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Preface

This is an introductory book on the general theory of relativity based partly on
lectures given to students of M.Sc. Physics at my university.

The book is divided into three parts. The first part is a preliminary course on
general relativity with minimum preparation. The second part builds the math-
ematical background and the third part deals with topics where mathematics
developed in the second part is needed.

The first chapter gives a general background and introduction. This is fol-
lowed by an introduction to curvature through Gauss’ Theorema Egregium. This
theorem expresses the curvature of a two-dimensional surface in terms of intrinsic
quantities related to the infinitesimal distance function on the surface. The student
is introduced to the metric tensor, Christoffel symbols and Riemann curvature ten-
sor by elementary methods in the familiar and visualizable case of two dimensions.
This early introduction to geometric quantities equips a student to learn simpler
topics in general relativity like the Newtonian limit, red shift, the Schwarzschild
solution, precession of the perihelion and bending of light in a gravitational field.

Part II (chapters 5 to 10) is an introduction to Riemannian geometry as re-
quired by general relativity. This is done from the beginning, starting with vectors
and tensors. I believe that students of physics grasp physical concepts better if
they are not shaky about the mathematics involved.

There is perhaps more mathematics in Part IT than strictly required for Part
IIT of this introductory book. My aim has been that, after reading the book, a
student should not feel discouraged when she opens advanced texts on general rel-
ativity for further reading. The advanced books introduce mathematical concepts
far too briefly to be really useful to a student. And the student feels lost in the
pure mathematical textbooks on differential geometry. In that sense, this book
offers to fill a gap.

The final part is devoted to topics that include the action principle, weak
gravitational fields, gravitational waves, Schwarzschild and Kerr solutions and the
Friedman equation in cosmology. A few special topics are touched upon in the
final chapter.

Many exercises are provided with hints and very often complete solutions
in the last section of chapters. These exercises contain material which cannot be



xii Preface

ignored and has been put in this format purposely to help students learn on their
own.

Note

I have generally used the female gender for the imagined student reader of the
book, but occasionally, the male pronouns ‘he’ or ‘his’ are also slipped in for
political correctness.

Acknowledgements
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Notation and Conventions

We use super- and sub-scripts (‘upper’ and ‘lower’ indices) aplenty. In Part IT of
the book indices i, j, k,l,m, ... range from 1 to n where n is the dimension of the
vector space or the manifold. In rare cases n too is pressed into service when indices
are running short in supply, but I hope no confusion arises when n is summed from
1 to n ! Indices ¢, j, k, . . . take value 1,2 while discussing two-dimensional surfaces
in chapter 2.

For physical four-dimensional spacetime (in Parts I and IIT) we use Greek
indices u,v,o,T,a,3,... for components in the coordinate bases. These indices
take on values 0, 1,2, 3. The index 0 refers to the time-related coordinate (usually)
and in this context indices i, j, .. etc. take values 1,2, 3 for space-like coordinates.
For example

Al = (A%, A7) = (A%, A1, A%, A%)

On one or two occasions alphabets a, b, ¢, ... running from 0 to 3 are employed
when a basis other than a coordinate basis is used. For example, when an ortho-
normal basis for vector fields is chosen to calculate Ricci coefficients.

We use Einstein’s summation convention which assumes a sum over the full
range of values of any repeated index (called “dummy index”) in a term without
explicitly writing the summation sign X. In most cases one of the summed indices is
lower, the other upper. For example, A'B; = Z?:l A?B; in mathematical chapters,
and A*B, = Zi:o A*B,, in physics chapters. Any departure from the summation
convention is explicitly pointed out in the text.

We use a comma followed by an index to denote partial differentiation with
respect to some coordinate system, the name symbol of the coordinate (usually x)
is to be understood from the context:

f._ai ) _ﬂ
t 9t IR T D Dk

When specific coordinates are used, a comma followed by a coordinate symbol
denotes differentiation, for example f, = 0f/0r.

We use physicists’ convention of multiplying a vector (or tensor) by a scalar
number on the left or right according to convenience.



xiv Notation and Conventions

The signature of the metric tensor is +2. The Minkowski metric 7,, has
diagonal components ngo = —1,711 = 1,720 = 1,733 = 1.

We have used the physicists’ notation ds? to denote the metric tensor most
of the time and g or g at one or two places. It is written ds? = gl-jdxidxj instead
of g = g;jdz’ ® dz’. Since g;; is symmetric, the terms like g1odz'dz? + go1da®dat
are written in combined form as 2giodz!dz? instead of 912(d$1d$2 + dedxl).

In raising and lowering of indices (the isomorphism induced by the metric
tensor between a tangent space and its dual space of one-forms) we follow the
usual practice of not changing the name symbol of a vector or tensor field for
important tensors like the Riemann tensor Rijxi = gimPR™ k1, the Ricci tensor
RY = ¢**gi' Ry, the Einstein tensor G¥ = ¢'*¢7'G}, or the stress energy tensor
T = gikglekl. But we write 6;- = gikgkj and not g; We avoid this convention
when it serves no special purpose.

The covariant derivative is denoted by a semicolon (;), for example ¢.;, A;,;
etc. Repeated covariant derivatives are sometimes written without an additional
semicolon: (A;;);x = Ai;jx. Unlike ordinary derivatives where A; ;i = A, x;, co-
variant derivatives do not commute, A; i # Ay in general and one has to be
careful.

The components of the Riemann curvature tensor are given by

—R =T =T T 50 0 = T 50

This is the same as the convention of Hawking-Ellis, Misner-Thorne-Wheeler and
Hartle but differs by a minus sign from Weinberg’s

(Rijkl)our = 7(Rijkl)Weinberg’s
and by a rearragement of indices with Wald’s

(Rijkl)our = (leji)Wald’s



Part 1

Spacetime






Chapter 1

Introduction

General Theory of Relativity (or General Relativity) is Einstein’s theory of grav-
itation given by him in 1915. The name also applies to its later developments.
According to the theory spacetime is a Riemannian space whose metric g, deter-
mines the gravitational field.! The Einstein equation

1 8rG
Ry — §g,“,R =~ Tw (L.1)

e
governs the gravitational field. In this equation the quantities R,,, R are functions
of the metric g,, and its various derivatives and 7},, on the right-hand side are
determined by distribution of matter.
Bodies move along the straightest possible curves if no forces other than
gravity act on them.
Understanding the general theory of relativity means understanding:

1. the left-hand side of this equation, which relates to curvature of spacetime,

2. the right-hand side which contains 7,

uv, the stress-energy tensor,

3. the nature of solutions to the equation in various situations.

In cosmological applications the Einstein equation is written with an additional term,

1 8rG
Ry — sguwBR+Aguw = — T
2 c

where A is called the ‘cosmological constant’. We can include this term by adding to 7T, an
additional Tf},j = —c*guuA/87G. Such a form for a stress energy tensor is unusual in the sense
that it corresponds to a perfect fluid with negative pressure. This term is of little consequence
except in cosmology. That is where we will discuss it.

1The explanation of these mathematical concepts will come as we go along in the book. For
the purposes of initial chapters, quantities with indices should be treated as a set of physical
quantities which appear together in an equation, much like the components of a vector.



4 Chapter 1. Introduction

1.1 Imertial and Non-Inertial Frames

1.1.1 Inertial Frames

In the Newtonian mechanical view the world is made up of ‘mass-points’ and the
motion of mass-points is determined by the three laws of motion.

To describe the motion of a mass-point, we need a frame of reference. A
frame of reference is (i) a set of orthogonal axes from which the position of mass-
points can be determined, and (ii) a system of measuring time accurately. One can
imagine a frame as a set of orthogonal coordinate axes made of light and thin but
rigid rods with markings of length, and an accurate clock. The position of a mass-
point at any time ¢ shown by the clock can be described by its space coordinates
r(t) = (2'(t),2%(t),23(t)). Here t is the Newtonian absolute time which has the
same numerical value in all frames of reference.

The functions r(¢) describe the trajectory of the mass-point. The velocity
and acceleration are defined as the first and second derivatives with respect to
time ¢ of these functions.

The first law of motion (law of inertia) states that a mass-point either stays
put at a fixed position or moves with uniform velocity if there are no forces acting
on it. If the motion is accelerated, then there must be forces acting on the mass-
point.

It is assumed that we can identify the forces as real physical agents indepen-
dently of their capacity to produce accelerations. So, if there are no forces, and
we find mass-points accelerated, then it is because we have chosen a wrong frame
of reference. The acceleration we see is due to the acceleration of the frame of
reference itself.

The ‘correct’ frame of reference is one in which this first law holds good. Such
a frame is called an inertial frame of reference.

It is necessary to make sure there exist inertial frames. Isaac Newton gave the
following recipe for a close approximation to one inertial frame. Choose a frame
in which the distant stars are stationary. The distant stars thus define a reference
frame at absolute rest.

Given this one inertial frame we can define an additional infinite number of
them. Any frame whose origin moves with a constant velocity in any direction with
respect to this given inertial frame and whose axes move parallel to themselves is
another inertial frame. Moreover, there are inertial frames which can be obtained
by a shifting of the origin of coordinates by a fixed amount or those obtained by a
rotation of the axes with respect to the original inertial frame by a fixed angle. And
furthermore, there are frames that can be obtained by constant relative velocities
given to frames which have been translated and rotated in this manner.

The second law of motion equates the rate of change of momentum p’ =
mdzx®/dt in the i-direction to the component of force F acting on the particle in
that direction. Here the inertial mass m is a measure of the ‘quantitiy of matter’
in the particle and is a constant. The second law shows that the force is equal to
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inertial mass times acceleration d?z*/dt?,

W _
dt 7 de?

_ 3
Note that these equations are formulated in rectangular cartesian coordinates.

This fundamental law of physics is not a definition of force. The numbers F*
on the right-hand side have to be measured separately (for example by comparing
with some standard spring pulled to a given distance) and must be equal (up to
experimental accuracy) to mass times the accelerations produced in the particle
by observing the particle trajectory.

The third law states that, in an inertial frame, when two mass-points interact
with each other, the force produced by one on the other is equal and opposite to
the force produced by the other on the first. One should remember here that
the two forces act at the same instant of time and at the locations of the two
mass-points, which may be quite far. The Newtonian “action at a distance” works
with a cartesian coordinate system which is defined everywhere and in which it
is possible to “parallel transport” a force vector located at one point to the other
point without ambiguity and compare it with the force vector at that point to see
that it is indeed equal and opposite.

1.1.2 Inertial or Psuedo Forces

Newton’s laws hold in inertial frames. Bodies on which no real forces act will move
with uniform velocities as seen in inertial frames but will seem to be accelerated in
a non-inertial frame. If we insist that Newton’s laws hold for such frames too, we
have to invent fictitious forces acting on bodies to account for the accelerations.

For example, if there is a frame of reference rotating with a constant angular
velocity w with respect to an inertial frame, then in this rotating frame all bodies
seem to have an acceleration r|w|? radially away from the axis of rotation where r
is the distance from the axis. This is the centrifugal acceleration. Similarly there
is the Coriolis acceleration equal to 2v X w on any body moving with a velocity v
in the rotating frame.

In the rotating frame all bodies have these accelerations. We are accustomed
to explaining acceleration in material bodies caused by the presence of forces.
Therefore, in such a frame it seems as if there is a universal field of force acting on
all bodies with the peculiarity that the force is exactly proportional to their inertial
masses. Thus we have the centrifugal force or the Coriolis force in a rotating frame.
These forces are called inertial or psuedo forces. The proportionality of these forces
on the inertial masses of bodies on which they act is trivial because we multiply
acceleration by the mass to get the force.

The common characteristics of these inertial forces are, as noted above:

(i) They are universal, that is they act on all bodies,

(i) they are proportional to mass, and
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(iii) they can be “transformed away” completely by changing to a suitable frame
of reference. That is, by going to an inertial frame.

1.1.3 Absolute Space and Mach’s Principle

Newton’s classical mechanics rests on the existence of inertial frames of reference. Is it sheer
luck that there are ‘distant stars’ which provide a definition of inertial frames? Newton invented
the concept of absolute space simply to avoid having to depend on the existence of distant stars
to provide a foundation of mechanics. According to Newton, the distinction between an inertial
and an accelerated frame is absolute and not dependent on existence of matter elsewhere in the
universe. Suppose there were nothing in the universe except two huge spherical balls of matter,
far away from each other and one of them rotating relative to the other about the axis joining
the centres of the two balls. Then, according to Newton, one can find out how much both are
rotating with respect to absolute space by measuring the equatorial bulge due to the centrifugal
forces. If one of the balls is at rest with respect to the absolute space, it will show no bulging
while the other will.

The concept of absolute space was criticized by Ernst Mach in the late 19th Century.
Mach’s view is that there is no experimental way to establish the existence of absolute space
because we cannot remove the distribution of matter in the universe and compare it with the
situation when it is present. Mach assumed that the inertial forces like the centrifugal force are
actually caused by distribution of matter in the universe. The distant stars do, in fact, determine
the inertial frame here in the vicinity of earth.

Although Mach did not give any mechanism or formula for calculating the acceleration of
a body from the knowledge of matter distribution, Einstein was influenced by Mach’s ideas in
formulating the general theory of relativity.

1.1.4 Inertial and Gravitational Mass

Gravity is a force very different from other forces. Newton not only discovered the
laws of motion but also the way the most important of the known forces, gravity,
acts.

Newton’s formula for gravitational force on a mass m due to a mass M is
usually written as

—GMi?f”r. (1.2)
r
Here G is a universal constant and r the position vector of the point-mass m with
respect to M. The force is attractive, and acts along the straight line joining the
two masses.

Gravity, which is as real as a force can be, curiously, seems to share the first
two, and a-little-of-the-third, of properties of pseudo forces listed above.

(i) Gravity is universal. It acts on all bodies, unlike electric or magnetic forces
which act only on charged or magnetized matter.

(ii) Secondly, the gravitational force on a body is proportional to its iner-
tial mass m. Which means that all bodies accelerate by the same amount in a
gravitational field. (See section 1.6.3 in this chapter for further remarks.)
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(iii) And lastly, gravitation has a bit of the third property of psuedo forces. If
you were to fall freely in a gravitational field, you would not feel it. If you surrender
to gravity, gravity surrenders. It vanishes! This is only partly true though because
only static and uniform gravitational fields can be so eliminated everywhere by
going to a freely falling frame. The real gravitational field can be eliminated in
this manner in a very small region of space and for not too long a time. This is
the essence of the “Equivalence Principle” which is the starting point of Einstein’s
general theory of relativity.

1.1.5 Special Theory of Relativity

Relativity was born out of attempts to relate the descriptions of electrodynamic
phenomena in different inertial frames. Einstein’s fundamental paper on special
theory of relativity, published in 1905, is titled “Electrodynamics of Moving Bod-

ies”.

Maxwell had showed in 1861 that electric and magnetic fields will travel
in empty space as waves with a speed determined by a constant ¢ appearing in
formulas as the ratio of (the then prevalent) systems of electrostatic and elec-
tromagnetic units.(See historical note later in this chapter.) That this constant
(which has dimension of velocity) was found to be very close to the measured
speed of light was a surprise and the first indication that light was composed of
electromagnetic waves. It was presumed that electromagnetic waves propagated
as vibrations of a medium called aether. The frame of reference in which the
aether is at rest is therefore especially distinguished. In this frame the velocity
of waves is equal to the constant ¢ of the electromagnetic theory. The question
then was: what is the velocity of earth with respect to aether? And, can we deter-
mine how fast we are going with respect to aether by carefully measuring the light
velocity?

Very accurate optical experiments were done for over twenty years by A. A.
Michelson and later by Michelson and Morley and others. There was no direct or
indirect evidence of the supposed “light-medium” aether, and light was seen to
travel in vacuum always with the same speed in all directions.

Transformation formulas for electromagnetic fields as seen in different inertial
frames were obtained by Lorentz and Poincare. These formulas suggest that one
must associate with each inertial frame not only a system of cartesian coordinates
but also a separate time coordinate. Thus for one frame there are coordinates
z,y,2,t and for another x’,3’, 2/, t’. The specification of a physical place and a
definite time, given in each frame by the coordinates (x,y, z,t) is called an ‘event’.
The same event whose coordinates are (z,y,z,t) in one frame has coordinates
(z',y',2',1') in another. These coordinates are related to each other by formulas
which depend on how the two frames are related. Once these formulas for events
are established, quantities like electric and magnetic fields as observed in the two
frames also get related.
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The Lorentz transformations for a frame (2',y’, 2’,t) which moves with ve-
locity v with respect to frame (z,y, z,t) along the x-axis such that the two origins
and axes coincide at time ¢t = ¢’ = 0 are given by

, x — vt , t—wx/c

= Vo=
V1—0v2/c? V1—0v2%/c?

with ¢’ = y and 2z’ = 2. The time variable ¢’ is different for different frames. The
Newtonian ‘absolute time’ is supposed to have the same value for each frame.
Lorentz and others regarded a separate time variable attached to each frame to be
a mere mathematical convenience without any physical importance. Instead, they
tried to explain the negative results of experiments of Michelson and Morley by
supposing that all physical lengths shorten by a factor /1 — v2/c? in the direction
of motion of the aether, thereby making the change in velocity of light with respect
to aether undetectable.

Around the same time, in 1904, Poincare had formulated the Principle of
Relativity, as the requirement that laws of physics should look the same in all
inertial frames and that there should be no distinguished frame of reference. There
was therefore a very genuine problem of reconciling the principle of relativity with
the properties of the light medium aether.

It was Albert Einstein who solved the problem in 1905, quite independently.

He accepted both the experimental fact of constancy of velocity of light as
well as the principle of relativity.

He critically examined the concept of time and of simultaneity of two events
or happenings. He found that two events which happen at different places but at
the same time in one frame will not happen at the same time in another frame
moving with respect to the first one.

He rederived the Lorentz transformation formulas from these two principles.

The relativity of simultaneity leads to a revision of all the basic concepts of
Newtonian physics. Values of length and time intervals depend on the frame in
which they are measured. The transformation formulas for velocities are changed.
No object can move with a speed greater than that of light. The expressions
of momentum and kinetic energy in terms of velocity have to be altered. The
mass m of a body in a frame in which it is at rest determines a “rest-energy”
equal to mc?. Energy is conserved only if we include this rest energy for each
particle in the expression for total energy. The law of conservation of mass no
longer holds, and every form of energy E has an inertial mass equivalent to
E/c.

Einstein’s theory was called the theory of relativity. The reason why most
of the Newtonian mechanics had been doing fine till Einstein’s time is that these
‘relativistic effects’ are of the order of (v?/c?), which are very small for objects
moving with velocity v much smaller than the velocity of light.
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Einstein required the Lorentz transformations to hold for all inertial frames
of reference and for all physical phenomena, and not just the electromagnetic ones
where they were first discovered.

Curiously, gravitational force could not be brought in line with this theory
of relativity, although attempts were made the next few years.

Theory of relativity implies that the set of all Lorentz transformations (which
form a transformation group) classify all physical quantities as vectors or tensors
transforming as representations of this group. This means that physical quantities
occur in subsets or ‘multiplets’. This unification of spacetime and consequent or-
dering of all physical quantities as four-dimensional vectors or tensors (and later,
spinors, in quantum theory) was the single most important conceptual advance in
physics after Newton’s mechanics and the Faraday-Maxwell theory of fields. The
theory of relativity as given by Einstein in 1905 is restricted to inertial frames of
reference and is called the special theory of relativity. The general theory of rela-
tivity is Einstein’s generalization of the special theory in order to include gravity.
But then it becomes a fundamental theory, not just a relativistic theory of gravity.
See remarks in section 1.6.1 of this chapter on the suitability of the name ‘general
relativity’.

1.1.6 Equivalence Principle

The special theory of relativity deals with physical phenomena as seen by observers
in inertial frames of reference. In these frames bodies which are not under the
influence of any force move with constant velocity. It seems natural to extend the
basic principle of relativity to all observers or frames of reference and assume they
are all equally good for describing physics.

The simplest non-inertial frames of reference are those which move with a
constant linear acceleration or those which rotate at a constant angular velocity
with respect to an inertial frame of reference. In these non-inertial frames one sees
the appearance of inertial or pseudo forces like centrifugal or Coriolis force. As
discussed above, these forces are universal, they are proportional to the mass of
the body on which they act, and they can be eliminated entirely by changing to
an inertial frame.

Gravitation is similar: it is universal, proportional to mass (that is why all
bodies fall with the same acceleration in a gravitational field), and if a person falls
freely, there is no gravitational field in the falling frame.

It must have been thoughts in this direction, coupled with the failure of all
attempts to generalise Newton’s theory of gravitation to make it compatible with
special theory of relativity, that led Einstein to see the equivalence of gravitation
and the inertial forces that are produced in an accelerated frame.
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The electric force on a body in an electric field is proportional to its charge.
Given the electric force on the body its acceleration is determined by its mass in
accordance with Newton’s second law.

The physical fact that in a gravitational field the gravitational force on a
body is proportional to the same mass which occurs in the equation force = mass
x acceleration is called the equality of the gravitational and the inertial mass.
Because of this equality all bodies fall with the same acceleration in a gravitational
field.

1.1.7 Falling Elevator

Imagine a box the size of a small room with an observer inside it resting on Earth’s
surface. The observer cannot see out of the box. Sitting inside she can infer that
there is a gravitational field by observing that bodies in the box fall with the same
acceleration g.

Now take this box (along with the observer) to a place far away from gravi-
tating bodies like the Sun or Earth and (with respect to any inertial frame) give
a constant acceleration —g to the box.

To the observer inside everything would again be seen to fall with acceleration
g and there would be no way of knowing that she is not, in fact, in a constant
gravitational field.

This equivalence of constant gravitational field with the physical effects in
an accelerated frame was called by Einstein the Equivalence Principle. He made
an even stronger assumption that one would not be able to distinguish between
the two situations by any physical experiments (and not merely the mechanical
experiments used for measuring the accelerations of bodies). Sometimes this is
called the Strong Principle of Equivalence.

An immediate consequence of the principle is that an observer falling freely
in a constant gravitational field would be in an inertial frame. The freely falling
observer experiences no gravitational field! Every object around her will fall with
the same acceleration under gravity and there would be no motion ascribable to
gravity.

Using special relativity it was possible to find physical effects in an instan-
taneous frame “comoving” with an accelerated frame, and by using the Equiva-
lence Principle one could therefore guess what would happen in a gravitational
field. For example, Einstein proved in 1907 that clocks near a massive body
(where gravitational potential is lower) run slowly compared to clocks farther
away.

We come to Einstein’s ingenious argument a little later in this chapter.

Strictly speaking only a uniform gravitational field can be so removed by using a freely
falling frame. Any realistic gravitational field will have tidal forces assocated with it. The tidal
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forces depend on second derivatives of the gravitational potential, and in principle can be mea-
sured in the falling elevator. This does not reduce the importance of the equivalence principle as
a basic input in the formulation of general relativity. See tutorial problem on tidal forces at the
end of the chapter.

1.2 Space and Time

1.2.1 Galilean Relativity

Einstein critically examined the concept of time and of simultaneity of two events.
He found that two events which happen at different places but at the same time
in one frame will not happen at the same time in a frame moving with respect to
the first one.

The idea to represent motion of a particle as a curve in a diagram with one
of the coordinate axes representing the time is natural. For a particle trajectory
one can show it as in Figure 1.1, a curve in the graph of distance and time.

The equivalence of all inertial frames in Newtonian physics is called “Galilean
relativity”. This means, in particular, that frames moving uniformly with respect
to each other are physically equivalent.

A frame of reference which moves with respect to a stationary frame with
constant velocity v along the positive z-axis, will have its assignment of position
coordinate x’ of any object at time ¢ related to those of the stationary frame
as ¥’ = x — vt. The time coordinate t’ of the moving frame is, of course, the
Newtonian absolute time ¢ = ¢. What is important to see is that we can view the
two frames as two coordinate systems on an underlying spacetime. This is shown
in Figure 1.2.

Time t axis (z = 0)
) ' axis
1) (z' =z — vt =0)
trajectory
event (t,x)
or (t,x)
Distance z,2 axis (t=0=1t")

Fig. 1.1: Space and Time. Fig. 1.2: Galilean Relativity.

(z' =z — vt t'=t)
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t-axis(z = 0) ct-axis (z = 0)
t'-axis(z’ = 0)

ct’-axis (z' = 0)

event 1 event 2 o/-axis (ct’ = 0)

x, x'-axes(t = 0 =1t) x-axis (ct = 0)

Fig. 1.3: Absolute Simultaneity. Fig. 1.4: Special Relativity.
' = ~y(x — Bet), ct’ = y(ct — Bx)

B=vfe, y=(1-p)""?

Note that there is a new time axis (corresponding to #’ = x — vt = 0) for
deciding the the coordinates z’, ¢’ for the moving frame. However due to t' = ¢ the
new z’-axis that is ¢’ = 0 coincides with the z-axis.

In Galilean relativity two events which are simultaneous in one frame are
simultaneous in any other frame. This is because there is only one absolute time
associated with an event. (Figure 1.3)

1.2.2 Space and Time in Special Relativity

The Lorentz transformations between the same two frames can be written in terms
of convenient variables ct and ct’ as

¥ =z — fet), et’ = (et — ),
ﬁ:% y=(1-p%"5.

The scaling of the time axes by a factor ¢ has the effect of showing the relativistic
effects very clearly on a diagram by magnifying by this large factor.

When the axes are plotted for the space and time for the two frames we see
that in the spacetime plane the axes corresponding to x and 2’ (that is sets of
points corresponding to ¢t = 0 for z-axis, and t' = 0 for z’-axis) are separated. See
Figure 1.4.

We notice the relativity of simultaneity. Two events in spacetime which are
simultaneous for (z,t) frame (that is they have the same value for the time co-
ordinate) are not so in the other (z/,t') frame which moves with respect to this
frame. (Figure 1.5).
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Consider the trajectory of a particle moving in spacetime. For two neigh-
bouring events (x1, ct1) and (29, ct2) on its trajectory in the frame (z, ct) define

82 = (IQ —:131)2 — Cz(tg —tl)z.

It is a consequence of Lorentz transformations that the similar quantity has the
same value for the (z,t") frame as well,

2= (o — ) — Pty — 1)

Thus this quantity is the invariant distance or invariant interval between the two

events independent of the inertial frame of reference in which it is calculated.
Because the speed of all objects is less than that of light, s is actually

negative. Define 7 = /—s2/c? or,
o1 = (to = t)V/1 =0 /e? = (ty —t})\/1 — 0"/

where v = (x9 — z1)/(t2 — t1) and v' = (24 — x7)/(th — t]) are the velocities of
the particle as determined by these two infinitesimally close events. Because 7o
has the same value in all frames, it is equal to its value in the frame in which the
particle is at rest. Thus 7 és the time recorded by a clock carried along with the
particle.

A particle moves with a non-uniform velocity in general. We define the proper
time along the trajectory of the particle as

/dT:/mdt.

ct-axis

ct’-axis
Iy A

cty = ct

i Qc * 2'-axis dr

et}
ct’
r-axis

Fig. 1.5: Relative Simultaneity. Fig. 1.6: Proper time.
Events 1 and 2 are simultaneous Jdr = [/1—v?/cdt
for one frame (¢ = t2) and are not is the time shown by a clock

so for another frame (¢} # t5). travelling with the particle.
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1.2.3 Minkowski Space

A point in Minkowski spacetime is called an event. It is specified by the spatial
coordnates x = (z1, 2%, 23) of the point and the time ¢. We denote by a# = (20 =
ct,zt, 2%, x3) the coordinates of an event where the time coordinate t is multiplied
by the light velocity ¢ in order to get greater symmetry in the formulas. It also
makes all the four quantities have the same physical dimension of length.

This four-dimensional space, called the Minkowski space, differs from the
usual three-dimensional Euclidean space in one crucial way. The length squared
between two points in three-dimensional Euclidean space is given by the positive

definite expression
(x—y).(x—y) = (2" =y")? + (&® = ¢*)* + (2 = °)?

which is always positive. In the Minkowski space the square of the interval is given
by

(z—y)(z—y) = —@"—y)’+@E" —y")+ " -+ (@° )
= ("=’ +x-y)(x-y)
= Nuw(@" —y") (" —y")

where we use summation over indices p,v = 0,..,3 as explained in the note on
notation (page xiii). This expression can be positive, negative or zero. The numbers
Nuv are elements of a matrix n which are equal to —1,41, 41,41 on the diagonal
and zero elsewhere.

The important point is that this interval between two spacetime events x
and y is invariant, that is a number which has the same value in all coordinate
frames.

Each inertial frame of reference is represented by a choice of axes in this space.
Lorentz transformations between inertial frames are 4 x4 matrices A which connect
the coordinates z°, z', 22, 23 and 20, 2!, 2/2, 23 corresponding to the same phys-
ical event (written as column matrices): ’ = Az which must satisfy the condition
that the interval has the same invariant value s*> = (z—v).(z—y) = (z'—y').(2'—y')
for a pair of events whose coordinates in one frame are x and y and in the other
' and y/'.

Between any two infinitesimally close spacetime events with coordinates z*
and x* + dx* the infinitesimal interval can be written

(ds)? = n,,, da*dz”.

When the interval is positive the events are called space-like separated, when it is
negative they are time-like separated events, and when it is zero they are light-like
separated. If a point particle is present at x and also at « + dz then (assuming
dt > 0) its velocity v = dx/dt where x = (x!, 22 23), is related to the invariant

interval as

(ds)? = —c*(dt)* 4 (dx)* = —c2(dt)® + v*(dt)* = —(c* — v?)dt>.
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As the particle cannot have velocity greater than that of light the interval is time-
like. We call

1
1 v2 2

= =/~ npdatds’ =dt 1 — —
p T]H xrrax ( C2>

the proper time between the particle’s two succesive spacetime positions. The
invariant number d7 is the time as seen by an observer in the rest frame of the
particle, because for a clock traveling with the particle, the velocity v is zero.

For an arbitrary motion of the particle, the sum of infinitesimal proper times
along its four-dimensional trajectory will be the time shown by a clock we can
imagine travelling along with the particle. Two clocks starting from the same initial
event and showing the same time at that event can follow seperate trajectories
and may meet again at a common spacetime point later on. But on camparison
they will show different times in general. The integrated proper-times along the
two trajectories need not be equal. This is no more surprising than the fact that
arc-lengths of two arbitrary curves between two fixed points in the Euclidean plane
are different in general. In fact the proper time plays the same role as the length
of a curve in Euclidean space.

The motion of a mass-point can be described by a curve z(7) in spacetime,
where 7 is the proper time labelling points on the trajectory curve. For a free
particle without any force acting on it the trajectory is a time-like straight line in
spacetime:

dz# d?xH

B\ — bt " Tk _
(1) = z"(0) + TUH, o U+, 72 0

A time-like straight line in spacetime between two fixed points is a geodesic, that
is, a path for which the integral of ds along the path is extremal. A variational
principle can be written with action A,

A= —mCQCS/dT = —mc6/ vV —Nudxrda? = 0.

This looks a little more familiar if we rewrite it in a non-relativistic limit of small
velocities |v| << ¢,

1
2\ 2
A= —mdc? dT:—mcz/dt<1—VQ> ~ —mc? (ta —t1) + /mv
c

where the first term depends only on the endpoints and the second term shows
the kinetic energy as the Lagrangian of a free non-relativistic particle.

In four dimensions, dynamics becomes geometry. The force-free motion be-
comes straight lines or extremal paths given by § [ dr = 0.

Light signals also move along straight lines but the proper time along the
line is zero.
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The main lesson of Minkowski’s contribution to special theory of relativity
is that physical quantities have a four-dimensional character. Quantities which
were described by three-vectors (that is vectors with three components) before
the theory of relativity are seen to have a fourth partner corresponding to the
time-axis. Such quantities were called four-vectors.

For example the “four-velocity” of the particle U is defined as the derivative
with respect to the proper time: it is the tangent vector to the trajectory,

W (D, (VD) (13)

where v* = dx'/dt, the usual three-velocity of the particle. Note that the three-
velocity is not just the “space” part of the velocity four-vector. Note also, that all
four components of the velocity four-vector are not independent
dxt dx¥

UU) =n,,——— = —c*. 1.4

< > T’P‘V dT dT ( )
We can say that the four-velocity of a material particle is a time-like vector of
constant magnitude.

At any (proper) time 7 there exists a coordinate system in which the particle

is momentarily at rest, that is, its velocity four-vector has components (c, 0, 0,0).

Uk =

1.3 Linearly Accelerated Frame

In this section we follow Einstein’s argument of 1907 to show that clocks run
slowly where gravitational potential is low compared to clocks at higher value of
potential.

Let there be an inertial frame S with respect to which another frame S is
at rest at ¢ = 0 with coinciding axes and origin. Let S; start accelerating in the
x-direction at ¢ = 0 with acceleration g.

Let there be two clocks Cy and C5 in the accelerating frame S;. They are at
events O1 and Oy at t = 0 as seen by S. As shown in Figure 1.7 the trajectories
of the clocks Cy and Cy according to frame S are given by z1(t) and z2(t) where

L L o
l‘l(t) = §gt s xg(t) =L+ §gt .
These equations describe the accelerated frame at low enough velocities, that is,
at small values of ¢.

After a small time At by the clock of S, the frame S; is moving with velocity
gAt, and the clocks in S; are located respectively at events A : (z = g(At)?/2,t =
At) and B : (x = L + g(At)?/2,t = At). The proper time shown by these clocks
is the same

/ dt\/1 — g2t2/c2 = At + O(APP).
0
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S:(z=0)
Cy : (x = gt?/2) Co : (x =L+ gt?/2)

7(020) ~ At(1 + gL/c?)

At
T(OlA) ~ At T(OQB) ~ At

S:(t=0)

01 O2

Y

Fig. 1.7: Einstein’s argument of 1907.
Clocks run slowly at lower gravitational potential.

Events A and B are simultaneous in frame S but not simultaneous in the
accelerated frame S7 which (at time ¢t = At) has gained a velocity gAt with respect
to S.

Let S’ be a third frame which moves with constant velocity v = gAt with
respect to S. Einstein chooses this frame just so that it is “co-moving” with the
accelerated frame S; at exactly the S time t = At.

It is simultaneity in S’ (which is co-moving with Sp), that should be used
to decide which two events are simultaneous in the accelerated frame S; at this
instant. The ¢’ = constant line (which determines the simultaneity in S’) passes
through event A on the trajectory of C and cuts the trajectory of the second clock
C5 a little further at C'. The time shown by clock C5 kept at L in the accelerated
frame Sy will be the proper time up to event C' while at the same instant (according
to S’) the time shown by the clock Cy will be the proper time up to A.

It is clear from the diagram that the clock Cs (at event C') will show more
time than the clock Cy at A. We calculate the proper times 7(01A) and 7(02C).
7(014) is equal up to lowest order to At. To find proper time up to C, we need
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the time coordinate to of event C' in frame S. The coordinates of these events are
as follows in the two frames:

S S’

Al za=g(At)?/2, t = At t=t,

C| zc=gti/2, t=tc |t =t=1t,

where we have not written those coordinates we do not need.

The basic idea is to calculate t/4 from the first line and then relate t;; = ¢4
to (z¢,te). Use Lorentz transformation between S and S’ with relative velocity
v = gAt:

ST w=gnn,

te = v(v) {tc CU—Q (L+g(t§)2ﬂ .

Neglecting order (At)? terms the first equation gives ¢/, ~ At and so the second
gives

H
&
I
=
~—
| — |
>

~
|
|
Ne)

At g(tc)?
o=ty =At=tc— I=0 |0+ L0 |
c=ra = c? [ + 2

Solving this equation for ¢ and keeping to lowest order we get
te = At(1+ gL/c?),

which is also equal to the proper time 7(0O2C) in this approximation.

Therefore, in the accelerated frame, which experiences a constant gravita-
tional field in the —z direction , the clock at ‘height’ L shows a reading At(1+®/c?)
when at the same instant (according to this frame) the clock at the origin shows
a reading At. Here ® = gL is the gravitational potential difference between the
locations of the clocks.

Similarly one can prove that light rays moving in a gravitational field bend
from a rectilinear path in the direction of the gravitational field.

These are preliminary results of an incomplete theory, but were crucial for
progress.

Gravitational fields can be appproximated to be uniform only in very small
regions of spacetime. The equivalence principle therefore holds only in such regions.
Fortunately, laws of physics are expressed in terms of local differential equations
for quantities like fields. Therefore the priciple can be used to generalise laws from

their formulations in a ‘freely falling local inertial frame’ to arbitrary gravitational
fields.
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The equivalence principle proved to be the guiding principle for finding the
general equations. One was required to write (in a suitable form) the equations
in the inertial freely falling frame where we knew the special theory of relativity
holds, and then declare them to be valid for all frames of reference.

1.4 Need for the Riemannian Geometry

There are three physical questions to be answered for a relativistic theory of grav-
ity: (1) which quantities describe the gravitation field? (2) what are the equations
that relate the gravitational field to matter-energy distribution? and (3) what is
the equation of motion of a particle in the gravitational field.

In the Newtonian theory the gravitational potential ®(z) describes gravity.
At any instant the matter distribution is given by the mass density p. This density
determines the potential at the same instant of time by the Poisson equation

V2® = 4mp.

In this gravitational field a mass point moves along a trajectory determined by

It looks natural to generalise ® into a scalar field to describe gravity in the
relativistic case. But such a theory proposed by Einstein and others between 1908-
1912 does not work.

The first clues came from the equivalence principle.

According to the Equivalence Principle, there must exist in a small region
of spacetime a coordinate system X°, X', X2 X3 in which the equation of the
particle is a straight line, i.e., force free,

A2 XH
Y

As seen in the section on relativity theory this equation can be derived from the
variational priciple § [ dr = 0. In a general coordinate system, the same equation
holds because dr is invariant:

A(dr)? = —(ds)? = (dX%)? — (dX")? — (dX?)? — (dX?)? = —g,, dxtda”
where g, are determined by the relation between the coordinates X* and z*,

~ 9xe ax”P
uv = naﬁWW'

In a general frame the particle will be seen moving under the influence of
gravitational forces, along paths determined by d [ dr = 0 where proper time dr
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is given by the expression in terms of g,,,,. Therefore g, must be intimately related
to the gravitational field. The first question (about which quantities represent the
gravitational field) was thus resolved.

This expression for (dr)? is the familiar ‘line element’ in the Gauss-Riemann
geometry. It became clear that the Riemannian geometry is the proper tool for
gravitational theory.

Working along these lines, Einstein collaborated with his mathematician
friend Marcel Grossmann. The equation § [ dr = 0 was seen to lead to the equation
for the ‘straightest curve’ or the geodesic

d%ah . dz¥ dz?

dr2 VY7 dr dr

where I'Y, are expressions in terms of derivatives of g,,,. These quantities will be
defined in later chapters.

In the non-relativistic limit, this equation reduces to the Newtonian equation
if we take, for (z° = ct),
29
goo=— |1+ =)

From the form of the equations for the particle, the I" appear to be related to
gravitational force and the g,,,, play the role of gravitational potential. This takes
care of the third question above.

The search for the field equations which determine g,,,, from a knowledge of
the energy-matter distribution, (that is, the second question in our list) took the
greatest effort. After many false steps Einstein finally arrived at the correct theory
in November 1915.

1.5 General Theory of Relativity

As we have seen, it is the geometry of space and time which departs from the
Eulidean. The Minkowski space of special relativity has a non-Euclidean metric
or line element.

Einstein’s final version of the theory regards spacetime as a four-dimensional
Riemannian space or manifold.

Let the neighbouring points have coordinates z = (2, 21,22 2?%) and = +
dr = (20 + d20, 2t + dat, 22 + da?, 23 + do3) where 20 is a ‘time’ coordinate and
2% i = 1,...,3 refer to space. The infinitesimal distance squared is given by an
expression

d82 = guyd.’lﬁﬂdﬂfy

where indices u,v = 0,..., 3. Different coordinate systems can be used to specify
the same spacetime points, but the quantity ds? remains the same. This invariance
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of ds? determines how the metric tensor components change from one coordinate
system to another.

The special theory of relativity as interpreted by H. Minkowski in 1908 uses
a spacetime in which the metric tensor

Guv = Nuv

has non-zero components

Moo = —1, M1 = N2z = 733 = 1.

Lorentz transformations are precisely those coordinate changes in which these
constant values of 7, remain the same. A spacetime continuum in which it is
possible to choose a coordinate system which makes g,,,, constant everywhere such
as here is called flat or Minkowskian.

In the presence of gravitating matter, g,, become modified, and it is not
possible to choose coordinate systems in which they can take constant values. The
space becomes curved, and the measure of curvature is the Riemann-Christoffel
curvature tensor. Its components R, ,r depend on g,, and their derivatives up
to second-order.

The curvature tensor is the true measure of the ‘real’ gravitational field that
cannot be transformed away by a choice of coordinates. Even so, in a very small
neighbourhood of a spacetime point one can choose a coordinate system such that
the derivatives of g,,,, vanish at the point. Therefore those effects which depend on
the first derivatives of the g, (like the acceleration of a particle falling in gravity)
are indistinguishable from that of a particle moving in a gravity-free region. This
is the physical content of the Equivalence Principle.

The g,,,’s are determined by energy and matter distribution by the Einstein
Equation

1 &G

G,uu = R;w - §g/wR = CTZF;W

where the Einstein tensor GG, is a simple combination of the so-called Ricci tensor
given by R,, = R?,,, and the scalar curvature R = g""R,,, .

c and G are the velocity of light and Newton’s gravitational constant. The
constant multiplying 7},, on the right-hand side is chosen so that in the non-
relativistic limit the theory gives Newton’s law of gravitation.

The right-hand side contains 7}, the stress-energy tensor of matter which
contains information about momentum and energy densities and pressure of matter
and radiation.
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Material particles move in the gravitational field determined by g,, along
geodesics, the “straightest possible” curves. The equation for such curves z#(7) is

APt dx? dx°
NG &
dr2 R dr dr

where T'#

vo?
Light rays also move along geodesics except that along the path the interval
dr between any two neighbouring points is zero.

called Christoffel symbols, are functions of g,,, and their derivatives.

It must be remembered that curves corresponding to motion of a body in
a gravitational field are the straightest possible in spacetime and not in three-
dimensional space. Thus a particle thrown vertically upwards in Earth’s gravity
may seem to have a highly curved path at its turning point in the three dimensions
of space, but it is as straight a path as can be in the four-dimensional spacetime.
This spectacular ‘straightening’ happens when we go from a three-dimensional
projection of the trajectory to the actual curve in four dimensions because the
speed of light has a very large value compared to ordinary velocities.

General theory of relativity is a theory of gravitation in the narrow sense
that if there was no gravity then special theory of relativity would suffice.

In the broad sense it is a fundamental theory which includes all physical
phenomena because gravity acts on everything. As gravity is a weak force at ordi-
nary distances and mass densities, the corrections to Newton’s law of gravitation
are small. The typical corrections to Newtonian theory are of the order of the
dimensionless number GM /rc? where M is the mass of the gravitating body, r
the typical distance scale of the problem.

For example, a clock at a distance r from a spherical body of mass M runs
in a ratio v/1 — 2GM/rc? slower than a clock very far away from the body. This
leads to frequencies of spectral lines emitted by atoms, (atoms act like a clock),
at a distance 7 away from the massive body to be reduced by a fraction GM /rc?
when seen by a far away observer. This is called gravitational red-shift (because
in the visible spectrum lower frequencies occur near the red). For an atom sitting
on the surface of the Sun this turns out to be of the order of 1076,

The angle of bending of light from a distant star grazing past the surface of
the Sun is 4GM/Rc? where R is the radius of the Sun.

Similarly, the angle by which the elliptical orbit of a planet fails to close
in one revolution turns out in Einstein’s theory to be 67GM/Lc?> where M is
the mass of the Sun, and L, the latus rectum of the orbit. For the innermost
planet Mercury (which has the smallest value of L) this angle turns out to be
equal to 43" of arc in a hundred years (415 revolutions of the planet). This
“precession of the perihelion” was the observed, but unexplained, leftover dis-
crepancy in the orbit of Mercury after all known causes for this phenomenon
had been taken into account. This was a great triumph for the general theory of
relativity.



1.6. Tutorial 23

Gravitational disturbances, which mean perturbations in the values of g,
caused by changing matter distribution, travel out as gravitational waves, taking
away energy. However the direct evidence of gravitational waves is yet to come. An
ambitious world-wide program for the detection of gravitational waves is currently
underway and the first results are expected soon.

One of the most dramatic application of the general theory of relativity is in
the gravitational collapse and formation of black holes. One finds that an idealised,
extremely heavy mass concentrated in a very small region so that this region is
inside its Schwarzschild radius Rs = 2GM/c* will give rise to a gravitational
field so strong that even light cannot escape from this region. Such a region is
called a black hole. It is a consequence of the general theory of relativity that if a
sufficiently large mass distribution begins to collapse under its own weight, there
may be no known forces of nature to stop it. In that case the collapse goes on
unchecked and the mass densities may reach extremely high values whose physics
we do not understand. The spacetime is so highly curved around the cores of such
objects that light gets bent and ‘sucked back in’, unable to escape. There are
believed to be black holes of all sizes existing in Nature, ranging in total mass
from a few solar masses to black holes of a billion solar masses residing in the
centers of most galaxies.

An application of the general theory of relativity is to the behaviour of the
universe itself. Assuming the universe at the largest distance scales (of a few billion
light years) to be uniform and isotropic, it is possible to infer from Einstein’s
equations that the universe must have started from a hot fiery ball which has
been expanding ever since. The field of cosmology has received a great boost in
recent years due to fantastic progress in observational astrophysics.

All the same the general theory of relativity is a classical theory. Physicists
believe that all phenomena, at the appropriate level, must be described by a quan-
tum theory. All attempts to quantize the classical gravitational field described by
Einstein’s theory have been unsuccessful so far. Physicists hope to learn something
deep and fundamental once they are ultimately successful in doing that.

In this book we concentrate on just the basics of Einstein’s theory. A guide
to the literature dealing with advanced topics and applications of the theory is
given in a section at the end of this chapter.

1.6 Tutorial

1.6.1 The Name ‘General Relativity’

The special theory of relativity was called the ‘theory of relativity’ from 1905
to 1915 (and even till much later) because it refers to a relativity of describing
the physical phenomena in different inertial frames. Two positions of observers
are relative, two orientations are relative and two uniform motions are relative
because they are equally good for description. The Lorentz transformations which
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connect inertial frames are linear mappings. Therefore, when theory of gravitation
required accelerated frames and general coordinate transformations it was called
general theory of relativity by Einstein, and the former theory of relativity became
the special theory.

But it is surely possible to formulate the special theory of relativity in general
coordinates. It may even be convenient sometimes. What is special about special
relativity is that the metric tensor g,, (which will appear in such a formulation) is
mazximally symmetric. The spacetime of special theory is completely homogeneous
and isotropic leading to Poincare invariance. Realistic gravitational fields in general
relativity may not have any symmetry at all in g,,. Therefore general theory of
relativity is only general in the sense that it uses spacetimes which are not special
like the flat Minkowski space of special relativity. There is no relativity of position
or orientation. So it is a general theory alright, but not a general theory of relativity
there being no relativity in the general theory.

But what is there in a name and everyone uses it! See the lecture by V. Fock
reprinted in the collection edited by C. W. Kilmister for a discussion on this point.

1.6.2 Historical Note on ¢

RATIO OF ELECTROSTATIC AND ELECTROMAGNETIC SYSTEMS OF UNITS

One can define the electrostatic unit (e.s.u.) of charge as the charge which
repels an equal charge by a unit force at a unit distance. This amounts to choosing
the constant of proportionality in Coulomb’s formula as 1:

p -Gt <F 1%@(51)).

2 = 2
LD dmeg T4

Therefore q(in e.s.u.) = q(in SI)/y/4mep. On the other hand the electromagnetic
unit of current was defined similarly using Ampere’s formula for force between
current elements

iligdll X (d12 X I‘12) F— @iligdll X (d12 X I‘lg)
47 3,

F= (sz)).

D)
One e.m.u. of current is the current ¢+ which makes two current elements ¢dl placed
a unit distance apart, parallel to each other and perpendicular to the line joining
them, attract by (dl)? units of force. (The elements dl should be chosen small
enough in comparison with unit distance so that Ampere’s formula remains valid.)
From the above I(in e.m.u.)=I(in SI)\/po/4m7.

One e.m.u. of charge is then the amount of charge which flows past a cross-
section of wire having one e.m.u. of current in unit time. The two unit systems of
charge differ by a constant of dimension of velocity because the physical dimensions
of these quantities are (we denote the physical dimension by the symbol [ ])

[(e.m.u.) of charge] = [T]4/[Force], [(e.s.u.) of charge] = +/[Force][L].
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Therefore [(e.s.u.)]=c [(e.m.u.)] where ¢ has dimensions of velocity. From the com-
parison with our SI units,

Q(in es.u) = Q(in em.u.)//po€eo = ¢Q(in em.u.).

This constant was measured carefully by Weber and Kohlrausch in 1856 by mea-
suring the charge on a Leyden Jar (a capacitor) by using electrostatic repulsion
as well as by electromagnetic effects of the current produced when discharging
the jar. Their value was 3.1 x 10'° ecm/sec. The coincidence of its equality with
the velocity of light was noticed immediately by Kirchoff, who related it to his
theory of waves of electric disturbance propagating in a wire made of a perfect
conductor. Five years later, in 1861, Maxwell gave the concept of ‘displacement
current’ and showed that electric and magnetic fields will propagate with velocity
c¢/€'/? where € is the dielectric constant (relative permittivity) of the medium. See
E.T.Whittaker[1951], History of theories of Aether and Electricity ,Vol 1, p.232

1.6.3 Remarks on Inertial and Gravitational Masses

We have put the inertial masses M and m in the formula for the gravitational
force but conceptually the role of M and m is quite different here. We should have
written the formula as

GMactivempassiver

Fm—>M = - 3

Mctive 18 the “active” gravitational mass which denotes the capacity of M to
produce the force of gravity and mpgssive is the constant which occurs in the
formula for the force just as charge ¢ of a body occurs in the formula for electric
force ¢E acting on it. The inertial mass m in contrast has nothing to do with
gravity in particular. It just determines the acceleration produced in a body due
to a force acting on it.

Active and passive gravitational masses for the same body can be chosen to
be equal, because there is an equal and opposite force due to m on M,

F o GmactiveMpassiver - F
M—-m — 7’3 — Xrm—->M-
Therefore
Mactive Mactive
= = const.

Mpassive Mpassive

By absorbing this constant in the definition of G we can write all equations with
only the passive masses to be henceforth called gravitational mass. Therefore we
write

GMgra'u.mgrav. r

FmHM = - 3
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and the formula for acceleration becomes

F..—um m r

o _ grav.

az Enol G, (M) T
m m r

It just happens to be a great coincidence, that the inertial and the gravitational
masses are always exactly proportional. In other words mg,q,./m is a universal
constant. The proof of this fact is that if the body with mass m is replaced by
another with a different mass, we find its acceleration exactly the same. The
proportionality constant of mgyq../m can again be absorbed in the redefinition of
G and then the formula can be written as originally.

The question is, why there is this equality of gravitational and inertial mass?
Why do different bodies have the same acceleration?

Galileo and Newton were aware of this coincidence, and all measurements
have only confirmed the equality of gravitational and inertial masses.

1.6.4 Newtonian Gravity

Exercise 1. Derive expressions for the centrifugal and Coriolis forces in a frame rotating
with constant angular velocity w about the z-axis of an inertial frame.

Answer 1. Let the coordinates of any point with respect to the rotating frame be
2',1y,2'. Assume at t = 0 the axes coincide. Then at time t the frame has rotated
by angle wt and

x = mcos(wt)+ ysin(wt),
" = ycos(wt) — wsin(wt),
27 = =z
These give
= 2wy + wzx/,
J = —2wa! —|—w2y/,
Z = 0.

Put these in vector form: w = (0,0,w), v’ = (z/, 1/, 2'),
' =,y,0) =1 —wwr)/|w]’ =wx (' xw)/|w]?
and multiply by the mass of the particle
F' =mr' =2mv’ x w4+ mw x (r' xw).

The first term depending on the velocity is called the Coriolis force and the second the
centrifugal force.

Exercise 2. Show that motion of a particle under gravitational force takes place in a
fixed plane.

Answer 2. The plane is orthogonal to the angular momentum vector.
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Exercise 3. Use radial coordinates r, ¢ in the plane of the motion and show that the
equations of motion are

&Pr GM do\’

e +r (_dt> ) (1.5)
d ( 2doy _
7 (1" dt) = 0. (1.6)

Answer 3. Change from Cartesian to polar.
Exercise 4. Identify the constants of motion in the above equations of motion.

Answer 4. Angular momentum: related to Kepler’s law of equal area in equal time,

2d¢
=r?—= 7
h=r o (1.7)
and energy per unit mass
1 fdr\*
1(dr\> B> GM

Exercise 5. Determine the equation for the orbit as a relation between r and ¢.

Answer 5. When h = 0 the angle ¢ is constant and the motion is one-dimensional along
the radial direction. For h # 0 we can use h to switch differentiation between ¢ and ¢,

d dod hd
4 _doad _na 1.9
dt  dtde r’dé (1.9)

Define v = 1/r in terms of which the equation for the orbit is

du\® (2B  2GMu o
— ] == — . 1.10
(%) - (F+5 ) (119
Another traditional form of this equation is obtained by differentiating with respect to
¢ and cancelling du/dg,

d*u GM
Exercise 6. Solve the equation for the orbit and discuss the nature of the curve.
Answer 6. The solution is
1 1
u=—=—(1+ecos(¢— ¢o)). (1.12)
r L
This is an equation of a conic section with the origin » = 0 as the focus,
2
L (1.13)

GM
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the latus rectum and

2E0> \'*

the eccentricity.

Exercise 7. Write the equation for energy as

1 (dr\>
plot the effective potential
h? GM

and discuss the qualitative features of orbits.

Answer 7. The qualitative features of the orbits can be read off from the plot of the
“effective potential”

(1.17)

as a function of r.
Then the energy equation for a fixed value of E determines the radial velocity from

% (%)2 —B-V() (1.18)

1. h=0,E > 0:
h = 0 implies d¢)/dt = 0 so that ¢ is a constant. The motion is along the radial
direction. If the the velocity is towards the center, the ‘radial plunge’ occurs. If

away from the center, and less than the escape velocity vesc. = /2GM/r, the
particles goes away, stops and then falls to the center. If more, escape to r = oo
ocecurs.

2. h£0,E > 0:

The “repulsive core” in V due to non-zero angular momentum prevents a par-
ticle from falling into the gravitating center. The trajectory is a hyperbola or a
parabola. The particle comes from infinity, goes round the center and back to
infinity again. The distance of minimum approach can be found when the radial
velocity goes to zero.

3. h£0,E <0:
In this case the motion is an ellipse. The perihelion and apehelion correspond
to the two points at which the line F = constant cuts the graph of V(r). At

the minimum of V, the two extreme values of r coincide and for exactly that
combination of h and E we get a circular orbit.

Exercise 8. Derive the Poisson equation for the gravitational potential.
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Answer 8. For a continuous distribution of matter with mass-density p(r) the potential
becomes

B(r) — —G/dSr’ p() (1.19)

e — x|

Using the well-known identity

V2 (_%Irl) — *(r) (1.20)

we can calculate
V2®(r) = 4nGp(r). (1.21)

Exercise 9. TIDAL FORCES

Show that in the infinitesimal neighbourhood of an observer falling freely in a gravita-
tional field given by potential ®, a particle (also falling freely) experiences a tidal force
given by

dgﬁi _ P
dt2 —  Oxidxi

gj

where ¢* are the components of the particle’s position with respect to the falling observer
and the axes of the cartesian frame of the observer are parallel to the axes of the frame
in which the observer is falling.

Answer 9. Let the position vector of the observer be x* = X?, then the particle is at
' = X'+ & Newton’s law requires

’XP o9 (X' 1 &) P

a2 oxt|y’ a2 oxt

X+g

Expanding the right-hand side of the second equation and using the first we get the
equation.

The tidal forces are the non-relativistic counterparts of the Riemann curvature
tensor. In fact when we calculate the Newtonian limit of Einstein’s theory in the weak
field static case, we get

1 9%
Roioj = T 9mionT

As an example, if the oberver is in a circular orbit of radius » = R in the z-y plane

in a field of a mass M at the origin, then the planar components of tidal forces in the

vicinity of the observer when the observer is located at a point ' = R, 2> = 0 = 2 are

2GM
Ty = &', T =

GM
R3 h ‘

R3

A diagram showing the direction of the tidal forces is given below.
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N

. -+ — .- — — ——
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Fig. 1.8: Tidal forces in the neighbourhood of an observer O falling in a
circular orbit (shown by the dotted line) in the field of a mass M. The
curves near the observer are the lines of the tidal force field.

1.6.5 Minkowski Space

A trajectory can be described by functions z#(7), 7 being the proper time. The
proper time 7 is the time shown by a clock which is carried along by the particle.

Exercise 10. Find the four-velocity of the particle U defined as the tangent vector to
the trajectory, that is, derivative with respect to the proper time

dx*
ZII'L i
T odr

in terms of the usual three-velocities as coordinate time derivatives.

Answer 10.
_dz”

Ul =——= (ex(Iv)), v (V1) (1.22)

where v* = dx/dt the usual three-velocity of the particle and

%MD=(1—§)é.

Exercise 11. Show that not all four components of the velocity four-vector are indepen-
dent.

Answer 11.
dx* dx”
OO = g
— —(UO)2 + (Ul)Z + (U2)2 + (U3)2

2
= —C .
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We can say that the four-velocity of a material particle is a time-like four-vector of
constant magnitude.

Exercise 12. A particle is described by a spacetime trajectory z* () with velocity four-
vector U* (1) = da* /dr. Show that there exists a coordinate system in which the particle
is momentarily at rest, that is, its velocity four-vector has components (¢, 0,0,0). Find
a Lorentz transformation which connects this rest-frame to the given frame.

Answer 12. We write down one Lorentz transformation, called direct boost (out of an
infinite number of them) which connects the “co-moving frame” in which the particle is
at rest to the one in which the particle moves with three-velocity v* (or four-velocity U*)

v /e
AV) = o (1.23)
e 8740 (y—1)/|v]?
U° Ui
- 2 (1.24)

Ut e84 U f(e+ U
where 7y is v(|v]).

Exercise 13. Prove that the four-acceleration A = dU/dr = d*z/dr? is orthogonal to
the four-velocity in the Minkowski sense and therefore is space-like.

Answer 13.
d
L) =0 (1.25)
implies
dU
<F’ U> =0. (1.26)

As U is a time-like four-vector, this Minkowski-orthogonality implies that the acceleration
four-vector is space-like. It has components

au*  dPat v.a v(v.a
AF = e (747,72a+’y4%) (1.27)

where o = d*z?/dt>.

Exercise 14. A PARTICLE WITH CONSTANT ACCELERATION

Find the trajectory z/(7) of a particle moving along the z'-axis which has constant
acceleration Al = (0,¢,0,0) in its (instantaneous) rest-frame all along. We are given
that the particle passes through the spacetime point z#(0) = (0,L,0,0) at 7 = 0 with
spatial velocity zero (dz#/dT = UF(0) = (¢,0,0,0)). Plot the trajectory on an z° — x!
plane.

Answer 14. We can solve this as a two-dimensional problem omitting =2, z* which are
zero for all 7.
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Let U°, U be U* = da*/dr components and A°, A the acceleration components
AP = d®z* /dr%. The Lorentz transformation which connects the rest-frame to the frame
with velocity U* is (Exercise 12)

1/ U0 Ut
A‘E(Ul UO)

where we use the relation (U%)? — (Ul)g — ¢*. This Lorentz ‘boost’ transforms the
acceleration vector A* = dU*/dT = U* from A", = (0,9) to (A°, AY) = (U°,UY),

(0)-2(0 2)(5)

the solution of this equation for U' (with the initial condition U! = 0 at 7 = 0) is
U' = 2Asinh(g7/c). Then U° = (¢/g)U" is found to be U° = 2Acosh(gr/c). The
condition (U®)? — (U")? = ¢? forces 24 = ¢. The solution for z* (1) can then be obtained.
It is

2

(1) = c;sinh (%) ,
'(r) = L+ % [cosh (%) - 1] ,
?(ry=0 , ) =0

Let ¢ > 0. At 7 — —oo the particle is at ' — oo moving with velocity close to ¢
towards the origin. It keeps moving with decreasing speed due to accleration g till it
comes to a stop at ' = L when 7 = 0. It then goes back to ! — oo with increasing
velocity eventually moving with asymptotic velocity ¢. This type of motion is described
sometimes as hyperbolic motion.

Exercise 15. (i) Show that two non-null orthogonal vectors are linearly independent.
(ii) Show that two non-orthogonal null vectors are linearly independent.

Answer 15. (i) Let
au+bv =0

where (u,u) # 0, {v,v) # 0 and (u,v) = 0. Take the inner product in the above equation
by u,

a{u,u) =0

or @ = 0. Similarly taking the product by v gives b6 = 0. This proves linear independence
of v and u.

(i)
aua—+bv =0

where (u,u) = 0, (v,v) = 0 and (u,v) # 0. Take the inner product in the above equation
by v,

a{u,v) =0

or ¢ = 0. Similarly taking the product by u gives b = 0. This proves linear independence
of v and u.
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1.7 Literature

The literature on relativity is vast. The following is just an indication of easily
traceable books and other sources. The choice of this material is guided by stu-
dents’ needs (particularly easy accessibility) and the list is grossly incomplete.

Original Papers

Lorentz, Einstein, Minkowski and Weyl, Principle of Relativity, Dover books, 1952
A collection of original papers on special and general theory of relativity in English
translation with notes by A. Sommerfeld.

C. W. Kilmister (Ed.), Special Theory of Relativity, Pergamon Press, 1970,
General Theory of Relativity, Pergamon Press, 1973
Collection of almost all the basic papers on relativity. These volumes have intro-
ductory chapters and commentary by C. W. Kilmister.

Historical Matter

Abraham Pais, ‘Subtle is the Lord. .. °, The Science and the Life of Albert Finstein,
Oxford University Press, 1982

A thorough discussion of development of Einstein’s thinking with an almost day-
by-day account.

Edmond T. Whittaker, History of theories of Aether and Electricity, Vol 1
and II, Thomas Nelson and Sons, London. Reprinted by Humanities Press, New
York, 1973
This is another standard reference for the history of field theories of classical
physics.

Texts

Albert Einstein, Meaning of Relativity, Indian Edition by Oxford Book Company,
1965
These are Einstein’s 1921 Princeton lectures, originally published by The Prince-
ton University Press. Every student of relativity should read these 100 odd pocket-
book sized pages for the clarity and brevity of the man who discovered the theory.
The available editions have appendices containing Einstein’s later unified theories,
none of which seem relevant today. But who knows?
Wolfgang Pauli, Theory of Relativity, Pergamon Press 1958
Pauli’s Mathematical Encyclopedia review article of 1921 written at the age of 21
by the author. The article gives a complete account of relativity theory till 1921.
Herman Weyl, Space-Time-Matter, Dover, 1952
First published in German in 1918. It was already in its fourth edition in 1920. One
of the earliest expositions of relativity by a great mathematician who contributed
to the theory. The third edition of 1919 introduces Levi-Civita’s 1917 discovery of
infinitesimal parallel displacement.
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Lev Landau and E. M. Lifshitz, Classical Theory of Fields, Pergamon Press,
Reprint 2004
Volume 2 of the famous Course of Theoretical Physics. The first nine chapters
are on Electrodynamics, last five on the General Theory of Relativity. These (less
than two hundred) pages constitute an introduction which is both deep and brief.

Arther S. Eddington, Mathematical Theory of Relativity, Cambridge Univer-
sity Press, Tth reprint 1963
One of the clearest early expositions, first written as mathematical notes to his
delightful and popular book Space Time and Gravitation published in 1920.

Peter G. Bergmann, Introduction to the Theory of Relativity, Prentice Hall,
1942
(Now available as a paperback in Dover, New York)
This book has a forward by Einstein. It is the complete, perhaps the first, textbook,
written with students’ needs in mind. It covers quite ‘advanced’ ideas (for those
days) such as the Kaluza-Klein theory, which has made a comeback in theoretical
physics recently.

Vladimir A. Fock, The Theory of Space, Time and Gravitation, Macmillan,
1964
The authoritative book by the great Russian physicist who took a critical look at
many of the fundamental ideas of relativity.

C. Mgller, The Theory of Relativity, Oxford, 1952
Authoritative book on all aspects of the theory.

J. L. Synge, Relativity, the General Theory, North Holland, 1966
This is a book written in a very independent style very unlike other standard
books.

C. M. De Witt and B. S. De Witt (Eds.), Relativity, Groups and Topology,
Blackie and Sons, 1964
Contains delightful introductory lectures on general theory of relativity given by
Synge at Les Houche School in 1963. This collection also includes lectures by
Wheeler, Penrose, Sachs, and Misner on various aspects of general relativity.

Charles W. Misner, Kip S. Thorne and John A. Wheeler, Gravitation, Free-
man, 1973
The absolute darling of students and researchers in general relativity. Its twenty
fourth reprint came out in 2002 ! ‘Merely holding the book in your hand makes you
think about gravity !’, we used to say as students in the 1970’s. The presently avail-
able paperback is lighter, a little above two kilograms. This large sized (20 cmx
25 cm), 1272 page book begins at the beginning and has everything on gravity (up
to 1973). There are hundreds of diagrams and special boxes for additional expla-
nations, exercises, historical and biographical asides and bibliographical details.
It must have converted a fair number of people into research in general relativity.
And conversion is a good word here because S. Chandrasekhar, while reviewing
the book, is supposed to have commented on its missionary spirit! What makes it
a pleasure to read is that no idea is introduced without its motivation. A student
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is told why the idea is natural to expect, and, if the natural expectation is wrong,
why it is so. It has a cheery delightful style throughout.

Steven Weinberg, Gravitation and Cosmology, John Wiley, 1973
A modern classic which reduces the emphasis on geometry and reinforces the power
of the equivalence principle. Extremely readable with a discussion of experimental
data (up to 1973).

Paul M. Dirac, General theory of Relativity, Princeton University Press, 1996,
Reprinted by Prentice-Hall of India, 2001
Dirac’s 1975 Lectures at Florida State University. As concise, to-the-point as only
Dirac could be. This slim 35-section, 70 page booklet is written for a beginner.
The book has significantly five sections on the action principle.

S. Chandrasekhar, The Mathematical Theory of Black Holes, Oxford Univer-
sity Press, 1983
The exhaustive treatise on black hole solutions and their properties. If you need
anything, anything at all, on the Schwarzschild or the Kerr spacetime it is here.

Robert M. Wald, General Relativity, University of Chicago Press, 1984
The deservedly famous advanced textbook includes extremely readable introduc-
tory parts in the first six chapters and advanced topics on researches done in the
1960’s and 1970’s in chapters 7 to 14. A lot of mathematical background is con-
densed and relegated to Appendices at the end of the book which one cannot do
without.

S. W. Hawking and G. F. R. Ellis, The large scale structure of space-time,
Cambridge University Press, 1973
A classic on spacetime structure in general relativity, known for its clarity and
rigour. All proofs are complete, every concept well defined, most details included.
But it requires considerable mathematical maturity to follow the line of thought.
The mathematical apparatus used is indispensable for research in the area but the
introduction to differential geometry is too brief (forty pages) to be of any actual
help to a beginner.

R. Adler, M. Bazin, M. Schiffer, Introduction to General Relativity, Second
Edition, McGraw Hill, 1975
A very good textbook although not widely available. Its derivation of the Kerr
metric is particularly good.

W. Rindler, Essential Relativity, Springer-Verlag, 1977
This book, written specially for the advanced undegraduate student, is known for
conceptual clarity and style. Written in extremely lucid style it is an enjoyable but
deep book.

E. F. Taylor and J. A. Wheeler, Spacetime Physics, W. H. Freeman, 1963
A delightful undergraduate book on basics.

Bernard F. Schutz, A first course in general relativity, Cambridge University
Press, 1985
A good textbook from a beginner’s point of view. It develops the mathematical
background of tensor calculus through hundreds of exercises.
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Ray d’Inverno, Introducing FEinstein’s Relativity, Clarendon Press Oxford,
1992
A textbook with several advanced topics as well.

H. C. O’Hanian and R. Ruffini, Gravitation and Spacetime W. W. Norton
and Co., 1994
An introductory book which looks at gravity in the most logical and straightfor-
ward way. In spirit it is closer to Weinberg’s book. There is a good collection of
problems in each chapter. And the book contains a very detailed guide to further
reading in each chapter.

James B. Hartle, Gravity, Pearson Education, 2002
Written in the spirit of Misner, Thorne, Wheeler, this is the best recent treatment
of general relativity available to the advanced undergraduate student. The book is
complete with all the exciting experimental data up to the end of the 20th century.
This book is a must for every beginner.

