Chapter 2
Background Material

This chapter establishes the notational conventions used throughout while
also providing results and computations needed for later analyses. Readers
familiar with differential geometry may wish to skip this chapter and refer
back when necessary.

2.1 Smooth Manifolds

Suppose M is a topological space. We say M is a n-dimensional topological
manifold if it is Hausdorff, second countable and is ‘locally Euclidean of
dimension n’ (i.e. every point p € M has a neighbourhood U homeomorphic
to an open subset of R™). A coordinate chart is a pair (U, ¢) where U C M
is open and ¢ : U — ¢(U) C R™ is a homeomorphism. If (U, ¢) and (V, )
are two charts, the composition 1o ¢~ : ¢(UNV) — (U NV) is called the
transition map from ¢ to ¥. It is a homeomorphism since both ¢ and 1 are.

In order for calculus ideas to pass to the setting of manifolds we need
to impose an extra smoothness condition on the chart structure. We say two
charts (U, ¢) and (V, 1)) are smoothly compatible if the transition map yo¢=1,
as a map between open sets of R™, is a diffeomorphism.

We define a smooth atlas for M to be a collection of smoothly compatible
charts whose domains cover M. We say two smooth atlases are compatible if
their union is also a smooth atlas. As compatibility is an equivalence relation,
we define a differentiable structure for M to be an equivalence class of smooth
atlases. Thus a smooth manifold is a pair (M, /) where M is a topological
manifold and & is a smooth differentiable structure for M. When there is
no ambiguity, we usually abuse notation and simply refer to a ‘differentiable
manifold M’ without reference to the atlas. From here on, manifolds will
always be of the differentiable kind.
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2.1.1 Tangent Space

There are various equivalent ways of defining the tangent space of a mani-
fold. For our purposes, we emphasis the construction of the tangent space as
derivations on the algebra C'*°(M).

Definition 2.1. Let M be a smooth manifold with a point p. A R-linear
map X : C®°(M) — R is called a derivation at p if it satisfies the Leibniz
rule: X(fg) = f(p)Xg+ g(p)X f. The tangent space at p, denoted by T,M,
is the set of all derivations at p.

The tangent space T, M is clearly a vector space under the canonical ope-
rations (X +Y)f = Xf+Yf and (AX)f = A(Xf) where XA € R. In fact
T, M is of finite dimension and isomorphic to R". By removing the pointwise
dependence in the above definition, we define:

Definition 2.2. A derivation is an R-linear map Y : C*°(M) — C*(M)
which satisfies the Leibniz rule: Y(fg) = fYg+gY f.

We identify such derivations with vector fields on M (see Remark 2.10 below).

Remark 2.3. In the setting of abstract algebra, a derivation is a function
on an algebra which generalises certain features of the derivative opera-
tor. Specifically, given an associative algebra &/ over a ring or field R, a
R-derivation is a R-linear map D : o — &/ that satisfies the product rule:
D(ab) = (Da)b + a(Db) for a,b € &/. In our case, the algebra o = C>*(M)
and the field is R.

2.2 Vector Bundles

Definition 2.4. Let F and M be smooth manifolds. A fibre bundle over M
with fibre F' is a smooth manifold F, together with a surjective submersion
m . E — M satisfying a local triviality condition: For any p € M there
exists an open set U in M containing p, and a diffeomorphism ¢ : 7=1(U) —
U x F (called a local trivialization) such that 7 = 7 0 ¢ on 7= 1(U), where
m(z,y) = x is the projection onto the first factor. The fibre at p, denoted
E,, is the set 71 (p), which is diffeomorphic to F for each p.

Although a fibre bundle FE is locally a product U x F', this may not be true
globally. The space F is called the total space, M the base space and 7 the
projection. Occasionally we refer to the bundle by saying: ‘let 7 : E — M
be a (smooth) fibre bundle’. In most cases the fibre bundles we consider
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will be vector bundles in which the fibre F' is a vector space and the local
trivializations induce a well-defined linear structure on FE, for each p:

Definition 2.5. Let M be a differentiable manifold. A smooth vector bundle
of rank k over M is a fibre bundle 7 : E — M with fibre R¥, such that

1. The fibres E, = 7~ !(p) have a k-dimensional vector space structure.
2. The local trivializations ¢ : 7~ *(U) — U x R* are such that 73 o ¢|, is
a linear isomorphism for each p € U, where ma(z,y) = y.

One of the most fundamental vector bundles over a manifold M is the
tangent bundle TM = Upe um IpM. It is a vector bundle of rank equal to
dim M. Other examples include the tensor bundles constructed from T M
(see Sect. 2.3.3).

Definition 2.6. A section of a fibre bundle 7 : E — M is a smooth map
X : M — E, written p — X, such that 7o X =id,. If E is a vector bundle
then the collection of all smooth sections over M, denoted by I'(E), is a real
vector space under pointwise addition and scalar multiplication.

Definition 2.7. A local frame for a vector bundle F of rank k is a k-tuple
(&) of pointwise linearly independent sections of E over open U C M, that
is linear independent &1,...,&; € F(E|U).

Given such a local frame, any section o of E over U can be written in the
form Zle a'é;, where ' € C°(U). Local frames correspond naturally to
local trivializations, since the map (p, Zle a'&i(p)) — (p,at(p),...,a%(p))
is a local trivialization, while the inverse images of a standard basis in a
local trivialization defines a local frame. Moreover we recall the local frame
criterion for smoothness of sections.

Proposition 2.8. A section o € I'(E|y) is a smooth if and only if its com-
ponent functions o*, with respect to (&), on U are smooth.

Remark 2.9. In fact I'(E) is a module over the ring C*° (M) since for each
X € I'(E) we define fX € I'(E) by (fX)(p) = f(p)X(p). For instance the
space of sections of any tensor bundle is a module over C*°(M).!

Remark 2.10. There is an important identification between derivations (as in
Definition 2.2) and smooth sections of the tangent bundle:

Proposition 2.11. Smooth sections of TM — M are in one-to-one corres-
pondence with derivations of C>(M).

! Recall that a module over a ring generalises the notion of a vector space. Instead of
requiring the scalars to lie in a field, the ‘scalars’ may lie in an arbitrary ring. Formally
a left R-module over a ring R is an Abelian group (G, +) with scalar multiplication-
: R x G — G that is associative and distributive.
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Proof. It X € I'(TM) is a smooth section, define a derivation X : f — X f
by (Xf)(p) = X,(f). Conversely, given a derivation ) : C>®(M) — C>(M)
define a section Y of TM by Y, f = (Vf)(p). An easy exercise shows that
this section is smooth. ]

As a result, we can either think of a smooth section X € I'(T'M) as a smooth
map X : M — T'M with X ow = idys or as a derivation — that is, a R-linear
map X : C®°(M) — C*°(M) that satisfies the Leibniz rule. We call such an
X a vector field and let the set of vector fields be denoted by 2" (M).

2.2.1 Subbundles

Definition 2.12. For a vector bundle 7 : £ — M, a subbundle of F is a
vector bundle E’ over M with an injective vector bundle homomorphism
i: E' — E covering the identity map on M (so that 7g o i = mg/, where 7
and g are the projections on F and E’ respectively).

The essential idea of a subbundle of a vector bundle £ — M is that it
should be a smoothly varying family of linear subspaces E,, of the fibres £,
that constitutes a vector bundle in their own right. However it is convenient
to distinguish sections of the subbundle from sections of the larger bundle,
and for this reason we use the definition above. One can think of the map 14
as an inclusion of E’ into E.

Example 2.13. Let f: M — N be a smooth immersion between manifolds.
The pushforward f. : TM — TN (Sect.2.8.2) over f : M — N induces a
vector bundle mapping ¢ : TM — f*(T'N) over M. On fibres over p € M
this is the map f.|, : T,M — Ty,)N = (f*TN), which is injective since f
is an immersion. Hence, i exhibits T'M as a subbundle of f*T'N over M.

It is also useful to note, using a rank type theorem, that:

Proposition 2.14. If f : E — E’ is a smooth bundle surjection over M.
Then there exists a subbundle j : Ey — E such that j(Eo(p)) = ker(f|,) for
eachpe M.

In which case we have a well-defined subbundle Ey = ker f inside F.

