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Preface

It is a challenging but rewarding task to teach general relativity to undergrad-
uates. Time and experience are in short supply. One can rely neither on the
undivided attention of students who are studying many other exciting topics
in the final years of their course, nor on easy familiarity with the classical
tools of applied mathematics and geometry. Not only are the ideas themselves
difficult, but the calculations needed to solve even quite simple problems are
themselves technically challenging for students who have only recently learned
about multivariable calculus and partial differential equations.

For those with a strong background in pure mathematics, there is the temp-
tation to present the theory as an application of differential geometry without
conveying a clear understanding of its detailed connection with physical obser-
vation. At the other extreme, one can focus too exclusively on physical predic-
tion, and ask the audience to take too much of the mathematical argument on
trust.

This book is based on a course given at the Mathematical Institute in Ox-
ford over many years to final-year mathematics students. It is in the tradition
of physical applied mathematics as it is taught in this country, and may, I hope,
be of use elsewhere. It is coloured by the mathematical leaning of our students,
but does not present general relativity as a branch of differential geometry. The
geometric ideas, which are of course central to the understanding of the nature
of gravity, are introduced in parallel with the development of the theory—the
emphasis being on laying bare how one is led to pseudo-Riemannian geometry
through a natural process of reconciliation of special relativity with the equiv-
alence principle. At centre stage are the ‘local inertial coordinates’ set up by
an observer in free-fall, in which special relativity is valid over short times and
distances.

In more practical terms, the book is a sequel, with some overlap in the
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treatment of tensors, to my Special Relativity in this same series. The first
nine chapters cover the material in the Mathematical Institute’s introductory
lectures. Some of the material in the last three chapters is contained in a second
set of lectures that has a more fluid syllabus; the rest I have added to introduce
the theoretical background to contemporary observational tests, in particular
the detection of gravitational waves and the verification of the Lens—Thirring
precession. I have also added some sections (marked *) which can be skipped.

There are a number of very good books on relativity, some classic and
some more recent. I hope that this will be a useful if modest addition to the
collection. I have drawn in particular on the excellent books by Misner, Thorne
and Wheeler [14], Wald [22], and Hughston and Tod [9]. T also acknowledge the
help of my colleagues who have shared the teaching of relativity in Oxford over
the years, particularly Andrew Hodges, Lionel Mason, Roger Penrose, and Paul
Tod. Most of the problems in the book are ones that have been used by us many
times on problem sheets, and their origin is sometimes forgotten. Inasmuch as
they may originally have been adapted from other texts, I apologise for being
unable to cite the original sources. I am grateful for the hospitality of the
Isaac Newton Institute in Cambridge in September 2005. Part of this book was
written there during the programme Global problems in mathematical relativity.

Oxford, February 2006 NMJW
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1

Newtonian Gravity

1.1 ‘Special’ and ‘General’ Relativity

Even before Newton had written down the laws of motion, Galileo had observed
that it is impossible to detect uniform motion in an enclosed space. If you do
experiments in the cabin of a ship on a calm sea—for example, by dripping
water into a bucket or by observing the flight of insects—then you will get the
same results whether the ship is moving uniformly or at rest. The common
motion of the ship and the objects of the experiment has no detectable effect.

The observation has a precise formulation within the framework of classical
dynamics, in the statement that the laws of motion are invariant under Galilean
transformations. Start with a frame of reference in which Newton’s laws are
valid, and use Cartesian coordinates x, ¥, z to measure the positions, velocities,
and accelerations of moving bodies. Then the assertion is that they remain valid
when we replace x,y, z by the Cartesian coordinates x’,%’, 2’ of a new frame of
reference in uniform motion relative to the original one. Two such coordinate
systems are related by a Galilean transformation

T x a+ut
y|l=H[|y |+| b+t ], (1.1)
z z c+ wt

where H is a constant rotation matrix, ¢ is time, and a, b, ¢, u, v, w are constants.
The constancy of H implies that the new frame is not rotating relative to the
old; but its origin moves with constant velocity (u,v,w) relative to the old
frame.



2 1. Newtonian Gravity

Put another way, there is no absolute standard of rest in classical mechan-
ics. Instead there is a special class of frames of reference, called inertial frames,
in which the laws of motion hold. The coordinate systems of any two inertial
frames are related by a Galilean transformation. No inertial frame is picked out
as having the special status of being at rest, but any two are in uniform motion
relative to each other. This is encapsulated in the principle of relativity, that
in classical mechanics all inertial frames are on an equal footing. No mechan-
ical experiment will detect absolute motion: only relative motion has physical
meaning.

Maxwell’s equations, on the other hand, are not invariant under Galilean
transformations. They appear to single out a particular set of frames as being
‘at rest’: that is, to imply that it should be possible to detect absolute mo-
tion by electromagnetic experiments. This could, of course, be ‘motion relative
to the ether’, the all-pervasive but undetected medium that was supposed to
propagate electromagnetic waves in the original nineteenth century theory. But
Einstein arrived at a more satisfactory resolution of the unwelcome violation
of relativity without appeal to this fictitious substance: that the principle of
relativity does extend to electromagnetism, but that the transformation be-
tween inertial frames is not a Galilean transformation. It is instead the Lorentz
transformation. 1 assume that the reader is already familiar with this story and
do not repeat it here.

In both the classical world and in Finstein’s special theory of relativity,
inertial frames are characterized by the absence of acceleration and rotation.
Acceleration and angular velocity are absolute. An observer can tell whether
a frame of reference is inertial without reference to any other frame, by seeing
whether Newton’s first law holds. If particles that are not subject to a force
move relative to the frame in straight lines at constant speed, then the frame
is inertial; if they do not, then it is not. More simply, rotation and acceleration
can be ‘felt’.

The situation is less clearcut when gravity enters the picture. Because the
gravitational and inertial masses of a body are the same, it is impossible to
tell the difference, locally, between the effects of acceleration of the frame of
reference and those of gravity. An observer who falls towards the laboratory
floor may be seeing the effects of gravity, or simply, but perhaps less plausibly,
the effects of the acceleration of the laboratory in the upward direction. No
local experiment within the laboratory will distinguish the two possibilities. In
Newtonian gravity, the distinction is a global one: in a nonaccelerating frame,
the apparent gravitational field vanishes at large distances; in an accelerating
frame it takes a nonzero constant value at infinity.

I expand on these remarks below, after a brief review of Newtonian gravita-
tion. But the broad conclusion is already clear: a theory of gravity must address
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the transformation between accelerating frames. Special relativity deals only
with ‘special’ coordinate transformations between the coordinates of inertial
frames. Gravity requires us to look at ‘general’ transformations between frames
in arbitrary relative motion.

1.2 Newton’s Theory

The essential content of Newton’s theory of gravity is contained in two equa-
tions. The first is Poisson’s equation

V2¢ = 41Gp, (1.2)

where ¢ is the gravitational potential, p is the matter density, and G is the
gravitational constant, with dimensions L>M ~'T~2 and value 6.67 x 10~!! in
SI units. With appropriate boundary conditions, it determines the gravitational
potential of a given source. The second equation relates the gravitational field
to the gravitational potential, by

g=-—-Vo. (1.3)
It determines the force Mg on a particle of mass M. If the particle is falling
freely with no other forces acting, then the total energy

E=1iMv’+ Mo

is constant during the motion. It is sum of the kinetic energy %M v2, where v
is the speed, and the potential energy M ¢. Hence the term ‘potential’.

The accuracy of the theory is remarkable: in the solar system, the only de-
tectable discrepancy between the theoretical and actual motions of the planets
is in the orbit of Mercury, where it amounts to one part in 107.

The two equations contain the inverse square law. By integrating over a
region bounded by a surface S, and containing a total mass m, we obtain
Gauss’s law from the divergence theorem:

/Sg.dS = —47Gm. (1.4)

If the field is spherically symmetric, for example, if it is that outside a spherical
star, then the magnitude g of g depends only on the distance r from the centre
of the star and the direction of g is towards the centre. By taking S to be a

sphere of radius r, we obtain
_ Gm
9= 2z
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which is the inverse square law. The corresponding potential is not unique
because we are free to add a constant. If we fix this by taking ¢ = 0 at infinity,
then ¢ = —Gm/r and the energy of a particle of mass M falling under the
influence of the star’s gravity is

Mv?2  GMm
E = 5 T (1.5)

1.3 Gravity and Relativity

Newton’s theory of gravity is consistent with Galilean relativity. If the equations
(1.2) and (1.3) hold in one inertial frame of reference, then they hold in every
inertial frame. In particular, if we transform from one frame to a second in
uniform motion by replacing the Cartesian coordinates z,y, and z in the first
frame by z’,%’, and z’, where

x=2a, y=1, 2=z +ut, (1.6)
then the accelerations of particles are the same in the new frame and in the
old, and

Vo=V'¢,

where V' is the gradient in the new coordinates. So Poisson’s equation and
the relationship between the gravitational acceleration and the gradient of the
potential are still valid in the second frame.

Thus far there is no problem. The theory can be tested against observa-
tion by using Poisson’s equation to predict the gravitational field g of a given
distribution of matter, and then by verifying that the motion of a particle is
governed by the equation

M7= Mg, (1.7)
where r is its position vector from the origin. We see here, however, the first
hint of difficulty, in the equality of the two Ms on the left- and right-hand
sides. Their cancellation has a consequence which at first sight seems merely
convenient, but which on deeper thought raises a question about the physical
identity of the gravitational field. The implication is that Newton’s theory is
also invariant under another type of transformation, a uniform acceleration. If
instead of (1.6), we put

x=2a, y=1, z:z'—l—%atz, (1.8)

where a is a constant acceleration, then the accelerations # and #’ of a particle
in the two coordinate systems are related by

. ./
r=r +a,
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where a is a vector of magnitude a in the z direction. Then (1.7) holds in the
new coordinates provided we replace g by g’ = g — a, because we then have

Mv' =M(# —a)=M(g—a)=Mg'.

Equivalently, if we replace ¢ by ¢’ = ¢ —az when we transform to the accelerat-
ing coordinate system, then (1.3) still holds; and because the second derivatives
of ¢ and ¢’ with respect to the Cartesian coordinates are unchanged, Poisson’s
equation also holds in the new system. Of course there is nothing special about
the z-direction: we draw a similar conclusion whatever the direction of the
acceleration a.

Thus Newton’s theory of gravity also holds in any uniformly accelerating
frame of reference, provided that we subtract the acceleration a from g when
we transform from one frame of reference to another accelerating relative to
it with acceleration a. In particular, we can make the gravitational field at a
point appear to vanish by taking a to be the value of g at the point: then
g’ = 0 in the accelerating coordinate system. That is, gravity is unobservable
at a point in a frame in free-fall, in which massive particles will appear to be
‘weightless’.

The phenomenon is more familiar now than in Newton’s day. Astronauts, for
example, are trained to cope with weightlessness by flying them in an aeroplane
accelerating towards the earth with the acceleration due to gravity; and of
course the weightlessness they experience in space travel is not, as is often
incorrectly reported, because they are ‘beyond the earth’s gravity’, but because,
with rocket motors not firing, their spacecraft is in free-fall—they are falling
with acceleration equal to the local gravitational field g.

So how can one disentangle the ‘true’ gravitational field from the ‘appar-
ent’ one derived from the acceleration of the frame in which measurements are
made? Locally, one cannot: the nonaccelerating frames of reference are distin-
guished from the accelerating ones only by the fact that in a nonaccelerating
frame, the gravitational field falls to zero a long way from the source. The
distinction is a global one.

In fact the gravitational field that we measure on the surface of the earth
is a combination of the ‘true’ field—generated principally by the attraction of
the earth itself—and the effects of acceleration due to the rotation of the earth
and to its orbital motion around the sun. The true field—the field in an inertial
frame—has to be calculated by correcting the apparent gravity for the effects
of acceleration. It is apparent gravity that is measured by weighing an object
of unit mass at rest on the earth’s surface.

In the classical theory, the distinction between real fields and apparent ones
is clear, and the inclusion of the acceleration of the frame in the apparent grav-
itational field is seen as simply a computational device to deal with problems
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in which it is convenient to work in an accelerating frame instead of an inertial
one.

It is when we try to include gravitation in special relativity that the issue
of the reality of the distinction comes to the fore. How is an observer in a grav-
itational field to identify the inertial frames of the special theory of relativity?
They are supposed to be the frames in which Newton’s first law holds:

In the absence of forces, particles move in straight lines at constant
speed.

The difficulty is that gravity affects all matter equally, so there are no com-
pletely free particles. It also affects light, as we show shortly. So it is not possi-
ble simply to adapt the classical definition, that the frame of an observer in a
gravitational field is inertial if it is not accelerating relative to a distant inertial
observer a long way from the source. The two observers would need to exchange
light signals to measure their relative acceleration, and these would be affected
by gravity.

This problem did not arise in electromagnetic theory because there are
charged particles that are affected by an electric field and other neutral particles
that are not. The motion of neutral particles can, in principle, be used to
pick out the inertial frames, and the fields can then be determined from the
behaviour of charged particles; but in gravitation theory, there are no ‘neutral’
particles which we can think of as free of all forces.

1.4 The Equivalence Principle

It is impossible for an observer to distinguish the local effects of gravity and
acceleration only because the Ms on the two sides of the equation of motion
(1.7) cancel. Before we go further, we should pause and ask if this is really
true. Is the cancellation exact for all forms of matter? The answer will have a
profound influence on our view of the physical nature of gravity.

The M on the left-hand side of (1.7) is the inertial mass, which determines
the way in which a body reacts to force in Newton’s second law; that on the
right-hand side is the gravitational mass. It is analogous to charge in electro-
magnetism: it determines the force experienced by a body in a given field. If
they were not always equal, then the acceleration due to gravity would not be
the same for all types of matter.

Their equality was first tested by Galileo, by comparing the periods of pen-
dula with weights made out of different materials. He found no difference. A
more precise confirmation came from the celebrated nineteenth century exper-
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iment by Eo6tvos, which verified that the two types of mass are equal at least
to one part in 10° [2]. His idea was that if the two masses were not always the
same, then the apparent gravitational field at the earth’s surface should depend
on the composition of a body. If the equality failed, then it should be possible
to find two bodies with equal gravitational mass, but unequal inertial mass.
The attraction of the earth would be the same for both, but the acceleration
corrections would be different. The latter have horizontal components. So if the
two bodies were fixed to opposite ends of a rod suspended at its centre by a thin
wire, then the rod should twist. When the masses are interchanged, it should
twist other way. The effect was likely to be very small, and the experiment very
delicate, but Eo6tvés found no evidence for any difference in the two types of
mass. More recent experiments, including lunar ranging measurements, have
reinforced the conclusion at the level of one part in 10'3; and a planned space
experiment STEP will test it to one part in 10*® [20].

We have good reason, therefore, to accept the (weak) equivalence principle,
which is that the equality is exact and intrinsic to the nature of gravity. Einstein
went further, and based general relativity on the assumed truth of the strong
equivalence principle.

There is no observable distinction between the local effects of gravity
and acceleration.

There is no physical experiment that can be performed within an isolated room
that will reveal whether (i) the room is at rest on the earth’s surface, or (ii) it is
in a spaceship accelerating at the acceleration due to gravity in the direction of
the ceiling in otherwise empty space. In both cases, those inside the room ‘feel’ a
normal terrestrial gravitational field. The principle asserts that all experiments
that do not involve looking at the outside environment will similarly fail to
distinguish the two situations.

1.5 Linearity and Light

The equivalence principle poses a challenge to any attempt to incorporate grav-
itational fields within the framework of special relativity, in the same way as
electromagnetic theory. It undermines the identification of inertial frames: if
the effects of gravity and acceleration are locally indistinguishable, how do you
pick out the nonaccelerating frames of special relativity?

It also raises a more subtle problem. Maxwell’s equations and Poisson’s
equation are linear. If you superimpose two charge distributions or two mass
distributions then the electromagnetic or gravitational field of the combined
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distribution is simply the sum of the individual fields. However, as bodies in-
teract gravitationally, energy is transferred from their gravitational fields to the
bodies themselves, and vice versa. Thus gravitational fields themselves carry
energy, and therefore have inertial mass, a consequence of the fundamental rela-
tivistic equality of mass and energy. But if inertial mass and gravitational mass
are the same, then gravitational fields must themselves generate gravitational
fields. If two large masses are brought close together, then the potential energy
of one in the field of the other must be accounted for in the total energy of the
combined system, and must contribute to the total gravitational field. Simple
addition of the individual fields will not allow this. Thus a relativistic the-
ory of gravity must be based on nonlinear equations. It cannot be founded on
Lorentz-invariant linear equations that look anything like Maxwell’s equations.

A similar problem dogs any naive attempt to combine classical gravitational
theory with electrodynamics. One aspect of this can be seen in the energy con-
servation equation (1.5). For a particle in a gravitational field of the spherical
star to escape to infinity, its speed v must exceed the escape velocity

v=+/2Gm/r

because F is conserved and v? must remain nonnegative as r — co. The escape
velocity is maximal at the star’s surface, where r takes its lower possible value
in the region outside the star. What if at this point we have v = ¢, the velocity
of light? This will be the case if the radius of the star is R = 2Gm/c?, the
so-called Schwarzschild radius. Then nothing can escape from the surface. But
what if there is a mirror on the surface and we shine light down from infinity?
It will be reflected at the surface and follow the same path back out again.
Because orbits are reversible in Newtonian gravity, it will be reflected back
to infinity. Clearly Newtonian theory does not provide a consistent picture of
such a ‘black hole’, because it does not allow for a consistent picture of the
interaction of light and gravity. Photons carry energy, and so must be affected
by gravity, something that is at odds with the notion of a universally constant
‘speed of light’. This is intertwined with the previous problem: the constant
‘speed of light’ in special relativity is the speed of light relative to an inertial
frame. We cannot even say what the ‘speed of light’” means in the presence of
gravity without first identifying the inertial frames.

The argument that ‘photons carry energy and must therefore be affected
by gravity’ is made more fully by Bondi’s gedanken experiment: he showed
that if photons were not affected by gravity, then one could in principle build
a perpetual motion machine. He imagined a machine consisting of a series of
buckets attached to a conveyor belt. Each contains a single atom, with those
on the right in an excited state and those on the left in a lower energy state.
As they reach the bottom of the belt, the excited atoms emit light which is
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focused by two curved mirrors onto the atom at the top of the belt; the one at
the bottom falls into the lower state and the one at the top is excited. Because
E = mc?, those on the right, which have more energy, should be heavier. The
force of gravity should therefore keep the belt rotating in perpetuity.

m
>/
Figure 1.1 Bondi’s perpetuum mobile

The resolution is that photons lose energy as they climb up through the
gravitational field. Because E = hw, they must therefore be redshifted. This was
confirmed directly by Pound and Rebka in 1959 in a remarkable experiment in
which they measured the shift over the 75 ft height of the tower of the Jefferson
building at Harvard [16]. It is about 3 parts in 104,

Pound and Rebka’s result is incompatible with special relativity, as can
be seen from the space-time diagram, Figure 1.2. The vertical lines are the
histories of the top and bottom of the tower and the dashed lines at 45° are the
worldlines of photons travelling up the tower. Because the top and bottom of
the tower are at rest relative to each other, their worldlines in special relativity
are parallel, which forces At = At’. So in a special-relativistic theory of gravity,
there cannot be any gravitational redshift.

The interaction of light and gravity has been observed directly, first and
most famously in Eddington’s observations during the 1919 eclipse of the sun,
and more recently and dramatically in the pictures taken by the Hubble space
telescope of distorted images of distant galaxies produced by ‘gravitational
lensing’. Eddington confirmed that the path followed by light reaching the
earth from a star in the direction of the sun is bent by the sun’s gravitational
field. During a total eclipse, one can see the star field in the direction of the
sun and compare the apparent positions of stars in the sky with pictures taken
at night at another time of year when the sun is in a different part of the sky.
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Figure 1.2 Pound and Rebka’s measurement is incompatible with special
relativity

Eddington observed that the apparent positions of the stars close to the edge of
the sun were displaced outwards as the light rays from them were bent inwards
as they passed the sun.!

1.6 The Starting Point

In a gravitational field, it is impossible to identify the global inertial frames of
special relativity by local observation. We can, however, pick out local inertial
frames in which gravity is ‘turned off’: a local inertial frame is one set up by an
observer in free-fall, by using a clock and light signals to assign coordinates to
nearby events. It follows from the equivalence principle that, provided that the
observer makes observations only in a small neighbourhood of a given event
on his worldline, then the usual framework of nongravitational physical theory
should hold good, and the transformation between local inertial coordinate
systems in the neighbourhood will be the same as in special relativity, at least
as an approximation over short times and small distances.

But if we can only work in frames in which gravity is turned off, then how
can we observe gravity? The answer is, by a shift in point of view. Gravity is
not seen in the ‘force’ exerted on a massive body, but rather in the relative
acceleration of nearby local inertial observers. If they make measurements only
over short distances and times, then two nearby observers in spaceships in

! The history of Eddington’s observation is not quite as straightforward as it is
sometimes presented. See, for example, Peter Coles’ article [5].



1.6 The Starting Point 11

free-fall towards the earth’s gravitational field cannot tell that they are in a
gravitational field and not simply accelerating uniformly in empty space a long
way from any source of gravitation. If, however, they are farther apart, then
there will be a small relative acceleration between them because the earth’s
field is not uniform. From the point of view of someone standing on the earth’s
surface, the relative acceleration is the difference in values of g at their two
locations.

Although an observer in a spaceship in orbit cannot detect gravity by local
measurements, it is not necessary to consider the distant environment to detect
its presence: the observer can distinguish between real and apparent gravity by
tracking the small relative acceleration of nearby objects in free-fall.

So the big step that we make to accommodate the equivalence principle is
to ignore the gross effect of gravity, the ‘acceleration due to gravity’, which is
indistinguishable from the apparent gravity in an accelerating frame, and to
regard as primary the relative acceleration that it produces between nearby
objects in free-fall. The physically central quantity is then not g but rather
its derivatives with respect to the spatial coordinates. These are unchanged
by the transformation (1.8). A mass distribution generates a nonuniform field,
which varies from point to point. A uniform field has no observer-independent
significance: it can be reduced to zero everywhere simultaneously by switching
to an accelerating frame.

With this shift in viewpoint, we can begin to develop a theory of gravity
that incorporates special relativity by taking as our starting point that special
relativity should hold in frames in free-fall. But we can only require that it holds
locally, in time and space, because we expect the effects of gravity to manifest
themselves in small corrections to the Lorentz transformation between the in-
ertial coordinate systems set up by nearby observers: their relative acceleration
will destroy the exact linearity of the transformation.

Starting point. Special relativity holds over short distances and times in
frames in free-fall. Gravity is not a local force field, but shows up in the
small relative acceleration between local inertial frames. In the presence
of gravity, the transformation between local ‘inertial’ coordinates is not
exactly linear.

The idea of curvature comes in here, by analogy with mapmaking. If one makes
maps of the earth’s surface by projecting onto a tangent plane from the centre of
the earth, then overlapping maps will be slightly distorted relative to each other
because of the curvature of the earth. To the first order, the transformation
between the x,y coordinates on two overlapping maps will be linear, but the
curvature of the earth prevents it from being exactly linear.
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Figure 1.3 Relative acceleration in free fall

EXERCISES

1.1.

1.2.

1.3.

By applying Gauss’s theorem, derive the internal and external grav-
itational potentials for a solid uniform sphere, mass m, radius a.

By starting with the inverse square law g = —Gmr—3r for the grav-
itational field of a fixed point mass m, obtain the equations of mo-
tion of a test particle in plane polar coordinates r, 6. Show that if
u = Gm/r is expressed as a function of 0, then

%(p2 +u?) = Pu+tk,

where 5 = Gm/J, p = du/df, and k and J are constants whose
significance should be explained. Plot the curves traced out in the
p,u-plane by the motion of the test particle for fixed k and varying
values of 8 in the cases (i) k > 0, (ii) £k = 0, and (iii) ¥ < 0, and
interpret them in terms of the motion of the test particle. (That is,
plot the phase portraits: it may help to look at the first chapter of
Jordan and Smith [10]. We repeat this exercise in general relativity.
The phase portraits enable one to see at a glance how the pattern of
relativistic orbits around a black hole differs from the classical case.)

A pendulum consists of a light rod and a heavy bob. Initially it is
at rest in vertical stable equilibrium. The upper end is then made
to accelerate down a straight line which makes an angle o with the
horizontal with constant acceleration f. Show that in the subsequent
motion, the pendulum oscillates between the vertical and horizontal
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1.4.

1.5.

positions if g = f(cosa + sina). (This problem is very easy if you
apply the equivalence principle and think about the direction of the
apparent gravitational field in an appropriate frame.)

A hollow plastic ball is held at the bottom of a bucket of water and
then released. As it is released, the bucket is dropped over the edge
of a cliff. What happens to the ball as the bucket falls?

A version of the following ‘equivalence principle’ device was con-
structed as a birthday present for Albert Einstein [4]. Simplified,
the device consists of a hollow tube with a cup at the top, together
with a metal ball and an elastic string. When the tube is held verti-
cal, the ball can rest in the cup. The ball is attached to one end of
the elastic string, which passes through a hole in the bottom of the
cup, and down the hollow centre of the tube to the bottom, where
its other end is secured. You hold the tube vertical, with your hand
at the bottom, the cup at the top, and with the ball out of the cup,
suspended on its elastic string. The tension in the string is not quite
sufficient to draw the ball back into the cup. The problem is to find
an elegant way to get the ball back into the cup.

Figure 1.4 Einstein’s birthday present
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Inertial Coordinates and Tensors

Before we take further the development of the relativistic theory of gravity, we
need to establish an appropriate mathematical framework for special relativity.
This must survive in the general theory as the formalism for describing local
observations made by observers in free-fall in a gravitational field. In this chap-
ter, familiarity with special relativity is assumed: the purpose is not to derive
special relativity, but to introduce the language in which it will be extended to
general relativity.

2.1 Lorentz Transformations

The special theory of relativity describes the relationship between physical
observations made by different nonaccelerating observers, in the absence of
gravity.

Each such observer labels events in space—time by four inertial coordinates
t,x,y,z. At the heart of the theory is the description of the operations by
which, in principle, these coordinates are measured. One does not begin, as
in classical dynamics, by taking ‘time’ and ‘distance’ as having absolute and
self-evident meanings derived from physical intuition; rather they are defined
in terms of the operations of measuring them. The key departure from classical
ideas is that the constancy of the velocity of light—its independence of direction
and of the motion of the observer—is built into the definitions, so the conflict
between the principle of relativity and the properties of electromagnetic waves
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is removed at the most fundamental level.

There are different but essentially equivalent ways of formulating the oper-
ational definitions. The one that we keep in mind is used in Bondi’s k-calculus,
and is based on Milne’s ‘radar’ definition [3]. Each inertial observer carries a
clock of standard design, which can be used to measure the time of events at
the observer’s location, and a device for measuring the direction from which
light reaches the observer from a remote source. The device must not rotate,
so the observer can determine whether two photons arriving at different times
came from the same direction. So we note that special relativity requires that it
should be possible to pick out nonaccelerating and nonrotating frames. In the
absence of gravity, this is reasonable: acceleration and rotation can be ‘felt’.

The observer assigns a distance and a time to a distant event E by timing
the emission and and arrival times of photons. If a photon leaves the observer
at time tq, is reflected at the event F, and arrives back at time t5, then the
observer defines the time of t of E and its distance D by

t=1(t1+t2), D=3(ta—t1)

(see the space-time diagram, Figure 2.1). The observer can determine the di-

o
Py

Figure 2.1 Radar definition

rection to £ by observing the direction from which the returning photon ar-
rives. Knowing the time, space, and direction of E, the observer can compute
its space—time coordinates ¢, x,y, z. The result is an inertial coordinate system
t,x,y, z, a term we use somewhat loosely as interchangeable with inertial frame.
Built into the definition is the assumption that light travels with unit velocity

in all directions.!

! We take ¢ = 1 throughout.
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It follows from the assumptions of special relativity that the coordinate
systems t,z,y, z and ¢, %, §, 2 of two inertial observers are related by an inho-
mogeneous Lorentz transformation

SIS

t
=1L +T, (2.1)
y

z

e <

where T is a column vector, which shifts the origin of the coordinates, and

L% L% 1% IO
LYy LY L', LY
L% L% L% L%
L3, I3, L% I3

(2.2)

is a proper orthochronous Lorentz transformation matrix.? This means that
L% >0, det L =1, and L'gL = g, where

1 0 0 0
o -1 0 o
9= 1o o -1 o
0 0 0 -1

Each observer reckons that the other in moving in a straight line with constant
speed u, given by L% = 1/y/1 — u2. The assumptions therefore exclude gravity.

Example 2.1 (Boost)

For a boost along the x-axis, T'= 0 and

¥y ~yu 0 O
yu v 0 0

L= 2.
0 0 1 o[’ (2.3)
0 0 01

where v = 1/4/1 — u2. In this case, the two observers have aligned their z-axes,
and each is travelling along the z-axis of the other with speed u. The origin of
both coordinate systems is the event at which they meet.

2 The reason for departing from the standard practice of using lower indices to la-
bel the entries in a matrix will emerge shortly. The qualification ‘inhomogeneous’
indicates that the general transformation involves translation of the space—time
coordinates. We use the term ‘Lorentz transformation’ loosely to cover all transfor-
mations of the form (2.1), with L proper (det L > 0) and orthochronous (L% > 0).
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Example 2.2 (Translation)

Here L is the identity. The two observers are at rest relative to each other, with
their axes aligned, but in different locations and with different settings for their
clocks.

Example 2.3 (Rotation)
If T'=0 and

0 0
cosf sinf
—sinf cosf
0 0

S O O =
— o O O

then the two observers are at rest relative to each other at the same location,
but their spatial axes are related by a rotation about the common z-axis.

Example 2.4 (Null rotation)

A less familiar Lorentz transformation is the null rotation

3 1 2 0
11-11 -2 0
L‘E 2 2 2 0}

0 0 0 2

a combination of boost and rotation.

2.2 Inertial Coordinates

The extension of relativity to encompass gravitation requires the admission
of more general transformations between space-time coordinate systems, in
particular to allow for the relative acceleration of observers in free-fall.

Although we are still within the framework of special relativity, and the
coordinates are still inertial, it will be helpful in making the transition to use
notation in which the space and time coordinates are more explicitly on an
equal footing. We therefore write

t=a", = at, y=2% and z=2a3.
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So the coordinates are labelled by upper indices. This is important, if unfamil-
iar: a lot of information will be stored by making a distinction between upper
and lower indices.

With this notation, we can write (2.1) in the compact form

3
a® = L%+ T (a=0,1,2,3). (2.4)
b=0

Note that we keep track of the order of the indices on L. The upper index
a comes first; it labels the rows of the matrix. The lower index b labels the
columns, and comes second. By differentiating, we have that

. O0x®
L% =5
and that 550
z
L% =55
( ) b 81'17

Further notational economies are achieved by the adopting the following con-
ventions and special notations.

The summation and range conventions

When an index is repeated in an expression (a dummy index), a sum over
0,1,2,3 is implied. An index that is not summed is a free index. Any equation
is understood to hold for all possible values of its free indices. To apply the
conventions consistently, an index must never appear more than twice in any
term in an expression, once as an upper index and once as a lower index.

The metric coefficients and the Kronecker delta

We define the quantities g5, g°°, and §¢ by

1 a=b=0

1 a=0b
_ ab __ _ — a _
Jab =9 = Loa=b 7& 0 % { 0 otherwise
0 otherwise

Later on, in general relativity, the ‘metric coefficients’ gq, and ¢®° will no longer
be constant, nor will the coefficients with upper indices be the same as those
with lower indices. On the other hand, the Kronecker delta d; will still be
defined in this way.

The notation is very efficient; without it, calculations in relativity tend to
be overwhelmed by a mass of summation signs. It does, however, have to be
used with care and strict discipline. Free indices—indices for which there is no
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summation—must balance on the two sides of an equation. Excessive repetition
can lead to ambiguous expressions in which it is not possible to restore the
summation signs in a unique way. The following illustrate some of the uses and
pitfalls of the notation.

Example 2.5
We can now omit the summation sign in (2.4). It becomes
% = L%3° 4+ T (2.5)

Repetition of b implies summation over 0,1,2,3, and the range convention
means that the equation is understood to hold as the free index a runs over
the values 0,1, 2, 3.

Example 2.6

If two events have coordinates ¢ and y* in the first system and ¢ and g* in
the second system, then

% —y* = L% (3 - g*) = L%3° — Lo 3°. (2.6)

This illustrates that one must take care about what is meant by a ‘term in
an expression’. In principle, you should multiply out all the brackets before
applying the summation rule; otherwise the threefold repetition of b in the
middle expression could cause confusion. In practice, however, the meaning
is clear, and the mild notational abuse in taking the summation through the
brackets is accepted without causing difficulty.

Example 2.7
The Lorentz condition L'gL = g becomes

oxc Oz

LcaLdbgcd = gcd@@ = Jab -

Note that it does not matter in which order one writes the Ls and gs as long as
the indices are ‘wired up’ correctly. In this equation a, b are free, whereas ¢, d
are dummy indices, like dummy variables in an integral. The sum over c is the
sum in the matrix product L'g, and the sum over d is the sum in the matrix
product gL.

Similarly, L=tg=1(L*)~! = ¢! becomes

405098
e m =9 27)
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Example 2.8
If one combines two coordinate transformations
% = K430, %= L%2" +T° (2.8)
then the result is
x* = K%L 3+ K9T". (2.9)

To avoid ambiguity, it is necessary to change the dummy index in the second
equation before making the substitution. It is then clear that there are two
sums, over b = 0,1,2,3 and over ¢ = 0,1,2,3. If you did not do this, then
you would end up with the ambiguous expression K “bLbb, which could mean

3
Zb:o KabLbb'

Example 2.9
Written in full, the equation A,C* = B,C* is
AgCP + A1C + A5C? 4+ A3C3 = ByC° + B1C! + BoC? + B3C3.

In the compact form, there is a temptation to cancel C* to deduce that A, =
C,. The full form shows that this temptation must be resisted.

Example 2.10
As a final illustration, we note that
abg"® = 0. (2.10)

Equivalently, g g - is the identity matrix; here g . and g - are the 4 x 4 matrices
with, respectively, entries g,;, and g°. In (2.10), c,a are free indices and b is
a dummy index. The same equation holds in general relativity, but there the
metric coefficients are not constant.

2.3 Four-Vectors

A four-vector in special relativity has four components V°, V1, V2, V3. Under
the change of coordinates (2.5), they transform by

1o f/O
i7e" f/l
V=Ll ] (2.11)
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That is, V* = L“be. The three Cartesian components of a vector @ in Eu-
clidean space behave in the same way. They change by

Z1 Z1
X9 =H i’g
z3 z3

when the axes are rotated by an orthogonal matrix H; and they are unchanged
when the origin is translated.

Later on, we need to transform four-vector components under general coor-
dinate transformations. So that we can carry over results from special rel-
ativity with the minimum of adaptation, we restate (2.11) by substituting
LY = 0z° /0z®. Then the following definition is equivalent to the transfor-
mation rule in special relativity, and extends directly to the general theory.

Definition 2.11

A four-vector is an object with components V¢ which transform by
_ 8.13& ‘71)
oxb

under change of inertial coordinates.

V(J.

The only new feature when we come to allow general coordinate transformations
will arise from the fact that the Jacobian matriz dx®/0z" will not be constant,
and so the transformation will vary from event to event: we shall have a distinct
space of four-vectors at each event. Connecting them—that is, deciding when
two vectors at different events are the same—is a central problem. We come
to that later; for the moment all the coordinates are inertial and the Jacobian
matrix is constant.

Example 2.12

The four-velocity: if x* = z*(7) is the worldline of a particle, parametrized
by proper time 7, then the four-velocity has components V¢ = dz®/dr. Under
coordinate change
_dz®  Ox° dz?
Tdr 9zb dr
so the four-vector transformation rule is a consequence of the chain rule.

a

(2.12)
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2.4 Tensors in Minkowski Space

Other objects in special relativity have similar transformation rules. Tensor
algebra draws the various rules together into a common framework. The basic
idea is that a set of physical quantities measured by one observer can be put
together as the components of a single tensor in space—time. A four-vector is an
example of a tensor. There is then a standard transformation rule that allows
one to calculate the components in another coordinate system, and hence the
same quantities as measured by a second observer. For example, the energy and
momentum of a particle (in units with ¢ = 1) form the time and space compo-
nents of a four-vector. If they are known in one frame, then the transformation
rule gives their values in another. Two other examples should be familiar.

Example 2.13

The components of the electric field E and the magnetic field B fit together
to form the electromagnetic (EM) field

0 _El _E‘2 _E3 FOO FOl FOZ F03
El 0 —Bg B2 FlO Fll F12 F13

F= E, Bs 0 B = 20 g2l 22 p23 o (2-13)
E3 _B2 B1 0 F30 F31 F32 F33

which transforms by F = LFL!. That is,

~ Ox% Oxb -
Fob — o pb fred — = _fed, 2.14
e d 7c 974 (2.14)

Example 2.14

The gradient covector of a function f(xz®) of the space-time coordinates has
components 9, f, where 9, = d/0x®. These transform by the chain rule

oFb
ox?

Note that it is %/0x on the right-hand side, not dx/0Z, so this is not the
four-vector transformation rule, but rather a dual form of the rule. Hence the

Ouf = =——0Obf. (2.15)

term ‘covector’.

