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Abstract

Although introductory courses in special relativity give an introduction to the causal
structure of Minkowski space, it is common for causal structure in general space-
times to be regarded as an advanced topic, and omitted from introductory courses in

general relativity, although the related topic of gravitational lensing is often included.

Here a numerical approach to visualizing the light cones in exterior Schwarzschild
space taking advantage of the symmetries of Schwarzschild space and the conformal
invariance of null geodesics is formulated, and used to make some of these ideas

more accessible.

By means of the Matlab software developed, a user is able to produce figures
showing how light cones develop in Schwarzschild space, starting from an arbitrary
point and developing for any length of time. The user can then interact with the fig-

ure, changing their point of view, or zooming in or out, to investigate them.

This approach is then generalised, using the symbolic manipulation facility of
Matlab, to allow the user to specify a metric as well as an initial point and time of

development. Finally, the software is demonstrated with a selection of metrics.
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Chapter 1

Introduction

In this thesis we will develop an approach to visualizing light cones in space-time
by using Matlab to integrate the geodesic equations and produce three dimensional
plots which can be manipulated, and demonstrate the approach by considering some
particular space-times of interest. The aim of this project has been to develop the
code, which will be made generally available for students of general relativity to use
to improve their understanding of null geodesics and light cones, and instructors
to use as an education aid in teaching such students, and to carry out some sample
investigations using it.

In very brief outline, the thesis consists of a review of the relevant aspects of dif-
ferential geometry, followed by descriptions and sample applications of Matlab code
both in the special case of Schwarzschild space-time and in more general space-times,
and concludes with some suggestions for further work in this area.

In more detail, we have:

Chapter 2: Geometric Background
In the second chapter we will provide a brief review of the areas of differen-
tial geometry relevant to this project. We will first consider the basic structure

of manifolds, vectors and vector fields, and associated structures. Next, we re-



view the general case of semi-Riemannian manifolds, and the Levi-Civita con-
nection , quickly specialising to Lorentz manifolds. We pay particular attention
to geodesics and more specifically to null geodesics, and the sense in which they
are conformally invariant, before recalling the notion of a Jacobi field. Finally
we review the notion of causal structure, and the relationships between the null

geodesics and causal structure.

Chapter 3: Static Space-Times
In this chapter we review the notions of stationary and static space-time. We will
use the conformal invariance of null geodesics to motivate a conformal transfor-
mation which takes a general static space-time to a useful special form, which
we will use to provide a basis for the numerical approach to visualizing light

cones.

Chapter 4: Light Cones and Causal Structure for Schwarzschild Space-Time
Next we will describe a Matlab code which solves the null geodesic equations
for Schwarschild space-time numerically, and enable a visualization of the light
cones in Schwarzschild space, which helps us to understand the causal struc-
ture of Schwarzchild space-time. This code allows the user to specify the initial
point of the light cone, the time for which it develops, and the number of null

geodesics used to construct the light cone, or subset of the light cone.

We will show how this code can be used to investigate both the full light cones
of points, and the structure of interesting subsets of the light cones, including
individual null geodesics. The visualisation of the light cones will be carried
out with one dimension suppressed, so that we can consider the full space-time
development of the light cones. Finally, we describe a companion Matlab code
which can be used to give an animated view of the development of the wave

front in three spatial dimensions. Most of the material in this chapter can be



adapted with very little effort to work in Octave, a free program which is very

similar in functionality to Matlab.

Chapter 5 : Matlab for General Metrics
In this chapter we will see how to use the symbolic manipulation facility in
Matlab to extend the previous work to allow the user to investigate a (2+1) di-
mensional static metric of his or her choice rather than working with a pre-
determined metric. This can be done in either polar or Cartesian background
coordinates. We also check that the code gives the expected results in the cases

of Minkowski space-time and Schwarzschild space-time.

The code here consists of two parts, a program which the user provides the
metric to, and which computes the required connection coefficients and writes
a Matlab function which the second program uses to integrate the null geodesic
equations. As in the Schwarzchild space-time case, the user can then specify the

various parameters for the light cone, or part of the light cone, to be considered.

We believe that it should be possible to convert this code to Octave also, but the
syntax of symbolic manipulation is rather different in Octave, and we expect

that it would require a considerable amount of effort.

Chapter 6: Applications
In this chapter we demonstrate the use of the Matlab code described in the pre-
vious chapter to investigate the development of the light cones in some partic-

ular metrics.

In turn, we will look at: a simple metric which has a region of positive curva-
ture near the origin, which acts as a gravitational lens; then we will consider
the Reissner-Nordstrom metric, for various values of the charge; a space-time

considered by Ayon-Beato and Garcia [32] which gives a different description



of a charged black hole in which space-time is not coupled to standard elec-
tromagnetic theory, but one which results in a non-singular space-time; and a

non-spherically symmetric gravitational lens is our last example.

Chapter 7: Conclusions and Further Work
We provide a brief summary of what has been done, and the strengths and
weaknesses of this approach, and suggest various ways in which this work

might be continued or extended.
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Chapter 2

Geometric Background

In this chapter we will provide a brief review of the areas of differential geome-
try relevant to this project. This will mostly consist of establishing definitions, no-
tation and terminology, leaving proofs to the literature. In turn, we will consider
semi-Riemannian manifolds, quickly specialising to Lorentz manifolds, and then to
geodesics, causal structure, and the relationships between the null geodesics and

causal structure.

2.1 Semi-Riemannian Manifolds

In special relativity we model space-time as R*, with coordinates (t, x, y,z), where t is
a time coordinate and (x,y, z) are three space coordinates. If U and V are the vectors
connecting two pairs of points in IR*, then U has components (Uf, U*, UY, U?) given
by the differences in the ¢, x, y, and z components respectively, and similarly for V.

We then define the inner product (U, V) by

(u,vy = —u'vt + U*v* 4 uvvy 4 Uu*v= (2.1)

11



We call R* equipped with this structure Minkowski space, and denote it by M: in this
context, it is standard to refer to points as events in space-time [1].

This mathematical object works well for considering situations in which gravita-
tion is negligible. However, we wish also to consider situations in which gravitational
effects are significant, so we need an appropriate generalisation of M. We need our
generalization to look similar to M over sufficiently small regions of space-time, but
it must be allowed to differ significantly over large regions, and in a way which can
be used to describe gravitational phenomena. The appropriate object in this case is
a Lorentz manifold. Lorentz manifolds are a special case of semi-Riemannian mani-
folds, and so we now give a brief review of semi-Riemannian geometry before spe-
cialising to the case of Lorentz geometry[2].

Recall that a manifold is a separable Hausdorff space in which some neighbour-
hood of each point admits a local Cartesian coordinate system. That is, for each point
x, there is an open subset of the manifold containing x, say U, such that there is a ho-
momorphism f : U — R” from U to an open subset of R"(d-dimensional Euclidean
space). n is called the dimension of the manifold. The mapping f is called a local
chart at x. The collection of all charts at all points of the manifold is called an atlas.
The separability condition ensures that the atlas will need at most a countably infinite
number of charts[3][4].

We obtain a smooth manifold by requiring then that whenever f, ¢ are local charts,
the mapping g o f ! is a diffeomorphism. This provides the additional structure re-
quired for calculus, and enables us to define tangent vectors, and so the various other
geometric objects of interest. In particular, functions from one smooth manifold to
another are smooth if their coordinate descriptions are smooth. In the remainder, we
will usually denote coordinate mappings by x%,a = 1...n.

Let x be a point in an n-dimensional manifold M: we want to attach at x a copy of

12



R which we can think of as tangent to at x to M . The resulting structure is called the
tangent space of M at x and is denoted TyM, and the union of all these is the tangent
bundle of M, denoted T M.

We can define Ty M in the following way. If 7y is a smooth curve passing through x,
parameterized by t, and such that x = (0), then can consider a particular coordinate
patch centred on x, and think of the tangent vector to vy at x as given by (f o y)’(#),
where f is the local coordinate mapping. The usual transformation law for relating
this vector to the one given by a different choice of coordinate mapping then follows
from the chain rule for differentiation.

However, it is cleaner to define the differential operator 7 by

V() = S o) @2)

where f is now any smooth function from M to R. In terms of local coordinates, the

curve v is given by y*(t), and

V() s f = S (Fo) 23)

ox*

and we take the collection of all such differential operators as the TyM. Then the
tangent space at each x € M is R", where n is the dimension of M, and if U is a
sufficiently small neighbourhood of x, the union of the tangent spaces to the points
of U naturally has the product structure U x R". We have the natural projection
7 : TM — M which maps (x,v) — x.

A detailed exposition of this material can be found in standard introductory texts
on differential topology [5].

A vector field on M is a smooth function V : M — TM such that 7w o V is the

identity on M. In terms of coordinates, V is an assignment of a vector in Ty M to each

13



point x € M, such that the components of the vector are smooth functions of the
coordinates in some, and hence any coordinate system.

If f: M — N, then we definedf : TM — TN by

df(v') = (fov) (2.4)

where 7 is an arbitrary smooth curve in M.

Then given vector fields X, Y, the Lie bracket [X, Y], is defined by

(X, Y](f) = X(Y(f)) = Y(X(f))- (2.5)
We also define the tensor bundle T; M by
(TiM)x = (TxM)" @ (Ty M)° (2.6)

where T} M is the dual of TyM A tensor field in T] M is also called a type (7, s) tensor.

In a coordinate patch u with coordinate x* where 4 = 1...n, we use {887} as
a natural basis for TyM, and express tangent vectors and tensors in terms of their
components in this basis. All the classical machinery of defining tensors as collections
of numbers which transform according to a certain rule then follows as a consequence
of the chain rule [6].

Now, let M be a real n-dimensional smooth manifold with a type (0,2) non-
degenerate symmetric tensor field g, i.e. a tensor such that if U and V are smooth
vector fields, then

gL V) =g(V,U) (27)

and if
g, V) =0 (2.8)

14



for all V, then it follows that U = 0. Thus g assigns smoothly, to each point x of M, a
non-degenerate symmetric bilinear form g, on the tangent space T, M.

Since g, is non-degenerate on Ty M it is of constant index at all points x € M so
that Ty M becomes an n-dimensional semi-Euclidean space. Then (M, g) is called a

semi-Riemannian manifold with a semi-Riemannian metric g [7].

2.2 The Connection

A connection, V, on a manifold, M, is an assignment to each smooth vector field
X of a differential operator Vx such that for any smooth vector fields Y, Z smooth

functions f, g and constants «, B, we have [8]

va+gYZ = fVxZ+gVyZ
Vx(lXY + IBZ) =aVxY + ﬁVXZ (2.9)

Vx(fY) = X(f)Y + fVxY

If the connection is torsion free

VxVy —-VyVx = [X, Y] (2.10)

and metric- preserving

Vx(g(Y,2)) = g(VxY,Z) +g(Y,VxZ) (2.11)

(or, equivalently Vx(g) = 0) then it is called the Levi-Civita connection associated
with the metric g.

These condition allows us to express the connection in terms local coordinates,

15



using the Christoffel symbols,

1 0 0 0
be = Egad (@gdc + 58— ngc) (2.12)
so that
b a b a aYb b \cC
(VxY)? =X"V, Y’ =X (W +T..Y°). (2.13)

We say that a vector field X is parallel transported allong a curve v when
VyX=0 (2.14)
and that -y is a geodesic if it is auto-parallel, i.e that
Vv =0. (2.15)

We will consider geodesics in more details in the next part of this chapter.

Finally, the Riemann (curvature) tensor is R, defined by [9]

R(X,Y)Z = VxVyZ —VyVxZ - VixyZ. (2.16)

2.3 Lorentz Manifolds

We now give the required generalisation from Minkowski space to Lorentzian mani-
folds by requiring that the tangent space to a semi-Riemannian manifold has the same
type of metric or signature of metric at each point as Minkowski space; at each point,
p, we can chose coordinates so that T, M is the same inner product space as M.

A Lorentz metric is therefore a semi-Riemann metric with the property that the

manifold locally looks like IM.

16



Recall that in Minkowski space, we say that the vector u is timelike if (u,u) < 0
null if (1, u) = 0, and spacelike if (u,u) > 0 [10]. We then say that a curve in M is
timelike if its tangent vector at each point is timelike, etc.

This generalizes immediately to curve on a Lorentz manifold. Just as in M, a
curve is timelike if its tangent vector at each point is timelike, etc. A timelike curve
represents the possible history of a massive particle, and is called a worldline [11].

One particularly important example of a Lorentz manifold is that of the Schwarzschild
metric, for region r > 2m, which describes space-time outside a spherically symmet-
ric mass distribution, and which we will investigate in some detail later.

We have the Schwarzschild metric [12].

ds? = — <1 _ 2_’”) dat? + U;drz + r2(d6? + sin® 0d¢?). (2.17)

r 2

This describes space-time outside a static, spherically symmetric distribution of mass,
whose boundary is at some r > 2m; it also represents the space-time outside a black
hole whose event horizon is at r = 2m.

We easily see that the vectors %, aa—g, % are spacelike and (%) is timelike, so for
example any curve of the form (¢, g, 69, ¢9), which represents the worldline of an
observer at rest relative to the black hole, is a timelike curve.

The causal structure of this space-time (which will be considered in more detail
in Chapter 5) is determined by knowing which points can be connected by a time-
like curve. Although it is easy to see that the worldline of a stationary observer is
timelike, there are many other worldlines which have to be taken into account. Even
in the case of Schwarzschild space-time this is difficult [13].

We will investigate the causal structure of space-time with this metric in chapter

17



24 Geodesics

We now consider geodesics in more detail.

2.4.1 Definitions

Recall that we previously defined a geodesic as a curve whose tangent vector is par-
allel transported. In this case, the parameter is said to be an affine parameter [2] [14].
If we reparametrize a geodesic curve by arbitrary parameter t and set X? = dd—":,

then we have

2PV = f(t)x" (2.18)

for some function f. In general, the right hand side of this equation does not equal
zero. It only zero in the special case where t is an affine parameter, when we equiva-
lently have

24T 2P =0 (2.19)

If t is an affine parameter then so is at + b, where 4, b are constant (i.e. they do not
depend on position along the curve) and a # 0, and we note that affine parameters
are related to one another by affine relationships [4].

We can express these ideas in index-free notation as follows.

Any curve vy that satisfies

VrT = f(H)T (2.20)

where the tangent vector T = - for arbitrary function f can be reparametrized to give

a new tangent vector which satisfies
V1T = 0. (2.21)

A useful and imortant property of geodesics is that their causal character is con-

18



stant.
Suppose 7 is a geodesic so V7T = 0, where T = /. We need to prove that we
have

(T, T) = guT"T" (2.22)

constant along y. Now,

Vi(T,T) = (VtT,T)+ (T, VT)
=(0,T) + (T,0) (2.23)

=0

This quantity never changes, so if we with begin the tangent vector timelike it
must remain timelike; and similarly with null and spacelike tangent vectors. That is
why can classify the geodesic as null or spacelike or timelike.

To summarize, geodesics on a Lorentzian manifold [10] have three classes ac-
cording to the sign of the norm of their tangent vector. With a metric signature of
(—,+,+,+), timelike geodesics have a tangent vector whose norm is negative; null
geodesics have a tangent vector whose norm is zero; and spacelike geodesics have
a tangent vector whose norm is positive. (Note that we slightly abuse notation by
referring to g(U, U) =< U, U > as the norm of U.)

Let y(t) = x”(t) be the trajectory in space-time of a particle. Then the acceleration
of the particle is

Vo =%+ IR0, (2.24)

and we have the geodesic equation for a freely falling particle

4T 45 =0 (2.25)

19



when acceleration equals zero the particle is freely falling. Hence the geodesics are

trajectories of particle with no forces acting on them.

2.4.2 Characterizations of Geodesics

There are several different ways of characterizing geodesics, each of which has its

advantages and disadvantages when compared with the others.

