. Then (M,g) is isometric to S™ with the round metric of
radius R.
2.2 Laplacian on Riemannian Manifolds

As the title indicates, we will in this section define the Laplacian and explore some basic proper-
ties. Mostly we will be concerned with the properties related to the spectrum of the Laplacian.

Definition 2.13. Let (M,g) be a Riemannian manifold. The gradient grad, : C* (M) —
I'(T'M) is defined by the property g (gradgcp,X ) = dp (X). In other words, the gradient is
defined to be the map sending ¢ — #8 (dy).

Locally the gradient can be written as gradgp = o1 Xi (p) Xi, where X, ..., X, is some
orthonormal frame. Some properties of the gradient are that it is linear over R, and it satisfies
the product rule

gradg (¢ - 1) = pgradgy + ¢ gradgp

Definition 2.14. The Laplacian on a Riemannian manifold (A, g) is the operator Ag
C>* (M) — C* (M) defined by Ag = divg o grad,.

For the definition of divergence, see Appendix Let X1,...,X, be a local orthonormal
frame, then the Laplace operator can be written locally on the form

Bef =3 XE() le X X
i= 1,

Hence it is an elliptic second order operator. If we are given a chart (z1,...,x,), then we can
write the Laplacian in the form

Agp = (g“\/ det (gi 8‘<p>,
g \/lezl | ( ])’ J

which is sometimes taken to be the definition.

Proposition 2.15. On a Riemannian manifold (M,g) we have that

divg o grad, f = trgvaxf.
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Proof. Let X1,...,X, be an orthonormal local frame. The divergence of a vector field X =
S XX is given by

divg X = ZXz' (X7) + Z XX, [X5, X)),
i=1 ij=1
by the formula presented in Proposition e). Hence
divg (#8df) = Y Xi(Xi (1) + D X5 () (X, [X5, X))
i=1

1,5=1

= > VxVxf— DX ()X, Vx, Xi = Vx,X;)e
=1

ij=1

= ZVXZ-VX,-JC - Z Xj (f) (F;z =+ <inXi>Xj>g)
i=1 ij=1

= Zininf — ZVXZ-X@' (f)
=1 1=1

= trgVQX’Xf.
O

Notice that in the euclidean case, the Laplacian is Agp, = > i 0? when using the standard

euclidean coordinates. The above proposition tells us that, as in R™ with the standard metric,
the divergence of the gradient is the same as the trace of the Hessian. We have that the Laplacian
is linear over the real numbers and by combining the product laws for the divergence and the
gradient, we obtain

Ag (p) = Y Agp + pAgt) + 2( gradgp, gradgq/)).

Viewing the Laplacian as the trace of the Hessian, makes it easier to show that the Laplacian
is preserved under isometries.

Corollary 2.16. Let ¢ : (M,gyn) — (N,gn) be an isometry. Then
Agy, (fop)=(Agyf) o,
for all f € C*(N).

Proof. Tt is not difficult to see, using the symmetry and compatibility of the Levi-Civita con-
nection, that ¢* (VxY) =V, x (¢p.Y). Let f € C*(N) and X € I'(M), then

(Vixfop) =X (X(fop)—VxX(foyp)

(X (fop)optop)op lop—(VxX(fop))op oy
=X (X(N)ow— (" (VxX) (M) oy
N)ow—VX(f)ow,

where X,,, (f) = X o—1(m) (f © ¢). The result follows from taking the trace on both sides, together
with the fact that ¢ preserves orthonormal frames. O

11



By Proposition [B.7)in the appendix, the Laplace operator is the unique operator with symbol
g* which is symmetric with respect to the volume density. This means that

/ fAg (g)dvolg = —/ g (df,dg) dvolg,
M M

when f,g are compactly supported. Since g is positive definite, this makes Ag a negative
operator. If M is compact, we can define the Laplace on C™ (M) viewed as a subspace of L? (go)

without any problems. Since C> (M) = L? (M), the Laplace operator is a densely defined
symmetric negative operator. In the case where M is a non-compact manifold, the Laplacian
operator can be defined on the space of smooth compactly supported function C§° (M), and is
again densely defined. This means that by Theorem there exists a self-adjoint extension of
the Laplace operator in L? (M) when M. It is in general several different self-adjoint extensions
of the Laplacian different from the Friedrichs extension given in Appendix [A] However, in the
case when M is complete the following theorem assures us that the extension is unique.

Theorem 2.17. [Sir83] Let M be a complete Riemannian manifold, then the Laplacian is
essentially self-adjoint.

Proof. Since there exists at least one self-adjoint extension, the Laplacian is closable. Denote
this temporarily by Ag, hence we only need to show that Ag is self-adjoint. By Theorem
it suffices to show that the adjoint of Ag does not have positive eigenvalues. Assume that
Z;u = Au for some positive constant A\. Then u is smooth, since by using integration by parts
the adjoint of Ag is an elliptic operator. Fix a point p € M. Assume that ¢, is a function
which takes the value 1 in the ball with radius s about p, the value 0 outside the ball of radius r
about p, and satisfies the estimate || gradg (¢rs) [lg < C —L__ This functions can be constructed
by first defining

1 ifx <1
ple)y=¢ 2—z ifl<z<2 ,
0 ifz>2

d(p,z)+s—2r

S—Tr

and then define ¢, 5 () = ¢ ( ) . Note that if the manifold is complete then ¢, ; has

compact support, which may not be the case for non-complete manifolds. We have that

0> )\<9072”,su7 U>L2(g0) - <9072”,su7 Agu>L2(g) = _< gradg ((pg,su) ’ gradg“’)LQ(g)
= _2<u907‘,s grangOT,sy gradgu>L2(g) - ¢3,s<gradguv gradgu>L2(g)'

Using Cauchy-Schwartz,

lpr,s gradgul|72 g < 2|{upyrs gradgprs, gradgu) 2(g) < 2[|ugradgprs|| L2(g)ller,s gradgul| L2(g)

< | gradger,sll oo (g)lull L2(g0) lor,s gradgul| L2 (g),
where L is the essential supremum of the function. Hence we obtain the inequality
pr,s gradgull r2(g) < || gradgprs |l £oo g0y [l £2(g0)-

Letting » — oo, we get that |¢ps gradguH%Q(g) = 0. Thus u is constant, and since Ag of a
constant function is zero we are done. O
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There are several ways to extend the Laplacian to forms and tensors. For example note that
if ¢ is the adjoint of d in L?, then we can write the Laplacian on functions by —d o df. Then the
extension on forms, called the Hodge Laplacian, is defined by

—doda—doda.

We will however work with another extension referred to as the Rough Laplacian, or the
Bochner Laplacian. This extension is defined for any tensor field F' by the formula

AgF = trgV3  F.

On forms these two extensions does not in general coincide, but are related by the Bochner-
Weitzenbock identity, see e.g. [Josl]. Additionally, both extensions of the Laplacian are essen-
tially self-adjoint. For a proof of this see [Str83].

2.3 Bochner Formula and Spectral Gap

On a compact Riemannian manifold the constant functions are always eigenvectors of the Lapla-
cian with eigenvalue 0. In this case the eigenvalues can be ordered in a decreasing sequence
0=MX > A1 > Xy > -+ where A\, — —o0, which is proven in e.g. [Josll]. Note that if the
manifold is compact the eigenspace at 0 consists of the constant functions, since

(Dgf, 2oy = —{df, df ) r2(ge)-

The value of \; is called the spectral gap of the Laplacian. More generally, on a manifold the
value of the first nonzero eigenvalue is called the spectral gap.

In this section we aim to prove the Lichnerowicz estimate: Which states that if (M,d)
is a complete Riemannian manifold such that there exists a positive number K such that

RicY (v,v) > K|[v||2 then
n
—A1 >

K,
n—1
where n is the dimension of the manifold. By the Bonnet-Myers Theorem (Theorem
the boundedness Ricci curvature from bellow by a positive constant forces the manifold to be
compact.
The first step in both the Riemannian and sub-Riemannian setting is the Bochner formula,
which gives us a concrete formula for the commutator of the differential and the Laplace operator.

Proposition 2.18 (Bochner’s Formula). For any Riemannian manifold (M,g) with Laplacian
Ag, we have that
Agdf — dAgf = RicY (gradgf,-) .

Proof. Let X1,...,X, be an orthonormal local frame parallel at the point x. Doing the com-

13



putations at this point we get

n

(Agdf — dAgf) (X)) = 3 (Vx,Vx,df) (X)) = d (V. V. = Voy x.f) (X))

=1

= Vx, (Vxdf) (X)) — X; (Vx, (df (X)) — df (Vx, Xi))

=1

= " (Vx,Vx,df) (Xi) — (Vx, Vi, df) (X))

i=1

=" (£8Vx, Vi, df — 8V x, Vx,df) (v8X;)
=1

= RicV ( Xj, gradg f)

Since the point was arbitrary and the Ricci curvature is symmetric we are done. O

Next we want to evaluate both sides in df and integrate. The only problem is the part
containing (Agdf, df)g+, which is the only term which can not be written as some constant
times [, [|df||g=d volg. Hence we will need the following lemma.

Lemma 2.19. We have that
1
A (112 ) = IV2F12y = (Agdf, df) g

Proof. Using the basis given in Proposition about the point x € M and doing the computa-
tion at p we obtain

n n

((df, df g ZXZ i(48df, 1B df)g) = > X, (2(Vx 45df, 1Bdf)g)
=1

- ZXZ (85V x,df, 15 ))

n

=2 (Vx,48Vx,df, t8df)g + (1EV x,df, Vx,15df )¢

i=1

=2 (Vx,Vx,df, df g + (Vx,df, Vx,df)g-

Recognizing the term on the right to be (Agdf, df)g- we get

2 Agdf, df)g +2Z (Vx,df (X)) = 2(Agdf, df)g +2Z —df (Vx,X;))?
i,j=1 4,j=1
= 2{Agdf. df g +2(V2f, V2 [) g

Next thing to do is to give a bound for the term ||V2f\|§0.
2
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Lemma 2.20. We have the following bound on the Hessian

1
2 712 2
IV fllgg = — (Agf)”-
Proof. Denote by a;; = V%QV X; f, where X; is an orthonormal frame given by Proposition
about the point € M. Using this notation V2f = 223:1 aijwi ® w’, where w' is the dual
frame for X;. Then
n
2 £12 2 2
v f”gg = Z ag; = | (eij) [I2,
i,j=1

where || - [|2 denotes the Hilbert-Schmidt norm of a matrix. By definition of Az we have that,
at the point z,

n

2 n 2
(Agf)? = (Z V%Q,)Qf) = (Z Oéu’) = tr (ov)” .
i=1

i=1
Hence it is enough to show that the inequality holds at the point x, i.e. show that it holds for
matrices endowed with the Hilbert-Schmidt norm. Define the projection P : M,, (R) — M, (R)

by P(A) = SA T T s straightforward to show that all non-zero projections have operator
n

norm equal to 1. Hence we have % = |PA|l2 < ||1P|||All2 = ||Al|2. O

Finally we are in a position to prove the Lichnerowicz estimate first proven in [Lic5§].

Theorem 2.21 (Lichnerowicz estimate). Let (M,g) be a complete Riemannian manifold of
dimension n such that RicY (v,v) > K||v||2, for a positive constant K. Then

A > K.
n—1

Proof. Using Lemma together with the Bochner formula we have that

%Ag ((df,df)g+) = (dDg  df ) = [|V*[llgg + Ric™ (gradg (), gradg (£)) . (2:3)

Hence we get the inequality
1

1
§Aglldf\|§* — (dAgf,df)g- = (Agf)? + K| df I3

by using Lemma If we let f be an eigenvector of A\; and integrate with respect to the
volume density we have that

1 1
2/ Ag||df||§*dvolg—/ (dAgf,df)g*dvolgz/ (Agf)Zdvolg—i—K/ || df [|5-d volg
M M M M
A
—Al/ (df , df ) g-d volg > 1/ (Agf) fdvolg+K/ | df |2 d volg
M nJm M

A
—Al/ df||2.d volg > 1/ ||df|]§*dvolg~|—K/ |df]|2. d volg
M n M M

Y\
“Nn > 4K
n
N> K

n—1
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The sphere S™ endowed with the standard round metrics, i.e. the induced metric on S™
from R™ "1 is one of the examples of a manifold which satisfies all the conditions in the theorem
above. In this case it can be showed that the bound is sharp, which is proven in [Oba72].