Definition 2.15

A tensor of type (p,q) is an object that assigns a set of components T, 4
(p upper indices, g lower indices) to each inertial coordinate system, with the
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transformation rule under change of inertial coordinates

dxe " 9xf dxe T Oad

A tensor can be defined at a single event, or along a curve, or on the whole
of space—time, in which case the components are functions of the coordinates
and we call T a tensor field. If ¢ = 0 then there are only upper indices and the
tensor is said to be contravariant; if p = 0, then there are only lower indices
and the tensor is said to be covariant.

b
T4 % 4= ook

The definition is uncompromisingly pragmatic: a ‘tensor’ is defined in terms
of the transformation rule for its components, leaving hanging the question of
what, exactly, a tensor is. A four-vector can at least be pictured as an arrow in
space—time, by analogy with a vector in space. A tensor with a large number
of indices is not easily pictured as a geometric object, although this can be
done with some ingenuity and willingness to lose contact with the physical
context. More mathematically appealing definitions avoid this unease, but are
not strictly necessary to get to grips with the theory; there is some discussion
in the last chapter of [23]. One needs to become familiar with tensor algebra to
do relativity, and this is best done by practice. Formal definitions and precise
statements of the rules are not always helpful.

There is one serious point here that goes beyond the aesthetics of various
characterizations of a ‘tensor’. It should be checked that the transformation
rule is consistent: that is, that in passing from coordinate system z® to z¢ to
%, one gets the same transformation as by the direct route from z® to z¢. In
fact, this follows from the product rule for Jacobian matrices

R A

Example 2.16

A four-vector V@ is a tensor of type (1,0), also called a vector or contravariant
vector.

Example 2.17

The gradient covector d, f is a tensor of type (0,1). A tensor «, of type (0,1)
is generally called a covector or covariant vector.
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Example 2.18

The Kronecker delta is a tensor of type (1,1) because

L0z 93¢ Ox® 0z°

197 908 ~ 95 oob 00 (2.16)

by the chain rule.

Example 2.19

The contravariant metric has components ¢*° and is a tensor of type (2,0), by
(2.7). The covariant metric has components g, and is a tensor of type (0,2).

Both the Kronecker delta and the metric in Minkowski space are special in that
they have the same components in every inertial frame. For a general tensor,
the components in different frames are not the same.

As with four-vectors, the same definition will stand for general coordinate
transformations, with the same caution that the transformation is then different
at different events. The general strategy will be to identify tensors by their
components in a ‘local inertial frame’ set up by an observer in free-fall, and
then to use the transformation rule to find their components in other coordinate
systems. The Kronecker delta will still have the same components in all systems,
but the metric tensor will not.

2.5 Operations on Tensors

Addition

For S, T of the same type: S + T has components

5%t T e a.

Multiplication by scalars

A scalar at an event is simply a number. A scalar field is a function on space—
time. The value of a scalar is unchanged by coordinate transformations. We can
multiply a tensor T" by a scalar f to get a tensor of the same type with com-
ponents fT%?. 4. The operations of addition and multiplication by constant

scalars make the space of tensors of type (p, ¢) into a vector space of dimension
APt
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Tensor product

It S, T are tensors of types (p,q), (r,s), respectively, then the tensor product
is the tensor of type (p + r,q + s) with components S“'“bcdee“'fgmh. It is
denoted by ST or S®T.

Differentiation

If T is a tensor field of type (p, q), then VT is defined to be the tensor of type
(p,q + 1) with components

0
vaTmed.A.e = 8a,Tmecl...tav 8a = .
Ox®
Under change of inertial coordinates,
8ajjbmoi... = ai,t ) amb @ T'r...g

oz 93T Oxd
oit 9zb 0@ - -

o 0T
R ER R AR

which is the correct transformation rule for tensor components of type (p, ¢+ 1).

Note that we are still working in the context of special relativity: the calcula-
tion only works because 9x/0% is constant. We have to work harder to define
differentiation in curved space-time.

Contraction

If T is of type (p + 1,¢ + 1), then we can form a tensor S of type (p,q) by
contracting on the first upper index and first lower index of T

Sbmce...f — Tabmcae...f )
Note that there is a sum over a. Under change of coordinates

b...c ab...c
S e..f — T ae...f
0x® 0z®  0x¢ 0%° 0zt O

= A= a7 e e _ 7Tklm .
ik 9zl " 9z™ dx dxe T dat stou
8xb Ox¢ a-%t oz Ql..m

ozl 9Fm g T 9xl T

because _
ox® 0%° o

ik dza — F

One can also contract on other pairs of indices, one upper and one lower.
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Raising and lowering

If a is a covector and U® = g*ay, then U is a four-vector, formed by tensor
multiplication combined with contraction. We write a* for U® and call the
operation ‘raising the index’. Raising the index changes the signs of the 1,23
components, but leaves the first component unchanged. The reverse operation
is ‘lowering the index’: V, = g4 V®. One similarly lowers and raises indices on
tensors by taking the tensor product with the covariant or contravariant metric
and contracting, for example, 79 = gpc17'*°. One must be careful to keep track
of the order of the upper and lower indices because 79 and 7,“ are generally
distinct. Do not risk confusion by writing either as T}'.

Example 2.20
If f is scalar field, then V*f, where
(Vaf) = (atfv _ar.ﬂ _ayfu _azf)

is a four-vector field. It is the ‘gradient four-vector’.

Example 2.21

If U and V are four-vectors, then

g(U, V) = gapUV? = UV, = U, V.

Example 2.22

Raising one index on g, or lowering one index on g gives the Kronecker delta
b,
because g*° gy = 2.

Example 2.23

Suppose that (5S%) = (1,0,0,0) and (T*) = (1,1,0,0). Then S®T and T ® S
have respective components

1 1 0 0 1 0 0 0
00 0 O 1 0 0 0

arpb) _ agb) _
(ST)i 00 0 0}’ (TS)i 0 0 0 O
0 0 0 O 0 0 0 O

Note that S® T # T ® S, but when written as matrices, as above, the compo-
nents of S® T and T'® S are related by transposition.
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EXERCISES

2.1. For each of the following, either write out the equation with the
summation signs included explicitly or say in a few words why the
equation is ambiguous or does not make sense.

(i) z¢ = L% M°z° .
) 2% = L. M3 .
) 6% = 626568 .
(iv) o = 026505 .
) x% = LYzb + M%3b.
) x® = L%3° + Meze.
(vii) 2% = L3¢ + MY 3°.
2.2. Show that for any tensors S, T,U, with T and U of the same type,
S@T+U)=SeT+SaU.
2.3. The alternating symbol is defined by

1 if abed is an even permutation of 0123
Eabed = —1 if abed is an odd permutation of 0123
0 otherwise.

Show that if T, X, Y, Z are four-vectors with 7' = (1,0), X = (0, z),
Y =(0,y), and Z = (0, z), then

Eabed T XY CZY = z.(yAz).

2.4. Let € have components ,pq in every inertial coordinate system.
(i) Show that € is a tensor of type (0,4).

(ii) Write down the values of the components of the contravariant

tensor £%bed,

(iii) Show that e4pege®? = —24 and that e4pee?® = —655.
2.5. Maxwell’s equations are
divE = ¢, p
divB = 0
curl B—0.E = pod
curlE+0,B = 0,
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2.6.

2.7.

where €ypo = 1 in these units in which ¢ = 1. Show that they take
the tensor form

0uF =¢'J"  and  0,Fpe 4+ OyFeq + 0cFup =0,

where J = (p, J) is the current four-vector.

Let F2 be an electromagnetic field tensor. Write down the compo-
nents of the dual tensor F); = %EabchCd in terms of the components
of the electric and magnetic fields. By considering the scalars F,;, F'*
and FabF*ab, show that F.B and E.FE — B . B are invariants.

An observer moves through an electromagnetic field F? with four-
velocity U®. Show that U*U, = 1. Show that the observer sees no
magnetic field if F***U, = 0, and show that this equation is equiva-
lent to

B.u=0 and B—-uANE=0.

Hence show that there exists a frame in which the magnetic field
vanishes at an event if and only if in every frame E.B = 0 and
B.B < E . E at the event.
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Energy-Momentum Tensors

Einstein’s general theory has at its heart an equation that, like Poisson’s equa-
tion, relates the gravitational field of a distribution of matter to its energy
density. The quantity that encodes energy density in special relativity is a
symmetric two-index tensor called the energy-momentum tensor. We introduce
it first in the simplest case of a noninteracting distribution of particles, and
then extend the definition to fluids and to electromagnetic fields.

3.1 Dust

Consider a cloud of particles (‘dust’), in which the velocities of the individual
particles vary smoothly from event to event and from time to time. There is
one worldline through each event and the four-velocities of the individual dust
particles make up a four-vector field U. For the moment, we suppose that there
are no external forces or interactions, so each particle moves in a straight line
at constant speed.

We now address the question: what is the energy density seen by an observer
moving through the dust with four-velocity V7 The observer’s worldline is the
dashed line in Figure 3.1. The answer depends on V' because

(i) The energy of each individual particle depends on its velocity relative to
the observer; and

(ii) Moving volumes appear to contract.
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Figure 3.1 A ‘dust’ cloud

The answer is important in general relativity because it involves the introduc-
tion of the energy-momentum tensor, which is the ‘source term’ in Einstein’s
equations, analogous to the current four-vector in Maxwell’s equations.

Definition 3.1

The rest density p is a scalar. It is defined at an event A to be the rest mass
per unit volume measured in a frame in which the particles at A are at rest. If
there are n particles per unit volume in this frame and each has rest mass m,
then p = nm.

Consider the particles that occupy a unit volume at an event A in the rest
frame of the particles at A. Suppose that in this frame the observer is moving
along the negative x-axis with speed v. To the observer, each particle at A
appears to have velocity (v,0,0) and to have energy

my(v) = Vierh

The particles appear to occupy a volume 1/v(v) = /1 — v2. Therefore the
observer measures the energy density to be v(v)?p.

Definition 3.2

The energy-momentum tensor of the dust cloud is the tensor field with compo-
nents T% = pUUP. It is a tensor of type (2,0) because it is the tensor product
of two four-vectors, multiplied by a scalar.
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=

Figure 3.2 The transformation of density

Proposition 3.3

The energy density measured by an observer moving through the cloud with
four-velocity V' is py, = T Veve.

Proof

In the rest frame of the observer,
(V%) =(1,0,0,0) (U*) =~(v)(1,v,0,0).

Therefore T,, VeVt = p(U, V)% = py(v)2. O

Thus the 00-component of the energy-momentum tensor in the observer’s
rest frame is the energy density. What about the other components? Consider
the four-vector T%°Vj,. Its temporal component in the observer’s frame is py - Its
spatial part is f = p,,u, where u is the particle velocity relative to the observer.
This represents the energy flow. The particles that cross a small surface element
dS with normal n in the observer’s time d¢ occupy a volume w.n dS §t after
they cross. The total energy of these particles as measured by the observer
is therefore f.ndS. So if 2 is a fixed volume in the observer’s frame, with
boundary surface 92 and outward pointing normal, then conservation of energy

requires that
d
—/ deV+/ fdS =0. (3.1)
dt Jo a0

The surface integral represents the total rate at which energy is flowing out of
2. By taking the time derivative under the first integral sign and by applying
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the divergence theorem to the surface integral, we get

dpy ; _

Because this holds for any fixed volume, we have the continuity equation

Ipy v f —

Equivalently,
Vo(T®V,) =0.

Because V is constant and the second equation holds for any observer, it follows
that
Vo T% =0. (3.3)

Thus we see that conservation of energy for all inertial observers is equivalent
to (3.3). If the dust particles are moving slowly relative to the observer, then
py ~ p and (3.2) reduces to the classical continuity equation of fluid dynamics.

We can also deduce the equation of motion of the individual dust particles
from the conservation law (3.3). If we substitute 7%° = pU®U?, then we obtain

pUN U = —UV,(pU").
So UV ,U" is parallel to U®. On the other hand, U,U® = 1, and so
0= UV, (UU,) = 2U0,U°V, U,
which implies that U%V,U? is also orthogonal to U®. Consequently

ot U*v,U"=0,

dr
where 7 is the proper time along a particle worldline. In other words, U® is
constant along each particle worldline, and so the individual particles move in
straight lines at constant speeds. This takes us back to where we started, but
the point is that the equation of motion is determined by the requirement that
energy measured by any inertial observer should be conserved.
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3.2 Fluids

The definition extends to a general relativistic fluid. We picture a fluid as a
large number of superimposed streams of particles with different velocities.
Each stream has its own energy-momentum tensor, and their sum 7% encodes
the energy density for the whole fluid. An inertial observer with four-velocity
V measures energy density py, = TV, V}, and sees an energy flow given by the
spatial part of the four-vector T%V;. The different streams interact through
collisions, but energy is conserved in the rest frame of an inertial observer, so
the same energy conservation argument as before, applied to a fixed volume in
an observer’s frame, gives V,(T%V;) = 0. This holds for the four-velocity V¢
of any observer, so as before we have

V. T%=0.

How does such a fluid acquire a well-defined bulk velocity? It is through the
existence of a frame at each event in which the energy density is minimal.

The energy density measured at some event by an observer moving with
velocity v through a stream of particles with velocity u and rest density p is

pU U Vo Vi = pry(w)y(v)(1 — wv)?.

As v — 1, therefore, the observed density tends to infinity. Because each indi-
vidual stream has positive density, the same must be true of the whole fluid.
So if we put V = «(v)(1,v), and regard

pv =TV, V,

as a function of v, then py is positive whenever |v| < 1 and py — oo as |v| — 1.
Consequently py must achieve its minimum for some value of w of v.

Consider the corresponding four-velocity W*. By the following argument,
we can characterize W as the unique timelike eigenvector of 7%. Let X be a
four-vector orthogonal to W®; that is, W* X, = 0. Suppose that the components
of X are small. If we ignore quadratic terms in these small quantities, then
We 4+ X is also a four-velocity because

(We+ XYW, + X,) = WW, +2WeX, =1.
With the same approximation, we also have

TCW, 4+ Xo) Wy + X)) = TW, Wy, + 2T°W, X,
> T%W,W,.

Therefore
TW, X, >0
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for small X . But this must still hold if we replace X by —X?, so we deduce
that
T*W, X, = 0.

Because this is true for any X® orthogonal to W¢, it follows that T**W, is
parallel to W, and thus that W?° is an eigenvector of the energy-momentum

tensor. That is,
TabWa — pr

for some scalar p. By contracting with W;, we see that p is the minimum
possible value of py .

Definition 3.4

The four-velocity W that satisfies the eigenvector equation T*W, = pW? at
some event is the rest-velocity of the fluid at the event, and the corresponding
eigenvalue p is the rest density.

Exercise 3.1

Show that the rest-velocity at an event is unique.

A rest frame of the fluid at an event is a frame in which (W?) = (1,0,0,0) and
in which the components of the matrix (7%) can be written in block form

=5 1),

where o is a 3 x 3 matrix. In general, the o has three distinct eigenvectors
and these pick out three special directions in the fluid. A perfect fluid is one for
which there are no special directions and therefore one for which o is a multiple
of the identity. Such a fluid is isotropic: it looks the same in every direction at
the event. For an isotropic fluid, we have

Tab — pwawb 7p(gab _ Wawb)

for some scalar field p. If we expand the conservation law V,7% = 0 in a
general inertial coordinate system, then this time we obtain

WiNawp+ (p+p)V W =0

and
(p+p)WeV WP = (g° — WeW®)V,p.

If all the individual particle streams are moving with velocity much less than
that of light, then the fluid velocity w will be small and p will be very much
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less than p. We can approximate four-velocity of the fluid by (1, w), and ignore
quadratic terms w? and pw. Our conservation equations then reduce to

Oop+ V. (pw) =0, pow + p(w.V)w =—-Vp,

which are the continuity equation and Euler equation of nonrelativistic fluid
dynamics. Thus in general we should interpret p as the pressure of the perfect
fluid.

3.3 Electromagnetic Energy-Momentum Tensor

A second extension takes account of electromagnetic forces and of the energy
carried by an electromagnetic field. Let us return to the case of a single stream
of particles, but suppose now that the particles are charged, and that they
interact electromagnetically, but are not subject to other external forces. If
each particle has rest mass m and charge e, then the current four-vector at
an event is J = nelU, where n is the number of particles per unit volume in
the rest frame of the particles at the event and V is their four-velocity. It has
spatial part J = nevy(u)u.

In the coordinates of an inertial observer with four-velocity V¢, the motion
of each particle is governed by the Lorentz force law

a

dr

m = eFV, .

Hence it satisfies d
T (mfy(u)) =e¢E.u.

It follows that between t and t + dt, the energy m~y(u) of the particle changes
by eE . u dt. There are ny(u) particles per unit volume in the observer’s frame.
So the conservation equation for a volume (2 is now

g/deV—i—/ f.dS:/ne'y(u)E.udV.
dt Jg 090 o

But the right-hand side is

/E.JdV:/ iE (curlB—aE> dv
Q Q Mo ot

by Maxwell’s equations; see Exercise 2.5. Moreover

B
E.curlB:div(B/\E)—!—B.(mrlE:div(B/\E)—B.aa—t.
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Hence

d
d—/(pv—i—%eo(E.E—l—B.B))dV—i—/ (f+eEAB).dS =0,
tJo Ye)

where py and f are as in (3.1). It makes sense, therefore, to identify the quan-
tity!

€0 1

—E.E+—B.B

2 2410
with the energy density of the electromagnetic field and to identify the vector
ENB
Ho

with the emnergy flur. This vector is called the Poynting vector. The energy
density and the Poynting vector are the temporal and spatial components of
79V}, where

Tab _ 60(FacFCb + igachchd)
is the electromagnetic energy-momentum tensor. Our conservation equation is
now

ValpUU" +7%) = 0.

Neither the energy-momentum tensor of the particles nor that of the electro-
magnetic field is conserved on its own; but the combination is, as common sense
and physical law demand.

EXERCISES

3.2. Show that the electromagnetic energy momentum tensor is symmet-
ric.

3.3. Let 7% be the energy-momentum tensor of an electromagnetic field
F. Show that

Tab _ %60 (Fachb + F*acF*cb) )

3.4. Show that, except when F,,F® = FpFrab = 0, there are two
independent real null four-vectors L such that K%L, = AL® for
some A. They are called the principal null vectors. Explain why
this implies that the electromagnetic field does not have a unique
‘bulk velocity’. How many principal null vectors are there when
F o Fob = F . F*® = 0? How are they related to the Poynting vec-
tor?

! In units in which ¢ = 1, we have o = eal, so one constant is redundant. We use
both here simply to bring the definitions closer to their conventional form.
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3.5. Show that for a perfect fluid, the conservation equation V7% = 0
is equivalent to

a

aw
Val(pW) +pVaW* =0,  (p+p)—— + (W W’ —g*")Vep =0,

dr

where 7 is the proper time along the worldlines of the fluid elements.
Why does V,(pW*) not vanish?



4

Curved Space-Time

We are now ready to make the transition from Minkowski’s space-time of spe-
cial relativity to the curved space-time of general relativity. We build on two
foundations: first, the equivalence principle, the local equivalence of the effects
of acceleration and gravity, and second, the well-established apparatus of spe-
cial relativity theory, applied over short times and small distances in free-fall.
Our starting point is the following.

(GR1) Special relativity holds over small distances and short times in
frames in free-fall, that is, in local inertial frames. In such frames we can
set up local inertial coordinates as in Minkowski space.

(GR2) Gravity appears as the relative acceleration of nearby local inertial
frames.

4.1 Local Inertial Frames

In special relativity, an inertial observer sets up an inertial coordinate sys-
tem t,x,y, z by using Milne’s radar method and by measuring the direction of
propagation of light arriving from events at other locations. Two such systems
are related by an inhomogeneous Lorentz transformation. If A and A’ are two
events with respective coordinates ¢, x,y,z and t',2’, 3y, 2’ then the quantity

CAA) = (=t = (' =2~ —yP = (=2 (@A)
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is independent of the choice of coordinate system. It is called the world function;
it depends only on the two events A, A’.

If o(A, A’) is positive, then it is the square of the time interval from A
to A’ measured in a frame in which A and A’ happen in the same place. If
it is negative, then it is minus the square of the distance between A and A’,
measured in a frame in which they happen at the same time. If it is zero, then
A and A’ lie on the worldline of a photon.

In the presence of gravity, an observer in free-fall with worldline w can set
up local inertial coordinates in the same way, taking an event on w as origin.
The times and distances of other events are measured by the radar method,
and the events’ coordinates are found by adding information about direction
of travel of the returning light signals. By GR1, all observers in free-fall will
measure the same value of the world function for two nearby events. So if A is
the origin and B is a nearby event with coordinates dt¢, dx, dy, and dz, then

ds? = dt? — daz? — dy? — d2?

is the same in all local inertial coordinate systems with origin A provided that
we ignore third-order terms in the small quantities d¢, dz,dy, dz. Although it
is conventional to write it as a square, ds? can be positive, negative, or zero. It
has the same interpretation as in special relativity.

Timelike separation. If ds? > 0, then ds is the time from A to B on a clock
travelling between the two events in free-fall.

Null separation. If ds?> = 0, then A and B lie on the worldline of a photon.

Spacelike separation. If ds? < 0, then ds? = —D?, where D is the dis-
tance from A to B measured in a frame in free-fall in which A and B are
simultaneous.

The change from special relativity is that the interpretation of ds? is now an
approximation, valid when A is the origin of the coordinate system set up by
the free-falling observer and B is nearby, and valid only to the extent that the
coordinates of B can be treated as small quantities.

A second application of GR1 gives the equations of motion of particles
in free-fall, either massive particles moving at less than the velocity of light
or photons moving at the velocity of light. Their worldlines are defined by
expressing t,x,y,z as functions of a parameter 7. In special relativity, 7 is
proper time in the case of a particle with mass—that is, the time measured
by a clock moving with the particle—or an affine parameter in the case of a
photon. Either way,

d?t  d?z  d?y d%z

_——- e = — = = = . 4.2
dr2  dr2 dr?2  dr? 0 (4.2)
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Null

®sL

Figure 4.1 The displacement from A to B in the three cases

That is, the worldline is a straight line in space-time and the parameter is
linear. In the presence of gravity, these equations must still hold at the origin
of a local inertial coordinate system, but we do not expect them to hold at
other events because the particle will acquire a small acceleration relative to
the observer as it travels away from the origin. Thus we have the following.

Motion in free-fall. In free-fall, the motion of a particle satisfies (4.2)
at any event A on the worldline in any local inertial coordinate system
with origin A. In the case of a massive particle, 7 is the time measured
by a clock falling with the particle. In the case of a photon 7 is an
affine parameter.

We show that this is enough to determine the motion in general coordinates.
By ‘free-fall’ is meant ‘subject to no forces other than gravity’.

The coordinates ¢, x, y, z can only be used in the immediate neighbourhood
of the origin. If we want to see what is happening at other events, then we must
use a different coordinate system. So we now translate our conclusions thus far
into general coordinates. As always, we want to keep in mind the analogy with
mapmaking. The local inertial coordinates are analogous to the x, y coordinates
on a large-scale map of a small area of the earth’s surface. In that context, the
distance between two nearby points is

ds? = da? + dy?,

where dz and dy are the differences in their = coordinates and in their y coor-
dinates. Straight lines on the surface correspond to straight lines on the map,
and there is a constant scale. But we need a different map for a different re-
gion: because of the curvature of the earth, we cannot construct a map of a
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large region with these properties. On a global scale, we must use a projection
that distorts the local geometry in some way, and we can no longer compute
the distance between two widely separated points by measuring their z and y
coordinates on the map, and by applying Pythagoras’s theorem.

Local inertial coordinate systems are analogous to large-scale maps. They
can only be used to explore the immediate neighbourhood of an event. One can
study a larger region of space—time by using a general coordinate system, but
at the price of having a more complicated formula for the time and distance
separation between nearby events. The geometry no longer looks like the flat
geometry of Minkowski space.

A general coordinate system x* on space—time is simply a labelling of events
by four parameters. We should not think of the coordinates as having a direct
interpretation in terms of the measurement of physical quantities. They are
simply labels. Near the origin A of a local inertial coordinate system, t,x,y, z
are functions of the x“s, so

ot
- Jze

and so on. If we ignore third-order terms in the dz®s, then

dt dz® 4 second-order terms in dz

ds? = ggpdz®da® (4.3)

at A, where

Jab = i Bab ~ Dge 9ab  ye Oab | Ban b (44)
In an extension of our previous terminology, the coefficients g,, = gp, are called
the metric coefficients. Because ds? is given by the same expression in all local
inertial coordinate systems, the value of the right-hand side of (4.4) at A is
independent of the choice of the local inertial coordinates ¢, x,y, z at A.

We can do a similar transformation to local inertial coordinates near any
other event. So (4.3) holds throughout the region covered by the coordinates
x®. However, in general the metric coefficients g,, vary from event to event.
In contrast to the special theory, they are now dependent on the choice of
space—time coordinates x°.

If we replace the z%s by new coordinates %, then

¢ Oz

2 ay..b _
ds® = ggpda®da” = (ngaia@ijb

) dz*dzb.

So in the new coordinate system the metric coefficients are

. dx¢ Oz
Gab = gcd@ﬁ
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or in matrix notation

- " ox®

g=JgJ where J = (%’) .
A general real symmetric matrix can always be reduced to a diagonal matrix
with diagonal entries 1 by a transformation g — JtgJ for some matrix J.
The diagonal form is determined by the signature, that is, by the signs of the
eigenvalues. In the case of the matrix g = (gqp) of metric coefficients, we know
that we can reduce g to the diagonal matrix with diagonal entries 1, —1, -1, —1
at any one event by transforming to local inertial coordinates at that event.
Therefore the matrix g has one positive and three negative eigenvalues, which
is usually expressed by saying that the metric has signature + — ——.

To summarize, in an arbitrary coordinate system, if dx® is the coordinate

separation between two nearby events A and B, then, to the second order in
dz?®

’ ds® = gabdxadzb,

where the metric coefficients are evaluated at A and ds has the interpretation
above. The coefficients g, have the following properties.

(MC1) They are smooth functions of the coordinates z°.

(MC2) They are symmetric gqp = gpa-

(MC3) The matrix (g,p) has signature + — —— at every event.

(MC4) The metric coefficients transform under general coordinate trans-
formations by

_ dx¢ Ox?

Gab = gcd%@ .

Example 4.1
Suppose that 2% = ¢, 2! =7, 22 =6, 23 = ¢, and
ds? = dt* — dr? — r2d6? — r? sin? 0dy?. (4.5)

Then we can reduce ds? to the form dt? — dz? — dy?® — dz? by the coordinate
change t = t, x = rsinfcosg, y = rsinfsinp, z = rcosf. So this is just the
metric of special relativity in a noninertial coordinate system (spherical polars).
We cannot reduce a general metric to the Minkowski form by a coordinate
transformation. However, we can do it up to the second order in the coordinates
at any one event, as we show in the next section.
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It is conventional to specify the metric coefficients in general coordinates
by giving an (infinitesimal) expression, referred to as the metric, for ds? in the
form

ds? = ggpdzda®.
For example, for Minkowski space in spherical polar coordinates, we read off
from (4.5) that goo = 1 and g33 = —r2sin? 4.

4.2 Existence of Local Inertial Coordinates

The central idea of general relativity is that a gravitational field can be de-
scribed by a metric
ds® = gopda®da’,

where the metric coefficients satisfy (MC1)—(MC4). In order to understand
how such a metric can carry nontrivial information about gravity and how its
coefficients can be interpreted in terms of observations made in free-fall, we
explore the recovery from g, of local inertial coordinates. We show that these
can always be found at any event in space-time, but that a general metric
cannot be reduced globally to the Minkowski form by a change of coordinates.
A general metric is not simply the metric of Minkowski space disguised by a
coordinate transformation, as in the last example.

The recovery of local inertial coordinates begins with the following propo-
sition.

Proposition 4.2

Let gap be a set of metric coefficients such that (MC1)—(MC4) hold and let A
be the event * = 0. Then there exists a coordinate system £ such that % =0
and J.Gq.p = 0 at A.

Proof

Define new coordinates % by x® = ia—%F%Cibi‘c, where the I'} s are constants
such that I'q, = I'%,. Let hqp and k.4, denote, respectively, the values of gqp
and J.gqp at the origin % = 0. Then, by Taylor’s theorem,

Jab = hap + 2kcap + 0(2)7
where ‘O(2)’ denotes quadratic and higher-order terms in the z%s. It follows
that

_ ¢ dz
Gab = gcd@w
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(hed + ¥ kmea) (65 — T'%5.29) (6 — T%;&") + O(2)
= hab + {i'c(kcab - Fabc - Fbac) + 0(2)»

where I, = hadf’céc. We have used 2* = 2% + O(2), as well as changing the
labelling of the dummy indices. We want to choose Iyp. = [4ep SO that

kcab - Fabc + Fbac .
By permuting the indices, we would then also have

kbca = Fcab + Facb
kabc = Fbca + Z—‘cba .

By adding the first two of these and subtracting the third, we would then have
that

Fabc = %(kcab + kbca - kabc) 5
and hence that
4 = $h(keay + kvea — kave)

where h®hy, = §%; that is, (R?) is the inverse of the matrix (hqp). Conversely,
if we define 1'%, in this way, then we get

kcab - Fabc - Fbac
kcab - %(kcab + kbca - kabc + kcba + kacb - kbac)
= O7

because kqpe = kac- O

Note that

a

te = 59" (0cgab + Ogac — Oagne) »

evaluated at 2% = 0, where the ¢%s are the inverse or contravariant metric
coefficients, defined by g**gy. = 62. The quantities I . are called the Christoffel
symbols. We meet them again in the definition of the Levi-Civita connection.

Proposition 4.3

Let A be an event. Suppose that we have two coordinate systems xz® and ¢

such that % = 2% = 0 and 9,gp. = Nagbc =0 at A. Then there exist constants
M4 such that z% = M%7 + O(3).

Here ‘O(3)’ denotes third-order terms in z. The proposition says that the trans-
formation is linear at A up to the second order in z; that is, the Taylor expansion
about A of % in powers £ has no second-order terms.
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Proof
We have to show that 0%22?/07°0%¢ = 0 at A. Now at all events,
. Ox¢ Oz
Gab = gcd%w~
Therefore
¢ Hopd 2, .c d ¢ 52.d
Defab = %afgcd%% + gcd%% + gcd%% : (4.6)

Note that the second two terms on the right-hand side differ by the interchange
of a and b. Put

_ 0x¢ 9%

= el 9z Diboze

Then Lgpe = Laep- Because the partial derivatives of g, and of g, vanish at
A, eqn (4.6) gives

Labe

Lbae + Labe =
Leba + Lbea =
Laeb + Leab =

By adding the first and third, and subtracting the second, we obtain L. = 0.
Hence

02 0z° g Oxc 9%z 0z
era~. — 9 °9cd 7= "o~ — & =
ozboze  Ozp oze 0zboze  Ozp

gpqLabe = 07
which completes the proof. O

Proposition 4.4 (Existence of local inertial coordinates)

Let gqp(z) be a set of metric coefficients satisfying (MC1)—(MC4) and let A be
an event. Then there exists a coordinate system x such that ¢ =0 at A and

10 0 0
0 -1 0 O
0 0 0 -1

as £* — 0. The system is unique up to coordinate transformations of the form
a® = L3+ 0(3),

where L = (L%) is a Lorentz transformation matrix.
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Proof

Choose an initial coordinate system such that d.g.,, = 0 and z® = 0 at A. Let
h denote the matrix of metric coefficients at z* = 0. Because h has signature

+ — ——, we can find a matrix J = (J%) such that
1 0 0 0
0 -1 0 0
t —
T = 0 0 -1 0

0o 0 0 -1

Now make a linear coordinate change by replacing 2 by J%x° to get the exis-
tence statement. The uniqueness statement follows from the previous proposi-
tion. O

The coordinates at A in the last proposition are interpreted as local inertial
coordinates of an observer in free-fall at A. For special metrics we can reduce
Jap to the diagonal form diag (1,—1,—1,—1) everywhere. We show that this
happens when the gravitational field vanishes. For a general metric, however,
such a coordinate transformation does not exist. To summarize:

(1) A gravitational field is described by a general set of metric coefficients
satisfying (MC1)—(MC4), which encode the temporal and spatial separation
of nearby events.

(2) The local inertial coordinates set up by an observer in free-fall at an
event A are the coordinates z® such that z* =0 at A and

1 0 O 0

o =1 0 o0
(gab)* 0 0 1 0
o 0 0 -1

+0(2)

as % — 0. In local inertial coordinates, special relativity holds over small
times and distances.

4.3 Particle Motion

In a local inertial coordinate system at an event A, 0.9, = 0 at A. The
worldlines of massive free particles—particles in free-fall—satisfy

i =0 (4.7)

at A, where the dot is differentiation with respect to proper time 7. This equa-
tion determines their motion, but not in a very practical way because we have to
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use a different coordinate system at each event. To find the particle worldlines
in a gravitational field, we need first to re-express (4.7) in a general coordinate
system. To do this, we use the machinery of analytical dynamics, which is well
suited to the purpose of writing down equations of motion in classical mechan-
ics in general coordinate systems. Our strategy is to find a Lagrangian and to
use a result from classical mechanics about the transformation of Lagrange’s
equations under change of coordinates.

Invariance of Lagrange's equations

The equations of motion of a classical dynamical system with time-independent
Lagrangian L(qq,, ¢,) are Lagrange’s equations,

g oL _ oL _0
dt \ 94 9qa -

where the g,s are generalized coordinates. The equations in a new coordinate

system ¢, can be found by substituting

L . 0ga :
Ga = Qa(Q)a Ga = — b

into L and by writing down Lagrange’s equations in the new coordinates. This
is the sense in which Lagrange’s equations are invariant under coordinate trans-
formations.

The result has deep physical significance, but as a mathematical proposition,
it is simply a statement about how a particular system of second-order differ-
ential equations changes when new dependent variables are substituted for the
originals. If a system of ordinary differential equations for the functions g, (%)
of a variable ¢ can be written in the form of Lagrange’s equations, then the
transformed equations are of the same form, with the new Lagrangian found
from the original by expressing ¢, and ¢, in terms of g, and g,.

So we can take the result out of its original physical context and use it to
write the equations of motion of a freely falling particle in a general coordinate
system. In the new context, we put the space—time coordinates x® in the role
of the g,s and the proper time 7 in the role of time in classical mechanics. For
the Lagrangian we take L = %gaba'caj:b, where the dot denotes differentiation
with respect to proper time 7. The corresponding Lagrange equations are

d /oL 3 oL _0
dr \ 9z@ dxe

They are called the geodesic equations, and the solution curves in space—time

are called geodesics.
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Proposition 4.5
The geodesic equations are equivalent to
B4 Ieatac =0,

where the Il s are the Christoffel symbols. The equations are invariant: that is,
they take the same form in every coordinate system. In local inertial coordinates
at an event, they reduce to £ = 0 at the event.

Proof
To establish the first statement, we write out the geodesic equations explicitly.
They are
%(gabi'b) - %(&ngc)gbbfc =0.
That is,

g’ + 22°2°(20.9a5 — Oaghe) =0,

by changing a to d and by using gpe = £°0cgap. By multiplying by the inverse
metric g°? and by using the symmetry under interchange of the dummy indices
b and ¢, we can rewrite this as

i + 2259 ! (Dpgae + Ocgha — Dagee) = 0.

In other words,
i Ieabac =0,

where
I = 59" (0bgac + Oegbd — Dagve)- (4.8)

These are the Christoffel symbols or connection coefficients, which have already
appeared on page 47.

The invariance of the equations follows from the invariance of L. From
(MC3), ,

0 A~
gab‘%a‘%b = gab%%icid = gcdi'c:td .

Thus the geodesic equations take the same form in every coordinate system:;
and in local inertial coordinates at an event they reduce to the equations of
motion of a free-falling particle. They hold in a special coordinate system at
each event; therefore they hold in every coordinate system at every event and
so determine the motion of the particle in any coordinate system.

Because the Christoffel symbols vanish at an event A in local inertial co-
ordinates at A, the equations reduce to &* = 0 in these coordinates at the
event. O
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The motion of a particle in free-fall is therefore given by the geodesic equations
in local inertial coordinates at an event, and hence in any coordinates. We are
led to the following.

The geodesic hypothesis

The worldlines of particles in free-fall satisfy the geodesic equations, with 7 the
proper time.

It follows from the geodesic equations that L is constant. This can be shown
by direct calculation, or by appealing to the fact that L is a homogeneous
quadratic in the ©%s and has no explicit dependence on proper time.! In fact,
on a particle worldline parametrized by proper time,

_ 1 asb 1
L = 35gui®t’ = 3.

Example 4.6

In Minkowski space in spherical polar coordinates,

L=1—-+- 202 — r?sin® 04?) .

The geodesic equations are
t=0 0 +2r 170 — sinfcosfp® = 0
i — 6% — rsin® 62 = 0, G4 2r Y+ 2cot B = 0.

We can read off from these that, for example, I'}; = 1/r, with coordinates
ordered so that 20 =t, 2! =r, 22 =0, 23 = .

4.4 Null Geodesics

By the same reasoning, the worldline of a photon is also given by the geodesic

equations,
i oL B oL 0
dr \ oz oze

! In analytical dynamics, the Hamiltonian is conserved whenever the Lagrangian has
no explicit time dependence; and if the Lagrangian is a homogeneous quadratic,
then it is the same as the Hamiltonian. Again these statements can be taken
out of their original physical context and interpreted as propositions concerning a
Lagrangian system of ordinary differential equations.




4.5 Transformation of the Christoffel Symbols 53

where 7 is now an affine parameter. In this case,
L=1gui"" =0

because ds? = g, dz®dz® = 0 for two nearby events on the worldline of a
photon.

Geodesics with gabg'caobb > 0 are said to be timelike; those with gabo'c“:icb =0
are said to be null. So photon worldlines are null geodesics and massive particle
worldlines are timelike geodesics.

4.5 Transformation of the Christoffel Symbols

The Christoffel symbols are defined by (4.8). They determine the worldlines of
free particles through the geodesic equations, and so contain the same infor-
mation as the ‘acceleration due to gravity’ in Newtonian theory. They vanish
at the origin in local inertial coordinates, as one would expect: local inertial
coordinates are the coordinates set up by an observer in free-fall at an event.
In the observer’s frame, the ‘acceleration due to gravity’ is zero.

