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A student-friendly style, over 100 illustrations, and numerous exercises are brought together
in this textbook for advanced undergraduate and beginning graduate students in physics and
mathematics.

Lewis Ryder develops the theory of General Relativity in detail. Covering the core topics
of black holes, gravitational radiation and cosmology, he provides an overview of General
Relativity and its modern ramifications. The book contains a chapter on the connections
between General Relativity and the fundamental physics of the microworld, explains the
geometry of curved spaces and contains key solutions of Einstein’s equations — the
Schwarzschild and Kerr solutions.

Mathematical calculations are worked out in detail, so students can develop an intuitive
understanding of the subject, as well as learn how to perform calculations. Password-
protected solutions for instructors are available at www.cambridge.org/Ryder.

Lewis Ryder is an Honorary Senior Lecturer in Physics at the University of Kent, UK. His
research interests are in geometrical aspects of particle theory and its parallels with General
Relativity.
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1t is always a source of pleasure when a great and beautiful idea proves to be correct in
actual fact. Albert Einstein [letter to Sigmund Freud]

The answer to all these questions may not be simple. I know there are some scientists who
go about preaching that Nature always takes on the simplest solutions. Yet the simplest
by far would be nothing, that there would be nothing at all in the universe. Nature is far
more interesting than that, so I refuse to go along thinking it always has to be simple.
Richard Feynman
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Preface

This book is designed for final year undergraduates or beginning graduate students in
physics or theoretical physics. It assumes an acquaintance with Special Relativity and
electromagnetism, but beyond that my aim has been to provide a pedagogical introduction
to General Relativity, a subject which is now — at last — part of mainstream physics. The
coverage is fairly conventional; after outlining the need for a theory of gravity to replace
Newton’s, there are two chapters devoted to differential geometry, including its modern
formulation in terms of differential forms and coordinate-free vectors, then the Einstein field
equations, the Schwarzschild solution, the Lense—Thirring effect (recently confirmed obser-
vationally), black holes, the Kerr solution, gravitational radiation and cosmology. The book
ends with a chapter on field theory, describing similarities between General Relativity and
gauge theories of particle physics, the Dirac equation in Riemannian space-time, and
Kaluza—Klein theory.

As a research student I was lucky enough to attend the Les Houches summer school in
1963 and there, in the magnificent surroundings of the French alps, began an acquaintance
with many of the then new aspects of this subject, just as it was entering the domain of
physics proper, eight years after Einstein’s death. A notable feature was John Wheeler’s
course on gravitational collapse, before he had coined the phrase ‘black hole’. In part I like
to think of this book as passing on to the community of young physicists, after a gap of more
than 40 years, some of the excitement generated at that school.

I am very grateful to the staff at Cambridge University Press, Tamsin van Essen, Lindsay
Barnes and particularly Simon Capelin for their unfailing help and guidance, and generosity
over my failure to meet deadlines. I also gratefully acknowledge helpful conversations and
correspondence with Robin Tucker, Bahram Mashhoon, Alexander Shannon, the late Jeeva
Anandan, Brian Steadman, Daniel Ryder and especially Andy Hone, who have all helped to
improve my understanding. Finally I particularly want to thank my wife, who has supported
me throughout this long project, with constant good humour and generous and selfless
encouragement. To her the book is dedicated.
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Notation, important formulae and physical

constants

Latin indices i, j, k, and so on run over the three spatial coordinates 1,2, 3 orx, y,zorr, 0, ¢

Greek indices a, £, 9, ... k, 4, 4, ... and so on run over the four space-time coordinates 0, 1, 2,
3orct,x,y,zorct, 1, 0, ¢

Minkowski space-time: metric tensor is 77, = diag (1, 1, 1, 1), ds*=—c*dP +d¥* + dy* + d2?
in Cartesian coordinates

Riemannian space-time: ds?= G dx dx’=— A de?

The Levi-Civita totally antisymmetric symbol (in Minkowski space) is

&P = —gip3 =1
Connection coefficients: I, = 158" (gupx + Zipu — Guip)
Riemann tensor: R, = Iy, — T, + 17,07, — T, 17,
Ricci tensor: Ry, = R,

Curvature scalar: R = g""R,,, e

Field equations: G,y = R,y — 12 guwR = = Ty

Covariant derivatives:

]Zvaﬂ = %Zf + TV or VR, =V, TV
23:" = %ZV;‘ ~Th W, ot Wy =W, — T4, W,
Speed of light c=3.00x 10°ms™"
Gravitational constant G=6.67x10"""Nm?kg '
Planck’s constant A=1.05x10"Js
=6.58 x 107** MeV s
Electron mass me=9.11 x 10" kg
mec>=0.51 MeV
Proton mass m,=1.672 X 10 % kg
myc>=938.3 MeV
Neutron mass my=1.675x 10" kg
mac®=939.6 MeV
Boltzmann constant k=14x102JK!
=8.6x10"""MeVK ™!
Solar mass Ms=1.99 x 10°°kg
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XV Notation, important formulae and physical constants

Solar radius Rs=6.96 x 10°m
Earth mass Mp=5.98 x 10**kg
Earth equatorial radius Rg=6.38 x 10°m
Mean Earth—Sun distance R=150x 10" m=1AU
. . 2MsG
Schwarzschild radius of Sun 2m= = =296 km
Stefan—Boltzmann constant 6=567x10Wm 2K ™

1 light year (Iy)=9.46 x 10" m
1 pc=3.09x 10" m=3.261ly
1 radian=2.06 x 10° seconds of arc
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