First, the geodesic equations are also the Euler-Lagrange equations for an energy

function.

We define
1
E(y) = 5 [ &,(2/, )t

or

1
E=; /gabx“xbdt

Then the Euler-Lagrange equations

4 (9N _3E
dt \ox¢ )  ox¢

are the equations of a geodesic.

Starting with
oE 0 e a0
e = e GaX"E) = degat"H!
we get
oE

— = gabdgxb -I—gab(SEJ'CQ = 2gacX"

ox¢

By the chain rule we have

i _dr o
dt  df ox¢

|
=.

o
Q)
o

20
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(2.27)

(2.28)

(2.29)

(2.30)

(2.31)



So

d  oE d ,
dr () = g (280et)
Then
d oE, d .
at ) = %ot
e 2gacjéa + zabgacxaxb
But
zabgacxaxb = 3agcb5c“xb + 8bgacfc“5cb
So we have

284c%" + (028ch + Opgea — 0c&ap) X% =0

That is, the Euler-Lagrange equations reduce to
4T85 =0

where

1
gc - Egbd (aﬂgcb + abgca - acgab)

(2.32)

(2.33)

(2.34)

(2.35)

(2.36)

(2.37)

Secondly, the geodesic equations is the Hamiltonian equations of the Hamiltonian

1
H = Egabpgpb

where P, = gabxb .

Since the Lagrangian for a geodesic is given by

1 .
L= Egabx”xb

21
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and the momenta P, are given by

and
oL )
Pb = a_xb = gabxa (241)
we have the Hamiltonian
H = Pi*+ Py’ — L
= 2gp1°x — L (2.42)

— gubP/sz

The constant of the equality can be chosen > 0 for a timelike geodesic or zero for a

null geodesic.

2.4.3 Conformal Invariance

An important property of null geodesics is that they are conformally invariant i.e.
if the metric g,;, (Where a;b take values from 1 to n) is replaced by g, the null
geodesics of the original metric are also null geodesics of the new metric, but not
affinely parameterized: Such curves are also called pre-geodesics.

Now we define §,, = e%gy so that §** = ¢7¢"% and we calculate the new

Christoffel symbols .

3 1. i i i
be = Egad (0p&ac +9c&ayr — 9aSrc)
1

= (8" ) (3u(e%gac) +c(ega) — ulegsc) )

(2.43)
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Then

Thus

g0 9gc Q_|_agdb o 98k o0
ox?b ox¢ axd

1
2
1 _ 00} BQ Q) g
+ z(gade Q) <a bngdC a C gdb - a_ gbc)

So, we find that

( ad) agdc agdb . agbc
oxt  ox¢  ogxd

Nz 19) 20
) wgdc + ﬁgdb - ngc

Finally
=T+ g (aﬂgd +a—0gdb—a—0gb)
c 2 oxbet " gxe 9xd "
=T+ 5 (%gadgdc g(ig Sab — giﬁg gbc)
=TIp.+ % <%53 + %55 - %fdgbc)

For new Christoffel symbols the new geodesic equation is
£+ 17 x X =0

That leads to

23
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(2.46)

(2.47)
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. 1/, 3, o0 b,
o (T g (St st~ ) ) 5 =0 o

and so

£ T8 4P 4 2 5 (30(5“ 0 ie g%&gxbxc gi}ig“dgbcxbxc) =0 (2.50)
Then
2+ 19 2% ~I—; (Q(S”xc + Q08 xb — s%g 4o 1l i ) =0 (2.51)
Finally
24 T8 4P 4 2 5 (ZQx —Qy ||x”||2g”dgbc> =0 (2.52)
If 7 is null then
#4190 = —x20) (2.53)

i.e x” is a pre-geodesic for §,;,, but is not a geodesic (i.e. is not affinely parameterised).
We can choose a different parameter in such a way that the vector in the right
hand side will vanish, and we obtain the equation of a null geodesic. Then under the
conformal transformation of the metric § = e*¢ the null vectors remain null and null
geodesic curves remain null geodesic curves, but the affine parameter changes.
We will use this fact to help us to study the null geodesics and hence the causal

structure of certain space-times.

2.4.4 Jacobi Fields

Many properties of the geometry of a Riemannian manifold (M;g) are studied us-
ing Jacobi vector fields. Jacobi fields are vector fields defined along a geodesic in a
Riemannian manifold associated with a variation of geodesics, and the vanishing of

Jacobi fields along null geodesics leads to some of the interesting aspects of causal
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structure that we will be considering.
Let 7y : [a;b] — M be a geodesic, and X be a vector field along 7. X is called a
Jacobi field along 7y if
V V., X+R(,X)y =0. (2.54)

A Jacobi field defines a vector in the space of geodesics and it is describes the rela-
tionship between two infinitesimally separated geodesics.

In addition, if V is a Jacobi field defined on y and V' vanishes at two points p, g € 7
and is not vanishing at all points of 7y then p and g are called conjugate points on vy .
This occurs when two close geodesic meet in two points. For our purposes, the main
importance of conjugate points is that a geodesic beginning at p € M is only extremal
until it reaches a point conjugate to p; after that, the geodesic is no longer extremal.
As a consequence, two points on a null geodesic can be connected by a timelike curve
if there is a pair of conjugate points between them [15].

The set of points of M conjugate to p on geodesic are called a caustic.

2.5 Causal Structure

The causal structure of Minkowski space, M, is particularly simple. Given two events
p,q € M we can consider the vector v* = pg and a particle travelling on the corre-
sponding trajectory. The particle travelling from p to g has velocity slower than light,
equal to the speed of light or faster than light as g,,0"v” is negative, zero or positive
and we say that pg is time-like, null or space-like respectively. Alternatively we con-
sider a curve 7 : [0,1] — M such that 7(0) = p,y(1) = g, and consider g.;7""
along the curve.

b

Then g,,0"0” is positive if and only if the curve is space-like, g,,v"0" is zero if and

only if the curve is null and the g,,v"0" is negative if and only if the curve is time-like.
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It then follows that pg is timelike if and only if there is a timelike curve from p to g;
null if and only if there is a null curve but not timelike curve; and spacelike if there is
neither a spacelike nor a timelike curve [16].

In general space-time we cannot use a connecting vector, so we must use the exis-
tence of a time-like or causal curve as our way of deciding whether a pair of points is
timelike, null, or spacelike separated.

In a general spacetime, if M is a spacetime with metric g,;, then there is a null
cone at each point consisting tangent vectors X“ such that ¢,, XX’ = 0. At each
point, this null cone splits into two halves. Then if it is possible to choose one of
these halves consistently over the whole of M, we say that M is time orientable, and
arbitrarily choose one of the halves to be the future half. We can consider a curve x*
in M, and its tangent vector x’* at each point. We define this curve to be timelike, null
or spacelike at x* depending on the sign of ¢,, X*X? and say that the vector is future
pointing the vector points into the future half of the light cone, and past pointing
otherwise [17]. In the same way we say that a curve is future pointing timelike if its
tangent vector is future pointing timelike at each point, etc.

We have two particularly useful types of causal relationships between space-time
points. We say that p chronologically precedes g, denoted p < g, if there exists a

future directed time-like curve, v : [0,1] — M such that y(0) = p, (1) = ¢g.

The point p causally precedes g, denoted p < g, if there exists a future directed
causal curve 7y from p to g.
The chronological future of p, denoted I (p), is the set of all points g € M such

that p chronologically precedes g, i.e.

IT(p)={q9eM|p<yq} (2.55)
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The chronological past of p denoted I~ (p), as the set of all points g € M such that p

chronologically precedes g, i.e.

I'(p)={qeM|qg<p} (2.56)

The causal future of p denoted J*(p), as the set of all points ¢ € M such that p

causally precedes g, i.e.

J7(p)={geM|p<q} (2.57)

The causal past of p denoted |~ (p), as the set of all points g € M such that g causally

precedes p, i.e.

J (p)={9eM|q<p} (2.58)

The sets IT(p), I~ (p),]"(p),]~(p) for all p € M are collectively called the causal
structure of M.

We can now use these relations to place restrictions on space-time, called causality
conditions.

Causality conditions on space-time (M, g) are completely determined by the iden-
tification of space-like, time-like and null curves on M and a choice of the future di-
rection along causal curves. Since conformally equivalent Lorentzian metric g and ¢
distinguish the same space-like, time-like and null curves on M, any two space-time
(M, g) and (M, §) with g ~ ¢ satisfy identical causality conditions, so long as their
time orientations select the same future directions along causal curves.

In Minkowski space-time the boundary of I (p) is dI" (p) = J*(p) — I'*(p), and
is given by the points on future directed null geodesics from p. We call this set the
future light cone of p. This is not true in general space-times, i.e. the future light cone
of p, may include points not on 91" (p) and omit points which are in 9I* (p).

We now give a brief summary of some of the constraints that can be placed on
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space-time in terms of the causal structure [18].

Chronological condition:-

A spacetime M is said to be chronological when it admits no closed timelike curves,
thatis, p € I (p) forall p € M.

Causal condition :-

When M admits no closed non-spacelike curves, it is said to be causal. If M = R and
the metric is chosen to be ds?> = dtdx, then M is chronological but not causal.

Strong causality:-

A spacetime (M, g, ) is be strongly causal if for all p € M and every neighbourhood
O of P, there exists a neighbourhood V of p contained in O such that no causal curve
intersects V more than once [18].

These three are frequently used: in fact there is a detailed hierarchy of causal

conditions, some very subtle [19]. We will omit the intermediate levels, and move to
the most restrictive condition, as the space-times we will be interested in all satisfy it.
Globally hyperbolic condition:-
The condition which says that a space-time is as well-behaved as one can ask is that
of global hyperbolicity. Proofs of the following statements can be found in Penrose
and Hawking and Ellis [15] [11]. The most convenient formal definition of global
hyperbolicity is the following. In a spacetime (M, g) , a subset S of M is called a
Cauchy surface if every inextendible causal (i.e., timelike or lightlike) curve intersects
S exactly once. A spacetime is globally hyperbolic if and only if it admits a Cauchy
surface. The name globally hyperbolic refers to the fact that for hyperbolic differential
equations, like the wave equation, existence and uniqueness of a global solution is
guaranteed for initial data given on a Cauchy surface.

In more detail, we say that a set S C M is achronal if no two points of S are time-

like related (i.e. if p,q € S then we never have p < g). Let S C M be closed and a
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chronal. We define the future domain of dependence of S denoted D™ (S) by
DT (S) = p € S| every past causal curve through p intersects S. (2.59)

A closed achronal set ¥. for which D(X) = M is called Cauchy surface. A space-time
(M, g4p) which has Cauchy surface X is said to be globally hyperbolic.

A space-time which is globally hyperbolic is particularly well-behaved. In partic-
ular in globally hyperbolic space-time the boundary of I (p) is a subset of the future
light cone of p points connected to p by a future pointint null geodesic, but some
null geodesics may enter I (p) so not every point on such a null geodesic is on the
boundary of I (p).

It can be shown that a globally hyperbolic spacetime admits a continuous func-
tion t : M — R such that t~1(tg) is a Cauchy surface for every ty € R. It follows
that a Lorentzian manifold is globally hyperbolic if it contains a Cauchy surface or a
foliation by Cauchy surfaces. Hence if a spacetime is globally hyperbolic then it is of
the form S x R, with coordinate (x,t), such the £ is timelike and S x t is a Cauchy

surface for all ¢ [20] [16] [21].
In the following chapters, we will develop an approach to visualizing the light

cones of points in some particular globally hyperbolic space-times, and so of under-

standing their causal structure.
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Chapter 3

Static Space-Times

3.1 Introduction

Because general spacetimes are too complicated too deal with, we restrict our atten-
tion to those with extra structure that makes them more tractable, in particular to
those with a high degree of symmetry [11] [22] [23]. In this chapter we review the
notions of stationary and static space-time, and use the conformal invariance of null
geodesics to provide a basis for the numerical approach to visualizing light cones
which we will use in the remainder of this thesis. We will pay particular attention to
Schwarzschild space, and also see how to generalize to more general (but not fully

general) space-times.

3.2 Definitions

First, we recall some basic material on symmetry in the differential geometric setting.

Let (M, g) be a semi-Riemannian manifold, f : M — M, be a diffeomorphism,
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and let p be an arbitrary element of M. Then we say that f is an isometry if

Sr(pydf(v),df(u)) = gp(v,u) (3.1)

forallu,v € T, M.
Then if ¢; is a diffeomorphism for t € IR, we say that ¢; is a one-parameter r group

of isometries of M if ¢; is an isometry for all t € IR, and

Pt O Ps = Pt+s
(3.2)
o1 =gt
foralls, t € R.
Now pick p € M and consider
7(t) = ¢e(p) (33)

The map t — ¢:(p) defines a curve through p for each p in M. Define a vector field
V by defining V(p) to be tangent to this curve at p. Then V is called a Killing vector
field, and ¢ is called the flow of v.

It can be shown [24] that V is locally a Killing vector field if and only if

A stationary gravitational field is described by a spacetime on which a timelike Killing
vector field V exists. If we choose local coordinates (¢, x*) wherea, b = 1...n —1such

that V = 2, then g, is independent of time (t).
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If, moreover, the Killing field is irrotational, i.e.
ViaVpVg =0 (3.5)

where the square brackets denote the completely skew symmetric part of the tensor,
it follows that V is hypersurface orthogonal. [12] As a consequence, the metric can be
put in the from

— F(x™)dt? + gupdxdx® (3.6)

where by a slight abuse of notation, x” now denotes only the spatial coordinates.

Here f(x") is strictly positive, the g,, do not depend on ¢, and g, is a Riemannian
metric. Note that in addition to the metric coefficients all being independent of time,
all the dx“dt terms are now zero.

Intuitively speaking, a stationary metric means that the space-time is locally in-
dependent of time, while a static metric means that in addition the notion of time is
global.

For example, the static spherically symmetric Schwarzschild metric will describe
the exterior of non-rotating stars or black holes, while axisymmetric rotating systems
which keep rotating in the same way at all times will be described by stationary met-

rics such as the Kerr metric [25].

3.3 Null Geodesics

We now consider the null geodesics of a static space-time, and see how they are de-
termined by the geodesics in the induced Riemannian metric of a surface of constant
time. We will eventually apply this to the problem of visualising light cones in a static
space-time.

To summarize, a space-time is static if it has coordinates (¢, x?) (wherea = 1...n —
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1) such that the metric is
d5? = — f(x")dt? + Gupdx"dx’ (3.7)

where f is a strictly positive function of x” and g, is Riemannian.

We can now consider the conformally related metric

ds?> = —d* + gabdx“dxb (3.8)
where
-3 59)
8ab = f(xa)gab .

is again a Riemannian metric.

We will use the conformal invariance of null geodesics (as curves) to find a partic-
ularly useful description of the light cones of the original space-time in terms of the
arc-length parameterized geodesics of the Riemannian metric g,.

Soletc(p) = (t(p), x*(p)) be a curve parameterized by p, where % = x1.

Then we can consider the Lagrangian
L= —f+ g’ (3.10)

and the Euler-Lagrange equation for this Lagrangian are the general equations for the
geodesics of the metric ds?.

Now, we have

and
oL ,
5 —2f (3.12)
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We differentiate the last equation with respect to parameter p, and we find that

d oL .
—(=5) =2 1
(5 =2 3.13)
From the Euler-Lagrange equation we have
d (dL oL
@(§>_5? (3.14)
Then
—2f=0 (3.15)
This gives
t=ap+b (3.16)

and without loss of generality we can assume that t = p.

We chose the conformal factor so that f = 0, i.e is as simple as possible. As a
consequence, it is easy to find null geodesics of the space-time once we have the
(Riemannian ) arc-length parametrised geodesics of the spatial part of the metric [4].