2.2.2 Frame Bundles

For a vector bundle 7 : E — M of rank k, there is an associated fibre bundle
over M with fibre GL(k) called the general linear frame bundle F(E). The
fibre F(E), over z € M consists of all linear isomorphisms Y : R¥ — E,. or
equivalently the set of all ordered bases for E, (by identifying the map Y with



2.3 Tensors 15

the basis (Y;), where Y, =Y (e,) for a = 1,...,k). The group GL(k) acts on
each fibre by composition, so that A € GL(k) acts on a frame Y : R* — E,
to give YA =Y o A : R¥ — E, (alternatively, the basis (Y,) € F(E), maps
to the basis (A#Y,)). From standard linear algebra, this action

GL(k) x F(E) —» F(E); (A,Y)—Y"

is simply transitive on each fibre (that is, for any Y, Z € F(FE), there exists
a unique A € GL(k) such that Y* = 7).

Note that a local trivialization ¢ : 7~ '(U) — U x R¥ for E, together
with a local chart n: U — R" for M, produces a chart for E compatible
with the bundle structure: We take (x,v) — ¢(x,v) = (x,md(x,v)) —
(n(x), mad(z,v)) €ER™ x R*. Any such chart also produces a chart for F(E)
giving it the structure of a manifold of dimension n + k%: We take (z,Y) —
(n(x), 72 0 ¢y 0 Y) € R™ x GL(k) C R"** | where ¢, (-) = ¢(z,-). Similarly
a local trivialization of F(E) is defined by (z,Y) — (z,m2 0 ¢, oY), giving
F(E) the structure of a fibre bundle with fibre GL(k) as claimed.

If the bundle E is equipped with a metric g (Sect.2.4.4) — so that E, is an
inner product space — then one can introduce the orthonormal frame bundle
O(FE). Specifically O(E) is the subset of F(FE) defined by

O(E) ={Y € F(E) : g(Ya,Yp) = ab}-
The orthogonal group O(k) acts on O(E) by
O(k) x O(E) — O(E); (0,Y) YO

where YC(u) = Y(Ou) for each u € R¥ and O(E) is a fibre bundle over M
with fibre O(k).

Remark 2.15. A local frame for F consists of k& pointwise linearly independent
smooth sections of E over an open set U, say p — &;(p) € Ep fori=1,... k.
This corresponds to a section Y of F(E) over U, defined by Y, (u’e;) = u'&;(p)
for each p € U and u € R¥.

2.3 Tensors

Let V be a finite dimensional vector space. A covariant k-tensor on V is
a multilinear map F : V¥ — R. Similarly, a contravariant (-tensor is a
multilinear map F : (V*) — R. A mixed tensor of type (lz) or (k,0) is a
multilinear map

F: V% o . xV*"xVx---xV =R.

¢ times k times
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We denote the space of all k-tensors on V' by T*(V), the space of contravariant
(-tensors by Ty(V'), and the space of all mixed (k, £) tensors by TF (V).
The following canonical isomorphism is frequently useful:

Lemma 2.16. The tensor space T (V') is canonically isomorphic to End(V),
where the (bases independent) isomorphism @ : End(V) — TL(V) is given by

P(A): (w, X) — w(AX))

forall A€c End(V), we V*, and X € V.

Remark 2.17. Alternatively one could state this lemma by saying: If V' and
W are vector spaces then V ® W* ~ End(W,V) where the isomorphism
U:VW* - End(W,V) is given by ¥(v ® £) : w — &(w)v.

A general version of this identification is expressed as follows.

Lemma 2.18. The tensor space TfH(V) s canonically isomorphic to the
space Mult((V*)*xVE V), where the isomorphism @ : Mult((V*)*xVk V) —
TF, (V) is given by

D(A) : (wo,w17...,w£,X17...,X;€) »—>wO(A(w17...,wz,Xh...,Xk))

for all A e Mult(V*)¢ x VF V), w; € V*, and X; € V.2
j

2.3.1 Tensor Products

There is a natural product that links the various tensor spaces over V.
If FeT/(V) and G € TP(V), then the tensor product F ® G € Tf_@p(V)
is defined to be

(FoG) (w'. ., Xy, o, Xitp)
= F(w' . W Xy X)) G 0T X X )

Moreover, if (e1, ..., e,) is a basis for V and (p!,. .., ") is the corresponding
dual basis, defined by ¢’(e;) = 0%, then it can be shown that a basis for T (V')
takes the form

€, @ ®ej, P Q- @™,

where

ej1®”'®ejtz®spil®"'®¢ik(¢517"-a(pszaerla'”aerk) = 6;11 6;; 5;11 5?;

2 Here Mult((V*)¢ x V¥, V) is the set of multilinear maps from (V*)¢ x V¥ to V.
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Therefore any tensor F' € Tf(V') can be written, with respect to this basis, as
F= Fjl).”’jlil,...,’ikejl ® --Qej,® (,Oil R ® (pik

1500 = J1 Je e, )
where F/UlG = F(07 @9 ey €6y

2.3.2 Tensor Contractions

A tensor contraction is an operation on one or more tensors that arises from
the natural pairing of a (finite-dimensional) vector space with its dual.

Intuitively there is a natural notion of ‘the trace of a matrix’ A=(A4%) €
Mat, xn(R) given by trA= >, AL It is R-linear and commutative in
the sense that tr AB=tr BA. From the latter property, the trace is
also cyclic (in the sense that tr ABC =tr BCA=tr CAB). Therefore the
trace is similarity-invariant, which means for any P € GL(n) the trace
tr PTLAP=tr PP~'A=tr A. Whence we can extend tr over End(V) by ta-
king the trace of a matrix representation — this definition is basis independent
since different bases give rise to similar matrices — and so by Lemma 2.16 tr
can act on tensors as well.

Naturally, we define the contraction of any F' € T{(V') by taking the trace
of F as a linear map in End(V). In which case tr : T{(V) — R is given
by tr F = F(¢',e;) = 3, F{, since =1 (F) = (F(¢', ¢;))7 j=; € End(V). In
general we define

tr: T, (V) — TF(V)
by
(tr F)(wh, ..., 0" X1,..., X3) :tr(F(wl,...,wz, X1 Xy ))

That is, we define (tr F)(w', ..., w’ X1,..., X}) to be the trace of the endo-
morphism F(w!, ... 0% -, X1,..., Xy, ) € TH(V) =~ End(V). In components
this is equivalent to
(tI‘ F)jl...jlil...ik _ Fjlmjzmil...ikm'

It is clear that the contraction is linear and lowers the rank of a tensor by 2.
Unfortunately there is no general notation for this operation! So it is best to
explicitly describe the contraction in words each time it arises. We give some
simple examples of how this might occur.

There are several variations of tr: Firstly, there is nothing special about
which particular component pairs the contraction is taken over. For instance
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if FF = Fijkgpi ®e; ® ¢* € TZ(V) then one could take the contraction of F'
over the first two components: (tri2 F), = tr F(-, -, e,) = F.% or the last two
components: (trog ), = tr Fey, -, ) = F}%;.

Another variation occurs if one wants to take the contraction over multiple
component pairs. For example if F' = F}; Moi @ ol @ er @ e € TZ(V), one
could take the trace over the 1st and 3rd with the 2nd and 4th so that
tr F' = trig trog F = tI‘F(*, ok, ) = qupq.

Furthermore, if one has a metric g then it is possible to take contractions
over two indices that are either both vectors or covectors. This is done by
taking a tensor product with the metric tensor (or its inverse) and contracting
each of the two indices with one of the indices of the metric. This operation
is known as metric contraction (see Sect.2.4.3 for further details).

Finally, one of the most important applications arises when FF =w ® X €
T (V) for some (fixed) vector X and covector w. In this case

tr F = F(0;,dx") = w(0;) X (dr') = w; X" = w(X).

The idea can be extended as follows: If F € TF(V) with w?,...,w’ € V* and
X1,..., X, €V (fixed) then

Fow e - ouw'eX; e X, eTyl).
So the contraction of this tensor over all indexes becomes

trFew' e 2w eoX; @ - o Xy)

Ly dde i1, ., Yik
=wj, - wj, P iy X X

= Fh, ..., X1, Xp). (2.1)

2.3.83 Tensor Bundles and Tensor Fields

For a manifold M we can apply the above tensor construction pointwise on
each tangent space T, M. In which case a (k, £)-tensor at p € M is an element
TF(T,M). We define the bundle of (k,¥)-tensors on M by

TfM = | ) THT,M) = | ) " Ty M @' T,M.
pEM peEM

In particular, /M = TM and T'M = T*M. An important subbundle of
T2M is Sym?® T*M, the space of all symmetric (2,0)-tensors on M. A (k, /)-
tensor field is an element of I'(TFM) = ['(@*T*M ®° TM) — we sometimes
use the notation .7,*(M) as a synonym for I'(TFM).
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To check that TfM is a vector bundle, let 7 : TFM — M send F €
TF(T,M) to the base point p. If (') is a local chart on open U C M around
point p, then any tensor F € T)(T,M) can be expressed as

F = Fjl,nu,jp ,7ikaj1 R ® 8jz ® dr™ R dx'* .

