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Abstract

Every spacetime is defined by its metric, the mathematical object which
further defines the spacetime curvature. From the relativity principle, we
have the freedom to choose which coordinate system to write our met-
ric in. Some coordinate systems, however, are better than others. In this
text, we begin with a brief introduction into general relativity, Einstein’s
masterpiece theory of gravity. We then discuss some physically interest-
ing spacetimes and the coordinate systems that the metrics of these space-
times can be expressed in. More specifically, we discuss the existence of
the rather useful unit-lapse forms of these spacetimes. Using the metric
written in this form then allows us to conduct further analysis of these

spacetimes, which we discuss.

Overall, the work given in this text has many interesting mathematical
and physical applications. Firstly, unit-lapse spacetimes are quite com-
mon and occur rather naturally for many specific analogue spacetimes.
In an astrophysical context, unit-lapse forms of stationary spacetimes are
rather useful since they allow for very simple and immediate calculation
of a large class of timelike geodesics, the rain geodesics. Physically these
geodesics represent zero angular momentum observers (ZAMOs), with
zero initial velocity that are dropped from spatial infinity and are a rather
tractable probe of the physics occurring in the spacetime. Mathematically,
improved coordinate systems of the Kerr spacetime are rather important
since they give a better understanding of the rather complicated and chal-
lenging Kerr spacetime. These improved coordinate systems, for exam-
ple, can be applied to the attempts at finding a “Gordon form” of the Kerr



spacetime and can also be applied to attempts at upgrading the “Newman-
Janis trick” from an ansatz to a full algorithm. Also, these new forms of
the Kerr metric allows for a greater observational ability to differentiate
exact Kerr black holes from “black hole mimickers”.
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Chapter 1

Introduction

1.1 Why use the concept of a curved spacetime?

Pre-relativity we believed that we lived a 3-dimensional Euclidean space
that evolved with time, that is to say: a 3-dimensional flat space where
time and space were viewed as separate quantities entirely. Not only that,
but we also believed that many quantities we measured were observer
independent such as distance and acceleration. For these quantities, what
one person measured would be exactly the same as anyone else’s measure-
ment. Velocities were relative however, but the Galilean velocity trans-
formation law was very trivial (and also not an accurate description of
physical reality). However, Einstein was able to use electromagnetism
to show that some of these quantities (such as distance and acceleration)
are observer dependent, each observer will measure a quantity relative
to their frame of reference, but these different values are equivalent; if
transformed correctly between frames. Thus, we find that there exists no
preferred frame, no preferred observer. Around the same time, Hermann
Minkowski proposed the concept of spacetime. Instead of viewing space
and time to be separate objects, we view them to be both part of a larger
object, spacetime. A 4-dimensional Euclidean (for now) space, with 3 spa-

tial dimensions and one temporal, where time and space are now on, more
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2 CHAPTER 1. INTRODUCTION

or less, equal footing. These ideas are the basis of special relativity.

However, it turns out that that there do exist some observer indepen-
dent quantities in special relativity, the most important being the space-
time interval between two events in spacetime, defined as follows:

I =—(A1)? + (Az)* + (Ay)* + (Az)* . (1.1.1)

We notice that this looks like the 3-dimensional form of Pythagoras’ the-
orem if we neglect the first term on the right hand side of the equation.
Indeed this is the line element which defines the metric of flat spacetime
(the idea of a metric will be expanded on later). Thus, equation (1.1.1)
gives the squared ‘distance” between two separated events in flat space-
time. Since equation (1.1.1) is observer independent, this quantity must
be a fundamental property of the spacetime itself. Hence, we can use the
structure of spacetime itself to define quantities that can be measured by
observers in that spacetime. This is one of the ideas that led Einstein to
formulate general relativity, using the structure of a curved spacetime to
define gravitational fields in that spacetime.

So, we can use fundamental properties of a spacetime to define measur-
able quantities in our spacetime, but how does considering a curved space-
time correlate with gravity? This connection comes from the Equivalence
Principle. The Equivalence principle can be stated as follows: “one cannot
distinguish between gravitational and inertial forces”. The building blocks for
this principle can even be seen in the Newtonian theory of gravity, which
states that the gravitational force an object experiences is proportional to
its inertial mass, this is called the universality of free fall. Einstein then
took this idea and the relativity principle to form the equivalence princi-
ple. We can visualise this principle through the following thought exper-
iment: if we were in a small, closed box with no windows, we wouldn’t
be able to tell if we were being accelerated towards the “floor” of the box
due to the gravity of a massive object or if we were in a vacuum and expe-

riencing acceleration due to rocket boosters on the box which accelerates



1.1. WHY USE THE CONCEPT OF A CURVED SPACETIME? 3

us at the same rate that the gravitational field of the object would. Hence,
these two physical systems are equivalent. Now the interesting part comes
when we consider the propagation of light in these two systems.

Consider we are in a box being accelerated due to rocket boosters, fur-
thermore, imagine we have a laser in this box. We turn on the laser and we
find that the path that the light takes, as viewed by us in our accelerating
box, is a curved line. Hence, in a gravitational field, light must also follow
curved lines. However, from Fermat’s principle, we know that the path
that light follows between two points is the path of least time connecting
those two points. In Euclidean space, the path of least time between any
two points is a straight line. But, in a gravitational field, we see that light
does not follow a “straight line” as observed by us in the box. Hence,
we must conclude that space (and hence spacetime) is curved in regions
where observers experience a gravitational field.

The ideas that spacetime is curved in regions where observers experi-
ence a gravitational field and that we can define measurable quantities via
intrinsic properties of the spacetime itself are the core tenets of general rel-
ativity. We use the properties of a curved spacetime, namely the metric, to
define ‘gravitational fields” on our spacetime. More specifically, the curva-
ture of spacetime causes the paths that particles travel along (geodesics) to
be curved, which is how we view particles to move within a gravitational
field.

We now focus on the mathematical framework required to properly
express these ideas. This framework is the topic of differential geometry.
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Chapter 2

Fundamentals

2.1 Spacetime as a 4-dimensional manifold

Before we can construct the interesting quantities that allow us to define
gravitational fields, we must begin by giving a precise notion of what we

mean by ‘spacetime’. We start by defining a topological space.

Definition 2.1.1 (Topological Space)
A topological space (£, T) is a set £ with a collection 7 of open subsets of
& (called the topology on £) such that:

1. The union of an arbitrary number of subsets in 7, is in 7. ie. If
O, € T forall o, then | JO, € T.

2. The intersection of a finite number of subsets in 7 is in 7. ie. If
01, 02, ey On S T, then ﬂ Oz S T

=1

3. The set £ and the empty set () is in 7.

Next we define a Hausdorff topological space.
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Definition 2.1.2 (Hausdorff)

A topological space (£, 7') is Hausdorff if for every pair of distinct points
p,q € €, p # ¢, we can find open sets O,, O, € T, such that: p € O,, g € O,
and O, N O, = 0. That is to say, for every distinct pair of points p,q € &,
there exists two open sets each containing one (and only one) of the points
which do not overlap.

We now define the notion of a locally Euclidean space.

Definition 2.1.3 (Locally Euclidean Space)

A topological space (€, 7)) is locally Euclidean if the following condition
is satisfied: Vo € £€,30 € T and In € Z" such that: z € O, 3X C R" and
3 homeomorphism f : O < X. That is to say, for every point in £ there
exists an open neighbourhood around it which can be mapped 1 to 1 and
bi-continuously to a subset of R", i.e. there exists a region surrounding
each point in £ that ‘looks like” a segment of an n-dimensional Euclidean

space.

We are now very close to being able to properly define a manifold, but we
must first define charts, atlases and the notion of a connected topological

space.

Definition 2.1.4 (Chart)
A chart (O, f,U) on an open subset O € T is a set U € R", with a homeo-
morphism f: O < U = f(O).

Chart is a mathematical term but physicists typically call these objects a
coordinate system. Charts are simply maps between open sets O € 7 and

subsets U of R”, in this way we can identify O as a segment of R".



2.1. SPACETIME AS A 4-DIMENSIONAL MANIFOLD 7

M

fi(O;) = U;

rd

Figure 2.1: The map f; maps an open subset O; € T to an open subset
U; C R".

Definition 2.1.5 (Atlas)

An atlas is a collection of charts that covers the entire locally Euclidean
space &.

Definition 2.1.6 (Connected Topological Space)

A topological space (€, T) is connected iff £ and ) are the only sets in 7
that are both open and closed.

Alternatively, a connected space is a space that is not the union of two or
more disjoint open spaces. We shall assume that spacetime is connected,
this is because if spacetime were disconnected, then the only segment of
spacetime that we would be interested in is the segment we live in. Hence,
we can disregard the other segments, then we are left with a connected

spacetime.
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We are now ready to define a manifold.

Definition 2.1.6 (Manifold)
A manifold M is a locally Euclidean space such that:

1. M is connected.
2. M has the same dimension everywhere.
3. M is Hausdorff.

4. M has at least one countable atlas.

By countable atlas, we mean that every chart in the atlas can be putintoa1
to 1 correspondence with the set of natural numbers, N.

We can now see that spacetime can be defined as a 4-dimensional man-
ifold. This structure of spacetime allows us to define vectors, tensors and
later the notion of curvature on the spacetime itself, which is paramount

to the formulation of general relativity.

2.2 Vectors, dual vectors and tensors

Let M be a manifold of dimension n. We define a curve h(\) on the
manifold M to be a map h : R — M. Notice, h()\) is a parametric
curve, parametrised by ), i.e. different values of \ represent different
points along the curve h. Given a chart (O, f, U) we can construct the map
foh(N) : R — R" such that z%(\) = f o h(\) = f(h(N\) € f(U) C R™
The upper index a in 2%(\) denotes the various components of z%(\) and
ranges a € N : 0 < a < n (since z%(\) is simply just a vector in R"). The
object 2%(\) can be seen as the “collection of coordinates corresponding to
points along the curve h(\)".
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.’1’}2

Figure 2.2: Given a coordinate system, the object 2*(\) can be seen as the
‘collection of coordinates corresponding to points along the curve i(\)’.

Consequently, the tangent vector of 2%(\) is denoted as:

dxz®

T =
A

2.2.1)

Our choice of parametrisation is arbitrary, we may choose to reparametrise

our curve h(\) — h(X). If we do so, then by the chain rule we find:

—, dz® dAdz® dA
dx  d\d\  d)

= T . (2.2.2)
If we now wish to change our coordinate patch U to U (via f o f~! :
f~YU) — f(U)), then via the multi-variable chain rule, we find:

o drt R 0xtdat (N 01,

=N~ 2lomay 2aal (2.2.3)
b=1 b=1
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Hence, once given a vector in one particular coordinate system, we can
transform it to any other coordinate system (this is similar to transforming
vectors under a change in basis). We can also define vectors via equation
(2.2.3), any mathematical object that transforms via equation (2.2.3) under
a change in coordinates, is a vector.

Tangent vectors are defined at one point p € M, the set of all tangent
vectors at the point p called the tangent space at p is denoted as V.

We can also make the correspondence between vectors and directional
derivatives. Let F denote the set of all C* functions (i.e. continuously
differentiable functions) from M to R. We can define the vector v at point

p € M tobe amap v: F — R which satisfy the following properties:
1. Linearity: v(af + bg) = av(f) + bv(g) forall f,g € Fand a,b € R.
2. Leibnitz rule: v(fg) = f(p)v(g) + g(p)v(f) forall f, g € F.

Hence, we can write v = Y "_, v*9, (Where 9, = 9/0z"). Furthermore, the
vectors 0, form a basis of V,,, therefore we see that V), has the structure of a
vector space via the conditions stated above. Notice that since 9, are basis

vectors, we denote their components with subscripts.

For every vector space V, there exists a dual vector space V* whose el-
ements are maps from V into R, i.e. for v* € V and w, € V*, w,v* =
w(v) € R. We now look at a couple simple examples of dual vectors. For
R" the dual to a column vector is a row vector, via matrix multiplication,
the product of a column vector and a row vector produces a scalar. In
quantum mechanics vectors in a Hilbert space define the possible states of
our physical system, we typically denote these vectors by kets |a) where
« is some parameter which defines that possible state. The corresponding
dual vector to this ket is a bra («/, these objects are the foundations of bra-
ket notation (or bracket notation, to this day we have no idea where the c
went...). We notice that for each vector there is a corresponding dual vec-

tor, in fact there exists an isomorphism between any vector space V' and its
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corresponding dual vector space ¥, for example in R" we can transform
a column vector to a row vector (and vice-versa) via transposition and for
bra-ket notation, we can transform a ket into a bra (and vice-versa) by tak-
ing the Hermitian conjugate.

Taking the tangent space at point p € M, V,,, we can construct the dual
vector space, V,,*, whose elements are denoted as w, where the lower index
a again denotes the various components of w, and ranges a € N: 0 < a <
n. Using upper and lower indices allow us to differentiate between vectors
and dual vectors (note: the isomorphism between V), and V;* will be shown
in due time). We now give more precise definitions of dual vectors in the
dual vector space V,,*. Let ¢(p) be a map from M into R. Then given a chart
(O, f,U) we can write ¢(x*) which means ¢o f~!: f(O) =U C R" — R.
Then we can write the components of the dual vector w, as:

ol0)
ox®

(2.2.4)

W, =
If we now wish to change our coordinate patch U to U (via f o f7! :

f~Y(U) — f(U)), then via the multi-variable chain rule, we find:

ox
Wa 8x“ 8x“ 8%

(2.2.5)

Hence, once given a dual vector in one particular coordinate system, we
can transform it to any other coordinate system. Similar to before we can
also define dual vectors via equation (2.2.5), any mathematical object that
transforms via equation (2.2.5) under a change in coordinates, is a dual

vector.

Now that we have introduced vectors and dual vectors we can now con-
sider maps on vectors and dual vectors, more specifically we can now de-
fine tensors. Let V' be a finite dimensional vector space and let V* be its
corresponding dual vector space. Then a tensor of type (k, () is a multilin-
ear map

T:V'x. . xV'xVx.xV =R

N

—~ —~

k l
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That is, given [ vectors and k dual vectors, T maps these into real numbers
and if we fix all but one vector or dual vector, T is a linear map on this
variable. We will denote a tensor of type (k,1) as 7% %%y, s here (as
before) the indices denote the various components of the tensor and range
from 0 to n (the dimension of our vector space). Tensors can be viewed as
a generalisation of scalars, vectors and matrices. A tensor of type (0,0) is
a scalar, a tensor of type (1,0) is a vector, a tensor of type (0,1) is a dual
vector and a tensor of type (1, 1), (2,0) and (0, 2) are matrices (note: while
these all represent matrices, they all transform differently under a change
in coordinate basis as we shall see). Similar to vectors and matrices, we
can define some operations on tensors. Firstly, outer products, given two
tensors say 1" of type (k,[) and 1" of type (k',l') we can construct a new
tensor S via the outer product S =7 ® 7" denoted as:

ay...Qp 1/ _ a1a2...ak lag10k42...Q ’
S by = T bibg..by 1 K brsaeby (2.2.6)

The second operation we can perform is contraction. Let 7 (k, ) denote the
set of all tensors of type (k,!), then contraction is the map C' : T (k,l) —
T(k—1,1—1) defined as

n

CT =T "%y b, = ZTal"'i"'akbl...i...bl (2.2.7)

=0
here we choose one upper index and one lower index (not necessarily in
the same index location, i.e. we can contract the ith upper index with the
jth lower index for all 0 < i < kand 0 < j < [) then we sum over all
tensors with their corresponding indices evaluated as component . To get
a better understanding of this, we look at the simple example where 7" is

just a matrix, a tensor of type (1, 1) T'%, if we contract over a and b we get

CT=T%=) Ti=T%+T" +.+T" =Te[T] . (2.2.8)
i=0
Hence, we see that contraction on this tensor is the same as taking the

trace of the matrix. So, we can generalise this to say that contraction on a
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general tensor 7192, ., is similar to taking the trace over some upper
index a; and some lower index b;. Notice in equation (2.2.8) we have used
the notation 7%, = Z?:o T%;, this is known as the Einstein summation con-
vention. When we see the same symbol in the top index and lower index
of a tensor (e.g. T%,) or tensor product (e.g. w,v?), it is assumed that we
are summing over that variable.

If we now wish to change our coordinate patch U to U (via fo f~! :
f~YU) — f(U)), then we know that vectors transform as

~a
0 0T b
Ox?
while dual vectors transform as
B Ox?
o= gz

hence, we can “bootstrap” this to tensors of type (k,[) as

o7 9T Jzbr Qb
/ e e
L0z 9% 0T T Oz

Ty gy = T%% b, ..b (22.9)

Like with vectors and dual vectors, equation (2.2.9) can be used as the defi-
nition of a tensor, i.e. any mathematical object that transforms via equation
(2.2.9) under a change in coordinates, is a tensor.

Much like with matrices, we can think of tensors as being symmetric or
anti-symmetric. As a reminder, a symmetric matrix satisfies the property
M;; = Mj; while an anti-symmetric matrix satisfies the property M,; =
—M;. For simplicity let us first consider a tensor of type (0,2), we can
define symmetric parts and anti-symmetric parts of the tensor as follows,

for the symmetric part

1
Tiap) = é(Tab + Tha) (2.2.10)

while for the anti-symmetric part

1
Tiap) = i(Tab —Tya) - (2.2.11)



14 CHAPTER 2. FUNDAMENTALS

A totally symmetric tensor of type (0,2) satisfies the property (. = T
or equivalently 7j,;) = 0 and via equation (2.2.11) T, = Tj,, while a totally
anti-symmetric tensor of type (0,2) satisfies the property Ti,; = Ti or
equivalently T{,;) = 0 and via equation (2.2.10) 7,, = —T3, as stated above.

More generally, for a tensor of type (0, ) we have for the symmetric part
1
Tior..o) = 71 > Tuyane (2.2.12)
while for the anti-symmetric part

1
T[al...al] = ﬂ Z 57rTaTr(1)...a7r(l) (2213)

where we are summing over all permutations (r) of 1, ...,/ and J, is 1 for

every even permutation and —1 for every odd permutation.

We are now ready to define arguably the most important tensor in gen-
eral relativity, the metric tensor. The mathematical definition of a metric
and the physicists’ definition of a metric (which we will use here) differ
slightly.

In mathematics a metric is a function d : X x X — R2° which satisfies the
following conditions:
1. d(z,y) =0<=z =y

2. d(x,y) =d(y,x)
3. d(z,y) < d(z,z)+d(z,y)

we see that this implies that d(z,y) > 0 for all z,y € X. However, in gen-
eral relativity we consider metrics where the metric can be less than zero
and hence the first and third condition stated above doesn’t necessarily
hold for all z,y € X, however the second condition, the symmetry con-

dition, still holds. Physically, the metric defines the distance between any
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two events in our curved spacetime. If we consider a Euclidean 3-space
(i.e. no time) via Pythagoras’ theorem we have

ds? = da* + dy? + dz? = 64 dX*d X" (2.2.14)

where dX* = (dz,dy,dz)" and written as an array

1 00
dap=10 1 0 (2.2.15)
00 1],
If we consider a Euclidean spacetime, via equation (1.1.1) we have
ds® = —dt* + dz* + dy* + dz* = g,y dXdX° (2.2.16)
where dX® = (dt,dzr,dy,dz)" and written as an array
-1 000
0 100
b = 2217
Gab 01 0 ( )
0 001

ab

The type (0,2) and symmetric tensor g, is called the metric tensor and is
defined by the equation

ds® = g dX*dX" (2.2.18)

and in the examples above we see once given the infinitesimal line element
of any spacetime, we can “read off” the components of the metric tensor.
Once we have a metric, we can define the inverse metric denoted as g%,
where g,, g®° = n (where n is the dimension of the manifold) and g,; ¢*° =
0, (where 0, is the Kronecker delta) . We can calculate the inverse metric
by writing the metric as an array and then finding the matrix inverse.

The metric not only gives us the infinitesimal squared distance be-
tween any two events in our spacetime, but also is the isomorphism that

takes vectors in our tangent space V, to dual vectors in our dual tangent
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space V5, and vice-versa, via tensor product. For example, we can trans-
form a vector into a dual vector via v, = g, v* and we can transform a dual
vector into a vector via w® = ¢ w,. Furthermore, we can use the metric
tensor to raise and lower indices of tensors of arbitrary type. For example
T, = g g T,

2.3 Curvature

We now begin to discuss the notion of curvature in our spacetime. We
normally find the curvature of a line or surface by embedding it in a
higher dimensional space. For example, we can view the curvature of a
2-dimensional surface by embedding it in a 3-dimensional space, this is
the way that curvature is found in usual multi-variable calculus. How-
ever in general relativity, our spacetimes are usually not embedded within
a higher dimensional space. We could take that route if we wanted to, but
this would prove to be more complicated than necessary since we would
have to construct more mathematical objects in higher dimensions (that
are not physical objects nor have any known physical relevance). Hence,
we define curvature in our spacetime by constructing mathematical ob-
jects within the spacetime itself. This is an interesting problem, how can
observers in a curved space measure the curvature of that space without
relying on higher dimensions? We define curvature by looking at how vec-
tors transform when parallel propagated along curves within our space-
time.