S. M. Carroll, Spacetime and Geometry: An Introduction to General Relativ-
ity, Addison Wesley, 2004
This is a well-written recent textbook which gives plenty of space to geometry as
needed in general relativity. Carroll’s lecture notes on general theory of relativity
are also available on the arxiv.org as gr-qc/9712019.

N. Straumann, General Relativity — With Applications to Astrophysics,
Springer Verlag, 2004
A thorough recent book. It has a condensed mathematical introduction in Part
111, used throughout the book.

Eric Poisson, A Relativist’s Toolkit, Cambridge University Press, 2004
A recent advanced book on selected topics in general relativity. Although the topics
are advanced, the author has taken pains to provide details and explanation.

Important Reviews and Internet Sources

S. W. Hawking and W. Israel, Finstein Centenary Survey, Cambridge University
Press, 1979
S. W. Hawking and W. Israel, 300 Years of Gravitation, Cambridge University
Press, 1987

Living Reviews on Relativity: (http://relativity.livingreviews.org/)
An internet source of reviews which are periodically updated. In addition there
are research articles and reviews available on (http://arxiv.org/) in the “gr-qc¢”
(general relativity and quantum cosmology) section.

Books on Mathematics

For the convenience of a physics student all texts on the general theory of relativity
do try to give an introduction to Riemannian geometry with varying degrees of
pedagogical attention or success.
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B. F. Schutz, Geometrical Methods in Mathematical Physics, Cambridge Uni-
versity Press, 1980
An introduction to geometry and topology used in gravity and gauge theories.

Y. Choquet-Bruhat, C. De Witt-Morette and M. Dillard-Bleick, Analysis,
Manifolds and Physics, North Holland., 1989
A thorough introduction to modern differential geometry as needed by physicists.
It has rigourous approach illustrated by examples from physics.

C. Isham, Modern Differential Geometry for Physicists, World Scientific, 1989
Another thorough introduction to differential geometry as used in gravity and
gauge theories.

H. K. Nickerson, D. C. Spencer and N. E. Steenrod, Advanced Calculus, Von
Nostrand, 1959
An undergraduate textbook for introduction to vectors, tensors, forms and differ-
entiable manifolds based on lectures at Princeton University.

I. M. Singer and J. A. Thorpe, Lecture Notes on Elementary Topology and
Geometry, Undegraduate Texts in Mathematics, Springer-Verlag, 1976
Another classic with undergraduate students in mind.

F. W. Warner, Foundations of Differentiable Manifolds and Lie Groups,
Springer-Verlag, 1983
A more advanced introduction.

B. A. Dubrovin, A. T. Fomenko and S. P. Novikov, Modern Geometry —
Methods and Applications, Springer-Verlag, 1992
A good relaxed introduction to geometry in three volumes.

S. S. Chern, W. H. Chen and K. S. Lam, Lectures on Differential Geometry,
World Scientific, 1999
The Peking University lectures in 1980 by the great mathematician S. S. Chern.

N. J. Hicks, Notes on Differential Geometry, Von Nostrand, 1965
This is an all-time favourite. A slim, 175 page book which introduces Riemannian
geometry through hypersurfaces and theorema egregium.

Books on Astrophysics and Cosmology

Astrophysics and Cosmology are two important branches of physics where general
theory of relativity is applied. The subject of cosmology has been in very rapid
growth in the last ten years.

T. Padmanabhan, Theoretical Astrophysics, Cambridge University Press, Vol.
1, 2000, vol. II, 2001, Vol. III, 2002
This is a thorough introduction in three volumes.

J. V. Narlikar, An Introduction to Cosmology, Cambridge University Press,
2002
For cosmology there are many recent texts but as introduction, this is perhaps
the best. It gives a clear, detailed, account of all concepts with their historical
background.
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P. Coles and F. Lucchin, Cosmology, John Wiley and Sons, 2002

V. Mukhanov, Physical Foundations of Cosmology, Cambridge University
Press, 2005
These are two of the many recent textbooks on cosmology.

S. Weinberg, Cosmology, Oxford, 2008.
A very recent advanced book on Cosmology.



Chapter 2

What is Curvature?

In this chapter we discuss Gauss’ work to explain the concept of curvature tensor
and the geodesic in the familiar case of a two-dimensional curved surface.
Differential geometry as used in the general theory of relativity, and in much
of gauge theories of elementary particles, was the result of Riemann’s generaliza-
tion of Gauss’ work on curvature of two-dimensional surfaces to any number of
dimensions.
It is instructive to see how these ideas developed.

2.1 Concept of Curvature

The curvature of a curve in a plane is determined by how fast its unit normal
vector n (or the tangent vector for that matter) changes as we move along the
curve. A measure of curvature is the ratio of the small change |dn| in the unit
normal vector to the distance ds moved by the point on the curve.

A straight line has zero curvature because the unit normals are all parallel
and do not change. A circle of radius R has curvature 1/R because for the distance
ds that the point P moves, the unit normal vector changes by an angle ds/R so
|dn| = ds/R.

Gauss defined the curvature of a surface analogously.

Let S be a two- dimensional surface whose points r(u) are labelled by two
independent parameters u',u?. Let the unit normal be denoted by n(u) at the
point determined by the parameters U.

When parameters u', u? change by small amounts du', du? the point on the
surface traces a small displacement

or or o
dr = wd +6‘ du _r’zdu

tangential to the surface.
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Fig. 2.1: Curvature of planar curves.

The straight line on the left has zero curvature because the normal
does not change, whereas for the arc of a circle (of radius R) the ratio
An/As is 1/R.

Here we are using the convenient notation r ; for the derivative with respect to
u’ and have omitted the summation sign, it being understood that whenever there
is a repeated index, there will be a sum. See page xiii for notational conventions.

Vectors r ; and r 5 are linearly independent because u',u? are independent
parameters, so that changes in r along the u' and u? directions cannot be collinear.
These derivatives r ; and r 5 form a basis for vectors tangent to the surface.

Because the unit normal n is a vector of constant length n.n = 1, infinitesimal
changes in it due to changes in the parameters u are orthogonal to it. That is,
d(n.n) = 2n.dn = 0. Therefore dn = n ;du’ is tangential to the surface.

The normal vector changes by (dn); = n jdu' when the parameter u® is
changed, but u? is kept fixed while it changes by (dn)s = n 2du? when the opposite
is true. Note that in order to find the change in the normal vector the normal at
the displaced point is brought parallel to itself so that its base point coincides with
that of the normal at the original point. The change dn is then the infinitesimal
vector which joins the tip of the original normal to that of the parallel normal
from the neighbouring point.

As (dn)y, (dn)s are tangential, (we have omitted the numerical coefficients
du' and du?), we can expand them in basis vectors r ;,i = 1,2,

n;= Lijl‘,j. (21)

The coefficients L;? depend on u and they determine the way the tips of the unit
normal vectors move when their base is carried on the curving surface. It defines
a mapping of the tangent vector dr into another tangent vector dn. This mapping
is called the Weingarten map and matrix L;7 which determines it the Weingarten



2.1. Concept of Curvature 41

matrix. Generalizing the notion of curvature of a plane curve, Gauss defined the
curvature of the surface at a point P to be the ratio of the area spanned by the
increments (dn)g, (dn)s of the normal, to the area spanned by the tangent vectors
(dr); = r 1du’ and (dr)y = r adu? on the surface.

()

Fig. 2.2: Curvature of surfaces.

The curvature is defined to be the ratio of the surface area spanned
by infinitesimal changes in the normal vector dn; and dns in two inde-
pendent directions to the surface area of the infinitesimal area element
along whose sides the change in normal unit vector is calculated.

The curvature of a plane (a) is zero because the normal vector does
not change at all. For a cylindrical surface (b) the curvature is zero
again because, even if the normal changes along the circular side of
the surface, it does not change in a direction parallel to the axis. For
the surface of a sphere of radius R , the curvature (c) is equal to 1/R?
because the solid angle that dS subtends at the center of the sphere is
the same as that covered by the normal vectors at the end of the area
element.

The area of the parallelogram spanned by vectors a and b is |a X b].
Therefore, the measure of curvature is given by

(dn); x (dn)y = (n; x ny)du'du®
= (Liry + Liry) x (Lyry + Lar o) du'du?
= (L11L22 — L12L21)((d1‘)1 X (dr)g)
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Fig. 2.3: Gaussian Curvature of a surface.

Curvature of the surface at a point is the ratio of the area spanned
by the increments (dn); = n1 —n and (dn)2 = ny — n of the normal,
to the area spanned by the tangential displacement vectors (dr); and
(dr)2 on the surface.

The quantity det L = Li'Ls? — L12L5" is called the Gauss curvature or the
total curvature of the surface.

Thus, a plane has zero curvature because the normals are all in the same
direction. If we imagine a sheet of paper in place of the plane, and roll it in the
form of a cylinder, the normals at points lying on the circular direction point in
different directions, but those along a line parallel to the axis of the cylinder are
parallel. Thus the area spanned by the tips of the normal when the base point is
moved in a small rectangle on the paper with sides along the axis and along the
circle is stll zero and the cylinder has zero total curvature. The spherical surface
of radius R however has curvature 1/R? as can be seen easily.

2.2 “Theorema Egregium” of Gauss

Gauss, considered to be one of the three greatest mathematicians of all times, the
other two being Archimedes and Newton, was not known for overrating his own (or
anybody else’s) work. But he must have felt reasonably pleased with himself to call
the following result as standing out in a flock of theorems (“theorema egregium”,
1827):

The curvature of a surface can be defined entirely in terms of quantities
intrinsic to the surface, without any reference to how the surface is located or
embedded in the three-dimensional surrounding space.

The intrinsic quantities in question are the coefficients g;; of the quadratic
form called the metric form or the line element which determines the distance
between two infinitesimally close points on the surface.
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Expressed in terms of the parameters (u',u?) and (u! + du',u? + du?) the

distance can be calculated as follows. As dr = r;du’, the infinitesimal distance
squared is

ds® = dr.dr = r;.r jdu'du’ = g;;du’du’, (2.2)
9ij =Ti.rj = gji- (2.3)

The quadratic form of the metric is positive definite, symmetric and non-singular
(that is, det g # 0).

Measurements of small distances made by two-dimensional creatures living on
the surface are sufficient to determine these coefficients. Functions and derivatives
of g;; with respect to u® are again intrinsic.

What Gauss showed, specifically, was that the combination of L;7 which
determines the total curvature is given in terms of intrinsic quantities by the
following equation known as the Gauss equation:

Ly"L — L L% = —g™ R*y (2.4)

where g% is the matrix inverse to gi; and the quantities Rkiﬂ, called the Riemann-
Christoffel curvature tensor are given by

—RFy =T}, -5, + 0Tk, —TqTS (2.5)

il,j mj
which in turn is composed from

1
Ffj = *gkl(

5 Gt + 91j. — Gijl) (2.6)

and its derivatives.

The antisymmetry in j,I and in m,k restricts the Gauss equation to es-
sentially one combination of indices j,1,m, k, (because there are only two values
possible for any of these indices, 1 and 2 ) and that combination gives det L, the
total curvature.

Moreover, the straightest possible curves on the surface, called geodesics, are
given by functions u’(s), where s is the distance measured along the curve, which
satisfy

d?u g du® du’
N o il
ds? Y ds ds

= 0. (2.7)

We give a proof of this revolutionary theorem later in this chapter.

Riemann generalised Gauss’ formula for curvature of two-dimensional sur-
faces to any number of dimensions in 1854 by introducing the curvature tensor
named after him.
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All information of the space is contained in the line element
ds® = gijdxidxj

and quantities defined in terms of these, like the Ffj and the curvature tensor

Rklij. Riemann’s work was extended by Christoffel, Ricci and Levi-Civita and
other mathematicians.

2.3 The Gauss Equation

We have seen that the first drivatives of r are tangential to the surface r ;. n = 0.
But the second derivatives

9%r
r, = ———
T Qutdud

have components both along the normal and tangent to the surface.
(1) Differentiating r ;.n = 0 once, we get

r;;.n + r;.n;= 0
and using the definition of the Weingarten map,
r,ij.n = _r,i~(ijr,k:) = _ijgk:i = _Lji (28)

where we have used the symmetry gr; = ¢ix and defined L;;. This equation shows
that the L;; closely related to the Weingarten map is symmetric L;; = L;;. The
second derivatives have a component in the direction of the normal.

(2) Similarly, differentiating the defining equation g;; = r;.r ; we get

Lik-Xj+ T3 Lk = Gijk-
We rewrite this equation twice more, but with changed names of indices

Tk +T5.T ki = Gik,j,

X+ gT i = gkji
and add these later two and subtract the first one from these to get
2r;.r k= Gik,j + Gkji — Yijk-

This shows that the second drivatives have non-zero components in the tangential
direction r j as well.

(3) Let us expand the second derivatives in the three linearly independent
vectors n,r 1,r o and write temporarily

ri; = ()ijn+ ()5r k.
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By taking the dot product of this equation with n and with r; we identify these
unknown co-efficients from the steps (1) and (2),

ri; =—Lyn+Tkr, (2.9)

)

where L;; has already been defined, and

1,
s = 59“(%;‘ + 95,0 — 9ij1) (2.10)

where ¢% is the matrix inverse to Gijs
97 gjr = 4},

gi; is non-singular, as noted above).
J g
4) Differentiating r ;; above with respect to u! to get the third derivatives,
i

rijg = —Liam—Ling + T3, +Thr
s J
k k k
= —Lijan— Ly Li"r o + Ty v + U (= Lgm + T ).

Because of the symmetry of mixed partial derivatives, r ;;; —r ;; = 0. This, when
written out fully using the above expression, gives

(—Rkijl — Lilelc + Lilek)I"k — (Lij,l — Lil,j + Fijkl — FZLk]—)n =0

where we have gathered coeflicients of normal and tangential parts separately and
interchanged index names k and m in I'T' terms. The quantity Rkijl is called
Riemann-Christoffel curvature tensor and is given by

—RF =T%, —Th, +TPTh, —TyTh . (2.11)

Equating the coefficients of linearly independent vectors n,r ;,r 2 to zero we get
the Gauss equation

~RFiji = Li; Li* — Ly L;* (2.12)
and the Codazzi equation
Liji = Laj = =15 Lyt + T Ly (2.13)

The Gauss equation can be rewritten to bring it closer to total curvature by using
the symmetry of L;; and inverse matrix g*/:

—RFiji = L Li* — Ly L;* = LjiL* — LLi* = gin (L;" L* — L' L;%),
therefore,

Li"Li* = LM L* = —g™ RFij. (2.14)
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2.4 The Geodesic Equation

The straightest possible curve, a geodesic, can be found equally easily.

For such a curve given by r(o) where o is the parameter defining the curve,
the tangent vector dr/do, to the curve is (i) never zero, and (ii) does not sway
sideways. This means that the change d’r/do? has a tangential component only
along dr/do.

Now,

dr - _dui
do " "do
and

d’r dud du? d2u?

— =T —— T ;—5.
do? o do do " do?

Substituting for r ;; and gathering terms in tangential and normal directions
du? du? d*u?

=7 4=

do do " do?

d>uk du? du’
b —— )ry—Ln
< do? Ty do do ) " "

The condition for the curve being straightest possible is that the tangential part
of d’r/do? is in the same direction as dr/do with no component in the tangential
perpendicular direction.

d2r

e (—Lin+Thr )

ijt

duk

) r— flo)r,—

d*uk p du? du
do

do? U do do

where f(o) is an arbitrary function of o determining the proportionality. This
gives,

d?uk Y du? du’ f(cr)duk
do? Udo do do

For a different parametrization, ¢t = ¢(¢) we can transform

2k, dud du de\ 7 d2t A
S S (D) e (L) | S
dt Jodt dt do do do dt
We can make the quantity on the right-hand side in square brackets equal to zero

for a suitable choice of parametrization. Denoting the differentiation with respect
to o by a prime we must solve t = ft’ whose solution is

t=a+ b/efF(U)dUda
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where a and b are arbitrary constants. The equation of the geodesic can then be
put in the form

d*u® g dud dut
dt? Godtodt
Affine Parameter

Note that there is a whole family of parameters for which the geodesic takes the
above simple form. For different values of constants a and b of integration we get
different parameters ¢1 and to,

T = a1 +b1/efF(U)d”da,
ty = ag—f—bg/efF(U)dUdO',

therefore any two parameters are related by an “affine transformation”
ty — At, + B

where A = by/by and B = a9 — a1 A. The parameters ¢ which allow the simple
form of the geodesic equation are called affine parameters.
The length of the curve

1
du® du? \ 2
o= [an= [ (0af ) o

is always an affine parameter as we show below.
The general form of the geodesic (for any parameter) is

dhu’ 4T dd dut (g)dui
ds? *ds ds TV ds
We show that f(s) = 0.

From
_ du’ du® B
9ik ds ds
it follows that
R TN X VN
9kt ds ds PR g2 Tas TN gs Tds?
dud du® dut d?ud duk

G ds ds | G s
as the last two terms are the same in the above equation because of the symmetry
of g;1 in 3, k and there is summation over both the indices. Substituting the second
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derivative d?u’ /ds? from the general form of the geodesic equation and using the
expression

. 1 .
1o = igjl[gll)ﬂ' + Gurp — Gprl]
we see that all terms cancel and we are left with f(s) = 0.

The straightest possible curves are also the curves with shortest distance
between two fixed points.

5/d8 = 0. (2.15)

2.5 Historical Note on Riemann

In 1854, Riemann generalised Gauss’ formula for curvature of two-dimensional
surfaces to any number of dimensions by introducing the curvature tensor named
after him.

Bernhard Riemann (1826-1866) presented his generalization in a lecture to
the faculty of the University of Gottingen as a candidate for ‘Privatdozent’, an
unpaid lecturership that was traditionally the starting point of an academic career.
Gauss, then 77, was in the audience among those judging him. He was suitably
impressed.

Riemann’s contribution is remarkable because he totally abandoned the idea
of thinking of curvature as a property of the way the space is embedded as a
subspace in still higher dimensional Euclidean space. Riemann showed that for the
existence of Euclidean coordinates, all components of the curvature tensor must
be zero. He also introduced the ‘normal coordinate system’ around a point which
makes the g;; constant in a small neighbourhood of the point. (The derivatives of
the g;; vanish at the point, making all I'’s zero.) The existence of this coordinate
system is precisely the content of the Equivalence Principle in the General Theory
of Relativity. Riemann’s work was extended by Christoffel, Ricci and Levi-Civita
and other mathematicians.

It must have been a very bold step to think of our three-dimensional space
as not being the homogeneous Euclidean space, but an intrinsically defined curved
space without being a surface of some higher dimensional Euclidean space. Rie-
mann pointed out in a later paper that if homogeneity and isotropy of space is
assumed (independence of bodies from position in an older language) the space
is of constant curvature and measurements of departure from Euclidean geometry
(assuming them to be small) will be seen only at very large distances, possibly
too far to be observable. But if the space is not homogeneous, there is no such
restriction and it is possible that, at infinitely small distances, departures from
Euclidean geometry may occur and still not be noticeable at commonplace dis-
tances. Riemann suggests that if required, even the quadratic form for the line
element could be replaced by a more general expression. He also mentions that
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the physical concept of distance is based on the rigid body and light rays, and
these phenomena may require revision for infinitely small scale.

Riemann’s paper on the relation of physics and geometry was translated and
published by W .K.Clifford in Nature, vol.183 (1873) page 14. It is reprinted in the
collection edited by Kilmister [1973].

Riemann published not many papers. Before his premature death due to tu-
berculosis at the age of 39 years, only nine papers were published. His contribution
to analytic function theory (the Riemann surfaces), integration theory (the Rie-
mann integral), prime numbers (through the zeros of the Riemann zeta-function),
Abelian functions ete. are all great breakthroughs. But the real physical world
seems to follow the Riemannian geometry. That was discovered by Einstein only
after sixty years of Riemann’s work.

2.6 Tutorial on Surfaces

Two-Dimensional Surfaces in Euclidean Space

Exercise 16. Choose appropriate coordinates and write the metric for the following two-
dimensional surfaces embedded in three-dimensional Euclidean space.
Draw diagrams too.

1. The cylinder 2 + y* = R2.

2. The sphere given by z? + 4 + 2* = R%

3. The hyperboloid of one sheet 2 4 3y = R? + 2°.

4. One sheet of the hyperboloid of two sheets 22 = R? 4 22 + y*, 2 > 0.

Answer 16. For any two neighbouring points (z,v, z) and (z +dz, y +dy, 2+ dz) on the
surface,

(ds)? = (dz)’ + (dy)? + (d=)°.
We just change this to our chosen coordinates on the surface.
The cylinder
Choose x = Rcos¢ and y = Rsin ¢ with z and ¢ giving the coordinates on the cylinder.
dxr = —Rsin ¢do, dy = R cos ¢de.
Therefore (dz)? 4 (dy)? = R*(d¢)? and
(ds)? = (dz)” + R*(d¢)”.

Calling the coordinates (:El =z = ¢) the metric written as a matrix is

1 0
Gij = 0 R2 .
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The Sphere
Use polar coordinates © = Rsinfcos ¢,y = Rsinfsin$, z = Rcos#® and so with ! = 6

and z2 = ¢,
21 0
gis = R (O sin29)'

The hyperboloid of one sheet
Use x = rcos ¢, y = rsin¢; then we have 72 = R? + 2. Moreover rdr = zdz, so we can
choose r and ¢ as coordinates with r ranging from R to oco:

(@ds)° = (do)*+ (dy)” + (d2)°
= (@)’ +r%(de)’ + S5 (dr)’

2
= (@) 4 r*(de) + s ()
2 _ p2
= Tl + e

One sheet of the hyperboloid of two sheets
Use, again, & = rcos ¢, y = rsin ¢; then we have 2> = R? 4 r2. Moreover rdr = zdz, so
we can choose r and ¢ as coordinates with r ranging from 0 to occ:

(ds)* (dz)? + (dy)* + (d2)*

2
(dr)? +1*(do)” + S5 (dr)”
742
r? 4 R?

(dr)? + 7% (dg)”.

(dr)® +7*(d$)” + (dr)”
2r? + R?
2+ R2
Two-Dimensional Surfaces in Minkowski Space

Exercise 17. Find the metric for the two-dimensional “upper hyperboloid” in Minkowski
space (ds)? = —(edt)? + (dz)? + (dy)* + (dz)? given by the conditions
z =0, (ct)Q’ :R2+fc2+y2.
Answer 17. As in the previous exercise choose © = 7 cos ¢, y = 7 sin ¢. We have c*tdt =
rdr by differentiating (ct)2 =R>+224+¢y*=R>+1r2
(ds)? = —(cdt)’ + (dz)” + (dy)®
2
r
- [1 - W] (dr)? + r*(d¢)?
R2
- m(dr)z +72(de)>.
Therefore the metric is

g ( R/ + R?) 0 )

0 72
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Curvature of Two-Dimensional Surfaces
Exercise 18. Check that the curvature of the cylindrical surface is zero.

Answer 18. The metric tensor has constant components. Therefore all I'’s are zero. This
makes all R-components zero.

Exercise 19. Calculate the ", I, R jii, Rijit = gim R™ i1, Rij = RYipj and Rs =
g R;; for the two-dimensional spherical surface of radius R whose metric is

(ds)* = R [(d0)? + sin® 0(d¢)”] .
Answer 19. We call ' = 0 and z° = ¢.

2 1 0
gi5 = R (O sin29)’

ii  p-2f 1 0
g =R (0 1/sin29)'
Connection coefficients

There are six I'’s to calculate.

Iy = 0

I = 0,

'3y, = —sinfcos?,
= 0

'y = cotd,

rs, = 0.

Curvature tensor

In two dimensions there is only one independent component of the curvature tensor,
namely, Riz12 = g1;R?212. Since g12 = 0, we have Ri212 = g11RY315. Now,

—R'21p = 1_‘%1,2 - F%Z,l +F%1F%j - F%QF%j
—8—80(— sin 0 cos @) + cot O(— sin O cos )
= —sin®0.
Therefore,
Riz12 = R?sin® 0.
The Ricei tensor is
Ry = R1111 + R2121 = 92232121 = 92231212 =1,
Riz = Ry + R’ =0,
Ry = R'oia+ R’20 = g"' Riz1o = sin”0.
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The curvature scalar is

2
Rs =g"Rij = gllRll +922R22 =R
The Gauss curvature scalar is
detL = IL1'L.2—LotL% = —gljjolz = —911922R2112
_ glngQleg
1
= 7

Exercise 20. Calculate the g%, I‘;k, R¥;ki, Rijkt, Rij, and Rs for the two-dimensional
space-like “upper hyperboloid” of the Minkowski space whose metric is (Exercise 17
above)

2

2
(ds)” = po T

(dr)? +r*(d¢)”.
Answer 20. We call ' =r and 2% = ¢.

gij:( R/ + R?) 0 )

0 r?
iy (7“2 + Rg)/RZ 0
g = 0 12 )

Connection coefficients
There are just three non-zero independent I's,

2 2
1 r 1 r(r*+ R%)
Fll——2+R2, I3 = 7R
1
Il ==="T5
r
Curvature tensor
Therefore,
2
r
Risis = g11R 10 = - ———.
1212 = g11 7212 2R

The Ricci tensor is

1
1 2 22 22
R = R+ Ri21 =9 "Roi21 = ¢ Rizin = I RD

Ris = R'ia+ R*122 =0,

1 2 r?

Ryy = R212+ Roan = e

The curvature scalar Rg is
g 2
Rs = ¢”Rij = ¢"'Ru1 + g Ros — —

ﬁ'
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The Gauss curvature scalar is

det L = Li'Lo® —Lo'Li> = —gYR*j12 = —g" ¢**Ro1a
11 22
= g ¢ " Ri212
1

~ g
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Chapter 3

General Relativity Basics

We begin with Einstein’s theory in this chapter. Since the full mathematical back-
ground will be developed in Part II, for the present the student is advised to regard
9uv,I't,, Ry ete. as sets of physical quantities which are labelled by indices just as

the familiar vectors and fields are. The words “tensor”, “connection components”
or coefficients should not bother the student.

3.1 Riemannian Space

We discussed Gauss’ theorem in great detail in the previous chapter. Riemann
generalised the result to any number of dimensions. The Riemannian geometry
has the following basic quantities:

Coordinates

The points of the space are labelled by n coordinates 2%, = 1,...,n. The points
of the space can be labelled by a different set of coordinates as well. Different sets
of coordinates are differentiable functions of each other.

Metric Tensor

In a given set of coordinates the infinitesimal distance between neighbouring points
can be written as

(ds)? = gijdx'da’ (3.1)

where g;; are called the components of the metric tensor. In general the g;; depend
on the coordinates of the point about which the distance is being calculated g;; =
gij (). Although written as (ds)? the quantity is not positive definite in relativity.
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The metric tensor written as a matrix is (i) symmetric and (ii) non-singular.
The inverse of the matrix g;; is written g*/ and is called the contravariant form of
the metric tensor. The non-zero determinant det |g;;| is traditionally written as g.

Connection Components

These are quantities defined by the derivatives of the metric

1
Tl = 56" (95 + 913 = 9is1). (3.2)

Riemann-Christoffel Curvature Tensor

Defined in terms of the derivative and products of the connection coefficients,
—RF =Ty =T+ T = L0 Th (3.3)

ml,j

The covariant form of the Riemann curvature tensor

Rijii = gimR™ ja (3.4)
shows many interesting symmetries in its indices. These are
Rijri = —Rijik,
Rijri = —Rjin,
Rijr = Ry,
Rijri + Rigij + R = 0.

Ll

This reduces the number of independent components of R;ji to n?(n? — 1)/12
in n-dimensions. This means there are 20 components in four dimensions, six in
three and just one, Ri212, in two dimensions.

Ricci Tensor, scalar curvature and Einstein Tensor

The Ricci tensor is just a linear combination of components of Riemann tensor

Rij = R}

kg (3.5)

It can be shown that it is symmetric, R;; = Rj;. The Einstein tensor is defined by

1
Gij = Rij — igin (36)
where the scalar R = g R;;.
With these ingredients we proceed to the application of the Riemannian
geometry to physics.
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3.2 General Relativity

As discussed in the first chapter the general theory of relativity makes the following
assumptions about the nature of spacetime and gravitation.

Spacetime Continuum

Spacetime is a four-dimensional continuum whose points (“events”) can be speci-
fied by systems of coordinates z#, z’'* etc. where p = 0,1,2,3 and one of these is
a time-like coordinate.

The infinitesimal “interval” between two neighbouring points is given (in the
coordinate system x* for example) by

ds® = g, (v)datdz". (3.7)

The quantities g,, () = g,u(x) can be treated as elements of a symmetric 4 x 4
matrix depending on coordinates in general. These fundamental quantities are
called components of the metric tensor. Because of symmetry there are only ten
independent quantities.

The Gravitational Field

The gravitational field is determined by the g,,, and quantities derived from these.
In a certain definite sense the metric tensor represents ten gravitational “poten-
tials” in place of the one Newtonian potential ®, and I'¥_ represent the forty
gravitational “forces”.

Minkowski Space

In the absence of gravitation, coordinates z* can be chosen such that g,, are
equal to 1, (with noo = —1,7m11 = 722 = 133 = 1, all others zero). In this case
20 = ct where t is the time coordinate, and x', 22, 23 are the rectangular cartesian

coordinates:
(ds)? = —c(dt)* + (dz")? + (d2*)? + (dz®)?. (3.8)

One can also choose 7,0,¢ coordinates for the spatial part (z!,2?% 23) =
(rsin 6 cos ¢, rsin  sin ¢, r cos 0) so that

(ds)? = —c2(dt)? + (dr)? + 12(df)? + r% sin” O(dp)>. (3.9)

The Einstein Equation

Matter distribution is given by stress-energy tensor T),,, (we will discuss it in
a later chapter). It determines the gravitational field g,, through the Einstein
equation

1 &G

RW - *QWR = A

5 Ty (3.10)
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In a matter-free region — and we are interested in only such a region in Part
I — the Einstein equation further simplifies to

R/LV =0 (311)

because T}, = 0 implies ¢"” (R, — g R/2) = —R =0.

Calculation of R,,,,

The Ricci tensor Ry, is defined through the following steps:
First we define g"” which, as a matrix, is inverse to the matrix g, .
Secondly, we calculate the forty coeflicients I';, = 1"}, depending on deriva-
tives of the metric

1 O9su | 9980 Oguw
re, = -g*f - - =22 ). 12
w =59 (636” T ur T 0P (8.12)

There are forty coefficients because I'’s are symmetric in the two lower indices so
that there are ten possibilities and the upper index can take all four values.
In terms of these we then determine the curvature tensor
_Rullo'T = FﬁU,T - FlVLT,O' + Fgargr - FSTF’;U. (313)

The symmetric Ricci tensor is obtained by summing up the curvature tensor
components as

R, = R'ypr (3.14)
= ROVOT + Rll/lT + R2u27- + R3u3‘r- (315)

We will see later that R, has the following form.

Let g = det g,,,, be the determinant of the metric tensor. The determinant g is
negative in general relativity just as it is in special relativity where det(7,,,) = —1.
Then,

Ry = (Inv=g) o — T, o + 0,05 — (Iny=g) oI, (3.16)

3.3 Solving the Einstein Equation

The Einstein equations are solved for the metric tensor components. Usually, one
can say something about the g,, already before attempting a solution, using, for
example, the symmetry of the gravitational field in a particular set of coordinates.
Symmetries reduce the number of non-zero independent components from ten to a
smaller number. For example, in the static, spherically symmetric field in vacuum
discussed in this chapter, there are just two unknown functions to be solved for
from the Einstein equation.
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3.4 Particle Trajectories

After we have solved the equations R, = 0 for the unknown g,,,,, the motion of a
body in the gravitational field is governed by the geodesic equation
APzt dx¥ dx°

e
dr2 Rz dr dr

=0 (3.17)

where 7 is the proper time along the trajectory measured from some point on it.
Let a#(X) be the trajectory of the particle, parametrised by variable A\. Then

1A dz* dzv \ M2
A) = = G ) . 1
T( ) C/ ( gu, d>\1 d)\l) 1 (3 8)

The negative sign occurs because the velocity da*/dr is a time-like vector
with negative norm squared.

3.5 Path of Light Rays

For light-rays the proper time along the path is zero: g, dz*dz” = 0. In this case
the trajectory is written in terms of a parameter A,

A2zt dz¥ dz°
T — =0 3.19
d\? Tl d\ d\ ( )
and we use the additional constraint that
dx* dx”
guuﬁﬁ =0. (3.20)

3.6 Weak Field and Newtonian Limit

A particle moves in a static and weak gravitational field given by g,,,,. This means
that these g, are independent of time ¢ and they are close to their Minkowskian
values. We also assume that the velocity of the particle which follows the geodesic
is very small compared to light velocity c.

In this limit we expect the equations of motion of the particle to reduce to
their non-relativistic, Newtonian form.

Minkowski Background

When the field is weak, Cartesian coordinates can be chosen, z# = {20 = ct, 2},
and the metric tensor is only slightly different from the Minkowski tensor 7. We
can therefore write

Juv = Nuv + huy (3.21)
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where h,,, is small compared to 7,,,. Also, h,, should go to zero in an asymptotic
region, far away from gravitating bodies, where the metric is purely Minkowskian.
The inverse matrix g"” is also close to the Minkowski values if g"* = ¥ +EH*”
where k*” are of the order of hy, and n*” is the inverse of 7,, as a matrix. This
is so because by definition g"¥g,, = §~.
In the non-relativistic limit we should obtain the Newtonian equation
d’x! 9]
=—-——%(x 3.22
e 57 2 (@) (3.22)
where ®(z) is the Newtonian gravitational potential.
The equation of the trajectory for space coordinates x* is

d?x’ . dxt dx¥

— 4+, ——=0. 3.23

dr? Wodr dr (3.23)
In the non-relativistic limit dr = dt\/1 — v2/c? ~ dt. This means that dz®/dr ~ c
is much larger than the velocities v¢ ~ dx?/d7. The dominant term in this equation
is therefore

d?x’ 9

Because the gravitational field (given here by the metric tensor) is static, all time
derivatives are zero and the connection coefficient

) 1 .. 1
00 = 51" (2hjo.0 = hoo,z) ~ =5 hoo,i- (3.25)
This when compared with the Newtonian equation gives hgg = —2®/c? and
2¢
goo = — <1 + c2> : (3.26)

Slowing Down of Clocks

The non-relativistic formula obtained in the last section for the 00-component
of the metric gives us a result which was first obtained by Einstein using the
Equivalence Principle as explained in Chapter 1.

It is important to remember that the time coordinate ¢ is just a way to label
the spacetime events. Events which have the same value of ¢ are simultaneous
according to the coordinate system x. On the other hand the time shown by a clock
following a trajectory is the proper time [dr = [\/—gu.dztdz? /c integrated
along the trajectory.

In order to compare times shown by two clocks following two different tra-
jectories we choose the same “coordinate time”, say, ¢ = 0 and note down their
readings at the two places where the clocks are present. Then again, at coordinate
time t we record their readings at their new positions. These four observations can
then be compared.
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For stationary clocks, that is clocks not changing their positions, the trajec-
tory is simply x* = constant. Therefore

/drz/mdt.

As position coordinates, z* are constant along the trajectory

/m:J@Q@/#

Therefore the ratio of time intervals T, = [dr shown by a clock sitting at a
point = to T, = [ dr shown by a stationary clock at y for the same interval of
“coordinate time” from 0 to ¢ is

To _ Vogw(@) _ (14+22(x)/c*)F (3.27)
T, —goo(y)  (1+2®(y)/c?)?

This is the same result we derived following Einstein’s 1907 argument. Clocks slow
down at places where gravitational potential is smaller.

In particular, for a massive spherical body of mass M the Newtonian potential
outside the body is ®(r) = —GM/r where r is the distance from the center
of the gravitating body. Therefore clocks slow down by a factor \/1 — 2GM /rc?
compared to clocks very far away, r — oo where ® = 0.

An immediate consequence of this is the gravitational red shift. An atom
emitting a spectral line of a given frequency is like a clock. A stationary atom on the
surface of the Sun, for example, will seem to emit light of lower frequency compared
to an identical atom far away (say near earth if the gravitational potential due to
earth’s gravity on the surface of the earth can be neglected in comparison to the
gravitational potential due to the Sun on the surface of the Sun). We have,

Wy = (1 - 2GM> wRwW-— wGM (3.28)

rc2 r¢z

This equation has a simple interpretation in quantum theory. A photon with
frequency w has energy fiw equivalent to a mass Aw/c?. It loses energy equal to the
gravitational potential energy (hw/c?)GM /r in going from r to infinity, becoming
a photon of lower energy hw..

3.7 Tutorial on Indexed Quantities

The full mathematical development of vectors and tensors will be done from Chap-
ters 5 onwards. Presently, we can do a number of exercises, treating these as in-
dexed quantities like vectors or matrices.
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Exercise 21. A;; and BY i, j =1,. -.,m are two matrices, with A a symmetric matrix
Aij = Aj; and B antisymmetric B” = —B’'. What is the number of independent
elements in A and B? Show that the sum A;;B" is zero.

Answer 21. A has n(n+1)/2 independent elements and B has n(n — 1)/2. Interchange
indices ¢ and j in the sum and use symmetry and antisymmetry properties.

Exercise 22. Two three-indexed quantities are given: wape and fape, a,b = 1,...,n.
The quantities w are antisymmetric in the first two indices wape = —whee and f’s are
antisymmetric the last two fope = — facr. How many independent elements are there in
each set? Given that f is related to w by

fa.bc = Wabe — Wach,

solve w’s in terms of f’s.

Answer 22. There are n?(n — 1)/2 independent quantities in both. There are as many
independent linear equations for w’s. These quantities appear in the discussion of Ricci
rotation coefficients in section 9.7.2, where the answer is given.

Exercise 23. The Riemann tensor is a four-indexed quantity with the following proper-
ties (i,7,k, 0 =1,...,n)

Rijii = —Riji antisymmetry in last two indices,

Rijii = —Rjim antisymmetry in first two indices,

Rijii = Rruj symmetry in the composite index (ij) and (kl),
Rijii 4+ Ririy + Rajr =0 cyclic sum in last three indices.

If there were no symmetries then there would be n* independent elements in Rjx;.
Show that the number of independent elements reduces to n?(n? — 1)/12 due to these
symmetries. There are 20 components in n = 4 dimensions, six in three and just one,
Ri212, in two dimensions.

Answer 23. Divide the set of four indices 4, j, k, [ into three classes or subsets.

The first class is of those indices in which there are only two distinct indices. These
can involve only elements of type R;ji;, and there are n(n — 1)/2 members in this class
because of antisymmetry in ¢ and j.

In the second class there are three distinct indices. These elements can only be of
type Rikjr. k can take n values and for each of these 4, j can take two distinct values from
the remaining n — 1 possibilities. We limit to ¢ < j because the elements with ¢ > j are
related to these by interchange of the pairs ik and jk. Thus there are n(n — 1)(n —2)/2
such independent elements.

The cyclic property in the last three indices is trivial for these two classes and does
not reduce the number of elements.

In the third class are elements for which all four indices are different. We can
arrange these as R;jr with ¢ < j,k < [,i < k because all other choices can be related to
these by symmetry properties.

There are n(n — 1)/2 pairs ¢ < j and (n — 2)(n — 3)/2 pairs k < l. Thus there are
n(n —1)(n — 2)(n — 3)/4 possibilities but these have to be reduced to half (a factor 1/2)
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to only keep elements with i < k. The cyclic identities are all non-trivial for this class
and can be written (to bring the indices so that i < k < 1,7 < j)

Rijri — Rikji + Rajr = 0.

This further reduces the independent elements of this class by a factor 2/3 because each

cyclic relation allows one of the three elements to be expressed in terms of the other two.
The total number of independent components of the Riemann tensor is

n(n—1)(n—2)(n—3) n*(n®>—1)

1
2 4 12

n(n —1) " n(n —1)(n — 2)

L2
2 2 3






Chapter 4

Spherically Symmetric
Gravitational Field

4.1 The Schwarzschild Solution

Schwarzschild’s solution is an exact solution of the Einstein equation in empty
spacetime which is static and spherically symmetric. It is also the physically most
important of the few known exact solutions.

We know we can solve for the Coulomb field of a point charge, or a spherically
symmetric static charge distribution at those points where there is no charge by
solving the Poisson equation V2¢ = 0. Similarly, Einstein’s equation can be solved
in the matter-free outer region while the static matter distribution is spherically
symmetric and located around the origin. Actually, one can show that even if there
is time dependence in matter distribution, but provided it remains spherically
symmetric all the time, the gravitational field represented by the metric g,, in
the matter-free region is nevertheless static and given by the Schwarzschild form.
This result is known as Birkhoff’s theorem.

The assumption of a static and spherically symmetric solution means there
exist coordinates 20 = ct, 2! = r, 22 = 0, 2% = ¢ so that the metric is of the form

ds® = —a(r)c2dt? + b(r)dr?® 4+ r2d6? + r? sin® fd¢? (4.1)

where the angular part of the metric is the same as the gravitation-free form
because of the spherical symmetry, and a(r) and b(r) are functions of r only.
This is enormous simplification as only four diagonal components of the matrix
gy are non-zero (in the general case there are ten) and there are essentially
only two unknown functions of a single variable. So we expect ordinary rather
than partial differential equations. As a consequence of time independence and
spherical symmetry, metric coefficients are independent of both 2% = ¢t and 2% =
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¢. Therefore, we expect two conserved quantities, related to energy and angular
momentum, just as in Newtonian gravity with spherical symmetry.

Starting with this assumed form of g, one can calculate I'; ., and then R, .
We can then write Einstein’s equations

R, =0
and solve for the unknown functions a(r) and b(r). The solution, first found by
K. Schwarzschild in 1916 is
1 2GM Rg
a(r) b(r) < rc? > r (4.2)

where M is the total mass of the matter distribution as determined by the New-
tonian potential —GM /r for r — oo. The quantity Rs given by

2GM

Rs (4.3)

has dimensions of length and is called the Schwarzschild radius of the gravitating
body.

Because we will refer to it often let us write out the solution in its full
traditional form once again:

2GM 2GM\
ds® = _(1_f§)62dt2+(1_ G ) dr?

rc?

+r2d6* + 1% sin? Odp?. (4.4)

There are in general forty independent connection coefficients I'# . Of these forty,
only nine are non-zero. They are listed below for later reference:

1 Rg -1 Rg
=) = -(1-=| =
01 10 B < , ) 2
1 Rs\ Rs
1 —
oo = by <1 - r) 20
1 Rg -t Rg
1 _
= 3 (1 - ) T
Rs
F%Q = -r <1 - r > )
R
i, = —rsin?@ (1 . S) ,
T
If,=Tr3 = 1/n
I3, = —sinfcosd,
I'5s =I5, = cot,

i, =r3 = 1/r (4.5)
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The derivation of the Schwarzschild solution is in the tutorial at the end of this
chapter.

4.2 Conserved Quantities

Calculations for trajectories are greatly simplified due to existence of conserved
quantities just as in Newtonian gravity.

We use the following result. If all the components g, are independent of a
certain coordinate, say z°, then gopdat /dr is constant along the geodesic trajec-

tory.
d dxt
L = U. 4.
dr <go; dr > 0 (4.6)
Proof:
d dz" | dz¥ dgo, dxt n d?z+
dr Jou dr T dr Oz dr Jou dr?

Substituting the second derivative from the equation of the geodesic,
d dxt B dx¥ dz° p dz¥ da?
dT gop—_— dr = Yoo,v d d — Goul 1o d dT

The coefficient of go,,, is symmetric in v and o with summation over both these in-
dices and we write go,,, as the sum of symmetric and antisymmetric parts, that is,

1

1
5(900,1/ + gOu,a) + §(QOU,V - gOl/,o)~

The antisymmetric part when multiplied by (dz” /d7)(dz? /d7) and summed gives
zero. So using the definition of T,

d dzt B 1( N )d:c di, dz¥ dz°
= 9oo,v T Gov,o dr dr gou ya dT dT

9oo,v =

ar |7 ar 2
dx” dz°
= [2 Goo,w + Gov,o) — §{goa,u + Gov,o — gau,o} 4 dr
1 dx” dz®
= glweo g
= 0

because all the metric components are independent of z°.
If there is another coordinate, say z3, which also does not show up in the
expressions for the metric tensor components, then a similar equation

d dx#
s (9%7) =0 et

holds as well.
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4.3 Planetary Motion

We now work out the consequences of the Schwarzschild metric. The gyg in this
exact case is identical to the Newtonian limit —(1 + 2®/c?) which is a remarkable
coincidence.

Trajectories of bodies under the influence of a gravitational field produced
by the spherically symmetric mass distribution is determined from the geodesic
equation

A2zt dz¥ dz°
+TY,———— =
dr2 Y9 dr dr

where I'’s are as given above.

4.3.1 Two Conserved Quantities

In the present case we know that the metric g,, does not depend on coordinates

20 = ¢t and 23 = ¢. Accordingly there are two conserved quantities. The two

conserved quantities are

dax® 2GMY\ dt
= —1- — 4.
Co = goo—— i ( 2 )Cd’T (4.8)
and
da3 d
C3 = gos— 2629 4 (4.9)
dr dr’

The quantities Cy and C5 are related to energy and angular momentum. To see
this take the non-relativistic limit for § = 7/2 = const,

2GM 1 2GM\ ' [dr\? do
dT:‘”[(l‘ )‘a(l‘mz) <dt) _(dt>]

Therefore,
dt_  GM 1 (dr\' R (de)t
dr rc2 - 2¢2 \ dt 2¢2 \ dt

dr do GM
come s L (LY 2 () -6 a0

This expression, if multiplied by the mass m of a particle moving along the geo-
desic, gives the Newtonian expression of energy in radial coordinates added to the
rest-mass energy mc?. Similarly, multiplication by m of the non-relativistic limit
of ('3 gives the expression for angular momentum as we see in the next section.

1/2

and so,
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4.3.2 Motion in the Equatorial Plane

We show that geodesic motion, as in the Newtonian orbit, is confined to the plane
6 = /2 if it is initially so confined.
The geodesic equation for 2% = 6 is

20 2dodr . do\?
de—l-rdeT—MDQCObQ<d> —O

Therefore, if § = 7/2 and df/dr = 0 at some value of 7, then d?6/dr? = 0 and
0 = m/2 for all values of 7.
From now on we can restrict ourselves to the “equatorial plane” 6§ = /2.
The conserved quantity
2d¢
h=r dr
is just the “equal area in equal time” law of Kepler, except that the time is proper
time now.

We are looking at a two-dimensional motion with coordinates r,¢ in the
plane. The area law gives the dependence of ¢ on 7 and the constancy of Cjy
gives that of ¢ on 7. We just need one more equation to completely determine the
trajectory giving dependence of r on 7.

It is, of course, possible to write the geodesic equation for 2! = r, but in
practice it is much simpler to use the fact that the velocity vector to a trajectory

parametrised by the proper time 7 has norm —c?,

dxz* dx” 9

=gu—— = —C°, 4.11
(U0) = gu O = (111)
which gives us, substituting for d¢/dr and dt/dr from the expressions for h and C,
1 /dr\?
= — =F 4.12
5 () +vo) (112)
where
GM h* GM n?
- _ o o= 4.1
vir) r 2r2 rcZ r? (4.13)
and F is the constant
2 _ 2

Note that this equation for dr/dr, written deliberately in the Newtonian form is
an exact result in the general theory of relativity ! The contribution of general
relativity (apart from replacing the time ¢ by proper time 7) is the extra term
GMh?/r3c? in V(r). The equation (as far as dependence of 7 on proper time T
is concerned) is identical to that of a particle of unit mass in one dimension with
total energy F in an “effective potential” V(r).
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-« Newtonian effective potential

Fig. 4.1: Effective potential V' (r) for h # 0.
The Newtonian effective potential is shown by dotted lines.

4.3.3 Qualitative Features of Orbits

Let us analyse the effective potential V' (r) of the previous section for various values
of E and h. We can immediately see the following qualitative features of the orbits.

1. For h = 0 the radial plunge (or escape) is just as it is for the Newtonian case
because V is the same.

2. The general relativistic contribution proportional to —1/r® eventually dom-
inates over the repulsive core h?/2r? as r — 0 and takes the potential back
to —oo instead of 400 as in the Newtonian case. In general therefore there
is both a minimum and a maximum in the effective potential.

3. If the value of E is such that r is at one of the extrema of V(r) and E =
V(r) then dr/dr = 0,r =constant, and there is a circular orbit. There is an
unstable orbit corresponding to the maximum of V' and a stable orbit at the
minimum.
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4. There is now a possibility of a radial plunge if £ > 0 is greater than the
maximum of V' even for h # 0. This is unlike the Newtonian case.

5. For h # 0 and F > 0 but smaller than the maximum, the orbit comes from
infinity, goes round the center and goes back to infinity.

6. For E < 0 the motion is restricted to within a maximum and a minimum value
of r, much like a general central force. The orbits are rotating or precessing
ellipses, as we shall see in the next section.

4.3.4 Precession of the Perihelion

The equation of the orbit can be obtained from the one-dimensional effective
problem by differentiating with respect to 7 and factoring out the dr/dr factor

d |1 [dr\?
(== = 4.1
dr [2 (dT) Vi) 0 (4.15)
giving
d2r
W + V’(T) = 0 (416)

We can convert the derivatives with respect to 7 into derivatives with respect to
¢ by using

d dopd hd

s =2 = 4.17
dr drd¢y r?2do (417)
Finally we can change to the variable u = 1/r. The result is
d*u GM 3GM ,

Compare this equation with the equation for the Keplerian elliptical orbit.

Our aim is to solve this equation approximately in order to estimate the
contribution by the second term on the right-hand side. We follow the treatment
of P. G. Bergmann.

Recall (from the Tutorial in Chapter 1) that if this term was absent we will
get the fixed ellipse

GM
u = ?(1+ecos¢). (4.19)
If we plot w as a function of ¢ the graph will look like a ripple with a period
exactly equal to 2.
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With the perturbing general relativistic term 3G Mu?/c? present we still ex-
pect the solution to be a periodic function although the periodicity may not be
27. The excess (or deficiency) from 27 of the interval between values of ¢ at which
du/d¢ = 0 in two successive occurences is the amount by which the perihelion
shifts per revolution.

Let us write the equation as

d*u

M
a2 = % + (4.20)

treating A = 3GM/c? as a small parameter. The equation is symmetric with
respect to ¢ <> —¢ so that u(¢) is an even periodic function. Let the frequency be
w so that we can write the function as

u = ag + ay cos(we) + ag cos(2wep) + - - - . (4.21)

Here a,’s are all functions of the parameter \. As A — 0 we must recover the
ellipse u = GM (1 + ecos ¢)/h?, therefore

GM M
w—1, ag(N) R ar— =56 ap, = 0,n=2,.... (4.22)
The important point here is that all higher coefficients a,,,n = 2,... are of order

A or higher.
Substituting this ansatz in the equation we get, keeping to first order terms,

ag + a1(1 — w?) cos(we) + as(1 — 4w?) cos(2we) + - - -
= GM/h?+ Xag + a; cos(wep) + O(N))?
= GM/h? + \a? + a2 cos?(we) + 2apay cos(we)) + - -

Fig. 4.2: Precession of the perihelion.

The elliptical path of the planet in Newtonian gravity is replaced by a
precessing ellipse. The perihelion position is shifted from P to Q.
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Comparing the coefficients of cos(w¢) terms on the two sides, (the presence
of cos? wg is irrelevant as it is equal to (1 + cos 2we)/2),

3GM GM
I—w?=2Xag ~ 2=5— - =7 (4.23)
This determines the periodicity to be
1
2m 6(GM)?\ 6m(GM)?

The additional angle 67(GM)?/h?c? has a positive sign. When a planet returns
towards the original perihelion, it has to move this much angle beyond 27 to make
the next perihelion. Here h?/GM is the latus-rectum equal to L = A(1 — €2),
where A is the semi-major axis and € the eccentricity. So we can write the formula
for precession as

6mGM

Lc?
which comes out to be 43" of arc per century for the planet Mercury with the
smallest value of latus-rectum.

A¢ = per revolution, (4.25)

4.4 Deflection of Light in a Gravitational Field

The light-like geodesics in the Schwarzschild field can be discussed just like the
time-like geodesics. The geodesics lie in the plane § = 7/2 if initially they do so
for the same reason.

We use an affine parameter A to parametrize the trajectory z*(\).

The conserved quantities corresponding to energy and angular momentum
can again be written down,

2GM\ dt
dg
=r’—. 4.2
h=r I (4.27)

For the third equation for r we use the light-like nature of the tangent vector
(U,U) =0,

2GMY , [ dt\? 2GM\ "t (ar\?  , (do\?
(7)) () () (@) =

Substituting for dt/d and d¢/d from the first two equations we get, after chang-
ing to variable u = 1/r,

du\®> C2  , 2GM ,
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To convert it into the (traditional) second-order equation of the path, differentiate

once with respect to ¢ and cancel the du/d¢ factor,
d*u n 3GM
— tu= TR
d¢? c2

(4.29)

Compare this equation with that for the motion of a particle in the previous
section. There is no constant GM/h? term on the right-hand side. In the absence
of the general relativity term, the equation reduces to the Newtonian case

d*u

— +u=0. 4.30

T (430)
These ‘zeroth-order’ solutions are u = (1/b) cos ¢ representing a straight line prop-
agation of light passing at a distance b from the origin. In the first-order correction,
we substitute the zeroth-order solution on the right-hand side,

d*u 3GM
e +u= 22 cos? ¢. (4.31)

This equation is linear in u. Writing cos? ¢ as (1 + cos(2¢))/2 on the right-hand
side and noticing that if w = cos(2¢) then w” = —4cos(2¢). So uy = 3 — cos(2¢)
satisfies uf + u; = 3(1 4 cos(2¢)). This gives (up to the appropriate constant) a
particular solution to our equation. The complete solution is therefore

1 GM
u=y cos ¢ + 22 (3 —cos(2¢)) . (4.32)

If we convert the trajectory equation into cartesian coordinates (x =
rcos ¢,y = rsing) it is

rT=b— — —". (4.33)

The path of a light ray looks like a straight line far away from a gravitating
body both above and below the x-axis (|y| >> z),

Rg
The angle between the asymptotes is the angle by which the deflection takes place:
2R
5= TS (4.35)

The distance of closest approach of light ray BP to the massive body at the origin
is obtained by setting y = 0 in the approximation to the path of the light ray. It
is

_ by _Bs

14+ Ry/2b 2
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The impact parameter, that is the distance betweeen the straight line representing
the incoming asymptotic path of the light ray and the line parallel to it passing
from the center of the mass is
2
Rg

bcos(6/2) :b< - 2b2) ~ b.

The deflection § is approximately equal to 1.75” for rays from a distant star grazing
the surface of the Sun so that b is the radius of the Sun (about 7 x 10> Km) and
the Schwarzschild radius of the Sun is about 3 Km.

‘o
Fig. 4.3: Deflection of light by a massive body.
Light from a far-off source comes in the direction SQ and after deflec-

tion is seen by a distant observer O to come from the virtual image S’.

Our treatment of light deflection in this section follows Eddington’s exposi-
tion in The Mathematical Theory of Relativity. We shall rederive this deflection
formula in Chapter 13 for weak gravitational fields by a different method.



76 Chapter 4. Spherically Symmetric Gravitational Field

4.5 Gravitational Lensing

To a good approximation we can assume the bending of light to take place only
in the neighbourhood of a massive body. The impact parameter and the closest
distance are nearly the same. We can then approximate the light ray trajectory
as made up of two straight lines corresponding to incoming and outgoing rays
bending sharply at the point of intersection, much like the bending of a light
beam in a thin lens.

Let there be a distant source of light (a galaxy for instance) at S in a straight
line with the massive body B (which can be another galaxy) and the observer at O.

s’
.'n '

—.. MMM—MM—-’T-«\M\

Fig. 4.4: Gravitational Lensing.

Light source(sS), massive body(B) and observer(O) in a straight line.
The virtual image of the source is a circle S’ called the Einstein Ring
with an angular diameter 20g.

Light bends as shown in the figure. The observer O sees the virtual image
of the source S at a point S’ due to the deflection by an angle §. Due to axial
symmetry, light from all sides is deflected in the same manner and the virtual
image of the source is a ring called the Einstein ring of angular diameter 20g as
shown. The angle 6 can be calculated as follows. Let w and v be the distances
of the source and the observer respectively from the gravitating body B. Let b be
the impact parameter, very nearly equal to the distance of the point from where
incoming and outgoing rays intersect. From the geometry of the figure we see that
b=0gv =1u and

or,
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The angular diameter of the Einstein ring is therefore 20 with

Op = (QRSU(uum)W' (4.36)

For a source slightly off-axis by an angle 3, the circular symmetry is broken
and there are only two images in the plane SBO as shown in Figure 4.5. We can
easily calculate the angles 61 of the two images

2
0, 15402 (4.37)

0+

Sy
5y —
s S— I
e

. b

Fig. 4.5: Gravitational Lensing.

Source off the axis by an agle 8. The virtual images are at angles
0+ = /ZBOS+.

4.6 Tutorial

The Connection Coefficients

Exercise 24. Calculate g", In/—g and the forty I'’s for the Schwarzschild form of
metric.

Answer 24. With only the four diagonal components of the metric tensor non-zero,
goo = —a(r), g11 = b(r), g2 =717, gs3 =r’sin®0,
g% = —a(r)"t, gt =b(r)"l, g2 =12 ¢ =r"2(sinf)2
“log-root-minus g” is

Iny/—g = %(lna—&-lnb)—l—Zlnr—&—lnsinﬁ. (4.38)

With these the nine non-zero independent connection coefficients can be calculated. We
use the convenient abbreviation of a prime to denote differentiation with respect to r,
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for example f’ = df /dr when f is a function of r.

I =1 = (1na)//2,

gy = a'/2b, It = (Inb)'/2, Ty = —r/b, Ty = —rsin®6/b,
Iy =13 =1/r, '35 = —sinf cos b,
33 = 'Yy = cot b, ', =13, = 1/r.

Exercise 25. Calculate the Ricci tensor for the Schwarzschild form of metric.

Answer 25. Frequent occurence of Ina and Inb prompts us to define
a=et, b=e". (4.39)
The Ricci tensor R, is
~Ru = (Inv/=9) 0 — Ty a + ThaTs — (Inv/=g) a5, (4.40)

Different parts of the Ricci tensor, after a very short calculation, can be written as a
matrix (only half-filled because it is symmetric)

0 0 0 0
— B (A" + B")/2 - 2/r* 0 0
I v=9)m = ~1/sin*9 0
i 0
Similarly,
[ Tdo,1 10 0 0
a o F]_]_’]_ 0 0
Fiavo = Th 0
L Fcl).e.,l + Fge.,z
and,
NN 0 0 0
e, — Ei:o(rﬁu)g F?SFS’;}, 0
uas vp 2051 T30 + (I'33)* 0
2(T3:1 T35 + T3.T3,)
as well as
Y% 0 0 0
1 2
a 0
(Inv=9).aT5s = e
22 . 0 )
Y33 + V33
where
b = (ny/=g) T, = (%(A’ + B+ %) r, (4.41)

Yo = (Iny/=g) 215, = cot OT';,.. (4.42)
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Collecting the terms we calculate

a 24’
—Roo = % [A + — A (A B’ ) ; ] , (4.43)
1 ! ! ! 2B/
~Rn -~ 3 [A +§A (A - B) == ] (4.44)
1 ! !
~R:m — [f(A —B)t1- b] : (4.45)
“Ras — s”;) 4 [ (A —B)t1- b] . (4.46)

The remaining R, are zero.
Exercise 26. Solve the Einstein equation for vacuum for the Schwarzschild case.

Answer 26. As is obvious from the above expressions, the ten equations R, = 0 are
actually four for the diagonal pr = 00,11, 22, 33.

[A"-i— —A(A - B) = 0, (4.47)

5]
[A"-i— —A'(A - B) ] = 0, (4.48)

% [—(A’ _B) b] ) (4.49)
SH;)H[ (A —B)t1-b] - o (4.50)
The first two equations give A’ = —B’ which means ab —const. As we expect a and b to

have their Minkowski values ¢ = 1,6 = 1 far away from gravitating matter, as » — oo
the constant should be equal to 1. Putting B = —A” and b = 1/a in the third equation
(which is the same as the fourth) we get

bk
ro a

which is readily integrated to

a(r) 1y COIlSt'

Again, for large values of r the Newtonian limit should prevail, for which we already

know
2® 2GM
goo_ (1+_):_(1_ 2)'
re

Therefore we get the values a and b as given.

Exercise 27. Plot the effective potential

GM  h®  GMAR?
Vir)=- r +ﬁ_ 32
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for different values of h. Show that a stable circular orbit (for which dr/dr = 0) occurs
only if

h > \/12%

and then its radius is

h2

Rcirc — 2GM

126202\
1+ (l - 7) .
h2c?
Answer 27. Hint: The circular orbit (as in the Newtonian case) corresponds to the
minimum of the effective potential.

Exercise 28. Show that for the stable circular orbit in a Schwarzschild field, the angular
velocity © = d¢/dt (rate of change of ¢ with respect to the Schwarzschild coordinate

time) is related to the radius R of the orbit by
GM

2
0= —

Answer 28. Let us define the proper angular velocity (rate of change with respect to
the proper time) to be w,

_d¢
T dr

so that h = R%w. The radius of the stable circular orbit is given by the previous exercise
as

h? 1262 M2\ M2
R — Rcirc ZGM [1 + ( h2C2 )

We can solve for h? (or equivalently, w? from here in terms of R),

GM 3GM
O o (12601

Now w and € are related by dt/d7 which can be calculated from the expression for proper
time element

—c*(dr)? = —(1 — 2GM/Rc*)é*(dt)® + R*(dg)*
(dr =0 and 6 = 7/2) we get

w_z_ ﬂ 2_ 1+R2w2/62
Q2 \dr _I—QGM/RCZ'

Substituting the previous expression for w? in terms of R here and simplifying we get
02 = GM/R?. It is curious that this is just the formula for the frequency of the Newtonian
circular orbit.



Part 11

Geometry






Chapter 5

Vectors and Tensors

We review the familiar notions of a vector space, the dual vector space, tensor and
exterior products.

5.1 Vector Spaces

5.1.1 Vectors

A real vector space V is a set whose members, called vectors, have two operations
defined on them. T'wo vectors can be added to give a vector called their sum, and,
a vector can be multiplied by a real number to give a vector. A vector space has a
special vector 0, called the zero vector, which has the property that when added
to any vector of the space the sum is this latter vector.

Two (non-zero) vectors are called linearly independent if they are not pro-
portional to each other, that is, one can not be written as a number times the
other. More generally, a set of r non-zero vectors vy, ..., v, is called linearly inde-
pendent if none of them can be written as a linear combination of any, some or all
the others. A linear combination of vectors is just the sum of these vectors after
they have been multiplied by numbers.

If vectors vi,...,v, are linearly independent then a;vy + - - + a,v, = 0
implies that a; = --- = a, = 0 because if any of the a’s fail to be zero, let us say,
ay, # 0, then, by dividing by aj in the equation we can express vy in terms of the
others.

Let there be a set of linearly independent vectors. Let us adjoin to this set
a new non-zero vector, then the amended set can be linearly independent, or it
may fail to be linearly independent. We can try to make a set which is the largest
possible linearly independent set by adjoining only those vectors which make the
larger set linearly independent.

We will deal only with those spaces, called finite dimensional vector spaces,
in which this process of finding the largest set of linearly independent set comes
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to an end and we have a finite set vy,...,v, of linearly independent vectors.
Any other vector of the space can then be written as a linear combination of these
vectors. Whichever way we choose the set of linearly independent vectors, it always
contains the same number n of vectors.

A set of vectors like these is called a basis. The number n of independent
vectors is characterstic of the space and is called the dimension of the space.

5.1.2 Dual Vector Space

A functional « defined on a vector space V is a mapping which assigns to each
vector v € V' a real number «(v). If this mapping satisfies the linearity property,
that is for every v,u in V' and any real number a if

a(v+u) =a(v) + a(u), (5.1)

alav) = aa(v), (5.2)

then we call « a linear functional.
Now consider the set V* of all linear functionals on the space V. We can
define addition and multiplication on linear functionals by

(@ +P)(v) = a(v) + B(v),

(aq)(v) = aa(v).

With these definitions V* becomes a vector space whose zero vector is the
linear functional which assigns number zero to each vector of V. The space V* is
called the vector space dual to V.

5.1.3 Change of Basis

Let V' be a vector space of dimension n and let E = {e;}!_; be a basis in V. We
write a vector v € V in terms of the basis as v = z’e; where there is a sum over
i on the right-hand side from 1 to n. We shall use this tacit assumption of a sum
over a repeated index without showing the sign of summation. This is called the
Einstein summation convention. Any exception to the convention will be explicitly
pointed out.

The numbers z°,i = 1,...,n are called components of vector v with respect
to basis E. We are using another convention by writing the components with a
superscript.

Let F = {f;}"_, be another basis of V' whose vectors can be expanded in
terms of the old basis vectors as

fi = Tije]‘. (53)
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The numbers T;7 can be treated as elements of a matrix, with row index i and
column index j. It is an invertible matrix with the inverse matrix giving coefficients
involved in expanding members of basis F in terms of those of F.

Let the components of a vector v with respect to basis F be y* then

vV = ylfl = yiTijej = a:jej.
Therefore,

k

=2 (1), = (T . (5.4)

We state the above result as follows: when the basis changes from F to F' by
matrix 7' then the components of a vector change by the matrix (7-1)7.

5.1.4 Dual Bases

Because of linearity a functional a € V* is defined completely if we give its values
on a basis of V. As

a(v) = 2'ale;),

a is defined if we know the numbers a; = a(e;). This gives us an idea how to
define a basis in V*. Let o € V*,i =1,...,n be defined as

a'(e;) = 4 (5.5)
where the Kronecker delta 5; has the value 1 if ¢ = j and 0 if ¢ # j. Any vector

a € V* can be written a = a;a’ where a; = a(e;), as can be checked by operating
« on an arbitrary vector v = v'e;:

aia'(vie;) = aivj§§ =av' =v'a(e;) = a(v).

This shows that {a}?" ; form a basis in V*. The basis A = {a’}? ; is called the
basis dual to the basis F. For every basis of V' there is a dual basis in V*.

5.1.5 Change of the Dual Basis

Let B = {"}™_, be dual to the basis F discussed above in section 5.1.3,
g (£;) = 6k, (fi=T/e)),

then B is related to A by (T~H7,

because
i “INTP Ryl —INT? ok i
B (&) = (T 1) p(Tj'e) = (T 1) WL = 5;'-
This means that if « is any general vector in V* with components a; in basis

A: a = a;a’, then the components b; with respect to basis B (o = b;3") will be
related to a; by the inverse transpose of (T~1)T, that is by T itself.
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5.1.6 Contra- and Co-Variant Vectors

The situation in the previous section is described by the following statement.

If we start with the space V and change basis in V' by a matrix 7, then
components of a vector in V transform contravariantly, that is, by (7-1)7 whereas
the components of a vector in dual space V* (due to corresponding changes in the
dual bases) transform covariantly, that is, by T itself.

We emphasize that the vectors themselves do not change, it is only their
components that change when bases do.

Notice the use of superscripts for components of vectors in V' and subscripts
for components of those in V*. This is the standard convention of classical tensor
analysis adopted by physicists.

As can be verified immediately the dual (V*)* of V* is V itself with the
linear functional v € V** =V on V* acting as

v(a) = a(v).

This makes the designation of contra- and covariant quantities a matter of conven-
tion. We must decide which our starting space V is. Then vectors of V will have
components transforming contravariantly, and those of V* will have components
transforming covariantly.

In our application of vectors and tensors to differential geometry, fortunately
there is a vector space singled out uniquely. That is the tangent space at any point
of a differentiable manifold.

5.2 Tensor Product

Just as the set of linear functionals on a vector space V form a vector space V*,
the set of all bilinear functionals which map a pair of vectors of V into a real
number form an n? dimensional space V* @ V*.

Let V be a vector space of dimension n.

Consider the Cartesian product set V' x V. This is the set whose members
are ordered pairs like (v, u) of vectors v,u of V. This cartesian product is just a
set and not a vector space.

A bilinear functional £ on V' x V is a mapping which assigns to each pair
(v,w) € V x V areal number t(v,w) with the following properties

tlu+v,w) =t(u,w) + t(v,w), t(av,w) = at(v,w),

t(u,v+w) =t(u,v) +t(u,w), t(v,aw) = at(v,w).

The set of all bilinear mappings on V' x V forms a vector space W if we define
the sum of two bilinear mappings and multiplication by a number as

(t+ s)(v,w) =t(v,w) + s(v,w), (at)(v,w) = at(v,w).
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We shall presently identify this space W as the n? dimensional space called
the tensor product of the vector space V* with itself.