21y
The local trivialisation ¢ : 7= 1(U) — U x R""" is given by

(b : Tfk(TpM> S5 F+— (p’ Fjl"""jl.

2.3.4 Dual Bundles

If ' is a vector bundle over M, the dual bundle E* is the bundle whose fibres
are the dual spaces of the fibres of E:

E*={(p,w): weE;}.

If (&) is a local frame for E over an open set U C M, then the map ¢ :
e (U) — U x R¥ defined by (p,w) = (p,w(&1(p)), .- .,w(&k(p))) is a local
trivialisation of E* over U. The corresponding local frame for E* is given by
the sections 6 defined by 6°(;) = 5.

2.3.5 Tensor Products of Bundles

If £y, ..., E) are vector bundles over M, the tensor product F1 ® - - - ® Ej is
the vector bundle whose fibres are the tensor products (E1), ® -+ ® (Ek)p-
If U is an open set in M and {&/ : 1 <i < n;} is a local frame for E; over U
forj=1,... k then {& ®@---®¢& + 1<i; <nj, 1<j <k} forms alocal
frame for F1 ® - - - ® E}. Taking tensor products commutes with taking duals
(in the sense of Sect. 2.3.4) and is associative. That is, £} ® F5 ~ (Ey ® E3)*
and (Fy1 ® E2) @ B3 ~ E1 @ (Fy ® Ej).

2.3.6 A Test for Tensorality

Let Ey,..., Ex be vector bundles over M. Given a tensor field F' € I'(E} ®
---® E}) and sections X; € I'(E;), Proposition 2.8 implies that the function
on U defined by

F(X1,...,Xp):p+— Fp(X1|p,...,Xk|p),
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is smooth, so that F induces a mapping F : I'(Ey) x - - - X I'(E},) — C*°(M).
It can easily be seen that this map is multilinear over C°°(M) in the sense
that

F(fiXo, ..o foXe) = fr-- foF (X, X
for any f; € C*°(M) and X; € I'(E;). In fact the converse holds as well.

Proposition 2.19 (Tensor Test). For vector bundles F1, ..., Ey over M,
the mapping F : I'(Ey) X --- X I'(Ey) — C*°(M) is a tensor field, i.e. F €
I'Ef®---®Ey), if and only if F is multilinear over C>(M).

By Lemma 2.18 we also have:

Proposition 2.20 (Bundle Valued Tensor Test). For vector bundles Ey,
Ey, ..., Ex over M, the mapping F : I'(E1)x---xT'(Ey) — ['(Ep) is a tensor
field, i.e. F € I'Ef @ --- ® Ef ® Ey), if and only if F is multilinear over
C>*(M).

Remark 2.21. This proposition leaves one to interpret
Fel(Ef®- - -QE; ®Ey)
as an Fy-valued tensor acting on £ ® - -- ® Ej.

The importance of Propositions 2.19 and 2.20 is that it allows one to work
with tensors without referring to their pointwise attributes. For example, the
metric g on M (as we shall see) can be consider as a pointwise inner product
gp + TyM x T,M — R that smoothly depends on its base point. By our
identification we can also think of this tensor as a map

g: Z(M)x Z(M)— C(M).

Therefore if X,Y and Z are vector fields, g(X,Y) € C°(M) and so by
Remark 2.10 we also have Zg(X,Y) € C*(M).

2.4 Metric Tensors

An inner product on a vector space allows one to define lengths of vectors
and angles between them. Riemannian metrics bring this structure onto the
tangent space of a manifold.
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2.4.1 Riemannian Metrics

A Riemannian metric g on a manifold M is a symmetric positive definite
(2,0)-tensor field (i.e. g € I'(Sym*T*M) and g, is an inner product for each
p € M). A manifold M together with a given Riemannian metric g is called
a Riemannian manifold (M, g).

In local coordinates (z°), g = g;;dz’ ® da?. The archetypical Riemannian
manifold is (R™,d;). As the name suggests, the concept of the metric was
first introduced by Bernhard Riemann in his 1854 habilitation dissertation.

2.4.1.1 Geodesics

We want to think of geodesics as length minimising curves. From this point
of view, we seek to minimise the length functional

L(y) = / (0 gt

amongst all curves 7 : [0,1] — M. There is also a natural ‘energy’ functional:

B0) = 3 [ Il

As L(y)? < 2E(y), for any smooth curve « : [0,1] — M, the problem of
minimising L(y) amongst all smooth curves « is equivalent to minimising
E(v). By doing so we find:

Theorem 2.22. The Fuler-Lagrange equations for the energy functional are
F(t) + D (v ()7 (6)3" (1) = 0, (2.2)

where the connection coefficients ij are given by (2.9).

Hence any smooth curve v : [0,1] — M satisfying (2.2) is called a geodesic.
By definition they are critical points of the energy functional. Moreover, by
the Picard—Lindel6f theorem we recall:

Lemma 2.23 (Short-Time Existence of Geodesics). Suppose (M, g) is
a Riemannian manifold. Let p € M and v € T, M be given. Then there exists
e > 0 and precisely one geodesic v : [0,e] = M with v(0) = p, ¥(0) = v and
~ depends smoothly on p and v.
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2.4.2 The Product Metric

If (My,g™") and (Ms, g®) are two Riemannian manifolds then, by the na-
tural identification T\, .y M1 x Ma =~ T}, My @ T, M2, there is a canonical
Riemannian metric g = ¢ @ ¢g® on M; x Ms defined by

G(p1.po) (U1 + U2, 01 +v2) = ,(,P(ul,ug) + gz(,i)(vl,vg),
where uy,up € Tp, M1 and vy, v2 € Tp, Ma. If dim My = n and dim My = m,

the product metric, in local coordinates (x!,...,2"*™) about (p1,p2), is the
block diagonal matrix:

o

(gij) = @)
95

(1)

ij

@)

where (g,;’) is an n x n block and (g;;

) is an m x m block.

2.4.3 Metric Contractions

As the Riemannian metric g is non-degenerate, there is a canonical g-
dependent isomorphism between TM and T*M .3 By using this it is possible
to take tensor contractions over two indices that are either both vectors or
covectors.

For example, if h is a symmetric (2,0)-tensor on a Riemannian manifold
then h* is a (1,1)-tensor. In which case the trace of h with respect to g,
denoted by tryh, is

tryh = trh? = h,' = g¥hy;.

Equivalently one could also write

try h = tris trog g_l ® h = (g_l X h)(dxi7dwj,6i,6j) = gijhi]‘.

2.4.4 Metrics on Bundles

A metric g on a vector bundle 7w : E — M is a section of E*® E* such that at
each point p of M, g, is an inner product on E, (that is, g, is symmetric and

3 Specifically, the isomorphism § : T* M — TM sends a covector w to w? = w?d; =
9%w;0;, and b : TM — T*M sends a vector X to X’ = X;dat = gy XIdxt.
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positive definite for each p: g,(§,n) = g,(n, &) for all §,n € Ey; g,(£,€) >0
for all £ € B, and g,(€,£) =0=¢ =0).

A metric on E defines a bundle isomorphism ¢, : E — E* given by ¢4(¢) :
n— gp(&,n) for all §,n € E,.

2.4.5 Metric on Dual Bundles

If g is a metric on F, there is a unique metric on E* (also denoted g) such
that ¢4 is a bundle isometry:

9(14(8),19(v)) = g(&,m)

for all £,n € E,; or equivalently g(w,o) = g(Lg_lw,Lg_la) for all w,o0 €
By = (Ep)*.

2.4.6 Metric on Tensor Product Bundles

If g1 is a metric on E; and g2 is a metric on Fs, then
g=91®g2 € I'((Ef ® ET) ® (B3 @ E3)) =~ I'((E1 ® E2)" ® (E1 ® E2)")
is the unique metric on Fy ® E5 such that

9(&1 @1, 62 ®@n2) = g1(81,82)92(11, M2)-

The construction of metrics on tensor bundles now follows. It is well-
defined since the metric constructed on a tensor product of dual bundles
agrees with that constructed on the dual bundle of a tensor product.