To see how parallel propagated vectors can define curvature, imagine
a flat 2-dimensional plane with a circle on its surface. If we have a tangent
vector to the circle at any point and parallel propagate it around the cir-
cle (this means moving the vector without changing its direction, we can
think of this as ‘picking up’ the ‘base’ of the vector and moving it along
the curve), then we find that when the vector returns to its original posi-

tion, it is pointing in the same direction, i.e. the vector is unchanged when
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parallel propagated around the curve.

(a) Parallel propagation on a (b) Parallel propagation on the

flat surface surface of a sphere

Figure 2.3: Examples of parallel propagation of vectors on various sur-

faces.

But now imagine a 3-dimensional sphere like the Earth for example
(the Earth is really an oblate spheroid, but in this case we will ignore this
fact), furthermore, imagine a tangent vector at the equator of the sphere
pointing towards one of the poles as shown in figure 2.3. Now if we paral-
lel propagate this vector to the pole, then we parallel propagate the vector
back to the equator along a curve that is perpendicular to the first curve
of propagation and finally propagate the vector along the equator back to
its starting location on the sphere, we will find that the vector is now per-
pendicular to the original vector. Hence, curvature on a manifold can be
viewed as a measure of the failure of a vector to return to its original value
when parallel propagated along a closed loop in the manifold. However,
an equivalent description of curvature is that curvature can be viewed as

the failure of successive derivative operators to commute. Hence, we will
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define curvature in this method, which we will then see is intrinsically

linked to parallel propagation.

We start by defining a derivative operator on our manifold. A covariant
derivative operator V, (note: although we use a lower index, V, is not
really a dual vector, however it is convention to write it in this manner) is

an operator which satisfies the following conditions:
1. Linearity:
V(A %y oy 4 BBy 4,) = AV Ay 4+ BV B %y
forall A e T(k,1), BeT(K,l')and o, 8 € R.
2. Leibnitz rule:

al...a ci...C al...a ci...C
V(A" %y 5B g a,) =Ve(A™ %y )B4 a,
al...a Cci...C
+ A 1 kbl...bl<VeB ! k/dl...dl/)

forall A € T(k,l)and B € T(K',l').
3. Commutativity with contraction:
forall T € T (k,I)
4. Consistency with directional derivatives:
v(f) = v'Vaf
forall f € F (see page 10) and all v* € V.

5. Torsion free:
Vavbf == vbvaf

for all f € F (note: there is no direct physical need for our theory
to include torsion. However, in string theory and some other al-

ternate/modified theories of gravity, this condition is not imposed
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which implies the existence of a tensor 7', which is anti-symmetric
in b and ¢ such that V,V.f — V.V,f = T%,.V,.f called the torsion
tensor. But here we will assume this tensor to be zero).

We now derive the action of the covariant derivative operator V, on a
vector in our spacetime. We use the notation as shown on page 10 where
we represent a vector by v = v’e, € V,, where e, is the collection of basis

vectors of V, and v* is a collection of scalar functions. Acting on v, we have
Vo = Vi (vPe,) = (Vyv)e, + v°Vie, . (2.3.1)

However, when acting on a scalar function f, we define
Vof=0.f - (2.3.2)

Hence we have
Vv = (Opv?)e, + v°Vie, . (2.3.3)

Now, in our curved spacetime, the tangent space at p € M, V,, is a distinct
vector space from the tangent space at ¢ € M, V;, where ¢ # p. Hence, the
basis vectors in V,, will be different from those in V;, they change through-
out the manifold. However, they change in a very precise manner, they
change under the action of parallel transport. Hence, it is sufficient to
know the basis vectors of V), at some point p € M then via parallel trans-
port we can find the basis vectors of V; for any other point ¢ € M. This is
all well and good, but how do we mathematically formulate this notion?
Given a curve h(\) with tangent 7%, a vector v is parallel transported

along the curve h(\) if the following condition is satisfied
TV’ =0 . (2.3.4)

This shows us if a vector is parallel transported but does not give the com-
ponents of the transported vector. For our basis vectors, we can transport
these vectors along v, or equivalently we can transport these vectors along

each coordinate and sum these transformations. That is, we calculate

Ve, = Iue. . (2.3.5)
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Where I'“,;, is the Christoffel symbol, which can be used to calculate basis
vectors after they have been parallel propagated throughout the manifold.

€

h(X)

Figure 2.4: We define the Christoffel symbol by how basis vectors trans-
form when parallel propagated along a coordinate curve in our manifold.

As shown in figure 2.4, the first index of the Christoffel symbol denotes
the various components of vector V,e,, the second index tells us which
basis vector is being transported and the third index tells us along which
coordinate the basis vectors are being transported along.

Now that we know how basis vectors transform when parallel prop-
agated along some curve in our manifold, and moreover how to calcu-
late the covariant derivative of our basis vectors, we can define how the

derivative operator acts on a vector v. We have

Vv = (Opv*)e, + v*Vie,
= (Opv")eq + v T ume. (2.3.6)

= (abva)ea + I_‘acbvcea

where to get from the first line to the second we used the definition of how
V, acts on our basis vectors, equation (2.3.5), and from the second to the
third line we made the index substitution a <+ ¢. Now, to recast this in our

usual index notation, we notice that V,uv is itself a vector. Hence we write
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Vv as (Vy)* = Viyu ® e, = (Vyv*)e,. Hence, we have
(Vpv®)e, = (Opv®)e, + o€, (2.3.7)

therefore
va“ = 6bva + Facbvc . (238)

Which now gives the action of the derivative operator on a vector v* € V,.
Now to calculate the action of the derivative operator on some dual
vector w, we calculate the action of V, on the scalar function v%w, (for

some arbitrary vector v*). That is
Vi(v*w,) = V(v )w, + v*"Vyw, . (2.3.9)
But since v*w, is a scalar function, we also have
Vi(viw,) = Op(vw,) = Op(v*)w, + v 0w, (2.3.10)

hence
V(v ) w, + v*Vyw, = O(v*)w, + v* 0w, . (2.3.11)

Recall that Vv = gyv* + I'*,.0¢, so we find
(Opv® + T%ev)w, + v Vyw, = Op(v*)w, + v*Opw, (2.3.12)

hence
vV*Vyw, = v*0hw, — I'petw, . (2.3.13)

In the second term on the right hand side of the equation above the a
index is being summed over and hence can be replaced with any other
index label. So we will make the index substitution a <+ ¢ and also use the
fact that ', is symmetric in its lower two indices. Hence

v*Vyw, = v°0pw, — I gpv®w, (2.3.14)
= Vyw, = Obwa —Ipw. . (2315)
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We can then “bootstrap” this construction to define the action of the

derivative operator on a tensor of arbitrary rank

k
ai...a ai...a § a; A1...05_ 1M Qi1 1...Q
ch ! kb1...bl = acT’ ! kbl...bl + r ch ! ! 1 kbl...bl

o (2.3.16)

- § m aj...ak
F bjCT bl...bj_lm b]'+1...bl

j=1

Now we have defined the action for the derivative operator in terms
of the partial derivative operator and the Christoffel symbol. However,
we don’t yet know the components of the Christoffel symbol, making our
definitions useless at this stage. However, given a conjecture (which shall
be proven later in the text), we can relate the components of the Christoffel
symbol to various components of the metric (more so, the derivatives of

the components).

Conjecture 2.3.1
Vaige =0 . (2.3.17)

Using this conjecture and using equation (2.3.16), we find
va Gbe = aa Gbe — Fdab Gde — Fdac Gbd = 0 (2318)

hence
Leap + Lpae = aa Joc - (2319)

We are free to relabel indices, hence by using the following index substi-
tution a — b and b — a, we get

1—\cbat + Fabc = ab Gac (2320)
and using the index substitution « — ¢, b — a and ¢ — b, we get

Fbca + 1—\acb = ac Gab - (2321)
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If we add equations (2.3.19) and (2.3.20) then subtract equation (2.3.21),
and using the fact that I'%;. is symmetric in its lower two indices, we get

2Fcab - aa Gbe + ab Gac — ac Gab (2322)
hence
1
[y = 596'1(3@ Gbd + Ob Gad — Od Gab) - (2.3.23)

Therefore, given a metric, we can calculate the components of the Christof-

fel symbol and hence the action of the derivative operator on any tensor.

As stated above, curvature can be viewed as the failure of successive co-
variant derivative operators to commute. Now that we have properly de-
fined derivative operators on our spacetime, we are now ready to properly
define curvature in our spacetime.

Let V, be a derivative operator and let w, be a dual vector, then we
have

Va, ViJwe = (Vo Vy — Vi Vo) we = V,Vyw, — Vi V,w, (2.3.24)
via equation (2.3.16) (and after simplifying) this is equivalent to
[Va, ViJwe = (0.1% — 0T %0 + T4 al ™y — Tl ™ e)wg . (2.3.25)

We notice that the object inside the brackets is an algebraic operator, not
a differential operator. Also, it can be verified that this object transforms
via equation (2.2.9), so this object is indeed a tensor of type (1, 3) called the
Riemann curvature tensor, denoted R%,.4, defined as

[V, ViJwe = Ry wa (2.3.26)

Using equation (2.3.25) and realising that this equation holds for all w, we
find
R%ca = 0cIba — Oalbe + Tmel ™ ba — T mal ™ be (2.3.27)
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hence, given a spacetime with a metric we can calculate the curvature of
the spacetime itself. We are beginning to realise our goal to define gravi-
tational fields via intrinsic properties of the spacetime. However, we have

more formalism to introduce before we can fully realise our goal.

The Riemann tensor has a few useful symmetry properties:
1. Rapea = —Roaca = —Ravde
2. Raped = Redab
3. Ryppea) = 0
4. Ve Rpjea) = R%cdgze) = 0

We have introduced some new notation in the fourth property above.
The vertical bars around the b index in V[ R%.q indicate that we anti-
symmetrise over the ¢, c and d index, but not the b index. Another new
piece of notation is V IT% %, , = T%%, ..., this is just notation,
there is no new mathematics going on here. We also note that we will
also sometimes use the notation 9,77% %y, , = T %, ; . to denote a
partial derivative acting on a tensor.

We now show that the Riemann tensor is directly related to the failure
for a vector to return to its initial value when parallel transported along
a closed loop in our manifold. Let p € M and let s be a 2-dimensional
surface through p with coordinates  and y. Let p be at the coordinate
values (0, 0) then let v* be a vector in V,, and we now parallel transport that
vector along the curve given by the coordinate values (0,0) — (0,Ay) —
(Az, Ay) — (Az,0) — (0,0) for Az > 0 and Ay > 0 as shown in figure 2.5.
Now let w, be some arbitrary dual vector field and we now calculate the
change in v*w, along the curve. In the first part of the curve, given by the

change in coordinate values (0,0) — (0, Ay) we have

S(v'we)1 = Ay 0y (v "Wa)| (0,ay/2) (2.3.28)
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here we have evaluated the derivative at the midway point so that our
expression is valid to second order in Ay.

Figure 2.5: We see that a vector will fail to return to its initial value when

parallel propagated along a closed loop in a curved manifold.

Via the fourth property of the derivative operator (see page 18), we can
write
§(v"wa )1 = Ay Y Vi (vw,)| 0,a0/2)

b (2.3.29)
= Ayv®Y waa|(07Ay/2)

where Y* is the tangent vector to curves of constant y and since v* is be-
ing parallel propagated along the curve (0,0) — (0, Ay) with tangent Y*

by definition Y*V,v* = 0. We can do very similar constructions to find

d(v*wg)2, d(v*w,)s and J(v*w,)s along the entire curve. However, if we
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now sum the first and third contribution, we find
6(v"wa )1 +0(v*w,)3 = Ay (VY PV ywa 0,a5/2) — VY Ve (az.ay/2) (2.3.30)

which goes to zero as Az — 0. We can do a similar construction when
we sum the second and fourth contributions. This shows that the total
change in v*w,, 0(v*w,), along the curve is zero to first order in Az and
Ay. So to find the change in §(v*w,) along the curve, we must calculate
the second order contributions. We shall look at the §(v%*w,)1 + 0(v*w,)s
contribution. To find the second order term, we firstly consider the curve
r = Az /2, now we parallel transport both v* and Y*V,w, along this curve
from (0,Ay/2) to (Az, Ay/2). To first order in Az, v* is invariant under
this transformation. However, to first order in Az, Y°V,w, will differ by
the amount Az X¢(Y*V,w,). Hence, to second order in Az and Ay, we
have

§(v w,)1 4 6 (v wy)s = —Ax Ay v* X (Y Vyw,) . (2.3.31)

Doing a similar construction for §(v*w, )2 + d(v*w, )4 and then summing all

contributions, we find the total change to be

§(vw,) = Az Ay v YV (X Viyw,) — XV (Y Viyw,)]
= Ar Ayv"Y°X (V. .V, — V, Vo )w, (2.3.32)
= Az Ay VY X R pewy

Now, given that we initially chose a specific vector v*, to have this hold for
all w, we must assert that

v = Az Ay v?Y X Ry . (2.3.33)

So, we see that a vector will fail to return to its initial value when parallel
propagated along a closed curve in our manifold if R%,.; # 0, as we origi-

nally postulated at the beginning of our discussion on curvature.
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We can also construct some other useful quantities from the Riemann ten-
sor. If we contract over the first and third indices we construct the Ricci

tensor, R, , given by
Rab == Rcacb (2334)

via the second symmetry property of the Riemann tensor (see page 24), we
see that R,, = Ry, i.e. the Ricci tensor is symmetric. Now if we were to
contract the Ricci tensor, we produce the Ricci scalar

R=R" . (2.3.35)

We can also produce the Weyl tensor, Cy.4, which is defined as (for mani-
folds with dimension n > 3)

Cabcd - Rabcd +

2 2
R gare9ay — ——=(9aieRap — gpie Rae)- (2.3.36
We note that C,q is trace free, that is to say, if we contract over any of the

indices in Cy.q We get zero.

2.4 Geodesics

In section 1.1 we briefly discussed Fermat’s principle, which states that
when light travels from one point to another, it will always take the path
of least time. We can think of this path as the “straightest possible path”
between those two points, this type of path is called a geodesic. In flat space,
the path of least time between any two points is clearly just a straight line
connecting those two points. However, in curved space, this is no longer
the case. We now discuss how to calculate geodesics in curved space.

In the last section, we discussed that when a vector v* is parallel trans-
ported along a curve with tangent 7, the following condition holds by
definition

TV 0" =0 (2.4.1)
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using equation (2.3.8) we find
Te0,0° + TT® .0 = 0 (2.4.2)

and if the curve is parameterised by the affine parameter )\, then

b
‘C% LT T =0 . (2.4.3)

Aside: an affine parameter is a parameter such that Cﬁl—ﬁ\b + T, T%°¢ = 0.
If we did not choose an affine parameter then we would instead have
% + I, . T%v° o< v°. For simplicity we choose to use an affine parameter. If
the curve is traced out by the motion of a massive particle, then the affine
parameter we use is the proper time measured by the particle along its
trajectory, 7. If the curve is traced out by the motion of a massless particle,
we shall see, that we cannot use proper time to parameterise the curve, we
instead use an arbitrary parameter A, which then we shall pick A such that
it is an affine parameter.

Now, a geodesic is defined as a curve whose tangent, 7, is parallel

transported along itself, that is to say
TV, T =0 (2.4.4)

then by equation (2.4.3)

dT®
— 4+ T, 7T =0 . 245
Y + ( )

But, as previously stated, the components of a tangent vector of a curve

parameterised by the parameter \ is given by

dx®
T = 2.4.
N (24.6)
hence -
d°x p dr®dz® (24.7)

o T
Equation (2.4.7) is called the geodesic equation. A curve with position
vector z%()\) is a geodesic iff it satisfies equation (2.4.7).
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Given a curve with tangent vector 7, we can calculate the length of

the curve by the following equation

| = / V9 ToTP dX (2.4.8)

However, since the metric is not positive definite, we cannot guarantee
that g, 77" > 0, but this does not pose a problem as we will show, in fact
we can categorise geodesics by the sign of g, 7°T". A geodesic is timelike if
g T%T? < 0 everywhere along the curve, a geodesic is null if g, 7°T° = 0
everywhere along the curve and a geodesic is spacelike if g,,7*T° > 0
everywhere along the curve. Now, if the geodesic is a curve traced out
by particle in our spacetime, then the tangent vector 7% = dx*/d)\ is just
the 4-velocity of the particle v*. From special relativity, we know that the

norm of the 4-velocity is given by
Gap V0" = v, = y(||0]|) (=2 + T - ¥) (2.4.9)

where v is the 3-velocity of the particle and we have temporally not set
¢ = 1. Now, for timelike curves ¢,7°T" < 0 = v < ¢, so the types of
particles that travel along timelike geodesics are massive particles. For
null curves g, 7°T" = 0 = v = ¢, so the types of particles that travel
along null geodesics are photons, hence null geodesics are light rays. For
spacelike curves g, 7°T" > 0 = v > ¢, so the types of particles that travel
along spacelike geodesics are tachyons, which as of this writing have no
solid evidence to support their existence. Hence, we will only consider
timelike and null geodesics.

For null geodesics, the length of the geodesic is zero. This is equivalent
to saying that photons experience no change in their proper time along
their trajectory. For timelike geodesics, equation (2.4.8) is undefined, hence
we cannot define the length of a timelike curve. However, we can define
the proper time elapsed along the curve

7= / /=g ToT? d) (2.4.10)
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hence the above equation gives the the amount of the particle’s proper
time that has elapsed along the particle’s trajectory.

Now, our choice of parametrisation is arbitrary, we may choose to reparametrise
our curve by changing parameter A — \. Then by equation (2.4.10) we find

7‘:/\/ — g 10T d\
:/\/_gab@Ta@deA
dA ;li (2.4.11)
= [ V/—guT°T? —= d\
/ Gab I
:/\/ —gabTadeA

Hence, the proper time elapsed along the curve is invariant under a change

in parametrisation, which is exactly what we expect. It does not mat-
ter how our trajectory is mathematically formulated, the proper time we
would experience along our trajectory will never change as long as the
trajectory itself does not change.

Above we alluded to the fact that the paths that inertial particles travel
along are indeed geodesics, we now prove this statement. This is really
just a generalisation of Fermat’s principle and the principle of least action
to curved space. We wish the extremise the proper time taken along a
curve, to do so we make use of the variational method using the Euler-

Lagrange equation. Consider the Lagrangian

/ dx® dxb
L= —gabﬁﬁ (2412)

and the following Euler-Lagrange equation

d oL oL
— — = ) 24.1
Doz jdy)  oee Y (24.13)
Now or 5 ,
1 a
_ ( gab) da® dx (2.4.14)
oz \/ —gabvavb ox° d\ dX
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also

oL B 1 dx® N daxb
O(dee]dN) — J—gumoeed \T AN 9N
. o (2.4.15)

—= ga
g

here we have used the fact that g,, is symmetric. Now we differentiate

equation (2.4.15) with respect to A

d 2 i dze
N | /gt AN | T dx 4/7_9 sooot | 9

(2.4.16)

However, we are deriving the equation of motion for inertial particles,
hence these particles are non-accelerating. Because of this, the norm of the

tangent vector to a geodesic is invariant along the curve. That is to say

d
S (gar'?) =0 (2.4.17)

where v* is the tangent vector to the trajectory of our particle. We also
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have

d\

d dx® d?ze dgap dx®
ab 5~ | — 2 a 2
{gbcm} S I W

d?z° 4o Ogap dx® da

d\? 0xc d\ d\

d?>x® 0Gqe dz?® da®

e o0 N dn

Y b@ 4 9uc da® da®  Dgac da® da®
7 dN2 ozt d\ d\ ozt d\ d\

_ 29 b@ + agac dl‘ad_mb agbc dxad_xb
“dN2 ozt d\ d)\ ox® d\ dA

Az 8gac agbc dx® dx®

et (axb 81:“) ax dn

= 29ab

=2 Gab
(2.4.18)

= 29ab

here we have been extremely explicit and clear about what we are doing,
we are only relabelling indices here. So, equation (2.4.16) simplifies to

d 2 dz® | 1 5 d?z®
d)\ A /—gabvavb Jab d)\ N A/ —gabyavb Jab d)\2

89(1{: 8gbc dx® dxb
- <8xb o0 ) N an

(2.4.19)

then combining equations (2.4.13), (2.4.14) and (2.4.18), we find

T -
~d\O(dze/dN)  Oxc

_ 1 (2 - d?z° N <8gac N 8gbc> dz® d_xb (agab> dz® dmb>

0

\/ = Gapv®0® d\2 oxb " 0xo ) d\ dx  \ 9x° ) d\ d\

d?z® 1 (0Gsc Ogre Ogu\ dz® da®
:gabW+§(8xb dre 8xc> A\ dX
>z dz® dx®
= gabW + Fcabﬁﬁ
d?z¢ dx® dx®
= Jed 35 + Fdabﬁﬁ
&Pt datda®
= e +9g dab™ 3"
Pt dx® da®

I U W 5\
(2.4.20)
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which is just the geodesic equation (equation (2.4.7)). To get from line 3 to
4 of equation (2.4.20) we just used the definition of I'*,;, , equation (2.3.23).
Hence, we see that geodesics extremise the proper time of a curve in space-
time. By Fermat'’s principle and the principle of least action, we see that
all curves traced out by the motion of inertial particles in our spacetime
must be geodesics.