How do the Christoffel symbols transform when we change coordinates from
one general system z® to another %7 In the new coordinates,

f‘l;lc = %gad(ébgdc + écgba - aagbc)'

We could determine the relationship between I, and I, . by direct substitution.
But the calculation is unnecessarily complicated. Instead, we use the fact that
the geodesic equations

4 Ieibac =0 (4.9)

transform to

I IRt =0

because the Lagrangian from which they are derived is invariant. Substitute

ta oz .d
= o
into the second equation to get
oi" %" - 07° 017
0 — ~d pdze o jfa 0T 0T op.c
9zd” + 9rddze " " thes Dzt e
.y 0P [, 0¢08) 9%t ] .
= 0 = F A omi B gpe T aatene| T 410)
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with the second line following from the first by multiplying by 9z?/9%* and
summing over a. Hence because I}, = I'%, and because (4.10) and (4.9) are
equivalent for all choices of free particle worldline,

oz -, 03¢ 037 Oz 9%

971" < 9ab Oue | 9 bt

The first term on the right could have been anticipated: it is simply the ten-
sor transformation rule. The second involves the second derivative of the new
coordinates with respect to the old. Thus it measures, in some sense, the ac-
celeration of the new coordinates relative to the old. It should also have been
anticipated, because it mirrors the acceleration term in the transformation of
g when one switches to an accelerating frame in Newtonian theory.

a __
Fbc_

4.6 Manifolds

We now have one half of general relativity: we know how gravity affects matter.
The gravitational field is encoded in the metric coefficients g,p, and the motion
of a freely falling particle is governed by the geodesic equations. Gravity is not
a field, like the electromagnetic field, but is part of the structure of space-time.

So what sort of object is the space—time of general relativity? In local inertial
coordinates, it looks in a small region like Minkowski space; but when we extend
the coordinates over a larger region, the light cones are not fixed: they vary
from event to event. We have the analogy with the relationship between a
curved surface and a flat plane. The local geometry is the same: we can map
a small part of the earth’s surface onto a page in an atlas with a constant
scale; but a map of a large region will introduce distortion. Analogously, a
small region of space-time can be mapped onto Minkowski space by using local
inertial coordinates, but as we extend the coordinates to a larger region, the
identification breaks down. The geodesics in space—time are not mapped onto
straight lines.

A space-time in general relativity and a surface in space are examples of
manifolds, that is, spaces whose points can be labelled by coordinates. In rela-
tivity, events are labelled by four space—time coordinates z%; on a surface, we
use two parameters, such as latitude and longitude on the sphere, to label the
individual points. In neither case is there a natural choice for the coordinates,
and it may be impossible to use a single coordinate system to cover the whole
space. Longitude, for example, is not uniquely defined at the North and South
poles. So the definition of a manifold captures the idea that the coordinate
systems are local, and ties down the permitted transformations between local
coordinates. There are many possibilities, but we only allow smooth, that is
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to say infinitely differentiable, transformations. Our manifolds are therefore of
class C*°.

Definition 4.7

An n-dimensional manifold is
(a) A connected Hausdorff topological space M, together with

(b) A collection of charts or coordinate patches (U, x®), where U C M is an
open set and the x%s are n functions % : U — R, such that the map

z:U—->R":m— (xo(m),:rl(m), . ,x”fl(m))
is a homeomorphism from U to an open subset V' C R™.

Two conditions must hold: (i) every point of M must lie in a coordinate patch;
and (ii) if (U,z%) and (U,Z®) are charts, then the Zs can be expressed as
functions of the xz%s on the intersection. We require that

z(UNU) - z(UNT): (%) — (%)

should be infinitely differentiable and one-to-one, with
ox®
det | — 0.
o |53 #

The topological condition on M is required to rule out pathological behaviour.
In fact further technical conditions, such as ‘paracompactness’, are needed to
get sensible models of space-time. We should also specify completeness for
the atlas (the set of charts). We do not dwell on such matters here because
they play no part in the elementary development of the theory. Topological
language is needed only to give meaning to the term ‘local coordinates’: local
coordinates label the points of open sets of M, and the transformations between
local coordinate systems are smooth and invertible.

A surface is a two-dimensional manifold; space-time is a four-dimensional
manifold. Both have an additional structure called a metric. On a surface, the
metric determines the geometry: it gives the distance between nearby points.
If the surface is defined parametrically by giving the position  of a general
point as a function r(u, v) of two parameters, then the distance ds between the
nearby points (u,v) and (u + du, v + dv) is determined by

ds? = ry.r,du® + 2r,.r, dudv + 7,7, dv?

= FEdu®+ 2F dudv + G dv?, (4.11)
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where E = 7,.7, and so on. This is the first fundamental form. Like ds? in
space—time, it is a quadratic form in the coordinate displacement. It measures
the separation between two nearby points on the surface. The coefficients F,
F, G are functions of the ‘coordinates’ u, v, like the metric coefficients g, in
space—time. We note the following.

(1) In general, the metric cannot be reduced to the flat form du? + dv?
by changing the parameters. This is only possible if the surface has no
intrinsic or Gaussian curvature. We establish this in §4.8.

(2) The surface may have nontrivial topology, in which case the same pa-
rameters cannot be used over the entire surface. In general relativity, sim-
ilarly, we must allow for space-time to have a nontrivial topology. This is
important in the model space-times used in cosmology.

An expression such as (4.11) is manageable when there are only two coordinates
and three metric coefficients. In higher dimensions, one needs a more compact
and efficient way of representing the metric and doing calculations involving the
metric coefficients. This is provided by tensor calculus, in which the space—time
metric, and other physical quantities, are represented by tensors. We look at the
definitions only in the four dimensions of space—time, although the extension
to the general setting of an n-dimensional manifold is obvious.

4.7 Vectors and Tensors

The various physical objects in space—time are represented by scalars—functions
on space—time—or by vectors or tensors, which are objects with components
that transform in simple ways under change of coordinates. The definitions are
the same as in special relativity, except that the coordinate changes are now
general.

Definition 4.8

A tensor T of type (p,q) is an object that assigns a set of components 7%, 4
(p upper indices, ¢ lower indices) to each local coordinate system, with the
transformation rule under change of coordinates

ox® ozt ozl ok -
To b, g=t T
4T 9ge T 0% fxe T Oad ok

A tensor can be defined at a single event, or along a curve, or on the whole of
space—time, in which case the components are functions of the coordinates and
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we call T' a tensor field. If ¢ = 0 then T is a contravariant tensor; if p = 0, it is
a covariant tensor. A tensor of type (1,0) is a four-vector or simply a vector.

An object that behaves as a tensor under change of local inertial coordinates at
an event determines a tensor at the event under general coordinate transforma-
tions. We frequently fail to distinguish between a tensor and its components,
and allow ourselves the usage ‘a tensor Te-b, 2 or ‘a vector V&,

Note that because
0x® 0z°

di° dxb
one could equally well write the transformation law with all the tilded (™) and

=4, (4.12)
untilded quantities interchanged.

Example 4.9
The metric gqp is a tensor field of type (0,2). It has the transformation law

oz Oz

b = God e 22 4.13
Jab = Jed g 10 b (4.13)

Example 4.10

The contravariant metric has components g%°, where (g%°) is the inverse matrix
to (gap). That is, g*®gpe = 0%. It is a tensor of type (2,0). This is proved from
(4.13) by the following steps, which are well worth following carefully because
they illustrate some basic techniques of index manipulation. The proof makes
several uses of (4.12). First, multiply both sides of (4.13) by

oxb
oxe

and sum over b. The result is
_oxb ox¢
gab% = gce% .
Now multiply by §%f¢¢" and sum over a, e to get
ozl ., _ -~a f@
oze? T9 gz

Finally multiply by
oz
oxf
and sum over f to get
bh _ oy 02" O2F
— 9 9ze 0wt

9



58 4. Curved Space-Time

Example 4.11

The gradient d, f of a scalar function is a covector field, a tensor of type (0, 1).

Example 4.12

If 2% = 2%(7) is the worldline of a particle in general motion, parametrized by

a parameter 7, then
dz?

dr
is a four-vector field along the worldline. If

a

g VOV = gupi®i® =1,

then V is called the four-velocity and 7 is called the proper time. This extends
the definition of proper time from motion in free-fall. When

gupVVP =1,

the increment in 7 between the events on the worldline with coordinates x

and z% + dz® is
d7 = \/gap dz® da® .

So by the interpretation of the metric, d7 is the time between the two events
measured in a local inertial frame in which they happen at the same place.
Proper time therefore has the same meaning as in special relativity. We extend
the clock hypothesis to the general setting by postulating that proper time is the
time measured by a clock of standard construction travelling with the particle.
As in special relativity, the mechanism of the clock must be insensitive to the
acceleration of the particle (a pendulum clock will not do).

We can carry out all the operations on tensors in exactly the same way
as in special relativity, with the exception of differentiation. Partial differen-
tiation with respect to the coordinates no longer gives a tensor because the
components 9, T b, do not obey the tensor transformation law under nonlin-
ear coordinate changes. Indices are raised and lowered by contracting with ¢®°
and gqp, although this now involves more than just changing the signs of a few
components. For example, if 7% is a tensor of type (2,1), then the contraction
T is a tensor of type (1,0) (one free upper index a). If a, is a covector, then
g®a is a tensor of type (2,1) and its contraction

a® = gabab
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is a vector. This is the operation of raising the index. One similarly lowers
indices, for example, by putting X, = g, X°. Raising followed by lowering
returns to the starting point because

Javg"® = 6.

The exceptional operation, differentiation, is more subtle in a general space—
time. We come back to it in the next chapter.

4.8 The Geometry of Surfaces*

Much of the general theory of relativity can be illuminated by exploring the
analogy between the structure of space-time and the more familiar and more
easily visualized geometry of a surface. This section summarizes the theory of
surfaces in a way that may help to draw out the analogy. It is not essential
to the following chapters, but we refer back to it from time to time to draw
attention to the analogies.

The metric tensor on a surface determines the distance between nearby
points. Its components

E=r,.7ry F=r,.r,, G=r,.7r,

can be read off from the the first fundamental form (4.11). Just as the metric
coeficients in space—time, they transform as the components of a tensor of
type (2,0) under change of parametrization. The same argument as in §4.2
establishes that at any point p on the surface, it is possible to choose the
parameters u, v so that u = v =0 at p and

E =1+ 0(w?), F = O(w?), and  G=1+0w?)), (4.14)
as u,v — 0, where w = vu2 + v2. We define the Gaussian curvature at p by
’i(p) = *%(Evv + Guu - 2Fuv)

in this special parametrization (the subscripts denote partial derivatives). Of
course the special parametrization in which (4.14) holds is not unique. So to
establish that the definition is a good one, we need to show that the value of
k(p) is independent of the choice made.

This is done by deriving another formula for x(p). At each point of the
surface in a neighbourhood of p, choose two orthogonal unit vectors a, b tangent
to the surface, so that a, b, and the unit normal n to the surface make up a
right-handed orthonormal triad (Figure 4.2). Given a curve r = 7(t) on the



60 4. Curved Space-Time

Figure 4.2 The triad a, b, n

surface, consider the quantity defined along the curve by
a.b=-b.a=a.((r.V)b),

where V is the three-dimensional gradient and the dot denotes differentiation
with respect to t. This is linear in the tangent vector 7. So there is a vector w
tangent to the surface at each point such that

a.b=7.w

for any curve on the surface. It depends, of course, on the choice of a, b. If we
make a rotation at each point and replace a and b by

a =cosfa+sinfb B:—SinHa—l—cosHb,

where 6 is a function of u, v, then w is replaced by w — V4.

Proposition 4.13

k(p) = n. curlw, evaluated at p.

Proof

Note, first, that n . curlw is well defined because it involves only derivatives of
w tangent to the surface. Equally it is independent of the choice of a,b, because
the curl of a gradient vanishes. In fact, if we use the subscripts ¢, j, k, . . . to label
Cartesian coordinates on R3, then

n.curlw = €;,n;0;w, = €;;51;0;(A0kb;) = €51 (0;a;)(Okby) -
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But a, b, n form a right-handed triad. So the last expression is
(a;0;a1)(brOkby) — (bj0jar)(arOkby) ,

in which the Cartesian components of a and b are differentiated only along a
and b, which are tangent to the surface.
We can choose a and b so that, with the special choice of parameters,

a=r,+0w?), b=r,+O0(w?)
as u,v — 0. We then have

n.curlw(p) = (a;0;a1)(br0kby) — (b;j0;a;)(arOkby)

Tuu - Tvv — Tuv - Tuv
evaluated at u = v = 0. At p, however,
Eu = 2T7L Ty = O; Ev = 2ru Tuv = 07 EL =Ty -Tyu T Ty -Tuy = 0.

From this and similar expressions for G,, G,, and F,, we deduce that r,,,
Tww, and 7, are orthogonal to r, and to 7, at p. By differentiating twice the
defining equations of F, F, G with respect to u, v, we deduce that at p,

Euu + va - 2Fuu = Q(TUU Tuv — Tyu - rvv) )

which completes the proof. 0

Because n .curlw does not depend on the choice of a,b, the value of k(p)
does not depend on the choice of the special parameters u,v. So the Gaussian
curvature is a well-defined function on the surface. If it does not vanish, then it
is impossible to reduce the first fundamental form to the planar metric du?+dv?
throughout the u,v coordinate patch. The fact that x can be computed from
the first fundamental form alone is Gauss’s theorema egregium.

The Gaussian curvature measures the extent to which the geometry of the
surface differs from that of the flat plane. One of the most direct ways in which
it can be interpreted is in terms of the excess of the sum of the angles of a
geodesic triangle over 7. A geodesic on the surface is the closest that a curve
on the surface can come to being a ‘straight line’ without leaving the surface.
It is the path followed by a particle constrained to move on the surface by a
‘normal reaction’ (in the direction of n), in the absence of other forces. It is
also the curve that minimizes distance between two nearby points.

In close analogy to the space—time theory, the geodesics are generated by
the Lagrangian

L = L(EW* 4 2Fab + Go°)
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where u, v are general coordinates. When L = %, the parameter on the geodesic
is the arclength s. The connection with the motion of a particle comes from
identifying L with the kinetic energy %1* .7 of a unit mass particle constrained
to move on the surface, with unit speed.

With arclength as parameter, the tangent ¢ = 7 to a geodesic is a unit
vector. Its derivative £ is given in a general parametrization of the surface by

t =1yl 4 10 + Pyuytt® + 20y G0 + Typp?? .

In the special coordinates at a point p, the geodesic equations reduce to i =
¥ = 0 at p, and the second derivatives of r are orthogonal to the surface
at p. We deduce that t is orthogonal to the surface at p, and by the same
argument, at every point of the geodesic. Thus the acceleration of a geodesic
is everywhere in the direction on n, as consideration of the equation of motion
of the corresponding particle implies. The direction of ¢ changes only as much
as is necessary to follow the surface.
If we choose orthogonal vectors a and b as before, then

t=cosfa+sinfb,
for some function 6(s). Because a.a =b.b=0and b.a = —a . b, we have,
0= (—sinfa+cosfb).t=0—-a.b=0—7.w. (4.15)

Now consider a triangle A, B,C on the surface, the sides of which are
geodesics (Figure 4.3). We make the arclength increase along the three geodesics

/)

Figure 4.3 A geodesic triangle

from A to B, from B to C, and from C to A, and express the dependence of
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6 on the three sides by 05(s), 01(s), and 605(s), respectively. We assume that
the triangle is contained in the region in which the triad is defined. Then by
integrating (4.15) around the triangle, we find

0s(B) — 03(A) + 0,(C) — 02(B) + 02(A) — 02(C) = j{w.dr.

By using Proposition 4.13 and by applying Stokes’ theorem,

j{w.dr:/curlw.dS:/ndS,

where the second two integrals are over the interior of the triangle, and we have
assumed that the interior of the triangle is simply connected. But

02(A) — 03(A)

is the angle that ¢ turns through at A in passing from the geodesic C'A to the
geodesic AB. The conclusion is the Gauss—Bonnet theorem.

Theorem 4.14 (Gauss—Bonnet)

The sum of the interior angles A, B, C' of a small geodesic triangle is

A+B+C:7T+/I€d57
where the integral is over the interior of the triangle.

A rather more suggestive way to state the theorem, at least in the context of
relativity, is in terms of the velocities of particles moving along geodesics on the
surface, with no friction. Suppose that O travels from A to B, @ travels from
B to C, and P travels directly from A to C. Let 64 denote the angle between
the velocities of P and O at A, 0p the angle between the velocities of O and
Q@ at B, and 0¢ the angle between the velocities of @ and P at C' (all assumed
acute). Then

9A793+Qc:/l<&ds.

In the plane, the left-hand side would be zero.
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4.9 Summary of the Mathematical Formulation

Space—time is a four-dimensional manifold M with a metric tensor g,p, which
is a symmetric tensor of type (0,2) with signature + — ——. The points of M are
the events. If £ = x%(u) is the worldline of a particle, where u is a parameter,
then
B dza dzb
T = gabaa
is the proper time along the worldline, that is, the time measured by a clock
carried by the particle. This is the clock hypothesis. The four-vector V' with
components V' = dz®/dr is the particle’s four-velocity.
The metric determines the behaviour of free particles via the geodesic hy-

pothesis , \
Brt |, detdet
dr2 dr dr
where 7 is proper time for a particle with mass, or an affine parameter in the
case of a photon.
If A is an event, then there exists a local coordinate system such that z* = 0

at A and

10 0 0
0 -1 0 O
0o 0 0 -1

as 2% — 0. In these coordinates, I}%, = 0 at the origin (the event A). Such a
coordinate system is interpreted as the local inertial coordinate system set up
by an observer in free-fall at A. We identify four-vectors and tensors at A with
vectors and tensors in special relativity by taking their components in local
inertial coordinates.

The metric determines an inner product g(X,Y) = X,Y® on the space of
four-vectors at an event with signature + — ——. It is symmetric and nonde-
generate, but not positive definite. As in special relativity, we say that X is
timelike if X*X, > 0, null if X®*X, = 0, and spacelike if X*X, < 0.

EXERCISES

4.1. Show that if z* and 2% are coordinate systems, then

0z 0%aP Oz 0z" 92%°

OxP OFP9TC Ot 0ic Ox10xT



4.9 Summary of the Mathematical Formulation 65

4.2.

4.3.

4.4.

4.5.

Show that if X and Y are vector fields on a manifold, then so is
Z% = X9, Y — Vb9, X"

That is, show that the Z%s transform correctly under change of co-
ordinates.

Let 2%(7) be a solution curve of the Lagrange equations of the La-
grangian L = % gabi®3®. Show from the Lagrange equations without
assuming in advance that 7 is proper time that

d
—(gapVV?) = 0.
dT(gb )

How could you have deduced this directly from the Lagrangian?

Einstein proposed the following metric as a model for a closed static
universe

ds? = dt? — dr? — sin® 7(d6? + sin? Ad?) .

Find the geodesic equations of the metric from Lagrange’s equations
and hence write down the Christoffel symbols (take 20 = ¢, ! = r,
2?2 =0, 23 = ). Show that there are geodesics on which 7 and 6 are
constant and equal to /2.

The Einstein static universe is mapped into the five-dimensional
space—time with metric

dS? =d7? —dX? —dy? —dz? — aw?

by T =t, X =sinrsinfsing, Y = sinrsinf cosy, Z = sinr cos b,
and W = cosr. Show that ds? = d.S2.

Show that the image is (almost all of) {X% +Y? + Z2 + W2 = 1}.
Deduce that, as a topological space, the Einstein universe is the
product of R and the three-dimensional sphere X24+Y2+224+W?2 =
1 in R%. What portion is covered by the chart ¢, r, 6, ¢? Describe the
geodesic curves on the image.
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Tensor Calculus

We have seen that the space—time of general relativity is a four-dimensional
manifold and that gravity is encoded in the metric tensor. It manifests itself in
the relative acceleration of local inertial frames, and thus in variations in the
metric from event to event.

Our next task is to understand how matter generates gravity; that is, how to
relate the variations in the metric to the distribution of matter in space—time.
To do this, we must know how to differentiate vectors and tensors. In Minkowski
space, it is easy: we just differentiate their components. But in a general space—
time there is a problem because the coefficients in the transformation rules for
vector and tensor components are generally not constant. A tensor that has
constant components in one coordinate system will have varying components
in another.

5.1 The Derivative of a Tensor

The derivatives of the components of a tensor do not themselves transform as
tensor components. This is illustrated by the following examples.



68 5. Tensor Calculus

Example 5.1

Let X* be a vector field. Then

- ox¢ 9 [0z°

HX* = ——— ([ =——Xx1

b 97 Ox° (axd )
0x° 0% ) g Ox® 01"
0zt Oxd "¢ 0z Oxcoxd”
where 0, = 0/0z® and Oy = a/ajb. The first term is the one required for a
tensor transformation law; the second is the problem. In special relativity, where

the coordinate transformations are all affine linear, it vanishes automatically.
The difficulty in the general theory is that we now allow general, nonlinear
coordinate transformations, for which it does not vanish.

Example 5.2

Let 2% = x*(7) be the worldline of a particle parametrized by proper time.

Then -
dz® 0z dz?
dr oz dr
which implies that the four-velocity components transform in the right way.

but d2z@ Oz d2z? 0%z dzb dz°

A2 T 0 &? | 00w dr dr
Again the second term is the obstruction to a nice transformation law. The
obvious definition of four-acceleration does not give a vector.

The way out, which does lead to a tensor transformation law in both these
cases, is to include an extra term involving the Christoffel symbols in the defi-
nition of the derivative. Under change of coordinates, the Christoffel symbols

FI;IC = %gad(abgdc + acgba - aagbc)
obey the transformation law
0x® 07¢ 93f -, N oxe 9%xd
971 0zt dze” ¢ " 9z Oxbdac
02" 03° 03! 1, 9Pa" 03 b
971 0xb Oxe” “f 97°07T O dac
The second term in the last line is exactly what we want to cancel the unwanted

a
Fbc -

term in the first example. We define the covariant derivative of a vector field
X by
VpX® = 0p X+ I XC.

We then have the following transformation law.
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Proposition 5.3

The covariant derivative of a vector field transforms as a tensor of type (1,1).

Proof

We express the covariant derivative in terms of new coordinates z%:

0 X"+ 1t x4
0z 0 <8acb Xf) oxb ozt ozt .. .,  O%xb 03¢ 0F/ xd

9z 93c \ 0zt 97¢ 9z oxd” " 9zedzf Oz Oxd
8«%0 8xb ~ "‘d ~d "‘e
= o (acX yrix ) .

O

In a coordinate system such that d,gp. = 0 at the event z* = 0, we have
It = 0 at 2% = 0 and hence that VaoX? = 09,XP", although in general this holds
only at the origin. We could have used this property to define the covariant
derivative. That is, we could equally well define the covariant derivative by
requiring that the value of V,X? at A should be the tensor that coincides with
9,X? in local inertial coordinates at A. Then the tensor transformation law
would enable us to write down its components in a general coordinate system.
It is a useful technique to define a tensor by giving its components in a particular
coordinate system and then to use the transformation law backwards.

5.2 Parallel Transport

In taking the derivative a vector, we are comparing its values at nearby events,
and finding the change. The coordinate derivatives of the components do not
on their own give a good definition because the comparison is then simply of
the components of the vector. The coefficients in the vector transformation law
are not constant, so it is possible for a vector to have the same components
at two different events in one coordinate system, but not in another. In one
coordinate system, it appears to change between the events; in another it does
not. By contrast, when we take the covariant derivative of X we implicitly
use parallel transport to compare the values of X at different events.

Let A and B be two nearby events with coordinates 2® and z® 4 62°. To
the first order in é?,

62V X = 5209, X + 62’ IEX¢
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= X%+ 0x)— (X“(w) - 5befCXc(x)) :

Thus the covariant derivative compares X®(xz + dz), the value at B, with
X(x) — d2°T2 X, which we think of as the result of displacing X from A to
the ‘most nearly parallel vector at B’.

Definition 5.4
The vector at B with components X¢(A) —dz°12 X¢(A) is said to be obtained
by parallel transport of X* from A to B.

In local inertial coordinates at A, we have I' = 0 at A and the vector at B is
the one with the same components as at A, to the first order in dx. It makes

Figure 5.1 Parallel transport of X along the curve 2% = z%(u)

more sense to express these ideas in terms of parallel transport along a curve:
we then don’t have to worry about infinitesimals.

Definition 5.5

A vector X is parallel transported or parallel propagated along a curve z% =
x*(u) whenever
dxe da?
Ig—X°¢=0.
du t e du

This is a set of ordinary differential equations for the components X as func-
tions of the parameter u. It determines the X s in terms of their values at the
initial point of the curve.
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Example 5.6

We can read the geodesic equation,
i+ Ieaa =0,

as the statement that the four-velocity & is parallel propagated along the
geodesic. This is the sense in which geodesics are curves in curved space—time
which are ‘as straight as possible’.

Parallel propagation around a closed curve need not return the vector to its
starting value. This is a manifestation of curvature.

5.3 Covariant Derivatives of Tensors

The definition of the covariant derivative V, extends to covectors by putting
vaab = 8aab - acF;b .

By a similar argument to that used in the case of vectors, this transforms as a
tensor of type (0, 2).

Exercise 5.1

Show that 9,(aY?) = (Vaap)Y? + 0, V,Y?. Note that a,Y? is a scalar,
so the gradient covector on the left-hand side is well defined.

For a general tensor field, we define the covariant derivative by adding one
gamma term for each upper index and subtracting one for each lower index.
For example,

vaTbc = 811Tbcd + Frfe ecd + F;eTbed - cdebce .

The first lower index on I in each term is a, the index on V. The rule for an
upper index is: add a term T'I", move the index to the upper position on I", and
replace it by a dummy index, repeated as the second lower index on I'. For a
lower index, subtract a term T, move the index to the second lower position
on I'; and replace it by a dummy index, repeated in the upper position on I
When there are no free indices, the covariant derivative is simply the partial
derivative. Thus for a scalar f we write V, f for d,f. The covariant derivative
of a tensor of type (p,q) is a tensor of type (p,q + 1). The operation has the
following properties.

(cdl) Vo(T .+ 8+ )=V T  +V,5"
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(cd2) Va(fT ) = fVaT .+ (Vo f)T

(cd3) Vo(Tr . .5.) = V(T )8 +T. Va(S.).
(

t

cd4) VTP is the same whether the contraction is done before or after
he dlfferentlatlon

(cd5) The covariant derivative of the Kronecker delta vanishes because

V00 =08, +T6%-Tish=0.

a~c

(cd6) For a scalar f, but not for a general tensor,

VaViof = 0u0hf —0.f Iy, = Vi Vaf.

(¢d7) The covariant derivative of the metric tensor vanishes, because

Vagbe = OaGbe — gchab gbdch
aagbc - §{aagcb + 6bgac - 8cgab}
- %{aagbc + acgab - abgac}’

(cd8) V,g% = 0. This follows from (cd7) and

= va(ég) = va(gbcgcd) =V, (gbc)gcd + gbcvagcd .

It follows from (cd7) and (cd8) that raising and lowering can be interchanged
with covariant differentiation. For example, if X® is a vector field, then V, X}
is well defined. It does not matter whether you lower the index on the X before
or after the differentiation.

Example 5.7 (Maxwell's equations)

In a curved space-time and in the absence of sources, these are
vaFab = 07 VanC + vaca + chab =0

because these equations are covariant and reduce to the special relativity form
in local inertial coordinates at a point. Gravity affects light through the Is.

There is an important point here. It is not just that the equations coincide with
Maxwell’s equations in Minkowski space when there is no gravity; there are
many other generalizations of the flat space—time equations with this property.
It is that the equations in curved space-time are determined by the stronger
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requirement that they should involve only first derivatives and that they should
reduce to the special relativity form in local inertial coordinates in the presence
of gravity. If all that were required were that they should take correct form in
Minkowski space, then it would be possible to add in other terms that vanished
in the absence of gravity.

5.4 The Wave Equation

Suppose that v is a function on space—time. Then the partial derivatives d,u
are the components of a covector, the gradient covector. We can define a vector
field with components V%u by putting

Veu = g“babu;

that is, by raising the index. This is the gradient vector. The wave operator or
d’Alembertian sends u to

Ou = Vo (Vi) = 0, (gababu) + % g% 0cu .
Now if A is a square matrix depending on the coordinates ¢, then
Oq logdet A = tr (A_laaA)
(see the exercises at the end of this chapter). It follows that
Il = 26" (0bgad + Oagbd — Oagav) = 29" 0agba = 0 log Vil
where g is the determinant of the matrix (g.5). Hence
Iy, =10,loglg|.

Therefore

1 0 ou
VoVou= —— Vi0glg® = ) 5.1
u o] 9 ( lglg (%b) (5.1)
The operator on the right is invariant; it is independent of the choice of coor-
dinates.
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5.5 Connections

All that is needed to define the covariant derivative in a coordinate-independent
way is that the Christoffel symbols should obey the transformation rule

071" ¢F 9zb 9xe T 974 Hxboxc

A field of I'ls with this transformation property is called a set of connection

a __
Fbc_

coefficients. The corresponding operator V is called a connection: through par-
allel transport, it connects the spaces of vectors and tensors at nearby events.
Properties (cd1)—(cd5) are common to all connections; (c¢d6) holds only if
the connection is torsion-free; that is, I'{, = I'S,; (cd7) holds in addition only

for
Iy = 29°U0ygea + OcGba — Dagee) - (5.2)

This is the unique torsion-free connection for which the covariant derivative of
the metric tensor vanishes. It is called the Levi-Civita connection.
It is easy to construct other examples of connections. If I} is one set of
connection coefficients, for example, those of the Levi-Civita connection, and
. is a tensor, then I} 4+ Qf. is also a set of connection coefficients. All
connections can be obtained in this way once one is given. From now on V
always denotes the Levi-Civita connection, defined by (5.2).

5.6 Curvature

In Minkowski space, there are global coordinate systems in which g, is con-
stant. In such coordinates V, = 9, and therefore V,V;, = V;,V,, when acting
on vectors or tensors. So if in a general space-time, V.,V # V;V, when act-
ing on vectors, then we know that the metric cannot be reduced to the special
relativity form by a coordinate change.

Proposition 5.8

For any metric gqp, there is a tensor field R, ¢ of type (1,3) such that
VaVpX?—~VV, X =R, X¢

abc

for any four-vector field X.

The tensor Rabcd is called the Riemann tensor or curvature tensor.
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Proof

From the definition of the Levi-Civita connection,
VoV X? = V. (8, X%+ ILX°)
a0 X+ (0, TE)X° + IO, X
+ T (9, X+ T5X) — IT5 (0. X+ TLX°).

Hence

(VaVi = VoVa) X = (8,13 — 0y I — Lol + T T3 ) X©

€

because the terms involving partial derivatives of X cancel. We define the
expression in brackets to be Rabcd. We must show that it is a tensor. The direct
method is horrible. We know, however, that the left-hand side is a tensor.
Hence, if we change coordinates,

f e e = dxP 9z 0F?
d _ d _ et sye
VaVp X4 — V¥V, X o 5 55 Fvad X
D q r Qsd N
_ QP Ot 0w 03" e (5.3)

0z 9xb 9zc Jxs~ PI"
Had we worked from the beginning in the new coordinates, we would have

obtained o o . .
(VoVy — VuVo) X4 =R, 21X, (5.4)

where R, @ is defined in the same way as R, %, but in the new coordinates.

Because (5.3) and (5.4) hold for any X, we deduce that

-, OxP Ox0xz" 07 |
abe ™ Hza 9Fb Pzc Hxs PIT’

which is the tensor transformation law. O

Corollary 5.9

If there exists a vector field X such that V,V,X? # V,V, X%, then there does
not exist a coordinate system in which the metric coefficients are constant.

5.7 Symmetries of the Riemann Tensor

The Riemann tensor encodes the second derivatives of the metric, and the first
derivatives of the Christoffel symbols. Through the geodesic equation, the I's
give the ‘acceleration due to gravity’. Thus the components R, Cd measure the
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difference in the acceleration between nearby points, which we identified as the
‘real’, frame-independent, effect of gravity.

A general four-index tensor has 4* = 256 independent components. The
Riemann tensor, however, has symmetries that reduce the number to 20. These
are apparent from the form of the tensor in local inertial coordinates.

In terms of the connection coefficients

R,l=0,1¢ —o,rt —rire, +rirg.

abc e
Pick an event A and choose coordinates such that d,gp. = 0 at A. Then we
also have I'%, = 0 and 9,9° = 0 at A. So, at the event A, but not elsewhere in
general,
Rade = gdﬁaa([‘lfc) - gdeab(Fcfc)
%aa(acgbd + 8bgolc - 8olgbc) - %817(80911@ + aagdc - adgac)

= 3(0a0cgba + Ov0agac — OaOagve — OvOcad) - (5.5)

From this we deduce that the Riemann tensor has the following symmetries.

(Sl) Rabcd = _Rbacd

(82) Raped = Redab
(83) Rapea = —Rapde
(84) Rabcd + Rbcad + Rcabd - O

The last of these can be expressed more simply by introducing special notation
for dealing with calculations involving permutations of tensor indices.

Bracket notation

For a general covariant tensor with p lower indices, we define

1 .
Tab...c) — Z sign (0)To(a)o (b)...0(c)
p: perms
1
Tiap...cy = ol Z To(a)o®)...0(c) »
" perms

where the sums are over the permutations o of p objects, and sign (o) is 1 or
—1 as o is even or odd. For example,

T[ab] %(Tab - Tba)

T(ab) = %(Tab + Tba)

T[abc] %(Tabc + Toca + Teab — Toac — Tach — cha)
T(abc) = %(Tabc + Tbca + Tcab + Tbac + Tacb + cha) .
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The same definitions apply to brackets on a subset of the indices and to brackets
on upper indices. For example

T[ab](cd) — i(Tabcd _ Tbacd + Tabdc _ Tbadc) )

There is a possibility of ambiguity over the order of the operations if two sets of
brackets partially overlap, as, for example, in the expression T4 (ycja)- So partial
overlaps are forbidden. Nested brackets, however, are unambiguous, although
they can always be simplified because

Example 5.10

The symmetries of the contravariant metric g2 and of the alternating tensor
Eabed Can be expressed, respectively, as

g[ab] =0, €abed = €labed) -
Maxwell’s equations without sources are
V F® =0, VieFpg = 0.

The second is an automatic consequence of the relationship Fyp = 2V, @y
between the electromagnetic field F,;, and the four-potential @,. In fact, it is
locally equivalent to the existence of the four-potential.

With this notation, the fourth symmetry (S4) of the Riemann tensor reads
R[abc]d =0.

The Riemann tensor also automatically satisfies a differential identity—the
Bianchi identity—as a consequence of the fact that it is derived from the a
metric and its derivatives. It is analogous to the vanishing of V|, Fy, as a
consequence of the existence of the four-potential.

Proposition 5.11 (The Bianchi identity)
ViR =0.
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Proof

Choose coordinates such that I} = 0 at an event. We have
VaRbcde = 6aab Ced — aaacpfd —+ terms in FaF and FFF .

Because the first term on the right-hand side is symmetric in ab and the second
in ac, and because the other terms vanish at the event, we have

v[a Rbc] de =0

at the event in this coordinate system. However, this is a tensor equation, so it
is valid in every coordinate system. O

The Riemann tensor encodes the observable, frame-independent aspects of the
gravitational field. In the next two sections, we consider two interpretations of
the tensor that allow us to relate its components directly to physical observa-
tions.

5.8 Geodesic Deviation

The first interpretation is in terms of relative acceleration of nearby particles
in free-fall. Consider an observer O with worldline w. Let 7 denote the proper

time along w and let
dz?

dr
denote the four-velocity of O. We want to find the acceleration of a nearby
particle in free-fall in terms of its four-velocity and position relative to O. To
do this we need a tool, a derivative operator that measures the rate of change
of vectors and tensors along w.

Va

The operator D

Let Y%(7) be a vector field. Its covariant derivative DY along w is defined by
the following equivalent expressions,

DY’ = vev,y?

d a
- d:”T 0, Y + It veye
— dYb +Fb veye

dr ace '
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The first makes it clear that DY * is a well-defined vector at each point of w.
The last, that the values of DY'* along w depend only on the values of Y*(7)
along w, so DY'* makes sense for vector fields that are defined only along w.
Note that DY® = 0 is the equation of parallel transport.

The operator extends in a natural way to tensor fields. For example,

a dTab

DL = dr

The definition makes sense for any timelike worldline. But if the observer is

in free-fall, so w is a geodesic, then D = d/dr at the origin of local inertial
coordinates in which the observer is instantaneously at rest.

Now imagine a cloud of particles in free-fall. Let us suppose that an observer

O is travelling with one of the particles, and that this particle has worldline w.

Suppose that the observer looks at a nearby particle and measures its position

in local inertial coordinates. In special relativity, it will move in a straight line at

constant speed, and will have no acceleration. What happens in a gravitational

field?
The four-velocities of the particles form a vector field V. Because the in-

+ reverd — révere,

dividual particle worldlines are geodesic,
dve
VbV, Ve =DV =

dr

Pick out a particle P near O, and at each event on w, let Y be the four-vector

joining the event to a simultaneous event at P. Because P is ‘near’ O, Y is
small. We ignore second-order terms in its components.

In the local inertial coordinates in which O is instantaneously at rest, Y has

components (0,y), where y is the position of P. If w is given by z* = 2%(7) in

general coordinates, then P’s worldline is

+ IEVhVve =0.

x(m) + Y1)+ 0(2), (5.6)

where O(2) denotes second-order and smaller terms in the coordinates of P, and
7 is the proper time along the worldline of O. Now the proper time separation
dr between two nearby events z%(7) and x*(7+J7) on the worldline of O is the
same to the second order in y as the proper time between the corresponding
events on the worldline of P with coordinates

(1) + Y1) and (1 +07) + Y1 + 7).

