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Abstract

The purpose of this thesis is to provide an intrinsic proof of a Gauss-Bonnet-Chern
formula for complete singular Riemannian manifolds with finitely many conical
singularities and asymptotically conical ends. A geometric invariant is associated
to the link of both the conical singularities and the asymptotically conical ends
and is used to quantify the Gauss-Bonnet defect of such manifolds. This invariant
is constructed by contracting powers of a tensor involving the curvature tensor of
the link. Moreover this invariant can be written in terms of the total Lipschitz-
Killing curvatures of the link. A detailed study of the Lipschitz-Killing curvatures
of Riemannian manifolds is presented as well as a complete modern intrinsic proof
of the Gauss-Bonnet-Chern Theorem for compact manifolds with boundary.



Résumé

Le résultat principal de cette thése est un théoréme de Gauss-Bonnet-Chern pour
des variétés riemanniennes singuliéres, complétes ayant un nombre fini de singu-
larités coniques et de bouts asymptotiquement coniques. On associe un invariant
géométrique au link de chaque singularité conique et de chaque bout asympto-
tiquement conique qui permet de quantifier le défaut de Gauss-Bonnet de telles
variétés. Cet invariant est construit en contractant des puissances d’un tensor qui
dépend du tenseur de courbure du link. On montre que cet invariant peut étre
écrit comme une combinaison linéaire des courbures de Lipschitz-Killing totales du
link. Une étude détaillée de ces courbures de Lipschitz-Killing ainsi qu’une preuve
intrinséque moderne du théoréeme de Gauss-Bonnet-Chern pour des variétés com-
pactes & bord sont présentées.
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Introduction

The classical Gauss-Bonnet theorem, which goes back to the nineteenth century,
can be stated as follows: let (S, ¢g) be a closed surface without boundary, let K
denote its Gauss curvature. Then

3 [ KaA=x(s). &

where x(S) denotes the Euler characteristic of S and dA is the area measure of
S. This remarkable result establishes that although the curvature depends on the
metric g, when it is summed up over the whole surface, this dependence disappears
and the total amount of curvature becomes a topological invariant. If the surface
is compact but admits a boundary, then the total geodesic curvature of 9S has
to be taken into account. In the 1930s, Cohn-Vossen extended formula (1) to non
compact surfaces with finite total curvature in the form of an inequality: let (5, g)
be a complete Riemannian surface with finite total curvature. Then

o /S KdA < x(5). (2)

The strict inequality is achieved for instance by taking S = R? endowed with its
standard flat metric. In this case the total curvature is zero whereas the Euler
characteristic of R? is equal to one.

In this search of generalization an important milestone was achieved in the 1940s
by W. Fenchel [Fend0], C. Allendoerfer and A. Weil [AW43] on one hand, and S.-S.
Chern [Che44|, [Che45] on the other hand. They proved using radically different
approaches that the total curvature of a compact Riemannian manifold of arbitrary
dimension is a topological invariant. The method of Fenchel, Allendoerfer and Weil
requires to compute the volume of tubes around submanifolds and is referred to as
extrinsic because they assume that the manifold is embedded in some Euclidean
space (at least locally). By contrast, Chern developped a completely intrinsic
method in his proof by introducing differential forms on the manifold and on its
unit tangent bundle. Chern’s theorem can be stated as follows: let (M, g) be
a closed n-dimensional Riemannian manifold. Let Pf(€2) be the Pfaffian of the
curvature form of (M, g) then

(—1)" (M) = — /M PE(Q). 3)
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The Pfaffian of the curvature form, which will be defined later, is an n-form on
M depending only on the curvature tensor of M, which generalizes the Gauss
curvature in higher dimensions. Note that if the dimension is odd, then this
equation simplifies to x(M) = 0 since the Pfaffian vanishes. Once again, if the
manifold M admits a boundary, the total curvature of M appears in the formula.
Just a few years before those results, H. Weyl published his famous article "On
the Volume of Tubes" [Wey39| in which he proved that for r < ¢ sufficiently small
the volume of a tube of radius

M, = {zx € RY | dist(z, M) < r},

around a compact submanifold M™ C RY is given by a polynomial in the radius
r of the tube, whose coefficients Ko (M) depend only on the curvature tensor of
the submanifold itself:

13

|3

fK% (M)rq“k

VOIN(MT) ) < q(q+2)(CI+4)'~-'<Q+2k)’

(4)

N [0S

T
== (
where ¢ = N — n is the codimension of M in RY and I' is the Gamma function.
These coefficients Ko (M) are called the total Lipschitz-Killing curvatures of the
submanifold and will be of particular importance throughout this thesis. These
curvatures can be defined as in [Gra04|, without referring to any embedding by
taking contractions of powers of the curvature endomorphism of M. Although
these curvatures are complex objects, it appears that some of them are well-known
quantities e.g. the first Lipschitz-Killing curvature is the volume of the manifold
Ko(M) = Vol(M), the second is the integral of the scalar curvature up to a
constant Ko(M) = 3 [,, Sgdvoly and if the dimension of the manifold is even, the
last one is its the Euler-characteristic K, (M) = (27)2 x(M) up to a constant.
Searching for a generalization of this theorem, it is natural to ask, as in Cohn-
Vossen’s inequality (2), whether the compactness assumption can be replaced by
some weaker condition enabling the integral of the curvature to converge. In
[KZ01], R. Kellerhals and T. Zehrt show that in the case of an even-dimensional
non compact complete hyperbolic manifold having finite volume a Gauss-Bonnet
formula holds. The assumption of finite volume in the context of non compact hy-
perbolic manifolds is a strong geometric assumption that allows the total curvature
to be well-defined.

Since the total curvature has to be finite, it is natural to look at complete non
compact Riemannian manifolds which are of finite topological type that is manifolds
which are diffeomorphic to the interior of a compact manifold with boundary. This
condition ensures for example that the "unbounded parts" of the manifold are in
finite number. For such manifolds, S. Rosenberg gives in [Ros85| several classes of
complete metrics for which a Gauss-Bonnet formula holds.

Allowing a weaker control on the geometry of the non compact parts, one can ask
if it is possible to obtain a quantification of the Gauss-Bonnet defect, that is the
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difference between the Euler-characteristic and the total curvature. In dimension
two it was shown by Finn [Fin65| and T. Shiohama [Shi85| that if S has finite
total curvature, then

L(t) L2(t)
/ KdA = tliglo Tt tlimo 2A(t)’

where L(t) is the length of S(t) = {x € S| d(p,z) = t} for any p € S and A(t)
is the area of B(t) = {x € S | d(p,z) < t}. Therefore the Gauss-Bonnet defect is
controlled by the geometry "at infinity".

In higher dimensions, the total curvature is finite if the non compact parts are
sufficiently "flat" as for example if they are isometric to cones. In [DKO05], F. Dillen
and W. Kiihnel study n-dimensional submanifolds of R" which have conical ends
in the sense that these submanifolds consist of a compact core and finitely many
non compact parts that are isometric to subsets of R of the form

C(N)={p+tz|x €N, tc[0,00)}CR"Y,

with N an (n — 1)-dimensional submanifold of the unit sphere S¥~! called the link
and p € RY called the apezx of the cone. They prove that if M™ is a complete
submanifold of R with finitely many conical ends with links Ny, ... N,, then the
Gauss-Bonnet defect can be expressed as a sum of curvature quantities of the links
of the cones:

V(M) — — /SlMdetAg d¢ = ZZ Ox(N;),  (5)

Qapn_— (07
N-1 =1 k=0 ON—-1-n+2kOn—1-2k

where a;; = Vol(S7), the integrand det(A) is the determinant of the shape operator
in the normal direction ¢ € S*M = {(p,v) € T*M | ||v|| = 1} and on the right-
hand side, the O (N;) are defined by

Oar(N;) = /sw ook (€)dE,

where 095, (§) is the 2k-th elementary symmetric polynomial of the shape operator
in direction & of the embeddind N; < SV~

Of course this theorem is strongly extrinsic as it requires the embedding of M in
RN and of N; in S ~!. Moreover the various constants depend on the dimension
of the ambient space RY. It is noteworthy to mention that the condition of being
conical can be relaxed as it is the asymptotic behaviour of the end that matters
in the quantification. Therefore Dillen and Kiihnel introduce the notion of a cone-
like end and show that the same statement holds for manifolds admitting cone-like
ends.

Another way of generalizing the Gauss-Bonnet-Chern theorem is to switch from
the class of smooth Riemannian manifolds to a larger class in which the metric
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is allowed to lack some smoothness at a finite number of points. However the
metric is asked to take a certain form in the neighbourhood of these points. This
was investigated in dimension two in [Tro91|,[HT92|,[Tro93|, where the following
Gauss-Bonnet formula for compact surfaces with simple singularities is shown: let
(S, g) be a compact surface with n simple singularities p; of order ;, then

o LA =X+ 30 )

where f; is a local invariant. This formula can be thought as a quantification of
the Gauss-Bonnet defect in terms of the curvature concentrated at each singular
point. Note that simple singularities include conical singularities, conical ends as
well as cusps, and cylindrical and parabolic ends. For surfaces with conical ends,
Formula (6) goes back to R. Finn [Fin65].

The main purpose of this thesis is to give an intrinsic proof of a Gauss-Bonnet
theorem for Riemannian manifolds with finitely many conical singularities and
asymptotically conical ends, answering along the way a question raised in [DK05]
of whether it is possible to prove (5) intrinsically.

Asymptotically conical manifolds have been studied recently in [CEV17|, [Conll]
and they are defined to be topological cones over compact manifolds endowed
with a Riemannian metric which converges (as well as its derivatives up to order
r) towards the standard cone metric. As in the case of (asymptotically) conical
ends, a conical singularity comes together with a link (N, gy) which is actually
the key object to study when we want to work without referring to any ambient
space. To each link, we will associate an geometric invariant 7(/N') which depends
only on the curvature of N as a Riemannian manifold. More precisely, 7(N) is (up
to some dimensional constants) the sum of the total Lipschitz-Killing curvatures
of N:

1254
T(N) = > AaKak(IN),
k=0

where A, ; are explicit constants depending on n and k (see Theorem 4.9). Our
main theorem can be stated

Main Theorem. Let (M ", g) be a complete even dimensional singular Rieman-
nian manifold with finitely many conical singularities {pi,...,p,} and finitely
many asymptotically conical ends {E,;1,...,Es}. Then the total curvature of
M is finite and we have

T S

N — /M PHQ) = = Y (V) + 3 7(N), (7)

(271—)5 =1 i=r+1

where M = M \ {p1,...,p-} and the N; are the links of the conical singularities
and of the asymptotically conical ends.
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The precise definitions of conical singularities and asymptotically conical ends will
be given in Chapter 4 as well as the asymptotic behaviour of the metric near those
singularities. It will be shown that, as in the Gauss-Bonnet-Chern Theorem, the
formula (7) for odd dimensional manifolds contains no geometric information as
both the left-hand side and the right-hand side simplifies to y (V).

In the case where M is two dimensional, then (7) reduces to formula (6) as ex-
plained in Remark 4.29.

The proof of the Main Theorem 7 is articulated in three parts. First we deal with
the case where M is assumed to have only conical ends, that is each end of M
is a standard cone. Applying the Gauss-Bonnet-Chern theorem to an exhaustion
{M,};~1 of M by compact manifolds with boundary, we obtain a quantification
of the Gauss-Bonnet defect of M form the asymptotic behaviour of the boundary
term given by the Gauss-Bonnet-Chern theorem. Using the Gauss equation this
boundary term can be expressed using only quantities defined on the link of each
cone, namely the Lipschitz-Killing curvatures of each link. Cartan’s formalism
of moving frames [Car01],[Spi99| is particularly well-suited to this problem. In
particular, it is the approach used by Chern in his proof of the Gauss-Bonnet-
Chern theorem in [Che44| and [Che45].

The second part is devoted to manifold whose ends are asymptotically conical.
The strategy of proof is once again to apply the Gauss-Bonnet-Chern theorem to
an exhaustion and then to find estimates of the additional terms that appear in
this case.

Finally, in the third part, we adapt the method used for asymptotically conical
ends to the case of conical singularities.

We conclude this introduction by mentioning the related work of some other au-
thors dealing with conical singularties or conical ends. The paper [CEV17| by
O. Chodosh, M. Eichmair and A. Volkmann studies isoperimetric inequalities in
asymptotically conical manifolds, their definition is similar to our Definition 4.11,
but they use a slightly weaker asymptotic condition than ours.

Note that our conical singularties are point singularities, meaning the singular lo-
cus is a zero-dimensional set. However one may also consider higher dimensional
conical singularities. A local model for a standard k-dimensional conical singu-
larity in a (singular) Riemannian manifold (M, g) is a Riemannian product of a
smooth submanifold W with a cone over some (n —k — 1) Riemannian manifold N
(this is the link of the conical singularity). Manifolds with codimension 2 conical
singularities play a major role in the work of G. Tian and S. Donaldson and his
collaborators to prove the existence of Kéhler-Einstein metrics on Fano manifolds.
We refer to P. Eyssidieux’s talk at Seminaire Bourbaki |[Eys16] for a survey of this
very rich subject, as well as the PhD thesis of G. De Borbon [deB15].

One obtains the more general class of cone manifolds in a stratified sense if one al-
lows the link N to itself be a stratified cone manifold (the definition being inductive
starting with the zero dimensional strata being a finite set).
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For such a type of stratified cone Manifolds, C. McMullen recently obtained a
Gauss-Bonnet formula in [McM17]. However, this paper assumes the links to be
spherical cone manifolds, as a result McMullen’s Gauss-Bonnet formula does not
contain our Main Theorem.

We finally mention the very recent work of R. Buzano and H.T. Nguyen [BN17,
BN18|. In these papers the authors obtain a Gauss-Bonnet formula for mani-
folds with finitely many tame ends and isolated singular points. Their results
have some similarities with our Main Theorem, but with some important differ-
ences. Their results assume some topological restrictions, conformal flatness and
some non-negativity condition on the scalar curvature near the ends and the point
singularities.

Organization of the Thesis

The text is organized as follows. The first chapter is a review of some definitions
and results in Riemannian geometry that are to be used throughout the thesis.
In particular, we develop in details the moving frame formalism as it is of utmost
importance to define the Lipschitz-Killing curvatures and to understand both the
proof of the Gauss-Bonnet-Chern theorem and our main theorem.

The second chapter is dedicated to the Lipschitz-Killing curvatures of a Rieman-
nian manifold. After introducing the algebra of double-forms, we define and es-
tablish several properties of the Lipschitz-Killing curvatures. In particular we
compute them in the case where the manifold is of constant sectional curvature
as well as in the case where the manifold is a cone over a compact manifold. The
Weyl formula is also presented since it makes the Lipschitz-Killing curvatures ap-
pear naturally in the expression of the volume of the tube around a submanifold
of RV. In the last part of this chapter we make a detour in the world of principal
bundles in order to present a proof of the Gauss-Bonnet-Chern theorem using this
modern language. This yields a definition of the Lipschitz-Killing curvatures as
global differential forms on the SO(n) principal bundle of orthonormal positively
oriented moving frames.

In the third chapter we present Chern’s intrinsic proof of his Gauss-Bonnet-Chern
Theorem using the language of principal bundles. The Hopf-Poincaré Theorem on
the indices of a vector field is recalled and illustrated as it is crucial for the proof,
especially when the manifold is assumed to have a boundary.

The main result of the thesis is proved in the fourth chapter. As we already men-
tioned, the proof is divided in three distinct steps: manifolds with conical ends,
manifolds with asymptotically conical ends and manifolds with conical singular-
ities. This chapter also includes a discussion about the invariant 7(/N) in some
special cases.



Chapter 1

Background on Riemannian
Geometry

In this chapter we present the necessary background to understand the rest this
thesis. The common thread consists of the formalism of moving frames, which is
particularly well developed in Spivak’s books [Spi99|. This approach to Rieman-
nian geometry goes back to Elie Cartan [Car01] and can be seen as an alternative
to working with coordinates. The problem of defining a connection usually re-
quires either to choose local coordinates, which induce coordinate vector fields, or
to introduce the global operator V. The method of moving frames provides a third
way of defining a connection by considering any n-tuple of linearly independent
vector field on an open subset of the manifold and not only vector fields induced
by some coordinates. Note that throughout all the thesis we will use Einstein’s
convention on the summation of repeated indices.

1.1 Tensor fields

Definition 1.1. Let V' be an n-dimensional vector space over R with dual V* and
consider the two following vector spaces
Tensf (V) ={T:V*x ... x V*xV x...x V — R | T is multilinear},
M e
LEV)={L:V*x...xV*xV x...xV — V|L is multilinear}.
M b
Elements of Tens; (V) are called tensors of type (k,1), the index k is called the
degree of covariance and the index [ the degree of contravariance. It is clear that

Tensf (V) is a vector space of dimension n***,

These two spaces are closely related one to each other.
Lemma 1.2. There is a canonical isomorphism

LF(V) ~ Tensy (V)

7
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Proof. To an element L € LF(V) we associate Ty, € Tens}, (V) the tensor defined
by
Te(n',....onhnon, . o) =1 (L(nl, oo, ,Uk>) .

Conversely, given a tensor T' € Tens] "1 (V), we associate the following linear map
Le(n', ... onh v, oo =T o0t — o, . o) : V= R

which is associated to a vector via the usual identification of V' to the bidual V**.
Those applications are clearly inverse one to each other and R-linear. O

Now let M be an n-dimensional differentiable manifold. We construct the vector
bundles associated to Tensj (7,M) and LF(T,,M) for each p € M, i.e.

Tens{ (TM) = | | Tensf(T,M) L{(TM) = | | LF(T,M)

peEM pEM

The smooth sections of Tens (T'M) are called tensor fields and the space of all such
sections is usually denoted by T'(Tens;(7M)) but whenever there is no ambiguity
we will make the following abuse of notations:

Tens} (M) = I'(Tensf (T M))
L7 (M) =T(Ly(TM))

The familiar examples of tensor fields and elements of £F(M) include any vec-
tor field X € Tens)(M), any one-form w € Tensj(M), any Riemannian metric
g is a tensor field of type (2,0), i.e. g € Tensj(M) or the curvature endomor-
phism R(X,Y,Z) = VxVyZ —VyVxZ — Vxy)Z is an element of L3(M) and,
through the isomorphism in lemma (1.2) extended to the bundles, also an element
of Tens?(M).

1.1.1 The musical isomorphisms

Suppose now that M is endowed with a Riemannian metric g. This allows us to
define the flat isomorphism between vector fields and one-forms:

b : Tens)(M) — Tensy(M), X°(Y) = g(X,Y).
If we are given a coordinate system (z',... z™) on an open subset U C M and if
0; denotes the i-th coordinate vector field %, then on U the one-form X’ writes
as
X' = g(aiaﬁ —) = gijaid$j

where X = a'0;. We usually set a; = g;;a’ to write X” = a;dz’ and we say that
we have lowered an index.
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If g denote the components of the inverse (g;;)~", then the inverse of b is given
by

£ : Tensg(M) — Tens{(M), w* = g b;0; =: v 9;,
where w = b;da’ and we say that we have raised an index.

Observe that we have
g(wh, X) = w(X).

These isomorphisms can be extended to arbitrary tensor fields as follows:

b : Tens) (M) — Tens; " (M) if I > 1,

§ : Tens) (M) —» Tens) (M) if k> 1.

but we have to specify which index is lowered or raised. If T € Tens) (M) we lower
the i-th index by setting

b, 1 -1 b1 -1 %
T(w,...,w ,Xl,...,XkH):T(XZ-,w,...,w ,Xl,...,Xi,..‘,Xk_i_l),

where the X; means that we have omitted X;. Similarly, we raise the j-th index
by setting

THW, . W X X)) = T(wh 0T (W) XL X))
In coordinates, we have:

Lemma 1.3. If (z!,... 2") is a coordinate system on an open subset U C M,
any tensor 7' € Tens} (U) can be written as
T=T " ®.. . @d™* 00, .00, T}ieC ).
Then the components of 77 (resp. T%) when we lower (resp. raise) the r-th (resp.
s-th) index, are given by
b vi...Vp—1 o avy...Vp_1
(T )#1--4#k+1 o g‘“’“aTMl---ﬂr---Mkﬂ

(Tﬁ) VieVigr gusaTm...ﬁs---VHl

M1k —1 Qp1- e —1
Proof. Since (9;)" = g;;dx?, we have

(Tb)lll...l/l—l — Tb(am, . ’aﬂkH? dz", . .. ,dl‘wfl)

M1 P41

T (B BBy (O, V™ ")

) Y k410

= guaT (am, B Oy da® da ,dx"H)

. avy...Vp_1
= Jurad gy
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Similarly, since (dz®)* = ¢"7d;, we have
(79" = T Oy ey Opyy da™, .. dz" )

Bl fk—1 ? k-1

:T((dx”S)ﬁ,am,... B da:'fl,...,dEch,...,dxvm)

) Y HE—17
Vs« V1 7 Vi+1
—g“T(@a,am,...,ﬁukil,dx ,...,dxi...,dx*)

— Vsx V1...I)5...l/l+1
g TOCMLanfl

1.1.2 Contractions of tensors

The notion of trace of an endomorphism is easily generalized to arbitrary mixed
tensors by means of contractions . Recall that if V' is a finite dimensional real
vector space, then Tens; (V) = End(V) and therefore the trace of h € Tens}(V) is
well-defined as a map

Tr : Tens; (V) — R = Tens)(V)
Therefore, if k,l > 1 we can define the contraction of the p-th and v-th indices to
be the map

C* : Tens) (V) — TensF ' (V),
where its action on a basis of Tensy (V) is given by
Chlen®...Qe;, Q' ®. . .Qe+) = € (e;, )6, ®. . .Q€;,®. . .®e;,R'®. . Q. . .Qe*,
with (e1,...,e,) any basis of V and (e!,... €") its dual basis. It is easy to show
that this definition does not depend on the choice of the basis.

The contraction can obviously be extended to the bundle Tensf(A) by taking
V =T,M. In particular, if M is of dimension n we have:

Lemma 1.4. If (z!',... 2") is a coordinate system on an open set U C M, then
if T € Tens!(U), the coordinates of C#(T') are given by

(Cﬁ(T))jl"'jl_l _ le...juflajuﬂ...jl,l

il---ik—l 21...iy_1aiy+1...’ik_1 )
where we sum over «.
Proof. By definition
(Cﬁ(T))ﬁi}i:ll = Cﬁ(T) (dleu s 7dxj1717 aiv s 761‘1971)
=T0-0CH Oy ® ... ® 0y ®dz™ ® ... @ da™)(da, ... d2",0;,,...,0;, )
= Té)ll_'.':gicd.%a” (81)“)8,,1 (d$j1) ce 8%_1 (dl‘j“_l)ﬁbMH (d$j“) s 8bl (dle_l)
- dz® (0yy) - - - dx ™1 (0;,, )dx™ 1 (0;,) - - - ™ (Oy, )

_ biby Saw Si1 L Sip—1gdn | sdi-1gar | sQu—1gGutl | cag
- Tal---akdbu 51)1 557”7165”71 51)1 5'1 6iufl 5iu 5ik71
e dp—1Q0u1 i1
- Til---iuﬂaiuﬂ---ik—l ’
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Observe that the contractions are not defined for tensors that are purely covariant
or purely contravariant since both the degree of covariance and contravariance
must be at least one. But if we are given a Riemannian metric g on the manifold
M, then one can extend the contractions to Tens) (M) and Tensk (M) provided
k,l > 2 by setting

CHT) = CNT"), if T € Tens)(M),
CH(T) := C¥(T*%), if T € Tensk(M).

We use the metric to raise or lower an index in order to be able to contract.
Obviously, this is not defined on Tens{(M) or Tensj(M).

As an example, we compute the contraction of the Riemannian metric g € Tens3(M).
In coordinates we have

¢ = g% g0 @ da? = 610, ® da? = Cl(g) = CL(gh) = 6 = n.

1.2 The method of moving frames

In Riemannian geometry, we are used to see the objects either in coordinates or
with the global language, but there exists a third approach developed by Elie
Cartan, called the method of moving frames. The basic tools of this formalism
are linearly independant vector fields (i.e. moving frames) and their dual covector
fields. Obviously, such frames do not exist globally on every manifold, therefore
it is local, but the gain is that on some open subset of the manifold, one can
consider orthonormal vector fields, which are simpler than coordinate vector fields.
Throughout this section, (M, g) will be an n-dimensional Riemannian manifold,
V its Levi-Civita connection and R its curvature tensor.

Definition 1.5. Let U C M be an open subset. A mowing frame on U is an n-tuple
of vector fields (X7, ..., X,) such that for every p € U, the list (X1(p),..., X,(p))
is a basis of T,,M. The moving coframe associated to (Xi,...,X,,) is the n-tuple
of differential 1-forms (6',...,0") that are dual to the X,’s, that is they satisfy
0'(X;) = 6;.

Obviously at each point p € U the list (6'(p),...,0"(p)) forms a basis of the
cotangent space T; M.

Remark 1.6. Let us make a few remarks about this definition.

(a) Given a moving frame (Xi,...,X,) on an open subset U C M, the X;’s are
not necessarily coordinate vector fields. Therefore their Lie brackets [X;, X|]
do not vanish in general.

(b) The domain U C M on which a moving frame is defined has no relation with
an eventual coordinate chart. For example, it is possible to define a global
moving frame on the whole torus T? although it does not admit a global
chart.
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(c) If the manifold is endowed with a Riemannian metric g, the coframe is given
by 0° = g(Xj, ). Moreover by applying the Gram-Schmidt algorithm, one can
always assume that a given moving frame (Xi,...,X,) is orthonormal and
therefore the components of the metric with respect to the moving frame are
simply ¢i;; = g(X;, X;) = d;5.

