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Summary

This thesis discusses an approach to define surface measures on the path spaces of
Riemannian submanifolds given by a Brownian motion. These surface measures have
been discussed from various points of view e.g. in [Smo95], [SWWO00], [SWWO03],
[Sid04] and [Witl1]. In this context, it has been helpful to study Brownian motion on
tubular neighborhoods of submanifolds and the associated Wiener measure on the
infinite-dimensional path spaces. The concept of surface measures is a generalization of
the notion of the Lebesgue measure in Euclidean space.

First, the space of continuous paths in R",n € N, equipped with the Wiener measure
Wgn and the subspace of continuous paths with values in a compact Lie group L C R"
were studied. Two different ways to define a surface measure were developed and it has
been proven that, in this special case, both surface measures coincide with the Wiener
measure on the trajectories of the Lie group L. Next, with these approaches on hand, the
conditioning of Brownian motion to arbitrary Riemannian submanifolds in Euclidean
space R" was investigated. Again two different definitions occurred. One result was
obtained by the computation of the weak limit of conditional Brownian motion on
(small) tubes of decreasing diameter around the submanifold. The other way was
provided by the law of reflected Brownian motion in R"”, starting on the submanifold
with reflection at the boundary of the tubes (see [Sid03]). Later, these results were also
generalized to closed Riemannian submanifolds, i.e. isometrically embedded manifolds,
of arbitrary ambient Riemannian manifolds.

In this thesis we deal with the last case. Briefly, let (L, gz) be a closed Riemannian
manifold, isometrically embedded into the complete Riemannian manifold (M, g). We
study a Brownian motion on M, starting in # € L. Conditioning Brownian motion to
tubular neighborhoods L(e),e > 0, of L is closely related to Brownian motion absorbed
at the boundary 0L(¢e) of the tube. It has been shown (see e.g. [SSWW14]) that the
conditional measures correspond to Markov processes and that they converge weakly
for ¢ — 0. Furthermore, in [Witl1] it has been proved that the solution of the heat
equation on tubes of small, decreasing diameters can be described by the solution of the
heat equation on L and an additional potential W, € C°°(L). It was revealed that W,
reflects properties of L, M and the embedding ¢ : L — M, i.e. intrinsic and extrinsic
geometric quantities.

The aim of this thesis is to investigate and interpret the potential Wy and its properties.
The primary focus is to understand the role W, plays in the above described limit
process.

Our main result is that for any given closed Riemannian manifold L and W € C*(L) we
are able to construct an embedding of L into an ambient space with W as the associated
potential function.
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Before we start with the analysis of our main object, we begin with an introduction of
the quantities and notation we use throughout this work. Hence, Chapter 1 begins with
a detailed description of the initial setting and states the above mentioned results.

In Chapter 2, we explain the behavior of the potential in special cases and elucidate
the relevance of W for them. The study of totally geodesic embeddings is remarkably
fruitful. In this case, a detailed geometric discussion demonstrates that the potential
is related to the first non-zero correction term, which occurs in a well-known volume
formula by Gray and Weyl (see [Gra82], p. 203, (1.4)). Hence, we are able to provide
an interpretation in this case, since the potential is here closely related to the finite
dimensional volume of the tube. These observations will also be used in Chapter 5,
where we pick up this connection again. Moreover, we present a coordinate-free version
of the volume formula.

Additionally, we develop various formulas for the potential and related relevant objects
differing from the ones given in [Witl1] and show that the results depend only on the
geometry of the tube (Chapter 3).

In Chapter 4, we prove the main theorem of this work, i.e. Theorem (4.33). As stated
above, any given smooth function on a Riemannian manifold occurs as a potential
function for a suitable embedding. To prove this, we construct some bilinear form on
the fibers of an arbitrary vector bundle 7 : £ — L over L. With the help of this form, we
find the so-called perturbed Sasaki metric g, on a small neighborhood L(¢) of the zero
section in E. We prove that L can be isometrically embedded into L(¢) equipped with
gr and then we compute the density and the potential in this new setting.

Not only geometric and analytic tools are helpful for our investigations. Another aspect
in the study of surface measures is their relation to the probability measures on path
spaces. We study this stochastic connection and again the behavior of W} in this setting
in Chapter 6. Moreover, we investigate the behavior of Wy for a triple Ly C Ly C M of
(isometric) embeddings of Riemannian manifolds: Explicitly, we compare the surface
measures obtained by directly conditioning from M to L, with the successively condi-
tioning from M to L; and afterwards to L,. We prove that these surface measures differ
in general, but we are able to give a cocycle relation between them.

Finally, in Chapter 7, we investigate the connection between Brownian motion and the
geometry of the Riemannian manifolds involved, i.e. the Laplace-Beltrami operators
according to the Riemannian metrics. In this context, we comment on Riemannian sub-
mersions and natural metrics on the ambient space and how these objects simplify the
proofs.



Zusammenfassung

In dieser Dissertation werden Oberflichenmafie auf Pfadraumen Riemannscher Mannig-
faltigkeiten, die von einer Brownschen Bewegung induziert werden, diskutiert. Hierbei
benutzen wir vor allem Hauptresultate aus [Smo95], [SWWO00], [SWWO03], [Sid04] und
[Witll], in denen diese Thematik bereits vielfdltig erortert wurde. Die Brownsche
Bewegung wurde dabei auf Tubenumbegungen von Untermannigfaltigkeiten studiert.
Dieses Konzept von Oberflichenmafsen verallgemeinert den Begriff des Lebesguemafies
in einem Euklidischen Raum.

Zunidchst wurde der Raum der stetigen Wege in R" betrachtet, der mit dem Wiener
Mafs Wgn» ausgestattet ist. Als Untermannigfaltigkeit wurde eine kompakte Liegruppe
L C R™ untersucht. In dieser Situation konnten Oberflichenmafse auf zwei verschiedene
Arten konstruiert werden. Auflerdem wurde gezeigt, dass in diesem Spezialfall die
Definition der konstruierten Oberflichenmafie mit dem Wiener MafS auf dem Pfadraum
der Liegruppe tibereinstimmt. Auf Grundlage dieser Resultate wurden anschlieffend
beliebige Riemannsche Untermannigfaltigkeiten des Euklidischen Raumes R" studiert.
Erneut wurden zwei verschiedene Definitionen angegeben. Hierbei wurde einerseits
bedingte Brownsche Bewegung auf immer kleiner werdenden Tuben um die Un-
termannigfaltigkeit studiert und andererseits wurde die Verteilung von Brownscher
Bewegung auf R", die am Rand der Tuben reflektiert wird, untersucht (vgl. [Sid03]).
Spéter konnten diese Ergebnisse und Definitionen auch auf beliebige (geschlossene)
Riemannsche Mannigfaltigkeiten verallgemeinert werden, die isometrisch in eine
umgebende Mannigfaltigkeit eingebettet sind.

In dieser Arbeit behandeln wir den letzten Fall. Es sei (L, g1,) stets eine geschlossene
Riemannsche Mannigfaltigkeit, die isometrisch in die vollstindige Riemannsche Man-
nigfaltigkeit (M, g) eingebettet ist. Wir betrachten eine Brownsche Bewegung auf
M, die in x € L startet. Es stellt sich heraus, dass bedingte Brownsche Bewegung
auf Tubenumgebungen L(eg),e > 0, der Untermannigfaltigkeit, mit der absorbierten
Brownschen Bewegung am Rand der Tube zusammenhéngt. Fiir die bedingten Mafle
wurde in [SSWW14] gezeigt, dass ihnen Markov Prozesse zugrunde liegen, die fiir
¢ — 0 schwach konvergieren. Auflerdem wurde in [Witl1] bewiesen, dass die Losung
der Warmeleitungsgleichung auf Tubenumgebungen von immer kleiner werdendem
Radius durch die Losung der Warmeleitungsgleichung auf L und einer glatten Poten-
tialfunktion Wy auf L beschrieben werden kann. Dabei hiangt W von den Eigenschaften
von L, M und der Einbettung ¢ : L — M, also von intrinsischen und extrinsischen
Grofden, ab.

Das Hauptziel dieser Arbeit ist die Interpretation und Berechnung des Potentials
und die Analyse seiner Eigenschaften. Hierbei wollen wir vor allem verstehen, welche
Rolle Wy in dem oben genannten Prozess spielt.
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Das Hauptresultat ist, dass zu jeder gegebenen glatten Funktion W auf einer geschlosse-
nen Riemannschen Mannigfaltigkeit L eine Einbettung von L in einen umgebenden
Raum konstruiert werden kann, sodass die vorgeschriebene Funktion W bereits das
Potential dieser Einbettung ist.

Bevor wir mit der Analyse beginnen, werden wir in Kapitel 1 zunéchst alle wichtigen
Definitionen und Resultate einfithren. AufSerdem erkldren wir die Ausgangssituation
und die dieser Dissertation zugrundeliegende Notation.

Im zweiten Kapitel betrachten wir das Potential fiir verschiedene Spezialfille von
Einbettungen und berechnen die expliziten Formeln. Im Falle total geoditischer
Einbettungen ergibt sich ein dufierst bemerkenswertes Resultat. Das Potential ist hier
namlich genau der erste relevante Storungsterm aus der Volumenformel fiir Tuben
von Weyl und Gray (siehe [Gra82], S. 203, (1.4)). Dieses Resultat liefert, durch den
Zusammenhang zum endlich dimensionalen Tubenvolumen, eine erste Interpretation
fir Wy. Die Volumenformel werden wir in Kapitel 5 erneut aufgreifen und in diesem
Zusammenhang mit Hilfe unserer bisherigen Ergebnisse eine koordinatenfreie Darstel-
lung fiir den oben genannten Storungsterm bestimmen.

In Kapitel 3 beschaftigen wir uns mit der Geometrie der Tubenumgebung und zeigen,
dass diese die Situation mafigeblich bestimmt. Diese Resultate werden genutzt, um
Formeln fiir Wy und die damit zusammenhdngenden Objekte zu berechnen. Hier
weichen die Darstellungen von denen in [Wit11] ab.

Anschlieffend (Kapitel 4) beweisen wir das Hauptresultat dieser Arbeit, Satz (4.33):
Jede glatte Funktion W € C'*°(L) kann als Potential einer Einbettung realisiert werden.
Wir werden hierzu die Ausgangssituation leicht modifizieren und die Problematik
mit Hilfe von Einbettungen in Vektorbiindel studieren. Auf einer kleinen Umgebung
des Nullschnittes eines beliebigen Vektorbiindels {iber L konstruieren wir durch eine
Bilinearform auf den Fasern, eine neue Riemannsche Metrik. Wir zeigen, dass L
isometrisch in eine Tube eingebettet werden kann, die mit dieser sogenannten gestorten
Sasaki-Metrik ausgestattet wird.

Neben den bisher benutzten analytischen und geometrischen Hilfsmitteln, gibt es
weitere Moglichkeiten um Wy zu studieren. Ein anderer Aspekt der Oberflichenmafle
ist der Zusammenhang zu Wahrscheinlichkeitsmafien auf den Pfadrdumen. Diesen
stochastischen Zusammenhang und die Rolle, die W, darin spielt, werden wir in
Kapitel 6 aufgreifen. Auflerdem betrachten wir das Tripel von isometrisch eingebetteten
Riemannschen Mannigfaltigkeiten Ly C L; C M. Es stellt sich heraus, dass wir im
Allgemeinen unterschiedliche Pfadmafie erhalten, wenn wir einmal direkt von M auf
L, bedingen, oder zunédchst auf L; und dann auf L,. Der Unterschied in den Formeln
wird durch eine Kozykelbedingung beschrieben.

Abschliefiend (Kapitel 7) betrachten wir die Thematik wieder von einem eher geo-
metrischen Standpunkt. Wir beschiftigen uns mit den Laplace-Beltrami Operatoren
der beteiligten Mannigfaltigkeiten, da diese die Generatoren der Brownschen Bewegung
sind. In diesem Kontext werden wir besonders auf Riemannsche Submersionen einge-
hen und natiirliche Metriken einfiihren, die eng mit diesen verbunden sind. Wir werden
zeigen, warum diese Objekte die Situation grundlegend vereinfachen.
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Chapter 1

Setting

This first chapter summarizes the basic facts for our investigations and gives an
overview of the relevant quantities addressed in this thesis. Moreover, we briefly sketch
the most important results and terminology.

For the preliminaries from Riemannian geometry, see Appendix A. Throughout this
thesis, we freely adopt the Einstein summation convention (if not mentioned otherwise),
i.e. whenever an index appears twice in the same formula, regardless of its position as
an upper or lower index, it is summed up from 1 to the corresponding dimension.

Let ¢: L — M denote a closed, i.e. compact without boundary, [-dimensional Riemann-
ian submanifold of the m-dimensional Riemannian manifold (), g). Note that all mani-
folds, maps and embeddings are assumed to be smooth (unless explicitly indicated oth-
erwise). By G(¢), we denote the graph in M. Let dys denote the Riemannian distance in
M and by

L(e) :=={p € M|dpy(p,L) < e}

define the tubular neighborhood of L in M with radius € > 0.

FIGURE 1.1: Illustration of the tubular neighborhood of a closed curve in
R? that is parametrized by a smooth map ¢.

By m: NL — L, we denote the bundle projection of the normal bundle, which is
well-defined according to the embedding of L into M. Without loss of generality, we
can assume that the exponential map of M maps some open neighborhood NL(1) of
the zero section in the normal bundle NL diffeomorphically onto the tube L(1), see
e.g. Chapter III in [Kos07] and Section (1.1) for further details. Hence, we obtain the
projection 7: L(1) — L.



2 Chapter 1. Setting

Throughout, we assume L(1) to be regularly embedded, i.e. the e-tubular neigh-
borhood does not intersect itself as the fibers F, := 7~ !(z) and F,, for  # y € L, have
no common points. In the following, we restrict our studies to the cases 0 < ¢ < 1.

For each 0 < ¢ < 1, we can equip the tubular neighborhood L(¢) C M with the induced
metric g of M. We denote this metric by the same symbol.

Let Qs := C([0,T], M), for a fixed T > 0, be the path space of the Riemannian manifold
(M, g). A study of surface measures on the path spaces of the tubes based on the study
of Brown-ian motion in the ambient space showed that it is possible to think of the path
spaces as metric measure spaces. See e.g. [Witl1], [SSWW14], [SSWWO04b] or Chapter 5
in [BMSWQ9] for a precise statement of this construction and e.g. [Eme12] or [Ito62] for
more information on Brownian motion on manifolds.

The limit behavior of this measure-theoretical process, given by the study of tubular
neighborhoods with decreasing radii ¢ — 0, constitutes the object of interest for this
thesis: the so-called (associated) potential W, on L. This potential is given in terms of
the intrinsic and extrinsic geometry of L and its embedding into M.

Besides the induced metric on the tubes, we study also another metric, the so-called
Sasaki metric gg,, first introduced by S. Sasaki in [Sas58]. We discuss this metric in detail
in Section (1.2). Therefore, we denote by m and mg, the corresponding volume forms of
g and gs,. Our aim is to investigate their Radon-Nikodym density

dm

T dms,

which is closely related to the potential Wy as we will see in Chapter 4.

Remark. Note that we sometimes use pps instead of m to denote the volume form, because
this notation helps to distinguish between the Riemannian volume forms of different Riemannian
manifolds.

Remark. Whenever we use the Landau notation in the form f € O(g), we mean f € O(g), as
g—0.

However, before we proceed, it is first necessary to introduce Fermi coordinates to sim-
plify the upcoming computations.

1.1 Fermi coordinates

Local coordinates on the submanifold L are denoted by = = (z!,... ) = (a:")izlwl,
using lower case Latin indices. Let U C L be open such that NL; is trivial (e.g. U
starshaped or contractible). There exists a family of sections e : U — NLjy, for a =
1,...,m—[, which can be chosen orthonormally with respect to the induced metric g. We
further denote the fiber coordinates by lower case Greek letters. The local trivialization
is given by the map

U:U xR NLy; (', w®) = o(z) + weq(z).



1.2. The Sasaki metric gg, 3

Hence, we obtain the identification U x R™! =~ N Liy. For ¢ > 0 and smaller than
the minimum of the injectivity radii of the exponential maps exp?: T,M — M, x € L,
there exists a diffeomorphism from a subset of L(¢) to the e-neighborhood N L. (0) of the
zero section in NLj;;. The existence of such an ¢ > 0 is justified because L is compact.
Explicitly, this map is given by

&: NL.(0) = L(¢); (z,w) — expﬁx) (w%eq(7)).

These local coordinates (z,w) := (:vi,wa)i:17,,_7l; a=1,..m—i are called (local) Fermi
coordinates on the tube L(¢).

Whenever we use upper case Latin indices A, B, ..., we either refer to a lower case Latin
or a Greek index, i.e. A, B € {1,...,m}.

1.2 The Sasaki metric gs,

A study of so-called natural metrics on the normal bundle has proved remarkably fruit-
ful. The most commonly known example in the literature is the Sasaki metric.

We restrict our attention to the definition according to Reckziegel (see [Rec79]). For a
definition of the Sasaki metric on tangent bundles, see e.g. [Kap01].

It is possible to define the Sasaki metric on every vector bundle 7: E — L over L by
specifying a structure group G, a connection one-form w and a typical fiber F* with fixed
G-invariant fiber metric gp.

Here, we study a Sasaki metric on the normal bundle. By 7: NL — L we denote the
normal bundle with Euclidean fiber F' and let g be the flat metric on F. Unless noted
otherwise, we will henceforth exclusively employ this special Sasaki metric.

Remark. We call (F, gr) prototype of the fiber or state that F is the typical fiber.

Let U C L again be a subset such that N L is trivial. Then we are able to identify N L
and U x R™~,
Let w be the connection one-form on IV L given in local coordinates by

w = Cida’,

with coefficients C; = C;(z) € End(N,L) = N,L ® (N,L)*. Using the definitions from
Section (1.1), we obtain the characterization
Oegy,

_ B
927~ Cra®s

foreveryj=1,...,landa=1,...,m —1L.

Note that this definition of a connection differs from the definition of the Levi-Civita
connection on the tangent bundle of the ambient manifold M, which is torsion-free and
compatible with respect to the metric g. The above concept is more general.

But note, since L is embedded into the ambient space ), it is always possible to equip
NL with a metric connection V+ induced from the Levi-Civita connection on TM.
Hence, this V= is called the induced connection or normal connection.
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Let p € U. For an orthonormal basis (eqp),_; ,,_; Of sections in N,L (see Section (1.1))
and for W € N,L we want to construct two subspaces of Ty NL to easily describe
the action of the Sasaki metric on vector fields. Note that the base point p € U will be
omitted for notational reasons and we just write e,.

We define the set of vertical vectors by Uy := {Z € Ty NL| n.Z = 0}, whichisa (m—1)-
dimensional subspace. Now define the space of horizontal vectors $Hy by

Hw & Vw =TwNL.

We define Hyy = ker(KViV), where K denotes the connection map on the normal
bundle, i.e. K : TwNL — Ny L. Note that Sy = ker(idy + w) C Ty N L.

Further details about the decomposition into the vertical and horizontal subspace and
the precise definition of the connection map K are given in Section 3.1.1.

With the above notations at hand, the construction of the Sasaki metric is now as follows:
Define the inner product

(“,)sa:=gsa(,): TNLx TNL - R
by the following properties:

(1) With respect to gg, the subspaces U and $) are orthogonal.

(2) Themap 7: (NL,gsa) — (L, g1) is a Riemannian submersion. That is, 7 is a submer-
sion (7 has maximal rank, i.e. 7, is surjective) and the tangent map ., preserves the
length of horizontal vectors. For detailed information about Riemannian submer-
sions see [O'N02].

(3) For each p € L the embedding of the fiber F, = 7~ 1(p) C NL is totally geodesic.
(4) For each p € L the fiber F), is isometric to (F, gF).

Remark. Because the projection map m only projects onto the first component, there are many
possibilities to define $yy,. For the definition of the horizontal subspace we need additional infor-
mation, e.g. a connection to define K.

The construction leads to the following definition of the Sasaki metric.

Definition 1.1 (Sasaki metric). For W € N,L and Z,V € Tyy N L we define
(Z,V)w.sa = (mZ, 7V + (Kiv Z, Ki V)N L (1)

Next, we present a couple of properties of the Sasaki metric, which follow immediately
from the definition.

Corollary 1.2. 1. For Z,V € $y we have

<Zu V>W7Sa = <7T*Z, 7T*V>L.

2. For Z,V € Uy the identity

(ZV)w,sa = (KiwZ, KigV)nL
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holds.
3. Let Z € Hyy and V € By, then
(Z,V)w,sa = 0.
Remark. In most parts of this thesis we merely write (-, -) sq.
We are now able to compute the Sasaki metric in local coordinates. As seen above, we

denote by Cfa the coefficients of the connection one-form w, i.e.

7

w = Cidr' = (C%eg ® e;‘;) da’.

Furthermore, we denote by Jw: NL — Ty Ny L the map given by Ji(en) = Oa,
where

0
8a = a (W + tea)|t20 € TWNTr(W)L (2)

In local Fermi coordinates the horizontal lift of a vector field X = X0, on L is given by
X" = Xx%9; - w"C,0y).

A proof is given in Chapter 3, where we also investigate the lifts in a coordinate-free
manner.

Remark. 1. By definition we have 7, X" = X .
2. The map K, is the inverse map to Jyy on the set of vertical vectors Byy; i.e.
Kﬁ/(wo‘C’fcﬂg) = wO‘C’Z’ieg.
3. Note that C}, 950 pa = C4,,0pa = Cjua-
Definition 1.3 (Kronecker delta). For arbitrary indices A and B we define

s 1 A=B
4570, A+ B.

Lemma 1.4. In local Fermi coordinates the Sasaki metric on L(1) is given by

)

grij () + w'wCf Cipy | wHCiyp ) _
’LUVC]‘VQ ‘ 6045

gsa(z, w) = (

Proof. Let W = w%, € NL and Z,U € Ty NL. With respect to the decomposition
Z =7'0;+ Z%9y and U = U'9; + U*9,, we compute

@0 = (2, 27) (ool ) (00,

where (954) 45 = (04, 0B)w.sq- Note that all 0, are vertical vector fields, while J; denotes
an arbitrary vector field with horizontal and vertical components. Due to the above



6 Chapter 1. Setting

representation of the horizontal vectors in local Fermi coordinates, we rewrite
0; = 0; — wO‘C’i’g(‘)u + waCfoxc‘)ﬂ,

where now 9; — w*C%, 9, € H and w*C! 0, € Vw hold. Now using the definition of
the Sasaki metric, Corollary (1.2), and the fact that

Kiy (9p) = s,
we first compute

9Sa,ap = <8a,8B>I/V,Sa
= (Ki (92) K (95))
= (ea;€a)NL = dap- (4)

For the off-diagonal components we obtain

95ais = (0, 08)w,5a
= (0 — wCl O+ wCl 0, 08)yy 54
= (0; — w*C},0,, ) w.sa T (w*CY, O, 98)w.sa
— wOCh, (0,,09)

W v CE 6,5 = 0 Clas.

W,Sa

Due to the remark above, we have 7, (0; — w"C¥, 0,) = 0; and thereby conclude

0; — w*CP 9, + wC ., 0 — wPCY0, + wﬁc*;ﬁay>ws
Sa

{
= (0, — wCl0,,0; - wﬁ%a»msq + (W CH B, wﬁo;ﬁa»wa

—~

0;,05) L + w*Clw’ CYs(0u, 0y)w,sa

—
=

= 9L,ij +w°‘wﬁC{g 80

= grij +ww’ClCjpp.

O
Corollary 1.5. The matrix representation directly provides the decomposition
(1] w'Ciygs grij(z) | 0 1 |0

gsa(T,w) = ( o] 1 ) ( 0 1)\ wCha |1 ) ©)

Proof. Matrix multiplication yields the formula (3). O

From the decomposition and the fact that the determinant of each block is easily com-
putable, the inverse Sasaki metric is given as follows.
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Lemma 1.6. In local Fermi coordinates the dual (resp. inverse) Sasaki metric is given by

g (|, )
v —w”g?(m)Cf{,‘5a5+w“w”g’L](m)CﬁLny

Remark. From Corollary (1.5) we directly obtain det(gs,) = det(gr,).
In Chapter 3 we will develop a coordinate invariant expression for the Sasaki metric.

Remark. NL endowed with the Sasaki metric is a Riemannian manifold; via the exponential
map the restriction of gs, to U1(0) C NL is transported to a Riemannian metric on L(1) and
there referred to as reference metric.

The Dirichlet Laplacian associated to the reference metric can be decomposed into two independent
parts; we investigate this behavior later.

1.3 The Riemannian curvature tensor

Throughout this thesis we follow the notation from [Jos98]. Let (M, g, V) be a Rie-
mannian manifold equipped with the Levi-Civita connection V to g. From now on we
simply write (M, g) or even M. Unless indicated otherwise, we always equip M with its
Levi-Civita connection.

For vector fields X and Y € T'(T'M) let
g(Xv Y) = <X’ Y>g,

where we omit the subscript on the right-hand side whenever the underlying metric is
obvious from the context.

Definition 1.7 ((Riemannian) curvature tensor). The Riemannian curvature tensor R of a
Riemannian Manifold (M, g) is defined by

R:T(TM) x T(TM) x T(TM) — T(TM);
R(X,Y)Z =VxVyZ —VyVxZ — VixyZ.

Remark. We write R* and RM to denote the Riemannian curvature tensors of L and M and
omit the superscript whenever the context is clear.

A proof for the following lemma can be found in [Bes87], Lemma (1.85), p. 41.

Lemma 1.8. Let R be the Riemannian curvature tensor of the Riemannian manifold (M, g) and
X,Y,Z € T(TM), then

a) Risa (3,1)—tensor,

b) R is skew-symmetricin X andY ,ie. R(X,Y)Z = —-R(Y,X)Z,

c) R is skew-symmetric with respect to g, i.e. (R(X,Y)Z, W) = —(R(X,Y)W, Z),
d) the first Bianchi identity holds, i.e.

(RIX,Y)Z, W)+ (R(Y,Z)X, W)+ (R(Z,X)Y,W) =0,
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&) (R(X.Y)Z,W) = (R(Z,W)X,Y),
f) the second Bianchi identity holds, i.e.

(VxR)(Y,Z) + (Vy R)(Z, X) + (VzR)(X,Y) = 0.

Remark. Note that from now on we use these symmetry relations without further mentioning.
By lowering and raising indices we obtain the following object.

Definition 1.9 (Curvature-4-form). The curvature-4-form of the Riemannian manifold
(M, g) is defined as the map

(X,Y,Z,W) = g(R(X,Y)Z, W),
where R is the curvature tensor of M and X,Y, Z, W are vector fields on M.

Remark. Note that we denote the curvature-4-form by the same symbol R and that here R €
T(M,A?(T*M) o A*(T*M)), where o denotes the symmetric product.

We set the following conventions for the description of the curvature tensor in local
coordinates.

Let {8%} A=1,....,m denote some orthonormal frame in 7M. In local coordinates we use
the following expressions for the curvature tensor and curvature-4-form

o o\ o ., 0
R <8xA7 8x3> 0x¢ RCAB@:UiD

and

o 0 o 0
R =gpNRisp = (R :
DCAB = gDNIicap < ((%A’ 8353) 92C° 9xD >
Remark. Note that we use this index notation throughout the whole thesis.

Example 1.10. Using the expression in local coordinates and the symmetries from Lemma (1.8),
we obtain

Rpcap = Rapc = —Rapep-

1.3.1 Other relevant curvature quantities

The Riemannian curvature tensor is used to define other important objects, which will
play significant roles throughout this work.

Definition 1.11 (Sectional curvature). Let (M, g) be a Riemannian manifold with Riemannian
curvature tensor Rand v € M. For X = X404,Y = YPog € T, M we define the sectional
curvature of the plane X \'Y, spanned by the vectors X and Y, as

(R(X, Y)Y, X)

KX AY):= XAV

Definition 1.12. Let (M, g) be a Riemannian manifold with Riemannian curvature tensor R
and x € M.
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1. We define the Ricci (curvature) tensor of M in local coordinates as
Rap = ¢"VRaxpn = Rigp,

i.e. the Ricci curvature in direction X € T, M is given by

RicM (X, X) ::gKN<R<X a) 0 X>.

92K | 9pN
2. The scalar curvature of M is defined by
Scalys = try Ric,
i.e. as the trace of the Ricci tensor with respect to the metric g. In local coordinates

Scaly; = gABRAB.

Due to the following fact, we will focus on the sectional curvature more detailed in the
following chapters.

Proposition 1.13. All of the relevant information included in the definition of the Riemannian
curvature tensor R of a Riemannian manifold (M, g), are already included in the sectional
curvature . That explicitly means we can reconstruct the scalar curvature and the Ricci tensor
from the sectional curvature.

Proof. Let (E4)A=1,.. m be an orthonormal frame of 7'M, then
(a) Scaly =34 p(RM(Ea, E)Ep, Ea)g = Y. a5 k(Ep A Ea),
(b) fix C € {1,...,m}, then

Ric" (B¢, Eo) = > (RM(Ec, Ea)Ea, Ec) = Y Kk(Ec A Ea).
A AZC

O]

Remark. i) The Ricci tensor can be considered as the trace of the Riemannian curvature ten-
sor.

ii) The Ricci tensor is symmetric, i.e.
Rap = Rpa.

iii) We think of the Ricci curvature Ric(X, X) as the average of the sectional curvatures of all
planes in T, M which contain X.

iv) In geodesic normal coordinates the Riemannian volume measure dyg can be expanded such
that

1
dpg = |1 — ERAB:;;%B +0(|=)®)| dug, ?)

where dyu; denotes the standard Euclidean measure (see e.g. [Gra04], Corollary 9.9, p. 193).



10 Chapter 1. Setting

v) By to the previous observation, in geodesic normal coordinates Scal is equal to the coefficient
of the second order term in the ratio between the volume of a geodesic ball of radius r >
0 around 0 € M and the Euclidean volume of the ball of the same radius in R™. (By
differentiating formula (7) twice and then evaluating at zero.)

1.3.2 Algebraic curvature tensors

In this section we introduce the algebraic curvature tensors and their properties follow-
ing the explanations in [Bes87], Chapter 1, § G, p. 45-52.

Definition 1.14 (Algebraic curvature tensor). Let E be a finite dimensional vector space.

a) The Bianchi map B: S*>(A%(E*)) — S%(A%(E*)) is defined by

B(r)(X,Y,Z,W) = (r(X,Y,Z,W)+r(Y,Z, X, W) +1(Z, X,Y,W)),

Wl

where X, Y, Z,W € E*.
b) By R := ker (B) C S?(A?(E)) we denote the space of algebraic curvature tensors.

For a Riemannian manifold (), g) the Bianchi map is analogously defined on the bundle
S2(A%(T*M)). We summarize significant properties of the Bianchi map and R in the
following lemma.

Lemma 1.15. a) R is a vector space over R.

b) The Bianchi map B is idempotent and im(B) = A*(E*).
2(A2 *

Proof. a) Using the vector space structure of E and the linearity of r € S?(A%(E)) yields
the statement.
b) Letr € S?(A2E*),i.e. 7 = (a A B) o (y A §), where o, 3,7, € E*. Then
3-B(r)=(anp)o(yAd)+(BA7)e(and)+(yAa)o(BAD)

= — (@A) o (BAS) +(YAB) o (ahd)+(BAa)o (AD))
— —3-B((a A7)0 (BAJ)).

By (BAa)o(yAd)=—r=(aAB)o(dAvy)and

3:-B(=r)=—((aAB)o(yANd)+ (BAY)o(aNnd)+ (yAa)o(BAD))
= -3 B(r)

we conclude B(r) € A*(E*) and im(B) C A*(E*). Surjectivity directly follows from
the fact that B is idempotent, which we deduce from the following computation.
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Let B(r) = o’ A B' Ay A& € AY(E*). Then, we have
B(B(r)) = B(d' AB' Ay A )

1
:g(o//\ﬁ'/\'y’/\él+5’/\7’/\a'/\5’—i—’y’/\o//\ﬁ'/\é’)
1
:3-§O//\B’/\7'/\5'
=ad ANB' Ny NS = B(r).

c) The splitting follows from the fact that the sequence
0— R — S2(A2E*) 25 AYEY) — 0,

is exact by definition.
O

One of the most interesting facts about the algebraic curvature tensors is contained in
the following theorem. For further information see [DRGRO3].

Theorem 1.16. Every algebraic curvature tensor r € R occurs as the Riemannian curvature
tensor R of a Riemannian manifold (M, g) at a point p € M.

Proof. Letr € R C 5 (A?(E)) be an algebraic curvature tensor and b a metric on E. We
need to show that there exists a Riemannian manifold (M, g) such that the associated
curvature tensor R to g equals r at p € M, i.e. there exists an isometry ®: (E,b) —
(T,M, gp), where r = ®*R,,.

Let (2, ...,2™) be a Riemannian normal coordinate system at the origin of M. We define,

m
gij(@', . a™) = by — % > rigital, 8)
k=1
which defines a metric on a suitable (with small enough radius) chosen ball B, around
the origin, for ¢ > 0. Note that the first order derivatives vanish at the origin of the
coordinate system due to the normal coordinates.
In p = 0 we conclude that R, = r, because (8) is the exact perturbation of the metric in
normal coordinates and r is uniquely defined by (8), because in normal coordinates the
curvature is the second derivative of the metric. This is due to the fact that by definition
of the Christoffel symbols the Riemannian curvature components can be expressed in
the following way:
0? 0?
92921 7% T 9gidalIF

Rf\sz =
]

For dim(F) > 4 and a non-degenerated quadratic form ¢ on E there exists a decom-
position of R as an O(g)-module, into three irreducible components; this fact is due to
[Bes87], Chapter 1, § G, Theorem 1.114. Before giving the exact statement we first need
to define the Kulkarni-Nomizu product.
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Definition 1.17 (Kulkarni-Nomizu product). Let h, g be symmetric (0, 2)-tensors on E. Then
we define their Kulkarni-Nomizu product as the (0, 4)-tensor given by

(h @ 9)(X,Y,Z,W)
::h(Xa Z)g(Y, W) + h()/a W)Q(Xv Z) - h(Xv W)g(Y7 Z) - h(Yv Z)g(X> W)a

forall X,Y, Z, W € E*.
Now we are able to describe the mentioned splitting.

Theorem 1.18. The space of algebraic curvature tensors R admits an orthogonal decomposition
into three irreducible subspaces

R=A®B&C, )

where A = Rg @ g, B = g® SZE and the remaining part C, which is called the Weyl part.
Note that SZE denotes the space of symmetric 2-tensors, whose trace is zero.

For each r € R with r = a © b @ c the part in the one-dimensional subspace A is given
by

Scal,

a:mg@)g-

The subspace B is called the traceless part of the Ricci tensor and given by

1 1,
b= —— (RicT — Sea g> D g.

m— 2 m

The remaining part, defined to be the Weyl curvature, is given by

1 Scal,
=r—a—-b=r—- ——(Ric, - —/—— .
c=r—a r—— 2(10 2(m_1)g)@g
Remark. We will later see that r € R corresponds to a symmetric endomorphism M, €&
End (A%(E*)). Because this endomorphism splits orthogonally into three blocks, we obtain an
explanation for the above decomposition.

1.4 The second fundamental form and the Weingarten map

In this section, we follow the notation in [Chel3]. As a fiberwise direct sum of vector
spaces we have TM|, = TL & NL, where NL denotes the orthogonal complement of
T L with respect to the metric g of M. Moreover, for each = € L consider T,L C T,,M as
a linear subspace.

Denote by VI and V¥ the Levi-Civita connections of L and M and their Christoffel
symbols by I'. Then, for X and Y € I'(T'M) the connection V¥ can be decomposed as

VY = pt ((VAV)) +pt (VA)T)),
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where p' denotes the orthogonal projection onto T'L. The above notations in mind, for
X,Y € I'(TL), we obtain

pt (VA7) = vk,
which implies that the tangential part of the metric connection on M equals the connec-
tion on L. This is due to the fact that for vector fields X and Y on L, the expression Vﬁ\g Y
is defined for an at least C2-smooth extension of the vector fields to M. Then a restriction

to the submanifold constitutes the above expression. By uniqueness of the Levi-Civita
connection the orthogonal projection of VY onto T'L equals V%Y.

Definition 1.19 (Second fundamental form). Let ¢: L — M denote the embedding and
X, Y € I'(TL). The second fundamental form of ¢ is defined to be the normal part of the
connection, i.e.

(e)(X,Y) :=VxY = V&Y — VLY.

Remark. Note that 11 : TL x TL — NL. Let X,Y € I'(T'L). For extensions X,Y onto M
one has V)]L? Y — V;lf X = [X,Y]and [X,Y]*+ = 0on L; therefore, the second fundamental form
is a (0, 2)-tensor field on L and symmetricin X and Y.

Definition 1.20 (Weingarten map). Let ¢: L — M, x € Land W = w®ey € N,L. Then
there exists a map Aw : Ty L — T, L, such that

(Aw X, Y ) = ((e)(X,Y), W)u (10)

for X, Y € T, L. Aw is called Weingarten map or shape operator in direction W.

Remark. Ay is symmetric and selfadjoint in the sense that (Aw X,Y ), = (AwY, X ) , which
immediately follows from the properties of the second fundamental form.

Sometimes (10) is referred to as Weingarten’s equation.

Proposition 1.21. For every Z € TL and W € NL the action of the Weingarten map in
direction of W is given by

AwX = -Th w* X7 0y, (11)

where (0;)i=1,...; denotes the orthonormal basis of T'L as above.

Proof. For X = X', Y = Y72 € I(TL) we obtain

((p)(X,Y), W) = (VxY, W)

= —(Y,VxW)
= (AW X,Y).

We use the shorthand 0; = a?ci for all i = 1,...,1 and for the Greek coordinates in the

same manner. In local coordinates we hence find

0
oxI
= Y7/ X(9;, V5,w"0a)
= YIXU0;, (0;w™)0a + WV Oa)
= YIX'woTk (9, 0).

(Y, VW) = (Y7 —— Vi w*0a)
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On the other hand, we obtain
(Y, Aw X) = (Y79;, Aw X"0;)
= Y7(0;, W(X")0; + X' Aw k)
=YIX Ay (0;,01).
Comparing the coefficients gives the result. O

The relations between the second fundamental form II and the shape operator Ay are
discussed in a similar way in [BCOO03] (see p. 7 ff.).

Definition 1.22 (Tension field). Let ¢: L — M. The trace of the second fundamental form
taken over an arbitrary orthonormal basis of the tangent space is called the tension field () of
the embedding, i.e. let 11(p): T, L x Tp,L — Ny L be the second fundamental form and (e;); be
an arbitrary orthonormal frame in T, L, x € L then

l
7() =) 1(p)(eis e)-
i=1

Remark. Note that the definition is invariant of the choice of the orthonormal basis. One could
also define the tension field via

() = g"1I()s5.

See [Jos98], p. 318 ff., for additional information on the tension field and also the
following definition.

Let now (]T/f , h) be another Riemannian manifold.

Definition 1.23 (Harmonic maps). A smooth map ¢: M — M is called harmonic map, if it
is a critical point of the Dirichlet energy functional

E(p) = /M dol? juas,

i.e. @ is minimal, if the tension field T(y) vanishes.

We state another helpful definition, which will be used for the connection to Brownian
motion on Riemannian manifolds in later parts of this work.

Definition 1.24 (Harmonic morphism). Let ¢: M — M be smooth and V. C M with
@ (V) # 0. The map o will be called harmonic morphism if for every harmonic map
f: V — R the composition f o ¢ is harmonic on ¢~ (V).