Within our approximation, therefore, 7 is also the proper time along P’s world-
line.

We note that Y* is a vector field along w and that it is orthogonal to V¢
in the sense that VY, = 0, because Y = (0,y) and V = (1,0) in the local
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inertial coordinates in which O is instantaneously at rest. Because DV* = 0,
we also have

0=D(V,Y*) =V,DY" and 0= D(V,DY?%) =V,D*Y".

In the local rest frame of O at an event on w, the four-velocity of O is (1,0),
and the vectors Y%, DY, and D?Y® are, respectively, (0,y), (0,u), and (0,a),
where wu is the relative velocity of P to O and a is the relative acceleration.

We are interested in the relative acceleration, and therefore in D?Y . We
want to express this in terms of the curvature. The key to this is the following
result.

Proposition 5.12
DY® =Yy, Ve

Proof
We know from (5.6) that

ozt dve dye

Ve(P) I + I +0(2)=V*0) + o

+0(2).

On the other hand, by expanding to the first order in the separation of O and
P

)

VHP)=V*0)+YOV*+0(2).
Therefore dY*/dr = Y9, V. It follows that

dye
DY® = == + [ VIVE = YOV + [ V'Y =YV, V°,
which is the result we need. O

Now we can derive the equation of geodesic deviation or Jacobi equation, which
is central to the physical interpretation of curvature.

D?Y? = DYV, V?)

(DY")YV, Ve + Y D(V,VY)

YOV V)V Ve 4+ YPVey, v, Ve

= Y4V VOV YV, V. Ve + R, AVEYPVE.  (5.7)

abc

But

VAV Vo Ve = Vi (VIVL VY — (Vi V) (V, V) = —(V, V) (Ve VY
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because VeV,V¢ = 0 by the geodesic equation. Therefore the first two terms
in the last line of (5.7) cancel, and

D2Yd _ Rabcdvaybvc’
which is the geodesic deviation equation. It gives the relative acceleration of
nearby particles in free-fall in terms of their separation and of the curvature
tensor.

5.9 Geodesic Triangles™

The Gaussian curvature of a surface determines the excess of the sum of the
angles of a geodesic triangle over w. There is an analogous interpretation of
the Riemann tensor in space-time, which gives a direct way to understand its
physical meaning. In this case, the geodesics are free-particle worldlines, and
the angles are the rapidities of the particles.

Rapidity

Consider two particle worldlines through an event A. Suppose that the four-
velocities of the particles at A are U and V. Then the rapidity € of one particle
relative to the other is defined by

coshf = U, V*.

If one particle is at rest in local inertial coordinates at A, and the other has

speed v, then
1

Rapidity is the space-time analogue of ‘angle’. The relativistic addition formula

coshf = y(v) =

for velocities translates into additivity of rapidities, in the following sense. Sup-
pose that A is on the worldlines of three particles O, P, and Q. Let 6o p denote
the rapidity of O relative to P and so on. If the particles’ respective four-
velocities U, V., W at A are coplanar at A, with V' a linear combination of U
and W with positive coefficients, then

boq =bop +0pq Vsinhfpg = Wsinhfpp + Usinhfpg . (5.8)

See Figure (5.2). If the relative speeds are small, then (5.8) reduces in the limit
to the classical velocity addition formula vog = vop+vpg, where the vs denote
relative speed.
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0, (0

PO

Figure 5.2 The addition of rapidity

Exercise 5.2

Establish the second identity in (5.8).

We need a variant of (5.8) to derive our interpretation of the Riemann tensor.
Suppose that Q" and Q" are two further particles with respective four-velocities
W' and W at A. Suppose further that X’ = W’/ — W and X" = W"” — W are
small, so that we can ignore second-order terms in their components. Then

X,We=0,  X/We=0,

and
(90@/ — QOQ) sinh 90@ = X(;Ua

to within the approximation, by applying Taylor’s theorem to the left-hand
side of
coshBog = WiU® = coshboq + X, U" .

We also have a similar formula relating 0pg~, Opg, and X/V®. By appealing
to the second identity in (5.8), we conclude that to within our approximation
X'ue X've
sinhfpog sinhfpg
U (X, — X2
sinh 90@
ve(Wy =W.)

- sinh 00@ ’ (5.9)

boq' —Oop — Opqr

We now consider the following situation, mirroring a geodesic triangle on a
surface; see Figure 5.3. Suppose that O and P are free particles whose worldlines
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Figure 5.3 A geodesic triangle

pass through A. Let B be an event at proper time A after A on the worldline
of O and let C be an event at proper time p after A on the worldline of P.
Suppose that @ is a third particle whose worldline passes through B and C,
with B to the past of C. Let pp(4), 8og(B), and 0pg(C) denote, respectively,
the rapidity of O relative to P at A, and so on.

In Minkowski space, we have

0oq(B) —0op(A) —0pq(C) =0,

by translating the worldline of @, which is a straight line, to a parallel line
through A, and by appealing to (5.8). The formula also holds in Euclidean
geometry if we interpret 0op(A) as the interior angle of a triangle ABC at A,
0oq(B) as the exterior angle at B, and 6pg(C) as the interior angle at C. It
is simply the statement that the sum of the interior angles is 7. On a surface,
the left-hand side is equal to the integral of the Gaussian curvature over the
triangle. In curved space—time, we have the following.

Proposition 5.13
To the second order in A, u,

_ )\uRabchaVbUch

b0q(B) ~ for(4) ~ bpa(C) = ~F=HE

where U and V are the four-velocities of O and P and the right-hand side is
evaluated at A.
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Proof

Let * = z%(7) denote the four-velocity of the particle @, parametrized by
proper time 7. By differentiating the geodesic equation, and by applying Tay-
lor’s theorem,

i%(7) = &% — 7i’3 T — $r2abacato, 0 + r2acatat LTy, + O(%)

as T — 0, where £* = £%(0).

Now choose the coordinates to be local inertial coordinates at A and let v
denote the proper time along the geodesic from B to C. Let W%(B) and W*(C)
denote the components of the four-velocity of @ at B and C, respectively. We
have

IE(A)=0, TL(B) =AU, + O(\?),
where the derivative of the Christoffel symbol is evaluated at A. Hence by using
the geodesic equation for @, to the second order,

W(C) = WB) — WU W W9, I} — 32 WIW W9, Iy .

In the second and third terms on the right, it does not matter at which events
the four-velocity components are evaluated. We also have, to the first order,

©WVe =AU + v We .

Now let W@ and W” denote the components at A of the vectors obtained
by parallel transport of W¢(B) and W¢(C') along the worldlines of O and P,
respectively.

By differentiating the parallel transport equation

dwe

dr
with respect to proper time along the worldline of O, and by using the fact
that I =0 at A, and

+ I UWe =0,

dry,

dr = Udadl—g);:?

we have

WB) = W' — INUU W 4L,
by Taylor’s theorem, again up to the second order. With the similar formula
for transport along the worldline of P, we deduce that, to the second order,

Wlla _ Wla
- %(;ﬁvdvb AU — 2wt - zﬂWde) Wea,Ie
= UV - UVhwWeo, Iy,
= L\uRLSUVIWE,
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by using the formula (5.5) for the curvature in local inertial coordinates.

Because the inner product is preserved by parallel transport, the rapidity
of Q relative to O at B is the same as the rapidity of a particle Q' with four-
velocity W’® with respect to O at A. Similarly the rapidity of @ relative to P
at C' is the same as the rapidity of a particle Q" with four-velocity W"* with
respect to P at A. We conclude that

0oq(B) — Oop(A) = 0pq(C) = boqg — bop — Opq -
But by using (5.9),

MRy UV AW U _ MiR gy UV AV EU®
2sinh 0pq N 2sinh 0o p ’

boqg —bop —Opqr = —
to within our approximation. The proposition follows. O

This result gives us a direct physical interpretation of the curvature quantity
RapeaUVPU V4 for two four velocities. Imagine two observers O, P with four-
velocities U® and V® at an event A. After proper time A on measured on O’s
clock, O throws a ball Q) to P, who catches it after proper time u, measured
on P’s worldline. The ball is thrown at event B and caught at event C. The
observers can measure (i) their relative speed A, (ii) the speed of the ball
relative to the first observer at B, and (iii) the speed of the ball relative to the
second observer at C. They can therefore between them compute the quantity
QOQ(B) — QOP(A) — QPQ(O), and hence measure RubchaVbUCVd.

EXERCISES
5.3. Let V be any torsion-free connection. Show that if X,Y are vector
fields, then X?9,Y?® — Vb9, X* = X'V, Y — YbV, X

5.4. Show that if « is a covector field, then J,cp — Jpa, transforms as a
tensor of type (0,2). This tensor is called the exterior derivative of
« and is denoted by da. Show that the components of da are also
given by V,ap — Vi, for any torsion-free connection V.

5.5. Let V be a torsion-free connection, given by
VoXb =0,X 4+ 1P X°.
Show that if V,g5. = 0, then
Oagbe = Kpac + Kean,

where Kpae = gpal’ gc. Deduce that V is the Levi-Civita connection.
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5.6.

5.7.

5.8.

5.9.

5.10.

Establish the transformation law
e - 1o, aizfa 0z° a;zf N a:fa 0%z |
° 1oz Ozt Oz Oz OxbOxc
for the Christoffel symbols

I = 59" (Obgea + Ocgbd — Dagvc)
by direct calculation.

Let A and B be 4 x 4 matrices. Show that to the first order in €,
det (I + eB) =1+ etr B;

and that det (A + eB) = det Adet (I +€A~'B).

Let g denote the determinant of the matrix (gqp) of metric coeffi-
cients. Show that

Balog |g] = 9" Dugbe-
Deduce that the Christoffel symbols satisfy I'%, = 9, log | gl'/?.
Show that in general coordinates ® on Minkowski space, the wave

equation is V,V%u = 0, where V is the Levi-Civita connection of
the Minkowski space metric gqp. Show that this can be written as

Da(|g]"/?g* Byu) = 0.
Hence write down the wave equation in spherical polar coordinates.

Let X be a vector field and let V be the Levi-Civita connection. Show
that if there exists a coordinate system in which (X?) = (1,0,0,0)
(everywhere) and 9pgp. = 0, then V, X}, + VX, = 0 in every coor-
dinate system.

What is the corresponding result if dygp. = 0 is replaced by dygp. =
fape for some scalar field f?

A tensor in space-time satisfies Topede = Tjavede)- Show that Topede
is zero.

A tensor T,y is symmetric if Typ = T(4p). In n-dimensional space,
it has n? components, but only %n(n + 1) of these can be specified
independently, for example, the components T,; for a < b. How
many independent components do the following tensors have?

(a) Fop with Fp, = F[ab]-

b) A tensor of type (0, k) such that T,p...c = Tjap.. . Distinguish
[ ]
the cases k < 4 and k£ > 4.
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5.11.

9.12.

5.13.

5.14.

9.15.

5.16.

(¢) Rapea With Raped = Rigpjeca = Rabled)-
(d) Rapea With Raped = Riapjed = Rap[ed) = Redab-

Show that symmetries (S1), (S3), and (S4) of the Riemann tensor
imply (S2).

Show that for any covector field X,,
vaVch - vbva)(c = _Rabchd .

Here V is the Levi-Civita connection in space-time. Show that if
V(aXp) =0, then V,V, X, = RbcadXd. Deduce that X* satisfies the
equation of geodesic deviation along any geodesic.

Let A be a covector field. Define F,, = VP, — VP,. Show that the
second of Maxwell’s equations (V4 = 0) is satisfied for any &,
but that the first (V,F = 0) holds if and only if

06, — Va(Vpd’) = —Raupd°,
where 1 = V,V°.

Show that if f is a function such that (V,f)(V®f) is constant, then
X = Vef satisfies X2V, X = 0; that is, that the integral curves
of X, which are the solutions of dz®/dr = X, are geodesics.

Write down the geodesic equations for the metric
ds? = dudv + log(z? + 3?)du? — dz? — dy?

(0 < 22 + 3% < 1). Show that K = zy — yi is a constant of the
motion.

By considering an equivalent problem in Newtonian mechanics, show
that no geodesic on which K # 0 can reach 22 + 32 = 0.

Show that for any tensor field 7%,

(vaVb - vaa)Tej; = RabceTCJ;c + Rabcheck - RabkCTe{: .
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Einstein’s Equation

The relative acceleration of two nearby particles in free-fall is determined by
the equation of geodesic deviation

D*Y? = R, Avevey?.

From the viewpoint of an observer travelling with the first particle, the acceler-
ation of the second is a linear function of its position. From this starting point,
we are led to Einstein’s equation as the successor to Poisson’s equation in the
classical theory of gravity.

6.1 Tidal Forces

In local inertial coordinates in which the observer is instantaneously at rest,
V =(1,0) and Y = (0,y), where y is the position vector of the second particle.
The acceleration is

a=-My,

where M is the 3 x 3 symmetric matrix with entries
M;; = Roo; ,

the symmetry following from the symmetries of the Riemann tensor.
What is the corresponding result in Newtonian gravity? Consider a cloud
of particles in free-fall. The acceleration of each particle is given by # = —V ¢.
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So by Taylor’s theorem, the relative acceleration a of two nearby particles O
and P has components

a; = (=0i9)p — (=0id)o = —y;0;0i¢ + O(2), (6.1)

where y is the vector from O to P and O(2) denotes second-order terms in
the components of y. The second derivatives are evaluated at O, and there is
a sum over j = 1,2, 3.

Tides

One context in which (6.1) has a familiar interpretation is in the theory of
tides. If O and P are in the moon’s gravitational field, with the line joining
them directed towards the moon, then (6.1) gives a relative acceleration towards
the moon. This is true whichever particle is in the lead, because interchanging
the particles reverses the sign of y and therefore of a. So if we think of O as
at the centre of the earth, and of P as a mass of water on the surface, then
the moon’s gravity gives rise to a tidal force on P acting away from O. This is
true whether P is on the surface directly under the moon or on the opposite
side of the earth. The tidal force raises two humps in the ocean, one under
the moon and one on the opposite side of the earth. As the earth rotates, the
humps move round, giving two high tides each day. We can trace the reason
that there are two high tides to the linearity of (6.1) in y. Before Newton, even
Galileo’s explanation of the tidal cycle was confused, and erroneous.

When our observer in curved space—time looks at the acceleration of nearby
particles, and interprets his observations in terms of Newtonian theory, he
imagines that he is in a gravitational field with potential ¢ such that

M;j = 0;0;¢ = Roioj -

Now in empty space, Poisson’s equation reduces to VZ¢ = 0. That is, 9;0;¢ = 0
or, with the observer’s Newtonian interpretation, tr M = 0. Thus in general
relativity, we should have Ry;0; = 0 in empty space. Because Ryggg = 0 by the
symmetries of the Riemann tensor, an equivalent statement is

R, PVeve=0.

abc

As this must hold for every four-velocity V', we are led to Finstein’s vacuum
equation
Ry, =0, (6.2)

where R, is the Ricci tensor, defined by
Rab = Racbc .
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The vacuum equation is in fact ten equations, one for each of the ten inde-
pendent components of the symmetric tensor Rgp, in ten unknowns, the ten
independent components of the metric g,,. The equations are nonlinear, as an-
ticipated. The use of the summation convention makes them look very simple.
Written out explicitly without this notation, the expression for each component
of Ryp would contain over a thousand terms. Not surprisingly, therefore, it is
not easy to find solutions.

We note two justifications for the vacuum equation. It reduces to the New-
tonian equation in the weak field limit, and it has a solution, the Schwarzschild
solution, analogous to ¢ = —Gm/r, which encodes the inverse square law of
gravity in Newtonian theory.

6.2 The Weak Field Limit

The reduction to Newtonian theory occurs when the metric is close to that of
Minkowski space, so the gravitational field is ‘weak’; and when the configuration
is nearly static, so the metric is not varying rapidly with time. It begins with
the assumption that

Gab = Mab + hap,

where mg, = diag(1l,—1,—1,—1) is the Minkowski space metric in an inertial
coordinate system %, and hgp is small and slowly varying. ‘Small’ means that
we can ignore any terms that involve products of two or more components of
hap or its derivatives; ‘slowly varying’ means that we can ignore terms involving
derivatives of hgp, with respect to the time coordinate t = 0.

To obtain the vacuum equation in this case, we first have to find the con-
travariant metric g?°, defined by g% gy = 62. In our approximation, it is given
by

ab

g% = mab

_ macmbdhcd ,

where m® = diag(1, —1, —1, —1) is the contravariant Minkowski space metric,
as is verified by the following calculation, in which the product of two h-terms
is ignored.

ab

g“bgbc =(m m“dmbehde)(mbc + hpe) = m®mpe — m*hge + m®hy, = oo .

There is an immediate possibility for confusion here because we are dealing
simultaneously with two metrics, m and g, so for the moment we avoid raising
and lowering indices with either.

The Christoffel symbols are given to within our approximation by

I = 29°N0hgea + Ocgba — Oagve) = 3m ™ (Ophed + Ochpa — Oahpe)  (6.3)
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and therefore the approximate Riemann tensor is

Rabcd = 8andc - 8bFlfC
= %mde(aaachbe + OpO0chge — 040chpe — 8bachae) . (6.4)

Note that the I'I'-terms in the definition of the Riemann tensor have been
dropped because they involve products of derivatives of the components of h.
Consider the motion of a slow-moving particle with worldline x* = z%(t).
We have
dz? da! da? da?

E e i L T

=us,

where (u1, ug, us) is the velocity in the inertial coordinates on Minkowski space.
The ‘slow moving’ assumption is that the velocity is also small, so we ignore
products of the u;s with each other and with the hyps and their derivatives. In
particular, we have y(u) ~ 1 and so we can identify the coordinate time t with

the proper time 7 along the worldline, and so approximate the four-velocity by
(V) = (L, u1,u2, u3) .
The geodesic equation is

d2z® o dadze
dr? bedr dr
Because we ignore products of the spatial components of the four-velocity with
the Christoffel symbols, this is approximated by
d2z
W + F(‘)lo =0.
We also ignore terms involving time (2°) derivatives of the metric components.
Therefore I, is only significant for a # 0. We have

1 _ 1,11 _ 1
FOO = 7§m 81h00 = 581h00

and so on. The first component of the geodesic equation gives no useful infor-
mation in our approximation, beyond that 7 = t. The other three components
give the approximate equation of motion

i = —3V(hoo), (6.5)

where the dot can be differentiation with respect to either ¢ or 7. Thus if we
want to reduce general relativity to the Newtonian theory in this limit, then
we must take ¢ = %hoo, to within an added constant.
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The choice is consistent with eqn (1.2), which with p = 0 is the approximate
form of Rgo = 0. To see this, we note that the derivatives of h,, with respect
to 2 in (6.4) are all ignored, giving

d 1,.d
RObO == Em eabaehoo

in our approximation. Therefore the 00-component of the vacuum equation
Rab =0is

RObOb = _%(a%hoo + 622]100 + 3§h00) = —V2¢ =0,

which is Laplace’s equation, the vacuum equation in Newtonian theory. In this
limit, Einstein’s theory reduces to Newton’s.

Exercise 6.1

What about the other nine components of Einstein’s vacuum equation?

6.3 The Nonvacuum Case

What happens when there is matter present? What is the analogue of Poisson’s
equation V2¢ = 471G p?

We consider first the case in which the matter generating the gravitational
field is a dust cloud. Its energy density is encoded in the energy-momentum
tensor

Tab _ pUan ,
where U® is the four-velocity field of the dust and p is the energy (mass)
density measured in the local rest frame. We know that 9,7 = 0 in local
inertial coordinates at an event because the continuity equation holds in special
relativity. Therefore in general coordinates we have

V.T% =0,

because this is a tensor equation which reduces to 9,7%° = 0 in local inertial
coordinates.

The identification of Ry with —V2¢ suggests that the field equation in gen-
eral relativity should equate Ry, to a constant multiple of T,;. Unfortunately,
this will not do because in general V,R% # 0. But there is a tensor closely
related to the Ricci tensor which can be put on the left-hand side without
contradiction. This is the Finstein tensor

Gap = Rap — %Rgabv

where R = R, is the Ricci scalar or scalar curvature.
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Proposition 6.1

For any space-time metric, V,G% = 0.

Proof
The Bianchi identity is
VaBpcde + VoReade + VeRabde = 0.
By contracting with g??g°, we obtain
0=2V"Rap — VuR = 2V (Rap — 59aR) = 2V*Gap ,

which completes the proof. O

Our candidate for the field equation is G = kpU,Up, with k constant. By
contracting with ¢?, we obtain

R—-2R=FKT,*=kp
because ¢*?gq = 4 and U*U, = 1. So an equivalent form of the equation is
Rab = k(Tab - %pgab)-

Now in the coordinates we used in the weak field limit, Ryg = —V?2¢, and
Too = p. Thus in this limit, we have V2¢ = —%kp. To obtain the correct
correspondence with the Newtonian theory, therefore, we must take k = —8nG,
which means that the field equation is

Rab - %Rgab = _87TGTab .

Einstein proposed that this holds in general, with T,; the sum of the energy-
momentum tensors of all the matter present, including electromagnetic and
other fields.

From now on, we always use units in which G = 1 = ¢. Given the unit of
time, say the second, the condition ¢ = 1 fixes the unit of distance, the light-
second, and the normalization G = 1 fixes the unit of mass. With these choices,
time, distance, and mass all have the same units.

EXERCISES

6.2. Calculate your age, height, and mass in seconds. Find the conversion
factors to SI units and take note that our units are not likely to be
useful for everyday purposes.
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Spherical Symmetry

In this chapter, we find the gravitational field outside a spherical body of mass
m. That is, we find the solution of the vacuum equation analogous to the
Newtonian potential

¢ =—-Gm/r.

Our derivation is in the form of an extended worked example, and can only be
described as a ‘head-on’ approach. There are certainly more elegant ways of
proceeding, but they require deeper knowledge of the theory. It is in any case
instructive to see how complex is the direct solution of Einstein’s equations
even in this, the simplest nontrivial example. From this point on, we work in
units in which G = 1.

7.1 The Field of a Static Spherical Body

By saying the body has mass m, we mean that the metric approaches that of
Minkowski space for large r and that

gOON1—2m/T.

A long way from the body, the field is that of a static spherically symmetric
body of mass m in the weak field limit. In operational terms, m is the mass
measured by analysing orbits in the field of the body near infinity.
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We want the metric to have the symmetries appropriate to a static spherical
body. In spherical polar coordinates, the Minkowski space metric is

dt? — dr? — 72(d6? + sin® Ade?) . (7.1)

The expression in brackets is the metric on the unit sphere.
Our space—time metric must reduce to (7.1) when m = 0 and in any case
in the limit » — oo. The flat metric (7.1) has the following features.

— The metric coefficients have no t-dependence.

— There are no dtdr, dt dyp, or dt df terms. It is therefore time reversible, or in
other words, invariant under ¢ — —t.

— There are no drdf or drdy terms. At constant time, the radial vector is
perpendicular to the surfaces of constant r.

— The metric on each surface of constant ¢ and r is a constant multiple of the
metric on the unit sphere.

— The coefficients of dt? and dr? are independent of # and .

The first two characterize the flat metric as ‘static’; the last three are what we
mean by ‘spherical symmetry’. We assume that our curved space-time metric
has all these properties, and thus that it is of the form

ds? = A(r)dt* — B(r)dr? — C(r)r?(d6? + sin? 6 dp?)

for some functions A, B, C of r.

There is no loss of generality in taking C' = 1 because we are free to replace
r by m/C. So our task is to solve the Einstein vacuum equation with C' = 1,
and with A, B subject to the boundary conditions A, B — 1 and

A=1-2m/r+0(r %)

as r — oQ.

7.2 The Curvature Tensor

We need to find Ry in terms of A and B, with C' = 1. The first step is to find
the Christoffel symbols from the geodesic equations. These are the Lagrange

equations
d (0L oL
dr (&t“) T O 0 (7-2)
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of the Lagrangian
(A2 — Br? — r26% — r?sin® 0 $?)
with 2° = ¢, 2! = r, 22 = 0, 2 = . The idea is to read off the Christoffel
symbols by comparing (7.2) with the geodesic equations
B4 Ittt =0.
Written out in full, the Lagrange equations are
L) -

d . .
= (=BF) = A + LB 40?4 rsin? 052 = 0

d )
— (ﬂ"zﬂ) +72sinfcosfp? = 0
dr
d
1 (,,2 sin? 9<,b) = 0,
i
where the dot denotes the derivative with respect to 7. These can be rearranged
as:
t+AA Y =
P+ 1A'B7H? + 1B'B7Y? — B7'0? — B lrsin?0¢® =
G+ 2r 105 — sinfcosf? =
G4 2rtpr +2cot00p =

o o o ©

We can then read off the Christoffel symbols I} as
(a=0) Iy =1Ijp=A4/24
(a=1) Tgy=A"/2B, I},=B'/2B, I')y=-r/B, Ii=—rsin’0/B
(a=2) T =TL=r"' T3 =—sinfcosd
(a=3) I§=Tk=r"1 I3=TI%=coth.
All the others vanish. Note carefully the factors of % when b # ¢. Why are they
there?

From the definition of the curvature tensor, we have

Rabcd:aarlg:_abfgc_‘l—‘lgep:c—i_r(jpbec’

€

The components R,. of the Ricci tensor are then given by putting b = d and
summing. Thus
Roo = Ro1g + Road’ + Roso
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and so on. We find

Rysy = 0515 — 0315, — I35y + 15,15,
= Op(cotd) + B~ + cot?d
= —-1+B7!
Ry = —A"/2B+ B'A'JAB? + A JABA
R0202 = R0303 =-A'/2Br
31212 = R1313 =-DB'/2Br
R1010 = _BRowl/A
Rypd = —r?sin?ORysd/A = rsin?0A’/2BA
Ry4 = r2sin?@R,; /B = —rsin®0B’/2B?.

Hence the the vacuum equations are

Roo = —A"/2B+ B'A'/AB* + A?JABA — A'/Br =0 (7.3)
Ry = A"/2A— A?JAA*> — B'A'JABA — B'/Br =0 (7.4)
Ryy = Rs3/sin?@ =rA'/J2BA—rB'/2B*+1/B—-1=0. (7.5)

All the other components of the Ricci tensor vanish identically, as can be seen by
direct calculation or by using the fact that R,, must have the same symmetries
as the metric.

In all, we have three equations in the two unknowns A, B. Fortunately they
are consistent. If we take B times (7.3) and add A times (7.4), then we get

AB +BA' =0,

and hence that AB is constant. Because we want A, B — 1 as r — 0o, we must
therefore have AB = 1. By substituting into (7.5), we then get that rA’+ A =1
and hence that

1 k
A = — =1 —
B + r

for some constant k. But for large 7, we want A = 1 — 2m/r + O(r?), so

k = —2m, and the solution is
2m dr?
ds® = (1—"— ) dt* - ———— —r*(d0” +sin®* 0 dy?). .
s ( r> = 2m/r r<(d#” + sin” 6 dp?) (7.6)

This is the Schwarzschild metric. The method of derivation is notable only
for the incentive it gives to find more subtle methods for tackling Einstein’s
equations.
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7.3 Stationary Observers

An observer in a fixed location relative to our coordinate system has a worldline
with constant 7,0, ¢, and therefore has four-velocity U with only the first com-
ponent nonzero. Because U?U, = 1 and U° > 0, the four-velocity components
are
Uo:;) Ut=0 fora=1,23.
V1-=2m/r

The observer’s worldline is not geodesic, as we know, for example, from the fact
that an observer at rest on the earth’s surface is accelerating relative to the local
inertial frame and is not in free-fall. The observer interprets this acceleration
as the ‘force of gravity’.

In local inertial coordinates at an event, the four-acceleration is a®* =

dU®/dr. In general coordinates, therefore,
a® = UV, U = Ub9,U* + T2UU”.
As in special relativity, the acceleration actually felt by the observer is v/—a,a®.
By using the Christoffel symbols found above, we have
a® =U9U + I5U U
The only nonvanishing component is

1 _ A,(UO)Q _ lA/

o =5 — 4
where A = B~! = 1 — 2m/r. Thus the four-acceleration of the observer has
components (0,m/r?,0,0), as one might expect by naive analogy with Newto-

nian theory. However, the acceleration felt by the observer is

9= V=ata, =

m 1
NGy

Thus the “force of gravity’ is given by the same inverse square law g = m/r? as

(7.7)

in Newtonian theory for large r, but increases to infinity as r approaches the
Schwarzschild radius r = 2m. We show later that r = 2m is the event horizon
of a black hole. What we are observing here is a consequence of the fact that
inside a black hole one would have to travel faster than light in order to stay
‘in the same place’.
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7.4 Potential Energy

The worldlines of particles in free-fall and of photons in a general space—time
are geodesics. They are the solutions of the differential equations generated by
the Lagrangian

L=121gui"i.
In the case of free particles, the dot denotes differentiation with respect to
proper time 7, the time measured by a clock carried by the particle. In the case
of photons, the dot is differentiation with respect to an affine parameter, which
is defined only up to a constant factor and the addition of a further constant.

In the Schwarzschild metric, the geodesic Lagrangian is

_1 2m o i 242 1 w252
L—2{< r)t = 2m/r r(9 + sin 94,0) . (7.8)

Therefore the ¢ equation for the geodesic motion of a free particle is

d [/OL
dT<ai>_0

because the Lagrangian is independent of ¢. Consequently
E=(1-2m/r)t

is constant along the particle worldline. What is the interpretation of this con-
stant? Suppose that the particle has four-velocity V' and unit mass. Then rela-
tive to an observer ‘at rest’ at some point in the particle’s history, the particle
has speed v given by

_ 1 __ 770 _ 0y/0 _ ¢
'Y(U)—im—[] Va—gooUV =t 1—2m/r.

Therefore
B V1-=2m/r
VT2

For large r and small v, this is approximately
E =1+ 3v> —m/r + smaller terms.

Thus E is the sum of the rest energy (Mc? with M = 1 and ¢ = 1), the kinetic
energy %v2 relative to the observer, and the Newtonian potential energy —m/r.
Thus it is reasonable to interpret E as the total energy of the particle. We note
that this is consistent with (7.7), which can be written

g=0:/1=2m/r,
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with the implication that we should interpret /1 — 2m/r as the potential en-
ergy of a unit mass particle at rest. Conservation of energy is then a conse-
quence of OL/Jt = 0, that is, of the fact that ¢ is an ignorable coordinate. As
in classical mechanics, energy is conserved when there is invariance under time
translation.

7.5 Photons and Gravitational Redshift

In special relativity, a photon worldline is a null line. The frequency four-vector
K is tangent to the worldline and encodes information about the frequency of
the photon, as measured by a moving observer. If the observer has four-velocity
U, then the observed frequency is w = U,K®. The frequency four-vector is
constant along the photon worldline.

By our usual principle that special relativity should hold over short times
and distances in local inertial coordinates, it follows that in general relativity
K is tangent to the photon worldline, which is now a null geodesic, and that

K*V,K’=0.

If we put W = da®/do, where o is the affine parameter, then the geodesic
equation is

wWev,wl=0.

Because W is proportional to K and because it is tangent to the photon world-
line, it must in fact be a constant multiple of K. By rescaling o, we can take
W = K*. With this choice of g, the frequency four-vector is given by

K® = da®/do .

Now consider two observers O; and Oy in the Schwarzschild space-time, at
rest relative to the Schwarzschild coordinates at r = r; and r = 79, respectively.
If O; sends out a photon to Os, and if the frequency measured by O; at
transmission is wy, then what is the frequency at reception as measured by O3?

Denote the photon’s worldline by x* = x*(o), where the affine parameter
o is chosen so that the frequency four-vector is K* = dz*/do. Let w denote
frequency measured by a stationary observer at r. Then we have

w=U%, = gooU'K" = {\/1 —2m/r,

where the dot is the derivative with respect to 0. However (1 — 2m/r)f is con-
stant along the worldline because L is independent of t. Therefore wy/1 — 2m/r



102 7. Spherical Symmetry

is also constant and so we have

1—2m/r
Wy = Wi ———F—.
2N T 2m)rg
This is the gravitational redshift formula. For large r1, r2, we have

we ~wi(1+m/fry —m/r),

so the change in frequency is proportional to the difference gravitational po-
tential between the two observers. This is precisely what is needed to avoid the
paradox in Bondi’s perpetual motion machine. We remark also that quantum
theory tells us that the energy of a photon relative to an observer is fiw. So the
conservation law here can again be interpreted as ‘conservation of energy’.

7.6 Killing Vectors

A special role is played in these calculations by time symmetry. It is this that
allows us to say what we mean by ‘stationary’ observers, and it is this that
gives us energy conservation.

More generally, if the metric coefficients g, are independent of one of the
coordinates 20, then L = % gap@®i? is independent of 2°, and so from Lagrange’s
equations

oL a

970 = Jaox
is constant along geodesics. But this quantity is equal to T%V,, where V® = ¢¢
and T is the four-vector field with components (1,0,0,0). The quantity TV,
is an invariant. It depends only on the four-vectors V' and T, and not on the
choice of coordinates, although, of course, 7' will have components (1,0, 0,0)
only for particular choices of coordinates.

Definition 7.1 (Preliminary definition)

A nonvanishing vector field T is said to be a Killing vector field or Killing
vector whenever there exists a coordinate system in which 7" has components
(1,0,0,0) and g is independent of z°.

We have just proved the following.
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Proposition 7.2

If T is a Killing vector, then T,%® is constant along any geodesic.

How can we recognise a Killing vector, and therefore derive a conserved quantity
for free particle and photon orbits, without making the transformation to the
special coordinate system? To answer this, we look first at the defining property
in the special coordinates in which T has components (1,0, 0,0). Here we have

0= aOgab = Tcacgab .
But we also have

VaT‘b - 811 (gbcTc) - %Tc(aagbc + abgac - acgab)
vbTa = ab(gacTc) - %Tc(abgac + aagbc - 8cgba) .

By adding, we get
Vly + VT, = Tcacgab =0

because 9,7°¢ = 0. But the left-hand side is a tensor. Therefore it vanishes in
one coordinate system if and only if it vanishes in every coordinate system. We
have proved the following.

Proposition 7.3

Let T* be a nonvanishing vector field. If 7% is a Killing vector then
Vp + VT, =0

in any coordinate system.

The converse is also true. The proof relies on the fact that for any nonvanishing
vector field T # 0, there exists a local coordinate system in which 7" has com-
ponents (1,0, 0,0). One deduces the proposition by working in such coordinates
and by following through the same calculation in reverse.

We can use Proposition 7.3 to prove Proposition 7.2 directly by starting
from the geodesic condition in the form V*V,V, = 0, where V* = &% From
this we get that the derivative of VT, is

VOV (VPT) = VOVPV, T, = 3VAVH(V. T, + ViT,) =0,

and hence that VT, is constant. The converse statement can also be deduced

from this. If £%Ty, is conserved along every geodesic, then Ty, is a Killing vector.
We use Proposition 7.3 to extend the definition by dropping the condition

that 7% should be everywhere nonvanishing. It now takes the following form.
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Definition 7.4 (Standard definition)
A vector field T* is a Killing vector if VT, + VT, = 0.

EXERCISES

7.1

7.2.

A clock is said to be at rest in the Schwarzschild space-time if its
r, 6, and ¢ coordinates are constant. Show that the coordinate time
and the proper time along the clock’s worldline, that is, the time 7
shown on the clock, are related by

e (_2m\7
dr r '
Note that the worldline is not a geodesic.

Show that along a radial null geodesic, that is, one on which only ¢
and r are varying,

dt r

dr  r—2m’

Two clocks C and Cy are at rest at (r1, 6, ) and (r2, 6, ¢). A photon
is emitted from C7 at event A and arrives at Cy at event B. A second
photon is emitted from C; at event A’ and arrives at Co at event
B’. Show that the coordinate time interval At between A and A’ is
the same as the coordinate time interval between B and B’. Hence
show that the time interval Ar; between A and A’ measured by C;
is related to the time interval A, between B and B’ measured by

Cy b
20y om\ ~ /2 om\ ~1/2
A7 (1 - ) = Amy (1 - ) .
1 T2

If you wear two watches, one on your wrist and one on your ankle,
and you synchronize them at the beginning of the year, by how
much is the watch on your wrist faster or slower than the one on
your ankle at the end of a year? (Assume that you spend the whole
year standing upright without moving. In general units, you must
replace m/r by Gm/rc?.)

Show that if X is a vector field and T,y is a tensor field of type (0, 2),
then
X0, Tpe + TueOp X + Tpo 0. X

transforms as a tensor of type (0,2). This tensor is called the Lie
derivative of T along X.



7.6 Killing Vectors 105

7.3.

Show that X is a Killing vector if and only if the Lie derivative of the
metric along X vanishes. Show that if X and Y are Killing vectors,
then so is the vector field [X, Y], which is defined by

[X,Y]* = X9, Y — Y9, X“.

Let g, be the Schwarzschild metric, with 2 = ¢, 2! = r, 22 =

0, 23 = . Show that the following are the components of Killing
vectors

(1,0,0,0), (0,0,0,1), (0,0,— cos¢,cotfsinp)

and find a fourth Killing vector which is not a linear combination
with constant coefficients of these three.

Show that if B, = V,f for some function f, then V[, By = 0. The
converse is also true (locally), and you may use this without proof.

Let F,;, be a solution of Maxwell’s equations V,F = 0, ViaFpg =0
in curved space—time. The equation of motion of a particle of charge
e and rest mass M is given by the Lorentz equation

MubPV, U = eFU,,

where U® = dz?/dr, with 7 the proper time. Show that if the Lie
derivative of Fy; along X* vanishes (see the previous exercise), then
F, X% =V, f for some function f. Show that if X is also a Killing
vector then Mu®X, + ef is a constant of motion for the particle.
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Orbits in the Schwarzschild Space—Time

We now look at particle motion in the Schwarzschild background. Our main
aim is to derive corrections to Kepler’s laws, so we think of the gravitational
field as that of the sun. By a ‘particle’, we mean a very small body, such as a
planet, whose own gravitational field can be ignored.