We now consider the remaining geodesic equations for ds?, making use of the fact
the g,; is independent of time , and relate the null geodesics of ds? to the arc-length
parameterised geodesics of ;. So we must now find the remaining Euler-Lagrange
equation for

L= —f+ g’ (3.17)
We differentiate with respect to parameter x¢, and we find that

oL 9gap .a.p .a.b
e = a—;cxax = 0cQupX" % (3.18)
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and

oL . :
5 = 8ebdit’ + geadf

= gcbxb + gcafcu

= 2g4cX"
Then differentiating with respect to p we find that

4 OLy o8
dp " oxc¢

dp X"+ 2gacx

a

) =2

From the Euler-Lagrange equation we have

d(ay oL
dp \oxc)  9x¢

Then
d oL o .
@(ﬁ) - 2(abg‘15 + aagbC)xaxb + 2gacxa
where
d
f{f = 9pgact’
So, we find that
zgac.x"u + z(abgac + aagbc)xaxb = acgabxax
2gac.9&.a + (2abgac + zaugbc - acgab)xaxb e 0
Finally

x? _|_gac§(28bgac + Zaagbc — acgab)xaxb —0

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

The Euler Lagrange equation for x?(p) are just the geodesic equations for g,,. We

make the important note that ¢ is naturally an affine parameter for these geodesics.
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We therefore consider curves of the form ¢(p) = (t(p), x*(p)) where

t =
P (3.26)

24T 2P =0

Then we note that ¢ = (p,x* is specified by the tangent when p = 0, and
p p P P y g P
le(p) 1> = —1 + gapx"’ (3.27)

for all p.

If x*(p) is determined by an initial tangent vector ¥?(0) such that
gapt*(0)3"(0) =1 (3.28)

then x?(p) is an arc-length parameterised geodesic of g, . It follows that (p, x*(p)) is
anull geodesic of ds?, since it satisfies the Euler-Lagrange equations for the metric ds?,
with the useful property that the arc-length coincides with coordinate time. Because
of the conformal invariance of null geodesics, this curve is also a null pre-geodesic of
the original metric, d§?, but parameterized by t rather than by an affine parameter.

In fact, this is a better parameter for our purposes, because it makes it easy to find
the light cone of a point between two values of ¢, which is what we want to do in
order to visualize the causal structure.

It is important to note that if ¢,;%%(0)x?(0) < 1, then we have a timelike geodesic
of ds?, which is a timelike curve of d3?, but not in general a geodesic. Similarly, if
gapX¥*(0)%%(0) > 1, we have a spacelike geodesic of ds? which is a spacelike curve of
d3?, but not in general a geodesic.

So, although we cannot find the general geodesics of d3? by this approach, we

can find the null ones, and these suffice for visualising the light cones, and hence the
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causal structure of d32.

3.4 Schwarzschild Space-time

We now consider the example of exterior Schwarzschild space-time. In standard

Schwarzschild coordinates the metric is given by
—(1 —2m/r)dt* + (1 —2m/r) " tdr* + r*dQY? (3.29)

where dO? = d6? + sin? §d¢? and is clearly static.

We set z = (1 — 2) for convenience, so we can write this as
—zdf? + 27 dr* + 17 (d@z + sin® 9d¢2> (3.30)
we divide this equation by z to get
—dt? + (1 —2m/r)2dr* + (1 —2m/r) " 1r?dQy? (3.31)
and we now have the Lagrangian
L= —#+z %%+ z 12 (6% + sin® 09?) (3.32)

where the dot represents differentiation with respect to the parameter p.

Now, we differentiate L with respect to t so that

oL

5 =0 (3.33)
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Differentiating L with respect to { we get

We find that

From the Euler-Lagrange equations we have eq. 3.33 equal to eq. 3.35 Then

a
dp

oL _
of

oL .
(ﬁ)—‘”

—2f

—2f=0

which essentially tells us that ¢ is an affine parameter.

Generally, therefore

where a, b are constant and we take t=p, as in the general discussion.

t=ap+0b

Next, we differentiate L with respect to r and 7.

From Euler-Lagrange equation we have

and we find that

We also have

a
dp

oLy o
or | or

—4mr 5, 2r*(r — 3m)
(r—2m)3 (r —2m)2
oL . 2m )
7 25
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(3.34)

(3.35)

(3.36)

(3.37)

(3.38)

(3.39)

(3.40)



So, we differentiate last equation with respect to parameter p, giving

5 (5) = y20=202

dp r
3.41
__—Amr 2r? (3.4
C(r=2m)®  (r—2m)?
From the Euler-Lagrange equation we have eq. 3.39 equal to eq. 3.41
—4mr 2r? —dmr 5, 2r*(r—3m) . . . 2.0
i P = i 0 0 3.42
(r—2m)3r+(r—2m)2r (r—2m)3r + (r —2m)? (0% + sin” 6¢7) (3.42)
giving
2 . .
P 2mr (1 — 27’”)%2 = (4 (1= Z) (62 + sin? 0g?) (3.43)
and so
7= _ i + (r — 3m) (62 + sin® ¢?) (3.44)
r(r —2m)

The case for ¢ is similar. Now, we differentiate L with respect to ¢ that find that

I _, (3.45)

op

Differentiating L with respect to ¢ we get
g—; =2r2¢pz 'sin® @ (3.46)

We find that
% <%) = 27 127%¢ + 2 Yrig + 2r*p(—1)z22mr 27 + 2r*z~ 12 sin  cos 00¢

=z27272¢ + 27 12rip(2 + z72mr 1) 4 2122712 5in 0 cos B¢
(3.47)
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From the Euler-Lagrange equation we have the right hand side of eq. 3.45 equal to
eq. 3.47. Therefore

z712r%¢ 4+ 27 21 (2 — z 7 12mr 1) — 21227 12sin 0 cos B¢ = 0 (3.48)
Therefore
¢+ %np(z +z712mr1) — 2sinf cos #¢ = 0 (3.49)
and so finally
. 2B8m—r) . _ .
P = r(r—2m) 7¢ + 2 sin 6 cos 00¢ (3.50)

Finally, we differentiate L with respect to 6 and 6. From the Euler-Lagrange equa-

d (oL oL

tions we have

Now, we differentiate L with respect to 6 that find that

oL

og — —2sinfcos 0(r*z 1?6 (3.52)
and we get
o 92,14 (353)
o0

So, we differentiate this last equation with respect to the parameter p, giving

d (OL\ d 5 4,
—(Q)—dp(Zrz 0)

dp
2r3 . (r—2m)6r* —2r3
_ : 54
(T N T P (3:59)
2r3 . 4r?(r —3m) oi

~ (r—2m) (r —2m)?
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From the Euler-Lagrange equation we have eq. 3.52=3.54

2r3 . 4r?(r—3m) 2r
f = —si —_— 3.55
(r—2m)9+ (r—2m)? or sm@cos()(r_zm)gb(? (3.55)
and so
" , o, 2(r—3m) .
- _ 2 e S
8 = —sin 6 cos 8¢p-6 r(r —2m) o7 (3.56)

which is the final equation for an affinely parameterized in the metric obtained from
the Schwarzschild metric by a conformal transformation.
Gathering these together, we have the equations for an affinely parameterized

geodesic in our new metric,

2m

g 2 _ 2 2902
r_r(r—Zm)r + (r — 3m)(6” + sin” 0¢~)
.. _ s 2(r—23m) ..
- _ 2 2V )
6 = —sin 6 cos g0 r(r—2m) o7 (3.57)
. 2(Bm—r) . ) .
=== 7 2
¢ F(r —2m) ¢ + 2 sin 6 cos 00¢

If we take initial conditions 8 = 71/2, 6 = 0, we find that @ = 77/2 is a solution. Since
any geodesic can be put in this form by a rotation we can reduce the equations by

taking 6 = 71/2 resulting in

2m

i} 2 2
r = mr + (1’ — 3m)(P

. 2Bm—r) . (3:58)
¢ = mrﬁb

This is similar to the situation for Schwarzschild space, in which also all geodesics can
be considered to lie in the equatorial plane by an appropriate choice of coordinates
[17]. Clearly, the same argument will apply in any spherically symmetric static space-

time.
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In the next chapter we will see how we can solve these equations in Matlab and

hence visualise the light cones in Schwarzschild space.

3.5 The general (2+1) metric

In the Schwarzchild case, we saw how we can use the symmetries to reduce the prob-
lem of finding the light cone of a point that of finding the geodesics in a 2-dimensional
Riemannian manifold. This can also be done in the case of other metrics of sufficiently
high symmetry.

We will therefore consider the visualization of light cones in (2+1)-dimensional
static space-time as an approach to providing insight into the causal structure of
space-time of sufficiently high symmetry.

In the next chapter we will consider the particular case of Schwarzschild space-
time, with a specific Matlab code tailored to that purpose. However, we will also
consider the problem of visualising the light cones in a metric which can be chosen
by the user. For this purpose, it is useful to find the geodesic equations for a general

two dimensional Riemannian manifold, with Lagrangian given by
L = Ex* +2Fxy + Gy? (3.59)

and so we derive these equations here, for use in chapter 5.

We have
oL
— = 2Ex + 2Fy .
5% X+ 2Fy (3.60)
and
daL_ .. .. . .. .. 2

(3.61)
=2 |Ei + Fjj + Ei® + (By + F)¥y + Ry
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Finally

oL
o= E. %% 4+ 2F %y + Gyy)?

From the Lagrange equation we have
4 (a_L) _JL
dt \ ox ox
which in this case gives
2 [Eae + Fij+ Exi® + (Ey + Fo)xy + Fyyz] = Ex#? + 2Fty + Gyif?
and so
2E# 4 2Fjj = (—Ey)%* + (—2E, — 2F; + 2F)%y + (—2F, + G)y?
Thus we finally have
E¥ + Fij = % ((—Ex)xz + (—2E,)#y + (—2F, + Gx)y'2> :

Similarly
oL . :

ot ot

d (oL .0G . OF .
E(@) 2<y—+Gy+—x+Fx)

2[G + Fi + (Gt + Gyg) + (et + ) ]

2 [Pae + Gij+ (Fy + Gy)xy + Fei? + Gyﬂ

and

oL
i Ey % 4 2F Xy + Gyy?
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(3.63)

(3.64)

(3.65)

(3.66)

(3.67)

(3.68)

(3.69)



From the Euler-Lagrange equation we have

d (oL oL
Z (=) = =, 7
i(50) =% o
Then similarly to the previous case,
1
F¥+Gj = ((Ey — DF )32 + (—2Gy) %y — (Gy)y2> (3.71)

From 3.66 and 3.71 we get

% 1| (“Eo)+ (=2E,)xy + (—2F, + Gy)7?

F G| |y (Ey — 2F¢)x% + (—2Gy) 1y — (Gy)y?
so premultiplying by the inverse matrix
-1
¥| 1|EF (—Ey)x? 4+ (—2Ey)%y + (—2F, + Gx)y? 579
j| *|F G (Ey — 2F,)i% + (~2Gy) 2 — (Gy)
which gives us the explicit differential coupled system of equations
i 1 G -F (—Ex)x2 4 (—2Ey)%y + (—2F, + Gyx)y?
~2(EG - F2)
g | AEG-F)| _p g (Ey — 2F) %2 + (=2Gy)x3 — (Gy)¥?
(3.74)
Separating out the components of these two gives
.. 1 .0 .. .2
2(EG—F) (3.75)

+ (—=F)(Ey — 2F,)%* + (=F)(—2Gy)xy + (FG,)y?]
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and

. 1 .0 .. -2
J = =25 [(FEx)x* 4+ (2FE,)xy + (2FF, — FGy)y
2(EG — F?) (3.76)
+ (EE, — 2EF,)x* + (—2EG,)xy — EGyy?]
which we can simplify slightly to
O [(—=GEy — FE, + 2FF,)?
2(EG — F2) (3.77)
+ (=2GEy 4 2FGy)iy + (—GGy + 2GF, + FGy)y”]
and
j= 1 [(FE,+ EE, - 2EF)#?
_= — 2 X y - X
2(EG — F?) (3.78)

+ (—2EGy + 2FE, )%y — (EG + 2FF, — FGy)y?]

Later, we will exploit this in Matlab to find null geodesics and hence visualise light

cones in a space-time chosen by the user.

3.6 Schwarzschild again

As a consistency check, we now reconsider the example of exterior Schwarzschild
space-time, where we restrict the metric to the equatorial plane. In standard Schwarzchild

coordinates the metric is given by

—(1- 27m>dt2 +(1- 27m)‘1dr2 +72(d6” + sin” 0d¢?) (3.79)

If weset 0 = 7, then we have

(- 27’”)01# . ZTm)—ler +2dg? (3.80)
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We now divide this equation by (1 — 22), and we find that

_2m

. 2
L= —t2+(1—7m)_2f2+(1 :

) 2P (3.81)

Restricting out attention to the spatial part, we identify

2 .
1= 22y -2 (3:82)

with
L = Ex* +2Fxy + Gy? (3.83)

soherex =1,y = ¢.

To simplify the calculations we again suppose z = (1 — 22).

Then
2m r2
E=(1-=—")?%= =z7?
( r ) (r —2m)?2 =
F=0, (3.84)
2m r3
— (112 1.2
G =( r) r = 2m) z7 e,
From this we find that
Ey =0,
— 4773
ET’ — 1’2 7
F¢ = PT" = 0’ (3'85)
Gy =0,
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Now, we substitute these in the general case to obtain

1

= - F [(~GE, — FEy + 2FF,)#

#

+ (=2GEyp +2FGy)ip + (— GGy +2GFy + FGy) 7]

so that
;o ! [(—z 12 (z % 2) — 0)#
2(z72z71r2 - 0)
+ (04 0)id + (—z 2 (2rz7' —2272) + 04 0)¢?]
We therefore find
2 2 2m 2
¥ = 4+ (—(1——)r+1
pa-gy TS
and finally
. 2m .0 2
"= r(r— 2m)r (r=3m)¢
Similarly,
. 1 2
¢ = m[(ﬁ;‘r + EEy — 2EF,)7
+ (2FEy — 2EG, )i + (2FFp — FG, — EGy)¢?]
so that
h = ! [(0+0—0)i?
?= 2(z72z7 142 - 0)
+(0—2z722rz7 1 =227 2)ip 4 (0 — 0 — 0)¢?]
tinally giving
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This simplifies to

. 2Bm—r) .
Gathering the two equations together then, we have
L 2m .0 )
TR (3.94)
. 2(8m— r)i/ '
¢= r(r —2m) ?

which are same as were obtained previously.
In the next chapter we will use Matlab to solve these equations numerically, and

hence to visualise the light cones in Schwarzschild space.
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Chapter 4

Light Cones and Causal Structure for

Schwarzschild Space-Time

This chapter will be about the visualisation of the causal structure of space in the

vicinity of a Schwarzschild black hole.

4.1 A first look at causality in Schwarzchild space-time

As stated earlier, the metric of Schwarzschild space-time is
2m

ds? = —(1— T)dtZ +(1- 27m)_1dr2 + 12(d6* + sin® 0d¢?) (4.1)

We will restrict our attention to r > 2m, the region outside the event horizon of the
black hole.

Note that if we choose r >> 2m then in the limit we find
ds? = —dt* + dr* + r*(d6* + sin” 0dp?) (4.2)

and if we set (m = 0) we find the same metric, so when r >> 2m the metric will be
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very close to that of Minkoswki space time, and so will the causal structure.

If we choose another coordinate system such as the Eddington-Finkelstein or Kruskal
coordinates [26], we can extend space-time inside the event horizon but we can not
use our approach to study this region.