A definition and useful facts on harmonic morphism can be found in [BW03], e.g.
Definition 4.1.1.

Moreover, due to [Woo06], Riemannian subersions with minimal fibers are harmonic
morphisms. We will later comment on the properties of Riemannian submersions with
totally geodesic, i.e. minimal, fibers in general (Chapter 7).
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1.5 The homogenization result

Now we are able to state the homogenization result for Laplace-Beltrami operators on
tubular neighborhoods of a closed Riemannian submanifold L C M, which is crucial for
this work. For the precise formulation see [Wit11], Theorem 1.

We already saw that there is a diffeomorphism of an open neighborhood NL(1) of
the zero section in the normal bundle NL to L(1). Moreover, we can define the map
o.: NL — NL given by o.(W) = ¢W, 1 > ¢ > 0. With the help of the exponential

map and the projection 7: NL — L, we define the map exp? for every W € NL by

expM (W) := exp%w)(W). Hence, for every 0 < ¢ < 1, the diffeomorphisms

oe: L(1) — L(e)

are induced by the commutative diagram

NL(1) ==+ NL(¢)

lexpy lexp fTVI

L(1) —Z— L(e).

These maps are denoted by the same symbol.
Remark. Note that in local Fermi coordinates the map o, is given by o.(x,w) = (z, cw).

Additionally note that 7: L(1) — L equipped with the Sasaki metric is a Riemannian
submersion with totally geodesic fibers. This property is a useful tool in the proof of the
forthcoming homogenization result.

Definition 1.25. We define the Radon-Nikodym density

dm

p= dmg,

of the volume forms of g and gsa.

Remark. The Radon-Nikodym density p is a non-negative function in C°°(L(1)), where the
closure is taken with respect to the Riemannian metric g.

In [Witll], Lemma 5, it is shown that there exists a unitary isomorphism
Ye: L2(L(g),g9) — L*(L(1),gs.). With the help of this map the so-called associated
rescaled family is given by

A= 5 (Be = 25 ) B2 HY 0 (L), 950) — Z(E(D, 950

according to the family of Laplace-Beltrami operators on the tubes, i.e.
Nt Hy N H?(L(e), 9) = L*(L(e), 9)- (12)

Here )\ is the lowest eigenvalue of the Dirichlet Laplacian on a unit ball B™~{(1) ¢ R™~
of dimension m — [, note that Ay > 0. Denote by ug € C(B™~!(1)) N C>(B™~!(1)) the



16 Chapter 1. Setting

associated, normalized and positive eigenfunction.

The following result was proven in [Wit11], Theorem 1.

Theorem 1.26. 1. The operator family /\(e) is selfadjoint and uniformly bounded from be-
low.

2. Let tg > 0 and u() be a sequence of functions, which converges to u € L*(L(1), gsa)-
Then, there exists a Schrodinger operator

1
Hy = §(AL + W())
on the submanifold L, such that

lim e_%A(E)u(a) = Eye 1w Eyu

e—0
uniformly in [ty, 00). Here Eq denotes the orthogonal projection onto the eigenspace to the
lowest eigenvalue of the flat Dirichlet Laplacian in R™.

3. The smooth potential Wy € C°°(L) depends on the intrinsic geometry of L and M and
properties of the embedding and is given by

1 1 1 = -
W = (QSCalL = lI7lI* = 5 (Scaly + Ricayyp + RM/L>) : (13)

By Ricyyy, and Ry, we further denote specific partial traces of the Ricci and Rieman-
nian curvature tensor of the ambient manifold M. Precisely, for an orthonormal basis
{ei}i=1,..;1 C T'L we define

l l
Ricpy/p, == ZRiCM(ei,ei), Ry, = Z (ei, RM (e, ¢5)e;).

i=1 ij=1

Remark. Note that in the second statement of the previous theorem, the action of the operator on
Eyu is understood in the way that

e W Bgu(x) == ug(dga(W, m(W))) (67tHWua) om(W),
where W € L(1), n(w) = x € L, and u, € L*(L, g1) is the averaged function to u.

To prove the existence of a limit, it is necessary to consider the rescaled operators. As
in [Witl1] and the references given there, a renormalized problem needs to be studied.
This helps to deduce epi-convergence and equi-coercivity of the associated quadratic
form families. The choice of Fermi coordinates as a suitable microscope on the fibers is
a necessary tool, to prove that the limit process does not degenerate.

In subsequent papers (see e.g. [NW19]), it turned out that a different definition of the
Schrodinger operator simplifies the proof. We briefly introduce this new operator and
state an interesting fact about this approach. Let x be the Hodge operator associated to
g and xg, the Hodge operator to gg,, respectively. Define a modified Hodge operator
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#.: A'T*L(1) — A™1T*L(1) by
#e =T (07) o (pox) oo,

where p = dm/dmg, denotes the Radon-Nikodym density of the volume forms of g and
gsa- Its associated bilinear form is given as

both )= [ | A

By Friedrichs” construction, which is explained in detail in Appendix C, there exists a
selfadjoint and non-negative operator H. with domain D(H.) = H} N H2(L(1), pisa)
with

H. [ = — *sq d#<df.

In local coordinates we hence obtain

. = =m0, (s VAetgs,0,).

detg

for all f € D(H,). Therefore, the operator turns out to be a generalized Laplacian, which
is still a second order differential operator.

The following result helps us to understand the operator H. from a different point of
view.

Proposition 1.27. Let g and h be Riemannian metrics on the smooth manifold M. Then, there
exists a € T'(End(T'M)) with
h(aX,Y) = g(X,Y),

for all vector fields X and Y on M.

Proof. Inlocal coordinates let h = (h;j),h~! = (h¥) and g = (gi;), respectively. Then, we
define an endomorphism by

a(0;) = a; (Or) = ginh"" (Or).-
Let X = X!9;and Y = Y"9,, then g(X,Y) = X'Y"g;,,. Moreover,

h(aX,Y) = h(a(X'0;),Y"0,)
= X'Y"h(akoy, dn)
= X'Y"aF by
= X'Y" g1 h™ hi.

As B hy,, equals the identity (matrix), by a’ = gh~! we obtain the statement.
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Using the definitions of the divergence and the gradient (see Appendix A), with the help
of the above proposition, we obtain

. Of 0

Ry
Oxk ™ \ Ozt

2. Of 0
_ ik opnl
— 9 ok ginh <8xl>

af o
= 6ﬁhnl87;;@ = gradhf.

When choosing h = gs,, we hence obtain

H.f = —divg, (gradgf)
= —divy (a_l (gradgf)) .

For an arbitrary endomorphism A on the tangent bundle, we obtain
— divy, (A gradgf)

__ 1 kqid g
—\/@Gk (x/detgAjg &f)

1 L O f
= VdetgAkqgii) o, f + Ak gl .
\/@8’“< detgAlg”) 0:f + Afg Dk oz

A simple comparison of the coefficients with the definition of the Laplace-Beltrami op-
erator, in local coordinates, according to an arbitrary metric G shows

G" = Ajg".

Hence, whenever A is symmetric, positive definite, commutes with g as a matrix and by
multiplication with g the determinant of the metric remains the same, we obtain a new
metric A - g and H. is the Laplace-Beltrami operator according to this different metric.

Remark. Note that there is a one-to-one correspondence between Schrodinger operators H =
T + W, depending on a smooth potential function, and Laplacians with drift vector fields. By
partial integration the associated quadratic forms are related to each other.

Due to this remark, it is possible to study the problem from other points of view. We
return to this observation in Chapter 7, where we comment on the role of the drift and
how it appears in this process.

For now, we focus on the approach using the potential function. It is remarkable that

we can compute the potential in terms of the Radon-Nikodym density p (see Definition
(1.25)) on L(1), i.e. define

1 1 —
W i= 34 logp — 7 lldlog pll? € C (L(l)) . (14)
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Then, in L(1) the potential is given by

1 1 1 I _
W(p) = (QScalL - 1”7”2 5 (ScalM + Ricp/p, + RM/L)) om(p),

where 7 : L(1) — L denotes the projection. A proof of this fact is given in Chapter 4.
Note that W restricted to L yields the potential W, on L.

Throughout this thesis, we use these and other approaches to compute and understand
the potential Wy by a detailed investigation of the participating quantities.

In Chapter 6 we focus on the Wiener measure associated to Brownian motion and on
the associated measures on the path spaces of Riemannian manifolds. Therefore, the
following observations will be useful.

Let 1157 denote the Riemannian volume measure of M and 7" > 0 be a finite time horizon.
By Qur := C([0,T], M) we denote the space of paths in M, which can be equipped with
a metric d, such that (2,7, d) is a metric space. Moreover, it is possible to equip this space
with a measure p. Let p denote the Wiener measure W9, associated to the Brownian
motion on M with starting point ¢ € M. We define

Q€

st :

=Q4(e) :={w € Q w(u) € L(e), forall s <u < t}
as the subset of all paths, whose graphs do not leave the tube L(¢) between times s and t.

We observe that €7, is Minkowski-regular in {25, and that there is another characteriza-
tion of the limit measure. Moreover, note that Q,(¢) = Q L(e) holds. In the subsequent
chapters we are going to use the homogenization result in the following form. A proof
can be found in [SSWW14].

Theorem 1.28. 1. Forx € L, and as € > 0 tends to zero, the conditional Wiener measures

pz (dn) = Wiy (dnln € Qi (e)) := War(dnln € QL(¢),1(0) = z)
converge weakly to a limit measure i on the path space of the submanifold.

2. The limit measure uf is equivalent to the Wiener measure W{ on the submanifold and the
associated Radon-Nikodym density is given by

s o (CER W) &)

L — . (15)
dWT Jo, exp (—% fOT W(w(s)) ds) W? (dw)

3. Here W is the potential determined by (14).

Thereby, the limit of the conditional Brownian motion on L(¢) is an intrinsic Brownian
motion on L related to an effective potential Wy, which reflects the geometry of L and
M, and of the embedding into the ambient manifold M.

Definition 1.29. We define 1o as the surface measure on the path space of L generated by the
Wiener measure of M.
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Remark. By formula (15), the conditioned Wiener measure tends to the Wiener measure on L,
as € tends to zero, whenever the potential is constant.

We now have a closer look at the conditional Brownian motion in the following section.

1.6 Conditional Brownian motion on tubular neighborhoods

Following the construction in Section (1.2) in [Witl1], we want to study a Brownian
motion (B;),-, on the ambient space, where the starting point is on the submanifold L.
For ¢ > 0 fixed, denote by B; the process of conditional Brownian motion to the event
that the paths remain inside the tubular neighborhood L(e) up to time 0 < T' < cc.

Let 0 < s < T'. The distribution of the Brownian motion Bf,0 <t < T}, is given by
Le(dw) :== Wy (dw| w € Qo 7(€)).
For 0 < s < T'we want to compute the transition kernel of Bj defined by
Q" (dw) = Le(w(t) € dy| w(s) = ).

Using the Markov property of the Wiener measure and the definition of conditional
probabilities we obtain by Qg r = Q7 N Qo s the following result:

Qe
Le(w(t) € dy| w(s) = 2)
- wmw(t) € dy| w(s) = 7,0 € Qr(e))

Wi (w(t) € dy| w(s) =z,w € Qg r(e) N Qo s(€))
WM(w(t) cedynNw € Qur(e)| w e Qo s(e),w(s) = x)
War(w e Qsr(e)| w(s) =z,w € Qo s(e))
 Warwlt) € dyNw € Qur(e)] w(s) = o)
Wi (w e Qsr(e)| w(s) = x)
_ Wa(w(t) e dynNw € (Qs4(e) NQr(e))| w(s) = x)
W (w € Qs1)(e)| w(s) =)
W (w(t) € Qur|w(s) =z,wt) =y,w e QF )Wy (w
Wi (w € Qs r(e)| wis) =
_ W rlw(t) = y) - War(w(t) € dy,w € Qs4(e)| w(s
War(w € Qsr(e)| wis) =)

) €dy,w e Qor|w(s) =x)

(t
x)
)

z)

Define
PSP w(t) € dy) := Wy (w(t) € dy,w € Qs4(e)| w(s) = z).

Due to the fact that the right hand side can be expressed as
War(w(t) € dy,t < 7(w)| w(s) = z),

where 7. denotes the first exit time of the Brownian motion of the tube L(¢), P is indeed
the transition kernel of the Brownian motion absorbed at the boundary 0L(¢) of the tube.
Moreover, at the end of Section (1.2) in [Wit11] the following results are stated.
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Proposition 1.30. 1. The conditional Brownian motion is a time-homogeneous sub-Markov
process, whose transition kernel is uniquely determined by the transition kernel of a Brow-
nian motion absorbed at the boundary of the tube.

2. The generator of the absorbed Brownian motion on the tube is the Laplace-Beltrami operator
—A./2 on M with Dirichlet boundary conditions at OL(¢c), i.e. given by (12).

To analyze the potential W, in detail, we now proceed our studies with some typical
classes of embeddings. We compute IV in these cases and give simplified formulas. We
present interpretations of the potential in some of these settings. Hence, we get used to
the quantities, which determine the potential.

Moreover, we study the geometry of the tubular neighborhoods in detail and use per-
turbation theory to obtain more insights on Wy. We reformulate the density and the
potential more than once before evaluating them.
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Chapter 2

Interpretation of the potential W in
different settings

In the previous chapter we presented a formula for the potential W, on the submanifold,
corresponding to the isometric embedding ¢: L — M, under the above introduced limit
process. To understand the results given in Section (1.5) and Section (1.6), it is crucial to
understand this potential, which reflects intrinsic and extrinsic geometric properties of
L, M and the embedding .

First of all, note that due to several identities between the curvature tensors of the
submanifold L and the ambient manifold M, there is not one specific formula for
Wy. To obtain different representations, we use Gauss’ equation (see (16)) or different
combinations of the involved summations.

To get a better idea of the quantities involved in the formula, we start our analysis
with various explicit examples of embeddings. We first simplify formula (13) in some
special cases and give interpretations for the occurring terms. For each of the following
examples, we hence develop easier formulations for Wy. We begin with the study of
embeddings into Euclidean spaces.

Afterwards, we derive a new representation for the potential W, of the embedding
¢, differing from the one given in [Witll]. From this new formula, the relevant
quantities become clearer. Moreover, we use results of Weyl and Gray (see e.g.
[Wey39],[Gra04],[Gra82]) to explain the potential in the specific case of totally geodesic
embeddings.

Throughout this thesis, we use the following conventions: Let {e;};—,. ;inT,L, p € L,
be an orthonormal frame. Following the splitting into Latin and Greek indices from
Chapter 1, let {€q }a=i+1,....m be an orthonormal frame in the orthogonal (with respect to
g) complement N, L. Let {ea}a=1,. m, Wwhereey =¢;, for A <[, and eq = e,, for A > |,
be a complete orthonormal basis of 7),M/. Remember that for summation from 1 to m
we always use the Latin indices A and B.

From Theorem (1.26) we know,

1

1
Wy = = <ScalL — 5“7(@”2

9 (SC&IM —FﬁM\L +RM\L)> .

!
3
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With respect to the given (local) orthonormal frame, the partial traces of RM are defined
as

l l m
Rch/L = ZRIC (ei,€) = g g e, R ez,eA Jea),
i=1 i=1 A=1

as usual.

Remark. Note that we always use the following identification:

Scaly; = Z Z (ea, RM (e, ep)ep)

A=1B=1
1ol I m
= Z ei, RM (e;,e5)e;) —1—22 Z (ei, RM (ei, e0)eq)
i=1 j=1 i=1 a=l+1
m m
+ Z Z eou 60476,3)65>
a=Il+1 g=I+

1

For a suitable interpretation of the formula for the potential W, we first introduce a
useful tool for our computations and use Gauss’ equation in the following form.

Theorem 2.1 (Gauss). Let L C M be a submanifold of a Riemannian manifold and ¢: L — M
the corresponding embedding. Moreover let RE RM be the curvature tensors. For X,Y, Z, W €
['(TL) the equation

(RM(X,Y)Z,W) = (RY(X,Y)Z,W) + (I()(X, Z), 11(p) (Y, W) (16)
— () (Y, 2), (p) (X, W)).

holds.

For a proof and further information about the fundamental equations for the embed-
dings of submanifolds of Riemannian manifolds see e.g. [Spi75] (p. 51 ff.).

As already announced, this equation ensures that there is more than one possibility to
express Wy.

In the following sections we are going to use a generalization of Weyl’s famous tube
formula (see [Wey39]), as well as comparison theorems for the volumes of tubes in

Riemannian manifolds in the version according to A. Gray.

We state the following fact in the form of [Gra04], equation (1.1).



2.1. Embeddings into Euclidean Spaces 25

Theorem 2.2. The volume of a tube of radius € > 0 around a submanifold L in the Euclidean
space R™ is given by

(7r )(m /2 |1/2) k2C(RL)62c

—z/zlz m I+ 2)(m—l+4)(m—1+20 17

B - kic(RL)SQC
_V01<B Z(E)) CZ:; (m—l+2)(mil+4)-~~(m—l+20)’

where the coefficients ko.(RY) are integrals over L of certain polynomials of order 2c in the
curvature tensor of L and vol (B™~!(g)) denotes the volume of an Euclidean ball around zero in
R™,

Weyl and Gray refer to these coefficients as a certain type of invariants of the subman-
ifold. For a proof of the formula see [Wey39]. Furthermore, in [Gra82], p. 202, Remark
(3), the relation

ko(RL) = volume of L

is given.

We will prove that there is a correspondence between the potential W, and the deviation
of measuring the volume of the tubes L(¢) as subsets of Riemannian manifolds and of
Euclidean space.

2.1 Embeddings into Euclidean Spaces

For a submanifold L in an Euclidean space, e.g. R™, m € N, the formula for Wy is
easy. Because R™ is flat, its curvature tensor vanishes identically. Therefore, the partial
traces, which occur in the potential, are identically equal to zero and the only remaining
terms are the tension field of the embedding ¢: L — M and the scalar curvature of the
underlying submanifold. We then obtain

1
2Wgh"¢ = Scaly, — §HT(<,0)||2

In particular, if the scalar curvature and the tension field are constant, the surface
measure jio from Theorem (1.28) coincides with the Wiener measure on L.

For a deeper discussion of embeddings into Euclidean space, we refer the reader to
[Sid03]. A detailed construction of the surface measures using the potential and its asso-
ciated Radon-Nikodym density is presented there.

Example 2.3. Study a unit-speed curve @: St — R? without self-intersections, i.e. an isometric
embedding into the two-dimensional Euclidean space. Note that we consider only regular embed-
dings, i.e. ||| < Cand C > 0.

As the scalar curvature of a one-dimensional object is zero and R? is flat, the only remaining term
in the potential is the tension field of p. We obtain

1
W3 =~
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Here, the tension field equals the acceleration of the curve, i.e. the curvature k of @ and is therefore
given by
d2
T(p) = @‘P(S) = k(s).

In addition, we obtain that the corresponding density is given by

o) = e (5 [ " k()P (s) ).

By Z we denote the normalization.

Example (2.3) is adapted from [BMSW09], where the authors explore the formula for
Wy from the general construction. They compute the metrics g and gg, in local Fermi
coordinates and give the explicit computation of the asymptotic of the induced metric
with respect to the reference metric without making use of the general result.

Example 2.4. Let L denote a two-dimensional submanifold of R3. By the above considerations
we remain only with the scalar curvature of L and the tension field of the embedding, i.e.

1 1
Wo = ~Scal, — - 2,
0 = 5Scalr 4HT(<P)H

In this setting the scalar curvature is just twice the Gaussian curvature k1 - ko, where k; denote
the principal curvatures. The tension field is exactly twice the mean curvature of the hypersurface,
Le.
1 2
Wo = k1Ko — 1 (Rl + Hg) .

Since the scalar curvature of L is an intrinsic invariant, it is a well-known quantity and
therefore a well-understood term. Another intrinsic invariant is the Ricci curvature of
the submanifold, while the shape operator and the tension field are extrinsic quantities.
Therefore, the tension field is probably the most difficult quantity to explain in our con-
text.

Due to a theorem of Bonnet for embeddings into Euclidean space, the second funda-
mental form is fully determined by fixing sufficient additional data. The statement can
be found in a slightly different formulation in Theorem 5.2 of [CL17].

Theorem 2.5 (Theorem of Bonnet). Let (L, g1,) be a Riemannian manifold of dimension | € N
and m : E — L a vector bundle of rank r € N over L, equipped with a bundle metric b and a
metric connection V. Without loss of generality let L be simply connected and equipped with
its Levi-Civita connection.

Ifw € QY(Hom(TL, E)) is symmetric and satisfies the fundamental equations for submanifolds,
i.e. the Gauss, Codazzi and Ricci equation, then there exists an isometric immersion

v: L — RAT

where NL = E and the second fundamental form of the embedding is w. Moreover i is unique
up to Euclidean motions.

Remark. There are not many results on more general settings, i.e. embeddings into arbitrary
ambient Riemannian manifolds. Recently, in [LR17], a version of Bonnet’s theorem was given
for submanifolds of multiproducts of real space forms. The authors introduce a set of so-called
compatibility conditions, which do not only involve versions of Gauss’, Codazzi’s and Ricci’s
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equation, but many more restrictions that need to be satisfied.
Due to the high amount of constraints stated in this rather simple case, it is not helpful to ask for
a similar result for arbitrary Riemannian manifolds and use this in the following.

2.2 Embeddings of a single point

Let L = {p}, p € M, be a zero dimensional submanifold of the Riemannian manifold
(M, g) and F a fiber of the normal bundle. Then the tangent space is zero dimensional
and Ricyy/;, = Ry, = 0. Moreover, we obtain

Scaly; = Scalp.

The scalar curvature of L as well as the tension field 7 obviously vanish identically.
Therefore, in this case the potential just depends on the scalar curvature of M and is
given by

1
Wg = —EScalM.

2.3 Embeddings of hypersurfaces

In this section we give the formula for W in the case that we deal with submanifolds of
codimension one. Let therefore p: L — M denote the embedding of the hypersurface L
in M and let the dimension of M be m =1+ 1.

Remark. Here, following the usual notation, o and (3 are only equal to m.

This especially means that the fiber curvature R%a 5= RM vanishes.

mmmm

Remark. For any hypersurface L C M we can simplify the notation of the second fundamental
form. Since the normal space Ny, L is one-dimensional for all p € L, there exists a unique normal
vector n (up to sign), which generates N, L, p € L. Let then v be a normal vector field; then, we
define

h(p)(eis ) = () (ei e5), v)
foralli,j =1,...,l and an orthonormal frame {e;};=1 .1 € TL.
Hence, h(ei,ej) € Rforalli,j=1,...,1.

We start with the exploration of an example.

Example 2.6. Let the embedding ¢ of the hypersurface L in M have constant second fundamen-
tal form, i.e. h(y)(e;,e;) = c. Note that ¢ € R, as the remark above demonstrates. Hence, the
tension field is given by

!

T(p) = Z h(p)(ei,e;) =1-c.

=1

Using Gauss’ equation (16) we obtain (no summation!)
RZU = Rf\]/[” - <h(90)(eiv 61'), h((p)(ej7 ej)> + <h(90)(ei’ ej)? h(@)(ejv ei)>7 i,j=1,...,1,
where the scalar products are equal to ¢® and therefore the latter terms cancel each other, i.e.

L _ pM
Riji; = Rijij
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foralli,j =1,...,1. Therefore, the potential can be computed by

2Wélyp

Scaly, — %HT(QD)HQ - % (Scalps + Ricpp + Ranr)

= Z Rz]zg C l Y Z RABAB + Z RzAzA + Z Rz]z]
= Z RZ]’LJ Z lel] Z chwz - a,Ba,B

- 5 C l Z Rzmzm

For arbitrary embeddings of codimension equal to one (not necessary with constant
second fundamental form), using the Gauss’ equation (16), the symmetries of the Rie-
mannian curvature tensor, and the definitions of the partial traces, gives the following
formula for the corresponding potential:

2W0hyp

1 1 . _
Scalj, — §||T(gp)||2 ~3 (ScalM + Ricpp L + RM\L)

= ZRUU H Z h( el? e’L ||2 Y Z RABAB + ZR’LAZA + Z Rzgzg

ZRUZ] <Zh( (€, €i), Zh )(ej,€; >
N Z RUU Z Rzaza - Z Raﬁaﬁ

= ZRW fZ W) (e e0), h(@) (e, 5))
,J

Z Lo+ (h(9)(eire5), (@) (€5, €5)) — (h(9)(ej, €5), () (s, €0)))

- Z Rzmzm
= = Z 6]76] h(p)(ei,ei)) — Z<h((,0)(€i7€j) e]’el ZR”mm

= 5”7—(()0)”2 - Z Hh( 61,6] ” - ZRzmzm
0J

Therefore, the potential just depends on the second fundamental form and some sec-
tional curvature terms of planes in 7M.

Remark. Note that we drop the summation sign here for the sake of clarity. From now on, we
omit these and use the Einstein convention freely, as announced in the introduction.
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Example 2.7. For a plane spanned by two linear independent vectors in R3, the potential van-
ishes, i.e. Wy = 0.

2.4 Embeddings of one-dimensional submanifolds

2.4.1 General case

Let ¢: S! — M be the isometric embedding of a closed and at least C2?-smooth curve
into the Riemannian manifold M. By ¢ we denote the image of ¢ in M. Note that the
scalar curvature of c vanishes.

In terms of the general formula we obtain

W = 5 (Seake = (O = 3 (Sealas + Ry + Ry

1 1 1 1
= —Z”T(@)HQ - ER%BAB - 6R%¢A - ngj‘\g/['z‘j-

Following the usual notation, we obtain ¢ = j = 1; therefore, some more terms cancel.
Moreover, the tension field just equals the acceleration vector of the curve and the term
of the form R%i 4 1s, in this case, exactly Ric% .

Hence, we remain with

1 1. 1
Wg = —ZHT(W)”Q - §RIC% - ER%Q,B-

2.4.2 Unit speed geodesic

In this section we study a very special case. Let
v: St = M,

be a smooth and closed unit speed geodesic of finite length £(+), which is topologically
embedded into M. We use « as an abbreviation for its image in M as well and think of
the graph as a submanifold of dimension one.

By a result in [ES64] (see Chapter 4, p. 125) the tension field in this situation is given by

d2’yA d’}/B d,}/C
T()A(t) = a2 T gCW?&

for all components A = 1, ..., m and the Christoffel symbols F‘gc of M.

Due to the orthogonality of the first and second derivative of v with respect to the
parameter ¢, we obtain (7(7), ‘fi—p = 0. Therefore, () is proportional to the geodesic
curvature vector field along . We obtain the harmonicity of v (see next section), i.e.
7() = 0, if and only if the graph defines a closed geodesic in M. Hence, we can now
assume that the tension field vanishes.
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By Theorem 5.3. in [GV82] we obtain in this situation

vol (y(g)) = vol (B™1(¢)) /0 (1+ A2+ 0 (eY) (v(1)) at,

where )

A= “oma D) (Scalps + Ric%) .
Remark. In this case, following the usual notation, i and j are just equal to 1. Therefore, the
partial trace RY.. vanishes. Moreover, Scal, = 0 and the tension field vanishes because v is a

ijij
geodesic.

Hence, in local coordinates

A= “HmED) (Scalys + Ric]l\{)
= —6(ml+1) (Ripap + Rihia)
= —6(m1+1) (R + 2RNia + Rifas + Rihia)
= —6(ml+1) (3R1414 + Rifap)

Using the above remark for the formula of the potential W leads to
L1 1, o 1 — -
W, = B Scal, — §HT|| ~3 (Scalas + Ricpy /-y + RM/W)
L om M L oom
= _5 (Rijij — Rig1a — 3Raﬁaﬂ>
1 1

Combining this result with the comparison formula above, we obtain that the deviation
of the volumes is basically determined by the potential.

Lemma 2.8. Let v: St — M be a smooth, closed unit speed geodesic of finite length in M.
Denote by L7 (¢) the tubular neighborhood of the graph of v and by B™*(e) the ball of radius
e > 0in R™ 1 around zero. Then, for e — 0 we obtain

vol (Bm—1(¢)) _/0 {1+ (n+1)W3+O(5 )} ((¢)) dt.

We now generalize the previous result.

2.5 Totally geodesic submanifolds

This previous section was written in order to prepare similar results for embeddings of
arbitrary codimension.
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Let L C M be a totally geodesic submanifold, i.e. the second fundamental form II
vanishes identically. Equivalently, let f: L — M denote the embedding of L into M,
then f maps geodesics in L into geodesics in M. This especially means that there is no
deviation in the length measuring between L and M and hence, the tension field 7(¢)
vanishes by definition, i.e. L is also minimal in M.

Remark. Note that a map f: L — M between Riemannian manifolds, with 7(f) = 0 is often
called a harmonic map. For a detailed discussion of harmonic maps see e.g. [ES64].

In this thesis we use the descriptors harmonic and minimal embedding equally.

Example 2.9. Let M = R", then ¢: L — M is harmonic if and only if it is constant. This
follows from an application of the maximum principle and is discussed in [ES64], p. 118. The
characterization gives a hint on the curvature of L.

For minimal embeddings, we obtain a simplified expression for the potential Wy, i.e.

1 1 - —
Wit (y) = 3 <ScalL ~3 (ScalM + Ricpz/r + RM/L)> (y). (18)
We want to rewrite this formula. It turns out that we can express W} just using simple
geometric quantities.

Remark. Note that we will always refer to the scalar curvature of the fiber, when talking about
the curvature of the leaf n=1(x) N L() at a point z € L.

Lemma 2.10. For a totally geodesic submanifold the potential Wy can be written in the form

1 1 1
Wgot(y) — <4SCE%1M + ZSC&lL + mscale) (y)’

where Scalf, denotes the scalar curvature of the (normal) fiber passing through y € L.

Remark. This result is crucial and very helpful for other computations. The formula from
Lemma (2.10) states that whenever 11(y) = 0, the formula for the potential is easy and only
depends on scalar curvatures. The scalar curvature is a very well-understood intrinsic geometric
quantity. Hence, the formula does not only provide a simple condition for Wy to be constant, but
also to prove, if the density is equal to one, i.e. the surface measure coincides with the Wiener
measure on the submanifold.

Proof. Using Gauss’” equation and the fact that the second fundamental form vanishes,
we obtain
(RY(X,Y)2,W) = (RU(X.Y)Z, W), (19)

for all vector fields X, Y, Z, W on T} L.

Since L is a totally geodesic submanifold, the embedding of the fibers F), is totally
geodesic as well. Hence, another application of Gauss” equation (16) gives

(RM(X,Y)Z, W) = (RF'(X,Y)Z,W), (20)

forall X,Y, Z, W € I'(N,L).
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Because the vectors {e4} 41, form an orthonormal frame, by definition the sectional
curvature of an arbitrary tangent plane e; A e, is given by

K(e; A ea) = (e, RM(ei7 ea)ea>> (21)
foreveryi € {1,..,l} and o € {{ + 1,...,m}.

Splitting the sums with respect to the chosen Fermi coordinates, using (21), (20) and the
Einstein summation convention, we obtain

SC&IM = <6i, RM(ei, ej)€j>
= (e;, RM(ei, ej)e;) + 2(e;, RM(ei, €a)éa) + (€as RM(ea, egleg) (22)
= Scal;, + Z Z k(e; A eq) + Scalp.

7 a

Therefore, the sum of all sectional curvatures of the planes spanned by the vectors e; and
eq can be expressed as follows:

Z Z k(e Ney) = % (Scalps — Scaly, — Scalp) (23)

Finally, we are able to obtain the result by

2wt0t
1 N _
= Scal;, — 3 (ScalM + Rica/r + RM/L)
(22) 1 M M
=" Scal;, — 3 ((ei,R (ei,€e5)e;) + (ei, R™ (€4, eq)eq)
(ea, RM(eq,e5)ep) + (ea, RM (ea, e5)es) + (ei, RM (€1, €5)e;))
= Scal, — - ( (ei, RM (ei,e5)ei) + 2(ei, RM (€4, €a)ea)

+<€Oév RM(eOH 6[3)65> + <ei’ RM(6i7 ej)ej> + <6iv RM(ei’ 601)604>)

1

= Scal; — (ei,RM(ei,ej)ej> — <ei,RM(ei,ea)ea> — 7<ea,RM(ea,eg)eg>
(19) 1

3
= _<€iaRM(eia€a)ea> - 7<€a7RM(€Cw€,3)65>

3
(20) 1
= — i\ €q) — 7 Scal
o ;K(e A eq) 3Scap
(23)

1 1 1
= —— 1 — 1 — lp.
28C&M+28C3L+6803F

O

Not only the scalar curvatures are helpful in this context. We will later give a sufficient
condition for the potential to be constant involving sectional curvature quantities.
Moreover, these results support later statements (Chapter 4) and they are the initial
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point for further investigations on the class of totally geodesic embeddings.

We are now going to use the representation from Lemma (2.10) in a different form.

Remark. In local coordinates, the potential can be expressed as
tot 1 1 1
2W° = —fScalM + —ScalL + —Scalp
RABAB + Rz]zg + 6Ra6a6
Rf\a/y[wc - 3Raﬁa6

At the beginning of this section we already stated that there is no deviation in the
length measuring between L and M. We want to comment on the question, whether the
potential is related to a deviation of volume. This relation is more complicated; but at
least we obtain a result on the volume of the tubular neighborhood L(¢) compared to
the Euclidean volume.

According to [Gra74], p. 337, Theorem 3.1, there is a formula comparing the volume of
a small geodesic ball with radius » > 0 in a Riemannian manifold (1, g) around some
point p € L with a ball of the same radius around zero in Euclidean space. We cite

vol™ (B, () 2% vol®" (BE" (1)) {1 - MH " O(r4)} |

Defining V) as the quotient of the two volumes above, we derive
dZVM 1 Scal M
Tde? ‘5 0 3m+2

As W' depends only on scalar curvatures, this indicates that W{°" is somehow related
to the deviation of the volume measure in the above sense.

The investigation of tubular neighborhoods around Riemannian submanifolds has been
presented in different works in the literature. An approach of the volume comparison
by Weyl seen in (17) is closely related to our problem. We use the result in the form of
Gray (cf. [Gra82], p. 203, (1.4)).

The volume of a tubular neighborhood L(e) around a submanifold L C M with radius
€ > 0is presented as

(e (m 1)

(

volM (L(g)) = /{1+A5 +O0(eY) } pr(dy), (24)

where A is given by

1
A= S gy |5 Z R~ Z Riie. = Z Rabas
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For notational reasons, we define A := 2(m — [ + 2) A.

5(m—1)
Again, note that % is exactly the volume of an Euclidean ball of radius ¢ > 0 in
2

dimension m — .

M

In our case, according to the simplified Gauss’ equation (19), the terms Scal;, and R;;;;

cancel each other and a comparison with the remark above shows

Al = g VW)

Therefore, the volume measure deviation of the tube volume compared to the volume of
a Euclidean ball of dimension m — [ for ¢ — 0 is given by

vol(L(e)) 2
vol(B™ () — /L (1 Tmiry o WO (e“)) pu(dy).

Therefore, we have shown the following result.

Lemma 2.11. Let L be a totally geodesic submanifold of a Riemannian manifold (M, g), then
the first relevant correction term of the volume measure is asymptotically given by the associated
potential W,

Remark. By the introductory considerations, this result also holds for minimal submanifolds.
Note that this assumption is weaker.

Remark. The result of Lemma (2.11) indicates that W{°* reflects the difference from the finite
dimensional volume of the tube.

We now want to study an example, which fits the above setting. In [K1i95], p. 95, Theo-
rem 1.10.15, a characterization for totally geodesic submanifolds is given. Without proof
we state the following result.

Lemma 2.12. Let f: (M, g) — (M, g) be an isometry of M. Then every connected component
X of the set of fixed points

{y € M[f(y) =y}

with the induced Riemannian metric is a totally geodesic submanifold.
This characterization helps us to study the following simple example.

Example 2.13. Let n > 1. For the standard euclidean sphere
S" = {(xgy...,xn) € ]Rn+1|:z:(2) + ...+ xi =1}

every k-sphere with 1 < k < n is a totally geodesic submanifold of the n-sphere S™. This follows
from the observation that S* is isometric to the set of fixed points of the map S™ — S™ with

(@0, oy ) = (20, ooy Ty —Tg 15 oy —T)
Throughout this thesis, we will repeatedly refer to this example.

Remark. Note that the fact that L is a totally geodesic submanifold of M, does not give any
information about the embedding of the fibers. But, this is another interesting case to study.



2.6. Symmetric spaces and symmetric submanifolds 35

In Section 7.1 of [ELJL10] we find a result, which is important in our context: The au-
thors state that a Riemannian submersion p: M — L maps Brownian motion on the ambi-
ent space to Brownian motion on the submanifold, if and only if its fibers are minimal. Since
m: (L(1),9sa) — (L,g) is a Riemannian submersion with totally geodesic fibers (see Section
(1.2)), we investigate more facts on Riemannian submersions in detail later (see Chapter 7).

2.6 Symmetric spaces and symmetric submanifolds

We first introduce the relevant definition. All facts can be reviewed in [Hel01].

Definition 2.14 ((Riemannian) symmetric space). A Riemannian symmetric space is a Rie-
mannian manifold (M, g) together with a geodesic reflection s: M — M, such that for every
p € M there exists some s, € Isom(M ) with the properties

sp(p) =p and (sp), , = —idgp,um.

Remark. Note that when referring to a symmetric space, we always mean a Riemannian sym-
metric space.

In this section, (M, g) always denotes a complete and connected symmetric space and
¢: L — M the embedding of an isometrically embedded closed submanifold.

We need additional properties of (locally) symmetric spaces to state and prove the result
we developed in this setting.

Because every symmetric space is locally symmetric, by [Hel01], Chapter 1V, § 1, Theo-
rem 1.3, the sectional curvature of M is invariant under parallel translations. This crucial
observation follows from the fact that the Riemannian curvature tensor R of M is par-
allel with respect to the Levi-Civita connection, i.e.

VRM =

and the fact that g and R are invariant under all parallel translations.

2.6.1 Totally geodesic submanifolds of symmetric spaces

Remark. Note that any totally geodesic submanifold of a symmetric space is a symmetric (sub-)
space itself.

The case of a totally geodesic submanifold L of a locally symmetric space M has been
treated in [SSWWO04a], p. 20, Corollary 5. It has been shown that in this situation
pus = W7 always holds.

Hence, the associated potential W, from Theorem (1.26) is constant, which we see as
follows:
Recall from Lemma (2.10) that

1 1
Wget = —3 Z/{(ei Aeq) — EScalF.

7,00



36 Chapter 2. Interpretation of the potential W, in different settings

If L is a totally geodesic submanifold of a symmetric space, then « is invariant under all
parallel translation and is constant. Hence, W is constant because the scalar curvature
can be written in terms of the sectional curvature.

We want to use these observations to consider more general cases.

2.6.2 Arbitrary embeddings into symmetric spaces

Using the above facts, we are able to prove the following.

Theorem 2.15. Let ¢: L — M denote the isometric embedding of a closed Riemannian sub-
manifold L into a symmetric space M. Then, the associated potential W>™ from Theorem (1.26)
is just determined by the second fundamental form of the embedding.

Proof. Due to the previous subsection, we know that terms of the form Scalp, i.e. R%a P
and k(e; Aey) = RM. ,i=1,...land o, 8 = 1,...,m — | are constant.