At this stage, we can now prove equation (2.3.17). All inertial particles

travel along geodesics as shown above, so by definition we have
a® ="V =0 (2.4.21)

since the tangent to the world line of a particle is the 4-velocity of the par-
ticle. Hence, particles traveling along geodesics have zero 4-acceleration,

i.e. they are non-accelerating. Because of this, as above, we have

d
(g™ = 0 (2.4.22)

where v is the tangent vector to some arbitrary geodesic. Expanding, we

dg(lb a. b dv® b a dUb .
(d)\)vv +g“b<d)\>v + Gapv o =0 . (2.4.23)

Via the chain rule, we have

get

dgay — O0Gap dx€
= Qb 0T c 2.4.24
Dy Owe Ay = (Gega)v (2424)

and from the geodesic equation we also have

dv® B
d\

—I%0%¢ . (2.4.25)
Therefore, we now have the consistency condition
5’6(gab)v"vbvc — gl et 0"0¢ — gl e’ =0 . (2.4.26)

hence
ac Gab — Fdac gab — dec GJad = 0 (2427)
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where by comparing this to equation (2.3.16), we see this condition is
equivalent to
Vega =0 (2.4.28)

which is equation (2.3.17).

We now give another example showing that if the Riemann tensor is non-
zero, our manifold is indeed non-Euclidean and hence curved. Consider
a family of geodesics 7,(\), where the parameter “s” allows us to differen-
tiate between the different geodesics in the family. We can construct a 2-
dimensional sub-manifold which is spanned by the geodesics in (), we
denote this sub-manifold as Y. Furthermore, we can construct a basis of ¥
by the vector field 7 = & which is tangent to the geodesics and the vector
field X* = 2 which physically represents the infinitesimal displacement
between nearby geodesics, X is also called the deviation vector. Recall

that since 7 is tangent to the family of geodesics, is satisfies the equation
TV, T° =0 . (2.4.29)

Now, since T and X* are coordinate vector fields, they commute. That is
to say that 7* and X“ satisfy the following condition

(X, T)" = XV, T" — TV, X" =0 (2.4.30)

hence
TV, X" = X°V,T° . (2.4.31)

Physically, the quantity v* = T°V,X* represents the change in the de-
viation vector along the geodesics, i.e. the relative velocity of a nearby
geodesic. Hence the quantity

a” = T°V* = TV (T"V,X?) (2.4.32)

physically represents the relative acceleration of a nearby geodesic. We

can show that the relative acceleration of nearby geodesics is proportional
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to the Riemann tensor:
a® = TV (T"V,X*)

=TV (X"V,T%)

= (T°V.X")(V,T*) + X*T°V .V, T*

= (X°V T (V,T*) + X*T°V .V, T* (2.4.33)

= (X°V. T (VT + X°T°V, V. T — R4, X T°T

= XV (T*VT*) — R4 X "TT*

— R, XtTeTd
Where we have used the Leibnitz rule in lines 3 and 6 and we have used
the definition of the Riemann tensor is line 5 of the above equation. Equa-
tion (2.4.33) is known as the geodesic deviation equation or the Jacobi
equation. Hence we see that if the Riemann tensor is non-zero, the geodesic
deviation equation implies that initially parallel geodesics fail to remain
parallel, i.e. Euclid’s fifth postulate fails. Since Euclid’s fifth postulate
fails, our spacetime is non-Euclidean, i.e. curved. This is yet another ex-

ample showing that the Riemann tensor does indeed correlate to curvature
in our spacetime.

2.5 Einstein’s equation

In the previous sections we found that space is curved where we observe
a gravitational field and we introduced the mathematical framework re-
quired to describe curvature in our spacetime. We are now ready to use
this framework to describe Einstein’s theory of gravity. Einstein’s theory
basically states that spacetime is a 4-dimensional manifold with a metric
gap (or multiple metrics if the manifold is split into distinct patches) with
Lorentzian signature, which satisfies Einstein’s equation. We now moti-
vate Einstein’s equation, which relates the curvature of spacetime with
the mass-energy present within the spacetime.
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Firstly, we require a tensorial definition of the mass-energy present within
the spacetime, this is because curvature is defined via tensors, hence equal-
ity between the curvature and mass-energy would require that the mass-
energy be defined as a tensor quantity. An obvious candidate for this
quantity is the stress-energy-momentum tensor 7, , or the stress-energy
tensor for short. The stress-energy tensor is defined as follows. Consider
an observer with 4-velocity v?, then T,,v%" physically represents the en-
ergy density, p, as measured by this observer. If the vector x“ is orthogonal
to v* then —T,,z*v" physically represents the flux of mass along z“ (i.e. the
momentum density along z%), the quantity 7T,,2°2" represents the normal
stress (or pressure) and finally if y* is also orthogonal to v* and y* # x¢,
then T,,2%" represents the shear stress.

Now to relate the curvature to the mass-energy, we appeal to Poisson’s

equation. Given a scalar potential ¢, Poisson’s equation states
Vi =dmp . (2.5.1)
Writing this with our tensor notation, we get
0%0p = ATy’ . (2.5.2)

However, we can use Newtonian theory to relate our curvature to our
potential ¢. In the Newtonian theory of gravity, the tidal acceleration of

two nearby objects is given by — (- V)V, or in tensor notation
a® = —2%9,0% (2.5.3)
but from equation (2.4.33) we see that
a® = —R%yprtvo? . (2.5.4)

Hence equality of these two equations yields

0?0, = R¢,apv™0® = Rypv®0? (2.5.5)
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therefore yielding the tentative field equation

Rapv®’ = dnTyv®

= Ry, = 41T,

(2.5.6)

Historically, this was the first field equation that Einstein proposed. How-
ever, this field equation has a problem when one considers energy con-
servation in the spacetime. Firstly, consider the stress-energy tensor of a

perfect fluid in a spacetime with metric g, given by
Ty = pvavy + P(gab + vavs) (2.5.7)
the equation of motion of the perfect fluid is
VT =0 (2.5.8)
which imply the following equations:

v*Vep+ (p+ P)Ve, =0 (2.5.9)
(p+ P)o"Vovp + (gab + vavp) VP =0 . (2.5.10)

If we go to flat space and take the non-relativistic limit where P < p,
v* = (1,7) and v dP/dt < |V P|, the above equations reduce to

o =
ov Lol -

which is just conservation of mass and Euler’s equation respectively. Hence,
we can interpret equation (2.5.8) as the energy conservation condition.

Since equation (2.5.8) always holds, we should expect that V*R,;, = 0.
However, examination of the Bianchi identity (which is the fourth sym-
metry property of the Riemann tensor; see page 24), shows this is not the
case. The Bianchi identity states that

VieR"pjea) = 0 (2.5.13)
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if we contract the first and third index of the Riemann tensor we find
VR pad) = VaR bed + VaBee — VeRpg =0 (2.5.14)

then if we raise the index d via the metric and then contract over b and d,

we get the twice contracted Bianchi identity
VoR". 4+ VR’ — V R’ = V,(2R", — R) =0 (2.5.15)
or equivalently (and most commonly written as)
ViGap =0 (2.5.16)

where '
Gay = Rap — §Rgab (2517)

is the Einstein tensor.

Finally, we see that while V*G, = 0, V'R, = —1V,R. Hence the field
equation R, = 47Ty, implies that V, R = 0, or equivalently that 7" = 7, is
constant throughout the universe, which implies that density is constant
throughout the universe. However, there is a simple fix to this problem. If
we consider the field equation

1
Gab = Rab - §Rgab = 87TTab (2518)

then when we take the covariant derivative, both sides both give zero,
hence upholding energy conservation. Equation (2.5.18) is called Einstein’s
equation and is the equation we were looking for which relates the mass-
energy within the spacetime to the curvature (note that here we have set
the speed of light, ¢, and the Newtonian gravitational constant, G, equal
to 1). If we rearrange this for R, specifically in terms of the stress-energy

tensor, we find

1
Rab =8m (Tab - §Tg“b) (2519)

where T' = T, is the trace of the stress-energy tensor. For this text, we

will focus on solutions to the vacuum Einstein equation. That is, Einstein’s



2.5. EINSTEIN’S EQUATION 39

equation with no mass-energy present within the spacetime. In this case,
equation (2.5.19) reduces to

Ry =0 . (2.5.20)

We have now introduced the fundamentals of Einstein’s theory of gen-
eral relativity. We now begin our analysis of various spacetimes and their
properties by looking at the Schwarzschild solution.
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Chapter 3

The Schwarzschild solution

3.1 Introduction to the Schwarzschild solution

The Schwarzschild solution was derived by Karl Schwarzschild in 1916,
just one year after Einstein published his formulation of general relativity
in 1915. One can show via Birkhoft’s theorem that the Schwarzschild solu-
tion is the unique spherically symmetric solution to the vacuum Einstein
equation. In this text we will not derive the Schwarzschild solution, if one
wishes to view the full derivation, we refer the reader to General Relativ-
ity, Wald, 1984. Here, we will just state the metric. In Hilbert’s coordinates,
the metric is given by the line element

r

2 1
ds? = — (1— ) a2 + ————dr® + r2d0* + r2sin® () d¢*  (3.1.1)
L —2m/r

here m is a parameter proportional to the mass of the central object, given

by
_ 2GNM

m =

(3.1.2)

2
where M is the physical mass of the central object and G is the Newto-
nian gravitational constant. Note that m has units of length. This space-
time physically represents a spherically symmetric (i.e. non-rotating) ob-
ject with mass parameter m and no other matter present within the space-

41
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time (if we wanted to include other matter sources, we would have to
instead solve the full Einstein equation, equation (2.5.18), which dramat-
ically increases the complexity of the problem). Hence, the above metric,
equation (3.1.1), can be used to model non-rotating planets, stars and black
holes. This solution is most often correlated with black holes however. To
see this correlation, we conduct further examination of this metric.

By examining equation (3.1.1) we see the metric is singular at two dis-
tinct values of r, one at r = 0 and the other at » = 2m. However, we
are interested in points that also reside within the radial position r = 2m.
However, the singularity at » = 2m means that all geodesics will termi-
nate at r = 2m. So if we wish to probe what happens when r < 2m by
constructing geodesics that begin with radial component values r > 2m
then allowing these geodesics to pass » = 2m into the region r < 2m, we
have to rid ourselves of the singularity at r = 2m first, which we shall now
do.

3.2 Coordinate systems of Schwarzschild

In the previous section we saw that the Schwarzschild metric is singular at
radial coordinate values of r = 0 and r» = 2m. If we compute a curvature

scalar such as: )
48m

r6

R®AR oq = (3.2.1)

we see that this scalar is infinite as » — 0 but is finite for » = 2m. This
shows that there exists a true physical singularity at »r = 0 but the singu-
larity at r = 2m is but a coordinate singularity. We can rid ourselves of this
coordinate singularity by a coordinate transformation.

Let? = t+ f(r), then df = dt + L dr. Substituting this into the original
metric, equation (3.1.1), we get

2m df(r) ) 1 :
d 2 _ _ 1 — dt - d 2 2 192 2 2 2'
s < r)( — r> +1_2m/r7“+7’d0 +r*sin® (0) do
(3.2.2)
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df(r) 1 12m
dr 1—2m/r o (32:3)

then the new metric becomes (dropping the bar from ?):

Let

2 2
ds? — — (1 _ _m) dt? +24) “2 dtdr + dr® +r2d0? +r? sin2(0)de? . (3.2.4)
T

r

Here we see that the metric components are no longer singular at r = 2m,
the only singularity occurs at r = 0 where the physical singularity is. This
new set of coordinates we have adopted here is called Painlevé-Gullstrand
coordinates, which then expresses the metric in Painlevé-Gullstrand form.

Now, we consider radial geodesics where we limit movement of our

test particle to purely radial movement. That is df = d¢ = 0, so our metric

2 2
dsrad = — (1 = Tm) At* + 2| =dtdr + dr? (3.2.5)

If we further consider null geodesics where ds?> = 0, then we find

2 2
- (1 - Tm) df* + 2\ =~ dtdr + dr* = 0 (3.2.6)
dr\? 2mdr 2m
(E) +2\/ === - (1 - 7) —0 (32.7)

solving for dr/dt we have
dr 2m
—=—/—=*1 . 3.2.8
dt r ( )

We have two solutions here, if we look at points where r > 2m we see that

simplifies to

that is

if we take the positive root, we have dr/dt > 0 so this represents outgoing
light rays, whereas if we take the negative root, we have dr/dt < 0 so this
represents incoming light rays. Now we look at points where r < 2m, for
outgoing light rays we see that dr/dt < 0 for r < 2m and for incoming
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light rays we also see that dr/dt < 0 for » < 2m. This physically means
that when light passes the radial coordinate » = 2m, it will continue to
tall towards the physical singularity at » = 0 no matter if it is outgoing
or incoming. That is, light cannot go above the radial component value
r = 2m once it has passed it, that light is then trapped within the region
where r < 2m. We can physically interpret this as a sphere surround-
ing the singularity which once an observer passes through, cannot return
above this sphere. We call this the event horizon. Hence, we see that this
metric can be used to represent a sphere with radius 2m which no object,

not even light, can escape once it enters. This is, by definition, a black hole.

The new form of the metric given above, equation (3.2.4), has some other
rather useful qualities. Firstly, the spatial part of the metric (i.e. the 3-
dimensional metric where we “throw away” the time components, also
called the 3-metric) is just flat space written in spherical coordinates. This
makes analysis of the 3-dimensional spatial hyper-surfaces of this space-

time trivial. Furthermore, the metric is given by

_<1_2_m) 2m 0
0

T s

Zm 1 0

Gab = r (329)
0 0 r? 0
0 0 0 r%sin*(0)

L 4 ab

while the inverse metric is given by

_ - ab
-1 \/ 2 0 0
2m (1 _ 2m
gt — |V (=5 00 (3.2.10)
0 0 L0
1
| 0 0 0 72 5in?(0)

Notice that both the metric and inverse metric are non-singular matrices

with finite elements for » # 0 and 6 # nm where n € N. Here we also see
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that the ¢t component of the inverse metric is " = —1, we call this condi-
tion unit lapse. This condition is rather useful when calculating geodesics
of our spacetime. More notably, the “rain” geodesics of the Schwarzschild
geometry become rather easy to calculate. Consider the vector field

/2
Ve = _gabet - _gta = (17 - _m7 07 0) (3211)
r

where the corresponding dual vector field is
Vo ==Vt =(-1;0,0,0) . (3.2.12)

Hence, g,,V*V? = VV, = —1, so V% is a timelike vector field with unit

norm. This vector field has zero 4-acceleration

AY = VPV, Ve = VPV, Vit = —VV, Vit = VOV, VP = %va(vbvb) =
(3.2.13)
therefore the integral curves of V* are timelike geodesics. More specifi-
cally, the integral curves given by

d;pa:<dt'dr d6 d¢>): (1._ 2m 00) 3214)

i \ardrdr dr o

are timelike geodesics. We can trivially integrate 3 of these equations
tr)=7; 0(1) =0x; o(7) = 0o (3.2.15)

thus ¢ is just the proper time of these geodesics, while 6, and ¢, are the
original (and permanent) values of the ¢ and ¢ coordinate respectively for
these geodesics. As for the last equation, we have

1/dr\*> m

Therefore, these geodesics mimic a particle with zero initial velocity falling

towards a mass (m) from spatial infinity.
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3.3 ISCOs and photon orbits of Schwarzschild

We now focus our attention on the innermost stable circular orbits, or IS-
COs, of the Schwarzschild solution. Here we will use the Schwarzschild
metric in Hilbert’s coordinates, equation (3.1.1), this is because while the
Painlevé-Gullstrand coordinates did rid us of the singularity at r = 2m, it
introduced another metric component, the dtdr term as seen in equation
(3.2.4). Since, we are only considering geodesics above r = 2m, we will use
the original coordinates since in those coordinates the metric is diagonal,

which will make the analysis easier in this case.

There are two symmetries present in the Schwarzschild geometry: time
translation symmetry and spherical symmetry. These symmetries give rise
to two Killing vectors (see appendix A): the time translation Killing vector
¢€* = (—1;0,0,0) and the spherical symmetry Killing vector ¢)* = (0;0, 0, 1).
As shown in appendix A, we can construct conserved quantities from

these Killing vectors. Here our two conserved quantities are, energy

Ldxb 2m\ dt
E = gaf T (1 — T) ax (3.3.1)
and angular momentum
b
L= gab@/}“ddit =72 sin%@)% (3.3.2)

With completely no loss of generality (since our spacetime is spherically

symmetric), we may choose to conduct our analysis at the equator. That

is to say, at the fixed angular coordinate § = 7/2 = df/d\ = 0. The

timelike /null condition (equation (2.4.9)), gives

dx® dz om\ [ dt\’ 1 dr\* , (do\’
G ax (1—7) (5) T o (a) T (a) —

(3.3.3)

where

_ { -1 massive particle, i.e. timelike geodesic (3.3.4)

0 massless particle, i.e. null geodesic.
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Treating equations (3.3.1), (3.3.2) and (3.3.3) as a linear system of equations,
we can solve for dr/d\:

dr 2m L2
ﬁzi\/(l_T) (G—E)JFE ) (3.3.5)

This equation is what we would expect for a particle with unit mass in

usual 1-dimensional, non-relativistic mechanics, under the influence of the
following potential:

v E (S) (1) (21 s

we can then use the features of this potential to find the location of the

timelike ISCO and innermost circular photon orbit (or photon ring).

In the null case where € = 0, the potential reduces to

v = 2 ( _ z—m) | (337)

r2 r

The photon ring will occur at the extrema of the potential, when dVy(r) /dr =

0. That is, when
dV —2r)L?
o(r) = (6m — 2r) =0 (3.3.8)

dr ré

which has solution
r=3m . (3.3.9)

To check the stability of this orbit, we calculate d*V;(r)/dr? and evaluate it
at the photon ring location at r = 3m. Which gives

d*V 6r — 24m) L* 217

_d;jg?") _ (6r—24m)L% (3.3.10)

7D 81m4

r=3m r=3m

which is always negative. Hence null geodesics at the photon ring location
are unstable. Therefore, any massless particle traveling along a geodesic

which falls below r = 3m, will spiral in towards the physical singularity
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atr = 0.

In the timelike case where € = —1, the potential reduces to

V() = (1 _ 27m> (f—j n 1) | (3.3.11)

Taking the derivative of the potential we find

dV_i(r) _ (6m — 2r)L?* + 2mr? . (33.12)

dr r4

Here we cannot simply set dV_,(r)/dr = 0 and solve directly for r since

this would yield a function in terms of L, i.e. r(L). In order to find the
ISCO location in terms of the properties of the spacetime itself, we instead
solve dV_;(r)/dr = 0 for L instead. This yields

ry/ (r —3m)m

L(r)=+ (3.3.13)
r—3m
The ISCO will occur when dL/dr = 0, more explicitly, when
dL(r) vm  (r—6m)
— 7 —_ =0 3.3.14
dr 2 (r—3m)3/2 ( )
which is satisfied when
r=6m . (3.3.15)
To check the stability of this orbit, we calculate d*V_;(r) /dr?
d*V_ —4m)L? — 4mr?
‘;}2(” _ 6 m; mr (3.3.16)
using our expression for L(r), equation (3.3.13), we have
2 _
d*V_q(r) _ 2m(r — 6m) ‘ (33.17)

dr? r3(r — 3m)

Now, at r = 6m we see that the second derivative is zero, however for
points just above 6m, the second derivative is positive and for points just
below 6m, the second derivative is negative. This shows that the ISCO
is like a saddle point, if the particle is perturbed to point above 6m, it
will tend to move back to the ISCO location, whereas if it is perturbed
to a point below 6m, it will tend to spiral towards the event horizon and
further towards the physical singularity at r = 0.



Chapter 4

The Kerr solution

4,1 Introduction to the Kerr solution

The Kerr solution is a generalisation to the Schwarzschild solution, where
we now allow our central mass to rotate. This generalisation however,
is highly non-trivial and this solution is arguably one of the most com-
plex, physically relevant, exact solutions to the vacuum Einstein equa-
tion. It was discovered in 1963, that is 47 years after the discovery of the
Schwarzschild solution in 1916. In the original coordinates that Kerr wrote

this metric, it reads:
ds® =(r? + a® cos?(0))(d6? + sin®(0)dp*)
+ 2(du — asin®(0)de¢)(dr — asin®(0)de) 4.1.1)

- (1 2m ) (du — asin®(0)de)?