As stated earlier, in Minkowski space, given any two points P and Q, the vec-
tor 1@ tells us the type of causal separation between P and Q. For example if we
have P, Q two points the coordinate vector Iﬁ satisfies (Iﬁ, Iﬁ> <0, (I@, @) =
0, (lﬁ, Iﬁ) > 0 depending on the separation are time-like, null, or space- like.

However, the situation is more complicated in Schwarzschild space-time. To see

this, we consider the null geodesics in the (7, t) plane, which are given by

—(1— 27’”)01152 + (1 - ZTm)ler =0 (4.3)
We rearrange to obtain
dt\? 2m. _
(E) = -2 (4.4)
and thus
dt 2m
—=+(1-="—)" 4.
= =x1- 45)

Now, when r >> 2m we find

dt

— = =1 4.6

" (4.6)
so, dt = —dr or dt = dr giving us the Minkowski space situation very far from r = 2m.

But we also need to consider the case when r is not much greater than 2m.
For general r > 2m, selecting the (+) sign, % > 0 and we integrate to have an

outgoing radial null geodesic

t =r+42mln|r — 2m| + constant 4.7)

50



Alternatively, by selecting the (—) sign then % < 0 and we integrate to have an

ingoing radial null geodesic
t = —(r+2mln |r — 2m| + constant) (4.8)

This measures the slope of the light cones on spacetime diagram of the (¢, 7) plane.
For large r the slope is (1), as it would be in flat space, and at (r — 2m) we get
,(% — +00), the light cone will close up, which we can interpret as light slowing
down when it approaches the event horizon, or as red shift.

In (7,t) plane we can see no causal curve crosses event horizon. The situation
is therefore much less straightforward than in the case of Minkowski space, even
if we restrict to the (r,t) plane. But in order to understand the causal structure of
Schwarzschild space-time, we need to know the other null geodesics, which are not
radial. Even though we can compute the radial geodesics, the others cannot be found
analytically in terms of standard elementary functions, so we have no easy way of
describing the chronological future of a point.

However, building on what we have done before we will be able to use the nu-
merical methods to visualise the light cone of P (with ¢t = 0) for some range of values
of t.

We will use Matlab to find light cones in equatorial plane when (6 = 7/2). Fur-

thermore, we will then use this to construct animations of growth of three dimen-

sional wave front.

4.2 Matlab Code for Light Cones in Schwarzschild

As the purpose of this project was to produce code that would be made generally

available for others to carry out their own investigations, we give a detailed explana-
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tion of how it works to help a user either use it as it stands, or to adapt it to his or her
own needs.

First, we now discuss the specialized Matlab code wave_front_s.m, which can be
seen in Appendix A, and which gives visualizations of light cones in the equatorial
plane in Schwarzschild space-time.

First, we will assume m = 1, so that the event horizon is at r = 2. Then the region
r < 2 is inside the black hole where our approach does not work, so the region of

interestis r > 2. We set 0 = 71/2, then we have
2 2,0 20 4,02, 2,0

and make the conformal transformation dividing by 1 — 2 to give the Riemannian

metric

3

2\ ? 2 2\ 27,2 r* 2 r 2

From this we obtain the equations for an arc-length parameterised geodesic:

3y 2 2
i = r(r—Z)r +(r—3)¢

23 —7) .. (411)
¢= r(r—z)r(/)

Now, we will explain in some detail what the Matlab code does.

clf;
hold on;

axis equal;

These commands above will clear graphical screen, and set aspect ratio using axis

52



equal command to make data units the the same in every direction: thus in regions
where the metric is nearly Minkowskian, the light rays will be at 45° to the horizontal,
as in a standard space-time diagram.

This ensures that the diagram is appropriate for the interpretation of r and ¢ as
distance and time coordinates.

The next section of the code enables the user to specify just what he or she wants

to examine.

T=input (’Enter the evolution time period: ’);
r=input (’Enter the initial radial coordinate: ’);

phi=0;

Here the user inputs time for which light cone develops, and the initial distance from
origin. We can assume ¢ = 0 without any loss of generality because of the radial
symmetry, which permits us to use a rotation about the origin to give any initial point
a ¢ coordinate of 0.

This allows the user to investigate how the development of the light cone light
cone depends on distance from the event horizon, to focus on ranges of particular
interest.

Next we calculate the conformal Schwarzschild metric at initial point
M=r~2/(r-2)*[1/(r-2) 0;0 rl;

This sets up the Riemannian metric at the initial point, which must be used to con-

struct unit vectors for initial conditions.

fprintf (’Enter the range of tangent directions\n’)
infin=input (’you want to investigate in the form [start end]: ’);
ndirs=input (’Enter the number of directions: ’);

circle=linspace(infin(1),infin(2) ,ndirs);
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With these command the user is able to choose the range of initial directions and
number of null geodesics to draw. The range [0, 277] gives full light cone, other choices
allow detailed investigation of smaller sections. Choice of the number of directions,
which are given equal angular separations, allows more detailed investigation when

the geodesics have spread far apart. We will show examples later.
for theta=circle

The loop started here draws the null geodesic for each initial condition specified.

Note that here we will need to express the initial vector in terms of polar coordi-

T

W

i

(r.0)

nates rather than Cartesian.
In terms of Cartesian coordinates, we have the tangent vector pointing in the di-

rection 6 at the point P with coordinates x, y [33].
cos(6)ex + sin(0)e, = [cos(0), sin(6)] (4.12)

But we need to express this in terms of ¢,, ey given by the polar coordinates 7, ¢. We

have

x =rcos(¢p),y =rsin(¢) (4.13)

so we have
0 OJdxd Jdyo .
=5 " arox Taray  os(Petein(@ey 9
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and

e —i—a—xiJra—yi——rsin( )ex +1rcos(p)e
"= 39 apox opay Pex Pey

which can we solve to give

sin(¢)

ey = COS((P)er — Te(l;
ey = sin(¢)e, + Cosr(4))e¢
Therefore the vector
cos(6)ex + sin(0)ey

is, in terms of ey, ey,

cos(6) (cos(gler — TPey ) +sinfo) (sin(gle, + ey )

(cos(8) cos(¢) — sin(0) sin(¢) e, + ((sin(6) cos(¢) — cos(8) sin(¢p) )ey) /7

which we can write as

[(cos(0) cos(¢p) — sin(0) sin(¢p)), ((sin(0) cos(¢) — cos(8) sin(¢p))) /7]

In the case of our Schwarzschild code, we assumed ¢ = 0, so this reduces to

[cos(0), —sin(6) /]
for the initial vector, which is set up by the code

v= [cos(theta) -sin(theta)/r]
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But we also require our geodesics to be parametrised by arclength, which means
that the initial tangent vector must be a unit vector.

For our case we will use this command

m=sqrt (vxM*v’) ;

v=v/m;

it will make the initial vector of unit norm.
We now solve the geodesic starting at (7,0) in the direction 6 using a built-in dif-

ferential equation solver in Matlab by this command
[t,rphi]l=ode45(@covdiff, [0,T], [r;phi;v(1);v(2)]);

where covdiff is the function to calculate covariant derivatives, given below.
Next, for each of these Riemannian geodesics, we can plot the corresponding null

geodesic curve of Schwarzschild space, using
plot3(rphi(:,1) .*cos(rphi(:,2)),rphi(:,1) .*sin(rphi(:,2)),t);

Note that since we have computed the geodesics in terms of the polar coordinate
(r,¢), we convert to Cartesian to plot them.

The previous commands draw the cone of null geodesics coming out from P at
time 0. We finish the cone off by finding the wave front at the final time, obtained by

joining together the end-points of the null geodesics.

TP=rphi(length(t),:);
TP=[TP(1),TP(2)];

ep=[ep; [TP(1)*cos(TP(2)),TP(1)*sin(TP(2))1];

These commands above find the end point of each geodesic and convert to Cartesian

form for plotting, by picking off the end point to plot the front at time T.
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To plot the curve joining the end points of each null geodesic to give the wave

front at time f, we will use this command.
plot3(ep(:,1),ep(:,2),T*ones(size(ep(:,1))),’Color’, ’black’);

Since we know that the event horizon of Schwarzshild space (with m = 1) is at

r = 2, we can also plot the event horizon:

colormap([1,0,0]);

[evX,evY,evZ]=cylinder(2,30); evZ=evZ*T; mesh(evX,evY,evZ);

The first command makes the event horizon red, since it is the surface of infinite red
shift, and the second plots a cylinder of radius 2 and height the time the light cone
grows for.

Included at the end of the m-file is the function which calculates the required

covariant derivative of the tangent vector along the geodesic:

function dy = covdiff(t,y)
dy = zeros(4,1);
dy(1)=y(3);
dy(2)=y(4);
dy (3)=(2xy(3) "2/ (y (1) *(y(1)-2)))+((y(1)-3) *xy(4)"2) ;
dy (4)=(-2%(y(1)-3)*y (3) xy (4) / (y (D) *(y(1)-2))) ;

end

In the function code above we use y(1) = r,y(2) = ¢,y(3) = 7, and y(4) = ¢.

Substituting these terms into the Matlab code recovers the original equations

N By 2
i = r(r—2)r +(r—3)¢

23—1) (4.22)
¢ = r(r—Z)r(P
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4.3 Investigating the Light Cones of Schwarzschild Space-
Time

In this section we will see how the Matlab code works to help us investigate the light
cone and null geodesics in Schwarzchild space. We will examine how the light cone
growth starting at a particular value of r is affected by the value of 7.

Furthermore we will change the evolution time period to see how the growth
progresses, and, when necessary, the number of geodesics to improve the quality.

In each figure the event horizon is shown as a red cylinder, ruled by vertical

straight lines which are null geodesics.

4.3.1 Case Stude 1: Initial » >> 2

First we investigate the growth of the light cone for r >> 2, i. e. far from the event

horizon. The dialogue

>>wave_front_s

Enter the evolution time period: 5
Enter the initial radial coordinate: 30
Enter the range of tangent directions

you want to investigate: [-pi pil

Enter the number of directions: 150

is to produce a light cone developed for a time of 5, with initial radial coordinate 30,
the initial directions covering the entire circle, and 150 geodesics.
The dialogue for an evolution time of 10 is similar. This results in Fig (4.1)( 4.2) As

we expect, this looks very similar to the Minkowski case.
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5 10 15 20 25 0

Figure 4.2: t = 10,7 = 30,n = 150

4.3.2 Investigation (2)

Next , in the Fig(4.5) to (4.9) we consider light cones evolved for the same time, t =

10,15, 20 but starting at different initial distances for r = 4, 3, 2.5.
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At this point, because the null geodesics have spread out, we can see the pictures

are not smooth. So, we redraw with n = 300 to obtain a better picture.

Figure 4.13: r = 3,t = 20,n = 300

Figure 4.14: r = 2.5,t = 20,n = 300
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We can interact with these figures panning, zooming and rotating to produce other
images which shows how the null geodesics (at least initially) form the boundary of
IT(P). We can also see more clearly how the light cone of P develops, in particular
how it wraps around the event horizon at r = 2 without crossing it.

In these figures the lines emanating from the point P with coordinates r = 4, 3,2.5,
¢ = 0 are the null geodesics, and we can see how they are deflected and spread out
by the black hole. Allowing the development to continue for a long enough lets a
pairs null geodesics meet. Then an observer at the point at which they meet would
see the point of origin at each side of the black hole. Recalling that the full situation
is obtained by rotating about an axis connecting the origin of the plane P, we see that
this produces the famous Einstein ring. Then, allowing the light cone to develop still
further, we enter the situation where some of the null geodesics no longer lie on the
boundary of I (P), but enter [ (P)[11].

By t = 20 we can see how the light cone has wrapped around the event horizon at
r=2

In a first course on general relativity we usually study and explain the gravita-
tional lens effect, but not causal structure, except in the simple case of Minkowski
space. Here we can clearly see from the diagrams how the gravitational lens is re-
lated with this idea of causal structure.

Furthermore, the figures show which points lie inside the light cone, i.e. those to
the future of the initial point, and help us to understand how the causal structure of

Schwarzchild space different from that of Minkowski space.

64



4.3.3 Case Study 2: Spreading of Null Geodesics

Now, instead of looking at the entire light cone, we consider a small portion of it
in the neighbourhood of one particular geodesic to examine how the null geodesics
spread out or focus.

We want to examine how the null geodesics in Schwarzchild space spread out.
This spreading is determined by the Jacobi equation, which we cannot solve explic-
itly; however, the illustrations give extra insight into the behaviour we can obtain
from the Jacobi equation [27].

In general, the way in which the geodesics leaving a single point spread out is

determined by the Jacobi equation, which in two dimensions reduces to
j+Kp=0, (4.23)

where p(0) =0,p(0) = 1.

Here, p is the distance between points at the same affine parameter value a pair of
neighbouring null geodesics and, K is the curvature operator (Gaussian Curvature),
in the 2-d Riemannian space [28].

Note: in Minkowski space, K = 0, so geodesics spread out linearly.

We can find this equation explicitly: though we cannot solve it explicitly in terms
of elementary functions, we can still obtain information from its form.

Now, we have an orthogonal coordinate system (F = 0), so the Gaussian curvature

Kis given by [29]

K= (SHEG) ((E(EC) ), + (Gu(EG) V) (424
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and, we have

F=0, (4.25)

G=r*(1-2/r)"

and furthermore these functions depend only on r; we find

E, = —4r/(r—2)3,

E.,=8(r+1)/(r—2)*

(4.26)
G =r*Br—6—r)/(r—2)?
Gyg=0
We substitute E, F, G and find the Gaussian curvature, we find
K= (5O(((1-2/) )20~ 2/n) ) B E( -2/ )P0 - 2/r) 7)),
+(Go(((1=2/1) ) (1 =2/r) 1) T))g]
(4.27)
which simplifies to
K= (SH(((1~2/0 )P0 —2/n ) D [(~4r/ (r~2))
(4.28)
(1 =2/r)2) (1 - 2/r)"1))3))), +0]
and finally
__6(r—1)
K= _r5(r Y (4.29)

For r > 2, this is always negative, and so p has no zeros except at 0. This tells us

that there are no conjugate points on any null geodesics in Schwarzschild space.
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In general it is very difficult to solve the Jacobi equation, since we have to solve
for the geodesic first, but we can consider the special case of null geodesics on the
photosphere, r = 3 [30].

We can calculate Gaussian curvature when r = 3 then

__6(r=1)
k = B(r—2) (4.30)
. 6(3-1)
k (3 -2) (4.31)
—4
k= T (4.32)
Then, the Jacobi equation is
—4
1 —
Po o P 0, (4.33)

we which can easily solve and we get exponential growth: the following diagrams
show how they spread out.
The following dialogue plots the development of a fan of null geodesics centred

on one lying on the photosphere, r = 3.

>>wave_front_s

Enter the evolution time period: 30

Enter the initial radial coordinate: 3

Enter the range of tangent directions

you want to investigate: [pi/2 +.01 pi/2 -.01]

Enter the number of directions: 15

Figure(4.15) shows the surface produced by a choice of 30 for the development
times, an initial radial coordinate of 3, so that the initial point lies on the photon

sphere, and the range [71/2 + .01, 71/2 — .01] for tangent direction, so that a geodesic
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of constant r is included. Only a small part of the full circle is produced and 15

geodesics are plotted. We clearly see in this diagram how the geodesics spread out

- S L = T S ]
T T T T T T T T T T T

Figure 4.15: r = 3,t =30, n = 15,0 = [pi/2 + .01, pi /2 — .01]

very rapidly.

We can also consider a fan of geodesics leaving p centred on other directions and
the approach slowing down near the event horizon, as shown in Fig (4.16), which
displays geodesics starting at = 3, but now in a small interval around 6 = 7, so
these null geodesics heading approximately directly towards the event horizon. Note
that in the diagrams it seems as if some geodesics stop separating as they approach
r = 2. This is an illusion caused by our choice of coordinates, as the spatial part of
the metric in fact diverges at » = 2, and so these points are in fact very far apart.