Example 2.24. Given tensors S,T € %k (M), the inner product, denoted by
(-,), at pis

<S, T> = galbl .. .gakbkgl.ljl o Gigie Sa1...aki1milTbl...bk J1---Je ) (23)

2.5 Connections

Connections provide a coordinate invariant way of taking directional deri-
vatives of vector fields. In R™, the derivative of a vector field X = X'¢;
in direction v is given by D, X = v(X")e;. Simply put, D, differentiates
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the coefficient functions X? and thinks of the basis vectors e; as being held
constant. However there is no canonical way to compare vectors from dif-
ferent vector spaces, hence there is no natural coordinate invariant analogy
applicable to abstract manifolds.* To circumnavigate this, we impose an ad-
ditional structure — in the form of a connection operator — that provides a
way to ‘connect’ these tangent spaces.

Our method here is to directly specify how a connection acts on elements
of I'(E) as a module over C*°(M). They are of central importance in modern
geometry largely because they allow a comparison between the local geometry
at one point and the local geometry at another point.

Definition 2.25. A connection V on a vector bundle E over M is a map
V:Z(M)xI'(E)— I'(E),
written as (X, o) — Vxo, that satisfies the following properties:
1. Vis C*°(M)-linear in X:
Vixi+fx0=1Vx,o+ fiVx,o
2. V is R-linear in o:
Vx(A1o1 + Aa0o2) = MiVxo1 + AaVxos
and V satisfies the product rule:
Vx(fo)=(Xf)o+ fVxo

We say Vxo is the covariant derivative of o in the direction X.

Remark 2.26. Equivalently, we could take the connection to be
V:I'E)->T(T*"M®E)

which is linear and satisfies the product rule. For if ¢ € I'(E) then Vo €
I'(T*M ® E), where (Vo)(X) = Vxo is C*°(M)-linear in X by Property 1

of Definition 2.25. Thus Proposition 2.20 implies that Vo : I'(TM) — I'(E)
is an E-valued tensor acting on T'M.

4 There is however another generalisation of directional derivatives which is canonical:
the Lie derivative. The Lie derivative evaluates the change of one vector field along
the flow of another vector field. Thus, one must know both vector fields in an open
neighbourhood. The covariant derivative on the other hand only depends on the vector
direction at a single point, rather than a vector field in an open neighbourhood of a
point. In other words, the covariant derivative is linear over C'°>° (M) in the direction
argument, while the Lie derivative is C°° (M )-linear in neither argument.
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For a connection V on the tangent bundle, we define the connection coeffi-
cients or Christoffel symbols of V in a given set of local coordinates (z*) by
defining

Iy* =da* (V5,0)

or equivalently,

Vo,0; = Tyj" 0.

More generally, the connection coefficients of a connection V on a bundle
E can be defined with respect to a given local frame {{,} for E by the
equation

Voo = La"&s.

2.5.1 Cowvariant Derivative of Tensor Fields

In applications one is often interested in computing the covariant derivative
on the tensor bundles Tj* M. This is a special case of a more general construc-
tion (see Sect.2.5.3).

Proposition 2.27. Given a connection V on T M, there is a unique connec-
tion on the tensor bundle, also denoted by V, that satisfies the following
properties:

1. OnTM, V agrees with the given connection.
2. On C®°(M)=T°M, V is the action of a vector as a derivation:

VXf:Xf7

for any smooth function f.
3. 'V obeys the product rule with respect to tensor products:

Vx(F®G)=(VxF)® G+ F® (VxG),

for any tensors F and G.
4. ¥V commutes with all contractions:

Vx(tl"F) =tr (VxF)7

for any tensor F.
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Ezxample 2.28. We compute the covariant derivative of a 1-form w with res-
pect to the vector field X. Since trda? ® 9; = &7, Vx (trdz/ ® 9;) = 0. Thus
(Vxdz?)(9;) = —da? (Vx ;) and so

(Vxw)(0r) = Vxwi + Wi (dewj)(ak)
= Vxw, — wjdxj(vxﬁk)
= X' Qi — w; X' T
Therefore Vyw = (X "djwy, — w; X" Fgg)d:zk.
In general we have the following useful formulas.

Proposition 2.29. For any tensor field F € %k(M), vector fields Y; and
1-forms w? we have

(VxF)w!, ..., Y, V) = X(Fw!, ..., o5V, ..., Y2)

=Y P, Vxw!, W Ve, V)

Proof. By (2.1) we have

trFw' ®@ - 0wV - @Y =w, ...wikFil'“ikjlmjkyjl S YR
= Fw!,... w5V, Y.
Thus by Proposition 2.27,
Vx(Fw' ... w" Y1, Y5)
:tr[(VXF)®w1®~-®Yk+F®(VXw1)®~-®Yk
+F+Fu' e - ®(VxYs)
= (VxF)(w', ..., Y1,..., V) + F(Vxw', ..., Y1, V)
+ o+ P, . Wi Y, VY. O

As the covariant derivative is C°°(M)-linear over X, we define VF €
D(@*T* M @ TM) by

(VE)(X,Y1,.... Vw05 =V F(YL, ..., Y, b, W),

for any F' € Z5(M). Hence (in this case) V is an R-linear map V : Z*(M) —
T (M) that takes a (k,£)-tensor field and gives a (k + 1, ¢)-tensor field.
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2.5.2 The Second Covariant Derivative
of Tensor Fields

By utilising the results of the previous section, we can make sense of the
second covariant derivative V2.

To do this, suppose the vector bundle E = TZkM with associated connec-
tion V. By Remark 2.26, if FF € I'(E) then VF € I'(T*M ® E) and so
V2F € I'(T*M @ T*M ® E). Therefore, for any vector fields X,Y we find
that

(V2F)(X,Y) = (Vx( )) (Y)
= Vx ((VF)(Y)) = (VF)(VxY)
Vx(VyF)) = (VoyyF). (2.4)

Ezample 2.30. If f € C>°(M) is a (0,0)-tensor, then V2 f is a (2,0)-tensor.
In local coordinates:

Vaio,f = (Vo,(V1))(9;)
= 0;((V1)(95)) = (Vf)(Va,0;)
= 0:(05f) — (V) (T on)
=0;0;f —I'}Vo.f

o*f k Of
=—< _ kL 2.5
Oz10x7 4 Ok (2:5)
In general equation (2.4) amounts to the following useful formula:
Proposition 2.31. If V is a connection on T M, then
Vi x =VyoVx —Vy,x: 7 (M) — ZF(M) (2.6)

where X, Y € 2 (M) are given vector fields.

2.5.2.1 Notational Convention
It is important to note that we interpret
VxVyF =V F = (VWF)(X,Y,- ) = (Vx (VE))(Y,...),

whenever no brackets are specified; this is differs from Vx(VyF) with
brackets [KN96, pp. 124-125]. Furthermore, for notational simplicity we of-
ten write Vy, as just V, and (Vy, F)(dz™, ..., dz",0;,,...,0;,) simply as
V,Fiie

JiJk”
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2.5.2.2 The Hessian

We define the Hessian of f € C*°(M) to be
Hess(f) = Vdf.

When applied to vector fields X,Y € 2°(M), we find that Hess(f)(X,Y) =
(Vdf)(X,Y) = V% y f. Also note that the Hessian is symmetric precisely
when the connection is symmetric (see Example 2.30).

2.5.3 Connections on Dual and Tensor
Product Bundles

So far we have looked at the covariant derivative on the tensor bundle
®k T"M ® ®é TM. In fact much of the same structure works on a gene-
ral vector bundle as well.

Proposition 2.32. IfV is a connection on E, then there is a unique connec-
tion on E*, also denoted by V, such that

X(w(§)) = (Vxw)(§) + w(VxE)
forany § € I'(E), w e I'(E*) and X € Z'(M).

Proposition 2.33. If V9 is a connection on E; for i = 1,2, then there is
a unique connection V on Ey ® Ey such that

Vx(& ©&) = (VY&) @&+ 6 © (VPE)
forall X € Z' (M) and & € I'(E;).

Propositions 2.32 and 2.33 define a canonical connection on any tensor
bundle constructed from E by taking duals and tensor products. In particular,
it S € I'(E} ® E») is an Ey-valued tensor acting on Ey, then VS € I'(T*M ®
Ef ® E3) is given by

(VxS)(&) = 2Vx (S(9) —S("'Vx &) (2.7)

where € € I'(Ey) and X € 2°(M).

