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Chapter 1

Introductory material

1.1 Synopsis (from the course web page, from
URL https://www.maths.ox.ac.uk/node/4068

1.1.1 Recommended Prerequisites

B7.2a Relativity and Electromagnetism.

1.1.2 Aims & Objectives

The course is intended as an elementary introduction to general relativity, its ba-
sic physical concepts of its observational implications, and the new insights that
it provides into the nature of space time, and the structure of the universe. Fa-
miliarity with special relativity and electromagnetism as covered in the B7 course
will be assumed. The lectures will review Newtonian gravitation, tensor calculus
and continuum physics in special relativity, physics in curved space time and the
Einstein field equations. This will suffice for an account of simple applications to
planetary motion, the bending of light and the existence of black holes.

This course starts by asking how the theory of gravitation can be made con-
sistent with the special-relativistic framework. Physical considerations (the prin-
ciple of equivalence, general covariance) are used to motivate and illustrate the
mathematical machinery of tensor calculus. The technical development is kept
as elementary as possible, emphasising the use of local inertial frames. A similar
elementary motivation is given for Einstein’s equations and the Schwarzschild so-
lution. Orbits in the Schwarzschild solution are given a unified treatment which
allows a simple account of the three classical tests of Einstein’s theory. Finally,
the analysis of extensions of the Schwarzschild solution show how the theory of
black holes emerges and exposes the radical consequences of Einstein’s theory for
space-time structure. Cosmological solutions are not discussed.



1.1.3 Learning Outcomes

Students will have developed a knowledge and appreciation of the ideas and
concepts described above.

1.1.4 Synopsis

Review of Newtonian gravitation theory and problems of constructing a rela-
tivistic generalisation. Review of Special Relativity. The equivalence principle.
Tensor formulation of special relativity (including general particle motion, tensor
form of Maxwell’s equations and the energy momentum-tensor of dust). Curved
space time. Local inertial coordinates. General coordinate transformations, el-
ements of Riemannian geometry (including connections, curvature and geodesic
deviation). Mathematical formulation of General Relativity, Einstein’s equations
(properties of the energy-momentum tensor will be needed in the case of dust
only). The Schwarzschild solution; planetary motion, the bending of light, and
black holes.

1.1.5 Reading List

1. L.P. Hughston and K.P. Tod, An Introduction to General Relativity, LMS
Student Text 5, CUP (1990), Chapters 1-18.

2. N.M.J. Woodhouse, Notes on Special Relativity, (Mathematical Institute
Notes. Revised edition; published in a revised form as Special Relativity, Lecture
notes in Physics m6, Springer Verlag, (1992), Chs 1-7

Further Reading

1. B. Schutz, A First Course in General Relativity, CUP (1990).

2. R.M. Wald, General Relativity, Chicago (1984).

3. W. Rindler, Essential Relativity, Springer Verlag, 2nd edition (1990).

1.2 Lectures 1-2

see Woodhouse [9], Chapters 1-2

You are expected to study, and master, both what has been covered in the
lectures, and that relevant part of the material in Woodhouse’s book which has
not.

See also the excellent entry in Wikipedia on the Principle of Equivalence,
URL http://en.wikipedia.org/wiki/Principle_of_equivalence



1.3 Warning

Whatever follows are very rough notes, hardly proofread. All civilised and con-
structive comments about typos, mistakes, etc., are welcome.



Chapter 2

Introduction to tensor calculus

2.1 Some reminders: Minkowski space-time

A quadratic form is a homogeneous quadratic polynomial on a vector space, say
V. So, in finite dimension n, if X € V is decomposed as X'e; in a basis e;,
i1 =1,...,n, then a quadratic form () can be uniquely represented as

QX) =) QuX'X7,
=1

for a collection of numbers );;. Note that the antisymmetric part of Q;;, if any,
would give zero contribution to the sum, and therefore without loss of generality
we can assume that @);; is symmetric:

Qij = Qji -

It is known that every quadratic form can be written as a sum of squares, with
coefficients +1. We say that the signature is (p, ¢) if there exists a representation
with p pluses and ¢ minuses. The signature is sometimes also written as

(+, sty =y —
N——

p times q times

The (n+1)-dimensional Minkowski space-time is the vector space R"*! equipped
with a quadratic form n with signature (1,n), equivalently (+,—,..., —). Points
z € R"! will often be written as (¢, 7).

By the Sylvester inertia theorem the signature is coordinate-independent, and
(as already pointed out), there exists a choice of coordinates z*, called inertial

coordinates, so that *2-1-1 2.1.1: This is the
Jamiliar special
relativistic “line
0,0 1,1 n,n element”, using
77(1"3/) =T y - y —... y . (211) units in which the
speed of light ¢
equals 111!



or

n(z,r) = 2°2° —atat — . — 22" (2.1.2)
(Here he have implicitly used the obvious one-to-one correspondence between
quadratic forms, such as the right-hand-side of (2.1.2), with bilinear forms, such
as the right-hand-side of (2.1.1)). One also writes n = (7),,,), representing 1 by a

(n+1) x (n+ 1) matrix

1 0 0
" 0 —1 0

Nuw) = . s
g 0 .0
0 0 —1

SO
n(x,y) = ety .
Here we are using the summation convention, which means that repeated indices,
one in subscript and one in superscript position, have to be summed over. For
example, if greek indices are assumed to run from 0 to n, then (2.1.3) below
means
ot = LR + LMat + ..+ LR E" .

A vector X is called timelike if n(X, X) > 0, null if X # 0 and n(X, X) =0,
spacelike if (X, X) < 0. An example of a null vector is given by the vector with
components (1,1,0,0) (in a coordinate system in which 7 takes the form (2.1.2)).

We write RY" for

RY™ = (R™", ) .

The coordinates in which 7 takes the form (2.1.1) are called inertial, or non-
accelerating. Two such coordinate systems z# and z* differ by a Lorentz trans-
formation:

= Lr,T" (2.1.3)

where L = (L*,) is a Lorentz matrix.

A useful result about inertial coordinates is the following: given any timelike
vector T' = (T"), there exists an inertial frame in which the 7" has components
(¢,0,...,0), for some ¢t € R*. (There are in fact many such frames, differening
from each other by a rotation, possibly composed with a parity transformation
and/or a time reversal.) This is proved by a Gram-Schmidt orthogonalisation,
using a basis in which 7" is the first basis vector.

By definition, Lorentz matrices are those matrices which preserve the quadratic
form 7; in matrix notation:

Nw = naﬂLauLﬂu - LaunaBLﬁu 5
—_———
LtnL

This implies det L = +1.
Examples are:



1. a boost along the z-axis

<1 =
I e

_ o O O
—_

THEOREM 2.1.1 Ewvery Lorentz transformation is a composition of a number of
the transformations above.

DEFINITION 2.1.2 Poincaré transformations are compositions of Lorentz trans-
formations and translations.

*2.1.2 We shall soon be using the symbol 7 for the following object: 02.1.2: smaller
font paragraphs,
such as this one,

n= dt2 — (dxl)z - = (dx")Q , (2_1_4) can (and should)

be safely ignored
during a first
which means something closely related to (2.1.2), but not quite the same thing. In ot exvmimabie.
(2.1.2) 7 is a quadratic form on R"*1 while n in (2.1.4) is a field of quadratic forms
on R™1!: this means that at each point € R*"!, 5 is a quadratic form on the
“tangent space T,R"t17: this is the collection of all vectors tangent to RT! at the
point z. This last space is linearly isomorphic to R™*!, with the “tangent bundle”
TR = U, cgn+1T,R™! being diffeomorphic to R2"+D): we will return to this

shortly, see Section 2.2.2.

2.1.1 Electromagnetic fields

In everyday experience, the electromagnetic field is thought of as two vector
fields, E and B. If there are no sources, E and B satisfy the following sourceless
Maxwell equations:

V-E=0, V-B=0, (2.1.5)
OE - 0B .
— B = E 2.1.
Loco, 7 VAB, ot VAE, (2.1.6)

=1
Lorentz discovered his group by studying the invariance properties of those
equations under linear coordinate transformations.



The bottom-line of his calculation is, that if you form an anti-symmetric
matrix F', called the Mazwell tensor, as follows:

0 —-E, —F, —F4
E, 0 —By B,
E2 Bg 0 —Bl ’
By —By, B 0

F=(Fm) =

then F' transforms as
F=LFL' <= F"=[L'F*"L"
In fact, Lorentz proved:

THEOREM 2.1.3 The Mazwell equations are preserved by linear transformations
of coordinates and of E and B if and only if the above transformation laws hold,
where A is the matrix of a Lorentz transformation.

Let ¢€;j1, be the three-dimensional alternating symbol, this means that: €123 = 1, and
€ijk = —€jik = —€jk;; you should check that these equations define all components
of €;j; uniquely. Then we have (please check as well!)

Fij = €iuB*
keeping in mind that F'*” is obtained from F),, by raising indices:
FH =ty Fog
and that, for consistency, B; = —B, E; = —E".
EXERCICE 2.1.4 Relate the set of equations
O F" =0

to the Maxwell equations (2.1.5)-(2.1.6).

2.2 Introduction to tensor calculus

We have seen so far at least two objects with rather different behavior under

changes of inertial frames — the frames themselves, and the Maxwell tensor F'.

It makes sense to try to systematise all this. *2-21 2.2.1: In addition
to the current
notes on the
introduction to
tensor calculus,
you should study
the relevant parts
of Woodhouse’s
book.



2.2.1 Scalar functions

Under a change of coordinates x° — y7(2%) a scalar function f simply changes
using composition; so to a function f(x) we associate a new function

In general relativity it is a common abuse of notation to write the same symbol f
for what we wrote f, when we think that this is the same function but expressed in
a different coordinate system. In this section, to make things clearer, we will make
this notational distinction, but this will almost never be done in the remainder
of the lectures. For example we will systematically use the same symbol g, for
the metric components, whatever the coordinate system used.

2.2.2 Vector fields

The notion of a vector field finds its roots in the notion of tangents to a curve,
say s — y(s).

If we use local coordinates to write y(s) as (v*(s),v%(s),...,7"(s)), the tan-
gent to that curve at the point v(s) is defined as the set of numbers

(41(5),4%(s), - -, 3" (s)) .

where a dot denotes a derivative with respect to s.

Consider a curve 7(s) given in a coordinate system z* and let us perform a
change of coordinates z° — y7(z'). In the new coordinates 3’ the curve 7 is
represented by the functions y?(v'(s)), with new tangent

dy 0
ds - c%cﬂ

This formula defines what is called the transformation law of vectors: given a
point x = (z') and a set of numbers X = (X?), the set (X?) is called a vector at
z if, under a change of coordinates x° — y/(z*) the set (X?) transforms as

X'() - X (@) = ¥ 9L @)X (@) 2.2.1)
so that finally
Xy = 3 P () X (aw) (222

A very convenient way of representing vectors is using first order homogeneous
differential operators. So, consider a vector field represented in a coordinate

10



system z° by a set of functions (X?), which transform using the transformation
rule (2.2.1) under coordinate changes. Define the following differential operator

0 0
X =X'— 4. . . +X" .
oxl . + oxn

The point is that the transformation rule (2.2.1) becomes implicit in the notation.
Indeed, consider a function f, so that the differential operator X acts on f by
differentiation:

of(x)

X(f)(z) = ZXZ'W : (2.2.3)

7

If we make a coordinate change so that
o =2 (y) = Yt =y),

keeping in mind that

then

with X* given by (2.2.1). So

X (f) is a scalar iff the coefficients X* satisfy the transformation law of a vector.

EXERCICE 2.2.1 Check that this is a necessary and sufficient condition.

From now on the summation convention will be used systematically,
so that the summation symbol will be omitted whenever in a formula

11



two identical indices occur, one up and one down, unless explicitly
stated otherwise.
We will often use the middle formula in the above calculation in the form

0 ok o
R — (2.2.4)
oxt  Ox' Oyk
Note that the tangent to the curve s — (s, 2% 23,...2"), where (2%, 2°,. .. 2")
are constants, is identified with the differential operator
0
81 = —
Ox!

3

Similarly the tangent to the curve s — (2!, s,2%,...2"), where (2!, 23,...2")

are constants, is identified with

0
Oy = —
> 7 012
and then 7 is identified with
7(5) = 'Vlaz

2.2.3 Covectors

Covectors are linear maps on the space of vectors.
The basic object is the coordinate differential dx?, defined by its action on

vectors as follows: o ,
de(XJaj) = X (2.2.5)

Equivalently,
i _._ )L =y
da'(0) = 0; = { 0, otherwise.
The dz®’s form a basis for the space of covectors: indeed, let ¢ be a linear map
on the space of vectors, then

P( X)) =9(X'0) = X' ¢(0) =¢idz'(X) NP (pida’) (X))
X9, linearity call this ¢; def. of sum of functions

hence

@ = pida’,
and every ¢ can indeed be written as a linear combination of the dz®’s. Under a
change of coordinates we have

_ oy
()OZ axk

P X' = XP = X",

12



leading to the following transformation law for components of covectors:

_ oyt
Pk = %‘@ )

Given a scalar f, we define its differential df as

_ O g of
df_@xldx +"'+axn

dz" .

With this definition, da® is the differential of the coordinate function .

(2.2.6)

As presented above, the differential of a function is a covector by definition.
As an exercice, you should check directly that the collection of functions ¢; := 0; f

satisfies the transformation rule (2.2.6).

We have a formula which is often used in calculations

) J
dy’ = %dwk )
x

An elegant approach to the definition of differentials proceeds as follows: Given

any function f, we define:

df(X) = X(f) -

(2.2.7)

(Recall that here we are viewing a vector field X as a differential operator on func-
tions, defined by (2.2.3).) The map X — df(X) is linear under addition of vectors,
and multiplication of vectors by numbers: if A, p are real numbers, and X and Y

are vector fields, then

df(AX +pY) (AX +uY)(f)

~—
by definition (2.2.7)

AX O f + pY o, f

<|I

by definition (2.2.3)

- AdF(X) + pdf (V)
by definition (2.2.7)

Applying (2.2.7) to the function f = 2 we obtain

da'(0;) = 25

recovering (2.2.5).