Theorem 2.22 (Obata Sphere Theorem). Let (M,g) be a complete manifold with RicV (v,v) >
K ||v||z where the first eigenvalue is ezactly \y = —-27 K. Then (M,g) is isometric to S™ with

: : _ —1
the round metric of radius R = \/§

Proof. Let us for simplicity only do the proof when R = 1. Let f be an eigenvector with
eigenvalue —n. Then

1

0 < [[V*fllzg — — (Vef)* + Ric (df df) — K| df I3-

1 1
= 58 (ldf lg-) — (dAgdf. df)g- — — (Agf)* — Kl|df|g-.

by using equation together with the assumptions. Integrating the right hand side we get
that it is zero, hence the inequality presented in equation is an equality. Then

1
S8 (112 + 1) =0, (2.4

which implies that ||df||Z + f? is constant, and without loss of generality we can assume ||df |3 +
f? = 1. Since the manifold is compact, the function f obtain a minimum and a maximum.
Since ||df |2 + f* = 1, the maximum of f is 1 and the minimum is —1. Let v be a minimal unit
speed geodesic from ¢ to p. Then we have that

ldf || g ! dt
l = ds = —_— dt =
™ [y ’ /7\/1—f2> —1V1—t2 b=

since ||df||? < 1dt. Hence we can use Theorem and we have the result. O

There are several other bounds on the spectral gap of the Laplacian. For instant in [ZY84]
it is proven that if (M, g) is a compact manifold with Ricci curvature satisfying Ric (v,v) > 0
for v € TM, then the following bound on the first eigenvalue A\ < —W holds. There are
also several comparing estimates using the volume. For other bounds, and more information on
the eigenvalues of the Laplace operator see for instant [Xial3] and [Cha84].
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3 SuB-RIEMANNIAN GEOMETRY

Sub-Riemannian geometry is more general than Riemannian geometry in the way that we allow
the fiber metric to only be defined on a subbundle of the tangent bundle. Intuitively, this
potentially give us restrictions on the “legal” directions we can move in when requiring the
velocity to be tangent to the subbundle.

3.1 Definitions in Sub-Riemannian Geometry

Definition 3.1. Let M be a manifold, together with a subbundle H of the tangent bundle.
Then a sub-Riemannian manifold is a triple (M,H,h), where h is a fiber-metric on H.
In this setting, the subbundle H is called the horizontal distribution and h is called the
sub-Riemannian metric.

We will use the letter d to refer to the rank of H, and n to refer to the dimension of
the manifold. The vector fields in I'(#H) are called horizontal vector fields. Given a sub-
Riemannian metric h we can define the analogue of the flat and sharp operator as in Riemannian
geometry. The definition of flat with respect to h then becomes

bR o — HF, WP (v) =h(v, ),
for v € H, while the sharp operator with respect to h is defined to be
-1
T A W) = (7)) (@l

for we T*M.
Using the sharp operator we can define the cometric with respect to h by

h': T*M x T*M — T*M, (o, f)p. = a (ﬁh (5)) .

The cometric h* is symmetric, since given any two elements «, 8 € T*M such that ## (o) = v
and #P (8) = w we have that

(v, w)y, = (v, )n (w) = alu (°8) = (@ Bn-.

Note that #? (o) = h* (,-). An additional property of the cometric is that h* is zero on the
annihilator of H in T*M, i.e. the subbundle of T* M given by

{a €T*M :a(v) =0Vv e H}.

It is also possible to define the cometric by the following two properties: h* is zero on the
annihilator of H, and

(. "8) = (o, B,

for all o, 8 € T*M. The main advantage of working with the cometric instead of the sub-
Riemannian metric is that the cometric is defined on the entire T*M instead of a subbundle.
Later we will also encounter the cometric as the symbol of the sub-Laplacian, which gives us
another reason for preferring the cometric rather than the sub-Riemannian metric.
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Let ~y : [a,b] — M be a continuous curve such that 4 € H almost everywhere. We say that
v is a horizontal absolutely continuous curve if it satisfy

% / 15 (0 It = 1 2) 1

almost everywhere. The length of ~ is then defined to be

b
L(y) = / 4.

Denote by C (A, B) the set of all horizontal absolutely continuous curves connecting the two
points A and B on the manifold. We define the distance between A and B, denoted d (4, B),
to be
AAB) = il 1(3),

where we use the convention inf @ = co. There are many cases in which the distance between
two points may be infinite. For instance, if H is an integrable distribution, i.e. [X,Y] € I" (H) for
all X, Y € I"(H), which by Frobenius Theorem (see e.g. [War83]), ensures us that the motion,
when restricted to be horizontal, can not leave a submanifold of dimension d. In Section
we will discuss Chows theorem which gives us a criteria for when the distance between any two
points is finite.

3.2 Bracket Generating

Definition 3.2. Let M be a manifold with a distribution H defined on M. Define the Lie hull
to be the span of all iterated brackets of horizontal vector fields, i.e.

Lie (#) = Span{I'(H), [’ (H), T (H)],[L' (H),[L (H),T (H)]],...}.
A distribution H is said to be bracket generating if Lie (%), = T, M for all z € M.
Define H; =I' (H) and define H; inductively by
Hi=Hi1+ [H1, Hia].
Then assuming H is bracket generating, there exists a minimal number r(z) such that
Hi(z) C Ho(z) C -+ C He(x) =T M,

where H; () = {X (z) : X € H;}. Denote by n; (z) the dimension of H;(z). The tuple of
natural number (n1 (x),...,n, (z)) is called the growth vector at the point . We say that x
is a regular point if the growth vector is constant in some neighborhood of x. If every point in
M is regular, i.e. the growth vector is constant, then (M, H,h) is called equiregular. In this
case the number r is called the step of the distribution H.

In Section {4 we are going to assume that the horizontal distribution H is bracket generating.
Assuming this have many important consequences as we will see.

Proposition 3.3. Let (M,H,h) be a sub-Riemannian manifold where the distribution H is
bracket generating. If the horizontal gradient of a smooth function f is zero, i.e. #odf =0, then
the function f is constant.
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Proof. Since H is bracket generating, it suffices to show that for all X,..., X, € T' (H) we have
that
df ([le [X2’ [ ) [Xn—l’ Xnm]) = [Xb [XQv [ T [Xn—thH]] (f) =0.

Since X; (f) =0, and

[0 (X, [ X, Xl () = X0 (X, (X, Xl () = (X2 [, Xl X2 ()
= X1 [Xo,. - X1, Xl (f)

=X X Xpn(f) - X1 Xo- - X, 20X, X1 (f) =0,
we are done. O

A more important consequence is the Chow-Rashevskii Theorem below, which was first
proved in [Ras38| and independently by [Cho39]. A proof of the theorem can also be found in
[Mon02]. The proof of the theorem, at least in the version given in [Mon02], uses the fact that
the endpoint map becomes an open map whenever the distribution 4 is bracket generating.

Theorem 3.4 (Chow-Rashevskii Theorem). Let (M,H,h) be a sub-Riemannian manifold,
where the distribution H s assumed to be bracket gemerating. Then it is possible to connect
any two point with a horizontal curve.

This means that the distance between any pair of points is finite, and (M, d) becomes a metric
space. It is also possible to show that the topology on M induced by the distance function d is
the same as its original topology when H is bracket generating, see [Mon02]. As in any metric
space we can define the Hausdorff measure and dimension. In sub-Riemannian geometry the
Hausdorff dimension in general is bigger than the topological dimension of the manifold.

Theorem 3.5 (Michell’s Theorem). For a sub-Riemannian manifold (M, H,h) where H is
bracket generating we have that around every reqular point x the Hausdorff dimension is given

by > iy i (ni(x) — ni—1(x)).

Example 3.6 (The Heisenberg Group). Let us consider R3, with coordinates denoted by
(z,y,2), and let X,Y, Z be the vector spaces defined by X = 0, — %y@z7 Y =0,+ %:1:82 and Z =
0.. Then the vector fields X, Y, Z satisfies the bracket relations [X,Y] = -Z, [X,Z] = [Y, Z] = 0.
Define H = Span {X,Y }, and let the sub-Riemannian metric h be the sub-Riemannian metric
making X, Y an orthonormal frame. Then H is bracket generating. It is also easily seen that
the growth vector is (2, 3) at every point, hence (R3, H, h) is equiregular.

Example 3.7. Let G be any Lie group with Lie algebra g. Assume b is a subspace of g such
that the minimal ideal containing b is g. Define H by left translating h. Then H is bracket
generating. Let x1,..., x4 be a basis for h, again, define X1, ..., Xy by left translation. Then we
can define h such that Xi,..., X; is an orthonormal basis. We will encounter several examples
of this structure when we are calculating the spectral gap. See the subsections and

3.3 Geodesics

As in Section [2| we say that an absolutely continuous horizontal curve v € C (A, B) is mini-
mizing if it minimizes the distance.
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Definition 3.8. An absolutely continuous horizontal curve v € C7% (A, B) is called a (sub-
Riemannian) geodesic if «y locally is a minimizing curve.

Assuming that H is bracket generating implies the following result. The proof of this result
can be found in [Mon02].

Theorem 3.9. Let (M, H,h) be a sub-Riemannian manifold, where H is bracket generating.
Then for any fized point p there exists a neighborhood U of p such that any point ¢ € U can
be connected to p by a minimizing curve. If we additionally assume that (M,d) is a complete
metric space, then the previous statement holds for U = M.

On any manifold we can define a canonical symplectic structure on the cotangent bundle
T*M. If (x1,...,2n,U) is a chart on M, then it induces the chart (z1,...,2Zn,p1,...,Pn) ON
T*M, where p; = dz;. Then the canonical symplectic form on T*M is defined by w = Y " | da; A
dp;. The sub-Riemannian Hamiltonian is the function H : T*M — R defined by

1
H (a) = 5l

By using polarization, the sub-Riemannian Hamiltonian uniquely defines the sub-Riemannian
structure. Define the Hamiltonian vector field of the Hamiltonian H by w (FI , ) = dH. Locally
the integral curves of H can be written as solution of

. oOH
Li = §p.
{ Pou

The equations above is called the Hamiltonian equations of the Hamiltonian function H. One
can show that if (v (¢),£ (t)) € T*M is an integral curve of the Hamiltonian equations then ~y (¢)
is a geodesic, which is showed in [Mon02]. The reverse statement is however not true. Hence
we will divide geodesics into normal geodesics which are projections of integral curves of
the sub-Riemannian Hamiltonian equations, and abnormal geodesics which are the geodesics
which are not normal. An open problem in sub-Riemannian geometry is whether all abnormal
geodesics are smooth. The normal geodesics are smooth, being the projections of integral curves
of a smooth vector field. Another feature of normal geodesics is that locally they are the unique
geodesic connecting the endpoints. In other words if v is a normal geodesic, then at point
x = v (to) there exists an e such that 7 is the unique minimizing curve connecting the points
v (to — ) and 7 (to +¢€).

3.4 Hypoelliptic operators

For us the most important consequence of ‘H being bracket generating is the relation to hypoel-
liptic operators given in Theorem

Definition 3.10. Let L be a second order differential operator defined on a manifold M. The
operator L is said to be hypoelliptic if for all open subsets V- C M, f € C* (V) and distribu-
tions u such that Lu = f implies that u € C* (V).

As noted in the appendix, all elliptic operators are hypoelliptic by Corollary The
vector fields Xg, ..., X, is said to be bracket generating if they span a bracket generating

distribution. Hormander gave in the 60’s the following classification of hypoelliptic operators in
[Hor67].
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Theorem 3.11. Let L be a second order differential operator on the form L = Zle X2+ Xo+c,
where Xy, ..., Xy are vector fields defined on an open bounded set M , with the additional property
that Lie(Xo, ..., Xy) is bracket generating. Then L is hypoelliptic.

Note that in the Theorem of Hérmander the vector fields can be degenerate, i.e. there might
exist points € M where X;, (f) =0 for all f € C>° (U). If given an operator L on the form in
Theorem then L — X is hypoelliptic. It follows that if A is an eigenvalue with eigenvector
u, then u has to be smooth, since (L — A)u = 0 is a smooth function.

When we define sub-Laplacian in Section the bracket generating condition on the metric
will make the operator hypoelliptic. From here on out, we will therefore assume that whenever
(M,H,h) is a sub-Riemannian manifold then H is bracket generating.

3.5 Sub-Laplacian and More Theory on Affine Connections

In Riemannian geometry we defined the Levi-Civita connection and used it to define other
geometric invariants like the curvature and geodesics. For sub-Riemannian geometry, we can
not ask for a symmetric and compatible affine connection without making the distribution
integrable. If we do assume that the connection is symmetric and compatible with h*, this will
imply that H is an integrable distribution. Since we want the affine connection to reflect the
sub-Riemannian structure we are going to ask for the affine connection to be compatible with
the sub-Riemannian metric h, i.e. Vh* = 0.

Lemma 3.12. Let (M, H,h) be a sub-Riemannian manifold, and let V be a linear connection
on M. Then the following are equivalent

a) h is compatible with V.

b) for all X € T(TM) and all a € (M) we have that {*V ya = VxiPa.

c) forall X e T'(TM) and Y, Z € T'(H) we have that VxY € T'(H), and furthermore
X (h(Y,Z)) =h(VxY,Z) +h(Y,VxZ).

Proof. To show the equivalence of a) and b) we compute
Vx (h*(a,-)) = (Vxh*) (e,-) + h* (Vxa, ).
Note that if we denote f?a =Y and 8 € Q (M), then 3(Y) = B (o) = h* (o, 3). Hence we
get that h* (o, -) = #Pa. Using this
VxtPa = (Vxh*) (a, ) + "Vxa,

and it follows that a) and b) are equivalent.