Moreover if we also have a connection V on TM, then V2S € I'(T*M ®
T*M®E;®FE>) — since we can construct this connection from the connections
on TM, F; and E5 by taking duals and tensor products. Explicitly,

(V29)(X,Y,€) = 2Vx ((Vy5)(©) = (Ve y9)(E) = (Vy8) (P VxE)
= (Vx(Vy9))(©) = (Ve .y 9)(E) (2.8)
where X, Y € Z'(M) and & € I'(Ey).
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2.5.4 The Levi—Civita Connection

When working on a Riemannian manifold, it is desirable to work with a
particular connection that reflects the geometric properties of the metric. To
do so, one needs the notions of compatibility and symmetry.

Definition 2.34. A connection V on a vector bundle F is said to be com-
patible with a metric g on E if for any {,n € I'(E) and X € 2 (M),

X(g(&m) =9(Vx&n) +9(&, Vxn).

Moreover, if V is compatible with a metric ¢ on FE, then the induced
connection on E* is compatible with the induced metric on E*. Also, if the
connections on two vector bundles are compatible with given metrics, then
the connection on the tensor product is compatible with the tensor product
metric.

Unfortunately compatibility by itself is not enough to determine a unique
connection. To get uniqueness we also need the connection to be symmetric.

Definition 2.35. A connection V on TM is symmetric if its torsion va-
nishes.” That is, if VxV — Vy X = [X,Y] or equivalently I} = I'f.

We can now state the fundamental theorem of Riemannian geometry.

Theorem 2.36. Let (M, g) be a Riemannian manifold. There exists a unique
connection V on T M which is symmetric and compatible with g. This connec-
tion is referred to as the Levi-Civita connection of g.

The reason why this connection has been anointed the Riemannian connec-
tion is that the symmetry and compatibility conditions are invariantly defined
natural properties that force the connection to coincide with the tangential
connection, whenever M is realised as a submanifold of R™ with the induced
metric (which is always possible by the Nash embedding).

Proposition 2.37. In local coordinate (z*), the Christoffel symbols of the
Levi-Civita connection are given by

1
Fi]; = Egké(ajgié + 0igje — Ougij)- (2.9)

5 The torsion 7 of V is defined by 7(X,Y) = VxY —Vy X —[X,Y]. T is a (2, 1)-tensor
field since Vyx (gY) — Voy fX — [fX,gY] = fg(VxY — Vy X — [X,Y]).
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2.6 Connection Laplacian

In its simplest form, the Laplacian A of f € C*(M) is defined by Af =
divgrad f. In fact, the Laplacian can be extended to act on tensor bundles
over a Riemannian manifold (M, g). The resulting differential operator is
referred to as the connection Laplacian. Note that there are a number of
other second-order, linear, elliptic differential operators bearing the name
Laplacian which have alternative definitions.

Definition 2.38. For any tensor field F' € .7,%(M), the connection Laplacian

AF = tr,V*F (2.10)
is the trace of the second covariant derivative with the metric g.
Explicitly,
(AF)Jlmuil...ik — (trgv2F)hmuil...ik

Ji---Je
1.0k

= (trygtrog 971 ® V2F)
9" (Vo, Vo, F)(0j,..., 05, dx", ... dz"™).

Ezample 2.39. 1f the tensor bundle is T°M = C°°(M), then (2.5) implies that
Af =gV, Vo, f

g [ 90*f of
— ¥ k=L
— 9 (8Ii8:17j Ly 83:’“) '

2.7 Curvature

We introduce the curvature tensor as a purely algebraic object that arises
from a connection on a vector bundle. From this we will look at the curvature
on specific bundle structures.

2.7.1 Curvature on Vector Bundles

Definition 2.40. Let E be a vector bundle over M. If V is a connection on
E, then the curvature of the connection V on the bundle F is the section
Ry e NT*M @ T*M ® E* ® E) defined by

Ry (X,Y )¢ =Vy (Vx§) — Vx (Vy§) + Vix v (2.11)

In the literature, there is much variation in the sign convention; some
define the curvature to be of opposite sign to ours.
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2.7.2 Curvature on Dual and Tensor
Product Bundles

The curvature on a dual bundle E*, with respect to the dual connection, is
characterised by the formula

0= (R(X,Y)w)(§) +w(R(X,Y)E)
forall X,Y € (M), w e I'(E*) and & € I'(E).
The curvature on a tensor product bundle E; ® E5, with connection V

given by Proposition 2.33, can be computed in terms of the curvatures on
each of the factors by the formula

Re(X,Y)(§1 @ &) = (Ryw (X, Y)61) @& + &1 @ (Rye (X, Y)E2),

where X, Y € Z (M) and & € I'(E;), i =1,2.

Ezample 2.41. Of particular interest, the curvature on Ef ® Ey (Es-valued
tensors acting on Fj) is given by

(R(X,Y)S)(€) = Ry (X,Y)(S()) = S(Ryw (X, Y)E), (2.12)

where S € I'(Ef ® Ey), £ € I'(E1) and X, Y € Z'(M).

2.7.3 Curvature on the Tensor Bundle

One of the most important applications is the curvature of the tensor bundle.
By (2.11) and Sect. 2.5.1, we have the following:

Proposition 2.42. Let R be the curvature on the (k,{)-tensor bundle. If
F,G € FF(M) are tensors, then

R(X,Y)(tr F) = tr (R(X,Y)F)
RX.Y)F®G) = (R(X,Y)F)® G+ F ® (R(X,Y)G)

for any vector fields X and Y .

Moreover we also have the following important formulas.
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Proposition 2.43. Let R be the curvature on the (k,{)-tensor bundle.
If F € F(M), then

RIX,Y)(F(W',...,w" Z1,.... Zy)) = (R(X,Y)F)(w', ..., 0", Z1,..., Zy)

RX,Y)w!,...,w* Zy,...,Z)

¢
k
Z W2y, R(X,Y) 2, Zy)
for any vector fields X,Y, Z; and 1-forms w?.
Proof. Let the vector bundle E = TZkM, so for any ¢ € I'(F) we find that

R(X,Y)(F(§) = R(X,Y)(tr F®¢)
=tr [(R(X,Y)F)® &+ F @ (R(X,Y)§)]
= (R(X,Y)F)(§) + F(R(X,Y)S).

As £ takes the form
é‘:wl@...@wz@Zl@...@Zk’

a similar argument shows that F(R(X,Y)¢) = F(R(X,Y)w, ..., Zp) +- -+
F(w!,...,R(X,Y)Z;) from which the result follows. O

Proposition 2.44. Let R be the curvature on the (k,{)-tensor bundle. If the
connection V on TM is symmetric, then

R(X,Y)=Vyx - Viy (2.13)
and so R(X,Y) : TF(M) — T} (M).
Proof. For any (k, £)-tensor F, we see by (2.6) that

Vi xF = Vi yF =Vy(VxF) = Vy,xF = Vx(VyF) 4+ Vy,yF
=Vy(VxF) - Vx(VyF) +VxyF. O

Ezample 2.45. The curvature of C*°(M) = T°M vanishes since
R(0:,05)f =Vo,(Vo, ) = Vo,(Vo,f) + Va7l = 0:0;f — 0;0if =0

for any f € C*°(M).
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2.7.4 Riemannian Curvature

If (M,g) is a Riemannian manifold, the curvature R € I'(®@3T*M ® TM)
of the Levi-Civita connection V on T'M is a (3, 1)-tensor field that, in local
coordinates (z°), takes the form

R=R.. ‘di' @ dv’ ® da* ® 0,

ijk

where R(0;,0;)0k = Rijkeﬁg. Accompanying this is the Riemann curvature

tensor, also denoted by R. It is a covariant (4,0)-tensor field defined by
R(X,Y,Z,W)=g(R(X,Y)Z,W)

for all W, X, Y, Z € 2 (M). In local coordinates (z') it can be expressed as
R = Rjjke dz' @ da? @ dz* @ da,

where R;jk = gngijkp.

Lemma 2.46. In local coordinates (z°), the curvature of the Levi-Civita
connection can be expressed as follows:

Rijkg = asz'ek - 61[‘]2]@ + Fzrl?‘l—‘]em - F]nlzpfm

1
Rijre = 5(3j3kgie + 0i0ugjr. — 0iOkgje — 050ugir) + gep(LiR Thyy — TIRT)

2.7.4.1 Symmetries of the Curvature Tensor

The curvature tensor possesses a number of important symmetry properties.
They are:

(a) Antisymmetric in first two arguments: R;jre + Rjire =0
(b) Antisymmetric in last two arguments: R;jie + Rjigr =0
(c) Symmetry between the first and last pair of arguments: R;jxe = Risij

In addition to this, there are also the ‘cyclic’ Bianchi identities:

(d) First Bianchi identity: R;jre + Rjkie + Riije =0
(e) Second Bianchi identity: V,, Rijke + ViRijem + VeRijmi =0
2.7.5 Ricei and Scalar Curvature

As the curvature tensor can be quite complicated, it is useful to consider
various contractions that summarise some of the information contained in the
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curvature tensor. The first of these contractions is the Ricci tensor, denoted
by Ric. It is defined as

Ric(X,Y) = tr, R(X,-,Y,") = (tristras g~ ® R)(X,Y).