EXAMPLE 2.2.2 Let (p,¢) be polar coordinates on R?, thus z = pcosp, y =

psin ¢, and then

dx = d(pcos) = cos pdp — psinpdy |
dy = d(psin ) = sin pdp + pcos pdyp .

13



At any given point p of a manifold M the set of vectors forms a vector space,
denoted by T,M. The collection of all the tangent spaces is called the tangent
bundle to M, denoted by T'M.

Similarly, at any given point p € M the set of covectors forms a vector space,
denoted by Ty M. The collection of all the tangent spaces is called the cotangent
bundle to M, denoted by T M.

2.2.4 Bilinear maps, two-covariant tensors
A map is said to be multi-linear if it is linear in every entry; e.g. ¢ is bilinear if
glaX +bY, Z) = ag(X, Z) + bg(Y, Z) |
and
9(X,aZ +bW) =ag(X,Z) + bg(X, W) .
A map g which is bilinear on the space of vectors can be represented by a matrix
with two indices down:
g(X,Y) = g(X'0;,Y70;) = X'Y7 (8;,0;) = giyda’ (X )da (V)
—_——
=i9ij
We say that g is a covariant tensor of valence two.
We say that g is symmetric if g(X,Y) = g(Y, X) for all X, Y; equivalently,
9ij = YGji-
A symmetric bilinear tensor field is said to be non-degenerate if det g;; has no
ZETO0S.

By Sylvester’s inertia theorem, there exists a basis 6 of the space of covectors
so that a symmetric bilinear map g can be written as

g(X7 Y) = el(X)el(Y)—i— . '_'_QS(X)HS(Y)—95+1(X)93+1(Y)_. ) .—98+T(X)98+T(Y)

(s,7) is called the signature of g; in geometry, unless specifically said otherwise,
one always assumed that the signature does not change from point to point.

If s =n, in dimension n, then ¢ is said to be a Riemannian metric tensor.

A canonical example is provided by the flat Riemannian metric on R" is
g=(dz")? + ...+ (dz™)*.

By definition, a Riemannian metric is a field of symmetric two-covariant ten-
sors with signature (+,...,+) and with det g;; without zeros.

14



A Riemannian metric can be used to define the length of curves: if v : [a,b] > s —
v(s), then

b
ly(y) = / Vg(y,7)ds .

One can then define the distance between points by minimizing the length of the
curves connecting them.

If s=1and r =N — 1, in dimension N, then ¢ is said to be a Lorentzian
metric tensor.
For example, the Minkowski metric on R*™" is

n = (dz®)? — (dz')* — ... — (dz"™)*.

2.2.5 Tensor products
If ¢ and € are covectors, we can define a bilinear map using the formula
(P ®O)(X,Y) = p(X)0(Y) . (2.2.8)

For example
(de' @ de®)(X,Y) = X'Y?2.

Using this notation, if g is a bilinear map on vectors, then we have
g(X.Y) = g(X'0,Y70)) = 9(8,0,) X Y7 = (gyda'®da’)(X,Y). (2:2.9)

N——

(dei®dzd)(X,Y)
We will write dz‘dx’ for the symmetric product,
da'dx’ = %(dml ® dr’ + dr’ @ dx')
so that (2.2.9) is most of the time written as
g(X,Y) = (gijda’dx?)(X,Y) <= g=gyda'da’ .

This formula allows one to read-off, without even having to think, the transfor-
mation law of a metric tensor under coordinate changes:

; : Ox' O
9ilw) do, o :gij(i'f)a—wa—y@dykdy’z-
gT’c;dyk %dyl

So, if we write gre(y)dy*dy* for the metric in the coordinates y, we have

Guly) = gij<x<y>>%<y>§—zﬁ<y> |

15



EXAMPLE 2.2.3 Let (p, @) be polar coordinates on R%:
T =pcosy, Yy=psing.
We then have
dx =d(pcosy) =cospdp — psinpdp, y=d(psing) =sinpdp+ pcospdp .

From this, we find that the Euclidean metric g = da? + dy? on the plane can also
be written as

g = do*+dy* = (cospdp — psinpdyp)? + (sinpdp + pcos p dp)?
dp* + p*sin® p dp? |
Recall that, by definition, a Lorentzian metric is a symmetric two-covariant tensor
field with signature (+,—,...,—). This implies that the determinant det g,, of
the matrix g, representing g in some coordinate system is strictly negative; given a

symmetric bilinear tensor, calculating this determinant provides a good hint whether
or not this might be a Lorentzian metric.

One writes da’ A dz’ for the anti-symmetric tensor product:

dz' Ada? = = (dz' @ da’ — d2’ ® da') .

1
2
It should be clear how this generalises: the tensors dz’ @ da’/ ® dz*, defined

as
(d2' @ dv? @ da*)(X,Y, Z) = X'YIZF

form a basis for three-linear maps on the space of vectors. In other words, in
local coordinates, every three-linear map X can be written in the form

X = Xijkdxi ® de? @ da* .

Here X is a tensor of valence (0,3). Each index leads to a transformation factor
as in a covector:

- Ozt 9 z*
X = Xypde' @ dr? @ da* = Xijpe— oo S5y @ dyt @ dy™
Y

It is sometimes useful to think of vectors as linear maps on co-vectors, using
a formula which looks funny when first met: if 6 is a covector, and X is a vector,
then
X(0):=0(X)

(the right-hand-side is the value of # on X, so this formula defines the left-hand-
side). So if § = 0;dz’ and X = X'0; then

16



It then makes sense to define e.g. 0; ® 9; as a bilinear map on covectors: if 6§ and
1) are covectors, then
(0; ® 9;)(0,%) := b .
Here, as usual 6; := 0(0;), ¥; == ¢ (0;).
Next, one can define a map 9; ® da? which is linear on forms in the first slot,
and linear in vectors in the second slot as

(0; @ da?) (0, X) := 0;(0)da? (X) = 6; X7 . (2.2.10)

The 9; @ dz?’s form the basis for the space of tensors of rank (1,1), or valence
(1,1); if T is such a tensor, then in local coordinates it can be written as

T=T,0;®da .

Such a tensor transforms under coordinate changes in the obvious way:

| 0y 0w
i ) Joo— . ) k
T j axz & d[L‘ T j al'l ayk ay] ® dy .
2o, ar !

Quite generally, a tensor of valence, or rank, (7, s) can be defined as an object
which has r vector indices and s covector indices, so that it transforms as
oy Oy's oz Oxb
ots gpmi " Ggmr Oy = Oyis
For example, if X? and Y7 are vectors, then X?Y7 forms a contravariant tensor

of valence two.
Tensors of the same valence can be added in the obvious way: e.g.

Tensors can be multiplied by scalars: e.g.
Finally, we have seen in (2.2.8) how to take tensor products for one forms, and
in (2.2.10) how to take a tensor product of a vector and a one form, but this can
also be done for higher order tensors: e.g., if S is of valence (a,b) and T is a
multilinear map of valence (¢, d) (not to be confused with the signature!), then
S ® T is a multilinear map of valence (a + ¢, b+ d), defined as
(S®T)0,... LY, )=2800,..)T{,...).

NV VvV
a covectors and b vectors ¢ covectors and d vectors

Sllmzrjl...js N Sml...mr

A rather shorter way of saying what we said so far about tensor products, which
includes all the cases we treated separately, is: suppose that V and W are vector
spaces, and let « be a p-linear map on V, and 8 be a g-linear map on W, then, for
Xi,...,XpeVand Y1,...,Y, € W, one defines

(a®@p)(X1,...,Xp, Y1,...,Yy) = a(Xy,..., Xp)B(Y1,...,Y,) .

17



Contractions

The simplest example of the contraction applies to tensor fields S’; with one
index down and one index up. One can then perform the sum

St

This turns out to be a scalar; indeed, under changes of coordinates,

- _ - Ox? Oyt
S 8 =8 2L
ST g0k D
and ,
al ; 0! Yy’ i
S ¢ = iA 7 A — 3
oyt Ox'
W—/
5;

One can similarly do contractions on higher valence tensors, e.g.

11020 ) lig..ir )
S j1j2i3-ds 7 S J1€j3...ds

After contraction, a tensor of rank (r + 1, s + 1) becomes of rank (r, s).

2.2.6 Raising and lowering of indices

0222 Tt g be a symmetric two-covariant tensor field on M, by definition such ez wmis is the

an object is the assignment to each point p € M of a bilinear map g(p) from
T,M x T,M to R, with the additional property

g(X, Y) = g(Y,X) :

In this work the symbol g will be reserved to non-degenerate symmetric two-
covariant tensor fields. It is usual to simply write g for g(p), the point p being
implicitly understood. We will sometimes write g, for g(p) when referencing p.

The usual Sylvester’s inertia theorem tells us that at each p the map g will
have a well defined signature; clearly this signature will be point-independent on
a connected manifold when ¢ is non-degenerate. A pair (M, g) is said to be a
Riemannian manifold when the signature of g is (dim M, 0); equivalently, when ¢
is a positive definite bilinear form on every product T, M x T,M. A pair (M, g) is
said to be a Lorentzian manifold when the signature of ¢ is (dim M — 1,1). One
talks about pseudo-Riemannian manifolds whatever the signature of g, as long
as ¢ is non-degenerate, but we will only encounter Riemannian and Lorentzian
metrics in this work.

Any pseudo-Riemannian ¢ induces an isomorphism

> T,M — T M
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by the formula

X,(Y) = g(X,Y)].

In local coordinates this gives
X, = g X'dr! =: X;dx’ . (2.2.11)

This last equality defines X; — “the vector X7 with the index j lowered”:

The operation (2.2.12) is called the lowering of indices in the physics literature
and, again in the physics literature, one does not make a distinction between the
one-form X, and the vector X.

The inverse map is often denoted by # and is called the raising of indices;
from (2.2.11) we obviously have

of = g90,0; = 0, = da'(af) =|a’ = gYaq,|, (2.2.13)

where (g*) is the matrix inverse to (g;;). For example,
(dz')?* = g™ .

Clearly (¢/), understood as the matrix of a bilinear map on Ty M, has the same
signature as ¢, and can be used to define a scalar product g* on Ty (M):

g, B) = g(c*, F}) = gida',da?) = g7 .
This last equality is justified as follows:

gi(da’, da’) = g((dx)F, (da’)*) = g(g™ O, 9 00) = g™ gre 9" = 97" = g7 .

:52

It is convenient to use the same letter g for g — physicists do it all the time —
or for scalar products induced by g on all the remaining tensor bundles, and we
will often do so.

Omne might wish to check by direct calculations that g,, X" transforms as a one-
form if X* transforms as a vector. The simplest way is to notice that g, X" is a
contraction, over the last two indices, of the three-index tensor g,, X®. Hence it is
a one-form by the analysis at the end of the previous section. Alternatively, if we
write g, for the transformed g, ’s, and X for the transformed X®’s, then

> ozt 0x¥ Oz
7} XP = y—— ——= b — XY —
gCVB gM 6ya 6y6 gM aya I
oz dzV ~——
Iuv gya ayB Xv

which is indeed the transformation law of a covector.
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2.3 Covariant derivatives

When dealing with R™, or subsets thereof, there exists an obvious prescription
for how to differentiate tensor fields: in this case we have at our disposal the
canonical “trivialization {0;},—1__, of TR™ (this means: a globally defined set
of vectors which, at every point, form a basis of the tangent space), together with
its dual trivialization {dx’ bic1,.n of T*R™. We can expand a tensor field 7" of
valence (k,¢) in terms of those bases,

T=T""%; ;,0i®..Q0 @d’®.. d"
<~ Til”'ikj = T(dl’il,...,dxik,ajl,...,aj[) , (231)

1---Je

and differentiate each component 7%, . of T separately:

X(T) = X0 (T, 5,)00i ®. . R0, @A ®. . .@d’* .
(2.3.2)

The resulting object does, however, not behave as a tensor under coordinate

transformations, in the sense that the above form of the right-hand-side will not

be preserved under coordinate transformations: as an example, consider the one-

form 7' = dz on R™, which has vanishing derivative as defined by (2.3.2). When

expressed in spherical coordinates we have

in the coordinate system

T = d(pcosp) = —psin pdp + cos pdp ,

the partial derivatives of which are non-zero (both with respect to the original
cartesian coordinates (x,y) and to the new spherical ones (p, ¢)). The notion of
a covariant derivative, sometimes also referred to as a connection, is introduced
precisely to obtain a notion of derivative which has tensorial properties. By
definition, a covariant derivative is a map which to a vector field X and a tensor
field T" assigns a tensor field of the same type as T', denoted by VxT', with the
following properties:

1. VxT is linear with respect to addition both with respect to X and 7"

VX+yT:vXT+VyT, VX(T—I—Y) :VxT—f-vXY; (233)

2. VxT is linear with respect to multiplication of X by functions f,

foT = fVXT 3 (234)

3. and, finally, VxT satisfies the Leibniz rule under multiplication of T" by a
differentiable function f:

Vx(fT) = fVxT + X(f)T . (2.3.5)
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It is natural to ask whether covariant derivatives do exist at all in general and,
if so, how many of them can there be. First, it immediately follows from the
axioms above that if D and V are two covariant derivatives, then

A(X,T) = DxT — VT

is multi-linear both with respect to addition and multiplication by functions —
the non-homogeneous terms X (f)7 in (2.3.5) cancel — and is thus a tensor field.
Reciprocally, if D is a covariant derivative and A(X,T') is bilinear with respect
to addition and multiplication by functions, then

is a new covariant derivative. So, at least locally, on tensors of valence (r, s) there
are as many covariant derivatives as tensors of valence (r +s,r 4+ s+ 1).