1.3 The connection forms

Let (X1,...,X,) be amoving frame on U C M with associated coframe (6, ... 6").
We define n? functions I'j; € C>(U) by

Vi, X; =T} X (1.1)

It is important to note that the Ffj are not the Christoffel symbols associated to
some coordinate system. Hence they do not satisfy the usual symmetry relations.
Nonetheless we have the following lemma:

Lemma 1.7. The Ffj’s satisfy the relations:
(1) T — T3 = 0° (X3, X;)).
(ii) In addition if the moving frame is assumed to be orthonormal then

kE _ J

Proof. These two relations come from the properties of the Levi-Civita connection.

(i) Since the V is torsion-free we have for all X|Y € I'(M) that [X,Y] =
VxY — Vy X, hence
0" (X0, Xj]) = 05 (V. X — Vi, X))
= 0" (I, X, — T, X))
= Féj(;f - Fé’z‘éf
k k
— T4 T,

(ii) Since V is compatible with the metric we have

0=Vx,0jx = Vx,9(X;, X)) = 9(Vx, Xj, X3) + 9(X;, Vx, Xp)
= g(T; X0, Xi) + 9(X;, T3, X))
= I 0u + Tl
=T} + 1Y,
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We now investigate how an element of the coframe varies under covariant differ-
entiation.

Lemma 1.8. We have ' ‘
Vo* = —Th6 @0, (1.2)

or equivalently

Vi, 0" = -T56. (1.3)
Proof. Recall that the covariant derivative of a 1-form w is given by
Vw(X,Y) = (Vyw)(X) =Y (w(X)) —w(VyX),
for all X, Y € I'(M). Applying this to 6% we get
VO (X3, X;) = (Vx,07)(Xi) = X;(0°(X0)) — 0°(Vx, X5)
= X;(6F) — 0¥, X))
= —TI'.0f
k:
O

The n? functions Ffj completely determine the connection and this motivates the
following definition:

Definition 1.9. The n? differential 1-forms defined by
w! = szﬁk (1.4)
are called the connection 1-forms of M. Observe that we have

wH(X) = 9(VxX;, X)

J

The connection 1-forms are anti-symmetric and satisfy the first structure equation:

Lemma 1.10. The connection forms w! satisfy

wh = —uwj,
do’ = 67 N\ W

Proof. The anti-symmetry is a direct consequence of lemma 1.7 (ii). The relation
between the exterior derivative of a 1-form w and its covariant derivative is the
following

dw(X,Y) = Xw(Y) - YW( ) — w([X,Y])
= Xw(Y) = Yw(X) —w(VxY = VyX)
— Xw(Y) —w(VXY) (Y (X) — wVy X)
=Vw(Y,X) - Vw(X,Y).
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Therefore, applying this to #° we get by lemma (1.8)

A0 (X, Xy) = vel(xk, ) — VX, Xy)

On the other hand we have

0' Awi(X;, Xi) = 6iwj(Xy) — Ohwi(X;)
= wj(Xg) — wi(Xj5)

]

With respect to the basis (67 A 6%)1<; x<, of A2(M) the exterior derivative of ¢
can be written as

where A, € C*°(M). The first structure equation provides the following relations
between the I'j; and the \’;:

Lemma 1.11. We have

{ )‘;k = F%cg F;Iw
I = 5 (A;‘k + X, — )‘f]) '

Proof. By the first structure equation we have
L3009 A0 = o = 67 A = T 67 A 6
97k J kj
and since A, = —\}; we have
)\; = I" F;k
Moreover, from I'}; = —T7. we have

et A= A = (T = Th) + (T - T,) — (Fi - I)
=Ty = Dy + D + Dy + T — T
= oI},
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1.3.1 The second fundamental form of a hypersurface

It will be useful later on to have an explicit expression for the second fundamental
form of a hypersurface in terms of a moving coframe. So let N C (M™,g) be a
Riemannian submanifold of dimension n — 1 isometrically embedded in M, and
let (X1,...,X,_1) be an orthonormal moving frame on U C N. We extend this
moving frame on N to an orthonormal moving frame on M by taking X,, L TN
of norm 1. We denote by V' the tangential part of the Levi-Civita connection of
M. Tt coincides with the Levi-Civita connection of N and the second fundamental
form b of N in M is given for all X,Y € T'(N) by
VxY =ViY +b(X,Y)X,.

The second fundamental form is a (2, 0)-tensor on N which satisfies the Weingarten
equation: for all X, Y € I'(N) we have

b(X,Y) = g(VxY, X)) = —g(Vx X, Y).

Denoting with a and b indices varying between 1 and n — 1, we have by the
Weingarten equation and lemma 1.8:

b( X, Xp) = —9(Vx, X0, Xp) = =10 =T7,.
Therefore the second fundamental form can be written as
b=T00"®0" (1.5)
The last equation provides a simple proof of the symmetry of b.
Lemma 1.12. For all X,Y € I'(N) we have
b(X,Y) =0b(Y, X).

Proof. Since the X,’s are tangent to N, it follows that [X,, Xp] € T'(N), i.e.
[ X4, Xp] is also tangent to N, for all 1 < a,b <n — 1. Therefore

o — Th, = 0" ([Xa, X)) = 0" (g Xe) =0
with uS, € C*°(U) and 1 < ¢ <n —1. So it follows that

b(Xa, Xy) = I = TP, = b(X), X,).
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1.3.2 The second fundamental form of a submanifold of ar-
bitrary codimension

Suppose now that the submanifold N is of arbitrary dimension 1 < r < n — 1.

As before let U C N be an open subset on which an orthonormal moving frame

(X1,...,X,) is defined. In the present case the normal space is of dimension n —r

at each point, therefore we choose n — r unit vector fields X, .1,..., X, € F(SLN)
that are normal to N. Here

SN ={(p,v) € SM |p € N,v L. T,N},

is the unit normal bundle of N in M. Again denoting by V' the tangent part of
the Levi-Civita connection of M we define the second fundamental form B of N
in M to be the normal part of the connection VxY

VxY =ViY + B(X,Y),

where X, Y arbitrary extensions to M of vector fields on N. The second funda-
mental form is a (2, 1)-tensor on N and with respect to the frame (Xy,..., X,) we

have
B(X,Y)=BYX,Y)X,, n—r<a<n.

Given a normal direction ¢ € S*N, we define the second fundamental form in
direction & by
BY(X,Y) =g(B(X,Y),§).

If¢&=X,and X = X,,Y = X, we set
ng =g (B(Xaa Xb))XOc) y
so that
BY (X4, Xp) = B X,
As before we have

Lemma 1.13. (Weingarten Equation) Let X,Y € I'(N) and £ € S*N and
extend these fields arbitrarily to M. Then

B(X,Y) = g(B(X,Y), &) = —g(Vx&,Y). (1.6)
In terms of connection forms we have using Equation 1.6
By, = —9(Vx,Xa, X3) = —g(TuXa, Xp) = —T5, =T,

therefore the second fundamental form in direction & = A\*X, € S*N can be
written as .
Bf= )" AT ®0".
a=n—r
As in the preceding section the symmetry of B comes directly from the latter
expression for the second fundamental form.
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1.4 The curvature forms

After having studied the connection in light of the moving frame technique, we
will now express the curvature tensor in terms of the connection forms and their
derivatives. Recall that the curvature tensor of M is the (3,1) tensor defined for
XY, Z e (M) by

R(X,Y)Z =VxVyZ —VyVxZ — Vixy)Z.

The following lemma gives the components of R with respect to an orthonormal
moving frame (Xy,...,X,). We write

R(Xy, X)) X; = Ry, X;.
Then

Lemma 1.14. We have

Rjyy = Xi() = Xa(Ty) + Ty, — T, + (D — Ti) T (1.7)

J
Proof. We have R;kl = 0"(R(Xy, X1)X;), and

R(Xk,Xl)Xj = vkaXlXj — VXZVXka - v[Xk,Xl]AXj
= Vx, (FZXM> — Vx, (Fllinu) - V(kaXz—Vxle)XJ'
= Xu(Df) X, + DUTY, X, — Xi(D)) X, — DTy X, — D)0

J

X, + T X,

i
which implies that

R;‘kl = Xk(Ffj) - XI(FZJ') + 1 Fiu - FZJ‘FZL + (I = T%) Fij

ly
[l

The terms in the expression of RY; can be expressed in terms of the connection
forms and their derivatives. Indeed, observe that

Vi (Xi, Xi) = Xi(w)(X0)) — j(Vx, Xi) = Xi(T;) = Tl

Vi (X, Xi) = X (w)( X)) — w0l (Vx, Xp) = X, (T;) — DI,
w;, AW (Xp, Xp) =TT, — DT,

Therefore, we can write

0'(R(Xy, X1)X;) = Vwi(X;, Xy) — Vwj( Xy, X)) 4 w), Awh (X, X))
= dw;(Xk, Xl> + wz A wf(Xk, Xl)

This motivates the following definition:



18 CHAPTER 1. BACKGROUND ON RIEMANNIAN GEOMETRY

Definition 1.15. The n? differential 2-forms defined by
Q; = dw§ + wi A wf (1.8)

are called the curvature forms. They obviously satisfy Q;(X Ky Xp) = R;‘kl? so that
we can write
i i gk o ol

or using the symmetry in the last two indices R}, = Rj,:
Qi = SRL 04 A 0
7 9 gkl )
Equation (1.8) is called the second structure equation.

As well as the connection forms, the curvature forms are anti-symmetric:

Lemma 1.16. We have .
Q; = -

Proof. 1t a direct consequence of the anti-symmetry of the connection forms and
the wedge product:

i g i k
Q= dw; + wi, A w;
— J k J
— J J k
= —dw] — w; A\ W

— .
O

In the rest of this thesis, we will often use the 2-forms €2;; obtained from the cur-
vature forms by lowering an index. As the components of the metric with respect
to the orthonormal moving (X7, ..., X,) are simply ¢,; = J;; the components of
();; are the same as those of Qé, ie.

Qy; = gika = 5ikQ§ = Q.

1.5 First and Second Bianchi Identities

In the case of a connection with vanishing torsion, we have the following identities.
Proposition 1.17. We have

(a) the first Bianchi identity
QNG =0, (1.9)
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(b) the second Bianchi identity

A9 = M Aw) —wi A (1.10)
Proof. (a) We have by the first and the second structure equations
0= d(do?)
= d(0' Aw))

= do' A w! — 0 A dw?
= (F AWl Aw! — 0" A (U —wl AW
= QI NG
(b) Similarly
0 = d(dw})
= d( — wj, Aw)
= dQ‘} — dw}, A wf + W A dw'f
= dQ — (Q, + W] Awp) Awh +wp A (QF +wf Awh)
= -0 /\wf +wh A Q’j
0

1.6 Transformation law for the connection and cur-
vature forms

When working with charts on a manifold, it is crucial to know how quantities
defined locally behave under a change of coordinates. The same question arises in
the formalism of moving frames, but instead of change of coordinates we consider
change of moving frames. We reproduce here a standard argument that may
be found for example in [Spi99|, Vol.2, Chapter 7. It is particularly useful in
this paragraph to introduce the following notations. Let X = (Xi,...,X,,) and
X" = (X{,...,X]) be two moving frame on an open subset U C M. Then there
exists a smooth map A : U — GL,(R) such that X’ = X - A, meaning that each
vector field of X’ is given at p € U by

Xi(p) = X;(p)4; (p),
where A7(p) are the coefficients of the invertible matrix A(p). Let V be a connec-
tion (not necessarily Levi-Civita).The equation

VXin e wf(XJXk/
can be written in the new notation as VX = X - w, where w is the matrix formed

by the connection forms w3 Finally denote by w’ the matrix of the connection
forms of X’. Then w and w’ are related by the following formula:
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Lemma 1.18. We have
W =A1dA+ AT wA.
Proof. From the relation X’ = X - A we have
X' W =VX

=V(X-A)

=(VX)-A+ X -VA

=X w)-A+ X -dA

=X (w-A+dA)

=X A1 (w-A+dA),
whence w' = A7t dA+ A w- A O
Assuming now that the manifold is endowed with a Riemannian metric and that
the moving frames X and X’ are orthonormal, we establish a similar transforma-

tion law for the curvature forms. Denote by €2 and ' the matrices formed by the
Q% and (€')%. Then

Lemma 1.19. We have
A=A"1.Q-A

Equivalently denoting then inverse of A by A~! = (b)) we have for all 1 <i,j <n
() = b Qfal.

Proof. The second structure equation in the matrix notation reads
Q=dw+wAw,

Hence by Lemma 1.18 we get

QO =du +u' AN

:d(A_l-dA—i—A_l-w-A) - (A_l-dA—i—A_l-w-A) A (A_l-dA—i—A_l-w-A)

Since d(A™Y) = —A7!1 . dA- A7! and d(dA) = 0 we get
V= —AdA- A ANdA+d(A™ w- A)+ (A1 dA) A (A7) - dA)
+ (A dAANAT o A+ (AT w AN ATdA) (AT w AN (AT W A)
=dAT AN (w- A+ A dw- A— AT wAdA+ (AT dA AT A (w- A)
+ (AT W AdA+ (AT w) A (w- A)
= (A dA- A YA (w-A)+ A dw - A+ (AT dA- AT A (w - A)
+ (AT W) A (w- A)
=A7dw- A+ (AT W) A (w- A)
= A (dw +wAw)
= A7IQA.
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1.7 The Gauss equation

One of the fundamental equations of the theory of Riemannian submanifolds is the
Gauss equation, relating the curvature of the ambient manifold with the curvature
of a submanifold. Let (M, ¢g) be an m-dimensional Riemannian manifold and (V, )
an n-dimensional Riemannian submanifold of (M, g). Then, on an open subset
U C M we consider an orthonormal moving frame (ey, ..., e,,) such that the first
n vector fields form an orthonormal moving frame on N N U. Let (8',...,0™) be
the dual 1-forms and let wi be the connection forms of M. Observe that since
0%(X) = 0 for all X € I'(N), the restriction to N of the first structure equation
for M gives

do' = 04 A Wiy = 0 /\w} and w§ = —w!

7
therefore the w} are the connection forms of the Levi-Civita connection on N.
Now, denote by Q4 the curvature forms of M and by ﬁ; the curvature forms of

N. The Gauss equation is the object of the next proposition.

Proposition 1.20. (Gauss equation)
On N NU we have '
Q; — ﬁ; =W\ A Wy

Proof. The second structure equation for M but restricted to N is
Q4 = dwg +wh Aw§
: . o
= dw + we A w;
= dw! + wp A wh + Wl AwS.
On the other hand, the second structure equation for N is
ro A A i k
Qj —dwj—i-wk/\wj,

therefore

The Gauss equation can be written in terms of the components I'a 5:

e Y o
Q) — Q) = wy Awyj
m

= Y —Ip0f AT

a=n+1

=— ) TLIe0f Al

a=n+1
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since I'Y; = I'j, by lemma 1.12. Also observe that evaluating the Gauss equation
on two vectors fields e, and e; of the moving frame gives

Rijkl zgkl — Z F;);)F]aq 5P6q (5;35’3) == Z (P(zlkrgvl - Ffzrjak)
a=n-+1 a=n+1

1.8 Conformal change of the metric

We shall now investigate how the connection and curvature forms behave when
one performs a conformal change of the metric, i.e. when the metric is multiplied
by a positive function. Consider an n-dimensional Riemannian manifold (M, g)
as well as a positive function f : M — R7. Define a new Riemannian metric g
on M by setting § = f?¢ and let (ey,...,e,) be an orthonormal moving frame
with respect to the metric g on a subset U C M, with dual coframe (6,..., 0").
Then an orthonormal moving frame with respect to g is given by ¢; = %ei and its

dual coframe is simply 6/ = f0'. In the basis (6%), write the differential of f as
df = a;6 with a; € C*>°(M). The relation between the connection forms of (M, g)
and (M, g) is given in the following lemma:

Lemma 1.21. We have

Proof. The first structure equation for both (M, g) and (M, g) give

BN =
—d(fQi)
—df A0+ fdO
=df NO"+ f(0) Nw?)
=0 A (a;0" + ful),

but the left-hand side can also be written as 67 A f@;, therefore we get
07 A (a;0" + fw; — f@) = 0.
Since ;67 A 67 = 0, the last equation can be written
(a;0" — a0’ + fw) — fQf) AO7 = 0.

Let 0} = ;0" —a;07+ fw! — f&! which we write in the basis (6*) as n} = b%,6*. Then
observe that 7} = —n/ and that n: NG =0, so that we have the (anti-)symmetries

b, = —bl), and bl =0bi,.
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But this implies that 0%, = 0, indeed

by = —bl = —b], = b, = b, = b, = —b

VLE

therefore n§ =0, i.e.

1 ) )
? (CLJ‘QZ — az-@])

a;0' — ;) + fw! — f@) =0 = &} = w! +

]

This relation between 1-forms yields an expression relating the components f};j
and F};j. Indeed from the last lemma we get the equation
P00 = T30 + = (0,0 — a?
JT,0° =17 +?(&j — )’
since @} = ffjﬂl f FZ ¢'. Evaluating both sides of the equation over e;, gives

1

f 1
The change of the curvature tensor in the case of a conformal change of the metric
is rather complicated. Although the general form of Q; is quite messy, we will be

interested in a case where the conformal factor f is sufficiently simple for the next
formula to be manageable.

f;;j =T}, + (ajak a;07) (1.11)

Proposition 1.22. The curvature forms of (M, g) are given by
Q; :Q;-—i-ei/\ej—Qj/\ei—akain/\Qj,

where
2@1'

I? f
Proof. The second structure equation for (M, §) reads

€ = df + = (akw — da;)

T
Q) = dwj + wp, A W5
Using Lemma 1.21 this equation can be rewritten

~ . . 1 . , . 1 ) 1 ;
Qf =d <wj’ + ?(aﬂ’ — aiﬁj)) + (w}€ + ?(a;ﬁl — aiﬁk)> A (wjk + ?(aﬂk — ak63)>

1 (ank — akﬁj)

= dwé +d <%> (a;0" — a;67) + %d (a;0" — a;67) + wj, A w}“ + wh A 7
(

ch (akel - alek) A w + F apf’ — alek) (ajek - akﬁj) )

But we know the following things:
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(a) the terms dw! + wj A w¥ are equal to Q) by the second structure equation for
(M, g);
(b) the differential of the fraction % is given by

1 1 1
(3) =t = -z’

(c) the terms df" are equal via the first structure equation for (M, g) to

o' = 67 \wi

therefore the above expression for Q; can be written as

~ . . 1 . .
Q; = Q; — F (akaﬂk NG — akaﬁk A 6”)

1 , . . A
+ 7 (da; A 0" — da; N 67 + a;0" A wj, — a;,0" Aw])

1 . . . 1 ,
+ = (aph? Awb) —a;0° Awb) + = (apft AWt — ;08 A WF
f k J k f 7J 7J
1 ) , ) )
+ ﬁ (akajé’ﬁ\@k — apd®0' A& + a;a,0" A GJ)
and by simplifying and reorganizing the terms we get
~i i i 2a; 1
j 2a; 01 k Eni ]
— A 7 apd” + ?(akwi —da;) | — ara”0" N ¢,

which gives the desired result by remembering that a;0* = df and by setting

QCLZ‘ 1 k
- df + ?(akwi — da;).

€;

]

Remark 1.23. Proposition 1.22 is the moving frame version of the well-known
formula giving the (0,4) curvature tensor after a conformal change of the metric

g=e*g:
B 1
R =¢e%* (R —g® (Vdcp —dpodp+ §\dwl2g)> ;

where (N is the Kulkarni-Nomizu product which is defined on p. 30. This formula
can be found in [Bes08|.
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Remark 1.24. A case, which will be of particular interest in the sequel, is when
the conformal factor is simply given by a constant, i.e. the new metric writes
g = t%g, with t € R% . In this case, writing f : M — RY the constant function
f(p) =t for all p € M, we have that df = 0, i.e. with the previous notations
ap =0 for all 1 <k <n. By Lemma 1.21 and Proposition 1.22 we obtain that

= w} and Q; = Q;

1.9 The Pfaffian

In this section, we introduce the Pfaffian of an even-dimensional squared matrix.
It is a combinatorial expression depending on the coefficients of the considered
matrix and it appears in a crucial way in the Gauss-Bonnet-Chern theorem. We
begin with the case where the matrix has coefficients in R, but what will be
important is the case where the considered matrix is a matrix of 2-forms, more
precisely with the curvature forms Qé as coefficients.

Definition 1.25. Let n = 2k be an even integer and let A € M, (R) be a squared
matrix. The Pfaffian of A, is the following scalar

1
Pf(A) = Qk_k' Z EUAU102 T AU%—N% (1'12)

c€Goy

One of the main features of the Pfaffian is that for a skew-symmetric matrix A we

have
Pf(A)2 = det(A).

See [Spi%9, Vol. 5, p. 289| for additional details. For the expression (1.12) to
make sense, it is not necessary that the coefficients of the matrix belong to R
or C. Actually, it is sufficient for them to be in a commutative ring. Following
Spivak, we consider at each point p € M the ring (for the wedge product) of
even-dimensional differential forms on T, M

A(T,M) =R @ AN (T,M) & ... 0 N**(T,M),

which is commutative. Then at each point p € M, we consider the anti-symmetric
matrix Q(p) = (Q;(p)) € May(A°(T,M)) with coefficients the curvature forms of
M at p. Choosing an orthonormal moving frame (eq,...,e,) on an open subset
U C M, it makes therefore sense to look at the Pfaffian of €2, which is a 2k-form
on U: ]
PHQ) = oy > Qo A Aoy o (1.13)
c€Goy

Although the Pfaffian is defined on the domain of the chosen moving frame it
appears that if M is oriented, then it is a differential form on the whole of the
manifold M.
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Proposition 1.26. Let (M, g) be an oriented even dimensional Riemannian man-
ifold and let £ = (ey,...,e,) and E = (€1,...,€,) be two orthonormal moving
frames on a open subset U C M with associated matrices of curvature forms €2

and ). Then
PI(£Y) = det(A) Pf(Q),

where £ = E - A.
Proof. On U the two moving frames are related by
E=E-A
with A : U — O(n) a smooth map. By Lemma 1.19 we know that the curvature

forms are related by the equation

n

A o rOyYr S
Q= g a; a3,

r,s=1

since the coefficients of A = (a;'.) are given by a{ . Lowering an index we get

n

Qij - E AriQsj Q’rs

r,s=1

therefore we have

_ 1 —
Pf(Q) = ﬁ Z 5090102 ARERRAN QU%AU%

c€Gyy

1 n
= ok E E €oliyoy Qigoy " aizk—wzk—laizk@thiz ARRRNA Qizk—li%

0EGok 11,..-s top=1

1 n
= Qk_k" Z ( Z Eoliygy " " aiQk"'Qk) QiliQ Ao A Qi2k—li2k

T yeeey i2p=1 \o€By

n

1
- % Z Ciy.igy, det(A)Qiliz ARERWAN Qigk,lizk
1o =1
1
= det(4) 5 D Qo A A oy,
c€Goy
— det(A) PE(Q)

As a corollary we get

Corollary 1.27. The Pfaffian of Q of an oriented Riemannian manifold (M, g) is
a globally defined n-differential form on M, i.e. Pf(Q2) € Q™(M).
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Proof. Since the manifold is oriented, we can choose the two orthonormal moving
frames to be positively oriented. Therefore the map A of the last proof take values
in SO(n) rather than in O(n). Whence

P(Q)) = det(A) PE(Q2) = PE(9).
O

Example 1.28. Recall that in dimension 2, there is only one non zero curvature
form (up to sign), namely Q) = —Q3%. Therefore, given a Riemannian surface
(S, g), the Pfaffian of its curvature form matrix is simply

1 1 . .
Pf(Q) = §(Q12 — 921) = ng = §R12ij01 NG = RlzlngOlS = KdVOls,

where K is the Gauss curvature of the surface S. So if S is closed, we can write
the Gauss-Bonnet theorem for S in terms of the Pfaffian of its curvature form:

/ PF(Q) = 2mx(S).
S

1.10 Conical Warped-Product Manifolds

Let (N, gn) be an (n—1)-dimensional compact Riemannian manifold and consider
the manifold M = N x (0, 00) endowed with the following warped-product metric

g = f’gn + dt?,

where f : M — (0,00) is defined by f(x,t) =t for (z,t) € N x (0,00). Such
a warped-product metric will be called a conical warped-product metric. Let
(é1,...,€,_1) be an orthonormal moving frame on a subset U C N and let e,, = %,
with ¢ the arclentgh parameter on (0, 00). Then, at each point (z,t) € M we have
a splitting of the tangent space as

TaeoyM =T,N O R,

and we can extend the vector fields e4 to M. In order to get an orthonormal
moving frame on U x (0,00) we need to scale those extensions by setting

e, =—e¢; and €, =e,.

f

Denote by gA and 04 the dual forms to €4 and e4 so that we have the relations
9 = 0 and " = " = dt.

The warped-product structure on M yields an expression for the curvature forms
of M in terms of those of the submanifold N. Indeed, via the Gauss equation,
one can relate the curvature forms of M with those of a hypersurface of the form



28 CHAPTER 1. BACKGROUND ON RIEMANNIAN GEOMETRY

(Ni, g¢) = (N, t*gy) for some t € (0,00). Since (N, g;) is conformally equivalent
to (IV, g) with a constant conformal factor, we know by Proposition 1.22 that

toi i toyi _ O
wi; =w; and Q) =Q,

where ‘w! and 'Q’ denote the connection and curvature forms of (N, g;)'. On the
other hand, the Gauss equation for the submanifold (N, g;) of (M, g) gives

o toi _ —i A —n

Q; — Q) =w, N7,
therefore the curvature forms of M can be written as

O —Of i A

Q, =Q; —w, ANy,

so it remains to compute the connection forms wj,.

wﬁ =0,
Q =0.

n

Proposition 1.29. We have

Proof. On one hand, the first structure equation for M gives

b =" AT,

an

)

NG+ 0 AT

=i A = =i —k
AT 0+ ATLD
AT,0 +0 AT,0
—T0" A0 +T,,0 NG,

==

On the other hand, using the fact that 0 = f0" and the first structure equation
for N we get

o' = d(f6")
=df NO" + fdb'
— g—{dt NG+ (67 Aw)
— 0" A0 +§ AT0"
1
!