In fig (4.17), on the other hand the null geodesics travel away from the event hori-
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zon leaving p in directions centred on 6 = 0; the light rays behaviour in this case is

like the Minkowski case.

\

Figure 4.17: r =3,t =30,n = 15,6 = [0+ .05,0 — .05]
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4.3.4 Case Study 4: Single Null Geodesics

Finally we can look at individual null geodesics and connect this approach with the
standard one of drawing a diagram in the (7, ¢) plane to illustrate the gravitational
bending of light.

The dialogue

>> wave_front_s
Enter the evolution time period: 30
Enter the initial radial coordinate: 3
Enter the range of tangent directions

you want to investigate: [pi/2 pi/2 ]

Enter the number of directions: 1

produces a single null geodesic with initially » = 0, and 0 = 7, so the geodesic is a
closed circle in the (r, ¢) plane. Figure(4.18) shows this,

and we can see explicitly here how the trajectory is a closed circle in the (7, ¢) plane,

Figure 418: r =3,t =30, n=1,0 = [n/2,7/2]

and a spiral wrapping around the event horizon in the space-time picture.
We can also see how a light ray which does not pass too close to the event horizon

is deflected, in the next figures.
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We see that if the light ray does not pass too closely, then it starts off as a nearly
straight line for » >> 1, then is deflected, and finally approaches a new straight line
at r >> 1, but after being turned through some possibly large angle.

Figures 4.19 to 4.21 show some illustrative examples of a light ray bending around

the event horizon, as we vary r, ¢, 0.

ot ol

1 I L I I L I I L I L |
-10 Rl 0 5 10 15 20 2 o 2 4 B 8 10 12 14 16 18

L 1 1 1 L L 1 1 L L | L L L L |
-2 0 2 4 B 8 10 12 14 16 18 o i n 15 20

Figure 4.20: r = 18,20,t = 60,30, n = 1, 0 = [pi + 0.295pi + 0.295] ,and 0 = [pi +
0.4, pi + 0.4]
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Figure 4.21: r = 20,t =50,n = 1,0 = pi 4 04

Finally, in fig 4.22 to fig 4.24 we see how that a light ray which passes too close
to event horizon becomes trapped and cannot escape. This shows how the general
relativistic picture is qualitatively different from an attempt to treat light deflection
as the orbit of a particle in Newtonian mechanics, since in Newtonian mechanics,
all orbits of this form would be either elliptical or hyperbolic, and would eventually
escape to infinity.

In fig (4.22), we can also see how the null geodesic travels around and approaches
close to event horizon. By rotating the figure, we can inspect how the null geodesic
develops in space-time, and in particular here we can see how as time passes the null
geodesic asymptotically approaches one of the generating null geodesics of the event

horizon.
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20

-20,

Figure 4.22: r = 3,t =30, n = 15,60 = [3pi/4 + .01,3pi/4 — .01]

L L I L L L I L I I I | I I L L I L L I I I |
-2 0 2 4 B g m o122 14 18 18 20 ] 2 4 B g o 12 14 18 18 20

Figure 4.24: r = 20,t =,40,50 ,n =1,0 = pi+ .25,and 6 = pi + 0.2
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4.4 3-dimensional Wave-Fronts

A second program, wave_front_3d_s.m which is heavily based on wave_front__s.m,
produces an animation of the growth of the full light cone in three spatial dimensions.
We can get a section of the full light cone at a given time by rotation of the equato-
rial section around an axis of symmetry passing through r = 0 and the initial point.
In this program the user can select the initial event, the time of development, the
number of geodesics to compute in the equatorial plane, and the number of frames to

build for the animation. The interaction dialogue is of the following form:

>> wave_front_3d_s

Enter the evolution time period: 15

Enter the initial radial coordinate: 3

Enter the number of geodesics to compute: 150

How many frames? 20

and the associated code initializes Ts, the amount of time the light cone develops
form, r, the initial radial coordinate, ndirs the number of different geodesics which
will be used to construct the surface, and k, the number of frames in the animation
fromt =0tot = Ts.

The Matlab code is based on the previous one but extended to compute snapshots
of the development of the light cone, not just the final version, and also to produce
the full light cone at each ¢, not just the equatorial section.

This loop

for k = 1:frames

T=k*Ts/frames;

is to calculate each frame of the animation depended on evolution time and number

of frames, with an equal time internal between the frames.
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The geodesics are then calculated in just the same way as previously, but now for
all the intermediate values of t, not just the final one. At each intermediate time, to
build the 3-dimensional surface of revolution, with a number of angular steps deter-

mined by the value of the variable rots steps we used this code

x=ep(:,1);
y=ep(:,2);
rots=40;

theta=linspace(0,pi,rots);
X=kron(x,ones(size(theta)));
Y=kron(y,cos(theta));

Z=kron(y,sin(theta));

which rotates the wave front at each time about the line joining the origin to P.

Next,

surf (X,Y,Z);
axis([r-Ts,r+Ts,-Ts,Ts,-Ts,Ts]);

axis square;

plots the surface inside a square box of appropriate size, centred on the initial point
and with a side length large enough to contain the final wave front.

The code

alpha(0.5);

sets the degree of transparency of the surface, and finally
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W(k)=getframe;

constructs the animation of the light cone’s development, and stores it in W, the value
returned by the m-file.
It is not possible to show the animation in this document, but we can show some

snapshots of the development: If desired, rather than constructing and running the

Figure 4.26: t = 15,r = 3,n = 150, frames = 20

animation interactively, we can use the command
>> w= wave_front_3d_s.m
to save the animation, and

>> w= movie(w)
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to play it, or
>> movie2avi(w,’file name’, )

to construct an avi file that can be viewed using any appropriate media player.
In addition, by editing the file so that we do not rotate the equatorial section com-
pletely in figure 4.27, we can see a part of the rotation inside the wave front, or a part

of section by changing the code as follows:

theta=linspace(0,pi/2,rots);
or

theta=linspace(0,pi/6,rots);

Figure 4.27: Theta= linspace (0, pi/2, rots), linspace(0, pi/ 6, rots), with different time
development.
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4,5 Conclusion

We have seen how we can use Matlab functions to investigate the light rays, and light
cones of Schwarzchild space in a user-friendly and interactive way.
In the next chapter we will see how to extend this to allow the user to specify the

metric in either polar or Cartesian coordinates, and explore a variety of metrics.
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Chapter 5

Matlab for General Metrics

5.1 Introduction

In Chapter 5 we considered Matlab code which enables us to explore the null geodesics
and light cones of Schwarzschild space, using polar coordinates. This code was spe-
cific to Schwarzchild space, used only basic Matlab commands, and can easily be
converted to work in free versions of Matlab such as Octave.

In this chapter we will generalise this to an arbitrary static (2+1) dimensional
space-time, using the more specialized symbolic manipulation facilities of Matlab
to compute the geodesic differential equations for a user specified metric. For this
we have use the Matlab symbolic manipulation toolbox; Octave also has a symbolic
manipulation toolbox, but the syntax is different, and the code can not be so easily
converted to work in Octave.

In this section we will assume that the space-time is asymptotically flat [12], so
that it makes sense to use background polar or Cartesian coordinates, and we allow
the user to choose between these two.

This general code will then be used to explore some interesting metrics, including

Schwarzschild and some other black hole metrics. In the cases where spherical sym-
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metry holds, it is also possible to constrict the full (3+1) development of the light cone
by the same method as on Chapter 5.

The procedure that a user follows will be first to run the program choose_metric.m
this allows the user to specify the riemannian two-metric and produces mfiles con-
taining the functions required to solve the null geodesics equation numerically. Once
this program has been used, the user can run wave_front_general to carry out inves-
tigations of this metric in just the same way as was done in the previous section for
the Schwarzschild metric.

In the remainder of this chapter we will give an explanation of the Matlab code,

and describe a couple of simple tests which check that it agrees with earlier results.

5.2 Matlab code

The first m-file allows the user to specify a metric, and computes the coefficients of
the geodesic equations using the symbolic toolbox.

The user inputs the metric components in terms of coordinates x, y, which may be
Cartesian or polar, and the code produces the function which specifies the geodesic
equations for this metric.

The first section,

disp(’Please select the metric coefficients E,F,G as functions of x,y so’);

disp(’ that the metric is Edx~2+2Fdxdy+Gdy~2 ’);
P ytuay

E=input (CE =’ );
F=input (’F =’ );
G=input (°G =’ );

allows the user to input the functions E, F and G as strings in standard matlab nota-

tion.
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Next,

I=[E F;F G];
If=matlabFunction(I);
Ex=diff(E,x);

Ey=diff (E,y);

Fx=diff (F,x);

Fy=diff (F,y);

Gx=diff (G,x);

Gy=diff (G,y);

computes all the required derivatives of E, F and G.

Next,

p= (1/(2%x(ExG-F~2))) * ((-G*Ex-F*Ey+2*F*Fx) *xd "2+

(= 24G*Ey+2*F*Gx) *xd*yd+ (G*Gx-2*G*Fy+F*Gy) *yd~2) ;

g= (1/(2%x(ExG-F~2)))* ((FxEx+E*Ey-2*E*Fx) *xd "2+
(2%xF*Ey-2+E*Gx) *xd*yd+ (2*¥F*Fy-F*Gx-ExGy) *xyd~2) ;
xdd=matlabFunction(p) ;

ydd=matlabFunction(q) ;

defines the functions p and g such that ¥ = p(x,y,%,y) and §j = g(x,y, dotx,y), and

tinally

Mf=matlabFunction(I,’vars’, [x,y],’file’,’M’);
xdd=matlabFunction(xdd,’vars’, [x,y,xd,yd],’file’, ’p’);

ydd=matlabFunction(ydd,’vars’, [x,y,xd,yd],’file’, ’q’);

creates m-files which calculate p and g, for use by the differential equation solving

routine.
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We also have an m-file pdode .m which uses the functions p and g to calculate the
covariant derivative along a curve and combine these into a single function . This is

the function called by the ordinary differential equations solver in wave_front_general.

function dy = pqode(t,y)

dy = zeros(4,1);

dy (1)=y(3);

dy (2)=y(4);

dy (3)=p(y(1),y(2),y(3),y(4));
dy (4)=q(y(1),y(2),y(3),y(4));

end

Once this has been done, and the geodesic equations set up, we use the general
Matlab code wave_front_general to calculate and display the development of the
light cone for this metric for a user-specified choice of Cartesian or polar coordinates,
time of evolution, initial point, range of directions and number of null geodesics.

This work is carried out by a separate mfile to the one which sets up the differential
equations, since we may wish to carry out many investigations of light cones for the
metric, and it would be inefficient to have to carry out the same work before each
investigation.

First, the user selects the background coordinate system.

test=-1;

while test™= 1 && test™=2

test= input (’For cartesian coordinates enter 1
and for polar coordinates enter 2: ’);

end

We use the logical variable cartesian and polar to make the code more intelligible.
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cartesian=test==1;polar=test==2;

Next, we obtain the parameters of the initial point and light cone, using the logical

variables to make the appropriate prompt to the user.

T=input (’Enter the evolution time period: ’);
if cartesian
x0=input (’Enter the initial value of x: ’);
yO=input (’Enter the initial value of y: ’);
end
if polar
x0=input (’Enter the initial value of r: ’);
yO=input (’Enter the initial value of phi: ’);

end

In this section, since we do not assume that the metric is radially symmetric, we must
allow a free choice of the initial value of ¢.

We next input the directions which will be used to construct the light cone and the
endpoints for the light cone as a vector, which is much the same as the Schwarzschild

code.

fprintf (’Enter the range of tangent directions\n’)
infin=input(’you want to investigate in the form [start end]: ’);
ndirs=input (’Enter the number of directions: ’);

circle=linspace(infin(1),infin(2) ,ndirs);

The program now calculates the null geodesics emanating from (x0,y0) and their
endpoints. ep will be the locus of geodesic endpoints after time T and we must now

express the initial vector in terms of the appropriate coordinates

83



ep=1[1;
for theta=circle
if cartesian v=[cos(theta),sin(theta)]; end
if polar v=[cos(theta)*cos(y0)+sin(theta)*sin(y0),

(sin(theta)*cos(y0)-cos(theta)*sin(y0))/x0]; end

Note that in the case of polar coordinates we must now use the general form for the
initial tangent vector, since we no longer assume that ¢ = 0.

Next, we normalise to obtain a unit vector

m=sqrt (v*M(x0,y0)*v’) ;

v=v/m;

Finally, we solve the geodesic starting at (x0,y0) in direction 6 and convert from

polar to Cartesian if necessary for plotting:

[t,xy]l=ode45(@pqode, [0,T], [x0;y0;v(1);v(2)]1);

if polar
xtemp=xy(:,1) .*cos(xy(:,2)); ytemp=xy(:,1).*sin(xy(:,2));
xy(:,1)=xtemp; xy(:,2)=ytemp;

end;

Next, we plot the geodesic from (x0,y0) with initial direction 6, and collect the

end points which will be drawn to show the final wave frontatt = T.

plot3(xy(:,1),xy(:,2),t)
TP=xy(length(t),:);

ep=_[ep;TP];
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end

And finally, plot the locus of the endpoints of the geodesics.

plot3(ep(:,1),ep(:,2),T*ones(size(ep(:,1))),’Color’, ’black’);

5.3 Test

It is sensible to check the code against known results. Here, we check that it gives
the cones we expect in Minkoski space, and that it produces the same results as the

specialist Schwarzschild code when we choose the Schwarzschild metric.

5.3.1 Minkowski Space in Cartesian Coordinates

Here, we will apply the general program to Minkowski space in Cartesian coordi-
nates: wehave E = 1, F = 0,G = 1, and choose (xg, 1p) = (10,10) and t = 5. Because
Matlab needs to see some dependence on a symbolic variable for the metric to work
as a function, we cannot simply set E and G to be 1, but must use an expression

involving at least one symbolic variable which reduces to 1.

Please select the metric coefficients E,F,G as functions of x,y

so that the metric is Edx"2+2Fdxdy+Gdy~2

E =x/x
F =0
G =x/x

After choosing the metric and setting up the geodesic equations, we run wave_front_general

For cartesian coordinates enter 1 and for polar coordinates enter 2: 1

Enter the evolution time period: 5

85



Figure 5.1: Minkowski Space in Cartesian Coordinates

Enter the initial value of x: 10

Enter the initial value of y: 10

Enter the range of tangent directions

you want to investigate in the form [start end]: [-pi pil

Enter the number of directions: 200

>>

we find these figures 5.1 So when we choose the flat metric in Cartesian coordinates,

we obtain the cones which we expect.

5.3.2 Minkowski Space in Polar Coordinates

Now, we will apply the general program with Minkowski Space Polar Coordinates,

when E =1,F =0,G =12, (ro,¢0) = (10,7t/4) and t = 5. In this case the metric is

dr? + r*d¢? (5.1)

An we have the dialogue dialogue

Please select the metric coefficients E,F,G as functions of x,y
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Figure 5.2: Minkowski Space Cartesian Coordinates

so that the metric is Edx"2+2Fdxdy+Gdy~2

E =1
F =0
G =x"2

After choosing the metric and setting up the geodesic equations, we run wave_front_general

For Cartesian coordinates enter 1 and for polar coordinates enter 2: 2
Enter the evolution time period: 5

Enter the initial value of r: 10

Enter the initial value of phi: pi/4

Enter the range of tangent directions

you want to investigate in the form [start end]: [-pi pil

Enter the number of directions: 200

we find these figures 5.2. These figures agree with the previous ones, and, of course

with the known correct result.
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5.3.3 Schwarzschild

We now apply the general program to Schwarzschild space, where the Riemannian
metric is

dr® + d¢? (5.2)

(r—2)? (r—2)

sothat E =1r?/(r—2)%,F=0,G = r3/(r — 2). We choose (g, pg) = (4,0) and t = 13.
Then we select the metric by running choose_metric.m with the following dia-

logue:

Please select the metric coefficients E,F,G as functions of x,y so
that the metric is Edx"2+2Fdxdy+Gdy~2

E =x"2/(x-2)"2

F =0

G =x"3/(x-2)
After choosing the metric and setting up the geodesic equations, we run wave_front_general

For Cartesian coordinates enter 1 and for polar coordinates enter 2: 2
Enter the evolution time period: 13

Enter the initial value of r: 4

Enter the initial value of phi: O

Enter the range of tangent directions

you want to investigate in the form [start end]: [-pi pil

Enter the number of directions: 200

>>

and we find the figures 5.3 which match those obtained earlier.
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Figure 5.3: Schwarzschild when t= 13, r= 4, phi=0, the number of directions: 200

Because of spherical symmetry, we know that a different initial value of ¢ should
just rotate the light cone around. Running wavefront+general+ again, changing the

initial value of ¢ to 7r/2 produces.