For the implication either a) or b) imply ¢), note that any element in Y € T'(H) can be
written as fPa for some 1-form. The affine connection preserves H since VxY = #'Vya,
where the right hand side is horizontal. For the last part, denote by aj, as 1-forms such that
thay = Y1, #Pas = Ys. Then

Vx (Y1,Y2), = Vx(o,a2)n-
= (Vxh") (a1, a2) + (Vxai,a2)y,. + (a1, Vxaz)p-
= (VxY1,Y2), + (Y1, VxYo)n.
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Lastly, let us show that c) implies b). Since V preserves H, both #*Vxa and VxPa is
horizontal, hence it is enough to prove that for all Y € ' () we have that h (ﬁhVXa,Y) =
h (V xiPa, Y). We will also use that V restricted to H is an affine connection, which means that
we can define an affine connection on H* by the formula (Vxf3) (Y) =X (8(Y)) — (VxY) (8),
for € H* and Y € H. In fact we can define an affine connection on any tensor bundle over H
in the same way as in Lemma Let Z = #Pa, then by assumption we get that

h (ﬁha, Y) —h(Z,Y)=Xh(Y,Z) - (VxY) (th>

= (Vx"2) (V) = (Vxa) (V) = b ("W xa, ).

where the last equality follows from that Vxh"Z = V¥ X0y . O

If h is a sub-Riemannian metric on A, then one can always extend it to a Riemannian
metric. Such an extension is known as a taming metric. In other words a taming metric is a
Riemannian metric g which satisfies g|y; = h, and in this setting we say that g tames h. Note
that (unless H = T'M) there is not a unique choice of taming metric, and hence the taming
metric will always depend upon choice. With a taming metric in place it makes sense to talk
about an orthogonal compliment to 7. The orthogonal compliment of H, which we will denote
by V, is called the vertical bundle. In this setting we can decompose TM =H & V. When g
is restricted to V we get a sub-Riemannian metric on the vertical bundle which we will denote
by gy. When given a decomposition of the tangent bundle TM = H & V into horizontal and
vertical part, we will denote by pr,, and pry, the projection down on the horizontal and vertical
bundle, respectively. This means that we can extend h (and gy) to the entire tangent bundle
by first projecting down to H (and V). With this in mind, we can define a (local) adapted
frame to be an orthonormal frame Xi,..., Xy, Z1,...,Z,_q on the tangent bundle such that
X, € I'(H) and Z; € I'(V). In Section {4 we are going to assume that V is compatible with
a taming metric and preserves the horizontal distribution, i.e. for X,Y € I' () we have that
VxY el'(H).

Lemma 3.13. Assume V is a linear connection on the sub-Riemannian manifold (M, H, h),
which is compatible with a taming metric g and additionally preserves the horizontal distribution.
Then

i) V is compatible with h and gy and

i1) the affine connection preserves the orthogonal compliment of H, V, with respect to the
taming metric.

Proof. Since the proof is the same for h and gy we will only show it for h. By using Lemma
3.12| we need to show that for all Y7,Ys € I'(H) and all X € I' (T M) we have that

Vx (h(Y1,Y2)) = (VxY1,Y2), + (Y1, VxYo)n.
Since
Vx (h(Y1,Y2)) = Vx (g (Y1,Y2)) = (VxY1,Y2), + (Y1, VxY2)g = (Vx Y1, Yo)n + (Y1, VxYo)n,

it follows that Vh* = 0.
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For the second part we want to show that if Y € T' (V) then VxY € T' (V), which is the same
as showing that for all Y € I' (V) and Z € T' (H) we have that h (VxY, Z) = 0. By compatibility
of the metric

0=Vyh(Y,Z)=h(VyY,Z) +h(Y,VxZ),

and since h (Y, VxZ) = 0 by assumption, we have the result. O

According to the previews lemma; if we restrict the affine connection to either the horizontal
or vertical bundle, then we have again an affine connection. By Corollary we can find an
orthonormal local frame parallel at the point p for H and V, respectively. Hence there exist an
orthonormal adapted frame parallel at the point p.

Definition 3.14. Denote by (M, H,h) a sub-Riemannian manifold, and let V be a linear con-
nection defined on M. Then we define the rough sub-Laplacian LV with respect to the
connection V to be LY = trhVivx.

When acting on functions this is a second order linear operator. Hence we can calculate the
symbol. Let X1,..., Xy, Z1,...,Z,_q be an adapted orthonormal frame which is parallel at the
point x, then

o1 (df,dg) = 3 (L% (79) — 717 (9) — gL (1))

d
= ISTX (X (F9)) - £ (X0 (9)) — 0 (X (F)
2
1

=

Xi(9) Xi (f) =h"(df,dg).

d
=1

]

We also note that if we write LV in a basis, then it has the form given in Theorem Since
we have assumed that the given sub-Riemannian manifold is bracket generating, LV becomes
hypoelliptic, which among other things imply that the eigenvectors are smooth.

The goal is to give a lower bound of the first nonzero eigenvalue, similar to the Lichnerowicz
estimate in the Riemannian case. In the proof of the Riemannian Lichnerowicz estimate it was
crucial that the Laplace operator was symmetric with respect to the volume density. We will
take the volume density given by a taming metric. In this case the sub-Laplacian might not
be symmetric with respect to the chosen volume density. However, in [GT16a] they give the
following condition for L to be symmetric with respect to volg.

Lemma 3.15. Let (v) = trTV (v, x)(x), then the adjoint of V., is given by Lyn(g) —
Z?:l tx;Vx,, where Xq,...,Xg is a local orthonormal frame for H. Then

—LY + Vg = (Vpry) " © Vo,

In the proof of this proposition they use that the adjoint of Vi, ., sending a — Vi, v is
given by

d
(Ver)* :Lﬁhﬁ_ZLXiva (3.1)
i=1
where X1,..., X4, 21,...,Z,_gq is an adapted orthonormal frame.
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Corollary 3.16. The rough sub-Laplacian is symmetric with respect to the volume density of a
taming metric if and only trT~ (v, x) x =0 for all v € H.

By Proposition if LV is symmetric with respect to the volume density then
LY (f) = divg (ﬁhdf) .

When LV is symmetric with respect to volg, then the following have the following theorem
which can be found in [Str86] together with [Str&3].

Theorem 3.17. Let (M,H,h) be a complete sub-Riemannian manifold with a taming metric
g. Assume we are given a connection V such that LY is symmetric with respect to volg. Then
LY is essentially self-adjoint.

The proof is essentially the same as for Theorem only that we get that #Pdf = 0, which
by Proposition [3.3] implies that df = 0.

When the horizontal distribution H is equiregular there is a canonical choice of measure on
(M, H,h) called Popp’s measure, see e.g. [ABGR09]. However, we want to be able to study
operators not nessesarely symmetric with respect to this measure.
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4 SUB-RIEMANNIAN LICHNEROWICZ ESTIMATE

Let (M,H,h) be a sub-Riemannian manifold, and let d be the rank of the bracket generating
distribution . Unless otherwise stated we will assume that we are given a linear connection V
and a taming metric g such that

1. V is compatible with g,
2. V preserves ‘H and

3. LV is symmetric with respect to volg, i.e. trTV (v, x) x = 0 for all v € H.

Assuming M is compact, we again have that the eigenvalues of LV can be ordered in a sequence
0=MXo> A > X > where \; » —o0, see [FP83]. In this setting the spectral gap is again
defined to be \1.

4.1 Sub-Riemannian Bochner Formula

As in the Riemannian case, the proof of the Lichnerowicz estimate will depend on the intertwin-
ing of LVdf —dLV f. In this case we will end up with additional terms depending on the torsion
which in the Riemannian case were 0. In the proof of the Sub-Riemannian Bochner formula we
will need the following lemma.

Lemma 4.1. For any v,w € T, M we have that
Ve odf (w) = Vi ,df (v) = Vodf (TV (v,w)) — df ((VoTV) (v,w)) .

Proof. Let X1,...,X, be an orthonormal frame parallel at the point z. Then we can write
v=>" aX;(z) and w =" bX; (). Set X, =Y. a'X; and X, = >, b°X;, which
becomes parallel at the point x by linearity of the affine connection. At the point x we get that
Vx4 (Xo) = Vx, Vx,df (Xu) = Vx, (Vx,df) (Xo)) = (Vx,df) (Vx, Xw)
= Vx, (Vx,df) (Xo) = df (TV (Xy, Xu)))
since by Lemma |2.5| we have that
(Vx,df) (Xw) = (Vx, df) (Xo) = —df ([Xo, Xu]) -
This is again equal to
Vx, (Vx,df) (X)) = (Vx,df) (T (Xo, X)) = df (Vx, (TY (X0, Xu)))
= (Vax, Vi, df) (X0) + (Vx,df) (Vx, Xo) = (Vx,df) (TV (X, Xu)) = df (Vx, (TV (X0, Xu)))
= (Vx,Vx,df) (Xo) = Vix, (df (T (Xo, Xu))) = df (Vx, TV (Xoy X)) = df (T (Vx, Xos X))
—df (TV (X0, Vx,Xuw))
= (Vix, Vo df) (Xo) = (Vx,df) (TV (X0, X)) = df (Vx, TV (X0, Xu))
= (Vo Vudf) (v) — (Vodf) (TV (v,0)) — df (Vo TV (v,w)),
where the next to last equality follows from
df (TV (Vx, X, Xo)) =TV (Vx, Xu, Xy) (f) =0
at x. O
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In this section denote by Ric the operator
Ric (@) = trp (RY (x,-) a) (x), (4.1)

which will be referred to as the Ricci curvature with respect to a sub-Riemannian structure.
Define the operators A : Q (M) — Q (M), where

A(a) =Ric (a) — a (trp (VxTV) (x,)) —a (ttaTY (x, TV (x,))), (4.2)
and DT : Q (M) — Q(M) by
Dfa = try, (Vxa) (TV (x,)). (4.3)

Note that the operator A is a tensor field, while D is not a tensor, and depend on the local
behavior of a. The next proposition is proved by in [GT16a].

Proposition 4.2 (Sub-Riemannian Bochner formula). Let (M, H,h) be a sub-Riemannian man-
ifold with the taming metric g, and let V be a linear connection satisfying property 1)-3) in the
beginning of Section[f] Then

LVdf —dLY f = —2DTdf + A(df),
for any f € C>*(M).

Proof. Let X4,...,Xy4,Z1,...,2Z,_q be an adapted orthonormal frame parallel at the point x.
Doing the computation at the point x, we get that

(LVdf —dLY f) (X;)

I
.M&

@
Il
—

Il
.M&

Il
—_

(Vix, @) (X) = (Vx,df) (T¥ (X, X))

—df (Vx,TV) (X0, X)) = Vi, (Vx,Vx ) +d (Voyx,f) (55)),

by using Lemma By the definition of DT we can write the equation above as

d
— DTdf (X;) + Y (Vx,Vx,df) (Xi) —df (Vx,TV) (Xi, X)) — Vx, (Vx, (df (X3)))
i=1
d(Vx,Xi(f)) ( 7)
= -DTdf (X,) + Z (Vx,Vx,df) (X;) — df (Vx,TV) (X1, X)) — (Vx, Vx,df) (X;)

=1
= Vx, (df (Vx, X3)) + d(Vx, Xi (f)) (X;) .
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Using the definition of Ricci curvature we get

—DTdf (X;) + (Ricdf) ( +ZV[XX]df( i) — Vx; (df (Vx, X3))
i=1

—df (Vx,TV) (X, X)) + (Vx Xi (f))

= —D"df (X;) + (Ricdf) ( +vaxdf< ) —df (Vx.TV) (X, X;))

=1
d
= DT df (X)) + ) (X)) + D0 df (7% (X, TV (X3, X)) + (Ve dF) (X0).
=1
Hence if we can show that
d d
> df (T% (X0, TV (X3, X5)) = =D7 (@) (X;) = 3 (Vi 0dF ) (X0).
i=1 =1

we are done. By direct computation we have that

d d
DTV (X0, TY (X0, X)) (df) = YV, TV (Xi, X5) (df) = [Xo, TV (X3, Xj)] (df)
=1 =1

d
Z (TY (X4, X;) (df)) = TV (X5, X;) (Vx,df) — [ X5, TV (X3, X;)] (df).

Since TV (X4, X;) (Vx,df) = DT (df) (X;), we get

d
— DT (df) (X;) + Y Xi (TV (Xi, X;) (df) — [ X5, TV (X3, X;)] (df)

=1
= —D" (df) ( +ZX V(X5 X5) () = X (TY (X6, X5) () + TV (X, X5) (X (f))

d

— DT (df) (X)) + ST (X0, X;) (X ().