Here the superscript ¢ refers to the arclength parameter and not to the transpose of the
matrix

T
N +}r3€jem9’“,




1.10. CONICAL WARPED-PRODUCT MANIFOLDS 29

therefore, by comparing the coefficients of 8" A 7 we get

Jji

» {0 if i # j, <:ﬁn:{ 0 ifi#j,

if i = j. —Lofi=j

=

1
f
Moreover, since 8 = dt we get that

0=ddt=db" =0" "&y =0 A&l =T,,0 AT,

so that we deduce fzj = 0 for all A # j and in particular fzj = 0 for all j =
1,...,n—1. Hence

=" 5 =Nl 1 ;
Wy = FAieA =10 =—=0 =-0",

f

i.e. @' = 0" by anti-symmetry.
As a consequence we immediately get the other equation:

Q= do? + T AT
= —dt’ + 0} N @]
= —db' + 6 N W,
= —df' + db'
= 0.

]

As a corollary of this proposition we obtain that the Pfaffian of the curvature
forms of the conical warped-product (M, g) vanishes at each point.

Corollary 1.30. We have

PE(Q) =0

Proof. 1f the dimension n of M is odd, then the Pfaffian is zero by definition. If
n = 2p, then

_ 1 —
Pf(Q) = 2p_p' Z 5090102 ANTA QO’Zp*l"’QP’

UEGQP

so each summand contains a curvature form of the type ﬁ:l or Q, which is zero by
the last proposition. Whence Pf(€2) = 0. O

So we have shown that the curvature forms of M are given by

Q=i -6 A, (1.14)
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It appears that the form #? A¢’ can be written using the Kulkarni-Nomizu product
of the metric with itself:

o p 0 — % (ax ® gn) (e3¢5, ) : T(U) x T(U) —s C=(U), (1.15)

where @) denotes the following product on the algebra of symmetric (2, 0)-tensors:
given av and [ two symmetric (2, 0)-tensors, their Kulkarni-Nomizu product is the
(4,0)-tensor given by

a® B(X,Y,Z,W) = a(X, Z)B(Y,W) + a(Y,W)B(X, Z)
— a(X, W)Y, Z) — a(Y, Z)B(X,W).

In particular, since gy is a symmetric (2, 0)-tensor, we have

The 2-forms given in (1.15) does actually have a deep geometrical meaning; indeed,
the curvature tensor of a constant sectional curvature s Riemannian manifold
(V, gv) can be written

K
R, = 59V D gv,

and we recall that the curvature tensor can also be written (as a double-form) in
terms of the curvature forms as

1 ) .
R: §Qw®9z/\9]

Hence it follows that if NV happens to be the unit sphere, the 2-forms given by
0" N7 are actually its curvature forms. In this case, the curvature forms ﬁ; vanish
identically, which is easily explained since the product manifold S"~* x (0, 00)
endowed with the warped-product metric g = f?ggn—1 +dt* is isometric to R™\ {0}
with the euclidean metric and is therefore flat.

Let us summarize the situation: the connection and curvature forms of M are
given in terms of those of N by

&l

—i _ pi
and w;, = 0",

;=) w
=QL—0'A07 and Q, =0.

=)

<

Proposition 1.31. The curvature tensor R of M is given by
R=t*(R- D), (1.16)

where we have set D = % gn @ gy and R is the curvature tensor of N.
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Remark 1.32. There is a slight abuse of notation in Equation (1.16) since R
is defined on M while R — D is defined on N. What it really means is that
the tensor R is given by t?(R — D) in the directions that are tangent to N and
vanishes in the normal direction €,. At the level of components with respect to
the basis (€1, ...,€,) this gives R pcp = 0 if any of the indices is equal to n and
if1<i,jki<n-—1

— 1
Rijii = — (Rijii — Dijri),

t2
indeed
Riju = R(ei,¢;)(ex, e)
= %R(ei,ej)(ek, er)
= (R = D)(es,e5)(e,c1)
1

= t_z(Rijkl — Dijii).

Proof. Indeed on U x (0, 00) we have since ﬁ; = 0:
— 1= —A -B
R= Qe (0 A0")
1— —i =
— 50, ® (77 7)
t2

:ﬂ(;%@wmAm)_%wwa@wwAmg
=t*(R—-D).
O

To conclude this study of conical warped-product, let us compute the Ricci, scalar
and sectional curvature of (M, g).

Proposition 1.33. The Ricci tensor, the scalar curvature and the sectional cur-
vature of (M, g) are given by

Ric, = Ric,, — Cy(D),

Seal, — tlQ (Scal,, — (n—1)(n—2),

Ky = % (Kgy — 1)

Where C; denotes the contraction of the first upper index and the second lower
index of the tensor D as defined in Section 1.1.2.
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It is actually worth noting that if N = S"~! then CJ(D) is the Ricci tensor of the
sphere since D is the curvature tensor of S"~!. Moreover, the constant (n—1)(n—2)
appearing in the formula for the scalar curvature is in fact the scalar curvature of
the unit sphere.

Proof. Let us consider the orthonormal moving frame (€, .. ., €,) described above.
Then denoting by Eij the components of Ric, with respect to this moving frame
as well as by R;; the components of Ric,, with respect to (es,...,e,_1) we have
forall 1 <i,5,k<n-—1:

k
ikj

I
=)

Riirj

I
NE

TT
—_ =

9(R(er.e)e, &)
=1
n—1

=t Zg (tz(R — D)(ex, €j)ei, ek)

o

=2 Z lgn (R(ex, ej)ei, ex) — gn (D(ex, €j)es, ex)]

k=1
n—1
1 1
= t_zRij a2 Diyir
k=1
Ry —(C5(D))y
- . ,

where (C3(D));; is the component (ij) of C3(D). Therefore we have shown that

Ric, = Ricy, — Cy(D).

Let us now compute the scalar curvature. Using the fact that

Dijii = 0ix0j1 — 040,
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we get

n—1
ZDMJ = Z (0kk0ij — OkjOki)

k=1

i
L

(0ij — OkjOni)

1

n—1
=(n—1)5; = > Okl
k=1

B 0 ifi#j,
n—2 ifi=j.

B
Il

Hence by definition of the scalar curvature we have

Scalg = iﬁm
11:1111 n—1
=5 (Rii -> Dkiki>

=1 k=1

1 n—1
=5 (ScalgN - Z(n - 2))

k=1

(Scalg, — (n—1)(n —2))

1
2
1
=% (Scaly, — Scalgn-1).

Finally for the sectional curvature we have for X,Y € I'(N) extended by 0 in the
normal direction e,

K,(X,Y) =

R(X,Y)(Y,X)
(Xv X)g( 7Y> - g(X7 Y)2

22(R — D)(X,Y)(Y, X)
tng(X, X)t2gn (YY) — tign (X, Y)?

1 R(X,Y)(Y, X) 1 D(X,Y)(Y, X)
G (X, X)gn (YY) —gn (X, V)2 2 gn(X, X)gn (YY) — gn (X, Y)?
= (K (X,Y) = 1)






Chapter 2

Lipschitz-Killing Curvatures

When working with Riemannian manifolds of arbitrary dimension, one encoun-
ters a large variety of quantities constructed from the curvature tensor R such
as the Ricci curvature or the scalar curvature. In this section, we define certain
curvatures, called the Lipschitz-Killing curvatures of the manifold, by contracting
some powers of the Riemann tensor. Those curvatures generalize in some sense
the mean and Gauss curvatures that appear in dimension two. In order to be
able to define them, we need to introduce the algebra of double forms which is
constructed from the standard algebra of differential forms. This algebraic detour
will yield a natural interpretation of the curvature tensor as a double-form, which
will be convenient in view of taking exterior powers of this tensor.

2.1 The Algebra of double forms

Let V be an n-dimensional real vector space. Denote by
AV) =P A (V)
p=0

the usual algebra of differential forms (also called the Grassmann algebra).

Definition 2.1. For 1 < p,q < n, the vector space of double-forms of type (p,q)
is

DPUV) = AP(V) @g A1(V).

Therefore an element w € DP(V) can be written as

n
w = E o ® B,
i=1
where «; are p-forms and ; are g-forms.

35
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Note that if ¢ = 0 then DP°(V) = AP(V). Using the exterior product on AP(V),
one can define an exterior product on DP(V') by setting for w; = a3 ® [ € DP1
and wy = s ® fy € D (V):

wi Awz = (a1 Aaz) ® (b1 A ) € DPFHIE(V),

By abuse of notation, the same symbol is used for the exterior product on AP(V)
and AP9(V'). Hence w; A wy is a double-form of type (p + 7, ¢ + s) and its action

on vectors vy, ..., Upiy, Wi, ..., Weps € V is given by
1
Wi A wa(V1y -y Vpir ) (W1, ooy Wyps) = R E €701 (Voys -+, Vg, ) Br(Wrys - o s W05,)
pirigls! ‘o=
TEG +s
' a2(vap+1a s 7UUP+T)52(qu+1a s 7w7—q+5)

This product is associative and it anti-commutes in the sense that
w1 Awy = (=17 %0 A wy. (2.1)
Definition 2.2. Let N
D(V) == @ D(V).

P,g=0
Then (D(V), 4+, A) is an algebra called the algebra of double-forms.

Given w a double-form of type (p,q), we denote by w* the k-fold wedge product
of w with itself, i.e.
WE=wA LA w,
—

k times

which is a double-form of type (kp,kq) and by convention we set w® = 1 €
DOO(V) = R. Now we define operators called contractions acting on D(V') which

allows us to lower the degree of a double-form. If (ey, ..., e,) is any orthonormal
basis of V
COw) (v, . o) (wr, . wy) = w(vr, .., vp) (Wi, - .. W0,)

n

C*(w)(vy, .. . Up—g) Wy, .o W) = Z C* vy, ... Up—key €) (W1, .« oo Wy—k, €;)
i=1

It is not difficult to see that this definition does not depend on the chosen or-
thonormal basis.

Note that if w is of type (p,p), then the kp-th contraction of w* is a scalar given
by

n

C*(Wh) = Z W (s s €0, (€0 s €5 (2.2)

Now, given an n-dimensional manifold we consider the bundles associated to
DPA(V) and D(V).
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Definition 2.3. Let M be a manifold of dimension n, the bundle of double-forms
of type (p,q), denoted DPI(M) is the tensor product bundle

DPAUM) = AP(M) @cooary A1(M).
Then the bundle of double-forms is
D(M) = € D"U(M).
P,q=0

Finally, the sets of all smooth sections of D”4(M) and D(M) are denoted by
L(DP4(M)) and T(D(M)).

We will be particularly interested in those double-forms that are symmetric, i.e.
that are of type (p,p) and satisfy

w(Xy, .o, Xp) (Y, Y) =w(Ye, ., Y) (X, X)),
for all Xy,...,X,,Y1,...,Y, e [(M).

Example 2.4. (a) Riemannian metrics are fields of symmetric double-forms of
type (1,1).

(b) An important example of a field of symmetric double-forms of type (2,2) is
the Riemannian curvature tensor R of a Riemannian manifold (M, g). Indeed,
if (e1,...,e,) is an orthonormal moving frame on U C M with associated
coframe (01, ..., 0"), then one can write the curvature tensor as the following
tensor product

1 . .
R= 20,00 N, (2.3)

where €);; = 52-ng‘? = Q§ are the curvature forms. This expression is indeed
symmetric since

1
Rles, ej) (en, e1) = 58 @ 0 N 0" (ei,¢5)(ex, )
1

= 5 Buij (0507 = 0'0)
1
§<Rklij — Riiz)

= Rkli]

= Riju

= R(ey, e)(€i, €5)
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2.1.1 Double-forms as endomorphisms

Through the identification of a finite dimensional vector space V' endowed with a
scalar product g with its dual V*, we have

End(V)=V*@V VeV

An element v @ w € V ® V is sent onto the endomorphism defined by g(v, -)w :
V' — V. The trace of an endomorphism of V' can be defined without using any
basis of V' by using its identification with an element of V* ® V.

Definition 2.5. For T' € End(V), let n ® v; € V* ® V its image under the above
isomorphism and set

Te(T) = n'(v;).
This definition of the trace coincides with the usual one:

Lemma 2.6. Let (ey,...,e,) be a basis of V and let (a]) be the matrix of T with
respect to this basis. Then
Tr(T) = a!

7

Proof. Let (6',...,0") be the dual basis to (e, ...,¢e,). As an element of V* @V,
the endomorphism 7" is

Indeed ‘ ‘ '
T(v) =T((v'e) =0T (e;) = 0" (v)T(e;).

Therefore, A
Te(T) = 0'(T(e;)) = 0" (ale;) = a;

]

Now, by taking AP(V') as vector space, we can naturally identify the space of
double-forms of type (p,p) with End(A?(V)), indeed

DPP(V) = AP(V) @ AP(V) =2 A,(V) @ AP(V) = End(AP(V)),
where A,(V) is the space of p-vectors, which is the dual of AP(V). So we have

a®f — gla,) @8 — gla, ) =T(a®f)
—— —_—— —

€DPP(V) €A (V)RAP(V) €End(V)
Observe that according to definition 2.5 the trace of T'(av ® (3) is given by
Tr(T(a® B)) = gla, B).

The trace of T'(a ® () corresponds to the contraction of o ® f:
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Lemma 2.7. Let A € DPP(V) and let T'(A) € End(APV) be the image of A under
the above isomorphism. Then

CP(A) = Tr(T(A)) (2.4)

Proof. Let (eq,...,e,) be an orthonormal basis of V' with dual basis (6',...,60").
Then the set . ‘
{0 AN N0 |1 <idyp <...<i,<n}

is an orthonormal basis of A?(V'). It is enough to show the result for A of the form
A =a® (. Hence, writing

o = Oéilmz‘pgil VARRA ‘gip and ﬁ = ﬁjlmjpé’jl VANPIIAN ij,

we have on one hand by the definition of the contraction operator (2.2)

n

CP(a® B) = Z aepys--eu)Benys - se)

M1y bp=1
n
= E , Wy gy By -
H1seespip=1

On the other hand

Tr(T(a ® B)) = g(a, B)
= ailn-ip/le-ujpg (921 VANPIRAN (gip, ejl VAP ij)

11,enip=1
O

Example 2.8. In case where the considered double-form is the curvature tensor
R (see example 2.4), the correspondant endomorphism is the curvature endomor-
phism ' '

R:AN* (M) — AN*(M), R(0'A)=g(R(eiej)—,—),
where (0',...,60") is the dual coframe to some moving frame (e, ...,e,) on M.

Remark 2.9. Note that despite End(A(V)) being an algebra for the composition
of endomorphisms, the above isomorphism between DPP(V') and End(A?(V')) does
not extend to an algebra isomorphism between P, ., DP*(V') and End(A(V)) since
the composition of endomorphisms is not commutative (in the sense described
above). In particular, if w € DPP(V), then, denoting by 7'(w) its corresponding
endomorphism, we have in general that

WA Aw=w#4T(W)r=Tw)o...oT(w),
since w* € DFPFP(V) and T'(w)* € End(AP(V)).
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2.2 The Lipschitz-Killing curvatures

It is now possible to define the Lipschitz-Killing curvatures of a Riemannian man-
ifold (M, g). The definition relies on the interpretation of the curvature tensor as
a double-form of type (2,2).

Definition 2.10. For 0 < 5 < n the j-th Lipschitz-Killing curvature of M is the
following n-form

Ci(R%)dvoly, if j is even,

(2.5)
0 if 7 is odd.

e
k(M) = { 313 /2)!

The constant factor - /2 finds its justification both in Weyl’s tube formula and
in the Gauss—Bonnet hern Theorem. With this precise normalization the last
Lipschitz-Killing curvature is precisely the Pfaffian of the curvature forms (see
Lemma 2.13).

It is useful to work out an expression of the scalar C7(R’/?) with respect to some
orthonormal moving frame.

Proposition 2.11. Let (eq,...,e,) be an orthonormal moving frame on U C M
and let j = 2m be even. Then

2m my __ Ce
C (R ) 22m n_2m| E E e-R 010207, 0ry Rozm—laszTQm_laTQm

c€S, TEG2,

Proof. From equation (2.3) we have that

R™ = 2im (@0 AGT)"

- 2_m Z (Qiliz ARERWA Qizm—1i2m> & (611 VAR 9i2m)
== (s A Ay 103,) ® (07 AL AT,

since there are exactly (n — 2m)! permutations o € &,, that send {1,...,2m} to

the set {i1,...,42,}. Now, by definition of the wedge product, we have for some
fixed 0,7 € G,

1
QUltfz JARERWA QO’melaﬂm(eTl? s 767’2m) = 2_m E Eprfle (eTpl ) esz) e Qa2m7102m (e’rp2m71 ) eTme)
peG?m

- om : : GPRTplszal"? T RTP2m—1TPQm‘72m—1‘72m
pEGZM

- om z : EPRUW?TMTM RU?m*W?mT@mfﬂPQm’
peG?m
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and since 07* A ... A 07" (er, ..., €n,,) = 07172 is the generalized Kronecker
symbol, we have finally that

n

C2m<Rm) = Z Rm(eil,...,€Z‘2m)<€il,...,€i2m)

=—— Z R™(er, .. emy J(€r,yosem )

— 01..-02m .
- 22m( n — 2m 2 : 2 : 6967'1 T2m RUlU?Tmsz RU?m—lanTﬂgm_1szm'

o,7€6, pEGam,

In order for 07!:72m mnot to vanish, the set (7i,...,72y,) must be a permutation
of the set (01, ..., 09m), and there are (2m)! such permutations. Moreover, once
the elements (7’1, ..., Tom) are fixed, one can permute the n — 2m remaining terms
(Toms1, - - -, Tn) and there are (n — 2m)! such permutations. In other words if
o€ G, is fixed then:

Card ({7 € &, | 07172 £ 0}) = (2m)!(n — 2m).

T1...T2m

Observe also that if 07':7>m # 0, then there exists 7 € Gy, such that
(7—17"‘77—2771,) - (0-7|—1,u-,0-71—2m) and 601 -T2m = €,.

T1---T2m

Therefore, we can write

01...02m
E E : 6/)57'1 T2m R0'10'27'p17'p2 RU2M*1U2mTl)2m71TP2m

TEG, pEGam,
= (n—2m)! E GPEWRUIJQUWPI Onpy Raszwzmawpzm_lawm
p,TESC2,
T=mop
=" (n—2m)!(2m)! E € Ro1020m 00 Bosp100m0y, yomy
T7€G2m

so that finally

2m m\
C (R ) 22m — , Z Z €r 0102071072"'Razm—lozmaTQm_lafgm

€S, TEGC,

]

We can express every Lipschitz-Killing curvature in terms of the curvature forms
of the manifold.

Proposition 2.12. For all 1 <k < |%] we have

1 (o} g
Kok(M) = Qkk"(n——% Z €100 N oo Qoo oo NOTFFLN NG

0'6671
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Proof. For 0 € G,, fixed, set

ngk - 5090102 A...Q A Q72+ N N Q7

: 02k—102k
then, since €);; = %Rijklﬁk A 0" we have

1

i i i o Tn
Tk = ?50}%01021‘11‘2 e Razk—wzki%—lizk‘g P ANGEEAGTEEA L NG
_1 R R 077 AL A G A QUL LA
o 9k €o 01020701y 02k—102k07o,_1 7oy T o
TEG
_1 R R AT
N ok ol llo10007 07y 02k—102k01)_1 97 T
TEG

1
— % Z ETR0'10'20'7—10'T2 “ e R52k7102k07—2k71072kdVOlM.
TGGQk

Then comparing the expression
o 1
Z T’Qk = ? Z é\7—'F€0'10'20'7'10'7'2 U RUQk—IJQkUTQk_laTzk dVOIM’
eSS, 7-662]6

with the one for ko (M) in Proposition 2.11, we get that

1 o o
/{2k(M) = m Z EJlegz AN .Qg%_lg% A QLN NG
O’EGn

O

Observe that some of those x;(M) are already well-known. Indeed we have the
following lemma:

Lemma 2.13. The 0-th and 2-th Lipschitz-Killing curvatures are respectively
Ko(M) = dvolyy,
1
Ko(M) = §SgdvolM,

where S, is the scalar curvature. In addition, if M is of even dimension n = 2p,
then
k(M) = PE(Q),

where Pf(2) is the Pfaffian of the curvature forms of M.

Proof. For j = 0 it’s clear since R® = 1. For j = 2, we have if (e1,...,e,) is an
orthonormal moving frame on an open subset U C M:

C*(R') =Y Rleie;)(eie;) = > Rijij = S,

i,j=1 i,j=1
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therefore )
Ko(M) = ESgdvolM.
Now if n = 2p, recall that the Pfaffian of the matrix of the curvature forms
= (Q;5) is the 2p-form given by
1
Pf(Q) = ol % o100 A A Qs 10ay-
S

Its action on the orthonormal frame (e, ..., eq,) is given by

1
Pf(Q) (61, SR 762[’) - 22pp' § , 81757'11:801027'17'2 T R02p7102p7'2p717'2p'
’ 0,7€62;,

On the other hand, since RP is a double-form of type (2p,2p) we have
2p

CQP(RP) = Z Rp(eiu s 76i2p)(6i17 B 7ei2p)

= (2p)!RP(eq, ..., e9)(€1,...,€2p)

(2p)!
= 22p Z 806TR01027172 T R02p7102p72p717—2p
0,7€62),
therefore .
Kop(M) = C?(RP)dvoly; = P£(Q)

(2p)!p!
0

As we shall see, the Pfaffian Pf(Q2) is exactly the integrand in the Gauss-Bonnet-
Chern theorem for compact manifolds.

Example 2.14. As a first example, let us compute the Lipschitz-Killing curvatures
of a Riemannian surface (S, g). The 0-th Lipschitz-Killing curvature is, by lemma
2.13, the volume form of S, i.e. ko(S) = dvolg. The other non-trivial Lipschitz-
Killing curvature is the second one. Using again lemma 2.13 we have that xo(5) =
%dVOls. But in dimension 2, the scalar curvature is twice the Gauss curvature
K, ie. S, =2K. Note that the Gauss curvature K coincides with the component
Rj215 of the curvature tensor of S. Therefore we have

Ho(S) = dVOls,

:‘il(S) = 0,
ko (S) = Kdvolg.

We will now establish several properties of the Lipschitz-Killing curvatures. The
first one is their behaviour under a change of scale of the metric.
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Proposition 2.15. Let (M, ¢g) a Riemannian manifold and let A € R. Consider the
metric § = A\?g. Then if #;(M) is the j-th Lipschitz-Killing curvature associated
to g we have

Rj(M) = X" k(M)

Proof. Under the change g +— g, the (0,4) curvature tensor R is also modified by
a factor A%, i.e. R = A?*R. Now, if (ej,...,¢e,) is an orthonormal moving frame

with respect to g, then
| .1
€1 == )\61, P A )\Gn

is an orthonormal moving frame with respect to g. The contraction operator is
modified as follows

O?m(Rm) - Z Rm(éin N 7éi2m>(éi17 e 7éi2m>

n

— )\—2m02m<Rm)‘
The volume forms of (M, g) and (M, g) are related by
dvol; = A\"dvoly,

therefore
/%J(M> = )\nijlﬁj(M).

Remark 2.16. Observe that this homogeneity gives for 7 = n:
Rn(M) = kn(M),

which is consistent with the fact that x, (M) = Pf(Q) whose integral is a topolog-
ical invariant by Gauss-Bonnet-Chern’s Theorem.

2.2.1 Lipschitz-Killing curvatures of space forms

In order to give some concreteness to the definition of the Lipschitz-Killing cur-
vatures, we now compute them for the three usual model spaces: the Euclidean
space R", the sphere S" et the hyperbolic space H" endowed with their standard
Riemannian metrics. The result is the following
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Theorem 2.17. Let (M), g\) be a Riemannian manifold of constant curvature \.
Then for all 1 <j < 3

0 if A =0,
-2
—dvoly,  if A=,
/igj(M)\) = 2J](n - 2]> (26)
. oplenT _ L
(—I)deVOIM_l if A= )

\

and ro(M)) = dvoly, in each case.

The proof of this theorem is separated in three cases according to the sign of \.
The result will follow from Corollaries 2.19 and 2.21.

Curvature zero

This case is the easiest one since the curvature tensor vanishes identically, i.e.
R = 0. Therefore, there is only one non zero Lipschitz-Killing curvature:

dvoly, if j =0,

Kj(Mo) = {

0 else.

Positive constant curvature

The components of the curvature tensor of a Riemannian manifold M; of constant
sectional curvature equal to one (with respect to some orthonormal moving frame
(é1,...,6e,)) are given by

Riji = 6indji — 0.

Then using Proposition 2.11, we can work out the Lipschitz-Killing curvatures of
M.
Proposition 2.18. The Lipschitz-Killing curvatures of M; are given by

n!
k(M) =< 272(j/2)H(n — j)
0 if 7 is odd.

|dvolMl if j is even,

Proof. Let us denote the curvature tensor of (Mj, g1) by R. We use the explicit
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formula given in proposition 2.11.

C (R ) 2277’1( o 2m ' 87— 01020710719 R0'2m710'2m0'72m,10'72m

€S, T€G,

_ (Cm)
- 22m(n le Z Z ET 01097y ‘72‘7T2 _6"1‘7726‘72‘771)'

€S, T€Go,

o <602m*1072m71 5U2m072nl B 50‘2m*1072m 60‘2""07'2m71)
Although this expression looks complicated, it appears that a lot of the summands
vanish. Indeed, the product

(501071 502072 - 501072 502071) T (50'2771710'727”,150'27710'727” - 60’2777,710'72,” 602m072m,1) (2'7)

is non-zero only if the permutation 7 is a product of transpositions of the type
(26 — 1 24) or the identity, for ¢ = 1,...,m i.e. transpositions of the form

XI X T

Indeed, since
+1 if (4,5) = (k, 1),
dirdji — 0l =« —1 if (i,7) = (I, k),
0 else.

the expression (2.7) is non zero if and only if in every term of the product we have
(04, 0011) = (UTNUWI) or (04,0i41) = (Umnan-)a
forv=1,3,5,...,2m — 1, which is the same as
(i, Tix1) = (6,0 + 1) or (7, Tip1) = (i + 1,4).

