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Preface

These lecture notes are based on the lecture course “Differentialgeometrie 2”7 taught by
M.K. in the fall semesters of 2008 and 2012. The material has been slightly reorganised to
serve as a script for the course “Riemannian geometry” by R.S. in the fall term 2016. It
can be considered as a continuation of the lecture notes “Differential Geometry 1”7 of M.K.
[10] and we will extensively refer to these notes.

Basically this is a standard introductory course on Riemannian geometry which is strongly
influenced by the textbook “Semi-Riemannian Geometry (With Applications to Relativ-
ity)” by Barrett O’Neill [14]. The necessary prerequisites are a good knowledge of basic
differential geometry and analysis on manifolds as is traditionally taught in a 3-4 hours
course.

We are greatful to our students for pointing out the inevitable lapses in earlier versions of
these notes. Special thanks go to Argam Ohanyan who revised the earlier KTEX-file and
coded many of the figures.

M.K. & R.S.
April 2021
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Chapter 1

Semi-Riemannian Manifolds

In classical /elementary differential geometry of hypersurfaces in R” and, in particular, of
surfaces in R? one finds that all intrinsic properties of the surface ultimately depend on
the scalar product induced on the tangent spaces by the standard scalar product of the
ambient Euclidean space. Our first goal is to generalise the respective notions of length,
angle, curvature and the like to the setting of abstract manifolds. We will, however, allow
for nondegenerate bilinear forms which are not necessarily positive definite to include
central applications, in particular, general relativity. We will start with an account on
such bilinear forms.

1.1 Scalar products

Contrary to basic linear algebra where one typically focusses on positive definite scalar
products semi-Riemannian geometry uses the more general concept of nondegenerate bi-
linear forms. In this subsection we develop the necessary algebraic foundations.

1.1.1 Definition (Bilinear forms). Let V be a finite dimensional vector space. A
bilinear form on V' is an R-bilinear mapping b: V x V — R. It is called symmetric if

b(v,w) = blw,v) for allv,w e V. (1.1.1)
A symmetric bilinear form is called
(i) Positive (negative) definite, if b(v,v) > 0 (< 0) for all0 #v €V,
(7i) Positive (negative) semidefinite, if b(v,v) >0 (< 0) for allv €V,
(i4i) nondegenerate, if b(v,w) = 0 for all w € V implies v = 0.

Finally we call b (semi)definite if one of the alternatives in (i) (resp. (ii)) hold true. Oth-
erwise we call b indefinite.
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In case b is definite it is semidefinite and nondegenerate and conversely if b is semidefinite
and nondegenerate it is already definite. Indeed in the positive case suppose there is
0 # v € V with b(v,v) = 0. Then for arbitrary w € V' we find that

b(v +w,v +w) = b(v,v) +2b(v, w) + b(w,w) >0 (1.1.2)
b(v —w,v —w) = b(v,v) —2b(v,w) + b(w,w) > 0, (1.1.3)

0

since b is positive semidefinite and so 2|b(v, w)| < b(w,w). But replacing w by Aw with A
some positive number we obtain

2 |b(v,w)] < X b(w, w) (1.1.4)
and since we may choose A arbitrarily small we have b(v,w) = 0 for all w which by

nondegeneracy implies v = 0, a contradiction.

If bis a symmetric bilinear form on V" and if W is a subspace of V' then clearly the restriction
blw (defined as blwxw) of b to W is again a symmetric bilinear form. Obviously if b is
(semi)definite then so is by .

1.1.2 Definition (Index). We define the index r of a symmetric bilinear form b on V
by
r:=max {dim W| Wsubspace of V' with bly, negative definite}. (1.1.5)

By definition we have 0 < r < dimV and r = 0 iff b is positive semidefinite.

Given a symmetric bilinear form b we call the function
q: V=R, qv)=0b,v) (1.1.6)

the quadratic form associated with b. Frequently it is more convenient to work with ¢ than
with b. Recall that by polarisation b(v,w) = 1/2(q(v + w) — q(v) — ¢(w)) we can recover b
from ¢ and so all the information of b is also encoded in gq.

Let B ={ey,...,e,} be a basis of V, then

(bij) == (b(ei, €5)) 521 (1.1.7)

is called the matriz of b with respect to B. It is clearly symmetric and entirely determines
b since b(> v e;, > w;e;) = > bijv;w;. Moreover nondegeneracy of b is characterised by
its matrix (w.r.t. any basis):

1.1.3 Lemma. A symmetric bilinear form is nondegenerate iff its matriz w.r.t. one (and
hence any) basis is invertible.
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Proof. Let B = {e1,...,e,} be a basis of V. Given v € V' we have b(v,w) = 0 for all w
iff 0= b(v,e;) =b(3_;vje5,€) = >, byyv; for all 1 <7 <. So b is degenerate iff there are
(v1, -, 00) # (0,...,0) with 3 bjjv; = 0 for all i. But this means that the kernel of (b;;)
is non trivial and (b;;) is singular. O

We now introduce a terminology slightly at odds with linear algebra standards but which
reflects our interest in non positive definite symmetric bilinear forms.

1.1.4 Definition (Scalar product, inner product). A scalar product g on a vector
space V' is a nondegenerate symmetric bilinear form. An inner product s a positive definite
scalar product.

1.1.5 Example (Scalar products & inner products).

(i) The example of an inner product is the standard scalar product of Euclidean space
R™ v-w =) vw;.

(ii) The most simple example of a vector space with indefinite scalar product is two-
dimensional Minkowski space R? with underlying vector space R? and scalar product

g=7n: R*xR* =R, g(v,w) = —vjw; + vows. (1.1.8)

Obviously g is bilinear and symmetric. To see that it is nondegenerate suppose that
g(v,w) =0 for all w € R?. Setting w = (1,0) and w = (0, 1) gives v; = 0 and vy = 0,
respectively and so v = 0. Hence 7 is a scalar product but it is not an inner product
since it is indefinite:

9((1,0),(1,0)) = =1<0, but ¢((0,1),(0,1)) =1> 0. (1.1.9)
The corresponding quadratic form is ¢(v) = —v? + v3.

In the following V' will always be a (finite dimensional, real) vector space with a scalar
product ¢ in the sense of 1.1.4. A vector 0 # v € V with g(v) = 0 will be called a null
vector. Such vectors exists iff ¢ is indefinite. Note that the zero vector 0 is not a null
vector.

1.1.6 Example. We consider the lines ¢ = ¢ and ¢ = —c¢ (¢ > 0) in two-dimensional
Minkowski space of Example 1.1.5(ii). They are either hyperbolas or straight lines in case
c =0, see Figure 1.1.

A pair of vectors u,w € V is called orthogonal, u L w, if g(u,w) = 0. Analogously we call
subspaces U, W of V orthogonal, if g(u,w) =0 for all w € U and all w € W.

Warning: In case of indefinite scalar products vectors that are orthogonal need not to be
at right angles to one another as the following example shows.
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q = const

Figure 1.1: Contours of ¢ in 2-dimensional Minkowski space

1.1.7 Example (Null vectors). The following pairs of vectors v, v" are orthogonal in
two-dimensional Minkowski space, see Figure 1.2: w = (1,0) and w’ = (0,1), u = (1,a)
and v’ = (a,1) for some a >0, z = (1,1) = 2.

The example of the null vectors z, 2’ above hints at the fact that null vectors are precisely
those vectors that are orthogonal to themselves.
If W is a subspace of V' let

Wh={veV:ovlw foralwecW}. (1.1.10)

Clearly W+ is a subspace of V, which we call W perp.

Warning: We cannot call W+ the orthogonal complement of W since in general W +W =+ £
V, e.g. if W = span(z) in Example 1.1.7 we even have W+ = W. However W+ has two
familiar properties.

1.1.8 Lemma (Basic properties of W*). Let W be a subspace of V. Then we have

(i) dim W + dim W+ = dim V/, (ii) (WH+ =Ww.
Proof.
(i) Let {ey,...,ex} be a basis of W which we extend to a basis {e1, ..., ek, €ki1,...,€n}

of V. Then we have

veWt s g,e) =0 for1<i<k & Zgijvj:O for 1 <i<k. (1.1.11)
j=1
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Figure 1.2: Pairs of orthogonal vectors in 2-dimensional Minkowski space

Now by Lemma 1.1.3 (g;;) is invertible and hence the rows in the above linear system
of equations are linearly independent and its space of solutions has dimension n — k.

So dim W+ =n — k.

(i) Let w € W, then w L W+ and w € (W+)*, which implies W C (W+)+. Moreover,
by (i) we have dim W = dim(W+)+ =k and so W = (W+)+. 0

A symmetric bilinear form g on V is nondegenerate, iff V+ = {0}. A subspace W of V is
called nondegenerate, if g|lw is nondegenerate. If ¢ is an inner product, then any subspace
W is again an inner product space, hence nondegenerate. If g is indefinite, however, there
always exists degenerate subspaces, e.g. W = span(w) for any null vector w. Hence a
subspace W of a vector space with scalar product in general is not a vector space with
scalar product. Indeed W could be degenerate. We now give a simple characterisation of
nondegeneracy for subspaces.

1.1.9 Lemma (Nondegenerate subspaces). A subspace W of a vector space V' with
scalar product is nondegenerate iff

V=WaWw (1.1.12)
Proof. By linear algebra we know that

dim(W + W) + dim(W N W) = dim W + dim W+ = dim V. (1.1.13)
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So equation (1.1.12) holds iff
dm(WNWH) =0 & {0}=WnWr={weW: wl W}

which is equivalent to the nondegeneracy of W. O

As a simple consequence we obtain by using 1.1.8(ii), i.e., (W)t = W.

1.1.10 Corollary (Nondegeneracy of W & W+). W is nondegenerate iff W+ is
nondegenerate.

Our next objective is to deal with orthonormal bases in a vector space with scalar product.
To begin with we define unit vectors. However, due to the fact that ¢ may take negative
values we have to be a little careful.

1.1.11 Definition (Norm). We define the norm of a vector v € V' by
1
[v| :==|g(v,v)|z. (1.1.14)

A wvector v € V is called a unit vector if [v| =1, i.e., if g(v,v) = £1. A family of pairwise
orthogonal unit vectors is called orthonormal.

Observe that an orthonormal system of n = dim V' elements automatically is a basis. The
existence of orthonormal bases (ONB) is guaranteed by the following statement.

1.1.12 Lemma (Existence of orthonormal bases). Fvery vector space V # {0} with
scalar product possesses an orthonormal basis.

Proof. There exists v # 0 with g(v,v) # 0, since otherwise by polarisation we would have
g(v,w) = 0 for all pairs of vectors v,w, which implies that g is degenerate. Now v/|v]|
is a unit vector and it suffices to show that any orthonormal system {ei,...,e;} can be
extended by one vector.

So let W = span{ey,...,e;}. Then by Lemma 1.1.3 W is nondegenerate and so is W=
by corollary 1.1.10. Hence by the argument given above W+ contains a unit vector e;
which extends {ey, ..., e} O

The matrix of g w.r.t. any ONB is diagonal, more precisely

glei,e;) = 6,65, where €; := g(ej, e;) = £1. (1.1.15)
In the following we will always order any ONB {e;,...,e,} in such a way that in the so-
called signature (e1,...,€,) the negative signs come first. Next we give the representation

of a vector w.r.t an ONB. Once again we have to be careful about the signs.
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1.1.13 Lemma (Representation of vectors via ONB). Let {e1,...,e,} be an ONB
for V.. Then any v € V can be uniquely written as

U:Z@g(v,ei)ei. (1.1.16)
i=1

Proof. We have that

(v— ;&g(v, ei)eie)) = (v, e;) — ;gi (v, e;) w —0 (1.1.17)
for all j and so by nondegeneracy v = ). €,g(v, €;)e;. Uniqueness now simply follows since
{e1,...,en} is a basis. 0

If a subspace W is nondegenerate we have by Lemma 1.1.9 that V = W @ W+*. Let now
7 be the orthogonal projection of V' onto W. Since any ONB {ey,...,ex} of W can be
extended to an ONB of V' (cf. the proof of 1.1.12) we have for any v € V

k
m(v) = Zaj g(v,ej)e;. (1.1.18)

Next we give a more vivid description of the index r of g (see Definition 1.1.2), which we
will also call the index of V' and denote it by ind V'

1.1.14 Proposition (Index and signature). Let {e1,...,e,} be any ONB of V. Then
the index of V' equals the number of negative signs in the signature (1, ..., &y,).

Proof. Let exactly the first m of the £; be negative. In case g is definite we have m = r = 0
orm=r=n=dimV and we are done.

So suppose 0 < m < n. Obviously g is negative definite on S = span{ey, ..., e} and so
m<r.

To show the converse let W be a subspace with gl negative definite and define

m

T W—=5 =nw):=- Zg(w, €;)e;. (1.1.19)

=1

Then 7 is obviously linear and we will show below that it is injective. Then clearly
dim W < dim S and since W was arbitrary » < dim .S = m.

Finally  is injective since if 7(w) = 0 then by Lemma 1.1.13 w = """ ., g(w, e;)e;. Since
w € W we also have 0 > g(w,w) = >_7 . g(w,e;)* which implies g(w,e;) = 0 for all
J > m. But then w = 0. O

The index of a nondegenerate subspace can now easily be related to the index of V.
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1.1.15 Corollary (Index & nondegerate subspaces). Let W be a nondegenerate
subspace of V. Then

indV =ind W + ind W+, (1.1.20)

Proof. Let {ej,...,e;} be an ONB of W and {ep;1,...,e,} be an ONB of W+ such
that {ey,...,e,} is an ONB of V| cf. the proof of 1.1.12. Now the assertion follows from
Proposition 1.1.14. O

To end this section we will introduce linear isometries. Let (V1,g1) and (V3 g2) be vector
spaces with scalar product.

1.1.16 Definition (Linear isometry). A linear map T : Vi — V4 is said to preserve
the scalar product if
g2(Tv, Tw) = g1(v,w). (1.1.21)

A linear isometry is a linear bijective map that preserves the scalar product.
In case there is no danger of missunderstanding we will write equation (1.1.21) also as
(Tv, Tw) = (v, w). (1.1.22)

If equation (1.1.21) holds true then T' automatically preserves the associated quadratic
forms, i.e., go(Tv) = ¢1(v) for all v € V. The converse assertions clearly holds by polarisa-
tion.

A map that preserves the scalar product is automatically injective since Tv = 0 by virtue
of (1.1.21) implies g;(v,w) = 0 for all w and so v = 0 by nondegeneracy. Hence a linear
mapping is an isometry iff dim V; = dim V5 and equation (1.1.21) holds. Moreover we have
the following characterisation.

1.1.17 Proposition (Linear isometries). Let (Vi,g1) and (Va, gs) be vector spaces
with scalar product. Then the following are equivalent:

(i) dimV; = dim V5 and ind V; = ind V5,

(i) There exists a linear isometry T : Vi — Vs.

Proof. (i)=(ii): Choose ONBs {ey,...,e,} of V; and {e},...,e,} of Vo. By Proposi-
tion 1.1.14 we may assume that (e;,e;) = (e}, e;) for all i. Now we define a linear map 7'
via T'e; = €}. Then clearly (T'e;, Te;) = (e;,e;) for all 4, j and T is an isometry.

(ii)=-(i): If T is an isometry then dim V; = dim V4 and 7" maps any ONB of V; to an ONB

of V5. But then equation (1.1.21) and Proposition 1.1.14 imply that ind V; =ind V,. O
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1.2 Semi-Riemannian metrics

In this section we start our program to transfer the setting of elementary differential geom-
etry to abstract manifolds. The key element is to equip each tangent space with a scalar
product that varies smoothly on the manifold. We start out with the central definition.

1.2.1 Definition (Metric). A semi-Riemannian metric tensor (or metric, for short)
on a smooth manifold* M is a smooth, symmetric and nondegenerate (0,2)-tensor field g
on M of constant index.

In other words g smoothly assigns to each point p € M a symmetric nondegenerate bilinear
form g(p) = g, : T,M x T,M — R such that the index r, of g, is the same for all p. We
call this common value 7, the indez r of the metric g. We clearly have 0 <r <n = dim M.
In case r = 0 all g, are inner products on 7, M and we call g a Riemannian metric, cf. [10,
3.1.14]. In case r = 1 and n > 2 we call g a Lorentzian metric.

1.2.2 Definition. A semi-Riemannian manifold (SRMF) is a pair (M,g), where g is
a metric on M. In case g is Riemannian or Lorentzian we call (M,g) a Riemannian
manifold (RMF) or Lorentzian manifold (LMF), respectively.

We will often sloppily call just M a (S)RMF or LMF and write (, ) instead of ¢ and use
the following conventions

o g,(v,w) = (v,w) € R for vectors v,w € T,M and p € M, and
e g(X,Y)=(X,Y) € C®(M) for vector fields X,Y € X(M).

If (V,p) is a chart of M with coordinates ¢ = (x',..., 2™) and natural basis vector fields
0; = 2 we write

oxt
9i; = (0:,0;)  (1<i,j<n) (1.2.1)

for the local components of g on V. Denoting the dual basis covector fields of 9; by dx’ we
have

glv = gi; dz' @ da?, (1.2.2)

where we have used the summation convention (see [10, p. 54]) which will be in effect from
now on.

Since g, is nondegenerate for all p the matrix (g;;(p)) is invertible by Lemma 1.1.3 and
we write (g¥(p)) for its inverse. By the inversion formula for matrices the g¥ are smooth
functions on V and by symmetry of g we have g% = ¢7% for all ¢ and j.

In accordance with [10] we assume all smooth manifolds to be second countable and Hausdorff. For
background material on topological properties of manifolds see [10, Section 2.3].
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1.2.3 Example (Metrics).

(i) We consider M = R™. Clearly T,,M = R" for all points p and the standard scalar
product induces a Riemannian metric on R" which we denote by

(Vp,wp) =v-w = Zvi w'. (1.2.3)

We will always consider R™ equipped with this Riemannian metric.

(ii)) Let 0 <7 < n. Then

(Vp, W) = Zv w' + Z v w? (1.2.4)

Jj=r+1

defines a metric on R™ of index r. In accordance with 1.1.5(ii), we will denote R"
with this metric tensor by R”. Clearly Ry is R™ in the sense of (i). For n > 2 the
space R is called n-dimensional Minkowski space. In case n = 4 this is the simplest
spacetime in the sense of Einstein’s general relativity. In fact, it is the flat spacetime
of special relativity.

Setting e, = —1for 1 <¢ <randeg; =1 for r+1 <i < n the metric of R? takes the
form

g=¢ dr'@dx' =¢; e @€' (1.2.5)

As is clear from section 1.1 a nonvanishing index allows for the existence of null vectors.
Here we further pursue this line of ideas.

1.2.4 Definition (Causal character). Let M be a SRMF, p € M. We call v € T,M
(1) spacelike if (v,v) >0 orif v=0,
(#) null if (v,v) =0 and v # 0,

(11i) timelike if (v, v) < 0.

The above notions define the so-called causal character of v. The set of null vectors in
T,M is called the null cone at p respectively light cone at p in the Lorentzian case. In this
case we also refer to null vectors as lightlike and call a vector causal if it is either timelike
or lightlike.

1.2.5 Example. Let v be a vector in 2-dimensional Minkowski space R?. Then v is null

iff v =03, i.e., iff v, = Fvy, see also figure 1.3.
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<v,v>=0 light cone <v,v>=0

timelike <v,v><0

spacelike

<v,v>>0
X

spacelike
<v,v>>0

timelike <v,v><0

Figure 1.3: The lightcone in 2-dimensional Minkowski space

The above terminology is of course motivated by physics and relativity in particular. Set-
ting the speed of light ¢ = 1 then a flash of light emitted at the origin of Minkowski space
travels along the light cone. Two points are timelike separated if a signal with speed v < 1
can reach one point from the other and they are spacelike separated if any such signal
needs superluminal speed to reach the other point.

Let ¢ be the quadratic form associated with g, i.e., ¢(v) = (v,v) for all v € T,M. Then
by polarisation g determines the metric but it is not a tensor field since for X € X(M)
and f € C®(M) we clearly have q(fX) = f*q(X), cf. [10, 2.6.19]. It is nevertheless fre-
quently used in ‘classical terminology’ where it is called the line element and denoted by
ds?. Locally one writes

q = ds* = g;; dz' da?, (1.2.6)

where juxtaposition of differentials means multiplication in each tangent space, that is
¢(X) = gij da'(X) da? (X) = g X' X7 (1.2.7)

for a vector field locally given by X = X'9;. Finally we write for the norm of a tangent
vector

loll = la(v)[V* = |{v, v)|"/2. (1.2.8)

1.2.6 Remark. The origin of the somewhat strange notation ds? is the following heuristic
consideration: Consider two ‘neighbouring points’ p and p’ with coordinates (z',...,z")
and (z' + Azt,... 2" + Az™). Then the ‘tangent vector’ Ap = > Ax'0; at p points
approximately to p’ and so the ‘distance’ As from p to p’ should approximately be given
by

Ns* = ||Apl)? = (Ap, Ap) = Zgw YAz A (1.2.9)
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Let N be a submanifold of a RMF M with embedding j : N < M. Then the pull back
j*g of the metric g to the submanifold N is given by, see [10, 2.7.24]

(7*9) () (v, w) = g(j(p))(Tpjv, Trjw) = g(p)(v, w), (1.2.10)

where in the final equality we have identified 7,j(7,N) with T,N, see [10, 3.4.11].

Hence j*g(p) is just the restriction of g, to the subspace T,,N of T, M. Since g is Riemannian
this restriction is positive definite and so j*¢g turns N into a RMF.

However, if M is only a SRMF then the (0, 2)-tensor field j*¢g on N need not be a metric.
Indeed (cf. section 1.1) j*g is a metric and hence (N, 7*g) a SRMF iff every T, N is nonde-
generate in 1, M and the index of T),N is the same for all p € N. Of course this index can
be different from the index of g.

These considerations lead to the following definition.

1.2.7 Definition (Semi-Riemannian submanifold). A submanifold N of a SRMF
M is called a semi-Riemannian submanifold (SRSMF) if j*g is a metric on N.

If N is Riemannian or Lorentzian these terms replace semi-Riemannian in the above def-
inition. However, note that while every SRSMF of a RMF is again Riemannian, a LMF
can have Lorentzian as well as Riemannian submanifolds.