In component form, Ric(9;,9;) = Ry = Rikjk = gP?R;pjq. From the symme-
try properties of R it is clear that Ric is symmetric.
A further trace of the Ricci tensor gives a scalar quantity called the scalar

curvature, denoted by Scal:
Scal = tr, Ric = Ric;" = gY Ry;.

It is important to note that if the curvature tensor is defined with opposite
sign, the contraction is defined so that the Ricci tensor matches the one
given here. Hence the Ricci tensor has the same meaning for everyone.
By Lemma 2.46, the Ricci tensor can be expressed locally as follows.

Lemma 2.47. In local coordinates (x%), the Ricci tensor takes the form

1 jé( Dgic gt 9%ge D*gir

Rix = 5 : S rerd o e
: Oxidzk  Oxidxt  Ox'dxk ij(“)xf) T Lk L jm = L gt im
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2.7.5.1 Contraction Commuting with Covariant Derivative

As we are working with a compatible connection, Vg = 0. Thus one can
commute covariant derivatives with metric contractions.

Proposition 2.48. IfV is the Levi—Civita connection, then
VkRij = gpq VkRiqu (214)
Vﬁ,éRij = g™ V%,ZRim'q- (2.15)

Proof. To show (2.14), let X,Y,Z € 2 (M) so that

(VzRic)(X,Y) = (Vz (trg™' ® R))(X,Y)

= (trVz(g7' ® R))(X,Y)
(

tr¥rg T @ R+trg ' ® VZR)(X,Y)

= (trygtrog g_l ® VzR)(X, Y)

(
(trgVZR)(X,-Y, ).



2.7 Curvature 35
Similarly, to show (2.15) note that
V?Ric = V3 (trg '@ R) =tr (V’¢ '@ R+2Vg '@ VR + g ' ® V?R)
=trg ' ® V?R. O
In later applications we will need the contracted second Bianchi identity:
gjkaRicij = %ViScal. (2.16)
This follows easily from (2.14) and the second Bianchi identity, since
0= g g" (ViRapmn + VinRabne + Vi Rapem)
= g*™(V(Ricam — VimRicae) + 9" 9"V Rapem
= V(Ric," — ¢""VmRicar — ¢ Vi Ry ™

= V,Scal — ¢*™V,,Ricar — ¢°"V,,Ricg

from which (2.16) now follows.

2.7.6 Sectional Curvature

Suppose (M, g) is a Riemannian manifold. If IT is a two-dimensional subspace
of T, M, we define the sectional curvature K of II to be

K(II) = R(ex, ea, €1, €2),

where {ej,e2} is an orthonormal basis for IT. By a rotation or reflection in
the plane, one can show K is independent of the choice of basis. We refer
to the oriented plane generated from e; and e; by the notation e; A e; (cf.
Sect. C.3). Furthermore if {u,v} is any basis for the 2-plane IT, one has

R(u,v,u,v)
K(uAv) = .
W AY) = LR = g, 02

It U C T, M is a neighbourhood of zero on which exp, is a diffeomorphism,
then S := expp(ﬂ NU) is a 2-dimensional submanifold of M containing p,
called the plane of section determined by II. That is, it is the surface swept
out by geodesics whose initial tangent vectors lie in I7. One can geometrically
interpret the sectional curvature of M associated to II to be the Gaussian
curvature of the surface Sy at p with the induced metric.
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By computing the sectional curvature of the plane %(ei +er) A(ej + eq)
one can show:

Proposition 2.49. The curvature tensor R is completely determined by the
sectional curvature. In particular,

1K((€i+€k)/\(€j+€£)> N 1K (e; —ex) A (e —6@))

Rigie = 3 2 3 2

K((ej +ex) A (€i+€z)> 3 %K<(6j —ek);(ei —66)>
1

K(ej Neg) —

D= Wl
o= N

1
K(e; Nep)+ EK(ei Aeg) + EK(BJ' Aeg).

One can also show that the scalar curvature Scal = Ricjj =k K(ejNer),
where (e;) is orthonormal basis for T, M.

Each of the model spaces R™, S™ and H™ has an isometry group that acts
transitively on orthonormal frames, and so acts transitively on 2-planes in the
tangent bundle. Therefore each has a constant sectional curvature — in the
sense that the sectional curvatures are the same for all planes at all points.

It is well known that the Fuclidean space R™ has constant zero sectio-
nal curvature (this is geometrically intuitive as each 2-plane section has zero
Gaussian curvature). The sphere S™ of radius 1 has constant sectional curva-
ture equal to 1 and the hyperbolic space H" has constant sectional curvature
equal to —1.

2.7.7 Berger’s Lemma

A simple but important result is the so-called lemma of Berger [Ber60b,
Sect. 6]. Following [Kar70], we show the curvature can be bounded whe-
never the sectional curvature is bounded from above and below. That is,
if a Riemannian manifold (M, (-,-)) has sectional curvature bounds § =
ming yer,m K(u Av) and A = maxy ver,m K (u A v) with the assumption
0 > 0, we prove the following bounds on the curvature tensor:

Lemma 2.50 (Berger). For orthonormal u,v,w,z € T,M, one can bound
the curvature tensor by

| R(u, v, w,v)| <

—
[N
|
>,
=

(2.17)

| R(u, v, w,z)| <

—
[N
|
>,
=

(2.18)

Wi N
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Proof. From the symmetries of the curvature tensor we find that:

4R(u,v,w,v) = R(u + w,v,u + w,v) — R(u — w,v,u —w,v)
6R(u,v,w,x) = R(u,v + z,w,v + x) — R(u,v — z,w,v — x)
— R(v,u+z,w,u+2z) + R(v,u — x,w,u — x).

Using the definition of the sectional curvature together with the first identity
gives

2|R(u, v, w,v)| = %’K((u + w) A v)(|u + w|?|v|? —M
— K((u—w) Av)(Ju—w?of? —M'

|K ((u+w) Av) — K((u—w) Av)|
<(A4-9)

which is identity (2.17). To prove (2.18), use the second identity and apply
(2.17) to the four terms — whilst taking into consideration [v+x|? = [utx|? =
2, for orthonormal u, v, w and .

2.8 Pullback Bundle Structure

Let M and N be smooth manifolds, let £ be a vector bundle over N and f
be a smooth map from M to N.

Definition 2.51. The pullback bundle of E by f, denoted f*E, is the
smooth vector bundle over M defined by f*E = {(p,§) : p € M, ¢ €
E.n(&) = f(p)}. If &,...,& are a local frame for E near f(p) € N, then
Zi(p) = &(f(p)) are a local frame for f*(E) near p.

Lemma 2.52. Pullbacks commute with taking duals and tensor products:

(f*EY = f*(E") and (f"E1) @ (f*Es) = f*(E1 ® E2).

2.8.1 Restrictions

The restriction {y € I'(f*E) of { € I'(E) to f is defined by

s (p) = €(f(P)) € By = (" By,

for all points p € M.
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Ezample 2.53. Suppose ¢ is a metric on E. Then g € I'(E* ® E¥),
and by restriction we obtain gy € I'((f*E)* ® (f*E)*), which is a me-
tric on f*E (the ‘restriction of g to f'): If {,n € (f*E),=E}q), then
(97 ())&, m) = (9(f(P))(&,n)-

Remark 2.54. In using this terminology one wants to distinguish the restric-
tion of a tensor field on F (which is a section of a tensor bundle over f*E)
with the pullback of a tensor on the tangent bundle, which is discussed be-
low. Thus the metric in the above example should not be called the ‘pullback
metric’. Notice that we can restrict both covariant and contravariant tensors,
in contrast to the situation with pullbacks.

2.8.2 Pushforwards

If f: M — N is smooth, then for each p € M, we have the linear map
f«(p) : TyM — TppyN = (f*TN),. That is, fu(p) € Ty M @ (f*TN),, so f«
is a smooth section of T*M ® f*TN. Given a section X € I'(TM) = Z (M),
the pushforward of X is the section f,X € I'(f*T'N) given by applying
f« to X.