By using Gauss” equation and the usual splitting notation, we obtain

svm 1 1 1 — =
Wy = 3 <ScalL — 5“7’(90)\\2 —3 (ScalM + Ricpy/r + RM/L)>

_ %Z(II(SO)(% ei), 1L(¢)(ej. €5))

i?j

N
K3
<.
=5
<

M M
RZ]’L] Rzaza - SRa6a5>

(16)
= —*Z II elael II(@)(6]763)>

—Z ((IL(p) (€35 €5), I1(p) (€5, €)) + (IL(0) (e €5), 1L(0) (€5, €)))
= 5\\7 o) - ZHH )(eir )%

O

Therefore, the potential is completely understood whenever we can easily compute the
second fundamental form and the tension field 7.

Remark. By Theorem 1.3 in [Nai86], we obtain a useful condition: In the case of symmetric
submanifolds of symmetric spaces the second fundamental form of the embedding is parallel, i.e.
covariantly constant. Hence, the density (15) is equal to one.

2.7 General setting

Using the usual index notation and the symmetry of the second fundamental form, we
are able to state a representation for the potential W, differing from the one given in
[Wit11], Theorem 1.
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As already proven above, the potential depends on curvature quantities of the mani-
folds, the second fundamental form of the embedding and its tension field.

Remark. Again note that not only the vanishing terms of Wy are relevant in our context. For the
conditional Brownian motion, we are explicitly interested in all the terms that are non-constant.
Every constant quantity (not necessarily zero) cancels in the density (15) due to the normaliza-
tion, such that the surface measure generated from the conditional Brownian motion equals the
Wiener measure whenever Wy is constant.

Proposition 2.16. Let L C M be isometrically embedded, then the potential given by (13), can
be rewritten as

1
*HT [ Z II(¢)(es, €)1 — R%m — gocalp. (25)

Proof. We take advantage of the computations in the previous sections and derive

1 1 - —
2Wy = Scalp, — *”T( )H2 - = (SC&IM + RiCM/L + RM/L)

= z]z] 7” ( )HQ_ 151 R%@a_ Ra,@a,@

= —§||T(90)H2 - Z<H(s@)(6i, ej), 1(p)(ej, €0)) + ()12

M
Rzaza - Raﬁa,@

1
= 5“7-(90)”2 - Z HII(@)(el? ej)H2 Rz]\ng - Raﬁaﬁ

2
O

Remark. According to [Spi75], Ch. 7, p. 61, the summands R, are not related to other
curvature terms by any fundamental embedding theorem.

As m: L(1) — L is a Riemannian submersion with totally geodesic fibers, soon we
will be able to give another simplification of formula (25). We will investigate this fact
in Chapter 7, where we take Riemannian submersion into view and study different
remarkably properties. Before this detailed discussion, we will first return to the
announced connection between the volume and length deviation of the tubes L(¢) in M
and Euclidean balls of the same radius.

First, we use Gauss’ equation to compare the second order correction term A in (24) and
the expression for Wj we just found.

Another application of (24) is given by

& o) e
de? vol (B;n_l(())>’ » B d62|50/L <1+ 2(m—l+2)A( )+O(€ )) ,UL(d )

:/Lm—ll—i-2g(x> pr(dz).
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The principal significance of this expression is that it allows us to write

Ay = (m 142D (@@ @) ) 26)

e’ \ ol (Bg”-l(()))

|8:0

On the other hand, by definition, we obtain

1
A = Scalp, — R}, — Rl — gRi‘fﬂaﬁ

151 (Yo't 1eY
1
L M M M
= Rijij - Rijij — Rigia — gRaBaﬁ
= RL 1

M M M M M M
ljij—?)(R + 2R;i0 + Ragap + Rijij + Rigio + Rijij)

1917 (fe% e 1517 fe% e 151]
1
RL RM RM RM
ijij g ( ABAB T ftipia + ijij) :
Consequently,

~ 1 _ _
A= SC&IL — g (SC&IM + RiCM/L + RM/L) . (27)

Definition 2.17. Let L C M be isometrically embedded.
1. We denote by k := m — [ the codimension of the embedding.

2. For x € L we define

a(x) = (k+2) vol (BE(0))

2 (volM(L(s) N W‘l(x))> »

Lemma 2.18. The potential is in general given by

1

Wo = sax(z) — I

Proof. The statement directly follows from formula (27) by

1

Wo = 5 <ScalL —3 (ScalM + Ricpy/p + RM/L)> - ZHT(‘P)H2

= 2 A@) ~ LI
O

Whenever 7(y) vanishes, Lemma (2.18) implies that W and ¢, coincide up to a constant
factor. We summarize the results of this section in the following form.

Theorem 2.19. Let L C M be a closed Riemannian submanifold of the Riemannian manifold
(M, g).

1. If L is minimal in M, i.e. T = 0, then asymptotically the associated potential Wy from
(13) is the first relevant correction term in the deviation between the volume of the tubular
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neighborhood of L and a ball in a corresponding Euclidean space. For ¢ — 0 we have

volM (L(¢e))

62 tot
vol(BF(e)) /L {1 Tty W 0(54)} e (dy). (28)

2. For arbitrary embeddings ¢: L — M we asymptotically obtain

VolM(L(s)) B e2 1
Vol(BF(2)) /L {1 T moitY) <Wo + 4IIT(s0)|!2> (v) + 0(54)} pi(dy) (29)

ase — 0.

By Theorem (2.19) we are able to interpret the potential in a significant way, whenever
we know how the tension field of the associated embedding behaves.

Remark. In the literature minimal submanifolds are often referred to as Riemannian manifolds
of vanishing mean curvature. But here we study isometric immersions ¢: L — M which means
11() equals the second fundamental form of L as an embedded submanifold of M. This also
means +7 () is exactly the mean curvature of L in M. Therefore, one has () = 0 if and only
if L is a minimal submanifold of M which justifies the formulation in the above statements (see
[HWOS], [ES64] or [BWO3] for further information).

Proposition 6 in [SWWO07], p.20, relates the second fundamental form to a difference in
the length measuring between L and M. The statement is the following.

Theorem 2.20. For an isometric embedding ¢: L — M and any two points x,y € L, which
can be joined by a unique minimizing geodesic vy, starting at x and parametrized by arc-length
one obtains

. dy(@,y)? — di(z,y)? 1 : : 2
1 = —— |1 w0 (0), A (N7 .
i @) 15 11() (Fay (0), Fay (0)) ]

Let ¢: L — M be an isometric embedding, o € L and ~; a geodesic in L with 7;(0) =
xo and 4;(0) = ¢;, ¢ = 1,...,I. Choose y € ~(I), where I is the maximal interval on
which ~; realizes the least distance. Then we are able to interpret terms of the form (no
summation)

(IL(@) (ei €0), TL() (ei, €4)) = [T (5:(0), %:(0)) |
by Theorem (2.20).

Unfortunately, with the help of this result, we are not able to explain the tension field
completely: Due to the fact that

l

()1 = > ({(p)(ei, €0), TT(0) (€5, €5))

ij=1
we still remain with the terms of the form (II(y)(e;, €;), I1(v)(ej, €;)) for i # j.

But we may conclude that the potential W} is related to the perturbation of the tube
volume (W{°") and the difference in the length measuring (7).
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2.8 Embeddings into space forms

In this section let the ambient Riemannian manifold (M, g) be of constant sectional
curvature K € R, in the literature these spaces are referred to as space forms. The
well-known obvious examples are the Euclidean space R" with curvature K = 0, the
hyperbolic space H" of constant curvature K = —1 and the n-dimensional sphere S™ of
constant curvature K = 1.

According to results from [Car92], Chapter 4, § 3, we introduce the definition of a special
trilinear map.

Definition 2.21. Define a 4-form R € T (A2(T*M) o A*(T*M)) by

R(X,Y,Z, V) :=(X,Z)Y,V) — (X, Y)(Z,V),
for vector fields X,Y,Z,V on M and p € M.
Remark. Note that g ® g = R.

Lemma 2.22. Let R = RM be the Riemannian curvature tensor of the Riemannian manifold
(M, g). Then M has constant sectional curvature K € R if and only if

R(X,Y,Z,V)=KR(X,Y,Z,V)
for all vector fields X,Y, Z,V on M.

Proof. Suppose that the sectional curvature k(X A Y') of the plane spanned by X and Y
is constant, i.e. k(X AY) =: K for each pair (X,Y) € T, M x T,M.
We claim that

(R(X,Y)X,Y)=|X AY|%

Indeed by definition
(R(X, Y)Y, X)

K=kr(XANY)= XATP

and hence

(R(X, Y)Y, X) = K(R(X,Y)Y,Y).
By [Car92], Lemma 3.3, p. 94, we have that k(X AY) = /(X AY) for every plane X A Y,
already implies that the corresponding curvature tensors R and R’ coincide. The other
direction follows immediately.
O

With the help of this lemma and the fundamental equations of Riemannian submani-
folds we obtain interesting facts about embeddings into space forms. Note that we will
use the abbreviation II;; instead of II(¢)(e;, €;), for an orthonormal basis {e;};=1,. ; of
TL.

Proposition 2.23. Let L C M be a closed embedded submanifold and assume M has constant
sectional curvature K € R. Let RM denote the Riemannian curvature tensor of M and R* the
normal curvature. We denote tangential vector fields on L by X,Y, Z and normal vector fields
by ¢ and n. Then
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(Z) <RL(X7 Y)Tla C> = _<[A777 AC]Xa Y>/
(ii)) (RM(X,Y)Z,n) =0,
(iii) in local coordinates we obtain

(a) R, 5 = —K, provided that A # B and R¥, ,; = 0 otherwise,
(b) Rp;; + (Wi, 1) — (W, 1) = — K for i # j,
(c) RlLkij + (Iig, 1) — (1L, 1) = O in all other cases.
Remark. Note that in part (iii) above we did not use Einstein summation convention.

Proof. (i) This is an immediate consequence of Ricci’s equation (cf. [Spi75], Chapter
7.C, p. 38) and the fact that by the above lemma

(RM(X,Y)n,¢) = K (X, n)(Y,¢) — (Y, m)(X,()) = 0
as X and Y are tangential vector fields, while n and { are normal vector fields.
(ii) Direct consequence of Lemma (2.22).

(iii) (a) Let {ea}a=1,..m be an orthonormal basis of T,M, p € M. Remember, we use
the shorthand RY. , , = (RM(ea, ep)ec, ep). From Lemma (2.22) we deduce

RYoap = K ({ea,ec){en,en) — (e, ec){ea, ep))
= K (0acdBp — 0BCOAD)

and thus
R — K (635—1), D=AC=B,
K(1-645), D=B,C=A.
Then, one obtains R}, = —K, provided A # B and RY.,, = 0 otherwise.

Note that this is also stated in [Car92], Corollary 3.5.

(b) and (c) directly follow from (a) and Gauss’ equation (16).
O

With the help of these observations we are able to obtain a simplification for the formula
of the potential Wy.

Corollary 2.24. Let L. C M be a closed embedded submanifold and assume M has constant

sectional curvature K € R. Then the coefficients R}, of the Riemannian curvature tensor of
M are constant.

Proof. In local coordinates, we obtain
Riaia = <R(ei; ea)eom €i>

= K ({e,eq){€q, €i) — (ea, ea) (€, €i))
= K (—llealPlleil?) = —K,

due to Lemma (2.22).
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Therefore, in this special case these coefficients do not occur in the density for the Brow-
nian motion, because every constant summand cancels due to normalization.

Remark. 1. Let L bean (m — 1)-dimensional compact hypersurface isometrically immersed
into the space form M of constant sectional curvature K € R.
From Proposition (2.23) (iii)(b), by summation over i and j, we obtain

Scaly, = Z RE,

:—( —1)(m—2)K +7(p ZHII )(ei €)1

2. In the setting of Example (2.6), with the additional information that M is a space form
of sectional curvature K € R, we hence obtain that the associated potential is constant.
Explicitly, it is given by Wo = —3(c- )2+ K

Example 2.25. Let us again have a look at Example (2.13) and define L := S* and M := S2.
The Gaussian curvature of the spheres is constant. Moreover, the embedding is totally geodesic
and therefore T(p) = 0. This leads to a constant potential for the embedding ¢: L — M.

Note that we have Scalg: = 2 and Scalg: = 0. An application of Corollary (2.24) and the fact
that the sectional curvature of the spheres is equal to one, together with the definitions of the
partial traces gives for the associated potential:

1 1 M M
WO = 5 < 3 (3szz] + 3Rwﬂa + Ra,ﬁaﬁ))

1
M —
2 ( Rzaza) - 2 .
Remark. Note that using the Differential Geometry package of MAPLE® to compute the right
Laplacians and an application of

Wo=p~ QAQP%

it is also possible to obtain Wy = L. But in this case here, the computation by hand is much faster.
For the whole computation in local coordinates with MAPLE® see Appendix E.

Combining all we have computed so far, we obtain that the associated potential for the
embedding S" C R""1, n € N, does no longer depend on the path or the position of the
particles of the underlying Brownian motion. Therefore, due to the normalization, the
corresponding Radon-Nikodym density equals one.

To conclude this chapter, we give some summarizing remarks. In the case that the
second fundamental form of the embedding vanishes, the potential just depends on
scalar curvatures of the participating manifolds. In this case, we also obtain that W} is
the first non-zero correction term in the volume formula of Gray (up to some constant).
Furthermore, this connection holds true for minimal submanifolds. In the general case,
the first relevant correction term includes the tension field as an additional quantity.
Hence, we are able to state that the potential W} is very well understood, whenever we
know how the tension field of the embedding behaves.

Next we analyze the geometry of the tubular neighborhood and develop relevant for-
mulas for the proof of the main theorem.
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Chapter 3

Geometry of the tube and the
perturbation

In contrast to the representation in local coordinates for the metric gs, given by formula
(3), there is another approach to define the induced metric and the Sasaki metric without
using local coordinates. This coordinate-free representation is discussed in the following
section and based on geometric arguments using Jacobi field theory.

With the help of these arguments we present another formula for the Radon-Nikodym
density p from Definition (1.25).

3.1 The induced metric and the Sasaki metric

3.1.1 The geometry of the normal bundle

Let W € NL and n: NL — L denote the normal bundle. Furthermore, we define
7W = (W) := x € L. As already seen in Chapter 1, we are able to identify the tube
L(1) with a neighborhood of the zero section in NL. The normal bundle NL can be
equipped naturally with a metric g induced by the metric of the ambient manifold M
and an associated metric connection V = VM. Our notation follows [Koz08], Section
1.1.

Let X be vector field in T}, L and ¢ a normal vector field. A computation shows that
L M+
Vx(:= (VX ¢ )

defines a linear connection on NL. This connection is related to a bundle morphism
K+: TNL — NL,which is uniquely determined by the following two conditions.

(1) For every z € L and every W € N, L the restriction
Ki : TywN,L — N, L
is a canonical isomorphism.
(2) For every section ¢ of NL and a vector field X on L, we have

K (X)) = VxC.

Definition 3.1. 1. By
le N,er — TwNﬂwL,
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we denote the flat parallel translation along the fiber.

2. The map introduced above is called connection map of the normal bundle, i.e. the natural
connection V+ on N L induces the connection map

Kiy: TwNL — N,L, Kiir(¢(X)) = VxC.

3.1.1.1 Horizontal and vertical lifts

Here we just give a brief summary of the most crucial facts. For more information in
a similar case see [Sak96], Chapter 2.4. We use the decomposition of the tangent space
Tw N L into horizontal and vertical subbundle, i.e.

TwNL = $wNL © By NL, (30)

where Hy NL := ker(Kj;,) and By NL = ker(ms ).

Due to the decomposition we can now describe the (unique) horizontal and vertical lift
of a vector field.

Definition 3.2. For Q € TrwNL we write Q = (X,V) using (30), with X € TrwL and
V € Nyw L. We now define the vertical lift of Q) as

VY i=JdwV. (31)
Moreover, we define the unique horizontal lift X" of Q by
mew X' =X
and Ky X" =0,
such that V¥ + X" € Tyy N L.

Remark. 1. The definition of the horizontal lift depends on the connection, while the vertical
lift can be defined independently.

2. The covariant derivative of a normal vector field is a (smooth) path in N L. The correspond-
ing velocity vector field evaluated at zero is the horizontal lift of the vector field.

There are other approaches to define vertical vector fields introducing vertical curves in
a vector bundle first. For further details see e.g. Chapter 6 in [DP11].
3.1.1.2 Lifts in local coordinates

To better understand the curvature of the normal bundle and to discuss the connection
on N L, we have a closer look at the horizontal lift of a vector field.

Let the standard vector fields be denoted by 0; = 8?01» and 9, = %. Moreover, denote
by Z = Z'0; + Z“d, € NL a representation of Z. By definition one obtains

m (Zh) = Zaow) (32)

for the horizontal lift of a vector field Z evaluated at W € N L.
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Remark. Equation (32) implies Z" is w-related to Z. Moreover, by definition of the lifts the zero
vector field Opr in M is m-related to any vertical vector field Y.

Let U C L be such that N L is trivial.

Lemma 3.3. The horizontal lift of the standard vector field 8; on w1 (U) is given by
0" = 0; — w'Cy,a.

Proof. Assume that 0 = Z70; + Z*8,. Due to equation (32) we directly obtain Z7 = ég .
By definition of the connection map in local coordinates (see e.g. [Yam06], Section 1.1)
any horizontal vector field X" satisfies K+ (X") = 0. Hence, in local coordinates we
obtain Z“9, + C5, Z “whd, = 0. Inserting the expression for Z' yields the formula for the
lift. O

A proof for the representation of the horizontal lift in local coordinates on the tangent
bundle can be found in [Fab11], Lemma 1.14.

Next, we prove a connection between the horizontal lift and the curvature. Note that all
Lie brackets are taken with respect to the Sasaki metric on N L.
Remark. 1. By definition of the vertical lift one obtains [0}, 0] = 0.
2. The following equations are valid at (x,w) € L(1): 0;27 = 63, daw?® = 85, dw™ =0
and O,x' = 0.

Lemma 3.4. Let Rt denote the curvature of the normal bundle, i.e. the curvature tensor accord-
ing to V+ on NL. Then

h ah v
[81 ’a] ]S(MW = R m’jw“&,.
Moreover, it is

(X" Y saw = [X, Y] + Qw(X,Y)",
for X, Y € I'(T'L), where

= w*RH(X,Y)eq

QW(X7 Y) ‘7’1’71([])

denotes the curvature two form of U C L in local coordinates.

The proof follows the ideas given in [DP11], Proposition 6.6. Moreover, the result is a
different formulation of Lemma 5 in [BY89] and a similar result was shown in [YP09]
and [GKO2] for the tangent bundle instead of the normal bundle.

Proof. First, we outline some results using the second remark above and the fact that the
coefficients of the connection C}; = C};(x) depend only on the coordinates on L, ie.
covariant differentiation into the direction of the fibers is equal to zero. Applying the
chain rule we obtain

Ou (07C150, ) =(0aw")CYady + 07 (aCls) By + w7 Cly0a0
=C%,0, + w3000,
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and analogously
0 (w70, ) = w (B:CYs) 0, + W Cly0,0,.

The computation of the Lie bracket [8?, 8Jh] Sa,w is now based on the following obser-
vations. We know how the horizontal lift of a standard vector field looks like in local
coordinates (see Lemma (3.3)). By anti-symmetry, the definition of the Lie bracket and
the above remark we obtain

[azhv 8]}}]Sa,W
= [0; — w'CE,0a, 05 — w30,
= [W'CE, 00, w’CY30,] — [0;, W C¥30,] + [0;, w'C,0a]
= w"C5,CY,0, + W' Cw’ Cl3040,

— w’CYC8 00 — w’ClawhCE,0,04

— wP9;CY30, — wPCY30:0, + w’CY30,0;

+ w0 Ce 0 + W' CE0;0 — W CL,0a0;

= w"Ce,CY,0, — wPCY3C80, — w’0;C%50, + wh0;CoDa.

By definition of the curvature in local coordinates and renaming the summation indices
suitably, this finally equals
v
R* pigwhoy.

In the general case for X = X'0; and Y = Y9 it directly follows that the horizontal lifts
are locally given by

X" = (X"om) (0 — w"C5,0a) and Y" = (Y7 o) (aj —~ wﬁc;ﬂay) :
To shorten notation we define d; := 0; — w“C’i‘Lﬁa and d; := 0; — w? C]’-’E(?V, respectively.

By definition of the Lie bracket we finally obtain

(X" om)di, (Y7 o) dj]

(Xi o 7'(') d; ((Yj o 71') dj) — (Yj o 71') d; ((X’ o 7T) di)

= (X"om) (6;5d; + (Y7 o7) (di(dy))) — (Y7 o) (6jd; + (X" o) (dj(dy)))
(

Inserting the expression for the Lie bracket of the standard horizontal vector fields yields
the statement. 0

3.1.1.3 Lift and inverse lift

A special case of (30) is the canonical decomposition

TowNL =T, wL® NywlL.
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Now we want to study the horizontal and vertical lifts of the respective vectors according
to this decomposition.

Definition 3.5. 1. The lift Ly : Trw L ® NxwL — Tw N L is given by
Lw(X,V) = (Xh,V“> — 7,

where X" denotes the horizontal lift and V'° the vertical lift as in (3.2).

2. Wedefineexp: NL — M by exp(W) := expy (W) := vy (1), where ~yyy is the geodesic
in M defined by yw (0) = z and Ay (0) = W.

Corollary 3.6. The inverse lift /J;Vl :TwNL — TrwL @& NywlL is given by
Loyt Z = (mwZ KwZ).

Remark. The map L only depends on the geometry of the normal bundle, i.e. the metric and the
induced connection on N L.

Lemma 3.7. The normal bundle can be equipped with a Sasaki metric (-,-): TNLxTNL — R
by

(Z, 2"y saw = (Lt Z, Lyt Z Y- (33)

Proof. If N L is equipped with the Sasaki metric gg,, the projection 7: NL — L is a Rie-
mannian submersion with totally geodesic fibers. The characterization due to Reckziegel
(see Section (1.2)) follows from the decomposition (30) and the definition of the lift. [
3.1.2 The geometry of the embedding

We further study the geometry of the embedding using Jacobi field arguments. First we
define the objects involved. We need to fix the initial conditions for the Jacobi field and
its first derivative.

Definition 3.8. Recall that Ay, denotes the Weingarten map in direction W. Then we define
Sw:TwNL — TrwNL, SwZ := —Aw(TF*Z) + KwZ.

Remark. Let Z € Ty N L be decomposed as Z = X" + V. By linearity and the definitions of
horizontal and vertical subspaces we obtain

SwZ = —AwX +V.

Definition 3.9. Let Py : Trw L @ Trw NL — Ty N L denote the parallel translation along
the geodesic vy, defined in Definition (3.5).

Remark. If M = NL is equipped with the Sasaki metric gs,, then Py = Ly and the tan-
gent map of the corresponding exponential map is the identity on the tangent space Tyy N L, i.e.

exp*7W = idTWNL'

Definition 3.10. We define the linear endomorphism Aw : Trw NL — Trw N L by

Aw = PVT,I o exp, y oLw .



48 Chapter 3. Geometry of the tube and the perturbation

Remark. In the situation of the remark above we have Ay = idr, NL..
Proposition 3.11. a) The endomorphism Ay from Definition (3.10) is given by
Aw (L Z) = Py €(0),
for Z € Tyw N L and a Jacobi field £ along ~w .

b) With the notations above we obtain
1
Aw (L' Z) = Aw((X, V) =X +V — Aw X — SRV, X)W
1 1
= G VWRW, X)W — cR(W,V = Aw X)WV + O (w*) . (34)

Remark. Note that, whenever the Landau notation is used, we simply write O (|W||) instead of
O (IW1]), as W] — 0.

Remark. For (X,V) = E;VlZ the Jacobi field & is given by the initial conditions £(0) = X and
%(O) = (—AwX,V) = SwLw (X, V). Moreover, due to the Jacobi equation we have

D%¢

T —R(w, ) yw, (35)

where R denotes the Riemannian curvature tensor corresponding to the induced metric on NL
which was chosen above.

Proof of Proposition (3.11). a) This result directly follows from the standard theory of Ja-
cobi fields, i.e. that the differential of the exponential map defines a Jacobi field (see
e.g. [Car92], p. 110 ff.).

b) The basic idea of the proof is to evaluate the Taylor series. With the aforementioned
notations, for Z € Ty N L, we obtain

Z% L (0)+0 (IW) (36)
k=

by Taylor’s formula.

Substituting the initial conditions of £ and the Jacobi equation (35) into (36), we
are able to evaluate the zero and first order terms explicitly. We now proceed by
computing the third derivative of £. It remains to prove that the fourth derivative is
of order |W|*.

For reasons of abbreviation we omit the dependency of the time parameter ¢ in most
expressions.
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We compute the third derivative by using the Jacobi equation first, then applying the

product rule and using the geodesic equation (i.e. ‘%’V = 0) for yw. We obtain
D3¢ D . .
0= [R(’YWMS)'YW]‘t:O

- (CT@W(O)@(O)WW(OO o R <ﬁw<0)7 35(@) w (0).

Inserting the initial conditions for v and ¢ and using the fact that %I o= Vwh, it
follows that

D¢

W(O) = -VwR(W, X)W — R(W,-Aw X + V)W.

Our next goal is to prove that the fourth derivative is already of order ||[W||. By an
application of our last results, we find

D¢ D (DR, .. De
W(O) Tt (dt(’YW’@VW +R <'YW; dt) ’YW) ‘t:O
D?R DR
= — <dt2‘t:0(W, X)W + s (W, —Aw X + V)W
DR
ot oo AWK V)W 4 R, (= ROV, X)) w)
=0 (vl

Combining these results we conclude

1 1
Aw(X,V) = X +V = AwX = SRV, X)W — SV R(OW, X)W

1
- 6R(W, V—Aw X)W + 0O (|W]").

Having this expansion on hand we compute the asymptotic of the induced metric g.

Proposition 3.12. Let Z = Lyw(X,V),Z" = Lw(X",V') € TwNL and RwZ :=
R(W, Z)W. Then the induced metric gy on the tube is given by

(Z,Z')w
() 6 D3 8- (U™ D] () -ewmm,

Proof. By the properties of the exponential map, i.e. exp is an isometry on a small neigh-
borhood of the zero section in N L to the tube L(1), and the fact that the inner product is

—o
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invariant under parallel translation we conclude that

<Z7 Z/>W = <exp* w O'CW(X V) €XPy W O‘CW(X/ V/)>
= <PW O €XPy.w oLy (X, V) Lo XDy, W oLw (X', V' ))xw

We now continue the computation of the metric by using a decomposition of the objects
into their horizontal and vertical parts. Therefore, we obtain the representation

12
e () - (3 56) (),

Due to the fact that Ay, = Aw and Ry, = Ry, we deduce
(X, Aw X'y = (Aw X, X')

and
(X' R(W, X)W) = (X, R(W, X"\W).

Furthermore, note that the Weingarten map Ay acts on the tangent bundle and therefore
vertical vectors are orthogonal, with respect to the Sasaki metric, to vectors of the form
Ay X.

We now combine the upper result (37) with formula (34) and obtain

<Z7 ZI>W
= <~AW(X7 V)7 AW(le V/)>TI’W

1 1 1
= <X +V = AwX = SRW. X)W — cVw R(W. X)W — cR(W,V — Aw X)W,

1 1 1
X4V = Aw X' = SRW, XYW — Vw RW, X)W = <R(W, V' — AWX’)W>
W
+O (W)
= (X+V,X'+V") o+ (X, —AwX") o+ (—Aw X, X") + (Aw X, Aw X")_,,
1 1
+ <X, —SR(W, X’)W> + <X, — SRV, V' — Ay X)W
W
1

n <v, L x W>
2 W

1 1
+{X',——RW, X)W ) +{X' ——R(W,V — Ay X)W
2 W 6

1
+ <V, —ROVV! — Ay X)) W>

1 1
+ <v’,—23(W, X)W> <V’ —gROVV — Aw X') W> O (IW1F)
W

= <’C‘;/1Z7 'Ca/lZ/>7TW -2 <AWX’ X/>7rW + <AWX’ AWX >7rW
— (X, RW, X"\W)_... + <X, —éR(W, V’)W>
W

4 <v, Lrw, X’)W> + <V, Lrow, V’)W>
2 W 6 W
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1 1
+ (X', —=R(W, V)W + (V' —=R(W, X)W
6 2
W W

1
+ <V’, —ER(W, V)W> +O (IW11%)
W

= (LW Z, L3 2"y —2(Aw X, X")_, + (Aw X, AwX") .,

— (X, R(W, X")W) V', R(W, V)W)

1
7TW_§< W

- g (V.ROW, XYW — % (X, ROV, VYW +0 (W)

To conclude that the metric can be written in the above block matrix structure, we just
have to use the decomposition of the tangent bundle of N L into horizontal and vertical
parts. Due to Reckziegel both subspaces are orthogonal with respect to the Sasaki metric
which gives

(L' 2, Ly} Z") = (X, XT) +(V, V)

(x\'(1 0\ (X

S\V/) \0o 1)\V')"
The representation of the other terms follows by definition of the Weingarten map and
formula (38). O

Formula (37) and E;Vl = 7. ® K+ allow us to reformulate the result in a more compact
way.

Corollary 3.13. Let Z, Z' € Ty N L. The induced metric is given by

<Z7 Z/>W :<Z/{WZ7 Z/{WZ/>W,Sa
=(Aw Ly Z, Aw Lyt Z') 1, + (Aw Lyt Z, Aw Lyt Z') N,

where Uy = Ly o Ay o 5171/1'

Remark. The latter formulation leads to an invariant representation of the Sasaki metric ggq,
i.e. we are able to reformulate the representation in local coordinates given in (5) in a coordinate
independent manner. The map Ly and its inverse L;Vl can be represented by triangular matrices

of the form
1 —w“C’fiﬂa
0 1

and its inverse matrix, seen in Chapter 1.

Before rescaling the metric, we first compute the dual metric with the help of the Neu-
mann series (see Appendix (B.11), p. 142). Furthermore, we transfer the concept of the
lift to the cotangent bundle T7;, N L.

Lemma 3.14. The dual metric is given by

_ Aw 0 RIL 4342 2Ri2
gt =1 +2< oW 0) + < Wng w %R%> +O (W) . (39)
3w 3w

Proof. We first observe that by Proposition (3.12) the induced metric gy is given in the
form
gw =1—wA —w?B + O(w?),
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where A and B represent the parts of the metric of order ||W|| and ||W|?, respectively.
Let us compute the inverse metric as

(1 - wA—w?B+ O(wg))_1
=1+ wA +w?’B + (wA + w?B)* + O(w?®)
=1+ wA +w*(B+ A% + O(w?).

Hence, we obtain

1 (10 24w 0 RiL— A%, 2RIZ 44%, 0 3
gW_<0 1>+<0 o) "\ zry 1rz) T 0 o +O([WIP),

[

which proves the result.

Remark. Note that this formula is coordinate-free.

More information about the dualization is given by a decomposition of the cotangent
bundle. We want to describe the dual lift.

Definition 3.15. The dual lift L3, : T, NL — T;L ® N L is given by

Ly () = (kwn, Jiyn),

where kyy denotes the dualization of the horizontal lift.
The inverse dual lift (Ly;})" is given by

(Lh)" (€,0) = T ¢ + (Kip)*C.

Remark. With the help of this definition every form n € 1Ty, NL can be decomposed in the
following way. Forn" € T L and n'* € N} L we have

n=(Ly')" (UTWL)

3.1.3 Rescaling the metric

In this subsection we investigate the tubular neighborhoods L(1) and L(e) of the Rie-
mannian submanifold L in detail. With the help of a rescaling map we obtain a dif-
feomorphism between these tubes. According to this relation we are able to translate
problems on tubular neighborhoods of variable diameter into perturbed problems on
the tube L(1) of fixed diameter.

Definition 3.16. For ¢ > 0 the map o.: NL — NL defined by o.(W) := W is called
rescaling map.

Remark. Recall that we simply write o.: L(1) — L(e).
Lemma 3.17. The differential

Oex, W - TwNL — TawNL
is given by

Ly 00w o Lw(X,V) = (X,eV). (40)
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Proof. This is a direct consequence of the definition of the objects involved. The rescaling
map is invariant on the horizontal subspace and rescales vertical vectors with factor ¢.
Using the decompositions Ly (X, V) = Z and E;VlZ = (X, V), and the definition of

Loy TewNL — T L & Nyw L
we obtain (40). O
Moreover, we study the dual rescaling map which is given as follows.
Lemma 3.18. Let 0} : T}, NL — Ty, NL and n € T}, N L be decomposed as
n=mn"+Kpy)n".
Then we obtain
Lhyoin=(Pi+e'Ry) Liyn = (n" 70",
where Pr: T,NL — T,L and Py: T,NL — N,L denote the orthogonal projections onto
tangent and normal space.

Proof. The projection map 7 is invariant under composition with the rescaling map, i.e.
mo o, = m. Now we have

fwotn = Liwor (70" + (K)ot
For the tangential part the identity

*

Liwoimn' =Lay(roo)n' = Liyn™n'
Loy (70" ) =",
holds by definition of Lj,.

Using K VLV o Jy = idyy and the fact that o..J.)y = e~ 1Jy, we prove for the vertical part
£:WU:KI*/ 77L ZJE*WU:(KVLV)*Wl
=(oco0 aW)* (KXJ/_V)*WJ'

zs_lJWKVLVnL = 5_17#.

Now we are finally able to introduce the rescaled metric.

Definition 3.19. The rescaled metric (-, -, ). w in W € NL is defined by
<27 Z/>€,W = <Ue*,W27 05*7WZ/>5W'

Remark. We can express the rescaled metric in the following way:

<Z, Zl)s,W = <Us*,WZa Us*,WZ,>EW
= <Ua*,W © ‘C’W(Xa V)’ Ocx,W © 'CW(le V/)>5W

= <['gv%/ © Us*,W‘CW(Xv V)» *C;v%/ O Ocx,W © LW(X,, V/)>TWEWL®NWWL
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= <A6W£E_V]f/ o O-a*,WEW(X7 V)7 AEW»C;V%/ o O-E*,W[’W(X/7 V/)>
= (Acw (X +eV), Acw (X' + V")) ..

(@) oG @),

Hence, we obtain a slightly easier formulation, i.e.

gew = <(1) g) geWw <(1) 2) . (41)

Now we proceed by computing the inverse of the rescaled metric as well.

W

Lemma 3.20. The dual rescaled metric g_,, is given by

_ 1 0\, 1/0 0
9w = <0 €2> +3 (0 R%%) +0(e). (42)

Proof. By the product representation (41) the inverse metric is given by

/1 0\ /1 o0
Jew =\o e 1) 9w \g 1)

Moreover, due to (39), we know
1 (10 Aaw O R +342%, 2RIZ, 3

Matrix multiplication yields

1 0\/A B\(1L 0\ _( A ¢&'B
0 et)J\C DJ\o ') \elC 2D
which implies (42).

O

Next we establish a representation of the induced metric as a perturbation of the Sasaki
metric.

Definition 3.21. Let the rescaled Sasaki metric be defined by

<Z7 Z/>Sa(5),W = <05*,WZa Us*,WZ/>Sa7£W-
Remark. According to the definitions of the lifts we obtain
<Z7 Zl)Sa(s),W = <0€*,WZ’ 08*,WZ,>Sa,5W

— <[’5_I/%/ 00w, E;V%,UE*’WZ/%W
= (Lo} 0 0cuw 0 Lw (X, V), Lo 0w © L (X, V')

“(0)6 ) ().,

W
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which demonstrates

1 0
9Sa(e),W = <O €2>

1 (1 0
9Sa(e)w = 0 2/

The announced perturbation result is given in the following proposition.

and

Proposition 3.22. For the dual induced metric g—* we asymptotically obtain

- _ 1/0 0
9ow = Isaew + 3 (0 R%f,) +0(e).

3.2 The associated Radon-Nikodym density

In this section we want to compute the associated Radon-Nikodym density

B ( detgyy ) 2
P detgsq(1),w
of the volume form of the induced metric with respect to the volume form of the Sasaki

metric. We use the expression given in Lemma (3.14) for the metric g to compute p
asymptotically. Set

gw =1+ X0 1 X Lo (W),
where X(1) € O(||[W||) and X® € O(||W||?), more precisely
2
XM = <2AW O> and X® = — <R‘1"¥ ~ Ay §R§§> .
0 0 sfwy 30w

Let z € L be fixed and (e;);=1,..; C T,L an orthonormal basis. Recall that the tension
tield 7 is given by

l
T = Z I1(e;, €;).
i=1
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Using the connection between the Weingarten map and the second fundamental form
we obtain

l

tr(Aw) =Y (ei, Awes)
=1
l

= Z <H(ei, ei), W>

=1
l
— <ZII(ei,ei),W> = (1, W).
=1

Moreover, the same arguments yield

tr(A%,) = tr(A} Aw)

(Awei, Awe;)

Il
.MN

s
Il
—

I
MN

l
Z ei, Awe;)(e;, Awe;)

<.
Il
-

Z (e, e5), W)?
ij=1

Let us now compute the determinant of the induced metric with the help of the expan-
sion above. We obtain

det(gw) = det <1+X @ 40w ))

= det <ex (X<1> +X® % <X(1))2 +0 (HWH3)>>
= (tr x4 x( )—1(X(1)>2+O(|WH3)>>

2

1 2
= exp (tr <X(1) +X® 3 (X(1)> )) +O (IW]P)

2
_ WLy _Lxm)y?) 1 W4 x® _ 1 (xm)?
—1+tr<X +X 2<X )>+2tr<X X (X )
+O (W)

1 2 1 2
_ W4y _ 1y L (x
_1—|—tr<X +X 2<X )>—|—2tr(X ) +O (IIw)?)

Because we have the identities
tr (X(l)) = —2tr(Aw),

tr (X(l))2 = 4tr(Aw)?,
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tr ((X(l))z) = dtr (A})

and tr (X®) = —tx (RY) + r (43) — sor (RR).

we find
det(gw) = 1 — 2tr(Aw) — tr(Afy) + 2tr(Aw)® — tr (Riy) — %tr (Rip) +O (|IWP) .
(43)

Moreover, det(gg,(1),w) = 1, is obvious from the definition.

Now, we have all the information on hand to develop a new formula for the Radon-
Nikodym density.

Proposition 3.23. The density

B ( detgyy )é
P detgsayw /)
is asymptotically given by
1 1 1
p = exp <—tr(AW) — §tr(A%V) — §tr(3§5) — Gtr(Ra%)> +O (|W]*). (44)

Proof. The basic idea of the proof is to express det(gy ) given by (43) as an exponential
function. We obtain

1
det(gw) = exp <—2tr(AW) —tr(AY)) + 2tr(Aw)? — tr(Riy) — gtr(R%&) - 2tr(AW)2>
+ O ([|[W]*).
The asymptotic formula (44) then is an immediate consequence of the definition of p. [J
This representation enables us to state another density formula.
Proposition 3.24. The logarithmic density log p is asymptotically given by
1 1
logp=—(r,W) =Y (I(es, e;), W) — 5tr}%& — gtrR%f/ +0 (|W]?). (45)
1]

Proof. This is a direct consequence of formula (44). O

Proposition (3.24) is a slightly different representation for the logarithmic density than
the one given in [Wit11], Lemma 3.

We proceed to discuss the connection between the density p and the potential W in more
detail in the following chapter.






59

Chapter 4

The connection between 1/ and p in
different settings

We briefly review which objects we need to fix to compute the asymptotic behavior
of a given metric on the tube in the situation introduced before. At first we focus on
the general situation already discussed in Chapters 1 and 3 and use the main results
of [Witl1] and [Wit08]. Afterwards, we slightly modify the setting for the proof of our
main theorem.