We reproduce a couple of Schwarzschild diagrams to test correctness, one with

¢ =0,and ¢ = 71/2. as we expect.

Figure 5.4: At¢p = 7t/2

Note that since we know this is Schwarzschild space, we can simply execute the

commands

colormap([1,0,0]);
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[evX,evY,evZ]=cylinder(2,30); evZ=evZ*T; mesh(evX,evY,evZ);

in the Matlab command window to add in the event horizon.

5.4 Conclusion

We now have a code which will construct light cones for an arbitrary metric, where
the user decides whether the coordinates should be treated as Cartesian or polar, and
the various parameters for the light cone. We have tested the code on the cases of flat
and Schwarzschild space-times, and have obtained the results we expect, and so have
some confidence that it is correct.

In the next chapter we will apply it to a selection of metrics, investigating the light

cones of several metrics with interesting geometric or physical properties.
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Chapter 6

Applications

6.1 Introduction

In this chapter we will use the Matlab code described in the previous chapter as a
starting point to investigate some metrics. In turn, we will look at a metric which has
a region of positive curvature near the origin, which acts as a gravitational lens. Then
we will consider the Reissner-Nordstrom metric, the charged generalization of the
Schwarzschild metric. The third example will be a different description of a charged
black hole in which space-time is not coupled to standard electromagnetic theory, but
to an alternative model in which a point charge does not give rise to a singularity. We
will see how the code allows us to investigate aspects of the space-time which in a

way which answers some questions, and raises others.

6.2 Case Study 1: A Gravitational Lens Space

In this example we explain a model of space-time which is asymptotically flat, but
has a region of positive curvature near the origin which acts as a gravitational lens.

We will use Cartesian coordinates to describe this static space-time, which is given by
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R3 with the metric:
—dr? + (1+ e_"2_y2)dx2 +(1+ e_xz_yz)dy2 (6.1)

When x? + y? is large (so we consider a region far from the origin) it is easy to see that
the metic is approximately

—dt? + dx? + dy? 6.2)

i.e. the metric of Minkowski space-time, which is flat.
Then we have E = 1 + e’xz’yz, F=0and G =1+ e~ =¥ we substitute it in the

Matlab code with this dialogue

>> choose_metric

Please select the metric coefficients E,F,G as functions
of x,y so that the metric is Edx"2+2fdxdy+Gdy~2

E =exp(-x"2-y~2)+1

F =0

G =exp(-x"2-y~2)+1

This automatically sets up the geodesic equations

) 1 -2
2(EG — F2) (6.3)
+ (—2GEy 4 2FGy)iy + (—GGy + 2GF, + FGy)y”]
and
j— 1 _[(FE«+EE, — 2EF,) %
YT R(EG -y T R : (6.4)

+ (2FEy — 2EGy)xy + (2FF, — FGx — EGy)y’]
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Because E = G and F = 0, then we have

.1 . . :
T (—E]Sxx2 — 2EE %y — EExyZ)

¥ = % (—Ex(# +97) — 2E,9)

and

j = i (Gy(* = 4?) — 26,17

By substituting E = G = (=¥ 41 we find

. 1 .9 ) ..
e 2(e(+) 4 1) (Zx(x Y )+2yxy>
and
. 1 o 2 D ..
V= e ) (—2y(3 = 7) + 2x37)
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6.2.1 Light Cones
After choosing the metric and setting up the geodesic equations, we run wave_front_general

>> wave_front_general

For cartesian coordinates enter 1 and for polar coordinates enter 2: 1
Enter the evolution time period: 15

Enter the initial value of x: 5

Enter the initial value of y: 5

Enter the range of tangent directions

you want to investigate in the form [start end]: [-pi pil

Enter the number of directions: 200

We get the figures 6.1 which show that the light cone develops much as in Minkowski
space as it travels away from the origin, and also show the development of conjugate
points and a caustic on the far side of the origin from the point of origin of the light

cone.

5
20 .0

Figure 6.1: Example

From this we see that a the boundary of the future of a point is determined by the

light cone, but the two are not identical. After passing through a conjugate point, a
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null geodesic enters the future set. This shows a different way in which the future

light cone can develop from the Schwarzschild case.

6.2.2 Curvature and Conjugate Points

We examine the Gaussian curvature again. As before, we have an orthogonal coordi-

nate system ( F = 0), so the Gaussian curvature K is given by
K = (5)(EG) D [(Ex(EG)2)))x + (Gy(EG) (7)) (610

we have

2

G =¥ V) 41, (6.11)
Ey =Gy = —2xe(_x2_y2),

2 9
Ey:Gy:—zye( X ]/)

where E, the derivative of E with respect to x, etc.

We substitute E, F, G to find the Gaussian curvature, so that

-1

K= "~((e® 7 +1) (e ¥ +1)7 [-20e ¥ V(e ¥V +1)

= (6.12)
(4 )Pt (~2pe (41 1)),

and simplifying, we find

(_ex2+y2 — 1+ (2 y2)6x2+y2)

K = —20°1Y
(ex2+y2 +1)3

(6.13)

We see that K depends only on 7, the distance from the origin. Setting 1> = x? + 12,
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we obtain
2(—e” —1412")

K= —-2¢
(61’2 + 1)3

(6.14)

Now, plotting K as a function of r using Maple gives the following diagram.

0.5+
044
034
024

0.1 4

-0.1

Figure 6.2: Relation between the curvature and Radius

and so we see that K is negative for r greater than approximately 1.2, and posi-
tive for r less than 2. This tells us that the effect of the curvature is to focus nearby
geodesics if 7 is less than 2, and to spread them out if r is greater than 2, showing that
conjugate points are indeed possible. We can look at this in more detail by investigat-
ing the spread of a fan of geodesics starting at (4,0) and another starting at (1,0) and
this confirms that the geodesics far from the origin spread out, while those within the

region of positive curvatures show focussing.
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Figure 6.3: At (1,0) (4,0), t=9, n=70, with 6 = [—0.5,0.5] and 6 = [t — 0.5, 770.5]

4 4
3 3
2 2
1 1
o ot
1 1
2 2
3 3
4 4

4 45 4 -3 -2 4 o 1 2 3 4 7 ® 4 4 3 2 A ] 1 2 3

Figure 6.4: At (3,0) and (2,0), t=9, n=70, with 6 = [t + 0.5, 7w — 0.5]
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6.3 Case Study 2: The Reissner-Nordstrom metric

The Reissner-Nordstrom metric is a solution to the Einstein field equation coupled
to the Maxwell equations for empty space around a spherically symmetric mass dis-
tribution in the presence of charge. This metric gives a representation of a universe
consisting of a charged black hole [31].

The line element of this metric is given by

2 2 2 2
ds? = —(1— 7’” + %)dtZ +(1- 7’” + ?—2)1(1# +12(d6? +sin20d¢?)  (6.15)
where m is the mass of the hole, Q is the charge and we have used units with the
speed of light c and the gravitational constant G equal to one. We can easily see that
for any m and Q, if r is very large, then the metric tends to the Minkowski metric, so
the space-time is asymptotically flat, and we expect the light cones to look like those

of Minkowski space far from the origin.

This metric has a coordinate singularity when
1-—+==0 (6.16)

and a curvature singularity when r = 0. For Q < m, there are two values at which this
is zero, which we can denote 7. The larger value, r, is the radius of the event hori-
zon; the smaller value is the radius of the Cauchy horizon. The space-time outside 7.
is, like Schwarzchilds space-time, globally hyperbolic, and the surfaces of constant ¢
are Cauchy surfaces.

If Q > m, there is no event horizon, and the space-time is not globally hyper-
bolic, because the singularity at = 0 is not behind an event horizon. See [11] for a
discussion of this aspect of the structure of Reisner-Nordstrom space-time.

As before, we will make a conformal transformation to a new metric. In this new
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metric, there is a curvature singularity at r = r, as we will see when we calculate the
curvature.
We suppose m = 1, restrict our attention to the equatorial plane 8 = 7t/2 as before

and we study this metric. By conformal transformation we have, by dividing by z,

—dt? +z72%dr* + rzz_ldcpz (6.17)
wherez:l—%—l—%z.
Then we have
E==z 2,
F =0, and (6.18)
G =r%z"1

By substituting these in the general equations for a geodesic as before, we get

y 1 P
2(EG — F?) (6.19)
+ (—2GEp +2FGy)ip + (— GGy +2GFy + FGy) 7]
and
é L ((FE, + EE, - 2EE)#
= 5(EG — 2\ ¢ bty
2(EG - F?) (6.20)
+ (2FEy — 2EG, )¢ + (2FFy — FG, — EGy)¢?]
We find
r2z .
=z 12— (7 + rz) ¢* (6.21)
and
b= (-2 +21)ig (6.22)
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Where z = 2r—2 — 2Q%r 3.
First, to understand this metric we have to see how the event horizon radius r is
determined by the charge Q when m = 1. This is given by the values of r which make

z = 0, where

2 Q?
=1——-4+ = 2
z St (6.23)
Atz =0, we have
2 Q2
1——+ = = 24
i 0 (6.24)

The figure (6.5) shows the relationship between Q and r+ as Q increases from 0
through 1. We can consider how the metric behaves for different values of Q.

204

0.8+
0.6+
0.4+

0.2+

0z | 04 | 06 o8 1
o

=

Figure 6.5: The Reissner-Nordstrom radius r and charge Q relation

We can see when Q = 0 the metric is just the Schwarzchild metric, and when Q is
very small theis very small the metric is similar to Schwarzschild metric, except for a
small region near r = 0.

We also see that for Q < 1 there is an inner Cauchy horizon and an outer event

horizon. In the region between the two, z is positive, so r is the time coordinate and ¢
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is a space coordinate, like inside the event horizon of Schwarzschild space-time.
As Q increases through 1, the two horizons meet and vanish, leaving a regular

space-time with no event horizon, but a naked singularity at » = 0.

6.3.1 Light Cones

We can now use choose_metric.m to construct the metric and geodesic equations for
varying values of Q, and see how the behaviour of the light cones is affected as Q
increases.

As we expect, a light cone with an initial point far from the horizon grows in

nearly the same way as in Minkowski space , Figures(6.6), (6.7).

P = T e T S
T T T T T T T T T
R e N T T T BSOS R B

I
26

Figure 6.6: When r=20, t=5, Q=2
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Figure 6.7: When r=20, t=5, Q=0.5

Next, we see that as Q increases up to 1, the general behaviour of the light cones is
the same as for Schwarzschild space: the light cones wrap around the event horizon,
and eventually cross themselves, but we do not see the caustics or conjugate points.

But the situation is very different for Q > 1. The light cones still do not seem to
develop conjugate points see Fig from 6.8 , However, when a null geodesic gets to
close to r = 0 the numerical approach is destroyed by the infinities at r = 0, as we see

in the final figure from 6.15.

Figure 6.8: When r=5, t=15, Q=0
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Figure 6.15: When r=5, t=6, Q=2

In the last figure, we see what goes wrong as the radial null geodesic reaches r = 0
in a finite time.

It suggests taking a closer look to see what happens to the light cone near the
singularity, and we can do this if we are careful.

Now we see what happens for Q=2 with t=0.03, and 0.035 r=0.7: this shows that
the radial geodesic is attracted towards r = 0 strongly, while the other null geodesics

are repelled by it

0.18F
01r

0.0sf

00sr 0

01F

0151 015 - a

L 1 L L L 1 L L L L
04 045 D05 055 OF 05 07 075 08 085

Figure 6.16: When r=0.7, t=0.03, Q=2
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Figure 6.17: When r=0.7, t=0.035, Q=2

6.3.2 Curvature

As before, since we have radial symmetry, we can examine the curvature scalar as a
function of r, but now we have to consider the different possible values of Q.

Since the coordinates are still orthogonal, we still have

K= (_71)(EG)_l/Z[(Er(EG)_”Z)r +(Gp(EG)™/2),] (6.25)
where
2
roor
oy -1 (6.26)
G=r> (1 _2y Q—z)
roor
so that
(EG)™V2 = L and
Jn0-2+%)
roor (6.27)

2 2\ 3
E, = -2 <2r—2—2Q—3) (1—2r_1+Q—2)
r r
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while G(p =0.

By substituting these in to the formula for the curvature K we find

3r2 —5rQ% + Q* —3r% +4r2Q?

K=2 (2 —2rt Q)7 (6.28)
As a simple check, we see that at Q = 0 we have got
—6(r—1)
K== PP —2) (6.29)

which gives us the result from Schwarzshild space-time.

We can now plot K as a function of r > r, for values of Q increasing up through

15 -5

Figure 6.18: Curvature K and Radius r in Reissner-Nordstrom when charge Q =
0.4,0.6
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Figure 6.19: Curvature K and Radius r in Reissner-Nordstrom when charge Q = 1,1.1

134

Figure 6.20: Curvature K and Radius r in Reissner-Nordstrom when charge Q = 1.2,2

For Q < 1, we see that the curvature in the exterior region is always negative,

again just as in Schwarzschild space, and so there cannot be any conjugate points.

However, when Q > 1 we see that there is a region of positive curvature near

the origin, and then it is negative sufficiently far away. This suggests the possibility
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that caustics might develop on a light cone starting near enough r = 0; however,
investigation using the Matlab code does not reveal any. This suggests that a more
detailed look at the curvature of the Reissner-Nordstrém space-time and the Jacobi
equation would be of interest.

In the next section we look at a metric which has mass and charge, but uses a

different theory of electromagnetism, and so is better behaved.
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6.4 Case Study 3: Ayon-Beato-Garcia space time

As we saw above, the Reissner-Nordstrom space-time behaves badly when the charge
grows larger than 1, because it has a naked singularity. We can still look at light cones
starting an any point, but we cannot allow them to grow for too long, or they hit the
singularity.

An alternative approach to studying a charged black hole is to make use of an
alternative model of electromagnetism. One approach leads to the Ayon-Beato-Garcia

metric [32]

ds? = _gttdtz + grrd7’2 + 72(d92 + sin’ Gdcpz) (6.30)
where
1 2mr? r*Q?
_ —1_ 6.31
8t o (2 + Q2)3/2 T (r2 4+ Q2)2 (6.31)

Here Q is charge, and without loss of generality we will suppose m = 1, and
restrict attention to the equatorial plane 6 = 71/2 when we study this metric.

Note that as before, for large r both g4 and g, tend to 1, so this metric is asymp-
totically flat.

It is also easy to see that if Q is zero, we recover the Schwarzschild metric, and
that if Q is very large, both g and g+ tend to 1, so the metric approaches the metric
of Minkowski space.

We thus have a spherically symmetric static metric which couples gravity to a
non-standard electromagnetic theory, while avoiding infinities at » = 0.