12+ a? cos?(0)

where a = J/m where J is the angular momentum of the central mass (mn).
However, this coordinate system is rather difficult to physically analyse.
The most common coordinate system that this metric is written in is the

Boyer-Lindquist coordinate system

2 4 in?(6 2
ds? = (1 - ﬂ) >~ IO g 4 P 1 prag? - Dsin(9)de?
P
(4.1.2)

49
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where p = /r2+a?cos2(f), A = > +a®> —2mr and ¥ = r? + a® +
2mra? sin?(0)/p?. Note that our definition of ¥ differs from the most com-
mon definition which is ¥ = 72 + a? cos(#), however we find the defini-
tion above more useful. As we can see, this metric is considerably more
complex than the Schwarzschild metric. Hence, some physical quantities
derived from this metric will be stated as opposed to derived in this text,
with reference to the relevant derivation.

4.2 Unit-lapse versions of the Kerr spacetime

In section 3.2 we showed that the Schwarzschild solution admits a unit-
lapse form of the spacetime metric. Recall, a metric is unit lapse if the
following condition is satisfied: ¢" = —1. A typical metric can be written
in the following form (using the ADM foliation):

| =N+ (W) ‘ —v; . w | —N7? ‘ —vI N2 “
Gab = [ o ‘ e ] ba 9 = [ _iN-? ‘ hil — yipd N—2 ]
4.2.1)
Now, the general form of a metric which is unit-lapse can be written as
follows:
g . ab
—1+ (hYv;)) | —v; ' w | 1 —v?
Jab = —; hij ] b’ 9= [ —ot ‘ h — vl ] (42.2)

where h"7 = [h;;]~! and v* = h"v;. Also note that spacetime indices a, b, ¢, d
run 0...3 while spatial indices ¢, j run 1...3. We call h;; the spatial metric or
the 3-metric and physically represents the metric of the spatial hypersur-
faces of constant ¢. v; is called the flow vector and is the negative of what is
typically called the shift vector. So here we can see that the unit-lapse con-
dition is equivalent to the condition that N — 1. Written as a line element,

a unit-lapse form of a spacetime can be written as

ds® = —df + hy;(da’ — v'dt)(da’ — vidt) . (4.2.3)
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As we saw for the Schwarzschild solution in section 3.2, once the metric
has been put into unit-lapse form the rain geodesics of the spacetime can
be easily calculated.

Before we perform any coordinate transformations on the Kerr metric, we
must know which transformations we can perform and how these trans-
formations affect the metric. The Kerr spacetime contains two symmetries:
time translation symmetry and axial symmetry. Hence from appendix A,

these symmetries give rise to two Killing vectors:
€= (=1;0,0,0);  ¥*=(0;0,0,1) . (4.2.4)
Since our spacetime contains symmetries, to be useful, our coordinate

transformations should preserve these symmetries. This restricts our choice

of transformations to be of the form

t—t=t+T(r0); ¢ — =3¢+ 0(r0); (4.2.5)

(r,0) — (7,0) = (7(r,0),0(r,0)) . (4.2.6)

However, for now, we will only consider transformations on the ¢ and ¢

coordinates. Then we find
dt — dt = dt + T,.dr + T,d¢; dé — dp = do + ®,.dr + Oudp . (4.2.7)

We then find our Jacobi matrix to be

1T, T, 0
oz* 0O 1 0 0
Joy = &~ o det(J%) =1 . 428
b axb 0 0 1 0 ( b) ( )
0 @, ®, 1



52 CHAPTER 4. THE KERR SOLUTION

4.2.1 Temporal-only transformations

For now, we’ll only consider temporal-only coordinate transformations.
Our Jacobi matrix reduces to

1 T, T, 0
oz o 1 0 o0
Jo, = 28 42.9
"Tot oo 1 0 (4.2.9)
00 0 1

b
Transforming the inverse metric into the new coordinate system, we get

g =J T ag . (4.2.10)
More specifically, the ¢" component transforms as

gtt — Jtc Jtdgcd — gtt + 271 gti + ﬂjﬂjgl] — _N*?(l + Uicz-vi)Z 4 hUﬂj}

4.2.11
Hence, to force the unit-lapse condition (3" = —1), we have to so(lve the)
partial differential equation (PDE):
—1=g" 4 2T g+ T, T, g (4.2.12)
or equivalently
—1=-N2(1+0'T)? + hIT, T; . (4.2.13)

While the unit-lapse condition does simplify the process of calculating the
rain geodesics of a given spacetime, there is a price to pay. Enforcing unit-
lapse typically complicates the flow vector and the 3-metric. For the flow
vector we have

@i — _gti — _Jtc Jid gcd — _Jtt Jit gtt_Jtt J’LJ gt] _th Jit gkt_th Jil gkl
(4.2.14)
However for temporal only transformations we have J', = 1, J, = 0,

Jt, =T, and J ij = ;, then our flow vector reduces to:

. . i y iyd 14+ Td -
ﬁ’z—gn—thgz’jzv——Tj<h”—vv):v’ <—+ iv — W9T;

N? N?
(4.2.15)
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Furthermore, the 3-metric transforms as:

hij = Gi; = % J% 9 = 95 + 9 Tj + gt Ti + gu T, T (4.2.16)
which implies
hij = hij — v; Ty — Tw; — (N? — (hgo" o), T . (4.2.17)

Hence, we see that while enforcing the unit-lapse condition is useful in
some situations, it carries the cost of complicating the flow vector and 3-

metric significantly.

4.2.2 Azimuthal-only transformations

Given that by enforcing the unit-lapse condition, the 3-metric and flow
vector has now been significantly complicated, we now wish to conduct
further transformations to simplify these objects while retaining unit-lapse.
Let us assume our metric is in unit-lapse form, we now use our freedom
to transform the ¢ coordinate in order to simplify the 3-metric and flow

vector. Leaving ¢ fixed and transforming the ¢ coordinate, we have

a

1 0 0 0

o, = 0 (01000 (4.2.18)
oxb 0 0 1 0
0 &, Py 1

b
Now, the ¢t component of the inverse metric has not changed during this
process since

gt =J' Jty g =gt . (4.2.19)

The flow vector is not invariant under this transformation

171' — _gti — _Jtc Jid gcd — _Jtt Jit gtt o Jtt Jl] gtj o th Jit gkt_ th Jil gkl
(4.2.20)

However, here we have J?, = 0 = J!,, hence

7= —J g7 = T 0T = 0"+ (0,0, &0 + Ber’) (4.2.21)
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That is, the  and § components on the flow vector are invariant, but the ¢
component is not 7% = v? + ®,v" + ®4v’. Hence, we can use the freedom
in choosing our ¢ coordinate such to simplify the ¢ component of the flow
vector. However, as we saw for enforcing unit-lapse, simplifying the met-
ric in one regard typically complicates the metric in another regard. In this
case, the 3-metric is transformed too in this process and, as a consequence,

is typically complicated. For the inverse 3-metric we have:

grr — grr, gre _ gTG; g99 — g09; (4222)

G =g+ ¢g"D, + gDy, 7" = g% + g" @, + ¢" y; (4.2.23)
G = g% + (g7 D, + ¢?Dp) + (¢7 D2 + 290D, Dy + ¢?D2).  (4.2.24)

Hence, we see that simplifying the flow vector, does indeed complicate
3-metric. However, our arguments here have been quite general, we now
look at applying these techniques to the Kerr spacetime specifically to find

unit-lapse forms of the metric.

4.2.3 Boyer-Lindquist-rain metric

In Boyer-Lindquist coordinates the Kerr metric reads

2 4 in’ 2
(ds®)pL = — (1 - g) dtQ—Mdtd¢+%dr2+p2d92+E sin?(0)d¢?
p p
(4.2.25)
where, as before, p = /12 + a2cos2(f), A = r? + a®> — 2mr and & = r? +

a? + 2mra®sin®(6)/p?. Written as an array

] 4 2mr _ 2marsin®(9)
T
A A 4226
(Gab)BL 0 0 0 ( )
S @10 0| Ssin’(0) |

where
det[(ga)sL] = —p® sin?(6) (4.2.27)
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as we would expect. The inverse metric as written as an array is given as

ab

2mr(r2+a?) 2mar
7 2 0] —%%a
0 =5 0 0
ab — p? 4.2.28
(9")BL 0 0 ,% 0 ( )
2mar 1—2mr/p?
T p2A 0 0 AsinQ(Gp)

Hence we see that the Kerr metric in this form is not unit-lapse since
(¢")pL # —1. Recall, to put this metric into unit-lapse form we solve

—1=—-N2(1+0'T)*+hr9T;T; . 4229
J

For this metric we have v*T; = 0. Hence, this equation reduces to

N2 —1=h"TT; . (4.2.30)
More explicitly
2mr(rf+a*) A _, 1,
Thence 5 S
Ir(r +07) _arzyTe (4.2.32)

A
This equation has the following solution

2mr(r? + a?)
A

Hence, we see that T'(r, ) is independent of # and therefore

ﬂm:i/vmmf+ﬁhn. (4.2.34)

Ty=0; T,=4% (4.2.33)

Thence
t=t+T(r); dt = dt + T,dr; dt =dt —T.dr . (4.2.35)

If we suppress the overbar and take the Boyer-Lindquist form of the Kerr

metric and make the replacement

2mr(r? + a?)
A

dt — dt F dr (4.2.36)
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our resulting metric will then be in unit-lapse form. Notice that here we
have two roots, hence we have to be careful as to which root we choose to
take as one corresponds to a black hole and the other a white hole. If we
retrospectively check, then we find that the negative root corresponds to

the black hole, which we desire. The resulting metric is then

2
2 omr(i2 + a2
(d5®)BLorain = — (1 — g) (dt — mr(Ar ta )dr>

p
_ dmar sin2(0)d¢ - 2mr gt 2mr(r? + a2>d7‘
p? p? A
2
+ %er + p2d6? + D sin(0)do?
(4.2.37)
Therefore, our covariant metric (g, )BL-rain iS given by
—1+22 g, 0 _2’171%‘5112@0)
Gtr Grr 0 Gr¢
a -rain — 4.2.38
(ab)BL 0 0 2 0 ( )
mar sin? :
— Qp—Qw) gre 0| Ysin®(0) b
where
2mr 2mr(r? + a?
Gir = (1 - — ) (A ) (4.2.39)
p
2 2 2
p 2mr\ 2mr(r® + a®)
=——|1- 424
2mar sin®(0) \/2mr(r?2 + a?) (42.41)

and where we still have

det[(gab)BL_rain] = —,04 sin2 (9) . (4:24:2)
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The inverse metric is now relatively simple and is given by

_ - ab

2mr(r2+a?) omar
! 2 0] =5
b V/2mr(r?+a?) A 0 0
(g )BL—rain = p? P . (4243)
0 0 % 0
2mar 1—2mr/p?
| T 2A 0 0 Asin2(9p) |

Hence, we see that we have succeeded in putting our metric into unit-lapse

form. However, this has come at a cost. The flow vector is now given by

, 2mr(r2 +a?) _ 2mar
*)BLorain = | — 0, 4.2.44
(v")BL ( e 0 A ) ( )

which by comparison to equation 4.2.28 is more complex than the flow
vector in the usual Boyer-Lindquist coordinate system. Also note that
for the rain geodesics df/dt = 0, hence 0(t) = 6 is constant along the
geodesics. Furthermore

dg\  _de/dt_  avEmr .
dr BL-rain a d'f’/ dt B Am A
Thence, for these geodesics
> av2mr
=0t | A 42.46
o= / INVEra (4.2.46)

4.2.4 Eddington-Finkelstein-rain metric

The Eddington-Finkelstein coordinate system is the original coordinate
system that Kerr wrote his solution in, which is given as

ds® =(r* + a” cos?(0))(d6* + sin?(0)d¢?)
+2(du — asin®(0)de)(dr — asin®(0)do) (4.2.47)
_ <1 2mr ) (du — asin(0)dg)?

2+ a?cos?(h)
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However, as previously stated, this coordinate system is rather hard to
physically interpret. We can make a slight change to these coordinates
to transform them to the “advanced Eddington-Finkelstein” coordinate

system via the transformation
u=t+r, du = dt + dr, (4.2.48)

hence our metric becomes

(ds?)aggr = — dt* + dr? — 2a sin®(0)drdg + p*do* + (r* + a*) sin®()d¢?

2
+ n;r (dt + dr — asin®(0)dg)?
P
(4.2.49)
In these coordinates, our covariant metric (gqp)ad-gr is given as
2mr 2mr 2mar 1.2
—1+ 5 o 0 — =75 sin”(0)
i 1+ 2 0 | —a(l + 23) sin®(0)
0 0 0> 0
— 20 sin?(0) | —a(1+ 257) sin*(0) 0 Y sin?(6) "
(4.2.50)
While the inverse metric is given by
ab
—1- % 2:;;7” 0 0
2mr A 0 a
®) dEF = I3 I3 3 4251
(9 ) d-EF 0 0 p% 0 ( )
a 1
0 e 0 p? sin?(0)

We can see, this metric is not in unit-lapse form. To force this condition,

we have to solve
—1=g"+2Tyg" + T, T;9" . (4.2.52)
More specifically

2 2 A T2
- (1 N ”;”") o2 By L (4.2.53)
P pPp p
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Which simplifies to
0= —2mr + 4mrT, + AT + T, (4.2.54)

which has the solution

—2mr £+ \/(2mr)? 4+ 2mrA  —2mr £ \/2mr(r? + a?)

A A ‘
(4.2.55)

As before, we have to be careful to choose the root which corresponds to

Ty = 0; T, =

a black hole rather than a white hole. Now, 7,. can be recast in a slightly
different form

—2mr £ /2mr(r? 4+ a?) _ —2mr £ 2mr(r? 4+ a?) —2mr F /2mr(r? + a?)

A B A —2mr F /2mr(r? + a?)
B —2mr
C—2mr F \2mr(r? + @)
B 2mr/(r* + a?)
C2mr/(r? 4 a?) + V2mr/(r? + a?)
o V2mr /(2 + a?)
N V2mr/(r? +a?) £ 1

_ 4 V2mr/(r? + a?)

14 +/2mr/(r? + a?)

(4.2.56)

Therefore, T'(r, 0) is independent of § and we have

B \/2mr/(7“2 + a?)
T(r)= i/ % [T s o) dr (4.2.57)

Hence to put the metric into unit-lapse form we make the coordinate trans-

formation (here we suppress the overbar)

\/er/(r2 + a?)

dt — dt
i 14 +/2mr/(r? + a?)

(4.2.58)
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Therefore, our metric, which we shall call the Eddington-Finkelstein-rain

metric (or EF-rain), becomes

52 o v 2mr/(r? + a?) r 2
(d )EF—ram = (dt 1+ \/QmT/(7’2 + a2) ! )

+ dr? — 2asin®(0)drdf + p*do* + (r* + o) sin®(0)dg?

+2_77;w" it + \/2m7’/(7”2+a2)
p 1+ +/2mr/(r? + a2)

1F

2
dr — asin2(9)d¢2> :

(4.2.59)

Which simplifies to
2
5 21 2
(dSQ)EF—rain =—|dt =+ \/ mr/(r o ) dr
1+ +/2mr/(r? + a?)
+dr* — 2asin®*(0)drdf + p*df* + (r* + a*) sin®(6)d6*

2
2mr dr
4+ — | dt+ — asin?®(8)d
p? < 1+ +/2mr/(r? + a?) ©) (b)

(4.2.60)

Retrospectively, we can check that the upper sign corresponds to a black

hole, hence we have
\/2 2 2 2
<d32)EF—rain = — dt — mT’/(T ta ) d?"
1+ \/er/(r2 + a?)
+ dr? — 2asin®(0)drdf + p*do* + (r* + a*) sin®(6)d6?

2

2mr dr

+ dt + — asin?®(6)d
p? ( 1+\/2m7’/(r2+a2) (©) ¢>

(4.2.61)
The covariant metric in these coordinates is given by
—1+ 25 gy 0| =225 sin®(0)
T rr 0 T
(Gab)EF-rain = gt g Iro (4.2.62)

0 0 p? 0
—%sin%@) Gro 0 Y sin®(6)

ab
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where
o =1+ a?sin?(0)(2mr/p?) ‘ (4.2.63)
(r2 4+ a?) (1 ++/2mr/(r? + a2)>
- 2mr/p* 4+ /2mr/(r? + a?) (42.64)

1+ \/27717"/(7"2 + a?)

1+ 2mr/p® + /2mr/(r? + a2)> (4.2.65)

gro = —asin’(0) < 1+ +/2mr/(r? + a?)

The inverse metric is

— - ab
2mr/(r2+a?) 2mra?/(r2+a?) “

—1 0
I p? (1+\/2mr/(7‘2+a2))
2mr/(r2+a? a
ab _ \/ /g ) % 0 -
(g )EF-rain - po fE) ) l(’)
2
\/2mra2/(7‘2+(12) a pO 1
L »? <1+\/2mr/(r2+a2)> p? p? sin? ()

(4.2.66)
Hence, this metric has been put into unit-lapse form. However, there is a

cost to this, the flow vector has now been complicated

2mr(r? 4 a?) 0 V2mra?/(r? + a?)
p? P> (1 + /2mr/(r? + a2))

(Ui ) EF-rain — —

(4.2.67)
Furthermore, for rain geodesics, we have df/dt = 0 hence 6(t) = 0 is

conserved along the geodesic. Also, we have

da¢ _ de/dt _ a
(dr ) gm0/l (r2 +a?) (1 ++/2mr/(r? + a2)> B

Hence

a

o) = 0 /r (72 + a?) (1 + /2mr /(72 + a2)> o

(4.2.69)
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4.2.5 Adjusting the flow vector

We have used our freedom in our choice of time coordinate to put our
metrics into unit-lapse form, we now use the freedom in our choice of
azimuthal coordinate to simplify the flow vector v'. In general, under a
change in in azimuthal coordinate our flow vector transforms as v¢ —
7% = v?® + ®,v" + ®yv?. However, for both the BL-rain and EL-rain metrics
we have v? = 0. Hence in this case, we have v? — ©® = v® + ®,0". Further-
more, for the BL-rain and EL-rain metrics, the only angular dependence
in the v” and v’ terms arises from the common factor 1/p?. Therefore, this
indicates that we can eliminate v? entirely by choosing a suitable transfor-
mation of the ¢ coordinate ¢ = ¢ + ®(r). Hence, we will use this freedom
in our choice of ¢ coordinate to derive the Doran form of the Kerr metric
from the BL-rain, EF-rain and the EF metrics.

The Doran form of the Kerr metric is one of the most common unit-

lapse forms of the Kerr metric and is given as

(d82)Doran - - dt2 + deQQ + (7’2 + CL2) sin2(9)d¢2

2
[omr (4.2.70)
+ P_agr+ Y210 (dt — asin®(0)de)
/12 + a P
The covariant metric is given by
—1+ 2;';7‘ /aZT:2 0 QW%SHW)
\/ 2mr p? 0 —CL\/ 2mr sin2(0)
o a2+r2 r2+a2 a2+r2
(gab)Doran - )
0 0 p 0
——QmMPSQmQ(@) —ay/ 35 sin®(f) 0 Y sin?(6)
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with inverse metric

B 9 ab
1 ) 0
\/2mr(a2+r2) A 0 a Imr
(gab)DOran = [ P2 L p? a?+r? . (4272)
0 0 2 0
a 2mr 1
| 0 p_Q\/aQJer 0 (a?4r2?)sin?(0)

Hence, we see that this metric is indeed unit-lapse.
Let us start from the BL-rain (inverse) metric, given by

i 1 \/2mr(r2+a?) 0 _ 2mar 790
2 QA
\/er(r2+a2) pA .
) prain = | =~ e 01 0 (4.2.73)
0 0 > 0
2mar 1—2mr/p?
| T pPA 0 0 Asini(éo) J
where the flow vector is given by
: 2mr(r2 +a?) _ 2mar
(V')BLorain = (— e 0, A ) . (4.2.74)

If we choose

@
o - (U _a /2 / ‘/ (4.2.75)
CH BL-rain A 7”2 + CL2 2

then v — 0. However, by equations (4.2.22) - (4.2.24), we see that the 3-
metric will now be complicated via this transformation. But by conducting

this transformation, the BL-rain (inverse) metric now becomes

L Ve 0 1
2
\/er(a2 +r2) A 0 a Imr
(gab)Doran = ’” P P2\ et . (4.2.76)
0 0 /% 0
a 2mr 1
| 0 p_2\/a2+7"2 0 (a?4r2?)sin?(0)
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Hence, starting from the BL-rain metric, we can transform the metric into
Doran form. This implies that starting from the Boyer-Lindquist form of
the Kerr metric, we can transform the metric into Doran form via the fol-

lowing coordinate transformations:

2mr(r? + a?)
A

dt — dt — dr (4.2.77)
2mr

d¢—>dgb—%

If we now start from the EF-rain (inverse) metric, which is given as

[ 1 2mr/(r?+a?) 0 \/2mra?/(r2+a?) 7
p? p2 (1+\/2m7"/(r2+a2))
mr/(r2+a?
(gab>EF in = % /% 0 ;%
_rain —
0 0 > 0
\/eraz/(rz—}—aQ) a 0 1
| »? (1+\/2mr/(r2+a2)) p? p2 sin?(0) ]
(4.2.79)

where the flow vector is given by

2mr(r? + a?) \/Qm'r’az/('r2 + a?)