It is easy to see from the above diagram that there are exactly 2™ permutations
T € Gy, that make the expression (2.7) non zero. Now, let us study the term

€r (501 o7y 602072 - 601072 502071 ) T (60'2m710'7‘2m,1 602mUT2m - 50’2771710'72,,” 502m0r2m,1 ) (28)
for such a permutation 7.

i. If the permutation 7 is even, i.e. if ¢, = +1, then the decomposition of 7 in
transpositions consists simply of an even number of transpositions correspond-
ing to the couples (7;,7;+1) = (i + 1,1) since all the other couples are of the
form (7;,7;41) = (i,7 + 1) and therefore do not appear in the decomposition
in transpositions. Hence there is an even number of terms that are equal to
—1 in the product so that (2.8) is equal to +1.
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ii. If the permutation 7 is odd, then by the same argument, there is an odd
number of terms that are equal to —1, but in this case we also have ¢, = —1
so that (2.8) is also equal to +1.

From this, we conclude that

) = g 3 S by, o)

€S, TEGo,

' ((50'2m—10'7'27n_1 02mOTg,, - 50’2m—10'7'2m 5027”0-7—2771—1)

- om

n — 2m Z

ceS,
(Zm)!n!
©2m(n — 2m)!
and thus
(M) C2™ (R™)dvol n dvol
Kom = — Vi = Y
2 Y 2m)im! M omml(n —2m)l M

]

Observe that the contractions C*™(R™) of the curvature tensor of M; can be
written using the binomial coefficient.

@wﬁwzﬂ@ﬁ2<”). (2.9)

2m 2m

Corollary 2.19. For A = r% > 0 the Lipschitz-Killing curvatures of M), are given
by

nlrn=J

ki(My) = 2/2(5/2)!(n — j)!
0 if 5 is odd.

dvolM1 if 7 is even,

Proof. Let us denote by ¢ the standard metric of M;. Then, (M), g)) is isometric
to (M, %g) so that by proposition 2.15 we have

ki (My) = r”’j/@j(Ml).

Negative constant curvature

The curvature tensor of a manifold M_; of constant sectional curvature equal to
A = —1is given by R = —R, where R is the curvature tensor of (M, g1).
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Proposition 2.20. The Lipschitz-Killing curvatures of (M_q,g_1) are given by
n!(—1)7/2

ki (Moa) = 272(3/2)!(n = j5)!
0 if 7 is odd.

dvoly,_, if j is even,

Proof. The proof is essentially the same as the one for the unit sphere. Let
(é1,...,€,) be an orthonormal moving frame on U C M_;. Then the compo-
nents of R with respect to this moving frame are given by

Rijii = —Rijit = 6106 — Oixdji.

Hence by Propositions 2.11 and 2.18 we have

2m (PN § § 5)
C <R ) 2277’1, n - 2m ‘ 87— 0102071079 T R02m7102m07‘2m710'7'2m

O’GGn TEGQm

- 22m n _ 2m ! Z Z 57 010207079 ~* ' R02m7102mc&2m,1of2m

0€G, 7€EG2,
(2m)In!(—=1)™
2m(n — 2m)!

and finally
nl(—1)™
2mml(n — 2m)!

Kom(M_1) = rdvolys_,

]

As in the case of positive curvature, we obtain as a corollary the Lipschitz-Killing
curvatures of a space of negative constant curvature:

Corollary 2.21. Let A = —-5 < 0. The Lipschitz-Killing curvatures of (M), g»)
are given by

ki (My) = 2”2(.7/2) (n —J)!

0 if 7 is odd.

dvoly,_, if 7 is even,

Remark 2.22. Using the fact that the second contraction of the curvature tensor
is precisely the scalar curvature i.e. using the fact that C*(R) = S,, we recover
the well-known formula for the scalar curvature of space forms:

Sy = An(n —1).
Indeed, writing A = :l:ri2 we have from Theorem 2.17 that

nlsgn(\)

Sy = CH(R) = (n — 2)Ir2

= An(n —1),

with sgn(\) the sign of A.
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2.2.2 Lipschitz-Killing Curvatures of Conical Warped-Product

As in section 1.10, we consider now a manifold M = N x (0,00), where N is
compact, endowed with the Riemannian metric ¢ = t?gy + dt?, the metric gy

being a Riemannian metric on N. Let (ey,...,e,_1) be an orthonormal directly
oriented moving frame on U C N with dual coframe (6',...,6"""), and set e, = 2,

where ¢ is the arclength parameter on (0,00). Then on U x (0,00) C M we have
the following orthonormal positively oriented moving frame:

1
€, =—e; and e, =e, = dt,

where f: U x (0,00) — (0,00) is the map defined by f(p,t) = t. Recall that we

established the following relations between the connection and curvature forms w4

—A . . .
and (2 of M and the connection and curvature forms w; and % of N:

F]:w

ﬁl =/ (2.10)
Q=0 -0 A0,

Q. =0.

Moreover we showed in Proposition 1.31 that this gives rise to the following ex-
pression for the curvature tensor R of M:

R=t*(R—- D),

where D = %gN D gn-
Imitating the argument made in the proof of Proposition 2.11, it is easy to show
that

Proposition 2.23. The 2k-th contraction of R s given by

2k o)
¢ (R ) 22k(n _ 1 _ 2/{3 Z Z 57 01020709 ~ " " Razk_lazkm%_laf%

0'6677. 1 TEGQk

Proof. Tt is the same argument as in the proof of Proposition 2.11 but with the
additional assumption that ﬁ; =0foralll1<i<n-—1. ]

There is a relation between the contractions of R' as a tensor on M and the
contractions of R — D as a tensor on N. To avoid any confusion we denote in this
paragraph the contraction operator on M by C}; and the one on N by C. Then

Lemma 2.24. We have for all 1 < k < [%51]

C2(R") = t%C%(R D). (2.11)
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Proof. With respect to the orthonormal moving frames on U C N and U x (0, 00) C
M described above we have

—k -k _ — _
C]%}[C(R ): Z R (ei17"'7€i2k>(€i17"'76i2k)

VL geeny igkzl
n
= Y t*R-D)E, ... .20, )
il ..... ’szil

1
ZtQ_k Z (R—D)k(eil,...,62‘%)(67;1,...,62‘%)

= C¥ (R~ D)

since R and D vanish if one of the argument is e,. O]

2.2.3 Total Lipschitz-Killing Curvatures

Since the x;(M) defined above are differential n-forms on an n-dimensional man-
ifold M, one can naturally integrate them. Obviously, these integrals are not
necessarly defined since the manifold can be non-compact.

Definition 2.25. Let (M, g) be an n-dimensional Riemannian manifold. The total
Lipschitz-Killing curvatures are defined by

/ k;(M) if j is even,
M
0 if 7 is odd.

Ki(M) =

The first obvious observation is that since ko(M) = dvoly,, then if M is compact,
the 0-th total Lipschitz-Killing curvature of M is simply its volume.

Ko(M) = Vol(M).

The second observation that can easily be made is the following: if (M, g) is a
closed Riemannian manifold of even dimension n = 2p, then the Gauss-Bonnet-
Chern Theorem 3.7 can be written using the last total Lipschitz-Killing curvature:

1

G X ) = x(01) (212)

Indeed by Lemma 2.13 we know that since M is of even dimension we have
Kop(M) = P1(Q),

therefore integrating over M we get

5 . PO = x(n),




2.3. WEYL’S TUBE FORMULA o1

2.3 Weyl’s tube formula

Historically the Lipschitz-Killing curvatures appeared in the famous article [Wey39)|
by H. Weyl in 1939 in which it is shown that for » > 0 sufficiently small, the vol-
ume of the r-neighbourhood of a compact submanifold M C RY is a polynomial
in the variable r whose coefficients are, modulo some universal constants, the
Lipschitz-Killing curvatures of M.

Theorem 2.26. (H. Weyl, 1939)
Let M™ C RY be a compact Riemannian manifold embedded in RY. Then for all
r > 0 sufficiently small we have

VOIN(MT) =

(2.13)

where ¢ = N — n is the codimension.
Recall that for » > 0, the r-neighbourhood of a subset A C R¥ is the following set
A, = {z e RY | dist(z, M) < r}.

The theorem of Weyl is remarkable from at least two viewpoints. First it shows
that the volume of M, is polynomial in r. Secondly and most importantly, it
shows that this volume does not depend on the particular embedding of M in
R¥. Indeed, since the Lipschitz-Killing curvatures of M are intrinsic quantities, it
follows that Voly (M) is intrinsic as well.

The proof of this theorem can be found in the original paper [Wey39| in which
Weyl refers to its own theory of invariants but there are self-contained references
that do not make use of this theory such as [Gra04].

Example 2.27. As an application of Weyl’s tube formula and second proof of
Proposition 2.18 we use Theorem 2.26 to compute the Lipschitz-Killing curvatures
of the unit sphere. So consider the usual (isometric) embedding S* € R™"!. Given
r > 0 sufficiently small it is easy to compute the volume of S? since it is the
difference of the volumes of the (n 4 1)-balls of radii 7y =1+ 7r and ro =1 —17:

VOanrl(S?) = v01n+1 (BnJrl(T'l)) — VO1n+1 (Bn+1 (702))
= Bn—&-l(l + T)n—H - Bn-i-l(l - r)n+1
n+1 n+1 .
LI N M RSt

k=0
L3]

_ n+1 2m+1
=t 3 (o)

m=0
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since (1 — (—1)*) vanishes whenever k is even. On the other hand, Theorem 2.26
gives

% :K2m<Sn) r2m+1
0213 - 2m+1)

V01n+1 (S;}) =

JCQW(SH) r2m+1
(2m + )N ’

m=0

where the double factorial is the operation defined by
Cm+1)=02m+1)2m—-1)-...-5-3-1,

and we have used the fact that I' (%) = 2. Therefore by comparing the coefficients
of the powers of r we get that

n+1

Kom(S") =
onl8) = B ('

)(2m+ 1,

Now, using that
Qi (2k)!
and (2k — D! = TR

we can rewrite the total Lipschitz-Killing curvatures of S™ as

BnH:n—l—l

an, (n+1)! (2m + 2)!
n+102m+ 1)l(n—2m)! 2m+1(m 4 1)!
apn!
2mm!l(n — 2m)!

= /n Kam(S"),

where the ks, (S") are the one given by Proposition 2.18.

:KQm (Sn) =

2.4 Connections in Principal Bundles

The whole approach of Cartan by moving frames can be reformulated in the general
context of principal bundles. We will be using this framework in the proof of the
Gauss-Bonnet-Chern Theorem in Chapter 3.

Instead of constructing the connection and curvature forms locally in an oriented
manifold M, it is possible to define them globally on a larger manifold which
turns out to be the total space of a bundle over M and then pull-back those global
forms using sections of this freshly constructed bundle. The natural choice for the
total space, which will be denoted by SO(M), is to take as the fibre over a point
p € M, all orthonormal positively oriented bases of T, M and therefore any section
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s: U — SO(M) represent what we used to call a moving frame on the open subset
U C M. There is a natural action of the group SO(n) on each fibre since every
positively oriented orthonormal basis can be sent onto any other positively oriented
orthonormal basis by an element of SO(n). This turns the bundle (SO(M), M, )
into a principal bundle with structural group G = SO(n).

This construction requires to define an analogue of the connection forms on the
total space of a principal bundle, which will be called an FEhresmann connection.
By differentiation, we will obtain a notion of curvature forms which will satisfy a
structural equation. Finally, by choosing a section of the bundle of orthonormal
positively oriented moving frames, i.e. by choosing a moving frame on an open
subset of the base manifold, we will recover Cartan’s formalism. Although the
definitions of a connection form and of a curvature form are valid for an arbi-
trary principal bundle, we will restrict our attention to the bundle of orthonormal
positively oriented moving frames.

The content of this section comes mainly from the second volume of [Spi99] and
the first volume of [KN63| and we refer to those books for additional background
about connections in principal bundles.

2.4.1 The Connection Form

Let F(M) — M be the frame bundle, i.e. the principal bundle with structural
group GL,(R) and fibre

{(p, X1,..., X)) | (X1,...,X,) is a basis of T,M}.

Sections of this bundle are what we previously called moving frames. Since M is
oriented and endowed with a Riemannian metric, we can restrict our attention to
the following bundle: let 7 : SO(M) — M be the bundle of orthonormal positively
oriented frames on M with structure group SO(n). The structure group acts on
the right on SO(M):

SO(M) x SO(n) — SO(M)
(u, A) = u- A

More precisely, if u = (X1,...,X,,) and A € SO(n), then the i-th element of u - A
is

(u- A); = AIX,
since

X11 e X1 A% .. Al XilAil e X’ilAf’L

Xn Xr An A" XfAzi XZ?%A;L
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Definition 2.28. An Ehresmann connection on the principal bundle SO(M) is
a smooth o(n)-valued 1-form w on SO(M) satisfying the two following algebraic
conditions:

(a) for all X € o(n) we have w(o(X)) = X;
(b) for all A € SO(n) and all Y € T'(SO(M)) we have
W(dRA(Y)) = A w(Y)A;

where Ra(u) = u - A for all u € SO(M) is the right action of SO(n) on SO(M)
and o : 0(n) — I'(SO(M)) is the map defined by

o(X)(u) = dou(X),

with o, : SO(n) — SO(M) given by 0,(A) = u- A, the dot standing for the action
on the right of SO(n) on the manifold SO(M).

Remark 2.29. An Ehresmann connection induces a distribution on SO(M) as
follows: for all u € SO(M) the map

wy : T,SO(M) — o(n)

is surjective and therefore the space H, := ker(w,) C T,SO(M), called the hor-
1zontal subspace at u has the same dimension as M. Vectors in H, are called
horizontal vectors. Together with this subspace comes V,, C T,,SO(M) the vertical
subspace at u defined by V,, = ker(dm,) and satisfying 7,,SO(M) = H, & V,, so
that every tangent vector Y at u can be decomposed as

Y =hY)+oY),

with A(Y") the horizontal component and v(Y') the vertical component. Since for
all A € SO(n) the map Ry : SO(M) — SO(M) sends a fibre to itself, it follows
that

{o(X)(u) € T,SO(M) | X € o(n)} =V,,.

The above definition of an Ehresmann connection is actually invariant in the sense
that is does not depend on a particular moving frame.

However one can prove that it is equivalent to requiring that for every section
s:U — SO(M) and every smooth map A : U — SO(n) we have

(s- A)Y'w=ATdA+ A7 s* WA, (2.14)
where s+ A: U — SO(M) is defined by
(s- A)(p) = 5(p) - A(p) = Ragp)(s(p)).

This is consistent with the transformation law for the connection forms stated in
Lemma 1.19. The proof of equation (2.14) is based on the following proposition
on the differential of the map s- A : U — SO(M), whose proof can be found in
[Spi99], Vol.2, p.312.
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Proposition 2.30. Let s : U — SO(M) be a section of SO(M) and let A: U —
SO(n) be a smooth map. Then for all X, € T,M) we have

d(s - A)p(X,) = dRag)(dsy(Xy)) + 0 (A (p) X,(A)) (s(p) - A(p))- (2.15)

The argument of ¢ has to be an element of o(n), but X,(A) the derivative of
the map A in the direction X, and therefore an element of o(n); it follows that
A~ (p)X,(A) is also an element of o(n) and that (A~ (p)X,(A))(s(p) - A(p)) is

well-defined. Observe that the right-hand side of equation (2.15) is the decompo-
sition of the left-hand side in the horizontal and vertical directions i.e.

h(d(s - A)p<Xp)) = dRA(p)(dsp(Xp)) € Hyp)ap),

v(d(s - A)p(Xp)) = o (A7 (D) X,(A))(5(p) - Ap)) € Viyap)

Another observation is that if A is constant on U, then the vertical part vanishes
and one has for all p € U:

d(s - A)p(Xp) = dRa(dsy(X,))

The o(n)-valued 1-form w can be seen as a matrix of usual 1-forms on SO(M).
Given a basis (E}) of the Lie algebra o(n) (which is nothing but the skew-symmetric
matrices), one can write

w = w;- . Ef ,

with w! € Q'(SO(M)). Now, the link between the usual notion of a (Koszul) con-
nection on a a manifold and an Ehresmann connection w is given by the following
consideration: let s : U — SO(M) be the section given by

s(p) = (Xa(p), - -, Xu(p)
and define an operation V : I'(U) x I'(U) — T'(U) by
VX = (s"wh)(X;) Xy

Then one can easily show that V is a Koszul connection on M.

2.4.2 The Curvature and Torsion Forms

As in the case of the Cartan formalism (see Section 1.2) an Ehresmann connection
w comes together with a curvature form and a torsion form. The curvature form
of w is the o(n)-valued 2-form defined by 2 = Dw, i.e.

Duw(Y, Z) = (dw)(h(Y), h(Z)),

with d the ordinary differential and h(Y) and h(Z) the horizontal components of
Y and Z.

Now, as in the case of the connection form w, we want to study the behaviour of
the pull-back of the curvature form Q by a section s: U — SO(M).
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Proposition 2.31. Let s : U — SO(M) be a section of SO(M) and let A: U —
SO(n) be a smooth map. Then

(s- A)*Q = A7 1s*QA.

Proof. 1f X,,,Y, € T,M, then by Proposition 2.30 and by the definition of an
Ehresmann connection we have

(s A)QX,Y) =Q(d(s - A)(X),d(s - A)(Y))
= dw (h(d(s - A)(X)), h(d(s - A)(Y)))
= dw (dR4(ds(X)),dRa(ds(Y)))
= Rdw (ds(X),ds(Y))
= d(Ryw) (ds(X),ds(Y))
= d(A™'wA) (ds(X),ds(Y)) .

But ds(X) and ds(Y') are horizontal i.e w(ds(X)) = w(ds(Y)) = 0. Therefore,
since

d(A7'wA) = dATP NwA + A dwA + ATMw A dA,
it follows that d(A™'wA)(ds(X),ds(Y)) = A dw(ds(X),ds(Y))A. Hence

(s- A)"QX,Y) = A dw(ds(X),ds(Y))A = A" Q(X,Y)A.

2.4.3 The Structure Equations

Although an Ehresmann connection and its associated curvature form can be de-
fined on any arbitrary principal bundle, it is not the case for the torsion form which
is defined only on the principal bundle of frames (or in our case, the bundle of
orthonormal positively oriented frames). First, we define the analogue of a moving
coframe but in the setting of the principal bundle SO(M). The canonical form of
the principal bundle SO(M) is the R"-valued 1-form defined at u € SO(M) by

0.(Y,) = v (dr,(Yy,)) for all Y, € T,SO(M),
where u™! is the inverse of the isomorphism induced by any element u € SO(M)
and defined by u : R" — T,y M which sends the canonical basis (eq,...,e,) of R”
to the orthonormal basis (u1,...,u,) of Ty, M. The fact that § can be compared
to a coframe associated to a frame comes from the following observation: if we are
given a section s : U — SO(M) with s = (X3, ..., X,,), then the pullback of 6 by
this section is given by

$0(Y,) = Osp) (dsp(Y;)) = s(p) (V).
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so that the i-th component of s*0(Y}) is the i-th component of Y, with respect
to the basis (Xi(p),..., X,(p)), i.e. the s*¢" are the dual 1-forms to the moving
frame (X1,...,X,).

Using the canonical form 0, we define the torsion form © of the connection w by

0 = Do,

which is an R"-valued 2-form.

The next theorem, whose proof can be found in the [Spi99, Vol. 2, p. 327|, consists
of the structure equations. We state the theorem in the case where the considered
principal bundle is SO(M) although the second structure equation is true for an
arbitrary principal bundle.

Theorem 2.32. Let w be an Ehresmann connection on the principal bundle 7 :
SO(M) — M, with canonical 1-form 6, torsion 1-form © and curvature form €.
Then we have

(a) the first structure equation

df = —w N0+ 0,

(b) the second structure equation

dw = —w Aw + €.

As well as for the connection form, it is useful to express the canonical form,
the torsion form and the curvature form in terms of ordinary differential forms. If
(e1,...,e,)is the standard basis of R", then there exist 1-forms §,... 6" 0 ... O"
QY(SO(M)) such that

0=0"-¢ and O =0O".¢,.

For the curvature form, if (E}) is the standard basis of o(n), then there exist
2-forms Q) € Q*(SO(M)) such that

Q=0 F.

Using these notations, the structural equations can be rewritten in the following
(familiar if the torsion form vanishes) form:

A" = —w! NG + ©

dw’ = —wy Aw; + Q.

It is important to note here that these two equations are defined on the manifold
SO(M) and not on the base space M. However, the construction is made so that
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if s: U — SO(M) is any section, then the structure equations pulled back on M
are

d(s*0") = —s*w;- A S0 + 50O

d(s*w;-) = —s*wWi A s*w;-“ + S*Q;
After all these general considerations on connections, we will restrict our attention
to the Levi-Civita connection on M. One can prove (e.g. in [KN63], p.158) that
there is a unique connection w on SO(M) with vanishing torsion, i.e. there exist
a unique connection w such that the structure equations write

o = —wj- N
i i k i
Therefore, in this case, the pulled back forms s*6", s*w! and s*Q} are precisely
the dual, connection and curvature forms associated to the moving frame s as
presented in Chapter 1.

Remark 2.33. The Lipschitz-Killing Curvatures can be easily transposed to this
new framework of principal bundles. On the manifold SO(M) the following
(global) differential form can be defined

1 S o On
T T > Qo AN Qo sy NOTHHNA L AOT € Q(SO(M)).

0'6671,

Then if s : U — SO(M) is any section we recover the Lipschitz-Killing Curvatures
of Proposition 2.12 by taking the pull-back by s of 79:

Rop(M) = s™(nax) € Q™(U).



Chapter 3

The Gauss-Bonnet-Chern Theorem

In this chapter, we present the celebrated Gauss-Bonnet-Chern Theorem which
will be a key ingredient in the proof of our result. This theorem has been proved
almost simultaneously by Fenchel, Allendoerfer and Weil, on one hand and by
Chern on the other hand in the early 40’s. Although they established the same
result, their methods to prove it are quite different. Fenchel considered in [Fen40)|
only submanifolds of RY whereas Allendoerfer-Weil used in [AW43] a local em-
bedding theorem due to Cartan to generalize Fenchel’s result. Since, by Nash’s
embedding theorem, every Riemannian manifold can be isometrically embedded
in some Fuclidean space this is not actually a restriction, but this theorem was
proved only a decade later. In 1944 Chern’s article A Simple Intrinsic Proof of
the Gauss-Bonnet Formula for Closed Riemannian Manifolds |Chedd| was pub-
lished, in which he proves the same result but in a completely intrinsic way, that
is without assuming that the manifold is embedded in some Euclidean space. His
method relies on a phenomenon called transgression, which is the property of a
closed differential form to be exact provided it is pulled-back to a fiber bundle.
In this context, the considered fiber bundle is the bundle of unit vectors in the
tangent space of the manifold. In 1945 Chern’s improved his proof in [Che45|,
therefore this article will be our main reference throughout this chapter. However
we refer to [Lill| for a detailed analysis of the proof in [Che44]. Apart from the
extrinsic and intrinsic proofs of the Gauss-Bonnet-Chern Theorem, there are other
classical proofs using characteristic classes (|Lil1],[MS74],[MT97]) or via the heat
flow. Our choice of working with the original proof of Chern is motivated by the
fact that we want to obtain an explicit for the boundary term which can be seen
as the Gauss-Bonnet defect in the case of a compact manifold with boundary.

3.1 The Poincaré-Hopf Theorem

The Gauss-Bonnet-Chern theorem partially relies on an earlier result in differen-
tial topology, that establishes a relation between the differential structure of a
compact manifold and its topology. More precisely, this theorem, due to Poincaré

29
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in dimension two and Hopf in higher dimensions, states that on a closed manifold,
the sum of the indices of a vector field having isolated singularities is equal to
the Euler characteristic of the manifold. The generalization to compact manifolds
with boundary is probably due to Lefschetz. This theorem is now to be explained
in some details but we refer to [Mil97] for a complete proof. Let us begin this
section by recalling some topological notions.

Definition 3.1. A manifold M is of finite topological type if there exists a com-
pact subset K C M such that M \ K is homeomorphic to 0K x (1,00). For the
sake of simplicity we will often assume that the boundary of K is connected as in
Figure 3.1 although in the general case it consists of the union of finitely many con-
nected compact components, i.e. there exist Ny,..., N, C 0K connected compact
submanifolds of the boundary of K such that

OK =N, U...UN,.

Figure 3.1: Manifold of finite topological type

The submanifolds E; := N; x (1,00) C M are called the ends of M. In other words,
this hypothesis means that all the topology of M is contained in the compact K.

Note that in particular any compact manifold M is of finite topological and has
no ends by taking K = M.

Definition 3.2. Let M be a manifold of dimension n which is of finite topological
type. The FEuler characteristic x(M) of M is the following integer number

n

X(M) =" (=1)* dimg(H, (M),

k=0

where Hy(M) is the k-th homology group (on R) of M.
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It is well-known that y is a homotopy invariant and that it has the following
properties. Let M and N be two n-dimensional compact differentiable manifolds
such that their intersection M N N is a submanifold. Then

(i) we have an inclusion-exlusion principle

X(MUN) =x(M)+ x(N) = x(MNN),

(i) if M is closed (compact without boundary) and the dimension n is odd

x(M) = 0.

(iii) for any triangulation of M with exactly nj simplices of dimension k =
0,...,n, then

n

(M) = 3 (~1)'n.

=0

It is worth noting that if M has a boundary, then since the interior M and M =
M UM have the same homotopy type we have x(M) = y(M)

Given a vector field X on a manifold M, one can associate a number to each
isolated zero of X called the index of the vector field at this point. It is a measure
of the behaviour of the vector field around the zero and represents in some sense
the winding of X around the singularity.