By out standard conformal transformation we have the new metric

gwdrz n r2d472
gt gt

—df? +

(6.32)
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giving

it
F =0, and (6.33)
2
r
G = — = }"2
o (8tt)

By substituting these in these equations

1
f=-——— [(—~GE, — FEg + 2FF,)#?
2(EG — F?) [(-GE —FEy ) (6.34)
+ (—2GEy + 2FG, )i + (—GG, + 2GFy + FG,)¢?]
and
é ! [((FE; + EEy — 2EF,)#*
= 5(EG — 2\ B ¢ SR
2(EG — F?) (6.35)
+ (2FEy — 2EG,)i¢ + (2FFp — FG, — EGy)¢?]
we find
y 1 3 ~1y i
r= z(g_z) (2g 38r72 + (_ng 1)7’(P2> (6.36)
and
b= (s —2r1)i¢ (6.37)
Where ¢ = gy

As a first step to understand this metric we have to see how the event horizon
radius r is determined by the charge Q when m = 1.

Now,
2 22
gt =1-— 22723/27L 2rQ22
(1> +Q?) (r2+Q?)

(6.38)
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soat gy =0,
942 - r2Q2 B
(r2+ Q2)3/2 (124 Q2)2 -

1 (6.39)

From figure (6.21) we see that the situation is similar to that of the Reissner-Nordstrom
space-time. As Q increases, we have a pair of horizons, and exterior and an interior
one which meet and vanish when Q reaches a critical value, Q., which here is about
0.63417.

2_

1.5

.57

%" 01 02 03 04 05 06
Q
Figure 6.21: radius r and charge Q relation

We see from this that for Q < Q. there is an inner event horizon and an outer event
horizon. In the region between the two, g is positive , so r is the time coordinate
and t is a space coordinate, and as before we consider only the exterior region. As
Q increases through Q,, the two event horizons meet and vanish, leaving a regular
space-time with no event horizon. This is different from the Reissner-Nordstrom case
in which there was no event horizon, but there was a naked singularity at » = 0.

We first note that when Q = 0 we can see the event horizon is the same as in the
Schwarzschild metric, with a curvature singularity in the conformally transformed
space-time, but not in the original space-time at r = 2.

We can now consider how the space-time changes as the value of Q varies. We can
see when the Q is very small the metric is close to the Schwarzschild metric and at

very large Q it is like Minkowski space time. We expect that the exterior space-time
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will be very like Schwarzschild for Q less than the Q., and like Minkowski space-time
for Q much greater than Q.. We will use our general purpose code to investigate how

the behaviour of light cones changes as Q varies.

6.4.1 Light Cones

We go through the same procedure as previously, using choose_metric.m to set up
the metric and the geodesic equations obtained above Next, using wave_front_general.m
we can investigate the light cones of this space-time.

Aswe expect, if r is large and t is small, the light cones look just like the Minkowski

space-time ones.

= S - T - -
T T T T T T T T T

Figure 6.22: When r=50, t=10, Q=0.5
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But when Q becomes larger, for example Q = 1, we see a different type of be-
haviour. There is now no event horizon, and the null cones keep on growing through
r = 0. But now we see that there are conjugate points and caustics developing on the

light cone.

Figure 6.29: When r=5, t=20, Q=1

Finally, we can consider what happens for large Q. For example, with Q = 10, we
obtain light cones which now look very similar to those in Minkowski space, even

though the pass through r = 0.
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Figure 6.30: When r=5, t=15, Q=10

We can understand this last figure by noting that if Q is large compared to 1, g

and g, are approximately 1, so the metric is nearly Minkowskian again.

6.4.2 Curvature

We can also investigate the curvature in this case, but the situation is again rather
complicated.
As in the other cases, since the coordinate system in the Riemannian metric we are

using is orthogonal, we have

K= (;)(EG)l/Z[(Er(EG)l/Z)r 1 (GH(EG)~112),)] (6.40)

In this case,

(6.41)
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so that

(EG)™1/2 = - (6.42)

From this we finally obtain

E, = [—4x (r2 + Qz)zr(r8 +1°Q% — 3r* « Q* — 5r2Q% — 2008

— QP2+ Q- QNP+ Q2+ P02+ Q2

(6.43)
+ VT @/QVE @+ 3P0+ @2
—2r7Q% + /12 + Q2rt — 2r*)?]
and Gy = 0.
By substituting these in the formula for the curvature K we find
K=[-(—-96Q°+44Q°/r2 + Q2 +48 /r2 + Q2Q* + 12Q*\/r2 + Q2
C12472Q% — 414Q% + 4872Q% /12 + Q% — 16 /72 + Q24Q?
+127° —12/72 + Q)]
* ! )
2 (VP Q@ +3P2Q2 /P Q4 P QP - 2t~ 212Q2) (12 + Q)
(6.44)

Again, we check that this reduces to the Schwarzschild case if Q = 0. In this case we

get

—(121% —12V72r%)
K=
2 (\/r_2r4 — 2r4> r6
_ —6(r—1)
P (r—2)

(6.45)
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which is as we have seen before in Schwarzchild space time, giving us the negative
curvature everywhere in the exterior region.

Next, we see how this changes as Q grows through Q.. When Q < Q. we see that
the curvature in the exterior region is always negative. This is just like Schwarzschild
space, and confirms that there are no conjugate points and so no caustics on the light

cones.

-104

-154

Figure 6.31: Curvature k and » when charge Q = 0.6,0.63 and r start from 1.1

In the next figures we can see for Q a little bigger than Q. there is a region of large
negative curvature around r = 0, then positive, then finally negative (but small).
This suggests that it might be interesting to see in more detail how light cones grow
through the origin for values of Q in this range.

Finally, as Q increases through about 0.78 the curvature become positive in neigh-
bourhood of the origin , and from then on we have a region of positive curvature near
r = 0, then the curvature becomes (slightly) negative for r large enough.

In this last case we now have a space-time whose curvature behaves in a similar
way to the gravitational lens space time from the first case study. We are not, then,

too surprised to see that the growth of light cones is similar: conjugate points develop
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0.5+

0.4+

0.2

-0.54

-1

Figure 6.32: Relation between curvature k and r when charge Q = 0.64,0.65 and r
start from 1.1

Figure 6.33: Relation between curvature k and r when charge Q = 0.7,0.75

on the radial null geodesics after they pass through r = 0.
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0.5+

Figure 6.34: Relation between curvature k and r when charge Q = 0.8, 1
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6.5 Case Study 4: A non-spherically symmetric gravita-
tional lens

In this example we consider a model of space-time which is not spherically symmet-
ric. As with the first case study, this is not a physical solution to the Einstein equa-
tions, but is chosen to illustrate the effect of a non-radially symmetry distribution of
curvature centred on the origin, and to show that our approach deals with the case
also. It is important to notice that in all the previous cases we were dealing with the
development in the equatorial plane of light cones in a space-time with 3 spatial di-
mensions, and could recover the full light cone by rotating about the axis containing
the origin and the initial point of the light cone. In this case, we are only considering
a (2 + 1)-dimensional space-time, and the rotation used before becomes meaningless.

We will use Cartesian coordinates to describe this static space-time, which is given

by R3 with the metric:
AP+ (14e V) A+ (1+e V)2 (6.46)

We immediately see that none of the metric components are ever zero or infinite, so
the metric is regular.
Furthermore, when x? + y* is large (so we consider a region far from the origin) it

is easy to see that the metic is approximately
—dt? + dx? + dy? (6.47)

i.e. the metric of Minkowski space-time, which is flat.
We therefore have an asymptotically flat, regular space-time, with its curvature

concentrated near the origin.
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We now have E = 1 + e’xz’y4, F=0and G =1+ e~ =¥* which we enter using

choose_metric.m in just the same way as the spherically symmetric metrics, using

the dialogue

>> choose_metric

Please select the metric coefficients E,F,G as functions
of x,y so that the metric is Edx"2+2Fdxdy+Gdy~2

E =exp(-x"2-y~4)+1

F =0

G =exp(-x"2-y~4)+1
This automatically sets up the geodesic equations:

1

YT 2EC - )

[((—GEx — FE, + 2FF,)#?

+ (—2GE, 4 2FG,)xy + (—GGy + 2GF, + FGy)y’]
and

| ,
i = 556 =) ((FEy + EE, — 2EF,)%

+ (2FE, — 2EGy)%y + (2FF, — FGyx — EG,) ]

In this case we obtain

y 1 . . .
¥ = P (xx2 — 4yPxy — xy2>
and
, 2 . . .
I= T (= + xsy + )

(6.48)

(6.49)

(6.50)

(6.51)

We can also investigate the curvature in this case, but the situation is rather more

complicated.
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6.5.1 Light Cones

After choosing the metric and setting up the geodesic equations, we run wave_front_general.m
to investigate the light cones.

By choosing initial values of x and y such that \/x2 + 2 is significantly larger
than 1, and ¢ is comparatively small, we can check that the light cones develop as in

Minkowski space, as shown in figures 6.35.

B
30F
251

20F

a0 10

Figure 6.35: When x=22, y=22, t=15

We can also consider initial points and evolution times such that the light cone
develops past the origin. These show the development of conjugate points and a
caustic on the far side of the origin from the point of origin of the light cone, in a way
which is qualitatively similar to our first case study.

As in the first case study, and the third case study with large enough Q, we see
that the future of a point is determined by the light cone, but not every point on the
boundary of the future is on the light cone: after a conjugate point, the null geodesic
enters the future set.

First, we consider an initial point with y = 0. In this case, the light cone develops

very similarly to those in the first case study.
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Figure 6.42: With y=0, x =5, t=9

This is a special case, as we have y = 0, and the metric has the x-axis as an axis of

symmetry. We therefore also investigate what happens if the light cone does not start
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Figure 6.46: When x=y=3, t=15

We see from these figures that the caustic on the light cone starting at (3,3) has a
qualitative development that is similar to the symmetric case, but is slightly different

in detail.

6.5.2 Curvature

Because this metric is not radially symmetric, it is harder to analyse its behaviour
than in the previous cases. However, we can see by inspection that for small x and
y the curvature is positive, while for sufficiently large x and v it is negative, which
suggests that the general behaviour should be similar to that of case study 1, but
that the detailed structure of the light cones show be less symmetric. We consider
the Gaussian curvature again. As before, we have an orthogonal coordinate system

F =0, so the Gaussian curvature K is still given by

K = (5H(EC) P (E(EG) #)))s + (Gy(EG) ), (652)
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This time we have E = 1 + e’xz’y4, F=0and G =1+ e’x2’-’/4, which eventually

gives

ex2+y4 (_6y2ex2+y4 + 8y6ex2+y4 + 2x2ex2—|—y4 _ ex2+y4 _ 6}/2 . 1)

K= —
(ex2+y4 i 1)3

(6.53)

This cannot be expressed as a function of r; however, we can still plot the curve K = 0
to see when it is positive and when it is negative.

This suggests that as in the first case study we will have light cones very much
like those of Minkowski space as long as they stay away from the origin, but that

light cones which pass through the origin will develop caustics in a similar way:.

Figure 6.47: non-spherically symmetric curvature k

The resulting graph shows a roughly hourglass shaped region of positive curva-
ture surrounding the origin, with negative curvature outside.

This confirms that the general pattern of conjugate points and caustics arising
when the light cone passes through the region of positive curvature is preserved in

its general structure, although the fine details depend on the shape of the region.
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Chapter 7

Conclusions and Further Work

7.1 Summary and Conclusions

After providing a brief review of the relevant aspects of differential geometry, we
concentrated on the development of Matlab code to assist in the visualisation of light
cones in space-times of sufficiently high symmetry. Matlab was chosen because of the
high quality of its numerical routines and graphical output, and also because there
are free programs similar enough in structure to make the conversion of much of this
work fairly straightforward, making it more widely available.

The use of conformal transformation to take a static space-time to a space-time

whose metric is of the form

—dt? + gpdx"dx® (7.1)

and whose null geodesics have t as affine parameter is central. This allows us to
compute the null geodesics between two surfaces of constant ¢ easily, whereas the
use of the affine parameter in the original space-time would force us into additional
work to know when to stop.

The first application was dedicated code for the investigation of Schwarzschild
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space-time, which allowed the construction of light cones in the equatorial plane,
and three-dimensional animations of the growth of the full light cone. This was then
extended to allow the user to specify a metric as well as the point of origin of the light
cone and the range and number of null geodesics to be considered.

The ability to choose the range and number of null geodesics used in the visual-
isation, and the speed of Matlab’s differential equation solvers makes this a power-
ful interactive tool for the user to investigate aspects of the growth of light cones in
(sufficiently symmetric, (2+1) dimensional) space-time. However, the user must still
remain aware that coordinate distance can be substantially different from geometric

distance, and take care in the interpretation of some aspects of the resulting figures.

7.2 Further Work

There are various ways in which the work described here might be extended.

First, there were various issues raised in some of the sample case studies which
merit a more detailed investigation. A detailed study of the light cones in Reissner-
Nordstrém space-time which collide with the central singularity would be interest-
ing, as would a more careful study of the relationship between the curvature and the
presence of conjugate points in the Ayon-Beato-Garcia metric.

A constraint in what has been done here is the restriction to space-times which are
essentially (2+1) dimensional. Producing diagrams of the development of light cones
in (3+1) dimensions, where more complicated types of caustic can develop would be
desirable.

As was mentioned in Chapter 2, the geodesic equations are Hamiltonian in form.
This means that they have considerable additional structure, which might be ex-
ploited in their numerical integration. It is well-known [34] that for separable Hamil-

tonian systems, there are symplectic numerical methods, such as the Verlet method,
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which have desirable conservation properties, allowing the use of much greater time-
steps without loss of accuracy. However, for non-separable Hamiltonians, the sym-
plectic numerical integrators are generally implicit rather than implicit. It would be
useful to investigate whether the gains made by using a symplectic method are more
significant than the additional work required by the method being implicit.

The methods developed here should also be applicable to the development of
wave-fronts in more general situations. The most obvious is the propagation of light
in a material with a varying index of refraction: one could even argue that the work
we have done amounts to modelling general relativistic space-times using a material
with a non-constant index of refraction. But the code developed here could also be
used to investigate, for example, the propagation of wave-fronts in an elastic mem-
brane where the effective metric (or index of refraction) is determined by the density
and elasticity of the membrane.

More ambitiously, one could attempt to generalise the first metric considered in
Chapter 7 by having many regions of localised high curvature, and investigate the
propagation of null geodesics and wave fronts in this situation: the question here
is, to what extent would such a smooth geometry allow the modelling of diffusion

processes?
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Appendix A

Schwarzschild Matlab Code

A.1 Schwarzchild Matlab code 2-D code

function wave_front_s
Jwave_front plots the development of the light cone from a
Jhuser-specified point for a user-specififed amount of coordinate time.
%The function uses plane polar coordinates (r,phi)
%in the equatorial plane of Schwarzschild space.
clc
clf
hold on;
obtain the parameters of the point and light cone.
T=input (’Enter the evolution time period: ’);
r=input (’Enter the initial radial coordinate: ’);
phi=pi/2;
% the spacelike part of the conformal Schwarzschild metric at the initial point
M=r~2/(r-2)*[1/(r-2) 0;0 r];

%initialise the directions which will be used to construct
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J»the light cone and the endpoints for the light cone as a vector;

infin=input (’Enter the range of tangent directions you want to investigate:

ndirs=input (’Enter the number of directions: ’);
circle=linspace(infin(1),infin(2),ndirs);
%hcalculate the null geodesics emanating from (r,0) and
%their endpoints
% ep will be the locus of geodesic endpoints after time T
ep=1[1;
for theta=circle

hexpress the initial vector in terms of polar coordinates

v=[cos(theta) sin(theta)/r];

Jnormalise to obtain a unit vector

m=sqrt (v¥M*v’) ;

v=v/m;

%solve the geodesic starting at (r,phi) in direction theta

[t,rphil=o0ded45(@covdiff, [0,T], [r;phi;v(1);v(2)]);

% plot the geodesic from (r,phi) with initial direction theta

% comment this line out to plot only the locus of endpoints.

plot3(rphi(:,1).*cos(rphi(:,2)),rphi(:,1) .*sin(rphi(:,2)),t);

%pick off the end point to plot the front at time T

TP=rphi(length(t),:);

TP=[TP(1),TP(2)];

ep=[ep; [TP(1)*cos(TP(2)),TP(1)*sin(TP(2))1];

end

%hplot the locus of the endpoints of the geodesics.
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plot3(ep(:,1),ep(:,2),T*ones(size(ep(:,1))),’Color’, ’black’);
axis equal;
%plot the event horizon
colormap([1,0,0]);
[evX, evY, evZ]= cylinder(2, 30); evZ=evZ*T; mesh(evX,evY,evZ);
end
% calculate the covariant derivative of the tangent
function dy = covdiff(t,y)
dy = zeros(4,1);
dy(1)=y(3);
dy(2)=y(4);
dy (3)=(2xy(3) "2/ (y (1) *(y(1)-2)))+((y(1)-3)*y(4)~2);
dy (4)=(-2x(y(1)-3)*y (3) *y (4) / (y (1) *(y(1)-2)));

end
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A.2 Schwarzchild Matlab code 3-D code

function W = wave_front_3d_s

Jwave_front plots the development of the light cone from a
huser-specified point for a user-specififed amount of coordinate time
%in Schwazschild space with M=1.