(Ui)EF—rain = - ,0,
p? p? (1 + \/er/(r2 + a2)>
(4.2.80)
If we choose
¢ 2 2
o, = — (”—) _ W tad) (4.2.81)
G EF-rain 1 + \/27%70/(7.2 + a2)

such that ) )

O(r) = — / o/t a) g (4.2.82)
1+ +/2mr/(r?2 + a2)

then 7® — 0. However, as we saw for the BL-rain metric, this transforma-

tion complicates the 3-metric. After conducting this transformation, our
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EF-rain inverse metric now becomes

o Ve @ o 1
p
\/er(a2 +r2) A 0 a 2mr
(gab)Doran = o2 P2 I a’+r? . (4283)
0 0 > 0
a 2mr 1
| 0 2 \/a2+r2 0 (a24r2)sin?(0) |

Hence, starting from the EF-rain metric, we can transform the metric into
Doran form. This implies that starting from the advanced Eddington-
Finkelstein form of the Kerr metric, we can transform the metric into Do-

ran form via the following coordinate transformations:

g gp YR/ al) , (4.2.84)
14 +/2mr/(r? + a?)

a/(r* + a?)
1+ +/2mr/(r?2 + a?)

However, the Kerr metric was originally written in Eddington-Finkelstein

dp — do — (4.2.85)

coordinates as
ds® =(r? + a* cos?(0))(d6? + sin?(0)d¢?)
+ 2(du — asin®(0)d¢) (dr — asin®(0)de) (4.2.86)
_ <1 2mr ) (du — asin(0)dg)?

2+ a?cos?(h)

This metric can be transformed into Doran form by firstly transforming to
advanced Eddington-Finkelstein coordinates, then to Doran coordinates

via the following transformation

d
du — dt + . , (4.2.87)

1+ +/2mr(r? + a?)

d
dé — do + e . (4.2.88)
r2 4+ a? + \/2mr(r? + a?)
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4.2.6 Natario metric

There exists yet another unit-lapse form of the Kerr metric, the Natério
form. If we start from Boyer-Lindquist coordinates and make the follow-

ing coordinate transformation

2mr(r? + a?)
A Y
dp — do + O,.dr + Ppdf (4.2.90)

dt — dt — (4.2.89)

then the resulting metric is

2

(ds? ) Natario = —dt® + %(dr — v dt)? + pPd6? + S sin(0)(d¢ + 5d6 — Qdt)?
(4.2.91)
Notice that the temporal coordinate transformation above just takes the
Kerr metric in Boyer-Lindquist form to the Boyer-Lindquist-rain metric,
the azimuthal transformation however, is different from what we have

seen for the Doran metric. Here Natario chose to set

2mra

¢ —
(v*)Natdrio = Q = 25 (4.2.92)
This choice then causes the form of ®(r, ) to be rather complicated. More
specifically
CI)(T’, 9) _ (U(b)Natério - (U¢)BL-rain _ (U¢)Natério - (U(b)BL-rain , (4293)

(V" )BL-rain (V" )Natario

we could then substitute these known variables and explicitly integrate,
but this exercise doesn’t give too much relevant information. The quantity
2mr(r? + a?
v = —% , (4.2.94)
p
is tractable, however the quantity

5(r,0) = —a? sin(26)/ g ar (4.2.95)

r
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is not. More explicitly

00 2 71/ 2mi (72 2
d(r,0) = —a”sin(20) / mary/2mr(i* + a?) 5
v [(72 + a?)(P2 + a? cos?()) + 2sin®(0)ma’T]
(4.2.96)
this integration then gives incomplete Elliptic integrals. However, we no-

dr

Y

tice that the quantity o6(r, ) is present in the metric, hence this implies
the existence of incomplete Elliptic integrals in the metric components. This
makes the Natario metric rather troublesome to work with since we are
then working with implicit metric components rather than explicit com-
ponents.

The covariant metric is given as

1482 |2 nsin?(0)Q | —Ssin?(0)Q
_p i 0 0
(gab>Natério - . 22 = 2 2 . 9 . 2
—0Xsin*(0)Q| 0  p*+6°Esin®(0) | d¥sin*(0)
~Ysin?(0)Q | 0 6% sin?(6) Y sin?() b
(4.2.97)
with determinant
det[(gab>Natério] = —p4 Sin2<9) (4298)
as we expect. The inverse metric is
ab
-1 —v 0 —Q
—v | % —v? 0 —
(9° )Natario = v X 5 (4.2.99)
0| 0 & 2
5 1 62 2
) - sy T 8

hence the metric is unit-lapse, as advertised.

4.2.7 General unit-lapse form of the Kerr metric

We can now see that we can quite easily create an infinite number of unit-

lapse forms of the Kerr metric by giving a general representation of the
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Kerr metric in unit-lapse form. To do this, we just have to start with any
of the pre-existing unit-lapse forms of the Kerr metric (be it BL-rain, EF-
rain, Doran, or Natario) then make the coordinate transformation ¢ — ¢ —
®(r,8) for some arbitrary function ®(r, §), while leaving the ¢ coordinate
unchanged. That is to say, in the line element, we make the following
replacement

dp — dp — O,dr — Dodb . (4.2.100)

As an example, we shall do this replacement for the Doran form of the

Kerr metric. We get

(ds?)General = — dt* + p*df? + (r* + a?) sin®(0)(d¢ — ®,.dr — Pyd)*

dr 2mr
2 +

N p (dt — asin®(0)(dp — ®,dr — ®ydh))

(4.2.101)

We shall write

(gab)General = (gab)Doran + Al(gab) + Ay (gab) (4.2.102)

where the first and second order shifts (linear and quadratic in gradients

of ® respectively) are given by

0 D, I Dy 0
e, | 2ay/ BB, ay /B0 Dy | —EP,
A1(gap) = sin’(0) 2”2 \/;”2+“2 \/T2+“2 o
%Cbg Qy/ 7"271(27; (Dg 0 _ZCDG
0 ~X0, — Sy o ]
(4.2.103)
and
0 0 0 0
0| 2 &,dy |0
Ao (gap) = X sin?(0 r " = Ysin?(0)®, P, . (4.2.104
2(an) (0) 0| o3, @2 |0 (0)Pa®y . ( )
0 0 0 0 "
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We can now simply invert (gup)General t0 find (§°)General. We write

(gab)General = (gab)Doran + Al(gab) + AQ <gab) (42105)

where the first and second order shifts are given by

ab

0 0 0 2mr(r? + a?)®,
A ab 0 0 ! A(I)T
1(g") = p 0 0 0 d,
2mr(r2 + a?)®, | AD, Py Qa\/%ér
(4.2.106)
and b
0[]0 010
AP2+d2 | 0|0 00
gy D02+ 0 4.2.107
2(9") 02 0l0 0l0 ( )
0/0 01

A coordinate transformation of this form is the most general coordinate
transformation we can perform while: retaining unit-lapse, preserving
axial-symmetry, and retaining the usual oblate spheroidal coordinates (r, 6,

P)-

4.3 Painlevé-Gullstrand form of the Kerr metric

We now look at the possibility of the existence of a Painlevé-Gullstrand
form of the Kerr metric. Recall, a metric is in Painlevé-Gullstrand form
if it has unit-lapse and if the 3-metric is diagonal. In the last section we
analysed many unit-lapse forms of the Kerr metric. However, they all had
one thing in common, the 3-metrics of all the above mentioned unit-lapse
forms of the Kerr metric are not diagonal. Hence, the question is: can we
diagonalise the 3-metric of one of these unit-lapse forms of the Kerr met-
ric to yield the Painlevé-Gullstrand form of the Kerr metric? A classical

mathematical result due to Darboux is that the 3-metric of a manifold can
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be diagonalised under some mild conditions. This seems to suggest that
this may be applicable to the Kerr metric, yielding the desired result. A
metric has 10 independent components, by enforcing unit-lapse and re-
quiring the 3-metric to be diagonal, we enforce 4 conditions on the metric
while leaving 6 degrees of freedom in the metric components. This naively
seems plausible to enforce such conditions on the Kerr metric.

In section 4.2.2 we saw that azimuthal-only transformations leave the
g" component of the inverse metric invariant. If fact, if we were to make
any general spatial coordinate transformation (that is leaving the time co-
ordinate unchanged), then the ¢ component of the inverse metric will be
invariant under this transformation. So our tactic in attempting to con-
struct a Painlevé-Gullstrand form of the Kerr metric is to assume our met-
ric is already in unit-lapse form, then make a general spatial coordinate
transformation and demand the off-diagonal components of the 3-metric
to be zero, then solve for the analytic functions which gives this coordinate
transformation. We start by looking at a general azimuthal only coordinate

transformation.

4.3.1 Azimuthal-only coordinate transformation

We shall make a general azimuthal only coordinate transformation, while
leaving the r and 6 coordinates unchanged. So we have

r=T; 0 =0, ¢ = ¢+ d(r,0) (4.3.1)
therefore
dr = dr; df = do; do = do + Ordi + Psdf . (4.3.2)
Hence, we can write the 3-metric as

ds® =g, (T, 0)dr* + geo(7,0)d0* + guy (7, 0)(dg + Prdi + Pgd)*

I i (4.3.3)
+ 20,4(F, 0)dr(dp + Dpdr + DydA)
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Hence, the off-diagonal components are

9r5 =9ro(T,0) + gop (T, 0) D5 (4.3.4)
965 =94 (T, 0)Pg (4.3.5)
G5 =Pg(gs6 (7, 0) D5 + g,6(T,0)) . (4.3.6)

We now demand all of these components to vanish. That is, we demand

the following equations to hold

F1: Gro(T,0) + ggo(7,0)Pr = 0 (4.3.7)
E2: 9o (T, 0)®5 = 0 (4.3.8)
E3: D5(gos (7, 0)Pr + gro(7,0)) =0 . (4.3.9)

Now, we know that g4, # 0, hence, from E2 we have ®; = 0. This guar-
antees that F3 is satisfied. However, this implies that ®(7,) — ®(7), so

from E'1 we have _
do(r) 9r(T, 0)

) _Grelh7) (4.3.10)
dr 9o (’T‘, 0)
This equation is consistent iff the RHS is a purely a function of 7, that is if
¢
9 (M) 0 . (4.3.11)
9so(T,0)

However, note that we left the r and ¢ coordinates unchanged, hence this

condition is equivalent to

v (7,0
e (M> —0 . (4.3.12)

9o (1, 0)
However, via inspection of the BL-rain, EF-rain and Doran metrics, we

find
( Gro(T, 9)> _2mar 2m27“(r2 + a?) (43.13)
¢(7ﬂ7 9) BL-rain Ap )Y
(gT¢(T, 9)) __a 1+ 2mr/p* + \/er/(TQ + a?) 4314
966(1.0) /) E-rain 2 14 +/2mr/(r? + a?) -

gmg(?“, ) a 2mr
= s\ ez 43.1
<9¢¢(7”, 9))Domn V24 a2 (4.3.15)
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Recall that p = /12 + a?cos?(0), A = r* +a? —2mr and & = r? + a? +
2mra?sin®(0)/p?. Hence there is § dependence in both p and ¥. There-
fore, the consistency condition in equation 4.3.12 is not satisfied. Hence,
we cannot construct a Painlevé-Gullstrand form of the Kerr metric via a

azimuthal-only coordinate transformation.

4.3.2 Polar-only (r, ) coordinate transformation

We shall now conduct a polar-only coordinate transformation, that is trans-
form the (r, §) while keeping the ¢ coordinate unchanged. So we have

r=G(F,0); 0=HF0); ¢=2¢ (4.3.16)
therefore
dr = Grdr + Ggdb); df = Hydr + Hyd0; dp =do . (4.3.17)
Hence, we can write the 3-metric as
ds* =g, (G(7,0), H(7,0))(Grdr + Ggdf)?
+900(G(7,0), H(7,0))(Hrdr + Hyd)? (4.3.18)
+96(G(7,0), H(F,0))do?
+29,4(G(7,0), H(r,0))(Grdr + Ggdf)dg
To simplify our notation, we shall write g;;(G(7,0), H(7,0)) — gi;(7,0).
The off-diagonal components of the 3-metric are

9rs =9rs (7, 0)G; (4.3.19)
955 =9rs(7, 0)Gy (4.3.20)
Jro :grr(fv é)GFGé + 990(777 é)HFHG_ . (4321)

We now demand all of these components to vanish. That is, we demand

the following equations to hold
El: Gro(7,0)Gr = 0 (4.3.22)
E2: Grs(T,0)Gg =0 (4.3.23)
E3: Gor(7,0)G2Gy + goo(7,0)H; Hg = 0. (4.3.24)
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Now, we know that g, # 0, hence, from E1 we have G = 0 and from E2
we have G = 0. This implies that G(7, §) is constant. Therefore, it not a
good choice of coordinate, so we have an inconsistency. Hence, we cannot
construct a Painlevé-Gullstrand form of the Kerr metric via a polar-only

coordinate transformation.

4.3.3 Axisymmetry preserving coordinate transformation

We now look at the most general coordinate transformation we can per-
form while retaining the axisymmetry present in the Kerr spacetime. This

coordinate transformation is of the form
r=G(r, 9_); 0= H(r, 9_); o =¢+ O, 9_) (4.3.25)
therefore

dr = Grdr + Ggdb; df = Hydr + Hyd0; dp = do + ®pdr + $pdb

(4.3.26)
Hence, we can write the 3-metric as
ds* =g,,(G(7,0), H(7,0))(Grdr + Gzdf)?
+900(G(7,0), H(T,0))(Hrdr + Hydf)?
+ 95 (G(7,0), H(T,0))(dp + PrdF + Pgdh)?
+29,4(G(7,0), H(T,0))(GrdF + Ggdd)(dd + Prdi + ©gdf)
(4.3.27)

To simplify our notation, we shall write g;;(G(7,0), H(7,0)) — g;;(7,0).
The off-diagonal components of the 3-metric are

975 =9r(T,0)Gr + gou (7, 0) ®; (4.3.28)
955 =9r6(7, )G + gso (T, 0) @5 (4.3.29)
9r5 =9 (7, 0)G:Gg + goo(T, 0) Hy Hg + gy (T, 0) 2P

! (4.3.30)
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We now demand all of these components to vanish. That is, we demand

the following equations to hold

E2 . gr‘cb( ) ) + g¢¢(7° 9) 0= (4332)
E3: e (T,0)GrGg + H:Hz + 0)P P,
Grr( ) g+ goo(T, ) 6+ Gos(7,0) 6 (4.333)

So we have 3 partial-differential equations (PDEs) involving 3 unknown
functions, hence (assuming these PDEs are solvable), we should be able
to analytically solve for these functions. But let us consider the following

linear combination of equations

— (G E1 - G- E2) . (4.3.34)
g¢¢(7’, )

That is
Go®r — G;Pg =0 . (4.3.35)

We notice that this looks like the cross product between two vectors and
moreover this cross product vanishes. More explicitly, the following cross

product vanishes
(D7, @) x (G, Gp) =0 . (4.3.36)

This means that
(. ®5) ox (Gr.Gy) - (43.37)

Which has the solution
O(7,0) = W(G(r,0)) (4.3.38)

where W (@) is some arbitrary function of G(7,6). We now substitute this
solution back into £1 and E2

)

Ell . G;(f, é)[gmb(fv 9_) + g¢¢(f, é)W’(G(
B2 Gé(fv g) [gﬂi)(fv é) + g¢¢(777 é)W/(G(

)]
)]

0 (4.3.39)
0 . (4.3.40)

=3

9

=3
=)

b



4.3. PAINLEVE-GULLSTRAND FORM OF THE KERR METRIC 75

There are two sets of solutions for this system of equations. The first is that
both G = 0 and G = 0, however, this would imply that G is constant,
which not be a good choice of coordinate. Hence, we must enforce the
second solution. That is, we enforce

9r6(T,0) + g4 (7, O)W'(G(7,0)) =0 . (4.3.41)
That is 5
W) = 220 43.42)
9o (T 0)
Rewriting this condition in our original coordinate system, this condition
reads 0
W) = — 9rslr:6) (4.3.43)
9o (1,0)
Now recall that we have
2 2
(gm(r, 9)> _ 2mar 2m2r(7“ + a?) (4.3.44)
g¢¢<7’, 9) BL-rain A'O b
( w(r,@)) _a 1+ 2mr/p? + /2mr/(r? + a?) (4.3.45)
g¢¢(7“, 0) EF-rain % 1+ \/QWLT/(T2 + CL2)
gr¢>( ) ) a 2mr
-_ 2 S 4.3.46
<g¢¢>( T, ))Doran LV r?+a? ( )

Where there is § dependence in both p and ¥. Hence, equation 4.3.43 can-
not be satisfied, we cannot have a function purely of r be equal to some
function of both r and 6. Since this condition cannot be satisfied, there
exists no coordinate transformation which diagonalises the 3-metric of a
unit-lapse form of the Kerr metric while retaining both unit-lapse and ax-
isymmetry. Therefore, there does not exist a Painlevé-Gullstrand form of
the Kerr metric.
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Chapter 5

The Lense-Thirring spacetime

5.1 Introduction to the Lense-Thirring spacetime

It took 47 years after the discovery of the Schwarzschild solution to dis-
cover the Kerr solution, the exact solution to Einstein’s equation that de-
scribes a rotating central mass in a vacuum. However, it was not the first
spacetime to model this physical system. Just 2 years after the discovery
of the Schwarzschild solution Josef Lense and Hans Thirring discovered
an approximate solution to the vacuum Einstein equation that describes a
rotating central mass in a vacuum at large distances from the central mass.
The Lense-Thirring spacetime is a slow rotation approximation to the Kerr
solution, however even for rapid rotation, Lense-Thirring approximates
Kerr at large distances (large r). The Lense-Thirring metric is most com-

monly written as follows

ds® = — [1 _am +0 (%)] dt? — {M +0 (%)] dtdg
r r r " (5.1.1)
+ {1 + 277" +0 (T—lzﬂ [dr® + r*(d6? + sin®(0)d¢?)]

where J is the angular momentum of the rotating object. This metric is
rather useful for a few reasons. Firstly, it is much easier to use this met-

ric that the rather complex Kerr solution (we can already notice that the

77
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metric components of the Lense-Thirring metric are much simpler than
the metric components of the Kerr metric). Secondly, since there exists no
Birkhoft theorem for axisymmetric solutions in 3+1 dimensions, the Kerr
solution will not perfectly describe any physical rotating star or planet in
the universe considering these objects will typically possess non-trivial
mass multipole moments. Hence, the Kerr solution will only be a good
model in the asymptotic regime, which is where the Lense-Thirring space-
time approximates Kerr.

Unlike the Kerr solution, the Lense-Thirring spacetime does admit a
Painlevé-Gullstrand form of its metric. We now modify the metric given
in equation (5.1.1) to generate a Painlevé-Gullstrand form of the metric.
Consider the following modification

.2
ds* = — (1 = 2—m> dr* — {M +0 (%)] dtde
T T T
L r2(d6? + sin?(0)do?)
L —2m/r

(5.1.2)

Notice that this metric approaches equation (5.1.1) for large r and further-
more notice that for J = 0, this modified version of the Lense-Thirring

metric reduces to Schwarzschild for large . We now “complete the square”

(foreshadowing the tetrad discussion below)

2
ds2:—<1—2—m)dt2+ dr

r 1—2m/r

o (o 1= [0 (3) )

Here the azimuthal components have been put into partial Painlevé-Gull-
strand form, that is: gy (d¢ — v?dt)?* = gs4(dp — wdt)?. Now to put the t —r
plane into Painlevé-Gullstrand form we make the following coordinate

1 [2m

(5.1.3)

transformation
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Doing so then yields

2
ds®> = — dt* + (dr + 1/2det>
. 2J 1 2
+ 72 <d92 + sin®(#) (d¢ — {T—g +0 (774)1 dt) )

Notice that now the 3-metric of equation (5.1.5) is flat. We now discard the

O(1/r*) terms, that is, we now have the explicit metric

/2 ’ 27 \?
ds* = —dt* + (dr + det> + r? (d92 + sin®(0) (dgb - th) )
(5.1.6)
Notice that for J = 0, this metric reduces to the Schwarzschild solution

in Painlevé-Gullstrand coordinates exactly and for large r this metric ap-

proaches equation (5.1.1).

From equation (5.1.6), the covariant metric is given by

[ m o AP sin?(6) 2m (g _2Jsin(0) |
2m
== 1 0 0
Yab = g (5.1.7)
0 0 r? 0
—27dn’(6) 0 0 r%sin®(0)
- T i ab
while the inverse metric is given by
[ 1 ,_2_m 0 _2_})] q ab
2m 2m 2m 2.J
ml—=00 2m 2J
9" = " ’ Voo (5.1.8)
0 0 % 0
_2J [2m2J 1 _4J?
| 3 ror3 r2 sin?(6) r6

Hence, the metric is in unit-lapse form, as advertised.