5.2.1 Tensor Product TY = V*® V*

Let o and 3 be two linear functionals on V', that is, members of V*. We can form
a bilinear functional out of these as follows.
Let a ® 3, called the tensor product of o and 3, be given by

(a®B)(v,w) = a(v)3(w). (5.6)

It is trivial to check that this indeed is a bilinear functional. This definition also
gives us properties of this tensor product.

a®(B+y)=a®f+ary, a® (af) = ala® ), (5.7)
(a+B)@y=a@y+B®y, ()@ =ala®p). (5.8)

The vector a® 3 belongs to the vector space W of all bilinear maps on V' x V.
A vector of this type is called decomposable or factorizable. An arbitrary bilinear
functional on V' x V is not decomposable but can always be written as a linear
combination of such vectors.

A bilinear map t is completely determined by its values t;; = t(e;, e;) on the
members of a basis E because of the linear property. It can be actually written as

t:tijai@)aj,

using the dual basis because ¢ and ¢;;a’ ® o’ give the same result when acting on
an arbitrary pair (v, u):

(tijai®aj)(v7u) = t(ei,ej)ai(v)aj(u)

= t(v,u).

The last line follows because for any vector the identity v = a(v)e; holds.

We also note from this result that the space W is n? dimensional and that
{at ®ozj}2j:1 form a basis in it. We denote the space W by V*®@ V* or by T9 and
call it the tensor product of the space V* with itself. Members of Ty = V*@V* are
called covariant tensors of rank 2 or (0,2) tensors. The components ¢;; of tensor
t in the basis {a' ® o’ }}',_; change to t}; in basis {#' ® #/}}';,_; and they are
related as

t;j = t(fi, fj) = t(Tikek, leel) = Tiijltkl. (5.9)
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5.2.2 Tensor Product T} =V QV

We have already noted that just as V* is dual to V', V is dual to V*. Thus starting
with bilinear functionals on the cartesian product V* x V* we can define the tensor
product v ® w of vectors in V' exactly in the same manner as in the last section.
The resulting space V ® V is called the tensor product of spaces V. Its vectors are
called contravariant tensors of second-rank or (2,0) tensors.

A basis in the space V @ V' is given by {e; ® e;}';_;. A tensort € V@V is
completely determined by its values on (o, a’) that is by numbers t¥ = t(a?, o).
It is obvious that we can write ¢t = t”e; ® e;. Under a change of basis from F to
F by a matrix T', the components of a contravariant vector transform as

{9 = 48, F) = (T ) ok (T 0l = (T (T (5.10)

5.2.3 Multilinear Functionals and Tf

The formalism of the last sections can be generalised to multilinear functionals.

A multilinear functional ¢t on V' x --- x V (r-factors) is a map which assigns real
number t(u,...,w) to an ordered set of r vectors of V', (u,...,w) in such a way
that

with similar equations for each of the arguments.
Exactly as in the bilinear case one can define o ® --- ® 8 (r-factors) as the
multilinear functional

(a®- - @0)(a,...,w) =a(v) - B(w). (5.11)

The vector space of all such multilinear functionals is called the space T =
V*®---® V* of covariant tensors of rank r or (0,r) tensors.

A typical vector in T? is a linear combination of decomposable vectors of
type a®---® 3. Indeed the set {a"* ®---®@a’"},iy,...,i, = 1,...,n forms a basis
in the n” dimensional space T°. Such tensors t are fully specified by n” numbers
ti...j = t(ei, ey ej).

5.2.4 Spaces T

In a similar manner we can define space 7y = V ® --- ® V of contravariant
tensors of rank s as the set of all multilinear functionals on the cartesian product
V* x - x V* (s-factors) with basis e;;, ® --- ® €;, with iq,...,is =1,...,n.

We can see that T is dual to T} .
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Lett=03® - ®p. €T =V*®---@V*. Then t can be defined as a linear
functional on V ® --- ® V' as follows: on decomposable vectors it is

t(V1®"'®Vr) = (ﬂ1®"'®ﬂr)(v1®"‘®vr)
ﬂl(Vl) " 'ﬂr(Vr),
while on vectors which are sums of these the linearity of the functional is used.

This shows that ¢ is in the space dual to T . Vectors such as ¢ span T therefore
T = (T§)"

5.2.5 Mixed Tensor Space T}

Let T be a linear operator T': V. — V on V. Then we can identify T with a
bilinear functional on V* x V' (denoted by the same symbol T') by defining

T(a,v) = a(T(v)).

It is easy to see that T" indeed is bilinear. Therefore we can regard T as belonging
to the tensor space T} =V ®@ V*.

Just as we defined a® (3 in V*® V™, we can define, similarly u® 8 € Ve V*.
It is a bilinear functional on V* x V given by

(u® f)(,v) = a(u) B(v).

Of course, we can also interpret u ® 3 as a linear operator on V by defining
(we A)v) = Alv)u

Members of the vector spaceT} = V ® V* are called mixed tensors of con-
travariant rank 1 and covariant rank 1 or, (1, 1) tensors. A basis can be chosen
in this n2-dimensional space by choosing {e; ® o’} with i and j taking values
1,...,n.

To summarise, tensors of type T} can be considered as bilinear functionals
on V* x V or as linear mappings V' — V.

5.2.6 Mixed Tensors

The space T of mixed tensors of contravariant rank s and covariant rank r (briefly
called (s,r) tensors) can be defined as the set of multilinear maps on V* x -+ x
V*xV x ... xV (there are s factors of V* and r of V'). A typical multilinear map
of this typeisv® - dw®a®---® [ which actson V* x-- - xV*xV x..-xV
as

(ve - ewea® - @0)(7,....¢u,....x) =5(v) - (W)a(u) - B(x).
Such decomposable tensors form the basis

ei1®...®eis®ajl®...®ajr.
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A general multilinear map ¢ in 7} is determined by its values
thte, o =t .. a e, e)
which allows us to write
- til"'isjl...jreil ®--Qe, ® o ®alr.

5.2.7 Interior Product or Contraction

Given a covariant tensor t € TC of rank r and a vector v we define a tensor
ivt € T ; of rank r — 1 as follows:

(vt)(V1, oy V1) = H(V, V1, .o, Vi), (5.12)

The linear mapping i, satisfies the following properties:

iv(t+3s) = iv(t) +iv(s), (5.13)
iv(at) = aiy(t), (5.14)
iviu(t) = iv(t) +in(t), (5.15)
iav(t) = aiy(t). (5.16)

Similarly, if we are given a mixed (r, s)-tensor T' with contra- and covariant
indices then a contraction between the k-th contra- and [-th covariant index is
defined as an (r — 1,s — 1)-tensor i(k, )T as

(’L(kj7l)T)(617627 o 7ﬁr_1avlv e 7VS—1)
= ZT(Bl,ﬂQ, conal BT v e, Vel) (5.17)

where the dual basis elements o' and e; appear in the k-th and I-th place. Simply
said, in terms of components,

(i, DT) i

i1 i1 1T . . )
T "g1edi—1ddie1- s (5.18)

5.2.8 Summary

To summarise, we start with a vector space V' with a basis {e;} and define the dual
space V* with a dual basis {a’}. With these spaces and bases as starting point we
can define an infinite sequence of vector spaces of higher and higher dimensions
with tensor products. The components of a tensor are characterised by the way
they transform when we change the basis {e;} to a new basis. This leads to a
change in the dual basis, and to bases in all the tensor spaces.
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As a matter of standard established notation, observe carefully the use of
super- and sub-scripts for denoting the members of bases in V* and V (respec-
tively) as well as in the components of contra- and co-variant vectors and tensors.

We can verify the transformation properties of components of the covariant
and contravariant tensors: when the basis {e;} in V is changed to {f;} as

fi =T/e;,
the dual basis changes from {a‘} to {3},
51’ _ (TflT)ikO[k7

and components of tensors change as

ti ;=T" Tt 1, (5.19)
T = (T (T (5.20)
t/l]kl — (T—lT)ip o (T_lT)qukm o j'vlﬂtpqmn (521)

where the primes denote components with respect to the bases 3° and f;.

5.3 Wedge or Exterior Product

Antisymmetric covariant tensors are extremely important because of their connec-
tion to differential forms, surface and volume integrals and Gauss-Stokes theorem.
This importance is reflected in the fact that the antisymmetric part of tensor
products has a different symbol and name to denote it.

For second-rank tensors we write

aANf=a® - R«

and generalise it to tensors of higher rank.

5.3.1 Permutations

Let P be a permutation of r objects. This means that P is a one-to-one mapping
of the set {1,...,7} of first r natural numbers onto itself. There are r! such map-
pings. Each of these can be considered as composed of more elementary mappings
called transpositions, which just exchange two of the integers and map the rest to
themselves. The way in which transpositions make a permutation P is not unique
but the number of transpositions involved, though not fixed, is always either an
even or an odd integer. The permutation is called even or odd accordingly. Let us
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define (—=1)% to be equal to +1 if P is even and —1 if odd. The set of r! permu-
tations can be made a group under composition of mappings as the group law.
The identity mapping is even. It is also clear that (—1)7°%2 = (—1)P1(—1)2. It
follows that P! is even or odd according to the sign of P.

Let us define a linear operator on T corresponding to permutation P, also
to be denoted by P, as follows. Let 31,..., 3, be vectors in V*. Form the tensor
product 41 ® - -+ ® §,.. Now define

P @@ B) = Bpay @+ @ Bpg)- (5.22)

It is sufficient to define P on these vectors because any general vector in T is a
linear combination of such vectors, and P is linear. For two permutations P; and
P, we have clearly P, P; = P> o P; where in this equation the linear operators are
on the left and the mappings on the right.

5.3.2 Exterior or Wedge Product

We are now ready to define the wedge product of any number of vectors of V*.

BunBan---AB = Y (-DFPHi®---06)

P

Y (1B @ ® Be- (5.23)

P

If @ is a permutation operator, then

Bawy ABoey A+ ABary = D (-1)PPQ(BI®---®B,)
P
= (DY (DERGLe-@ P
R

where we have used R = Po @ and (—1) = (-1)P(-1)? = (-1)F/(-1)%.
Therefore,

Baay ABa@y A ABauy = (DB A B2 A+ ABy). (5.24)

In particular, the wedge product like 51 A B2 A- - - A B, changes sign whenever
any two factors in it are exchanged. Therefore if any factor is repeated, the product
is the zero vector.

Tensors with this property are called antisymmetric. As a multilinear func-
tional on V x --- x V,

(Bi AB2 A+ ABr)(ve, ..., vye) =det ]| Bi(v))]- (5.25)

Linear combinations of antisymmetric tensors are also antisymmetric, there-
fore the set of all antisymmetric covariant tensors forms a subspace A"™(V*) C
TY =V*®---® V*. These tensors are also called r-forms.



5.3. Wedge or Exterior Product 93

5.3.3 Bases for A"(V'™*)

A basis in A"(V*) can be chosen by considering all independent tensors of the

form o A --- A a’. Obviously, 41,...,i, all have to be different, because the
antisymmetric wedge product is zero if any two vectors in the product string
are the same. Also, a particular combination i1,...,4, need be taken only once

because any other product with these same indices (though in some other order)
is +1 times the same vector. There are as many independent tensors of this type
as the number of ways to choose a combination of r different indices i1, ..., 4, out
of 1,...,n. The dimension of space A" (V*) is therefore n!/rl(n — 7).

A basis can be chosen consisting of vectors {a®* A+ - A’} withi; < -+ < i,.
For r = n the space A" (V*) is one-dimensional containing multiples of aA- - -Aa™.
For r > n the spaces A" are zero, that is, contain only the zero vector.

5.3.4 Space A" (V)

In exactly the same manner we define the space A"(V) of all antisymmet-
ric contravariant tensors. They are called r-vectors. This space is spanned by
{eil/\---/\e“} with i1 < -+ < i,.

5.3.5 Wedge Product of an r- and an s-form

Given an r-form ¢t € A"(V*) and an s-form u € A*(V*) we can define an r+ s-form
t A u called the wedge or exterior product of ¢ and u as follows. First define it on
decomposable vectors:

BuA-AB)AN A AYs) =B A ABr Ayt A A
and then extend it on general vectors by linearity. Because
BiAos ABr Ayt A Ays = (1) A Ays ABLA - A Br
follows from the antisymmetry of the wedge product, we must have in general

tAu=(—-1)"unt. (5.26)

5.3.6 Bases in TB and A7(V*)
Let t € A"(V*) be written
t= Z Ti o @ Ao Ao,
i1<"'<i7.

Note that coefficients T, . ;. are defined only for indices 41 < --- < %,.

r
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As A"(V*) € TP, the r-form t can also be expanded as a member of T? in

. y ."‘ n . . X . _ X .
the basis {a/t ® ---® o} . _;, with coefficients ¢;, _; =t(ej,...,e;.),
n
— E ) CAall ... Jr
t= t]l ----- Jr & ® @ am.
Jiseesgr=1

By expanding the wedge product basis vectors in terms of a tensor product basis,
and then comparing the coefficients, we find the components t’s in terms of T’s.

tj,... = 0 if any of the indices coincide,

tivogr =Ly, for g1 < < jp,

tiedr = (1) Tpy)..pG)
where permutation P brings indices j; ...J, to increasing order P(j;) < --- <
P(jr)
5.3.7 Components of t A u in A""$(V*) Basis
Given that

t= E Ty i@ Ao Aalm,
i1 < <y

u = E Ui, i@ A Na's,

i1 < <is

we can work out the components B;, of t Au in the basis {ait A--- Aair+s}.

They are

clrgs

Biriree = Y T UQliri1)-Qlirs) (5.27)
(r,s) shuffles Q

where the sum is over all (r, s) shuffles defined below.
An (r, s) shuffle is defined to be a permutation @ of (r + s) distinct integers
(i1 < +++ <'ipxs) such that

[ila T 7ir+s} - [Q(21)7 ce 7Q(ir) ; Q(ir+1)> e Q(ir+8)]
where Q(Zl) << Q(Zr) and Q(ir+1) <. < Q(%—i—s)'
The total number of (r,s) shuffles is (r + s)!/r!ls!.
As an example, (2,4,5,7) have the following six (2,2) shuffles:

(2,4,5,7) = (2,4;5,7),(2,5:4,7),(2,7:4,5), (4,5:2,7), (4,7:2,5), (5,7; 2, 4).
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5.3.8 Components of t A u in T, _ Basis

Given an r-form t and an s-form u whose antisymmetric components as members
of TP and T respectively are

t— tih---,iro‘il ® - ® Al
and
u = ujh---,jsajl R ® aj57
we can show that the components py, . .., of p=1Auwu,
p=tAu= pk1,...,kr+sak1 Q- ® afrts
are given by

Phrbrre = (/TS (=) Pt p(hy), o PO UP (1) PO )
P

5.4 Tutorial

Exercise 29. {ei,es,es} are basis vectors in a three-dimensional space V and
{at,a?, o} is the corresponding dual basis in V*. Choose a new basis {f1, f2, fs} where

fi =er + ez, f2 = el — ez, fs =e1 +ea.
Find the basis {ﬁl, ,62,63} dual to this new basis.
Answer 29. 8' = (o' +a® —0?)/2,8° = (o' — o® — &) /2,8° = o®.

Exercise 30. Show that r vectors v',...,v" € V*,dimV* = n are linearly dependent if
and only if Y1 A .- A 9" =0.

Answer 30. If v, ... 4" are dependent then one can write one of them, say +*, as a
linear combination of the others. When " is substituted in y* A---A~" the result is zero
because each term will have a repeated factor.

On the other hand if v',... 4" are linearly independent then we can take these as
the first r vectors of a basis 'yl, ..., y" where 'y”'l, ...,y" are defined appropriately. Let
g1,...,2n be the dual basis in V. Then by definition of the wedge product

(VlA"'/\’yr)(glw“agT) =1,
therefore v1 A+« A" £ 0.

Exercise 31. KRONECKER DELTA
The (1,1) tensor (see section 5.2.5) § € T} is defined in some basis {e;} and its dual

basis {a'} as
§ = Zei ® .

Show that this definition is independent of the basis used and the tensor has constant
components

& =0ifi£j, and =1ifi=j
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Answer 31. Change a basis and verify that the inverse-transpose rule for change of bases
makes the definition independent of bases.

Exercise 32. Every (1,1) tensor t € T{ (V) determines a linear mapping T : V — V by
the formula (see section 5.2.5)

(Tv)(a) = t(a, V).

What is the linear mapping corrsponding to the Kronecker delta? And what is the linear
mapping corresponding to t = u ® 3 for fixed u € V and fixed g € V*.

Answer 32. Identity for the Kronecker delta. For t = u ® 8 the map T is such that
T(v) = B(v)u



Chapter 6

Inner Product

In this chapter we introduce the additional structure of an inner product or metric
on a vector space and its associated spaces.

6.1 Definition

A vector space is defined by the operations of sum of its vectors and multiplication
by real numbers to its vectors.
An inner product or metric is an additional structure on a vector space.
For any two vectors v and w in a vector space V their inner product is a real
number denoted by (v, w). The function which defines the inner product should
have the following properties:

1. It is linear, that is,

(u,v+w) = (u,v) + (u,w), (6.1)
(u,av) = a{u,v) (6.2)

for any v,u,w € V and any real number a.

2. It is symmetric
(u,v) = (v,u) (6.3)

for any v,u € V With this property we can see that the inner product is
linear in the first argument as well:

(u+v,w) = (u,w)+ (v,w),

(au,v) = af{u, v).

3. It is non-degenerate, that is, if (u,v) =0 for all v € V then u = 0.
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The inner product is also called the metric.

An inner product is often defined with a stronger condition of positive defi-
niteness which says that (v,v) > 0 and (v,v) =0 if and only if v = 0.

Obviously, a positive definite inner product is non-degenerate (take v = u in
the condition of non-degeneracy), but not vice versa. In relativity theory we need
inner-products on spacetime which are not positive definite. In Minkowski space
there are time-like vectors whose inner product with themselves is negative or null
vectors for which it is zero. But the inner product is always non-degenerate.

Given an inner product we can define the notion of orthogonality. T'wo vectors
v and u in V are called orthogonal if their inner product is zero, that is (v, u) = 0.

For any vector v the number (v,v) is its norm squared. When the inner
product is positive definite, as in Eulidean space, the positive number /(v,v) is
its norm or length.

When the inner product is not positive definite, norm squared can be positive,
negative or zero. A vector with zero norm squared (that is a vector which is
orthogonal to itself) is called a null vector. A vector with norm squared equal to
+1 is called normalized.

Two non-null, orthogonal vectors are linearly independent. What is interest-
ing is that two non-orthogonal null vectors are also linearly independent. And in
(34+1)-dimensional Minkowski space, if two null vectors are orthogonal, then they
are necessarily proportional to each other.

6.2 Orthonormal Bases

An inner product or metric as defined above is a bilinear functional on V' x V.
Therefore it defines a second-rank, symmetric covariant tensor g called the metric
tensor through

g(u,v) = (u,v).

We could equally well use the notation with g(u,v) in place of (u,v). In most
cases however, g is a given, fixed tensor and there is ease of notation in using
the bracket notation for the inner product. In three-dimensional vector spaces the
notation used is u - v instead of (u,v).

Let e;,7 = 1,...,n be a basis in V. The components of the metric in this
basis are

gij = <e¢,ej>. (64)

This symmetric matrix contains all the information about the inner product be-
cause if v = v'e; and u = u’e; are two vectors, then bilinearitry of the product
in its two arguments implies

(v,u) = g;jv'u’. (6.5)
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The non-degeneracy of the inner product means that g = detg;; # 0 or, in
other words, the matrix of metric tensor components in any basis is non-singular.

We note the important result that despite the existence of null (zero-
norm) vectors in the space one can always choose a basis {n;}? ; such that
n; = (n;,n;) = 0if ¢ # j and the norm squared (n;,n;) is either +1 or —1.
Such a basis is called an orthonormal basis (or o.n. basis). We construct such a
basis in the next section.

The number of vectors with norm squared +1 and those with norm squared
—1 in such an orthonormal basis is fixed by the definition of the inner product.
The number of positive norm squared vectors minus the number of negative norm
squared vectors in an orthonormal basis is called the signature of the metric and
is denoted by sig(V).

There do exist bases which contain (non-zero) null vectors as basis vectors.
But these bases are not orthonormal.

6.2.1 Existence of Orthonormal Bases

We go through the standard proof of the existence of orthonormal bases because
of its fundamental importance.

Let a be a non-zero vector with non-zero norm squared (a,a) # 0.

There certainly exists a non-null vector of this kind unless the whole space
is trivial consisting of just the zero vector 0. This is so because if (a,a) were zero
for all a € V then by using (a4 b,a + b) = 0 for any arbitrary b it follows that
(a,b) =0 for all b. The condition of non-degeneracy then implies a = 0.

Let n; = a/+/|(a, a)|. Depending on the sign of norm squared of a, (ny,n;) =
€1 1s +1 or —1.

Let Vi be the one-dimensional subspace spanned by n;, and let V5 be the
set of all vectors in V' orthogonal to every vector in V;. Obviously, V5 is a vector
subspace, and every vector v € V' can be decomposed as

v=¢€(v,n1)n; + (v —e(v,n;)ng)

where the first term is in V; and the second term is in V5. The only vector common
to V1 and V5 is the zero vector 0 and this again follows from non-degeneracy.

The inner product restricted to V5 is again non-degenerate because a vector
in V5 orthogonal to all other vectors of V5 is moreover orthogonal to V; and hence
is the zero vector.

We can now start with V5 as the starting space and find a non-null vector
b € V, such that (b,b) # 0, and construct ny = b/+/|(b, b)|, with (ns,ns) = €,
equal to +1 or -1. We proceed in this manner inductively till the whole basis is
constructed.

Thus we have a basis {n;} with the metric components

I;; = (n,n;) = €0 (no summation on %) (6.6)
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or
€1 0 0
0 €2 ... 0
I = . . (6.7)
0 0 ... €,

6.2.2 Signature of the Metric

Note that whichever route we take to choose orthonormal vectors for a basis the
number n4 of vectors with norm +1 and the number n_ of vectors with norm —1
is always the same. As dimV = n = ny +n_ is fixed so is the number t = n, —n_.
t is called the signature of the metric. The Minkowski space has one time-like unit
vector with g = —1 and three space-like vectors with (¢; = 1,7 = 1,2,3) in any
orthonormal basis. Thus it has signature +2.

Similarly the number +1 = €1¢e5...¢, = det I, which is the determinant of
the matrix I. of metric components (in the orthonormal basis), is a characteristic
of the metric. If {e;} is any basis with g;; = (e;,e;) as the metric components
then g = det ||g;;|| (which is always non-zero) has the same sign as det I.. We write
this number as sgn(g) in general.

For spacetime in general relativity the sign of g = det g;; is always negative
because the number of vectors with negative norm is odd.

6.3 Correspondence Between V and V*

A non-degenerate inner product ( , ) defined on a vector space V' sets up a one-
to-one correspondence between vectors in V' and those in the dual V*.

Let v € V be given. Then every vector u € V' can be mapped linearly to real
numbers by u — (v,u). This helps us define a linear functional v’ € V* (called
“v-flat”) with the help of the inner product as

V> (u) = (v, u).

Properties of the inner product ensure that v’ is a linear functional. Obviously,
v” depends on the vector v.

In fact, for finite dimensional spaces, all linear functionals arise in this way.
In other words, if we are given a linear functional o € V* then there exists a vector
af € V (“alpha-sharp”) such that the number assigned by « to a vector u is the
same number (af,u) obtained in taking the inner product with of.

We can identify af as follows.

First choose an orthonormal basis {n;} with (n;,n;) = 0 for i # j and
<1’li7 l’li> = €.
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Now define
= Z eia(ni)ni. (68)

This is indeed the vector with the required property. Expanding u = u’e;
and using (;)? = 1,

(o u) = Zu7<a Zujez a(n;)(n;,n;)
= Zujel a(n;)e;d;; ZuJ a(n;) = a(u).

This one-to-one correspondence between the the dual spaces V and V* is
called raising and lowering of indices by the matrix g;;. The reason for this nomen-
clature is as follows.

If v € V has components v’ in basis e; (not necessarily orthonormal) then
the linear functional v” € V* corresponding to it has components

a; = gijvj
with respect to the dual basis o,
v’ (u) = (v,u) = gijv'u! = gijv'ad (u) = (a;0?)(u) (6.9)

where we have used the property of dual basis: if u = ujej then of(u) = u’.
The inverse of this one-to-one correspondence between components of a linear
functional a = a;a’ to a vector af = v’ e; is similarly given by

,U’L — gZ]aJ

where g™ (with matrix indices written as superscripts) is the inverse of the matrix
gij- We see this in the next section.

This also explains the musical notation of sharp and flat. A vector v € V (con-
travariant,upper index) corresponds, via the metric, to a form v (covariant, lower
index=lower pitch=flat), while a form « becomes a vector (contravariant=upper
index=higher pitch=sharp) of € V.

Remark on Physicists’ Notation

Most general relativity physicists use the same letter-symbol for components when
a (contravariant) vector v is put in correspondence with a (covariant) form v® or

vice versa. For example if

vV =ve;,
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b

then v’ is written as

vl = v

in the dual basis. The correspondence itself looks like

Vi = gijvj> vt = gijvj-
This notation although convenient can be very confusing in geometrical contexts.
For example, in dealing with a hypersurface, the normal vector field on the surface
and its corresponding 1-form have very different roles to play, and the choice of
using the same symbols for components is more a liability than a convenience.

6.4 Inner Product in V*

An inner product defined on a vector space V', determines in a natural way an
inner product on the dual vector space V* as well as on spaces T¢ and A" (V*)
etc.

We saw in the last section that to every o € V* corresponds a vector af such
that a(u) = (af,u) for every u € V and conversely every vector in V determines
a member of V* in this manner.

This one-to-one correspondence suggests that if a corresponds to af =
>, €;a(n;)n; for an orthonormal basis {n;} and similarly if 3 corresponds to 3%,
then we can define

(, B) = (o, %) = Zeia(ni)ﬂ(ni)-

All properties of the inner-product are satisfied. Perhaps the only property not
obvious to see is non-degeneracy. We follow it up in an exercise.
In a basis with vectors e; = T;*n; the metric is

gij = (ei ;) = T*exT;* = (TI.TT)y;
where I, is the matrix of the metric in the orthonormal basis
(I)ij = (ni,n;) = €95, no summation. (6.10)
The convenience of the matrix in the orthonormal basis is that its square is the
identity marix and (I.)~% = (I.).

Let {a'} be the basis dual to {e;}. The dual basis is obtained by matrix
T~ acting on the basis {*} dual to {n;},
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The matrix of the metric in the dual space is then
g7 = (o, ) (6.11)
= Z era’(ng)ad (ny)

k
= > @ )T v ()
k,l,m
_ (T—lTIET—l)ij
= (g7 (6.12)

which follows from the relation g;; = (TI.TT);; given above.

Therefore we see that the matrix ¢* = (af, a?) of the naturally determined
metric in the dual basis of V* is the inverse of the matrix g;; = (e;,e;) in the
original basis.

6.4.1 Inner Product in Tensor Spaces

We now define the inner product on Iy =V ®--- @ V.
For a; ® ag--- ® a, € T define the inner product on decomposable vectors
as

<a1®aQ"'®arabl®b2"'®b’r’>E<alabl>"'<arvb’r‘>

and extend by linearity over arbitrary linear combinations.

To check the non-degeneracy property of this inner product let us choose an
orthonormal basis {n;} in V with (n;,n;) = £4;;. Let t = t"'rn; ®---@mn;, be
such that (t,n;, ® --- ®mn;,) = 0 for all sets {j1,...7,}. Then it follows from the
definition that ¢t =0 for all 41 ...4,, that is t = 0.

An exactly similar definition can be given for the inner product in T9(V) =
Vre.---oV*.

6.4.2 Inner Product in A"(V™)

The inner product on the exterior product of spaces A" (V*) C T?, or A"(V) C T
is already defined as these are subsets of larger spaces whose inner product they
naturally inherit.

But there is a standard convention to redefine the inner product on spaces
A" (V*) to avoid factors of rl.

For r = 2, the definition of the wedge product gives,

(M A2, BLAB2) = (M @n2—n2@m,0 @ P2 — P2 ® Pr).

This can be written as a determinant

(m Am2, B1 A B2) = 2det[(n;, ;)]
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Similarly,
iy A== ANy By A== A By ) = rldet[(mi,,., 55,)]-

Notation

The redefined inner product is given without the factor r!

iy A= AN 1By A A By,) = det[(ni,,, B,)]- (6.13)

In order to remind ourselves of this new normalization, we use the ‘bar’
notation ( | ) in place of the comma ( , ). For r = 1, there is no difference and we
use the comma notation.

Let {v'} be an orthonormal basis in V* with (v, 17) = €;6;;. Let us use the
abbreviation

YAt = AL A YT with iy < -ee <y (6.14)

for the orthonormal basis vectors in A" (V*). With the re-normalised inner product
these basis vectors have

ip <o <4 j1<-<Jr\ _
<V1 T‘le JT> _Gil~-~6i,-6i1j1~-~6i7v]’7--

An inner product ( | ) can be defined for spaces A™(V') similarly.

6.5 Orientation and Cartan Tensor

Remember that the space A™(V*) is one-dimensional. Choose {1*} as an ortho-
normal basis in V*. Then A"(V*) has just two normalized vectors n = v1 A---Ap™
and —n, with

(nln) = €1...€en = sgn(g).

If we remove the zero vector from the one-dimensional space A™(V*) then the
space gets divided into two disjoint subsets.

We choose one of these subsets (say the subset to which 1 belongs) and say
that ‘we have chosen an orientation’ n = v!' A --- A ™ through the orthonormal
basis {v'}.

The vector n € A™(V*) is called the Cartan tensor after we have chosen this
orientation.

A different basis (not necessarily orthogonal) {7} in V* is defined to have
the chosen orientation if the vector a' A--- A a™ is in the chosen subset to which
n=v"A--- Av" belongs. It is said to have the opposite orientation otherwise.

Let {a’} and {3} be two bases with the chosen orientation. Then the matrix
connecting the two bases must have a positive determinant.

ﬁizz:Tijozj, detT > 0.
J
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This can be seen from relating both the bases to 7,
o/ = ZAijVja ﬂl = ZBijVj
J J
and noting that for example

al Ao Aa™ = (det A)n,

therefore det A > 0. Similarly, det B > 0. Now 7' = BA~! therefore det T > 0 as
well.

The components of the Cartan tensor in the orthonormal basis (of T) are
just numbers +1 depending on the permutation of the factors:

n = viA- AL
= &, V@@
€1.n = 1,
cipin = (4. (1,...,in) are a permutation P of(1,...,n),

= 0 if any two indices coincide.

The components j, ;, of the Cartan tensor in a general basis {a’} where
o' = Zj A;;17 are given by

Ejrogn = VI9lEG -

This is worked out in a tutorial.

6.6 Hodge *-Operator

6.6.1 Definition

Let us choose an orientation, say, n = v! A --- A ™ with the orthonormal basis
{v'}.

For any 0 < r < n the star operator x is a linear map from A" (V*) into
A" 7"(V*). The map is defined as follows:

Let t € A™(V*) be a fixed r-form and s € A"~"(V*), then t A s € A"(V*)
which is one-dimensional space and therefore ¢ A s is proportional to n. Let the
proportionality constant be written as 7T'(s),

tAs="T(s)n.

The map T : s — T'(s) is a linear functional on A"~ (V*).
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We know that in any vector space W with an inner product ( , ), a linear
functional ¢ : u — ¢(u) will determine a vector v € W whose inner product with a
vector of the space is the number assigned by the linear functional , c(u) = (v, u).

The mapping T : A" "(V*) — R given by s — T'(s) (for the fixed ¢ chosen)
is a linear functional on A”~"(V*) and therefore it determines, through the inner
product ((, ) or (| ) or any other) a unique vector *t in A"~"(V*) whose inner
product with s is this value T'(s),

(xt,s) =T(s).
We have denoted the vector by *t because the functional T'(s) is determined by t.
We can write more transparently but with a slight abuse of language,
tAs

T(s) = (xt,s) = s

6.6.2 Formula for the Star Operator

The definition of *t € A"~ "(V*) starting from ¢ € A"(V*) depends on the inner
product chosen. On A" (V*) we already have two definitions for the inner product,
(', ), (which is the direct inheritor of the natural inner product on 7) and { | )
differing by a factor of r!. To make matters worse there exist different possibilities
for defining the map s — T'(s): should t A s = T(s)n or s At =T(s)n? And we do
not even mention the choice of orientation 7.

Therefore the definition of the star operator is obtained by fixing an r-
dependent proportionality factor.

In the following we define our convention which agrees with most physics texts
(including the one in Misner, Thorne and Wheeler) for students’ convenience. It
is sufficient to define the operator on the orthonormal basis elements of spaces A”.

Our definition corresponds to choosing

(xt|s)n = (sgn(g))t A s. (6.15)

Remember that A° is the one-dimensional space which can be identified with the
set of real numbers R. An orthonormal basis in A° has only one element which
we can identify with the number 1. We define the *-operated vectors in Table 6.1
given below.

This mapping * : A"(V*) — A"~"(V*) is a linear mapping called the Hodge
*_operator. Actually there is a *-operator for each r, but they are all denoted by
the same common symbol.

It is straightforward to see how formulas follow from the definition. We work
out the connection between the definition and the formulas given above in the
excercises at the end of the chapter.

The star operator maps an r-form into an (n —r)-form and vice versa. There-
fore applying it twice is the same as mapping r-forms into themselves. Actually it
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is proportional to identity

sk = (—=1)""sgn(g). (6.16)

6.6.3 Star Operator in a General Basis

The star operator is expressed most simply in an orthonormal basis. But we cal-
culate it in other, general bases too. Since an orientation has been chosen, the
general basis {a'} should be such that a! A--- Aa™ is a multiple of n = vt A - "
by a positive number. This means that if o’ = SJ? 7 then det S > 0.

We start with the convenient form, already a tensor equation

*(Z/il A Vi2 oA Z/iT) — A(n — ,],,)|ni1k1 . nirkTEkl«ukrjlu'jn—rl/jl A A an—'r
and change basis. Let
o S;»l/j, g7 ={(a',al) = S,iSljnkl.
Therefore,
k(@ ALlat) = WSE LS (ALY
1

— 1:1 i.r J1k1 Jrkr
(nir)!SJI...S]Tn Lo

l In_r
X Ekyiknlyody VPN AV

As S§S/nM = ¢, we have Sin* = (Sil)égij therefore

Sﬁ e S;:njlkl o = (S_l)’;i e (S_l)];:g“pl L

Next we change the orthonormal vectors v into a’s,

VA AV = (S’_l)f;l e (S_l)fz’:;:\oqu o

and combine all S~! factors to convert the Cartan tensor components
€ky...keply..1,,_, from the orthonormal basis to the general basis

(ST (ST (oot ) (ST (ST
gpl‘uprqlni}n.fr

= \% |g|€P1...pTCI1...qn_T-

Therefore we get the general formula

1

Kot Aty = m lglg™? ... g (Epropraroan—r)

x al* AN---ANafrr.,
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Table 6.1
Definition of the Hodge star-operator
Orthonormal basis
T t *t
0 1 VEA- AT
1 vt A AU
V2 —eU AVB A AU
v (=)t A it AL A
rl vt AV AV | (=) Pe, e I A AT
(iy < -+~ <i,) | where j; <+ < jp_, is the
complimentary set of indices remaining after
taking out 47 < --- <4, from 1,...,n
and P is the permutation
P:{iy,. . iryJ1yeesin-rt —{1,...,n}
r Vil /\ ViQ o /\ Vir (TL—lT')!nilkl ttt nirkrak'l---krjl---jn—rle /\ o /\ an—T
Another useful form:
no restrictions on order of indices
n vEA-o A €1...€, =sgn(g)

(6.17)
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Notice that *(a’ A--- A a™) = sgn(g)/+/|g|. In terms of components, a general
form ¢t =t;, ;. & A--- Ao’ becomes *t = (xt) LAt A Aator with

i1 dp—

(*t)ql---Qn—r = |9‘ti1-..ir9ilp1 .- -girprfm---prm--.qnfw

Table 6.2: Hodge star-operator
(General basis)

1 Viglat A Aan

at A At | [(n =)t/ [glgtt gt
Sklmkrjln.jnfrajl VANEERWAN ajn—r

al A---Aam | sen(g)/y/]g]

(6.18)

6.7 Minkowski Space

Minkowski space M is the spacetime of special relativity. It is a four-dimensional
space with a real non-degenerate metric (, ). If {e, },x = 0,1,2,3 is a basis then
guv = (€, €,) is a real non-singular symmetric matrix. We say two vectors u,v €
M are orthogonal if (u,v) = 0. Because the metric is not positive definite, and
merely non-degenerate, our intuition based on orthogonality in the ordinary sense
does not work. There are non-zero vectors which are orthogonal to themselves.

A vector v with negative norm squared (v,v) < 0 is called time-like. It is
called space-like if (v,v) > 0 and null or light-like if (v,v) = 0. All vectors in M
except the zero vector fall into one of these categories.

The basic fact about Minkowski space is:

A non-zero vector orthogonal to a time-like vector must be space-like.

That is, v # 0 and T such that (T, T) < 0, (T, v) = 0 implies (v,v) > 0. We can
rephrase it by saying that there can be no time-like or null vector orthogonal to a
time-like vector.

Since the inner product of two time-like vectors T and T’ can only be non-
zero, we define a relation T ~ T’ on time-like vectors by saying they are related if
(T, T") < 0. A vector is related to itself. If T is related to T’ then T'is related to
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T. Moreover if T ~ T/ and T’ ~ T” then we can prove the transitivity property
of this relation (that T ~ T") as follows.

First we see that T — aT” can be made orthogonal to T/ by choosing a =
(T, T)/(T,T") > 0. Since T is time-like, a vector orthogonal to it can only be
space-like. So,

(T —aT",T—aT") >0.

This gives,

(T, T) < % [(T,T) +a*(T", T")] <0.

This equivalence relation ‘~’ splits all time-like vectors into two classes called
the ‘future’ and ‘past’ pointing time-like vectors. There are exactly two equivalence
classes because if T, T/, T” are three time-like vectors with T and T” not in the
same class as T/, then T and T” are in the same equivalence class: T ~ T”. (The
proof is exactly similar to the proof of transitive property given above. We can
make T — aT” orthogonal to T” by choosing a positive a > 0, then T — aT” has
to be space-like: (T — aT”, T — aT”) > 0 this gives (T, T") < 0.)

A linear combination with positive coeflicients of two vectors in the same
class is again in the class.

Consider the set of all null or light-like vectors in the Minkowski space. As in
the case of time-like vectors we can define two null vectors k and k' to be related if
(k,k’) < 0. (This time we have to include zero as well in the inequality otherwise a
vector will not be equivalent to itself!). Exactly as in the case of time-like vectors
there are two equivalence classes called the ‘future’ and ‘past’ light cones.

The inner product of two space-like vectors can be positive, negative or zero
and there is no further division of space-like vectors.

In Minkowski space there exists an orthonormal basis with one time-like
vector ng with norm square —1 and three space-like vectors ny, ns, ng, with +1:

-1

Nuv = <n;un1/> = 1

where p, v take values 0,1, 2, 3.
As an illustration we construct the star operator for Minkowski space.
The orthonormal basis in M* dual to the basis {n,} is %, v, 13 with

W00 = —1, Whvty = (20 = 308 = 1.

Let us choose the orientation = v A vt A2 Av3. As A = R the normal basis
vector in this one-dimensional space is the number 1.
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We write the *-operated vectors in Table 6.3.

Table 6.3: Star-operator in Minkowski space

t *1
1 VAT ALE AL
V0 —vPAVEALS
vl —OAVEALS
V2 VAV AL
V3 O At A2
oAt YN
AV viAY3 (6.19)
AN N
v A2 VO A8
viA Y3 —9 A2
RN VoAt
viAVE ALY -0
VIANVEALS —1
VIAvt AL V2
VO A VA L2 -8
VOAVEALVZ AL -1

6.8 Tutorial

Exercise 33. Show that a metric is non-degenerate if and only if the determinant g —
det g;; is non-zero.

Answer 33. If the g were zero then the symmetric matrix g;; would have an eigenvector
with eigenvalue zero. That is, there would be numbers A;,7 = 1,...,n not all zero such
that for all i = 1,...,n, 3, 0i;A; = 0= (e, >_; Aje;). As {ei} is a basis it follows that
(v,2>;Ajej) = 0 for every v. Because the inner product is non-degenerate, it follows
that Ej Aje; = 0, and because ,again, e; form a basis A\; = 0 for all 7 = 1,...,n. This
contradicts that not all X’s are zero.

Exercise 34. Show that the inner product for the dual space V* as defined in section
6.4 is non-degenerate.

Answer 34. If (o, 3) were to be zero for every choice of 3, then by choosing 3 to be equal
to members of the basis {v;} dual to {n;}, one-by-one, we can prove that a(n;) = 0 for

all j = 1,...,n. This means that «(v) = 0 for any v € V. Therefore the inner product
as defined is non-degenerate.
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Exercise 35. Find the components of the Cartan tensor in a general basis.

Answer 35. Choose an orientation in an o.n. basis = v! A -+ A v, Let a general
basis {a’} in A" be related to an o.n. basis {1/} as o/ = > A;17 and having the same
orientation. (So that det A > 0.) We have ¢g" = (o*,a’) = Ay, Ajn™. The components
of a vector f in the two bases f = f;of = ksv* are related by f; = k;Bj; where B — AL
Thus the components €5, ...5, of n in the o basis are obtained by comparison of

"
N=ci. i,V ® QU =% &' ® 0o
to give

i1 = Eirenin Birgy 0 Binjn-

It is obvious from this formula that, like the &;,.
completely antisymmetric; for example

the components z;,...;, are also

in n

Cjojrenin = EirewinBirjs Bisgy - B

tnln

—Zigir.in Bizjy Biyjs - B

inin
—Ej241dn
All the non-zero components of 7 in this basis are £1 times Z12...,. In fact

€12..n = Eil...inBlil ce Bnin
det B = (det A) "

From ¢ = A;A;n* and g;; = BiiBiynm we know that (det B)? = gdet(n) ' As
(det B)? > 0, we conclude that g = det(g;;) has the same sign as detn = €1 ... ¢, which
is 1 or —1. Therefore

Zjrevdn = VN9l -

Exercise 36. Starting from the definition of the star operator (xt|s)n = (sgn(g))t A s
derive the formulas
* (VA AV (=), . et A AT

i1k irk i1 G
T ek kgt VT N AT

Answer 36. Let t = 12 A-.. Av' then the linear functional T'(s) on A™ " is zero on all
vectors s except multiples of 171 A+ - Apin—r where j; < --- < Jn_, is the complementary
set to i1 < --- < 4pin1,...,n. Since /' A--- Avin—r belong to an orthonormal basis a
vector ¢ which is orthogonal to all vectors except this one has to be proportional to it.
So

st = (constant)p’t A ... ApInor,
Applying the definition (xt|s)n = (sgn(g))t A s for s = /' A+ Apin—r,

(constant) (L' A - A It A ATy = (sgn(g)) (=)
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where t As = VP A - AV AV A AV = (=)Pp, and P is the permutation
{i1, - yiryJ1s-+ydn—r} — {1,...,n}. The inner product

WA AV YA AV Y =€ e,

therefore it cancels the factors in (sgn(g)) = €1 ...€n to give the required formula.
Th'e othe;r formula is straightforward when we realize that (—)P = iy g g1 iy
and €;0" =n".

Exercise 37. Show that ++ = (—1)"" sgn(g).
Answer 37.

s(x /AU = (=D ey e, x (PP A I

where @ is the permutation

Q = {j1<- <jnrir<---<ir}—{1,...,n},
P = {il,...,ir,jl,...,jn,,,'}—>{1,...,7’L}.

As Q and Q! have the same parity, (—1)¥(=1)€ is the same as the parity of Q7' P :
{i1 < <ipj1 < - <jgnrt—={j1 < <fnoriir <--- <ip}, which is (—=1)"®="),

Exercise 38. Show that in the Minkowski space two orthogonal null vectors must be
proportional to each other.

Answer 38. Choose an orthonormal basis. Without loss of generality we can assume
that one of the null vectors has components (1,1,0,0) and the other (¢,a,b,c) with
a? + b + 2 = t%. Orthogonality of the two vectors imples that —t 4+ a = 0. Therefore the
second vector is (t,¢,0,0) = t(1,1,0,0).






Chapter 7

Elementary Differential
Geometry

The model of spacetime used by the general theory of relativity is that of a differ-
ential manifold with a Riemannian geometry. In this and the next few chapters we
develop the necessary background with emphasis on tools necessary for a physicist.
This introduction is not rigorous from a mathematician’s point of view. We would
assume that these manifolds have all the nice mathematical properties (Haus-
dorff nature, paracompactness etc.) which are needed for the existence of various
geometrical quantities and procedures.

7.1 Coordinates and Functions

In physics we regularly encounter sets whose points can be labelled by a fixed
number (say n) of coordinates. Let M be such a set. By coordinates of a point
p € M we mean numbers z',z2,..., 2" which we associate with the point. In
order to be useful this rule of association or mapping (call it ¢) should have some
obviously desirable properties.

1. First of all, coordinates should be independent. It should not happen that
one of the coordinates can be calculated by some formula in terms of the re-
maining coordinates. The minimum number of coordinates needed to specify
the points of M is called the dimension of M.

2. Moreover, different points should have different coordinates. The mapping ¢
which associates coordinates to the points of M has to be one-to-one.

3. Further, the mapping should be continuous both ways so that neighbouring
points have coordinates which are close to each other and vice versa.
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4. Lastly, in order to discuss the way quantities change from one point to an-
other, every point should have coordinates defined for all other points in its
neighbourhood.

This is expressed by saying that coordinates should be defined on open
sets of M. The result of this condition is that points of our set M are mapped
onto open sets of the n-dimensional Euclidean space R™ and we know how
to do the calculus there.

If we can define such a single mapping ¢ for the whole set M we are lucky
because then the set M is mapped onto an open set of n-dimensional Euclidean
space R™ and all mathematical analysis on M can be transferred to that open
subset of R™. But often it is not possible to cover the entire set M with one such
mapping. In such cases we consider coordinates in patches or “charts”.

A coordinate chart (U, ¢) is specified by an open subset U of M on which
a one-to-one, bothways continuous mapping ¢ is defined which takes points p €
U C M to points ¢(p) =z = (z!,...,2") € R". We write 2° = ¢*(p).

We cover the whole set M by several such charts (U, ¢) , (V,4)... etc such
that every point of M falls in one or the other of these sets U,V,.... Such a
collection of charts is called an atlas.

If (U,¢) and (V, ) are two charts in an atlas then (unless there is no point
common between U and V') a point p in U NV can be specified by coordinates
x = ¢(p) as well as by y = ¢(p). As p moves within U NV the pair of num-
bers (z(p),y(p)) determine a functional relationship between the two coordinate
variables:

y=v({p) =@Wo¢ )(z), x=0¢{)=(poy ")(y). (7.1)

All these functional relationships between all coordinates with overlapping do-
mains in an atlas are continuous by definition.

If, moreover, they happen to be infinitely differentiable as well, then the set M
is called a differentiable manifold and the atlas is said to determine a differentiable
structure.

On the same set M we can define charts and atlases in a variety of ways.
Two atlases whose charts are mutually compatible with each other, i.e., deter-
mine infinitely differentiable coordinates relaionships, have the same differential
stucture.

It is quite possible for a set to have two mutually incompatible differential
stuctures. For physical applications the choice of the differential structure is usu-
ally determined by physics and one does not seem to need the exotic differential
structures that can possibly also be defined.

A smooth function f defined on a manifold M is a real-valued function which
when expressed in all the local coordinates is infinitely differentiable.
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Let (U, ¢) be a chart containing point p. Then f(p) = f(¢~(z)) = fod~1(x)
is infinitely differentiable as a function of coordinates x.

Fig. 7.1: A coordinate chart (U, ¢) on a manifold mapping a point p
into numbers (z*,...,z™).

The definition is independent of which coordinate system is chosen to define
it. If there are several charts defined around the point, the differentiability of f
can be checked in any one of them. The differentiability in other charts follows
because all coordinates are smooth functions of each other.

We denote by F(M) the class of all smooth funtions defined on M. F(M) is
obviously a vector space because the sum of smooth functions is smooth, as is the
function obtained by multiplying by a real number.

Actually the set has moreover a multiplication defined on it because members
of F(M) can be multiplied by each other to give another smooth function: if
fyg € M are smooth then (fg)(p) = f(p)g(p) is also smooth.

7.2 Curves and Tangent Vectors

A smooth curve c is a mapping from an interval I of the real line into a differen-
tiable manifold M such that the coordinates of the mapped point c(t),t € I are
smooth, i.e., infinitely differentiable functions of t.

Let us assume that I contains a point ¢t = ty which is mapped to the point
po = c(tg). Let (U, ¢) be a coordinate chart containing the point pg. Then the
smoothness of the curve is determined by the infinite differentiability of the func-
tions z¢(t) = ¢*(c(t)) with respect to t.

The rate of change of these coordinates with respect to parameter ¢,

dz?
dt to

<
Il
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Fig. 7.2: A curve ¢ : I — M is represented by coordinates as n func-
tions t — (z'(¢),...,2"(t)). The arrows represent the tangent vec-
tors to the curve in M and its image in R"™ given by the components

(dz'/dt, ..., dz™/dt).

are called the components of a tangent vector to the curve c at pg in terms of
coordinates (U, ¢). If py belongs to the domain of some other chart (V1) then the
components in that chart will be

a
dt

dy’

i oy
dt

to oxd

z(po)

to

In other words, the same tangent vector has components in the two coordinates
related by
i Ay’
w' = -V
oxJ

g, (7.3)

The student might have seen this formula before. It is known as the law of trans-
formation of a contravariant vector field.

It is important to picture the tangent vector to a curve c as a geometric entity
independent of the coordinate systems that may be defined in the neighbourhood
of the point in question. Actually, the tangent vector determines the rate at which
the point ¢(t) changes with respect to ¢. As we cannot measure the extent by which
the abstract point ¢(t) moves because there is no distance function to tell how far
the point has moved, we measure this rate indirectly through the coordinates.

Coordinates are a convenient set of n real-valued functions on M. If we take
function f € F(M) we can measure how f(c(t)) changes with ¢. By knowing how
all functions f € F(M) change with respect to ¢, we know what the tangent vector
is.
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For an arbitrary smooth function f,

af
dt

_ 0

=v'—
. Oxt
0

F(o~H(x).
é(po)

For all possible functions f what remains common is the linear differential operator

(7.4)

In this form it is independent of the coordinate chart because

9 0y 0

, 9
= ' — = J
v oz’

A% w’ ——
QyJ

~ " 0u oy

#(po) % (po) ¥(po)

We can also look at the tangent vector v at pg as a rule which assigns to every
smooth function f a real number, namely, its rate of change v(f) = df /dt at tg
along the curve to which it is tangent. We discuss this in the next section.

7.3 Tangent Space

Let F(M) be the class of smooth functions defined above. Then a tangent vector
v at p as discussed in the last section gives for any smooth function f (defined in
a neighbourhood of the point p) its rate of change. The function f — v(f) has
the following properties:

v(f+g)=v(f)+v(g), (7.5)
v(af) = av(f), (7.6)
v(fg) =v(f)glp) + f(p)v(9), (7.7)

where f,g are smooth functions and a is any real number. These properties can
be verified immediately from the definition of v given as a differentiable operator
in the last section.

Conversely, we can use these properties to define a tangent vector. Since
coordinate functions z° are (trivially) infinitely differentiable functions in a neigh-
bourhood of point p, we can recover the components of the vector by acting with
v on z*:

v vt = v(z?). (7.8)

4
— oz

We would use whichever definition is more convenient for the purpose.
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The sum vy + vo of two tangent vectors at the same point p € M can be
defined in an obvious fashion as

(vi+v2)(f) = vi(f) + va(f).
Similarly we define multiplication by a real number a,

(av)(f) = av(f).

These definitions make the set T,,(M) of all tangent vectors associated with the
point p € M a vector space, called the tangent space at p.
As every vector v can be written

v=10v'— ) (7.9)

the n operators

9 9 9
Oxl’ 0x2’ " "7 Oxm

form a basis in T),(M). This shows that the tangent space at any point of the
manifold has the same dimension n as the manifold itself. It is the basis naturally
associated with the coordinate chart (U, ¢) and is called the natural or coordinate
basis associated with the coordinates.

One must not think that these operators have a meaning only when they
have something to act on. They should, instead, be treated as symbols for the
basis vectors which also happen to represent the role of a tangent vector as a
differential operation.

7.4 Vector Fields on a Manifold

Smooth functions and vector fields are the fundamental building blocks of a differ-
entiable manifold. All other geometric quantities: tensor fields, differential forms,
Lie derivatives, connections, curvature, metric etc. are defined using these.

We have seen that there is a tangent space associated with every point of the
manifold. A vector field is a smooth way of choosing one tangent vector at each
of these spaces.

A tangent vector field or simply a vector field X on M is an assignment
of a tangent vector X (p) € T,(M) at each point p € M in a smooth way. This
‘smooth way’ means that in terms of local coordinates, the components of X (p)
change smoothly with coordinates of p. For a chart (U, ¢) the vector field can be
written
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where v* are now smooth functions of coordinates 2. The components of the vector
field are smooth in all coordinate systems if they are smooth in one. This is so
because of the law of transformation which relates the components of the vector
at the same point in the two coordinate systems.

A tangent vector field is defined on the whole manifold, whereas the coor-
dinate systems are defined in patches. But this does not create problems because
one can pass from one coordinate system to the other on the overlapping part.

We again emphasize: notice the way components change when coordinate
systems are changed:

, b , 0 0z 0
— I (! — i A
X =¥ )Bx’j v@) ozt " (@) Ozt Oz
or
. g
Vi(a!) = %‘:c v (). (7.10)

For a smooth vector field X on M the action of X(p) on a smooth function
f € F(M) gives another smooth function X (f) € F:

of

(X)) = (X)) = v'(@) 57 (7.11)
We can use this fact to give a definition of vector field X on M as a mapping
of smooth functions F(M) on M into themselves with the following properties.

X : F(M) — F(M) is such that

X(f+g9)=X(f)+X(9), (7.12)

X(fg) =X(f)g+ fX(9) (7.13)

for every f,g € F.

It is easy for physicists to imagine vector fields, familiar as they are with
physical fields of force like magnetic, electrical or gravitational fields. All these
fields assign a vector quantity at each spacetime point. We shall see in a later
chapter that physicists’ idea of lines of force: that is, a family of curves whose
tangent vectors give the force field is also very naturally defined and useful.

The class X' (M) of all smooth vector fields on a manifold M is a vector space
because we can define the sum of two vector fields X and Y as the vector field
obtained by adding the vectors X (p) and Y (p) assigned to a point p € M and
denoting this as the value of X + Y at p. Similarly we can say (aX)(p) = aX(p).

The student should appreciate that here we are dealing with an infinite number of vector
spaces; there is a tangent space T, (M) at each point p € M. A vector field is an infinite collection
of vectors, one in each tangent space. It is a function. The class or collection of vector fields is
itself a vector space X (M) because we can define addition and multiplication by a real number for
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these objects. But this vector space, like most function spaces, is certainly an infinite dimensional
vector space. We can multiply a vector field X by a smooth function f € F(M) instead of
multiplying by a constant number a and get another smooth field. This is expressed by saying
that X' (M) is not just a vector space but an F(M)-module where the job of multiplication by
numbers is taken over by the ring of functions F(M).

7.5 Local Basis Fields

Let there be a coordinate system around point p € M with coordinate functions
z". We have seen that any vector field can be written in these coordinates as

, 0
X(p)=2* -,
(v) = v'(2)
This shows that vector fields E;,7 =1,...,n given by
0
Ei(p) = D
T g(p)

which are defined in the domain U of the coordinate system form a basis for vector
fields. We call these local basis fields.

In general if there are n vector fields Xi,..., X, such that at each point
p € U C M in a domain U, the vectors X;(p),..., X, (p) are linearly independent
then we call the vectors a local basis field.

One must understand the symbolic nature of the notation used for the natural
basis vectors in the coordinate chart (U, ¢). If p and ¢ are two points, then we must
write

0
Ox?

0
’ Oxt

@(p) #(q)

to distinguish the tangent vectors at the two points. They belong to entirely dif-
ferent tangent spaces T}, and T, respectively. In practice however one writes this

local basis as
9 9
ozl 7 Ozn
to simplify the notation.

A simple way to picture the natural basis vectors is to realise that these
vectors are tangent vectors to the coordinate ‘mesh’ of the curvilinear coordinates.
For example, 9/0z" is the tangent vector passing through the given point to the
curve all of whose coordinates except z! are fixed.

In the case of radial r, 6 coordinates in the plane, the 9/0r are along the
radial direction and 9/90 along circles of constant 7 in the direction of increasing
0. Of course, there is no concept of the “length” or norm of these vectors. So
one can picture them as little arrows pointing in the direction determined by the
coordinate mesh.
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7.6 Lie Bracket

Given two vector fields X and Y we can define a new vector field [X,Y] called
their Lie bracket as follows:

(X, Y](f) = X(Y(f) -Y(X(f))  VfeF(M). (7.14)

We check easily that [X,Y] too satisfies the defining properties given in the pre-
vious section: the second (‘Leibnitz’) property need only be verified.

X(Y(fg) = X(V(fg+fY(9)
= X(Y(f)g+Y(£)X(9)+ X(HY(9)+ X (Y(9))

The second and third terms in the final expression cancel when Y (X (fg)), written
similarly, is subtracted from X (Y (fg)).

The Lie bracket being a ‘commutator’ of two vector fields acting on a smooth
function is antisymmetric,

(X, Y] =-[Y, X] (7.15)
and satisfies the Jacobi identity
(X, [V, Z]|+ [V, [Z, X]|+ [Z,[X,Y]] =0 (7.16)

for any vector fields X,Y, Z.
In some local coordinates (U, ¢) if the fields X and Y are expressed as

iy 9 _ gy 9
X=v (x)@7 Y—w(l’)%,
then [X,Y] is given by
i ow’ i o’ 0
[X,Y] = (v (x) 5t Y (x) 8xi> 37 (7.17)

as follows from direct computation. Note that for coordinate basis fields
[0/0x%,0/0x7] = 0 for any i, j.

7.7 Cotangent Space

The space T dual to the tangent space T}, is called the cotangent space. We can
associate it in an abstract way as also a space attached to the point p. Actually
there is a virtual crowding at the point p because we will associate the whole
infinite set of tensor spaces (7},); and differential forms A(7}) to the point.
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The basis dual to the standard basis

9 9 9
Oxl’ 0x2’ " 7 Oxn

{dz",... dz"}.

is denoted by

It consists of linear functionals dz® which act on the basis vectors in T}, as

da’ (af&) =0 (7.18)

Just as the symbols 9/0x" are chosen to give correct transformation laws
under change of coordinates,

o 0al D 0

[ — -J R
ozt Ozt oxd — Tt Oxd’

the dual basis changes as naturally,

Y i T
dz"" = %daﬂ = (A7) da? = (A7) da? (7.19)
according to the ‘inverse-transposed’ matrix rule.
Analogous to a vector field we can define a cotangent vector field, also called
a one-form or the covariant vector field, as a smooth assignment of a vector in 7};.
Such a field can be written as

o = a;(x)dx’.

The components of a cotangent vector field transform as expected,

. i Ox? .
a = aj(z")dz"” = a;(z)dz’ = a;(x) 577 dx"
therefore
ox'
! AN .
aj(z') = P a;(x). (7.20)

If « is a cotangent vector field and X a vector field, we can take the pairing
of dual vectors at each point, getting a smooth function

0

a(X) = a;(z)v’ (z)dx <8xﬂ) = a;(x)v'(z). (7.21)
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7.8 Tensor Fields

Starting with the tangent vector space T}, at a point of a manifold we can construct
the infinite set of tensor spaces

Tp) =T, ® T, - T;. (7.22)
r factors s faztors

In this notation the tangent space T}, is T, (p) and the cotangent space Ty is T (p).
A smooth choice of a tensor at each point gives tensor fields
o i 9
- jl---js(m)W@)“'@W
We will denote tensor fields on a manifold by X7 (M ). The set X' (M) of vector
fields is just X$ (M) in this notation. The set of cotangent vector fields, also called
differential 1-forms, is X(M) which will be denoted also by A'(M). The smooth
functions in F (M) are tensors of rank zero as well as differential 0-forms, therefore
F(M) = X5 (M) = A"(M)

® do’ ® -+ ® da’s. (7.23)

7.9 Defining Tensors Fields

We have defined tensor fields through their components in the natural basis. If
the components are smooth functions of coordinates, the fields are smooth or
differentiable.
We have seen that a vector field maps a smooth function to a smooth function.
Let o be a covariant vector field and X a smooth vector field. Then o (which
assigns a vector a(p) € T, » for each p in the dual space) determines a smooth
function a(X) as follows:

(X)) (p) = alp)(X(p)).

This mapping of a vector field into smooth functions is such that
a(X+Y) = oX)+alY), (7.24)
a(fX) = folX), (7.25)

for XY € X and f € F(M). Notice that here the linearity property in the second
equation is not just on multiplication with real numbers, but with respect to smooth
functions in F(M).

One can, in fact, define a smooth cotangent vector field as a mapping of this
kind.

It is crucial to demand linearity with respect to smooth functions and not just real numbers.

As a counterexample, let a;(2z), N (x),4,57 = 1,...,n be smooth functions in some coordinate
system. Define for any X = v%(2)8/9z% a mapping
vt

2@ = (1) + 55N @) ata)
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then this mapping is linear when X is multiplied by a number but not when multiplied by a
function. Linearity with respect to functions ensures the proper transformation property for these
fields.

The basic idea is that although the mappings are defined on spaces of fields defined in a
region, we must make sure that the mappings determine a quantity in the appropriate tensor
space (T7)p which depends only on vectors in Tp, T, etc. and not spaces at neighbouring points.
In the counterexample above the presence of derivatives of components v* of the vector field X
shows dependence of the mapping on points in the neighbourhood, because a derivative involves
comparing values at neighbouring points.

A covariant tensor field T' of second-rank (i.e., type X9(M)) is a bilinear
mapping of X (M) x X (M) into F(M) such that

T(X+Y,Z) = T(X,2)+T(,Z2), (7.26)
T(fX,Y) = fT(X,Y), (7.27)
T(X,Y+Z) = T(X,Y)+T(X,Z2), (7.28)
T(X, fY) FT(X,Y), (7.29)

for fields X,Y and functions f.
A tensor field S of type Xi(M) can be defined as a bilinear mapping S :
X(M)x X(M) — X(M),

S(X+Y,Z2) = S(X.,Z)+8(Y,2), (7.30)
S(fX,Y) = fS(X,Y), (7.31)
S(X,Y+Z) = S(X,Y)+5(X,2), (7.32)
S(X, fY) FS(X,Y). (7.33)

A case where a mapping X x X — X does not define a tensor field is the
mapping (X,Y) — [X,Y] of two vector fields giving the third vector field which
is their Lie bracket. We have

(X, Y] = fIX, Y]+ X(f)Y

where the extra term spoils the linearity.

Similarly, the mapping X,Y — DxY giving the covariant derivative or
connection (to be discussed in the next chapter) is a celebrated example of
a mapping not defining a tensor field. But we shall see that a combination
T:(X,Y) = DxY — Dy X — [X,Y] where the last term cancels the non-tensorial
terms of the first two, does define a tensor called torsion.

7.10 Differential Forms and Exterior Derivative

The antisymmetric covariant tensor fields, which amount to choosing members of
A’“(T; ) smoothly, are specially important and are called differential r-forms on
the manifold M and denoted by A"(M).
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Differential r-Forms

We define differential 0-forms as the class of smooth functions A°(M) = F(M)
and as noted above the differential 1-forms are just the cotangent vectors A*(M) =

X1 (M)
An r-form is a tensor field of the form

> Ai i dat A Adat
i1 <<

with coefficients A;, . ;. smooth functions of coordinates.
The wedge product of an r-form and an s-form is the wedge product at each
point. It naturally satisfies

aNf=(-1)"FAa

where « is an r-form and 3 an s-form.

Exterior Derivative

The entire machinery of differential forms revolves round the concept of exterior
derivative which we now define.
For a O-form (that is a function) f € F defines the cotangent field

8
df = f (7.34)
For o, an r-form (r > 0) the exterior derivative da is the (r+1)-form
da = z": Z %dﬂ Adx™ AN dat (7.35)
OxJ

J=1i1<<ip

We must use the antisymmetry of the wedge product in the above expression to
bring it into the standard form of a basis, that is with dz’ factors in order of
increasing 7.

For example, if o = A;dx? is a 1-form, the exterior derivative is

0A; . ) 0A;  0A;
_ E : J
do = oxJ = (aaﬂ ozt > da’ A da.

7<i

A crucial property of the exterior derivative operator is that applying it twice
gives zero on any differential form:

d(de) = Z > aA“ Z’dj/\d:v“/\ A datr

J=1li1 < <2y

= ZZ Z aaA]:é ;7‘ d.’E /\de /\d:L’“ A - /\dl’ir

7 o< <ip

_— (7.36)
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The double sum over k, j gives zero because the second partial derivatives of 4;, ;.
are symmetric in these indices while there is antisymmetry in these indices due to
da® A da .

It is clear that if « is an r-form and § an s-form,

d(a A B) = (da) A B+ (-1)"a Adp (7.37)

which follows directly from the formula for the wedge product and the definition
of the exterior derivative.

For a one-form « the exterior derivative can be defined as the antisymmetric
bilinear functional on a pair of vector fields Xg and X as

dOé(Xle) = XO(O((Xl)) — Xl(Oé(XQ)) — Oé([Xo,Xl]) (738)
which is easily verified. Let Xy = v'0/92" and X; = v*9/0z* Then,
0A;

da(Xo, X1) = aT?(dxj A da')(Xo, X1)
= gjj (uv' — u'v?)
QA AUt Ot 8u
= J — ) — A J
T Y As <u oxI 83:3 )

= Xo(a(X1)) = X1((Xo)) — a([Xo, X1]).

This formula can be generalised to an r-form 3. dg is the (r+1)-form defined
by

dB(Xo, X1,..., X)) = Xo(B(X1, Xa,..., X)) — X1(B(X0, X2, ..., X))
+X2(5(X07X13"'aX7‘))_"'+(_1)TX’I‘(ﬁ(XO7X1?"'?X’r'—l))
3 (DMB(X X)L Xow - Xy, Xigs - X1, X, X)),

i<j

(7.39)

7.11 Closed and Exact Differential Forms

A differential r-form « is called closed if the (r+ 1)-form do is zero. An r-form «
is called exact if it can be written as & = df where (3 is an (r — 1)-form. The set of
all closed r-forms C" (M) is a subspace in A"(M) and the set of all exact r-forms
is still a smaller subspace of C"(M).

Every exact form is obviously closed because d(d(5)) = 0. The converse
is only locally true in the following sense. Let B be an open ball in coordinate
space R, and let U = ¢~ (B). If  is a closed form d(a) = 0 then there exists
an (r — 1)-form @ such that restricted to U, a = d(8). This result is called the
Poincare lemma.
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7.12 Tutorial

Manifolds

Exercise 39. CHOICE OF COORDINATES
Choose an appropriate atlas of coordinate charts for the following manifolds and find the
change of coordinates maps:

1. one-dimesional ‘sphere’, that is the circle S*,
2. two-dimensional sphere 52,
3. two-dimensional torus 72,

4. the two-dimensional surface of a cone with vertex angle a.

Answer 39. Hints and suggestions
(Draw diagrams to understand the hints !)

The circle

S can be considered as the subset of the two-dimensional plane with points whose
coordinates satisfy > + y> = 1. One chart (U1, ¢1) assigns to a point p the usual angle
¢1(p) = 01,0 < 01 < 2m. This is valid for all points except (z =1,y = 0). So U; is the set
of all points on the circle except (1,0). Another chart (Us, ¢2) can be given covering all
points except (x = —1,y = 0) mapping the point p to the angle 0 = ¢a(p), -7 < 02 <7
going counterclockwise from just below the point (x = —1,y = 0) to just above it. The two
coordinate patches intersect in two disjoint arcs: U1NUs = UUL, the upper semicircle (U)
where the transformation law for coordinates is 61 = (¢1 0 ¢y 1) (02) = 62, (0 < 01 < ),
and lower semicircle (L)where 81 = (¢1 0 ¢y )(02) = 02 + 27, (7 < 01 < 27).

Another atlas can be constructed for S! consisting of four charts corrsponding to
points on the upper (U, ¢v), lower (W, ¢w ), right (R, ¢r) and left (L, ¢r) semicircles.
For upper and lower semicircles assign x as one coordinate of the point on the circle. For
right and left semicircles define y as such a coordinate. The coordinate transformation
for a point lying in both U and L is, for example,

y=(rody)(@)=+V1-22,  w=(dvoo;)(y)=—-v1-¢.

Similarly for other overlaps.