2.8.3 Pullbacks of Tensors

By duality (combined with restriction) we can define an operation taking
(k,0)-tensors on N to (k,0)-tensors on M, which we call the pullback ope-
ration: If S is a (k,0)-tensor on N (i.e. S € I'(®*T*N)), then by restriction
we have Sy € I'(®@F(f*T*N)), and we define f*S € I'(RFT*M) by

FS(X1, . X)) = Sp(f X1, FoXR) (2.19)

where X; are vector fields on M.

Example 2.55. If f is an embedding and g is a Riemannian metric on N,
then f*g is the pullback metric on M (often called the ‘induced metric’).

This definition can be extended a little to include bundle-valued tensors:
Suppose S € I'(@*T*N ® E) is an E-valued (k,0)-tensor field on N. Then
restriction gives Sy € I'(®@F(f*T*N) ® f*E), and we will denote by f*S the
f*E-valued k-tensor on M defined by

f*S(levXk) = Sf(f*X177f*Xk)

That is, the same formula as before except now both sides are f*E-valued.
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2.8.4 The Pullback Connection

Let V be a connection on E over N, and f: M — N a smooth map.

Theorem 2.56. There is a unique connection 'V on f*E, referred to as the
pullback connection, such that

INW(&f) = Vi
for anyv € TM and £ € I'(E).

Remark 2.57. To justify the term ‘pullback connection’: If ¢ € I'(E), then
VE e I'(T*N ® E), so the pullback gives

IVes = f*(VE) e N(T*M @ f*E).

To define V¢ for arbitrary ¢ € I'(f*E), we fix p € M and choose a

local frame oy, ..., 0 about f(p) for E. Then we can write £ = Zle & (o) s
with each &' a smooth function defined near p, so the rules for a connection
together with the pullback connection condition give

IV =1V,(€ (0i)5)
=&V (0i)5 + () (00)s
= &'V 1001+ 0(E) (04) - (2.20)
Note that pullback connections on duals and tensor products of pullback
bundles agree with those obtained by applying the previous constructions to

the pullback bundles on the factors.
There are two other important properties of the pullback connection:

Proposition 2.58. If g is a metric on E and V is a connection on E com-
patible with g, then IV is compatible with the restriction metric gs-

Proof. As V is compatible with ¢ if and only if Vg = 0, we therefore must
show that /Vg; = 0 if Vg = 0. However this is immediate, since 7V, (g7) =
Viwg=0. |

Proposition 2.59. The curvature of the pullback connection is the pullback
of the curvature of the original connection. That is,

Riv(X,Y)Er = (f"Ry)(X,Y)¢
where X,Y € Z' (M) and § € I'(E). Note that Ry € I'T*NQT*NQE*QF)

here, so that
ff(Ry) e NT"M @T*"M ® f"(E* ® F))
=I'T"MeT*Me (f"E)"® f*E).



40 2 Background Material

Proof. Since curvature is tensorial, it is enough to check the formula for a
basis. Choose a local frame {0},}F_, for E, so that {(0,)s} is a local frame
for f*E. Also choose local coordinates {y*} for N near f(p) and {2} for M
near p, and write f* = y® o f. Then

Riy(8:,0;)(0p)s = Vo, ("Va,(0p)) — (i = j)
=7V (Vy0,00) = (i = j)
= IV (0:f*Va0y) = (i = j)
= (00, f*)Vaop + 0 f*IV; (Vaop)) — (i < 7)
=0if*Vyi.0;, (Vaop) = (i < j)
=819, 1° (V5 (Vaoy) — (a < B))
= 00, f’ Ry (0a, 93)0p
= Ry (fe0;, f+0;)0p. 0

When pulling back a tangent bundle, there is another important property:

Proposition 2.60. If V is a symmetric connection on TN, then the pull-
back connection IV on f*TN is symmetric in the sense that

Iy (fV) =TIV (fU) = f(UV])

for any U,V € I'(TM).

Proof. As before choose local coordinates x* for M near p, and y® for N near
f(p). By writing U = U9; and V = V79; we find that

INu(f.V) =TV (f.0)
=1Vy (VI9;f*0s) — (U < V)
=U'0; (VIO f*) 00 + V70, f* IVy0a — (U = V)
= (U0, VI = ViQ,U7)0j f*O0 + U'VI(0;0; f* — 0;0: f*) D
+ VU9, f*0; f° (V50 — Valp)
= f. (U, V]). O

2.8.5 Parallel Transport

Parallel transport is a way of using a connection to compare geometrical data
at different points along smooth curves:

Let V be a connection on the bundle 7 : E— M. If v : I — M is a smooth
curve, then a smooth section along -y is a section of v*E. Associated to this



2.8 Pullback Bundle Structure 41

is the pullback connection V. A section V along a curve + is parallel along
v if "V, V = 0. In a local frame (e;) over a neighbourhood of y(to):

Vo, V(to) = (VF(to) + T ((to)) V7 (to) ¥ (to)) ex,

where V (t) = VI(t)e; and I'F is the Christoffel symbol of V in this frame.

1

Theorem 2.61. Given a curve vy : I — M and a vector Vo € E, ), there
exists a unique parallel section V' along v such that V(0) = V. Such a V is
called the parallel translate of Vi along 7.

Moreover, for such a curve ~ there exists a unique family of linear isomor-
phisms P; : £ ) — E, ) such that a vector field V' along + is parallel if and
only if V(t) = P,(V) for all ¢.

2.8.6 Product Manifolds’ Tangent Space
Decomposition

Given manifolds M; and My, let m; : My x My — M; be the standard
smooth projection maps. The pushforward (m;). : T (M1 x Ma) — TM; over
m; + My X My — Mj induces, via the pullback bundle, a smooth bundle
morphism

Hj : T(Ml X MQ) — W;(TMJ)
over My x Ms. In which case one has the bundle morphism
VIERSRIDE: T(Ml X Mg) — WI(TMl) @W;(TMQ)

over Mj x My. On fibres over (1, z2) this is simply the pointwise isomorphism
Tzy 20y (M1 X Ma) ~ Ty My & T, Ms, so IT) @ II5 is in fact a smooth bundle
isomorphism. Furthermore, I1; : T'(M;x Ma) — 77 (T'M;) is bundle surjection
as m; is a projection. Thus by Proposition 2.14 there exists a well-defined
subbundle E; inside T'(M; x Ms) given by

E1 = kerU1 = {1) € T(Ml X M2) : Hl(v) = O}

We observe that this is in fact equal to 75 (T Ms), since E; consists of all
vectors such that IT; projection vanishes. Therefore one has isomorphic vector
bundles

T(My x My) ~ ker II; @ ker I1.
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Example 2.62. 1f we let My = M and M> = R with m; = 7 projection from
M x R onto M and w9 = t be the projection from M x R onto R, then on
fibres over (x1,x2) = (zg, to) we have that

since ¢ is a R-valued function on M x R. So by letting & = kerdt = {v €
T(M x R) : dt(v) = 0} we have that

T(M xR) ~ & @R, (2.21)

since (T3TR)(z0,t) = (F*TR)(20,t0) = TtoR = R4|t, where 0l is the stan-
dard coordinate basis for T3 R.

2.8.7 Connections and Metrics on Subbundles

Suppose F' is a subbundle of a vector bundle E over a manifold M, as defined
in Definition 2.12. If F is equipped with a metric g, then there is a natural
metric induced on F' by the inclusion: If + : F — FE is the inclusion of F in
E, then the induced metric on F is defined by gr(&,n) = g(¢(&),t(n)).

There is not in general any natural way to induce a connection on F' from
a connection V on E. We will consider only the following special case:°

Definition 2.63. A subbundle F of a vector bundle E is called parallel if F is
invariant under parallel transport, i.e. for any smooth curve o : [0,1] — M,
and any parallel section ¢ of o*E over [0,1] with £(0) € F,(), we have
§(t) € Fy for all t € [0,1].

One can check that a subbundle F' is parallel if and only if the connection
on E maps sections of F to F, i.e. V(&) € 1(F},) for any v € T,M and
¢ € I'(F). If F is parallel there is a unique connection V¥ on F' such that

Ve =V, (&)

for every w € TM and & € I'(F). Note also that if V is compatible with a
metric g on E, and F is a parallel subbundle of E, then V¥ is compatible
with the induced metric gr.