Finally we turn to isometries, i.e., diffeomorphisms that preserve the metric.

1.2.8 Definition (Isometry). Let (M,gy) and (N, gy) be SRMF and ¢ : M — N be
a diffeomorphism. We call ¢ an isometry if ¢*gn = gns-

Recall that the defining property of an isometry by [10, 2.7.24] in some more detail reads

(Ty0(v), Tyd(w)) = gn(6(p)) (Trd(v), Trd(w)) = g (p) (v, w) = (v, w) (1.2.11)

for all v,w € T,M and all p € M. Since ¢ is a diffeomorphism, every tangent map
Ty¢ : T,M — Ty, N is a linear isometry, cf. 1.1.16. Also note that ¢*gny = gy is equivalent
to ¢*qn = qur since g is always uniquely determined by q. If there is an isometry between
the SRMFs M and N we call them isometric.

1.2.9 Remark (On isometries).

(i) Clearly id); is an isometry. Moreover the inverse of an isometry is an isometry again
and if ¢ and ¢y are isometries so is ¢ o ¢9. Hence the isometries of M form a group,
called the isometry group of M.

(ii) Given two vector spaces V and W with scalar product and a linear isometry ¢ : V —
W. If we consider V and W as SRMF, then ¢ is also an isometry of SRMF.

(iii) If V is a vector space with scalar product and dimV = n, indV = r then V as a
SRMF is isometric to R?. Just choose an ONB {ey, ..., e,} of V. Then the coordinate
mapping V 3 v = > v'e; > (v!,...,v") € R" is a linear isometry and (ii) proves the
claim.
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1.3 The Levi-Civita Connection

The aim of this chapter is to define on SRMFs a ‘directional derivative’ of a vector field (or
more generally a tensor field) in the direction of another vector field . This will be done by
generalising the covariant derivative on hypersurfaces of R™, see [10, Section 3.2] to general
SRMFs. Recall that for a hypersurface M in R"™ and two vector fields X, Y € X(M) the
directional derivative DxY of Y in direction of X is given by ([10, (3.2.3), (3.2.4)])

DxY(p) = (Dx,Y)(p) = (X,(Y"),..., X,(Y™), (1.3.1)
where Y (1 < 4 < n) are the components of Y. Although X and Y are supposed to

be tangential to M the directional derivative DxY need not be tangential. To obtain an
intrinsic notion one defines on an oriented hypersurface the covariant derivative VxY of Y

in direction of X by the tangential projection of the directional derivative, i.e., [10, 3.2.2]

VXY == (ny)tan = DXy - <DXy, V> v, (132)
where v is the Gauss map ([10, 3.1.3]) i.e., the unit normal vector field of M such that for all
p in the hypersurface det(v,, €', ..., e" ') > 0 for all positively oriented bases {e!, ..., e" '}
of T,M.

This construction clearly uses the structure of the ambient Euclidean space, which in case
of a general SRMF is no longer available. Hence we will rather follow a different route and
define the covariant derivative as an operation that maps a pair of vector fields to another
vector field and has a list of characterising properties. Of course these properties are
nothing else but the corresponding properties of the covariant derivative on hypersurfaces,
that is we turn the analog of [10, 3.2.4] into a definition.

1.3.1 Definition (Connection). A (linear) connection on a C*-manifold M is a map
V: X(M)xX(M)—X(M), (X,)Y) = VxY (1.3.3)
such that the following properties hold

(V1) VxY is C>°(M)-linear in X
(i.e., VX1+fX2Y = ley + fVX2Y Vf € COO<M),X1,X2 € X(M»,

(V2) VxY is R-linear in Y
(i.e., Vx(Y1+aYs) = VxY +aVxYs Va€R,Y;, Y, € X(M)),

(V3) VxY satisfies the Leibniz rule in'Y
(i.e., Vx(fY)=X(f)Y + fVxY for all f € C*(M)).

We call VxY the covariant derivative of Y in direction X w.r.t. the connection V.
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1.3.2 Remark (Properties of V).

(i) Property (V1) implies that for fixed Y the map X — VY is a tensor field. This fact
needs some explanation. First recall that by [10, 2.6.19] tensor fields are precisely
C°° (M )-multilinear maps that take one forms and vector fields to smooth functions,
more precisely 7 (M) = Ly L) (M) x - - x X(M),C*(M)). Now for Y € X(M)
fixed, A = X — VxY is a C*(M)-multininear map A : X(M) — X(M) which
naturally is identified with the mapping

A QY M) x X(M) — C>®(M), Alw, X) = w(A(X)) (1.3.4)
which is C*°(M)-multilinear by (V1), hence a (1, 1) tensor field.

Hence we can speak of (VxY)(p) for any p in M and moreover given v € T,M we
can define V,Y := (VxY)(p), where X is any vector field with X, = v.

(ii) On the other hand the mapping Y — VY for fixed X is not a tensor field since
(V2) merely demands R-linearity.

In the following our aim is to show that on any SRMF there is exactly one connection
which is compatible with the metric. However, we need a supplementary statement, which
is of substantial interest of its own. In any vector space V with scalar product g we have
an identification of vectors in V' with covectors in V* via

Vv v eV where o'(w):= (v,w) (weV). (1.3.5)

Indeed this mapping is injective by nondegeneracy of g and hence an isomorphism. We
will now show that this construction extends to SRMFs providing a identification of vector
fields and one forms.

1.3.3 Theorem (Musical isomorphism). Let M be a SRMF. For any X € X(M)
define X* € QY(M) via
X(Y):=(X,Y) VY eZXWM). (1.3.6)

Then the mapping X — X’ is a C>(M)-linear isomorphism from X(M) to Q'(M).

Proof. First X* : X(M) — C>®(M) is obviously C*(M)-linear, hence in Q'(M), cf.
[10, 2.6.19]. Also the mapping ¢ : X +— X’ is C>°(M)-linear and we show that it is an
isomorphism.

¢ 1s injective: Let ¢(X) =0, ie., (X,Y) =0 for all Y € X(M) implying (X,,Y,) = 0 for
all Y € X(M) and all p € M. Now let v € T,M and choose a vector field Y € X(M) with
Y, = v. But then by nondegeneracy of g(p) we obtain

(X,,0) =0 = X,=0, (1.3.7)

and since p was arbitrary we infer X=0.

& is surjective: Let w € QY(M). We will construct X € X(M) such that ¢(X) = w. We
do so in three steps.
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The local case: Let (p = (2',...,2"),U) be a chart and w|y = w;dr’. We set
X|v = g¥w;z% € X(U). Since (g") is the inverse matrix of (g;;) we have
R

<X|U7@> =g W

, <@, %> (1.3.8)

=w; g7 gjr, = w; 0% = Wy = UJ’U(@)’

and by C*®(M)-linearity we obtain X°|; = wly.

The change of charts works: We show that for any chart (¢ = (y*,...,9y"), V) with
UNV # 0 we have Xy|lpny = Xv|uny. More precisely with w|y = @w;dy’ and
glv = gi;dy* ® dy’ we show that gijwi(% = §ij@¢%-

To begin with recall that dz’ = 6”] dy ([10, 2.7.27(ii1)]) and so

w = w;dr) = w;—dy' = w;dy*, implying w; = w,—.
vy = wj oy Y Y plying ay
Moreover by [10, 2.4.15] 82,- = %;’Z% which gives

((9 (9)_ <8xk 0 8xl8)_8xk3xl (6’ 8) oz* ox!

95 =9\ 0y oy By 02% dyi 0xt) ~ oyt oyi I\oxh o)~ dyi oy M
and so by setting A = (ax;) = <??Z ) we obtain
) ) B W
(9) = A'lg)A hence (g) = A7(g")(AT) andso g9 = g O
Finally we obtain
i O O w0 0rm 01 O g o O o, O
g Z@yj_a:ckg ox! 8y oy? 83:"_9 kom l@x”_g ™ Oxn

Globalisation: By (2) X(p) := X|y(p) (where U is any chart neighbourhood of p)
defines a vector field on M. Now choose a cover U = {U;|i € I} of M by chart
neighbourhoods and a subordinate partition of unity (x;); such that supp(x;) C U;,
cf. [10, 2.3.10]. For any Y € X(M) we then have

XZXZ —ZXXZY>—Z<X|U.,>@>
:ZWU Y)=) wlx —waz = w(Y (1.3.9)

i
and we are done. O
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Hence in semi-Riemannian geometry we can always identify vectors and vector fields with
covectors and one forms, respectively: X and ¢(X) = X’ contain the same information and
are called metrically equivalent. One also writes w* = ¢~!(w) and this notation is the source
of the name ‘musical isomorphism’. Especially in the physics literature this isomorphism
is often encoded in the notation. If X = X'9; is a (local) vector field then one denotes
the metrically equivalent one form by X’ = X;dz’ and we clearly have X; = gi; X7 and
X" = ¢g“X;. One also calls these operations the raising and lowering of indices. The
musical isomorphism naturally extends to higher order tensors as we shall see in section
3.2, below.

The next result is crucial for all the following. It is sometimes called the fundamental

Lemma of semi-Riemannian geometry.

1.3.4 Theorem (Levi Civita connection). Let (M,g) be a SRMF. Then there exists
one and only one connection V on M such that (besides the defining properties (V1)—(V3)
of 1.3.1) we have for all X,Y,Z € X(M)

(V4) [X,Y] =VxY — Vy X (torsion free condition)

(V5) Z(X,Y) = (VzX,Y) +(X,V2Y) (metric property).
The map V is called the Levi-Civita connection of (M, g) and it is uniquely determined by
the so-called Koszul-formula
2AVxY,Z)=X{Y, Z)+Y(Z X) — Z(X,)Y) (1.3.10)
— (X, Y, Z]) + (Y, [Z2, X]) + (2, [X,Y]).
Proof. Uniqueness: If V is a connection with the additional properties (V4), (V5)

then the Koszul-formula (1.3.10) holds: Indeed denoting the right hand side of (1.3.10) by
F(X,Y,Z) we find

F(X,Y,Z) =(VxY, Z) + (Y, V<7 + (V5%X) + (Z:5X) — (VX7 — (X7 V)
— XV Z) + (XYY + (V7K — (V95 Z) + (2, VYY) — (Z9%X)

=2(VyY, Z).

Now by injectivity of ¢ in Theorem 1.3.3, VY is uniquely determined.

Ezistence: For fixed X,Y the mapping Z — F(X,Y, Z) is C*°(M)-linear as follows by a
straight forward calculation using [10, 2.5.15(iv)]. Hence Z — F(X,Y, Z) € Q'(M) and by
1.3.3 there is a (uniquely defined) vector field which we call VxY such that 2(VxY, Z) =
F(X,Y,Z) for all Z € X(M). Now VxY by definition obeys the Koszul-formula and it
remains to show that the properties (V1)—(V5) hold.

(V1) Vyx,1x,Y = Vx,Y+Vy,Y follows from the fact that F(X1+X5,Y, Z7) = F(X1,Y, Z)+
F(X5,Y,Z). Now let f € C>°(M) then we have by [10, 2.5.15(iv)]

UV, xY — [VXY,Z) = F(fX,Y,Z) — fF(X,Y,Z) = ... =0, (1.3.11)

where we have left the straight forward calculation to the reader. Hence by another
appeal to Theorem 1.3.3 we have V;xY = fVxY.
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(V2) follows since obviously Y — F(X,Y, Z) is R-linear.
(V3) Again by [10, 2.5.15(iv)] we find

= X())(Y, Z) = ZUMXTT + ZUMETT + X(NIZY) + [F(X,Y, 2)

—2(X(f)Y + fVxY, 2), (1.3.12)
and the claim again follows by 1.3.3.
(V4) We calculate

2VLY — Vy X, Z) = F(X,Y,Z) — F(Y, X, Z)
= . =(ZX,Y]) = (Z,[V,X]) =2(X,Y],Z)  (L3.13)

and another appeal to 1.3.3 gives the statement.

(V5) We calculate

2((VZX, Y) + (X, VZY>> = F(Z,X,Y)+ F(Z,Y,X)=...=2Z((X,Y)). 0

1.3.5 Remark. In the case of M being an oriented hypersurface of R" the covariant
derivative is given by (1.3.2). By [10, 3.2.4, 3.2.5] V satisfies (V1)-(V5) and hence is the
Levi-Civita connection of M (with the induced metric).

Next we make sure that V is local in both slots, a result of utter importance.

1.3.6 Lemma (Localisation of V). Let U C M be open and let X,Y, X1, Xo,Y1,Ys €
X(M). Then we have

(i) If Xily = Xslu then (Vx,Y)|, = (Vx,Y)

s and

(ii) If Vily = Yalu then (VxY1)|, = (VxY2)|,

Proof.

(i) By remark 1.3.2(i): X — VxY is a tensor field hence we even have that X;|, = X5/,
at any point p € M implying (Vx,Y)|, = (Vx,Y)|,-

(ii) It suffices to show that Y|y = 0 implies (VxY)|y =0. Solet p € U and x € C*(M)
with supp(x) € U and x = 1 on a neighbourhood of p. By (V3) we then have

0= (V Y =X Y, + VxY)|, and so (VxY = 0. 1.3.14
( XXO)|p () [pYp + x(p)(VxY)], and so (VxY)|y ( )

= =0 =1
O
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1.3.7 Remark. Lemma 1.3.6 allows us to restrict V to X(U) x X(U): Let X,Y € X(U)
and V C V C U (cf. [10, 2.3.12]) and extend X,Y by vector fields X,Y € %(M) such
that X|y = X|y and Y|y = Y|y. (This can be easily done using a partition of unity
subordinate to the cover U, M\ V, cf. [10, 2.3.14].) Now we may set (VxY)|y == (ViY)|v
since by 1.3.6 this definition is independent of the choice of the extensions X, Y. Moreover
we may write U as the union of such V’s and so VxY is a well-defined element of X(U).

In particular, this allows to insert the local basis vector fields 0; into V, which will be
extensively used in the following.

1.3.8 Definition (Christoffel symbols). Let (¢ = (z!,...,2"),U) be a chart of the
SRMF M. The Christoffel symbols (of the second kind) with respect to ¢ are the C*-
functions Fijk : U — R defined by

Vo,

(3

8j = Fk

e (1<i,j<n). (1.3.15)
Since [0;, 0;] = 0, property (V4) immediately gives the symmetry of the Christoffel symbols
in the lower pair of indices, i.e., F’jj = F’;Z Observe that I' is not a tensor and so the
Christoffel symbols do not exhibit the usual transformation behaviour of a tensor field
under the change of charts. The next statement, in particular, shows how to calculate the
Christoffel symbols from the metric.

1.3.9 Proposition (Christoffel symbols explicitly). Let (¢ = (z!,...,2"),U) be a
chart of the SRMF (M, g) and let Z = Z'0; € X(U). Then we have

(Z) Fl;:y —- gkmrmij:_gkm( 9j + g _ g])’

2 oxt oxJ oxm

3 : oZ* .
(ii) V5, 270; = (W +F’§jZJ) O

The C*°(M)-functions I'y;; are sometimes called the Christoffel symbols of the first kind.
Proof.

(i) Set X =0;, Y = 0; and Z = 0y, in the Koszul formula (1.3.10). Since all Lie-brackets
vanish we obtain

2<vaiaj7 am) - aigjm + ajgim - amgij; (1316)
which upon multiplying with ¢*™ gives the result.

(i) follows immediately from (V3) and 1.3.6. O
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1.3.10 Lemma (The connection of flat space). For X,Y € X(R?) with Y =
(YL, Y") =Y, let

VxY = X (Y0, (1.3.17)

Then V is the Levi-Civita connection on R and in natural coordinates (i.e., using id as a
global chart) we have

(1) gij = 6ije; (withe; = —1 for 1 <j<r ande; =+1 forr <j <n),

(i1) T%, =0 for all 1 <4, j,k <n.

Proof. Recall that in the terminology of [10, Sec. 3.2] we have VxY = DxY = p —
DY (p) X, which coincides with (1.3.17). The validity of (V1)-(V5) has been checked in

[10, 3.2.4,5] and hence V is the Levi-Civita connection. Moreover we have
(1) gi5 = (0:,0;) = (ei, €;) = €5, and

(i) Ty, =0 by (i) and 1.3.9(). O

Next we consider vector fields with vanishing covariant derivatives.

1.3.11 Definition (Parallel vector field). A wvector field X on a SRMF M is called
parallel if Vy X =0 for all Y € X(M).

1.3.12 Example. The coordinate vector fields in R are parallel: Let Y = Y79; then
by 1.3.10(ii) Vyd; = Y/Vy,0; = 0. More generally on R} the constant vector fields are
precisely the parallel ones, since

VyX=0VY & DX(p)Y(p)=0VYVp & DX =0 < X = const. (1.3.18)

In light of this example the notion of a parallel vector field generalises the notion of a
constant vector field. We now present an explicit example.

1.3.13 Example (Cylindrical coordinates on R?). Let (r, ¢, 2) be cylindrical coor-
dinates on R? i.e., (z,y,2) = (rcosy,rsing, z), see figure 1.4. This clearly is a chart on
R3\ {z > 0, y = 0}. Tts inverse (r, ¢, z) — (rcosp,rsiny, z) is a parametrisation, hence
we have (cf. [10, below 2.4.11] or directly [10, 2.4.15])
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0, = cos @0, + sin w0,
O, =rX with X = —sin0d, + cos p0,,
0, =0,.

Setting y* = r, y? = ¢, y> = 2z we obtain

gi1 = <8raar> - 17

922 = (D, 0p) = 1%(cos” p +5in” ) = 17,
g33 = <8zaaz> = 17

gi; =0 for all 7 # j.

Figure 1.4: Cylindrical coordinates

So we have
1 0 0 B 1 0 0
(g5)=(0 7 0], (4)=10 % 0O (1.3.19)
0 0 1 0 0 1
and hence

g= gijdyi X dyj =dr ®dr + T2dg0 Rdp+dz®dz =: dr? + 7’2dg02 + d2>.

By (1.3.19) {9,, 0,,, 0.} is orthogonal and hence (r, ¢, ) is an orthogonal coordinate system.
For the Christoffel symbols we find (by 1.3.9(i))

1 1 1 -1

F122 — _gllFZQQ — _g11F122 = — 1 (g1272 +92172 —92271) = — 27’ = -,
2 2 AN NI 2
=0 —0
1 1 11 1 1
2, =T% = —¢* T = —¢* 9y = - — — - op ==
12 21 29 121 29 221 5 72 (922,1 + g12.2 921,2) 5,2 r =

=0 =0

and all other Fijk = 0. Hence we have Vy,0; = 0 for all ¢, 7 with the exception of

1
Vo, 0, = —10,, and Vg, 0, =V 0, = ;(’930 =X.
By figure 1.4 we see that 0, and 0, are parallel if one moves in the z-direction. We hence
expect that Vi 0, = 0 = Vj 0, which also results from our calculations. Moreover 0, is
parallel since it is a coordinate vector field in the natural basis of R3, cf. 1.3.12.

Our next aim is to extend the covariant derivative to tensor fields of general rank. We
will start with a slight detour introducing the notion of a tensor derivation and its basic
properties and then use this machinery to extend the covariant derivative to the space
T (M) of tensor fields of rank (r, s).
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Interlude: Tensor derivations

In this brief interlude we introduce some basic operations on tensor fields which will be
essential in the following. We recall (for more information on tensor fields see e.g. [10,
Sec. 2.6]) that a tensor field A € T/ (M) = I'(M,TI(M)) is a (smooth) section of the
(r, s)-tensor bundle T7(M) of M. That is to say that for any point p € M, the value of
the tensor field A(p) is a multilinear map

Alp): T,M*x-- - xT,M*xT,yM x --- x T,M — R. (1.3.20)
s t?;nes S t?;es

Locally in a chart (v = (z%,...,2"),V) we have

Ay =A% 9, @ - ®0;, dr" ® - -+ ® da’*, (1.3.21)

J1---Js

where the coefficient functions are given for ¢ € V' by

A?l'_'.';?;(q) = A(q)(dx™ |y, - -, d2™ |4, 0411y - - -5 Oilo)- (1.3.22)
The space T (M) of sections can be identified with the space
Ly (QL) x - x Q1 (M) x (M) x -+ x Z(M), C¥(1)) (1.3.23)
r—;i;nes s—t;r,nes

of C*°(M)-multilinear maps from one-forms and vector fields to smooth functions. Recall

also the special cases TP (M) = C®(M), TH(M) = X(M), and T2 (M) = QY(M).

Additionally we will also frequently deal with the following situation, which generalises the
one of 1.3.2(1): If A: X(M)®* — X(M) is a C>°(M )-multilinear mapping then we define

A5 QU (M) x X(M)* — C=(M)

Alw, X1, ..., X)) = w(A(Xy, ..., Xy)). (1.3.24)
Clearly A is C>°(M )-multilinear and hence a (1, s)-tensor field and we will frequently and
tacitly identify A and A.
We start by introducing a basic operation on tensor fields that shrinks their rank from

(r,s) to (r —1,s — 1). The general definition is based on the following special case.

1.3.14 Lemma ((1, 1)-contraction). There is a unique C*°(M)-linear map C : T{H(M) —
C®(M) called the (1,1)-contraction such that

C(X ®w) =w(X) for all X € X(M) and w € Q'(M). (1.3.25)

Proof. Since C is to be C*°(M)-linear it is a pointwise operation, cf. [10, 2.6.19] and we

start by giving a local definition. For the natural basis fields of a chart (¢ = (2!,...,2"),V)
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we necessarily have C(9; ® dz') = dx'(9;) = 6% and so for T'(M) 5 A =3 AL0; @ da? we
are forced to define

C(A) =) A=) A(da',0). (1.3.26)

It remains to show that the definition is independent of the chosen chart. Let (¢ =
(y',...,y"),V) be another chart then we have using [10, 2.7.27(iii)] as well as the summa-
tion convention

m O\ [(Oy™  , 0x7 O\  Oy™ Oxl ;0 .0
A (0 5 ) = A (B e G ) = B A () =4 (% 55)

&7

7

O

To define the contraction for general rank tensors let A € T (M), fix 1 <i<r, 1<j<s
and let w!', ..., w™t € QY(M) and X;,..., X, 1 € X(M). Then the map

QM) x X(M) 3 (w, X) = Alw', ... ,w, ..., XX, X)) (1.3.27)
J

(2

is a (1, 1)-tensor. We now apply the (1, 1)-contraction C of 1.3.14 to (1.3.27) to obtain a
C>(M)-function denoted by

CA) (W' ... WX, Xe). (1.3.28)

Obviously CiA is C*°(M)-linear in all its slots, hence it is a tensor field in 7' (M) which
we call the (i, j)-contraction of A. We illustrate this concept by the following examples.