The sphere

Stereographic projection is one choice for constructing charts for S2. Consider $? the
set of points {(z,y,2) € R*|z> +y*> + 2 = 1} in three dimensions. Let Ps be the
tangent plane at the south pole (0,0, —1). To find coordinates of a given point p € S*
join the north pole (0,0,1) to p and extend the line till it meets the plane Ps at , say
(«, 22, —1). The coordinates of the point p are taken to be (z*,?). This coordinate
system includes all points of $2 except the north pole. Another chart with coordinates
(y",y*) can be contructed similarly by switching the roles of the north and south poles.
The coordinate transformation between the two charts can be found by straightforward
algebra.
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The torus

As a set it is the cartesian product of two circles T2 = S* x S'. We can take the atlas
of two charts Uy, Uz defined above for one circle and similarly U;, Uj for the other circle.
Then the torus is specified by four charts Us; = U; x U; where 4,j = 1,2:

Un=UxU; : p—
U=UxU;y : p—
Un=UsxU; : p—
Up=Usx Uy : p—

611,011) : 0 < 011,01, < 2,

012,015) 1 0 < 012 < 27, —w < 015 < T,
Ba1,051) : 0 < 051 < 27, —7 < f21 < T,
Ba2,059) 1 =T < Baz, 059 < .

—~ o~~~

The coordinate change for overlap between charts U1 and U2 for example, is as follows:

On the overlap Ui NUs2,
011 = b2,
01 = 01 0<8), <m,
011 = 615+ 2m, T <0 < 2m.

Similarly for other chart overlaps.
The cone

The cone with a vertex angle a can be built up from a plane sheet of paper from which an
angular wedge with angle 8 = 2w (1 — sin ) is cut away and then the two straight edges
are joined together. On the cone we can choose coordinates 7,0 with 0 < r < co with r
measured from the vertex point of the cone and 0 < 6 < 27 sin @ measured along the circle
r = const. as one would have done on the original sheet. This covers all points except those
on the edges which have been joined. To include these another chart is required. One can
choose another radial line (for example that belonging to 6 = 7) and define coordinates
7,0 with ¢ =0 — 7, (n <9 < 2nsina—m) and §' =0 + 27sina —m, (0 < 0 < 7).

Exercise 40. Find a suitable atlas for the n-dimensional sphere S™.
Answer 40. Generalise the stereographic projection map to this case.

Exercise 41. Consider the union of the X- and Y-axes as a subset R of points on the
plane

R = {(z,y) € R?|either z = 0 or y = 0}.
Does this set form a differentiable manifold?

Answer 41. Hint: can one define a chart containing the point (0, 0)?

Vector Fields

Exercise 42. Plot the following vector fields (by showing the direction of the vectors by
an arrow) on the two-dimensional plane with coordinates (z',z?):

)
X = xalerx 0x?’
-

x z .
ox? oxl!
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Find the integral curves of the field: that is curves t — (z'(¢), 2%(¢)) such that the tangent
vectors to those curves give the vectors of the fields.

Answer 42. For X the curves are t — (C4 exp(t), C2 exp(t)) where C1, Cs are constants.
For Y the curves are t — (Acos(t + B), Asin(t + B)) with A, B constants.

Interpretation of the Lie Bracket

Two steps forward, two steps backward

Two vector fields X = a’(z)d/0z' and Y = b%(x)d/0x" are given. We take
a point P with coordinates x in its neighbourhood and consider an integral curve
of vector field X passing through P. Let the curve be given by ¢t — z(¢) so that
the point P corresponds to ¢t = 0. Take ¢t > 0 to be infinitesimally small and keep
quantities up to second-order in t. The point @ close to P along the curve then
has coordinates

2

y' =i (t) = 2'(0) + ta'(2) +

(@) g0 + -+

We shall write this symbolically as y = = + ta(z) + t?a’.a/2. In this notation
quantities of second-order will not be shown with their argument because any
change in their argument in the infinitesimal region will be one higher order.

This point @ is close to P in the direction of the vector field X at P. Now
starting from @ locate a point R in the direction of Y with an infinitesimal pa-
rameter s. The point R has coordinates z = y + sb(y) + s2b’.b/2. Now from R go
in the reverse direction —X (by the same parameter ¢ that was used for bringing
P to Q) to point S which has coordinates w = z — ta(z) + t?a’.a/2. Finally from
S come to a point T along —Y with parameter s. The point T has coordinates
u=w — sb(w) + s2b'.b/2.

Are we back to the starting point P after these four steps (two in the forward
directions of X and Y respectively, and then two in the backward direction) or is
there a shortfall? The Lie bracket measures that.

Exercise 43. Find the difference in the coordinates of T' and P keeping quantities up to
second-order. Show that T is in the direction of [X, Y] by infinitesimal parameter st.

Answer 43. We have

y z + ta(z) + t%a’.a/2,
z = y+sb(y)+s°b.b/2,
w = z-—ta(z)+t°d .a/2,
u = w— sbw)+s°b.b/2.
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Therefore,

u = w—sblw)+ s’ b/2
= z—ta(z) +t°d .a)2 — sb(z — ta(z)) + s°V .b/2
= z—ta(z) + t?d .a)2 — sb(z) + stb.a + s°b .b/2
=yt sb(y) + 7V .b/2 — taly + sb) + t7a’.a/2
—sb(y + sb) + stb’.a + 76 .b/2
—  y+sb(y) + 7V .b/2 — ta(y) — tsa’ b+ t7a’.a/2
—sb(y) — 8’6 b+ stb .a + $°b .b)2
= y—ta(y) —tsd b+ t2d .a/2 + stb .a
= zttatt’d.a/2—ta(z +ta) —tsa’ b+ t%d .a/2 + stb .a
— zttatt’d.a/2—ta—t’d.a—tsa' b+ t’d .a/2+ sth.a
= 1z —tsa'.b+ sth.a.

In fuller notation u® = x* + st[(b%) ja? — (a*) ;b7] which shows that the point T with
coordinates u is in the direction of the field

; Ob° ;9a"\ 0
VR N B —
(a oxl b 8:1:1') ot X,V




Chapter 8

Connection and Curvature

We have introduced Ffj in Chapter 2 as basic quantities in terms of which the
Riemann-Christoffel curvature tensor and the equation of a geodesic curve are
expressed.

It was found by Levi-Civita that geodesic and curvature can be defined using
the notion of parallel displacement which governs the geometry of the space. Par-
allel displacement or parallel transport became the starting point of differential
geometry of not just Riemannian spaces where an infinitesimal distance is defined,
but also of more general spaces.

In this chapter we define connection in this general setting.

8.1 Directional Derivative

To find the rate of change of a real-valued function f along a curve we use the
tangent vector. If the tangent vector to a curve at a given point p € M is v then
the required rate is v(f). This is the directional derivative D, of the function

v aajz =df(v) (8.1)

Dyf = V(f) =

where v? are the components of the vector in local coordinates.

Now suppose that X = a’(2)9/dz" is a vector field on the manifold M, and
we are interested in finding the rate of change of the vector field in the direction
v € T, at the point p € M.

Is it alright if we take the partial derivatives v(a') = v79a’/dx7 of the com-
ponents a’ as a measure of the change in the vector field along v?

Components of a vector are determined by the basis used. How can we be
sure that the change in the components is not due to the change in basis vectors
themselves?
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Consider the example of the radial coordinates r, 6 in the two-dimensional
FEuclidean plane. We can judge if two vectors are the same or not even if they
are located at different places in a euclidean space. We already have a concept of
parallel vectors in this space. A constant vector field on the euclidean plane has
vectors at each point parallel and of the same constant length.

The components of such a constant vector field change from point to point
in the {0/0r,0/00} basis because the direction of the basis vectors changes.

The basic problem in defining the derivative of a vector field is that if p and ¢
are two neighbouring points, vectors X (p) and X (gq) belong to two different vector
spaces T}, and T} respectively. How can we compare these? It is not like finding the
change in a function f. In that case an observer at ¢ can telephone the colleague
at p and communicate the value of the function f at ¢ so that the observer at p
can find the difference or the change in f.

But it is not possible to communicate on the telephone the direction of a
vector. How can one identify a vector in a vector space which is supposedly equal
to a given vector in some other vector space so that the two can be compared?

There is no alternative but to define the concept of parallel displacement by
giving a reasonable rule for identifying a vector in T}, when a given vector in Ty is
shifted or displaced and brought to T, ‘without change’.

The hints for defining such a rule are obtained from our experience of two-
dimensional surfaces. For example, to define the parallel transport of a tangent
vector at a point of the two-dimensional spherical surface to an infinitesimally close
point we can use the concept of parallelism in the surrounding three-dimensional
FEuclidean space and, after having shifted the vector to the new point as if it were
a three-dimensional vector, take its projection tangent to the surface and define
that as the parallel shifted vector.

8.1.1 Connection Coefficients

We now discuss the reasonable rule mentioned above for identifying a vector in 7},
when a vector in 7} is given and brought parallel to itself to point p.

Let the points p and ¢ be in a chart with coordinates = and let 9/9z* be the
natural basis vector fields. Let p and ¢ have coordinates x and z + Ax respectively
where Az is infinitesimal change in the coordinates. Let

9
ozt

9
oz’

, and
x

x+Ax

be the natural basis vectors (for some fixed ¢) at point p, ¢ respectively and let

0
ozt

be the vector —

I ox*

z+Azx

brought from T} to T}, by parallel displacement.
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Az

Fig. 8.1
What can we say about this vector?
(1) If Az — 0 then

ad
ozt

0

— ,
dxt

T

(2) The difference between

KA
oxt

is of first order in Az. Since the difference is a vector in 7}, it can be expanded in
the natural basis 9/dz* in T},.
Accordingly we write

9
ozt

o .
= — AzITk —
Oxt x+ T Pk

(8.2)

xT

where Ffj are coefficients of expansion (dependent on z in general). These coeffi-
cients are called connection coefficients in the coordinate system z. It is important
to emphasize here that Ffj is not assumed to be symmetric in indices i, 7.

Given this rule for displacement of basis vectors, we can transport any general

vector
d a
o (k ) e

A — at g to N
dx’ z+Ax

- 0
k

0
ozt

T

in 75,

8.1.2 Directional Derivative

Let t — z(t) be a curve such that z(0) = = and z(t + At) = 2 + Axz. The change
in the vector field X = a?d/dz' from point = to = + Az can now be calculated.
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We parallel transport the vector at x + Ax

. 0 - 0
a'(r+ AX) — to the point z as a'(z+ AX) —
0" |, L A oz* I
and compare with
i 0
@(@) oz,
The result is
. 0 - 0
X -X = a AX | —a' ,
1= Xle a'(z+AX) o | @) 55 N
- [ daF N\ 0
_ J k i
= Az <6a:j +I‘ﬂa> 9k )

Dividing by the parameter change At and taking the limit At — 0 we get the
covariant derivative of the vector field X in the direction of the tangent vector v
to the curve

. . Az [0ad* e i) O
DX = Bim (Xl = Xlo)/At = lim o (a + 10 ) Bk
- [ Oa” \ 0
J k i
Y <8a:j +Pjia> ok’

8.1.3 Components of a Parallel Displaced Vector

We can restate the content of equation (8.3) by (reversing the role of points ¢
and p) saying that when a vector with components a’ at p (with coordinates z)
is parallel displaced to point ¢ (with coordinates x + Ax) its components (in the
natural basis at  + Ax) become

a|| = a" - Amjfé?iai. (8.4)

8.2 Transformation Formula for I‘fj

The definition of parallel transport is specific to a coordinate system, and the
connection coefficients have meaning only for this coordinate system. In order
to be useful this procedure should be independent of coordinates. We find that
insisting on independence of coordinates gives us the transformation formula for
the connection coefficients Ff‘j. Although we will give a much simpler proof of this
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important formula later on, (twice in fact!) it is worthwhile to go through the
following calculation as it teaches certain manipulation skills.

We calculate Dy X in some other coordinate system x’¢. We call the new
coordinate system z’, and the connection coefficients F;’j The tangent vector is
v =0"79/0x" =v'0/0x" with v! =v"79x/0z" and a'(x) = " (2")0z*/Ox".

Comparing the two expressions for Dy X,

DX = U’M(a“/l + T a”") 0

ox'm mr ox't

- [ Oa® i\ O
”%mﬂrw>mk

— 9’ |:6 (a/laxk>+ k /raxi:| 9

_ ‘ a __
ox'™m 8%’1 Je ox'm axk

Oz
_ v’m{ 3} (a,laxk> N OxI kg (%ci] 0

ox'm oz’ ox'm I gt | Oxk
. { da' dz* . O%ak oxd _, . Oz } 0
v

ox'™ Ozt a Ox'm ! ox'm ji® ox'm | Oxk’

Take (i) 9/0x* inside the square bracket and the first term becomes
(0a/9z'™)0/02"; (ii) replace the dummy [ index in the second term by r in an-
ticipation of comparison with the first line; (iii) write 0/0x% = (02"t /02%)0/0x"
and take it inside the square bracket to multiply by the second and third terms;
and (iv) factor 9/0x" from all terms. We get

o (0d Lo\ 0
DVX = Ul (Wn —+ F;n,r,a/ > 83’;/[
o [ da' (63:” 02z oz’ 9x9 _, Ox' ) a”} 0

ox'™m oxk Ox'mox'™ Ok Ox'™ I Ox'r ox't’

Comparing the two sides of the equation, the transformation formula is ob-
tained:

ox' 9z 92’1 9zt 02%zF

Pour) = T52) 5 g 9k © 0aF Bwmoa”

(8.5)

The three-index notation at first seems to suggest that Ffj is a third-rank
tensor. But this is not so because of the extra term in the formula above. In
older notation the coefficients I'y; were written {;} to emphasize their non-tensor
nature. They are called Christoffel symbols.

On any reasonable manifold there are an infinite number of independent def-
initions of connections. Practically, all we need to do is to choose smooth functions
sz in each coordinate neighbourhood and make sure that they transform in the
appropriate way when coordinates are changed in overlapping domains.
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FEach connection gives its own concept of change of vector under parallel
transport and so defines the geometry of the manifold or space.

However, we shall see later that in a Riemannian space where the parallel
transport is required to satisfy the condition that the inner product of two vec-
tors does not change when they are both parallel tranported, there is a unique
symmetric connection, called the Levi-Civita connection.

Note that if F;k are components of a connection in some coordinates, then
the transpose f;k = chj defines components of another connection. This follows
from the above formula. But, —I‘;  are not components of any connection if I‘; &
are. This again follows from the transformation formula, and shows the non-tensor
nature.

8.3 (Geodesics

A geodesic is a curve whose tangent vector at any point when parallel transported
to a neighbouring point on the curve coincides with the tangent vector at that
point. When this happens the parameter to the curve is called an affine parameter.
A geodesic is the “straightest possible” curve whose direction, as fixed by the
tangent vector, does not change. It remains parallel to itself.
If the curve is represented by z(t) in coordinates, then it is clear from the
formula for parallel transport that

dxF

dz” _ dz®
dt B

dt

p dat
It dt

— AT
T+Ax T

Dividing by At and taking the limit we get the equation that the representative
coordinates of a geodesic curve must satisfy:

A2k & dzd dx’

v 7 =0. 8.6
dt? + i dt dt (8.6)

Note the role of the affine parameter ¢ in the equation of the geodesic. If
s = s(t) is another parameter for the same curve z(t) = x(¢(s)), the equation of
the geodesic will become

ok odatdad dat dPs (ds>2

ds? T hUTds ds . ds a2 \dt

The equation for the geodesic retains its form if

d2
EQSZO, ors=at+b

where a and b are constants. Therefore the parameters which all give the same
geodesic equation are related to each other by the affine transformation s = at+b.
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8.4 Covariant Derivative

We introduced the connection coefficients and parallel transport to define the con-
cept of directional derivative of a vector field. In fact the transformation formula
for the connection coefficients I'’s was obtained from the requirement that the
directional derivative should not depend on which coordinate system is used to
calculate it.

For this reason, the directional derivative of a vector field X = a’d/0z" in
the direction of a vector v,

- Oa* N\ 0
. k 1
DX =w (axj +Ia ) Dk

is also called the covariant derivative.

8.4.1 Semicolon Notation

There is a standard notation used by physicists to define the components of deriv-
atives in individual directions,

a*j =a"; +Tja (8.7)

Another way to describe the covariant derivative is to say that the two-index
quantities akd, that is, the ordinary partial derivatives of components of X, are
not tensor components because they do not transform like one. But the quantities

a”.; are components of a second-rank (1,1) tensor.

8.4.2 Zero Covariant Derivative Means Parallel Displacement

Given a law for parallel displacement we can define a covariant derivative. Given
a rule for calculating covariant derivatives we can define a vector field parallel
transported along a curve if its covariant derivative with respect to the tangent
vector vanishes.

If we look at components of a vector field, the vanishing of covariant derivative

E _  k k i _
a; =aj+ Fjia =0
means derivative vanishing in all directions. Writing
k

. d'(x + Ax) — aF(2)
@i~ Alalcrﬁo Axi

shows that for infinitesimal Az’ (in any direction)
a*(z + Az) = d¥(z) — ijfé?iai

which is the formula for parallel displacement of a vector from point z to x + Az.

This means that if the covariant derivative vanishes in all directions, the
vector field values in a neighbourhood can all be obtained by parallel translation
starting from any single point.
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8.5 Abstract Definition

The notion of covariant or directional derivative D, X of a vector field X in the
direction v can be generalised to define Dy X, the directional derivative of a vector
field X at all points of a region where the directions are determined by another
vector field V.

A connection or covariant derivative is a rule or mapping D by which we
associate to a vector field X and a vector field V, a third vector field Dy X such
that the following conditions are satisfied,

Dy.wX = DyX+DyX, (8.8)
DyjvX = fDyX, (8.9)
Dy(X +Y) Dy X + Dy, (8.10)
Dy(fX) = fDvX+V(f)X, (8.11)

where W, Y are any vector fields and f any smooth function.

Recall the remarks made in section 7.9 of the last chapter. The mapping from a pair of
vector fields V, X to field Dy X : (V,X) — Dy X is not linear when functions f are multiplied
by X because of the last condition. Therefore it does not define a tensor.A connection is not a
(1,2) tensor. But for a fixed X, the mapping x — x given by V' — Dy X is linear because of the
first two conditions. So, this mapping does define a (1,1) tensor. Indeed that is what is called
the “covariant derivative” DX. We will come to this point again later.

Let us take X = 9/0z" to be the basis vector field whose components are
constant, and let V = 0/0x7. Then expanding Dy X in the basis the coefficients

of expansion Ffi are:
Dy;ozi < )

The relation of Dy X and I‘;‘?i is established by this formula.
The transformation formula for I'’s can be rederived using this definition:

0
Dy ;ozi (8:5”)

9
oz’

_ ok O

=Thip - (8.12)

/ka

Ji 9tk

o
oz’ Ox”

D oam 1921310 )92 (

(oo

T Qg Y <8x’i 8967')

o, (9 (0 ) 0
- Oxl L%c’i 0/8a (&W) + ((%cm 8:6”) er}
~ [0a™ 027 0?x* 0

- [amax mr + <am/jaxw)] o
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where we have renamed the dummy index r by s in the second term of the last
line. In order to compare the last line with the first, we reconvert the last factor,
the partial derivative 9/02% with respect to z, into partial derivative with respect
to '
o  ox ko
dxs  Oxs Ox'F’

So that

w O [0x™ x| 0%x® ox'* 9
Iork T | 9zl Hgttt ™ 0x'7 0z Oxs Ox'*
and for comparison
ox'* dx™ Oz 0%z da'k
Oxs Ox'" 93~ ™" Oxlix!d Oxs
which is the formula for transformation for connection coefficients we obtained
earliar.

Ik __
Iy =

8.6 Torsion Tensor

It is easy to see that the difference of two connections is a tensor.

Let DM and D® be two connections. Then the terms V(f)X in the fourth
condition, which prevents the connection from becoming a tensor, cancel. From
the definitions of D%} ) and Dg) we deduce

(D = DP)(x) = f(DY - D)X

which makes the difference a tensor.
The map T : X x X — X (vector fields are denoted by X) is defined by

T(X,Y)=DxY — DyX — [X,Y]. (8.13)

It is bilinear in both arguments, as can be checked immediately — the term pre-
venting the linearity is compensated by the Lie bracket. Hence this mapping defines
a (1,2) tensor called the torsion tensor.

Recall that connection coefficients are not assumed to be symmetric. There-
fore Fﬁ?j and F;‘, define two independent connections. (The transformation property
of F?i is the same as Ffj).The difference of these two connections is a tensor with
components T},

TE=T% —T% (8.14)

equal to the torsion tensor defined above. Actually,

o 0 ;)
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8.7 Cartan Equations

It is useful to look at what happens to bases, rather than to components of a
vector field by a covariant derivative. This is Cartan’s approach.

8.7.1 Connection Matrix

The tangent vector space T, at any point p has an infinite number of bases.
Any two bases, say, {e;} = {e1,...,e,} and {f;} = {f1,..., fn} are related by a
transformation matrix

fi = ex A%,

When we choose bases in all the tangent spaces in a region in a smooth fashion,
then we have basis vector fields. The best example is the natural or coordinate
basis fields which are written (for tangent space T, where p has coordinates z) as

0

7; )
Oz,

i=1,...,n.

Consider two neighbouring points on a curve passing through p with coordinates
x = z(t) and z(t + At) = x + Az. We have seen that when

0
. is brought to point z, it becomes . equal to
0" | A oz’ I
0 0 -
| = — AziTk —
dat|, 0’|, AT oxk |,
The parallel transported vectors (9/0x'),i = 1,...,n also form a basis in T},

which is related to the basis (0/0z%), by the transformation matrix

0
ozt

, 0

T

In the limit of At — 0 the tangent vector to the curve has components v’ =
lim Az /At and the infinitesimal amount by which the matrix relating the parallel
transported basis (8/0x'),i = 1,...,n and the original basis differs from the
identity matrix is

AtAF; = vl AT,

We can look upon these numbers as a rule which assigns to every ‘direction’, that
is every tangent vector v € Tj,, a matrix AF; of numbers in a linear fashion. For
each fixed k and 7 this is a differential one-form belonging to 7};.
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We define a connection matrix w of one-forms
wh; = T%dal. (8.16)

Then all information about the connection is contained in this matrix of one-forms.
In particular, we can say that when the natural basis vectors are brought
from a neighbouring point to a given point along a curve which has tangent vector
v, then the two bases are related by a transformation matrix which differs from
the identity by the matrix AtA*; where A, = w*;(v)
The two ways of defining connection are related by

D, (8‘;) = wki(v)%. (8.17)

8.7.2 General Bases

It is not essential to use the natural basis 9/9z* for defining the connection matrix.

Any set of non-vanishing vector fields X,,a = 1,...,n in a region can be used as
a basis provided the vectors X1,..., X,, are linearly independent at each point of
the region.

The connection matrix is again defined by finding the infinitesimal amount
by which the matrix (relating the parallel transported basis vectors from a neigh-
bouring point and the original basis vectors at the point) differs from the identity
matrix.

A connection matrix wx for the basis fields X,,a = 1,...,n is defined as
the matrix of one-forms obtained by expanding the vector Dy (X,) for a fixed a
as a linear combination of the basis vectors: Dy (X,) = X,C?, and realising that
these coefficients C?, depend linearly on v. The matrix wy of 1-forms is defined
as (wx)b,(v) = C?. Thus

Dy(X,) = Xp(wx), (v). (8.18)

8.7.3 Change of Bases

Let the basis fields X,,a = 1,...,n be replaced by another set of basis fields
Y,,a=1,...,n such that

Yo(z) = Xp(2)U (2) (8.19)
where U?,(z) are the coefficients by which fields Y, (z),a = 1,...,n are expanded
in Xp(z),b=1,...,n.

The connection matrix for the basis fields Y is defined as

Dy(Ya) = Vilwy ), (v). (8.20)
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The left-hand side can be written

Dy(XpU%) = Dy(Xp)U + Xpv(U)
Dy (X3p)U% 4+ X3pd(U%,)(v)
Xc(wX)CbUba + X dU,(v)

= YU (wx)%, (VU + YaU d(UC,) (v).

Using matrix notation, and suppressing indices
wy = U ruxU + U tdU. (8.21)
The student may recognise this formula as the transformation formula of a non-abelian

gauge potential. This is no coincidence because gauge potentials too are connection 1-forms,
although in a different ‘bundle’.

When basis X, is the natural basis 9/9z" and Y, is the basis 9/9z'%, the

matrix U¥; is
0 g (D _ ot (0
Ar't "\ 9zk ) ozt \ Oxk

B 8x/m
T ozk

and its inverse is

w=Hm,

Obviously the formula for the trasformation of connection coefficients is the same
as w = U lwU 4+ U~'dU for this U. This is the third time we have derived the
transformation formula for the connection components.

8.7.4 Cartan’s Structural Equations

The connection matrix of 1-forms wx?, defined for the basis vector fields
X1,...,X, can be related to its dual basis o', ..., a™ of 1-forms (or covariant
vectors) defined as a®(X,) = 67.

We introduced the torsion tensor in the last section. Now we define n torsion
tensors 7 of rank (0,2) with respect to the basis X, by expanding the vector field
T(X,Y) in this basis. The coefficients are n bilinear functions T,

T(X,Y)=DxY — DyX — [X,Y] = T%(X,Y)X,. (8.22)

In this formula write the vector fields X and Y as (using the dual nature of basis

{a"})
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then
T*(X,Y)Xa = Dx(a*(Y)Xa) = Dy (a*(X)Xa) — Xea®([X,Y]).
But
Dx (a(Y)Xe) = a“(Y) Xqwx (X)) + X (a“(Y)) X
with a similar equation for Dy X. Substituting and using formulas
do(X,Y) = X(aY)) = Y(a(X)) — a([X,Y])

and (o A B)(X,Y) = a(X)B(Y) — a(Y)5(X) for 1-forms, we get Cartan’s first
structural equation

da® = —wx® . Na®+ T (8.23)

Let wx be a connection matrix for a set of basis fields X,. Define the curva-
ture two-form matrix

Qx% =dwx® +wx Awx . (824)

This equation is known as Cartan’s second structural equation.

8.8 Curvature 2-Form

We defined the curvature two-form matrix
Qx = dwxy +wxc Nwx

in the previous section. The transformation property of the curvature two-form is
simple;

dvy = dU 'wxU+U"dU)
= dU ' ANwxU +U'doxU — U wx AdU +dU ' A dU.
We have used the properties of the exterior derivative
dlaNB)=daNpf+ (-1)"aANdp
for any r-form « and the fact that d o d = 0. Similarly,
wy Awy = (U rwxU + U dU) A (U rwx U + U~1dU)
can be written
Ulwx AwxU+U " wx AdU + U 'dUU ™ AwxU + U HdUU ! A dU.
Using U~'dU = —dU~'U which follows from d(U~U) = d(1) = 0, we see that
the curvature two-form ) transforms as

Qy = U 'QxU. (8.25)

This, too is an important equation and shows that €2 is a matrix whose indices
are tensor indices. Unlike the connection matrix, the curvature 2-form is a tensor.
In gauge theories the matix €2 is called the “field strength” tensor.
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8.9 Riemann-Christoffel Curvature Tensor

The curvature 2-form has an intimate relation with an antisymmetric (1, 3) tensor
defined below.

Let us define a tensor which maps three vector fields X, Y, Z multilinearly
into a vector field R(X,Y)Z defined by

R(X,Y)Z = DxDyZ — DyDxZ — Dix y|Z. (8.26)

Checking the multilinearity is short and straightforward algebra. Obviously R(X +
X'Y)Z = R(X,Y)Z 4+ R(X',Y)Z and similarly in Y and Z. For multiplication
by a function we have for example

R(fX,Y)Z = fDxDyZ— Dy(fDxZ)— Disxy)Z.

Now Dy (fDxZ) = fDyDxZ +Y(f)DxZ. And [fX,Y] = fI[X, Y] =Y (f)X so

Disx,y) = fDix,y] — Y(f)Dx. Therefore f factors out in second and third terms

as well. Similarly, R(X, fY)Z = fR(X,Y)Z and R(X,Y)(fZ) = fR(X,Y)Z.
From the definition it is obvious that the tensor is antisymmetric;

R(X,Y)Z = —R(Y, X)Z. (8.27)

8.9.1 Relation of R and (2

Let us explore the relation of tensor R and 2-form ). We fix a set of basis fields X,
and drop the basis label X from wx€, and write simply w¢,. Calculate R(X,Y)X,
step by step:

Dy X, = wca(Y)Xc,
next

DxDyX, = X(w%(Y)X:+w%Y)Dx(X.)
= X (W% (V)X 4w (YV)w(X) Xy
X (W% (V) Xe + wha(V)wa(X) X,
where we have interchanged the dummy indices ¢ and d in the second term so

that both terms have factor X.. The second term in the definition of R is just the
negative of this term with the role of X and Y interchanged. The third term is

_D[X,Y]Xa = —wca([X, Y])XC

We can combine all the terms now and use the formula for exterior derivative of
a 1-form,

da(X,Y) = X(a(Y)) - V(X)) — a([X,Y])
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to get
R(X,Y)X, = [dw’o(X,Y) + (g Aw?)(X,Y)] Xe.
Thus the 2-form 2 defined by
0y = dwy + W Awl,
is indeed related to the tensor R by
R(X,Y)X, = X.0°%(X,Y). (8.28)

8.9.2 The (Second) Bianchi Identity

The following identity is trivial to see;

dQ = d(dw+wAw)
= dwAw—-—wAdw
Q-—wAW)Aw—wA(Q—wAw)
= QAw—-—wAQ.

The relation
dA4+wAQ—-—QAw=0 (8.29)

is called the Bianchi identity. For historical reasons it is named the second Bianchi
identity. This general identity holds for all connections and their associated cur-
vatures, whereas the first Bianchi identity, given in the next section, holds only
for curvatures whose connection has torsion tensor equal to zero.

8.9.3 The (First) Bianchi Identity

Every torsion-free (or symmetric) connection, (that is one for which the torsion
tensor is zero) satisfies the following identity, called the first Bianchi identity.

RX,Y)DZ+RY,Z) X +R(Z,X)Y =0 (T =0). (8.30)
Recall that for torsion-free connection 7" = 0, we must have
DxY — Dy X =[X,Y],
therefore writing fully,
R(X,Y)Z + cyclic = DxDyZ — Dy DxZ — Dx y|Z + cyclic.

Of the six double-D terms on the right-hand side we can combine Dx Dy Z —
DxDzY = Dx(DyZ — DzY) = Dx([Y, Z]). This can then combine with the
single-D term —Dpy. 21X to give [X, [Y.Z]]. Therefore the entire right-hand side
vanishes as a consequence of the Jacobi identity.
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8.10 Components of the Curvature Tensor

We now calculate the components of the curvature 2-form €2 or, equivalently, the
Riemann curvature tensor R in the natural coordinate basis 0/0x".

Recall that the connection matrix w has components Ffj in the natural basis
for coordinates = given by

Wk = F?idxj .
The curvature matrix 2 = dw + w A w is therefore,

, ork.
OF; = d(T;da?) + Thyyda™ AT, da"™ = (8x:”f + anlrin.) dz™ A dz"

where we have changed the dummy index j to n in the first term on the right-hand
side. As dxz™ Adz™ = dz™ @ dz™ — dx™ @ dx™, we can write

0% = RFppda™ © da™ (8.31)
with R given by
*Rkimn = ani,n - Fﬁi,m + Finirﬁ,l - rimirl:nl' (832)

Here we have used, as before, a comma followed by an index i as an abbreviation
for partial derivative with respect to z*.
The components of the curvature tensor are related to the tensor R by

o 9\ 0 0
R (axax> PR T (8.33)

This is seen most easily from the formula connecting R to (2.

8.11 Covariant Derivative of Tensor Fields

8.11.1 Scalar Field

Recall the definition of the directional derivative Dy given at the beginning of this
chapter. On a function it merely gives the ordinary derivative

Dy (f) = df (V).

For a fixed f it is linear on vector field V' and as it maps vector fields into scalars,
it defines a differential 1-form. We can write this as

D(f) = df. (8.34)
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8.11.2 Vector Field

For a fixed X, Dy X is linear in V. It maps vector field V into vector field Dy X .
Thus it defines a tensor of type (1,1) whose components in the natural basis are
a;;. We write

® dx?

, 0
D(X) = % o

i i 9 j
= (a;+ ijak)@ ® da’

Qw' + ® da’

= ak

oxt oxt

where the components a’(x) are the scalar functions whose exterior derivative is
da’ = afj dad.
We can summarise the definition simply as
D(X+Y) D(X)+ D(Y), (8.35)
D(fX) = [D(X)+X@d, (8.36)

which defines the connection matrix as

o o .

Note that our directional covariant derivative DxY can be written in terms of
this derivative as

DxY =ixDY (8.38)

where the operator iy is the interior multiplication or contraction by a vector field
X (see section 5.2.7 of Chapter 5).

8.11.3 Cotangent Vector Field

In order to generalise the concept of covariant differentiation to all tensor fields
we must first define it on cotangent vector fields through the components method.

We have defined parallel displacement of a vector with components a' at x
to point x + Az as the vector with components

aﬁ =a" - A:cjfé?iai.

Let by, be components of a cotangent vector at z. As a vector belonging to the
dual space it maps the tangent vector with components a* to the number ba”.
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The parallelly displaced covariant vector is defined with components b, such
that at the point x + Ax it maps the parallel displaced tangent vector aﬁ to the
same number as the original vector does to the tangent vector:

bra® = kaaﬁ = ka(ak — F?iaiAa:j).

Now we expect the parallel displaced components to be given by a formula similar
to that for tangent vectors. That is, a formula of the form

bk = br + Vjibm Az
then the above requirement implies 'y;?i = 1"?7; giving
ka = b + F;’/Lgbmij- (839)

The parallel displacement of a covariant vector defines the covariant derivative of
a covariant vector field 3 = b;dx".

Let z(t) be a curve, with #7(t + At) = 27 + Axz?. The covariant derivative
(in direction j) is obtained as the limit of the difference of b; at « + Az with b; at
x parallel displaced from z to z + Az divided by Axz7. As

bi(x + Az) — by = bi(z + Az) — bi(x) — I‘;’}bmij
the derivative is

— k
bisj = bij =Ty

b (8.40)

for this parallel displacement. One can check that b;; do indeed transform as
components of a second-rank covariant tensor.
We can write the operator D of covariant differentiation on covariant vector

fields as
DB = b;jdz’ @ da? (8.41)
which is equivalent to

Dda* = —dz' @ w";. (8.42)

Like the operator D on vector fields this operator too has the following prop-
erties:

D(a+p) = Da+Dg, (8.43)
D(fa) = fDa+a®df. (8.44)
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8.11.4 Tensor Fields

The process of covariant differentiation that has been defined on scalar, contra-
and co-variant vector fields, can be extended to all tensor fields.

We define a mapping D which maps tensor fields T, S etc. to tensor fields of
one higher covariant rank such that

D(T+S) = D(T)+ D(9), (8.45)
D(fT) = fD(T)+T®df, (8.46)
DT®Q) = DMTeQ+ToDQ). (8.47)

For practical calculations we just need to remember

P o
Ddz" = —dz' @ W*;. (8.49)

For example

» 9 )
] 9L 9dit @ @ dat
D (T ked(@) g5 @ ® 55 ®de” @ ®dx)
= T () @ 8 @At @ dat @t
e B g O :
- 9 )
ineej R — k... Ly ™.
+ T a@) g5 @ @5 m @dit © - @ de ©Wy
P 0 0
— e — m ! -
T k..iz(ﬂ?)axi ®® 55 RA2" ® - ®dr' ® Wk,
- 9 B
— - - k m l
T k..iz(x)axi ®® 55 Rz ® - @dz™ @ W'y,
) ) A l -
R Q) — i ) )
+ pr ®-® 5 ®dz" @ - @dz' @ d( k..1(2)) (8.50)

In each of these terms except the last interchange the two dummy indices occur
in w. In the last term write

d(TZJkl(x)) — (Timjk...l(l')),mdxm-

This gives the general formula for the covariant derivative components for any
tensor field

T tm = T 1m

T8 T Ty e+ T Ty
N A P R A S (8.51)
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8.12 Transport Round a Closed Curve

Given a closed curve we can start at a point on the curve with some tangent vector
and ask what will happen when the vector is parallel transported round the curve,
brought back and compared with the original vector.

We do this for an infinitesimal “rectangle” ABCD made up from the point
A with coordinates z%, point B with coordinates ' + Af, D with 2 + A} and
C with z° + A} + AL. Let v° be the components of a tangent vector which is to
be taken round the closed curve ABCD. Parallel transport from point D to C
is obtained by reversing the sign of A; in the formula for transport from C' to
D and similarly A to D by reversing the sign of As in the formula for D to A.
Therefore to find out if the vector remains the same after going round ABCDA
it is sufficient to check the difference of the vector transported from A to C' via B
and the same vector transported from A to C via D.

The components v* at A become at B,

v =0t — };j(x)vjA’f.
This vector viB becomes, on further transporting to C,
v = - Thle+ Anebal
i ) i Ak i i Ak i i AL AK
vt — sz(x)UjA1 - ;cj(x)UJA2 - ;cj,l(x)UjAlAZ

+I75 () LI ALAE 4

On the other hand, the same vector taken to C' from A via D becomes, by a similar
reasoning,

= o= T+ Aarhal
= o' - Zj(x)UjAlf - Zj(x)UjAg - gcj,l(x)vjAlfAlz
I (2)T ], v AFAL + -
Therefore the difference is, to lowest order,
v — vt = Rl AFAL. (8.52)

This equation shows that if R;kl is zero in a region, then we can set up parallel
vector fields which can then define the covariant derivative totally in terms of or-
dinary derivatives of components. When the Riemann tensor is not zero, transport
of a vector around a curve does not match with the initial vector at the starting
point, the difference being a measure of curvature.

8.13 Tutorial

Exercise 44. Riccl FORMULAS Show that if v* are the components of a contravariant
vector field and a; those of a covariant vector field in some coordinate basis, then the
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Riemann tensor is related to the failure of repeated covariant derivatives to commute as
follows:

i i i l
Vojsk — U kg = —-R IjEV (853)
l
Qigjsk — Qisksy = Rgrar 8.54)

Answer 44. Straightforward calculation. Hint: first write the covariant derivative of
w; = v",; as a second-rank mixed tensor and only then substitute its value.

Exercise 45. The Ricci formula is fundamental. In fact the defintion of curvature tensor
(DxDy — DyDx — Dix,y))Z = R(X,Y)Z is based on it. Show that the second Ricci
formula above can be written in the abstract notation as (with Dxa = ix Do)

[(Dx Dy — Dy Dx — Dix.y))a|(Z) = —a(R(X,Y)Z). (8.55)

Answer 45. Hint: use the fact that because the derivative Dx respects the tensor product
and contractions and satisfies Leibnitz’s rule,

(d(a(2))(X) = X((2)) = Dx(a(2)) = (Dxa)(Z) + a(Dx Z).

Exercise 46. Show that for a covariant vector field with components a; the antisymmet-
ric tensor a;;; — aj;; constructed with covariant derivatives is the same as with ordinary
derivatives if torsion is zero.

Answer 46. Obviously if ', = I'}; then
Qij — Qjyi = Qi j — G
Exercise 47. Show that for any covariant vector field a the following equality holds:
(Da)(X,Y) — (Da)(Y,X) =da+ a(T(X,Y)). (8.56)

Answer 47. Follows directly from the definition of D and the torsion tensor 7.






Chapter 9

Riemannian Geometry

We have discussed connection, covariant derivative, and curvature in the previous
chapter without even mentioning the metric tensor g;;. This has been done to
emphasize that these concepts are independent of the existence of a metric. We
first discuss Riemannian geometry in its classical (component-index) form in the
coordinate basis. Only later do we put in the abstract and elegant form.

The fundamental result of this chapter is that in a differentiable manifold on
which a metric is defined, a symmetric connection which ‘respects’ the metric can
only be the standard Levi-Civita connection.

We now explain these terms.

9.1 Riemannian Space

A Riemannian space is a manifold in which every tangent space has an inner
product { , ) defined on it. The inner product is such that for two smooth vector
fields X and Y the number (X (z),Y (z)) at a point with coordinates x changes
smoothly with z. The geometry of Riemannian space is called the Riemannian
geometry.

By the linearity property of the inner product it follows that it is enough to
specify the metric for a basis, that is, to specify what the smooth functions

0 0

gij(x) = <8xi’ 85(:]> (9.1)

are for the natural coordinate basis vectors 9/dxz".
If X (z) has components a’(x) and Y (z) has b*(z) in the natural basis, then
(X(2),Y(2)) = gij(z)a't’. (9.2)
The symmetry of the inner product (X (z),Y(z)) = (Y (z), X(x)) implies
gij = gji- Similarly the non-degeneracy of the inner product implies that g;;, as a

matrix is non-singular, that is, g = det ||g;;|| # 0.
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Although the discussion in this chapter is quite general, we eventually would
apply it to the physical spacetime. Therefore we assume the metric g;; has the
signature of Minkowski space. This means that if we choose an orthonormal basis
in any tangent space the form of the metric will become diagonal 7;; with one
—1 and the rest +1. We use the Minkowski terminology and call a tangent vector
time-like, space-like or null according as its inner product with itself is negative,
positive or zero.

9.1.1 Metric Tensor

The metric is a bilinear form on tangent spaces. So it defines a second-rank co-
variant tensor.

We have studied in Chapter 6 that the inner product in one space V' defines
an inner product in all the associated spaces, V*, T etc. In particular the inner
product in the space V* with basis {a’} dual to the basis {e;} of V has the matrix
g = (a’,a?). The matrix g% is equal to the inverse of the matrix g;; = (e;, e;).

In coordinate basis we have

g = (dz', da?). (9.3)

The covariant nature of the metric tensor components can be seen from their
transformation under change of coordinates:

Lo ) o\ _dxtod /o 9\ oxk oal
95(7) =\ 50 3077 ) = 7 007 \ k> 91 ) ~ 9t 027 M

Using the matrix notation

ozk
o1 = 101, = | 52
we can write the above equation as
lg'll = U™ llgllU.

Taking the matrix inverse of this equation, we get
_ _ “1yr1T
gl = U g~ U™t

The inverse matrix U1 is actually

axlk
ot

jo, = H

because

ox'* 9zt ox'* &

e 07 a0
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Recall from Chapter 5 that if covariant vectors or tensors transform with a
matrix U, then contravariant vectors or tensors transform with U ~17" and vice-
versa. This means that if we write the elements of the matrix

- kl
lg~ 1= llg*™Il,

then ¢* transform as components of a second-rank contravariant tensor

0x' 97,
= uF 079 @)

9" (")

Moreover, as the inverse of a symmetric matrix is symmetric, therefore

The symmetric covariant second-rank tensor with components g;; determines
everything in Riemannian geometry and is called the fundamental or metric tensor.
We can write this tensor as

g = g;;dz’ ® da’. (9.4)

There is a reason for the name metric tensor, at least for the case when the
inner product is positive definite. If x and =z + Ax are two infinitesimally close
points, then

$)° = gij x' Axd .
As)? = gi; Az’ Ag? 9.5

represents the square of infinitesimal length or distance of the diplacement vector
with components Az®. As is clear from the transformation formula for g;; the
length As of the displacement vector is not dependent on which coordinates we
use (up to second-order in Az), and depends only on the two points. This formula
is the generalisation of the Pythogorean theorem

(As)? = AzAz + AyAy + AzAz (9.6)

of Euclidean geometry. Specification of g;; either through the infinitesimal distance

square or the inner product is the starting point of Riemannian geometry.
Another way to look at it is to note that if 2(¢) are the coordinates of points

on a curve, then the length of the curve between points z(¢;) and x(¢2) can be

written as
t2 dzt dxd %d -
= i —— t. 9.
5 /t1 {gﬂ dt dt] (9-7)
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9.1.2 Induced Metric

Riemannian spaces commonly occur as subspaces of Euclidean or Minkowskian
spaces as indeed we have seen in Chapter 2 and will see still more in Chapter 16.

The Euclidean space of dimension 7 is the Riemannian space R"™ whose
points are labelled by coordinates x*,i = 1,...,n, each going from —oo to +o0,
and the metric is given by d;;dz* ® da?, where §;; is the Kronecker delta. The
Minkowskian space is defined by using coordinates x* (in physics we number them
with 1 = 0, 1,2, 3 and call 2° the time coordinate). The metric for Minkowski space
is Nuudx* @ dx¥, where 199 = —1,10; = 0,135 = 045 for ¢,7 = 1,2, 3.

Let a subspace S (an m-dimensional surface) of an n-dimensional Riemannian
space M with metric g;; be given. We can choose coordinates u” = ul,...,u™ on
the surface. Let those points on the surface treated as points of M have coordinates
z',i=1,...,n. Then 2* are given as functions xz(u),z =1,...n of coordinates u"
of the surface. Then the surface has metric

.
Irs = <8M’8u5>
B ort 0 0z 0O
= <auazauax>
Ox' 027
w%!}zj-

We can write this relation also as

ou' o
ou” ous

gijdiﬁi ®da! = Gij du” ® du® =g, ,du” @ du®.

We have taken the example of Euclidean space for illustration. Any subspace
of a Riemannian space will get an induced metric as well as the connection in this
way. We discuss these issues in the last chapter.

9.2 Levi-Civita Connection

9.2.1 The Fundamental Theorem

The fundamental theorem of Riemannian geometry says that there is a unique,
symmetric (i.e., torsion-free) connection on a Riemannian manifold which “pre-
serves the inner product” under parallel transport. This means if two tangent
vectors are taken in the tangent space of a point, and both are parallel displaced
by the connection to a neighbouring point, then the inner product of the vectors
at the first point is the same as the inner product at the displaced point (as deter-
mined by the value of the metric tensor at that neighbouring point). This unique
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connection, known as Levi-Civita or Riemann connection is given by components
in the natural basis by

1
Iy = §9M(9il,j + 9jti = Gijl)- (9.8)

This is the same familiar formula we have been working with from Chapter 2
onwards.

The proof of the fundamental theorem is very simple.

Since torsion is zero, we will assume Ffj = Ffz Let v and w® be components
of two tangent vectors. Then

vﬁ (x + Az) = v'(z) — };ijkfuj.
Similarly,
wﬁ (x4 Az) = w'(z) — };ijkwj.
The condition on the connection is
gij(x + Aw)vﬁwﬁ = gij(z)v'wl . (9.9)
Keeping to lowest order we get
AxFo'w (gij i — 9T — 9ulk;) =0,
SO
_ ! 1
ijk = 91Uk + gLk (9.10)
Let us define for convenience [ki, j] = g;;T}; and write the above equation as
9ijr = [ki, j] + [kj, ). (9.11)
Interchanging j and k and again ¢ and k we rewrite the above equations;

Gik,j = i, k] + [jk, 1], (9.12)

Grji = [ik, j] + [i], k]. (9.13)

We now add the last two equations, subtract the first equation from that sum and
get, using the symmetry [ij, k] = [ji, k],

2[ij, k] = 291 T%; = Gin.j + ki — Gijik- (9.14)

The expression for I' is obtained on multiplying by the inverse ¢"* and summing
over k.
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9.2.2 Covariant Derivative of the Metric

As the parellel transport given by the Levi-Civita connection preserves the inner
product, it is not surprising that the covariant derivative of the metric tensor g;j.x
is zero,

Gijik = 9ijk — Gri Lk — girl'j = 0. (9.15)
The same happens for the contravariant counterpart ¢*/ of the metric tensor
975 =97 )+ 97Ty + ¢TI, =0. (9.16)

Therefore we can freely take g;; or ¢g*/ in or outside covariant differentiations as if
it were a constant,

gl (K" )k = (97K ke (9.17)

9.2.3 A Useful Formula

An expression in which the upper and one of the lower indices of the connection
coeflicient are contracted occurs often. The useful formula for it is

I, = (inv/=g).,. (9.18)
The proof is easy:
2F§j = gik[gki,j + Grji — Gijk)

= gikgik,j

4, 0
il 55l ) -

The last two terms in the first line above cancel if dummy indices i, k are switched
in one of the terms. Now we use the formula for the derivative of the determinant
of a symmetric non-singular matrix M whose elements depend on a parameter z:

et M = det MTr (M—ldM) :
dx dx

This formula follows by simply diagonalising the matrix by a similarity transfor-
mation: D = SMS~! where D is the diagonal matrix. The formula is obviously
true for a diagonal non-singular matrix. If D is a matrix with non-zero diagonal
elements Aq,..., \p,

d d)\;
%detD = Z/\l... oA

= detDTr (D—ldD) )
dx
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Now we know that the determinant is unchanged, det D = det M. And in the
trace,

d d
-1 _ —1g-1 -1
Tr (D de) Tr (SM ST (SMS ))
ds
= Tr(SM'St—(MmS™!
r<S ST —(MS )>
+Tr (SM‘ldMS‘1>
dx

~1
+Tr (S ds ) .
dz
In the first term on the right-hand side we can bring the matrix M .S~! as the first
factor inside the trace using the property of the trace Tr(AB) = Tr(BA). Then

the first term becomes
ds ds
100\ _ ao 1
Tr(S da:) Tr(de )

which can be combined with the third term to give the trace of

-1 -1
551 557 4SS,
dx dx dx

The middle term becomes the required expression in the formula when the last

factor is brought to the left as first.

Our expression for the Christoffel symbol Fﬁj is thus proved because ¢ is
the matrix inverse to g¢;r. The sign inside the square root is taken to be nega-
tive because the spacetime signature makes the determinant of the metric tensor
negative.

9.3 Bianchi Identity in Components

The (second) Bianchi identity dQ +w A 2 — Q Aw = 0 for a symmetric, that is,
torsion-free, connection such as in the present case of Riemannian geometry, can
be written in component form in a special way which is used in Einstein’s theory
of gravitation.

Recall that (section 8.10)

w'i = F};jdxk,
) 1. .
0l = §R’jkldx’“ Adz' = R jyda® @ dat.
Therefore,

. 1.
Y = SRt mda™ A dz* A dat
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while
Wi A Q" = %FinrRrjkldzm A dz® A dat
and
QAW = %I‘LjRirmldxm A da' A da
= _% R R pmida™ A da® A dat
Thus the Bianchi identity looks like
(R jitm + Lo R jg + Ty Ry )da™ A da® A da' = 0. (9.19)

We now try to convert the ordinary derivative of R into a covariant derivative.
The second term in the equation above already corresponds to the term in R’ jklsm
for the contravariant index 7. The next term in the bracket is the term for the
covariant index j provided we interchange the names of dummy indices k£ and
m and rearrange daz* A dz™ A dx' to —dz™ A dz® A dx'. The two more terms in
R'jki:m, namely —I'"  R*;., — ' R';, which ought to be there but are not, can
be trivially written down inside the bracket because they are symmetric in km
and Im respectively while the bracket is multiplied by dz™ A dz* A da! which is
antisymmetric in these indices. So these terms are effectively zero.
Thus we have

R jppmdz™ A da® A dzt = 0. (9.20)

Of course, this does not imply that Rijkl;m = 0 because dz™ A dz* A dx! are
linearly independent only for m < k < [ and the sum above is over all values of
these indices. The simplest way to see what these equations imply is to express
the wedge product in terms of tensor products:
Rijkl;mdajm ANdxF A det = Rijkl;m(dxm ® dz* @ dat — dz™ ® dat @ da®
de* @ da™ @ di' + dz* @ dz' ® da™
+  do! @ dz™ ® da* — do! @ da® @ da™).
We rearrange these terms as follows. Remember that R';j; is antisymmetric in
the last two indices k& and [. The first and second terms in the equation above
can be combined together as 2Rijkl;mdxm ® da* @ dat if the dummy indices k and
l are interchanged in the second term. Similarly third and fourth terms can be
combined as 2R’ jimkdx™ ® dz"* ® dx' by interchanging m and k and the last two
as 2Rk de™ @ dz* ® dz' by interchanging m and I. Therefore,
Q(Rijkl;m + Rijlm;k + Rijmk;l)dl'm (39 dz* ® dat = 0.

We can now say that

Rijkl;m + Rijlm;k + Rijmk;l = 0. (9.21)

This is the useful form mentioned above.
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9.4 Symmetry Properties of the Curvature Tensor

Recall that R? jki is antisymmetric in the last two indices because these correspond
to the curvature two-form matrix €2°;,

R'jp = —R'jig. (9.22)

Also, for any symmetric connection T'%; = T}, we have the first Bianchi identity,
written in components

R i+ Ry + Rlyje = 0. (9.23)

We can check it by just writing down the expressions cyclically and adding. Note
that this identity is non-trivial only when all three indices j, k,l are different.
When two of these indices are equal, one term drops out and the remaining terms
just express the antisymmetry in the last two indices of the curvature tensor.

The curvature tensor as determined by the Levi-Civita connection has addi-
tional symmetry properties which are seen when the contravariant index is brought
down. Define

Rijii = gim R jia.- (9.24)

Then we see below that this covariant version of the Riemann tensor is antisym-
metric in the first two indices,

Rijki = —Rjiki (9.25)
and the index pair 5 and kl can be switched without any change,
Rijri = Ryuij- (9.26)
We write the expression for R;jxi,
—Rijri = 9im(T7g) 1 + gim T Tr) — [k < 1].
In the expression for —R;;x; the first term is
9im (9" 7k, n]) 0 =[5k, i1 — 9™" gima[7k, 1]

where we use the convenient notation

o 1
lik,i] = §(gji,k + Grij — ik,i)

introduced earlier. As g, = [il,m] + [Im, i] we can write

gim (Ujk).0 = [k, il a — g™ ([il, m][jk, n] + [Im, ][5k, n]).
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The second term in the expression for R;jx; is
gimL5 L0 = g™k, s][rl,i] = ™" [lm, d][jk, n].
When we add the first and the second terms, we get

1 . .
= §(gij,kz + Gikjt — Gjka) — g™ " [il, m][7k, n].

When we subtract [k < {] terms the very first term g;; 5/, being symmetric in kI,
vanishes, and we get (using the symmetry of g™")

—Riji = Gim (7)1 + gim Ly — [k < ]

1
§(gik,jz — Gjk,il — il jk T gjl,ik)

+ ™" ([ik, m][jl, n] = [il, m][jk, n] + [ik, n][jl, m] — [il, n][jk, m]) /2

L
b g ik ml[jLn] i o §Y— ko 1)/2

In this form all symmetry properties are clearly visible.
To summarise: R;jj; has the following symmetry properties.

1. Rijri = —Ryjix: antisymmetry in last two indices.
2. Rijm = —Rjip: antisymmetry in first two.
3. Rijii = Riuiy: symmetry in pairs of indices.

4. Rijki + Riri; + Rijr = 0: cyclic sum in last three indices. (First Bianchi
Identity.)

In the tutorial to this chapter a more elegant proof of these properties is given using
the abstract definition of the covariant form of Riemann tensor R(W, Z; X,Y’) in
section 8 later in this chapter.

Because of these symmetry properties the number of independent compo-
nents of the Riemann tensor R;jx; in a space of dimension n is

n%(n? —1)

Number of independent R;jr = 2

For four spacetime dimensions it is twenty. We discussed this in a tutorial in
Chapter 3.
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9.5 Ricci, Einstein and Weyl Tensors

9.5.1 Ricci and Einstein Tensors
We define the Ricci tensor as the contraction

This is a symmetric tensor R;; = R;; because of the symmetry properties of the
Riemann curvature tensor

Rij = ¢" Riirj = g" Rijii = Ryi.

Further contraction of the Ricci tensor leads to scalar curvature

R = g"Ry;. (9.28)
The tensor defined by
1
Gij = Rij — §gin (929)

is called the Einstein tensor with a related tensor defined by
i i i L i L
G'y = g"*Grj = " Ri; — S0 =R'j = SR, (9.30)
This tensor satisfies the contracted Bianchi identity
G'j.; = 0. (9.31)

The proof of the contracted Bianchi identity is straightforward, we only have
to remember that the metric tensor g;; or its contravariant version ¢g*/ have their
covariant derivatives zero so they can be taken in or out of covariant derivations
like constants. Starting with the Bianchi identity

lekl;m + szlm;k + lemk;l =0,

write the last term as —R"jkm;l and then contract 7 and k, that is put ¢ = k£ and
sum. We get

Ritim + R'jimii — Rjmy = 0.
Now multiply by ¢/ summing over both indices:
R™ g 4 (97 R jim )i — (97" Rjm )y = 0.
But in the second term
9" R jim = 99" Rejim = 979" Rjsmi = 9" Ry = R’
and the last term becomes R,. So 2R';,; — R, = 0 or,

. . 1
Gy = Rl — SRa = 0. (9.32)
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9.5.2 Weyl Tensor

The Riemann tensor R;;x; with its symmetry properties is discussed in the previous
sections. The Ricci tensor R;; = ¢ R”kl and scalar curvature R = ngR i are
particular linear combinations of it (with components of the metric tensor as
coefficients). Because of the symmetries, there is no non-zero linear combination
possible except gikRijkl = Rj;. This is expressed by saying that the Ricci tensor
is the “trace” of the Riemann tensor.

What is the rank-four covariant tensor which has the same symmetry prop-
erties as the Riemann tensor and is “traceless”?

The answer to this question is the Weyl tensor Cjj;. We construct the Weyl
tensor by a combination of R;j;;, and R and R.

To get a fourth-rank tensor from R;; we consider g;;R;;. To get antisymmetry
in 4, j construct g;xR;; — gj1 R, and to get antisymmetry in &, [, we subtract from
it the same expression with k, [ interchanged:

9ieRji — gjp Ry — guRjk + g Rk

Now this combination has the correct symmetry properties including symmetry
under simultaneous interchange of ij and kl.
Next we consider combinations possible with R. The only choice is

(9ikgjt — gjrgi) R.
So we write tentatively,

Cijrt = Riji+algicRj — gjrRi — guRjr + gjRix)
+b(girgj1 — gixgi) R

The trace zero condition g'““Cijkl = 0 determines the coefficients using
L
g gl] n?
Cijt = Rijn— ﬁ(gikle — gjkRit — guRjr + g Rix)
+ L (9ikg; ki) R (9.33)
(n _ 1)(n _ 2) glkgjl gjk‘gll . .

9.5.3 Conformally Related Metrics

Suppose on a Riemannian space with metric tensor g;; we choose another metric

which differs only by a positive factor at each point. The result will be that the
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lengths of tangent vectors will change but the angles will remain the same. Such
a transformation is called a conformal transformation, and two metrics related
in this way are called conformally related. If one of the two conformally related
metrics is flat the other one is called conformally flat.

The corresponding quantities for the metric g can be calculated. And it will
be seen that the Weyl tensor has the simple transformation as

Ciji = €*Cijn. (9.35)

9.6 (Geodesics

9.6.1 Geodesic Equation and Affine Parameter

The ‘straightest possible’ curve is a curve whose tangent vector when transported
along the curve is found to be in the same direction as the tangent vector at the
transported point. Let A — z(\) be a curve, and ¢ and z* + Axz? be coordinates of
two points p and ¢ corresponding to A and A + A\ respectively. Then the tangent
vector components dz/d) at p become, on transporting from p to g,

. - dxk
T A2
, P

&
d\

and these should be proportional to (dz?/d\),. Therefore

. dzk dz?
I Agrd — =

dz?
d\

q

where ¢()\) is the proportionality constant which may change from point to point.
In the limit of AN — 0 we can write Az’/AX — (dz'/d\), and

. 1 dx’ dx? d?xt
Moamlan| ~an) )T el
AX—0 q » N
therefore the equation for the geodesic is
d?x’ - da? da dx?

e gy gy =0 oWy

As discussed in section (2.4) we can redefine the parameter A in terms of an-
other parameter, say, 7 in such a manner that the right-hand side of the geodesic
equation is zero,

d*z’ ; da? da®

4 B
dr? + ik dr dr
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The only freedom still left in the choice of parameter 7 is the one-dimensional
affine transformation

T—ar+b

where a and b are constants along the geodesic curve. A parameter chosen in such
a way is called an affine parameter

From the very definition of the Levi-Civita connection I'}, we know that a
parallel transported vector v preserves its norm (v, v) under transport. Therefore
the tangent vectors of a geodesic cannot change their character along a geodesic.
The geodesics are therefore classified as time-like, space-like or null depending on
the nature of its tangent vectors.

In the case of time-like geodesics we can always take the proper time starting
from some fixed point p as affine paramenter:

dxt dxd
= [ /=g 5= S an
! /p T34\ A

Tangent vectors T along the geodesic curve have the constant norm squared (7', T')
for time-like geodesic when the parameter is chosen as proper time. In this case not
only the parallel transported tangent vector is proportional to the tangent vector
sitting at the transported point (by the condition of the curve being a geodesic), it
has, moreover, the same length. Therefore the proportionality constant ¢ is equal
to 1 at all points.

This argument does not apply to null geodesics for which proper time (or
length) is identically zero along the geodesic and cannot be used as a parameter.
Of course, we can always choose an affine parameter for a null geodesic.

9.6.2 Congruence of Geodesics

A congruence of curves in an open set O in a manifold is a family of smooth
curves such that from each point p € O only one curve of the family passes. A
congruence of curves defines a tangent vector field belonging to the congruence. In
principle the affine parameters for the curves of the family can be chosen arbitrarily
because an affine parameter of one curve of the family has nothing to do with the
parameters of any other.

A congruence of geodesic curves is important in general relativity. A con-
gruence of time-like geodesics may represent trajectories of dust particles falling
under gravity and a congruence of null curves may similarly represent paths of
light rays. A study of these families of geodesic curves gives important clues to
the nature of a gravitational field. We will treat congruence of time-like geodesics
in the last chapter in the context of the Raychaudhuri equation.
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9.7 Calculating Connection Matrix

9.7.1 Ricci Rotation Coeflicients

Although the Levi-Civita connection coefficients Ffj (n?(n +1)/2 in number) are
straightforward to calculate from the derivatives of g;;, the calculation may some-
times be long. We can calculate the connection matrix somewhat more simply
using Cartan’s structural equation (or Lie bracket relations) by using a basis in
which the metric components are constant. Usually an orthonormal basis is used.

Let {X,} be basis vector fields, {a,} the corresponding dual basis fields
and (wx)®, the connection matrix. Cartan’s equation states that for zero torsion
(symmetric connection)

da® = —(wx)®, Aal.

These equations provide us with an alternative and simpler way to calculate the
connection.

The compatibility condition on the Riemannian metric is that the covariant
derivative respects the inner product. In the following we omit the basis symbol
X from g and w. The indices a,b on gup = (X4, Xp) already distinguish them from

Gij-
Dy (gap) = d(9ap)(Y) = Dy (Xa, Xp)
= (DyXa, Xp) + (Xa, Dy Xyp)
= wca(Y)<Xc> Xb> + ch(y) <Xaa Xc>
= gcbwca(y) + gacwcb(y)
= (wWpa +wap)(Y)
or, what is equivalent to eqn. (9.10),
d(gab) = Wpa T Wab-
The one-forms
Wab = gacwcb (936)
can be expanded in the basis {a},
Wab = Wabcaa~ (937)

Written in this way the coefficients wg. are called Ricci rotation coefficients.
When we choose the basis {X,} orthonormal:

Gab = Nab = <Xa7Xb>

then dg,, = dne, = 0. This imples that wy, = —wgp and the Ricci rotation
coefficients become antisymmetric in the first two indices:

Wabe = —Whac-
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9.7.2 Calculating Ricci Coefficients

There are n?(n — 1)/2 Ricci rotation coefficients — of its three indices wape is
antisymmetric in the first two. This should be compared to n?(n+1)/2 Christoffel
symbols Ffj. For four-dimensional spacetime these numbers are 24 and 40. It is
therefore easier to calculate the Ricci coefficients and hence the connection matrix.
The price to be paid is finding an orthonormal basis, and converting things back
to a natual basis if so required.

Let the exterior derivatives da® be expanded as

da® = ZF&O/’ Aaf.
b<c

The coefficient functions F, are defined only for b < ¢ but we can extend the
definition by F9 = —Fy, and Fj} = 0 for each b. The first structural equation is

Nigda® = —wgp A al
= —wgpea® Aab

= Z(wdbc — wdcb)ab A af.
b<c

The left-hand side is

E ndachab A af,
b<c

therefore

Jdbe = Wdbe — Wdcb, fabe = Naa .-
These are n?(n — 1)/2 equations for as many unknowns. The f,;. are the known
functions antisymmetric in the last two indices, whereas the unknown wg,. are

antisymmetric in the first two indices. These linear equations can be easily solved.
Add all the 3! permutations of wg,. With appropriate permutation signs

Wabe — Wacb — Whac + Whea + Weab — Weba = fabe + foca + feab-
Use antisymmetry of w in the first two indices and the left-hand side becomes
2(Wabe + Weab — Weba) = 2Wabe + 2 feab;
put it back to get

2wabc = fabc + fbca - fcab- (938)
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9.7.3 Bracket Relations for Ricci Coefficients

There is another method to find Ricci coefficients for orthonormal basis fields. The Lie bracket
of basis fields, when expanded back in terms of the basis, determines the n?(n — 1)/2 structure
functions C¢, = —CF¢

[Xa, Xp] = CS, Xe. (9.39)

The Lie bracket is related to the torsion tensor (which is identically zero for our case of Rie-
mannian geometry)

0=T(Xa,Xp) = Dx,Xp — Dx, Xa — [Xa, Xp].
Therefore, using the definition of the connection matrix,
Dx, Xy =ix,DXp = w%(Xa) X
and expanding w in the basis {a®} as w®, = wpga? we get
Dx,Xp = waXe.
Thus
Cop = wq — wab-
Lowering the first index by gx 4. = Nde,
haab = —NdcChpy = Wdab — Wdba- (9.40)

Like the last subsection, these are n?(n—1)/2 equations to determine n?(n—1)/2 Ricci coefficients
Wape = —wbac in terms of known quantities hgqp = —hgpq- The solution is

2wabe = habe + Pbca — Peab- (9'41)

9.8 Covariant Riemann Tensor R(W, Z; X,Y)

Recall that the covariant derivative of a vector field Y in the direction of X is
written as a vector field DxY . If the connection is symmetric, that is torsion-free,
then

DxY — Dy X —[X,Y] =0.

We say that the connection is compatible with the metric if the rate of change of
(Y, Z) along X which is equal to

Dx((v,2)) = X (¥, 2)) = (d(Y, 2)) (X)
is such that

X((v,2)) = (DxY, Z) + (Y, Dx Z). (9.42)
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This is the same as saying that the inner product of two vectors is preserved if
they are both parallel displaced by the connection along a curve. In section 9.2.1
earlier in this chapter we gave the proof of the fundamental theorem that the
only symmetric connection which is compatible with the metric is the Levi-Civita
connection.

The covariant form of the Riemann tensor can be easily defined as a mul-
tilinear mapping which takes four-vector fields XY, Z W into a real number
R(W, Z; X,Y),

RW,Z;X,Y) = (W,R(X,Y)Z). (9.43)

There should be no confusion in using the same symbol R for the two Riemann
tensors; one of them takes three argumants R(X,Y)Z and gives a field while the
other takes four arguments R(W, Z; X,Y") and gives a number.

The symmetry properties of the Riemann tensor with components R;;;; can
be seen as the following properties of the tensor R(W, Z; X,Y):

RW,Z;X,Y) = —R(W,Z;Y,X), (9.44)
RW,Z;X,Y) = —R(ZW;X,Y), (9.45)
RW,Z;X,Y) = R(X,Y;W,2), (9.46)
R(W,Z;X,Y) + R(W,X;Y,Z) + R(W,Y;Z,X)=0. (9.47)

The first and the fourth of these are direct consequences of properties of R(X,Y)Z.
The other two are treated in a tutorial.

The relation of the tensor with its components when coordinate basis fields
0; = 9/0x" are used is given by

R(8:,0;)0k = R'yi;on, (9.49)
R(@i,ﬁj;ﬁk,al) = Rijkl = gimijkl. (9.50)

9.9 Isometries and Killing Vector Fields

Let M be a Riemannian manifold with a metric tensor g. Let ¢ be a one-to-one
invertible mapping of the manifold. Such a mapping is called a diffeomorphism if
its representative in terms of coordinates is infinitely differentiable.

Let ¢: 7 — ¢(7) € M be a curve passing through a point p = ¢(0). For each
7 we can map the point ¢(7) by ¢ to ¢(c(7)) and obtain a new curve. We can say
¢ maps the curve ¢ into another curve ¢.c =: 7 — ¢(c(7)) € M passing through
¢(p) at T =0.

As a result the tangent vector v = dc/dr € T, is mapped by ¢ into the
tangent vector ¢.v = d(¢.c)/dr € Ty (. By considering different curves passing
through p we can find a ®,v for every v € T,.
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The vector ®.v € Ty () is called the pushforward of v by ¢.
If the inner product of two vectors is preserved by the pushforwarding by ¢,
we say that the diffeomorphism ¢ is an isometry. This means

<¢*Va ¢*W>¢>(P) = <V’W>p

where we have indicated the points at which the the inner product on the left and
the right-hand side is calculated.

The existence of an isometry is an indication of symmetry in the space.
Composition of two isometries is again an isometry. The identity mapping and
inverse of an isometry are also isometries. Therefore the set of isometries form a
group.