=1

Since the frame X7,..., X, is parallel at the point z, we have that T'(X;, X;) = — [X;, Xj],
hence

M&

—DT(df ZV[XX]df( )):_DT(df)( i)~

i=1 i

(V[X X, ]df> ( )+df (V[X“Xj}Xi)

1

M&

= -DT (df) (X;) — (V[X X]df>( i)

=1

O]

Continuing in the same fashion as the proof of the Lichnerowicz estimate in the Riemannian
case, we have the following result.
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Corollary 4.3. With the same assumptions as in the sub-Riemannian Bochner formula we get
that

(LVf, LYV f) L2 /M (Hvdfuig — 2(DTdf, df \n- + (A (df) ,df)h*> dvolg

and

(LY f, D) p2(go) = /M (vamdezg — 2(D"df, df g + (A (df) ,df>g*) dvolg.
Proof. We have that
(LY, LY f) 2 & =~ /M<dLV f,df Yp-dvolg
= /M (LVdf +2D"df — A(df) ,df),. dvolg

_ /M (~LVdf — 2DTdf + A(df) ,df),.. dvolg,

where the first equality follows from the proof of Proposition If we can show that

1

(LVdfdf )y = 5 (LY (Idf[1F)) — (Vdf, Vdf)ig

we are done, since [,, LY (g) dvolg = [;, LY (1) gd volg = 0 for any function g. Let X, ..., Xq,
Z1y..., Zy_q be an adapted orthonormal frame parallel at the point x. Then

(Vx,Vx,t2df, t"df )

M&

d
Z <inindfv df>h*

=1

ﬁ
Il
—

I
.M&

&
Il
—

Vx, (VxfPdf,8df) = (Vx,2hdf, Vx, g df)n

I
.51&

Il
—

SV Vx, (1)~ (Vx Vg
= LV R — IRy,

For the second claim, doing almost the same computation we get that
<va, Agf>L2(gO) = /M<dLVf7 df )g+dvolg
— /M (LVdf +2D"df — A(df) ,df>g* dvolg
— [ (W2 = 207 . df)ge + (A1) ) ) ol

O

In the remaining part of this section the results presented will be original for this thesis,
unless otherwise is stated. Define the operator B : I' (T*M) — I' (T*M) to be the dual of the
operator

B* (a) = b8try (V. TV) (x, ﬁha>
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in the L? (g*). The sub-Riemannian manifold (M,?H,h) with an affine connection V is said to
be of Yang-Mills type if B* = 0.

Lemma 4.4. Let (M, H,h) be a sub-Riemannian geometry with a taming metric g. Further-
more, let V be an affine connection which is compatible with the metric g, preserves H and the
rough sub-Laplacian is symmetric with respect to L? (go). Then we have the following equations

a) <DTdf7 df>L2(h* = _<df>8 (df)>L2(h*) + %de (TV ( )) ||L2(h0)
b) IV2flitg = GILY FIlEagoy + 2ldf (T () g

¢) SFHILY fIIF 2 goy > ((A+2B) (df) , df) 2y — Ff (TY (:,-)) |!L2(ho>

Proof. For the first claim we compute
(DT (df) df) ooy = (trn (Vocdf) (T (%,4)) , df) p20v)
_ /M iV df (77 (x,87dF) ) dvol

_ /M <vprﬂ.df, b8 (TV (er., ﬁhdf>)>gg dvolg.

Using the adjoint of V. given in the equation we have that

[ (5" )0
_ /M <df, _ Zd:% (vxibg (TV <er.7ﬁhdf)))> dvolg,
=1

g*
where X1,...,Xy4,21,...,Z,_q is an adapted orthonormal frame parallel at the point z. Then

N i » (beg (TV (er., ﬁhdf))) __ i (Vx,TV) (X ﬁhdf> + 7V (inXZ-, ﬁhdf>
=1 ]

TV <Xi7 VXiﬁhdf)
— - (Vx,TV) (Xz', ﬁhdf> +71V (Xi,VXiﬁhdf) -
=1

Observing that
d

- Z (Vx,df) (X)) df (TV (X, X)) = %Z (df (TV (Xi,Xj»)Q:%de (T () 13,

i,j=1 i,j=1

we get

M-

<df, e ((VX,L.TV) (X ﬁhdf> 7V <X inﬁhdf>>>

*
1 g

— (. B (d)ge + 5 1F (77 () IRy,

)
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Hence 1
(DVdf,df) gy = —{df B (dF)) 12 + S 1F (T () I g)-
For the second claim, define the symmetric operator

1 1
S(V?) (X,Y) = §V§(,Y + §V§f,x

and the anti-symmetric operator

A(VH(X,Y) = %vg(,y - %V%X.
Then
Viy =S(V?) (X, Y)+A(V?)(X,)Y).
Also

(S (V2) £, A (V?) g = (Vioxd + Vixd) (Viox, f = VioxS)

(hot) ~ (Hs) 0

hence [[V2f]130 = 1S (V?) fll70 + 1A (V?) fll30- Using equation [2.1/implies that
2 2 2

> =

>
>

1
T4

d 2
1 1
14(92) fllg = > (;;,Xjf ~ VxS )

t,j=1
1< 1
V \% 2
=3 Z_ af (7Y (X3, X)) = Jr (77 () [ig.
By using the same argument as in the proof of Lemma we have that

27"

IS (v2) 7li3y >

Hence we have proved the second claim.
For the final claim, using Corollary together with a) and b) implies

L% e = [ (Va1 ~ 2007 dr e -+ (ALE) e ) vl
= /M (IIVdfIiy + 2 (B df)ye = lldf (T () g + (A (df)  df e ) dvol
1 3
> gHLVfH%Q(gO) - Zde (TV (-,) ”Lz(ho) + 2(Bdf, df) 1203y + (A(df) , df ) L2 (nx)-

Moving 3LV f|12, (g0) o the left hand side we obtain equation c). O
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4.2 Lichnerowicz Estimate

We will begin by looking at the setting given in [BKI16] and improved in [BKW16], and what
is already known. In Section we will develop another setting in which we give another
Lichnerowicz estimate.

4.2.1 Lichnerowicz Estimate by F. Baudoin, B. Kim and J. Wang

Let (M, H,h) be a sub-Riemannian manifold. Assume that there exists a taming metric g such
that the orthogonal compliment of H, denoted V, becomes integrable. Additionally, assume that
g satisfy the condition

(Lxg) (V,V) = (Lvg) (X, X) =0,

for X € H and V € V = (H)*. Define the connection V to be
VXY =pry Vp, xpryY + pry [pry X, pry Y]+ pry [pry X, pryY] + pry Ve opryY,  (4.4)

where V& denotes the Levi-Civita connection with respect to g. This connection is called the
Bott connection. Then Lemma 4.8 and Lemma [4.10] shows that the Bott connection satisfy
the following conditions:

e V preserves H,

is compatible with g,

the rough sub-Laplacian is symmetric with respect to L? (go),
TV (X,Y)eT (V) forall X,Y € ' (TM),

e the Ricci curvature is symmetric and (Ric («), §)g depends only on the horizontal part of
o and (.

In [BK16] and [BKWI6] they showed the following bound on the first eigenvalue.

Theorem 4.5. Let (M, H,h) be a sub-Riemannian manifold with a taming metric g given as
above. Assume that the Bott connection V satisfy the Yang-Mills condition, and that we have
the following bounds

2
h*’
o o (T () 12y > o

o [IR(8"a) I3, < mallolf-,

e (Rica,a)y,. > pillal

oz, and

where k1 > 0 and p; > 0. Then the first eigenvalue A\ of the sub-Laplacian LV satisfies

4.2.2 New Lichnerowicz Estimate

It is known that the bound presented in the previous theorem is sharp, see [BK16]. The method
used to show the bound does however rely on some choice of parameters. When trying to
generalize the method it gets difficult to find the optimal parameters, hence we will use a
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different method. With the method presented we are able to lower the conditions required, and
we regain the bound of Theorem as a special case.

Let (M, #H,h) be a sub-Riemannian manifold. Assume that there exists an orthogonal com-
pliment V), i.e. a choice of sub-bundle such that TM = H & V, such that h satisfy

(Lypryh) (X, X) =0, (4.5)

for Ve I'(V) and X € I'(H). In this case we will call V for metric preserving, and we say
that (M, H,h) has a metric preserving compliment if such a ) exists.
Define the curvature R and cocurvature R of (M,H,h) with respect to V by

R(X,Y) = pry [pry X, pry Y]

and

R (X,Y) = pry [pry X, pryYT],
respectively. Note that V is integrable if and only if R = 0. We will additionally assume that
trR (X, R (X, x)) x = 0, (4.6)

which is a condition which has appeared in [GT16a], [GT16b] and [GT16c|. Note that if V is
integrable, then the condition is always satisfied.

Let g be a taming metric for h making H and V orthogonal, and let gy be g restricted to
V. Assume that

trg,, (Lx8) (%, x) =0, (4.7)

whenever X € I'(H). Let V' be any linear connection compatible with gy, and denote by V8
the Levi-Civita connection with respect to g. Define the affine connection V by

VxY =Vp ypryY +pry [pry X, pry Y] + VipryY. (4.8)

Let LY be the sub-Laplacian with respect to h. Then LY f depend only on pry, V% and the
choice of compliment V, since if Xy,..., X4, Z1,...Z,_4 is an adapted orthonormal frame then

d
LVf=> X (X:(f) - <erv§(iXi> (f).
i=1
Define Ricy to be
Ricy (a) = a (trn (VXTV) (%, 18)) + « (trth (><,TV (x,48v4)))
+ <Tv (era ﬁgva) 7Tv (er7 ﬁgv')>h®g .
Under these assumptions we aim to show the following result.

Theorem 4.6. Assume that (M, H,h) is a compact sub-Riemannian manifold with a taming
metric g such that the orthogonal compliment V are metric preserving, and the assumptions[4.6
and[{.7 are satisfied. Let V be any connection on the form of equation [{.8 satisfying

e (Ric (a),)p- > pilla]/3.,

o | (TV (-, )) Hig > PZHO‘HE;;:
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o 1TV (- t7) [fegg, < mallall..
o [(B(a), )y + TV (pry 187 a) , TV (pry, 17a)) go| < 262]lallgy fne,
o [(Ricy (a) , alg:| < rallall,.
° |<Tv (pry-, 18V a) TV (er-, j:thoz)>gg + o (trhTV (><,TV (X,jjhoz))) | < /-;4Ha||h*||oz”g;,
where k; > 0 and py > 0. Define the constants
K =pips — 4/@% — 3Kk1kg — dkaky — 2 (4ka + Ka) \/K1K3

and k = (4kg + k4) /K1. Then if K >0 we have that

—A1 >

where A1 is the first eigenvalue of LV .

Requiring that po > 0 implies that H is of step 2, since, by the next lemma, the torsion
satisfies TV (pry;-, pry) = —R (-, ).

The proof of the above theorem will be divided into several intermediate steps. We will
begin by proving some general properties of connection used in this setting.

Lemma 4.7. Let (M, H,h) be a sub-Riemannian manifold and let g be a taming metric such
that the wvertical bundle V is metric preserving. Then any affine connection V on the form
[4.8 satisfies property 1-3 in the beginning of Section[f] Furthermore, we have that the torsion
satisfies TV (X,Y) € T' (V) whenever either X € T' (H) and

TV (prys pry) = =R ()

Proof. The fact that V preserves H follows from the definition of V. When X and Y are in I" (#)
the compatibility follows from the compatibility of V& with h. If Y € I' (V) and X € I' (T'M),
then

(Vxg) (Y;Y) = (Vixey) (YY) =0.
For the final case when X € I' (V) and Y € I' (H) we have that

(Vxg) (Y,Y) = (Lxg) (YY) =0,

by assumption
Let X e T'(H). Y € T'(H) we have that

TV (X,Y) = pryy V&Y —pry VX — [X,Y] = -R(X,Y) €T (V).
On the other hand if Y € I" (V) then we have that
TV (X,Y)=ViY —pry, [V, X] - [X, Y] = VY —pry, [X, Y] €T (V).

Hence TV (X,Y) € T (V).
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To see that LV is symmetric we need to show that tr7"V (X, x) x = 0, whenever X € H by
Corollary Let X4,...,X4,Z1,...,Z,_q be an adapted orthonormal frame. Then

d n—d n—d
S UTV(X X)) Xidg + Y TV (X, Z)), Zj)g = > TV (X, Z)), Z))g
i=1 j=1 j=1
n—d
=2 (2, VxZ;j = V7, X —[X, Zj])g
j=1
-1
- _<Zj7 [Xv Zj])% = Ttrgv (EXg) (X7 X) =0,
where the last equality follows from assumption [4.7} O

Lemma 4.8. Assume that (M,H,h) is a sub-Riemannian manifold with a taming metric g
which is metric preserving, and satisfy condition[{.0. Let V be on the form[{.8 and let Ric be
defined as in equation [{.1] with respect to V. Then

(Ric (o), B)g = (Ric (pry=a), B)n+,
where «, B are 1-forms. Additionally, we have that Ric is symmetric, i.e.
(Ric (a), B)g = (Ric (B) , a)g.
Proof. Note that
trTY (pryX, TV (pry X, pryx)) x = trR (X, R (X, x)) x =0,
by assumption [4.6] Since V is compatible with g, we have by using Lemma [2.7] that
(RY(X,Y)Z,Z)g =0,

for all X,Y,Z € T'(H). Let X,Y € I'(H) and Z € T'(V). Using the first Bianchi identity
(Lemma for affine connections with torsion when X,Y € I' (H) and Z € I'(V), we have
that

g(RY(X,2)Y,X)+g(RY(YV,X)Z,X) +g(RY (Z,Y)X,X) =g (RY (X,2)Y,X)
=g (-TV (X, TV (2,Y)) =TV (V,\TV (X, 2)) - TV (2, TV (Y, X)), X)
g (VxTV)(2,Y) + (VyTV) (X, 2) + (V2TV) (Y. X) , X)
=—g(TV (2, TV (V. X)), X).
Hence
(Ric (), B) 4. = trn <RV HEB) ¢ >h
trn (R (x,tthﬁ) Pa,x) = trn(RY (x,£58) e )
= trp <Rv ( ﬁhﬂ> ha, ><>
= (Ricprya, B -

h
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For symmetry it is enough to show that (RY (X,Y)Z, X)n = (RV(X,Z)Y,X), when
X,Y,Z € T'(H), since the Ricci curvature only depends on the horizontal part. By using
the first Bianchi identity we have that

<}%V (X7Y) ZvX>h - <RV (X7Z) Y7X>h =0,

since the torsion is vertical. O

In the next Lemma we will find a constant such that C such that C||df|[n+ > ||df [|gz,- In the

proof we will use the connection V defined by Vya = Vxa —h8TV (X,f8 ), and the map DT
defined by

DT () = trp (@Xa) (TV (x,)).