1.3.15 Examples (Contraction).
(i) Let A € T(M) then C1A € T, (M) is given by
C3AWw, X,Y) =C(A(,w, X,Y,.)) (1.3.29)
which locally takes the form
(C3A)Y = (C3(A)(da*,0;,0;) = C(A(.,da*,8;,05,.)) = A(dx™, da*,8;, 05, 0,,) = AJIY

iym>
where of course we again have applied the summation convention.

(ii) More generally the components of C'A of A € T"(M) in local coordinates take the

. k .
fOI‘IIl Az.l"'m"'“

‘71---7?---.73 '

Now we may define the notion of a tensor derivation announced above as map on tensor
fields that satisfies a product rule and commutes with contractions.
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1.3.16 Definition (Tensor derivation). A tensor derivation D on a smooth manifold
M s a family of R-linear maps

D=D": T7(M)— T7(M) (r,s>0) (1.3.30)
such that for any pair A, B of tensor fields we have
(i) D(A® B) =DA® B+ A2 DB
(ii) D(CA) = C(DA)) for any contraction C.
The product rule in the special case f € C*°(M) = T (M) and A € T (M) takes the form
D(f® A)=D(fA) = (Df)A+ fDA. (1.3.31)

Moreover for 7 = 0 = s the tensor derivation D) is a derivation on C®(M) (cf. [10, 2.5.12])
and so by [10, 2.5.13] there exists a unique vector field X € X(M) such that

Df = X(f) forall feC>®(M). (1.3.32)

Despite the fact that tensor derivations are not C>(M)-linear and hence not defined point-
wise? (cf. [10, 2.6.19]) they are local operators in the following sense.

1.3.17 Proposition (Tensor derivations are local). Let D be a tensor derivation on
M and let U C M be open. Then there exists a unique tensor derivation Dy on U, called
the restriction of D to U statisfying

Du(Aly) = (DA)y (1.3.33)
for all tensor fields A on M.

Proof. Let B € T(U) and p € U. Choose a cut-off function y € C§°(U) with x =1 in a
neighbourhood of p. Then xB € 77 (M) and we define

(DuB)(p) == D(xB)(p)- (1.3.34)
We have to check that this definition is valid and leads to the asserted properties.

(1) The definition is independent of x: choose another cut-off function x at p and set
f =x — X. Then choosing a function ¢ € C3°(U) with ¢ = 1 on supp(f) we obtain

D(fB)(p) = D(f¢B)(p) = D(f)lpn(¢B)(p) + @9(903)(1?) =0, (1.3.35)

since we have with a vector field X as in (1.3.32) that Df(p) = X(f)(p) = 0 by the
fact that f = 0 near the point p.

2Recall from analysis that taking a derivative of a function is not a pointwise operation: It depends on
the values of the function in a neighbourhood.



24 Chapter 1. Semi-Riemannian Manifolds

(2) DyB € T](U) since for all V- C U open we have Dy B|y = D(xB)|v by definition if
X = 1 on V. Now observe that xB € T (M).

(3) Clearly Dy is a tensor derivation on U since D is a tensor derivation on M.

(4) Dy has the restriction property (1.3.33) since if B € T (M) we find for all p €

U that Dy(Bly)(p) = D(xBlv)(p) = D(xB)(p) and D(xB)(p) = D(B)(p) since
D((1 — x)B)(p) = 0 by the same argument as used in (1.3.35).

(5) Finally Dy is uniquely determined: Let Dy be another tensor derivation that satisfies
(1.3.33) then for B € 7 (U) we again have Dy ((1 — x)B)(p) = 0 and so by (4)

Dy(B)(p) = Du(xB)(p) = D(xB)(p) = Du(B)(p)
forall p e U. O

We next state and prove a product rule for tensor derivations.
1.3.18 Proposition (Product rule). Let D be a tensor derivation on M. Then we have
for Ae TH(M), w',...,w" € Q(M), and X;,..., X, € X(M)

D(A(wl,...,wr,Xl,...,Xs)> — (DAY, . w", X1y, X))

+Y AW Dot W X, X)) (1.3.36)
=1

+ AW W Xy, DX, X,
j=1

Proof. We only show the case r = 1 = s since the general case follows in complete analogy.
We have A(w, X) = C(A® w ® X) where C is a composition of two contractions. Indeed
in local coordinates A ® w ® X has components A’w, X' and A(w, X) = A(w;dz’, X79;) =
w; X7 A(da?,0;) = A%w; X7 and the claim follows from 1.3.15(ii).
By 1.3.16(i)—(ii) we hence have
D(A(w, X)) =D(C(AQw® X)) =CD(AQw® X)
=CPARwWw® X)+C(A®Dw® X)+C(A®w® DX) (1.3.37)
=DA(w, X)+ A(Dw, X) + A(w,DX).

O

The product rule (1.3.36) can obviously be solved for the term involving DA resulting in
a formula for the tensor derivation of a general tensor field A in terms of D only acting on
functions, vector fields, and one-forms. Moreover for a one form w we have by (1.3.36)

(Dw)(X) = D(w(X)) — w(DX) (1.3.38)
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and so the action of a tensor derivation is determined by its action on functions and vector
fields alone, a fact which we state as follows.

1.3.19 Corollary (Tensor derivations are determined by D) & D}). If two tensor
derivations Dy and Dy agree on functions C*°(M) and on vector fields X(M) then they
agree on all tensor fields, i.e., D1 = Ds.

More importantly a tensor derivation can be constructed from its action on just functions
and vector fields in the following sense.

1.3.20 Theorem (Constructing tensor derivations). Given a vector field V € X(M)
and an R-linear mapping § : X(M) — X(M) obeying the product rule

S(fX) = V()X + f6(X) for all f € C¥(M), X € X(M). (1.3.39)

Then there exists a unique tensor derivation D on M such that D =V : C*°(M) — C>*(M)
and DY = 6 : X(M) — X(M).

Proof. Uniqueness is a consequence of 1.3.19 and we are left with constructing D using
the product rule.
To begin with, by (1.3.38) we necessarily have for any one-form w

(Pw)(X) = (Diw)(X) = V(w(X)) — w(3(X)), (1.3.40)
which obviously is R-linear. Moreover, Dw is C*°(M )-linear hence a one-form since

Du(fX) = V(w(f X)) ~ w((fX) = V(fu(X)) - (V(f) > W(f8(X)
= [V (@(X)) + VIBetXT — V(HetX] - fuld (13.41)
= F(V(@(X))) — w(6(X)) = fDu(X).

Similarly for higher ranks r + s > 2 we have to define D’ by the product rule (1.3.36):
Again it is easy to see that D7 is R-linear and that DI A is C*°(M)-multilinear hence in
77 (M).

We now have to verify (i), (ii) of Definition 1.3.16. We only show D(A® B) = DA® B +
B ® DA in case A, B € T;*(M), the general case being completely analogous:

(D(A® B))(w",w?, X1, Xo) =V (A(w', X1) - B(w?, X5))
. (A(le,Xl)B(wQ,Xg) + A(wl,Xl)B(Dw2,X2)>
. (A(wl,DXl)B(wQ,X2) + A(wl,Xl)B(w2,DX2))
- (V(A(wl, X1)) — A(Dw', X1) — Al DX1)>B(w2, Xo)
+ AW, X)) (v(B(w2, X3)) — B(Dw?, X,) — B(w?, DXQ))
= (DPA® B+ A@ DB)(w',w’, X1, Xa).
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Finally, we show that D commutes with contractions. We start by considering C : T;*(M) —
C(M). Let A= X ®@w € T{H(M), then we have by (1.3.40)

DC(X ®@w)) =Dw(X)) =V(w(X)) =w((X)) + D(w)(X), (1.3.42)
which agrees with
CDX®w)=CDX®w+ X ®Dw) =w(DX)+ (Dw)(X). (1.3.43)

Obviously the same holds true for (finite) sums of terms of the form w’® X;. Since D is
local (Proposition 1.3.17) and C is even pointwise it suffices to prove the statement in local
coordinates. But there each (1,1)-tensor is a sum as mentioned above.

The extension to the general case is now straight forward. We only explicitly check it for

A€ THM):
(DY(C3A))(X) = DY((CLA) (X)) — (C;A)(DyX) = Dy (C(A(., X, .))) —C(A(., DX, .))
DI(A(.,X,.)) — A(., DX, .))

D(A(w, X,Y)) — A(Dw, X,Y) — A(w, X, DY) — A(w, DX, Y))
(DA)(w, X,Y)) = (CHDA))(X).

As a first important example of a tensor derivation we discuss the Lie derivative.

1.3.21 Example (Lie derivative on 7). Let X € X(M). Then we define the tensor
derivative Ly, called the Lie derivative with respect to X by setting

Lx(f)=X(f) forall feC>®(M), and
Lx(Y)=[X,Y] for all vector fields Y € X(M).

Indeed this definition generalises the Lie derivative or Lie bracket of vector fields to general
tensors in 7. (M) since by Theorem 1.3.20 we only have to check that 6(Y) = Lx(Y) =
[X, Y] satisfies the product rule (1.3.39). But this follows immediately form the corre-
sponding property of the Lie bracket, see [10, 2.5.15(iv)].

Finally we return to the Levi-Civita covariant derivative on a SRMF (M, g), cf. 1.3.4. We
want to extend it from vector fields to arbitrary tensor fields using Theorem 1.3.20. A brief
glance at the assumptions of the latter theorem reveals that the defining properties (V2)
and (V3) are all we need. So the following definition is valid.

1.3.22 Definition (Covariant derivative for tensors). Let M be a SRMF and X €
X(M). The (Levi-Civita) covariant derivative Vx is the uniquely determined tensor deriva-
tion on M such that
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(1)) Vxf=X(f) forall f € C*(M), and

(i) VxY is the Levi-Civita covariant derivative of Y w.r.t. X as given by 1.3.4.

The covariant derivative w.r.t. a vector field X is a generalisation of the directional deriva-
tive. Similar to the case of multi-dimensional calculus in R™ we may collect all such
directional derivatives into one differential. To do so we need to take one more technical
step.

1.3.23 Lemma. Let A € T] (M), then the mapping
X(M)> X —VxAeT (M)
is C*°(M)-linear.
Proof. We have to show that for X, Xy € X(M) and f € C*°(M) we have
Vit A=Vx, A+ fVx,A foral Ae T (M). (1.3.44)

However, by 1.3.20 we only have to show this for A € TP(M) = C>®(M) and A € T;'(M) =
X(M). But for A € C*(M) equation (1.3.44) holds by definition and for A € X(M) this
is just property (V1). O

1.3.24 Definition (Covariant differential). For A € 7] (M) we define the covariant
differential VA € T (M) of A as

VAW, ... W X1, 0, X, X) = (Vx AW .. 0" X, X)) (1.3.45)
forallw!,...,w" € QY M) and X1,...,X, € X(M).
1.3.25 Remark (On the covariant differential).

(i) In case r = 0 = s the covariant differential is just the exterior derivative since for
feC>®(M)and X € X(M) we have

(V)(X) = Vxf = X(f) = df(X). (1.3.46)

(ii) VA is a ‘collection’ of all the covariant derivatives VxA into one object. The fact
that the covariant rank is raised by one, i.e., that VA € T (M) for A € T (M) is
the source of the name covariant derivative/differential.

(iii) In complete analogy with vector fields (cf. Definition 1.3.11) we call A € T (M)
parallel if VxA =0 for all X € X(M) which we can now simply write as VA = 0.
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(iv) The metric condition (V5) just says that g itself is parallel since by the product rule
1.3.18 we have for all X, Y, Z € X(M)

(Vz9)(X,Y) = Vz(9(X,Y)) = g(VzX,Y) —g(X,VzY) =0 (1.3.47)
where the last equality is due to (V5).

(v) Ifin a local chart the tensor field A € T (M) has components Aﬁ’]’" the components

of its covariant differential VA € T (M) are denoted by A;{_:?;k and take the form

aAil.A.iT r s
A’il...ir _ .71.75 + Fil Allmlr _ Fm A’i’1 ......... i:r (1 3 48)
J1-Jsik T axk § : km* e, Js E : kji“tg1..m..js ° -
=1 =1

Our next topic is the notion of a covariant derivative of vector fields which are not defined
on all of M but just, say on (the image of) a curve. Of course then we can only expect to
be able to define a derivative of the vector field in the direction of the curve. Intuitively
such a notion corresponds to the rate of change of the vector field as we go along the curve.
We begin by making precise the notion of such vector fields but do not restrict ourselves
to the case of curves.

1.3.26 Definition (Vector field along a mapping). Let N, M be smooth manifolds
and let f € C*°(N, M). A vector field along f is a smooth mapping

Z: N—TM suchthatwoZ = f, (1.3.49)

where w: TM — M s the vector bundle projection. We denote the C*°(N)-module of all
vector fields along f by X(f).

The definition hence says that Z(p) € Ty M for all points p € N. In the special case of
N =1 CRareal interval and f=c: 1 — M a C®-curve we call X(c) the space of vector
fields along the curve c. In particular, in this case t — ¢(t) = /() is an element of X(c).
More precisely we have (cf. [10, below (2.5.3)]) ¢/(t) = Tyc(1) = Tye(2|:) € TopM. Also
recall for later use that for any f € C>(M) we have ¢/(t)(f) = Tyc(4|)(f) = L[(f o c)
and consequently in coordinates ¢ = (2!, ..., 2™) the local expression of the velocity vector
takes the form ¢ (t) = ¢ (£)(2")9;]cr) = L|¢(2° 0 €)i|e(r). (For more details see e.g. [11, 1.17
and below].)

In case M is a SRMF we may use the Levi-Civita covariant derivative to define the deriva-
tive Z' of Z € X(c) along the curve c.

1.3.27 Proposition (Induced covariant derivative). Let c: I — M be a smooth
curve into the SRMF M. Then there exists a unique mapping X(c) — X(c)

\4
Z— 7' =— 1.3.50

called the induced covariant derivative such that
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(i) (Zi+\Z) = Z+ 27, (MeR),
(ii) (hZ) = % Z+hZ  (heC®(IR)),

(iii)) (X oc)(t)=VepX  (tel, X €X(M)).
In addition we have

(iv) (21, Z2) = (2], Zo) + (21, Z3).
Observe that in 1.3.27(iii) we have X o ¢ € X(c) and since by 1.3.2(i) we have VX €
TeM also the right hand side makes sense.

Proof. (Local) uniqueness: Let Z +— Z’ be a mapping as above that satisfies (i)—(iii) and
let (¢ = (z',...,2™),U) be a chart and let ¢ : I — U be a smooth curve. For Z € X(c) we
then have

= ZW)(@)0ilewy =2 > Z'(1)Dileqry = Z' (1) ;o) (1.3.51)
By (i)—(iii) we then obtain
; dZZ i / le )
A (t) = E 6Z-|C(t) + 7 (t)(@, o C) = E 8,~|C(t) + 7 (t)VC/(t)ai. (1.3.52)

So Z' is completely determined by the Levi-Civita connection V and hence unique.
Existence: For any J C [ such that ¢(J) is contained in a chart domain U we define the
mapping Z — Z' by equation (1.3.52). Then properties (i)—(iii) hold. Indeed (i) is obvious.
Property (ii) follows from the following straight forward calculation

(n2y(®) = N2 0+ n(0) 2T 00, = h)20) + B 20

Finally to prove (iii) let X € X(M), X|v = X'0;. Then (as explained prior to the
¢(1)(X

proposition) 4(X"oc) = ¢(t)(X") and so by (V3)
Vo X = Vou(X'0:) = ¢ (t)(X")i]ewy + X (c(t)Vernds
d(X?oc)

== Oilery + X' 0 c(t)Vundi = (X o c)(t). (1.3.53)

Now suppose Ji, Jo are two subintervals of I with corresponding maps F; : Z — Z’. Then
on Ji N Jy both F; satisfy properties (i)—(iii) hence coincide by the uniqueness argument
from above and we obtain a well-defined map on the whole of I.

Finally we obtain (iv) since we have using the chart (¢, U)

dZ; dZ”
yr L 730, 0;) + Z{ Z3(N 0 0;,0;) + Z e

(Z], Z) + (2, Z}) = —2(0:,05) + 21 23(0;, V 2 0;),
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and on the other hand

d d, ;. ; azi . . d7} i d
(020 = %(leg<ai>aj>) = dtl Z3(0:,0;) + Z3 d_t2 (0, 05) + 2123

The result now follows from from differentiating (0;, 9;) (actually (9;, 9;) o ¢):

a
dt

where we have used (V5). O

<aw8]>

(0;,0;) = ' (1)(0;,0;) = (V i, 0;) + (05, V),

We now write Z’ in terms of the Christoffel symbols. In a chart (p = (z!,...2"),V) we
have

B _d(aloc) _d(@loc)
Ve = Vd(z;:c)aj@i == Vo,0; = 0 %0 (1.3.54)
and hence by 1.3.27(ii), (iii)
, dz* d(z? oc ,
20 = (%0 + Te) 220 20)) ol (13.55)

In the special case that Z = ¢ we call Z' = ¢” the acceleration of ¢. Also we call a vector
field Z € X(c) parallel if Z' = 0. The above formula (1.3.55) shows that this condition
actually is expressed by a system of linear ODEs of first order implying the following result.

1.3.28 Proposition (Parallel vector fields). Let c: I — M be a smooth curve into
a SRMF M. Leta € I and 2 € Ty M. Then there exists an unique parallel vector field
Z € X(c) with Z(a) = z.

Proof. As noted above locally Z obeys (1.3.55), which is a system of linear first order
ODEs. Given an initial condition such an equation possesses a unique solution defined on
the whole interval where the coefficient functions are given. Hence the claim follows from
covering ¢(I) by chart neighbourhoods. O

This result gives rise to the following notion.

1.3.29 Definition (Parallel transport). Let ¢ : I — M be a smooth curve into a
SRMF M. Let a,b € I and write c(a) = p and c¢(b) = q. For z € T,M let Z, be as in
1.3.28 with Z,(a) = z. Then we call the mapping

P="Pe): T,M > 2w Z,(b) € T,M (1.3.56)
the parallel transport (or parallel translation) along ¢ from p to q.

Finally we have the following crucial property of parallel translation.
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1.3.30 Proposition. Parallel transport is a linear isometry.

Proof. Let z,y € T,M with parallel vector fields Z,, Z,. Since then also Z, + Z, and
AZ, (for A € R) are parallel we have P(z +y) = Z,(b) + Z,(b) = P(z) + P(y) and
P(Az) = AZ.(b) = AP(z) so that P is linear.

Let P(z) = 0 then by uniqueness Z, = 0 hence also z = 0. So P is injective hence bijective.
Finally (Z,, Z,) is constant along c since

% (2o 2,) = (20, 2,) + 2., 7)) = 0 (1.3.57)
and so
(P(2), P(y)) = (Z:(b), Z,(b)) = (Z:(a), Zy(a)) = (z,y) (1.3.58)



Chapter 2

(Geodesics

In Euclidean space the shortest path between to arbitrary points is uniquely given by
the straight line connecting these two points. That is, straight lines have two decisive
properties: they are parallel, i.e., their velocity vector is parallely transported and they
globally minimise length. Already in spherical geometry matters become more involved.
The curves which possess a parallel velocity vector are the great circles, e.g. the meridians.
Intuitively they are the ‘straightest possible’ lines on the sphere in the sense that their
curvature equals the curvature of the sphere and so is the smallest possible. Also they
minimize length but only locally. Indeed a great circle starting in a point p is initially
minimising but stops to be minimising after it passes through the antipodal point —p.
Also between antipodal points (e.g. the north and the south pole) there are infinitely many
great circles which all have the same length.

In this section we study geodesics on SRMF's that is curves with parallel velocity vector and
their respective properties. We introduce the exponential map, a main tool of SR geometry,
which maps straight lines through the origin in the tangent space T,M to so-called radial
geodesics of the manifold through p. It is in turn used to define normal neighbourhoods
of a point which have the property that any other point can be reached by a unique radial
geodesic. Also the exponential map allows to introduce normal coordinates, that is charts
which are well adapted to the geometry of the manifold. We prove the Gauss lemma which
states that the exponential map is a radial isometry, i.e., it preserves angles with radial
directions. We introduce the length functional and then turn to the Riemannian case.
We define the Riemannian distance d between two points as the infimum of the length of
all curves connecting these two points; it defines a metric in the topological sense on M.
Now the Gauss lemma can be seen to say that small distance spheres centered at a point
are perpendicular to radial geodesics and that radial geodesics minimise length. We prove
the Hopf-Rinow theorem which says that the Riemannian distance function encodes the
topological and also the metric structure of the manifold. As a consequence in a complete
Riemannian manifold every pair of points can be joined by a minimising geodesic. We
finally remark the differences to the Lorentzian case which indeed is much more involved.

32
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2.1 Geodesics and the exponential map

In this subsection we generalise the notion of a straight line in Euclidean space. As in [10,
Sec. 3.3] we define a geodesic to be a curve ¢ such that its tangent vector ¢’ is parallel along
c. Equivalently we have for the acceleration ¢ = 0. Locally this condition translates into
a system of nonlinear ODEs of second order. More precisely we have:

2.1.1 Proposition (Geodesic equation). Let (p = (z',...,2"),U) be a chart of the
SRMF M and let ¢ : I — U be a smooth curve. Then c is a geodesic iff the local coordinate
expressions £ o ¢ of ¢ obey the geodesic equation,

d*(z* o c

) J
- )—l—F’zjocd(x oc) d(x?) oc)

dt dt

—0 (1<k<n). (2.1.1)

Proof. The curve ¢ is a geodesic iff (¢/)) = 0. We have ¢/(t) = d(md—ioc) Ok|e(r) and inserting

daeq) for 7% in (1.3.55) we obtain (2.1.1). o

It is most common to abbreviate the local expressions z* o ¢ of ¢ by ¢*. Using this notation
the geodesic equation (2.1.1) takes the form

d?ck . dct dcd

prl + 1, T 0 or even shorter & 4 F’jjc'iéj =0 (1<k<n). (2.1.2)

Obviously the geodesic equation is a system of nonlinear ODEs of second order and so
by basic ODE-theory we obtain the following result on local existence and uniqueness of
geodesics.