A one-parameter group of isometries ¢; is a family of isometries labelled by
a real parameter ¢t : —oo < t < co which satisfies

(bt o ¢s = ¢t+57 ¢0 =1id

where id is the identity mapping.
Given a one-parameter group of isometries, at each point p the curve t —
¢+(p) determines a tangent vector

_ doi(p)

K(p) 7

t=0

giving rise to a vector field. The vector field defined by the one-parameter group of
isometries ¢; is called the Killing vector field corresponding to the one-parameter
group. A Killing vector field can be thought of as the infinitesimal form of isometry
or symmetry mapping.

Let us choose a coordinate system . For infinitesimally small values At of
the parameter, the point which has coordinates z? is mapped to a point with
coordinates x' + AtK'(x) by ¢a; where K? are the components of the Killing
vector.

A tangent vector with components

%

_dat(t)
o dt

t=0

at point P having coordinates x will have, at the mapped point Q = ¢a;(P) with
coordinates ~ z* + K*At, components equal to

d(zi(t) + K'At)

7 =a" + K’ ja’ At.

t=0

Similarly, a vector with components b will become b* + K* ;b!At. The condition
of isometry is then

gir(2)a’ b = gi.(x + KAt)(a' + K' jad At) (V" + K" b At).
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Keeping terms to first order in At this gives, for arbitrary a’ and b*,
ginKi,m + gmiKi,n + gmn,lKl =0.

By lowering the index to K; = ¢;;K’ and using the fact that gijgjk =6Fisa
constant we get, using the definition of covariant derivative,

Konin + Knom = 0. (9.51)

Killing Vector Fields

We have seen that a one-parameter group of isometries determines a Killing vector
field K. The covariant components of the Killing vector field satisfy the equation
Km;n + Kn;m =0.

Conversely, any vector field with components V*(z) in coordinate system x
can be used to define an infinitesimal mapping which maps a point with coordinates
x% into the point with coordinates x+€eV*(x) where € is an infinitesimal parameter.
For different values of € this defines a local one-parameter group of mappings which
preserves the inner product if and only if V., + V. = 0. Therefore any vector
field V' which satisfies V., + Voo, = 0 is called a Killing vector field.

Conserved Quantities Along a Geodesic

There is a physically important relationship between a Killing vector field, which
represents a symmetry of the metric and conservation of a quantity along a geo-
desic.

Let ¢ : 7 — x(7) be a geodesic with tangent vector t(7), and K = K‘9/0x°
a Killing vector field. Then

d(K, t(7))
=0. 9.52

dr ( )

This can be readily seen as follows.

d(K, t(r)) d ( K‘dxi)

dr dr Y dr
_ dzd dxt RO
- K R
B dxd dx®
= K

by using the geodesic equation to substitute for d?z*/dr2, and using the definition
of the covariant derivative. This expression is zero because Ky,; = —Kj,;, and this
antisymmetric tensor is multiplied by the symmetric product of tangent vector
components.
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It is important to realise that the Killing fields form a vector space. For
physical applications it is important to find all linearly independent Killing fields.
We shall see in a later chapter that in a space of dimension n there cannot be more
than n(n+1)/2 independent Killing fields. A Riemannian space whose metric has
all the n(n + 1)/2 Killing fields present is called maximally symmetric.

For physical applications it is important to identify all possible Killing vector
fields for a given metric.

It is easy to show that if the metric tensor components g;; are independent of
a particular coordinate, say x%, then the corresponding natural basis vector field
d/dz' is a Killing vector field.

As an example the flat two-dimensional Euclidean space ds? = dx ® dr +
dy ® dy is maximally symmetric. The three Killing fields are:

N .
ox’ oy’ Oy Yor

Conserved Energy-Momentum Four-Vector

We will use the following result later. Let T% = T7 be a symmetric second-rank
tensor satisfying 'conservation equation’ 7%.; = 0. Let K ? be a Killing vector field.
Then the associated K; = ¢, K" satisfies K;; = —Kj;. It follows that P? defined
by

P =TYEK;
satisfies
Pi=0
because in

P} = (TYE;), = T K; + TVEK

the first term is zero (given) and the second is zero because T is symmetric and
Kj.; is antisymmetric.

9.10 Tutorial

Exercise 48. Given that a spherically symmetric four-dimensional spacetime has a metric
of the form

ds® = —a(r)dt @ dt + b(r)dr @ dr + r*d0 ® df + r* sin 0d¢ @ de.

Find the connection matrix by choosing an orthonormal basis and calculating the Ricci
rotation coefficients.
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Answer 48. Choose the obvious orthonormal basis

o’ = a(r)dt, ot = \/b(r)dr, o =rdd, o =rsinbde.

The derivatives are

/ /

da® = L_arndt=--2 o’ Aot
2\/5 2a\/5
do' = 0,
do? = Lozl/\ozg,
Vb
do® = Lozl/\oz?'—i—COtgozz/\oz3
Vb
This determines
a,l
foor = Vi
1
forz = A
1
faiz = A
cot @
faaz = ,
T

the other fus. being zero. The Ricci rotation coefficients wape and w®p are determined by

2Wape = fabc + fbca - fcaba

a _ _ad _ _ad c
Wy =1 Wb =17 Wdbe .

The non-zero elements of the connection matrix are

0 1 a
w = wg= —=—dt,
! 0 2v ab

1

w2 —UJQ]_ = —%de,
sin €

Wls = —Wsl = —Wdﬁba

wls = —w® = —cos Odo.

Exercise 49. Calculate the Christoffel symbols in the natural basis using the transfor-
mation formula for the connection matrix for the previous exercise.

Answer 49. The dual basis {a®} is related to the natural basis {dz’} by the diagonal
matrix U,

a’ va 0 0 0 dt
o VB oo 0 dr
o | 0o 0 7 0 e |
o 0 0 0 rsiné do
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therefore the natural dual basis 9; is obtained by the same matrix U operating on the
dual basis {X.}. This means the connection matrix I‘{”.da:k in natural coordinates is

I, de® = U~taU + Ut wU.

Thus the non-zero I'’s are

/

a
Iy = T =—,
2a
a/
]-‘%)0 - %a
b/
]-‘%l - %a
7
T, = —-—
22 ba
)
7sin® @
i, = —
33 b 3
1
3 = Ih=Th=Th=,
1“%3 = —sinfcosb,
s, = T3 =cot.

These are just the coefficients we had calculated in Chapter 4 for obtaining the Schwarz-
schild solution.

Exercise 50. Prove the symmetry properties of the Riemann tensor:

RW,Z;X,Y) + R(W,X;Y,Z) +RW,Y;ZX) = 0,
R(W,Z;X,Y) = —R(W,Z;Y,X),

RWW,Z;X,Y) = —R(ZW;X,Y),

R(W,Z; X,Y) R(X,Y;W,2).

Answer 50. We do not have to prove the first two. The first equation is just the first
Bianchi identity (proved in section 8.9.3 in Chapter 8)

R(X,Y)Z + R(Y,Z)X + R(Z,X)Y = 0.

Here it is written for R(W, Z; X,Y) = (W, R(X,Y)Z).

The second property (antisymmetry in X and Y') is part of the definition.

For proving R(W,Z;X,Y) = —R(Z,W;X,Y) we show that R(W,Z; X,Y) +
R(Z,W; X,Y) adds to zero. We first note that terms in R(W, Z; X, Y) = (W, Dx Dy Z —
Dy Dx7Z—Dx y|Z) can be expanded using the metric property [A({(B,C)) = (DaB,C)+
(B, DAC)] as follows:

(W,DxDyZ) = X({(W,DyZ))—{(DxW,DyZ)
X(Y((W,2)) = (DyW, Z)) — (DxW, Dy Z)
= X(Y(W,Z))) - X({(DyW, Z)) — (DxW, Dy Z)
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with a similar expression for (W, DxDyZ) with X and Y interchanged. Therefore
R(W,Z; X,Y) has the first two terms

(W,DxDyZ — DyDxZ)
= X(Y(W,Z))) - X({DyW, Z)) — (DxW, Dy Z)
—Y(X((W,Z))) + Y ((DxW, Z)) + (DyW, Dx Z)
= [X,)Y]({W,Z)) — X((DyW, Z)) —(DxW, Dy Z)
+Y((DxW, Z)) +{(DyW,DxZ).
Similarly R(Z, W; X,Y") has two first terms (W, Dx Dy Z — Dy Dx Z) which can be ob-
tained from the expression for R(W, Z; X, Y) by interchanging W and Z. Adding these
together we get
W,DxDvZ — DyDxZ) + (W,DxDvZ— DvyDxZ)
= 2AX,Y|(W,Z)) - X((DyW, Z)+ (Dy Z,W))
+Y((DXW, Zy+{(DxZ,W))
— XYW, 2)).

On the other hand the third terms in both add to
—(W, Dix,v12) = (2, Dix W) = = [X, Y]((W, Z)).
Thus
RW,Z; X)Y)+ R(Z,W;X,Y)=0

proving the antisymmetry in the first two indices.
To show R(W, Z; X,Y) = R(X,Y; W, Z) write the first Bianchi identity four times
cyclically:

R(W,Z:X,)Y) + RW,X;Y,Z) + RWY;ZX) = 0,
R(ZX:;Y,W) + R(ZY:W.X) + RZW:X.Y) = 0,
RIX,Y;W,Z) + R(XW;ZY) + R(X.Z;Y,W) = 0,
R(Y,W:;Z,X) + R(Y,Z;X,W) + R(Y,X;W,Z) = 0.

Adding the left-hand sides of these equations and numbering these terms from 1 to 12
we notice that due to antisymmetry properties just proved, term 1 cancels with 6; 3 with
10; 4 with 9 and 7 with 12. Terms 2 and 8 add to 2R(W, X;Y, Z) and 5 and 11 add to
—2R(Y, Z; W, X). Therefore equating the sum of the twelve terms to zero, we get

R(W,X;Y,Z) = R(Y, Z; W, X).

Exercise 51. (FEODESICS ARE EXTREMAL PATHS
Show that the geodesic equation can be obtained also as the extremal for the variational
problem

82
5/ ds =0 (9.53)
s1

where ds® = gijd.’l}idff}j, and the paths are fixed at two ends at s; and ss.
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Answer 51.
5/ dot do 5ds_1/ (g | doet de et doed
i ds ds 2. i ds ds Yii~ge ds ds Y as ds ds

so we can interchange the dummy indices ¢, j in the middle term, and transfer d/ds using
integration-by-parts to write the right-hand side

r.h.s. = %/ -gij,k%ddzj 253 (gjkddi )] sa®
1 [ datda? dazt da? d’z?
- 5/ [Pk as ds QQJ“ds ds 29k g ]&C
1 [ datda dazt da? dzt da? o
5/ 9k gy s T 9y ds T I gs ds gfkm] o

Setting the quantity in square brackets equal to zero and by multiplying the inverse
matrix ¢’ and summing over j we get the geodesic equation.

Exercise 52. Show that the Weyl tensors of two conformally related metrics
Gij = ewgij
are very simply related as
Cijr = 52¢Cijkl-

Answer 52. Straightforward computation.






Chapter 10

Additional Topics in Geometry

10.1 Mappings Between Manifolds

We have already encountered diffeomorphisms in the previous chapter as one-
to-one invertible bothways-differentiable maps of a manifold onto itself. We now
define maps between different manifolds.

Let M and N be two differentiable manifolds of dimensions m and n respec-
tively, and ¢ a mapping ¢ : M — N. Then ¢ is called differentiable if (any of the)
local coordinates y!,...,y™ of the point ¢ = ¢(p) are smooth functions of (any of
the) local coordinates x!,..., 2™ of p, and this happens for all points of M. We
can express this correspondence in terms of coordinates as

y =it 2™ i=1,...,n. (10.1)

Pullback and Pushforward Maps

The mapping 1 sets a correspondence between smooth functions F(N) on N and
F(M) on M. For any f € F(N) we can define a pullback function ¢*f = fo €
F (M) which simply assigns to point p € M the same value that f does to ¥(p).

Let ¢ : I — M be a curve in M. The mapping v then defines a curve on
N by mapping ¢ € I to ¢¥(c(t)) = (¢ o ¢)(t). A tangent vector v € T,(M) to the
curve ¢ at a point p = ¢(tg) € M corresponding to t =ty € I determines a tangent
vector w € T,y (IN) tangent to the curve 1) o ¢ at the same to.

Let the curve ¢ be represented in coordinates by functions x*(t),7 = 1,...,m.
With 1) these points are mapped to a curve in N whose coordinates can be given
by functions 4/ (t) = ¥’ (x(t)),j = 1,...,n. Therefore the components w/of the
tangent vector w = w’ % to the curve at point ¢(p) are given in terms of com-

ponents of the vector v = v’ 52 as
j dy? oY dx’ ol
w! = — = - = -V .
dt |, Ooxt dt |, ox?
0 0
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This correspondence of a tangent vector v at a point p determining a tangent
vector w via v is called a pushforward by 1) and written

w = . (v). (10.2)

The above discussion of the tangent vector is not dependent on the existence of
a curve, although a concrete curve makes the concept very transparent. We can
discuss the tangent vectors in terms of their action on smooth functions defined on
the manifolds. If f € F(N) is a smooth function on N, then the action of w on f is

w(f) =v(*f) =v(foy) (10.3)

Notice the use of ‘*’ in the superscript 1* for pullback, that is in the direction
opposite to that of ¢ and in the subscript for pushforward. This is the standard
notation.

1-Related Vector Fields

It might appear that if X is a vector field on M then it will determine a vector
field on N by pushing forward every vector to the mapped point. But this is not
so in general, because two different points of M may map to the same point in N
and the two pushed-forward vectors may not match.

A vector field X which does, in fact, determine a vector field on N unam-
biguously is said to be -related.

We write ¥, X for the pushed-forward vector field.

The Lie bracket of two t-related vector fields is also -related and equal to
the bracket of pushed-forward fields,

(X, Y] = [ X, 4.V

Pullback of a 1-Form

A 1-form or cotangent vector o € T, at ¥ (p) is pulled back to point p € M to
Y*a € T, which acts on members of T}, as

Yra(v) = a(hv). (10.4)

There is no ambiguity in defining the pullback of the cotangent vector field, unlike
the case for tangent vector fields.

Pullback and Pushforward

For higher rank tensors the push-forward or pullback is defined in a straightforward
manner on decomposable vectors as

Pu(VR - QW) = (V) @ @ (Puw), (10.5)
Pla®---0f) =)@ oY 6). (10.6)
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On general vectors the mapping is extended by using linearity. It is useful to write
down the formulas for basis elements:

o\ o 9
¥ (m) = 0 oy (10-7)
¥ (dy’) = Dt dz'. (10.8)

In general all contravariant tensor fields can be pushed forward by ¢ : M —
N and all covariant tensor fields which are multilinear functionals on contravariant
quantities are pulled back from N to M.

The only caution to be exercised is that pushed-forward fields must be -
related. But there is no restriction on the pullbacks, even in those cases where the
range of 1 is a proper subset of V.

Pullback of Forms and Exterior Derivative

For pulled-back differential forms the following result is fundamental.
The pullback operation commutes with that of taking the exterior derivative,

¥*(da) = d(b*a). (10.9)

This is a very important result although it is straightforward to prove. It shows
the significance of the notion of exterior derivative in differential geometry. The
definition of integration on manifolds depends crucially on this result.

Diffeomorphisms

A smooth mapping ¥ : M — N from a manifold M to a manifold N of the same
dimension is called a diffeomorphism if it is invertible and the inverse mapping
™1 N — M is also differentiable. In this case all geometrical quantities can be
pushed to or fro using 1*, 1.,y ~1*, 1 1. In particular there exist diffeomorphisms
of a manifold to itself. Two manifolds between which there exists a diffeomorphism,
are called diffeomorphic and they are practically identical as far as their differential
structure is concerned.

The set Dif f(M) of all diffeomorphisms of a manifold onto itself forms a
group with composition of mappings as the group operation. The identity of the
group is the mapping which maps every point of M to itself. This is an infinite
group in the sense that different members of the group cannot be labelled by a
finite number of parameters. Still, we can talk about diffeomorphisms which are
close to identity if every point is mapped to a point in its neighbourhood in some
definite sense.

Let us consider a diffeomorphism & close to identity. Choose a coordinate
chart and let a point p with coordinates x(p) be mapped to a point ¢ = ®(p); then



184 Chapter 10. Additional Topics in Geometry

we can assume that the point ¢ also lies in the same chart with coordinates z(q).
z(q) as numbers are close to z(p) and we write z(q) = z(p) + £. As the point p
varies in a region within the chart, we get a functional relationship

y' =a'(q) = 2'(p) + &' (x).

A vector v € T, with components v’ in a coordinate basis at the point p is pushed
forward to ¢.v € Ty(,) whose action on a function f is

¢V (f) =v(fo9)

If the coordinate representation of the function f is f(x) then the coordinate
representation of the function f o ¢ is f(y) = f(z + &£). Therefore

.0
o) = v | Fed)
_ iayj 9

= Vow aw|, "

This gives the transformation formula for the pushed-forward vector components

oy’

(puv)) =0 ot

Similarly components of other geometric quantities can be calculated.

A Word of Warning

One should never, never confuse a diffeomorphism with a coordinate transfor-
mation. A point in a manifold may be described by two charts defined in its
neighbourhood. The coordinates in these respective charts may be, say, z¢ and y°.
These numbers refer to the same point p. A diffeomorphism ® maps all points of
the manifold into other points of the manifold. And barring exception a point p
is mapped to a different point ¢ = ®(p). The points ¢ and p may happen to lie
in the same chart but their coordinates refer to two different points. The relation-
ship y* = ¢ + £ above is therefore not a coordinate transformation but just a
local coordinate expression of the diffeomorphism ¢ when it happens to be close
to identity.

This caveat is necessary because in many texts this distinction is not empha-
sized enough. Physicists define vectors or tensors as quantities which ‘transform’
in a certain way. The formula which gives a change in the components of a vector
when coordinates are changed and the formula above which gives the components
of a pushed-forward vector at ¢ in terms components of the original vector com-
ponents at p are similar. Maybe that is why this confusion is prevalent.
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10.2 Integral Curves of a Vector Field

We know that a smooth curve ¢ : I — M from an interval I of the real line into
a manifold M defines tangent vectors all along itself. Suppose X = v'(2)d/dz" is
a smooth vector field. Is it possible to find curves such that vectors X (p) are just
the tangent vectors to the curve passing through the point p?

Let us assume such a curve exists, ¢ : I — M. Without any loss of generality,
we can take I to be an interval containing the point ¢ = 0. Let a’ be the coordinates
of the point ¢(0) and z%(¢) that of points ¢(t). Therefore

dz?
dt

Solutions to this differential equation exist not only for the initial conditions ¢ =
a’ but also for initial conditions in a neighbourhood of a. This family of solutions
corresponds (by the coordinate charts) to a family of curves in a neighbourhood
U of the original point, ¢[p] : I, — M;p € U such that

o) =p. "B~ x(ew), (10.10)

We say that the curve ¢[p] is an integral curve of the vector field centered at p. In
the following we consider all these curves ¢[p] in their totality, and we will assume
that there is a common minimum interval I which is contained in all the intervals
I,,peU.

Let us fix t to be small so that p; = ¢[p](¢) is still in U. Now, there exists a
curve c[p1] centered at p; such that if s is the parameter of this curve, ¢[p1](s =
0) = p1 = clpl(¢) and

=v'(z), z'(0) = a".

dccgzsn] = X(c[p1](s)).

Let us define a new curve as C(s) = ¢[p](t + s); then C is centered at p; and
satisfies the same differential equation and initial conditions as the curve c[p].
Calling T' =t + s,

dC _ dc[p]
ds  dT

The solution to the differential equation is unique, therefore it follows that C' and

c[p1] are the same curve and they coincide on the union of the intervals I, and
I

P1»

C(0) =pr, = X(c[pl(T)) = X(C(s)).

clpl(t + ) = C(s) = c[p1](s) = clelp] ()](s).

Let us define a mapping ¢; : U — U for small enough values of ¢, which
maps the initial points p to the points ¢[p](t) further along the curve through
them, ¢¢(p) = ¢[p](t). We can apply ¢, on the image ¢;(p) and get

(05 0 ¢1)(p) = ¢5(01(p)) = clclpl(D)](s) = clp](t + ) = Pr45(p)-
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This set of mappings defined for a small interval containing ¢ = 0 follows the
composition law of an additive group of real numbers. These mappings form a
local one-parameter group of diffeomorphisms determined by the vector field X.
It is a group because ¢q is the identity mapping and gb;l = ¢_;. But in general,
the composition law holds only for ¢ and s close to zero such that ¢[p|(¢), ¢[p](s)
and c[p](t + s) are all defined. Therefore these mappings represent only a “local”
additive group of real numbers close to zero, and not the group of all real numbers
on the real line.

In terms of the mappings ¢; we can write the equation for the curves c¢[p)
symbolically as

doy

10.3 Lie Derivative

Given a diffeomorphism ¢ on a manifold we can pushforward all contravariant
vectors and tensors from a point p to ¢ = ¢(p) by the mapping ¢. and pull back
all covariant tensors from g to p by ¢*. Moreover since ¢ is invertible we can use
¢~ ! to transport these vectors and tensors in the opposite direction as well. This
means we can pushforward and pullback any mixed tensors as needed by suitably
using the mappings determined by ¢ or ¢~!. We shall denote all push-forwards (in
the direction of ¢) by ¢, even though for covariant quantities it is actually pullback
¢~ 1* of ¢~!1. Similarly all pullbacks will be denoted by the general symbol ¢*.

Let X be a vector field and, in some region, ¢; be the one-parameter group
of diffeomorphisms determined by the integral curves c[p] of X. Let « be a tensor
field defined in the region. Our aim is to find out how « varies along the integral
curve c[p], that is, how does a at ¢ = ¢[p|(t) = ¢+(p) compare with o at p as t — 0.
Note that these quantities cannot be directly compared because they belong to
different tangent spaces (or tensor products of tangent spaces) at two different
points p and g. The idea behind the Lie derivative is to use the mapping ¢; which
transports p to ¢ to pullback « from ¢ to p for a finite ¢, find the difference with «
at p, divide by ¢ and take the limit ¢ — 0. As we subtract quantities in the same
tangent space, for all values of ¢, the derivative is well defined. This Lie derivative
is written Lx:

dja—a

g (10.12)

Lxa =1
x = fim
Let us calculate the Lie derivative of the basic quantities. To make the dis-
cussion simple we choose a set of coordinates in the region. In these coordinates
let the vector field have components v*(z). Let the coordinates of the point p be
2t and that of ¢ = ¢:(p) be y*(t). Then, for sufficiently small ¢,

yi(t) ~ ' 4t (x). (10.13)
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Lie Derivative of a Function f

We first calculate the Lie derivative of a function f.
The pullback ¢} f of a function f is simply f o ¢;. Therefore, calling the
coordinate representation of f also by f,

¢ f(x) = (fod)(x) = [f(y)
= f@'+t'+-)

_ af
which gives,
Lﬁ:}g@ :viggi = X(f). (10.14)

Now to calculate the Lie derivative of a vector field Y.

Lie Derivative of a Vector Field

Let Y = w'(z )8/81‘ In section 10.1 we saw that if, under a mapplng coordinates
z" are mapped to y*, then the pushforward of a vector components v* is given by

) ) = P (a),

Here we have to pushforward the point y to = by ¢, ! therefore we must express
x as functions of y. We have,

xi:yi—tvi(y)+~-~.

Therefore, the components w? brought back to = from ¥ are

; L0
Ot ) = Wh)gs (4 - )
o'
oyl
= w'(x) +tvj(x)Z;U; - twj(x)g;; +---

= w'(z+tv) — tw! (x + tv)

The Lie derivative is thus the vector with components

J —
v (@) o " (z)&zﬂ'
which is recognised as those of the Lie bracket [X,Y]. We write

LyY = [X,Y]. (10.15)
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Lie Derivative of a One-Form

Let o = a;da® be a covariant vector field or one-form. By a reasoning similar to
the contravariant case in the previous subsection, the pullback components are
(for the same vector field X = v*9/dz")

0y’

Oxd
; o'

a;(x + tv) <(5j + taﬂ)

- 0a; o’
= aj(z)+t axji + ta;(v) D
Therefore, the Lie derivative is a one-form with components
Oa, o’
7 J
- 44—
oz’ + " O

¢raj(z) = ai(y)

4+

v

Or, we can write

i@aj an :

Lxoa= (v

There are two standard ways to write this result in component-free from. We can
rearrange

;0a; o' . i (0a; Oa; .0 i
(v Fr 8xj> = <8xi - axj> A g (i)

which gives

Lxa= ixda-i-d(ixa) (10.17)

where ix is the contraction operator (or the interior product operator) defined on
any covariant tensor ¢ € Ty and giving the covariant tensor ix¢ € Ty, of rank
one lower,

(ixP)( X1, .o, Xp—1) = (X, X1, ..., Xg—1)- (10.18)
The other way to write Lx« is to see its effect on a vector field Y = w9 /02",

Z—@aj ; ; 8711'
(Lxa)(Y) = w &Eiw] + a;w’ 5

Ow? ;Ov

— o 2wl — vtas :
= v 3:17i(ajw) v'aj 5 +a;w o

where indices ¢ and j are interchanged in the last term. This can be written now
as

(Lxa)(Y) = X(a(Y)) = o([X, Y]). (10.19)
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Lie Derivative and Tensor Products

It is important to note that pullback or pushforward generated by a diffeomor-
phism, by definition, respects tensor products and contractions,

P (@@ p) = ¢"(a)©e"(B),
" (X)) = (¢"())(¢7X),

therefore the Lie derivative satisfies the Leibnitz rule:

Lx(a®B) = (Lxa)®B+a® (LxB),
Lx(@(Y) = (Ixa)(Y)+a(LxY). (10.20)

Therefore also
Lx(aNB)=(Lxa) AN+ aN(Lxp)

for any two differential forms. The formula for Lie derivative of a 1-form given
above (10.19)is an example of using the Leibnitz property under tensor product
and contraction.

X(a(Y)) = Lx (alY) = (Lxa)(¥) + a(LxY) = (Lxa)(Y) + a([X, Y]).

Lie Derivative of any Tensor Field

If we know the Lie derivative for a function f, for 9/0z° and for dz’ then the Lie
derivative for all the tensors can be easily calculated.
From the calculations above, we know that for a vector field X,

Xo= Vo
Lxf = vigji, (10.21)

) i 9
Lx <8x) = “owioai’ (10-22)
Ly(dz®) = g;,dxj. (10.23)

Starting from these as given and using the Leibnitz property we can rederive
the formulas for vector fields and for one-forms.

A very important formula for the derivative of the metric tensor can be
written using the above rules:

Lx (gijdiEi X da:]) = [’Ui;j + Uj;i]dl'i ® da’ . (10.24)

It is given as a tutorial problem.
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We can also show that if X and Y are two vector fields, the Lie derivative
satisfies

LX 9] Ly — Ly ] LX = L[X7y]. (10.25)

We can show this first on the basic quantities: functions f, tangent space basis
vectors 0/0x" and cotangent basis vectors dz*. Then prove that

(LXoLy—LyOLx)(OZ@ﬂ) = ((LXoLy—LyOLx)Ol)(gﬁ
+a® (LX OLy — Ly OLx)ﬂ

for any two tensors v and (.

General Formula for the Lie Derivative of an r-Form

One can show by induction

(an)(Xl,...,XT)
=X(a(X1,..., X)) — > a(Xy,...[X,X,....X,).  (10.26)

i=1

10.4 Submanifolds

We have discussed two-dimensional surfaces embedded in three-dimensional am-
bient space quite early in this book.

A one-one map v : S — M from an r < n-dimensional manifold into an n-
dimensional manifold M is called a submanifold if the pushforward map v, takes
the r linearly independent vectors in the tangent space T},(.5) at every point p € S
into r linearly independent vectors in T, (M), q = ¥(p). Actually, we will assume
the submanifold to satisfy a further condition: open sets in S are mapped by ) into
sets which can be obtained as intersections of an open set in M with t(.S). This
is technically called an embedding, and we shall assume this further condition as
well. This allows us to identify the submanifold S with its image 1(S) with the
differential structure of coordinates and tangent spaces identified with the one-one
map .

Still, one must not confuse the subset ¥(S) C M, just as a subset, with the
submanifold ¥ (S) equipped with its own coordinates and tangent spaces. This is
clarified by using the inclusion map i : ¥(S) — M which maps a point p regarded
as a point of ¥(S) to p € M.

In physics our manifold M is spacetime, and there is nothing outside it. There
we have to imagine, perforce, a submanifold to be a subset (S) C M which is
the image of S under the map 1 defining the submanifold. In practice this creates
no difficulties as the following discussion shows.
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If w',...,u" are coordinates around a point p € S and z!,...,2" around
¥(p) € M, then the mapping 1 is determined by n functions ¢* : R" — R,

zt =i (u), i=1,...,n. (10.27)

The condition about linearly independent vectors mapping into linearly indepen-
dent vectors means that the Jacobian matrix dx'/0u® where i = 1,...,n and
a =1,...,7, has the maximal rank r. By eliminating the r u’s from n equations
2t = 9% (u) we get n — r equations

xAz)=0, A=1,...,n—r

which characterize the submanifold.

10.5 Frobenius Theorem

We have seen that when a smooth vector field is given, we can find integral curves,
that is, curves whose tangent vector at a point coincides with the value of the vector
field at the point.

Now suppose we are given a smooth distribution of r-dimensional subspaces
of the tangent spaces of a manifold M. By smooth distribution of subspaces in a
region we mean that there exist smooth vector fields X,..., X, such that they
are linearly independent at all points and span r-dimensional subspaces of tangent
spaces at those points.

The question we can ask is: Does there exist an r-dimensional submanifold
such that vectors tangent to the submanifolds constitute precisely the subspaces
given by the distribution? Frobenius theorem answers this question.

We cannot prove the theorem here (not because it is difficult but because we
have limited space) and quote the result.

For a smooth distribution determined by the vector fields X, ..., X, there
exists a submanifold whose tangent spaces coincide with the subspaces of the
distribution if and only if the vector fields X, ..., X,. are involutive, that is, they
are such that [X;, X;] is again a linear combination of these fields,

(X5, X;) =) CE Xy (10.28)
k=1

where ij are smooth functions.

This condition can also be written in terms of the dual basis of forms.

We take vector fields Xi,...,X, which are independent at each point
and complete the basis by adding n — r additional linearly independent fields
Yi,.. .Y o Let {v} = {a},...,a",w!,...,w" "} be dual to the basis
{X1,..., X, Y, Yoo}
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n—r

By definition, w?,...,w annihilate the vector fields of the distribution:

W (X;) =0, j=1,....n—r i=1,...,m

Let w be any of the w’/, j =1,...,n —r and X, X’ be fields of the distribution.
Calculate dw by the standard formula

dw(X, X') = X(w(X)) = X'(w(X)) - w([X, X"])

where the right-hand side is zero because w annihilates fields of the distribution.
This means that if the two-form dw is expanded in the basis v* A 47, every term
has at least one factor corresponding to the annihilators w!,...,w" ".

dwi:Zaékijvk, iLwj=1,....n—1r, k=1,...,n,

where a}k are coefficient functions.

10.6 Induced Metric

If there is a metric ( , ) defined on the manifold M, then we can define metric
(, )s, called the induced metric on a submanifold S, by pulling back the 2-
form which defines { , ). It amounts to saying that the inner product of two
vectors v,u € T,(S) is the same as that between the pushed-forward vectors
v, Pu € Ty (M),

<V7u>S = <¢*V7¢*u>- (1029)

But one must remember that the induced metric can be degenerate (i.e., a non-
zero vector can be orthogonal to all vectors of the tangent space) if the metric in
the space M is non-degenerate but not positive definite.

10.7 Hypersurface

An n — 1 dimensional submanifold ¢ : S — M of an n-dimensional manifold
M is called a hypersurface. In this case there is one function x(x) = 0 which
characterizes the hypersurface. If coordinates z? are determined by coordinate
function ¢ : M — R™, then x(z) is the coordinate representative of the smooth
function f = x o ¢. The image of S near point ¢ (p) is the constant f ’surface’,
f=0.

The set of vectors Hy(M) = .(T,(5)),q¢ = ¥(p) is an (n — 1)-dimensional
subspace of vectors in T, (M) tangent to the surface.

Let there be a curve in M passing through the point ¢ = ¥ (p) and lying
entirely in the surface f = 0. Then the tangent vector v € T, to the curve will
give zero rate of change for f:
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Thus the tangent subspace Hy(M) is determined by the condition
Hy(M) ={v e T,(M)|df (v) = 0}. (10.30)

We can similarly construct subspaces tangent to the surface at all points of the
submanifold.

Let (, ) be the metric in M. The correspondence set up by the metric between
forms and tangent vectors then singles out a vector field obtained by raising the
I-form df as N = (df)* such that for any vector v € H,,

df (v) = (N, v). (10.31)

The vector N is called the normal to the surface because it is orthogonal to all
vectors v € H, tangent to the hypersurface: (N, v) = 0.

We only deal with manifolds M which are equipped with a Lorentzian metric,
whose form in an orthonormal basis is 7,; = diagonal{—1,+1,...,+1}.

When (N, N) < 0 everywhere (that is the normal is time-like) the hypersur-
face is called a space-like hypersurface, when (N, N) > 0 (the normal is space-like)
the hypersurface is called time-like and if (N, N) = 0 the hypersurface is called a
null hypersurface.

10.8 Homogeneous and Isotropic Spaces

Let M be a Riemannian manifold with metric tensor g. In the most general case
the metric may have no isometries or Killing vector fields at all. But in physics
and cosmology we do encounter Riemannian spaces which have a fair degree of
symmetry, and Killing vector fields do exist.

It is clear from the definition that if X and Y are two Killing fields, then
any linear combination (with constant coefficients) is again a Killing vector field.
Moreover from the fact that Lx o Ly — Ly o Lx = Lx y) it follows that Lxg =0
and Lyg = 0 imply that the bracket [X,Y] is also a Killing vector field.

Thus the set of all Killing vector fields forms a Lie algebra. What is even
more interesting is that there is a limit to which a space can be symmetric: there
are no more than n(n+1)/2 independent Killing vector fields and the space which
has them all is called maximally symmetric.

We now outline the arguments which show how this is so. For more details
the student should see for example Weinberg’s Gravitation and Cosmology.

Recall that a Killing vector field with components v*(z) must satisfy

Visj = ~Uji-
Using the Ricci identity

!
Visjik — Visksj = I8 4k 01
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and adding to it its cyclic versions, and recalling that
Rliji+ Rljpi + Ry =0
we get
Vigjsk — Visksj + Vjiksi — Vjsisk + Uksizj — ks = 0.

Using the defining property vj,;.x = —ij;1 and vjp,; = —Uky;; for the Killing field,
we get

20553k + 20k3055 — 208550 = 0
or,using the above formula for repeated covariant derivatives again,
Visj:k = —leijvl. (1032)
Now suppose we specify the numbers b; = v; at a fixed point. We also specify
the antisymmetric matrix numbers ¢;; = v;;; = —v;;; at the same point. As ¢;; =
Vij =V — Ffjbk this gives us the first derivatives v; ;. Next, the above equation

determines the second derivatives from

Vigie = (vij — Féjvl)’k — combinations of I' and c;;

Rl/ﬂ'jbl.

The third partial derivatives, similarly, will be linear combinations of b; and
ci; and lower partial derivatives. And so, by repeating this process all higher
partial derivatives of v; can be constructed out of given n numbers b;, and n(n —
1)/2 numbers ¢;; (in addition to known quantites like the curvature tensor and
its covariant derivatives). The Killing field is therefore determined by its Taylor
expansion in a neighbourhood of the point at which the values v; and v;;; are
specified.

Of course, choosing some numbers v; and v;;; at a point will not necessarily
ensure a solution because the values of v; determined by the Taylor expansion at
a neighbouring point, will in their turn, determine v; at other points including the
original point, and they have to match. The important point is that in the best
possible case, when all possible arbitrary values of v; and v;;; can be chosen, there
will only be at most n+n(n —1)/2 = n(n+ 1)/2 independent Killing fields. That
is the maximal dimension of the Lie algebra of Killing fields.

One should look at a Killing vector field as an infinitesimal symmetry trans-
formation which compares the metric tensor at two neighbouring points x and
y = = + tv for small ¢.

If it is possible to choose Killing fields such that at a fixed point the n compo-
nents v? of the field take all possible values, then every point in the neighbourhood
can be approached by the infinitesimal symmetry transformation starting from the
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given point z. The space is called homogeneous around the point x. If Killing fields
of this type are defined everywhere we say the space is homogeneous.

If, on the other hand, at a point, Killing fields exist which have v; = 0 for
all 4, then the infinitesimal symmetry transformations determined by these fields
keep the point fixed and instead the non-zero values of v;,; determine “rotations”
of neighbouring points about the given point. If it is possible to choose all the
n(n—1)/2 independent values for v;;; we say that the space is isotropic about the
point.

A space which is homogeneous as well as isotropic about a single point is
actually isotropic about all points and is maximally symmetric.

On the other hand a space which is isotropic about every point is homoge-
neous and therefore again maximally symmetric. The proof goes somewhat along
these lines. Choose Killing fields for which v;(z) = 0 but v;,;(x) take all possible
values. As there is isotropy at a neighbouring point y as well, there exist Killing
fields with compnents w' such that w;(y) = 0 but w;,;(y) take all possible val-
ues. The proof consists in showing that suitable combinations u’ of Killing fields
w® can be taken which will permit all possible values for u;(z) at x, proving the
homogeneous nature at . And this argument can be given for all points.

10.9 Maximally Symmetric Spaces

Existence of symmetry puts restrictions on g;; and R’ ;. A maximally symmetric
space is therefore possible only for very special values of these quantities. It is
therefore not surprising that a maximally symmetric Riemannian space is essen-
tially unique.

For a maximally symmetric space the following hold:

1. The scalar curvature R is a constant.

2. The Ricci tensor is proportional to the metric tensor

1

3. The Riemann curvature tensor is

R
Rijr = m(gikgjl — gjkgil)-

Any maximally symmetric space can be shown to be diffeomorphic to a certain
standard space which is characterized by the scalar curvature constant R and the
signature of matrix g;;, that is the numbers n and n_ of its positive and negative
eigenvalues. (There are no zero eigenvalues of g;; because it is non-degenerate.)
These standard spaces are constructed by starting with an (n+1)-dimensional
Eucliden or Minkowskian space and restricting to the sphere or hyperboloid.
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Let us first consider an (n+ 1)-dimensional Euclidean space with coordinates
21, ..., 2", 2z and metric

n . . €
(ds)?[(nyr) = »_ da' da’ + ﬁ(dz)Q
=1

where € is equal to +1 or —1 and k is a positive constant.
Our maximally symmetric n-dimensional space is the subspace of this Euclid-
ean space given by points whose coordinates satisfy

ZekQ(xi)Q +22=1

which, for e = +1 is a spheroid and for e = —1, a hyperboloid.

We consider the case € = 41 in detail to illustrate.

The induced metric is calculated by retaining z* as coordinates and expressing
dz in terms of them:

2k? Z zidr’ 4 22dz =0
or
S atdat
1— k23 (22
Thus the n-dimensional metric g,y induced on the sphere due to the Euclidean
(n + 1)-dimensional metric is

dz = —k?

i lad dat dad
(dS)Q‘(n) = Z dx" dx" + k? Z W (10.33)

i,J
We can also write this in vector notation as

x.dx)?
(ds)?|(n) = (dx).(dx) + k21(_k2|)x|2.
Isometries of the metric are easy to see. Any n X n rotation (that is an orthogonal
matrix) R which takes z° to Rijxj is an isometry in the larger n + 1 dimensional
space and therefore also for the induced metric. There are n(n —1)/2 independent
rotations corresponding to as many planes in which the motion takes place. For
example, a one-parameter group of isometry depending on a parameter ¢ which
maps x — z(t) (corresponding to a rotation in the (12)-plane) is

z'(t) = ax'cost+ x?sint,
x

2(t) = a’cost— x'sint,

zi(t) = 2 i1=3,...,n.
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The tangent vectors to these curves at ¢ = 0 give the Killing fields of the form

dt |, t

dz’ (t) M(u) j

where Mi(jm) is the antisymetric matrix whose (12) element is 1, (21) element —1
and all the rest zero.

The remaining n Killing fields (there should be n(n + 1)/2 for a maximally
symmetric space) come from the isometries involving rotation in the plane of z
and one of the coordinates x’. For i = 1 choose

kx'(t) = ka'cost+ zsint,
z(t)

o'(t) = i=2,...,n

zcost — ka'sint,

with the understanding that z is to be replaced in terms of the x using the equation
of the sphere. (The second of these equations is not really needed because our space
does not have z as a coordinate.)

The case € = —1 can be discussed similarly with the metric given by

9 xizddxt da?
(2] ¢

and in vector notation as

2 5, (x.dx)?
(ds)*|(n) = (dx).(dx) — k 1 ioxx
de Sitter Space

We start with the physical four-dimensional Minkowski space, with additional fifth
w coordinate and metric

ds?ls = —(dt)? + (d)? + (dy)® + (d=)? + (dw)’
and restrict to the four-dimensional subspace determined by the hyperboloid
Py 422 w? = PP
Choose coordinates on the surface compatible with the geometry

= psinhT,
= (pcoshT)cosy,

pcosh 7sin x) cos 6,

@ 8 nw & o

(
= (pcoshsinysinf) cos ¢,
(

p cosh 7 sin  sin 6) sin ¢;
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then we get the metric of the de Sitter space
(ds)?|qg = —p*(dr)? + (peosh7)*[(dx)* + sin® x((d0)* + sin” 0(d)?)].
There is another form of de Sitter metric which is useful in cosmology. If we
take the outgoing and ingoing null coordinates in the direction w and define u by
w+t =w and v =t — w, then the equation of the surface is
RPN JUDY: JUpS: SRS

which allows us to eliminate v,

1
v o= E[$2+y2+22—f02],

Qxdz + ydy + zdz

d
dv = ——g[x2+y2+22—p2]+
u u

The metric becomes

(ds)’lqs = —dudv+ (dz)* + (dy)* + (dz)?
(du)?

u2

—_ [m2+y2+22—p2]
—2[xdx + ydy + zdz]d;u + (dx)* 4 (dy)? + (dz)%.

This suggests that we define dU = du/u which integrates to u = pexp(U) if we
chose the constant of integration to get the factor p. So

(ds)?lqg = —p°(dU)? + (dz — xdU)* + (dy — ydU)* + (dz — zdU)>.
It is easy to verify that if we now define
X =zx/u=xeY/p, Y =y/u=1ye Y/p, Z=z/u=ze"Y/p
so that (pe¥)dX = dx — 2dU etc., this will give us the final form
%(ds)ﬂds = —(dU)? + eV [(dX)* + (dY)? + (dZ)?] (10.35)
which shows the homogeniety in the space coordinates X, Y, Z explicitly.

Maximally Symmetric Subspaces

Physically interesting spaces may not be maximally symmetric themselves but
may admit a family of maximally symmetric subspaces which fill up the entire
space. In such a case it can be shown that if there are m-dimensional subspaces
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which are maximally symmetric as subspaces, then there exist coordinates (v,u)
with v*;a=1,...,n—m and u",r = 1,...,m such that the metric is

(d3)%|(n) = Gapdv™ dv® + f(v)Grsdu” du® (10.36)

where the subspaces are defined by v* = constant. It follows that there are m(m+
1)/2 Killing vector fields of the general form

X =w"(u,v) (10.37)

our’
The integral curves of these Killing fields do not cut across subspaces and lie
entirely in the subspaces.

Two examples of physical importance of metrics whose subspaces are maxi-
mally symmetirc are given below.

Spherically Symmetric Spacetime

In this case the v-coordinates are r,t and the u-coordinates are 0, ¢. The metric
is given by,

(ds)? = gu(r,t)(dt)? 4 2g,4(r, t)(drdt) + gy (r,t)(dr)?
+£(r, 1)[(dB)? + sin? O(dep)?). (10.38)

Friedman-Robertson-Walker Spacetime

Here the three-dimensional space-like surfaces are maximally symmetric, that is
homegeneous and isotropic. This assumption about the maximal symmetry of the
universe at large scales is called the cosmological principle. If z!, 22, 2% are the

three homogeneous space coordinates, then

X.ax 2
(ds)? = g(v)(dv)? + f(v) [dx.dx + k21(:FZ2))c.x] (10.39)

where k is the constant of maximal symmetry which can be normalized to take
values 0 or £1. Tt is customary to redefine dt = (g(v))!/2dv and use x related to
r,0,¢ in the standard way. Then x.dx = rdr and the metric is in the standard
Friedman-Robertson-Walker or FRW form

(dr)?

(@52 = (a0~ ROP | (0

+72(df)? + r* sin® 9(d¢>)2} : (10.40)

In this form the isotropy of the space (about the point r = 0) is manifest but
homogeneity is not.
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10.10 Integration

Integration is a limiting process of summation. It is not, contrary to what one
learns in school, a process opposite to differentiation. Integration of a function on
a Euclidean space is done by dividing the region of integration into convenient
non-overlapping elementary subsets (for example by a rectangular grid). Each of
these elementary subsets is equipped with a “measure” or volume. The value of
the function (assumed to be regular in some well-defined sense) in each subset is
approximated and is multiplied by the volume of the subset. The sum of these
products over all subsets approximates the integral. Choosing finer and finer di-
visions of the region of integration into elementary subsets, the sum approaches a
limit, called the integral of the function.

In the case of integration over a one-dimensional interval, the integral of a
function depends on the two boundary points (limits of integration). The funda-
mental theorem of calculus assures us that this integral is dependent on the limits
in a differentiable manner and the derivative with respect to the upper limit is
just the function which was integrated. This shows that the differentiation of an
integral gives the original function. This is the concept of ‘indefinite’ integral. On
the other hand, if we differentiate a function first and then integrate, the result is
just the difference of the values of the function at the two boundary points of the
region of integration.

In higher dimensions there is no anologue of the indefinite integral. The inte-
gral of a ‘function’ depends on a region and its boundary in a more complicated
way. There is a very important result known as Stokes theorem. It relates the
integral of the exterior derivative of an r-form over an r + 1-dimensional region to
the value of the form on the r-dimensional boundary of the region.

Integration on Euclidean Space

Differential forms have a deep and intimate relation to integration of functions of
several variables over regions in the space of those variables.

Recall that integration of a function on an interval can be defined by dividing
that interval into many smaller intervals by choosing points (a partition) zo =
a,r1,To,...,rx = b. The value of a function in the interval is approximated by
the constant value at some point &; € ;41 — z;. The “measure” or volume of the
i-th infinitesimal interval is taken to be just its length x;41 — x;. The integral of
the function is then approximated by

b
/ Fla)ds = 37 F€) @i — 20)

As the limit of the partitioning is made finer and finer, the sums converge to a
limit called the integral of the function.

Now consider an integral over some compact region in two-dimensional
Euclidean space. If we chose Cartesian coordinates we can divide the region of inte-
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gration by a rectangular grid with lines parallel to the two (say = and y axes). Then
the “measure” of a typical cell is the area AxAy. We can construct the integral of
a function f(x,y) of two variables in a manner similar to the one-dimensional case
by approximating the function in some standard way, multiplying it with the area
of the cell and summing over all cells. In the limit of cell size going to zero the
integral is obtained. But it is not necessary to use rectanguar coordinates. Suppose
we use instead &(z,y) and 7(x,y) as the variables in place of z,y. The grid of lines
corresponding to &(x,y) =const and n(x,y) =const can now be used to define the
integral, but the area of the infinitesimal cell with sides whose (£,7) coordinates
differ by A¢ and An is not A(An anymore. The infinitesimal vector in the direc-
tions of n = b =const and £ changing from £ = a to { + A¢ has components (in
the z,y rectangular coordinates) equal to

n Ag, 5)

o (s €

Similarly the infinitesimal vector in the directions of £ = a =const and n changing
from 1 = b to b+ An has components equal to

ox oy
= =—An =—=A
o (877 "o 77)
Thus the area of the little parallelogram contained within the lines £ = a,& =
a+ A and n=0bb+ Anis
drdy Oz dy

= AeAp (= 2

nexmy = aean (Gl - 2ot

d(z,y) ‘
AgA”d“’a@ﬂn '

Therefore the integral of the same function in (£n7) coordinates looks like

/fmydt'&,”%

where x,y are supposed to have been expressed as functions of £ and 7.
We rephrase this by saying that we are actually integrating a differential
two-form a = f(x,y)dx A dy over a region. Under a change of coordinates

ay

[ emdends = [ e Grin a (Glac+ Gl

= x e O, y)
B /f( ) det a(&,m)

The infinitesimal cells can be defined by infinitesimal tangent vectors which consti-
tute a grid. They can be chosen in any arbitrary way but usually they are specific
to some coordinate system as above.

23

’df/\dn.
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The process of evaluation of the integral simply means evaluating the two-
form « on the two vectors of the grid a(eg, e2) and adding this number to similar
numbers obtained from other cells. The student can convince herself that the
integral obtained will be the same because of the natural way in which the Jacobian
matrix appears under change of coordinates. This is the deep-rooted connection
of differential forms to integration.

One can similarly check that integration over a three-dimensional region in-
volves a three-form evaluated on a grid of infinitesimal tangent vectors, and so
on.

Integration on Manifolds

Integration of a 1-form on a one-dimensional submanifold of an n-dimensional
manifold M is defined as follows. Let the one-dimensional submanifold be obtained
as a mapping ¢ : T — M. If t is a coordinate function on T and z* on M, let this
mapping ¢ be represented in coordinates by t — x%(t).

A one-form o = A;(x)dx is then integrated as

t2 dx’
/oz—/t1 Ai(z) o dt. (10.41)

It is obvious that what we are really integrating is the pullback 1*(«) on the real
line and using the definition of integration on the one-dimensional Euclidean space.
Note that the value of the integral is independent of the choice of coordinates ¢
on T or x on M.

Similarly, one can integrate an r-form 3 on M on an r-dimensional subman-
ifold ¢ : S — M. Let 9 be represented in coordinates by z*(u) where u!,... u"

are coordinates on the r-dimensional manifold S. We pull back the form

p= Z By, i (x)dz™ A - Adatr

i1 <o <

Ox™ oxtr . .
I J1 . Jr
9 B du?* N\ A dul”.

Y (B) = > Bi,..i,(z(u))

11 < <bpiJ1 s

This is just the usual r-form on an r-dimensional manifold. Again the integral is
independent of the choice of coordinates = or u.

Stokes Theorem

A region D contained in a submanifold of dimension r has a boundary 0D which
is a submanifold of dimension r — 1. The Stokes theorem simply says that if the
r-form « which is to be integrated on a region D happens to be an exact form,
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that is, o = df where (3 is an (r — 1)-form, then, the integral of « over D is equal
to the integral of 8 over 9D,

/dﬂ: 3. (10.42)
D oD

The student can look up the proof of the theorem in the book by Frank Warner,
Foundations of Differential Geometry and Lie Groups.

Summary and Remarks

One-forms are integrated on one-dimensional submanifolds, two-forms on two-
dimensional submanifolds and so on. The integral is independent of any coordinate
system because the change in coordinate system is compensated by the Jacobian
determinant.

If we integrate an r-form o« which is obtained by exterior derivative of an
(r — 1)-form g, that is, & = df , over a region D the result is the same as the
integral of B over the boundary 0D of the region.

10.11 Integration on a Riemannian Manifold

We have seen how r-forms can be integrated over an r-dimensional region. The
integration proceeds with the assumption that the value of the form on the grid
of infinitesimal vectors gives the “content” or “measure” of the quantity to be
summed. There is no preferred form which can be taken as standard. But a Rie-
mannian structure gives us a definition of “length” and orthogonality. Then there
is a preferred “volume” form corresponding to an orthonormal basis.

Orientation

Let z!,...,2" and y', ..., y" be two coordinate systems or charts with overlapping
domain of definition around a point p in a Riemannian space. The space of n-forms
is one-dimensional and all n-forms are proportional to each other. In particular we
know that

dyt A Ady™ = det

gz‘ dz' Ao A da™. (10.43)

We say the two coordinate systems have the same orientation if the determinant
det |0y/0x| is positive.

A Riemannian manifold is called orientable if there exists an atlas (that is
charts covering the whole space) so that all charts have the same orientation. We
deal with only such spaces. When we choose an atlas of this type we say we have
chosen an orientation.
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It may occur to the student that one can always get the same orientation for
the two charts by switching the name of two coordinates (say z! and z? in one
chart to make a determinant sign change) but that is not always possible. The
reason is that the two coordinate systems may overlap in two disjoint places and
the det |0y/Ox| may be positive in one and negative in the other. A prime example
of a non-orientable manifold is the Mobius band.

Construct an orthonormal basis of form fields a!,...,a". Let

Q=a'A--Aa"

It is an n-form basis element of the one-dimensional space of n-forms and therefore
proportional to any other n-form We say that €2 has the same orientation as the
coordinate basis if

Q = (a positive number)dz! A --- A dz"

at each point with local chart x!,..., 2™ We call Q the volume form for the given
orientation.
The ‘positive number’ can be easily calculated. Let ey, ..., e, be the ortho-
normal basis dual to al,. .., a™ with
€1
€2

(ei,ej) = mij =
€n

where ¢; are fixed constants equal to 1 or —1. Recall that the number of vectors
with norm square 1 or —1 in an o.n. basis is fixed. Let

.0
;= a7 —, 10.44
e =a 5 ( )
then
ot = b jdr? (10.45)

where matrices a and b are inverse-transpose of each other because {e;} and {a’}
are dual bases. Therefore

aikbij = 5;9 = bkiaji. (1046)

Now,
0 0
i = aia;’ <axka 8951> = a;"a;'gu (10.47)

which, on taking the determinant, gives

€=€r€e...6, = (det ||a]|)? det ||g]|. (10.48)
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Since det ||b]| is the inverse of det ||a||, we find that

det ||b]| = v/€g (10.49)
where according to usual custom we write g for det ||g||. Thus

al/\.../\an = blzbnjdl‘l/\/\dlj
det ||b||dz" A --- A d2™
= Jegdz' A Nda™. (10.50)

Gauss’ Divergence Theorem

This is an important application of the Stokes theorem. We need it for discussing
conservation of a physical quantity in general relativity.

First, we define the divergence of a vector field. Let X be a vector field on
an orientable Riemann manifold M which has €2 as the volume form. The Lie
derivative Lx{) of the volume form with respect to the vector field is another
n-form proportional to 2. The proportionality factor is a scalar field called the
divergence divX of the field. Thus

LxQ = (divX)Q. (10.51)

Since Ly acts like Lx = doix +ix od on any form (where ix is the interior
product or contraction by X),

LxQ = d(ixQ) (10.52)

because the exterior derivative acting on the n-form gives zero. Integrating on a
region D we get

/D(divX)Q=/Dd(ixQ)=/8D(z‘xﬂ). (10.53)

Now we choose an orthonormal basis field on points of D in such a manner that
e; = n points in the direction normal to the hypersurface D and e, ..., e, span
the tangent space of dD. Let a',---,a™ be the basis dual to eq,...,e, so that
Q=atA---Aa™ Out of the basis for (n — 1)-forms, only a2 A--- Aa™ = (Q)ap
is non-zero on 9D and is the volume (n — 1)-form on dD. Thus,

ix(Q) = ix(al/\~-~/\a")
= o(X)2A-Aa" =i (X))o AaB A A Q"

and therefore, on 9D

ix(Wlop = ele, X)a?A---Aa”
= (m,n)(X,n)(2)ap-
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Here we have used eqn. (6.8), so that o'(X) = ((a!)*, X) = €;(e;, X) which is
just (n,n)(X,n). Therefore,

/ (divX)Q2 = (n,n)(X,n)(Q)sp. (10.54)
D aD

The orientation on 9D is fixed by the Stokes theorem in terms of the choice of
the unit normal vector n. We are omitting some technical subtleties here when n
becomes a null vector. But these do not arise in discussing conservation laws.

Before we leave this topic we calculate the divergence divX in terms of co-
ordinate components.

LxQ = Lx(v/—gdx' A---Ndz")

= Xi(v\/;gg)’iﬂ +V=g(X*") jdz? Ndz® A - Ada"

+v/—gdx' N[(X?) jda?) AdaP A Nda A
= ((xX0+x'Ts) @
= (X9,

3

Therefore

divX = (X").;. (10.55)

10.12 Tutorial

Exercise 53. Show that the map ¢ : R — R such that & — z® is one-one, invertible and
infinitely differentiable. But it is not a diffeomorphism. Why?

Answer 53. The inverse map is not differentiable at x = 0.

Exercise 54. Two differential 1-forms o', a? are given to be linearly independent in a
region U of a two-dimensional manifold. Show that there exist local coordinates ', 2>

such that o' = dz' and o = dz?. Generalize this result to n-dimensions.

Answer 54. OUTLINE OF SOLUTION.

Construct the dual basis X1, X2 vector fields. That is, find the dual to the basis
o' (p),a”(p) € Ty in each tangent space T,. Then X1, X are differentiable vector fields.
Choose a point and find an integral curve for X; passing through the point at parameter
t1 = 0. Label each point on this integral curve by t1 € I where I; is an interval about
t1 = 0. Find the integral curve of X» from each point labelled with fixed ¢; and similarly
label points with values (¢1,¢2). Then coordinates (t1,t2) are defined in a neighbourhood
of the chosen point, the point itself at (0,0) and X1 = 9/0t:1 and 9/0t2. The dual basis
condition a*(X;) = &} requires that o' = dt; and o = dt..

Exercise 55. Show that the Lie derivative of the metric tensor g = gijdz’ ® dz? with
respect to a vector field K = K'9/0z" is equal to

Li(g) = (Ki; + Kj)da' @ da’ (10.56)
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where K; = g;; K7 and the semicolon denotes the covariant derivative.
Answer 55.
LK(gijd.’,Ui ® dmj) = K(gi]’)dl’i ®dz’ + gl’jLK(dxi) ®dz’ + gijdflji ® LK(dxj)
— [gi]-,kKk + gijﬁ + gikKE]dxi ® dz’
converting the ordinary derivatives into covariant derivatives using a formula such as
K=Kk -1y, K™

and taking the metric components inside the covariant derivatives (because they act like
constants under covariant differentiation) the expression simplifies to

Li(g) = [Kij + Kj.i|dz' @ da’ . (10.57)

If the Lie derivative of the metric with respect to a vector field K vanishes, then that
field is called a Killing vector field.
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Gravitation






Chapter 11

The Einstein Equation

We have learnt something about the left-hand side of the Einstein equation

1 871G
Gl’“’ = R#V — igHVR = 7THV

oA

in chapters on geometry. It is time now to have a look at the equation itself.

Einstein guessed this equation by a difficult process of intution, trial and er-
ror. A detailed record of these efforts is contained in Abraham Pais’ book Subtle is
the Lord... Einstein knew that g, which determine the geometry of spacetime are
supposed to decide the motion of freely falling bodies and light in a gravitational
field by the equivalence principle. The question was what determines g,, them-
selves? As we know, a gravitational field is determined by matter distribution,
therefore stress-energy-momentum tensor 7}, which represents the density and
flow of matter should somehow be equated to a tensor dependent on g, . After
a long and tortuous search (‘superhuman exertions’ in his own words) Einstein
was able to converge on the tensor G, (now named after him) whose distinguish-
ing feature is that it satisfies the contracted Bianchi identities (four equations)
(9" Gre),n = 0. But it was not as straightforward as it sounds. He was unaware
of the Bianchi identities. The usual argument given is that G*” should be propor-
tional to the stress-energy tensor T"” because then T""., = 0 follows automat-
ically, which represents the local conservation of energy and momentum. Energy
momentum conservation laws in general relativity are a delicate matter because in
a spacetime with no symmetries there are no quantities whose conservation (that
is, depletion of quantity inside a closed region related to the flowing out of that
quantity from the boundary of the region) can be guaranteed. Another way to
say this is that there is no local energy density of a gravitational field because a
gravitational field can be transformed away by choosing a local inertial frame at
any point.

The identification of the stress energy tensor with G, (up to a constant
factor) gives a theory of gravitation. We can calculate how spacetime geometry is
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determined by matter distribution. Spacetime in general relativity is a dynamical
quantity not a passive arena in which things happen. What is more, spacetime
affects itself and determines its own development.

We take the Einstein equation as a basic axiom. If we can write the stress-
energy-momentum of the source of a gravitational field, the equation can be solved
(in principle) for the gravitational field represented by metric components g, .
What is more, the motion of matter in this gravitational field is also determined
by the equation.

The Einstein equation can also be derived from an action principle as we
see later in this chapter. In that case the choice of the Lagrangian becomes the
basic axiom. But the action principle has an advantage. It turns out that gravity
interacts with all other fields in a minimal way. The Lagrangian for any field
is first written in its special relativistic form in a local inertial frame and then
the Minkowski metric 7, is converted to g,, and the ordinary derivative into a
covariant derivative. There are no separate “interaction terms” to be added to the
total Lagrangian. Variation of the metric g,,, produces the stress tensor T# which
governs the interaction of the gravitational field with the given field representing
matter. The action principle allows us to calculate the stress-energy tensor for any
field if we can write the Lagrangian of that field in general relativistic fashion. It
is this stress tensor which causes gravity and responds to it. As an aside it is the
most convenient way to calculate the stress tensor of any field even in Minkowski
space.

After these preliminary remarks we start with a definition of the stress-tensor.
We review the Newtonian concept first for pedagogical reasons.

11.1 Stress-Energy-Momentum Tensor

Classical description of matter involves the mass or energy density and its flow. The
flow of mass is momentum and the flow of momentum (momentum per unit time
per unit area = force per unit area) is called stress. The stress-energy-momentum
tensor (called “stress-energy tensor’ for short) is represented mathematically by a
second-rank symmetric tensor whose components contain matter or energy density.

Before we discuss how the distribution of matter density and matter currents
are described in relativity, we first deal with the non-relativistic case.

11.1.1 Newton’s Second Law for Fluids

We use a Cartesian system of coordinates and call the three coordinates z = %, =
1,2,3.

The motion of continuous matter, a fluid, is characterized by two quantities:
a mass density p(z,t), which may change from place to place and may depend on
time, and the velocity v’(z,t) of the fluid which, too, changes from place to place
and with time.
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Let the total force per unit volume around point z at time ¢ be denoted by
fi(z,t)

Take a small volume dV about z at time ¢t and fix attention on the matter
contained inside it. The velocity of this portion of matter is v*(z,t). A little later, at
time ¢+ At, all this matter has moved to a new point x+Ax with Ax? ~ vi(x,t)At.
The acceleration of this mass packet is

. vi(a 4+ Azt + At) —vi(a,t) O oK
— 1 = J T
T A At ot o

The force on this packet which has mass p(z,t)dV is f'(z,t)dV. Therefore New-
ton’s second law can be written down as

. ot Ot .
pa’ =p ( 5 TV 8zj) = f. (11.1)

11.1.2 Continuity Equation

Since mass is neither created nor destroyed in Newtonian mechanics, the flowing
out of mass from a volume is equal to the loss of mass contained in it. This is
expressed in the continuity equation,

dp | A(pv?)
ot T 0w

=0. (11.2)

11.1.3 Stress Tensor

Let us assume for the moment there are no forces other than that of fluid on itself.
These internal forces are the ‘area forces’ like pressure and friction (or viscosity).
It is a good assumption that these forces act only between neighbouring portions
of matter.

Consider a small area da centered at a point = at time ¢ with a normal unit
vector n.

Let F be the force acting on matter immediately in the frontside of this area
element due to matter behind the area element. That is, matter on the —n side
of the area pushes the matter on the n side.

In a perfect fluid which on the whole is at rest, the force is in the same
direction as n and proportional to area, so F = p(z,t)nda. The constant of pro-
portionality p(x,t) is called pressure at the point x at time t.

In the general case the tangential or ‘shear’ forces due to tendency of layers of
fluid moving with differing velocities to drag adjacent matter have an only slightly
more complicated form. The relationhip is linear, that is, each component of force
is a linear combination of components of the normal vector

Fi(z,t) = t*(x, t)npda; (11.3)
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here (F!, F?, F3) are components of the force F and (ny,n2,n3) are components
of n.

The coefficients t** are called components of the stress tensor. We can say
that t** is the force component (acting near x) in the i-direction on matter in
front of a unit area element chosen perpendicular to the k-direction by matter
behind that element. Across every area element there is equilibrium of forces by
Newton’s third law. Therefore the force component in the i-direction on the same
area element by matter immediately in the front of the element on matter just
behind is —t**.

Ax?
o
Ag? PO
F 12
n Azt
(a) (b)

Fig. 11.1: (a) Force F acts on fluid matter immediately in the front of
an area element,(normal n determines which side is front) by matter
behind. Components of the stress tensor relate F to n by Fi(w,t) =
t** (x, t)\nrda where da is the area. (b) The condition that torque exerted
by matter just outside a volume should be zero if there are no external
forces gives the symmetry of the stress tensor.

For a stationary perfect fluid the components of the stress-tensor have the
simplest possible form, t** = p(z,t)0"* where p(z,t) is called pressure.

11.1.4 Symmetry of the Stress Tensor

We now show that the stress tensor components t** are symmetric, that is t** = ¢,

Let us consider a small cube-like region (Figure 11.1(b)) formed by points
with coordinates (z! + Az'/2, 2% & Ax?/2, 23 £ Ax3/2). The 3-component of the
moment of forces (that is torque) with respect to point (z!, 22, 23) acting on the
cubical region by the matter outside it is

Az? Az?
—tP2 Az A3 (—;) + Az A3 (—i—;)

Azt Azt
—t?' Az’ A3 (—l—;) + 2P A2 AL? (—;)

— (t12 _ th)dV
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This shows that in the absence of external forces the angular momentum of the
volume element will keep on changing unless ¢'2 = t?!. We can show in a similar
way the symmetry of other components,t'? = ¢3! 23 = ¢32,

11.1.5 Euler Equation

We now switch on the external (volume) forces assumed to be equal to g¢(z,t) per
unit volume.

Consider a small volume V' with surface area S. By Gauss’ theorem, the sum
of forces components in i-th direction acting on its infinitesimal surface elements

is
— / tiknk da
s

where the negative sign appears because we are considering the force on matter
contained inside V' by matter outside, that is by matter on the same side as n, and
not behind. By Gauss’ theorem this surface integral can be written as a volume

integral
- / t*npda = — / (Ot™)dV.
S 14

By making the volume V small we see that the force per unit volume due to
internal forces is equal to —dyt"*. Therefore, the total force per unit volume on
continuous matter is

fl(xat) = gl(xat) - aktik

where ¢*(x,t) is the external force per unit volume.
We can now combine all the ingredients together. The equation representing
Newton’s second law can be written as

ot oxI
Using the equation of continuity, we can write

v _ O’y Op ') D(pvd)

Por = ot Yo ot TV 0w

Therefore, the equation of motion can be written

d(pv?) 0 i
o +8xj (pv'v? +t7) = ¢ (11.4)

This equation, called Euler’s Equation, expresses Newton’s second law for contin-
uous matter. Together with the equation of continuity it determines the dynamics
of continuous matter.
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11.2 Relativistic Perfect Fluid

11.2.1 Continuous Matter in Special Relativity

The stress-energy tensor for continuous matter in special relativity can be written
by generalising the non-relativistic equations treated in the last section.

The mechanics of continuous matter is determined by two equations: the
continuity equation which represents conservation of mass and the Euler equation
which is just Newton’s second law. We shall see that these two equations are time
and space parts of a single equation.

In the absence of external forces, the two equations are,

dp  Apv!) _

o o 0
Npv') | O (i iy —
5 " B (pv'v? +17) = 0.

The non-relativistic velocity v* is contained in the limit of the four-vector
Ut = (U%U") = (ev,0')

where v = 1/4/1 — v2/c2. In the limit of low velocities U* ~ (c,v"). We can write
the two equations by defining 2° = ct,

G(pUOUO) N a(pUOUj)

=0
Ox0 OxJ ’
a(pUU%) 08 i L i
=4 — (pU' ) =
0 T 5 (pU'U? +t7) =0
which are parts of the single equation
oTHv
=0 THY = pUPUY + t* 11.5
ox? ’ P + ( )
where
0 0 0 O
v — | 0 ’ (11.6)
|10 12 '
0

We see that one part (UHUY) of TH¥ is already in a relativistically covariant
form if U* is allowed to have the full relativistic status. The second part can be
generalised too, provided we can give meaning to the tensor t** in a relativistic,
frame-independent way.
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We will do that not for the most general relativistic fluid, but for the most
simple type of fluid known as a perfect fluid.

Relativistic dust is defined to be matter for which ¢#* = 0. This is the same
as a perfect fluid with zero pressure.

A relativistic perfect fluid is defined to be one for which the t*¥ part of the
stress energy tensor when seen in a local frame moving along with the fluid has
the same form as the non-relativistic perfect fluid. We denote the components of
the stress tensor in this comoving frame by t’(‘ol'). Then

t%) = p(x)6"

Here p(x) is a scalar quantity equal to the physical fluid pressure in the comoving
frame.