8.1 Massive Particles

The particle orbits are generated by the Lagrangian

1 2m\ . 72 .
L== 120 )2 — 22002 L g6in2600°
2{( r)t 1-2m/r r(@ s 9<‘O> ’

where the parameter is the proper time 7 and the dot is the derivative with
respect to 7. We assume that » > 2m, which means that we are looking at
the external field of a spherical star rather than the field inside a black hole.
Because L has no explicit dependence on ¢, p, or 7, we have three conservation
laws.

(:L =0) FE = (1-2m/r)t = constant
d0,L =0) J=r%sin?6p = constant
0-L =0) L = constant.

o~ o~
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In fact gqpi®@® = 1 because 7 is proper time, and so the third conservation law

is simply L = %
We need one other equation to determine the orbits. We use the 6 Lagrange
equation,
d .
—(7‘20) —r?sinfcosfp* =0. (8.1)
dr

We could also write down the r equation, but it would contain no new infor-
mation because, with the conservation laws, we already have four equations for
the four unknown coordinates ¢, 7,8, ¢.

Equation (8.1) is symmetric under

O—mT—0.

Therefore an orbit on which § = 7/2, 6 = 0 at 7 = 0 will have 6 = 7/2 for all .
Because the field is spherically symmetric, we can understand all the orbits by
studying only these equatorial orbits. There is no loss of generality, therefore,
in putting § = 7/2. We then have

E2 ?;.2 J2

1= —_ _—
1-2m/r 1-2m/r r?

by combining the conservation laws. That is,

This is a first-order differential equation for r as a function of proper time.
As in Newtonian theory, the equation looks a bit simpler if we replace r by
u=m/r and use ¢ instead of 7 as the parameter. Now

du _ mdr dp _ mr

de — r2dr/ dr T
Therefore the orbits are given by
du\®> m2E? m2(1 — 2u)

provided that J # 0, that is, provided that the orbit is not radial.
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8.2 Comparison with the Newtonian Theory

In the corresponding problem in Newton’s theory, the particle (assumed to
have unit mass) moves under the influence of the inverse square law force
m/r?. The equatorial orbits are determined in plane polar coordinates r, ¢ by
the conservation of the energy € and the angular momentum J, by

5:%(f2+r2¢2)7m/r, J=7r%p.

As in the Schwarzschild space-time, we put v = m/r, du/dp = —ms/J. Then
we have 9
P (@, s
T o2 de om2

To make comparison between the two theories, we put 8 = m/J, and p =
du/dep. In the Newtonian case, we put k = em?/J? and define

g(u) = 26%u + 2k — u?.
In general relativity, we put k = (E? — 1)m?/2J? and define
fu) = 26%u + 2k — u? + 2u®.

Then the orbits are given by p? = g(u) in Newtonian theory and by p? = f(u)
in general relativity. The only difference is the extra term 2u® in f(u), which,
of course, is small when r is large. In both cases, we are working in units in
which G = 1.

The differential equations for the orbits can also be written in the second-

order form

du o,

dTDQ =5f'(u)
in general relativity, or in the same way with 2¢’(u) on the right in Newtonian
theory.

We can see the effect of the extra term in one of the classic tests of general
relativity, the perihelion advance of Mercury. In general relativity, the point on
a planet’s orbit at which it is closest to the sun—the perihelion—advances on
each orbit. In Newtonian theory the orbit is closed and the perihelion is always
in the same position, provided that one ignores the effect of other planets. The
relativistic advance is most significant in the case of Mercury because its orbit
is closest to the sun, where the sun’s field is strongest. In fact the perihelion also
advances in Newtonian theory because of interactions with other planets, most
notably with Jupiter. The general relativistic effect is the additional advance
that cannot be explained in this way. When it was first observed, Le Verrier
suggested that the additional advance might be due to another planet with an
orbit closer to the sun than Mercury’s. He predicted that it would be visible
crossing the sun’s disc in March 1877, but it was not seen [1].
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8.3 Newtonian Orbits

In the Newtonian theory, we have

d%u 9
which implies that
u =%+ Acos(p — o) ,

for constant A, ¢¢. By differentiating we get
p* = A%sin’(p — o) = A% — (u— §%)°.
Hence A% = 2k + 3*. The form of the orbit depends on the sign of k.

(1) If k > 0 then |A] > 3% and u = 0 for some values of ¢. In this case, the
orbits are hyperbolic and the particle can escape to infinity.

(2) If k < 0 then |A| < 32. In this case, u is bounded away from zero, and
therefore |r| is bounded and the orbits are elliptic.

A special case arises in (2) when u is constant on the orbit, and so
du q d?u
= an -
dy dp?

vanish identically. Such circular orbits are given by solving
9(u0) = g'(u) = 0
for the constant value ug of u. The result is ug = 52, where
B+ 2k=0.
For a general orbit with k < 0, we can rewrite (8.3) in the form

d?v

@‘F’UZO,

where v = u — 2. This is the equation of simple harmonic motion with period
2. The ‘time’ of course is not ¢, but the polar angle . Thus we can think
of a general elliptic orbit as oscillating about a circular orbit (u = $?) with
simple harmonic motion. The fact that in these oscillations the period of u as a
function of ¢ is exactly 27 is what makes the elliptic orbits closed in Newtonian
theory. Each circuit of the origin adds 27 to ¢ and brings the particle back to
the initial value of u. In particular, perihelion always occurs at the same value
of . There is no perihelion advance in the two-body system.
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One can gain some insight into the structure of the orbits in Newtonian
theory by plotting the phase portrait, in which one represents the orbits by
curves in the u, p-plane. If we fix § and plot the phase curves for varying values
of k, the result is a set of concentric circles

P+ (u— %) =2k + 5

centred on the circular orbit ug = 32, labelled A in Figure 8.1. The hyperbolic
orbits are those that meet the p-axis; the elliptic orbits are those that do not.
The two families are separated by the parabolic orbit, which touches the p-axis
at the origin.

Figure 8.1 The Newtonian phase portrait

8.4 The Perihelion Advance

In general relativity, there are also closed orbits u = wug. The corresponding
values of the constants § and E are found by solving

f'(uo) = 0= f(uo).
Now consider an orbit u = ug+v(y) which is almost circular, so that v is small.
By substituting into the equation of motion, we obtain
d?v

] =1f'(u) = 3£ (uo) + 20 f" (up) + O(v?).
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But f'(ug) =0, and f”(u) = —2 + 12u. Therefore v satisfies

d2v

— + (1 —6ug)v =0,

d(p2 ( 0)
on ignoring the term O(v?). This is again the equation of simple harmonic
motion, with ¢ as ‘time’. So at least for orbits that are close to circular, we
again have the picture that the planet’s orbit oscillates about a circular orbit.

Now, however, the period is not 27, but

- 2w
7T VT=6u
for small ug, that is, for large ro. Thus if the particle starts at perihelion where
r minimal and « is maximal, then r returns to its initial value not after a whole
rotation, but after ¢ has advanced through a further angle 6ugm. This is the
perthelion advance. If we substitute ug = m/rg and put back in the constants—
there is only one way to do this to get the dimensions right—then the advance
is

~ 21 + 6ugm,

6Gmm
roc?
per revolution for an orbit of approximate radius ro. We are ignoring second-
order terms in 1/r, as well as assuming that the orbit is ‘nearly’ circular.

In the case of the orbit of Mercury, the relevant quantities have the following
values in SI units. The mass of the sun is m = 1.98x103°. The radius of the orbit
is ro = 5.79 x 10'%, and the constants are G = 6.67 x 107!, and ¢? = 9 x 1016,
This gives the advance as around 40" per century. A more careful analysis
gives 43" exactly accounting for the anomaly without the need for Le Verrier’s
additional planet.

The effect is more marked in the case of the binary pulsar PSR 1913416,
where the advance is around 4° per year [21]. The system consists of a neutron
star, about 15 miles across, but with a mass about 50% larger than that of
the sun, orbiting another star once every 8 hours or so. Here one reverses the
Mercury observation, using the rotation of the orbit to measure the masses. One
then calculates the theoretical rate at which the orbital period should decrease
as the two stars lose energy through gravitational radiation. The result, over
15 years, agrees with observation to within 0.5%

8.5 Circular Orbits

The equatorial orbits in the Schwarzschild space-time are given by p? = f(u),

where
fu) = 26%u — u? + 2u® + 2k,
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and 4 (52 2
m U m —1)m
= — = — == =
U= PEgy PE 272
They are solutions to the second-order equation
d?u
dTDQ = %f "(u).

The circular orbits are those for which r and therefore also u are constant.
They are given by f(u) =0, f/(u) = 0. The second of these equations implies
that

6u=1++/1—1232,

which for small 8 has solution
u=p3 and u=13%-p°

on ignoring terms of order B%. The first root is the Newtonian circular orbit.
This is still present in general relativity provided that the radius m/3? is large
compared to m. The second is a new feature. It has radius close to r = 3m,
which is only just above the Schwarzschild radius r = 2m, and it exists only
if the source of the gravitational field is contained within the sphere r = 3m,
so the metric still takes the Schwarzschild form at this radius. We show below
that » = 3m itself is a circular photon orbit. A particle on the inner circular
orbit has to be moving close to the velocity of light, relative to a stationary
observer.

A q(u)

=Y

% 1/4

Figure 8.2 Plots of q(u) = 2%u — u? + 2u3
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8.6 The Phase Portrait

We can understand more clearly the pattern of orbits by drawing the phase
portrait in the u, p-plane for fixed 32 and by varying k, as we did in the Newto-
nian theory. We first plot the graphs of ¢(u) = u(2u? —u+243?) in the g, u-plane
for different values of 32, in Figure 8.2. These curves in the g, u-plane have the
following features.

— For 42 = 0, the curve lies below the u-axis for 0 < u < %, and touches it at
the origin.

— For 32 = 1/16 the two roots of 2u® — u + 2(3% come into coincidence.

— For 3% = 1/12, the two roots of ¢’(u) come into coincidence.

We consider the orbits only for % > u > 0, that is, for r > 2m. If the vacuum
region extends that far inwards, the portion of space—time in which r < 2m is
inside a black hole. For each value of 32, we get a phase portrait by plotting
the curves p? = q(u) + 2k for different values of k. For small u, that is, large
r, the portrait coincides with the Newtonian picture. The differences arise as u
approaches % Note that the arrows in the plots show the direction of increasing
©, not of increasing time.

AD

Figure 8.3 The case 0 < 3% < 1/16
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The case 0 < 3? < 1/16

There are two circular orbits, one stable (B), and the other unstable with k& > 0
(A). A particle disturbed from the inner circular orbit—the unstable one—can
either spiral inwards or escape to infinity. The horizon is shown as a dashed
line.

The case 1/16 < 3* < 1/12

The inner unstable circular orbit A has k < 0: a particle disturbed from this
orbit will not escape to infinity. As 32 is increased, the two circular orbits move
towards each other. They coincide when 3?2 reaches 1/12, at r = 6m.

Figure 8.4 The case 1/16 < % < 1/12

The case 5% > 1/12

There are no closed orbits in this case: the angular momentum is too small. All
orbits either escape to infinity or spiral inwards.
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—

S\

\

Figure 8.5 The case 52 > 1/12

In no case are there stable circular orbits with r» < 6m: this is the minimum
radius for a planetary orbit. For a star of the mass of the sun, the minimum
radius is 9 km. For an ordinary star, this is well inside the star itself, so the
limit is not relevant. But the limit is important in the analysis of the infall
of matter into a black hole, usually from a companion star. It is this that is
responsible for X-ray emissions from the neighbourhood of a stellar mass black
hole.

An interesting lesson to learn from the first case is that, contrary to popular
belief, it is not easy to fall into a black hole. Suppose that initially the particle
is at r = rg, with 79 > r, and that the radial and transverse components of its
velocity relative to a stationary observer are v, and vy, respectively. As long as

these are small compared with the velocity of light, we have that
m

m
En~143(wf+0v))—m/ro=1+e¢, ﬁzjzﬁa

where € is small. On the subsequent orbit, we must have
f(u) = B%u —u? +2u® + €3 > 0.

If we ignore the last term in f, then the phase-plane analysis tells us that we
must have 3% > 1/16 on an orbit with k ~ 0 if the particle is to reach the
horizon. That is,

v < 16m?/r.
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Let vg = y/m/ry denote the velocity of a circular orbit at the initial radius.
Then the condition for our particle to fall into the black hole is

<4 ﬂ:4 £7
\/7“0 \/27‘0

where R is the Schwarzschild radius. Although the black hole has a very strong

Ut
Vo
gravitational field, its radius is small, and it presents an almost impossible
target from any distance.

Exercise 8.1

What is y/R/2rg if ro is the radius of the earth’s orbit and the black
hole has the mass of the sun?

8.7 Photon Orbits

The photon orbits are generated by the same Lagrangian
1 2m\ . 72 :
b= (12 (e e
{( ) 1—2m/r T +sm” 0p
but now the dot is differentiation with respect to an affine parameter o. Again
we have three constants: the energy

E=(1-2m/r)t,
the angular momentum

J=r%sin®0p,

and the value L itself. In the case of photons, the last constant is zero because

b

Gapx®2” vanishes when z¢ is null.

By proceeding along the same lines as before, we obtain
p?=a’ 4 2u® —u?, (8.4)

where u = m/r, p = du/dy, and o? = m?E?/J?. There is no sensible New-
tonian model with which to make comparisons, but we note that without the
term 2u3, the orbits would be given by

u = acos(p — o), p=—asin(e —¢p) .

That is, by
rcos(p — o) =m/a, (8.5)
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Apz
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=7

173

Figure 8.6 o2 + 2u® — u? against u for different values of a

which is the polar equation of a straight line. So we can think of the term 2u3
as the gravitational contribution. It is responsible for the ‘bending of light by
gravity’.

The phase portrait is found in the same way as before. First we plot

P2 =a?+ 2% —u?
against u for different values of «, as in Figure 8.6. By taking the square root,
we then get the phase portrait in Figure 8.7, with the different values of «
labelling the different curves in the p, u-plane. Note that the arrows in the plot
show the direction of increasing ¢, not of increasing time. For large r (small
u), the orbits look like hyperbolic Newtonian orbits. A photon travelling in
from infinity will escape to infinity, but the trajectory will be deflected. As r
decreases, the deflection increases, and the orbit can wind around the source
many times. At r = 3m, it is possible for the photon to orbit in an unstable
circular orbit.

8.8 The Bending of Light

We now find the approximate orbits for large r, that is, in the domain in
which u? < u3. They are approximately straight lines, but slightly bent by the
gravitational field through the appearance of the ‘gravitational term’ 2u? in
(8.4).

To see the effect of the gravitational term, we put

U=QCcosyY +v,
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Ap !

Figure 8.7 The phase portrait for photon orbits
where « is small and v = O(a?). In other words, we consider a perturbation of
(8.5) with o = 0. On ignoring terms of order v? = O(a*), we get

0 = u?+u?—2u3—a?

= —2av’sing + 20w cos ¢ — 202 cos® ¢,
where the prime is differentiation with respect to ¢. From this we obtain
sinp v’ =wcosp —a’cos® p

and hence on finding the integrating factor,

o () =t ()
— . = —a“cosy — -1 .
dp \sinp sin” ¢

a?
: == +a?sing+ K
sinp  sing

Therefore
v

for some constant K. We can set K = 0 by adjusting (g, to get
v =a?(1+sin?p).

Because the gravitational field is weak, we can interpret r, ¢ as plane polar
coordinates in the equatorial plane. The unperturbed trajectory is the straight
line

Qarcosp =m,
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which goes to infinity as ¢ — +7/2. The perturbed trajectory, on the other
hand, goes to infinity as
p— £(1/2+7),

where the angle v is given by
—asiny + o(1 + cos® ) = 0.

This gives v = 2« to the first order in «. So the total deflection of the light ray
is
2y =4a=4m/D,

where D = m/« is the value of r at the point of closest approach to the source
of the unperturbed trajectory. In SI units, the deflection is

4mG

‘De?’
For a light ray just grazing the surface of the sun, we have (in ST units) D =
7% 108 (the radius of the sun), m = 2 x 103° (the mass of the sun), ¢ = 3 x 108,
and G = 7 x 1071, The result is a deflection of 10~° radians or 2”. This is
hard to observe because of the difficulty in detecting light that grazes the sun.
Its effect can, however, be seen during a total eclipse, and was first observed by
Eddington in 1919. The deflection causes the stars near the sun in the sky to
appear to move from their normal positions away from the centre of the sun.
Eddington compared photographs of the star field near the sun during a total
eclipse with a photograph of the same star field when the sun was in a different
position in the sky at another time of year [5].

EXERCISES

8.2. Show that along free particle worldlines in the equatorial plane of
the Schwarzschild metric, the quantities
2 .
J=r% and E= (1—m>t
r

are constant. Here the dot is the derivative with respect to proper
time. Explain why the particle cannot escape to infinity if £ < 1.

2 2
¢2+<1+‘]2) (1—m)=E2,
T T

.oom J? m.J?

Show that
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For a circular orbit at radius r = R, show that

mR? dy m\1/2

J? = — =53 -
R—3m’ dt (R3 )

Show by setting r(7) = R+¢(7), with € small, that the circular orbit

is stable if and only if R > 6m.

8.3. Show that for a suitable value of @« = mFE/J, there are equatorial
null geodesics in the Schwarzschild solution on which

1—3u
(V3+vItou)

for arbitrary constant A. Describe their behaviour as ¢ — —oo for
(i) A> 0 and (ii) A < 0.

Ae?

8.4. Sketch the phase portrait in the p, u-plane of the equatorial particle
orbits in the Schwarzschild space—time for fixed E and various values
of 82 = m?/J? in the case 1 > E? > 8/9. What changes when
E? =8/9?
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Black Holes

We now look more closely at what happens at the Schwarzschild radius, r = 2m.
It is clear that something goes wrong there in the formula (7.6) for the metric
coefficients. We show, however, that the singularity is not in the space—time
geometry itself, but simply in the coordinates in which it is expressed. The
singular behaviour at r = 2m goes away when we make an appropriate change
of coordinates.

9.1 The Schwarzschild Radius

For a normal star, the Schwarzschild radius is well inside the star itself. As it
is not in the vacuum region of space-time, the Ricci tensor does not vanish at
r = 2m, and so the Schwarzschild solution is not valid there. Instead the met-
ric is that of an ‘interior’ Schwarzschild solution, found by solving Einstein’s
equations for a static spherically symmetric metric, with the energy-momentum
tensor of an appropriate form of matter on the right-hand side. In such metrics,
generally nothing exceptional happens at the Schwarzschild radius. But in the
extreme case, all of the body lies within its Schwarzschild radius and the vac-
uum solution (7.6) extends down to r = 2m. In this case, we have a spherical
black hole.

For the sun to be contained within its Schwarzschild radius, it would have to
be compressed to a radius of 3 km, which would imply an almost unimaginable
density. For a galaxy, however, the density at this critical compression is only
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that of air, and so it is not hard, at least in principle, to imagine a sufficiently
advanced civilization directing the orbits of the stars in a galaxy so that all
the matter ended up within the Schwarzschild radius. We must therefore take
seriously the existence of black holes as a theoretical possibility even without
having to contemplate the extreme conditions in which a star could collapse to
a black hole.

9.2 Eddington—Finkelstein Coordinates
The Schwarzschild metric is

2m dr?
ds? = (1 - — | dt? - ———— —7*(d6? +sin* 0 dy?).
s ( r) 1—2m/r r(d67 +sin” 6 ")
We cannot simply ignore the part of space—time for which r < 2m because an
infalling observer will reach r = 2m in finite proper time. An observer who falls
radially, that is, with constant 6 and ¢, has worldline given by

7‘,2

E=(1-2m/r)i, 1= (1—2m/r)i* — T

where the parameter 7 is proper time. In the special case F = 1, which arises
when the observer falls from rest with respect to the timelike Killing vector at
infinity, we have 72 = 2m/r. Then

/\/Fdr:—\/%/dT

and hence

2r3/% = 3v2m(k — 7)

for some constant x. We conclude that the proper time 7 taken to reach r = 2m
is finite. However, the coordinate time taken is infinite because

(-2) %

3/2
f/T dr:ﬁm/dt.

r—2m

r

and so

The integral on the left-hand side diverges as r — 2m.

To understand the space—time geometry of a black hole, we first look for a
coordinate system in which the singularity at r = 2m disappears. One can see
what goes wrong with the given coordinates by looking at the null geodesics
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in the 7, t-plane—the worldlines of photons travelling radially inwards or out-
wards. These are the curves given by

2m dr?
1- 22 )ar- —— =
( T ) dt 1—2m/r 0

By integration we obtain

/&:i/—ji—:i/1+ 2 Y 4y
1—2m/r r—2m

t + (r + 2mlog(r — 2m)) = constant . (9.1

That is,

The radial null geodesics in the ¢, r-plane are the curves shown in Figure 9.1.

ﬂt

A AN

Figure 9.1 Radial null geodesics in the Schwarzschild metric

They all have r = 2m as an asymptote, shown as a dashed line, and the singular
behaviour there is associated with the fact that the curves bunch up on this
common value of r. For large r, they look like the corresponding lines r = +t
in flat space-time. Each curve in Figure 9.1 represents an ingoing or outgoing
spherical wavefront. One can get at least a partial picture of how this works
by rotating about the t-axis to make the curves into surfaces of revolution.
They are shown in Figure 9.1, which is a space-time diagram with one spatial
dimension suppressed. The dark cylindrical surface is at » = 2m. The histories
of outgoing and ingoing wavefronts are surfaces asymptotic to this.

We should compare this picture with the corresponding one for Minkowski
space, where the radial null geodesics are straight diagonal lines in the t, r-plane
at 45° and the corresponding in- and outgoing wavefronts are the null cones
of the points on the polar axis » = 0 (Figure 9.3). In Minkowski space, as we
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Figure 9.2 Ingoing and outgoing wavefronts in the Schwarzschild metric

follow an outgoing wavefront back in time, it focuses at the vertex of a cone,
with the vertex lying on the axis. In the Schwarzschild picture, by contrast, the
outgoing wavefront becomes closer and closer to the horizon as we follow it back
into the past, without ever crossing it. The picture for the ingoing wavefronts
is similar, but with time reversed.

Figure 9.3 Ingoing and outgoing wavefronts in Minkowski space
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In the Schwarzschild space-time, we can resolve the coordinate difficulties
by ‘compressing’ the ¢ coordinate as we approach r = 2m. Guided by (9.1), we
make the transformation to coordinates v, r, 6, ¢ by putting

v=t+r+2mlog(r —2m),
which gives

dr

dt=dv— —
Y 1—2m/r

and hence
ds? = (1 —2m/r)dv?® — 2dvdr — 72(d6? + sin”® 6 dp?) .

The singular behaviour at » = 2m has now disappeared. In the r, v-plane, the

\ V

Figure 9.4 Radial null geodesics in Eddington—Finkelstein coordinates

radial null geodesics are the lines of constant v together with the solutions to

This can be integrated to give

2rd
v:/ rer =2r+4m log|r —2m| + &, (9.2)
r—2m

for some constant k. Thus the radial null geodesics are as shown in Figure 9.4.
Because the r-axis itself is null, it is not drawn horizontally: the lines parallel to
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it are the lines of constant v. The null geodesics given by (9.2) have a common
asymptote in the dashed vertical line.

We can see from the fact that timelike curves must lie between the ingoing
and outgoing null geodesics at every event that although the space-time is
nonsingular for r < 2m, it is not possible to escape to infinity. The hypersurface
r = 2m is called the event horizon. It separates events of which observers
outside can have knowledge from those inside of which they cannot. The events
inside the event horizon are inside the ‘black hole’. The lines of constant v are
null.

The new coordinates are called Fddington—Finkelstein coordinates. The his-
tories of the ingoing and outgoing wavefronts outside the event horizon in
Eddington—Finkelstein coordinates are shown in the space—time diagram, Fig-
ure 9.5. The dark cylinder is the horizon; the ingoing wavefront crosses the
horizon, and the outgoing one is asymptotic to it in the past.

The singular behaviour of the metric coefficients in the ¢, r coordinates does
not arise from a singularity of the space—time geometry because it disappears
in the v, coordinates. Instead it arises from the singular behaviour of the
transformation from v,r to t,r coordinates at » = 2m, which shows itself in
the fact that the curves of constant ¢ are asymptotic to the line r = 2m in the
r,v-plane. The transformation from v,r to t,r coordinates pushes the points
(v,2m) to t = oo.

In Eddington—Finkelstein coordinates, the space—time extends to r < 2m.
The Killing vector T with components (1,0,0,0) in the original coordinates
t,r,0,¢ has the same components in the new coordinates, but inside the event
horizon, it is spacelike. We have T%T, = 1 — 2m/r and hence the following.

(i) For r > 2m, T is timelike and defines a standard of ‘rest’. A stationary
observer is one whose four-velocity is tangent to 7.

(ii) For r = 2m, T is null. We can think of the event horizon as the history
of a light wavefront ‘at rest’, hovering forever between escaping to infinity
and falling into the black hole.

(iii) For r < 2m, T is spacelike, and no observer can remain at rest.

The worldline of any observer inside the black hole must inevitably reach r = 0
in finite proper time, in fact, in a time of the same order of magnitude as light
takes to travel the Schwarzschild radius.

We cannot, however, extend beyond r = 0, whatever coordinates are used.
There is a genuine singularity at = 0, at which the tidal forces become infinite.
6 and

so there is no coordinate system in which the metric is well-behaved at r = 0.

One can see this from the fact the invariant RgpcqR**°? blows up like 7~

Once inside the black hole, an observer is not only unable to escape to infinity,
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Figure 9.5 Wavefronts in Eddington—Finkelstein coordinates

but is also unable to escape being crushed in the singularity in a very short
time.

9.3 Gravitational Collapse

The Schwarzschild solution by itself does not provide a good model of a real
black hole because it is a vacuum metric. There is no matter present to generate
the gravitational field. In a real astrophysical situation one expects black holes
to form from the collapse of stars after they have burnt up all their nuclear fuel.
The collapse can form a white dwarf, which is supported against gravity by the
‘electron degeneracy pressure’; however, above 1.4 times the mass of the sun,
this pressure is insufficient, and collapse results in a neutron star, essentially
a massive nucleus with an atomic number around 10%8. But again there is a
limit to mass. Above some critical mass, somewhere between 1.5 and 3 solar
masses, no known physical process can prevent collapse to a black hole; and
once the event horizon has formed, no conceivable process can prevent collapse
to a singularity. This is the Penrose singularity theorem.

One can model the field of a spherically symmetric collapsing object by
joining the Schwarzschild metric, to represent the field outside the body, to
an interior metric, representing the field inside the collapsing star, across a
spherically symmetric hypersurface represented by a timelike curve in the v, r-
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plane. If we include one of the other spatial coordinates by rotating about the
line » = 0, then we obtain the three-dimensional representation of the space—
time shown in Figure 9.6.

<«— Wavefront

< Singularity

Horizon

Star

Figure 9.6 The collapse of a star to form a black hole

9.4 Kruskal Coordinates

It is instructive to explore further the vacuum solution without joining on
any interior solution. Here we look more closely at a curious feature of the
Eddington—Finkelstein coordinates, that they introduce a time asymmetry that
is not present in the original metric. That is, they do not treat the future and
the past in an even-handed way. They adjoin the interior of a black hole to
the exterior solution. We could equally well reverse ¢ and use the coordinate
transformation to adjoin a ‘white hole’, from which an observer can escape, but
cannot enter.

We can see what is going on here by transforming instead to Kruskal coor-
dinates, in which both extensions can be made simultaneously. We start with
the original form of the metric

9 2
ds? = (1 — ;n) de? — 1_(127“m/r — 7"2(dq92 + sin? 9d302).
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But now we transform to new coordinates U, V., 8, ¢ by putting

U )

That is, V = e¥/4™ U = —e~ /4™ where

Vo _et/em UV =e"?™2m —r).

v==t+71+2m log(r — 2m), u=t—r—2mlog(r—2m).

Here v is the Eddington—Finkelstein coordinate, and —u is the coordinate used
in the time-reversed extension. We then have

ev/4m dr e u/4m dr
dV=—(dt+ —~ dU=——(dt— —— ] .
v am ( * 1—2m/r>’ v 4m ( 1—2m/r>
Hence /2 )
rel/sm 2m dr
dUdV = ——— (1 — — [ S—
16m?2 ( r ) ( (1-— 2m/r)2>

Therefore in these new coordinates, the metric is
ds? = 16m?r~Le /2™ dUAV — r?(d6? + sin? 0 dp?)

where 7 is defined as a function of U,V by UV = e"/?>™(2m — 7).

U V

Figure 9.7 The U,V coordinates on Minkowski space

To understand the geometry, let us look first at the corresponding transfor-
mation of Minkowski space. Here we start with

ds? = dt? — dr? — r*(d#? + sin? 0 dp?)
and make the coordinate change

U = _er—t V = et+7’
s .
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Then the metric becomes

ds? = e " dUdV — r%(d#? + sin” 0 dp?)
dudv
uv

If we suppress the angular coordinates, then the relationship between the two
coordinate systems is as shown in Figure 9.7. The U,V axes are null lines, and
are therefore drawn at 45° to the horizontal, with time and the two coordinates
U,V increasing up the page. The curves of constant ¢ are straight lines through
the origin; those of constant r are the hyperbolas UV = constant, which have
the U, V-axes as asymptotes. The transformation maps the whole of Minkowski
space into the region

r2(d6? + sin® 6 dp?) .

UV > 1, U <0, V>0

in the U, V-plane. The hyperbola in Figure 9.7 is the curve UV = —1; that is,
r = 0. The excluded region is the shaded region to the left of the right-hand
branch.

In the Schwarzschild geometry, the picture is very similar, except that the
metric continues in the U, V-plane to the region UV < 2m. The boundary
UV = 2m is the image of the ‘real’ singularity at » = 0 in the 7, ¢ plane. Figure
9.8 again shows the U, V-plane, with the axes drawn at 45° to the horizontal.
The straight lines are null. In this case, however, the metric is nonsingular in

Figure 9.8 The Kruskal extension of the Schwarzschild geometry

the whole region bounded by the two branches of the hyperbola UV = 1, on
which r = 0. If we exclude the shaded region above and below these, then
we have the mazimal analytic extension of the Schwarzschild space—time. The
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portion covered by the Eddington—Finkelstein coordinates is the portion above
the U-axis. The entire extended space-time contains both a black hole, the
region U > 0, V > 0, which an observer can enter but not leave, and a ‘white
hole’—the time reverse of a black hole—the region U < 0 V' < 0, which an
observer can leave but not enter. There is no matter present. We can think
of the ‘m’ in the metric as being entirely gravitational in origin, or perhaps
we should think of it as the mass of the singularity at » = 0. There is no
stellar boundary and the space—time looks like two external regions, joined by
a ‘wormhole’.

The external regions are the two quadrants V> 0> U and U > 0 > V: for
large |UV|, the metric looks in both like that of Minkowski space. We can see
the way in which they are connected by looking at the geometry of the spatial
r/2m(

section U = V, on which r is given as a function of V by V? =e 2m —r).

On this r decreases to a minimum value of 2m and then increases again to

Figure 9.9 The spatial geometry at ¢t = 0

infinity. If we put 8§ = 7/2 (so that we are looking at the ‘equatorial plane’),
then the metric is

ds?> = (1 —2m/r) " dr? + r2de? = (1 + f/(r)?)dr? 4+ r2de?,

where f = /8m(r —2m). This is the metric on a surface of revolution given
by rotating the parabola f = f(r) about the f-axis. Thus we can picture the
hypersurface U = V' as two copies of Euclidean space (at large ), joined by
the tube in Figure 9.9. This is the wormhole. To an observer in either of the
external spaces, the geometry looks like that of a black hole. Of course one
cannot actually travel through the wormhole. The passage through r = 2m
takes one inside the event horizon, and inevitably into the singularity at r = 0.
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When the black hole is formed by gravitational collapse, we see only part of
the diagram to the right in Figure 9.8. The rest must be replaced by a suitable
interior metric.
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Rotating Bodies

The Schwarzschild metric gives us some of the classic tests of relativity: the
bending of light, Mercury’s perihelion precession, and other predictions from
the analysis of geodesic motion. It also allows us to make some dramatic predic-
tions about the end states of the gravitational collapse of stars to black holes.
To find deeper tests, we have to look for more subtle effects of general relativity,
which cannot be seen in the Schwarzschild space-time. One is the ‘dragging of
inertial frames’ by a rotating body. The predictions here allow the testing of
Einstein’s equations as well as of the geometric model of space—time. They can
be observed in the effect of the earth’s rotation on an orbiting gyroscope.

We find the weak-field metric outside a rotating body before considering
the frame-dragging effect. We then look briefly at the Kerr metric, which is an
exact solution for the field.

10.1 The Weak Field Approximation

We begin with Einstein’s equations in the form
Rab - %Rgab = _877Tab7

where T, = pU,Uy is the energy-momentum tensor of a distribution of dust
with rest density p and four-velocity field U®. In the weak field approximation
(86.2), gap = Map + hap and

Ry = 2m®(0,0chve + Op0chac — Oaehve — OpOchac) -

abc
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Therefore to the same approximation
Ry = %(Dhab - 8@% - 8b}/a) .

where Y, = m®(9hp. — %Bchab) and [ is the d’Alembertian. Here my; is the
metric on a background Minkowski space and the coordinates x® are inertial.

There is one obvious coordinate freedom in this ‘linearized’ form of Ein-
stein’s theory, which is to make a Lorentz transformation. There is also a less
obvious one, which can be seen as a gauge transformation in the weak field
theory. The idea is to replace the s by

x* + Z°,

where Z° is a vector field with small components, of the same order as those
of hgap. The effect is to transform mg;, to

Mab + aaZb + abZa )

where the Z, = mg,Z°. In the spirit of the original approximation, we have
dropped terms involving products of the derivatives of Z¢. We can absorb the
change in mgy into hep, by making the gauge transformation

hap — hap + 28(aZb) . (10.1)

We then again have a ‘weak field” deviation from flat space—time. So part of the
perturbation of mg,, can be seen as a perturbation in the background inertial
coordinates and part as a genuine gravitational field. In general, there is no
natural way to disentangle the two.

We can, however, exploit the gauge freedom to restrict the form of hyp. In
particular we can impose the de Donder gauge condition Y, = 0. Under (10.1),

Y. = mab(aahbc - %achab) =Y. +UZ..

So to find a transformation that makes h,p, vanish, it is necessary only to choose
the Z,s to be solutions of the inhomogeneous wave equation (17, = —Y,.
In the de Donder gauge, the approximate form of Einstein’s equation is

Dwab = —167TTab, (102)

where
1 cd
Wap = Nap — 5MabMheq -

Exercise 10.1

Show that the approximate curvature (6.4) is invariant under gauge
transformations. Thus the observable effects of the gravitational field
are unaltered.



10.2 The Field of a Rotating Body 137

Example 10.1 (Linearized Schwarzschild metric)

Identify the coordinates in the Schwarzschild metric (7.6) with spherical polar
coordinates in Minkowski space. If m is small and if we ignore terms of order
m?, then the metric reduces in inertial coordinates to

ds? = dt? — da? — dy? — d2? — 2mr 1 (dt? + dr?),

with 7 defined by r? = 22 +y?+ 22. The metric perturbation —2mr~1(dt?+dr?)
is not in de Donder gauge. But a gauge transformation by

(Za) = —mr 1(0,2,y, 2)

puts it in this gauge, with

100 0 100 0

om0 1 0 0 am [0 0 0 0
(ha)=="10 01 0 @)=="1¢ 0 0 o
00 0 1 00 0 0

10.2 The Field of a Rotating Body

Suppose that the gravitational field is time-independent and is generated by a
distribution of slow-moving matter with small density p and velocity field w,
with u < 1. Then T% = pUU®, with (U®) ~ (1,u1,ug,u3). Equation (10.2)
takes the form

VQU)OO = 167Tp, Vzwm = 7167’(/)’11,1', Vzwij = 167rpuiuj y (103)

where 4,7 = 1,2,3 and V2 is the Laplacian of the spatial coordinates. The
right-hand side of the third equation is quadratic in small quantities, and thus
is ignored. Therefore we can put

wi; =0  i,j=1,2,3

in this approximation. The first equation gives

dV’
woo(r) = 74/ |r — 7|

where the integral is over the matter, ' = (z/,4/,2’) is the position vector
of a volume element dV’; and » = (z,y, z) is the point at which the metric
component is evaluated. If we take the origin at the centre of mass and assume
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that the size of the body is small compared with distance r from the centre,

then this gives

4m
Woo = —7 + O(’I"iz) .

Because m®hg, = —m®w,, = —wgg, we then get

hoo = h11 = hao = haz = 2¢ + O(r~?),

where ¢ = —m/r is the Newtonian potential, together with h;; = 0 when 7 # j.

To find the remaining components of h,;, we make the further simplifying
assumption that the body is a rigid sphere rotating with angular velocity w
and with a spherically symmetric distribution of matter. This is not consistent
with the dust form of the energy-momentum tensor, but the gravitational effect
of the internal stresses is negligible. With this assumption, the velocity of the
point with position vector ' is u = w Ar’. Consider the component hg; = wo.
From (10.3), this is

wor(r) = 4/W = 4/ plr')(ws? = way') dV"

v e

but we have
1 1z’ +yy + 27
V=) r—r) 7 r

Because the origin is at the centre of the sphere, the integrals of

+0(r 3.

/ / /

p(ra',  p(r )y, p(r)z', p(r)y'Z, p(r')Za!,  p(r)a'y

over the sphere all vanish, and

/p(r')z’2 dVv’ = /,0('!”)3/2 dv’ = /p(r')z’2 dv’ = %I,

where I is the moment of inertia of the sphere about its centre. Hence

! ! / / / ! /
hot = 4/p(r)(w2z wsy)(:gx tyy' +22)dV +O(r?)
= 2r3I(wAT) + 0 3).