2.1.2 Lemma (Existence of geodesics). Let p € (M, g) and let v € T,M. Then there
exists a real interval I around 0 and a unique geodesic ¢ : I — M with ¢(0) = p and
d(0) =wv.

We call ¢ as in 2.1.2 (irrespective of the interval I) the geodesic starting a p with initial
velocity v.

2.1.3 Examples (Geodesics of flat space). The geodesic equations in R are trivial,

i.e., they take the form d;t‘;k = 0 since all Christoffel symbols F’jj vanish. Hence the geodesics

are the straight lines c(t) = p + tv.

2.1.4 Examples (Geodesic on the cylinder). Let M C R? be the cylinder of radius
1 and 1 the chart (cosp,sing, 2) — (¢, z) (¢ € (0,27)). The natural basis of T,M with
(p = (cos p,sinp, z)) w.r.t. ¢ is then given by (cf. [10, 2.4.11])

—siny 0
Op=1| cosp |, 0.=10]. (2.1.3)
0 1
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Also we have g11 = (0,5, 0,) = 1, g12 = go1 = (0p, 0;) = 0, g2 = (0,,0,) = 1 and so

)=y §) wa @=(g 7). 214

which immediately implies that Fijk = 0 for all 4,7, k. Hence the geodesic equations for
a curve c(t) = (cosp(t),sin p(t), z(t)) using the notation c!(t) = z' o c(t) = p(t), (t) =
r?oc(t) = z(t) take the form

() =0, Z(t) =0, (2.1.5)

which are readily solved to obtain ¢(t) = ait + ag, 2(t) = byt + by. So we find
c(t) = (cos(alt + ag), sin(at + ag), byt + bo) (2.1.6)
revealing that the geodesics of the cylinder are helices with initial point and speed given

by the a;, b;, see figure 2.1, left. This also includes the extreme cases of circles of latitude
z=c (by =0, by = ¢) and generators (a; = 0). Another way to see that these are the

i
e
\\‘_ 1

=
) : \

l L

Figure 2.1: Geodesics on the cylinder

geodesics of the cylinder is by ‘unwrapping’ the cylinder to the plane, see Figure 2.1, right.
This of course amounts to applying the chart v, which in this case is an isometry since
gij = 0;5. Now the geodesics of R? are straight lines which via ¢/~ are wrapped as helices
onto the cylinder.

We now return to the general study of geodesics. Being solutions of a nonlinear ODE
geodesics will in general not be defined for all values of their parameter. However, ODE
theory provides us with unique maximal(ly extended) solutions. To begin with we have:

2.1.5 Lemma (Uniqueness of geodesics). Let ¢i,co : I — M geodesics. If there is
a € I such that c1(a) = co(a) and é1(a) = éa(a) then we already have ¢y = cs.
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Proof. Suppose under the hypothesis of the lemma there is ty € I such that ¢;(tg) # c2(to)-
Without loss of generality we may assume to > a and set b = inf{t € [ : t > a and ¢;(t) #
c2(t)}. We now argue that ¢1(b) = co(b) and ¢1(b) = é2(b). Indeed if b = a this follows by
assumption. Also in case b > a we have that ¢; = ¢ on (a,b) and the claim follows by
continuity.

Now since also ¢t — ¢;(b+t) are geodesics (i = 1,2) Lemma 2.1.2 implies that ¢; and ¢,
agree on a neighbourhood of b which contradicts the definition of b. O

2.1.6 Proposition (Maximal geodesics). Let v € T,M. Then there exists a unique
geodesic ¢, such that

(i) ¢,(0) =p and ¢,(0) = v

(i1) the domain of ¢, is maximal, that is if c : J — M, 0 € J is any geodesic with c(0) = p
and ¢'(0) = v then J C I and c,|; = c.

Proof. Let G := {c: I. - M a geodesic: 0 € I, ¢(0) = p, ¢(0) = v}, then by 2.1.2
G # 0 and by 2.1.5 we have for any pair c¢i, ¢c; € G that 01|Iclm102 = 02|1610102. So the
geodesics in G define a unique geodesic satisfying the assertions of the statement. O

2.1.7 Definition (Completeness). We call a geodesic ¢, as in 2.1.6 maximal. If in
a SRMF M all maximal geodesics are defined on the whole of R we call M geodesically
complete.

2.1.8 Examples (Complete manifolds).
(i) R? is geodesically complete as well as the cylinder of 2.1.4.

(ii) R\ {0} is not geodesically complete since all geodesics of the form ¢ + tv are defined
either on R™ or R~ only.

We next turn to the study of the causal character of geodesics. We begin with the following
definition.

2.1.9 Definition (Causal character of curves). A curve ¢ into a SRMF M is called
spacelike, timelike or null if for all t its velocity vector ¢ (t) is spacelike, timelike or null,
respectively. We call ¢ causal if it is timelike or null. These properties of ¢ are commonly
referred to as its causal character.

In general a curve need not to have a causal character, i.e., its velocity vector could change
its causal character along the curve. However, geodesics do have a causal character: Indeed
if ¢ is a geodesic then by definition ¢’ is parallel along c¢. But parallel transport by 1.3.28 is
an isometry so that (¢/(t),d(t)) = (c(ty), d (tp)) for all t. This fact can also be seen directly
by the following simple calculation

£ (0.C0) =20, (1) = 0. (2.17)
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Moreover we also clearly have that the speed of a geodesic is constant, i.e., ||¢/(t)|| = ||¢/(to)]]
for all t. The following technical result is significant.

2.1.10 Lemma (Geodesic parametrisation). Let ¢ : I — M be a nonconstant
geodesic. A reparametrisation co h : J — M of ¢ is a geodesic iff h is of the form
h(t) = at + b with a,b € R.

Proof. To begin with note that (coh)'(t) = ¢(h(t))l/(t) since (coh)'(t) = Ty(coh)(L]:) =
TaeT(E1)) = Tre(h (6 21)) = K (O Twe(510) = K (0 (h().

Now, if Z € X(c) then Zoh € X(coh) and from (1.3.55) we have (Zoh)'(t) = Z'(h(t))h'(t).
Applying this to Z = ¢/, we obtain with 1.3.27(ii)

(coh)"(t) = (c'(h(t))h’(t))' = ') (h(t)) + K () " (h(t)). (2.1.8)

Now since ¢ is nonconstant we have ¢/(¢) # 0 and we obtain
cohisageodesic & (coh)’"=0 < h"=0 < h(t) =at+b. O

This result shows that the parametrisation of a geodesic has a geometric meaning. More
generally a curve that has a reparametrisation as a geodesic is called a pregeodesic.

Next we turn to a deeper analysis of the geodesic equation as a system of second order
ODEs. The first result is concerned with the dependence of a geodesic on its initial speed
and is basically a consequence of smooth dependence of solutions of ODEs on the data.

2.1.11 Lemma (Dependence on the initial speed). Let v € T,,M then there ezists a
neighbourhood N of v in TM and an interval I around 0 such that the mapping

N XT3 (w,s)—cy(s) e M (2.1.9)
18 smooth.

Proof. ¢, is the solution of the second order ODE (2.1.1) which depends smoothly on s
as well as on ¢,(0) =: p and ¢,(0) = w. This follows from ODE theory e.g. by rewriting
(2.1.1) as a first order system as in [10, 2.5.16]. O

Our next aim is to make the rewriting of the geodesic equations as a first order system
explicit. To this end let (¢ = (2!,...2"),V) be a chart. Then T : TV — (V) x R",
Ty = (2., 2"y, ...,y") is a chart of TM. Now ¢ : [ — V is a geodesic iff t
(cr(t),...,c"(t),y'(t),...,y™(t)) solves the following first order system

dck
dt
dy*
dt

=y"(t)

= T @)y () (1 <k<n). (2.1.10)
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Locally (2.1.10) is an ODE on TM since its right hand side is a vector field on TV, i.e., an
element of X(7'V'). The geodesics hence correspond to the flow lines of such a vector field.
More precisely we have:

2.1.12 Theorem (Geodesic flow).  There exists a uniquely defined vector field G €
X(TM), the so-called geodesic field or geodesic spray with the following property: The pro-
jection m : TM — M establishes a one-to-one correspondence between (mazimal) integral
curves of G and (maximal) geodesics of M.

Proof. Given v € TM the mapping s — ¢, (s) is a smooth curve in TM. Let G, := G(v)
be the initial speed of this curve, i.e., G, := L|o(c)(s)) € T,(T'M) (since ¢, (0) = v). Now
by 2.1.11 G € X(T'M). We now prove the following two statements:

(i) If ¢ is a geodesic of M then ¢ is an integral curve of G.
Indeed let a(s) := /(s) and for any fixed ¢ set w := /(t) and B(s) := ¢/, (s). By 2.1.5
we have c(t + s) = ¢,(s) (since ¢,(0) = ¢(t) and ¢,(0) = w = ¢/(t)). Differentiation
w.r.t. s yields a(s +t) = c,(s) = B(s). So we have in T(T'M) that o/(t + s) = '(s).
In particular, o/'(t) = 5'(0) = G, = Ga) and hence o is an integral curve of G.

(ii) If a is an integral curve of G then 7 o «v is a geodesic of M.
Let a: I — TM andt € I. Since a(t) € T'M we have by (i) that the map s — ¢, ;(s)
an integral curve of G. For s = 0 both integral curves ¢/, (s) and s — a(s+1) attain
the value a(t). Hence by [10, 2.5.17] they coincide on their entire domain. So we
obtain for all s that

a(s+1) = cypy(s) = m(a(s+1)) = cap(s) = moa is a geodesic of M.

Finally we have mo ¢ = ¢ and (w0 @)'(t) = L|om(a(t + s)) = £|ocaq)(s) = Chy(0) = a(t)
and so the maps ¢ — ¢ and a — 7 o « are inverse to each other. Also G is unique since

its integral curves are prescribed. O

The flow of the vector field G in the above Theorem is called the geodesic flow of M. Next
we will introduce the exponential map which is one of the essential tools of semi-Riemannian
geometry.

2.1.13 Definition (Exponential map). Let p be a point in the SRMF M and set
D, :={v € T,M : ¢, is at least defined on [0,1]}. The exponential map of M at p is
defined as

exp, : D, — M, exp,(v) := cy(1). (2.1.11)

Observe that D, is the maximal domain of exp,. In case M is geodesically complete we
have D, = T),M for all p.
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exp,,

Figure 2.2: exp, maps straight lines through 0 € T, M to geodesics through p.

Let now v € T,M and fix ¢ € R. The geodesic s — ¢,(ts) (cf. 2.1.10) has initial speed
tc,(0) = tv and so we have

Cv(8) = cy(ts) (2.1.12)

for all ¢, s for which one and hence both sides of (2.1.12) are defined. This implies for the
exponential map that

exp,,(tv) = ¢ (1) = cu(t) (2.1.13)

which has the following immediate geometric interpretation: the exponential map exp,
maps straight lines ¢ — tv through the origin in 7,,M to geodesics ¢,(t) through p in M,
see Figure 2.2. This is actually done in a diffeomorphic way.

2.1.14 Theorem (Exponential map). Let p be a point in a SRMF M. Then there
exist neighbourhoods U of 0 in TyM and U of p in M such that the exponential map
exp, : U — U is a diffeomorphism.

Proof. The plan of the proof is to first show that exp, is smooth on a suitable neighbour-
hood of 0 € T, M and then to apply the inverse function theorem.

To begin with we recall that by 2.1.11 the mapping (w, s) — ¢,(s) is smooth on N x I,
where N is an open neighbourhood in T'M and I is an interval around 0 which we assume
w.lo.g to be I = (—a,a). Now set N, := {% : v € NNT,M}, where a’ is a fixed
number with @’ > 1/a. By (2.1.12) the map (w,s) — ¢,(s) is then defined on N, x J
where J D [0,1]. Indeed for w = v/a’ € N, we have c,(s) = cyu(s) = cu(s/a’) with
s/a' € I = (—a,a) and so s € a'I 2 [0,1]. So in total exp, : N, = M is smooth.

We next show that Ty(exp,) : To(T,M) — T,M is a linear isomorphism. To this end let
v € To(T,M) which we may identify with T,M (cf. [10, 2.4.10]). Set p(t) = tv. Then
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v =p'(0) = Top(L]o) and so

d d
To(exp,)(v) = To(exp,) (#'(0)) = To(exp, op) (- lo) = To(co) (= fo) = €,(0) = v (2.1.14)
Hence Ty exp, = idg,y and the claim now follows from the inverse function theorem, see

e.g. [10, 1.1.5]. O

A subset S of a vector space is called star shaped (around 0) if v € S and t € [0, 1] implies
that tv € S.

Figure 2.3: A star-shaped subset of a vector space.

If U and U are as in 2.1.14 and U is star shaped then we call U a normal neighbourhood of
p. Using 2.1.14, we see that normal neighbourhoods exist around each point by restricting
exp,, to a small star-shaped open neighborhood of 0 € T, M. In this case U is star shaped
in the following sense.

2.1.15 Proposition (Radial geodesics). Let U be a normal neighbourhood of p. Then
for each q € U there exists a unique geodesic o : [0,1] — U from p to q called the radial
geodesic from p to q. Moreover we have ¢'(0) = exp,'(q) € U.

Proof. By assumption U C T, pM is star shaped and exp,, : U — U is a diffeomorphism.
Let ¢ € U and set v := exp, ' (q) € U. Since U is star shaped we have that p(t) = tv € U
for ¢ € [0,1]. Hence o = exp, op which by (2.1.13) is a geodesic and connects p with ¢ is
contained in U. Moreover we have by (2.1.14)

o'(0) = To(exp,)(p'(0)) = Ty exp,(v) = v = exp, (). (2.1.15)

Let now 7 : [0,1] — U be an arbitrary geodesic in U connecting p with ¢. Set w := 7/(0).
Then the geodesics 7 and ¢ + exp,(tw) both have the same velocity vector at p hence
coincide by 2.1.5.

We show that w € U. Suppose to the contrary that w ¢ U and set { := sup{t
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Figure 2.4: A radial geodesic.

U and hence it has a positive distance to OU and hence to fw. Now by the definition of the
supremum there is ty < ¢ arbitrarily close to  such that U > tyw ¢ (exp, [5) 1 (7([0,1])).
But then exp,(tow) & 7([0,1]), which contradicts the fact that 7 =t + exp,(tw) and so
we U

Finally we have exp,(w) = 7(1) = ¢ = exp,(v) and by injectivity of the exponential map
v = w. But this implies that o = 7. O

Before going on, let us introduce some notions on curves. If I = [a,b] is a closed interval
we call a continuous curve o : I — M piecewise smooth if there is a finite partition
a =ty <ty <--- <ty =>bof the interval [a,b] such that all the restrictions aly,;, ) are
smooth. Thus at each of the so-called break points® t; the curve may well have two distinct
velocity vectors o/(t;) and o/(t]), representing the left- resp. right-sided derivative at t;.
If I is an arbitrary interval we call a : I — M piecewise smooth if for all a < b in [
the restriction «f, ) is piecewise smooth (in the previous sense). In particular, the break
points have no cluster point in I.

By a broken geodesic we mean a piecewise smooth curve whose smooth parts are geodesics.
In R? these are just the polygons. We now can prove the following criterion for connect-
edness.

2.1.16 Lemma (Connectedness via broken geodesics). A SRMF is connected iff
every pair of points may be joined by a broken geodesic.

Proof. The condition is obviously sufficient. Let now M be connected and choose p € M.
Set C':= {q € M : ¢ can be connected to p by a broken geodesic}. Let now ¢ € M and

1Observe that this argument even shows that the entire segment {tw|t € [0,1]} lies in U. Just replace
w by some @ = sw for s € [0, 1]. This fact will be used in 2.2.7, below.
2We follow the widespread custom to call both the t; as well as the «a(t;) breakpoints.
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U be a normal neighbourhood of ¢. If ¢ € C' then by 2.1.15 U C C hence C' is open. Also
if g ¢ C then U C M \ C and so C is also closed. Hence C' = M. a

Normal neighbourhoods are particularly useful in constructing special coordinate systems,
called Riemannian normal coordinates (RNC) which are of great importance for explicit
calculations. Let p € M with U = expp(U ) a normal neighbourhood of p and let B =
{e1,...,e,} be an orthonormal basis of 7,M. The Riemannian normal coordinate system
(o= (x',...,2"),U) around p defined by B assigns to any point ¢ € U the coordinates of
exp, ' (q) € UCT,Mwrt. B, ie.,

exp, ' (q) = 2'(q)e;. (2.1.16)

If B ={f',..., f"} is the dual basis of B then we have

z'o exp, = f* onU. (2.1.17)

Indeed set ¢ = exp,(w) in (2.1.16) then w = z*(exp,(w))e;.

The most important properties of RNCs around p are that in this coordinates the metric
at p is precisely the flat metric and also at p all Christoffel symbols vanish. It is essential
to point out that these properties only hold at the point in which the coordinates are
centered and in general fail already arbitrarily near to p. However, tensor fields are defined
pointwise and so in many situations it is very beneficial to check certain tensorial identities
in (the center point of) RNCs. More precisely we have:

2.1.17 Proposition (Normal coordinates). Let z',... 2" be RNC around p. Then
we have for all i, 7, k

(i) gij(p) = d0ije;, and
(ii) Fijk(p) = 0.

Proof. We first show that 0;|, = e;. Let v € U C T,M, v = a’e;. By (2.1.13), (2.1.17) we
have

' (cu(t)) = ' (exp,(tv)) = fi(tv) = ta’ (2.1.18)

and so by (2.1.16), exp, ' oc,(t) = (a't,...,a"t). Hence we have T, exp, ' (¢, (0)) = (a',...a")
which gives v = ,(0) = a'9;|,. Since v = a'e; was arbitrary we obtain 9;|, = e; which
immediately gives (i).

Now since @' o ¢,(t) = ta’ the geodesic equation for ¢, reduces to I'* (c,(t))a’a’ = 0 for all
k. Inserting t = 0 we have I'};(p)a’a’ = 0 for all a = (a',...a") € R™. So for fixed k the
quadratic form a +— T'%;(p)a’a’ vanishes and by polarisation we find (a, b) — IT'%;(p)a’t’ = 0
and so I'! (p) = 0, hence (ii) holds. O
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2.1.18 Examples (Exponential map of R?). Let v € T,(R}), then the geodesic ¢,
starting at p is just ¢ = p + tv. Hence we have exp, : v + ¢,(1) = p +v. This is a global
diffeomorphism and even an isometry.

Our next goal is to prove an essential result that goes by the name of Gauss lemma and
states that the exponential map is a ‘radial isometry’. This means that the orthogonality
to radial directions is preserved. We first need some preparations.

2.1.19 Definition (Two-parameter mappings). Let D C R? be open and such that
vertical and horizontal straight lines intersect D in intervals. A two-parameter mapping
on D is a smooth map f : D — M.

T T AT
(1 AN
\ ) )
\ ~ /
= (
D J/
o |~

Figure 2.5: Sets D that (fail to) have the property of 2.1.19

For examples of sets that obey respectively lack the above property see Figure 2.5. Two-
parameter maps are also often called singular surfaces since there is no condition on the
rank of f.

Denoting the coordinates in R? by (¢, s) then a two-parameter map f defines two families
of smooth curves, the t-parameter curves s = sy : ¢ +— f(t,s0) and the s-parameter
curves t =ty : s +— f(to,s). By definition all such curves are defined on intervals. The
corresponding partial derivatives

fi(t,s) =T f(0) and fi(t,s):=Tusf(0s) (2.1.19)

are then vector fields along f in the sense of Definition 1.3.26. Observe that f;(t, so) is
the velocity of the ¢t-parameter curve s = sg at tg and analogous for f,(to, So).

If the image of f is contained in a chart ((z',...,2"), V) of M then we denote the coordinate
functions z° o f of f by f' (1 < i < n). We then have f = 2o f : D — R and by [10,
2.4.14]

_or or
ot 0s
Now let M be a SRMF and Z € X(f). Then t — Z(t, so) and s — Z(ty, s) are vector fields

along the t- and s-parameter curves t — f (¢, s9) and s — f(to, s), respectively. We denote
the corresponding induced covariant derivatives by

VZ VZ
t Vt Vat and s VS Vas y ( )
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respectively. By (1.3.55) we have

Kk J
Vo, Z(t,s) = Z(t,s) = (aait(t, s)+ Fﬁj(f(t, s)) Z'(t, s) %(t, s)) Ok (2.1.22)

and analogously for Z,. In particular, for Z = f; we call Z, = f;; the acceleration of the
t-parameter curve and analogously for f,s. We now note the following essential fact.

2.1.20 Lemma (Mixed second derivatives of 2-parameter maps commute). Let
M be a SRMF and f : D — M be a 2-parameter map. Then we have Vy,(fs) = Va,(ft)
or, for short, fis = fst.

Proof. By (2.1.22) we have

ank (9]“ (9][3
s = Tk — | o, 2.1.23
J (amﬁ i as> ¢ (2.1.23)
which by the symmetry of the Christoffel symbols is symmetric in s and t. O

As a final preparation we consider x € T,M. Since T,M is a finite dimensional vector
space we may identify 7., (7,M) with T,M itself, cf. [10, 2.4.10]. Hence if v, € T,(T,M)
we will view v, also as an element of T,M. We call v, radial if is a multiple of .

v

Vg

Figure 2.6: v, is a radial vector at x € V.

Now we finally may state and prove the following result.