To generalise the continuity and Euler equations to the relativistic case we
assume that the equations written above at a given point are written for the local
frame which is moving with the fluid. Then U* = U(’B) = (¢,0) and then these
equations are exact equations relativistically as well. To get the general form we
only have to transform the tensor to the frame moving with arbitrary velocity
using an appropriate Lorentz transformation.

The part t** has the form given by the matrix above with ¢ = p(x)d% in
the comoving frame for a perfect fluid.

We can calculate how t*” looks in a general frame by transforming it as a
second-rank tensor with the same Lorentz transformation which transforms the
velocity four-vector U(’B) = (¢,0) to U* = (U°,U?) = (cv,v'y). We have already
noted this transformation before (in a tutorial in Chapter 1),

T Uul/e ui/e
M= < Uije 69+ U /(A(y+1)) )

The answer is
t =p (" +U*UY [c?) (11.7)

as we can see by the following steps.
(1) thOV) in the comoving frame is

w
to) =

o O O o
oo O

oz O O
" O oo

(2) In the general frame therefore

= AFG A" L)
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We can write these equations as

0 =p> A%A% =p(y* - 1),
k
" =pY AN =pyU' e,
k

9 =pY ANy =p(07 + UT [c?),
k

and so, after arranging the factors a little, t*V = p(n*¥ + U*UY /c?).
The full stress-energy tensor is thus

" = pyt + (%+p> uru”; (11.8)

p(x) is the proper mass density as a function of spacetime. This means that at a
fixed point at a given time if we choose a frame of reference (comoving with the
fluid) pc? gives the energy per unit volume in a small neighbourhood of the point.

The Lorentz transformation A which transforms the four-vector U(’f)) = (¢,0)
into U* = (¢, v"y) is not determined uniquely. We can show without much diffi-
culty that any other transformation which serves the same purpose is of the form
BAA where A and B are Lorentz transformations which belong to the ‘stability
groups’ of U(’S) and U* respectively, that is, AUy = U(gy and BU = U. Then the
form of the stress-energy tensor TH" = pnH¥ + (p/c? 4+ p)U*U” does not change
even for the general BAA.

To summarise, we say that the mechanics of a relativistic perfect fluid is
described by a stress-energy tensor of the above type. The continuity and Euler
equations are combined into a single four-dimensional law

T , = 0. (11.9)

11.2.2 Perfect Fluid in General Relativity

Perfect fluid in general relativity is defined to have the same form for the stress
tensor as in special relativity except that n*¥ is replaced by gH":

TH — pgh + (i% n p) UryY. (11.10)

This is the quantity that acts as the source of a gravitational field in the Einstein
equation.



11.3. Interpretation of T*",, =0 219

11.3 Interpretation of T#”,, = 0

The Einstein equation G* = 8mGT*" /c* determines the gravitational field given
the source of gravity, that is, the stress-energy tensor of matter (or of radiation).
But there is more to it.

Because of the contracted Bianchi identity G = 0, the stress-energy tensor
satisfies

™., =0. (11.11)
Note that this equation involves the gravitational field through the covariant deriv-
ative. It expresses not the conservation of energy momentum but rather the ez-
change of energy and momentum of matter with the gravitational field.

T , = 0 gives Newton’s equations of motion for a fluid moving under no
other forces except its own stresses. The generalised equation T#”,, = 0 gives the
equation of motion of the fluid in the presence of gravity.

Thus the Einstein equation plays both roles: of determining the gravitational
field from matter distribution as well as determining the motion of matter in that
field. Contrast this with electrodynamics in special relativity: Maxwell’s equa-
tions determine electromagnetic fields from charge-current distributions, but the
equation of motion for a charged particle, the Lorentz force equation, has to be
postulated separately.

The electromagnetic fields and their interaction with gravity can be formulated entirely in
terms of the field tensor F),,,. But to discuss the interaction of electromagnetic fields with charged
matter we must either postulate the Lorentz force equation separately or introduce the electro-
magnetic potential A, in the Lagrangian. In quantum theory the interaction of electromagnetic
fields with charged matter fields comes out naturally from the principle of gauge invariance by
the introduction of the connection 1-form A,dxz* which is just the potential.

For a small body which is away from the main matter distribution causing
the gravitational field, the equation T#”,, = 0 implies that the body follows a
geodesic path. This is not easy to prove and we shall take this fact (that particles
falling freely in gravity follow geodesic paths) as an independent postulate.

11.4 Electromagnetic Fields

11.4.1 Maxwell’s Equations in Minkowski Space

Electromagnetic fields are described by a differential 1-form A = A, dz" called the
four-potential. It is related to the electric and magnetic potentials by

AO = —¢/C7 (Al,AQ,Ag) =A. (1112)
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We are using the SI system of units where the potential 1-form A = A,dx*
when multiplied by the electric charge has the dimensions of action and ¢, the
electrostatic potential, has dimensions of energy per unit charge.

The exterior derivative of A is a 2-form F = dA given by

F = dA=(0,A,)dz" Nda" =) F,,dz" A da"
v<p
= % (0,A, — 0,AL) dz” A da*

where the antisymmetric components F),,, of F' are related to the electric and
magnetic fields by

(Fa3, F31,F12) =B, (Fo1, Foz, Fo3) = —E/c.

The exterior derivative of F' is zero dF = d(dA) = 0 because F is exact.
1
dF = i(ang)da:“ Adx¥ Adzt = 0. (11.13)

In order to infer what these equations imply, convert into the independent basis
elements dz? ® dz” @ dz*, then we get

OcFyvy +0,F6 + 0uF5, = 0.

These are equivalent to the two Maxwell equations

V.B=0, VxE--2B,
ot

To express the remaining two equations we need to define the charge current
density. Let the contravariant four-vector current have components

JH = (cp,j). (11.14)

Construct the 1-form J = J,dz* by lowering the index J, = 1,,J" = (—cp,]).
Then the Hodge star applied to J gives the 3-form *J whose components are

xJ = (cp)dax' Adx? Ada® — (j1)da® A da? A da®
—(j2)dz® A dx® A dat — (j3)dx® A dat A da?.

The physical dimension of the 3-form *.J is charge times velocity.
Similarly let *F' be the Hodge star-dual to F'. Then the remaining Maxwell
equations can be written compactly as

*J

(11.15)
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The Lagrangian for the electromagenetic field can be written as the 4-form
1
Lom = —5(6002)}“ A (xF). (11.16)
Interaction with a charged distribution is determined by the 4-form

1

11.4.2 Electromagnetic Fields in General Relativity

Electromagnetic fields in general relativity are determined by the same Lagrangian
interpreted in general coordinates instead of Minkowki space coordinates. Thus
there is a one-form A = A,dz" and F' = dA. The Lagrangian is again

Lom = —%(608) F A (¥F) (11.18)

except that the gravitational field g,,, has sneaked in through the star operator. We
can show that (see tutorial in this chapter)

1 v
Lern = _1(6062) FHVF# vV _gd4$ (1119)

where the contravariant antisymmetric tensor with components is defined by rais-
ing indices

FH = ghogVTF, | (11.20)

11.5 Action Principle

The action principle is a wvariational principle. It is based on an extremum or
maximum-minimum problem. A quantity called action is dependent on ‘trajecto-
ries’ or "histories of evolution of configurations’ (called simply the ‘configurations’)
of a physical system in a given region of spacetime. The principle says that only
those configurations are realized in nature for which the action is stationary when
compared to the (suitably defined) ‘neighbouring’ configurations.

Let M be the spacetime manifold with metric components g,, in some co-
ordinate system x. Let ¢,.(z),r = 1,..., N be classical fields corresponding to
matter (or radiation) defined on M. We will call all these fields “matter fields”
even though in some other contexts it may be necessary to distinguish matter from
radiation.

We may assume the fields ¢, to be real. At each point with coordinates z,
¢r(x) have (covariant) derivatives ¢,,,. Some of the indices r may be spacetime
indices (like u, v, etc.) indicating the vector or tensor character of the fields. The
metric tensor components g,,,, themselves are fields, but their covariant derivatives
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are zero. Their ordinary derivatives, however, are present in the I'’s which occur
in covariant derivatives ¢,.,, and in the curvature tensors.

Action A on a ‘domain’ D (that is a subset of spacetime with a regular
boundary 9D) depends on fields ¢, (), gu.(z) and their derivatives. In all the
cases the action is assumed to be of the form of an integral

A= /DL (11.21)

where L is a four-form.
The action four-form can be written as a scalar field £ multiplied by the
volume form

n=+—gdz =/—gdz® A--- Ada3. (11.22)
The scalar field £ is called the action density or the Lagrangian. Thus
L=Ln=L(x)/—gd'z (11.23)

and action is
A= / L= / L(zx)/—gd'x. (11.24)
D D

The action depends on the fields g, (x), ¢ (z) through the Lagrangian. In all cases
of application the Lagrangian (which is a scalar), is constructed from fields and
their derivatives as a local product. The scalar character is obtained by balancing
tensor indices in a suitable manner.

Variation

Action depends on the domain D and on the fields defined on it. We choose a
region on spacetime D and keep it fixed throughout. Then we calculate the action
for some field configuration. Next we calculate the action by replacing the fields
by a different configuration inside D but keeping the same values on the boundary
oD.

To vary fields g,,, we choose a family of metrics g,([,\,) depending on a contin-

uous parameter . gff;) has the same value as g,, on and outside the boundary

0D of the integration region D. Inside D, g,(f{,) differs from g,,, but tends to g,
as A — 0. We define

d
Ogu (@) = -1 g (@) (11.25)
A=0

where we use the symbol 0:

]

(11.26)

a4
YN
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On the boundary 0D the g, remain fixed. Therefore we assume that the deriva-
tives of g,,, are all zero. This is, strictly speaking, true only for derivatives tangen-
tial to the boundary surface but we assume variations become zero in all directions.

By a variation of fields ¢, we similarly mean a family of field configurations
qS,’}/ (x) such that on and outside the boundary of D there is no variation: qb;}/ (x) =
¢r(x) for all X' whereas inside ¢ () — ¢,(2) as X' — 0.

d

A/
= o). (11.27)

0o (z) =

A'=0

We use the same symbol § to denote variation of ¢, as well as of g, .
The variation of action with respect to g, is the difference of action evaluated
for the varied and original fields in the limit of A — 0:

d

A= —
0 dA

Alg™, 6,]. (11.28)
A=0

The variation of A with respect to matter fields ¢, is similarly defined.
The variation of action can be calculated knowing the dependence of £ on
fields. By doing integration by parts we can write the variation in the form

— [ deva5t 4 [ dteva || dota

(11.29)

8 g (@ J g 5 (@)

the quantities in brackets are called the variational derivatives of the action with
respect to the variations of fields g,, and ¢,.

The action principle can now be stated as:

Only those field configurations are realised in nature for which the action is
an extremum. This means

0A
e = 0, (11.30)
0A

o - 0. (11.31)

Lagrangian
We assume that the Lagrangian can be written as a sum of two terms
L = Lyravity + Lmatter- (11.32)
These are, as indicated, for the gravitational and for the matter fields ¢, respec-
tively. The gravity Lagrangian is chosen to be
4

c

£gravity = m (1133)
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where R is the Ricci scalar curvature. The Lagrangian for a gravitational field was
written down by David Hilbert in 1916 within a few weeks of Einstein’s discovery of
his equation in November 1915. This action is therefore called the Einstein-Hilbert
action.

The matter Lagrangian Lpatter 1S constructed as follows: (i) we first write
the Lagrangian density as it is written in special relativity, (ii) we replace the
Minkowski metric 7, wherever it occurs in the Lagrangian by g,,, (iii) then we
replace the ordinary derivatives with respect to coordinates by covariant deriva-
tives: that is we use the “comma” to “semicolon” rule.

It is remarkable there is no “interaction Lagrangian” for interactions of grav-
ity with fields. Whatever interactions between gravity and matter do exist, they
are supposed to be already contained in the matter Lagrangian through g, or its
derivatives occuring in the covariant derivatives and in balancing the indices to
make a scalar L atter- This is called the principle of minimal coupling of gravity.
This is exactly analogous to the coupling of matter fields with gauge fields.

Remark

The method of constructing Lmatter has ambiguities. In translating from a special relativistic
formula to the general relativistic formula there may be terms proportional to curvature, but
invisible in special relativistic formulas. How do we know those are not present in reality? This
ambiguity is similar to the one which occurs in quantization of a classical system. When a
classical formula is changed to its quantum mechanical counterpart, different orderings of factors
of coordinates and momenta give different operator expressions differing by terms proportional
to powers of h. In general relativity the commuting ordinary derivatives on flat space are raised
to the status of non-commuting covariant derivatives on curved space.

11.5.1 Variation of Ag,ayity With Respect to g,

First we discuss the variational derivative of the action when g,, are varied.

The scalar R depends on g,,,, their first as well as second derivatives (because
R involves derivatives of T’s). We shall see that despite this we do not get Euler-
Lagrange equations of higher than second-order.

The action is calculated for infinitesimally differing values A = 0 and A = A\
and subtracted. The variational principle says that in nature only that (or those)
metric(s) exist for which the difference goes to zero as A\ — 0. In other words

d
§A[gW] = i AlgWM] =o0.
A=0

Omitting the constant ¢*/167G (to be restored later):
0Agravity = / [(5R)\/—g + R(5\/—g)] dz® Ao A daB
D
- / [(69"") Ry v/ =9 + 9" (0 R )V —g
D
+R(6y/=g)]da® A+ A da®. (11.34)
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Since g"” are completely determined by g,, and vice-versa, it is a little more
convenient to make variations in g#” than in g,,. In any case a relation between
variations of the two is obtained by differentiating ¢*”g,, = 6% and equating to
7€ero,

(69"")gvo + 9" (0gus) = 0 (11.35)

so that we can always change one from the other when required.
The variational terms can be calculated as follows.

Calculate 64/—g
d/—g is easy to calculate. We know from Chapter 9 (“a useful formula”) that

ddet [lg]| = det [l Tx(llgl =" 8llgl)),

therefore

1 1
o/—g = 5\/—99"”59W = —5\/—9(59‘”)%» (11.36)

Calculate 6 R,

This one requires special care. R,g is a sum of components of the Riemann tensor
which involves products of two I'’s and derivatives of I'’s. We first calculate d R,z
at a fixed point by choosing a special coordinate system in the neighbourhood of
the point. After the calculation the result is in a tensor form and we can relax the
choice of special coordinate system and go back to the original system.

Special Coordinate System

At the given point we choose a coordinate system such that the connection coeffi-
cients are zero at the point. We will prove this result in the next chapter. There-
fore §(I'T") which give I'éT" are all zero. So 6 R, depends only on the variation of
—Fggﬂ + Fgﬁﬁ terms.

8(T%, 5)

o

o . 1
6(Ip) = tim s (Mo slo

. 1 o o
= lim FA (Faa [g(A)\)] - Fom) 8
= (0T,) g (11.37)

(AN)] _ o )

ao,f8
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0T'7  is a Tensor

Use the fact that the difference of two connections is a tensor. For the tensor
0I'? . we can write the ordinary derivative as a covariant derivative because in the
chosen coordinate system the connection coefficients are zero:

(0T%6),8 = (010455 (11.38)

After the expression is put in a tensor form the condition of the special coordi-
nate system can be relaxed. This same argument is repeated for all points. When
multiplied by g®? this term gives

(g*0T0,) s = AL, AP =g°PeTe,

because ¢*? is a constant as far as covariant derivative is concerned and can move
freely in or out of covariant derivatives.

ore

aB,o

Similarly,

9" (6T5p.4) = (977000, ):p = B, B =g°7T0,.

6Agravity

Therefore, the variation of the gravitational action gives,

C4

o [ Al R/ + ORI
FR(5Y=9)

c* 4 1
= — —_ = nv
6nC /D d*x\/—g {RW 2gWR} dg

—|—/ d*z/—g(B" — AY).,.
D

6Agravity

The last term being a divergence becomes a surface integral on 9D and since we
have assumed the derivatives (of g,,,,) to have zero variation there, these terms are
Zero.

11.5.2 Variation of A, ¢ter With Respect to g,

We can calculate the variation of matter action only if we know the form of the
Lagrangian. But what is remarkable is that the variation of matter action with
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respect to the minimally coupled gravitational field g, is always the symmetric
tensor we traditionally associate with stress-energy of that field. Therefore, we de-
fine the second-rank symmetric stress-energy tensor of matter 7}, as the quantity
obtained by the variation of g"* in the matter fields action,

5AIII T 1
atte = __T

S 5T (11.39)

Therefore if the action is given by f p Lmatterv/— gd*z and if the Lagrangian density
depends only on ¢g"” and not its derivatives, then

aﬁmatter
Tuu = -2 dgrv + giwﬁmatter- (1140)

This identification of the stress-energy tensor is based on examples of stress
energy tensors of classical fields. A prime example is electrodynamics. See examples
in the Tutorial exercises.

11.5.3 Einstein’s Equation

Einstein’s equation is the Euler-Lagrange equation for variation with respect to
Guv- We get from previous subsection A = 0(Agravity + Amatter) = 0,

1 1
4 - - iy
0A = / d x\/— {16 a ( QQWR) QTW} dg

which gives the Einstein equation for arbitrary variations.

1 8rG
RHV — ig’“/R = CTTIU‘V' (1141)

11.5.4 Variation with Respect to Matter Fields

The matter fields appear only in the matter Lagrangian. The variation of the
matter action can be written quite generally as

6Amatter

5Amatter = / d4.’Ev |: (5¢

} 5. (11.42)

The exact form of the variational derivative will depend on the specific Lagrangian.
But we know that under arbitrary variations the total action will be stationary if
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the variational derivative vanishes:

6Amatter

55 =0 (11.43)

11.6 Diffeomorphic Invariance

We have seen that the variation of action for gravitational and matter field

Alp, g"] = 0Agravity[9""] + 0 Amatter [Dr, 9] (11.44)
= 6 / Leravityd's + 6 / Lumatterd @ (11.45)
where
0Agravity = / d4x\/7[ ;rzzlty} dgh”
— 4 1 nv
= — 11.4
/ d*z/— {16 e ( 2gM,,R dg ( 6)
and

5Amatter = / d4l’\/j‘g |:5‘/§mzzter:| 59/’“1

/ d*z/—g { W} SgM. (11.47)

Our action functionals are integrals of 4-forms

Agravity :/ Lgravity7 Amatter :/ I—matter-
D D

Let there be a family of diffeomorphisms ®; depending on a continuous parame-
ter t with ®; = identity. We can choose a diffeomorphism such that under @,
points p of the domain D are mapped to points ¢ within the domain D. For any
diffeomorphism the action of the pullback form (®~1)*L over a grid of vectors
pushed-forward to a point ¢ by @, is the same as that of L on those vectors at
the original point p. Therefore, an action integral does not change under such a
diffeomorphism.

Agravity:/ I—gravity:/ ((I)_l)*Lgravit}u
D &(D)=D

Amatter:/ Lmatter:/ (éil)*l—matter-
D ®(D)=D
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In the limit of ¢ — 0 the diffeomorphism is generated by the vector field X (given
by the tangent vectors d®;(p)/dt at p).By definition of the Lie derivative,

/ LixLgravity = 0, as well as / LxLmatter = 0.
D D

We shall now work out the consequences of the invariance of the gravitational and
the matter actions under the diffeomorphism generated by the vector field X.

Since we have already calculated the variation for arbitrary dg"” all we need
to do is to replace 6, by Lxgu.,. We know that

09 = Lxguw = Xy + Xy
so using
09" = —g"79"" 090+

we obtain

5A ravil
0 = /d4l‘ /7|: g ty:| gHUgVT(XU;T+XT;(T)

Sgiv

- el (e o)

where RM = gt9¢"" R,, etc. We can transfer the covariant derivative from X to
the other factor,

() Xy = () Xp)w = (D)) X

The first term (which is a total divergence) can be converted by Gauss’ divergence
theorem as the surface integral where we have chosen X to be zero. The other

term gives
ct 1
1 2 11 % _
(I (v =3m)]) -

because the vector field X can be arbitrarily chosen inside D. Thus we get the
contracted Bianchi identities

1
(R‘“’ - 2gWR) = 0. (11.48)

We must emphasize that these equations are just a consequence of the diffeo-
morphic invariance of the gravitational action. It is not necessary that the Euler-
Lagrange equations (that is Einstein equations) be satisfied. (In Part IT of this
book we have already verified that the Bianchi identities follow just from the
definition of the curvature tensor.)
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We now see the consequence of the matter action being a diffeomorphic in-
variant.

The matter Lagrangian contains both the gravitational field g,, as well as
the matter fields ¢,. The diffeomorphism on spacetime will change both the fields.
Let ¢, = Lx ¢y and 09, = Lx g = Xy + Xoyu. Then the variation is

5Ama. er 1
S Amatter — / d*ay/—g {—“} Sy — = / d*zy/=g T, 69" .
D 5¢’r 2 D

We immediately see that if the matter field equations are satisfied, the first
term is zero, and the second term, by an argument similar to that for the gravity
Lagrangian gives

T, = 0.

This is just the expression of the local conservation of energy-momentum. Here it
follows from the fact that the field equations for the matter field are satisfied.

Remark

Note that one does not necessarily have to assume that the field equations for matter are satisfied.
One can equally say that T+",, = 0 follows from Einsteins equations and Bianchi’s identities
(RHY — gM" R/2),,, = 0. In the early days of general relativity there was some confusion as neither
Einstein nor Hilbert were aware of the Bianchi identities in 1915. The situation was clarified by
Emma Noether in 1918 when she showed that for any variational problem in which the action
is invariant under a group of transformations whose elements depend on arbitrary functions,
there would exist identities involving the variational derivatives (treated as functions) and their
ordinary derivatives. In the case of general theory of relativity the group in question is the group
of diffeomorphisms. In gauge theories too there are such identities. These identities are now called
generalised Bianchi identities. If there are gauge fields there will be these generalised Bianchi
identities as well. This result is called Emma Noether’s second theorem. The first theorem is about
invariance of the action functional under transformations which depend on a finite number of
parameters.

Incidently, Bianchi identities were discovered by A. Voss in 1880, then independently by
G. Ricei in 1889 and again, independently by L. Bianchi in 1902. See Abraham Pais’ book for
historical details. An accessible account of Noether’s first and second theorems is given in N. P.
Konopleva and V. N. Popov, Gauge Fields.

11.7 Tutorial

Exercise 56. Verify that the equation d(xI") = *J/eoc? does indeed give the Maxwell
equations with sources for electromagnetic fields in Minkowski space.

Answer 56. Recall the definition of the star operator for Minkowski space (sections 6.3
and 6.4). The *-dual to the field tensor F' is

= Z F * (dz A dz”)
<
= —FpdaiAda® + o — Fradz® Ada® + -
= Elda:Q/\dxsqL'quBgdmo/\dms—'u,

C
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therefore
d(xF) = l%d Adz® A dx +—%d Adz® A dx® + -
¢ Oxl ¢ 0x0
+%d Adz® A de® +gBj’d;c Adz® Adz® -
= lgEllda: Adz? A da® + -
1 0B, 0B3 B>
[C—Q—at - (—8:1:2 + pre )]d Ada® A dz® -

comparing it with the expression for the three-form *J/ coc? and equating components
we get the result

V.E = p/eo, chBfi+%—Et}

Exercise 57. ALTERNATIVE FORMS FOR THE ELECTROMAGNETIC LAGRANGIANS
Calculate Lem and Ling in components and put them in more traditional forms.

Answer 57.
(«YANA = [(ep)dz' Ada® Adx® — (j1)dz" A da® A dz®
—(jo)dz’ Ada® A dx' — (j3)dz” Ada' A dr®) A Adxt
= —[(ep)Ao + (1) A1 + (j2) As + (ja) As]dz’ Ada' A dz® A da®
= —(J'A,)d'.

The electromagnetic 4-form is similarly

FARF = 3" Fu(xF)e-ds" Ade” Adz” Adx”
puLr, o<l T
= —(E?/¢ - B?).

If we define F*" = n#“n"? Fl5, then
(F%, % p'2) — B, (F°', 2 9% — B/c
and we find
F, F" = —2(E*/¢& — B?)
so we can write the Lagrangian
Lem = —%eoczF A (xF) = —EGQCQFNVFMD(#CE.

Exercise 58. MAXWELL ELECTROMAGNETIC STRESS-ENERGY TENSOR
Calculate the stress-energy tensor of the electromagnetic field.
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Answer 58. Use the formula

aﬁ matter

T = =2

+ g;,wﬁmatter
for the electromagnetic Lagrangian of the previous exercise with g,, replacing 7,, for

variational purposes. The result is

T = €0 | g7 Fruo Fyr — igw F FT . (11.49)

Exercise 59. ELECTROMAGNETIC STRESS-ENERGY TENSOR IN SPECIAL CASES

Calculate the electromagnetic stress-energy tensor T"” in Minkowski space for the fol-
lowing types of fields: (1) plane wave in the z-direction and (2)diffused radiation, (that
is superposition of electromagnetic waves so that the average field everywhere is zero).

Answer 59. Using the formulas given in the previous three excercises, we easily obtain

p p*
T — 4 S (11.50)
PZ p5¢j - 60E1E] — BZB]/},LO

where p is the energy density and P is the Poynting vector ;

1 o 1 oo
= =—¢E —B 11.51
P 260 + 2410 ) ( )
1
o = — 11.52
Ho coc?’ ( )
P = ¢cExB. (11.53)

For (1) plane wave choose E?, B* = 0, B' = E cos(wt—ka*), then B', B* = 0,B? = E'/c
and

1 0 0 1
T =€ (E')? 8 8 8 8 (11.54)
1 0 0 1
Similarly for (2) if we take averages (denote by ()) for diffuse radiation, then
(B") = (B%) =(E*) =(B") = (B") = (B") = 0
and
(B =(E)) =(E")) = ((®’)/3),
(B = (B =(B")") = (B)/3)
Therefore
0 0
™ = (p) /3 0 (11.55)

[ e e
[en]
—
~
w
~— O O O
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where (p) is the average energy density

1 2 1 52
= Ze(E —(B7).
() = FoolE) + 3=(B?)
This means that the diffused radiation (for example in thermal equilibrium) behaves like
a perfect fluid with a pressure p = {(p)/3. We shall briefly use this result in the chapter

on cosmology.

Exercise 60. Calculate the stress-energy tensor for the scalar field ¢ whose Lagrangian
density is given by
1 mZ 1 2,2
L= —59 P — om o (11.56)

Answer 60. The covariant derivatives of the scalar field are ordinary derivatives and do
not involve components of the metric tensor. Thus

1 1
Tow = 50sub = §gwm2¢2. (11.57)

Project on Reissner-Nordstrom Metric

A neutral particle creates the Schwarzschild field. A charged particle creates the
Reissner-Nordstrom field. One must solve the Einstein equations not for vacuum
but with the Coulomb field.

Exercise 61. Calculate the static gravitational and electromagnetic field of a point mass
with electric charge @@ and show that they are given in Schwarzschild-like coordinates
ct,r,8,¢ by

2 2GM GQ° 2 22
ds = (1 Ar + A (4meg)r? ¢ (dt)
2GM GQ* \ ' .o
+ (1 ey + c? (47Teo)7"2) (dr)
+r2(dO)? + r* sin® O(d¢)?, (11.58)
F=—BdtAdr, B-=—% (11.59)
dmegr

Answer 61. We locate the particle at » = 0. For static fields, we assume the Schwarz-
schild form of Chapter 4,
ds® = —a(r)c (dt)? + b(r)dr® + 2 (d6)” + r? sin” O(d¢)”

where a(r),b(r) — 1 as r — oo The geometry of the arrangement demands that there is
only electrostatic potential

A= —¢(r)dt, F=dA = —Edt Adr.
The dual tensor is
_ Ersing

* B =
QC\/%

df N de.
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The charge is confined to the point » = 0, so we need solve only the vacuum Maxwell
equation

d(*xF) =0
which implies
d (ETQ) —0
d’l" \/ab
giving a solution
o QVab
- Aregr?

where the constant has been fixed by demanding that as » — oo we must get the usual
coulomb field. The electromagnetic stress tensor is

a
o Q \’ ec? —b
Y\ drreg 2rd r?
r2sin” 0
The Einstein equations
1 8nG
R}-W _g)-W-R - 1 T).w

can be rewritten as

where
T=g"Tw.
The electromagnetic stress tensor always has T' = 0, so we have to solve just for

8@
R = o

Ty

The Ricci tensor has been calculated in the tutorial in Chapter 4 for the Schwarzschild
form of metric. The Einstein equations thus become (A = Ina,B = Inb and prime
denotes differentiation with respect to r),

A(A —B) 24 260 Q° b
A AA —-5) _ e v
+ 2 + r 2 Amweg rd’
p AW-B) 6 Qb
2 7 2 Ameg rd)

T G QR b
A =B -0 = —Gaa e
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The first two equations give A’ + B’ = 0 which implies ab = constant and the constant
should be 1 because both a and b tend to 1 as » — 0. Substituting for b gives the equation

for a as

which can be immediately solved for a.






Chapter 12

General Features of Spacetime

12.1 Signature and Time Orientability

A fundamental assumption of the general theory of relativity is that the physi-
cal spacetime is a four-dimensional manifold with a non-degenerate metric ( , )
of signature +2. Signature of the metric is the number of positive eigenvalues of
metric components matrix g,, minus the number of its negative eigenvalues. As
the metric is non-degenerate, there can be no zero eigenvalues. This statement is
independent of coordinate system chosen. The actual numerical values of eigen-
values of the tensor matrix may vary from one coordinate system to another but
the number of eigenvalues of positive sign and of negative sign is the same.

This follows from Sylvester’s law of inertia. See for example R.Bellman, Introduction to
Matriz Analysis. The law states that if two real symmetric matrices A and B are related by a
real non-singular matrix S such that B = SAST, then A has as many zero eigenvalues and as
many eigenvalues of positive and negative signs as B. When S is orthogonal (ST = S—1) then,
of course, the eigenvalues of A and B are also numerically equal. Matrices of the metric tensor
in a two-coordinate system are related by the formula

oz oz™
g;,,(m/) = axi,ugrrr(x) Y

to which Sylvester’s law applies. Since g, (x) change continuously with z, and the matrix is
non-degenerate everywhere, the sign of an eigenvalue cannot change from point to point.

We can choose an orthonormal basis e,,a = 0,1,2,3 in any tangent space,

such that the tensor components are

Nab = <eaa eb>

where 745 is a diagonal matrix with ngo = —1 and 711 = 1720 = 1733 = +1.
The metric divides the tangent space vectors v at any point into space-like,
time-like or null according as (v, v) is > 0, < 0 or 0. The lightcone consists of null
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vectors and separates the time-like vectors into two classes, those pointing to the
future and those pointing into the past.

The spacetime is supposed to be time orientable, that is, it should be possible
to pick out the future (or past) pointing cone of time-like vectors unambiguously
at all points and this choice should vary smoothly from point to point. This means
in particular that there cannot exist any closed time-like curves.

12.2 Local Flatness

In a suitable neighbourhood of every point we can choose coordinates X* such
that the first derivatives of the metric (and therefore also connection components)
vanish at the point.

This is a property of the Riemannian geometry. We show that we can put a
one-to-one correspondence between an open neighbourhood about the zero vector
in the tangent space of the given point and a certain open neighbourhood of the
point itself.

The idea is simple. Let ¢ : M — R*: ¢ — 2#(q) be some coordinate system
in a neighbourhood of the point p, and let z#(p) = :1:’(‘0).

Choose an orthonormal basis
{ea} = {90,91782783}

in the tangent space of the point p. Every vector v € T}, can then be expanded in
the coordinate basis as well as the orthonormal basis:

0
B P
v=~¢E%, =0 Er
This shows that v* are linear functions of £% and vice versa.
Construct a geodesic starting from p with affine parameter s and with vector
v*d/0xH as the tangent to the geodesic at the point.
d?z+ , dz¥ dz” dxz*

:O yo — H o — ,u..
a2 v ds ds ’ w0 =20y ds |, v

The geodesic equations are second-order ordinary differential equations. From
Cauchy’s theorem on the existence of solutions of ordinary differential equations
we know there exists a solution

zt(s) = ¢ (s:¢7)

where we use £% determined by v so that the new coordinates we are going to
asssign can be easily identified.

The point ¢ which corresponds to parameter value s = 1 is now assigned new
coordinates X%(q) = £*:

q — PH(s = 1;€%) — £
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By choosing components £ sufficiently close to zero we can always ensure that the
point corresponding to s = 1 exists. The point p itself has coordinates X*(p) = 0.

The construction above for assigning coordinates shows that if the affine
parameter s in the geodesic equation is replaced by s’ = As where X is a constant,
the geodesic equation remains unchanged and the same identical function (of s’)
will be obtained as the solution to the geodesic equation, provided the initial
tangent vector is now chosen with components £%/\:

PH(s;€) = P (As; €7/ N).

Therefore if ¢ is assigned coordinates X%(q) = &%, then a point ¢’ lying on the
same geodesic at s = 1/2 with x coordinates x*(q') = Y (s = 1/2;£%) = YH(s =
1;£%/2), would be asigned X coordinates X*(¢') = £%/2.

We see that if we restrict attention to a small enough neighbourhood of the
point p, a point ¢ in the neighbourhood can be connected by a geodesic starting
from p at s = 0 with appropriate initial tangent vector £* so as to reach ¢ with
affine parameter equal to 1. The point ¢ is assigned coordinates X*(gq) = £ and
points along the geodesic from p to ¢ which correspond to the parameter values
0 < s < 1, are assigned coordinates X(s) = s£%.

The geodesic in these new coordinates is expressed simply by

X(s) = s&°. (12.1)
The equation for the geodesic in these coordinates at the point p becomes

22X Codxtdxe o
PrN bc\pgg = I7.,§°¢°=0.
p

As this holds for all possible initial values £%, it follows that all the Christoffel
symbols are zero at p,

o], =0. (12.2)

Note that we can make the statement only for the point p because it is common
to all the geodesics corresponding to different values of £°.
It is easy to see that in these coordinates

9
ox7 |,

—e, (12.3)

because, for example, the curve s — X*(s) = (s,0,0,0) has a tangent vector at
p with components (1,0,0,0) in the basis {e,}. The metric components in these
coordinates are just 7gp.

These coordinates are called the Riemann normal coordinates.
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12.3 Static and Stationary Spacetimes

Symmetries of a spacetime are determined by its isometries. An isometry preserves
the inner product of two vectors under a push-forward map and therefore as far as
Riemannian geometry is concerned the new point looks the same as the old one. As
we have seen in the mathematical chapters (sections 9.9 and 10.8) a continuous
one-parameter group of isometries generates a family of curves whose tangent
vectors are Killing vector fields.

A stationary gravitational field is described by a spacetime on which a time-
like Killing vector field K exists. An observer following the (time-like) integral
curve of the Killing field will find the metric tensor independent of time.

If, moreover, the Killing field is orthogonal to a hypersurface, then the space-
time is called static.

For a static spacetime let the given surface orthogonal to the Killing field be
called Sy. Start from every point p of the surface Sy an integral curve of K. Let
the local 1-parameter group of diffeomorphisms ¢; determined by K at p map p
to g. For fixed t the set of all points ¢ as p varies on Sy determines another surface
St. The Killing vectors are orthogonal to the surface S; as well because vectors
tangential to Sy are mapped to vectors tangential to S; by construction and ¢; is
an isometry.

Therefore, at least for ¢ in a small interval around zero, we determine a family
of surfaces S; given by a function ¢ which has the same constant value for points
of the surfaces.

Let u', u2, u? be a set of coordinates for the surface Sy with three-dimensional

metric
o 0
500 = (g 1)

By assigning the same coordinates to the mapped point ¢ = ¢¢(p) we set up a
coordinate system ¢, u', u?,u? in the neighbourhood of the surface Sy such that

9
ot’

o 0
<8uat> =0

The metric in these coordinates is therefore of the form

K =

(ds)?* = —a(u)(dt)? + 7i; (w) (du’)(du?) (12.4)

where a is a positive function of u determined by the Killing vector

—a(u) = (K,K) = <§t,§t>.
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12.4 Fermi Transport

Construction of a Parallel Vector Field Starting from a Point

Let C : I — M be a curve, that is, a differentiable mapping from an interval
I on the real line into spacetime M. Choose natural coordinates and basis. Let
T(s) = TH0/0x"|c(s) be the tangent vector to the curve.

Let p = C(s) be a point on the curve and let ¢ = C(s+As) be a neighbouring
point on it. Let v* be four real numbers chosen as the components of a vector at
p. If z# and z* + Az* are coordinates of p and ¢ respectively, define

H__ T v, o
v =" =T, Az"v

as the components of the vector parallel transported to q.

By repeating this process, starting with a single vector at a point p on the
curve we can define vectors all along the points on the image of the curve by
parallel transporting. Let us write v#(s) as components of the parallel displaced
vectors. Then as As — 0 the ratio Az#*/As tends to T#(s) so

dot

% + T T (s)” (s) = 0.
Thus the parallel transport components are determined by the ordinary differential
equation which has a unique solution given the initial value of v* at a fixed value
of s.

The vector fields V' = v#(5)0/0x"|c(sy and T = T"(s)0/0x"|c(s) are de-

fined only on the point of the curve. If the fields were defined everywhere in the
neighbourhood we would have written the left-hand side of the above equation as

DV

Il
+
—
=
N
N
—
V)
~
<
Q
—~
V)
~—~

We will write the above equation for parallel transport as D7V = 0 with this
understanding, that the fields in question are defined only along the curve.

A geodesic curve is one for which the parallel transport of the tangent vector
is proportional to itself

DTT = f(S)T,
and if we choose the parameter s defining the curve as an affine parameter, then

DrT =0 for a geodesic with an affine parameter.
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Restriction of a Vector Field to a Curve

Let X be a vector field in a neighbourhood of the range of a given curve. Let X(s) be the
assignment of vectors of the field X at the points corresponding to parameter s of the curve.
If there is a coordinate basis in the region, then the components X*(x(s)) are functions of s.
We can see from the discussion in the previous paragraph and the definition of the covariant
derivative that

m
As(DrX)t = AsT¥ (8X

dxv

VES

= XM(s+ As) — Xﬁ(s+As)

where Xﬁ* (s+ As) = XH(s) —I'bs Ax¥ X7 are components of the parallel displaced vector X (s)

to s + As). This equation determines the condition for parallelism of the restriction of the field
on the curve.

We define a vector field X as parallel along the curve C if DX = 0 at all points on the
curve.

Two vector fields X and Y, both parallel along the same curve, may be different elsewhere
but if they agree at one point on the curve, then they agree all along the curve because of this
uniqueness.

Orthonormal Frames Along a Curve

An observer (confined to a small region of spacetime) will describe physics in his
frame of reference using an orthonormal set of tangent vectors as instantaneous
axes at each point of his history. An observer moves along a time-like curve s —
z(s) in spacetime. The instantaneous time axis of the observer’s frame of reference
is along the tangent vector T'(s) to the curve. If we choose s = c7 (proper-time
multiplied by light velocity constant ¢) as the curve parameter, then moreover,

(T'(s), T(s) = 1.

Therefore in order to describe physics from the observer’s point of view we must
further specify the remaining three space-like vectors of the orthonormal set all
along the curve.

Observer Along a Geodesic

An observer falling freely in spacetime moves along a time-like geodesic. In this
case we are given a time-like geodesic curve, C' : I — M, the trajectory of the
observer. The unit tangent vectors T'(s) to the curve with (T'(s),T(s)) = —1 are
in the direction of the instantaneous time axis for the observer. We would like to
choose the remaining three space-like unit vectors such that along with 7'(s) they
provide an orthonormal frame of reference for the observer. The number of ways
this can be done is infinite. If X (s), Y (s), Z(s) are three vectors orthogonal to each
other and to T'(s) in the tangent space at C(s), then any rotation of these three
can give another possible choice.
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As the curve C is a geodesic DrT = 0. We can choose any three vectors
X(0),Y(0), Z(0) orthogonal to T'(0) and to each other. Then, they can be par-
allel transported along C' from the point C'(0) to the point C(s) and defined as
X(5),Y (5), Z(s).

Under parallel transport, the inner products do not change, and the vector
T(0) is parallel transported to T'(s) because the curve is a geodesic. Therefore we
have the orthonormal frames T'(s), X(s),Y (s), Z(s) at points C(s).

Fermi Transport

When the curve of the observer’s history is not a geodesic, that is, the observer is
not in free fall but accelerated, the tangents T'(s) are still time-like vectors which
can be normalised to (T'(s),T(s)) = —1 by choosing s = ¢7 as the parameter along
the curve.

As the curve is not a geodesic, we do not have DpT equal to zero. But DT
is orthogonal to T" all along the curve because of the constant norm

d
T T(3), T(s))

DT ((T(8)7 T(S)>>
(DyT,T) + (T, DrT) = 2(DsT,T) = 0.

Let V#(0) be four numbers giving the components of a vector in T}, at point
p (s = 0) orthognal to T(0). If we parallel translate this vector to ¢ corresponding
to As, its components will be

V[t = V¥(0) = T4, A2V (0).

When we construct the vector

V=V s
I 81;Nq

then Vj is not orthogonal to T'(As) but rather to the parallel translate T of 7°(0)
to ¢ because the parallel translation respects the inner product. The components
Ty are

Tﬁ‘ = TH*(0)—-T% Az"T(0)

= T*(0) — AsT't_T"(0)T°(0)
TH(As) — As(DpT)*.

We must make a correction to VH” so that it is orthogonal to the time axis T'(As).
Let the correction (which has to be of the order As) be W, then

(V| + W, T(As)) = (Vi + W, T} + AsDrT) = 0;
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this gives up to order As,
(W,T})) ~ (W, T) = —As(V]j, DrT) ~ —As(V, DyT).
This suggests a definition of the correction term W (remembering (T, T) = —1),
W = AsT(V, DyT).

Thus we get the definition of Fermi Transport: A vector V(0) at point p (s = 0)
which is orthogonal to T'(0) is Fermi transported to ¢ (s = As) to become

V(s+ As) = V(s + As) + AsT(V, DrT).

Or, bringing the right-hand side to the left and dividing by As, the Fermi trans-
ported vector field along the curve satisfies

DYV = DV —T(V,D7T) = 0. (12.5)

This definition is restricted to vectors which are orthogonal to the curve but we
can extend the definition to any vector field V' and say that it is Fermi transported
along a curve if DpV —T(V,DyT) =0 .
We can check that a Fermi transported vector V' remains orthogonal to the
curve
d
ds
because DpV — T(V, DyT) = 0.
Moreover, two vectors orthogonal to the curve preserve their innner product.

(V(5),T(s)) = Dr(V(s),T(s)) = (DrV,T) +(V, DrT) = 0

Dr(V(s),W(s)) = (DpV,W)+ (V,DpW)
(I(V,DrT),W) + (V,T(W, DrT))
= 0

because (V,T) =0 and (W, T) = 0 as well.

An orthogonal set of vectors X (0),Y(0), Z(0) chosen normal to T'(0) can be
taken by Fermi transport along the curve to give an orthonormal set of vectors
X(s),Y(s), Z(s) normal to T(s) for all s.

12.5 Fermi-Walker Transport

The Fermi transport has the following shortcomings.

Vectors which are not orthogonal to T' when Fermi transported, do not pre-
serve inner products. In particular, they change their norm or length. Moreover,
the vector T itself is not Fermi transported DY T = Dy T # 0 unless the curve
is a geodesic.
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This is corrected by the Fermi-Walker transport which is defined as the
condition

DEVY = DpV — T(V, DT + DrT(V,T) = 0. (12.6)

We call DEW'V the Fermi-Walker derivative of V' with respect to T along the
curve.
With this definition the following properties are satisfied:

1. If the curve is a geodesic, then the Fermi-Walker transport is identical to
parallel transport: if DT = 0, then DITTWV = DrV.

2. DQI‘:WT = 0, that is, the tangent to the curve is always Fermi-Walker trans-
ported.

3. If V(s), W(s) are Fermi-Walker transported vectors, then their inner product
remains constant along the curve

d
£<V(5)7 W(s)) =(DrV,W) + (V, DrW).
Use DEWV =0 = D7V —T(V,DrT) + DrT(V,T) and the similar equation
for W to get
d
£<V(3)7 W(s)) = (I(V,DrT)— DrT(V,T), W)

+V, T(W, DrT) — DrT(W,T))
= (T,W)V,DrT) — (DrT,W)}V,T)
+V, TY(W, DrT) — (V, DrT)(W,T)
= 0.

4. If there is a space-like vector V' orthogonal to the curve at all points (that
is, (V(s),T(s)) = 0 for all s), then its Fermi-Walker derivative along the
curve is the same as taking the “horizontal part” of the covariant derivative.
The horizontal part h(X) of a vector field X with respect to the unit tangent
vector T to a time-like curve is obtained by subtracting from X its projection
along T

hMX)=X+T(T,X)

(the reason we have a plus sign is because (T, T) = —1). The horizontal part
has the property that (h(X),T) = 0.

We know that if V' is orthogonal to T" along the curve, then

d
£<V7 T) = (DrV,T) + (V,DrT) = 0.



246 Chapter 12. General Features of Spacetime

Therefore,

D"V

DV —T(V, Dy T)
DV +T(DsV,T)
= h(DgV).

The physical meaning of this last property is this: V' is already orthog-
onal to T all along. So any horizontal change in it along the curve can only
come from rotation of the vector in a plane perpendicular to T'. The condition
of Fermi-Walker transport DEWV = 0 means that the vector is transported
without any rotation. This is essential to find the behaviour of gyroscopes
when carried by accelerated observers.

12.6 Penrose Diagrams

The nature of the physical spacetime is determined by the structure of its light
cones and the time-like and null geodesics. Let there be two different metrics on the
same manifold, (or on two different manifolds with a mapping ¢ : p — ¢ defined

between them). One is the physical spacetime ds? and the other, a ‘fictitious’
~2

metric ds “conformally” related to it. That is,

~ 2

ds*(p) = (Qq)) " ds (q)

where € is a smooth function (therefore Q2 > 0). The time-like, space-like and
null tangent vectors at any point p are mapped then into similar vectors in the
other metric at ¢. This is specially useful for an analysis of the asymptotic regions
of the physical spacetime if such regions can be mapped onto finite regions (that
is, a set of points with finite values of the coordinates) of the other spacetime.
This will happen when Q(g) — 0 when we make p approach an asymptotic region
of the given spacetime.

Penrose diagrams are pictures of the second metric with finite ‘boundary
points’ representing ‘infinity’ of the physical spacetime.

The idea is best illustrated by the Penrose diagram for the Minkowski space.
The metric of Minkowski space is (changing to polar coordinates in spatial coor-
dinates to bring out spherical symmetry)

ds® = —dt* + dr? + r*(d6? + sin® 0 d¢?) = —dt* + dr? + r’dw?

where we have denoted the angular part df? +sin” 6 d¢? by dw? and write ¢ for ct.
Define the null coordinates for outgoing and ingoing light rays,

v=t+r, u=t—r
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which brings the metric to
2 1 27 2
ds® = —dudv + Z(U —u)*dw”.

In order to map an infinite region onto a finite region we use the simplest trigono-
metric functions © = tanU and v = tan V' which map infinite intervals (—oo, 00)
of u and v to —7/2 < U,V < 7/2 in a one-one onto manner.

1

ds* = —————
5 4cos?2U cos?V

[—4dUdV + sin*(V — U)dw?] .
Defining R and T as
V=(T+R)2 U=(T-R)>

we get the desired form

~ 2
ds* = Q7?[—dT? + dR? + sin® Rdw?] = Q72 ds

with Q = 2cosU cos V.

The following diagrams show the mapping of the region in these coordinates.

The 6 and ¢ coordinates are to be associated with each point with fixed values
of T'and R. In other words, each point of the triangular region in R, T coordinates
is associated with a 2-sphere S? of directions 6, ¢. It is traditional (and convenient)
to double the set of points by joining another triangle and completing a diamond
shape region with each point representing only half a 2-sphere. This can be done by
dividing S? into two halves by a plane and assigning a point T, R with directions
in one half and the point —R, T the opposite directions in the other half. The time
axis common to both parts still has the full sphere associated to its points and the
end points iy corresponding to spatial infinity R = +7 have to be identified.

The spatial part in the metric ds?,
dR? + sin® Rdw?,

is precisely the metric of the three-dimensional maximally symmetric space with
positive curvature. This is just the space S3 as a subset of R* with the induced
metric.

We can see the following features of the Penrose diagram:

1. All time-like geodesics begin at the past time-like infinity ¢~ and end at
future time-like infinity i*.

2. Null geodesics are straight lines at £45°. They start at Z~ and end at Z7.
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Fig. 12.1: Mapping the region r € (0,00),t € (—00,00) into the finite
region R € (0,7),T € (—m,w) through the transformation given in
the text. The points i7,i~ correspond to T' = 7, T = —7 and are
called future time-like infinity and past time-like infinity respectively.
The point i® which corresponds to R = 7 (or r = 00) is called spatial
infinity. The segments ZT and I~ are called future null infinity and
past null infinity respectively.

Relation with the Einstein Static Universe

The underlying manifold of the Einstein static universe is R x S? where the real
line R represents time and S is the three-sphere.

The time coordinate T of the Einstein universe runs from —oo to +o00 and R
from 0 to 7. Each point of this ‘strip’ is associated with the other two coordinates,
0 and ¢ which constitute a 2-sphere S2. Just as we did for the Penrose diagram
above, we can take a copy of the strip and let R run from 0 to —7. By joining the
two strips along R = 0 and R = £ lines we get a cylindrical geometry for the

~

Einstein static universe R x S® with metric ds .

Then it is obvious that the diamond-shaped finite Penrose diagram which
represents the entire Minkowski space can be regarded as conformally equivalent to
a portion of the Einstein universe, namely the part of the cylinder with appropriate
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range of coordinates. This makes it possible to do analysis at the future, past and
null infinity in a Minkowski spacetime as these regions correspond to finite points
and line segments in the Einstein universe.

It It

Fig. 12.2: The Penrose diagram with each point representing half a
2-sphere except the time axis (the middle vertical line in the first di-
agram) whose points represent the full 2-sphere. The diagram on the
right shows the trajectory of (a) a particle sitting at a fixed point, (b) a
particle travelling from the (spatial) infinity at constant velocity, pass-
ing through the origin and going off to infinity (c) a stationary particle
in remote past getting acclerated in one direction and asymptotically
moving with velocity of light.

Of course for the Minkowski space this elaborate exercise may not be needed,
but the same idea can be applied to more complicated spacetimes. The usefulness
of Penrose diagrams arises from the fact that the light cones always open at right
angles (null geodesics run along 45° lines).

We shall construct Penrose diagrams for illustrating the causal structure of
Schwarzschild spacetime in chapter 14.

12.7 Solutions of Einstein Equations

It can be proved that on any differentiable manifold there exist an infinite number
of possible Riemanninan metrics. Do any of these represent physical situations?

In a trivial sense, solving Einstein equations is very easy: just take any four-
dimensional Riemannian space with signature two, calculate the Einstein tensor
G and declare that the chosen metric is the exact solution to the Einstein equa-
tion for the matter distribution whose stress tensor is

C4

Tl“j = %Guy.
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But how do we ensure that this stress tensor represents any physically reasonable
mass-energy distribution? In other words, if we are given a symmetric tensor T#
such that T#",, = 0, what conditions must it satisfy to qualify as a possible tensor
for some gravitating energy distribution?

The stress-energy tensor of a perfect fluid has the standard form T+*" =
pg’ + (p+p/c?)U*UY where U is the four-velocity of the fluid. Therefore pc* =
T, U*UY > 0. The velocity vector of a matter distribution is a time-like vector.
Therefore we expect our stress-energy tensor to satisfy the condition 7, U*U" > 0
for every time-like vector U#. This inequality is called the weak energy condition.
(Since the set of time-like vectors has light-like vectors on its boundary, continuity
requires that the energy condition also hold for light-like vectors U as well.)

When we discuss the Raychaudhuri equation in the last chapter of the book
we will encounter another reasonable expectation from the tensor called the strong
energy condition which amounts to requiring

1
(TW - 5g,wT> UrUY >0 (12.7)

for every time-like vector. Energy conditions on a stress-energy tensor are crucial
in proving the singularity theorems . Roughly speaking these theorems state that
under very general and reasonable assumptions on the stress tensor, the resulting
spacetime may contain points where trajectories of particles or light rays converge
and focus. Such points correspond to infinite values of curvature and are called
singularities. A completely spherical collapse of dust will lead to such a singularity.
These theorems tell us that singularities are not a feature of a highly symmetric
gravitational collapse but are generic in nature.

12.8 Tutorial

Exercise 62. A connection on two-dimensional space has a component I'}; = 1 and
other components zero in some coordinates ', z?. Choose Riemann normal coordinates
about point (0,0) and show that the space is in fact flat Euclidean space.

Answer 62. w'; = dx', others zero. Q°; = 0 so the space is flat. The geodesic equations
are

d*zt dz*\’ d*a?
Y 9
e ( dt ) e
The geodesics which pass through (0,0) and have tangent components (u',u?) are
ot = In(u't + 1), r” =u"t.

At t =1 these equations give the Riemann normal coordinates u',u? in terms of !, z%:
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Project on Vaidya-Like Spacetime
The Schwarzschild metric
(ds)2 = —(1(7’)(:2(d15)2 + (l/a(r))(dr)2 + T’Q(dﬁ)2 + 2 sin? 9(d¢)2

where a(r) = 1 —2GM/rc? takes a useful form; if we define a new coordinate v in
place of time cdt by

dv = edt + i7 (12.8)
a(r)
then the metric looks like
(ds)? = —a(r)(dv)? + 2(dv)(dr) + r*(d0)* + v sin® 0(d¢)? (12.9)

in these outgoing Eddington-Finkelstein coordinates. This project requires calcu-
lating the curvature and Einstein tensors for a metric of this type where function
a has dependence on both r and v.

Exercise 63. Given a metric
(ds)? = —a(r,v)(dv)? + 2(dv)(dr) + 2 (dB)” + r* sin” O(dp)* (12.10)
calculate the connection, Riemann curvature and Einstein tensor for this spacetme.

Answer 63. Main steps
In coordinates z*,7 = 0,1,2,3 with ° = v,z! = r, 2% = 0,2® = ¢. The metric compo-
nents are (those not written are zero)

—a 1
o oN_ | 10
ori o) 99 r? ’
0
1

N N Y a
<d$,d$>—g —_ 1/7,,2

1/r?sin” 0

Let b = y/a, define an orthonormal basis of 1-forms a®,a = 0,1,2,3. (Hopefully the
indices a,b = 0,...,3 would not be confused with the functions a(r,v),b(r,v) or ¢ with
speed of light!)

(=]

= —bdv+ (1/b)dr
(1/b)dr

= rdf

7 sin @do

-

w

e 2. 2 2
(V)

<aa, O{b> _ nab
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where n“b has diagonal terms —1,1,1, 1. Others are zero. The inverse relations are

dv (o' —a) /b
dr = ba'

o = o /r

dp = o’/rsiné.

The Cartan equation identify the non-zero coefficients of fus. as

foor = B = —Jfoo
fion = c = —fuo
fo12 = bfr = —fon
faz = bfr = —f33
fazz = cotf/r = —faa
where
by
B = _b,r+b_2,
b

The matrix of connection 1-forms calculated with the help of Ricci rotation coefficients
is

0 Ba” + Ca! 0 0
Ba® + Cat 0 —ba’/r —ba®/r
W p = 2 3
0 ba” /r 0 —cotOa” /7
0 ba®/r cot 0o /r 0

The curvature matrix
Q% = dw®y + w A w

can be calculated easily and the non-zero components of

Qab = nachb
are
Qo1 = D(ao AN 0[1)
Qoz = bB("A®)/r+bC(a! Aa®)/r
Qs = bB"A®)/r+bC(a Aa®)/r

) (@® A a?) — E(a! A a?)

’

) (0" nat) - B! na)
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where
D = bby+(by)°
E = bb_”r_’_bi.
r br

To convert curvature components to the original coordinates v, r, 0, ¢ we use the matrix
which connects a® to dz* = dv,dr,df, do,

a* = U%dx',
and use expressions of a® A o® in terms of dv A dr,dv A df,dr A d¢ ete. The curvature
matrix of two-forms *; in these coordinates is then given by

Qz'j — Ut.anUt,.

The Riemann curvature components in v,r, 8, ¢ coordinates then can be read off from

) 1.
sz — —szklda:k A dzt.

o
The non-zero components are in terms of original function b = /a:
Eoom = —[bb,r+ (b,r)z]
Ry, = —brb,
Ry, = —brb,sin’@
Ry = —0[bber + (br)°]
Ry, = bbert (by)°
Ry, = —brb,
Ry = —brb,
R'ys = —brb,sin’0
R'yy = —brb,sin’0
3
Ezooz = _b7 (byr - I;_;)
Ezou = bb./r
Ezloz = bb./r
R, = (1-0b%)sin’0
3
Esoos - _b7 (b,r - l;_;)
E3013 = bbr/r
Eslos = bb./r
Eszzs = V-1
The Ricci tensor has just four non-vanishing components
Ry, = Ubbyr + (b)) + 2bb,/r] — 26D, /1
Ry = —[bbr (6. + 26D, /7]
Ry, = 1—0>—2brb,

Ryy = [1—b>—2brb,|sin’0.
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The Ricci scalar is

R=g"R;; =—2bb,, —2(b,)" — 8bb/r +2(1 — b*)/r®

and the Einstein tensor G,; = R,; — (1/2)g:; R is

Gy = b(1=0)/r" =20°b,/r — 2bb,/r
Gy = 2bb,/r—(1=0")/r

Goo = brlbo, +2brb, +1r°(b,)*

Gay = sin® 0G,,.

If there is no dependence on the time-related coordinate v, then the vacuum equations
give the Schwarzschild solution

constant

B2 _
a(r) =b6"=1 .

If that constant is replaced by a function of v, then we get the metric discovered by
P.C.Vaidya in 1953,

2GM(v)

a(rv)y=1-— .

In this case only Gy, is non-zero. The Vaidya spacetime corresponds to an exact solution
of the Einstein equation,

, 8l

Gi; = —a T

with a stress-energy tensor whose v-v component alone is non-zero in these coordinates:
¢t &AM

Too = —Goo = ————.
T 8rG T T A dw

Such matter is sometimes called null dust.

Exercise 64. OPTICAL METRIC
Let g be a static metric of the form

_f goo O
g;.w—( 0 g”)

with ¢ = z° the time veriable and ¢, % = 1,2, 3 space coordinates. (Remember that g,.
are not dependent on ¢ for static spacetime and that in our choice of notation goo is a
negative quantity.)

Let

L
Yij 900" ij
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be a metric in three-dimensional space. Show that the three-dimensional geodesics of v;;
are the spatial projections of null geodesics of the four-dimensional metric g,..

Answer 64. We have the following relations for the Christoffel symbols:

gy, = 0

M6 = 56" (on0s) = (nv=g)i = A,
Iy, = 0

Too = Y"Am, 77 =—goog”

Iy, = 0

Iy = f;k +85A K + 0RA ;= Yy A,

where fjk are Christoffel symbols for the metric v;;. A null geodesic in the four-
dimensional metric satisfies (for &* coordinates)

o = &ot g (420N doddot
T ax? RPN RN dA
_ fr s deddet (A0 deddst | dot
e TRy T A U TIETIN A AN

oA RN T AN

the quantity in square brackets being zero because dz* /dX is a null vector. The parameter
A is an affine parameter for the null geodesic in four-dimensional space. To change to an
affine parameter for three-dimensional space we choose the length ds which is related to
dz® by

ds® = ’ijdmjdmk = —g%gjkdatjda:k = (dmo)gy

therefore we can choose x° =t = s as the affine parameter. Changing

4 da B

d\ ~ d\ ot

we get,

e’ d (dadz’\ 2" da’ | (da®\? &
A T dx\'dx dt ) da? dt ' \dx ) ez

therefore the null-geodesic equation becomes

=0.

P [dh i doddit]  df et det
d\ arz R T Tat d\2 dt AN
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The last two terms add up to zero because of the z° component of the null geodesic
equation

d%2° dxt dx? d%2° dat dzt da®
T 424 = — Ay
e at T e at A
dzt [d%z° dz™ dz°
T [dv F24An H]
dz® [dz° o dx™ dz®
Cdt [d,\2 +2on =3 H]
= O,

thus

2t~ da? dzP

ae U g

[The metric v;; has been called the optical metric by G.W. Gibbons and M.J. Perry in
Proc. R. Soc. Lond., A358, 467 (1978)].
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Weak Gravitational Fields

In all ordinary situations Einstein’s theory of gravity differs from the Newtonian
gravity by very small corrections. But conceptually it gives many predictions which
are startling. For example a spherical mass rotating slowly about an axis will “drag
inertial frames” so that the spin of a gyroscope far from the mass will precess.
Another prediction of the general theory of relativity is that perturbations of the
metric g, propagate as waves.

13.1 Einstein Tensor for Weak Fields
We assume that coordinates can be chosen such that the metric tensor is given by

Yuv = M + Py (13.1)

where the spacetime dependence is only in h,, which are assumed to be much
smaller than the ‘background’ Minkowski coordinates with metric 7,,. We will
neglect quantities which are second or higher power in h,,’s.

The contravariant form of a metric tensor is

g =g 4 kM

pv

where k#¥ are small. From ¢"”g,, = 0¥ we see that up to terms of first-order

v LV v 0" LV v Lo, VT
kY = —ht ; gl :77/ —ht ’ ht :77/ n hor.

We shall use the metric 7, and n*” to raise and lower indices in h,,,, for
example h¥ = n*h,,. As n’s are constants the derivative indices can also be
raised or lowered, for example h#*"7 = n°7 (h*) ; etc.

The Christoffel coefficients, I'’s, are first-order quantities because 7 are con-
stants

1
Fllja = 577M>\ (h)\u,a + h)\a,y - hua,)\)
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and the curvature and Ricci tensors

1 . _ u 14
R vox @ — Fuo,)\ + Fl/)\,a’
_ I "
Ryo = 1.0+ T0su

because the last two terms in the curvature tensor are quadratic in I'’s. Substitut-
ing the expression for I'’'s we get

2Rl/‘l' = n”g[*hua,ln' + h,uu,a'r + h/J.T,l/O' - hl/T,/LO]
and further
R= (W), — 0°h

where h = hi; = n/""h,,, and

2
0 =" 0,0, :—(8 ) +V°
= O Oz

is the d’Alembertian operator in Minkowski space.
The Einstein tensor for the weak field case is, therefore

1 1
Ryr = giteR = 5 () e+ (W) v = hour = D]
1
+5 e [—(h"7) o + O°A] (13.2)
and the Einstein equation is
167G

_CTTVT = azh,uT + (h),VT - [(hﬁ),uT + (hg),ﬂl’]

r [(W) o+ O] (13.3)

This can be further simplified by changing to the “reversed trace” perturbation
defined by

— 1

hyw = hyw — §U#Vh~ (13.4)
It is called reversed trace because E = n“”ﬁw = h — 2h = —h. We can write the
original quantities in terms of the h quantities as
_ 1 - _ 1 -
b = s = b Bl = hl — F0uh.

In terms of these the Einstein equation simplifies to

167G
T a4

hir — [(El:)lrr + (E:-L)IW] + WVT(EIM),NG = c Tyr. (13.5)
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13.2 ‘Fixing a Gauge’

Recall that we can make use of diffeomorphic invariance to simplify formalism.

Any metric g is as good as the pullback ®*(g) for a diffeomorphism ® of the
spacetime. We choose a one-parameter group of diffeomorphisms ®; generated by
a vector field X = £#0,,. Under this, the metric tensor changes, for small ¢ by

((I):g)/_w = Guv + tég,ulla 59;“/ = gu;u + gu;;r

We shall absorb the infinitesimal ¢ into £ itself and regard £ as a small quantity
of first order like h. Thus &, = g,,§" = N €” and we can replace the covariant
derivative in &,,;,, by ordinary derivatives because the Christoffel symbols are small
too.

Choosing a suitable diffeomorphism so that Einstein equations in the new
(pulled-back) metric are obtained in some desired form is called fixing a gauge
in analogy with choosing the gauge in electrodynamics or in gauge theories of
elementary particle physics.

Let us write the pullback

((I)Ig);w =N + H,um H;w = h,uu + g,u,u + gu,u

and construct quantities H,, = H,, — %nle as before. Then the ‘gauge’ (that
is choice of &) that simplifies the equation is the one for which

H"), =0, “Lorentz Gauge”. (13.6)

)

That this can actually be done is straightforward to see. We have

H = h+20"¢,,,
" 1
H" = H" - n"H

= R T
and
H"), = [®"),, + 07"
So (H"),, = 0/if € is chosen such that

¢t = —(1"),,.

)

This is always possible. In fact there is a residual freedom still in the choice of £*.
We can add to the chosen ¢ any &/ which satisfies 9%¢!' = 0.
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13.3 The Solution

Having chosen the gauge we can call our H quantities again by the original name
h with the understanding that now it satisfies the additional gauge condition

(", =o0. (13.7)

With the gauge having been fixed the Einstein equation is

v 167G
O*n" = ——a T (13.8)

whose solution is well known from classical Maxwell electrodynamics,

4G TH (29 — |x — x'| /e, x")

ct |x — x/|

" = a3z, (13.9)

13.4 Static Mass Distribution

We first take the simpler case of a static mass distribution near the origin. The
stress-energy tensor has only one non-zero component 79 = pc?:

pc2 0 0 0
= 00 (13.10)
0 0 0 O

Therefore the gravitational field at x (away from the mass distribution which is
concentrated near the origin x’ = 0) is obtained by mtegratmg Wlth r=|x—x|
pulled out of the integral. The only non-zero component of "

— 4 2 4GM
700 _ 4G [ pc do — G
ct r rc?

where
M = / pc? dv.

— —00  —00
hoo = (n00)*h =h

The trace is h = n“”ﬁw = —4GM/rc®. Therefore from huw = EW — nwﬁ/2 we
get

The covariant tensor

2GM
rc2

hoo = hi1 = hoy = h3s = (Static mass distribution).
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Thus, our metric for the weak static field is

ds®> = — (1 — ler\f) CQ(dt)Q
(10290 s @ e @) s

As simple applications of the metric in this approximation we rederive the formula
for light deflection and another effect called the Shapiro time delay.

13.4.1 Light Ray in a Weak Field

Let K (A) be the tangent vectors of a null geodesic, (K,K) = 0 and DgK = 0
with affine parameter .

dxt
K* () = —.
() =—5
Y
A
K*(0
A (0) R
b
X
@ >

Fig. 13.1: Deflection of light.
Light ray starts at A parallel to X axis. It bends and develops a small
component in the negative Y direction due to mass at the origin.

We assume the light ray to start (¢ = 0,A = 0) from a point A (see Fig-
ure 13.1) (z#(A) = (0,0,b,0)) and with initial direction along the z' axis. Thus
the tangent vector to the geodesic is initially

K"(0) = (1,1,0,0) + O(h)

where we generally denote small quantities by the symbol O(h) ~ hoy = h1; etc.
The geodesic will stay in the z'-z2 plane under the assumption that all mass is
concentrated near the origin.
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The equation for parallel transport of K along the geodesic is

dK*
dA

= T¢ K"K°.

We are interested in finding the first-order change in the direction of the geodesic
far away (2! — 00). This change comes from O(h) changes in K2. To calculate to
lowest order we can replace K¥ K on the right-hand side by their initial values
K9 ~ K! = 1. Thus the following equation holds,

dK2 2 18 7d
- = TLKUK
—(T3o + 205, + 1))
= hoo,2
_ 2GM z?
= 2 30

using hgg = h11 = 2GM/(rc?). To lowest order 22 stays close to b, so that

z? b

-~
~

and we can write

ax dz! 1
Therefore
_ 2G'Mb dz!

Integrating on x! from 0 to co we get

2GM
be?

K?*(00) = —

The ratio of K2?(c0)/K*(c0) &~ K?(00) gives the angle made by asymptotic direc-
tion of the light ray with the z' axis .

2GM
= ——5—. 13.12
bC2 ( )
For a light ray coming from infinity, going past the source at a distance b and then
observed again at infinity, the geometry of the curve is symmetric and the two
deflections add up. Therefore the deflection is twice this value, that is 4GM /bc?.
This is what we calculated as the light deflection in a Schwarzschild field.
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13.4.2 Time Delay

As another example we estimate the background coordinate time that light will
take to go from the point A(0, b, 0) in the figure to point B(X,b,0). In the absence
of gravitating body the time will be just X/c. In presence of a big mass at the
origin the time taken is slightly more than this. The excess is called the Shapiro
time delay.

Y

Fig. 13.2: Time delay.
The time taken by light to travel from A to B according to flat space
clocks is an amount [2GM/c®]In(2X/b) greater than X/c which it
would take in the absence of the gravitating body.