Definition 3.3. Let p € M be an isolated zero of the vector field X and consider
a smooth chart ¢» : U — R" around p. Since p is isolated, there exist a small
ball B(z,e) C R"™ around = = t(p) such that x is the only zero of the vector
field X = X o9~! € T(R") in B(z,¢). Therefore, the following vector field is
well-defined on B(z,¢) \ {z}:
X

X
In particular, if 9B(z,e) = S(x,¢) then vlg,  : S(z,e) — S"~! is well-defined.
The index of X at p is the integer given by

Ind(X,p) = deg (V‘S(m,s)) :

14

It is now possible to state the Poincaré-Hopf theorem.

Theorem 3.4. (Poincaré-Hopf theorem) Let M be a compact manifold pos-
sibly with boundary and let X be a smooth vector field with isolated zeroes
P1,--.,pr € M. If M has a boundary then assume that X is transverse to the
boundary and points outwards. Then

S 1nd(X, p) = x().
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In the case where the manifold has a boundary, then if instead of pointing out-
wards, the vector field is pointing inwards, the theorem is modified as follows:

D> d(X, pi) = x(M) = x(9M).

We refer to [Mil97] for the proof in the case where M has no boundary and to
[BSS09] if OM # 0.

Example 3.5. As an illustration of the Poincaré-Hopf theorem, consider M = B"
to be the closed unit ball. Then M = S"! and let X € T'(M) be the radial vector
field . The only zero of X in M is at the origin. If X is taken to point outwards,
then the origin is a source and Ind(X,0) = 1, which corresponds to the Euler
characteristic of M since the unit ball has the homotopy type of a point. Now, if
X points inwards, then the origin is a sink and therefore Ind(X,0) = (—1)". On
the other hand, since

2 if n —1 is even,

aM _ Sn—l :1+ -1 n—lz
X(OM) = x(5"7) (=1) {0 if n —1is odd,

we get that

X(M) —x(OM)=1—-1—(=1)"" = (-1)" = Ind(X,0).

3.2 Statement of the Gauss-Bonnet-Chern Theo-
rem

We now present the essence of Chern’s second article on the Gauss-Bonnet-Chern
Theorem [Che45|. Let (M, g) be an n-dimensional oriented compact Riemannian
manifold (possibly with boundary). The first step is the construction of what is
the generalization of the Gauss curvature in higher dimension. This quantity is
often called the Pfaffian of the curvature form or the Gauss-Bonnet integrand and
is defined using the Cartan formalism. Let (eq,...,e,) be an orthonormal moving
frame on an open subset U C M with dual coframe (1, ...,0") and let wi and Q4
be the connection and curvature forms associated to the Levi-Civita connection of
M. The Gauss-Bonnet integrand is the following n-form:

1

— Z e N A Qggi—l if n = 2p is even,

Pf(Q2) = 2rp! 7€Gs, (3.1)
0 if n is odd.

Although Pf(Q) is defined locally, one can easily show that it is in fact global by
using the transformation law for the curvature forms. In his paper, Chern used a
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slightly modified n-form which simplifies the constants but which is also a little
bit misleading in regard of the modern notations. More precisely, Chern defines

1
Q=——Pf(Q).
This notation is slightly ambiguous as €2 can denote both the Gauss-Bonnet in-
tegrand and the matrix of the curvature forms of M. However we shall carefully

precise, whenever it is necessary, to which definition €2 refers.

Let SM = {(p,v) € TM | v € T,M,|v|| = 1} C TM be the unit tangent bundle
and denote by 7 : SM — M the canonical projection. The n-form €2 is not exact
in general, however its pull-back by 7 on SM is exact:

Lemma 3.6. (Transgression Lemma) There exists II € Q"~'(SM) such that
Q0 = —dII.
With this lemma, the Gauss-Bonnet-Chern theorem can be stated:

Theorem 3.7. (Gauss-Bonnet-Chern Theorem) Let (M, g) be an n-dimensional
oriented compact Riemannian manifold and let v be the inward-pointing unit nor-
mal to the boundary. Then we have

(1 M) —x0M) ~ g [ PO = [ 32)

Let us make a few remark about this iconic theorem.

Remark 3.8. (1) Observe that for even dimensions x(OM) = 0 since OM is a
closed odd-dimensional manifold and therefore Theorem 3.7 reduces to

1 -
X = o /M PE(Q) = / o (3.3)

(2) If the manifold has no boundary, then the Theorem reads
1
(- (01) = o [ Pr@),
(2m)z Jur

and if n is odd then both the Euler-characteristic and the Pfaffian vanish so
that the theorem holds but gives no information.

(3) By a standard topological argument we know that the Euler-characteristic of
a compact odd-dimensional manifold with boundary is equal to half of the
Euler-characteristic of its boundary i.e.

X(M) = Zx(0M).

Therefore in odd dimensions, the Theorem reads

1X(@M) = / I1.
2 V(OM)



64 CHAPTER 3. THE GAUSS-BONNET-CHERN THEOREM

(4) Tf (M;?, gy) is a compact even-dimensional Riemannian manifold without bound-
ary of constant sectional curvature A, we obtain as a consequence of the The-
orem that the volume of M) is proportional to its Euler-characteristic. Indeed
recall that the Gauss-Bonnet-Chern Theorem can be stated using the last
Lipschitz-Killing curvature as

X(M)) = @sz(f\/[x)-

Moreover the Lipschitz-Killing curvatures of manifolds of constant curvature
were given in Theorem 2.17, so that we know that

(2p)!
2rp!

ngp(M)\) = )\p VOI(M)\),

therefore
AP(2p)!

22p7rPp)

VOl(MA) = X(MA)

Observe that the sign of the Euler-characteristic depends on the dimension.
In particular if A = —1 then

(—1)Px(M_y) > 0.

Which is a particular case of the so called Hopf conjecture.

(5) In the case where the manifold has a boundary, observe that a choice of unit
normal vector v is made. In particular its orientation (inward/outward point-
ing) is important and modifies the statement of the Theorem as we shall see
hereafter.

3.3 Chern’s Proof

3.3.1 First Step: The Transgression Lemma

Chern’s main idea in the proof of his theorem is to switch from the manifold
M to the manifold formed by all unit tangent vectors, which we denote by SM
and to show that the pullback of the Pfaffian form Pf(€2) (here Q denotes the
matrix of the curvature forms on M and not on SO(M)) on this manifold by the
standard projection is exact. The following proposition, whose proof can be found
in [KN63|, p.57, will help us to establish a natural link between the connnection
and curvature forms on M and SM.

Proposition 3.9. Let 7 : P — M be a principal G-bundle and let H C G be
a closed subgroup of G. Then N := P/H is a differentiable manifold and we
have a principal H-bundle given by m; : P — N. Moreover there is a canonical
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associated fibre bundle m : N — M with fiber G/H such that the following
diagram commutes

P

oL N

Let us apply this proposition to the bundle of positively oriented orthonormal
moving frames P = SO(M) with structure group G = SO(n) and H = SO(n—1).
There is no canonical way for SO(n — 1) to be a subgroup of SO(n) since the
orientation preserving isometries of R"~! are not canonically orientation preserving
isometries of R™. The choice of a direction v € S"~! in R” must be made in
order to split R" as R"! ¢ Rv and make SO(n — 1) act on R""!, leaving the
direction v invariant. For the rest of this section, we make the following convention:
if (vq,...,v,) is an orthonormal directly oriented basis of R", then the chosen
direction in making SO(n — 1) a subgroup of SO(n) is the last one v = v,. This
means that the action of SO(n — 1) on SO(M) is defined as follows:

SO(M) xSO(n—1) — SO(M)
(u, A) — u- A

(A 0
A:<0 1>€SO(n).

Therefore, if u = (p, X1,...,X,,) then (u-A) = (p, A]X;,..., AL X;, X,) where
we sums over repeated indices run from 1 to n — 1.

The quotient manifold N = SO(M)/SO(n — 1) is therefore diffeomorphic to the
unit-tangent bundle SM since the above action of SO(n — 1) is transitive on the
orthonormal directly oriented bases of R"~ 1.

Moreover, we know that the quotient SO(n)/SO(n — 1) is diffeomorphic to the
oriented sphere S*!, therefore Proposition 3.9 gives rise to the following bundles:

(a) A principal SO(n)-bundle 7 : SO(M) — M. We denote this principal bundle
by € ie. £ = (SO(M), M,SO(n), ).

(b) A principal SO(n — 1)-bundle m; : SO(M) — SM. We denote this principal
bundle by & i.e. & = (SO(M),SM,SO(n — 1), m).
(c) A fibre bundle 7y : SM — M with fibre S"~!, which is nothing different but

the usual unit tangent bundle of M. We denote this fibre bundle by &, i.e.
62 = (SM, M, 7'('2).

In terms of a diagram:

where

SO(M)

ol
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Chern’s construction of the form I in Lemma 3.6 can now be explained using the
modern language of principal bundles. The particularity of his construction is that
although the form II is built up from the connection and curvature forms, and is
therefore local in essence, it appears that it does not in fact depend on the chosen
section of the bundle 7 : SO(M) — SM.

As before, write w = w! - B/ and Q = Qi - E/ with (E!) the standard basis of
o(n), and wi € QY(SO(M)) and Q) € Q*(SO(M)). Moreover, if (e,...,ey,) is
the canonical basis of R", the canonical form 6 can be written as 6 = 0" - ¢; with
6" € QYSO(M)).

On the total space SO(M) consider the following (global) forms:

Bp= > LA AT AW AW

02k n
c€Gp_1

U =2(k+1) > Q%A AQEE AQPET AWPH AL AW

O2L n
ceG,_1

Remark 3.10. The cautious reader may note that our definition of ®, and W,
slightly differs from the one given by Chern in [Che45]. If we denote his forms by
pehen and whem the following relations hold:

q)k — (_l)n—lq)ghern
\Ijk — (_1)”\1}%116”1.

The same is true for the n-form €2:
0= (_1)%QChern.

This is actually due to the convention on the indices in the connection and cur-
vature forms w;- and Qz The relation between his convention and ours is the
following

Chern __ , J __ 7 Chern __ (J __ i
w;; =w; = —w; and Qij =0 = —Qj.

The apparent complexity of the two differential forms ®; and ¥, hides a powerful
property of invariance when they are pulled back on the unit tangent bundle SM
and therefore that they are globally defined on SM. Indeed, it appears that they
do not depend on a particular section. More precisely we have

Lemma 3.11. Let v : U — SO(M) be a section of §, and let s; : U, — SO(M)
be two sections of &; such that v(U) C U;. Then

(51 00) @) = (s500) ® € Q" 1),
(s100)* Wy = (sg00)" Uy, € Q*(U).
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Proof. For i = 1,2, let r; := s;ov : U — SO(M) and observe that they are
sections of £&. On U, the sections r; and 75 are moving frames with the same last
vector, so there exists a smooth map A : U — SO(n — 1) such that

_ - A 0
where A : U — SO(n) is defined by A = (0 1>. By equation (2.14) and

Proposition 2.31 we know that

g+ A WA,

w=A
r3Q = (r; - A)*Q = A QA

Moreover

_ Al 0 _ dA 0
Al = and dA = )
0 1 0 0

Only some particular connection and curvature forms are involved in the expres-
sions of @), and Wy, namely the w}, and the Q) for 1 <i,j < n — 1. Using the
transformation laws we obtain directly

n—1
x4 —1i*j_§:j*j_ ¥ 0T
Ty, = (A )jlen - Airlwn - Aﬂrlwrm

3 = (A7) Qf AL = ZAkA’.rTQf“,

k=1
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since A=t = AT Therefore,

* — *()o1 *()02k—1 * ,02k+1 * ,0n—1
5P = E EoTa 20 Ao  ATRQZTE A rowp A LA Wy
c€G, 1
n—1 n—1
— H1 A2 .2 OML H2k—1 AM2E -  (OM2E—1
= E o E ADARTT UL AN g Al AL Q%
0€6n_1 H1,p2=1 H2k—1,H2r=1
n—1 n—1
H2k+1 0% yH2k+1 Hn—1,.%, JHn—1
A g A rriwy, AN g Al triwhn
Hok+1=1 pn—1=1

n—1
= B, AMn—1p%)H1 *(OYH2k—1 * okl *, i1
= E E e ALy - AT QUn A AT A TTWRPRTE A LA Ty
0€EGH_1 H1yespin—1=1

n—1
_ H1 ... Abn—1 * (Y1 * Y2k —1 *2k41 * o fn—1
= E E Ec ALy - AL QU A AT U A TTWORYA LA T W
Piyeespin—1=1 \0€&n_1

_ TL .. ATn—1 *()T1 *()T2k—1 *, Tokpt1 *, Tp—1
= E E Eoc AL - AT QAL ATIQ A TTWRRFL A LA TIw

On—1 T2k
TESL—1 c€G, 1

J/

er det(A)
= E e UL A ATTQERE AW A A T
T7€6H 1
:ZTTQk.
The same proof can be carried out to show that rjW; = r3W. ]

It is important to note here that the sections r; are not arbitrary sections of the
bundle . Indeed, they share the same last vector. Therefore, at each point p € U
we only need the subgroup SO(n — 1), and not the whole group SO(n), to act on
the fibre to send r1(p) onto r5(p). This would not be true if 1 and o were arbitrary
sections, since they would be related at each point by an element of SO(n) and not
only SO(n—1). It is then natural to take a closer look at the situation pulled-back
on the unit tangent bundle since we know that SM = SO(M)/SO(n — 1).
Therefore, if we consider the sections of & defined by

§ii=riomy:my (U) = SO(M),

we obviously have §5®;, = §5®, and VU, = 5V, on 7, *(U), but actually these
forms are global i.e. they are defined on the whole unit tangent bundle SM.

Proposition 3.12. Let (pg,vg) € SM and let v: U — SM be a vector field such
that v(po) = (po,vo). Let also s : U — SO(M) be a section of £ with v as last

vector and set &, = 155 P, € Q! (73" (U)). Then Dy, is independent of v.

(po,vo)
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Proof. The differential dmy : T'SM — T'M vanishes on vectors that are tangent to
the fibre 7, '(p). O

The consequence of this proposition is that at each point (pg,vy) € SM we can

define the form @k‘( : as above i.e. using a vector field v : U — SM, where U
Po,vo
is an open neighbourhood of py, and a section s : U — SO(M) having v as last

vector. By Lemma 3.11 the form ®; does not depend on s and by Proposition
3.12 it does not depend on v either. Therefore we have

Corollary 3.13. The form i)k is defined on the whole manifold SM i.e. i)k €
QL (SM).

The last two results hold also for the form U, = 758" Wy, The next step in proving
the transgression lemma is to establish a relation between the ®; and the W;. This
is summed up in the following lemma:

Lemma 3.14. Setting U_, = 0 for convenience, we have forall k = 0,1, . . ., 15]—1
~ ~ n—2%k—1-
Ao, =V, 1+ —————
k k—1 1 20+ 1) k

Proof. Let us compute the exterior derivative of @, which is an n-form on SM.

A0, = > o (dAQR A AQRET AW AL AW

0€Gn_1

+ QI AAQE ANQT AL AQIRL A WAL AW
+ ...

+ QA A QI A QTR A WA LA W

+ QA ANQZEE A dwp R AW A L AW

+ ...

FQIA L AQPELA WA AW A dwdm )

02k

=k D edQRAQE AL AQEE AWTEA L AW

02k
e,

+(n—1—=2k) D QA AQEE AdwT AW AL AW

n
c€G, 1

since the Q; are two forms and therefore commute without change of the sign with
any other k-forms. The second structure equation (1.8) and the second Bianchi
identity (1.10) are given in matrix notation by

dw =0 —wAw,
dQY=QANw—wA,
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or with the indices
dwpy = Q% —wi AW§,
Ay = Q& NG — wi A QS
O2k+1

Replacing d€27! and dwy, using the last two equations and separating the terms
who do contain some w§ (for 1 <4,5 <n—1) and those who don’t, we get

AP =k Y Q0 A AQEETAQT AW AW AL AwS

02k

c€G,_1
_ 03 O2k—1 n o1 O2k+1 On—1
k E EcU N ANQEEE A QD AN Wt AwpPR A LA wy
c€G, 1
+(n—1-2k) § EL N oL AQZZTE N QLA 2R A LA W
0'6671,71
o3 O2k—1 o1 i O2k+1 On—1
+k E EoU AN ANQTEE A QT N we, AwpETE AL A wp”
c€G, 1
A
_ o3 O2k—1 i o1 O2k41 On—1
k E EAUS AN NQIEE N QL AW AW L AWy
0'6677,71
By,
o1 O2k—1 O2k+1 i O2k+2 On—1
+(n —1—2k) E €U A NPT AW AW AW AL AW
c€G,—1
Ck

In this huge expression for d®; there are actually several known and simple terms.

Indeed, the third line is exactly "2@1;12)’“ V. Moreover the first two lines are the

same up to the transposition that exchanges o, and o,. Therefore we can write

—1-2k
ARy = S ek 2 DT Q5N A AT AGT AW A AT

UEGTL—l

+ Ar + B + C,

The second term of the right-hand side is (up to a relabeling of the permutations)

2k > S QAL AQRES AQRE AW AWPHA AW = Uy

T2k—2
TEGn—l

so that

n—1-—2k
2(k+1)

Finally, all the terms containing some wj- must simplify since the pullback of d®y

on SM is a global differential form and therefore cannot contain connection forms

dd;, = W, + W+ Ay + B, + Ch. (3.4)
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that are not of the type w’. This can be seen by taking a moving frame satisfying
i

wj(p) = 0 for some point p € U (this corresponds to choosing normal coordinates

in the neighbourhood of the point p). Since dd;, is a global form on SM then
for every choice of a moving frame in the neighbourhood of p the terms in dd,
containing connection forms of the type w;- will simplify at the point p and since
the point is arbitrary. It follows that A + By 4+ C) = 0 and pulling back Equation
(3.4) on the unit tangent bundle SM we get

= n—1-—2k-~ Iy
k 20+ 1) k k—1
O
The last lemma yields the following formula for \Ifk in terms of déo, . ,d(i)k:
k .
. o (2k+2)--(2i+2) -
= (1) do; 3.5
g Z( ) (hn—1-2) - (n—1—2k) " (3:5)
=0
for every k =0,..., 5] — 1. Therefore we have
(a) if dim(M) =n = 2m:
U1 = 2m Z eo QLA LA QT8 A Qe
c€G, 1
= D &AL AQE A QD
UEGTL—l
= 2"mlr; Pf(Q),
(b) and if dim(M) =n =2m + 1:
Uy =2m > Q% AL AQRES AQRT AT = Ay,
c€G,_1
since \i'm = 0.
So finally defining on SM the following global form II of degree n — 1
~ LanlJ (_1)k+1 5 L
II = — — O, € Q" (SM), (3.6)
o 2nme KD ()

we can show the transgression Lemma 3.6 using Lemma 3.14:

Proof. (Lemma 3.6)
Using the formula (3.5) one can easily show both for n = 2m even and n = 2m+1
odd that the constants simplify so that

—dIl = w9,
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where  is the Gauss-Bonnet integrand (3.1) and is not to be confused with the
curvature form of SO(M), or equivalently

- 1
—dll = ——75 P{(Q)
(2ﬂ)§7r2 ()

O

3.3.2 Step Two: Application of The Hopf-Poincaré and The
Stokes Theorems

Throughout this section, let (M, g) be a closed oriented Riemannian manifold of
dimension n. The case where M has a boundary will be dealt with in a second
time.

The next and last step in Chern’s proof is to establish the link between curvature
and topology. This is done by choosing a unit vector field v with (possibly) isolated
singularities. Denote by I = {z1,...,x,.} C M the set of singularities of v, so that
we can write v € I'(M \ I,SM). Without any loss of generality we will assume
that there is only one singularity x. Around this singularity, one can consider a
small ball B(z,¢) such that v is well-defined on

M. =M\ B(z,e).

Let N, denote the image by v of M. i.e. N. = v(M,). In order to be able to use the
transgression lemma, we switch from M to SM via the pull-back of the projection
M| N N, — M.. Restricted to M. and N., v and 7y are inverse to each other.
Therefore applying the transgression lemma 3.6 as well as Stoke’s theorem we get

/ 0= / Q-+ / 0
M e B(z)
£ B($i76i)
:/_m+/ Q
N. B(z,e)
=— / I+ / Q.
ON: B(z,e)
Now, letting ¢ — 0, we obtain on one hand

lim Q=0.
e—0 P(m,e)

On the other hand, denoting by ¥. the boundary of B(x, ) i.e. the sphere centered
at x of radius €, we have

lim / II = —lim II
e—0 ON. e—0 V(Zg)
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where the minus sign comes from the orientations of 0NV, as the boundary of a
manifold and of v(X.) as the image of the sphere.

3.3.3 Conclusion of the proof

We reproduce here the argument made by Chern to complete the proof. First,
using normal coordinates he notices that the integral over X, of v*®,, for £ > 1 is
bounded by a constant times ¢ i.e. there exists C' € R such that for all £ > 1 we

have
/ Ol < C e,
V(Es)
therefore
. 1
lim IT=— — lim O
e—0 ZI(E ) QHWTF (77,—2'1-1) e—0 U(Eg)
Since
By = Z EoWpt Ao AwprT?
0'6677,71
= Z WAL AW
oSG
=(n—-1Dw A AW
we get

~ —1)!
lim/ II=— (ﬁl ) lim/ WEA AW
=0 Jy(s.) o5 (n_l) =0 Jy(s.)

Finally, by Lemma 3.15 we have

1 -1 n—1
lim / WA AW = (=1 des(f) / dvolgn-1 = (—1)"'Ind(v, x)
v(Ze) Sn—1

e=0 1 Qp—1

273
r(z)
is the volume of S*~!. Thus, since we assumed that x was the only singularity
of v on M, we also have by Poincaré-Hopf theorem that Ind(v,z) = x(M) and
therefore

where f : 3. — S™"!is the map defined by f(p) = v, for p € ¥, and o, 1 =

, = (=D)"(n—1) 22
1 I = M).
=0 Js. " 2HWTF(“TH)F(§)X( )

Using the identity I'(2)['(z + 1) = 2'72%/7['(2z) (often called the duplication
formula) we obtain

e—0

lim/Z VT = (=1)"x(M).
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Recalling that = (27)~2 Pf(Q), this completes the proof of the Gauss-Bonnet-
Chern Theorem in the case where the manifold has no boundary:

(-0 (01) = o [ Pr@), (3.7
(2m)2 Ju

Observe that if n is odd the theorem reduces to x (M) = 0.

By introducing normal coordinates, one can show that the pullback of the volume

form of S*~! on X, by v can be written by means of the second fundamental form

of OM in M:

Lemma 3.15. Let f: 3. — S"! be the map defined by f(p) = v, for p € 3..
Then
frdvolgn-1 = (=1)" MWl AL AW 4 o(e).

Proof. Let us make general consideration about the pullback of volume forms.
Let F': M — MJ" be a differentiable map between two manifolds and let g be a
Riemannian metric on M, as well as p € M, and ¢ = F(p). Let U C M; be a an
open neighbourhood of p and let (eq,...,e,) be a directly oriented orthonormal
moving frame on F(U) C M,. Then on U we have

dF = i)\lel = iei ® )\Z € TMQ ®T*M1,
i=1

i=1
where \' € QY(U) is the 1-form defined on U by
No= 0 with 6(e;) = 6.

J

This implies that F*dvoly, = AP A ... A ™.
Now, recall that on an open neighbourhood U of a Riemannian manifold (M, g)

we have , .
Ve, =wle; =¢;@uw] € TM QT M (3.8)

Going back our particular situation of a map f : . — S"!, consider a directly
oriented orthonormal moving frame (ey,...,e,_1,e, = v), we have by Equation

(3.8)
n—1
Vv = Z Wl
j=1

since w;' = 0. Now, by taking a system of normal coordinates at p we identify the
vector field v and the map f we get

n—1
df =Vv+o(e) = Zwﬁ;ej + o(e).
i=1

Hence we get by the general consideration made above

fravolgn1 = w) AL AW
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3.3.4 The Case of Manifolds with Boundary

Suppose now that (M, g) is an n-dimensional compact oriented Riemannian man-
ifold with boundary. In this case, the behaviour (i.e. inward/outward pointing) of
v at boundary points is important in view of the Poicaré-Hopf theorem. Following
Chern, let v be inward pointing at each boundary point. The main difference is
that now the boundary of N, consists of two distinct components, the image of
the boundary of M under v i.e. v(OM) and the image of ¥, under v. Therefore,
the same argument as before gives

/ Q- / Q4 / 0
M . Bl(xe)
[ mhoo+ [ o
N, B(x,e)
= / —dII + / O
- B(x,e)
= - / I+ / I+ + / Q.
v(OM) v(Xe) B(x,e)

Letting ¢ — 0 we obtain by Theorem 3.4 the Gauss-Bonnet-Chern theorem for
manifold with boundary:

n . . 1 _ ]
(1 (M) —x0M) ~ g [ PO = [ 39)

Equations (3.7) and (3.9) together prove the Gauss-Bonnet-Chern Theorem 3.7.

Remark 3.16. Observe that when n is even, then M is a closed manifold of odd
dimension, therefore

X(M) if n is even,

(=D)" (x(M) — x(0M)) = { X(OM) — x(M) if n is odd.

This quantity is what Chern, Allendoerfer, Weil and other people call the inner
Euler-Poincaré characteristic of M and that they usually denote by x/(M).