2.1.21 Theorem (Gauss lemma). Let M be a SRMF and let p € M, 0 # = € D, C
T,M. Then for any v,, w, € T,(T,M) with v, radial we have

(T exp,) (vz), (T exp,) (W) = (v, Wa). (2.1.24)

Proof. Since v, is radial and (2.1.24) is linear we may suppose w.l.o.g. that v, = = and
to simplify notations we choose to denote this vector by v. Also we write w instead of w,.
Let now

f(t,s) == exp,(t(v + sw)). (2.1.25)
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The mapping (t,s) — t(v + sw) is continuous and maps [0, 1] x {0} into the set D,, the
domain of exp, in T,M. By 2.2.3, below D, is open and so there is €, > 0 such that f is
defined on the square D := {(t,s) : =0 <t <140, —e < s < £} (see figure 2.7) and so f
is a 2-parameter mapping.

(1+06)v+ew
—0v + e(0w) 1 l.
|
:\\ | l] |
—u ! l V(149
6U N ( + )U
| |
|
—ov — e(ow) (14+ v —ew

Figure 2.7: The shape of h(D) with h(t, s) = t(v + sw).

We now have f;(1,0) = T, exp,(v) and fs(1,0) = T, exp,(w) and so we have to show that
<ft(17 O>’ fs(lv O)) = <U7 w)

The curves t — f(t,s) are geodesics with initial speed v + sw. Hence f; = 0 and so
(ft, ft) = const = (v + sw, v + sw), since f;(0,s) = Tyexp,(v + sw) = v + sw by (2.1.14).
Moreover by 2.1.20 fi = fi;s and so we have

0
a <fs>ft> = <fst7ft> + <fsa\{%f/> = <ftsaft>

N =

0 10
s (fe, fr) = 395 (v 4+ sw, v+ sw) = (v,w) + s(w, w) (2.1.26)
which implies
0
(5 (for 1) (£0) = (v,w) for all ¢ (2.1.27)
ot
Now f(0,s) = exp,(0) = p for all s and so f,(0,0) = 0 which gives (fs, f;)(0,0) = 0.
= t(v,w

Now integrating (2.1.27) yields (fs, fi)(t,0) ). Finally setting ¢ = 1 we obtain
<ft(170>7fs(170)> = <va>‘ O
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2.2 Geodesic convexity

Geodesically convex sets, which sometimes are also called totally normal, are normal neigh-
bourhoods of all of their points. In this section we are going to prove existence of such sets
around each point in a SRMF. The arguments will rest on global properties of the expo-
nential map. To formulate these we need to introduce product manifolds as a preparation.
We skip the obvious proof of the following lemma.

2.2.1 Definition & Lemma (Product manifold). Let M™ and N™ be smooth mani-
folds of dimension m and n respectively. Let (p,q) € M x N and let (p = (z,...,2™),U)
and (¥ = (y*,...,y"),V) be charts of M around p and of N around q, respectively. Then
we call (p x 1, U x V') a product chart of M x N around (p,q). The family of all product
charts defines a C*-structure on M X N and we call the resulting smooth manifold the
product manifold of M with N. The dimension of M X N is m + n.

2.2.2 Remark (Properties of product manifolds). Let M™ and N™ be C>-
manifolds.

(i) The natural manifold topology of M x N is precisely the product topology of M and
N since the ¢ x 1 are homeomorphisms by definition.

(ii) The projections m; : M X N — M, m(p,q) =p and mp : M X N — N, m(p,q) = q
are smooth since pomo(px1)™! =pry : p(U) x (V) — ¢(U) and similarly for ms.
From this local representation we even have that my, my are surjective submersions.
By [11, Cor. 1.1.23] it follows that for (p,q) € M x N the sets M x {q} = 75 ' ({q})
and {p} x N = m;*({p}) are closed submanifolds of M x N of dimension m and n,
respectively. Moreover the bijection m|yxqq : M x {q} — M is a diffeomorphism
by [I1, Thm. 1.1.5] and analogously for 7|y«

(iii) A mapping f: P — M x N from a smooth manifold P into the product is smooth iff
m o f and my o f are smooth. This fact is easily seen from the chart representations.

(iv) By (ii) we may identify T{, 4 (M x {q}) with T,M and likewise for T{, 4 ({p} x N)
and T, N. We now show that (using this identification)

T (M x N) = T,M & T,N. (2.2.1)

Since dim7T,M = m and dimT,N = n it suffices to show that T(, (M x {¢}) N
Ty ({p} x N) = 0. Suppose v is in this intersection. Now since 71| xn = p we
have T(p,q)ﬂ-llT(p’q)({p}XN) =0 and so T(pyq)ﬂ'l (7)) = (. But by (ii) T(p,q)ﬂllT(pm(Mx{q}) is
bijective and hence v = 0. In most cases one identifies T, M & T, N with T, M x T,N
and hence writes T(, (M x N) = T,M x T,;N.

(v) If (M, gp) and (N, gn) are SRMFs then M x N is again a SRMF with metric

g:=m(gm) +m5(gn), le., cf. [10,2.7.24], (2.2.2)
Iip.o) (VW) = g (p) (T(pvq)ﬁl (), Tip.gy ™ (w)) + gn(q) (T(p,q)ﬂ'Z(U)v T(p,q)WQ(w))'
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Indeed ¢ is obviously symmetric and it is nondegenerate since suppose g(v, w) = 0
for all w € T(pq)(M x N). Now choosing w € T, (M x {q}) = T,M we obtain by
Tp.gm2(w) = 0 that

9 (0) (Tip.ym (v), Tipgm(w) ) = 0. (2.2.3)
(%)
Now since T, q 7 is surjective the term (x) attains all values in 7,M hence by

nondegeneracy of gus, Tipqm(v) = 0 and analogously T{,nm2(v) = 0. Since v =
vy + vy where vy € T,M and vy € T,N we finally obtain v = 0.

The SRMF (M x N, g) is called the semi-Riemannian product of M with N.

Now we are in a position to collect together the maps exp, : T,M 2 D, — M (p € M) to
a single mapping. To begin with we assume M to be complete, i.e., we assume that exp,
is defined on all of T,M for all p € M. Let w : TM — M the projection and define the

mapping
E:TM — M x M, E(@)=(r(v),expv), (2.2.4)

that is for v € T,M C TM we have E(v) = (p,exp,(v)). In case M is not complete the
maximal domain of E' is given by

D:={veTM: ¢, exists at least on [0, 1]}. (2.2.5)

Now for each p we have that the maximal domain D, of exp, is D, = D N T, M. Observe
that D also is the maximal domain of

exp =m0 E 1 v, = exp,(vp) = ¢, (1). (2.2.6)

We now have the following result which we have already used in the proof of the Gauss
lemma 2.1.21.

2.2.3 Proposition (The domain of exp). The domain D of E is open in TM and the
domain D, of exp, is open and star shaped around 0 in T,,M.

Proof. Let G € X(T'M) be the geodesic spray as in 2.1.12. Then as proven there the flow
lines of G are the derivatives of geodesics, i.e., FI¢(v) = ¢,(t). The maximal domain D of
FI€ is open in R x TM by [10, 2.5.17(iii)].

Clearly D also is the maximal domain of 7oF1 : (¢,v) + ¢,(t). Now let ® : TM — RxTM,
®(v) = (1,v). Then ® is smooth and we have D = {v € TM : 3¢, (1)} = {v € TM :
(1,v) € D} = ®(D), hence open. But then also D, = DN T,M is open in T, M.

Let finally v € D, then ¢, is defined on [0, 1] and by (2.1.12) we have ¢, (1) = ¢,(t). So
tv € D, for all t € [0, 1] and hence D, is star shaped. 0

We now introduce sets which generalise the notion of convex subsets of Euclidean space.
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2.2.4 Definition (Convex sets). An open subset C' C M of a SRMF is called (geodesi-
cally) convex if C' is a normal neighbourhood of all of its points.

By 2.1.15 for any pair p, g of points in a convex set C' there hence exists a unique geodesic
called ¢, : [0,1] — M which connects p to ¢ and stays entirely in C. Observe that there
also might be other geodesics in M that connect p and ¢. They, however, have to leave C,
as is depicted in the case of the sphere in Figure 2.8.

Figure 2.8: The unique geodesic connecting p and ¢ within the convex set C' is the shorter
great circle arc between p and gq.

To study further properties of the mapping E we need some further preparations.

2.2.5 Definition (Diagonal, null section). Let M be a smooth manifold. The diagonal
Ay © M x M is defined by Ny = {(p,p) : p € M}. The zero section TMy of TM is
defined as TMy :={0,: pe M}.

Observe that in a chart (¢, U) around p we have that the map f: UxU 3 (p,p’) — ¢(p) —
©(p') is a submersion and we locally have that Ay = f~(0) and so Ay, is a submanifold
of M x M, cf. [I'1, 1.1.22]. Moreover the mapping p — (p,p) is a diffecomorphism from M
to Apr. Finally by [10, 2.5.6] the zero section is precisely the base of the vector bundle
TM — M and so it is also diffeomorphic to M. We now have:

2.2.6 Theorem (Properties of FE). The mapping E is a diffeomorphism from a
netghbourhood of the zero section T My of TM to a neighbourhood of the diagonal A\y; C
M x M.

Proof. We first show that every x € T M, possesses a neighbourhood where E is a
diffeomorphism. To begin with observe that we have E(z) = (7(z),exp,(0)) = (p,p). We
aim at applying the inverse function theorem (see eg. [11, 1.1.5]) and so we have to show
that T,E : T,(TM) — Tg)(M x M) is bijective. But since dimTM = dim(M x M) =
2dim M it suffices to establishes injectivity at every point z € T'My. So let x = 0, € T'M,
and suppose T, E(v) = 0 for v € T,,(TM). We have to show that v = 0.

Denoting by 7 : TM — M the bundle projection and by m : M x M — M the projection
onto the first factor we have 7 = m o E. So Tym(v) = Tgwm(T:E(v)) = 0, hence
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TM
M =TM,

E = (m,exp) J/

M

Figure 2.9: The E-map.

v € T, (T,M) since ker(T,m) = T,,(T,M) (cf. [11, 1.1.26]). Now E|g,z = exp, (identifying
{p} x M with M) and so by (2.1.14)

0=T,E(@)=T.(El|r,um)(v) =To, exp,(v) = v (2.2.7)

as claimed.

In a second step we show that E is a diffeomorphism on a suitable domain. First we
observe that for U in a basis of neighbourhoods of p and € > 0 the sets of the form

Woe i= (T)" (9(U) x B.(0)) (2.2.8)

form a basis of neighbourhoods of v € T'Mj with ¢ a chart of M around 7(v) = p. Now
cover T'My by such neighbourhoods Wy, ., such that Ely,, _ is a diffeomorphism for all i.
Then W = U;Wy, ., is a neighbourhood as claimed. Indeed E is a local diffeomorphism
on W and we only have to show that it is also injective. To this end let wy,wy € W,
w; € Wy, ., (i = 1,2) with E(w;) = E(w,y). But then n(w;) = n(we) =: p € U; N Uy and
supposing w.l.o.g. that ¢; < g9 we have wy,wy € Wy, ,. But then w; = w, by the fact
that Elw,, ., is a diffeomorphism. O

Now we are ready to state and prove the main result of this section.

2.2.7 Theorem (Existence of convex sets). Fvery point p in a SRMFE M possesses a
basis of neighbourhoods consisting of convex sets.

Proof. Let V be a normal neighbourhood of p with Riemannian normal coordinates
¢ = (2%, ...,2™) and define on V the function N(g) = >,(2'(¢))?>. Then the sets V(4) :=
{g € V: N(q) < 6} are diffeomorphic via 1) to the open balls B ;(0) in R", hence they
form a basis of neighbourhoods of p in M.
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By 2.2.6 choosing ¢ small enough the map E is a diffeomorphism of an open neighbourhood
W of 0, € TM onto V(§) x V(§). We may choose W in such a way that [0, 1]}V C W (e.g.
by setting W = T ' (p(U) x B(0)) with ¢ a chart of M and B(0) is a suitable Euclidean
ball).

Let now B € T (V) be the symmetric tensor field with

q) = 0ij — Zrlij(CI) xl(Q)- (2:2.9)

B by 2.1.17 is positive definite at p and hence by continuity we may (by shrinking V') assume
it to positive definite on all of V. We now claim that V() is a normal neighbourhood of
each of its points.

Let ¢ € V(0) and set W, = W NT,M then by construction Ely, is a diffeomorphism onto
{q} x V(0) and so is exp, |w, onto V(4).

It remains to show that W, is star shaped. For ¢ # ¢ € V(0) we set v := E~(q,q) =
exp, '(G) € Wy. Then o : [0,1] = M, o(t) = ¢,(t) is a geodesic joining ¢ with ¢. If we can
show that o lies in V'(§) then the proof of 2.1.15 (see the footnote) shows that tv € W, for
all t € [0,1] and we are done since any v € W, is of the form E~(q, q).

Hence we assume by contradiction that o leaves V(§). Then there is a ¢ € (0,1) with
N(o(t)) > 6, see Figure 2.10.

PN () < 8)

boo

Figure 2.10: Situation of the proof of 2.2.7.

Since N(q), N(q) < 0 there is ty € (0,1) such that t — (N o 0)(t) takes a maximum in .
Then for o* = 2% o o we find by the geodesic equation

d*(N o o) do' , daj do*
T:22(( ) gL dt? —22 ik — ijka o (2.2.10)

i

and so

d*(N o o)
dt?

since ¢’ # 0. But this contradicts the fact that N o o(ty) is maximal. O

(to) = 2B(0’ (to), o' (t)) > 0, (2.2.11)
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Convex neighbourhoods are of great technical significance as we can see e.g. in the following
statement.

2.2.8 Corollary (Extendability of geodesics). Let ¢ :[0,b) — M be a geodesic. Then
c is continuously extendible (as a curve) to [0,b] iff it is extendible to [0,b] as a geodesic.

Proof. The ‘only if’ part of the assertion is clear. Let now ¢ : [0,b] — M be a continuous
extension of ¢. By 2.2.7, é(b) has a convex neighbourhood C. Let now a € [0,b) be such
that ¢([a,b]) € C. Then C' is also a normal neighbourhood of c(a) and ¢l is a radial
geodesic by 2.1.15 and can hence be extended until it reaches dC' or to [a,00). But since
¢(b) € C (and hence ¢ 9C) ¢ can be extended as a geodesic beyond b. O

Let now C' be a convex set in a SRMF M and let p,¢g € C. We denote by o,, the
unique geodesic in C' such that 0,,(0) = p and o0,,(1) = ¢, cf. 2.1.15. Then we write
ph = 0,,(0) = expgl(q) € T, M for the displacement vector of p and q. We then have

2.2.9 Lemma (Displacement vector). Let C C M be convex. Then the mapping
D:CxC—TM, (pq)— g (2.2.12)

is smooth and a diffeomorphism onto its image ®(C x C) in T M.

Proof. Let (po,q) € C' x C, then T}, expzjo1 is regular. Also we have ®(p, q) = exp;l(q) is

the solution to the equation exp,(f(p,q)) = ¢ and so ® is smooth by the implicit function

theorem (see e.g. [10, 2.1.2]).

Moreover E(®(p,q)) = (p,q) and E is invertible at ®(p,q) for all (p,q) € C x C since

Topgl = (ld ¥ _1) is nonsingular. So locally ® = E~' and so @ is a local diffeo-
*  T,exp

p
morphism and, in particular, ®(C' x C) is open.

Finally ® is injective and hence it is a diffeomorphism with inverse F *1|<I>(Cxc). O

In Euclidean space the intersection of convex sets is convex. This statement fails to hold
on SRMFs already in simple situations as the following counterexample shows.

2.2.10 Examples (Convex sets on S'). Let p € M = S'. Then the exponential
function is a diffeomorphism from (—m,7) C T,,S* to S\ {p}, where p is the antipodal
point of p, see Figure 2.11. The sets C = S\ {p} and C’ = S'\ {p} are convex but their
intersection C'N C" is not even connected hence, in particular, not convex, see Figure 2.12.
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—T 0 v m
( e T,M
p
epr(v)

C=s"\{p} C=8"\{p} CnC

q
Figure 2.12: Mlustration of the sets C, C’

Figure 2.11: The exponential map of S?. and C' N C’ from Example 2.2.10.

However, we have the following result in a special case.

2.2.11 Lemma (Intersection of convex sets). Let Cy,Cy C M be convex and suppose
C and Cy are contained in a convex set D C M. Then the intersection C1 N Cy is conver.

Proof. Let p € C; N Cs. We show that C7 N Cy is a normal neighbourhood of p. To
begin with exp,, : D — D is a diffeomorphism. Set C; := expljl(Ci) (1 = 1,2), then
exp, CyNCy — C,NCy is a diffeomorphism. Hence it only remains to show that C; N Cy
is star shaped.

Indeed let v € Cy N Cy then ¢ := exp,(v) € Cp N Cy and so oyy(t) = exp,(tv) is
the unique geodesic in D that joins p and ¢. By convexity of the C; we have that
ope(t) = exp,(tv) € C1 N Cy for all t € [0,1] and so tv € C; N Cy and we are done.

O

The above lemma allows to prove the existence of a convex refinement of any open cover
of a SRMF M. To be more precise we call a covering C of M by open and convex sets a
convez covering if all non trivial intersections C'NC” of sets in C are convex. Then one can
show that for any given open covering O of M there exists a convex covering C such that
any set of C is contained in some element of O, see [/, Lemma 5.10].
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2.3 Arc length and Riemannian distance

In this section we define the arc length of (piecewise smooth) curves. On Riemannian
manifolds this in turn allows to define a notion of distance between two points p and ¢
as the infimum of the arc length of all curves connecting p and ¢g. We will show that this
Riemannian distance function encodes the topology of the manifold.

2.3.1 Definition (Arc length). Let o : [a,b] — M be a piecewise smooth curve into a
SRMF M. We define the arc length (or length, for short) of o by

L(a) = / /()] ds. (2.3.1)

We recall that [|o/(s)|| = [{e/(s), @'(s))]/? and in coordinates ||c/(s)|| = |gi;(a(s)) d(z'0a) (s)

) ds
A s) 12
On Riemannian manifolds the arc length behaves much as in the Euclidean setting, cf.

[10, Ch. 1]. However in the semi-Riemannian case with an indefinite metric there are new
effects. For example null curves always have vanishing arc length.

A reparametrisation of a piecewise smooth curve « is a piecewise smooth function h :
[e,d] — [a,b] such that h(c) = a and h(d) = b (orientation preserving) or h(c) = b and
h(d) = a (orientation reversing). If h/(t) does not change sign then h is monotonous and
precisely as in [10, 1.1.2, 1.1.3] we have.

2.3.2 Lemma (Parametrisations). Let o : 1 — M be a piecewise smooth curve. Then
we have:

(i) The arc length 2.5.1 of « is invariant under monotonous reparametrisations.

(i1) If ||&/(t)|| > O for all t then a possesses a strictly monotonous reparametrisation h
such that for B := a o h we have ||f'(s)|| = 1 for all s. Such a parametrisation is
called parametrisation by arc length.

Let now p € M and let U be a normal neighbourhood of p. The function
r:U—=RY r(q) = |exp, (q)| (2.3.2)

is called the radius function of M at p. In Riemannian normal coordinates we have

T

r(g) ==Y (@) () + Y (@)(g)" (2.3.3)

i=1 j=r+1

Hence r is smooth except at its zeroes, hence off p as well as off the local null cone at p.
In a normal neighbourhood the radius is given exactly by the length of radial geodesics as
we prove next.
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2.3.3 Lemma (Radius in normal neighbourhoods). Let r be the radius in a normal
netghbourhood U of a point p in a SRMF M. If o is the radial geodesic from p to some
q € U the we have

L(o) =r(q). (2.3.4)

Proof. Let v = ¢/(0) then by 2.1.15 v = exp,'(¢q). Now since ¢ is a geodesic, [|o’|| is
constant and we have

L(o) = / o/(s) | ds = / lollds = Joll = [exp; (@) = r(a).  (2:3.5)

O

From now on until the end of this chapter we will ezclusively deal with Riemannian man-
ifolds. Indeed it is only in the Riemannian case that the topology of the manifold is
completely encoded in the metric.

2.3.4 Proposition (Radial geodesics are locally minimal). Let M be a Riemannian
manifold and let U be a normal neighbourhood of a point p € M. If ¢ € U, then the radial
geodesic o : [0,1] — M from p to q is the unique shortest piecewise smooth curve in U
from p to q, where uniqueness holds up to monotonous reparametrisations.

Proof. Let c¢: [0,1] — U be a piecewise smooth curve from p to ¢ and set s(t) = r(c(t)),
with r the radius function of (2.3.2). Since exp, is a diffeomorphism we may for ¢ # 0
uniquely write ¢ in the form

c(t) = exp,(s(t)v(t)) =: f(s(t),1), (2.3.6)

where v is a curve in T,M with ||v(¢)|] = 1 for all ¢. (This amounts to using polar
coordinates in T, M.) Here f(s,t) = exp,(sv(t)) is a two-parameter map on a suitable
domain and the function s : (0,1] — R is piecewise smooth. (Indeed we may suppose
w.lo.g. that s(t) # 0, i.e., c(t) # p for all ¢t € (0, 1] since otherwise we may define ¢y to be
the last parameter value when c(ty) = p and replace c by c|y, 1)

Now except for possibly finitely many values of ¢ we have (cf. (2.1.19) and below)

de(t) _ Of of

3 = B (s(t),t) $'(t) + E(s(t), t). (2.3.7)
From f(s,t) = exp,(sv(t)) we have
0 0 ,
8_£ = (Too(y exp,)(v(t)) and a—J; = (Tou(r) exp,) (sV'(1)) (2.3.8)
and by the Gauss lemma 2.1.21 we find (since (T () exp,)(v(t)) is radial)

%’ g—fﬂs’ b = stu(®), V(1) = s % [o(0)]> =0 (2.3.9)

N | —
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and so % 1 %. Similarly we obtain via the Gauss lemma that ||%||2 = (v(t),v(t)) =1
which using (2.3.7) implies [|%|> = |¢/(¢)|* + ||%||2 > §'(t)%. This now gives for all £ > 0
that

/ ||c’(t)|]dt2/ ]s’(t)]dtz/ () dt = s(1) — s(c) (2.3.10)

and hence in the limit ¢ — 0 we find L(c) > s(1) = r(q) = L(o), where the final equality
is due to 2.3.3.

Let now L(c) = L(o) then in the estimate (2.3.10) we have to have equality everywhere
which enforces g—{(s(t), t) = 0 for all t. But since T, exp,, is bijective this implies v' =
and hence v has to be constant.