So far, we studied only embeddings L C M of closed Riemannian manifolds into some
ambient Riemannian manifold. In this chapter, we generalize and transfer the situation
to arbitrary vector bundles E over the closed Riemannian manifold (L, gr), i.e. we
study the embedding of L by the zero section into the bundle. And then construct an
isometric embedding of L into some neighborhood of the zero section equipped with a
new metric.

Moreover, we demonstrate how the involved curvature objects determine the situation.
In this context we study small perturbations of the objects and observe the behavior of
the potential Wy, as well as the density p, in this new setting.

The main theorem of this thesis is given at the end of this chapter where we investigate
which smooth functions f € C°°(L) occur as a potential for an embedding L C E.
4.1 The initial situation

Starting with a closed Riemannian manifold (L, g1,) isometrically embedded into an am-
bient Riemannian manifold (M, g) we obtain the following inclusions:

LCL(1)C M.
As a direct sum of vector spaces we have
Ny Lo T L =T, Mg,

for all z € L. Due to the decomposition of the tangent bundle of M, we can equip NL
with a metric using the restriction of g onto VL, i.e.

W, VN .= W, V)g1Mm,
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forall W,V € NL C T M. This defines a bundle metric on the normal bundle N L, which
we simply call the induced metric.

Using the tubular neighborhood theorem (cf. [Kos07], Chapter III) and possibly a
change of the length scaling, we obtain a diffeomorphism exp: NL(1) — L(1), i.e.
for every 0 < ¢ < 1 there exists a diffeomorphism of the e-neighborhood L(¢) onto
NL.(0) C NL.

Let further 7: L(1) — L be the projection of some g € L(1) onto the point § € L with
the least distance (with respect to the induced distance function of M). Moreover, let
p: NL(1) — L be the projection onto the base point. We obtain the following commuta-
tive diagram:

Note that 7 is induced by the projection map of the normal bundle.

We denote the embedding of the tube (inclusion map) and the submanifold by
j: L(1) - M and ¢: L — M.
We just deal with isometric embeddings ¢, i.e. by definition
gL = ¥"g.
Moreover, the induced metric on L(1) is given by j*¢ and therefore denoted by the same

symbol g.

On the other hand, we can equip the normal bundle with the Sasaki metric, which is
given by (3) in local Fermi coordinates. Remember that 7 turns out to be a Riemannian
submersion, whenever N L is equipped with the Sasaki metric.

Thereby, we are able to compare both metrics on the tubes. By [Witll], Lemma 1,
we know that the induced metric g is a perturbation of the Sasaki metric gg,. For
completeness we give the result obtained there in the following. We first need to express
g in local Fermi coordinates as well.

We define 9; := % and 9, := awia fori=1,..,landa=1,..,m—[l. LetW = whe, € NL
be a section and Ay : TL — TL the Weingarten map in direction W. According to
[Witl1], Lemma 1, the induced metric of the tube can be expressed using the Sasaki
metric, the Weingarten map and the curvature tensor R of M. We use the abbreviation

(Ricw ) ap := (R(04, W)W, 0p).

By the symmetry relations for the curvature tensor R of M and the definition of the Ricci
map Ric we obtain the result as
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g9(z,w)
oAy Al + (ROV.0)W,0,) | 3000, ROV.05)W) 1\
A (00, ROV, 017

2Aw;; + A2 W)ij ‘ RICW ij ‘ % Ricy) 15
Rch Bi ‘ % Ricw )a

‘ 2
3
l
3

- gSa(xa w) -
+0(HWH3)~

Additionally, we need a metric connection on N L. On T'M we can choose the Levi-Civita
connection V9 with respect to ¢g. Then, for W,V € I'(NL) there exist smooth extensions

I/IN/, VonTM. Hence, we are able to evaluate
g =
ViV e I'(NL).

Let Pyr: TNL — NL denote the projection onto the normal bundle N L; an application
of Py, to a section Z € I'(N L) again yields a section in N L. Using the properties of the
connection and the definition of a projection shows that

VgV i= Pyi(VEV)

is linear and the product rule holds. Therefore, V indeed defines a connection on N L
(the induced connection).

Using this information combined with the representations of g and gs, we are able to
give the asymptotic representation of the logarithmic Radon-Nikodym density from
[Witl11], Lemma 3, p. 22, i.e.

1 1 . 1.
log(p(W)) = —trAw — §tr (AIQ/V) - i(RmW)M - E(Rlcw)ag +0 (HWHS) ,

where we used the abbreviations introduced above.

Note that this is basically the same result we computed without the use of local Fermi
coordinates in (45).

4.2 Rescaling of the quadratic form family associated to the per-
turbed metric

Let g, denote an arbitrary metric on the tube L(¢). By Friedrichs’ construction (see Ap-
pendix C) the Dirichlet Laplacian

A.: Hy N H? (L(¢),gr) — L* (L(¢), gr)
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corresponding to g, on L(¢) is associated to the quadratic form
ge: Hy (L(¢),9,) — R,

where
a(f) = [ dfl ).
L(e)
Due to [Wit11], Lemma 5, p. 27, the map X.: L? (L(¢), g,) — L? (L(1), gsa) given by

2
Y. f = (\/z—:m*lpf) oo, =0} (\/z—:m*lpf) (46)
is a unitary isomorphism.

With the help of this map, we investigate our problem on the fixed model space L(1).
In this context we first describe the process which explains the connection between the
potential 1, and the density p, stated in Section (1.5). The computations in this sequel
are based on Chapter 3 in [Wit11].

The potential W; on L(1) can be computed from the rescaled form family, which is given
as follows.

Definition 4.1. The rescaled form family q(c,-): H} (L(1), gsa) — R is defined by
a(e, f) =g (511) - (47)
Remark. The action of the inverse of the rescaling map is given by
_1
5= (fsm”p> S S

In the following discussion we will see that the potential W can be computed from the
Radon-Nikodym density p in different ways.

Definition 4.2. Let p = dm,, /dmg, be the Radon-Nikodym density of the volume forms asso-
ciated to g, and gs,. We define the smooth potential W1 € C*°(L(1)) by

1 1
Wi =—5Alogp+ ldlogpl?, (48)

where the Laplacian and the norm are chosen with respect to g,.

Lemma 4.3. The potential can be computed by
Wi =p2lp . (49)
Proof. We use the definition of the Hodge operator x associated to g, and obtain

p%Ap_% = p% (*d* dp_%)

1
oo (34
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()
2 p
11 _1
= —gp? (*d (p 2 % dlogp))
11 1 s _1
= —§p2 (* (—2p 2dpAxdlogp+p 2dx dlogp))
1 1
= Z*(dlogp/\*dlogp) — i*d*dlogp.
The statement now follows from the fact that x (dlog p A x dlog p) = (dlog p,dlogp). O

Remark. 1. Note that Wy = Wh is the potential introduced in (13).

2. The sign depends on the choice and sign of the underlying Laplacian and may differ in the

literature.

To justify Definition (4.2), we prove the following characterization of the rescaled form

family.

Lemma4.4. Let f € HYNH? (L(1), gsq) and ||- || denote the norm associated to g, () = o gy.

Then the rescaled form family is given by

4. f) = /L o (1712 = W Y msa ),

where W, = ol Wj.

Proof. By formula (47), first of all we need to compute

dy;'f=d ((s"”p)_é 051*(f)>

_ (6’”_10)_% AoV () + o (f) d (€m_lp>
=TT (f) - 2o () (o)

2

|
—t
N
IS
o
—
*
—~
kh
S~—
\
| =
Q
L
*
=
S
o
o
)
~~_

It follows that

ld S fII7 = (d ST f,d S ),

= o { (a2 (002 (D) = (a0 (o (N)atog ),

+i <U£1*(f)d10gp, 0’21*(f)d10gp>r}

- = {(doz (), do" (1) = (o), 07" (N logp)

gm—lp

7 (07°()” (d1og p, dlos p>r}
1

— Lo ), — o e

Em—lp

Y (df), dlog p),
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+i (021*(f))2 <d10gp,dlogp>r}

By the definition of the pullback metric we obtain

_ 1 1% *
”d Za 1f||$ = MUS ! {<df7 df>0§!]r - f <df7 Jad 10gp>a;‘g,-

1
—i—ZfQ(a:dlog p,o-dlog p>(,;gr} .

Note that %d(fz) = fdf and 0.7 ',mg, = em_lm5a|L(€) due to the definition of o. and
my(dx) = p mge(dx). This gives

¢ (57f) =/

L(e

| ld B2 f 117 my(dx)

1 1% *
- /L I PR G R e
£

€m—lp

1 * *
+1f2<0-6d10g P Usd log p>0§gr} p mSa(dl‘)

1 1%
= /L( | 6m—lU€ 1 A(z) mgq(dz),
=51

where

1 . 1, .
Az) = ||df||,27;g,,. ~3 <df2,agd log p) + 1f2||aedlogp||g;gr.

Hence, by the transformation formula, we obtain

*
Oc9gr

-1 _ 1 -1 _
o (57 ) = G [, s A@) = [ ms ) AG).

Now we evaluate A4, starting with the second summand above. Note that
Vo' =—p 'Vliogp
and that for differential forms 1, w and on a Riemannian manifold the equation

w A x1n = (W, M) ghm

holds, where 11, is the volume element of M.
This yields

1 *
5 [t ot 108z, msala)
L()
== 1_/ /071<d0'571*f27 d 10g p>r mr(dx)
2em—1 L(e)

- 1/ <dag1*f2,dp’1>r my(dx)
L(e)

2€m—l

= _/ da;l*fQ/\*dpfl.
L(e)



4.3. Generalization 65

Using the fact that o7 " fior(e) = 0 and an integration by parts, we finally have

1

25ml/L( )UEI*fQAp‘1 my(da) (50)
£

for this part of the formula. We proceed by computing Ap~!

obtain

. By the product rule we

A(p~tp) =p ' Dp+pLpt +2(dp~ ", dp), = 0.
This leads to
Dp~t=—p Tt (p7 Dp+2(dpt dp)y)
= —p~! (p"2p —2(dlog p, dlog p)) .
Inserting this result into (50) gives

1
25mfl

/ my(dx)p~ ot f2 (p7 Ap — 2(dlog p, dlog p)) - (51)
L(e)
Finally, from a straightforward computation we have
Alogp=p~ ' Ap— (dlogp,dlog p).
Therefore (51) equals

1

gt [ 07 (Blogp — (dlogp. diog ) msa(do).
€ L(e)

Combining all these facts indeed gives

1 1
ale. f) = / 1 2., + 1207 ( S Alogp— Ldlog pl2 ) msa(de).
L(1) € 2 4

O]

The family {q(e, -) }e>0 defines a family of quadratic forms on a common, fixed Sobolev
space. For each ¢ > 0, the form ¢(e, -) defines a self-adjoint operator, which generates a
strongly continuous semi-group on L?(L(1), gsa)-

Remark. This result is Proposition 2 in [Wit11]. Note that due to conventional reasons, the sign
of our result differs from the result the author obtained there.
For a slightly different way of proving the result, we refer to the proof given there.

In the following section we want to find expressions for these objects — potential and
density — in a new and more general setting.

4.3 Generalization

Let (L, gr,) denote a closed Riemannian manifold. In analogue to Section (4.1), we first
state what data is needed. First, we want to find an isometric embedding of L in some
ambient space (L(e), g).
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Let m: E — L be a smooth vector bundle of rank & € N over L. Denote the embedding
of L into E via the zero section by

So:L—)E.

We prove that by fixing additional data, we can identify E with the normal bundle of an
embedding L C M into an ambient Riemannian manifold M of dimension m > I.
More precisely, we will study the role of the Sasaki metric in this context.

Additionally, we explore perturbations of the metric on the fibers and comment on the
behavior of a chosen algebraic curvature tensor on the ambient space, i.e. on the fibers
of the bundle. We will prove that the asymptotic behavior in our perturbed setting is
completely described by this curvature form.

For this model problem we obtain handy expressions for the density p and the potential
Woy. We will prove that these quantities depend only on the chosen curvature form.

Let U C L be contractible and e = (eq)q=1,....; be a local frame of orthonormal sections
on E over U, i.e. an ordered basis of (local) sections. Then every local section § € I'(U, E)
can be expressed as

k
§= Z eal”(e).
a=1

Moreover we choose a bundle metric g, on E. A metric connection V* is given according
to a connection one-form

we AYL,End(E)) = (L, A'T*L ® End(E)).

This connection gives a canonical decomposition of T'E into the direct sum of the hori-
zontal and the vertical subspace (already seen in Section(3.1.1.1)), here denoted by HE
and UE. Note that rk($HE) = rk(T'L) and rk(*UE) = rk(E). Recall that the vertical sub-
space, UE = ker(m,), can be equipped with the fiber metric of E. The horizontal space
is defined by the connection, i.e. as kernel of the associated connection map and inherits
the induced metric from T'L. Therefore, we obtain the usual splitting

TE =9HF & UE.

To compare our own investigations with the results in [Wit11], we choose the metric in
such a way so that
T B =L

is a Riemannian submersion, i.e. the metric preserves the length of the horizontal vec-
tors. These requirements naturally lead to the characterizations of the Sasaki metric ggq.
Therefore, we want to show that the natural choice is given by

9w = JSa-

Before we construct the Sasaki metric for this new setting (on the bundle F) in detail in
the following section, we gather more remarkable facts.

Lemma 4.5. Let m: E — L be a vector bundle over L. The embedding so: (L, gr,) C (E, gsa)
is isometric.
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Proof. The embedding so: L — E ensures that L is a submanifold of E. Due to the fact
that we equipped E with a Sasaki metric, 7 is a Riemannian submersionand 'L C $HE C
TFE. Moreover, the usual identification of TE,=TL®NL, where NL C ker(m,) = UE,
shows that for any two vectors V,W € T, L and =z € L we have

Riem.
(V,W)L, Sluéf (m V,m W) = (V,W)sa
because the horizontal and vertical subspaces are orthogonal with respect to the Sasaki
metric. t

With the decomposition of T'E in mind and the properties of the Sasaki metric at hand, a
comparison with a computation for the normal bundle in [BY89] leads to the following
observations.

The following lemma naturally identifies £ with the complement of T'L in T'Ej;, and is
therefore as a bundle isomorphic to the normal bundle of an embedding.

Lemma 4.6. There exists a bundle isomorphism between N L and E.

Proof. As the projection 7: E — L is a submersion, it induces the surjective map
me: TE — 7*TL.

By definition the kernel of the map is exactly the vertical bundle VE. This gives the exact
sequence
0 —VE —TE —r'TL—0.

See Chapter 3 in [Spi70] for the exactness. Pulling back this sequence by s yields the
exact sequence
0— E—TE,—TL—0.

Because L is compact, the above sequence splits and we obtain
TE,=E&TL.

Therefore the bundles E and N L are isomorphic.
O

Remark. There is no canonical isomorphism. But, any given connection on E induces a canon-
ical splitting, since finding a horizontal subspace at each point is equivalent to the definition of a
connection on the ambient space. Note that then HE = 7*(TL).

We even obtain a more specific result. By the above construction the canonical choice for
a metric is the Sasaki metric. We want to study an isomorphism between £ and N L.

Theorem 4.7. For any vector bundle over L with the above structure, equipped with a Sasaki
metric, there exists an embedding L C M into another Riemannian manifold (M, g), such that
E is already isomorphic to the induced vertical subbundle U, v, where x = 7W.

Proof. Let m: E — L be the bundle projection and remember that there is a decomposi-
tion of T'E into the subspaces of vertical and horizontal vectors, i.e. YE := ker(m,) CTE
and HE = ker(w + idy) C TE for the chosen connection one-form w € A!(L, End(FE)) of
L. Recall that these subspaces are orthogonal with respect to the Sasaki metric.
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Letnow z € Land W € E,, i.e. 7(W) = . Then, due to the bundle properties, the fibers
are (linear) vector spaces. Now we study the identification map Jy, already seen in (2),

defined as J 5
Jw: Ey = TwEy, JwV = — (W +tV =Vi— |
W W, SW i )L:O owi|

meaning that for f, € C*°(E,) the equality

TV (fa) = %fx(W V)

t=0

holds.

Next we compute for a smooth f

T (JwV)(f) = JwV (f o)
d
Za(fOW(WﬂLfV))‘

d =0
= @f(x)’
=0,

t=0

where we used the fact that the fibers are vector spaces in the penultimate step. As a
conclusion we state that
T (JwV) =0,

for every V' € E,, which means
JWV - ker(w*) = %E,W~

Then JwE, C Vg w is a linear subspace. In fact, Jyw £, = Ugw due to dimensional
reasons. Therefore, Jyy is an isomorphism, i.e.

Jwi E— mij.

Moreover, the embedding of L is given by so: L — E and hence we are able to identify

Jo: By — Vo = siVE, .

x

On the other hand, the /-dimensional tangent space T'L is isomorphic to s3($E). Let
N,L = span{d1, ..., Op—1 }.

Due to dimensional reasons, the fact that the vertical vectors are tangential to the fibers
and T, M =T, M|, = N, L ®T,L is equipped with

_( 95| O
9Sa,x = < 0 5aﬁ )

for all z € L, we finally obtain &/ = N L with the additional structure information. 0

This theorem shows that the natural choice of a metric is the Sasaki metric. Moreover,
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the previous results show that E is isomorphic to the normal bundle induced by an
embedding of L into some ambient space (), g).
4.3.1 The 2-form and fiber curvature

As announced earlier, we now want to study a new metric on the tubular neighbor-
hoods. First, we explore the vector bundle structure and comment on the construction
of the Sasaki metric in this new setting; afterwards we observe how the curvature of the
fibers determines the situation basically on its own. We will then define a bilinear form
involving curvature quantities to give a representation of the new metric.

Again, note that sg: L — E'is the embedding of L into the total space via the zero section.
We start this section by choosing an arbitrary bundle metric b on E before defining the
Sasaki metric with the help of the bundle metric b and a fixed metric connection V°.
Finally, we investigate this special metric in detail.

Remark. A bundle metric on E is a section b € I'(E* & E*), such that for every x € L the map
bp(y):=(,)p: Ex x E;, - R

is a symmetric and positive definite map on the fibers of E.
It suffices to define a metric on the bundle fiberwise, because

T.E\, =E; ®T,L
and the metric gy, defines an inner product on each tangent space T, L, x € L.

For more information about the construction of bundle metrics see e.g. [Bau(09].

Lemma 4.8. On every vector bundle m: E — L over L there exists a bundle metric b and a
compatible connection V = V°.

Proof. This is a standard result proven by a suitable choice of a partition of unity to define
a connection. O

Lemma 4.9. The set of bundle metrics on E is convex.

Proof. This follows directly from the fact, that the convex combination of positive definite
sections is positive definite. O

The existence of a bundle metric b is not enough. Additionally, let V be a covariant
derivative on F, i.e. a connection on E. Moreover, we assume that V is metric with
respect to b.

Lemma 4.10. Let 7: E — L be a bundle and V a metric connection. The set of metric connec-
tions is an affine space, i.e. for each connection V different from V, we obtain

V -V =5 € Q' (End(E)).

Proof. There exists a metric connection V on FE; therefore, for each w € Q'(End(E)),
using linearity, the sum V + w is a connection as well. We further need to show that

V -V =9 € Q' (End(E)).
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Let ¢ € I'(F) be a section and p € L. As the next computation shows, 7())(p) does not
depend on the choice of ) but only on its value ¢ (p).
For each f € C*°(L), we have

n(fv) = (V= V)(f¥)
= V(f¥) - V(f¥)
= Vo [+ vdf — (Vo [+ vdf)
=((V=V)9)f
=) f;

i.e. the difference of two connections is a C"°°-module homomorphism in the second
argument. Therefore, we obtain

n € I'(Hom(E; Hom(T'L, E))).
We then identify 7 as a section
n € I'(Hom(TL,Hom(E, E))) = T'(Hom(T L, End(E))) = Q' (End(E)).
O

Remark. In local coordinates, for the difference of two connections NV and V' on a total space E

with connection coefficients C’fj and C’ fj, respectively, we have

k k iyj
The coefficients Afj = ij -’ fj act as the components of a (1, 2)-tensor, which shows that the
difference is a one-form with coefficients in End(E).

We already saw that £ = NL(C TE|;) as a bundle. Moreover we want to use the
above data to construct a Sasaki metric on E explicitly. We follow the construction in
[Sak96]. For further computations we always assume that there is no perturbation on
the submanifold L, meaning

() Saeip,xp, = (5 )a-
For each W € E, we need to define the map
() saw = gsaw: TwE X TwE — R.
Using the connection map K+ of N L defined by
K (DE(X)) = V¢,

for X € I'(E), a normal vector field ¢ and the induced connection V-, we are able to
define a Sasaki metric.
Analogously to [Sak96] and Definition (1.1) we define

gSa,W(X7 Y) = <7T*X7 7T*Yv>L + b(X7 Y)v (52)



4.3. Generalization 71

where the second part equals (K X, Kii,Y) n L.

By construction the following statement is obvious. But for completeness we remark that
(52) indeed defines a Sasaki metric in the form of Reckziegel.

Lemma 4.11. The above defined metric gs, w is a Sasaki metric in the form of Reckziegel (see
Section (1.2)).

Proof. 1. By definition the projection 7: £ — L is a Riemannian submersion and by
Lemma (4.5) the embedding (L, g1,) C (E, gsq) is isometric.

2. Orthogonality of horizontal and vertical vectors is obvious by U = ker(w,) and
9 = ker(K1).

3. Because the second fundamental form vanishes at the base points x € L of the
fibers, the fibers are totally geodesically embedded.

4. E defines a vector bundle, hence the fibers are isometric isomorphic to a vector

space.
O

As a conclusion we have the following result.

Corollary 4.12. Whenever a bundle metric b and a metric connection V° on a vector bundle
m: B — L are given, it is possible to define a Sasaki metric on TE.

In contrast to the construction in [Witl1] we explore a different perturbation problem
and compute the potential for ¢ — 0 in this situation. Instead of using the induced
metric of the ambient manifold we introduce another metric on the tubes.

Therefore, we first want to describe small perturbations of the Sasaki metric on the
normal bundle. The following construction was motivated by [Wit11], Lemma 4, where
the author proved that the curvature form determines the asymptotic behavior of the
induced metric. Because of this, it seemed to be natural to study small perturbations of
the curvature on the fibers.

To find a suitable description, we first introduce a bilinear form which we use for the
perturbation afterwards.

Definition 4.13. For w: E — L equipped with a bundle metric b and a metric connection V,
we define the bilinear form o by

o%w: TwEy x TwE, — R, (X,Y) = b(PwY, r(PwX, W)W),

where W € E, Py : Tw NL — Ty Ny L the projection map and r € R.

Recall that R is the space of algebraic curvature tensors, i.e. r has the same symmetries
as the Riemannian curvature tensor.

In Section (4.1) we saw that the induced metric is a perturbation of the Sasaki metric. This
is one of the main tools to compute the Radon-Nikodym density p (see [Wit11], Lemma
3). In our new setting, we want to define another metric (different from the induced
metric) that is a perturbation of the Sasaki metric as well. This new metric depends on
the bilinear form ¢" from Definition (4.13) and is constructed as follows.
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Definition 4.14. For W € E, we define the family of inner products g, w : Tw E,xTw E,; — R
in local Fermi coordinates by

1
Grw (T, w) == ggaw(z,w) + 59?;,,w($, w).

We call g, the perturbed Sasaki metric on a small neighborhood E(0) of the zero section in E.

We will identify this small neighborhood E(0) of the zero section again with a tubular
neighborhood L(¢), for € > 0 small enough.

Remark. For simplicity, we omit the dependency of the fiber E, when referring to the perturbed
metric g, or the bilinear form o" whenever the context is clear. Furthermore, in our computations
we use the abbreviation

rw(X,Y) = (X, r(Y,W)W),

where the inner product is taken with respect to the bundle metric. Then in local coordinates the
perturbed Sasaki metric is given by

1, 1/0] 0
9w (2, w) = gsaw (T, W) + 30w ap(2) = gsaw (@, w) + 3 ( 0 [P0 Ty oy > - (58)

To justify the definition we state the following fact.

Lemma 4.15. There exists g > 0, such that the perturbed metric g, defines a metric on the tubes
L(e), 0 < e < ey

Proof. In order to show that g, defines a metric on a tube we need to assure that g, is
symmetric and positive definite. Due to the fact that L is compact and g, is continuous
on every fiber, it suffices to show both properties fiberwise. The statement can be con-
cluded using a partition of unity subordinate to a local trivialization to glue the fibers
together.

Because 7 is an algebraic curvature tensor and therefore r(X,Y") = (Y, X), we directly
obtain symmetry.

To show that the perturbed metric is positive definite, it is sufficient to proof that the
eigenvalues of gg, + ¢" are strictly positive. This follows from the fact that we can diag-
onalize both of the representing matrices simultaneously. We already know that gg, is
a metric on the normal bundle and therefore induces a metric on the tubes. The eigen-
values can be expressed by the components of  and quadratic terms in entries of W.
Therefore, the positivity of the eigenvalues is guaranteed whenever ||IV|| and hence the
diameter of the tube is small enough. The components of » can be chosen arbitrary in
value. O

In the context of natural metrics some authors (see e.g. [Ana99] or [Mun08]) studied
different kinds of generalized Sasaki and Cheeger-Gromoll metrics (on the tangent
bundle). In [Koz08] a generalized Cheeger-Gromoll metric h, , is introduced on the
normal bundle in a similar manner. The idea behind this family of metrics is that with
respect to these metrics the horizontal and vertical subspace are orthogonal and that
the projection from the total space equipped with a natural metric is a Riemannian
submersion.

As there are not many results on natural Riemannian metrics (unless on the tangent
bundle), we elucidate this concept in Chapter 7 in more detail.
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A comparison with the so-called general metric g, ; introduced by Munteanu in [Mun08],
but originally constructed in [Ana99] leads to the question, whether g,, r € R, is a gen-
eral metric. We define this general metric on the normal bundle.

Definition 4.16 (General metric). Let w: NL — L be the normal bundle over the Riemannian
manifold L C (M, g). Equip N L with the induced connection to define horizontal lifts for vector
fields X, Y on L. Then the general metric g in W € N L is given by

gN,W(XH7 YH) = gL(X7 Y)7
gnw (X, YY) =0, (54)
gnw (XY, YY) = a(t)gnp(X,Y) + b(t)gn L (X, W)gn (Y, W),

where a,b: [0,00) — [0,00) and a > 0.

Remark. Note that the choice a = 1 and b = 0 gives the Sasaki metric.

Now we define
OZ(X, Y) = gNL(X, W)gNL(Y) W)

and note that « is the perturbation that guarantees g indeed differs from gg,, i.e. this is
a perturbational problem.

To show which algebraic curvature tensors r € R can be realized as perturbations of the
form of a, we first consider the following case.

Lemma 4.17. The 4-form R from Definition (2.21) given by

for vector fields X,Y, Z,V on L, is an algebraic curvature tensor.

Proof. We compute

3-B(R)(X,Y,Z,V)=R(X,Y,Z,V)+ R(Y,Z,X,V) + R(Z, X,Y,V)
= (X, 2)(Y,V) = (X, Y){(Z,V)
+ (Y, XWZ, V) — (Y, Z)(X,V)
+(Z,YYNX, V)= (Z, X){Y,V) =0.

Thus R € ker(B). O

Lemma 4.18. Let R be as above. Then g f, is a general metric in the sense of Definition (4.16).

Proof. Clearly, the relation for two horizontal vectors is satisfied and orthogonality of the
horizontal and vertical subspace holds by construction. For the last equation of (54) we
rewrite

R(XaW,Y,W) = <X7 Y)(W W> - <X7 W><Y7 W>
= [WPgnp(X,Y) — gni(X, W)gnr (Y, W).

For any pair X", YV of vertical vectors, we obtain

1~
Ipw (X", YY) = gni(X,Y) + S R(X, W, Y, W)
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1
=gnL(X,Y) + 3 (W Pgnn(X,Y) — gnr (X, W)gn (Y, W))
1 1
= <1 + 3HWH2> gNL X Y — §gNL(X W)gNL(Y W)
Choosing a(t) := 1 + 1t* and b(t) = —1 proves the result. O

In the following we want to use the latter construction to decide whether Lemma (4.18)
is true for arbitrary r» € R.

With the help of the Riemannian metric on L we are able to define an inner product on
A?(TL) given as follows. For more information see [Bes87].

Definition 4.19. On A%(TL) we define the inner product ((-,-)): A>(TL) x A>(TL) — R by
(XAY,ZAW)) =2((X,Z)(Y, W) = (Y, Z)(X, W),
for vector fields X, Y, Z,W on L.

Remark. In the same way, an inner product on A?(E) for an arbitrary vector bundle E over L
can be defined, e.g. the normal bundle, which is our object of interest.

Remark. We are able to express the sectional curvature of the plane X NY € A*(T M) spanned
by X,Y € I'(T'L) with the help of the above inner product. Namely,

_ (R(X,Y)Y,X>
HXAY)=—Fxv)
with B(X,Y) := J(X AY, X AY)).

We want to explore the connection between this inner product and an element r € R C
S2(A%2(NL)). Note that any algebraic curvature tensor is a symmetric bilinear form in
S2(A%(NL)). We obtain the following description.

Lemma 4.20. Let r € S?(A?(N L)) be a symmetric bilinear form. Then there exists a symmetric
endomorphism M, € End(A?(NL)) associated to the form r via

r(X,Y,Z,W) = (X ANY, Mp(Z AW))).

Vice versa for every symmetric endomorphism M, € End(A?(N L)) there is an associated 4-form
reR.

Proof. The first part is clear from the universal property of the exterior algebra and the
definition of the inner product. To obtain the next result let M, € End(A?(NL), then
there exist normal vector fields U and V on L, such that for Z A W € A2NL the relation
M,.(Z N\W) =U AV holds. Then we obtain

(X AY, M(ZAW))) = (X AY,UAV))

— X, UWNY, V) — 2(Y, UNX, U) = éf(X, Y.U V).

A simple computation shows 7 € ker(B). O

Definition 4.21. We call M, the algebraic curvature operator associated to r € R.
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For every algebraic curvature operator there exists a metric g7, on a suitable neighbor-
hood U(0) C NL in a way that M, is the curvature operator of gy, in zero.
Therefore, define

gut,w (X,Y) 1= gu(X,Y) = 3 (X AW, MY AT))),

which is a symmetric bilinear form for each W € NL. On a sufficiently small tubular
neighborhood we obtain that gy, w is positive definite, such that it indeed defines a
Riemannian metric.

In conclusion we remark that for every algebraic curvature tensor » we can find an
€0 > 0 and an embedding L into (L(eo), gum, w) such that gy, w is a Riemannian metric
on the tube and the asymptotic result is exactly the curvature tensor we started with.
We obtain the same result for every 0 < ¢ < ¢p. Therefore, all of those metrics can be
seen as general metrics on the normal bundle.

From this point of view the following observations are interesting as we study the origi-
nal setting with another admissible choice of metric involved. Instead of choosing an-
other reference metric we perturb the natural choice of metric. First note the following.

Remark. 1. There are more possibilities than Definition (4.14) to proceed. Another natural
way to define the perturbed metric could be

Grw (T, w) 1= gsaw + 0pE, W
By choosing § sufficiently small, this defines a metric on the whole normal bundle N L.

2. There is no restriction on the curvature tensor ryy chosen for the perturbation, because
whenever the diameter of the tube is small enough, we obtain positivity and hence a metric
on L(e), 0 < € < 9. This means every element of R can be used for the perturbation. Note
that this fact is closely related to the proof of Theorem (1.16), where the fact that any alge-
braic curvature tensor occurs as a Riemannian curvature at some point of a Riemannian
manifold is given.

From now on, let 0 < € < ¢q be sufficiently small. Next, we derive additional properties
of the tube equipped with the perturbed metric.

Lemma 4.22. The map so: (L,gr.) — (L(¢), gr) is an isometric embedding and E is the normal
bundle of this embedding.

Proof. L is embedded into E by the zero section sg; therefore, the tangent map
0«1 Tl — Ty ()N L satisfies m, o s9, = (7 0 s09)« = ids. By definition, we hence ob-
tain

91.(v,w) = gr(504(v), 504 (w)),

for every pair of tangent vectors v, w € T, L.
]

We want to study whether we are exactly in the same situation as before. The condition
that the tube projection is a Riemannian submersion is not always valid, but we will give
a sufficient condition for that fact in the following theorem.
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Theorem 4.23. 1. Let L(e) be equipped with g, from Definition (4.14). Then the horizontal
lift of a vector field X = X'9; on L is given by

XH = X"+ XZ80,,

where X" denotes the horizontal lift with respect to the Sasaki metric and the coefficients
Z; are given by

1 1
Z¥ = (6a5 + Sw"wTrang) <3w”w7rmggw“Cf;> . (55)

2. The projection w: (L(¢),g,) — (L,gr) is a Riemannian submersion if and only if the
matrix N = (Nij),; given by

Nz‘j = Z?nyw”éag
vanishes identically.

Remark. Note that the horizontal lift with respect to the Sasaki metric will always be denoted
with the lowercase superscript h, i.e. for any vector field X on L the horizontal Sasaki lift is given
by X" = X¥(0; — Ciw"0y). The horizontal lift with respect to the metric g, will further be
denoted with the capital letter H as a superscript.

Proof. 1. Let X = X* aii = X'9; be a vector field on L. First we compute the hori-
zontal subspace. By definition the perturbed metric is given as g, = ggq + 30", we

hence obtain the horizontal lift of X = X0; as

XM= X" 4 X1 7000 = X' (0; — Coutda) + X' 280,

where by Z&* we denote the components in fiber direction occurring due to the
perturbation with r. Note that Z{* may be a function in ||IW|.
By definition and the fact that d,, € ker(7,) we obtain

X" = X.

Secondly, we need to verify that X* is orthogonal with respect to gr to any V €
ker(m,), whenever the coefficients Z* are given by (55).
Itis
1
(XH, V) = (XH, V)sa + 20" (XT,V)
, 1 ,
= (X" X'Z000,V)sa + 50" (Xh + X220, V)
ir7Q 1 T % for for
= (X' 200,V D5)sa + 50 (X (22 — Cout) aa,vﬁag)
ir7Q 1 i 7Q a
= X' 27V 0ar O) 50 + 5 (X' (£ = CHLw) 00, 1(VE 03, W)W ) 50
ir7Q 1 ) ol o o,T
= X'Z2VP5,5 + X (Z¢ = Cgw™) VPw w™ (Da, (93, 05 )Or ) sa

7

. 1
= X'yP (Zf‘éaﬁ + gw”wTT‘MBU (Z-a — C’Z-‘Lw")) .
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Therefore, we obtain a system of linear equations for the coefficients Z for each
pair of ¢, 3 given by

1
Z6ap + gw”wTngg (ZZO‘ - Cﬁlw“) =0.

Equivalently,

1 1
<6a5 + 3w"w7rmgo> zZy — gwawTraTBJw“C;Z =0

Due to the fact that 6,5 + %w"uﬂrmﬁg is invertible whenever the radius of the tube
is small enough, we obtain

7= <5a5 + Fww ’I“a7—50> (3w w rmﬂaw“C’ﬁ‘L>

as desired.

If there exists a choice of coefficients Z*, then this will be the only possible choice.

2. It remains to prove, that g, is an isometry on the horizontal space, i.e.
<XH7 YH>7‘ = <X7 Y>L

We use the decomposition ‘
yH =yi 8j + Wy,
where Vy := —Y7 nyw”aﬂ +Y7 Zf dp € ker(,). Moreover, we use that X and V3
are orthogonal with respect to g,. We derive
(X" vy, = (X" Yig; + W),
= (X" Y70;), + (X", V),

. 1 .
= (X" Y79;)5a + g@r (pw X", pwY79;).

Because of the properties of the projection map p, the second part vanishes. Using
the above decomposition representation again we obtain

(XH Yy = (X" Y gq + (X' Z80a, YjCﬁ,w”(?m Sa
= (X,Y) + XY Z2C " 0as,

which completes the proof.
t

Remark. 1. If the normal bundle is flat, the connection coefficients will vanish; therefore, N
is identically zero and 7 is always a Riemannian submersion.

2. Whenever all coefficients Z* vanish, we obtain the initial situation, i.e. no perturbation on
the fibers.

3. From the representation of the coefficients Z{* we know that they need to be of infinite order
in ||[W||, otherwise the orthogonality assumption would never be satisfied.
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In analogy to [Witl1], Chapter 2, we state the following facts.
Definition 4.24. For an arbitrary metric g on the tubular neighborhood L(1) we define by

g(e): TL(1) x TL(1) = R; g(e)(X,Y) = g(0e. X, 0c.Y), (56)

ie. g(e):= o}g, the rescaled metric.

Because the inverse metric corresponds to the principal symbol of the Laplacian, we
compute the rescaling of g/ = g, .

Due to [Wit11], Lemma 4, for an arbitrary chosen metric g and corresponding curvature
tensor R we obtain

5 (e, W) = < —— )g*(x,zzW) ( o )

" 1/0] 0
= g5q(&, 7, W) — 3 ( 0 ‘ 0o R gs] ) +0O(g), ase — 0,

with Ry X := R(X, W)W.
Remark. Again note that the Landau notation is used for ¢ — 0 (without further mentioning).

Therefore, the principal symbol of the Laplacian of g under the rescaling behaves like

7°(6) = g54(6) = grrw + O(e).

Here rpw: T*E x T*E — R is the symmetric bilinear form (on the fibers) given by
TF,W(xﬂ W)(X,Y) = <PW(X)7 RE(VVv PW(Y))W>7

with PY denoting the dual of the composition of parallel translation in 7*E and the
orthogonal projection onto N*L.
We finally obtain

lim [-3(37(¢) — 95a(e))] = Trw (57)

e—0

for an arbitrary metric g.
We now compute the asymptotic result for the dual perturbed metric g, showing that
this expression depends only on the bilinear form ¢, i.e. the chosen algebraic curvature

tensor r € R from Definition (4.13).
By Neumann series, we obtain

(g (0] 0 )T
9y =9r = | 9Sa 3 0 "Was

oLl o -

I (0] O 3y —1
1——- — o (||W
395t () + o)) 55




4.3. Generalization 79

_ 1 _ 0 0 _
— g5t - o5 )asi+ 0 (W)

0| rwas
ij ol iscﬂ
9gr ‘ wogr Lsp 3
e - — —'— O M/ .
( —w’gy 0%, | 699 + whw? g CL.CY, — Srwas ) (IW1°)

For simplicity in this computation and in the following ones, we use the abbreviation
TWap = W TW 08,

To compute the limit (57) we use a result from [Witl1l], p. 24 ff. for the renormalized
Sasaki metric. We obtain

~3(g} — %) (€)
= s (5 (st (0 ) e (00 )
- ((1) 591 )gg;@’gw) ( (1) 591 ) ' ( 8 527"5(3/1/04,8 > .
<(1) 691 >g§i(w7€w) (é 591 >

0 0
_ 1 -1
= 9sa (8,33,’[1)) ( 0 52T5Waﬁ >gSa (8733711))

O(e*) | 0O(£?) >

(
O(?) | e ?rewas + O(e?)
0] o 2
= — + O(e?),
<0527"6Waﬁ> ()
where
: g | —whg¥Cy,
(e, z,w) == : ot
2 ) —w” gy’ C¢, ‘ 72598 4 w“w”gZLjC’fLCfV
Because

E_QTEWaﬁ S O(l),

we obtain that the zero order correction term of the asymptotic corresponds to the alge-
braic curvature tensor we had chosen in the beginning and hence we have the following
statement.

Proposition 4.25. The perturbation of the metric is defined fiber-wise, depending on x € L. The
dependency on the base point is continuous, so that r is a section in the bundle of all algebraic
curvature forms over L. Every such r can be realized as the asymptotic result for the above
construction.