Lemma 4.9. Let (M, H,h) be a compact sub-Riemannian manifold which is metric preserving
and satisfies assumption [{.6 and [{.7 Let V be some connection on the form [{.§ and assume
that the following inequalities are satisfied

o (% () Iy = pella
o TV ("ﬁho‘) ’%*@gv
o [(B(a), ). + (TV (pry, 18va) , TV (pry-, t7) ol < 2rallcr]gy ]l

e [(Ricy (a), )gx

2
8y’

< #1flolf

< rsllallZ,

where k; > 0 and pa > 0. Then

2
(Ve = v 22 2y 2 1 )

(DNTdf> (ﬁhdf> < p22 <I€11€3 — MKl + 262/K1V K3 — )\1> de“%z(h*)

and
4
ldf (T (-,-)) Hiz(hg) < (fﬂf”vs +4K3 — AR+ 4o/ Ky — >\1) 1df 1172 e

where LV f = A\ f,

Proof. By combining the sub-Riemannian Bochner formula (Proposition together with the
fact that

1
iLdeHé; = (Ldf, df ) g5, + | Vpr,-df

2
g*®83,’

we get that
2 T
Vot 12 gy = —(ALE ) 12 gy ) + 24D A ) 2 gy = (A, dF) 1o )-
The equality above implies that

[Vor,,-f I = ~Mdfl1 72 g ) + (Ricvdf, df) 2

L2 (g @g})
(k3 — A1) de\liz(g;)-

IN
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By the definition of DT we have that
DT (@) (V) = (D" () (V) = (TV (pry, 88 a) , TV (pry, Y))
Using Cauchy-Schwarz we get

‘ /M DT (df) (rthdf) dvolg

gl

N ‘<€Prn‘df’ TV (pr”"ﬁhdf»L?(g@)

< Vg = Mv/mldf | 2 1F | 2 g, )

On the other hand we have that
- 1
/M DT (df) (ghdf ) dvolg = (=B (df) df) o) + 51f (T (1)) gy
_ (TV <p1~%.,ﬁhdf> ,TV (er.7ﬁgvdf)>L2(gg)
> —2ra[df | gy Il oy + 5 N1 g

Setting the two inequalities together we obtain

2
(Vs = v 2m2) 2y 2 1 )
For the bound on DT (df) (tthdf), we use that
[ D7 ) () dvol < /i = Ay g |4 20
2
< — (Hlﬁg — )\1/61 =+ 2/62\/?1\/ K3 — )\1) de”%2(h*)

P2
For the last inequality we have that

14f (T () agugy = [ 27 ) () + 208 )  dued vl
— [ 207 (@) (g ) + 28 df) e d vl

M
+ 2T (pryg 150) T (pry-, £a)) o)

< — (mng + 4/{% — AMk1 + 41{2\//‘71\/113—7)\1) ||df||%2(h*)'

2

Proof of Theorem [{.6, We have that

d—1 3
THLfH%Q(gO) > ((A+2B) df, df ) p2(nr) — o ldf (TV (")) ||iz(hg)

— (Ricdf, df) 2 (ne) — /M df (trhTV (x,TV <><, ﬁhdf)» dvolg + (Bdf, df) 1>+
3 \Y4
= 2 (7% ) g
= — /M<Tv (pryg, 87 ) , TV (er-, tiha>>gg +df (trhTV (x,TV (x,ﬁ%f))) dvolg
+ (Ricdf, df) r2n+) — (DTdf, df) L2(n+) — i”df (TV (,") Hiz(hg)-
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Using the bounds above together with Lemma 4.9 we get

-1
—Ald

1
>p1— p— (3/{1&3 + 4/{% + dkoky + (8ka + 2K4) VK1V K3 — A1 — 3/£1A1)
2

d—1 3k 1
-\ <d + 1) > p1 — p— (3/%1/%3 + 4/@% + 4dkokg + (8/@2 + 2:‘?4) VK1V K3 — /\1) .
2

P2

If we complete the square

9 2
4AKko + K4) /R — 3k1K3 — dKoky — AK2 AKo + K4) /R

/ig—)\ﬁ-( 2d 1 4)3\/ L) s o 1d31 32 4 24 et ( 2d 1 4)3\/ 1
po (1 +2) po (1 +2) po (454 + 21)

This implies that

2
— 3k1k3 — dkoky — 4K2 dko + ky4) /K 4ko + Ky) /R
mz P1p2 1d31 324 2 4 kg + ( 2d14)3 1 _( 2d14)3 1
(M7 52) () e ()
5 2
K k k
Az i1y | VT d-1 , 3 B d-1 , 3 o
pr (17 + %) ()] ()
O
4.2.3 Lichnerowicz Estimate and the Bott Connection
Assume that the metric g have the following properties
(Lxg)(Z,Z) = (Lz8) (X, X) =0, (4.9)

for X e I'(H) and Z € I (V). The Bott connection V which is defined by
VxY =pry VE, xpryY + pry[pry X, pry Y] + pry[pry X, pryY] + pry Ve ypryY,  (4.10)
where V& is the Levi-Civita connection for the taming metric g.

Lemma 4.10. The Bott connection is compatible with the metric g and preserves the horizontal
bundle. Additionally, we have that the torsion is given by

TV (X,Y)=-R(X,Y) -R(X,Y).

Proof. That it in fact is a linear connection which preserves H is straight forward to check. To
see that V is compatible with g we will divide it into several cases. For X,Y, Z horizontal or
vertical V inherits the compatibility from V8. When X € I' (H) and Y, Z € I (V) we have that

X(g(Y,2) -g(VxY,Z) —g(VxZ,Y)=X(g(Y,2)) —g([X,Y],2) —g([X,Z],Y)
= (Lxg)(Z2,Y) =0.
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When X € T'(V) and Y, Z € T'(H) the computation is nearly identical. For the case when
Y, X €' (V) and Z € ' (H) we have that

(Vxg) (Y, 2) = X (g (Y, 2)) — g (pry [X, Z],Y) — g (pryVxY, Z) = 0,

and the same computation also shows that Y, X € I' () and Z € I' (V) is compatible.
Hence we are only left to calculate the torsion. If X is horizontal and Y is vertical we have
that

VxY — Vy X — [X,Y] =pry [X, Y] — pry [V, X] — [X, Y] =0,

and by the skew-symmetry of the torsion tensor we have that TV (Y, X) is also zero. When
X,Y € I' (H) we have that

TV (X,Y) =pryVxY —pryVy X — [X,Y] = pry [X, V] — [X,Y]
= —Pry [va] = _R(X7Y)7

and similarly we get that for X, Y € I' (V) the torsion is —R (X,Y’). Thus for any two vector

fields X,Y we have that the torsion is TV (X,Y) = —R (X,Y) - R (X,Y). O

In this case it is easily seen that k3 = k4 = 0, hence we get the following corollary of Theorem
4.0l

Corollary 4.11. Assume that (M, H,h) is a compact sub-Riemannian manifold with a taming
metric g satisfying [{.0 and [{.9, and that the Bott connection satisfies

b
o a(TY () g = p2llely,

o [(B(a), ). | < 2r2]a

o (Rica, a)p < pilof

g llofln-,

where k; > 0 and pa > 0. Then the first eigenvalue of the sub-Laplacian satisfies

2

N> p1pP2 — 4/%% 4 4/%’2\//431 4/@2\/,%1
—AlL 2 — .
() \e(fF )] (TR
If V additionally satisfy the Yang-Mills condition, i.e. ko = 0, we have that
—p1
M < ——rn—.
— d—1 3K
T T

The last inequality is the same as the one given in [BK16]. One key difference is that we do
not require V to be integrable, hence the new result weakens the requirements for the result to
hold.

In the case of the Bott connection we can weaken the compactness criteria to completeness.
This is due to the Bonnet-Myers Theorem given in [GT16c], which states that if (M, H, h) is
complete, equation holds and K = p1p2 —4&% > 0 then the manifold M is compact. It would
be interesting to know if this is also the case in Theorem Additionally, it would be fun try
generalizing the result to cases which are not of step 2. To know if the bound is sharp or not
would also be reassuring and if there exists an analogue of the Obata Sphere estimate for this
bound.
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4.3 Example with Non-Integrable Orthogonal Compliment
Let us consider the Lie group
SO (4) = {A € Myxs (R) 1 det (4) =1,A7 1 = A"}

with Lie algebra so (4) consisting of all four by four skew-symmetric matrices. Define an inner-
product on the Lie algebra by <B1,BZ> = —trB'B? and extend it to the entire tangent
space left translation. Then

s0(4)

([A, B], C)soa) = —tr (ABC) + tr (BAC) = —tr (BCA) + tr (BAC) = —(B, [A, C])so (1),
which is equivalent to the metric being bi-invariant. This implies that
<[Y7 X] 7X>50(4) = _<X7 [Yv X]>50(4)7

and hence ([Y, X], X) so(4) - 110 particular, we have that if X and Y are orthogonal, left invariant
vector fields of constant length, we get that (Lxg)(Y,Y) = 0, which means that the Bott
connection will be compatible with g. In this case we have that

1
M < ——.
T
Define the matrix BY = eie? — eje;fp, and let h denote the span of B2, B4 B?* B3* and v
the span of B3, B?3. Define the horizontal and vertical bundle to be the left translation of b
and v, respectively.
By direct computation we get that the bracket is given by the formula

[Bij, B’fl} = 6,,B" — 6,87 — 6,B™ + 6, BI*,
Hence we get the following bracket relations

Bk:l

[Bij, Bkl] B12 B14 B24 B34 BIS BQ3
Bl2 0 _B24 B14 0 _B23 Bl3
B14 B24 0 _312 _Bl3 B34 0

Bz’j B24 _B14 B12 0 _BQB 0 B34
B34 0 B13 B23 0 _Bl4 _BZ4
B13 B23 _B34 0 B14 0 _Bl2
323 Bl3 0 *B34 BQ4 BlQ 0

If we normalize the given basis we get that

J
(Xi, X5]| Xu Xo X3 Xy X5 Xe
1 1 1 1

X, 1 0 — 55X 751)(2 1o 1%)% - X;
X2 7§1X3 . 0 _ﬁXl —?X5 WXZL . 0

7 X3 —WXQ ?Xl ) 0 —EXG 10 7§1X4
X4 ) 0 7%X5 WX(; 10 WXQ 7?)(3
X5 %Xﬁ —%X4 O WXQ 0 —%X1
X6 %Xg, 0 —%le %Xg %Xl 0



If we have a bi-invariant metric the Christoffel symbols of Levi-Civita connection is given by
Ffj = 3g([Xi, Xj], Xy), for an orthonormal basis X;. Using this we can calculate the Bott
connection as

J

Vx,X; X X X X, X5 X

X, 0 - X3 ﬁXg 0 —%Xﬁ %Xg,

X5 ﬁxg 0 —ﬁxl 0 0 0
i X3 —#XQ ﬁxl 0 0 0 0

X4 0 0 0 0 0 0

X5 0 —%)Q 0 %XQ 0 0

X6 0 0 ;—%X4 %Xg 0 0

TV (Xi, Xj) X1 XQ )?3 X4 X5 Xﬁ
X 0 0 0 0 0 0
X5 0 0 0 %X5 0 0
i X3 0 0 0 %Xﬁ 0 0
Xy 0 —LX; —LXs 0 0 0
X5 0 @ Jg 0 0 %Xl
X 0 0 0 0 —%Xl 0

Hence if a = } 70, 07, where 67 = b8 X, we get that
v
o (T () I2g = o + o
implying that po = 1. Additionally,
h ) (2 o 1 o 1, 2
IR (870 g g0 = o + 503 + 503 < [lallp-,

making k1 = 1. To find a suitable constant ko, we do the calculation

<(VXTV) (x, ﬁha) 7ﬁg04> ajak<(inTv) (X, X5), Xi)g

gy

I
M-
M=

s
;th
i

I

i

(@23

I
M=

ajak <VX1 (TV (Xi,Xj)) 7Xk>g

ot

%
1

V2

51,35j4X6> ,Xk>

D

1

’j:
4
51,45j3X6> ,Xk>

>~ —_
i M o &
ISy Il

1
(671877 <VX1 <—\/§(51,45j2X5 -

1
<VX1 (\/551,2%‘4)(5 +

g

<

1

V2

+Oéj

Q
e

g
:()7
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hence k9 = 0.
To use Corollary the only thing left is to calculate the Ricci curvature. We have that