Moreover we need to have [s'(t)| = s'(t) > 0 and hence c(t) = exp,(s(t)v) is a monotonous

reparametrisation of o(t): Indeed by 2.1.15 we have o(t) = exp,(t exp,*(¢)) and moreover
exp, ' (q) = exp,'(c(1)) = s(1)v and so o(t) = exp,(ts(1)v).

Now with A(t) := 23} we have o(h(t)) = exp, (53 s(1)v) = exp,(s(t)v) = c(t). O

In R™ the distance between two points d(p,q) = ||p — ¢|| is at the same time the length
of the shortest curve between these two points, i.e., the straight line segment from p to q.
But this ceases to be true even in the simple case of R?\ {(0,0)}. Here there is no shortest
path between the two points p = (—1,0) and ¢ = (1,0). However, the infimum of the arc
length of all paths connecting theses two points clearly equals the Euclidean distance 2
between p and ¢, cf. Figure 2.13.

d(p,q) = R*\ {(0,0)}

2SN

T AN T

p= (—1,0) q= (17())

Figure 2.13: There is no shortest path between p and ¢ in R? \ {(0,0)}.

This idea works also on general Riemannian manifolds and we start with the following
definition.
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2.3.5 Definition (Riemannian distance). Let M be a Riemannian manifold and let
p, q € M. We define the set of ‘permissible’ paths connecting p and q by

Qp,q) :={a: «is a piecewise smooth curve from p to q}. (2.3.11)
The Riemannian distance d(p, q) between p and q is then defined to be

d(p,q) ;== inf L(a). (2.3.12)

Furthermore we define just as in R™ the e-neighbourhood of a point p in a RMF M for all
e >0 by

U.(p) . ={qe M : d(p,q) <e}. (2.3.13)

Now in e-neighbourhoods the usual Euclidean behaviour of geodesics holds true, more
precisely we have:

2.3.6 Proposition (¢-neighbourhoods). Let M be a RMF and let p € M. Then for e
sufficiently small we have:

(i) U.(p) is a normal neighbourhood,

(ii) The radial geodesic o from p to any q € U.(p) is the unique shortest piecewise smooth
curve in M connecting p with q. In particular, we have L(c) = r(q) = d(p, q).

Note the fact that the radial geodesic in 2.3.6(ii) is globally the shortest curve from p to ¢
and moreover that it is smooth.

Proof. Let U be a normal neighbourhood of p and denote by U the corresponding neigh-
bourhood of 0 € T,M. Then for ¢ sufficiently small U contains the star shaped open
set N = N.(0) := {v € T,M : |jv|| < ¢}. Therefore N := expp(N) is also a normal
neighbourhood.

By 2.3.4 for any ¢ € N the radial geodesic o from p to ¢ is the unique shortest piecewise
smooth curve in N from p to q. Moreover by 2.3.3 we have L(o) = r(q). Since o'(0) =
exp,'(¢) € N we have r(q) = || exp, ' (¢)|| < e.

To finish the proof is suffices to show the following assertion:
Any piecewise C*°-curve « in M starting in p and leaving N satisfies L(«a) > . (2.3.14)

Indeed then o is the unique shortest piecewise smooth curve in M connecting p and q.
But this implies that r(¢) = L(o) = d(p,q) and we have shown (ii) but also d(p,q) < e.
Moreover for ¢ ¢ N by (2.3.14) we have d(p,q) > ¢. So in total N = U.(p) implying (i).
So it only remains to prove (2.3.14).

To begin with let 0 < a < . We then have N,(0) C N and hence expp(Na(O)) C N. Now

since o leaves N is also has to leave exp,(Ny(0)). Let to = sup{t : a(t) € exp,(Na(0))}.
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Then afjo,) is a curve connecting p with a point ¢ € dexp,(N,(0)) which stays entirely in
the slightly bigger normal neighbourhood expp(Na+5(0)) of p where ¢ is chosen such that
a+0 <e. Now by 2.3.3 and 2.3.4 we have L(a) > L(afjo¢)) > 7(q) = a. Finally for a — ¢

we obtain L(«) > e. O

2.3.7 Remark (Normal e-neighbourhoods). Observe that the above proof also shows
that any normal neighbourhood around p contains an e-neighbourhood U.(p) which itself

is normal. Moreover, it is open since U.(p) = N = exp,(N:(0)).

2.3.8 Example (Cylinder). Let M be the cylinder of 2.1.4 and denote by L any
vertical line in M. Hence if p € M \ L then M \ L is a normal neighbourhood of p and so
M\ L is convex. By 2.1.15 the radial geodesic o (cf. Figure 2.14) is the unique shortest
piecewise smooth curve from p to ¢ in M \ L. However, the curve 7 is obviously a shorter
curve from p to ¢ in M. But T leaves M \ L.

Figure 2.14: Convex neighbourhood on the cylinder.

If pin M is arbitrary then the largest normal e-neighbourhood of p is U, (p). This fact is
most vividly seen from the (isometric hence equivalent) picture of the unwound cylinder,
see Figure 2.15. If ¢ € U,(p) then the radial geodesic o form p to ¢ is the unique shortest
curve from p to ¢ in all of M. If r is a point in M \ U,(p) there is still a shortest curve
from p to r in M. If, however, r lies on the line L through the antipodal point p’ of p then
this curve is non-unique.

2.3.9 Theorem (Riemannian distance). Let M be a connected RMF. Then the Rie-
mannian distance function d : M x M — R is a metric (in the topological sense) on M.
Furthermore the topology induced by d on M coincides with the manifold topology of M.
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Figure 2.15: The largest normal e-neighbourhood on the cylinder.

Proof. First of all note that d is finite: let p,q € M then by connectedness there exists a
piecewise C'*-curve « connecting p and ¢ (cf. 2.1.16) and so d(p, q) < L(a) < oo.
Now we show that d actually is a metric on M.

Positive definiteness: Clearly d(p,q) > 0 for all p,q. Now assume d(p,q) = 0. We have to
show that p = q. Suppose to the contrary that p # ¢q. Then by the Hausdorff property
of M there exists a normal neighbourhood U of p not containing q. But then by 2.3.7
U contains a normal e-neighbourhood U, (p) and so by (2.3.14) d(p,q) > ¢ > 0.

Symmetry: d(p,q) = d(q,p) since L(a) = L(t — a(—t)).

Triangle inequality: Let p,q,r € M. For ¢ > 0 let a € Q(p,q), 5 € Q(q,r) such that
L(a) < d(p,q) +¢ and L(B) < d(q,7) +&. Now define v = aU . Then ~ connects p
with r and we have

d(p,r) < L(v) = L(e) + L(B) < d(p,q) + d(q,7) + 2¢ (2.3.15)
and since £ was arbitrary we conclude d(p,r) < d(p,q) + d(q,r).

Finally by 2.2.7 the normal neighbourhoods provide a basis of neighbourhoods of p and
by 2.3.7 every normal neighbourhood contains some U, (p). Conversely by 2.3.7 every suf-
ficiently small e-neighbourhood of p is open and so d generates the manifold topology of
M. O

We remark that there is also a proof which does not suppose the Riemannian metric to be
smooth and the statement of the theorem remains true also for Riemannian metrics that
are merely continuous.
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2.3.10 Remark (Minimising curves). By the definition of the Riemannian distance
function a piecewise smooth curve ¢ from p to ¢ is a curve of minimal distance between
these points if L(o) = d(p, ¢). In this case we call o a minimising curve. In general there
can be several such curves between a given pair of points; just consider the meridians
running from the north pole to the south pole of the sphere.

Observe that every segment of a minimising curve form p to ¢ is itself minimising (between
its respective end points). Otherwise there would be a shorter curve between p and ¢, see
Figure 2.16.

P q

Figure 2.16: A minimizing curve minimizes the distance between any of its points.

We finally complete our picture concerning the relation between geodesics and minimising
curves. By 2.1.15 radial geodesics are the unique minimising curves which connect the
center of a normal neighbourhood U to any point ¢ € U and stay within U. Moreover
by making U smaller, more precisely by considering a normal e-neighbourhood, radial
geodesics become globally minimising curves, cf. 2.3.6. On the other hand geodesics that
become too long, e.g. after leaving a normal neighbourhood of its starting point need no
longer be minimising; just again think of the sphere. However, if a curve is minimising it
has to be a geodesic and hence it is even smooth and not merely piecewise smooth, as the
following statement says.

2.3.11 Corollary (Minimising curves are geodesics). Let p and q be points in a RMF
M. Let « be a minimising curve from p to q then « is (up to monotonous reparametrisa-
tions) a geodesic from p to q.

Proof. Let o : [0,1] — M a minimising piecewise smooth curve between a(0) = p and
a(1) = ¢. We may now find a finite partition I = U_ I; such that each segment a; := oy,
is contained in a convex set. We may also suppose w.l.o.g. that every «; is non constant
since otherwise we can leave out the interval [;. By 2.3.10 every «; is minimising and
hence by 2.3.4 a monotonous reparametrisation of a geodesic. Hence by patching together
these reparametrisations we obtain a possibly broken geodesic o with break points at the
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end points of the I;. We have L(c) = L(a) = d(p,q). So the corollary follows from the
following statement which shows that there are actually no break points.

If a geodesic segment ¢; ending at r and a geodesic segment ¢, starting at r combine

to give a minimising curve segment ¢, then ¢ is an (unbroken) geodesic. (2.3.16)

Observe that the intuitive idea behind this statement is that rounding off a corner of v
near r would make v shorter, see Figure 2.17.

Figure 2.17: A curve with corners cannot be minimizing.

To formally prove (2.3.16) we once again choose a convex neighborhood U around r. Then
the end part of ¢; and the starting part of ¢y combine to a minimising curve ¢ in U. Since
U is normal for each of its points and particular for some r’ # r on ¢ it follows by 2.1.15
that ¢ is a radial geodesic. So ¢ and hence ¢ has no break point at r. O
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2.4 The Hopf-Rinow theorem

In this section we state and prove the main result on complete Riemannian manifolds which
links the geodesics of the manifold to its structure as a metric space. The technical core
of this result is contained in the following lemma.

2.4.1 Lemma (Globally defined exp,). Let M be a connected RMF and let p € M
such that the exponential map exp, at p is defined on all of T,M (i.e., D, =T,M ). Then
for each ¢ € M there is a minimising geodesic from p to q.

Proof. Let U.(p) be a normal e-neighborhood of p, cf. 2.3.7. If ¢ € U.(p) then the claim
follows from 2.3.6(ii). So let ¢ ¢ U.(p) and denote by r the radius function at p, see (2.3.2).
Now for ¢ > 0 sufficiently small (i.e., 6 < €) the ‘sphere’ S5 ;= {m € M : r(m) = §} =
exp,({v € T,M : |jv|| = 0}) lies within U.(p). Since Ss is compact the continuous function
Ss 2 s+ d(s,q) attains its minimum in some point m € S;. We now show that

d(p,m) + d(m, q) = d(p, q). (2.4.1)

Clearly we have > in (2.4.1) by the triangle inequality. Conversely let « : [0,b] — M be
any curve from p to ¢ and let a € (0,b) be any value of the parameter such that «(a) € Ss.
(Clearly « initially lies inside S5 and then has to leave it, see Figure 2.18).

U:(p)

Figure 2.18: Any curve « from p to ¢ has to meet Ss.

Write a; = a[,q and ay = (). Then by 2.3.6(ii) and the definition of m we have
L(a) = L(ay) + L(a2) > 6 + L(ag) > § + d(m, q). (2.4.2)
Again appealing to 2.3.6(ii) this implies
d(p,q) = 0 +d(m,q) = d(p,m) + d(m, q) (2.4.3)

and we have proven (2.4.1).

Recalling that by assumption D, = T,M let now ¢ : [0,00) — M be the unit speed
geodesic whose initial piece is the radial geodesic form p to m. We show that ¢ is the
asserted minimising geodesic from p to ¢. To begin with set d := d(p, q) and

T:={te[0,d: t+dct),q) =d}. (2.4.4)
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It suffices to show that d € T since in this case we have d(c(d),q) = 0 hence ¢(d) = q.
Moreover we then have L(c|jo,q) = d = d(p, q) and so c is minimising.

Now to show that d € T" we first observe that | is minimising for any ¢ € T". Clearly we
have t = L(c|jq) > d(p, c(t)). Conversely by definition of 7" it holds that d < d(p, c(t)) +
d(c(t),q) = d(p,c(t)) +d—t and so t = L(c|jpy) < d(p,c(t)). Hence in total we have
Liclon) = d(p,c(t)).

Now let ¢ such that ¢(t) = m. Then by (2.4.1) we have

d = d(p,q) = d(c(0),c(t)) + d(c(t), q) = T+ d(c(t), q)

andsoteT.
Hence T is non-empty, closed and contained in [0,d], hence compact. Writing ¢, :=
max 1 < d it remains to show that ¢y = d.

We assume to the contrary that ¢y < d. Then let U.(c(ty)) be a normal e-neighbourhood
of ¢(ty), which does not contain ¢, see Figure 2.19.

Figure 2.19: Situation of the proof in 2.4.1 under the assumption that ¢q < d.

The same argument as in the beginning of the proof shows that there exists a radial unit
speed geodesic o : [0,0'] — U (c(to)) that joins c(t) with some point m’ € Sg with d(m/, q)
minimal on Sy. As in (2.4.1) we obtain

d(c(to), m’) + d(m’, q) = d(c(to), ). (2.4.5)

Now observing that d(c(ty), m') = L(o|ps]) = ' we obtain from the fact that ¢, € 7" and
(2.4.5)

d = to+d(clto), q) = to + & +d(m’, q). (2.4.6)

Also d = d(p,q) < d(p,m') + d(m/,q) and so d — d(m/,q) = to + ¢’ < d(p,m'). But this
implies that the concatenation ¢ of ¢4, and o is a curve joining p with m’ which satisfies

d(p,m’) < L(¢) = to + 0" < d(p,m’).



62 Chapter 2. Geodesics

Hence ¢ is minimising and so by 2.3.11 an (unbroken) geodesic which implies that ¢ = c.
This immediately gives m’ = o(¢') = c(tp + ') and further by (2.4.6) we obtain

d—to=08+d(m',q) =0 +d(c(ty +9),q).
But this means that tq + 0’ € T" which contradicts the fact that g = maxT. O

We may now head on to the main result of this section.

2.4.2 Theorem (Hopf-Rinow). Let (M,g) be a connected RMF, then the following
conditions are equivalent:

(MC) The metric space (M,d) is complete (i.e., every Cauchy sequence converges).

(GC’) There is p € M such that M is geodesically complete at p, i.e., exp, is defined on all
of T,M.

(GC) (M, g) is geodesically complete.

(HB) M possesses the Heine-Borel property, i.e., every closed and bounded subset of M is
compact.

The Hopf-Rinow theorem hence, in particular, guarantees that for connected Riemannian
manifolds geodesic completeness coincides with completeness as a metric space. Therefore
the term complete Riemannian manifold is unambiguous in the connected case and we will
use it from now on. The theorem together with the previous Lemma 2.4.1 has the following
immediate and major consequence.

2.4.3 Corollary (Geodesic connectedness). In a connected complete Riemannian
manifold any pair of points can be joined by a minimising geodesic.

The converse of this result is obviously wrong; just consider the open unit disc in R?. From
the point of view of semi-Riemannian geometry the striking fact of the corollary is that in
a complete RMF two arbitrary points can be connected by a geodesic at all. This property
called geodesic connectedness fails to hold in complete geodesically connected Lorentzian
manifolds. The great benefit of the corollary, of course, is that it allows to use geodesic
constructions globally.

We now proceed to the proof of the Hopf-Rinow theorem.

Proof of 2.4.2.

(MC)=-(GC): Let ¢ : [0,b) — M be a unit speed geodesic. We have to show that ¢ can
be extended beyond b as a geodesic. By 2.2.8 is suffices to show that ¢ can be extended
continuously (as a curve) to b. To this end let (¢,), be a sequence in [0, b) with ¢, — b.
Then d(c(t,), c(tm)) < |[tn — tm| and so (c(t,)), is a Cauchy sequence in M , which by
(MC) is convergent to a point called ¢(b). If (¢), is another such sequence then since
d(e(ty),c(th)) < |t, —t!| we find that (¢(t),)), also converges to ¢(b). Hence we have ¢
extended continuously to [0, b].
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(GC)=(GC’) is clear.

(GC")=(HB): Let A C M be closed and bounded. For any ¢ € A, by 2.4.1 there is a
minimising geodesic o, : [0,1] — M from p to ¢. As in (2.3.5) we have |07 (0)|| = L(o,) =
d(p, ).

Now since A is bounded there is R > 0 such that d(p,q) < R for all ¢ € A. So 0,(0) €

Br(0) = {v € T,M : |v|]| < R} which clearly is compact. But then A C exp,(Br(0))
hence is contained in a compact set and thus is compact itself.

(HB)=-(MC)?: The point set of every Cauchy sequence is bounded hence its closure is
compact by (HB). So the sequence possesses a convergent subsequence and being Cauchy
it is convergent itself. O

Next we prove that any smooth manifold M (which, recall our convention, is assumed to
be Hausdorff and second countable) can be equipped with a Riemannian metric g. Indeed
g can simply be constructed by glueing the Euclidean metrics in the charts of an atlas as
is done in the proof below.

In fact much more is true. The Theorem of Numizo and Ozeki (see e.g. [8, 62.12])
guarantees that on every smooth manifold there exists a complete Riemannian metric.

2.4.4 Theorem (Existence of Riemannian metrics). Let M be a smooth manifold
then there exists a Riemanninan metric g on M.

Proof. Cover M by charts ((z},...,2"),U,) and let (x4)a be a partition of unity subor-

age}

dinate to this cover with supp(xa) C U,, cf. [10, 2.3.14]. Then on U, set

Jo = Zdw’a ®dz’!, and finally define ¢ := Zxaga on M. (2.4.7)

Since a linear combination of positive definite scalar products with positive coefficients
again is positive definite, g indeed is a Riemannian metric on M. O

This result has the following immediate topological consequence.
2.4.5 Corollary (Metrisability). FEvery smooth manifold is metrisable.

Proof. In case M is connected this is immediate from 2.4.4 and 2.3.9. In the general case
we have M = UM, with all (countably many) M; connected. On each M; we have a metric

d; for which we may assume w.l.o.g. d; < 1 (otherwise replace d; by 1jlj'd_). Then

di(z,y) ifxr,y € M;
d(z,y) == {1 olse (2.4.8)

clearly is a metric on M. O

30bserve that this part of the proof is purely topological.
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The construction used in the proof can also be employed to draw the following conclusion
from general topology.

2.4.6 Corollary. Every compact Riemannian manifold is complete.

Proof. We first construct a metric on M from the distance functions in each of the
(countably many) connected components as in (2.4.8). Then we just use the fact that any
compact metric space is complete. In fact this follows from the proof of (HB)=(MC) in
2.4.2 by noting that the Heine-Borel property (HB) holds trivially in any compact metric
space. ([

To finish this section we remark that the Lorentzian situation is much more complicated.
Somewhat more precisely we have:

2.4.7 Remark (Lorentzian analogs). On Lorentzian manifolds the above results are
wrong in general! In some more detail we have the following.

(i) There does not exist a Lorentzian metric on any smooth manifold M. Observe that
the above proof fails since linear combinations of nondegenerate scalar products need
not be nondegenerate. In fact, there exist topological obstructions to the existence
of Lorentzian metrics: M can be equipped with a Lorentzian metric iff there exists
a nowhere vanishing vector field hence iff M is non compact or compact with Euler
characteristic 0.

(ii) The Lorentzian analog to 2.3.4 is the following: Let U be a normal neighborhood of
p. If there is a timelike curve from p to some point ¢ € U then the radial geodesic
from p to ¢ is the longest curve from p to q.

(iii) There is no Lorentzian analog of the Hopf Rinow theorem 2.4.2. If a Lorentzian
manifold is connected and geodesically complete it need not even be geodesically
connected. For a counterexample see e.g. [14, p. 150].



Chapter 3

Curvature

In elementray differential geometry, that is in the geometry of 2-dimensional surfaces in
R3, a notion of curvature is defined, which is based on the idea of how the surface bends
in the surrounding Euclidean space. More precisely (cf. [10, Sec. 3.1]) in this approach one
defines the Weingarten map as the derivative of the unit normal vector and the principal
curvatures as its eigenvalues. It was Gauss who showed in his ‘theorema egregium’ that
the product of the principal curvatures, i.e., the Gauss curvature is a quantity intrinsic to
the surface (cf. [10, Thm. 3.1.18]). This led Riemann to generalise the Gaussian curvature
to manifolds with a positive definite metric, i.e., to the invention of Riemannian geometry.
The semi-Riemannian case requires no significant changes and will be presented in this
chapter.

More precisely we define the Riemannian curvature tensor in Section 3.1 as a measure for
the non-commutativity of second order covariant derivatives. After deriving its symmetries
and local representation we discuss the geometric meaning of the Riemann tensor: On the
one hand it measures the failure of a vector parallely transported along a closed curve to
return to its initial value, on the other hand it is the obstruction to local flatness of the
manifold.

In Section 3.2 we introduce the generalisation of the classical differential operators of mul-
tivariable calculus to SRMFs. Along the way we discuss the operations of type changing,
i.e., the extension of the musical isomorphism to tensor fields of general rank and of metric
contraction.

Finally in section 3.3 we introduce the Ricci and scalar curvature and write down the
Einstein equations, that is the field equations of general relativity—Einstein’s theory of
space, time and gravity—which link the curvature of the Lorentzian spacetime manifold
to its energy content.

65
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3.1 The curvature tensor

To motivate the definition of the curvature tensor on a SRMF we consider the parallel
transport of a vector along a curve. If we parallel transport a vector along a closed curve
in the plane then upon returning to the starting point we end up with the same vector as
we have started with. This, however, is not the case in the sphere.

If we parallel transport a vector say along
a geodesic triangle on the sphere we do
not end up with the vector we have
started with, see Figure 3.1.