From this and the similar calculation for the other two components, we conclude
that hg; = «a;, with a defined by

a=2LAr/r, (10.4)

where L is the angular momentum about the centre of mass. To within our
approximation, therefore, the metric outside the rotating body is

ds? = (14 2¢)dt* + 2dt . dr — (1 — 2¢) dr.dr, (10.5)
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where dr = (dz,dy,dz), = —M/r is the Newtonian gravitational potential,
« is related to the angular momentum L of the gravitating source by (10.4),
and the dot is the usual dot product in Euclidean space.

Exercise 10.2

Let T be the timelike Killing vector in (10.5). Find V[, T # 0 in terms
of a.

10.3 The Lens—Thirring Effect

The effect of the angular momentum term in (10.5) can be seen in the pre-
cession, or rotation of the axis, of a gyroscope carried in free-fall. The effect,
known as the Lens—Thirring effect, is often interpreted as being the result of the
dragging of local inertial frames by the rotating body. As always in relativity
it is necessary to be clear about the precise meaning of statements involving
motion and rotation. Neither the prediction of precession nor the interpretation
in terms of dragging make sense without spelling out what is rotating relative
to what.

A gyroscope is an axisymmetric body rotating about its axis of symme-
try. The Newtonian angular momentum conservation law implies that, in the
absence of forces, the direction of the axis is constant. What happens in a gravi-
tational field? Suppose that the gyroscope is carried by an observer in free-fall.
Our central principle that classical theory should hold good in free-fall over
short times and distances implies that the direction of the axis should remain
constant relative to local inertial coordinates.

We can put this statement in a more convenient form. Denote the observer’s
four-velocity by V and, at each event on the observer’s worldline, let E' denote
the spacelike vector with components (0, e1, €2, e3) in local inertial coordinates
at the event, where e is the unit vector along the axis of the gyroscope. Then

E,E*=—1, E,V*=0, (10.6)

and the statement that the direction of the axis is constant in local inertial
coordinates translates to
DE* =0,

where D is the covariant derivative along the worldline. Note that E,V¢ is
constant because DV = 0 as a result of the geodesic equation.

It is easy to understand in physical terms what is meant by precession if
one imagines the observer being in orbit about the earth and comparing the
direction of the axis of the gyroscope with the directions to fixed stars. The
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statement is that e is seen to rotate relative to stars, the rotation being made up
of one element—"‘geodetic precession’—that can be found from the Newtonian
potential, and a rather smaller one—the Lens—Thirring term—which involves
the angular momentum of the earth. In mathematical terms, we need to under-
stand ‘change in direction relative to the fixed stars’ in terms of a procedure
for comparing the values of E* at different events on the worldline.

The key is the timelike Killing vector T of the weak field metric (10.5). If
we have a second observer at rest relative to T', and if the first passes the second
at two events A and B with the same relative speed, then we can compare the
values of E at A and B in an unambiguous way by comparing its components
at the two events in the coordinates of (10.5). The following enables us to
calculate the change.

We assume that ¢ and the free-falling observer’s velocity relative to a sta-
tionary observer are small. We keep quadratic terms in these small quantities
and their derivatives but ignore cubic and smaller terms. We also assume that
the metric perturbation components hg; are very much smaller than hgg, and
therefore we also ignore terms involving the product of e with ¢ or with the
relative speed.

We write a four-vector X in the coordinate system of (10.5) as (£, ), where
€ =X%and z = (X', X2, X3). We then have

XX, =142 - (1-20)x.x+2a.x,

where the dot is the standard inner product, defined by a . b = a1b1+asbs+azbs.
In this notation, the four-velocity V of the free-falling observer is a scalar
multiple of

d
w ( ,’U) dt ( ,T) )
where v = dr/d¢t. So we can deduce from (10.6) that
E= (z.v,z+¢z+ %(z.v)v)

for some z such that z.z = 1. In computing the inner products E*W, and
E°E,, we keep only the terms of the same order as ¢ or v2.
We want to find dz/dt as F is parallel transported along the worldline. We
do this by writing the equation of parallel transport in the form
dE*
— FTAWPEC =0 (10.7)
dt
in the coordinates of (10.5); W appears here rather than V' because the param-
eter is the coordinate time ¢. The ith term in (10.7) is
d

T ((1 +¢)z + %zjvjvi> + Tz + Féjzj + F;kvjzk =0, (10.8)
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with summation over j, k = 1,2,3. Now

do dv
a—vng and g——V(ﬁ,

as in Newtonian theory. From (6.3), we have for ¢,j,k =1,2,3,
oo =0;0, Ity = 3(diey — Da0), e = 0k — Db bir, — Oyl -
Therefore (10.8) is the ith component of

dj
dt
It follows that

- %(z.V¢)v+ %('U.Z)V(é—i— %z/\curla =0.

i—j = (%Vgﬁ/\v + %curla) Az.
Thus z rotates with angular velocity w = %ng ANv+ %curla.

How should we interpret this rotation? We want think of z as the vector
in the background flat space—time that ‘points in the same direction’ as the
axis of the gyroscope. The difficulty with this is that there is no natural way
to separate the space—time geometry into a background flat space—time metric
and a small perturbation h,p;, because of the coordinate gauge freedom. If we
want to interpret the rotation, for example, as being relative to the ‘fixed stars’
then we have to take account of the fact that light from distant stars does not
travel in straight lines in the z,y, z coordinates because of the bending of light.

We can, however, apply the calculation of w to find a rotation that has
an unambiguous interpretation when the free-falling observer is on a closed
orbit which returns periodically to the same position, measured by z,y, 2z, at
the same velocity. This is the context in which the prediction is being put to
the test. We take the free-fall worldline to be the history of a satellite in orbit
around the earth, and we model the earth’s gravitational field by the metric
(10.5). After each complete orbit, the satellite returns to the same position
and velocity. The relationship between E* and z is the same at each return,
so any rotation in z between each return is unambiguously a real effect of the
gravitational field: it will be observed as a rotation of the axis of the gyroscope
relative to the apparent position of stationary stars. It is true, of course, that
the satellite does not return to exactly the same position and velocity in general
relativity, as we saw in the derivation of the perihelion advance; but that effect
is negligible in this context.

The rotation has two components: a larger one

%V(ﬁ/\v,

called the geodetic precession, which was predicted by de Sitter in 1916, shortly
after the first publication of general relativity. It has been observed by treating
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the earth-moon system as a gyroscope in free-fall in the field of the sun [15].
The second,
%curlox7

is the smaller Lens—Thirring precession, which is currently being measured
directly by Gravity Probe B, by measuring the cumulative change in direction of
the axis of a gyroscope in a circular polar orbit against the fixed stars over many
orbits. This is more sensitive than the geodetic precession to the differences
between Einstein’s theory and other possible theories of gravity. The rates
of precession in this context are 6.6 seconds of arc per year for the geodetic
precession and 0.041 seconds of arc per year for the Lens—Thirring precession.
Extraordinary ingenuity and precision are needed to separate the latter from
the former. The paper by Liammerzahl and Neugebauer [12] gives a detailed
discussion of the history and theoretical background and a derivation of these
rates of rotation. For an account of Gravity Probe B, see [6].

10.4 The Kerr Metric

The metric (10.5) models the approximate field outside a rotating body with
angular momentum L. In 1963 Kerr found an exact solution to this problem,
in the form of the Kerr metric [11]. In Boyer—Lindquist coordinates, it is

2mr dir2

2
de? — = (asin2 0dyp — dt) _y <d92 + 3 ) — (r? +a?)sin® 0 dp? ,(10.9)

where a, m are constant, and
A=7r2—2mr+d?, Y =1r2+a’cos?0.

For small a and m, the Kerr metric reduces to the approximate solution. On
replacing r by r — m and on dropping terms in a? and m?, (10.9) becomes

(1 —2m/r)dt* + 4mar~* sin? 0 dtdp — (1 + 2m/r)(dr® — r*d0? — 2 sin? Odp?) .

This is the same as the weak field metric (10.5) for a source with mass m and
angular momentum am in the direction of the axis of the polar coordinates.

Exercise 10.3
Show that if r, 6, ¢ are spherical polar coordinates, then
2mar~ ! sin? 0 d¢ = a1 dzr + asdy + azdz,

where a = 2mar—3(—y, x,0). Hence by comparison with (10.5), show
that in this weak field approximation, the Kerr metric has angular mo-
mentum am in the direction of the z-axis.
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By analogy with the coordinate transformation in 9.2, we can replace the ¢
and ¢ coordinates in (10.9) by v and 1, where

B (r? +a?)dr B adr
v="t+ / A ; Y=+ e
The metric then becomes
2
ds? = do?— %(dv —asin?0dy)? — 2dvdr — ¥ d¢?
+ 2asin® 0 drdy — (r? + a?) sin? 0 dy)? (10.10)

without approximation.

The bold and energetic will calculate the Ricci tensor and show that it
vanishes. It was not through this lengthy calculation that the solution was
discovered, rather it was through seeking exact—mnot approximate—solutions
of the Kerr—Schild form g, = mgap — ngny, where my;, is the Minkowski metric
and ng, is null. In fact, a further coordinate transformation

T = rsinfcosy — asinfsiny,
¥y = rsinfsiny 4+ asinfcos,
Z = rcosb,

t =wv—r

brings the Kerr metric into the form

3
2mre ngnyg

b= Mab —
Ya a 1 222

with

B re—ay ry+ar z
(no,n1,n2,n3) = | 1, )

P2+a2’ r2+a’r
and r determined in terms of Z,y, z by the condition that n, should be null
with respect to the Minkowski metric. See [8].

Exercise 10.4

Show that n, is also null with respect to the Kerr metric.
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Gravitational Waves

In the last chapter, we saw that in the weak-field approximation, Einstein’s
equations for a perturbation of the Minkowski metric can be reduced to

Dwab = —167TTab,

in the de Donder gauge [see (10.2)]. This is an inhomogeneous wave equa-
tion, with the energy-momentum tensor as source. It is strongly reminiscent
of Maxwell’s equations for the four-potential in the Lorenz gauge and it has
the same implication. Maxwell’s equations imply that moving charges generate
electromagnetic waves. Einstein’s equations imply that moving masses generate
gravitational waves.

In this chapter we explore how this works, for the most part in the lin-
earized theory. Gravitational waves have yet to be detected directly, although
the predicted loss of energy through gravitational radiation in the binary pulsar
PSR 1913416 has been verified [21]. It is hoped that radiation from extreme
astronomical events will be seen directly in the next few years by laser interfer-
ometry detectors [13]. The observations are very delicate because gravitational
forces are many orders of magnitude weaker than electromagnetic ones. The
electrostatic repulsion between two protons is a factor of 1.2 x 1036 greater than
their gravitational attraction, at any separation: both forces obey the inverse
square law. There are also formidable theoretical problems in understanding
the generation of waves. We derive a form of Einstein’s ‘quadrupole formula’
for wave production in the weak field theory. It is not at all straightforward,
however, to take over this result into the full theory and to apply it in the
astrophysical context in which it is needed. In the collision of two black holes,
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for example, the waves produced must escape from the vicinity of the black
holes. The linearized theory does not tell us how they interact with the strong
background field of the black holes themselves.

11.1 Metric Perturbations

In the linearized theory, one studies the behaviour of metric perturbations in a
background Minkowski space. The space—time metric is g = mgp + hap, Where
hap is a small perturbation of the background Minkowski metric mgyp, and

Wab = hab - %mthCdmab .
That is, wgy is the trace reversal of hgp,. The de Donder gauge condition is that
m“baawbc =0.

See §10.1. If we use the Minkowski metric mq;, and its inverse m® to lower and
raise indices, then we can write more simply

Wap = hap — 2hmas, h=hy, Dpw®® = 0.
The gauge is fixed up to
hab — hab + 8aZb + 6bZaa 0z,=0.

This framework is closely analogous to the four-potential form of Maxwell’s
equations. In the Lorenz gauge, these are

06, = kJ,, 0,8 =0, (11.1)

where @, is the four-potential, .J, is the four-current, and %k is a constant,
equal to 1/cep in standard units. Maxwell’s equations predict the existence of
electromagnetic waves. Einstein’s equations similarly predict the existence of
gravitational waves.

11.2 Plane Harmonic Waves

In the absence of sources, we have

Owap = 0, Dw® =0, (11.2)
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so the individual components of w;, satisfy the wave equation. These equations
have harmonic plane wave solutions

Wap = Agp c08(nex) + Bap sin(nea®), (11.3)

where n® is a constant null vector and Agyn® = Bgyn® = 0. We can write them
more simply as

wep = Re (kab exp(—incxc)) ,
where ko, = Agp + 1By and Re denotes the real part. Under a gauge transfor-
mation with

Zo = Re(zq4 exp(—inbxb)) ,

where z, is constant and complex, the observable properties of the linearized
field are unchanged, but &, is replaced by

kab — 2inq2p) +in“zemap -

The complex tensor k., subject to the condition n%k,, = 0, has six inde-
pendent components. That number can be reduced to two by making a gauge
transformation with an appropriate choice of z,. In particular, one can always
set w = w,* =0, so that wgp = hep, and both are traceless.

Exercise 11.1

Show that in addition it is always possible to choose the gauge of a
harmonic plane wave so that t*h,, = 0, where t* is the unit vector along
the time axis of the inertial coordinates. This is the transverse traceless
gauge.

Linear combinations of harmonic plane waves are the ‘general solutions’ of
the linearized vacuum equation in the sense that any solution to (11.2) that
falls off sufficiently quickly at infinity can be written in the form

wap = Re /kab(n) exp(—in.xz®) dV’,

where the integral is over all n € R3 and dV” is the volume element dn; dny dns.
The coefficient kg, is a symmetric, complex-valued function of n and is orthog-
onal to n® in the sense that n®k,, = 0; the real null vector n® has spatial part
n and temporal part n® = /n.n.

The proof uses the inverse Fourier transform and the uniqueness theorem
for the wave equation. With a dot denoting the partial derivative with respect
to the inertial coordinate t, we have

1 nowab — iwab .
kap(n) = @) /t:O oy exp(—in.r)dV

with integral over all » € R? at t = 0 and dV = dry, drs drs.
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Exercise 11.2

Prove this formula.

11.3 Plane and Plane-Fronted Waves

The harmonic plane wave (11.3) is a gravitational wave of a definite frequency
travelling with the speed of light in the direction of the vector n. The metric
disturbance is of the form

hab = Re (cap exp(—inaz?))

where cqp = kap — %kddmab is constant, with complex components.

More generally a plane wave is a combination of harmonic waves all travel-
ling in the same direction. It is a solution of (11.2) that depends on the inertial
coordinates only through the combination u = n,z® for some constant null
four-vector n®. The corresponding metric disturbance is characterized by the
fact that

n*wg, = 0, X%wp. =0 (11.4)

for every four-vector X* such that X“n, = 0. Because these conditions are not
preserved by gauge transformations, we also call a metric disturbance a ‘plane
wave’ if it can be transformed to one satisfying these conditions by a change of
gauge; that is, by the addition of 20,2y, for some covector Z,.

If wqy satisfies the conditions (11.4), then hqp = wap— %wccmab also depends
only on u. An illuminating gauge transformation is given by putting

1

Lo = Z( 2c$b

N, — 2habacb) ,
where the prime is the derivative with respect to u. Then on replacing hyp, by
hap + 20(a Zy), we have hgp = ¢ngn, where

¢ = 1hlat2’ = Lwl a2’ — 2w z,2" (11.5)

with w =w,* = —%ng.

We can further refine the gauge of a plane wave, as follows. Suppose that
the inertial coordinates have been chosen so that the spatial part of n is the
unit vector in the z-direction. Then u =t — z and the wave is travelling in the
z-direction. Replace the t and z coordinates by u =t — z and v =t 4 2. Then
the Minkowski space metric becomes

dudv — dz? — dy?
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and we have 2,2 = uv — 22 — 32, The four-vector comonents n® are (0,2,0,0).
Note that lowering the index produces the covector n, with components
(1,0,0,0), with the nonzero component in the first, not the second position.
Let F, F,G denote, respectively, the zz, zy, and yy components of wg in
the new coordinate system. Then w = —F — (. The quantities F, F, G, w are
all functions of w alone. Because we also have n®wg, = 0, the term %w{l’bxamb
on the right-hand side of (11.5) is independent of v. We can therefore write ¢
in the form
¢:¢+x"v+a”x+ﬁ”y+’y', (11.6)
where
¢ =3(B" = G") (" —y*) + F'ay (11.7)

and x, «a, §, v are functions of the variable u alone. However
(X"v 4+ a"z 4 8"y + 7 )nany = 20 W) ,
where
(Wa> = %(XIU + O/.’IJ + ﬁ/y + Y, —X, —Q, _6) -
Therefore our metric disturbance is equivalent by a gauge transformation to

one of the form hy, = ¥(u,z,y)nen, , where ¥ is defined by (11.7). We call
this the null gauge. We have

Oy =0, n%00 =0, (11.8)

together with the condition that 9,01 should be a function of u = n,x® alone.
Conversely, given v satisfying these conditions for some constant null vector
n®, the metric disturbance hg;, is equivalent to a plane wave.

Exercise 11.3

Show that if ¢ satisfies the three conditions, then hg, = yngny is equiv-
alent to a plane wave by a gauge transformation.

We therefore have the following alternative characterizations of a plane wave
solution to the empty space linearized equations. They are equivalent by a
gauge transformation.

— A metric disturbance hyp, for which, for some constant null vector n?,
n%hgy =0 and X%9,hp. =0
for every four-vector such that X%n, = 0.

— A metric disturbance of the form hg, = ¥ngny for some constant null four-
vector n®, where

Oy =0 and n%d,y =0,

and 0,0p% is a function of u = n,x® alone.
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In the second case, with an appropriate choice of coordinates, the disturbed
Minkowski metric is

ds? = dudv — dz? — dy? + ¢(u, z,y) du?. (11.9)
This is a solution of the linearized Einstein equations whenever

2 2
_0v, oY (11.10)

I

and it is a plane wave whenever 1 is a polynomial of degree two in z, y, with
coefficients depending on u alone. It is a remarkable fact that (11.9) is also a so-
lution to the full, not linearized, vacuum equations whenever 9 (u, z, y) satisfies
(11.10). Solutions of this form are called pp-waves. The ‘pp’ stands for ‘plane-
fronted with parallel rays’, referring to the fact that the null four-vector with
components (0, 1,0,0) is covariantly constant not only in the Minkowski back-
ground, but also with respect to the Levi-Civita connection of the disturbed
metric.

Exercise 11.4

Show that the curvature tensor of a pp-wave satisfies
naRabcd =0.

In the linearized theory, this follows from the formula for the linearized
curvature tensor (6.4). In the full theory, first establish that n® is covari-
antly constant.

A plane wave can be detected through its curvature. A plane wave passing
two particles in free-fall will produce a varying relative acceleration between
them by the equation of geodesic deviation. Alternatively this will show up
as a varying force between constrained particles. Early attempts at detection
sought to observe the effect of this force in a large solid bar. Current attempts
focus on the effect on the optical path lengths in what is essentially a large
Michelson-Morley interferometer [13].

11.4 The Retarded Solution

We can understand the way in which Maxwell’s equations describe the gener-
ation of electromagnetic waves by looking at the retarded solution to (11.1).

This is .
¢, =— | J,dv,
471'/ v
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where the integral is over the past light-cone of the event at which @, is evalu-
ated and dv is the invariant volume element on the light-cone; see [23], p. 148.
If the event at which the potential is evaluated is (¢, ), then (¢, r) lies on the
past light-cone whenever the four-vector N with temporal and spatial parts
(t' —t,7" —r) is null and future pointing. We can use the components z,y, z of
r as coordinates on the light-cone. Then dv = dV/|r'—r|, where dV = dxz dy d=.
The retarded solution becomes

k
2t ) = 1 [l =Ly,
7

where the integral is over r and the square brackets indicate evaluation at
retarded time. That is, given a function f(¢,7) on space-time and the event
(t',r"), we define

[fl(r) = f( =" =7l 7). (11.11)

At a large distance from the source, the field looks like a combination of a
Coulomb field, the field of a point charge @, and electromagnetic waves. The
value of @) is also given by an integral over the past light-cone of (¥, 7'):

Q:/NaJadu.

This is independent of ¢ and 7/, and is invariant under change of inertial
coordinates. By the exercise below, the first statement is a consequence of the
conservation law 0,J% = 0; the second follows from the invariance of dv.

We do not derive here the asymptotic decomposition of the field into a
Coulomb part and a radiation part because the theory is covered in many texts
on electromagnetism. Instead, we look in detail at the less familiar decompo-
sition of the linearized gravitational field of a bounded source, from which the
electromagnetic theory can also be derived by analogy.

Exercise 11.5
Show that @ is independent of ¢ and 7’.

By applying the same results to the weak field approximation to Einstein’s
equations for each value of b in turn, we can express the value of wg, at each
event as an integral over the past light-cone of the event:

Wab = _4/Tab dv.

Therefore it is the density and motion of the sources at events on the past light-
cone that contribute to the metric perturbation at the event. We also have that
the covector

P = /NbTabdu (11.12)
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is constant as a consequence of the conservation law 9,7% = 0. For physically
reasonable matter, it is timelike and future-pointing. It represents the four-
momentum of the source.

11.5 Quadrupole Moments

Before we explore further how changes in the source produce observable effects
outside the source, we first look at how the approximation that we use works
in the classical Newtonian theory. Here, with G = 1, we have

Vg = dmp,

where ¢ is the potential and p is the density of the source. For the gravitational
field of a body enclosed in a volume V, this has solution

o0) == [ = oty v

where 7’ is the position vector of the point at which ¢ is evaluated, and 7 is
the position vector of a typical point of the body.

Consider the field a long way from the body. That is, assume that the origin
is inside the body and that v’ = |r’| is large compared to the dimensions of the
body, and expand in inverse powers of 7/, discarding terms of order 4. By
using Taylor’s formula, we have

1
] YA 4 e — 2 2 ) T2
1 roe—=2rr  3(r.r)? 4
R T

Let us put ' = r’e, where e is the unit vector in the direction of r’, and
introduce the quantities

m:/pdV, ci:/ pr; dV, qij:/ p(3rir; — dijrery) dV,
1% % 1%

where the r;s are the components of » and there is summation for repeated
indices over 1,2, 3. The quantity m is the total mass of the source, ¢/m is the
position of the centre of mass, and the g;;s are the quadrupole moments at the
origin. If they are taken to be the entries in a matrix ¢, then

100 A -H -G
g=(A+B+C)|0 1 0|-3|-H -B —F |, (11.14)
001 -G -F C
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where A, B, C are the moments of inertia of the body at the origin and F, G, H
are the products of inertia. That is,

A:/p(y2+22)dV, H:/p:pde7
v v

and so on. The second matrix on the right-hand side of (11.14) is the inertia
tensor J of the body. Thus ¢ is the trace-free part of —37. It vanishes for
a body with spherical symmetry about the origin, and so can be seen as a
measure of deviation from spherical symmetry.

With these definitions,

The first term is the potential of a point mass; the second vanishes if the origin
is at the centre of mass. With ¢ = 0, the third term can be seen as a correction
to the spherically symmetric field obtained by concentrating all the mass at the
centre of mass. It shows the effect of irregularities in the distribution of matter
in the source.

11.6 Generation of Gravitational Waves

We now apply a similar approximation to the retarded solution of the linearized
Einstein equations to find out how the motion of matter within a source gen-
erates gravitational radiation. We choose the inertial coordinates so that the
event at which w,y, is evaluated is (¢, 7'), and so that the origin is inside the
source.

Let V be a fixed volume containing the source, and denote by 7 the position
vector in the inertial coordinates of a typical event happening within V. As
in the Newtonian theory, the approximation is based on the assumption that
r’ = |r'| is large compared with the dimensions V’; that is, we are considering
the radiation field at a large distance from the source. We can write the retarded
solution in the form

wap (' 1) = —4/ v — | [T AV, (11.15)
|4

where the square brackets indicate evaluation at retarded time (11.11). For

large r’, we have
4Tab

7,.1

Wabh = —

+0(r'?),

where
rp = / (] dV
174
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by using the approximation (11.13). Now 74, depends on ¢’ and 7’ through the
definition of the retarded time (11.11). However, by substituting

(#'r")

(tr) —

Figure 11.1 Evaluation of the retarded solution

dVv

dv= ——
ST

in (11.12), we find that
Pa :/ ' — 7|7 NPTy AV
v
is constant, where N® is the null four-vector (|r' —r|, 7 —r). As ' — o
|’I°, o ,r|—1Na _ na + O(T’l_l),
where 7 is the null vector (1,7'/r’). Therefore
7y = pa + O 1)

We assume, without loss of generality, that the inertial coordinates t,x,y, z
have been chosen so that p, = mV,, where m is a constant, the mass of the
source, and V@ is a four-velocity parallel to the t-axis, that is, so that the source
is at rest in the inertial frame.

We need to separate wyg;, at large distances into a part that we can identify
as the static gravitational field associated with the total mass of the source
and a second component that we can interpret as the radiation emitted by the
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source. To the leading order in 7'~!, the first will be a linearized Schwarzschild
solution and the second will look like a plane wave moving directly away from
the source.

The first step is to understand the dependence of 7., on the coordinates
of the event at which the retarded solution is evaluated. Now we get the same
change in the value of 7, by displacing the event (¢, 7’) through a four-vector
X% as we get by displacing the source through —X®. Therefore

827@ = / [aCTab] dV,
14

where 9/ and 0. are, respectively, the partial derivatives with respect to the
inertial coordinates of the event (¢, 7') at which the metric disturbance is eval-
uated and the partial derivatives with respect to the coordinates of the event
(t,r). By (A.2), we have

[ wnav—— [ ogeav.

where e = (' — r)/|r’ — r|. Therefore

OeTab :/ 7" — | T N[0y Tap) AV .

1%

So for large r’, we have

Dutar = e / 0T AV + O(r ).

1%
Now put g4p = Tap — mV,Vp. Then
n®oa =0 X.oq, =0

whenever X%n, = 0. We have

74mVaVb 7 dmogp n O(r’fz).

!/ 7,./

Wab =

r

The first term on the right is the (linearized) Schwarzschild solution for a mass
m at rest. It is analogous to the ‘Coulomb potential’ in the electromagnetic
case. In a neighbourhood of the point at which the field is evaluated at large

r’, we have
!

r -1
C=eto(’ ).
where e is a constant unit vector. Thus the second term looks like a plane wave
travelling in the direction of e, directly away from the source.



156 11. Gravitational Waves

We can relate the plane wave component to the derivatives of the quadrupole

moments of the source, by putting p = n®n®[Ty;] and by deriving the formula

1 82 —1
Uij:Tij:iW VpTiTjdV+O(T ),

for the spatial components of o, in the inertial coordinate system; here i, j =
1,2,3. To do this, we take r* to be the four-vector with temporal and spatial
parts (0, 7). Then with (¢, ) fixed,

808d([TCd]r“rb) = 1r9°0,04[T°] + 280([T0d]r(a8drb)) — 2[T°Y 0,1 Ogr® .
Because [T%°] depends only on 7, the left-hand side is equal to
82-8j ([Tij]raf‘b) s

with summation over ,j = 1,2, 3. Therefore the integral of the left-hand side
over V vanishes by the divergence theorem. The integral of the second term
on the right-hand side similarly vanishes. We then observe that d.r® = 1 if
c=a =1,2,3, and that it vanishes otherwise. So by taking a = i, b = j, we
have

/ [T”} dV = % / rjrj(‘?c@d[TCd] dV .

v v

Finally, from (A.2) and the fact that 9,7%" = 0, we have
Da[T] = No[0,T°].

By applying this twice, we have 0.04[T°?] = N.N4[0?T°%], and hence the re-
quired result.
From the discussion in §11.3, the radiation part of the metric disturbance
is therefore gauge-equivalent to ¥n,ny, where
_ 2 P—y? +22y)dV +O(r'?
b= g ) Py 2ey) AV ()
= "1 (2(A - B)(2® — y?) + 4Hzy),

where the dot denotes the derivative with respect to ¢’ and A, B, H are the
moments and products of inertia:

A:/,o(y2—|—z2)dv7 B:/p(x2+z'2)d‘/, Hz/pa:de.
v v v

In this way the radiation field at large distances is determined by the second
rates of charge of the moments and products of inertia along the axes orthogonal
to the direction of the source. Because ¥ depends only on the difference A — B,
the radiation field is determined by the rates of change of the quadrupole
moments.
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Redshift and Horizons

When one observer sends light signals to another, the frequency of the light
measured at emission by the first observer is generally not the same as that
measured at reception by the second. Even in special relativity, the light is
redshifted if the second is moving away from the first. This is the Doppler
effect. In general relativity, there is a gravitational redshift when both are at
rest in the gravitational field of a static spherically symmetric body, and the
first is below the second.

In extreme cases the redshift becomes infinite when the first observer passes
through an horizon. We saw this in the Schwarzschild solution when an observer
falls through the event horizon. But the phenomenon can also occur in flat
space—time, when the first observer is at rest and the second is accelerating
uniformly. We consider this in Example (12.2) below.

In this chapter, we take a general look at the phenomenon of redshift, which
is of great importance in cosmology, and at horizons. In particular, we consider
briefly the ‘horizon problem’ in cosmology.

12.1 Retarded Time in Minkowski Space

Let O be an observer in Minkowksi space, with worldline w. Then w is a timelike
curve, which we can parametrize by proper time 7, the time measured by a
standard clock carried by O. In inertial coordinates, w is given by

z* = z%71),
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and V¢ = dz®/dr is a future-pointing timelike vector. We assume that w is
complete in the sense that 7 extends from —oo to co along w.

Let I (w) denote the set of events in Minkowski space that can be reached
from an event on w at less than the speed of light. That is, the set of events
with coordinates y* such that

T =y* —2%(7)

is future-pointing and timelike for some 7. This is called the future set of w.
Although it is an open subset, the second example below shows that IT(w)
need not be the whole of Minkowksi space.

For any event E in I (w) not on w, there is a unique value of 7 for which
T° is null and future-pointing. This value of 7 is called the retarded time at
E determined by w (see Figure 12.1). If F is actually on w, then the retarded

Figure 12.1 Retarded time

time is defined to be the proper time at E. We have already met one version
of this definition in the last chapter in the context of finding the gravitational
radiation emitted by a source. Radiation generated at an event on w at proper
time 7 is seen by a second observer at an event with retarded time 7.

Exercise 12.1

Let E be the origin of the inertial coordinate system t, , y, z and suppose
that £ € I (w). Show that there is a unique value of 7 for which the
four-vector from z%(7) to E is future-pointing and null.

We can similarly define the past set I~ (w) and the advanced time at an event
in I~ (w) by substituting ‘past-pointing’ for ‘future-pointing’.
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Example 12.1

Suppose that O is at rest at the origin in an inertial coordinate system ¢, x, y, z.
Then w is given by
t=r, r=y=2z=0.

In this case, the future and past sets are the whole of Minkowski space. At a
general event with coordinates ¢, z,y, z, the retarded time is 7 = ¢t — r, where
r? = 2% 4+ y? + 2. The advanced time is t + 7.

Example 12.2

Suppose that O has constant acceleration worldline

S

pd

Figure 12.2 The future and past sets of an accelerating observer

t = sinh(7), x = cosh(T),
with unit acceleration, measured by O. In this case,
It (w) ={t+z > 0}, I (w)={t—z <0}.

In Figure 12.2, I'"(w) is shaded horizontally and I~ (w) is shaded vertically; the
hyperbola is the worldline, and its asymptotes are ¢ = +x. The retarded time
at (t,z,y,z) goes to —oo as t + & — 0.
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12.2 Horizons

We can also define the future and past sets of a worldline w in a general space—
time provided that it is time orientable. That is, provided that it is possible
to distinguish future-pointing from past-pointing timelike vectors continuously
throughout space—time. The definitions are not quite as simple as in Minkowski
space because there is no unambiguous notion of the displacement vector from
one event to another. Instead we say that an event E lies in the past set [~ (w)
whenever there is a future-directed timelike curve from E to some event on w.
A future-directed timelike curve is a parametrized curve with future-pointing
timelike tangent vector. The parameter must increase from E to w. So E €
I~ (w) if it is possible to travel from E to an event on w at less than the speed
of light. We similarly define the future set of w by replacing ‘future-directed’
by ‘past-directed’. We could equally well replace w by any other subset of M,
but our focus is on the future and past sets of observers’ worldlines.

It can happen that I~ (w) and I (w) are both the whole of space-time, so
the observer can influence any event in space—time and be influenced from it.
In general, this will not be so. We have seen one example in Minkowski space.
A second example is in the Schwarzschild metric in Eddington—Finkelstein co-
ordinates. Here the past set of an observer at rest outside the horizon is the
exterior of the black hole. The boundary of the past set is the boundary of the
black hole.

In every case, however, the future and past sets are open. We do not prove
this, but it is not hard to do so. The key idea is that if v is a future-directed
timelike curve from E to an event on w, then it is possible to perturb v and
move F in a neighbourhood of E while keeping ~ timelike.

The boundary of I~ (w), in the topological sense, is called the observer’s
event horizon. It is important to realise that in a general space—time, the ‘event
horizon’ is something that depends on the observer. It need not be a smooth
hypersurface, but when it is, it must be null. In fact if f is a smooth function
on some neighbourhood in space-time with nonvanishing gradient and with the
property that f(E) < 0if E € I~ (w) and f(E) >0if E ¢ I~ (w), then V,E is
future-pointing and null on the boundary where f = 0.

Exercise 12.2

Show that if X' is given by f = 0 and if n® = V*f is null and future-
pointing at every E € X then there is a null geodesic contained in X
through every event in X

Thus a smooth event horizon is ruled by null geodesics, as in the case of the
two examples. Penrose shows that this is true more generally in [19].
A more interesting example is the Kerr space-time (10.9), which models
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the gravitational field outside a rotating body. It is a stationary space—time in
the sense that it admits a timelike Killing vector: the vector field ¢* with com-
ponents (1,0,0,0) in Boyer-Lindquist coordinates ¢,7,6, ¢ is a Killing vector
and is timelike, at least for large r. One can therefore pick out ‘observers at
rest’ in the region in which ¢ is timelike by the condition that they should
have four-velocities parallel to t®, or equivalently by the condition that 7,0, ¢
should be constant on their worldlines.

Consider such observers in the region r > rg, for some large value of rg.
Because the metric here is close to that of flat space—time, it is reasonably clear
that causal relations between such obervers should be the same as in Minkowski
space.! The whole of the region r > 7 should be in the past of any one of them.
In other other words, any event happening at r > ry should be visible to every
stationary observer at r > rg.

Exercise 12.3

Show that for a stationary observer in the Kerr space-time at r > rg for
large ro, the whole of the region r > 7 is in the past set of w.

So what is the full extent of the past set of a stationary observer at large
r? The gradient covector V,r has components (0,1,0,0) in Boyer—Lindquist
coordinates, and therefore from (10.9), we have

A r? +a% — 2mr

VarVor = -2 = ¢ —omr

b)) r2 + a2 cos? 6

Thus V,r is spacelike whenever r > r;, where r is the larger root of
r? 4 a® — 2mr.

At any event at which V,r is spacelike, it is possible to find a future-pointing
timelike vector T® such that T%r, is positive, so that r is increasing along 7.
It follows that we can construct a future-directed timelike curve from any event
in the region r > r; to the region at large r. Therefore that for any stationary
observer at large r with worldline w is

I (w) 2 {r>ry}.

In Boyer-Lindquist coordinates, the metric coefficients are singular at r.
As in the Schwarzschild metric, however, this is simply an artefact of the co-
ordinate choice. In the coordinate system (10.10), the singularity disappears,
and V,r becomes a past-point null vector at r = r. Therefore T*V,r < 0
at r = ry for any future-pointing timelike 7% and so r is decreasing along

1 Tt is not true, however, that the causal relations between events are the same as in
Minkowski space.
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any future-directed timelike curve at r = r. It follows that none of the re-
gion r < 74 in the coordinate system (10.10) can be in the past of a distant
stationary observer.

We conclude that for a distant stationary observer with complete worldline,

I (w)y={r>ry}.

The null hypersurface » = r is the common event horizon of such observers.
It is the boundary of the rotating black hole represented by the Kerr metric.

Several points should be noted here. The first is that although all distant
stationary observers at rest share the same event horizon, it is not true that all
noninertial observers have this horizon; it is not even true in Minkowksi space
that all observers have the same horizon. Second, the problem of characterizing
the boundary of a black hole in a general dynamical setting, in which the metric
is not stationary, is nontrivial. Third, as in the Schwarzschild solution, there
is an alternative extension in which the metric represents a ‘white hole’, and
a larger extension with two exterior regions joined by a wormhole. In fact the
maximally extended Kerr space-time contains an infinite number of ‘exterior
regions’. It also contains closed timelike curves, which violate causality [8].
Fourth, in contrast to the Schwarzschild case, the event horizon in the Kerr
space—time is not the same as the surface of ‘infinite redshift’.

To expand on this last remark, suppose that we have two stationary ob-
servers at rq,01,1 and 79,02, 95 in the Boyer—Lindquist coordinates. If the
first sends a photon with frequency wy, then by the same argument as in §7.5,
it will be seen by the second to have frequency

goo(71) (r? + a2 cos2 0; — 2mry)(r2 + a2 cos? f)
Wy =W =w .
2 ! goo(T2) ! (r2 + a2 cos? 0 — 2mra)(r? + a? cos? 0;)

The frequency wo goes to zero, that is, the redshift becomes infinite, when

rf +a’cos?0; —2mry — 0.

In fact if the left-hand side becomes negative, then t® is no longer timelike,
and there are no stationary observers. There are, however, events outside the
event horizon at which ¢t is spacelike. These make up the so-called ergosphere
of the black hole. As a stationary source of light is moved (slowly) towards the
ergosphere, any light it emits becomes infinitely redshifted as it approaches the
boundary of the ergosphere, well before it reaches the event horizon.