Example 3.17. If M = S is a compact orientable surface with boundary, then one
recover the classical Gauss-Bonnet theorem. Let e; := v be an inward-pointing
vector field defined on a neighbourhood U of the boundary. In dimension 2 there
is a unique vector field e; such that (e, es) is an orthonormal directly oriented
moving frame on U. Then by Example 1.28 we already know that

Pf(Q2) = Kdvolg,

where K is the Gaussian curvature of S. Moreover

. 1 1 ~ 1 1 1
= ———— *(D:—*~1:—1:—kd 1
PR TAAT () T T T o T g
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where k, is the geodesic curvature of the curve 9S. Therefore the Gauss-Bonnet-
Chern Theorem in dimension 2 reduces to

1 1
S) — — [ Kdvolg = — k,dvolyg.
X() 27/5 VOlg o Jos gdVOlpg

3.3.5 A Remark About the Orientation in the Case of Man-
ifolds with Boundary

Recall that the changing the orientation at the boundary (inward/outward point-
ing) of the normal unit vector v in Theorem 3.4 changes the statement. This
remark is obviously also true concerning the Gauss-Bonnet-Chern Theorem since
Poincaré-Hopf’s Theorem is used. However, the change in the statement of the
Theorem is this time quite subtle. Let (M, g) be a compact oriented n-dimensional
Riemannian manifold with boundary. Denoting as before the inward-pointing unit-

normal vector by v consider the outward-pointing unit normal vector field 7 = —v.
Let (eq,...,e,) be an oriented orthonormal moving frame such that e, = v and
let (€1,...,€,) be the oriented moving frame defined by

€, =¢ and €,=—e, =7,

for all 1 <i <n—1. These two frames define an opposite orientation on M (and
therefore on 0M) and the connection and curvature forms are modified as follows:

—A .
Lemma 3.18. Let wi, Q4, @53 and Qp be the connection and curvature forms
associated to the two above moving frames. Then

w; = wj,
@ - _wfw
i .
Qf = (2,
Q,=.

Proof. Using the first structure equation (Lemma 1.10) we have on one hand

a6’ = 0" N,
0" AT, +0 AT
=—0"Awj, + 6 AT,

and on the other hand

i = db' = 0" N wi, + 67 AW
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Hence by comparing the terms we get w! = @ and w}, = —,. Now the second
structure equation (1.8) gives
Q= o’ + @y AT
= dw} + wp Aw; + (—wh) A (—wh)
; ' A
= dwj + wjy A w;
= Qi
and since w, = w, = 0:
Q. = dw', + oy AW
= —dw! — wi AP
-
O
This lemma can be interpreted by recalling that the second fundamental forms b”

and 0" of OM in M with respect to the two unit normals v and 7 can be written
as

b=T5o' @ 60,
W=T.0 20
Hence the change of sign @', = —w!, simply comes from the fact that the sign of the

second fundamental form depends on the orientation of the chosen unit normal.
By Proposition 1.26 we know that the Pfaffian changes as

P(0) = — PE(Q),

but since the orientation of M is also reversed the integral of the Pfaffian remains

unchanged:
/ Pf(Q2) —/ —Pf(Q):/ Pf(Q),
(M,7) (M,v) (M,v)

where we have denoted by (M, 7) and (M, v) the manifolds with the orientations
corresponding to v and v. The form II is modified as follows:
125+]
M= {

n—2k+1 D,
o 2'mE kD (=)

1)k:+1

where

Bp= Y Q0 A AT ATA L AT

c€EG,_1

= (1" F N QAL AQEET AW AL AW

02 n
0'667171

— (_1)n—1—k(§k
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whence

&
=) — Dy,. (3.10)
£ T KT (23

Therefore going through the same proof as the one for manifolds with boundary
and taking into account the Poincaré-Hopf Theorem, the Gauss-Bonnet-Chern
Theorem 3.9 can be rewritten in terms of an outward-pointing unit normal vector

field v as
(—1)”X(M)—ﬁ/MPf(Q):/V(BM)ﬁ. (3.11)

It will actually be important thereafter to know both the statements for an inward
and an outward point normal unit vector.



Chapter 4

Asymptotically Conical Ends and
Conical Singularities

The Main Theorem 7 stated in the introduction shall now be demonstrated. The
choice of separating the proof in three different step has been made in order to
emphasize the particularity of each case. First we assume that the manifold admits
conical ends in the sense that each end is isometric to a Riemannian cone without
perturbation of the metric. This assumption implies in particular that the Pfaffian
of the curvature form {2 vanishes on every end and therefore the total curvature is
well-defined. In this case, the idea of the proof is to consider an exhaustion of M
by compact manifolds with boundary and apply the Gauss-Bonnet-Chern theorem
to each element of the exhaustion. This provides a quantification of the Gauss-
Bonnet defect in terms of an integral on the boundary, and a careful analysis of
the asymptotic behaviour of this boundary term yield the formula.

In a second time, the metric on each end is assumed to be asymptotically conical,
meaning that the metric can be written as the standard conical metric plus a
perturbation term which vanishes asymptotically (as well as his first two covariant
derivatives). The technical details about the convergence of the metric are tackled
in Appendix A. In this case, the integral of the Pfaffian of Q (i.e. the total
curvature) is not necessarly equal to zero but it does vanish asymptotically so that
the total curvature is well-defined. We then have to ensure that the boundary term
in the Gauss-Bonnet-Chern theorem converge to the one obtained in the previous
(strictly conical) case.

Finally we deal with the case of conical singularities.

4.1 Manifolds with Conical Ends

All the preparation that has been done so far will now serve to show a version of
the Gauss-Bonnet-Chern theorem for complete manifolds that are not necessarly
compact. Assumptions have to be made both on the geometry and the topology
for the integral of the Pfaffian of the curvature forms to converge and for the Euler

79
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characteristic to be an integer.

On the topological side, the natural hypothesis is to assume that the manifold M
is of finite topological type (see Definition 3.1), i.e. that there exists a compact
submanifold of M in which all the topology of M is contained.

The geometric assumptions have to ensure the convergence of the integral

| P,

therefore we will first consider the case where all the ends of M are conical.

[P

is to be understood in the sense of densities. More precisely, we say that an n-form
B € Q"(M) is integrable if
[ 181 < +0,
M

where 3 is the natural density associated to § (See [Leel3|, pp. 427-434).

Remark 4.1. The expression

This means that the restriction of the ambient metric g to each end E; takes the
form

g =tgy, +dt*,
with gy, a metric on N;. Recall that by Corollary 1.30 the Pfaffian vanishes
identically on a conical warped-product.
This geometrical hypothesis will be relaxed hereafter as the Pfaffian does not need
to vanish for its integral over M to converge, but only to decrease sufficiently fast.
Let us first suppose that M has no boundary. We will work out an expression for
the Gauss-Bonnet defect of M in terms of the Lipschitz-Killing curvatures of the
N;’s. More precisely, we have the following theorem:

Theorem 4.2. Let (M, g) be an even n-dimensional complete oriented Rieman-
nian of finite topological type. Assume that M has one end E = N x (1, 00) with
N C M compact and moreover that E is conical. Then the Gauss-Bonnet defect
of M is given by .

(2m)

e p— /M PE(Q) = 7(V), (4.1)

where 1)
T(N)= Y Aln,k) / C?*((R — D)*)dvoly (4.2)

k=0 N

with R the curvature tensor of N and D = %gN @ gn, and the constants A(n, k)

are given by ( L 28
n—1-—2k)!

= - >0
20k T kI(2k)IT (Z=2L)

A(n, k) = (4.3)
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Remark 4.3. The requirement for the manifold to have only one end is not a
restriction. The choice of this assumption is purely motivated by the readability
of the formula. If M has r ends Ny, ..., N,, then the statement is the same except
that one has to sum over each end separately.

4.2 On the invariant 7(N)

The geometric invariant 7(N) can be easily computed in low dimensions. Table
4.1 gives some values of the constant A(n, k) for some small n and 0 < k < [251]:

Knl2[3]4] 5 [ 6
o T[] =5 [ »
21 47 212 82 73
N
8m | 8m2 1672 873
o I - | - [ - [
38472 38472

Figure 4.1: Some values of A(n, k).

Example 4.4. (Dimension 1) Let 7 be a closed curve. Denoting by ds the
length element of v, the invariant 7(y) is given by

T(v) = A(2,0) /ds = %length(’y).

v

Example 4.5. (Dimension 3) Let (N, gn) be a compact 3-dimensional Rieman-
nian manifold. The invariant 7(V) is given by

7(N) = A(4,0) /

N

dvoly + A(4,1) / C*(R — D)dvoly.

N
But given an orthonormal moving frame (eq, es, e3) on a open subset U C N we
have by definition of the contraction:

3

C*(R—D) =Y (R~ D)(ei,e;)(eire;)

i,j=1
3 3
= Z R(@i, €j>(62‘, ej) — Z D(ei7 ej)(eia ej)
i,j=1 4,j=1
= Scalg, — 6

since D(e;, e;)(ex, 1) = 0051 — 0i0j5. Therefore

#(N) = ——Vol(N) + SL /N (Scal,, — 6)dvoly

272 2

1
=30 . (Scaly,, — 2) dvoly.
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This result was obtained by Dillen and Kiihnel in [DKO05, p. 191] in the case of
cones in RY. Observe that the value of 7(IN) depends on the mean scalar curvature

of N.

Example 4.6. (Flat Manifolds) Let us suppose that (N, gy) is a compact odd
dimensional flat Riemannian manifold i.e. that R = 0. It follows that

C*((R - D)") = (=1)"C*(D").

But we know the contractions of the curvature tensor of the sphere by Equation

(2.9):
2k [ kY _ ((2K)1)?* (n—1
CHDT) = ok ( 2k )

therefore
125
T(N) = Z (—1)"*A(n, k)/ C?*(DF)dvol y
k=0 N
L1252

= Y (~1)FA(n, k) ((28))° (” - 1)V01(N)

2k 2k
k=0
= C' - Vol(N).

Example 4.7. (Space forms) As in the preceding example, if (N, gy) is an odd
dimensional space of constant sectional curvature A € R, the invariant 7(N) is
given by a function of A\ times the volume of N. Recall that the curvature tensor
of such a manifold is given by

R =M\D.
Hence we have
C*((R~ D)) = C*((AD — D))
= (A — 1) C*(D")
_ (A — 1)F((2k)!)? <n — 1>.

2k 2k

Thus 7(N) is given by

7(N) = Z A(n, k) /N (A_l);f(%w (nQ_kl)dvolN

o5 I £
S (A 1>2k<<2k)!) ( 2k1>A(n, k)Vol(N)
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the function ¢(A) being a polynomial in the variable A.
Then if (N, gn) = (S*1, g1), with ¢g; the metric on the unit sphere with constant
sectional curvature A = 1, then the invariant 7(S*!) is simply given by

(n—1)!

7(S"1) = A(n,0)Vol(S"!) = — =1
(87 = Al OVOIE"™) = s

This value for 7(S"!) is confirmed by Theorem 4.2 applied to R™ seen as the
standard cone over S"~!

1
(23

Remark 4.8. (Extension to odd dimensions) The invariant 7(N) is actually
defined also when N is even dimensional. For an arbitrary (n — 1)-dimensional
compact Riemannian manifold (N, gy) we set

6" ) = x(®) - o [ PHO) = (R =L

125
T(N) = (=1)" Y A(n, k)/ C**((R — D)*)dvoly. (4.4)

k=0 N

We believe that for even dimensional N, this invariant simplifies to give only
the Euler-characteristic of N via the Gauss-Bonnet-Chern theorem. For a 2-
dimensional N we get

T(N) = —A(3,0) / dvoly — A(3,1) / C?*(R — D)dvoly.
N N
As before we have

2

C*(R—D) =Y (R~ D)(ei,e;)(eire;)

1,j=1

2
= Z R(@i, €j>(ei7 ej) — Z D(ei7 ej)(eia ej)
i,j=1 ,j=1
= Scalg, — 2
= 2[(Gauss — 2.

Therefore
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where we have used the Gauss-Bonnet Theorem for N in the last equality. Observe
that this result is consistent with Theorem 4.2 since if (M, g) is a complete non
compact 3-dimensional manifold with one conical end of link (N, gy) then the
left-hand side of Equation is simply —x(M) since the Pfaffian of a 3-dimensional
vanishes. But it is known that the Euler-characteristic of an odd dimensional
manifold with boundary is half the Euler-characteristic of its boundary. In our
case we thus have

Relation between 7(N) and the Lipschitz-Killing curvatures
of N

Knowing the close relation between the contractions of powers of the curvature
tensor of a manifold and its Lipschitz-Killing curvatures, it not surprising that the

invariant 7(/V) can actually be written as a sum of Lipschitz-Killing curvatures of
N:

Theorem 4.9. Let (IV,gy) be a compact n-dimensional Riemannian manifold.
Then

L25)
T(N) = Z An ik Kor (N), (4.5)
k=0
where the A, ; are given by
n,k — Z<_ ) (n—1—2j)'(]—k}>'23_k (naj)v ( : )

j=k
with A(n,7) defined in Equation 4.3.

Proof. Since the double-forms R and D are of type (2,2) their exterior product
commutes without changing i.e. RA D = D A R (c.f. Equation (2.1)). Thus the
k-th exterior power of (R — D) can be expanded using Newton’s binomial:

(R—D)F = 2: (];) (=) RI A DF.

It follows that the 2k-th contraction of (R — D)* is given by

C%((R - D>k) = ‘ (R - D>k<€i17 T 6,'%)(62'1, cr eizk)

= Z i (k)(_l)k—j (RIADF ) (€51, €ine ) (€irs - - - s €45,
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Using the definition of the wedge of double-forms and the fact that the C?¢~2( D¥=7)
are known from Proposition 2.18 we can rewrite this last expression as

C*((R — D)* ZunkJCJ(R”)
7=0

Hence, since we have extended the definition of 7(N) to compact manifolds of
arbitrary dimension in Remark 4.8, we have

125

T(N) = (=1)" Y A(n, k)/ C?*((R — D)*)dvoly

k=0 N
Ln l
Z 1)"A(n, k) Z,U,nkjj (29)! / Kkaj(N)
Jj=0 N
L?J
= Z /\n,kiKQk(N)?
k=0

where A, is a complicated expression obtained from the constants A(n, k), fin
and by changing the double sum as a simple sum.

The constants A, ; being universal, a strategy to calculate them explicitly is
to compute the invariant 7(N) on a particular example whose Lipschitz-Killing
curvatures are known. Consider the family of manifolds given by (N,, g.,) =
(S"~! a*gsn-1) consisting of spheres of constant sectional curvature a% By Propo-
sition 2.18 we know that:

125+ 27

n— 1 (n—Ddevs 1o
kzo Ak Xk (S, Z >\nk2kk| —1—2k)!a :

On the other hand we have by Example 4.7 (which be easily adapted to odd
dimensions):

(a7

Il
|
-
S—
3
<
/|\
~
s
=~
2]
]
L

)A(n, E)ay,_1a"

zk: % Vo 1(”J)A(n,k)(k,>a”—1‘2j(—1)”+’“‘j

J
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then by comparing the coefficients of the powers of a we finally get after "simpli-
fications":

(n—1- 2k)'j'(2j)!

A = —1)ntik — A(n, j
n—1
LZJ 1)k — 1 — 2k)!
= ] _ ]{;l 92— k']r ) F (#)

O

Although those constants are rather complicated, they are calculable at least for
small dimensions. Some values are given in Table 4.2. Observe that for odd
dimension only the top Lipschitz-Killing curvature is involved in the expression
for 7, which confirms the result obtained in Remark 4.8.

k\n | 2 3 4 5 6 7 8
1 1 3 15
0 27 0 4702 0 873 0 1674
1 1 1 3
1 T 472 0 ~ 8xd 0 1672
1 1 1
2 B - - 82 83 0 1674
1 1
S -1 - - - - | T | Tem

Figure 4.2: Some values of \,, ;.

In particular, recalling that for an even dimensional compact Riemannian manifold
M? the last total Lipschitz-Killing curvature is given by

Kop(M) = (2m)Px (M)
we find that
(a) if dim(N) = 1, then
Vol(N)

or

7(N) = 5-Kol(N) =

(b) if dim(/V) = 2, then we recover the result of Remark 4.8

1

— L 2m (V) = — 2y (),

r(N) =~ K(N) =~ :

47

(c) if dim(V) = 3, then we recover the result of Example 4.5:

1 1 1
T(N) = = 5 %o(N) + 1 59N = /N (Scal,, — 2)dvoly
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(d) if dim(N) = 4, then

P(N) = = 5 Ka(N) =~ ((2)X(V)) = —5x(V);
(e) if dim(N) =5, then
3 1 1
T(N) = @KO(N) - @JQ(N) + @5(4(]\7)
_3VOl(N) 1 1 '
=35 " Ig /N Scalg, dvoly + @9{4(1\7),
(f) if dim(N) = 6, then
F(N) = =1 Ke(N) =~ (2m)*X (V) = —5x(N);

As it is suggested in Table 4.2 and in the last examples if the dimension n is odd,
or equivalently if dim(/V) is even, then 7(N) seems to be equal to —3x(N). The
next proposition shows that it is actually a general property:

Proposition 4.10. Let (N, gy) be a compact even dimensional Riemannian man-
ifold. Then

T(N) = —=x(N). (4.7)

Proof. Denote by n = 2p the dimension of N. Then

p

_ qyi—k+1 (2p — 2k)!
Aopt1k = ]:Zk( 1) (j — k)122+1=kpeT (p — j + 1)
(2p — 2k)! - j—k 1
= TN ()Rl
92p+1—kyp Z( ) (j—k)(p—))!

=k
(2p — 2k) A
T QHkgp(p — )] Z )

=

but the alternating sum of the binomial coefficient vanishes, therefore if k # p we
have Aopi1x = 0 and if & = p then

I 1
ortlre — 2(27)P’

Aopiik = —

Hence using the fact that Ko,(N) = (2m)?x(N) by Equation 2.12, we finally get

- Z Ak Kop(N) = —2(21”)1, (2m)Px(N) = _%X(N)‘
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4.3 Proof of Theorem

Let us now prove Theorem 4.2. The manifold M being of finite topological type
it can be written as

M=KU(N x(1,00)=KUE,

where K C M is compact with N := 0K connected and E := N x (1,00). Let us
denote by gy the restriction of the ambient metric g to N and by g the restriction
of g to E which can actually be written explicitly as

gr = t*gn + dt?,

since F is supposed to be conical. An exhaustion of M by compact manifolds with
boundary is given by

Mt :KU(NX (1,t]):KUEt,

with Ey = N x (1,t] and the boundary of M, is given by N, := 0M; = N x {t}.
Endowed with the Riemannian metric g, := g|,, = t*gy, the manifold (N, g;) is
an (n — 1)-dimensional compact isometrically embedded submanifold of M;.

Let now (e, ..., e,_1) be an orthonormal oriented moving frame on an open subset
U C N and let e, = % be the arclength vector field on (1,00). This gives rise to
an orthonormal oriented moving frame on U X (1,00) by setting

_ 1 _
€; = ;ei and e, = e,.

. —A .
Denote by 6" and 6 the dual forms to e; and €4 and as usual the associated
. S . —A
connection and curvature forms of N and M are denoted by w!, W5, Q2 and Q.
Since (Mj, gl,,,) is isometrically embedded in (M, g), the connection and curvature

forms of M, obviously coincide with w4 and ﬁg. Observe that at each point of
the boundary N,, the vector field €, is unitary and outward-pointing. Therefore
by the Gauss-Bonnet-Chern Theorem with outward-pointing unit normal vector
field (Equation (3.11)) we have

V(M) — ﬁ /M PH) = /%(Nt)ﬁ. (4.8)

By Corollary 1.30 we know that the Pfaffian Pf(2) vanishes on E, therefore the
total curvature is well-defined:

/|Pf ]_/\Pf )| < +o0,

since K is compact. Moreover x(M;) = x(M) for all £ > 1, hence letting t — oo
we can rewrite the Equation (4.8) as

(M) — ! / Pf(Q) = lim [ eIl (4.9)

t—o00 N;
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Now recall that since the dimension is even the integrand II of the boundary term
is given by

125+

_ 1 _
M= - 3y, (4.10)
PP n—2k
o ' KID (2
where
Dp=m3 | > SN AT AT AL AT (4.11)

UEG’!L*l

Observe the similarity of ®, with the expression of the Lipschitz-Killing curvatures
given in Proposition 2.12.

Let us denote by tw; and tQé the connection and curvature forms of the manifold
(N, g¢). Those forms are constructed from the moving frame (e, ..., te,-1). The
Riemannian manifold £ = N x (1, 00) is a warped-product manifold as described
in section 1.10. The discussion in this section lead to the following equations
which give expressions for the connection and curvature forms of M; in terms of
the connection and curvature forms of V:

7 =
ot =@
“n S (4.12)
Q,=0.

In the same discussion we also established equation (1.16) which is the tensor
version of the latter:

R=t(R-D),
where D = $gy ® gn-
Using the second equation of (4.12) we can first express ®;, as
Dp=m5 [ D e AL AQLTI AT AL AT

c€EG,_1

Since we integrate over the boundary of M; we have to restrict this form to the
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submanifold N,. But on this manifold we have:

EPr= > &l A AT AT AL A

n 02k
ce€S_1

= Y Qo A Ay oy NOEA L AGT

UEGn—l

1 — — —1 —2k _
= Y Y e Reimoron  Rouysomany, om0 A AO AN AGT!

c€G,—1 TEG
t2k: o o
== ok E E gTRalaga.,—laq—Q e R02k7102k072k710'7-2k dV01N7

c€G,—1 TEGCy

since 0 = 10, By Proposition 2.23 we know that

2k (R _ (2k)! §e] -
¢ (R ) - 22k(n — 1= Qk)! Z Z STRUNWHUTQ e R0'2k—10'2k0'7'2k_10'72k

UEGn—l 7662k

this is equal to

. 2k —1— 2k)! _
by = (n ol ) 12602 (R*)dvoly.

Now by Lemma 2.24 we know that the contractions of R are related to the
contractions of (R — D)* by the equation

—k 1
CRH(R') = 7 CRH (R = D)),

where we have denoted by C); the contraction operator on M and by Cy the
contraction operator on N to avoid any confusion. Therefore we can write the
boundary term of the Gauss-Bonnet-Chern Theorem as

o 2K (n—1—2k)! —
e, o = ( o] ) t?*C2R (R dvoly
2% (n — 1 — 2k)

- ) !CJQ\,’“((R — D)*)dvoly

Observe that this expression does not depend on ¢ any more. Using Equation
(4.10) we obtain the following expression for the form II:

1252
eIl =

1 2k (n —1 — 2k)
on s I (ne2htl) (2k)!

|
“C%*((R — D)*)dvoly

,i
LI
N | |

—
-

= o

A(n, kYO ((R — D)*)dvoly,

B
Il
o
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with
(n—1—2k)!

A(n, k) = — T
2n—hkr 2 El(2k)ID (22

Hence Equation (4.9) becomes

X(M) — ! n / Pf(Q) = lim [ e:ll
M

(271')5 t—00 N,
ot

= > A(n,k)/NCJZV’“((R—D)’“)dvolN,

which completes the proof.

4.4 Manifolds with Asymptotically Conical Ends

The geometric hypotheses of Theorem 4.2 can be relaxed. Indeed, since we are
interested in the asymptotic behaviour of the boundary term

LT
En(Nt)

we can look at conditions that ensure this boundary term to converge towards the
one we obtained in Theorem 4.2. This convergence is holds if the metric g on each
end £ = N x (1,00) of M and its derivatives converge to the conical metric.

We summarize here some of the main results about asymptotically conical mani-
folds and we refer to Appendix A for more details.

Let (N, gn) be a compact n — 1-dimensional Riemannian manifold and set M =
N x (1,00). Denote by g the conical metric i.e. the warped-product

g=t'gy +dt’.
For t € (1,00) we write N; = N x {t}.

Definition 4.11. A Riemannian metric g on E is asymptotically conical at order
r and with (decreasing) rate v if there exists a function p : (1,00) — R such that
p(t) = o(t™*) as t — oo and such that for all 0 < k <r and h = g — g we have

HV“%

< (4.13)
g

where this notation means that at every point (z,t) € N x (1,00) the following
inequality holds

=k
|7 1)

< p(t).

g
A Riemannian manifold (F,g) endowed with an asymptotically conical metric is
said to be asymptotically conical.
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We will be mostly interested in the case where » = 2, as it will provide a control
both on the connection and on the curvature of g with respect to the connection
and the curvature of g. Let V be the Levi-Civita connection associated to g and R
(resp. R) be the curvature tensor associated to g (resp. to g). Let (€, ...,€,) be an
orthonormal directly oriented moving frame for g on an open set U x (1,00) C M
such that ey,...,€, 1 are tangent to N, and e, = %. Then the metrics g and g
can be written as . . . }

g = 5ZJ§L ® 5] and g = gmy ® g])
where (91, e ,gn) is the dual coframe. In Appendix A several estimates about the
rate of convergence of the components of the connection and the curvature of g
are computed. The following Proposition summarizes those results and the reader
may find its proof directly in the Appendix.

Proposition 4.12. The following convergences hold
(a) If » = 0 we have
|hij|l <p and dvol, = (1+ f)dvolg,

where f is a smooth function on U x (1,00) such that at each point (z,t) €
U x (1,00) we have |f(x,t)| < p(t).

(b) if r = 1 we have in addition to (a) that
e =k
’Fij - Fij| <C-p;
(c) if r = 2 we have in addition of (a) and (b) that
|R;‘kl - E;‘kl| <C-p;
This control on the geometry at infinity of M yields the same theorem as in the

conical case.

Theorem 4.13. Let (M, g) be an even n-dimensional complete orientable Rie-
mannian of finite topological type. Assume that M has one end £ = N x (1,00)
with N C M compact and moreover that E is asymptotically conical at order at
least 2. Then the total curvature is well-defined:

/ IPE(Q)] < +oo,

and the Gauss-Bonnet defect of M is given by

1
(27)

xX(M) — T /MPf(Q) =T7(N), (4.14)
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Proof. By Proposition 4.12 there exist smooth functions (f, 7%, such that
F;‘k =T+ C;:ka
j'kl = Ejkl + U;kl,
and [(l,.], |75, < C-p. The components I, and R, are computed with respect to
the orthonormal moving frame obtained from (€, ...,€,) by applying the Gram-
Schmidt process (see Appendix A for further details).