Remark. Due to the fact that the second fundamental form 1I vanishes at the base points x € L
of the fibers, by Gauss’ embedding theorem (see Theorem (2.1)) the curvature of the ambient
manifold equals the curvature tensor of the fibers, when inserting normal vectors on N,L.

We now want to compute the corresponding potential to the process, where the tube is
equipped with the perturbed metric. For the computation we first evaluate the determi-
nant of the perturbed metric and its inverse. We restrict ourselves to the computation of
the relevant asymptotic terms to simplify and shorten the computation.
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Lemma 4.26. Let r € R. Denote by m, and mg, the Riemannian volume measures with respect
to the perturbed metric g, and gs,, respectively. Then their Radon-Nikodym density p, is given

by
1
pr=T14 cwwrw oy + O (IW]°). (58)

Remark. 1. Remember that p always denotes a Radon-Nikodym density, while o denotes the
bilinear form which induces the perturbation.

2. Recall that by the product representation of the Sasaki metric given in (5) and by definition
of the density the relations det(gs,) = det(gy) and p"+/det(gs,) = +/det(g,) hold.

Note that we replace the density p" by p throughout the following proofs to simplify the
notation.

Proof. Inlocal Fermi coordinates using (53) and the remark above we can compute p* by

o det(gr) _ det (gsa + 50fy(¢)ap)
det(gsq) det(gsa)

1 _
= det (1 + Sgsjg}}v(x)aﬁ) )

Therefore, we need to evaluate

1 _
ggS;Qr(x)aﬂ

explicitly in local Fermi coordinates. Combining the representation of g;j due to (6) and
the representation of the bilinear form p in (53) we conclude

Ly (0 O (IW]P°)
9500 =\ 70 [ 69Bryy g w” + O ([W[H) )

That gives

p? = det <1+; ( 0] . ) +0 (HWHS)>

0 ‘ rw Wt w”

B 170 ‘ 0 3
=t (o0 (5 (- g ) ) +O (W) )

Now using the definition of the power series of the exponential function and the fact that
for any matrix A the identity det(exp(A)) = exp(tr(A)) holds, we finally obtain

2 1 0 | 0 3
o =ow (5 () )) -0 (V1)
1
= exp (3 ero‘uww“w”> +0 (HWH3) )

«

Hence we conclude
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which we denote by
1
p=1+ érw22 +O0 (WP,

following the notations above. Using Einstein summation convention yields the state-
ment.
O

Remark. Lemma (4.26) implies
1
log pr = — 1% +0 (IWF)

in consistency to (45), but note that there is a sign shift when comparing the results. This is due
to the asymptotic in (57).

In the original formula for the density the Weingarten map occurred as the term of first
order in ||W]|. Because there is no first order term in the above representation of p,, it
seems as if we had constructed a totally geodesic embedding.

We do not know about the higher order terms and whether they involve relations about
the second fundamental form or the tension field of the embedding. But nevertheless we
are able to proof the following.

Lemma 4.27. The embedding so: L — (L(¢), gr) is totally geodesic.

Proof. We need to compute the Christoffel symbols of both connections. Denote the
Christoffel symbols of V" by ’Tfj.
We use the definition

I(s0)(X,Y) = V&Y — V&Y.

We first want to show that on the submanifold L, i.e. at every point p = (z,0) € NL, the
corresponding connection coefficients coincide. In both cases by construction the con-
nection is the Levi-Civita connection, which means we have to compute the Christoffel
symbols ’Tfj and show they equal Ffj on L.

In local coordinates we have

1 891" i A 89 ; 397«“
rpk _ 1 ka i ria _ 99rij '
b(a.0) = ot (Pt + 2 - ) o)

We are going to use that in local coordinates the equation

gr | 0
g”L:( 0 1)

holds. Using g, = gsa + O (|[W||?), we obtain

kAagMj . ksagrij ko agrij . ksggm’j
"oozA 7T Qg "oowx T Qxs

Moreover, the off-diagonal components of g, depend on W, which means by covariant
differentiation in direction of the submanifold they are still of order O(||W]|). Inserting
w® = 0 leads to

.kAagTjA _ ksagv‘js and kA O9riA _ ks OGris

g oz’ " 9rt 9r oxJ "9
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Therefore, we finally obtain that
ryk _ 1k
Fij(x70) = Fij(xa 0).
It remains to compute the Christoffel symbols TF%. By definition,

897" ] 8 1 8gr i
aA JA griA %)
" < oz’ dri  dxA > (,0)

00 Oan..  OGi: 1 Oar-n Oain O
ggs< gr]'s + gm’s _ gmg) (1'70)4‘29?6( gr]'ﬁ i gmﬁ _ grzj) (z,0).

T (x,0) =

1
—99
1
) ox’ 0xJ Oxs ox’ OxJ owP

The first part equals zero by the same arguments used above. Obviously, this also holds
for the first two summands in the second part. For the last remaining term we use the
fact that g,;; = gr;; + O (]|W||?) and hence obtain it is zero as well. Finally, we have
"I’y = 0 for all combinations of indices. O

Remark. If the tube is equipped with the Sasaki metric itself, the embedding is indeed totally
geodesic as well.

_det g

dot g glven by (58) the potential is given by

Proposition 4.28. For p := p, =

Wy = —11—28calpr + O(e), (59)

where Scalf, denotes the scalar curvature of the fibers equipped with the perturbed metric g,.

Remark. Note that Scalp, = Scalg, (m(W)) denotes the scalar curvature of the fiber at its base
point x = (W) € L.

Proof. In local Fermi coordinates we already know the expressions for the perturbed
metric. Moreover, we already computed the dual perturbed metric in local Fermi coordi-
nates. We use the representation for the density given by (58) to express the logarithmic
density in local Fermi coordinates and we obtain

1 1
p=1+ gw“w”rwa“w + O (|[W]*) = exp (rwa/muw“w”> +O (|W]?).

6

Therefore,

1
—rw® st w” + O (|[W]?). (60)

1 -
0gp = ¢

As g = §°F + O (|W|[?) and the derivatives in direction of the submanifold can be
disregarded, we obtain

Aylogp =

1 AB
\/tié?A (g \/det g,0p log p)
1

04 (628 p\/det 9051 )
pm/xgp et gr.oplog p

(
P\/dlet T <g P/ det g1 )
(9

P 7\/det g10rp) + O (W)

P Vdet gr,
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pm s (677 V/det g0,0) + O (IW]))
pVﬁﬁi<65 ) \/det(gr)drp + 0 G9V&Eﬂ)
+377\/det g1.0,0,0) + O (IW]))
1 oT
= e (07 VAetgrd,000) +O(IWI)

1
=22 0rp+ OIWI) =3 0rep + O (IWI),

because d,+/det gz, = 0. Moreover, log p = O (||W||?) holds and hence it is
dlogp=0O([|[W]]).

Thus, inserting in (48) we obtain

1
W, = 9 Z&'TPJF O ([[w1])

1 1
:;baTQ+6wwwwmw)+ouwm

1
= —g5calr, + O (W)

4.3.2 Realization of a smooth function as potential 1V
4.3.2.1 Codimension k > 1

The result of Proposition (4.28) is a very simple formula for the potential. This leads
to the question, if there exists an embedding of a given closed Riemannian manifold L
with an arbitrary smooth function W, € C°°(L) into an ambient space, such that the
given function is the potential of the above limit process.

Remark. For every limit process the result is always described by a heat equation and a corre-
sponding Schrodinger operator with potential.

We prove the above conjecture true, by using a modification of the construction in Sec-
tion (4.3.1). Then we repeat the computations of the previous sections.

Definition 4.29. Let f € C°°(L) be smooth (and hence bounded). Define by

Irw = 9Sa,Ww 3 0 ‘ rWaMBVwaV

for W € E another metric on the tubular neighborhood L(e).
For the rest of this chapter we study the embedding (L, g,) — (L(¢), gl).

Remark. Note that the boundedness of f assures that gl is positive definite on a tube L(c) of
small enough diameter and hence defines a metric.
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Proposition 4.30. Let ryy € R be an algebraic curvature tensor and f € Cp°(L). Then f - rw
defines an algebraic curvature tensor as well.

Proof. According to the assumptions on f we obtain that f - ri € S?(A2E*). Due to the
fact that the Bianchi map B is linear we obtain

B(f-rw)(X,Y,Z,W) = f- B(rw)(X,Y,Z,W) =0

and therefore f - ryy € R.

We now want to compute the associated density and the potential and obtain
det (gf )
det (g Sa )

1 - T
= det <1 +3f9500 (x)aﬁ>

p} =

= exXp <éfTWa/,La1/) +0 (||W||3) (61)

1
= 1+6 'f'TWauau+O(||W||3)' (62)

Hence,
log py = f-logp" + O (|[W]*).
As f € Cp°(L) and Ona f = 0 holds, we obtain

1
Wi = — 5/ + Seal, + O (|W])).

By a suitably chosen ryr with non-zero, constant scalar curvature Scal, we are able to
realize every potential W/ € C*(L) by defining

Due to the fact that the scalar curvature is non-zero, this defines a smooth function on L.
Our goal is to find such a curvature tensor ryy.

Remark. Note that constant scalar curvature is not even necessary but can be assumed by the
following computation.

Proposition 4.31. Let 7: E — L be a vector bundle and b a bundle metric on E. Then bOb € R.
Proof. Clearly,b® b € S?(A2E*). Letnow X, Y, Z,W € I'(E), then
BBODOL)(X, Y, ZW)=bD X, Y, ZW)+bDbY,Z, X, W)+ bPDb(Z, X, Y, W)
— 2 (b(X, Z)b(Y, W) — b(X, W)b(Y, Z))

+2(b(Y, X)b(Z, W) — b(Y, W)b(Z, X))
+2(0(Z,Y)b(X, W) — b(Z, W)b(X,Y)) = 0.
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Definition 4.32. Let m: E — L be equipped with a bundle metric b and f € C;°(L). In local
Fermi coordinates define

gf(x,w) := gsa(z,w) + éfw“w” (bw O bW)a,u,,Bl/ . (63)

We are now able to prove the main result of this section.

Theorem 4.33. Let (L, g1,) be a closed Riemannian manifold and Wy € C°°(L) a smooth poten-
tial. Then there exists a vector bundle m: E — L of rank k > 1 over L, an algebraic curvature
tensor r € R and a bilinear form o" on the fibers E,, x € L, such that there is an embedding of L

into (L(e), gl ) with associated potential Wy according to Theorem (1.26) and g the metric from
Definition (4.29).

Proof. Let m: E — L be an arbitrary vector bundle of rank greater than one over L.
Choose a bundle metric b on E. Then by Proposition (4.31) we know that the Kulkarni-
Nomizu product b@® b is an algebraic curvature tensor. Let {eq }o=1,... 1, Where k = m —1,
be an orthonormal frame of F and x = 7#W € L, W € F and X = v49,,Y = uﬁag €
Tw E).. Using the definition of 9, from (2) yields
bw(X.Y) = (000, " 0s) 5, w = (Kiy (v*0a), Ky (u”05)) zw
— v u? (K (8a), K (9))mw = v (ea, eg)mw
= P daB-

Therefore, we obtain in local coordinates

(bW @ bW)auBu =2 ((5aﬁ(5uu - 5au5u6) .

The corresponding scalar curvature is given by the following trace:

m—l
Sca.lr,‘ =2 Z (504()6/“1, - 5(XM5M()¢)
a,u=1
=2((m—-0?-12—(m—1)-1?
=2(k* — k) > 0.

Due to the assumption k > 1 the constant k? — k is greater than zero. We define the

smooth function W
— 0 oo
f= 6k2_keC (L)
and equip the tubular neighborhood L(e) with the metric g; from (63). The result then
follows from the above computations.

O]

4.3.2.2 Codimension k =1

Theorem (4.33) does not give any result for codimension one. Moreover, the given
proof will not work for submanifolds of codimension one. In case the fibers are one-
dimensional a perturbation of the fiber curvature is not helpful. The curvature form is
a 2-form, such that in dimension one there is no possibility for a similar construction to
the above case.
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But with a different construction, using a new metric on the tubes, we are able to prove
the result in this case as well.

Proposition 4.34. Let (L, g1,) be a closed I-dimensional Riemannian manifold and W e C>=(L).
Then there exists a vector bundle m: E — L of rank k = 1 over L, a metric G on a small
neighborhood L(<) of the zero section in E and an embedding of L into (L(e), G), such that w
is the associated potential according to Theorem (1.26).

Proof. Let L satisfy the above assumptions and 7: £ — L be a vector bundle of rank
k = 1,1i.e. aline bundle, over L. We obtain

TE,=TL®NL,

where NL = (n) is a one-dimensional space, spanned by a normal vector field n. Equip
E with a bundle metric b and a metric connection V? to define the Sasaki metric in the
same way as seen in the previous section. We use the Sasaki metric as reference metric
as usual.

Because the connection is metric, i.e. Ciﬂa = —Cfé and o = 8 = 1, we obtain C’fa =0, for
alli =1, ...,l. Therefore, in our case the Sasaki metric is given by

G50 (@, ) = < gL((;U)Z. (1) > .

Instead of the perturbed metric from Definition (4.14) we consider another metric on
the tubes L(¢), because in the case of hypersurfaces the curvature of the fibers vanishes

identically. Therefore, perturbing the fiber curvature is not helpful at all.

For f € C*°(L) define

~ _{ gu(@)y; 0
G(CL‘,’(U) —< LO J 1+'U}2f(1') >a

which yields a metric on a suitably chosen tubular neighborhood L(¢), ¢ > 0, by the
same results as seen above.

It is now necessary, to compare this metric with the Sasaki metric and compute the
corresponding Radon-Nikodym density and the potential.

Note that e*”/(*) = 1 + w?f(z) + O (||W|]*) and in local coordinates W = w®eq (). To
obtain our result, it shows that using the metric tensor

gL(x)i' 0
G(x,w) = < 0 1 euﬂf(x) )

provides easier computations.

We directly dispose the higher order remainder. This is possible due to the fact that we
evaluate in w = 0 at the end of the computation and we at most differentiate twice with
respect to w. Clearly, the determinant of G is given by

det(G) = /@) det(gy).
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We are now able to compute the associated density. It is
p= pG det G w2f
det (gSa)
The main step is now to compute

1 1
W:("A *) .
0 PQGPQM

1»*/(®) and the Laplace-Beltrami operator with respect to GG is given by

Note that p% =e1¥

ho =~ o, (¢ @)

e t(G)
(i Jdei@) g (e @) i
_ det(G)al (gL Vd t(G)(‘)j) n det(G)aw( Vd t(G)aw),

since G = GvJ = 0.
For the first term, we derive

5 T, ()

Jdet(G)

1 - 1 8f 12
_ O; i, /det w? f(x) 2 f(z )>>
det(gr) ew* /() (gL etlor)e ( 91
1 w? ( 2 f 1 )
== ; det ew?f(z w? e O (|W]?).
4 \/det(g1) e @) (oz) (IW1F)

Therefore, this part vanishes if restricted to L.

The computation of the other term remains. Using the fact that det(gz,) is a function in

x, we obtain
1 2 1,2
- —w?f(z)  / sw f(z)
det(G) O <e det(G)0. <e4 ))
1 2 1 1,2
Ow e 1@ [det(gr) + ev*f @) = f(z)weT® f(”)>
det(gr) ew* /() ( \/ 2 2/ (%)

_ =) —Lw? f()
= Sokurf@ O <€ ! )

_ @) sup) <_1 )
== Swif(z)+1

flx
= (2) +O0 (|W]?).
Multiplication of the previous result with p*% and restriction on L hence gives @ for
this part of the computation.
Finally, the potential is given by
x
W) = £
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By the same arguments as in the previous case, we obtain the result when choosing
f =2W and the embedding L C (L(e), G).
O

The previous two sections combined prove our main result. We summarize that for any
given smooth function W on a closed Riemannian manifold (L, g1,), we can find an em-
bedding, such that W is the associated potential. The main point here, is the construction
of a suitable metric on a tubular neighborhood of the zero section in an arbitrary vector
bundle over the manifold, such that L is isometrically embedded. Moreover, the total
space of the bundle is the normal bundle of this embedding.
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Chapter 5

Correspondence to the volume
formula of Gray

In Chapter 2 we already studied the connection between the potential W and the second
order correction of the volume formula (24) of Gray. Note that his comparison result for
the volume of the tubular neighborhood around a Riemannian submanifold L of (), g)
is given by

volM (L(¢e)) = /{1+A( )e? + O0(eh)} g (dz),
L

where fory € L

A(x) = ( — l + 2 (SC&]L ZRzJZJ ZRzawz - ZRaﬁaﬁ)

Remark. The volume of an Euclidean ball of dimension m — | with radius ¢ > 0 around zero is

given b]/ NGO )2(7; -
2

5.1 An invariant volume formula for tubes

We want to give a formulation for the volume of a tubular neighborhood using our
quantities and express the second order term in a coordinate invariant matter. Remark-
ably, this coordinate-free representation is basically given by the density p in (44), more
precisely, a modified version of it.

This proves that the problem depends only on the geometry of the tube. The original
idea for the computation was given in [GV81], Theorem 5.3.

In what follows 7: L(¢) — L denotes the tube projection which is given in local Fermi
coordinates by 7(z,w) = x. Moreover, let wy; = was(m) be the volume form of M and
wr, = wr,(z) the volume form of the submanifold L.

Definition 5.1. Let L. C M be isometrically embedded and 7 as above. For x € L denote by
F = F, = n~1(z) the fiber over x.

a) Let gr and wr denote the metric on the fibers and the volume form of the fibers, respectively.
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b) Define the modified density
_1
p:=p-det (gF2> ) (64)

where p = ggggi as usual.

Remark. We call p the modified density. It is uniquely determined by
pwp ANTiwr = wyy.

Note that this is a coordinate-free expression.

Lemma 5.2. There exists a coordinate-free representation for the function A from above, i.e. A
can be written in the form

1 d? 1
M) = = 5
(@) 2 de? <v01 (Bm™(e)) /Fz(e) pr) ‘ 0

forx e L.
Proof. Let x); denote the Hodge operator on M. By definition 7*w;, € AY(T*L(¢)). Using
the definition of the exterior product on forms we obtain

Trwr A *ymrwr = (mFwr, T wr Yws

= |Im*we 3w
Thereby,

7r*wL

Wy =% A Trwr,. (65)

o
lm*well,
Now we develop (65) in a handy way. By definition, we deduce in local coordinates

() m*wr(z,w) = \/detgy (x)dzt A --- A dat,

o KMTW 1
(ii) m(fn,w):adwl/\---/\dwm ,

where « is some smooth function, which we want to compute now.

As a consequence of (i) and (ii), (65) becomes

Vdetgas(z, w) det A Adat Adwt Ao A dw™ !

=a dw' A--- Adw™ P A /detgr (z)dat A - A dal,

et w)  [detgu (o, w)
B detgr, ($) - detgsq ($, ’UJ) ‘
The second equality is true due to Corollary (1.5) on a suitably small tubular neighbor-
hood L(e),e > 0.

which means
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In order to obtain the statement, it is necessary to write

* T w det
IMTLL I gt A A du™
I wr I3 detgsa
detgn —— 72\ /detgp dw' A - wm !
detggq,detgr
= pr.

Combining the above equations with the smooth coarea formula (see [Cha06], Chapter
IIT), we deduce that

M = w
vol (L(s))—/L(a) M

7T*wL %
= M\ ) AT L
L(e) (|7 WLHM
:/ pwr ATrwr,
L(e)

ot

fx,¢e) :—/ *0 <7:wL2> :L—R
= (€) w3,

is continuous for every 0 < e < 1.

using the fact that

It remains to compare this result with Gray’s formula (24), which yields
/ pwp = vol(B™ (e)) (1+ A(z)e2 +0 (54)) .
Fi(e)

Now it suffices to differentiate both sides with respect to ¢ twice and evaluate the terms
ate =0.
O

The coordinate-free representation of A given here is not the only remarkable modi-
fication we want to employ. With the help of Proposition (3.24) we obtain a simple
representation, i.e. in terms of orders of ||IV||.

In local Fermi coordinates formula (44) is equal to

(63 1 «
plx,w) =1+ po(x)w™ + 5 PapW w’® 4+ 0 (W?).

To shorten notation we write dW instead of dw! A - - - A dw™~!. Combining these expres-
sions with the invariant formulation above yields

/ ﬁsz/ ol w) AW
Fy(¢) Fy(¢e)
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1
= / (1 + pa(z)w® + paﬂwawﬁ) dw + O (53) ,e = 0.
{Iwl<e} 2

By symmetry arguments the first order term cancels out after integration over the do-
main, i.e. we remain with the computation of the zero and second order terms. The task
now is to evaluate

1
/ pwp = vol (Bm*l(s)) + pag/ ww? dW + O (£%).
Fa(e) 2 (1w <e}

By rotational symmetry of the coordinate functions we obtain

/ ww? dW = / </ GaﬁﬁdSml1> s s
{lIw]l<e} 0 Sm—i-1

: 6aﬁ m—I[—1 m—I+1
=) m= lvol (S (1)) s ds
501,6’ 1 6m71+2

Parts of this computation can also be found in [VC81], Lemma 6.3. Moreover, we use the
following observation for the volume of a Euclidean ball. It is

vol (Bm—l(g)) - /0 T vol(S™ () dr
_ / C e lyol(§m 1 (1)) dr.

0

Hence,
m—l
vol (Bm*l(g)) - ; —vol(S™ (1)), (67)
Combining all these results gives
1 5a6 6m—l+2
pwp = vol(B™™! il 1 (Sm—1-1(1 3
[ e = o)+ gt vol (8777 0) s 0 ()
m—l
- 1 Paa(z)e™!e? -1
= vol(B™™ = (s™ (1 s
vol( (5))+2a:1(m—l)(m—l+2)vo( (1) +0(=)
m—1 1 ¢ 3
= vol(B™"(¢)) 1+§m_l+22pw(az)+0(e)

This computation combined with Lemma (5.2) proves the following fact.

Lemma 5.3. For x € L the second order correction term can be expressed in terms of the density

as
1
AW) = 517y 2 Peal®)
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5.2 Arbitrary correction terms

In [Gra82], Remark (6), p.203, it is stated that the second order term of the volume for-
mula above, is independent of the second fundamental form of the embedding. Intu-
itively, this statement seems to be wrong due to the Gauss equation, which relates the
curvature of the manifold and its submanifold by terms of the second fundamental form.
Hence, we use our method from Section (4.3.2) to demonstrate that the second order cor-
rection term A does indeed depend on the embedding.

Proposition 5.4. For a given Riemannian manifold (L, g1,) and a smooth function AeCc>(L),
there exists an embedding L — E, such that the given function A represents the second order
term in the volume formula.

Proof. Let L(c) be equipped with g, defined by (4.14). Again we study the isometric
embedding (L, gr,) — (L(¢), gr). By Lemma (4.26) the associated density is given by

dm,

1
Pr =1+ 6w“w”7“waua,, + 0 (||W||3) .

~ dmg,

In the previous section we already computed A to be given by

1 d2 1 ~
Alr) = 50 <1<Bm<>> /m) ’WF> Jo=o

1 d? 1
S d
2 d€2 (VOI(Bml(€)) /Fm(s) p W) ’ 0 ’ (68)

forxz € L.

Using the coordinate expression for p, yields

1
/ pr AW = {1 + *wﬂwVTWa,uau +0 (||W||3)} dw
Fz(€) Fz(s) 6

= vol (Bmfl(8)> + érwa#w(z) / whw” dW + O (%) .
{Iwl<e}

The integral can be handled in the same way as (66) and (67). We deduce

/ pr dW
Fy(e)
5uygm—l+2

Bm’l(s)> + érwam(x) ( CE e (sm“(l))> +0 (%)

1 1
m—l o 2 3
B (5)) (1 + GTW W,,(w) +e o 2) + 0 (6 )

vol

vol

vol

/N 7 N /N

m—l 1 g2 3
B (E)) 1 + ESCaIFTm + O (5 ) .
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Substituting this result into (68) gives

1

A = G112

Scalp,.
By the same argument as described in Section (4.3.2) we study the algebraic curvature

tensor f - ry, where f € C*°(L) and r € R. Again equip L(¢) with the metric g,f from
Definition (4.29).

By formula (62) we obtain for the associated density
1 v «
pl=1+ ¢ [ whuwrw®a, + O (IW]°).

We conclude by the same computation as before that A is now given by

1

A = G112

f-Scalg,, x € L.
Therefore, an appropriate choice of f and the fact that there exists some algebraic curva-
ture tensor with non-vanishing scalar curvature, we obtain the result that every smooth

function A on L can occur as a second order correction term (in the above sense) for an
embedding. O

In particular, this proves the announced dependency of the embedding.
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Chapter 6

The behavior of 11y under isometries

Let L be equipped with the induced metric g of the ambient manifold (A, g). This
chapter discusses the behavior of the potential Wj under isometries of the ambient
manifold. Here, the primary result is stated in Theorem (6.3), where we prove that the
potential is invariant under the subset of isometries of M, which restrict to isometries of
L.

For a finite time horizon 7" > 0 we recall the definition of the path space
Q) = C([0,T],L(g)) = {~: [0,T] — L(e)|~ continuous }
of the tube.

Remark. We use the notation of the path space not only for tubes, but for manifolds and their
subsets as well, e.g.
Q= C([0,T], M).

Note that QL(E) = QL(E).

In the following section we use a different notation of the second fundamental form,
which can be found in [Xin96].

Definition 6.1. Let L, M be Riemannian manifolds. For a smooth embedding f: L — M,
p € Land X,Y € T,L, the second fundamental form of the embedding is defined by

H(f)(X,Y) == Vxdf(Y),
where V denotes the induced connection on T*L @ f~1(T M) and
dfY) == f.Y
is a section on T*L @ f~Y(TM).
Proposition 6.2. For f: L — M and X,Y € TL the equation
Vxdf(Y) =V xfiY — fu(VxY) (69)
holds.

Proof. By using the linearity of the connection and the product rule, we obtain

Vf*Xf*Y - f*(VXY) = f*va*Y - f*(vXY)
= f*(VXf*Y - VXY)
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= f.(f.VXY + X£Y — VyY)

for each pair of tangent vectors X, Y. O

From Theorem (1.26) and Theorem (1.28) in Chapter 1 we obtain the following result.
Recall, as ¢ tends to zero, the conditional Wiener measures

iE = Wiy (dw| w € Q1 (2))

converge weakly to a limit measure 4, which is equivalent to the Wiener measure on
the submanifold with corresponding Radon-Nikodym density ¢ defined by

5 s B exp <—% fOT %ScalL — iHT(cp)HQ — % (ScalM +ﬁM/L +§M/L) ds>
Tawg T Z(x) |

(70)

Here Z depends on the starting point € L of the underlying Brownian motion and
normalizes y to total mass 1.

Remark. 1. The normalization is given by

2@ = [ Lo (-; / W () ds) W (dw),

with W from (14), and ensures that we obtain a probability measure.

2. The density ¢ is strictly positive and continuous; therefore, o and Wy, are equivalent
measures on L.

We now want to investigate the behavior of the potential composed with an isometry of
M.

Theorem 6.3. Let L, M be as above, M geodesically complete, and j: M — M be an isometry,
such that the restriction j;,: L — L is an isometry of the submanifold.
Then the potential Wy on the path space Sy, is invariant with respect to j, meaning

WoOj:WQ.

Remark. Equivalently we can use j~*

instead of j.
For the proof of this theorem, we need the following helpful consequence.

Lemma 6.4. Given the situation of Theorem (6.3) and € < i, where i is the injectivity radius of
exp™ on NL, it follows that the tube L(¢) is invariant under j, which means

j: L(e) = L(e)
is an isometry.

Proof. Due to the tubular neighborhood theorem (cf. [Kos07], Chapter III), using € < i,
there exists a diffeomorphism between L(¢) and a neighborhood of the zero section
in the normal bundle NL of L in M. It suffices to study the properties of the tube
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and the submanifold. We want to use Hopf-Rinow'’s theorem (see Appendix A). The
distance function is invariant under isometries. Therefore, geodesics are invariant un-
der isometries, which means shortest path remain shortest path under application of ;.
Hence, for each z € L(e) \ L the distance to L remains the same. By compactness of
L and the Hopf-Rinow theorem, any two points = and y can be connected by a length-
minimizing geodesic, hence for every given x € L(e) there exists a unique y € L, such
that d(z, L) = d(z,y) = a. According to our assumptions a < ¢ holds and hence

a=d(z,y) =d(j(z),j(y)) <e.

The isometry j maps L bijectively onto L which means j(y) € L. Thatimplies j(x) € L(e)
and shows j(L(e)) C L(e).
The map j is a diffeomorphism, that guarantees the existence of a diffeomorphism j !,
which itself is an isometry as well. The statement follows from the fact that restrictions
of homeomorphisms are homeomorphisms.

t

Using the above notations we are now able to prove Theorem (6.3).

Proof of Theorem(6.3). The isometry jir,(.) induces a (continuous) map, denoted by ./, on
the path space €2,.). This map is explicitly given by

J: QL(E) — QL(E),’Y i—)jfl 0.

According to Lemma (6.4) this map is well-defined and maps into the path space of the
tube. Furthermore, we have

L=j"(L)=j(L) (71)

and j ! is a diffeomorphism as well. We then derive an equivalent condition for a path
w tobe in Q)

w € QL (o) < SUPselo,7] d(w(s),L) <e
JTHD) <e (72)

& sup,epor) A (w(s)),
,L) <e, (73)

& supepor) A (w

where we used that j ! is length preserving in (72) and equality (71) for L to obtain the

last equivalence. This leads to the following characterization
w € Qe < J (W) € Qe (74)
Using the definition of the pushforward (or image) measure we derive
T (d]w € Q) = W™ (dw)|w € D)
W ()] T ) € Q)
= W (dw|w € Q).
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Here we used again the isometry property of j in the last equation. We obtain a Wiener
measure on L with respect to another starting point of the paths.

Using Theorem (1.28), we obtain

Wi (dw|w € Qpey) =3 m AW (w) exp < / W(w >

where Z(j(z)) denotes the normalization constant depending on the new starting point
j(@)-

We now want to show that the computation of the pushforward measure commutes with
weak limits. Therefore, let Cy(€2/,.)) be the set of continuous and bounded functions and
P(Qrc)) be the set of finite measures on Q). Let (pn)n>1, 10 € P(Qp o)) With py, — 11,
n — oo, in the weak sense, which means

[ =S [ g

Qr(e) QL)

forall f € Cp(2r())-

We further define ¢ := j|(.) and note that for all f € Cy(£2.)), the composition
fore (L)),

because ¢(Cy(21(.))) = Cb(Qr(e))- Using the transformation formula (see e.g. [Bog07], p
190 ff.) for the pushforward measure we obtain

| revau= [ fun (75)
Qr(e) Qr(e)

Due to our assumptions we have

/ foaalunni>o foudu.
Qr(e) Qr(e)

Because of (75) the left-hand side equals [ f t.dpu,, while the right-hand side is equal to

[ fuidp, which means
/ fue dun noee / fue dp.
Qr(e) QLo

Therefore, we have
lim J*W’”(dw] w e QL(a))
e—0

=J. (hm W (dw|w € Q. )))

o (e ([ W)

(771 (dof)) exp ( /0 Wo ﬂ(w’(s))ds) |

1
- Z(x)
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where the last equality follows from the definition of the pushforward measure. This
leads to the equality

1 ](m) W) ex ! wlSs S
Fo @ p< [ <>>d)

1 T
= %Wf(J_l(dw/)) exp < ; w oj_l(w’(s))ds) .
To sum up we obtain the equality of the Wiener measure up to the starting point and the
densities are equal due to the transformation formula. Now we consider the logarithmic
densities and use the properties of the logarithm which leads to

[} 0o - wenas = s (550 )

The expression on the right-hand side is a constant, as it is the logarithmic quotient of
two normalization constants. By the above remark,

. 1 r j(z
26@) = [ e (=5 [ Welo)as) Wi
Q(L) 0
holds. Using the definition of the pushforward measure, i.e. the identity
WA (dw) = JWE (dw),

combined with the fact that j is an isometry restricted to L and the transformation for-
mula we obtain Z(z) = Z(j(z)). Note that W|;, = W, therefore we can assume that the
right-hand side is always equal to zero and we obtain the equality

Wo o H(w) = Wo(w)
almost surely. O

Definition 6.5. Let G := Isom(M ) denote the isometry group of M. We then define the sub-

group
G(L):={g9€G|gy: L — Lisanisometry of L} C Stab(L).

Corollary 6.6. The potential Wy is constant on the orbits of the action of G(L) on L.
Proof. Let p, q € L be arbitrary points in the same orbit B of the action
G(L) x L = L,(¢,p) = ¢(p).

Particularly, there exists ¢ € G(L) with ¢(¢) = p. Moreover due to Theorem (6.3) we
have Wy o ¢ = Wy, which leads to

Wo(q) = (Wo o) (q) = Wo(p).
Thus W is constant on B. O
The same arguments provide the following result.

Corollary 6.7. Let the action of G(L) be transitive on L. Then W), is constant.
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Clearly, the embeddings of lower dimensional spheres S" into higher dimensional
spheres S, n < m, yield an example for the latter result.

6.1 Lie groups and symmetric spaces

We investigate in which other contexts Corollary (6.7) can be applied. In this section,
we obtain some results with the help of Lie group theory and first want to look at
Riemannian symmetric spaces, introduced in Section (2.6), for another application.

Two crucial facts about symmetric spaces used in the following are on the one hand that
they are homogeneous spaces, i.e. the isometry group Isom(M) acts transitively on M.
On the other hand their isometry groups are finite dimensional Lie groups.

Example 6.8. Let n > 1. The most important examples are
(i) the Euclidean space R™ with its standard metric,
(ii) the spheres S C R™ with the induced metric.

The above spaces are of constant sectional curvature. Moreover, the orthogonal groups (as com-
pact Lie groups)
O(n) = {g e R™"| g'g =1},

or the Grassmannians
Gr(R"™) = set of all k-dimensional linear subspaces of R"

form symmetric spaces.

By a theorem of E. Cartan we find a remarkable fact, which is helpful for our investiga-
tions.

Theorem 6.9 (Closed Subgroup Theorem, Cartan). Let G be a Lie group and H < G a closed
subgroup. Then H itself is a Lie group and therefore an embedded submanifold with the induced

topology of G.
Proof. See e.g. [Lee03], Theorem 20.12. O

For the classification of symmetric spaces, a very handy decomposition result is as fol-
lows.

Theorem 6.10. Let G be a connected Lie group with involution o and a left invariant metric,
which is right invariant under the closed subgroup

K =Fix(c) ={g € G| ¢° == agot = g}.

In addition, let K < G be a closed subgroup which contains the identity component of K and is
contained in K. Then S := G/K is a symmetric space.

Moreover, every symmetric space M can be decomposed as M = G/k for suitable K and G as
above.
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For a more precise statement and further details on the classification of symmetric
spaces and the connection to Lie groups see e.g. [Hel01], [Lee03] or [Bre72].

Let now M be a Riemannian manifold, such that G = Isom(A) is a Lie group and let
x € M. Denote by
Gz ={9 € G| gz =z}

the isotropy group of G and by
Gz = {gz| g € G}

the orbit of z in G. From now on, let G be a compact Lie group and H < G a closed
subgroup. H is compact. Then let Hp be an orbit of the action of H. Moreover, G acts
on Hp and every orbit of this action gives rise to a compact subgroup L which satis-
ties all assumptions of Corollary (6.7). Hence, L itself needs to be the orbit of a subgroup.

We try to summarize this in the following lemma.

Lemma 6.11. Let G be a compact Lie group and H C H' C G be closed subgroups, which are
isomorphic to an isotropy group of G. Then, M := G/ and M’ := G/n’ yield an embedding of
symmetric spaces, with constant associated potential.

Proof. M and M’ are topogical spaces, when equipped with the quotient topology. More-
over, the isometry group of both spaces are equal. Then, using compactness, Corollary
(6.7) and the fact that M is conjugated to a subgroup of M’ yields the statement. O

Example 6.12. All of the above listed symmetric spaces fulfill the assumptions, such that e.g. the
Grassmannians presented by

Gr(R™) = %M /5005 0(m—k)»

the hyperbolic spaces
H,, = SO(n,1)*/s0(n)

or the Stiefel manifolds given as
Ur(R"™) =2 O0(n)/o(n—k)
yield examples.

In [NG97] some of these examples were studied explicitly. The volume of the tubular
neighborhoods is computed analogously to the methods used by Gray. For the compact
symmetric space M = 5S0(5)/(s0(2)xSO(3)) there are numerical computations for the area
and volume functions of tubes around two distinct totally geodesic submanifolds.

Remark. 1. Whenever the ambient space has a high amount of symmetries, i.e. its isometry
group is large, we obtain a couple of examples for Corollary (6.7). For instance, starting
with a symmetric space M, one can construct examples of embeddings by studying every
closed subgroup of the full isometry group and its orbit under the group action.

2. These observations support the facts found in Section (2.6), i.e. that the formula for the
potential will be easy, if the ambient space is e.g. of constant sectional curvature or a
symmetric space.
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6.2 The cocycle C?'

In [SSWW14] the authors proved that the conditional measures on the tubular
neighborhoods L(e) described in Chapter 1 correspond to (inhomogeneous) Markov
processes and converge weakly to a limit measure for ¢ — 0. This limit measure is
supported by the path space of the submanifold. This situation was also studied in
[JK71], where it is shown that such a limit measure is related to the Schrodinger oper-
ator, which describes the dynamic of a quantum particle constrained to the submanifold.

The following section was motivated by this work of H. Jensen and H. Koppe, who
especially studied the motion of a particle on a surface by forcing the particle to move
between two parallel surfaces with distance d > 0 and examine its behavior for d — 0.
The authors specify different approaches for the computation of the limit. Moreover,
they focus on a motion between equidistant surfaces parallel to a given surface which
is parameterized in local coordinates. This construction motivated the so-called cocyle
problem, which we discuss now.

We introduce the following situation.

Let L1, Ly, M be Riemannian manifolds, such that Ly C L1, L1 € M and Ly C M are
isometrically embedded Riemannian submanifolds. The dimensions are [;,ls and m,
respectively. In this case we denote by W12t or W?2! the potential according to the
embedding of Ly C Ly, WM and Wi=M, respectively.

Corollary 6.13. Let Ly C L1 C M be as above and j: M — M an isometry with the property
that the restrictions of j to the submanifolds are isometries as well.
Then the expression

LaoLq LiM Lo M
W2t 4+ Wyl i M — W

is invariant under j.
Proof. This statement is a direct consequence of Theorem (6.3). O

This last corollary initiated the computations in this section.

Let Ly € L1 € M be Riemannian submanifolds of (M, gps) as above. Furthermore, let
e>0,AC Mandw € Q(M).

Now we want to compare the limit behavior of the conditioned measures we obtain from
the conditional limit process according to the embedding Lo C M, to the surface measure
we obtain from conditioning the path measures of M first to L; and then afterwards to
Ly. We compute the rescaling factors for both processes and investigate, how they are
related.

First, compute all of the associated densities in an individual step, each concerning one
of the above embeddings. Starting with the latter case we first focus on the embedding
Ly C M. Fixapointz € Ly.

Due to Theorem (1.28) we know the family . of Wiener measures conditioned to the
tubes converges to a probability measure po on the submanifold L;. This limit mea-
sure (i is equivalent to the Wiener measure on Wy, . Explicitly, we obtain in the given
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situation

) L W (w(t) € AN Ly(e))

i (w(t) € ANLy) = limy wgcw?i([o, )€ ANLi(e))
fQAr‘nLl(s) Wﬁ/l(dw)

20 Jo o, Wiy (dw)

e (BRI e)s)

= 7, (dw),
Joy. 50 (=4 Jo WEM (w(s))ds ) W, (dw)

)
1

where we define the denominator by Z(z) to denote the dependency of the starting
point x.