Functions

The canonical covariant derivative on functions is defined as

and we will always use the above. This has all the right properties, so obviously
covariant derivatives of functions exist. From what has been said, any covariant
derivative on functions is of the form

Vxf=X(f)+aX)f, (2.3.7)

where « is a one-form. Conversely, given any one form «, (2.3.7) defines a co-
variant derivative on functions. The addition of the lower-order term «(X)f in
(2.3.7) does not appear to be very useful for functions, but it plays a role in a geo-
metric formulation of electrodynamics, or in geometric quantization. In any case
such lower-order terms play an essential role when defining covariant derivatives
for tensor fields.

Vectors

The simplest next possibility is that of a covariant derivative of vector fields. Let
us not worry about existence at this stage, but assume that a covariant derivative
exists, and work from there. (Anticipating, we will show shortly that any metric
defines a covariant derivative, called the Levi-Civita covariant derivative, which
is the unique covariant derivative operator satisfying a natural set of conditions,
to be discussed below.)

We will first assume that we are working on a set {2 C M over which we have
a global trivialization of the tangent bundle T'M; by definition, this means that
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there exist vector fields e,, a = 1,...,dim M, such that at every point p € € the
fields e,(p) € T,M form a basis of T, M.} *2-3:1
Let 6 denote the dual trivialization of T*M — by definition the 8%’s satisfy

0" (ep) = 0y

Given a covariant derivative V on vector fields we set

Fab(X) = Ga(Vxeb)
Pabc = Fab(ec) Qa(Veceb)

<— Vxe, = Fab(X)ea , (238&)

(2.3.8b)

<~ Vxe, =1"%.X", .

The (locally defined) functions I'*,. are called connection coefficients. If {e,} is
the coordinate basis {0, } we shall write

¥ = da™(V, 00) ( = V0, = rﬂyua(,> , (2.3.9)
etc. In this particular case the connection coefficients are usually called Christof-
Jfel symbols. We will sometimes write I'J instead of I',,; note that the latter

VL)
convention is more common. By using the Leibniz rule (2.3.5) we find

VxY Vx(Y,)

X(Y"e, +Y*Vxe,

X(Y%e, + YT (X)ey

= (X(Y*) +T%(X)Y")e,
(

XYY +T% Y Xe, , (2.3.10)

which gives various equivalent ways of writing VxY. The (perhaps only locally
defined) I'%,’s are linear in X, and the collection (I")qp=1.. dima IS sometimes
referred to as the connection one-form.

We will often write V, for V., .
The one-covariant, one-contravariant tensor field VY is defined as

VY =V Y0 @ ey <= V.Y := 0°(V.,Y) <= |V Y = e, (V") + T, Y.

(2.3.11)

V,Y? will sometimes be written as Yb;a.

!This is the case when  is a coordinate patch with coordinates (x%), then the
{€a}a=1,...dim M can be chosen to be equal to {9,}q=1, .. dimam. Recall that a manifold is said
to be parallelizable if a basis of TM can be chosen globally over M — in such a case 2 can be
taken equal to M. We emphasize that we are not assuming that M is parallelizable, so that
equations such as (2.3.8) have only a local character in general.
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Transformation law

Consider a coordinate basis 0,:, it is natural to enquire about the transformation
law of the connection coefficients I'';; under a change of coordinates z* — y*(a?).
To make things clear, let us write I'j; for the connection coefficients in the z—

coordinates, and T ;i for the ones in the y—cordinates. We calculate:

P = o' (V 5, 55)
i dy' o
= (va;%@a_y@)
0%yt 0 oy* 0
du (axkaxja—yﬁ@ aika—yﬁ

oxt o Pyt 0 oy 9,
oy Y <8xk6ﬂ oyt o @V% 57 a—yf>
oz | < Pyt 0 oyt oy 0

Sy Y]
Ay Y

Oxkdxi Oyt~ Oxd dxk 3 O )
ort 0%y° oz’ Oy’ Oy" -

- 2 . Y Y s, 2.3.12
Qy® dxkoxi * dy® Oxd Ox* ¢ (2:3.12)

Summarising,

[, e Ox' dy* oy"  Ox' Py’
0 gy Oad Ok Oys Oak i

(2.3.13)

Thus, the I'";;’s do not form a tensor; instead they transform as a tensor plus a
non-homogeneous term containing second derivatives, as seen above.
Torsion

Because the inhomogeneous term in (2.3.13) is symmetric under the interchange
of i and 7, it follows from (2.3.13) that

Th =T — Ty

J

does transform as a tensor, called the torsion tensor of V.

An index-free definition of torsion proceeds as follows: Let V be a covariant deriva-
tive defined for vector fields, the torsion tensor T is defined by the formula

[ T(X,Y):=VxY - VyX —[X,Y]], (2.3.14)
where [X,Y] is the Lie bracket. We obviously have
T(X,)Y)=-T(Y,X). (2.3.15)
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Let us check that T is actually a tensor field: multi-linearity with respect to addition
is obvious. To check what happens under multiplication by functions, in view of
(2.3.15) it is sufficient to do the calculation for the first slot of 7. We then have

T(fX.Y) = VixV = Vy(fX) - [fX,Y]

_ f(VXY - VyX> ~Y(f)X - [fX,Y]. (2.3.16)

To work out the last commutator term we compute, for any function g,

fX,Y)(g) =fX(Y(9)— Y(fX(9) =[fIX.Yl(9)—Y())X(9),
————
=Y (/)X (9)+fY (X(9))
hence

and the last term here cancels the undesirable second-to-last term in (2.3.16), as
required.
In a coordinate basis 0, we have [0,,0,] = 0 and one finds from (2.3.9)

T =T (04, 0,) = (%0 — T%,0)0y |, (2.3.18)

which shows that — in coordinate frames — 7T is determined by twice the antisym-
metrization of the I'? ,,’s over the lower indices. In particular, as already noticed
by inspection of the transformation law for the Christoffel symbols, that last anti-
symmetrization produces a tensor field.

Covectors

Suppose that we are given a covariant derivative on vector fields, there is a natural
way of inducing a covariant derivative on one-forms by imposing the condition
that the duality operation be compatible with the Leibniz rule: given two vector
fields X and Y together with a field of one-forms «, one sets

(Vxa)(Y) = X(a(Y)) — a(VxY)]. (2.3.19)

Let us, first, check that (2.3.19) indeed defines a field of one-forms. The linearity,
in the Y variable, with respect to addition is obvious. Next, for any function f
we have

(Vxa)(fY) = X(a(fY)) = a(Vx(fY))
= X(NalY) + fX(aY)) = a(X()Y + [VxY)
= [(Vxa)(Y)

as should be the case for one-forms. Further, we need to check that V defined
by (2.3.19) does satisfy the remaining axioms imposed on covariant derivatives.

Y
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Again multi-linearity with respect to addition is obvious, as well as linearity with
respect to multiplication of X by a function. Finally,

Vx(fa)(Y) = X(faY)) = fa(VxY)
= X(NaY)+ [(Vxa)(Y),

as desired.
The duality pairing

TyM xT,M 3 (o, X) = a(X) €R

is sometimes called contraction. As already pointed out, the operation V on one
forms has been defined in (2.3.19) so as to satisfy the Leibniz rule under duality
paITINg:

X(aY))=(Vxa)(Y)+ a(VxY); (2.3.20)

this follows directly from (2.3.19). This should not be confused with the Leib-
niz rule under multiplication by functions, which is part of the definition of a
covariant derivative, and therefore always holds. It should be kept in mind that
(2.3.20) does not necessarily hold for all covariant derivatives: if *V is some co-
variant derivative on vectors, and /V is some covariant derivative on one-forms,
in general one will have

X(a(Y)) # (19x)a(Y) + a("VxY) .
Using the basis-expression (2.3.10) of VxY and the definition (2.3.19) we have
Vxa = X"V, 0,
with

Voo | == (Ve,a)(ep)
= ela(er)) — (Ve,e)

= leq(ap) — e .

Higher order tensors

It should now be clear how to extend V to tensors of arbitrary valence: if T is r
covariant and s contravariant one sets

(VxT)( X1y .oy Xy, a) = X(T(Xl, . ..,Xr,al,...as))

—T(V)(Xl,...,XT,Oél,...OéS) — ... —T(Xl,...,VXXr,oq,...ozs)
—T(Xl,...,XT,Vonl,...OéS) — ... —T(Xl,...,Xr,oq,...Vons) .
(2.3.21)
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The verification that this defines a covariant derivative proceeds in a way identical
to that for one-forms. In a basis we have

VxT = XV, Ty 2,70 ® ... 00" ey @...Q ¢, ,
and (2.3.21) gives

vaTal...arblmbS = (veaT>(€a1, R Hbl, cee 9b5>
= ea(Tal...arblmbs) — PcalaTcmarbl“'bs - = FcaraTal...cblmbs
_'_FblcaTaL..arcmbs +.. .+ FbscaTal...arbl"'c . (2322)

Carrying over the last two lines of (2.3.21) to the left-hand-side of that equation
one obtains the Leibniz rule for V under pairings of tensors with vectors or
forms. It should be clear from (2.3.21) that V defined by that equation is the
only covariant derivative which agrees with the original one on vectors, and which
satisfies the Leibniz rule under the pairing operation. We will only consider such
covariant derivatives in this work.

2.3.1 The Levi-Civita connection

One of the fundamental results in pseudo-Riemannian geometry is that of the
existence of a torsion-free connection which preserves the metric:

THEOREM 2.3.1 Let g be a two-covariant symmetric non-degenerate tensor field
on a manifold M. Then there exists a unique connection V such that

1. Vg =0,
2. the torsion tensor T' of V wvanishes.
PRrooOF: Using the definition of V;g,, we have
0= Vigjr = 0igji — P?igﬁk — 005 ; (2.3.23)

here we have written F;k instead of I}y, as is standard in the literature. We
rewrite this equation making cyclic permutations of indices, and changing the
overall sign:

0= —Vigki = —0igui + D90 + 5,90 -

0=—Vigij = —hgij + Dixgej + Tingei -
Adding the three equations and using symmetry of Fé‘?l- in 77 one obtains
0 = ;g6 — 059k — Ongij + 215901
Multiplying by ¢"™ we obtain

m

. 1
= 9" = 59"”(82‘9]% — 0 Gki — OGij) - (2.3.24)
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This proves uniqueness.
It then remains to check that the insertion of I'}}, as given by (2.3.24), into
the right-hand-side of (2.3.23), indeed gives zero, proving existence.

Let us give a coordinate-free version of the above, which turns out to be much
messier: Suppose, first, that a connection satisfying the above is given. By the
Leibniz rule we then have for any vector fields X, Y and Z,

0=(Vxg)(Y,2) = X(9(Y,2)) —9(VxY,Z) —g(Y,VxZ) . (2.3.25)

One then rewrites the same equation applying cyclic permutations to X, Y, and Z,
with a minus sign for the last equation: ®<-°

9(VxY,Z2) +9(Y,VxZ) = X(g9(¥,2)),
9(VyZ,X)+9(2,VyX) = Y(9(Z X)),
—g(VzX,Y) - g(X,VzY) = —Z(g(X,Y)). (2.3.26)

As the torsion tensor vanishes, the sum of the left-hand-sides of these equations can
be manipulated as follows:

9(VxY, Z)+g(Y,VxZ) +9(VyZ,X) + 9(Z,Vy X) —g(VzX,Y) — g(X,VzY)

=g(VxY+Vy X, Z)+9g(Y,VxZ —VzX)+g(X,VyZ —VzY)
:g(QVXY— [X’Y]’Z)+9(K [X’Z]) +g(X, [KZ])
= 29(VXY’ Z) - g([X,Y],Z) +9(K [X’ Z]) +9(X’ [Y’ Z]) .

This shows that the sum of the three equations (2.3.26) can be rewritten as

29(VXY7 Z) - g([X,Y],Z) —g(Y, [Xv Z]) - g(X, [Yv Z])

+X(g(YV,2)+Y(9(Z, X)) - Z(g(X,Y)). (23.27)

Since Z is arbitrary and ¢ is non-degenerate, the left-hand-side of this equation
determines the vector field VxY uniquely, and uniqueness of V follows.

To prove existence, let S(X,Y)(Z) be defined as one half of the right-hand-side
of (2.3.27),

SYV)Z) = (X6, 2) + Y (0(Z, X)) ~ Z(e(X, V)
+9(Z,[X,Y]) - g(V,[X. 2]) - g(X, [, Z])) . (23.28)

Clearly S is linear with respect to addition in all fields involved. It is straightforward
to check that it is linear with respect to multiplication of Z by a function, and since
g is non-degenerate there exists a unique vector field W(X,Y") such that

S(X,Y)(Z) = g(W(X,Y),Z) .
One readily checks that the assignment

(X,)Y) = W(X,Y)
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satisfies all the requirements imposed on a covariant derivative VxY. With some
more work one checks that Vx so defined is torsion free, and metric compatible. O

Let us check that (2.3.27) reproduces (2.3.24): Consider (2.3.27) with X = 0,,
Y =03 and Z = 0,
29(V403,05) = 29(I'”3,0,,05)
= 29,0173y
= 0,980 + 989v0 — 0598+ (2.3.29)

Multiplying this equation by g®?/2 we then obtain

Fag,y = %go‘g{agga7 + 6%905 — aggg,y} . (2.3.30)

2.3.2 Geodesics and Christoffel symbols

A geodesic can be defined as the stationary point of the action

I(y) = %/ g(,%)(s) ds (2.3.31)
=2 (7Y)

where 7 : [a,b] — M is a differentiable curve. Thus,

1
L 8) = a1

One readily finds the Euler-Lagrange equations for this Lagrange function: *2-3-3
02.3.3: a detailed
d ag aZ d2xu‘ dxa dxﬁ Calcula‘tian can be
—\a7 )| =537 M"yp———=0. 2.3.32) fpmam
ds (al‘ﬂ ) ax,uz d82 + B ds ds ( ) Woodhouse’s book

This gives a very convenient way of calculating the Christoffel symbols: given a

metric g, write down .Z, work out the Euler-Lagrange equations, and identify

the Christoffels as the coefficients of the first derivative terms in those equations.
(The Euler-Lagrange equations for (2.3.31) are identical with those of

HWz/VM%Wﬂ%, (2.3.33)

but (2.3.31) is more convenient to work with. For example, .Z is differentiable
at points where 4 vanishes, while /|g(¥,7)(s)| is not. The aesthetic advantage
of (2.3.33), of being reparameterization-invariant, is more than compensated by
the calculational convenience of .Z.)