1 1 1 1
Vx,Vx, X1 = §5i15j2X2 - §5i25j2X1 + §5i15j3X3 - §5i35j3X1a

1 1 1 1
Vx,Vx; Xo = —§5115j1X3 + §5i25j1X1 + §5i25j3X3 - §5i35j3X27

and
1 1 1 1
Vx,Vx,; X3 = _§5i16j1X3 + §5j16i3X1 - §5i25j2X3 + §5i35j2X2-

Calculating parts of the curvature endomorphism we get that

1 1 1 1
Vx, Vx, Xi—Vx, Vx, Xi—Vix, x;) X1 = §6i15j2X2+§5i15j3X3_§5i26j1X2_§5i35j1X3_v[Xi,Xj}X1a
1 1 1 1
Vx,Vx; Xo=Vx, Vx, Xo—V|y, x X2 = §5i25j1X1+§5i25j3X3_§5i15j2X1_§5i35j2X3_v[Xi,Xj}X2;
and

1

1 1 1
Vx,Vx; X3—=Vx, Vx, X3-V[x, xX3 = §5i36j1X1+§5i35j2X2_§5i15j3X1_§5i25j3X2_v[Xi,Xj}X3-

The Ricci curvature hence becomes

J
Ric (XZ,XJ) X1 X2 X3 X4
X, /4 0 0 0
i Xo 0 3/4 0 0
X3 0 0 3/4 0
Xy 0 0 0 1

This means that the Ricci curvature is bounded below by constant p; = %. Hence plugging the
constants p; = i, p2 =1, k1 =1 and ko = 0 into Corollary we obtain the bound —1—15 > ).
4.4 Example which does not satisfy the Yang-Mills Condition

Let us consider the Lie group
SU(2)_{A€M2X2(C):A_|: ZI, Z2:|,det(A)—l}.
—Z Z
Then the Lie algebra is spanned by the matrices

e L IRt Ly R

We will use the same letters X, Y, Z to denote the vector fields obtained by left-translation of
the matrices. Let h be a sub-Riemannian metric on the subspace spanned by X and Y making
the vector fields orthonormal, and let g be a taming metric such that X, Y, Z are orthonormal.
For any smooth function f such that Z (f) = 0 define a new sub-Riemannian metric by e2/h.
Then X; = e~ fX and Yy = e~TY is an orthonormal frame for the new sub-Riemannian metric.
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Let gy be a new taming metric such that X, Yy, Z are orthonormal. Then the bracket relations
are given by

J
(X, X] Xy Yy Z
X ;) e HZ-X;(NYr+Yr (/) Xy —Y;.
i Yy X (HYr—e 2 Z-Yr () Xy 0 Xy
Z Yy — Xy 0

The distribution ¥V = SpanZ is metric preserving since
(£26B) (aX; +bYy,aX; +bY7) = 2% 0 ((2,6Y]] . aX) + 2670 (12,0X ] . aY) = 0.

We have that the connection becomes

J
Vx, X; X Yy Z
X -Y; (Y, Yi(H)X; 0.
oYy Xp(NYy =Xp(N)Xp 0
A Yy -X; 0
Then the torsion is given by
J
TV (X, X;) | Xy Yy Z
Xf 0 —e 217 0 ,
i Yy e ¥z 0 0
Z 0 0 0

We also have that
R31y = Rigp = e =X (X7 (1) =Yy (Y (1) =X (N)?=Y; (f)? =2 (1= X (X () =Y (Y (),
and the rest are zero. Hence we have that

pr=_dnf (- (X*+Y7)]).

Since the torsion of vertical vector fields are 0 we have that k3 = k4 = k5 = 0. Let
a=o1h8X s + ah8Yy + az3p® 2.
Then we get that
(B*a,a)gr = az2fe ™ (=Y} (f) a1 + X; (f) a2) = az2fe 3/ (X (faz — Y (f)ar),
hence we can set

ra=v2 swp {Ife Y (DI VX (D]

zeSU(2)

We have that k1 = sup,cgy(2) e~4/ | since
177 (") Ineg; = ¢ llal..

42



By the formulas we have that the Yang-Mills condition is satisfied if and only if Xy (f) = Yy (f) =

0. The last constant we need is p2 = 2inf,cgp (9 e, since [la (TV (-,-)) ||}210 = a22e 4. Let
2

M = max f and m = min f, then

Nasw >\/26—4Mp1 — 4r2 N 16r3e4m  de™PMpy

€—4M + 36_4m (€—4M + 36_4m)2 6_4M + 36_4m :

Let us find when we have a spectral gap when

(]2 2 ]) =alar

Then if a > 0 we get that py = 274 k; = 1. If we left translate X,Y, Z we get

1 _ _
X = ﬁ (22821 — 2283‘1 + 21822 - 2182‘2) ;
1 _ _
Y = ﬁ (ZQBZl + 2282-1 — ZlazQ — Zlaz-Q)
and .
1
7 =— (2’1821 — 2‘182—1 + 228,22 + Z_Qaz‘g) .

V2

Hence we get that X (f) = % (2221 — 2221), Y (f) = % (2221 + Z221) and

XX (=Y () =a(z=f~-]af).
The constant p; can be calculated by

= inf e 2= (1 - 24 (|2 — |21)?)) = inf e 2= (1 =24 (1 - 22 )).
= gt N (20 (2l ) = o I (120 (1 2))
The minimum value is when x = 0 when a < %, hence p; = 1 — 2a. To find a value for ks, we
note that ko = 2a? sup {Hzl|26*3“|21‘2Re (z122) ]} < 2a%e73%. Hence we can estimate the spectral

gap for 1 — 2a — 8a*e™2® > 0, which is true for at least the values of a in a € (0,0.4]. Then the
spectral gap is estimated by

2(1 — 2a) — 16ate—2a 4ae2a 2a2e
\/ ( ) + <A =M.

1+ 3ete (14 3e4a)2 1+ 3ela

4.5 Example with a Non-Totally Geodesic Foliation

Make two copies of SU(2) with left invariant basis X;,Y;,Z;, j = 1,2. Where the bracket
relations between X;,Y;, Z; is defined as above for j fixed, and zero if they come from different
copies. Define a new set of vector fields

Xt =X+ Xo, X =X1 - Xy,

Y+:Y1+Y27 Yﬁ:YI_Y27
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and
7% =71+ Zs, 7" =21 — Zs.

The bracket relations between these new vector fields then become
(X, Y*] = 27T, Y+, 7% = X, [zt X*F) =Y.
X5 YF=2z", [YEZF)|=X", [Z5XF|=Y".
For any real number a € R, define
X=X +aX".

Let H® be the spanned by X Y~ and Z~, and let the metric h, be defined such that the vector
fields are orthonormal. Define the taming metric g, to be such that the vector fields X¢, Y,
Z—, X", YT and Z* are an orthonormal frame.

Then the constant K can be set to K =4 — (11 + 8\/5) a?, and we can calculate the spectral

f <—2—_.Th tral gap is estimated b
gap for |al —— e spectral gap is estimated by

2
1273(11+8ﬂ)a2+ 1L+6v2) , 6v2a 5
- 22 11 11

The bracket relations then become

A, B] xe Y- Z- Xt oyt Z+

G 0 Zt+aZ- Yt —aY~ 0 Z - +aZt Y —aY™"
Y~ —Zt —aZ~ 0 Xt -7~ 0 X —aXt
Z~ Yt 4+aY ™ —-Xt 0 Y- aXT —-X° 0

Xt 0 Y/ Y~ 0 -zt -yt
Y+ —7Z  —aZ*t 0 X% —gXt Z+ 0 X+

zt Y- +aYT aXT - X© 0 y+ —-Xt 0

We have that H® is metric preserving since if A = aX®*+ Y~ +~vZ~ then we have that

0

(£X+pr;{ha) (A’ A) =2h (er [X+> 6Y_ + ’VZ_] 76}/_ + 'YZ_)

(Ly+pryh,) (A, A) =2h (er [Y+, aX ™ + 'yZ_] ,aX T + fyZ_) 0

and
(Lz+pr3ha) (A, A) = 2h (pry [ZT,aX ™ +BY "], aX ™ + Y ") =0.

Note also that R = 0, and hence trR (X, R (X, x)) x = 0. We can not use the Bott connection
since

(Ly-prygy) (Xt +BZT,aXt + BZ1) = —aap.

It is also easy to see that try (£484) (X, X) = 0 whenever A is vertical. Define the connection

V by
VxY =pry V8 pryY + pry [pry X, pry X| + prVV;rVXprVY,

Py x
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where V' is defined by the fact that X, Y™ and Z7T is a parallel frame. Then the connection
is given by

V4B | X* Y~ Z- Xt Yt Zt
X 0 aZ~ —aY~ O 0 0
Y~ 0 0 0 0 0 0
Z~ 0 0 0 0 0 0
X+ 0 Z- =Y~ 0 0 0
Yt | —-Z- 0 X 0 0 0
zZ+ Y- -X° 0 0 0 0

Calculating the Ricci curvature we get that R%H = Rgn = R%QQ = RgQQ = R%33 = R§33 =1,
and the rest is zero. Hence p; = 2. The torsion of the connection is given by

TV(A,B)| X© ' zZ- Xt vyt z+t
X 0 -Zt YTt 0 —aZt aY™T
Y- z+ 0 —-Xt 0 0 aX™
7z -yt Xt 0 0 —aXt 0
X+ 0 0 0 0 AN
Y+ aZt 0 aXt —Zt 0 —-Xt
A —aYt —aXt 0 Yt Xt 0

Let
a="08 (0 X+ aY +a3Z +auXT+asY T +agZ").

Then |ja (TV (-,-)) ”%8 =2|lall3,, and [TV (-, 4Pa) [|I3.. Hence po = k1 = 2. We can set ko =

la|/2, since
<Tv (er'7 ﬁhaa> vTv (er'7 ﬁgva»g} =0,

and (B*fPa, a)gs = —a (a2as + asag) .
To calculate k3, we see that

<trhairV (XvTV (Xv ﬁgva))> = —CL2 (Oég + a%) )
I () 12y = 20% (02 + o)

and
a ((trnV«TV) (x,8va)) = 0.

Hence we can set k3 = a2.

We can set k4 = 2|al, since
o (trhTV <><,TV (x, ﬁha>>> = 2aq a5 — acps — a306.

Hence the constant K can be set to K = 4— (11 + 8\@) a?, and we can approximate the spectral

if o] < —2—. In thi th tral is given b
gap 1 ]a\ m n this case the spectral gap 1s given by

2
2

12—3(11+8\/§)a2+<11+6ﬂ> , 6v2a )
ac — a .

—-A>
- 22 11 11
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A  OPERATOR THEORY FOR SECOND ORDER OPERATORS

In this section we will give a short introduction to self-adjoint operators and their spectrum.
The content of this section will be used when discussing the Laplacian and sub-Laplacian in
Section [2| since they are, in the cases we study, self-adjoint operators. Many of the theorems in
this section will not be proved, but can be found in standard books covering the theme, see e.g.
[Kre89].

If 7:D(T) ¢ R" — R" is a linear operator, then we know from linear algebra that
(T — M )_1 exists and is continuous as long as A is not an eigenvalue of 7. When we have a
Banach space, there are several ways T — Al can fail to have a “nice” inverse. As in finite
dimensions, T' — Al can fail to be injective, and hence the inverse does not exist or the inverse
may fail to be continuous. Additionally, since we want to work with partially defined operators
we will use the following definition.

Definition A.1. Let X be a nontrivial complex normed space, and let 7' : D (T) — X be a
linear operator with domain D (T) C X. For any complex number A, the operator 7' — AI is
denoted by T), where I is the identity operator on D (T'), and Ry denotes (T )\)—1 whenever it
exists. The resolvent of T is the set p (1) C C such that for all A in p (T") we have that Ry;

1. exists,
2. is bounded and
3. is densely defined on X.

The spectrum of T', denoted o (T'), is defined to be the complement of the resolvent in C. We
further divide the spectrum of an operator into three parts;

e point spectrum o, (T') are the elements in the spectrum where property [1| fails for Ry.
e continuous spectrum o, (7') are the elements where 1| and |3/ holds while [2{does not hold.

e residual spectrum o, (T') are the elements where propertyholds, while property does
not hold.

The elements in the point spectrum are called eigenvalues, and if v is a nonzero element such
that Tu = Au (i.e. Aisin o, (7)), then u is called an eigenvector of the eigenvalue A.

In the case where T': D(T') C X — X is a bounded operator it is well known that o (T') is
closed. If T' additionally is defined on the entire space X, then o (7T') is bounded by the norm
of T and the spectrum is compact. Moreover, we can guarantee that the spectrum o (7') is
nonempty, which is not necessarily the case for unbounded operators.

Definition A.2. A compact operator 7' : X — Y, where X and Y are Banach spaces, is an
operator where T' (Bx) is compact, where Bx denotes the unit ball in X.

The set of compact operators is a closed subspace of all bounded operators from X to Y,
where the closedness can be showed by using sequentially compactness together with a diagonal
argument.

Theorem A.3. Let T : X — X be a compact operator. Then the spectrum o (T) is at most
countable and the only possible accumulation point is zero.
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A.1 Spectral Theory of Self-Adjoint Operators
In this section let (H, (-,-)) denote a Hilbert space.

Definition A.4. Let T': D(T') C H — H be a densely defined operator. The domain of the
adjoint operator is the set

D (T*) = {y € H : there exists y* € H such that (T'z,y) = (z,y") for all x € D (T)}.

We define the adjoint operator 7 : D (T*) C H — H by T* (y) = y*.
An operator is said to be symmetric if 7' = 7™ on common domain, and self-adjoint if T
is symmetric and D (T') = D (T™).