Note that the map

Qo Rw s Z(lx) exp <—; /01 WLlM(w(s))ds>

is continuous. We are going to use this result in combination with the second step,
where we study L, embedded into L;. Let x € L, denote the new starting point. We
want to take the result of the conditioned Wiener measure we found above and restrict
it to Ly now.

Analogously, we derive a probability measure v* given by

v¥(w(t) € AN L)

P (w(t) € AN Ly(e))

250 4 (@([0,1]) € La(9))

o 7 O (=5 Jo WEM (w(s))ds) WS, (dw)
0 oy 7 oxp (4 Jo WM (w(s))ds) W (dw)

1 X
o Ja e (=5 Jo WM (w(s))ds) AT 6

0 o 7 o0 (<3 Jy WM (w(s))ds) W (dw)

where x7 denotes the characteristic function of T'.
Because the limits of denominator and numerator do not exist, we need some help to
obtain a suitable result. Therefore, we expand the above expression with

1 1
fQLQ(E) Wfl(dw) N fQLl XLg(e)Wfl(dw)'
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By Portmanteau’s Theorem (cf. [Bil13], Theorem (2.1)) we obtain

J 7t &P(=3 Jo WHM (w(s))ds) xpy () W (d)
Q4 )

fQLQ(E (dw

x € ANLy) =l ’
v ( ( ) 2) Egn Z(x) exp( fol WELM (w(s))d )sz(S) i1(dw)
Jou,

xz
fssz(g) WLl(d"J)

where we are now able to compute the limits of numerator and denominator indepen-
dently.

As the potential functions are smooth functions on the submanifolds, and the starting
point x is fixed, we can apply a theorem for the weak convergent measure families given
by the Wiener measure on L; restricted to the tube Ly(¢). That guarantees the existence
of both limits. We use that

W% (dw - 1 1 /!
lim fQA L, x)XLQ() — exp <_/ WL1L2d5>
e—0 fQLQ(E) WL1 (dw) Zl (.’E) 2 0

and therefore finally obtain a normalization factor, which depends on both restrictions,
denoted by Z. The final result is

:Zfl(x) exp (_; /0 1 WLILQ(W(S)MS) exp (-i /0 1 WLlM‘LQ(w(s))ds) v (dw). (77)

At last for the embedding Ly C M and = € Lo we explore the probability measure \*
exactly as in the first case and derive

1
M(w(t)e ANLy) = Z21( )exp (—;/0 WLzM(w(s))ds> Wi, (dw). (78)

We summarize the observations above in the following two lemmata.

Lemma 6.14. The Wiener measures on M and Ly are related by

WM‘Ll =M .WL17

where 6™ denotes the corresponding density of the embedding : Ly — M.

Proof. By continuity of the density 6!, a restriction of the Wiener measure Wy, to L;

means restricting the potential W, = p_%Ap% onto the submanifold. By definition of §
(see (70)) we obtain the result. O

Analogously we want to restrict this conditioned measure on the smallest submanifold
Lo. We obtain the following connection.

Lemma 6.15. The Wiener measures on M and Lo are related by

Lo
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Proof. Both densities 6! and §?! are continuous functions on their domain. Hence,
restriction of the density function to a submanifold is equivalent to restricting the cor-
responding potential to the submanifold. Because the restriction of a probability den-
sity to a submanifold provides a probability distribution on the embedded submanifold,
this means only paths of this smaller path space are admissible. Applying the previous
lemma twice then gives

(WIMIM)M2 = (51MWL1)|L2
=" c(0,1),L2)WLa 1,
= 0" c(i0,11,02)0% 12 - Wio-
0

We now want to give some conditions that are necessary to obtain the equivalence of v*
and \*.

Since the relation between both conditional measures is somehow described by a cocycle
condition, we define the object of interest as the cocycle.

Definition 6.16. Let Ly C Ly C M be Riemannian submanifolds of (M, gar). The cocycle
C*' M defined as

Zs(x) exp (-% oy Wil (w(s))ds) exp (—; Jo U (w(s))ds) Wi, (dw)

Z;(x) exp (—% I8 WL2M(w(s))ds) Wi, (dw)

)

denotes the normalization of the limit process that compares the surface measure induced by the
embedding of the smallest submanifold Lo into M with the measure, we obtain by conditioning
the surface measure on the path space of M first onto Ly and then onto L. The related potential
WM is defined by

21M . __ 21M _7 Lol LiM LoM
WM = WM s W M e,

where the subscript 0 at each function always denotes its restriction to the submanifold.

Remark. Whenever the cocycle equals one, the measures derived from the conditioned processes
are not only equivalent, but equal.

Definition 6.17. Let (M, gys) be an n-dimensional Riemannian manifold and R the Rieman-
nian curvature tensor according to gnr. Let Lo C Ly C M be (isometrically) embedded sub-
manifolds of dimension ly and 1y, respectively. By {e;}i—1, .. m we denote an orthonormal frame
of T, M, x € Lo, such that the subsets {e;};—1 .1, and {e}}x=1,. 1, are orthonormal frames of
Ty Lo and T, Ly. We define the partial trace

M ,__ § : M
Rﬂ = Riaia'
P ie{l )
0{6{124»1,.‘.,[1}

Remark. 1. Inanalogy to the usual notation the index o is used for the fiber components of
NLy; CTLy.
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2. In the same way one defines RAL | RYL and Rﬁ .
Ly Lo Loy

3. Using the definition of the sectional curvature we obtain

R]ﬁ = Z k(e N eq).

L 3
2 e

4. We still sum over repeated indices, such that we will not write down the sums explicitly,
whenever there is no reason for confusion.
Definition 6.18. For the embeddings Lo C Ly C M we define another partial trace (over the
fiber components) by
Iy
Bagjen = D Ry
kaZZQ‘l’l

We can now give a basic property of the cocycle.
Theorem 6.19. The potential W?'*M is qgiven as

WM = L (@) + 1), — I 0 I )

1 Lony  2,m 1 Lov  Loum
“Scalp, — ~RM —ZRM _Zp _ZRM L _pM.
TR Tl T g T gty e, T g i

Proof. Let ¢: Ly — Ly and ¢: Ly — M denote the embeddings of the submanifolds.
Then 1) o ¢ is the embedding of Ly into M. Moreover let {¢;},—1.;, be an orthonormal
frame of T'Ly and with standard theory of linear algebra, we can assume that for an
orthonormal frame {£;},—1._;, of T'L; the identification £ := e; holds for 1 < j <.

To avoid confusion, we use abbreviations like || - ||1, whenever the metric of the subman-
ifold L; is used.

Note that we just evaluate the potential on points p € Lo such that some terms directly
cancel. We obtain

LiLo LiM LoM
Wo ™2 + WoL, =W
1

6
1 1 , 1 . _
+ §SC31L1 - ZHTW)HM 5 (ScalM + Ricyy/r, + RM/LI)

1 1 . _
= 5ScalL2 — ZHT((,O)H% — (ScalL1 + Ricr, /1, + RLI/LQ)

o,

1 1 1 - _
_ (28(:alL2 — 1”7(1/; o (p)”?w ~3 (ScalM + Ricyyr, + RM/LQ))

1
= =5 (IF@I + I (Dl3riz, — 7@ o )I) 79)
1 1 — =
+ §ScalL1 ~ % (Rchl/L2 + RLl/Lg) (80)
1, _ 1, _
~ g Bicar/, + Ragyn,) |, + G (Ricayz, + Ragy, ) (81)

First consider the summand (80), we explicitly compute the partial traces as
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le/LQ =trg, (RiCLl)

lo
= ZRicLl(ei, ei)
i=1
lh b
=" > (RM(Ej eiei, Ey)

i=1 j—l
lo
Ly
o Z Z Rzm
i=1 j=1
and
lo
R = (e;, RI( R
L1/Ly = €5, e])e’L 61 ijij°
,5=1 ,7=1

Combining these expressions with the fact that

I

Scaly, = » R
i,j=1

we obtain the following simplification

1 1 _
(80) = *SC&ILI - = (RICLl/Lg + RLI/LZ)

la It

9 Z Rzm o 7ZZRUZJ 8 Z Rzm

,j=1 i=1 j=1 i,j=1
ZQ 1 l2 ll
Y RE-GY Ry Y Ah
Z RE -5 > Rb— 2 Ry
ij=1 ,j—l i=1 j=lo+1
lo
1 L
— 1
- gscalFﬂ Z Z Rijijo
i=1 j=la2+1

where F»; denotes a fiber of the embedding of L, into L.

We compute (81) in two steps. On the one hand we have

1 el ™
6 (RICM/L2 — RICM/L1|L2>

m m m A
Z Z ka Z Z RkaJ + Z Z R%’kj

k=1 i=1 k=1 j=1 k=1j=lo+1

m
:_72 Z kaJ|L2

k=1 j=lo+1

|~

Ly
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On the other hand, using similar splittings, we obtain

l1 l2 I I

_ _ 1
(RM/Lz - RM/L1|L2) =5 | 22 Rt Do > By,

i=la+1 j=1 i=lo+1j=1

D=

Combining the latter two results a straight forward computation gives

l1 lg ll ll

1 m A
(81):_6 Z Z R%kj\L2+ Z ZR%J'"' Z ZR%ﬂLQ

k=1j=ly+1 i=lo+1 j=1 i=lo+1 j=1
1 lo It I L m I
- __ M M M
T 6 SZ Z Rkﬂf] +2 Z Z ka + Z Z Rkﬂf]
k=1 j=la+1 k=la+1 j=la+1 k=l1+1 j=la+1
The last summand can be rewritten as
m I
Y D Rijy=RY - RY +RY
k=l +1 j=lo+1 = b2 2

using the definition above.

Finally, we obtain

WA = L (o) + @) B, — I o 9IR)

1 Loy 2,0 1 Lov 1oy
i SR _ZRM g RM 4 M.
3 e B S L e

+ G

Scalp,, —

O

Remark. Note that the potential Waq pr does not depend on the curvature tensor of Lo any more.
Moreover, it does not depend on the embedding of Lo into Ly, which we will discuss next.

We want to explain this result in more detail. We can reformulate Theorem (6.19) by the
following proposition.

Proposition 6.20. Given the situation above, let the sectional curvatures of the ambient mani-
folds Ly and M be constant. Then the corresponding potential WM is constant if

IT()IF + I 3a, — 1T (@ 0 @)l
1s constant.

It seems there is another possibility for a simplification due to an exploration of the
tension field. By a result of Wood (cf. [Woo13], p. 33, Formula (1.11)) we obtain

7(p) = tangential part of 7(¢) o @),

where tangential means tangential to L.
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To understand this result we study the formula of the tension field of the composition of
Y and 7 to give a simplification of the latter proposition.

Thus we compute the second fundamental form of the composition of two maps and
derive the expression for the tension field by taking the trace over an orthonormal basis

{ei}.
Let XY € TL,. Using the definitions of the objects and equation (69), according to
[Xin96], we have

(Yo p)(X,Y) = (Vxd(y o ¢))(Y)
= Vi(gop), x (1 0 9)Y — (o) (VxY)
= v(w*ow)X(zp* 0p«)Y — (Y 0 px)(VxY)
= (VW*X(dw)(‘P*Y) + dw(vw*X(‘P*Y))) — d(pxVxY)
= VW*X(d¢)(¢*Y> + d¢(vw*X(¢*Y) — 0 VxY)
= II(¢) (s X, 0. Y) + dip(I1(p) (X, Y)),

where we used the formula for the pushforward of a composition in the third step. Tak-
ing the trace using the above orthonormal basis {¢;}, we derive

T(oyp) = Z I1(1)) (psei, prei) + Vu(T(0))- (82)

On the other hand using local Fermi coordinates and the definition of the Christoffel
symbols we obtain the following relations. Let

1 lo 1 li—ly 1 m—ly
(.., 22w, ..., w 2y 2 )

denote the local Fermi coordinates on M. We use (z'), (w®) and (24) when referring to
local coordinates on Lo, L1 and M. Moreover, the usual notation for the standard vector
fields holds, i.e. 0; = % et cetera. Let p € Lo. Due to the choice of the coordinates we
obtain not only

<ai7 aa)Ll,p - 07 <ala aA>M,p =0 and <aA,aa>M,p = 07

but also . .
L L
F 11] = F Qij'

Moreover, we obtain
M(p)(X,Y) = VY - vy
= Xy (FLlfj - FL2Z) O + XTYITN 9,
and
M(y)(X,Y)=V¥Y - V&Y
— X'Y® (FMfS - rLlfs) Bo + XTYTM2 0,
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for X,Y € I'(T'Ly). Using the composition formula (82) and the fact that we deal with
isometric embeddings, we remain with

I7(w 0 )13 = T (@)1, I3s + 1T (D) Rs = N7 (@)1, 3r + I ()34

Here T(w)‘ 1, denotes the partial trace over the orthonormal basis of Ly over the tension

field 7(¢), given in local coordinates by g7° (I‘M ;taA - FLlffs@a). Therefore, we have
proven the following.

Corollary 6.21. The potential in the cocycle situation is given as

1
WM = =2 (I3 = 7). l13) (83)
1 R S | R
+§Sca1F21 —ER% —gR% —g.RA]\J/F21 —ER%—FER% (84)

Remark. The composition formula (82) directly implies that the first part in the formula for
WM vanishes if 1 is totally geodesic and ¢ is harmonic, as v o  is harmonic in this case.

For more information on harmonic maps also see e.g. [ES64].

We give some consequences of the above result, i.e. study W' with additional as-
sumptions.

Corollary 6.22. Assume the embedding 1) is totally geodesic. Then the corresponding potential
for the cocycle is given by

5 1 1
WM = = (l7(§) 1, 1) — =RY. — RN + —RY .
6 I 6 6

2 Ly L72

>~ =

Proof. Using Gauss’ equation for the given setting ensures
M L
Rigir, = R

for i,k < l;. Then we obtain the result by (83).

Corollary 6.23. If M = R", n > 1, we obtain

1 1 1
W2 = =2 (Im(@)IF = I7(#)ral13s) + 5Scalr — <RI}

4 3 6 7
Proposition (1.13) already reviewed the special role of the sectional curvature.

We prove a remarkable fact about embeddings into manifolds of constant sectional cur-
vature.

Corollary 6.24. Let Ly be a submanifold of the Riemannian manifold Ly, which itself is a sub-
manifold of the Riemannian manifold (M, g). Assume that the sectional curvatures of the ambient
manifolds are constant and all the embeddings are totally geodesic.

Then the potential Wayy is constant and therefore the cocycle C**M equals one, which means the
corresponding Wiener measures are equal.
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Proof. Because the embeddings are totally geodesic the tension fields 7(¢) and 7(1) van-
ish. Using the composition formula (82) this yields that the tension field 7 () o ¢) of the
composition also vanishes. Moreover because the sectional curvature determines all the
other curvature terms the statement follows by Theorem (6.19). O

We study two examples, with the help of MAPLE®. First we discuss an example, where
the cocycle differs from one.

Example 6.25. Let an ellipsoid (spheroid) E with parameters a = 1, and b = ¢ = 2 be embedded

into R3. Furthermore, let e be an ellipse, embedded into E. In detail: E is parameterized by

b (_g g) % (0,27) = B, (8, 9) > (2 cos(8) cos(e), 2 cos(8) sin(¢p), sin(8)),

while we have the following parameterization
P.: (0,27) — E,t > (0,2sin(t), — cos(t))

for e. Note e is the intersection of E with the y — z—plane (see figure 6.1). The induced metric g
on E is given by

—3cos(6)? +4 0
0 4cos(9)?)”

where we already note that g is independent of the angle ¢ due to symmetry reasons. The explicit
computations are presented in the Appendix E. Note that we describe the e-tube around E by a
normalization of the normal vector computed with MAPLE®. A parameterization of the tube is
then given by

T T 1
p: (-2, 2 2 —e,8) > E — R
where n(6, ¢) denotes the normal vector field on E. The Gaussian curvature is given by

16
(16 cos(6)2 + 4sin(h)2)*

Kp =

Considering the e—tube with respect to E of e, we can parameterize it as a part of the ellipsoid

given by
E: (0,27) x (=, p) = e(e), (8,6) = (2cos(9) cos(9), 2 cos(6) sin(@), sin(6))',
for a suitably chosen p.

The potential Wy for the embedding of e into the three-dimensional euclidean space R? is given
by

1
WO = Zﬂ(t),

where k denotes the curvature of the curve. For this result see e.g. Chapter 2 or [BMSWO09].
With the help of MAPLE® and the knowledge about a formula for the curvature of an ellipsoid,
we computed the potential for the embeddings of E into R3 and e into E. The result shows that
W grs is not constant. The complete computation is given in the Appendix.
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FIGURE 6.1: An ellipsoid with an ellipse.

Remark. Note that restriction to the two-dimensional problem of the ellipse e embedded into R?
given by
(0,27) — e; t — (2cos(t),sin(t))",

gives rise to the formula
4

(4 cos(t)? + sin(£)2)®
According to the formula for the density we can tell that the sojourn probability of the Brownian

particles is largest, where the curvature is largest and therefore at the intersection with the x-axis,
i.e. the major axis of e.

Ir* =

Example 6.26. Another example which we state is the embedding of S' into R?® in comparison
with the embedding of S into a torus embedded in R3.

Here we consider S! as a circle lying in the z-z-plane around the torus as given in figure 6.2.

In this setting one obtains for the embedding of S* in R3 the constant potential

SlRS 1
WO — _Z

This becomes clear, by restriction of R? to the two-dimensional subspace spanned by the - and
z-axis and because the curvature of a circle with radius r = 1 is one everywhere.

A concrete computation with the help of MAPLE® showed that this result is not equal to the
potential one obtains when first restricting it to the torus and then to S'.

In Appendix E we present the whole computation.

Remark. 1. Note that in the case of S* given by a circle in the x-y-plane around the torus,
the cocycle indeed is equal to one. This is due to the rotational symmetry.



6.2. The cocycle C*'M 113

FIGURE 6.2: Torus and S! embedded into R®.

2. Due to Corollary (6.24) in the case that all Riemannian manifolds are spheres S¥,S! and
S™ with k < | < n and the standard embeddings, we obtain that the cocycle equals one.
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Chapter 7

Riemannian submersions with
totally geodesic fibers

We already know that the projection of the tube 7: (L(1),gs,) — L is a Riemannian
submersion with totally geodesic fibers (see Section (1.2)).

Because there are remarkable results about the connection of the Laplacian according
to a metric on the total space of a Riemannian submersion and on the submanifold, we
want to study this setting in more detail in this chapter.

Assume the tube L(1) is equipped with the Sasaki metric. Then, the fibers are minimal
submanifolds. Therefore, in this special setting, we deal with harmonic morphisms. By
a result of Darling (see [Dar82], p. 220) a harmonic morphism p: M — L between two
Riemannian manifolds maps a Brownian motion on M with an arbitrary starting point
q € M to a time-changed Brownian motion on L.

Note that due to the remark at the end of Section (2.5) the Riemannian submersions
p: M — L with totally geodesic fibers are exactly the ones, which map Brownian motion
to Brownian motion.

7.1 The fundamental tensors for a Riemannian submersion

In [O’N02] the author introduces the two so-called fundamental tensors for a Rieman-
nian submersion. We want to introduce both of them and some other remarkable facts.
In the following we will use the connection of the first fundamental tensor and the
second fundamental form of the fibers. Moreover, we give some relation between the
second fundamental tensor an the curvature of the connection.

Letm: (M, g) — (L, gr) be a Riemannian submersion and $), U denote the horizontal and
vertical projection of 7'M onto the horizontal and vertical subspaces. We denote these
spaces by the same symbols.

Definition 7.1 (Basic vector fields). A horizontal vector field X is called basic, if it is
w—related to a vector field X, on L, i.e. m, X" (W) = X, .

Remark. Because m, restricted to $) is an isometry, the horizontal lift exists and is unique.
Therefore, there is a one-to-one correspondence between basic vector fields and the vector fields on
L.

O’Neill (see [O'N02], p. 460 ff.) proved some facts about basic vector fields in connection
with the fundamental tensors, which are given as follows.
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Definition 7.2 (The fundamental tensors). Let X, Y be vector fields on M and V the Levi-
Civita connection to g. The first fundamental tensor T is defined by

TxY = § (VQ}XsI]Y) +0 (mef)Y) .
The second fundamental tensor A is given by
AXy =7 (VﬁXf)Y> + .‘7) (Vy,X‘l]Y) .

For more information on the fundamental tensors — besides the facts given in [O'N02] -
we e.g. refer to [Bes87], Chapter 9, or [BY17], Section 5.3.

Lemma 7.3. For U,V vertical vector fields, the first fundamental tensor Ty;V equals the second
fundamental form of the fibers.

Proof. See e.g. [BEM16], p. 4. O

Lemma 7.4. For horizontal vector fields X and Y, the second fundamental tensor A can be
computed as

1
AxY = 5&][)(, Y.
Proof. See e.g. [Bes87], Proposition 9.24. O

Remark. Note that therefore A is sometimes referred to as integrability tensor.

7.2 Riemannian submersions and Laplacians

The reason to investigate Riemannian submersions in general is due to the results of
Bérard Bergery and Bourguignon in [BB82]. Especially in (3.9) the following is stated:
For a function f € C?(L) and a Riemannian submersion with totally geodesic fibers
7: M — L one has

(AL?) or =AM (?ow).

This is relevant for the asymptotic behavior, because for a function f € C*(M) we
obtain

fiLe) = (f‘L> om+O(g), € = 0,

and for the corresponding Laplacians
AMf = (ALf‘L> om+0(g), e = 0.

Therefore, close to the submanifold every function is basically described by its restriction
to L, i.e. the curvature of the fibers is irrelevant. We want to prove this observation.

First, remember every fiber F, := 7—!(z) is a Riemannian (sub-)manifold. Furthermore
we have an induced connection on the normal bundle and are able to define the hori-
zontal distribution.

By [Her60], Proposition 3.3, and [BB82], (1.11), there is a fiber metric g, on F, given
uniquely up to diffeomorphisms. Moreover, for a path o: I — L the diffeomorphism
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he: m1(0(0)) — 71(c(1)), defined by mapping each point zp € 7~ *(c(0)) onto the
ending point of the horizontal lift of o starting at x, is an isometry.

Without loss of generality (otherwise study a path connected component) we assume L
to be path-connected and obtain that the fibers

are isometrically isomorphic for all z,y € L. Further information about the proof can be
found in Chapter 9 in [Bes87].

We are now able to explain one more quantity in the potential.

Proposition 7.5. Let w: L(1) — L be a Riemannian submersion with totally geodesic fibers.
Then the function
hi L =Ry y— (BT WX, W)W,Y),

is constant forall W € NLand X,Y € I'(L).

Proof. As already seen, all fibers F), are isometrically isomorphic to a typical fiber F and
are totally geodesic submanifolds of the tube L(1). Due to Gauss’ embedding theorem
we obtain the identity

R0 = RM

for the curvature on each fiber, for all z € L. To show that the curvature restricted to the

subbundle of the tangent space of the fibers is constant, we use that all F,, y € L, are

isometric to a prototype F' with G—invariant metric gr and G is the structure group of
NL,ie.

M M

R rr, = RY|pp-

O

For the potential W, we obtain in fact that all quantities depending on the curvature
of the fibers are constant, i.e. Scalp = C. We obtain for the Radon-Nikodym density
defined by (15),

dp
awe (n)

exp (=5 Jy G @) = o ITTe) (eire5)I1> = R — 5C)(n(s) ds)
Jo, &0 (=3 Jo G712 = 4, M) e )12 — R, — SONEGS)) ds ) W (de)

and the constant terms just cancel each other and do not occur any more.

Another important aspect is given because of the following observation: The connection
between Laplacians and Riemannian submersions is worth to study, as a Brownian
motion is completely described by the Laplace-Beltrami operator of the underlying
manifold. Hence, we can characterize a Brownian motion whenever we are able to
compute the Laplacian.

In this context, we state a fact which is given in [Pau90], Theorem 1, p. 426. The author
proves that in case that the mean curvature vector — and hence the tension field - is con-
stant along the fibers of a Riemannian submersion 7: M — L, we can effectively describe
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the projection of Brownian motion. In short, Brownian motion on M projects down to a
diffusion process on L, which can be split into Brownian motion on the submanifold L
and an additional drift V' (remember that due to a remark in Section (1.5) this is basically
the same information as a potential given on L), depending on the codimension and the
mean curvature. This observation supports our previous investigations and results on
the potential and the dependency of the tension field.

7.2.1 Decomposition of the Laplacian

Another important fact is given in [BB82]. In the first section of this paper, the authors
introduce the vertical Laplacian as the second-order differential operator acting on a
function f € C%(M) by

(Lof) (p) = A7 (fi,) (),

where A7 denotes the Laplacian on the fiber through 7(p) with the induced metric from
M.
They call the difference operator

Ap =AM — A,

the horizontal Laplacian.

Remark. In general Ay and A, are non-elliptic; therefore, the operators are no Laplacians in
the common sense.

The remarkable observation is now given in Theorem (1.5) in [BB82]. The authors prove
that for a Riemannian submersion with totally geodesic fibers the operators Ay, A, AM
commute pairwise.

In our setting we therefore obtain for every f € C*(L(1)) that

(859, 0,] f = [A% D] £ = [Dn, D] f = 0.

For the induced metric on the tube one does not have a similar result. In contrast to
the situation there, for a Riemannian submersion with totally geodesic fibers, we obtain
a decomposition of the Dirichlet Laplacian into two independent parts. This provides
conclusions about the spectrum and the associated quadratic form under the rescaling.

The knowledge about Riemannian submersions seems to be helpful. Hence, we are in-
terested in some kind of classification of those maps. In the next section we want to
study and construct Riemannian submersions with totally geodesic fibers which differ
from the Sasaki metric and give a sort of classification result.

7.3 A class of natural metrics

Let M and L be complete Riemannian manifolds and 7: M — L a Riemannian submer-
sion. Whenever the fibers of 7 are totally geodesic submanifolds, by [Bes87], 9.42, we
obtain that 7 is a smooth fiber bundle with structure group G' = Isom(F) for a typical
fiber F.

As the properties of the Sasaki metric turned out to be helpful and the properties of
Riemannian submersions with totally geodesic fibers are useful in our situation, we
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first want to have a look at other metrics on the total space for which 7 is a Riemannian
submersion.

Additionally, we still want the vertical distribution to be orthogonal to the horizontal
distribution, which is defined by a fixed connection. This leads to the study of so-called
natural metrics on the total space of the bundle.

In the introduction (Chapter 1, p. 1) of [MT88] the authors state the fact that the
Sasaki metric gg, "is perhaps the most natural metric on 7'M depending only on the
Riemannian structure of M, but it is extremely rigid".

It is the only natural metric on the tangent bundle whose induced metric on the fibers is
an Euclidean metric.

We first define the objects we are looking at.

Definition 7.6. Let (L, g1,) be a closed Riemannian manifold and w: E — L be a vector bundle
over L with bundle metric and metric connection V. Denote by K : T, — E the connection map
(according to V) of the bundle. Define the horizontal distribution by $Hg := kerK. We call a
metric g on E (or a tubular neighborhood E(0) around the zero section in E) a natural metric,

if

1. the horizontal and vertical subspace are orthogonal with respect to g,

2. m:(E,g) = (L,gr) (or w: (E(0),g9) — (L, gr)) is a Riemannian submersion.

Remark. 1. Foreach W € E the connection map is defined fiber-wise by Ky : TwE — E,
where x = (W).

2. Note that by definition the Sasaki metric is indeed a natural metric in the sense of Definition
(7.6) on the normal bundle.

3. In the literature some authors describe so-called g-natural metrics, which should not lead to
any confusion with our setting. They study a special class of metrics on the tangent bundle
T M, coming from a first order natural operator D on the bundle of functors of Riemannian
metrics to symmetric two-forms. For this definition see Chapter 2 in [AS05]. Note that our
definition of a natural metric is a generalization of this concept.

Moreover, e.g. in [GKO02] and [AS05] natural metrics on the tangent bundle of a
Riemannian manifold were studied. Abbassi and Sarih studied the g-natural metrics on
TM in detail in several papers. In [KS88] the authors give some kind of classification
result.

Besides the Sasaki metric there is another very well-studied natural metric on the
tangent bundle, the so-called Cheeger-Gromoll metric.

We generalize the constructions from the works mentioned above to arbitrary bundles.
Our approach follows the approach of [MT88] for the Sasaki and Cheeger-Gromoll
metric on the tangent bundle 7: TM — M over a Riemannian manifold M.

To our knowledge the following results about natural metrics on arbitrary bundles are
new.

We now want to give a partial classification of natural metrics on the total space of a
bundle, where the associated projection turns out to be a Riemannian submersion with
totally geodesic fibers.
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Theorem 7.7. Let E, L be complete Riemannian manifolds, L as above and m: E — L a Rie-
mannian submersion with totally geodesic fibers. Let W € E and Kyw: TwE — E, be a
connection map.

Then, a natural metric on E(0) is given by

gr(X,Y) == gr(m X, m.Y) + ew,oQw)(Kw X, KwY) (85)

forvectors X, Y € TwE .

Here Qw (A, B) := gni(A, B) + O (||W||?) is a symmetric, positive definite bilinear form on
E, where the remainder of higher order is symmetric in W and hence only even powers of |W||-
terms occur. Moreover, ¢ := cw,g € R depends on the choice of the bilinear form and varies
continuously in W.

Remark. 1. Q) does not necessarily be of higher order in ||W ||-terms, i.e. Q) = gNL
is an admissible choice for this bilinear form.

2. The higher order terms in Q- need to be symmetric in W and therefore just even powers
of higher order terms occur.

3. The second order term of the bilinear form is either of the form
¢ (KiwX, W, K Y, W),
with a symmetric 4-form q', or of the form
¢ (Kip X, W) - ' (K Y, W),

for symmetric (2,0)-tensors q* and q°. Hence, we write the second order term in local
coordinates in the form qw .5, wHw".

4. One obtains the Sasaki metric by choosing ¢ = 1 and Qw(A, B) := gn1(A, B).

Proof. We first need to show that gr is well-defined. By the introduction of this section,
we already know that all fibers F), are isometric to a typical fiber F' and 7 is a fiber bundle.

It is well known (see e.g. [KN96], p. 50 ff.) that there is a (one-to-one) correspondence
between fiber bundles and principal bundles. To any given fiber bundle, an associated
principal bundle P can be constructed. This principal bundle has the same transition
functions ®4,: U, N Uy, — G, where G is the structure group and {7n=Y(U,)}q is an open
cover of trivializations. Vice versa given a principal bundle P and a typical fiber F, a
fiber bundle can be constructed, because the structure group G operates on P x F and
by defining the equivalence relation

. f)~ - 9,9 1),

forg € G, (p, f) € P x F the associated fiber bundle is given by (PxF)/~.

In our case 7 is associated to a principal bundle p: P — L with structure group G =
Isom(F') and a Riemannian manifold P. Note that G is compact, if F' is compact.
We obtain the commutative diagram
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PxF -, E

bk

P—"— L
where h is given by the diagonal action of G on P x F. We identify £ = P xg F. Note
that / is not necessarily a Riemannian submersion if P x F' is endowed with the product
metric. But, the product metric yields a metric on NL. A bundle connection on P

induces a connection on E and therefore an associated connection map Ky : TwE — E
is explained.

For vector fields X,Y on E we are now able to define
gR(X, Y) = gL<7T*X, TI'*Y) + CQ(W) (KwX, KWy),

with the above properties. Now it remains to prove, that gr indeed defines a natural
metric on E.

By defining $y := ker (Kw ) as horizontal distribution, we are able to explain horizontal
lifts and obtain
(X" YY) =0,

for each pair (X", Y?) € $ x . Moreover, it is clear that g is an isometry on the
horizontal subspace.

By symmetry and positive definiteness of Qy, the fact that all higher order terms are
symmetric in W and as L and NL are equipped with Riemannian metrics (i.e. posi-
tive definite and symmetric tensors), gr is positive definite and symmetric for a suitable
choice of cg. O

Remark. Note that we just need to secure the positive definiteness on a (small) tubular neigh-
borhood E(0).

Remark. In [BBI0], p. 336, the authors introduce a metric on P x F, such that h is indeed a
Riemannian submersion.

We will now discuss that Theorem (7.7) can be reversed by fixing some additional input
data.

Let B, F be Riemannian manifolds and 7: X — B a (G, F) bundle with structure
group G and a G-invariant Riemannian metric gr on F. According to Theorem (3.5) in
[Vil70] it is known that there exists a natural Riemannian metric on X , such that 7 is a
Riemannian submersion with totally geodesic fibers.

We generalize the studies of natural metrics on the tangent bundle given in [AS05],
[KS88], [GK02] and [Kap01] to our case and give an explicit choice for the natural metric
on the total space.

The most similar description of the natural metrics (on the tangent bundle) is given in
[ASO5], Proposition 2.2.

As already discussed, natural metrics depend on different quantities. This fact indicates
there is are many natural metrics on the total space of a vector bundle or a manifold.
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Henceforth, we will later comment on the amount of different natural metrics and their
dependency of the fixed data.

Theorem 7.8. Let (B, gp) be a closed Riemannian manifold and 7: E — B a bundle over B.
Choose a connection map K on E. Then gg given by (85) is a natural metric on E(0) such that
7: (E,gr) — (B, gp) is a Riemannian submersion with totally geodesic fibers.

Proof. 1. We already saw that gr defines a Riemannian metric.

2. We need to prove that 7 is a Riemannian submersion. According to the chosen
connection map there exists a horizontal distribution §) := ker(K) with

TE=$9H&7,

where U := ker (7).
Because we are able to write down the unique horizontal lift of a vector field on L
and by definition of gr we obtain for all X,Y € I'(L) that

(X" YMp=(X,Y),.

3. It remains to show that all fibers are totally geodesic submanifolds. Let V denote
the Levi-Civita connection of gr. By [Bes87], 9.26, all fibers are totally geodesic
submanifolds, if the fundamental tensor 7" vanishes identically, i.e. in this case we
show that

TxY =9 (va‘BY) +0 (vafJY)

vanishes. By the tensor property of 7' it suffices to show that 7" vanishes for eve-
ry combination of horizontal and vertical vectors, as each vector can uniquely be
decomposed into its horizontal and vertical part. Because U (X") = 0 for every
horizontal vector X", the definition of T directly leads to

TxrnY? = Txn Y = 0.

Using the fact that the horizontal and vertical subspace are orthogonal with respect
to gr we have the following simplification:

a) TXth = ﬁﬁm){umyh + mﬁmxvﬁyh = Q]?XUY’Z,
b) Tx+ YV = 9Vgx+ VYV + YVgyx2HY? = HV xo Y.
To prove that these expressions actually vanish in the given situation, we show

i) Vx.Y" is horizontal,
ii) VxoY" is vertical.

Let therefore Z¥ € U be vertical. In the following all inner products are taken with
respect to gr. Due to the Koszul formula for the Levi-Civita connection we obtain

2<ﬁXuyh7Zv> :XU<Yh,Zv> + Yh<XU,ZU> o ZU<XU,Yh>
+ <[vayh]7Zv> - <[thXv]7Zv> - <XU7 [Yhazvb =0,

using properties of the Lie brackets due to [Dom62], Lemma 2, and [BY89]. This
proves i).
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For ii) we use that with respect to gr we know
0=(V,H),
forallV € Uand H € 5. Let U € O, the product rule yields
0=U(V,H) = (VyV,H) + (V,VyH).
The last term on the right-hand side vanishes due to i), which means
0= (VuV,H),

for all H € $. Therefore,
WUV ey

and the proof is complete.
Ul

Due to the fact that we fixed K as an additional piece of information, we are interested
in the behavior of gg, if K is chosen differently. Moreover, we want to answer how
many different Riemannian submersions with totally geodesic fibers can be constructed
in this way.

Always have in mind that we already proved £ = NL for an embedding L C M.
Therefore, the connection map is a quantity depending on the normal bundle and on
the amount of metric connections there.

Due to Lemma (4.10) two different connections just differ by a one-form

w € QY (End(E))
such that we see there are as many possible choices as there are one-forms.

Theorem 7.9. Let (L, gr,) be a Riemannian manifold and =: E — L a vector bundle over L.
Denote by F' the typical fiber and by V a metric connection on the bundle.

Then by fixing an O(F)-invariant Riemannian metric gr on F', where O(F") denotes the orthog-
onal group of F, there exists one and only one metric g on E(0) such that 7: (E(0),9) — (L, gr.)
is a Riemannian submersion with totally geodesic fibers and horizontal distribution according to
V.

Additionally this metric is always given by a metric of the form of (85).

Remark. 1. The amount of Riemannian submersions with totally geodesic fibers therefore
depends on the amount of metric connections on N L and on the amount of O(F)-invariant
Riemannian metrics on the fiber .

2. Because fiber bundles and principal G-bundles are in one-to-one correspondence we obtain
the same result by fixing a principal connection and a typical fiber (F, gr) with gr being a
G-invariant metric.

Proof. Due to [Vil70] and [Bes87], 9.59 and 9.60, fixing these data, we obtain one and only
one metric such that 7 is a Riemannian submersion with totally geodesic fibers isometric
to (F, gr) with a suitable horizontal distribution. We already proved that the Riemannian
submersions are exactly induced by metrics of gr-type. Because the additional data of
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the fiber metric and the connection on N L fixing K can be chosen freely, we obtain the
explanation for the amount of the degrees of freedom. O

Due to the results in [YY91], p. 210 ff., this setting is relevant in the theory of Brownian
motions. The crucial observation is that a Riemannian submersion 7: M — L with
totally geodesic fibers and the above (G, F)-structure projects a Brownian motion B; on
M down to a Brownian motion on L. Let h; be the horizontal lift of 7(B;) into G(M).
Then the inverse of the horizontal lift applied to B; gives a Brownian motion on the
fiber. Note that this Brownian motion may possibly be time-changed.

Thus, by knowing about the Riemannian submersions we know about the existence of
Brownian motions on the submanifold. We would like to construct these Brownian mo-
tions, i.e. we want to study what happens with the Laplacian and the Brownian motion
to the natural metrics on the total space.

Remark. In case of Riemannian submersions with totally geodesic fibers, a horizontal Brownian
motion, i.e. a diffusion process on M with generator —% A\, can be constructed as the horizontal
lift of a Brownian motion on the base space. More generally, if 7 is a Riemannian submersion
with fibers that have zero mean curvature, the horizontal lift of a Brownian motion on L starting
in x € L is a horizontal Brownian motion on M.

Now, we give another explicit example of a natural metric, differing from the Sasaki
metric and compute the representation in local coordinates.

A natural metric on the normal bundle which has been studied recently (but mainly on
the tangent bundle), is the so-called Cheeger-Gromoll metric (see e.g. [GK02]).

Definition 7.10. Denote by 7: NL — L the normal bundle over L and by K+ its connection
map. Let W € NL and X,Y € Ty N L. Then the Cheeger-Gromoll metric on N L is defined by

goaw(X,Y)

1
=(m X, ™Y ) +

T (4B X, K Y )+ (K X, W) N, W)

Example 7.11. According to our notation, the Cheeger-Gromoll metric defines a natural metric

in the sense of (85), with cy,q = W and

Q) (A, B) := gnr(A, B) + gnL(A,W)gn (B, W).
In the local coordinate representation from the remark above, we obtain
qwauﬂyw“w” = Oaudguwhw”.