We make assumptions similar to the last section. Neglecting the vertical
change in the path of the ray,

(ds)? = —c*(dt)*(1 — H) 4+ (1 4+ H)(dz)* =0

where
2GM
H = G 5
re
implies
1
dt ~ —(1+ H)dz
c
Therefore

/dt _ 1/X{1+2GMd4
o Va4 b2
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Using the standard integral

/ & s/
——— =1n[s s

Vs +1

the delay is to leading order

2GM 2X
At = CS In <b> .

If light comes from some source S at a large distance X’ and after passing the
gravitating body at perpendicular distance b is received by a detector B at a
distance X, the time delay compared to the time when gravitating body is absent

is therefore the sum
2GM 4X X'

If the source is kept at B and a signal is sent to S which reflects it back, then the
round-trip delay is twice this value.
We have estimated the delay under simplified assumptions. A more careful

calculation gives
/
At AGM [1 +1In (4RR >] (13.14)

round trip — T 3 2
where R, R’ are the distances of B and S from the gravitating body and rg is the
distance of closest approach of light to the body.

13.5 Slowly Rotating Mass Distribution

Let us calculate the field of a mass distribution slowly rotating with a constant
angular velocity about the z-axis of a cartesian coordinate system. We assume the
mass to be concentrated around the origin and symmetric about the z-axis. We
calculate the field at a point far away from the body.

Matter in the non-relativistic regime will have negligible pressure (the kinetic
theory of gases gives pressure proportional to average velocity square times mass
density p which is much smaller than pc?). Therefore the stress-energy tensor is of
the form T = pU*U". If the mass distribution is rotating slowly with constant
angular velocity w about the z-axis, then

Ut = (c,v' = —wa? v? = wa',0)

which is, neglecting terms of O((v%)?/c?),

2 —cwz? cwz! 0

v " —cwz? 0 0 0
TH =~ pUMUY = p cwrl 0 0 0 (13.15)

0 0 0 0
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From our formula for weak fields (written for a contravariant metric tensor) the
non-zero 1" =B are for p, v = 00,01,02. We calculate these.

First of all there is no time dependence in TH”. The masses are moving,
but velocities are constant in time. This is the stationary situation analogous to
stationary currents in magnetostatics.

T (20 — |x — X'| /e, x') = TH (X').
Therefore using the fact that r = |x| >> |x/|,

1
[ — x|

(IxP? + x[2 - 2x.x) /2

! A A
1 zlat + 2222 + 2328

r 73

Q

)

we can write the leading order contributions to ",

0 4G [ )
ct ) |x—x|
= 2 p(x")d’a’
AGM
c2r
01 4wG

33

)
/p(x')xQ/(arlxl/ + 222% + 232 ) dPa

4wGx?
S PR
cor

- 4wGx?

Iz
33 '

where (i) M is the total mass, (ii) the integration over 22’z!" and 22'z®" vanish
because of symmetry of mass distribution and (iii) Iso is the moment-of-inertia

component. Similarly,

4, 1
j Gt
cor

The mass distribution is symmetric about the z-axis. Therefore we can use the
perpendicular axis theorem of moments of inertia,

Iy = Ip = (111 + I32)/2 = I33/2.
The angular momentum is equal to

J = w133. (13.16)
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To the order of approximation used, the components &' are

—00 4GM —01 2JGx? —02  2JGz!
c2r’ c3r3 c3r3 ( )
The trace h is h = Eg = 7500 and therefore h,, = EW — nwﬁ/Q are
2GM
h° = —— = hq,
c3r
.  2GM
Sy ST v
c3r
2JGx?
01 _ _
R = = o —hon,
2JGa?
02
h 5,3 —hga.
The metric for this case is thus g., = u, + Ry,
2GM
d 2 = (1= d 0\2
(ds) (1- 255 (@)
2GM
+ (1 + sz > [(dz)? + (dz?)? + (dz®)?]
4JG [zt (dx?) — 2%(da?) 0
~ 5,2 ( " ) (dz”) (13.18)

where, as is physicists’ custom, we write go; and g1¢ terms together.

Actually, the form of this metric is more general. Even if the source is not
the Newtonian, slowly moving matter but fully relativistic, the fields at a large
distance will have this form.

13.6 Gravi-Magnetic Effects

13.6.1 Freely Falling Gyroscope

Newtonian gravity depends only on instantaneous mass distributions or density,
whereas Einstein’s theory involves all components of the stress-energy tensor.
These include mass and energy flow. We have seen in the last section how gravita-
tional fields are modified by stationary mass-energy currents. These gravitational
fields produce effects proportional to v/c much like the magnetostatic effects of
stationary currents in electromagnetism. If a gyroscope falls along the axis of a
rotating mass distribution such that its spin points in a direction in the plane
perpendicular to the axis, then this spin direction will precess in the plane in the
same sense as the rotating mass as the gyroscope falls. These effects are called
gravi-magnetic effects.
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An early discussion of such effects was by H.Thirring and J.Lense in 1918 who considered
effects at the center of a slowly rotating massive spherical shell. Einstein had come to the same
conclusion in 1913 even before the general theory of relativity was formulated. See discussion on
Mach’s principle in Misner, Thorne and Wheeler (section 21.12) and Weinberg (section 9.7).

A gyroscope is a small heavy symmetric body rotating with its axis supported
frictionlessly on frames which are again mounted so that they are free to move in
all possible directions. The gyroscope can be transported by moving the outermost
frame. The design of frames ensures that to a very good approximation no torques
can be applied to the rotating body. If the gyroscope is in free fall, its spin will be
transported without change, that is, it will be parallel transported. If the gyroscope
is carried by an accelerated observer, then the gyroscope’s spin will be Fermi-
Walker transported. We discuss the free fall in this section and motion along the
accelerated path in the next.

We can represent the spin by a space-like vector .S orthogonal to the time-like
velocity vector U to the gyroscope’s trajectory in spacetime. If the gyroscope is
falling freely (that is following a geodesic) then S will remain orthogonal to U all
along the trajectory because U is also parallel transported along the geodesic.

We now see how the spin of a gyroscope behaves for the mass distribution of
the last section. In order to simplify our calculation we assume a gyroscope falling
freely along the z-axis with its spin pointing in the x-y plane. As the fall is along
the z-axis, 2! = 2 = 0 and 22 = y = 0 along the trajectory. Therefore tangent
vector U (1) of the geodesic has components only along time and z-direction U* =
(U°,0,0,U3). The fact that x!(s) = 0,22(s) = 0 makes many Christoffel symbols
equal to zero along the trajectory. The parallel transport equation

dSH
—j +TH UYS% =0 (13.19)
=

gives to leading order,

ds' _ 26T, dS?_ 267

dr 22377 dr 223

(13.20)

More details are given in the tutorial to this chapter. If we are in the frame
of reference of the falling gyroscope (an inertial frame) we would not see the
precession because the spin is being parallel transported. But it is the background
Minkowski coordinate system (distant stars) that seems to precess with respect to
the gyroscope. The Lense-Thirring precession frequency at ‘height’ z is

2GJ

c223

Qrr = (13.21)
in the same sense as the rotating mass. We express this phenomenon by saying
that the freely falling inertial frame (in which the gyroscope spin is a constant
vector) is dragged along by the rotating mass distribution.
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13.6.2 Gyroscope at Rest

We can generalise the metric of a slowly rotating mass distribution whose angular
momentum is in an arbitrary direction instead of being along the z-axis:

- (1 — 2GM> (dz)?

2
(ds) 2r

+ (1 + 2214) [(dz)? + (d22)? + (dz*)2]

4Ge;jpJ7 zF ;
—%(dﬂdmo), (13.22)
where J is the angular momentum vector and the €;;;, is the antisymmetric symbol
equal to 1 if ijk is an even permutation of 123, —1 if odd, and zero if any two
indices in ¢jk happen to be the same.
If a gyroscope is ‘nailed’ to a point x in the coordinate system with the help
of forces applied to its centre of mass (so that its spin is not disturbed) then the
gyroscope follows the non-geodesic trajectory

(1) = (2° = er, x). (13.23)
The unit tangent vector T, (T, T) = —1 of this path is given by
1
2GM\ 2 0O
T=|1——— —. 13.24
( c2r > 0x0 ( )

The gyroscope’s spin is Fermi-Walker transported along the trajectory. Its com-
ponents S = (0,.5") with respect to the global background Minkowski coordinate
system (“fixed stars”) change as follows:

dcg) +Q;;87 =0 (13.25)
where the precession frequency vector
Q = ¢(Qa23, 231, Q12)
is given by
G

Q= {J + 3X(’;2' J)} . (13.26)

This is worked out in the tutorial. Note that if the J is along the z-axis and the
gyroscope is at rest at a point along the z-axis with its spin S in the x-y plane,
then the precession frequncy vector € points in the z-direction with magnitude
2JG/z3c%. To lowest order the two precession frequencies (of the freely falling and
the fixed on z-axis gyroscopes) match because the correction due to time dilation
factor between coordinate time and the proper time is of one higher order.
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13.7 Energy and Momentum

The Einstein equation relates a geometric quantity, the Einstein tensor G, to the
stress energy tensor 7, of matter. This tensor T}, is the total stress-energy tensor
of all matter and radiation fields except gravity. Gravitational field is characterized
by a conspicuous absence of a separate stress-energy tensor. This is due to the non-
linear nature of the Einstein equations.

The Bianchi identities G = 0 imply T%” = 0. But this is not a conservation
law for energy and momentum of matter. By a conservation of some quantity we
understand that the change in the amount of that quantity inside a closed three-
dimensional volume can be accounted for by the flowing out of that quantity from
the surface of that volume.

We have discussed Gauss’ divergence theorem in section 10.11. It can be
summarised by saying that if there is a vector field X such that divX = X", =0,
then over a four-dimensional domain D,

[ @0 = [ o)) @ = o
D oD

Equivalently as
XY, = X",+I; X"

1
——(V=9) X"
\/jg( ) I
1
= —V-9X"].,
v=s o
therefore X",, = 0 gives a continuity equation

(V=9X"), =0

which can be converted into a surface integral.

It is often stated (somewhat carelessly) that 7", = 0 gives the law of
conservation of energy-momentum for matter. This is not correct. However, if
there is a Killing vector field K, then there we can construct a conserved current:
define

= X”7,, +

P'=TWEK,  K,=g.K°,
then
(PV);V = (T#VKM);V = (T#V);VKM +T’LWKM;V =0

because both the terms are zero: the first from the Einstein equation and the
second because K is a Killing vector field so K, = —K,,,. Thus (P"),, = 0, and
we can interpret P* as the conserved quantity.
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If there is a Killing vector field K, then P¥ = T*"K,, gives a conservation
law: If D is a four-dimensional region with boundary hypersurface 0D then

/ (n,n)(P,n)(Q)op =0 (13.27)
oD

where n is the unit normal vector on 9D and (Q)sp is the volume on the hyper-
surface.

We have seen (in Chapter 10) that there cannot be more than 10 indepen-
dent Killing fields in four-dimensional spacetime. That happens in the maximally
symmetric space like the Minkowski space. The Killing field corresponding to time
translations gives rise to energy conservation, those of space translations give linear
momentum, of rotations to angular momentum and so on. In a general spacetime
there will be no Killing fields, and there will be no conserved quantities either. But
if it is possible to choose vector fields which approximate Killing fields in a small
region of spacetime, then there can be local conservation of energy momentum etc.
Thus it is appropriate to say that T"",, = 0 represents the local conservation of
energy momentum. After all, the conservation laws of energy and momentum in
non-gravitational physics are of this nature. They depend on the near flatness of
the spacetime region in which they are tested.

Conserved Quantities Along a Geodesic

We have discussed the conservation of energy and angular momentum of a freely falling particle
in a Schwarzschild field in Chapter 4. There these quantities were seen to be conserved due to
the existence of Killing fields 8/t and 8/9¢ of the spacetime. In general, if K is the Killing field
and U the four-velocity of the freely falling particle (that is tangent vector to a geodesic) then
(K,U) remains constant along the path. This law represents the conservation of quantities of
the test particle, in a symmetric gravitational field and has nothing to do with the conservation
of energy-momentum of the source of gravitation.

Of course, one can think of the combined source plus test particle stress-energy tensor
producing the gravitational field by the Einstein equation. Then the fact that test particles move
along geodesics of the spacetime must also follow from the Einstein equation. This is indeed so
but these calculations are not easy and can be done only approximately. They were initiated by
Einstein and Infeld in the 1940s.

13.8 Energy Psuedo-Tensor

The equation T"”,, = 0 does not give a conservation law in general but rather
gives the exchange of energy momentum between matter and a gravitational field.
This equation can be written as

TH , = —T* T —T% T (13.28)

where the right-hand side measures the failure of matter energy momentum to

conserve due to exchange of energy and momentum with the gravitational field.
At a given fixed point, we can always choose local coordinates such that all

I’s vanish at the given point. Therefore the right-hand side can be made zero at
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a single point, but in order to define momentum and energy of a field system we
have to integrate corresponding densities over a region and their values at a single
point are of no use.

Does this mean that “gravitational field energy” has no meaning? The answer
is that gravitational field energy has a meaning in those situations where we can
clearly separate the matter and gravitational degrees of freedom. This may require
choosing a special coordinate system.

In the following we discuss the separation of matter and gravitational energy,
momentum etc. for mass distribution located in a finite volume so that we can
choose a coordinate system which is asymptotically Minkowskian. This means we
can write g,, = 7, +h, where the hy, tend to zero as r = (22 +y%+22)/2 — oo,

We have already separated the first-order quantities. Let us write the exact
Einstein tensor as a part of the first-order in h,, plus the “rest”,

G = G+ G,
where GE}V) is constructed from EW = hu — Nuwh/2 as before (section 13.1).
We prefer to use the contravariant version of Einstein’s equations for notational
convenience.

v THY o 7B TR 78 La
—2GY) = a0s[W" ™ R — B — R ]
= 0,0gH"MP (13.29)
where the second line defines the quantity HY*##. It has interesting symmetry

properties. It is , like the Riemann tensor, antisymmetric in v, and in p, 8, as

well as symmetric under the interchange of the pair of joint indices va with u, 3 ;
HvouB — frBra

If we operate by 0, on G‘(‘ly) and sum over v, we get zero because the symmetric

operator 9,0, acts on an expression antisymmetric in v, and both indices are
summed. Thus G’(Ll”) has vanishing ordinary, rather than covariant divergence:

(G1). = 0.

Rearrange the exact Einstein equation as

v 87G ., v
oy = Tl ar,
817G, . y
= CT(T# + )
where
c* v
t'uy = _%foest' (1330)

Because (Gﬁ"))y = 0 we also have the ordinary divergence of T*" + t*¥ zero:

(TH + ), = 0. (13.31)
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This can be interpreted as the conservation of ‘total’ energy-momentum, the
first term T*" giving the matter and the second t*” the gravitational energy-
momentum. Except for this warning: the above decomposition is based on the exis-
tence of a coordinate system which is asymptotically Minkowskian where g,,, can
be written as the sum 7,, + h,,. The ‘gravitational’ energy-momentum tensor
is called energy-momentum ‘psuedo-tensor’ because its form is dependent on the
coordinate system.

13.9 Energy-Momentum for an Isolated System

In electrostatics the electric charge inside a volume can be calculated by summing
the flux of electric field over the surrounding surface. This is just Gauss’ theorem.
Similarly the Newtonian potential which satisfies V2® = 4mp allows the calcula-
tion of total mass inside a volume by integrating over the gravitational field (or
acceleration) (g = —V®)

1
M:——/g-ndS’.
47

The idea is that since charge or mass produce the fields, the field carries the
information of the source which causes the field.

In the previous section we have identified the “psuedo tensor” t*” as an
expression for gravitational energy-momentum. It is of second or higher order in
h. If we integrate T% 4 t% over a large volume, we expect to get the total energy
and momentum contained in it. Call it P”,

s / e
o 87TG v 1
_ / d320,85 HV 0P
167G J,, = P

A

= / d*20,0; HY*%
v

167G

c4 . .
= — J(HV0I 13.32
167TG/5d5n( ) (13.32)

where the antisymmetry property reduces the integrand to a spatial divergence
9;(...)* which can be converted into a two-dimensional surface integral with surface
normal n = (nt,n? n?).

It is important to realise that this expression for the total mass is independent
of any gauge choice. Moreover, under global Lorentz transformation of Minkowski
coordinates x* — A¥x” the quantity P” transforms like a four-vector.

It is also important to see that the surface integral is to be calculated far

away from the source. Thus even if the source is strong, the asymptotic field at the
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point of evaluation will give the right expression for total energy and momentum.
As an example one can evaluate the total energy for the Schwarzschild field. A
short calculation (see tutorial for this chapter) yields the total energy equal to
P% = Mc?. Thus constant M appearing in the Schwarzschild solution is the total
energy of the static mass distribution plus the gravitational energy.

The formulas for angular momentum can similarly be written. The angular
momentum with respect to the origin of coordinates is

/ dBaa® (T 4+ 1) — 21 (T + %)) (13.33)
which can be written similar to the case for total energy momentum
4
MM = S / dS (z*nd (H'% T(H*OF) ). 13.34
TG [ 15 (I (207 o —ad (H179) ) (13.34

13.10 t*¥ up to Second-Order

The gravitational stress-energy tensor t* is determined by the Einstein tensor
from which its linear terms have been subtracted, t** = —c'Ghy, /87G. For weak

fields it may be sufficient to calculate Gk, only up to second-order,

v 1 v
Grebt ~ Gl(AQ) - [ M - §glt R](Z)

We start with g, = 1, + hy and following the procedure in section 13.1 of this
chapter get the following expressions which help us calculate the psuedo tensor
t*" to second-order.

R, = RY)+RY+
where R,(}l,) was calculated in section 13.1,

1 o
2R1(/'r) = "7# [_huo,u'r + huu,a‘r + huT,uo’ - hl/r,uo]-

The contribution to R,(fl,) comes from various sources. First of all I'’s are of structure
9“g..y+.] = (n—h)[h+..]. They gives second-order contribution to the I'*, _
terms in the Riemann tensor, in addition to the I' terms. After a stralghtforward
calculation we get

1
RE) = 50" lhyuw.as + haguw = Puaws = hug ol

(h*7).5 = 50 (1) 3| lhaysw + havu = huv,o]

2171 oy — o) (e = ). (13.35)
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Similarly R = g"”R,,, can be written

R = RW4+R® ...
R — n;le(LlV)
= (W) 0 — 0%h,
R® = yp"R® +h"R(),
and so
9uwR =1, RY + h,, RY 41, R®, (13.36)

which gives the desired expression for the Einstein tensor,

1 2B (2
2 = 3 ﬁR&é) . (1337)

1
G2 = ~5 ™ + by R+ (R
Note that if we need second-order G = gt®g"? Gop we would need to expand
again and obtain

G

o, v 2 ap v 1 a. v 1
b= e PG — e kPG — eI GY). (13.38)

13.11 Gravitational Waves

13.11.1 Isolating the Radiative Part

So far we have considered the solutions of 928" = —16xGT* /¢* for stationary
sources T},,,. For a time-varying mass distribution the solutions will be in the form
of a gravitational wave. ' are ten quantities which can be subjected to four
‘gauge conditions’ (for example ('), = 0).

Using the convenient background of Minkowski coordinates x* and the small-
ness of the deviation h,, of the metric, we can decompose these into components
which remain unaffected by diffeomorphic invariance. There are six independent
degrees of freedom which are immune to diffeomorphic invariance. They are called
“gauge invariant” in the following sense. Under an infinitesimal diffeomorphism
where a point with coordinates z* is mapped into the point with coordinates
M 4 &P, the metric tensor is pulled back with components

how + v + Soip = hyw + & + &

where we can replace the covariant derivatives by ordinary derivatives because the
& and I'’s are both small.

We use the fact that both the original and the transformed metric have weak
fields decomposition (1, + ) which allows identifying components with respect
to the background flat geometry. Thus the hgy component is the weak field riding
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Moo = —1 and so on. We can find suitable combinations of h,,, and their derivatives
such that they remain unchanged under infinitesimal diffeomorphism.

As an example, note that hgg involves change through & (it changes by 29¢&p)
and so does hg;. But the change in ho; will also involve & just as changes in hij
would. Now it turns out that there is a combination of hgg, ho; and h;; which will
cancel the £ dependence from hgy with that from hg; while the & dependence
(that comes in with hg; ) cancels with a certain combination from h;;. This is
achieved by looking at the transformation properties of various components under
three-dimensional rotations of the background Minkowski coordinates. Thus hgg
is a scalar, hg; a three-dimensional vector and so on. A three-dimensional vector
can be decomposed into a gradient part and a divergence-free or transverse part.
A three-dimensional symmetric tensor has a more elaborate decomposition

1 1
hij = géin + (618] — 382> C+ (BZD] + a]Dl) + h;l;T

where the vector D; is transverse, 9;D; = 0, and h;ﬂT is the transverse traceless
(TT) part satisfying four conditions,

> nir=o, ZahTT

K3
There are six quantities h;; on the left, six on the right (two scalars H, C two D’s
and two (6 —4) hTT’s).
We can separate them as follows. H is simply the trace H = _ h;; and C
and D; are related to the gradient and transverse parts of V=2 9;h;;,

> 0ihij = V? <§ajc - Dj) :

Under diffeomorphisms the TT-part remains unchanged. It is ‘gauge invariant’ in
the commonly used language. As expected, there are six gauge invariant quantities
because the diffeomorphism introduces four arbitrary functions and out of ten h,,,
six combinations can manage to remain unaffected.

Gauge invariant quantities by definition have the same values whether the
gauge is fixed or not. For weak fields the curvature tensor (and thus the Einstein
tensor) remains ‘gauge invariant’. This is easily shown in a tutorial exercise.

We can decompose the stress tensor 7}, in a way analogous to the decompo-
sition of h,, and write down Einstein equation 82EHV = —167GT,,/ ¢* in terms
of gauge invariant quantities by comparing the decomposition on both sides. The
. contain both the wave-like (“radiative”) and non-wavelike solutions. It follows
that out of six gauge invariant quantities only the ‘T'T-part’ satisfies a wave equa-
tion whereas others satisfy Poisson-like equations. Thus the radiative or wave-like
nature of the metric perturbation resides in the transverse-traceless part. We refer
the student to the introductory article by Eanna Flanagan and Scott Hughes in
arxiv: gr-qc/0501041 for details.
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13.11.2 Wave Nature
In a region away from the sources the wave equation reads
(=95 + VAL =o0. (13.39)

We can determine h;; (or rather h;;) from the formula for the solution given above.
The question we face now is how to separate the TT-part from the hT]

This is seen easily through an example. Suppose we find a simple ‘plane wave’
(that is constant amplitude and phase on a plane), in a small region of spacetime
away from sources

hij = a;jfct — z) = a;; f(2° — 2%)

with a;; a symmetric numerical matrix. The transverse condition requires h;; ; =
0,2 = 1,2,3 which implies a;3 = a3; = 0. That leaves three quantities
h11, hoo, hia = hoy. The traceless condition requires hy1 4+ hoo = 0. As we expect
there are only two degrees of freedom. We can write these two polarization ampli-
tude @ = h11 = —hgy and b = hi2 = ho;. Therefore the TT-part of h;; is obtained
by projecting the matrix a;; into the subspace perpendicular to the direction of
propagation of the wave, and then enforcing the tracelessness condition.

a1l a2 ai13 a b 0
(aij) = a1 a9 a23 — (ag;-T) = b —a 0 . (1340)
a3y as2 a33 0 0 O

This suggests how to separate the TT-parts from the general expression. If we know
the direction of propagation of the wave, say, along the unit vector n,n;n; = 1,
then we use a projection operator perpendicular to n. The projection matrix F;;
is a symmetric matrix with the following properties:

Pij = (Sij — n;nj, Piijk = Pilm Pii =2. (1341)

T
We first obtain the transverse (“T-part’) h,;,

T

h;; = Pig Pjihy, (13.42)
then subtract its trace from it to get the TT-part:
—TT - 1_ -
hij = hy— ipijhkk
_ 1. -
= Piklehkl — §Pij(hklpkl)~ (1343)

Note that we have calculated the TT-part of the ‘reverse trace’ perturbation E—j
rather than h;; because our wave equation is written for h;;. Happily, because of
the tracelessness the two are the same:

—TT

hi =h". (13.44)

)
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Remark on Spin of Gravitational Radiation

In a quantum theory of gravity, the gravitational waves will be quantized into particles, ‘gravi-
tons’. The wave equation above corresponds to a relativistic wave equation for a particle of zero
mass. What is the spin? The spin of a relativistic particle can be inferred from the transfor-
mation properties of the classical field of the particle under global Lorentz transformations. A
second-rank symmetric tensor will in general have spin states of spin 0, 1, 2. In quantum theory
of massless particles the spin is called helicity and there are always two helicity states with full
angular momentum =+.J corresponding to the forward and backward alignment of spin with the
direction of momentum. This is in contrast to the (2.J + 1) states for a particle with finite mass.

The TT-conditions reduce the degrees of freedom only to the two helicity or polarization
degrees of freedom. That the helicity for gravitons will be two is seen most easily by applying
a global rotation about the z-axis by an angle 6 to the plane wave along the z-axis given above
th;T = az;Tf(ct — z). Under the rotation

TT Tr
G/,,:j — RikRﬂakl

where the transformation on A*" is by the Lorentz matrix for rotation h** — AYAYRY7 with
Af = 1,AY = Af = 0,A% = Ryj;. For

cos @ sing 0
Ry = —sin@ cos@® O
0 0 1

the two polarizations of the gravitational wave change as

a b 0 a cos 20 + bsin 20 bcos 20 — a sin 20 0
aiTjT = b —a 0 — bcos20 —asin20 —acos20 —bsin20 0
0o 0 O 0 0 0

In quantum theory the two polarizarion amplitudes a and & will become annihilation operators
of the gravitons and the operator for the circular polarizations a 4b will transform as (a+b) —
U(a +ib)Ut with U = exp(s.J36/h). Thus

(a % ib) — €729 (q & ib)

showing that the helicity or spin of gravitons is 2A.

13.11.3 ‘Quadrupole Formula’

After showing that the radiative degrees of freedom of weak gravitational fields
reside in hg;-T we go back to the solution for the field in the Lorentz gauge b = 0,

. 4G [ TH (2° — |x — x|, x’)
ot |x — x|

d3z’. (13.45)

At very large distance r = |x| from the source the multipole terms obtained from
the expansion of |x — x’| can be neglected and we get simply for the spatial part
—ij 4G -
R = — [ T9 (" —r x') dB. (13.46)

cAr
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There is a standard way to relate the integral on the right-hand side with the
second time derivative of the moment of inertia tensor. We know that the local
energy-momentum conservation looks like 7% = 0 for weak fields. Separating

the space an_d time components, we have two equations (7%°) o + (7% ; = 0 and
(T) o + (T'7) ; = 0. Therefore

(T%),00 = —((T")0)i = (T) 45
Now we derive a useful identity. Calculate
(Tijxkxl)’i = (Tij),ikal + Tkigh 4 Tl gk

and then

(TYa*a") i = (TY) g2k + (T%) 2t + (T") ;2"

+(TH) ja! +TH +(TY) ja* + TV
= (T goxFal — 2TF 4 2[T™*a! + T (7)) ;.

Both (T%zk2!) ;; and [T* 2! + T (x*)] ; are divergences. Integrating these terms

over a volume enclosing all matter we get zero on the surface. Therefore using the
above identity to express T*! in terms of (T°0) oz we get

— 4
A TG /Tkl(xO —r,x)d%’
ctr

26 &2 00,.k" 1" 53 1

2G d2 k/ l/ 3
= ity | o

2G ..
= —/1 13.47
vl ( )
where the dot denotes differentiation with respect to time ¢, (20 = ct) and Iy; are
the moment of inertia tensor components.

13.11.4 Separation of the TT-Part

—kl
Our solution A is equal to a numerical matrix times 1/r: h*" ~ Ay /r. Therefore
the transverse condition (Ag/7),; = —Apz! /r® = 0 requires that we project Ay,
to the subspace perpendicular to the unit vector n = x/r. Define the TT-part as

-7 2G -
hig = Ly
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where
IET = Py Pl — %Pij(fklpkl)-
It is more convenient to use the ‘quadrupole inertia tensor’
Qrt = I — %51«1[, I=1;

in place of Iy;. The quadrupole tensor is zero for a spherically symmetric body.
The TT-part of both the tensors are the same:

1
iTjT = PuPuQu — ipij(lePkl)
1
= PPl = ul/3) = 5Pi((In = 0l /3) Pra)

1
= PuPjly— Pj;I/3— ipij(lklpkl) + P;;1/3, (P =2)

TT
.

Therefore the gravitational spherical wave amplitude at x at time ¢ far away from
the gravitating masses is given by
—TT r 2G g
hij =hi" = ——Q (13.48)
ctr
where the dependence on the direction n = x/r is hidden in the projection operator
P;; = 6;; — nyn; occuring in the expression for Q@T.

13.11.5 Energy Radiated Away as Gravitational Waves

The flux, that is, energy carried by a gravitational wave per unit area per unit
time (per unit 2° coordinate actually) in the i-th direction is contained in the
gravitational energy pseudo-tensor component t°. As the amplitude of the wave
h, undulates with time we have to average t% suitably just as we do for any
wave.

We can calculate t* from its second-order Einstein tensor formula

pr— g

T &G @
It is easiest to calculate it for a plane wave along the z-direction in TT-gauge:
hi1 = —hay = af(2® —a3), h1a = ha1 = bf (2 — 23), the rest of the components of

h,. are zero. It is a very short calculation. Of t° only the 03-component is non-
zero because the wave is in that direction. The only dependence on coordinates
is on 2% and 23 and that only through the combination z° — z? which allows a
derivative with respect to one to be converted into the other. We get

Giy = R = —(a® + %) (f" + ;(f’)Q)
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where f’, f" are the first and second derivatives of f = f(z" — ) with respect to
its argument. Upon averaging the fluctuating term f” will vanish and we get

C4

tos) = jo-gilla®+P)F)P)

c? < TTj TT>

320G

where we have written it back in terms of the gravitational field and replaced the

derivatives with respect to (2° —x3) by derivatives with respect to time (ct = ).

In this form the formula is applicable to not just the z-direction but any direction.
By substituting our formula for A~ and integrating over a spherical surface

(which involves integrating over all directions in the flux formula) we get the total

flux from the gravitational source. It is given by the famous ‘quadrupole formula’

(derived first by Einstein) for energy loss per unit time from a radiating source,

<QUQU> (13.49)

~ 5

The details are left for the tutorial.

13.12 Detection of Gravitational Waves

A gravitational wave changes the metric locally. A massive matter distribution
with non-zero quadrupole tensor may start changing rapidly starting at some fixed
time. The effects on the metric at a point far away will be felt when waves reach
there. The metric at the point which was Minkowskian will get a part hTT added
to it. If only the gravitational waves are present we can choose a local Coordlnate
system so that the metric has the form 7, + hTT with the wave propagating along

nv

the z-direction. This means hTT is of the form
hTT /,Ll/f(x - 1‘3)
with non-zero components Aj; = —Ags = a, Ajo = Ao = 0.

A particle which is at rest before the arrival of the wave , that is with its
velocity four-vector U* = (¢,0,0,0), and otherwise not influenced by any other
force, remains at rest after the arrival of the wave because the particle follows the
geodesic of free fall and its acceleration is given by

d2

s —&-1"000 =0.

But T, = 0 for the TT-metric. Thus the velocity remains zero, the coordinate
position of the particle does not change!

This does not mean that there is no effect of the wave. Indeed, if there are
two neighboring particles lying in the x-y plane with coordinates (z,y,z) and



13.12. Detection of Gravitational Waves 281

(z',y’, z) their numerical coordinates may not change, but the physical distance
between them changes. Let us take the two particles a coordinate distance L
apart connected by a light spring with unextended (or uncompressed) length L.
The second particle kept at an angle # with respect to the first, that is, 2’ =
x+ LcosO,y = y+ Lsinf. The physical distance Ly, between them when the
wave arrives is

Loy = [(w + hw)(@" —2)" (2" - x)u]l/Q
= {1+ a)L?cos® 0+ 2bL%sin 0 cos 0 + (1 — a)L?sin? 0} f]*/?

Q

L+ %L(a cos 20 + bsin 20) f.

Thus the passing gravitational wave produces a strain
0L pny

1 .
Tony 2 (acos20 + bsin26) f.
It is interesting to note the 26 appearing in the formulas again due to the spin of
the field being 2.

One way to see what it means is to imagine first a wave ‘polarised’ so that
a # 0,b = 0. When two mass points in the x-y plane kept along the x-axis (6 = 0)
at coordinates = 0 and 2 = L feel a positive strain (will be pushed out) then,
at the same time mass points kept along the y-axis § = 7/2,cos20 = —1 will
feel the negative strain (pushed in). Mass points in the 45° direction will remain
unaffected. This is the horizontal-vertical polarization denoted by the plus symbol

L+’.

(2',y")

(z,y)

(a) (b) (c)
Fig. 13.3: (a) A pair of particles in a plane perpendicular to the direction
of gravitational wave. (b) The plus (+) polarization (c) The cross (x)
polarization.

On the other hand if a = 0, # 0, then similar maximum strains are produced
at +45° lines and no strain in horizontal-vertical directions. This is the polarization
corresponding to his denoted popularly by ‘x’.

Detection of gravitational waves depends on the above principle. However, no
gravitational waves have been detected yet because of the smallness of the effect.
A big international program for measuring gravitational wave signals is underway.
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13.13 Tutorial

Exercise 65. TIDAL FORCES OF WEAK FIELDS
Calculate the Riemann tensor for a static weak field

ds® = — (1 } 26—‘21’) Edt® ¢ (1 - Qc—f) [(de")? + (de®)*(de®)? + (dz*)?]

where ¢ is the Newtonian potential. Note that the Riemann tensor components are just
the tidal forces of Chapter 1.

Answer 65.
2 9%d ;

0 0
Rosr =0 Rij=——F7—5—=
’ 7 c? Oxioxd

00j -
Exercise 66. GEODETIC PRECESSION
A gyroscope falls freely in a stable circular orbit of radius R in Schwarzschild spacetime.
Show that the angle by which the spin of the gyroscope changes after completing one
revolution is equal (to leading order)

3nGM

Adone revo. =
Re?

in the same direction (same sense) as the orbit.

Answer 66. The gyroscope spin is a space-like four-vector S orthogonal to the velocity
vector U of the orbit. We have discussed the circular orbit in exercise 28 in Chapter 4.
In Schwarzschild coordinates z* = (ct,r,0,¢) the & = w/2 circular orbit has constant
angular frequancies

_dé aM\'?
= = ,

_d¢  (GMN\'? L 36M —1/2
“=4 - UR® R :

where T is the proper time along the trajectory.
The tangent (or velocity) vector of the trajectory U* = dz* /dr also has constant
components (i.e., independent of 7).

dt dé

H = _— —_ —
U (ch,0,0, dT) w(e/,0,0,1)

—1/2 1/2
1- 3GM ¢, 0,0, &M .
Re? R?

Let S(7) be the spin four-vector at proper time 7. The spin vector S will be parallel
transported along the orbit by the equation

1
a5 | reUrsT — o,
dr

A look at the connection components of the Schwarzschild metric (section 4.1) shows that
S? remains constant in time. We can take it to be zero without any loss of generality. We
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need also not worry about S° because (5, 5) remains constant under parallel transport
and we can calculate S© from this relation.
The transport equations for S* and % are

%—3(1— ?’gg) Uls®t = o,
‘il—‘f + %Uss1 = 0.
Both equations thus imply
% +0%st = o,
d;f; +0°5% = o

In fact S° also satisfies the same equation. One can verify it directly.

We can choose the initial condition so that at 7 = 0 the gyroscope is at r = R, 0 =
7/2,¢ = 0 and the spin vector points in the radial direction S*(0) = (s% s*,0,0). The
solution for these initial conditions is

S (1) = &' cos(2r), S*(r) = -2 sin(Q7).
RQ
At the end of one revolution ¢ = 27 when 7 = T' = 27/w. To leading order (that is,
neglecting quantities of order (GM/Rc?)?) ' and S° do not change. Only $* which was
zero at 7 = 0 becomes equal to s'3GM/R?c? at 7 = T'. The spin vector thus gets rotated
by an infinitesimal angle

1
SHT) mst,  S§3(T)~ SEMs

1 0 0
R2¢2 EA‘?bone revol’ S (T)=s".

Exercise 67. GRAVI-MAGNETIC EFFECTS
Complete the derivation of precession for a freely falling gyroscope along the z-axis in
the field of a mass distribution rotating slowly about the z-axis.

Answer 67. A freely falling gyroscope will have its spin parallel transported along the
geodesic of fall. Let U be the time-like velocity vector (tangent to the geodesic).

dt s da®
U=(U°=¢Z2 0.07% =22 ).
( ch’ T dT)

The spin vector has S® = 0 because the vector is orthogonal to the direction of the
geodesic. The equation for parallel transport for S* is

aUl 1 v
? + FMDUHS = O

with a similar equation for S? involving Ffw.
For our weak field

hoo = h11 = hgg = h33 = QGM/CQT', h01 = 2GJ$2/CST3 = th
hoe = —2GJx'/c*r® = hao,
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the F,lu,’s and I‘fw’s which are non-zero on the path of free-fall (z* = 0, z? = 0) are

iy = Tio=2GJ/c32% Tl =Th = —GM/&2,
I3 = Tio=—2GJ/c%2°  T33=T% — —GM/c*2”.
We can take U° = ¢ in the second term of the transport equation because the correction

to it would be one order of v/c smaller where v is the velocity of the falling gyroscope.
Thus, the parallel transport equation for the gyroscope spin components are

1

%+Fégcsg = 0,
2

%+F81c52 = 0.

This gives the Lense-Thirring precession frequency

2GJ
o = s
given in the text.

Exercise 68. PRECESSION OF A GYROSCOPE AT REST
Show that a gyroscope at rest at x precesses according to the equation

ds? ;
8T =0
d(er) ok

with angular frequency Q = ¢(223, 231, Q12) where

a- Y [—J + SX(’;Q' J)] (13.50)

r3c2

with respect to fixed stars in the field of rotating mass distribution with angular momen-
tum J.

Answer 68. The trajectory is defined by x= constant. Therefore the unit tangent vector
T is given by T# = [(1 — 2GM/c?r)~%2,0,0,0]. The Fermi-Walker equation

DrS —T(S,DrT) + DrT{S, Ty =0
determines the transport of the spin components by

Tiery + TS + DTS, T) =0

where the middle term drops out because T% = 0. Now

2GM
cr

1

% vt % 1
ery = 1, =it = (1= 298) L e
GMz?

273
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is small and so is (S,7) = S'T°g;0. Therefore we can drop the last term as well. This
gives up to leading order,

ds? i i
—— + 15,587 =0.
dery
The Christoffel symbol effectively determines the precesion frequency vector:
i 1
Fo; = 5(gi05 — g054)

GO [eumaTm o
= Flaw\ s ) ied

which directly gives the expression for €2;;.

Exercise 69. ENERGY AND MOMENTUM
Calculate the total energy-momentum four-vector for the Schwarzschild spacetime.

Answer 69. We calculate the energy E = P°.
Express the Schwarzschild metric

1
ds® = — (1 — 27(";012\4) (d;co)2 + (1 — 2TGCZQW) (dr)2 + 72 (d9)2 + % sin? 9(d¢)2

in terms of cartesian coordinates x* = rcosf, x> = rsin@sin$,x' = rsinfcos¢ (and
here rdr = z*dz’ is useful) we obtain

%
2GM hoi — 0, hij — 2GM z*x

hoo = .
rc2 re? 2
This allows us to evaluate

B AGM &7

(HE ) 0 = =5

which gives P® when evaluated over a spherical surface at large distance (n? = 7 /r)

4

- __¢ I (T 97) 00

= M.

Exercise 70. GAUGE INVARIANCE OF CURVATURE TENSORS FOR WEAK FIELDS
Show that R",,- (and therefore R,,, R and G, ) for weak fields do not change under
an infinitesimal diffeomorphism.

Answer 70. We know that h,, changes as
Ppw = Ry + & + &
so that
Mo = The + (") we

and this gives the invariance of R*,o-. (The I'T" terms do not contribute.)
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Exercise 71. Work out the details of the quadrupole radiation formula.

Answer 71. OUTLINE OF SOLUTION
1
5= (PaPy — 5 Fii Prt) Q-
Substituting P;; = d;; — nsn; and simplifying

Qi = Qij — (nQ)inj — (nQ)jmi + %(RQ") (45 + namj)

where (nQ); = n;Qji and (nQn) = n;Qq;n;. Next we caleulate the sum Q77 Q7" which
similarly simplifies to

QI QLT = Qi@ — 2nQ)(nQ): 1 3 (nQn) (@),

These can now be integrated using the integrals

4
/nznde = —ﬂéij,
3
4
nininpnd$) = E[5ij5kz+5ik5jz+5iz5jk],

where the integration is over df2 = sin #dfd¢ and the unit vector n can be expressed in
terms of angles 0, . The direct calculation of these integrals is not required. We know
that the first integral is going to be a constant second-rank tensor. The only such tensor is
&;5. therefore f n;n;d§2 is a constant times J;;. The constant is determined by contracting
the indices (that is taking trace of both sides).

Similarly the second integral is a fourth-rank tensor symmetric under exchange of
any two indices. From d;; it can only be made as the given combination. Again, the
constant in front can be determined by contracting a pair of indices.



Chapter 14

Schwarzschild and Kerr

Solutions

For the purpose of simplifying formulas, we use a unit of time so that
t stands for ct and unit of mass so that 2M stands for 2GM/c? in this
chapter except for section 14.4 where ¢ and G appear as usual.

We have already discussed in Chapter 4 the motion of bodies (like planets)
or light moving in the Schwarzschild field. The Schwarzschild solution holds the
same importance in relativistic theory of gravitation as the Coulomb field of a
point charge (or spherically symmetric charge distribution) holds for electrostatics.
What is important about this solution is its uniqueness: any spherically symmetric
mass distribution confined within a finite radius will produce a gravitational field
outside that mass distribution given by the Schwarzschild metric. The spacetime is
static where there is no matter. Even if the mass distribution changes with time in
any arbitrary way, so long as it keeps spherical symmetry, the spacetime is static
outside the distribution. This is the content of Birkhoff’s theorem.

A rigorous proof of the Birkhoff theorem cannot be given in this elementary
book. The argument can be summarised as follows. By a spherically symmetric
spacetime one means a spacetime on which every element of the rotation group
SO(3) acts as an isometry, that is, a diffeomorphism which preserves the metric
or inner product. If we start with any point in this spacetime and keep applying
all possible group diffeomorphisms, we get an “orbit” of SO(3) which is a surface.
The definition of spherical symmetry further requires that these orbits should be
2-dimensional space-like surfaces. It is then shown that coordinates can be chosen
so that the metric can be brought to the form

(ds)? = —A(t,r)(dt)* + B(t,r)(dr)? + C(t,r)[(d)* + sin® O(d¢)?].

The substitution of these metric components in Einstein equations (for matter
with perfect fluid tensor) then gives a general form of the Schwarzschild metric
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in those regions where there is no matter. The proof can be found for example in
Appendix B of Hawking and Ellis, Large scale structure of spacetime.

We discuss the geometry of the Schwarzschild spacetime when the mass M
is contained in a small region near r» = 0.

14.1 The Schwarzschild Solution

The coordinate ¢ in the Schwarzschild solution is the time shown by a clock sitting
with fixed coordinates in the asymptotic region (r — 00).

We know that near the gravitating body the clock will run slow. We may
expect that the clock will run slower and slower for small r and stop running
altogether at r = 0. But that is not true. The clocks stop running much before
that.

The infinitesimal proper time shown by a clock nailed to the coordinate
system (that is for r, 0, ¢ fixed) is

dr = (1 - 21”)1/2 (dt)

where dt is the coordinate time shown by the clock at infinity. The interval dr goes
to zero at the Schwarzschild radius » = 2M. Two light signals sent from a source
on this fixed clock near r = 2M with an interval of one second between them
(according to this clock) may be received by a stationary observer near r — oo
with a gap of many years between them.

We can see that light cones begin to shrink (as seen in these coordinates)
near the surface r = 2M. Their opening angles become smaller and smaller as
r — 2M from the r > 2M side. For light we must have ds = 0 which implies that
radial light velocity in Schwarzschild coordinates, £dr/dt = (1 — 2M/r) goes to
zero as one gets closer and closer to the surface. It is remarkable that the light
velocity becomes smaller in both directions: radially out as well as radially in!

At r = 2M light stays put at » = 2M and the surface contains light rays
running along the time axis ¢. This means the tangent vectors 9/0t are not time-
like but become null. This is obvious from the expression for ggg. On the inside of
the surface the tangent vector /0t becomes space-like because of the change in
sign of goo, while 9/0r becomes the time-like vector. A light signal starting from a
point inside, r < 2M, can only move towards the ‘future’ which is r = 0. It cannot
come out. For this reason a spherical mass distribution which is entirely contained
within its Schwarzschild radius is called a Schwarzschild black hole.

The fact that light (or material bodies) falling towards the gravitating body
(which is assumed to be so compact that it is contained inside an r = 2M surface)
take an infinite amount of Schwarzschild coordinate time ¢ does not mean that
they never reach » = 0. A clock carried by a falling observer who begins to fall
from r = R sees the clock ticking normally along its trajectory and reaching
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7 = 0 in finite proper time R%/?7/v/8M. (See Tutorial at the end of the chapter.)
This just means that ¢ is not an appropriate coordinate to use on and inside
r = 2M. Although g¢1; and ¢°° become singular at r = 2M there is no singularity
in any physically relevant quantity, for example, scalar quantities (whose values
are independent of coordinates) constructed out of curvature tensors: R = g R,,,,
or R, oM. But these quantities do become infinity at » = 0. That happens
to be a real singularity.

r=20 r=2M Emitted light rays

Fig. 14.1: Light rays originating near r = 2M.

The surface r = 2M is a three-dimensional surface in four-dimensional space.
Its normal vector n = (dr)* is null (n,n) = (dr,dr) = g'* = 0. Any light ray
starting from a point on the surface stays on the surface (or wraps around the
surface if the direction is not radial). It doesn’t fall in or get out. The surface is
generated by such null geodesics and is called a null surface.

In order to explore this surface we must use coordinates which are not singular
on it. The surface r = 2M is also an event horizon because it is like a one-way
membrane, objects can go in from outside (r > 2M) to inside (r < 2M) but not
the other way round.

We now explore the nature of the coordinate problem or coordinate singu-
larity at » = 2M by first studying a simpler case.
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The mathematically minded student may wonder why there should be any
coordinate singularity at all. After all, aren’t we supposed to define our coordinate
charts first before we study other properties of the manifold? Why did we admit
a problematical coordinate in the first place?

What we actually do in practice is that we assume a certain coordinate system
on a manifold and a certain form of the metric and solve the Einstein equation. In
the Schwarzschild case we did precisely that and obtained an exact solution. The
solution happens to hold for all values of r except that it has metric components
guv or gM being undefined for r = 2M and r = 0. The spacetime for r > 2M which
we can observe and which has been experimentally tested should be matched (or
‘continued’ or ‘extended’) with the spacetime for r < 2M if possible. In doing
this we find the nature of the singularities. The process is akin to extending the
domain of analyticity of an analytic function of a complex variable.

14.2 Kruskal-Szekeres Coordinates

14.2.1 Rindler Wedge as an Example

We cannot discuss the rigorous mathematical definition of extendibility in this
elementary book. Roughly speaking, a spacetime is called extendible if there is
a larger spacetime of which it can be considered a subset and the metric of the
larger space matches smoothly with the metric of the given space.

As an example consider the two-dimensional space called the Rindler wedge.
It is a space with coordinates (t,x); —o00 < t < +00,0 < 2 < 400 and line element

ds® = —z? dt? + da?.

So, to begin with, the space is defined only on the half (z,t¢) plane as shown.

In order to explore the nature of this spacetime, we look for the light rays, or
null geodesics along which ds = 0. In two dimensions there is the advantage that
the null geodesics provide a system of coordinate mesh just as the coordinates
u=1—x,v=1t+ x do for the Minkowski space.

The null geodesics require ds = 0 which means dx/dt = +z or t = £lnx +
const. The path of an incoming light ray, which corresponds to a negative sign, is
shown in the diagram.

Along the path of light rays (or null geodesics), u and v, defined by

u=t—Inzx, v=t+Inzx

remain constant along outgoing and incoming rays respectively and characterise
a particular geodesic.
Using u, v as coordinates with ranges —oo < u,v < +oo we find

ds® = —e’ “dudv.
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We can easily absorb the expoentials and redefine

U= _e_u7 € (—OO, 0)7

V=e", € (0, 00).

Since U is a function of w only and V' of v, U, V also remain constant along the null
geodesics. The incoming light ray shown in the (z,¢) diagram is now a straight
line parallel to the U-axis.

_Path of an incoming light ray
v =1+ Inx = constant

Fig. 14.2: Incoming light in ds? = —z? dt® + dz?.

In these coordinates the metric becomes the Minkowski space metric ds®> =
—dUdV ! It can be made more explicit by choosing U =T — X and V =T + X
to give

ds® = —dT? + dX?2.

But note the range of coordinates U : (—00,0),V : (0,00). The original spacetime
with coordinates (¢,2),—0c0 < t < 00,0 < & < 400 (the shaded half plane in
Figure 14.2) is now mapped to one quarter wedge shaped region of the Minkowski
space in Figure 14.3.
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The question naturally arises: what happens to the light ray that was coming
in? Should it stop at U = 0 or should it keep going and enter the region which
corresponds to negative values of x?

Fig. 14.3: The original (x,t) coordinates are related to these as x> =

—UV and exp(2t) = —V/U. Lines of constant ¢ are straight lines with
t = —oo corresponding to the —U half-axis and ¢ = +oo corresponding
to the V' half-axis. Lines of constant x are rectangular hyperbolas. The
line x = 0 becomes the two half-axes. The incoming light signal travels
along the straight line V= constant. The path of light ray S* P of Figure
14.2 continues in this extended spacetime along S*PQ.

It is difficult to see what happens in the original diagram (Figure 14.2) be-
cause the light signal reaches x = 0 only asymptotically for ¢ — oco. But it is clear
here. There is no reason to stop trajectories of light or material particles abruptly.
One should extend the spacetime by joining portions which naturally allow such
continuation. This is the essence of ‘extendibility’ of spacetime.

So, if we allow U,V to run over all possible values, we recover the full
Minkowski space which cannot be extended any further. The original half-plane is
maximally extended.

The original coordinate patch with = between zero and infinity could not
be extended to negative values of @ because g°° = —1/22 becomes singular at
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z = 0. Usually if any of the g,,’s or g""’s become infinity at some point, then
it may mean that the coordinate system has a problem which can be cured by
choosing a proper set of coordinates and extending the spacetime if necessary.
Such a situation is called a coordinate singularity. At a coordinate singularity the
guv or g may become singular but scalars constructed from the curvature tensor
R, R,,o-R"°7 etc. are finite. If these scalars also become infinity at a point then
we have a genuine singularity. We shall see next that the singularity at r = 0 of
the Schwarzschild spacetime is a genuine singularity whereas the singularity at
r = 2M is a coordinate singularity.

14.2.2 Kruskal-Szekeres Coordinates

The Schwarzschild spacetime is spherically symmetric. Therefore we choose fixed
values for 6, ¢ and concentrate on the ¢, r plane.

The metric can be written with the simplified notation and dropping the 6, ¢
part simply as

—1
ds* = — (1 - 2M> dt* + (1 - 2M> dr?.
T T

This metric clearly has a problem at r = 2M. We must determine the nature of
the singularity using the techniques we learnt in the last section for the Rindler
wedge. We shall notice the similarity of the region r > 2M and the region = > 0
of the Rindler wedge.

We treat the ranges 0 < r < 2M and r > 2M separately.

14.2.3 Region I: » > 2M

The null geodesics are given by ds = 0 which implies
d
@4 <1 _ 2M>
dt r

dr
dri= — T 4
"= oM

or

This is easily integrated to
t = +rj + const.
where

r
P=r2Mn (1),
rr=1r-+ n oM
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Fig. 14.4: Schwarzschild coordinates.

An incoming light ray has vy = t + r] = constant, where r; = r +
2M In(r/2M — 1). Notice the remarkable similarity of this diagram
with Figure 14.2.

As r ranges from 2M to oo, rj ranges from —oo to oo. It is important to notice
that there is a one-to-one mapping between r and rj even if we are unable to write
a closed formula for 7 in terms of 7. The constants along the null geodesics are

ur =t—rj, vy =t +rj,

uy, vy take all values —oco < uy, vy < oo. With these

— (1 - 21”) (dt)® + (1 — 21\4)1 (dr)?
- (1= 20) far? - iy

r

ds?

_ <1 _ QJT”) (dt — dr3)(dt + dr)

B _%6_7./2]\46('01—UI)/4A4d’U,IdUI
r
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where r appearing in the formulas is supposed to have been expressed in terms of
ry = (vr — ur)/2. Looking at this expression we are prompted to use

UI — _e—ﬂ,[/41\47 ‘/[ — e’L)]/4M
with ranges Uy : (—00,0); V7 : (0,00) so that

32M3
ds® = —=——e7 "M QU dv;.
r
Since r is in the range of (2M, 0o) the factor in front of dU;dV7 is finite. There is
no singularity at r = 2M. We can go a step further by defining

U =T-X, Vi=T+X

and see that the region r > 2M is mapped into the region I in the figure which

corresponds to the Rindler wedge region in the Minkowski diagram. Except for the

overall r-dependent factor the metric is like the Minkowski metric. In particular,

all light rays move along the 45° lines as in two-dimensional Minkowski space.
To see where our original coordinates ¢, 7 are located, calculate

U Vy = —er—un/AM — _ri/2M _ _r/2M (ﬁ _ 1) .
This shows that curves of constant r are the hyperbolas 72 — X2 < 0. Points for
which r = 2M are the two half axes: the positive half axis for V; and negative half

for Ur. Curves of constant t are curves of constant u; + vy or curves of constant
T/X,

Z_V[-‘FU[_l—e_t/QM
X Vi—-U; 1+4et/2M’

This shows that in the T-X plane straight lines in region I passing through the
origin and making angles between £45° with the X-axis are lines of constant ¢:
t = 0 the X-axis itself, t = —oo the —45° line and ¢ = oo the +45° line.

14.2.4 Region II: » < 2M

Now, take the region r < 2M. The null geodesic equation which requires dr/dt =
+(1 —2M/r) can be integrated as

t = +rj; + const.
where

r
s — oMl (1——).
riy=r+ n Yi
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The difference from the previous case is that rj; is always negative. The region
r = (0,2M) is mapped to rj; = (0, —00). As before we define

* E
urr :t—T‘II, UII:t+T]]7
urr,vrr take all values —oo < uy, vy < oo. This makes

d82 _ %6—7'/2M6(U11—'u11)/4
T

MdU[[dU[]

where r is understood to have been expressed in terms of r§; = (vrr —urr)/2. This
time we choose

UII _ e—u11/4M, VII — 61)11/4M
with ranges Uy : (0,00); Vir @ (0,00) so that

32M

3
ds®> = — e "M UL V.

r

Now if we define
Unr=T-X, Vi =T+ X

we see that the region ¢,0 < r < 2M is mapped into the region-I1 of the X-T'
plane. Constant r points lie on

T2 - X? = UrtVir = 67T/2M (1 — ﬁ) >0

which are hyperbolas in region-I1 lying between the coordinate axes which cor-
respond to r = 2M and the hyperbola T2 — X2 = 1 which is the singularity
r=0.

We cannot extend beyond this » = 0 hyperbola because the metric becomes
genuinely singular due to the 32M3 /r factor in the metric. One can check that it is
not just a coordinate singularity but a genuine singularity by calculating curvature
scalars.

Lines of constant ¢ (along which r steadily decreases to zero) are time-like
straight lines passing through the origin and lying in region-II. These lines end
at the r = 0 hyperbola

T _ Viu+Un _ 14 e t/2M o1
X Vi -Uyg 1—et/2M '

The Killing vectors d/0t which are tangent to hyperbolas r = constant are
space-like in this region.



14.2. Kruskal-Szekeres Coordinates 297

Fig. 14.5: Kruskal-Szekeres coordinates.
Lines of constant t are straight lines, with ¢ = —oo corresponding to the
—U half-axis and ¢ = 400 corresponding to the V half-axis. Lines of
constant r > 2M are rectangular hyperbolas in Region I with r = 2M
corresponding to the two half-axes. In Region II constant r lines are
hyperbolas but spacetime cannot be extended beyond the singularity
r = 0 shown by a double-lined hyperbola.

The coordinates of Region I and Region II join together smoothly and can
be denoted by the same symbol:

U:U[:Ully V:VI:V[[.

14.2.5 Horizon and the Black Hole

The extension of spacetime in the last section reveals that in the Region II corre-
sponding to 7 < 2M all future directed time-like or light-like curves end up at the
singularity r = 0. If somehow all mass is compressed in a spherically symmetric
way inside the Schwarzschild radius » = 2M, then not only would nothing come
out of the surface, all matter inside would eventually collapse into the singularity
r = 0 because that is the fate of all future-directed time- or light-like curves. The
singularity is called the Schwarzschild black hole.
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The surface r = 2M consists of all those light rays which neither fall in
or can come out. In fact the surface is generated by such null geodesics as the
construction above shows.

The surface r = 2M is an event horizon which means that events beyond the
surface (that is those in the region II corresponding to r < 2M) cannot influence or
communicate with events in region I. The surface of any future half of a light cone
in the flat Minskowski space is an example of a horizon because the events inside
the cone can only influence events inside it. What makes the horizon » = 2M non-
trivial is that it is a “trapped surface” of finite extension and area. The singularity
at » = 0 is hidden or covered by the surface, the singularity is not a ‘naked
singularity’.

Because the event horizon is a null surface, the induced metric on it is de-
generate. But there is no problem in defining the area of the ¢ =constant subset
which has positive definite space-like metric. For r=constant and ¢ = constant the
metric of the surface is ds? = r?(df? + sin? 0d¢?) which gives 4712 as the area of
such surfaces.

A remarkable feature of the singularity is its space-like nature. From the
naive picture of the Schwarzschild coordinates one is tempted to think of the
singularity » = 0 as a one-dimensional time-like straight line. But the Kruskal-
Szekeres coordinates show that it is actually a space-like subset.

14.3 Extension of Schwarzschild Spacetime

It is natural to ask the question, what corresponds to the remaining half-plane
corresponding to negative values of V7

The radial lines of constant ¢ (from —oo to +o00) move in Region I from
negative U-axis to positive V-axis when t is a time-like coordinate. The coordinate
t becomes space-like from here. The time coordinate continues as the decreasing
variable r from (t = 00) < (r = 2M) up to r = 0. The radial lines of constant ¢
pick up the role of the space-like variable r which has been decreasing from co to
r = 2M in Region I and now ¢ runs from +o0o to —co when it reaches the positive
U-axis.

The radial lines can be extended backwards in Regions IIT and IV for the
same constant values. Similarly the hyperbolas of constant r have their mirror
images in Region IIT and Region IV. The mirror singularity in Region IV is such
that light coming from it can come to the physical Region I but no light or particle
can go from Region I to Region IV. This hypothetical singularity is called a white
hole.

Region III corresponds to a space-like coordinate r running from 2M to oo

but that region is inaccessible to us in Region I. No time-like curve can start in
Region I and move forward into Regions III or IV.
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Regian 11

Region IHl'; ;Region I X

Regign IV

Fig. 14.6: Maximal Extension of Schwarzschild Spacetime.
The Regions III and IV are mathematically natural extensions of the
Schwarzschild spacetime. All geodesics (time-like, light-like or space-
like) can either be extended indefinitely on both sides or they end up
at the singularities (the black hole or the white hole in Regions II and
IV respectively).

One can wonder why there has to be a white-hole. Why can’t we extend the
spacetime throughout Region IV? The reason is that there is no problem with the
differential manifold or coordinates. But the Riemannian metric has been extended
to these regions by continuation of the metric which has a factor of 1/r. Thus to
use a continuously differentiable metric everywhere we need to have the symmetric
location of the singularity.

14.4 Spherical Mass Distribution: Interior Solution

The Schwarzschild solution represents a gravitational field outside a spherical mass
distribution. We now solve the Einstein equations in the special but unrealistic
case of static spherical matter distribution in the form of a perfect fluid. Even
this simple case is able to show how relativistic theory differs qualitatively from
Newtonian theory.
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Let the metric be of the Schwarzschild form
ds® = —a(r)c2(dt)? + b(r)(dr)? + r2(d#)? + 12 sin? A(d¢)* (14.1)

where

are functions of r only.
The stress energy tensor of the fluid is

T = pg" + (p + p/)U*U”

where U* is the velocity field of matter flow and p and p are pressure and mass
density respectively. p and p are both functions of r only. For a static equilibrium
we expect U to have zero spatial components, therefore

Ut = (UY = ¢//a,0,0,0).

Notice the normalization to make U a velocity four-vector: (U,U) = —c?. This
makes TH¥ “diagonal”,

7% = pc?/a, T = p/b, 7% = p/r?, 733 = p/(r?sin® 0)
and the covariant form of it is
Too = pca, T11 = pb, Ty = pr, Ts3 = p(r?sin? 0).

The Einstein equations correspond to the four non-zero components of G, ;

all  a 1 8rG
Goo = ﬁ + ﬁ <1 — b> = CTPC a, (142)
a 1 G
G = —+—=(1-b)=—-b 14.3
1 ar + r2 ( ) A P ( )
r? a\’ a2 a b 8rG
= —|2(— —+ ) (=== )| = =" 14.4
Gz 2b <a>+<a+7‘)<a b) 4 P (144)

We have not written the fourth equation for Gss. It is the same as for G2o except
that both sides are multiplied by the same factor sin® 6. The Gy equation can be
written (after cancelling a on both sides) as

LT, 1] _sC
2ar|” )| T 2 P

If we define, in place of p(r), a variable

m(r) = 4r /O " (et dr,
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then our Ggg equation can be solved for b,
1 2Gm
ril——)= + constant.
b rc?

The constant should be zero because as r — 0, m(r) should be zero. Thus

b= (1 - 2Gm> . (14.5)

rc?

If the mass distribution is up to radius R and after that the stress tensor is
zero, the parameter m acquires a value

R
M =m(R) = 471'/0 p(r)r? dr

and after that the metric has to be joined to the Schwarzschild metric with para-
meter M.

Note that M is not, as seems on first sight, the proper mass contained up
to radius R as 4mr2dr is not the volume of the shell between 7 and r + dr. The
3-volume of the shell should include the “/g” factor and the mass contained is
actually

R
Mproper = 4w / p(r)r?[1 = 2Gm(r) /ré?] V2 dr.
0

This factor is always positive and greater than 1 if the hypersurface spanned by
coordinates 7, 6, ¢ is purely space-like with signature (+,+,+) in the static case
we are considering. The interpretation of M is that it accounts for all energy,
including the energy contributed by the gravitational field.

The G4 equation can now be solved for A’ = a’/a where a = e. After
substituting the value of b we get

o mA4drrip/c?

Next, instead of solving the equation for Gas we look at T*¥.,, = 0 which is actually
a conseqgence of the Bianchi identities in contracted form, G*”.,, = 0. For =1 it
is

TV, =T + T + T2, + T3,

Note that even if 7% = 0 everywhere this does not mean T is zero! Actually
T4 =T10 54+ T,T% + I'},T*". Similarly for other terms. Collecting them to-
gether and using the Christoffel symbols of the Schwarzschild form of metric, we
get

TlV‘V:
' 2b + 2b *

A/p02 A/p p/
0
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which gives, after substituting the expression for A’, the Oppenheimer-Volkoff
equation

,_dp (pc® +p)(m + dmrdp/c?)
P= T ¢ r(rc? — 2mQ) ’ (14.7)

We can rewrite this equation in a form which shows relativistic correction factors
to the Newtonian formula (dp = —Gmpdr/r?) for equilibrium

dp_Gm(r)p{ler} {H 47rr3p] [12m(r)G]l.

dr r2 pc? m(r)c? rc?

This formula gives us a qualitative understanding of gravitational collapse. One
can start at the centre r = 0 with some unknown value of pressure p(0) and
integrate outward up to the surface of the star, knowing the relation between
density and pressure.

More realistic models of stars can be built up using the spherical symmetry.
Astrophysics deals with this subject using the physical inputs about the consti-
tution of matter, its equation of state, etc. The general picture seems to be this.
Gravitation becomes very effective if the total mass of the gaseous matter which
begins to collapse is very high. Gravity begins to pull matter inwards, increas-
ing pressure and temperature, leading to nuclear processes such as conversion of
hydrogen into helium with accompanying energy release. The equilibrium of ther-
mal pressure and the gravitational pull may go on for billions of years as long as
hydrogen keeps burning into helium. This is how a typical star like our Sun works.

But after the ‘nuclear fuel has burnt out’ (that is there are no longer nuclear
processes available where by forming a heavier element the binding energy advan-
tage can release energy as radiation), the star cools and contracts. If the ‘electron
degeneracy pressure’ (due to the Pauli principle of electrons not liking to be too
close to each other) is large enough to counter gravitational pull, it becomes a
‘white dwarf’, staying inactive like that. But if the mass of the star is much larger
than a certain minimum it has no option but to collapse further under its own
weight.

The Chandrasekhar limit of about one and a half solar masses gives an idea
of how massive a star has to be to undergo unchecked gravitational collapse.

Thus a sufficiently massive star can go on collapsing further and violent
events like supernova explosions can happen along the way. It is possible that
even after a big fraction of matter is thrown off in an explosion, the remaining
mass can form a ‘neutron star’ where practically all nuclei are touching each other
and the matter density is that of nuclear matter. The matter is supported by the
‘neutron degeneracy’ pressure just as the electron degeneracy pressure supports a
white dwarf. A neutron star of about one solar mass is a very compact object of
about 10 kilometer size, with its Schwarzschild horizon of three kilometers not too
deep inside it.
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How do we know that in various violent astrophysical processes there are not
mass lumps big enough so that even the neutron degeneracy pressure is unable to
stop the collapse? We can conclude from known physics and from reasonable ex-
trapolation that in such cases black holes are formed where all matter has vanished
behind a horizon.

A black hole has strong gravitational fields. Matter in its neighbourhood is
attracted to it. The swirling matter around a black hole in its exceptionally strong
gravitational fields will produce all kinds of radiation as it falls into the hole. That
is our chance of inferring a black hole. It is believed there are a large number of
black holes of a few solar masses. In addition it is believed that practically every
galaxy has at its center an ‘active galactic nucleus’ which, judging by the speeds
of stars and gaseous matter around it, implies the existence of supermassive black
holes of mass equal to millions of solar masses.

A Schwarzschild black hole has zero angular momentum and would be rather
an exception. In general there will be rotating black holes which are described by
the exact solution of the Einstein equation known as the Kerr solution.

14.5 The Kerr Solution

Realistic collapse is hardly ever spherically symmetric. Actual collapse involves
rotation of collapsing mass about an axis. An axially symmetric, stationary, ex-
act vacuum solution of Einstein’s equations was discovered by R.P. Kerr in 1963
and is known by his name. This is also a black hole solution in the sense that
it is asymptotically flat and there is a bounding surface or horizon into which
matter or radiation can fall but never come out. The Kerr solution represents a
“rotating black hole”. For zero angular momentum the Kerr solution reduces to
the Schwarzschild solution.

A truly remarkable feature of these solutions is their uniqueness. The Kerr
solution depends on just two parameters, M and a related to the total mass and
angular momentum of the matter contained in them. It can be shown that any
asymptotically flat, stationary solution of vacuum Einstein equations which has a
horizon and which is non-singular outside the horizon must be the Kerr solution
for some definite values of M and a. It seems that when all collapsing matter has
vanished behind the horizon and all gravitational waves radiated out, regardless
of what is happening inside, the gravitational field outside is that given by the
Kerr solution with fixed values of the two parameters. There are no distinguishing
features of the black hole except its mass and angular momentum.

The Kerr solution is simple to look at but has a reputation of being compli-
cated to derive. Even the verification that it is a solution is famously described as
“cumbersome” by Landau and Lifshitz in their book, Classical Theory of Fields.

In this chapter we take the Kerr metric as given. A diligent and ambitious
student can go directly to the relevant chapter of S.Chandrasekhar’s book, The
Mathematical Theory of Black Holes if she has learnt the techniques of calculating
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connection and curvature using Ricci coefficients as we discussed in Chapter 9.
One must be patient and calculate slowly but accurately.

We first give the solution in its so-called Kerr-Schild form and go by steps
to the other, more familiar Boyer-Lindquist form.

Let us consider a flat spacetime with coordinates x (they need not be
Minkowski coordinates) and metric 1 defined on it. Let K = K*J/dz" be a

null vector field, that is, null with respect to metric ,
(K,K), =nu,K'KY =0.
Let k = K* = kudz* be the associated covariant field
K = N K.