The reason for requiring the domain to be dense in H in the definition of adjoint is to ensure
the uniqueness of the adjoint operator. If a self-adjoint operator is defined on H, then the
operator automatically becomes bounded, see [Kre89]. Thus the only unbounded self-adjoint
operators have domain which is strictly contained in H. For bounded self-adjoint operators the

spectrum is real and

|T)| == sup [|T'(z) || = max [A|.
[l]|=1 A€o (T)

Given partially defined operators on a Hilbert space we can define a partial order by
(T,D(T)) C (S,D(5)) it D(T) € D(S) and T' = S|p(r). We call (S,D(S)) an extension of
(T,D(T)). Assume (T,D(T)) is a symmetric operator, then the adjoint operator (7%, D (T™*))
is an extension of (T, D (T*)). This can easily be shown by using the definition of adjoint.

Definition A.5. We call a symmetric operator (T,D (T')) essentially self-adjoint if there
exists a unique extension (S, D (S)) which is self-adjoint.

Definition A.6. A linear operator T': D(T) — H is called positive if (T'z,z) > 0, for every
x € D(T).

The operators we will be working with are negative, i.e. (T'z,z) < 0, but since whenever
T is a negative operator —T' is a positive operator the theorems remains valid after trivial
modifications.

In what follows we need the following operator, which will be surprisingly useful. Define the
unitary (with respect to the usual inner-product on H x H) operator V : H x H — H x H by
(v,w) — (—w,v).

Lemma A.7. If T:D(T) C H— H is a densely defined operator, then
T(T%) = (V(T(T)",
where T'(T) denotes the graph of T.

Proof. By using the definitions we have that the following are equivalent:

* (y,2) e I (T7),
o (Tx,y) = (x,z) for all x € D(T),

hd <(_Tx7x) ’ (ya Z)>H><H = 07
e and (y,2) € (V (I (T))*.
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Theorem A.8. Assume (T,D(T)) is a densely defined operator in H, then T* is a closed
operator.

Proof. For any subspace M of a Hilbert space M= is a closed subspace of H. Hence by the
Lemma [A.7] we have that ' (T*) is closed in H x H. O

The theorem implies that all self-adjoint operators are closed operators. Define an operator
to be closable if there exists a closed extension of the operator. Then all symmetric operator
are closable, again by the previous theorem. Let T denote the smallest closed extension of T
then T is called the closure of T'. It is easily checked that if (S, D (9)) is a self-adjoint extension
of T, then (T,D (T)) C (S,D(S)) . Hence if the closure of T is self-adjoint, then 7" is essentially
self-adjoint.

Theorem A.9. If (T,D(T)) is a positive symmetric operator then there exists a self-adjoint
extension (S,D (S)) of (T,D(T)).

Proof. Define a new inner-product on D (T) by
(v, w)yp = (v,w) + (Tv,w),

where v,w € D (T) and (H, (-,-)) is our Hilbert space. Denote by Hr the completion of D (T')
with respect to the inner-product (-,-)7. Then we have an isometry i : (D (T),(-,")r) —
(Hr,(-,)r), and also a continuous map j : (D(T),(-,-)r) — (H,(-,-)) by inclusion. Since
D(T) is dense in Hp, we can extend j to the space Hp, we will denote this extension by
J: (HT7 <'7 >T) - (H7 <'7 >)

We have that J becomes injective. Assume that J (¢) = 0 for some ¢ € Hp. Since i (D (7))
is dense in Hp, there exist a sequence v, € D (T') such that |7 (v,) — ¢||7 — 0. This implies
that ||v,| — 0, since

[onll < 113 G (wa)) [l = IIJ (i (vn) = @) [l < [l (va) = @l
Hence ¢ = 0, since

2 . . . . . .
el = m{gnoo nh_{go@ (Um) s i (vp))T = %gnoo nh_)r{.lo ((vims vn) + (Tm, vp)) = 0.

For all h € H associate a map A\, : Hr — C by Ay (v) = (Jv,h). Then for each h, we
have that |[A\re|| < [|¢ll7]|h||, and thus each ||Ay]| < ||k||. For each h € H there exists a unique
Ch € Hrp such that A\pv = (v, Ch)7, by using the Riesz representation Theorem. The map
C : H — Hp becomes linear and has norm less that 1.

Define the operator B : H — H by B = J o C' which becomes bounded by 1, being the
composition of bounded operators with norm less or equal to 1. The operator B is positive and
self-adjoint since

(Bv,w) = (J (Cv) ,w) = A\yCv = (Cv, Cw)r = \yCw = (J (Cw) ,v) = (v, Bw).

If ¢ € ker (B) then, since J is injective, 0 = (v, Cp)r = (Jv,p) for all v € Hy. Hence ¢ = 0,
since D (T') C Hr is dense in H. The image of C is dense in Hr, since if ¢ € Im (C)* then
0 = (¢,Ch)r = A = (@, h) for all h € H, resulting in that B (H) is dense in J (Hr). Since
J (Hr) contains D (T'), we have that B (H) is dense in H.
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Define Av = B~'v, which becomes a positive symmetric operator using that B is positive
and self-adjoint. Let us show that A also becomes self-adjoint. Define the unitary operator
U:HxH— Hx H by (v,w) = (w,v). Then

P = (It = (v Er @)t
= wweE®e) =u(vre)')
= UN(BY) =U(I'(B)) =T (4),

where V is defined as in Lemma [A77] Hence A is self-adjoint.
Define the operator R =T + idg, then for v,w € D (T)

(w, Rv) = (J (i (w)), Rv) = Apyi (w) = (i (w),C (Rv))r

on the other hand
<w7 RU> = <fL (w) N (v)>T'

It follows by the density of D (T), that i (v) = C (Rv), resulting in B (Rv) = J (C (Rv)) =
J (i (v)) = v. Hence R C A. If we define the self-adjoint operator S = A —idy, then S|pr) =T.
We are only left showing that S is positive. We have that

(v, Av) = (Bx, ABx) = (Bz,z) = Acya = (Cx, Cx)r = ||Cal|7 > ||J (Ca) | = | Bz|* = [jv]|?,
it follows that S is positive. U

The extension constructed in the previous proof is called the Friedrichs extension. As
seen from the construction, if w € Hp, and v; is a sequence in D (T') converging to w, then
Sw = lim,, o Tw; in the norm of H. The Friedrichs extension is in general not the only self-
adjoint extension of (T',D (T')), however by using the corollaries of Theorem X.1 in [RS75], we
get the following.

Theorem A.10. Let A be a closed positive symmetric operator. Then A is self-adjoint if and
only if A* do not have any negative eigenvalues.

A.2 Distributions and Sobolev Spaces
Denote by D’ (Q2) the space of distributions on 2, i.e., the dual space of test functions
C5° () ={f : Q2 — R : all partial derivatives of f exist, and f has compact support} .

If f € LL. (), then we can associate the distribution flp = o f( x)dr where ¢ €
C3° (). Define the derivative of the distribution T' by

0°T) p = (1)l T (D).

Then f defined above always possesses all derivatives, by using integration by parts. We say
that a distribution 7" belongs to LP (Q2) if T'= g for some g € LP (£2), and, by abuse of notation,
we write T' € LP (Q).
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Definition A.11. The Sobolev space W*? (Q) is defined to be the set
WP (Q) = {f € LP(Q) : V|| < k, 3ga € LP (Q) such that 9°F = ga},
where « is a multi-index. In the special case when p = 2 we are going to denote W2 () by
Wk ().
We can define the Sobolev (k,p) norm on W*? (Q) by

1/p 1/p

I llkp = Do 10°F1% | = | D_ lgallt

o<k | <k

When p = 2 we can also define an inner-product on W* () by

<f7.g>k = Z <8a.f7 8a§>%2

| <k

Theorem A.12. The Sobolev spaces WP (Q) are complete. In other words they are Banach
spaces, and if p = 2 they are Hilbert spaces.

We are also going to use the space VV(;g P or VV(’;C () in the case p = 2, which is defined to be
the closure of C§° (£2) in the Sobolev (k, p)-norm. Intuitively W(;C P (Q) contains all the functions
in W*P (Q) which are zero on the boundary of 2. The notation WIIZ’CP (Q) is going to denote the
set of functions which are locally in W*? (Q). In the special case where = R™ we have the
following useful result.

Theorem A.13. The test functions C° (R"™) are dense in WkP (R™).

Note that this is not necessarily true for any other open domain, since the test functions are
zero on the boundary, while one can find functions in the Sobolev spaces which, intuitively, are
nonzero on the (finite part of the) boundary. This argument can be made formal by using the
trace of a function. A mollifier is a non-negative test function which has integral 1 and is zero
outside the unit ball. Define v;(x) = j"(jz), where ¥ : R"™ — R is a mollifier. Then we can
define a mollification of f with radius ¢ > 0 to be ¢; x f for some 1/j < e, where * denotes
convolution.

Lemma A.14. If f € LP (R") then f xv; — f in LP (R") as j — oo.
Using Lemma it is possible to show that smooth functions on Q are dense in W*» (Q).

A.3 Second Order Differential Operators

In this section we are going to study second order differential operators on the form

n n

L= a"9;0;+» Voi+c (A1)
ij=1 i=1

defined on the open connected bounded set U, where a* = a’%, a",b',c € L (U), and a¥ €

C1 (U). In the classical interpretation of the problem Lu = g together with some boundary
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conditions, we need u to be at least twice differentiable for Lu to make sense. However, C? (U)
is not a very good space for L to act on, since, among other things, proving existence of solutions
becomes harder. Instead we will show how to ”extend” the domain of L to W (U). Define the
symbol of a second order differential operator L to be o, (df, dg) = > 7', a9; (f) 9; (g), where
fyg € D(L). By using the product rule, we can also write the symbol of an operator on the
form

or (df,dg) = 5 (L(fg) — fL(g) — gL (f)). (A.2)

When we are going to work with second order differential operators (see Appendix [B]) on man-
ifolds definition [A22] of the symbol is more natural to work with, since it does not depend on
choice of coordinates.

For uniqueness and existence problems it is easier to work with written in the form

Lu = Z a Uy, 4, +Zb’u% +cu

N |

i,j=1
n
= Z (a]uml —|—Zb’um + cu,
ij=1 i=1

where b = b — 27 a;]]
To make our extension to the W (U), let us begin by considering the Dirichlet problem

—Lu=f inU
{ u=0 on OU. (A-3)

If we take an arbitrary test function v € C§° (U) then we have, using integration by part, that
any solution of (A.3]) solves

(=Lu,v) 2y = / Z 0" U, Uz, Zb}uxlv — cuvdr = (f,v) 2

i,j=1 i=1

Define the bilinear form B[-,-] on W (U) by

n
/ g at uzlvx] g biug,v — cuvde.

ij=1 i=1

This formulation of the problem is called a variational formulation. We say that v is a weak
solution of the Dirichlet problem if B [u,v] = (f,v) for all v € W (U), where the derivatives
are taken as derivatives of distributions.

Setting ¢ = bi = 0, L becomes a symmetric operator and additionally

(Lu,v) 2y = =B [u,v] = —/ or, (du, dv) dz.
U

If we also assume that L is elliptic (defined in the next subsection), we get that L is a symmetric
negative operator.
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A.3.1 Elliptic Operators

This section is about second order elliptic operators. In Section 2] we will encounter the Laplacian
which is prime examples of a second order elliptic operators. The sub-Laplacian which we will
use in Section [3] and [4] is however not elliptic, even thought it share some of the properties like
regularity.

Definition A.15. A second order differential operator L defined on U is called (uniformly)
elliptic if there exists a positive constant 6 such that for all f € C°(U), we have that

or, (df. df) > 0||df ||3.

In other words the operator L is elliptic if at each point the matrix A = (aij ) defines an
inner-product, where the smallest eigenvalue of the matrix is greater or equal to 8. When we
define the Laplacian of a Riemannian manifold the matrix A is going to be nothing else than
the Riemannian cometric g* written in coordinates, see Section

When our Riemannian manifold is some open set U C R", endowed with the standard
euclidean metric we get the “standard Laplacian” A. In this case (aij ) =Tand b’ =c = 0.
This is known as the modeling example of an elliptic PDE, where the idea is that if you have
some result for A, it should have some kind of analogue for elliptic operators. In the case of
the standard Laplacian we have uniqueness and existence of solution for the Dirichlet problem,
maximum principle and regularity results, which also have analogues for elliptic operators (in
the case of the maximum principle several analogues).

The next theorem deals with the uniqueness and existence of the Dirichlet problem. All the
theorems in this subsection are proved in [Eval0].

Theorem A.16 (Fredholm Alternative). Let L be a uniformly elliptic operator defined on
W (U). Then either 0 will be an eigenvalue, or for all f € L?(U) there exists a unique weak
solution of . Also if 0 is an eigenvalue, then its eigenspace is of finite dimension.

Let us by UZI;{ denote the real part of the point spectrum of an operator.

Theorem A.17. The real part of the spectrum of an elliptic operator L defined on VVO1 (U) is
at most countable. Moreover, if the real part of the spectrum is countable, then the eigenvalues
can be ordered \; > A\jy1 and A; — —o0.