Let the notation from Definition (7.10) be given. Denote by {eq }o an orthonormal frame of N L
and let {Oa} 4 be a basis of TN L. Then,

7200 = 0, K10, = eq and K+(0!) = 0.
Hence,

Kiy0; = Ky (0; — w'Cfl,0a + 0" C50a) = w"Cf Ky (0a) = w'Cleq.
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For an arbitrary vector field X = X'0; + X9, € Tw N L we thereby obtain
Kip(X) = (X'w"CS, + X®) eq.

Inserting these expressions into the definiteness given above, we obtain that the Cheeger-Gromoll
metric is given in local Fermi coordinates by

CGij CGy
gca(%w)=<g ilo zﬂ);
9CGaj | 90Gas

where
1 174 14

9cGij = gLij(x) + W (w“w C&Cﬁ,éaﬁ + wtw waTC%nyéagdﬁT) s
1

9caip = W (wﬂcwg + w“waTC’iO;L(Sag(ng) ,

- e o TWH W e 0

gCGa‘j—W(w v aﬁ+w wWW Oqe ju 5T>7
1 g T

9cGas = T W (Oap + Gardgpw’w’).

For more information on this metric see Chapter 4 of [Kap01], where the author studied the
Cheeger-Gromoll metric on the tangent bundle in detail. The representation of the metric in local
Fermi coordinates is new, but in this article a formula for the Levi-Civita connection and the
curvature tensor R can be found.

With these observations on hand, we explore the metric gr in more detail.
We develop an expression in local Fermi coordinates for these natural metrics in general.
Note that we just compute the metric up to order O (|W||?) .

Corollary 7.12. Let the setting from Theorem (7.7) be given. Then, in local Fermi coordinates
the natural metric gr, is given by

gR(x,w)

grij(z) + cwtw”Cf Cjpa + O (||W||4) ‘ c (wa i + w“wpw”Cf;qipBlJ +0 (HW||4)

- " Crua+ O (W) e (Gast s O (W)

ZfQ(W)(A, B) = gNL(A7 B) + ql(A, VV, B, W) + O (”W”4) and C = CVV,QQ(W)'
Remark. The results for the different representation of Qw follow analogously.

Proof. Let the metric be given in the form

ri | R
gR(:L" w) — < g 1 g 7 ) .
.gRaj gRaIB
By definition of the tangent map and the connection map in local coordinates, we com-
pute the entries as follows. First of all we compute the components into fiber direction:
gRaﬂ - <8047 8ﬁ>R
= cw,Qw)(€ases)
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= Cw,Q (gNL(eOH eﬁ) + ql(eow VV) €3, W) +0 (”W|’4))
= ew,q (s + Gapaww” + O (W) .

With the help of this result, we find

9rig = (95, Op) R
= (0; — wO‘Ci‘;@# + waci*;au, 03)R
= (w*C,0u: 0p) R
= w*C} (O, Ip) R
= w*Clew,q (ap + dopgww” + O (|W]*))
= ew,Quw*Ciap + cw,ouw ww”CY, q;pﬁl, +0 (HWH4) .

(263

Finally, we compute

9Rij = <ai78j>R
= (O + w*CL 0, O + wPCY30,)k
=9gLij + CWQwo‘CfawﬂC;ﬁ (5,“, + q}tpwwpw” + 0 (||W||4)) ,

which gives the result. O

Recently, in [Koz08], the Cheeger-Gromoll metric on the normal bundle has been
studied. Moreover, the author gives some kind of generalized Cheeger-Gromoll metric,
which he calls (p, ¢)-metric. This (natural) metric is similar to the metric gg, whose
second and higher order corrections in Qyy) vanish. In Lemma 1.5 the author computes
the Levi-Civita connection of the (p, ¢)-metricin # € NL.

One of the main benefits we obtained from the Sasaki metric, is that the computation of
the determinant of the metric tensor is simple. This is due to the decomposition of the
metric given by (5).

From the representation in local Fermi coordinates, given by Corollary (7.12), we deduce
— unless ¢ = 1 - that there is no possibility to decompose gr as a product of simple
matrices as this is the case for the Sasaki metric. Even the case ¢ = 1 turns out to be very
complex.

The asymptotic of the induced metric ¢ is equal to the Sasaki metric, which means
that the computations will be similar for any other reference metric on the tube, which
asymptotically (¢ — 0) looks like the Sasaki metric. Hence, we demonstrate that there is
a way to compute the determinant of a general natural metric in a simple way. We use
the block structure of the metric tensor and define

gr(zT, w) = <%‘£> )

A= grij(x) + cw'w’Cy Clpa + O (w1,

B := cw"Cyp+ O (HWHS) )

where
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C = cw’Cjya + O (|[W]?),
D :=c(bap + qéu[gyw“wy +0 (“W“4)) :

Note, that D is invertible, whenever ||[WW|| is small. The inverse matrix can be computed
as a Neumann series. Hence, we can compute the determinant by

det(gg) = det(A — BD™C) det(D).
On the one hand, we obtain
(BD7'C)ij = cwCiyp (coap + cqéugyw“w”)_l cw”Cjua + O (|W]*)
= wChup (5% — gl + O (W) w* Chua + O (IWP)
= ¢ w'w”C},Civa + O (W)

and therefore
(A— BD_IC)@']' = gL(l‘)ij +0 (||W||3) )

which implies that the determinant of this matrix equals the determinant of g7, up to
higher order terms in W.

On the other hand, we deduce

det(D) = det (c(8ap + qappw'w”) + O (W)
=L det (5a5 + qéﬂﬂyw“w”) +0 (HWH4)
=™ det (exp (qiuﬁyw“w” +0 (HWHS)))
=™ exp (tr (qéuﬁyw“w” +0 (HWH?’)))
=" exp 6aﬁqiuﬁuw“w”) +0 (HWH3) .
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Chapter 8

Related questions

Based on our investigations, we introduce further settings and related problems, which
could be studied in subsequent works. So far, we just treated the case of closed (smooth)
Riemannian submanifolds L C (M, g) and obtained surface measures, which are equi-
valent to the Wiener measure on L.

It is an open question, if the presented approach (see e.g. [Witl11]) to define the surface
measure is unique. The main question is if the limit measure does still exist in differ-
ent situations and if it is still equivalent to the Wiener measure then. We now present
possible generalizations and perturbations for this assumption and indicate what kind
of new behaviors appear. This should point out that the situation we studied here is
indeed peerless. Note that some information of Section (8.2) and (8.3) was already given
in the last chapter of [SW09].

8.1 Non-compact submanifolds

In contrast to a submanifold L that is assumed to be compact without boundary, the
case of a non-compact Riemannian manifold with or without boundary has not been
dealt with so far. In the context of this thesis, one of the significant properties of compact
manifolds is used in the proof of the existence of a normal neighborhood. Compactness
guarantees that the injectivity radius of the exponential map is bounded from below
and hence a suitable neighborhood NL.(0) exists, which is diffeomorphic to the tube
L(e). In the new setting, it might be sufficient to assume some curvature bounds on the
manifold to solve this complication and obtain similar results.

However, compactness is far more important in the proof of the existence of the surface
measure [i9. In Section (7.2), for a Riemannian submersion with totally geodesic fibers,
we obtain that the Laplacians on M and L coincide, when applied functions f € C?(L),
up to the projection and some higher order terms in € as ¢ tends to zero. The most
important fact is that we need significant properties of the spectrum of the (horizontal)
Laplacian. Compactness of the manifold secures that the eigenvalues of the Laplace-
Beltrami operator are discrete and for any eigenvalue A (note all eigenvalues are real) the
corresponding eigenspace is finite-dimensional. Also all eigenvalues are non-negative.

A possible approach to (hopefully) obtain similar results in the non-compact case is to
start with a compact exhaustion of the manifold by manifolds with boundary. These
manifolds could possibly be induced by the tubular neighborhoods around the submani-
fold. Note that in general (in this non-compact case) the tubes will not be regularly
embedded, which we need to fix by an approximation. Here we believe that we will have
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to impose Neumann boundary conditions to obtain a suitable behavior of the Brownian
particles.

8.2 Non-symmetric fibers and tubes of variable diameter

In this thesis all tubes L(¢), ¢ > 0, were homogeneous (and isometric) in the sense that
all the fibers
Lo(e) == 7 (z) N L(¢)

are Euclidean balls B™~!(¢) centered around the base point = € L and of constant radius
e. Moreover, the tubes are assumed to be regularly embedded.

It is very challenging to answer how the situation changes if the diameter of the fibers
L,(e) depends on the base point, or even if the shape of the fibers is different (or not
isometric) at each base point. In the latter case, we again have to distinguish between
several cases: For example the fibers could be ellipses, whose principal radii depend on
the base point of the fiber. Another possibility is that the shape of the fibers are equal at
each base point, but not a Euclidean ball. One can think of arbitrarily difficult examples
for this setting.

A priori it is not clear if the corresponding surface measures exist in these cases. But, a
suitable result would give a great deal of new information: For example, the connection
to the volume formula of Gray (see (24) and Chapter 5). So far, the first order term
in his formula canceled due to the symmetry of the fibers (see proof of Lemma (5.2)).
If the shape of the fibers differs from a (symmetric) ball, we will in general obtain a
non-zero first order term, and hence another dependency of the tension field. Then, the
volume deviation is definitely related to the second fundamental form of the embedding.

For the other case, let f : L — R, be a smooth function. We assume the radius of such
aball to be ¢ - f(x). Hence, the over-all shape of the (normal) cross-sections of the tubes
remains the same as in our initial setting, but varies in its diameter. Note, for f = ¢,
¢ € R, we basically deal with the same situation as in our usual setting. For arbitrary
f, we believe that the limit measure still exists, but differs from the representation we
introduced in Section (1.5). Intuitively, the sojourn probability of the Brownian particles
should be larger at the maxima of f, this may possibly lead to a limit measure, which is
no longer equivalent to the Wiener measure on the submanifold. Furthermore, it is hard
to guess, if there is any term of order ¢, or if this term vanishes the same way as in our
initial setting.

8.3 Non-smooth potentials and manifolds

Another interesting topic is the study of non-smooth potential functions or even
of non-smooth (sub-)manifolds. If the Brownian motion is conditioned to tubular
neighborhoods of arbitrary manifolds we obtain several difficulties. For example the
projection 7 : L(1) — L is not even well-defined any more. Hence, a priori it is not clear,
if a limit measure exists or if the surface measure degenerates.
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Moreover, it may be helpful to study the limit behavior close to the singularities of
the manifold in more detail, since the tubular neighborhoods behave different at those
points. The characterization and shape of the e—tubes, which turn out to be larger
around the singular points, again is connected to the open questions of the previous sec-
tion. Moreover the curvature of a non-smooth manifold possibly tends to infinity, which
makes the computations of the limit measure impossible, since the Radon-Nikodym
density degenerates.

One possible approach might be given by our main result in Chapter 4. We know that
every smooth function occurs as a potential function for some limit process. This result
could probably be used to find some approximation for a singular situation. Given a
manifold L and its singularities, we can construct a sequence of smooth functions tend-
ing to some singular potential function on the submanifold, with singularities exactly at
the singular points of L.
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Appendix A

Geometric preliminaries and
Brownian motion

In this thesis we follow the conventions from [Jos98]. We just give some basic defini-
tions and facts to introduce the notation and refer the reader to this book for detailed
information.

Definition A.1. A Riemannian manifold (M, g) is a smooth manifold M with a (2,0)—
tensor field g (called Riemannian metric), such that for any p € M there exists a map g, which
is an inner product on T, M.

Remark. Note g induces a natural distance function on M, referred to as dg, and therefore g
defines the Riemannian volume element jipr := /det(g;;)dp. Sometimes we will use m for the
volume element in order to be consistent to the notation in our main source (see [Wit11]).

From now on let (M, g), (M’, ¢') always denote Riemannian manifolds.
Definition A.2. A diffeomorphism f: M — M’ is said to be an isometry if
9=1r4,
which means that for all pairs of tangent vectors v,w € T,M for p € M the equality
g9(v,w) = g'(fsv, frw)
holds.

Remark. Note that all maps and manifolds occurring in this thesis are smooth (unless explicitly
stated otherwise!).

Definition A.3. Let E, M be smooth manifolds. A differentiable vector bundle of rank n € N
consists of a total space E, a base space M and a projection w: E — M, where m is differentiable,
such that additionally the fibers E, := 7w '(z), x € M, are real n—dimensional vector spaces.
Moreover, the following local triviality condition is satisfied: There exists a covering {Uy|k €
I C N} of M and homeomorphisms

or: m HUy) — Up x R™,
where for each y € Uy, the map

SOy7k = SO‘EI E:E — {y} X Rn
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is a vector space isomorphism with -1y = p1 © @ and p is the projection on the first compo-
nent.
Then the maps

Ui = @ © (,0];1: (UpNUp) xR* = (U, N U;) x R®

are given by Yy (z,v) = (z, hig(z) - v), where the so-called transition maps
hi: UyNU, — GL(n, R)

are differentiable.

We introduce metrics on a bundle.

Definition A.4 (Bundle metric). A bundle metric of a vector bundle 7: E — M, over a
smooth Riemannian manifold (M, g) is a section g € I'(E* & E*), which assigns a symmetric,
non-degenerated bilinear form, i.e.

9()B, = g()(@): Bx X By - R
to every x € M.
Theorem A.5. There exists a positive definite bundle metric on every vector bundle.
A proof can be found e.g. in [Bau09], p. 61 ff.

Definition A.6. The Levi-Civita connection V on M is the unique connection, which is linear,
torsion-free and compatible (or metric) with respect to g, i.e. the covariant derivative of g vanishes.

On each Riemannian manifold the unique Levi-Civita connection is given by the follow-
ing formula.

Theorem A.7 (Koszul formula). The Levi-Civita connection V on the tangent bundle T'M of
a Riemannian manifold M is given by
2VxY, Z) = X(Y. Z) + Y (Z,X) - Z(X,Y)

Definition A.8. The Christoffel symbols on M are defined by

1
k

ngk (0igmj + Oj9mi — Omyij) ,

where (g*) denotes the inverse matrix of (g;;).

We study submanifolds of Riemannian manifolds. The fundamental equations and
proofs are given in Chapter 7 in [Spi75]. Besides the Gauss equation (16) the following
embedding theorems are helpful.

Theorem A.9 (Codazzi-Mainardi equation). Let L C M be a submanifold of a Riemannian
manifold embedded by ¢: L — M. Moreover let VX, VM be the corresponding Levi-Civita
connections. For X,Y,Z € T'L and v a normal vector field we obtain

(RM(X,Y)Z,v) = (VKII) (Y, Z) — (VE1I) (X, Z). (86)
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Theorem A.10 (Ricci equation). Let L C M be a submanifold of a Riemannian manifold
embedded by ¢: L — M. Moreover let R+, RM be the corresponding Levi-Civita connections
on NLand M. For X,Y € TL and v, normal vector fields we obtain

(RH(X, V)& v) = (RM(X,Y)E,v) + ([Ae, A X, Y). (87)

For our studies geodesics, the exponential map and Jacobi fields are important. These
are defined as follows.

Definition A.11. A piecewise smooth path, also curve, v: [0,1] — M is called geodesic if
Va7 = 0.

In local coordinates this means that the second order differential equation

4 TG = 0
is satisfied.

Definition A.12. Let «: [0,1] — M be a geodesic with v(0) = x € M and 4(0) = v € T, M.
Then we define

exp,(v) = (1),
which defines the exponential map exp from a subset of T, M to M.

Definition A.13. A vector field V': [0,1] — T'M along a geodesic ~v: [0,1] — M is called

Jacobi field, if
DD 0 0

where R denotes the Riemannian curvature tensor.
Remark. One can use other ranges than [0, 1] to define the above objects.
A proof of the following theorem can be found in [Jos98], p. 26 ff.

Theorem A.14 (Theorem of Hopf-Rinow). For a Riemannian manifold (M, g) the following
statements are equivalent.

1. M is complete as a metric space.

2. M is geodesically complete, i.e. for every p € M the exponential map exp, is defined
everywhere on T, M.

3. Closed and bounded subsets of M are compact.

Moreover each statement implies that any two points x,y € M can be joined by a geodesic of
shortest length.

For the calculations we need to define the Laplace operator on a Riemannian manifold.

Definition A.15. Let (M, g) be a Riemannian manifold. Then grad, f denotes the gradient of
a (smooth) function f on M, which is the vector field V = V'd; with components V' = gi* 2.

For a vector field V, the divergence div,V is defined by

i 1 , i
divyV' = —=—=0, (Vaetgv?).
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The Laplace-Beltrami operator /\, acting on at least twice differentiable functions is in local
coordinates given by

Agu = —divy(grad, f)
_1 1,
= — (det(gi;)) "2 Om (det(gijﬁg k6k“> :

This definition ensures that we are able to define a Brownian motion on a Riemannian
manifold analogous to and consistent with the definition on R", n € N, which we give
first.

A very classical definition of Brownian motion in Euclidean space is given as follows
(see e.g. [SP14], Chapter 1).

Definition A.16. A (standard) one-dimensional Brownian motion (or Wiener process) is a time-
continuous stochastic process (By)¢>o that satisfies the following properties:

1. Itis BO =0.
2. The function t — By is almost surely continuous (in t).

3. Let0 <ty <t1 <tog<...<ty. Then,
By, — By, Bt, — By, ..., By,, — By, ,
are (stochastically) independent.

4. For each 0 < s < t the random variable B; — By is normally distributed with mean zero
and variance t — s.

Let us now study Brownian motion on a closed, i.e. compact without boundary,
manifold (M, g).

First note that a time-homogeneous Markov process X = (X¢):>0 on M is uniquely
determined by transition kernels ¢; as

Py (Xitn € dy| Xy € p) = q:(p, dy),

foreveryp € M and t,h > 0.

The following definition of Brownian motion is adapted from [McK69], p. 91.

Definition A.17 (Brownian motion on Riemannian manifolds). A Brownian motion B =
(Bt)t>0 on a Riemannian manifold (M, g) is defined to be the diffusion process (Markov process),

where the density of its distribution relatively to the volume element (det g)%dw is the minimal
(positive) solution q of the heat equation

0 1

au = —iﬁ.gu,

with By = z € M. That is, the smallest function g > 0 on C*°((0, co) x M) with %q = -1y
and limy g [;; q - (det g)%dm =1, for all components U C M containing z.
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The Laplace-Beltrami operator L := —1/A, is called the (infinitesimal) generator of a
Brownian motion on a closed Riemannian manifold (17, g).

Remark. A Brownian motion on a Riemannian manifold is a stochastic process B on M, whose
distribution is a Wiener measure on the path space Q2p;.

A detailed discussion on the definition of Brownian motion in Euclidean space can e.g.
be found in [CZ12] and a good overview on Brownian motion on arbitrary Riemannian
manifolds is given in [Ito62] or [Eme12].
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Appendix B

Functional Analysis

B.1 Hilbert spaces and forms

We recall some definitions and results from [Zei99] and [Wer07] used in this thesis. Most
of the quantities occur when using Friedrichs” construction, which we introduce in this
chapter. Let K € {R, C}. Note that for this thesis only the case K = R is relevant.

Definition B.1. Let H be a linear space over K. We call (—, —): H x H — K an inner product
on H, whenever the following properties are fulfilled:

u,u) > 0and (u,u) =0, ifand only if u = 0,

1. (
2. (u, avy + Bug) = alu,v1) + Blu, va),

3. (u,v) = (v,u),
foru,v,v1,v2 € Kand o, 8 € K.

That means an inner product is linear in the second component and due to (2) and (3)
conjugate linear in the first component.

Definition B.2. 1. Let H be a linear space over K with an inner product (—,—), then we
call (H, (—, —)) a pre-Hilbert space.

2. Let (H,(—, —)) be a pre-Hilbert space. If H is complete with respect to the induced norm,
which means each Cauchy sequence with respect to this norm is convergent, we say H is a
Hilbert space.

Moreover, we state that each pre-Hilbert space H over K is also a normed space with
respect to the induced norm

1
lull := (u,u)2,

for u € H. Therefore, a Hilbert space is a pre-Hilbert space, which is a Banach space
with respect to the induced norm.

A sesquilinear form is a generalization of a bilinear form in the following way.

Definition B.3. Let V be a C—vector space. Amap f: V x V — Cis called sesquilinear, if

f(@1+ 22,01 +32) = fl@1, 1) + f(@1,92) + fl@2, 1) + f22,92),
f((lﬂ?7by) = abf(xvy)v

forall xy,29,y1,y2 € Vand a,b € C.
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Lemma B.4. For a sesquilinear form o: H x H — C the following statements are equivalent:

1. Forall x,y € H there exists a constant C > 0 with
la(z,y)| < Cllzlllyl-

2. The form o is continuous.

Proof. (a) We first show (1) = (2). So assume (1) holds for a C' > 0. Let (2, y,) be a
convergent sequence with limit (z,y) € H x H. Then using the properties of ¢, the
triangle inequality and (1), we obtain

(s yn) — o, y)|
= |z — x,y)| + |z, yn — y)|
N
= C(llen — @l |lynll + Iz lllyn — yll) =0,

because (x,,), (yn) are bounded. That shows « is continuous.

(b) Now assume the continuity of a. Assume (1) is wrong, i.e. for all C' > 0 there exist
x,y € H with

|z, y)| > Cllllllyll- (88)

Without loss of generality assume z,y # 0 and for n € N set C := n?. We define the
sequences T, := m and y,, := m, which each converge to zero for n — oco. Using
the properties of « and (88) we have

X
|a<xn,yn>|=‘a< Y )‘
allel” aly

(6
nllzl| ]yl

1 2
> e iyl =1
n?[|z|l[y ’

which is a contradiction to the assumption that « is continuous.
O

Due to [BB03] we recall some notations and definitions in order to explain quadratic
forms on Hilbert spaces.

Definition B.5. Let (H, (—, —)) be a Hilbert space. A quadratic form Q with a linear domain
D(Q) C Hisamap Q: D(Q) x D(Q) — C, which is conjugate linear in the first and linear in
the second argument. We say Q) is

(a) symmetric, if Q(f,9) = Q(g, f), forall f,g € D(Q),
(b) densely defined, if D(QQ) C H is dense,

(c) semi-bounded, if there exists a lower bound X € R, such that for all f € D(Q) we have
QUf, ) = =AIfII%

(d) positive, if ) is semi-bounded with lower bound X\ = 0,
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(e) continuous, if there is a constant C' > 0, such that

QU 9l < ClIfI gl

forall f,g € D(Q).

Definition B.6. (1) A semibounded quadratic form Q with lower bound X is called closed, if
the domain D(Q) is complete with respect to the norm

1flle = VU, F) + (A + D%,

for f € D(Q).

(b) A quadratic form Q with domain D(Q) is called an extension of Q if and only if D(Q) C
D(Q) and Q(f,9) = Q(f, ) for f,g9 € D(Q).

(c) A quadratic form is closable if and only if it has a closed extension.

B.2 Operators.

Let H be a Hilbert space over a field K.

Definition B.7. Let D(A) C H. An operator A is a linear map on D(A). We say A is closed,
if for each convergent sequence (x,,), C D(A) with x, — x € H and (Axy), — y, we already
obtain Ax = y.

The graph G is a linear subspace of H x H with domain

D(G) :={f € H|(f,g) € G forsome g € H}.
By G we denote the closure of the graph G in H x H. We say G is closable, if G is an operator.

Remark. Equivalently to the definition we call an operator A closed, if the graph G(A)
is closed in H x H. A graph G defines a linear operator, if for every (f,g) € G with f =0
already g = 0 follows.

Definition B.8. Let L(H ) be the vector space of bounded linear operators from H — H endowed
with the operator norm || Al| = sup) =y [|Az|.

Definition B.9. We call an operator T': H — V continuous, if one of the following equivalent
conditions is satisfied:

1. Iflimy, oo ®y, — , then limy, o0 Tz, — Tx.

2. Forall vy € X and € > 0 there exists a § > 0 with

|z —x0l| <0 = ||Tx —Txo| <e.

3. For all open sets O C V the set T~*(O) C H is open.

Definition B.10. The set of all continuous and linear functionals on a normed space X is called
dual space and denoted by X', i.e.

X":={f: X — K| f is continuous and linear}.
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Definition + Theorem B.11. Let X be a normed vector space and T' be a bounded operator on
X. If the Neumann series y .-, T" converges in L(X), then the operator id — T is invertible
with

(d-T)"'=> T*
k=0

A proof of the following theorem can be found for example in [Alt06].

Theorem B.12 (Lax-Milgram). Let oo: H x H — K be a sesquilinear form, with the property
laz, y)| < Cll|llyll, (89)

for C > 0. Then there is a unique operator A € L(H) with

04(1137 y) = <$7 Ay)Ha
forall z,y € H.
Remark. The condition (89) is equivalent to the continuity of o due to Lemma(B.4).

From now on let (H, (—.—) i) be a Hilbert space and A a bounded linear operator on H.
The adjoint operator is a linear operator A*: H — H with the property

(Az,y) = (z, A™y), (90)

forall x,y € H.
The question whether A* is unique or if it even exists, is answered by the following
theorem.

Theorem B.13. For every A € L(H) there is a unique bounded linear operator A* which satis-

fies (90).

Proof. The proof uses the existence of a complete orthonormal system, the Riesz represen-
tation theorem and the Schwarz inequality. O

Some properties of the adjoint operator A* are listed in the following lemma.
Lemma B.14. Let A, B: H — H be bounded and o € C, then

1. (A+ B)" = A"+ B*and (aA)* = aA*,

2. (AB)* = B*A%,

3. (A*)* = A4,

4. if Ais invertible and A~ is bounded, then (A*)~! = (A~1)* holds.
Definition B.15. The operator A € L(H ) is called selfadjoint, if and only if A = A*.
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Appendix C

Friedrichs extension theorem and
boundary value problems

In Chapter 4 of this thesis the computation of the potential W, uses some more theory
of linear operators. In particular, the Friedrichs extension theorem (see e.g. [Wer(7],
Theorem VII.2.11), which we refer to as Friedrichs construction, is crucial for our inves-
tigations. For completeness we state the most important facts and study an interesting
example, which fits the situation.

We follow [Zei99] and [Far75]. Whenever we refer to a field K, then K € {R,C}.
Moreover, let V, H be Hilbert spaces over K.

We want to present and explain some facts about the Dirichlet Laplacian (12) on the tube
and its associated quadratic form due to the result of Friedrichs.

Therefore, we are going to discuss the Friedrichs construction in detail and obtain that
in our case the operator is associated to the quadratic form

g HinH2(L(e), 9) = R, a(f) = /L Nl ).

Moreover, we will study the Laplacian in the context of elliptic boundary value prob-
lems.

A quadratic form ¢: V' — C is associated to a sesquilinear form s: V x V. — C by
assigning f to s(f, f). Vice versa we obtain a sesquilinear form s induced by g on V' by
the polarization identity via

4s(f,9) = q(f + g9, f +9) —a(f — g, f — g) +iq(f +ig, [ +ig) —iq(f —ig, f —ig).

C.1 The energetic space and energetic extension

Let us start with a short introduction to the theory of operators for explaining the
Friedrichs extension, which was used for the proof of the homogenization result from
Section (1.5). We first present the definition of an energetic space and some of its prop-
erties.

Definition C.1 (Operators bounded from below). The operator B: D(B) C H — H is
called bounded from below or strongly monotone, if and only if

(Bu,u) > cl|ul|?
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forall w € D(B) and a constant ¢ > 0.

Let now B be a linear, symmetric and strongly monotone operator on the Hilbert space
(H,(—, —)). The norm induced by the inner product on H is denoted by || - ||.

Definition C.2 (Energetic space). Let B be given as above.

1. We define the energetic inner product as
(u,v)p := (Bu,v),
forall u,v € D(B).
2. The corresponding norm is called energetic norm.

3. The energetic space Hg, of B is the set of all w € H where there exists a sequence (u,) C
D(B), such that u,, =% u € H, with (u,) a Cauchy sequence with respect to || - || .

One says that every sequence with these properties is an admissible sequence for u € Hp.
Proposition C.3. 1. Hp is a Hilbert space with the energetic inner product.

2. The domain D(B) C Hg, is dense.
3. Hp is continuously embedded into H.

4. The embedding H C H}, by

jo H = Hp, j(f)() = (f,0),
forve Hiand f € H fixed is continuous.
5. By identification of f and j(f) the Hilbert space H is a subset of HY;, i.e.
Hp C H C Hy,.
Proof. See [Zei99], Chapter 5, Proposition 3. O

Using these objects we are able to define the energetic extension.

Definition C.4 (Energetic extension). Let B: D(B) — H be as described above, then the
duality map

BE : HE — H}g
of Hp, is the energetic extension of B, where B, is defined by
(BEU, U>E = <’U,, U>E-

To justify this definition, we show that Bg, is indeed an extension of B.
Let therefore u, v € D(B), then we obtain

<BEU7U>E = <U¢U>E = <Bu7 U) = <BU,U>E.
Moreover,
(Bpu,v)g = (Bu,v)g

holds for every v € Hp because D(B) is dense. Therefore, we finally obtain Bpu = Bu
for all u € D(B), which means B, is an extension of B.
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C.2 The Friedrichs construction for quadratic forms

The Friedrichs extension is part of the energetic extension.

Definition C.5 (Friedrichs extension). Let B: D(B) — H be linear, symmetric and strongly
monotone on H, then the Friedrichs extension A: D(A) — H of B is defined by

Au := Bgu,

foru e D(A) :={u € Hg|Bgu € H}.

Consider a dense subset D C V and a quadratic form ¢: D — C on D. First, we prove
that the densely defined, closed quadratic forms which are bounded from below are in
one-to-one correspondence to associated self-adjoint operators bounded from below on
V.

Afterwards, we give a densely defined extension A, for a symmetric, densely defined
operator A bounded from below, which is self-adjoint. This remarkable result is due to
Friedrichs (see e.g. [Wer07], VIL.2.11 or [Zei99], Section 5.5).

Construction. Whenever an operator A is self-adjoint and bounded from below, we are
able to define

a(f) = (f,Af), Dla)=D(A).

This indeed defines a quadratic form, which satisfies all of the stated properties except
closedness. Even if « is not closed, then it is still closable and the form @ satisfies all
properties stated above.

Let now ¢ be defined on a domain D satisfying all assumptions. For f, g € D we choose
the bilinear form b := b, associated to the given quadratic form ¢ by

1
b: D x D — C; b(f,9) := 5 (a(f +9) — al(f) — al9))
with associated inner product

<f7g>|H = (fvg>V + b(fvg)

This inner product induces a metric which will be denoted by ||| - |||. One shows that
these objects are well-defined by using the positivity of ¢. For the proof of the triangle
inequality one applies the polarization identity.

We further set D := 5‘”"”, denoting the closure with respect to this norm.

Now an application of Lax-Milgram’s theorem (see Appendix B) guarantees that ¢ can be
represented by

q(f) = (f, Ag ),

where A,: V — V is a linear operator.

Then D can be equipped with the inner product mentioned above and its corresponding
norm ||| - |[|. By construction we obtain that (D, (-, —))) is a Hilbert space.
Using the duality map (see [Zei99], p. 258 ff.) one can show

DCVcD".
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Another application of Lax-Milgram’s theorem results in the existence of an operator

Ay D — D*
defined implicitly through the equality
<fa g>||| = <‘Z1qfa g>7

forall g € D.
The solution of our initial problem is now given by

Dy:={f € D|A,f e V" =V},
Ay = Aq\Dq

and we can finally state the result.

Theorem C.6 (Friedrichs). The operator (Ay, D) is self-adjoint on V.

In the following we are going to study characteristics of the Dirichlet Laplacian on differ-
ent domains. We are interested in the behavior of Brownian motions on tubular neigh-
borhoods of Riemannian submanifolds. Due to Section (1.6) the generator is basically
the Dirichlet Laplacian (12), so that we can now study the Friedrichs construction in this
special case. We are also going to use this construction later on.

Example C.7. We roughly follow [Hel13], Section (4.4).

Let (M, g) be a complete Riemannian manifold, L C M an |—dimensional compact submanifold
and L(e) C M the tubular neighborhood as usual, for some 0 < € < 1. Then L(e) is compact.
We define the operator B by

D(B) = C(L(e)), B:=-A

and the Hilbert space H := L*(L(¢), g).
First we want to comment on the properties of the operator. By using partial integration twice we
obtain the symmetry of B, because

(Bu,v) = / —Auwvdp = / u(—Av)dp = (u, Bv).
L(e) L(e)
Another partial integration and the Poincare lemma yield
(Bu,u) = / —Auudp
L(e)
= / VuVu dp > cfull7z,
L(e)

with a constant ¢ > 0, so that B is non-negative and therefore bounded from below.
The energetic space of B is the space H}(L(¢), g).
Therefore, we can extend B to HE(L(¢), g), which is a dense domain of H and the extension A is
given by
D(A) = {u € HY(L(e), g)| — Au € LA(L(e), 9)},
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which can be identified as
D(A) = Hy N H*(L(e), 9)

due to a regularity theorem in [LM68]. To explain this, we see that the domain is exactly the
domain of the adjoint B* intersected with the energetic space (also see [HT08]) and the set of
functions, which are at least twice differentiable with respect to the weak topology.

In conclusion, we obtain
A:=—-NA, D(A):=H>*nH(L(e),9),

as self-adjoint (Friedrichs) extension of B.

C.2.1 Regular elliptic boundary value problems and example

Once again, let (M, g) be an m—dimensional Riemannian manifold and (z?)p_; _, lo-
cal coordinates on M. Since the tubular neighborhoods of a smooth closed submanifold
L C (M, g) are manifolds with (smooth) boundary, we give some properties of so-called
(regular) elliptic boundary value problems on such domains.

By 0p we denote 9/ 0zB and let ¢ € N. Following the conventions in [AS97], we consider
the boundary value problem

{ Au=f, inM\OM, o1)

Bju=yg;, je{l,...,q}, in0M,

where A is a (partial) differential operator of order m = 2¢ and B; a boundary partial
differential operator of order r;, for each j, with smooth coefficients. Let o be a
multi-index. With the help of the standard notation we write A = 3~ aa(z)D® and
analogously we obtain a representation for B;.

Definition C.8 (Principal Symbol). For the multi-index o with || = ) o; and a differential
operator A the principal symbol ay, is (in local coordinates) given by

ao(w,¢) = Y aa(x)C™.
la)l=m
With this definition we are able to define ellipticity for an operator A.

Definition C.9 (Elliptic operators). An operator A acting on a manifold M is said to be elliptic,
if its principal symbol aq does not vanish on the cotangent bundle T* M \ 0, where 0 denotes the
zero section.

The boundary value problem (91) is called regular elliptic if the following conditions
are satisfied:

1. The differential operator A is a proper elliptic operator (note that for m > 2 proper
ellipticity follows from ellipticity and for the general definition see [AS97], p. 6 f.).

2. The system (A, By, ..., B,) satisfies the Shapiro-Lopatinskij conditions (for a precise
definition see Section 1.2 and 1.3 in [AS97] or Definition 5 in [Wit11]).
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Remark. If (A, B, ..., By) defines a regular elliptic boundary value problem, the associated
operator A" := (A, By, ..., By) is called elliptic.

Lemma C.10 ([Witl1]). The powers of the Dirichlet-Laplacian
Asq s Hy N H*(L(1), gsa) = L*(L(1), gsa)
satisfy the Shapiro-Lopatinskij conditions.
Proof. See [Witll], Lemma 12, p. 61. O

This lemma and the theory of regular elliptic boundary value problems is crucial for the
convergence result, we use in this thesis.

Next, we give an example. We study the eigenvalue problem of the Dirichlet Laplacian
on two domains: a cylinder Z and the Mdobius strip M and compare the solutions.

For I := [0, 1] we define the square Q := I x I C R2. Further we denote the Laplacian to
the flat metric g;; = d;; by A, namely A := 82 + 92 on R?.

Identifying the colored lines in Figure (C.1) by the equivalence relation

(07y) ~1 (1,:1/), Y€ [07 1]7

gives a cylinder Z := @/~,. By the equivalence relation

(z,y) ~2 (2,w) = { {x,z)} ={0,1}

we define the Mobius strip as M := Q/~,.

1

FIGURE C.1: The domain @ with identification of the red lines

Due to the theory of elliptic regularity we are able to state some properties of the Lapla-
cian with Dirichlet boundary conditions, namely

Theorem C.11. 1. Aisaselfadjoint operator on L*(Z) and admits a spectral decomposition.



C.2. The Friedrichs construction for quadratic forms 149

2. The spectrum p of the Laplacian is semisimple and spec/\ C (0, 00).
3. Foreach )\ € spec(A\) the associated eigenfunction ¢y satisfies ¢ € C(Z) N C>=(2).

Example C.12. We consider the boundary value problem

Au + )\’U, = O’ (l', y) c @7

u(z,0) =wu(r,1) =0, z€l0,1],

uO,9)  =ully),  yelo] (92)
Se0y) =354y, welo1]

on Z.

It is our aim to solve the differential equation for the Laplacian in direction of z and y
separately.

For the sake of completeness, we remark that the operator 9; is decomposable with re-
spect to the fibres in « and define an operator on the fibers by

02 .+ Hy N H*({x} x (0,1)) — L*({z} x (0,1)).

Thereby, we obtain a direct integral decomposition of the form

2 © 2
9, = / Oy -
z€(0,1)

Let A be positive. In direction of y we study the one-dimensional problem

u _
{ 57 = U Au, y € (0,1) 93)

Notice that we obtain a second order differential equation with two boundary condi-
tions, so that due to standard results in the theory of differential equations one obtains a
unique solution.

We note that by Gram-Schmidt-Orthonormalization one has an orthonormal system of
L*((0,1)) consisting of sine and cosine functions.

Naturally, we start with functions of the form

ui(y) = sin(ﬁy), (94)
us(y) := cos(VA\y), (95)

and check, whether the boundary conditions are satisfied. Note that u; and us are not
normalized with respect to the L?-norm.
Inserting the boundary condition into u; leads to the equation

sin(VA) = 0,

which is satisfied for
A\ = k%2,

where k € Z. Inserting the boundary condition in uy yields the contradiction

cos(0) = 0.
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We conclude that (93) can only be solved by functions of the form of u;. Due to the
point symmetry of the sine function the span of sin(k7y) and the corresponding function
sin(—kmy) are equal. So it suffices to consider natural numbers k and thus we obtain the
one-dimensional space of eigenfunctions generated by

ug = sin(kmy)

with corresponding eigenvalues of the form \; := k?7%, k € N.
In direction of z we study the operator 92: H2((0,1)) — L?((0,1)) and the boundary
value problem with periodic boundary conditions given by

% =v"=—pv, z€(0,1)
v(l)  =(0), (96)

e (1) ZQWD
To compute the solution we have a look a

v1(y) := sin(/fiz) 97)
and vz (y) := cos(\/px). (98)
A similar computation shows that we obtain the same result as above with the corre-

sponding eigenvalues already seen. Moreover, inserting the first boundary condition in
v leads to eigenvalues of the form

e

= A7

Due to the the second boundary condition one obtains the two linear independent solu-
tions

vi(x) :=sin(2nlz) and wva(z) := cos(2nwix).

This separation approach allows us to compute possible solutions of our problem (92)
by multiplication of the solutions which we obtained in the two separated cases. The
corresponding eigenvalues are given by summation of \x and 4.

We finally combine our results.

Lemma C.13. The set A := {\ := 47212 + k7| k,1 € N} contains all eigenvalues of (92)
with corresponding eigenfunctions

fig = sin(kmy) sin(2lrx) and  for, := sin(kmy) cos(2lmz).