First, let us show that the total curvature is well-defined. Recall that 2 =0 if n
is odd and if n is even

(= o .
= W(TL/Q'ZgUQz/\"'/\an
o6y
( 1>n/2 o On—1 % in
= P2 (2] ZG e Ry B i 0 A N
e
n 2
e O DL S I R
22”7rn/2 (n/2)! < o=t oyiTy OnTn-1Tn g-
o€

Moreover, by Proposition 4.12 we know that dvol, = (1 + f)dvoly with |f| < p.
Therefore, replacing Rﬁjkl by E;‘kl + n;-kl in the above expression for €2, we get on

U x (1, oo):

il < g eoer R R )dvol—i— iG(l + f)dvol;
22nw”/2 (n/2)i \ 2 5o osms ™ Howracarn | O Gl 7
= QO+ i@(l + f)dvol;
22ngn/2(p /2)] 7
22nn/2(n [2)! g

where |G| < C'-p and where we have used the fact that Q = 0 on E by Proposition
1.30. Now, since the volume form dvol; splits on U x (1,00) as

dvoly = " dvol,, A dt,

and since p = o(t'™") as t — oo, we have on one hand
/ pF -t < 400,
1

for all £ > 1 and on the other hand,

0 —// GI|1 + fl[t"'dvol,, A dt
L 19= G+ Sl dvol,,, A i

< 07— " tdtdvol
= 22"7T"/2(n/2)! /U /1 (o+0) o

< +00.
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Which shows that |[ o §2 1s well-defined. As in the proof of Theorem 4.2, let us
consider the exhaustion {M;};~1 of M given by M, = K U (N x (1,t]). The
Gauss-Bonnet-Chern Theorem (the version of Equation (3.11) since e,, is outward-
pointing) applied to the compact manifold with boundary M, gives

V(M) — (2;)3 /M Pr©) = /en(Nt) I

Therefore we need to show that:

lim [ eIl =7(N).

t—00 N

Here the form II is given by

-1 k+1
n—g ) ®k7

2ne kID (=2l

where

Q) =7, E EoQ0 N ANQPEE AW L AW

02k
c€Gp_1

with my : SM — M the canonical projection. As in the case of €2, we show that
®,. can be written as @y, (the same form but built from the g-orthonormal moving

frame (€y,...,€,)) plus a residual term whose integral tends to 0 as t — oo.
* a g — (o2 On—
Dy = m, g EoSda A NQZEU A iR A L A wpt !
0'6671,—1
o 71'* i c Ral . RUzk—l F0'2k+1 L. FUn—l 6)1'1 A A Qin,l
- 2 ok z : 0= oaiio Ookl2k—112k" 12k+1M In—1M T
0'6671,71
o« i Z (Rm + o1 ) (Eﬂ%fl 4 O2k—1 )
= Ty ok Co Ulgpi4y Noyivis Ooki2k—112k Nogpion_1ion
0'6671,71
TRO2k+1 T2k 41 T 0n—1 On—1 i1 Gn—1
’ <Fi2k+1" + Ci2k+1n) U <Fin71n + Cin71n> AR
1 — . _ . ) )
T 1 .. pY2k-1 O2k+1  Tn-1 pig in—1
= T ok 2 : 80R02i1i2 R02ki2k71i2kFiQk+ln Finfme ARERVAY
c€G,_1

+Fy e 0N NG
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with |F}, ;| < C - p since all the remaining terms contain at least an n}kl or a

ch Moreover, the coframe (6',...,0") is obtained from (51, o ,0") by applying
the Gram-Schmidt process for the metric g. Therefore each #* can be written as

0 =0+ 50,
with |5} < p. Hence
O A NG = (5“ +B§1§j"> A ( L+ B G 1)
=0 AL AT g AL AT

with ‘H;il fin-1

Jn—

< p. It follows that &, can be written as

1 _ o _ - ,
Oy =7y 5 Z ol Rt Tt T 0 A AN

O2k12k—112k " 12k41T in
c€G, 1
n 7 Gn_
+E;, . anel N
1 Y - N - . .
o 1 O2k—1 O2k+1 On—1 71 in—1
= Ty ok E : 50R02i1i2 Razkizk—lizkri2k+1n Finflne Ao N8O
c€Gp 1
01 502k—1 =O2k+1 HOn—1 p7i1...in_17J1 Sln—1
§ : egffR¢72i1i2 RUZki2k71i2kF’52k+1n Fin HJl Jn 9 AL
0'6671,71

+F

1. bn—1

5741 /\9n 1 F Hll Ap— 19]1 A /\9]71 1

ein—1 551 i

11

— Ek + 71'; <Fi1...in_1§ VANAN 91" 1)

Finally, integrating over N; we get

/e;‘;q)k:/ 67*15;6%—/ ag;é;@Jr/ Fo oy 0N A"
N N N N

+/ F, i O N AT
N

But we know that ®; does not depend on ¢ since it is defined on N and thus
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where (2,(0),...,€,-1(0)) is the gny-orthonormal moving frame on V' C N used to
define the moving frame (€1,...,€,). Moreover, on the boundary V;, the terms

0" A .. AG"" are either 0 if two indices are repeated or if 7; = n for some j, or
they are equal to &;,. ; ,t" 'dvoly if all indices are given by a permutation of the
set {1,...,n —1}. so that

* —* T OZ{L - * 3 n—
J em\s / A | i 1B avoly
Nt Nt Nt t Nt

T / 0 i || Fovs | dvoly|
Ny

3/3
Ntt

Since the right-hand side goes to 0 as ¢ — co we obtain

/ er1l — / el
N N

and by Theorem 4.2 we know that for all £ we have

E;@k’—i—/ t”_1p|dV01N|—|—/ "1 p?|dvol |
Nt Nt

lim
t—o00

=0,

[ =),
Ny

which completes the proof since we know that

X(M) — ! / Pf(©2) = lim er11.

(27r) 5 t=oo [,

4.5 Manifolds with Conical Singularities

After having studied the extremity of the cone lying "at infinity" it is time to take
a closer look at the other side. Let us give the definition of a manifold with conical
singularities.

Definition 4.14. A Riemannian manifold with conical singularities is a metric
space (M, d) such that

(a) There exists a finite set ¥ = {py,...,p.} C M such that its complement
M := M\ X is a smooth Riemannian manifold, that is M is a smooth manifold
and the distance d is induced by a Riemannian metric g.

(b) Each point p; € ¥ admits a neighbourhood U; € M which is homeomorphic
to the cone over a connected and compact (n — 1)-dimensional manifold NV;:
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(¢) The above homeomorphism is assumed to be a diffeomorphism on U; := U, \
{pi}-

The point p; is called a standard conical singularity of M with link (N;, g;) if the
metric g on U; is the standard cone metric i.e.

g=7:=1tg; +dt’.

More generally, the point p; is called a conical singularity of M with link (Ni, g:)
if the metric g on U; can be written as

g="tg;+dt* + h; =G+ h;,
where h; is a bilinear form satisfying for 0 < k£ < 2:
=k
IV hillg < p, (4.15)
where p: (0,1) — R is a smooth function such that p = o(t) as t — 0.

Remark 4.15. Observe that M is topologically a manifold if and only if each N;
is homeomorphic to a sphere S"~! and M is a Riemannian manifold if and only if
each link (1V;, g;) is isometric to the sphere with its standard metric.

Remark 4.16. Although the condition on the convergence of h and its covariant
derivatives is quite similar to the one in the definition of an asymptotically coni-
cal end, it is remarkable that the convergence in the present case is significantly
weaker. Indeed there is no assumption on the rate of convergence of p towards 0
in this case, while for asymptotically conical ends we needed that p = o(t'™") as
t — oo. This difference is essentially due to the fact that the volume form of the
cone C'(N) splits locally as t"~'dvoly A dt and this factor t"~! diverges as t — oo
but converges to 0 as ¢t — 0.

4.6 Standard Conical Singularities

Let us first deal with the case of standard conical singularities. The theorem we
are willing to show is the following:

Theorem 4.17. Let (M ,d) be an even dimensional Riemannian manifold with
one standard conical singularity p € M of link (N, gy). Then we have

1

X(M) - (QW)%

/M PE(Q) = —7(N).

Proof. The proof is essentially the same as the proof of the conical end case. The
only difference is that we have to use the other version of the Gauss-Bonnet-Chern
Theorem as this time we will consider an inward pointing vector field at each point
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of the boundary of the exhaustion (we refer to the proof of Theorem 4.2 for the
notations).

By definition of a standard conical singularity we know that there exists an open
neighbourhood U ¢ M = M \ {p} of p such that U with the induced metric is
isometric to the standard cone on the link V:

U=N x(0,1) with metric g = t*gy + dt*.

Then M can be written as KUU where K is a compact submanifold with boundary
and let us consider the exhaustion of M given by

M, = K U(N x [t,1)),

with boundary N; := M, = N x {t}. Now let (ey,...,e,_1) be an oriented
orthonormal moving frame on an open subset V' C N and set

9
ot’

1
€ =€ and €, =
which is an oriented orthonormal moving frame on V' x (0,1) C M. In contrast

with the proof of Theorem 4.2, the vector field €, is inward-pointing at each point
of N, therefore by applying the Gauss-Bonnet-Chern Theorem 3.9 to M; we get

)~y [ )= [0

where

with

n

Op=m3| Y e, A AQRT AT AL AT
c€G, 1
where we recall that my : SM — M is the canonical projection. Note that here

—A . . .
w4 and Q5 denote the connection and curvature forms with respect to the moving
frame (ey,...,€,) and they are not to be confused with the quantities that are
used in subsection 3.3.5 to define II.

Now, the relations 4.12 take the following form with respect to our moving frame
(€1,...,€):

(4.16)
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Therefore

o, = <_1>n_1_k Z 6052 VANPIRWAN ﬁgi:’l A GO+ A QT

0€6,_1
and thus
ﬁ - ) ! Z € ﬁol A\ /\ﬁa%f1 A Q%2k+1 A A Oon—1
- C— onp "3 kD (n-2ktl) = ooy N ANQ
=1L

Then it suffices to imitate the rest of the proof of Theorem 4.2 to relate II to 7(N)
and obtain

O~ g [ P = [ W= [ ) T ),

since —e,, is outward-pointing. [

4.7 Conical Singularities

As in the case of asymptotically conical ends, we construct on an open subset

V x (0,1) with V' C N a g-orthonormal moving frame (éi,...,€,) where €; is
tangent to N for all 1 <¢<n—1and e, = %, with ¢ the arclength parameter

on (0,1). Observe that this time the last vector field of the frame €, is inward-
pointing instead of outward-pointing. Imitating the arguments of Appendix A, we
apply the Gram-Schmidt process to the frame to obtain a g-orthonormal moving
frame (eq,...,e,). The assumption (4.15) on the norm of ||th||§ implies, as in
the case of asymptotically conical ends, the following convergences for p = o(t) as
t—0:

(a) For k =0 then |h;j| < p and the volume forms are related by
dvol, = (1 + f)dvolg,

with f: V x (0,1) — R a smooth function such that for all (z,t) € V x (0,1)
we have |f(x,t)| < p(t).

(b) For k =1 then there exist smooth function ¢}, such that
F;‘k =T+ C;ka

and |C;k| < Cp.
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(c) For k = 2 then there exist smooth functions n;-kl such that
R;‘k:l = R;‘kl + 77;‘1@1,
and ’77§kz| < Cp.

We are ready to prove the last part of the Main Theorem 7. The proof is similar to
the argument presented in the case of asymptotically conical ends, the difference
lying in the fact that we look at the limit as ¢ goes to 0 instead of oo.

Theorem 4.18. Let M be an even dimensional compact Riemannian manifold
with one conical singularity p and let (IV, gn) be its link. Then the total curvature
is well-defined:

/ |IPf(Q)] < +o0,
M
and

1

X(M) - (27‘()%

/ PE(Q) = —7(N) (4.17)

The proof is the same as the one of Theorem 4.13 except for the fact that the
function p does not have the same behaviour in the neighbourhood of 0.

Remark 4.19. Note that in the following proof, the quantities denoted with a
bar (especially the forms IT and ®;) refer to the moving frame orthonormal with
respect to the standard conical metric g and not to the forms constructed in
Chapter 3.

Proof. By definition of a manifold with a conical singularity, M = M \ {p} is a
smooth Riemannian manifold and there exists a neighbourhood Uc M of p such
that there is a diffeomorphism between U = U \ {p} € M and the cone over the
link (N, gn):

U=N x(0,1),

on which the metric can be written as
g="tgy+dt* +h

As in the case of (asymptotically) conical ends, we consider an exhaustion of M
defined by
My = (M\U)U (N x [t,1)),

fort € (0,1). Each M, is a compact manifold with boundary N; := OM; = N x {t}.
Let g be as usual the standard cone metric on N x (0,1). Let (€,...,¢,) be a
g-orthonormal moving frame on an open subset V' x (0,1) € M with V. C N
constructed as before by taking vectors €; that are tangent to N forall 1 <i <n-—1

and by taking e, = %, where ¢ is the arclength parameter on (0, 1). Asin Appendix
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A, we apply the Gram-Schmidt process to this frame with respect to the metric g
to obtain a g-orthonormal moving frame (eq, ..., e,) that satisfies

e =¢ +ale; with |of] <p,
0 =0 + B;gj with |BI] < p.

As in the proof of Theorem 4.13 the form 2 can be written as

G
= WWG(l + f)dVOlg,

where G is a smooth function satisfying |G| < C' - p. Therefore

1
Q:—/ G||1 + f||dvol;
/Vx(O,l) | | 22n7-‘-n/2<n/2)! Vx(0.) | H || g|

c / 2\ 1
< ————F—— (p+ p*)t"|dvoly A dt]|
22n77n/2(n/2>! Vx(0,1)

O ! 2 1
= "=1dtdvol
22%”/2(”/2)!/V/0 (p+ p°)t" dtdvoly

< +00.

Recall that || is the natural density associated to  (see Remark 4.1). Note that
the condition on p = o(1) as t — 0 could easily be weakened without changing
the result but this stronger control is needed hereafter. The Gauss-Bonnet-Chern
Theorem 3.7 for the manifold M; with the chosen inward-pointing vector field e,

gives
1 .
X (M) — —n/ Pf(Q2) = / IL.
(27T> 2 JM, en (Nt)

We also know that x(M;) = x(M) and that

. 1 1
i, P = o P

Recall that in the proof of Theorem 4.13 we obtained an expression for @4 in terms
of ®, plus a residual term. Reproducing the same argument we get

(I)k = 6k + 71';< (Filminilgil VAP g%—l) y

with |Fi, s, .| < C - p. Therefore, writing e, =€, + ale; we conclude that

/ ¢y — / =T, + / Ty + / Fooo A AT
Ny Ny Ny Ny

+ / aiFil...in,lgi A AT
N
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But we know that ®; does not depend on ¢ since it is defined on N and thus

e 1 e
), €;Pp = ozﬁlgej(O) Dy,
where (€,(0),...,€,-1(0)) is the gy-orthonormal moving frame on V' C N used to
define the moving frame (€,...,€,). Moreover, on the boundary Ny, the terms

0" A...AG"" are either 0 if two indices are repeated or if 7; = n for some j, or
they are equal to 5i1‘.,in_1t”_1dvolN if all indices are given by a permutation of the

set {1,...,n —1}. Hence
2, (0T + / " Verr ool o oans[dvoly]

* —% |Oé¥L|
eni)k — €n(I)k < /
Nt Nt Nt Nt

4 / " ad e 1o oo [ dvoly].
N¢

o’
The right-hand converges to 0 as t — 0 if PII& —’ t”| = 0, which is precisely the case
—

since |od| < p = o(t) as t — 0. Since we know that

we finally get that

4.8 Proof of the Main Theorem

Recall that the main theorem is the following:

Main Theorem. Let (M ,g) be a complete even dimensional Riemannian mani-
fold with finitely many conical singularities {p, ..., p,} and finitely many asymp-
totically conical ends {E, ..., Es} (at order 2 with decreasing rate n — 1). Then
the total curvature of M is finite and we have

)= [ 2= =3 () + 3o (),

where the Ny are the links of the conical singularities and of the asymptotically
conical ends.

Let us resume what has been done in the previous sections. We proved in the
Theorems 4.2 and 4.13 that if a complete even-dimensional Riemannian manifold
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(M, g) of finite topological type has an asymptotically conical end with link N,
then its Gauss-Bonnet defect is equal to 7(/V) . In the Theorems 4.17 and 4.18 we
showed that this statement still holds if (M ,d) is an even-dimensional Riemannian
manifold with one conical singularities. In each of these cases we can actually
assume that the manifold has a finite number of asymptotically conical ends or
conical singularities and simply add the resulting 7.

Example 4.20. (Cone on the unit sphere) The simplest example having both
a conical end and a conical singularity is the standard cone on a sphere S"7!, i.e.

M= C(s"7) =8 x [0,00) [t fo},

endowed with the metric ¢ = t2gsn—1 + dt?>. Then both the end and the singularity
have the same link N = S"! and we know from Example 4.7 that 7(S"™!) = 1.
Moreover, since M = S"~! x (0, c0) has the same homotopy type as S"~!, we have
X(M) = x(S"1) = 0 if n is even. Therefore, since the Pfaffian vanishes, the Main
Theorem is verified:

1
X(M) — —n/ Pf(Q2) =0= —7(N) + 7(N).
(27T ) 2 JMm
Observe once again that the standard cone on the unit sphere S*~! is isometric to
R™ with its standard metric, so this is what the Main Theorem looks like for R"”
seen as a standard cone having a conical singularity at the origin and a conical
end.

4.9 Consequences of the Main Theorem

4.9.1 Total curvature in dimension 4

We present a consequence of the Main Theorem which is in sharp contrast with
the 2-dimensional Cohn-Vossen inequality. Indeed we show that in dimension 4,
there is no topological obstruction for the total curvature of a complete manifold
with a conical end.

Corollary 4.21. Let (M*, g) be a complete 4-dimensional Riemannian manifold
of finite topological type with one conical end. Then for every A\ € R there exists
a metric Riemannian ¢ which is conformal to g and such that

1

In order to prove this result, we introduce the normalized Hilbert-Einstein func-
tional, which is defined for a compact smooth n-dimensional Riemannian manifold
(N, 9) by L

8]\[(9) = §W[VSng0197 (418)
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where V(g) = Vol(N, g) is the standard volume of (N, g). Note that this functional
is scale invariant i.e. Ex(A\?g) = Ex(g) for any constant A > 0. The infimum of
En(g) over the conformal class of g is known to be the the conformal Yamabe
energy of g and has been largely studied in the context of the Yamabe problem.
In our case we are interested in the supremum of €y (g) within a conformal class.
More precisely, we show that in dimension > 3, this supremum is arbitrary large:

Lemma 4.22. For any compact Riemannian manifold (N, g) of dimension n > 3,
we have

sup En(p?g) = +o0,
©
where the supremum is taken over all smooth functions ¢ : M — (0, 00).

In dimension 2 the Gauss-Bonnet theorem shows that €y(g) does not depend on
the metric since the scalar curvature is twice the Gauss curvature.

Proof. (Lemma 4.22) Let us write a conformal deformation of g as § = ¢%g =

un—2¢g with u = <pnT_2 Then the scalar curvatures S, and S; of g and g respectively
are related by the well-known equation

nt2 n—1
un—2S§ =14 (n — 2) Agu + Sgu,

where A, is the Laplacian of g. The volume forms are related by dvol; = wis dvol,.
Therefore, an integration over N gives

-1
/ Sgdvol; = / Syu*dvol, + 4 (n ) / |Vu|?dvol,. (4.19)
N N n—2/)Jn

Using Lemma 4.23 we can find a sequence {wy} C C*(N) such that

and /|Vu|2dvolglﬁ—o>ooo.
N

DN | —

|wg| <

For the sequence g = (1+wy )" 2g of conformal deformations of g, we then have
from Equation (4.19)

3

Vigr) < (5) o V(g) and / Sgedvoly, Y 0,
N

where S,, is the scalar curvature of g;. We therefore have klim En(gr) = +o0. O
—00

Lemma 4.23. On any Riemannian manifold (N, g) there exists sequence of smooth
functions wy, : N — R with compact support such that ||Vwy||z2(n) — oo while
\|wg|| Lo () is arbitrarily small.
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Proof. Let € be a smooth simple closed curve in the manifold N with parametriza-
tion 7 : [0,27] — € Up to a bilipschitz transformation of the metric, one may
assume that a tubular neighbourhood U of € in N is diffeomorphic to a torus
C x B"! with the metric

g=dt*+h,

where h is the standard metric on the disk B"~!. Let us fix a constant a > 0 and
choose a function n € C§°(B" 1) with compact support such that 0 < n < 1 = n(0)
and define the function wy to be zero on N \ U and

wg(t, ) = an(z) sin(kt),
for any point (t,z) € U = € x B"~!. We then have Vw; on N \ U and
Vuwy, = kacos(kt)n(x) + asin(kt)Vn,
in U. Therefore |Vwg||r2(v) = O(k) as k — oo and |wy| < a. O

The particular case of a compact 3-dimensional Riemannian manifold (NN, g) allows
us to write the invariant 7(V) using the normalized Hilbert-Einstein functional
(4.18). Indeed on one hand we have

1 1
8N<g) = §W /]VSngO].g,

and on the other hand using Example 4.5 we know that

1
T(N) = @ /N(Sg — 2)dV01g,
so that we can write
1
(N) = (Enl9) - V(9)"* = V(9). (4.20)

Proof. (Corollary 4.21)
Let us write M = K U (N x (1,00)) with K C M compact and N = JK. On
N x (1,00) the metric g is

g =t’gn +dt*,

with gy a Riemannian metric on N. By the main theorem we know that

1 | PO = x() = (N ).

therefore by Equation (4.20) we obtain

% o P1(€) = x(M) + ﬁ (V(gw) — Enlgn) - Vign)?) .
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On the link N we consider the following conformal change of the metric: for
a > —1 set

Ga = (Oé + ]-)QQN-

Since the Hilbert-Einstein functional is scale invariant we have €x(g.) = En(gn)-
Moreover

V(ga) = (@ +1)°V(gn),

therefore

oo [ PHO) = X(0) + L (0 + 1PV (gn) — Exlgn) o+ DV(gw)")

7 Jur AT

which is a polynomial of degree 3 in the variable . So by taking a arbitrarily
large, the right-hand side of the latter equation can be made as large as desired.
On the other hand, we showed in Lemma 4.22 that one can find a sequence g
of conformal deformation of gy such that the volume V'(g) is uniformly bounded
and such that limyg_,o, Ex(gx) = o0, which implies that

,}13010 (V(ge) — Enlg)V (gr)"?) = —o0.

4.9.2 (@-curvature and conformally flat 4-manifolds

It appears that in the context of conformally flat geometry, a modified version
of the Pfaffian, called the () curvature, enjoys better properties under conformal
changes of the metric. This notion goes back to Thomas P. Branson [Bra85| and
has been largely studied since then by people such as Sun-Yung Alice Chang, Paul
Yang and many others. In this section we recover a result by Buzano and Nguyen
at least in a particular case of a conformally flat 4-dimensional manifold.
Although the Q-curvature can be defined in arbitrary dimensions, we restrict our-
selves to the dimension 4 to avoid unnecessary technicalities.

Definition 4.24. Let (M, g) be an 4-dimensional Riemannian manifold. Its Q =
Qg curvature is the following scalar

1 .
Q, = o (=2, S, + s; — 3HR1cgy|§) (4.21)

In [BN17|, Buzano and Nguyen show the following theorem:

Theorem 4.25. Let g = €*“geya be a metric on R* \ {0} which is complete at
infinity and has finite area over the origin. If ¢ has finite total QQ-curvature

/ 1Q|dvol, = / 1Ol dvolgs,
R4 R4
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and non-negative scalar curvature at infinity and at the origin i.e.

inf  Sy(x) >0 and inf S,(z) >0

z€RN\B(0,r2) 2€B(0,r1)

for some 0 < r; < ry < 00, then we have

x(RY) /deol =v—pu, (4.22)

472
where

U — lim Vol (03(0 7“))4/3 ' Vol (6B(0 7“))4/3

= — 1.
roeo 4(202)13Vol (B0, 7)) M T 50 4(272)1/3Vol, (B(0, 1))

Remark 4.26. (a) This theorem is actually a model case of their main result as
they show a more general formula ([BN17, Thm 1.6]) which holds for manifolds
that are not necessary conformally flat. In their case, neither the singularities
nor the ends are assumed to be conical, but on the other hand they suppose
the metric to be conformally flat on the ends and with non-negative scalar
curvature at each singular point and at infinity on each end.

(b) Observe that both p and v are limits of isoperimetric ratios and do not involve
the curvature tensor of the manifold, which is in sharp contrast with our
invariant 7. The curvature is actually hidden in the relation between the
Pfaffian and the Q-curvature.

The fact that the manifold is conformally flat yields an easy way to compare the
(Q-curvature and the Pfaffian of the curvature forms. To understand this relation
a small digression about the decomposition of the curvature tensor is necessary.

Definition 4.27. Let (M, g) be an n-dimensional Riemannian manifold. The
Schouten tensor of (M, g) is the following (0,2) symmetric tensor

1 S,
A= R — _q].
n—2<1% Qm—lﬂ)
The Schouten tensor has the useful property that it appears in the decomposition
of the curvature tensor as follows

R=W+AQDy,

where W is the Weyl tensor of (M, g) and @ is the Kulkarni-Nomizu defined on
p. 30. Observe that if (M, g) is conformally flat then W = 0 and the curvature
tensor writes simply as R = A () g. Using this expression we can show that the
Pfaffian can be written using elementary symmetric functions in the eigenvalues
of A. This result comes from |[Via00].
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Lemma 4.28. Let (M",g) be an even dimensional conformally flat Riemannian
manifold. Then
P£(Q2) = (n/2)!0,,/2(A)dvol,,

where 0 (A) denotes the k-th elementary symmetric functions in the eigenvalues
of A.