Now since parallel transport is defined
via the covariant derivative, see page 30,
the difference between the starting vec-
tor and the final vector can be expressed
in terms of the non-commutativity of co-

variant derivatives. This leads to the fol-
lowing formal definition. We will, how- Figure 3.1: Parallel transport of a vector
ever, return to the intuitive idea behind along a geodesic triangle on the sphere.

it at the end of this section.

3.1.1 Definition & Lemma (Riemannian curvature tensor). Let (M,g) be a SRMF
with Levi-Civita connection V. Then the mapping R : X(M)* — X(M) given by

nyZ = V[X,Y]Z — [Vx, Vy]Z (311)
is a (1,3) tensor field called the Riemannian curvature tensor of M.

Proof. By (1.3.24) we only have to show that R is C°>°(M )-multilinear. So let f € C*(M).
We then have by [10, 2.5.15(iv)] that [X, fY] = X (f)Y + f[X,Y] and so

Rx’fyZ = V[nyy]Z — vafyZ + nyVXZ
= X(f)VyZ + [Vixy1Z = Vx(fVyZ) + [VyVxZ (3.1.2)
=X()\VyZ = X(f)VyZ + fRxyvZ = fRxv Z.

Since by definition RyyZ = —RyxZ we also find that RyxyZ = fRxyZ. Finally by an
analogous calculation one finds that Rxy fZ = fRxy Z. O

We will follow the widespread convention to also write R(X,Y)Z for RxyZ. Moreover we
will also call R the Riemann tensor or curvature tensor for short. Since R is a tensor field
one may also insert individual tangent vectors into its slots. In particular for z,y € T,M
the mapping

Ry, T,M — T,M, Z2 = Ryyz (3.1.3)
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is called the curvature operator. We next study the symmetry properties of the curvature
tensor.

3.1.2 Proposition (Symmetries of the Riemann tensor). Let z,y,z,v,w € T,M
then for the curvature operator we have the following identities

(1) Ryy = —Ry, (skew-symmetry)
(11) (Ryyv,w) = —(Ryyw,v) (skew-adjointness)
(11t) Ryyz + Ry.x + R,y = 0 (first Bianchi identity)

(0) (Ruyv,w) = (Run,y) (symmetry by pairs)

Proof. Since Vy and [, | are local operations (see 1.3.6 and [10, 2.5.15(v)], respectively)
it suffices to work on any neighbourhood of p. Moreover all identities are tensorial and we
may extend x,y, ... in any convenient way to vector fields X, Y, ... on that neighbourhood.

In the present case it is beneficial to do so in such a way that all Lie-brackets vanish which
is achieved by taking the vector fields to have constant components w.r.t. a coordinate
basis (Recall that [0;,0;] = 0, cf. [10, 2.5.15(vi)]) We then have

RxyvZ =VyVxZ —VxVyZ (3.1.4)
and we go on proving the individual items of the proposition.

(i) follows directly form the anti symmetry of [, ]. (Observe that (i) also is easy to see
from the definition and we have already used it in the proof of 3.1.1.)

(ii) It suffices to show that (R,,v,v) = 0 since the assertion then follows by replacing v
by v 4+ w. Indeed, we then have 0 = (R, (v + w),v + w) = (Ry,v,w) + (Ryyw,v).

Now to prove the above statement we write using 1.3.4(V5)
(RxyV, V) =(VyVxV., V) —(VxVyV, V)

=Y (VxV,V) = (Vo5 V) = X(Vy V) V) + (Vo) (3.1.9)
1 1 1

=Y X(V,V) = XY(V,V) = =5 [X,Y]((V, V) = 0.
2 2 2~~~

=0
(iii) follows from the following more general reasoning. Let F : X(M)3 — X(M) be an

R-multilinear map and define the mapping S(F) : X(M)? — X(M) as the sum of the
cyclic permutations of F', i.e.,

S(F)(X,Y,Z2) = F(X,Y,Z)+ F(Y, Z,X) + F(Z,X,Y). (3.1.6)

Then a cyclic permutation of X,Y,Z obviously leaves S(F)(X,Y,Z) unchanged.
Consequently we find using 1.3.4(V4)
S(R)xyZ = SVyVxZ — SVxVyZ (3.1.7)
=SVxVzY —SVxVyZ = —-SVxI[Y, Z] = 0.
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(iv) is a combinatorial exercise. By (iii) (S(R)yvX, W) = 0. Now summing over the four
cyclic permutations of Y, V, X, W and writing out S(R) one obtains 12 terms, 8 of
which cancel in pairs by (i) and (ii) leaving

2{RxyV,W) +2(Rwy X,Y) =0, (3.1.8)

which by another appeal to (i) gives the asserted identity.

O
Next we derive a local formula for the Riemann tensor.
3.1.3 Lemma (Coordinate expression for R). Let (z',...,2") be local coordinates.
Then we have Ry, 5,0; = Ry, 0;, where
Proof. Since [0;,0;] = 0 for all 7, j we have by (3.1.4) that
Rakalaj - Valva,ﬁj - v(‘)kv(‘)laj‘. (3110)

Now by 1.3.8 we have

m m T a
= Gkt + THT 0 = (5

Now exchanging k£ and [ and subtracting the respective terms gives the assertion. O

Vo (Vo,0;) = Vo, (T70) P+ T ’,;;) 8. (3.1.11)

In the remainder of this section we want to give two interpretations of the Riemann tensor
to aid also an intuitive understanding of this pretty complicated geometric object.

(1) We show that the Riemann tensor is an obstruction to the manifold being locally flat,
i.e., the manifold being covered by charts in which the metric is flat, see Theorem
3.1.7, below.

(2) We make precise the idea which we already discussed prior to Definition 3.1.1. We
will establish that the curvature tensor is a measure for the failure of a vector to
return to its starting value when parallely transported along a closed curve.

To arrive at (1) we need some preparations. Our proof of the result alluded to above
depends on the construction of an especially simple coordinate system. Recall that the
natural basis vector fields 0; in any coordinate system commute, i.e., [0;,0;] = 0 for all
i,7 (once again see e.g. [10, 2.5.15(vi)]). We now establish the converse of this result: any
n-tuple of commuting and linearly independent local vector fields is the natural basis for
some chart. We begin with the following characterisation of commuting flows resp. vector
fields, which is of clear independent interest. For the basic notions we refer to [10, 2.5.14ff].
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3.1.4 Lemma (Commuting flows). Let M be a smooth manifold and let X|Y € X(M).
Then the following conditions are equivalent:

(i) [X,Y]=0,

(ii) (FLX)*Y =Y, wherever the Lh.s. is defined,

(iii) F1* o F1¥' = F1¥ o FI.*, wherever one (hence both) side(s) are defined.
Proof. (i)=-(ii): We have

d ) d ) 0
a(Fl;ff) Y= 0 (FIL )Y = gl (TFIX oY o FI,,)
= % (TFIX, o TFIX oY o FIX 0 FIY) = TFI¥, o ( % (FIX )*Y> oFIX
0 0 ,
=LxY=[X,Y]=0
= (FIY)*(LxY) =0, (3.1.12)

and so (FI*)*Y = (FI; )*Y =Y.
(il)=(i): follows directly from the definition of the Lie derivative.

(il)<(iii): First recall that given a smooth function between two manifolds f : M; — M;
one says that X; € X(M;) is f-related to Xy € X(Ma),

Xy ~p Xo,if TfoXy=Xs0f. (3.1.13)
Also, in general
X~ Xy = foFIM =FIXof, (3.1.14)

wherever one (hence both) side(s) are defined. Indeed we have

d d

%(f o FIX (p)) = Tmfup)f(gﬂfﬁ (p)) = Topxigyf 0 Xio FLY' (p) = Xy (f(FL (p)).

Moreover, f o FIo* (p) = f(p), so f o FIX'(p) = FL*(f(p)). Now, if f is a diffeomorphism
we have using (3.1.13)

Xi~p Xy 0 TfoXi=Xe0f & X1 =(Tf) ' oXgof=f"X,. (3.1.15)
So it is a tautology that Y is FI-related to Y, i.e., that Y’ ~pix (FIX)*Y.
Now we finish the proof. For X,Y resp. their flows we find
FIX o FIY = FIY o FI¥ & FIY = FI¥, 0 F1IY o FIX = FI¥, 0 FLX 0 FIF%)7Y = (R
& Y = (FIX)Y
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3.1.5 Lemma (Coordinates adapted to given vector fields). LetV be an open subset
of a smooth manifold M. Given vector fields Xi,..., X, € X(M) such that [ X;, X;] =0
foralli,j and {Xi(p),...,Xn(p)} is a basis of T,M for allp € V then around each p there
is a chart (o = (z,...,2"),U) with U CV and

0 4
Xi‘U:% foralli=1,... ,n. (3.1.16)

Proof. Fix some p € V and set F: ¢t = (t!,...,t") — (FL}' o--- o FI*)(p). Then F is
smooth on an open neighbourhood W of 0 € R™ and we may assume that F(W) C V.
Since [X;, X;] = 0 by 3.1.4 the flows of the X; commute and we have
0 O xi X be

F(t) = -~ FLIi' oFL}' o - -- o FI;" (p) = X;(F(1)). (3.1.17)
ot ot
Since the X;(F'(t)) are a basis it follows that F' is a local diffeomorphism hence w.l.o.g.
F:W — U CV is a diffeomorphism.
Now define o = F~' : U — W. Then we have for ¢ = ¢~!(t) using (3.1.17)

0
al'i q

= (Typ) " (e1) = TiF(e;) = 8(?5 F(t) = Xi(q)- (3.1.18)

O

Next we establish an explicit expression for the commutator of the induced covariant
derivative in terms of the curvature tensor, which obviously is of independent interest.

3.1.6 Proposition (Exchanging 2nd order derivatives.). Let f : D — M be a
two-parameter map into a SRMF M and let Z € X(f). Then we have

vy @d—) Z = Ty — Zow = R(fur )2, (3.1.19)

Proof. We work in a chart and write Z = Z*9,,. Then by (1.3.55) we have Z, = Z*9,
with Z8 = 02k Jou +T* Z'9f™ /Ou and so

PZ¢ 0T, O L, 0Z2'0f" O
v = (C%EM ov Z ou i By v Ou i 2 Jvou
0z' of’ afm of
k ki ol
DY S S T T, 2 av> O (3.1.20)

and analogously for Z,,. Upon inserting the symmetric terms cancel and we obtain

Zoww—"Zoou (3.1.21)

ark afm  ark afm L afmafi afm o
_ l Im . Im k i l .
= (Z (G e~ ) o 2 (50 50— o au)> ok
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On the other hand we have

(P 0
R(fuva)Z - R<%8“ %@) (Z al)
of of af af
_ 7l g CaNa — 7 of i
=7 ou Ov R(9:,0)0 = 2 ou Ov R0k
oft ofi cork  ark - i
- (Zl ou Ov (8le N ax]z‘l +F’;mril _Flzmrjz) O (3.1.22)

_ g (0P op O oF
Oou O0x3 Ov  OJv 0O0x* Ou

_rk m 8L of7
ark, 6F’§l Fiijl du v )ak

)0+ 2 (15,00 9 %

jm=il Ou Ov

ov ou
ork ofm  ork  ofm™ aft afi  oft of’
:Zl< i — —m ) r szl(—————>
v  Ou ou v O+ il ou v OJv Ju Ok
where for the last equality we have replaced the summation indices ¢ and j by m in the

first two terms. Now the r.h.s. of (3.1.22) equals the r.h.s. of (3.1.21) upon exchanging the
summation indices ¢ and m in the last term and we are done. O

With this we can now prove the following characterisation for the vanishing of the curvature
tensor.

3.1.7 Theorem (Locally flat SRMF). For any SRMF M the following are equivalent:

(i) M is locally flat, that is, for all points p € M there is a chart (U, ) around p where
the metric is flat, i.e., (¢.9)i; = €;0i5 on p(U).

(i1) The Riemann tensor vanishes.

Proof. (i)=-(ii) follows simply from 3.1.3 and the fact that in the chart ¢ the Christoffel
symbols all vanish.

(ii)=>(i): The statement is local, so we may assume that M = R" and p = 0. Let ey, ..., e,
be an ONB at 0 and choose the e; as coordinate axes for coordinates x!,..., 2" on R".
Then we have 0; = ¢; for 1 <i < n.

Now for each i we first parallel transport e; along the z'-axis (¢ — (¢,0,...,0)) and then
from each point ¢y on the x'-axis along the z%-axis (¢t — (to,t,0,...,0)) and so on for the
2, xt,. . -axes.

In this way we obtain vector fields Fi,..., F, € X(R") which are smooth since parallel

transport is governed by an ODE whose solutions by ODE-theory depend smoothly on the
initial data. Moreover, since parallel transport preserves scalar products (cf. 1.3.28) the E;
form an ONB at every ¢ € R".

Now for 1 < k < nset My := RFx{0} C R™. By construction for all 1 < j < n we have that
E;|n, is a vector field along the mapping f : (¢1,...,t) — Zle tie; = (t1,...,1,0,...,0)
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and we may con51der (E |ar,) for all 1 <@ < k, see page 42 but now for all k parameters.
Let now j € {1,. n}

We claim that -~ (E lar,) =0 forall 1 <i <k.

We proceed by 1nduct10n For k = 1 the equality follows by definition of parallel transport.

k — k+1: Let CZ (Ejlm,) = 0 for all 1 < i < k. By construction we also have

#(EJ‘IMHJ = 0. Now by 3.1.6 and our assumption that R = 0 we have

vV VvV vV VvV
— Ei(ty,...,t =— —
dtk+1 dt (17 ) k+1707 70) dtz dtk+1

Ej(tl,...,tk+1,0,...,0):O. (3123)

So 0 = E i(t1, ... 1, 0,...,0) is parallely transported along the straight line ¢;q —
(t1, .. tk, tr+1,0,...,0) hence vanishes on all of Mj.;.

Next we claim that E,..., E, € X(R") are parallel.

It suffices to show that Vy E; = 0 for all i,j. For fixed z',...,2" € R" let ¢; : t
(... 2t 2™ . 2™). Then we have by 1.3.27(iii)

\Y%
EJI—EJ‘OC>

VaiEj(xl, ce ,l‘n) = ch(zi) dti(

fi—ai = 0, (3.1.24)

where for the last equality we have used the previous claim in case k = n.

Finally from the latter claim we have [Ej, Ej] = Vg, E; — Vg E; = 0 for all 4,j. So by
3.1.5 there are coordinates ((y',...,y"),V) locally around p such that E;|y = d,; for all
1 < 7 <n. But in this coordinates we have

9ij = 90y, 0yi) = g(Ei, Ej) = €i0i. (3.1.25)

O

Finally we come to item (2) of our list on page 68 which we make precise in the following
remark. Here we closely follow [7, 11.22 (p. 65)].

3.1.8 Remark (Riemann tensor and parallel transport along closed curves).
Let M be a SRMF, p € M, Z € T,M and ¢ be a curve in M with ¢(0) = p. Further
let (z',...,2") be coordinates around p and write as usual ¢'(¢) for the coordinates of ¢
w.r.t. this chart. Let now Z(t) = Z'(t)0;|cx) be the vector field obtained from parallely
transporting Z = Z(0) along c¢. By (1.3.55) we then have

di;t) o e) % 20y = 0. (3.1.26)

Let more generally f : [ x J — M be a smooth two-parameter map with I and J intervals
around 0. We denote by x%(u,v) = x' o f(u,v) the local coordinates of f. For some fixed
pair (u,v) € I x J we define the ‘corner points’ (see Figure 3.2) P = f(0,0), Q = f(u,0),
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R = f(u,v) and S = f(0,v). Now we transport Z = Zp € TpM parallel along f first to @
then to R and S and then back to P. We will denote the values of this vector field Z on
f at the ‘corner points’ by Zg, Zg, Zs and finally Zp = Z(u,v). In general the resulting
vector Zp will not equal the staring value Zp but depend smoothly on u and v. Indeed
the solutions of the ODE (3.1.26) depend smoothly on the data @), R and S as well as the
right hand side which all depend smoothly on (u,v).

Figure 3.2: The setup.

Now we expand the components of these vectors w.r.t. the coordinates x’ in a Taylor series
which gives

Q
)
N

Zi = 7 + ( au>p“ + %( - )Pu2 + O, (3.1.27)
Ziy = 7 + (%Zvi)Qv + %(ﬁg)@& OO, (3.1.28)
Zi = 70 (%ii>R“+%(§§>R“2+O(“3>’ (3.1.29)
Zi, = Zi, — (%ii>s“ + %<8;)Z2i>5“2 +O@WP). (3.1.30)

Inserting (3.1.27) into (3.1.28), (3.1.28) into (3.1.29), and (3.1.29) into (3.1.30) we obtain
for the difference between the starting an the final vector

stpi=2-2=((50), - (5) ) v+ ((3)e = (5),) v w2y
2 77i 2 77i 2 2 77i 2 7 2
((52), (52)) £+ (5ot (55),) £+
Now we assume that the z’ are Riemannian normal coordinates at P which by 2.1.17(ii)

leads to the vanishing of the first term in the Taylor expansion of the Christoffel symbols
and we obtain

M) =Y (irgk> A"+ 0. (3.1.32)

oxm
m
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The next (laborious) step consists of calculating the coefficients (92%/du)p, (0?2 /0u?)p
etc. from the ODE (3.1.26). We obtain
YA

0) G| =0

Indeed we have by parallel transport (cf. (3.1.26)) along the curve u — z(u,0) that
0uZ(u,0) = —T%,(2(u,0)) 0, 2% (u,0) Z'(u,0) and so 9,2(0,0) = ="\ ,(P)-... =0,
since we have assumed z* to be Riemannian normal coordinates around P.
YA o . Ox™ 029
. 0Z' I
(i) ov 0 (8mm I Ou v

Zk> uU+...

Parallel transport along v — z(u,v) from Q to R gives (9,2")q = — (I, dya? Z¥)q.
Now by Taylor expansion at P (cf. (3.1.32)) we obtain I, (Q) = 9,,1";,(P) 2™ + . ..
and also z™(Q) = 0+ 0,2 (P)u + 0,x™(P)0 + ..., since @ = (u,0). Similarly
0,27(Q) = 0y’ (P)+u-...+0-...4+ ..., and Z¥Q) = ZK(P) + 0,Z*(P)u +
0,Z*(P)0 + .... Collecting terms together we finally arrive at the asserted result.
... 0Z7°
(iii) o |,

_ o _, 0x™ oxr _, g _, Ox™moxd _,
a <8mejk ou Ou )Pu (8xmrjk ov EMZ) vt

Now we use parallel transport from R to S along s — z(u — s,v), s € [0,u] to obtain
0;Z'(R) = —(F’Jk(x(u ,0)) Os(27 (u—s,v)) Z*) .. Next note that 9,(Z'(u—s,v)) =
—0,Z(u — s,v) and 0 (xj(u - s v)) = —8 xj(u — s U) and so we have 0,Z'(R) =
- (F’jk(x(u ,0)) O’ (u — )R 5. Ou? Z%) . Again Taylor expansion at
P gives I';, (R) O (P ) ( )+ .= (9mFij(P)8uxm(P)u + Opx™(P)v + ...,
and 0,27/ (R) = 0,27 (P )+ u-...+v-.... Moreover by (3.1.27), (3.1.28) Z*¥(R) =
ZH(P) + 0,Z%(P)u + avZk(Q) —|— - Agaln collecting together the respective terms
we obtain the asserted formula.

07! o _, Ox™ Oxf

i =— e z*

) 5o, (G T 50 a0 2),0
We parallel transport Z along ¢t ~— (0,v — t) from S to P to obtain 0,(Z*(0,v —
t) = — ([ (x(0,0 — ) 8y(2? (0,0 — t)) Z¥) ; which by analogous reasoning as in
(iii) gives 8,2°(S) = —(I", 9, 27 Z*)g, where by Taylor expansion in P, I}, (S) =
Ol (P)2™(S) + ... = O (P) (Dua™ - 0 + 9™ - w)p + ... as well as 0,27 (S) =

Oyt (P)+u-...+v-...+... and using (3.1.27)-(3.1.29) Z*(S) = Z*(P) +... Once
more collecting the terms gives the result.

0?71
™) B

_ —(arij’“ IO ) .
P ox™ Ou Ou

We again use parallel transport from P to @ which by (3.1.26) gives 9, 2" = —I";, 0,27 Z*
and hence 0?Z"/0u? = —8mFijk8uxm8uijk — Fijkﬁzxi/E)UQ zZkF — Fijkauxjﬁqu which
gives without the need to use any expansion (9°Z*/0u?), = (=9, 0,2™ 0,27 Z*)p.
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N4
) B

oy 0x™ 07,
R—_<3xm Ju Ou Z )P+'”

Here we use (3.1.26) along the curve s — (u — s,v) to to obtain 9(Z'(u — s,v)) =
I (@(u — 5,0))05(27 (u — 5,v)) Z*(x(u — 5,v)) and s0 0, Z (u — s,v) = =T (z(u —
5,0))0ut? (u—s,v) Z*(x(u—s,v)). But this gives 0>Z"/0u*(u—s,v) = =0T (z(u—
$,0))0uz™(u — 5,0)Z%(x(u — 5,v)) — T (2(u — 5,0))0%7 JOuP(u — s,0) ZF(x(u —
5,0)) =y (x(u—s,v))0,27 (u—s,0)ds(Z*(x(u—5,v))). Finally expansion at P gives
(0°Z°)ou?) g = — (O D" 0ux™0y? Z%) p— (T,0%27 Ou Z*) p— (1,0, 27T, 1 0™ 21 )+

o= = (O 0, 2™ 0,2 ZF) .
A %y dx™ dx _,
(v} O Q__<(9:Em dv v Z )P+”'

From 9,72° = —I",0,27 Z* we obtain that 0°Z'/0v® = —0,,I";,.0,2™ 0,27 2% — Ty,
&l |0 ZF T, 8,279, Z% and so as in (vi) we find (822" /0v?) g = — (91, 0™ Dy
ZMp+ ...

(viii)

oA %y 0x™
= — A .
ov? | ( ox™ Jv Ov )P +

As in (iv) and (vi) the minus signs coming from the inner derivatives compensate to
give 027" |ov? = 8mFijk8U:L’m8vijk — Fijk(?ij/@vQZk — ngavxjavzk and so again as
in (vi) (02" /0v®)s = —(0 1,002 0" ZF)p 4 . . ..