5.1.1 Tetrad

A tetrad (or vierbein) is essentially an orthonormal basis defined on our

manifold. Therefore, most tensors defined on our manifold become more
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simplified when written in a tetrad basis. When we write a tensor using
a tetrad basis, we will write the corresponding labels of the indices with
overhats, for example a,b e {f,f,é, quS} Let n,; = diag(—1,1,1,1). Then
a covariant tetrad (or co-tetrad) e”,, will satisfy the following condition
Jap = ndi)edaei’b. By examining equation (5.1.6), an obvious choice for a
suitable co-tetrad is

; A 2
e'e = (1;0,0,0); ¢ — ( /Tm; 1,0,0) (5.1.9)

, : 2
¢’s = r(0;0,1,0); e’y = rsin(0) (—r—;]; 0,0, 1) : (5.1.10)

We note that a tetrad basis is not unique. This is because the metric is in-
variant under a local Lorentz transformations L% ; on the co-tetrad/tetrad
indices. However, we have picked this particular tetrad since it is well
adapted to the coordinate system we have chosen. Once we have a co-
tetrad, we can solve for the contravariant tetrad (or just tetrad) by using

the following condition e;* = ndl;ei’bgb“. Therefore, our tetrad is given by:

/2 2
efa = (1; - va 07 T‘_(3]> 3 efa = (07 17 07 O) (5111)

1 1
0;0,1,0); = 0;0,0,1) . 5.1.12
( ) Y Y )7 e¢ TSln(@)( Y Y ) ) ( )

ey’ = .
We note the last three tetrad vectors given above are exactly the tetrad
vectors we would get for flat Euclidean 3-space written in spherical coor-
dinates. Therefore, for this tetrad, all of the non-trivial physics lies within
the first tetrad vector e;*. This tetrad is rather simple in form, this is what
motivated us to “complete the square” above, not taking that step com-
plicates the tetrad significantly. As stated before, tensors defined on our
manifold become more simplified when written in a tetrad basis. Hence,
we shall give some tensors and curvature invariants written in our tetrad

basis.
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5.1.2 Curvature tensors

As previously stated, the Lense-Thirring metric is not an exact solution to
the vacuum Einstein equation, it is an approximate solution. This means
that the Lense-Thirring spacetime is not Ricci flat, that is R,, # 0. The
Ricci scalar in the Lense-Thirring spacetime is given as

_18J7%sin*(0)

76

R (5.1.13)

Hence, we see as r — oo, R — 0. The Ricci tensor in the tetrad basis is

given by R.; = e;%¢;” Ry, and is explicitly given as

—-170 0 O
01 0 O
R, = R (5.1.14)
010 0 O
0|0 0 —1 1.
ab

Therefore, as » — oo, R;; — 0. This shows us that the Lense-Thirring
metric approaches an exact solution of the vacuum Einstein equation at
large distances. To show that this approximates Kerr, we would have to
conduct a Taylor series expansion of the metric components of Kerr. We
would then see at large r, the components of the Lense-Thirring metric
and the components of the Kerr metric are approximately equal (however,
we shall not explicitly conduct this calculation in this text).

Now, the Einstein tensor in the tetrad basis is given by G; = e@“egbRab,
and is explicitly given as

—1(0 O
R 01 O
G.:.=— 5.1.15
ab 9 0 0 —1 0 ( )
0j0 0 =3 5

Notice the interesting pattern of minus signs and zeros in both the Ricci

and Einstein tensors. However, these tensors are rather simple. The Weyl
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and Riemann tensors on the other hand, are rather complex and tedious
to calculate.

The Weyl tensor in the tetrad basis is given by C.;,; = ea“e;’e: € Caped-
The terms quadratic in J are given by

Cirir = —2Cs555 = —2C;315 = 2C,g.5 = 2C,5. - = —C

i = f idid P rord = —Cogad
_2m 12J%sin®*(d)  2m 2, (5.1.16)
B 76 o3
The terms linear in J are given by

1 3J cos(0)

5Ci05 = Cigrs = ~Cigeo = — 1 (5.1.17)
3J sin(6)

Cirig = —Cigoo =1 (5.1.18)

3Jsin(0)\/2m/r
Cirig = —Cropg = o : (5.1.19)

The Riemann tensor in the tetrad basis is given by R_;. = e5%¢; e:€ ;% Rupea-

The terms quadratic in .J are given by

2m  27J%sin?(0) 2m 3

Rfﬁf - —F T’G - 713 §R (5120)
m  9J%sin?(0) m 1
Rigig = —Rigeg = 3 + % 3 + §R . (5.1.21)
The terms linear in J are given by
6.J cos(0
Risgg = 2Ripp = —2R4505 = T() (5.1.22)
3J sin(f
Rizeg = —Rippg = — a4 ) (5.1.23)
3Jsin(0)v/2m/r
Ry = —Riggy = <T)4 / (5.1.24)
And the terms independent of J are given by
1 m
Rigig = —Ligrg = 5llg05 = 5 - (5.1.25)

While these tensors are rather complex, they are much simpler when writ-

ten in the tetrad basis as written here.
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5.1.3 Curvature invariants

As previously mentioned, the Ricci scalar of the Lense-Thirring spacetime

is given as
1 2 12
R= 8‘]8—?(6) (5.1.26)
r
also the Ricci invariant is
RaR® =3R* . (5.1.27)

Notice that for J — 0, both of these quantities vanish. This is exactly what
we expect since for J — 0, the Lense-Thirring metric, equation (5.1.6),
reduces to the Schwarzschild metric written in Painlevé-Gullstrand coor-
dinates.

For the Weyl invariant we find

CpoqCivt = 4m° _ 144T7(2c0s(0) 1) 864" s;n2(9) , 17287!sin'9)
r r , "

_ 48m®  144J%(3 — 2sin?(0)) N 48;71R N 16 1
,

70 78 3
_ 4??2 - 437?8‘]2 ? ( + 37m> R+ ?}#
(5.1.28)
For the Kretschmann scalar we find
Rapea R = CopeaC"* + 1728J:12in4 (©) = CapeaC™" + ng . (5.1.29)

Notice that for both of these scalars, for J — 0, these both reduce to their

known values in Schwarzschild, as we expect.

5.2 Petrov type

Finding solutions to Einstein’s equation is considerably difficult in the ab-
stract. Einstein’s equation is equivalent to a system of 10 coupled, non-

linear, partial differential equations (there are 10 independent equations
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because both R,, and T, are symmetric). Such a system is considerably
complicated and generally does not admit explicit solutions. However,
there are various methods one can use to generate solutions to Einstein’s
equation. If the spacetime we are trying to solve for has a considerable
degree of symmetry, then some of the PDEs in Einstein’s equation degen-
erate, thus simplifying the system. The resulting system of PDEs may then
admit a solution. One measure of the degree of symmetry in a spacetime
is the Petrov type (or Petrov classification) of the spacetime. The Petrov
type of spacetimes classifies the degree of symmetry in a spacetime by
the algebraic symmetry present in the Weyl tensor of that spacetime. We
shall not go into the details of the analysis of the algebraic symmetry of
the Weyl tensor, but just simply state an important conclusion. Generally,
there exists up to 4 distinct null vectors k* where the following condition
holds:

Kk ke Copperakyy =0 (5.2.1)

The null vectors which satisfy the above equation are called principal null
directions. While these principal null directions are in general distinct, if
there exists symmetry in the spacetime, some of these principal null di-
rections can coincide, that is, they can become degenerate. Spacetimes
with degenerate principal null directions are called algebraically special
spacetimes. These spacetimes can use the degeneracy of the principal null
directions to cause degeneracy in the system of PDEs present in Einstein’s
equation which can then allow a solution to be generated. Spacetimes are
classified by the number of degenerate principal null directions as shown
in table 5.1.

So to find the Petrov type of a spacetime, one can solve for all principal
null directions of that spacetime, which can be rather tedious. However,
as shown in pages 49 and 50 of the “Exact solutions” book by Stephani et
al [84], we can find the Petrov type by a much simpler method. Consider
the mixed Weyl tensor C®,,. This tensor is antisymmetric in the index
pairs [ab] and [cd]. Hence, we can think of this tensor as a 6 x 6 real matrix
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C4p by making the correspondence A <— [ab] and B +— [cd]. This
matrix Cp will be asymmetric (i.e. not symmetric). Then by finding the
eigenvalues of this matrix, we can find the Petrov type of the spacetime in

question.
Petrov . . s
T Description Mathematical Condition
ype
Not algebraicall ial; 4 distinct
| ota gé rfauca yspe.c1a . istinc KRR, Copahy) = 0
principal null directions
10 O.ne Pair of degeneljate KR Crpahig = 0
principal null directions
D Two pairs of degenerate kbkCCabC[dke] =0
principal null directions (two solutions)
I Se.t O.f three deg‘ener.ate K Clpegahe = 0
principal null directions
N All four principal null directions KeCyt = 0
are degenerate
The Weyl tensor vanishes Capea = 0

Table 5.1: Petrov classification of various spacetimes.

For our Lense-Thirring spacetime, we calculate the mixed Weyl tensor in
the tetrad basis, C?,; , and then make the correspondence A +— [ab] and

A

B <— [¢d] via the following scheme:

A A A A

112, 2 [13]; 3« [14; 4+ (34 5 [42; 6«23 .
(5.2.2)

We now define some useful quantities
. 3Jsin(6 _ m  6J%sin?(0 _ 3Jcos(f
=, =2l o m GFaw@) o 3esl) o sp

r4
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For our Lense-Thirring spacetime, the 6 x 6 matrix C“p; is given by

[ 235, 0 -m/2| -eE -E 0]
0 = 0 5, B 0
| m = 0 0 =
’ 225 = 0 —25, 0 -5,/
= —Z 0 0 = 0
0 0 —55 | -En/2 0 =)

(5.2.4)
Notice that the trace of this matrix vanishes, as we should expect since
the Weyl tensor has zero trace. Also notice that this matrix has the partial

symmetry
Sr | Sr

Chp =
7 [—S[ Sk

where S and S; are symmetric 3 x 3 matrices.

(5.2.5)

The matrix C* 5 has 6 distinct eigenvalues, more specifically 3 complex

conjugate pairs. If we define the fourth quantity

2 9.J2 sin* (0 2
5, = (1 _ _m) 9J7sin’(6) _ (1 _ _m) = (5.2.6)
r r r

then we can write the 6 distinct eigenvalues of C“ as

- = L 9 —\e =

Ho +iZ3; —5(:2 +1iZ3) £ ZL(\:Q +iZ3)2 — 24 (5.2.7)
and

- = I 9 9 =

9 — 13, —5(.:2 - ’L.:;;) + Z_l(:Q - ZZg) — g (528)

Since there exists 6 distinct eigenvalues, this implies that the Jordan canon-
ical form of C4y is trivial, hence our form of the Lense-Thirring spacetime
is Petrov type I. Note that while the Petrov type of a spacetime is indepen-
dent of the coordinate system it is written in, we have made modifications
to the usual form of the spacetime hence the distinction made above.
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We now consider some special cases:

e On the rotational axis, § = 0. So we have &, = =3 = i—f, By =2

r3

and =, = 0. Then the 6 distinct eigenvalues of C4 5 reduce to

m 3J m 3] m 3]
{\6=0) :{——:I:z— _ﬁizr_‘*; -2 (——:I:z—)}

3 A
(5.2.9)
Hence, the 6 on-axis eigenvalues of C*' 5 are degenerate, we have two

sets of twice repeated eigenvalues.

—_ —_ 2
e On the equator, # = 2. Sowe have Z; = 2, 5, = - % — & =, =0

T

and Z; = (1 — 22) 22 Then the 6 distinct eigenvalues of C* ; reduce

N 9= 5 =
{)\(9 = 7T/2>} = {\:2, —5\:2 + 1.222 - .:4} . (5210)

Hence we have twice-repeated degenerate eigenvalues of C“; on the

to

equator.

e For J = 0wehave=, = Z3 = =, = 0and 5, = —2. Then the 6

r3

distinct eigenvalues of C 5 reduce to

(5.2.11)

m m m m 2m 2m
P37 3 g3 )3

D=y ={-5, -5, -5
This is exactly the repeated eigenvalue structure we expect for the
Schwarzschild solution where we have a set of four times repeated

eigenvalues and a set of twice repeated eigenvalues.

While the eigenvalues of C“; are degenerate on-axis, on the equator and
in the non-rotating limit where J — 0, in general, the 6 eigenvalues are
distinct. Hence, the Lense-Thirring spacetime is of Petrov type L.

5.3 Rain geodesics

As we saw in section 3.2, writing the Schwarzschild metric in Painlevé-

Gullstrand form allowed for simple analysis of the rain geodesics. This
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effect carries over to the Lense-Thirring spacetime now that the metric has
now been written in Painlevé-Gullstrand form. Consider the vector field

2m 2]
VO — gt — gl — (1; — /Tm’o’ F) (5.3.1)

where the corresponding dual vector field is
Vo =—-V4=(-10,0,0) . (5.3.2)

Hence, g,,V*V? = VeV, = —1, so V¢ is a timelike vector field with unit
norm. This vector field has zero 4-acceleration
1
A =VIV V= —VPV, Vot = —VPV, Vit = VOV, V'’ = 5va(vbvb) =0
(5.3.3)

therefore the integral curves of V* are timelike geodesics. More specifi-
cally, the integral curves given by

dx® dt dr df d¢ 2m  2J
i <5%%’5) = (1’—\/ -0 —> 634

are timelike geodesics. We can trivially integrate 2 of these equations

tr)=7; 0(1) =0 (5.3.5)

thus ¢ is just the proper time of these geodesics, while 6, is the original

(and permanent) value of the § coordinate for these geodesics. Further-

L (dr) - (5.3.6)

more, we have

2\ dt r
Therefore, these geodesics mimic a particle with zero initial velocity falling

towards a mass (m) from spatial infinity. As for the final equation, we have

dp de/dr  2J/r’ 2 _5p

dr — dr/dr _1/2m/r - _\/er 6-37)
which can be integrated to find
4
O(r) = ¢oo + el (5.3.8)

3vV2m
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where ¢ is the value of the ¢ coordinate evaluated at spatial infinity for
these geodesics. Notice the relatively clean result that rotation of the cen-
tral mass will cause particles traveling along these rain geodesics to be
deflected.

5.4 On-axis geodesics

On-axis we have either § = 0 or § = 7, in either case df/dt = 0. Also, since
we are working on-axis, we can choose to conduct our analysis at any fixed
value of ¢ and hence let d¢/dt = 0 without any loss of generality. Hence,
we only consider the ¢ — r plane. In this case our Lense-Thirring metric

2
2
(ds®)on-axis = —dt* + (dr + \/det> . (5.4.1)

Hence the contravariant metric and inverse metric (respectively) are given

reduces to

by
14 2m 2m -1 ‘ A/ m
o r T . ( .ab e r
(gab>On—ax1s 2m ‘ 1 ) (9 )On—aXIS /2m ‘ 1 — 2m
r ab " " ab

(5.4.2)
These metrics are exactly the same as the metrics of the Schwarzschild
solution written in Painlevé-Gullstrand coordinates and limited to the ¢ —
r plane. Hence, the on-axis geodesics of our Lense-Thirring spacetime
will be the same as in the Schwarzschild solution. We will carry out the
full calculation for completeness. For the on-axis null geodesics we have
Gap(dx®/dt)(dz®/dt) = 0, hence

2
d 2
—1+<—r+\/—m> —0 . (5.4.3)
dt r

dr 2m
— =/ —+1 . 4.4
dt T (5-4.4)

Therefore we have
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For the on-axis timelike geodesics we have g, (dz®/dt)(dz’/dt) = —1, hence

2
dt\” dr 2m
— -1 — 4 — =-1 . 545
<d7’) * (dt * r > ( )
From the results in appendix A, we can construct a conserved quantity

from the time translation Killing vector £&* = (1;0,0,0)* — (1,0)%, this
quantity is given by

da® dx®
k= gué (%) =5a( i ) | (5.4.6)

dt 2m 2m dr
(E) ((—1 + T) + 4/ T%) =k . (5.4.7)

If we eliminate dt/dr, we find

9 dr 12m ’ B 2m [2m dr ’
k (1+ (%—F T) ) = — ((—1+7> + 7%) . (5.4.8)

This is a quadratic equation in dr/dt, which solving yields

[2m k2 — K2 —1+2
dr  [2mk 1+2m/rik\/ +2m/r ' (5.4.9)
r

dt k? 4 2m/r k? 4+ 2m/r

Therefore

In the limit where £ — oo, this reproduces the result for on-axis null
geodesics, more specifically the result presented in equation (5.4.4). In

the limit where r — oo, we have

. dr / 1

This gives us a physical interpretation of the quantity k since now we have

I (5.4.11)

1= ()

which is the asymptotic “gamma factor” for the on-axis geodesic.
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5.5 Generic equatorial non-circular geodesics

On the equator we have § = 7/2, hence df/dt = 0. Since we’re on the
equator we only consider the ¢ — r — ¢ hypersurface, therefore our metric

reduces to
2 ’ 27\ 2
N PN R
Therefore
] 2moy 422 2m _2J
Gab — 2Tm 1 0 (5.5.2)
_2J 0 r2

ab

so the inverse metric becomes

/2 2J “
m
~1 ‘ m —2

¢ \/@ |- 2m \/ﬁz_g , (5.5.3)

C2 | fem2s 1 ap
r3 r ord  r2 r6

5.5.1 Non-circular equatorial null geodesics

For these null geodesics we will parameterise the curve z%(\) by some
arbitrary affine parameter \. The null condition g, (dz®/dt)(dz’/dt) = 0

2
dr  [2m o (do 20\°

We can construct two conserved quantities from the time translation Killing
vector £* = (1;0,0,0)* — (1;0,0)* and the azimuthal Killing vector ¢* =
(0;0,0,1)* — (0;0,1)%, which are

then reads

dz® dz® -
&ﬁ = k; waﬁ =k . (5.5.5)
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More explicitly
dt 2m  4J? 2mdr  2J do
ﬁ<_1+_+7+ E_TE>_I€ (5.5.6)
and dt (2] ,d¢
I\ (_T +r dt) k. (5.5.7)

Then if we eliminate dt/d\, we find

2m 4J2 2mdr  2J do
k I+ —+—F 1\ — = —
( * * * r o dt r dt)

Now, we can solve this equation for either dr/dt or d¢/dt, then substi-

2 (%—i—‘g]) . (5.5.8)

tute this back into equation (5.5.4) to give a quadratic for either d¢/dt or
dr/dt. We can solve for these quadratics explicitly, however these results
are rather messy. But, these quadratics become much simpler if instead we
give an asymptotic expansion in terms of inverse powers of r. These re-
sults are still physically relevant since recall that the Lense-Thirring space-
time is a large distance approximation.

Solving for dr/dt we find

dr 2m
e —\/;P(r) ++/Q(r) (5.5.9)

where P(r) and (r) are given by

1%2 1 2m\ K 1
(5.5.10)
Similarly, for d¢/dt we find

do 20  k om
%:<T_3 ) 44/ 22 W (5.5.11)

where P(r) and Q(r) are given by
. 2k(Jk 4+ mk) 1
P(T):l_T—i_O(ﬁ)’

. ~ A (5.5.12)
- i 2k(Jk+mk)+O(1)

rd

Q) =1- 55~

k22 k2p3
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Overall, these results are tractable. However, the fully explicit results are
rather messy, asymptotic expansions does help remedy this.

5.5.2 Non-circular equatorial timelike geodesics

Overall, our analysis here will be very similar to our analysis of non-
circular equatorial null geodesics, but with some deviations. Firstly, we
parameterise our curve z°(7) by the proper time parameter 7. The time-
like normalisation condition g,;(dz®/dt)(dz"/dt) = —1 then reads

2
dt\? dr 2m, , (do 2T\?
e I S iy —_Z) |=-1 . 51
(dT) ( +<0lzfjL 7“) r (dt 7"3) (5:513)
We can again construct two conserved quantities from the time translation
Killing vector {* = (1;0,0,0)* — (1;0,0)* and the azimuthal Killing vector

»* = (0;0,0,1)* — (0;0,1)%, which are
dx® dx®

R s (5.5.14)
More explicitly
dt 2m  4J> 2mdr  2J do
5(‘”7*7*\/7&‘7&)"“ (5.5.15)
and dt (2 ,do
E— —_—— 2_ p— I
= ( oty dt) i (5.5.16)

If we eliminate dt/dr in these two equations, we find

- 2m  4J? 2mdr  2Jd¢ 2J do
Bl -1+ 224 22 it A [ S [— 277
( * T * 4 * rodt or dt) " ( 73 r dt)

(5.5.17)
If we eliminate dt/dr in the timelike normalisation condition (equation
(5.5.13)), we find

2
- dr 2m o, (do 2J\*\ 20 L,dp\’
k(1+<a+\/7> T (@ —)) (7”%

(5.5.18)
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Now, we can solve this equation for either dr/dt or d¢/dt, then substi-
tute this back into equation (5.5.18) to give a quadratic for either d¢/dt or
dr/dt. We can solve for these quadratics explicitly, however, similar to the
null geodesics, these results are rather messy. So we instead give these

quadratics an asymptotic expansions in terms of inverse powers of .