Let us define a new metric (on the same manifold)

INS)

=N+ KK = N + Kuk,)detdz”.

It is easy to see that the new metric is non-degenerate (with g = n#¥ — KHKY
as inverse) and K remains a null vector field with respect to this new metric:

(K, K)y = g K'K” = 0.

This gives us a method to construct new metrics from a flat metric by choosing
an appropriate null vector field.

An important result in general relativity is that if the Ricci tensor Ry, is
equal to zero (that is vacuum Einstein equations are satisfied) then the integral
curves of K form a geodesic congruence. The proof is not difficult and can be
found in Chandrasekhar’s book.

The Kerr solution belongs to this special form of metric.

14.5.1 The Kerr-Schild Form

The Kerr-Schild form of metric is given in coordinates t*, x,y, z as

ds® = —(dt*)* + (dw)® + (dy)* + (dz)”

2M3 d d d — d d ?
25 r(zdr +y yg+a§wy yde) | 2dz . (14.8)
T +az reta "

+

where M and a are constants (related to total mass and angular momentum) and
the variable r is implicitly defined by
2?4?22

r2+a2+r7:1'
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The null covariant vector field is defined by

2Mr3  [r(zdx + ydy) + a(zdy — ydx) = zdz .
=/ SR
4+ a2z r2 + a? r

and to check that it is indeed a null field, one can ignore the square-root in front.
Then using the Minkowski metric, (k, k) is (up to the factor)

(xr —ay)?  (yr +azx)? 22
z T2

—1
+ (r2 +a?)? (r2 +a?) r

which vanishes by the definition of r.

14.5.2 Remarks on Kerr-Schild Metric

There are some obvious inferences from this form:

Asymptotic Flatness

The metric is asymptotically flat and reduces to the flat Minkowski metric for

large values of x,y, z. This is so because, solving the quadratic equation defining

2

T,

2?2 = (x2 +y? 422 — a2) + \/(x2 +y2 + 22 —a?)? + 4a?22,
therefore for large |z|, |y, |2] >> |a| , r? ~ 2% + y? + 22. The factor appearing in
front of k goes to zero.
a = 0 Corresponds to Schwarzschild
For a = 0 the solution reduces to the Schwarzschild case because then r? =
2% 4+ y? + 22 and xdz + ydy + zdz = rdr, so

2 12 2, .2902 | 2 2 2 2M #12
ds® = —(dt*)* + dr® + r*df* + r°sin” 0d¢p* + —[dr — dt*]*.
r

Choosing v = t* — r and eliminating ¢t* in favour of v we get the form

2M
ds® = — (1 — ) dv? — 2dvdr + 12d6? + r? sin® 0d¢?.
r

This is the same as the Schwarzschild metric in the so-called ingoing Eddington-
Finkelstein coordinates. If we convert the v coordinate into

Vo= t—r—2M1n(ﬁ—l), For r > 2M

t—r—2M1n(1—ﬁ>, For r < 2M

we get back the standard Schwarzschild form.
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Disc Singularity

The metric components are everywhere well defined except where the denominator
r2 4+ a%2? of the factor in s vanishes. That obviously happens when z = 0 and
r = 0. From the defining relation for r above it is obvious that surfaces of constant
r are ellipsoids of revolution. This means that the surface r =constant cuts a plane
through the symmetry axis (the z-axis) in an ellipse. For example the plane z =0
cuts the surface of constant r in

2 2
Y _+Z -1
r2+a?2 12

which has eccentricity a/v/7? + a? and the foci at y = £a from the z-axis. Because
the position of the foci is independent of the value of r, these ellipsoids have the
same common foci on the ring corresponding to z = 0 and 22 + y? = a?. They are
‘confocal’ ellipsoids of revolution.

When r — 0 the ellipsoids become smaller and smaller and flatter and flatter
in the z-direction. Their eccentricity increases. At r = 0 the upper surface (z > 0
side) and lower surface of the ellipsoid join together to form a disc 22 + y? < a?

Thus the true singularity of the Kerr solution is in the form of a disc. This
is the only singularity it has.

L A

Fig. 14.7: Disc Singularity and surfaces of constant r.
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14.5.3 Boyer-Lindquist Coordinates

We change the Kerr-Schild form of the metric into a physically more appealing
form given by Boyer and Lindquist.

Step 1

As a first step, we notice the ellipsoidal nature of constant r surfaces

2 2 2
a4yt 2
T2+a2 7‘2

and define new coordinates 6, ¢1 respecting this geometry:

x = /r2+4a?sinfcos ¢,
= V12 +a?sinfsin ¢y,

z = rcosf.

This gives immediately

2 2 2
+ 0
dz’ +dy® +d2* = %(dr)2 + (r? + a? cos? 0)(d6)>

+(r? 4 a®) sin” O(d¢)?,

d d dy — yd 25in? 0
7’(-73 1'+y yg+a§$y yﬂf) — %dr—l—rsin@cosﬁd@
r“+a r“ +a
+asin® Oden,
d
2z cos? Odr — 7 sin 0 cos 6d6.
r
Therefore
ds?
2 2 00520
— )2+ 1 ;Z‘;(f (dr)? + (2 + @ cos? 0)(d)?
+(r? 4 a®) sin? O(d¢ )*
2Mr . r2 4+ a2 cos? 6 .9 2
+T2—|—CLW 7dt +T‘2_i_7a2d?”+a81n 9d¢1
Step 2

Further simplification is achieved by defining

dpr = dos + ﬁdr, (or o1 = oo + tanfl(r/a));
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then

ds* = —(dt*)? + (dr)? 4 (r® 4 a® cos? 0)(dB)* + (r* + a?) sin? 0(dg,)?
2Mr

m [—dt* + d'f' +a Sin2 9d¢2] 2 .

+2asin’ 0(dgodr) +

This by itself is quite a useful form and used often. However there are ‘cross-terms’
drdegs, drdt* and deodt*.

Step 3
To eliminate drdt* and drd¢s we guess
dt* = dt + A(r)dr, dge = d¢ + B(r)dr
where A and B are functions of r, to be determined by the condition that drdt

and drd¢ terms do not occur in the metric. Substituting and solving for A and B
we get

A= ——0of) B=—— A =r?—2Mr+ad®

This brings the metric in the standard Boyer-Lindquist form,

2
ds? = —(dt)? + 5 (dr)? + p(d0)? + (17 + a?) sin? O(do)?
2Mr .
> (dt — asin® 0 dg)? (14.9)

where the frequently occuring expression is abbreviated as
0% =12+ a%cos? 6.
Another form in which the metric is usually written is

2M 2
ds? = —[1— pﬂ (dt)? + 2 (dr)? + p?(d9)?

A

2Mra?
- [(ﬁ ) = sin 9} sin” 0(dg)°
P

4Mar

sin? 6 dodt. 14.10
3 ¢
P

In practice t* of the Kerr-Schild form of metric is also written as ¢ but we have kept
a separate notation to emphasize that the two time coordinates (in the Kerr-Schild
form and the Boyer-Lindquist form) are not the same.
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14.5.4 Stationary and Axisymmetric Nature

None of the metric components depend on ¢ or ¢. This means that T'= 9/9t and
L = 0/0¢ are Killing vector fields. Motion of test bodies will conserve the values
of (T, U) and (L,U) where U is the four-velocity of the particle.

14.5.5 Meaning of a

The Kerr solution is asymptotically flat. At large values of coordinate r the func-
tion p? = r? + a® ~ r2 and the metric becomes as that of a weak field of slowly
rotating mass discussed in Chapter 13. In particular the d¢dt term has coeffi-
cient —4Masin? §/r which, when compared to 4JG(xdy — ydx)/c*r?, gives us the
physical meaning of parameter a. The total angular momentum J of the system
described by the Kerr solution is equal to Ma = J in the units of this chapter.
(In ordinary units a has dimensions of length, M has dimensions of mass, then
Ma = J/c.) In other words, a is the ratio of total angular momentum and total
mass of matter causing the Kerr spacetime.

14.5.6 goo = 0, Horizons and Ergosphere

We saw in the case of the Schwarzschild solution that goo goes to zero at the surface
r = 2M leading to clocks fixed to the coordinate system stopping altogether.
Similarly, in Kerr spacetime the proper time shown by a clock with fixed value of
7,0, ¢ stands still when r has the value given by goo = —1 4+ 2Mr/p* = 0 or at

r=M=E£/M?2—a?cos20

In the Schwarzschild case the surface of infinitely slow clocks (the surface on which
goo = 0) coincided with the event horizon. But here, a particle or light can still
escape to infinity from the surface where ggo = 0.

The event horizon, which is the null surface of finite extent on which light
beams hover and neither go in nor away to infinity, is actually given by

A=0 < ry =M+ M?2—a2

The surfaces r = r4 are event horizons. The surfaces of goo = 0 coincide with
r4 along the z-axis, but for other values of # there is a region between the two
surfaces: the horizon 1y = M + v M? — a? is inside the surface of infinitely slow
clocks, r = M + vV M?2 — a? cos? 6. The region between these surfaces from where
a particle can escape to infinity is called the ergosphere.

The reason for that name is this. Take a particle falling from rest from some
fixed value of r in the plane § = m/2. The particle will keep within this plane
because of axial symmetry but will not follow a radial trajectory. Because of the
‘rotating’ nature of whatever mass distribution (or black hole) is creating the
Kerr spacetime, it will drift along the direction of rotation and acquire angular
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velocity in the same direction as the mass distribution. But we can counter it
by giving an initial condition (of sufficient opposite angular momentum) if it is
outside the ggo = 0 surface so that it doesn’t move in the angular direction of the
Kerr spacetime.

But if a particle is in the ergosphere it is forced to move in the angular
direction.

Even light is forced to sweep along in the direction of rotation of the Kerr
spacetime.

For a light signal in the x-y plane (8 = 7/2) the condition ds = 0 gives

[, 2Mr 5 é 2
0 = {1 pQ](dt)JrA(d)

+ {(r2 +a?) + Mi?ﬂ] (dg)*

4Mar
_ 7

dodt.

Dividing by (dt)? and evaluating on the goo = 0 surface where 6 = 7/2,r =
2M, p? = 4M? A = a?, we get

AM? [ dr\? NS do

An immediate conclusion from this equation is that d¢/dt cannot be negative
because in that case all three terms are strictly positive and the equation cannot
be satisfied. Even for d¢/dt = 0 we must have dr/dt = 0 so light doesn’t move
at all but stays put at the point with fixed r, ¢ and 6 = 7/2. With d¢/dt > 0,
non-zero solutions for dr/dt are allowed if

d
0 < (2M? + a?) i) R
dt
In the ergosphere all material particles as well as light have to rotate in the same
sense as that of the mass distribution that is causing the gravitational field.

14.5.7 Penrose Process

The Killing vector field T' = 9/9t is time-like in the outer region and space-like in
the ergosphere.

The Killing vector field determines a conserved quantity (T,U) along the
trajectory. If m is the rest mass of the particle falling along the geodesic, then
E = —m(T,U) is the energy of the particle.

Since U remains a future-directed time-like vector, and T" becomes space-like
in the ergosphere, (T, U) being the inner product of a time-like and a space-like
vector can be positive, negative or zero depending on the point and the direction.
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xT

Fig. 14.8: Disc Singularity, goo = O surfaces, horizons and ergosphere.
Only one actant is shown for clarity. Various surfaces are indicated by
their intersection curves with the coordinate planes. The disc singu-
larity is shown by hatched lines. The two goo = 0 surfaces correspond
to AC(r = M — v/M? — a?cos? ) and BF(r = M + v M? — a? cos? 0).
Point C corresponds to r = 0 and touches the disc singularity. F corre-
sponds to r = 2M. The two horizons are AD(r = r_ = M —+/M? — a?)
and BE(r =r4y = M + vV M? — a?).

The Penrose process is a hypothetical way of extracting energy from a rotat-
ing black hole. The idea is to throw a body with positive energy E = —m(T,U) > 0
with suitably defined direction so that it falls into the Ergosphere and arrange
so that it breaks into two pieces, with rest masses m; and msy. The ‘explosion’
of the particle is to be so timed and managed that the particle with mass m;
follows a geodesic with a starting four-velocity U; corresponding to negative
E; = —my(T,U;) < 0 and the other particle (rest mass mo with positive en-
ergy Fo = —mo(T, Us) > 0 and direction Us so that it eventually gets out of the
ergosphere. (Actually if particle 2 has to come out, particle 1 must fall into the
black hole.) At the point of breaking, the four-momenta of the three particles obey
mU = mU; +myUs therefore E = E| + E5. Thus the particle 2 which returns to
the outside region has energy Fo = F — Ey = E + |Eq| > E.

The particle which falls into the black hole has negative energy, and one
can show that it must have negative angular momentum as well. So the total
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energy and the angular momentum of the black hole is reduced. The Penrose
process allows extraction of energy from a rotating black hole by slowing down its
spinning. This sets a limit on the total energy that can be so extracted because if
the black hole stops spinning altogether the separation of the two surfaces which
enclose the ergosphere will vanish too.

14.6 Tutorial

Exercise 72. Start with the flat spacetime metric
—dt* + dr® + r2d#* + r sin” 0d¢
for which dr + dt is a null one-form field. Add f(r)(dr + dt)? to get the new metric
ds® = —dt* + dr® + r2d6* + r*sin® 0dp + f(r)(dr + dt)>.

Find the Ricci tensor for this metric and show that the Ricci tensor is zero only for f of
the form f = (constant)/r which gives the Schwarzschild metric. What are the Riemann
tensor components for f(r) = exp(—r/a)?

Answer 72. Steps:
Choose coordinates v = r + t, 7,0, ¢ and an o.n. “coframe”. One choice is

1 L 1

a’ = F(r)dv — m, a = mdr, o? = rdo, a® =rsind
where F' = /1 — f. Inversely,
N 1 1 _ 15 1 g
dva(a +a), dr — Fa’, deTa, d(z)irsin@a'

The Ricci rotation coefficients can be calculated as for example in
do® = Fldr Ndv = —F'a® Ao
where F' = dF/dr. The non-zero ones are

F t 0
Fo = —F', F212=7=F313, F323=COT .

These determine fope = Nad F' 4y, which in turn determine wqpe. The connection matrix is
(non-zero) components

0 /0 1 1 F o, 2
wi1i=Fa =wy, wo=—"—a"=—-w,
T
1 F 3 3 9 _ cotl 3 3
Ww3=——0 = —W 1, Ww3zg=———Q = —W 2.
r r

The Riemann tensor is calculated from 2 = dw + w A w. The non-zero components are

R0101 _ 7FF” _ (F,)2,
FF’
R0 = - = R%303 = R'212 = R'313,
1-F?
R303 = .

r2



14.6. Tutorial 313

The Ricci tensor is

Roo = FF'4+(FY 42FF Jr=—f"/2—f/r=—Ru,
Ry = =2FF'[r+ (1 —F)/r’=f/r+ f/r® = Ras,

R:f”+2(i>/.
r

Exercise 73. Find the force required (using a rocket engine for example) to keep a
physical body stationary near » = 2M in Schwarzschild spacetime.

and the scalar curvature is

Answer 73. The gravitational pull towards the centre is to be counter-balanced. The
trajectory r, 0, ¢ = constant is an accelerated trajectory. The velocity four-vector is
0 de" 0 0

U:U”—: _—
oxt dr Oxt ot’

from (U,U) = —1 it follows that U° = (1 — 2m/r)~*/2. The acceleration four-vector

d

A=DyU=U"(U", +TL, U
U ( ,+ va )Ba:”

is orthogonal to U and is space-like:

_ oyt 8 _mo
A_(U)FOOE)T_TZBT'

In order to find the force (on the unit mass body) that will have to be applied to keep the
body at fixed values of r, 6, ¢, one must express this acceleration in terms of basis with
physical distances (or an orthonormal basis). For a ‘coordinate distance’ dr the physical
distance is ds = \/gridr = (1 — 2m /)~ 2dr. Therefore

—1/2
A= (1 - Q—m) 9.
T r ds
This shows that the force tends to infinity as r — 2m.

Exercise 74. Find the equation of a radially falling dust particle in Schwarzschild space-
time which begins to falls from rest from a point at » = oo and hits the singularity » = 0
at its proper time 7.

Answer 74.

s 3V2M
== (0 — 7).

For radial fall df and d¢ are zero. Denoting differentiation by 7 the proper time by a
dot, the metric

ds® = —dr®=—f(dt)’ + ' (dr)?,
-1 = —fi2+ % F=1—2M/r.
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And the conserved quantity along the geodesic is the constant

dx”

o -t

C = gov

Eliminating ¢ and solving the equation for 7 gives the answer.
Exercise 75. Find the proper time 7 elapsed by the watch of an observer who falls
radially in a Schwarzschild field starting from rest at » = R > 2M until she hits the

singularity at r = 0.

Answer 75. Let f(r) = 1 — 2M/r. The conserved quantity C = —f(r)dt/dr can be
related to 7 = dr/dT as follows:

(d7)* = f(r)(dt)* = (F(r))" " (dr)”

relates dt/dr to . Therefore

C==VIr)+7i* = =VI(R).

This gives

which can be integrated to give

. R x

T .
V8M

Exercise 76. Put M = 0 in the Boyer-Lindquist form of the Kerr metric. What can you
say about the resulting metric?

Answer 76. It is flat Minkowski space.

Penrose Diagrams

Exercise 77. Construct a Penrose diagram for the Schwarzschild spacetime starting from
the Kruskal-Szekeres coordinates.

Answer 77. For Regions I and II (Figure 14.5) map the V and U coordinates by the
inverse tangent functions to finite range tan~ 'V € (0,7/2) and tan" ' U € (—x/2,7/2).
These regions then look like a part of the Minkowski space Penrose diagram (Figure 14.9,
left). Note that the singularity » = 0 which corresponds to UV = 1 is mapped to the
horizontal double line tan™! U + tan™! V = 7/2 because

» i UGV
tan (tan™ " U + tan V)fl_UV—>OO
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If we include the maximally extended coordinates as well we get the diagram as
shown in the second figure below.

Fig. 14.9: The Penrose diagram for the Schwarzschild spacetime show-
ing Regions I, II, IIT and IV of the Kruskal-Szekeres coordinates. The
double line corresponds to the singularity.






Chapter 15

Cosmology

An important application of the general theory of relativity is to the universe
itself. The science of the universe is called cosmology. Cosmology is a vast subject
requiring a thorough knowledge of many branches of physics. We give only the
barest outline of how the general theory of relativity defines the picture of our
universe.

15.1 The Universe

Our universe is made up of gravitationally clustered matter in galaxies, and unclus-
tered energy including radiation. Galaxies have been surveyed thoroughly through
the optical, radio and other telescopes. They are estimated to be several billion in
the observable part of the universe.

A typical galaxy, like our home galaxy Milky Way, is like a flattish disc
containing about 10! stars. Our Sun is just one of these stars. A typical galaxy
is about several kilo parsecs in size. (A parsec is an astronomical unit of distance
equal to 3.26 light years). The typical mass of a galaxy is of the order of 102 solar
masses. Our nearest neighbour galaxy is Andromeda about 750 kpc away.

There are two very important experimental facts about the distribution of
all forms of energy and matter.

Galaxies are uniformly distributed. Typical distances between galaxies range
from 50 kpc to 1 Mpe (mega parsec). These local inhomogenities smoothen out if
we see the universe on a very large scale. At a scale of 1000 Mpc the universe will
look like a uniform density cloud of dust, each galaxy a particle of dust.

Even though we are forced to make all our observations from our own galaxy,
(in fact from our own solar system) all observations seem to suggest that there is
no particular feature or mark to distinguish one place of the universe from another,
nor any particular direction more preferable than the other.
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The assumption that the universe looks the same from anywhere and in all
directions is called the cosmological principle of homogeneity and isotropy of its
(three-dimensional) space.

But the universe is changing along the time axis.

The galaxies are moving away from each other. If we measure distances of
nearby galaxies from our galaxy, it seems that all these distances increase in time
by the same proportionality factor. So if a galaxy is twice as far as compared to
another, then it recedes twice as fast. The linear relationship between the speed
with which a galaxy recedes away (as measured by redshift of spectral lines) and
its distance, is called the Hubble law. We must remember that light from galaxies
very far away (the farthest observed is about 3 billion light years away) takes much
time to travel to us and its redshift represents the velocities of those earlier times.
This has to be taken into account. Light from distant objects gives us information
about how the universe was some time ago and that helps us guess how it has
been changing.

The experimental validity of Hubble’s law means that the galaxies have very
small peculiar velocities, that is velocities over and above the receding velocity
governed by Hubble’s law.

Homogeneous and Isotropic Universe

The picture that emerges is as follows. Imagine a uniform density fluid whose
particles (each a galaxy) have fixed unchanging coordinates. But the physical
distances between these particles keep increasing. At any given time the physical
distance is obtained by multiplying the fixed ’coordinate distance’ between the
particles by a positive factor a(t) called the scale factor. The picture often given
in popular books on cosmology is that of a baloon in which air is being blown
in. As the balloon expands the points on its surface recede from each other. One
should notice that there is no particular point on the baloon which is special: all
points move away from each other without any one of them being the “center”. It
is a very useful and basically correct picture in two dimensions. Another picture
(in three dimensions) is a cake being baked in an oven. As the cake bakes it swells
in all directions, the raisins and nuts embedded in it move away from each other.

The universe changes with time, but at a fixed time it looks spatially
isotropic. We further assume that it would look isotropic from all points as well.
Then the universe has to be mazimally symmetric, as far as three-dimensional
space is concerned. We can choose coordinates so that on the large scale the met-
ric is of the form

ds* = —c2dt* + a(t)?*(do)? (15.1)

where the spatial metric (do)? is both homogeneous and isotropic. We have dis-
cussed maximally symmetric metrics in Chapter 10. The high degree of symmetry
completely determines the three-dimensional space determined by a constant k.
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There are just three choices corresponding to positive (k = 1), negative (k = —1)
or zero (k = 0) curvature:

2 _ (dT)Q

(do) 1 — kr2

+1r2(df)* + r?sin?0(dg)?,  k=0,+1. (15.2)

Our starting point therefore is the metric in coordinates x# = (20 = ct,r, 0, ¢)
with

-1 0 0 0
0 a?/(1—kr? 0 0

g =| 0 / ; ) o X . (15.3)
0 0 0 a?r? sin® 0

This metric is called the Friedman-Robertson-Walker or FRW metric.

We have written the scale factor a(t) as a function of time ¢ rather than the coordinate
29 = ct. This means that when we write a it means da/dt and not da/da:o. Also, we take 1,0, ¢
to be dimensionless. This is particularly convenient as this means k is dimensionless. The scale
factor a(t) has dimensions of length. The time coordinate ¢ which divides or (“foliates”) the
spacetime into surfaces of maximal spatial homogeneity is called the cosmic time coordinate. If
we neglect our own peculiar velocity then the time shown by our clocks ‘runs at the same rate’
as the cosmic time.

Hubble Parameter

Since space is homogeneous, we can choose the origin of coordinates in our own
galaxy. A galaxy has the physical distance s(t) = a(¢)|d(r, 8, ¢)| from the ori-
gin where |d(r, 0, ¢)| is the coordinate distance (as measured by do?). |d(r,0,¢)]
remains constant as the universe evolves. Therefore

ds . .
i a(t)d = H(t)s(t)

where

Ht) =2 (15.4)

H(t) is called the Hubble parameter. This equation states that the speed of re-
ceding galaxies is proportional to the separation between them. The present value
of H denoted by Hj is determined by the velocities of neighbouring galaxies. Red
shift of much farther galaxies gives information of H at earlier times, which is
quite useful.

As a ratio of velocity and distance the Hubble parameter has dimensions
of inverse time. The present value of the Hubble parameter is about Hy = 72
(Km/sec)/Mpc in practical units, which corresponds to 1/Hy = 10° x 3.26 x 3 x
108(m/sec) x year/72Km ~ 14 billion years.
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Spatial homogeneity simplifies a lot. The distribution of matter content of
the universe, that is T},,, is only a function of ¢ not r, and ¢. If we know T}, at
any time ¢, the Einstein equation can be used to find the geometrical quanties k&
and the scale factor function a(t).

What can we say about T}, (t)?

The universe not only has non-relativistic matter in the form of visible galax-
ies, but it has electromagnetic radiation in the form of background radiation per-
meating the whole universe, as well as ‘dark matter’ and ‘dark energy’.

In fact, the fraction of energy contribution of visible galaxies and gas clouds
is estimated to be about four to five percent in the present universe. Radiation is
about 10~* fraction-wise. About 25% contribution comes from dark matter whose
existence is not in doubt because its gravitational effects can be seen on visible
matter like stars and gas clouds. The dark matter is supposed to be clustered or
clumped around galaxies but we know practically nothing about the nature of
dark matter. And lastly the universe is supposed to be everywhere swathed in
‘dark energy’ (with negative pressure) which is about 70%. The nature of dark
energy is also not understood. One can replace dark energy by assuming that
there is a cosmological constant instead. But we don’t know why the cosmological
constant has to have a fantastically small value.

It is a strange feeling that we are floating in a fluid 95% of whose content we
don’t even know and the only sure knowledge we have is about the 5% portion of
matter and radiation as shown by experiments in particle physics.

15.2 Friedman Equations

Assuming the distribution of matter and radiation to be that given by the stress
tensor of a perfect fluid, and using the homogeneity of space, we can write

2
pc 0
T, = 15.5
u ( 0 gijp) (15.5)

where the energy density pc? and pressure p will depend on time but not on space
coordinates because of homogeneity and isotropy.

The Einstein equations for this metric are called Friedman equations. The
Einstein tensor is evaluated for this metric in the tutorials at the end of the
chapter.

For the zero-zero component the Einstein equation is

3 (a® ke G
—Gw=-5 ( + ) T Ta e
or

2 k2 8nG
a ke orbp (15.6)

a? a? 3
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The other three equations corresponding to G171, G2, G33 all give the same equa-
tion

a? a?

.. .2 2
20 (a N ke > _ _87er. (15.7)

=+
a c?

We can simplify this second equation by substituting the part within the paren-
theses from the first equation and obtaining

a A

Other Forms of Equations

There is a still simpler and physically appealing form of the second equation which
eliminates both @ and k. Multiply the first equation by a? and differentiate with
respect to time ¢. The constant k goes away upon differentiation and we get

_ 8nG d(pa?)

3 adt

Substitute for @ from the last equation of the previous section. The result can be
written as the “first law” (of thermodynamics pdV = —dE);

da® d(pc?a?
e (pcta’)

2aa

= . 15.9

dt dt (15.9)

This is just the law of conservation of energy, the work done by pressure in
any change of volume equals loss of energy inside: pd(a®) = —d(pc?a®). This is

not unexpected because the Einstein equations imply the local conservation law
T#., = 0 as a consequence of the contracted Bianchi identities.
We can rewrite this equation also as

d(pc?) = =3(pc* + p)d(Ina). (15.10)

Simple Consequences of Friedman Equations

One of the obvious consequences of the equation i/a = —47G(3p + pc?)/(3c?) is
that (unless we can find matter with 3p + pc? = 0) the universe cannot be static
because a=const corresponds to both @ = 0 as well as @ = 0! As 3p + pc? > 0 for
all familiar form of matter, d(¢) < 0. We know by observation that the universe is
expanding, that is @ > 0 today. It would have been an even larger positive number
in the past because d is negative. This means as we go back in time a keeps
decreasing. Even if @ were constant and retained its present value ag = agHy —
(there is a fairly standard convention of using a subscript 0 for all present-day
values of cosmological quantities) — the scale factor a will reduce to zero if we go
sufficiently back in time by an amount 7' = 1/Hjy:

Cl,(t) =ap + (t - to)(aoHo).
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So T is a rough estimate for the age of the universe. The Hubble parameter
presently has value Hy ~ 72 (km/sec)/Mpc which gives the value 1/Hy ~ 14
billion years.

15.3 Cosmological Constant

The Hubble law of an expanding universe was established in 1929. When Einstein
first applied his equation to the Universe, the conception of the Universe was
that of a static distribution of galaxies. We saw in the last section that unless
3p + pc? = 0, the second time derivative of the scale parameter & # 0. So the
universe cannot be static; it will either expand or contract. In order to cure this
‘defect’ Einstein introduced an additional term in his equation:

1 8rG
Ruy — §gHVR + Aguy = CTTHV. (1511)

Here A has dimensions of inverse length squared.

Einstein is supposed to have regretted introducing A later on and the ‘Ein-
stein static universe’ is no longer relevant today, but the ‘cosmological constant’
has been brought up and discarded many times in the following years for different
reasons. Finally, during the last few years, data seems to indicate that it is here
to stay but with an exceedingly small positive value. Why this value should be so
close to zero and still not quite zero is one of the open and challenging problems
of cosmology today.

We can always accomodate A in T}, by writing

1 887G v
R;u/ - §guuR = CT (T;uz + T,“%C') (15.12)
where
A
TV = ———q,, 15.13
2% 87TGglL ( )
2
_ ( prac.c” 0 ) (15.14)
0 GijPvac.
where
4
2 _ C A _ 2
Pvac.C = 87TG7 DPvac. = Pvac.C -

When we write the cosmological constant in this way as a stress-energy tensor of a
fictitious perfect fluid, we notice the strange feature that the pressure and energy
density have opposite signs. If A is positive, then energy density of the fictitious
fluid is positive and the pressure is negative.
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We include the cosmological constant in this way as part of the total stress-
energy tensor. This additional contribution 777 is called “vacuum” contribution
because the Einstein equations with a cosmological constant can be obtained by
adding a term —2A,/—g to the Lagrangian R.,/—¢g. This amounts to adding a
constant term to the Hamiltonian which shifts the zero of energy by a constant
amount. Traditionally in field theories such a term is called the “vacuum” energy.

15.4 Models of the Universe

All cosmology revolves round determining the function a(t). The equations which
govern the scale factor a(t) are the Friedman equations:

a?  ke? 8rGp

4 =

a?  a? 3
a 4G
Lo I Bp+ o).
a 3c? (3p+ pe?)

Where convenient we can also use

which follows from the other two.

It is assumed that we know the “equation of state”, the relation between
energy density pc? and pressure p of the supposed perfect fluid filling the universe.
Then we have basically two equations for two unknown functions a(t), p(t) and an
unknown constant k = 0,+1 which determines the type of universe we live in.

In practice one starts with a model based on some assumptions about (1)
k which can be 0 (“spatially flat universe”) or k = 1 (“spatially closed”) or k =
—1 (“open”) (2) the matter content and attempts to fit the available data. The
matter content could be any of the constituents: radiation, non-relativistic matter,
‘vacuum’ energy or cosmological constant, dark matter, dark energy or whatever
is required to fit the data. It is remarkable how much can be learnt by this process
of model universes. For example, it is established beyond doubt in the last few
years that we live in a universe that is spatially flat, that is k = 0.

Flat Matter-Dominated Universe

Matter means non-relativistic ‘cold’ matter for which the kinetic energy and pres-
sure can be neglected compared to energy density due to rest masses. ‘Dominated’
means that other forms of energy are ignored. If k = 0 and p = 0, then d(pc?a®) = 0
implies
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From Friedman’s equation for k = 0 it follows that

. 1
a* o —
a

which gives

2
a oxt3.

Flat Radiation-Dominated Universe

For radiation there is no mass density p but the stress-energy tensor has instead
the energy density u in place of pc?. The relation between the energy density and
pressure is given by p = u/3 for diffuse radiation in thermal equilibrium.
If p=u/3 then d(ua®) = —uda®/3 implies
1
U X g

and then the Friedman equation implies

which gives
a o V1.

If the uniform radiation is in thermal equilibrium at temperature T, then by the
Stephan-Boltzmann law u oc 7. This implies that

1 1
T(t)m@a%.

Flat A Dominated Universe

The first thing to note about the cosmological constant or ‘vacuum energy’ den-
sity is that it remains constant unlike matter or radiation which decrease with
expansion (as a=2 and a~* respectively)

A

Pvac. = R

therefore the flat (k = 0) Friedman equations imply a2 = a?Ac?/3 which solves to

a(t) = Cexp(/c?A/3t), or  a(t)=C"exp(—/c2A/3t).

We can solve exactly for a(t) for single constituents as seen above. Due to the non-linear
nature of Friedman equations it is not possible to deduce the time dependence of a(t) when
several constituents are present, none of which can be singled out as ‘dominating’. This is only
part of the problems of cosmology.
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15.5 History of the Universe

We have seen that the Hubble parameter H(t) provides an estimate of the age
of the universe. If the expansion rate @ were constant the age would be about 14
billion years, and the second Friedman equation implies that d < 0 implies that
the expansion rate was actually greater before than now.

What was the universe like in the beginning?

Today the fraction of radiation in the universe is about 10~° but as radiation
density goes, at a=* it would have been dominant when a was small. It would
also have been hotter because density goes as T*. At those high temperatures all
particles would have been in thermal equilibrium along with their antiparticles
with kinetic energies much larger than their rest masses. A model of the early
universe uses the physics of elementary particles to describe what must have been
going on. As the universe expanded it cooled and various light nuclei were formed.
At a still later time, neutral atoms were formed when the thermal energies were
not large enough to ionize atoms. The radiation became decoupled from matter
at this stage and the universe entered the matter dominated era. The radiation
has ever been thinning out with expansion and becoming cooler so that today
its temperature is 2.73° K. This ‘cosmic background radiation’ is the incredibly
accurate Planck black body spectrum corresponding to this temperature with
peak wavelengths near microwaves. That is why it is called cosmic microwave
background radiation or CMBR.

CMBR is a very useful tool to test theories of the universe. The CMBR is
not only astonishingly true Planck spectrum it is very uniform in all directions as
well. The small departures from true isotropy as seen in recent observations are a
very accurate and sensitive tool which put stringent bounds on various theories of
the early universe.

Research in cosmology has been going on intensely in recent years.

15.6 Tutorial on the FRW Metric

For the spatially homogeneous and isotropic universe the metric can be chosen to
be in the Friedman-Robertson-Walker form,

(dr)?
1—kr?

ds® = —(da°)? + a® +72(df)? + r?sin®0(do)? | , (15.15)

where the scale factor a = a(t) depends only on the cosmological time ¢. The scale
factor a has the dimensions of length whereas coordinates r, 8, ¢ are dimensionless.

Connection Components

Exercise 78. Find connection components for the FRW metric.
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Answer T8. Straightdorward calculations. In a matrix form

-1 0 0 0
0 a?/(1l—kr? 0 0

Guv = 0 /( 0 ) a2,,,,2 0 (15'16)
0 0 0 a’r?sin®0

The connection components for this metric are (the dot on a represents the derivative
with respect to t)

0 0 0 0
- 0 aa/|e(l — kr?) 0 0
peo 0 0 aar? /e 0 ’
\ 0 0 0 aar?sin®0/c
0 a/cal 0 0
Mo aflea]  kr/(1— kr?) 0 0
peo 0 0 —r(1 — kr?) 0 ’
\ 0 0 0 —r(1 = kr?)sin? 0
0 0 af[ca 0
2o 0 0 1/r 0
wo = af[eal 1r 0 0 ’
\ 0 0 0 —sinfcosd
0 0 0  afled
3 0 0 0 1/r
D = 0 0 0 cot @ (15.17)

\d/[ca] 1/r cot® 0

Riemann, Ricci and Einstein Tensors

Exercise 79. Find the components of the Riemann tensor.

Answer 79.
R — Royo— — 4
101 110 20— F?)
R0 = —R%n0=adr’/c®
R0303 = —Roggo = (1('1'/1“2 sin2 0/02
a
Rl'oosr = R%002 = R%003 = -
ca
= —R'o0=—R%00 = —R%u0
nglg = —Rlzgl = (dz + ]CCZ)’I"Z/C2
R'sis = —R'ss = (@ + ke )r’sin® 0/
-2 2
+ ke
R2 = —R2 = __a TRe
112 121 20 = kr?)
R’33 = —R%33 = (a® 4 ke®)r’sin® 0/
-2 2
+ ke
R® = R & TRC
113 131 20— kr?)

Riys = —R'y=—(a’+ke)r?/c’ (15.18)
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The non-zero Ricci tensor components R, = R? .. are just the diagonal ones:

i
Roo = =3,

ca

. .9 5
Ry — gy ldt20 t2he (15.19)

c2a?

The curvature scalar R = ¢g""R,,, is

6 fa a> ke
—R = -2 (5 + pel + ?\) . (15.20)

Finally the Einstein tensor G, = R, — g R/2 is

3 (a® ke
Goo = g(;wLa—g),

. .9 2
N gij (24 a ke
Gi = — g (7 tat a—z) : (15.21)






Chapter 16

Special Topics

16.1 The Gauss Equation

We have discussed Gauss’ Theorema Egregium and the Gauss and Codacci equa-
tions in Chapter 2 in their original formulation of a two-dimensional surface imbed-
ded in the three-dimensional Euclidean space. The metric and the covariant deriv-
ative on the surface was induced from the derivative of the ambient Euclidean
space. The great discovery was that the metric and covariant derivative referred
only to the surface, that is, intrinsic quantities. This result led to the Riemannian
geometry we know.

The result can be generalised. If we are given an imbedded submanifold or a
hypersurface in a Riemannian manifold, the metric in the larger space induces a
metric on the hypersurface. Moreover, we find that there is a well-defined connec-
tion or covariant derivative on the surface. This covariant derivative is related to
the induced metric in the usual manner, i.e., the Christoffel symbols of the induced
connection are constructed from the induced metric components in the standard
way.

This generalization can be achieved exactly as in the original formulation,
that is, by defining the tangential component of the covariant derivative (of the
larger space) as the covariant derivative on the surface.

For definiteness, we discuss the case of a space-like hypersurface with a time-
like normal, but the result holds more generally.

Let M be a Riemannian space of dimension n with one time-like and n — 1
space-like vectors in an orthonormal basis. We shall denote our space-like hyper-
surface by S. This means that at any point p € S C M the tangent space T}, is a
direct sum of two orthogonal subspaces: a one-dimensional space generated by a
time-like unit vector N, and an (n — 1)-dimensional tangential subspace of vectors
tangent to curves lying in S and passing through p. All vectors tangent to S are
orthogonal to IV and any vector orthogonal to N must be tangential. As point p
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varies on the surface, N becomes a unit normal vector field defined on S.
(N,N) =—1.

We shall denote vector fields defined on points of S which are tangential to S by

a tilde )N( , 3; etc. and call them tangential fields; it being understood that they are
tangential to S. These fields are such that

(X,N) = 0.

On the tangent space of any point p of S the inner product <)~(7};> of two

tangential vectors X and Y determines the induced metric (, )~onS:

(X,V)e = (X,Y). (16.1)

The induced metric is also known as the first fundamental form.

Let the covariant derivative of M be denoted by D. In order to calculate
the covariant derivative of a vector field Y along a certain direction of field X,
all we need to know is the value of vectors Y along the curve whose tangents are

X. Therefore the covariant derivatives of tangential vector fields D% }; are well
defined. Similarly, D;{N is well defined too.

Although it is intuitively plausible, for a rigorous proof of these statements see section 16.3
later in this chapter. The connection on S should be defined for all tangential vector fields and
functions on S. We need to extend these fields and functions on S into M so that concepts on M
can be applied. One then has to make sure that quantities defined on the surface are independent

of the extensions. In the derivation which follows we use the fact that the Lie bracket [)?, )A/J] of
two tangential fields is tangential. This particular result is also plausible in view of the Tutorial
exercise (two steps forward, two steps back) in Chapter 7.

As (N,N) = —1 is constant on S,
0=X ((N,N)) = (DN, N) + (N, D_N).
Also, for tangential fields )N( and }7, differentiating ( )N( ,N) =0 along 5; we obtain
0=Y (( X,N)) = (Ds X,N) + (X, D_N).

Of course, the covariant derivative of a tangential field along the direction of
another tangential field need not itself be tangential. The decomposition of this
derivative in tangential and normal components and defining the tangential part
as the new covariant derivative for the surface was precisely the idea of Gauss.

Given any vector X in the tangent space at a point p € S we can write its
tangential part as

h(X) =X + (X, N)N.
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That this is indeed the tangential part is seen by taking the inner product:
(h(X), N) = 0 because (N, N) = —1. Therefore the splitting of a vector is
X =h(X)—(X,N)N.
The mapping h : T, — T}, is a linear projection operator
h(h(X)) = h(X).
Let us write the tangential-normal split of the covariant derivative as (the Gauss’
equation)
Do Y=D.Y +K(X,Y)N (16.2)
where we use new symbols for the tangential and normal parts:
Dy = h(D;{ Y), (16.3)
K(X,Y) = —(D;Y,N)=(DgN,Y). (16.4)
The following result is the modern version of Theorema Egregium:

Proposition: D is a metric connection (or covariant derivative) on S with respect
to the induced metric. Moreover, K defines a covariant symmetric tensor on S.
The second-rank tensor K is called the second fundamental form or extrinsic
curvature.

Proof: N

To prove that D is a metric connection we must show that

(1) it is a connection on the surface, i.e., it satisfies the four defining conditions

Di sV = DV +DV .o (i),
D (Y+2) = DY +DyZ.ooooinnnn (i4),
]5“?37 - f 5)?37 .................. (iid),
D.(fY) = fDY+X ()Y .oooon (iv)
(where f is a smooth function on S),

(2) the torsion of D is zero and

(3) D preserves the induced metric

(D
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Connection properties (i) to (iii) are evident:
Df;((Y +2)=fDyY +fD; Z.
Gauss’ equation for the left and right-hand side of this equation can be written
D Y+ Z)+K(fX.Y+Z)N = [DyY+fD3Z
+/K(X,Y)N + fK(X,Z)N
and the tangential and normal components compared: therefore,
and, in addition we get the linearity of K,
K(f X.Y +2) = [K(X.Y) + [K(X, 2).

For property (iv) we note that

~

D;((fY):fD;(Y+X(f)Y

and since the second term is tangential, it only adds to the tangential part

~ ~ ~

Dy (fY)=fDyY +X () Y.

Thus lN) satisfies the conditions of a connection.

To see (2) (i.e., the connection D is free of torsion) we just use the fact that,
the original connection D has zero torsion:

0 = D
X —[X,V]) + (K(X,Y) - K(Y,X))N

where we combine | X , }7] with the tangential part because it is tangential. Equat-

ing the tangential and normal parts separately to zero we see that B is torsion-free,
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To show (3) (that D is metric), we calculate the action of the vector field X on
the scalar function (}77 %}N = O;, %)

X((Y,Z)~) = (D

The last two terms are zero bacause N is orthogonal to tangential fields Y and Z.
We can replace the metric (, ) by (, )~ in the remaining terms because all fields
are tangential. Thus

XY, Z)n =(D Y, Z)~ + (Y, Dy, Z)n.

Moreover we have shown that K is symmetric and linear in its arguments, therefore
it defines a covariant second-rank tensor.
This completes the proof of the proposition.

16.2 The Gauss and Codacci Equations

The relationship between the Riemann curvature tensor of the metric in M and
the Riemann curvature of the induced metric on .S can be easily worked out: Write

where use has been made of the properties of the covariant derivative. We write

the expression for D;(D;{ Z) similarly, and further,

~ o~

Dz 3 Z=Dz % *NE(X.Y], 2).
Combining these to form the Riemann curvature tensor

R(X,Y) Z= D (D 2) = DDy, Z) = D5, o Z,
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we see that the expression becomes
RX.Y)Z = |[R(X.Y)Z+(D
+ N|K(X,D;2) - K(V,D;2)
+ X (K(V,2)- Y (K(X,2)) - K(X.V),2)]

where we have separated the tangential and normal parts in square brackets.

Take the inner product with a tangential field VT/ to project the tangential
part (recall the definition of covariant form of Riemann curvature tensor Chap-
ter 9)

RW.Z:X,Y) = R(W.Z:X,Y)

RW,Z:X,Y) = R(W,Z:X.Y) + K(X.W)K(Y,2)
~- K(Y,W)K(X,Z) (16.5)
By taking the inner product with the normal NV, we get the orthogonal projection,
(NRX.Y)Z) = -[K(X.Dy2) - K(V.D32)

~

as (N, N) = —1. We can write [)?7 17] :D;(? - 537;( for the torsion-free connec-

tion 1~) and combine these with the other terms to get the Codacci formula
(NRXY)Z) = —[(D4K)(V.2)— (DpK)(X.2)]  (166)

where the covariant derivative D;{K of the second-rank covariant tensor K is, as

usual, the second-rank tensor whose value on a pair of fields };, 2 is

(DLE)(Y,2) = X (K(Y,2)-K(D;Y,2)~K(Y,D; Z)

= X (K(Y,2)) - K(DY,Z)~ K(Y,D;2)
(where D can be replaced by D in the last two terms because the inner products

of tangential field E with normal components of D)} )7 and D~ )N( are zero).

Gauss Codacci equations are important in discussions of initial value and the
Hamiltonian formulation of the general theory of relativity where time develop-
ment is replaced by a family of space-like hypersurfaces.
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16.3 Bases on M and S

16.3.1 Basis for Tangential Fields

We now write the Gauss and Codacci formulas in explicit bases on M and S.

We can regard the surface S to be a subset of the manifold M. The surface
S has one time-like vector and n — 1 space-like vectors in an orthonormal basis
of the tangent space of its points. Let n — 1 coordinates u*,a = 1,...,n — 1 be
defined on S. Then the n coordinates x%,i = 1,...,n of these points (as points of
M) are smooth functions of w,

't = ¢'(u).
These coordinate systems define coordinate basis vector fields {9; = 9/dz"} for
all vectors and {9, = 9/0u} for tangential vector fields.

We have the following definitions and formulas which are simple to prove.
See below for explanation.

do = 00, (9, = 00" /Ou?) (16.7)
Jap = (0, 0p) (16.8)
Jab = gij0'ad, (16.9)
h(v) = v+ N(N,v) (16.10)
hi = (h(@).h(0)) (16.11)
hij = gij + NiN; (16.12)
hi;N7 = 0 (16.13)
h'; = 8+ N'N; (16.14)
(h(v))" = n0 (16.15)
h(di) = ¥i0a (16.16)
¢agii = ab U (16.17)
¢y = GupYlg? (16.18)
~ab .
vy = 9 ¢?bgij (16.19)
hij = U0 Gap (16.20)
hij = Uik (16.21)
Pl = 68, (16.22)
vy = I (16.23)

Vectors tangent to the surface are given by linear combinations of the basis vectors {94}
which span the n — 1 dimensional subspace tangent to S

o ¢ 9

= dus  Qus Hzt

Oa

= ¢fa8,- .
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Components of the induced metric in the basis vectors {94} is

P B < a >
ab = Aue’ dub
= 9ij¢lady.
N is the unit normal vector field defined on the surface.

<N,i>:O,fora:1,...(n—l), (N,N) = —1.
ou®

Given any tangent vector v € T),,p € S at a point on the surface, its resolution into its normal
and tangential parts is

h(v) =v+ N(N,v).
The projected vectors have inner product given by a two-form
(h(v), h(u)) = (v, ) + (v, N)(N, u).
If the normal N is written as

— NI — Ny,
N=N p N9y,
then h;; in the basis {9;} is

hi; = (h(8),h(0;))

9ij + (0i, N)(N, ;)
915 + 9ingji NFN'
= gij + NgNj

where we have written N; = giij‘ Notice that h;; is purely tangential in the sense that
hij N7 = 0.

The projection matrix which maps components of v into those of h(v) can be found easily, the
i-th compnent

(v + N(N,V))?
= (8 4+ N*Nj)!

= bad
= hjv.

(h(v))*

When 8, is expanded in the basis {9;} the components qbfa are “tangential”, that is
(8a,N>:¢fag¢ij:0, a=1,...,n—1.
This gives
b g5 = &' hij.
As h(9;) is tangential it can be expanded in the basis {9, }. Let

h(9:) = ¢} O,
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then

009 = (9a, 05) = (9a, h(8;)) = ap V2.

~ .. ~ab
Both g;; and 9., are non-singular matrices, with inverses g*7 and g ; respectively, we can

express ¢’, and v in terms of each other as
,

~ab

¢:L.a =Yab 'Lp?gijv P =9 ¢’]bgij-
Other useful relations are

hij = V{08 9ap= ¢ %, grj, Pk, = 6F + giy NI N

16.3.2 Extension of Vector Fields on S

A tangential vector field X which is only defined on points of the surface S can
be extended into a neighbourhood of the surface as follows. Let us expand it in
the basis {0, },

X=X" (o =X (u)¢'(u)d;.

Now choose any smooth functions X*(z) in a neighbourhood of S which coincide
a

with X(x(u)) =X (u)¢,(u) on S. This will give us one possible extension of a
tangential field X (which is defined only on the surface). We call such a field an

extension of )} and write X for it.

Three Lemmmas About Extensions

Lemma 1 If X is an extension of the tangential field )N( ,and f is a smooth function
on M (f|s = f(xz(u)) is a smooth function on S) then

X(Nls =X (fls)-

It follows directly that

~a ~a

X(f)ls = X' @0:(Hls =X (W', (wdi(f)ls =X (w)da(f(2(w))) =X (f]s).

Lemma 2 If X and Y are extensions of tangential fields )N( and }7 respectively,
then [X,Y]|s is independent of extensions and equal to the Lie bracket [X,Y]
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calculated on the surface. We see this readily using X'|s = X¢,:

(X, Y]|s [(X(3Y7) — (X < Y)]9;

a

= [X (6,8Y7) — (X < Y))9;
= X (0u(F'¢) = (X = V)]0,

= K @Yot X T 6,0, - (X < V)]

= X @(r")8 - (X = Y)]

= [x.V]
where the terms involving qb{ab being symmetric in X and Y cancels when X < Y
is added.

Lemma 3 If X and Y are extensions of tangential fields )N( and };, then the covari-
ant derivative DxY on manifold M when restricted to the surface S is independent
of the extensions.

We have

DxY|s = X'[0;Y"+TEY70kls
~a ~b ~a~b o .
= [X 0.y ¢h)+T5H XY ¢,0%]0ks

All the quantities inside the bracket are expressible in terms of u or its func-

tions, and are explicitly independent of how )N( etc. are extended. Moreover, the
tangential part is
~a ~b & ~a ~b & & ~a~b .
h(DxY]s)=[X Y, ¢4+ X Y ¢+ 15 X Y ¢l,0)h(0kls).

The rightmost factor is h(0x) = ¥§0.. The coefficient 15, can be taken inside the
square bracket where it combines with the first term to give d)f“bw,‘; = 0;. To the
second term it simply multiplies as

~cd

V=9 gm®q.

When combined with the third term it gives
¢fa¢?brfjwli (1/2)¢,ia¢?b[gmi,j + Gmji — gij,m]gmkwlcc

~cd . .
(1/2)[gmi,j + Gmgi — Gijym) 9 6100’07

Terms can be written
Imij 0l = Imipd. Pl

= Ydap _gmi¢fu,b¢)jg - gmid)faqs,r(rilb
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using
gmi(rb?aﬁb?dl =9da -

Combining all the terms together we get

h(DxYls) =
~a ~C ~b~cd ~ ~ ~
X [Y,a +Y 9 (gkmsb,%f“ab +(1/2)] Yaap + Ivda — Javya ]

+(1/2) [ - gmi¢fab¢?g - gmi¢fa¢ﬁb - 9mj¢fba¢2il - 9mj¢fb¢$a
+91j0aay + 9150 ®ld] )] O
All terms of the type g;.¢7%,,¢7% add to zero and we get

~C ~C ~b

~ ~ ~Q
Dy Y=Nh(DxYls) =X {Yﬂ +T,Y }80 (16.24)

where the connection components for the surface are given by

d ~ ~ ~
[ Yda,b + Gvd,a — Jab,d ] (16.25)

~C

~C
FabE 9

N =

This proves that the tangential component of connection in the larger space is
indeed a connection built from the induced metric in the standard way.

16.3.3 Gauss Codacci Formulas

Let us rewrite the Gauss and Codacci formulas:

RW,Z:X,Y) = R(W.Z;X,Y)
+ K()N(,I/?/)K(}Zg) —K(}Z VT/)K(N,%), [Gauss]
<N,R()N(,}7) §> = —[( ZN))} K)(g,%)—(f)g K)(}N(,g)} [Codacci]

in the basis for tangential fields. Choose
X=0, Y=0u W=0i Z=0,
then for the Gauss formula we put
R(Da, Oy; Oc; 0a) = 0,6, 0%.0 4 Rijna
so that

¢, 050" Rijk1 =Rabed +KeaKay — Kaa Ko (16.26)
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where
Kab = K(aa; ab)
The Codacci formula gives similarly

Ni(ﬁfccd){d?b{bRijkl = Kapjje — Kep)a

where we denote the induced covariant derivative 5 on the surface S in
components-index form by a stroke || as distinguished from the semicolon ; used
for the covariant derivative D:

KabHc = ( Do, K) (aaa ab)
The left-hand side of the Codacci equation can be written

NGh ¢ 467, Rijie = —N' 65,0 167, Rjin;

~cb
multiply by ¢ on both sides and sum on ¢, b we get

N'Ry¢'y = (KD)ja — (K3 (16.27)
where
K¢ =9 Ku.

Remark on Notation

The component-index Gauss Codacci formulas are written differently in the liter-
ature depending on the use. For example, the (n—1)-dimensional curvature tensor
should have indices running from 1 to (n — 1) as we have indicated by Rapeq. But

it is often convenient to write ]A%ijkl with indices running 1 to n. This is done by
following definitions

Rijw = R (1(8),1(9;); H(9)h(d)),
K K(h(9;), h(8;),
Kijie = (DhonK)(h(8;), h(0;)).

Then Gauss and Codacci formulas become
Ri'j'k'l'hﬁ/hglhz,hl, Zﬁ’ijkz +Kiu Ky — K Kjy, (16.28)
and

NiRij/kfl/h; hZ hf = _chlHj + Klek- (16.29)
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The left-hand side of the Codacci equation is equal to
NiR jovh? B = N'Rijwuhd B b}
= *N”'ijmhﬁ'h’;i'hfl-

Multiply by g7* on both sides of the Codacci equation and sum to get the left-hand
side as

_NiRj’ik’l’ (hﬁ hﬁlgjk)hél = _NiRj’ik’l’ (hi hﬁlgjk)hél
= —Ni(gj/k/ +leNkl)Rj/ik/l/h§/
= —N'Ryh!

where the term containing three N factors is zero because of antisymmetry of
R/ in 7’ and 7. The right-hand side becomes

9 (=K + K,
therefore the Codacci equation is
NiRl'l/hél :gjk(Klej 7Kjl”k)- (1630)

The student is advised to study these equations with careful attention to notation.
The relevant portions in advanced books are sections 2.7 of Hawking-Ellis, 21.5 of
Misner-Thorne-Wheeler and 10.2 of Wald.

16.4 The Raychaudhuri Equation

We are back to physical spacetime in this section.

A congruence of curves in a region of a manifold is a collection of curves such
that only one curve from the collection passes through each point of the region.

The effects of gravitation are best seen by studying what happens to tra-
jectories of matter particles or of photons. If we imagine particles of dust falling
under gravity, their trajectories will be time-like geodesics. By observing how these
trajectories behave we get an idea about the gravitational field. If we consider a
fluid instead of dust, the particles of the fluid are pushed around not only by
gravity but by stresses (like pressure) as well. Nevertheless, the trajectories are a
congruence of time-like curves which give valuable insights into the nature of the
gravitational field.

Obviously the congruence of time-like curves depends on the “initial con-
ditions”. Different initial conditions give rise to different congruences, and it is
worthwhile to study them in the general context.

A congruence of time-like curves can be characterized by the unit time-like
vector field IV of tangent vectors along the curves.

(N,N) =—1. (16.31)
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Conversely, given a unit time-like vector field like this we can find its integral
curves to get the congruence.

Note that the normalization condition above implies that the covariant deriv-
ative of the field NV with respect to any other smooth vector field X is orthogonal
to N itself:

Dx(N,N) = (DxN,N)+ (N,DxN) =2(N,DxN) = 0.

In particular Dy N is orthogonal to N. Of course, if the curves in the congruence
are geodesics, then

DyN =0 for geodesics. (16.32)

16.4.1 Deviation of Nearby Time-like Geodesics

Let us consider the simplest case of a congruence of time-like geodesics, which
could, for example, be dust particles in a region falling freely. We want to find out
how the neighbouring trajectories deviate from each other (or come closer). Let
us imagine a pair of nearby geodesic trajectories and study how two points (one
on each) separate when they travel the same proper time along their respective
geodesics.

Let us use the proper time as the affine parameter along each of the tra-
jectories. We take a curve A : s — A(s) which is nowhere tangent to any of the
congruences. Those curves of the congruence which pass through points A(s) can
be labelled by the parameter s.

Fig. 16.1: Definition of \; : s — C(s, 7).

Assign to each point A(s) the value of proper time (of that curve) zero.
Identify the point C(s,7) on the curve through the point A(s) and situated at a
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proper time 7 from it along the curve. This determines a new curve A\, : s — C(s,7)
shifted by a proper time 7 along the curves.
Define a local diffeomorphism ¢, which maps points on the curves to points
on the same curve a proper time 7 away. Obviously, for any point p,
—¢-(p)|  =N(p).
7=0

Under this mapping the curve A,/ is mapped onto A,/ .. The tangent vector

d
’ _a ’
Z(s', 1) = dSC(S +5,7)

s=0
to A, for different values of s, 7 is mapped by the one-parameter group of diffeo-
morphisms whose orbits are the integral curves of V. Therefore, the Lie derivative
LnZ = [N,Z] = 0. As the torsion is zero (T' =0 = DxY — Dy X — [X,Y]) this
implies
DzN = DnZ. (16.33)
The deviation of nearby geodesics can now be calculated. We have
Dn(DnyZ) = Dyn(DgzN)
= Dz(DnyN) =Dz NN + R(N,Z)N
but DyN =0 and [Z, N] = 0 therefore
Dn(DnZ) = R(N,Z)N. (16.34)

16.4.2 Jacobi Equation for a Congruence

In the previous section we considered the trajectories of dust particles which fall
freely in a gravitational field and constitute a congruence of time-like geodesics. If
we have a fluid instead of dust, then infinitesimal elements of fluid follow time-like
curves but not geodesics because the stresses act on the elements. Therefore we
study a congruence of time-like curves not necessarily time-like geodesics.

We can construct the field N and Z as previously. Only, now N = DyN
need not be zero as the congruence curves are not geodesics. From the geometry
of construction we still have

(N,Ny=-1, [N,Z]=0, DyZ=DgN.

It is useful to project any vector field X perpendicular to the congruence.
We can define the projection operator

h(X)=X+N(N,X)
which gives
(N,h(X))=0.
In particular A(N) = 0.
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First Deviation

Take the covariant derivative (along N) of orthogonal part h(Z) of Z. This deriv-
ative will have components both along the trajectory as well as orthogonal to it.
The orthogonal part h(Dy(h(Z))) of the covariant derivative (along N) of the
orthogonal part of Z changes according to the first deviation equation:

h(Dn(h(Z))) = DpzyN [First deviation equation]. (16.35)
The proof is straightforward,

Dn(h(Z)) = Dn(Z+ N(N,Z))
= DnZ+ fDyNN+N.N(f), f=(N,2).

Taking projection with h, using h(N) =0, as well as DyZ = DzN,
h(Dn(h(Z))) = h(DzN)+ N(N,Z)
= DyzN+ N(N,Z)

because Dz N being orthogonal to N is already horizontal. The right-hand side
can actually be written as

DyzyN = DzynvzyN
DzN + DyN(N, Z)
= DyzN + N(N,Z).

This proves the first deviation equation.

Second Deviation: Jacobi Equation

Now we calculate the second deviation, that is one more derivative followed by
taking the orthogonal projection. We have

h(Dy(h(Dy(h(Z))))) = (DN Dp(z)N).
We write, using the definition of Riemann curvature tensor,

DNDypzyN = DypzyDnN + R(N,h(Z))N + Dy n(zyN-

Now
[N.MZ)] = [N.Z+fN], f=(N,Z)
= [N, Z]+ f[N,N]+ N N(f)
NN(f)

as [N, Z] = 0 by construction and therefore

DinnzyN = N(f)DnN = N(f)N.
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We can simplify it further by noting that
N(f) = NN, %))
= (DnN,Z)+(N,DnZ)
= (DNN Zy+4+ (N,DzN)
(N, 2Z);

the last line follows because Dz N is orthogonal to N. Thus we get for the second
deviation an equation called the Jacobi equation,

B(Dx(R(Dx(R(Z)) = h(DuzyN) + h(R(N, h(Z)N) + N(N, ).
(16.36)

16.4.3 Jacobi Equation in Components

As explained above, it is the separation of nearby curves orthogonal to N which
actually measures how fast they are converging. To be useful we must be able to
define actual numbers which measure this deviation. For this purpose we choose
three unit vectors, F;,7 = 1,2, 3 orthogonal to N and to each other at some point
on a chosen curve. The set

{E,},a=0,1,2,3 Ey=N
is an orthonormal basis
<Eaa Eb> = Tab-

Then we propagate the three vectors along the curve by Fermi-Walker transport
so that they remain orthogonal to IV and to each other. This construction thus
makes {E,} = N, E; a basis along the curve, and the “horizontal part” h(Z) of
the deviation vector can be expanded in the three orthogonal vectors

h(Z)=Z'E;.

The rate of change of quantities like Z? measures the deviation. If 7 is the proper
time along the curve (we are taking ¢ = 1 so that (N, N) is equal to —1 and not

~?)
Dy(h(Z)) = Dn(Z'E;)
dz'

= ——Ei+Z'DnE;.
dr

Because E; change along the trajectory according to Fermi-Walker transport we

have

0= DLV E, DyE; — N(N,E;) + N(N, E;)

= DyE;— N(N,E;).
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Substituting Dy F; = N(Z\-f7 E;) gives
VA
h(Dn(h(Z2))) = —F;
(Dn(h(Z2))) =

because h(N) = 0.
On the other hand

Dyz)N = Z'Dg, N
therefore the first deviation equation h(Dy(h(Z))) = Dj(z)N becomes

dZ'

——FE;=Z7"'Dg,N.
dr

Taking the inner product with E; and using orthogonality (E;, E;) = 05,

dzi ,
—— =(E;,Dp.N)Z". (16.37)

Similarly, the second deviation equation can be simplified.

dz?
D —F;
RVAL Az’
= E,+ —DyNE;.
dr2 + ar N

Dy (h(Dn(h(2))))

Again operating with h gives h(N) = 0 and

A

WD (WD (h(2)))) =

E;.

The second deviation equation therefore becomes taking the inner product with
E;
d*z7
dr?

= [(Ej, R(N,E;)N) + (E;, Dp,N) + (E;, N)(N, E;)| Z". (16.38)

16.4.4 Raychaudhuri Equation

Let us go back to a congruence of time-like geodesics. Then N = 0 and the
components Z* of the three-dimesional deviation vector satisfy the first and second
deviation equations

dzi )
A .
d — (E;,R(N,E;,)N)Z". (16.40)

dr?



16.4. The Raychaudhuri Equation 347

Z\(7)

Fig. 16.2.

Let us define the 7 dependent matrix

Bji(r) = (Ej, Dg,N), (16.41)
then the meaning of
dz? ,
b Iy A
dr J

can be understood as follows. Under an infinitesimal proper time A7 the change
in Z7 is linearly proportional to Z%’s again.

AZ’ = B Z'AT.

The coefficients Bj;(7) are in general nine numbers at each 7 and they determine
the nature of change taking place in spatial separation of two neighbouring geodes-
ics. If an observer ‘falls freely’ (like a dust particle) along one geodesic labelled by
parameter s (as just discussed in section 16.4.1) then Z?As would be the spatial
three-dimensional vector representing the position of another dust particle falling
freely on a neighbouring geodesic with parameter s + As. We can think of a cloud
of dust particles in the neighbourhood of the falling observer to see what gravity
does to freely falling matter.

A general 3 x 3 matrix Bj; can be written as a sum of its symmetric part
(six independent components) and the antisymmetric part (three). The symmetric
part again can be written as a sum of a matrix proportional to the identity matrix
(one) and a symmetric matrix which is also traceless (five).

0
Bji = géji + 0ji + wji (16.42)
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where
0 = > B, (16.43)

oji = (Bji+ Bij)/2—(0/3)ds, (16.44)
wji = (Bji— By;)/2. (16.45)

Each of these three types of matrices generate a physically visualizable type of
change: if there was only an antisymmetric part (B;; = wj;), the change in 77
would be an infinitesimal rotation because then the new position of the dust
particles is obtained by an infinitesimal orthogonal transformation:

ZI(1 + A7) = (05i +wji AT) Z
If there is only a symmetric traceless part (Bj; = 0;;), then the change
ZI(1+ A7) = (6;; + 0 AT)Z"
will be a distortion of the cloud but no change of volume because the determinant

det(éji + O’jiAT) =1+ ZO’M‘ + O(AT2) ~ 1.

Such a change or distortion is called shear. If the dust cloud were a spherical ball
at one time, it will become an ellipsoid of the same volume a little later.

Lastly, if the matrix were proportional to unit matrix B;; = (6/3)d;;, then
the change is

ZI(t+ A7) = (1 + 0AT)Z7.

This is obviously expansion (or contraction if 6 is negative) by the same propor-
tionality factor (14 6Ar) for all points. § is called the expansion parameter. This
parameter determines how geodesics expand or contract and not just how they
rearrange themeselves, because only in this case does the volume of the dust cloud
change.

The second deviation equation tells us how these parameters of expansion,
shear or rotation themselves change along the geodesics. Substituting the first
deviation in the second we get

; d
(E;,R(N,E;))N)Z" = E(Bjkzk>
dB]k: k de
= —LZF+Bjp—
dr + Bik dr
dBj;

= Z'+ Bjx By Z".



16.4. The Raychaudhuri Equation 349

Therefore we must have
dBj;
dr

+ BjkB/“' = <Ej, R(N, Ez)N>

Taking the trace of this equation (that is multiplying by d;; and summing over
both indices) and using symmetry, antisymmery and traceless properties

0 0 0°
§5ik + o+ wik §5ki ok Fwki | = Bl + 0505 — wijwij,

we get

e 6?
E + 3 + aijcrij — wijwij = 6ji<Ej7 R(N, EJN)

We can simplify the right-hand side as follows: Fg = N and F; form an orthonormal basis
FEq,a=0,1,2,3. Expand them in the coordinate basis

Ba = eq” eot = N¥

oz’
and we have
(an Eb) = Nab = eauebl}guu-

The basis {e*} dual to {E,} is related to the dual basis of forms {dxz*} by (“inverse-transpose
rule” of Chapter 5)
I

(L a
dat = g%, ",

therefore

g = <dﬂ§'”,dﬂ§'y> nabeauebu
NN Y et
7

Thus substituting ), e;#e;# from this relation,
8ji(Ej, R(N, E;)N) = = R(E;, N; E;, N)
= =) e'e"N N Ryqur
= —NZ”N"R”

where the term with four factors of components of N does not survive because of the antisym-
metry properies of the covariant Riemann tensor.

This is how we get the justly famous Raychaudhuri equation

do 02 -
E = —? — 045045 +wijwij — NAN R,uu' (1646)
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Suppose w;; are zero, and we can ensure that N¥NYR,, is positive; then the
Raychaudhuri equation says that regardless of the initial value of # it can only
decrease along the geodesic in the forward time direction of N. This means that if
6 was positive, expansion by factor (1+A78), then the expansion will decrease. And
if there was contraction before § < 0 there will be even more severe contraction.
This ‘focussing’ property of gravitation is compatible our perception of gravitation
being a attractive force for all matter and radiation.

The condition N*N”R,,, > 0 is called the strong energy condition. After
taking the trace in the Einstein equation R, — g, R/2 = (87G/c*)T},,, we find
—R = (87G/c")T where T = g"*T,,,,. This allows us to write

81G 1
RHJJ = CT (T,ul/ — QgHVT> .

Therefore the strong energy condition becomes

1
(N“N"TW + 2T> > 0. (16.47)

For the freely falling observer whose time axis is given by N, N*N"T),, is just the
rest-mass density of dust (and is equal to T'), the condition is certainly satisfied.
The condition is also expected to be satisfied for all forms of matter and radiation.

Penrose and Hawking were able to prove with very general arguments us-
ing the Raychaudhuri equation that the kind of singularities that appear in the
Schwarzschild or Kerr solutions or in the FRW metric at the beginning t = 0
of the universe are a generic feature of the general theory of relativity and not
a pecularity of solutions with a very high degree of symmetry. This means that
black holes cannot be wished away by arguing that exact spherical collapse re-
quires initial conditions impossible in the actual world. Gravitational collapse of
sufficiently large mass will give rise to a black hole after transients in the form of
gravitational waves and radiation have eventually died down.

Similarly, the singularity at the very beginning of the universe is a real one,
and we seem to have reached a physical phenomenon which cannot be explained
by classical, non-quantum physics. Quantum gravitational phenomena will be-
come important when lengths of the order of Planck length (equal to \/hG/c3)
are reached long before the mathematical limit of a singularity. The quest for a
quantum theory of gravity has been going on for the last few decades.

It seems we are not there yet.
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