Now we may plug (i)—(viii) into (3.1.31) to arrive at

. or. g 7 Ox™
AZL = << ik _ 8Fm’f) 0! Ou Z’“) uv + ... (3.1.33)

ox™m oxd ou Ov

Further by 3.1.3 and 2.1.17(ii) we obtain

i O % | i i s ory,  ori
kmj |P = ( Oxi - O™ + Fjrrmk - Fmsrjk == orm - W (3134)
P P

and so we finally obtain

, . 02 9™ r0x Ox
D (g 9w o = R (22 9T LB
AZp = —(Rin, = ) v+ R(au’au)( ) |puv + (3.1.35)

From this result we may now immediately draw the following conclusions:

(1) If R = 0 by 3.1.7 M is locally isometric to R? and since parallel transport then is
trivial we obtain AZ% = 0.
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(2) In the general case AZ% is of second order in (u,v) and depends on the curvature
tensor R at P. Hence we may view R as an obstruction to the vanishing of AZ%. In
particular, (3.1.35) gives the following alternative characterisation of the Riemann
tensor

Ri(ax 8x)(Z) b= — lim — AZ, (3.1.36)

ov’ Ou up—0 UV

3.2 Some differential operators

The aim of this section is to introduce on a SRMF the generalisations of the classical
differential operators of gradient, divergence and Laplacian. To deal with these in an
appropriate way we need some preparations, namely we need to introduce the operations
of type-changing of higher order tensor fields and metric contraction.

The former operation is nothing but the generalisation of the musical isomorphism of 1.3.3
of vector fields and one-forms to higher order tensors. To achieve this goal we proceed as
follows: Given a tensor field A € 7 (M) on a SRMF (M, g) we define for any 1 < a <,
1 < b < s the tensor field [§ A € T/ ;' (M) via

(\l/(l} A)(wl, PN ,wr_l,Xl PN 7X5+1)
=AW, Xy WX X, Xy X)), (3.2.1)

where X} is the metric equivalent one-form of the vector field X, cf. 1.3.3. So on the r.h.s.
we extract the bth vector field and insert its metrically equivalent one-form in the ath slot
among the one-forms. It is instructive to consider an example.

3.2.1 Example (Index lowering). Let A be a (2, 2)-tensor field on M, then B :=|} A
is the (1, 3)-tensor field given by

B(w,X,Y,Z2)=AY",w,X,Z). (3.2.2)

Now let (z!,...,2") be local coordinates on M. Then first observe that 9, = gi,,dz™ since
(V™) = (O, V"On) = gremV™. And so we have

B;'kl = B(dl’l, 8j, 8k, 81) = A(gkmdl'm, dl’i, 8j, 8[) = gkmA?lu (323)

We now see that the operation |3 changes the first upper index of A into the second lower
index of B.

The operator |¢: T (M) — T/ (M) is classically also called the lowering' of the re-
spective indices. It is obviously C*-linear and moreover it is an isomorphism with inverse

e TH (M) — T35 (M) given by

(1 A)(wh, . W0" X X))
= Alw!, .t Wt 0T X (WY X ), (3.2.4)

slot b

IThis terminology reflects that classical differential geometry was exclusively written in coordinates.
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where now (w¢)? is the vector field metrically equivalent to the one-form w®. This operation
extracts the the ath one-form and inserts its metrically equivalent vector field in the bth
slot among the vector fields and is classically called the raising of the respective index.
Generally we call all tensors which are derived from a given tensor by raising or lowering
an index metrically equivalent.

We again look at an example where we also demonstrate that the lowering and raising of
indices are inverse operations.

3.2.2 Example (Index lowering & raising). First observe that in local coordinates we
have (dz?)* = ¢"d; since (g¥0;, V*d,) = 6.V* = V' = da'(V*9,). Now for a (1,3)-tensor
field B we have

(13 B)? = (13 B)(da', da? | 0y, ) = B(da?, 0, g™ 0, 0) = g™ B, .. (3.2.5)

So as expected 13 turns the second lower index into the first upper index using the inverse
metric. Now to check that it is the inverse of |3 we write using equations (3.2.3) and (3.2.5)

(1343 AV = g™ (13 A)ly = 9™ G Ajl = 61, Al = A7, (3.2.6)

We give another example to emphasise how natural type changing actually is; in fact it
often occurs in calculations without even being noticed.

3.2.3 Example (Type changing). Asin (1.3.24) we consider a (1, s)-tensor field A
given as a C*-multilinear map A : X(M)®* — X(M). Then we have (using A as in (1.3.24))

AV, Xy, X)) = AV, Xy, X)
=V (A(Xy,..., X)) = (V,A(Xq, ..., X)) (3.2.7)

Finally we point at one peculiar issue in dealing with the coordinate expression for the
Riemann tensor which arises due to historic reasons. Actually the coordinate version of
differential geometry was developed long before the invariant approach and in harmonising
these two the following issue requires some care.

3.2.4 Remark (Coordinate expression of the Riemann tensor). We have written
the coordinate expression of the curvature tensor in 3.1.3 (according to the classical pattern)
as

Ry,5,(0;) = Rj.kl@-, hence the order of arguments is RxyZ = R(Z, X,Y). (3.2.8)
Indeed using the convention of (1.3.24) we obtain
;’kl = R(dl‘l, 8j, 8k, 8[) = dl’l (R((?J, 8k, (91)) . (329)
The components of the (0, 4)-tensor |} R are then given by

Rijin = (1 R)(8:,0;, 0k, 01) = (0;, R(8;, O, D))
= <8i7R9kaz(aj)> = <aw R;,;clam> = Gim ;rllqlv (3'2'10)

where we have used (3.2.7).
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Next we turn to the operation of metric contraction. On smooth manifolds we have intro-
duced the contraction Ci : 77 (M) — 77" on page 22. There the ith contravariant index
or slot is contracted with the jth covariant one, i.e., in coordinates
P ANy Lo
(C;A)jll...jsfl - Aﬁ;n]n;
On a SRMF we may use the metric to also contract two covariant or two contravariant slots
by first raising respectively lowering the respective index, that is we combine the metric
type changing with the contraction. More precisely let 1 < a < b < s, then for arbitrary r
we define Cyp = T (M) — T (M) locally by
T A TR i
(CabA)z'll...j:_Q =g A;'ll...(zl...Tf.js_Q' (3.2.11)
Analogously we define for 1 < a < b < r and for s arbitrary C® : T/(M) — T/ =2(M)
locally by

(CPAY 2 = gy A2, (3.2.12)
We now have the following compatibility result.
3.2.5 Lemma (Metric contraction and V). On a SRMF (M, g) the covariant deriva-

tive as well as the covariant differential commute with type changing and metric contrac-
tion.

Proof. For the case of the covariant derivative and type changing it suffices to consider
the case |} since the assertion then follows by permutation for |j and by the following
argument for 17: Let B =]} A then we have

T VvB =1, Vv(ly A) =tyly VvA = Vv A =Vy1y B. (3.2.13)

Now to consider |} A first note that [§ A = C{(g ® A). Indeed in coordinates we have (cf.
(3.2.3)) Ci (9@ A),i ot = gmlA;-ll”'l"‘j’S’". Now by Definition 1.3.22, Vy is a tensor derivation
which by Definition 1.3.16(ii) commutes with contractions and moreover satisfies the metric

property (V5) (cf. 1.3.25(iv)) so we obtain
Vy(If A) =Vy(Ci(g® A)) =CiVy(g® A) =Ci(g® VvA) =}{ Vv A (3.2.14)

By equations (3.2.11) resp. (3.2.12) metric contraction is just the composition of type
changing and contraction, so Vy also commutes with this operation.

The analogous assertions for the covariant differential V follow easily from those of Vy .
We demonstrate this for type changing just in a special case which, however, makes clear

how to proceed in the general case. Let A € T*(M), then VA € T2A(M), |1 VA € T}/ (M)
and we have
(VA (w, XY, Z) = VAX",w,Y, Z) = VZAX",w,Y) = (|} Vz4)(w, X,Y)
= (Vz(h 4) (@, X,Y) = (V(h 4)) (@, XY, Z). (3.2.15)
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Finally one easily verifies that V commutes with tensor products and contractions and
hence with metric contraction. O

Now we are finally in a position to introduce the above mentioned differential operators

on SRMFs.

3.2.6 Definition (Gradient). For a function f € C*(M) we define its gradient grad( f)
(or gradf, for short) as the vector field metrically equivalent to df € Q' (M), i.e.,

(grad(f), X) = df (X) = X(f) for all X € X(M). (3.2.16)

We clearly see that while the differential df of a function is defined on any smooth manifold
it needs a metric to define the gradient. In local coordinates we have df = 0; fdz® and so

af 9
= q¥ _—
gradf = 9" 57 o

since (§90; f0;, V*Oy) = 0, fV*§i = 0, f V' = 0, fdx' (V*Oy,).
As a simple example we note that on flat space R!" we have gradf = ). ¢;0;f0; which on
R" reduces to the well known formula gradf = ). 0;f0;.

= 11 df, (3.2.17)

3.2.7 Definition (Divergence). For a tensor field A we call a divergence of A every
contraction of the new covariant slot of VA with any of its original contravariant slots.

We discuss some special cases. For a vector field V' € X(M) the only possibility is divV =
C(VV) (cf. 1.3.14) which in coordinates reads using 1.3.9(ii)

divV = C(VV) = dz'(Vp,V) = da’ (<% * Frirllka)am> B Z (?)‘x/: + Fiikvk)

i

(3.2.18)

In the special case of flat space R we obtain the well-know formula from analysis divV =

A

3.2.8 Definition (Hessian). The Hesse tensor H/, or Hessian for short, of a function
f € C®(M) is defined as the second covariant differential of f, i.e.,

HT =V(Vf). (3.2.19)

3.2.9 Lemma (Hessian explicitly). The Hessian H' of f € C®°(M) is a symmetric
(0,2)-tensor field and we have

HI(X,)Y)= XY f— (VxY)f = (Vx(gradf),Y). (3.2.20)
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Proof. Since Vf = df we have

HI(X.Y) = V(df)(X.Y) = (Vy(df)) (X)
= Y (df(X)) — df(VyX) = Y(X[) — (VyX)().  (3:221)

Symmetry now follows from the torsion free condition (V4), i.e., by XY —-Y X = [X,Y] =
VxY — VyX. Finally we have by the metric condition (V5)

(Vx(gradf),Y) = X{gradf,Y) — (gradf, VxY) = XY [ — VxY(f) = H/(X,Y).

In local coordinates we hence have for the Hessian
HJ; = H'(8;,0;) = 0,0;f — (Vo,0;)f = 0,0;f — T%,0f- (3.2.22)

3.2.10 Definition (Laplace). The Laplace-Beltrami operator on a SRMF (M, g) is the
mapping

A C¥(M) — C®(M), Af = div(gradf). (3.2.23)
More explicitly we have

Af = div(gradf) = C(V(gradf)) = C(V(1] df))
=C( 11 V(df)) = (C1)H' = Cia(H), (3.2.24)

and we see that the Laplace-Beltrami operator is the metric contraction of the Hessian. In
local coordinates we hence obtain

Af = ginf; = gij(aiajf - F?jakf), (3.2.25)

which on flat R? gives Af = Y ¢;0*f/0x?. Obviously this gives the Laplace operator on
R"™ and the wave operator on Minkowski space R}. This is the reason why on Riemannian
and Lorentzian manifolds A often is called the Laplace and the wave operator, respectively.
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3.3 The Einstein equations

In this section we introduce the famous Einstein equations, i.e., the fundamental equations
of General Relativity (GR), Albert Einstein’s eminent theory of space, time and gravitation,
which is the currently best available physical description of our universe at large. In
2016 and only briefly after its centennial GR has seen a spectacular success by the direct
observation of gravitational waves emitted from a binary black hole merger. For this
discovery Rainer Weiss, Barry C. Barish and Kip S. Thorne have been awarded with the
2017 Nobel Prize in Physics. Most recently Sir Roger Penrose was awarded with (half of)
the 2020 Nobel Prize in Physics “for the discovery that black hole formation is a robust
prediction of the general theory of relativity”.

The Einstein equations are the so called field equations of GR and link the geometry and,
in particular, the curvature of the spacetime manifold to its energy-matter content. Here
we collect the mathematical prerequisites for their formulation.

We start by introducing the Ricci tensor and the curvature scalar, two ‘curvature quanti-
ties’ derived from the Riemann tensor via contraction.

3.3.1 Definition (Ricci tensor). Let (M, g) be a SRMF with Riemann tensor R. The
Ricci tensor Ric is defined as the contraction C3R € Ty (M).

The Ricci tensor’s local coordinates are denoteby by R;; and take the form (cf. page 22)

Ry, = R™ (3.3.1)

iym:

Moreover Ric is symmetric by pair symmetry of the Riemann tensor 3.1.2(iv) since using
Riemannian normal coordinates centered at a point p we have there (cf. 2.1.17(i))

Ric(X,Y) = (CiR)(X,Y) = R(dz", X,Y, ;)

Also we note the trace formula Ric(X,Y) = trace(V — RxyY). A SRMF with Ric =0
is called Ricci flat. Clearly any flat manifold, i.e., with R = 0 is also Ricci flat but the
converse is not true as we shall discuss below and which is essential for GR.
We proceed introducing the curvature scalar or scalar curvature of a SRMF.

3.3.2 Definition (Scalar curvature). The scalar curvature S of the SRMF (M, g) is
defined as the contractions of the Ricci tensor, S = C(Ric) € C*(M).

Observe that since Ric € T(M) the contraction C unambiguously stands for Cjy, cf.
(3.2.11). In local coordinates we have

jm:*

(3.3.3)
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For our further considerations we rely on the following property of the curvature tensor.
3.3.3 Proposition (Second Bianchi identity). For z,y,z € T,M we have
(V2R)(z,y) + (VaR)(y, 2) + (VyR)(z,2) = 0. (3.3.4)

Proof. As in the proof of 3.1.2 we may extend z, y, z arbitrarily to vector fields X, Y, Z on
a neighbourhood U of p. In this case we choose these extensions in such a way that their
coefficients are constant w.r.t. some normal coordinates at p. Then again all Lie brackets
vanish on U and moreover by 2.1.17(ii) all Christoffel symbols vanish at p and hence also
all covariant derivatives of X,Y, Z w.r.t. each other vanish at p.

Using the notation used in the proof of 3.1.2(iii) we have to show that SV,R(X,Y) = 0.
Now by the product rule 1.3.18 we have for arbitrary V at p

(VZR)(X,Y))(V) =Vz(R(X,Y)V) — R(&Z/)_(/, Y)V — R(X, Zzpv — R(X,Y)(VZV)

=0 =0

and so again at p
(VZR)(X,Y) = [V, R(X,Y)] = [V, [Vy, Vx]| (3.3.5)

where we have used (3.1.4). Since the Jacobi identity holds also for Vx (cf. [10, 2.5.15(iii)]),
the sum over all cyclic permutations of (VzR)(X,Y') vanishes as claimed. O

3.3.4 Corollary (Divergence of Ricci). We have dS = 2div(Ric).
Proof. By 3.1.3 and 1.3.25(v) we have in coordinates
(VR)(05, 0k, 01, 0,) = (Vo,R)a,6,(0;) = Ry, 05, (3.3.6)

which upon using 3.3.3 gives R’y + R, + R, = 0. Now interchanging r and & in the
final term (which by 3.1.2(i) causes a sign change) and contracting ¢ with r gives

0= Ry + R — Bipry = Riper + Rjisk — Rjy (3.3.7)
and so
9 Rl + 97 R, — Sy = 0. (3.3.8)
Next we note that R,,jx = Rjmuk. Indeed by 3.1.2(i),(ii) we find using (3.2.10)

Rjmix = grj Ry = (@,8 > mlk — (6 Ry1.0r > <R818k(am)aaj>
_<R3k<91 (am)v 8J> - <R3kaz(aj)7 am> = ijkl‘



3.3. THE EINSTEIN EQUATIONS 83

Moreover we have R;kl = ¢"" Rpji and so
gij}}fz;r = gjkgrmijkl;r =g’gm Jmlk;r = grmenlk;r = 9" Rty = Ry (3.3.9)
So by (3.3.8) we find
I+ R = 2R}, = Sy (3.3.10)

Finally since Ric is symmetric (cf. (3.3.2)) we have Ci3(V Ric) = Co3(V Ric) = div(Ric),
which in coordinates reads g"* R, = Rj,.. So (3.3.10) gives 2div(Ric) = V.S = dS. 0

We now very briefly discuss the basic principles of General Relativity. Naturally any
discussion in the setting of this course has to be superficial and we refer e.g. to [15, Ch. 4]
for a more appropriate account.

The stage of GR is spacetime which is the set of all events (t,z), labelled by a one-
dimensional time coordinate and a three-dimensional space coordinate. Spacetime can be
a model of e.g. the surroundings of a star, our solar system, or our universe as a whole.
Mathematically spacetime is described by a 4-dimensional Lorentzian manifold (M, g),
where the Lorentzian signature is chosen as to implement the causality structure already
present in special relativity.

Now contrary to classical Newtonian physics gravity is not described as a force field on this
manifold M but rather as the curvature of spacetime. This ground breaking idea which
Einstein famously called his happiest thought, relies on taking the principle of equivalence
to be the basic building block of the theory. Indeed, due to Galileo’s principle of equiva-
lence, all bodies fall the same in a gravitational field, so gravity can be thought of as being
a ‘property’ of spacetime!

One can also argue why this 'property’ has to be related to curvature. Generalising the
Newtonian idea that bodies which move freely, i.e., without any force acting upon them
move along straight paths, freely falling test bodies in GR should move along geodesics
of spacetime. Now considering test bodies falling freely in a gravitational field of a point
mass in the Newtonian picture one sees that they undergo a relative acceleration, due to
so-called tidal forces. Translated into the spacetime perspective this means that geodesics
focus—and the quantity that focusses geodesics clearly is curvature.

Consequently the curvature of spacetime has to be related to physical forces, or better to the
all the mass and energy it contains. (Mass is equivalent to energy by the famous equation
E = mc?.) Already in classical mechanics and electrodynamics the matter variables (forces,
strain, stress, etc.) are described by a single object, the so-called energy momentum tensor
T which is a symmetric (0, 2)-tensor field. Moreover T is divergence free and this property
implements energy conservation, another basic principle in all of physics.

So specifically Einstein in 1915 was looking for the correct equation that relates 7' to the
curvature of spacetime. In a time where Riemannian resp. Lorentzian geometry has by far
not been developed to its present state he first tried several variants of the Ricci curvature
in his attempt to describe the perihelion precession of the planet mercury. However, the
Ricci tensor is not divergence free and so he finally introduced the following quantity.
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3.3.5 Definition (Einstein tensor). Let (M,g) be a Lorentzian manifold. We define
the Einstein tensor as

1
G := Ric —3 Syg. (3.3.11)
The essential properties of G are now:

3.3.6 Lemma (Properties of G). The Einstein tensor of a spacetime has the following
properties:

(i) G is a symmetric and divergence free (0,2)-tensor field.
1
(i1) Ric =G — QC(G)g.

Proof. (i) Symmetry of G follows immediately from symmetry of Ric and g. To calculate
the divergence div(Sg) = C13(V(Sg)) we write

V(Sg)(X,Y,Z) = Vz(59)(X.Y) = Vz(Sg(X,Y)) — S9(VzX,Y) — Sg(X,VzY)
= (V29)g(X,Y) + 5Vz(g(X,Y)) — Sg(VzX,Y) — Sg(X, VzY).
(3.3.12)

Moreover by (V5) we have 0 = (Vz9)(X,Y) = Vz(g(X,Y)) — g(VzX,Y) — g(X,VzY)
and so

V(S9)(X.Y,Z) = (V48) g(X,Y) =dS(Z) g(X,Y) = g dS(X.Y, Z).  (3.3.13)

Now for convenience proceeding in coordinates we find (V(S¢))ijx = 6i;(dS)r = 6:;0xS and
hence

| .95 oS
div(Sg); = C13(V(59)); = ¢* Jigx = 5g7 = (@9 (3.3.14)

So we finally arrive at div(Sg) = dS and so by 3.3.4
1 1
div(G) = div(Ric —3 Sg) = 3(dS - dS) = 0. (3.3.15)

(i) We have C(g) = ¢gY¢;; = 6! = dimM = 4, hence by definitions 3.3.2 and 3.3.5
C(G) =C(Ric) —1/25C(g) = S — 25 = —S and finally

Ric—G—l—%Sg—G—%C(G)g. (3.3.16)

O

The significance of the previous results lie in the fact that (i) says that in the light of
the above discussion G is a formally qualified candidate for the curvature quantity to be



3.3. THE EINSTEIN EQUATIONS 85

equated with T, while (ii) guarantees that it is also a sensible one, since it encodes the
same information as Ric. So we finally arrive at:

The Einstein equations. If (M, g) is a spacetime with energy momentum tensor 7" then

TN

G = -

T. (3.3.17)

Here N = 6.67- 10" m?3/(kg - s?) is Newton’s gravitational constant and ¢ = 2.99 - 10%m/s
is the speed of light in vacuum. Usually one sets N/c! = 1 which amounts to using so-
called geometric units. In the very important special case of vacuum, i.e., in the absence
of matter, the equations reduce to

Ric = 0, (3.3.18)

since by 3.3.5 and 3.3.6(ii) Ric vanishes iff G vanishes. So vacuum solutions to Einstein
equations are Ricci flat but far from (locally) flat, i.e., R = 0, as is exemplified e.g. by
the notorious Schwarzschild metric which is the (unique) spherically symmetric solution of
(3.3.18) and provides the simplest model of a black hole.

Now in a sense General Relativity is the study of solutions of the Einstein equations.
From the coordinate formulae one sees that they form a highly complicated system of
(by symmetries of G) 10 coupled nonlinear (quasilinear, to be precise) partial differential
equations for g. Although there are literally thousands of known exact solutions to (3.3.17)
accompanied by a big wealth of deep results in Lorentzian geometry and also recently the
global existence theory of Einstein’s equations has made great advances it is still fair to
say that one is far from reaching a comprehensive understanding of their full content. So
General Relativity is a very active field of research today, combining many fascinating
aspects of (Lorentzian) geometry and analysis.
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