If\¢& 011;{ (L), then there exists a unique weak solution to the problem

{—Lu:)\u—i-f inU

u=0 on OU. (A-4)

In this case the inverse L™! is a bounded operator and defined on the entire L (U).

The eigenvalue of L with biggest real part is called the principle eigenvalue of L. An
interesting fact is that the principle eigenvalue is always real and has one dimensional eigenspace,
even thought the rest of the spectrum might be complex. We use the notation V CC U if V is
compactly embedded in U.

Theorem A.18. Assume that a”,bi,c € C™ 1 (U), where m is a non-negative integer. As-
suming f € W™ (U) we get that L= (f) € W2 (U). Additionally, if V CC U there ezists a
constant C such that

lullwm+2qry < C (I fllwmwy + lullr2@n)
for all f e W™ (U).
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Using the Rellich-Kondrachov Theorem for we have the corollary.
Corollary A.19. Assume a¥,b',c € C*° (U) and f € C*(U). Then L= (f) c C* (U).
The next theorem which we are going to address is the maximum principle.

Theorem A.20. Assume ¢ =0 and u € C?>(U)NC (U) If Lu > 0 (Lu < 0) throughout U,
then if u attains its mazximum (minimum) at an interior point, then u is identically constant.
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B Toprics FRoOM MANIFOLDS

B.1 Lie Groups and Lie Algebras

A Lie group is a manifold G with a group structure such that the group operation is a smooth
mapﬂ Define the left multiplication with an element g € G to be the map [, : G — G sending
h — g - h, and define the right multiplication r, similarly.

A vector field X is called left invariant if [, (X) = X. The Lie algebra of a Lie group is
the set of all left-invariant vector fields together with the Lie bracket

(X, YT(f) =X (Y () =Y (X ()

It can be showed that the Lie bracket of two left invariant vector fields is again left invariant.
We will identify the Lie algebra of a Lie group with the tangent space at the identity, by sending
X +— X (e), where e denotes the identity element in G. The Lie algebra of the Lie group G is
denoted by g.

The adjoint representation Ad : G — Aut (g) is defined by o — l,,r,-1,, and the differ-
ential of the adjoint representation at the identity will be denoted by ad : g — End (g). Define
the Lie exponential map, denoted exp : g — G (not to be confused with the Riemannian
exponential map which we are going to denote by Exp), by sending X to vx (1), where vx is
the unique integral curve of X starting at the identity. The adjoint representation and the Lie
exponential map satisfy the following relation, which is proved in e.g. [War83],

G —24, Aut (g)

expw Texp
ad

g—— End(g).

If our Lie group additionally has the structure of a Riemannian manifold, then we say that
the metric g is left invariant if for all g € G we have that [jg = g. We define right invariance
similarly. If our metric g is both left and right invariant, then g is called bi-invariant.

B.2 Lie Derivative

One can also represent the Lie bracket with the help of the Lie derivative. Let X be a vector
field, and denote the flow of the vector field by X;, where X; (z) is the unique integral curve of
X starting = evaluated at t. Then we define the Lie derivative of a vector field Y along X to

be
o Xy, (YX (x)) Y d
(ﬁXY)x = %E)I(l) tt = % 0 X—t* (YXt(x)) ’

and on one forms w

. X (wxy@) —we  d .
(Lxw), = %5% ! tt = o X; (th(x)) .

1

Tt is customary to also require that the inversion map inv (9) = g~ is a smooth map defined on G, even

though this can be shown to be redundant.
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We can extend the definition to a tensor field X1 ® --- @ X; @ w! ® - -- @ w* by

(£X (X1®"'®Xl®wl®"'®wk>)
d

dt

xT

Let tx : Q™ (M) — Q™1 (M) denote the map from m-forms to m — 1-forms defined by txw =
w (X, -+ ,-) which is called the interior multiplication of an m-form. The next proposition is
proved in for instance [War83| and partially in [Leel3].

t=0

Proposition B.1. The Lie derivative satisfies the following properties
0) if f € C (M) then Lx (f) = X (/).
b) if Y is a vector field then LxY = [X,Y].
¢) the Lie derivative is a derivation on forms, and commutes with the exterior derivative.
d) on forms we have that Lx = tx od+dotx.

e) ifwe Q" (M) and X1, -+, X, are vector fields, then

n

(Lxw) (X1, Xn) = Lx (w (X1, -, Xn) = D w (X, Lx X+, Xn)
additionally, we have that the differential satisfies

d(w)(Xl,...,XnH)—zn:( 1)~ 1X< (Xl,...,X,...,XnH))

+Z 1)1+ (Xz,X] Xl,...,Xi,...,Xj,...,XnH).
1<J
B.3 Integration on Manifolds

Let M denote a smooth oriented manifold with or without boundary of dimension n. Further-
more, let w be a compactly supported n-form with support in U, and let (z,U) be a chart on
M. Then we can define the integral of w to be

/M “ /:c(U) sen(ai) (+7)"w,

where sgn(z;) is 1 if the chart is positively oriented, and —1 if the chart is negatively oriented.
When w is an arbitrary n-form we define the integral of w to be

/w—g/ (271)" (o).

where {@;};c; is some partition of unity subordinated to the atlas {(zi, Ui)};c 7. It can be
showed that the integral does not depend on the choice of atlas nor the choice of partition of
unity. The proof of this fact together with the next theorem can be found in e.g. [Leel3].
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Theorem B.2 (Stokes Theorem). Let M be an oriented manifold with or without boundary of
dimension n and n € Q"1 (M) be a compactly supported (n — 1)-form, then Jypdn = faM n.

When M is an orientable manifold without boundary, then we have that | v dn=0.

If we fix an n-form w then we can define the integral of a function f € C> (M) by [, fw.
If we additionally require w to be non-degenerate and | y @ > 0 then we can define an inner
product by (f,g)w = [;; fgw, whenever it is finite. In this case, we can define the L? (w) space
either by completing the space of smooth functions with finite norm, or use w to define a measure
and then construct the L? space with respect to this measure.

The existence of a non-vanishing n-form is equivalent to our manifold is orientable. It is,
however, another way to define integration of functions without requiring the manifold to be
orientable. Let V denote an n-dimensional vector space. Then a density on V is a function
w: V™ — R satisfying that for every linear function A : V' — V we have that u (Avy,--- , Avy,) =
|det (A) | (v1,--+ ,v,). Note that p # 0 is never linear since if by, --- , b, is a basis for V' then
p(bi, -, by) = p(=b1, - ,by). Denote by D (V) the space of all densities over V. Then it is
easily showed that D (V') is a vector space, and that it is in fact 1 dimensional. If we are given
any element w in A"V, then it defines an element |w| in D (V) by

|w\(v1,-~ 7Un): ‘W(’Ul,"‘ 7Un)"

If M is an n-dimensional manifold, we can construct its density bundle by DM = ¢, D (T, M).
It can be showed, see e.g. [Leeld|, that DM is a bundle of rank one isomorphic to the trivial
bundle. Hence there exists global non-vanishing sections of DM . Any section of DM is called a
density. Let 4 € D,N and let F': M — N be a smooth map between n-dimensional manifolds.
Then we define the pullback of u by

F*(H)(Ulu'” )UN)ZM(F*U17"' 7F*Un)7

where vy, -+ ,v, € T,M. We define on R"

/fdxl/\~-/\da:"]:/fdx1-~da:".
D D

Given a density p on a manifold M we define the integral of u to be

/M =2 /xi(Ui) ()" (pim)

eJ

where {(;},c 7 is some partition of unity subordinated to the atlas {(x;, U;)};c 7. Again, it can
be showed that the integral does not depend on the choice of atlas nor the choice of partition
of unity.

When we are constructing the L2-spaces we will need that the density we have chosen is
positive, i.e. p(vy,---,v,) > 0 for vy,--- , v, independent. Since we can always chose a positive
non-vanishing density, we can define the L?-product to be (f, g) w= v fan. As before we can
define the L? (i) space either by completing C> (M), or use u to define a measure and then
construct the L? space with respect to this measure. In Section we will use the following
lemma.
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Lemma B.3. Let M be a manifold without boundary. Assuming p is a positive density, we

have that
| £xtm-
M

where locally Lxp = |Lxw]| for u = |w|.

Proof. Let {(z;,U;)};c 7 be an atlas and {;},. ; a partition of unity subordinated to the chosen
atlas. Then we have that

/M Lx Z/xl

xi i (duxpip) = Z/ x;‘decpiw
I‘

ieJ Ui) eJ Us)
= Z/ dz;iLxpiw =0,
ieg v Us)
where the last equality is obtained by using Stokes theorem in R”. O

Let w be a non-vanishing n-form. Then the divergence with respect to w, denoted
div, : T'(TM) — C* (M), is defined by div,X -w = d (txw) = Lxw. Since the divergence does
not depend on orientation, which can be seen by replacing w with —w in the definition, we can
define the divergence on non-vanishing densities as well. Hence if 4 = +|w| in an open set U
then the divergence is defined by div, |y = div,|y. The divergence satisfy the following product
rule

divy (¢X) = X (¢) + @div, (X).

B.3.1 Riemannian Density

If we are given a Riemannian manifold (M, g), see Section [2| for definition of Riemannian man-
ifold, we can construct a volume density by using the metric. The Riemannian volume den-
sity volg is defined by the property that for any orthonormal frame FEj,--- , E, we have that
volg (E1,- -+, E,) = 1. In the case when M is orientable we have that volg becomes an non-
vanishing n-form.

The divergence, denoted divg, is the divergence with respect to volg. We can locally write
the divergence in the form

1 .
X=— <XZ |det (gi-)) .
|det (gi)] ’

Moreover, the divergence is linear with respect to R and satisfy the formula

divg

divg (pX) = @divg X + (gradgp, X)g.

Theorem B.4 (Divergence Theorem). Let (M,g) be a manifold with boundary, and let N be
the outward pointing normal. Then for any compactly supported smooth vector field X we have

that
/ divg (X)dvolg:/ (X, N)gdvolg,
M oM

where volg is the induced density on the boundary.
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Given a Riemannian metric we can define an L?-product on all the tensor bundles. If we are
given two (k, 1) tensor fields F' and G then we define the L2-inner product to be given by

(F, G>Lz(g§c) = /M<F, G>gfwg,

and the corresponding L?-spaces will be denoted by L;k (M).
!

B.4 Second Order Differential Operators on Manifolds

Define a second order operator on a manifold to be a linear operator L : C* (M) — C* (M)
which can locally be written at the form , where ¢ = 0, a", b’ are smooth and a¥ = a/’.
In this section we will assume that M is a manifold without boundary. The symbol of L is
defined by

or (df,dg) = ( (f9) = fL(g) —9L(f)),
which is a section of the symmetric bundle over T'M.

Proposition B.5. If L and L are two second order differential operators with the same symbol,
then their difference is a vector field.

Proof. The operator L — L is a vector field if it sends smooth functions to smooth functions,
are linear over R and satisfy the Leibnitz rule. Since L, L are second order linear operators,
the two first properties are trivial. Hence we only need to check that their difference satisfy the
Leibnitz rule.

(L-1) (0

L (p€) — L (%)
20 (dp,d¢) + oL (€) +

0 i—L)( (

Let p denote an arbitrary positive density on the manifold M and let o be an section of the
symmetric bundle over TM. Then we will use the notation {(c, = [y 1 0 (o, B) dp. Note
that, unless o is positive definite, this does not create an inner—product space, Where o and (8
are one forms.

+ &L () — 201, (dip, d€) — L (€) — oL (€)
L) ().

hz

O]

Proposition B.6. If two second order differential operators L and L have the same symbol o
and they are symmetric with respect to u, i.e.

/M (Lf)gdp = /M f(Lg)du,

then L = L.
Proof. Using the definition of symbol we get that
1
[ owtdrdgydu=3 [ (Z(f9) = rLo) gL (1)) du
M 2 Jm

=5 | (oL =L (r)dn

= —/M gL (f)du,

58



Hence for all g we have that fMg (L — I:) fdu = 0, which imply that Lf = Lf. O

One important formula we obtain from the proof is

[ otthdn=- [ ot.dg)dn
M M
In the special case where L is the Laplace operator this formula is known as the Green’s formula.

If o be a section of the symmetric bundle over T'M, then we will define §7 (o) = o (e, -), where
o is a one form.

Proposition B.7. There exists a unique second order operator L° which has symbol o and is
symmetric with respect to p. This operator is given by the formula L° = div,§7df .

Proof. We have that for all vector fields X

/M div, X - pdp = /M oLxp = /M Lx (pp) — /M (Lxwp)du
= —/M (Lxp)dp = —/MX(so)duz —/MdsD(X)du

=- /MX (de) dp,

where [, Lx (pp) = 0 by Lemma Hence we have that

| vizrdnedn=— [ sdrdordn=- [ o(dt.dp)dn
M M M
—— [ oldpdn)du= [ (virdp) s,
M M
and L becomes symmetric.

We are only left to check that the symbol of L? is ¢. Computing the symbol of L directly
reveals

5 (i (f) = F1 () = L7 (1)) = 3 (divy (fi7dp) + divy (o87) = FL7 () — 0L (£)

= £ (dp (7df) + df (1°dg) + v, () + pdiv,, (1)

— fL7 (@) —pL? (f))
= o (dp,df),

by using the product rule for the divergence. ]
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