EXAMPLE 2.3.2 As an example, consider a metric of the form

g =dr? + f(r)dy?® .
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Special cases of this metric include the Euclidean metric on R? (then f(r) = r?),
and the canonical metric on a sphere (then f(r) = sin?r, with 7 actually being the
polar angle 6). The Lagrangian (2.3.33) is thus

L= % (P + f(r)¢?) .

The Euler-Lagrange equations read

o =1 (55) = U,

dp  ds \9p ds
—~—
0
so that
2 2 f!
0=fp+f7% = f (§+T50" + AP +TEP) = T =Th=0, TIf,=3;.
Similarly
oL d (0L ..
- =— | — ) =7
or ds \ or ’
=~
22
so that
f/
s _ s _ s _
FW—FM—O, FW’__E'

2.4 Local inertial coordinates

PrROPOSITION 2.4.1 1. Let g be a Lorentzian metric, for every p € M there
exists a neighborhood thereof with a coordinate system such that g,, = 1, =
diag(1,—1,---,—1) at p.

2. If g is differentiable, then the coordinates can be further chosen so that

aagaﬁ =0 (241)
at p.

PrOOF: 1. Let y* be any coordinate system around p, shifting by a constant
vector we can assume that p corresponds to y* = 0. Let e, = €,/9/0y" be
any frame at p such that g(e,, ey) = 1, — such frames can be found by, e.g., a
Gram-Schmidt orthogonalisation. Calculating the determinant of both sides of
the equation

guueaueby = Tab

we obtain, at p,
det(g,,) det(e ") = —1,
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which shows that det(e,*) is non-vanishing. It follows that the formula

y" = et a”

defines a (linear) diffeomorphism. In the new coordinates we have, again at p,

9(%, %) = e”w”z;g(aiyu, a%/) = Nap - (2.4.2)

2. We will use (2.3.13), which uses latin indices, so let us switch to that
notation. Let 2 be the coordinates described in point 1., recall that p lies at
the origin of those coordinates. The new coordinates 2/ will be implicitly defined
by the equations

) ) 1 . )
ot ="+ iAljki']i'k s

where A’;; is a set of constants, symmetric with respect to the interchange of j

and k. Recall (2.3.13),

0zt Ozt Ox” N ot 0%x® '
Oxs 019 0% Ox® Oxk01i '

[ =%, (2.4.3)

here we use I 7. to denote the Christoffel symbols of the metric in the hatted
coordinates. Then, at z' = 0, this equation reads

fi _ 0zt 0z* Ox” N ozt 9%t
ik T 2 Ops 929 0iF T Oxs 0ik0i
L i I i iyt

o 85 o i AR

Choosing A%, as —I";;(0), the result follows.

If you do not like to remember formulae such as (2.3.13), proceed as follows: Let z#
be the coordinates described in point 1. The new coordinates % will be implicitly
defined by the equations

1
ot = gt §A”a5§70‘i5 7

where A*,3 is a set of constants, symmetric with respect to the interchange of «
and 3. Set
. g 0
i = 0 5557 537
Recall the transformation law

o o 0T oxP
g/w(x ) = gaﬁ(xp(x ))@ i
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By differentiation one obtains at a# = ¥ = 0,

G 0Y, o o
IL0) = ZE(0) + gas(0) (407 + 547,
g
= T 0) + Avyp + App (2.4.4)

where
Anpy = gag(O)Aaﬁy .

It remains to show that we can choose A?g, so that the left-hand-side can be made
to vanish at p. An explicit formula for A, can be obtained from (2.4.4) by a cyclic
permutation calculation similar to that in (2.3.26). After raising the first index, the

final result is . 5 5 5
a a 98y 98p Ypvy
A — _4%P _ _ 0) :
By 29 { oxP ox? 0zh }( )

the reader may wish to check directly that this does indeed lead to a vanishing
right-hand-side of (2.4.4).

2.5 Curvature

We have seen that we can get rid of first derivatives of the metric at any point by
making a coordinate transformation. It turns out that second derivatives cannot
be gotten rid of in this way. This fact will follow from the study of a new object,
called the curvature tensor.

PROPOSITION 2.5.1 1. Let V be torsion-free. There exists a tensor field Rqy? of
type (1,3) such that

VoV X? = ViV X9 = Ryt XC . (2.5.1)
2. Furthermore,
Rape” = 0,18, — 0,1 + 19T, — T T (2.5.2)

PROOF: We need to check that the derivatives of X cancel. Now,

VoV X4 = 0,( VX4 ) +T% VvV, X¢ —I¢V.X?
N—— N——

Op X 44Ty, Xe abXCJngeXe
= 00X +0,I X + T 0, X+ T¢ 9y X +T¢ T, X — T4,V . X .
Hl,_/ N—_—— N — N——
=:1gp =24 =:3ab =ap

If we subtract V,V,X?, then
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1. 1,4 is symmetric in a and b, so will cancel out; similarly for 4., because V
has been assumed to have no torsion;

2. 24 will cancel out with 3,,; similarly 3., will cancel out with 2,.

So the left-hand-side of (2.5.1) is indeed linear in X*¢. Since it is a tensor, the
right-hand-side also is. Since X¢ is arbitrary, we conclude that Rq.? is a tensor
of the desired type. This proves point 1.

To prove 2., from what has been said we have

V. VX9~V VX4 = 9, X¢+TeT5 X — (a < b)
- (aargc - abrddc + Fge Iic - Fd o )XC )

be™ ac

as desired. O

The calculation of the curvature tensor may be a very traumatic experience.
There is one obvious case where things are painless, when all g,,’s are constants:
in this case the Christoffels vanish, and so does the curvature tensor. Metrics
with the last property are called flat.

For more general metrics, one way out is to use symbolic computer algebra.
MATHEMATICA packages to do this can be found at URL’s http://www.math.
washington.edu/~lee/Ricci, or http://grtensor.phy.queensu.ca/NewDemo,
or http://luth.obspm.fr/~1luthier/Martin-Garcia/xAct. This last package
is least-user-friendly as of today, but is the most flexible, especially for more
involved computations.

EXAMPLE 2.5.2 As an example less trivial than a metric with constant coeffi-
cients, consider the round two sphere, which we write in the form

g =db* + e dy* e* =sin?6 .
The Christoffel symbols are easily found from the Lagrangian for geodesics (see
example 2.3.2):
L = %(92 + 2 ¢?) .
The Euler-Lagrange equations give
I, =—fe¥, T, =T%,=[,

with the remaining Christoffel symbols vanishing. Using the definition of the
Riemann tensor we then immediately find that

Roe® = "+ (f)?=—-1.

All remaining components of the Riemann tensor can be obtained from this one
by raising and lowering of indices, together with symmetry operations.
From this one also finds *2-9-1

Rab = Racbc = —dqab , R=-2.
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*2.5.2 A5 an exercice, we check that an equivalent, index-free definition can be given ez.s.2: s is not
as follows: Let V be a torsionless covariant derivative defined for vector fields, the coaminatle
definition

R(X,Y)Z :=VxVyZ —VyVxZ —Vixy|Z|, (2.5.3)

where, as elsewhere, [X,Y] is the Lie bracket , which coincides with the one above
if one sets

Rape = dz?(R(04,0)0.) <= R(D4,3)0: = R0y .
To prove this, given a vector field Z, consider the tensor field S defined as
Y —SY):=VyZ.
In local coordinates, S takes the form
S=V,2"dx" ® 0, .

It follows from the Leibniz rule — or, equivalently, from the definitions in Section 2.3
— that we have

(VxS)(Y) = Vx(S(Y)) - S(VxY)
= VxVyZ — VvaZ .

The commutator of the derivatives can then be calculated as

(VxS)Y) = (Vy9)(X) = VxVyZ—-VyVxZ—-Vvy,vZ+Vy,xZ
= VxVyZ-VyVxZ - VixyZ
+Vixy)Z —VvyxvZ + Vv, xZ
— R(X,Y)Z—Vyuxy)Z - (2.5.4)

Writing V.S in the usual form
VS =V,5,"dz’ @ da" ® 0, = V,V, 2" dz’ @ da" ® 0, ,
we are thus led to
V.V, 2=V, V,Z% = Ryoc"Z° =T,V Z° . (2.5.5)

In the important case of vanishing torsion, the coordinate-component equivalent of
(2.5.3) is thus

V.V, X% —V,V, X% = R X7 (2.5.6)

A calculation identical to that in the proof of Proposition 2.5.1 gives, again
for torsionless connections,

V.Vyae =V, Va0 = —Rue’as . (2.5.7)
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For a general tensor ¢ and torsion-free connection, each tensor index comes with
a corresponding Riemann tensor term:

VuVilar.a P =V, V ity a0 =
_RMValgta...arﬂlnﬂs — .= RMVarJtal...gﬂl"ﬂs

+RMV¢761tO¢1---O¢r0mBS +. + Ruua 1 .. arﬂlma . (258)

From now on we assume a Levi-Civita connection; note that the
convention used in Woodhouse’s book [9] on the positioning of the
Riemann tensor indices is opposite to the one I have always been using,
which is bound to create problems once in a while

One of the fundamental results in Riemannian geometry is:

THEOREM 2.5.3 There exists a coordinate system in which the metric tensor field
has vanishing second derivatives at p if and only if its Riemann tensor vanishes
at p. Furthermore, there exists a coordinate system in which the metric tensor
field has constant entries near p if and only if the Riemann tensor vanishes near

p.

PROOF: The condition is necessary, since R,p,° is a tensor. The sufficiency will
be admitted. O

*2:53 In a coordinate basis {e,} = {9, } we find? (recall that [d,,d,] = 0) 02.5.3: this is an

alternative
derivation of the

Rag,y(; = <d (87, 85)65> fiflﬁf;ﬁiﬁzofm
n{)te that it uses a

= <d V V§aﬁ> < : '>5<—>’y f;fmfz:;?:on on the

== <d ( 558 )> - <' : '>5ny f;;;?e();;n;guoiould

try to rewrite this

= (da®,0,(I65)06 + 176317 350p) — (- )60 Corvamtton saod

{a Faﬁg + Fag’yro‘ﬁa} { }69,\{ , during the lectures

leading finally to

R%5 = 0,15 — 0515y + 197175 =I5y |- (2.5.9)

In a general frame some supplementary commutator terms will appear in the
formula for R%.4.

2The reader is warned that certain authors use a different sign convention either for
R(X,Y)Z, or for R®gys, or both. A useful table that lists the sign conventions for a series of
standard GR references can be found on the backside of the front cover of [4].

34



2.5.1 Symmetries

Here is a full list of algebraic symmetries of the curvature tensor of the Levi-Civita
connection:

1. directly from the definition, we obtain

Rus,’ = —Rga’ ; (2.5.10)

2. the next symmetry, known as the first Bianchi identity, is less obvious:

RaﬂW(S + Rﬂwaé + Rwaﬂé =0 ; (2511)

3. and finally we have the pair-interchange symmetry:
Ropgys = Rysap - (2.5.12)
Here, of course, Rogvs = Gso s’ -

It is a not obvious fact that these are all independent algebraic identities
satisfied by Rapys-
As a consequence of (2.5.10) and (2.5.12) we find

Rapsy = Royap = —Rysap = —Rapys
and so the Riemann tensor is also anti-symmetric in its last two indices:
Ropyvs = —Rapsy - (2.5.13)
The Ricci tensor is defined as
Rop = Raop” -
The pair-interchange symmetry implies that the Ricci tensor is symmetric:
Rap = 97" Raopp = 97" Ripao = Rpa -

For proofs, see Woodhouse [9] Section 5.7. Here we will only give a proof of

‘Rabcd - Rcdab . (2514)

We suppose that the metric is twice-differentiable. By point 2. of Proposi-
tion 2.4.1 in a neighborhood of any point p € M there exists a coordinate system
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in which the connection coefficients I'* g, vanish at p. Equation (2.5.9) evaluated
at p therefore reads

Ry = 0,15 — 0513,

1
=3 {g‘”“’f%(aagaﬂ + 03905 — 0x9ps)

_gaaaé(awgtfﬁ + aﬂga'y - aagﬁw)}

1
= égaa {8786906 — 0,0,985 — 050875y + 050593 } :

Equivalently,

1
Rosss(0) = 5{0:05005 — 000035 — 05030, + 05005, } (0) - (25515)

The first term goes to the last one under interchange of o8 with ~¢; similarly for
the second and the third, and (2.5.14) follows.

Further, the indices o3~y on the first term in (2.5.15) form a cyclic permutation
of those in the second; similarly for the third and the fourth one. This proves the
first Bianchi identity (2.5.11).

We finish this section by mentioning a differential identity satisfied by the
Riemmann tensor, known as the second Bianchi identity; see one of the problem
sheets for a derivation:

VGRB’Y(SJ + vﬁRwa(SU + VwRaB(SJ =0. (2.5.16)
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Chapter 3

Curved space-time

3.1 Summary of basic ideas

1. “Special relativity holds over small distances and short times in local inertial
frames”. This is implemented by allowing the Minkowski metric

n=dt? — daz® — dy?® — dz*
to be replaced by a “metric tensor” with Lorentzian signature
g = gw,dx“dl'y .