Example C.14. We now consider the same eigenvalue problem on M, given by

Autdu =0 (z,) € Q,
u(@,0) = ula, ) 0, ze€l0,1],
u(0,y)  =u(l,1-y), yel01], (99)
%(O’y) = %“( —y), y€[0,1].

Once again we try the separation approach to solve the problem. Due to the first and
second condition the solutions in direction of y are again given by the functions of the
form

ug(y) = sin(kmy), k € Z,



C.2. The Friedrichs construction for quadratic forms 151

which we already obtained for the cylinder. In the next step we need to solve

%u—i—)\u =0, (z,y) € Q,
u(0,y) =u(l,1-y), yel01], (100)
With the help of functions of the form
vy (x,y) = sin(V\z) sin(kmy) (101)
and
v_(x,y) = cos(V\x) sin(kmy) (102)

we proceed as above.
Inserting the first boundary condition of (100) into (101) gives k € 2 - Z. The second
equation of (100) leads to

cos(VA) = —1,

which holds for A = 72(21 — 1)2,1 € Z.
For | € Z define

N =220 — 1)%

Now we check whether (102) fulfills the boundary conditions. By inserting the first one,
we obtain the same set of eigenvalues as above, while the second one is only valid for
k € 2 - Z once more.

Combining our results we finally obtain the solution.

Lemma C.15. Let N := {n € Njn mod 2 = 1} = 2N £ 1. The elements of Ay; :=
D Anm = 472m? +n?r?; for n € N, m € N} are the eigenvalues of (99) with corresponding
eigenfunctions

1 pm = sin(nmy) sin(2mmrz)

and g2, ‘= sin(nmry) cos(2mnx).
As a conclusion we state the following.

Remark. The eigenfunctions of the Dirichlet Laplacian defined on a cylinder and a Mobius strip
are different in their periodicity. This is one possibility to tell the different structure of Mobius
strip and cylinder apart.

The above separation approach given by the two different parts of the Laplacian and the
decomposition, can be generalized for Laplacians on Riemannian manifolds. Explicitly,
for the Laplace Beltrami operator on the total space of a Riemannian submersion.

Here one obtains a decomposition into a vertical and a horizontal part. Whenever the
fibers of the Riemannian submersion are totally geodesic submanifolds, those operators
commute. We discussed this behavior in Chapter 7. For another precise statement about
this content see e.g. [BB82].
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Appendix D

Second order elliptic operators

In order to understand the computations in the last two chapters of [Witl1] better, we
prove a specific norm equivalence. Just for completeness we give the result in this chap-
ter. Note that these results are not directly necessary for the main part of this thesis but
the result is worth to mention. We use the results from Appendix B.

D.1 Basic information

We study operators on Hilbert spaces. To begin we summarize a few important results
and list various definitions and properties, mostly proven and stated in [AG13]. Let H
again be a Hilbert space and for an operator 7" on H denote the domain of the operator
by DT.

Definition D.1. Let T': Dy — H be an operator. We say the operator T' is symmetric, if
(a) its domain Dy is dense in H and

(b) forall f,g € Dr we have
(T'f.9)={fTg).

From the second part in the definition of symmetric operators, one can see that (T'f, f)
is real. Therefore, at least for symmetric operators, the following definition makes sense
as well.

Definition D.2. If T': Dy — H is an operator with (T f, f) > 0 for every f € Dy, then T is
said to be positive.

Later we need the definition of the resolvent for a given operator. But first we introduce
some abbreviations to describe the objects more easily. From now on let T': Dy — H be
closed and D7 be dense in H.

Definition D.3. We define the operator T by Ty :=T — AI.
With the help of these notations we can further define the following objects.

Definition D.4. If T} ' exists and is bounded and defined everywhere in H with im(T)) = H,
then X is said to be a regular value of T'. The set of all reqular values is called the resolvent set
and is denoted by p(T). All other points in H are the spectrum o(T) of T

A proof for the following Theorem is given in [AG13], p. 89 £., Theorem 1.

Theorem D.5. There is a one-to-one correspondence between Dr and im(TY), if and only if A is
not an eigenvalue of T'.
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Letagain T: Dy — H be a closed linear operator. We define the resolvent of 7" as follows.

Definition D.6. For all A € p(T') we define the resolvent of T' by
Ry = T/\_l.

We directly obtain that for each regular point of T" the resolvent R) is a bounded opera-
tor, which is defined on the whole space and gives rise to a one-to-one correspondence
between D7 and im(7}).

D.2 Equivalent norms

We consider a second order operator A on a Hilbert space H, which is symmetric and
uniformly elliptic, such that we have the representation

Au = — Z 0; (ai;05u) + Z b;O;u + cu,
P .

where the matrix (a;;) is symmetric and all coefficient functions a;;, b; and ¢ are smooth.

Definition D.7. We call the operator A uniformly elliptic, if there exists some 8 > 0, such
that

> aij(2)Gig > 01¢)
1]
almost everywhere.
Example D.8. Let A = —A, then A is uniformly elliptic with (a;j) = I and 6 = 1.

Let further A always denote a regular elliptic operator and U C H open.

We consider the reqular elliptic boundary value problem, on a relatively compact set @ CC U
of the form

Au=f , inQ
{ u=0 , onodf, (103)

for a function f € C%(Q).
The goal of this section will be the proof of the following theorem.

Theorem D.9. For any solution u of (103) we show u € HZ () and we have an equivalent
norm to the reqular H?—norm given by an estimate of the form

c (HUHL2(Q) + | Aul|12(q)) < [ull g2 < C (HUHL2(Q) + HAUHL2(Q)) ;
for some constants c¢,C' > 0.

For every second order elliptic operator, there exists an associated bilinear form.

Definition D.10. Let U C X be open. The bilinear form B(-,-) associated to A is defined by

B(u,v) := / Z a;j0;ud;v + Z b;0;uv + cuv | dux,
U

i )
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forall u,v € HL(U).

For the following statement, we need the finite difference quotient and some well-known
properties.

Definition D.11. Let u € L\ (U) and Q CC U. We define the k—th difference quotient of

loc

size h, for 0 < h < dist(Q2,0(U)), by

u(z + heg) — u(x)
3 ;

Diu(zx) =

with x € Q and (ey,) an orthonormal basis.
We summarize some properties of the difference quotient in the following lemma.

Lemma D.12. For u,v,w € H}(U), with compact support in Q CC U, the following state-
ments hold for the difference quotient.

1. For sufficiently small h > 0 the difference quotient D is in H}(U).
2. The identity [, Dv-w = — [, vD; "w holds for h sufficiently small.

3. The product rule, i.e. DI(vw) = v"Dlw + (DIv)w with v = v(x + he;) holds for all
0 < h < dist(2,0(0)).

4. If | D"ul|2() < C for a constant C > 0 uniformly in h, then v € H'(Q) and
| Dul|p2(q) < C.

5. The difference quotients D and weak derivatives 9; commute.

The part (4) of Lemma (D.12) says that if we are able to bound the difference quotient
independently from h, then the weak derivative exists.

Proof of Theorem (D.9). We start with the left inequality. Using Weyl’s theorem, saying
that under the assumed conditions the spectrum of the operator A is semisimple, we
obtain a representation of the resolvent as

R(A.§) = 3 5= Pn
A

This result is due to the spectral theorem and Neumann'’s series.

By [AG13] in this case one has the resolvent R given as an operator on L?(2) which maps
to the domain Dy.

Due to the results in Appendix C, we have D4 = H} N H?(Q2), which is compactly
embedded into L?(2) due to Sobolev’s embedding theorems. Therefore R is a bounded,
compact operator. We then have

u = Rf, (104)

with
[Rfllp < ellull 20



156 Appendix D. Second order elliptic operators

where || - ||p denotes the graph-norm on the domain and ¢ > 0 is a constant. By definition
of this norm we have

IRfllL2 + ARl L2(0) = IRf || L2(0)-

Inserting equation (104), we finally obtain the first inequality.

For the second inequality we are going to prove the existence of u € H?({2) from some
a-priori estimates and the analysis of the ellipticity and regularity theory of the operator.
We first sketch a proof of the weaker estimate

lull g2vy < C ([[Aull 20y + llull 2(e)) -

for a weak solution u of the elliptic partial differential equation Au = f in Q and
V cC ). The constant C' only depends on V, U and the coefficients of A.

We consider a neighborhood W CC (2, which contains V' and let moreover V' be rela-
tively compact in W. Then, we choose a cut-off-function 7, such that 0 < n < 1 and let
n = 1in V, while its equal to zero in the complement of W in 2. With the above notation
for the difference quotient and the information that u € H'(Q2) we define the compactly
supported test function

¢ = —D;"(n*Dl'u) € HJ(Q).

Due to Lemma (D.12(4)) it suffices to show that || D} Du|| ;2 < const uniformly in h on V
to conclude u € H2(V).
The weak formulation of the elliptic partial differential equation is

— Z / aijﬁiuD,;h(?j(nQDZu)dx = —/ <f — Z b Ou — cu) (Dk_h (nQDZu)) dz
ij i
(105)

Using supp(n) CC W, integration by parts and the product rule as seen in Lemma (D.12)
we derive

— Z/aijaiuD;haj(nzDZU) dx
ij
— Z/DZ (a;;0iu) 0, (772171]5“) dx
]
=> / Dy (aijOu) (27731'771)2“ + 7728J'D’?u> da
]
- Z / Dh (a;j05u) (27751'77172“) dr + Z / Di (a50:u) (7728jD”3u> dr
ij gl
-y / (Dl (9ru) + aly Dy (200mDj) da
]

+> (Dﬁaij(aiu) + a?jpﬁ&«u) (n2ajDZu> o
i
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—Z/"% o) (Dfoju) di + R,
where the error-term R is given by
R= Z / Dkaw (O5u) (D,f;aju)
+ 290y (aly (Dfosw) (Dhu) + (Dhay) (9u) (Dfu) ) } da.

Using the ellipticity of the operator for the left hand side of (105) the estimate

—Z/amﬁuD h; (112 Dlu) dx>9/ ‘D Du dx—|R\
holds, such that (105) leads to the inequality

9/7)2‘D2Du‘2d$§/< Zbau—cu>< " (*Dlu)) dw - R,

We now have a closer look at the right hand side. For better understanding we analyze
the first term, which can be estimated by the Cauchy-Schwartz inequality in the form

‘/fD,;h (nQDZu) dx

Moreover, with the product rule and the properties of n we can bound the latter norm
by

< If 2o IDF" (n2Dku) 2.

13" (7 Df) llz2(y < Im0kDfullz2(ey + CllDull (@)

It remains to show that the error - term R is bounded, which can be concluded by similar
estimates and is given by

1] < Cs (|| Dull 2oy D} Dl |1 D22 ) -
Combining all estimates we finally obtain
GHTIDZDU”%?(Q) < Cj3 (HfHL?(Q)HT]DZDUHB(Q) + 1 fl2 @)l Dull 220
| Dl sy 9D} Do 2y + 1D ) -
Using Young’s inequality in the e—version one has
1
£l 2@ ||77DkDUHL2 < 5||77DkDUHL2 EHfH%Q(Q)a

1
1Dul| 220 Dk Dull 120y < ellnDi Dull7 2 EHDUH%Q(Q)
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By choosing ¢ = % and absorbing some terms on the right hand side to the left we
finally derive

0 *
ZInDEDulEz 0y < € (120 + IDulliz(e) ) -

Due to the choice of the cut-off-function (1 = 1 on V), we then find a constant C, such
that

IDE Dl < C (113200 + 1DullEa)) - (106)

The last estimate is independent from h, which allows to apply Lemma (D.12) and there-
fore shows that the weak second derivatives of u exist and belong to L?. Therefore, we
finally can express the H?—norm by

lllrzzry < € (112200 + Nuli3n ) -

To conclude this part of the proof we need to replace the H!'-norm by the L?-norm.
Therefore, we consider another cut-off-function 7, € C5°(Q2) withn; = 1 on W. The
ellipticity and the test-function v := nfu combined with Young’s inequality yield

IDul ) < InDulliagy < € (1B + lullZy) -

Inserting this result into (106) we find the stated inequality.
Now we can conclude the forced estimate for the equivalence of the norms.
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Appendix E

Computations with MAPLE®

Here we give the computations for some of the examples adressed during this thesis.
Whenever the MAPLE® output was too long, we omitted the representation in
MAPLE®:-Inert-2d-View or switched notation to MAPLE®-Inert-3d-View.

E.1 Example 6.25

We give the computations done with the help of MAPLE® to show, that the cocycle
differs from one in the setting of Example 6.25.

# Example: Computation for an ellipse e and an
# ellipsoid E embedded in the Euclidean space R3.

restart:with (VectorCalculus): with(LinearAlgebra):

# We give a standard parametrization of the ellipsoid
# E: psi: (-pi/2, pi/2)x(0,2+Pi)-> E

psi:= Vector ([2*cos (theta) *cos (phi),

2xcos (theta) xsin(phi), sin(theta)]);

Y 1= 2 cos () cos (¢) e + 2 cos (#) sin (¢) e, + sin (0) e,
> Jjac:= Jacobian(psi, [theta,phil);
—2 sin (f) cos (¢) —2 cos(0)sin (¢)
jac := | —2sin(0)sin(¢) 2 cos(#)cos (@)
cos (0) 0

# We obtain the metric tensor by

vV VV VYV VYV

F:=simplify (Transpose (Jjac) .jac);
—3 (cos (0))* + 4 0 ]

0 4 (cos ()2
#fwhose determinant is given by

F =

de:= simplify (Determinant (F));
de = —4 (3 (cos (8))% — 4) (cos (9))?
# Proceed with the computation of the tangent vectors
[(11);
—2 sin (0) cos (¢)
dthe := | —2 sin (6)sin (¢)
cos (0)

dthe:=Transpose (Transpose (jac)



vV V.V V V

dph:=Transpose (Transpose (jac) [2]);
—2 cos (0) sin (¢)
dph = 2 cos (0) cos (¢)
0

# Test to prove the vectors are perpendicular

DotProduct (dthe, dph, conjugate=false);
0

#Compute a normal vector
n:= CrossProduct (dthe, dph);

-2 (cos(@))2cos(¢)
n = —2 (cos (0))? sin (¢)
—4 sin () (cos (¢))? cos (0) — 4 sin () (sin (¢))? cos (0)

# Now we compute a normalized form of n.

simplify (norm(n,2));

2 \/ [(cos (6))* (cos (9))?] + |(cos (8))" (sin (#))%] + 4 | (sin (8))? (cos (6))”

nor:= simplify (2+xcos (theta) *sgrt (cos (theta) "2
+4+xsin(theta)*2));

nmw:2am@)¢—3mﬂﬂ2+4
# The normalized vector is then given by
no:= simplify(l/nor = n );

cos () cos (¢) ey cos (0) sin (¢) ey

no — — B _9 sin (6) e,

\/__3 (cos (0))? + 4 \/__3 (cos (0))? + 4 \/——3 (cos (0))? + 4

#Description of the parametrization of the tube in R3
P: (-pi/2, pi/2)x(0,2xPi)x(—eps,eps)—> E (eps)

P:= psi + uxno:
dift:= simplify( Transpose( Transpose (
Jacobian (P, [ theta,phi,ul))[1]));

i , Sin(0) cos(9) (3 (cos(60))2/=3 (cos(8)*+4+2 u—1 /=3 (cos(0))*+4) i
(—3 (cos(&))2—|—4)3/2
5 sin(6) sin(e) (3 (cos(8))2y/—3 (cos(8))?+4+2u—4/—3 (cos(@))2+4>
(—3 (cos(9))2—|—4)3/2
cos(8) (3 (cos(8))21/—3 (cos(6))>+a+2u—4~/—3 (Cos(@))2+4)
(—3 (cos(@))2-i-4)3/2

difp:= simplify( Transpose ( Transpose (
Jacobian (P, [theta, phi, ul))I[21));

i _ cos(0) sin(¢) (2 -3 (Cos(@))2+4—u) i
—3(cos(0))?+4
dzfp = cos(0) cos(¢) <2 V-3 (cos(@))2+4fu)
/=3 (cos(6))?+4
0

dift =




> difu:= simplify( Transpose( Transpose (
> Jacobian (P, [theta, phi, ul))I[3]));
B cos(0) cos(¢) 7

__cos(9)cos(¢)
v/ =3 (cos(9))*+4
difu = | =5 s

sin(6)
i —3(cos(6))%+4
We know a formula for the curvature of the ellipsoid.
= 16/ (l6xcos (theta)"2
(4«cos (phi) *2+4xsin (phi) "2) *sin (theta) "2 )" 2;

K = 16 <16 (cos (8))% + (4 (cos (¢))” + 4 (sin (¢))2> (sin (9))2)_2

> simplify (K);

#
> K:
+

(9 (cos (0))* 46 (cos (0))? + 1)_1

> # With some help MAPLE is able to compute easier
expressions.

> subs([cos (theta) *4=c”*2, cos(theta)*2=c],simplify (K));
(9624-66-F1)_1
> solve( k= 1/( 9xz"2+6%z+1), z);
Vi -1 _1/3x/E+1
vk vk

~1/3

> # By symmetry of the cosin function we chose an arbitrary
> # solution and insert to obtain the metric in terms of the
> # curvature.
> #The induced metric on the tube is given by F1
> Jjaco:=simplify (Jacobian (P, [theta, phi, ul)):
> Fl:=simplify(Transpose (jaco) .jaco);
(3 (cos(s))21/73(cos(@))2+4+2u74\/73((;05(9))2«#4)2
16+9 (cos(6))%—24 (cos(6))2 0 0
k1= (Cos(@))z(Q\/73(505(9))24»4711.)2
0 - 3 (cos(0))2—4 0
0 0 1
# Insert the curvature terms into g
f2:=subs( [cos(theta) 2= d,cos(theta)4=d"2], Fl);
(3dv—3dTd+2u—4y—3dt4)’ 0 0
9d2—24d+16
f2 = d(2v=3dt4—u)’
0 ———3a41 0
0 0 1
> f3:=simplify(subs( d= —-(1/3)«*(sqrt(k)-1)/sqgrt(k), f£2));
2
%szfik+¢z<5/5€%JV%’2““%* /&§%1> 0 0
— 2
7= 0 -1/3 5@:11 (2 5‘{/%1 —u> 0

0 0 1



> # To compute the potential, we need the determinant.

> # Note that we compute it once with the metric given in
terms

> # of the curvature and once just in the local coordinates.

> det3:= simplify( Determinant (£3));

vk \/E—l — — )
det3 := —1/3 ( \/7\/5—21“/%_\/5‘/; 1 \/5@ 1_u
(25k3/2710k+\f 5\/E71 7

> det:= 31mpllfy(Determlnant (F1)

@(mﬂ@ﬁxﬁﬁ(mﬂﬁﬁ+4+2u74ﬁf3@%@D2+Q @m@ﬁz(%ﬁ%(mﬂ@ﬂ+4fuy
27 (cos (0))% — 108 (cos (0))4 + 144 (cos (0))2 — 64

> # To compute the right Laplacian we use the

> # DifferentialGeometry package.

det := —

> with(DifferentialGeometry): with(Tensor):
Now proceed in tensor mode.

DGsetup ([theta,phi,u], TE):

g:= evalDG( (3xcos(theta)"2xsqgrt (-3*cos (theta) *2+4)+2xu
—-4xsgrt (-3xcos (theta) ~2+4)) "2/

(9xcos (theta) "4-24xcos (theta) *2+16) x dtheta &t dtheta
— (cos(theta) "2+ (2+sqgrt (-3*cos (theta) "2+4) -u) "2/

(3xcos (theta) "2-4))* dphi &t dphi + du &t du );

# Metric tensor without the curvature expressions

\

vV V.V V VYV

g3:= evalDG( (5*sqgrt ((5xsqgrt (k)-1)/sqgrt (k))*xsqgrt (k)
-2xu*xsqgrt (k) —sqgrt ((5xsgrt (k) -1) /sqrt (k))) "2/ (sgrt (k)

* (9xcos (theta) "4*sqgrt (k)

+24xsqgrt (k) —-8) )+ dtheta&t dtheta

—(1/3) * (sqgrt (k) —-1) * (2xsgrt ((5*sqgrt (k) -1) /sqgrt (k) ) -u) ~2/
(5%sgrt (k)-1)« dphi &t dphi + du &t du );

# Metric tensor with the curvature expressions

vV VVVVVYV

# Compute the potential to the right refernce metric
#on the tube and use the formula

#W_0= rho”(-1/2)«+Laplace (rho” (1/2)).

# To compute rho, we need the reference metric g_Sa

# and compute rho= sqgrt (det (Fundtensl)) /sqgrt (det (gSa)) .

rho:= simplify (simplify (sqrt (det))/simplify (sqrt(de))):

rho2:=simplify (simplify (sqrt (det3))/simplify (sqgrt (de))):
rhot :=subs (cos (theta) "2=-1/3* ((sqgrt (k) -1) /sqrt (k) ), rho2);
rho3:= simplify (rhot);

oy (e ) (o (D)

VVV V VVVYVYV

p3

> lsr:=map ( expand, Laplacian(g, sgrt(rho))):

> lsr3:=map (expand, Laplacian(g3, sqgrt(rho31l))):
> W:= 1lsr/ sqgrt (rho):

> W3:= 1sr3/sqgrt (rho3l):

> Wl:= simplify (W) :

> Wl3:=simplify (W3):

> we:= subs( u= epsilonx*u, W1l):

> we3:= subs (u=epsilonxu, W13):

>

1:=-1/3 % ( sqgrt(k)-1)/sqrt(k); # Choose one solution



C1/3VE—1/3

l =
VEk

wO:= limit (we, epsilon=0);
w03:= limit (we, epsilon=0);
W_O:=simplify(subs( [cos(theta)”™2 = 1, cos(theta)"4=1"2,
cos (theta)”6 = 17°3], w03));
# Comuptation of the asymptotic yields finally the
potential
> #(remain exactly the same representation from both
settings) .

vV V.V VYV

0 9 (cos (0))* — 96 (cos (A))? + 128
" 432 (cos (A))° — 1728 (cos (6))* + 2304 (cos ()% — 1024
03 9 (cos (0))* — 96 (cos (0))* + 128
YT 432 (cos (0))° — 1728 (cos (6))F + 2304 (cos (0))? — 1024
16132 — 34k +Vk

125k3/2 — 75k + 15k — 1
# Note W_0 is just depends on theta.

W_0 := —1/16

restart:

#Next we study the embedding of the ellipse e into E. e is

considered as the intersection of E with the y-z-plane.

#We first give the parametrization of e and then of the
ube

#to compute the induced metric.

with (VectorCalculus): with(LinearAlgebra):

vV VVadVVVYV Vv

p:= Vector ([0,2xsin(t),-cos(t)]);

p = 2sin(t) e, —cos (t) e,
#The curvature is given by the following formula
kappa:= 2/( 4xcos(t)”™2 + sin(t)"2)"(3/2);

solve (k=2/( 4xcos(t)”2 + sin(t)"2)"(3/2), cos(t)"2);
l:= %$[1]:

vV V.V V

—3/2

K= 2 (4 (cos (t))? + (sin (t))2)
> Ja:=simplify (Jacobian(p, [t]));
0
ja := | 2 cos(t)
sin (t)
> Ft:=simplify(Transpose(ja).ja); #metric on e
Ft := | 3 (cos (1) +1 ]
> # The tube can be described by the parametrization of E

> Pe := Vector([2+xcos(theta)*cos(phi), 2xcos(theta)xsin(phi),
> sin(theta)l]);

Pe := 2 cos () cos (¢) ez + 2 cos () sin (¢) ey + sin () e
> ab:= Jacobian (Pe, [theta,phi]);
—2 sin (#) cos (¢) —2 cos () sin (o)
ab := | —2sin(0)sin(¢) 2 cos(0)cos (@)
cos (0) 0



vV V.V V V

vV VVVYVYVYV

vV V.V VVYV

Ft2:= simplify (Transpose(ab) .ab); # metric on the tube
d:= Determinant (Ft2);

—3 (cos (0))* + 4 0 ]

Ft2 .= [
0 4 (cos (0))?

d:= —4 (3 (cos (0))2 — 4) (cos (§))?
with (DifferentialGeometry): with (Tensor):

DGsetup ([theta,phi],E) :
ge:= evalDG( (-3xcos(theta)”2+4 )« (dtheta &t dtheta)
+ (4xcos (theta)"2) « (dphi &t dphi));

rho:= simplify (simplify(d)/simplify (sqgrt (3xcos(t)"2+1) ));
(3 (cos (9)) — 4) (cos (6))°
4

3 (cos ())* +1
map (expand, Laplacian(ge, sqgrt(rho)));
W:= %/ sgrt(rho):
Wk:=simplify (subs ([cos (theta)”2=1 , cos(theta)"4=1"2,
cos (theta)*6 = 173], W)):
#Since the result is independent of phi, this is the result
#for the potential. (Note the Output is too long.)

pi=-

restart:

# Last consider the embedding of e in R3, the tube is kind
# of a torus.

#Since Rn is flat, only Scal_L and the tension field
fdetermine the potential.

# We already know W_O= -1/4 kappa(t)”2, with kappa seen

# above.



E.2 Example 6.26

The following computations were done in the setting of Example 6.26. We used
MAPLE® to show that in this setting the cocycle differs from one.
First we studied the embedding of S! into R?.

# We want to compute the potential W_0 for the embedding of

>
a
> sphere S71 (in the x-z-plane) into R3.

> # One can compare the result with the embedding into a
torus

> # and then into R3. We see the results are not equal, such
> # that the corresponding cocyle differs from one.

> with(VectorCalculus): with(LinearAlgebra):

> with(DifferentialGeometry): with(Tensor):

> # First we give a parametrization of the tube, which is
kind

> # of a full torus twisted in the 3d space

> # and compute the induced metric.

> P2:= Vector([(l+t+r*cos(p))*cos(t)+2,-r*xsin(p),

(I1+rxcos(p)) *sin(t)]);

P2 = ((1+47cos(p))cos(t) +2) e, —rsin(p) e, + (14 7cos(p))sin(t) e,
> ablei:=Jacobian(P2, [r,p,t]);
cos (p) cos (t) —rsin(p)cos(t) — (1 + rcos(p))sin ()

ablei := —sin (p) —rcos (p) 0
aw@ﬁm@)—4$n(ﬂm@) (1+rcos(p))cos(t)
> dr2:= Transpose(Transpose(ablel) ),
cos (p) cos (
dr2 = — sin (
cos (p) sin (
> dp2:= Transpose (Transpose ( ablel 2]),
—rsin (p) cos t)
dp2 = —rcos (
—rsin (p) sin (
> dt2:= Transpose (Transpose (ablei)

— (14 rcos (p)) sin (t)
dt2 = 0
(14 rcos(p)) cos (t)



metri:=Matrix([[simplify (DotProduct (dr2,dr2,
conjugate=false)),

simplify (DotProduct (dr2,dp2, conjugate=false)
simplify (DotProduct (dr2,dt2, conjugate=false)
[simplify (DotProduct (dr2,dp2, conjugate=false
simplify (DotProduct (dp2,dp2, conjugate=false)
simplify (DotProduct (dp2,dt2, conjugate=false)
[simplify (DotProduct (dt2,dr2, conjugate=false
simplify (DotProduct (dt2, dp2, conjugate=false)
simplify (DotProduct (dt2,dt2, conjugate=false)

1 0 0

1y
),

I
),

VVVVVVYVYVYVYV

)
)
)
)
)
)
) s
)11)3

metri = 0 r? 0

0 0 (1+7cos(p))’

# We find that the reference metric is given by
gSa:= Matrix(3,3,[[1,0,0],[0,r"*2,0],[0,0,111]);
1 0 O
gSa == | 0 2 0
0 0 1

#Therefore we obtain the density

\

rho2:= 1l+rxcos(p);

p2 := 1+ rcos(p)
#We start computing with the help of the tensor and the
DifferentialGeometry package

DGsetup ([r,p,t], Tub):
metr:= evalDG(dr&t drt+ (r"2)x (dp &t dp)+(ltrxcos(p)) "2
>  x(dt &t dt ));

Now we proceed the computation in the "Tensor mode".

V V. V V

> srho:= sgrt (rho2);

srho := /1 +rcos(p)
> # We compute the potential with the help of the correct
# Laplacian to the metric metr.

Vv

map (expand, Laplacian(metr, srho));

14 1 1 ( 1 >1
(1+7cos (p))*?\ 72 (1 + 2 (cos () + 27 cos (p)) r2 (1 + rcos (p))?
> simplify (%);

—1/4 (1 + rcos (p)) %/

#Rescaling and the limit process yield

weps:= subs (r=epsilonx*r, %);
weps = —1/4 (14 er cos (p)) />
> wO:= limit (%, epsilon=0);
wl = —1/4

> #We finally obtain the same result as already seen,
> #since the curvature of the circle equals one constantly.



We proceed with the embedding of the torus in the three-dimensional
euclidean space R?® and derive an expression for the potential.

> restart:
> with(LinearAlgebra): with(VectorCalculus):
> # We first give the embedding of the torus in R3.
> phi:=Vector ([ (2+cos(p))*xcos(t), (2+cos(p))*xsin(t),sin(p)]);
¢ = (24 cos(p)) cos (t) ez + (2 + cos (p)) sin (t) e, + sin (p) e
> abl:=Jacobian (phi, [p,t]);
—sin (p)cos (t) — (24 cos(p))sin(t)
abl :== | —sin(p)sin(t) (24 cos(p))cos(t)
cos (p) 0
> dl:= Transpose (Transpose(abl) [1]);
— sin (p) cos (t)
dl := | —sin(p)sin ()
cos (p)
> d2:=Transpose (Transpose (abl) [2]);
— (2 4 cos (p)) sin (t)
a2 = (2 + cos (p)) cos (t)
0
> simplify (norm(dl,2));
. 2 2 . 2 (s 2 2
\/ [(sin ())? (cos (#))?] + |(sin (p))? (sin (£))%] + (leos (p)])
> # Computation of the normalized normal vector.
> n:= CrossProduct (dl,d2);
> n := —cos(p)*(2+cos (p)) *cos (t) xe[x]—cos (p) » (2+cos (p) ) *sin(t) *xe[y]
+(—-sin(p) *cos (t) "2x (2+cos (p) ) —sin(p) *sin(t) "2% (2+cos(p))) xe[z]
> nor:= (2+cos(p))*2;
nor := (2 + cos (p))*
> no:= 1l/nor *n;
> no := —cos(p)x*cos(t)x*e[x]/ (2+cos(p))-cos(p)*sin(t)*el[y]l/ (2+cos(p))
+(—=sin(p) *cos (t) "2* (2+cos (p) ) —sin(p) *sin(t) "2% (2+cos (p)) ) xelz]/ (2+cos (p)) "2
> # Parametrization of the tube in R3.
> P:= phi+ ux no:
> dpl:=simplify (Transpose (
> Transpose (Jacobian (P, [p,t,ul)) [1])):
> dtl:=simplify (Transpose (
> Transpose (Jacobian (P, [p,t,ul)) [2])):
> dw:=simplify (Transpose (
> Transpose (Jacobian (P, [p,t,ul)) [3]1)):
> # Computation of the induced metric on the tube.



Fundtensl:=Matrix ([ [simplify (DotProduct (dpl,dpl)),

simplify (DotProduct (dpl,dtl)),

simplify (BilinearForm(dpl,dw,conjugate=false)) ],

[simplify (DotProduct (dpl,dtl)),

simplify (DotProduct (dtl,dtl)),

simplify (DotProduct (dtl,dw)) ],

[simplify (DotProduct (dw,dpl)),

simplify (DotProduct (dw,dtl)),
1]

simplify (DotProduct (dw, dw) ) ) :

#We give the nonzero entries.

Fundtensl[1, 1],

Fundtensl[2,2];

Fundtensl1l[3,3];

Fundtensl1l([1l,3];

Fundtensl1l[3,17];

> (cos(p)A4—2*cos( ) "3xut8xcos (p) *3-12xcos (p) “2xu+t

4dxcos (p) *u”2+24*cos (p) "2-24xcos (p) xutS5xu”2+32+cos (p) -16*u+16)
/ (cos (p) "4+8*cos (p) "3+24*cos (p) *2+32xcos (p) +16)

) 2
((cos(p)) —cos(p)u+4 cos(p)~+-4)
(cos (p))? + 4 cos (p) + 4

((cos (p))? + 4 cos (p) + 4)
sin (p) u
(cos (p))® + 6 (cos (p))* + 12 cos (p) + 8
sin (p) u

(cos (p))* 4 6 (cos (p))? + 12 cos (p) + 8
> dete:=simplify (Determinant (Fundtensl));

VVVVVYV VVVVVYVYVYVYV

-1

> dete := (cos(p)*4-2xcos(p)"3*xutcos (p) "2+«u”2+8xcos (p) "3
—8xcos (p) *2xut24xcos (p) "2-8xcos (p) xu

+32xcos (p) +16) » (cos (p) "2—-2xcos (p) *rutu™2+4*cos (p) —4+~u+4)

/ (cos (p) "6+12*cos (p) "5+60xcos (p) "4+160*cos (p) "3+240xcos (p) "2
+192xcos (p) +64)

%/ sqgrt (rho) :

> # To compute the potential we need the

> # Laplacian to the underlying metric.

> with(DifferentialGeometry): with(Tensor):

> DGsetup([p,t,ul], M):

> met:= evalDG( ((cos(p)*4-2xcos(p) "3+ ut8*cos(p)"3

> —12xcos (p) "2xutdxcos (p) xu”2+24xcos (p) "2-24xcos (p) *u
>  +5%xu”2+32xcos (p)—-1l6xu+l6)

> /(cos(p)"4+8xcos (p) "3

>  +24%cos(p) "2+32xcos(p)+16)) * (dp &t dp) +

> (2xsimplify (DotProduct (dw,dpl)) )=*(dp &t du)

> +( (cos(p)"2-cos(p)*utdxcos (p)+4) "2/ (cos(p) "2+

> 4dxcos(p)+4) )+ (dt &t dt) + (1/(cos(p)"2+4xcos(p)+4))
>  x(du &t du) );

> rho := sqgrt( dete):# Potential

> map (expand, Laplacian(met, sqrt(rho))): #Output too long.
>

>

W:=simplify (%) :



\Y

\Y

>
>

subs ( u=epsilon* u , W):
W_0:=1imit (%, epsilon=0);
—2 (cos (p))* — 4 cos (p) — 1

(cos (p))? + 4 cos (p) + 4

# We observe that this is neither constant
# nor the curvature.

wW_0

It remains the embedding of S! into the torus.
MAPLE® was not really helpful in this case.
We did not use the DifferentialGeometry package. But computed the potential without

it.

vV V.V VVYV

VVVVYVYVYV

#S1 embedded into the torus.

restart:

with (VectorCalculus) :with (LinearAlgebra) :
# Parametrization of the tube.
Pl:=Vector ([ (2+cos (p)) *xcos (t),

(2+cos (p)) *sin(t),sin(p)]1);

P1 := (24 cos(p)) cos (t) ez + (2 + cos (p)) sin (t) e, + sin (p) e
abll:=Jacobian (P1l, [p,t]);
—sin (p) cos () — (2 -+ cos (p))sin (1

abll := | —sin(p)sin(t) (2 + cos(p)) cos (t)
cos (p) 0
dpl:= Transpose (Transpose(abll) [1])
dtl := Transpose(Transpose(abll) [21);
— sin (p) cos (t
dpl := | —sin(p an(t
cos (
(2A+—cos ) sin (
dt1 = (2«+—cos(p))cos(t)
0
with(DifferentialGeometry): with(Tensor):

Fundtensl:=Matrix([[simplify(BilinearForm (dpl,dpl,
conjugate=false)),

simplify (BilinearForm(dpl,dtl, conjugate=false))],
[simplify (BilinearForm(dpl,dtl, conjugate=false)),
simplify (BilinearForm(dtl,dtl, conjugate=false))]1]);
mi:= Fundtensl” (-1);

1 0
Fundtens! := )
0 (2+cos(p))

rho:= 2+ cos(p);



p = 2+ cos(p)
> diff (rho, p);

—sin (p)
> diff (rho,t);
0
> #We compute the Laplace Beltrami Operator by
> LSR:= (1/(2+cos(p)))* diff( (24+cos(p)) *
diff (sqrt (rho),p).,p);
1 (sin (p))*
LSR = —1/24/2 + cos(p) cos
2+ cos (p) < / 2 4 cos (p) / ) )
> W:= (1/sgrt(rho) ) LSR;
1 (sin (p))*
Wi=——"—/—/¥—“—«|1/4 ————1/2+/2+ cos(p) cos (p
(2 + cos (p))*/? ( / 2+ cos (p) / (p)cos(r)

> #this equals W_0.



E.3 Example 2.13

The following computations are done with MAPLE® and complete the observations
made in Example (2.13).
We give the complete code to show how the potential was computed.

> #Example: Embedding of S71 into S"2.
> restart:
> with(LinearAlgebra): with(VectorCalculus):
> #With the help of the standard spherical coordinates, we
give
> # a parametrization of the tube T,
> # given by Psi: (—eps,eps)x(0,2xP1i) -> T as follows.
> psi:=Vector ([cos(u)*cos(v), cos(u)xsin(v),sin(u)l]);
Y = cos (u) cos (v) e; + cos (u) sin (v) ey + sin (u) e
> #We chose this parametrization since the result turns out
> # to be positive for this case.
> #Now compute the tangent vectors.
> a:=Jacobian (psi, [u,Vv]);
—sin (u) cos (v) —cos (u)sin (v)
a = | —sin(u)sin(v) cos(u)cos (v)
cos (u) 0
> dl:=Transpose (Transpose(a) [1]);
>  d2: —Transpose(Transpose(a)[ 1)
[ —sin (u) cos (v) |
dl := | —sin(u)sin (v)
i cos (u) |
[ —cos (u) sin (v) ]
2 = cos (u) cos (v)
L 0 -
> #We obtain the induced metric on the tube by
> g:=Matrix([[simplify (DotProduct (dl,dl)),
> simplify (DotProduct(dl,d2))1,
> [simplify (DotProduct (d2,dl)),
> simplify (DotProduct (d2,d2))11);
1 0
g =
0 (cos (u))?
> #The volume element is given by: ds”2= du”2+cos(u)”"2 dv"2.
> #The reference metric is as usual the Sasaki.
> #The associated density is given by
> det:=simplify (Determinant (g));
> rho:=sqgrt (det) assuming cos (u)>0;

det = (cos (u))?



p = cos (u)
#This is well defined since the cos function is positive
# whenever we are close to zero.
#To determine the potential, we first need to compute
# the Laplacian with respect to g.

with (DifferentialGeometry): with (Tensor):
DGsetup ([u,v], T):

> metr:= evalDG( du &t du+ cos(u) ™2 * (dv &t dv)):
Now we proceed the computation in the "Tensor mode".

vV V. V VVYV

> srho:= sqgrt (rho);
srho = +/cos (u)

> LRR:=map (expand, Laplacian(metr, srho));

4/ (cos (u))—2 (2 csgn (1, (cos (u))fl) cos (u) sin (u) + 3 csgn ((cos (u))fl) (cos (u))? — csgn ((cos (u))fl))
v/ cos (u)

#Now we compute W_0 = rho”(-1/2)+* LRR, afterwards

>
> # we derive the expression for the asymptotic.
> # (For overview we do not give the MAPLE output.)
>
>
>

LRR := 1/4

LRR/srho:
subs (u=epsilonx*u, %):

limit (%, epsilon=0);

1/2
> #Therefore the potential is given constantly by W_0 = 1/2
> # and the associated density is equal to one.
> #Remark: The Laplacian with respect to g applied to a
> # function f in local coordinates is given by
d? )

— _do? d d

Agf—m—tan(u)@f‘f‘@f
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