Proof. Since R = AQ)g we have that the curvature forms of M are given (relatively
to an orthonormal moving frame) by

1
Q; = §(A D 9)ijut" N6,
with

(A D g)z’jkl = (A ® 9)(61, €5, €k, 61) = Aik5ﬂ + Ajldik - Ail5jk - Ajk5il-

Therefore

—_

Qj = S(AD® g)ijut* N6

= — (Aibj1 + A — Audje — Ajrda) 0F N 6

1 o1 A 1,
= SAub N0 — S A" NG DA N — S Ay O
= —Apt’ N 0"+ Aj0° N O

DN — DN

Without loss of generality A is diagonal i.e. A;; = A\;d;; with A; the eigenvalues
of A (no sum over the index i), and we obtain the following expression for the
curvature forms

Qij = =N’ N 0" + X050 N 0" = (A + \;)0" A ¢,

The Pfaffian can then be written using these expressions for €2;;:

1
Pf(Q) = W Z 5090102 ARIAN Qanqon

ceG,

B 1
- 20/2(n/2)!
B 1

-~ 2n/2(n/2)!

D ee(oy + A0) Aoy + A0, )07 A LA O

O'GGTL

D Aoy +A0y) - (Ao, + Ao, )dvol,

O'EGTL

1
—_ = 9n/2 .
- 2n/2(n/2)!2 Z Aoy * Ag,, pdVOlg

O‘EGn

1 2
= 72l ((n/2))*02(A)dvol,

= (n/2)lo2(A)dvol,,.

—~
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One can show that if \; denote the eigenvalues of A, then

oa(A) = A = 3 (T — 1418) = 5o (5 IRial?)

1<j

In the particular case of dimension 4 this gives

1/1
Pf(Q) = 205(A)dvol,, with 0y(A) = 3 (§52 — HRich?) :

Therefore, the QQ-curvature 4.21 of a 4-dimensional conformally flat Riemannian
manifold can be written as

1
Qdvol, = P£(Q2) — EAgSgdvolg. (4.23)

Now that we have an explicit relation between the Pfaffian and the Q-curvature,
we show that in the case of R* endowed with the metric g = f2- 3+ | dz?, where
f is a smooth function on R* satisfying

[l it =] > 1,

then our Main Theorem implies Theorem 4.25. The Riemannian manifold (R?, g)
is conformally flat and has one conical end with link (S*, g,). Indeed, on the end
R*\ B(0,1) the metric takes the form

Z€2ageucl = tQQ (tQ,gQ + dt2) = 529a + d527

where g, is the standard metric on S?, g, = (a + 1)?¢; and s = O[Lﬂta“. So the
restriction of g to the end is conical. By Proposition 1.33 the scalar curvature of
this cone is given by

e I 1 (!

with S,, being the scalar curvature of (S% g,). It follows from this expression
for the scalar curvature that the Laplacian of S, vanishes on R*\ B(0,1) since
A,(t72?) = 0. Therefore the only contribution of the integral of the Laplacian is on
the unit ball B(0,1). Therefore by the divergence formula we have for some r > 1

/ AySydvol, = / AyS,dvol,
B(0,1) B(0,t)

= / g(VS,, N)dvol,,
2B(0,1)
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with N the outward-pointing normal unit vector field. But knowing the expression
for S, on the cone it is easy to compute derivative of the scalar curvature:

12 1 %)
= |—=-1] =
V3 t3 ((a+ 1)2 ) ot

Moreover the outward pointing unit normal N at a point of 9B(0,t) = S(0,1) is
given by N = and the volume form of ¢ is given by

dvol, = (a + 1)*t*dvol,,

so that finally we have

12 1
A,S,dvol :—/ —(——1) a + 1)*t3dvol,,
/13(0,1) 7 I s 13\ (a+1)? ( ) !
= —247* ((a+ 1) — (a + 1)%),

where we have used the fact that the euclidean volume of S? is 272. We have by
Equation (4.23) and by the Main Theorem that

1 1
4 —_— —
- / Qdvol, = x(R') — /R PHO) + o /R A, S,dvol,
= 7(S%, ga) A, S dvol,

4872 R4
(S, ) — % (a+1)— (a+ 1))

But by Example 4.5 we know that
T (SS ga) - _1 / (S — 2)(1\/01
) 8 2 <3 Ja o

1 6
— — 2 | dvol
82 /S3 <(Oz +1)2 ) VOlga

:%(3(a—|—1)—(a+1)3).

Therefore the Gauss-Bonnet defect using the @)-curvature instead of the Pfaffian
is given in our case by

Y(RY — [ Qdvol, =

R4

Bla+1) = (a+1)?) == ((a+1) = (@+1)°) =a+1

l\:)ln—
[\.')Ib—

On the other hand, by Theorem 4.25 we have

~ 1 2/ Qdvol, = v,
7
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where

_ Vol(0B,(0), 9)*/*
v = lim .
t—o0 4(272)1/3Vol(B,(0), g)

But we have
Vol(9B,(0), 9)* = (3 (a+1)%272)"* = (o + 1)*237%/3,

and
4

Vol(B4(0), g) = (a + 1)3%279,

hence

_ Vol(9B,(0), g)*/?
v = lim
t—o0 4(272)1/3Vol(By(0), g)
94/3.,.8/3
= Ot ) gt

=« + 1.

4.9.3 A Remark About Singularities in Dimension 2

Remark 4.29. We finally rapidly explain why equation (6) is a special case of the
Main Theorem. Following the terminology and notations in [HT92], one says that
a conformal metric g on a compact Riemann surface S has a simple singularity of
order § € R at a point p if there is a local complex coordinate z in a neighbourhood
of p such that in that neighbourhood

g =€z — z(p)*’|d=]?

where u is a bounded function with integrable Laplacian. Using polar coordinates,
we easily see that if § > —1 then p is a conical singularity with cone angle 6§ =
27(1 + B). Replacing the coordinate z by w = 1/|z — p|, one also sees that if
B < —1, then a punctured neighborhood of p is a conical end with cone angle
0 = —2m(1+ (). Note that in both case the cone angle ¢ is the length of the link.

To derive Formula (6) from the Main Theorem, we now consider a compact sur-
face S with conical singularities {py,...,p,} of order §; > —1 and conical ends
{pr+1,...,pm} of order B; < —1 (more precisely one obtains a conical end after
removing the point p; for r +1 < j < m). We then have

Tk —

1, _[Grn  ifk<r
o =B+ 1) ifk >
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With M =S\ {p1,...pr q1,---qs}, we have from the main Theorem
(S) — /KdA—( (M) — = / KdA
X 2m Jg - T 21 Jur
=m — Zﬂ + Z Tj
i=1 j=r+1
== B
k=1
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Appendix A

On Asymptotically Conical
Manifolds

This appendix is devoted to demonstrating the results about asymptotically con-
ical manifolds that we used in the proof of Theorem 4.13. Let us recall the defi-
nition: let (IV, gn) be a compact n — 1-dimensional Riemannian manifold and set
E = N x (0,00). Denote by g the conical metric i.e. the warped-product product
metric given by

g = t’gn + dt*.
For ¢t € (0,00) we write N, = N x {t} the slice at height t.

Definition A.1. A Riemannian metric g on E is asymptotically conical at order
r and with (decreasing) rate « if there exists a function p : (1,00) — R such that
p(t) = o(t™*) as t — oo and such that for all 0 < k <r and h = g — g we have

I

<y (A1)

where this notation means that at every point (x,t) € N x (1,00) the following
inequality holds

H (V')

< p(t).

g
A Riemannian manifold (F,g) endowed with an asymptotically conical metric is
said to be asymptotically conical.

Our purpose requires to have a control over the curvature, so that the order is
chosen to be at least » = 2 and this control has to be sufficiently strong, meaning
that the decreasing rate must be at least &« = n — 1. In some particular cases the
rate can be improved, but in general this value can not be lowered.

Remark A.2. In [CEV17|, the authors require that at order r the rate of the k-th
covariant derivative is exactly a = k or in other words they assume that

Hvkh =o(t™") as t— oo,

g
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for all 0 < k < r. Observe that this hypothesis implies that at order 0, there is no
specification of the convergence rate of the norm of h towards 0. One can also com-
pare with the asymptotic conditions given in the definition of an asymptotically
conical end in [Conll].

The bilinear form h can be seen as a perturbation of the conical metric and we shall
see how this modification affects the connection and the curvature. It appears that
the condition (A.1) at order 2 ensures the convergence of the components ', of
the connection V and R’ the curvature tensor R with respect to a g-orthonormal

moving frame towards the components f;k of the connection V and R;‘k:l of the
curvature tensor R with respect to a g-orthonormal frame.

A.1 Asymptotically Conical Manifolds at Order
Zero

In this context, the moving frame approach requires two different moving frames,
each of them being orthonormal with respect to either g or g. Soon Ux(1,00) C M
let (€1,...,€,) be an orthonormal frame such that the €;’s are tangent to NV, for

1<i<n-1and€, =£. Denote by (@1, ...,0") the dual coframe and let g,;

and h;; be the components of g and h with respect to g i.e
=i 7 =i —i
The condition (A.1) for 7 = 0 implies that the components of h vanish asymptot-

ically:
gl < [IRllg < p.

This implies that the metrics g and g are bounded with respect to each other, or
in other words:

Proposition A.3. Two norms || - || and || - ||, are equivalent norms.
Proof. Since sup,¢y, |hij| — 0 as t — 0, there exists C,Cy > 0 such that
(X, Y)] < Colg(X,Y)]
for all X,Y € I'(M). Hence for any vector field X € I' we have on one hand
1X1I5 = 9(X, X) = g(X, X) + h(X, X) < (1+ )| X7
and on the other hand

X5 = 9(X, X) = g(X, X) — h(X, X) < (1+ Cy|IX]3
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which can be summed up as

1
\/ﬁHXﬂg < | Xllg < V1+ il X,

The same argument can be carried out for higher order tensors, showing that || - ||,
and || - ||z are equivalent on Tens; (M) for all 0 < k,I < n. O

In order to be able to compare the connections and the curvature tensors, it is
convenient to introduce another moving frame which is orthonormal with respect
to g. Applying the Gram-Schmidt process for the metric g to the frame (éq,...,€,)
we obtain an orthonormal frame (eq,...,e,) on U x (1,00). This gives

&~ 23;11 projéj (&)
& — 23;11 projz, (€]l

€;

where the projection is given for 1 < j7 <7 —1 by

Set

A=

This new frame can be seen as the old frame plus a perturbation:

i
— E Js.
€ = € + ;€4
Jj=1

where the coefficients ozg for 1 <7 <i <n are given by
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Since

i—1

hijhir(0jx + hjk)
A2 =14 hy—2 s kA0 T 1
Z 1+ hm Ay (LR (L hu)

i—1 1—1
h2. hiihihx
=1+ hy — v i ik
]2_: 1+ hy, MZ:l (1 + hy;) (1 + hy)
j#k
<14ph, |+§ LI ~ S 12 P L4
! I1+hm o 11 g1 T
Gk
<1l+4+p+p° Z;%-pgz !
|1+ hy;l 1L+ A1+ B
j;ék

<1+ p+Cip* + Cop?,
where C',Cy € R, it follows that the rate of convergence of \; toward 1 is

)\iﬁ\/1+p+01p2+02p3:1+g.

This means for the coefficient a! that

i|_
|az| = ,
2

1
A——l\sui—luou&—u)g

The coefficients af for 1 < j < i < n have the same asymptotic beahviour:

hij
|Oé] | _ ‘ J ’
Al I+ R
Sp(1+g> (1+p)
< p
It is clear that the new associated coframe (0, ..., 6") satisfies a similar equation:

=9+ 8 with |8 <p.
j=1

Using this, a relation between the volume forms of g and g can be worked out.
Once again, we can see the quantity depending on g as a perturbation of the
quantity depending on 3.

Lemma A.4. There exists f € C*°(U x (1,00)) such that |f| < p and

dvol, = (1 + f)dvolg.



A.2. ASYMPTOTICALLY CONICAL MANIFOLDS AT ORDER ONE 119

Proof. We have

dvolgzﬁl/\.../\é’"
1 2 n
_ <§1+ZB}§J> A <§2+25§§J> A A <§”+ZB§”§])
j=1 j=1 j=1
—0'AL NG+ AT"

and f is a sum of combinatorial terms, each of them containing at least a factor
B so that [f| < p. O

A.2 Asymptotically Conical Manifolds at Order
One

As it can be expected, the condition (A.1) for r = 1 provides a control on both
the metric and its connection. Let V (resp. V) be the Levi-Civita connection
associated to g (resp. to g). It is known that the difference of two connections is
tensorial, therefore we define a tensor A by setting for X, Y € I'(M)

A(X,Y)=VyxY — VyY.

The norm of the tensor A is then controlled by the derivatives of h with respect

to V.
Proposition A.5. Let X,Y, Z € I'(M), then
29(AX,Y), Z) = (Vxh)(Y. Z) + (Vyh)(X. Z) + (Vzh)(X.Y)  (A2)
Proof. By applying twice the Koszul formula we have
29(A(X,Y), Z) = 29(VxY, Z) — 29(VxY, Z)
=29(VxY,Z) —25(VxY,Z) - 2n(VxY, Z)
—9([Y, 2], X) = Xg(Y, 2) = Yg(X, Z) + Zg(X,Y)
—9([X,Y],2) +9([X, Z],Y) + g([Y, Z], X) = 2h(VxY, Z)
The covariant derivative of h is the (3,0)-tensor defined by
(VR)(Y,Z,X) = (Vxh)(Y,Z) = Xh(Y,Z) — h(VxY,Z) — WY,V xZ),
therefore Xh(Y, Z) = (Vxh)(Y,Z) + h(VxY,Z) + h(Y,VxZ). Similarly we find
Yh(X,Z) = (Vyh)(X,Z)+ h(VyX,Z)+ h(X,VyZ),
Zh(X,Y) = (Vzh)(X,Y)+h(VzX,Y)+h(X,V5Y).
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Finally, we use the fact that V is the Levi-Civita connection associated to g and is
therefore torsion-free to write the Lie brackets as the difference [X,Y] = VxY —
Vy X. Replacing all this in the expression for 29(A(X,Y), Z) we get after all the
simplifications

29(A(X,Y), Z) = (Vxh)(Y,Z) + (Vyh)(X, Z) + (Vzh)(X,Y)

This shows that
|Ally < C - p, (A.3)

for some constant C' € R since by Proposition A.3 we have

[Allg = sup |g(A(X,Y), Z)]

XY, Z€Sy M

: %XY% (V) 2) + (Vi) (X, 2) + (V2h)(X, V)|

3 _
< %l
< C|[Vhl;

and by assumption | Vh||z < p. It can now be proved that there is a convergence
of V to V in the sense that the components of V with respect to a g-orthonormal
moving frame converge to the components of V with respect to a g-orthonormal
moving frame. Let (€1,...,€,) and (eq,...,e,) be the moving frames defined above
and recall that

=k I ——
F’Z = g(veiejﬂ ek) and FZ] — g(véi€j7 ek)'

Let us first establish a technical result on the convergence of the derivatives of the
coefficients ! and o .

Lemma A.6. We have for all 1 <75 <1
[dad[ls < C - p.

Proof. Recall that for 1 < j <7 < n the coeflicients az are given by

11—\ : —h — hi
al = ©and o = Y where \ = |l — — e
i ANi(1+ hj;) ]Zl 1+ hy; )
hence
Vaj; = daj = _Fd)\z
S — g — s hijd), higdh;

j J — + — )
' ' Ni(L4hg;) N1+ hy)  A(LA4 hy)?
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It is therefore necessary to compute the total derivative of \;. We use the fact that
1

d\; =
TN

(A7)

so that it is enough to calculate d\?:

1—1
2hiidhi; (1 + hy;) — h%dhy;
d(\?) = dhy; — 25 d 1—|—h]])) el
23

1—1

3 (dhijhix (6 + hjk) + hijdhig (O + hyx) + hijhigdhyy) (14 hyj) (1 + hy)
(1 + hy)2 (1 + hgg)?

7, k=1
1—1

huhlk jk + hak)(dhja(l + hkk) (1 + hjj>dhkk>
(14 hj;)%(1 + hix)?

7,k=1
i—1
hU hzkh]k
= dhii —2 ;é; dhw‘%jij dhﬂ?*’jij (05 ) (1 + )

J#k

i—1 b b — hoh
+ ik dhz + ij ik dh.
gzjl (L4 hy) (T +hg) " Z (L4 hy) (L + hie)
;7'5]6 ];ék
i—1 i—1

hijhikhix hiihaghig
- dhj; — dhi.
k=1 (1 + hjj)2(1 + hkk) 7 ) (]. + h]])(l —+ hkk)2 kk
ik itk

Therefore the norm of \? satisfies

||d<A2>ugs||dhu||g+22|1+” |||dhw||g+2 sl
]J

i—1

|ite| | il P
+ [dhijllg + [dhirlg
];1|1+hjj||1+hkk| 19 ];1|1+hjj‘|1+hkk)| g
J7#k j#k
i—1
|hijl [ i | il r| | |
+ dh - dhi:ll-
g;ﬂ+hﬂﬂ+thJNg Z:1+mju+h|”9mg
3¢k g
|hw||hzk||hjk|
+ dhis >
Z T 1+ hyp? sl
J?ék
< p+ Cip* + Cop® + Cap?,
since for all 1 < j <7 <n the following bounds hold
1
\hijl < p,  |dhillg <p and ————— is bounded for all k.

1+ hy5[*
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So the norm of the da! satisfies
i 1 2
Jdaill = i 1432

<

9)\3 (P + 6(1,02 + Cgp?) + 03p4)

<C-p,
1

because - is bounded. It remains to deal with the case of do for j < i, but from

the expression for do? we deduce that

: 1 |huij| |7

dod || < dhis s dills + " |
2
p p 9 p
< + G [ —
T A1+ Ayl 2>\§)’11+hjj\|’ )l A7 (1 + Ryj)?
L P f+@ﬁ+@#+%f+ P’
~ AL+ byl 221+ hyj A7 (1 + Ryj)?
<C-p.

This technical lemma is now used to show the anticipated result.
Proposition A.7. We have
Itk —Th| < C-
ij ijl = p-

Proof. So far we have the following relations between the objects defined (M, g)
and (M,g):

g=g+h,
e; = ¢ +al'e,,
V=V+A,

where h, a{ and A all vanish asymptotically in the sense describe above. Therefore

PZ = g(vel'eja ek)
= g(vez'ejv ek) + h(veiejv ek)
= G(Veej,ex) + G(A(ei e5), ex) + M(Veej, ex) (A.4)

First of all, by Equation (A.3) the term g(A(e;, e;), ex) is bounded by

g(Ales ej),ex) < ||Allg < C-p
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Now let us study more carefully the terms 9(Ve.ej,er) and h(V,,e;,er). First by
replacing all the e; by € + a}'¢, in g(V.,e;, ex) we get

G(Veej ex) = 9(Veej,e) + g(alf Ve, e, e) + 5(Ve, (4E,), &) + g(a) Ve, (afe,), &)
+ g(véigj 1Ep) + g(oﬂv W€ Ep) + 9(Ve, (oz;-'é,,), L))
+g(af au(%"ff ), %ep)

The first term on the right-hand side is precisely ff] Moreover, all terms that do

not involve a derivative of a# will tend to zero asymptotically since the ffj are
bounded (see Section 1.10) and since |a#| < p. It remains to deal with the terms
of the form §(Vg, ()€;), %), but by Lemma A.6 we know that the derivatives of
ag' have the following asymptotics

lde]|ls < C - p.
So we obtain the bounds
9(a; Vgﬂej,ek)] < o ‘F <p-T

w'
[9(Ve, (ol2)),@)| < [er(ad)] + o] [Ty < [ldallly + p- Ty < C-p

Repeating the process of replacing all the ¢; by €, + aj'e, in h(V,,e;, e;), we again
find that
’h(veiejv ek)‘ =C- P

for the same reasons (and since |h;;| < |||l < p). Thus
k =k
|Fij - Fz’j| <C-p.

]

A.3 Asymptotically Conical Manifolds at Order
Two

By adding a control the asymptotic behaviour of the second derivative of h, it can
be expected to obtain convergence results at the level of the curvature tensor R of

(M. g).
As in the previous section, let us begin with a technical lemma, this time about
the second derivatives of .

Lemma A.8. For all 1 < j <i <n we have

IVda]|lz < C - p.
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Proof. As before we treat separately o and a{ for j < i. The computations made
in the proof of Lemma A.6 lead to the following expression for the derivative of

daj = _2/\?d<>‘i)
i1
1 hij hikhii
= —513 | dhii — 2 i dh 2 dhi;
mg( ; ]+Z ”+Z T+ 7)1+ To)
J#k
i—1 i—1
hzhk hz hzk
+ - dha, + / dh,;
];1 L+ hy) L+ hyge) Z (1 + k) (1 + hge) "
J#k J#k

i—1

h'ijhikhjk: < hz]hzkh’]k‘
— dh;; — dh
;1 (14 hy)2(1+ hy) Jél (L4 hig) (L4 Fgge)?

ik J#k
It is not difficult to see that the norm of the covariant derivative of each of the

terms in brackets will be bounded by C' - p if not a higher power of p. The term
with slowest rate of convergence is

Vhilly < C
Therefore -
|Vdailly < C - p.
For 1 < j <4 <n we know that
Nt hy) AL+ hy) AR(L+ hyy)?
hence
¥ dodlly < ~5—ll Al iyl & sl e g+~ [T
5 = N hyy ) N sl T, e lRasllall sl 3, Y il
1 2|
5 [ L L ) W -
ol + sl
bl Ay + g
)‘12|1+hjj| W 7 )‘22|1 ]]‘ I
1 2| hi;|
ol sl + s 1 gyl
2|hj| 2 | zy|
—— " _Mdh;;||z + —————||Vdh
+ >‘12|1+hjj|3|| JJHg+ )‘12( ) ||V ]JHQ
<C-p.

Which completes the proof. [l
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This technical lemma allows us to show the convergence of the components of R
to R in the following sense.

Proposition A.9. We have
|R§‘kl - Rjkl' =C-p.

Proof. Recall that by Lemma 1.14 we have the following expression for the com-
ponents of the curvature tensor:

R;‘kl = ek(rij) — e ;cj) + FZ'F;W - ngrfu + (T = Ty) FLj' (A.5)
Moreover by Proposition A.7 there exist smooth functions 7}, € C*(U x (1, 00))
such that || < C'-p and
L% = Tji + 0

=1

Therefore by replacing I, by ', + 7%, and ¢, by its expression as a "perturbed
frame" i.e. e, =€ + aféx, we get from Equation (A.5):
b = (@ + @) ([T + 1) — @+ ) Ty 4 i) + (T + 1) Ty + i)
= (T 7)o i)+ (4l — T = 1) (T + )
= (@(T) - @) + TyTh, — T Ty, + (Th) — TT,,)
+ 2 (nfy) + a2, (T)) + afe(njy) — @) — afeu(Tyy) — afe, ()
T, + ottt it — Dttty — ms T — 1t + Tty + Tt
iy — Doy — Tttty — ity
Therefore the difference of the components of R and R is given by
Riyy — Rjpa = eulry) + afeu(Tyy) + afe, (i) — @lniy) — ofe,(Thy) — a2, ()
T + Dottt it — Dty — mts T — 1ty + Tty + Tl
ity — Tty — Tl — nfily
The terms that do not involve a derivative of f;k or 7}, are already known to be

bounded by C' - p since the f;k are bounded in ¢ and [n},| < C'- p. So it remains
to show that we have

(Tl = [0 (@) < C - p,
(M) = |dn. (@) < C - p.
First recall from Section 1.10 that for 1 <, 5, k < n—1, the f;k are the components

of the connection of the manifold N and therefore do not depend on t. Moreover
if1<jk<n—1

e
e

gk —

o {o if j £k,

—5 ifi=j.
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Hence we have the following possibilites

does not depend on t if 1 <, 5k, 1 <n—1,

=i 0 ifl1<i,5,k<n—1, l=n

e jk): e . .
0 ifi=n, 1<jkil<n-—1 j#k,
t2 ifi=1l=n 1<j=k<n-—1.

In any case, we have
|y EV(F;‘k” <C-p.

Finally, we we deal with the derivatives of the 7;. Expanding Equation (A.4) to
its maximum we find the following (rather long) expression for the nfj:

1 M vV
B (W o vTH Boov— v v _pmP k v AV
+ akel(aj) + agaily, + a; ozkeu(ozj) +afafarl, + Aij + akAz'j

v Ak v AR w Ak W v AV nw v Ak wv_pAp
+ OéinV + ajakAil, + o Auj + o akAW- + o ajAW + o ajakAW

=k _ vk _ vk =
= afr,uj + ei(&;{) + aj Fill + afeu(af) + Oéélai Fuu + &ZF

4 14

+ Thyun + T by + & () b, + 4T by, + () by, + o TS
v H v puTP v— v puTP v, p=
+o; Fujhuk + O'/'Zrujhﬂﬂ + eu(a?)huk + o Q?Fu#hpk + o agey(ay)hup
+ az»”agozéffzuhgp,
where Afj and h;; are the components of A and h with respect to (ey,...,€,). We
have to show that the derivative in the direction €; of every term on the right-
hand side of the above expression bounded by a constant times the function p

plus possibly a map which is little o of p. Fortunately, the following asymptotic
behaviours are already known:

o ||dhijllg < pforalll<i,j<n;

o ||dal|lg < C-pforall 1 <i,j<mn;
o Ay <C-p

o lofe, ()| < C - p

Therefore differentiating the above expression for nfj in the direction ¢€;, we note
that it is enough to show that

[EuEn(as)| < C-p,
e(A5) < C - p,
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as p — 0. But by Lemma A.8 we have

E(Er ()] < |[(Vdad) (e, @) + |Tidal (e,))|
—9 —
< [V hlg+[[Vhg
<C-p.

Finally, we deal with the derivatives of Afj:

where the last equation comes from Proposition A.5. Hence
_ 2 =
[e(A3)] < CIIV hllg + VAl Ally < C - p,

which completes the proof.
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