In particular it follows that physical observers move along curves with
g(%,%) > 0 - such curves are called timelike.

2. Gravity appears as the relative acceleration of nearby local inertial frames.

3. Principle of general covariance: the theory should be formulated in
a way which does not give any special role to any particular coordinate
system.

4. Vacuum Einstein equations: in vacuum, the Ricci tensor R, = R,.®
vanishes.

5. Freely falling observers move along timelike geodesics.

6. Space-time is a manifold!

3.1.1 Manifolds

DEFINITION 3.1.1 An n—dimensional manifold is a set M equipped with the fol-

lowing: *3.1.1 ©5.1.1: this is not

examinable

!There is actually a sense in which this follows from point 4, but for the purposes of this
course we will admit this as an axiom.
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1. topology: a “connected Hausdorff paracompact topological space” (think of
nicely looking subsets of R*™™ like spheres, hyperboloids, and such), together
with

2. local charts: a collection of coordinate patches (% ,x") covering M, where %
is an open subset of M, with the functions x* : % — R"™ being continuous.
One further requires that the maps

M>% 3pw (2(p),...,2"(p)) € ¥ CR"
are homeomorphisms.

3. compatibility: given two overlapping coordinate patches, (% ,x%) and (f?\//, 1Y),
with corresponding sets ¥V, ¥V C R", the maps &7 +— x'(27) are smooth dif-
feomorphisms wherever defined: this means that they are bijections differ-
entiable as many times as one wishes, with

i

ox
det [ 55

] nowhere vanishing .

Definition of differentiability: A function on M is smooth if it is smooth when
expressed in terms of local coordinates. Similarly for tensors.

EXAMPLES:

1. R™ with the usual topology, one single global coordinate patch.

2. A sphere: use stereographic projection to obtain two overlapping coordi-
nate systems (or use spherical angles, but then one must avoid borderline angles,
so they don’t cover the whole manifold!).

3. We will use several coordinate patches (in fact, five), to describe the
Schwarzschild black hole, though one spherical coordinate system would suffice.

4. Let f:R" — R, and define N := f~1(0). If Vf has no zeros on N, then N
is a smooth (n — 1)—dimensional manifold. This construction leads to a plethora
of examples. For example, if f = \/(z!)2 + ...+ (27)2 — R, with R > 0, then N
is a sphere of radius R.

3.1.2 Geodesic deviation (Jacobi equation), tidal forces

What does this theory have to do with gravitation? To understand this, let us
look at families of geodesics.
Suppose that we have a one parameter family of geodesics

(s, A) (in local coordinates, (v*(s, \))),

38



where s is the parameter along the geodesic, and A\ is a parameter which distin-
guishes the geodesics. Set

0v(s, A oY% (s, A
Bls. )= 5‘») 6()\ )

for each A this defines a vector field Z along (s, A), which measures how nearby
geodesics deviate from each other, since, to first order, using a Taylor expansion,

Ou ;

(8, A) = 7%(5, X0) + Z%(X = Xo) + O((A = \o)?) .

To measure how a vector field W changes along s — 7(s, A), one introduces
the differential operator D/ds, defined as

Dwr - 9(WHor)

i T s T (3.1.1)
oW e
— 4f 0 + T W (3.1.2)
= APV, (3.1.3)
(It would perhaps be more logical to write % in the current context, but

people never do that.) The last two lines only make sense if W is defined in a
whole neighbourhood of «y, but for the first it suffices that W (s) be defined along
s+ (s, A). (One possible way of making sense of the last two lines is to extend
W*H to any smooth vector field defined in a neighorhood of (s, A), and note
that the result is independent of the particular choice of extension because the
equation involves only derivatives tangential to s — (s, \).)

Analogously one sets

DW# oW o
5\ = % + F”OCB@,\WBWO‘ (314)
ow#
= 8,\75W + F”OCB@,\WBWO‘ (315)
= Z°PV W (3.1.6)

Note that since s — (s, A) is a geodesic we have from (3.1.1) and (3.1.3)

Dzy” - DAH B 827“

'ﬁ‘CM_
T2 T ds — 9 + I 574 =0. (3.1.7)

(This is sometimes written as 4*V,4* = 0, which is again an abuse of notation
since typically we will only know 4* as a function of s, and so there is no such
thing as V,3*.) Furthermore,
DZH O
— -, ’Ba o
ds >~ D50\ T sV Oy

(3.1.1

(3.1.8)



(The abuse-of-notation derivation of the same formula proceeds as:

O?H
V2! =4V, 2" = 4V, 00" = TH 7P 0Ny = ZPV g4 = V24",
5 8 0l Y 5O + BY O\Y = BY z7Y
(3.1.3) (3.1.6)
(3.1.9)
which can then be written as
ViZ =Vz%.) (3.1.10)

One can now repeat the calculation leading to (2.5.1) to obtain, for any vector

field W defined along v*(s, A),
DD DD .
gawu - a@W” = Raﬂguﬁ/ ZBW(S . (3]_]_1)

If WH* = 4* the second term at the left-hand-side is zero, and from %‘y = %Z
we obtain

D2z
ds?
We have obtained an equation known as the Jacobi equation, or as the geodesic
deviation equation; in index-free notation:

D?*Z
ds?
Solutions of (3.1.13) are called Jacobi fields along ~.

Equation (3.1.13) shows that curvature causes relative accelerations between
neighboring geodesics. Keeping in mind that gravitational force and acceleration

are indistinguishable, we say that curvature produces a “gravitational tidal force”
between freely falling nearby observers.

(8) = Raps"4* 2547 (3.1.12)

= R(¥, Z2)%|. (3.1.13)

The advantage of the abuse-of-notation equations above, which can be justified
by the extension-artifact already mentioned, is that one can invoke the result of
Proposition 2.5.1, instead of repeating its calculations, to obtain (3.1.11):

D?zH " )
F(S) = 4*Va(5°Vs2")
= 4*Va(ZPV i)
= (4OVoZP)V it + ZP3V oV gt
3 ;

= (4*VaZ?)Vei* + Z°4*(VaV5 — VVa)i* + Z°4*V 5V it

= (Y*VoZP)Vsi* + ZP4* Rupoty7 + ZP4*V 5V 0"

= (A*VaZPYVsi" + ZP4° Rogot47 + ZPV 5(73VaAt) — (ZPV 54%) Vit .
N’

0
A renaming of indices in the first and the last term gives

(¥*VaZP)Vgit = (ZPV 57" Vot = (¥°VaZ’ — Z°V AP )V it
which is zero by (3.1.10). This leads again to (3.1.12).
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3.2 Einstein equations and matter
We have already seen in lectures that Einstein’s equations in vacuum read
R, =0

where R, is the Ricci tensor. Anticipating, in the presence of matter the right-
hand-side will not be zero, but will involve an object describing the density of
energy of matter fields.

The idea is: energy produces curvature. So we need a tensor with two indices
which will describe the energy contents of the matter fields.

This requires examining the matter models. We start with the simplest one,
that of dust.

3.2.1 Dust in special and general relativity

By definition, dust is a cloud of non-interacting particles, whose velocities vary
smoothly from point to point in space-time.

So at each point we have a scalar p which represents the density of the dust:
this is the rest mass per unit volume measured in a frame in which the particles
are at rest. For example, if there are n particles per unit volume and each has
mass m, then p = nm.

We wish to calculate the energy density of the dust in moving frames.

By definition, a rest frame is a frame in which the particles do not move, so
that their space velocity is zero, and therefore their velocity four-vector is
u=u"0, =0 = (u') = (1,0) .
Let an observer move with velocity ¢ with respect to the dust, so she has a

four-velocity vector
1 —
(") =(y=—F==7).

V1-—32

Choosing a coordinate system so that the velocity is aligned along the = axis and
pointing in the positive direction, the observer has velocity v along the z-axis.

Let there be n particles of rest mass m in a box with sides dx, dy and dz in
the reference frame of the dust.

The observer sees n particles of rest mass m in a box of size 1/~ydx (contraction
factor!), dy and dz, with velocity —¥, and therefore energy

mmny
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in a volume

dxdydz/v,
and hence a density of
mny? = p(u,0")? = pu,u, v'o¥ (3.2.1)
T,
=Tuv

The tensor
T, = puyu,

is called the energy-momentum tensor of dust, with energy density p, and is used
to measure the energy density of dust in moving frames, in a sense made clear
by equation (3.2.1).

Energy-momentum tensors belong to the class of basic objects in general
relativity, as they provide the source-part of the Einstein equations.

Another example of energy-momentum tensor is given by the Maxwell energy-
momentum tensor

1
T = € (FWFQ,, + ZgWFaﬁFaﬁ) : (3.2.2)

see Section 3.3 of Woodhouse’s book.
e3.2.1

3.2.2 The continuity equation
An important property of energy-momentum tensors IN SPECIAL RELATIV-
ITY is that they satisfy a continuity equation:

0,T" =0. (3.2.3)

As an exercice, you can check that the divergence identity (3.2.3) for the Maxwell
energy-momentum tensor (3.2.2) follows from the Maxwell equations.

In order to verify (3.2.3) for dust, we need first to know what the equations
are. Since we assume that the particles are non-interacting, each of them moves
along a straight line. Now, straight lines are geodesics in Minkowski space-time,
so if u* is the vector tangent to each geodesic followed by the particles, we have
seen in (3.1.7) that the geodesic equation can be written as

uwV,u” =0. (3.2.4)
Since the number of particles is conserved we also have the conservation equation

Vu(pu")=0. (3.2.5)
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These are thus the equations for our model.

These are local equations, and one uses the correspondence principle to carry
them over to general relativity, where the covariant derivative becomes the co-
variant derivative of a possibly curved metric.

Whether in curved space-time or not, if we calculate the divergence of the
energy-momentum tensor we obtain

V. (pu'u”) =V, (pu)u” + puV, u” =0, (3.2.6)

where the first term is zero by the continuity equation (3.2.5), and the second
vanishes by the geodesic equation (3.2.4).

In fact, this equation is equivalent to (3.2.4)-(3.2.5) in regions where p does
not vanish if we remember the condition that

uu’ =1. (3.2.7)
Indeed, by (3.2.7) we have
0=V, (uu") =V, (gauu”) = 2g,u*V, u"” = 2u,V,u" .

If we multiply (3.2.6) with u” and use the last equation we recover the continuity
equation, but then the geodesic character of u* follows.

In special relativity it is again true that the divergence of the Maxwell energy-
momentum tensor (3.2.2) vanishes when the source-free Maxwell equations hold.

3.2.3 Einstein equations with sources

The energy-momentum tensor 7}, provides a good candidate for the source term
in Einstein’s theory of gravitation. Keeping in mind the special relativity cor-
respondence principle, and our analysis of dust and of the Maxwell field, the
energy-momentum of matter fields will thus be described by a symmetric tensor
satisfying

vV, T" =0, (3.2.8)

or, equivalently,
ViT,, =0. (3.2.9)

We thus need to write an equation which is compatible with this restriction. For
this, we note the important identity:

1
V(R = 5 Rgw) =0, (3.2.10)

where

R:=R",=R".;.

43



To prove (3.2.10), recall the second Bianchi identity

VuRypap + ViRpuas + VoRuas =0 . (3.2.11)
Multiplying by ¢"“g"? we obtain

VR s + VPR, + V,R* 5 =0, (3.2.12)

which is another way of writing (3.2.10).
Recalling that for any constant A we have

VH(Ag) =0,

we are led to an equation which will be compatible with (3.2.9):

Ry — 2Rgu + Agu = KT (3.2.13)

The constant x can be determined by considering the Newtonian limit, where g,,,
is very close to the Minkowski metric, and all velocities are very small compared
with the speed of light, leading to

GG

1

P
c
The constant A is called the cosmological constant, and current state-of-the
art observations [6, 8] indicate strongly that A is nonzero. Indeed, the current
standard model of cosmology requires a cosmological constant which, from Hubble
observations, is measured to be on the order of 1073°s72, very small but non-zero.
This makes a difference for cosmology, but not for describing black holes, or the
solar system. So from now on we will assume that A = 0, and use units G = ¢ = 1,
so that (3.2.13) becomes

1
G =R, — QRQW = 81T}, . (3.2.14)
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Chapter 4

The Schwarzschild metric
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Chapter 5

The Schwarzschild metric

5.1 The metric

The simplest stationary solutions describing compact isolated objects are the
spherically symmetric ones. The flagship example is the Schwarzschild metric:

g=(1-2m)d — A — 20?2, (5.1.1)
LER, r£2m.0. (5.1.2)
Here d)? denotes the metric of the round unit 2-sphere,
d¥? = df? + sin? Ody? .
A theorem due to Birkhoff shows that:

THEOREM 5.1.1 In a vacuum region, away from the set {r = 2m} any spherically
symmetric metric can locally be written in the Schwarzschild form, for some mass
parameter m.

e5.1.1

®5.1.1: see
Woodhouse or

We conclude that the hypothesis of spherical symmetry implies in vacuum, sesse /1] for two
very different

at least locally, the existence of two further symmetries: translations in ¢ and verifications that

this metric

t-reflections t — —t. More precisely, we obtain time translations and time- satisfies the
reflections in the region where 1 —2m/r > 0 (a metric with those two properties equations

is called static). However, in the region where r < 2m the notation “¢” for the

coordinate appearing in (5.1.1) is misleading, as t is then a space-coordinate, and

r is a time one. So in this region ¢-translations are actually translations in space.