Penrose [17] observed that it is possible in principle to extract rotational
energy from a rotating black hole. The quantity F = V,t* is conserved along
the worldline of a unit mass particle with four-velocity V*. It is the total
energy of the particle, including its rest energy. It is also conserved in collisions.
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In a region in which ¢® is spacelike, it is possible for E to be negative for
some timelike four-velocities V. One can imagine a particle falling into the
ergosphere, and splitting into two pieces, one of which has £ < 0. The piece with
negative E must fall into the black hole, and cannot escape back to infinity. The
other piece, however, will have a larger value of E than the original particle and
can escape back to infinity. This second fragment gains energy at the expense
of the rotational energy of the black hole itself.

12.3 Homogeneous and Isotropic Metrics

A homogeneous and isotropic cosmology is one that looks the same everywhere
and in every direction. Its properties extend the Copernican principle that the
earth should not be seen as occupying a central place in the universe. There is
a small class of such cosmological models that are also homogeneous in time,
and we look at these briefly below. But a general homogeneous and isotropic
space—time is not static, and so we can use the geometry to pick out a universal
time coordinate, for example, by taking ¢ to be the scalar curvature. Its gradient
t* = V° is a natural vector field, which we assume to be timelike, so that it
everywhere determines a standard of rest. Homogeneity and isotropy are then
the requirements that the universe should look the same everywhere at any
given time to an observer at rest, and in every direction. We now derive the
most general metric with these properties, and find its Ricci curvature so that
we can determine its dynamical behaviour from Einstein’s equation.

An immediate consequence of the requirements is that t*¢, must be a func-
tion of ¢ alone. By replacing t by a function of ¢, we can set t*t, = 1. Then
t is the proper time of an observer at rest. Such an observer must be in free-
fall, as one can see either from isotropy—acceleration would give a preferred
direction—or from

t*Vaty, =tV Vit = 1°V, Vot = 3V, (t%,) = 0. (12.1)
A second consequence is that the Ricci tensor must be of the form
Rap = ptaty + Agab » (12.2)
for some scalars A and pu, otherwise its eigenvectors, the solutions to
RapV o< Vy,

would pick out preferred directions in space. The scalars must be functions of
t alone, by homogeneity. For the same reason, and because t*V,t, = 0,

vatb = ﬁ(gab - tatb) (123)
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for some function 3 of t. It follows that V,t* = 33. However, from the definition
of the curvature tensor and (12.1),

36 =tV Vit’ = t*V,Vat® + t% Ry
V19V t%) — (Vt®)Vot® 4 t*° Ryy
= K +A— 3ﬂ2 )

where the dot denotes the derivative with respect to t. Now introduce coordi-
nates ', 2, 23 to label the worldlines of the observers at rest, and put z° = ¢t.
Then the metric must take the form

ds® = dt? + g;;da'da’ (12.4)

with summation over 4,j = 1,2,3. There can be no dtdz’ terms or the corre-
sponding metric coefficients gy; would determine a preferred direction in space.
By Exercise 7.2, we have 0;gap = 2V (4tp) in these coordinates, and thus

Ogij = 203 gij - (12.5)

Concentrate now on one observer, whom we take to be at the origin of
the spatial coordinates z?, and consider in more detail the consequences of the
isotropy assumption, which implies that the metric should be spherically sym-
metric about the observer’s location. As in our derivation of the Schwarzschild
space—time, together with (12.5), this implies that the observer should be able
to pick the spatial coordinates to be z! = r, 22 = 0, 2% = ¢, so that

gijda’da’ = —a®(Bdr? + Cr?(d6? + sin® 0 dp?)) ,

where B, C are functions of r, and « is a positive function of ¢, related to 3 by
B = &/a. As in our earlier analysis, we can set C' = 1 by making a change in
the r-coordinate.

Proposition 12.3

A static, homogeneous, and isotropic cosmology must have Robertson—Walker
metric

ds® = dt? — o?((1 — kr?) "' dr? — r?(d6? + sin® 0 de?)) (12.6)
and Ricci tensor
Rap = 3a™ Y at ty + (@™t a + 207262 + 2ka™2) (gap — tats)

where where k is constant and « is a function of ¢.
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Proof
A further coordinate change
x =rsinf cos p, y = rsin @ sin p, z=rcos@,
brings the space-time metric (12.4) into the form
ds® = dt* — o*(da® + dy* + dz* + (B — 1)dr?) (12.7)
with  now defined by r? = 22412+ 22. There are three Killing vectors X, Y, Z,
with respective components

(Xa) = (0,0, _Zay))7 (Ya) = (072707 _x)v (Za) = (07 —y,m70),

the last having components (0,0, 0, 1) in the ¢, 7,0, ¢ system. In the (x,y, z) co-
ordinates, they correspond to the symmetries under rotations about the x,y, z
axes, respectively.

By Exercise 5.12, we have

VoV Xe = RpcaaX®
and hence
XV, VX, = i0(X.X°) — (Vo X.)(VIX)
= R.X°X?
= AX,.X€,

where A is as in (12.2) and O = V,V* is the wave operator. With the metric
given by (12.7), the components of the covector X, are

(0,0, 2, —y) .
The contravariant metric tensor is
g = 194° 4 a2(t%4b — 5% 4 KECEY),
where (E*) = (0,2,y,2) and k is defined in terms of B by

1

le—k‘r2'

It follows that
X, X% = —a?(y* + 7).

Moreover VX, = 8[,1Xb} because V,X} is skew-symmetric and because the
Levi-Civita connection is torsion-free. Therefore

(VaXe) (VX)) = g°g"0,, X0, Xy
—2(k+a?)(y* + 2°) + 2.
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We have similar equations for the other two Killing vectors. By combining

them, we get
—O(a?r?) = —2Xar? —4(k + a*)r? + 6.

But the wave operator is given by (5.1), with
lg| = a®Brtsin?
in the coordinates ¢, 7,6, ¢. Therefore
Oa? =206 + 842, o?0r? = —6 4+ 8kr? + k/r3,

where the dot is the derivative with respect to ¢ and the prime is the derivative
with respect to r. Also,

O(a?r?) = r’0a? + o*0r?
because the gradients of r and « are orthogonal. Finally, therefore,
A=ala+2a720" + ta P4k + 1K),

Because « is a function of ¢ alone and k is a function of r alone, we must have
that 4k 4+ r~'k’ is constant. This implies that either k is constant or that it is a
constant multiple of 7—*. The latter is not possible because it would make the
metric singular at » = 0. So k is constant and the proposition follows. O

The metric is unchanged if we replace r, a, and k by k7, a/k, and k/k, respec-
tively, for some some positive constant . There is therefore no loss of generality
in requiring that k should be one of 0,1, —1. In the first case, the spatial metric

?(dr? 4+ 12dh% + 2 sin? 0 dp?)

at a given time is simply a multiple of the metric on Euclidean space. In the
case k = 1, the spatial metric is

a? (dX2 + sin? x d#? + sin? y sin? @ d<p2)
where r = sin x. The expression in brackets is the metric on the hypersphere
w4yt 22 =1
in R*, written in hyperspherical coordinates
x =cospsinfsiny, y=sinpsinfsiny, z=cosfsiny, w =cosy.

Any point on the hypersphere can be taken as the origin x = 0, so all points
in space are on the same footing. The spatial metric really is homogeneous.
In the case k = —1, the spatial metric is

a? (dX2 + sinh? y(d6? + sin? 0 d<p2)) ,

where now r = sinh y.
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Exercise 12.4

Show that in the case K = —1 the spatial metric is a multiple of the
metric on the unit hyperboloid ¢ — 22 — 4> — 22 = 1 in Minkowski
space. Hence complete the argument that a homogeneous cosmology with
k > 0is closed in the sense that the hypersurfaces of constant ¢ have the
topology of the three-sphere, whereas those with k£ < 0 are open, with

spatial topology R3.
The scalar curvature of the metric is
R=g"Ra = 6(a 'd + a 24% + ka™?)
and therefore the Einstein tensor is

Gab = Rab - %Rgab
= —3a 2(&% + k)toty — a2 (206 + &2 + k) (gap — tats) -

Thus the energy-momentum tensor must be of the same form as that of a fluid.
If our cosmology is to be interpreted as a solution of Einstein’s equations, then
it must be filled with fluid with density and pressure
3(k+ a2 200+ a* + k

r= (87ra2 )’ p== 8mra? (12.8)
and four-velocity t*. All that is needed to construct a model universe is to
specify the relationship between p and p. That is, to choose an equation of
state or equivalently to make some assumption about the physical nature of
the matter filling the universe. We can then obtain from these two equations
a single differential equation for a, and hence determine the evolution of the
space-time geometry.

The function «(t) is called the scale factor. As « increases, the distance
between points with fixed spatial coordinates increases in proportion, and the
universe ‘expands’, although, as always, such a statement needs careful inter-
pretation in terms of observations. In this context, it means no more than that
the distance between two nearby observers at rest, as measured by either, is
proportional to a.

If we combine the two equations to eliminate ¢, then we get

i@ 4n(3p+p)

« 3

On any conventional assumption about the nature of the matter filling the

universe, p will be positive. Provided that 3p + p is positive, that is, provided
that the pressure is not large and negative, we shall have & < 0 throughout
the history of the universe. From this, we can deduce the following ‘singularity
theorem’.
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Proposition 12.4

Suppose that &(t) > 0 at some time ¢ and that the energy condition p+3p > 0
holds at all times. Then «(tg) = 0 for some ¢ < t.

Proof

Because & < 0, Taylor’s theorem with remainder implies that
a(t') <at)+a(t)(t —1t)

for all ¢’. The right-hand side vanishes when
t'—t=—alt)/a(t) <0,

therefore the left-hand side must also vanish for some g < t. O

In other words, if the universe is expanding at time ¢ and is filled with matter
with reasonable physical properties, then there must be a time in the past
when the scale factor vanishes and at which the metric is therefore singular.
The singularity is the ‘big bang’ of modern cosmology. The inequality p+3p > 0
is part of the strong energy condition, which requires that

p+p>0 and p+3p>0.

By extending the methods of differential topology introduced into relativity
by Penrose, Hawking and Penrose proved versions of this singularity theorem
from the strong energy condition and other similar conditions under very gen-
eral circumstances, without assuming homogeneity and isotropy; see [8]. Thus
the existence of the initial singularity is a general consequence of Einstein’s
equation, and is not simply an artificial consequence of assuming a high degree
of symmetry.

12.4 Cosmological Models

A simple choice for equation of state is p = vp, where v is constant. If the
dominant form of matter is galaxies, then it is reasonable to take the pressure

to be zero, so that v = 0. If matter is dominated by radiation, then we would

take v = % because 7% = 0 for an electromagnetic energy-momentum tensor.

On eliminating p and p between the two equations, (12.8) gives

204 +n(6? + k) =0, (12.9)
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where n = 1 + 3v. The energy condition p + 3p > 0 in the singularity theorem
is n > 0. By writing 2é = d&?/da and integrating with respect to a, we have

&4+ k=Ca™,

where C' is constant.

We can see, in qualitative terms, the overall history of the universe by
sketching the curves in the «, ¢-plane determined by this equation for different
values of the constant. The result is shown in Figure 12.3. If £ < 0, then
the universe expands from the initial singularity at which o = 0 and & is
infinite; as t — 0o, we have o — 0o and & — /—k, thus the initial expansion
continues without limit. If on the other hand k£ > 0, then the expansion reaches
a maximum before the universe recollapses to a final singularity.

By looking for solutions with the asymptotic behaviour a = O((t — t)?)
as t — tg, one can also see from (12.9) that

a=0((t —tg)¥"+?) (12.10)

as t — tg. This gives the behaviour of o near the initial singularity in all the
cases, and also near the final singularity in the closed case.

AU AO

k>0 k<0

Figure 12.3 Phase portrait of the universe
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Exercise 12.5

If the equation of state is p = f(p), where f > —1/3, show that the
phase curves are given by

9@+ k) =Cal,  g(@)=exp (_;/xfjj(x)) .

Exercise 12.6

Show that in the case v = 0 (matter domination), pa® is constant. Hence
find « explicitly and verify the deductions from the phase portrait in the
three cases k < 0, k = 0, and k& > 0. Show also that p becomes unbounded
at the initial singularity.

12.5 Homogeneity in Time

We derived the Robertson—Walker metric on the assumption that the scalar
curvature was not constant, as well as the assumptions of isotropy and spatial
homogeneity. There are two interesting cases in which the Robertson—Walker
metric does have constant scalar curvature, and in which the space—time is also
homogeneous in time.

The scalar curvature is constant for the Robertson—Walker metric whenever

ata+a?(a? + k)
is constant. The two obvious possibilities are the following.

Einstein static universe. In this case, £k > 0, & = 0, and p + 3p = 0. The
universe is closed, but not expanding.

de Sitter metric. In this case, k = 0 and o = e? for some constant H.

In neither case does our energy condition hold, so the metric is not a solution
of Einstein’s equation with a conventional form of matter as the gravitational
source. In the first case, Einstein evaded this problem by suggesting a mod-
ification of the equations, which he later greatly regretted, by introducing a
cosmological constant A. The modified equation is

Rab - %Rgab - Agab = =81,y .

Because V%g,;, = 0, this is consistent with the conservation equation V,7T% =
0. If we take
T = pte®, A=k/a?,
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then the Einstein static universe is a solution with constant p and «a. It is
thus a static, dust-filled cosmology, but governed by a revised form of the field
equation. Equivalently, one can take the term Ag,, to the right-hand side and
see the modification as the addition of a uniform distribution of ‘matter’ with
constant unphysical density and pressure. The first interpretation fell from
grace with Hubble’s observation of the redshifts of galaxies, which implied that
the universe is expanding and not static. Einstein had missed the opportunity
to predict the expansion by rejecting the nonstatic solutions in favour of an
inelegant tinkering with the original field equation.
In the second case, the metric is the de Sitter metric

dt? — 7 (dr? 4+ 12 d6? + r? sin? 0 dp?) . (12.11)

This is homogeneous in space, and isotropic, but appears not to be static. But
in fact it has a much larger symmetry group than the other Robertson—Walker
metrics.

With H = 1, this can be seen by mapping the de Sitter space-time onto
part of the spacelike hyperboloid

v—w?—a2?—y?—224+1=0
in the five-dimensional Minkowski space with metric

dv? — dw? — dz? — dy? — d2?.
The map is given by

t

vt+w = e

v—w = rlel —e7t
x = re’cospsind
y = re'singsind
z = retcosf.

The Minkowksi metric and the hyperboloid are invariant under the ‘Lorentz
group’ of the five-dimensional space. This group has ten independent gener-
ators, so de Sitter space-time has the same number of independent Killing
vectors as Minkowski space.

Exercise 12.7
Show that the de Sitter space—time is mapped onto the part of the hy-

perboloid v+ w > 0. Show that the Minkowski metric coincides with the
de Sitter metric on the hyperboloid.



172 12. Redshift and Horizons

The de Sitter space-time was the model for the steady-state cosmology, which
was derived from the principle that, in an appropriate frame, the universe
should look the same at all events. This is true of the hyperboloid because,
given any two points on it, there is an element of the Lorentz group of the
five-dimensional space which maps one to the other. It is thus a model universe
which is homogeneous in time and space. In the steady-state theory, the galaxies
were at rest in our original coordinates, but their density remained constant
through the continuous creation of matter as the universe expanded.

Like the Einstein static model, the steady-state theory fails because it has
no ‘big bang’, but the metric itself still plays a role in the context of ‘inflation’,
which is discussed below. It is a solution of Einstein’s equations with p = —p.

12.6 Cosmological Redshift

In the case of the Schwarzschild metric, we derived a ‘redshift formula’ relating
the frequencies of light emitted and received by observers at rest by exploiting
the existence of a timelike Killing vector. A general Robertson—Walker is not
stationary, and the timelike vector field ¢* that determines the standard of
rest at each event is not a Killing vector. It is, however, a scalar multiple of a
conformal Killing vector, that is, a vector field T* that satisfies

V(aTb) X Gab - (12.12)
In fact from (12.3), we have
Vaty = 20‘71d(gab - tatb)

and hence V,(aty) = age because Voo = dt,. Therefore T* = at® is a
conformal Killing vector.

Now suppose that K¢ is the tangent to the null geodesic worldline of a
photon, and that the geodesic has affine parameter o. Then

K'V,K, =0, g KK =0
and therefore

d
d—(Tbe) = K*Vo(T,K") = K°K'V, T, = K"K"V (, T}, = 0.
o

So T, K" is constant along the geodesic.
An observer at rest has four-velocity t®. So the frequency w measured by
such an observer at an event on the geodesic is

w=1t,K*=a 'T,K°
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It follows that if the photon is emitted at an event F; with frequency wq, as
measured at F7 by an observer at rest, and is received by a second observer
at rest at an event Fs, then the second observer will measure a frequency ws,
where

a(El)wl = a(EQ)WQ .

In an expanding universe, a is an increasing function of ¢, and therefore
the frequency measured by an observer at rest decreases with time. This is the
cosmological redshift. It provides an explanation of what is sometimes referred
to as one of the few unambiguous observations in cosmology, that the sky at
night is dark. In an infinite, homogeneous, nonexpanding universe, it would be
very bright. For although the intensity of light reaching us from an individual
star falls off with the square of its distance, the total number of stars at a given
distance increases in the same proportion. So the total intensity of the light
reaching us from the stars is unbounded. This is Olber’s paradozx. It is resolved
if the photons from the more distant stars are redshifted, and therefore their
energy reduced, by the expansion of the universe.

The frequency measured by an observer at rest decreases along the worldline
of a photon according to _ _

w &

w @
The quantity &/« is called the Hubble constant, and is denoted by H. The
terminology is potentially confusing because although the value of H is constant
over space, it varies with ¢.
Suppose that light reaches us from a nearby galaxy, that it was emitted
with known frequency w and wavelength A = w™!, and that its wavelength on
arrival is A + 0. The redshift is defined to be

z=0AA.

Because the distance to a nearby galaxy, measured by an observer at rest, is
proportional to the time that light takes to travel from the galaxy, we have
that z increases in proportion to distance, at least for small distances. One can
measure z by examining the shift in known spectral lines. So if one has some
means of estimating the distance to the galaxy, one can measure H, and hence
the current rate of expansion of the universe.

The best current measurement is that H—! is 14 billion years. Knowledge
of H allows us to relate the current value of p to k by

k8

72 - ﬂ — IJ2 .

@ 3
Whether the universe is open (k < 0) or closed (k > 0) depends on the relative
magnitudes of p and the critical density 3H? /8. By the argument in the proof
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of the singularity theorem, Proposition 12.4, H~! is an upper bound on the
age of the universe, provided that the energy condition holds.

Exercise 12.8

Show that if T% is a nonvanishing vector field and if coordinates are
chosen so that its components are (1,0,0,0), then the condition (12.12)
is JoGap X gap- A conformal Killing vector is therefore associated with a
symmetry of the metric up to an overall scale. Show also that 7% is a
conformal Killing vector if and only if V(T3 = iVCTC Jab-

12.7 Cosmological Horizons

In cosmology, we do not have the luxury of waiting indefinitely to see whether
predictions about the future of the universe turn out to be correct. In consid-
ering the causal properties of a cosmological space—time, we are less interested
than in the black hole case in which parts can be seen by an observer with a
complete worldline, because it is not sensible to think in terms of observations
made by an observer who will survive over cosmological timescales. It is more
productive to ask questions about what can be deduced about the past history
of the universe, and in particular about the behaviour of matter in the extreme
conditions near the initial singularity, from observations made at the present.
So we are more interested in determining the region of space-time that can
be influenced by events on the worldline of a piece of matter at rest than on
determining which events might be visible, eventually, to a stationary observer.

In the Robertson-Walker metric, the null geodesics passing through an event
at 7 = 0 have constant 6 and ¢, by isotropy. Because they are null, they are

therefore given by
dr
— = 1—kr2.
ST r
The plus sign gives the worldlines of photons emitted at » = 0. Thus a photon

emitted at 7 = 0 at time to can be seen at event (¢,7,0, ) if

/t dt’ _/’“ dr’ (12.13)
1o a(t’) o VI—kr? .

If we take the big bang singularity to be at ¢y, then this equation determines r as

a function of ¢. It determines what is called the particle horizon of the worldline
at r = 0 at time t. This is the surface at time t that separates particles that
can have been influenced by events on the worldline at » = 0 since the big bang
from those that cannot have been.



12.7 Cosmological Horizons 175

It appears at first that we have defined the particle horizon only for the
worldline at » = 0. But because the metric is spatially homogeneous, the world-
line can be that of any particle at rest. We can rewrite the formula in a way
that makes this clear. The spatial distance d;(P;, P») between two particles
Py, P, at rest at time t is defined by using the spatial metric

ds? = a(t)?((1 — kr®) = dr? + r?(d6? + sin® 6 dp?)) .

That is,
Py

dt(Pl,PQ):inf/ dst,
Py

where the integrals are along paths from P; to P, at time ¢, and the infimum is
taken over all such paths. We do not link this definition to any particular oper-
ational procedure for measuring distance. It is simply a geometric construction.
By symmetry, if P; is at the origin, then the shortest path must be radial. So

the distance in this case is?

T dT/
(P, P) =aft) [ ——
(PuB) =) [ e

where r is evaluated at P,. Wherever P; and P, are located, we can conclude
that one is inside the particle horizon of the other at time ¢ if and only if

t dt/
dt(Pl,PQ) S Ol(t) /to a(t/) .
Because of the symmetry between the two particles, we can also interpret the
particle horizon the other way around: it separates particles that could have
influenced events on the worldline at P; from those that could not. The particles
beyond the particle horizon are beyond the knowledge of an observer at P, at
time t.

For small values of r, the integral on the right in the definition (12.13) is
approximately equal to r, whatever the value of k. In our cosmological models,
« is given by (12.10) for small ¢ — tp, and therefore the radius of the particle
horizon at time t, measured by the spatial metric at time ¢, is approximately

(t — tg)2/ ") ! dt’ _ (n+2)(t—t)
0 to (1 —tg)¥/ (n+2) n ’

which goes to zero as t — tp.
Herein lies one of the puzzles of modern cosmology, the horizon problem.
The cosmological models that emerge from the study of Robertson-Walker

2 Note that in the case k = 1, the coordinate 7 = sin x has a maximum value r = 1,
and therefore there is a maximum value for d(P1, P2) of «(t). This is the distance
between two antipodal particles on the three-sphere.
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metrics have an initial singularity, the big bang, at which o — 0 and p — oo,
provided at least that the energy condition in the singularity theorem holds.
In these models, the universe was initially unimaginably hot, but it cooled as
it expanded. At time t., a few hundred thousand years after the big bang,
it was cool enough for electrons and nuclei to combine into atoms, a process
called recombination. The black body radiation emitted at that time by the
still extremely hot matter was free to travel through the universe thereafter,
essentially without hindrance, and can be observed today, some 14 billion years
after the big bang. As the universe expanded, the radiation was redshifted, and
today it appears as the ‘microwave background’. In every direction, we see
black body radiation as if from a body at a temperature of 2.725°K. It is this
observation, along with the isotropy of the radiation, that provides the most
dramatic support for the big bang models. When we observe the radiation, we
are literally looking at the hot matter filling the universe 14 billion years ago.
It no longer looks so hot because of the cosmological redshift.

Let ¢ denote the present time. Suppose radiation seen today at our galaxy Py
was emitted by particle P; at time .. Then the current distance from P to P;
is (very nearly) the current size of the particle horizon. Therefore if radiation
from the opposite direction was emitted by particle P, also at time ¢,, then
the current distance from P; to P, is approximately twice the current radius
of the particle horizon. Therefore the distance from P; to P, at time ¢, was

approximately?
t
dt
200(t —_— .
Oé( r) /tg Oé(t/)

The problem is that under our assumptions about the equation of state this is

alt,) /t t Oj’;,) ,

which was the radius of the particle horizon at recombination. So no event at
Py could have influenced P, by time t, How then can the temperature of the
radiation from the two directions be the same?

The problem arises from the behaviour of a as one approaches the big
bang, and ultimately from the assumptions made about the equation of state.
Near the big bang, however, temperatures and densities are unimaginably large,
and conventional assumptions about the nature of matter are almost certainly
inappropriate. The inflationary hypothesis hangs on the possibility that k =0
and that in the early universe, the equation of state is rather different, and

very much greater than

3 A possibility that we have brushed aside here, but which should be explored and
eliminated, is that in a closed universe, P; can be close to P> even though both
are at a great distance from Pj.
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there is a time interval (¢, t3) before recombination in which the metric is the
de Sitter metric (12.11). In this case

bod 2 ay H
. — — =Mt 1
O((t.,) /to Ck(t/) > Oé(tg) /tl O[(tl) €

Provided that the ‘inflationary period’ to — t; during which the metric has this
form is long enough, the radius of the particle horizon can be arbitrarily large
at recombination. The horizon problem is then resolved.

Inflationary cosmology also addresses two other puzzles, the smoothness
problem and the flatness problem, the observations that matter appears to be
uniformly distributed and that the spatial geometry of the universe is very
close to being flat. Both are unexpected other than in a universe evolving from
finely tuned initial conditions. Guth [7] gives an account of the ideas; there is
also an interesting critique in Penrose [18]. Perhaps the strongest lesson is that
conditions in the early universe have observable consequences at the present
time, and therefore observations on a cosmological scale—for example, of the
fine details of the microwave background—can reveal information about the
behaviour of matter under very extreme conditions, and therefore provide tests
for ideas in particle physics.
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Appendix A: Notes on Exercises

By spherical symmetry, the gravitational field F' (the gravitational force
per unit mass) must be of the form

F =F(r)#,

where F' is a function only of the distance r from the centre, and  is the
unit vector along the radius. Let S, be the sphere of radius r with its
centre at the centre of the body. By Gauss’s theorem,

/F.dS = 4nr?F(r)
Sr

—47Gm r>a
= 4rGmr®
— 3 r<a
a
Hence
Gm
- r>a
_ r
Fr) = mr
_F r<a
By solving F' = —d¢/dr, and by using the boundary conditions that

¢ should be continuous at r = a, and should go to zero at infinity, we

deduce that

Gm
- r>a

_ r
¢= Gmr(3a® —r?)
———gg . r<a
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1.2

1.3

We take the test particle to have unit mass. Then the equation of motion

is
. Gmr
=

3

By taking first the scalar product with # and then the vector product
with 7, we obtain

d/q. . Gmr d .

a(gr.'r):—r—z, a(r/\r)zO.
These integrate to give the energy and angular momentum equations.
The second also implies that the motion is planar (either in a line, or in
the plane orthogonal to the angular momentum vector h = r A 7). In
plane polars, the two equations are

. Ie! .
Y62+ - =2 =B, =1,

where E and J are constant.

With u = Gm/r, we have p = —Gmi/r20 = —Gmi+/J. Hence the energy
equation can be rewritten

3(0* +u?) — FPu=k,
where k = G*m?E/J?.

The constant J is the angular momentum, and the constant & is (a mul-
tiple of) the energy divided by the square of the angular momentum. It
is really the sign of k that is significant: it is negative for elliptic and
circular orbits, and positive for hyperbolic orbits; for parabolic orbits, it
vanishes. In all cases, the curves in the p, u-plane are circles.

In the first case, k > 0. All the circles pass through the same two points on
the p-axis. These are hyperbolic orbits. They reach infinity with nonzero
kinetic energy (nonzero p). In the second case, k = 0 and the orbits
just reach infinity (u = 0), but with no kinetic energy (because p = 0).
The circles all touch the p-axis at the origin. These are the parabolic
orbits. In the third case, k¥ < 0 and the orbits are closed (none reaches
u = 0; that is, r = o00). The point (u,p) = (v/—2k,0) corresponds to
the circular orbit. The other circles correspond to elliptical orbits, with
the intersection points with the u axis (i.e., the roots of u? — 23%u — 2k)
giving the perihelion and aphelion.

The actual gravitational field is (0, —g). The acceleration of the upper end
is (f cos a, — f sin ). The apparent gravitational field in a frame moving
with the upper end is the difference of these two vectors. That is,

(—fcosa,—g+ fsina).
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1.4

1.5

2.1

2.3

24

The required condition is that the initial (vertical) and final (horizontal)
positions of the pendulum should make the same angle with this vector;
that is, the two components of this vector should have the same mag-
nitude. (Think of a pendulum moving in the earth’s gravitational field,
with no acceleration, from an initial position making an angle 5 with the
direction of gravity. It comes to rest in the opposite position making the
same angle § with the direction of gravity.)

The behaviour is the same as in the absence of gravity: the ball stays
where it is, relative to the bucket.

Hold the apparatus vertical, with the cup at the top, by the bottom of
the tube. Then let the tube fall through your hand, grasping it again at
the top. While it is falling, the apparent gravity vanishes, and the elastic
string is able to draw the ball into the cup.

In (ii) and (vii), the free indices do not balance. In (iv), there are too
many repetitions of ¢ for the summation convention to be unambiguous.
The others make sense.

First show that for any four 4-vectors T%, X%, Y*, Z% we have
70 X0 YO Z0
TV X' Yyt zt
T2 X2 Y? 72
T X3 Y3 Z3

EabedTO XY 2T =

In principle, you do this by comparing the 24 nonzero terms of the sum on
the left-hand side with the 24 terms of the expansion of the determinant
on the right-hand side. But you can avoid this task by arguing that it is
enough to consider special cases because both sides are multilinear in the
four 4-vectors.

(i) Note that if L% is a (proper) Lorentz transformation, and if

Ta — aijb7 X — abXba Ye — abea za — abe7

then
70 X0 yo 20 70 X0 yo 20
70 Xt vyl 21 TV X' vyl 71
T2 X2 y2 52 = det(L) T2 X2 V2 72

73 X3 y3 Zz3 7 X3 Y3 Z3
Hence, because det(L) = 1, we have
Cabed T2 XY 24
= epgrs P, T LY X L7 Y L*, 2.

Cabed XY Z?
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2.6

2.7

(iii)

Because this holds for any four 4-vectors, we have

— q s
Eabed = qurstaL bLTchd )

which is the required tensor transformation law.

We have

-1

6abcd — 1

if a,b, ¢,d is an even permutation of 0,1,2,3
if a,b,c,d is an odd permutation of 0,1,2,3

0 otherwise

There are 4% terms in the sum €,p04e

abed of which only 24 are nonzero

(those with a, b, ¢, d a permutation of 0,1,2,3). All the nonzero terms
are equal to —1, whether the permutation is even or odd. Hence the

first identity.
We have

(=) -
(")
()

0 E B, I
—E1 0 —Bg BQ
~E, By 0 -B;
~E; -B, B 0
0 -E —-FE, —E
E1 0 —B3 BQ

E, By 0 -B
Ey -B, B 0

0 B By, B
—B1 0 —E3 E2
B, E; 0 -F
~B; —-E, E 0

The scalar F,, F'®® is the sum of the products of the entries in the first
matrix with the corresponding entries in the second; that is, 2(B.B —

E.E).

Similarly, F,, F*?® is the sum of the products of the entries in the first
matrix with those in the third; that is 4FE.B.

Because both scalars are invariants, it follows that B.B — E.E and E.B

are invariants.

In the observer’s rest frame,

@)-a]

o O O

0 —-By —By —Bj
* o Bl 0 7E3 E2
“”) " | B, Ej 0 —-E |’

Bg 7E2 E1 0
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where E and B are the electric and magnetic fields seen by the observer.

Now
0 —B1 —By; —Bj 1 0
B 0 —FE;3 E 0 B
* 77b) _ 1 3 2 o 1
(FabU)_ B, E; 0 —-F o | B
B; —Fy FE 0 0 By

Therefore ;U ® = 0 if and only if the observed magnetic field vanishes.

In a general frame

1 0 —-B, —-By —Bs
a) __ Ui * _ Bl 0 —E3 EQ
(U ) o ,Y(u) (%) ( ab) o BQ E3 0 —E1 ’
us B; —FEy E; 0

where u is the observer’s velocity relative to the frame and E and B are
now the electric and magnetic fields in the frame. In this frame, we have

—B.u
By —us B3 + uzE»
By —uzEy +u1 E3
By —ui1 By + us By

(FaU") =5(w)

Thus the observer sees zero magnetic field if and only if

B.u =0, B-uANE=0.

To determine whether there exists a frame in which the observed magnetic
field vanishes, we have to determine whether these equations can be solved
for v with E and B given.

Clearly there is no solution unless E.B = 0. When this condition holds,
the second equation implies

L,_EnB
" EE

for some A € R. The two equations are satisfied for any choice of A;

+A\E

however, |u| is minimal when A = 0. In this case

EANB| |B|
EE | |E|

|u|=]

Hence there is a solution with |u| < 1 if and only if E.B = 0 and
B.B< E.E.
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3.1 Show first that if there are two rest-velocities, then the corresponding
rest densities must be equal, because otherwise the rest-velocities would
be orthogonal, which is not possible for timelike vectors. By taking a
linear combination, deduce that there is a null four-vector N such that
TN, N, = 0. Now obtain a contradiction with py — o0 asv— 1.
3.3 Why is it enough to consider only 7%
4.1 By the chain rule,
0z oz
dzr 0zb V7
Therefore, by differentiating with respect to z¢,
97 9%xP N dx? O [0z OxP
Oz 0zbOze  0%¢ 0wt \ Oav ) OFb
The result follows.
4.2 We have to show that the components transform correctly.
XYy —Ytg, X
_ Xcaiﬁfbﬁ 355“ ?d ~ 31‘b 3
0z Oxb \ Ozd 8:30 b &Ud
s 0 0x® ~ ~ 0 or® ~
= X¢ -Y° X
o () =7 (W )
SR ~ .5 =g\ 0x? © e S a4 0%
= (X9 - Ycacxd) - (X yd - Xdye )
( oxd 0zcozH
o X ozx®
— (X977 —ved Xd> ,
( o
because the last partial derivative in the penultimate line is symmetric
in ¢, d.
The vector field Z is called the Lie bracket of X and Y, and is usually
denoted by [X,Y].
4.3 The Lagrange equations are

dve
dr
where V' = dz®/dr. Hence

+IEvVve=o,

% (gabV“Vb) = =20 VOVV, + VOV (9egap) Ve =0,

because

LEVvev, = LV, viveged (3bgdc + Ocgap — 8dgbc) = jvevtye (&:%b) .
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4.4

4.5

Alternatively, the result follows from the fact that L has no explicit de-
pendence on proper time (i.e. dL/07 = 0). Hence the corresponding
Hamiltonian is conserved. But because the Lagrangian is a homogeneous
quadratic in the £%s, the Hamiltonian and the Lagrangian coincide.

In this metric, the Lagrangian for the geodesics is
L= %(t'2 — 2 —sin®r6? —sin®r sin20d)2) .
So the geodesic equations are
t =0
i — sinr cos 102 — sinr cos  sin® 94252 = 0
6— sin@cos@é2 +2cotrfi = 0
b+ 2cotrdr+2cotfbp = 0
We read off from these that the nonzero Christoffel symbols are:
I3 = —sinrcosr, I33 = —sinrcosrsin®f
I'% =T} =cotr, I'% = —sinfcosf
I3 =13 =cotl, It =TI3 =cotr.
The geodesic equations are consistent with » = 6 = 7/2 because
cos(m/2) = 0. With this condition, they reduce to ¢ = 0 = *.

The model is incorrect because the universe is expanding; it required an
awkward modification of the gravitational field equations, which he later
described as the biggest mistake of his life.

The transformation to T, W, X, Y, Z from the hyperspherical coordinates
t,r,0,¢ gives

dT = dt

dW = —sinrdr

dX = cosrsinfsingdr + sinrcosfsin ¢ df + sinr sin 6 cos ¢ dp
dY = cosrsinfcos¢dr 4+ sinrcosfcos¢df — sinrsinfsin ¢ d¢
dZ = cosrcosfdr—sinrsinfdf,

from which one gets dS? = ds?. The transformation maps the Einstein
universe into the product of the T-axis and the three-sphere

S ={W? 4+ X?+Y?+ 2% =1}.

The tasks ‘What portion ...’ and ‘Deduce that ...’ are not precisely
defined as they stand, because neither the manifold on which the Einstein
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5.2

5.3

5.4

metric is defined nor the ranges of the coordinates have been specified.
They are intended to provoke consideration of the analogous coordinate
systems on the surface of the earth. The hyperspherical coordinates (and
t) define a chart on almost all of the product of the T-axis and the three-
sphere, less, for example X = 0, Y < 0. This corresponds to making the
natural choices in which the manifold is R x S3 and the ranges of the
coordinates are

—o<t<oo, O0<r<m O0<fl<m -—-TwT<op<m.

The geodesics on which r = § = /2 are mapped to
X2 4+yY?=1.

Because £ = 0, they are the paths given by travelling at constant speed on
a great circle on the three-sphere. By rotational symmetry, all geodesics
are of this form.

This is very similar to the relationship between the sphere metric d§? +
sin? #dp? and the Euclidean metric dz? + dy? + dz2, given by = =
sinfcosp, y = sinfsing, z = cosf. Thus the Einstein universe is a
curved ‘hypersurface’ in a ‘flat’ five-dimensional space, in the same way
that the sphere is a curved surface in three-dimensional Euclidean space.

Since U, V, W are coplanar, it is only necessary to check that the inner
products of both sides with U and V are equal. For the inner product
with U, we use

g(U,Vsinhfpg — Usinhfpg) = coshfppsinhfpg — sinhOpg
= cosh 0013 sinh 90@ — sinh(@oQ — Qop)

= coshfpgsinhfop,
by using the identity sinh(A — B) = sinh A cosh B — sinh B cosh A.
In local inertial coordinates at an event,

X'V, Y?* — YV, X% = XP9,Y® — Vb9, X .

We have

0z _
aaOéb = 8& (axbad)

82zt 9t
= dzeozd + @&lad
Ozt 930937 5 .