%The function uses plane polar coordinates (r,phi)

%in the equatorial plane of Schwarzschild space

%hand rotates the resulting curve to give the full wave front.
% clear the graphics display

clc

clf

% obtain the parameters of the point and light cone.

Ts=input (’Enter the evolution time period: ’);

r=input (’Enter the initial radial coordinate: ’);

% take phi=0 as default angular coordinate

phi=pi/2;

% calculate the conformal Schwarzschild metric at the initial point
M=r"2/(r-2)*[1/(xr-2) 0;0 r];

%hchoose how many points to use to generate the wavefront
ndirs=input (’Enter the number of geodesics to compute: ’);
circle=linspace(0, 2*pi,ndirs);

%hchoose how many frames to have in the animation of wave
%hfront development

%frames=input (’How many frames? ’);

hcalculate the null geodesics emanating from (r,0) and

Jtheir endpoints
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for k = 1:frames
T=k*Ts/frames;
% ep will be the locus of geodesic endpoints after time T
ep=[1;
for theta=circle
hexpress the initial vector in terms of polar coordinates
v=[cos(theta) sin(theta)/r];
Jnormalise to obtain a unit vector
m=sqrt (v¥M*v’) ;
v=v/m;
hsolve the geodesic starting at (r,phi) in direction theta
[t,rphil=ode45(@covdiff, [0,T], [r;phi;v(1);v(2)]1);
hpick off the end point to plot the front at time T
TP=rphi(length(t),:);
TP=[TP(1),TP(2)];
ep=[ep; [TP(1)*cos(TP(2)) ,TP(1)*sin(TP(2))1];

end

%build the 3d surface of revolution, with rots steps.

x=ep(:,1);
y=ep(:,2);
rots=10;

theta=linspace(0,2*pi,rots);
X=kron(x,ones(size(theta)));
Y=kron(y,cos(theta));

Z=kron(y,sin(theta));
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colormap(’white’);
surf(X,Y,Z);
axis([r-Ts,r+Ts,-Ts,Ts,-Ts,Ts]);
% axis([r-15,r+15,-15,15,-15,151);
axis square;
alpha(0.7);
W(k)=getframe;
% movie(W(k));
end
end
% calculate the covariant derivative of the tangent
function dy = covdiff(t,y)
dy = zeros(4,1);
dy (1)=y(3);
dy(2)=y(4);
dy (3)=(2xy (3) "2/ (y (1) *(y(1)-2)))+((y(1)-3) xy(4)"2) ;
dy (4)=(-2%(y(1)-3)*y () *xy (4) / (y (L) *(y(1)-2)));

end
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Appendix B

General Code

B.1 Choose metric code

% This mfile allows the user to specify a metric, and computes

% the coefficients of the geodesic equations using the symbolic toolbox.

% Input the metric components in terms of coordinates x,y, with xd and yd
% being the first derivatives of x and y wrt the affine parameter.

syms x y xd yd

disp(’Please select the metric coefficients E,F,G as functions of x,y so’);

disp(’ that the metric is Edx"2+2fdxdy+Gdy~2 ’);

E=input(CE =’ );
F=input (’F =’ );
G=input(’G =’ );

% set up the metric
I=[E F; F G];
If = matlabFunction(I);

Jhcompute the required derivatives
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Ex=diff(E,x);

Ey=diff(E,y);

Fx=diff (F,x);

Fy=diff (F,y);

Gx=diff(G,x);

Gy=diff (G,y);

% construct the functions p,q such that ddx=p(x,y,dx,dy), ddy=q(x,y,dx,dy)
p= (1/(2%x(ExG-F~2))) * ((-G*Ex-F*Ey+2*F*Fx) *xd "2

+(= 2*G*Ey+2*F*Gx) *xd*yd+ (GxGx-2*G*xFy+F*Gy) *yd~2) ;

g= (1/(2%x(ExG-F~2)))* ((F*Ex+E*Ey-2*ExFx) *xd "2

+(2%xF*Ey-2*E*Gx) *xd*yd+ (2*xF*Fy-F*Gx-ExGy) *yd~2) ;
xdd=matlabFunction(p) ;

ydd=matlabFunction(q) ;

%»finally, make functions m-files containing all required functions.
Mf=matlabFunction(I,’vars’, [x,y],’file’,’M’);
xdd=matlabFunction(xdd,’vars’, [x,y,xd,yd],’file’, ’p’);

ydd=matlabFunction(ydd,’vars’, [x,y,xd,yd],’file’, ’q’);
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B.2 Wave front general code

function wave_front_general
% wave_front_general calculates and displays the development of
% the light cone for a user-specified choice of cartesian or polar
% coordinates, time of evolution, initial point, range of
% directions and number of null geodesics.
% first, the user selects the background coordinate system.
test=-1;
while test™= 1 && test™=2
test= input(’For cartesian coordinates enter 1
and for polar coordinates enter 2: ’);
end
% use logical variable cartesian and polar to improve readability of code.
cartesian=test==1;polar=test==2;
% initialise graphics
clf
hold on;
axis equal,;
% obtain the parameters of the initial point and light cone
T=input (’Enter the evolution time period: ’);
if cartesian
x0=input (’Enter the initial value of x: ’);
yO=input (’Enter the initial value of y: ’);
end
if polar

xO=input (’Enter the initial value of r: ’);
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yO=input (’Enter the initial value of phi: ’);
end
hinitialise the directions which will be used to construct
%»the light cone and the endpoints for the light cone as a vector;
fprintf (’Enter the range of tangent directions\n’)
infin=input(’you want to investigate in the form [start end]: ’);
ndirs=input (’Enter the number of directions: ’);
circle=linspace(infin(1),infin(2),ndirs);
Jcalculate the null geodesics emanating from (r,0) and
Jtheir endpoints
hep will be the locus of geodesic endpoints after time T
ep=[1;
for theta=circle
hexpress the initial vector in terms of the appropriate coordinates
if cartesian v=[cos(theta),sin(theta)]; end
if polar v=[cos(theta)*cos(y0)+sin(theta)*sin(y0), (sin(theta)*cos(y0)
-cos(theta)*sin(y0))/x0];
end
Jnormalise to obtain a unit vector
m=sqrt (v¥M(x0,y0)*v’) ;
v=v/m;
hsolve the geodesic starting at (x0,y0) in direction theta
[t,xy]l=oded5(@pqgode, [0,T], [x0;y0;v(1);v(2)]);
hconvert from polar to cartesian if necessary for plotting
if polar

xtemp=xy(:,1) .*cos(xy(:,2)); ytemp=xy(:,1).*sin(xy(:,2));
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xy(:,1)=xtemp; xy(:,2)=ytemp;
end;
% plot the geodesic from (x0,y0) with initial direction theta
% comment this line out to plot only the locus of endpoints.
plot3(xy(:,1),xy(:,2),t)
hpick off the end point to plot the front at time T
TP=xy(length(t),:);
ep=[ep;TP];
end
%plot the locus of the endpoints of the geodesics.

plot3(ep(:,1),ep(:,2),T*xones(size(ep(:,1))),’Color’, ’black’);

144



Appendix C

References

145



Bibliography

[1] Weinberg S., Gravitation and cosmology , Oxford University Press, Cambridge,
UK, 2010.

[2] Padmanabhan, T. Gravitation Foundations and Frontiers, Cambridge University
Press, Cambridge, UK, 2010.

[3] Stewart, J. Advanced General Relativity , Cambridge University Press, Cambridge,
1993.

[4] Hobson, M. P. Lasenby, A. N.General relativity: an introduction for physicists, Cam-
bridge 2006.

[5] Brickell, E. , Clark, R. S., Differentiable Manifolds: An Introduction, Van Nostrand
Reinhold Company, 1970 .

[6] Adler,R., Bazin M. , Schiffer M., Introduction to general relativity, New York,
McGraw-Hill, 1975.

[7] Krishan L. Duggal, Dae Ho Jin Null Curves and Hyper-surfaces of Semi-Riemannian
Manifolds, World Scientific 2007 .

[8] Vladimir G., Tijana T. Complex Non-linearity: Chaos, Phase Transitions, Topology
Change, Springer- Verlag Berlin Heidelberg, 2008.

[9] Nicolaescu L. N. Lectures on the Geometry of Manifolds, World Scientific publishing
, 1996.

146



[10] Plaue M., Causality-Violating Lorentzian Manifolds Admitting a Shear-Free Timelike

Flow, Logos Verlag, Berlin, 2012.

[11] Hawking S.W. and Ellis G.ER. The Large Scale Structure of Space-Time, Cambridge

University Press, London, 1973.
[12] Wald R.M., General Relativity, University of Chicago Press, 1984.
[13] Geroch R., General relativity from A to B, University of Chicago, USA, 1978.
[14] Pressley A. Elementary Differential Geometry, Springer 2000.

[15] Penrose R., Techniques of Differential Topology in Relativity, University of London,
1972.

[16] Naber G.L. Geometry of Minkowski Space, Springer-Verlag, New York, 1992.

[17] Hughston K.P., General Relativity, Cambridge University Press, Cambridge, UK,
1994.

[18] Roberto B., Salgado. B.S., Toward a Quantum Dynamics for Causal Sets, State Uni-
versity of New York at Stony Brook, 1989.

[19] Minguzzi E., Sanchez M., The causal hierarchy of spacetimes in H. Baum and D.
Alekseevsky (eds.), vol. Recent developments in pseudo-Riemannian geometry, ESI

Lect. Math. Phys., Eur. Math. Soc. Publ. House, Zurich, 2008

[20] Miiller T. and Frauendiener J., Studying null and timelike geodesics in the classroom,

Eur. J. Physics, 32 2011, 747.
[21] Rindler W., Special Relativity, Clarendon Press, Oxford, UK, 1991.
[22] d'Inverno R. Introducing Einstein’s Relativity, Clarendon Press, Oxford, UK, 1992.
[23] Taylor E.F. and Wheeler ].A. Spacetime Physics, San Francisco, 1992.

[24] Jerry B. Griffiths, Ji Podolsk Exact Space-Times in Einstein’s General Relativity,
Cambridge University 2009.

147



[25] Raychaudhuri A. K., Banerji S., Banerjee A., General Relativity, Astrophysics, and
Cosmology, Springer-Verlag New York 1992.

[26] Fabbri A., Modeling Black Hole Evaporation, Imperial college 2005.

[27] O’Neill B. Semi-Riemannian Geometry With Applications to Relativity, Academic
Press London 1983.

[28] Ashtekar A., Cohen R. S., Shimony A. Revisiting the Foundations of Relativistic
Physics, Kluwer Academic Publishers, 2003.

[29] Kuhnel W., Differential Geometry: Curves - Surfaces - Manifolds, Wiesbaden, 2003.

[30] Cotsakis S., Papantonopoulos E. , Cosmological Crossroads: An Advanced Course in

Mathematical, Physical, Springer, 2001.

[31] Deza M. M., Deza E. Dictionary of Distances, Boulevard, Langford Lane, Kidling-
ton, Oxford, 2006.

[32] Garc’ia A., Hackmann E., Kunz J., Lmmerzahl C., Macias A. Motion of test Parti-
cles in a reqular black hole space-time , Submitted on 11 Jun 2013 (v1), last revised 5
Jul 2013 (this version, v2)).
http://arxiv-web3.library.cornell.edu/abs/1306.2549v2 .

[33] Gron O., Hervik S., Einstein’s General Theory of Relativity: With Modern Applica-

tions in Cosmology, Springer Science, 2007.

[34] Hairer E. , Geometric numerical integration illustrated by the StormerVerlet method ,

Cambridge University Press, 2003.

148



Appendix D

Published work

149



JOURNAL OF

& TGSP 29 (2013} 53-63 Geometry and Symmetry

in Physics
ISSN 13125192

VISUALIZING LIGHT CONES IN SCHWARZSCHILD SPACE

TARIG ELMABROUK AND ROBERT J. LOW

Communicated by Gregory L Naber

Abstract. We present a numerical approach to the visualization of the light cones,
and hence the causal structure, of exterior Schwarzschild space, taking advantage
of the symmetries of Schwarzschild space and the conformal invariance of null
geodesics.

This item has been removed due to third party copyright. The unabridged version of the
thesis can be viewed at the Lanchester Library, Coventry University.

doi: 10.7546/jgsp-29-201 3-53-63 53

150

Figure D.1: copy of journal paper



JGSP Preprint

VISUALIZING LIGHT CONES IN SCHWARZSCHILD SPACE

TARIG ELMABROUK & ROBERT J LOW

Communicated by Gregory L Naber

Abstract. We present a numerical approach to the visualization of the light cones,
and hence the causal structure, of exterior Schwarzschild space, taking advantage
of the symmetries of Schwarzschild space and the conformal invariance of null
geodesics.

This item has been removed due to third party copyright. The unabridged version of the
thesis can be viewed at the Lanchester Library, Coventry University.

151



2

This item has been removed due to third party copyright. The unabridged version of the
thesis can be viewed at the Lanchester Library, Coventry University.

152



3

This item has been removed due to third party copyright. The unabridged version of the
thesis can be viewed at the Lanchester Library, Coventry University.

153



4

This item has been removed due to third party copyright. The unabridged version of the
thesis can be viewed at the Lanchester Library, Coventry University.

154



5

This item has been removed due to third party copyright. The unabridged version of the
thesis can be viewed at the Lanchester Library, Coventry University.

155



6

This item has been removed due to third party copyright. The unabridged version of the thesis
can be viewed at the Lanchester Library, Coventry University.

156



7

This item has been removed due to third party copyright. The unabridged version of the
thesis can be viewed at the Lanchester Library, Coventry University.

157



8

This item has been removed due to third party copyright. The unabridged version of the
thesis can be viewed at the Lanchester Library, Coventry University.

158



9

This item has been removed due to third party copyright. The unabridged version of the thesis
can be viewed at the Lanchester Library, Coventry University.

159



10

This item has been removed due to third party copyright. The unabridged version of the thesis can
be viewed at the Lanchester Library, Coventry University.

160



11

This item has been removed due to third party copyright. The unabridged version of the thesis can be
viewed at the Lanchester Library, Coventry University.

161



12

This item has been removed due to third party copyright. The unabridged version of the
thesis can be viewed at the Lanchester Library, Coventry University.

162



	cover2
	Visualizing Light Cones in Space-Time- Tarig Elmabrouk_Redacted