The above requires some comments and definitions:

Time functions

First, we need to define the notion of time orientation. This is the decision about
which timelike vectors are future-pointing, and which ones are past-pointing. In
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special relativity this is taken for granted: in coordinates where the Minkowski
metric n takes the form

n=dt* —da* — dy* — d2* (5.1.3)

a timelike vector X*d, is said to be future pointing if X° > 0. But, it should
be realized that this is a question of conventions: we could very well agree that
future-pointing vectors are those with negative X°. We will shortly meet a situ-
ation where such a decision will have to be made.

A function f will be called a time function if V f is everywhere timelike future
pointing. A coordinate, say 3° will be said to be a time coordinate if 1° is a time
function.

So, for example, f =t on Minkowski space-time is a time function: indeed,
in canonical coordinates as in (5.1.3)

Vt =n"0,td, =n"0, =0,

and so

On the other hand, consider f = t in the Schwarzschild metric: the inverse
metric now reads

1 2
g“"@ua,, = 1_72_”18{/2 — (1 — Tm)af — 7"72(83 -+ Siniz 98;) s (514)
and so 1
Vt = 90,10, = g0, = T30 .

r

The length-squared of Vt is thus

90, 0) 1 >0, r>2m;
(1—2my?  1-2m | <0, r<2m.

g(Vt,Vt) =

We conclude that t is a time function in the region {r > 2m}, but is not on the
manifold {r < 2m}.
A similar calculation for Vr gives

g(Vr, V?") = (1 — —>2g(araaT> = _(1 o —) > O, r < 2m.

2m 2m <0, r>2m;
r r

So r is a time function in the region {r < 2m}, if the time orientation is chosen
so that r is increasing towards the future. On the other hand, the alternative
choice of time-orientation implies that minus r is a time function in this region.
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r=20
Throughout this chapter we will assume
m >0,

because m < 0 leads to metrics which contain “naked singularities”, in the fol-
lowing sense: for m < 0, on each space-like surface {t = const} the set {r = 0}

can be reached along curves of finite length. *5-12 But we have (see, e.g., e5.1.2: you are not
expected to justify

http://grtensor.phy.queensu.ca/NewDemo) this fact, nor to
calculate the
expression (5.1.5),

48m2 but you are

, (5 . 1 5) expected to be

6 aware of the

r existence of a
curvature scalar
which diverges as
=0 1s
approached.

Rapys R =

which shows that the geometry is singular at » = 0, whatever m € R*.

The advantage of m > 0 is the occurrence, as will be seen shortly, of the event
horizon {r = 2m}: the singular set {r = 0} is then “hidden” behind an event
horizon, which is considered to be less unpleasant than the situation with m < 0,
where no such horizon occur.

Eddington-Finkelstein extension

The metric (5.1.1) is singular as r = 2m is approached. It turns out that this
singularity is related to a poor choice of coordinates (one talks about “a coordi-
nate singularity”); the simplest way to see it is to replace ¢ by a new coordinate
v, which will be chosen to cancel out the singularity in g,,.: if we set

v=t+f(r),
we find dv = dt + f'dr, so that
2 2
(1— Tm)dtQ - (1- Tm)(dv — fldr)?
2m

= (1- 7)(dv2 —2f'dvdr — (f)*dr?) .

The offending g, terms in (5.1.1) will go away if we choose f to satisfy
2m 2

e N2 — )
=200 = s
There are two possibilities for the sign; we choose
1 T r—2m+ 2m 2m
! pr— pr— pum— = 1 5.1-6
/ 1—22  r—2m r—2m +7"—2m’ ( )

leading to
v=t+r+2mln(r—2m).
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The alternative choice amounts to introducing another coordinate
u=t— f(r), (5.1.7)

with f still as in (5.1.6), we will return to this possibility shortly.
This brings ¢ to the form

2
g= (1 - Tm) dv? — 2dv dr — r*dQ* . (5.1.8)

We have det g = —r*sin® ), with all coefficients of g smooth, which shows that g
is a well defined Lorentzian metric on the set

{fveR,re€(0,00)} x S%. (5.1.9)

More precisely, (5.1.8)-(5.1.9) defines an analytic extension of the original space-
time (5.1.1).

The coordinates (v, 7,6, ) are called “retarded Eddington-Finkelstein coordi-
nates”.

For further reference, note that increasing t corresponds to increasing v.

We claim:

THEOREM 5.1.2 The region {r < 2m} for the metric (5.1.8) is a black hole
region, in the sense that

observers, or signals, can enter this region, but can never leave it.  (5.1.10)

PrROOF: We have already seen that either r or minus r is a time function on the
region {r < 2m}. Now, recall that observers in general relativity always move
on future directed timelike curves, that is, curves with timelike future directed
tangent vector. But time functions are strictly monotonous along future directed
causal curves: indeed, let v(s) be such a curve, and let f be a time function, then

d(f o)

ds = ;}/Maﬂf = P‘Yug/wggyaof = QW"Y”V”f .

Since both 4 and V f are timelike future directed, their scalar product is positive,
as desired.

It follows that, along a future directed causal curve, either r or —r is strictly
increasing in the region {r < 2m}.

Suppose that there exists at least one future directed causal curve -, which
enters from r > 2m to r < 2m. Then r must have been decreasing somewhere
along 7o in the region {r < 2m}. This implies that the time orientation has to
be chosen so that —r is a time function. But then r is decreasing along every

49



causal future directed 7, So no such curve passing through {r < 2m} can cross
{r = 2m} again, when followed to the future.

To finish the proof, it remains to exhibit one vy which enters {r < 2m} from
the region {r > 2m}. For this, consider the radial curve

Y0(s) = ((s),7(5), 0(5), (5)) = (5,3m — 5, =

0).
2’)

Then 4 = 9, — 0,, hence

We see that vy starts at » = 3m at s = 0, and is timelike before, and for some
non-empty interval of the parameter s after crossing {r = 2m}. Next, we have

a1"|v:const = 8r‘t:const - f/at )

hence

av - at 5 av - a7“|v:const = (1 + f,)at - ar|t:const )

which has positive d;—component in the region {r > 2m}, which concludes the
proof.

An alternative proof proceeds as follows: Let v(s) = (v(s),r(s),0(s),p(s)) be a
future directed timelike curve; for the metric (5.1.8) the condition g(¥,%) > 0 reads

9 .
(1= 202 4 27 4 r2(62 + sin?092) < 0.
T

This implies
2m
@(—(1——)1’)4—21'") <0.
r
It follows that © does not change sign on a timelike curve. As already pointed out,
the standard choice of time orientation in the exterior region corresponds to © > 0
on future directed curves, so v has to be positive everywhere, which leads to

2
-+ 20 <0
T

For r < 2m the first term is non-negative, which enforces < 0 on all future directed
timelike curves in that region. Thus, r is a strictly decreasing function along such
curves, which implies that future directed timelike curves can cross the hypersurface
{r = 2m} only if coming from the region {r > 2m}. The same conclusion applies for
future directed causal curves: it suffices to approximate a causal curve by a sequence
of future directed timelike ones.

O

The last theorem motivates the name black hole event horizon for {r =
2m,v € R} x S2.
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The analogous construction using the coordinate u instead of v leads to a white
hole space-time, with {r = 2m} being a white hole event horizon. The latter can
only be crossed by those future directed causal curves which originate in the region
{r < 2m}. In either case, {r = 2m} is a causal membrane which prevents future
directed causal curves to go back and forth. This will become clearer in Section 5.5.

From (5.1.8) one easily finds the inverse metric:

2
90,0, = —20,0, — (1 — Tm

)02 —r 20 —r ?sin 200 (5.1.11)
In particular
0=g¢""=g(Vuv,Vuv),
which implies that the integral curves of
Vv =-0,
are null, affinely parameterised geodesics: Indeed, let X = Vv, then

1
XV XP = VoV, Vi = VoV V0 = QVB(VQUVQU) =0. (5.1.12)

So if 7 is an integral curve of X (by definition, this means that

A= XH) (5.1.13)
we obtain the geodesic equation:
XV X7 =4°V,4" =0. (5.1.14)
We also have
2m
g(Vr,Vr)=¢"=1~-—, (5.1.15)
r

and since this vanishes at r = 2m we say that the surface r = 2m is null. It
is reached by all the radial null geodesics v = const, § = const’, ¢ = const”, in
finite affine time.

The calculation leading to (5.1.14) generalizes to functions f such that V f
satisfies an equation of the form

g(VEV ) =9(f), (5.1.16)

for some function 1; note that f = r satisfies this, in view of (5.1.15). Repeating
the calculation done in (5.1.12) with X = V f we instead recover

1 1 1
XV XP = 5vﬂ(vafvaf) = §¢’Vﬁf = iw'xﬂ . (5.1.17)
So if 7 satisfies (5.1.13) we obtain
oo L.
YOV P = ¥ A8 (5.1.18)

This is again a geodesic, except that now the parameter along v that results from
the defining equation (5.1.13) is not affine; however, a suitable reparameterization
of v will lead to the usual affinely parameterized form of the geodesic equation,
as in the second equality of (5.1.14).
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5.2 Stationary observers

An observer is called stationary if her coordinates (r, 6, ) are fixed, so that she
is described by a world line

t—(t)=(t,r0,0). (5.2.1)

The tangent is ¥ = 0;, is timelike in the region r > 2m, and the four velocity

there is . .
TR — 0, . (5.2.2)
9(%,7) 1 2m

r

Clearly there is a problem for » < 2m, since the square-root is purely imaginary
or vanishes: there are no stationary observers on or under the horizon r = 2m.
Equivalently, the paths defined by (5.2.1) are not timelike for r < 2m.

The acceleration four-vector a* is defined as

Du# Y 1 1
T T e T
We need to calculate the relevant Christoffel symbols
1 1 1 2m 2m 2m.m
g0 = =g"(2009,0—0, = ——g" 0,900 = 0H=(1——)0,(1—) = ¥ (1—)— .
00 29 (200910 goo) 29 goo r2( . )0:( . ) " . )TQ

Thus, the four-acceleration vector a := a*0, takes the form

m
r2

ar )
which looks like the Newtonian force when the parameter m is identified with the

mass of the object producing the gravitational field.
It might be preferable to think of the length

Viglaa)l = vignl 5 =

1 m
—_—

2m T
Jroz
as the correct invariant definition of the strength of the gravitational acceleration.
This has Newtonian behavior for large distances, but diverges as the horizon
{r = 2m} is approached.

An alternative justification of the interpretation of the parameter m as the
Newtonian mass will be done in Section 5.4, see (5.4.15).
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5.3 The Flamm paraboloid

In this section we try to understand the geometry of the slices with ¢ = const.
One way of doing this is to try to embed those slices in four-dimensional Euclidean
space. It is not clear that this can be done in general (and, in fact, there are
no necessary and sufficient conditions known for this in general; here it works
because of spherical symmetry.

We again write the Schwarzschild metric in dimension n + 1,

2 dr?
Gm = — (1 — mQ) dt* + 1% +7r2dO? (5.3.1)
rn- — =

T.n

where, as usual, dQ? is the round unit metric on S~ 1. If we set *2-3-1 5.3.1: this section
is done in all

space dimensions

é — dZ2 + (d(L’l)Q _'_ [N + (d.%'n)2 = dZQ —'— d'r'2 + TQdQQ 5 n, but in this )
course we are only
interested in

the metric h induced by g on the the surface z = z(r) reads n 3 oo you are
the other cases
dz\?
n=((50) +1)dr+r2a02.
dr

This will coincide with the space part of (5.3.1) if we require that

dz_i 2m
dr ~\ rm2—_2m "’

The equation can be explicitly integrated in dimensions n = 3 and 4 in terms of
elementary functions, leading to

2y/1 —2m r>2m,n =23
NG ) ! ’ ) 3.2
S mx{ln(r—i-\/rz—Qm), r>\2m, n=4. (5:3.2)

Solving for 7(z), a convenient choice of z, leads to

[ 2m+ 2*/8m, n =3,
"I Vem cosh(z/v/2m), n =4.

In dimension n = 3 one obtains a paraboloid, as first noted by Flamm. The
embeddings are visualized in Figures 5.1 and 5.2.

The qualitative behavior in dimensions n > 5 is somewhat different, as then
z(r) asymptotes to a finite value as r tends to infinity. The embeddings in n =5
are visualized in Figure 5.3; in that dimension z(r) can be expressed in terms of
elliptic functions, but the final formula is not very illuminating.

We are led to the (momentarily) perplexing observation, that the manifolds
t = const, r > m, can be “doubled” by attaching another copy of the manifold
to itself across the boundary {r = 2m}. This is called the Einstein-Rosen bridge.

The positive sign in (5.3.2) corresponds to our usual black hole exterior, while
the negative sign corresponds to a second asymptotically flat region, on the “other
side” of the Einstein-Rosen bridge.

23



6 (right).

5

3250
L
ey

s
E—E——————u——————

6 (right).

= 4 dimensional

_,_____,________________

1]
/

/
\“&&E

=§===::

T

Figure 5.1: Isometric embedding of the space-geometry of an n = 3 dimensional

Schwarzschild black hole into four-

of the Einstein-

dimensional Euclidean space, near the throat

(left) and 2m

1

with 2m

I

Rosen bridge r = 2m

)12, with 2m = 1 (left) and 2m
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The extents of the vertical axis are the same as those in Figure 5.1.

(2m

Schwarzschild black hole into five-dimensional Euclidean space, near the throat

Figure 5.2: Isometric embedding of the space-geometry of an n

of the Einstein-Rosen bridge r



Figure 5.3: Isometric embedding of the space-geometry of a (5 + 1)-dimensional
Schwarzschild black hole into six-dimensional Euclidean space, near the throat
of the Einstein-Rosen bridge 7 = (2m)'/3, with 2m = 2. The variable along the
vertical axis asymptotes to ~ £3.06 as r tends to infinity. The right picture is a
zoom to the centre of the throat.