Ezample 2.64. An important example which will reappear later (cf. Sect. 7.5)
is the following: Let E be a vector bundle with connection V. Then the bundle
of symmetric 2-tensors on F is a parallel subbundle of the bundle of 2-tensors

6 Although natural constructions can be done much more generally, for example when
a pair of complementary subbundles is supplied.
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on E. To prove this we need to check that VT is symmetric whenever 7' is
a symmetric 2-tensor. But this is immediate: We have for any X, Y € I'(E)
and U € Z' (M),
(Vo) (X, ) =UT(X,Y))-T(VyX,Y)-T(X,VyY)
= U(T(Y7 X)) - T(VUY7 X) - T(Y7 VUX)
= (VuT) (Y, X),

so VT is symmetric as required.

2.8.8 The Taylor Expansion of a Riemannian Metric

As an application of the pullback structure seen in this section, we com-
pute the Taylor expansion of the Riemannian metric in exponential normal
coordinates. In particular the curvature tensor is an obstruction to the exis-
tence of local coordinates in which the second derivatives of the metric tensor
vanish.

Theorem 2.65. Let (M,g) be a Riemannian manifold. With respect to a
geodesic normal coordinates system about p € M, the metric g; may be ex-
pressed as:

1
Gij (’Ltl7 . ,’U,n> = 51’]’ — gRikjgukué + O(||’LL||3)

Remark 2.66. The proof produces a complete Taylor expansion about u =0
(see also [LP87, pp. 60-1]).

Proof. Consider ¢ : R* — M defined by ¢(s,t) = exp, (tV (s)) where V(s) €
Sl c T,M. Let V(0) = u, V'(0) = v. _

As @, T )R? = (" T M) 51y, px0s = (exp,)«(tV'(s)) = t sV (5)(0;) -
Thus we find that the pullback metric of ¢ via ¢ is

(©*9)(0s, 68)|(S7t) = 9o (p«0s, ('0*85)|(s,t)
=12 0sV'0sV7 gij (¢(s,1)). (2.22)

Note that ?Vg, € I'(TR? @ (¢*TM)* @ (¢*TM)*), so by Proposition 2.58:

0 = (va.gszJ)(ata @*857 Sp*as)
- 3tg¢(80*3s» @*as) - gw(vv3t¢*asv 50*88) - gtp(‘/)*asv vaat <P*88)
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So by taking (9;)* derivatives of (2.22), we find that

|
-
PR
~
\_/
<|
SF
S
hS)
*
=
€
<
)
hS)
*
Q

_ (k k—1)gF 2 () + 2k 19 (¢ )+tzg§f>(t))asviasvj.

Evaluating this expression at (s,t) = (0,0) gives
"k
k—2 i k—¢ ‘
k(k =g (0)'v? =Y (Z)gw(wvgt 0.0, 9V 0.0).  (2.23)
=0

Note that <p*8s|(0y0) =0, gp*at{(oyo) = u, “"Vat<p*8t{(070) =0 and

V0,005 .9y = (0e(205) ) (D)o (0,09 =

We now claim:
Claim 2.67. Under the assumption YV, 9.0 = 0,
Va )<p*8 =
=2y
- —o_ ¢
Z ( ¢ )(V(k 2 é)R)g,(go*(“)t? ey a0, “"Vét) (px0s) ,(p*(?t)gp*(?t.
—_——
£=0

k—2—¢ times

Proof of Claim. The case k = 2 is proved as follows:

Va 005 = ¥Vp, (*V o, 0x0t) by Proposition 2.60
=¥V, (Vo 0:0)) +  VR(0s,8;)(0+0;) by definition of "V R
= "VR(0s,0;) (040 by assumption
= VR(040s, 0+0;) (04 0y) by Proposition 2.59

as required. For the inductive step we suppose the identity is true for k = j,
and differentiate. Since ¥V, p.0; = 0, we find:

Jj—2
Vo, (Z < ) V(] 2- é)R) (<p*3t, .. .,50*8,5,“’V(al;)w*ﬁs,ga*&g)ga*&)
—_— g
)

Jj—2—/4 times

j—2 .
) )
= (7 , )*’vat(vO-Q—@R)@(ga*at,...,so*at,%”vg‘;%a*as,so*at)so*at
————

Jj—2—/ times
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Jj—2 .
_9 _
+ Z (j Y/ ) (V(J*Q*E)R)Lp(w*at, ey 50*8t7 va(a{—i_l)@*asa <P*at)¢*at
—_— b
= j—2—/ times
j—2

.
= (]g )(V“‘“”R)sa(so*at,...,so*at,*’vg‘;%a*as,so*at)so*at
~— ——

Jj—1—¢ times

j—2 .
_ 2 o
+> (J ‘ )(V(J 2OR) o (0xhs - 01, PV 0.0y, 0,00) 010,
N —_— ——
Jj—2—/ times
1

Jj— .
_9 _9 .
(22 (2 0m i 00V 0000 .0
0

=

j—1—2 times

[u

j—

(J Z )(v(j_l_e)R)sa(sp*ata"'a@*ata Va)@*as,@*at)@*a
L —

£=0 j—1—2 times

completing the induction. Here we used the identity ¥V, (VU2"9R), =
V.o, (V(j_Q_g)R) to get from the first equality to the second — this is the
characterisation of the pullback connection in Theorem 2.56. O

Finally, we compute the Taylor expansion of t — ¢;;(¢(0,t)) around

t=0 (so that g (vu(t)) =94(0) + g(l)(O) + égg) (0) 4+ ...). The O-order term

94 (05,05 )| =94 (7.(0)) = g4;(p) = d;; as we are working in normal coordi-
nates. The lst order vanishes and by (2.23) we find that 12 952)(0)vivj =89,
(Ry (v, u)u,v), so ggjz)(O) = — 2RikjeuFu’. The theorem now follows. O

2.9 Integration and Divergence Theorems

If (M,g) is an oriented Riemannian manifold with boundary and § is the
induced Riemannian metric on dM, then we define the volume form of g
by dog = w,dpglon. In particular if X is a smooth vector field, we have
txdpglom = (X, v), dog. In light of this, we define the divergence divX to
be the quantity that satisfies:

d(txdp) = divXdpu. (2.24)

Theorem 2.68 (Divergence theorem). Let (M,g) be a compact oriented
Riemannian manifold. If X is a vector field, then

/ divXdu = / (X,v), do.
M oM
In particular, if M is closed then fM divXdy = 0.
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Proof. Define the (n — 1)-form « by o = txdpu. So by Stokes’ theorem,

/ dideu:/ da:/ a:/ Lxdu:/ (X,v)do. O
M M oM oM oM

From the divergence theorem we have the following useful formulas:

Proposition 2.69 (Integration by parts). On a Riemannian manifold
(M, g) with u,v € C*°(M) the following holds:

(a) On a closed manifold,

/ Audp = 0.
M

(b) On a compact manifold,

ou ou
/M(uAv —vAu)dp = /BM (ua - vg)do.

In particular, on a closed manifold [,, uAvdp = [,, vAudp.
(¢) On a compact manifold,

/ uAvdu—i—/ (Vu, Vo) du :/ @uda.
M M om Ov

In particular, on a closed manifold [, (Vu,Vv)dy = — [, uAvdpu.

2.9.1 Remarks on the Divergence Expression

We seek a local expression for the divergence, defined by (2.24), and show it
is equivalent to the trace of the covariant derivative. That is,

divX =tr VX = tr (VX)(-, -) = (V; X)(dz") (2.25)

Lemma 2.70. The divergence divX of a vector field X, defined by (2.24),
can be expressed in local coordinates by

div(X'0;) = dlet gal-(Xi\/det g)- (2.26)

Proof. By Cartan’s formula” and (2.24) we have

div(X)dpy =doixdu = (dotx +tx od)du = Lxdpu.

7 Which states that £Lxw = tx (dw) + d(txw), for any smooth vector field X and any
smooth differential form w.
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From the left-hand side we find that (divXdu)(01,...,0,) = divX y/detg
and from the right-hand side we find that

(Exdu)(al,...,an)zﬁ (\/det )—du(...,£X6i7...)
= X(y/detg) +du(...,(3:X9)d;,...)

X(\/det) (8;X7)6}+/det g

0;

Claim 2.71. The definitions of divX given by (2.24) and (2.25) coincide.
Proof. As (Vxdx?)(9;) = —dx’/(Vx9;), equation (2.25) implies that

(ViX)(da') = 0; X" — X (Vida') = 0, X" + I, X7 (2.27)

On the other hand, (2.26) implies that divX = 9; X" + \/dlc—thi@i(\/de_t ),
where by the chain rule

1 1 Odetgd
0;(v/detg) = = <9 gpg: det gpq gpq

2 \/detg Ogpq Ozt
qupggq\/det = detg. O
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