Solving for dr/dt, we find

& = 2P £ VD) (5.5.19)

where P(r) and (Q)(r) are given by

1 2m 1 1 2m(2 —k?) 1
(r) k2 + kAr + (7“2) ’ Qr) k2 k4r +0 r2
(5.5.20)

Similarly, for d¢/dt we find

do 2J k om
== <T3 W) 44/ 2= W (5.5.21)

where P(r) and Q(r) are given by

- 2m I ~ 1 2m(2 — k%) 1
P“)—l‘ﬁw(r—z)’ O =1-m+ = 93
(5.5.22)

Similar to the non-circular equatorial null geodesics, while the explicit re-
sults are integrable, they are rather messy. However, writing these results

in terms of asymptotic expansions does help remedy this.
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5.6 ISCOs and photon orbits in the equatorial

plane

Recall the line element for the Painlevé-Gullstrand of the Lense-Thirring

spacetime is given by

/2 ’ 27 \?
ds® = —dt* + (dr Ty Rk dt) + 72 <d92 + sin(0) (d¢ — —Sdt) )
T T

(5.6.1)
Now consider a tangent vector to a null or timelike geodesic, parame-

terised by some arbitrary affine parameter A\, we have
b 2 2
de®dz® [ dl N dr N 2m dt
Yaxax T \da VT
do\? do  2J dt\”
2 hd c 2 o ey
+r ((d)\) + sin“(0) (d)\ = dA) )

Now without loss of generality, we can distinguish between the two phys-

(5.6.2)

ically interesting cases (timelike and null) by defining;:

L { -1 massive particle, i.e. timelike geodesic (5.6.3)

0 massless particle, i.e. null geodesic.

Such that gu;(dz®/d)\)(dz?/d)\) = e. Now, we consider geodesics on the
equatorial plane, that is, we fix § = /2 such that df/d\ = 0. Physically,
these geodesics represent circular orbits confined to the equatorial plane
only. The timelike/null condition then reads:

2
dt\> [(dr  [2mdt o (do 20 dt\?
This spacetime has time translation symmetry and axial symmetry and

hence possesses the time translation Killing vector £&* = (1;0,0,0)* and the

azimuthal Killing vector ¢ = (0;0,0,1)*. From these Killing vectors we
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can construct two conserved quantities, the energy and angular momen-

tum of a test particle (respectively), which are given as

2m  4J%\ dt 2mdr  2J do
b= (‘”7*7)5*\/75—75’ (5.65)
do 27 dt
2 _ -
L = r T TR (5.6.6)

But we can treat equations (5.6.4), (5.6.5) and (5.6.6) as a system of equa-
tions in the three unknowns dt/d), dr/d)\, and d¢/d\. That is, we can
analytically solve for dr/d\ as a function of r, £, L, and € only. Which

dr 2JL\? om\ (L2

Similar to what we saw in section 3.3, this equation is what we would

yields

expect for a particle with unit mass in usual 1-dimensional, non-relativistic

mechanics, under the influence of the following potential

V(r)=E*— (3—;) = (1 - sz) (f—; — e) +E? - (E + 2;%) (5.6.8)

We can then use the features of this potential to solve for the radial posi-
tions of the innermost stable circular orbit (ISCO) and photon ring of our
spacetime. Also notice that in the limit J — 0, the potential reduces to that
of Schwarzschild (equation (3.3.6)). Now we consider two cases, the null
case where € = 0 and the timelike case where ¢ = —1. We start our analysis
with the null case.

5.6.1 Null orbits

For the null case where € = 0, our potential reduces to

2 2 72
Vo(r) = 1_2_m L__4EJL_4L J
r ) r? r3 r6 (5.6.9)
L(L(r — 2m)r® + 4J(JL + Er?)) o

76
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Now, the photon ring of our spacetime occurs at the extrema of the po-
tential where dV;(r)/dr = 0. That is, the coordinate value of » where we

have

dVo(r) _ 2L (Lr* = 3(Lm + 2E.J)r® — 12J°L) = 0 (5.6.10)

dr r7

however, this equation has no analytic solution. But we can obtain an
analytic solution if we solve both V,(r) = E? and dV;(r)/dr = 0 simultane-

ously. That is, we simultaneously solve the following for r
Lr* —3(Lm +2EJ)r* —12J°L = 0; (5.6.11)

E*° — L*r* 4+ 2L(Lm + 2EJ)r* + 4J°L* =0 . (5.6.12)

Eliminating £ from these equations yields
r° — 6mrt 4+ 9mr® + 72J*°m — 36rJ* =0 . (5.6.13)

(Notice that L has also been eliminated in this process). Now we rear-

range:
r3(r — 3m)* = 36.J° (1 — 2_m) r (5.6.14)
T
Therefore
6J4/1—2
(r —3m) = £ - m/r (5.6.15)
Thence

6J+/1—2
r=3m+ m/r (5.6.16)
T
which is still exact. However, we now iterate to find the value of » which

corresponds to the photon ring location purely in terms of the parameters

which are present in our spacetime. At lowest order:
r=3m+ O(J) (5.6.17)

Thence, iterating

6J/1—2/3

=3m=*
r m Y.

+ O(J?) (5.6.18)
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And finally

2J
=3m+ ——+0J} . 5.6.19
r=3m Jim (J7) ( )

Now, in the limit J — 0, the photon ring location reduces to its known lo-
cation in Schwarzschild, as we expect. Furthermore, for the Kerr solution,

the photon ring occurs at:

TKerr = 2 |:1 + cos (2 cos ! (ii))] . (5620)
3 m?
Conducting a Taylor series expansion around J = 0, yields
3 J 5
Tkerr(J — 0) =2m | = + + O(J9)
27 V/3m?
9] (5.6.21)
=3m+——+40(J°
Zm o)

This is exactly the photon ring location in the Lense-Thirring spacetime.
This then shows that in the slow-rotation limit, the Kerr solution does in-
deed reduce to Lense-Thirring as we expect.

As for the stability of these orbits, we calculate the second derivative
of the potential V;(r), which gives

d*Vo(r 6L
dﬁz( ) _ -3 (28J°L + 4(mL + 2EJ)r® — Lr*) . (5.6.22)
Notice that here we cannot simply eliminate L as in our previous analysis.
We instead solve dV;(r)/dr = 0 for L, which yields

6EJr?
L=- 12J2 + 3mr3 —rt (5623)

Then substituting this back into equation (5.6.22) we get

PVo(r) — T2EPJ(r* + 36J°) (5.6.24)
drz r2(12J2 4 3mr3 —r4)2 e

which is negative for all values of r, therefore all circular equatorial null
geodesics are unstable. This means that any photon traveling along a
geodesic that passes through the photon ring will continue to spiral to-

wards the event horizon and eventually the singularity at » = 0.
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5.6.2 ISCOs

In the timelike case where € = —1, our potential becomes
2 L? AEJL  4L2J?
Voi(r) = (1 - —m) (1 + —2) - (5.6.25)
r r r r

The derivative of this is given by

dv_,(r 2
d;( ) _ = (mr® — L(Lr* — 3(Lm + 2EJ)r® — 12J°L)) (5.6.26)
where, like the null case, has no analytic solution. But if we solve both
V_i(r) = E? and %:,(T) = 0 simultaneously, we can begin to form an

analytic solution. That is to say, we solve the following equations simulta-

neously for r:
mr® — L(Lr* — 3(Lm +2EJ)r* — 12J°L) =0 ; (5.6.27)
(E* — 1)r® 4+ 2mr® — L2 + 2L(Lm +2EJ)r* +4J2L* =0 . (5.6.28)
Solving for E gives

mr® — L?r* + 3mL?r® + 12J%L2
FE=— . 5.6.29
6.JLr3 ( )

Then if we substitute this back into (5.6.28) we find

r3(3L*m — L*r + mr®)* — 36J°L*(L* +r3)(r —2m) =0 . (5.6.30)

This equation states that there exist many circular timelike orbits. How-
ever, unlike for null orbits, L is not eliminated, therefore we cannot an-
alytically solve for the ISCO location yet. The second derivative of the

potential is given by

2
_ 2
%7}2(7”) =—3 (2mr® — 3L%r* + 12L(mL + 2EJ)r® + 84J°L%)
(5.6.31)
then substituting our expression for £
d?V_ 2
dValr) _ ——(L*(r* + 36J%) — 2mr®) . (5.6.32)

dr? r8
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d?V_1(r)
dr?

The condition that defines an extremal circular orbit is =0, that is

(L*(r* +36J%) — 2mr®) =0 . (5.6.33)

Using this and our condition for a circular orbit, equation (5.6.30), now we

can eliminate L, which gives

mrd(r —6m)? = 72J%(r® + mr — 10m?) + 1296J*(2r — 5m)  (5.6.34)

Thence
2 2.3 (2 -1 2 12 4 A —
(r — 6m)? = 72J°r°(r* + mr Omﬁ) +1296.J%(2r — 5m) (5.6.35)
mr
Thence
6.J
r=6m =+ ﬁ\/%?’(r? + mr — 10m?) + 36.J2(2r — 5m) (5.6.36)

which is still exact. However, we now iterate to find the value of » which
corresponds to the ISCO location purely in terms of the parameters which

are present in our spacetime. At lowest order:

r=6m+ O(J) (5.6.37)
Thence, iterating
42 T
r=06m+ ———+0(J . 5.6.38
T TO) (5639)

Note that when J — 0, the ISCO simplifies to its known location in Schwar-
zschild. Furthermore, for the Kerr solution, the known exact location of
the ISCO occurs at:

e =m (34 22 £/ B = Z0)((3+ 21 +22)) (5.6.39)

where

le1+€/(1—x2)(€/(1+x)+ y (1—3:)); Zy = \/322 + 22 (5.6.40)

and
r=J/m* . (5.6.41)
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Conducting a Taylor series expansion around J = 0 we find

42 J )
- = I ) 5.6.42
Tkerr(J — 0) 6m+\/§m+(’)(J) ( )
this is exactly ISCO location in the Lense-Thirring spacetime. This then
shows that in the slow-rotation limit, the Kerr solution does indeed reduce

to Lense-Thirring as we expect.

5.7 Killing tensor and Carter constant

Finding a non-trivial Killing tensor in a spacetime is a difficult process
as Killing tensors do not arise from the symmetries of the spacetime like
Killing vectors do. In fact, there is yet no general algorithm that generates
a non-trivial Killing tensor for any given spacetime. However, as shown
in [85,86], a non-trivial Killing tensor can be generated if the inverse metric
can be written in a very particular form. For the Painlevé-Gullstard form

of the Lense-Thirring spacetime, we find

4J2 sin?(6) 0 0 —2Jrsin?()

2

0 0 0 0
Ky — . 5.7.1
’ 0 0 7 0 (67.1)

—2Jrsin*(@) 0 0  r*sin®(9) "

It is then easy to check that V(. K, = 0, thus proving that K, as given
above is indeed a Killing tensor. Note that in spherical symmetry (i.e. as
J — 0), we have

00 0 0
00 0 0
Ky = 5.7.2
"“loo# 0 (5.72)
0 0 0 risin?(f)

ab
Which is just the non-trivial Killing tensor in Schwarzschild. As shown
in appendix A, we can construct conserved quantities from Killing vec-

tors and furthermore from Killing tensors. The conserved quantity that
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is constructed from the non-trivial Killing tensor of a spacetime is called
the Carter constant (we say non-trivial since the metric is always a Killing
tensor and admits the conserved quantity € via g, v’ = e).

The Carter constant of our Lense-Thirring spacetime is given by

dz® da® doN* ., (do 2T dt\’
C Kab \ dA T [(ﬁ) 4+ sin (6) (5_7’_35> . (573)

We now have 4 conserved quantities defined by the following equations:

dx® 2m  4.J%sin?(0)\ dt 2mdr | 2Jsin*(9) d¢
E=¢ = — Bl il SV R U5 \V)ev
S (1 - ) P
(5.7.4)
Cdet , ,de 2Tsin?(6) dt
L= 77Da 9\ = T sin (9)5 fa 3 (575)
dr®da® [ dt 2+ dr /det
9 ax — - \aa d\ X
o\’ dé 27 dt\’ 670
t
2 - 202 Ja o2y .
T [(dk) R Ol b e ’
and of course the definition of the Carter constant above.
These equations can be greatly simplified:
dp 2J dt
I =72 — : .
() <d>\ = d)\) ; (5.7.7)
AN
C=r*|-—~ —— 5.7.8
' <d)\) - sin?(0) ( )
dt\*  [(dr  [2mdt C
€= — (a) + (a + d)\) + IR (5.7.9)
2m\ dt 2m dr 2J
E=(1-""2)5 - . 7.
( . ) o d/\ — L (5.7.10)

Notice that for any given non-zero values of C and L, equation (5.7.8) then
gives a range of forbidden azimuthal angles. Since we require that df/d\
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be real, equation (5.7.8) then implies the following condition:

A L2

1) =C— —— - 7.11
<T d)\) g 70 (6.7.11)

— 0 > sin! (%) . (5.7.12)

Thus giving a range of forbidden azimuthal angles.
Now, we have 4 equations (5.7.10), (56.7.7), (5.7.9) and (5.7.8) and 4 un-
known functions dt/dA, dr/d), df/d) and d¢/d\. So, we can solve for each

unknown function analytically, giving:

dt  Ert+2LJr £+/2mrX(r)/r?
— = ; (5.7.13)
d\ r3(2m —r)
dr
e +/X(r) ; (5.7.14)
do \/L?/sin®(0) —C
e + = ; (5.7.15)
and
dop L N 2EJr* + ALJ?*r £2J+\/2mrX (r)/r? (57.16)
d\  r2sin®(f) r6(2m —r) ’ o
where X (r) is a sextic polynomial given by
X(r)=(E—2JL/r*)? — (1 —=2m/r)(—e+C/r?) . (5.7.17)
Via equation (5.7.14), we have
"odr
A(r) =Xo+ / . 5.7.18
(r) = Ao X0 ( )

We cannot explicitly integrate this equation in closed form, hence this re-
lation cannot be inverted to find (). But, we can still attempt to integrate
our equations in terms of r. From equations (5.7.13) and (5.7.14), we find

dt 1 V2m/r(E —2JL/r%)
& T =2mir (1 2m X (5.7.19)
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Therefore

t(r):t0+/r< L VQm/r(E_QJL/T3)> di . (5.7.20)

L=2m/r  (1-2m/7)\/X(7)

Hence

t(r):t0+r—ro+2mln(

r—2m ) N / <\/2m/r(E - 2JL/f3)) .
o — 2m ro \ (1 —=2m/7)\/X(F)

(5.7.21)
As before, we cannot explicitly integrate this equation in closed form.

In contrast, for our equation involving ¢, we firstly define the critical

angle 0, given as sin?(¢,) = L*/C. Then via equation (5.7.15), we find

dcos() Csin?(f) — L2
T 2
_ :F\/E \/Sin2(9) 2— sin2(0*) (5.7.22)
r
\/cos2(6.) — cos?(0)
e )
Rearranging
d cos(0) - dr (57.23)
\/cos2(6.) — cos?(0) r2/X(r) o
Then via the chain rule
dcos™! <COS(Q) ) = j:\/EL . (5.7.24)
cos(6..) r2\/X(r)

We now integrate, giving

cog ! (;;S((i))) — cos™! (zzzg . ;) f \/_ (5.7.25)

where 6, is some arbitrary initial angle. Rearranging for cos(#) gives

)i\/_ / \/_> . (5.7.26)

C

OS
COS

cos(8) = cos(6,) cos <cos—1 (
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Hence

cos(8) = cos(6.) {(ZZEE ) <\/_ / ¢—>
o

=+ sin (cos_1 (222593)) sin (ﬁ mr 73;%) }
Hence

cos(#) = cos(6.) {(22250 ;) <\/_ ro 7"2‘/—> (5.7.28)
- ) (L )}
Finally

cos(f) = cos(f) cos (\/_ / \/_)
+ /cos2(6,) — cos2(f) sin (\/_/ \/_)

This shows that cos(f) oscillates in the range cos(#) € [— cos(6.), + cos(6,)].

Since 6 is some arbitrary initial angle, without any loss of generality we

(5.7.27)

(5.7.29)

can can choose 6, = ¢.. Which then gives

cos(f) = cos(0,) cos (\/_ (5.7.30)

)
which can be inverted to give 0(r).

Finally we consider the ordinary differential equation (ODE) for d¢/dA.
Which is

d L 2.7 dt
o__ o A 731
d\  r2sin’(0) MY (5.7.31)
Thence d L 2J dt
“_ 20 (5.7.32)

dr X(r) r2sin®(9) rdr
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Recall that
\/2 E—2JL/r3
a_ L V2m/r(E=2LNT) (5.7.33)
dr 1—=2m/r " (1—2m/r)/X(r)
so we have

@—i L +2_J 1 N V2m/r (E —2JL/r%)

dr X(r) r2sin?(9)  r* \ 1—2m/r (1 —2m/r)\/X(r)
(5.7.34)

Integrating
" L "2J 1
—gZ50:|:/ df+/ — ———=dr
\/ r 7:2 sin2 r ) T3 1- Qm/r

(5.7.35)

j:/ 2J\/ m/r(E —2JL/7‘

(1 —2m/7)\/ X ()

Now, one of these terms can be explicitly integrated in closed form

"2J 1 J L —2m/r 2m  2m
—_ dr=——<In| ——— _— . (5.7.36
/T0 ™ 1—-2m/T " 2m2{n(1—2m/r0)Jr r To } ( )

So, in general we have

B J 1—2m/r 2m  2m
¢(T)_¢0+2m2 {1n<1—2m/r0>+7__}
I j:QJ/ V2m/r(E —2JL/7?)

3(1—=2m/F)\/X(T)
(5.7.37)

L/r: VX(F) 772lsin2 [0(7)

By introducing a fourth constant of the motion we have made our equa-
tions of motion integrable. Note that while these equations of motion (gen-
erally) cannot be analytically integrated in closed form, they can, in princi-
ple, be integrated via numerical methods, hence they are integrable in the
technical sense. In order to analytically integrate the equations of motion

in closed form, we have to impose further conditions.
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5.8 Carter constant zero

Our equations greatly simplify if the Carter constant is zero. Firstly, if

C = 0 then via ) ,
do L
4
= — —_— 8.1
C=r (d/\) N sin?(6) (8.1)

we see that both L = 0 and df/d\ = 0, which implies that §(r) = 6 is
constant. Furthermore, our equation for X (r) simplifies drastically, giving

X(r)=FE"+¢ (1 - 277") : (5.8.2)

Analysing the form of this equation suggests that it would be useful to
split our analysis of geodesics with zero Carter constant into the geodesics
of photon and the geodesics of massive particles.

5.8.1 Photons with Carter constant zero

Given that the Carter constant is zero, for photons, we have the following

conditions:
C = 0; L = 0; 0(r) = bo; X(r) = E% (5.8.3)
Via equation (5.7.18), we find
T dr " dr r—rg
/\r:)\+/ :)\—i—/—:)\—i— 5.8.4
( ) 0 . \/m 0 . E 0 E ( )

and furthermore

—9 o \/2mT
t(r):t0+r—7’0+2mln(r m):l:/ V2T (585)

ro — 2m 1—2m/r

We can integrate this explicitly to find

-2
t(r):t0+r—r0+2mln<r m)
ro — 2m

1_\/W 1+\/m
i{z(\/ﬁ—MHmln(H 2mr 1—¢W/ro>}

(5.8.6)
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Finally we have

J 1 —2m/r 2m  2m

- B B O A IO
o(r) ¢0+2m2{n<1—2m/r0)+ T o }

T 2 o
cor [ 2
ro 7

(1 —2m/7)

(5.8.7)

Which we can integrate explicitly to find
J 1—2m/r 2m 2
Mwww;{mszﬁ+7——}
3/2 3/2
iw{;_[@@_/%1 [@m) _@m)]
2m? 70 6m?2 r 0

N 1 In L—+/2m/r 1+ /2m/rg
4m? 1+ +/2m/r 1—\/M

(5.8.8)

These equations are rather complex but fully explicit. We also note that in

the limit where » — r( our equations of motion have sensible limits.

5.8.2 Massive particles with Carter constant zero

The form of X (r) suggests that we should split our analysis into two parts,
firstly where £ = 1 since in this case X (r) simplifies significantly to 2m /r
and secondly where E # 1. Physically, the geodesics with £ = 1 represent
particles that begin their trajectory with zero initial velocity. We can gain
additional insight if we appeal to Newtonian gravity. In Newtonian grav-
ity, particles with £ = 0 will follow elliptic orbits, particles with £ < 0 will
follow parabolic orbits and particles with £ > 0 will follow hyperbolic or-
bits.