5.4 Geodesics

The Lagrangian for geodesics is:

I N P N 7/ N 47 /A Y 4 A
$—§<V <£) -V (E) —7r T —r“sin“ 0 I )

The Euler-Lagrange equation for ¢ reads

d dt
—(V*—] = 0. 5.4.1
ds < ds) ( )

which gives a conservation law. Similarly
% (r2 siBZQZ—f) = 0. (5.4.2)

The remaining equations are more complicated:

d [ _,dr\ dt\” AN TA
£<V £> = VoV <£> +2r (£> + sin“ 6 Is (5.4.3)

d [ ,d0\ . dp\?
g(r £> =r 811190089(%) . (5.4.4)

As an exercice, one can read the Christoffel symbols of ¢ from the above: e.g.,
from (5.4.1),




ete.

Since .Z is s-independent, the Hamiltonian H is conserved:

H="g—g=2.
dg !

This gives one more constant of motion

dt\> dr\? AN dp\®
2 (AU 2 (AT o (AU oo (0P
Vv (ds) Vv (ds) r (ds) r*sin” ¢ (ds) A (5.4.5)

and without loss of generality, making an affine transformation of s, we can choose

Ae{0,£1}|

To simplify things somewhat, let us start by showing that motion is planar.
Consider any geodesic, and think of the coordinates (r, 6, ¢) as spherical coordi-
nates on R?. Then the initial position vector (which is assumed not to be the
origin, as the metric is singular at 7 = 0) and the initial velocity vector, which is
assumed not to be radial (otherwise the geodesic will be radial, and the claim is
true) define a unique plane in R®. We can then choose the spherical coordinates
so that this plane is the plane # = 7/2. This leads to 8(0) = /2 and 6(0) = 0,
and then the function 0(s) = 7/2 is a solution of (5.4.8) satisfying the initial
values. By uniqueness of solutions, this is the solution.

We have thus shown that | without loss of generality we can assume 0 = 7/2|.

In this case the equations of motion are

d dt dt E
—(V?P—=) =0 — = : 5.4.6
ds ( ds) s 1= 2m (5.4.6)
d [ ,dy dp J
- ) = == 4.
ds (r ds) Vo= ds r? (5:4.7)
d dr dt\? o\’
—(Vv?2=) = VoV |— (=) . 5.4.8
ds ( ds) (ds) e (ds) ( )
We will ignore this last equation, combining instead (5.4.6)-(5.4.7) with (5.4.5),
dt\” dr\? dp\?
o O W I B W Iy 2
(Y (B) e () reosy. e
—_—— —_——
B2y -2 JQ/TQ
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to conclude that

dr\? J? 2m
— | == (A5 )1 -=—)+E>. 5.4.10
O T
The second order equation of motion could be obtained from (5.4.8), but at this
stage it is simpler to realize that differentiation of (5.4.10) with respect to s must
produce the second order equation of motion, obtaining

(5.4.11)

o0 8

B~ (1-"5)O0\+ =
-0+ 5
For further reference we note the following: let w = m/r, from (5.4.10) and (5.4.7)

one obtains, for J # 0,

du\®> m2E? Am?(1 —2u
<%) = w?(1 — 2u) — % : (5.4.12)

where A = 0 for null geodesics, and A = 1 for timelike ones. (You might wish to
compare this with a similar equation derived in Newtonian gravity.)

Similarly to (5.4.11), the second order equation of motion for u can be ob-
tained by differentiating with respect to ¢, leading to

d*ud Am?(1 — 2u)
20— — = — | =1 —-2u) - —— =7} . 4.1
T = e (-2 - 22 (5.4.13)

The interpretation of F

In this section we momentarily suspend the convention that ¢ = 1.

Consider two observers in special relativity, with unit four-velocity vectors u*
and v*, there exists a frame in which (u*) equals (1,0) = (1,0,0,0), while v*9,
has the general form (v*) = (v, 77 '¥), so that the scalar product u*v, equals

1
u', =y = e———. (5.4.14)

V1= |U]2c2
In curved space-time we can use local inertial frames of two observers passing

through the same space-time point to similarly obtain (5.4.14), where ¢ is the
space-velocity of the local inertial frames with respect to each other.

We turn our attention now to a test observer moving in a Schwarzschild grav-
itational field. We want to relate the parameter m appearing there to Newtonian
physics. To avoid any preconceived ideas, let us call this parameter «, writing

thus the metric as
2 dr?
g= (1——O‘>dt2— : L2402,

’ 20
;
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Let u* be the four-velocity vector of the stationary observers of Section 5.2 (with
m there replaced by «) hence, as seen in (5.2.2),

1
), = ———0, .

We then obtain, for a freely falling observer with v*9,, = #*9,,

1 20 . E
—F—— = v, = gt = goo w o = \f1-——_1t =—F.
V1= |0]2¢2 —~~ N 1 _ 2a

1/\/1727() 1—E27‘1 r

Hence

_ 2
1 s

V1—0]2c2
Taylor expanding, for large r and small v/¢, and multiplying by the rest energy,
say moc?, of the geodesic observer we obtain

mooc?

Emoc® ~ moé® + %\U\Q . (5.4.15)

r

This leads to the obvious interpretation of each term, as rest energy, Newto-
nian kinetic energy, and Newtonian gravitational energy in a gravitational field
generated by a spherically symmetric object of mass

0402

m=—:.

G
In other words, for m to be the Newtonian mass seen at large distances, the
Schwarzschild metric should read
2GmY\ dr? 5 0
g = (1— CQ']“ )dt —ng:’n—r dsy” .

Hence, in units where G = ¢ = 1, we conclude that an interpretation of E as the
general relativistic energy per unit mass of the geodesic test observers is consistent
with the Newtonian limit. The property that F is constant along geodesics is
then the law of conservation of energy (per unit mass) for freely falling observers
in a Schwarzschild field.

5.4.1 Photons

In special relativity photons move along straight lines with null tangent n(5, %) =
0; these are affinely parameterized geodesics of the Minkowski metric 7. In view
of the correspondence principle we require that

test photons in general relativity move along null geodesics.‘

Here, a test photon is a photon, the gravitational field of which can be ignored
at the scale at which experiments are carried out.

o8



Periodic null geodesics

We will not attempt an exhaustive analysis of photon trajectories, but only point
out a few basic facts. We start by noting the existence of a striking class of null
geodesics for which 7(s) = const. It follows from (5.4.11), and from uniqueness
of solutions of the Cauchy problem for ODE’s, that such a curve will be a null
geodesic provided that the right-hand-sides of (5.4.10) and of (5.4.11) (with A = 0)
vanish: o 2 o 12

E2—(1—7m)ﬁ =0="5(-r+3m). (5.4.16)
Simple algebra shows then that the curves

s i(s)=(t=s,r=3m, 0§ =n/2, ¢ = £3?mls),

are null geodesics spiraling on the timelike cylinder {r = 3m}.

Gravitational redshift

In this section we wish to derive the frequency shift along radial null geodesics.
So let a wave of light with frequency w; be emitted radially at r;, and let

ASl = 1/Ld1

be the proper time between two consecutive maxima of the wave. In the “ge-
ometric optics approximation”, the wave then travels outwards on radial null
geodesics.

On such geodesics we have A = 0, while # and ¢ are constant. Therefore

2 dr?
B g
r 1—2m/r

a - r

dr  r—2m’
By integrating (5.4.17) we find that the coordinate time ¢; at which the crest of
the wave leaves 'y is related to the coordinate time ¢, at which it arrives at Cy

by . ;
rdr
o — 1 = . 5.4.18
S /T1 r—2m ( )

leading to

(5.4.17)

Since the right-hand side is of (5.4.18) is independent of ¢;, we have that the
coordinate time interval A¢; between the emission times of two successive crests
at 7, 1s the same as the coordinate time interval Aty between their observations
by a stationary observer at r,.

Recall that the four-velocity vector

dzt

— 1 .
uw=u'0, = —
14 dS 1
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of a stationary observer at coordinate radius r takes the form (5.2.2):

dt dt 1
= ——0i= 20, - (5.4.19)

1 2m ds 1 _om

Since the emitter of light has been assumed to be stationary, (5.4.19) shows that
the proper time interval As; is related to the coordinate time interval At; by

dt 1

At = —As) = ——
1 ds S1 %1_2_"1

with a similar formula relating Aty with Ass.
As we have seen that At; = Aty, we obtain

Asy /1 —2m/r (5.4.20)

ASl y

Asy /T —2m/ry

Subsequently,

Wy = —F/——Ww7p . (5421)

This is the gravitational redshift formula, as observed e.g. in the Pound-Rebka ex-
periment, see e.g. http://en.wikipedia.org/wiki/Pound-Rebka_experiment.
We see that the frequency observed by an observer at infinity will be smaller
than the energy emitted at any finite radius. More generally, if ro > 7y, then
the observed spectrum will be shifted to the red, by a frequency-independent
multiplicative factor, as compared to the emitted one.

As another application of (5.4.21), imagine that you send a beacon emitting
at constant frequency towards a black-hole. You will see its frequency shifting
away towards the red as the beacon approaches the event horizon r = 2m, with
the frequency tending to zero as the event horizon is approached.

An alternative derivation of the redshift effect uses the frequency four vector K of a
photon, seen in the special relativity lectures: If a photon moves along a Minkowski
space-time null geodesic v, then K is a constant multiple of 4 such that an observer
moving with four-velocity U observes a frequency w given by

w=U"K, .

In general relativity the frequency vector will thus again be a constant multiple of
the tangent 4 to a null geodesic.

So, consider a static observer Oy at r = rq, with velocity four-vector Uy, which
sends a photon with frequency wy to a static observer O, at r = ro, with velocity
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four-vector Us. We want to find the frequency ws observed by Os. If K = A%, for

some constant )\,°5'4'1 then the frequencies at O, a = 1, 2, equal e5.4.1: mnot to be
confused with the

wave length! poor
. 2m . notation here...
wa = g(Ua, K) = gooUSK® = AgooUt = Ay /1 — —t.
a

But (1 — 2m/r)t is constant along the null geodesic followed by the photon. So

1 - 2m
W S S S (1_2_m> VT, iy
72 1— 2m 72 1— 2m 71
T2 N—— Ty N ——
() ;
1
and we have recovered (5.4.21).
Weak field light bending
For null geodesics (5.4.13) reads
d*u 9

For u very small or, equivalently, for r large as compared to m, an excellent
approximation is obtained by neglecting the quadratic term, leading to

up = acos(¢p = o) ,

for some (small) constant a # 0 (otherwise r = o). By a redefinition of ¢ we
can always achieve ¢y = 0. Equivalently,

arcosy =m ,

which is the equation for the straight line = m/« in the (z,y) plane.

We can calculate the leading order correction to this by writing © = a:cos ¢ +

v(yp), where v = O(a?) is small. Inserting into (5.4.22) and neglecting terms
which are O(a?) one obtains

V" +v =3a%cos .

This is easily integrated to give

v = Acos g+ Bsinp + a?(1 +sin® p) .

We choose A and B so that at ¢ = 0 the initial data for the orbit coincide with
those for the unperturbed one,

u(O):a:%, a(0) =0,
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where d is the distance of the closest approach of the orbit to the origin r = 0.
This gives A = —a?, B = 0, and

u=(a—a*) cosg+ a*(1+sin® ) +0(a?) .

(. J

=:uy

Now, the “Newtonian” orbit uy was a straight line. By definition of u, we have
r — oo if and only if u — 0; for ug this corresponds to ¢ — £7/2. However, the
corrected orbit u; will reach zero at angles +p, = +(7/2 +,), slightly larger in
modulus than 7/2:

ul(‘POf)

0= = (1 —a)cos g +a(l+sin?p,) = —(1 — a)siny, + a(l 4 cos®7,) .

Approximating sin -y, by 7., and cos~y, by one, one obtains
Yo = 20+ O(a?) .

The total bending of the orbit is 4, giving the final SI formula for the angle
deflection

4mG
de?

recall that d is the distance of closest approach to the center.

For a light ray just grazing the surface of the sun, so that m = My, d = rg,
one obtains a deflection of 107° radians or 2. This effect was claimed to have been
observed by Eddington during the 1919 eclipse expedition to Africa, by comparing
photographs of the star field near the sun during an eclipse with a photograph
of the same star field when the sun was not interfering. It should, however,
be said that some researchers have expressed doubts about the reliability of the
conclusions that could have been drawn from the data available at the time.

5.4.2 Massive test particles
Perihelion/periastron precession

Given a Keplerian orbit around a star, the periastron is the point at which the
orbit is closest to the star. When the star is our sun, this point is usually called
the perihelion.

We want to compare the motion in the Schwarzschild metric with the Keple-
rian orbits, at distances large compared to m. Here the following should be kept
in mind: for the orbit of the earth (so that r =7 and J = Jx) around the sun
(so that m = My) we have

oM
oy ~1078
S

ortelorw

M
— PMz22~ 1070 3 1078

&My T

I
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(Recall that m there is the mass of the central body, while J is the angular
momentum per unit mass of the orbiting one.)

So we return to (5.4.10) with A =1

2 2 2 2
(d?“> :_(1_'_%)(1_2_m)+E2:E2_1_%+27m+2mJ . (5.4.23)

ds r 7’3

and we consider solutions which are perturbations of the the corresponding New-
tonian solutions. Now, for a body with unit mass, and with angular momentum
J, conservation of angular-momentum leads to the following formula for the New-
tonian energy Eyn

1 m 1 J? m
hence ) ,
dr J 2m
— | =2y — — + — . 5.4.24
(ds) N N r ( )

So we obtain the same equations if we neglect the 2’?—3‘]2 term in (5.4.23), and
identify £%—1 with 2Ey; as already discussed, this last identification is consistent
with (5.4.15) at points where m/r and |v]? are small compared to one (in units
where G = ¢ =1).