Dz 0zd 4 + Dz Db e



Notes on Exercises 187

The result follows because the second partial derivative is symmetric in
a,b. The other part follows from

Voo — Vi, = 0gap — Ljyae — Opag + L0 = Ogap — Oprg
c __ C
because I'5) = I .

5.5 We have

Vagbe = OaGbe — gdcpgb - gbsz(zic
= aa.gbc - Kcab - Kbac-

We note that K., = K.pq because V is torsion-free. Therefore

8agbc = Kbac + Kcab
6bgca = cha + Kabc
acgab = Kacb + Kbca .

By adding the last two equations and subtracting the first, we obtain
2Kabc = 8bgca + aCgab - aagbc ’
from which it follows that I is the Christoffel symbol.
5.6 If we substitute
07¢ 074 _ W Ozt oxb

Gab = %@gcda g = ﬁ@g

into
Iy = 39* (abgcd + Ocgbd — (9dgbc),

then we get

_ . Ox% 03¢ 077 oz Oz [ 0 (85:7" 65£S>

Iy, =T, a~c ~pq~r87~7~ -y
be ef 9zd dzb 9zc T 0zP 04 | Oxb \ Oxc Oxd

o (0 0z o (0i" 0z

irrs (axbaxd) e <axbaxﬂ
— 14 @%ajf % 02z loapqy 27 77
= eI 55 oab 05 | 9r oavowe | 29 I 5w o

oz" 9%xs  oz" 9%F° 0x° 0%F"

* 92t 9rcoxl | 0ab Doz da° 8xd8xb>
_ . 0x° 93¢ 03 9x O%aP
ef 9zd §zb 9zc ' 9P OxbOxc

oz Oz oz" 925
Oz¢ Ozboxd
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5.7

For any square matrix B, we have
det(1 +eB) = 1+ etr(B) + O(e?),
where 1 denotes the identity matrix. Therefore
det(A+eB) = det (A(l + eA_lB)) + O(é?)
= detA(l + etr(Ale)) + O(€%).

Therefore if A is a function of ¢,
1 d dA
— —(detA)=tr (A= ).
det A dt( ¢ ) g ( ar )

0y log |g| = gbcaagbc )

because the right-hand side is the trace of A=19, A when A is the matrix
with entries gp.. Therefore

Il = 16" (0vgad + Oagbd — Oagav) = 29" 0agsa = 0alog\/|g] .

In general coordinates on flat space—time

We conclude that

VaViu = V(g 0u)
_ aa(gababu)+rgcgcbabu
= 0u(g"0yu) + 0 (10g /1] ) 9" Do
= 1o/ 1gI 29" D)

The left-hand side is invariant. In inertial coordinates, the first line gives

which is the wave equation.
In spherical polars, we have

ds? = dt*> — dr® — r?d6? — r?sin® 0 d¢?
from which we have |g|'/2 = r2sin@ . We also have

1
= T e

—1/r%sin” 0
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5.8

5.9

5.10

Therefore the wave equation is

@_ig 7"2@ _#g Sing@ _#@_0
otz r2or or r2sin 6 96 00 r2sin?6 092

Suppose that there exists such a coordinate system. Then
va)(d = aaXd + %Xcgbd (aagbc + acgba - abgca>

= ig™ (3a90b + 0ogba — 3d90b> .

Hence

VoXp = g6aVaX® = 1(9ugor — Obgoa) »

and therefore V, X, + VX, = 0.

Vector fields with this property are called Killing vectors: they arise from
symmetries of space-time.

The corresponding result is VX, + VX, = fgap. By contracting with

g, we have f = %VaXa because g.,g?° = 4.

A skew-symmetric tensor changes sign when two indices are interchanged.
Therefore any components with equal values of two indices must vanish.
For a tensor with five indices, at least two must be equal. Therefore
T[bcde] =0.

The ‘number of independent components’ is the dimension of the corre-
sponding vector space of tensors.

(a) in(n—1), by the same argument as in the question, noting that the

components with a = b vanish by skew-symmetry.

n
k
independent ways of choosing k distinct values for the indices, and

therefore that number of independent components. For &k > n, the
answer is zero, by the same argument as in Exercise 5.9.

(b) For k < n, there are

(c) There are 2n(n— 1) ways of choosing the first pair of indices and the

same number of ways of choosing the second, so there are +n?(n—1)?
independent components.

(d) If we add Rapeq = Redap to the conditions in (c), then the number
is reduced to 2N (N + 1), where N = in(n — 1) (because this is the
number of independent entries in an N x N symmetric matrix).
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5.12

5.13

By definition,
VaV X = VpVaX® = Rupa®X?.

The result follows by lowering the index ¢, and by using Rapcq = — Rapde-
VaVeXe = ViVaXe = —RapeaX?

ViVeXo — VeVeXy = —RpcaaX®
VeVaXp = VoVeXy = —ReapaX?

(the second two equations are obtained from the first by cyclic permu-
tation of a,b,c). By adding the first and last, and by subtracting the

second,
2vavac = (*Rabcd + Rbcad - Rcabd)Xd .

But, by the symmetries of the Riemann tensor,
Raped + Rocad + Reava = 0.
By adding this to the expression in brackets above, we get
2V, VpXe = 2Rpeqa X .
By contracting the identity with V2V?, where V¢ = dz®/dr, we obtain
DX, =V 'V, VpX. = VIV Rpeea X% = RapacVOXVE,
which is the equation of geodesic deviation.

By Exercise 5.4, we have Fy, = 20|,Py) everywhere, in any coordinate

system. Thus
V[anc] = 2V[a8b¢c] .

However, in local inertial coordinates at an event, this reduces to
20,00

at the event, which vanishes because partial derivatives commute. (In the
language of differential forms, we have shown that d? = 0.)

For the other Maxwell equation, we have
V4 (V@ — ViPy) = 0Py + R%ac® — Vi (VD) .
Therefore the second set of Maxwell equations V*Fy;, = 0 reduces to

Oy — Vi (ViP,) = —Rap®° .
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5.14

5.15

7.1

Because X, = V. f, we have V, X}, = V, X,. Therefore,
XV, X" = XV’ X, = V' (X, X*) =0,
and so the curves are geodesics.

The geodesic equations are
d . 2,2y,
(51; +log(z” +y )u) =0,

together with
-2 -2
=0, + ——— =0, + - =
u Ty Y2 L Y2

The x and y equations are the same as those obtained from the La-
grangian

L=1(i%+9* — A%log(2? +¢°)) = 3 (7% + r26% — A log %)
in classical mechanics, where A is the constant value of u and r, 6 are plane
polar coordinates. This is the Lagrangian of a central force problem with
potential V = A2logr. We have K = gy — y& = r26 is constant because

OL/08 = 0. Also energy is conserved (because L has no explicit time
dependence). Therefore

K?
% <¢2 + 2) + A%logr = constant.
r
However, for K # 0, we have A%logr + K?/r> — oo as r — 0, so no

solution can reach r = 0.

The Schwarzschild metric is

2
ds? = (1_2m> dtz—ld;/—r2d92—r2sin20d¢2.
r —2m/r

The four-velocity of an observer at rest has components
(u®) = (£,0,0,0),

where
i dt 1

dr /1 —2m/r’
because 1 = g,,UU® = (1 — 2m/r){2.

Along a radial null geodesic, ds?> = 0, and # and ¢ are constant. Therefore
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7.2

and hence
de B T

dr  r—2m’

By integrating this, we find that the coordinate time ¢; at which the
photon leaves C'; is related to the coordinate time t5 at which the photon

arrives at Cy by
P / "2 rdr
2 —t1 = .
m T —2m

Because the right-hand side is independent of £;, we have that the coor-
dinate time interval At; between A and A’ is the same as the coordinate
time interval Aty between B and B’. (This is essentially the same as the
argument in the first chapter that gravitational redshift is incompatible
with special relativity.) Therefore, by the formula above for d¢/dr, the
corresponding proper time intervals are related by

Ar /1= 2m/r

Ary V1=2m/ry

When m is small the right-hand side is

m m mh
==t —=1-—,
T1 T2 7“1

where h = r9 — 1 and second-order terms in m/r and h/r are neglected.
In SI units, this gives

AleA’TQ (1G277'L2h> :ATQ <1gg> 5
r3c C

where g = Gm/r? is the acceleration due to gravity. By taking the ap-
proximate values (in SI units) g = 10, h = 1 (that is, 1m), ¢ = 3 x 108,
and Ay = 3 x 107 (that is, one year in seconds), we get

Ar ~ Ass —3x 10775,

That is, the watch on your ankle (at r = 71) appears to lose 3 x 10~°
seconds relative to the watch on your wrist (at r = ro =71 + h).

If V is the Levi-Civita connection, then
XV Tpe + Toe Ve X4+ Ty, V. X
= X%OyTpe + TpeOp X + Tpq0.X¢
+ X4 Ty — Toe T4 X — Ty T4 X+ XTI Ty
= XaaaTbc + TacabXa + Tbaach )
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because I'% = T, bda. Hence the result follows from the fact that the left-

a
hand side is a tensor.

We know that if Z = [X,Y], then
7%= XV, Y - YV, X2,
Hence
vaZb + vaa
= V. (XCVCYb — YCVCXb) + V, (XCVCYa — YCVCXG)
= V., XV.Y, -V, YV . Xp +V XV.Y, — VYV . X,
+ XV V.Y, =YV, V. Xy + XV V.Y, — YV, V. X,

= —Repaa XYV + Repaa XV — ReqpaXY? + ReapaY “X ¢

pr— 0 B
by Exercise 5.12, together with the symmetries of the Riemann tensor.

Another method is to prove first that
LxLy—LyLx =Lixy],

where the operator Lx (the ‘Lie derivative’) is defined on tensors of type
(0,2) by
LxTye = XO0uTpe + TypeOp X + Tpq0.X .

We now have the fact that C' = X,&* is constant along a geodesic z%(s)
if and only if X is a Killing vector. Now

If X has components (1,0,0,0) then C = (1 — 2m/r);
If X has components (0,0,0,1) then C' = —r?sin? 6 ¢;
If X has components (0,0 — cos ¢, cot 0 sin ¢) then

C:TQCosqﬁé—r2sin2900t0sin¢(ﬁ.

The first two are clearly constant because the geodesic Lagrangian

2 . .2 . .
L=3 -0 ) 2o L 267 26in20
r 1—2m/r

is independent of ¢t and ¢. In the third case, we use the two geodesic
equations

% (_7«2 sin? 6 ¢) =0 % (—r%’) +72sinfcosfp?> =0
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8.2

to deduce that

((21170 = di(rzﬂ) cos ¢ — r? singbéq.b
T T
—r?sin% 0 (;'S(—cosec2 fsin ¢ 6 + cot 0 cos ¢ q[))
= 0.

For the third Killing vector, we calculate the Lie bracket of the second
and third Killing vectors to get

04(0,0, — cos ¢, cot Osin ¢) — (— cos ¢ Jg — cot Osin ¢ 9,)(0,0,0, 1)
= (0,0,sin ¢, cot 6 cos @) .

The first statement is a consequence of L/9t = 0 = dL/J¢. For large r,
the metric is that of Minkowski space, where ¢ = y(u) > 1. Therefore we
must have E > 1 for escape.

By substituting for ¢ and ¢ in the four-velocity condition

2m\ ; 72 ;
-2 )2 242
( r> 1—2m/r 9

(the orbit is equatorial, so § = 7/2), we obtain

.9 J2  2m  2mJ?
r+lt - — = =

E?.
72 r 73

Hence by differentiating with respect to r, and using %d(?*z)/dr =7, we

have
. J2 m  3mJ?
[ g i =

- 0, (A1)

and hence the given result.

For a circular orbit of radius R, we have

and hence

which gives J? = mR?/(R — 3m). Also

(2%

Therefore
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8.3

It follows that

a\> (6 P R-3m  m
(w)‘ i/ R* R  R¥

By substituting » = R + ¢ into (A.1), and discarding second-order terms
in € and its derivatives, we find

m 2me J?  3J% 3mJ? 12mJ3%c _

SR T O TR T
which gives
m(R—Gm)eio
R¥3(R—3m)

and hence that the orbit is stable if and only if R > 6m (note that
R < 3m is not possible).

For null (nonradial) equatorial geodesics, the geodesic equations reduce

to

P2 =a® +20° — 2,

where u = m/r and p = du/d¢. By working from the given equation, we
have
log A+ ¢ =log(1 — 3u) — 210g(\/§+ V1 +6u) .
Hence by differentiating both sides with respect to u, we have
N 6
P 1-3u  1T+6u(v3+V1+6u)
B 3 <1+>¢§—w/1+6u>

“1-3u /it 6u
3 V3

" 1-3uI+6u

Therefore ( 2 )
1 —3u)“(1+ 6u 1
2 2 3
— _ — — 2
P 57 o7 WA
thus we have a solution of the geodesic equation. As ¢ — —oo, for A > 0
the orbit spirals in from infinity, asymptotic to the null geodesic orbit at

r = 3m; for A < 0, it spirals out towards it from the region 3m > r > 2m.
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11.2

11.5

12.1

12.2

You will find it helpful to establish

1 _

wa0,7) = 5 [ (k) + F(-m)) explin..v) Qv

and to use the Fourier inversion theorem

/ F(n)exp(in.r)dV"’,

~

—
<

N~—
I

1 .
fm) = G [ S@yesp(—in.m)av.

where dV”’ is the volume element in the space of ns.

Those who have studied exterior calculus will be able to deduce this
directly from the closure of the three-form J%gpeq dz® A dz¢ A dz¢. An
alternative direct method is to observe first that because @ is invariant,
it is only necessary to show that 9Q/0t' = 0. Write

Q:/V([p]*e-[j])d‘/,

where e = (r' — r)/|r' — | and p and j are the temporal and spatial
parts of the four-current J¢. Now find the derivative with respect to ¢’
by differentiating under the integral sign. The key steps are to use the
divergence theorem, the continuity equation

and the identity
VIf1=1Vfl+0fe, (A2)

which should be derived for a general function f(¢,7). Here V is the
gradient with respect to the spatial coordinates x,y, z.

To show existence, prove from the completeness of w and from the fact
that dt/dr > 1 that there is a value of 7 for which ¢t = 2°(7) = 0. Use
the intermediate value theorem to deduce that there is an event on w at
which t < 0 and t? — 2% —y? — 22 = 0. To show uniqueness, show that any
two events on w are connected by a timelike vector and then show that it
is not possible to express a timelike vector as the difference between two
future-pointing null vectors.

You need to show that n®V,n® o< n® on X, which you can do by showing
that Xpn®V,n? = 0 on X for every vector X® such that X®n, = 0.
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12.3

12.7

Suppose that g, and §,p are metrics on a space—time. Write gop < gab
if every vector which is timelike with respect to g4 is also timelike with
respect to gqp. Prove that this is a partial ordering. Show that if I~ (w) and
I~ (w) are the pasts of a worldline w with respect to the two metrics, and
that if Gap < gap, then I— (w) € I~ (w). By considering the Kerr metric
in the form (10.4) and by taking Gup = gap — ktatp for some constant k,
construct a flat space—time metric on r > rg with gup < gap, where ggp is
the Kerr metric.

It is helpful to start by writing v? — w? = (v + w)(v — w), dv? — dw? =
(dv 4+ dw)(dv — dw), and

dr®+r?d0*+r?sin® dp® = e ((dz—z dt)*+ (dy—y dt)*+(dz— 2 dt)?) .

Note that 2 + 32 4 22 = r2e?t.



Appendix B: Further Problems

The problems that follow are taken from final examination papers set in Oxford

over the past 15 years, in some cases adapted for notational consistency with
the text, and with any hints deleted. The passage of time and the conventions
of anonymity and collective responsibility of examiners make it hard to iden-
tify all the original authors; some may even be borrowed from other texts. I
must therefore apologise for including them without acknowledgement. A few
I recognise as my own, others are likely to be by my colleagues, Roger Penrose,
Paul Tod, and Lionel Mason.

B.1

B.2

A model universe has metric
ds® = dt* — R(t)*(dr® + sin® r(d6” + sin® 0dp?))

where R(t) > 0 for t € (tg,t1). Obtain the geodesic equations and write
down the Christoffel symbols (with 2° = ¢, 2! =7, 22 = 0, 23 = ¢).
Show that there are geodesics on which 6 and r are constant and equal

to m/2. Show that if
/“ dt
— < 2m,
to R

then a photon cannot make a complete circuit of the circle § = r = 7/2,
0 < <27 between t =ty and t = ¢;.

Let V denote the Levi-Civita connection in a curved space—time. Show
that there is a tensor Rabcd such that

(VaVy — Vi Va) X4 = R, 0 X¢
for every X“. Show that

(vavb - vaa)TCd = _RabceTEd - RabdeTce
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B.3

B4

for every Tup. Show that if Fi, = Flup) satisfies Maxwell’s equations
Vo F® =0 and ViaFpe = 0, then

VaV®Fye + 2RapeaF* — 2Ry F .y, = 0.

The Riemann curvature tensor Rabcd in a curved space—time endowed
with a torsion-free connection satisfies the equation

(VaVy — ViVa) X% = Ryt X©
and can be expressed in the form
Rabcd = a(J,I‘dbc - ablﬂldac + Fdaepebc - deeFeac .

By using this show that the curvature tensor has the following symme-
tries.

Raped = *Rbacd’ Raped = Rcdaln Raped = *Rabdca R[abc}d = 0.

Now let &, be the electromagnetic four-potential, so that the electro-
magnetic field tensor is Fyp, = 0,Pp — 9pP,, and satisfies the free-space
Maxwell’s equations

VaFab =0, ViaFpe = 0.

Show that the second of these equations is satisfied for any four-potential
®,, but that the first holds only if

Vo VPd, — Vo (VPPy) + Ry ®® = 0,
where R, is the Ricci tensor.

Suppose, in addition, that the Lorenz condition V,®% = 0 holds. Show
that when the space-time scale of variations of S is much smaller than
those of C and of the connection, and second derivatives of S may be
ignored, there are approximate solutions of the form ¢* = C®exp(iS)
(the geometrical optics approximation), provided that k, = V.S is a null
covector field. By considering V,(k?ky) show that the integral curves of
k are null geodesics.

Explain briefly how the geodesic hypothesis for free particles and pho-
tons can be justified from the principle that special relativity should
hold over short times and distances in frames in free-fall.

A space-time has metric
ds? = dt? — da? — dy? — d2? + 2p(dt + d2)?,

where ¢ is a function of x and y alone.
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B.5

(a) Show that if (¢(7),z(7),y(7),2(7)) is a solution of the geodesic
equation, then
dz  dp dy Oy
ar ~ Yo ar Yoy
for some constant «, where 7 is proper time.

(b) Suppose that O and O’ are observers with worldlines on which z, y,
and z are constant. By considering an appropriate constant of the
motion for the photon, show that if O sends a photon to O’ and if
the frequencies of the photon as measured by O and O’ are w and

w _ [1420(07
W\ 14+20(0)°

Let mg, and m® be the covariant and contravariant metric tensors on

w’, then

Minkowski space, M, with standard inertial coordinates x® so that

1 0 0 0
0 -1 0 0 o

(ma) =14 o _1 o | =)
0o 0 0 -1

Let n, be a constant null covector on M, and define a new metric on M
by
Gab = Map + Nap f

where f is a function on M such that
m*n,0pf =0,

and where 9, = 0/Jz,. Show that the connection derived from gq is
given by
Fabc = mda [ndn(bac)f - %nbncadf} .

Show that the Ricci tensor is
1
Rab = §nanb[:|fa

where 00 = m®9,0,, and that Einstein’s vacuum field equations in this
case can have plane wave solutions provided the propagation vector k%
satisfies nyk® = 0. Deduce that the Ricci scalar vanishes and that then
the Ricci tensor satisfies the conservation equation

VR =0.
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B.6 A space-time M has metric
ds? = dt? — a(t)*(dz? + dy? + d2?).
You may assume without calculation that the nonzero components of
the Ricci tensor for M are given by
Ry = 3d” /o Ryr = Ryy = R.. = —ad” —2a'?,
where o = da/dt.
The space—time M is filled with dust of rest mass density p whose four-
velocity is orthogonal to the surfaces of constant ¢t. Show that Einstein’s
field equations reduce to the two equations
3" = —4rGpa
'a+2()? = 4rGpa’.
By assuming that o and o’ are both nonnegative, deduce that the gen-
eral solution is
alt) = A(t —t9)*/?,
where A and tg are constants.
B.7 A null geodesic 7 lies in the equatorial plane § = 7 /2 of the Schwarzschild

metric, which in conventional coordinates is given by:
ds? = (1 —2m/r)dt®> — (1 — 2m/r)~tdr? — r2(d6? + sin® Ady?) .
Write down the geodesic equations, and hence show that along -,
P2 =20% —u® 4 a2,

where u = m/r, p = du/dp, and « is a constant. Sketch the trajectories
in the (u,p) phase-plane, both in the region 0 < u < 1/2 and also in
the region u > 1/2.

For the case a = 0 and v > 1/2, show that the geodesic has an equation
of form

r = 2mcos*(1/2(¢ — ¢o)); 0=m/2; t=tp

where ¢ and tj are constants. Indicate by a sketch where this geodesic is
located in the complete Kruskal extension of the Schwarzschild solution.
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B.8

B.9

A space-time metric has the form
ds? = f(r)%dr? — dr? — dy? — d2?,

where f is a positive function of . Two nearby observers A and B have
respective worldlines given by

(A) y:ZZO, r=To, (B) y:Z:O, r=rmr,

where g < 11 are constants. Show that 7 is a constant multiple of proper
time on each worldline. Are the worldlines geodesic? Give reasons for
your answer.

A light signal emitted by A at 7 = 79 is received by B at proper time
7 = 71 and immediately reflected back to A, where it arrives at 7 = 75.

Show that
"o dr

e fO)
Deduce that light emitted by A with frequency w is seen by B to have
frequency wf(rg)/f(r1). Deduce also that

1 —To

"odr

ro f(r)’

and hence that if A measures the distance to B by the radar method,
then this distance is constant.

TQ—T0=2

Show that when f = r, the metric can be reduced to the Minkowski
metric by a coordinate change, and that the worldlines become

t = rsinhT, x =rcoshr, y=2z=0,
for two constant values of r.

Explain why the observed redshift of light travelling from the bottom to
the top of a tower in the earth’s gravitational field is incompatible with
any special relativistic theory of gravity in which photon worldlines are
null geodesics and the frame of the tower is inertial.

When f = r, the worldlines of A and B are a constant distance apart (as
measured by both observers), but there is a redshift for light travelling
from one to the other. Explain why this does not contradict your answer.

(i) You are given that Maxwell’s equations in curved space—time are

v[anc] =0, Ve = 0,
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B.10

where Fq) = 0 and where V is the Levi-Civita connection. Show that
if Fap = V[q®Py) for some covector field @ such that V,P¢ = 0, then the
first equation is satisfied identically, and the second reduces to

VyVP®, = —R,, .

(ii) Let fup» be a nonzero skew-symmetric tensor at an event and suppose
that f*a;, = 0 and Jlabt¢ = 0 for some nonzero covector c,. Show that
o, is null.

(iil) Suppose that u is a smooth function on space-time such that its
gradient a, = V,u is nonzero on the hypersurface S defined by u = 0;
and suppose that Fj; is a solution of Maxwell’s equations with the
property that the tensor f,, = u~'F,, is smooth on S. Show that
Fy, = 0 on S. Show also that if f,; is nonzero on S, then S is null
(i.e., aq is null on S).

Comment on the physical significance of the fact that S must be null.

A spherically symmetric space—time metric has the form

d 2
ds* = A(r)dt? — L r246? — 2 sin? 0dp* (r>0).
A(r)
Write down the geodesic equations and show that there are null nonra-
dial geodesics on which 6 takes the constant value 7/2. Show that such
geodesics are given by

p? =k —u*Q(u),

where v = 1/r, p = du/dy, Q(u) = A(1/u), and k is a positive con-
stant (depending on the geodesic). Hence show that these nonradial null
geodesics are given by

d?u

dTOQ = —uQ(u) — %U2Q/(U)-
(i) Show that if A(r) =1—2m/r, then there is a photon orbit on which
r takes the constant value 3m.

(ii) Suppose that A(r) = Q(u), where @ is a polynomial in u such that
Q@ > 0 for all u > 0. Show that there are photon orbits on which r takes
any one of the constant values r = 1/u;, where 0 < u; < ug < --- are
the positive roots of u2Q’(u) + 2uQ(u). Suppose that the roots of this
polynomial are distinct. Is the orbit at r = 1/ug stable?
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B.11

B.12

Define the Riemann tensor Rapeq of a space—time metric and write down
its symmetries.

Show that for any vector fields X, Y,
[X,Y]' =XV, Y’ - Y*V, X",

where [X,Y] has components [X,Y]’ = X%9,Y? — Y9, X" in some
coordinate system z®, V is the Levi-Civita connection, and 9, denotes

0/0z°.

Show that if X*V/, is constant along every affinely parametrized geodesic
x® = x%(s), where V* = dz®/ds, then X satisfies the Killing equation:

VoXp + VX, =0.

Deduce that
VoVeXy = RepaaX?,

and hence that X® satisfies the Jacobi equation
D*X% = R VX'V, (D =V"V,)
along any geodesic.

Let X, Y be solutions to the Killing equation. Show that if X* = Y* and
VX’ = V,Y? at some event P, then X® = Y along every geodesic
through P. (You must state clearly any theorems that you use about the
uniqueness of solutions of systems of second-order ordinary differential
equations.)

Deduce that the space of solutions to the Killing equation has dimension
at most 10. Give an example of a space-time in which the dimension is
equal to 10.

Let gq be a general space—time metric. Show that for any event A,
there exists a coordinate system xz® such that 9,9, = 0 at A, where
0y = 0/0x".

Show that in such a coordinate system,
Fl;lc =0 and Rabcd - %[8aacgbd + abadgac - 8aadgbc - abatzgad}
at the event A.

Show that there does not exist a coordinate transformation that reduces
the metric
ds? = (1 + 2%)dt? — da? — dy? — dz?

to the metric of Minkowski space.
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B.13

B.14

The gravitational field of a spherically symmetric black hole is repre-
sented by the Schwarzschild metric

ds® = (1 —2m/r)dt* — (1 - 2771/7“)_1d7"2 —r2d#* — 7% sin? Odp?.
Explain briefly the sense in which r = 2m is only an apparent singularity.
A particle in free-fall has worldline (¢, 7,6, 0) = (¢(7),7(7), 7/2, (7)),
where 7 is proper time and r > 2m. Show that

2my
Ez(l——m)t and J =12
T

are constant along the worldline, where the dot denotes differentiation
with respect to 7. Explain why the particle cannot escape to infinity if
E <1

Show that
E2 _ 7;2 J2
1-2m/r 2
Deduce that if £ =1 and J = 4m, then
\/; — 2\/% — Aeegp/\/?
Vr+2ym ’

where ¢ = £1 and A is a constant. Describe the orbit that starts at
¢ = 0 in each of the cases (i) A =0, (ii)) A =1, = -1, (ili) A =
(V3-2)/(V3+2), e=—1.

A space-time has the metric

=1

ds? = gapda®da®.

Show that the Christoffel symbol, defined by

1
Iy = igda(acgbd + Obgcd — Odge)s

can be derived from this by using Lagrange’s equations. Calculate all
nonvanishing Christoffel symbols for the metric

ds? = 2dudv — A(u)dz® — B(u)dy?.

Obtain the equations of the geodesics and show that, for each geodesic,
we can find constants «, 3,, ¢ such that

u:é/(/ﬁ;+Bﬁ(;>du+7u+5.
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B.15

B.16

The portion of space-time outside a black hole of mass m has the
Schwarzschild metric

s =(1-2m/r)dt" — (1 —2m/r re—r —r7sin p°.
ds? 2m/r) dt* 2m/r) " dr? — r?d6” — r?sin® 0 dyp?

Obtain the equations of the photon orbits. Show that a light ray passing
the black hole at a distance D > m is deflected through an angle of
approximately 4m/D.

Sketch the phase portrait of the equatorial null geodesics in the u,p
plane, where u = m/r < % and p = du/dy. A photon is emitted at
r = 3m + € in the equatorial plane in a direction orthogonal to the
radius vector, where |¢] < m. Describe the photon’s orbit in the two
cases € > 0 and ¢ < 0, identifying the corresponding curves in the

u, p-plane.

Let T be a four-vector field on a space-time with metric ds? =g
dz®da®. Show that if the components T¢ are constant in the coordi-
nate system x¢, then

vaTb = 8[aTb] + %Tcacgab,
where V is the Levi-Civita connection. Deduce that if T¢0.g4, = 0, then
V(ajjb) = Oa chaTb = Rabchd7

and
RapyTOT® =

where O = V,V2.

O(T°T,) — (Vo T3)(VOT?),

1
2

Suppose that
ds® = A(dz®)? — hapda®da?,

where o, 8 = 1,2,3, with summation convention. Show that if A and
hap are independent of z¥, then

Roo = —h~1/20, (hl/zh“[’agA) — 3AT'hP(0,,4)(954),

where h*Phg, = 05 and h = det hag.

B.17 A space-time has metric

Gab = Mgp + 6hab )
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B.18

where mg;, is the Minkowski space metric, € is a small parameter, and
hap 1s symmetric, with dghas = O(€). A particle is in free-fall, with four-
velocity V = (1,0) + O(e). Show that, if terms of order €2 are ignored,
then its equation of motion is

r = —%V(Ehoo) + 0(62) .

How can this result be used to recover Newton’s theory of gravity from
general relativity for slow-moving bodies in the weak-field limit?

Describe the corresponding Newtonian gravitational field when the met-
ric is

ds? = (1 + 2e2)dt? — da? — dy? — d22.
Show that, if terms of order €2 are ignored, then the coordinate trans-
formation

t=(1+e)t, T=um, 7 =1, 2:z+%et2

reduces the metric to the Minkowski form. Explain this result in terms
of the equivalence principle.

Show that the quantities
2 .
E= <1 m)t and J =r2sin?0¢
T

are constant along the timelike geodesics of the Schwarzschild metric

dr?

2=(1-2 2__ =
ds® = ( m/r) dt = 2m/r

r2(d6? + sin? 6 dp?)

(the dot denotes differentiation with respect to proper time).

A stationary observer is one on whose worldline r, 8, and ¢ are constant.
Explain why there are no stationary observers at r < 2m. Show that if
a particle in free-fall has speed v relative to a stationary observer at an
event on its worldline, then

B V1-=2m/r ’
V1 —v?
Explain how the constancy of F reduces to a conservation law in Newto-

nian gravity (which you should identify) when m and v are small. What
can you say about orbits on which £ < 17

Show that the nonradial equatorial timelike geodesics (6 = w/2) are
given by

du’\’ 2 2 3

— | =20%u+2k —u”+2u’,

dep
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B.19

B.20

where u = m/r, 8 = m/J, and k = (E? — 1)m?/2J2. By making the
substitution u = (1/4) cosh® 2 show that, if k = 0 and 8 = 1/4, then

dx == sinh x

de 22

Verify that a possible solution is

. ( © > 1+ e
X e = .
Plova 1—e”

Describe the behaviour of the corresponding orbit as ¢ — co.

In a space-time M, a vector field has components X and the metric

has components g5, with respect to a coordinate system (20, 2!, 22, 23).

In these coordinates, X* = (1,0,0,0) and dg,,/0x° is zero. Show that
X satisfies the Killing equation

VX + VX, =0.

By differentiating this equation, deduce that X, also satisfies the equa-
tion

VoV Xe = RocaaX?,

where Rgp.q is the Riemann tensor of M.

What is the geodesic deviation equation? Show that X¢ satisfies the
geodesic deviation equation along any geodesic in M.

Show that, if X* and Y® both satisfy the Killing equation, then so does
their commutator Z¢, defined by

Z° =XV, Ve —YPVv, X,

The Minkowski metric in inertial coordinates (2°, 1, 2%, 2%) = (¢, 2, v, 2)
is
ds? = dt? — dz? — dy? — d2?

and the wave operator is defined by

Explain why the wave operator in arbitrary coordinates 2% can be writ-
ten as

Ou = gabvavbu,
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B.21

where you should explain what is meant by V,.
Rindler coordinates (T, X,Y, Z) are given implicitly in terms of inertial
coordinates (¢, z,y, z) by
t=XsinhT, x = X coshT, y=Y, z2=7.
Show that in these coordinates the metric becomes
ds® = X?dT? —dX? —dy? —dZ°.
By using the geodesic equation, or otherwise, obtain the Christoffel
symbols I, for this metric and show that
gTG, = X155

By using the formula obtained above for Cu obtain the wave equation
in Rindler coordinates. Show that u = f(XeT) is a solution for any
smooth f.

In a space-time M, a timelike geodesic v has four-velocity vector V.
The vector-field Y defined along ~ is a connecting vector to an in-
finitesimally neighbouring geodesic. Assuming the equations

DV =0, DY® =YbV, vV,
where D is V?V,, derive the geodesic deviation equation

D*Y® = R, fVtyeve.

Suppose that Y*V, = 0 at one point of 7. Deduce that Y*V, = 0 at all
points of .

Now suppose that the Riemann tensor Rgp.q of M can be written in
terms of the metric g, and a function F' in the form

Raped = F(gacgbd - gadgbc) .

What are the Ricci tensor R, and the Ricci scalar R in terms of F' and
gab?

What is the contracted Bianchi identity and what can you deduce about
F from it?

Show that with these assumptions the geodesic deviation equation in
M becomes

D?Y* =FY".
Solve this equation by writing Y* as f X where X is parallelly propa-
gated along v and f is a function to be found. Show that if F' < 0 then
Y® necessarily has a zero in any piece of v with proper length greater

than 27w //—F.
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B.22

B.23

The Schwarzschild metric is given in coordinates (z%) = (¢,7,6,¢) by
ds? = (1 —2m/r)dt® — (1 —2m/r)~t dr? — r?(d6? 4 sin? 0 dp?) .
How may the geodesic equations for this metric be obtained from La-

grange’s equations?

Show that there are geodesics confined to the equatorial plane 6 = 7/2
and that these geodesics are determined by the equations

(1-2m/r)t = E,

g = J,
2m
-2 E2 _ 122 J2 2
0 — ) (u+72/r%)
where J, E, and p are constants and the dot denotes d/dr. What is the
significance of u?

Hence or otherwise, deduce the equation
1
7= fﬁ(mprz — J%r +3mJ?).

Show that for each J with J? > 12m? there are two timelike circular
orbits at constant values of r, and for J > 0 there is a unique null
circular orbit at a value rg of r, which you should find.

By setting r = rg + ¢ for small {, or otherwise, determine whether the
circular null orbit is stable.

Let V, denote the Levi-Civita connection in a curved space—time. Write
down a formula for V,V,V4 — V,V,V? where V@ is a vector field, in
terms of V' and the Riemann tensor Rabcd.

Assuming the existence of local inertial coordinates, show that

Rabcd = R[ab] [ed]
R[abc]d =0
Rabcd = Rcdab .

Show that for any covariant tensor field Ty,
VoViTleqd — VViTeqg = _RabceTed - RabdeTce s

where V, is the Levi-Civita connection.
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Show that if R,, = 0 and that if F,; is a skew-symmetric tensor such
that Vi, Fy) = 0 and V*Fy, = 0, then

OFuy = RabeaF*
where 0 =V,V®.
B.24 The Schwarzschild metric is
ds? = (1 —2m/r) dt® — L —7r?(d6? + sin® 0 dp?)
1—2m/r '
Show that the coordinate transformation
v==t+r7r+2mlog(r —2m),
changes it to the form
ds? = (1 —2m/r)dv? — 2dvdr — r2(d6? + sin® 6 dp?) .
Show that the radial null geodesics are given by
2 d
v = constant or (1 — m) & 2=
r ) dr
Explain how this metric models the interior and exterior of a black hole.
How would you show that the singularity at » = 0 is not an artefact of
the choice of coordinates?
Show that 5
E= <1 - m) o — 7
r
is constant along timelike geodesics, where the dot denotes differentia-
tion with respect to proper time.
Show that along the worldline of a particle falling radially into the black
hole with £ =1,
. 2m
==y —.
r
Show that the particle reaches the singularity at » = 0 in finite proper
time.
B.25 What does it mean for a connection to be torsion-free? Show that the

connection V, defined by

VoV =0,V + 16"V (Baged + 0cGad — Dagac)
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B.26

for any vector field V¢ is torsion-free and satisfies V,gp. = 0. Show that
these conditions uniquely determine the connection.

Show that
V.,V

1 0
= —_—— Va> s
Ve (VI
where ¢ is the determinant of the matrix (gqp).

For a general set of metric coefficients g, in a coordinate system z?,
write down the components of four independent solutions to the equa-
tion V, V¢ = 0.

The Kerr metric in Boyer—Lindquist coordinates ¢, 7,0, ¢ is

2mr dmar sin® 0 X

2 _ 1-— 22220 2, Hneis v 22
ds < > ) dt” + 5 dtde A dr
2ma?r sin® 0

2d92_ 2 2
(r +a” + ¥

) sin? 0 d¢?,
where m > a > 0 are constant parameters, A = r? +a% — 2mr, and
X =1r%+a?cos?0.

Find two Killing vectors and explain how one of them, K% can be
chosen so as to be timelike as 7 — oo and can be used to define a notion
of conserved energy for a freely falling test particle. By evaluating the
energy to leading order as r — oo, justify the interpretation of the
parameter m as the mass of the black hole. What is the interpretation of
the parameter a? Explain briefly how this interpretation can be justified.

Find the values of r, 4, and r_— with 4 > r_, on which the surfaces
of constant r are null. What does it mean for r = r4 to be an event
horizon?

On which surfaces r = f1(#) does the vector field K* become null?
Explain why a particle with r; < r < f;(f) cannot remain at rest
as viewed from infinity in the given coordinates. Draw a diagram in a
plane containing the symmetry axis at constant ¢ showing the location
of r =ry, r = fi, and the singularities.
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