For E = 1, we have the following conditions:

C=0; L=0; 0(r)=06y X(r)=— . (5.8.9)
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So we have
"oodr
)\(T’) = )\0 + /
ro /X (7)
"oodr
= Ao+ / = (5.8.10)
ro \/2m/T
_ 1 / 2 3/2 3/2
= )\0 + sV <T’ Ty )
Recall that in general we have
"\/2m —2JL
t(r) = to+r—ro+2mIn ( ) m/r(B —2JL/T7) (5.8.11)
ro —2m ro (1 —2m/7)\/X ()
So given the conditions stated above where £ = 1 and L = 0, we have
-2 " \/2m/r
t(T)=t0+T—To+2mln(T m)i/ m/T r
o — 2m (1 —2m/7)\/2m/7
r—2m " dr
=1 — 2ml + —_—
oot mn(r0—2m) /TO (1—2m/7)
—9 —
=to+r—1r9+2mln ! n +r—7r9g+2mln r—2m
ro — 2m ro — 2m
(5.8.12)

However, notice that when we take the minus sign we get ¢(r) = ¢;, which

is unphysical. Hence, here we are forced to take the plus sign, yielding

t(r):t0—|—2(T—T0+2mln(r_2m)) : (5.8.13)
o — 2m

Now solving for ¢(r) we have

_ J L—2m/r)  2m _2m
¢(r)—¢o+ﬁ(ln(m>+7_r_ﬂ> (5.8.14)
izj/m —2JL/T7)

dr
1—2m/7)\/X(7)
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thence

B J 1—2m/r 2m  2m
or) = o + 2m2 (hl (1 — 2m/r0> + o E)

" dr
ﬂ:QJ/ =T A
o P~ 2m]7)

(5.8.15)

so we have

J 1—2m/r 2m  2m

= 1 B ——
o(r) ¢0+2m2 <n(1—2m/r0) * r r0>

n J In 1—2m/r n 2m  2m

2m?2 1 —2m/rg r ro

The =+ sign here does makes physical sense. The + indicates if the particle

(5.8.16)

is moving with or against the rotation of the central mass, plus if it moves
with and minus if it moves against. If the particle moves against the rota-
tion, according to (5.8.16), we find that the ¢ coordinate is constant along
the geodesic.

Now, For £/ # 1, we have the following conditions:

2m

C=0; L=0; 0(r)=0p; X(r):E2—1+T : (5.8.17)
So we have
M/ ¢—
dr

= X+

) VEE =1+ 2m/r

o+ r/E?2—1+2m/r —ro\/E2 — 1+ 2m/ry
= Ao+

E? -1
B m In r(E* —1+m/r+/E2—1+2m/r)
(B2 —1)3/2 rO(E2—1+m/TO+\/E2—1+2m/7‘0)
(5.8.18)

If we conduct a Taylor series expansion around F = 1, we find

Ar) = %\/% (7“3/2 — 7“3/2> +O(FE—-1) . (5.8.19)
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So in the limit where £ — 1, our expression for \(r) reduces to (5.8.10), as
we expect.

For our expression for ¢(r) is now given by

-2 " E\/2m/r
t(r):t0+r—r0+2mln(r m)—l—/ ( m/T dr
To

ro — 2m 1 —2m/F)\/E?*—1+2m/F
r—2m

:t0+r—r0+2mln( )
To — 2m

2EV/2 2 3
+ > T(,/E?-H—m—ro E2—1+—m>

+omin 2E/m — +/2r(E —1+2m/r
2E/m + \/2r(E? — 14 2m/r)
+ omIn 2E\/m + +/2ro(E% — 1+ 2m/7o)
E\/m — \/QTO(EQ —142m/ry)

(5.8.20)
If we conduct a Taylor series expansion around E = 1, we find
t(r) = to +2 (r — 70+ 2mIn ( r—2m )) YOE-1) . (5821
ro —2m

So in the limit where £ — 1, our expression for ¢(r) reduces to (5.8.13), as
we expect.

Now lastly, for our expression for ¢(r) is now given by

J 1—2m/r 2m  2m
A =dot g s (1<W> *T‘K)

. G (5.8.22)
=2/ /m (1 —2m/F)\/E? — 1+ 2m/r ar
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Explicitly, we have
J 1—2m/r 2m  2m
o=+ 5z (n (1) + - 5
J

2m?2

1 2E/m — \/2r(E% —1+2m/r)
E "\ 2B + /2 (B2 — 1+ 2m)r)

1 2E\/m + \/2ro(E2 — 14 2m/r)
E 2E/m — \/2ro(E? — 14 2m/r)

B3 (2\/%— V2r(E? =1+ 2m/7’))

2 2v/m + /2r(E? — 1+ 2m/r)

E?—3 W (2t V2ro(E? — 1+ 2m/ro)
2 2/m — \/2ro(E2 — 1+ 2m/rq)

+\/%(\/E11:—2m/r_\/E21:—2m/7“0)]

(5.8.23)

+

If we conduct a Taylor series expansion around F = 1, we find

B J 1—2m/r 2m  2m
¢(r)_¢0+2_7n2 (hl(m) +T—E)

ii(ln<ﬂ)+2—m—2—m)+0(l€—1)

2m? 1 —2m/rg

(5.8.24)

So in the limit where E — 1, our expression for ¢(r) reduces to (5.8.16), as
we expect.

Overall, while these equations of motion are rather lengthy, they are
fully explicit and yield the required limits when we let £ — 1.

5.9 General circular orbits

Now that we have an expression for the Carter constant, we now have

enough constants of the motion to integrate more general geodesics such
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as the geodesics that correspond to general circular orbits in our space-
time. That is, circular orbits that are no longer constrained to the equato-
rial plane. Since we are dealing with circular orbits, we fix our r coordinate
to some fixed value r = 1y, which implies that dr/d\ = 0. This condition
simplifies our 4 constants of the motion:

) dp 2J dt
do\> L2
C=ry|— : 5.9.2
‘0 (d)\) T o) (9.2
om\ [dt\® C
=—(1-=) (= = 9.
(- (&) 5 653
2m\ dt  2J
F=(1-—)—+—L . 5.9.4
( o ) d\ + re ( )
Solving for dt/d\ shows that it is constant
dt ~ E—2JL/r3
— = 5.9.5
dA\ 1—2m/rg ( )
Hence, we find that we also have the constraint
E —2JL/r3)?
e \EZ2L/)” € (5.9.6)

1 —2m/rg re

(E_f_g) (1-%) :—(E—%)Q . (5.9.7)

However, via equation (5.7.17) this constraint implies that X (1) = 0.

which implies

The two remaining equations of motion are

do 2] E-2JL)r§ L

= 5.9.8
d\  ry 1-2m/ry  rZsin*(0) (5:98)
and
ag 1 L?
— = —54/C — —— 5.9.9
dx sin®(9) (5:9.9)
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Slightly modifying our previous derivation of equation (5.7.29), we find
the solution to equation (5.9.9) to be

cos(0(\)) = cos(f) cos (\/E A —2%)

70

Y (5.9.10)
+ \/cos?(f,) — cos?(f,) sin (\/E - 0) :
0
which is equivalent to
cos(f) = cos(f,) cos ( cos™* cos(fo) +VC A= . (5.9.11)
cos(6,) re
Now to solve equation (5.9.8), qualitatively, we assert that
sin(f) = Asin(B + E\) (5.9.12)
where A and B are arbitrary constants. So we have
d\ d\ cot(B + EX)
= = — . . .].
/ sin? 6 / (Asin(B + EX))? A’E (59:13)

Thence

2 E-2Lf, L .1 (sin(bo)
¢ =dot rs 1—2m/rg (A=) cos(62)V/C ot (sm (008(9*)))

e (0 (Gl + O )

Some of these equations of motion are rather complicated, but they sim-

(5.9.14)

plify significantly in special cases. We now analyse one such case.

5.9.1 Circular orbits with . =0

We now consider the special case where L = 0. In doing so, our equations
of motion simplify further to

(@) N (5.9.15)

d\ rs 1 —2m/rg
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and
) _VC
d\) 12
So we have
2.J E VC
¢_¢O+ETm/TOO\_/\O)’ 9—90+T—8(/\—/\0)-

The periodicities of the above equations are related since

E? n C

E=———7"""—+—

1—2m/re 13
and from equation (5.9.5), we now also have

& E
d\ 1 —2m/rg

therefore we find

2.J VC(1 -2
b=ont g (-t 0=t (Ergm/m)(t—to).
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(5.9.16)

(5.9.17)

(5.9.18)

(5.9.19)

(5.9.20)

Overall, we have seen that once we are given the Carter constant of a

spacetime, the geodesic equations become integrable. Hence, we can then

solve for a myriad of different types of physically interesting geodesics.
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Chapter 6
Conclusions

In the first few chapters we set out the mathematical framework to de-
scribe Einstein’s theory of general relativity, this framework was that of
differential geometry. We started by describing the structure of spacetime
as a 4-dimensional manifold, this structure allowed us to define vectors,
dual vectors and tensors in our spacetime. We then developed the notion
of a derivative operator in this manifold, we used the non-commutativity
of the derivative operator to define curvature on our manifold which is
represented by the Riemann tensor R%.,. We used this notion of cur-
vature to show that the paths that particles travel along, geodesics, are
curved when the Riemann tensor is non-zero (i.e. in a curved spacetime).
We used this idea of geodesics being curved due to the curvature of space-
time as a description of gravity. Instead of describing gravity via a force
between massive objects, we say that the presence of mass-energy in our
spacetime causes our spacetime to be curved which then causes geodesics
to be curved. The field equation that relates the mass-energy in a space-
time to the curvature is Einstein’s equation, equation (2.5.18).

The first solution of the vacuum Einstein equation, equation (2.5.20),
that we studied was the Schwarzschild solution. This spacetime physi-
cally represents a massive, non-rotating, central mass in a vacuum. We

saw that this solution can be used to model non-rotating stars, planets and

117
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black holes. However, the metric components as written in Hilbert’s coor-
dinates were singular at two distinct values of r: » = 0 and » = 2m. But
by examination of a curvature invariant such as the Kretschmann scalar
(RapeaR%?) showed that the singularity at r = 0 is a true physical singu-
larly while the singularity at » = 2m is a merely a coordinate singularly.
By performing a coordinate transformation, we were able to rid ourselves
of this coordinate singularity. Furthermore, the resulting metric had two
useful qualities: the 3-metric was diagonal and the metric was unit-lapse.
This coordinate system we had now written the Schwarzschild solution in

is the Painlevé-Gullstrand coordinate system.

We then turned our attention to another solution of the vacuum Ein-
stein equation, the Kerr solution. The Kerr solution is a highly non-trivial
generalisation to the Schwarzschild solution where we allow our central
mass to rotate. This makes the physics involved significantly more diffi-
cult, in particular calculating the geodesics of the Kerr solution is consider-
ably harder than for the Schwarzschild solution. However, we saw that if
we can recast our metric in unit-lapse form, calculation of some geodesics
(notably the rain geodesics) become much simpler. There already existed
two well known unit-lapse forms of the Kerr metric: the Doran metric,
equation (4.2.70), and the Natario metric, equation (4.2.91). By analysing
the conditions for a metric to be in unit-lapse form, we were able to gen-
erate two new explicit unit-lapse forms of the Kerr metric: the Boyer-
Lindquist-rain metric, equation (4.2.37), and the Eddington-Finkelstein-
rain metric, equation (4.2.37). We were also able to show that there exists
a general infinite class of unit-lapse forms of the Kerr metric. We then
wished to simplify the Kerr metric further by diagonalising the 3-metric
of a unit-lapse form of the Kerr metric to then put the Kerr metric into
Painlevé-Gullstrand form. We attempted to do this by assuming our met-
ric was already in unit-lapse form, then we made a general coordinate
transformation that retained both unit-lapse and axisymmetry and then

demanded the off diagonal components of the 3-metric to vanish. How-
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ever, we found a consistency condition that could not be satisfied, equa-
tion (4.3.43). Hence, there does not exist a Painlevé-Gullstrand form of the

Kerr metric.

Lastly, we analysed the Lense-Thirring spacetime. The Lense-Thirring
spacetime is an approximate solution to the vacuum Einstein equation, this
means that the spacetime is not Ricci flat, but the components of the Ricci
tensor go to 0 as r — oco. The Lense-Thirring spacetime approximates Kerr
for slow rotations (J — 0) and at large distances (r — oo). This space-
time has useful advantages over the Kerr spacetime. Firstly, the Lense-
Thirring metric is much simpler than the Kerr metric, hence further analy-
sis of the spacetime is much simpler in the Lense-Thirring spacetime. Sec-
ondly, the Lense-Thirring metric can be put into Painlevé-Gullstrand form,
equation (5.1.6). It is useful to note that while the Lense-Thirring space-
time is an approximate solution to the vacuum Einstein equation, there ex-
ists no Birkhoff theorem for axisymmetric solutions in 3 + 1 dimensions.
Hence, the Kerr solution does not perfectly describe any physical rotating
star or planet in the universe, due to the non-trivial mass multipole mo-
ments of these objects. The Kerr solution will only approximately model
these objects at large distances (i.e. large r), which is where the Lense-
Thirring spacetime approximates Kerr. We then used this new form of
the Lense-Thirring spacetime to generate a rather simple tetrad, which al-
lowed us the express curvature tensors in a simple form. This new form
of the metric allowed the geodesics of the spacetime to be calculated in a
simple manner. We calculated a large array of geodesics, the now simple
rain geodesics, on-axis geodesics, general equatorial geodesics, ISCOs and
photon orbits. We also found a non-trivial Killing tensor for this space-
time, equation (5.7.1), which allowed us to generate the Carter constant,
the fourth constant of the motion. Now that we had 4 constants of the mo-
tion, this made the geodesic equations integrable. Hence, we were able to
give more explicit results for general geodesics of the spacetime. Looking
at more specific examples, such as geodesics with Carter constant zero and

general circular orbits, allowed us to give fully explicit geodesics.
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Overall, the work given herein has many interesting mathematical and
physical applications. Firstly, unit-lapse spacetimes are quite common
and occur rather naturally for many specific analogue spacetimes [37-53].
In the context of an analogue spacetime, the unit-lapse condition physi-
cally corresponds to constant signal propagation speed (for example, this
holds to a high degree of approximation for sound waves in water). Ana-
logue spacetimes are physically interesting as they give good physical in-
tuition into more complex spacetimes, for example they can be used to
help model infall and accretion. In an astrophysical context, unit-lapse
forms of stationary spacetimes are rather useful since they allow for very
simple and immediate calculation of a large class of timelike geodesics,
the rain geodesics. Physically these geodesics represent zero angular mo-
mentum observers (ZAMOs), with zero initial velocity that are dropped
from spatial infinity and are a rather tractable probe of the physics occur-
ring in the spacetime. Mathematically, improved coordinate systems of
the Kerr spacetime are rather important since they give a better under-
standing of the rather complicated and challenging Kerr spacetime, see
the discussion in reference [16]. These improved coordinate systems, for
example, can be applied to the attempts at finding a “Gordon form” of the
Kerr spacetime [54] and can also be applied to attempts at upgrading the
“Newman-]Janis trick” from an ansatz to a full algorithm [55]. Also, these
new forms of the Kerr metric allows for a greater observational ability to
differentiate exact Kerr black holes from “black hole mimickers” [56-74].
The Painlevé-Gullstrand form of the Lense-Thirring spacetime metric
is a very tractable model for the vacuum regions outside rotating stars and
planets. Furthermore, if we make the replacement m — m(r), that is we

have

2 2
2 2
ds? — —di® + (dr I 2m(r) dt) + 72 <d02 + sin?(6) (d¢ - —i dt) )
T r
(6.0.1)
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the Lense-Thirring metric can be generalised to model spherically sym-
metric dark matter halos and can hence be used to approximately model
the gravitational fields of spiral galaxies. Given that the Lense-Thirring
spacetime can be applied to many astrophysically interesting situations,
and also given that the Painlevé-Gullstrand form of the Lense-Thirring
spacetime is rather easy to work with (compared to the Kerr solution), for
some astrophysically interesting situations, it may prove rather useful to
use the Painlevé-Gullstrand form of the Lense-Thirring spacetime as op-

posed to using the full Kerr solution.
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Appendix A

Killing vectors and tensors

Killing vectors and Killing tensors are incredibly useful mathematical ob-
jects that are present in all spacetimes. Knowledge of these objects is
paramount in order to conduct further analysis of these spacetimes, a good
example of this is calculating the ISCOs of various spacetimes. We start
by defining some maps on manifolds, then relate these to the symmetries
present in the spacetime and then construct the Killing vector from this

symmetry map and discuss its properties.

Let M and N be manifolds. A map ¢ : M — N is a diffeomorphism iff it
is a C*™ map, 1-to-1, onto and has a C* inverse map ¢ '. Consider a one-
parameter group of diffeomorphisms, that is, the map ¢, : R x M — M.
For a fixed point p € M, ¢:(p) : R — M is a curve, which we call an orbit
of ¢, which passes though p at ¢ = 0. We then define v|, to be the tangent
vector to this curve at ¢ = 0. Hence, we see that every diffeomorphism in

our spacetime generates a vector field v.

A diffeomorphism is an isometry if ¢g,, = gas, i.€. if the metric is invariant
under the action of the diffeomorphism ¢, then ¢ is an isometry. Naturally,
we can view isometries as symmetry maps on our spacetime. For exam-

ple, in flat spacetime we have a set of ten symmetry maps. We have four
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from the set of translations (one for each coordinate: ¢, x, y, z if we are
using Cartesian coordinates), three for rotations and three for boosts (or
Lorentz transformations), which defines the Poincaré group of symme-
try transformations in flat spacetime. In general relativity, we deal with
spacetimes which may have symmetries, but usually not all symmetries
in the Poincaré group. Above, we saw that every diffeomorphism in our
spacetime generates a vector field, hence every isometry in our spacetime
generates a vector field, which we call a Killing vector field, {*. From the
condition ¢g,, = ga, the necessary and sufficient condition for £* to be a

Killing vector is if it satistfies Killing’s equation
vaéb + bea =0 (AOl)
or equivalently
Vilpy =0 . (A.0.2)

An extremely useful property of Killing vectors is that they generate con-

served quantities.
Proposition A.1

Let {* be a Killing vector and let v be a geodesic with tangent vector 7.
Then £, 7 is constant along 7.

Proof
We have
TPV (6, T%) = T'T Vi, + ETPV,T =0 . (A.0.3)

The first term is zero due to Killing’s equation, equation (A.0.2), while the
second term is zero due to the geodesic equation, equation (2.4.4).
O

We can think of Killing vectors generating conserved quantities as Noether’s

theorem applied to general relativity. Some examples of conserved quan-
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tities are: energy, which arises from time-translation symmetry and gener-
ates the following Killing vector £* = (—1;0,0,0) and angular momentum
which arises from spherical or axial symmetry and generates the Killing
vector ¢¥* = (0;0,0, 1).

We can generalise the notion of Killing vectors to Killing tensors. A Killing

tensor is a symmetric tensor of type (0,!) which satisfies the following

condition

v(bl(cu...al) =0 . (AO4)
Similar to Killing vectors, Killing tensors also give rise to conserved quan-
tities.
Proposition A.2

Let K,, , be a Killing tensor and let v be a geodesic with tangent vector
T*. Then K,, o, T°...T* is constant along ~.

Proof
We have

TV y(Kay. 0T .. T") =T . T"TN Ko, .0y + Kay.ay T2 T TNV, T
-1
+ 3 Koo T TS T T, T
=2

+ Koyooqy T T TN, T
(A.0.5)

The first term is zero via equation (A.0.4), while the remaining terms are
zero due to the geodesic equation, equation (2.4.4).
O

However, while Killing tensors are similar to Killing vectors in this re-

spect, Killing tensors do not naturally arise from isometries in our space-
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time. However, the existence of a Killing tensor in a spacetime gives rise
to other conserved quantities in the spacetime which is extremely useful.
For example this allows us to explicitly integrate the geodesic equations in

rather complex spacetimes.

Since Killing tensors do not naturally arise from isometries in a spacetime,
there exists no algorithm for generating non-trivial Killing tensors for any
general spacetime. However, if the inverse metric of a spacetime can be
put into a particular form, then a non-trivial Killing tensor can be gener-
ated. As shown in [85,86], if the inverse metric of an axisymmetric space-

time can be written in the following form

ab
A2 (7”) 0 0 0

By () 0 0
0 As(r)+ Bs(0) As(r)+ Ba(0)
0  Ay(r)+ Ba(0) As(r)+ Bs(0)
(A.0.6)
note that here we are now using the following coordinate system (r, 6, ¢, t).
Then, the corresponding contravariant non-trivial Killing tensor is then

given by
Aa(r) B (0) 0 o o]”
" 1 0 —By(0)Ai(r) 0 0
=350 o o g gu| BO7
0 0 K3 K%
where

K* = B(0)As(r) — Ay (r)Bs(0) (A.0.8)
K> = By(0)As(r) — Ai(r)Ba(9) (A.0.9)
K* = B1(0)As(r) — A (r)Bs(0) . (A.0.10)

Hence, to find a non-trivial Killing tensor for general spacetime, we first

look if the inverse metric can be recast in the form given by equation
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(A.0.6). If so, then we generate the non-trivial Killing tensor given by
(A.0.7). Once given the contravariant Killing tensor, we can lower the in-
dices via the metric and then recast the Killing tensor in any coordinate
system via equation (2.2.9). This is the approach we used when generat-
ing the non-trivial Killing tensor of the Painlevé-Gullstrand form of the

Lense-Thirring spacetime.
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