Replacing r by u = m/r, we conclude that (5.4.12) with A =1,

(du>2 _meE m(1 - 2u) (5.4.25)

2
% J2 —U(l—QU)— J2 s

should be compared with its version where the u? terms have been dropped out:

(3—;)2:@—u2—M:ZL—;(EQ—leQu)—uQ
= <d(ud;f_§)>2 + (u — T—jﬁ = 7}1—:(1 + %) . (5.4.26)
Consider, then the Newtonian solution h
Uy = 7}1—22(1 +ecos ) , e? =1+ % : (5.4.27)

which has been chosen so that u = 0 at ¢ = 0. The equation of motion (5.4.13)
for u reads » )
u g M
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We write u = ug + v, where v is small, and insert in (5.4.28) to obtain

— tuv= m—(l +ecosp)?. (5.4.29)

This can be integrated to obtain

m4

v(p) = o

2 2
—(34+¢€*)cosp +3 1—1—6— —6—0082 + e sin ,
¥ 5 5 ¥ psme

where the free integration constants have been chosen so that v(0) = v/(0) = 0.
Thus,

[\

m m? 9 e? e? )
u(p) ~ J—(1+ecos<,0) T {—(3 +e”)cosp + 3 (1 + 5) — 5 cos 20+ Becpsm(p} .
As already mentioned, the perihelion is the point of closest approach to the
center, hence a maximum of u. At ¢ = 0 we have d,u = 0, so this is indeed an
extremum, and it is clear from the Newtonian expression (5.4.27) that this is a
maximum of u for m/J small enough. The next maximum will be at ¢ = 27+,
with v small:

2 4
0 = Jourm — J2651n<p+J4 (3—|—eQ)Sirup+eQSin2g0+Besin<€+36<pcos<p]
~0
m? mier
~ JQe’y—l—G 71

We have thus obtained, in SI units,

m2nG
J2c?

7~6

This is the perihelion advance predicted by general relativity. For Mercury this
is sometimes called the perihermion advance, and equals about

40" per century .

A more detailed calculation gives the observed value of 43" per century. This
value was known to astronomers at the beginning of the twentieth century, one
suggested explanation being the existence of another planet between Mercury
and the sun.

For the Taylor-Hulse pulsar, described in the first lecture, the advance is
around 4° per year. This has to be corrected to account for the gravitational
waves emitted by the system; the observed corrections agree extremely well with
the theory, and provide an indirect proof of existence of gravitational waves.
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Singularity (r = 0) T

r = constant < 2M

X

r= consta

kSingularity (r=0 r = constant < 2M

t = constant

Figure 5.4: The Kruskal-Szekeres extension of the Schwarzschild solution.

5.5 The Kruskal-Szekeres extension

The transition from

g=(1—2)dt? — A — 2402 (5.5.1)
to om r
g=(1- T)dv2 — 2dvdr — r*d? (5.5.2)
using the coordinate
R T T J— (5.5.3)

so that
v="t+r+2mln(r—2m),

is not the end of the story, as further extensions are possible, which will be clear
from the calculations that we will do shortly. For the metric (5.5.1) a maximal
analytic extension has been found independently by Kruskal [3], Szekeres [7],
and Fronsdal [2]; for some obscure reason Fronsdal is almost never mentioned
in this context. This extension is visualised! in Figure 5.4. The region I there
corresponds to r > 2m, while the extension constructed using the (v,r, 6, p)
coordinates corresponds to the regions [ and I1.

The general construction, for spherically symmetric metrics, which we write
in the form

g =Vt — & — 202 (5.5.4)

T am grateful to J.-P. Nicolas for allowing me to use his electronic figures [5].
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proceeds as follows: We introduce another coordinate u defined by changing a
sign in the previous equation for v,

v:t+ﬂﬂ,‘ﬂ:$? (5.5.5)
to ]

u=t-— f(r), f’zﬁ, (5.5.6)
so that

u=t—r—2mln(r —2m)
in the Schwarzschild case.

Similarly to what we have done in a previous lecture, one can now replace
(t,r) by (u,r), obtaining an extension of the exterior region I of Figure 5.4 into
the “white hole” region IV. However, it is easier to understand this picture by
passing directly to the complete extension, which proceeds in two steps. First,
we replace (t,7) by (u,v). We note that

1 1
Vidu=Vdt— Vdr, Vidv = th—i—vdr,

which gives

V 1 V
Vdt = §(du+dv) , Vdr = §(dv —du) .

Inserting this into (5.5.4) brings g to the form

g = V£ —V72dr? - r2d0?

V2
:-Z0m+mﬂ4M—mﬂ—ﬁm2
= Vidudv —r*dQ?* . (5.5.7)

The metric so obtained is still degenerate at {V = 0}. The desingularisation is
now obtained by setting

= —exp(—cu), ©0=-exp(w), (5.5.8)
with an appropriately chosen c: since
diu = cexp(—cu)du, dv = cexp(cv)dv,
we obtain
2 v
Vidudv = = exp(c(u — v))dudo

V2
= —exp(—2cf(r))dudo .
c
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In the Schwarzschild case this reads

V2 r—2m
" exp(2¢f(r)) = 2 exp(—2¢(r + 2mIn(r — 2m)))
—2
= M(T — 2m) exp(—4mclIn(r — 2m)) ,
cr
and with the choice
dme =1

the term r — 2m cancels out, leading to a factor in front of du dv which has no
zeros near r = 2m. Thus, the desired coordinate transformation is

i = —exp(—cu) = —exp(LE)V/r —2m (5.5.9)
xp(cv) = exp(ZE)v/r —2m (5.5.10)

>

Il

D
k)

with g taking the form

g — VQdU dU - r2d92
16m? exp(—5=
_ m eXp( 2m)da do — TQdQQ ) (5511)

r

Here r should be viewed as a function of 4 and v defined implicitly by the equation

~

—ub = exp(=—)(r —2m) . (5.5.12)

v~

Indeed, we have

(exp(o)(r = 2m)) = 5 exp

>0
2m Qm) ’

which shows that the function G defined at the right-hand-side of (5.5.12) is a
smooth strictly increasing function of > 0. We have G(0) = —2m, and G tends
to infinity as r does, so G defines a bijection of (0,00) with (—2m,00). The
implicit function theorem guarantees smoothness of the inverse G~!, and hence
the existence of a smooth function r = G~'(—ad) solving (5.5.12) on the set
uv € (—o0,2m).

Note that so far we had r > 2m, but there are a priori no reasons for the
function r(u,v) defined above to satisfy this constraint. In fact, we already
know from our experience with the (v, 7, 6, @) coordinate system that a restriction
r > 2m would lead to a space-time with poor global properties.

We have det g = —e(j%()Q 4) r?sin? @, with all coefficients of ¢ smooth, which

shows that (5.5.11) defines a smooth Lorentzian metric on the set

4, 9ER, r>0. (5.5.13)
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This is the Kruszkal-Szekeres extension of the original Schwarzschild space-time.
Figure 5.4 gives a representation of the extended space-time in coordinates

X=(o—a)/2, T=(+a)/2.

Here one should keep in mind that, as already showns, the metric cannot be
extended across the set » = 0 in the class of C? metrics.
Let us discuss some features of Figure 5.4:

1. The singular set » = 0 corresponds to the spacelike hyperboloids

(X2 — Tz)‘r:() = —TAMA)‘TZO = 2m > O .

2. More generally, the sets r = const are hyperboloids X2 7?2 = const’, which
are timelike in the regions I and I (since X? —T? < 0 there), and which
are spacelike in the regions /1 and V.

3. The vector field VT satisfies
1 1
g(VT,VT) = ¢*(dT,dT) = Zgﬁ(om + db, di + db) = 5gtf(cza, dv) <0,

which shows that 7" is a time coordinate. Similarly X is a space-coordinate,
so that Figure 5.4 respects our implicit convention of representing time
along the vertical axis and space along the horizontal one.

4. The map
(ﬁa @) - (_ﬁa _/8)
is clearly an isometry, so that the region I is isometric to region I11, and
region 7 is isometric to region I'V. In particular the extended manifold

has two asymptotically flat regions, the original region I, and region I11
which is an identical copy /.

5. The hypersurface ¢ = 0 from the region I corresponds to u« = —v > 0,
equivalently it is the subset X > 0 of the hypersurface 7" = 0. This can
be smoothly continued to negative X, which corresponds to a second copy
of this hypersurface. The resulting geometry is often referred to as the
Einstein-Rosen bridge. It is instructive to do the continuation directly
using the Riemannian metric v induced by g on t = 0:

d2
TE{ rgm—H“Qsz, r>2m.

T

A convenient coordinate p is given by

p=Vr2—4m? <= r=/p>+4m?.
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This brings v to the form

2
y= <1 + 7m>dp2 4 (p? 4+ Am?)dQ? (5.5.14)
VP2 + 4m?
which can be smoothly continued from the original range p > 0 to p € R.

Equation (5.5.14) further exhibits explicitly asymptotic flatness of both
asymptotic regions p — oo and p — —oo. Indeed,

gNdp2+p2dQ2

to leading order, for large |p|, which is the flat metric in radial coordinates
with radius |p|.

. In the Kruskal-Szekeres coordinate system the Killing vector field K = g,
takes the form

ou. 0
K = = 0. + 0,
0 = 5,0+ 5,0

= —ad; + 00, . (5.5.15)

More precisely, the Killing vector field 0; defined on the original Schwarzschild
region extends to a Killing vector field K defined throughout the Kruskal-
Szekeres manifold by the right-hand-side of (5.5.15).

We note that K is tangent to the level sets of @ or v at o = 0, and
therefore is null there. Moreover, it vanishes at the sphere « = v = 0,
which is called the bifurcation surface of the horizon. The justification of
this last terminology should be clear from Figure 5.4. Quite generally, a
hypersurface to which a Killing vector is tangent, and null there, is called
a Killing horizon. Therefore the union {u0 = 0} of the black hole horizon
{t = 0} and the white hole event horizon {0 = 0} can be written as the
union of four Killing horizons and of their bifurcation surface.

The bifurcate horizon structure, as well as the formula (5.5.15), are rather
reminiscent of what happens when considering the Killing vector t0, + z0;
in Minkowski space-time; this is left as an exercice to the reader.

The Kruskal-Szekeres extension is inextendible, which can be proved as fol-

lows: first, (5.1.5) shows that the Kretschmann scalar R,p,s R diverges as r
approaches zero. As already pointed out, this implies that no C? extension of
the metric is possible across the set {r = 0}. Next, an analysis of the geodesics
of the Schwarzschild metric shows that all (maximally extended) geodesics which
do not approach {r = 0} are complete. This implies inextendibility.

It can be shown that the Kruskal-Szekeres extension is singled out by being
maximal in the vacuum, analytic, simply connected class, with all maximally
extended geodesics v either complete, or with the curvature scalar R,g.,s R
diverging along v in finite affine time.
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5.6 Conformal Carter-Penrose diagrams
Consider a metric with the following product structure:

9 = ger(t,r)dr? + 2,4 (t, r)dtdr + gu(t, r)dr? + hap(t,r, 2t)dadz” | (5.6.1)

~
:2g ::h

where h is Riemannian metric in dimension n — 1. Then any causal vector for
g is also a causal vector for 2g, and drawing light-cones for ?¢ gives a good idea
of the causal structure of (.#Z,g). We have already done that in Figure 5.4 to
depict the black hole character of the Kruskal-Szekeres space-time.

Now, it is not too difficult to prove that any two-dimensional Lorentzian
metric can be brought locally to the form

29 = 20w (u, v)dudv = 2g,,(—dt* + dr?) (5.6.2)

in which the light-cones have slopes one, just as in Minkowski space-time. When
using such coordinates, it is sufficient to draw their domain of definition to visu-
alise the global causal structure of the space-time.

EXERCICE 5.6.1 Prove (5.6.2). (Hint: use coordinates associated with right-going
and left-going null geodesics.)

The above are the first two-ingredients behind the idea of conformal Carter-
Penrose diagrams. The last thing to do is to bring any infinite domain of definition
of the (u,v) coordinates to a finite one. For this, let © and v be defined by the
equations

U tan 0

, tanv = :
2m V2m
where v and 4 have been defined in (5.5.9)-(5.5.10). Using

V2m

tanu =

g

di = —du, dv= —dv ,

cos? i cos2 v
the Schwarzschild metric takes the form
16m? exp(—
g = e o s 202
r

32m? exp(— 5=

_ B2 an) j g - p2a02 (5.6.3)

7 cOS2 U Ccos? U

Introducing new time- and space-coordinates t = (u + v)/2, T = (a — v)/2, so
that
u=t—2, vV=t+7,

70



one obtains a more familiar-looking form

32m® exp(— =
g = 2P e ey 2

7 COS2 U CcOos2 U

This is regular except at cosu = 0, and cosv = 0, and » = 0. The first set
corresponds to the straight lines u = t — z € {£n7/2}, while the second is the
union of the lines v = ¢ + = € {£7/2}.

The analysis of {r = 0} requires some work: recall that » = 0 corresponds to
uv = 2m, which is equivalent to

tan(u) tan(v) =1 .

Using the formula
tanu + tan v

tan(d 4+ v) =

an(u +0) 1 —tanutanv

we obtain “tan(u + v) = £00” or, more precisely,
u+v=2t==4n/2.

So the Kruskal-Szekeres metric is conformal to a smooth Lorentzian metric on
C x 82, where C' is the set of Figure 5.5.
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r = constant < 2M Singularity (r = 0)
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r = infinity

r = constant > 2M
r = constant > 2M

( \ r=2m
r=2m
Singularity (r = 0) r = constant < 2M
t = constant

Figure 5.5: The Carter-Penrose diagram® for the Kruskal-Szekeres space-time
with mass M. There are actually two asymptotically flat regions, with corre-
sponding event horizons defined with respect to the second region. Each point
in this diagram represents a two-dimensional sphere, and coordinates are cho-
sen so that light-cones have slopes plus minus one. Regions are numbered as in
Figure 5.4.
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